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ABSTRACT

Many models of physics beyond the Standard Model include an extended
Higgs sector, responsible for electroweak symmetry breaking, and predict the
existence of additional Higgs bosons. The Type II Two-Higgs-Doublet Model
(2HDM) is a particularly well motivated scenario and a suitable framework for
phenomenological studies of extended Higgs sectors. Its low energy spectrum
includes two CP-even Higgses h and H, one CP-odd Higgs A, and a pair of
charged Higgses H±. We study the implication of the LHC Higgs search re-
sults on the Type II 2HDM and identify regions of parameter space which are
consistent with all experimental and theoretical constraints and can accommo-
date the observed 125 GeV Higgs signal. This includes parameter space with
a distinctive mass hierarchy which permit a sizable mass splitting between the
undiscovered non-Standard Model Higgs states. If this mass splitting is large
enough, exotic Higgs decay channels into either a Higgs plus a Standard Model
gauge boson or two lighter Higgses open up. This can significantly weaken the
reach of the conventional Higgs decay channels into Standard Model particles
but also provide the additional opportunity to search for exotic Higgs decay
channels. We provide benchmark planes to explore exotic Higgs decay scenar-
ios and perform detailed collider analyses to study the exotic decay channels
H/A → AZ/HZ and H± → AW/HW . We find that these exotic decays offer
complementary discovery channels to the conventional modes for both neutral
and charged Higgs searches and permit exclusion and discovery in large regions
of parameter space.
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Chapter 1

Introduction

In Goethes most influential play, Faust, the medieval scholar Heinrich Faust states the
objectives of his work with the famous words: “So that I may perceive whatever holds,
the world together in its inmost folds.” Today, more than 200 years after Goethes play has
been performed for the first time, this question is still not entirely understood and became
subject to extensive fundamental research in physics. The field of physics that addresses
this question is elementary particle physics, which analyzes the physics at the smallest
observable scales.

The current model to describe the physics at such small scales is the Standard Model
(SM) of particle physics. It describes the smallest constituents of matter as well as three
out of four fundamental interactions between them. Indeed, from a particle physics point
of view, we could see elementary particles as the “inmost folds” and their interactions as
“whatever holds the world together”. The SM accurately describes almost all observations
in particle physics. Furthermore, after the discovery of the Higgs boson by the Large Hadron
Collider (LHC) in 2012 [1, 2], all SM particles have been observed directly.

However, there is evidence for new physics beyond the Standard Model (BSM). Within
the last decades, we have observed several phenomena that cannot be explained within the
framework of the SM. Galactic rotation curves [3] and gravitational lensing [4] require the
existence of a new form of matter, dark matter, which abundance is more than five times
larger than those of baryonic matter described by the SM. Neutrino oscillation experiments
[5, 6] indicate that neutrinos must have a small mass, while the SM predicts them to be
massless. Furthermore, the SM is unable to explain the asymmetry between matter and
anti-matter that we observe in the universe [7]. Besides the experimental evidence for new
physics, there are theoretical considerations which point towards the existence of a more
fundamental theory such as the hierarchy problem and the strong CP problem.

This evidence made us believe, that SM is just the low energy limit of a more funda-
mental theory of nature. Many theories of physics beyond the SM have been proposed to
address one or more of these problems. Well known examples are supersymmetric Mod-
els [8], Composite Higgs Models [9], Peccei-Quinn Models [10] or Twin Higgs Models [11].

If any of these models are indeed the the right description of nature, we expect to directly
observe new dynamics predicted at the LHC within the next years. However, no significant
deviations from the SM predictions have been seen in the first run of the LHC. Therefore
it is timely to expand our search strategies and consider a broader spectrum of search
channels for new physics. In this work we will consider the possibility of an enlarged Higgs
sector which is described using the framework of the Two-Higgs-Doublet Model (2HDM) as

13



14 CHAPTER 1. INTRODUCTION

predicted by many new physics models.
The 2HDM is one of the simplest extensions of the SM Higgs sector. Compared to the

SM, the 2HDM contains an additional Higgs doublet which is charged under the electro-
weak symmetry group SU(2)L × U(1)Y . After electroweak symmetry breaking, its low
energy spectrum contains two neutral CP-even Higgs bosons h and H, a CP-odd Higgs
boson A as well as a pair of charged Higgs bosons H±. We will mainly concentrate on the
Type II 2HDM in which the Higgs doublets couple to the fermionic sector in the same way
as in the MSSM.

The discovery of extra Higgses would be an unambiguous evidence for new physics
beyond the SM. A number of searches have been performed at the LEP [12], Tevatron and
the LHC [13–20], mainly focusing on conventional decay channels of Higgses into a SM
gauge boson and fermion pair. The absence of an observed signal in these searches already
highly constrains the 2HDM parameter space.

If the mass splitting between the Higgs bosons are large enough, additional exotic Higgs
decay channels into either two lighter Higgses, or a Higgs plus an SM gauge boson, open up
and can even dominate. Therefore, in regions of parameter space in which such exotic decay
channels are kinematically allowed, the branching fractions into the conventional final states
are suppressed and the exclusion bounds can be significantly weakened. On the other hand,
the exotic decays provide additional search channels and therefore offer a complementary
opportunity for the observation of additional Higgs bosons.

In this thesis, we address two particular questions related to the 2HDM Higgs sector:
First, we analyze how the Type II 2HDM is constrained by theoretical considerations and
experimental results, in particular LHC searches. Second, we discuss the possibility of using
exotic Higgs decays for BSM Higgs searches.

This thesis is organized as follows. In chapter 2.1, we summarize basic concepts of the
SM, discuss its limitations, introduce the Two-Higgs-Doublet Model and carefully derive
important properties of the model. Important aspects of collider phenomenology are re-
viewed. Chapter 3 introduces and summarizes the main work which has been published in
journals and is attached to this thesis as appendix. In [21] (appendix A) we identify regions
of 2HDM parameter space consistent with both theoretical and experimental constraints,
by scanning over the entire parameter space. In [22] (appendix B) we discuss the restric-
tions imposed by these constraints on the allowed 2HDM mass hierarchies and provide a
set benchmark planes to study exotic Higgs decays. To illustrate the discovery potential,
we perform a detailed collider analysis for the exotic decay channels A/H → HZ/AZ [23]
(appendix C) and H± → HW/AW [24, 25] (appendix D and E). The prospects of Higgs
searches both using conventional and exotic search channels at a future 100 TeV hadron
collider are discussed in [26] (appendix F). We conclude in chapter 4.

The work presented in this thesis and the corresponding publications emerged from
collaboration with colleagues at the University of Arizona and other institutions. Most of
the work was done together with my advisor Shufang Su and our postdoctoral researcher
Barath Coleppa. Additional authors will be mentioned in chapter 3 and the appendices.
For most parts it is not possible to clearly separate the contributions from different authors
since the work emerged from combined efforts. Whenever possible, I will try to point out
my contribution when discussing each publication in chapter 3.



Chapter 2

Theory

2.1 The Standard Model of Particle Physics

Our current theory describing the physics at small scales is the Standard Model of particle
physics. It describes the smallest constituents of matter, the elementary particles, and their
interactions using the framework of Quantum Field Theory∗ (QFT). In this section, I will
introduce concepts and summarize important results of the SM. This discussion partially
follows the line of argument presented in [28].

2.1.1 Matter and Gauge Fields

Fermion Fields

The constituents of matter, quarks and leptons, are described by spin-1
2 Dirac fermion

fields, which are summarized in Tab. 2.1. They are grouped into three generation, each
consisting of an up-type quark with charge +2

3 , a down-type quark with charge −1
3 , a

charged lepton with charge −1 and an electrically neutral neutrino. Each quark and lepton
has an anti-particle with the same mass but opposite quantum numbers.

generation up-type quark down-type quark charged lepton neutrino

I up u down d electron e e-neutrino νe
II charm c strange s muon µ µ-neutrino νµ
III top t bottom b tau τ τ -neutrino ντ

Table 2.1: Summary of quarks and leptons.

A free Dirac fermion ψ is described by the general Lorentz invariant and renormalizable
Lagrangian

LDirac = iψγµ∂µψ −mψψψ, (2.1)

where mψ is the mass of the particle.

Gauge Fields

In the Standard Model, the fermion fields respect additional local gauge symmetries, which
correspond to the fundamental interactions of the theory. This implies that the Lagrangian

∗A good reference to learn QFT is M. Schwartz book Quantum Field Theory and the Standard Model [27].
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16 CHAPTER 2. THEORY

has to be invariant under the corresponding symmetry transformations. A symmetry trans-
formation for the gauge group SU(N) is represented by an unitary operator U acting on
the fields ψ and transforming them into ψ → Uψ. The operator U can be expressed as
linear combination of N2 − 1 group generators T a with real coefficients θa:

U(θ) = exp(iθaT
a) (2.2)

Since the gauge symmetries are local, the coefficients θa = θa(x) depend on the space
time position x. The algebra of the generators is fully defined by their commutation re-
lation [T a, T b] = ifabcT c, where fabc are the structure coefficients of the group. Since the
symmetry transformation is unitary, it will leave the Dirac fermion mass term −mψψψ in-
variant under a gauge transformation acting on Dirac fermions†. However, the kinetic term
iψγµ∂µψ will change under gauge transformations, if the symmetry is local. To construct
a gauge invariant kinetic term for fermions, we have to replace the partial derivative ∂µ by
a covariant derivative

Dµ = ∂µ − igAµaT a. (2.3)

Here we have introduced N2−1 gauge fields Aµa . Under a gauge transformation the covariant
derivative transforms into Dµ → UDµU †. This implies that the covariant derivative acting
on a field ψ transforms like the field itself Dµψ → UDµψ and therefore the kinetic term of
the Lagrangian iψγµDµψ is gauge invariant.

To construct a kinetic term for the gauge fields, we introduce the field strength tensor
Fµν as igFµν = [Dµ, Dν ] which transforms as Fµν → UFµνU † under gauge transformation.
Using the field strength tensor Fµν , we can write down kinetic term for the gauge fields‡ as

Lgauge = −1

2
Tr
[
FµνF

µν
]
. (2.4)

Here, the trace sums over the group indices. The Lagrangian for a Dirac fermion charged
under a gauge group now reads

L = LDirac + Lgauge = ψ(iγµDµ −mψ)ψ − 1

2
Tr
[
FµνF

µν
]
. (2.5)

The full symmetry group of the Standard Model is SU(3)C×SU(2)L×U(1)Y . The group
SU(3)C act on quarks only and described the strong interaction. The corresponding gauge
fields are called gluons. The SU(2)L×U(1)Y group describes the weak and electromagnetic
interactions. The fourth fundamental force, gravity, is currently not incorporated into the
Standard Model and its effects can be ignored in the context of particle physics.

Chiral Gauge Theories

In 1956, the Wu experiment [29] established the parity violating nature of the weak in-
teraction, implying that the weak gauge fields couple differently to left- and right-handed
fermions. Using the projection operator PL,R = 1

2(1 ∓ γ5) with γ5 = iγ0γ1γ2γ3, we can

†Note that in the Standard Model the gauge transformation acts differently on left- and right-handed
fermion fields and therefore this statement is not true anymore.

‡Note that in principle we could also include a Θ-term LΘ = ΘTr
[
Fµν F̃

µν
]

where F̃µν = 1
2
εµνρσFρσ is

the dual field strength tensor. However, it turns out that this term is unphysical for the SM gauge groups
U(1)Y and SU(2)L. The QCD Θ-term is restricted to be very small by measurements of the neutron electric
dipole moment and set to ΘQCD = 0 in the Standard Model. The smallness of the QCD Θ-term is related
to strong-CP problem which remains unsolved in the Standard Model.
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introduce the left- and right-handed fermion fields ψL,R = PL,Rψ. In a chiral gauge theory,
like the Standard Model U(1)Y hypercharge group, these fields will transform differently
under gauge transformation: ψL,R → UL,RψL,R with corresponding covariant derivatives
DL,R. The kinetic term of the Dirac Lagrangian can be decomposed into

Lkin = ψLiγ
µDL,µψL + ψRiγ

µDR,µψR (2.6)

which stays invariant under gauge transformation. However, the mass term of the Dirac
Lagrangian mixed left- and right-handed fields

Lmass = m(ψLiψR + ψRψL) (2.7)

and therefore is not gauge invariant if UL 6= UR. Therefore we cannot write gauge invariant
mass terms in the chiral Lagrangian. Furthermore, in the Standard Model the left-handed
fermion fields are doublets under the weak gauge group SU(2)L while the right-handed
fermions are singlets and we cannot even write down a fermion mass term. This is a
problem since the observed constituents of matter are massive.

An additional problem arises when trying to write down a mass term for the gauge fields.
We have observed the massive W and Z boson with mass mW = 80.4 GeV and mZ = 91.2
GeV. However, we cannot write down a mass term 1

2ZµZ
µ since it would not be invariant

under the corresponding gauge transformation. Since we cannot directly write down mass
terms for the SM fields, some mechanism is needed to generate those dynamically.

2.1.2 Electroweak Symmetry Breaking

In the Standard Model the electroweak interactions are described by the gauge group
SU(2)L × U(1)Y . The problem of generating fermion and gauge boson masses is solved
by introducing the mechanism of electroweak symmetry breaking (EWSB) [30–33] and has
been incorporated into the Standard model by Glashow, Weinberg and Salam [34,35]. The
left-handed fermions are grouped into SU(2)L doublets while the right-handed fermions are
SU(2)L singlets§.

Q =

(
uL
dL

)
, L =

(
νL
eL

)
,
(
uR
)
,
(
dR
)
,
(
eR
)
. (2.8)

Note that there is no right-handed neutrino in the Standard Model. The covariant derivates
acting on the (left-handed) doublets and (right-handed) singlets are

DLµ = ∂µ − igW a
µτ

a − ig′Y Bµ and DRµ = ∂µ − ig′Y Bµ. (2.9)

Here we have introduced the gauge fields Wµ and Bµ corresponding to the gauge groups
SU(2)L and U(1)Y . Since the generators of the groups commute, we can assign different
coupling constants g and g′ to the SU(2)L and U(1)Y group. The generators of the SU(2)
group are τa = 1

2σa where σa are the Pauli matrices. Furthermore, each field is assigned a
charge Y under the U(1)Y which is called hypercharge.

To break the SU(2)L×U(1)Y Standard Model symmetry group, a scalar SU(2) doublet
Φ with hypercharge Y = 1

2 is introduced. The general renormalizable and gauge invariant
Lagrangian for the scalar doublet Φ is

LΦ = LΦ,kin − V = DµΦ†DµΦ + µ2Φ†Φ− λ(Φ†Φ)2 (2.10)

§For simplification, we only consider the first generation quarks and leptons.
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If µ2 > 0, the potential V will obtain a minimum at

〈Φ〉 =

(
0
1√
2
v

)
with v =

√
µ2

λ
, (2.11)

where v is the vacuum expectation value.

Gauge Boson Masses

To see how the appearance of the vacuum expectation value breaks the Standard Model
symmetry group, let us expand the kinetic term of the scalar field around its vacuum
expectation value

LΦ =
1

2

(
0 v

) (
1
2gW

a
µσ

a + 1
2g
′Bµ
) (

1
2gW

a
µσ

a + 1
2g
′Bµ
)(0

v

)

=
1

8

(
0 v

)( gW 3
µ + g′Bµ g(W 1

µ − iW 2
µ)

g(W 1
µ + iW 2

µ) −gW 3
µ + g′Bµ

)(
gW 3

µ + g′Bµ g(W 1
µ − iW 2

µ)

g(W 1
µ + iW 2

µ) −gW 3
µ + g′Bµ

)(
0
v

)

=
v2

8

[
g2(W 2

µ − iW 3
µ)(W 2

µ + iW 3
µ) + (−gW 3

µ + g′Bµ)2
]

=
g2v2

4
W+
µ W

µ− +
1

2

(g2 + g′2)v2

4
ZµZ

µ = m2
WW

+
µ W

µ− +
1

2
m2
ZZµZ

µ

(2.12)
We see that close to the vacuum expectation value, the gauge boson fields obtain a mass.
Here we have identified the fields and masses of the massive weak gauge bosons

W±µ =
1√
2

(
W 1
µ ∓ iW 2

µ

)
with mass mW =

gv

2

Zµ =
1√

g2 + g′2
(
gW 3

µ − g′Bµ
)

with mass mZ =
√
g2 + g′2

v

2
.

(2.13)

There is a fourth massless gauge boson, which is orthogonal to Zµ, the photon:

Aµ =
1√

g2 + g′2
(
g′W 3

µ + gBµ
)

with mass mA = 0. (2.14)

The mechanism of EWSB spontaneously breaks the SU(L)×U(1)Y symmetry. The photon
however stays massless and we identify it with the gauge boson corresponding to the U(1)EM
group of electromagnetism.

According to Goldstone’s theorem, a massless particle must appear for every sponta-
neously broken continuous symmetry of the theory: a Goldstone Boson. After EWSB three
such Goldstone Bosons should appear. They have been absorbed into the fields of the W and
Z boson as longitudinal components allowing them to obtain a mass term. Since a scalar
doublet has four degrees of freedom, we are left with one additional degree of freedom,which
we will identify later as the Higgs boson.
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Electroweak Interactions

Using the physical gauge boson field that we have introduced above, we can rewrite the
covariant derivative as

Dµ = ∂µ −
ig√

2

(
W+
µ T

+ +W−µ T
−)− i(g2T 3 − g′2Y )√

g2 + g′2
Zµ −

igg′√
g2 + g′2

(T 3 + Y )Aµ

= ∂µ −
ig√

2

(
W+
µ T

+ +W−µ T
−)− ig

cos θw
(T 3 − sin2 θwQ)Zµ − ieQAµ,

(2.15)

where T± = (T 1 ± iT 2). Here we have introduced the electron charge e and the Weinberg
angle θw as

e =
gg′√
g2 + g′2

and cos θw =
g√

g2 + g′2
. (2.16)

Note that the gauge boson masses are connected by the relation mW = mZ cos θW in the
Standard Model. Furthermore we can see that the electric charge Q is given in term of
the hypercharge Y and the T 3 charge of SU(2)L: Q = T 3 + Y . This relation allows us to
assign the T 3 and Y charges to the fermion fields, which are given in Tab. 2.2. The weak

Quark T 3 Y Q Lepton T 3 Y Q

Left-handed

(
uL
dL

)
+1

2
−1

2

+1
6

+2
3
−1

3

(
νL
eL

)
+1

2
−1

2

−1
2

0
−1

Right-handed

(
uR
)

0 +2
3 +2

3(
dR
)

0 −1
3 −1

3

(
eR
)

0 −1 −1

Table 2.2: Quantum numbers of quarks and leptons.

interaction of the fermion fields directly follows from the fermion kinetic term

Lf,kin =
∑

iψγµDµψ =
∑

iψγµ∂µψ+ g
(
W+
µ J

µ+
W +W−µ J

µ−
W + ZµJ

µ
Z

)
+ eAµJ

µ
EM (2.17)

where we sum over the fermion field ψ = Q,L, uR, dR, eR. The charged currents

Jµ+
W =

1√
2

(νLγ
µeL + uLγ

µdL) and Jµ−W =
1√
2

(
eLγ

µνL + dLγ
µuL

)
(2.18)

change the fermion flavor while the neutral currents

JµZ =
1

cos θw

∑
ψγµ

(
T 3 − sin2 θwQ

)
ψ and JµEM = Qψγµψ (2.19)

are fermion flavor conserving. Here we sum over the fields ψ = uL, uR, dL, dR, eL, eR, νL.

Fermion Masses

A general renormalizable Lorentz invariant Lagrangian contains Yukawa terms, which couple
the left- and right handed fermions fields with the scalar doublet. Using the first generation
quark fields for illustration, we can write the Yukawa term as

LY ukawa = −λdQLΦdR − λuεabQLaΦ†buR + h.c. (2.20)
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Note that the hypercharges sum to zero implying that the Yukawa term is gauge invariant¶.
Here λ is the dimensionless Yukawa coupling. After EWSB, we can replace Φ by its vacuum
expectation value introduced in Eq. 2.11 and obtain

LY ukawa = −vλd√
2

(dLdR + dRdL)− vλu√
2

(uLuR + uRuL) = −mddd−muuu (2.21)

These are the fermion mass terms with mass parameter m = 1√
2
λv. Additional problems

appear when multiple generations of fermions are included. There is no reason to prohibit

flavor mixing in the Yukawa term λijQ
i
LΦdjR, where λij is a matrix that does not have to

be diagonal. The Yukawa term can be diagonalized by choosing a basis of mass eigenstates.
To do this, we can transform the fields by

uiL → U iju u
j
L, d

i
L → U ijd d

j
L, u

i
R →W ij

u u
j
R and diR →W ij

d d
j
R (2.22)

where we choose these matrices such that they diagonalize the Yukawa coupling λu =
Uuλ

diag
u W †u and λd = Udλ

diag
d W †d . Such a field transformation leaves the neutral currents

JµZ and JµEM unchanged while the charged current for the quark fields changes to

Jµ+
W =

1√
2

(
uiLγ

µ(U †uUd)ijd
j
L

)
=

1√
2

(
uiLγ

µVijd
j
L

)
. (2.23)

Here we have introduced the CKM matrix V = U †uUd. We conclude that the weak current
does mixes the quark flavors. The current best fit values of the CKM matrix can be found
in [36].

2.1.3 The Higgs Boson

The Goldstone Bosons

The scalar doublet Φ, which we have introduced to spontaneously break the electroweak
symmetry group SU(2) × U(1)Y , consists of four degrees of freedom. We can make this
explicit by expanding Φ around its vacuum expectation value,

Φ =

(
φ+

1√
2

(v + h+ iϕ)

)
. (2.24)

Here φ and ϕ CP-even and CP-odd neutral scalar fields and φ± are charged scalar fields.
After EWSB, the three fields ϕ, φ+ and φ− become massless Goldstone bosons. Let us
illustrate this using the Z boson field and omit terms involving charged scalar and gauge
field:

LZ =
1

2
|(∂µ +

ig

2
W 3
µ −

ig′

2
Bµ)(v + h+ iϕ)|2 =

1

2
|(∂µ +

imZ

v
Zµ)(v + h+ iϕ)|2

=
1

2
(∂µh)2 +

1

2
(∂µϕ)2 +

1

2
m2
ZZµZ

µ +
1

2
mZ(∂µϕ)Zµ + · · · .

(2.25)

In the last line we omitted terms that are not quadratic in h, ϕ and Zµ. The last term mixes
the gauge boson Zµ with the scalar field ϕ with a couplingmZpµ, where pµ is the momentum.

¶In principle we can also write down a Yukawa term including a hypothetical right handed neutrino,
λνε

abLLaΦ†bνR. However, the SM does not contain a right-handed neutrino since we have not observed such
fields yet.
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In leading order perturbation theory, the Z boson vacuum polarization amplitude ΠZ
µν is

then not only given by the mass term but also includes the mixing into the Goldstone boson:

ΠZ
µν = im2

Zgµν + (imZpµ)
i

p2
(imZpν) = im2

Z

(
gµν −

pµpν
p2

)
. (2.26)

The Goldstone boson ensures that the unphysical longitudinal polarization of the Z boson
vanishes. This illustrates a deep connection between the longitudinal gauge boson polar-
izations and the Goldstone bosons.

For our later discussion, it turns out to be convenient to choose a particular gauge, the
unitary gauge, in which the Goldstone bosons vanish. Let us write the scalar doublet Φ in
the form

Φ = U

(
0

1√
2
(v + h)

)
, (2.27)

where U is a gauge transformation matrix corresponding to the SU(2)L group. We can
make use of our freedom to choose a particular gauge and fix the gauge by requiring U = 1.
The Goldstone bosons vanish from our theory. However, in the absence of the Goldstone
bosons, the gauge bosons will obtain a longitudinal polarization: the corresponding degree
of freedom of the Goldstone bosons has been absorbed into the gauge bosons.

Higgs Couplings

Using the unitary gauge, the scalar doublet Φ still contains one scalar degree of freedom
h. The excitation of that field is called the Higgs boson. Expanding the scalar Lagrangian
from Eq. 2.10 in terms of the Higgs boson gives

LΦ = m2
W

(
1 +

h

v

)2

W+
µ W

µ− +
1

2

(
1 +

h

v

)2

m2
ZZµZ

µ +
1

2
(∂µh)2 − µ2h2 − λvh2 − 1

4
λh4.

(2.28)
We can see that the Higgs is massive, mh =

√
2µ =

√
2λv. Furthermore it has cubic and

quartic self couplings

ghhh = −6iλv and ghhhh = −6iλ. (2.29)

When expanding the kinetic term |DµΦ|2 we again obtain the gauge boson mass terms as
well as couplings between the Higgs and the gauge bosons

ghWW = 2i
m2
W

v
gµν = igmW g

µν and ghZZ = 2i
m2
Z

v
gµν = ig

mZ

cos θw
gµν . (2.30)

The Higgs boson also couples to the fermion fields f . To see that we can expand the Yukawa
terms in Eq. 2.20 in terms of the Higgs and obtain

LY ukawa = −λfv√
2

(
1 +

h

v

)
ff = −mf

(
1 +

h

v

)
ff. (2.31)

The Higgs fermion coupling is proportional to the Yukawa coupling yf and therefore also
proportional to the fermion mass mf :

ghff = −i λf√
2

= −imf

v
. (2.32)
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Higgs Decays

The coupling of the Higgs to the fermion and gauge bosons is proportional to the particles
mass. This implies that the Higgs will predominantly decay into heavy particles. We can
write down the Higgs decay rates Γ into fermions f and vector boson V ‖:

Γ(h→ ff) =
Ncg

2m2
f

32πm2
W

(
1−

4m2
f

m2
h

) 3
2

Γ(h→ V V ) =
NV g

2m3
h

64πm2
W

(
1− 4m2

V

m2
h

) 1
2
(

1− 4
m2
V

m2
h

+ 12
m4
V

m4
h

)
.

(2.33)

Here Nc = 1 (3) denotes the number of colors leptons (quarks) and NV = 2 (1) for the W
(Z) boson.

Since the Higgs boson in color- and electrically neutral, it does not decay to photons
and gluons on tree level. However, such decays are possible at one-loop level via fermion
and gauge boson loops [37]∗∗.

Γ(h→ γγ) =
α2g2m3

h

512π3m2
W

∣∣∣∣∣
∑

i

NciQ
2
iFi

∣∣∣∣∣ and Γ(h→ gg) =
α2
sg

2m3
h

256π3m2
W

∣∣∣∣∣
∑

i

Fi

∣∣∣∣∣ . (2.34)

Here we sum over the particles appearing the loop. The function F depends on the spin of
the particle in the loop and is given by

F1 = 2 + 3τ + 3τ(2− τ)f(τ) and F 1
2

= −2τ [1 + (1− τ)f(τ)] (2.35)

where τ = 4m2

m2
h

and

f(τ) =

{ [
sin−1

(
τ−

1
2

)]2
, if τ ≥ 1

−1
4

[
log
(

1+
√

1−τ
1−√1−τ

)
− iπ

]2
, if τ < 1

(2.36)

In Fig. 2.1 (left) we show the branching fraction for the main decay channels of a
SM-like Higgs as a function of its mass. Since a priori, the Higgs mass is a free parameter
within the Standard Model, people considered a large range of Higgs masses when designing
their search strategies. However, after the Higgs discovery we know that the Higgs mass
is mh = 125 GeV as indicated by a vertical dashed line. Note that the discoved Higgs
signal lies in the interesting mass window between mh = 100 GeV and 150 GeV in which
multiple channels contribute significantly to the total decay width: nature provides us
various complementary opportunities to test the properties of the Higgs boson.

• Bottom Quarks bb: The SM-Higgs boson decays predominately into pairs of bottom
quarks, which are the heaviest fermions below the Higgs mass. The branching fraction
is BR(h → bb) = 57.7%. This decay channel is challenging at LHC due to the large
QCD backgrounds at a hadron collider. However, it has been shown that this channel
can be observed using jet-substructure techniques [39] in the boosted Higgs regime.

‖See [37] or [38] for more details of the calculation.
∗∗Note that the decay rate Γ(H → γγ) stated in the Higgs Hunter’s Guide [37] misses a factor of 2.
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• Tau Leptons ττ : The decay into the next lightest fermion, the τ , has a branching
fraction BR(h → ττ) = 6.32%. Although this branching fraction is reduced by one
order of magnitude compared to the decay into bottom pairs, at the LHC we can
easily overcome this reduction with a significantly better background suppression using
leptonic τ decays††.

• Light Fermions: The decays into lighter fermions are further suppressed by their
mass. Although the decay into pairs of charm quarks is still considerable, BR(h →
cc) = 2.9%, its prospects are limited due to the overwhelming QCD background at
the LHC and the low efficienies for charm tagging. The decay into muons is highly
suppressed, BR(h → µµ) = 0.022%, but provides a very clean signal and will be
observable at high luminosities.

• W Bosons: Since the W boson is heavy, 2mW > mh, the Higgs cannot decay into
two onshell W bosons. However, such decay is possible if one of the W bosons is
offshell resulting in a suppressed decay rate. It turns out that the coupling of the
Higgs boson to W bosons is strong enough to overcome this suppression such that the
decay h → WW ∗ is the subdominant Higgs decay channel with branching fraction
BR(h → WW ∗) = 21.5%. Using the fully leptonic W decay mode, this channel
provides a clean signature in the collider but suffers from a poor mass resolution due
to the missing neutrino momentum.

• Z Bosons: The Higgs boson can decay into a pair of Z bosons in which one of the Z is
offshell. Compared to the decay into W bosons, this decay suffers more strongly from
the offshell suppression resulting in a branching fraction BR(h → ZZ∗) = 2.6%. In
particular the fully leptonic decay h→ ZZ∗ → 4l channel is very clean and provides
excellent mass resolution. However, it suffers from a further suppression due to the Z
decay branching fraction BR(Z → ll) = 6.73%.

• Photons γγ: The Higgs boson can decay into pairs of photons via a loop of fermions
or W bosons. This decay mode is loop suppressed and has a branching fraction of
BR(h → γγ) = 0.23%. However, due to the clean signal and low backgrounds, this
channel is one of the most promising Higgs search channels.

• Loop Induced Decays Zγ and gg: Similar to the decay channel into photons, the
decay modes h → Zγ and h → gg are loop induced. The Zγ mode has a branching
fraction BR(h → Zγ) = 0.15%, which is comparable to the h → γγ mode. The
promising decays involving a leptonically decaying Z boson are further suppressed
by the Z branching fraction and will be observable at high luminosities. The mode
into gluons has a large branching fraction BR(h → gg) = 8.6%, but suffers from an
irreducible QCD background at hadron collliders. However, it can be observed at a
lepton collider.

If the SM-Higgs boson would have a higher mass, the decay modes into the weak bosons
W and Z would quickly dominate when approaching the mass threshold 2mW . According to
the Goldstone Boson Equivalence Theorem, the branching fraction would be approximately
BR(h → WW ) = 2

3 and BR(h → ZZ) = 1
3 . At even higher masses mH > 2mt, the

additional decay channel into top pairs would open up.

††The leptonic τ branching fractions into muons and electrons are BR(τ → µνµντ ) = 17.8% and BR(τ →
eνeντ ) = 17.4%.
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Figure 2.1: Decay branching fraction (left) and production cross section at 14 TeV LHC
(right) of a Standard Model like Higgs boson with mass mh. The vertical dashed line
indicated the SM Higgs mass mh = 125 GeV. Here we use the numbers provided by the
LHC Higgs Cross Section Working Group [40–42]

Higgs Production at LHC

There are several Higgs production modes which have a sufficient production rate to be
observable at LHC. In Fig. 2.1 (right) we show the production cross section at 14 TeV LHC
of a SM-like Higgs as function of the Higgs mass.

• Gluon-Gluon-Fusion: The dominating Higgs production mode at LHC is gluon-
gluon fusion (ggF). This process is loop induced with dominant contributions coming
from top- and subleading contributions coming from bottom loops. Both the large top
Yukawa coupling and the large gluon parton distribution function (pdf) enhance the
cross section enough to overcome the suppression associated with the loop. The cross
section at 14TeV LHC is σ(ggF) = 49.8 pb. In ggF, the Higgs is produced almost
at rest, causing the decay productions to appear back-to-back in the detector. No
additional activity is associated with this production channel.

• Vector-Boson-Fusion: The subdominant Higgs production mode is vector-boson-
fusion (VBF). Both initial state quarks emit a vector boson W or Z which then fuse
into a Higgs boson. This process is suppressed by the weak coupling g4, resulting
in a lower production rate compared to ggF. The cross section at 14TeV LHC is
σ(VBF) = 4.18 pb. Unlike the ggF channel, a Higgs produced in VBF is associated
with two jets which allow for a moderate transverse momentum of the Higgs. These
jets are typically emitted in the forward direction, providing a unique feature of VBF
which can be used for background suppression.

• Vector-Boson-Associate Production: In Higgs-W/Z boson associate production
(WH/ZH), the Higgs boson is radiated of an intermediate offshell vector boson. This
process is suppressed due to the offshell intermediate state. This suppression increases
for higher Higgs masses resulting in small production rates. The cross section at 14TeV
LHC are σ(WH) = 1.5 pb and σ(ZH) = 0.88 pb. The additional vector boson in the
final state both allows for a moderate transverse momentum of the Higgs and can help
suppressing the background significantly when decaying leptonically. This allows us
to observe even difficult decay modes like h→ bb.
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• Top-Pair-Associate Production: Furthermore, the Higgs can be produced in asso-
ciation with a top quark pair (ttH). The cross section at 14TeV LHC is σ(ttH) = 0.61
pb. Considering the possible combinations of different top quark and Higgs decays,
this channel provides a variety of interesting collider signatures.

If the SM-Higgs boson would have a higher mass, the production cross section decreases
due phase space suppression. Note the increase in the ggF production cross section around
mH = 2mt, where the top quarks in the loop become onshell. The cross sections for the
WH, ZH and ttH channel rapidly decrease with larger Higgs mass since the intermediate
state becomes increasingly offshell.

Higgs Boson Searches at LHC

A number of searches have been performed at LEP [43], Tevatron [44, 45]‡‡ and LHC to
find the Higgs. Finally, in July 2012, the ATLAS [1] and CMS [2] collaboration announced
the discovery of a SM-like Higgs boson. The most significant searches look for a Higgs
produced in gluon-gluon fusion decaying to h → ZZ∗ → 4l and h → γγ. The invariant
mass distributions are shown in Fig. 2.2. These two decay channels only contribute a
branching fractions of BR(h→ γγ) = 0.23% and BR(h→ ZZ∗ → 4l) = 0.011% to the total
Higgs decay rate. However, due to very small SM backgrounds, they provide a clean signal
with large significance. Combined with the h → WW ∗ → lνlν channel, both ATLAS and
CMS reported a global significance of 5.1σ.
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Figure 2.2: Distributions for the invariant mass of four leptons, m4l, by ATLAS and two
photons, mγγ , by CMS. These figures are taken from the original Higgs discovery publica-
tions [1] and [2].

Using the entire LHC Run 1 data, the mass of the Higgs boson is measured to be [46]

mH = 125.09± 0.21 (stat.)± 0.11 (syst.) GeV. (2.37)

Furthermore, the LHC experiments were able to determine the the Higgs boson to be a
CP-even scalar [47,48], as predicted by the Standard Model.

‡‡Note that [45] appeared after the discovery of the Higgs boson by the LHC.
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As we have seen in the previous discussion, there are a variety of decay modes that
contribute significantly to the overall decay width of a mH = 125 GeV Higgs boson. This
allows us to measure the properties of the Higgs boson independently for different production
and decay channels. Deviations from the SM expectation would be a clear indicator for
new physics. To quantify the deviation, we introduce the coupling modification κ the ratio
between the observed coupling gobs and the expected Standard Model coupling gexp

κ =
gobs

gexp
. (2.38)

However, we cannot measure the modification of the coupling directly. In experiment, we
measure the signal strength µ which is defined as the ratio between observed and expected
cross section for a given search channel:

µ =
(σ ×BR)obs

(σ ×BR)exp
. (2.39)

Typically µ depends on multiple coupling modification parameters κ since production
and decay contain different couplings. In particular the branching fraction is sensitive to
multiple couplings since it depends on the decay width of all Higgs decay channels. Fur-
thermore, it is not always possible to have a clear signal that only contains events from
one production mechanism. Typically searches focusing on VBF production contain signif-
icant contamination from gluon-gluon fusion production with two additional jets produced
in initial state radiation. A careful treatment is needed to relate the experimentally mea-
sured signal strength µ to the theoretically interesting coupling modifications κ. This has
been done by ATLAS and CMS [49]. The results of a combined fit of ATLAS and CMS
using the Run 1 data is shown in the left panel of Fig. 2.3. This fit assumes the absence
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of additional new particle contributing to the Higgs decay width and or the loop induced
couplings. We can see that the all measurements are consistent with the Standard Model
prediction κ = 1. The right panel of Fig. 2.3 shows the reduced coupling modification λ
appearing in the Lagrangian: L =

∑
f λf hf̄f+

∑
V

1
2λV hV

†µVµ. This illustrates the linear
relationship between the Higgs coupling and the particle mass.

Current measurements still have large uncertainties at the order of 10 - 30% allowing for
sizable deviations from the SM prediction. Although we have discovered the Higgs boson,
more data is needed to verify its SM nature or to uncover deviations which would lead to
the discovery of new physics.

2.2 Limitations of the Standard Model

During the last 50 years, the Standard Model of Particle Physics, has been established as
the model to describe the fundamental physics at the smallest scales. It is able to describe
three out of four fundamental forces of nature: the electromagnetic, the weak and the strong
force. It’s predictions are in excellent agreement with precision observation in atomic and
nuclear physics as well as high energy collider experiments. Furthermore, after the Higgs
discovery, all Standard Model particles have been observed directly.

However, there is evidence for new physics beyond the Standard Model. Within the
last decades, we have observed several phenomena that cannot be explained within the
framework of the Standard Model.

• Dark Matter: We know from astronomical observations that baryonic matter, which
is the matter described by the Standard Model, only constitutes about 16% of the
total mass in the universe [50]. The remaining 84% are made of dark matter.

There are multiple independent indication for the existence of dark. We know from
rotation curves of galaxies that a significant amount of the galaxy’s mass have to be
located outside of its visible image [3]. This predicts the existence of a new invisible
form of matter: dark matter. To be consistent with observation, dark matter has to be
stable on cosmological timescales, electrically neutral and in a kinematic regime that
allows for structure formation. Further evidence for dark matter has been obtained by
gravitational lensing, in particular the observation of a cluster merger∗ as described
in [4]. Finally, the existence of dark matter has cosmological influences and can be
seen in the angular spectrum of the Cosmic Microwave Background [50,51].

There is no dark matter candidate within the Standard Model particle content. The
only stable neutral particle, the neutrino, is ultra-relativistic and therefore would not
allow for structure formation.

• Baryogenesis: The universe we see mainly consists of matter, no accumulations of
anti-matter have been observed so far. This is rather surprising considering the sym-
metry between matter and anti-matter ensured by the CPT theorem. Although the
Standard Model is able to generate a small amount of baryon-asymmetry, it is unable

∗The interaction between the gas molecules cause the gas contained in both colliding galaxy clusters
to concentrate at the point of impact as observed through X-rays. The dark matter and galaxies however
are do not interact and therefore continue to move unaltered. Gravitational lensing shows that total mass
is located around the galaxies, as expected in the presence of dark matter, and not at around the gas, as
expected in the absence of dark matter.
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to account for the observed amount [7]. An additional mechanism for baryogenesis is
needed.

• Neutrino Masses: We know from observation of neutrino oscillations [5, 6] that
neutrinos must have a small mass splitting. This implies that at least two neutrinos
must be massive. The Standard Model does not account for a neutrino mass. New
dynamics have to be introduced to explain the generation of neutrino masses as well
as their smallness compared to the other fermions.

• Experimental Anomalies: There are a number of experimental results that observe
a significant deviation from from the Standard Model predictions. Two of the most
significant ones are the measurement of the anomalous magnetic dipole moment of
muon, gµ − 2, showing a 3.6σ deviation [36, 52], and an excess in the rare B-meson
decay B̄0 → D(∗)tau−ν̄τ at BaBar, showing a 3.4σ deviation [53]. However, it is
unclear at this point if these anomalies are a hint towards new physics or correspond
to statistical fluctuations†.

Besides the experimental evidence for new physics, there are theoretical considerations
which point towards the existence of a more fundamental theory. The Standard Model in
its current form suffers from several theoretical inconsistencies.

• Hierarchy Problem: When comparing the scale associated with the weak force,
the electroweak scale ΛEW = 100 GeV, with the scale associated with the gravita-
tional force, the Planck scale ΛPl = 1019 GeV, we observe a strong hierarchy. The
electroweak scale is many orders of magnitude smaller than the Planck scale. The hi-
erarchy problem addresses this question: Why is the electroweak scale so much smaller
than the Planck scale?

When looking at the Lagrangian, this hierarchy is related to the Higgs potential
parameter µ. This parameter has dimension of mass. The only natural mass scale
is the Planck scale ΛPl. We would therefore expect the Higgs potential to contain a
term of the form L = cΛ2

PlΦ
†Φ with an dimensionless constant c. In a natural theory,

we would expect c to be order one. When comparing cΛ2
Pl with the observed value

of µ, we see that dimensionless constant has to be very small c = 10−34, which seems
very unnatural. This is called the naturalness problem.

Taking into account the quantum nature of QFT, this hierarchy has severe implica-
tions. The measured Higgs mass parameter m2

H is the sum of the bare Higgs mass
parameter m̄2

H and a quantum correction δm2
H . The main quantum corrections comes

from a top loop diagram [8]

δm2
H = −|λt|

2

8π2
Λ2
UV , (2.40)

where ΛUV is the ultra-violet cut off scale at which the current framework is expected
to lose validity. We certainly expect such new physics at the Planck scale ΛPl at which
gravity need to be included into the theory. However, if ΛUV = ΛPl, the corrections
both δm2

H and m̄2
H have to be about 1034 times larger than the measured value of

the Higgs mass parameter m2
H . Furthermore, a precise cancelation between δm2

H and
m̄2
H need to be present for the measured Higgs mass parameter m2

H to be at the

†New measurements from Belle only show a less significant 1.6 - 1.8σ deviation in the leptonic channel
and hadronic channel and are therefore compatible with the SM prediction [54,55].
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electroweak scale. Such a cancelation requires an incredible fine-tuning, which seems
very unnatural. This problem is addressed as fine-tuning problem.

The hierarchy problem, the naturalness problem and the fine-tuning problem address
the same fundamental problem of the theory. Many solutions have been proposed
to solve this problem in a natural way, for example Supersymmetry [8], Twin Higgs
Models [11] or Composite Higgs Models [9]. Solutions to the hierarchy problem typi-
cally postulate the existence of an additional symmetry as well as top partner fields,
which together exactly cancel the quadratic divergence in δm2

H .

• Strong CP Problem Unlike the theory of electroweak interaction, QCD has been
observed to be CP-preserving. However, it would be possible to account for CP-
violation in QCD. This could be done through a Θ-term‡ in the Lagrangian

Lθ = ΘTr
[
GµνG̃µν

]
, (2.41)

where Gµν is the QCD field strength tensor and G̃µν is its dual. Searches for an
electric dipole moment of the neutron constrain the CP-violation to be very small
and restrict Θ to be very small: Θ < 10−10 [56]. Such a small value of Θ seem quite
unnatural. The question why there is no CP-violation in the QCD sector is addressed
as the strong CP problem. A possible solution has been proposed by imposing a U(1)
symmetry which is spontaneously broken, generating an additional Goldstone boson:
the axion [10].

• Quantum Gravity The Standard Model describes the physics at energy scales much
below the Planck scale in which gravity can be neglected. Gravity becomes important
on large scales and is described by the theory of General Relativity. Currently, Quan-
tum Field Theory and General Relativity are not compatible. However, a full theory
of nature would necessarily need to describe all forces of nature. Although such a
theory is beyond reach for collider experiments, it might play a role in cosmological
problems like inflation or dark energy.

To explain the puzzles particle physics is facing today, the Standard Model has to be
supplemented with new dynamics. Many theories [8–11] have been proposed to address one
or multiple of these problems. No clear evidence has been found that could support any
of those theories. Therefore it is necessary to further investigate such models and propose
new possible methods and search channels to experimentally uncover new physics.

2.3 The Two-Higgs-Doublet Model

As we have seen in the previous section, theories describing physics beyond the Standard
Model are well motivated. Many of such models contain an extended Higgs sector. In the
following discussion let us discuss one of the simplest extensions of the SM Higgs sector, the
2HDM. Such an extended Higgs sector is well-motivated since it appears in many extensions
of the SM such as the MSSM [8], Twin Higgs Models [11] or Composite Higgs Models [9].

In this work, we will neglect possible new fields in other sectors, which are typically
introduced to address the limitations of the SM introduced in the last section. If we are

‡Note that an additional CP violating chiral phase θ in the fermion mass term Ψ̄meiθγ5Ψ can be absorbed
into the Θ-term by a chiral transformation of the quarks [27].
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only interested in the physics of the extended Higgs sector, we can use the 2HDM as
analysis framework. The 2HDM can also be seen as a low-energy effective model of a more
complicated new physics model, for the case that the fields in the other sectors are heavy.
More information can be found in the 2HDM review [57], which was used as the main source
for the following discussion.

In my opinion the name Two-Higgs-Doublet Model is misleading since the 2HDM is just
an extension of the SM but does not solve any of the problems of particle physics. A name
that would describe the its purpose better would be Two-Higgs-Doublet Framework.

2.3.1 Physical Higgs Fields

Basis of the Two Higgs Doublet Model

In the SM we introduced one scalar SU(2) doublet with hypercharge Y = 1
2
∗ which will

then spontaneously break the SU(2) × U(1) symmetry and obtain a vacuum expectation
value v. We can parameterize it in terms of the massless Goldstone bosons G± and G0

which will be absorbed as longitudinal modes of the gauge bosons, and the SM Higgs field
hSM . Let us denote this doublet as Φv.

Let us now introduce a second scalar SU(2) doublet with hypercharge Y = 1
2 , ΦH ,

which does not contribute to electroweak symmetry breaking and does not obtain a vacuum
expectation value. It will contain four new massive physical Higgs fields, a neutral CP-even
scalar hBSM , a neutral CP-odd scalar A and two charged scalars H±. We can write

Φv =

(
G+

1√
2

(
v + hSM + iG0

)
)

and ΦH =

(
H+

1√
2

(hBSM + iA)

)
. (2.42)

This basis, in which only one doublet obtains a vacuum expectation value, is called the
Higgs basis.

Since hSM and hBSM have the same quantum numbers, they do not need to be eigen-
states of the Hamiltonian. In general, the CP-even mass eigenstates h and H will be a
linear combination of both field hSM and hBSM . Let us parameterize the mixing by an
angle γ and write

H = hSMcγ − hBSMsγ and h = hSMsγ + hBSMcγ (2.43)

In general, the fermion fields will couple to both doublets, Φv and ΦH . For many
application, it will turn out to be more convenient to change to a different basis, the
generic basis, in which each fermion type only couple to one scalar doublet. Let us therefore
perform a basis transformation {Φv,ΦH} → {Φ1,Φ2} such that the up-type fermion fields
only couple to one doublet, which we chose to be Φ2. This transformation is just a rotation
of the basis by an angle β. We can write

Φ1 = Φvcβ − ΦHsβ and Φ2 = Φvsβ + ΦHcβ, (2.44)

where the doublets are given by

Φi =

(
φ+
i

1√
2

(vi + φi + iϕi)

)
(2.45)

∗Note that many references, for example [57], change there hypercharge definition such that the Higgs
doublet has Y = 1 and Q = T3 + 1

2
Y .
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In particular this implies that both doublets Φ1 and Φ2 will obtain a vacuum expectation
value v1 = vcβ and v2 = vsβ. Later we will often use the parameter tβ which is the ratio
of the vacuum expectation values: tβ = v2

v1
. This basis transformation will also mix the

Goldstone and Higgs boson fields of the two doublets. We can express them in terms of the
components of the doublets in the generic basis

G+ = φ+
1 cβ + φ+

2 sβ G0 = ϕ1cβ + ϕ2sβ

H+ = −φ+
1 sβ + φ+

2 cβ A = −ϕ1sβ + ϕ2cβ.
(2.46)

For the CP-even neutral fields, using Eq. 2.43 and 2.44, we get

H = φ1cβ−γ + φ2sβ−γ = φ1cα + φ2sα

h = −φ1sβ−γ + φ2cβ − γ = −φ1sα + φ2cα.
(2.47)

Here we introduced the angle α = β−γ which is conventionally used in 2HDM phenomenol-
ogy. In all later discussion we will use β − α instead of γ.

Types of 2HDM

We have introduced the generic basis of the 2HDM to simplify the up-type quark Yukawa
couplings to the Higgs sector such that they only couple to one Higgs doublet Φ2. In general
the down-type quarks can still couple to both Higgs doublets and we can write a general
Yukawa term for the quark fields

LY uk. = −λuεabQ̄LaΦ†2buR + h.c.− λd1Q̄LΦ1dR − λd2Q̄LΦ2dR (2.48)

Note that there are three generation of quarks and therefore λ will be a 3 × 3 matrix. As
in the Standard Model, we are able to diagonalize λu and one of the λd. However, it will in
general not be possible to simultaneously diagonalize both λd1 and λd2. One of the Yukawa
couplings will therefore contribute mixing terms between different down quark generations,
L = hd̄idj with i 6= j. Such couplings are called flavor-changing neutral currents (FCNC)
and are highly constrained by experimental data.

We can avoid FCNC by requiring that each fermion type obtains its mass from only
Higgs doublet. In the absence of right-handed neutrino fields, there are four possibilities to
couple the right-handed fermion fields to the Higgs doublets. We typically call this the type
of the 2HDM. The definition of the different types are shown in Tab. 2.3.

Lepton Type I Type II Lepton Specific Flipped

up-type quarks Φ2 Φ2 Φ2 Φ2

down-type quarks Φ2 Φ1 Φ2 Φ1

charged leptons Φ2 Φ1 Φ1 Φ2

Table 2.3: Types of 2HDM as defined in [57]. We show the Higgs doublet Φi which is
responsible for mass generation for each fermion type.

In this work we will only consider the Type II 2HDMs. This type naturally appear in
supersymmetric scenarios like the MSSM [8]. We can force the 2HDM to be Type II by
imposing an additional Z2 symmetry on the theory. Under this Z2 symmetry the fields
transform as

Φ1 → −Φ1 , dR → −dR and eR → −eR (2.49)

while all other fields stay unchanged.
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2.3.2 The 2HDM Higgs Potential

Potential Term and Minima

The 2HDM Lagrangian can be written as

L =
∑

i

|DµΦi|2 + V (Φi,Φ2) + LY uk (2.50)

where the first term denotes the kinetic term for the two Higgs doublets, V (Φ1,Φ2) is the
Higgs potential and the last term denotes the Yukawa interactions between Φi and the SM
fermions. Assuming CP conservation and a soft Z2 symmetry breaking, the 2HDM Higgs
potential can be written down as†:

V (Φ1,Φ2) = m2
11Φ†1Φ1 +m2

22Φ†2Φ2 −m2
12(Φ†1Φ2 + h.c.) +

λ1

2
(Φ†1Φ1)2 +

λ2

2
(Φ†2Φ2)2

+ λ3(Φ†1Φ1)(Φ†2Φ2) + λ4(Φ†1Φ2)(Φ†2Φ1) +
1

2

[
λ5(Φ†1Φ2)2 + h.c.

]
.

(2.51)

The m2 terms are a generalization of the µ2 term in the SM Higgs potential and have mass
dimension two. The m2

12 term breaks the Z2 symmetry softly.

This potential has a minimum at 〈Φi〉 = 1√
2

(
0 vi

)T
, where vi are the vacuum expecta-

tion values that we introduced in the previous section. At its minimum the potential must
be flat, 〈∂Φ1V (Φ1,Φ2)〉 what implies the following two conditions

0 = 〈∂Φ1V (Φ)〉 = m2
11〈Φ†1〉 −m2

12〈Φ†2〉+ λ1〈(Φ†1Φ1)Φ†1〉
+ λ3〈(Φ†2Φ2)Φ†1〉+ λ4〈(Φ†1Φ2)Φ†2〉+ λ5〈(Φ†2Φ1)Φ†2〉

0 = 〈∂Φ2V (Φ)〉 = m2
22〈Φ†2〉 −m2

12〈Φ†1〉+ λ2〈(Φ†2Φ2)Φ†2〉
+ λ3〈(Φ†1Φ1)Φ†2〉+ λ4〈(Φ†2Φ1)Φ†1〉+ λ5〈(Φ†1Φ2)Φ†1〉,

(2.52)

which can be rewritten as

m2
11 = m2

12

v2

v1
− 1

2
(λ1v

2
1 + λ345v

2
2) = m2

12tβ −
1

2
v2(c2

βλ1 + s2
βλ345)

m2
22 = m2

12

v1

v2
− 1

2
(λ2v

2
2 + λ345v

2
1) = m2

12t
−1
β −

1

2
v2(s2

βλ2 + c2
βλ345).

(2.53)

where λ345 = λ3 + λ4 + λ5. We were therefore able to express the Lagrangian parameters
m2
ii in terms of the vacuum expectation value v and the mixing angle β.

Physical Higgs Masses

Let us now analyze the 2HDM mass spectrum. To do so, let us expand the potential in
terms of the physical Higgs fields that we have obtained above. Since this process is math-
ematically involved and not very illuminating, we will skip the details of the calculation‡.

†The most general scalar potential also contains the term
[
λ6(Φ†1Φ1) + λ7(Φ†2Φ2)

]
(Φ†1Φ2) + h.c. and

potentially leads to FCNC. In the following we will neglect this term by imposing the Z2 which we introduced
in the previous section.

‡ [57] shows a simpler derivation in which the Higgs masses and fields are obtained as solution of an
eigenvalue problem of the Higgs potential.
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The Higgs masses expressed in terms of the Lagrangian parameters are

m2
A =

m2
12

sβcβ
− λ5v

2

m2
H+ =

m2
12

sβcβ
− 1

2
(λ4 + λ5)v2

m2
H,h =

1

2

([
v2(λ1c

2
β + λ2s

2
β) +

m2
12

sβcβ

]
± 1

sαcα

[
λ345sβcβv

2 −m2
12

])
,

(2.54)

where mixing angle between the CP-even neutral Higgs bosons α is

t2α = 2
v2λ345sβcβ −m2

12

v2(λ1c2
β − λ2s2

β)− m2
12

sβcβ
(c2
β − s2

β)
. (2.55)

We were able to express the physical Higgs masses and the mixing angle α in terms of the
Lagrangian parameters. These relationships can be inverted. We obtain§

λ1 =
m2
Hc

2
α +m2

hs
2
α −m2

12tβ
v2c2

β

λ2 =
m2
Hs

2
α +m2

hc
2
α −m2

12t
−1
β

v2s2
β

λ3 =
(m2

H −m2
h)sαcα + 2m2

H+sβcβ −m2
12

v2sβcβ

λ4 =
(m2

A − 2m2
H+)sβcβ +m2

12

v2sβcβ

λ5 =
−m2

Asβcβ +m2
12

v2sβcβ
.

(2.56)

For out later discussion we will chose the the physical Higgs masses mh,H,A,H+ , the mixing
angles α, β, the soft Z2 breaking parameter m2

12 and the vacuum expectation value v as
our basis to describe the 2HDM. After the discovery of the Higgs boson we already know
two of them: one neutral CP-even Higgs mass mh = 125 GeV and the vacuum expectation
value v = 246 GeV. The relations in Eq. 2.56 will turn out to be useful when translating
bounds on the Lagrangian parameters, for example from unitarity and vacuum stability,
into bounds on the masses and mixing angles.

2.3.3 Couplings in 2HDM

Higgs Couplings to Gauge Bosons in 2HDM

Let us first investigate how the 2HDM Higgs bosons couple to the vector bosons. These
coupling come from the kinetic term for the Higgs. To obtain the couplings, it is easier
to change back into Higgs basis in which only one doublet obtains a vacuum expectation
value. Let us write the kinetic Higgs term¶ as

Lkin = |DµΦ1|2 + |DµΦ2|2 = |DµΦv|2 + |DµΦH |2. (2.57)

§See [58] for the details of this derivation.
¶Note that the kinetic Higgs term in the generic basis does not contain a mixing term DµΦ1D

µΦ2 since
such a mixing would violate the imposed Z2 symmetry and would lead to FCNC.
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We see that the kinetic term is diagonal in both basis. As already discussed in the context
of the Standard Model, the first term will lead to cubic couplings of the SM-like Higgs to
the gauge bosons

|DµΦv|2 = gmWhSMW
+
µ W

µ− +
gmZ

2 cos θw
hSMZµZ

µ + · · ·

= 2
m2
W

v
(Hcβ−α + hsβ−α)W+

µ W
µ− +

m2
Z

v
(Hcβ−α + hsβ−α)ZµZ

µ + · · ·
(2.58)

Here we have omitted all terms that do not contain three fields. We can directly read of
the couplings

ghV V = 2isβ−α
m2
V

v
gµν = sβ−α g

SM
hV V

gHV V = 2icβ−α
m2
V

v
gµν = cβ−α g

SM
hV V .

(2.59)

The couplings of the 2HDM Higgs bosons h(H) to vector bosons are scaled with respect to
the SM vector boson coupling hSMhV V by a factor sβ−α (cβ−α). Note that there is no coupling
of the Higgs bosons to photon pairs, since U(1)EM remains unbroken and therefore photons
are massless. Furthermore, the heavy Higgs bosons A and H± do not have a cubic couplings
to vector bosons at tree level, gAV V = gH+V V = 0, since the doublet they are contained in
does not obtain a vacuum expectation value.

Let us now turn to the second doublet ΦH . The covariant derivative acting on ΦH reads

DµΦH =



(
∂µ − i

[
g

2 cos θw

(
1− 2 sin2 θw

)
Zµ + eAµ

])
H+ − ig2W+

µ (hBSM + iA)(
∂µ + ig

2 cos θw
Zµ

)
1√
2
(hBSM + iA)− i g√

2
W−µ H

+


 .

(2.60)
We can now expand the kinetic term |DµΦH |2 and obtain

|DµΦH |2 =
g

2 cos θw
Zµ [hBSM∂

µA−A∂µhBSM ]

+
ig

2

[
hBSMW

−
µ (∂µH+)− (∂µhBSM )Wµ−H+ − h.c.

]

+
g

2

[
(∂µA)W−µ H

+ −AW−µ (∂µH+) + h.c.
]

+ i
[mZ

v
(1− 2 sin2 θw)Zµ + eAµ

] [
H−(∂µH+)− h.c.

]
+ · · · .

(2.61)

Note again that this term does not contain a vacuum expectation value. This implies that
all cubic terms contain a derivative ∂µ. This means that the coupling will be proportional
to the particle momenta. We can extract the couplings

gH+H−γ = −ie(pH+ − pH−)µ

gH+H−Z = −ig cos 2θw
2 cos θw

(pH+ − pH−)µ

gAH+W =
g

2
(pH+ − pA)µ

(2.62)

and

ghAZ = isβ−α
g

2 cos θw
(pA − ph)µ ghH+W = −isβ−α

g

2
(pH+ − ph)µ

gHAZ = icβ−α
g

2 cos θw
(pA − pH)µ gHH+W = −icβ−α

g

2
(pH+ − pH)µ

(2.63)
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Note that there are no couplings of a two CP-even or CP-odd Higgs to the Z boson vanishes,
gHhZ = ghhZ = gHHZ = gAAZ = 0, since such a coupling would violate the CP-invariance.

Higgs Coupling to Fermions in 2HDM

Let us now investigate the coupling of the Higgs bosons to the fermionic sector. As we
argued above, to avoid FCNC, each fermion type is only allowed to couple to one Higgs
doublet. In Type II 2HDM, the up-type quarks couple to Φ2 while the down-type quarks
couple to Φ1. Let us for simplicity concentrate on the quark sector and only consider one
generation. Then we can write the Yukawa term

LY uk = −YuεabQ̄LaΦ†2buR − YdQ̄LΦ1dR + h.c.

= − Yu√
2
ūL(v2 + φ2 + iϕ2)uR −

Yd√
2
d̄L(v1 + φ1 + iϕ1)dR − Yud̄Lφ−2 uR − YdūLφ+

1 dR + h.c.

(2.64)
We can read out the fermion masses mu = Yu√

2
v2 = Yu√

2
vsβ and md = Yd√

2
v1 = Yd√

2
vcβ We can

then rewrite the coupling of the physical Higgs fields to the fermions as

LY uk = −mu

vsβ
(Hsα + hcα + iAcβ)ūLuR −

md

vcβ
(Hcα − hsα − iAsβ)d̄LdR

−
√

2mu

vsβ
cβH

−d̄LuR +

√
2md

vcβ
sβH

+ūLdR + h.c.

(2.65)

If we introduce multiple generations of fermions, we have to take into account that the
Yukawa coupling matrices Yu and Yd will in general not be diagonal in the flavor basis.
However, we can change into the mass basis in which the Yukawa matrices are diagonal.
As in the case of weak interactions, this introduces the appearance of the CKM matrix V
in the charged current interaction. We can perform an analog calculation for the leptonic
sector.

We can now extract the couplings of the Higgs fields to the fermions. Let us express the
result in terms of the SM-Higgs couplings gSMhff = −imfv . We obtain for the neutral Higgs
bosons

ghuu =
cα
sβ
gSMhuu gHuu =

sα
sβ
gSMhuu gAuu = iγ5

cβ
sβ
gSMhuu

ghdd =
cα
cβ
gSMhdd gHdd =

sα
cβ
gSMhdd gAdd = iγ5

cβ
cβ
gSMhdd

ghll =
cα
cβ
gSMhll gHll =

sα
cβ
gSMhll gAll = iγ5

cβ
cβ
gSMhll .

(2.66)

Note that the CP-odd Higgs A couples to the axial current, as expected from it’s CP
properties. Furthermore, we obtain couplings of the charged Higgs boson to the fermions

gH+uidj =
1√
2v
Vij

(
(tβmd + t−1

β mu) + (tβmd − t−1
β mu)γ5

)

gH+lν =
1√
2v
tβml(1 + γ5)

(2.67)

Note that the projection operator 1 + γ5 in the charged Higgs coupling ensures that the
charged Higgs will only couple to left-handed neutrinos and not to hypothetical right-handed
neutrinos.
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Cubic Higgs Couplings in 2HDM

Furthermore, there are cubic and quartic couplings between the 2HDM Higgs bosons arising
from the Higgs potential introduced in Eq. 2.51. Since a derivation would be both math-
ematically involved and not very illuminating, we will just state the results for the most
important couplings‖:

ghhh = − 3

4s2βv

(4m2
12

sβcβ
(c2
β−αcβ+α −m2

h(c3α−β + 3cα+β)
)

gHHH = − 3

4s2βv

(4m2
12

sβcβ
(s2
β−αsβ+α +m2

H(s3α−β + 3sα+β)
)

gHhh = − 1

4s2βv

(4m2
12

sβcβ
(c2
β−αsβ+α − 2sβ−αcβ−αcβ+α)− (2m2

h +m2
H)(s3α−β + sα+β)

)

ghHH = − 1

4s2βv

(4m2
12

sβcβ
(s2
β−αcβ+α − 2sβ−αcβ−αsβ+α) + (2m2

H +m2
h)(c3α−β − cα+β)

)

ghAA = − 1

4s2βv

(4m2
12

sβcβ
cβ+α − 8m2

Asβ−αsβcβ −m2
h(cα−3β + 3cα+β)

)

gHAA = − 1

4s2βv

(4m2
12

sβcβ
sβ+α − 8m2

Acβ−αsβcβ −m2
H(sα−3β + 3sα+β)

)

ghH+H− = − 1

4c2βv

(4m2
12

cβcβ
cβ+α − 8m2

H±sβ−αsβcβ −m2
h(cα−3β + 3cα+β)

)

gHH+H− = − 1

4s2βv

(4m2
12

sβcβ
sβ+α − 8m2

H±cβ−αsβcβ −m2
H(sα−3β + 3sα+β)

)

(2.68)
Note that a single CP-odd Higgs A cannot couple to CP-even or charged Higgs due to
CP-conservation and therefore gAhh = gAHH = gAH+H− = 0.

These couplings not only depend on the Higgs masses but also on the soft Z2 symmetry
breaking term m2

12. Therefore this otherwise experimentally unobservable parameter has a
significant impact on the cubic Higgs couplings. As we will see later, some of these couplings
can even vanish depending on the choice ofm2

12. We also want to point out that the couplings
stated in Eq. 2.68 differ from those reported in the Higgs Hunter Guide [37]. The Higgs
Hunter Guide states the couplings for MSSM which implies a relationship m2

12 = m2
Asβcβ.

2.3.4 Connection to MSSM

One of the main motivations to consider a Type II 2HDM is that is has the same structure
has the Higgs sector in the Minimal Supersymmetric Extension of the Standard Model
(MSSM)∗∗. Since the superpotential has to be a holomorphic function of the fields, we are

not allowed to write down the Yukawa term for the up-types quarks Yuε
abQ̄LaΦ

†
buR anymore,

as we have done in the Standard Model. Instead, we introduce a second Higgs doublet

Φu =

(
1√
2
(vu + φu − iϕu)

−φ−u

)
(2.69)

‖I derived these results by expanding the Lagrangian and collecting the right coefficients using Mathe-
matica. If there is a reference providing these couplings which I have overseen, I want to apologize.
∗∗A phenomenological introduction to Supersymmetry and the MSSM can be found in [8]



2.4. COLLIDER PHENOMENOLOGY 37

which couples to the up-type fermion instead of εabΦ†b.We can now write a up-type quark

Yukawa term YuQ̄ΦuuR. Note that we defined the doublet Φu = εabΦ†2b such that it contains
the complex conjugate fields to avoid complex conjugation in the Lagrangian. Therefore
Φu has the opposite hypercharge Y = −1

2 compared to Φ2. This is just a redefinition of the
field, Φ2 → Φu, and will not change the results we have obtained above. The appearance
of a Y = −1

2 hypercharge doublet also ensures that Tr[T 2
3 Y ] =Tr[Y 3] = 0 and therefore

cancellation of gauge anomalies.
Supersymmetry imposes special relationships between the Lagrangian parameters of the

2HDM. The quartic couplings are fixed by electroweak couplings g and g′††:

λ1 = λ2 =
1

4
(g2 + g′2) =

m2
Z

v2
λ3 =

1

4
(g2 − g′2) =

2m2
W −m2

Z

v2

λ4 = −1

2
g2 = −2m2

W

v2
λ5 = 0.

(2.70)

The mass spectrum of the MSSM therefore reads

m2
A =

m2
12

sβcβ
m2
H+ = m2

A +m2
W

m2
H,h =

1

2
(m2

A +m2
Z ±

√
(m2

A +m2
Z)2 − 4m2

Zm
2
Zc2β)

(2.71)

and the mixing angel α is fixed by

t2α = t2β
m2
A +m2

Z

m2
A −m2

Z

. (2.72)

We can see that the parameter space is describes by only two free parameters which are
conventionally chosen to be mA and tβ. Notice that the soft Z2 breaking term m2

12 is also
fixed by m2

12 = m2
Asβcβ.

Often people consider the alignment case in which the mA � mZ . In this case mA ≈
mH ≈ mH+ and cβ−α ≈ 0.

2.4 Collider Phenomenology

2.4.1 Detectors at LHC

The Large Hadron Collider

As discussed above, many theories of physics beyond the Standard Model have been pro-
posed to explain the puzzles particle physics is facing today. Many of these models predict
new physics at or not far above the weak scale. This is particularly true for solutions of the
hierarchy problem which address the smallness of the weak scale compared to the Planck
scale.

The currently most powerful experiment to test such scenarios is the LHC, which is
located at CERN. This synchrotron has a circumference of 27 km and is designed to ac-
celerate protons and lead nuclei. During its first operational run between 2010 and 2012 it
was operating with a proton-proton center-of-mass energy of 7 TeV (2010 and 2011) and
8 TeV (2012). After the first major upgrade, LHC restarted in 2015 with a center-of-mass

††See [58] for details of the calculation.
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energy of 13 TeV. The second run is expected to collect data corresponding to an integrated
luminosity∗ of 100 fb−1 until its end in 2018. After another major upgrade, which might
also increase the center-of-mass energy to 14 TeV, LHC is expected to collect 300 fb−1 of
data during run 3. Proposals for a further upgrade to High-Luminosity LHC aim for a total
integrated luminosity of 3000 fb−1 until 2037 [59].

The LHC contains four major experiments. ATLAS (A Toroidal LHC ApparatuS)
and CMS (Compact Muon Solenoid) are general purpose detectors and designed for SM
measurements and BSM physics searches. Furthermore the LHC accommodate the LHCb
(Large Hadron Collider beauty), which is a b-physics experiment, and ALICE (A Large
Ion Collider Experiment), which is designed to study the quark-gluon plasma created in
heavy-ion collisions. In our further discussion we will mainly discuss ATLAS and CMS.

The Detector Composition

Figure 2.4: Transverse slice of the CMS detector. This figure has been taken from [60].

To observe new physics at the LHC, the LHC detectors need to be able to detect all
Standard Model particles which can be produced in association with or in the decay of
new, so far undiscovered, states. This includes a good energy and momentum resolution
of these particles and the identification of electrons, muons and photons. Furthermore, a
good vertex resolution is needed to distinguish b-initiated jets from light-quark and gluon
jets. The principle structure of the general purpose detectors is shown in Fig. 2.4, using
the example of the CMS detector. The ATLAS detector has a similar structure.

Let us briefly discuss the main components of the detector, as shown in Fig. 2.4, starting
with its innermost part†:

∗The integrated luminosity L is a collider specific number describing the number of particles crossing a
unit area and relates the number of measured events N with the cross section σ via N = σL.

†My knowledge about the physics of the detector is mainly based on Peter Lochs lecture on jet physics
[61].
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• The Tracking System: Through it’s interaction with matter, we are able to track
the path of charged particles in the region close to the detector, called the tracking
system. This region is put into a strong magnetic field, produced by a solenoid,
which bends the path of the charged particles. We are therefore able to measure
the direction, the transverse momentum as well as the charge to mass ratio of these
particles.

The most precise part of the tracking system is the pixel detector, which is located
a few centimeters apart from the beam axis and has a resolution better than 100
µm. This is precise enough to allow for the reconstruction of displaced vertices.
Such displaced vertices occur when a long living particle, such as B mesons, decay a
short distance away from the interaction point and can be used to distinguish b-quark
initiated jets from light-quark jets.

The ATLAS and CMS experiment use silicon sensors in their tracking system. An en-
ergetic charged particle passing through the semiconductor material creates electron-
hole pairs which are accelerated by the applied voltage and result in a measurable
current. The ATLAS tracking system additionally includes a transition radiation
tracker as its outer layer.

• The Electromagnetic Calorimeter (ECAL): The electromagnetic calorimeter
is designed to detect electrons, positrons and photons. When entering a material,
high energetic electrons and positrons will emit photons via bremsstrahlung while
high energetic photons will produce electron-positron pairs. In the calorimeter, this
process is repeated producing an electromagnetic shower. The shower ends when the
energy loss through ionization of the calorimeter material dominates. Some atoms
were excited during this process and emitted light with an intensity proportional to
the energy of the incoming particle.

• The Hadronic Calorimeter (HCAL): Unlike electrons and photons, hadrons will
mainly interact with the detector material via QCD interactions. These inelastic
hadron-nucleon interactions happen in layers of passive material with large density
and result in a shower of lighter hadrons and mesons which then further interact with
the detector or decay. There are over 200 different processes involved in the hadronic
shower, including electromagnetic showers e.g. from pion decays π0 → γγ. The
particles produced in the shower then pass through a layer of scintillators, measuring
the energy deposit of the shower, before entering the next layer of passive material.
The hadronic shower is typically much bigger than the electromagnetic shower.

• The Muon Spectrometer: Due to the high mass of the muon, the energy loss due to
Bremstrahlung is suppressed compared to the electron‡. Therefore the muon is able to
pass all parts of the calorimeter without losing much energy. The muon spectrometer
itself is a large tracking system: the muons pass though the spectrometer, consisting
of a large number of chambers used to determine the trajectory of the muon. Since
the muon system is located in a magnetic field, this trajectory is curved and therefore
a precise measurement of the muon track allows a precise determination of the muon
momentum.

‡The power radiated off a particle with mass m via bremsstrahlung is proportional to m−4 [62].
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Detector Geometry

At LHC, two protons with same energy but opposite momentum collider at the interaction
point in the center of the LHC detectors. Therefore the center-of-mass frame of the colliding
protons coincides with laboratory frame of the experiments. The protons themselves are
composite particles, consisting of partons: the quarks and gluons. During this collision,
these partons interact in a hard process. Each parton only carries a fraction of the proton
momentum which, due to the quantum mechanical nature, can only be described by the
probabilistic by parton distribution function (pdf). Therefore the center-of-mass frame of
the partonic interaction is typically boosted along the proton-beam axis, which is typically
chosen to be the z-axis. The cross section itself is symmetric with respect to rotations
around this axis. The ATLAS and CMS detectors have been designed accordingly and
therefore exhibit a cylindrical shape. To describe the kinematics of the interaction, it is
most convenient to work in a coordinate system that respects the cylindrical symmetry of
both the cross section and the detector§.

The momentum transverse to the beam axis, ~pT , can be parameterized using polar co-
ordinates: the magnitude of the transverse momentum pT and the azimuthal angle φ. Since
the transverse momentum of the initial state partons is negligible, conservation of momen-
tum requires that the final state partons transverse momentum also vanishes:

∑
~pT = 0.

This feature does not change under boosts along the beam axis and therefore holds in both
the laboratory frame as well as the partonic center-of-mass frame. This allows us to deter-
mine the transverse momentum carried by particles that are not measured by the detector,
for example neutrinos or possibly dark matter particles, which is called missing transverse
energy (MET).

The momentum longitudinal to the beam axis pL and the energy transform under boost
along the z-axis. It is therefore convenient to parameterize these components of the four-
momentum pµ in terms of the rapidity y and invariant mass m, which is boost invariant by
construction. In the context of collider physics, the rapidity y parameterizes the longitudinal
boost of particle relative to the frame in which the particles longitudinal momentum vanishes
pL,0 = 0. Let us write the particles energy in this frame as E0. Then we can write for the
longitudinal momentum pL and energy E in the boosted frame

(
E
pL

)
= exp

[
y

(
0 1
1 0

)](
E0

0

)
= E0

(
cosh y
sinh y

)
(2.73)

This definition implies that the rapidities of multiple successive boosts simply add up. We
can solve the previous expression for the rapidity and obtain¶

y =
1

2
log

(
E + pL
E − pL

)
. (2.74)

At ATLAS and CMS, the detector geometry allows us to observe rapidities of |y| < 2.5
in the tracking system, ECAL and muon system. For the HCAL, a forward calorimeter
extends the observable rapidity range up to |η| < 5.

§More details about LHC physics and collider phenomenology can be found in [63], which has been used
as guideline for this section.
¶Often people also use the pseudorapidity η = 1

2
log
(
|~p|+pL
|~p|−pL

)
which coincides with the rapidity y only

for massless particles.
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Since both the azimuthal angle φ and the rapidity y have the same order of magnitude,
it turns out to be useful to define a distance measure‖

(δR)2 = (δy)2 + (δφ)2. (2.75)

This distance measure will be used both for the definition of objects like jets and isolated
leptons as well as for analysis cuts.

2.4.2 The Methodology of Collider Studies

To estimate the reach of a given search channel at the LHC, we perform phenomenological
collider studies. The goal is to extract events corresponding to a new physics signal from a
large number of Standard Model background events. These studies use Monte Carlo tools
to simulate the detector output and study the performance of different analysis strategies.
In the following we discuss the steps performed during such a collider study as well as the
tools used in the collider studies presented in this thesis.

Monte Carlo Event Generation: MadGraph

In LHC physics∗∗, an event describes the result of the crossing of two bunches of protons
within the detector. Let us for simplicity assume that this involves exactly one collision
between two protons, and discuss the effect of multiple collisions at a later stage. In most
cases this collision is dominated by the interaction between two partons and we refer to this
as the hard process. Since the momentum transfer during such a hard processes is typically
much larger than the confinement scale of QCD, at which non-perturbative effects become
important, the matrix element Mij→X for the partonic reaction can be calculated using
perturbation theory. The matrix elements are evaluated using the matrix element creator
MadGraph [66]. It generated the Feynman diagrams for all relevant subprocesses ij → X
and calculated the corresponding amplitudes |Mij→X |2. While MadGraph5 [67], which
is mainly used in this thesis, only calculated amplitudes at tree level, a newer version of
the code, MG5 aMC@NLO [68], is able to calculate the matrix elements at next-to-leading
order.

To correctly simulate a process at LHC, we need to calculate the hadronic cross section
σpp→X . According to the QCD factorization theorem, we can write for this cross section

σpp→X =
∑

i,j

∫
dxi

∫
dxj

∫
dΠ

2xixjS
fi(xi, µ)fj(xj , µ) |Mij→X |2 . (2.76)

Here S denotes the center of mass energy of the hadronic system. The functions fi(xi, µ)
are called parton distribution function (pdf). They describe the probability of finding a
parton i (i = g, uū, d, d̄, ...) carrying a fraction xi of the protons momentum, evaluated a
factorization scale µ. There are several different sets of pdf, which are typically expressed
by numerical fits. To obtain a total hadronic cross section we integrate the partonic cross
section, weighted by the initial state pdfs, over the initial state phase space, described by
xi and xj , and final state phase space, denoted by Π and sum over all possible initial states.

‖Note that many references define this measure using the pseudorapidity instead of the rapidity. However,
the jet algorithms as implemented in FastJet [64] use the rapidity.
∗∗This section is based on the discussion presented in [65], which is also a good reference about general

purpose detectors.
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This phase space integral can not be solved analytically and therefore numerical tools
are needed. Madgraph5 [67] uses the event generator MadEvent [69] which uses Monte-
Carlo techniques to perform the integration. The idea is to approximate an n-dimensional
integral over a function F (p) by a finite sum phase space volumes ∆pi around a phase space
point pi weighted by F (pi):

∫
F (p)dnp ≈

N∑

i=1

F (pi)∆pi. (2.77)

The phase space points pi, at which the integrant is evaluated, are chosen randomly accord-
ing to some prior distribution f(p). There is no need to demand the phase space volumes
∆pi to have the same size. Indeed, we can optimize the convergence by applying a so called
importance sampling: regions of parameter space in which F (p) is large, will be sampled
by a larger density of points. Ideally, we want to choose the sampling, described by the
prior distribution f(p), such that each term F (pi)∆pi in the sum above has about equal
size. In this case, each generated phase space point has equal weight. We can also use the
events corresponding to each generated phase space point to simulate the detector signal.
If the phase space points have equal weight, the corresponding events are called unweighted
events.

Parton Shower and Hadronization: Pythia

Both initial and final state partons are able to radiate off quarks and gluons. Let us consider
a matrix elementMq→qg in which a quark q with momentum pq radiates of a gluon g with
momentum pg and leaving the quark with momentum p′q = pq − pg. This matrix element is
proportional to quark propagator,

Mq→qg ∼
1

p2
q

=
1

(p′q + pg)2
=

1

2p′qpg
=

1

2EqEg(1− cos θqg)
. (2.78)

Here Eq and Eg are the final quark and gluon energies and θqg is the angel between the
final state momenta. We can see that the amplitude for this process diverges when θqg → 0
and Eg → 0 corresponding to a collinear and soft divergency of the theory. Therefore the
partons tend to radiate producing a cascade of partons, called a parton shower.

It is not practical to calculate the matrix elements for such soft and collinear radiation
due to the high dimensionality of the final state. Instead this is simulated using the parton
shower model ††. To avoid the double counting between hard radiation (included in the ma-
trix element) and soft radiation (simulated using the parton shower), a matching procedure
is needed ‡‡.

Furthermore, a realistic description of a collision at LHC, need to take into account the
following features:

• Initial and Final State Radiation: As discussed above, the partons in both the
initial and final state will emit soft and collinear radiation.

• Hadronization: Quickly after production, the partons charged under QCD will form
color neutral bound states. This process is called hadronization.

††An introduction to parton showers can be found in [70]
‡‡A pedagogical introduction to matching an be found in [63].
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• Underlying Event: Not only the partons involved in the hard process will contribute
to the event. The remaining partons are also able to interact, although this interaction
is typically much less energetic compared to the hard interaction. Furthermore, the
remnants of the initial state protons will also hadronize.

• Ordinary Decays: Many particles produced both in the hard interaction, such as τs,
and during hadronization, such as heavy mesons and hadrons, are not stable. They
will further decay into lighter particles, possibly leading to long decay chains.

There are multiple programs to include these effects into the event generation. In our
analysis we use Pythia6 [71].

Detector Simulation: Delphes

To simulate the effects of the detector, we use the fast detector simulation Delphes [72,73].
Unlike a full detector simulation used at ATLAS or CMS, it does not include transport
of particles through the detector material, various detector inefficiencies, dead material or
geometrical details.

For photons, electrons, muons and tracks of long living charged hadrons, Delphes in-
cludes a finite identification or tracking efficiency as well as an energy smearing. A simula-
tion of the calorimeter takes into account both its granularity as well as the energy smearing
in each calorimeter cell. The missing transverse energy is calculated as the negative sum
of all observable smeared transverse momenta. Furthermore, jets are reconstructed using
jet algorithms implemented in FastJet [64]. In our work we mainly use anti-kT jets with
R = 0.4. b and τ tagging are implemented using a purely probabilistic approach: a re-
constructed jet overlapping with a parton level b (τ) are labeled as b-tagged jet with a
probability of εb while jets not containing a b (τ) are mistagged with a probability of εmiss
(which can depend on the flavor of the initiating parton). These tagging/mistagging effi-
ciencies can depend on both the jet transverse momentum and rapidity. Most parameters
can be modified in a detector card to match the properties of the detector. In our work
we mainly use the combined Snowmass detector card [74] which designed to reflects the
performance expected from the LHC experiments in the future.

In principle, Delphes is also able to take into account contributions from additional
collisions within one bunch crossing, called pile up. However, we decide to not take this into
account in this thesis due to the high computation time associated with pile-up simulations.

Collider Study

In our collider study, we develope an analysis strategy to distinguish events coming from
a signal process from Standard Model background events. Using the programs discussed
above, we generate events both for the signal as well as all backgrounds that are able to
mimic the signal.

At LHC, the Standard Model background coming from multi-jet production is so over-
whelming, that it is impossible to record and analyze all events. Therefore the experiments
use a trigger system to select potentially interesting events containing leptons, photons,
missing energy, displaced tracks or highly energetic jets. Our collider study takes this into
account, by selecting events which pass these trigger requirements.

To suppress the fraction of background events in the event sample, further analysis cuts
need to be applied. These select regions of phase space in which the signal rate is high and
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typically includes cuts on the invariant mass, transverse momentum, angular correlations
of objects in the final state. A detailed description of the analysis strategy used for the
processes discussed in this thesis can be found in the publications in the appendix.

The experimental collaborations often use multivariate analysis techniques to further
increase the efficiency of the analysis. Machine learning approaches, such as boosted decision
trees or neural networks, have shown a good performance in LHC searches and have been
implemented in the data analysis framework ROOT [75].

Statistical Analysis

After performing the collider analysis, we obtain the predicted number of signal and back-
ground events, NS and NB passing all cuts§§. The number of signal events NS typically
depends on the parameters of the new physics model. In the following, we will use this re-
sult to identify regions of parameter space of the theory which can allow for the observation
of a excess of events as well as regions of parameter space which can be excluded by the
absence of such an excess. This is a purely statistical problem: is the predicted excess (or
it’s absence) significant enough to discover (exclude) a model.

There are two hypothesis relevant for this discussion: the background only hypothesis
with a predicted number of events NB, and the signal plus background hypothesis with
predicted number of events NS +NB. We can ask two questions:

• Discovery: Let us assume that we observe a number of events consistent with the
signal plus background hypothesis with event number NS +NB. What is the minimal
number of signal events NDisc

S needed to exclude the background only hypothesis at
5σ? This number is called discovery reach.

• Exclusion: Let us assume that we observe a number of events consistent with the
background only hypothesis Nobs = NB. What is the minimal number of signal events
NExcl
S needed to exclude the corresponding signal plus background hypothesis at 95%

CL? This number is called exclusion reach.

This problem is further complicated, if we want to take into account a systematic un-
certainty for the number of background events, parameterized by ε. The simplest approach
to this problem is a gaussian approximation. Let us assume, that we have a given number
of background events NB. Now we want to predict the number of signal events NS needed
to claim discovery or exclusion.

• Discovery: If we want to exclude the background only hypothesis, the number of
events in the signal plus background hypothesis NS+B = NS +NB needs to be larger
than the number of events in the background only hypothesis NB plus five times the
uncertainty for this number σ(NB). The uncertainty is the sum of the statistical
uncertainty σstat(NB) =

√
NB and a systematic uncertainty σsyst(NB) = εNB. We

obtain the discovery reach

NS +NB > NB + 5 · σ(NB) −→ NS > 5 · (
√
NB + εNB) (2.79)

§§In a more sophisticated analysis we could consider multiple independent channels. These channels
might correspond to different bins of a kinematic distribution (for example invariant mass) or different final
states (for example including different additional jet multiplicities). In this case each channel would have a
separate number of signal and background events NS and NB .
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• Exclusion: If we want to exclude the signal plus background hypothesis, the number
of events in the background only hypothesis NB needs to be smaller than the number
of events in the signal plus background hypothesis NS +NB minus 1.645¶¶ times the
uncertainty for this number σ(NS+B). The uncertainty is the sum of the statistical
uncertainty σstat(NS+B) =

√
NS +NB and a systematic uncertainty σsyst(NS+B) =

εNB:

NB < NS +NB − 1.645 · σ(NS+B) −→ NS > 1.645 · (
√
NS +NB + εNB) (2.80)

The last equation can be solved for NS to obtain the exclusion reach.

The discovery and exclusion reach on NS are a function of the number of background
events NB. For the gaussian approach this is shown in the black line of Fig. 2.5. There are
more sophisticated programs to obtain the discovery and exclusion reach. In this work we
use the framework Theta [76], which is based on a bayesian approach, and routines from
RooStats [77] based on a frequentist approach. The discovery and exclusion reach obtained
using these programs is also shown in Fig. 2.5. We see that the gaussian approximation
can reproduce these results reasonably well for large number of events. However, when the
number of events becomes small (NS , NB < 10), the gaussian approximation overestimates
the discovery reach.
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Figure 2.5: Discovery (left) and exclusion (right) reach for the number of signal events NS

as a function of the number of background events NB. We show the results from RooStats
(red), Theta (blue) and the gaussian approximation (black).

¶¶This is a one sided hypothesis test.
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Chapter 3

Exotic Higgs Decays in Two-Higgs
Doublet Models

The main work done in the context of this thesis has already been presented in the form
of published articles to the scientific community [21–26]. These publications are attached
to this thesis as appendix. In this chapter, we will present the motivation for the work
presented in each publication and discuss the main results we obtained∗.

3.1 Constraining Type II 2HDM in Light of LHC Higgs Searches

Before its discovery in 2012 by the ATLAS and CMS collaboration [1, 2], the Higgs boson
has been the last missing particle predicted by the Standard Model of particle physics. Its
discovery completes our knowledge about the structure of the Standard Model. However,
we have seen that the Standard Model has to be supplemented with additional dynamics
to explain the puzzles particle physics is facing today. Therefore it is possible that the
scalar sector responsible for electroweak symmetry breaking itself has a richer structure. In
this case, the discovery of a SM-like Higgs boson will constrain the parameter space of an
extended Higgs sector.

In [21], we study the implication of the LHC Higgs search results on the Type II 2HDM†.
In the context of a 2HDM, the observed 125 Higgs signal‡ can be interpreted as either the
light CP-even Higgs h or heavy CP-even Higgs H, while the other one remains undiscov-
ered. The 2HDM parameter space is further constrained by experimental results coming
from LEP, Tevatron and the LHC Higgs searches, precision observables and flavor physics as
well as theoretical considerations concerning perturbativity, unitarity and vacuum stability.
We identify regions of parameter space which are consistent with all constraints and can
accommodate the observed 125 GeV Higgs signal, considering that this signal corresponds
to either h or H, by scanning over the remaining parameter space, described by the undis-
covered Higgs masses mH(h), mA, mH± and the mixing angles tβ and sβ−α. Note that this
works assumes that the soft Z2 breaking term vanishes, m2

12 = 0. This results in an upper
bound on the Higgs masses as well as the tanβ due to unitarity. In later publications, in

∗Note that this chapter will have significant text overlap with the publications that it is referring to.
†Note that this paper was published in may 2013 and therefore only considers parts of the results obtained

from the LHC run 1 data set.
‡Note that in [21] we assume mh = 126 GeV while more recent measurements suggest a value of mh

close to 125 GeV [46].

47
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particular [22] we relax this constraint.
We find that in the mh = 125 GeV case, we are restricted to a narrow SM-like regions

of sβ−α ≈ ±1 with tβ up to 4, or an extended non-SM-like region with 0.55 < sβ−α < 0.9
and 1.5 < tβ < 4. The values of mH , mA and mH± , however, are relatively unconstrained.
In the mH = 125 GeV case, we are restricted to a narrow SM-like region of sβ−α ≈ 0 with
tβ up to about 8, or an extended non-SM-like region of sβ−α between 0.8 to 0.05, with tβ
extended to 30 or higher. mA and mH± are nearly degenerate due to electroweak precision
constraints. The SM-like region corresponds to the alignment limit in which the couplings
to SM particles are not modified while the non-SM-like region permits deviations from SM
couplings.

This work, which has been done in collaboration with Shufang Su and Barath Coleppa,
has been published in JHEP [21] and can be found in appendix A. Most results have been
obtained, and in particular all figures have been produced by, the author of this thesis.

3.2 Anatomy of Exotic Higgs Decays in 2HDM

In the previous section, we saw that there are regions of 2HDM parameter space consistent
with all constraints that can have sizable mass splitting between the undiscovered heavy
Higgs states. If the mass splitting is large enough, exotic Higgs decay channels into either
a Higgs plus an SM gauge boson or two lighter Higgses open up.

In [22], we discuss scenarios which permit such exotic decays in the context of a Type
II 2HDM. In particular we analyze how theoretical and experimental constraints restrict
possible mass hierarchies and therefore constrain the parameter space which allows for exotic
Higgs decays. We mostly focus on the experimentally preferred alignment limit but also
discuss deviations from the alignment limit.

We find that the value of the the soft Z∈ breaking term m12 is strongly constrained by
requiring the model to be unitary. At high tβ > 5, unitarity requires m2

12 = m2
Hsβcβ while

smaller values of m2
12 are possible for low tβ. In the former case, vacuum stability further

constraints H to be the slightest non-SM Higgs. Therefore, at high tβ, the 2HDM cannot
accommodate exotic decays of the Type H → AZ, H+W , AA or H+H−. Electroweak
precision measurement further require the charged Higgs mass to be close to one of the
heavy neutral scalar masses: mH± ≈ mA or mH± ≈ mH . Based on these requirements,
we provide benchmark planes to explore exotic Higgs decay scenarios and discuss their
potential to probe the hierarchical 2HDM parameter space during LHC Run 2. Higgs cross
sections and branching fractions are presented. Further constraints coming from unitarity,
LEP and LHC Higgs searches and flavor physics are discussed for each benchmark plane.

This work started as a contribution for the LHC Higgs Cross Section Working Group
for BSM Higgs Yearly Report 4 and developed into an independent project. This work,
which has been done in collaboration with Shufang Su and Jose No, has been published
in JHEP [22] and can be found in appendix B. Most results have been obtained, and in
particular all figures have been produced, by the author of this thesis.

3.3 Exotic Decays of a Heavy Neutral Higgs through HZ/AZ
Channel

In the previous section we systematically analyzed the possibility of exotic Higgs decays in
the context of a Type II 2HDM. We have seen that if such decay channels are kinemati-
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cally accessible, they have a sizable branching fraction and can even dominate. The most
promising exotic Higgs decay channel at LHC is the decay in which a heavy neutral Higgs
decays, H or A, into a lighter neutral Higgs, H,A or h, and a Z boson. If the Z boson
decays leptonically, this channel provides a clean collider signature.

In [23], we study the decays A → HZ and H → AZ, where A refers to the neutral
CP-odd Higgs and H refers to one of the CP-even Higgs bosons. With detailed collider
analysis, we obtain model independent exclusion bounds as well as discovery reach at the
14TeV LHC for the process: gg → A/H → HZ/AZ. We consider leptonic decays of the
Z, with the A/H in the final states decaying to either a pair of fermions (bb or ττ) or a
pair of Z bosons (ZZ) and explore the exclusion bounds as well as discovery reach at LHC
for various combinations of mA and mH . We further interpret these bounds in the context
of the Type II Two Higgs Doublet Model, considering three different classes of processes:
A → hZ, A → HZ, and H → AZ, in which h and H are the light and heavy neutral
CP-even Higgses respectively. We conclude that a study of exotic decays of extra Higgses
as appearing in extensions of the Standard Model would extend the reach at 14 TeV LHC
and provides nice complementarity to conventional Higgs search channels.

This work is part of the Snowmass Community Summer Study 2013 and resulted in
a white paper [78] and a contribution to the Community Summer Study New Particles
Working Group Report [79]. This work, which has been done in collaboration with Shufang
Su and Barath Coleppa, has been published in JHEP [23] and can be found in appendix
C. While the results in section 4 on the collider analysis have mainly been obtained by the
author of this thesis, the results of section 5 on the implications for 2HDM have mainly
been worked out by Barath Coleppa.

3.4 Charged Higgs Search via AW±/HW± Channel

The discovery of charged Higgs bosons at a hadron collider is expected to be very difficult.
If the mass of the charged Higgs mH± is larger than the top mass mt = 173 GeV, the
dominant production mechanism is the top quark associated production H±tb. At LHC,
the corresponding charged Higgs production rate is typically about one order of magnitude
smaller compared to the production rate of a heavy neutral Higgs of the same mass.

In the absence of exotic decay channels, the charged Higgs is assumed to either decay
leptonically (H± → τν), or hadronically (H± → tb). Together with the top and bottom
quark, which are produced in association with the charged Higgs, the leptonic and hadronic
decay channel results in a tbτν and ttbb final state, respectively. These are very similar to
the overwhelming top pair background and therefore further complicate attempt to discover
a charged Higgs boson. If the exotic decays of the charged Higgs are kinematically allowed,
the rates of the conventional search channels for charged Higgs bosons are even further
suppressed. However, this provides an additional opportunity to search for a charged Higgs
boson.

In [24], we study the H±tb associated production of the charged Higgs with the subse-
quent exotic decay H± → AW/HW . We consider leptonic decay of one of the W bosons
either coming from charged Higgs or top decay, with the A/H in the final state decaying
into a pair of fermions (bb or ττ). With detailed collider analysis, we obtain the model
independent exclusion bounds as well as discovery reach at the 14 TeV LHC. We find that
τlepτhad case is particularly promising since we can utilize the same sign di-lepton signal
with the leptons from W decay and from τ decay. We further interpret these bounds in the
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context of the Type II Two Higgs Doublet Model and conclude that the exotic decay mode
H± → AW±/HW± offers a complementary channel to the conventional modes for charged
Higgs searches.

This work, which has been done in collaboration with Shufang Su and Barath Coleppa,
has been published in JHEP [24] and can be found in appendix D. While the results in
section 4 on the collider analysis have mainly been obtained by the author of this thesis,
the results of section 5 on the implications for 2HDM have mainly been worked out by
Barath Coleppa.

3.5 Light Charged Higgs Bosons to AW/HW via Top Decay

In the previous section we focused on a heavy charged Higgs boson, which suffers from a
small production rate at LHC. However, a light charged Higgs boson with mH+ < mt can
be produced in top decays t→ H+b and therefore its production rate can benefit from the
large top production cross section at LHC.

Conventional search strategies assume that the charged Higgs decays either leptonically
H± → τν) or hadronically (H± → cs). The null search results at both the ATLAS and
CMS exclude a light charged Higgs below a mass of about 160 GeV for most of the pa-
rameter space. However, if there exists a neutral Higgs A or H light enough such that the
exotic decay channel H± → AW/HW is kinematically open, the branching fractions into
the conventional final states τν and cs are suppressed and the exclusion bounds can be
significantly weakened. Due to experimental challenges at low energies, such a light neutral
Higgs has not been fully excluded yet. Therefore in an hierarchical 2HDM, a relatively large
region of parameter space with mH± > 150 GeV and tβ < 20 is still allowed, while no limits
exist for mH± > 160 GeV.

In [25], we investigate the possibility of the exotic decay H± → AW/hW of a light
charged Higgs§ produced in top decay via single top or top pair production. A charged
Higgs produced in top pair production pp → tt → tH±b has the same final state as a
heavy charged Higgs produced in top quark associate production. We therefore extend the
previous analysis to lower charged Higgs masses and furthermore include a discussion of
the single top channel. While the top pair channel benefits from a large production cross
section, the single top channel permits a cleaner signal due to its unique kinematic features.
With a detailed collider analysis, we obtain model independent exclusion and discovery
bounds for the 14TeV LHC assuming the existence of a 70 GeV neutral scalar. Assuming
BR(H± → AW/hW ) = 100% and BR(A/h→ ττ) = 8.6%, the exclusion limits on BR(t→
H±b) are about 0.2% and 0.03% for single top and top pair production, respectively, with
an integrated luminosity of 300 fb1. A significantly worse reach is obtained in the A/h→ bb
channel. We further discuss the implications of the obtained exclusion and discovery bounds
in the context of the Type II 2HDM. We conclude that an exotic decay search channel will
be able to discover a light charged Higgs in the region which remains unconstrained by
searches in τν channel.

This work, which has been done in collaboration with Shufang Su and Adarsh Pyarelal,
has been published in JHEP [25] and can be found in appendix E. While the results in

§We want to note that a light charged Higgs is already in strong tension with flavor physics bounds, in
particular the measurement of the branching fraction of the rare decay b → sγ. However, these bounds are
highly model independent and can be significantly weakened in the presence of additional dynamics coupling
to the fermion sector.
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section 4.1 on the single top collider analysis have mainly been worked out by Adarsh
Pyarelal, the results on the top pair production case and limits (section 4.2 and 4.3) as well
as the implications for 2HDM (section 3 and 5) have been mainly obtained the author of
this thesis.

3.6 Searches for non-SM Heavy Higgses at a 100 TeV pp
Collider

In the previous sections we discussed exotic Higgs decays in the context of LHC. However,
the high energy physics community is already discussing the next generation of particle
accelerators. Concrete proposals include the International Linear Collider (ILC) in Japan,
the Circular Electron Positron Collider (CEPC) and Super Proton-Proton Collider (SPPC)
in China or Future Circular Collider (FCC) at Cern. The future hadron collider are intended
to operate at a center of mass energy of about 100 TeV. It is just timely to study the physics
potential of such future colliders to motivate the investment in such a machine. Furthermore
these studies allow us to formulate requirements on detectors needed at these colliders which
are needed when designing the detector.

In [26] we discuss the physics potential of a 100 TeV collider for searches of an extended
Higgs sector. In particular we concentrate on the Type II 2HDM and discuss conventional
and exotic decay channels of additional heavy Higgs bosons at such a collider. We present
the production cross section for the heavy Higgses. Comparing to the 14 TeV LHC, the
production rates can be enhanced by about a factor of 3050 for gluon-gluon fusion and bb
associated production, and about a factor of 90 for the top-quark associated charged Higgs
production, H±tb, for Higgs mass of about 500 GeV, and even more for heavier Higgses.
This makes a 100 TeV collider the right experiment to study the charged Higgs, which
production rate is then comparable to those of the neutral Higgses. We present the reach
for the conventional decay channels H/A→ tt, ττ and H± → tb, τν and outline the possible
search channels via Higgs exotic decays.

This work started as a contribution to the CEPC-SPPC Study Group and has been
published as part of the CEPC-SPPC Preliminary Conceptual Design Report (Volume I -
Physics and Detector) [80]. Furthermore, parts of this work also contribute to the FCC
study: Physics at a 100 TeV pp collider: Higgs and EW symmetry breaking studies [81].
This work, which has been done in collaboration with Jan Hajer, Ahmed Ismail, Ying-Ying
Li, Tao Liu and Shufang Su, has been published in the International Journal of Modern
Physics A [26] and can be found in appendix F. While the results on the Higgs cross
section (section 3) have been mainly obtained by Ahmed Ismail, the collider analysis for
the conventional channels (section 5) has been done by the Hong Kong group and been
published in a separate article [82]. The results of section 4 (including Fig. 2) and section
6 have been obtained by the author of this thesis and Shufang Su.
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Chapter 4

Conclusion

In 2012, the ATLAS and CMS collaboration discovered a new fundamental scalar particle
which properties have been measured to consistent with those of a Standard Model Higgs
boson. The Higgs boson has been the last missing particle predicted by the Standard
Model and its discovery completes our knowledge about the structure of the Standard
Model. Although the predictions of the Standard Model are in excellent agreement with
observation in many areas of physics, we except the existence of physics beyond the Standard
Model. Such physics is motivated by phenomena that cannot be explained within the
framework of the Standard Model, such as dark matter, baryogenesis and neutrino masses,
as well as theoretical considerations such as the hierarchy problem and strong CP-problem.
Many theories have been proposed to address one or multiple of these problems. No clear
evidence has been found that could support any of those theories. Therefore it is necessary
to further investigate such models and propose new possible methods and search channels
to experimentally uncover new physics.

Many models of physics beyond the Standard Model include an extended Higgs sector,
responsible for electroweak symmetry breaking, and predict the existence of additional Higgs
bosons. The Type II Two-Higgs-Doublet Model (2HDM) is particularly well motivated
scenario and a suitable framework for phenomenological studies of extended Higgs sectors.
Its low energy spectrum includes two CP-even Higgses h and H, one CP-odd Higgs A, and
a pair of charged Higgses H±. The properties of this model have been carefully derived in
chapter .

In [21], we study the implication of the observation of the SM-like Higgs signal on
the Type II 2HDM. The 2HDM parameter space is further constrained by experimental
results coming from LEP, Tevatron and LHC Higgs searches, precision observables and
flavor physics as well as theoretical considerations concerning perturbativity, unitarity and
vacuum stability. We identify regions of parameter space which are consistent with all
constraints and can accommodate the observed 125 GeV Higgs signal corresponding to
either h or H. This is done by scanning over the remaining parameter space, described by
the undiscovered Higgs masses and the mixing angles. We find that there are both SM-like,
corresponding to the alignment limit, and non-SM like regions of parameter space which
are consistent will all constraints.

In particular, parameter space with a distinctive mass hierarchy, and therefore permit-
ting a sizable mass splitting between the undiscovered heavy Higgs states, can be consistent
LHC Higgs search results. Most LHC Higgs searches focus on the conventional Higgs decay
channels into SM fermions and gauge bosons. However, if the mass splitting between the
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additional Higgs bosons is large enough, exotic Higgs decay channels into either a Higgs
plus an SM gauge boson or two lighter Higgses open up. If these exotic decay channels are
kinematically open, the branching fractions into the conventional final states are suppressed
and the exclusion bounds can be significantly weakened.

In [22], we discuss scenarios which permit such exotic decays in the context of a Type II
2HDM. We find that requiring the 2HDM to be unitary and in agreement with electroweak
precision measurements as well as it’s vacuum to be stable restricts the hierarchical 2HDM
to particular mass hierarchies. Based on these results, we provide benchmark planes to
explore exotic Higgs decay scenarios and discuss their potential to probe the hierarchical
2HDM parameter space during LHC Run 2.

The discovery of one or more of these new scalar particles would be a clear indication of
an extended Higgs sector as the source of electroweak symmetry breaking. In the presence
of exotic Higgs decays, the reach of the conventional Higgs search channels is weakened.
However, exotic decay channels provide an additional opportunity to search for these par-
ticles.

We therefore further investigate these exotic decay channels and obtain the reach of these
decay modes at the LHC. In [23] we analyze the particularly promising channel H/A →
AZ/HZ where the heavy Higgs is produced in gluon-gluon Fusion. This final state has
clean collider signature. Furthermore, we also consider the exotic decay of a heavy and
light charged Higgs boson [24, 25] via the decay channel H± → AW/HW . The heavy
charged Higgs is mainly produced in top-quark associate production, which suffers from a
small rate at LHC. A light charged can be produced in top decay t → H±b and therefore
benefits from the large top pair production rate at LHC. With detailed collider analysis, we
obtain the model independent exclusion bounds, as well as discovery reach and interpret
them in the context of Type II 2HDM. We find that these exotic decays offer complementary
discovery channels to the conventional modes for both neutral and charged Higgs searches
and permit exclusion and discovery in large regions of parameter space.

Currently, the high energy physics community is already discussing the next genera-
tion of particle accelerators. Concrete proposals include the Super Proton-Proton Collider
(SPPC) in China and Future Circular Collider (FCC) at Cern. These future hadron col-
liders are intended to operate at a center of mass energy of 100 TeV. In [26] we discuss
the physics potential of a 100 TeV collider for searches of an extended Higgs sector. In
particular we concentrate on the Type II 2HDM and discuss conventional and exotic decay
channels of additional heavy Higgs bosons at such a collider.

While most of the recent searches for additional Higgs bosons have focused on con-
ventional decay channels, searches using exotic decay channels have just started [83, 84].
Studying all of the possibilities for the non-SM Higgs decays will allow us to explore the
full potential of the LHC and future colliders in understanding the nature of electroweak
symmetry breaking.
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Constraining Type II 2HDM in
Light of LHC Higgs Searches

The article Constraining Type II 2HDM in Light of LHC Higgs Searches has been submitted
to arXiv and accepted for publication in the Journal of High Energy Physics [21].
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1 Introduction

The discovery of a resonance at 126 GeV with properties consistent with the Standard

Model (SM) Higgs boson in both the ATLAS [1, 2] and CMS experiments [3, 4] is un-

doubtedly the most significant experimental triumph of the Large Hadron Collider (LHC)

to date. The nature of this particle, as regards its CP properties and couplings, are cur-

rently being established [4–7]. Though further data would undoubtedly point us in the

right direction, at this point it is useful to explore the implication of the current Higgs

search results on models beyond the SM. There are quite a few models that admit a scalar

particle in their spectrum and many of them can have couplings and decays consistent with

the SM Higgs boson. Thus it behooves us to constrain these models as much as possible

with the Higgs search results at hand.

One of the simplest extensions of the SM involves enlarged Higgs sectors. This can

be done by simply adding more scalar doublets, or considering Higgs sectors with more

complicated representations. In the work, we will study the Two Higgs-Doublet Models

(2HDM) that involve two scalar doublets both charged under the SM SU(2)L × U(1)Y
gauge symmetries [8–11]. The neutral components of both the Higgs fields develop vacuum
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expectation values (vev), breaking SU(2)L × U(1)Y down to U(1)em. Assuming no CP-

violation in the Higgs sector, the resulting physical spectrum for the scalars is enlarged

relative to the SM and includes light and heavy neutral CP-even Higgses (h0 and H0),

charged Higgses (H±), and a pseudoscalar A0. In addition to the masses, two additional

parameters are introduced in the theory: the ratio of the vevs of the two Higgs fields

(tanβ), and the mixing of the two neutral CP-even Higgses (sinα).

There are many types of 2HDMs, each differing in the way the two Higgs doublets cou-

ple to the fermions (for a comprehensive review, see [8]). In this work, we will be concentrat-

ing on the Type II case, in which one Higgs doublet couples to the up-type quarks, while the

other Higgs doublet couples to the down-type quarks and leptons. This model is of partic-

ular interest as it shares many of the features of the Higgs sector of the Minimal Supersym-

metric Standard Model (MSSM). This enables us to translate existing LHC MSSM results

to this case. Before proceeding, we point out that over the last few months, there have been

various studies on the 2HDM based on the recent discovery [12–25]. While most studies

concentrated on finding regions of parameter space that admit σ× Br values reported by the

LHC experiments in various channels, some also looked at correlations between the various

decay channels. The authors of ref. [12] and ref. [13] did the initial study of looking at the

tanβ − sinα plane where the observed Higgs signal is feasible, interpreting the discovered

scalar as either the light or the heavy CP-even Higgs boson. Ref. [14–19] fit the observed

Higgs signals in various 2HDM scenarios, taken into account theoretical and experimen-

tal constraints. Ref. [20] also paid careful attention to various Higgs production modes.

Ref. [21] focused on the CP-violating Type II 2HDM. Ref. [22] studied the case of nearly

degenerate Higgs bosons. In addition, ref. [23, 24] investigated the possibility that the

signal could correspond to the pseudoscalar A0 - in this context, it is worth remarking that

ref. [26] considered the pseudoscalar interpretation of the observed 126 GeV resonance and

found that while it is strongly disfavored, the possibility is not yet ruled out at the 5σ level.1

In the present paper, we extended the above analyses by combining all the known ex-

perimental constraints (the LEP, Tevatron and the LHC Higgs search bounds, and precision

observables) with the theoretical ones (perturbativity, unitarity, and vacuum stability), as

well as flavor constraints. A unique aspect of the present work is that our analysis looks

at combinations of all parameters of the theory to identify regions that survive all the

theoretical and experimental constraints. We further focus on regions that could accom-

modate the observed Higgs signal as either the light or the heavy CP-even Higgs, and are

thus interesting from a collider study perspective. This enables us to draw conclusions

about correlations between different masses and mixing angles to help identify aspects of

the model that warrant future study.

We start by briefly introducing the structure and parameters of the Type II 2HDM

in section 2. In section 3, we discuss the theoretical constraints and experimental bounds,

and outline our analysis methodology. In section 4, we present our results for the light CP-

even Higgs being the observed 126 GeV SM-like Higgs boson, looking at surviving regions

1The latest experimental results indicate that the pseudoscalar interpretation of the 126GeV excess is

disfavored [4–6].
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in various combinations of free parameters. In section 5, we do the same for the heavy

CP-even Higgs as the observed 126 GeV SM-like Higgs boson. In section 6, we explore the

implications for the Vector Boson Fusion (VBF) or V H associated production, and decays

of Higgs into bb and ττ channels. We conclude in section 7.

2 Type II 2HDM

In this section, we briefly describe the Type II 2HDM, focusing on the particle content,

Higgs couplings, and model parameters. For more details about the model, see ref. [8] for

a recent review of the theory and phenomenology of 2HDM.

2.1 Potential, masses and mixing angles

Labeling the two SU(2)L doublet scalar fields Φ1 and Φ2, the most general potential for

the Higgs sector can be written down in the following form:

V (Φ1,Φ2) = m2
11Φ†1Φ1 +m2

22Φ†2Φ2 −m2
12(Φ†1Φ2 + h.c.)

+
1

2
λ1(Φ†1Φ1)2 +

1

2
λ2(Φ†2Φ2)2 + λ3(Φ†1Φ1)(Φ†2Φ2) + λ4(Φ†1Φ2)(Φ†2Φ1)

+
1

2

{
λ5(Φ†1Φ2)2 + h.c.

}
+
{[

λ6(Φ†1Φ1) + λ7(Φ†2Φ2)
]

(Φ†1Φ2) + h.c.
}
. (2.1)

We impose a discrete Z2 symmetry on the Lagrangian, the effect of which is to render

m12, λ6, λ7 = 0.2 Note that one consequence of requiring m12 = 0 is that there is no so

called decoupling limit in which only one SM-like Higgs appears at low energy while all

other Higgses are heavy and decoupled from the low energy spectrum. After electroweak

symmetry breaking (EWSB): 〈φ0
1〉 = v1/

√
2, 〈φ0

2〉 = v2/
√

2 with
√
v2

1 + v2
2 = 246 GeV, we

are left with six free parameters, which can be chosen as the four Higgs masses (mh, mH ,

mA, mH±), a mixing angle sinα between the two CP-even Higgses, and the ratio of the

two vacuum expectation values, tanβ = v2/v1.

Writing the two Higgs fields as:

Φi =

(
φ+
i

(vi + φ0
i + iGi)/

√
2

)
, (2.2)

the mass eigenstates of the physical scalars can be written as:
(
H0

h0

)
=

(
cosα sinα

− sinα cosα

)(
φ0

1

φ0
2

)
,

A0

H±
= −G1 sinβ +G2 cosβ

= −φ±1 sinβ + φ±2 cosβ
. (2.3)

For our purposes, it is useful to express the quartic couplings λ1...5 in terms of the physical

Higgs masses, tanβ and the mixing angle α:

λ1 =
m2
H cos2 α+m2

h sin2 α

v2 cos2 β
, λ2 =

m2
H sin2 α+m2

h cos2 α

v2 cos2 β
(2.4)

λ3 =
sin 2α(m2

H−m2
h)+2 sin 2β m2

H±

v2 sin 2β
, λ4 =

m2
A − 2m2

H±

v2
, λ5 = −m

2
A

v2
. (2.5)

2Ref. [15], which also addresses similar issues as in this paper, allowed for a soft breaking of the Z2

symmetry with m2
12 6= 0. In this paper, we don’t consider such soft-breaking terms.
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ξV Vh sin(β − α) ξV VH cos(β − α) ξV VA 0

ξuh cosα/ sinβ ξuH sinα/ sinβ ξuA cotβ

ξd,lh − sinα/ cosβ ξd,lH cosα/ cosβ ξd,lA tanβ

Table 1. The multiplicative factor ξ by which the couplings of the CP-even Higgses and the CP-

odd Higgs to the gauge bosons and fermions scale with respect to the SM value. The superscripts

u, d, l and V V refer to the up-type quarks, down-type quarks, leptons, and WW/ZZ respectively.

Imposing the perturbativity and unitarity bounds, as explained below in section 3.1, typ-

ically leads to an upper bound on the masses of H0, A0 and H±. The couplings of the

CP-even Higgses and CP-odd Higgs to the SM gauge bosons and fermions are scaled by a

factor ξ relative to the SM value — these are presented in table 1. In order to translate

the ATLAS and CMS limits, we need to pay particular attention to the couplings of the

light (heavy) CP-even Higgs to the SM gauge bosons (controlling the partial decay width

to WW , ZZ as well as γγ channels) and to the top quark (controlling the gluon fusion

production cross section), as well as to the bottom quark (controlling the bb partial decay

width, which enters the total decay width as well). From table 1, we see that the relevant

couplings are proportional to sin(β − α) (cos(β − α)), 1/ sinβ and 1/ cosβ. Thus, even

though it is customary to look at the combination of parameters (sinα, tanβ), we present

our results in section 4 and 5 using sin(β − α) and tanβ as the independent parameters

(in addition to the masses of the physical Higgses) to manifest the effects on the Higgs

couplings to gauge bosons. Using sin(β − α) instead of sinα has the additional advantage

of being basis-independent, as explained in ref. [27–29].

3 Constraints and analyses

3.1 Theoretical and experimental constraints

To implement the various experimental and theoretical constraints, we have employed two

programs: the 2HDM Calculator (2HDMC) [30] to calculate the Higgs couplings, compute

all the decay branching fractions of the Higgses, and implement all the theoretical con-

straints; and HiggsBounds 3.8 [31] to consistently put in all the experimental constraints

on the model. Here, we briefly describe the list of theoretical and experimental bounds

that are of interest.

Theoretical constraints:

• Vacuum Stability: this implies that the potential should be bounded from below,

which is translated to various conditions for the quartic couplings in the Higgs po-

tential [36–38]: λ1 > 0, λ2 > 0, λ3 > −
√
λ1λ2, and λ3 + λ4 − |λ5| > −

√
λ1λ2. With

eqs. (2.4) and (2.5), the above requirements serve to constrain the Higgs masses and

angles.

• Perturbativity: 2HDMC imposes constraints on the physical Higgs quartic couplings,

specifically demanding that λhihjhkhl < 4π to stay inside the perturbative regime.
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Note that even though these are different from the λs in the Higgs potential in

eq. (2.1), we can still use eqs. (2.4) and (2.5) as rough guides to understand the

perturbative bounds, as we will do in later sections to explain the features of our re-

sults. The top yukawa coupling yt could also become nonperturbative for very small

tanβ. We require the perturbativity of yt at scales below 1 TeV, which results in

tanβ & 0.35 [39].

• Unitarity: it is well known that in the SM, the scattering cross section for the longi-

tudinal W modes is unitary only if the Higgs exchange diagrams are included. Since

the couplings of the Higgs are modified in the 2HDM, we need to ensure unitarity

by demanding that the S matrix of all scattering cross sections of Higgs−Higgs and

Higgs−VL (where VL is either WL or ZL) have eigenvalues bounded by 16π [40].

Experimental constraints: the LHC experiments have searched for the SM Higgs in γγ,

ZZ, WW , ττ and bb channels. Both the ATLAS and CMS collaboration have reported

the observation of a new resonance at a mass of around 126 GeV with more than 5σ

significance [1–7, 41–52]. The production cross sections and partial decay widths of the

2HDM Higgses to the various SM final states differ from that of the SM Higgs, which can

be obtained using the coupling scaling factors ξ from table 1. Thus, we can identify the

regions in parameter space where the signal cross sections are compatible with the Higgs

signal observed at the ATLAS and CMS collaborations. We can also translate the exclusion

bounds on the Higgs search to the ones in the 2HDM. We used HiggsBounds 3.8 to impose

the exclusion limits from Higgs searches at the LEP and the Tevatron [53–57]. We also

incorporated the latest Higgs search results at the LHC [2, 4, 41–52, 58–64].

Z-pole precision observables, in particular, the oblique parameters S, T (or equiv-

alently, ∆ρ, which is the deviation of ρ ≡ m2
W

m2
Z cos2 θW

from the SM value), and U [65]

constrain any new physics model that couples to the W and Z. In particular, T imposes

a strong constraint on the amount of custodial symmetry breaking in the new physics sec-

tor. In the case of 2HDM, the mass difference between the various Higgses are therefore

highly constrained [66], which leads to interesting correlations between some of the masses,

as will be demonstrated in section 4 and section 5. In our analysis, we require the con-

tribution from extra Higgses to S and T to fall within the 90% C.L. S − T contour, for

a SM Higgs reference mass of 126 GeV [67]. In addition, the charged Higgs contributes

to Zbb coupling [68], which has been measured precisely at the LEP via the observable

Rb = Γ(Z → bb̄)/Γ(Z → hadrons) [69]. Imposing bounds from Rb rules out small tanβ

regions for a light charged Higgs.

We also show the effect on the available parameter spaces once bounds from flavor

sector are imposed in addition to the ones described. To do this, we employed the program

SuperIso 3.3 [70], which incorporates, among other things, bounds from B → Xsγ, ∆MBd ,

B− → τ−ν̄τ , D±s → τ±(µ±)ν, B → τ+τ− and Bd,s → µ+µ− [71–77]. A summary of flavor

bounds can be found in ref. [78]. We have used the latest bounds either from PDG [71]3

or from individual experiment. To show the impact of the flavor constraints on the 2HDM

parameter space, in figure 1, we present the regions excluded by various flavor constraints in

3And 2013 partial update for the 2014 edition.
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Figure 1. Regions of parameter space excluded by various flavor constraints. The left plot shows

the mH± versus tanβ plane for fixed mh = 125 GeV, mH = 400 GeV, mA = 200 GeV and sin(β −
α) = −0.1. The right plot shows the mH± versus mh plane for mA = mH± , mH = 125 GeV,

tanβ = 5 and sin(β − α) = −0.01.

the mH± versus tanβ plane (left panel) and the mH± versus mh plane (right panel). While

B → Xsγ excludes mH± up to about 300 GeV for all tanβ, B− → τ−ν̄τ and ∆MBd provide

the strongest constraints at large and small tanβ, respectively. The strongest bound on the

neutral Higgs mass comes from Bs → µ+µ−, which excludes mh at about 50 GeV or lower.

In addition, we included the latest results from BaBar on B̄ → Dτν̄τ and B̄ →
D∗τ ν̄τ [79], which observed excesses over the SM prediction at about 2 σ level. We treat

the observed excesses as upper bounds and take the 95% C.L. range as R(D) < 0.58

and R(D∗) < 0.39. Note that as pointed out in ref. [79], the excesses in both R(D)

and R(D∗) can not be simultaneously explained by the Type II 2HDM [80, 81]. Other

new physics contributions have to enter if the excesses in both R(D) and R(D∗) stay in

the future. Flavor constraints on the Higgs sector are, however, typically more model-

dependent. Therefore, our focus in this work is mainly on the implication of the Higgs

search results on the Type II 2HDM, and we only impose the flavor bounds at the last step

to indicate how the surviving regions further shrink.

3.2 Analysis method

In our analysis, we considered two scenarios:

• h0-126 case where mh = 126 GeV with mH > 126 GeV,

• H0-126 case where mH = 126 GeV with mh < 126 GeV
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and scanned over the entire remaining parameter space varying mH (or mh), mA,mH± ,

tanβ and sin(β − α):

20 GeV ≤ mA,mH± ≤ 900 GeV in steps of 20 GeV, (3.1)

−1 ≤ sin(β − α) ≤ 1 in steps of 0.05, (3.2)

h0 − 126 case : 0.25 ≤ tanβ ≤ 5 in steps of 0.25, (3.3)

126 GeV ≤ mH ≤ 900 GeV in steps of 20 GeV, (3.4)

H0 − 126 case : 1 ≤ tanβ ≤ 30 in steps of 1, (3.5)

6 GeV ≤ mh < 126 GeV in steps of 5 GeV. (3.6)

In certain regions in which very few points are left after all the constraints are imposed,

we generated more points with smaller steps. We used the 2HDMC 1.2beta [30] which

tested if each parameter point fulfills the theoretical and experimental constraints imple-

mented in HiggsBounds 3.8 [31]. New LHC results that are not included in HiggsBounds

3.8 were implemented in addition. In particular, the CMS results on MSSM Higgs search

in ττ channel [61–64] were imposed using the cross section limits reverse-engineered from

bounds in mA − tanβ plane for mmax
h scenario, as provided in HiggsBounds 4.0 [31]. We

also required each parameter point to satisfy the precision constraints, in particular, S and

T , as well as Rb.

We further required either h0 or H0 to satisfy the dominant gluon fusion cross section

requirement for γγ, WW and ZZ channels to accommodate the observed Higgs signal at

95% C.L. [4, 7]:

0.7 <
σ(gg → h0/H0 → γγ)

σSM
< 1.5, 0.6 <

σ(gg → h0/H0 →WW/ZZ)

σSM
< 1.3, (3.7)

in which we have taken the tighter limits from the ATLAS and CMS results, as well as

the tighter results for the WW and ZZ channel. In the last step, we imposed the flavor

bounds on all points that satisfy eq. (3.7) using the SuperIso 3.3 program to study the

consequence of the flavor constraints.

4 Light Higgs at 126GeV

4.1 Cross sections and correlations

Before presenting the results of the numerical scanning of parameter regions with all

the theoretical and experimental constraints imposed, let us first study the tanβ and

sin(β − α) dependence of the cross sections for the major search channels at the LHC:

gg → h0 → γγ,WW/ZZ. Both production cross sections and decay branching fractions

are modified relative to the SM values:

σ × Br(gg → h0 → XX)

SM
=
σ(gg → h0)

σSM
× Br(h0 → XX)

Br(hSM → XX)
, (4.1)

for XX = γγ, V V . Note that since the WW and ZZ couplings are modified the same way

in the Type II 2HDM, we use V V to denote both WW and ZZ channels.
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Figure 2. The normalized gg → h0 production cross section contours (left panel) and h0 → V V

(solid lines of the right panel) and h0 → γγ (dashed lines of the right panel) branching fractions in

the h0-126 case. The contour lines are σ/σSM, Br/BrSM = 0.5 (green), 1 (red), and 2 (blue).

The ratio of the gluon fusion cross section normalized to the SM value can be written as:

σ(gg → h0)

σSM
=

cos2 α

sin2 β
+

sin2 α

cos2 β

|A1/2(τb)|2
|A1/2(τt)|2

(4.2)

=

[
cos(β − α)

tanβ
+ sin(β − α)

]2

+ [cos(β − α)tanβ − sin(β − α)]2
|A1/2(τb)|2
|A1/2(τt)|2

. (4.3)

The expression for the fermion loop functions A1/2(τt,b) can be found in ref. [66]. The

first term in eq. (4.2) is the top-loop contribution, and the second term is the bottom-loop

contribution. In the SM, the top-loop contributes dominantly to the gluon fusion diagram,

while the bottom-loop contribution is negligibly small. The situation alters in type II

2HDM for large tanβ, when the bottom-loop contribution can be substantial due to the

enhanced bottom Yukawa [12]. We also rewrite it in sin(β − α), cos(β − α) and tanβ in

eq. (4.3) to make their dependence explicit.

In the left panel of figure 2, we show contours of σ/σSM for the gluon fusion: σ/σSM =

0.5 (green), 1 (red), and 2 (blue). While contours of σ/σSM ≥ 1 accumulate in sin(β−α) ∼
−1 region, there is a wide spread of the contours for sin(β − α) > 0. For most regions of

sin(β − α) < 0, gg → h0 is suppressed compared to the SM value due to cancellations be-

tween the cos(β−α) and sin(β−α) terms in the top Yukawa coupling, as shown in eq. (4.3).

Note that we have shown the plots only for tanβ ≤ 4 since the model is perturbatively

valid only for tanβ . 4, as will be demonstrated below in the results of the full analysis.
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Figure 3. σ × Br/SM for the processes gg → h0 → γγ (left), and gg → h0 → WW/ZZ (right) in

the h0-126 case. The contour lines are σ×Br/SM = 0.5 (green), 1 (red), and 2 (blue). The shaded

gray are regions where cross sections of γγ and WW/ZZ channels satisfy eq. (3.7).

The h0 decay branching fractions h0 → V V, γγ can be written approximately as

Br(h0 → XX)

Br(hSM → XX)
=

ΓXX
Γtotal

× ΓSM
total

ΓSM
XX

≈





sin2(β−α)

sin2(β−α)Br(hSM→V V )+ sin2 α
cos2 β

Br(hSM→bb)+...
Γ(h0→γγ)/Γ(hSM→γγ)

sin2(β−α)Br(hSM→V V )+ sin2 α
cos2 β

Br(hSM→bb)+...

, (4.4)

where we have explicitly listed the dominant bb and WW/ZZ channels and used “+ . . .”

to indicate other sub-dominant SM Higgs decay channels.

In the right panel of figure 2, we show contours of Br/BrSM for V V (solid lines) and

γγ (dashed lines) channels. Both V V and loop induced (dominantly W -loop) γγ channels

exhibit similar parameter dependence on tanβ and sin(β−α) since both channels are dom-

inantly controlled by the same h0V V coupling. While contours of Br/BrSM & 1 appear

near sin(β − α) ∼ ±1 for unsuppressed h0V V couplings, h0 → γγ shows some spread for

negative sin(β−α) and small tanβ due to the correction to top Yukawa in the loop-indued

h0γγ coupling.

Combining both the production and the decay branching fractions, we present the

contours of σ×Br/SM in figure 3 for γγ (left panel) and V V (right panel) for σ×Br/SM =

0.5 (green), 1 (red), and 2 (blue). Once we demand that the cross sections for these

processes be consistent with the experimental observation of a 126 GeV Higgs, as given in

eq. (3.7), the allowed regions of parameter space split into four distinct regions, as indicated

by the shaded gray areas. There are two narrow regions one each at sin(β − α) = ±1 (the

gray regions at sin(β−α) = ±1 overlap with the picture frame boundary and are therefore

hard to see), one extended region of 0.55 < sin(β−α) < 0.9, and one low tanβ region around

sin(β − α) ∼ 0.3 for tanβ ∼ 0.5. Constraints from Rb disfavor this low tanβ region and
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Figure 4. σ×Br/SM for gg → h0 → γγ versus gg → h0 → V V for negative sin(β−α) (left panel),

and positive sin(β − α) (right panel) in the h0-126 case. Color map indicates the density of points

with red being the most dense region and blue being the least dense region. Also indicated by the

small rectangular box is the normalized signal cross section range of γγ between 0.7 and 1.5, and

V V channels between 0.6 and 1.3 [4, 7].

therefore we will not discuss it further. In what follows, we will display separate plots for

positive and negative sin(β−α) to show the different features that appear in these two cases.

In figure 4, we show the correlations for σ × Br/SM for the γγ channel against V V ,

for negative (positive) values of sin(β−α) in the left (right) panel as a density plot. Color

coding is such that the points in red are the most dense (i.e., most likely) and points in

blue are the least dense (i.e., less likely). Also indicated by the small rectangular box is the

normalized signal cross section range of γγ between 0.7 and 1.5, and V V channels between

0.6 and 1.3, as given in eq. (3.7) [4, 7]. Note that the corresponding signal windows in tanβ

versus sin(β − α) plane are also sketched in figure 3 as the shaded gray regions. For nega-

tive sin(β − α), there are two branches: the one along the diagonal line with γγ : V V ∼ 1

and σγγ . 1, which can be mapped on to the sin(β − α) = −1 branch in figure 3. The

other branch in the upper-half plane where γγ : V V & 2 and σγγ extends to 2 or larger is

strongly disfavored given the current observed Higgs signal region.

For positive values of sin(β − α), the diagonal region is the most probable, with

γγ : V V . 1 and σγγ possibly extending over a relatively large range around 1. Branches

with σγγ or σV V ∼ 0 along the axes are strongly disfavored given the current observation

of the Higgs signal.

Thus we see that for all values of sin(β − α), the V V and γγ channels are positively

correlated.4 Most of the points falls into γγ : V V ∼ 1 with the cross section of both

around the SM strength. This means that an excess in the γγ channel should most likely

4This agrees with the results of [15].
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Figure 5. Parameter regions in the h0-126 case for tanβ versus sin(β−α) (left panel) and sin(β−α)

versus mH (right panel). We show regions excluded by stability, unitarity and perturbativity (dark

blue), S and T (light blue), LEP results (green), Tevatron and LHC results (yellow), and Rb (or-

ange). Regions that survive all the theoretical and experimental constraints are shown in red.

Also shown in dark red are regions consistent with the light CP-even Higgs interpreted as the ob-

served 126 GeV scalar resonance, satisfying the cross section requirement of eq. (3.7) for gg → h0 →
γγ,WW/ZZ. Regions enclosed by the black curves are the ones that survive the flavor constraints.

be accompanied by an excess in the ZZ and WW channels, and this fact serves as an

important piece of discrimination for this model as more data is accumulated.

The above analysis illustrates the cross section and decay branching fraction behavior

of the light CP-even Higgs when it is interpreted as the observed 126 GeV SM-like Higgs,

using the approximate formulae in eqs. (4.2)–(4.4). Note that we have only included the

usual SM Higgs decay channels in Γtotal in eq. (4.4). While it is a valid approximation in

most regions of the parameter space, it might break down when light states in the spectrum

open up new decay modes or introduce large loop contributions to either gg → h0 or

h0 → γγ. In our full analysis presented below with scanning over the parameter spaces, we

used the program 2HDMC, which takes into account all the decay channels of the Higgs,

as well as other loop corrections to the gluon fusion production or Higgs decays to γγ.

4.2 Parameter spaces

Fixing mh = 126 GeV still leaves us with five parameters: three masses, mH ,mA,mH± , and

two angles tanβ and sin(β−α). Varying those parameters in the ranges given in eqs. (3.1)–

(3.4), we now study the remaining parameter regions satisfying all the theoretical and ex-

perimental constraints as well as regions that are consistent with the observed Higgs signal.

The left panel of figure 5 shows the viable regions in tanβ versus sin(β−α) plane when

various theoretical constraints and experimental bounds are imposed sequentially. The

red regions are those that satisfy all the constraints. Also shown in dark red are regions
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Figure 6. Parameter regions in the h0-126 case for tanβ versus mH with sin(β − α) < 0 (left

panel) and sin(β − α) > 0 (right panel). Color coding is the same as figure 5.

consistent with the light CP-even Higgs interpreted as the observed 126 GeV scalar particle,

satisfying the cross section requirement of eq. (3.7) for gg → h0 → γγ,WW/ZZ. The signal

regions (two narrow regions at sin(β−α) = ±1, and one extended region with 0.55 < sin(β−
α) < 0.9) agree well with the shaded region in figure 3. The small region around sin(β−α) ∼
0.3, however, disappeared, due to the Rb constraint [68]. Regions with tanβ & 4 are

excluded by perturbative bounds since one of λ1,2 becomes non-perturbative for larger value

of tanβ (cosβ → 0), as shown in eq. (2.4). Consequently, the bottom loop contribution to

the gluon fusion production cross section [8] is not a major factor for the h0-126 case.

To further explore the flavor constraints, we show in figure 5 the regions enclosed by

the black curves being those that survive the flavor bounds. As can clearly be seen, flavor

bounds do not significantly impact the surviving signal regions.

The right panel of figure 5 shows the allowed region in the sin(β−α)−mH plane. Impos-

ing all the theoretical constraints, in particular, the perturbativity requirement, translates

into an upper bound on mH of around 750 GeV. Higgs search bounds from the LHC re-

moves a large region in negative sin(β−α), mostly from the stringent bounds from WW and

ZZ channels for the heavy Higgs. The positive sin(β − α) region is less constrained since

gg → H0 → WW/ZZ are much more suppressed. Rb, in addition, excludes part of the

positive sin(β−α) region with relatively large mH . Requiring h0 to fit the observed Higgs

signal further narrows down the favored regions, as shown in dark red. For sin(β−α) = ±1,

mH could be as large as 650 GeV. For 0.55 . sin(β − α) . 0.9, mH is constrained to be

less than 300 GeV. The correlation between mH and sin(β − α) indicates that if a heavy

CP-even Higgs is discovered to be between 300 and 650 GeV, sin(β − α) is constrained to

be very close to ±1, indicating the light Higgs has SM-like couplings to the gauge sector.
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Figure 7. Parameter regions in the h0-126 case for sin(β − α) versus mH± (left panel) and mA

(right panel). Color coding is the same as figure 5.

In figure 6, we present the parameter regions for tanβ versus mH with sin(β − α) < 0

(left panel) and sin(β −α) > 0 (right panel). Regions with large mH are typically realized

for small tanβ roughly between 1 and 2. There are also noticeable difference for positive or

negative sin(β − α) for regions that survive all the experimental constraints (red regions).

Negative sin(β − α) allows larger values of tanβ for a given mass of mH . Small values

of tanβ is disfavored by the perturbativity of top Yukawa coupling [39], Rb [68], and the

flavor constraints [78].

Figure 7 shows the parameter regions in sin(β − α) versus mH± (left panel) and mA

(right panel). For negative sin(β−α) between −0.5 to −0.1, only regions with mA < 60 GeV

survive the LHC Higgs search bounds. This is because H0 → A0A0 opens up in this region,

which leads to the suppression of H0 → WW/ZZ allowing it to escape the experimental

constraints. The corresponding surviving region in 120 GeV < mH± < 200 GeV is intro-

duced by the correlation between mA and mH± due to ∆ρ constraints. Imposing the cross

section requirement for h0 to satisfy the Higgs signal region results in three bands in both

mA and mH± , with masses extending all the way to about 800 GeV. Imposing the flavor

constraints leaves regions with mH± & 300 GeV viable for sin(β − α) = ±1 or sin(β − α)

between 0.55 and 0.9, while even smaller values for mA remain viable at sin(β − α) = ±1.

The allowed regions in the tanβ −mH± and tanβ −mA planes share similar features

before flavor constraints are taken into account, which are shown in figure 8. The top

two panels show the allowed regions in the tanβ −mH± plane for negative and positive

sin(β − α), while the lower two panels are for tanβ −mA. LEP places a lower bound on

the charged Higgs mass around 80 GeV [55, 56]. In the signal region for sin(β − α) < 0,

both mH± and mA are less than about 600 GeV, while their masses could be extended to

800 GeV for sin(β−α) > 0 and tanβ > 2. The difference between the mA range for different
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Figure 8. Parameter regions in the h0-126 case for tanβ versus mH± (top panels) and mA (lower

panels) with sin(β − α) < 0 (left panels) and sin(β − α) > 0 (right panels). Color coding is the

same as figure 5.

signs of sin(β−α) can be explained as follows: regions with mA > 600 GeV can only occur

for | sin(β − α)| between 0.4 and 0.8, as shown in the right panel of figure 7. The Higgs

signal region of tanβ versus sin(β−α) (left panel of figure 5) shows that to simultaneously

satisfy both the tanβ range and sin(β − α) range, only positive sin(β − α) case survives.

Flavor bounds, as expected, have a marked effect here ruling out any value of mH± .
300 GeV for all values of tanβ, mainly due to the b→ sγ constraint. For the CP-odd Higgs,

only a corner of tanβ > 2 and mA < 300 GeV is excluded, due to the combination of flavor

and ∆ρ constraints. As shown in figure 6, only relatively light mH . 300 GeV is allowed for

tanβ > 2. The flavor constraints of mH± & 300 GeV is then translated to mA & 300 GeV
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since the difference between mA and mH± is constrained by ∆ρ considerations when both

mh and mH are relatively small. For tanβ < 2, mH could be relatively high, which cancels

the large contribution to ∆ρ from large mH± while allowing mA to be light.

In figure 9, we present the parameter regions in the mA−mH± plane for negative and

positive values of sin(β−α). mA and mH± are uncorrelated for most parts of the parameter

space. For sin(β −α) > 0 when mA,H± could reach values larger than 600 GeV, tanβ is at

least 2 or larger (see figure 8). mH is restricted to less than 300 GeV in this region, which

results in a strong correlation between mA and mH± due to the ∆ρ constraints.

Figure 10 shows the parameter space in the mA−mH plane for negative (left panel) and

positive (right panel) sin(β−α). These two masses are largely uncorrelated for either sign

of sin(β−α). Note that for sin(β−α) > 0, large mA between 600 − 800 GeV is only possible

for small values of mH . 250 GeV. This is because the corresponding tanβ is larger than 2,

which bounds mH from above. The lower-left corners excluded by flavor constraints corre-

spond to the upper-left corners inmA−tanβ plots in figure 8, since at least one ofmA ormH

would need to be relatively heavy to cancel the contribution to ∆ρ from mH± > 300 GeV.

We conclude this section with the following comments:

• If h0 is the 126 GeV resonance, then the γγ channel is closely correlated with

WW/ZZ. Specifically, a moderate excess in γγ should be accompanied by a cor-

responding excess in WW/ZZ.

• The combination of all theoretical constraints requires tanβ . 4. Therefore, the

bottom-loop enhancement to the gluon fusion [8] is never a major factor. Regions of

sin(β−α) and tanβ are highly restricted once we require the light CP-even Higgs to

be the observed 126 GeV scalar particle: tanβ between 0.5 to 4 for sin(β −α) = ±1,

tanβ between 1.5 to 4 for 0.55 < sin(β − α) < 0.9. The masses of the other Higgses,
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Figure 10. Parameter regions in the h0-126 case for mA versus mH with sin(β−α) < 0 (left panel)

and sin(β − α) > 0 (right panel). Color coding is the same as figure 5.

mH , mA, and mH± , however, are largely unrestricted and uncorrelated, except for

the region where sin(β − α) > 0 and mA,H± & 600 GeV, which exhibits a strong

correlation between these two masses.

• The discovery of any one of the extra scalars can largely narrow down the parameter

space, in particular, if the masses of those particles are relatively high.

• Flavor bounds do not change the allowed parameter space much except for the

charged Higgs mass, which is constrained to lie above 300 GeV.

5 Heavy Higgs at 126GeV

5.1 Cross sections and correlations

It is possible that the 126 GeV resonance discovered at the LHC corresponds to the heavier

of the two CP-even Higgses, H0. There are a few noticeable changes for the heavy H0 being

the SM-like Higgs boson. First of all, since the coupling of the heavy Higgs to a gauge

boson pair is scaled by a factor of cos(β−α) as opposed to sin(β−α), demanding SM-like

cross sections for H0 forces us to consider sin(β − α) ∼ 0, as opposed to sin(β − α) ∼ ±1

in the h0-126 case. Secondly, as will be demonstrated below, the bottom contribution to

the gluon fusion production could be significantly enhanced since the range of tanβ could

be much larger compared to the h0-126 case.

Similar to eqs. (4.2) and (4.3) in section 4, the ratios of the gluon fusion cross sections

normalized to the SM can be written approximately as:

σ(gg → H0)

σSM
=

sin2 α

sin2 β
+

cos2 α

cos2 β

|A1/2(τb)|2
|A1/2(τt)|2

(5.1)
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(solid lines of the right panel) and H0 → γγ (dashed lines of the right panel) branching fractions

in the H0-126 case. The contour lines are σ/σSM, Br/BrSM = 0.5 (green), 1 (red), and 2 (blue).

=

[
sin(β − α)

tanβ
− cos(β − α)

]2

+ [sin(β − α)tanβ + cos(β − α)]2
|A1/2(τb)|2
|A1/2(τt)|2

. (5.2)

Contours of σ/σSM(gg → H0) = 0.5 (green), 1 (red), and 2 (blue) are shown in the left panel

of figure 11. H0 couples exactly like the SM Higgs for sin(β−α) = 0, while deviations from

the SM values occur for sin(β − α) away from zero. For sin(β − α) < 0, σ/σSM(gg → H0)

is almost always larger than 1 (except for a small region around sin(β − α) ∼ −1 and

tanβ . 10) while a suppression of the gluon fusion production is possible for positive

values of sin(β − α). This is due to cancellations between the sin(β − α) and cos(β − α)

terms in the top Yukawa coupling, in particular, for low tanβ. The bottom loop contributes

significantly when tanβ is large, which enhances the gluon fusion production cross section.

Br(H0 → V V, γγ)/BrSM can also be expressed similar to eq. (4.4):

BR(H0 → XX)

BR(hSM → XX)
=

ΓXX
Γtotal

× ΓSM
total

ΓSM
XX

=





cos2(β−α)

cos2(β−α)Br(hSM→V V )+ cos2 α
cos2 β

Br(hSM→bb)+...
Γ(H0→γγ)/Γ(hSM→γγ)

cos2(β−α)Br(hSM→V V )+ cos2 α
cos2 β

Br(hSM→bb)+...

, (5.3)

with the contour lines given in the right panel of figure 11. A relative enhancement of

the branching fractions over the SM values are observed in extended region of negative

sin(β − α), while it is mostly suppressed for positive sin(β − α).

Combining the production cross sections and the decay branching fractions, contours

of gg → H0 → XX are given in figure 12 for γγ (left panel) and WW/ZZ channels (right

panel). Requiring the cross section to be consistent with the observed Higgs signal: 0.7 −
1.5 for the γγ channel and 0.6 − 1.3 for the WW/ZZ channel, results in two distinct regions:

a region close to sin(β − α) ∼ 0, and an extended region of −0.8 . sin(β − α) . −0.05.
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Figure 13. σ × Br/SM for gg → H0 → γγ versus gg → H0 → V V in the H0-126 case. Color

coding is the same as in figure 4. Also indicated by the small rectangular box is the normalized

signal cross section range of γγ between 0.7 and 1.5, and V V channels between 0.6 and 1.3 [4, 7].

Figure 13 shows the correlation between the γγ and V V channels. Most of the points

lie along the diagonal: γγ : V V ∼ 1. A second branch of γγ : WW ∼ 2 also appears,

which corresponds to the very low tanβ < 1 region in figure 12. This region is strongly

constrained by Rb and flavor bounds, and is therefore not considered further in our study.
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Figure 14. Parameter regions in the H0-126 case for tanβ versus sin(β − α). Color coding is the

same as figure 5 except that the dark red regions are the ones consistent with the heavy CP-even

Higgs interpreted as the observed Higgs signal.

5.2 Parameter spaces

We now present the results for H0-126 case with the full parameter scan, including all

the theoretical and experimental constraints. Figure 14 presents the parameter regions in

tanβ versus sin(β − α). The color coding is the same as in figure 5, except that the signal

regions in dark red are those with the heavy CP-even Higgs H0 interpreted as the observed

126 GeV scalar.

Requiring the heavy CP-even Higgs to satisfy the cross section ranges of the observed

Higgs signal results in two signal regions: one region near sin(β − α) ∼ 0 and an extended

region of −0.8 . sin(β − α) . −0.05, consistent with figure 12. Note however that the

region around sin(β−α) ∼ 0 is actually reduced to tanβ . 8. This is because larger values

of tanβ leads to smaller mh such that mh < mH/2 (see right panel of figure 15 below). The

opening of H0 → h0h0 channel reduces the the branching fractions of H0 → WW/ZZ, γγ

forcing it outside the signal cross section region. Regions surviving the flavor bounds are

the ones enclosed by black curves. Larger values of tanβ & 10 are disfavored.

Figure 15 shows the parameter region in sin(β − α) versus mh (left panel) and tanβ

versus mh (right panel). Within the narrow region around sin(β −α) ∼ 0, mh can take all

values up to 126 GeV. For −0.8 . sin(β − α) . −0.35, when the H0WW,H0ZZ couplings

could significantly deviate from the SM value while h0WW , h0ZZ couplings are sizable,

the light CP-even Higgs mass is constrained to be larger than about 80 GeV from LEP

Higgs searches [53, 54]. This is the interesting region where the two Higgses are close to

being degenerate, with both h0 and H0 showing significant deviation of their couplings to

gauge bosons from the SM value.
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Figure 15. Parameter regions in the H0-126 case for sin(β − α) versus mh (left panel) and tanβ

versus mh (right panel). Color coding is the same as figure 14.

The right panel of figure 15 shows the parameter region of tanβ versus mh. Larger

values of tanβ is only allowed for small values of mh. The red region where mh < 60 GeV

and tanβ . 5 can not satisfy the Higgs signal cross section requirement due to the opening

of H0 → h0h0 mode, which corresponds to the mh < 60 GeV, sin(β − α) ∼ 0 red region

in the sin(β − α) versus mh plot (left panel of figure 15). Imposing the flavor bounds

further rules out regions with light mh below about 50 GeV, mainly due to the process

Bs → µ+µ−, as shown in the right panel of figure 1. Large values of tanβ & 10 are

excluded correspondingly.

Figure 16 shows sin(β − α) versus mA,H± (left panels) and tanβ versus mA,H± (right

panels). The plots for mA and mH± are very similar, except for very low masses. Very

large values of mA,H± & 800 GeV are excluded by theoretical considerations, similar to

the h0-126 case. mA . 60 GeV and tanβ & 5 are excluded by the LEP Higgs search [53],

while the triangle region of 130 . mA . 400 GeV and tanβ & 13 is excluded by the LHC

searches for the CP-odd Higgs in ττ mode [58–64]. For the charged Higgs, small values

of mH± . 80 GeV are ruled out by LEP searches on charged Higgs [55, 56]. Tevatron

and the LHC charged Higgs searches [58–64]: t → H±b → τντ b further rule out regions

of mH± . 150 GeV and tanβ & 17. The triangle in mH± versus tanβ plot for 150 GeV

. mH± . 400 GeV and tanβ & 13 is translated from the corresponding region in tanβ

versus mA, due to the correlation between mA and mH± introduced by ∆ρ, as shown below

in figure 17. Imposing the flavor constraints further limits mA & 300 GeV, mH± & 300 GeV

and tanβ . 10.

mA and mH± exhibit a much stronger correlation in the H0-126 case, mostly due to

the the ∆ρ constraints, as shown in the left panel of figure 17. Comparing with the h0-

126 case, in which mH could be large with a relaxed constraints on mA and mH± mass
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Figure 16. Parameter regions in the H0-126 case for sin(β − α) versus mA (upper left panel) and

tanβ versus mA (upper right panel), as well as similar plots for m±
H (lower panels). Color coding

is the same as figure 14.

correlation, in the H0-126 case, both mh and mH are relatively small. mA and mH± should

therefore be highly correlated in order to avoid large custodial symmetry breaking in the

Higgs sector. However, there is a small strip of allowed region at mH± ∼ 100 GeV with mA

between 200 − 700 GeV. This region escapes the ∆ρ constraint since for mH± ∼ mh ∼ mH ,

the contribution to ∆ρ introduced by the large mass difference between mA and mH± is

cancelled by the (h0, A0) loop and (H0, A0) loop. Imposing the flavor constraints again

limits mH± to be larger than 300 GeV. mA is constrained to be more than 300 GeV as well

due to the correlations.

The right panel of figure 17 shows the parameter region of mA versus mh, which

does not show much correlation. For mh . 90 GeV, low values of mA . 100 GeV is
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Figure 17. Parameter regions in the H0-126 case for mA versus mH± (left panel) and mh (right

panel). Color coding is the same as figure 14.

excluded by LEP searches of h0A0 channel [53]. High values of mA & 600 GeV are excluded

for mh < 90 GeV. This is because such a large value of mA can only be realized for

| sin(β−α)| > 0.3 (see the upper-left panel of figure 16). Such regions of | sin(β−α)| > 0.3

and mh < 90 GeV are excluded by the LEP Higgs search of h0Z channel [54], as shown

clearly in the mh versus sin(β −α) plot (left panel of figure 15). Such excluded regions for

large mA (and large mH± due to correlation) also appears in the tanβ versus mA (mH±)

plots in figure 16.

We end the section with the following observations:

• Contrary to the h0-126 case, fixing the heavy CP-even Higgses to be the 126 GeV

resonance forces us into a small narrow region of sin(α−β) ∼ 0 with tanβ . 8 or an

extended region of −0.8 . sin(α− β) . −0.05 with less restrictions on tanβ.

• The light CP-even Higgs can have mass of any value up to 126 GeV, with smaller mh

only allowed for sin(β − α) ∼ 0. Note that the case of nearly degenerate h0 and H0

is allowed, as studied in detail in ref. [22].

• mA and mH± exhibit a strong correlation: mA ' mH± , due to ∆ρ constraints.

• Flavor bounds impose the strong constraints: tanβ . 10, mh > 50 GeV, and mH± >

300 GeV. mA is also constrained to be more than 300 GeV due to the correlation

between mA and mH± .

6 Other Higgs channels

Thus far, we have concentrated on the gluon fusion production mechanism and the dom-

inant γγ, ZZ and WW decay channels for the Higgs. The vector boson fusion channel is
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Figure 18. σ × Br/SM for V BF/V H → h0 → WW/ZZ (solid curves in left panel), γγ (dashed

curves in left panel) and V BF/V H → h0 → bb/ττ (right panel) for the h0-126 case. The contour

lines show σ × Br/SM = 0.5(green), 1 (red) and 2 (blue). The shaded gray regions correspond to

the signal regions where cross sections of γγ and WW/ZZ channels satisfy eq. (3.7) as well as Rb.

another important production channel for the CP-even Higgses. For certain Higgs decay

channels, for example, ττ mode, VBF production is the one that provides the dominant

sensitivity due to the excellent discrimination of the backgrounds using the two forward

tagging jets and the central jet-veto [82]. Other production channels, V H and ttH associ-

ated production, can also be of interest for Higgs decay to bb. In this section, we discuss

the cross sections in other search channels for both h0 and H0 when they are interpreted

as the observed 126 GeV scalar.

In figure 18, we show the normalized cross sections for the WW/ZZ, γγ (left panel)

and bb/ττ (right panel) final states via VBF or V H associated production (both production

cross sections are controlled by h0V V coupling) in the tanβ versus sin(β − α) plane for

the h0-126 case. For V BF/V H → h0 → WW/ZZ, both the production and decay are

proportional to sin(β − α), resulting in regions highly centered around sin(β − α) ∼ ±1

for any enhancement above the SM value. For the currently preferred gray Higgs signal

regions, V BF/V H → h0 →WW/ZZ is typically in the range of 0.5 − 1 of the SM value.

The current observation of the Higgs signal has been fitted into the signal strength in

both the gluon fusion channel and VBF channel for γγ, WW and ZZ final states [4–7].

Imposing the 95% C.L. contours of the µggF+ttH × B/BSM versus µV BF+V H × B/BSM on

top of the one-dimensional gluon fusion signal regions as given in eq. (3.7) does not lead

to additional reduction of the signal parameter space, given the VBF channel is relatively

loosely constrained.

For V BF/V H → h0 → bb/ττ , the cross section is suppressed for most of the regions,

except in the neighborhood of sin(β − α) = ±1 where SM rates can be achieved. The

current preferred signal regions typically have a suppression of 0.5 or stronger for this
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Figure 19. σ ×Br/SM for V BF/V H → H0 →WW/ZZ, γγ (left) and V BF/V H → H0 → bb/ττ

(right) for the H0-126 case. Color coding is the same as in figure 18.

bb/ττ channel. There is also a strong inverse correlation between the WW/ZZ and bb/ττ

channels, since an increase in bb decay branching fraction can only occur at the expense of

WW . Given the relatively loose bounds on the signal strength in the bb and ττ channels

from the LHC and the Tevatron experiments [4, 83–86], imposing the current search results

for bb and ττ channels does not lead to further reduction of the signal parameter space.

Figure 19 show the σ × Br/SM plots for V V , γγ, and bb/ττ channel via VBF/V H

production for the H0-126 case. The qualitative features of the V V , γγ plot is the same

as that of figure 12. The currently favored gray signal regions typically correspond to a

normalized cross section of V BF/V H → H0 →WW/ZZ around 1 as well.

The bb/ττ channel, however, exhibits a very different behavior. For two regions of

−0.6 ≤ sin(β − α) ≤ −0.1 and 0 ≤ sin(β − α) ≤ 0.6 (regions enclosed by the red curves in

the right panel of figure 19), a normalized cross section of at least the SM signal strength

can be achieved. A strong suppression, sometimes as small as 0.1, can be obtained in the

other regions. The currently favored gray signal region near sin(β − α) ∼ 0 corresponds

to σ/σSM of order 1 for V BF/V H → H0 → bb/ττ channel, while a suppression as large

as 0.5 is possible for the extended regions in negative sin(β − α). The inverse correlation

between bb/ττ and WW channels also appears in the H0-126 case. Similar to the h0-126

case, imposing the 95% C.L. range for the VBF process for γγ and WW/ZZ channel, as

well as the signal strength obtained from the bb and ττ modes does not lead to further

reduction of the signal region.

We also studied gg → h0, H0 → bb/ττ channel for both the h0-126 and H0-126 cases,

and noticed that for the currently favored Higgs signal regions, a factor of 2 enhancement

could be realized.
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7 Conclusions

In this paper, we presented a detailed analysis of the Type II 2HDM (with an imposed

Z2 symmetry) parameter space, identifying either the light or the heavy CP-even Higgs as

the recently discovered resonance at 126 GeV. We scanned the remaining five parameters

sin(β − α), tanβ, mA, mH± , and mH or mh while fixing either mh or mH to be 126 GeV.

We took into account all the theoretical constraints, precision measurements, as well as

current experimental search limits on the Higgses. We further studied the implications on

the parameter space once flavor constraints are imposed. We found unique features in each

of these two cases.

In the h0-126 case, we are forced into regions of parameter space where sin(β−α) = ±1

with tanβ between 0.5 to 4, or an extended region of 0.55 < sin(β − α) < 0.9, with tanβ

constrained to be in the range of 1.5 to 4. There is, however, a wide range of values

that are still allowed for the masses of the heavy CP-even, pseudo scalar and charged

Higgses. The Higgs masses are typically not correlated, except when mA,H± & 600 GeV

and sin(β − α) > 0 where there is a strong correlation between mA and mH± because of

the ∆ρ constraint. Imposing flavor constraints further restricts mH± > 300 GeV.

In the H0-126 case, we are forced into an orthogonal region of parameter space where

sin(β − α) ∼ 0, tanβ . 8 or an extended region of −0.8 . sin(α − β) . −0.05 with less

restricted tanβ. mA and mH± exhibit strong correlations: mA ' mH± , due to the ∆ρ

constraint. The interesting scenario of the light CP-even Higgs being close to 126 GeV

still survives. Imposing flavor bounds further shrinks the parameter space considerably:

tanβ . 10, mh > 50 GeV, mH± > 300 GeV, and mA > 300 GeV.

Note that in both cases, the extended region in sin(β−α) is of particular interest, since

a deviation of the Higgs coupling to WW and ZZ can be accommodated for the observed

Higgs signal at 126 GeV.

We find that in either of these scenarios, one can identify regions of parameter space

that pass all theoretical and experimental bounds and still allow a slightly higher than SM

rate to diphotons. γγ and WW/ZZ rates are most likely strongly correlated: γγ : V V ∼ 1

for the normalized cross sections.

We further studied the implication for the Higgs production via VBF or V H process,

and decays to bb, ττ channels. We found that in the h0-126 case, both V BF/V H →
h0 → bb/ττ,WW/ZZ could be significantly suppressed in the Higgs signal region. For the

H0-126 case, V BF/V H → H0 → WW/ZZ channel is almost the SM strength. Possible

suppression of bb/ττ channel up to 0.5 is possible for the extended signal regions in negative

sin(β − α). Future observation of the bb and ττ modes can provide valuable information

for the parameter regions of the type II 2HDM.

Comparing to the MSSM, with its Higgs sector being a restricted type II 2HDM and

the tree level Higgs spectrum completely determined by mA and tanβ, the parameter re-

gions of the general Type II 2HDM is much more relaxed. Unlike the MSSM in which

the h0-126 case corresponds to the decoupling region where mA & 300 GeV, and the H0-

126 GeV case corresponds to the non-decoupling region where mA ∼ 100 − 130 GeV [87],

the value of mA in the general Type II 2HDM could vary over the entire viable region up
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to about 800 GeV. The MSSM relation of mA ∼ mH± ∼ mH in the decoupling region is

also much more relaxed in the Type II 2HDM. No obvious correlation is observed between

mA, mH± , and mH for the h0-126 case, except for the region with large mA,H± & 600 GeV.

Note also that in the Type II 2HDM with Z2 symmetry (such that m12 = 0) that we are

considering, with the additional perturbativity and unitarity constraints imposed, there is

an upper limit of about 800 GeV for the mass of H0, A0 and H±. The presence of an upper

bound on the heavy Higgs masses reiterates our point that unlike the MSSM, there is no

sensible decoupling limit in this case where only one light SM-like Higgs appears in the low

energy spectrum with other Higgses heavy and decouple.

Observations of extra Higgses in the future would further pin down the Higgs sector

beyond the SM. While the conventional decay channels of Higgses to SM particles continue

to be important channels to search for extra Higgses, novel decay channels of a heavy Higgs

into light Higgses or light Higgs plus gauge boson could also appear. Future work along

the lines of collider phenomenology of multiple Higgs scenarios is definitely warranted.
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Appendix B

Anatomy of Exotic Higgs Decays
in 2HDM

The article Anatomy of Exotic Higgs Decays in 2HDM has been submitted to aXiv [22] and
is currently under review in the Journal of High Energy Physics.
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Abstract: Large mass splittings between new scalars in two-Higgs-doublet models (2HDM)

open a key avenue to search for these new states via exotic heavy Higgs decays. We discuss

in detail the different search channels for these new scalars at the LHC in the presence

of a sizable mass splitting, i.e. a hierarchical 2HDM scenario, taking into account the

theoretical and experimental constraints. We provide benchmark planes to exploit the

complementarity among these searches, analyzing their potential to probe the hierarchical

2HDM parameter space during LHC Run 2.
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1 Introduction

Analyses of the results from the LHC 7-8 TeV run by both ATLAS and CMS show that

the properties of the Higgs particle at mh ∼ 125 GeV are close to those expected for the

Standard Model (SM) Higgs boson hSM [1, 2]. The complete nature of the scalar sector

responsible for electroweak (EW) symmetry-breaking, however, remains to be determined,

and it is particularly interesting to ascertain whether the Higgs sector consists of only one

SU(2)L scalar doublet or has a richer structure containing additional states. Addressing

this question is a key task for present and future studies at the Large Hadron Collider

(LHC).

Two Higgs doublet models (2HDM) constitute the prime example of a well-motivated

extended Higgs sector, appearing in many extensions of the SM such as the MSSM [3],

composite Higgs models [4] and viable EW baryogenesis scenarios [5]. In addition to the

SM-like CP-even Higgs boson, the 2HDM spectrum contains one more CP-even Higgs, a

CP-odd Higgs and a pair of charged ones∗. In recent years, its allowed parameter space

has been scrutinized in light of ATLAS/CMS Higgs coupling measurements and searches

for extra Higgses at the LHC [6–15].

A key avenue to probe the 2HDM heavy Higgs bosons at the LHC which has started to

attract attention recently is the search for exotic decays of the heavy Higgses in the presence

of a sizable mass splitting among them [16–21] (see also [15])†. While the conventional decay

channels of a heavy Higgs into two SM quarks, leptons or gauge bosons have been the focus

of most of the existing searches, the exotic (non-SM) modes of a heavy Higgs decaying into

two light Higgses, or one light Higgs with one SM gauge boson quickly dominate once

they are kinematically open. The current exclusion bounds on extra Higgses based on

their conventional decays only will be therefore significantly relaxed. On the other hand,

the exotic decay modes offer new discovery channels, which have already shown exclusion

power during the 8 TeV LHC run [22, 23], and yield very promising prospects for the 13

TeV LHC run. In this work, we aim to provide a comprehensive categorization and analysis

of the exotic search channels for the new 2HDM scalars, highlighting the complementarity

among them, and provide guiding benchmark planes for Run 2 of the LHC at 13 TeV.

After a review of the 2HDM in Section 2, we present the constraints on the 2HDM

parameter space coming from theoretical considerations (stability of the EW minimum,

perturbativity and tree-level unitarity) and experimental measurements in Section 3, where

we also introduce the salient features of our benchmark scenarios for exotic 2HDM Higgs

decays (Section 3.6) motivated by the theoretical and experimental constraints. In Section 4

we discuss the production and decay of non-SM Higgses at the LHC, and then analyze in

depth our different benchmark scenarios in Section 5, before concluding in Section 6.

∗Here we take the assumption of a CP-conserving 2HDM. In the case of CP-violation, the three neutral

Higgses are mixed together to form three mass eigenstates without definite CP properties.
†Incidentally, it has been shown in [18] that sizable mass splittings between the 2HDM new scalars

favour a strong EW phase transition that could lead to baryogenesis.

– 2 –

98



2 Two Higgs Doublet Models: A Review

2.1 2HDM Lagrangian and Higgs Potential

In the 2HDM, we introduce two SU(2)L doublets Φi (i = 1, 2):

Φi =

(
φ+i

(vi + φ0i + iϕi)/
√

2

)
, (2.1)

where vi are the vacuum expectation values (vev) of the neutral components, satisfying

v21 + v22 = v2, with v = 246 GeV. The ratio of vevs is defined as tanβ ≡ v2/v1. The 2HDM

Lagrangian for Φi can be written as

L =
∑

i

|DµΦi|2 − V (Φ1,Φ2) + LYuk, (2.2)

where the first term denotes the kinetic term for the two Higgs doublets, V (Φ1,Φ2) is the

Higgs potential and the last term denotes the Yukawa interactions between Φi and the SM

fermions. Assuming CP conservation and a soft Z2 symmetry breaking, the 2HDM Higgs

potential can be written down as‡:

V (Φ1,Φ2) = m2
11Φ
†
1Φ1 +m2

22Φ
†
2Φ2 −m2

12(Φ
†
1Φ2 + h.c.) +

λ1
2

(Φ†1Φ1)
2 +

λ2
2

(Φ†2Φ2)
2

+ λ3(Φ
†
1Φ1)(Φ

†
2Φ2) + λ4(Φ

†
1Φ2)(Φ

†
2Φ1) +

1

2

[
λ5(Φ

†
1Φ2)

2 + h.c.
]
.

(2.3)

After EW symmetry breaking, the physical 2HDM scalar spectrum consists of five states:

two CP-even Higgses h, H with mh < mH , a CP-odd scalar A and a charged scalar pair

H± [24], which may be written as

(
H

h

)
=

(
cα sα
−sα cα

) (
φ01
φ02

)
,

(2.4)(
G

A

)
=

(
cβ sβ
−sβ cβ

) (
ϕ1

ϕ2

)
,

(
G±

H±

)
=

(
cβ sβ
−sβ cβ

) (
φ±1
φ±2

)
,

with the angle α parametrizing the mixing between the neutral CP-even components (we

use the shorthand notation sx ≡ sin x, cx ≡ cos x, tx ≡ tan x). The Goldstone bosons G

and G± are absorbed as longitudinal components of the Z and W± bosons. In the limit

cβ−α = 0 (the alignment limit for h), the state h can be identified with the SM Higgs,

its couplings to fermions and gauge bosons being precisely those predicted by the SM§. It

is thus convenient to describe the model in terms of tβ, cβ−α, the physical scalar masses

‡The most general scalar potential also contains the terms
[
λ6(Φ†1Φ1) + λ7(Φ†2Φ2)

]
(Φ†1Φ2)+h.c. (leading

to potentially dangerous flavour changing neutral currents), which can however be forbidden by imposing

a Z2 symmetry, softly broken by the m2
12 term.

§We note that if the heavier neutral CP even Higgs H is identified with the observed 125 GeV SM-like

Higgs, the alignment limit is instead described by sβ−α = 0 [25].
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mh,mH ,mA,mH± , the soft Z2 symmetry breaking parameter m2
12 and the vev v. The

quartic couplings in Eq. (2.3) can be expressed in terms of the physical masses and mixing

angles as (see e.g. [26])

v2λ1 =
m2
Hc

2
α +m2

hs
2
α −m2

12tβ
c2β

, v2λ2 =
m2
Hs

2
α +m2

hc
2
α −m2

12t
−1
β

s2β
,

v2λ3 =
(m2

H −m2
h)sαcα + 2m2

H±sβcβ −m2
12

sβcβ
, v2λ4 =

(m2
A − 2m2

H±)sβcβ +m2
12

sβcβ
,

v2λ5 =
−m2

Asβcβ +m2
12

sβcβ
. (2.5)

2.2 Interactions in the 2HDM

The couplings of the CP-even scalars to a pair of gauge bosons, arising from the Higgs

kinetic term in Eq. (2.2), are [24]

ghZZ =
2im2

Z

v
sβ−α, gHZZ =

2im2
Z

v
cβ−α, ghWW =

2im2
W

v
sβ−α, gHWW =

2im2
W

v
cβ−α.

(2.6)

The CP-odd scalar A does not couple to pairs of vector bosons, while the charged scalar

H± only couples to pair of vector bosons at loop level. In addition, the couplings of two

scalars and one vector boson read

ghAZ =
mZ

v
cβ−α(pµA − p

µ
h), gHAZ = − mZ

v
sβ−α(pµA − p

µ
H),

ghH±W∓ = ± imW

v
cβ−α(pµ

H+ − pµh), gHH±W∓ = ∓ imW

v
sβ−α(pµ

H+ − pµH),

gAH±W∓ =
mW

v
(pµ
H+ − pµA),

(2.7)

in which pµ are the outgoing momentum for the corresponding particle. The hHZ-coupling

is absent due to CP conservation. We note that, considering h (H) to be the SM-like 125

GeV Higgs with cβ−α = 0 (sβ−α = 0), gauge boson couplings to two non-SM like Higgses

are unsuppressed, while the gauge boson couplings to h (H) and one non-SM like Higgs

are suppressed by cβ−α (sβ−α).

Regarding the cubic couplings among scalars arising from the 2HDM scalar potential

Eq. (2.3), the relevant ones for our analysis are

gHhh = − 1

4 s2β v

(4m2
12

sβcβ
(c2β−αsβ+α − 2sβ−αcβ−αcβ+α)− (2m2

h +m2
H)(s3α−β + sα+β)

)
,

gHAA = − 1

4 s2β v

(4m2
12

sβcβ
sβ+α − 8m2

Acβ−αsβcβ −m2
H(sα−3β + 3sα+β)

)
,

gHH+H− = − 1

4 s2β v

(4m2
12

sβcβ
sβ+α − 8m2

H±cβ−αsβcβ −m2
H(sα−3β + 3sα+β)

)
, (2.8)

which could mediate decays with H being the parent scalar: H → hh, H → AA and

H → H+H−. As seen directly from Eq. (2.8), these couplings depend not only on the
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mass spectrum, but also on the soft Z2 symmetry breaking term m2
12 (we note here that

the couplings shown in [24] assume the MSSM relation m2
12 = m2

Asβcβ). We also stress that

for a light CP-odd scalar A with mA < mh/2, the decay channel h → AA could be open,

being however very constrained experimentally¶ (see [28] for a discussion of this region of

the 2HDM parameter space).

State Up-type fermions Down-type fermions

h cα/sβ = sβ−α + cβ−α/tβ −sα/cβ = sβ−α − cβ−α tβ
H sα/sβ = cβ−α − sβ−α/tβ cα/cβ = cβ−α + sβ−α tβ
A 1/tβ tβ

Table 1. Tree-level couplings to up-type fermions and down-type fermions normalized to their SM

values for h, H and A in the Type II 2HDM.

Finally, as is well-known the couplings of the 2HDM scalars to SM fermions, contained

in LYuk in Eq. (2.2) are not univocally determined by the gauge structure of the model.

In the presence of a Z2 symmetry guaranteeing the absence of tree-level flavour changing

neutral currents [29], four possible 2HDM types exist (see [30] for a discussion). The

couplings of the neutral scalar states to SM fermions, normalized to their SM values, can

be expressed in terms of functions of α and β, shown in Table 1 for the particular case

of a Type II 2HDM (one Higgs doublet Φ2 couples to the up-type quarks, while the other

Higgs doublet Φ1 couples to the down-type quarks and leptons).

2.3 The Alignment Limit and the Role of m2
12

It is useful to cast the relations between the quartic couplings and the physical masses

Eq. (2.5) in terms of cβ−α, which characterizes the departure from the alignment limit for

h

v2λ1 = m2
h −

tβ (m2
12 −m2

Hsβcβ)

c2β
+ (m2

h −m2
H)
[
c2β−α(t2β − 1)− 2tβsβ−αcβ−α

]
,

v2λ2 = m2
h −

(m2
12 −m2

Hsβcβ)

tβs
2
β

+ (m2
h −m2

H)
[
c2β−α(t−2β − 1) + 2t−1β sβ−αcβ−α

]
,

v2λ3 = m2
h + 2m2

H± − 2m2
H −

(m2
12 −m2

Hsβcβ)

sβcβ
− (m2

h −m2
H)
[
2c2β−α + sβ−αcβ−α(tβ − t−1β )

]
,

v2λ4 = m2
A − 2m2

H± +m2
H +

(m2
12 −m2

Hsβcβ)

sβcβ
,

v2λ5 = m2
H −m2

A +
(m2

12 −m2
Hsβcβ)

sβcβ
. (2.9)

Current data from LHC Run 1 favour the alignment limit cβ−α = 0 [31] (see also [6–

8, 10–12, 14]). For a Type II 2HDM the only other allowed possibility is the wrong-sign

¶The possibility of a light charged scalar with mH± < mh/2 has been ruled out experimentally by LEP,

which puts a lower bound mH± > 80 GeV for Type II (mH± > 72 GeV for Type I) 2HDM [27], thus

forbidding the decay h→ H+H−.
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scenario [32] sβ+α ' 1 (compatible with measurements of Higgs signal strengths for tβ > 3).

For cβ−α = 0, the relations Eq. (2.9) simply become

v2λ1 = m2
h −

tβ (m2
12 −m2

Hsβcβ)

c2β
,

v2λ2 = m2
h −

(m2
12 −m2

Hsβcβ)

tβs
2
β

,

v2λ3 = m2
h + 2m2

H± − 2m2
H −

(m2
12 −m2

Hsβcβ)

sβcβ
,

v2λ4 = m2
A − 2m2

H± +m2
H +

(m2
12 −m2

Hsβcβ)

sβcβ
,

v2λ5 = m2
H −m2

A +
(m2

12 −m2
Hsβcβ)

sβcβ
. (2.10)

The combination m2
12−m2

Hsβcβ in Eq. (2.10) will play a key role in the following discussion:

the value of m2
12 is not fixed by the mass spectrum or the scalar couplings to gauge bosons

and fermions, only entering the trilinear scalar couplings Eq. (2.8). Its possible allowed

values are dictated by theoretical constraints on the 2HDM parameter space, namely the

boundedness from below of the scalar potential Eq. (2.3) and the stability of the EW

minimum, and the requirements of perturbativity and tree-level unitarity on the quartic

couplings λi, as shown in the next section. These have a large impact on the allowed values

of masses mH , mA, mH± , m2
12 and tβ (and cβ−α away from alignment), as the absence of

a value of m2
12 satisfying the theoretical constraints for a given set of values for mH , mA,

mH± and tβ, indicates that such set of values is not physically viable (see e.g. [15]).

3 2HDM Theoretical and Experimental Constraints

3.1 Vacuum Stability

In order to have a stable vacuum, the following conditions need to be fulfilled [26]

λ1 > 0 , λ2 > 0 , λ3 > −
√
λ1λ2 , λ3 + λ4 + |λ5| > −

√
λ1λ2 . (3.1)

For cβ−α = 0, satisfying the first two conditions requires m2
12 − m2

Hsβcβ . 0 for either

tβ > 1 or tβ < 1, as seen from Eq. (2.10). Moreover, Eq. (2.9) shows that a departure

from alignment generically has a negative impact on the first two stability conditions.

Focusing on the alignment limit, the first two requirements are automatically satisfied for

m2
12 −m2

Hsβcβ = 0, with the last two given by

m2
h +m2

H± −m2
H > 0 , m2

h +m2
A −m2

H > 0 . (3.2)

This implies that for mH > mA,mH± , the mass splittings between the heavy CP-even

Higgs H and the other heavy scalars A and H± have to be small, such that the decays

of H into AZ, AA, H+H− or H±W∓ are not kinematically allowed. For m2
12 = 0 all

four stability conditions of Eq. (3.1) are automatically fulfilled. The allowed region in
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the m12 vs. tβ plane is shown in the left panel of Figure 1 for mA = mH± = 400 GeV

and mH = 200, 300, 400 GeV as an illustration. As seen from Figure 1, the regions

m2
12 < m2

Hsβcβ are generically allowed by the vacuum stability requirement.

 [GeV]12m
0 50 100 150 200 250 300

β
ta

n

1

10

210
=200 GeVHm

=300 GeVHm

=400 GeVHm

 = 400 GeV+H = mAm

 [GeV]12m
0 50 100 150 200 250 300

β
ta

n

1

10

210
=200 GeVHm

=300 GeVHm

=400 GeVHm

 = 400 GeV+H = mAm

Figure 1. Allowed region in the (m12, tβ) plane from vacuum stability (left panel) and unitarity

|Λi| < 8π (right panel) for mH = 400 GeV (red), 300 GeV (blue) and 200 GeV (green), assuming

cβ−α = 0 and mA = mH± = 400 GeV. The black lines denote the relation m2
12 = m2

Hsβcβ .

3.2 Perturbativity and Unitarity

Upon imposing the perturbativity condition |λi| ≤ 4π, the strongest constraints in the

alignment limit come respectively from v2λ1 ∼ t3β(m2
12 −m2

Hsβcβ) for tβ � 1 and v2λ2 ∼
t−3β (m2

12−m2
Hsβcβ) for tβ � 1. Thus, perturbativity requires

∣∣m2
12 −m2

Hsβcβ
∣∣ . v2 unless

tβ ∼ 1. Moreover, even for m2
12 = m2

Hsβcβ, perturbativity of λ3−5 imposes constraints on

the size of the mass splittings among the new scalars.

Even stronger constraints are found when requiring tree-level unitarity of the scattering

matrix in the 2HDM scalar sector [33]. The eigenvalues of the scattering matrix read

Λ1,2 = λ3 ± λ4,
Λ3,4 = λ3 ± λ5,
Λ5,6 = λ3 + 2λ4 ± 3λ5,

Λ7,8 =
1

2

(
λ1 + λ2 ±

√
(λ1 − λ2)2 + 4λ24

)
,

Λ9,10 =
1

2

(
λ1 + λ2 ±

√
(λ1 − λ2)2 + 4|λ5|2

)
,

Λ11,12 =
1

2

(
3(λ1 + λ2)±

√
9(λ1 − λ2)2 + 4(2λ3 + λ4)2

)
, (3.3)

and for the S-matrix to be unitary (at tree-level), it is necessary that |Λi| < 8π‖ [33]. A

quick inspection of Eq. (3.3) shows that for tβ � 1 the scattering matrix eigenvalues scale

as Λ7,9,11 ∼ λ1 (particularly Λ11 ' 3λ1), which again imposes
∣∣m2

12 −m2
Hsβcβ

∣∣ . v2 (and

yields an even stronger constraint than the perturbativity one). A similar argument follows

‖We note that the 2HDMC Code [34] uses |Λi| < 16π as tree-level unitarity condition, which results in

the perturbativity constraint being more important.
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for tβ � 1, this time with Λ7,9,11 ∼ λ2. As a result, m2
12 ≈ m2

Hsβcβ is strongly preferred

unless tβ ∼ 1, as shown explicitly in the right panel of Figure 1 (for mA = mH±). In the

limit m2
12 = m2

Hsβcβ, the scattering matrix eigenvalues from Eq. (3.3) become independent

of tβ (in alignment cβ−α = 0) and read

Λ1(9),10v
2 = m2

h ∓m2
H ±m2

A, Λ2v
2 = m2

h − 3m2
H −m2

A + 4m2
H± ,

Λ3v
2 = m2

h −m2
H −m2

A + 2m2
H± , Λ4,5v

2 = m2
h ∓ 3m2

H ±m2
A ± 2m2

H± ,

Λ6v
2 = m2

h − 3m2
H + 5m2

A − 2m2
H± , Λ7,8v

2 = m2
h ±m2

H ±m2
A ∓ 2m2

H± ,

Λ11v
2 = 5m2

h − 3 m2
H +m2

A + 2m2
H± , Λ12v

2 = m2
h + 3m2

H −m2
A − 2m2

H± ,

(3.4)

such that |Λi| < 8π impose upper limits on the mass splittings (although not on the masses

themselves). We also note that for m2
12 = 0, Λ1−6 are independent of tβ (depending only

on the scalar masses) while Λ7−12 do depend on tβ, which once again results in tβ ≈ 1

being the only accessible region for large mass splittings in this case.

3.3 Electroweak Precision Measurements

Measurements of EW precision observables (EWPO) impose strong constraints on the

2HDM mass spectrum. Adopting the current 95% C.L. constraints on the S and T oblique

parameters (with U = 0) [35], the allowed region of parameter space in the (mA, mH±)

plane is shown, for cβ−α = 0 (neither tβ nor m2
12 affect S and T ), in the left panel of

Figure 2 respectively for mH = 400 GeV (red), mH = 300 GeV (blue) and mH = 200 GeV

(green). Satisfying EWPO constraints requires the charged scalar mass to be close to one

of the heavy neutral scalar masses: mH± ≈ mH or mH± ≈ mA.
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Figure 2. Left: 2HDM parameter space in the (mA, mH±) plane allowed at 95% C.L. by S and T

measurements [35], for mH = 400 GeV (red), mH = 300 GeV (blue) and mH = 200 GeV (green),

assuming cβ−α = 0. Right: S − T constraints in the (cβ−α, mH) plane for mH = mA = mH± .

Away from the alignment limit, additional contributions to S and T proportional to

cβ−α appear [24] (see also [36]), such that the scenario mH = mA = mH± is only allowed

for small |cβ−α| once mH � v is realized, as shown in the right panel of Figure 2. The

departure from alignment also allows for mild mass splittings among all the new scalars

(e.g. mA > mH +mZ and mH & mH± +mW ), which however does not significantly alter

the phenomenology of exotic Higgs decays at the LHC, discussed in detail in Section 5.
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3.4 Flavour Constraints

Various flavour measurements [37] provide indirect constraints on the charged scalar mass

mH± as a function of tβ. The different limits are computed for the case of a Type II 2HDM

with SuperIso [38, 39], and shown in the left panel of Figure 3. The most stringent of

these∗∗ comes from the measurement of the branching fraction (BR) of b→ sγ (B0
d → Xsγ),

which sets a limit mH± > 480 GeV at 95 % C.L. [43] (we note that the limit is even stronger

for tβ < 2). For large tβ & 20, the lower limit on mH± set by the measurement of the

branching fraction B+
d → τ+ν is significantly stronger, with mH± & 700 GeV for tβ = 30.

Similarly, the region tβ . 1 is very strongly constrained by B0
s → µµ and ∆mBd .

For mH = 125 GeV and sβ−α = 0, when the heavy CP-even scalar H is the SM-like

Higgs, the mass of the light CP-even Higgs h is constrained by flavour measurements as

well, as shown in the right panel of Figure 3 for Type II 2HDM. The strongest constraint

in this case comes from B0
s → µ+µ−, which can exclude up to mh < 100 GeV (the precise

bound depending on m2
12 and tβ) for masses mH± satisfying the b→ sγ constraint.

Note that flavour constraints are typically very model dependent. Contributions from

additional sectors in the model could relax the constraints, as has e.g. been studied in

the MSSM framework for b → sγ [44]. Being mostly focused on the collider aspects of

2HDM Higgses, we will not consider flavour as a hard constraint in the following, however

indicating its effect on the parameter space under consideration.
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Figure 3. Type II 2HDM parameter space excluded by flavour constraints (see text for details).

3.5 LHC and LEP Constraints

We now review the constraints from direct searches of the new scalars. Besides the LEP

bound mH± > 80 GeV (72 GeV) for Type II (I) 2HDM [27], LEP searches for e+e− →
AH (H → bb/ττ, A→ bb/ττ) constrain the sum of the masses mA +mH & 209 GeV [45].

At the LHC, the searches for A/H in bb-associated production and decaying to ττ by

∗∗We note here that the recent measurement from the BaBar Collaboration of the ratios of B → D∗τν

to B → D∗`ν decays and B → Dτν to B → D`ν decays cannot be accommodated within the Type II

2HDM [40]. However, a new measurement of the former ratio by the Belle Collaboration [41, 42] is in

tension with this conclusion. Since this matter is not settled yet, we choose not to include these flavour

measurements in our discussion.
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ATLAS/CMS [46, 47] constrain the high tβ region in the Type II 2HDM. Away from

alignment, searches by ATLAS/CMS for H →W+W−, ZZ [48–50], A→ hZ (h→ bb) [51,

52] and H → hh → bbγγ, bbbb [53–55] yield strong constraints on the (cβ−α, tβ) plane as

a function of the respective mass mH/mA (see e.g. [13, 15]). We however stress that the

limits summarized above can be significantly weakened once exotic Higgs decay channels

are open [15–17, 19, 21]). Searches for these new channels, e.g. via A/H → HZ/AZ are

then crucial for probing 2HDM scenarios with large mass splittings among the new states

(i.e. hierarchical 2HDM scenarios), and there is already ongoing effort by CMS in this

direction [22, 23].

Finally, ATLAS/CMS searches impose constraints on the charged scalar [56, 57] beyond

those of LEP. A light charged scalar mH± . mt is mostly excluded by the non-observation

of the decay t → H+b → τνb where the top is produced in top pair production. For

mH± > mt, the current limit is very weak and only constrains the high tβ region for mH±

not much above the top mass (see [19] for a detailed discussion).

3.6 From Constraints to 2HDM Benchmarks

The combination of previous constraints provides a key guideline to the design of simplified

2HDM benchmark scenarios for LHC Run 2 searches at 13 TeV. EWPO measurements

require the mass of the charged scalar to be close to the mass of one of the neutral scalars,

and so we fix mH± = mH or mH± = mA in the following. In addition, measurements of

Higgs signal strengths at the LHC favour the alignment limit (cβ−α = 0 if h is the 125

GeV SM-like Higgs), particularly for Type II 2HDM. We then focus our analysis mostly on

the alignment limit, and only consider deviations from alignment when discussing possible

decays of the new scalars into the SM-like Higgs h.

Regarding the impact of theoretical constraints on the 2HDM parameter space, the

previous discussion shows that satisfying unitarity/perturbativity and vacuum stability

bounds (close to the alignment limit) for arbitrary values of tβ requires m2
12 = m2

Hsβcβ
and mH . mA,mH± . Alternatively, stability is satisfied for any mass ordering if m2

12 = 0,

while unitarity requires in this case a low value of tβ. We thus consider these two scenarios

as benchmark cases for our analysis:

• Case 1: m2
12 = m2

Hsβcβ

– From Eq. (3.2), vacuum stability requires mH . mA and mH . mH+ , and thus

the exotic decays H → AZ and H → H±W∓ are not kinematically allowed.

– Unitarity requires |Λi| < 8π, constraining the mass differences among the new

scalar states (but not the absolute mass values). In particular, using Eq. (3.4)

we obtain the bound
∣∣5(m2

A −m2
H) +m2

h

∣∣ < 8πv2 if mH± = mH , and the bound∣∣3(m2
A −m2

H) + 5m2
h

∣∣ < 8πv2 if mH± = mA.
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– The cubic scalar couplings Eq. (2.8) now read

gHhh = −cβ−α
s2β v

[
2 (m2

H +m2
h) s2α −m2

H s2β
]

gHAA = −cβ−α
2 v

(m2
H − 2m2

A)

gHH+H− = −cβ−α
2 v

(m2
H − 2m2

H±)

(3.5)

In the alignment limit cβ−α = 0 all these couplings vanish, and therefore the

decays H → AA, H → H+H− and H → hh are absent (H → AA and

H → H+H− are also not kinematically allowed for m2
12 = m2

Hsβcβ).

• Case 2: m2
12 = 0 and tβ ∼ 1

– Vacuum stability does not constrain the parameter space. In particular mH >

mA, mH+ is now possible, allowing the decays H → AZ and H → H±W∓ (and

potentially also H → AA and H → H+H−).

– Unitarity imposes an upper bound on the scalar masses (not only on the mass

splittings). This bound scales as t−2β for tβ > 1 and as t2β for tβ < 1, such that

only the region tβ ∼ 1 is allowed (we recall that in Type II 2HDM, at least one

of the neutral scalars needs to be heavy due to the combination of EWPO and

flavour constraints).

– The cubic scalar couplings Eq. (2.8) now read

gHhh =
cβ−α

2 s2β v
(2m2

h +m2
H)
[
(c2β−α − s2β−α) s2β − 2 sβ−α cβ−α c2β

]

gHAA = − 1

2 s2β v

[
(m2

H − 2m2
A) cβ−α s2β + 2m2

H sβ−α c2β
]

gHH+H− = − 1

2 s2β v

[
(m2

H − 2m2
H±) cβ−α s2β + 2m2

H sβ−α c2β
]

(3.6)

In the alignment limit the coupling gHhh vanishes and thus the decay H → hh

is absent. However, the couplings gHAA and gHH+H− are non-vanishing as long

as tβ 6= 1.

For our analysis of benchmark scenarios away from alignment, which focus on the

decays of A, H, H± into the SM-like Higgs h, we consider the same two cases above for

consistency (even though these cases are motivated by theoretical constraints for cβ−α = 0).

4 LHC Production and Decay of 2HDM Higgses

We now discuss the salient features of the production and decay of the new 2HDM scalars

at the LHC. The production of the CP-even and CP-odd neutral scalars H, A at the

13 TeV LHC occurs via gluon fusion (gg → H/A) and bb-associated production. Gluon

fusion is the dominant production mechanism for small and moderate values of tβ, while

for Type II 2HDM, bb-associated production dominates at large tβ. In both cases, we
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compute the production cross section for H and A at NNLO in QCD via SusHi [58] (for

H, the cross section does depend on cβ−α, and in that case we consider the alignment limit

cβ−α = 0). For the charged scalar H±, the dominant production mode for mH± > mt is

in association with a tb pair, and we use the NLO cross section values provided by the

Higgs Cross Section Working Group (HXSWG) for mH± > 200 GeV [59]. A light charged

scalar (mH± < mt) is mainly produced through top quark decays t → H+b, and we use

Top++2.0 [60] to compute the top pair production to NNLO in QCD, assuming a top-

quark mass mt = 172.5 GeV. The LHC production cross sections for H, A and H+ at 13

TeV are shown in Appendix A.

Regarding the decays of the new scalars, in the alignment limit cβ−α = 0 the conven-

tional (SM-like) decays of A and H are into tt (if kinematically accessible), bb, cc, ττ , and

with a highly suppressed branching fraction into gg, γγ and µµ. When open, the decay

into tt is dominant for low and moderate tβ, followed by the decay into bb. At high tβ,

for Type II 2HDM, the decay into ττ becomes important, where the decay into bb can

dominate even above the tt threshold. For the CP-even Higgs H, the decay into massive

gauge bosons W+W− and ZZ is present away from the alignment limit, and dominates

as soon as the departure from alignment is sizeable. For the charged scalar, the decay

H± → tb dominates once it is kinematically open, followed by H± → τν, cs and cb. In the

following, we compute all 2HDM branching fractions using 2HDMC [34].

Parent Scalar Decay Possible Final States Channels in 2HDM

HiHi (bb/ττ/WW/ZZ/γγ) (bb/ττ/WW/ZZ/γγ) H → AA, hh

Neutral HiZ (bb/ττ/WW/ZZ/γγ) (``/qq/νν) H → AZ,A→ HZ, hZ

H, A H+H− (tb/τν/cs) (tb/τν/cs) H → H+H−

H±W∓ (tb/τν/cs) (`ν/qq′) H/A→ H±W∓

Charged H± HiW
± (bb/ττ/WW/ZZ/γγ) (`ν/qq′) H± → hW±, HW±, AW±

Table 2. Summary of exotic decay modes for non-SM Higgs bosons. For each type of exotic decays

(second column), we present possible final states (third column) and relevant channels in 2HDM

(fourth column). In the second column, Hi = h, H, A.

We here stress that the above conventional decays of the new 2HDM scalars become

suppressed once exotic (non SM-like) decay modes open up. These can be decays involving

several states among H, A, H±, in the presence of a large mass splitting among the new

scalars (see e.g. [16–21] for existing studies on individual channels), and/or decays into the

SM-like Higgs boson h, namely H → hh, A → hZ, H± → hW±, which are possible for

cβ−α 6= 0 and are also considered in the following as exotic (despite involving SM decay

products) as they don’t occur in the SM. In the former case, we can further distinguish

between the decay of a new scalar into another one and a gauge boson, and the potential

decays of H into either AA or H+H−. The different types of exotic decay modes for the

2HDM are summarized in Table 2.

The impact of the presence of exotic Higgs decay modes on the branching ratios is

shown in Figure 4 for cβ−α = 0. The top two panels show the relevant branching fractions

of A with mH = mH± < mA (left), and mH < mA = mH± (right) for mA = 500 GeV and

mH = 200 GeV, with m2
12 = m2

Hsβcβ. In the former case, the decays A → H±W∓ (solid
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Figure 4. Branching fractions in Type II 2HDM as a function of tβ for cβ−α = 0, with parent and

daughter scalar masses fixed to 500 GeV and 200 GeV, respectively. Top: Branching fractions for A

with mH = mH± < mA (left) and with mH < mA = mH± (right), in both cases for m2
12 = m2

Hsβcβ .

Bottom: Branching fractions for H± with mH < mH± = mA and m2
12 = m2

Hsβcβ (left) and for

H with mH > mH± = mA and m2
12 = 0 (right). In all cases, dashed lines indicate the branching

fractions to SM fermion pairs when exotic decay modes are absent.

blue) and A→ HZ (solid green) completely dominate over the SM decays A→ tt, bb, ττ

for most values of tβ, with BR(A → H±W∓) ∼ 50−60% and BR(A → HZ) ∼ 20−30%,

while in the latter with A → H±W∓ being absent, the branching fraction of A → HZ

is more than 50%. Decays of A → tt, bb are only important for very small or very large

tβ. The dashed lines show for comparison the branching fractions into the conventional

SM states when the exotic decays are absent, which highlights the suppression the SM

channels suffer in the presence of the exotic decays. The bottom left panel in Figure 4

shows the branching fractions of H± for mH < mA = mH± (with mA = 500 GeV and

mH = 200 GeV) and m2
12 = m2

Hsβcβ. The decay H± → HW± (solid blue) dominates

with BR(H± → HW±) & 50%, particularly for a not too heavy state H±. In that case,

H± → tb is suppressed to be about few percent for intermediate tβ, and only reaches

about 50% in the very small and very large tβ region. Finally, the bottom right panel in

Figure 4 shows the branching fractions of H for mH > mH± = mA (with mH = 500 GeV

and mA = 200 GeV) and m2
12 = 0. In this case the decays H → AA and H → H+H−

are allowed and dominate over most of the tβ region, except for tβ ∼ 1, where H → AZ
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and H → H±W∓ become dominant due to the accidental suppression of the HH+H−

and HAA couplings at tβ ∼ 1. Note however that for m2
12 = 0 the theoretical constraints

do not allow a significant departure from tβ ∼ 1, such that a large branching fraction for

H → AZ and H → H±W∓ is expected. Decays to SM fermions are highly suppressed in

this scenario.

5 2HDM Planes for Exotic Higgs Decays

Our analysis of exotic Higgs decays in the 2HDM focuses on a few key benchmark planes

which show the complementarity among different LHC search channels for the new scalars.

We first focus on the alignment limit: cβ−α = 0 for mH > mh = 125 GeV and sβ−α = 0

for mh < mH = 125 GeV. In this context, we consider two possible mass planes: mA vs.

mH = mH± (Plane I) and mH vs. mA = mH± (Plane II). These two choices are motivated

by EWPO constraints (recall the discussion in Section 3.3). This is in contrast to a potential

mH± vs. mH = mA plane, highly constrained by EWPO to a small mass splitting mH± −
mH/A which closes the phase space needed for on-shell exotic Higgs decays††, so that we

don’t consider such benchmark plane in our current study. Finally let us remark that,

while we do not impose the flavour bounds as hard constraints on our 2HDM benchmark

planes (recall the discussion in Section 3.4), we do show them as indicative in the following.

Our 2HDM benchmark plane (BP) scenarios in alignment are then:

Plane I: mA vs. mH = mH±

• BP IA: mA > mH = mH± .

As discussed in Section 3.6, this mass ordering is allowed for Case 1 (m2
12 = m2

Hsβcβ
and all tβ values) and Case 2 (m2

12 = 0 and tβ ∼ 1). We thus consider four scenarios:

Case 1 with tβ = 1.5, 7, 30 and Case 2 with tβ = 1.5.

• BP IB: mA < mH = mH± .

This mass ordering is not compatible with Case 1 due to vacuum stability (see Sec-

tions 3.1 and 3.6). Thus, we only consider Case 2 with tβ = 1.5‡‡.

Plane II: mH vs. mA = mH±

• BP IIA: mH > mA = mH± .

As for BP IB, this mass ordering is not compatible with Case 1, and so we only

consider Case 2 with tβ = 1.5.

• BP IIB: mH < mA = mH± .

As for BP IA, we consider Case 1 with tβ = 1.5, 7, 30 and Case 2 with tβ = 1.5.

††As discussed in Section 3.3, a sizable departure from alignment could allow for a mass hierarchy

mA > mH + mZ (such that A → HZ is kinematically allowed) and mH & mH± + mW (such that

H → H±W∓ is kinematically allowed, but nevertheless phase space suppressed). The phenomenology of

this kind of scenario is however largely contained in Planes I-II, and so we do not consider it separately.
‡‡tβ 6= 1 is chosen for the exotic decays into two lighter new scalars (H → AA in this case) not to vanish.
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In order to study the decays of the new scalars into the SM-like Higgs, we also consider

a plane in which the departure from alignment is explored, assuming h is the 125 GeV SM-

like Higgs (Plane III). We set mH = mA = mH± for simplicity, and define the plane as

mH = mA = mH± vs. cβ−α:

Plane III: mA = mH = mH± vs. cβ−α

• BP III:

We consider Case 1 with tβ = 1.5, 7, 30 and Case 2 with tβ = 1.5.

A summary of the different benchmark planes considered and the relevant exotic decay

modes is shown in Table 3. In all cases, we present the σ× BR of each characteristic decay

channel at the 13 TeV LHC, together with a detailed analysis of the regions disfavoured by

theoretical and experimental constraints (including flavour constraints, shown for reference

only). The results for Planes I and II (cβ−α = 0) are presented in Section 5.1, while the

results for decays to SM-like Higgs away from alignment, corresponding to Plane III, are

presented in Section 5.2. Further details on the cross sections and decay branching fractions

for the non-SM like Higgses can be found in Appendix A.

Mass Planes decays m2
12 tanβ Figures

BP IA mA > mH = mH± A→ H±W∓ m2
Hsβcβ 1.5, 7, 30 5, 6

A→ HZ 0 1.5

BP IB mA < mH = mH± H → AZ, H → AA 0 1.5 9

H± → AW±

BP IIA mH > mA = mH± H → AZ, H → AA 0 1.5 10

H → H+H−, H → H±W∓

BP IIB mH < mA = mH± A→ HZ m2
Hsβcβ 1.5, 7, 30 7, 8

H± → HW± 0 1.5

BP III mA = mH = mH± A→ hZ, H± → hW± m2
Hsβcβ 1.5, 7, 30 11, 12, 13

vs. cβ−α H → hh 0 1.5

Table 3. Summary Table of the different 2HDM benchmark planes.

Before we move on to discuss in detail our different 2HDM planes for LHC searches

at 13 TeV, let us comment on the comparison of these benchmark scenarios with others

proposed in the literature. In particular, our Planes I and II have a substantial overlap

with the 2HDM “short cascade” scenario D from [61], while our specific BP IA and BP

IIB have similarities with the A→ HZ benchmarks for cβ−α = 0 in [15] (see also [18]). As

compared to [61], the present analysis explores the full mass plane, not restricted to specific

benchmark lines with fixed relations§§ among mH , mA and mH± . We also explore the

dependence on tβ, which has a significant impact on the allowed 2HDM parameter space

§§In particular, we note that the fixed relations in [61] result in the exotic Higgs decays being largely

subdominant above the tt̄ threshold, which may not be the case in general (see e.g. Figure 4).
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for Planes I and II. Moreover, our analysis includes the 8 TeV experimental constraint

from the CMS H → AZ/A→ HZ search [22, 23], precisely tailored to probe these 2HDM

scenarios and thus a key ingredient in a study of 2HDM exotic Higgs decays.
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Figure 5. σ×BR for the exotic decay A→ H±W∓ in BP IA: mA vs mH = mH± plane, for Case

1 with tβ = 1.5 (upper left), 7 (upper right), 30 (lower left) and Case 2 with tβ = 1.5 (lower right).

Contour lines of 10, 102, 103 and 104 fb are drawn as light grey dashed curves to guide the eye.

Shaded and hatched regions are ruled out by theoretical and experimental constraints (see text for

details). The solid horizontal grey line indicates the flavour constraint mH± > 480 GeV.

5.1 Exotic Decays in the Alignment Limit

5.1.1 BP IA: mA > mH = mH±

In this scenario, and for a sufficient mass splitting, there are two dominant exotic decay

channels: A → H±W∓ and A → HZ, for which we respectively show the σ × BR in

Figures 5 and 6. In each case, we show four panels corresponding to the choices of m2
12

and tβ described in Table 3. Note that for tβ = 1.5, 7 we consider the dominant ggA

production, while for tβ = 30 the bbA production dominates and is considered instead. For

each panel, contour lines of 10, 102, 103 and 104 fb are drawn as light grey dashed curves

to guide the eye. Large cross sections σ × BR & 1 pb are possible for tβ ∼ 1 and tβ � 1,

respectively due to the enhanced top and bottom Yukawa coupling contribution, even for

large CP-odd scalar masses mA ∼ 500 − 600 GeV. Shaded regions in Figures 5 and 6 are

excluded by the CMS A→ HZ search [22, 23], which already constrains a sizable portion
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Figure 6. σ × BR for the exotic decay A→ HZ in BP IA: mA vs mH = mH± plane (see caption

of Figure 5 for further details). For tβ = 1.5, the contour line at σ×BR = 10 pb around mA = 350

GeV is caused by the enhanced gg → A production cross section at the top threshold.

of parameter space and highlights the potential of such a search at LHC 13 TeV in the bb``

and ττ`` final states, as a probe of both A and H.

Hatched regions show the parameter space excluded by other experimental searches, as

well as unitarity constraints. The former exclusions are mainly due to t → H+b searches,

which yield a limit mH± > mt, as well as H → ττ searches for large tβ, which rule out

mH < 600 GeV for tβ = 30. We also show the flavour bound mH± > 480 GeV as a

horizontal grey line for indicative purposes.

Regarding unitarity, for Case 1 (m2
12 = m2

Hsβcβ) with mA > mH = mH± the eigenval-

ues of the scattering matrix are |Λi 6=6| = m2
A−m2

H ±O(m2
h) and |Λ6| = 5(m2

A−m2
H)+m2

h.

The latter imposes the strongest constraint, which rules out regions with a very large

mass splitting mA − mH (as indicated by the hatched region in the lower-right corner

of each panel in Figures 5 and 6). For Case 2 (m2
12 = 0) with mA > mH = mH+ ,

the strongest unitarity constraints come from |Λ6| = 5m2
A − 3m2

H ± O(m2
h) and |Λ11| =

1
2m

2
H( 1

t2β
+ t2β) + 1

2

√
9m4

H( 1
t2β
− t2β)2 + 4m4

A±O(m2
h). In particular, |Λ11| rules out the large

mH region (upper hatched region in the lower right panel in Figures 5 and 6).

Taking into account both the theoretical and experimental constraints, relatively large

regions of mA vs. mH = mH± remain viable and having a sizable signal cross section

for small to intermediate values of tβ for Case I. For tβ � 1, only the region mA &
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mH = mH± > 600 GeV still survives. For Case 2, given the unitary constraints ruling

out large values of mH and mA, only the region 200 GeV < mA < 650 GeV and 175 GeV

< mH = mH± < 450 GeV remains viable.
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Figure 7. σ×BR for the exotic decay A→ HZ in BP IIB: mA = mH± vs mH plane (see caption

of Figure 5 for further details). The solid horizontal and vertical light grey lines indicate the various

flavour constraints.

5.1.2 BP IIB: mH < mA = mH±

For mH < mA = mH± , the dominant exotic decay channels are A→ HZ and H± → HW±.

We show the σ × BR for A→ HZ and H± → HW± respectively in Figures 7 and 8. The

low mA + mH region is ruled out by the LEP search e+e− → AH (recall the discussion

in Section 3.5), while unitarity constraints bound large values for mA, mH : For Case I

the strongest constraints arise from |Λ2,4,5,6,11,12| = 3(m2
A − m2

H) ± O(m2
h), which limit

m2
A − m2

H for large mH and/or mA. For Case 2, large values of either mA or mH are

excluded, since the strongest unitarity constraint comes from |Λ11| = 1
2m

2
H( 1

t2β
+ t2β) +

1
2

√
9m4

H( 1
t2β
− t2β)2 + 4(3m2

A − 2m2
H)2 ±O(m2

h).

For Case 1 with tβ = 1.5 (upper left panel of Figure 7), signal cross sections for

A → HZ in excess of 10 pb are viable given all the constraints, while we note that the

LHC Run 1 CMS A → HZ search rules out a large portion of the parameter space with

mH < 300 GeV and mA < 650 GeV. Intermediate values of tβ (exemplified by the tβ = 7
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case shown in the upper right panel of Figure 7) only permit signal cross sections below

1 pb, due to the small gluon fusion production cross section (for mA > 600 GeV the

σ× BR values are in fact below 20 fb). For tβ = 30 (lower left panel of Figure 7), the

current collider search of H → ττ rules out mH < 600 GeV, leaving only a small corner

of parameter space allowed, with signal cross sections σ× BR . 100 fb. For Case 2, the

lower right panel of Figure 7 shows that the CMS A→ HZ search constrains most of the

viable parameter space, which may in turn be probed completely by LHC 13.
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Figure 8. σ × BR for the exotic decay H± → HW± in BP IIB: mA = mH± vs. mH plane (see

caption of Figure 5 for further details). The solid horizontal and vertical light grey lines indicate

the various flavour constraints.

While the generic features for H± → HW± are similar to those of A→ HZ, the signal

cross sections are about two order of magnitude smaller, due to the suppressed production

cross section of pp → H±tb. This, in addition to the complicated final state HW+W−bb
which results, makes this channel challenging for LHC studies at 13 TeV.

5.1.3 BP IB: mA < mH± = mH

In this scenario, only Case 2 (m2
12 = 0) is viable. The σ× BR for the three possible

exotic decay channels H → AZ, H± → AW± and H → AA is shown in Figure 9 for our

benchmark tβ = 1.5. The mH > 460 GeV region is excluded by unitarity, the strongest

unitarity constraint coming from |Λ11| = 1
2m

2
H( 1

t2β
+t2β)+1

2

√
9m4

H( 1
t2β
− t2β)2 + 4m4

A±O(m2
h).
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Below the unitarity limit on mH , the ATLAS/CMS limits on A→ ττ at low tβ (ggA

production) [46, 47] combined with the bounds from the CMS H → AZ search [22, 23]

rule out mA > 40 GeV down to mH . 350 GeV. As can be seen from Figure 9, only a

small region of parameter space survives the unitarity and LHC 8 TeV constraints. We

also stress that in this case including the flavour constraint mH± > 480 GeV would rule

out this benchmark scenario completely.
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Figure 9. σ × BR for the exotic decays H → AZ (up left), H± → AW± (up right) and H → AA

(down) in BP IB: mH = mH± vs. mA plane, for Case 2 (m2
12 = 0) with tβ = 1.5. Contour lines

of 10, 102 and 103 fb are drawn as light grey dashed curves to guide the eye. Shaded and hatched

regions are ruled out by theoretical and experimental constraints (see text for details). The solid

(vertical) light grey lines indicate the flavour constraint mH± > 480 GeV.

5.1.4 BP IIA: mH > mA = mH±

Four exotic Higgs decay channels, H → AZ, H → H±W∓, H → AA, and H → H+H− are

possible for BP IIA (which we recall is only allowed for Case 2), shown respectively in the

four panels of Figure 10. Comparing to BP IIB, the additional collider search limit mH± >

mt applies, which overlaps with the 8 TeV LHC exclusion from A → ττ . This results in

only a small stripe in parameter space, corresponding to 200 GeV < mA = mH± < 240

GeV and 300 GeV < mH < 450 GeV, being viable. Moreover, we note that the decays

H → AA and H → H+H− are essentially not kinematically allowed in the viable region, as

shown in the lower panels of Figure 10. This benchmark scenario should indeed be possible

to probe completely at LHC 13 TeV.
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Figure 10. σ × BR for the exotic decays H → AZ (up left), H± → H±W∓ (up right), H → AA

(down left) and H → H+H− (down right) in BP IIA: mH vs. mA = mH± plane (see caption of

Figure 9 for further details).

5.2 Exotic Decays into h Away from Alignment

5.2.1 BP III: mA = mH = mH± vs. cβ−α

Exotic decays with the SM-like Higgs h in the final state are possible away from the

alignment limit cβ−α = 0, as the AhZ, H±hW∓ and Hhh couplings are proportional to

cβ−α. In Figures 11, 12, and 13 we respectively show the σ×BR for A→ hZ, H± → hW±

and H → hh, in each case for Case 1 with tβ = 1.5, 7, 30 and Case 2 with tβ = 1.5 in the

(cβ−α vs mA = mH = mH±) plane.

For Case 1 with tβ = 1.5, only the region |cβ−α| . 0.2 (close to the alignment limit)

is viable as a result of Higgs signal strength measurements (mainly driven by the ghV V
couplings) considering all the theoretical and experimental constraints. The allowed range

for cβ−α shrinks as the masses of the heavy 2HDM scalars grow due to stability constraints,

being already restricted to −0.02 < cβ−α < 0.06 for mA = mH = mH± ' 500 GeV. At the

same time, LHC bounds on H → ZZ and A→ ττ rule out mA = mH = mH± < 350 GeV.

For significantly higher values of tβ (as our tβ = 7, 30 scenarios) the stability constraints

rule out almost completely the region cβ−α < 0, while unitarity imposes a strong constraint

on cβ−α > 0 for high scalar masses mA = mH = mH± > 600 GeV. In addition, for

tβ = 7 the vacuum stability constraint rules out the region cβ−α > 0.3 while Higgs signal

strengths rule out the region 0.05 < cβ−α < 0.24. For tβ = 30, Higgs signal strengths
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Figure 11. σ × BR for A → hZ for the gluon fusion production in Case 1, tanβ = 1.5 (upper

left), 7 (upper right), as well as Case 2, tanβ = 1.5 (lower right), and bbA associated production

for Case 1, tanβ = 30 (lower left) in BPIII: cβ−α vs. mA = mH = mH± . Hatched regions

are excluded by either theoretical or experimental constraints (as indicated in the legend), while

shaded regions indicate the parameter space constrained by LHC searches for exotic (non-SM) Higgs

decays: A→ hZ and H → hh. The solid horizontal light grey lines indicate the flavour constraint

mH± > 480 GeV.

rule out cβ−α & 0.01, while A → ττ searches restrict the allowed parameter space to

mA = mH = mH± > 650 GeV, leaving only a very narrow stripe as viable parameter

space. For Case 2 with tβ = 1.5, satisfying the constraints from H → ZZ and A → ττ

requires mA = mH = mH± > 350 GeV and |cβ−α| . 0.2, while unitarity imposes an

upper bound on the scalar masses in the range 450 GeV – 550 GeV depending on cβ−α.

As shown in Figure 11, the cross sections for A → hZ in the allowed region of parameter

space could reach 1 pb or higher for tβ = 1.5 both in Case 1 and 2. For tβ = 7 (Case

1) the cross section for A → hZ is still sizable in the allowed region 0.24 < cβ−α < 0.3,

reaching values ∼ 100 fb. For tβ = 30 the signal cross section is however very small due

to the suppressed branching ratio BR(A → hZ) close to the alignment limit. The signal

cross sections for H± → hW± shown in Figure 12 follow a trend similar to those for

A → hZ, but being typically a factor 10 – 100 smaller due to the suppressed production

cross section for H± above mt (see Appendix A.1). Finally for H → hh the signal cross

sections, shown in Figure 13, are about factor of 10 smaller than those of A → hZ, and
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an additional suppression of the branching ratio BR(H → hh) occurs for certain values of

cβ−α (e.g. cβ−α ∼ 0.22 for tβ = 7 and cβ−α ∼ 0.052 for tβ = 30, as seen from Figure 13).
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Figure 12. σ×BR for H± → hW± in BPIII: cβ−α vs. mA = mH = mH± (see caption of Figure 11

for further details).

6 Conclusions

In the 2HDM, other than decaying to pairs of SM quarks, leptons, and gauge bosons, the

exotic decays of heavy Higgses into two lighter Higgses or one light Higgs and a SM gauge

boson are likely to dominate once they are kinematically open. While the collider search

bounds for heavy Higgses based on conventional search modes WW , ZZ, γγ, bb and ττ

for neutral Higgses, and τν and cs modes for charged Higgses would be relaxed once those

exotic modes are open, the exotic decay modes offer new discovery channels in large regions

of the 2HDM parameter space.

Away from the 2HDM alignment limit, exotic decays into the SM-like 125 GeV Higgs

boson h, namely H → hh, A → hZ and H± → hW±, are potentially important, and

there is already an ongoing ATLAS and CMS search programme for A→ hZ [51, 52] and

H → hh [53–55]. In contrast, close to the alignment limit, as favoured by measurements

of Higgs signal strengths, exotic decays among the new 2HDM scalars become particularly

relevant. The experimental searches based on those channels, however, have just started

with H/A → AZ/HZ [22, 23]. In this work, we carefully examine the exotic Higgs decay
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Figure 13. σ × BR for H → hh in BPIII: cβ−α vs. mA = mH = mH± (see caption of Figure 11

for further details).

channels in the 2HDM, both in the presence of a hierarchy between Higgses and away

from alignment when this hierarchy is not present. By taking into account the various

theoretical and experimental constraints, we propose 2HDM benchmark plane scenarios

for LHC searches at 13 TeV:

• BP IA: mA > mH = mH± , with A→ HZ, H±W∓.

• BP IB: mA < mH = mH± , with H → AZ, AA and H± → AW±.

• BP IIA: mH > mA = mH± , with H → AZ, H±W∓, AA, H+H−.

• BP IIB: mH < mA = mH± , with A→ HZ and H± → HW±.

• BP III: mA = mH = mH± vs. cβ−α, with A→ hZ, H± → hW±, and H → hh.

In each case, we analyze the allowed regions of parameter space and the LHC 13 TeV

σ × BR for the relevant exotic Higgs decay modes in those regions.

To summarize, exotic Higgs decays provide new discovery avenues for heavy Higgses. In

turn, the exploration of the proposed benchmarks via these decays could help to understand

the structure of the electroweak symmetry breaking sector beyond the SM.
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Figure 14. Production cross section for H, A and H+ at LHC 13 TeV. The contour lines indicate

the cross section of 1, 10, 102, 103, 104, 105 and 106 fb.
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A Production Cross Sections and Branching Ratios of 2HDM Higgses

A.1 2HDM Production Cross Sections

In Figure 14, we show the gluon fusion production cross section for H (upper left panel)

and A (upper right panel), bb-associated production cross section for H (middle left panel)

and A (middle right panel), and tbH± production cross section (bottom) for the charged

scalar (details are given in Section 4).
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Figure 15. Left: Exotic decay BR H/A → AZ/H(h)Z for Plane I (top) and Plane II (bottom)

for Case 2 (m2
12 = 0) with tβ = 1.5. For A → H(h)Z, we consider A → HZ for mH > mh = 125

GeV and A → hZ for mh < mH = 125 GeV (so that the BR into the non-SM like Higgs boson

is shown in each case). Right: Exotic decay BR A/H± → H±W∓/AW± for Plane I (top) and

H/H± → H±W∓/HW± for Plane II (bottom), for Case 2 (m2
12 = 0) with tβ = 1.5.

A.2 2HDM Branching Ratios for Exotic Higgs Decays

For illustration, we show in Figure 15 the branching ratios of Ha → HbV (with Ha,b =

H, A, H± and V = W±, Z) for Plane I (top) and Plane II (bottom) for Case 2 (m2
12 = 0)

with tβ = 1.5 (being the scenario allowed for the four benchmarks BP IA, BP IB, BP
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IIA and BP IIB). The decay branching ratios for H/A → AZ/H(h)Z are shown on the

left panels of Figure 15, while those for A/H± → H±W∓/AW± (Plane I) and H/H± →
H±W∓/HW± (Plane II) are shown on the right panels.
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126 APPENDIX B. ANATOMY OF EXOTIC HIGGS DECAYS IN 2HDM



Appendix C

Exotic Decays of a Heavy Neutral
Higgs through HZ/AZ Channel

The article Exotic Decays of a Heavy Neutral Higgs through HZ/AZ Channel has been
submitted to arXiv and accepted for publication in the Journal of High Energy Physics [23].
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Abstract: Models of electroweak symmetry breaking with extended Higgs sectors are

theoretically well motivated. In this study, we focus on the Two Higgs Doublet Model with

a low energy spectrum containing scalars H and a pseudoscalar A. We study the decays

A→ HZ or H → AZ, which could reach sizable branching fractions in certain parameter

regions. With detailed collider analysis, we obtain model independent exclusion bounds

as well as discovery reach at the 14 TeV LHC for the process: gg → A/H → HZ/AZ,

looking at final states bb``, ττ`` and ZZZ(4` + 2j) for ` = e, µ. We further interpret

these bounds in the context of the Type II Two Higgs Doublet Model, considering three

different classes of processes: A → h0Z, A → H0Z, and H0 → AZ, in which h0 and H0

are the light and heavy CP-even Higgses respectively. For 100 fb−1 integrated luminosity

at the 14 TeV LHC, we find that for parent particle mass around 300–400 GeV, A→ h0Z

has the greatest reach when H0 is interpreted as the 126 GeV Higgs: most regions in the

tanβ versus sin(β − α) plane can be excluded and a significant fraction at small and large

tanβ can be covered by discovery. For 126 GeV h0, only relatively small tanβ . 10 (5)

can be reached by exclusion (discovery) while a wide range of sin(β − α) is accessible.

For A → H0Z, the reach is typically restricted to sin(β − α) ∼ ±1 with tanβ . 10 in

bb`` and ττ`` channels. The ZZZ(4`2j) channel, on the other hand, covers a wide range

of 0.3 < | sin(β − α)| < 1 for tanβ . 4. H0 → AZ typically favors negative values of

sin(β − α), with exclusion/discovery reach possibly extending to all values of tanβ. A

study of exotic decays of extra Higgses appearing in extensions of the Standard Model

would extend the reach at the LHC and provides nice complementarity to conventional

Higgs search channels.
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1 Introduction

The greatest experimental triumph of the Large Hadron Collider (LHC) till date is the

discovery of a scalar resonance at 126 GeV with properties consistent with that of the

Standard Model (SM) Higgs [1–4]. The mass of this particle along with its spin [2, 4, 5]

has now been established, and a complete characterization of all its possible decay modes

is underway. At the same time, from the theoretical front, we have now known for a while

that the SM, though in excellent agreement with experiments, has to be supplanted with

other dynamics if it is to explain many puzzles facing particle physics today, viz., the

hierarchy problem, neutrino masses, and the nature of dark matter, to name a few. Many

beyond the SM scenarios are constructed to explain one or many of these puzzles, and

are becoming more constrained by the Higgs observation at the LHC. This is particularly

true for theories constructed with an extended Higgs sector. Well known examples are the

Minimal Supersymmetric Standard Model (MSSM) [6–8], Next to Minimal Supersymmetric

Standard Model (NMSSM) [9, 10] and Two Higgs Doublet Models (2HDM) [11–14]. In

addition to the SM-like Higgs boson in these models, the low energy spectrum includes

other CP-even Higgses, CP-odd Higgses, as well as charged ones.

Models with an extended Higgs sector hold a lot of phenomenological interest. The

discovery of extra Higgses would be an unambiguous evidence for new physics beyond the

SM. Other than the decay of these extra Higgses into the SM final states γγ, ZZ, WW ,

bb and ττ , which have been the focus of the current Higgs searches, the decay of heavy
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Higgses into light Higgses, or Higgs plus gauge boson final states could also be sizable. Such

decays are particularly relevant as the 126 GeV resonance could show up as a decay of a

heavier state, opening up the interesting possibility of using the SM-like Higgs to discover

its heavier counterparts. It is thus timely to study these exotic Higgs decay channels and

fully explore the experimental discovery potential for the enlarged Higgs sector.

In this paper, we focus on the decays H → AZ or A → HZ, with H and A referring

to generic CP-even and CP-odd Higgs, respectively.1 We consider leptonic decays of the

Z, with the A/H in the final states decaying to either a pair of fermions (bb or ττ) or

ZZ and explore the exclusion bounds as well as discovery reach at the LHC for various

combinations of (mA,mH).

In the 2HDM or NMSSM, both decays Hi → AjZ and Ai → HjZ could appear with

large branching fractions as shown in [15–18]. Ref. [19] also argued that A → h0Z could

have a sizable branching fraction in the low tanβ region of the MSSM with the light CP-

even h0 being SM-like. A brief Snowmass study of A/H → HZ/AZ with bb`` final state can

be found in ref. [20]. Another Snowmass study of heavy Higgses [21] explored sensitivities

in the H0 → ZZ → 4` and A → Zh0 → bb``, ττ`` channels at the 14 TeV and 33 TeV

LHC, focusing on the case with h0 being the 126 GeV Higgs. In our study, we consider a

variety of daughter Higgs masses in bb`` and ττ`` channels, and analyze A→ H0Z → ZZZ

in addition. We also interpret the search results in the context of the Type II 2HDM.

The paper is organized as follows. In section 2, we present a brief overview of mod-

els and parameter regions where the channels under consideration can be significant. In

section 3, we summarize the current experimental search limits on heavy Higgses. In sec-

tion 4.1, we present the details of the analysis of the HZ/AZ with the bb`` final states. We

also show model-independent results of 95% C.L. exclusion as well as 5σ discovery limits

for σ×BR(gg → A/H → HZ/AZ → bb``) at the 14 TeV LHC with 100, 300 and 1000 fb−1

integrated luminosity. In sections 4.2 and 4.3, we present the analysis for the ττ`` and

ZZZ final states, respectively. In section 5, we study the implications of the collider search

limits on the parameter regions of the Type II 2HDM. We conclude in section 6.

2 Scenarios with large H → AZ or A → HZ

In the 2HDM, we introduce two SU(2) doublets Φi, i = 1, 2:

Φi =

(
φ+
i

(vi + φ0
i + iGi)/

√
2

)
, (2.1)

where v1 and v2 are the vacuum expectation values of the neutral components which

satisfy the relation:
√
v2

1 + v2
2 = 246 GeV after electroweak symmetry breaking. Assuming

a discrete Z2 symmetry imposed on the Lagrangian, we are left with six free parameters,

which can be chosen as four Higgs masses (mh, mH , mA, mH±), the mixing angle α

between the two CP-even Higgses, and the ratio of the two vacuum expectation values,

1Note that we use h0 and H0 to refer to the lighter or the heavier CP-even Higgs for models with two

CP-even Higgs bosons. When there is no need to specify, we use H to refer to the CP-even Higgses.

– 2 –

130



J
H
E
P
0
9
(
2
0
1
4
)
1
6
1

tanβ = v2/v1. In the case in which a soft breaking of the Z2 symmetry is allowed, there is

an additional parameter m2
12.

The mass eigenstates contain a pair of CP-even Higgses: h0, H0, one CP-odd Higgs,

A and a pair of charged Higgses H±:2

(
H0

h0

)
=

(
cosα sinα

− sinα cosα

)(
φ0

1

φ0
2

)
,

A

H±
= −G1 sinβ +G2 cosβ

= −φ±
1 sinβ + φ±

2 cosβ .
(2.2)

Two types of couplings that are of particular interest are ZAH0/h0 couplings and

H0/h0V V couplings, with V being the SM gauge bosons W± and Z. Both are determined

by the gauge coupling structure and the mixing angles. The couplings for ZAH0 and ZAh0

are [22]:

gZAH0 = −g sin(β − α)

2 cos θw
(pH0 − pA)µ , gZAh0 =

g cos(β − α)

2 cos θw
(ph0 − pA)µ , (2.3)

with g being the SU(2) coupling, θw being the Weinberg angle and pµ being the incoming

momentum of the corresponding particle.

The H0V V and h0V V couplings are:

gH0V V =
m2
V

v
cos(β − α) , gh0V V =

m2
V

v
sin(β − α) . (2.4)

Note that A always couples to the non-SM-like Higgs more strongly. If we demand

h0 (H0) to be SM-like, then | sin(β − α)| ∼ 1 (| cos(β − α)| ∼ 1) is preferred, and the

ZAH0 (ZAh0) coupling is unsuppressed. Therefore, in the h0-126 case, A is more likely to

decay to H0Z than h0Z, unless the former decay is kinematically suppressed. H0 → AZ

could also be dominant once it is kinematically open. Particularly for a heavy H0, as we

will demonstrate later in section 5, H0 → AZ can have a large branching fraction in the

sin(β − α) = ±1 regions. On the contrary, for H0 being SM-like with | cos(β − α)| ∼ 1,

A→ h0Z dominates over H0Z channel. For very light mA, h0 → AZ could also open. The

detectability of this channel, however, is challenging given the soft or collinear final decay

products from a light A. Therefore, for our discussion below, we will focus on the cases

A→ h0Z, H0Z and H0 → AZ only.

In the generic 2HDM, there are no mass relations between the pseudoscalar and the

scalar states. Thus, the decays A → h0Z, H0Z and H0 → AZ can happen in different

regions of parameter spaces. It was shown in ref. [23] that in the Type II 2HDM with

Z2 symmetry, imposing all experimental and theoretical constraints still leaves sizable

regions in the parameter space. In those parameter spaces, such exotic decays can have

unsuppressed decay branching fractions. It was also pointed out in ref. [11] that in the

Type I 2HDM, for cos2(α−β) > 1/2, the decay h0 → AZ will actually dominate the WW

decay for a light A. Results obtained in this study can also be applied to the CP-violating

2HDM in which Hi → HjZ could be sizable with Hi,j being mixtures of CP-even and CP-

odd states. Appropriate rescaling of the production cross sections and decay branching

fractions is needed to recast the results.
2For more details about the model, see ref. [11].
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The Higgs sector in the MSSM is more restricted, given that the quartic Higgs couplings

are fixed by the gauge couplings and the tree-level Higgs mass matrix only depends on mA

and tanβ. In the usual decoupling region with large mA, the light CP-even Higgs h0 is SM-

like while the other Higgses are almost degenerate: mH0 ∼ mA ∼ mH± . Thus, A → ZH0

or H0 → ZA is not allowed kinematically. A → Zh0 is typically suppressed by the small

coupling: cos(β − α) ∼ 0, and is only relevant for small tanβ. In the NMSSM, the Higgs

sector of MSSM is enlarged to include an additional singlet. It was shown in ref. [17] that

there are regions of parameter space where the decay Ai → HjZ can be significant.

3 Current experimental limits

Searches for the non-SM like Higgses, mainly in the bb, µµ, ττ or WW/ZZ channels have

been performed both by ATLAS and CMS. No evidence for a neutral non-SM like Higgs

was found.

Searches for the neutral Higgs bosons Φ of the MSSM in the process pp → Φ →
µ+µ−/τ+τ− have been performed by the ATLAS [24], and in the τ+τ−channel at CMS [25].

Limits in the µµ channel are much weaker given the extremely small branching fraction in

the MSSM. The production mechanisms considered were both gluon fusion and bb asso-

ciated production, and the exclusion results were reported for the MSSM mmax
h scenario.

The ATLAS study was performed at
√
s = 7 TeV with 4.7–4.8 fb−1 integrated luminosity

looking at three different possible ττ final states, τeτµ, τlepτhad, and τhadτhad. The ATLAS

search rules out a fairly sizable portion of the MSSM parameter space, extending from

about tanβ of 10 for mA ∼ 130 GeV, to tanβ ≈ 60 for mA = 500 GeV. The corresponding

exclusion in σΦ × BR(Φ → ττ) extends from roughly 40 pb to 0.3 pb in that mass range.

The CMS study was performed with 19.7 fb−1 integrated luminosity at 8 TeV and 4.9 fb−1

at 7 TeV in the τeτµ, τµτµ, τlepτhad, and τhadτhad final states. The search excludes roughly

between tanβ of 4 for mA = 140 GeV and tanβ ≈ 60 for mA = 1000 GeV. The corre-

sponding exclusion in σΦ × BR(Φ → ττ) extends from roughly 2 pb to 13 fb in that mass

range.

In figure 1, we recast the current 95% C.L. limit of pp→ Φ→ τ+τ− in the (mA, tanβ)

parameter space of the Type II 2HDM [25] (left panel) and the projected 5σ reach at

the 14 TeV LHC with 30 fb−1 luminosity [26] (right panel). In both plots, the solid black

curves correspond to the limits in the MSSM, when mA ≈ mH0 with both A and H0

contributing to the signal. The solid red curves correspond to the limits in the type II

2HDM, when only contribution from A is included and H0 is decoupled. The reach is

considerably weaker: the current exclusion is about tanβ ∼ 12 at mA = 160 GeV, and

tanβ ∼ 46 for mA = 600 GeV. At the 14 TeV LHC with 30 fb−1 luminosity, the 5σ reach

extends beyond the current exclusion for large mA. Dashed lines indicate the reduced reach

in the ττ channel once A → h0Z mode opens, for a benchmark point of sin(β − α) = 0,

mh0 = 50 GeV and mH0 = 126 GeV.

Searches with bb final states have also been performed for the MSSM Higgs in the

associated production pp → bΦ + X. The CMS search, done with 2.7–4.8 fb−1 of data at
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Figure 1. The reach of pp→ A→ ττ in mA − tanβ parameter space of the Type II 2HDM. Left

panel shows the current 95% C.L. exclusion limits from CMS [25] with 19.7 fb−1 data collected at

the
√
s = 8 TeV LHC. Right panel shows the projected 5σ discovery reach at the 14 TeV LHC with

30 fb−1 luminosity [26]. In both plots, the solid black curves correspond to the limits in the MSSM,

when mA ≈ mH0 with both A and H0 contributing to the signal. The solid red curves correspond

to the limits in the type II 2HDM, when only contribution from A is included and H0 is decoupled.

Also shown in the red dashed curves are the reduced ττ channel limits when A→ h0Z is open with

the parameter choice of sin(β − α) = 0, mh0 = 50 GeV and mH0 = 126 GeV.

√
s = 7 TeV excludes tanβ values between 18 and 42 in the mass range 90 GeV < mA <

350 GeV [27].

The ATLAS collaboration has also looked for the heavier CP-even Higgs in the Type

I and Type II 2HDM, assuming the lighter CP-even Higgs is the discovered 126 GeV bo-

son [28]. The study was performed with 13 fb−1 integrated luminosity at 8 TeV and con-

sidered both gluon fusion and vector boson fusion production. Searches in the process

H0 → WW → eµνeνµ exclude a significant region of the mH0 − cosα parameter space in

the mass range 135 GeV < mH0 < 200 GeV for the Type II 2HDM. The excluded region

shrinks for higher tanβ due to the reduced branching ratio to WW . This would serve as a

useful constraint if we were to look at decays of the relatively light H0 to light A’s. In this

paper, we consider values of mH outside this mass range so this constraint does not apply.

The CMS collaboration has also searched for the heavier CP-even Higgs H0 and a

heavy CP-odd Higgs A in 2HDM via the processes gg → A → h0Z and gg → H0 →
h0h0, assuming the lighter Higgs h0 is the discovered 126 GeV boson [29]. The study

was performed with 19.5 fb−1 integrated luminosity at 8 TeV. Various possible decays of

the SM-Higgs were taken into account. Assuming SM branching ratios for h0, this study

gives an upper bound on σ × BR(A → h0Z) of roughly 1.5 pb for mA between 260 and

360 GeV and σ×BR(H0 → h0h0) between 8 pb and 6 pb for masses mH0 between 260 GeV

and 360 GeV. The corresponding excluded parameter space for the Type II 2HDM in the

tanβ − cos(β − α) plane was also analyzed. In the analysis presented in this paper, we do

not necessarily require that the daughter Higgs in A → HZ to be the SM-like Higgs or

have SM-like branching ratios. Furthermore we also analyze the process H → AZ for light

A and its implication in the Type II 2HDM.
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4 Collider analysis

In this section, we will present model independent limits on the σ×BR for both 95% C.L.

exclusion and 5σ discovery for A/H → HZ/AZ in the various final states of bb``, ττ`` and

ZZZ(4`2j). In this study we focus on the leptonic decay of the Z, which allows precise

mass reconstruction and suppresses the background sufficiently. Other decay modes of the

Z, for example Z → ττ , might be useful in studying this channel as well. In the discussion

of the analyses and results below, we use the decay A → HZ for mA > mH + mZ as an

illustration. Since we do not make use of angular correlations, the bounds obtained for

A→ HZ apply to H → AZ as well with the values of mA and mH switched.

4.1 A/H → HZ/AZ → bb``

We start our analysis by looking at the channel A/H → HZ/AZ → bb`` for ` = e, µ,

focusing only on the gluon fusion production channels. We use H to refer to either the

light or the heavy CP-even Higgs. Since the only allowed couplings are of the typeH−A−Z,

if the parent particle is a scalar H, the daughter particle is necessarily a pseudoscalar A

and vice versa.

The dominant SM backgrounds for bb`` final states are Z/γ∗bb with leptonic Z/γ∗

decay, tt̄ with leptonically decaying top quarks, ZZ → bb``, and HSMZ [30–33]. We have

ignored the subdominant backgrounds from WZ, WW , HSM → ZZ, Wbb, Multijet QCD

Background, Zjj, Z`` as well as tWb. These backgrounds either have small production

cross sections, or can be sufficiently suppressed by the cuts imposed. We have included

HSMZ here even if the cross section is very small because it has the same final state as the

process under consideration, especially for the A → HSMZ case. The total cross sections

for these backgrounds can be found in table 1.

We use Madgraph 5/MadEvent v1.5.11 [34] to generate our signal and background

events. These events are passed to Pythia v2.1.21 [35] to simulate initial and final state

radiation, showering and hadronization. The events are further passed through Delphes

3.09 [36] with the Snowmass combined LHC detector card [37] to simulate detector effects.

For the signal process, we generated event samples at the 14 TeV LHC for gg → A→
HZ with the daughter particle mass fixed at 50, 126, and 200 GeV while varying the parent

particle mass in the range of 150–600 GeV. We applied the following cuts to identify the

signal from the backgrounds:3

1. Two isolated leptons, two tagged b’s.

n` = 2 , nb = 2 , with |η`,b| < 2.5 , pT,` > 10 GeV, pT,b > 15 GeV. (4.1)

For jet reconstruction, the anti-kT jet algorithm with R = 0.5 is used.

2. Lepton trigger [38, 39].

pT,`1 > 30 GeV or pT,`1 > 20 GeV, pT,`2 > 10 GeV. (4.2)

3Requiring the missing transverse energy to be small would potentially greatly reduce the tt̄ background.

However, including pile-up effects introduces 6ET in the signal events, which renders the cut inefficient. We

thank Meenakshi Narain and John Stupak for pointing this out to us.
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Figure 2. Normalized distribution (in percent as given by the color code along the y-axis) of mbb

versus mbb`` for the signal (left panel), and the backgrounds (Z/γ∗bb + ZZ + HSM + tt̄) (right

panel) for mA = 300 GeV and mH = 126 GeV. Two horizontal lines indicate the mbb range and

two slanted lines indicate the mbb`` range, as given in eq. (4.4).

3. Dilepton mass m``. We require the dilepton mass to be in the Z-mass window:

80 GeV < m`` < 100 GeV. (4.3)

4. mbb versus mbb``. We require the dijet mass mbb to be close to the daughter-Higgs

mass mH and the mass mbb`` to be close to the parent-Higgs mass mA. These two

invariant masses are correlated, i.e., if we underestimate mbb we also underestimate

mbb``. To take this into account we apply a two-dimensional cut:

(0.95−wbb)×mH < mbb < (0.95+wbb)×mH with wbb = 0.15 ,

mZ+mH

mA
×(mbb``−mA−wbb``) < mbb−mH <

mZ+mH

mA
×(mbb``−mA+wbb``) ,

(4.4)

where wbb×mH is the width of the dijet mass window. Note that the slightly shifted

reconstructed Higgs mass mbb (0.95mH instead of mH) is due to the reconstruction

of the b-jet with a small size of R = 0.5. The second condition describes two lines

going through the points (mA ± wbb``,mH) with slope (mZ + mH)/mA. We choose

a width for the mbb`` peak of wbb`` = Max(ΓHSM
|mA , 0.075mA) where ΓHSM

|mA is the

width of a SM Higgs with mass mA [40]. This accounts for both small Higgs masses

for which the width of the peak is caused by detector effects and large Higgs masses

for which the physical width dominates.

The effectiveness of this cut is shown in figure 2 for mA = 300 GeV and mH =

126 GeV, with two horizontal lines indicating the mbb range and two slanted lines

indicating the mbb`` range as given in eq. (4.4). Left and right panels show the

normalized distributions for the signal and the backgrounds, respectively. The color

coding is such that points in dark red are most likely, with the probability falling as
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Figure 3. Normalized transverse momentum distribution
∑
` pT versus

∑
b jets pT for the signal

(left panel) and the backgrounds (right panel) for mA = 500 GeV and mH = 126 GeV. Two red

lines indicate the conditions used in the cuts as given in eq. (4.5).

we reach dark blue as indicated on the right color panel in each plot. The numbers

in this panel represent the percentage of the number of events that survive in each

bin for the corresponding color. The signal region in each plot is the region bounded

by the two pairs of slanting and horizontal lines. As expected, we see that most of

the signal events fall within this strip, while the backgrounds mostly lie outside it.

5. Transverse momentum. We require the sum of the transverse momenta of the bottom

jets and the sum of the transverse momenta of the bottom jets and leptons to satisfy:

∑

b jets

pT > 0.6× m2
A +m2

H −m2
Z

2mA
,

∑

`, b jets

pT > 0.66×mA .
(4.5)

The cuts given in eq. (4.5) follow from simple relativistic kinematics applied to the

process as applicable to the entire momenta, i.e.,
∑

b jets pbi =
m2
A+m2

H−m2
Z

2mA
assuming

that the parent Higgs A is at rest. We have chosen to specialize this formula to the

transverse part alone, including an optimization factor of 0.6. In figure 3, we show

how this pT cut helps in extracting the signal over the backgrounds for the case where

the parent mass is 500 GeV and the daughter mass is 126 GeV. The regions of the

plot to the left of the two lines are excluded. It can be seen that while the signal is

largely intact, a good portion of the backgrounds gets cut out.

In table 1, we show the signal and background cross sections with cuts for signal

benchmark point of mA = 300 GeV and mH = 126 GeV at the 14 TeV LHC. We have

chosen a nominal value for σ×BR(gg → A/H → HZ/AZ → bb``) of 100 fb to illustrate the

cut efficiencies for the signal process. In the last column, S/
√
B is shown for an integrated
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Cut Signal [fb] bb`` [fb] HSMZ [fb] tt [fb] S/B S/
√
B

σtotal 2.21×106 883 9.20×105 − −
Leptonic decay 100 2.21×106 59.4 2.15×104 − −
Two leptons, two b’s [eq. (4.1)] 6.35 343 3.44 1409 0.0036 2.63

Lepton trigger [eq. (4.2)] 6.35 336 3.44 1394 0.0037 2.65

m`` [eq. (4.3)] 5.76 285 3.13 189 0.012 4.59

mbb vs mbb`` [eq. (4.4)] 3.03 11.5 0.401 11.5 0.14 11.5
∑
pT,b,

∑
(pT,b+pT,`) [eq. (4.5)] 2.81 8.11 0.361 8.38 0.17 12.0

Table 1. Signal and background cross sections with cuts for the signal benchmark point mA =

300 GeV and mH = 126 GeV at the 14 TeV LHC. We have chosen a nominal value for σ×BR(gg →
A→ HZ → bb``) of 100 fb to illustrate the cut efficiencies for the signal process. In the last column,

S/
√
B is shown for an integrated luminosity of L = 300 fb−1.
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Figure 4. The 95% C.L. exclusion (left) and 5σ discovery (right) limits for σ × BR(gg → A →
HZ → bb``) for mH = 50 GeV (blue), 126 GeV (red), and 200 GeV (green) at the 14 TeV LHC. The

dashed, solid and dot-dashed lines correspond to an integrated luminosity of 100, 300 and 1000 fb−1,

respectively. Here, we have assumed a 10% systematic error on the backgrounds. These results are

equally applicable to the H → AZ process for the same parent and daughter Higgs masses.

luminosity of L = 300 fb−1. Note that for both the signal and the backgrounds, the biggest

reduction of the cross sections arises upon demanding exactly two isolated leptons and b

jets. In fact, the signal cross section drops from 100 fb to 6.35 fb at this stage. The two b

tag efficiencies bring down the cross section by 0.72 ≈ 50%. Other contributing factors are

leptons and b jets that are either soft or in the forward direction, or non-isolated leptons

and b jets. We also remark that the m`` cut does not have a significant effect on either the

signal or the bb`` and HSMZ backgrounds since these are dominated by the leptons coming

from Z, but does have a pronounced effect on the tt̄ background. The second to last row

clearly demonstrates the efficacy of the two dimensional cut in the mbb −mbb`` plane.

In figure 4, we display the results at the 14 TeV LHC for 95% C.L. exclusion (left panel)

and 5σ discovery (right panel) limits for σ×BR(gg → A→ HZ → bb``), which applies for

H → AZ as well with mA and mH switched. The blue, red, and green curves correspond

to the daughter particle being 50 GeV, 126 GeV, and 200 GeV, respectively. The masses

of the daughter particle are chosen such that they represent cases with a light Higgs, a

SM-like Higgs, as well as a heavy Higgs that can decay to WW/ZZ. For each mass,

– 9 –

137



J
H
E
P
0
9
(
2
0
1
4
)
1
6
1

we have displayed the results for three luminosities: 100 fb−1 (dashed), 300 fb−1 (solid),

and 1000 fb−1 (dot-dashed), with 10% systematic error included [41]. Better sensitivity

is achieved for larger mA since the mass cuts on mbb and mbb`` have a more pronounced

effect on SM backgrounds for larger masses. The limit, however, gets worse for the mH =

50 GeV case when mA & 400 GeV (blue curves). This is due to the decrease of the signal

cut efficiency for a highly boosted daughter particle with two collimated b jets. For the

interesting case where the daughter particle is 126 GeV, it is seen that the discovery limits

for a 300 fb−1 collider fall from about 0.7 pb for mA of 225 GeV, to less than 20 fb for a

600 GeV parent particle. These numbers do not change appreciably between the three

chosen luminosity values, except for the case of mH = 50 GeV and mA & 400 GeV. This

is because we have chosen a uniform 10% systematic error on the backgrounds, which

dominates the statistical errors for most of the parameter region. For a given parent

particle mass mA, limits are better for smaller mH = 50 GeV. This is because the mbb

distribution for the dominating Zbb and tt backgrounds peaks around higher masses mbb ≈
70–200 GeV and therefore the background rejection efficiency for mbb ≈ 50 GeV is high.

For mH = 126 and 200 GeV the background rejection efficiencies are comparable but for

mH = 200 GeV the signal cut efficiency is worse and hence the exclusion limits are the

highest for mH = 200 GeV.

We reiterate here these exclusion and discovery limits are completely model indepen-

dent. Whether or not discovery/exclusion is actually feasible in this channel should be

answered within the context of a particular model, in which the theoretically predicted

cross sections and branching fractions can be compared with the exclusion or discovery

limits. We will do this in section 5 using Type II 2HDM as a specific example.

4.2 A/H → HZ/AZ → ττ``

We now turn to the process gg → A/H → HZ/AZ → ττ``. Since we want to reconstruct

the final state particles unambiguously, we will employ τ tags and thus will only consider

fully hadronic τ decays. While the signal is typically suppressed compared to the bb`` case

due to the smaller H → ττ branching fraction, the SM backgrounds [32, 33] are much

smaller due to the absence of b jets in the final states. The dominant background is ZZ.

We have also included HSMZ background even though it is negligible for most cases.

Here, we list the cuts employed:

1. Two isolated leptons and two tagged τ ’s.

n` = 2 , nτ = 2 , with |η`,τ | < 2.5 , pT,` > 10 GeV, pT,τ > 20 GeV. (4.6)

We do not impose jet veto.

2. Lepton trigger.

pT,`1 > 30 GeV or pT,`1 > 20 GeV, pT,`2 > 10 GeV. (4.7)

3. Dilepton mass m``.

80 GeV < m`` < 100 GeV. (4.8)
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Figure 5. Normalized distribution of mττ versus mττ`` for the signal (left panel), the backgrounds

(right panel) for mA = 300 GeV and mH = 126 GeV. Two horizontal lines indicate the mττ range

and two slanted lines indicate the mττ`` range, as given in eq. (4.9).

4. mττ versus mττ``. The expected Higgs mass is shifted more towards smaller values

compared to the bb case. This is because of the hadronic decay of τ with missing

energy carried away by neutrinos. Our 2-D cuts are modified as follows:

(0.7−wττ )×mH < mττ < (0.7+wττ )×mH with wττ = 0.3 ;

mZ+mH

mA
×(mττ``−mA−wττ``) < mττ−mH <

mZ+mH

mA
×(mττ``−mA+wττ``) ,

(4.9)

with wττ`` = Max(ΓHSM
|mA , 0.075mA). We show the normalized 2-D distribution as

well as cuts imposed as indicated by red lines in figure 5 for the signal (left panel)

and the backgrounds (right panel). The cut filters out most of the backgrounds while

retaining the signal, yielding a good S/
√
B value.

5. Transverse momentum.

∑

τ

pT > 0.4× m2
A +m2

H −m2
Z

2mA
,

∑

`, τ

pT > 0.66×mA .
(4.10)

The looser cut on
∑

τ pT compared to the bb`` case is again due to the extra missing

ET in the τ decay.

In table 2, we present the cross sections after the individual cut is imposed sequentially.

We take a nominal signal cross section of 10 fb to illustrate the efficiency of the chosen cuts.

Again, the 2-D mττ −mττ`` cut improves the S/
√
B value significantly.

In figure 6, we show the 95% C.L. exclusion and 5σ discovery reach in σ × BR(gg →
A → HZ → ττ``) for the 14 TeV LHC. The general feature of these plots follows that of
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Cut Signal [fb] ττ`` [fb] HSMZ [fb] S/B S/
√
B

σtotal 218 883 − −
leptonic decay 10 218 3.02 − −
Two leptons, two τ ’s [eq. (4.6)] 0.43 1.622 0.1136 0.2684 5.921

Lepton trigger [eq. (4.7)] 0.43 1.572 0.1134 0.2768 6.011

m`` [eq. (4.8)] 0.39 1.312 0.1031 0.301 5.869

mττ vs mττ`` [eq. (4.9)] 0.29 0.3029 0.023 0.9643 9.192
∑
pT,τ ,

∑
(pT,τ+pT,`) [eq. (4.10)] 0.18 0.064 0.013 2.872 12.68

Table 2. Signal and background cross sections with cuts for signal benchmark point of mA =

300 GeV and mH = 126 GeV at the 14 TeV LHC. We have chosen a nominal value for σ×BR(gg →
A→ HZ → ττ``) of 10 fb to illustrate the cut efficiencies for the signal process. In the last column,

S/
√
B is shown for an integrated luminosity of L = 300 fb−1.
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Figure 6. The 95% C.L. exclusion (left) and 5σ discovery (right) limits for σ × BR(gg → A →
HZ → ττ``) for mH = 50 GeV (blue), 126 GeV (red), and 200 GeV (green) at the 14 TeV LHC.

The dashed, solid and dot-dashed lines correspond to an integrated luminosity of 100, 300 and

1000 fb−1, respectively. A 10% systematic error on the backgrounds is assumed as well.

figure 4, particularly with highly boosted daughter particles making τ identification more

challenging, as shown by the blue curves for 50 GeV daughter particle mass, which exhibit

worse limits for mA > 400 GeV. The exclusion limits are lowest for small mH = 50 GeV and

also for high mH = 200 GeV since the dominating ZZ background peaks at mττ ≈ 90 GeV

and therefore our mττ mass cut leads to a high background rejection for lower or higher

mH . Since the statistical error dominates the 10% systematic error, the σ×BR limits scale

roughly with 1/
√
L, as indicated by the dashed, solid and dot-dashed lines for different

luminosities.

Compared to the bb`` case, the σ×BR reach in ττ`` case is better due to significantly

lower SM backgrounds. For the 126 GeV daughter particle case with 300 fb−1, the 5σ dis-

covery reach varies from about 20 fb for parent mass of 225 GeV to about 3 fb for 600 GeV.

Thus, given the typical ratio of Br(H/A → bb) : Br(H/A → ττ) ∼ 3m2
b/m

2
τ , the reach in

ττ`` can be comparable or even better than bb`` channel, in particular, for smaller parent

Higgs masses.
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4.3 A→ HZ → ZZZ → 4`+ 2j

We now consider the case where the daughter particle decays to a pair of Z bosons, which

only applies to A→ HZ → ZZZ. This process involves a trade-off between having a clean

final state with suppressed backgrounds and suppressed signal cross section for detection.

We find that the best final states combination that yields signal cross sections that are

not too suppressed in realistic models with controllable backgrounds is the 4` + 2j final

state: A → HZ → ZZZ → 4` + 2j. The SM backgrounds for this process come from

the single, double and triple vector boson processes including additional jets as well as tt̄

background [37, 42, 43].

Note that the Z’s from the H decay could be either on-shell or off-shell depending

on mH . We will display our results for two cases: one where one of the final state Z’s is

necessarily off-shell, and another where both are on-shell. We will find that the latter case

leads to much better discovery prospects.

We applied the following set of cuts:

• Four isolated leptons, two jets.

n` = 4 , nj ≥ 2 , with |η`| < 2.5 , pT,` > 10 GeV, |ηj | < 5 , pT,j > 20 GeV. (4.11)

For jet reconstruction, we use the anti-kT jet algorithm with R = 0.5. We also require

the leptons to satisfy the lepton trigger as in eq. (4.2).

• Three Z-candidates. We reconstruct the hadronically decaying Z using the 2 hardest

jets. To reconstruct the leptonically decaying Z’s:

– 4e or 4µ. If we have 4e or 4µ, we first find the combination of electrons or

muons with opposite charge that is closest to the Z-mass. The other 2 electrons

or muons are combined to find the last Z.

– 2e2µ. Here, we combine the same flavored leptons in a straightforward manner.

• Z masses. We require the hardonically decaying Z1, the well reconstructed lepton-

ically decaying Z2 and the final reconstructed leptonically decaying Z3 to be in the

following windows:
60 GeV < mZ1 < 115 GeV.

80 GeV < mZ2 < 100 GeV.

mmin < mZ3 < 115 GeV.

(4.12)

Here, we assume Z1 to be on-shell. However, we allow for the possibility that Z3

could be far off-shell. The mmin employed here mimics the LHC search strategy for

the SM Higgs, and its value depends on the Higgs mass and can be found in table 2

of ref. [44].

• mH and mA. The Z produced in the A decay typically has a higher pT than the Z’s

produced in H decay. Therefore we assume that the lower pT Z’s are coming from

the H. For the reconstructed H with mass mZZ and A with mass mZZZ we require:

0.9mH < mZZ < 1.1mH (4.13)

0.875mA < mZZZ < 1.125mA . (4.14)
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Cut mH = 126 GeV mH = 200 GeV BG [fb] S/B S/
√
B

Leptonic decay 1.0 10 −
Four leptons, two jets [eq. (4.11)] 0.14 2.78 2.592 1.07 29.9

Z-mass [eq. (4.12)] 0.027 1.03 0.6027 1.71 23.1

mZZ [eq. (4.13)] 0.012 0.73 0.2118 3.49 27.9

mZZZ [eq. (4.14)] 0.0094 0.54 0.0905 5.98 31.2

Table 3. Signal and background cross sections with cuts for signal benchmark point of mA =

400 GeV and mH = 126 or 200 GeV at the 14 TeV LHC. We have chosen a nominal value for

σ × BR(gg → A → HZ → ZZZ → 4` + 2j) of 1.0 fb (for 126 GeV mH) and 10 fb (for 200 GeV

mH) to illustrate the cut efficiencies for the signal process. The total background cross section after

cuts is shown by imposing the cuts for the mH = 200 GeV case. S/B and S/
√
B are given for the

mH = 200 GeV benchmark point. In the last column, S/
√
B is shown for an integrated luminosity

of L = 300 fb−1.

In table 3, we show the cross sections after cuts for two signal benchmark points

mH = 126 GeV and 200 GeV with mA fixed at 400 GeV, as well as for the SM backgrounds.

For mH = 126 GeV, we choose a signal cross section of 1 fb.4 For mH = 200 GeV, we use

a cross section of 10 fb assuming BR(H → ZZ) is 25% for mH = 200 GeV. For the

mH = 126 GeV case, due to the off-shell Z decay, the cut efficiencies for identifying four

leptons and two jets, as well as reconstructed mZZ cuts are fairly low. Coupled with

the small branching fraction of H → ZZ∗, the number of surviving events is about 1

for 100 fb−1 after all cuts are imposed. However, this channel becomes quite promising

for heavier daughter masses when all Z’s in the final state are on-shell, as shown for the

benchmark point of mH = 200 GeV.

We note that the nominal value for the cross section that is used in table 3 can, in

typical BSM scenarios, be enhanced at small tanβ, due to the top loop contributions to

the gluon fusion production, as well as the suppression of the H → bb branching fraction.

Figure 7 shows the 95% C.L. exclusion and 5σ discovery at the 14 TeV LHC for different

integrated luminosities: L = 100 fb−1, 300 fb−1, and 1000 fb−1. Even for L = 300 fb−1, the

discovery limits vary only between about 3 fb and 1.5 fb with 200 GeV mH for mA between

300 GeV and 600 GeV. Thus, the only challenge in this channel is to have high enough

signal cross sections, as the SM backgrounds prove to be less of a threat compared to the

bb`` final state.

5 Implications for the Type II 2HDM

The decays A/H → HZ/AZ appear in many models that have an extension of the SM

Higgs sector. In this section, we illustrate the implications of the exclusion or discovery

limits of bb``, ττ`` and ZZZ(4`2j) searches on these models using Type II 2HDM as an

explicit example.

4Particularly, the number is arrived at by taking gluon fusion cross section of 9 pb for a 400 GeV CP-odd

Higgs, and assuming BR(A→ HZ) = 50% and Br(H → ZZ∗) = 2.64% for a 126 GeV Higgs.
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Figure 7. The 95% C.L. discovery and 5σ exclusion limits at the 14 TeV LHC in the channel

gg → A → HZ → ZZZ → 4` + 2j for mH = 126 GeV (red) and mH = 200 GeV (green). The

dashed, solid and dot-dashed lines correspond to an integrated luminosity of 100, 300 and 1000 fb−1,

respectively. A 10% systematic error on the backgrounds is assumed as well.

ξV Vh0 sin(β − α) ξV VH0 cos(β − α) ξV VA 0

ξuh0 cosα/ sinβ ξuH0 sinα/ sinβ ξuA cotβ

ξd,l
h0 − sinα/ cosβ ξd,l

H0 cosα/ cosβ ξd,lA tanβ

Table 4. The multiplicative factors ξ by which the couplings of the CP-even Higgses and the CP-

odd Higgs to the gauge bosons and fermions scale with respect to the SM value. The superscripts

u, d, l and V V refer to the up-type quarks, down-type quarks, leptons, and WW/ZZ respectively.

In the Type II 2HDM, one Higgs doublet Φ1 provides masses for the down-type quarks

and charged leptons, while the other Higgs doublet Φ2 provides masses for the up-type

quarks. The couplings of the CP-even Higgses h0, H0 and the CP-odd Higgs A to the SM

gauge bosons and fermions are scaled by a factor ξ relative to the SM value, which are

presented in table 4.

The implication of the current Higgs search results on the Type II 2HDM has been

studied in the literature [15, 16, 18, 23, 45–48]. In particular, a detailed analysis of the

surviving regions of the Type II 2HDM was performed in [23], considering various theoret-

ical constraints and including the latest experimental results from both the ATLAS and

the CMS. Either the light or the heavy CP-even Higgs can be interpreted as the observed

126 GeV SM-like Higgs, with very different preferred parameter regions. In the h0-126

case, we are restricted to narrow regions with sin(β − α) ∼ ± 1 with tanβ up to 4 or an

extended region in 0.55 < sin(β − α) < 0.9 with 1.5 < tanβ < 4. The masses mH0 , mH± ,

and mA are, however, relatively unconstrained. In the H0-126 case, we are restricted to

a narrow region of sin(β − α) ∼ 0 with tanβ up to about 8, or an extended region of

sin(β − α) between −0.8 to −0.05, with tanβ extending to 30 or higher. mA and mH±

are nearly degenerate due to ∆ρ constraints. Imposing the flavor constraints in addition

further narrows down the preferred parameter space.

Given the different parameter dependence of the gluon fusion cross section for A and

H0, the branching fractions of h0, H0 and A, as well as the coupling difference between
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{mA,mH0 ,mh0}GeV A→ h0Z A→ H0Z H0 → AZ Favored region

BP1: {400, 126, 50} 3 3 7 sin(β − α) ≈ 0

BP2: {400, 200, 126} 3 3 7 sin(β − α) ≈ ±1

BP3: {300, 400, 126} 3 7 Marginal sin(β − α) ≈ ±1

BP4: {50, 400, 126} 7 7 3 sin(β − α) ≈ ±1

BP5: {200, 400, 126} 7 7 3 sin(β − α) ≈ ±1

Table 5. Benchmark points shown for illustrating the discovery and exclusion limits in the processes

considered in the context of the Type II 2HDM. The checkmarks indicate kinematically allowed

channels. Also shown are the typical favored region of sin(β − α) for each case (see ref. [23]).

h0AZ and H0AZ, we can identify three different classes of processes: gg → A → h0Z,

gg → A→ H0Z, and gg → H0 → AZ when interpreting the exclusion and discovery limits

from the previous sections. We do not consider the decay of h0 → AZ since this channel

is experimentally challenging given that both h0 and A are relatively light.

In table 5, we list the benchmark points that we use for the interpretation of the

exclusion and discovery bounds in the Type II 2HDM. BP1 is the only H0-126 case while

BP2–BP5 are for the h0-126 case. Both BP1 with (mA,mH0 ,mh0) = (400, 126, 50) GeV

and BP2 with (mA,mH0 ,mh0) = (400, 200, 126) GeV are designed for both gg → A→ H0Z

and gg → A→ h0Z as both modes are kinematically open. BP2 with mH0 = 200 GeV, in

particular, allow us to study the implication of ZZZ(4`2j) search through gg → A→ H0Z.

BP3 with (mA,mH0 ,mh0) = (300, 400, 126) GeV is designed for A → h0Z with the H0

decoupled. We also choose mA to be below the tt̄ threshold. BP4 with (mA,mH0 ,mh0) =

(50, 400, 126) GeV and BP5 with (mA,mH0 ,mh0) = (200, 400, 126) GeV are designed for

the study of gg → H0 → AZ. Also shown in table 5 are the preferred regions in sin(β−α)

once all the theoretical and experimental constraints are imposed, following ref. [23].

Note that in our study, we have decoupled the charged Higgs so that it does not

appear in the decay products of A or H. For a light charged Higgs that is accessible

in the decays of A/H → H±W∓, H+H−, decay branching fractions of A/H → HZ/AZ

will decrease correspondingly, which reduces the reach of this channel. However, the new

decay channels involving the charged Higgs might provide new discovery modes for A or

H, which have been explored elsewhere [49–53]. In particular, for A/H → H±W∓, H+H−

with H± → τ±ν, the spin correlation in the τ decay can be used to identify the signal from

the SM backgrounds. The sensitivity of this channel involving H± in the intermediate to

large tanβ region provides a nice complementarity to the A/H → HZ/AZ channels [49].

To be more general, in the discussion below when we interpret the search results of

bb``, ττ`` and ZZZ(4`2j) channels in the model parameter space, we do not restrict

ourselves to the narrow preferred parameter regions for h0-126 or H0-126 case as shown

in ref. [23]. In particular, we consider the broad range of −1 ≤ sin(β − α) ≤ +1 and

1 ≤ tanβ ≤ 50. This is because the allowed regions would change if a soft Z2 symmetry

breaking is incorporated which ref. [23] did not deal with. Furthermore, the Higgs sector of

2HDM and the subsequent symmetry breaking structure is rather general and the results
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Figure 8. Contours of σ(gg → A) normalized to the SM value in the mA− tanβ plane (left panel)

and σ(gg → A) at the 14 TeV LHC in unit of pb (right panel).

presented in this section can be interpreted in the context of any such model if the Higgs

couplings to the fermions follow a similar pattern. We do, however, point out the interplay

between the exotic Higgs decay channels and the SM-like Higgs search results at the end

of each discussion.

5.1 gg → A→ h0Z

We compute the production cross section for the CP-odd Higgs A by a simple rescaling of

the SM Higgs cross section as follows:

σ(gg → A) = σSM ×
| cotβ FA1/2(τt) + tanβ FA1/2(τb)|2

|F h1/2(τt) + F h1/2(τb)|2
, (5.1)

where τf = 4m2
f/m

2
A and the scalar and pseudoscalar loop factors F h1/2 and FA1/2 are given

by [22]:

FA1/2 = −2τf(τ) , F h1/2 = −2τ
[
1 + (1− τ)f(τ)

]
, (5.2)

and

f(τ) =

{[
sin−1(1/

√
τ)
]2

τ ≥ 1 ,

−1
4

[
ln(η+/η−)− iπ

]2
τ < 1 ,

(5.3)

with η± ≡ 1 ±
√

1− τ . We have ignored the contribution from other Higgses in the loop,

which is typically small. The left panel of figure 8 shows the contour plot of the σ(gg → A)

normalized to that of the SM Higgs with the same mass. The tanβ dependence is due to

the Att and Abb couplings, while the mass dependence comes from the different dependence

of F1/2(τf ) on τf for pseudoscalar compared to a scalar. Enhancements over the SM value

is possible for large tanβ at small mA due to the bottom loop, or small tanβ for all values

of mA due to the top loop. The bump in the plot for mA around 350 GeV corresponds

to top threshold effects. Note that for A, the production cross section only depends on
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Figure 9. Contour plot of BR(A→ h0Z) for BP1 (left panel), and BP3 (right panel). Also marked

in each plot is the corresponding values of (mA, mH0 , mh0) for each benchmark point.

tanβ and is independent of α. Also shown in the right panel of figure 8 are contours of

σ(gg → A) in the mA − tanβ plane for the 14 TeV LHC, with the cross sections for the

SM Higgs production obtained from refs. [40, 54]. Significant cross sections of 10 pb or

more are possible for large mA up to 500 GeV for small tanβ. Cross sections of similar

magnitude are also possible at large tanβ due to the bottom loop enhancement effects,

albeit only for relatively small mA.

In figure 9, we show contour plots of BR(A → h0Z) for BP1 (left panel) and BP3

(right panel). BR(A→ h0Z) always maximizes at sin(β − α) = 0, and decreases for larger

| sin(β−α)|, since gZAh0 ∼ cos(β−α). For BP1 with (mA,mH0 ,mh0) = (400, 126, 50) GeV,

both A→ h0Z and A→ H0Z open, with the coupling of the latter process proportional to

sin(β−α). Therefore, BR(A→ h0Z) decreases more rapidly when | sin(β−α)| gets bigger.

BR(A → h0Z) decreases at large tanβ as A → bb becomes more and more important.

For mA > 2mt, A → tt becomes competitive at low tanβ, which correspondingly reduces

BR(A→ h0Z) further in that region. For BP2 with (mA,mH0 ,mh0) = (400, 200, 126) GeV,

the behavior of BR(A→ h0Z) is very similar to that of BP1.

For BP3 with (mA,mH0 ,mh0) = (300, 400, 126) GeV, only A → h0Z opens with no

competitive process from A → H0Z and A → tt. Therefore, comparing to BP1, BR(A →
h0Z) decreases much slower as sin(β−α) approaches ±1. BR(A→ h0Z) is also maximized

at smaller tanβ due to both the absence of A→ tt and the suppression of A→ bb.

To compare with the exclusion and discovery limits in the bb``, ττ`` channels, it is

also important to know the branching fractions of h0 → bb, ττ , which depend mostly on

mh0 . For BP1 with mh0 = 50 GeV, we used BR(h0 → bb) = 82% and BR(h0 → ττ) = 8%.

For the other benchmark points with h0 being the SM-like 126 GeV Higgs, the branching

fraction is obtained by rescaling the SM value of the BR with relevant coupling coefficients

as given in table 4. We show a contour plot of BR(h0 → bb) in figure 10 for h0 being the

126 GeV Higgs. While h0 → bb reaches 80% and saturates in most of the parameter space,
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Figure 10. Branching ratio of h0 → bb for h0 being the 126 GeV Higgs.
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Figure 11. The 95% exclusion (yellow regions encoded by the solid lines) and 5σ discovery (cyan

regions enclosed by the dashed lines) for gg → A → h0Z in the tanβ versus sin(β − α) plane,

corresponding to an integrated luminosity of 100 fb−1 at the 14 TeV LHC for BP1 (left panel),

BP2 (middle panel) and BP3 (right panel). The red curves correspond to the bb`` final state while

the blue curves are the results for ττ``. Also marked in each plot is the corresponding values of

(mA, mH0 , mh0) for each benchmark point.

there is a wedge shaped region around 0.5 < sin(β−α) < 1 at small tanβ in which h0 → bb

could be suppressed.

In figure 11, we show the LHC 100 fb−1 discovery/exclusion reach for gg → A→ h0Z

in the bb`` (red curves) and ττ`` (blue curves) channels for BP1 (left panel), BP2 (middle

panel) and BP3 (right panel). 95% Exclusion regions are shown as yellow regions enclosed

by the solid lines while the 5σ discovery regions are the cyan regions enclosed by the

dashed lines. Each plot also indicates the corresponding values of (mA, mH0 , mh0) for

each specific benchmark point. For all the plots, the discovery region for either case is

restricted to tanβ ≤ 5 where the gluon-fusion cross section is enhanced from the top-

loop contribution. For BP1 with mA = 400 GeV and a small mass of mh0 = 50 GeV,
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Figure 12. The 95% exclusion (yellow regions enclosed by the solid curves) and 5σ discovery (cyan

regions enclosed by dashed curves) in the mA− tanβ plane for gg → A→ h0Z with mh0 = 50 GeV,

sin(β − α) = 0, mH0 = 126 GeV (left panel) and mh0 = 126 GeV, sin(β − α) = 0.6, mH0 = 1 TeV

(right panel), corresponding to an integrated luminosity of 100 fb−1 at the 14 TeV LHC. In either

plot, the red and blue curves refer to the limits of bb`` and ττ`` channels respectively.

the experimental reach on σ × BR is the best. Discovery is possible for all values of

−1 < sin(β − α) < 1 for tanβ up to 5, while the exclusion region covers tanβ . 14 or

large tanβ & 16 with −0.8 < sin(β − α) < 0.8. Exclusion or discovery regions with ττ``

channel, shown in regions enclosed by the blue curves, are smaller compared to the regions

in the bb`` channel.

For BP2 with mA = 400 GeV and mh0 = 126 GeV, regions of tanβ < 10 or tanβ > 32

will be excluded if no signal is detected, and regions of tanβ < 4 can be discovered if

there are positive signals. For BP3 with mA = 300 GeV and mh0 = 126 GeV, the exclusion

and discovery regions shrink further at small tanβ. The wedge-shaped region toward

sin(β − α) = 1 corresponds to the wedge region in figure 10. Our results agree with that

of ref. [21] for A→ h0Z with h0 being the SM-like Higgs.

We note the interesting feature that the bb`` limits are better than the ττ`` ones for

BP1 and BP2, while the behavior flipped for BP3. This is because ττ`` typically has

better reach than bb`` process at small mA, while bb`` does better at large mA, when the

BR(h0 → bb)/BR(h0 → ττ) ∼ 3m2
b/m

2
τ is taken into account.

Given the smallness of the branching fraction of h0 → ZZ for the mh0 values chosen,

the ZZZ channel will not be useful in probing the parameter space with gg → A→ h0Z.

We also note that for the H0-126 case (BP1) with the favored region to interpret H0 as

the SM-like Higgs being around sin(β−α) ∼ 0, gg → A→ h0Z will be extremely useful in

probing this region. For the h0-126 case (BP2 and BP3), the favored region to interpret

h0 as the SM-like Higgs is around sin(β − α) = ±1. Even though the A→ h0Z branching

ratio is typically suppressed when sin(β − α) approaches ±1, we could still have reach in

sin(β − α) extending fairly close to ±1.

In the left panel of figure 12, we show the reach in tanβ versus mA plane for mh0 =

50 GeV and sin(β − α) = 0, with 95% C.L. exclusion (yellow regions enclosed by the solid

curves) and 5σ discovery (cyan regions enclosed by dashed curves) given for bb`` channel

(red lines) and ττ`` channel (blue lines). While ττ`` is more sensitive at low mA, bb``
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Figure 13. Contour plot of BR(A → H0Z) for BP1 (left panel) and a comparison point of

(mA,mH0 ,mh0) = (300, 200, 126) GeV (right panel).

extends the reach at large mA. In general, small tanβ (lower region) or large tanβ (top

region) are within reach due to the enhancement of the top and bottom Yukawa couplings

in those regions. For small tanβ ∼ 1, almost all values of mA up to 600 GeV can be

covered, with regions of mA shrink for increasing tanβ. At large tanβ & 10, small mA can

not be approached due to the weakening of the experimental limit, while large mA can not

be approached due to the decreasing of the signal cross sections.

In the right panel of figure 12, we show the reach in mA−tanβ plane for mh0 = 126 GeV

and sin(β − α) = 0.6. Note that we have chose a value for sin(β − α) that is consistent

with the current Higgs search results [23] of a 126 GeV h0 while still allowing a sizable

branching fraction for A→ h0Z. We have decoupled the heavy CP-even Higgs H0 so that

A → H0Z does not occur. Given the reduced branching fraction for A → h0Z, as well

as the worse exclusion/discovery limits, the exclusion and discovery regions are smaller,

compared to the left panel with mh0 = 50 GeV, sin(β − α) = 0. In particular, only regions

with tanβ . 8 or a small region in tanβ & 50 around mA ∼ 450 GeV are viable.

5.2 gg → A→ H0Z

A→ H0Z opens once it is kinematically accessible. Since mh0 < mH0 , A→ h0Z is always

accessible and more favorable in phase space. Whether A→ H0Z dominates or not depends

largely on sin(β−α), which controls the coupling of ZAH0 as well as ZAh0. Figure 13 shows

the contours of BR(A→ H0Z) in the parameter space of tanβ versus sin(β − α), for BP1

in the left panel. Contrary to the A→ h0Z case as shown in figure 9, the branching ratios

become larger for larger | sin(β − α)|, which is maximized at sin(β − α) = ±1, consistent

with eq. (2.3). While the branching fractions are largely independent of tanβ, for small

tanβ . 2, BR(A → H0Z) decreases due to the competition from A → tt. The behavior

of BR(A → H0Z) in BP2 with (mA,mH0 ,mh0) = (400, 200, 126) GeV is very similar to

that of BP1 with (mA,mH0 ,mh0) = (400, 126, 50) GeV. The branching fraction is slightly

smaller compared to that of BP1 due to the relatively larger phase space suppression of
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Figure 14. Contour plots of BR(H0 → bb) for BP1 (left panel) and BP2 (right panel).

A → H0Z. As a comparison of the phase space effects, we show BR(A → H0Z) for

(mA,mH0 ,mh0) = (300, 200, 126) GeV in the right panel. The branching fraction is less

than 10% over almost the entire parameter space. It is also evident that unlike BP1 and

BP2, there is no suppression of the branching fractions at small tanβ due to the absence

of the tt decay mode.

In figure 14, we show contours of the branching ratio H0 → bb for BP1 (left panel)

and BP2 (right panel) in tanβ versus sin(β − α) plane. For BP1 with mH0 = 126 GeV,

H0 → bb is more than 80% for sin(β − α) > 0.1 or sin(β − α) < −0.2 for large tanβ. The

branching fraction decreases for smaller tanβ due to the reduction of the bottom Yukawa

coupling. The further reduction of the branching fraction in negative sin(β − α) is due to

the scaling of H0bb coupling as cosα/ cosβ. For BP2 with mH = 200 GeV, H0 → V V is

kinematically accessible, which reduces H0 → bb further for small sin(β − α). Note that

for all the benchmark points chosen, mH0 < 2mt, and hence there is no suppression of the

bb mode for small tanβ when the tt mode would potentially dominate.

Figure 15 shows the exclusion reach (yellow regions enclosed by the solid lines) and

discovery (cyan region enclosed by the dashed lines) of A → H0Z for both the bb`` (red)

and ττ`` (blue) channels. Regions around sin(β − α) ∼ ±1 are reachable while regions

around sin(β − α) ∼ 0 are inaccessible due to the suppression of A → H0Z. For BP1,

tanβ . 10 can be excluded while tanβ . 5 is discoverable for sin(β − α) = ±1. The

bottom loop effect kicks in at tanβ & 32, excluding slices of parameter space around

sin(β − α) = ±1. For tanβ ∼ 3, −1 . sin(β − α) . −0.5 can be excluded, while for

sin(β − α) > 0, the exclusion reach extends to sin(β − α) & 0.2 for small tanβ. There is

also a small additional bump around sin(β − α) = −0.6, mainly due to the increasing of

BR(H0 → bb), as shown in the left panel of figure 14. The reach is greatly reduced for

BP2 due to the suppression of H0 → bb, except for sin(β − α) ∼ ±1. Only thin slices of

parameter region near sin(β −α) ∼ ±1 can be covered, which extends to tanβ . 8 for the

exclusion, and tanβ . 4.5 for discovery.
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Figure 15. The exclusion and discovery region for gg → A→ H0Z in the bb`` and ττ`` channels

in the tanβ versus sin(β−α) plane, corresponding to an integrated luminosity of 100 fb−1 for BP1

(left panel) and BP2 (right panel). Color coding is the same as in figure 11.

Note that for BP1 with (mA,mH0 ,mh0) = (400, 126, 50), both A→ h0Z and A→ H0Z

open. The former is more sensitive to the sin(β−α) ∼ 0 region, as shown in the left panel

of figure 11, while the latter is more sensitive to sin(β − α) ∼ ±1, as shown in the left

panel of figure 15. Searches in these two channels are complementary to each other. When

combined, they could cover the entire region of sin(β − α), in particular, for tanβ . 10.

Note that when combined with the current experimental search results for the 126 GeV

Higgs being the H0, the region with sin(β−α) ∼ 0 is favored, with a thin slice of extended

region at negative −0.8 < sin(β − α) < −0.05 as well [23].

Similar complementarity between A→ h0Z and A→ H0Z can be found for BP2 with

(mA,mH0 ,mh0) = (400, 200, 126) GeV, for the entire region of sin(β − α). Interpreting h0

being the 126 GeV observed Higgs boson, furthermore, favors sin(β − α) ∼ ±1 or a thin

slice of extended region at 0.55 . sin(β − α) . 0.9 [23].

In the left panel of figure 16, we present the exclusion and discovery reach in the tanβ

versus mA plane for A→ H0Z with mH0 = 126 GeV, mh0 = 50 GeV and sin(β−α) = −0.8.

We have chosen the value of sin(β − α) such that the branching faction of A → H0Z is

sizable while still consistent with the experimental Higgs search results [23] with a 126 GeV

H0. We see that tanβ up to about 6.5 can be reached for exclusion, and tanβ up to about

3.5 can be reached for discovery.

In the right panel of figure 16, we present the exclusion and discovery reach in the

tanβ versus mA plane for mH = 200 GeV, mh0 = 126 GeV and sin(β − α) = 1. For

350 GeV . mA . 600 GeV, tanβ up to about 6 can be excluded, and up to about 3 can

be discovered in the bb`` channel. ττ`` channel does better in the low mA region.

For BP2 with mA = 400 GeV, mH0 = 200 GeV, we can also study the parameter reach

of A → H0Z with H0 → ZZ. In figure 17, we show BR(H0 → ZZ) in the left panel,

which reaches a maximum of 25% for | sin(β−α)| . 0.2. It gets larger for small tanβ when

H0 → bb is further suppressed. In the right panel of figure 17, we show the discovery and
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Figure 16. The discovery and exclusion regions in the mA − tanβ plane for gg → A → H0Z in

bb`` and ττ`` final states with mH0 = 126 GeV, mh0 = 50 GeV, sin(β − α) = −0.8 (left panel)

and mH0 = 200 GeV, mh0 = 126 GeV, sin(β − α) = 1 (right panel), corresponding to an integrated

luminosity of 100 fb−1 at the 14 TeV LHC. Color coding is the same as in figure 12.
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Figure 17. Left: contour plots of BR(H0 → ZZ) for BP2. Right: the exclusion (yellow regions

enclosed by the solid lines) and the discovery (cyan regions enclosed by the dashed lines) in the

sin(β−α)− tanβ plane for gg → A→ H0Z → ZZZ, corresponding to an integrated luminosity of

100 fb−1 at the 14 TeV LHC for the 4`+ 2j final state.

exclusion contours in the tanβ versus sin(β−α) plane for 100 fb−1 luminosity at the LHC.

While H0 → ZZ maximizes at sin(β − α) ∼ 0, A → H0Z is minimized in this region. As

a result, regions of 0.3 . | sin(β − α)| . 1 with tanβ up to 4.7 can be excluded while the

discovery regions are 0.5 . | sin(β − α)| . 1 with tanβ . 2.8. Note also that this channel

is complementary to A → H0Z → bb/ττ`` as shown in figure 15, which is sensitive to

sin(β − α) ∼ ±1 region.

In figure 18, we present the exclusion and discovery in tanβ versus mA plane for

gg → A→ H0Z → ZZZ(4`2j) with mH = 200 GeV, sin(β−α) = 0.9. We have chosen the

value of sin(β − α) such that the branching fractions of both A→ H0Z and H0 → ZZ is

sizable while still consistent with the experimental Higgs search results [23] with a 126 GeV

h0. We see that the whole region of 300 GeV < mA < 600 GeV can be covered at small
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Figure 18. The exclusion (yellow region enclosed by the solid lines) and the discovery (cyan region

enclosed by the dashed lines) in the mA − tanβ plane with mH0 = 200 GeV, mh0 = 126 GeV, and

sin(β − α) = 0.9, corresponding to an integrated luminosity of 100 fb−1 at the 14 TeV LHC for the

4`+ 2j final state.

tanβ, with the maximum reach in tanβ obtained formA ∼ 350 GeV: tanβ . 3 for discovery

and tanβ . 5 for exclusion.

5.3 gg → H0 → AZ

For this process, we restrict to the mh0 = 126 GeV case with a heavier H0. We use BP4 with

(mA,mH0 ,mh0) = (50, 400, 126) GeV and BP5 with (mA,mH0 ,mh0) = (200, 400, 126) GeV

as an illustration. The gluon fusion production cross section for H0 can be rescaled from

the SM cross section:

σ(gg → H0) = σSM ×
∣∣( sinα

sinβ

)
F h1/2(τt) +

(
cosα
cosβ

)
F h1/2(τb)

∣∣2

|F h1/2(τt) + F h1/2(τb)|2
, (5.4)

where the loop factors F ’s are defined in eq. (5.2). We note that in contrast to the pro-

duction of A in eq. (5.1), the production of H0 involves both α and β. In the left panel

of figure 19, we show contours of the production cross section of H0 normalized to the

SM value in the sin(β − α) − tanβ plane for mH0 = 400 GeV. We see that for positive

sin(β − α), the cross section is always relatively more suppressed than that for negative

sin(β − α), introduced by the interference between the top and bottom loops in eq. (5.4).

For sin(β − α) = ±1, which is preferred by the interpretation of h0 being the SM-like

Higgs, the cross section receives the strongest suppression: only 10% of the corresponding

SM value. In the right panel of figure 19, we show contours of the production cross section

at 14 TeV LHC in the mH0 − tanβ plane. We see that cross sections of 10 pb or more is

possible for mH0 up to 425 GeV for small tanβ — slightly lower than the corresponding

numbers for σ(gg → A) as shown in figure 8. However, the bottom loop enhancement plays

a slightly more significant role in this case at large tanβ, compared to the A case.

Figure 20 shows the BR(H0 → AZ) for BP4 (left panel) and BP5 (right panel). Since

gZAH0 ∝ sin(β − α), the branching fraction gets bigger for larger | sin(β − α)|, and is

maximized at sin(β −α) = ±1. Branching fractions in BP4 is larger than that of BP5 due
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Figure 19. Contours of the cross section normalized to the SM value in the sin(β − α) − tanβ

plane (left panel) for mH0 = 400 GeV and gg → H0 cross section at the 14 TeV LHC in unit of pb

in the mH0 − tanβ plane (right panel) with sin(β − α) = −1.
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Figure 20. Contour plot of BR(H0 → AZ) (left panel) for BP4 (left panel) and BP5 (right panel).

to the bigger phase space for H0 → AZ. For A → bb and ττ , the branching fraction is

about 94% and 6% respectively, which does not vary much for BP4 with mA = 50 GeV

and BP5 with mA = 200 GeV.

In figure 21, we display the discovery/exclusion reach in gg → H0 → AZ for the bb``

(red) and ττ`` (blue) final states for BP4 (left panel) and BP5 (right panel). For BP4,

large regions of parameter spaces in tanβ versus sin(β − α) can be excluded, except for

−0.15 < sin(β − α) < 0.2 when H0 → AZ is highly suppressed. The discovery region

shrinks to −1 . sin(β − α) . −0.3 and 0.35 . sin(β − α) . 0.9 for all values of tanβ.

For BP5, regions of −1 . sin(β − α) . −0.5 for all tanβ and 0.6 . sin(β − α) . 0.8 with

6 . tanβ . 26 can be excluded and a smaller region in −1 . sin(β − α) . −0.6 with
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Figure 21. The exclusion and discovery regions in the tanβ versus sin(β − α) plane for gg →
H0 → AZ with bb`` (red) and ττ`` (blue) final states for BP4 (left panel) and BP5 (right panel),

corresponding to 100 fb−1 integrated luminosity at the 14 TeV LHC. Color coding is the same as

in figure 11.
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Figure 22. The discovery and exclusion region in the mH0 − tanβ plane for gg → H0 → AZ

with bb`` (red) and ττ`` (blue) final states, corresponding to 100 fb−1 integrated luminosity at the

14 TeV LHC. The left panel is for mA = 50 GeV with sin(β − α) = −1 and the right panel is for

mA = 200 GeV with sin(β − α) = −1. Color coding is the same as in figure 12.

tanβ . 5 can be discovered. While bb`` channel has better reach for BP4, ττ`` channel has

a slightly better sensitivity for BP5. The reach is also much better for negative sin(β − α)

because of the less suppressed cross sections of gg → H0.

In the left panel of figure 22, we show the exclusion and discovery each with 100 fb−1

luminosity at 14 TeV LHC in tanβ versus mH plane, for gg → H0 → AZ with bb`` (red)

and ττ`` (blue) final states. We have chosen mA = 50 GeV and sin(β−α) = −1. Discovery

is possible for small values of tanβ . 5 or larger values of tanβ & 20. The exclusion reach,

however, is much more extended. All values of tanβ can be covered for mH0 up to 450 GeV,

with reach extended further at larger and smaller values of tanβ. The reach with daughter

particle mass mA = 200 GeV is shown in the right panel of figure 22. Both the exclusion
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and discovery regions shrink greatly. Only very small tanβ . 4 or very large tanβ & 44

can be excluded. Note that while sin(β − α) = ±1 is preferred by the interpretation of

the h0 being the SM-like Higgs, the suppression of gg → H0 in that region results in a

reduced exclusion/discovery reach. Even a small deviation of sin(β − α) away from ±1

would introduce a much larger reach in gg → H0 → AZ.

6 Conclusion

Given the discovery of a 126 GeV SM-like Higgs boson at the LHC, it is now time to use the

experimental data to constrain new physics models while also exploring the detectability of

extra Higgs bosons in the extensions of the SM. In this spirit, we explored the production

and decay of heavy scalar and pseudoscalar states via the processes gg → H0 → AZ and

gg → A→ h0Z/H0Z with both fermionic (bb, ττ) and possible bosonic (ZZ) decays of the

daughter Higgs. This channel provides nice complementarity to the conventional search

channel pp→ A/H → ττ , which is mostly sensitive to the large tanβ region. We presented

model independent limits on the 95% C.L. exclusion and 5σ discovery in those channels

at the 14 TeV LHC. The possibilities include the interesting case of having the 126 GeV

SM-like Higgs as a decay product of a heavy pseudoscalar.

For the 14 TeV LHC with 300 fb−1 integrated luminosity, the 95% C.L. limits on σ×BR

for the bb`` final state (where the b’s come from the Higgs in the final state) for a 126 GeV

daughter Higgs particle vary between 200 fb to a few fb for the parent heavy Higgs mass in

the range of 200 GeV to 600 GeV, while the limit for 5σ discovery is about 3–5 times larger.

For the ττ`` channel with the same range of A mass, the exclusion bounds are around 5–1 fb

and the discovery reach is about 20 fb–3 fb. While the σ×BR reach in the ττ`` channel is in

general much better than the bb`` channel, owing mostly to more suppressed backgrounds,

it is comparable to bb`` mode once the branching fraction difference between bb and ττ

modes are taken into account in a given model. gg → A→ H0Z → ZZZ → 4`2j is useful

for heavy Higgses with mH0 > 2mZ . For mH0 = 200 GeV and mA = 400 GeV, exclusion in

this channel with 300 fb−1 integrated luminosity requires as little as 1 fb in σ × BR while

5σ discovery needs about 3 fb.

We then discussed the implication of the exclusion and discovery bounds of bb``, ττ``

and ZZZ channels in the Type II 2HDM, studying three classes of processes: gg → A →
h0Z, gg → A→ H0Z, and gg → H0 → AZ. We find, in general, that there is a significant

portion of the tanβ versus sin(β − α) plane that allows discovery/exclusion possibilities

in the bb`` and ττ`` final states. bb`` and ττ`` have comparable reach, with ττ`` being

slightly better for low parent Higgs masses and bb`` being better for higher parent Higgs

masses.

Specifically, in the channel gg → A→ h0Z when H0 is identified as the SM-like Higgs,

95% exclusion covers most of the tanβ versus sin(β − α) plane for mA around 400 GeV.

tanβ < 5 can also be covered by 5σ discovery. On the other hand, the exclusion/discovery

range is more restricted when h0 is identified as the SM Higgs. Typically, we find that for

mA = 400 GeV, discovery region lies between −1 < sin(β − α) . 0.8 and tanβ ≤ 5, while

the exclusion region extends to tanβ . 10 or & 30. Note also that even though the reach
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is always maximized at sin(β − α) ∼ 0, it extends to larger values of | sin(β − α)| close to

±1 as well. A wide range of mA can be covered at low tanβ . 10, while high tanβ can

only be approached for mA . 500 GeV.

The case where A decays to H0Z is complementary to A→ h0Z in that the discovery

and exclusion regions split into two distinct regions around sin(β − α) ∼ ±1. We find

that in both the bb`` and ττ`` channels, the discovery reach covers tanβ up to about 4,

while the exclusion region extends to about 7 for mA up to about 600 GeV. Moreover, for

mH0 ≥ 200 GeV, this channel also allows for an exclusion reach with ZZZ final states with

0.3 < | sin(β − α)| < 1, and tanβ up to 4.5 for mA around 400 GeV. For small values of

tanβ, a wide range of mA can be covered either by exclusion or discovery.

In the last class gg → H0 → AZ, we find that discovery/exclusion regions favor

the negative sin(β − α) regions, largely due to the parameter dependence of gluon fusion

production σ(gg → H0). For mH0 = 400 GeV and mA = 50 GeV, a wide range of tanβ

versus sin(β−α) space can be covered, except for a small stripe around−0.15 < sin(β−α) <

0.2. For mA = 200 GeV, the regions −1 . sin(β−α) . −0.5 can be excluded for all values

of tanβ, while only a smaller region at low tanβ can be discovered. For mA = 50 GeV and

sin(β − α) = −1, the exclusion reach in mH can be as large as 450 GeV for tanβ around

10, which extends even further for smaller and larger tanβ.

While extra Higgs bosons other than the observed 126 GeV SM-like Higgs exist in many

extension of the SM, the searches for those Higgses in unconventional decay channels have

just started. Compared to conventional search channels of bb, ττ , WW , ZZ and γγ, these

exotic decay modes of heavier Higgses decaying into two light Higgses or one Higgs with

one gauge boson can be dominant in certain regions of parameter space. In this paper, we

explored A/H → HZ/AZ in bb``, ττ`` and ZZZ modes. Other channels, in particular,

those involving charged Higgses can be very promising as well [49–53].
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Charged Higgs Search via
AW±/HW± Channel

The article Charged Higgs Search via AW±/HW± Channel has been submitted to arXiv
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1 Introduction

The discovery of the Standard Model (SM)-like Higgs at the LHC [1–4] marks the final and

one of the most important discoveries within the SM of particle physics as regards its parti-

cle content. The ATLAS and CMS experiments have reported precise measurements of the

mass of this particle, as well as the determination of its spin [2, 4, 5]. The present scenario

raises interesting questions about the origin of Electroweak Symmetry Breaking (EWSB).

It is conceivable that the scalar sector of the SM does indeed engineer all of EWSB, but at

the same time we have compelling evidence from theoretical and experimental fronts that

the SM needs to be supplanted with other dynamics for it to consistently explain issues like

the naturalness problem, neutrino masses and the dark matter in the universe. Thus it is

entirely possible that the scalar sector of the SM responsible for EWSB itself has a richer

structure. Early attempts toward enlarging the scalar sector resulted in the Two Higgs

Doublet Models (2HDM) [6–9]. Other examples also involving an enlarged scalar sector

include the Minimal Supersymmetric Standard Model (MSSM) [10–12] and the Next to

Minimal Supersymmetric Standard Model (NMSSM) [13, 14].

Models with extended Higgs sectors hold a lot of phenomenological interest. The

discovery of extra Higgs bosons would serve as unambiguous evidence for new physics

beyond the SM. A clear indication for a non-minimal Higgs sector as a source of EWSB

would be the observation of charged Higgs bosons H± which are absent in the SM. The

discovery of the charged Higgs, however, is quite challenging at colliders. If the mass of the

charged Higgs mH± is smaller than the top mass mt, the dominant production mechanism
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of the charged Higgs is via top decay: t→ bH+. Most studies performed at LEP, Tevatron

and LHC focus on such light charged Higgs bosons which are assumed to either decay

leptonically (H± → τν), or into jets (H± → cs). In the case of a heavy charged Higgs

with mH± > mt, the main production mode is the top quark associated production H±tb.

For the dominant decay H± → tb, it is difficult to identify the ttbb signal given the huge

irreducible SM backgrounds. The current heavy charged Higgs searches thus mostly focus

on the subdominant decays H± → τν or cs in order to take advantage of the cleaner signal

and suppressed backgrounds.

Other possible decay channels like H± → AW±, HW± open up once they are kine-

matically accessible, where H and A refer to the generic CP-even and CP-odd Higgs,

respectively.1 In the 2HDM, the couplings H±AW∓/H±HW∓ are controlled by the elec-

troweak gauge coupling g. While the coupling to A is independent of the mixing angles,

the coupling to H is maximized for non-SM-like CP-even Higgses. These exotic decays

quickly dominate over τν, cs once they are open, and could be even larger than the tb

mode for a large range of tanβ. It was shown that in the 2HDM or NMSSM, both decays

H± → AiW
±, HiW

± could appear with large branching fractions2 [15–18]. It is thus timely

to study such charged Higgs decay channels and fully explore the experimental discovery

potential for an enlarged Higgs sector.

In this paper, we focus on H±tb associated production of the charged Higgs with the

subsequent exotic decay of H± → AW±/HW±. We consider leptonic decay of one of the

W± either coming from H± or top decay, with the A/H in the final state decaying into a

pair of fermions (bb or ττ) and explore the exclusion bounds as well as the discovery reach

at the LHC for various combinations of (mH± ,mH/A). ATLAS investigated this decay

mode in an early study [19–21] focusing on the A/H → bb mode only. So far no analysis

has been done for the more promising A/H → ττ mode.

A light charged Higgs could have a large impact on precision and flavor observables [22].

For example, in the 2HDM, the bounds on b → sγ restrict the charged Higgs to be heav-

ier than 300 GeV. A detailed analysis of precision and flavor bounds in the 2HDM can be

found in refs. [23, 24]. Flavor constraints on the Higgs sector are, however, typically model-

dependent, and could be alleviated when there are contributions from other new particles in

the model. Our focus in this work is on collider searches for the charged Higgs and its impli-

cations for the Type II 2HDM. Therefore, we consider a wide range of charged Higgs mass.

The paper is organized as follows. In section 2, we present a brief overview of models

and parameter regions where H± → AW±/HW± can be significant. In section 3, we

summarize the current experimental search limits on charged Higgses. Section 4 describes

the collider analysis in detail. After describing the signal process and event generation in

section 4.1, we present the details of the analysis for the A/H → ττ channel in section 4.2.

We show the model independent results of 95% C.L. exclusion as well as 5σ discovery

limits for σ(pp→ H±tb→ A/HW±tb→ ττbbWW ) at the 14 TeV LHC with 100, 300 and

1Note that we use h0 and H0 to refer to the lighter or the heavier CP-even Higgs for models with two

CP-even Higgs bosons. When there is no need to specify, we use H to refer to the CP-even Higgses.
2H± → AW±, HW± is less likely to open in the MSSM due to kinematical constraints that force

mH± ∼ mA ∼ mH for the non SM-like Higgses.
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1000 fb−1 integrated luminosity. In section 4.3 we present the analysis for the H/A → bb

final state and derive the corresponding cross section limits. In section 5, we study the

implications of the collider search limits on the Type II 2HDM. We conclude in section 6.

2 Scenarios with large H± → AW±/HW±

In the 2HDM, we introduce two SU(2)L doublets Φi, i = 1, 2:

Φi =

(
φ+i

(vi + φ0i + iGi)/
√

2

)
, (2.1)

where v1 and v2 are the vacuum expectation values (vev) of the neutral components which

satisfy the relation
√
v21 + v22 = 246 GeV after EWSB. Assuming an additional discrete Z2

symmetry imposed on the Lagrangian, we are left with six free parameters, which can be

chosen as the four Higgs masses (mh0 , mH0 , mA, mH±), a mixing angle α between the

two CP-even Higgses, and the ratio of the two vacuum expectation values, tanβ = v2/v1.

In the case where a soft breaking of the Z2 symmetry is allowed, there is an additional

parameter m2
12.

The Higgs mass eigenstates containing a pair of CP-even Higgses (h0, H0), one CP-odd

Higgs A and a pair of charged Higgses H± can be written as:3(
H0

h0

)
=

(
cosα sinα

− sinα cosα

)(
φ01

φ02

)
,

A

H±

= −G1 sinβ +G2 cosβ

= −φ±1 sinβ + φ±2 cosβ
. (2.2)

The couplings that are of particular interest are of the type H±AW∓ and H±HW∓. They

are determined by the gauge coupling structure, as well as the mixing angles [25]:

gH±h0W∓ =
g cos(β − α)

2
(ph0 − pH±)µ, (2.3)

gH±H0W∓ =
g sin(β − α)

2
(pH0 − pH±)µ, (2.4)

gH±AW∓ =
g

2
(pA − pH±)µ, (2.5)

with g being the SU(2)L coupling, and pµ being the incoming momentum for the corre-

sponding particle.

An interesting feature here is thatH± always couples to the non-SM-like CP-even Higgs

more strongly. If we demand h0 (H0) to be SM-like, then | sin(β−α)| ∼ 1 (| cos(β−α)| ∼ 1),

and the H±H0W∓ (H±h0W∓) coupling is unsuppressed. Therefore, in the h0-126 case,

H± is more likely to decay to H0W± than h0W± unless the former decay is kinematically

suppressed. In the H0-126 case, H± is more likely to decay to h0W± than H0W±. The

H±AW∓ coupling, on the other hand, does not depend on any mixing angle and therefore

this decay is not suppressed once it is kinematically allowed.

In the generic 2HDM, there are no mass relations between the charged scalar, the scalar

and pseudoscalar states. Thus, the decays H± → h0W±, H0W± and H± → AW± can all

3For more details about the 2HDM model, see ref. [6].
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Figure 1. Left panel: branching fraction BR(H± → AW±) in the mH± − tanβ plane, for mA =

70 GeV and sin(β − α) =1. Right panel: the branching fractions of H± as a function of tanβ for

various decay modes: H± → AW± (red), tb (blue), τν (green) for mH± = 300 GeV, mA = 70 GeV

and sin(β − α) = 1.

be kinematically accessible and dominate in different regions of parameter spaces. It was

shown in ref. [23] that in the Type II 2HDM with Z2 symmetry, imposing all experimental

and theoretical constraints still left sizable regions in the parameter space that permit such

exotic decays with unsuppressed decay branching fractions.

The dominant competing mode is H± → tb, which is controlled by the H±tb coupling

gH±tb =
g

2
√

2mW

[(mb tanβ +mt cotβ)± (mb tanβ −mt cotβ)γ5] (2.6)

in the Type II 2HDM. At both small and large tanβ, Γ(H± → tb) is increased given

the enhanced top and bottom Yukawa coupling, respectively. The subdominant channel

H± → τν has similar enhancement at large tanβ as well.

In the left panel of figure 1, we present contours of the branching fraction BR(H± →
AW±) in the mH± − tanβ plane fixing sin(β − α) = 1, mA = 70 GeV and decoupling

H0. It is seen that there is a “kink” at the tb threshold which brings down the steeply

increasing values of BR(H± → AW±). Even so, the AW± mode can be 90% or higher

in the band 1.5 . tanβ . 30 for mH± between 175 and 600 GeV. For large or small

values of tanβ, BR(H± → AW±) is reduced due to competition from H± → tb, τν modes.

The H± → H0W± mode, when kinematically accessible, would show similar features with

additional phase space suppression. H± → h0W± mode is maximized at sin(β − α) =

0, which could be a potentially useful search channel for H± in the H0− 126 case. The

current searches for the charged Higgs focus on the H± → τν channel, which is sensitive to

the large tanβ region. We expect the H± → AW±/HW± channel to be complementary

for small or intermediate tanβ.
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In the right panel of figure 1, we show the branching fractions of H± as a function of

tanβ for various decay modes of H± → AW±, tb, τν for mH± = 300 GeV, mA = 70 GeV

and sin(β − α) = 1. For almost all values of tanβ, the decay to the AW± mode exceeds

that of tb.

The Higgs sector in the MSSM is more restricted, given that the quartic Higgs couplings

are fixed by the gauge couplings and the tree-level Higgs mass matrix only depends on

mA and tanβ. The decay H± → h0W± is typically suppressed by the small coupling

cos(β−α) ∼ 0, and is only relevant for small tanβ. The branching fraction is typically about

10% or less [26]. In the usual decoupling region with large mA, the light CP-even Higgs

h0 is SM-like while the other Higgses are almost degenerate: mH0 ∼ mA ∼ mH± . Thus,

H± → H0W± or H± → AW± is not kinematically allowed. However, it has been shown

that there are scenarios with large µ in which next-to-leading order (NLO) corrections can

increase the mass difference between the charged and neutral Higgses [27], which could make

this channel kinematically accessible. In the NMSSM, the Higgs sector of MSSM is enlarged

to include an additional singlet. It was shown in refs. [15, 16] that in this model, there are

regions of parameter space where the decay H± → HiW
±/AiW

± can be significant.

3 Current limits

Searches for a light charged Higgs boson with mass mH± < mt have been performed

both by ATLAS and CMS [28, 29] with 19.7 fb−1 integrated luminosity at 8 TeV and 4.6

fb−1 integrated luminosity at 7 TeV. The production mechanism considered is top pair

production in which one top quark decays into a charged Higgs t → bH± while the other

top decays into bW . Assuming a branching fraction BR(H± → τν) = 100%, the null search

results from CMS [29] imply an upper bound for the top quark branching fraction BR(t→
bH±) = 1.2% to 0.16% for charged Higgs masses between 80 GeV and 160 GeV. This result

can be translated into bounds on the MSSM parameter space. In the mmax
h scenario of the

MSSM, this excludes mH± < 155 GeV for all values of tanβ. Only the small region 155 GeV

< mH± < 160 GeV around tanβ = 8 is still allowed. The ATLAS results [28] are similar.

A search with the H± → cs final state has been performed by ATLAS [30] using

4.7 fb−1 integrated luminosity at 7 TeV. Assuming BR(H± → cs) = 100%, this implies an

upper bound for the top quark branching fraction BR(t→ bH±) = 5% to 1% for charged

Higgs masses between 90 GeV and 150 GeV.

Both ATLAS and CMS have also searched for a heavy charged Higgs boson with

mass mH± > mt produced in association with a top quark [28, 29]. With 19.5 fb−1

integrated luminosity at 8 TeV and assuming a branching fraction BR(H± → τν) = 100%,

the null search results at ATLAS imply an upper bound on the production cross section

σ(pp→ H±tb) between 0.9 pb and 0.017 pb [28] for charged Higgs masses between 180 GeV

and 600 GeV. When interpreting in the mmax
h scenario of the MSSM, tanβ above 47 to 65

is excluded for mH± between 230 GeV and 310 GeV. The CMS results [29] are very similar,

which are slightly better for low mH± and slightly worse for large mH± .

As demonstrated in figure 1, the conventional decay modes τν and cs would be highly

suppressed in regions of parameter space where the exotic decay modes H± → AW±/HW±
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Figure 2. The recast of the current ATLAS 95% CL exclusion limits (solid red curves) [28] with

19.5 fb−1 integrated luminosity and the projected 5σ reach (solid blue curves) [31] with 100 fb−1

integrated luminosity at the 14 TeV LHC for the process pp → H±tb → (τν)(bbjj) in the context

of the Type II 2HDM. Also shown in dashed curves are the reduced limits with the opening of

H± → AW±, with mA = 70 GeV, sin(β − α) = 1 and H0 decoupled.

open. In figure 2, we recast the current 95% C.L. exclusion limits (solid red curve) [29] and

future projection of 5σ discovery (solid blue curve) [31] with 100 fb−1 integrated luminosity

at the 14 TeV LHC for the process pp→ H±tb→ (τν)(bbjj) in the context of the Type II

2HDM. The dashed curves show the reduced reach when H± → AW± opens up, shown here

for the parameter choice mA = 70 GeV, sin(β − α) = 1, and with the H0 decoupled. The

inclusion of the exotic decay modes thus substantially weakens the current and future limits.

There have been other theoretical studies on the charged Higgs detectability at the

LHC. The authors of [32, 33] analyzed the possibility of observing light charged Higgs

decay H± → τν via the single top production mode. The possibility of the H± → µν

decay with a light charged Higgs produced via top decay in top pair production has been

investigated in [34]. Furthermore the decay of a heavy charged Higgs into tb has been

studied, considering charged Higgs production via qq′ → H± [35], H±tb associate produc-

tion [36–39] and W∓H± associate production [40].

Furthermore, the authors of [41] studied electroweak charged Higgs boson pair pro-

duction with the charged Higgses decaying into a W boson and a very light [mφ = O(eV )]

neutral scalar which decays invisibly. A search strategy for H± → h0W± for a SM-like h0

using the H±W∓ production mode has been suggested by the authors of [42] and anal-

ysed in the context of CP-violating Type-II 2HDM. This study considers both electroweak

production and the production via the decay of heavy scalars, if it is kinematically al-

lowed. Charged Higgs production via the decay of a heavy scalar pp → H → WH± with

H± → AW± was investigated in [43].

The H±tb associated production with H± → HW± → bbW± has been analyzed in

early studies [19–21]. While refs. [19, 20] concluded that the H± → h0W±/H0W± is not

promising in MSSM searches, the authors of [21] found that this channel is indeed promising

in NMSSM. However, neither paper considers the possibility of analyzing this channel with

the ττ mode. In particular, the ττ mode allows two same sign lepton signature with the

accompanying leptonic decay of W [44], which leads to a better reach than the existing
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(a)
(b) (c)

Figure 3. Dominant t-channel (a), s-channel (b) and tt̄-like (c) diagrams contributing to heavy

quark associated charged Higgs production [48].

studies of the H/A → bb channel. Therefore, in our study, we analyze the discovery and

exclusion prospects in both H± → AW±/HW± → bbW± and H± → AW±/HW± →
ττW± channels.

Our study also assumes the existence of a light neutral Higgs A/H, which has been con-

strained by the A/H → ττ searches at the LHC [45, 46], in particular, for mA/H > 90 GeV

and relatively large tanβ. No limit, however, exists for mA/H < 90 GeV due to the difficul-

ties in the identification of the relatively low pT taus and the overwhelming SM backgrounds

for low pT leptons and τ -jets. Furthermore, LEP limits [47] based on V H associated pro-

duction do not apply for the CP-odd A or the non-SM like CP-even Higgs. LEP limits

based on AH pair production also do not apply as long as mA + mH > 208 GeV. There-

fore, in our analyses below, we choose the daughter neutral Higgs mass to be 70,4 126, and

200 GeV to represent the cases with a light, SM-like, and a heavy neutral Higgs respectively.

4 Collider analysis

4.1 Signal process

In our analysis we study the associated production pp→ H±tb in which the charged Higgs

boson decays into a neutral Higgs (A or H) and a W . The dominant leading order Feyn-

man diagrams contributing to this production are shown in figure 3 [48]. For large charged

Higgs masses, diagrams (a) and (b) dominate while for smaller charged Higgs masses, top

pair production in panel (c) with the decay of one (possibly offshell) top into a charged

Higgs dominates.5 The exclusion and discovery reach in σ × BR obtained in this section

will cover the entire kinematically possible mass range. When interpreting the results in

the Type II 2HDM in section 5, we focus on the high mass region: mH± > mt. For the

low mass range where the tt̄ production dominates, the bounds are usually translated into

limits on the branching fraction BR(t→ H±b) [49].

In principle the neutral Higgs boson can either be CP-even (denoted by H) or CP-

odd (denoted by A). In the analysis that follows, we use the decay H± → AW± as an

4The mass of 70 GeV was choose to be above the hSM → AA threshold to avoid significant deviations of

the 126 GeV SM-like Higgs branching fractions from current measurements.
5All possible production diagrams are taken into account for event generation.
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illustration. Since we do not make use of angular correlations, the bounds obtained for

H± → AW± apply to H± → HW± as well.

The neutral Higgs boson itself will further decay. We only look at the fermionic decays

A→ bb, ττ . While the bb case has the advantage of a large branching fraction BR(A→ bb),

the ττ case has less SM backgrounds and therefore leads to a cleaner signal. We study both

leptonic and hadronic τ decays and consider the three cases: τhadτhad, τlepτhad and τlepτlep.

The τlepτhad case is particularly promising since we can utilize the same sign dilepton signal

with the leptons from W decay and from τ decay. Exotic decays of A/H into pairs of vector

bosons or other Higgs bosons will most likely be suppressed or have a very complex final

state. Since the top quark decays to bW , the final state contains two W bosons. To reduce

the backgrounds, in our analysis we assume one of these two W bosons decays leptonically,

with the other W decaying hadronically.

We use Madgraph 5/MadEvent v1.5.11 [50, 51] to generate our signal and background

events. These events are passed to Pythia v2.1.21 [52] to simulate initial and final state

radiation, showering and hadronization. The events are further passed through Delphes

3.07 [53] with the Snowmass combined LHC detector card [54] to simulate detector ef-

fects. The discovery reach and exclusion bounds have been determined using the program

RooStats [55, 56] and theta-auto [57].

In this section, we will present model independent limits on the σ × BR for both 95%

C.L. exclusion and 5σ discovery for both possible final states ττbbWW and bbbbWW . For

the signal process, we generated event samples at 14 TeV LHC for pp → H±tb → AW±tb

with the daughter particle mass fixed at mA = 70, 126, 200 GeV to represent the cases with

a light, SM-like, and a heavy Higgs respectively. For each case, we vary the parent particle

mass mH± in the range 150 − 600 GeV.

4.2 A→ ττ mode

We start our analysis by looking at the channel pp → H±tb → AW±tb → ττbbWW . We

only require to identify one b jet from top decay. We do not require to find the b jet

produced in association with the charged Higgs since it is likely to be soft. As mentioned

above, we will distinguish three cases depending on how the taus decay:

• Case A: both taus decay hadronically.

• Case B: one tau decays hadronically, and the other tau decays leptonically.

• Case C: both taus decay leptonically.

For the two W bosons, we require one decay leptonically and the other decay hadronically.

The dominant SM background for this final state is semi- and fully leptonic (where leptonic

includes decaying into τ) tt̄ pair production, which we generate with up to one additional

jet. We also take into account ttττ production, where the taus come from the decay of a

boson Z/H/γ∗. Furthermore we include Wττ production with up to two additional jets

(including b jets) and WWττ production with up to one additional jet (including b jet),

where the taus are produced in the decay of a boson Z/H/γ∗. We ignored the subdominant
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backgrounds from single vector boson production, WW , ZZ, single top production, as well

as multijet QCD Background. Those backgrounds are either small or can be sufficiently

suppressed by the cuts imposed.

We apply the following cuts to extract the signal from the backgrounds:

1. Identification cuts:

Case A: one lepton ` = e or µ , one or two b jets, two τ tagged jets and at least two

untagged jets:

n` = 1, nb = 1, 2, nτ = 2, nj ≥ 2. (4.1)

We require that the τ tagged jets have opposite charge.

Case B: two leptons, one or two b jets, one τ tagged jet and at least two untagged

jets:

n` = 2, nb = 1, 2, nτ = 1, nj ≥ 2. (4.2)

We require that both leptons have the same sign, which is opposite to the sign of the

τ tagged jet.

Case C: three leptons, one or two b jets, no τ tagged jet and at least two untagged

jets:

n` = 3, nb = 1, 2, nτ = 0, nj ≥ 2. (4.3)

We adopt the following selection cuts for the identification of leptons, b jets and jets.

|η`,b,τ | < 2.5, |ηj | < 5, pT ;`1,j,b > 20 GeV and pT ;`2 > 10 GeV, (4.4)

where `1,2 refer to the hardest and the sub-leading lepton. For jet reconstruction, the

anti-kT jet algorithm with R = 0.5 is used.

2. Two W candidates: our analysis assumes that one W decays leptonically and

the other decays hadronically. We look for the combination of two untagged jets

that gives an invariant mass closest to the W mass and reconstruct the jets to form

the hadronic Whad. The momentum of the neutrino coming from the leptonic W

decay is determined using the missing transverse momentum and imposing the mass

conditions [58]. Using the momenta of the reconstructed neutrino and the lepton,

the momentum of the leptonic Wlep can be deduced. In cases B and C which contain

more than one lepton, the hardest lepton is used for W reconstruction. In these cases

the neutrino reconstruction will be relatively poor since there is additional missing

energy from the τ decay.

3. Top candidate: we look for the combination of the b tagged jet and a reconstructed

(either leptonic or hadronic) W that gives an invariant mass closest to the top mass

and combine them to form the top candidate t.

4. Neutral Higgs candidate (H): the τ jets (case A), the τ jet and the softer lepton

(case B) or the two softer leptons (case C) are combined to form the neutral Higgs

candidate. In cases B and C the Higgs reconstruction will be relatively poor for
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reasons mentioned above which in turn forces us to employ more relaxed mass cuts

(see below).

5. Charged Higgs candidate (H±): the Higgs candidate and the W candidate not

used for the top reconstruction are combined to form the charged Higgs candidate

H±.

6. mττ versus mττW : we require the ditau mass mττ to be close to the daughter

Higgs mass mA and the mass of the two taus and the W (mττW ) to be close to the

parent Higgs mass mH± . The two masses are correlated, i.e., if we underestimate mττ

we also underestimate mττW . To take this into account we apply a two-dimensional

cut:

(1−∆− wττ ) ·mA < mττ < (1−∆ + wττ ) ·mA,
mA

EA
(mττW −mH± − wττW ) < mττ −mA <

mA

EA
(mττW −mH± + wττW ).

(4.5)

Here wττ = 0.225 (case A) or 0.25 (cases B and C) is the width of the ditau mass

window. Note that the slightly shifted reconstructed Higgs mass mττ around (1 −
∆)mA instead of mA is due to the reconstruction of the τ using a jet with a small size

of R = 0.5 or a lepton. We use ∆ = 0.3 (case A), 0.4 (case B) and 0.66 (case C). The

second condition describes two lines going through the points (mH± ± wττW ,mA)

with slope mA
EA

where EA is the energy of the neutral Higgs in the rest frame of the

charged Higgs.6 We choose a width for the mττW peak of wττW = 0.2mH± , based

on the theoretical decay width estimation of wH± ∼ 0.1mH± as well as detector

resolutions. The effectiveness of this cut is shown in figure 4 for mH± = 240 GeV and

mA = 70 GeV in case A, with two horizontal lines indicating the mττ range and two

slanted lines indicating the mττW range as given in eq. (4.5).

No mass cuts are applied for the reconstructed W and t candidates since both signal

and the dominant backgrounds contain a top quark and an additional W boson. In table 1,

we show the signal and background cross sections with cuts for a signal benchmark point

of MH± = 240 GeV and mA = 70 GeV at the 14 TeV LHC. The first row shows the total

cross section before cuts calculated using MadGraph. The following rows show the cross

sections after applying the identification cuts and mass cuts for all three cases as discussed

above. We have chosen a nominal value for σ × BR(pp → H±tb → ττbbWW ) of 100 fb7

to illustrate the cut efficiencies for the signal process. The last column shows the S/
√
B

value for an integrated luminosity of 300 fb−1.

We can see that the dominant background contributions are tt̄ (case A) and tt̄ττ (cases

B and C) while the vector boson backgrounds do not contribute much. It turns out that

6We choose EA =
m2

H±+m2
A−m2

W

2mA
, which is the energy of A in the rest frame of the charged Higgs. The

slope in eq. (4.5) can be motivated by relativistic kinematics and works well even when the charged Higgs

is not produced at rest.
7For the Type II 2HDM the cross section for mH± = 240 GeV is typically in the range of σ(pp→ H±tb) =

0.1−1.5 pb (see figure 7.). Assuming a branching fraction BR(H± → AW±) = 100% and BR(A → ττ) =

10% leads to the stated σ× BR of around 100 fb.
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Figure 4. Normalized distribution (in percent as given by the color code in the panel along the

y-axis) of mττ versus mττW for the signal (left) and the backgrounds (right) assuming mH± =

240 GeV and mA = 70 GeV for case A. Two horizontal lines indicate the mττ range and two slanted

lines indicate the mττW range, as given in eq. (4.5).

Cut Signal [fb] tt̄ [fb] tt̄ττ [fb] W (W )ττ [fb] S/B S/
√
B

σ 100 6.3 · 105 247 2000 - -

A: identification [eq. (4.1)] 0.57 22.9 0.58 0.078 0.02 2.04

mττ vs mττW [eq. (4.5)] 0.16 1.67 0.054 0.010 0.10 2.20

B: identification [eq. (4.2)] 0.47 0.35 0.697 0.073 0.42 7.81

mττ vs mττW [eq. (4.5)] 0.15 0.043 0.104 0.018 0.94 6.67

C: identification [eq. (4.3)] 0.48 2.35 5.11 0.059 0.06 3.05

mττ vs mττW [eq. (4.5)] 0.15 0.56 0.56 0.010 0.13 2.54

Table 1. Signal and background cross sections with cuts for the signal benchmark point mH± =

240 GeV and mA = 70 GeV at the 14 TeV LHC. We have chosen a nominal value for σ×BR(pp→
H±tb→ ττbbWW ) of 100 fb to illustrate the cut efficiencies for the signal process. The last column

of S/
√
B is shown for an integrated luminosity of L = 300 fb−1.

case B, in which one τ decays leptonically and the other τ decays hadronically, gives the

best reach. This is because the same sign lepton signature can reduce the tt̄ background suf-

ficiently. This analysis is sensitive to the tagging and misidentification rate of the τ tagger.

Most of the top pair background, especially in case A, includes mistagged τ jets. We assume

a tagging rate of εtag = 60% and a mistagging rate of εmiss = 0.4% as suggested in [54]. A

better rejection of non-τ initiated jets would increase the significance of this channel.

In figure 5, we display the results at the 14 TeV LHC for 95% C.L. exclusion (left panel)

and 5σ discovery (right panel) limits for σ × BR(pp → H±tb → ττbbWW ), which applies

for H± → HW± as well with mA replaced by mH . We have combined all three cases of tau

decays. The blue, red, and green curves correspond to the daughter particle being 70 GeV,
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Figure 5. The 95% C.L. exclusion (left) and 5σ discovery (right) limits for σ×BR(pp→ H±tb→
ττbbWW ) for mA = 70 GeV (blue), 126 GeV (red), and 200 GeV (green) at the 14 TeV LHC. We

have combined all three cases of tau decays. The dashed, solid and dot-dashed lines correspond

to an integrated luminosity of 100, 300 and 1000 fb−1, respectively. Here, we have assumed a 10%

systematic error on the backgrounds. These results are equally applicable to the H± → HW±

process for the same parent and daughter Higgs masses.

126 GeV, and 200 GeV, respectively. For each mass, we have displayed the results for three

luminosities: 100 fb−1 (dashed), 300 fb−1 (solid), and 1000 fb−1 (dot-dashed), with 10%

systematic error included [57]. Due to the small number of events, the statistical error

dominates in this channel and therefore higher luminosities lead to a better reach. Better

sensitivity is achieved for larger mH± since the mass cuts on mττ and mττW have a more

pronounced effect on the SM backgrounds for larger masses.

The mττ distribution for the dominating tt backgrounds peaks around higher masses

mττ ≈ 70 - 200 GeV and therefore the background rejection efficiency for mττ ≈ 70 GeV is

high compared to the cases with larger daughter particle masses. On the other hand a small

daughter Higgs mass causes the taus to be either soft (low mH±) or collimated (high mH±)

and decreases the identification efficiency compared to higher daughter particles masses.

Taking into account these two effects, the limits do not change significantly for mA being

70 GeV or 125 GeV. The limit for mA = 200 GeV is better by about a factor of 1.5.

The limit, however, gets slightly worse for the mA = 70 GeV case when mH± &
500 GeV (blue curves). This is due to the decrease of the signal cut efficiency for a highly

boosted daughter particle with two collimated τ jets. For the interesting case where the

daughter particle is 70 GeV, it is seen that the exclusion limits for a 300 fb−1 collider fall

from about 60 fb for mH± of 150 GeV, to less than 25 fb for a 500 GeV charged Higgs. The

5σ discovery limits are about a factor of 3−4 higher.

We reiterate here that these exclusion and discovery limits are completely model in-

dependent. Whether or not discovery/exclusion is actually feasible in this channel should

be answered within the context of a particular model, in which the theoretically predicted

cross sections and branching fractions can be compared with the exclusion or discovery

limits. We will do this in section 5 using the Type II 2HDM as a specific example.
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4.3 A→ bb mode

We now turn to the channel pp → H±tb → bbbbWW , with one W decaying leptonically

and the other decaying hadronically. The dominant SM backgrounds for this final state are

semi- and fully leptonic top pair production, which we generate with up to one additional

jet. We also take into account ttbb production where the two bottom jets either come

from the decay of a boson Z/H/γ∗ or are produced through gluon splitting. We have

ignored the subdominant backgrounds including V+jets, V V+jets or V V V+jets, single

top production, as well as multijet QCD Background. These backgrounds either have

small production cross sections, or can be sufficiently suppressed by the cuts imposed.

Much of the analysis for this case is similar to the ττ case described above. We apply

the following cuts to identify the signal from the backgrounds:

1. One lepton, three or 4 b jets, at least two untagged jets:

n` = 1, nb = 3, 4, nj ≥ 2 with

|η`,b| < 2.5, |ηj | < 5, pT,`,j,b > 20 GeV.
(4.6)

2. Two W candidates and one top candidate: similar to that in section 4.2. For

top reconstruction, we look for the combination of a b tagged jet and a reconstructed

W that gives an invariant mass closest to the top mass.

3. Neutral Higgs candidate (A): the remaining b jets are combined to form the

Higgs candidate A with mass mbb.

4. Charged Higgs candidate (H±): the Higgs candidate and the W candidate not

used for the top reconstruction are combined to form the charged Higgs candidate

H± with mass mbbW .

5. mbb versus mbbW : there is no Higgs mass shift ∆ as in the ττ case since there is

no missing energy carried away by neutrinos from tau decay anymore. Our 2-D cuts

are thus modified as follows:

(1− wbb) ·mA < mbb < (1 + wbb) ·mA,
mA

EA
(mbbW −mH± − wbbW ) < mbb −mA <

mA

EA
(mbbW −mH± + wbbW ).

(4.7)

The mass window chosen is slightly tighter due to a better mass reconstruction in

the bb case: wbb = 0.2 and wbbW = 0.175mH± .

In table 2, we present the cross sections after the individual cuts are imposed sequentially.

We take a nominal signal cross section of 1000 fb to illustrate the efficiency of the chosen

cuts. Since the expected number of events is large, the systematic uncertainty will dominate

and a large ratio S/B is desired. Although S/
√
B does not improve using the mass cut, S/B

improves and therefore the systematic uncertainty, which dominates the overall uncertainty,

decreases. The dominant background comes from top pair production.

In figure 6, we show the 95% C.L. exclusion and 5σ discovery reach in σ × BR(pp →
H±tb→ bbbbWW ) for the 14 TeV LHC. The general feature of these plots follows that of
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Cut Signal [fb] tt̄ [fb] tt̄bb [fb] S/B S/
√
B

σ 1000 6.5 · 105 11310 - -

Identification [eq. (4.6)] 13.3 903 143 0.012 7.1

mbb vs mbbW [eq. (4.7)] 0.83 28 3.8 0.026 2.5

Table 2. Signal and background cross sections with cuts for the signal benchmark point mH± =

240 GeV and mA = 70 GeV at the 14 TeV LHC. We have chosen a nominal value for σ×BR(pp→
H±tb→ bbbbWW ) of 1000 fb to illustrate the cut efficiencies for the signal process. The last column

of S/
√
B is shown for an integrated luminosity of L = 300 fb−1.
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7000
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Σ
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B
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Hfb
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gb®H± tb®AW± tb®4 b+2 W±
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5000

1´104

2´104

mH± HGeVL

Σ
x

B
R
Hfb
L

5Σ Discovery

gb®H± tb®AW± tb®4 b+2 W±

Figure 6. The 95% C.L. exclusion (left) and 5σ discovery (right) limits for σ×BR(pp→ H±tb→
bbbbWW ) for mA = 70 GeV (blue), 126 GeV (red), and 200 GeV (green) at the 14 TeV LHC. The

dashed, solid and dot-dashed lines correspond to an integrated luminosity of 100, 300 and 1000 fb−1

respectively. Here, we have assumed a 10% systematic error on the backgrounds.

figure 5, particularly with highly boosted daughter particles making b identification more

challenging, as shown by the flattening of the blue curves for 70 GeV daughter particle

mass when mH± & 550 GeV. Unlike the ττ case, different luminosities do not change

the limits significantly as the errors on the backgrounds are dominated by systematic

uncertainties. Thus, in our analysis, we have chosen a uniform 10% systematic error on

the backgrounds. With the possible reduction of systematic errors in the future, the cross

section limits can be improved. For example, a 5% systematic error would lead to the cross

section limits improved by about a factor of 2. The exclusion limits are lowest for small

mA = 70 GeV since the dominating tt̄ background peaks around mbb ≈ 70−200 GeV and

therefore the background rejection efficiency for mbb ≈ 70 GeV is high. The improvement

of the sensitivity for the mA = 70 GeV case when mH± < 200 GeV is due to the suppression

of the tt̄ background with the mbbW cut.

Compared to the ττ case, the σ×BR reach in the bb case is worse due to significantly

higher SM backgrounds. For the 70 GeV daughter particle case with 300 fb−1, the exclusion

limit varies from about 10 pb for a parent mass of 200 GeV to about 1.5 pb for 500 GeV.

Thus, given the typical ratio of BR (A/H → bb) : Br(A/H → ττ) ∼ 3m2
b/m

2
τ , we conclude

that the reach in the bb case is much worse than that in the ττ case for all masses.
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5 Implication for the type II 2HDM

The discussion thus far has been completely model independent, and the discovery and ex-

clusion limits displayed in figures 5 and 6 apply to any model in which H± → AW±/HW±

occurs. In this section, we will analyze the feasibility of this channel at the 14 TeV LHC

in the context of the Type II 2HDM.

5.1 Cross section and branching fractions

In the Type II 2HDM, one Higgs doublet Φ1 provides masses for the down-type quarks and

charged leptons, while the other Higgs doublet Φ2 provides masses for the up-type quarks.

The couplings of the CP-even Higgses h0, H0 and the CP-odd Higgs A to the SM particles

can be found in ref. [6].

The discovery of the 126 GeV SM-like Higgs imposes restrictions on the couplings and

masses of the various Higgses in the 2HDM, and several studies in the literature mapped

out the available parameter space after all the theoretical and experimental constraints are

imposed [17, 18, 23, 59–63]. Note that the 2HDM offers two possibilities: either the h0 or the

H0 could be interpreted as the observed 126 GeV resonance, and accordingly, the available

parameter spaces differ. In the h0-126 case with m2
12 = 0, we are restricted to narrow

regions with sin(β − α) ∼ ± 1 with tanβ up to 4 or an extended region in 0.55 < sin(β −
α) < 0.9 with 1.5 < tanβ < 4. The masses mH0 ,mH± , and mA are, however, relatively

unconstrained. In the H0-126 case with m2
12 = 0, we are restricted to a narrow region of

sin(β−α) ∼ 0 with tanβ up to about 8, or an extended region of sin(β−α) between −0.8

to −0.05, with tanβ extending to 30 or higher [23]. mA and mH± are nearly degenerate

due to ∆ρ constraints. Imposing the flavor constraints further narrows down the preferred

parameter space. In what follows, we will specify the Higgs masses for each benchmark

point considered, but will display our results for all values of sin(β − α) and tanβ.

Figure 7 shows contours of NLO σ(gg → H±tb) in the mH± − tanβ plane at the

14 TeV LHC, with values taken from the LHC Higgs Working Group [64].8 The production

is controlled by the H±tb vertex, which is given in eq. (2.6). This coupling is enhanced for

both small and large tanβ, due to the enhancement of the top and bottom Yukawa coupling,

respectively. Correspondingly, the cross section can reach up to 1.5 pb for mH± ≤ 300 GeV

for either tanβ > 40, or tanβ < 2. However, we note that the cross section decreases rapidly

with increasing mass, falling below 50 fb in most regions of mH± > 400 GeV. This makes

the charged Higgs search challenging in the high mass regions unless we get a particularly

clean signal with minimal backgrounds.

The results of section 4, in principle, could be interpreted within the context of three

processes: H± → AW±, H± → h0W±, and H± → H0W±. The decay width of the first

of these is independent of sin(β − α), while decay to h0W± or H0W± is proportional to

cos(β − α) or sin(β − α). Therefore, the decay to non-SM-like Higgs is preferable. In this

section, we will consider two cases for illustration: i) H± → AW± for the h0-126 case with

H0 decoupled and ii) H± → h0W± for the h0-126 and H0-126 cases with A decoupled.

8The NLO cross sections are available only for mH± ≥200 GeV. Thus, for mH± less than this value, we

simply using the leading order numbers calculated using FeynHiggs [65–69].
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Figure 7. Contours of NLO σ(pp→ H±tb) (in pb) in the mH± − tanβ plane at the 14 TeV LHC

for the Type II 2HDM.

{mH± ,mA,mh0 ,mH0}GeV H± → AW± H± → h0W± Favored Region

BP1: {200, 70, 126, 700} 3 7 sin(β − α) ≈ ± 1

BP2: {300, 126, 126, 700} 3 3 sin(β − α) ≈ ± 1

BP3: {300, 700, 70, 126} 7 3 sin(β − α) ≈ 0

BP4: {300, 700, 126, 700} 7 3 sin(β − α) ≈ ± 1

Table 3. Benchmark points shown for illustrating the discovery and exclusion limits for the pro-

cesses pp→ H±tb→ AW±/HW±tb→ ττbbWW in the context of Type II 2HDM. The checkmarks

indicate kinematically allowed channels. Also shown are the typical favored region of sin(β−α) for

each case (see ref. [23]).

We do not consider the decay H± → H0W± as its reach is similar to the H± → AW±

channel in the h0-126 case while being suppressed in the H0-126 case. We do not consider

the decay H± → AW± in the H0-126 case since the reach is always worse that that in the

h0-126 case due to competition from the H± → h0W± mode.

We list the specific benchmark points considered in table 3. BP1 and BP2 are chosen

to illustrate the reach for the H± → AW± decay. A smaller mH± is chosen for BP1

to illustrate the effect of a larger production cross section. BP3 and BP4 are chosen to

illustrate the reach for the H± → h0W± decay, with unsuppressed decay in BP3 (H0-

126 case) and suppressed decay in BP4 (h0-126 case) when preferred value of sin(β −α) is

considered. Note that BP1 and BP4 admit only one exotic decay (AW± for the former and

h0W± for the latter), thus representing the simplest scenario where the reach is maximized

in these two modes for the chosen mH± value.

In figure 8, we display the branching fraction of the H± → AW± and h0W± for

the various benchmark points listed in table 3 in the sin(β − α) − tanβ plane. For BP1
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Figure 8. Contours of branching fractions of H± → AW± [(a) and (b)] and H± → h0W± [(c)

and (d)] for each benchmark point.

with (mH± ,mA,mh0 ,mH0)=(200, 70, 126, 700) GeV in panel (a), BR(H± → AW±) is in-

dependent of sin(β − α), while decreasing at both large and very small tanβ, due to the

competition of H± → tb mode. BR(H± → AW±) can reach 90% or larger in the range 3

. tanβ . 12. Even for tanβ = 37, BR(H± → AW±) can be around 50%.

For BP2 with (mH± ,mA,mh0 ,mH0)=(300, 126, 126, 700) GeV in panel (b), BR(H± →
AW±) decreases at small | sin(β − α)| due to the opening of the H± → h0W± channel.

BR(H± → AW±) is maximized for sin(β − α) = ±1 and intermediate tanβ, which is also

the preferred region in the h0-126 case.

For BP3 with (mH± ,mA,mh0 ,mH0)=(300, 700, 70, 126) GeV in panel (c), maximal

branching fraction for H± → h0W± is obtained around sin(β − α) = 0 where the cou-

– 17 –

179



J
H
E
P
1
2
(
2
0
1
4
)
1
4
8

pling is maximal. The decreasing of the branching fraction at large and small tanβ is

caused by the enhanced tb and τν modes, while the decreasing of the branching fraction

at sin(β − α) ∼ ±1 is caused by the suppressed H± → h0W± decay width as well as the

enhanced H± → H0W mode.

For BP4 with (mH± ,mA,mh0 ,mH0)=(300, 700, 126, 700) GeV in panel (d), BR(H± →
h0W±) is suppressed at large tanβ compared to BP3, since H± → h0W± has more phase

space suppression. The reduction of BR(H± → h0W±) at larger | sin(β − α)|, however, is

milder since H± → H0W± is kinematically forbidden. In the preferred regions sin(β−α) ∼
±1 and 0.55 < sin(β−α) < 0.9 (for 1.5 < tanβ < 4) in the h0-126 case, BR(H± → h0W±)

is still large enough to allow sensitivity in this channel.

5.2 Reach in parameter spaces

To translate the discovery and exclusion limits on σ×BR in the tanβ versus sin(β − α)

plane, we focus on the model implication for the ττ channel only since the limits for the

bb channel are too weak to be realized within the Type II 2HDM.

In figure 9, we display the 95% exclusion (yellow regions enclosed by the solid lines) and

5σ discovery limits (cyan regions enclosed by the dashed lines) for the various benchmark

points at the 14 TeV LHC with 300 fb−1 integrated luminosity. For BP1 with H± → AW±

[panel (a)] , discovery is possible for small tanβ . 1.5 independent of sin(β − α), and for

large tanβ ≥ 34. The exclusion regions are much larger: tanβ . 4 and tanβ & 15. Note

that while the branching fraction is relatively suppressed at small and large tanβ, as shown

in figure 8, the H± production cross section is enhanced in those regions, which is more

than sufficient to offset the slightly reduced branching fractions. Therefore, we typically

find exclusion and discovery regions appear in both the small and large tanβ regions, so

long as σ× BR values are large enough for exclusion/discovery.

The reach for BP2 [panel (b)] is smaller compared to BP1 because of smaller cross

sections associated with a 300 GeV H±. The model could still be excluded in quite a large

range: tanβ . 3, and tanβ & 22. These values, however, are dependent on sin(β − α).

The maximum reach is achieved around sin(β − α) = ± 1 where BR(H± → AW±) is

maximized. 5σ discovery, however, is not possible for this benchmark point except for very

high tanβ ≥ 55, and sin(β − α) ≈ ±1.

For BP3 in panel (c), the reach is best for sin(β − α) = 0: tanβ & 20 or . 3 for 95%

C.L. exclusion and tanβ & 46 or . 1 for 5σ discovery. The reach gets significantly weaker

when sin(β − α) approaches ±1 with the regions | sin(β − α)| > 0.9 providing no reach.

Note that for BP3 with mH0 = 126 GeV, sin(β − α) ≈ 0 is also the favored region given

the SM-like Higgs consideration.

BP4 is an interesting case as this corresponds to the charged Higgs decaying to a SM-

like Higgs h0. The exclusion reach is almost the same as in BP3, while the discovery reach

is relatively weaker due to the suppression of the branching fractions at large or small tanβ,

as shown in figure 8 (d). There are small regions of parameter space around sin(β−α) = 0

and tanβ & 55 or tanβ ≤ 1 that permit discovery. These exclusion or discovery regions

do not lie in the preferred region sin(β − α) ≈ ±1 for the h0−126 case. Note, however
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Figure 9. The 95% exclusion (yellow regions enclosed by the solid lines) and the 5σ discovery

reach (cyan regions enclosed by the dashed lines) for pp→ H±tb→ AW±tb/HW±tb→ ττbbWW

in the tanβ versus sin(β − α) plane for each benchmark point, with an integrated luminosity of

300 fb−1 at the 14 TeV LHC.

that the exclusion region for H± → h0W± is indeed sensitive to part of the region that is

consistent with the observed Higgs signal: 0.55 < sin(β − α) < 0.9 with small tanβ [23].

Figure 10 shows the reach in the mH± − tanβ for H± → AW±, with mA = 70 GeV

(left panel) and 126 GeV (right panel). We have fixed sin(β − α) = 1 and decoupled H0

such that both H± → h0W±, H0W± are absent. Superimposed on the plot in black dashed

line is the projected ATLAS H± → τν discovery reach with 100 fb−1 luminosity [31] for

comparison. The mA = 70 GeV represents the best case scenario for discovery/exclusion.

While the reach in the exotic channel H± → AW± is smaller compared to the standard
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Figure 10. 95% exclusion (yellow regions bounded by solid red lines) and the 5σ discovery (cyan

regions bounded by the dashed red lines) in the mH±−tanβ parameter space for 300 fb−1 luminosity

in the pp → H±tb → AW±tb → ττbbWW channel, with mA = 70 GeV (left panel) and 126 GeV

(right panel). Superimposed in black dashed line is the projected ATLAS H± → τν 5σ discovery

contours with 100 fb−1 luminosity. sin(β − α) is chosen to be 1 and H0 is decoupled.

H± → τν searches in the high tanβ region, AW± channel provides a reach in the small

tanβ regions which is absent in the τν mode. Additionally, the model can be excluded at

the 95% C.L. for masses extending all the way to 600 GeV for both small and large tanβ

in this channel. The mA = 126 case has limited sensitivity for discovery (constrained to

only small regions 300 GeV < mH± < 320 GeV), but does provide an exclusion range that

is comparable to the mA = 70 GeV case.

We conclude this section with the following observations:

• The best case scenario are the decays H± → AW± for the h0−126 case and H± →
h0W± in the H0−126 case for small daughter Higgs masses.

• The potentially interesting scenario H± → h0W± with h0 being SM-like has sensitiv-

ity for 95% C.L. exclusion at small and large tanβ for sin(β − α) different from ±1.

The sensitivity for discovery, however, is constrained mostly to high tanβ regions.

• There is sizeable reach in both small and large tanβ for exclusion for mA = 70 GeV

and sin(β−α) = 1, while discovery is also possible for small tanβ as seen in figure 10.

Specifically, discovery of the charged Higgs is possible for mH± up to 400 GeV in both

the small and large tanβ regions.

• The reach in this exotic channel H± → AW±/HW± is complementary to the con-

ventional search channel H± → τν, in particular, for small tanβ.

6 Conclusion

The discovery of the Higgs at 126 GeV has not only confirmed the predictions of the SM,

but has also ushered in a new era of discovery of beyond the SM physics. Many such

scenarios incorporate an extended Higgs sector, which predict the existence of extra Higgs

bosons other than the SM-like one. Most of the current searches for those extra Higgs
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bosons focus on the conventional channels of bb, ττ , γγ, WW and ZZ for the neutral ones,

and τν, cs for the charged ones. However, there have been efforts recently to study the

exotic decay of these Higgs bosons to enhance their collider reaches [41–43, 70–75].

Charged Higgses, compared to their neutral counterparts, are harder to discover. This

is mostly due to the relatively small associated production cross section of H±tb (compared

to the gluon fusion process for the neutral ones), as well as the large SM backgrounds for

the dominant decay mode H± → tb. The conventional search channel H± → τν suffers

from relatively small decay branching fraction and thus, it behooves us to consider other

possible decays of the H± to enhance its reach at colliders. In this paper, we analyzed the

feasibility of discovering a charged Higgs boson in the process H± → AW±/HW±, with

the daughter Higgs decaying to either ττ or bb.

We obtained model independent limits on σ × BR(pp→ H±tb→ AW±tb/HW±tb→
ττbbWW, bbbbWW ) at the 14 TeV LHC. For the ττ channel, we considered all three cases:

τhadτhad, τlepτhad, and τlepτlep. It turns out that τlepτhad affords the best possible reach as

we can take advantage of the same sign dilepton signal. Combining all three channels, we

find for a daughter particle mass of 70 GeV, that the 95% C.L. exclusion reach ranges from

about 60 fb to 25 fb, when mH± is varied in the range 150 GeV−500 GeV with 300 fb−1

integrated luminosity at the 14 TeV LHC. The 5σ reach is about a factor of 3−4 higher.

This channel is statistically limited and the reach enhances with increased luminosity. The

reach in the bb channel is significantly worse.

We studied the implication of the σ × BR reach in the Type II 2HDM, focusing on

H± → AW± and H± → h0W± decays. We find that in this model, the pp → H±tb →
bbbbWW cross section is too low for H± to be either discovered or excluded. However, for

the ττ mode, large regions of parameter space in tanβ versus sin(β − α) can be covered

when the daughter Higgs mass is relatively light, in particular, for small and large tanβ.

The exclusion region in the mH± − tanβ plane can be extended to mH± = 600 GeV, while

discovery is possible for mH± . 400 GeV. While the model can be excluded for a wide range

of tanβ values, discovery regions are mostly restricted to either small (. 2) or large (&
34 ) values. Since the conventional search channel H± → τν is only sensitive to the large

tanβ region, the exotic decay mode H± → AW±/HW± offers a complementary channel

for charged Higgs searches.

Given the difficulties of the charged Higgs detection at hadron colliders, other search

channels, for example, qq′ → H±, electroweak pair production of H+H−, H+W−, as well

as charged Higgs produced in the decay of a heavy Higgs [35, 40–43, 75, 76] should be

studied to fully explore the discovery potential of the charged Higgses at the LHC. A fu-

ture lepton machine with high center of mass energy would certainly be useful for charged

Higgs discovery.
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channel into a lighter neutral Higgs, H± → AW/HW , is open. In this study, we examine
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production, which is the most prominent production channel for a light charged Higgs

at the LHC. We consider the subsequent decay H± → AW/HW , which can reach a

sizable branching fraction at low tan β once it is kinematically permitted. With a detailed

collider analysis, we obtain exclusion and discovery bounds for the 14 TeV LHC assum-

ing the existence of a 70 GeV neutral scalar. Assuming BR(H± → AW/HW ) = 100%

and BR(A/H → ττ) = 8.6%, the 95% exclusion limits on BR(t → H+b) are about 0.2%

and 0.03% for single top and top pair production respectively, with an integrated lumi-

nosity of 300 fb−1. The discovery reaches are about 3 times higher. In the context of

the Type II 2HDM, discovery is possible at both large tan β > 17 for 155 GeV < mH± <

165 GeV, and small tan β < 6 over the entire mass range. Exclusion is possible in the
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1 Introduction

In July 2012, both the ATLAS and the CMS collaborations announced the discovery of

a new resonance with a mass of 126 GeV, which is consistent with the predictions of the

Standard Model (SM) Higgs boson [1, 2]. The data obtained in the following years allowed

measurements of its mass and couplings and a determination of its CP properties and

spin [3–5]. Nevertheless, there are many reasons, both from theoretical considerations and

experimental observations, to expect physics beyond the SM, such as the hierarchy problem,

neutrino masses and dark matter. There have been numerous attempts to build new physics

models which can explain these puzzles. Some well known examples are the Minimal

Supersymmetric Standard Model (MSSM) [6–8], the Next to Minimal Supersymmetric

Standard Model (NMSSM) [9, 10] and the Two Higgs Doublet Models (2HDM) [11–14].

Many of these new physics models involve an extended Higgs sector with an interesting

phenomenology that might be testable at the LHC. In addition to the SM-like Higgs boson

in these models, the low energy spectrum includes other CP-even Higgses1 H, CP-odd

Higgses A, and a pair of charged Higgses H±. The discovery of one or more of these new

particles would be a clear indication of an extended Higgs sector as the source of elec-

troweak symmetry breaking (EWSB). A number of searches have been performed at the

LEP, Tevatron and the LHC, mainly focusing on decays of Higgses into SM particles [15–

22]. However, exotic decay channels, in which a heavy Higgs decays into either two lighter

Higgses, or a Higgs plus an SM gauge boson, open up and can even dominate if kine-

matically allowed, reducing the reach of the conventional search channels. Some of these

channels have already been studied both in a theoretical [23–31] and experimental [32–34]

1Note that we use h0 and H0 to refer to the lighter or the heavier CP-even Higgs for models with two

CP-even Higgs bosons. When there is no need to specify, we use H to refer to the CP-even Higgses.
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setting. Soon, more of those exotic Higgs decay channels will be accessible at the LHC. It

is therefore timely to study the LHC reach of those channels more carefully.

In the current study we examine the detectability of a light charged Higgs boson,

with mH± < mt. The dominant production mode for such a light charged Higgs at the

LHC is via top decay, given the large top production rate at the LHC. BR(t → H±b)

can be enhanced at both large and small tan β, due to the enhanced top and bottom

Yukawa couplings. Current search strategies assume that the charged Higgs decays either

leptonically (H± → τν) or hadronically (H± → cs). The null search results at both the

ATLAS and CMS exclude a light charged Higgs below a mass of about 160 GeV for most of

the parameter space [16, 17]. However, if there exists a neutral Higgs (A/H) light enough

such that the H± → AW±/HW± channel is kinematically open, the branching fractions

into the conventional final states τν and cs are suppressed and the exclusion bounds can

be significantly weakened. Due to experimental challenges at low energies, such a light

neutral Higgs has not been fully excluded yet. A relatively large region of mH± > 150 GeV

and tan β . 20 is still allowed, while no limits exist for mH± > 160 GeV.

The exotic decay channel of H± → AW/HW , on the other hand, offers an additional

opportunity for the detection of a light charged Higgs, closing the loophole of the current

light charged Higgs searches. While there are strong constraints on the mass of the light

charged Higgs from flavor [35–37] and precision [38–42] observables, those limits are typi-

cally model dependent and could be relaxed when there are contributions from the other

sectors of the model [43]. A direct search for a light charged Higgs, on the other hand,

provides a model-independent and complementary reach. It is thus timely and worthwhile

to fully explore the discovery or exclusion potential of the light charged Higgs at the LHC.

In this paper we study the exotic decay of a charged Higgs H± → AW/HW with A/H

decaying into ττ . We focus on the light charged Higgs produced via top decay, considering

both the single top and top pair production channels. The exclusion bounds and discovery

reach will be explored and interpreted in the context of the Type II 2HDM. A collider

analysis considering the same decay channel of a heavy charged Higgs produced in H±tb

associate production has been performed in [26].

We will proceed as follows. In section 2, we briefly introduce the Type II 2HDM and

present scenarios that permit a large branching fraction for the process H± → AW/HW .

In section 3, we summarize the current experimental constraints on a light charged Higgs.

In section 4, we present the details of our collider analysis. We investigate the single top

and top pair production channels in section 4.1 and 4.2, respectively, and present the model

independent 95% C.L. exclusion and 5σ discovery limits for both processes at the 14 TeV

LHC with various luminosities in section 4.3. In section 5, we discuss the implications of

our analysis for the Type II 2HDM and translate our results into reaches in parameter

space. We conclude in section 6.

2 Theoretical motivation

In the 2HDM, we introduce two SU(2)L doublets Φi, i = 1, 2:

Φi =

(
φ+i

(vi + φ0i + iGi)/
√

2

)
, (2.1)
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where v1 and v2 are the vacuum expectation values of the neutral components which

satisfy the relation
√
v21 + v22 = 246 GeV after EWSB. Assuming an additional discrete Z2

symmetry imposed on the Lagrangian, we are left with six free parameters, which can be

chosen as four Higgs masses (mh0 , mH0 , mA, mH±), a mixing angle α between the two

CP-even Higgses, and the ratio of the two vacuum expectation values (tan β = v2/v1).

In the case where a soft breaking of the Z2 symmetry is allowed, there is an additional

parameter, m2
12. In the Type II 2HDM, Φ1 couples to the leptons and down type quarks,

while Φ2 couples to the up type quarks. Details of the Type II 2HDM can be found in the

review paper [11].

The Higgs mass eigenstates contain a pair of CP-even Higgses (h0, H0), one CP-odd

Higgs A and a pair of charged Higgses H±, which can be written as:(
H0

h0

)
=

(
cosα sinα

− sinα cosα

)(
φ01
φ02

)
,

A

H±
= −G1 sinβ +G2 cosβ

= −φ±1 sinβ + φ±2 cosβ
. (2.2)

If the charged Higgs is light, the top quark can either decay into Wb or into H±b. The

first decay is controlled by the SM gauge coupling

gW±tb =
g√
2
γµ

1− γ5
2

, (2.3)

with g being the SM SU(2)L coupling, while the second decay depends on tan β in the

Type II 2HDM or MSSM:

gH±tb =
g

2
√

2mW

[(mb tanβ +mt cotβ)± (mb tanβ −mt cotβ)γ5] . (2.4)

This coupling is enhanced for both small and large tan β. In figure 1, we present contours

of the branching fraction BR(t → H±b) in the mH± − tanβ plane, calculated using the

2HDMC [44]. We can see that the decay branching fraction BR(t → H±b) can reach

values of 5% and above for both large and small tan β, but reaches a minimum at tan β =√
mt/mb ∼ 8. The branching fraction decreases rapidly when the charged Higgs mass

becomes close to the top mass.

Conventionally, a light charged Higgs is assumed to either decay into τν or cs, with

the corresponding couplings being

gH±τν =
g

2
√

2mW

mτ tanβ(1± γ5), (2.5)

gH±cs =
g

2
√

2mW

[(ms tanβ +mc cotβ)± (ms tanβ −mc cotβ)γ5] . (2.6)

If there is an additional light neutral Higgs boson h0 or A, additional decay channels into

h0W/AW open up. The couplings are determined by the gauge coupling structure, as well

as the mixing angles [45]:

gH±h0W∓ =
g cos(β − α)

2
(ph0 − pH±)µ, (2.7)

gH±AW∓ =
g

2
(pA − pH±)µ, (2.8)

with pµ being the incoming momentum for the corresponding particle.
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Figure 1. Branching fractions of BR(t→ H±b) in the mH± − tanβ plane.

The H± → h0W channel for a light charged Higgs is open only if we demand the heavy

CP-even neutral Higgs H0 to be the observed 126 GeV SM-like Higgs. In this case | cos(β−
α)| ∼ 1 is preferred by experiments and the H±h0W± coupling is unsuppressed. The

H±AW± coupling is independent of sin(β−α) and always unsuppressed. There is no H± →
H0W channel since it is kinematically forbidden given mH± < mt and mH0 ≥ 126 GeV.

In the generic 2HDM, there are no mass relations between the charged scalars, the

scalar and pseudoscalar states. Therefore both the decays H± → h0W and H± → AW

can be accessible or even dominant in certain regions of the parameter space. It was shown

in ref. [37] that in the Type II 2HDM with Z2 symmetry, imposing all experimental and

theoretical constraints still leaves large regions in the parameter space that permit such

exotic decays with unsuppressed decay branching fractions.

In the left panel of figure 2, we show the contours of the branching fraction BR(H± →
AW ) in the mH± − tanβ plane assuming mA = 70 GeV, h0 being the SM-like Higgs

and mH0 decoupled. This branching fraction dominates for values of tan β less than 10

to 30 for charged Higgs masses in the range between 155 GeV and 170 GeV. For large

values of tan β, the τν channel dominates, as shown in the right panel of figure 2 for

mH± = 160 GeV. For small charged Higgs masses close to the mA + mW threshold, the

decay is kinematically suppressed. Similar results can be obtained for H± → h0W with

mh0 = 70 GeV, sin(β − α) ∼ 0 and decoupled mA.

The MSSM Higgs mass spectrum is more restricted. At tree level, the mass matrix

depends on mA and tanβ only, and the charged Higgs mass is related to mA by m2
H± =

m2
A +m2

W . Large loop corrections are needed to increase the mass splitting to permit the

decay of H± → AW . In the non-decoupling region of MSSM with H0 being the SM-like

Higgs, the light CP-even Higgs h0 can be light: mh0 < mH±−mW . The branching fractions

can reach values up to 10% [46] in some regions of parameter space. In the NMSSM the

Higgs sector is enlarged by an additional singlet. The authors of [47, 48] have shown that

decays of H± → AiW/HiW can be significant in certain regions of parameter space.

– 4 –

194



J
H
E
P
1
1
(
2
0
1
5
)
0
5
1

140 150 160 170 180
0

10

20

30

40

50

mH
± @GeVD

ta
n
Β

10%

50%

75%

90%

BRHH+®AWL

1 2 5 10 20
0.001

0.005

0.010

0.050

0.100

0.500

1.000

tan Β

B
R

H
+®AW

H
+®cs

H
+®Τ Ν

Figure 2. The left panel shows the branching fraction BR(H± → AW ) in the Type II 2HDM in

mH± − tanβ plane. The right panel shows the branching fractions of H± → AW (red), τν (green)

and cs (blue) as a function of tan β for a 160 GeV H±. Both plots assume the existence of a 70 GeV

CP-odd scalar A, h0 being the SM-like Higgs and H0 decoupled.

3 Current limits

Searches for a light charged Higgs boson with mass mH± < mt have been performed by

both ATLAS and CMS [16, 17] with 19.7 fb−1 integrated luminosity at 8 TeV and 4.6

fb−1 integrated luminosity at 7 TeV. The production mechanism considered is top pair

production in which one top quark decays into bH± while the other decays into bW .

These studies focus on the H± → τν decay channel, which is dominant in most parts of

the parameter space in the absence of decays into lighter Higgses. Assuming a branching

fraction BR(H± → τν) = 100%, the null search results from CMS [17] imply upper bounds

for the top quark branching fraction BR(t → H±b) varying between 1.2% to 0.16% for

charged Higgs masses between 80 GeV and 160 GeV. This result can be translated into

bounds on the MSSM parameter space. The obtained exclusion limits for the MSSM mmax
h

scenario can be seen in the right panel of figure 3 (the region to the left of the red line). Only

charged Higgs masses in the small region 155 GeV < mH± < 160 GeV around tan β = 8

are still allowed. The ATLAS results [16] are similar.

A search with the H± → cs final states has been performed by ATLAS [18] using

4.7 fb−1 integrated luminosity at 7 TeV and by CMS [19] using 19.7 fb−1 integrated lumi-

nosity at 8 TeV. Assuming BR(H± → cs) = 100%, the ATLAS results imply an upper

bound for BR(t→ bH±) around 5% to 1% for charged Higgs masses between 90 GeV and

150 GeV while the CMS searches impose an upper bound of BR(t → bH±) around 2% to

7% for a charged Higgs mass between 90 and 160 GeV.

These limits get weaker once we assume realistic branching fractions smaller than

100%. The left panel of figure 3 shows how the CMS limits on the branching fraction

BR(t→ H±b) can change significantly in the presence of an additional light neutral Higgs.
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Figure 3. Left panel: CMS limits on the branching fraction BR(t → H±b) assuming a 100%

BR(H± → τν) (black line) [17], as well as the weakened limits in the Type II 2HDM in the

presence of a light neutral Higgs for tan β = 1 (red), tan β = 7 (blue) and tan β = 50 (green). Right

panel: the excluded region in mH±− tanβ plane assuming a 100% BR(H± → τν) (yellow and cyan

regions) and the weakened limits with a light neutral Higgs (cyan region). Here we have assumed

the light neutral Higgs to be a 70 GeV CP-odd scalar A.

The black curve shows the CMS limits presented in [17] assuming a 100% BR(H± → τν).

The modified limits assuming the presence of a 70 GeV CP-odd neutral Higgs are shown

for tanβ = 1 (red), tan β = 7 (blue) and tan β = 50 (green). We can see that for large

tanβ, the limits stay almost unchanged since H± → τν is the dominating decay channel,

but for smaller values of tan β these limits are weakened significantly.

The right panel of figure 3 shows how the CMS limits in the mH±−tanβ plane weaken

in the presence of an additional light Higgs. The yellow shaded region (plus the cyan region)

assumes a 100% BR(H± → τν) while the cyan region assumes the Type II 2HDM branching

fractions in the presence of a 70 GeV CP-odd neutral Higgs. For tan β < 15, the surviving

region in mH± is much more relaxed, extending down to about 150 GeV. Therefore, the

presence of exotic decay modes substantially weakens the current and future limits based

on searches for the conventional H± → τν, cs decay modes.

A light charged Higgs could have a large impact on precision and flavor observables [49].

For example, in the 2HDM, the bounds on b→ sγ restrict the charged Higgs to be heavier

than 300 GeV. A detailed analysis of precision and flavor bounds in the 2HDM can be

found in refs. [35–37]. Flavor constraints on the Higgs sector are, however, typically model-

dependent, and could be alleviated when there are contributions from other new particles

in the model [43]. Since our focus in this work is on collider searches for a light charged

Higgs and their implications for the Type II 2HDM, we consider the scenario of a light

charged Higgs: mH± < mt, as long as it satisfies the direct collider Higgs search bounds.

Our study also assumes the existence of a light neutral Higgs A/H, which has been

constrained by the A/H → ττ searches at the LHC [20, 21], in particular, for mA/H >

90 GeV and relatively large tan β. No limit, however, exists for mA/H < 90 GeV due
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to the difficulties in the identification of the relatively soft taus and the overwhelming

SM backgrounds for soft leptons and τ -jets. Furthermore, LEP limits [22] based on V H

associated production do not apply for the CP-odd A or the non-SM like CP-even Higgs.

LEP limits based on AH pair production can also be avoided as long as mA + mH >

208 GeV. Therefore, in our analyses below, we choose the daughter (neutral) Higgs mass

to be 70 GeV.2

There have been theoretical studies on other light charged Higgs production and decay

channels. The authors of [50, 51] analyzed the possibility of using the single top production

mode to observe a light charged Higgs boson decaying into a τν final state. The detectabil-

ity of a charged Higgs decay into a µν final state or a γγW final state via AW with a light

charged Higgs produced via top decay in top pair production has been investigated in [52]

and [53].

The H±tb associated production with H± → AW/HW± has been analyzed in detail

in ref. [26], which focuses on heavy charged Higgs bosons (mH± > mt). Given the same

final state of bbWWA/H, the same search strategy can be used to analyze light charged

Higgs coming from top decay with top pair production. Furthermore, we analyze single

top production with pp → tj and t → H±b → A/HWb. This channel permits a cleaner

signal due to its unique kinematic features.

4 Collider analysis

In our analysis we study the exotic decay H± → AW/HW of light charged Higgs bosons

(mH± < mt) produced via top decay. We consider two production mechanisms: t-channel

single top production3 (tj) and top pair production (tt̄) [54].

The light neutral Higgs boson can either be the CP-even H or the CP-odd A. In the

analysis that follows, we use the decay H± → AW± as an illustration. Since we do not

use angular correlations of the charged Higgs decay, the bounds obtained for H± → AW±

apply to H± → HW± as well.

The neutral Higgs boson (A) itself will decay further. In this analysis we look at the

fermionic decay A → ττ for single top production and both the ττ and the hadronic bb

modes for top pair production. While the bb mode would have the advantage of a large

branching fraction BR(A → bb), the ττ case has smaller SM backgrounds and therefore

leads to a cleaner signal. We study both leptonic and hadronic τ decays and consider three

cases: τhadτhad, τlepτhad and τlepτlep. The τlepτhad case is particularly promising since we

can utilize the same sign dilepton signal with the leptons from the decays of the W and

the τ .

We use Madgraph 5/MadEvent v1.5.11 [55, 56] to generate our signal and background

events. These events are passed to Pythia v2.1.21 [57] to simulate initial and final state

radiation, showering and hadronization. The events are further passed through Delphes

2The mass of 70 GeV is also chosen to be above the hSM → AA threshold to avoid significant deviations

of the 126 GeV SM-like Higgs branching fractions from current measurements.
3We only consider the dominant t-channel single top mode since the s-channel mode suffers from a very

small production rate and the tW mode has a final state similar to that of the top pair production case.
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3.07 [58] with the Snowmass combined LHC detector card [59] to simulate detector ef-

fects. The discovery reach and exclusion bounds have been determined using the program

RooStats [60, 61] and theta-auto [62].

In this section, we will present model independent limits on the σ × BR for both 95%

C.L. exclusion and 5σ discovery for both single top and top pair production with possible

final states ττbWj and ττbbWW/bbbbWW . We consider the parent particle mass mH± in

the range 150 − 170 GeV and the daughter particle mass, mA = 70 GeV.

4.1 Single top production

For single top production, we consider the channel

pp→ tj → H±bj → AW±bj → ττWbj. (4.1)

The dominant SM backgrounds are Wττ production, which we generate with up to two

additional jets (including b jets); and top pair production with both fully and semi-leptonic

decay chains, which we generate with up to one additional jet. We also take into account

the SM backgrounds tjττ and ttll with l = (e, µ, τ ).

The cuts that we have imposed are:

1. Identification cuts.

Case A (τhadτhad). One lepton ` = e or µ, two τ tagged jets, zero or one b tagged

jet and at least one untagged jet:

n` = 1, nτ = 2, nb = 0, 1, nj ≥ 1. (4.2)

We require the τ -tagged jets to have charges of opposite signs.

Case B (τlepτhad). Two leptons, one τ tagged jet, zero or one b tagged jet and at

least one untagged jet:

n` = 2, nτ = 1, nb = 0, 1, nj ≥ 1. (4.3)

We require that both leptons have the same sign, which is opposite to the sign of the

τ tagged jet.

Case C (τlepτlep). Three leptons, no τ tagged jet, zero or one b tagged jet and at

least one untagged jet:

n` = 3, nτ = 0, nb = 0, 1, nj ≥ 1. (4.4)

The following selection cuts for the identification of leptons, b jets and jets are used:

|η`,b,τ | < 2.5, |ηj | < 5, pT,`1,j,b > 20 GeV and pT,`2 > 10 GeV. (4.5)

2. Neutrino reconstruction. We reconstruct the momentum of the neutrino using the

missing transverse momentum and the momentum of the hardest lepton as described

in [63], assuming that the missing energy is solely from W → `ν. In case B and C,

the neutrino reconstruction is relatively poor since there is additional missing energy

from the leptonic τ decay.
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Figure 4. Normalized distribution of cos θ∗ (left panel) and the transverse momentum of the tj

system pT,tj (right panel) for the signal (red, solid) and the dominant SM backgrounds: tt̄ (blue,

dotted) and Wττ (green, dotted). The imposed cuts are indicated by the vertical dashed lines.

The histograms shown are for case A with mH± = 160 GeV and mA = 70 GeV.

3. Neutral Higgs candidate A. The τ jets (case A), the τ jet and the softer lepton

(case B) or the two softer leptons (case C) are combined to form the neutral Higgs

candidate. In cases B and C the mass reconstruction is relatively poor due to missing

energy from the neutrino associated with the leptonic τ decay.

4. Charged Higgs candidate H±. The neutral Higgs candidate, the reconstructed

neutrino and the hardest lepton are combined to form the charged Higgs candidate.

5. Mass cuts. We place upper limits on the masses of the charged and neutral Higgs

candidates, optimized for each mass combination. For mH± = 160 GeV and mA =

70 GeV, we impose

mττ < 48 GeV and mττW < 148 GeV. (4.6)

6. Angular correlation. A unique kinematical signature of single top production is

the distribution of the angle θ∗, which is the angle between the top momentum in the

tj system’s rest frame and the tj system’s momentum in the lab frame, as suggested

in [64]. The differential distribution for cos θ∗ is shown in the left panel of figure 4

for signal (red, solid), tt̄ (blue, dotted) and Wττ (green, dotted). The signal tends

to peak around cos θ∗ ≈ −1 while the background is flat for Wττ and tt.4 In our

analysis we require

cos θ∗ < −0.8. (4.7)

4As shown in [64], the cos θ∗ distribution for tt̄ background would peak around cos θ∗ = 1 if the top

quark could be reliably identified. However, in this paper we approximate the top quark momentum by the

momentum of the charged Higgs candidate, which results in a flat distribution of cos θ∗ for the tt̄ system.
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Cut Signal W (W )ττ tt̄ tjττ/ttll S/B S/
√
B

[fb] [fb] [fb] [fb] (300 fb−1)

σ 100 2000 6.3 · 105 257 – –

A: Identification [eq. (4.2)] 0.29 5.36 130 1.39 0.002 0.43

Mass cuts [eq. (4.6)] 0.16 0.34 2.62 0.04 0.05 1.55

cos θ∗ and pT,tj [eq. (4.7), (4.8)] 0.07 0.03 0.07 0.001 0.67 3.72

B: Identification [eq. (4.3)] 0.25 4.45 2.46 1.33 0.03 1.51

Mass cuts [eq. (4.6)] 0.11 0.31 0.20 0.05 0.19 2.48

cos θ∗ and pT,tj [eq. (4.7), (4.8)] 0.06 0.04 0.02 0.002 0.91 3.99

C: Identification [eq. (4.4 )] 0.18 3.07 6.77 6.74 0.01 0.78

Mass cuts [eq. (4.6)] 0.12 0.55 0.94 0.28 0.07 1.63

cos θ∗ and pT,tj [eq. (4.7), (4.8)] 0.07 0.08 0.10 0.01 0.38 2.84

Table 1. Signal and dominant background cross sections with cuts for the signal benchmark point

mH± = 160 GeV and mA = 70 GeV at the 14 TeV LHC. We have chosen a nominal value for

σ×BR(pp→ tj → H±jb→ ττWbj) of 100 fb to illustrate the cut efficiencies for the signal process.

The last column of S/
√
B is shown for an integrated luminosity of L = 300 fb−1.

7. Top and recoil jet system momentum. In single top production, we expect that

the transverse momentum of the top quark and recoil jet should balance each other,

as shown in the right plot of figure 4 by the red solid curve. We impose the cut for

the transverse momentum of the tj system:

pT,tj < 30 GeV. (4.8)

This further suppresses the top pair background in the presence of additional jets

coming from the second top.

In Table 1, we show the signal and major background cross sections with cuts for

a signal benchmark point of mH± = 160 GeV and mA = 70 GeV at the 14 TeV LHC.

The first row shows the total cross section before cuts, calculated using MadGraph. The

following rows show the cross sections after applying the identification cuts, mass cuts and

the additional cuts on cos θ∗ and pT,tj for all three cases as discussed above. We have

chosen a nominal value for σ × BR(pp→ H±bj → ττWbj) of 100 fb.5

We can see that the dominant background contributions after particle identification

are tt for cases A and C, and Wττ for case B. The reach is slightly better in case B in which

the same sign dilepton signature can reduce the tt̄ background sufficiently. Nevertheless,

soft leptons from underlying events or b-decay can mimic the same sign dilepton signal.

The obtained results are sensitive to the τ tagging efficiency as well as the misidentification

rate. In our analyses, we have used a τ tagging efficiency of εtag = 60% and a mistagging

rate of εmiss = 0.4%, as suggested in [59]. A better rejection of non-τ initiated jets would

increase the significance of this channel.

5For the Type II 2HDM the top branching fraction into a charged Higgs for mH± = 160 GeV is typically

between 0.1% and 1% (see figure 1). Using the single top production cross section, σtj = 248 pb [54] and

assuming the branching fractions BR(H± → AW±) = 100% and BR(A → ττ) = 8.6% leads to the stated

σ× BR of around 21 − 210 fb.
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Cut Signal [fb] tt̄ [fb] tt̄ll [fb] W (W )ττ [fb] S/B S/
√
B

σ 1000 6.3 · 105 247 2000

τhadτhad: Identification 4.1 23.3 0.58 0.078 0.17 14.9

mττ vs mττW 0.6 0.31 0.021 0.003 1.9 18.8

τlepτhad: Identification 3.3 0.35 0.697 0.072 3.0 55.3

mττ vs mττW 0.69 0.035 0.042 0.007 8.1 41.1

τlepτlep: Identification 3.1 2.35 5.11 0.058 0.41 19.9

mττ vs mττW 0.62 0.25 0.16 0.006 1.4 16.5

Table 2. Signal and background cross sections with cuts for the signal benchmark point mH± =

160 GeV and mA = 70 GeV at the 14 TeV LHC. We have chosen a nominal value for σ×BR(pp→
tt→ H±tb→ ττbbWW ) of 1000 fb to illustrate the cut efficiencies for the signal process. The last

column of S/
√
B is shown for an integrated luminosity of L = 300 fb−1. See details in ref. [26] for

the identification cuts and mττ vs mττW cuts.

4.2 Top pair production

We now turn to the top pair production channel

pp→ tt→ H±tb→ AbbWW → ττbbWW/bbbbWW. (4.9)

A detailed collider study with the same final states has been performed in [26] with a focus

on high charged Higgs masses. The same strategy has been adopted for the light charged

Higgs case and we refer to ref. [26] for details of the analysis.

To analyze this channel, we consider decay modes of the neutral Higgs into τhadτhad,

τhadτlep, τlepτlep and bb. For the two W bosons, we require one to decay leptonically and

the other to decay hadronically to reduce backgrounds.

The dominant SM background for the ττ channel is semi- and fully leptonic tt̄ pair

production. We also take into account ttll production with l = (e, µ, τ ), as well as Wττ and

WWττ . We ignored the subdominant backgrounds from single vector boson production,

WW , ZZ, single top production, as well as multijet QCD background. Those backgrounds

are either small or can be sufficiently suppressed by the cuts imposed. Similar backgrounds

are considered for the bb process.

In Table 2, we show the signal and major background cross sections of the ττ channel

with cuts for a signal benchmark point of mH± = 160 GeV and mA = 70 GeV at the 14 TeV

LHC, similar to Table 1. We have chosen a nominal value for σ × BR(pp→ tt→ H±tb→
ττbbWW ) of 1000 fb to illustrate the cut efficiencies for the signal process.

After the cuts, the dominant background contributions are tt̄ (τhadτhad, τlepτlep) as well

as tt̄ll (τhadτlep) while the backgrounds including vector bosons do not contribute much. We

find that the case in which one τ decays leptonically and the other τ decays hadronically

gives the best reach. This is because the same sign dilepton signature can reduce the tt̄

background sufficiently.
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4.3 Limits

Figure 5 displays the 95% C.L. exclusion (green curve) and 5σ discovery (red curve) limits

at the 14 TeV LHC for both the single top (left) and top pair (right) channel . The dot-

dashed, solid and dashed line show the results for three luminosities: 100 fb−1, 300 fb−1 and

1000 fb−1, respectively. In these plots we have combined all three cases of τ decays. While in

the single top channel, all three cases contribute roughly the same to the overall significance,

the highest sensitivity in the top pair production channel comes from the τlepτhad case.

Due to the small number of events in both channels, the statistical error dominates over

the assumed 10% systematic error in the background cross sections. Therefore, higher

luminosities lead to better reaches. Assuming 300 fb−1 integrated luminosity, the 95%

C.L. limits on σ × BR are about 35 and 55 fb for the single top and top pair production

processes respectively. The discovery reaches are about 3 times higher.

Assuming a 100% branching fraction BR(H± → AW ) and BR(A → ττ) = 8.6%,6

we can reinterpret σ × BR limits as limits on the branching fraction BR(t → H±b) as

indicated by the vertical axis on the right. While the cross section limits are better in the

single top channel, the corresponding limits on the branching fraction BR(t → H±b) are

weaker due to the smaller single top production cross section. The 95% C.L. exclusion

limit on BR(t→ H±b) is about 0.2% for the single top process and 0.03% for the top pair

production process, respectively.

A study of the A → bb decay using the top pair production channel leads to worse

results due to the significantly higher SM backgrounds. For the 14 TeV LHC with 300 fb−1,

the exclusion limit on σ×BR is about 7 pb for a charged Higgs with mass mH± = 160 GeV,

assuming the existence of a light neutral Higgs with mass mA = 70 GeV. Thus, given the

typical ratio of BR(A/H → bb) : Br(A/H → ττ) ∼ 3m2
b/m

2
τ , we conclude that the reach

in the bb case is much worse than that in the ττ case.

We reiterate here that the exclusion and discovery limits on σ × BR are completely

model independent. Whether or not discovery/exclusion is actually feasible in this channel

should be answered within the context of a particular model, in which the theoretically

predicted cross sections and branching fractions can be compared with the exclusion or

discovery limits. We will do this in section 5 using the Type II 2HDM as a specific example.

5 Implication for the type II 2HDM

The results in the previous section on BR(t→ bH±) can be applied to any beyond the SM

scenarios containing a light charged Higgs boson with the H± → AW/HW channel being

kinematically accessible. To give a specific example of the implication of this channel, we

will now apply the exclusion and discovery limits in the context of the Type II 2HDM.

The 2HDM allows us to interpret the observed Higgs signal either as the lighter CP-

even Higgs (h0-126) or the heavier CP-even Higgs (H0-126). The authors of ref. [37]

have identified the Type II 2HDM parameter space in both cases, assuming m2
12 = 0

and including all the experimental and theoretical constraints. In the h0-126 case, we are

restricted to either a SM-like region at sin(β − α) = ±1 with tan β < 4 or an extended

6Assuming bb and ττ are the dominant decay modes of a light A, BR(A → ττ) = 8.6% in the Type II

2HDM or MSSM for medium to large tan β. This branching fraction decreases for small tan β when the

cs-channel is enhanced.
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Figure 5. The 95% C.L. exclusion (green) and 5σ discovery (red) limits for σ×BR and BR(t →
H±b) (right vertical axis) assuming BR(H± → AW ) = 100% and BR(A → ττ) = 8.6% for

mA = 70 GeV at the 14 TeV LHC using the single top (left panel) and top pair (right panel)

production channels. The dot-dashed, solid and dashed lines correspond to an integrated luminosity

of 100, 300 and 1000 fb−1 respectively. Here, we have assumed a 10% systematic error on the

backgrounds.

{mH± ,mA,mh0 ,mH0}GeV H± → AW H± → h0W Favored Region

BP1: {160, 70, 126, 700} 3 7 sin(β − α) ≈ ± 1

BP2: {160, 700, 70, 126} 7 3 sin(β − α) ≈ 0

Table 3. Benchmark points used for illustrating the discovery and exclusion limits in the context

of the Type II 2HDM. The checkmarks indicate kinematically allowed channels. Also shown are

the typical favored region of sin(β − α) for each case (see ref. [37]).

region with 0.6 < sin(β − α) < 0.9 and 1.5 < tanβ < 4 with relatively unconstrained

masses. In the H0-126 case, an SM-like region, around sin(β − α) = 0 and tan β < 8, and

an extended region with −0.8 < sin(β−α) < 0.05 and tanβ up to 30 or higher, survive all

constraints.

We can interpret the results of the previous section in two ways: the light neutral

Higgs in the charged Higgs decay could either be the light CP-even Higgs h0 or the CP-

odd Higgs A. The decay mode H± → H0W is not possible given that mH0 ≥ 126 GeV.

The decay H± → AW is possible in both the h0-126 and H0-126 case and the partial

decay width is independent of sin(β − α). The decay branching fraction, however, de-

pends on whether H± → h0W is open or not. For simplicity, we choose a benchmark

point BP1, with {mH± ,mA,mh0 ,mH0} = {160, 70, 126, 700} such that only H± → AW is

kinematically accessible. The decay width H± → h0W depends on sin(β − α) and is only

sizable in the H0-126 case. We illustrate this case with a second benchmark point BP2:

{mH± ,mA,mh0 ,mH0} = {160, 700, 70, 126}, assuming that the CP-odd Higgs A decouples.

We list the benchmark points in Table 3.

In the left panel of figure 6, we show the branching faction BR(H± → AW ) for

BP1, which is independent of sin(β − α) and decreases with increasing tan β due to the
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Figure 6. Contours of branching fractions of H± → AW (left panel) and H± → h0W (right panel)

for BP1 and BP2, respectively.

enhancement of the τν mode. The branching fraction can reach values of 90% or larger for

small tan β < 4 and stays the dominating channel until tan β = 12.

The right panel of figure 6 shows the branching fraction, BR(H± → h0W ), for BP2.

It reaches maximal values around sin(β − α) = 0 and decreases for larger | sin(β − α)|
compared to BP1 due to the suppressed H±h0W coupling.

In figure 7, we display the 95% exclusion (yellow regions enclosed by the solid lines as

well as the cyan regions) and 5σ discovery reach (cyan regions enclosed by the dashed lines)

for BP1 (left panel) and BP2 (right panel) at the 14 TeV LHC with 300 fb−1 integrated

luminosity. The red lines refer to the limits based on top pair production, and the blue

lines refer to the limits based on single top production.

For the benchmark point BP1 with H± → AW±, the exclusion reach based on top pair

production covers the entire parameter space, while discovery is possible for small tan β < 6

and large tan β > 18, independent of sin(β−α). Intermediate values of tan β have a reduced

branching fraction BR(t→ H±b) (see figure 1) and therefore the total σ×BR is suppressed.

At high tan β, BR(t → H±b) is enhanced sufficiently to overcome the reduced branching

fraction BR(H± → AW ). The search based on single top production is only effective in the

small tan β region, with an exclusion reach of tan β < 4 and a discovery reach of tan β < 2.

The right panel of figure 7 shows the reach for BP2. The exclusion region for top pair

production covers the entire parameter space except for | sin(β−α)| > 0.85 and tanβ > 4.

Discovery is possible for large tan β > 18 with | sin(β − α)| < 0.5 and for small tan β < 6.

The reach for single top production is limited to the small tan β region.

In figure 8, we show the reach in the mH± − tanβ plane for H± → AW with mA =

70 GeV with both h0 and H0 outside the kinematic reach. These limits also apply for

H± → h0W with mh0 = 70 GeV and sin(β − α) = 0 with a decoupled A. We display the

95% exclusion (yellow regions enclosed by the solid lines as well as the cyan regions) and

5σ discovery limits (cyan regions enclosed by the dashed lines) for an integrated luminosity
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Figure 7. The 95% exclusion (yellow regions enclosed by the solid lines as well as the cyan regions)

and the 5σ discovery reach (cyan regions enclosed by the dashed lines) obtained by the tj-channel

(blue) and tt-channel (red) in the tan β versus sin(β−α) plane for BP1 (left panel) and BP2 (right

panel), with an integrated luminosity of 300 fb−1 at the 14 TeV LHC.

of 300 fb−1 at the 14 TeV LHC. Superimposed are the current CMS limits (black hatched

region) [17] which exclude the large tan β region at mH± < 160 GeV.

The best reach is obtained by the top pair channel, as indicated by regions enclosed by

the red lines. The model can be excluded up to 167 GeV for all tan β and up to 170 GeV

for tanβ < 4 or tanβ > 29. Discovery is possible for both low tan β <6 in the entire region

of 150 GeV < mH± < 170 GeV and high tan β > 17 with 155 GeV < mH± < 165 GeV. The

reach is weakened for intermediate tan β due to the reduced branching fraction t→ H±b.

The single top channel (blue lines) only provides sensitivity in the low tan β region and

permits exclusion (discovery) for tan β . 4 (3).

We conclude this section with the following observations:

• Once the AW/h0W channels are kinematically accessible, they dominate for small

and intermediate values of tan β. The reach in the H± → τν mode is significantly

weakened in the presence of the H± → AW/h0W modes, in particular for small to

intermediate tan β, leaving the possibility of a light charged Higgs that has escaped

detection so far.

• Both the H± → AW channel for the h0-126 case and the H± → h0W channel in the

H0-126 case permit exclusion and discovery in large regions of the parameter space.

• The reach in the exotic channels H± → AW/h0W is complementary to the reach in

the conventional search channel H± → τν, especially for small to intermediate values

of tanβ.

• While the top pair production channel covers a large region of parameter space, the

single top channel permits discovery/exclusion in the low tan β region.
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Figure 8. 95% exclusion (yellow regions bounded by solid lines as well as the cyan regions) and

the 5σ discovery (cyan regions bounded by the dashed lines) imposed by the tj-channel (blue) and

tt-channel (red) in the mH± − tanβ parameter space for 300 fb−1 luminosity with mA = 70 GeV.

The same limits apply for mh0 = 70 GeV and sin(β − α) = 0 if A is decoupled. The black hatched

region indicates the region excluded by the CMS search based on H± → τν [17].

6 Conclusion

After the discovery of the first fundamental scalar by both the ATLAS and CMS collab-

oration, it is now time to carefully measure its properties to determine the nature of this

particle. Current measurements still permit the possibility that the discovered signal is

not the SM Higgs particle, but just one scalar particle contained in a larger Higgs sector,

as predicted by many extensions of the SM. While most of the current searches for the

non-SM Higgs bosons focus on conventional search channels, increasing attention is being

paid to exotic Higgs decay channels [23–34] into a pair of lighter Higgses or a Higgs plus

vector boson final states that can become dominant once kinematically allowed.

In this paper we consider the possibility of a light charged Higgs mH± < mt produced

via top decay t→ H±b. Due to the large single top and top pair production cross section

at the LHC, the charged Higgs can be produced copiously. Assuming that a light charged

Higgs predominantly decays into τν, both ATLAS and CMS exclude a light charged Higgs

for most regions of the MSSM and the Type II 2HDM parameter spaces. The branching

fraction BR(H± → τν) can be significantly reduced once the exotic decay channel into

a light Higgs, H± → AW/HW , is open. In this case, the exclusion bounds from the τν

search get weakened, in particular for small and intermediate tan β, leaving the possibility

of a light charged Higgs open. This loophole, however, can be closed when we consider the

alternative charged Higgs decay channel: H± → AW/HW .

In this paper we analyze the possibility of discovering a light charged Higgs via the

H± → AW/HW decay mode assuming that the light Higgs A/H decays into either ττ

or bb. While the top pair channel benefits from a large production cross section, the

single top channel permits a cleaner signal due to its unique kinematic features. Assuming
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the existence of a light neutral Higgs of mass 70 GeV, the model independent 95% C.L.

exclusion limits on σ×BR based on ττ channel are about 35 fb for the single top channel

and 55 fb for the top pair channel. The discovery reaches are about three times higher.

Assuming BR(H± → AW/HW ) = 100% and BR(A/H → ττ) = 8.6%, the exclusion

limits on BR(t→ H+b) are about 0.2% and 0.03% for single top and top pair production,

respectively. A significantly worse reach is obtained in the bb channel.

We discuss the implications of the obtained exclusion and discovery bounds in the

context of the Type II 2HDM, focusing on two scenarios: the decay H± → AW with

a light A in the h0-126 case and the decay H± → h0W in the H0-126 case. The top

pair channel provides the best reach and permits discovery for both large tan β > 17

around mH± = 160 GeV and small tan β < 6 over the entire mass range, while exclusion

is possible in the entire tan β versus mH± plane except for charged Higgs masses close

to the top threshold. The single top channel is sensitive in the low tan β region and

permits discovery for tan β < 3. In particular, the low tan β region is not constrained by

searches in τν channel, making the H± → AW/h0W a complementary channel for charged

Higgs searches.

While most of the recent searches for additional Higgs bosons have focused on con-

ventional decay channels, searches using exotic decay channels have just started [23–34].

Studying all of the possibilities for the non-SM Higgs decays will allow us to explore the

full potential of the LHC and future colliders in understanding the nature of electroweak

symmetry breaking.
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In this write-up, we summarize the production of non-SM Higgses in the Type II Two
Higgs Doublet Model at a 100 TeV pp collider, as well as their decays. We present the
reach for pp → bbH0/A → bbtt, bbττ as well as pp → tbH± → tbtb, tbτν at the 100 TeV
pp collider and outline the possible search channels via Higgs exotic decays. We point
out that a combination of these conventional channels potentially yields full coverage for
tan β and pushes the exclusion limits from the O(1) TeV at the LHC to the O(10) TeV at
a 100 TeV pp collider, whereas the exotic decays of a heavy Higgs into two light Higgses
or one light Higgs plus one SM gauge boson provide alternative discovery channels.

1. Introduction

The discovery of the Standard Model (SM)-like Higgs boson at the Large Hadron

Collider (LHC) is one of the greatest triumphs in particle physics.1–4 Stabiliza-

tion of the observed Higgs mass of 126 GeV, however, provides strong motivation

of physics beyond the SM. In addition, there are puzzles facing particle physics

which can not be explained in the SM, for example, the particle candidate for dark
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matter or the generation of neutrino mass. Solutions to those problems typically

lead to models with an extended Higgs sector. Well known examples include the

Minimal Sypersymmetric Standard Model (MSSM),5–7 Next-to-Minimal Supersym-

metric Standard Model (NMSSM),8,9 and Two Higgs Doublet Models (2HDM),10–13

etc. In addition to a SM-like Higgs boson in these models, the low energy spectrum

typically includes extra neutral CP-even and CP-odd Higgses, as well as charged

ones.

The discovery of the non-SM Higgses would provide unambiguous evidence for

new physics beyond the SM. The search for these extra Higgses, however, is typically

challenging at the LHC. For the extra neutral Higgses, most of the current searches

at the LHC focus on the conventional Higgs search channels of WW , ZZ, γγ, ττ and

bb channel.14–20 The production of the extra Higgses is usually suppressed compared

to that of the SM Higgs, either due to its larger mass or its suppressed couplings

to the SM particles. The decay of the heavy neutral Higgses to the WW and ZZ is

absent for the CP-odd Higgs, and could be highly suppressed for the non-SM like

CP-even Higgs. The decay modes of ττ or bb suffer from either suppressed signal or

large SM backgrounds, and are therefore only relevant for regions of the parameter

space with an enhanced bb or ττ coupling. The search for the charged Higgs at

the LHC is even more difficult. For mH± > mt, the cross section for the dominant

production channel of tbH± is typically small. The dominant decay mode H± → tb

is hard to identify given the large tt and ttbb background, while the subdominant

decay of H± → τν has suppressed branching fraction. In the MSSM, even at the

end of the LHC running, there is a “wedge region” in the mA − tanβ plane for

tan β ∼ 7 and mA � 300 GeV in which only the SM-like Higgs can be covered at

the LHC. Similarly, the reach for the non-SM Higgses is limited in models with an

extended Higgs sector.

In addition to their decays to the SM particles, non-SM Higgses can decay

via exotic modes, i.e., heavier Higgs decays into two light Higgses, or one light

Higgs plus one SM gauge boson. Examples include H0 → H+H−, H0 → AA,

H0 → AZ, A → H±W∓, and H± → AW , etc. These channels typically dominate

once they are kinematically open. The current limits on the beyond the SM Higgs

searches are therefore weakened, given the suppressed decay branching fractions

into SM final states. Furthermore, these additional decay modes could provide new

search channels for the non-SM Higgs, complementary to the conventional search

modes. Recent study on exotic Higgs decays can be found in Refs. 21–32. Latest

searches from ATLAS and CMS have shown certain sensitivity in A/H → HZ/AZ

channel.33–36

A 100 TeV pp collider offers great opportunity for probing non-SM Higgses.

The production cross sections can be enhanced by about a factor of 30–50 for

gluon fusion and bb associated production, and about a factor of 90 for the charged

Higgs for Higgs mass of about 500 GeV, and even more for heavier Higgses. In

the new mass domain accessible to the machine, the decays of H0/A → tt and

H± → tb are easily allowed kinematically. In the former case, the branching fraction
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becomes sizable for intermediate tanβ and dominant for low tan β. The channels

of pp → ttH0/A, bbH0/A with H0/A → ττ , bb, tt potentially provide full coverage

of the tan β domain. In the latter case, H± → tb becomes dominant over the whole

tan β domain if exotic decay modes are not present. New kinematics of these signal

events at a 100 TeV pp collider also bring new handles. For example, the top quark

appearing in the decay could be highly boosted. Looking into its internal struc-

ture (though a finer granularity of both ECAL and HCAL is typically required) or

requiring an extremely hard lepton in top decays can efficiently suppress the rele-

vant backgrounds. In addition, exotic Higgs decays can provide alternative search

channels at the 100 TeV pp collider when the conventional decays are suppressed.

In this paper, we summarize the production and decay of heavy non-SM Higgses

at a 100 TeV pp collider, and highlight the main search channels for H0, A0 and

H± and its reach potential. Note that while it is a viable possibility for the light

CP-even Higgs h0 being non-SM like, and the heavy CP-even Higgs H0 being SM-

like (the so-called H0-125 case with sin(β − α) ∼ 0),37 in this paper we focus on

the conventional case of h0 being the SM-like Higgs of 125 GeV with a heavy non-

SM H0. For simplicity, the results presented in the following sections are for the

alignment limit of cos(β −α) = 0, even though regions of cos(β −α) away from zero

can still be accommodated by the current experimental Higgs search results.37

The paper is organized as follows. In Sec. 2, we briefly introduce the Type II

2HDM with its particle content and relevant couplings. In Sec. 3, we present the

dominant production cross sections for H0, A0 and H± at the 100 TeV pp collider.

In Sec. 4, we discuss the decay modes for heavy Higgses. In Sec. 5, we present the

reach for heavy Higgses at a 100 TeV pp collider using the conventional decay modes

into SM fermions. In Sec. 6, we discuss the prospect for heavy Higgs discovery via

exotic decay modes to light Higgses or one light Higgs plus a SM gauge boson. In

Sec. 7, we conclude.

2. Type II 2HDM

In the 2HDM,a we introduce two SU(2) doublets Φi, i = 1, 2:

Φi =

(
φ+

i

(vi + φ0
i + iGi)/

√
2

)
, (1)

where v1 and v2 are the vacuum expectation values of the neutral components

which satisfy the relation: v =
√

v2
1 + v2

2 = 246 GeV after electroweak symmetry

breaking. Assuming a discrete Z2 symmetry imposed on the Lagrangian, we are

left with six free parameters, which can be chosen as four Higgs masses (mh, mH0 ,

mA, mH±), the mixing angle α between the two CP-even Higgses, and the ratio

of the two vacuum expectation values, tanβ = v2/v1. In the case in which a soft

breaking of the Z2 symmetry is allowed, there is an additional parameter m2
12.

aFor more details about the 2HDM, see Ref. 10.
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The mass eigenstates contain a pair of CP-even Higgses: h0, H0, one CP-odd

Higgs A and a pair of charged Higgses H±:

(
H0

h0

)
=

(
cosα sinα

− sinα cosα

)(
φ0

1

φ0
2

)
,

A = −G1 sinβ + G2 cosβ ,

H± = −φ±
1 sinβ + φ±

2 cosβ .
(2)

Two types of couplings that are of particular interest are the couplings of a

Higgs to two gauge bosons, as well as the couplings of a SM gauge boson to a pair

of Higgses. Both are determined by the gauge coupling structure and the mixing

angles. The H0V V and h0V V couplings are:38

gH0V V =
m2

V

v
cos(β − α) , gh0V V =

m2
V

v
sin(β − α) . (3)

The couplings for a SM gauge boson with a pair of Higgses are:38

gAH0Z = −g sin(β − α)

2 cos θw
(pH0 − pA)μ ,

gAh0Z =
g cos(β − α)

2 cos θw
(ph0 − pA)μ ,

(4)

gH±H0W ∓ =
g sin(β − α)

2
(pH0 − pH±)μ ,

gH±h0W ∓ =
g cos(β − α)

2
(ph0 − pH±)μ ,

(5)

gH±AW ∓ =
g

2
(pA − pH±)μ , (6)

with g being the SU(2) coupling, θw being the Weinberg angle and pμ being the

incoming momentum of the corresponding particle. Note that A and H± always

couple to the non-SM-like Higgs more strongly, while the H±AW∓ coupling is

independent of the mixing parameters.

In the Type II 2HDM, one Higgs doublet Φ1 provides masses for the down-type

quarks and charged leptons, while the other Higgs doublet Φ2 provides masses for

the up-type quarks. The couplings of the CP-even Higgses h0, H0 and the CP-odd

Higgs A to the SM gauge bosons and fermions are scaled by a factor ξ relative to

the SM value, as presented in Table 1.

Table 1. The multiplicative factors ξ by which the couplings of the CP-even
Higgses and the CP-odd Higgs to the gauge bosons and fermions scale with
respect to the SM value. The superscripts u, d, l and V V refer to the up-type
quarks, down-type quarks, leptons, and WW/ZZ respectively.

ξV V
h0 sin(β − α) ξV V

H0 cos(β − α) ξV V
A 0

ξu
h0 cos α/ sinβ ξu

H0 sin α/ sin β ξu
A cot β

ξd,l

h0 − sinα/ cos β ξd,l

H0 cos α/ cos β ξd,l
A tan β
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Fig. 1. Dominant production cross sections for non-SM like Higgses in the type II 2HDM at
the 100 TeV pp collider: NNLO cross section for gg → H0 or A (top left and top right panel,
calculated using HIGLU39 with the NNPDF2.3 parton distribution functions40), NNLO cross
section for bottom-associated production bbH0/A (lower left panel, calculated using SusHi.41–43

bbH0 and bbA cross sections are the same in the alignment limit), NLO cross section for tbH±

(lower right panel, calculated in Prospino44,45).

In addition, the H±tb coupling is

gH±tb =
g

2
√

2mW

[
(mb tan β + mt cotβ) ± (mb tan β − mt cotβ)γ5

]
, (7)

which is enhanced at both small and large tanβ. The H±τν has similar enhance-

ment at large tan β as well.
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3. Production Cross Sections

The dominant production processes for the neutral Higgses are gluon fusion gg →
H0/A with dominant top and bottom (for large tan β) loops, as well as bbH0/A asso-

ciated production. ttH0/A associated production could be important as well.46 The

dominant production process for the charged Higgses is tbH± associated production.

Production cross sections at 100 TeV pp collider for A0, H0 and H± are shown

in Fig. 1. For H0, we have assumed the alignment limit of cos(β − α) = 0 in

which the light CP-even Higgs is the SM-like one, and the couplings of the heavy

CP-even Higgs H0 to the SM particles is the same in amplitude as that of the

CP-odd Higgs A, but differs in the relative sign of the couplings to the up type

quarks comparing to that of the down type quarks. For charged Higgs production,

corrections from resumming top logarithms may play a role at 100 TeV,47,48 but

are not expected to significantly affect the general features of the results.48,49 For

neutral Higgses, gluon fusion production and ttH0/A dominates at low tan β 46

while bbH0/A associated production dominates at large tan β. The tbH± production

cross section gets enhanced at both small and large tan β.

Comparing to the 14 TeV LHC, the production rates can be enhanced by about

a factor of 30–50 for gluon fusion and bb associated production, and about a factor of

90 for the charged Higgs for Higgs mass if about 500 GeV, and even more for heavier

Higgses, resulting in great discovery potential for heavy Higgses at a 100 TeV pp

colliders.

4. Heavy Higgs Decays

Conventional decay modes for heavy Higgses are H0 → tt/bb/ττ/WW/ZZ/γγ,

A → tt/bb/ττ and H± → tb/τν/cs. Note that for h0 being SM-like, H0 decays to

WW and ZZ are highly suppressed given that cos(β − α) ∼ 0 is preferred. The

branching fractions for a heavy H0, A, and H± are shown in the dashed curves in

Fig. 2, assuming exotic decay modes are kinematically forbidden.

Five main exotic decay categories for Higgses of the Type II 2HDM are shown

in Table 2. Once these decay modes are kinematically open, they typically domi-

nate over the conventional decay channels, as shown in Fig. 2 for H0 (left panel),

Table 2. Exotic Decay modes for Higgses in the 2HDM. H in column two refers to any of the
neutral Higgs h0, H0 or A.

Decay Final states Channels

HH type (bb/ττ/WW/ZZ/γγ)(bb/ττ/WW/ZZ/γγ) H0 → AA, . . .

Neutral Higgs HZ type (��/qq/νν)(bb/ττ/WW/ZZ/γγ) H0 → AZ, A → H0Z, . . .

H0, A H+H− type (tb/τν/cs)(tb/τν/cs) H0 → H+H−, . . .

H±W ∓ type (�ν/qq′)(tb/τν/cs) H0/A → H±W ∓, . . .

Charged Higgs HW ± type (�ν/qq′)(bb/ττ/WW/ZZ/γγ) H± → H0W , AW, . . .
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Fig. 2. Branching fractions for H0 (left panel), A (middle panel) and H± (right panel). The
parent and daughter Higgs masses are chosen to be 2 TeV and 800 GeV, respectively. Note that
in the H0(A) decay, we have assumed either light A (H0) or light H±, but not both. Dashed
curves are the branching fractions when exotic decay modes are kinematically forbidden. All
decay branching fractions are calculated using the program 2HDMC.50

Table 3. Main conventional search channels for non-SM Higgses to cover
various tan β regions51 at a 100 TeV pp collider.

tan β Channels

Neutral Higgs High pp → bbH0/A → bbττ, bbbb

H0, A Intermediate pp → bbH0/A → bbtt

Low pp → H0/A → tt, pp → ttH0/A → tttt

Charged Higgs High pp → tbH± → tbtb, tbτντ

H± Low pp → tbH± → tbtb

A (middle panels), and H± (right panel). Note that in the alignment limit of

cos(β − α) = 0, the branching fraction of H0 → h0h0 is zero. The branching frac-

tions for heavy A are similar to those of H0, except that the decay modes of H0H0

and H+H− are absent.

Note that the current experimental searches for the non-SM Higgs always assume

the absence of exotic decay modes. Once there are light Higgs states such that these

exotic modes are kinematically open, the current search bounds can be greatly

relaxed.22,24,26

5. Conventional Search Channels

At a 100 TeV pp collider, new mass domains for both neutral and charged Higgs

bosons become accessible, given the enhanced production cross sections and the

dominance of decays to final states with top quarks (at small tan β for neutral

Higgses and at both small and large tanβ for charged Higgses), as well as novel kine-

matic features of the decay products. Combining production processes and decay

channels, the main search channels to cover various tanβ regions are summarized

in Table 3.
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Fig. 3. Discovery reaches and exclusion limits for the MSSM Higgs bosons at a 100 TeV pp
collider.51 The two regions with the same color and different opacities are excluded by assuming a
luminosity of 3 ab−1, and 30 ab−1, respectively. Left: neutral Higgs bosons (H0/A). The blue and
orange regions are excluded by the channels pp → bbH0/A → bbτhτl, pp → bbH0/A → bbthtl and
pp → H0/A → thtl, respectively. Right: charged Higgs bosons (H±). The blue and orange regions
are excluded by the channels pp → tbH± → tbτhντ and pp → tbH± → thbtlb, respectively. The
cross-hatched and diagonally hatched regions are the predicted discovery contours (or exclusion
contours) for associated Higgs production at the LHC for 0.3 ab−1, and 3 ab−1, respectively.

The top quarks from the heavy Higgs can decay either hadronically or lep-

tonically. The hard leptons produced from top decay products, together with the

boosted top jets, can efficiently suppress the backgrounds, including the irreducible

backgrounds of tt and ttbb. For final states with taus, either large transverse mass

for the signal events or hard leptons from tau decays can efficiently distinguish the
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signal and backgrounds. The choices made in the illustrative analyses below (see

caption of Fig. 3) also benefit the reconstruction of the heavy Higgs resonance. In

addition, the large rapidity of the two non-top b-jets in pp → bbH0/A → bbtt and

pp → tbH± → tbtb can be used to further suppress the backgrounds; this kinematic

feature has not been applied for the H0/A and H± searches at the LHC.

To fully utilize the kinematic features of the signal events, a Boosted Decision

Tree method may be used to search for heavy Higgses decaying to semileptonic tops

or taus.51 The 5σ discovery reaches and 95% C.L. exclusion limits yielded by these

channels are presented in Fig. 3, with various luminosities (3 ab−1, and 30 ab−1)

and an ATLAS-type detector assumed. The exclusion limits for both the neutral

and charged Higgs bosons are pushed from the O(1) TeV scale at the LHC to the

O(10) TeV scale at a 100 TeV pp collider for almost the whole range of tan β (except

the low tan β region for the neutral Higgs, which potentially can be covered by the

channel pp → ttH0/A → tttt 46). In particular, the wedge region for the neutral

Higgs searches (tan β ∼ 7) and the low tan β region for the charged Higgs searches

are fully covered by the channels pp → bbH0/A → bbtt and pp → tbH± → tbtb,

respectively.

6. Exotic Search Channels

Other than decays into conventional searches channels as mentioned in Sec. 5,

exotic Higgs decays to final states with two light Higgses or one Higgs plus one

SM gauge boson provide complementary search channels. Here, we list such exotic

Higgs decays and consider potential search strategies.

• H0 → AA

With one final state Higgs decay via bb, and the other decay via γγ, the bbγγ

channel has been shown to be sensitive to the di-Higgs final states,52 in particular,

with resonance enhancement of the production cross section. Final states involve

taus might also be useful in probing this decay. Associated production with bb can

enhance the reach further at large tan β.

• H0 → AZ or A → H0Z

With Z → �� and H0/A → bb, ττ , the final states of bb��, ττ�� can be obtained with

gluon fusion production, or in the bb associated production with two additional b

jets.21–23 Recent searches from ATLAS and CMS have shown certain sensitivity in

this channel.33–36 In parameter regions where Br(A → H0Z) × Br(H0 → ZZ) is

not completely suppressed, ZZZ final states with two Z decaying leptonically and

one Z decaying hadronically can also be useful.22 Other channels with top final

states could be explored as well.
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• H0 → H+H−

With both H± decaying via τν final states, the signal of ττνν can be separated

from the SM W+W− background since the charged tau decay product in the signal

typically has a hard spectrum compared to that of the background.26 Utilizing the

top identification strategy as mentioned in Sec. 5, ttbb or tbτν final states could

also be useful.

• H0/A → H±W∓

Similar to the H+H− case, H± → τν, tb and W → �ν with �τνν̄ or tb�ν could

be used to search for H0/A → H±W∓. Note that for the CP-even Higgs H0, the

branching fraction of H0 → H±W∓ is mostly suppressed comparing to H0 →
H+H− as long as the latter process is kinematically open and not accidentally

suppressed (see Fig. 2).26 However, for the CP-odd Higgs A, this is the only decay

channel with a charged Higgs in the decay products.

• H± → H0W, AW

This is the only exotic decay channel for the charged Higgs in the 2HDM. Given the

associated production of tbH±, and the decay of H0, A into the bb or ττ channel,

ττbbWW or bbbbWW can be used to probe this channel.24 H0/A → tt̄ could also

be used given the boosted top in the high energy environment.

7. Conclusion

Discovery of the non-SM Higgs bosons in an extended Higgs sector would provide

clear evidence for new physics beyond the SM. At the 14 TeV LHC, the conventional

search channels for neutral and charged Higgses leave a wedge region open around

intermediate tan β ∼ 7 and mA � 300 GeV in which only the SM Higgs is detected.

Exotic decays of heavy Higgses into two light Higgses or one light Higgs and one SM

gauge boson provide complementary search channels once they are kinematically

open.

A 100 TeV pp collider offers great discovery potential for non-SM heavy Higgses.

In this write-up, we summarized the reach at the 100 TeV pp collider for conven-

tional search modes, in particular, via the H0/A → tt̄ and H± → tb channels.

Potentially, the whole range of tan β can be probed for masses up to about 10 TeV

when various channels are combined. We also outline the possible search channels

for exotic decays when the branching fractions for conventional channels are sup-

pressed. Combinations of those channels can greatly extend the reach of the non-SM

Higgs at a 100 TeV pp collider.
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