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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)r x 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 T'wo-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—% 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 +%, a down-type quark with charge —%, 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 v,
II charm ¢ strange s muon | g-neutrino vy,
111 top t bottom b tau 7 | 7-neutrino v,

Table 2.1: Summary of quarks and leptons.

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

£Dirac = 2@’7”3“1# - mw@% (2'1)

where m,, 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 ¥ and transforming them into ¢y — U. The operator U can be expressed as
linear combination of N2 — 1 group generators T with real coefficients 6,:

U(6) = exp(i6,T7) (2.2)

Since the gauge symmetries are local, the coefficients 6, = 6,(x) depend on the space
time position x. The algebra of the generators is fully defined by their commutation re-
lation [T¢,T?) = if®°T¢, where f® are the structure coefficients of the group. Since the
symmetry transformation is unitary, it will leave the Dirac fermion mass term —mwaw in-
variant under a gauge transformation acting on Dirac fermions’. However, the kinetic term
i@'y“@ﬂb 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 0" by
a covariant derivative

DF = 9 — ig APT®. (2.3)

Here we have introduced N2 —1 gauge fields A%. Under a gauge transformation the covariant
derivative transforms into D* — UDH*UT. This implies that the covariant derivative acting
on a field ¥ transforms like the field itself D# — U D" and therefore the kinetic term of
the Lagrangian i1)y* D, is gauge invariant.

To construct a kinetic term for the gauge fields, we introduce the field strength tensor
FM as igF" = [D*, D¥] which transforms as F* — UF*UT under gauge transformation.
Using the field strength tensor F* | we can write down kinetic term for the gauge fields® as

1
Lgauge = —§TI‘ [FMVF'LW] . (24)

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

1
L = Lpirac + Lgauge = P(i" Dy = my)p = STr [F F*]. (2.5)

The full symmetry group of the Standard Model is SU (3)¢c x SU(2), xU(1)y. The group
SU(3)¢ act on quarks only and described the strong interaction. The corresponding gauge
fields are called gluons. The SU(2)r, x 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 Pr r = %(1 F v5) with v5 = iv9y1727y3, we can

fNote 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.

fNote that in principle we could also include a ©-term Lo = OTr [Fm,l*:”““] where F* = %e’“’p"FpU 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)r. The QCD ©-term is restricted to be very small by measurements of the neutron electric
dipole moment and set to ©gcp = 0 in the Standard Model. The smallness of the QCD ©O-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 v1, g = P rt. In a chiral gauge theory,
like the Standard Model U(1)y hypercharge group, these fields will transform differently
under gauge transformation: ¢y r — Ur gy r with corresponding covariant derivatives
Dy, r. The kinetic term of the Dirac Lagrangian can be decomposed into

ﬁkin = @Li’YMDL,qu + ERi'YMDR,uwR (26)

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

Limass = m(@L'LwR + JRqﬁL) (27)

and therefore is not gauge invariant if Uy, # Ugr. 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)r 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 myy = 80.4 GeV and myz = 91.2
GeV. However, we cannot write down a mass term %ZHZ # 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), x 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), doublets while the right-handed fermions are
SU(2)y, singlets®.

a=(5) 2= (1) (). (). (en). (2.5)

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

Dy =0y —igWit* —ig'Y B, and Dpg, =08, —ig'Y By. (2.9)

Here we have introduced the gauge fields W, and B, corresponding to the gauge groups
SU(2)r, and U(1)y. Since the generators of the groups commute, we can assign different
coupling constants g and ¢’ to the SU(2)r and U(1)y group. The generators of the SU(2)
group are T, = %aa where o, 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)r, x U(1)y Standard Model symmetry group, a scalar SU(2) doublet
® with hypercharge Y = % is introduced. The general renormalizable and gauge invariant

Lagrangian for the scalar doublet ® is

Lo = Lo pin —V = D, D'O + 20Td — \(0TD)? (2.10)

$For simplification, we only consider the first generation quarks and leptons.
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If 42 > 0, the potential V will obtain a minimum at

2

<<I>>:<1> with v = “7 (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

0
Lo= 30 ) (boWio"+ d'B) (bawio + 3o/ )

(0 o) gW2+g'B,  gWi—iW2)\ (gW2+gB, gWi—iW2)\ (0
gWi +iW2) —gW3i+4gB,) \gWi+iW2) —gWi+4gB,) \v

N

|
ool —
(]

v . .
= 5 (Wi =W (Wi +iW,) + (—gWyi + ¢'By)’]
2,,2 2 12\,,2
g-v _ L(gP+ g% 5 I
= S WIWE S 2,2 = My W W - omE 2,2

(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

1 . . v
W;t = E (Wﬁ F zWi) with mass my = %
2.13)
1 (
Z, = —— (gWi’ —¢B,) withmass myz=+/¢g>+ g’2§.
g-+g
There is a fourth massless gauge boson, which is orthogonal to Z,,, the photon:
1
A, = (W2 +gB,)  with mass my =0. (2.14)

/92 + g/2

The mechanism of EWSB spontaneously breaks the SU(L) x U(1)y symmetry. The photon
however stays massless and we identify it with the gauge boson corresponding to the U(1)gas
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
9 (wirt e wor) ig*1° - gv) ,, 99 (73 1 y)a
75 W " T T s0s YT T 1
ﬂ | /g2 + ¢ /g2 + ¢ (2.15)
ig I ig 3 . .9 _
=0, — 7 (Wi +W, T™) - p—y (T° — sin® 0,Q)Z,, — ieQA,,

where T = (T 4+ iT?). Here we have introduced the electron charge e and the Weinberg
angle 0, as

D, =0, -

/

e:L and cosf, = g

/92 + g/2 /92 + gl2
Note that the gauge boson masses are connected by the relation my = myz cos 8y in the
Standard Model. Furthermore we can see that the electric charge @ is given in term of
the hypercharge Y and the T% charge of SU(2)r: Q = T3 + Y. This relation allows us to
assign the 7% and Y charges to the fermion fields, which are given in Tab. 2.2. The weak

(2.16)

Quark T° Y Q [Lepton T° Y Q@

) U, +% 1 +% L +% 1 0

Left-handed (dL> _% +5 _g eL _% 2 _1
, 0 +2 +3
Right-handed |_t%%) —

§ ) 0 —3 —g[(er) O -1 -1

Table 2.2: Quantum numbers of quarks and leptons.
interaction of the fermion fields directly follows from the fermion kinetic term
Lipin =Y iWpy"Dytp =Y iy 0up+g (IA/;JﬁV+ + W, T+ Zw]g) +eA,Jh, (2.17)

where we sum over the fermion field ¢ = Q, L, ugr, dgr, eg. The charged currents
get— L (Tryter +upytdy) and  Jh = 1 (ery"ve + dpy'ur) (2.18)
VoV2 Vo2

change the fermion flavor while the neutral currents

Jh = 1 D iy (T —sin®0,Q) ¢ and  Jhy, = Quy"y (2.19)

cos 0,

are fermion flavor conserving. Here we sum over the fields ¥ = ur,ug,dr,dRr, er, er, Vr.

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 = QPR — M€ Q,®lug + h.c. (2.20)
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Note that the hypercharges sum to zero implying that the Yukawa term is gauge invariant¥.
Here A is the dimensionless Yukawa coupling. After EWSB, we can replace @ by its vacuum
expectation value introduced in Eq. 2.11 and obtain

VAG — - VA _ - _
Ly ukawa = _%(deR +drdy) — TQ(uLuR +upur) = —mgdd — myuu (2.21)
These are the fermion mass terms with mass parameter m = %)\v. Additional problems

appear when multiple generations of fermions are included. There is no reason to prohibit
flavor mixing in the Yukawa term )\ij@ZLCI)d%, where )\;; 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

up, = U, df — UPdy, uly — Wiuly and di — Wid%, (2.22)

where we choose these matrices such that they diagonalize the Yukawa coupling A\, =
UM 91 and Mg = Ud)\gmg WC}L. Such a field transformation leaves the neutral currents
JY and J¥,, unchanged while the charged current for the quark fields changes to

1 /. , 1 /. ,
+ —1 =1
= (@ (Ui} ) = = (@t Vi) (2.23)

Here we have introduced the CKM matrix V = UJUd. 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 ®, which we have introduced to spontaneously break the electroweak
symmetry group SU(2) x U(1)y, consists of four degrees of freedom. We can make this
explicit by expanding ® around its vacuum expectation value,

¢+
P = <¢1§ (v+h+igp)> . (2.24)

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

1 . .y . 1 . ‘
Lz =310+ %WS - %Bu)(’u +h+ip)? = 510+ mTZZM)(U Ik
(2.25)

1 1 1 1
= 5(3uh)2 + 5(8;#)0)2 + §'mQZZ#ZM + §mZ(au90)Z# +o
In the last line we omitted terms that are not quadratic in h, ¢ and Z,,. The last term mixes
the gauge boson Z,, with the scalar field ¢ with a coupling mzp,,, where p,, is the momentum.

'"IE principle we can also write down a Yukawa term including a hypothetical right handed neutrino,
A€ L1, ®vr. 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 ny is
then not only given by the mass term but also includes the mixing into the Goldstone boson:

. . 1. . Pup
ny = ZmQZg;w + (ZmZpu)ﬁ(szpu) = ZTnQZ (g,uz/ - ;21/) . (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 ® in

the form
0
d=U 2.27
(\}i(v 4 h)) ) (2.27)

where U is a gauge transformation matrix corresponding to the SU(2); 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 ® 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

h\? 1 h\? 1 1
Lo =mby (1 + U) WIWH + 3 (1 + v) m%Z,Z" + 5(8uh)2 — u%h? — vh? — Ekh“.
(2.28)

We can see that the Higgs is massive, mj = v2u = v/2M\v. Furthermore it has cubic and
quartic self couplings
9ghhh = —6iAv  and Ghhhh = —6i. (2.29)

When expanding the kinetic term |D#<I>|2 we again obtain the gauge boson mass terms as
well as couplings between the Higgs and the gauge bosons

2 2

m m
v v

7c059wg ) (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

A h\ - h\ —
Ly ukawa = _% <1 + U> ff = —my (1 + U) ff (231)

The Higgs fermion coupling is proportional to the Yukawa coupling y; and therefore also
proportional to the fermion mass ms:

Ay My
Y A B S 2.32
ghff G = (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 I' into fermions f and vector boson V1

3
N.g*>m? 4m?2\ 2
T(h— ff) = =i (1— S

32mmyi, mj, (2.33)

1
Nv a2m3 Am2.\ 2 2 4
T(h—VV)= I (1 2TV (g TV g™V )

64mmyiy, my m m

Here N, =1 (3) denotes the number of colors leptons (quarks) and Ny = 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]**

agmh

h N.O2F, (2.34)
L(h—=97) = =5 .y Z Q?

2567 3m

and T'(h—gg) = 9’ mh ‘ZF

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

Fi=2+43r+37(2—7)f(r) and = =271+ (1 —71)f(7)] (2.35)

2
where 7 = 4™ and
mp,

. _1\12 )
f(T):{ 1Fm O et (2.36)
1

log(if\/‘/g> —i?T]Q, itr <1

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 my = 125 GeV as indicated by a vertical dashed line. Note that the discoved Higgs
signal lies in the interesting mass window between m; = 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.

e 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.

ISee [37] or [38] for more details of the calculation.
**Note that the decay rate I'(H — v7) stated in the Higgs Hunter’s Guide [37] misses a factor of 2.
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e Tau Leptons 77: The decay into the next lightest fermion, the 7, has a branching
fraction BR(h — 77) = 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 7 decays't.

e 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 — pp) = 0.022%, but provides a very clean signal and will be
observable at high luminosities.

e W Bosons: Since the W boson is heavy, 2my > my, 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.

e 7 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%.

e Photons vvy: 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 — vvy) = 0.23%. However, due to the clean signal and low backgrounds, this
channel is one of the most promising Higgs search channels.

e Loop Induced Decays Z~v and gg: Similar to the decay channel into photons, the
decay modes h — Zv and h — gg are loop induced. The Zv mode has a branching
fraction BR(h — Z7) = 0.15%, which is comparable to the h — =y 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 2myy. According to
the Goldstone Boson Equivalence Theorem, the branching fraction would be approximately
BR(h — WW) = % and BR(h — ZZ) = % At even higher masses mpy > 2my, the
additional decay channel into top pairs would open up.

TTThe leptonic 7 branching fractions into muons and electrons are BR(t — pv,v,) = 17.8% and BR(1 —
evevy) = 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 my. The vertical dashed line
indicated the SM Higgs mass mj; = 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 o(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 g%, resulting
in a lower production rate compared to ggF. The cross section at 14TeV LHC is
o(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 o(WH) = 1.5 pb and ¢(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 i — bb.
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e 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 o(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
mpyg = 2my, 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* — 41 and h — ~~. The invariant
mass distributions are shown in Fig. 2.2. These two decay channels only contribute a
branching fractions of BR(h — v7y) = 0.23% and BR(h — ZZ* — 41) = 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™* — [vlv channel, both ATLAS and
CMS reported a global significance of 5.10.
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Figure 2.2: Distributions for the invariant mass of four leptons, my;, by ATLAS and two
photons, m.,, 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]

mpy = 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 my = 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 « the ratio
between the observed coupling ¢°%° and the expected Standard Model coupling ¢*?

gobs
K=" (2.38)
gerp

However, we cannot measure the modification of the coupling directly. In experiment, we
measure the signal strength 1 which is defined as the ratio between observed and expected
cross section for a given search channel:

obs

(o x BR)ep
Typically 4 depends on multiple coupling modification parameters s 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 p to the theoretically interesting coupling modifications . 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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Figure 2.3: Left: Best fit values of the coupling modification x using the run 1 data from AT-
LAS, CMS and their combination. Right: Reduced coupling modification n% (fermions)
and \/k™% (vector bosons) as function of the particle mass. These figures are taken from
the the combined analysis [49].
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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 x = 1. The right panel of Fig. 2.3 shows the reduced coupling modification A
appearing in the Lagrangian: £ = Zf M hff+>y %)\V hVJWVu. 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.

e 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.

e 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.

e 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.

e 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, g, — 2, showing a 3.60 deviation [36,52], and an excess in the rare B-meson
decay By — D™tau~ v, at BaBar, showing a 3.40 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.

e Hierarchy Problem: When comparing the scale associated with the weak force,
the electroweak scale Agpyy = 100 GeV, with the scale associated with the gravita-
tional force, the Planck scale Ap; = 10'9 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 p. This parameter has dimension of mass. The only natural mass scale
is the Planck scale Ap;. We would therefore expect the Higgs potential to contain a
term of the form £ = cA%l@J@ with an dimensionless constant c. In a natural theory,
we would expect ¢ to be order one. When comparing CA%DZ with the observed value
of p, we see that dimensionless constant has to be very small ¢ = 10734, 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 m? is the sum of the bare Higgs mass
parameter m%{ and a quantum correction 5m%{. The main quantum corrections comes
from a top loop diagram [8]
AP
82
where Ay 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 A p; at which
gravity need to be included into the theory. However, if Ay = Ap;, the corrections
both 6m12q and m%{ have to be about 1034 times larger than the measured value of
the Higgs mass parameter m?,. Furthermore, a precise cancelation between dm?, and

m%, need to be present for the measured Higgs mass parameter m%{ to be at the

omi = A2y, (2.40)

fNew measurements from Belle only show a less significant 1.6 - 1.8¢ 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 5m%{.

e 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 ©-term? in the Lagrangian

Lo=OTr [GM”GW} , (2.41)

where G* is the QCD field strength tensor and é/w is its dual. Searches for an
electric dipole moment of the neutron constrain the CP-violation to be very small
and restrict © to be very small: © < 10710 [56]. Such a small value of © 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].

e 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 6 in the fermion mass term ¥me®®?5 ¥ can be absorbed
into the ©-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 ¥ = %* which will
then spontaneously break the SU(2) x U(1) symmetry and obtain a vacuum expectation
value v. We can parameterize it in terms of the massless Goldstone bosons G* and G°
which will be absorbed as longitudinal modes of the gauge bosons, and the SM Higgs field
hsns. Let us denote this doublet as ®,,.

Let us now introduce a second scalar SU(2) doublet with hypercharge ¥ = %, Dy,
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 hpgar, a neutral CP-odd scalar A and two charged scalars H*. We can write

Gt Ht
P, = , by = . . 2.42
"7\ 5 (vt hsa +1iGY) and 17\ 75 (hpsu +i4) (2.42)

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

Since hgys and hpgyr 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 hgy; and hpgps. Let us parameterize the mixing by an
angle v and write

H = hSMOy — hBSMS'y and h = hSMS’y + hBSMny (2.43)

In general, the fermion fields will couple to both doublets, ®, and ®y. 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 {®,, ®g} — {®1, P2} such that the up-type fermion fields
only couple to one doublet, which we chose to be ®5. This transformation is just a rotation
of the basis by an angle 3. We can write

P, = (I)UCB — (I)H85 and by = <I>US/3 + (I)H65, (2.44)
where the doublets are given by

o)
i = (&5 (vi + ¢ + i%’)) (2.45)

*Note that many references, for example [57], change there hypercharge definition such that the Higgs
doublet has Y =1 and Q = T3 + %Y.
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In particular this implies that both doublets ®; and ®5 will obtain a vacuum expectation
value v1 = veg and vy = vsg. Later we will often use the parameter ¢g which is the ratio
of the vacuum expectation values: tg = Z—f 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

Gt = ¢fcs+ b5 ss G® = i+ pasg (2.46)
H™ = _(Z)TS/B + (Z);_Cﬁ A= —p183 + Y2c3.
For the CP-even neutral fields, using Eq. 2.43 and 2.44, we get
H= CB—ry + D253~ = Ca + P28
P1C8— + D285 P1¢0 + P25a (2.47)

h=—¢155—y + P2cf — 7 = =154 + P2ca.

Here we introduced the angle o = §—~ which is conventionally used in 2HDM phenomenol-
ogy. In all later discussion we will use 8 — « instead of ~.

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 ®5. 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

Lyuk. = —)\uﬁabQLa‘I’;bUR + h.c. = A1QrP1dr — \a2QrP2dp (2.48)

Note that there are three generation of quarks and therefore A will be a 3 x 3 matrix. As
in the Standard Model, we are able to diagonalize A\, and one of the \;. However, it will in
general not be possible to simultaneously diagonalize both A4; and Ags. One of the Yukawa
couplings will therefore contribute mixing terms between different down quark generations,
L = hd;dj with i # 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 Dy Dy Dy 0D
down-type quarks | @, (o} Dy dq
charged leptons Dy P4 P, 02

Table 2.3: Types of 2HDM as defined in [57]. We show the Higgs doublet ®; 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 Z; symmetry on the theory. Under this Zs symmetry the fields
transform as

P, - -y s dR — —dR and €R — —€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= |Du®i” + V(®;, @2) + Lyus (2.50)

7
where the first term denotes the kinetic term for the two Higgs doublets, V(®1, ®2) is the
Higgs potential and the last term denotes the Yukawa interactions between ®; and the SM
fermions. Assuming CP conservation and a soft Zo symmetry breaking, the 2HDM Higgs
potential can be written down as':

A A
V(@1,@2) = mi) @]y +m3h®y —miy (P + huc) + TH(@]91)° + T (2)Do)° o)
2.51

1
+ Aa(@]@1)(@402) + Aa(@]02) (@] 1) + 5 [a(@]@5)” + h.c.} .

The m? terms are a generalization of the x? term in the SM Higgs potential and have mass
dimension two. The m?, term breaks the Z; symmetry softly.

This potential has a minimum at (®;) = % (0 Uz')T, where v; are the vacuum expecta-
tion values that we introduced in the previous section. At its minimum the potential must
be flat, (0p, V(®1, P2)) what implies the following two conditions

0= (00, V(®)) = miy (®]) — my () + M ((2]P1)2])
FA((@2)P]) + AM(B]2)2) +hs( @002
0= (00, V() = m3y(®}) — miy(@]) + Aa((@L2)2) ‘
+ Ag((@]@1)@]) + Ay((@f 1) D) + As (@] D) D]),
which can be rewritten as
mi = m%Qz—? - %(Aw% + A34503) = mfgtﬁ - %U2(C?3)\1 + S%)\345) 053
2.53

1 _ 1
m%Q = m12f2 - 5(/\21)% + )\3451)%) = m%2tﬂl . 502(8%)\2 + C%)\345).

where Agq5 = A3 + Ay + A5. We were therefore able to express the Lagrangian parameters

2

mj; in terms of the vacuum expectation value v and the mixing angle §.

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 [)\6 (®id) + )\7(<I>£<I>2)} (®1®s) + h.c. and

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

i [67] 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

2
m
2 12 _ )02

ma = SBCs
2
1
m2, = :;22 = 5 Qa2 (2.54)
m%, = 1 vQ()qc2 +/\252) + miy + [)\3458 cgv? —m? ]
Hh ™ 9 B B s5Cg S0Ca BEB 12] | »

where mixing angle between the CP-even neutral Higgs bosons « is
v2A3458505 —m3,

5 :
vA(Aicd — Aos3) — ;’;;; (5 —s3)

toq =2

(2.55)

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

A — m%{ci + m%sa
te V22
B

2
— mislg

2 2 2.2 2 4—1
MiSe + My — Miatg

Ay =

2.2
v2s3
N — (M3, — m3)saCa + 2m3, 53¢ — M3y (2.56)
v2speg
= (mi — Qm%ﬁ)s[g% + m%Q
v2spep
—m%sgeg +m?
A5 = A°BCB 12

v2sgeg

For out later discussion we will chose the the physical Higgs masses my, g 4 g+, the mixing
angles a, 3, the soft Z breaking parameter m?, 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 mj = 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 termY as

Liin = |Du®1|* + |D,®2|? = |D,®,|* + | D, P x| (2.57)

§See [58] for the details of this derivation.
YNote that the kinetic Higgs term in the generic basis does not contain a mixing term D, ®,D"®; since
such a mixing would violate the imposed Z> 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

D,®, 2 = hoyWiwe— + 912 o 7 7k 4.
|Du®y|” = gmwhsu W), +2(3059w smZuZF +

) 5 (2.58)
m m
= QTW(HCB_Q + hsg_a)WFWH™ + TZ(H%_Q + hSg_a)Zu 2" + - -

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

. m%/ SM
gy = 2isg_a—— 9" = ss_o giyvv
° (2.59)
; my "y SM
gHVV = 220,8—a7 9" = cg—a IRy V-

The couplings of the 2HDM Higgs bosons h(H) to vector bosons are scaled with respect to
the SM vector boson coupling h;j% by a factor sg_q (cg—q). Note that there is no coupling
of the Higgs bosons to photon pairs, since U(1)gas 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, gayvyv = gg+vy = 0, since the doublet they are contained in
does not obtain a vacuum expectation value.

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

(00 — i |3y (1= 250 00) Z, + Ay ) HT — i§ Wik (hpsas + i)

Dy®y = ig 1 : 9 W Ht
(au + oyl ZM) L(hpsw +iA) —iSW, H
(2.60)
We can now expand the kinetic term |D,®y|? and obtain
g
D,®y|? = 7 A AGH
|D,®g| S cos 0, [hBsmO 0"hpswm]
+ 9 W, (0“HY) — (9uhpsa) W HY — h.c]
2 (2.61)

+ g (B, AW, HY — AW, (0"H") + h.c]
mg

+i [ (1— 25in20,)Z, + eAM} [H= (0" HT) = he] +---

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

gu+H-~ = —ie(pg+ —pp- )"
_.gcos 26, - L
YH+H-2 = V5 g 0 (pr+ — PE-) (2.62)
g
JAH+W = §(PH+ - PA)“
and
. ) g
9hAZ = 156—047(1014 - ph)” 9hHAW = —ZSﬁ—a*(PHJr - ph)“
2 cos Oy, 2 (2.63)
JHAZ = icﬁ—ai(p/& - PH)” 9HH+W = _icﬂ—ag(pH+ - PH)” .
2 cos 6y, 2
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Note that there are no couplings of a two CP-even or CP-odd Higgs to the Z boson vanishes,
JHhZ = 9hhz = guHz = 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 ®o while the down-type quarks
couple to ®;. Let us for simplicity concentrate on the quark sector and only consider one
generation. Then we can write the Yukawa term

Lyur = —Yue®Qra® up — YaQr®1dp + h.c.

Y, . Yy - . T _
= —7%%(02 + ¢2 +ip2)ur — 7%6&(01 + ¢1 +ip1)dr — Yudrdy up — Yaur ¢l dg + h.c.
(2.64)
We can read out the fermion masses m, = %’02 = Y—”2USE and mg = %vl = %005 We can

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

Lyur = —&(Hsa + heq +iAcg)urur — @(Hca — hsq —iAsg)drdr
vsg veg

B Vam NS (2.65)

05H_JLUR+ 85H+ﬂLdR+h.c.
'I}Sﬁ ’UC/Q

If we introduce multiple generations of fermions, we have to take into account that the
Yukawa coupling matrices Y, and Yy 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 g,f% = —i%. We obtain for the neutral Higgs
bosons

c S e
Ghuu = iglf% JHuu = 70‘9}?% JAuu = 1’75769}?%
Sp Sp Sp
C M S M 3 C M
Ghdd = igsdd 9Hdd = ﬁglfdd JAdd = W5£gi?dd (2.66)
% % cp
C M S M . C M
gnll = *aglfu gHU = *agle gAll = W5£glfll :
=% %] cp

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

1
9HVud; = E

1
9H+I = E

Note that the projection operator 1 + 75 in the charged Higgs coupling ensures that the
charged Higgs will only couple to left-handed neutrinos and not to hypothetical right-handed
neutrinos.

Vi, ((tgmd 65 ma) + (tgma — t;lmu)75)
(2.67)
tgml(l -+ "}/5)



36 CHAPTER 2. THEORY

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!:

3 4771%2 2 2
=— . ~ 5+ 3cats))
Ghhh 45250 ( scs (CB aCB+a — My (C3a—p Ca+tp)
3 4m%2 2 2
__ 543 )
9JHHH 45250 ( 553 (Sﬁfasﬁm +mi(83a—p + 35a+5)
1 /4m?
grnh = = (J(C%fasﬁm — 255 aCh-aCpra) — (2mj, +miy)(s30-5 + 8a+5))
28V \ 58C3
1 4m?
9hHH = iy ( - (5%—04054-& —258-aCh—aSp+a) + (Qm%{ + m}%)(ci&a—ﬂ - Ca—l—ﬁ))
S28V \ SgCg
1 4”1%2 2 2
= — — 8 _ — _ 3 )
9ghAA 48251} ( $3C3 Ch+a MASE—aSpC mh(ca 38 + Coc-‘rﬁ)
1 /4m?
JHAA = — 7 ( 25510 — 8mAcs_aspes — mir(sa—sp + 33a+ﬁ)>
8980 \ SgCg
1 4Am?
YrhH+H- = ~ 4 ( 2 Chva — 8Mirs85-a5pcs — My (Ca—sp + 3Ca+5))
C28V \ C3Ca
1 Am?
JHH+H- = *4 ( = $B+a — 8m%{icﬂ—0¢850ﬂ - m%](sa—?)ﬁ + 38(14‘5))
828V \ Sgcg

(2.68)
Note that a single CP-odd Higgs A cannot couple to CP-even or charged Higgs due to
CP-conservation and therefore gann = gang = gag+u- = 0.

These couplings not only depend on the Higgs masses but also on the soft Z5 symmetry
breaking term m?,. 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 of m2,. 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 m?%, = m%sBCﬂ.

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 Y;,e%Q LCL(I)I];U R anymore,
as we have done in the Standard Model. Instead, we introduce a second Higgs doublet

1 .
o, — (ﬂ“’“ th - w")> (2.69)

IT 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 [§]
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which couples to the up-type fermion instead of eabq)Z.We can now write a up-type quark

Yukawa term Y, Q®,upr. Note that we defined the doublet ®,, = eab (I)gb such that it contains
the complex conjugate fields to avoid complex conjugation in the Lagrangian. Therefore
®,, has the opposite hypercharge Y = —% compared to ®o. This is just a redefinition of the
field, ®o — ®,, and will not change the results we have obtained above. The appearance
of a Y = —3 hypercharge doublet also ensures that Tr[73Y] =Tr[Y?] = 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 ¢'1':

1 m2 1 2m2 _m2
M=X= "+ ="F =" -g") ="
. _— v (2.70)
_ 2 myy _
Ay = *59 - 02 As = 0.

m
m124 =12 m%H = m124 + m%/v
iﬁcﬂ (2.71)
2 2 2
M = 5 (ma +mz £ \/(mi +m%)? — dmym3cap)

and the mixing angel « is fixed by

2 2
my +m
by = tog oA T2 (2.72)
mi —my,

We can see that the parameter space is describes by only two free parameters which are
conventionally chosen to be m4 and t. Notice that the soft Z5 breaking term m?, is also
fixed by m3, = m%sgcs.

Often people consider the alignment case in which the ma > myz. In this case myg =~
mpy ~ mg+ and cg_q ~ 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

TTSee [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~' 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~! of
data during run 3. Proposals for a further upgrade to High-Luminosity LHC aim for a total
integrated luminosity of 3000 fb~! 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

1 I 1 I 1 1 1 1
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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 £ 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 o via N = o L.

My knowledge about the physics of the detector is mainly based on Peter Lochs lecture on jet physics
[61].
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e 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
pm. 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.

e 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.

e 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 7% — 7. 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.

e The Muon Spectrometer: Due to the high mass of the muon, the energy loss due to
Bremstrahlung is suppressed compared to the electront. 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 ™% [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, pr, can be parameterized using polar co-
ordinates: the magnitude of the transverse momentum pr and the azimuthal angle ¢. 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: Y ppr = 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 py, and the energy transform under boost
along the z-axis. It is therefore convenient to parameterize these components of the four-
momentum p* 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
pr,o = 0. Let us write the particles energy in this frame as Ey. Then we can write for the
longitudinal momentum p;, and energy F in the boosted frame

() =@ 01 (8) == () e

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

1 E+pyp,
= -1 . 2.74
y 20g<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 || < 5.

$More details about LHC physics and collider phenomenology can be found in [63], which has been used
as guideline for this section.

|pl+pL

YOften people also use the pseudorapidity n = %log (\zﬂ—m

) which coincides with the rapidity y only

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

(OR)? = (6y)* + (99)°. (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 M,;_, 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 |M;;_, x|?>. 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
opp—x - According to the QCD factorization theorem, we can write for this cross section

dll
Opp—X = Z/dwi/dﬂﬁj/Wfi(xiaﬂ)fj(xja/ﬁ)|Mij—>X|2' (2.76)
ij !

Here S denotes the center of mass energy of the hadronic system. The functions f;(x;, 1)
are called parton distribution function (pdf). They describe the probability of finding a
parton i (i = g,ui,d,d,...) carrying a fraction z; of the protons momentum, evaluated a
factorization scale p. 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
x; and x;, and final state phase space, denoted by II and sum over all possible initial states.

INote 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. Madgraphb [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 Ap; around a phase space
point p; weighted by F(p;):

N

/F(p)d”p ~ Y F(pi)Ap;. (2.77)

=1

The phase space points p;, 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
Ap; 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(p;)Ap; 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 element M,_,4, in which a quark ¢ with momentum p, radiates of a gluon g with
momentum py and leaving the quark with momentum p; = pq — pg- This matrix element is
proportional to quark propagator,

I T 1
Pz (P +pg)?  20ppy  2E.E4(1 —cosfy)

Mg—sqg ~ (2.78)

Here E,; and E, are the final quark and gluon energies and 6,, is the angel between the
final state momenta. We can see that the amplitude for this process diverges when 0,5, — 0
and E, — 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:

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

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

T An introduction to parton showers can be found in [70]
# A pedagogical introduction to matching an be found in [63].
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e 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.

e Ordinary Decays: Many particles produced both in the hard interaction, such as s,
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-kr jets with
R = 0.4. b and 7 tagging are implemented using a purely probabilistic approach: a re-
constructed jet overlapping with a parton level b (7) are labeled as b-tagged jet with a
probability of €, while jets not containing a b (7) are mistagged with a probability of €,,ss
(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, Ng and Np passing all cuts®®. The number of signal events Ng 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 Np, and the signal plus background hypothesis with
predicted number of events Ng + Np. We can ask two questions:

e Discovery: Let us assume that we observe a number of events consistent with the
signal plus background hypothesis with event number Ng+ Np. What is the minimal
number of signal events N glsc needed to exclude the background only hypothesis at

507 This number is called discovery reach.

e Exclusion: Let us assume that we observe a number of events consistent with the
background only hypothesis Ny = Np. What is the minimal number of signal events
N SE”"CZ 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 €. The simplest approach
to this problem is a gaussian approximation. Let us assume, that we have a given number
of background events Ng. Now we want to predict the number of signal events Ng needed
to claim discovery or exclusion.

e Discovery: If we want to exclude the background only hypothesis, the number of
events in the signal plus background hypothesis Ngyp = Ng+ Np needs to be larger
than the number of events in the background only hypothesis Ng plus five times the
uncertainty for this number o(Np). The uncertainty is the sum of the statistical
uncertainty ogqt(NB) = +/Np and a systematic uncertainty ogyst(NB) = eNg. We
obtain the discovery reach

N5’+NB>NB+5-U(NB) — NS>5'(\/NB—|-€NB) (2.79)

8In 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 Ng and Np.
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e Exclusion: If we want to exclude the signal plus background hypothesis, the number
of events in the background only hypothesis Np needs to be smaller than the number
of events in the signal plus background hypothesis Ng + Np minus 1.645%9 times the
uncertainty for this number o(Ngyp). The uncertainty is the sum of the statistical
uncertainty ogstqt(Nsyp) = vV Ng + Np and a systematic uncertainty ogyst(Ns4p) =
eNp:

Np < Ng+ Np—1.645-0(Ng+p) — Ng>1.645-(\/Ns+ Np+eNp) (2.80)

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

The discovery and exclusion reach on Ng are a function of the number of background
events Np. 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 (Ng, Np < 10), the gaussian approximation overestimates
the discovery reach.

1) F " -
z z
I Discovery Reach Exclusion Reach
10° 10°
10° | 107
10 —— Gaussian Approximation 10 & —— Gaussian Approximation
F —— RooStats E —— RooStats
i — Theta i — Theta
1 10 10° 10° 1 10 10° 10°
NB NB

Figure 2.5: Discovery (left) and exclusion (right) reach for the number of signal events Ng
as a function of the number of background events Np. We show the results from RooStats
(red), Theta (blue) and the gaussian approximation (black).

9T his 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 IT 2HDMT.
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 mpp,), ma, my+ and the mixing angles t3 and sg_,. Note that this
works assumes that the soft Zy breaking term vanishes, m3, = 0. This results in an upper
bound on the Higgs masses as well as the tan $ due to unitarity. In later publications, in

*Note that this chapter will have significant text overlap with the publications that it is referring to.

tNote 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 mj; = 126 GeV while more recent measurements suggest a value of my,
close to 125 GeV [46].
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particular [22] we relax this constraint.

We find that in the m; = 125 GeV case, we are restricted to a narrow SM-like regions
of sg_o ~ 1 with g up to 4, or an extended non-SM-like region with 0.55 < sg_, < 0.9
and 1.5 < tg < 4. The values of my, my and mpy=, however, are relatively unconstrained.
In the mpy = 125 GeV case, we are restricted to a narrow SM-like region of sg_, ~ 0 with
tg up to about 8, or an extended non-SM-like region of sg_, between 0.8 to 0.05, with ¢
extended to 30 or higher. m 4 and mpy+ 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 mjs is strongly constrained by
requiring the model to be unitary. At high ¢z > 5, unitarity requires mi, = m%smg while
smaller values of m?, are possible for low t5. In the former case, vacuum stability further
constraints H to be the slightest non-SM Higgs. Therefore, at high ¢z, the 2HDM cannot
accommodate exotic decays of the Type H — AZ, HTW, AA or HTH~. Electroweak
precision measurement further require the charged Higgs mass to be close to one of the
heavy neutral scalar masses: my+ =~ m4 or my+ ~ mpyg. 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: g9 — 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 77) or a
pair of Z bosons (ZZ) and explore the exclusion bounds as well as discovery reach at LHC
for various combinations of m4 and mpy. 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 mpy+ is larger than the top mass m; = 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* — 7v), 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 tbrv 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 77). With detailed collider analysis, we obtain the model
independent exclusion bounds as well as discovery reach at the 14 TeV LHC. We find that
TlepThad Case is particularly promising since we can utilize the same sign di-lepton signal
with the leptons from W decay and from 7 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 mg+ < m; 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* — 1v) 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 7v 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 my+ > 150 GeV and tg < 20 is still allowed, while no limits
exist for my+ > 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 — 77) = 8.6%, the exclusion limits on BR(t —
H ib) are about 0.2% and 0.03% for single top and top pair production, respectively, with
an integrated luminosity of 300 fb!. 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 7v 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 — sv. 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, 77 and H + — tb, Tv 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 I 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); x 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);, x U(1)y down to U(1)ey. 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 (h° and H?),
charged Higgses (HT), and a pseudoscalar A°. In addition to the masses, two additional
parameters are introduced in the theory: the ratio of the vevs of the two Higgs fields
(tan ), and the mixing of the two neutral CP-even Higgses (sin ).

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 o x 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
tan 8 — sin « 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 A° - 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 50 level.!

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

IThe latest experimental results indicate that the pseudoscalar interpretation of the 126 GeV 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 77 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); doublet scalar fields ®; and ®9, the most general potential for
the Higgs sector can be written down in the following form:

V(®1,0y) = m3 B0 + my®l®y — m3y(®]dy + hoc.)
1 1
+§A1(<1>{c1>1)2 + §A2(<1>§<1>2)2 + A3(P1D))(PLD2) + Ay (D] Do) (@I D7)

+%{/\5(<I>H>2)2 + h.c.} + { [Ae-(@{@l) + M(@Q%)} (@] @) + h.c.}. (2.1)

We impose a discrete Zs symmetry on the Lagrangian, the effect of which is to render
mi2, s, A7 = 0.2 Note that one consequence of requiring mis = 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): (¢)) = v1/v/2, (¢9) = va/V2 with \/v? 4+ v3 = 246 GeV, we
are left with six free parameters, which can be chosen as the four Higgs masses (my, mgy,
ma, mg+), & mixing angle sin @ between the two CP-even Higgses, and the ratio of the
two vacuum expectation values, tan 5 = va/v;.
Writing the two Higgs fields as:

o
d; = @ , (2.2)
((Uz' + ¢) + Z’Gi)/\/§>

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

HO [ cosa sina @) A% = —Gysin B+ Gocos B (2.3)

ho —sina cos o ¢y ) H* = —¢Fsinf+é5cosf .
For our purposes, it is useful to express the quartic couplings A; 5 in terms of the physical
Higgs masses, tan 8 and the mixing angle «a:

m2; cos? a + m? sin? o m2; sin? a + m3 cos® a
M= 2 cos2 ’ Ay = 73 (2.4)
v? cos? v? cos? 3
: 2 _ 2 : 2 2 _ 9,2 2
N sin 2a(my —mj)+2 sin 28 m7, . L = m3y — 2my . N s 5
3 = 2 o y 4= 5 5= "5 - ( . )
v? sin 203 v v

2Ref. [15], which also addresses similar issues as in this paper, allowed for a soft breaking of the Z
symmetry with m?, # 0. In this paper, we don’t consider such soft-breaking terms.
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&'V | sin(B — a) YWl cos(B— ) &Vlo
& cosa/ sin 3 &Yy | sina/sinf &% | cotpB

§Z’l —sina/ cos 8 5# cos a/ cos fi’l tan 3

Table 1. The multiplicative factor £ 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 H?, A% 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 & 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 v 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(f — @) (cos(8 — «)), 1/sin 8 and 1/cos 3. Thus, even
though it is customary to look at the combination of parameters (sin «, tan 3), we present
our results in section 4 and 5 using sin(8 — «) and tan 8 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(8 — «) instead of sin « 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:

e 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]: A1 > 0, Ao > 0, A3 > —v/A1)g, and A3 + Ay — [A5] > —/ A1 A2, With
eqs. (2.4) and (2.5), the above requirements serve to constrain the Higgs masses and
angles.

e Perturbativity: 2HDMC imposes constraints on the physical Higgs quartic couplings,
specifically demanding that Ap;p;n.n, < 47 to stay inside the perturbative regime.

66



Note that even though these are different from the As in the Higgs potential in
eq. (2.1), we can still use egs. (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 y; could also become nonperturbative for very small
tan 8. We require the perturbativity of y; at scales below 1TeV, which results in
tan 8 2 0.35 [39].

e 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—Vy, (where Vi, is either Wi, or Z1) have eigenvalues bounded by 167 [40].

Experimental constraints: the LHC experiments have searched for the SM Higgs in 77,
727, WW, 77 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 5o
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 £ 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, Ap, which is the deviation of p = % from the SM value), and U [65]
constrain any new physics model that couples to the W and Z. In particular, 7' 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
Ry = I'(Z — bb)/T(Z — hadrons) [69]. Imposing bounds from R, rules out small tan 3
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
Superlso 3.3 [70], which incorporates, among other things, bounds from B — X,v, AMp,,
B~ = 770, DF - 75 (uF)v, B— 7577 and By — ptp” [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 my+ versus tan 8 plane for fixed my, = 125 GeV, my = 400 GeV, m4 = 200 GeV and sin(8 —
a) = —0.1. The right plot shows the mg+ versus my, plane for my = mg+, mg = 125GeV,
tan 8 = 5 and sin(f — a) = —0.01.

the mg+ versus tan § plane (left panel) and the mg+ versus my, plane (right panel). While
B — X, excludes my+ up to about 300 GeV for all tan 8, B~ — 7~ ¥, and AMp, provide
the strongest constraints at large and small tan 3, respectively. The strongest bound on the
neutral Higgs mass comes from By — pu™ ™, which excludes my, at about 50 GeV or lower.

In addition, we included the latest results from BaBar on B — Dri, and B —
D*ri; [79], which observed excesses over the SM prediction at about 2 o 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:
o h0-126 case where mj, = 126 GeV with mpy > 126 GeV,

o H-126 case where mpy = 126 GeV with m;, < 126 GeV
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and scanned over the entire remaining parameter space varying mg (or my), ma, mg=,
tan 8 and sin(f — «a):

20 GeV < mga,myg+ <900 GeV in steps of 20 GeV, (3.1)

-1< sin(f—a) <1 in steps of 0.05, (3.2)

h® — 126 case : 0.25 < tan 3 <5 in steps of 0.25, (3.3)
126 GeV < my <900 GeV in steps of 20 GeV, (3.4)

H? — 126 case: 1 < tan 3 <30 in steps of 1, (3.5)

6 GeV < mp, < 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 77 channel [61-64] were imposed using the cross section limits reverse-engineered from
bounds in m4 — tan 8 plane for m** 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 Ry.

We further required either h° or H? to satisfy the dominant gluon fusion cross section
requirement for vy, WW and ZZ channels to accommodate the observed Higgs signal at
95% C.L. [4, 7):

— hY/H? — — hY/HY = WW/ZZ
(99 / M 15 06 < 2199 / /22) _
osM osM
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 Superlso 3.3 program to study the

07<Z

1.3, (3.7)

consequence of the flavor constraints.

4 Light Higgs at 126 GeV

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 tan s and
sin(f — «) dependence of the cross sections for the major search channels at the LHC:
gg — h® — vy, WW/ZZ. Both production cross sections and decay branching fractions
are modified relative to the SM values:

o xBr(gg = h’ = XX) o(99 — h°) Br(h? — X X)

= 4.1
SM OSM x Bl"(hSM —)XX)’ ( )

for XX = ~v,VV. 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 — h° production cross section contours (left panel) and h® — V'V
(solid lines of the right panel) and h® — 4~ (dashed lines of the right panel) branching fractions in
the h°-126 case. The contour lines are o/ogy, Br/Brsy = 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:

o(gg — h°)  cos’a  sina |A1/2(7'b)|2 (4.2)
OSM N SiIl2 5 0082 5 |A1/2(Tt>|2 .
2 2
= cos(ff — @) +sin(8 — )| + [cos(8 — a)tan B — sin(8 — o)]? [A1ya(m)] (4.3)

tan 3 [Arja(m)[*

The expression for the fermion loop functions A;5(75) 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 tan 3, when the bottom-loop contribution can be substantial due to the
enhanced bottom Yukawa [12]. We also rewrite it in sin(8 — «), cos(f — «) and tan 8 in
eq. (4.3) to make their dependence explicit.

In the left panel of figure 2, we show contours of o/ogy for the gluon fusion: o/ogy =
0.5 (green), 1 (red), and 2 (blue). While contours of o/ogy > 1 accumulate in sin(8 — ) ~
—1 region, there is a wide spread of the contours for sin(8 — ) > 0. For most regions of
sin(8 — a) < 0, gg — h° is suppressed compared to the SM value due to cancellations be-
tween the cos(f—«) and sin(8—«) terms in the top Yukawa coupling, as shown in eq. (4.3).
Note that we have shown the plots only for tan 5 < 4 since the model is perturbatively
valid only for tan 8 < 4, as will be demonstrated below in the results of the full analysis.
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Figure 3. o x Br/SM for the processes gg — h® — v (left), and gg — h® — WW/ZZ (right) in
the hY-126 case. The contour lines are o x Br/SM = 0.5 (green), 1 (red), and 2 (blue). The shaded
gray are regions where cross sections of vy and WW/ZZ channels satisfy eq. (3.7).

The h° decay branching fractions h’ — V'V, vy can be written approximately as

sin?(6—a)
Br(hO — XX) ~ I'xx rtsgfal N sin2(g—a)Br(hsM—>VV)+%Br(hsw{—wb)-&-m 44
Br(hsa — XX)  Diopr TSN I'(h0 =) /T (hsy—77) , (49
sin?(—a)Br(hsy—VV)+ 2259 Br(hsy—bb)+..

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/Brgy for V'V (solid lines) and
~7 (dashed lines) channels. Both V'V and loop induced (dominantly W-loop) v+ channels
exhibit similar parameter dependence on tan 8 and sin(3 — «) since both channels are dom-
2 1 appear

~

inantly controlled by the same h°VV coupling. While contours of Br/Brgy
near sin(f — a) ~ +1 for unsuppressed h°V'V couplings, h® — v shows some spread for
negative sin(f — a) and small tan § due to the correction to top Yukawa in the loop-indued
hO%v~ coupling.

Combining both the production and the decay branching fractions, we present the
contours of o x Br/SM in figure 3 for vy (left panel) and V'V (right panel) for o x 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(8 — «) = +1 (the
gray regions at sin(f —a) = %1 overlap with the picture frame boundary and are therefore
hard to see), one extended region of 0.55 < sin(f—a) < 0.9, and one low tan 3 region around
sin(f — a) ~ 0.3 for tan 8 ~ 0.5. Constraints from Ry disfavor this low tan 5 region and
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Figure 4. o x Br/SM for gg — h® — y7 versus gg — h® — V'V for negative sin(3 — a) (left panel),
and positive sin(8 — «) (right panel) in the h°-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 vy 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(8—a) to show the different features that appear in these two cases.

In figure 4, we show the correlations for o x Br/SM for the 4+ channel against V'V,
for negative (positive) values of sin(8 — «) 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 vy 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 tan 3
versus sin( — «) plane are also sketched in figure 3 as the shaded gray regions. For nega-
tive sin(f8 — «), there are two branches: the one along the diagonal line with vy : VV ~ 1
and 0,y < 1, which can be mapped on to the sin( — «) = —1 branch in figure 3. The
other branch in the upper-half plane where vy : VV 2 2 and 0., extends to 2 or larger is
strongly disfavored given the current observed Higgs signal region.

For positive values of sin(8 — «), the diagonal region is the most probable, with
vy : VV < 1 and 04, possibly extending over a relatively large range around 1. Branches
with 0., or oyy ~ 0 along the axes are strongly disfavored given the current observation
of the Higgs signal.

Thus we see that for all values of sin(8 — «), the VV and 4+ channels are positively
correlated. Most of the points falls into vy : VV ~ 1 with the cross section of both
around the SM strength. This means that an excess in the v+ channel should most likely

“This agrees with the results of [15].
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Figure 5. Parameter regions in the h%-126 case for tan 3 versus sin(8—a) (left panel) and sin(8—a)
versus my (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 R} (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 — k% —
vy, WW/Z Z. 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 Ty 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 — A" or
h® — ~4~. 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 7.

4.2 Parameter spaces

Fixing mj, = 126 GeV still leaves us with five parameters: three masses, myg, ma, mg+, and
two angles tan 8 and sin(8—a). Varying those parameters in the ranges given in egs. (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 tan /3 versus sin(/3 —«) 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 hY-126 case for tan 3 versus my with sin(3 — a) < 0 (left
panel) and sin(8 — a) > 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 — h® — vy, WW/Z Z. The signal
regions (two narrow regions at sin(8—a) = £1, and one extended region with 0.55 < sin(8—
a) < 0.9) agree well with the shaded region in figure 3. The small region around sin(8—a) ~
0.3, however, disappeared, due to the R}, constraint [68]. Regions with tan8 2 4 are
excluded by perturbative bounds since one of A1 2 becomes non-perturbative for larger value
of tan 8 (cos 8 — 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 h°-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(8—a)—my plane. Impos-
ing all the theoretical constraints, in particular, the perturbativity requirement, translates
into an upper bound on myg of around 750 GeV. Higgs search bounds from the LHC re-
moves a large region in negative sin(—a), mostly from the stringent bounds from WW and
ZZ channels for the heavy Higgs. The positive sin(8 — «) region is less constrained since
g9 — H® — WW/ZZ are much more suppressed. Ry, in addition, excludes part of the
positive sin(3 — ) region with relatively large my. Requiring k" to fit the observed Higgs
signal further narrows down the favored regions, as shown in dark red. For sin(f—a) = +1,
mp could be as large as 650 GeV. For 0.55 < sin(8 — a) < 0.9, mpy is constrained to be
less than 300 GeV. The correlation between mpy and sin(8 — «) indicates that if a heavy
CP-even Higgs is discovered to be between 300 and 650 GeV, sin( — «) is constrained to
be very close to £1, indicating the light Higgs has SM-like couplings to the gauge sector.

12—
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Figure 7. Parameter regions in the h°-126 case for sin(8 — a) versus my= (left panel) and ma
(right panel). Color coding is the same as figure 5.

In figure 6, we present the parameter regions for tan 8 versus mpy with sin(8 —a) < 0
(left panel) and sin(8 — «) > 0 (right panel). Regions with large mp are typically realized
for small tan § roughly between 1 and 2. There are also noticeable difference for positive or
negative sin(f — «) for regions that survive all the experimental constraints (red regions).
Negative sin(8 — «) allows larger values of tanf for a given mass of my. Small values
of tan 3 is disfavored by the perturbativity of top Yukawa coupling [39], Ry [68], and the
flavor constraints [78].

Figure 7 shows the parameter regions in sin(f8 — «) versus mg+ (left panel) and m4
(right panel). For negative sin(8—«) between —0.5 to —0.1, only regions with m4 < 60 GeV
survive the LHC Higgs search bounds. This is because H? — A% A® opens up in this region,
which leads to the suppression of H? — WW/ZZ allowing it to escape the experimental
constraints. The corresponding surviving region in 120 GeV < my+ < 200 GeV is intro-
duced by the correlation between my and my+ due to Ap constraints. Imposing the cross
section requirement for h¥ to satisfy the Higgs signal region results in three bands in both
ma and myg+, with masses extending all the way to about 800 GeV. Imposing the flavor
constraints leaves regions with my+ 2 300 GeV viable for sin(f — ) = %1 or sin(f — «)
between 0.55 and 0.9, while even smaller values for m 4 remain viable at sin(8 — a)) = £1.

The allowed regions in the tan 5 — my+ and tan § — my4 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 tan 5 — mg+ plane for negative and positive
sin(f — «), while the lower two panels are for tan 8 — m4. LEP places a lower bound on
the charged Higgs mass around 80 GeV [55, 56]. In the signal region for sin(8 — o) < 0,
both mg+ and my4 are less than about 600 GeV, while their masses could be extended to
800 GeV for sin(f—a) > 0 and tan 8 > 2. The difference between the m 4 range for different
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Figure 8. Parameter regions in the h%-126 case for tan 3 versus my= (top panels) and m4 (lower
panels) with sin(8 — a) < 0 (left panels) and sin(8 — «) > 0 (right panels). Color coding is the
same as figure 5.

signs of sin(8 — &) can be explained as follows: regions with m 4 > 600 GeV can only occur
for |sin(f8 — a)| between 0.4 and 0.8, as shown in the right panel of figure 7. The Higgs
signal region of tan 3 versus sin(8 — «) (left panel of figure 5) shows that to simultaneously
satisfy both the tan 5 range and sin(8 — a) range, only positive sin(f — «) case survives.
Flavor bounds, as expected, have a marked effect here ruling out any value of mpg+ <
300 GeV for all values of tan 8, mainly due to the b — s constraint. For the CP-odd Higgs,
only a corner of tan 8 > 2 and m 4 < 300 GeV is excluded, due to the combination of flavor
and Ap constraints. As shown in figure 6, only relatively light my < 300 GeV is allowed for
tan 8 > 2. The flavor constraints of my+ = 300 GeV is then translated to m4 = 300 GeV
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Figure 9. Parameter regions in the h®-126 case for m4 versus my+ with sin(8 — a) < 0 (left
panel) and sin(8 — a) > 0 (right panel). Color coding is the same as figure 5.

since the difference between m 4 and my+ is constrained by Ap considerations when both
myp, and my are relatively small. For tan 5 < 2, my could be relatively high, which cancels
the large contribution to Ap from large mg+ while allowing m 4 to be light.

In figure 9, we present the parameter regions in the ma4 — mg+ plane for negative and
positive values of sin(8—a). m4 and mg+ are uncorrelated for most parts of the parameter
space. For sin( — ) > 0 when m 4 g+ could reach values larger than 600 GeV, tan 3 is at
least 2 or larger (see figure 8). mys is restricted to less than 300 GeV in this region, which
results in a strong correlation between m4 and mg+ due to the Ap constraints.

Figure 10 shows the parameter space in the m 4 —mjp plane for negative (left panel) and
positive (right panel) sin(8 — «). These two masses are largely uncorrelated for either sign
of sin(8—a). Note that for sin(—«) > 0, large m 4 between 600 — 800 GeV is only possible
for small values of my < 250 GeV. This is because the corresponding tan § is larger than 2,
which bounds myg from above. The lower-left corners excluded by flavor constraints corre-
spond to the upper-left corners in m 4 —tan g plots in figure 8, since at least one of m 4 or myg
would need to be relatively heavy to cancel the contribution to Ap from mg+ > 300 GeV.

We conclude this section with the following comments:

e If AV is the 126 GeV resonance, then the vy channel is closely correlated with
WW/ZZ. Specifically, a moderate excess in 4y should be accompanied by a cor-
responding excess in WW/ZZ.

e The combination of all theoretical constraints requires tan 8 < 4. Therefore, the
bottom-loop enhancement to the gluon fusion [8] is never a major factor. Regions of
sin(f — «) and tan 3 are highly restricted once we require the light CP-even Higgs to
be the observed 126 GeV scalar particle: tan S between 0.5 to 4 for sin(8 — ) = 1,
tan 8 between 1.5 to 4 for 0.55 < sin(5 — a)) < 0.9. The masses of the other Higgses,
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Figure 10. Parameter regions in the h°-126 case for m 4 versus myg with sin(8—a) < 0 (left panel)
and sin(f — a) > 0 (right panel). Color coding is the same as figure 5.

mg, ma, and mg+, however, are largely unrestricted and uncorrelated, except for
the region where sin(8 — a) > 0 and my g+ 2 600 GeV, which exhibits a strong
correlation between these two masses.

e 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.

e 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 126 GeV

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, H. There are a few noticeable changes for the heavy H 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(8 — «) as opposed to sin(8 — «), demanding SM-like
cross sections for HY forces us to consider sin(3 — a) ~ 0, as opposed to sin(3 — a) ~ %1
in the h%-126 case. Secondly, as will be demonstrated below, the bottom contribution to
the gluon fusion production could be significantly enhanced since the range of tan 5 could
be much larger compared to the h%-126 case.

Similar to egs. (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:

olgg — H®) sin?a  cos?a |Ay/2(m)|?

oSM ~ sin?pB  cos?p |Al/2(7't)|2

(5.1)
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Figure 11. The normalized gg — H° production cross section contours (left panel) and H® — V'V
(solid lines of the right panel) and H® — v (dashed lines of the right panel) branching fractions
in the H%-126 case. The contour lines are o/osy, Br/Brgy = 0.5 (green), 1 (red), and 2 (blue).

. 2 2
— 7sm(ﬁ — ) —cos(8 —a)| + [sin(8 — a)tan 8 + cos(8 — 04)]2 :ii;ii:;:Q

tan 3 (5.2)

Contours of o /asm(gg — H) = 0.5 (green), 1 (red), and 2 (blue) are shown in the left panel
of figure 11. HY couples exactly like the SM Higgs for sin(3 —«a) = 0, while deviations from
the SM values occur for sin(8 — ) away from zero. For sin(f — a) < 0, o/osm (99 — HY)
is almost always larger than 1 (except for a small region around sin(8 — a) ~ —1 and
tan 8 < 10) while a suppression of the gluon fusion production is possible for positive
values of sin(f — «). This is due to cancellations between the sin(5 — a) and cos(5 — «)
terms in the top Yukawa coupling, in particular, for low tan 3. The bottom loop contributes
significantly when tan (8 is large, which enhances the gluon fusion production cross section.
Br(H® — VV,~v)/Brsy can also be expressed similar to eq. (4.4):

cos?(B—a)
BR(H* » XX) Txxy IPN, c0s?(8—a)Br(hsn—V V) + <252 Br(hsy—bb)+.. 53
BR(hsy > XX) Do TSM. D(HO—77) /T (b 77) > (5:3)
cos?(f—a)Br(hsy —VV)+ 225 & Br(hsy—bb)+.

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(f — «), while it is mostly suppressed for positive sin(8 — ).

Combining the production cross sections and the decay branching fractions, contours
of g9 — H° — X X are given in figure 12 for vy (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 47y channel and 0.6 — 1.3 for the WW/Z Z channel, results in two distinct regions:
a region close to sin(8 — a) ~ 0, and an extended region of —0.8 < sin(f — a) S —0.05.
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Figure 12. ¢ x Br/SM for the processes gg — H® — v (left), and gg — H® — WW/ZZ (right)
in the HY-126 case. The contour lines are ¢ x Br/SM = 0.5 (green), 1 (red), and 2 (blue). The
regions where cross sections of 4y and WW/ZZ channels satisfy eq. (3.7) are shaded gray.
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Figure 13. o x Br/SM for gg — H® — ~v versus gg — H® — V'V in the H%-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 vy 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 v+ and V'V channels. Most of the points
lie along the diagonal: vy : VV ~ 1. A second branch of vy : WW ~ 2 also appears,
which corresponds to the very low tan 8 < 1 region in figure 12. This region is strongly
constrained by R}, and flavor bounds, and is therefore not considered further in our study.

18 —
80



tan 3

20

07 ' 0 1
sin(B - o)

Figure 14. Parameter regions in the H°-126 case for tan 8 versus sin(8 — a). 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 H°-126 case with the full parameter scan, including all
the theoretical and experimental constraints. Figure 14 presents the parameter regions in
tan 8 versus sin(8 — ). 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 H? 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(f — a) ~ 0 and an extended
region of —0.8 < sin(f — «) S —0.05, consistent with figure 12. Note however that the
region around sin(5 — «) ~ 0 is actually reduced to tan 8 < 8. This is because larger values
of tan 8 leads to smaller my, such that my, < mg/2 (see right panel of figure 15 below). The
opening of H? — h°hY channel reduces the the branching fractions of HY — WW/ZZ, v~y
forcing it outside the signal cross section region. Regions surviving the flavor bounds are
the ones enclosed by black curves. Larger values of tan 5 2 10 are disfavored.

Figure 15 shows the parameter region in sin(8 — «) versus my, (left panel) and tan 3
versus my, (right panel). Within the narrow region around sin(8 — a) ~ 0, my, can take all
values up to 126 GeV. For —0.8 < sin(8 — a) < —0.35, when the HOWW, H’ZZ couplings
could significantly deviate from the SM value while AW W, h°ZZ 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 h° and H® showing significant deviation of their couplings to
gauge bosons from the SM value.
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Figure 15. Parameter regions in the H°-126 case for sin( — «) versus my, (left panel) and tan 3
versus my, (right panel). Color coding is the same as figure 14.

The right panel of figure 15 shows the parameter region of tan S versus my. Larger
values of tan f is only allowed for small values of my,. The red region where m; < 60 GeV
and tan 8 < 5 can not satisfy the Higgs signal cross section requirement due to the opening
of H® — h%h° mode, which corresponds to the m; < 60GeV, sin(8 — a) ~ 0 red region
in the sin(f — «) versus my, plot (left panel of figure 15). Imposing the flavor bounds
further rules out regions with light my; below about 50 GeV, mainly due to the process
Bs — ptp~, as shown in the right panel of figure 1. Large values of tan3 = 10 are
excluded correspondingly.

Figure 16 shows sin( — a) versus my p+ (left panels) and tan 3 versus m 4 g+ (right
panels). The plots for m4 and mp+ are very similar, except for very low masses. Very
large values of my g+ 2 800GeV are excluded by theoretical considerations, similar to
the h9-126 case. m4 < 60GeV and tan 8 > 5 are excluded by the LEP Higgs search [53],
while the triangle region of 130 < m4 < 400 GeV and tan 8 2 13 is excluded by the LHC
searches for the CP-odd Higgs in 77 mode [58-64]. For the charged Higgs, small values
of mg+ < 80GeV are ruled out by LEP searches on charged Higgs [55, 56]. Tevatron
and the LHC charged Higgs searches [58-64]: ¢ — H *b — 7u,b further rule out regions
of mp+ < 150GeV and tan B 2 17. The triangle in myg+ versus tan S plot for 150 GeV
< mg+ < 400GeV and tan 8 2 13 is translated from the corresponding region in tan g
versus m 4, due to the correlation between m 4 and my+ introduced by Ap, as shown below
in figure 17. Imposing the flavor constraints further limits m 4 2 300 GeV, mg+ = 300 GeV
and tan 5 < 10.

m4 and my= exhibit a much stronger correlation in the H%-126 case, mostly due to
the the Ap constraints, as shown in the left panel of figure 17. Comparing with the h°-
126 case, in which mpg could be large with a relaxed constraints on m4 and myg+ mass
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Figure 16. Parameter regions in the H%-126 case for sin(8 — a) versus m4 (upper left panel) and
tan B versus m4 (upper right panel), as well as similar plots for mljg (lower panels). Color coding
is the same as figure 14.

correlation, in the H%-126 case, both my, and my are relatively small. m 4 and m g+ 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 mg+ ~ 100 GeV with m 4
between 200 — 700 GeV. This region escapes the Ap constraint since for mg+ ~ my, ~ mp,
the contribution to Ap introduced by the large mass difference between my and mpyg+ is
cancelled by the (h°, A°) loop and (H°, A°) loop. Imposing the flavor constraints again
limits myg+ to be larger than 300 GeV. m 4 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 my4 versus my, which
does not show much correlation. For mj; < 90GeV, low values of my < 100GeV is

~ ~
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Figure 17. Parameter regions in the H%-126 case for ma versus my= (left panel) and my, (right
panel). Color coding is the same as figure 14.

excluded by LEP searches of h? A? channel [53]. High values of m 4 > 600 GeV are excluded
for mp < 90GeV. This is because such a large value of m4 can only be realized for
|sin(8 — a)| > 0.3 (see the upper-left panel of figure 16). Such regions of |sin(8 — «)| > 0.3
and my, < 90GeV are excluded by the LEP Higgs search of h°Z channel [54], as shown
clearly in the my, versus sin(f8 — «) plot (left panel of figure 15). Such excluded regions for
large m4 (and large mp+ due to correlation) also appears in the tan 8 versus my (mg=)
plots in figure 16.
We end the section with the following observations:

e Contrary to the h%-126 case, fixing the heavy CP-even Higgses to be the 126 GeV
resonance forces us into a small narrow region of sin(a — 3) ~ 0 with tan 8 < 8 or an
extended region of —0.8 < sin(a — ) S —0.05 with less restrictions on tan S.

e The light CP-even Higgs can have mass of any value up to 126 GeV, with smaller my,
only allowed for sin(8 — a) ~ 0. Note that the case of nearly degenerate h’ and H®
is allowed, as studied in detail in ref. [22].

e my and my+ exhibit a strong correlation: m ~ myg+, due to Ap constraints.

e Flavor bounds impose the strong constraints: tan 8 < 10, my > 50 GeV, and mg+ >
300 GeV. my4 is also constrained to be more than 300 GeV due to the correlation

between m 4 and my+.

6 Other Higgs channels

Thus far, we have concentrated on the gluon fusion production mechanism and the dom-
inant vy, ZZ and WW decay channels for the Higgs. The vector boson fusion channel is
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Figure 18. o x Br/SM for VBF/VH — h°® — WW/ZZ (solid curves in left panel), vy (dashed
curves in left panel) and VBF/VH — h° — bb/77 (right panel) for the h?-126 case. The contour
lines show ¢ x Br/SM = 0.5(green), 1 (red) and 2 (blue). The shaded gray regions correspond to
the signal regions where cross sections of vy and WW/ZZ channels satisfy eq. (3.7) as well as Ry,

another important production channel for the CP-even Higgses. For certain Higgs decay
channels, for example, 77 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, VH and ¢tH 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 h? and H° when they are interpreted
as the observed 126 GeV scalar.

In figure 18, we show the normalized cross sections for the WW/ZZ, ~v (left panel)
and bb/77 (right panel) final states via VBF or V H associated production (both production
cross sections are controlled by h°V'V coupling) in the tan 3 versus sin(3 — «) plane for
the h°-126 case. For VBF/VH — h® — WW/ZZ, both the production and decay are
proportional to sin(f — «), resulting in regions highly centered around sin(f — «) ~ +1
for any enhancement above the SM value. For the currently preferred gray Higgs signal
regions, VBF/VH — h°® — 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 vy, WW and ZZ final states [4-7].
Imposing the 95% C.L. contours of the pggpyun X B/Bsm versus pypryve x B/Bgu 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 VBF/VH — h® — bb/77, the cross section is suppressed for most of the regions,
except in the neighborhood of sin(8 — o) = £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. o x Br/SM for VBF/VH — H® — WW/ZZ,~vv (left) and VBF/VH — H° — bb/77
(right) for the H°-126 case. Color coding is the same as in figure 18.

bb/TT channel. There is also a strong inverse correlation between the WW/ZZ and bb/rr
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 77 channels
from the LHC and the Tevatron experiments [4, 83—86], imposing the current search results
for bb and 77 channels does not lead to further reduction of the signal parameter space.

Figure 19 show the o x Br/SM plots for V'V, ~v, and bb/77 channel via VBF/V H
production for the H%-126 case. The qualitative features of the V'V, v+ plot is the same

as that of figure 12. The currently favored gray signal regions typically correspond to a
normalized cross section of VBF/VH — H° — WW/ZZ around 1 as well.

The bb/77 channel, however, exhibits a very different behavior. For two regions of
—0.6 <sin(f — a) < —0.1 and 0 < sin(f — a) < 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(8 — a)) ~ 0 corresponds
to o /oy of order 1 for VBF/VH — H® — bb/71 channel, while a suppression as large
as 0.5 is possible for the extended regions in negative sin(8 — «). The inverse correlation
between bb/77 and WW channels also appears in the H°-126 case. Similar to the h°-126
case, imposing the 95% C.L. range for the VBF process for vy and WW/ZZ channel, as
well as the signal strength obtained from the bb and 77 modes does not lead to further
reduction of the signal region.

We also studied gg — h°, H® — bb/77 channel for both the h°-126 and H°-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
Zy 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(8 — «), tan 8, ma, mg=+, and mpy or my while fixing either my, or mpy 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 h°-126 case, we are forced into regions of parameter space where sin(3—a) = £1
with tan 8 between 0.5 to 4, or an extended region of 0.55 < sin( — «) < 0.9, with tan g
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 my g+ 2 600 GeV
and sin(8 — «) > 0 where there is a strong correlation between my4 and mg+ because of
the Ap constraint. Imposing flavor constraints further restricts my+ > 300 GeV.

In the H-126 case, we are forced into an orthogonal region of parameter space where
sin(8 — a) ~ 0, tan 8 < 8 or an extended region of —0.8 < sin(a — 3) < —0.05 with less
restricted tan 5. m4 and mpy+ exhibit strong correlations: m4 ~ mpg+, due to the Ap
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:
tan 8 < 10, my, > 50 GeV, my+ > 300 GeV, and m4 > 300 GeV.

Note that in both cases, the extended region in sin(8— ) 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. vy and WW/ZZ rates are most likely strongly correlated: vy : VV ~ 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, 77 channels. We found that in the h°-126 case, both VBF/VH —
h® — bb/TT,WW/ZZ could be significantly suppressed in the Higgs signal region. For the
HY-126 case, VBF/VH — H° — WW/ZZ channel is almost the SM strength. Possible
suppression of bb/77 channel up to 0.5 is possible for the extended signal regions in negative
sin(8 — «). Future observation of the bb and 77 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 m, and tan 3, the parameter re-
gions of the general Type II 2HDM is much more relaxed. Unlike the MSSM in which
the hY-126 case corresponds to the decoupling region where m, > 300 GeV, and the H°-
126 GeV case corresponds to the non-decoupling region where my ~ 100 — 130 GeV [87],
the value of m4 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 my ~ my+ ~ mpy in the decoupling region is
also much more relaxed in the Type IT 2HDM. No obvious correlation is observed between
ma, my+, and my for the h-126 case, except for the region with large my g+ 2, 600GeV.
Note also that in the Type IT 2HDM with Z5 symmetry (such that mi2 = 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 HY, A% 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 mj, ~ 125 GeV are close to those expected for the
Standard Model (SM) Higgs boson hgy [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);, 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])T. 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.
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2 Two Higgs Doublet Models: A Review

2.1 2HDM Lagrangian and Higgs Potential
In the 2HDM, we introduce two SU(2);, doublets ®; (i = 1,2):

o
b= (( + 0+ m)/ﬁ) ’ @1)

where v; are the vacuum expectation values (vev) of the neutral components, satisfying
v? +v3 = v?, with v = 246 GeV. The ratio of vevs is defined as tan 8 = vo/v;. The 2HDM
Lagrangian for ®; can be written as

L= Z |DM¢)7L|2 - V(®la (1)2) + ‘CYllka (22)

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

A
V (@1, By) = m3 101 + mBy®idy — m2y(®1 0y + hoc.) + 22 (0] d1)2 + 22 (D) dsy)>

21

2
1

+ X3(@]@1)(@@2) + Ao (@] 02)(@h01) + 5 [As(@]@2)? + e

After EW symmetry breaking, the physical 2HDM scalar spectrum consists of five states:
two CP-even Higgses h, H with mj;, < mpg, a CP-odd scalar A and a charged scalar pair
H7 [24], which may be written as

()= () (3.
()-() () ()-(nn) (5),

with the angle o parametrizing the mixing between the neutral CP-even components (we
use the shorthand notation s, = sin x, ¢, = cos z, t, = tan z). The Goldstone bosons G
and G* are absorbed as longitudinal components of the Z and W= bosons. In the limit
cg—a = 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 SMS. It
is thus convenient to describe the model in terms of ¢g, cg—q, the physical scalar masses

#The most general scalar potential also contains the terms [Ag(lﬂfbl) + A7 (®L®2) | (®1d2)+h.c. (leading

to potentially dangerous flavour changing neutral currents), which can however be forbidden by imposing
a Zo symmetry, softly broken by the m?, 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 sg_o = 0 [25].

i
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Mmp, My, ma, g+, the soft Zy symmetry breaking parameter m?, 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])

-1

) m3cE +mist —mits misa +mica — miyty
v )\1 = P 3 v )\2 = 2 ’

s 5p

9 (m%{ — m%)saca + 2mzi3505 —m3, 9 (m?4 - Qm%Ii)SﬁcB +mi,

v )\3 = B v >\4 = )
SpCa SpCp
2 2
—m58pCg +m

122/\5 _ A°BCB 12 ) (25)

S5Cp
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]

2im?% 2im?% 2im?, 2im?,
Sp— = Cp— = Sp— =
B—as YHZZ B—ar GhWW B—as GHWW

9hzz = CB—q-

(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

myz mz
Gnaz = — cs—alDly — D)), gHAZ = —— sp—a(Dly — Phy),
imW imW
Ihitws = T——Cs_a(lhps —1h),  Gumzws = F——5s-a(Pys — ), (2.7)
mw
gAagEwsF = T( I;H *pi)v

in which p* are the outgoing momentum for the corresponding particle. The hH Z-coupling
is absent due to CP conservation. We note that, considering h (H) to be the SM-like 125
GeV Higgs with cg_o = 0 (sg_q = 0), gauge boson couplings to two non-SM like Higgses
are unsuppressed, while the gauge boson couplings to A (H) and one non-SM like Higgs
are suppressed by cg_q (Sg—a)-

Regarding the cubic couplings among scalars arising from the 2HDM scalar potential
Eq. (2.3), the relevant ones for our analysis are

1 4m?

gHnh =~ ( 2 (B_asp+a — 288-aCs-aCsra) — (2 +mE)(s30-5 + sa+ﬁ)),
528V \ S3Cg
1 /4m?

gHAA = =4 ( - Spta — 8m,240ﬁ7a3ﬁ0ﬁ - m%{(safaﬁ + 35a+5))>

825 v 8565
1 /4m?

JHH+H- = ~1 ( 12 SBta — Sm%[ng_asmg - m%](sa_gg + 38a+5)), (2.8)
528V \ SgCg

which could mediate decays with H being the parent scalar: H — hh, H — AA and
H — HYH~. As seen directly from Eq. (2.8), these couplings depend not only on the

— 4 —
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mass spectrum, but also on the soft Zy symmetry breaking term m?, (we note here that
the couplings shown in [24] assume the MSSM relation m3, = m%sscg). We also stress that
for a light CP-odd scalar A with m4 < my/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_|Ca/$8 = 88-a + Cp—a/ls|=5a/Cp = Sp—a = Cs-a t3
H_|sa/sp = C-a = 55-a/lp| Ca/Cs=Cs-a+55-als
A 1/755 tg

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 Lyyk in Eq. (2.2) are not univocally determined by the gauge structure of the model.
In the presence of a Zs 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 o and 3, shown in Table 1 for the particular case
of a Type II 2HDM (one Higgs doublet @5 couples to the up-type quarks, while the other
Higgs doublet ®; couples to the down-type quarks and leptons).

2.3 The Alignment Limit and the Role of m?3,

It is useful to cast the relations between the quartic couplings and the physical masses
Eq. (2.5) in terms of c3_q, which characterizes the departure from the alignment limit for

h

tg (m?y, —m%sgc
v’ = mi — s (i = 55¢) + (mi —m¥%) [c%_a(t% —1) = 2t3Sg_aCs—a] ;
B
2 o (miy —mispes) 2 24 [ .2 -2 -1
vy = mj — P + (mj, —m¥) [cﬁ_a(tﬁ — 1) +2t4 sB,QC[g,a} ,
BB
2 2
miy — My S _
Ny = o+ 2y — 2oy — LTI () [2ch -+ s-npealts = 15)].
2 2
VA = md — 2mZs +m + (miy — myrspcs) :
SpCs
2 2
v?Xs = m% —m? + (miy — mizsscs) . (2.9)

SpCs
Current data from LHC Run 1 favour the alignment limit cg_o = 0 [31] (see also [6-
8, 10-12, 14]). For a Type II 2HDM the only other allowed possibility is the wrong-sign

YThe possibility of a light charged scalar with m g+ < mp/2 has been ruled out experimentally by LEP,
which puts a lower bound my+ > 80 GeV for Type II (my+ > 72 GeV for Type I) 2HDM [27], thus
forbidding the decay h — HTH ™.
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scenario [32] sg1q =~ 1 (compatible with measurements of Higgs signal strengths for t3 > 3).
For c¢g_ = 0, the relations Eq. (2.9) simply become

tg (miy — mspcp)

v’ A = mj — 5
‘s

)

2 2
mio — MySpC
Uz/\2:m%_(12 211,6/3)
tgsﬁ

)

(m?y, — mspcp)

)

v2/\3 = m% + 2m?1i — Zm%{ —

SpCa
2 2
m2, —m2,ssc
v2/\4:m?4—2m%,¢+m%{+( 12 155¢5)
sgcp
2 2
m2, —m2spc
vg)\5:m%1—m,24+( 12 HBB). (2.10)

S6¢p

The combination m?, —m? szcs in Eq. (2.10) will play a key role in the following discussion:
the value of m?, 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 \;, as shown in the next section. These have a large impact on the allowed values
of masses my, ma, my=, miy and t3 (and cs_, away from alignment), as the absence of
a value of m?, satisfying the theoretical constraints for a given set of values for mpy, mau,
mp+ and tg, 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]

AL >0, Ao >0, A3 > —v/ A, )\3+)\4+|)\5| > —1/ A1\, (3.1)

For cg_, = 0, satisfying the first two conditions requires mi, — m%{%c,@ < 0 for either
tg > 1 ortg < 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
miy — m2sgcs = 0, with the last two given by

mi +mye —my >0 mi +m%4 —m3 >0. (3.2)

This implies that for myg > ma, my+, 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, HYH~ or HY*WT are not kinematically allowed. For m%z = 0 all
four stability conditions of Eq. (3.1) are automatically fulfilled. The allowed region in

-6 —
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the m1s vs. tg plane is shown in the left panel of Figure 1 for my = my+ = 400 GeV
and my = 200, 300, 400 GeV as an illustration. As seen from Figure 1, the regions
m2, < m%sﬁcﬁ are generically allowed by the vacuum stability requirement.

@ 107 @ 107
3 F —— m,=200GeV 8 F —— m,=200 GeV
L —— m,=300 GeV r —— m,;=300 GeV
I8 — m,=400 GeV o —— m,=400 GeV
[ m, = my,. = 400 GeV i m, = m,,. = 400 GeV
10 = 10 =
1 1.
E L L =i fiin (] e e fE=er | il :—v—v—v—v—hv—m—.- s L R winioa |l LT
0 50 100 150 200 250 300 0 50 100 150 200 250 300
m,, [GeV] m,, [GeV]

Figure 1. Allowed region in the (mq2, tg) plane from vacuum stability (left panel) and unitarity
|A;| < 87 (right panel) for my = 400 GeV (red), 300 GeV (blue) and 200 GeV (green), assuming
cg—o =0 and ms = mpy+ = 400 GeV. The black lines denote the relation m?, = m%sgcgs.

3.2 Perturbativity and Unitarity

Upon imposing the perturbativity condition |A;| < 4m, the strongest constraints in the
alignment limit come respectively from v?A\; ~ t3(mfy — m¥speg) for tg > 1 and v?*Ap ~
t,g?’(m%Q —m¥spcg) for tg < 1. Thus, perturbativity requires |m?, — m%sscs| < v? unless
tg ~ 1. Moreover, even for m?z = m%sﬁgcm perturbativity of A\3_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

A2 = A3 £ A4,
Az g = A3 £ A,
A5,6 = A3+ 2X4 = 35,

1
A7,8 = 5 <)\1 + Mg \/()\1 — /\2)2 + 4)&) ,

1
Ag 10 = 3 (>\1 + V(1 —X0)2+ 4\>\5|2) ,
1
Ainie = 5 (300 +22) £ VOOT = AP +4(2hs + A1) (3.3)

and for the S-matrix to be unitary (at tree-level), it is necessary that |A;] < 8=/l [33]. A
quick inspection of Eq. (3.3) shows that for tg > 1 the scattering matrix eigenvalues scale
as A7g.11 ~ A1 (particularly Aqq ~ 3 \q), which again imposes Im%Q — m%5505| < v? (and
yields an even stronger constraint than the perturbativity one). A similar argument follows

II'We note that the 2HDMC Code [34] uses |A;| < 167 as tree-level unitarity condition, which results in
the perturbativity constraint being more important.
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for tg3 < 1, this time with A7 911 ~ A2. As a result, mi, ~ m%sBCg is strongly preferred
unless tg ~ 1, as shown explicitly in the right panel of Figure 1 (for ma = mpyg+). In the
limit m%Q = m%sﬁc,@, the scattering matrix eigenvalues from Eq. (3.3) become independent
of tg (in alignment cz_, = 0) and read

9 9 9 2 2 2 2 2 2

A1(9)710U :mh:FmH:thV AQ’U :mh—3mH—mA+4mHi>

Agv? =mi —m3; —m? +2m?3 ., Ag50% = mj F 3miy £m? £ 2m., (3.4)
A6”U2 — meL _ 3771%_[ + 5m?4 — Q'rn%ﬁ:7 A7,8v2 = m%b + m%, + mi‘ + 2777%[3:, .

Ap0? = 5m% -3 m%l + m124 + Qm%{i, Aqov? = m}QL + 3m%{ — mZA — Qm%{i,

such that |A;| < 87 impose upper limits on the mass splittings (although not on the masses
themselves). We also note that for m3, = 0, Aj_¢ are independent of ¢5 (depending only
on the scalar masses) while A7_12 do depend on tg, which once again results in tg ~ 1
being the only accessible region for large mass splittings in this case.

3.3 Electroweak Precision Measurements

Measurements of EW precision observables (EWPQ) 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, mg=+)
plane is shown, for cs_o = 0 (neither tg nor m%Q affect S and T'), in the left panel of
Figure 2 respectively for mpy = 400 GeV (red), my = 300 GeV (blue) and my = 200 GeV
(green). Satisfying EWPO constraints requires the charged scalar mass to be close to one
of the heavy neutral scalar masses: mg+ = mg or myg+ ~ may.
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B o — m, =200 GeV cos(3-a) =0 & 900
Z 500 — m, =300 GeV E
E — m, =400 GeV & 800
450 ﬁ< 200
I
400 £ 600
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300

250 400
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Figure 2. Left: 2HDM parameter space in the (m4, my+) plane allowed at 95% C.L. by S and T
measurements [35], for my = 400 GeV (red), my = 300 GeV (blue) and mpy = 200 GeV (green),
assuming c¢g_o = 0. Right: S — T constraints in the (¢g—qo, mu) plane for mg =ma = mp=.

Away from the alignment limit, additional contributions to S and T proportional to
c3—q appear [24] (see also [36]), such that the scenario mpy = ma = myg= is only allowed
for small |cg_q| once my > 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 > myg + myz and myg 2 myg+ + my ), 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
mpy+ as a function of 3. 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 — s (B} — Xs7),
which sets a limit mg+ > 480 GeV at 95 % C.L. [43] (we note that the limit is even stronger
for tg3 < 2). For large tg 2 20, the lower limit on mpy+ set by the measurement of the
branching fraction B;‘ — 71 is significantly stronger, with my+ > 700 GeV for tg = 30.
Similarly, the region tg < 1 is very strongly constrained by BY — up and Amp,.

For mpy = 125 GeV and sg_, = 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 BY — T p~, which can exclude up to my, < 100 GeV (the precise
bound depending on m?, and tg) for masses mpy+ satisfying the b — sy 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 — sy [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 my+ > 80 GeV (72 GeV) for Type II (I) 2HDM [27], LEP searches for ete™ —
AH(H — bb/TT, A — bb/7T) constrain the sum of the masses m4 + mpg 2 209 GeV [45].
At the LHC, the searches for A/H in bb-associated production and decaying to 77 by

**We note here that the recent measurement from the BaBar Collaboration of the ratios of B — D*71v
to B — D*fv decays and B — Dtv to B — D/{v 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 tg region in the Type II 2HDM. Away from
alignment, searches by ATLAS/CMS for H — WTW~,ZZ [48-50], A — hZ (h — bb) [51,
52] and H — hh — bbyy, bbbb [53-55] yield strong constraints on the (cs_q, t3) plane as
a function of the respective mass mpg/m4 (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 mg+ < m; is mostly excluded by the non-observation
of the decay t — HTb — Tvb where the top is produced in top pair production. For
mpy+ > my, the current limit is very weak and only constrains the high ¢z region for my=
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 my+ = mpg or my+ = my4 in the following. In addition, measurements of
Higgs signal strengths at the LHC favour the alignment limit (cg_o = 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 ¢z requires m¥, = m%sgcs
and mpy < ma, mpy=. Alternatively, stability is satisfied for any mass ordering if m?, = 0,
while unitarity requires in this case a low value of £3. We thus consider these two scenarios
as benchmark cases for our analysis:

e Case 1: m3, = m%sgc

— From Eq. (3.2), vacuum stability requires myg < my4 and my < mg+, and thus
the exotic decays H — A Z and H — H* WT are not kinematically allowed.

— Unitarity requires |A;| < 8, 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(m?% — m%,) + m}| < 8rv? if mp+ = mp, and the bound
|3(m?% —m3;) +5m3| < 8mv? if mpy+ = ma.
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— The cubic scalar couplings Eq. (2.8) now read

Cpa_
Grnn = ——2=2 (2 (m3; +m}) s2a — My s25]
S2p3V
_ _SBma 2 o2 (3.5)
gHAA =~ (M —2my) :
Cpa_
9HH+H- = — gva (m%{ - 2m%1i)

In the alignment limit cg_, = 0 all these couplings vanish, and therefore the
decays H — AA, H — HYH~ and H — hh are absent (H — AA and
H — HTH™ are also not kinematically allowed for m%, = m%sgcg).

e Case 2: m3, =0 and tg ~ 1

— Vacuum stability does not constrain the parameter space. In particular mpg >
ma, my+ is now possible, allowing the decays H — A Z and H — H* WT (and
potentially also H — AA and H — HTH™).

— Unitarity imposes an upper bound on the scalar masses (not only on the mass
splittings). This bound scales as th for tg > 1 and as t% for tg < 1, such that
only the region tg ~ 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

Cp— 2 2 2 2
9Hhh = B SQ;U (2my, +myr) [(Cﬁ—a - Sﬁ—a) 528 —288-a C—a 02/3]
JHAA = — ! [(m3 — 2m%) cp—o 525 + 2mFy 550 Cop)] (3.6)
25930 '
1
JHHYH- = ~5 [(mi; — 2mys) cp—a 528 + 2y 85— c25]
S28V

In the alignment limit the coupling ggpn vanishes and thus the decay H — hh
is absent. However, the couplings ggaa and gy g+ pg- are non-vanishing as long

as tg # 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 cs_, = 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 ¢g, while
for Type II 2HDM, bb-associated production dominates at large tg. In both cases, we
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compute the production cross section for H and A at NNLO in QCD via SusHI1 [58] (for
H, the cross section does depend on cg_, and in that case we consider the alignment limit
cg—q = 0). For the charged scalar H?, the dominant production mode for my+ > my is
in association with a tb pair, and we use the NLO cross section values provided by the
Higgs Cross Section Working Group (HXSWGQG) for mg+ > 200 GeV [59]. A light charged
scalar (mpy+ < my) is mainly produced through top quark decays t — H'bh, and we use
ToprP++2.0 [60] to compute the top pair production to NNLO in QCD, assuming a top-
quark mass m; = 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 cg_, = 0 the conven-
tional (SM-like) decays of A and H are into t¢ (if kinematically accessible), bb, cc, 77, and
with a highly suppressed branching fraction into gg, vy and pp. When open, the decay
into ¢t is dominant for low and moderate ¢g, followed by the decay into bb. At high g,
for Type II 2HDM, the decay into 77 becomes important, where the decay into bb can
dominate even above the ¢t threshold. For the CP-even Higgs H, the decay into massive
gauge bosons WHTW = 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* — 7v, ¢s and cb. In the
following, we compute all 2HDM branching fractions using 2HDMC [34].

Parent Scalar| Decay Possible Final States Channels in 2HDM
H;H; |(bb/1T/WW/ZZ]~y) (bb/TT/WW/ZZ]vy)|H — AA, hh
Neutral H,Z |(bb/tT/WW/ZZ[vv) (£L/qq/vv) H— AZ,A— HZ, hZ
H, A HYH™ |(tb/Tv/cs) (tb/Tv/cs) H— HYH™
H*WTF|(tb/Tv/cs) (bv/qq) H/A— H*WT
Charged H* | H;W* |(bb/77/WW/ZZ]vy) (€v/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, H; = 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
cg—a # 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 HTH~. 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 cg_, = 0. The top two panels show the relevant branching fractions
of A with myg = mpg+ <my (left), and my < my = mg+ (right) for m4 = 500 GeV and
mp = 200 GeV, with m?, = m%sgcg. In the former case, the decays A — HEWT (solid
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Figure 4. Branching fractions in Type II 2HDM as a function of ¢g for cg_, = 0, with parent and
daughter scalar masses fixed to 500 GeV and 200 GeV, respectively. Top: Branching fractions for A
with my = mpg= < ma (left) and with mg < ma = mpy+ (right), in both cases for m2, = m%sgcs.
Bottom: Branching fractions for H* with my < mpy+ = ma and m?3, = m%szcs (left) and for
H with mg > mp= = ma and m2, = 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, 77
for most values of tg, with BR(A — HTWT) ~ 50-60% and BR(A — HZ) ~ 20—30%,
while in the latter with A — HEWT 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
tg. 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 HT for my < myg = mpy= (with my = 500 GeV and
mpy = 200 GeV) and m?, = m%sgcs. The decay HX — HWT (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 t3, and only reaches
about 50% in the very small and very large tg region. Finally, the bottom right panel in
Figure 4 shows the branching fractions of H for myg > mg+ = my (with mpy = 500 GeV
and m4 = 200 GeV) and m2, = 0. In this case the decays H — AA and H — HYH~
are allowed and dominate over most of the ¢z region, except for tg ~ 1, where H — AZ
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and H — H*WT become dominant due to the accidental suppression of the HHTH~
and HAA couplings at t3 ~ 1. Note however that for m%, = 0 the theoretical constraints
do not allow a significant departure from ¢g ~ 1, such that a large branching fraction for
H — AZ and H — H*WT 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: cg_, = 0 for myg > my, = 125 GeV and sg_, = 0
for my < myg = 125 GeV. In this context, we consider two possible mass planes: m 4 vs.
my = mg+ (Plane I) and mpy vs. my = myg=+ (Plane II). These two choices are motivated
by EWPO constraints (recall the discussion in Section 3.3). This is in contrast to a potential
mpg+ vs. myg = my plane, highly constrained by EWPO to a small mass splitting m g+ —
mp/4 which closes the phase space needed for on-shell exotic Higgs decays'T, 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: my vs. myg = my=

e BPIA: mg > myg =mp=.
As discussed in Section 3.6, this mass ordering is allowed for Case 1 (m3, = m%sscg
and all g values) and Case 2 (m?, = 0 and t3 ~ 1). We thus consider four scenarios:
Case 1 with tg = 1.5, 7, 30 and Case 2 with tg = 1.5.

e BP IB: my <myg =mpg=.
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 t5 = 1.5,

Plane II: my vs. my = mpg+

e BP ITA: mpy > ma = my+.
As for BP IB, this mass ordering is not compatible with Case 1, and so we only
consider Case 2 with tg = 1.5.

e BP IIB: myg < my = mpg=.
As for BP IA, we consider Case 1 with ¢g = 1.5, 7, 30 and Case 2 with g = 1.5.

T As discussed in Section 3.3, a sizable departure from alignment could allow for a mass hierarchy
ma > mg + mz (such that A — HZ is kinematically allowed) and mg 2 mpy+ + mw (such that
H — H*WT 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.

¢4 £ 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 IIT). We set mpy = m4 = mpy= for simplicity, and define the plane as
My =MA =Myt VS. Cg—q!

Plane III: my = my = my+ vs. cg_q

e BP III:
We consider Case 1 with tg = 1.5, 7, 30 and Case 2 with tg = 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 o x 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 (cg_o = 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 ‘ m?, ‘ tan 8 ‘ Figures
BP IA |ma > mpy = mpg+ A— HEWT m?%spcg|1.5, 7,30 5,6
A— HZ 0 1.5
BP IB \mg <mpg =mpgx H— AZ H— AA 0 1.5 9
H* —» AW+
BP ITA|myg > ma = mpyg=+ H— AZ, H— AA 0 1.5 10
H—-HTH-,H— H*WT
BP IIBimy < mgq = mygx+ A— HZ m%,5565 1.5,7,30] 7,8
H* - HW* 0 1.5
BP I |m4g =my =my=| A—hZ, H- - hW*  |m%sscs|1.5, 7, 30|11, 12, 13
VS. C8—q 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 IT 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 cg_, = 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 mp, ma and mpg:. We also explore the
dependence on tg, which has a significant impact on the allowed 2HDM parameter space

8n particular, we note that the fixed relations in [61] result in the exotic Higgs decays being largely
subdominant above the t¢ 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. o x BR for the exotic decay A — HTWT in BP IA: m4 vs my = my= plane, for Case
1 with t3 = 1.5 (upper left), 7 (upper right), 30 (lower left) and Case 2 with ¢z = 1.5 (lower right).
Contour lines of 10, 102, 102 and 10* 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 mg+ > 480 GeV.

5.1 Exotic Decays in the Alignment Limit
5.1.1 BP IA: my >myg =mpgx

In this scenario, and for a sufficient mass splitting, there are two dominant exotic decay
channels: A — H*WT and A — HZ, for which we respectively show the ¢ x BR in
Figures 5 and 6. In each case, we show four panels corresponding to the choices of m%:)
and tg described in Table 3. Note that for g = 1.5, 7 we consider the dominant ggA
production, while for t53 = 30 the bbA production dominates and is considered instead. For
each panel, contour lines of 10, 102, 10% and 10* fb are drawn as light grey dashed curves
to guide the eye. Large cross sections o x BR 2 1 pb are possible for tg ~ 1 and tg > 1,
respectively due to the enhanced top and bottom Yukawa coupling contribution, even for
large CP-odd scalar masses m 4 ~ 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. o x BR for the exotic decay A — HZ in BP IA: my4 vs my = mg+ plane (see caption
of Figure 5 for further details). For tg = 1.5, the contour line at 0 x BR = 10 pb around m 4 = 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 bbé/¢
and 77/¢ 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 my+ > my, as well as H — 77 searches for large tg, which rule out
mpy < 600 GeV for tg = 30. We also show the flavour bound mpy+ > 480 GeV as a
horizontal grey line for indicative purposes.

Regarding unitarity, for Case 1 (m3y = m%sgcg) with ma > my = my= the eigenval-
ues of the scattering matrix are [A; .| = m% —m3, £ O(m3) and |Ag| = 5(m? —m¥%) +m3.
The latter imposes the strongest constraint, which rules out regions with a very large
mass splitting m4 — mpy (as indicated by the hatched region in the lower-right corner
of each panel in Figures 5 and 6). For Case 2 (m2, = 0) with ma > my = mg+,
the strongest unitarity constraints come from |Ag| = 5m? — 3m% £ O(m?) and |Ay;| =
%m%{(é +t%) + %\/Qm%{(% - t%)Q + 4m% £ O(m7). In particular, |Aq1| rules out the large

mp 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 my4 vs. myg = mpy+ remain viable and having a sizable signal cross section
for small to intermediate values of tg for Case I. For t3 > 1, only the region m4 2

~
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my = my+ > 600 GeV still survives. For Case 2, given the unitary constraints ruling
out large values of myg and m4, only the region 200 GeV < m4 < 650 GeV and 175 GeV
<mpg =mg+ < 450 GeV remains viable.
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Figure 7. o x BR for the exotic decay A — HZ in BP IIB: m4 = mpy+ vs my 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: my <mgq = mg=+

For mpy < ma = mpy=, the dominant exotic decay channels are A — HZ and H* — HW®.
We show the o x BR for A — HZ and H* — HW¥ respectively in Figures 7 and 8. The
low m4 + my region is ruled out by the LEP search ete™ — AH (recall the discussion
in Section 3.5), while unitarity constraints bound large values for m 4, mg: For Case I
the strongest constraints arise from |Ag45611,12] = 3(m% — m%) £ O(m3), which limit
m?4 — m%l for large my and/or my. For Case 2, large values of either m4 or my are

excluded, since the strongest unitarity constraint comes from |Aji] = %m%(fg + t%) +
B

5\/9m‘;,(é — 12)2 +4(3m? — 2m3)? £ O(m}).

For Case 1 with t3 = 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
mpg < 300 GeV and my < 650 GeV. Intermediate values of t3 (exemplified by the tg =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 my > 600 GeV the
ox BR values are in fact below 20 fb). For tg = 30 (lower left panel of Figure 7), the
current collider search of H — 77 rules out my < 600 GeV, leaving only a small corner
of parameter space allowed, with signal cross sections ox 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. o x BR for the exotic decay H* — HW® in BP IIB: m4 = mpy+ vs. my 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 — HTtb. 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: my < mg+ =mpy

In this scenario, only Case 2 (m?, = 0) is viable. The ox BR for the three possible
exotic decay channels H — AZ, H* — AW™* and H — AA is shown in Figure 9 for our
benchmark tg = 1.5. The mpy > 460 GeV region is excluded by unitarity, the strongest

unitarity constraint coming from |[A;| = %m%{(fg—i—t%)—i—%\/Qm‘;I(;l; - t%)2 +4m4+O0(m3).
5 5
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Below the unitarity limit on mpy, the ATLAS/CMS limits on A — 77 at low t3 (ggA
production) [46, 47] combined with the bounds from the CMS H — AZ search [22, 23]
rule out myg > 40 GeV down to myg <

~

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 mpy+ > 480 GeV would rule
out this benchmark scenario completely.
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Figure 9. o x BR for the exotic decays H — AZ (up left), H* — AW® (up right) and H — AA
(down) in BP IB: my = mp+ vs. my plane, for Case 2 (m}, = 0) with t5 = 1.5. Contour lines
of 10, 10? and 102 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 mg+ > 480 GeV.

5.1.4 BP ITIA: my > myg =mpgzx

Four exotic Higgs decay channels, H — AZ, H - H*W7¥, H — AA,and H — HTH™ are
possible for BP ITA (which we recall is only allowed for Case 2), shown respectively in the
four panels of Figure 10. Comparing to BP TIB, the additional collider search limit m g+ >
my applies, which overlaps with the 8 TeV LHC exclusion from A — 77. This results in
only a small stripe in parameter space, corresponding to 200 GeV < my = mpg+ < 240
GeV and 300 GeV < mpyg < 450 GeV, being viable. Moreover, we note that the decays
H — AAand H — HYH™ 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. o x BR for the exotic decays H — AZ (up left), H* — HT*W¥ (up right), H — AA
(down left) and H — H*H~ (down right) in BP IIA: mg vs. ma = mp+ plane (see caption of
Figure 9 for further details).

5.2 Exotic Decays into h Away from Alignment
5.2.1 BP III: my = my = mpy+ VS. C3_q

Exotic decays with the SM-like Higgs h in the final state are possible away from the
alignment limit cg_, = 0, as the AhZ, H*hWT and Hhh couplings are proportional to
cg—a- In Figures 11, 12, and 13 we respectively show the o x BR for A — hZ, H* —» hW#
and H — hh, in each case for Case 1 with t3 = 1.5, 7, 30 and Case 2 with t3 = 1.5 in the
(cg—aq Vs myg = mpy = mpy=+) plane.

For Case 1 with tg = 1.5, only the region |cg_q| < 0.2 (close to the alignment limit)
is viable as a result of Higgs signal strength measurements (mainly driven by the gpyv
couplings) considering all the theoretical and experimental constraints. The allowed range
for cg_ shrinks as the masses of the heavy 2HDM scalars grow due to stability constraints,
being already restricted to —0.02 < cg_o < 0.06 for my = mpy = my+ ~ 500 GeV. At the
same time, LHC bounds on H — ZZ and A — 77 rule out ma = myg = my+ < 350 GeV.
For significantly higher values of tg (as our t3 = 7, 30 scenarios) the stability constraints
rule out almost completely the region cg_, < 0, while unitarity imposes a strong constraint
on cg_o > 0 for high scalar masses mq = my = mpg= > 600 GeV. In addition, for
tg = 7 the vacuum stability constraint rules out the region cg_, > 0.3 while Higgs signal
strengths rule out the region 0.05 < cg_o < 0.24. For tg3 = 30, Higgs signal strengths

— 21 —

117



0(ggA) x BR(A - hZ) [fb] 0(ggA) x BR(A - hZ) [fb]

ME=ME §; Gy, tanB=15 ME=ME; §, Gy, tanB=7

A, <0 rx,<0 3 A, <0 rx,<0
1623 N > 8 EQWV : &I Ny > 8 Eghvv

CJA-hz [JH~hh
A0OH - 2ZA - 1t

I iy I L -1 -1
02 -01 0 01 02 03 04 o5 0 %05 0 005 01 015 02 025 03 035 0
cos(B-a) cos(B-a)
000 e g L <1000, —
IHXRASAA LN
8 ] o(bbA) x BR(A - hZ) [fb] 8 :.2’:?:::,:0202030202% o(ggA) x BR(A - hz) [fb]
= 900 m2,=m §, ¢, tanB=30 ot =0 SBIIRIKLLRHRRS M2, =0, tanB=1.5 10t
g E ERRSEIRENIES
£ g00 B Ayl > 8n = 800 KRR B Nl > [T ST
< DA - | 100 < < 10°
ﬁ 700 ﬁ 700

SRR KR CICRIR XK
O RRIITLIIK
SRRRALRIIIIRLS

SORRRIIILIREKKK| 5 10°

o BT e e e e e b e b 107 200 10

-0.01 0 0.01 0.02 003 0.04 0.05 0.06 0.07 0.08 0.6 0.4 -0.2 0 0.2 0.4 0.6
cos(B-a) cos(B-a)

Figure 11. o x BR for A — hZ for the gluon fusion production in Case 1, tan 5 = 1.5 (upper
left), 7 (upper right), as well as Case 2, tan 8 = 1.5 (lower right), and bbA associated production
for Case 1, tanf8 = 30 (lower left) in BPIIL: cg_, vs. ma = mpy = mpy+. 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
mpy+ > 480 GeV.

rule out cg_o 2 0.01, while A — 77 searches restrict the allowed parameter space to
mag = myg = my+ > 650 GeV, leaving only a very narrow stripe as viable parameter
space. For Case 2 with t3 = 1.5, satisfying the constraints from H — ZZ and A — 77
requires ma = myg = mpg+ > 350 GeV and |cg_o| S 0.2, while unitarity imposes an
upper bound on the scalar masses in the range 450 GeV — 550 GeV depending on cg_q.
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 g = 1.5 both in Case 1 and 2. For tg = 7 (Case
1) the cross section for A — hZ is still sizable in the allowed region 0.24 < cg_o < 0.3,
reaching values ~ 100 fb. For tg = 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*¥ — hAW® 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 m; (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
Ch—q (€.8. cg_q ~ 0.22 for tg =7 and cg_qo ~ 0.052 for t3 = 30, as seen from Figure 13).
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Figure 12. 0 xBR for H* — hW# in BPIII: CB—a VS. Mg =mpy = my+ (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,  ~~, bb and 77
for neutral Higgses, and 7v and ¢s 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. o x BR for H — hh in BPIIL: ¢g_, vs. my = myg = mpy= (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:

e BPIA: my > my = mp+, with A - HZ, H*WT.

e BP IB: my < my = mpy=+, with H - AZ, AA and H¥ — AW,

BP IIA: my > ma = my=, with H - AZ, H*W¥, AA, HtH".
e BP IIB: my < my = mpy=+, with A - HZ and H* — HW*.
e BP III: my = my = mpy=+ vs. ¢g_q, with A — hZ, H* - hW#*, and H — hh.

In each case, we analyze the allowed regions of parameter space and the LHC 13 TeV
o x 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, 10%, 10> and 108 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 (m?, = 0) with t3 = 1.5. For A — H(h)Z, we consider A — HZ for my > my, = 125
GeV and A — hZ for m, < myg = 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*WT/HW#= for Plane II (bottom), for Case 2 (m?, = 0) with t5 = 1.5.

A.2 2HDM Branching Ratios for Exotic Higgs Decays

For illustration, we show in Figure 15 the branching ratios of H, — H,V (with H,) =
H, A, H* and V = W*, Z) for Plane I (top) and Plane II (bottom) for Case 2 (m?, = 0)
with tg = 1.5 (being the scenario allowed for the four benchmarks BP IA, BP IB, BP
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ITA 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*WT/AW* (Plane 1) and H/H* —
H*WT/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
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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: g9 — A/H — HZ/AZ,
looking at final states bbll, 7740 and ZZZ(4¢ + 2j) for £ = e, u. We further interpret
these bounds in the context of the Type II Two Higgs Doublet Model, considering three
different classes of processes: A — h%Z, A — H°Z, and H® — AZ, in which h° and H°
are the light and heavy CP-even Higgses respectively. For 100fb~! integrated luminosity
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has the greatest reach when HY is interpreted as the 126 GeV Higgs: most regions in the
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sin(8 — «), with exclusion/discovery reach possibly extending to all values of tan . 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
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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 vy, Z2Z, WW,
bb and 77, 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.! We consider leptonic decays of the
Z, with the A/H in the final states decaying to either a pair of fermions (bb or 77) or
Z 7 and explore the exclusion bounds as well as discovery reach at the LHC for various
combinations of (ma, mp).

In the 2HDM or NMSSM, both decays H; — A;Z and A; — H;Z could appear with
large branching fractions as shown in [15-18]. Ref. [19] also argued that A — h°Z could
have a sizable branching fraction in the low tan 3 region of the MSSM with the light CP-
even h” being SM-like. A brief Snowmass study of A/H — HZ/AZ with bbl/ final state can
be found in ref. [20]. Another Snowmass study of heavy Higgses [21] explored sensitivities
in the H* — ZZ — 4¢ and A — Zh® — bbll, 770¢ channels at the 14 TeV and 33 TeV
LHC, focusing on the case with h° being the 126 GeV Higgs. In our study, we consider a
variety of daughter Higgs masses in bbf/ and 774/ channels, and analyze A — H'Z — 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 bbl¢ final states. We
also show model-independent results of 95% C.L. exclusion as well as 50 discovery limits
for o x BR(g9 — A/H — HZ/AZ — bblf) at the 14 TeV LHC with 100, 300 and 1000 fb~!
integrated luminosity. In sections 4.2 and 4.3, we present the analysis for the 774¢ and
Z 7 7 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 ®;, i =1, 2:

o
i = ((w + @ + iGi)/\/ﬁ> ! (2.1)

where v; and vy are the vacuum expectation values of the neutral components which
satisfy the relation: \/v{ + v3 = 246 GeV after electroweak symmetry breaking. Assuming
a discrete Z9 symmetry imposed on the Lagrangian, we are left with six free parameters,
which can be chosen as four Higgs masses (myp, myg, ma, mg+), the mixing angle «
between the two CP-even Higgses, and the ratio of the two vacuum expectation values,

Note that we use h® and H® 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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tan 8 = vz /v1. In the case in which a soft breaking of the Zs symmetry is allowed, there is
an additional parameter m?3,.

The mass eigenstates contain a pair of CP-even Higgses: h°, H?, one CP-odd Higgs,
A and a pair of charged Higgses H*:?

HO cosa sina o A = —Gysinf + Gycos B
o |~ ; 0 /> + + o + (2.2)

h —sina cosa o H* = —¢7 sin 8+ ¢35 cos 3.
Two types of couplings that are of particular interest are ZAH/h? couplings and
H°/hOV'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 ZAH? and ZAh°
are [22]:

gcos(B —a)
2 cos Oy,

g sin(f — «a)
2 cos by,

9ZAHO = (PEO —PA)w s 97AR0 = (Pro —PA)p s (2.3)

with g being the SU(2) coupling, 6,, being the Weinberg angle and p, being the incoming
momentum of the corresponding particle.
The H'VV and h°VV couplings are:

9 9
m mé
gHOVY = T}V cos(ff — ), ghovy = TV sin(f — a). (2.4)

Note that A always couples to the non-SM-like Higgs more strongly. If we demand
hY (H) to be SM-like, then |sin(8 — a)| ~ 1 (Jcos(B — )| ~ 1) is preferred, and the
ZAH® (ZAR) coupling is unsuppressed. Therefore, in the h%-126 case, A is more likely to
decay to H°Z than h°Z, unless the former decay is kinematically suppressed. H? — AZ
could also be dominant once it is kinematically open. Particularly for a heavy H?, as we
will demonstrate later in section 5, H? — AZ can have a large branching fraction in the
sin(8 — a) = #1 regions. On the contrary, for H" being SM-like with |cos(8 — )| ~ 1,
A — h%Z dominates over H°Z channel. For very light ma, h® — 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—hZ, HZ and H® — AZ only.

In the generic 2HDM, there are no mass relations between the pseudoscalar and the
scalar states. Thus, the decays A — h°Z, H°Z and H° — AZ can happen in different
regions of parameter spaces. It was shown in ref. [23] that in the Type II 2HDM with
Zy 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 cos?(a — 3) > 1/2, the decay h® — 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 H; — H;Z could be sizable with H; ; 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 m 4
and tan 3. In the usual decoupling region with large m 4, the light CP-even Higgs h" is SM-
like while the other Higgses are almost degenerate: mpo ~ my ~ my+. Thus, A — ZH°
or HY — Z A is not allowed kinematically. A — ZhP is typically suppressed by the small
coupling: cos(8 — «) ~ 0, and is only relevant for small tan 8. 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 A; — H;Z can be significant.

3 Current experimental limits

Searches for the non-SM like Higgses, mainly in the bb, pu, 7 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 ® of the MSSM in the process pp — & —
wtu~ /777~ have been performed by the ATLAS [24], and in the 777~ channel at CMS [25].
Limits in the pp 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 mj*** scenario.
The ATLAS study was performed at /s = 7TeV with 4.7-4.8fb~! integrated luminosity
looking at three different possible 77 final states, Te7Ty, TiepThad, and ThadThad- The ATLAS
search rules out a fairly sizable portion of the MSSM parameter space, extending from
about tan 8 of 10 for m4 ~ 130 GeV, to tan § =~ 60 for m4 = 500 GeV. The corresponding
exclusion in o¢ x BR(® — 77) extends from roughly 40 pb to 0.3 pb in that mass range.
The CMS study was performed with 19.7 fb~! integrated luminosity at 8 TeV and 4.9 fb~!
at 7TeV in the 7.7y, 7,7y, TlepThad, aNd ThadThad final states. The search excludes roughly
between tan 8 of 4 for my = 140 GeV and tan 8 ~ 60 for ms = 1000 GeV. The corre-
sponding exclusion in o X BR(® — 77) extends from roughly 2pb to 13fb in that mass
range.

In figure 1, we recast the current 95% C.L. limit of pp — ® — 777~ in the (m4, tan 3)
parameter space of the Type II 2HDM [25] (left panel) and the projected 5o reach at
the 14 TeV LHC with 30 fb~! luminosity [26] (right panel). In both plots, the solid black
curves correspond to the limits in the MSSM, when m4 ~ mpyo with both A and H°
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 H? is decoupled. The reach is
considerably weaker: the current exclusion is about tan ~ 12 at m4 = 160 GeV, and
tan 8 ~ 46 for my4 = 600 GeV. At the 14 TeV LHC with 30 fb~! luminosity, the 50 reach
extends beyond the current exclusion for large m 4. Dashed lines indicate the reduced reach
in the 77 channel once A — hZ mode opens, for a benchmark point of sin(8 — ) = 0,
mpo = 50GeV and mpyo = 126 GeV.

Searches with bb final states have also been performed for the MSSM Higgs in the
associated production pp — b® + X. The CMS search, done with 2.7-4.8fb~! of data at
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Figure 1. The reach of pp - A — 77 in m4 — tan 8 parameter space of the Type II 2HDM. Left
panel shows the current 95% C.L. exclusion limits from CMS [25] with 19.7fb~! data collected at
the y/s = 8 TeV LHC. Right panel shows the projected 50 discovery reach at the 14 TeV LHC with
30fb~! luminosity [26]. In both plots, the solid black curves correspond to the limits in the MSSM,
when ma ~ mpo with both A and H° 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 H? is decoupled.
Also shown in the red dashed curves are the reduced 77 channel limits when A — h°Z is open with
the parameter choice of sin(8 — a) = 0, mpo = 50 GeV and mygo = 126 GeV.

/s = 7TTeV excludes tan 8 values between 18 and 42 in the mass range 90 GeV < my <
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~! integrated luminosity at 8 TeV and con-
sidered both gluon fusion and vector boson fusion production. Searches in the process
H' - WW — epvev,, exclude a significant region of the mpyo — cos a parameter space in
the mass range 135GeV < mpyo < 200 GeV for the Type II 2HDM. The excluded region
shrinks for higher tan 6 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 H to light A’s. In this
paper, we consider values of my outside this mass range so this constraint does not apply.

The CMS collaboration has also searched for the heavier CP-even Higgs HY and a
heavy CP-odd Higgs A in 2HDM via the processes gg — A — h°Z and g9 — H° —
hOK0, assuming the lighter Higgs h° is the discovered 126 GeV boson [29]. The study
was performed with 19.5fb™! integrated luminosity at 8 TeV. Various possible decays of
the SM-Higgs were taken into account. Assuming SM branching ratios for h?, this study
gives an upper bound on o x BR(A — h%Z) of roughly 1.5pb for m between 260 and
360 GeV and o x BR(H® — hh%) between 8 pb and 6 pb for masses m o between 260 GeV
and 360 GeV. The corresponding excluded parameter space for the Type IT 2HDM in the
tan § — cos(f8 — «) 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 o x BR for both 95% C.L.
exclusion and 50 discovery for A/H — HZ/AZ in the various final states of bbl¢, T77¢¢ and
ZZZ(4£27). 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
7, for example Z — 77, 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 my > my + my 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 m4 and my switched.

41 A/H — HZ/AZ — bblt

We start our analysis by looking at the channel A/H — HZ/AZ — bbll for £ = e, p,
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 type H—A—Z7,
if the parent particle is a scalar H, the daughter particle is necessarily a pseudoscalar A
and vice versa.

The dominant SM backgrounds for bbé¢ final states are Z/+*bb with leptonic Z/v*
decay, tt with leptonically decaying top quarks, ZZ — bbfl, and HgnZ [30-33]. We have
ignored the subdominant backgrounds from WZ, WW, Hgy — ZZ, Wb, 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
Hg\mZ 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 — HgnZ 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 —
H 7 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:?

1. Two isolated leptons, two tagged b’s.
ne =2, ny =2, with [nep| < 2.5, pre>10GeV, prp > 15GeV. (4.1)
For jet reconstruction, the anti-kr jet algorithm with R = 0.5 is used.
2. Lepton trigger [38, 39].

Pre, > 30GeV or Pre; > 20 GeV, P10y > 10 GeV. (4.2)

3Requiring the missing transverse energy to be small would potentially greatly reduce the £ background.
However, including pile-up effects introduces F';- 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 my
versus mppee for the signal (left panel), and the backgrounds (Z/v*bb + ZZ + Hgm + tt) (right
panel) for my = 300GeV and my = 126 GeV. Two horizontal lines indicate the my, range and
two slanted lines indicate the mypee range, as given in eq. (4.4).

3. Dilepton mass myg. We require the dilepton mass to be in the Z-mass window:

80 GeV < myy < 100 GeV. (4.3)

4. my, versus mppee. We require the dijet mass my, to be close to the daughter-Higgs
mass my and the mass myppy to be close to the parent-Higgs mass m 4. These two
invariant masses are correlated, i.e., if we underestimate my, we also underestimate
mppee- 1o take this into account we apply a two-dimensional cut:

(0.95—wbb) xmp < mpp < (0.95+wp) X mpg with wy, = 0.15,

mz+mpg mz+mpg

X (Mbee—ma+webee) ,
(4.4)

where wp, X mpy is the width of the dijet mass window. Note that the slightly shifted

reconstructed Higgs mass mp, (0.95my instead of my) is due to the reconstruction

X (Mipbee —m A —Wepee) < Mpp—mpy <
ma ma

of the b-jet with a small size of R = 0.5. The second condition describes two lines
going through the points (m4 & wypee, mpy) with slope (mz + mpg)/ma. We choose
a width for the mppee peak of wpper = Max (I gy |m 4, 0.075m4) where Ty |m , s the
width of a SM Higgs with mass m4 [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 my4 = 300GeV and mpy =
126 GeV, with two horizontal lines indicating the my, range and two slanted lines
indicating the myp 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 ), pr versus 3, ;... pr for the signal
(left panel) and the backgrounds (right panel) for m4 = 500 GeV and mpy = 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:

ZpT>0.6x mi—l—m%{—mQZ’
. 2my
bjets (45)
Z pr > 0.66 X m4.
0, bjets

The cuts given in eq. (4.5) follow from simple relativistic kinematics applied to the
m2+m2—m?% .
 9ma. assuming

that the parent Higgs A is at rest. We have chosen to specialize this formula to the

process as applicable to the entire momenta, i.e., Y, jets Pb; =

transverse part alone, including an optimization factor of 0.6. In figure 3, we show
how this pp 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 = 300GeV and my = 126 GeV at the 14 TeV LHC. We have
chosen a nominal value for 0 x BR(g9 — A/H — HZ/AZ — bblf) of 100 b to illustrate the
cut efficiencies for the signal process. In the last column, S/v/B is shown for an integrated
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Cut Signal [fb] | bbel [fb] HsmZ [fb]  ti [fb] S/B  S/VB
Ttotal 2.21x10° 883 9.20x 10° - -
Leptonic decay 100 2.21x10° 59.4 2.15x10* — -
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
mee [eq. (4.3)] 5.76 285 3.13 189 0.012  4.59
My VS Mapee [eq. (4.4)] 3.03 11.5 0.401 11.5 0.14 115
S prps S (Prp+pre) [eq. (4.5)] 2.81 8.11 0.361 8.38 017  12.0

Table 1. Signal and background cross sections with cuts for the signal benchmark point m4 =
300 GeV and my = 126 GeV at the 14 TeV LHC. We have chosen a nominal value for o x BR(gg —
A — HZ — bbll) of 1001 to illustrate the cut efficiencies for the signal process. In the last column,
S/v/B is shown for an integrated luminosity of £ = 300fb~1.
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200 - gg—>A—>HZ-bb ¢ ¢ sool gg—>A—HZ-bb /(|
2 100} 95% C.L Exclusion| 2 > o Discovery
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Figure 4. The 95% C.L. exclusion (left) and 50 discovery (right) limits for ¢ x BR(gg — A —
HZ — bbll) for mpg = 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~!,
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 £ = 300fb~!. 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 100fb to 6.35fb 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 my, cut does not have a significant effect on either the
signal or the bbl¢ and HgyZ backgrounds since these are dominated by the leptons coming
from Z, but does have a pronounced effect on the ¢ background. The second to last row
clearly demonstrates the efficacy of the two dimensional cut in the mpy, — mppee plane.

In figure 4, we display the results at the 14 TeV LHC for 95% C.L. exclusion (left panel)
and 5o discovery (right panel) limits for o x BR(g9 — A — HZ — bbl{), which applies for
H — AZ as well with m4 and mpyg 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,

137



we have displayed the results for three luminosities: 100fb~! (dashed), 300fb~! (solid),
and 1000fb~! (dot-dashed), with 10% systematic error included [41]. Better sensitivity
is achieved for larger my4 since the mass cuts on my, and myye have a more pronounced
effect on SM backgrounds for larger masses. The limit, however, gets worse for the my =
50 GeV case when my 2 400 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 300fb~! collider fall from about 0.7 pb for my4 of 225GeV, to less than 20fb for a
600 GeV parent particle. These numbers do not change appreciably between the three
chosen luminosity values, except for the case of my = 50GeV and my = 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 my4, limits are better for smaller my = 50 GeV. This is because the my,
distribution for the dominating Zbb and ¢t backgrounds peaks around higher masses my;, ~
70-200 GeV and therefore the background rejection efficiency for mg, =~ 50 GeV is high.
For mpy = 126 and 200 GeV the background rejection efficiencies are comparable but for
mpg = 200GeV the signal cut efficiency is worse and hence the exclusion limits are the
highest for my = 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 — 7l

We now turn to the process g9 -+ A/H — HZ/AZ — 770L. Since we want to reconstruct

the final state particles unambiguously, we will employ 7 tags and thus will only consider

fully hadronic 7 decays. While the signal is typically suppressed compared to the bbll case

due to the smaller H — 77 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 HgyZ background even though it is negligible for most cases.
Here, we list the cuts employed:

1. Two isolated leptons and two tagged T'’s.
ne =2, n, =2, with || < 2.5, pre>10GeV, pr, > 20GeV. (4.6)
We do not impose jet veto.
2. Lepton trigger.

pre; > 30GeV or pre, > 20GeV, pryg, > 10GeV. (4.7)

3. Dilepton mass myy.
80 GeV < myy < 100 GeV. (4.8)

~10 -
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Figure 5. Normalized distribution of m.,, versus m., . for the signal (left panel), the backgrounds
(right panel) for m4 = 300 GeV and mpg = 126 GeV. Two horizontal lines indicate the m., range
and two slanted lines indicate the m, ¢ range, as given in eq. (4.9).

4. myr versus m.rg. The expected Higgs mass is shifted more towards smaller values

compared to the bb case. This is because of the hadronic decay of 7 with missing
energy carried away by neutrinos. Our 2-D cuts are modified as follows:

(0.7—wrr) xmpyg < Mpr < (0.74wrr) Xmy with wyr = 0.3;

mz+mpg mz-+mpg

X (mTTN —mAa +w'r7'M) )

(4.9)
with wrr¢ = Max(I' Hgy lm 4, 0.075m4). We show the normalized 2-D distribution as

X (m'r'rﬁ —ma— wTTM) < Mrr—Mmpy <
ma ma

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/ VB value.

. Transverse momentum.

2 2 .2
ZpT>0.4><mA+mH mZ,

i 2ma (4.10)
> pr>0.66 x ma.

0T

The looser cut on ) _pr compared to the bbl/ case is again due to the extra missing
E7 in the 7 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 m,; — m,¢ cut improves the S/v/B value significantly.

In figure 6, we show the 95% C.L. exclusion and 50 discovery reach in o x BR(gg —

A — HZ — 717l0) for the 14 TeV LHC. The general feature of these plots follows that of

11 -
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Cut Signal [fb] | 770 [fb] HsmZ [fb] S/B  S/VB
Ototal 218 883 — -

leptonic decay 10 218 3.02 - -

Two leptons, two 7’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
maee eq. (4.8)] 0.39 1.312 0.1031  0.301  5.869
Mrr VS Morree [eq. (4.9)] 0.29 0.3029 0.023  0.9643 9.192
S o1, S(pr.+pr.e) [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 m4 =
300 GeV and my = 126 GeV at the 14 TeV LHC. We have chosen a nominal value for o x BR(gg —
A — HZ — 7700) of 101b to illustrate the cut efficiencies for the signal process. In the last column,
S/v/B is shown for an integrated luminosity of £ = 300fb~1.
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Figure 6. The 95% C.L. exclusion (left) and 50 discovery (right) limits for ¢ x BR(gg — A —
HZ — 77el) for mg = 50GeV (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~!, respectively. A 10% systematic error on the backgrounds is assumed as well.

figure 4, particularly with highly boosted daughter particles making 7 identification more
challenging, as shown by the blue curves for 50 GeV daughter particle mass, which exhibit
worse limits for m 4 > 400 GeV. The exclusion limits are lowest for small my = 50 GeV and
also for high mpy = 200 GeV since the dominating ZZ background peaks at m,, ~ 90 GeV
and therefore our m,, mass cut leads to a high background rejection for lower or higher
my. Since the statistical error dominates the 10% systematic error, the o x BR limits scale
roughly with 1/v/L, as indicated by the dashed, solid and dot-dashed lines for different
luminosities.

Compared to the bbll case, the o x BR reach in 7744 case is better due to significantly
lower SM backgrounds. For the 126 GeV daughter particle case with 300fb~!, the 50 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 — 77) ~ 3mi/m2, the reach in
774 can be comparable or even better than bbl¢ channel, in particular, for smaller parent
Higgs masses.
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4.3 A—HZ—>7ZZ7Z —40+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¢ 4 25 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 tt
background [37, 42, 43].

Note that the Z’s from the H decay could be either on-shell or off-shell depending
on my. 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:

e Four isolated leptons, two jets.
ne=4, n; >2, with || < 2.5, pre>10GeV, |n;| <5, pr; >20GeV. (4.11)

For jet reconstruction, we use the anti-k7 jet algorithm with R = 0.5. We also require
the leptons to satisfy the lepton trigger as in eq. (4.2).

o Three Z-candidates. We reconstruct the hadronically decaying Z using the 2 hardest
jets. To reconstruct the leptonically decaying Z’s:

— 4e or 4u. If we have 4e or 4u, 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.

— 2e2u. Here, we combine the same flavored leptons in a straightforward manner.

e 7 masses. We require the hardonically decaying Z;, the well reconstructed lepton-
ically decaying Z5 and the final reconstructed leptonically decaying Z3 to be in the
following windows:

60 GeV < mgz, < 115GeV.
80 GeV < mg, < 100 GeV. (4.12)

Mmin < Mz, < 115 GeV.
Here, we assume Z; to be on-shell. However, we allow for the possibility that Zj
could be far off-shell. The my;, 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].

e my and ma. The Z produced in the A decay typically has a higher pr than the Z’s
produced in H decay. Therefore we assume that the lower pr Z’s are coming from
the H. For the reconstructed H with mass myzz and A with mass myzzz we require:

0.9myg <mzz < 1l.1lmg (4.13)
0.87T5ma <mzzz <1.125my4. (4.14)
~ 13—
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Cut myg =126GeV  mpy = 200CGeV | BG [fb] S/B S/VB
Leptonic decay 1.0 10 -
Four leptons, two jets [eq. (4.11)] 0.14 2.78 2592  1.07 299
Z-mass [eq. (4.12)] 0.027 1.03 0.6027 1.71  23.1
mzz leq. (4.13)] 0.012 0.73 0.2118 349 279
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 m4 =
400 GeV and myg = 126 or 200 GeV at the 14TeV LHC. We have chosen a nominal value for
0 xBR(gg - A — HZ — ZZZ — 40+ 2j) of 1.0fb (for 126 GeV mp) and 10fb (for 200 GeV
myy) to illustrate the cut efficiencies for the signal process. The total background cross section after
cuts is shown by imposing the cuts for the my = 200 GeV case. S/B and S/v/B are given for the
mp = 200 GeV benchmark point. In the last column, S/v/B is shown for an integrated luminosity
of £ =300fb~1.

In table 3, we show the cross sections after cuts for two signal benchmark points
my = 126 GeV and 200 GeV with m 4 fixed at 400 GeV, as well as for the SM backgrounds.
For my = 126 GeV, we choose a signal cross section of 1fb.* For my = 200 GeV, we use
a cross section of 10fb assuming BR(H — ZZ) is 256% for my = 200GeV. For the
mpg = 126 GeV case, due to the off-shell Z decay, the cut efficiencies for identifying four
leptons and two jets, as well as reconstructed myy cuts are fairly low. Coupled with
the small branching fraction of H — ZZ*, the number of surviving events is about 1
for 100fb~—! 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 mpg = 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 tan 3, 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 50 discovery at the 14 TeV LHC for different
integrated luminosities: £ = 100fb~1, 300fb~!, and 1000fb~!. Even for £ = 300fb~!, the
discovery limits vary only between about 3 fb and 1.5 fb with 200 GeV mpy for m4 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
bbll final state.

5 Implications for the Type I 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 bbll, 7740 and ZZ Z(4425) 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 5o exclusion limits at the 14TeV LHC in the channel
99 > A — HZ — ZZZ — 40+ 2j for myg = 126 GeV (red) and mpy = 200 GeV (green). The
dashed, solid and dot-dashed lines correspond to an integrated luminosity of 100, 300 and 1000 fb~!,
respectively. A 10% systematic error on the backgrounds is assumed as well.

& | sin(B —a) Eho | cos(B —a) & 0
o | cosa/sin Yo | sina/sin £% | cotf
fgg)l —sina/ cos 8 f?{é cos a/ cos §i’l tan 3

Table 4. The multiplicative factors £ 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 IT 2HDM, one Higgs doublet ®; provides masses for the down-type quarks
and charged leptons, while the other Higgs doublet ®o provides masses for the up-type
quarks. The couplings of the CP-even Higgses h¥, H? and the CP-odd Higgs A to the SM
gauge bosons and fermions are scaled by a factor & 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 hY-126
case, we are restricted to narrow regions with sin(8 — «) ~ + 1 with tan 8 up to 4 or an
extended region in 0.55 < sin(8 — «) < 0.9 with 1.5 < tan 8 < 4. The masses mgo, my+,
and my are, however, relatively unconstrained. In the HY-126 case, we are restricted to
a narrow region of sin(f — a) ~ 0 with tan 5 up to about 8, or an extended region of
sin(f8 — «) between —0.8 to —0.05, with tan 8 extending to 30 or higher. my4 and mg+
are nearly degenerate due to Ap 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
HO, the branching fractions of A%, H? and A, as well as the coupling difference between
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{ma,mpo,muo}GeV | A—=hZ | A— H°Z | H® - AZ | Favored region
BP1: {400,126,50} v v X sin(f — a) ~ 0
BP2: {400,200, 126} v v X sin(f — a) ~ £1
BP3: {300,400, 126} v X Marginal | sin(f — a) ~ +1
BP4: {50,400, 126} X X v sin(f — a) ~ +1
BP5: {200,400, 126} X P v sin(f — a) ~ +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( — «) for each case (see ref. [23]).

hPAZ and H°AZ, we can identify three different classes of processes: gg — A — hYZ,
g9 — A — HZ, and gg — H — AZ when interpreting the exclusion and discovery limits
from the previous sections. We do not consider the decay of h® — AZ since this channel
is experimentally challenging given that both h? 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 H°-126 case while
BP2-BP5 are for the h%-126 case. Both BP1 with (ma,mpo, myo) = (400,126, 50) GeV
and BP2 with (m .4, m o, myo) = (400,200, 126) GeV are designed for both gg — A — H°Z
and gg — A — h°Z as both modes are kinematically open. BP2 with m o = 200 GeV, in
particular, allow us to study the implication of ZZ Z(4¢2j) search through gg — A — HYZ.
BP3 with (ma,mpo, mpo) = (300,400,126) GeV is designed for A — h°Z with the H°
decoupled. We also choose my4 to be below the ¢t threshold. BP4 with (ma, mgo, myo) =
(50,400, 126) GeV and BP5 with (ma, mgo, mpo) = (200,400, 126) GeV are designed for
the study of gg — H — AZ. Also shown in table 5 are the preferred regions in sin( — «)
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*WT, 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*WT H+*H~
with H* — 7%v, the spin correlation in the 7 decay can be used to identify the signal from
the SM backgrounds. The sensitivity of this channel involving H¥ in the intermediate to
large tan 3 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
bbll, Tl and ZZZ(4€25) channels in the model parameter space, we do not restrict
ourselves to the narrow preferred parameter regions for h°%-126 or H°-126 case as shown
in ref. [23]. In particular, we consider the broad range of —1 < sin(8 — «) < +1 and
1 < tanf < 50. This is because the allowed regions would change if a soft Z; 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 0(gg — A) normalized to the SM value in the m 4 — tan /3 plane (left panel)
and o(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.

51 gg— A—hZ

We compute the production cross section for the CP-odd Higgs A by a simple rescaling of
the SM Higgs cross section as follows:

| cot B F{ly(72) + tan 8 Ff, (7) 2

|F1h/2(7_t) + Flh/g('rb)l2 7

o(99 = A) = ogm ¥ (5.1)

where 77 = 4mfc /’m?4 and the scalar and pseudoscalar loop factors Flh/2 and FI‘% are given
by [22]:
Ff)y = =27f(7), Flyy==2r[1+(1-7)f(7)], (5.2)

and

sin™! T 2 T
f(r) = {[ A/vr)] =h (5.3)

fz[ln(m_/n_) fiﬂz T<1,

with 7+ = 1 £ /1 — 7. 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 o(g9 — A)
normalized to that of the SM Higgs with the same mass. The tan 8 dependence is due to
the Att and Abb couplings, while the mass dependence comes from the different dependence
of Fy5(7f) on 74 for pseudoscalar compared to a scalar. Enhancements over the SM value
is possible for large tan 5 at small m 4 due to the bottom loop, or small tan 8 for all values
of m4 due to the top loop. The bump in the plot for m4 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 — h°Z) for BP1 (left panel), and BP3 (right panel). Also marked
in each plot is the corresponding values of (m 4, mpo, myo) for each benchmark point.

tan 8 and is independent of . Also shown in the right panel of figure 8 are contours of
o(gg — A) in the my — tan 8 plane for the 14 TeV LHC, with the cross sections for the
SM Higgs production obtained from refs. [40, 54]. Significant cross sections of 10pb or
more are possible for large my up to 500 GeV for small tan 5. Cross sections of similar
magnitude are also possible at large tan 8 due to the bottom loop enhancement effects,
albeit only for relatively small m4.

In figure 9, we show contour plots of BR(A — h°Z) for BP1 (left panel) and BP3
(right panel). BR(A — h°Z) always maximizes at sin(3 — «) = 0, and decreases for larger
|sin(8 — )|, since gz apo ~ cos(8— ). For BP1 with (m4, mgo, myo) = (400, 126, 50) GeV,
both A — h%Z and A — H°Z open, with the coupling of the latter process proportional to
sin(3—a). Therefore, BR(A — h°Z) decreases more rapidly when |sin(3 — )| gets bigger.
BR(A — hZ) decreases at large tan 3 as A — bb becomes more and more important.
For m4 > 2m;, A — tt becomes competitive at low tan 3, which correspondingly reduces
BR(A — hYZ) further in that region. For BP2 with (m 4, mgo, myo) = (400,200, 126) GeV,
the behavior of BR(A — h%Z) is very similar to that of BP1.

For BP3 with (ma,mgo,mp0) = (300,400,126) GeV, only A — h%Z opens with no
competitive process from A — H°Z and A — tt. Therefore, comparing to BP1, BR(A —
hYZ) decreases much slower as sin(3 — «) approaches +1. BR(A — h'Z) is also maximized
at smaller tan 5 due to both the absence of A — tt and the suppression of A — bb.

To compare with the exclusion and discovery limits in the bbll, 7760 channels, it is
also important to know the branching fractions of h® — bb, 77, which depend mostly on
myo. For BP1 with myo = 50 GeV, we used BR(h? — bb) = 82% and BR(h® — 77) = 8%.
For the other benchmark points with h° 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(h? — bb) in figure 10 for h° being the
126 GeV Higgs. While h® — bb reaches 80% and saturates in most of the parameter space,
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Figure 10. Branching ratio of h® — bb for h° being the 126 GeV Higgs.
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Figure 11. The 95% exclusion (yellow regions encoded by the solid lines) and 50 discovery (cyan
regions enclosed by the dashed lines) for gg — A — h%Z in the tan 3 versus sin(8 — «) plane,
corresponding to an integrated luminosity of 100fb~! 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 770¢. Also marked in each plot is the corresponding values of
(ma, myo, myo) for each benchmark point.

there is a wedge shaped region around 0.5 < sin(3—a) < 1 at small tan 3 in which 2% — bb
could be suppressed.

In figure 11, we show the LHC 100 fb—! discovery/exclusion reach for gg — A — h9Z
in the bbl¢ (red curves) and 774¢ (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 50 discovery regions are the cyan regions enclosed by the
dashed lines. Each plot also indicates the corresponding values of (m 4, mpgo, myo) for
each specific benchmark point. For all the plots, the discovery region for either case is
restricted to tan 8 < 5 where the gluon-fusion cross section is enhanced from the top-
loop contribution. For BP1 with m4 = 400 GeV and a small mass of mpo = 50GeV,
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Figure 12. The 95% exclusion (yellow regions enclosed by the solid curves) and 5o discovery (cyan
regions enclosed by dashed curves) in the m4 —tan 3 plane for gg — A — h%Z with mpo = 50 GeV,
sin(8 — a) = 0, mgo = 126 GeV (left panel) and myo = 126 GeV, sin(8 — a) = 0.6, mgo = 1 TeV
(right panel), corresponding to an integrated luminosity of 100fb~! at the 14 TeV LHC. In either
plot, the red and blue curves refer to the limits of bbé¢ and 77¢¢ channels respectively.

the experimental reach on o x BR is the best. Discovery is possible for all values of
—1 < sin(8 — a) < 1 for tan 8 up to 5, while the exclusion region covers tan < 14 or
large tan 8 2 16 with —0.8 < sin(8 — «) < 0.8. Exclusion or discovery regions with 77/
channel, shown in regions enclosed by the blue curves, are smaller compared to the regions
in the bbll channel.

For BP2 with m 4 = 400 GeV and mo0 = 126 GeV, regions of tan 8 < 10 or tan § > 32
will be excluded if no signal is detected, and regions of tan 3 < 4 can be discovered if
there are positive signals. For BP3 with m 4 = 300 GeV and mj0 = 126 GeV, the exclusion
and discovery regions shrink further at small tan 8. The wedge-shaped region toward
sin(ff — a) = 1 corresponds to the wedge region in figure 10. Our results agree with that
of ref. [21] for A — h°Z with h° being the SM-like Higgs.

We note the interesting feature that the bbl¢ limits are better than the 77¢¢ ones for
BP1 and BP2, while the behavior flipped for BP3. This is because 77¢¢ typically has
better reach than bbé¢ process at small m 4, while bbl¢ does better at large m,4, when the
BR(h — bb)/BR(h® — 77) ~ 3m?/m?2 is taken into account.

Given the smallness of the branching fraction of h® — ZZ for the myo values chosen,
the ZZZ channel will not be useful in probing the parameter space with gg —+ A — h%Z.
We also note that for the H°-126 case (BP1) with the favored region to interpret H as
the SM-like Higgs being around sin(8 — ) ~ 0, gg — A — h°Z will be extremely useful in
probing this region. For the h-126 case (BP2 and BP3), the favored region to interpret
h® as the SM-like Higgs is around sin(3 — a) = £1. Even though the A — h°Z branching
ratio is typically suppressed when sin(3 — a) approaches +1, we could still have reach in
sin(8 — a) extending fairly close to +1.

In the left panel of figure 12, we show the reach in tan S versus m4 plane for myo =
50GeV and sin(8 — «) = 0, with 95% C.L. exclusion (yellow regions enclosed by the solid
curves) and 50 discovery (cyan regions enclosed by dashed curves) given for bb¢¢ channel
(red lines) and 77¢¢ channel (blue lines). While 77¢¢ is more sensitive at low m4, bbl¢
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Figure 13. Contour plot of BR(A — H%Z) for BP1 (left panel) and a comparison point of
(ma, mgo, mpo) = (300,200,126) GeV (right panel).

extends the reach at large m4. In general, small tan 5 (lower region) or large tan 5 (top
region) are within reach due to the enhancement of the top and bottom Yukawa couplings
in those regions. For small tan 8 ~ 1, almost all values of m4 up to 600 GeV can be
covered, with regions of my4 shrink for increasing tan 5. At large tan 8 2 10, small m 4 can
not be approached due to the weakening of the experimental limit, while large m 4 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 m 4 —tan 3 plane for mjo = 126 GeV
and sin(8 — «) = 0.6. Note that we have chose a value for sin(8 — «) that is consistent
with the current Higgs search results [23] of a 126 GeV h" while still allowing a sizable
branching fraction for A — h°Z. We have decoupled the heavy CP-even Higgs H° so that
A — H°Z does not occur. Given the reduced branching fraction for A — h°Z, as well
as the worse exclusion/discovery limits, the exclusion and discovery regions are smaller,
compared to the left panel with mjo = 50 GeV, sin( — a) = 0. In particular, only regions
with tan 8 < 8 or a small region in tan 8 2 50 around my4 ~ 450 GeV are viable.

52 gg— A— H'Z

A — H°Z opens once it is kinematically accessible. Since mjo < mpo, A — hZ is always
accessible and more favorable in phase space. Whether A — H"Z dominates or not depends
largely on sin(3—a), which controls the coupling of ZAHY as well as ZAh°. Figure 13 shows
the contours of BR(A — H°Z) in the parameter space of tan 3 versus sin(3 — «), for BP1
in the left panel. Contrary to the A — h%Z case as shown in figure 9, the branching ratios
become larger for larger |sin(5 — «)|, which is maximized at sin(s — a) = %1, consistent
with eq. (2.3). While the branching fractions are largely independent of tan 3, for small
tan 3 < 2, BR(A — HZ) decreases due to the competition from A — tt. The behavior
of BR(A — H'Z) in BP2 with (ma,mpgo, mpuo) = (400,200,126) GeV is very similar to
that of BP1 with (ma, mgo,myo) = (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(H® — bb) for BP1 (left panel) and BP2 (right panel).

A — HYZ. As a comparison of the phase space effects, we show BR(A — H"Z) for
(ma, mgo, mpyo) = (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 tan S due to the absence
of the tt decay mode.

In figure 14, we show contours of the branching ratio H° — bb for BP1 (left panel)
and BP2 (right panel) in tan 8 versus sin(f — «) plane. For BP1 with mpyo = 126 GeV,
HY — bb is more than 80% for sin(8 — a) > 0.1 or sin(B — a) < —0.2 for large tan 3. The
branching fraction decreases for smaller tan 5 due to the reduction of the bottom Yukawa
coupling. The further reduction of the branching fraction in negative sin(5 — «) is due to
the scaling of H%bb coupling as cos a/ cos 3. For BP2 with my = 200GeV, H* — VV is
kinematically accessible, which reduces H® — bb further for small sin(8 — «). Note that
for all the benchmark points chosen, mgo < 2my, and hence there is no suppression of the
bb mode for small tan 8 when the ¢¢ 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 — H°Z for both the bbl/ (red)
and 77¢¢ (blue) channels. Regions around sin(8 — «) ~ +1 are reachable while regions
around sin(8 — a) ~ 0 are inaccessible due to the suppression of A — H"Z. For BP1,
tan 8 < 10 can be excluded while tan 8 < 5 is discoverable for sin(f — «) = +£1. The
bottom loop effect kicks in at tan 2 32, excluding slices of parameter space around
sin(8 — @) = £1. For tanf ~ 3, —1 < sin(f — a) < —0.5 can be excluded, while for
sin(f — a) > 0, the exclusion reach extends to sin(8 — «) 2 0.2 for small tan 5. There is
also a small additional bump around sin(8 — a) = —0.6, mainly due to the increasing of
BR(H® — bb), as shown in the left panel of figure 14. The reach is greatly reduced for
BP2 due to the suppression of H® — bb, except for sin(3 — a) ~ 1. Only thin slices of
parameter region near sin(8 — «) ~ %1 can be covered, which extends to tan 8 < 8 for the
exclusion, and tan 8 < 4.5 for discovery.
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Figure 15. The exclusion and discovery region for gg — A — H°Z in the bblf and 77¢¢ channels
in the tan 3 versus sin( — a) plane, corresponding to an integrated luminosity of 100 fb=! for BP1
(left panel) and BP2 (right panel). Color coding is the same as in figure 11.

Note that for BP1 with (m ., m o, myo) = (400,126, 50), both A — h°Z and A — H°Z
open. The former is more sensitive to the sin(8 — «) ~ 0 region, as shown in the left panel
of figure 11, while the latter is more sensitive to sin(5 — ) ~ +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(s — «), in particular, for tan 5 < 10.
Note that when combined with the current experimental search results for the 126 GeV
Higgs being the H?, the region with sin(8 — ) ~ 0 is favored, with a thin slice of extended
region at negative —0.8 < sin(f — o) < —0.05 as well [23].

Similar complementarity between A — h°Z and A — H°Z can be found for BP2 with
(ma, mpo, myo) = (400,200, 126) GeV, for the entire region of sin(3 — ). Interpreting h°
being the 126 GeV observed Higgs boson, furthermore, favors sin(8 — o) ~ £1 or a thin
slice of extended region at 0.55 < sin(f8 — «) < 0.9 [23].

In the left panel of figure 16, we present the exclusion and discovery reach in the tan 3
versus m 4 plane for A — H°Z with mpgo = 126 GeV, myo = 50 GeV and sin(3—a) = —0.8.
We have chosen the value of sin(3 — «) such that the branching faction of A — H°Z is
sizable while still consistent with the experimental Higgs search results [23] with a 126 GeV
H°. We see that tan 3 up to about 6.5 can be reached for exclusion, and tan 5 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
tan 8 versus my plane for my = 200GeV, myo = 126 GeV and sin(8 — o) = 1. For
350GeV < my < 600GeV, tan 8 up to about 6 can be excluded, and up to about 3 can
be discovered in the bbl¢ channel. 770¢ channel does better in the low m 4 region.

For BP2 with ma = 400 GeV, mgo = 200 GeV, we can also study the parameter reach
of A — HZ with H* — ZZ. In figure 17, we show BR(H? — ZZ) in the left panel,
which reaches a maximum of 25% for |sin(8 —«)| < 0.2. It gets larger for small tan 8 when
HO — 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 m4 — tan 3 plane for gg - A — H°Z in
bbll and 77l final states with mgo = 126 GeV, mpo = 50GeV, sin(f — o) = —0.8 (left panel)
and mgo = 200 GeV, myuo = 126 GeV, sin(8 — a) = 1 (right panel), corresponding to an integrated
luminosity of 100fb~! 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(H? — 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(8 — a) — tan 8 plane for gg — A — H°Z — ZZZ, corresponding to an integrated luminosity of
100fb~! at the 14 TeV LHC for the 4¢ + 2j final state.

exclusion contours in the tan 3 versus sin(3 — ) plane for 100 fb~! luminosity at the LHC.
While HY — ZZ maximizes at sin(8 — a) ~ 0, A — H°Z is minimized in this region. As
a result, regions of 0.3 < |sin(8 — a)| < 1 with tan 8 up to 4.7 can be excluded while the
discovery regions are 0.5 < |sin(f — )| < 1 with tan 5 < 2.8. Note also that this channel
is complementary to A — HYZ — bb/774¢ as shown in figure 15, which is sensitive to
sin(f — a) ~ £1 region.

In figure 18, we present the exclusion and discovery in tan 8 versus m4 plane for
g9 — A — HYZ — ZZ7Z(4025) with my = 200 GeV, sin(8 —«a) = 0.9. We have chosen the
value of sin(8 — ) such that the branching fractions of both A — H°Z and H" — ZZ is
sizable while still consistent with the experimental Higgs search results [23] with a 126 GeV
h°. We see that the whole region of 300 GeV < m, < 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 m4 — tan 8 plane with myo = 200 GeV, mpo = 126 GeV, and
sin(8 — a) = 0.9, corresponding to an integrated luminosity of 100 fb~! at the 14 TeV LHC for the
40 + 2j final state.

tan 3, with the maximum reach in tan 8 obtained for m 4 ~ 350 GeV: tan 8 < 3 for discovery
and tan 5 < 5 for exclusion.

53 gg— H'— AZ

For this process, we restrict to the myo = 126 GeV case with a heavier H. We use BP4 with
(ma, mgo, mpo) = (50,400, 126) GeV and BP5 with (ma, mgo, mpo) = (200,400, 126) GeV
as an illustration. The gluon fusion production cross section for H? can be rescaled from
the SM cross section:

|(S) Floy (1) + (£29) Floy(m)]

o(gg — H°) = ogu X :
[y (70) & Fl ()

(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 H? involves both o and 3. In the left panel
of figure 19, we show contours of the production cross section of H° normalized to the
SM value in the sin(8 — «) — tan 8 plane for mgzo = 400 GeV. We see that for positive
sin(f — «), the cross section is always relatively more suppressed than that for negative
sin(8 — «), introduced by the interference between the top and bottom loops in eq. (5.4).
For sin(8 — a) = =+1, which is preferred by the interpretation of h° 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 mgo — tan 8 plane. We see that cross sections of 10 pb or more is
possible for mgo up to 425 GeV for small tan f — slightly lower than the corresponding
numbers for o(gg — A) as shown in figure 8. However, the bottom loop enhancement plays
a slightly more significant role in this case at large tan 3, compared to the A case.

Figure 20 shows the BR(H? — AZ) for BP4 (left panel) and BP5 (right panel). Since
gzag0 X sin(8 — «), the branching fraction gets bigger for larger |sin(f — «)|, and is
maximized at sin(f8 — «) = +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(8 — «) — tan g8
plane (left panel) for mgo = 400 GeV and gg — HY cross section at the 14 TeV LHC in unit of pb
in the mgo — tan 8 plane (right panel) with sin(8 — a) = —1.
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Figure 20. Contour plot of BR(H? — AZ) (left panel) for BP4 (left panel) and BP5 (right panel).

to the bigger phase space for H — AZ. For A — bb and 77, the branching fraction is
about 94% and 6% respectively, which does not vary much for BP4 with m4 = 50 GeV
and BP5 with m 4 = 200 GeV.

In figure 21, we display the discovery/exclusion reach in gg — H° — AZ for the bbl/
(red) and 77¢¢ (blue) final states for BP4 (left panel) and BP5 (right panel). For BP4,
large regions of parameter spaces in tan 8 versus sin(f8 — «) can be excluded, except for
—0.15 < sin(8 — a) < 0.2 when H° — AZ is highly suppressed. The discovery region
shrinks to —1 < sin(8 — a) < —0.3 and 0.35 < sin(8 — a) < 0.9 for all values of tan 3.
For BP5, regions of —1 < sin(f — a) < —0.5 for all tan 8 and 0.6 < sin(f — «) < 0.8 with
6 < tanfB < 26 can be excluded and a smaller region in —1 < sin(8 — a) < —0.6 with
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Figure 21. The exclusion and discovery regions in the tan 8 versus sin(8 — «) plane for gg —
H® — AZ with bbl¢ (red) and 77¢ (blue) final states for BP4 (left panel) and BP5 (right panel),
corresponding to 100 fb~! 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 mgo — tan 3 plane for gg — H° — AZ
with bb¢¢ (red) and 77¢¢ (blue) final states, corresponding to 100 fb~! integrated luminosity at the
14 TeV LHC. The left panel is for m4 = 50 GeV with sin(5 — o) = —1 and the right panel is for
m4 = 200 GeV with sin(8 — a) = —1. Color coding is the same as in figure 12.

tan 8 < 5 can be discovered. While bbl¢ channel has better reach for BP4, 770¢ channel has
a slightly better sensitivity for BP5. The reach is also much better for negative sin(8 — «)
because of the less suppressed cross sections of gg — H.

In the left panel of figure 22, we show the exclusion and discovery each with 100 fb~!
luminosity at 14 TeV LHC in tan 8 versus my plane, for gg — H° — AZ with bbl/ (red)
and 77¢¢ (blue) final states. We have chosen m4 = 50 GeV and sin(—a) = —1. Discovery
is possible for small values of tan 8 < 5 or larger values of tan 5 2 20. The exclusion reach,
however, is much more extended. All values of tan 3 can be covered for m go up to 450 GeV,
with reach extended further at larger and smaller values of tan 8. The reach with daughter
particle mass m4 = 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 tan 8 < 4 or very large tan 8 2 44
can be excluded. Note that while sin(8 — a) = %1 is preferred by the interpretation of
the h° being the SM-like Higgs, the suppression of gg — H° in that region results in a
reduced exclusion/discovery reach. Even a small deviation of sin(f — «) away from =+1
would introduce a much larger reach in gg — H° — 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 — H® — AZ and
gg — A — hYZ/H°Z with both fermionic (bb, 77) and possible bosonic (ZZ) decays of the
daughter Higgs. This channel provides nice complementarity to the conventional search
channel pp -+ A/H — 77, which is mostly sensitive to the large tan 8 region. We presented
model independent limits on the 95% C.L. exclusion and 50 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~! integrated luminosity, the 95% C.L. limits on o x BR
for the bbll 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 50 discovery is about 3-5 times larger.
For the 770¢ 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 o0 x BR reach in the 77£¢ 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 77
modes are taken into account in a given model. g9 =+ A — H°Z — ZZZ — 4425 is useful
for heavy Higgses with mzo > 2my. For mgo = 200 GeV and m 4 = 400 GeV, exclusion in
this channel with 300 fb~! integrated luminosity requires as little as 1fb in o x BR while
50 discovery needs about 3 fb.

We then discussed the implication of the exclusion and discovery bounds of bbl¢, T1¢
and ZZZ channels in the Type II 2HDM, studying three classes of processes: gg - A —
hZ, g9 —A— H°Z, and g9 — H° — AZ. We find, in general, that there is a significant
portion of the tan 8 versus sin( — «) plane that allows discovery/exclusion possibilities
in the bbll¢ and 770¢ final states. bblf and 77¢¢ have comparable reach, with 774¢ being
slightly better for low parent Higgs masses and bbl¢ being better for higher parent Higgs
masses.

Specifically, in the channel gg — A — h°Z when HY is identified as the SM-like Higgs,
95% exclusion covers most of the tan /5 versus sin(5 — «) plane for m,4 around 400 GeV.
tan 8 < 5 can also be covered by 50 discovery. On the other hand, the exclusion/discovery
range is more restricted when h° is identified as the SM Higgs. Typically, we find that for
m4 = 400 GeV, discovery region lies between —1 < sin(8 — «) < 0.8 and tan 8 < 5, while
the exclusion region extends to tan 8 < 10 or 2 30. Note also that even though the reach

_98 _
156



is always maximized at sin(5 — a)) ~ 0, it extends to larger values of |sin(5 — «)| close to
+1 as well. A wide range of m4 can be covered at low tan 8 < 10, while high tan 8 can
only be approached for my < 500 GeV.

The case where A decays to H°Z is complementary to A — h°Z in that the discovery
and exclusion regions split into two distinct regions around sin(8 — o) ~ £1. We find
that in both the bblf and 770¢ channels, the discovery reach covers tan 8 up to about 4,
while the exclusion region extends to about 7 for m4 up to about 600 GeV. Moreover, for
mgo > 200 GeV, this channel also allows for an exclusion reach with ZZZ final states with
0.3 < |sin(8 — «)| < 1, and tan 3 up to 4.5 for m4 around 400 GeV. For small values of
tan 8, a wide range of my4 can be covered either by exclusion or discovery.

In the last class gg — H° — AZ, we find that discovery/exclusion regions favor
the negative sin(8 — «) regions, largely due to the parameter dependence of gluon fusion
production o(gg — H°). For myo = 400 GeV and m = 50 GeV, a wide range of tan j3
versus sin(S—a) space can be covered, except for a small stripe around —0.15 < sin(f—a) <
0.2. For m4 = 200 GeV, the regions —1 < sin(8 — a) < —0.5 can be excluded for all values
of tan 8, while only a smaller region at low tan 5 can be discovered. For m4 = 50 GeV and
sin(8 — ) = —1, the exclusion reach in my can be as large as 450 GeV for tan § around
10, which extends even further for smaller and larger tan 3.

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, 77, WW, ZZ and ~~, 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 bbll, 774 and ZZZ modes. Other channels, in particular,
those involving charged Higgses can be very promising as well [49-53].
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Appendix D

Charged Higgs Search via
AW*/HW* Channel

The article Charged Higgs Search via AW*/HW* Channel has been submitted to arXiv
and accepted for publication in the Journal of High Energy Physics [24].
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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 my+ is smaller than the top mass m;, 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* — 7v), or into jets (HT — ¢s). In the case of a heavy charged Higgs
with m g+ > my, 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* — 7v or ¢s 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.! In the 2HDM, the couplings H¥AWT/H*HWT 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 7v,cs once they are open, and could be even larger than the tb
mode for a large range of tan 5. It was shown that in the 2HDM or NMSSM, both decays
H* — A,W*, H;W¥ could appear with large branching fractions? [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 HT or top decay, with the A/H in the final state decaying into a
pair of fermions (bb or 77) and explore the exclusion bounds as well as the discovery reach
at the LHC for various combinations of (mp+,mpg/4). 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 — 77 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 — s 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 IT 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 — 77 channel in section 4.2.
We show the model independent results of 95% C.L. exclusion as well as 50 discovery
limits for o(pp — H*tb — A/HW*tb — 77bbW W) at the 14 TeV LHC with 100, 300 and

!Note that we use h° and H 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* 5 AW®, HW? is less likely to open in the MSSM due to kinematical constraints that force
my+ ~ ma ~ mpg for the non SM-like Higgses.
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1000 fb~! 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), doublets ®;, i = 1,2:

o
d; = @ , (2.1)
((vi + @9 + z‘Gz—)/ﬂ>

where v; and vy are the vacuum expectation values (vev) of the neutral components which
satisfy the relation \/vf 4+ v3 = 246 GeV after EWSB. Assuming an additional discrete Z»
symmetry imposed on the Lagrangian, we are left with six free parameters, which can be
chosen as the four Higgs masses (my0, mgo, ma, my=+), a mixing angle a between the
two CP-even Higgses, and the ratio of the two vacuum expectation values, tan 8 = va/v;.
In the case where a soft breaking of the Z5 symmetry is allowed, there is an additional
parameter m%Q.

The Higgs mass eigenstates containing a pair of CP-even Higgses (h°, H?), one CP-odd

Higgs A and a pair of charged Higgses H* can be written as:®

HO [ cosa sina @) A = —Gysinf + Gy cos B (2.2)
RO —sina cos o ¢y ) H* = —¢i sin § + @3 cos B
The couplings that are of particular interest are of the type H¥ AW T and H* HW . They
are determined by the gauge coupling structure, as well as the mixing angles [25]:

gcos(B — a
JHEROWF = %(phﬂ —pp=)H, (2.3)
gsin(f — «
JHEHOWT = %(pHO —pg+)t, (2.4)
g
JHEAWTF = 5(]?14 _pHi)#a (2~5)

with g being the SU(2)r coupling, and p,, being the incoming momentum for the corre-
sponding particle.

An interesting feature here is that H*+ always couples to the non-SM-like CP-even Higgs
more strongly. If we demand h° (H) to be SM-like, then | sin(8—a)| ~ 1 (| cos(3—a)| ~ 1),
and the HEHOWF (H*h°WT) coupling is unsuppressed. Therefore, in the h%-126 case,
H?* is more likely to decay to HOW* than h®W* unless the former decay is kinematically
suppressed. In the H°-126 case, H* is more likely to decay to hOW=* than HOW*. The
H*AWT 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 HT — hOW=*, HOW* 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 my+ — tan 8 plane, for my =
70GeV and sin(8 — a) =1. Right panel: the branching fractions of H¥ as a function of tan 3 for
various decay modes: H* — AW® (red), tb (blue), 7v (green) for my+ = 300 GeV, ma = 70 GeV
and sin(f —a) = 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 Z5 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

JH* = m [(mp tan 8 + my cot 8) £ (my tan 8 — my cot B)7s] (2.6)

in the Type II 2HDM. At both small and large tan 3, I'(H* — tb) is increased given
the enhanced top and bottom Yukawa coupling, respectively. The subdominant channel
H?* — 7v has similar enhancement at large tan 3 as well.

In the left panel of figure 1, we present contours of the branching fraction BR(H* —
AW?) in the my+ — tan 8 plane fixing sin(f — a) = 1, my = 70GeV and decoupling
HO. 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 < tanf < 30 for my+ between 175 and 600 GeV. For large or small
values of tan 3, BR(H* — AW®) is reduced due to competition from H* — tb, 7v modes.
The H* — HOW# mode, when kinematically accessible, would show similar features with
additional phase space suppression. H* — h°W* mode is maximized at sin(8 — a) =
0, which could be a potentially useful search channel for H* in the H— 126 case. The
current searches for the charged Higgs focus on the H* — 7v channel, which is sensitive to
the large tan 3 region. We expect the H+ — AW=* /H W= channel to be complementary
for small or intermediate tan 3.
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In the right panel of figure 1, we show the branching fractions of H* as a function of
tan § for various decay modes of H* — AW®*, tb, v for my+ = 300 GeV, my = 70 GeV
and sin(8 — a) = 1. For almost all values of tan 3, 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 tan 3. The decay H* — hOW® is typically suppressed by the small coupling
cos(f—a) ~ 0, and is only relevant for small tan 5. The branching fraction is typically about
10% or less [26]. In the usual decoupling region with large my4, the light CP-even Higgs
hY is SM-like while the other Higgses are almost degenerate: mpyo ~ myg ~ mpy+. Thus,
H* — HOW®* or H¥ — AW™ is not kinematically allowed. However, it has been shown
that there are scenarios with large p 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* — H;W*/A;W¥ can be significant.

3 Current limits

Searches for a light charged Higgs boson with mass mg+ < m; have been performed
both by ATLAS and CMS [28, 29] with 19.7 fb~! integrated luminosity at 8 TeV and 4.6
fb~! 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 bIW. Assuming a branching fraction BR(H* — 7v) = 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 m};'** scenario of the
MSSM, this excludes mpy+ < 155 GeV for all values of tan 5. Only the small region 155 GeV
< mpg+ < 160 GeV around tan 3 = 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 b~ 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 my+ > my produced in association with a top quark [28, 29]. With 19.5 fb!
integrated luminosity at 8 TeV and assuming a branching fraction BR(H* — 7v) = 100%,
the null search results at ATLAS imply an upper bound on the production cross section
o(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 m}'®* scenario of the MSSM, tan 3 above 47 to 65
is excluded for my+ between 230 GeV and 310 GeV. The CMS results [29] are very similar,
which are slightly better for low my+ and slightly worse for large mg+.

As demonstrated in figure 1, the conventional decay modes 7v and c¢s 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
19.5fb~! integrated luminosity and the projected 50 reach (solid blue curves) [31] with 100 fb~!
integrated luminosity at the 14 TeV LHC for the process pp — H*tb — (7v)(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 my = 70 GeV, sin(8 — a) = 1 and H® decoupled.

open. In figure 2, we recast the current 95% C.L. exclusion limits (solid red curve) [29] and
future projection of 50 discovery (solid blue curve) [31] with 100 fb~! integrated luminosity
at the 14 TeV LHC for the process pp — H*tb — (1v)(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 m4 = 70 GeV, sin(8 — a) = 1, and with the H° 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* — 7v via the single top production mode. The possibility of the H* — uv
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 q¢’ — H* [35], H *tb associate produc-
tion [36-39] and WT 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 [mg = O(eV)]
neutral scalar which decays invisibly. A search strategy for H* — h°W= for a SM-like h°
using the HEWT 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* — hOW=/HOW= 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 77 mode. In particular, the 77 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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Figure 3. Dominant ¢-channel (a), s-channel (b) and tt-like (¢) 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* —
77W* channels.

Our study also assumes the existence of a light neutral Higgs A/ H, which has been con-
strained by the A/H — 77 searches at the LHC [45, 46], in particular, for m 4,z > 90 GeV
and relatively large tan 8. No limit, however, exists for m 4,5 < 90 GeV due to the difficul-
ties in the identification of the relatively low pr taus and the overwhelming SM backgrounds
for low pr leptons and 7-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 my + myg > 208 GeV. There-
fore, in our analyses below, we choose the daughter neutral Higgs mass to be 70,* 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.” The exclusion and discovery reach in ¢ x 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: mg+ > my. For the
low mass range where the ¢ 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 hgy — 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.

169



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, 7. While the bb case has the advantage of a large branching fraction BR(A — bb),
the 77 case has less SM backgrounds and therefore leads to a cleaner signal. We study both
leptonic and hadronic 7 decays and consider the three cases: ThedThads TiepThad a0d TiepTiep-
The TjepThaa case is particularly promising since we can utilize the same sign dilepton signal
with the leptons from W decay and from 7 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 o x BR for both 95%
C.L. exclusion and 50 discovery for both possible final states T7bbW W and bbbbW W . 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 m4 = 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 my+ in the range 150 — 600 GeV.

4.2 A — 71 mode

We start our analysis by looking at the channel pp — H¥th — AW*tb — 77bbWW. 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:

e Case A: both taus decay hadronically.
e Case B: one tau decays hadronically, and the other tau decays leptonically.
e 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 7) t¢ pair production, which we generate with up to one additional
jet. We also take into account t¢t77 production, where the taus come from the decay of a
boson Z/H/~*. Furthermore we include W77 production with up to two additional jets
(including b jets) and WWr7r production with up to one additional jet (including b jet),
where the taus are produced in the decay of a boson Z/H /v*. 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 i, one or two b jets, two 7 tagged jets and at least two
untagged jets:
ne=1 n,=1,2, n, =2, n; >2. (4.1)

We require that the 7 tagged jets have opposite charge.

Case B: two leptons, one or two b jets, one 7 tagged jet and at least two untagged
jets:
ne=2 n,=12 nr=1,n; >2. (4.2)

We require that both leptons have the same sign, which is opposite to the sign of the
T tagged jet.

Case C: three leptons, one or two b jets, no 7 tagged jet and at least two untagged
jets:
ng=3, np =12 n=0, nj >2. (4.3)

We adopt the following selection cuts for the identification of leptons, b jets and jets.

Nepr| < 2.5, |ni| <5, prieyjp > 20 GeV and pry, > 10 GeV, (4.4)

where /1 2 refer to the hardest and the sub-leading lepton. For jet reconstruction, the
anti-kp 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 Wp,g. 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 Wj, 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 7 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 7 jets (case A), the 7 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 i): the Higgs candidate and the W candidate not
used for the top reconstruction are combined to form the charged Higgs candidate
H*.

6. m - versus m,rw: we require the ditau mass m., to be close to the daughter
Higgs mass m4 and the mass of the two taus and the W (m ) to be close to the
parent Higgs mass my+. The two masses are correlated, i.e., if we underestimate m.,
we also underestimate m .. To take this into account we apply a two-dimensional
cut:

(I—A—wrr) - ma<mr <(1—A4ws) ma,
ma m (4.5)

A
FA(mTTW —mpg+ — wTTW) < M7y =My < FA(mTTW — my+ + wTTW)'

Here w;r = 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 m,, around (1 —
A)my instead of my is due to the reconstruction of the 7 using a jet with a small size
of R = 0.5 or a lepton. We use A = 0.3 (case A), 0.4 (case B) and 0.66 (case C). The
second condition describes two lines going through the points (mpg+ £ Wy, ma)
with slope "];—;‘ where F 4 is the energy of the neutral Higgs in the rest frame of the
charged Higgs.5 We choose a width for the m, i peak of wy i = 0.2my+, based
on the theoretical decay width estimation of wgx+ ~ 0.1mpg+ as well as detector
resolutions. The effectiveness of this cut is shown in figure 4 for mpy+ = 240 GeV and
my = 70 GeV in case A, with two horizontal lines indicating the m., range and two
slanted lines indicating the m,,y 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 My+ = 240GeV and m4 = 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 o x BR(pp — H*tb — 77bbW W) of 100 fb7
to illustrate the cut efficiencies for the signal process. The last column shows the S/v/B
value for an integrated luminosity of 300 fb~*.

We can see that the dominant background contributions are tt (case A) and tt77 (cases
B and C) while the vector boson backgrounds do not contribute much. It turns out that

SWe choose E4 = W, 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.

"For the Type IT 2HDM the cross section for my+ = 240 GeV is typically in the range of o (pp — H¥tb) =
0.1—1.5 pb (see figure 7.). Assuming a branching fraction BR(HT — AW*) = 100% and BR(A — 77) =

10% leads to the stated ox BR of around 100 fb.

~10 -
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Figure 4. Normalized distribution (in percent as given by the color code in the panel along the
y-axis) of m,, versus m,.w for the signal (left) and the backgrounds (right) assuming mg+ =
240 GeV and m4 = 70 GeV for case A. Two horizontal lines indicate the m.,, range and two slanted
lines indicate the m, .y range, as given in eq. (4.5).

Cut Signal [fb] |t [fb] tir7 [fb] W (W)77 [fb] | S/B S/VB

o 100 | 6.3 - 10° 247 2000 - -

A: identification [eq. (4.1)] 0.57 22.9 0.58 0.078 | 0.02 2.04
Mrr VS Merw [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
Mrr V8 Merw [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
Mrr VS Merw [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 my+ =
240 GeV and m 4 = 70 GeV at the 14 TeV LHC. We have chosen a nominal value for o x BR(pp —
H*tb — 77bbW W) of 100 fb to illustrate the cut efficiencies for the signal process. The last column
of S/v/B is shown for an integrated luminosity of £ = 300 fb~'.

case B, in which one 7 decays leptonically and the other 7 decays hadronically, gives the
best reach. This is because the same sign lepton signature can reduce the tt background suf-
ficiently. This analysis is sensitive to the tagging and misidentification rate of the 7 tagger.
Most of the top pair background, especially in case A, includes mistagged 7 jets. We assume
a tagging rate of €,y = 60% and a mistagging rate of €,;ss = 0.4% as suggested in [54]. A
better rejection of non-7 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 50 discovery (right panel) limits for o x BR(pp — H*tb — 77bbW W), which applies
for HY — HW# as well with m 4 replaced by mp. We have combined all three cases of tau
decays. The blue, red, and green curves correspond to the daughter particle being 70 GeV,

11—
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Figure 5. The 95% C.L. exclusion (left) and 50 discovery (right) limits for o x BR(pp — H¥tb —
TTOOWW) 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~!, 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: 100fb~! (dashed), 300fb~! (solid), and 1000fb~! (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 mg+ since the mass cuts on m,, and m, . have a more
pronounced effect on the SM backgrounds for larger masses.

The m,, distribution for the dominating ¢t backgrounds peaks around higher masses
msr & 70 - 200 GeV and therefore the background rejection efficiency for m, . ~ 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 myg=) or collimated (high mpg+)
and decreases the identification efficiency compared to higher daughter particles masses.
Taking into account these two effects, the limits do not change significantly for m4 being
70 GeV or 125 GeV. The limit for m4 = 200 GeV is better by about a factor of 1.5.

The limit, however, gets slightly worse for the mx 70 GeV case when mg+ 2

500 GeV (blue curves). This is due to the decrease of the signal cut efficiency for a highly
boosted daughter particle with two collimated 7 jets. For the interesting case where the
daughter particle is 70 GeV, it is seen that the exclusion limits for a 300 fb~! collider fall
from about 60 fb for my+ of 150 GeV, to less than 25 fb for a 500 GeV charged Higgs. The

50 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 IT 2HDM as a specific example.
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4.3 A — bb mode

We now turn to the channel pp — HTtb — bbbbW W, 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/v* or are produced through gluon splitting. We have
ignored the subdominant backgrounds including V+jets, VV +jets or VVV +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 77 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:

ng =1, ny = 3,4, n; > 2 with (46)
mep| < 2.5, [0l <5, prejp > 20 GeV. '

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 myy.

4. Charged Higgs candidate (H jE): the Higgs candidate and the W candidate not
used for the top reconstruction are combined to form the charged Higgs candidate
H* with mass muppy -

5. mpp versus mppw: there is no Higgs mass shift A as in the 77 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) g < mpp < (1 +wbb) “ma,

ma m (4.7)

A
—=(mppw — mp=x — wpw) < Mpp —MmA < ——(Mppw — My + Wepw ).
Ex Ex

The mass window chosen is slightly tighter due to a better mass reconstruction in
the bb case: wp, = 0.2 and wppyy = 0.175m g+

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 50 discovery reach in o x BR(pp —
H*tb — bbbbW W) for the 14 TeV LHC. The general feature of these plots follows that of
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Cut Signal [fb] | £ [fb] ¢ibb [fb] | S/B S/VB

o 1000 | 6.5-10° 11310 - -
Identification [eq. (4.6)] 13.3 903 143 | 0.012 7.1
mpy Vs Mppw [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 my+ =
240 GeV and m4 = 70 GeV at the 14 TeV LHC. We have chosen a nominal value for o x BR(pp —
H*tb — bbbbW W) of 1000 fb to illustrate the cut efficiencies for the signal process. The last column
of S/v/B is shown for an integrated luminosity of £ = 300 fb™'.

10000
_ 7000 _ n
£ 5000f £ 2x10
pd &
N 3000F B %104t
x >
° %288 i s N 5000 5 o DiscoverySss_=.
1000 lgbH* th>AW* tho4 h42 W*  ~t==] gb—H* tho>AW? th—4 b+2 W ——
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my+ (GeV) my= (GeV)

Figure 6. The 95% C.L. exclusion (left) and 50 discovery (right) limits for o x BR(pp — H¥tb —
bbbbW W) 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 my+ 2 550 GeV. Unlike the 77 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
my = 70 GeV since the dominating ¢t background peaks around my, ~ 70—200 GeV and
therefore the background rejection efficiency for my, ~ 70 GeV is high. The improvement
of the sensitivity for the my = 70 GeV case when mg+ < 200 GeV is due to the suppression
of the tt background with the my cut.

Compared to the 77 case, the o x BR reach in the bb case is worse due to significantly
higher SM backgrounds. For the 70 GeV daughter particle case with 300 fb~!, 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 — 77) ~ 3m}/m?, we conclude
that the reach in the bb case is much worse than that in the 77 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+ /H w+
occurs. In this section, we will analyze the feasibility of this channel at the 14 TeV LHC
in the context of the Type IT 2HDM.

5.1 Cross section and branching fractions

In the Type II 2HDM, one Higgs doublet ®; provides masses for the down-type quarks and
charged leptons, while the other Higgs doublet ®5 provides masses for the up-type quarks.
The couplings of the CP-even Higgses hY, H° 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 h” or the
HO could be interpreted as the observed 126 GeV resonance, and accordingly, the available
parameter spaces differ. In the h%-126 case with m2, = 0, we are restricted to narrow
regions with sin(8 — a) ~ &+ 1 with tan 8 up to 4 or an extended region in 0.55 < sin(8 —
a) < 0.9 with 1.5 < tan 8 < 4. The masses mpgo, my+, and my are, however, relatively
unconstrained. In the H%-126 case with m?, = 0, we are restricted to a narrow region of
sin(f — a) ~ 0 with tan 8 up to about 8, or an extended region of sin(5 — ) between —0.8
to —0.05, with tan 8 extending to 30 or higher [23]. m4 and mg=+ are nearly degenerate
due to Ap 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(8 — «) and tan .

Figure 7 shows contours of NLO o(gg — H7Ttb) in the my+ — tan 3 plane at the
14 TeV LHC, with values taken from the LHC Higgs Working Group [64].% 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 tan 3, due to the enhancement of the top and bottom Yukawa coupling,
respectively. Correspondingly, the cross section can reach up to 1.5 pb for my+ < 300 GeV
for either tan 5 > 40, or tan 5 < 2. However, we note that the cross section decreases rapidly
with increasing mass, falling below 50 fb in most regions of mg+ > 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: HT — AW*, H* — pOW*, and H* — HW#. The decay width of the first
of these is independent of sin(8 — «), while decay to h’W* or HW+ is proportional to
cos(ff — a) or sin(8 — «). 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 h°-126 case with
H° decoupled and ii) H* — hOW™ for the h?-126 and H°-126 cases with A decoupled.

8The NLO cross sections are available only for m+ >200 GeV. Thus, for mg=+ 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 o(pp — H*tb) (in pb) in the my= — tan 3 plane at the 14 TeV LHC
for the Type II 2HDM.

{mpy=,ma,mpo,myo} GeV | HE — AW* | H* — W= | Favored Region
BP1: {200, 70,126,700} v X sin(f—a)~+ 1
BP2: {300,126,126,700} v v sin(f—a)~+ 1
BP3: {300,700, 70,126} X v sin(f —a) = 0

BP4: {300,700, 126, 700} X v sin(f—a)~+ 1

Table 3. Benchmark points shown for illustrating the discovery and exclusion limits for the pro-
cesses pp — H¥th — AW=® /HW=*tb — r7bbW W in the context of Type II 2HDM. The checkmarks
indicate kinematically allowed channels. Also shown are the typical favored region of sin(8 — «) for
each case (see ref. [23]).

We do not consider the decay H¥ — HOW* as its reach is similar to the H¥ — AW=*
channel in the h?-126 case while being suppressed in the H%-126 case. We do not consider
the decay H* — AW in the H°-126 case since the reach is always worse that that in the
h9-126 case due to competition from the H+ — RW* 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 my=+ 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* — hOW® decay, with unsuppressed decay in BP3 (H°-
126 case) and suppressed decay in BP4 (h°-126 case) when preferred value of sin(3 — a) is
considered. Note that BP1 and BP4 admit only one exotic decay (AW for the former and
ROW= for the latter), thus representing the simplest scenario where the reach is maximized
in these two modes for the chosen my+ value.

In figure 8, we display the branching fraction of the H* — AW®* and h'W# for
the various benchmark points listed in table 3 in the sin(8 — «) — tan § plane. For BP1
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Figure 8. Contours of branching fractions of H* — AW® [(a) and (b)] and H* — AW [(c)
and (d)] for each benchmark point.

with (mg=, ma,mpo, myo)=(200,70,126,700) GeV in panel (a), BR(H* — AW?) is in-
dependent of sin(8 — «), while decreasing at both large and very small tan 3, due to the
competition of H* — tb mode. BR(H* — AW®) can reach 90% or larger in the range 3
< tanf < 12. Even for tan 8 = 37, BR(H* — AW®) can be around 50%.

For BP2 with (mg=,ma, myo, myo)=(300, 126, 126, 700) GeV in panel (b), BR(H* —
AW®*) decreases at small |sin(8 — a)| due to the opening of the H* — hOW¥ channel.
BR(H* — AW®) is maximized for sin(8 — o) = +1 and intermediate tan 3, which is also
the preferred region in the h°-126 case.

For BP3 with (mg+,ma, myo, mgo)=(300,700,70,126) GeV in panel (c), maximal
branching fraction for H* — h°W¥ is obtained around sin(8 — a) = 0 where the cou-
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pling is maximal. The decreasing of the branching fraction at large and small tan g is
caused by the enhanced tb and 7v modes, while the decreasing of the branching fraction
at sin(8 — a) ~ +1 is caused by the suppressed H* — hOW* decay width as well as the
enhanced H* — HOW mode.

For BP4 with (my=,ma, myo, mgo)=(300, 700,126, 700) GeV in panel (d), BR(H* —
hoWi) is suppressed at large tan 8 compared to BP3, since H* — h°W® has more phase
space suppression. The reduction of BR(H* — h°W™) at larger |sin(8 — a)|, however, is
milder since H* — HOW¥ is kinematically forbidden. In the preferred regions sin(3—a) ~
+1 and 0.55 < sin(8—a) < 0.9 (for 1.5 < tan 8 < 4) in the h-126 case, BR(H* — hOW¥)
is still large enough to allow sensitivity in this channel.

5.2 Reach in parameter spaces

To translate the discovery and exclusion limits on oxBR in the tan 8 versus sin(8 — «)
plane, we focus on the model implication for the 77 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
50 discovery limits (cyan regions enclosed by the dashed lines) for the various benchmark
points at the 14 TeV LHC with 300 fb~! integrated luminosity. For BP1 with H* — AW=
[panel (a)] , discovery is possible for small tan 8 < 1.5 independent of sin(8 — «), and for
large tan 8 > 34. The exclusion regions are much larger: tan 8 < 4 and tan 8 2 15. Note
that while the branching fraction is relatively suppressed at small and large tan 3, 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 tan 8 regions, so
long as ox 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: tan 8 < 3, and tan 8 2 22. These values, however, are dependent on sin(5 — «).
The maximum reach is achieved around sin(3 — a) = + 1 where BR(H* — AW®) is
maximized. 50 discovery, however, is not possible for this benchmark point except for very
high tan 8 > 55, and sin(8 — «) ~ +1.

For BP3 in panel (c), the reach is best for sin(8 — «) = 0: tan 8 > 20 or < 3 for 95%
C.L. exclusion and tan 8 2 46 or < 1 for 50 discovery. The reach gets significantly weaker
when sin(8 — «) approaches +1 with the regions |sin(8 — «)| > 0.9 providing no reach.
Note that for BP3 with mgo = 126 GeV, sin(f — a) & 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 h°. 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 tan 3,
as shown in figure 8 (d). There are small regions of parameter space around sin(5 —a) =0
and tan 8 2 55 or tan 8 < 1 that permit discovery. These exclusion or discovery regions
do not lie in the preferred region sin(8 — a) ~ +1 for the h’—126 case. Note, however
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Figure 9. The 95% exclusion (yellow regions enclosed by the solid lines) and the 50 discovery
reach (cyan regions enclosed by the dashed lines) for pp — H¥tb — AW*tb/ HW *tb — T77hbW W
in the tan 8 versus sin(8 — a) plane for each benchmark point, with an integrated luminosity of
300fb~! at the 14 TeV LHC.

that the exclusion region for H* — hOW* is indeed sensitive to part of the region that is
consistent with the observed Higgs signal: 0.55 < sin(f — a) < 0.9 with small tan 5 [23].
Figure 10 shows the reach in the my+ — tan 8 for H* — AW™*, with m4 = 70 GeV
(left panel) and 126 GeV (right panel). We have fixed sin(8 — a) = 1 and decoupled H°
such that both H* — hOW=, HOW=* are absent. Superimposed on the plot in black dashed
line is the projected ATLAS H* — 7v discovery reach with 100fb~! luminosity [31] for
comparison. The my = 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 50 discovery (cyan
regions bounded by the dashed red lines) in the m g+ —tan 3 parameter space for 300 fb~! luminosity
in the pp — H*tb — AW*tb — 77bbWW channel, with m4 = 70 GeV (left panel) and 126 GeV
(right panel). Superimposed in black dashed line is the projected ATLAS H* — 7v 50 discovery
contours with 100 fb~! luminosity. sin(8 — «) is chosen to be 1 and H? is decoupled.

H* — 7v searches in the high tan 3 region, AW® channel provides a reach in the small
tan 8 regions which is absent in the 7v 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 tan 3
in this channel. The m4 = 126 case has limited sensitivity for discovery (constrained to
only small regions 300 GeV < mg+ < 320 GeV), but does provide an exclusion range that
is comparable to the m4 = 70 GeV case.

We conclude this section with the following observations:

e The best case scenario are the decays H* — AW® for the h®—126 case and H* —
ROW= in the HY—126 case for small daughter Higgs masses.

e The potentially interesting scenario H* — hOW* with kY being SM-like has sensitiv-
ity for 95% C.L. exclusion at small and large tan 3 for sin(8 — «) different from =+1.
The sensitivity for discovery, however, is constrained mostly to high tan 8 regions.

e There is sizeable reach in both small and large tan S for exclusion for my4 = 70 GeV
and sin(8—a) = 1, while discovery is also possible for small tan 8 as seen in figure 10.
Specifically, discovery of the charged Higgs is possible for m g+ up to 400 GeV in both
the small and large tan 8 regions.

e The reach in this exotic channel H¥ — AW=* /H W= is complementary to the con-
ventional search channel H* — 7, in particular, for small tan /.

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, 77, vy, WW and ZZ for the neutral ones,
and Tv, 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* — 7v 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 77 or bb.

We obtained model independent limits on o x BR(pp — H¥tb — AW*tb/ HW*tb —
TTbbW W, bbbbW W) at the 14 TeV LHC. For the 77 channel, we considered all three cases:
ThadThads TlepThad, and TiepTiep. It turns out that 7jcpThaq 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 60fb to 25fb, when my= is varied in the range 150 GeV—500 GeV with 300 fb~!
integrated luminosity at the 14 TeV LHC. The 50 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 o x BR reach in the Type II 2HDM, focusing on
H* — AW* and H* — hOW# decays. We find that in this model, the pp — H*tb —
bbbbW W cross section is too low for H* to be either discovered or excluded. However, for
the 77 mode, large regions of parameter space in tan 8 versus sin(8 — «) can be covered
when the daughter Higgs mass is relatively light, in particular, for small and large tan j.
The exclusion region in the my+ — tan § plane can be extended to my+ = 600 GeV, while
discovery is possible for mg+ < 400 GeV. While the model can be excluded for a wide range
of tan 8 values, discovery regions are mostly restricted to either small (< 2) or large (2
34 ) values. Since the conventional search channel H* — 7v is only sensitive to the large
tan 3 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, q¢/ — H*, electroweak pair production of HtH~, HTW—, 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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Appendix E

Light Charged Higgs Bosons to
AW /HW via Top Decay

The article Light Charged Higgs Bosons to AW/HW wvia Top Decay has been submitted to
arXiv and accepted for publication in the Journal of High Energy Physics [25].

189



PUBLISHED FOR SISSA BY ) SPRINGER

RECEIVED: May 13, 2015
REVISED: September 1, 2015
ACCEPTED: September 30, 2015
PUBLISHED: November 9, 2015

Light charged Higgs bosons to AW/HW via top
decay

Felix Kling, Adarsh Pyarelal and Shufang Su
Department of Physics, University of Arizona,
Tucson, AZ 85721, U.S.A.
E-mail: kling@email.arizona.edu, adarsh@email.arizona.edu,
shufang@email .arizona.edu

ABSTRACT: While current ATLAS and CMS measurements exclude a light charged Higgs
(mg+ < 160GeV) for most of the parameter region in the context of the MSSM scena-
rios, these bounds are significantly weakened in the Type II 2HDM once the exotic decay
channel into a lighter neutral Higgs, H* — AW/HW , is open. In this study, we examine
the possibility of a light charged Higgs produced in top decay via single top or top pair
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 § 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*T — AW/HW) = 100%
and BR(A/H — 77) = 8.6%, the 95% exclusion limits on BR(¢t — Hb) are about 0.2%
and 0.03% for single top and top pair production respectively, with an integrated lumi-
nosity of 300 fb~!. The discovery reaches are about 3 times higher. In the context of
the Type II 2HDM, discovery is possible at both large tan 5 > 17 for 155 GeV < my+ <
165 GeV, and small tan 8 < 6 over the entire mass range. Exclusion is possible in the
entire tan 5 versus myg+ plane except for charged Higgs masses close to the top threshold.
The exotic decay channel H* — AW/HW is therefore complementary to the conventional
H* — 7v channel.

KEYWORDS: Supersymmetry Phenomenology, Hadronic Colliders

ARX1v EPRINT: 1504.06624

OPEN ACCESS, (© The Authors.

Articlo funded by SCOAP”. doi:10.1007/JHEP11(2015)051

190



Contents

1 Introduction 1
2 Theoretical motivation 2
3 Current limits 5
4 Collider analysis 7

4.1 Single top production

4.2 Top pair production 11

4.3 Limits 12
5 Implication for the type II 2HDM 12
6 Conclusion 16

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 Higgses' 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]

!Note that we use h® and H® 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 mg+ < my. 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 3, due to the enhanced top and bottom
Yukawa couplings. Current search strategies assume that the charged Higgs decays either
leptonically (H* — 7v) or hadronically (H* — ¢s). 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 7v and c¢s 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 my+ > 150 GeV
and tan 8 < 20 is still allowed, while no limits exist for mg+ > 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 77. 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 50 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)7, doublets ®;, i =1,2:

2
e (m— FoUt z‘@-)/ﬂ) | 21
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where v; and vy are the vacuum expectation values of the neutral components which
satisfy the relation \/v? + v3 = 246 GeV after EWSB. Assuming an additional discrete Z;
symmetry imposed on the Lagrangian, we are left with six free parameters, which can be
chosen as four Higgs masses (myo0, mgo, ma, myg+), a mixing angle « between the two
CP-even Higgses, and the ratio of the two vacuum expectation values (tan S = wvy/v1).
In the case where a soft breaking of the Z5 symmetry is allowed, there is an additional
parameter, m%Q. In the Type II 2HDM, ®; couples to the leptons and down type quarks,
while @5 couples to the up type quarks. Details of the Type IT 2HDM can be found in the
review paper [11].

The Higgs mass eigenstates contain a pair of CP-even Higgses (h?, H?), one CP-odd
Higgs A and a pair of charged Higgses H*, which can be written as:

HO cosa sina o A =—-Gisinf+ Gocos
0 = . 0 |> + + + : (22)
h —sina cos o (o H* = —¢7 sin 8 + ¢35 cos B
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

1—1s5
Iw+ep = E’Y“ 5

with ¢ being the SM SU(2);, coupling, while the second decay depends on tan 3 in the
Type II 2HDM or MSSM:

(2.3)

JH*+ = ﬁ [(my tan 8 + my cot B) £ (my tan 8 — my cot B)~s) - (2.4)

This coupling is enhanced for both small and large tan 8. In figure 1, we present contours
of the branching fraction BR(t — H¥*b) in the mpy+ — tan 3 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 8, but reaches a minimum at tan 8 =
/my/mp ~ 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 7v or cs, with
the corresponding couplings being

g
= ————mytan B(1 £ 5), 2.5
I+ T B(1 £ 7s5) (2.5)

g
+ = —
9H=*cs 2\/§

If there is an additional light neutral Higgs boson h° or A, additional decay channels into

[(ms tan 8 4+ m, cot B) £ (ms tan 8 — m, cot 8)7s] . (2.6)

hOW /AW open up. The couplings are determined by the gauge coupling structure, as well
as the mixing angles [45]:

gcos(f —
IHEROWF = %(?ho —pu+)t, (2.7)

g
JHEAWTF = i(pA —pHi)”7 (2-8)

with p, being the incoming momentum for the corresponding particle.
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Figure 1. Branching fractions of BR(t — H*b) in the mpy+ — tan 8 plane.

The H* — h9W channel for a light charged Higgs is open only if we demand the heavy
CP-even neutral Higgs HY to be the observed 126 GeV SM-like Higgs. In this case | cos(8—
a)| ~ 1 is preferred by experiments and the H EROW= coupling is unsuppressed. The
H* AW coupling is independent of sin(3 —a) and always unsuppressed. There is no H +
HOW channel since it is kinematically forbidden given my+ < m; and mpyo > 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* — hROW 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 Z; 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 my+ — tan3 plane assuming m4 = 70GeV, h° being the SM-like Higgs
and mpo decoupled. This branching fraction dominates for values of tan 8 less than 10
to 30 for charged Higgs masses in the range between 155GeV and 170 GeV. For large
values of tan 8, the 7v channel dominates, as shown in the right panel of figure 2 for
mpy+ = 160 GeV. For small charged Higgs masses close to the m 4 + my threshold, the
decay is kinematically suppressed. Similar results can be obtained for H* — h°W with
mypo = 70GeV, sin(8 — a) ~ 0 and decoupled m 4.

The MSSM Higgs mass spectrum is more restricted. At tree level, the mass matrix
depends on m 4 and tan 8 only, and the charged Higgs mass is related to m4 by m%[i =
mi + m%,v . 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 H° being the SM-like
Higgs, the light CP-even Higgs k" can be light: mp0 < my+ —myy. 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* — A;W/H;W can be significant in certain regions of parameter space.
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Figure 2. The left panel shows the branching fraction BR(H* — AW) in the Type II 2HDM in
mpy+ — tan B8 plane. The right panel shows the branching fractions of H* — AW (red), Tv (green)
and cs (blue) as a function of tan 3 for a 160 GeV H*. Both plots assume the existence of a 70 GeV
CP-odd scalar A, h° being the SM-like Higgs and H° decoupled.

3 Current limits

Searches for a light charged Higgs boson with mass mg+ < m; have been performed by
both ATLAS and CMS [16, 17] with 19.7 fb~! integrated luminosity at 8 TeV and 4.6
fb~! 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 bWV.
These studies focus on the H* — 7v 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* — 7v) = 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 mj#*
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 < mpy+ < 160GeV around tan 3 = 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
4.7fb~! integrated luminosity at 7 TeV and by CMS [19] using 19.7 fb~! 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(¢ — 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* — 1v) (black line) [17], as well as the weakened limits in the Type II 2HDM in the
presence of a light neutral Higgs for tan 8 = 1 (red), tan 8 = 7 (blue) and tan 8 = 50 (green). Right
panel: the excluded region in my=+ — tan 8 plane assuming a 100% BR(H* — 7v) (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* — Tv).
The modified limits assuming the presence of a 70 GeV CP-odd neutral Higgs are shown
for tan 8 = 1 (red), tan 8 = 7 (blue) and tan 3 = 50 (green). We can see that for large
tan 3, the limits stay almost unchanged since H* — 7v is the dominating decay channel,
but for smaller values of tan 5 these limits are weakened significantly.

The right panel of figure 3 shows how the CMS limits in the m g+ —tan 5 plane weaken
in the presence of an additional light Higgs. The yellow shaded region (plus the cyan region)
assumes a 100% BR(H* — 7v) while the cyan region assumes the Type II 2HDM branching
fractions in the presence of a 70 GeV CP-odd neutral Higgs. For tan § < 15, the surviving
region in my+ 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* — 7v, 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 — s7v 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: mpy+ < mqy, 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 — 77 searches at the LHC [20, 21}, in particular, for m /g >
90 GeV and relatively large tan 3. No limit, however, exists for my,z < 90GeV 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 7-jets. Furthermore, LEP limits [22] based on VH
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 + mg >
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 7v final state. The detectabil-
ity of a charged Higgs decay into a uv final state or a yvyW 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 (mg+ > my). Given the same
final state of bbWW A/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/HWYb. This channel permits a cleaner
signal due to its unique kinematic features.

4 Collider analysis

In our analysis we study the exotic decay HT — AW/HW of light charged Higgs bosons
(mg+ < my) produced via top decay. We consider two production mechanisms: ¢-channel
single top production?® (¢;) and top pair production (t£) [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 — 77 for single top production and both the 77 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 77 case has smaller SM backgrounds and therefore
leads to a cleaner signal. We study both leptonic and hadronic 7 decays and consider three
Cases: ThadThads TlepThad and TiepTiep. The TjepTheq case is particularly promising since we
can utilize the same sign dilepton signal with the leptons from the decays of the W and
the 7.

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 hsy — AA threshold to avoid significant deviations
of the 126 GeV SM-like Higgs branching fractions from current measurements.

3We only consider the dominant ¢-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 o x BR for both 95%
C.L. exclusion and 50 discovery for both single top and top pair production with possible
final states 77bW 5 and T7rbbW W /bbbbW W . We consider the parent particle mass mg+ in
the range 150 — 170 GeV and the daughter particle mass, m4 = 70 GeV.

4.1 Single top production

For single top production, we consider the channel
pp — tj — HTbj — AWTbj — 77Wbj. (4.1)

The dominant SM backgrounds are W77 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 tj77 and ttll with I = (e, p, 7).

The cuts that we have imposed are:

1. Identification cuts.
Case A (ThadThad). One lepton £ = e or u, two 7 tagged jets, zero or one b tagged
jet and at least one untagged jet:

ne=1,n =2, n, =0,1, nj > 1. (4.2)

We require the T-tagged jets to have charges of opposite signs.

Case B (TiepThad). Two leptons, one 7 tagged jet, zero or one b tagged jet and at
least one untagged jet:

ng=2,n=1n,=0,1, nj > 1. (4.3)

We require that both leptons have the same sign, which is opposite to the sign of the
T tagged jet.
Case C (TiepTiep). Three leptons, no 7 tagged jet, zero or one b tagged jet and at
least one untagged jet:

ng=3,n =0, n,=0,1, nj > 1. (4.4)

The following selection cuts for the identification of leptons, b jets and jets are used:

Mepr] < 2.5, |05l <5, priyjp > 20 GeV and pre, > 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 — fv. In case B and C,
the neutrino reconstruction is relatively poor since there is additional missing energy
from the leptonic 7 decay.
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Figure 4. Normalized distribution of cos 6* (left panel) and the transverse momentum of the ¢j
system pr; (right panel) for the signal (red, solid) and the dominant SM backgrounds: t¢ (blue,
dotted) and W7 (green, dotted). The imposed cuts are indicated by the vertical dashed lines.
The histograms shown are for case A with mg+ = 160 GeV and m4 = 70 GeV.

3. Neutral Higgs candidate A. The 7 jets (case A), the 7 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 7 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 my+ = 160 GeV and my =
70 GeV, we impose

msr < 48 GeV and m - < 148 GeV. (4.6)

6. Angular correlation. A unique kinematical signature of single top production is
the distribution of the angle 6*, 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 6* is shown in the left panel of figure 4
for signal (red, solid), ¢t (blue, dotted) and W77 (green, dotted). The signal tends
to peak around cos@* ~ —1 while the background is flat for Wr7 and t£.* In our
analysis we require

cosf* < —0.8. (4.7)

*As shown in [64], the cos@* distribution for #f background would peak around cos#* = 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 8* for the tf system.
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Cut Signal | W(W)7T tt tyrr/ttll | S/B S/VB
[£b] [£b] [£b] [fb] (300fb~1)

o 100 2000 6.3-10° 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 0* and pry; leq. (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
cos0* and pryj [eq. (4.7), (4.8)] | 0.06 0.04 002 0002 091 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 0" and pry; [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
mp+ = 160GeV and my = 70GeV at the 14TeV LHC. We have chosen a nominal value for
o xBR(pp — tj — H*jb — 77Wbj) of 100 fb to illustrate the cut efficiencies for the signal process.
The last column of S/v/B is shown for an integrated luminosity of £ = 300 fb™*.

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:

prtj < 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 my+ = 160GeV and my = 70GeV 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* and pr;; for all three cases as discussed above. We have
chosen a nominal value for o x BR(pp — H*bj — 77Wbj) of 100 fb.?

We can see that the dominant background contributions after particle identification
are tt for cases A and C, and W for case B. The reach is slightly better in case B in which
the same sign dilepton signature can reduce the tf 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 7 tagging efficiency as well as the misidentification
rate. In our analyses, we have used a 7 tagging efficiency of €,y = 60% and a mistagging
rate of €piss = 0.4%, as suggested in [59]. A better rejection of non-7 initiated jets would
increase the significance of this channel.

5For the Type II 2HDM the top branching fraction into a charged Higgs for myg+ = 160 GeV is typically
between 0.1% and 1% (see figure 1). Using the single top production cross section, o; = 248 pb [54] and
assuming the branching fractions BR(H* — AW®*) = 100% and BR(A — 77) = 8.6% leads to the stated
ox BR of around 21 — 210 fb.
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Cut Signal [fb] | & [fb] tll [fb] W(W)rr [fb] | S/B S/VB
o 1000 | 6.3 - 10° 247 2000

ThadThaa: Identification 4.1 23.3 0.58 0.078 | 0.17  14.9
Mo VS Mpriy 0.6 0.31  0.021 0.003| 1.9 188
TiepThad: Identification 3.3 0.35  0.697 0.072 | 3.0 553
Moy VS Mpryy 0.69 | 0.035  0.042 0.007 | 81 411
TiepTiep: ldentification 3.1 2.35 5.11 0.058 | 0.41 19.9
Moy VS Mpryy 0.62 0.25 0.16 0.006 | 1.4 165

Table 2. Signal and background cross sections with cuts for the signal benchmark point my+ =
160 GeV and m4 = 70 GeV at the 14 TeV LHC. We have chosen a nominal value for o x BR(pp —
tt — H*thb — TTbbW W) 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 £ = 300 fb™'. See details in ref. [26] for
the identification cuts and m - vs m, -y cuts.

4.2 Top pair production

We now turn to the top pair production channel
pp — tt — HTth — AbbWW — TThOW W /bbbbW W. (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 TheqThad,
ThadTleps TlepTiep 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 77 channel is semi- and fully leptonic #f pair
production. We also take into account ttll production with I = (e, u, 7), as well as Wrr and
WWrr. 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 77 channel
with cuts for a signal benchmark point of my+ = 160 GeV and m 4 = 70 GeV at the 14 TeV
LHC, similar to Table 1. We have chosen a nominal value for o x BR(pp — tt — H¥tb —
TrhbW W) of 1000 fb to illustrate the cut efficiencies for the signal process.

After the cuts, the dominant background contributions are ¢ (ThadThad, TiepTiep) as well
as ttll (ThadTiep) while the backgrounds including vector bosons do not contribute much. We
find that the case in which one 7 decays leptonically and the other 7 decays hadronically
gives the best reach. This is because the same sign dilepton signature can reduce the tf
background sufficiently.
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4.3 Limits

Figure 5 displays the 95% C.L. exclusion (green curve) and 50 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: 100fb~!, 300 fb~! and
1000 fb~1, respectively. In these plots we have combined all three cases of 7 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 7;c,Theq 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~! integrated luminosity, the 95%
C.L. limits on ¢ x BR are about 35 and 55fb 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 — 77) = 8.6%,°
we can reinterpret o x 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~!,
the exclusion limit on o x BR is about 7 pb for a charged Higgs with mass my+ = 160 GeV,
assuming the existence of a light neutral Higgs with mass m4 = 70 GeV. Thus, given the
typical ratio of BR(A/H — bb) : Br(A/H — 77) ~ 3m}/m?, we conclude that the reach
in the bb case is much worse than that in the 77 case.

We reiterate here that the exclusion and discovery limits on o x 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 TImplication 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 (h’-126) or the heavier CP-even Higgs (H°-126). The authors of ref. [37]
have identified the Type II 2HDM parameter space in both cases, assuming m%z =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(8 — o) = +1 with tan 8 < 4 or an extended

5 Assuming bb and 77 are the dominant decay modes of a light A, BR(A — 77) = 8.6% in the Type II
2HDM or MSSM for medium to large tan 5. This branching fraction decreases for small tan § when the
cs-channel is enhanced.
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Figure 5. The 95% C.L. exclusion (green) and 50 discovery (red) limits for o xBR and BR(t —
H?*b) (right vertical axis) assuming BR(H* — AW) = 100% and BR(A — 77) = 8.6% for
ma = 70GeV at the 14TeV 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 1000fb~! respectively. Here, we have assumed a 10% systematic error on the
backgrounds.

{mpy+, ma, mpo,mpo} GeV | HF — AW | H* — h°W | Favored Region
BP1: {160, 70,126,700} v X sin(8 —a) ~ £ 1
BP2: {160,700, 70, 126} X v sin(8 —a) ~ 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( — «) for each case (see ref. [37]).

region with 0.6 < sin(8 — «) < 0.9 and 1.5 < tan8 < 4 with relatively unconstrained
masses. In the H%-126 case, an SM-like region, around sin(8 — ) = 0 and tan 8 < 8, and
an extended region with —0.8 < sin( — a) < 0.05 and tan 8 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 h° or the CP-
odd Higgs A. The decay mode H* — HOW is not possible given that mpgo > 126 GeV.
The decay H* — AW is possible in both the h%-126 and HY-126 case and the partial
decay width is independent of sin(3 — «). The decay branching fraction, however, de-
pends on whether H* — hOW is open or not. For simplicity, we choose a benchmark
point BP1, with {my+,ma, muo, mpo} = {160, 70,126,700} such that only H* — AW is
kinematically accessible. The decay width H* — h9W depends on sin(3 — «) and is only
sizable in the H°-126 case. We illustrate this case with a second benchmark point BP2:
{mg=,ma, mpyo, mgo} = {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( — «) and decreases with increasing tan 8 due to the
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Figure 6. Contours of branching fractions of H* — AW (left panel) and H* — h°W (right panel)
for BP1 and BP2, respectively.

enhancement of the 7 mode. The branching fraction can reach values of 90% or larger for
small tan $ < 4 and stays the dominating channel until tan 5 = 12.

The right panel of figure 6 shows the branching fraction, BR(H* — h°W), for BP2.
It reaches maximal values around sin(8 — &) = 0 and decreases for larger |sin(8 — «)]
compared to BP1 due to the suppressed H*h'W coupling.

In figure 7, we display the 95% exclusion (yellow regions enclosed by the solid lines as
well as the cyan regions) and 50 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~! 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 § < 6
and large tan 5 > 18, independent of sin(f—«). Intermediate values of tan 3 have a reduced
branching fraction BR(t — H*b) (see figure 1) and therefore the total o x BR is suppressed.
At high tan 8, 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 8 region, with an exclusion reach of tan 5 < 4 and a discovery reach of tan 5 < 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(5 — a)| > 0.85 and tan 8 > 4.
Discovery is possible for large tan 8 > 18 with |sin(8 — «)| < 0.5 and for small tan 8 < 6.
The reach for single top production is limited to the small tan 3 region.

In figure 8, we show the reach in the my+ — tan 8 plane for H* — AW with my =
70 GeV with both h° and H° outside the kinematic reach. These limits also apply for
H* — hOW with myo = 70 GeV and sin(8 — a) = 0 with a decoupled A. We display the
95% exclusion (yellow regions enclosed by the solid lines as well as the cyan regions) and
50 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 50 discovery reach (cyan regions enclosed by the dashed lines) obtained by the tj-channel
(blue) and tt-channel (red) in the tan 5 versus sin( — «) plane for BP1 (left panel) and BP2 (right
panel), with an integrated luminosity of 300fb~! at the 14 TeV LHC.

of 300fb~! at the 14 TeV LHC. Superimposed are the current CMS limits (black hatched
region) [17] which exclude the large tan 5 region at my+ < 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 8 and up to 170 GeV
for tan 5 < 4 or tan 5 > 29. Discovery is possible for both low tan § <6 in the entire region
of 150 GeV < mpy+ < 170 GeV and high tan 8 > 17 with 155 GeV < my+ < 165 GeV. The
reach is weakened for intermediate tan 8 due to the reduced branching fraction t — HTb.
The single top channel (blue lines) only provides sensitivity in the low tan S region and
permits exclusion (discovery) for tan 5 < 4 (3).

We conclude this section with the following observations:

e Once the AW/h'W channels are kinematically accessible, they dominate for small
and intermediate values of tan 3. The reach in the H* — 71 mode is significantly
weakened in the presence of the H* — AW/h°W modes, in particular for small to
intermediate tan 3, leaving the possibility of a light charged Higgs that has escaped
detection so far.

e Both the H* — AW channel for the h%-126 case and the H* — h9W channel in the
H°-126 case permit exclusion and discovery in large regions of the parameter space.

e The reach in the exotic channels H+ — AW/ROW is complementary to the reach in
the conventional search channel H* — 7v, especially for small to intermediate values
of tan j.

e While the top pair production channel covers a large region of parameter space, the
single top channel permits discovery/exclusion in the low tan S region.
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Figure 8. 95% exclusion (yellow regions bounded by solid lines as well as the cyan regions) and
the 50 discovery (cyan regions bounded by the dashed lines) imposed by the ¢j-channel (blue) and
tt-channel (red) in the my+ — tan 3 parameter space for 300 fb~! luminosity with m = 70 GeV.
The same limits apply for myo = 70 GeV and sin(8 — o)) = 0 if A is decoupled. The black hatched
region indicates the region excluded by the CMS search based on H* — v [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 m g+ < m; 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 7v, 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 + Tv) 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 Tv
search get weakened, in particular for small and intermediate tan 3, 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 77
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 o xBR based on 77 channel are about 35 fb for the single top channel
and 55fb for the top pair channel. The discovery reaches are about three times higher.
Assuming BR(H* — AW/HW) = 100% and BR(A/H — 77) = 8.6%, the exclusion
limits on BR(t — Hb) 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* — AW in the H°-126 case. The top
pair channel provides the best reach and permits discovery for both large tan s > 17
around mg+ = 160 GeV and small tan 8 < 6 over the entire mass range, while exclusion
is possible in the entire tan 5 versus mpg+ plane except for charged Higgs masses close
to the top threshold. The single top channel is sensitive in the low tan 8 region and
permits discovery for tan § < 3. In particular, the low tan § region is not constrained by
searches in 7v channel, making the H* — AW/h°W 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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Appendix F

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

The article Searches for non-SM Heavy Higgses at a 100 TeV pp Collider has been accepted
for publication in the International Journal of Modern Physics A [26].
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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 — bbHY /A — bbtt, bbrT as well as pp — tbH* — tbtb, tbrv 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 8 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.™# 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),> 7 Next-to-Minimal Supersym-
metric Standard Model (NMSSM),®? 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 v+, 77 and
bb channel.'420 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 ZZ7 is
absent for the CP-odd Higgs, and could be highly suppressed for the non-SM like
CP-even Higgs. The decay modes of 77 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 77 coupling. The search for the charged Higgs at
the LHC is even more difficult. For my+ > m;, the cross section for the dominant
production channel of thH® 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* — 7v has suppressed branching fraction. In the MSSM, even at the
end of the LHC running, there is a “wedge region” in the m4 — tan 8 plane for
tan f ~ 7 and m4 2 300 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 H° — HTH-, H° — AA,
HY - AZ, A — H*WT, 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 33736

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 H°/A — tt and
H* — tb are easily allowed kinematically. In the former case, the branching fraction
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becomes sizable for intermediate tan § and dominant for low tan 5. The channels
of pp — ttHY /A, bbH° /A with H°/A — 77, bb, tt potentially provide full coverage
of the tan 8 domain. In the latter case, H* — tb becomes dominant over the whole
tan 8 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 H°, A° and
H* and its reach potential. Note that while it is a viable possibility for the light
CP-even Higgs h" being non-SM like, and the heavy CP-even Higgs H® being SM-
like (the so-called H-125 case with sin(8 — ) ~ 0),37 in this paper we focus on
the conventional case of h® being the SM-like Higgs of 125 GeV with a heavy non-
SM HY. For simplicity, the results presented in the following sections are for the
alignment limit of cos(5 — a) = 0, even though regions of cos(f — a)) 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 H?, A 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,* we introduce two SU(2) doublets ®;, i = 1,2:
+

®i = 0¢Z . )

(vi + 60 +1iGi)/V2

where v; and vy are the vacuum expectation values of the neutral components
which satisfy the relation: v = \/v? 4+ v = 246 GeV after electroweak symmetry
breaking. Assuming a discrete Z; symmetry imposed on the Lagrangian, we are

(1)

left with six free parameters, which can be chosen as four Higgs masses (mp,, mgo,
ma, mg+ ), the mixing angle o between the two CP-even Higgses, and the ratio
of the two vacuum expectation values, tan § = vy /v1. In the case in which a soft
breaking of the Z; symmetry is allowed, there is an additional parameter m?2,.

2For more details about the 2HDM, see Ref. 10.
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The mass eigenstates contain a pair of CP-even Higgses: h°, H?, one CP-odd
Higgs A and a pair of charged Higgses H*:

H° cosa  sina @Y A= —-Gysinf+ Gycosf3,
()= (=) (9)

—sina cosa) \ ¢9 H* = —¢Fsin B+ ¢ cos 3.

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 H°VV and h°VV couplings are:3®

2 2
m m .
gHOVY = TV cos(B—a), grovy = TV sin(f — a). (3)
The couplings for a SM gauge boson with a pair of Higgses are:38
_ _gSIH(/B B Oé) - “w
JAHOZ = T 9cosh. 0., (pHo —pa)*,
(4)
ganog = 2B =)
AROZ 9 cos 0. h A7,
gsin(f — a
JHEHOWF = %(m{o —pa=)",
(5)
gcos(f — a)
ga+howF = T(pho —pu)t,
_ 9 n
JHEAWT = §(PA —pr+)", (6)

with g being the SU(2) coupling, #,, being the Weinberg angle and p,, 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* AWT coupling is
independent of the mixing parameters.

In the Type II 2HDM, one Higgs doublet ®; provides masses for the down-type
quarks and charged leptons, while the other Higgs doublet ®5 provides masses for
the up-type quarks. The couplings of the CP-even Higgses h®, H° and the CP-odd
Higgs A to the SM gauge bosons and fermions are scaled by a factor & relative to
the SM value, as presented in Table 1.

Table 1. The multiplicative factors £ 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, [ and V'V refer to the up-type
quarks, down-type quarks, leptons, and WW/ZZ respectively.

5}‘1/0‘/ sin(8 — «) }/IOV cos(f — «) 44 0
&o cosa/sinf 70 sin o/ sin 8 &4 cot 8
fi‘fg)l —sina/ cos 8 5?{’3 cosa/ cos 3 Ej’z tan 3
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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 — H® or A (top left and top right panel,
calculated using HIGLU3? with the NNPDF2.3 parton distribution functions*?), NNLO cross
section for bottom-associated production bbHC/A (lower left panel, calculated using SusHi.41=43
bbHO and bbA cross sections are the same in the alignment limit), NLO cross section for tbH*
(lower right panel, calculated in Prospino®44%).

In addition, the H*tb coupling is

JHEth = m [(mb tan 3 + my cot B) £ (my, tan § — my cot 5)75] ) (7)

which is enhanced at both small and large tan 8. The H*7v has similar enhance-
ment at large tan 5 as well.
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3. Production Cross Sections

The dominant production processes for the neutral Higgses are gluon fusion gg —
H°/A with dominant top and bottom (for large tan 3) loops, as well as bbH" /A asso-
ciated production. ttH" /A associated production could be important as well.*® The
dominant production process for the charged Higgses is tbH* associated production.
Production cross sections at 100 TeV pp collider for A°, H° and H* are shown
in Fig. 1. For H°, we have assumed the alignment limit of cos(8 — a) = 0 in
which the light CP-even Higgs is the SM-like one, and the couplings of the heavy
CP-even Higgs H° 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,*"4® but
are not expected to significantly affect the general features of the results.*349 For
neutral Higgses, gluon fusion production and ttH°/A dominates at low tan 34
while bbH /A associated production dominates at large tan 3. The tbH* production
cross section gets enhanced at both small and large tan 3.

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 H® — tt/bb/77/WW/ZZ /7,
A — tt/bb/TT and H* — tb/7v/cs. Note that for h° being SM-like, H® decays to
WW and ZZ are highly suppressed given that cos(5 — a) ~ 0 is preferred. The
branching fractions for a heavy H°, 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 H? (left panel),

Table 2. Exotic Decay modes for Higgses in the 2HDM. H in column two refers to any of the
neutral Higgs h°, HO or A.

Decay Final states Channels
HH type (bb) 1T )WW/ZZ]/vy)(bb/TT/WW/ZZ]/~vvy) H° — AA,...
Neutral Higgs | HZ type (e/qq/vv)(bb/TT/WW/ZZ]v7) H° - AZ, A— H°Z, ...
H° A HYH™ type (tb/Tv/cs)(tb/Tv/cs) H® - HTH™, ...
HE*EWT type (fv/qq’)(tb/Tv/cs) H°/A - H*WT ..
Charged Higgs | HW* type (bv/qq")(bb/TT /WW/ZZ]vY) H* - H'W, AW, . ..
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Fig. 2. Branching fractions for H? (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 HO(A) decay, we have assumed either light A (H9) 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 3 regions®! at a 100 TeV pp collider.

tan (3 Channels
Neutral Higgs High pp — bbHC® /A — bbTT, bbbb
HO A Intermediate  pp — bbH? /A — bbtt
Low pp — HOJA — tt, pp — ttHO /A — tttt
Charged Higgs | High pp — tbHE — tbtb, thrv,
H* Low pp — tbHE — tbtb

A (middle panels), and H* (right panel). Note that in the alignment limit of
cos(8 — a) = 0, the branching fraction of H® — h%hY is zero. The branching frac-
tions for heavy A are similar to those of H?, except that the decay modes of H°H°
and HTH™ 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.?2:24:26

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 8 for neutral
Higgses and at both small and large tan 8 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 tan 8 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.?! 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 (H°/A). The blue and
orange regions are excluded by the channels pp — bbH® /A — bbry, 7, pp — bbH® /A — bbtyt; and
pp — HC®/A — tt;, respectively. Right: charged Higgs bosons (Hi). The blue and orange regions
are excluded by the channels pp — tbHE — tbr,vr and pp — tbH =5 tpbt;b, 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™! and 3 ab™!, 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 — bbH®/A — bbtt and
pp — tbH* — tbtb can be used to further suppress the backgrounds; this kinematic
feature has not been applied for the H°/A and HT 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.?! The 50 discovery reaches and 95% C.L. exclusion limits yielded by these
channels are presented in Fig. 3, with various luminosities (3 ab™!, 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 3 (except
the low tan 3 region for the neutral Higgs, which potentially can be covered by the
channel pp — ttH°/A — tttt*®). In particular, the wedge region for the neutral
Higgs searches (tan  ~ 7) and the low tan 5 region for the charged Higgs searches
are fully covered by the channels pp — bbH®/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.

e HY -5 AA

With one final state Higgs decay via bb, and the other decay via v, the bbyy
channel has been shown to be sensitive to the di-Higgs final states,? 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 (.

e H° 5> AZ or A — HYZ

With Z — €0 and H°/A — bb, 77, the final states of bbll, 77¢¢ can be obtained with
gluon fusion production, or in the bb associated production with two additional b
jets.?1723 Recent searches from ATLAS and CMS have shown certain sensitivity in
this channel.3336 In parameter regions where Br(4 — H°Z) x Br(H® — ZZ) is
not completely suppressed, ZZZ final states with two Z decaying leptonically and
one Z decaying hadronically can also be useful.?? Other channels with top final
states could be explored as well.
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e H° - HTH-

With both H* decaying via 7v final states, the signal of 77vv 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.?% Utilizing the
top identification strategy as mentioned in Sec. 5, ttbb or tbrr final states could
also be useful.

o H°/A —» HT*WT

Similar to the HYH~ case, H* — 7v,tb and W — (v with ¢7vv or tbly could
be used to search for H°/A — HTWT. Note that for the CP-even Higgs H°, the
branching fraction of H® — H*WT is mostly suppressed comparing to H? —
H*H~ as long as the latter process is kinematically open and not accidentally
suppressed (see Fig. 2).25 However, for the CP-odd Higgs A, this is the only decay
channel with a charged Higgs in the decay products.

e H* - H'W, 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 H°, A into the bb or 77 channel,
TrbbWW or bbbbW W can be used to probe this channel.?* H%/A — tf 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 5 ~ 7 and ma 2 300 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 HY/A — tt and H + — tb channels.
Potentially, the whole range of tan 8 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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