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Yun Jiang
ABSTRACT September 2015

Physics
Higgs Boson Physics beyond the Standard Model

The discovery of a new particle with mass of about 125 GeV was a real triumph of
run-1 of the Large Hadron Collider (LHC). To date, the analysis of the full data collected
clearly shows that its properties match very well those expected for the Higgs boson in
the Standard Model (SM). However, the SM itself leaves many serious questions unsolved
and cannot completely describe all the observed phenomena. Hence, it must be only a
component of a more complete theory. Theories that go beyond the SM typically require
an extended Higgs sector. Although stringently constrained by the LHC run-1 data, a
non-minimal Higgs sector is theoretically very attractive and, if confirmed, would shine
light on the mechanism of electroweak symmetry breaking (EWSB).

Followed by a historical review of the birth of the Higgs boson, this volume supplies a
brief introduction to SM Higgs boson physics and topical issues on Higgs searches at the
LHC. An updated overview of the property analysis for the newly-discovered 125 GeV
Higgs and other beyond-the-SM (BSM) Higgs bosons will be presented. We will also
discuss its implications for various BSM Higgs models without and within the framework
of supersymmetry (SUSY).

The two-Higgs-doublet model (2HDM) is a very simple and appealing framework for
such considerations. Either of the two CP-even Higgs bosons in the Type I and II 2HDM
is able to provide a consistent description of the LHC Higgs signal. I will illustrate its
status after LHC run-1 analysis and present the prediction for higher precision at the
run-2. Given the very SM-like nature of this discovered particle, one often considers the
decoupling limit in which the lightest one is the SM-like Higgs boson discovered at the
LHC while others are very heavy. However, such a SM-like scalar Higgs boson can also
be obtained in the alignment limit without the masses of other Higgs being large. In par-
ticular, I will address the seemingly extreme case in which there is a (pseudoscalar) Higgs
light enough so that the SM-like state would have a rare decay mode. Finally, the results

achieved in the case of alignment will be compared to those present in the decoupling
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limit and the prospects for searching for non-SM Higgs bosons at future experiments will
be discussed in detail.

In the framework of SUSY, the next-to-minimal supersymmetric SM (NMSSM) that
has been widely studied is a most promising possibility because it allows for less fine-
tuning. Following an analysis of the theoretical structure of this model, we first assessed
the extent to which various semi-constrained NMSSM (scNMSSM) scenarios with one
of the CP-even Higgs bosons, hy (the lightest) or hy (the second lightest), are able to
describe the LHC signal as a SM-like Higgs. Meanwhile, if the h; and hsy are approximately
degenerate in mass then an enhancement of the vy is very possible, although a SM-like
level is also easily achieved. To experimentally probe the possibility of degeneracy, we
developed diagnostic tools that could discriminate whether or not there are two (or more)
Higgs bosons versus just one contributing to the LHC signals at 125 GeV. In addition,
we considered the case where the h; provides a consistent description of the small LEP
excess at 98 GeV whereas the hy possesses the primary features of the LHC Higgs-like
signals at 125 GeV.

Beyond the SM, the Higgs sector and dark matter (DM) sector may be intimately
connected. With protection by an extra discrete symmetry, a certain non-SM scalar boson
(Higgs partner) could be a possible DM candidate. As typical examples, we consider the
lightest neutralino supersymmetric DM and the Higgs-portal scalar DM in the singlet
extension of the 2HDM (2HDMS) together with presenting a decent description of the
models. In both cases, implications for DM physics are discussed in various scenarios.
Intriguingly, violating the isospin symmetry in the DM interaction with nucleons could
result in a large suppression of the DM-nucleon cross section, approaching a level that is
hardly reachable by many ambitious projects for DM direct detection. Given this dramatic
change in the analysis of DM direct detection, I include an in-depth examination of this

possibility in the generic Higgs-portal DM model.
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Preface

After over thirty years of waiting, in the summer of 2012 a new fundamental particle
was discovered with mass equal to 125 GeV (1 GeV~1 proton mass) at the Large Hadron
Collider (LHC). Since the discovery phase, extensive analyses using the run-1 data have
been undertaken to characterize the properties of this particle with high precision, and to
date have shown that this observed state is very close to the Higgs boson of the Standard
Model (SM), that is responsible for the origin of mass for other particles in nature. Hence,
the discovery of such a long-sought particle has put the final piece of the SM in place.
To me, it was a privilege to witness this discovery, and the prospect of contributing to its
understanding is very exciting.

As data comes in from the LHC, the relevant theoretical structures to explain the
data need to be developed and verified. LHC data and its theoretical implications are
thus the focus of the work in my Ph.D. program. I started my research in December
2011 when, coincidently, the first hint of observing a new particle was reported from the
LHC. This enabled me to catch a golden discovery period in the area of Higgs research,
and more luckily my diligent work brought me an impressive production in the first-year
of my research. I have undertaken major efforts in the last three years to investigate
the implications of LHC results for new physics that may exist beyond the SM, ranging
from BSM Higgs physics to dark matter (DM) and cosmology, and to construct the

nature of the underlying theory. To this end, it is necessary to use the latest results



from the LHC experiments and the cosmological observations to restrict the parameter
space of existing models or build new effective models for physics at the TeV scale. My
research concentrates on LHC phenomenology, especially that related to Higgs physics,
supersymmetry (SUSY) and DM. Specifically, the phenomenology of the 125 GeV Higgs
boson in the next-to-minimal supersymmetric SM (NMSSM) [1-5] and two-Higgs-doublet
model (2HDM) [6-10] as well as scalar DM in the 2HDM plus singlet model [11] have
constituted the primary parts of my work towards my Ph.D. degree and led to 14 co-
authored publications, as a major contributor to all, with a total of over 500 citations.

The object of this volume is to present a review of the status of Higgs bosons physics
and DM beyond the SM, topics which are the current focus of high energy physics, after
the LHC run-1. This volume contains a concise but self-contained preliminary for the SM
and LHC collider physics, covering most topics that are highly relevant to Higgs boson
physics. Following this, I present an anatomy of the theoretical structures of the models
and a well-organized phenomenological analysis for the BSM Higgs bosons in the NMSSM
and 2HDM from my own publications (with essential modifications for confronting the
full data analysis at LHC run-1). Theoretically, a non-SM Higgs boson could be a viable
DM candidate when it is under the protection of an appropriate symmetry. This will be
illustrated in terms of concrete models within or outside supersymmetry. Due to the length
limit, the completed project regarding dark Higgs from warped extra dimensions [12] is
not included.

As a good ending to my student age, I did my best to complete this thesis and promote
it to a high quality in all ways available. This volume is definitely a useful reference to
myself. T hope it will serve as a valuable resource to my colleagues and particularly to
junior researchers working in the same area. In addition, it could also be nice learning
material for graduate students who intend to do phenomenological research in this field.

Finally, it is my best wish that all of you will get benefit and fun in reading this

material.

Yun Jiang

Davis, California



CHAPTER 1

Introduction: theoretical motivation for a Higgs boson

Back in 1964 [13-15], the theoretical physicists Frangois Englert and Robert Brout, as
well as Peter Higgs, suggested an explanation for the fact that most elementary particles
— such as the electron — have a mass. This scenario predicted a new particle, which has
been discovered at CERN (the European Organization for Nuclear Research) in 2012.
This discovery led to the Physics Nobel Prize 2013.

1.1 Why is a Higgs boson needed in Nature?

Quantum field theory (QFT) is a theoretical framework for constructing quantum
mechanical models of subatomic particles in particle physics. Treating particles as excited
states of an underlying physical field, it has been enormously successful in describing
the behavior of fundamental point particles and their interactions. Indeed, once the
principles of relativity and quantum mechanics are invoked, QF'T appears to be the only
consistent framework for incorporating interacting fundamental point particles. If such a
framework is to be predictive, then the properties of such fundamental particles are highly

constrained—only spin 0, spin 1/2 and spin 1 are allowed [16]. It is remarkable that this
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is precisely the spectrum of fundamental particles that have been observed in nature.

It is known that a gauge theory of self-interacting spin 1 particles naively appears to
require that gauge bosons should be massless, since an explicit mass term for the gauge
boson in the Lagrangian manifestly violates Yang-Mills gauge invariance. This is true for
quantum electrodynamics (QED) and quantum chromodynamics (QCD) theories, where
both photons and gluons are massless, it is however unacceptable for the gauge theory of
weak interactions, since both the charged (W#) and neutral (Z) gauge bosons are massive.
In addition, an explicit fermion mass term which is the combination of a left-handed
and right-handed fermion fields is also disallowed by the gauge invariance as left-handed
fermions are electroweak doublets and right-handed fermions are electroweak singlets.
A possible solution to this problem is to introduce a scalar boson which accounts for
generating the mass of all known fundamental particles. The original idea was proposed
in 1962 and the relativistic model was developed by three independent groups in 1964 [13—
15]. Today it is simply named as the Higgs mechanism. The basic idea behind it and how

the Higgs mechanism is implemented in the SM will be reviewed.

Another motivation to postulate the existence of an elementary scalar particle arises
from tree-level unitarity violation. Consider the theory of electroweak interactions without
the attendant scalar sector. The amplitude for the scattering of longitudinally polarized
gauge vector bosons, ViV, — V. Vp (where Vi, = Wy or Zp) at tree-level turns out to
grow with the square of the center of mass energy [17, 18]. Such a result grossly violates
unitarity at the scale E ~ 4wmy /gw ~ TeV and would be in violation of one of the sacred
principles of quantum mechanics (which requires that the sum of probabilities can never
exceed unity). This provides a hint for the presence of new physics below the TeV scale.
With the help of the new scalar that couples to WHW ™ and ZZ with coupling strength
gm? /myy, this tree-level unitarity violation can be mitigated. A similar inconsistency
occurs in computing the scattering amplitude for the processes V;,V; — ff, in particular
into a pair of top quarks [19]. We will see in detail that these new interactions introduce
an additional contribution to V;V;, — V;V, which exactly cancels the bad high energy

behavior of the scattering amplitude, and leaves a result that approaches a constant at
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infinite energy.

A short story about the birth of Higgs in history *

The actual Higgs particle only features in Peter Higgs' second paper in 1964. The very
clear prediction of the new particle in this paper is supposedly due to Yoichiro Nambu, the
journal referee for the paper. The same mechanism of spontaneous symmetry breaking in high
energy physics was, independently of and even slightly before Peter Higgs' papers, proposed
by Francois Englert and Robert Brout. It is probably fair to assume that Robert Brout, had he
not passed away in 2011, would have been the third Nobel Laureate in Physics, 2013. Still in
1964 the group of Gerald Guralnik, Carl Hagen, and Thomas Kibble published a more detailed
and rigorous field theoretical study of the Higgs mechanism. In 1966 Peter Higgs wrote a third
paper, in which he worked out many details of the Higgs mechanism and the Higgs boson,
including scattering rates and decay widths. Still without linking the Higgs mechanism to the

weak force, this can be considered the first phenomenological study of the Higgs boson.

1.2 Notations and terminology

In this section we briefly survey our notations and abbreviations, together with index-

ing the terminology which is highly used in Higgs physics.

Table 1.1. The list of collider machines

LEP Large Electron-Positron collider

LHC Large Hadron Collider

CERN European Organization for Nuclear Research
CMS Compact Muon Solenoid (a detector at the LHC)
ATLAS A Toroidal LHC Apparatus

ILC International Linear Collider

CEPC Circular Electron-Positron Collider

IThis interesting historical story is borrowed from Tilman Plehn’s lectures on LHC Physics [20].
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Table 1.2. Abbreviations used in the field theory

EFT Effective field theory

QCD Quantum chromodynammics
RGE Renormalization group equation
SM Standard model

vev Vacuum expectation value

EW Electroweak

EWSB EW symmetry breaking

FCNC Flavor changing neutral current
BSM Beyond-the-SM

2HDM Two-Higgs-doublet model

IDM Inert doublet model

2HDMS 2HDM plus a singlet model
SUSY Supersymmetry

MSSM Minimal supersymmetric SM
NMSSM Next-to-minimal supersymmetric SM
GUT Grand unification theory

Table 1.3. Terminology of Higgs boson physics

BR Branching ratio
ggF Gluon fusion

VBF Vector boson fusion
FD Feed down

CL Confidence level

1.3 Scope and organization

This thesis originates from several publications and a number of talks given on LHC

phenomenology, especially that related to the Higgs boson and to DM physics, during
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Table 1.4. Terminology of dark matter physics

DM Dark matter

WIMP Weakly-interacting massive particle
CDM Cold DM

IVDM I[sospin-violating DM

LSP Lightest supersymmetric particle
LKP Lightest Kaluza-Klein particle
CMB Cosmic microwave background

the completion of my Ph.D. degree. For the sake of concreteness and time limitation, I
have to minimally cover the topics in the SM and LHC physics. For the beginners who
have little knowledge of quantum field theory, and especially for the ones who intend to
work on phenomenology, I would recommend two modern-style textbooks, Quantum Field
Theory and Standard Model written by Matthew Schwartz (2013) [21] and The Standard
Model and Beyond written by Langacker (2007) [22], and a few excellent review notes such
as Reina’s TASI notes on Higgs boson physics [23, 24]. Besides, The Review of Particle
Physics published by the particle data group is the encyclopedia but quite bulky to the

learners.

The main text is divided into three parts. The first two chapters constitute the first
part containing some necessary preliminaries. Starting with the theoretical motivation
for the Higgs boson, I review in Chapter 2 some topics related to the Higgs boson in the
SM. Chapter 3 provides a self-contained introduction to Higgs boson physics at colliders
and a succinct but up-to-date overview of Higgs searches at the LHC. Given the broad
range studied in these fields, I will not come close to being exhaustively complete. This
actually is not my intention. Instead, I would like to present the readers with some
important background information that could prepare one to understand the discussions
and explore the topical issues in Higgs physics. Part II is devoted to Higgs physics in
the concrete models beyond the SM. Following a brief overview of the SM and possible
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implications for new physics after the Higgs discovery, I particularly consider the two-
Higgs-doublet model (2HDM) and the next-to-minimal supersymmetric SM (NMSSM) in
Chapter 5 and Chapter 6, respectively. In both models, I will discuss the present status
after the LHC run-1 and study the prospects for searching for additional Higgs bosons at
future colliders. A few particularly interesting scenarios on exotic Higgs bosons are also
included. Moreover, Chapter 7 offers a diagnostic tool to distinguish whether or not the
discovered Higgs signal actually arises from two Higgs bosons that are closely degenerate
in mass. In Part III I will examine the connection from Higgs boson to DM. Specifically, a
dedicated study on two possible candidates, the singlet Higgs-portal DM and the lightest
supersymmetric particle (LSP) DM, is addressed in Chapter 8, together with the role of
isospin-violating effect in the DM direct detection analysis. In the end there follows a
brief conclusion and outlook in Chapter 9.

Last, I would like to stress that the discussions in this thesis may be a little bit
expanded, as compared to the journal articles, and will be the only resource to make the
related details public. Also, the literature cited in the thesis sometimes is not meant to cite
original. I also apologize that such subjects as the MSSM, extra dimension and inflation
will not be covered in this thesis even though I have already worked on them and have
a related publication. This is partially because that covering these topics appropriately

would at least double the length of the thesis.



PART 1

Preliminaries: Standard Model

and LHC Higgs Physics






CHAPTER 2

SM Higgs boson physics

In this chapter I shall highlight the essence of the Higgs mechanism that accounts
for the origin of mass and topics related to the Higgs boson in the SM. The impact of
various theoretical constraints on the mass of the Higgs boson will be also discussed. In
the following, I will briefly review the various SM Higgs decay channels. For most of the

readers, this chapter is in the nature of a review. !

2.1 Higgs boson in the Standard Model

In this section I will present a brief introduction to the mechanism of electroweak
symmetry breaking (EWSB). This allows us to set the stage and to fix the notation which
will be used later on. For more elaborative discussion, I refer the reader to a standard

textbook [22] or an excellent review [25].

!This chapter is primarily based on my lecture notes given at the PHY 250 special topics in Spring
2014 and most of the material presented in this chapter heavily relies on Reina’s TASI 2011 notes [23, 24].
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CHAPTER 2. SM HIGGS BOSON PHYSICS

2.1.1 Spontaneous symmetry breaking

The underlying idea of the Higgs mechanism can be very easily illustrated by consid-
ering a classical abelian Yang-Mills theory which contains one vector field A*(z) and one

complex scalar field ¢(z). In this case, the full Yang-Mills Lagrangian is
L=Ls+ L, (2.1)

which is realized by adding to the Lagrangian

£A = _%lFm/F;w with  F" = (aHAV - aVAH) ’ (2'2>

and the terms associated with the complex scalar field
Ly = (D"¢)"Dyp —V(9) , (2.3)

where DF =0/ + igA* and with a particular form of the potential V(¢),

V(¢) = 1’0 ¢ + M¢"d)* | (2.4)

in which \ must be positive for the scalar potential to be bounded from below. Obviously,

this simply theory is invariant under the local phase transformation
. 1
O(x) = ¢ Do(x) , AMx) - A(x) + ~9"a(x) (2.5)
g

while a gauge field mass term (i.e., a term quadratic in the fields A*) would not be gauge
invariant and cannot be added to L if the U(1) gauge symmetry has to be preserved.
Nonetheless, the Lagrangian in Eq. (2.1) can still describe the physics of a massive
gauge boson provided that the potential V(¢) in Eq. (2.4) has a minimum at which
¢*p#0. As seen in Eq. (2.4), the occurrence of a non trivial minimum, or, more precisely,
of a non trivial degeneracy of minima critically depends on the sign of the p? parameter
in V(¢). For u?>>0 there is a unique minimum at ¢*¢=0. The Lagrangian in Eq. (2.1)
thus describes the physics of a massless vector boson (e.g. the photon in electrodynamics
with g = —e) interacting with a massive charged scalar particle. On the other hand, for

12 <0 the potential develops a degeneracy of minima satisfying the equation

12

so=-L 2.6
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2.1. Higgs boson in the Standard Model

It implies that something completely different takes place in this case. This can be
revealed by choosing the ground state of the theory to be a particular ¢ among the many
which satisfy the Eq. (2.6) of the minimum, and expand the potential in the vicinity
of the chosen minimum. You will find that transforming the Lagrangian in such a way,
the original gauge symmetry is now hidden or spontaneously broken, and new interesting
features emerge. To be more specific, let us pick the following ¢o minimum (along the

direction of the real part of ¢, as traditional)

(where v is called the vacuum expectation value (vev) of the field ¢) and shift the ¢ field
accordingly:

1 .
P(x) = ¢o + 7 (¢1(x) +ida(x)) . (2.8)

More transparently, we parameterize the complex scalar field ¢ as:

x(z)

e U@
> (w+o@) U E(v+a(gg)), (2.9)

i.e. the x degree of freedom can be rotated away, as indicated in Eq. (2.9), by enforcing

1

¢(r) =

the U(1) gauge invariance of the original Lagrangian. With this gauge choice, known as
the unitary gauge, the Lagrangian becomes:

921)2

1
L=Ls+ TA“AM + 3 (0"00,0 +2p%0”) + ... (2.10)

which unambiguously describes the dynamics of a massive vector boson A* with

m?% = g*v? (2.11)
and a massive real scalar field, generically called the Higgs field 2, of mass

m2=—2u* = 2\v* (2.12)

It is interesting to note that the total counting of degrees of freedom (d.o.f.) before the
original U(1) symmetry is spontaneously broken and after the breaking has occurred is

the same.

2To avoid the confusion I use ¢ rather than h or H to label the scalar field. The labels h or H are
commonly employed for the SM Higgs field and will be largely used in the following context.
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CHAPTER 2. SM HIGGS BOSON PHYSICS

In essence, spontaneous breaking of a gauge theory by a non-zero vev of a scalar
field results in the disappearance of a Goldstone boson and its transformation into the

longitudinal component of a massive gauge boson.

2.1.2 SM Higgs mechanism

The SM refers, in fact, to SU(3)c x SU(2), x U(1)y gauge invariance when combined
with the EWSB mechanism. Very often, the electroweak sector of the theory is also
referred to as the SM; in this review we will use this name for both options. The Higgs
mechanism is implemented in the SM by introducing a complex scalar doublet ® of SU(2)

with hypercharge Yo = 1/2,

+
P = ¢ : (2.13)
¢0
with Lagrangian
Lo = (D"®)'D,® — 1?®Td — \(®TD)? | (2.14)

where the covariant derivative of ® is defined as

D,® = (0, — igWit" —ig'YeB,) (2.15)
where 7%=0%/2 (for a=1,2,3) are the SU(2) Lie Algebra generators, proportional to the
Pauli matrix o®. The SM gauge symmetry is spontaneously broken to a residual U(1)ey,
symmetry when a particular vev for ® is chosen, e.g.:

0 ‘ 2\ 12 )
(®) = 7 ) with v = (T) (p* <0, A>0) . (2.16)

Upon spontaneous symmetry breaking the kinetic term in Eq. (2.14) gives rise to the
gauge boson mass terms. This can be seen explicitly below. Note that the content of the
scalar sector becomes more transparent if one works in the unitary gauge and eliminates
the unphysical degrees of freedom by virtue of gauge invariance. In analogy to what we
wrote for the abelian case in Eq. (2.9), this amounts to parametrizing and rotating the

¢(x) complex scalar field as follows:

D(z) = X ! U () = = ’ (2.17)
YT/ v+ H(z) RV vt H) | '
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2.1. Higgs boson in the Standard Model

where v is given in Eq. (2.16). Under this expansion we then transform the kinetic term

into:
Lh\t 1 a_a / b b ! R 0
(DF@)'Du® — 2(0 v) (gWio" + ¢ B,) (9W"a" + ¢’ B*) +
v
1v° 211712 2/17721\2 3 ' 2
= S W)+ WD)+ (—gWi+ By + -

(2.18)

At this step I intentionally omit the terms involving the scalar field H, which will be

discussed later. Combining the AL and Ai components linearly

1
We=—
V2

one can recognize in Eq. (2.18) the mass terms for the charged gauge bosons Wui:

(W, FiW7) (2.19)

1
My, = 39 (2.20)
Inversely, v is fixed in terms of the W boson mass My, or the Fermi constant G deter-
mined from muon decay?®.

v = (V2Gp)? ~ 246 GeV (2.21)

To correctly identify the mass terms, we perform an orthogonal rotation for the remaining

3
two components W and B,,.

w3 cos 0 sin 0 Z
m = v v “ (2.22)
B —sin by cos By A,

=

where the Weinberg angle is given by tan 6y, = ¢’/g. The fact that the change of variables
is a rotation ensures that the kinetic terms remain canonical when expressed in terms of

A, and Z,,. This leads to a neutral gauge boson Z, with mass

1
M, = 5\/92 + g%v (2.23)

3The strength of Fermi’s interaction is given by the Fermi coupling constant Gr. The most precise
experimental determination of the Fermi constant comes from measurements of the muon lifetime, which

is inversely proportional to the square of G (when neglecting the muon mass against the mass of the

2 4
8 MZ,

W boson). Their connection roughly leads to the relation Gg
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CHAPTER 2. SM HIGGS BOSON PHYSICS

and a massless corresponding photon field A,, that is the gauge boson of the residual
U(1)em gauge symmetry. Thus, we have achieved (half of) our goal: by spontaneously
breaking the symmetry SU(2), x U(1)y — U(1)g, three degrees of freedom, the x*(z)
Goldstone bosons, have been absorbed by the W* and Z weak gauge bosons to form
their longitudinal components and to get their masses. Since the U(1)g symmetry is still
unbroken, the photon which is its generator, remains massless as it should be. The masses

for the W= and Z bosons are related by the Weinberg angle
MW = MZ COSQW (224)

One can also identify the the electromagnetic gauge coupling from the term A,(, with

Q = T3+ Y as the generator of U(1),,, group.

/
e=—99 (2.25)

Next, we will examine the H-dependent terms omitted in Eq. (2.18). The terms linear
in the gauge bosons VVMjE and Z, define the coupling of the SM Higgs boson to the weak
gauge fields:

\% A% H
. M2 v s . M?2 v
----H= 270 = ug

Figure 2.1. Higgs couplings to the vector bosons. (V =W, Z)

This form of the Higgs couplings ensures the unitarity of the theory as will be seen
later. Perhaps it has been noticed that the couplings of the Higgs boson to the gauge
fields are proportional to their mass. Therefore H does not couple to the photon at tree
level. It is important, however, to observe that some gauge couplings that are absent at
tree level may be induced at higher order by loop corrections. Particularly relevant to the
Higgs boson phenomenology present in this thesis are the couplings of the Higgs boson

to a pair of photons, and to a photon and a Z boson, as well as the coupling to a pair
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2.1. Higgs boson in the Standard Model

of gluons®. The analytical expressions for the one-loop induced Hv~vy, HvZ, and Hgg

vertices are more involved and will be given in Section 2.3.

2.1.3 Yukawa interactions and fermion mass generation

As already mentioned, the SM gauge symmetry also forbids explicit mass terms for
the fermionic degrees of freedom in the Lagrangian. The fermion mass terms must be

generated via gauge invariant renormalizable Yukawa couplings to the scalar field ®:
Lyurawa = —Y,7 Q% &°uly — Y/ QL ddl, — YILE Bl + h.c. (2.26)

where ®¢ = —ig?®*, and Y; (f = u,d,l) are matrices of Yukawa coupling between the
field ® and the fermionic fields of the SM °. Q% and L% (where i = 1,2,3 is a generation
index) represent left handed SU(2);, doublets of quarks and leptons, while u%, d% and I%
are the corresponding right handed singlets. When the scalar fields ® acquires a non zero
vev through spontaneous symmetry breaking as displayed in Eq. (2.17), each fermionic

degree of freedom coupled to ® develops a mass term with mass parameter

my = (2.27)

v
Yfﬁ ,
where the process of diagonalization from the current eigenstates in Eq. (2.26) to the
corresponding mass eigenstates is already realized, and Y} are therefore the elements
of the diagonalized Yukawa matrices corresponding to a given fermion. The Yukawa
couplings of the f fermion to the Higgs boson y; defined in Feynman rule (see Fig. 2.2)
is proportional to Y7:

yr =Y;/V2 (2.28)

Analogously, one obtains also the Higgs boson couplings to leptons.
Unlike the gauge bosons, the origin of fermion masses is somehow mysterious. As long
as it is not better understood in some more general context beyond the SM, the Yukawa

couplings y; represent free parameters of the SM Lagrangian. The mechanism through

4 Gluons are massless vector gauge bosons that mediate the strong interactions of quarks in quantum
chromodynamics (QCD). Thus, they also belong to the SM when the strong interactions are included
through the QCD Lagrangian. The full SM gauge symmetry is SU(3)c x SU(2)w x U(1)y.

5The matrices are supposed to be implicitly diagonalized in generation space at the price of a CKM
matrix for the charged currents, so that Y7 = 0 for i # j.
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CHAPTER 2. SM HIGGS BOSON PHYSICS

— _sMmy
____H =1 e

Figure 2.2. Higgs couplings to the fermions.

which fermion masses are generated in the SM, although related to the mechanism of
spontaneous symmetry breaking, requires therefore further assumptions and involves a

larger degree of arbitrariness as compared to the gauge boson sector of the theory.

2.1.4 Higgs self-interactions

Let us now turn to the Higgs boson itself. Performing the field expansion and substi-
tuting into the scalar potential, Eq. (2.14), we can obtian the terms containing the real

scalar field, the Higgs boson H, only:

1
Litiges = W*H? — MWH?® — Z/\H“ (2.29)

From this Lagrangian, one can reads the Higgs boson mass

my =—2u% = 2\0? (2.30)

and the Feynman rules for the Higgs self-couplings (with the correct symmetry factor

counting) are given by

gurn = i(3) = 3i | (2.31)
v
LA m?

JHHHH = 2(4!)1232—1)5. (2.32)

Hence, the Higgs mass plays a crucial role in the dynamics of the Higgs sector. In
particular, the heavier the Higgs mass the stronger the strength of the Higgs self-couplings.
The observed Higgs mass of 126 GeV determines the parameter A ~ 0.13 and the quartic
coupling gggpg ~ 0.77, which implies that the Higgs dynamics is weakly coupled.

As far as the Higgs boson tree level couplings go, we observe that they are all expressed

in terms of just two parameters, either A and p appearing in the scalar potential of Lyiggs
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2.2. Theoretical constraints on SM Higgs boson mass

(see Eq. (2.14)) or, equivalently, my and v, the Higgs boson mass and its vev. Since
v =~ 246 GeV is measured in muon decay, the entire Higgs sector of the SM only depends
on its mass my. This is certainly a very economical model, however, I would like to
emphasize that the SM by introducing single Higgs doublet is just the simplest way to
accomplish the EWSB as the pattern SU(2);, x U(1)y — U(1)em. EWSB could be more
intricate. Understanding the mechanism behind the EWSB is one of the most important
objectives for LHC program. If the newly discovered scalar at the LHC is to be interpreted
as the Higgs boson of the SM, one should confirm that

2

IV Inff = ) (2.33)

02
for all quarks and charged leptons f (in practice, f = t,b, c and 7 are the most relevant).
In models of extended Higgs sectors, eq. (2.33) would be replaced by a unitarity sum rule

in which the right-hand side of eq. (2.33) would be the result of summing over multiple
Higgs states in the model [26].

2.2 Theoretical constraints on SM Higgs boson mass

We have known that the Higgs boson mass, m?™, in principle, is a free parameter in

the SM. However, several important constraints arising in the scalar sector link the mass
of the Higgs boson to the energy scale where the validity of the SM is supposed to fail.
Below that scale, the SM is the extremely successful effective field theory that emerges
from the electroweak precision tests of the last decades. From this point of view, the
Higgs sector of the SM contains actually two parameters, the Higgs mass my and the
scale A from which new physics emerges.

In this section we will derive bounds on m?™ from theoretical considerations [27-35].
In particular we will concerntrate on issues of unitarity, triviality and vacuum stability.
Experimental aspects of electroweak precision data [36-38] will be examined in the next

section.

2.2.1 Tree-level unitarity

As mentioned in Section 1.1, the violation of unitarity could be alleviated when a

scalar boson participates into the scattering process of longitudinal gauge bosons. Let
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CHAPTER 2. SM HIGGS BOSON PHYSICS

w w- Wt w- wt w-

wt w- wt w- wt w-

(d) (e)

Figure 2.3. Feynman diagrams for the scattering of W bosons.

us take as an example the scattering process W, + Wy — Wy + Wy at high energy
for a detailed discussion. The relevant Feynman diagrams are displayed in Fig. 2.3. In
addition to the contact interaction, there are also additional diagrams involving the s- and
t-channel exchanges of v and Z bosons and the new scalar boson H. For each diagram

the scattering amplitude takes the asymptotic form:

Mi=AS 4B (2.34)
vl v?

where s is the square of center-of-mass energy and the coefficients A; and B; of the ampli-
tude are summarized in Table 2.1. From the table, we see that the various contributions
from gauge boson and Higgs exchange cancel at the order of O(s?) and O(s). The can-
cellation of the O(s?) contributions in Table 2.1 between the contact term and s- and

t-channel gauge-boson exchange diagrams is guaranteed by gauge invariance.
After including the Higgs diagrams and summing all the contributions together, we

are left with a constant behavior for the amplitude. ¢ In the high energy limit s, m?% >

6 An alternative way to compute the scattering amplitudes is to use the Goldstone Equivalence theo-
rem, valid in the high energy limit (i.e. for energies s > M‘Q,), according to which for longitudinal gauge
bosons can be expressed in terms of the scattering amplitudes for the corresponding Goldstone bosons,
ie.:

MWIW, > WiW,) = MwTw™ s wtw™) + 0 (M5 /s)
where we have indicated by w® the Goldstone boson associated to the longitudinal component of the
gauge boson V*.
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2.2. Theoretical constraints on SM Higgs boson mass

Table 2.1. The coefficients in the amplitude for the leading contributions to the scat-

tering Wp +Wr — Wr 4+ Wrp.

No. diagram A;

B;

a | WIWWW contact | —3 + 6cosf + cos? 6 | 2(1 — 3cosh)
b 7, Z t-channel 3—2cosf —cos’f | —3(1—5cosb)

C v, Z s-channel —4cos —cosf
d h s-channel 0 -1
e h t-channel 0 2(1 — cosb)

m¥,, m%, the total amplitude reads:

2
MWW, = Wiw,) = -4 (

V2

! >. (2.35)

2 2
s—my t—my

On the other hand, using a partial wave decomposition, we can also write M as:

M = 167 Z(Ql + 1)P(cosB)a; (2.36)

1=0
where a; is the spin [ partial wave and P,(cos ) are
the orthogonality of the Fj(cos®), one can, in turn

amplitude ag introduced above:

the Legendre polynomials. Applying

, solve for the J =0 partial wave the

0 m? m7
_ Mt = — | i
0= T6ms /s om? |° 5= ma

In the high energy limit (m?% < s), ag reduces to:

2 2
m4L<s M
ag > ——24

T2

2

miy 5
- 1 1+ — . 2.37
5 Og( m?2 )} (2:37)

H

, (2.38)

from which, the unitarity limit of |Reao| < % derived from optical theorem imposes the

Lee-Quigg-Thacker bound [17, 18] for the Higgs boson mass:

mpy < 870 GeV

. (2.39)

Various upper bounds can be obtained from different longitudinal gauge boson scat-

tering amplitudes. Among them the most stringent constraint comes from the coupled

channel W, W, — Z.Z;.
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Instead of solely considering pure scalar scattering, a systematic approach for the
derivation of the tree-level unitarity constraints is to construct the full multi-state scat-
tering matrix for all the physical scalar-scalar states (including possible states associated
with longitudinal vector bosons) in the tree approximation at high enough energy (where
the scattering is dominantly mediated by the direct quartic interactions), and then re-
quiring its largest eigenvalue to be less than the upper limit. For example, the inclusion
of the complete set of scattering channels (charged and neutral ones) into the analysis’,

leads more or less to a stronger unitarity constraint on the Higgs boson mass [19]

mpy < 710 GeV. (2.40)

The unitarity requirement tells us that if the Higgs boson mass is above the unitarity
constraint then the SM becomes non-perturbative and some new physics should appear at
some high scale to restore the unitarity of the theory. Demanding the tree-level scattering-
matrix unitarity will constrain the scalar potential parameters (see examples of the two-
Higgs-doublet model in Ref. [39] and its singlet extension in Ref. [11]). Of course, it may be
difficult to determine the eigenvalues analytically if the dimension of the scattering matrix
is too large. But, it is always numerically possible. There are also endless ramifications

to this subject when dealing with models with an extended Higgs sector.

To justify the conclusion made in Section 1.1, let us consider again W, W, — W} W,

scattering, assuming there were no Higgs boson. In the limit of m? > s, we see that:

S

aQ(W+W_ — W+W_) ~ —W N
™

(2.41)
from which the unitarity condition requires /s < 1.8 TeV.® This gives indications that
new physics ought to be expected around 1-2 TeV, exactly in the range of energies that
is being explored at the LHC run-2.

7 This means that the full scattering matrix is constructed in the basis (W, W, , Z1 71 /2, HH/V?2,
ZLHW}HW/Z).

8 An even better bound emerges by considering the (properly normalized) isospin zero channel
LN6WFW, + ZZ) and is /s < 1.2 TeV.
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2.2. Theoretical constraints on SM Higgs boson mass

Figure 2.4. Typical Feynman diagrams for the tree level and one-loop Higgs self cou-
pling.

2.2.2 Triviality and stability

In the preceding discussion, the quartic coupling A of the Higgs potential that crucially
determines the stability of the true vacuum is always treated as a positive constant. This
is justified in the regime where \ is rather large. In fact, this parameter however varies
because of quantum corrections, and even has the possibility of becoming negative at a
certain high energy scale. As already known, the dependence of the A on the energy scale
@ is regulated by the renormalization group equation (RGE). In the SM the running of A
is governed by various interactions. In addition to the tree level contact interaction, the
main contributions are induced from one-loop of the Higgs itself and of heavy fermions,
as depicted in Fig 2.4.°

The one-loop RGE for the quartic coupling )\, including the lowest orders in all the

relevant couplings, is given by:

d\ 3 3 9
327T2E = 24)\* — (3¢"* +9¢* — 2492)\ + gg'4 + 19'292 + §g4 — 24yt 4 - (2.42)

where t=1In(Q?/Q3) is the logarithm of the ratio of the energy scale and some reference
scale Qg squares, y; =m;/v is the top-quark Yukawa coupling, and the dots indicate the
presence of higher order terms that have been omitted.

We see that in the large A limit the first term in Eq. (2.42) dominates. As a result,
the quartic coupling A grows and eventually becomes infinite. By dropping the remaining

terms in Eq. (2.42), one can easily solve the evolution for A:

ANQ) = AW) . (2.43)

1—25A(v)In <f)2—22)

9Here we ignore the one-loop gauge boson diagram as it gives a small contribution at the order of

O(g%).
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Here, the reference scale is set at the electroweak (EW) scale @y = v so that one can
replace A(v) by my using the known relation m% =2\ (v)v? at the EW scale. Apparently,
the denominator of Eq. (2.43) vanishes at the energy
2 2 4 2,2
QLp = v exp (%) = v exp ( " 12} ) (2.44)

3mz,

This point, at which A\(Q) becomes infinite, is called Landau pole. One needs to have A
finite at all scales for which the theory is valid and thus one establishes the energy cut-off
of the theory, A < Qrp. This condition places an explicit upper bound on mg:

2,2
9 8TV

- 2.45

Oppositely, when X is small, the first term in Eq. (2.42) is no longer important, whereas
the last term in Eq. (2.42) dominates and the evolution is primarily governed by the top
loop diagram:

— 3 2] Q2
MQ) = Av) — Hyilog {5 ) - (2.46)
To assure the stability of the vacuum state of the theory we need to require that A(Q)>0

always holds in the energy domain below the theory cut-off ) < A. The condition

A(A) > 0 gives a lower bound on my:
302 A?
2 2
My > 55V In (—1}2) . (2.47)

A more accurate evaluation, including higher order quantum correction in the scalar
potential and using a 2-loop renormalization group improved effective potential, is shown
in Fig. 2.5 (left) for a top quark mass m; = 175+ 6 GeV and a,(Mz) = 0.118 £ 0.002.
The upper and lower bands represents he triviality limit and stability bound, respectively.
The region between the bands, gives the allowed range of my as a function of the scale
of new physics A. The width of the bands corresponds to the various experimental and
theoretical errors. As can be observed, if the new physics appears at the TeV scale, the
Higgs boson mass is allowed to be in the range 50 GeV < mpy < 800 GeV; while,
requiring the SM to be valid up to the Grand Unification (GUT) scale, Agyr ~ 10'°
GeV, the Higgs boson mass should lie in the range 130 GeV < mpy < 180 GeV. Or we
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Figure 2.5. The triviality (upper) bound and the vacuum stability (lower) bound on
the Higgs boson mass as a function of the new physics or cut—off scale A for a top quark
mass m; = 175 £ 6 GeV (left) and in the (my, mg) plane for various values A (right).
In both plots as(Mz) = 0.118 £ 0.002; the allowed region lies between the bands and
the colored/shaded bands illustrate the impact of various uncertainties. Taken from
Ref. [35] according to Ref. [25].

can alternatively illustrate the theoretical bounds (my, my) plane by varying the value
of A, as shown in Fig. 2.5 (right). From this point of view, we see that the scale A at
which the new physics should appear will depend on the precise value of the top quark
mass. At present, the discovery of a SM-like Higgs of my = 125 GeV at the LHC [40] and
the most recent measurement of the top-quark mass m; = 173.34 GeV [41] appears to
drive the potential unstable and invalidate the SM at a scale of order 10'° TeV. However,
this is not exactly true if our world is standing on the edge of metastablity, in which the
true EW vacuum is long lived as compared to the age of the universe. To be honest, the
discussion on the stability of the EW vacuum is quite subtle. We will touch this issue and

give a brief introduction in Section 4.2.

2.3 SM Higgs decay

Having derived in Section 2.1 the SM Higgs couplings to gauge bosons and fermions,
we know that, at the tree level, the SM Higgs boson can decay into pairs of quarks and

leptons, and into pairs of electroweak gauge bosons; while at one-loop it can also decay
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into two photons, two gluons, or a Z~ pair. The predictions for the decay branching
ratios (BRs) for the SM Higgs are very important in the analysis of LHC data because
they allow us to test the hypothesis that the discovered Higgs boson is the SM Higgs.
All the masses of the SM particles (W=, Z, the charged fermions, and the Higgs as of
summer 2012) are now known. Therefore all the couplings of the Higgs boson relevant
for Higgs collider phenomenology are uniquely predicted! This means that any deviation
from these predictions in Higgs phenomenology would provide evidence of physics beyond
the SM.

The aim of this section is to review the possible decays and present schematic expres-
sions for the decay width. I will neither go into details in the calculations nor give a
complete list of radiative corrections. As for radiative corrections, we close with a short
comment on their general structure for Higgs decays and only discuss those aspects that
can be useful as a general background. For a detailed review of QCD corrections in Higgs
decays we refer the reader to Ref. [42]. Ref. [25] also contains an excellent summary of

both QCD and EW radiative corrections to Higgs decays.

2.3.1 Fermionic decays

The tree level decay width for H — ff (f=gq,l, ¢ =quark, [ =lepton) reads:

N prmH
FO(H%ff)_Nc 4\/§7T

where the color factor, N9 = 3 for quarks and N! = 1 for leptons, accounts for the sum

over the colors for final-state fermions; and fy = /1 — 77 with 7y = 4m3/Mz. It shows

m§ﬁ§ , (2.48)

that the fermionic decay grows linearly with my and is also proportional to the fermion
mass my. As a result, the Higgs tends to decay into the heaviest kinematically-accessible
fermions. The partial decay widths also exhibit a strong suppression near threshold,
D(H — ff) ~ BJ:? — 0 for my ~ 2my. This is typical for the decay of a Higgs particle
with a scalar coupling eq. (2.28).1°

10 Tf the Higgs boson were a pseudoscalar A boson with couplings y;ﬁ‘ = 'y5y5}, for instance in the
MSSM [43], the partial decay width would have been suppressed only by a factor 3¢

fGFmH

¢ 4or

m3 By (2.49)
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Figure 2.6. QCD corrections to the H — bb decay width deriving from various sources.
mp = 4.5 GeV is taken and ¢ represents the SM Higgs H in our notation. The notation
of the curves can be found in Fig. 2.2 of Ref. [44]. Source: taken from Ref. [44].

In the decays into ggq, QCD corrections are significant and dominate over other ra-
diative corrections, and therefore must be included. At the one-loop level, the generic
Feynman diagrams for the corrections include gluon—exchange (which multiplies the Born
term) and the emission of a gluon in the final state (whose interference with the virtual
gluon exchange diagram must be added to the former). In the limit where my is much
larger than the quark masses, my > 2my, one obtains for the next-to-leading order
(NLO) decay width (the quark mass is kept only in the Yukawa coupling and in the
leading logarithmic term) [45-50]

3G da, (9 3. m;

Ineo(H — qq) ~ —= S+ =25+ Slog— 2.50
Lol qq) T { +o < + ogm2)} (2.50)
As can be noticed, there is a large logarithmic log(m,/mpy) contribution which, for very

1.11

light quarks, might render the partial decay width very small."* We can see this effect from

Fig. 2.6 for the decay H — bb, which constitutes the largest decay BR for the SM Higgs

1A possible negative decay width (which is definitely not a physical solution) can be avoided by
replacing the quark mass m, in Eq. (2.48) by the running mass m,(mg) at the scale of the Higgs mass
in the modified minimal subtraction (MS) renormalization scheme, in which these large logarithms can
be reabsorbed.
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boson in the low mass region. In this figure we plot the decay width including the various
sources at QCD NLO normalized to the tree level width as a function of Higgs mass my.
Indeed, the net effect from both QCD higher-order corrections and running quark mass
gives about 40% suppression (K = I'/Ty ~ 0.6) for a SM Higgs at 125 GeV. To date
QCD corrections have been computed to an astounding N*LO. For example, including
the O(a?) [51, 52] and O(a?) [53, 54] corrections, the partial Higgs decay width into light

quarks is modified to:

SGFmH _2

42

where A; represents specifically QCD corrections involving a top-quark loop. Agep and

F(H — qu)QCD = (mH)Bj (1 + AQCD + At) , (2.51)

A; have been calculated up to three loops and are given by:

Agep = 5672 (5504 1 36N (M)QJr (2.52)

™ ™

3
(164.14 — 25.7TNp + 0.26N2) (as(:m)) |

2 2 = 2
2 1
A, = (Cslmm) Tl 2y mi Ly s me(ma)]
3 m?

T 9 m2

where o (mp) and mg(mpy) are the renormalized running QCD coupling and quark mass
defined at the scale my in the M'S scheme. Np counts the number of light quark flavors
that are present in the loops. We stress that using the M S running mass in the overall
Yukawa coupling square of Eq. (2.51) is very important in Higgs decays, since it reabsorbs
most of the QCD corrections, including large logarithms of the form In(m?;/mg). The
remaining uncertainty from uncalculated higher order QCD corrections is estimated to be
only 0.1%.

As a final note, the electroweak corrections are negligible. They are known at next-

to-leading order (NLO) and the numerical results were computed in Ref. [55].

2.3.2 Bosonic decays

The tree level decay rate for H — V'V (V=W= Z) can be written as:

Gpm?}{
F(H—)VV) —5\/ 1—7m+ TV 6\/ , (253)
16v/2m
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2.3. SM Higgs decay

where oy = 1 and d; = 1/2 accounting for two identical Z bosons in the final state;
and By = /1 — 7y with 7 = 4M%/m?,. The complicated dependence on the kinematic
factor 7y is due to the sum over the V polarization vectors. Note that the kinematic
factor /1 — xy (1 —xy + %x%/) — 1 when my > 2Myy. In contrast to the fermionic
case, the V'V decay grows with increasing Higgs mass as a form of m3;. This difference

will significantly influence the pattern of SM Higgs decay as will be discussed later.

Figure 2.7. Three body offshell VV* decay of the Higgs.

Of course, the expression in Eq. (2.53) is only valid for Higgs masses above the V'V
threshold. Below the W*W ™~ and ZZ threshold, the SM Higgs boson can, however, decay
via three (or four) body decays mediated by WW* (W*W*) or ZZ* (Z*Z*) intermediate
states. This is a tedious calculation, but it has been done '2. The example of three-body
decay, in which the off-shell V* decays into ff pair, is depicted in Fig. 2.7. As will be seen
in Fig. 2.9 the off-shell decays H — WW* and H — ZZ* are relevant in the intermediate
mass region around my ~ 160 GeV, where they compete and overcome the H — bb decay
mode. The decay rates for H — VV* — Vfifj (V=WH=,Z), at the tree level, are given
by:

* 394mH MW
D(H - WW*) = Z2F <mH , (2.54)

4
. gimu 0, 160 , My
[(H— Z2*) = T- sk P (22 2.55
(H—~22°) 2048(1—3%4,)%3( 35w g tw my) (259

12 The current state-of-the-art theoretical predictions for SM Higgs decay to four fermions is imple-
mented in a code called PROPHECY4F, which includes NLO QCD and NLO electroweak corrections to
the full 4f final states with all interferences included. (For example, the processes h — W*W* — (vlv
and h — Z*Z* — llvv interfere with each other for same-flavor final state leptons. This interference is
important when m; < 2My, because the phase space overlap of the two processes becomes significant
when the gauge bosons are forced off shell.)
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CHAPTER 2. SM HIGGS BOSON PHYSICS

where sy = sin 6y and the function F(z) is given by

47 13 1
_ 2 2 2 4
Fz) = —(1-2% <7x _7+P) —3(1 - 62% + 42") In(z)
1 — 822 + 20z* 3r%—1
+ 3 T arccos (W) . (2.56)

The remaining theoretical uncertainty from missing higher-order radiative corrections is

estimated to be only ~ 0.5%.

2.3.3 Loop-induced decays

In the absence of direct interactions, the Hyy and H~vZ couplings are induced at one
loop via both a fermion loop and a W-loop, while the Hgg coupling is only mediated
by quark loops; the relevant diagrams are shown in Fig. 2.8. Despite their rareness, the

loop-induced Higgs decays are very important 3.

Figure 2.8. Schematic Feynman diagrams for h — ~~.

e Decay into two photons

The decay of the SM Higgs boson into two photons is mediated by W boson and
heavy charged fermion loops. It is dominated by the W boson loop. The top quark loop
contribution interferes destructively with the W loop contribution, reducing the partial
width by roughly 30%. The bottom quark and tau lepton loops also contribute a small
amount. At the lowest order the decay rate for H — v takes the form:

2

> O NIQIFf (7p) + Fif(rw)| (2.57)
f

2,3
_ Gra*my

T(H — ~yvy) = £ 1
( YY) 128 /3

13 We will see in the next chapter that h — 7y was one of the two Higgs boson discovery channels.
The promising prospects leading to the discovery at the hadron colliders were discussed for the first time
in detail with some estimate of signal over background in the 1980s [56, 57].
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2.3. SM Higgs decay

where N/ = 1,3 (for f = [, q respectively), Q; is the charge of the f fermion species, and

the form factors Ff' and Fj are given by:

Fii(r) = 2r[1+(1-1)f(r)] , (2.58)

Fi(r) = —[24374+37(2—1)f(7)]

where 7; = 4m7 /m3; and the function f(7) is defined as:

f( ) arcsin® % T>1 (2 59)
T) = 9 .
—% lni”}::—m T<1,

The imaginary part in f(7) for m;, > 2m, is a consequence of the particles in the loop
being kinematically able to go on shell. When the particle in the loop is much heavier
than the Higgs, /1 — 7 and Fy/, — —4/3. This means that the fermion loop asymptotes
to a constant at large m and can be understood as follows. The fermion triangle diagram
generically goes like 1/ mff when the mass of the particle in the loop is large compared to
any of the external invariant masses; however, this is multiplied by a factor of m/v from
the Yukawa coupling and another factor of m; from the fermion’s helicity flip. Whereas,
the contribution of light fermions (with masses my < my,) to the amplitude falls like
m7/mj, with decreasing fermion mass.

On the other hand, the W boson loop amplitude asymptotes to a constant for m; >
Myy. This limit can formally be obtained by taking ¢ — 0 while holding v and A fixed. In
that case a contribution from the charged Goldstone boson running in the loop survives,
leading to a finite amplitude dependent on v and A (recall that A can be traded for my,).

In analogy to the tree-level di-boson decay, the partial width I'(h — ~v) grows with
increasing Higgs mass like m?;. This can be seen as a consequence of the effective-operator
description of the interaction, which is required to take the form HF*'F},, in order to
preserve electromagnetic gauge invariance. Expanding out the field strength tensors yields
two factors of photon momentum in the amplitude.

Note that the QCD and electroweak corrections to H — 77y decay width are each
known to NLO, leaving a residual theoretical uncertainty of about 1%.

e Decay into a photon plus a Z boson
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CHAPTER 2. SM HIGGS BOSON PHYSICS

Similarly to the v+ case, this decay is built up by a dominant W boson loop and very
small top quark loop. The decay rate for H — vZ is given by:

G2 M2 am? M2\*?
D(H - y2) = SEMwen (1__2)

where 7; = 4m?/m7; and \; = 4m? /M7 (i = f,W), and the form factors A (r,)) and

AIL(7X) are given by:

Igf — 2Qf SiIl2 ew)

Al N = 2N/ Qs — [I(T,\) — L(7, \)] (2.61)
AL(T,\) = cosfy { {(1 + %) tan® Oy — (5 + %)] Li(7, \)
+4 (3 — tan® Oy ) Ir(r, A)} : (2.62)

where N/ and Q; are defined after Eq. (2.57), and . g is the weak isospin of the f fermion

species. Moreover:

B = s + gl () = S+ = slalr) — oV
Lr)) = —Q(Z—fA)mr) — (2.63)
and
B /T — 1arcsin \% T>1
g(T) B ‘/12? [ln }:/\/g — iw] T<1 <2'64)

while f(7) is defined in Eq. (2.59).

This process has been calculated at leading order only. For their explicit expression we
refer the interested reader to the literature [25, 42]. As in the case of H — ~7, the QCD
corrections are expected to be small, since they affect only the fermion loop contributions
which already give only a small contribution to the amplitude. The uncertainty due to
the missing NLO electroweak corrections is estimated at about 5%.

Notice that, replacing the ZWW and vectorial Z f f couplings with the corresponding
AYWW and vff couplings and taking Mz — 0 in the kinematic factors );, one obtains
Ay — —Fi(tw) and Ay — —chchFl/g(Tf); that is, the amplitudes reduce exactly to
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2.3. SM Higgs decay

the h — 77 case, up to an overall minus sign that was built into the definitions of Ay,
and Ay.

e Decay into two gluons

As far as H — gg is concerned, this decay is only mediated by fermion loops involving
heavy quarks (corresponding to Fig. 2.8 (a)), with the main contribution coming from
top quarks and a small contribution from bottom quarks at the few-percent level. At the

one-loop leading order, the partial decay width reads

3 H

Z Z Fq (Tq>
q

where 7, =4m2/m7 and and the form factor F’(7) is given in Eq. (2.58) with f(7) defined
in Eq.(2.59).

2,3
Graimy

I'(H — gg) = S6vm5

: (2.65)

The QCD corrections are known to N3LO, leading to about a 3% remaining scale

uncertainty.’* At NLO the expression for the corrected rate is remarkably simple

I'(H — g9(9),9q9) = T'vo(H — g9)

&(NL)
1+ E(rg) Sﬂ : (2.66)

where the correction factor in the large m; limit, i.e. m?% < 4m3, is

9% 7 33 — 2N 2
E(rg) — — — =Np+22—""Llog <#)
Zs

2.
46 6 (2.67)

where g is the renormalization point and defines the scale of a;. When compared with
the fully massive NLO calculation [58], the two calculations display an impressive 10%
agreement, even in regions where the light Higgs approximation is not justified. This is
actually due to the presence of large constant factors in the first order of QCD corrections.
We also observe that the first order of QCD corrections has quite a large impact on the
lowest order cross section, amounting to more than 50% of I';,o on average. This has been

indeed the main reason to prompt for a NNLO QCD calculation of T'(H — gg). The

4The “scale uncertainty” in QCD calculations is obtained by varying the renormalization scale by a
factor of two in either direction about some chosen central value, and seeing how much the prediction
changes as a consequence. Because the renormalization scale dependence is an artifact of truncating the
perturbation series at a finite order, the dependence of the result on the renormalization scale provides
an estimate of how big the higher-order terms have to be in order to cancel this dependence once they
are included.

33



CHAPTER 2. SM HIGGS BOSON PHYSICS

result, obtained in the heavy-top approximation, has shown that NNLO QCD corrections
amount to only 20% of the NLO cross section, therefore pointing to a convergence of the
['(H — gg) perturbative series. We will refer to this discussion when dealing with the
g9 — H production mode, since its cross section can be easily related to I'(H — gg).
The electroweak corrections are known at NLO, leading to about a 1% uncertainty from

missing higher order corrections.

2.3.4 General properties of radiative corrections to Higgs decays

As has been seen, all Higgs boson decay rates are modified by both QCD and EW
radiative corrections. First, QCD corrections are particularly important for H — ¢g
decays, where they mainly amount to a redefinition of the Yukawa coupling by shifting
the mass parameter in it from the pole mass value to the running mass value, and also
for H — gg. Second, EW corrections can be further separated into: (i) corrections due
to fermion loops, (ii) corrections due to the Higgs boson self-interaction, and (iii) other
EW corrections. Both corrections of type (ii) and (iii) are in general very small except
for large Higgs boson masses, i.e. for my > My,. On the other hand, corrections of type
(i) are very important over the entire Higgs mass range, and are particularly relevant
for my < 2my, where the top-quark loop corrections play a leading role. Indeed, for
myg < 2m;, the dominant corrections for both Higgs decays into fermions and gauge
bosons come from the top-quark contribution to the renormalization of the Higgs wave

function and vev.

2.3.5 SM Higgs branching ratio

With the partial width for all possible decays prepared, let us now assemble them to-
gether to obtain the total decay width. Consequentially, taking the ratio of the individual
decay to the total width for the Higgs yields to the decay BR.

I'(H = XX)

BR(H — XX) = = ,
tot

(2.68)

where th is the total width. It can also receive a contribution I'.., from possible new
non-SM decays. (For instance, the exotic decay into additional Higgs bosons in the

two-Higgs-doublet models which will be studied in Chapter 5 and its supersymmetric
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Figure 2.9. Left: The BRs for SM Higgs boson decay as a function of mg. The central
lines show the predictions, while the colored bands indicate the theoretical uncertainty.
Right: SM Higgs total decay width as a function of mpy. Source: taken from Higgs
Working Group [59].

version in Chapter 6.) If I',, comprises decays to invisible particles such as DM can-
didates (see examples in Chapter 8), it can be constrained through direct searches for
invisibly-decaying Higgs events produced in the vector boson fusion (VBF) or WH or
Z H associated production. This type of search has been completed and will be discussed
in Section 3.3.4.

The left plot in Fig. 2.9 illustrates all the decay BRs of the SM Higgs boson as functions
of its mass mpy. The curves represented are obtained by including all available QCD and
electroweak (EW) radiative corrections. ' The band for each curve is obtained by varying
the parameters (the quark masses m; and the strong coupling constant a,g) that enter both
at tree level and in particular through loop corrections within their uncertainties. The SM
Higgs boson total width, i.e. the sum of all the partial widths I'(H — X X)), is represented
in the right plot of Fig. 2.9.

It is remarkable to notice in Fig. 2.9 that a light SM Higgs boson (mgy < 130 —
140 GeV) behaves very differently from a heavy SM Higgs boson (my > 130 — 140 GeV).
Indeed, a light SM Higgs boson mainly decays into a bb pair, followed hierarchically by

15The computation for the relevant orders of QCD and EW corrections for Higgs decays has been
thoroughly explored and the results are nowadays available in public codes like HDECAY [60].
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CHAPTER 2. SM HIGGS BOSON PHYSICS

Table 2.2. Predicted decay BRs for a 125 GeV SM Higgs boson, in order of size, from
Ref. [61]. The last row is the predicted Higgs total width. Keep in mind that the
relative uncertainties on the individual BR predictions are of order 3-10%.

Decay mode BR Notes (as of early 2014)

bb 58% Observed at about 20 at CMS
Ww* 22% Observed at 4o
gg 8.6%
TT 6.3%  Observed at 1-2 o
cc 2.9%
77* 2.6%  Discovery mode (in ZZ* — 4u, 2u2e, 4e)
Yy 0.23%  Discovery mode
7~ 0.15%
o 0.022%
ot 4.1 MeV

all other pairs of lighter fermions. Loop-induced decays also play a role in this region.
H — gg is dominant among them, and it is actually larger than many tree level decays.
Unfortunately, this decay mode is almost useless, in particular at hadron colliders, because
of background limitations. Among radiative decays, H — ~~ is tiny, but it is actually
phenomenologically very important because the two photon signal can be seen over large
hadronic backgrounds. On the other hand, for larger Higgs masses, the decays to W~
and ZZ dominate. All decays into fermions or loop-induced decays are suppressed, except
H — tt for Higgs masses above the tt production threshold. In addition, there is an
intermediate region, around my ~ 160 GeV, i.e. below the WHTW~ and ZZ threshold,
where the decays into WW* and ZZ* (when one of the two gauge bosons is off-shell)
become important. These are indeed three-body decays of the Higgs boson that start to
dominate over the H — bb two-body decay mode when the large size of the HWW or

HZZ couplings compensate for their phase space suppression'¢.

16 Actually, even four-body decays, corresponding to H — W*W*, Z* Z* may become important in the
intermediate mass region and are indeed accounted for in Fig. 2.9 (left).
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2.3. SM Higgs decay

Practically, the different analyses have different sensitivities to the presence of the SM
Higgs boson. The H — vy and H — ZZ — 4¢ (where ¢ = e, ) channels play a special
role because of their high sensitivity and excellent mass resolution of the reconstructed
diphoton and four-lepton final states, respectively. The H — WW — [viv measurement
has a high sensitivity due to large expected yields but relatively poor mass resolution
because of the presence of neutrinos in the final state. The bb and 77 decay modes
are beset by large background contributions and have relatively poor mass resolution,
resulting in lower sensitivity compared to the other channels.

Finally, to give some phenomenological insight the BRs for a SM Higgs of 125 GeV
are summarized in order of size in Table 2.2. All of the LHC measurements to date are

roughly consistent with the SM predictions, within the current (large) uncertainties.
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CHAPTER 3

Searching for Higgs boson(s) at the LHC

“By any measure, the Large Hadron Collider—the world’s biggest experiment, is ex-

ceptional. It is a discovery machine!”

Searching for Higgs boson(s) is a challenging task but is definitely among the most im-
portant goals of the LHC program. It is mainly luminosity limited from the collider point
of view. Since starting the running in 2010, the LHC has been accumulating an unprece-
dented amount of data and quickly passed all expectations in providing exclusion limits
for the SM Higgs boson. Finally, in the summer of 2012, two experiment collaborations
reported the observation of a new particle at the mass of 125 GeV. Subsequent precision
studies of the properties of of this new particle are compatible with those expected for
the SM Higgs boson. Meanwhile, other searches for probing beyond-the-SM (BSM) Higgs
bosons are also under way.

The central subject of this chapter is Higgs boson physics at hadron colliders. Starting
with the discussion on Higgs production at the LHC, we shall highlight the Higgs discovery,

that is a historic moment in science, and also present the updated status of this new
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particle (as of spring 2015) after the LHC run-1, particularly including the combination
analysis performed very recently. Apart from SM Higgs searches, for completeness we
will also touch the BSM Higgs searches. But only the results that are highly relevant
for the extended Higgs studies in Part II and Part III are collected. This is partially
because giving an exhaustive list of Higgs searches and explaining the details about the
colliders is impossible and also not the purpose of this thesis. Instead, my aim is to provide
the minimal experimental background needed to understand the Higgs search from the
theoretical point of view. For the readers who would like to learn Higgs statistics or the

experimental techniques, there are many appropriate resources available.

3.1 Higgs collider phenomenology

Extracting the individual Higgs couplings from LHC data is a challenge because what
is actually measured are the rates in individual production and decay channels. The event

rate for the particular process X — H — Y can be written as
Rate(X = H—=Y)=Lxo(X - H) xBR(H - Y) x cxBRy (3.1)

where £, in the unit of fb™' or pb™', is the integrated luminosity accumulated at the
collider, ox represents the production cross section, and the BR can be computed as
BR(H — Y) =Ty /T in the narrow-width approximation. In order to efficiently search
for the SM Higgs boson at the LHC precise predictions for the production cross sections
and the decay BRs are necessary. Essentially, both ox and I'y depend on the couplings
of Higgs through which it is produced and can decay, respectively.

As the second key ingredient in the analysis of Higgs data, the production cross sections
can be computed by including the consideration of the parton distribution function (PDF)
since the values of all the parameters that appear in the Higgs couplings are known. Along
with the Higgs BRs discussed in Section 2.3.5, we thereby are able to predict the number
of events for Higgs production via collisions of SM particles.

This section includes the discussion of possible Higgs production modes at the hadron
colliders and particularly the favorable collider signatures for the Higgs search, and also

the definition of signal strength, which is a very important parameter and has widely been
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(d)

Figure 3.1. Feynman diagrams for the main Higgs production mechanisms at the LHC:
(a) gluon fusion, (b) vector boson fusion, (¢) Higgs-stralung, (d) ttH.

used by experimentalists to evaluate deviations with respect to the SM. As an aid to the
reader, the theoretical calculation for the cross section of gluon fusion production will be

briefly commented upon. More elaborate discussions can be found in [25, 58].

3.1.1 Higgs production at the LHC

At hadron colliders there are a number of mechanisms to produce the Higgs boson,
some in association with other particles. Four main production modes are displayed in
Fig. 3.1. The left plot in Fig. 3.2 shows the SM theory predictions for the main production
cross sections in proton-proton (pp) collisions at /s = 7-8 TeV, where the colored bands
indicate the theoretical uncertainties. Overall, Higgs boson production is dominated by
the gluon fusion process gg — H (ggF), followed by the vector boson fusion process
q¢' — q¢'H (VBF). Associated production with a W boson q¢ - WH(W H), a Z boson
q7/99 — ZH(ZH) or with a pair of top quarks ¢G/gg — ttH(ttH) are sizable as well.
The W H and ZH production processes are collectively referred to as the V H process. In
the following we shall individually address each one in sequence.

To visually compare the improvement for data collection from the 8 TeV run-1 to

the 14 TeV run-2, I also present in Fig. 3.2 (right plot) the total cross section at the
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Figure 3.2. Left: SM Higgs boson production cross sections at /s = 8 TeV. The
central lines show the predictions, while the colored bands indicate the theoretical
uncertainty. The transition for VBF at mpyg = 300 GeV at 8 TeV is due to change
from ZW A to complex-pole-scheme. Right hand plot shows the total cross sections
for \/s =7,8,14 TeV. Source: taken from Higgs Working Group [59].

center-of-mass energy of /s = 7,8,14 TeV. For a Higgs boson mass of 125 GeV, the
total production cross section is expected to be 17.5 pb at /s = 7 TeV and 22.3 pb at
8 TeV, and varies with the mass at a rate of about —1.6% per GeV. About one order
enhancement in the total cross section from 8 TeV to 14 TeV leads to increased ability
to isolate the background and achieve a high precision Higgs measurement at the more
exciting run-2.

e  Gluon fusion production

As shown in Fig. 3.2 (left), the dominant Higgs production mode at the LHC is gluon
fusion (abbreviated ggF), gg — H (see Fig. 3.1 (a)). In spite of being a loop-induced
process, it is greatly enhanced by the top-quark loop and the large gg effective luminosity
at gg center of mass energy. This process makes up about 85% of the total (inclusive)
Higgs production cross section at the LHC. At leading order, the amplitude for gg — H
is the same as that for the decay H — gg, with the initial and final states swapped as we
have commented in Section 2.3.3. (This amplitude must then be squared and integrated
with the gluon parton densities.) Beyond leading order, however, the QCD corrections
for gluon-fusion Higgs production are different from those for the H — gg decay, because
of the presence of additional radiated jets in the final state, dramatically changing the

kinematic structure. These QCD corrections are quite large, enhancing the gluon-fusion
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Higgs production cross section by about a factor of two. As far as we know, a conservative
estimate of uncertainties on the gluon fusion Higgs production cross section at the 7-8 TeV
LHC are about 8% from QCD scale uncertainty and +7% from the uncertainty in the

PDFs. The Higgs discovery comes predominantly from this production mode.

For light- and intermediate-mass Higgs bosons, however, the very large cross section
of this process has to compete against a very large hadronic background, since the Higgs
boson mainly decays to bb pairs, and there is no other non-hadronic probe that can help
to distinguish this mode from the overall hadronic activity in the detector. To beat down
the background, one has to employ subleading Higgs decay modes, like H — v, and
this dilutes the large cross section to some extent. For larger Higgs masses, above the
Z 7 threshold, on the other hand, gluon fusion together with H — ZZ produces a very
distinctive signal, and makes this a “golden” mode for detection. For this reason, gg — H
plays a fundamental role at the LHC over the entire Higgs-boson mass range, but is of
very limited use at the Tevatron, where it can only be considered for Higgs boson masses

very close to the upper reach of the machine (mgy ~ 200 GeV).
e Vector boson fusion production

Vector boson fusion (VBF), q¢ — Hjj, (see Fig. 3.1 (b)) at the LHC also has a fairly
large cross section. It is about one tenth the size of that for gluon fusion. The process
is distinctive experimentally because the two incoming quarks tend to be scattered by
only a small angle, leading to two very energetic jets pointing close to the beam line in
opposite halves of the detector (referred to as “forward jets” or “forward tagging jets”).
This process thus becomes instrumental at the LHC (pp initial state) in both the low
and intermediate mass regions because its characteristic final state configuration greatly
helps to disentangle this signal from the hadronic background, using different Higgs decay
channels. Moreover, it is interesting theoretically because it gives experimental access to

the Higgs boson couplings to WIWW and ZZ in a production process.
o Higgs-strahlung

Another distinctive Higgs production process is associated production together with

a W or Z boson (see Fig. 3.1 (c)). The cross section for these two processes combined
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is about 60-70% as large as that for VBF. As for VBF, this process gives access to the
Higgs boson coupling to WW or ZZ. Experimentally, the W or Z boson in the final state

provides a useful handle to reduce background in searches for Higgs decays to bb.
e Top/bottom-quark associated production

A challenging but important process is ttH associated production, in which the Higgs
boson is radiated off a top-antitop quark pair (see Fig. 3.1 (d)). There are also contribu-
tions in which the Higgs boson is attached to the outgoing top quark or antiquark line,
as well as contributions from ¢g or gg annihilation through an s-channel gluon. Even
given enough statistics available at the LHC, very low production rate at 8 TeV and still
very low at the 14 TeV (a mere 1% of the inclusive Higgs cross section at this higher
energy) makes it very difficult to fully exploit the signature with H — bb in the final
state. Indeed, this channel has not been used for discovery but certainly has a great
physics potential now that the properties of the discovered Higgs-like particle need to be
thoroughly investigated. It offers the unique possibility of directly measuring one of its
most important couplings, namely the coupling to top quarks. In turn, knowledge of the
Hit coupling from a direct (tree-level) process like ttH is essential in order to probe for

contributions to the loop-induced Hgg coupling from non-SM particles in the loop.

On the other hand, the production of a SM Higgs boson with bb pairs is tiny, since the
SM bottom-quark Yukawa coupling is suppressed by the bottom-quark mass. Therefore,
the bbH, H — bb channel is the ideal candidate to provide evidence of new physics, in
particular of extensions of the SM, like the 2HDM, where the bottom-quark Yukawa
coupling to one or more Higgs bosons is enhanced by tan 3, see Table 5.4. Of course, this
is a difficult channel to measure at the LHC because of the large hadronic background.
It could, however, offer a striking signal of new physics if observed. The impact of the
search using this channel on the extended Higgs model will be particularly discussed in

Section 5.6.

In addition, there are two channels that are missing in Fig. 3.2 because of their small
size in the SM, but which are indeed important to probe new physics if present. Contri-

butions are also expected from bb — H(bbH) and the production in association with a
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Figure 3.3. Feynman diagrams for single-top plus Higgs production.

single top quark (¢tH). The latter proceeds through either the gb — tH¢q' or gb — WtH

process.
o Single-top plus Higgs associated production

A complementary (but even more experimentally challenging) process is single-top
plus Higgs associated production. There are two Feynman diagrams (see Fig. 3.3) for this
process, one in which the Higgs couples to the top quark and the other in which it couples
to the W boson exchanged in the ¢-channel. In the SM, there happens to be a strong
destructive interference between these two diagrams, resulting in a cross section that is
probably too small to be measured at the LHC. However, it was pointed out recently [62]
that this process provides an interesting test of the relative sign of the HWW and Htt
couplings, because a sign flip in one of the couplings relative to the SM would turn the
destructive interference into constructive interference and make this cross section large

enough to measure.
e Double Higgs production

One final process worth studying at the LHC is double Higgs production (Fig. 3.4).
The value of this process is that it allows an experimental probe of the Higgs self-coupling
through the hhh vertex. Nonetheless, it suffers from an extremely low cross section and
thus is experimentally very tough. A recent study indicates that, in the final phase of LHC
run-2 (3000 fb~! at each of two detectors at 14 TeV), one could get a +30% measurement
of the triple-Higgs coupling A3M;;; [63].

At present, the main production/decay channels relevant for current LHC data are
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Figure 3.4. Sample Feynman diagrams for double Higgs production in hadron colli-
sions.

ggF and VBF with Higgs decay to vy or ZZ* — 4¢. The LHC also probes W, Z+Higgs
with Higgs decay to bb, a channel for which Tevatron data is relevant, and WW —Higgs
with Higgs— 777~. However, it is important to note that the different decay pattern of a
light vs a heavy Higgs boson influences the role played, in each mass region, by different
Higgs production processes at hadron and lepton colliders, as will be seen in Fig. 3.5. In
particular, for the SM Higgs at 125 GeV the cross section values for the production modes
and the values for the decay branching fractions, together with their uncertainties, are

tabulated in Table 3.1.

Table 3.1. SM predictions of the Higgs boson production cross sections and decay BRs
and their uncertainties for myg = 125.36 GeV. The uncertainties on the cross sections
are the quadratic sum of the uncertainties on the QCD scales, PDFs and «g. The
uncertainty on the tH cross section is calculated following the procedure of Ref. [55].
Source: taken from Ref. [64].

Production Cross section (pb) Decay channel Branching ratio (%)
process Vs=TTeV /s=8TeV H — bb 57.1+1.9
ggF 15.0+ 1.6 19.24+2.0 H—WW* 22.0+£0.9
VBF 1.22 4+ 0.03 1.57+£0.04 H — gg 8.53 £0.85
WH 0.573 +£0.016 0.698 £+ 0.018 H— 77 6.26 +0.35
ZH 0.332+0.013 0.412+0.013 H —cc 2.88 +0.35
bbH 0.155£0.021  0.202 £ 0.028 H—Z7Z* 2.73+£0.11
ttH 0.086 £0.009 0.128 £0.014 H — vy 0.228 £0.011

tH 0.012+£0.001 0.018 £ 0.001 H— Zy 0.157 £ 0.014
Total 17.4£1.6 22.3+2.0 H — pp 0.022 + 0.001
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Figure 3.5. SM Higgs boson production cross section times BR at /s = 8 TeV. For
H — 77 both inclusive (solid line) and VBF (dashed line) mode are plotted. Source:
taken from Higgs Working Group [59].

3.1.2 Definition of signal strength

As seen in Eq. (3.1), the event rate R is proportional to the luminosity £. To eliminate
the disturbance coming from this hard technical parameter of the colliders, in the analysis
experiments often normalize the event number for different production channels, X, and
different decay modes, Y by taking the ratio to the prediction in the SM. This quantity
is conventionally phrased in terms of “signal strength”:

o(X)BR(Y)

IUX(Y) = USM<X)BRSM<Y) )

(3.2)

where the numerator and denominator are evaluated for the same Higgs mass. The
production modes for the Higgs boson considered are ggF (gluon fusion, also denoted as
g9), VBF, ttH (associated production with ¢t) and V H (associated production with a

vector boson). The relevant decay modes are those into Y = ~, V'V, bb and 77 (where
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Figure 3.6. The diphoton invariant mass distribution from ATLAS (left) [65] and from
CMS (right) [66]. The red lines represent the fitted background and signal. Both plots
are generated from full run-1 data analysis.

VV =ZZ WW).

This signal-strength parameter is a measure of potential deviations from the SM pre-
diction under the assumption that the Higgs boson production and decay kinematics do
not change appreciably from the SM expectations. Calculations of the p parameters in

specific models will be described in the corresponding chapters.

3.2 New particle discovery and discovery channels

After over thirty years of waiting, in December of 2011 the ATLAS and CMS Col-
laborations at the LHC reported the first hint of observing a new particle and officially
announced the discovery of a particle with Higgs boson-like properties and a mass of about
125 GeV with a 50 signal in the summer of 2012 [67-69] . The confidence level (CL) of
this signal reached 7o (ATLAS) and 100 (CMS) by the end of 2012. The discovery was
primarily made through the analyses of two golden bosonic decay channels of the Higgs
boson, H — 7y (see Fig. 3.6) and H — ZZ* — (¢~ 0'*¢'~ (denoted H — ZZ — 4¢ for
simplicity) (see Fig. 3.7), where one or both of the Z bosons can be off-shell and where
¢ and ¢’ denote an electron or muon. The H — ~7 channel is characterized by a nar-

row resonant signal peak containing several hundred events per experiment above a large
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Figure 3.7. The four-lepton invariant mass distribution from ATLAS (left) [65] and
from CMS (right) [71]. The red lines represent the fitted background and signal. Both
plots are generated from full run-1 data analysis.

falling continuum background. The overall signal-to-background ratio is a few percent.
The H — ZZ — 4{ channel yields only a few tens of signal events per experiment, but
has very little background, resulting in a signal-to-background ratio larger than 1.

Since then, a number of new measurements or updates of existing ones using the
full samples of data collected in 2011 and 2012, commonly referred to as LHC run-1,
have been published by the experimental collaborations. The most significant changes,
from the point of view of our analysis, were the long-awaited final results for the ~~
decay mode from CMS [66] and from ATLAS [70] in the summer of 2014. The average
rate in the 7+ mode, that appeared to have a substantial enhancement before, is now
converging to the SM level, although there is still considerable discrepancy between the
two collaborations. In addition, there are also several other important new measurements
or updates; for example uncertainties have been significantly reduced for the fermionic
channels, particularly for H — bb in t#H production. The results of ongoing analyses for

this newly discovered particle as of spring 2015 will be summarized in the next section.
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3.3 Precision study of the properties for the new discovered par-
ticle

Since the discovery phase, extensive analyses using the full run-1 data set have been
undertaken to characterize the properties of this particle such as its production cross
sections and partial widths. To date, increasingly precise measurement shows that all
observed properties of the new particle are very close, within the uncertainties, to those
predicted for the Higgs boson of the SM. In this section I will review the current measure-
ments of its properties, including its spin, parity, and coupling strengths to SM particles,

as well as the upper bound on its invisible decay BR.

3.3.1 Measurements of the mass

Having independently measured the mass of the discovered resonance mpy, the ATLAS
and CMS Collaborations have started to combine the data sets to perform the analysis [40].
The combination is performed using only the H — vy and H — ZZ — 4{ decay channels,
because these two channels offer the best mass resolution. The procedure for combining
the run-1 data sets of ATLAS and CMS is described in [40]. The resulting mass of the

Higgs boson is determined to be
my = 125.09 £ 0.24 GeV . (3.3)

Figure 3.8 shows the negative log-likelihood ratio scans as a function of my, with all
nuisance parameters profiled (solid curves), and with the nuisance parameters fixed to
their best-fit values (dashed curves). The combined ATLAS and CMS results for my in
the separate H — vy and H — ZZ — 4¢ channels are presented in Fig. 3.8, along with
a summary of the results from the individual channels.

Meanwhile, the correlation between the signal strength and the measured mass is also
explored with 2D likelihood scans as functions of p and my, as displayed in Fig. 3.9.
There, the 68% CL regions are shown for each individual measurement, as well as for the

combined result. In the analysis, the three signal strengths are assumed to be the same:

vy

ggF i ii = PUBrvE = u* = i, and thus the ratios of the production cross sections times

branching fractions are constrained to the SM predictions.
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Figure 3.8. Determination of the mass for the discovered SM-like Higgs state by
combining the ATLAS and CMS data sets from the H — vy, H — ZZ — 4¢ and
combined channels. Source: taken from [40].
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Figure 3.9. Correlation in the 2D plane of signal strength p versus Higgs boson mass
my for the ATLAS and CMS experiments. The 68% CL confidence regions of the in-
dividual measurements are shown by the dashed curves and of the overall combination
by the solid curve. The markers indicate the respective best-fit values. Source: taken
from [40].

3.3.2 Spin-parity properties

Another critical aspect is to determine the spin, parity, and charge conjugation quan-
tum numbers JC. First of all, the Landau-Yang theorem forbids the direct decay of an
on-shell spin-1 particle into a pair of photons [72, 73]. The spin-1 hypothesis is therefore
strongly disfavoured by the observation of the H — v decay.

The JP = 07 and 0~ cases can be distinguished by angular and invariant mass dis-

tributions in H — ZZ — 4¢, and also by the threshold behavior of VH. The 0% can
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Figure 3.10. Summary of the spin-parity test for various alternative hypothesis with
respect to the SM J¥ = 0% from ATLAS [75] (left) and CMS [71] (right). The black
point represents the observed value.

be distinguished from 1* and 2% in ZZ*, WW*, and 7v. To date, the SM spin-parity
JP = 07 hypothesis is compared with alternative hypotheses using the decay channel
H — ZZ*, alone, at CMS [71, 74] while the ALTAS analysis uses Higgs boson decays
H — vy, H —» ZZ* — 40 and H — WW?* — (vlv (where { denotes an electron or
a muon), as well as the combination of these channels [75, 76]. The summary of these
comparisons is presented in Fig. 3.10 for the two collaborations. It clearly indicates that
the data are compatible with the SM J¥ = 0% quantum numbers for the Higgs boson.
Most alternative hypotheses such as J” = 07, 1*, 17, 2% are now evidently excluded at

> 98% CL

3.3.3 Signal strengths measurements

As of spring 2015, CMS and ATLAS closed the chapter on Higgs measurements
with the final harvest of results from the full run-1 dataset. The combinations at AT-
LAS [77] and CMS [78] have been comprehensive, taking as inputs the analyses of the
H — vy, ZZ* , WW*,77,bb, iyt and Z~"' Higgs boson decay modes, and the constraints
on the ttH and off-shell Higgs boson production.

In the signal-strength discussion below, bbH is included in ggF, tH in ttH and gg —

1 Z~ channel is only available at ATLAS.
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Figure 3.11. Summary of the signal-strength measurements from ATLAS [77] (left) and
CMS [78] (right). The error bars represent £1o total uncertainties, combining statis-
tical and systematic contributions. In the left plot, the overall signal strength of each
analysis (black) is the combined result of the measurements for different production
processes (blue).

ZH in VH, unless noted otherwise. The ggF and bbH processes lead to similar event
signatures and no attempt is made to separate them in the analyses. The ttH and tH
events have similar topologies. The gg — Z H process leads to the same final state as the
qq — Z H process via V H production.

o Indiwidual production—decay

We first present in Fig. 3.11 the results for signal-strength measurements of different
production-decay processes (grouped by production tag at the CMS). These are used as
inputs for grouping in the combined analysis that will be coming up in the following.

e Grouped production—decay

One step in going beyond a single signal strength modifier is to evaluate the signal

strength in groups of channels from different analyses. Apparently, the groups chosen
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Figure 3.12. The best-fit signal strength for separate combinations grouped by pre-
dominant decay modes from ATLAS [77] (left) and CMS [78] (right). The horizontal
bars indicate the £1 standard deviation uncertainties for the individual combinations;
while the overall o/ogy uncertainties are shown by green shaded bands. The bars in
the right plot include both statistical and systematic uncertainties.

reflect the different production tags, predominant decay modes, or both. Once the fits for
each group are performed, a simultaneous fit to all groups is also performed to assess the

compatibility of the results with the SM Higgs boson hypothesis.

The results for the independent combinations grouped by predominant decay mode
and by production mode tag are illustrated in Fig. 3.12 and Fig. 3.13, respectively. In
Fig 3.12 most of these results for ATLAS (left) and CMS (right) are similar to the separate
measurements as shown in Fig. 3.11. A few noticeable changes can be attributed to the
assignment of the Higgs boson yield of the ttH searches to appropriate Higgs boson decay
channels. For example, the result of the ttH search in H — bb is combined with that of
the VH analysis of the H — bb decay. This can also be understood from an excess for
the ttH-tagged combination observed in Fig. 3.13, which is due to the enhancement in

the ttH-tagged H — ~yyand H — leptons analyses as one can see in Fig. 3.11.
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Figure 3.13. The best-fit signal strength for separate combinations grouped by tags tar-
geting individual production mechanisms from the ATLAS [77] (left) and the CMS [78§]
(right). The horizontal bars indicate the +1 standard deviation uncertainties for the in-
dividual combinations; while the overall o /ogy uncertainty are shown by green shaded
bands. The bars in the right plot include both statistical and systematic uncertainties.
Last, we stress that these plots cannot be interpreted as compatibility tests for pure
production mechanisms or decay modes due to the fact that the expected purities of the
different tagged samples vary substantially.
e Global signal strength
Combing the ATLAS and CMS data sets as explained in Section 3.3.1, the signal
strengths at the most recently measured value of my (see Eq. 3.3) are found to be
podp sy = LI5T055, mybpyyvy = 1175033, and p** = 1407555, Assuming a common
multiplier to all signal yields, they can be combined to result in a global, more precise
measurement, of the signal-strength parameter, providing the simplest test for consis-
tency with the SM expectation. The combined overall best-fit signal strength p (with

M;;FHEH = Whpyvy = #* = p), relative to the SM expectation, is

p= 1247018, (3.4)

and individually p = 1.18701% for ATLAS [77] and p = 1.0*312 for CMS [78)].
o 2D signal strength correlation

The measurements of the signal strengths described above assume the SM predic-
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tions for the relative contributions of different Higgs boson production processes and/or
decay channels. Thus they may conceal differences between data and theoretical predic-
tions. Therefore, in addition to the signal strengths of different decay channels, the signal
strengths of different production modes are determined, exploiting the sensitivity offered

by the use of event categories in the analyses of all channels.

The Higgs boson production processes can be categorised into two groups according
to the Higgs boson couplings to fermions (ggF and ttH) or vector bosons (VBF and
V H). Potential deviations from the SM can be tested with two signal-strength parameters
,uggFHtH = (uggF — pul,,;) and u{,BFH/H = (i gy = plpy) for each decay channel f. The
68% and 95% (not present in the right plot) CL two-dimensional contours of uégF eH
and u{,BF Lyg of the five main decay channels are shown in Fig. 3.14. The cutoff in the
contours of the H — vy and H — ZZ* decays appearing in the ALTAS analysis (see
the left plot) is caused by the expected sum of signal and backgrounds yield in one of the
contributing measurements going below zero in selected regions of the parameter space.
Consistently, the SM expectation of ,uggFHtH =1 and M{,BF_H/H = 1 is within the 68% CL

contour of most of these measurements.

As has been seen above, it is apparent that the production and decays of the newly
discovered particle are broadly consistent with the expectation for the SM Higgs. Of
course, some models beyond the SM predict Higgs decays into invisible final states such
as a DM particle or into other exotic light scalar states. The updated constraints on these

scenarios will be mentioned below.

3.3.4 Higgs invisible decay

The search for invisible decays of the Higgs boson in the vector boson fusion production
mode is carried out by both ATLAS [89] and CMS [90] using the full data sets collected in
run-1. Limits are set on the production cross section times invisible branching fraction, as
a function of the Higgs boson mass. Neither collaboration has observed an excess in the
data with respect to the expected background processes. Assuming SM Higgs boson cross

sections and acceptances, the 95% CL observed (expected) upper limit on the invisible
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the CMS [78] in the right. The best-fit values to the data (+) and the 68% (full) and
95% (dashed) CL contours are indicated, as well as the SM expectation marked. In
the left plot, the sharp lower edges of the H — ~v and H — ZZ* contours are due
to the small numbers of events in these channels and the requirement of a positive
probability density function.

branching fraction at my = 125 GeV is
BR(H — inv.) < 0.29(0.35) (ATLAS), (3.5)

and

BR(H — inv.) < 0.57(0.40) (CMS). (3.6)

This will place an important constraint on the models in which the Higgs, that is
identified as the scalar discovered at the LHC, has decays into a non-SM state that is
lighter than half of 125 GeV and that has a direct coupling to the Higgs. Such BSM
states could be either exotic light Higgs bosons or Higgs DM. The impact on BSM model
building will be exemplified in Section 5.7 and Chapter 8.

3.4 A brief overview for BSM Higgs searches

Following the discovery of the Higgs boson at the LHC, the search for new physics
continues. Even though measuring the properties of this new particle is necessary in order
to constrain the parameter space where new physics lies, at the same time, searches for

additional Higgs bosons predicted by beyond the SM theories are also imperative and
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Figure 3.15. Upper limits on the spin-independent DM-nucleon cross section OY-N
in Higgs-portal models, derived for my = 125 GeV and BR(H — inv.) < 0.51. Limits
are shown separately for scalar, vector and fermion DM. The solid lines represent the
central value of the Higgs-nucleon coupling, which enters as a parameter, and is taken
from a lattice calculation, while the dashed and dot-dashed lines represent lower and
upper bounds on this parameter. Other experimental results are shown for comparison,
from the CRESST [79], XENON10 [80], XENON100 [81], DAMA/LIBRA [82, 83],
CoGeNT [84], CDMS II [85], COUPP [86], LUX [87] Collaborations. Favored regions
for DAMA and CoGeNT are based on Ref. [88]. The results from the direct-search
experiments do not depend on the assumptions of the Higgs-portal scenario. Cross-
section limits and favored regions correspond to a 90% CL, unless stated otherwise in
the legend.

even more exciting as it still remains possible that the discovered particle is part of an

extended scalar sector, a scenario that is favoured by a number of theoretical arguments.

The aim of this section is to give a brief (but certainly incomplete) overview of the
searches for new physics in the Higgs sector performed by ATLAS and CMS. The current
status of the searches for additional scalar bosons as well as a possible pseudoscalar in the
both low-mass (below 60 GeV) and high mass (above 200 GeV) regimes will be discussed.
These include the model-independent and model dependent limits. For the latter case, the
results are interpreted in the context of 2HDM, the minimal supersymmetric extension
of the SM (MSSM) and even NMSSM. Searches for the H and A are performed in the
gluon-fusion and bb associated production processes, two high-rate production modes at
the hadron collider as discussed in Section 3.1.1, and various decay channels. However,
the emphasis in the following context is on searches in the channels H — 77, H A —

7T, v, tt as well as the H — hh and A — Zh final states.
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Figure 3.16. 95% CL upper limits on the cross section of a scalar boson ¢ produced
via gluon fusion (left) and in association with b-quarks (right) times the branching
fraction into 7 pairs at 8 TeV center-of-mass energy as a function of mg, where ¢
denotes a generic Higgs-like state. Upper panel is from [91] (ATLAS) and lower is
from [92] (CMS).

Search in the H/A — 11 channel
Most important are the limits for the H/A — 77 decay channel from ATLAS [91] and
CMS [92].

The current search for a neutral Higgs boson in this channel is constructed

in the framework of the MSSM. The dominant neutral MSSM Higgs boson production

mechanism is the gluon fusion process for small and moderate values of tan 5. At large

values of tan 3, b-quark associated production is the dominant contribution, due to the
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enhanced Higgs boson Yukawa coupling to b quarks. So far no excess of events has
been observed in the tau-lepton-pair invariant mass spectrum, and the resulting exclusion
limits based on the 8 TeV data are shown in Fig. 3.16. The present analyses are performed

separately for the bbH (bb associated production of the Higgs) and ggF production modes.
e Search in the H — ZZ* — 4L,202v, 2021 channels

The latest model-independent limits come from the searches for H — ZZ from AT-
LAS [93] and from CMS [71] and for H — ZZ* — 202y from CMS [94].

To search for a Higgs-like boson in addition to the one seen at 125 GeV, the mass
distribution above my, = 200 GeV is analyzed at ATLAS. Upper limits are set on the
production cross sections times BR of H — ZZ* — 4¢ (¢ = e, i) as a function of my up
to 1 TeV. For this analysis, the event classification into ggF-like, VBF-like and V H-like
categories is employed. To allow for constraints on a new resonance which may have
different production rates in the ggF and VBF modes, the upper limits at the 95% CL are
estimated separately for the ggF and the combined VBF /VH production mechanisms, as
illustrated in the left and right plots of Fig. 3.17 (upper panel), respectively. In addition,
the analysis using the combined 7 TeV and 8 TeV data sets are also performed in the
low mass region. The result is shown in the bottom plot of Fig. 3.17, where the 95% CL
upper limit on the SM Higgs boson production cross section as a function of mH in the

low mass region, divided by the expected SM Higgs boson cross section is drawn.

At CMS, the search for a heavy Higgs boson has been carried out in the H — ZZ* —
202v decay channel, where ¢ = e or pu. In analogy to ATLAS, the CMS search is also
optimized separately for the vector boson fusion and the gluon fusion production processes.
Up till now, no significant excess has been observed above the background expectation
in the entire mass region. Figure 3.18 shows the results obtained from the shape-based
analysis for a SM-like heavy Higgs boson using the 8 TeV dataset. In particularly, the
VBF production component is shown separately after subtracting the gluon-gluon fusion
signal contribution to this category. Besides the doublet extension, a re-interpretation
of the results as a search for a Higgs singlet extension of the SM is presented as well

in [94]. Additionally, the search at CMS also considers final states where both Z’s decay
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Figure 3.17. Upper panel: 95% CL upper limit on the production cross section times
branching ratio of H — ZZ — 4¢ (¢ = e, ) for an ggF (left) and VBF/V H (right)
produced SM-like signal as a function of mg. The blue solid curve represents the SM
prediction. Lower panel: 95% CL upper limit on the SM Higgs boson production cross
section as a function of my in the low mass region, divided by the expected SM Higgs
boson cross section. Source: taken from [93].

to electron, muon, or tau lepton pairs. The upper limits obtained from the combination
of the 4¢ (where ¢ = e, u) and 2027 channels are shown in Fig. 3.18 (bottom). However,
the limit is almost uniquely driven by the 4¢ channels as can be seen from the result based

on H— ZZ — 2027 only.
e More exotic searches in the H — hh and A — Zh channels

Last, perhaps the most interesting search channels are H — hh and A — Zh. In
general, decays H — hh and A — Zh of the heavy scalar and pseudo-scalar Higgs
bosons, respectively, include the SM-like Higgs h in the final state and lead to events with
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cross section (left) and on the VBF production alone (right) of a SM-like Higgs boson

as function of its mass. Taken from Ref. [94]. Lower panel: 95% CL upper limit on

the ratio of the production cross section to the SM expectation. Taken from [71]

isolated leptons and photons.

The search for H — hh is only available at CMS [95] and the 95% CL upper limits

on o x BR are shown in Fig. 3.19. In the analysis both observed multilepton events with

diphoton candidates based on event kinematics are included.

At both ATLAS and CMS, the search for the pseudoscalar predicted by an extended
Higgs sector is carried out in the decay chain of a heavy pseudoscalar Higgs boson A into
a Z boson and a light Higgs boson h, which is assumed to be the recently discovered

SM-like Higgs boson with a 125 GeV mass. Decays of h to bb pairs with the Z boson
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Figure 3.19. Upper from [95]: Upper limits at the 95 % CL for H — hh (left) and
A — Zh (right) in terms of ¢ x BR. The analysis are based on multilepton and
diphoton channels, and the diphoton channels help little in expected limits and up to
one pb in the observed limit. BRs for h are assumed to have SM values. The mutual
interferences between H — hh and A — Zh search channels are eliminated. Lower
from [96]: The 95% CL upper limit on o x BR(A — Zh — ££bb) as a function of m4
in the narrow-width approximation.

decaying to electron or muon pairs are considered at both ATLAS [97] and CMS [95, 96],
as well as h — bb decays with the Z boson decaying to neutrinos, that is, however, only

taken into account by ATLAS [97].

Results are commonly presented in terms of ¢ x BR upper limits. Figure 3.19 (top-
right) shows the signal probed with the multilepton and the diphoton channels, while
the upper limits are set up in a broad mass region in Fig. 3.19 (bottom) in terms of

o x BR(A — Zh — ((bb), considering the measured value for BR(Z — ¢/) with { = e, 1
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Figure 3.20. Upper limits at the 95% CL for the production cross section of a gluon-
fusion-produced A boson times its BR to Zh and BR of h to bb (left) and 77 (right).
Source: from [97].

and for a narrow A boson produced via the gluon-gluon fusion process. Notice that, while
the narrow-width approximation is generally valid for m4 < 2m;, the width of the A
boson heavily depends on the model parameters for higher masses.

But beyond that, ATLAS additionally considers the search channel A — Zh — ¢l7T.
In this case, three channels are considered, distinguished by the way the 77 pair decays:
two 7 leptons decaying hadronically, one leptonic and one hadronic decay and, finally, two
leptonic decays. Fig. 3.20 shows the 95% CL limits on the production cross section times
the BR, o(gg — A) x BR(A — Zh) x BR(h — bb/77) for each individual subchannel.
No evidence for the production of an A boson in these channels is found and the 95% CL
upper limits derived for these two channels are 0.57-0.014 pb for bb and 0.098-0.013 pb
for 77 in a range of my = 220 — 1000 GeV.

Besides the model-independent analysis, the results from ATLAS and CMS are com-
bined and interpreted in the context of 2HDMs.

Very recently we have heard that the search for a light pseudoscalar boson A in the
mass region, 25-80 GeV, is being performed and the results will be made public very soon.

Finally, I have to apologize that the search for a charged Higgs, although definitely
important, is not included as it will not have a significant impact on our model analysis
because of the smallness of the charged Higgs production cross section. In some sense it

has unique physical potential. For instance, the existence of such a charged scalar would
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definitively imply that the minimal Higgs sector of the SM is insufficient and would thus

provide an indication that the Higgs sector has to be extended.
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PART 1II

Post-discovery BSM Higgs Physics
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CHAPTER 4

Standard Model after the Higgs discovery

The discovery at the LHC of a new particle with mass ~ 125 GeV and with properties
compatible with those of the SM Higgs boson concludes decades of intense experimental
and theoretical work to uncover the mechanism of EWSB and mass generation. It has
put the final piece of the SM in place and exhibits another — possibly the greatest ever
— triumph of the SM, as not only does the SM predict the Higgs couplings to the SM
fermions and bosons, but it also constrains the Higgs boson to be light compared to its

unitarity bound of roughly the order of 1 TeV order as demonstrated in Section 2.2.

In view of this discovery, all fundamental parameters of the SM are known allowing,
for the first time, to overconstrain the SM at the electroweak scale and evaluate its
validity. In this chapter we shall review an update of the SM fit to electroweak precision
data and present its consequences regarding the potential existence of new physics. The
second part is devoted to addressing two important topical issues: the stability of the
electroweak vacuum and the hierarchy problem. Both are crucial for motivating many of
the ideas regarding physics beyond the SM. At the end, implications of updated Higgs

precision studies for new physics will be discussed.
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4.1 Global electroweak fit

For a long time, global fits of the electroweak sector of the SM have been used to
exploit measurements of electroweak precision observables at lepton colliders (LEP, SLC),
together with measurements at hadron colliders (Tevatron, LHC), and accurate theoretical
predictions at the multi-loop level, to constrain the free parameters of the SM, such as
the Higgs and top masses. Today, all fundamental SM parameters entering these fits are
experimentally determined, including information on the Higgs couplings, and the global
fits are used as powerful tools to assess the validity of the theory and to constrain scenarios
for new physics.

The main goal of this section is to quantify the compatibility of the mass of the
discovered boson with the electroweak precision data and its impact on the indirect de-
termination of the W boson mass, and the top quark mass. We only briefly review the
most relevant aspects of the analysis and highlight recent changes, while providing the
little background knowledge used in the analysis. A detailed description of the experi-
mental data, the theoretical calculations, and the statistical framework can be found in

the Gfitter Group publications [98, 99].

4.1.1 SM fit

Global fits of the SM have traditionally combined electroweak precision observables
with accurate theoretical predictions to constrain the top quark and Higgs boson masses [98—
102]. The discovery of a scalar boson at the LHC [67, 68], with mass my around 125 GeV,
provides an impressive confirmation of the light Higgs prediction derived from these fits.
To this end, the Gfitter Group [37, 38| performs a global fit assuming the new boson to
be the SM Higgs boson and inserting the measured mass into the fit. The result is to
overconstrain the electroweak sector of the SM. Key electroweak observables such as the
W boson mass, My, and the effective weak mixing angle for charged and neutral leptons
and light quarks, sin? Hgﬂ, can thus be predicted with a precision exceeding that of the
direct measurements. These observables become sensitive probes of new physics [103]

limited in part by the accuracy of the theoretical calculations.

70



4.1. Global electroweak fit

The input data to the fit consist of measurements at the Z pole! by the LEP and
SLD collaborations [105], the world average values for the running quark masses [106], of
My and T'y [106], and an up-to-date determination of the five-quark hadronic vacuum
polarisation contribution to a(M3), afi)d(Mg) [107]. For the mass of the top quark the
latest average from the direct measurements by the LHC and Tevatron experiments [41]
is adopted along with the additional 0.5 GeV theoretical uncertainty. The mass of the
Higgs boson my is taken to be the average of the results by ATLAS [108] and CMS [109],
125.14 £ 0.24 GeV.

The result of the fit is summarized in Fig. 4.1. The bands in the left graph illustrate
the comparison of the global fit results with the direct measurements in units of the
measurement, uncertainty. In general, the global fit to all the electroweak precision data
and the measured Higgs mass achieve a pretty satisfactory consistency. Only a fraction
of the contribution to the “incompatibility” stems from the W-boson mass, which agrees
at the 1.30 level with the fit prediction. The largest deviation between the best fit result
and the data is introduced by the known tension between A(F)’g from LEP and A, from
SLD, predicting respectively a larger (by 2.50) and smaller (by 1.90) Higgs mass. For
comparison, the impact of including vs. not including the two-loop result for the Z partial

widths and the O(a;a?) correction to My is also shown.

Another important consistency test of the SM is the simultaneous indirect determi-
nation of m; and myy, for which a scan of the C.L. profile of My, versus m; is shown in
Fig. 4.1 (top-right) for the scenarios where the direct my measurement is included in the
fit (blue) or not (grey). Clearly, both contours agree with the direct measurements (green
bands and ellipse for two degrees of freedom). Thus, these results are compatible with,

and exceed in precision, the direct measurements.

All in all, the knowledge of the Higgs mass dramatically improves the SM predictions

of several key observables.

I Recently, full fermionic two-loop calculations have become available for the partial widths and BRs
of the Z boson [104].
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Figure 4.1. Left: Comparison of the fit results with the direct measurements in units
of the experimental uncertainty. The colored, top bars from [38] include the two-loop
calculations of the Z partial widths with the four-loop O(aya?) correction to My, Top
right: Contours at 68 and 95% C.L. obtained from scans of My, versus my, for the fit
including My (blue) and excluding My (grey), as compared to the direct measure-
ments (vertical and horizontal green bands and ellipses). The theoretical uncertainty of
0.5 GeV is added to the direct top-mass measurement. In the figure, the corresponding
direct measurements are excluded from the fit. Bottom right: Experimental constraints
on the S and T parameters with respect to the SM reference (erff = 126 GeV and
mi¢t = 173 GeV). Shown are the 68%, 95% and 99% C.L. allowed regions, where
the third parameter U is left unconstrained. The prediction in the SM is given by
the black (gray) area when including (excluding) the new My measurements. Source:
taken from Gfitter Group publications [37, 38].

4.1.2 S,T,U parameters

If the new physics scale is significantly higher than the electroweak scale, new physics
effects from virtual particles in loops are expected to contribute predominantly through
vacuum polarization corrections to the self-energies of the photon, Z boson, and W bo-

son, and the mixing between the photon and the Z boson. These terms are traditionally
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denoted oblique corrections, and are conveniently parametrised by a set of three measur-
able quantities, called S, T,U Peskin—Takeuchi parameters [110, 111], that parameterize
potential new physics contributions to electroweak radiative corrections. The Peskin—
Takeuchi parameters are defined so that they are all equal to zero at a reference point in
the SM, with a particular value chosen for the measured Higgs boson mass. With this
definition significantly non-zero S, T, U parameters represent an unambiguous indication
of new physics.

Briefly speaking, the S and T parameters absorb possible new physics contributions to
the neutral and to the difference between neutral and charged weak currents, respectively,
and thus are both affected by varying the mass of the Higgs boson. As a result, the T’
parameter places a strong constraint on the mass correlations in an extended Higgs sector.
In contrast, the U parameter is only sensitive to changes in the mass and width of the
W boson. It tends not to be very useful in practice and is often set to zero, as the
contributions to U from most new physics models are very small. This is essentially
because U actually parameterizes the coefficient of a dimension-8 operator, while S and
T can be represented as dimension-6 operators.

Constraints on the S, T, U parameters are extracted from a global fit to the high-
precision electroweak data from particle collider experiments (mostly the Z pole LEP
data) and atomic parity violation by calculating the difference of the oblique corrections as
determined from the experimental data and the corrections obtained from a SM reference
point (with fixed reference values of m; and my).

The results of the study [38], choosing the SM reference as mis! = 125 GeV and
miet = 173 GeV, are

S=0.05£011, T=0.09+0.13, U =0.01£0.11, (4.1)

with correlation coefficients of +0.90 between S and 7', —0.59 (—0.83) between S and U
(T and U). The constraints at the 68%, 95% and 99% CL on S and T for an unconstrained
U are shown in Fig. 4.1 (bottom right). For illustration also the SM prediction is shown.
The mpy measurement reduces the allowed SM area from the grey sickle to the narrow

black strip at about S = T = 0, which accounts for the propagation of the current
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CHAPTER 4. STANDARD MODEL AFTER THE HIGGS DISCOVERY

experimental uncertainties in my and m; upon the SM prediction.

4.2 Electroweak vacuum

Given the great success of the SM and the discovery of a very SM-like Higgs boson at
the LHC, one would be inclined to consider that new physics beyond the SM appears only
at the Planck scale Mp;. Indeed, Fig. 2.5 shows that my ~ 125 GeV lies well within the
parameter window in which the SM can be extrapolated all the way up to a high-energy
scale around the order of 10° GeV. More accurately, for the current central values of the
top mass and strong coupling constant, the Higgs potential develops an instability around
10" GeV, with a lifetime much longer than the age of the Universe. [112] In other words,
absolute stability of the Higgs potential is highly excluded even when taking into account
theoretical and experimental errors. [113] I shall present in this section an updated picture
for the EW phase diagram with a minimal description of the analysis that leads to the
conclusion. For more details regarding the state-of-the-art calculation, I would suggest

the excellent references listed below.

Traditionally, in studying the high-energy behaviour, one is concerned with large field
values and therefore it is adequate to neglect the Higgs mass term p? that is defined
in Eq. (2.29). As a result, the Higgs quartic coupling A becomes crucial in determining
the Higgs potential. Assuming negligible corrections to the Higgs effective potential from
physics beyond the SM up to energy scales of the order of the Mp), Ref. [112] has included
two-loop RGEs for all the SM couplings, and all the known finite one and two-loop
corrections in the relations between A and the top Yukawa coupling ¥, to the top mass
m; and Higgs mass mpy. To date, the evolution of the Higgs quartic coupling has been
analysed at the complete NNLO [113] and was recently improved with stunning full 3-loop
NNLO precision [114]. This coupling remains weak in the entire energy domain below
Mp,. Tt decreases with energy crossing A = 0 at a scale of about 10 GeV, see Fig. 4.2
(left). Another important feature of the RG evolution of A is the slowing down of the
running at high energy. As shown in Fig. 4.2 (right), the corresponding Higgs quartic

B-function vanishes at a scale of about 10'7 — 10'® GeV.
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Figure 4.2. RG evolution of A (left) and of ) (right) varying My, as(Mz), My by
4+30. The grey shadings cover values of the RG scale above the Planck mass Mp =~
1.2 x 10! GeV. Plots taken from Ref. [114].

Next, I display in Fig. 4.3 the phase diagram on the plane of the Higgs and top-quark
masses, which are known to be the two most important parameters that determine the
various EW phases of the SM. In the plots, the regions of stability, metastability, and
instability of the EW vacuum are shown both for a broad range of my and m; and after
zooming into the region corresponding to the measured values. Remarkably, in the context
of the SM the measured values of my and m; appear to be rather special, in the sense that
they place the SM vacuum in a near-critical condition, at the border between stability
and metastability. This means that the Higgs vacuum does not reside in the configuration

of minimal energy, but in a metastable state close to a phase transition.

Therefore, with the current precision in the Higgs mass determination and theoretical
calculation of the stability bound, one concludes that (given the theoretical assumptions
about the absence of BSM physics) our vacuum would most likely be metastable. We
should then worry about its lifetime against decay through quantum tunnelling to a deeper
minimum at very high field values. In some sense this drives us to elaborate on possible
implications as well as resolutions of this instability of the Higgs potential. In addition,
stability at finite temperature implies an upper bound on the reheat temperature after

inflation, which depends critically on the precise values of the Higgs and top masses [112].
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Figure 4.3. Left: SM phase diagram in terms of Higgs and top pole masses. The
plane is divided into regions of absolute stability, meta-stability, instability of the
SM vacuum, and non-perturbativity of the Higgs quartic coupling. The top Yukawa
coupling becomes non-perturbative for M; > 230 GeV. The dotted contour-lines show
the instability scale A in GeV assuming az(Mz) = 0.1184. Right: Zoom in the region
of the preferred experimental range of M}, and M; (the grey areas denote the allowed
region at 1, 2, and 30). The three boundary lines correspond to 1-o variations of
ag(Myz) = 0.1184 £ 0.0007, and the grading of the colours indicates the size of the
theoretical error. Plots taken from Ref. [114].

On the other hand, why do EW parameters seem to take such intriguing values at the
Planck scale, the scale of gravitational physics, which is totally unrelated to the EW scale?
No compelling theoretical explanation has been offered so far.

Finally, precision measurements of the top mass, that according to the phase diagram
in Fig. 4.3 should tell us whether or not the SM moves towards the stability line, cannot
give any answer to this question. As should be clear by now, the knowledge of m; and

my is not sufficient to make a decisive statement on the stability of the EW vacuum.

4.3 Gauge hierarchy problem

In the last section we have explored the naive possibility that the SM remains valid
even beyond scales at which it has been directly tested. However, there are a number
of plausible reasons, particularly from the running of SM gauge coupling constants and

the lifetime of the proton, to expect that a grand unification theory (GUT) could appear
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4.3. Gauge hierarchy problem

at a scale of 10* GeV. Obviously, this GUT scale is much larger than the scale of
weak interactions, which is approximately v ~ 250 GeV, and hence there is an energy
desert all the way up a scale of 10'* GeV from the world of known SM particles. To
physicists this scenario seems highly unlikely. On the other hand, this simplest hypothesis
gives rise to a theoretical flaw: why is the Higgs boson so much lighter than the Planck
mass (or a bit lower GUT scale)? This is one of the ways to define the “hierarchy
problem” in the language of particle physics. One would expect that the large quantum
contributions to the square of the Higgs boson mass would inevitably make the mass huge,
comparable to the scale at which new physics appears, unless there is an incredible fine-
tuning cancellation between the quadratic radiative corrections and the bare mass. This
is actually the strongest evidence to convince ourselves that new physics should emerge
at the TeV scale.

Suppose the SM has a cutoff A and unknown physics resides in the gauge couplings,
Yukawa couplings and the Higgs potential. These parameters are derived from a more
complete theory at a higher energy scale M. The energy scale of the SM or the mass of
every ordinary particle in the SM is proportional to the vev of the Higgs field. This is not

a new parameter, but is obtained by minimizing the Higgs potential.
V(H) = —m2 H? + \H* (4.2)

in which my and A represent the renormalized mass and couplings, respectively, that
are actually measured. To make a prediction for the measured Higgs mass which is no
longer a free parameter after the discovery, we must calculate the corrections to the Higgs
mass coming from the quadratically divergent diagrams, that are shown in Fig. 4.4. They
include vacuum corrections to the Higgs mass from predominantly top quark loops, W and
Z boson loops and from the Higgs itself. Regularizing them in a proper way and applying
the renormalization scheme, one finds that the quantum corrections to the Higgs mass

m? take the following form:

1 1
2 2 2
=m AN
T\nf/ bare 1672 * 1672

~Av?

_ 3
82

~
quadratically-divergent radiative correction

g*A? YA (4.3)
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Figure 4.4. Quantum corrections to the SM Higgs boson

The above expression indeed proves that the diagrams in Fig. 4.4 are all quadratically
dependent on the cutoff. The potential of Eq. (4.2) gives my = v/2\v, which is approx-
imately at the 10?> GeV order of v for A of order unity. On the other hand, suppose the
SM is assumed to be an effective field theory with very heavy particles, for instance, some
grand unified theory to replace the SM at a scale of A = 10'* GeV > v. Then the bare
Higgs mass parameter would have to be finely tuned to 26 decimal places in order to
cancel the complicated series thereby realizing a low energy scale and a small physical
Higgs mass and the light masses of the known SM particles. In addition, one would expect
the fraction m,_ ./A?* to depend on the structure of the high energy scale theory and not
that it is finely tuned to produce low energy scale physics. So it seems unnatural that a
theory such as the SM with an energy scale v has a more fundamental energy scale which
is many orders of magnitude higher. This is known as the hierarchy problem. Physically,
it arises from the fact that there are quadratically divergent loop contributions to the
Higgs mass which drive the Higgs mass to unacceptably large values unless the tree level

mass parameter is finely tuned to cancel the large quantum corrections.

Given this hierarchy problem one would expect that new physics should appear on an
energy scale not too far away from that of the SM. It is possible and instructive to make
a rough estimate of the scale at which new physics may appear. At the LHC the 1-10
TeV energy scale will be probed directly for the first time. Thus an important question to
answer is whether it is natural for the SM to be valid up to these scales (or if we can expect
to discover new physics at the LHC). To make the argument, let us assume that the SM is
valid up to a cut-off scale of A = 10 TeV. At even higher energies new physics takes over,
which implies that we do not know how to compute loop diagrams with momenta larger

than A, thus we will cut such loops off at A. This leads to a fine tuning of approximately
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Figure 4.5. A graphical illustration of the fine tuning of the Higgs boson mass in a SM
with a cut-off of A =10 TeV.

one part in a hundred of the Higgs mass and thus of the electroweak scale that is sketched
in Fig. 4.5. It is also important to note that the fine-tuning required is much greater as the
cutoff A increases. Todays most powerful particle accelerators have probed up to energies
of approximately 1 TeV. Taking A to be 1 TeV we find the most dangerous corrections of
approximately —(200 GeV)? from the top loop, (75 GeV)? from weak gauge boson loops
and (45 GeV)? from the Higgs self interaction diagram. Therefore, one can conclude that
with a cut-off of 1 TeV no fine tuning is required, the SM with no new physics up to 1 TeV
is perfectly natural. So we should not be surprised that we have not yet seen deviations
from it at colliders. Finally, an estimate of the scale at which new physics should appear
in order to avoid fine tuning of the electro-weak scale can be made by proposing a fine
tuning of no more than 10 percent. This leads to a cut-off A of approximately 2 TeV.
So it is to be expected that new particles exist and that these particles have masses of

approximately 2 TeV.

In order for these particles to cancel the quadratic divergences caused by SM cor-
rections one might suggest that these new particles are related to the SM particles by
a symmetry. One popular and (partly) successful solution to the hierarchy problem is

SUSY. In supersymmetric theories the quadratically divergent diagrams are cancelled by
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diagrams with superpartners running in the loops. Speaking colloquially, these cancella-

tions occur because superpartners have opposite spin-statistics.

One proposed solution, popular amongst many physicists, is that one may solve the
hierarchy problem via SUSY. SUSY can explain how a tiny Higgs mass can be protected
from quantum corrections. SUSY removes the power-law divergences of the radiative cor-
rections to the Higgs mass and solves the hierarchy problem as long as the supersymmetric
particles are light enough. This still leaves open the p problem, however. Currently the
tenets of SUSY are being tested at the LHC, although no evidence has been found so far
for SUSY.

Another sound solution is to introduce an extra dimension, which is first studied in the
Randall-Sundrum (RS) model in which a single warped extra dimension is introduced to
alternatively resolve the hierarchy problem of the SM. An interesting part of this is that
the hierarchy problem is automatically solved. The main scale on the Planck brane would
be the Planck scale. However, the change by 16 units causes the scales to change by 16
orders of magnitude. On the Planck brane, strings would be 10%* cm in size, but on the
Tev brane they would be 10'7 em. In fact, this makes the mass scale for the Weak brane

of order a TeV. Therefore, you no longer have the strange range of masses and energies.

4.4 Implications for new physics beyond the SM

The minimal version of the SM contains one complex Higgs doublet, resulting in one
physical neutral CP-even Higgs boson after EWSB. Therefore, the discovery of the SM
Higgs boson is a milestone in the quest to understand EWSB and has put the final piece
of the SM in place. To date, fits of the Higgs couplings performed by ATLAS [77] and
CMS [78] show no deviations from SM expectations. (A combined global fit of the Higgs
couplings based on the run-1 results was performed by a collaboration of which I was a
member in [115].) However, conceptually there is no reason why the Higgs sector should
be minimal and the SM is not necessarily the ultimate theoretical structure responsible

for EWSB.

Indeed, although the SM of electroweak interactions with the inclusion of a 125 GeV
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Higgs boson appears to describe physics extremely well down to the smallest distance
scales yet probed and also does not lead to an unstable Universe where we live in, it
leaves many serious questions (in addition to the hierarchy problem addressed in Sec-
tion 4.3) unsolved and cannot completely describe all observed phenomena. For example
one might wonder about neutrino masses, values of fundamental constants and couplings,
the origin of families or the exact charge relations between various particles. An even
greater question might be: what is the role of gravity in all this? For now it seems that
only general relativity correctly describes the physics of gravity and perhaps string theory.
Therefore, while the SM is a very good approximation to the full theory of elementary
particles and forces at low energy scales, it is believed to be only a component of a more
complete theory. At some energy it must give way to a more fundamental theory. This is

perhaps a grand unified theory or string theory or something else (not yet considered).

Theories that go beyond the SM (for instance SUSY and Higgs-multiplet models)
typically require an extended Higgs sector. Such a non-minimal Higgs sector, although
stringently constrained by the LHC run-1 data, is theoretically very attractive and a man-
ifestation of new physics. If confirmed, it would shine light on the mechanism of EWSB
dynamics. Therefore, it is particularly interesting and relevant to study models with ex-
tended Higgs sectors, such as doublet and/or singlet extensions of the SM. Meanwhile, it
is important to assess all possibilities for other Higgs-like states that may have escaped de-
tection at the run-1. Appealing models of our particular attention for such consideration
in Part II are the 2HDM and the NMSSM. The former is an especially simple extension
beyond the SM, while the latter has the least fine-tuning problem in the framework of
SUSY.

In addition to likely representing a smoking gun for an extended Higgs sector, this
discovery could also have far-reaching implications for our understanding of how Nature
works at its most fundamental level, including connections with DM and other cosmolog-
ical problems. In fact, apart from the big questions listed above, one of most outstanding
failures of the SM is the lack of a candidate for DM. As of today the constitution of DM

remains unknown. However, there are various strong evidences for the existence of DM
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from cosmological and astrophysical observations. To account for these hints, there are
many candidates which have been proposed for DM in a variety of BSM theories. With
protection by an extra discrete symmetry, a certain non-SM scalar boson (Higgs partner)
could be a possible DM candidate. In Part III we will provide two typical examples of DM
for illustration, the lightest neutralino supersymmetric DM and the Higgs-portal scalar
DM in the singlet extension of the 2HDM. Beyond the SM the Higgs sector and DM
sector may be intimately connected. If so, detecting signs of an extended Higgs sector
could shine light on still hidden elements of the DM sector, and vice versa. Thus, it is also
of interest to explore the implications of recent developments in hunting for (additional)

Higgs bosons and detecting DM in the context of a particularly simple model.
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BSM alternative |: two-Higgs-doublet model

Now that a new particle has been discovered at the LHC with properties close to
those of the SM Higgs boson, it is clear that models with an extended Higgs sector will
be significantly constrained by the data. In particular, it is worthwhile and important to
assess in this context all possibilities for other Higgs-like states that may have escaped
detection at run-1 of the LHC. Two-Higgs-doublet models (2HDMs) are an especially
simple and appealing framework for such considerations.

The study in this chapter is limited to the C’P-conserving 2HDM of Type [ and Type II.
Following a brief overview of the model, T will present the Higgs potential in various
parameterizations and derive the mass spectrum and couplings for Higgs bosons. Next,
I provide an efficient strategy for scanning over the model parameters so as to perform
a very comprehensive and complete analysis of the status of the CP-conserving 2HDMs
of Type I and Type II. Very often I concentrate on both the case where the observed
Higgs particle at the LHC is the lighter C’P-even state h and that where it is the heavier

CP-even state H.! To address this, an elaborate study on the specially important limit

LGiven that the observed state clearly has ZZ, WW couplings that are not far from SM-like, it cannot
be identified with the CP-odd pseudoscalar A which has no V'V tree-level couplings.
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called the alignment limit is included. In addition, implications for future experiments,
including expectations regarding other lighter or heavier Higgs bosons will be discussed.
In particular, we explore the possibilities for Higgs states with mass below about 60 GeV,
i.e. less than half of the ~ 125 GeV mass of the observed SM-like Higgs boson. Finally,

a novel case of degenerate scalar masses at ~ 125 GeV [2, 116] is sketched briefly.

5.1 (General model description

Beyond the SM, the 2HDM provides one of the simplest structures for an extended
Higgs sector. It employs a second Higgs doublet with the same hypercharge ¥ = 1/2
as that in the SM and provides more physical Higgs mass eigenstates. In particular, the
Type II model is also realized in the MSSM. This model has attracted a lot of attention
recently. A large number of papers [117-126] performed fits of current data for the 125.5
GeV Higgs-like state (as per the status post Moriond 2013) within the context of 2HDMs,
and investigated the consequent phenomenology of the other Higgs states present in the
model. Among these papers, [118, 119, 121] consider 2HDMs with a conserved Z5 sym-
metry, [123, 124, 127, 128] focus on the case of an aligned 2HDM, [122, 126] investigate
the possibility of CP violation in the Higgs sector, and [125] concentrates on the question
of the triple-Higgs coupling. The general conditions for the alignment limit, in which
the lightest CP-even Higgs boson of a 2HDM mimics the SM Higgs, without decoupling
the other scalars were studied in [129]. Previous studies of alignment without decoupling
scenarios in the light of the LHC Higgs results were conducted in [127, 129, 130]. The
specific case of additional light Higgs states in 2HDMs with mass below ~ 125/2 GeV
was studied in [9]. Moreover, the prospects for future LHC running and/or for other
future colliders in view of the current data were investigated in [127, 128, 131-133]. The
possibility of CP violation in 2HDMs also implies an important link of such models to

electroweak baryogenesis, a topic that was revisited recently in [134-137].

In this section, we review the theoretical structure of the two-Higgs doublet model.
Comprehensive reviews of the model can also be found in, e.g., [39, 44, 138]. In order

to avoid tree-level Higgs-mediated flavor changing neutral currents (FCNCs), we shall
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impose a Type-I or II structure on the Higgs-fermion interactions. This structure can be
naturally implemented [139, 140] by imposing a discrete Zy symmetry on the dimension-
four terms of the Higgs Lagrangian. This discrete symmetry is softly-broken by mass
terms that appear in the Higgs scalar potential. Nevertheless, the absence of tree-level
Higgs-mediated FCNCs is maintained, and FCNC effects generated at one loop are all
small enough to be consistent with phenomenological constraints over a significant fraction
of the 2HDM parameter space [141-144].

Even with the imposition of the softly-broken discrete Zs symmetry mentioned above,
new CP-violating phenomena in the Higgs sector are still possible, either explicitly due to
a physical complex phase that cannot be removed from the scalar potential parameters
or spontaneously due to a CP-violating vacuum state. To simplify the analysis in this
paper, we shall assume that these CP-violating effects are absent, in which case one can
choose a basis of scalar doublet Higgs fields such that all scalar potential parameters and
the two neutral Higgs field vevs are simultaneously real. Moreover, we assume that only
the neutral Higgs fields acquire non-zero vevs, i.e. the scalar potential does not admit the
possibility of stable charge-breaking minima [145, 146].

We first exhibit the Higgs scalar potential, the corresponding Higgs scalar spectrum
and the Higgs-fermion interactions subject to the restrictions discussed above. Motivated
by the Higgs data, we then examine the conditions that yield an approximately SM-like
Higgs boson.

5.1.1 Higgs scalar sector potential

As will be seen, there are a number of different bases one can employ to specify the
parameters of the Higgs sector. Each one has its own purposes and particular advantages
despite the fact that some are less used. A full list of the available parameterizations, and
their corresponding parameters, is given in Table 5.1. In the following we will discuss the
form of the scalar potential and Higgs mass spectrum in the individual bases and also
provide the conversion relation among the parameters used in different bases.

o The general basis

We first parametrize the scalar potential in the general basis, that is the most widely
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Table 5.1. Input parameters for the Higgs potential in different bases and parametriza-

tions.
Type Free parameters Comment
General basis A1, A2, A3, A4, A5, A6, A7, M3y, tan 3 General potential, Eq. (5.1)
HHG A1, Ao, A, Ay, A5, Ag, tan g Zo-symmetry only softly broken
Higgs basis A1, Ao, As, Ay, As, Ag, Ar, mp= tanfB =0

Physical basis  my, mpg, ma, My+, Sg—a, A6, A7, M3y, tan B Physical masses

used parametrization when studying the theoretical structure of the 2HDM. Let ®; and
®, denote two complex SU(2), doublet scalar fields with the same hypercharge Y = 1/2.

The most general renormalizable scalar potential compatible with gauge invariance is
V =m2,®1®, + m2,d}d, — [mgcb{cbg n h.c.]

+ %M (@1@1)2 + %M (@;@2)2 + A3 <‘I’M’1) (®§®2> + A (CI)I%) (‘I);‘I)l) (5.1)

# {5 (aloe) + [xo (almn) + o (#12)] () + e}

In general, m2,, A5, A¢ and A; can be complex. As earlier noted, in order to avoid
tree-level Higgs-mediated FCNCs, we impose a discrete Z, symmetry, ®; — +®; and
®y — —P, on the quartic terms of Eq. (5.1), which implies that A\¢ = A7 = 0. However,
we allow a “soft” Z, symmetry breaking so that m?, # 0. 2 Furthermore, to avoid explicit
CP violation in the Higgs sector, all \; and m?, are assumed to be real.

The scalar fields will develop non-zero vevs if the mass matrix mfj has at least one
negative eigenvalue. We assume that the parameters of the scalar potential are chosen

such that the minimum of the scalar potential respects the U(1).,, gauge symmetry. Then,

the scalar field vevs are of the form

o) — 1 0 o) — 1 0 5 5
@i=sl ] @l e (5.2

For real parameters, the phase ¢ could still be non-zero if the vacuum breaks CP spon-

2Unlike the Z symmetric 2HDM which constrains tan 3 < 7 [131], high tan 3 values are allowed when
the Z; symmetry is softly broken.
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taneously. We avoid parameter choices for which this happens and take £ = 0. ® In this
case, the squared-mass parameters m?, and m3, can be eliminated by minimizing the

scalar potential.

mi, = mitg — %U2 (/\10% + )\3455%) , (5.3)
m§2 = mfztgl — %UQ ()\2325 + )\345025) , (5.4)
where we have defined:
v
Aps = A3+ A+ A5, tBEtanﬁzv—Q, (5.5)
1

where, by convention, 0 < # < 7/2 is chosen, and

4m?
v? = 0] +vs = gQW = (246 GeV)?. (5.6)
Then, we expand the ®; and P, fields w.r.t. their vevs, respectively
+
P, = % a=1,2 (5.7)

(Va + pa + 1)/ V2
Of the original eight scalar degrees of freedom, three Goldstone bosons (G* and G° =
11 cos B+, sin B) are absorbed (“eaten”) by the W= and Z via EWSB, like what happens
in the SM. The remaining five physical Higgs particles are: two CP-even scalars (h and
H, with m;, < mpy), one CP-odd scalar (A) and a charged Higgs pair (H*). The physical
pseudoscalar state is

A= —msinf+mngcosf. (5.8)

and the resulting squared-masses for the CP-odd and charged Higgs states are

my = m?— \sv?, (5.9)
mys = miy+ 20 (A5 — M), (5.10)
where!
2m3,
me = . (5.11)
528

3As noted in Appendix B of Ref. [39], if [m25| > As|v1||v2], then the vacuum is CP-conserving and the
vevs v1 and vg can be chosen to be non-negative without loss of generality.

4Here and in the following, we use the shorthand notation cg = cosfB, sg = sinf3, c, = cosa,
Sq =sina, cag = cos2f, s2p = cos 2, cos(f — o) = cos(f — ), sin(f — ) = sin(f — «), etc.
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As for neutral CP-even states, p; and p; mix with each other according to the following

squared-mass matrix:

M2k 4+ (m? + Asv?)s? Agys0? — (M3 + Asv?)]spc
M2 = e A B [ 345 A BB . (5.12)
[Agusv? — (M3 + Asv?)]spes Aav?sh + (m? + Asv?)ch

Rotating into the physical scalars (h, H):

h —sina  cosa
- . (5.13)
H cosa sino 02
the masses and mixing angle « are found from the diagonalization process
m2 0 Co  Sa Mi M3, Co —Sa
0 m? —Sa  Ca Mi, M3, Sa  Ca
M3l + 2M3gcasa + M3ys? M3o(ch — s5) + (M35 — M%l)‘gaca( )
= 5|14
Miy(ch = s2) + (M3, — Mi)saca M3 55 — 2M3ocasa + Miycl
Explicitly, the diagonal elements of the squared-masses matrix are given by °
my, = 5 [M3 + M3, £ A, (5.16)
where my, < mpy and the non-negative quantity A is defined by
A= /(M3 — M3,)2 + 4(M3,)2. (5.17)

The mixing angle «, which is defined modulo 7, is evaluated by setting the off-diagonal
elements of the CP-even scalar squared-mass matrix Eq. (5.14) to zero. It is often conve-

nient to restrict the range of the mixing angle to || < %7?.6 In this case, ¢, is non-negative

5 This is the solution of
IM2| = \J(m3y — ME) M3y —m2) = /(M3 — m2) (M2, —m3).

that is derived from the two conditions for which the mass matrix M is diagonal.

Tr M? =m3 +m3, det M? = m3ms3 . (5.15)

SWithout loss of generality, one can assume that the mixing angle « varies between —7/2 and 7 /2.
We choose our independent variables to be tan 5 and sin «, which are single valued in the allowed ranges.
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5.1. General model description

and is given by

_ A‘i‘M%l_M%z_ M%l_mi 518
Co = QA — 2 9 ( . )
My — My,
and the sign of s, is given by the sign of M?2,. Explicitly, we have
S, = veMi, — sgn(M?2,) M ‘ (5.19)
VAA + M}y — M3,) miy = m,

In deriving Egs. (5.18) and (5.19), we have assumed that my, # my. The case of my, = my
is singular; in this case, the angle « is undefined since any two linearly independent
combinations of h and H can serve as the physical states. In the rest of this chapter

except for Section 5.8, we shall not consider this mass-degenerate case further.
e The HHG basis

An alternative parametrization of the scalar potential is given in the Higgs Hunter’s
Guide (HHG) [44] and was originally introduced in [147]. This parametrization only
allows for soft breaking of the Zy symmetry, equivalent to forcing \¢ = A7 = 0 in the
general potential. Although it explicitly exhibits the scalar potential minimum, the HHG

parametrization obscures the decoupling limit.

In the HHG parametrization, the most general gauge invariant Higgs potential of the
CP-conserving 2HDM, subject to a discrete symmetry &, — —®, that is only softly
violated by dimension-two terms, is given by [44, 148, 149]"

Vo= M(1 = V) + Ag(| D2 = VE)? + As[(|@1* — V) + (|af* — V)]?
FAL[| @12 ®o|* — [P Do[?] + As[Re(P] Do) — ViVo]? + Ag[Im(P]®,)]*  (5.20)

where the A; are real parameters. The vevs of the two Higgs—doublet fields V; 5 are related

to the vy 5 of eq. (5.2) by Vio = v172/\/§. The relations between the \; and A; in the two

7 To distinguish the notation in the general basis, we employ the symbols V; and A; in the HHG basis.
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bases can be found in Appendix A of [39)].

A = % P‘l — Ay + ngz/(v%ﬁcﬁ)] )
P‘Z — Agg5 + 2m%2/(1’23605)] )
Az = % [/\345 - 2m32/(v25g05)] )

Ay = 2m%2/<1}28ﬂ65) — A — A5,

N |+

As = 2mi,y/(vs5c5) |

Ag = 2m3,/(v?s5c5) — 25, (5.21)

where \;s = A3+ M + A5 and v?sgeg = 2V4V,. Note that we have also assumed that the
discrete symmetry ®, — —®, is only broken softly; an additional term, A;[Re(®!®,) —
0105)Im (P! ®,), can be eliminated by redefining the phases of the scalar fields [150]. Using
the same parameterization for the Higgs doublets as in Eq. (5.7), one obtains for the mass

terms in the CP—even Higgs sector

(1. p A(A1 + A3) VP + AsV7 (4A3 + As)V1 Vs (Pl> (5.22)
1, P2 .
(4A3 + A5) Vi Vs 4(Ag + A3)VE + A5V P2

while in the CP-odd and charged Higgs sectors, one has

A (v

V-V (e
~ViVy V2 12

7A _7 9
) menen| 2 v

Ae(m1,72) ) (5.23)

Diagonalizing the mass matrices and using Eq. (5.15) one obtains the physical masses of

the Higgs bosons, which in the case of the pseudoscalar and charged Higgs bosons read
M3 =AV? and Mp. = AV? (5.24)

where V2 = V? + V2 = (174 GeV)?; the mixing angle o in the CP-even Higgs sector
is obtained from the mass matrix using the relations given in Eqs. (5.18) and (5.19).

Inverting these relations, one obtains the A’s in terms of the Higgs masses, and the angles
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a and (3 [44]
A = Wéﬁv?@()sz aM3, +sin? aM}) — ZE Zg Mi;M’% %(1 — i;ﬁg) ,
Ay = ﬁ2502(sm2 aM3, + cos® aM?) — zii Zg MEI4;2M]3 %(1 — %) ;

e The physical basis.

Another very useful basis is the physical basis. Inheriting the nature of its name, in
the physical basis the Higgs masses are given as input together with the invariant sg_.

Analogous to Eq. (5.25), we can solve for the scalar potential parameters Aq, ..., A5 in

the general basis in terms of the physical Higgs masses and the remaining m?, variable.

m2,c2 +m2s: —m? lg
A = D T~ (5.26)
B
2y = Trfa T M~ ity (5.27)
2 ’U2S% ) .
N (M3 — mi)casa + 2m3.s5cs — miy (5.28)
5 v2sges '
(m? — 2mis)spcs + miy
M\ = 5.29
* v2sges ’ (5:29)
As — m%Z — mQASﬁC/B (5 30)
i visgeg '
In addition, the minimization conditions of Eqs. (5.3) and (5.4) reduce to:
1 .
mj, = 30, (mFica cos(B — @) — mjssin(B — @) + mistg, (5.31)
1
mi, = “5a (mjcasin(B — a) + my;sq cos(8 — a)) + m%tgl : (5.32)
B

Note that A\g and A7 do not appear when m?, and m3, are expressed entirely in terms of
m?, and physical Higgs masses.
The possibility of this conversion is entirely due to the simple structure of the Higgs

sector in the 2HDM, in contrast to the more involved relations in the supersymmetric

8In the general with the presence of \g, A7, it is also possible to solve for any five of the scalar
potential parameters A; in the general basis in terms of the physical Higgs masses and the remaining
three undetermined variables [151-153]. It is convenient to solve for Aq,..., A5 in terms of \g, A7, m?,
and the Higgs masses [39)].
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models as will be clarified in Chapter 6. The parametrization is tremendously powerful
for phenomenological studies as it gives us freedom to input given Higgs masses of partic-
ular interest. Of course, the remaining parameters in this parametrization are not more
physical than in any general potential. Since Ag, A7 (if present), and m3, play a role in
the Higgs self-interactions, their effects appear for instance in the loop-mediated decay

H — .
e The Higgs basis

The scalar potential given in Eq. (5.1) is expressed in the Zy-basis of scalar doublet
fields in which the Zy discrete symmetry of the quartic terms is manifest. To facilitate
study of the decoupling limit, one employs the so-called Higgs basis [154, 155] in which
the two Higgs-doublet fields are defined as:

Hy Hy
H, = = Dycp + Dasg, Hy = = — Q55 + Pocg, (5.33)
HY 3

so that (HY) = v/v/2 and (HY) = 0. The scalar doublet H; possesses SM tree-level
couplings to all the SM particles. Therefore, if one of the CP-even neutral Higgs mass
eigenstates is SM-like, then it must be approximately aligned with the real part of the

neutral field HY. Note however that the H} defined above is not a mass eigenstate.

The scalar potential, when expressed in terms of the doublet fields, H; and Hs,, has

the same form as Eq. (5.1),

V = YiHIH, + Y,H}H, + Y5[H|H, + h.c/]
+3 21 (H{H\)* + 3 Zo(HY Hy)® + Zs(H{ Hy)(H Hy) + Z4(H{ Hy) (HS H, )

o+ { $25 (H{ Ha)? + [Zo(H] HL) + Zo (HYHo) H{Hy + b, } (5.34)

where the Y; are real linear combinations of the mfj and the Z; are real linear combinations
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of the );. In particular, since A\g = Ay = 0, we have [154]°

Zy = MCj+ Xosh+ $hg5555 (5.35)
Zy = Mg+ MaCh+ 555555 (5.36)
Zi = is5[M 4+ X =205 + N, (fori=3,40r5), (5.37)
Zg = —3So8 P‘lc,%’ — )\25% — AguzC28) (5.38)
Z7; = —%525 [)\13% — )\QC% + )\34502ﬂ] ) (5.39)

Since there are five nonzero \; and seven nonzero Z;, there must be two relations. The

following two identities are satisfied if § # 0, m, s
Z2 = Z1 + 2(Z6 + Z7) cot 25 s (540)
Z345 = Z1 + 2Z6 cot 2/8 - (ZG - Z7) tan 25 s (541)

where Z3y5 = Z3 + Z4 + Zs. One can invert the expressions given in egs. (5.35)—(5.39),
subject to the relations given by Egs. (5.40) and (5.41).

The squared mass parameters Y; are given by

Yi = mi ¢l 4 miysh —miysag, (5.42)
Yy = miysh 4 miych + miysas (5.43)
Y = §(m3, —mi))sos — miseas. (5.44)

Y; and Yj are fixed by the scalar potential minimum conditions,
Vi =—-1Z0%, Yy = —1Z0°. (5.45)
Using Egs. (5.11) and (5.45), we can express m?2 in terms of Y5, Z; and Zg,

m2 =Yy + %Zlvz + Zgv? cot 2. (5.46)

9To make contact with the notation of ref. [39], A\ = Z1, \y = Zo, A\p = Z3+ 24 — Zs, \p = Z5 — Zy,
)\A = Zl — Z57 ;\ = —Z6 and )\U = —Z7.

OFor 8 = 0, %ﬂ', the Zs-basis and the Higgs basis coincide, in which case Zg = Z7; = 0 and Z;, Zs,
Z345 are independent quantities. For 8 = %ﬂ', the two relations are Zy = Z5 and Zg = Z7, and Z345 is an

independent quantity.
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The masses of H* and A are given by
mye = Yo+ %ngQ , (5.47)
miy = Yo+ 2(Zs+ Zs— Zs)°. (5.48)

It is straightforward to compute the CP-even Higgs squared-mass matrix in the Higgs

basis,

M3, = : (5.49)
Z6U2 m124 + Z5U2

The physical mass eigenstates are identified from Egs. (5.13) and (5.33) as
H = (V2Re HY —v)cos(f — o) — vV2Re HYsin( — a) (5.50)
h = (V2Re HY —v)sin(f — @) + V2Re HY cos(f — @) . (5.51)
Then, Egs. (5.16) and (5.17) yield
my, = 2[m4 + (Zy + Zs)v* £ Ay, (5.52)

where

Ay = \/[mi + (Z5 — Zl)vz}2 + 4720, (5.53)

In addition, Eq. (5) yields

Zelo? =\ (m3y — Z02) (Zy? — m3). (5.54)

Comparing Eqs. (5.13) and (5.51), we identify the corresponding mixing angle by
a — (3, which is defined modulo 7. Diagonalizing the squared mass matrix, Eq. (5.49), it

is straightforward to derive the following expressions:

Z0 = mish_, 4+ mich_, (5.55)

Zgv? = (m} —m%)sin(8 — a)cos(f — a), (5.56)

mi 4+ Zsv® = mysh_ +mich_,. (5.57)

It follows that
m? = (Z1 + ZGCOS G )) (5.58)
n(f - a)
2 = Z-— 7 COS(B—OC ) 5.59
My m? + ( 5 6sm( “a) ( )
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Note that Eq. (5.56) implies that!!
Zgsin(f — a) cos(f —a) <0. (5.60)

One can also derive expressions for cos(f — a) and sin(f — «) either directly from
Egs. (5.55) and (5.56) or by using Eqs. (5.18) and (5.19) with « replaced by o — 5. Using
Eq. (5.60), the sign of the product sin(f—a) cos(8—«) is fixed by the sign of Zs. However,
since 8 — « is defined only modulo 7, we are free to choose a convention where either
cos(B — a) or sin( — a) is always non-negative.'> In a convention where sin( — «) is
non-negative (this is a convenient choice when the h is SM-like),

2 2 2
Zwt —my —Zgv

my —mi  \/(mE —m3)(m¥y — Zyv?)

cos(ff — o) = —sgn(Zg) (5.61)

where we have used Eq. (5.54) to obtain the second form for cos(8 — «) in Eq. (5.61).

Finally, we record the following useful formula that is easily obtained from Eq. (5.9),
m? =m} + Zsv® + L(Zs — Z7)v* tan 2. (5.62)

Combining Eq. (5.62) with Egs. (5.56) and (5.57) yields
Z? = (mj, — mi;) sin(f — @) cos(B — a) + 2cot 28 [mis5_o + mich_, —m?] . (5.63)

Using Egs. (5.40) and (5.41), one can likewise obtain expressions for Zov? and Zss5v? in
terms of m2, m%, and m?2. However, these expressions are not particularly illuminating,

so we do not write them out explicitly here.

5.1.2 Higgs couplings

Having specified the Higgs potential, we can move on to determine the tree-level Higgs
couplings in order to have a complete model.

We first highlight the coupling of the CP-even Higgs bosons to V'V (where V = W+
or Z), which is the most relevant coupling to the LHC physics. Denoting the SM Higgs

boson by hgw, these couplings normalized to the hg V'V coupling is given by

Ct =sin(B — a), O = cos(B — a). (5.64)

1 Once we establish a convention where 0 < 8 < %ﬂ', the sign of Zg is physical.
12Such a convention, if adopted, would replace the convention employed in Eq. (5.18) in which ¢, is
taken to be non-negative.
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As expected, if h is a SM-like Higgs boson then CE ~ 1 in the alignment limit, whereas
if H is a SM-like Higgs boson then C¥f ~ 1 in the alignment limit.

More Higgs couplings to gauge bosons can be derived by following the spin—parity
quantum number assignments [44]. In the absence of fermions, the CP—even H; bosons
[that is the linear combinations of Re(¢;)] are JPC¢ = 0%+ states, while the CP-odd
A; particles [the linear combinations of Im(¢;)] have J'¢ = 07~ and both P and C
symmetries are conserved!®. The charged Higgs boson is a J¢ = 07 state, while the Z
and W bosons are mixtures of, respectively, 17~ /1t and 17 /17 states. From these J¥°
assignments, one can infer the general properties of the Higgs couplings to gauge bosons,
including their existence or their absence at the tree-level and the possibility of inducing
them by loops [156, 157]. A summary of possible tree-level and loop induced couplings
among two Higgs bosons and one gauge boson as well as one Higgs boson and two gauge
bosons is given in Table 5.2 [157]. CP is assumed to be conserved in the Higgs sector
[also in the fermionic couplings] and only Higgs doublets and singlets are considered [the
H*™W~Z coupling can be present at the tree—level in higher extensions of the Higgs sector;
see Refs. [158-160] for instance].

Next, we turn to specify the Yukawa sector and consider the Higgs boson couplings
to fermions. The interaction of the Higgs bosons with fermions are model-dependent.
The most general renormalizable Yukawa couplings of the two Higgs doublets to a single

generation of up and down-type quarks and leptons (using third generation notation) is

given by
—Lvux = Vybr®i* QY + Vibp®L QY + YIFr®i* Ly + Y2TR®PL LY
+ e [VIERQLP] + VPTRQL @] + hec., (5.65)
where €15 = —€91 = 1, €17 = €22 = 0, Qp = (1, br) and Ly = (v, er) are the doublet

left handed quark and lepton fields and tg, bg and eg are the singlet right-handed quark
and lepton fields. However, if all terms in Eq. (5.65) are present, then tree-level Higgs-

13This is no longer the case when fermions are involved and, in this case, only CP—symmetry is approx-
imately conserved. However, since in the Higgs—fermion Yukawa coupling the ff system has zero total
angular momentum and thus has C = + charge conjugation, the H; and A; states behave as scalar and
pseudoscalar particles, respectively.
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Table 5.2. The tree-level and loop induced Higgs couplings to one gauge boson and two
gauge bosons in a general model with Higgs doublets where CP symmetry is assumed
to be conserved in the Higgs and fermionic (except in the CKM matrix) sectors; Cc,
CPc, @ =0, col =0 mean, respectively C, CP, charge and color conservation. Source:
borrowed from Ref. [161].

HHYV couplings HV'V couplings
Coupling Tree-level? | Loop? Coupling Tree—-level? Loop?
H,H;Z, A;A;Z | NO: Bose statistics | H;ZZ, HHWW YES —

H;H;v, A;A;y | NO (Bose statistics) Hiyy, HvZ NO (@ =0) 1-loop

H;H;v,A;A;y | NO (Q=0) | 3-loop H;gg NO (col=0) 1-loop

H,H;Z,A;A;Z | NO (CPc) | 3-loop || AiZZ, AWW NO (Cc) 1-loop

H; A~ NO (Q =0) | 1-loop |  Ayyy, Ay Z NO (Cc,@ =0) | 1-loop

HA;Z YES - Aigg NO (Cc, col=0) | 1-loop
HYHZ(v) YES - HYW~Z NO for doublets | 1-loop
H*W-H,(A) | YES - H*W= | NO (U(l)g¢) |1 loop

mediated FCNCs would be present, in conflict with experimental constraints. To avoid
tree-level Higgs-mediated FCNCs, we extend the discrete Z, symmetry to the Higgs-
fermion Lagrangian. There are four possible choices for the transformation properties of

the fermions with respect to Zs, which we exhibit in Table 5.3.

For simplicity, we shall assume that the pattern of the Higgs couplings to quarks and

leptons is the same.'* This leaves two possible options which are generally discussed for

14 Otherwise it will induce the lepton-specific and flipped types of the 2HDM, see details in the review
article [138].
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Table 5.3. Four possible Zs charge assignments that forbid tree-level Higgs-mediated
FCNC effects in the 2HDM. [162].

q)l q)2 tR bR TR tL7 bL7 v, €L
Type I + |- —-]—- |- +
Type II + -+ |+ +
Type X (lepton specific) | + | — | = | — | + +
Type Y (flipped) + | = | =]+ |- +
the Higgs-fermion couplings [163]:
Typel: Y=Y =Y'=0, (5.66)
Type I V! = Y2 =2 =0. (5.67)

The Type I and Type II models are distinguished only by the pattern of their fermionic
couplings. In Type II models [163, 164], the field ®, generates the masses of isospin
down—type fermions and ®; the masses of up—type quarks and the couplings are just like
in the MSSM [with again « being free]. In turn, in Type I models [163, 165], the field
®, couples to both up— and down—type fermions. As a consequence, in the Type I model
all fermions couple to just one of the Higgs doublets while in the Type II model up-type
fermions couple to one of the Higgs doublet while down-type fermions couple to the other
one.
After the EWSB, the Yukawa Lagrangian takes the form:

m — — . —=
EYukawa = - Z Tf (C?vffh—FCII:{ffH—ZC?f’yg,fA)
f=u,d

B {\/ivud_

U (muCﬁlPL + deSPR) dH" +
(%

2m,C{
KZQLLvyRH++h@} (5.68)
where C# (H = h,H, A) are the Higgs couplings to fermions normalized to their SM
values (F' = U, D denotes the coupling to up- and down-type quark, respectively). Along
with the Higgs bosons to vector bosons (Cy), the fermionic couplings Cr for various

Higgs bosons are functions of a and § and given in Table 5.4. Also, the couplings of the
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Table 5.4. Tree-level vector boson couplings Cy (V = W, Z) and fermionic couplings
Cr normalized to their SM values for the two scalars h, H and the pseudoscalar A in
Type I and Type II 2HDMs. The H* couplings to fermions follow that of A.

Type I and 11 Type 1 Type I1
Higgs VvV up quarks | down quarks & | up quarks | down quarks &
leptons leptons
h sin(f —a) | cosa/sinf cosa/ sin (3 cosa/sinff | —sina/ cos
H cos(f —a) | sina/sinf sin o/ sin 8 sin v/ sin cos o/ cos (3
A 0 cot 3 —cot 8 cot 8 tan 3

charged Higgs boson to fermions follow those of the CP-odd Higgs A, see e.g. [4

details.

4] for

We note that the range of a employed guarantees that the top quark Yukawa

coupling is always positive in our convention. For the most part, in particular for the case

of my, ~ 125.5 GeV, one also finds that sin(f —

a) > 0.

Finally, the couplings among Higgs bosons is worth discussing as well since it plays

a crucial role in the Higgs self-interaction. In the general basis, one finds the following

results among the neutral Higgs bosons [39]

Ihaa
JHAA

9

where

A1

Au

= —v[Arsin(8 — @) — Ay cos(f — a)] , (5.69)
= —v[Arcos(B — )+ Aysin(8 — )], (5.70)
= 3Bu[Acos(B—a) (-2 +s5_,) — /)\\sin(ﬁ —a)(1—3c5_,)

+(2A4 — Ap) cos(B — a) (5 — s%_a) — A\Ch_gsin(B — a)] (5.71)
= ;11835(/\1 + o) + )\345(82 + cg) — 2X5 — S95028( X6 — A7), (5.72)
= 2523(55A — CBA2 4 CapAyys) — A6SpSss — Arcalas - (5.73)
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while the CP—even Higgs boson couplings to H* bosons are, for instance, given by [149]

M2 -\ 2 2M2 _ M2
Mp+- = hM—25v cos(fB + a) + % sin2@sin(f —a) ,  (5.74)
W W
M? — 02 2MZ%. — M?
Nggig- = HM—25U sin(f 4+ «) + W sin2f cos(B8 —a)  (5.75)
W W

Due to the limitation on the length of the thesis, I have just listed above the couplings
that are relevant to the following discussion. For a complete list of triple and quartic

couplings one could look up Refs. [39].

5.2 Setup of the analysis

In this section we provide some details regarding the parameter scans, the fitting of
the signal strengths, and the incorporation of limits related to the Higgs bosons that are
heavier than the 125.5 GeV state. In particular, we employ all the latest results for the
signal strength measurements from LHCS, include a consistent treatment of feed down

(FD) from the production of heavier Higgs states, and discuss the prospects for LHC14.

5.2.1 Input parameters and scan range

As in [6], we adopt a modified version of the code 2HDMC [166] for numerical cal-
culations.'® All relevant contributions to loop induced processes are taken into account,
in particular those with heavy quarks (¢, b and ¢), W* and H*. The four types of
parametrization discussed in Section 5.1.1 are implemented and available for inputting
parameters in the 2HDMC program. We choose to use the “physical basis” in which the
inputs are the physical Higgs masses (my, my, ma, mg+), the vev ratio (tan 3), and the
CP-even Higgs mixing angle, «, supplemented by the Z, soft-breaking paramter m2,.
With the above inputs, Aj 2345 as well as m%l and m%z are determined, see Eqs. (5.26)-

(5.30) and Egs. (5.31) and (5.32).

15We have modified the subroutine in 2HDMC that calculates the Higgs boson decays to vy and also
the part of the code relevant for QCD corrections to the ¢ final state.
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We scan over the following ranges:!°

a € [—7/2,+7/2], tanpB € [0.5,60], mi, € [—(2 TeV)? (2 TeV)?],
ma €[5 GeV,2 TeV], mpy+ € [m*,2 TeV], (5.76)

where m* is the lowest value of my+ allowed by LEP direct production limits and B
physics constraints. The LEP limits on the H* are satisfied by requiring my= > 90 GeV,
while the constraints from B physics place a lower bound on charged Higgs mass with
respect to tan 5. Concretely, the lower bounds from B physics are shown as a function of
tan 0 in Fig. 15 of [138] in the case of the Type II model (roughly m* ~ 300 GeV in this
case) and in Fig. 18 of [138] in the case of the Type I model. For the remaining physical

Higgs masses, we consider

my, € [123 GeV,128 GeV], my € ]128 GeV,2 TeV], (5.77)
for the case that h is the observed state near 125.5 GeV, or

mp € [123 GeV, 128 GeV], my, € [10 GeV, 123 GeV], (5.78)

for the case that H is the observed state near 125.5 GeV. The window of 125.5 +2.5 GeV
is adopted to account for theoretical uncertainties. However, we do not consider the
cases where the A and/or the other CP-even Higgs are close to 125.5 GeV and possibly
contribute to the observed signal. Thus, for m;, ~ 125.5 GeV (mg ~ 125.5 GeV) we
require that mpy (my) and m, not be within the [123,128] GeV window nor within a
mp, £ 4 GeV (mpg + 4 GeV) mass window where my, (mpy) is the particular mass value

generated within the [123,128] GeV range.

16 A few useful comments are noted. First, the scan range of |a| < 7/2 implies that Yukawa couplings
C{} = Ch > 0 for Type I, whereas for Type II O}, < 0 is possible when sina > 0. Note that with this
scanning range for «, sin(f — «) < 0 is in principle possible, but is excluded by LHC data in the case of
my, = 125.5 GeV. Thus, for both Type I and Type II models, C and C{ are always positive. Second,
the upper and lower bounds on tan 3 are chosen to ensure that the bottom and top Yukawa couplings,
respectively, lie within the perturbative region. A safe upper limit, as adopted here, is tan 8 < 60. Last,
the range m?, chosen is too broad. To improve the scan efficiency one could take advantage of the
correlation between m?, and tan 3 as will be shown in Section 5.3. In addition, one could lower the upper
bound on m 4, my and my+ as the occurrence of heavy Higgs bosons is impossible in some scenarios.
To better control the precision towards to the SM level for the 125 GeV Higgs, we alternatively use
the free pair of parameters (sg_q,tan 3) or (cg—_q,tan §) instead of (sin ¢, tan ) in some scans, but this
replacement requires a modification of the 2HDMC code.
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Last, we should note that our scans were performed in a manner that provides adequate
point density in all regions of the various plots and predictions of interest. This means
that, besides very broad (usually flat) scans in the input parameters mentioned above,
we also used scans designed to focus on “hard-to-reach” regions of parameter space of

particular interest and importance.

5.2.2 preLHC constraints

The “preLHC constraints” includes both theoretical demands and experimental mea-
surements. Theoretically, vacuum stability, unitarity and coupling-constant perturba-
tivity (denoted jointly as SUP) are required to be satisfied. Regarding the experiment
constraints, we consider electroweak precision measurement S, 7T, U, the direct searches
at LEP and the exclusion limits from B physics. For this we closely follow the approach
of [6].

The 2HDMC code implements precision electroweak constraints (denoted STU) '™ and
limits coming from requiring vacuum stability, unitarity and coupling-constant perturba-
tivity (denoted jointly as SUP). We note that it is sufficient to consider the SUP con-
straints at tree level as usually done in the literature. Evolution to higher energies would
make these constraints, outlined below, stronger and would not be appropriate when con-
sidering the 2HDM as an effective low energy theory. In more detail, the vacuum stability
condition requires that the scalar potential be positive in all directions in the limit of
growing field strength [167]. Tree-level necessary and sufficient conditions for unitarity
are formulated in terms of eigenvalues of the S-matrix in the manner specified in [168] for
the most general 2HDM — the criterion is that the multi-channel Higgs scattering matrix
must have a largest eigenvalue below the unitarity limit. Coupling constant perturbativity
is defined as in 2HDMC by the requirement that all self-couplings among the Higgs-boson
mass eigenstates be smaller than 47. For the scenarios we consider, this becomes an im-
portant constraint on A;. In an earlier study [6] we also found that the SUP constraints
are particularly crucial in limiting the level of enhancement of the gg — h — vy channel.

For all our scans, we have supplemented the 2HDMC code by including the B/LEP

1"We adopt the £30 uncertainty for STU data: —0.3 < S < 0.33; —0.34 < T < 0.35; —0.25 < U < 0.41.
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constraints. For the LEP data we adopt upper limits on o(ete™ — Zh/H) and o(ete™ —
Ah/H) from [169] and [170], respectively, which thus essentially select the allowed param-
eter region in the («a, §) space. Regarding B physics, the constraints imposed are those
from BR(Bs; — Xs7), Ry, AMp,, €, BR(BT — 7tv;) and BR(Bt — D7v,). The most
important implication of these results is to place a lower bound on my+ as a function of

tan 3.

We also computed the extra Higgs-sector contributions to the anomalous magnetic
moment of the muon, a, = (g, — 2)/2. Since the experimentally measured value,
a, = (1165920.80 £ 0.63) x 10~ [106], differs by ~ 3¢ from its SM value it is im-
portant to check correlations involving da, = a, — aﬁM . Given the B/LEP, STU and SUP
constraints, it turns out that one-loop contributions to da, within the 2HDM are small
and negligible, and the leading contribution is that known as the Barr-Zee diagram [171]
which emerges at the two-loop level. For completeness we include also sub-leading con-
tributions, see [166]. Since the overall ~ 30 discrepancy between the experimental and
theoretical SM values could still be due to fluctuations (the world average is based mainly
on the E821 result [172] with uncertainties dominated by statistics) or underestimates
of the theoretical uncertainties, we do not use the a, measurement as an experimental
constraint on the models we discuss. Generally speaking, the 2HDM contribution to da,

is very small unless tan /3 is of order 100.

As a routine step, I encourage you to examine the results at the stage of imposing
the preLHC constraints. Sometimes results with distinct features at this level provide
guidance that enables one to narrow the windows scanned for some parameters. For
educational purpose, we take two examples to show you how to improve the efficiency of

the intensive scans.

First, as regards the possibilities for sin o, which determines the sign of C% in Type II,
there are important constraints from perturbativity of the quartic Higgs couplings (even
in the case of the Type I model). Often the strongest constraint is associated with the
Aaaaa quartic coupling of four A Higgs bosons. Figure 5.1 shows the values of Aj444

that arise after the preLHC conditions listed in the Introduction are satisfied. From the
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2HDM(it (typel) m,=125.5+2.5 GeV 2HDM(it (typell) m,=125.542.5 GeV

sin(p-o)
sin(B-o)
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sino sina

Figure 5.1. Values for the quartic coupling Ag444 for 2HDMs of Type I (left) and
Type II (right) in the sin(8 — «) versus sina plane for my, ~ 125.5 GeV shown as
“temperature plots”. For all points, the full set of preLHC constraints is satisfied,
including all quartic couplings having absolute values below 4.

figure we see that perturbativity of this quartic coupling creates a boundary of maximal
sin(f—«) values for sin @ > 0 and of minimal sin(f—«) values for sin @ < —0.3. The other
boundaries arise as a result of constraining other quartic couplings to their perturbative
domain. Note in particular that in both Type I and Type II the maximal value of sin(f—«)
decreases as sin « increases starting from sin v ~ 0, whereas sin( — «) ~ 1 is possible
for a broad range of sina < 0 values. This will impact many phenomenological results.
In particular, even though the gg — h fusion production rate is insensitive (not very
sensitive) to the sign of sin v for Type I (Type II), the vy partial width is — as sin(5 — «)
declines, the W-loop contribution to the h~yy coupling decreases, resulting in a decrease
in BR(h — 7). Hence, the rate for gg — h — ~7 quickly falls below the level acceptable
for LHC precision Higgs results. This is also the case for H — WW™ originating from
VBF or VH: while probed with poorer precision, the sin(f — «) factor associated with the
HV'V vertex is present in both production and decay.

Another effective improvement is possible by constraining the mass range of heavy
Higgs bosons. When a true decoupling limit is not applicable, for instance in the H125
scenario (will be discussed shortly), there is a maximum my+ that can be achieved before
perturbativity is violated, but this maximum applies for all parameter choices. To illus-
trate this, we present in Fig. 5.2 “temperature” plots showing the quartic coupling Agg a4

in the plane of my+ vs. m4. Aggaa is one of a few quartic couplings that most frequently
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Figure 5.2. Scatterplots of Agmaa in the my+ vs. ma plane for the case of my ~
125.5 GeV. The values of A\gya4 are color coded as indicated by the scales on the
right of the plots. The full set of preLHC conditions is satisfied for all points shown.

encounter the perturbativity bound. We see that A\ggya4 hits its perturbativity bound of
~ 47 at about my ~ mg+ ~ 800 GeV for both Type I and Type II. In the Type I case
the perturbativity limit is also reached at low mpy+ if m4 is as heavy as ~ 800 GeV. This
wing of the my+ vs. my plot is not present for Type II because of the lower bound of

about 300 GeV on myg+ from B physics constraints.

5.2.3 Collider constraints at the LHC

Once the preLHC constraints have been applied, we check for consistency with the
various signal strength measurements of the observed ~ 125.5 GeV Higgs boson at the
LHC, including a consistent treatment of “feed down” from the production of heavier
Higgs states. This job is the central piece of the analysis. In addition, we employ the
most recent limits from searches for heavy Higgs-like states at the LHC, those are listed
in Section 3.4, and require that the rates for channels involving heavier Higgs bosons all
lie below the existing 95% CL limits.

In practice, for each scan point that passes the “preLHC” constraints explained above,
we compute the Higgs signal strength p (also “Higgs signal” for short or “Higgs rate”
somewhere) defined in Eq. (6.11). Specifically, this u is defined, for an individual 2HDM
Higgs, denoted h; (where h; = h, H, A are the choices), to be the ratio of the gg or WWW/-
fusion (VBF) induced Higgs cross section times the Higgs BR to a given final state, X,
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relative to the corresponding value for the SM Higgs boson given by:

h; — ((hy BR(hi—X) h; _ ok BR(h;—X)
/’ng<X) — (Ogg>2 BR(HSM_)_>X)7 /’LVBF(X> == (CWW)2W7 (579>

where Hgy is the SM Higgs boson with mpy,,, = ms, and Cé‘g",C&}'W are the ratios of
the gg — hi, WW — h; couplings (Cijyy being zero at tree level) to those for the SM,
respectively. Note that the corresponding ratio for V* — Vh; (V = W, Z) with h; — X is
equal to piiun (X)), given that kinematic factors cancel out of all these ratios and that these
ratios are computed in a self-consistent manner (that is, treating radiative corrections for
the SM Higgs boson in the same manner as for the 2HDM Higgs bosons).

Technically, we actually computed the predictions for pigep it (Y) and prvprsvu(Y') for
the main decay modes Y (v, VV,bb,and 77) in terms of the reduced couplings Cy;, Cp,
and Cy, see Table 5.4. To this end, we also need the loop-induced v and gg couplings
of the Higgs boson with mass around 125.5 GeV; for these we employ the full 1-loop
amplitudes in 2HDMC (including the contribution from the charged Higgs bosons in the v~y
case), where SM contributions are scaled according to the values of Cyy, Cp and Cy .

e 125 GeV Higgs signal fit

The most important work is to impose the restrictions on the 2HDM parameter space
from the measured Higgs signal, this important parameter is defined in Section 3.1.2. In
practice, we employ the signal strength likelihoods in the piger it Versus puyprive planes
for each of the final states Y as determined in [173]."® The [tggrte1, vBr+vE] approach
has been systematically adopted by the experimental collaborations. It has the advantage
of taking into account correlations not accounted for when individual X — H — Y
channels are treated separately.

First, we follow the approach of [173] to combine the information provided by ATLAS,
CMS and the Tevatron experiments on the vy, ZZ®), WW® bbb and 77 final states

including the error correlations among the (VBF+VH) and (ggF+ttH) production modes.

18Combining VBF and VH is motivated in models where the couplings of the Higgs to WW and to
Z 7 are scaled equally, as is the case in any 2HDM because of custodial symmetry. Combining ggF and
ttH is more a matter of convenience, partially motivated by the fact that the current LHC measurements
do not probe ggF and ttH in any given final state at the same time: H — bb is probed via ttH, not ggF,
whereas all the other final states are probed quite precisely via ggF and with much poorer precision via
ttH.
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Concretely, we fit the likelihood from the 68% CL contour provided by the experiments
for each decay mode Y in the pigepieen(Y) versus pyprivu(Y) plane, using a Gaussian
approximation. For each experiment, —2log Ly = x% can then be expressed as

—1
2
N OgeF Y PY OggF,Y OVBF,Y N

X2 = (py — fiy)" ) (By — fry) (5.80)
Py OggF Y OVBF,Y OVBF,Y
. ay by N
by Cy

= ay (fggr,y — ﬂggF,y)2 + 2by (ftgery — fleggr,y ) (vBry — fvery) + ¢y (vBRyY — ﬂvBF,Y)2 )

where the indices ggF and VBF stand for (ggF+ttH) and (VBF+VH), respectively, and
figer,y and fiypry denote the best-fit points obtained from the measurements [173]. The
two-dimensional (2D) covariance matrix is explicitly shown in the first line of Eq. (5.80),
with py corresponding to the correlation between the measurements of (ggF+ttH) and
(VBF+VH). From a digitized version of the 68% CL contour, it is possible to fit simul-
taneously the parameters ay, by, cy, flgery and fiypry. A combination of ATLAS and
CMS can then be made for each decay mode Y and expressed again in terms of ay, by,
Cy, flger,y and [iypr,y.

Next, we add up the individual x? to obtain a “combined likelihood,” which can be
used in a simple, generic way to constrain nonstandard Higgs sectors and new contribu-
tions to the loop-induced processes, provided they have the same Lagrangian structure as
the SM.

Finally, we demand that x% < 6.18 (for ATLAS and CMS combined) for each decay
mode Y = v, VV (= WW, ZZ),bb, 77, which means that the Higgs rates for all channels
fall within the 95% CL regions in the [figgrttti, fvBrvu] plane, or in other words, such
points are consistent at the 95.4% CL with the observed signal strengths for each decay
mode Y.

e FExclusion limits from other non-SM Higgs searches

For very light A below 9.5 GeV, the limits from Upsilon decays [174] are important,

for which we follow the implementation in NMSSMTools4.6.0. Moreover, we consider
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the limits from CMS on light pseudo scalars decaying into p*p~ [175] in the mass range
ma = 5.5-9 and 11.5-14 GeV, which are relevant in particular in Type II models.

As noted, it is also necessary to take into account LHC exclusion limits for Higgs
bosons that are heavier than 125.5 GeV. In the case that the h is identified with the
~ 125.5 GeV state the relevant channels are gg — H — 4¢,202v, g9 — H, A — 77 and
gg — bbH,bbA — bbrT at the LHC. In the case that my ~ 125.5 GeV is assumed, the
only LHC limits that apply are those on gg — A — 77 and gg — bbA — bbrT. Direct
search limits on the H* at the LHC do not impact the parameter space once the B physics
limits described below are imposed.

For H/A — 77, we employ the recent CMS limits based on the 8 TeV data [92], which
are presented separately for the bbH (bb associated production of the Higgs) and ggF
production modes. In taking these limits into account, it will be important to note that
in Type II models the coupling of the H and A to down-type fermions can be dramatically
enhanced at large tan [ compared to the SM expectation and that this enhancement will
influence both bbH and ggF production. When m 4 and my are within 15% of one another,
which is the approximate resolution in the invariant mass of a pair of 7 leptons, we will
add their signals together.

Turning to H — ZZ, we employ the latest ATLAS and CMS searches for heavy
Higgs-like states in the H — ZZ — 4¢ channel [71, 93] ¥ and the CMS search in the
H — ZZ — 202v channel [94]. In the context of 2HDMs, there are two important
considerations associated with using the limits as presented by the ATLAS and CMS
collaborations. First, the V'V couplings shown in Table 5.4 imply (CR)? + (CH)? =1
for the coupling strengths relative to the SM Higgs. Thus, if the h is the 125.5 GeV
state, the H will have a small coupling to W, Z due to the fact that the A must be very
SM-like in order to describe the data at ~ 125.5 GeV, as shown, e.g., in Fig. 10 of [173].
Thus, only ggF production is relevant for H. However, only ATLAS presents constraints

on a high mass Higgs arising purely from the ggF initial state with the full statistics at

YNote that the CMS results on H — ZZ are presented after combination of the 4¢ (where £ = e, )
and 2/27 channels. However, the limit is almost uniquely driven by the 4¢ channels as can be seen from
the result based on H — ZZ — 20271 only, which is available as supplementary material on the TWiki
page [176].
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74 8 TeV, for my > 200 GeV [93]. All the other results, i.e. (i) ATLAS H — 4/ for
my € [130,180] GeV, (it) CMS H — 4¢ and (i11) CMS H — 2(2v are implemented in our
analysis under the assumption that the experimental search is fully inclusive. The limit
is thus rescaled by a factor o}t /ogg smg,. Second, the width of the H in the 2HDM
can be much smaller than the large SM Higgs widths assumed in the ATLAS and CMS

analyses. We correct for the width difference by rescaling the observed limits on 0 x BR

I'2+(4 GeV)?

Tz 25
FHSM +(4 GeV)

by the factor f =
final state [177].

where 4 GeV is the experimental resolution in the 4/

Finally, the limits derived from the pseudoscalar search A — Zh,h — bb from AT-
LAS [97] and CMS [96] are imposed. (Limits from other searches, like for A — Z~ [178] or
hh — bbbb [179], have no effect on the results; the very recent CMS limits on A — ZH and
H — ZA [180] are not taken into account but will be commented upon in Section 5.6.)
To evaluate all these constraints, production of the H and A via gluon-gluon fusion (ggF)
and via associated production with a pair of bottom quarks (bbH,bbA) are computed
at NNLO QCD? accuracy using SusHi-1.3.0 [181], while the VBF mode for the H is
computed at NLO with VBFNLO-2.6.3 [182].

For convenience in the labeling, at this stage we define “postLHCS8” points to be
those which satisfy the preLHC constraints, the heavy Higgs limits and the Higgs fitting
constraints.

o [Feed down of heavier Higgs to the 125 GeV Higgs

There is a further issue arising from the fact that there are various ways in which
the 125.5 GeV Higgs boson can be produced as a result of FD from the production of
heavier states. The reason to be concerned is that heavy Higgs bosons have a propensity
for decaying to a vector boson plus a Higgs boson or to two Higgs bosons. Let us now
address the issue of F'D specifically in two scenarios we consider in the following. For the
h being the 125 GeV state, the most direct cases are H — hh and A — Zh, but there are
also chains like H — AA followed by A — Zh or H — HTH~ with H* — W*h and so

forth. In contrast, the situation is quite simple in the case that the H is identified as the

20The NNLO corrections for ggF are only computed for the top quark loop, as those for the bottom
quark loop are very small.
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125 GeV state, in which only the A can be heavy.?! Given this possibility, the process
g9 — A — ZH adds events to the ZH final state beyond those from Z* — ZH.*? If such
FD processes occur at a significant rate, the fit to the Higgs measurements using only
direct h or H production processes may no longer be valid. These FD processes may be
tested by a variety of means. For example, for the important FD sources of A — Zh and
H — hh, the final state mass can be reconstructed and m 4 and my will be determined
should the rates be significant; see the current limits from CMS in [95]. Then, data points
lying within the relevant mass windows can be separated off. For the H — hh case, the
decay products from the second h are visible for most h decays and events with this extra
final state “activity” can be separated off. More complicated FD chains will have even
more extra particles and constraints that will allow their separation.

For the present purpose, we will only consider the most important FD sources and

associated ratios and quantitatively formulate the FD.

MFD — Z?—l (UggF”H + o) Pro(H — H + X) (5.81)
ggFH+-bbH OgeFH + owm ) .

04 aBR(A — ZH)

OZH

, (5.82)

FD
Hzu

where H is the 125.5 GeV states considered, and H represents the heavy Higgs H (if
applicalbe), A and H* that can feed the 125.5 GeV signal. Prp(H — H + X) is the net
BR to produce one (or more) H in the H decay chains. Above, ogery and oy refer to the
cross sections for gg — H and bb’H associated production respectively. The expression of
Pyp and the full formalism for the FD calculations is given in Appendix A of [7].

We emphasize that the amount of FD is computed without accounting for any re-
duced efficiency for accepting such events into the 125.5 GeV signal as a result of the
experimental cuts used to define the gg — h, bbh or Z* — Zh channels. In practice, it
could be that the actual FD after the experimental cuts currently employed to define the
various channels is considerably smaller than this maximally conservative estimate. The

above-defined postLHCS8 points for which the production rate from FD will not distort

2IThe FD contribution of H* is also possible but negligible due to the small production cross section.
22The HAZ coupling is proportional to sin(8 — «), which the fits require to be < 0.5 in magnitude.
What is important, however, is BR(A — ZH) =T'(A — ZH) /Tt (A), which can still be large.
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the fits to the 125.5 GeV resonance are called “FDOK”.

In summary, all points that are retained obey the constraints from stability, unitarity
and perturbativity (SUP), electroweak precision tests (STU), LEP searches, as well as the
limits imposed by non-observation at the LHC of any Higgs bosons other than the SM-
like one at 125 GeV. Regarding constraints from the Higgs signal strength measurements
at 125 GeV, for each of the observed Higgs decay modes (yy, WW®  ZZ®) bb, 17)
we require agreement at the 95% CL with the ATLAS+CMS combined signal strength
ellipse in the (ggF+ttH) and (VBF+VH) plane, as explained in [7]. To facilitate the
phenomenology analysis in the following context, we define the “post LHCS8-FDOK” points
to be those for which x2 < 6.18 for each decay mode Y = v, VV (= WW, ZZ),bb, 77
and that in addition pass all other above-mentioned constraints, including being FDOK.
Unless specifically indicated, we will mostly discuss these phenomenologically viable points

that belong to this category throughout this chapter.

5.3 The status of 2HDM after LHC run-1

Since the Higgs boson discovery a large number of new measurements or updates
of existing ones were published by the experimental collaborations. This is intensively
described in Section 3.2. Most significant, from the point of view of our analysis of the
2HDMs, were the long-awaited final results for the vy decay mode from CMS [66] in July
and the update of the 7 results from ATLAS [70] at the end of August 2014. There were
also several other important new measurements or updates; for example uncertainties
have been significantly reduced for the fermionic channels, particularly for H — bb in ttH
production. All these new results were put together and analyzed in global coupling fits
in [115].

One may ask what is the status of the 2HDM after full LHC run-1 data analysis and
the implications in the 2HDM context of all these new (or updated) results on the signal
strengths of the ~ 125.5 GeV Higgs boson. To address this important question, in the
present section we revisit the analysis of [7], in which a comprehensive analysis of the

status of 2HDMs of Type I and Type Il was performed. To this aim, we updated the
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constraints discussed in [7] using the latest LHC measurements of the ~ 125.5 GeV Higgs
signal as of Summer 2014 and performed scans of the 2HDM parameter space taking into
account all relevant constraints which have been thoroughly discussed in the last section.
We compare the results obtained using the combined 2013 and 2014 data to those obtained
using just the 2013 data. The allowed parameter points using only the 2013 data were
shown in [7] and are called “postLHC8(2013)-FDOK”. In the plots to follow, we will
identify the points that fit both the 2013 and the 2014 analyses as “postLHC8(2013 &

2014)-FDOK?”. For notations and conventions, we also refer to [7].

Motivated by the measurement of CP property for the discovered Higgs (see details
in Section 3.3.2), we consider both the cases where the h or H is identified with the
observed 125 GeV state — denoted h125 and H125, respectively, since they can have
SM-like couplings as discussed in Section 5.1.2. Of course, the possibility of both A and
H being very close to 125 in mass is also possible and will be addressed in Section 5.8.
As a general structure, the discussion below involves the aspects of parameters, couplings

and signal strength in each scenario.
e hl125 scenario

Let us first focus on the case that the observed ~ 125.5 GeV state is the h. To cover
the case m;, = 125.5 + 2.5 GeV, we scan over myg, ms and my+ as discussed earlier in

Section 5.2.

Starting with the constraints on the model parameter space that originate from re-
quiring that the signal strengths of the observed Higgs are matched at 95% CL in each
final state. we show in Fig. 5.3 the points surviving all constraints in the cos(f — «) versus
tan § plane. The red points satisfy the Higgs signal constraints from both 2013 and 2014,
while orange (blue) points pass only the 2014 (2013) Higgs constraints. Looking at the
points that survive at the post LHC8-FDOK level, we observe that for m;, ~ 125.5 GeV
in Type [ models |cos(8 — a)| cannot be too large, especially if tan 5 ~ 1. In the Type II
models, either |cos(8 — «)| can be quite close to 0 or it can fall in a second branch where
fairly large positive cos(f — «) 2 0.3 is allowed if tan 5 < 7. It turns out that this branch

is associated with sin(5 + ) ~ 1 and sina > 0 [for which the b-quark Yukawa coupling
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Figure 5.3. Constraints in the cos(f — «) versus tan S plane for my ~ 125.5 GeV.
Blue points are those which passed all constraints given the Higgs signal strengths as
of Spring 2013 (i.e. the status considered in [7]), red points are those which remain
valid when employing the Summer 2014 updates, and orange points are those newly
allowed after the Summer 2014 updates. Note that the latter occur only in Type II
but not in Type I models.

14

has the opposite sign relative to the sin(8 — a) — 1 limit]. This “wrong-sign” Yukawa
coupling, C% ~ —1 is the focus of [183].

The change arising from 2014 data is rather small. In Type I, large values of |cos(8—a/)]
get slightly more constrained, while in Type II there is a narrow strip around cos(f —a) ~
—0.1 and tan § < 2 that is now excluded. On the other hand, in Type II slightly larger
positive values of cos(f — «) are allowed from the 2014 measurements. (Such orange
points, which were not compatible with the 2013 results but are now allowed after the
2014 updates, occur only in Type II but not in Type I.) The banana-shaped branch
spanning from (tan 3, cos(f — a)) = (3,0.6) to (40,0.1) is still present; this corresponds
to the solution with a flipped sign for C'p. The reason for these slight changes lies mostly
in the new combined signal strengths for the vy decay mode: figgpieim(7y) = 1.25+0.24
and fyvpryvia(yy) = 1.09 £ 0.46 with a correlation of p = —0.30 [115], as compared to
HeeFetn (1Y) = 0.984+0.28 and fivprivu(7yy) = 1.72+0.59 with a correlation of p = —0.38
in 2013 [173]. The result, after combining ATLAS and CMS data, is that the best-fit signal

strength in the ggF mode? has increased (although the new central value is consistent at

the 1o level with the 2013 results) while that in VBF+VH production has come down by

23Tn ttH production, uncertainties are still too large to have any impact.
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Figure 5.4. Constraints in the myy versus tan § plane (h125)

a bit more than 1lo.

Next, we study the distribution of m%,, which softly breaks Z, symmetry. In the
generic 2HDM m?, can be nonzero, however, it is strongly correlated with tan 3, as
shown in Fig. 5.4, due to the requirement of perturbativity, in particular for A\; and \,.
For further exploration, we employ the expressions for \; and Ay in terms of our input
parameters, and for convenience, convert them to the ones in terms of the mass of one
Higgs boson of order 125 GeV and the mass difference Am?* = m3, — m3

2 2

a — m3,tan 3
v2cos? 3

m; + Am?cos®a —miytan f  m¥ + Am?sin
v2cos? 3

A=

(5.83)

The first two terms are always positive. For negative m?3,, the last term in the above equa-
tion is a positive contribution; thus the bound on tan 3 becomes large as m?, increases.
When m?, has a positive value, the last term switches to being negative and starts cancel-
ing with the first two terms, reaching full cancellation at a certain m?, value, at which A
approaches zero and very high tan S is allowed. After crossing this “zero” point, the last
term makes an overwhelming contribution; as a result, the allowed tan ( is restricted to
smaller and smaller values as m?, continues to increase. In the case of m; ~ 125.5 GeV,
the first two terms can be very large when H approaches the decoupling limit, so that

m?, starts from —250 GeV and ends up with a large positive value ~ 1300 GeV.?*

24In contrast, m3, starts from —350 GeV and ends up with a small positive value ~ 100 GeV in the
H125 scenario.
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Figure 5.5. Reduced couplings C"} vs. CI in Type I (left plot) and C{} vs. O in
Type II (right plot) for mj ~ 125.5 GeV scenarios.

Insight into the underlying couplings, C%, C% and C%; C vs. C% (Type I) and C% vs.
C% (Type II); is provided by Fig. 5.5. There, we see that for both Type I and Type II,
Ch ~ +1 is required for a decent fit to the Higgs data. Substantial suppression of the
fermionic couplings is however possible in both models. In both cases, an enhanced h —
77 rate can come from a suppression of Cp, which suppresses BR(h — bb). In Type I, since
Cy = Cp = CF, this goes hand-in-hand with a reduction of the hgg coupling; depending
on which effect dominates, ji{ypp(77y) can be enhanced, while p (vv) is suppressed (see
Fig. 5.6). This does not occur in Type II, where enhancement/suppression of Cy and
C'p is anti-correlated. In this case Cp < 1 leads to an enhancement and Cp > 1 to a
suppression of both ' (vy) and y{ypp(y7y); since Cy works in the same direction, the
effect can be more pronounced for p (yy) than for ppp(y7y) (cf. the low-panel plot in
Fig. 5.6). Further, C* ~ +1 is needed in order to describe the observed vy final state
rates (i.e. a SM-like cancellation between the W and ¢ loops contributing to the h~y~y
coupling is required). In Type I, C% = C% and therefore both must also be close to +1.
However, this is not required in the Type II models. In fact, the second branch apparent
in Fig. 5.3 corresponds to the C% ~ —1 region of the right-hand Type II plot of Fig. 5.5
— note that the magnitude, |C%| ~ 1, is approximately fixed by the need for acceptable
fits to the bb and 77 final state rates.

To illuminate the precision with which individual channels are being fit, we show in

Fig. 5.6 the signal strengths for p)',(ZZ) vs. pult, () (upper row) as well as for ifpp(y7y)
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Figure 5.6. As in Fig. 5.3, but for MZQ(ZZ) versus ugg(’y’y) (top row) and MQ/BF('W)
versus u’;g(vv) (bottom row).

vs. pp,(77) (lower row). From this figure, one sees explicitly that the low values of
,u’;g('y'y) ~ 0.6 — 0.7 are no longer allowed. Moreover, while there has been no change in
the maximum 4, () obtainable in Type I, higher values up to about ul (yy) &~ 1.4 (vs.
~ 1.2 before) are attainable in Type II. The alert reader will have noticed that this upper
limit is much lower than the 20 range that should be allowed in principle. The limitation
in fact comes from the h — VV (= WW, ZZ) decay mode in ggF production, for which we
have flggpyen(VV) = 1.03£0.17 from the 2014 measurements, and hence pl (ZZ) < 1.37
at 95.4% CL (as compared to fggrittn(V'V) = 0.91 £ 0.16 in Spring 2013).

Other conclusions draw in the early analysis of [7] remain valid. As before, it is
apparent that requiring the p values to lie within +10% of unity would have a strong
impact. Even £20% measurements will remove many parameter choices. Note also that

with sufficiently precise measurements of ,ng(Z Z) and /ﬂg’g(vv) there is a chance to dis-
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tinguish Type I from Type II models; for most of the blue points if u? (yy) is > 1,
then Mglg(ZZ)/ng(yy) < 1 for Type I, whereas for Type II MZQ(ZZ)/ng(yy) > 1 always.
Likewise, there are complementary correlations between the ggF and VBF modes, as il-
lustrated for the v final state in the lower row of Fig. 5.6. In particular, if plpp(yy) > 1,
then u;lg(’y’y) < 1 is required in Type I, whereas just the opposite statement applies in
Type II. In general, the cross correlations between different productionxdecay modes
carry interesting information because of the dependences in particular of the hgg and
h~~y couplings on Cp, Cy (and in Type II for large tan 8 also on Cp) and thus can be

useful for distinguishing scenarios.
o HI125 scenario

Let us now turn to the case that the observed SM-like Higgs near 125.5 GeV is the
heavier CP-even state of the 2HDM, H. In this case, the lighter state, h, must have
escaped LEP searches. However, we will see that a signal for the h could be hiding in
the present data from the LHC and might be revealed in several focused analyses. The
pseudoscalar A can be either lighter or heavier than the H. Since perturbativity for the
quartic couplings prevents the A from being heavier than about 1 TeV, it can also give

interesting signatures at LHC14.

Analogous to Fig. 5.3, we show in Fig. 5.7 the my ~ 125.5 GeV points in the sin(5 —«)
versus tan § plane after all constraints have been applied. As before, we observe a slight
narrowing of the allowed sin(f — «) range, but no visible change in the tan 5 direction.
It is interesting to note, however, that in Type I my ~ 125.5 GeV requires tan § 2> 1.
It is also remarkable that, while in Type I sin(f — «) can still vary from about —0.3
to 0.5 (corresponding to Cy 2 0.87), in Type II one is pretty much forced into the

decoupling/alignment regime, the few points with sizable sin(5 — «) being quite rare and

associated with the branch having a negative sign for C.

Correlations of signal strengths are illustrated in Fig. 5.8. Analogous arguments as for
the my, ~ 125.5 GeV case apply. It is however worth noting that the direct correlation
between plf (vy), ppp(vy) and plL(ZZ) in Type II is much stronger than for m; ~
125.5 GeV. As above, additional Type II points occur with p!l (vy) and p/}(ZZ) values
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comparing the current status as of Summer 2014 to that of Spring 2013.
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Figure 5.8. Correlations of signal strengths for mg ~ 125.5 GeV scenarios.

These would be removed if future measurements show that

it (vy) (wh(Z2Z)) is within 10% (20%) of unity. As was noted in [7], if < 4:5% deviations

beyond those found in [7].

from the SM are required for both the ZZ and ~v final states then the lower plots of
Fig. 5.8 show that only a few points of the Type I model having pfg('y’y) 2, 0.95 can

survive and that all Type II points will be removed by this constraint.

5.4 Prediction for higher precision at the run-2

At this point, we turn to a consideration of what future measurements at LHC 13/14
or a linear collider might be most revealing. We will also observe that substantial FD
is indeed possible in the full LHC run-1. However, the “danger” of FD contamination is

likely to be reduced along with increased precision in the signal strength measurements
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at the run-2 . Implications for future experiments, including expectations regarding other
lighter or heavier Higgs bosons, are given in the second section.

Let us first quantify the extent to which future higher precision measurements at
the next LHC run might be able to restrict the model parameter space. Typical results
for h125 and for H125 are illustrated in the top panel and bottom panel of Fig. 5.9,
respectively. To make clear the impact of increased precision in the future, we will show
points that survive if the observed values of u’%(Y) all lie within P% of the SM prediction
for the following channels (X,Y):?

(99,77), (99,2Z%), (gg9,77), (VBF,~y), (VBF,ZZ), (VBF,r7) = (VH, bb), (ttH,bD).
(5.84)
Here, we will consider P = +15%, £10% and +5%. For this we use the shorthand
notation SM+15%, SM+10% and SM=+5%, respectively.

Not unexpectedly, as increasingly precise agreement with the SM is imposed in the
various channels, one is quickly pushed to small |cos(8 — a)| (|sin(5 — «)|) for the h125
(H125) case, respectively, but tan 8 remains unrestricted.?® Note that in the h125 case
even SM+10% on each of the individual p’s will have eliminated the “wrong-sign” down-
quark Yukawa region (which corresponds to sina > 0 or C% < 0) of the Type II model.
While the discussion for the H125 scenario is involved. In the case of Type I, consistency
with the observed 125.5 GeV signal restricts sin(f—«) less than was the case for cos(f—«)
in the m;, ~ 125.5 GeV case. In contrast, for Type II the constraints on sin(f — «) are
similar in nature to the limits on cos(f — «) in the case of the h. There is, however, an
important difference. Namely, if £5% agreement with the SM can be verified in all the
channels listed in Eq. (5.84), then my = 125.5 GeV is eliminated in Type II but not in
Type I. This can be traced to the fact that the charged-Higgs loop does not decouple at
large my+ and ends up suppressing the Hvyvy coupling and therefore the v final state

25Tt is important to note that the (VBF, 77) = (VH, bb) channels have exactly the same scaling factor
in 2HDMs. We mention them together since they are experimentally very different channels and although
individually they may not be measurable with a certain level of accuracy, in combination they should be
able to determine the common p to the specified accuracy.

26The value of tan 8 would be well-determined once the DM induced from this double-Higgs portal
violates the isospin symmetry. The details of the model building and its consequences will be discussed
in Chapter 8.
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Figure 5.9. Constraints on the 2HDM of Type I and Type II in the cos(8 —«) vs. tan 3
plane for the my, ~ 125.5 GeV scenario (top) and in the sin(S—«) vs. tan § plane for the
mp ~ 125.5 GeV scenario (bottom), comparing current h or H fits (blue) to the case
that the rates for all the channels listed in Eq. (5.84) are within +15% (cyan), £10%
(green) or 5% (red) of the SM Higgs prediction. The SM+15%, +10%, +5% points
are subjected to FDOK requirements. In the mpy ~ 125.5 GeV scenario we additionally
show points that survive at the preLHC (grey), A-limits (green) for which, however,
no FDOK requirements are imposed.

tanf

rates. More details regarding the nondecoupling of the charged Higgs loop contribution

to the H~y coupling are presented in Appendix B of [7].

One quantity of particular interest for a SM-like A is the triple-Higgs coupling strength
Annn- We plot the current and possible future expectations in Fig. 5.10 for Cypy, (defined
as the value of Appp, relative to the SM value). We observe that if the px (YY) measurements
were to have excursions from the SM predictions at the currently allowed 95% CL extreme,
then measurement of a large deviation from Ch, = 1 would be quite likely (also see [184]).
For example, at the high-luminosity LHC14, with L = 3000 fb~! one can measure Auus
to the 50% level [63], and given the limited constraints on the model implied by current
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Figure 5.10. The postLHC8-FDOK points in the Chpp vs. my plane for the
myp ~ 125.5 GeV scenario comparing current h fits to the case where future mea-
surements show that the rates for all the channels listed in Eq. (5.84) are within
+15%, £10%, £5% of the SM Higgs prediction; FDOK is required in all cases. Color
scheme is as for Fig. 5.9.

Higgs data, deviations from C,, = 1 of this order, indeed up to 100% or more, are
possible. However, if future LHC measurements imply increasingly smaller deviations
from px(Y) = 1 in the various channels, then observing a deviation from Cpp, = 1
becomes increasingly difficult, even at the ILC. For example, from [63] we find that the
predicted precision on Ay for ILC1000 with L = 500 — 1000 fh™ is of order 21% and for
ILC1000 with L = 1600 — 2500 fb™" it is of order 13%. At CLIC3000 with L = 2000 fb™*

the accuracy achievable would be about 10%.

Comparing to the deviations shown in Fig. 5.10, we see that in Type I a determination
of ux(Y) rates at the level of SM+10% still allows Chyy, as small as ~ 0, while SM+5%
allows Chpp as small as 0.3, either of which will be observable for any of the listed machines
and integrated L values. In contrast, for Type II, even SM+15% would already imply
that Cppp, must lie below 1. This agrees with the conclusion reached in [125] where it is
stated that current 68% CL (1) limits (which are very close to our SM+15% constraint)
imply Cynn < 1 for Type II. We note further that the smallest Cy,,;, for SM£10% is ~ 0.9,
while for SM+5% it is ~ 0.95. The former would require CLIC3000 while the latter would
be beyond the reach of any of the above e™e™ colliders. Thus, it is clear that future LHC
Higgs data could have a very significant impact on the prospects for seeing an interesting

deviation from Cpp, = 1 at ILC/CLIC. As an aside, we note from Fig. 5.10 that for
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Figure 5.11. We display points in the sgn(C{,{)CHHH vs. my4 plane for the my ~
125.5 GeV scenario comparing current H fits to the case where future measurements
show that all channel rates are within £15%, £10%, £5% of the SM Higgs prediction;
FDOK is required in all cases. Color scheme is as for Fig. 5.9, except that preLHC
and A-limits points are not displayed.

Type II (but not Type I) models SM+5% is only possible for ms 2 250 — 300 GeV
depending on tan 5.

As in the case of my, ~ 125.5 GeV, for my ~ 125.5 GeV it is interesting to assess the
prospects for detecting a deviation in the triple-Higgs coupling as one goes from the current
data set to H rates that are increasingly SM-like. In Fig. 5.11, we plot sgn(C‘g)C’HHH,
i.e. the ratio of the triple-Higgs coupling A\ggyy to the value it should have in the SM
limit, as a function of m4. (We include sgn(C{) because some of the points have C{f < 0
for our scanning procedure.) We observe that as the LHC signals become increasingly
SM-like, the deviations of sgn(CH)Cxpy from unity are even more tightly limited than
in the case of Cpy, for my, ~ 125.5 GeV. Of course, we also see (again) that very few (no)
points survive the SM+5% constraint in the case of Type I (Type II).

It is also interesting to examine the FD effect which may invalidate the signal fit for the
125 GeV state. To this aim, we exhibit in Fig. 5.12 a few features of u5% and NE&H+be
defined in Eqgs. (5.81) and (5.82).>” The two plots show the relative importance of u5Y
compared to figipy ;- Clearly, the FD to the ZH final state from A — ZH, py%; has

the greatest potential for being large because of the large g9 — A production rate in the

2TFor brevity we only display the plot for the H125 scenario. The conclusion drawn below also applied
to the h125 case is qualitatively the same but less distinct.
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Figure 5.12. We plot ugg% HibbH VS ,u?% illustrating how high FD fractions can go for
postLHCS8 points for the my ~ 125.5 GeV scenarios. Also shown is how convergence of
the H properties to SM-like values would limit the maximum possible FDs. We display
only points with ,ul;% > 10~* — there are many points with much lower values.

numerator compared to the Z* — ZH rate appearing in the denominator. In contrast,
in pgg% Heppg POth numerator and denominator are ggl-dominated. More importantly, it
also illustrates the fact that as the 125.5 GeV resonance is shown to be closer and closer to
SM-like in all the various channels the maximum amount of FD that is possible is greatly
reduced, becoming quite small for the SM+5% case. This means that increased precision

in the signal strength measurements reduces the “danger” of FD contamination.

5.5 Decoupling and alignment in the 2HDM

In addition to performing an extensive analysis for the 2HDM by using the full LHC
run-1 data sets, we are also specifically interested in a special limit of these models, namely
the case in which one of the neutral Higgs mass eigenstates is approximately aligned with
the direction of the scalar field vevs. In this case, the coupling to gauge bosons of the
Higgs boson observed at the LHC tends towards the SM limit, Cy, — 1.28 This so-called
alignment limit is most easily attained in the decoupling limit [39], where h is the SM-like
state and all the other non-SM-like Higgs scalars of the model are heavy. However, the
alignment limit of the 2HDM can also be achieved in a parameter regime in which one

or more of the non-SM-like Higgs scalars are light (and in some cases very light). This

28We use the notation of coupling scale factors, or reduced couplings, employed in [115]: Cy (V = W, Z)
for the coupling to gauge bosons, Cy, p for the couplings to up-type and down-type fermions and C, 4
for the loop-induced couplings to photons and gluons.
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region of alignment without decoupling is a primary focus of this section.

Considering experimental as well as theoretical uncertainties, the expected precision
for coupling measurements at the LHC after collecting 300 fb~! of data is about 4-6% for
the coupling to gauge bosons, and of the level of 6-13% for the couplings to fermions [63].
The precision improves by roughly a factor of 2 for at the high-luminosity run of the LHC
with 3000 fb~1. At a future eTe™ international linear collider (ILC) with /s = 250 GeV to
1 TeV, one may measure the couplings to fermions at the percent level, and the coupling
to gauge bosons at the sub-percent level. A detailed discussion of the prospects of various

future colliders can be found in [63].

We take this envisaged ~ 1% accuracy on Cy, as the starting point for the numerical
analysis of the alignment case. Concretely, we investigate the parameter spaces of the
2HDMs of Type I and Type II assuming that the observed 125 GeV state is the h, the
lighter of the two CP-even Higgs bosons in these models, and imposing that Cft > 0.99
(note that |Cy| < 1 in any model whose Higgs sector consists of only doublets and/or
singlets).

Taking into account all relevant theoretical and phenomenological constraints, includ-
ing the signal strengths of the observed Higgs boson, as well as the most recent limits from
the non-observation of any other Higgs-like states, we then analyse the phenomenological
consequences of this scenario. In particular, we study the variations in the couplings to
fermions and in the triple-Higgs couplings that are possible as a function of the amount
of alignment when the other Higgs states are light, and contrast this to what happens in
the decoupling regime. Moreover, we study the prospects to discover the additional Higgs

states when they are light.

To study the decoupling/alignment limit in the best way, in this section we review
the theoretical structure of the 2HDM in the Higgs basis, including, in particular, a
comprehensive discussion of the couplings in the alignment regime. The results involving
the parameter space, couplings and signal strength are presented for the case of m;, =
125.5 GeV only. Note that the decoupling limit does not apply to the my = 125.5 GeV

case, as will be shortly discussed in Section 5.3.
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5.5.1 Defining the alignment and SM-limit in the Higgs basis

As noted in Section 5.1.1, the Higgs basis field H; behaves precisely as the SM Higgs
boson. Thus, if one of the neutral CP-even Higgs mass eigenstates is approximately
aligned with v/2 Re H? — v, then its properties will approximately coincide with those of
the SM Higgs boson. Thus, we shall define the alignment limit as the limit in which one
of the two neutral CP-even Higgs mass eigenstates aligns with the direction of the scalar
field vevs. Defined in this way, it is clear that the alignment limit is independent of the
choice of basis for the two Higgs doublet fields. Nevertheless, the alignment limit is most
clearly exhibited in the Higgs basis. In light of Eqgs. (5.50) and (5.51), the alignment limit
corresponds either to the limit of cos(f — o) — 0 if h is identified as the SM-like Higgs
boson, or to the limit of sin(8 — o) — 0 if H is identified as the SM-like Higgs boson.

From Eq. (5.49), one can immediately derive the conditions that yield a SM-like Higgs
boson. Since (HY) = v/v/2 and (HY) = 0, the couplings of H; are precisely those of the
SM. Thus a SM-like Higgs boson exists if v/2 Re H? —v is an approximate mass eigenstate.
That is, the mixing of H{ and HY is subdominant, which implies that either |Zs| < 1
and/or m% + Zsv? > (Z1v?), Zgv?. Moreover, if in addition Z;v* < m?% + Zsv?, then h is
SM-like, whereas if Z;v* > m?% + Zsv?, then H is SM-like. In both cases, the squared-mass
of the SM-like Higgs boson is approximately equal to Z;v.

Consider first the case of a SM-like h, with m;, ~ 125 GeV. In this case, Z;v? <
m? + Zsv?, |cos(B8 — a)] < 1, and m} ~ Zjv?. It follows from Eq. (5.61) that the
alignment limit can be achieved in two ways: (i) Zg — 0 or (ii) my > v. The case of
my > v (or equivalently Y5 > v) is called the decoupling limit in the literature.?® In this
case, one finds that my ~ my4 ~ mpy=+, so one can integrate out the heavy scalar states
below the scale of mpy. The effective Higgs theory below the scale my is a theory with
one Higgs doublet and corresponds to the Higgs sector of the SM. Thus not surprisingly,

h is a SM-like Higgs boson. However, it is possible to achieve the alignment limit even

ZMore precisely, we are assuming that m% > |Zg|v?. Since Zg is a dimensionless coefficient in the
Higgs basis scalar potential, we are implicitly assuming that Zg cannot get too large without spoiling
perturbativity and/or unitarity. One might roughly expect |Zs| < 4, in which case my > v provides a
reasonable indication of the domain of the decoupling limit.
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Figure 5.13. |cg_q| versus my in Type I (left) and Type II (right) with log;q | Zs| color
code. Points are order form low to high log;,|Zs| values.

if the masses of all scalar states are similar in magnitude in the limit of Zg — 0. This
is the case of alignment without decoupling and the main focus of this study. Finally, if
both |Zs| < 1 and my > m,, are satisfied, the alignment is even more pronounced; when
relevant we shall denote this case as the double decoupling limit.

Figure 5.13 shows the crucial relation between |Zg|, |cs—o| and my, illustrating the
different ways alignment can occur with and without decoupling. As expected, |Zs| ex-
hibits a clear dependence on the H—h mass difference, see Eq. (5.56), and steeply drops
towards zero in the limit |cs_q| — 0, i.e. when the h becomes purely SM-like. When my
is of the order of 1 TeV, one needs to be extremely close to sz_, = 1 to have small | Zg|, for
instance | Zg| ~ 1073 requires |cg_o| ~ 6 x 107° for my = 1 TeV, while for lighter H the
departure of sg_,, from 1 can be more important, for instance the same |Zs| &~ 1072 value
requires |cs_o| & 2 x 1073 for my = 200 GeV. It is in principle always possible to obtain
arbitrarily small values of |Zg| if one pushes sin(8 — «) arbitrarily close to 1. For the
purpose of the numerical analysis, we limit ourselves to |cs_o| > 107%; we have checked
that this captures well all features relevant for the |cs_o| — 0 limit. Interestingly, as my
becomes larger, we observe that the decoupling limit sets a stronger upper limit on |cg_q|
than the one set in the numerical scan (|cg_o| < 0.14). Observing a heavy mpy 2 850 GeV
at the LHC would provide a better-than-1% indirect determination of the h-coupling to

electroweak gauge bosons in the framework of these scenarios.

For completeness we note that in the case of a SM-like H we have Zjv? > m? + Zsv?,

126



5.5. Decoupling and alignment in the 2HDM

|sin(8 — a)] < 1 and m% = Zjv?. Here, it is more convenient to employ a convention
where cos( — ) is non-negative. One can then use egs. (5.54), (5.60) and (5.61) to obtain

an expression for sin(f — «). In a convention where cos(f — «) is non-negative,

Im?, — Zyv? — Zv?
sin(B — «) = —sgn(~Z Ll = . 5.85

Taking my ~ 125 GeV, there is no decoupling limit as in the case of a SM-like h. However,

the alignment limit without decoupling can be achieved in the limit of Zg — 0.

5.5.2 Higgs couplings in the alignment limit

The next question to address is what variations in the couplings of the 125.5 GeV
state are still possible in the limit of approximate alignment where C% ~ 1. In the strict
alignment limit, the fermion couplings to the SM-like Higgs boson should approach their

SM values. To see this explicitly, we note the identities,

Zig — sin(8 — a) + cot Beos(B — @), (5.86)
_:;2% — sin(f — a) — tan fcos(f — a) (5.87)
Zizg — cos(3 — @) — cot Bsin( — ), (5.83)
Zzzg — cos(f — a) + tan Ssin(5 — a). (5.89)

If h is the SM-like Higgs boson, then in the limit of cos(f —a) — 0, the fermion couplings
of h approach their SM values. However, if tan 8 > 1, then the alignment limit is realized
in the Type-II Yukawa couplings to down-type fermions only if |cos(8 — «)|tan f < 1.
That is, if |cos(8 — a)| < 1 but |cos(f — )| tan 8 ~ O(1), then the hVV couplings and
the htt couplings are SM-like whereas the hbb and h7t7~ couplings deviate from their
SM values. Thus the approach to the alignment limit is delayed when tang > 1. We
denote this phenomenon as the delayed alignment limit. Similar considerations apply if
cot 3 > 1; however, this region of parameter space is disfavored as the corresponding htt
coupling quickly becomes non-perturbative if cot 3 is too large.

To illustrate this effect, we show in Fig. 5.14 the dependence of the reduced couplings
to (up-type) fermions, see Table 5.4, C% = Cft = C}, in Type I (C% in Type II) on |cs_4|.
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Figure 5.14. |c_o| versus O in Type I (left) and |cs_q| versus C# in Type II (right)
with my color code. Points are ordered from low to high my. The points with C’{} ~1
and |cos(B — a)| > 0.03 are the points for which C% ~ —1, i.e. the opposite-sign
Yukawa coupling points, see Fig. 5.15.

The mass of the heavier scalar H is shown as a color code. We see that when mpg is
light, for only 1% deviation from unity in C, C% can deviate as much as about 10%
(20%) from unity in Type I (Type II). Inverting the plotting order of mpy (not shown),
it is interesting to note that these deviations are largest for my ~ 700-800 GeV while
slightly more constrained for lighter my. On the other hand, in the decoupling limit the
deviations in C* are more constrained, with a maximum of 5% for mg > 1.2 TeV in
both Type I and Type II. It is also interesting to observe how quickly alignment leads to

SM-like couplings: for |cs_| < 1072 the deviations in C}% are limited to just a few percent

no matter the value of my.

The situation is quite different for the coupling to down-type fermions, C%, in Type II,
see Fig. 5.15. First of all, the possible deviations are larger than for C, with C% ranging
from about 0.70 to 1.15 even for |cg_q| ~ 1072 Indeed, this is an example of the delayed
alignment limit discussed below Eq. (5.89); one needs |cs_,| as low as about 3 x 107* to
have C% within 2% of unity. This drives the whole phenomenology of the scenario: as
we will see, sizable deviations of C% from 1 lead to possible large deviations in the signal
strengths even for quite small |cs_,|. Inverting the plotting order of my (not shown),
we note, however, that for any given | cos( — )| of a few times 1073 or smaller, C¥ is

limited to be closer to 1 when my is small than in the decoupling case with large my.
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Figure 5.15. |cg_q| versus C]% in Type II with mpyg color code for the full C’g range
(left) and zooming on the C > 0 region (right). Points are ordered from low to high
mg.
Moreover, C% = 1 is not possible unless |cg_,| is very small (again a few times 1073

> 1.12 would indicate my <

~Y ~Y

or smaller). In particular, large positive deviations of C,
750 GeV. On the contrary, C values which are substantially smaller than 1 can be
achieved in both the decoupling and non-decoupling regimes except for a small island of
points located around C% ~ 0.8 and |cs_o| & 0.1 that is achieved only for my < 400 GeV.
Thus, a discovery of a light H state in association with a measured value of C% ~ 0.8
would give an indirect way to probe sub-percent deviation of C% in this Type II scenario.

Finally, for light my the sign of C} relative to C% and C% can be opposite to the
corresponding SM value. This is realized for not so small values of |cs_o| > 0.035, i.e. not
in the deep alignment limit, for 230 GeV < my < 665 GeV, my < 650 GeV and
0.08 < |Zs| < 0.92. For the points in this region, the up-type coupling is very close to
1, corresponding to the few isolated points observed in the right panel of Fig. 5.14. As
discussed in [183], the eventual LHC run-2 precision will allow one to either confirm or
eliminate the opposite-sign coupling possibility using precise signal rate measurements
of the h in a few channels. Should the opposite-sign coupling be confirmed, one would
expect to also see A signals (plus perhaps H signals) in the above mass range, thereby
providing a confirmation of this scenario. (The cross sections for A and H signals will be
discussed in Section 5.6.)

If H is the SM-like Higgs boson, then in the limit of sin(f — a) — 0, the fermion
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couplings of H approach their SM values. However, if tan § > 1, then the alignment limit
is realized in the Type-II couplings to down-type fermions only if |sin(8 — «)| tan 5 < 1.
Thus, the delayed alignment limit also exists for Type-II Yukawa couplings. The cot 8 > 1
region is disfavored since it leads to non-perturbative Htt coupling as previously. Thus,
only for Type-II down-type Yukawa couplings is the existence of the delayed alignment
limit theoretically sound when either h or H is identified with the SM-like Higgs boson.

It is also useful to examine the trilinear Higgs self-couplings in the Higgs basis. Using
the results of Ref. [39], the three-Higgs vertex Feynman rules (including the corresponding

symmetry factor for identical particles but excluding an overall factor of ¢ are given by:

Jhaa = U [(ZB + Zy — Zs)sin(B — a) + Zz cos(B — a)] , (5.90)

Gpan = —U[(Zg + Zy — Zs) cos(f — o) — Zysin(f — Oz)} , (5.91)

Ihug = —3v [Zl Sin(ﬁ - OC)C%_Q + Z345 Sin(ﬁ - O[) (% B Cz_a)

+Zgcos(B — a)(1 = 3s3_o) + Zrsh_, cos(8 — )], (5.92)

Ignn, = —93U [Zl cos(f — a)s%_a + Z3y5 cos(f — a) (% - sé_a)
—Zgsin(B — a)(1 = 3¢5_,) — Zech_osin(B — a)], (5.93)
Gppp = —3V [le%_a + Zsu5sin(f — a)c%_a + 3Zg cos(f — a)s%_a + Zw%_a] ,(5.94)
Iypg = —3v [Zlc%_a + Z345 cos(fB — a)s%_a — 3Zgsin(f — C()C%_a - Z78%_OJ ,(5.95)
Gt = —v[Zssin(B — @) + Zz cos(B — )] , (5.96)
I = —Vv[Zscos(B — a) — Zzsin(f — a)] . (5.97)
The trilinear Higgs couplings expressed in terms of the physical Higgs masses are given

in Appendix B of Ref. [10].

Consider the alignment limit, cos(f — a) — 0, where h is SM-like. Then Eqgs. (5.58)
and (5.94) yield,*

27
Ghhn = gonn, | 1+ ml cos( — a

e 272 3
Zy

71 — ? — 5) C%_a + O(C%_a):| s (598)

30Eq. (5.98) is obtained in the convention where sin(3 — «) is non-negative, i.e. sin(3 — «) is close to 1.
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where the self-coupling of the SM Higgs boson is given by

2
SM 3my,

Ihhh = _T- (5~99)

Note that in the alignment limit, m? ~ Z,v? [cf. Eq. (5.55)], which implies that Z; = 0.26.

It is convenient to make use of Eq. (5.61) [in a convention where sin(f — a)) > 0] to

write
cos(f —a) = —nZ, (5.100)
where
U2 O(]‘) ) for m%[ ~ 0(1}2)’
1 ok — e, = Z2?) o2 (5.101)
o (—2) < 1, in the decoupling limit.
My

Inserting Eq. (5.100) in Eq. (5.98) yields
Z
Ghhh = g,f,l\ﬁl{l + {(2345 — 37" — 277} A +O0mPZ3) + O(nQZg)} : (5.102)
1

In the decoupling limit (where n < 1),

VA
9hhh = 9;%;%{1 — 216 + O(HQZ(?)} : (5.103)

It follows that g, is always suppressed with respect to the SM in the decoupling limit.?!
This behavior is confirmed in our numerical analysis. In contrast, in the alignment limit
without decoupling, | Zs| is significantly smaller than 1 and n ~ O(1). It is now convenient

to use Eq. (5.41) to eliminate Zsys,

Z2 ZS
Ihnh = 92%{1 + {(Z7 tan 23 — %Zl)nz —2n 76 + (2cot 28 — tan 2ﬁ)77276 + O(Zg’)} ,
1 1

(5.104)
where the term above designated by O(Zg) contains no potential enhancements in the limit
of s95 — 0 or cop — 0. Given that n ~ O(1) in the alignment limit without decoupling,
the form of Eq. (5.104) suggests two ways in which g, can be enhanced with respect to

the SM. For example if tan 5 ~ 1, then one must satisfy (Z; — Zg)ntan28 2 2 + %Zln.

31n the double decoupling limit where n < 1 and |Zs| < 1, Eq. (5.103) shows that the deviation of
gnhn from the corresponding SM value is highly suppressed.
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Figure 5.16. |cg_q| versus the reduced triple Higgs coupling Cjpp, in Type I (left) and
Type II (right) with mpg color code. Points are ordered from high to low my values.

Alternatively, if tan 5 > 1, then one must satisfy Zgncot28 2 1 + iZln (the latter
1

inequality requires Zg < 0, since cot25 < 0 when %’ﬂ' < f < 5m). In both cases,
Gnnn > gons is possible even when |Zg| and |Z;| are significantly smaller than 1. Indeed,
both of the above alternatives correspond to Zss5 > Z; and nZ345 > 1 in Eq. (5.102).
While the exceedingly small deviations in C that we consider here will most likely
not be directly accessible at the LHC, precision measurements of the other couplings
together with a measurement of, or a limit on, mpy 4 can be used for consistency checks
and for eventually pinning down the model. Of special interest in this context is also the
triple Higgs coupling. The dependence of Chun = gnnn/gin, 00 Cs_o and my is shown in
Fig. 5.16. It is quite striking that large values of Chpp > 1 (up to Chpp = 1.7 in Type 1
and up to Chpp =~ 1.5 in Type II) can be achieved in the non-decoupling regime, roughly
mpy S 600 GeV, for |cs_,| values of the order of 0.1, whereas for heavier my, Chp, is
always suppressed as compared to its SM prediction. These features were explained in
the discussion below Eq. (5.98).32 Note also that for my ~ 1 TeV, Cj, approaches
the SM limit of 1 as | cos(f — «)| decreases more slowly than is the case for lighter my;
substantial deviations Cpp, < 1 are possible as long as |cs_q| is roughly greater than

a few times 1072. This comes from the (2Z5/Z1)cs_, term in Eq. (5.98): since, in the

convention where sin(f — a) > 0, Zscg_q is always negative, cf. Eq. (5.60), and since

32This cannot be seen directly in Fig. 5.16, but we verified that points with my > 630 GeV never have
Chhh > 1.
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Zg can be sizable when mpy ~ 1 TeV, see Fig. 5.13, this can lead to a suppression as
extreme as Cypp, =~ 0.1. (For my > 1 TeV the deviations are smaller in part because the
possible range of cg_, is limited as seen in Fig. 5.13.) For very light my, on the other
hand, Zg is much smaller and hence the deviations with Cj,, < 1 are more limited. For
my < 250 GeV we find Chpy, &~ 0.80-1.40 in Type I and Chpy, = 0.90-1.35 in Type 11
This is at the limit of what can be measured, as the expected precision is about 50% at
the high-luminosity options of the LHC and the ILC with 500 GeV, and about 10-20%
at a 1-3 TeV eTe™ linear collider with polarised beams [63].

As a second example, consider the hAA coupling given in Eq. (5.90). Using Eq. (5.41),

we find that in the alignment limit,

1
Ghaa = _;{m}?Z —275v* — (Zg — Z7)v* tan 23 + 2Zgv* cot 28 + O(cos(f — 04))}
1
= —;{mi — 2X50% + 2Zgv* cot 23 + O(cos( — a))} , (5.105)

A similar computation yields the Hhh coupling given in Eq. (5.93),

1

JHhh = ;{SZ(;UQ— [mi—4Zﬁv2 cot 28+2(Zs — Z7)v* tan 25] cos(ﬁ—a)—l—(’)(cos(ﬁ—a)Q)}

(5.106)

In the alignment limit without decoupling, the O(1) terms in Egs. (5.105) and (5.106)
that are proportional to Zs should be regarded as terms of O(cos(8 —«)) (cf. Egs. (5.100)
and (5.101)). That is, the decoupling limit (with Zg ~ O(1)) and the alignment limit
without decoupling can be distinguished in the trilinear Higgs couplings. Indeed, the Hhh
coupling is suppressed in the alignment limit without decoupling, whereas it can be of
O(v) in the decoupling limit. All the other trilinear Higgs self-couplings can be analyzed
in the alignment limit following the procedure outlined above.

Last but not least, it is noteworthy that
ghir+i- = —v[Zs + O(cos(f — )], (5.107)

approaches a finite nonzero value in the alignment limit, with or without decoupling. This

is relevant for the analysis of the one-loop process h — 7, which has a contribution that
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is mediated by a H* loop. In the decoupling limit, the charged Higgs loop amplitude
is suppressed by a factor of O(v?/m?..) relative to the W* and the top quark loop
contributions. But, in the alignment limit without decoupling, the charged Higgs loop
is parametrically of the same order as the corresponding SM loop contributions, thereby
leading to a shift of the h — vy decay rate from its SM value. This is in stark contrast
to the behavior of tree-level Higgs couplings, which approach their SM values in the
alignment limit with or without decoupling. That is, the loop-corrected Higgs couplings
to SM particles approach their SM values in the decoupling limit, but can yield deviations
in the alignment limit without decoupling due to internal loops involving light non-SM-like
Higgs states.

Consider next the case of a SM-like H. In the alignment limit, sin(8 — a) — 0,

my = mi+ Zsv' + O(sh_,) (5.108)

my = Z1w'+O0(sh_,) . (5.109)
Using this result in Eq. (5.95) yields
gHEH = G [1 + O(S%Q)] : (5.110)

Note that there is no decoupling limit in this case since by assumption my ~ 125 GeV,
so all Higgs squared-masses are of O(v?). That is H is a SM-like Higgs in the alignment
limit without decoupling. As in the first case of a SM-like h treated above, the deviation
of gygy from the SM value is quadratic in the small parameter, sin(/3 — «). The analysis
of the other trilinear Higgs self-couplings in the alignment limit is left as an exercise for

the reader.

5.5.3 Natural alignment

Before concluding theoretical discussion, we examine a second theoretical distinction
between the decoupling limit and alignment limit without decoupling. The SM Higgs
sector is famously unnatural [185, 186]. In particular, a fine tuning of the Higgs sector
squared-mass parameter is required in order to explain the observed value of the vev,

v = 246 GeV. The 2HDM generically requires two separate and independent fine tunings.
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In addition to identifying v ~ 246 GeV, which fixes the values of Y] and Y3 in Eq. (5.45),
one must also perform a second fine-tuning to fix the squared-mass parameter Y5 to be of
O(v?). Thus, the regime of the decoupling limit (where Y3 >> v?) is less fine-tuned than
the general 2HDM, since the natural value for Y, is the ultraviolet cutoff of the theory
beyond which new physics presumably enters. As long as the heavier Higgs scalars (whose
squared masses are of order Y5) are sufficiently massive, then h will be SM-like.*

In contrast, in the case of alignment without decoupling (or in the double decoupling
limit), we have |Zg| < 1, which is a finely-tuned region of the 2HDM parameter space
(beyond the two tunings discussed above) unless we can demonstrate that Zg = 0 is a
consequence of an enhanced symmetry of the theory. In the absence of Higgs—fermion
Yukawa couplings, it is sufficient to consider the symmetry properties of the scalar po-
tential. Note that we have already imposed a softly-broken Zs symmetry, which yields
A¢ = A7 = 0 in the original basis. In addition, we observe that Zs = Z7 = 0 [which also
implies that Y3 = 0 in light of Eq. (5.45)] corresponds to an exact Z, symmetry in the
Higgs basis.

The conditions Zg = Z7 = 0 can be implemented in three ways. If s95 = 0, then only
one of the two Higgs fields acquires a non-zero vev. This means that our original basis
and the Higgs basis coincide (in a convention where H; denotes the Higgs field with the
non-zero vev), in which case the original Z, symmetry is unbroken. If A\¢ = A\; = 0 and
Sopcap # 0, then setting Zg = Z7 = 0 in Egs. (5.38) and (5.39) yields A\ = Ay = Aays.
Such a scalar potential exhibits a softly-broken CP3 symmetry, one of the three possible
generalized CP symmetries that can be imposed on the 2HDM [188].3* Finally, if the
scalar potential exhibits an exact CP2 symmetry, or equivalently there is a basis in which
the Z, discrete symmetry (&1 — +®1, &3 — —P,) and a second Z, interchange symmetry

(1 «— Do) coexist [154, 188], then it follows that A\ = A7 = 0, A\; = Ao (with A5 real),

33In general, m2, > | Zg|v? is sufficient to guarantee SM-like h couplings. However, in the 2HDM with
Type-11 Yukawa coupling and tan 5 > 1, a SM-like h coupling to down-type quarks and leptons requires
m?2 > |Zs|v? tan B, leading to the phenomenon of delayed decoupling [39, 183, 187] at large tan 3. This
is a special case of delayed alignment introduced below Eq. (5.89).

341f m2, = 0 in Eq. (5.1) in addition to A\g = A7 = 0, then the Zy discrete symmetry (®; — +®y,
®y — —dy) is exact. In this case, Zg = Z7 = 0 implies that \; = Ay = A3s5 and m3; = m3, [the latter
via Eq. (5.44)], and corresponds to an ezact CP3 symmetry of the scalar potential.
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m2, = m3, and m?, = 0. In this case, Egs. (5.3) and (5.4) yield tan 8 = 1. % The
latter can be maintained when the CP2 symmetry is softly broken such that m?2, # 0.
Using Egs. (5.38) and (5.39) then yields Zg = Z; = 0. Thus, in the absence of the
Higgs-fermion Yukawa couplings, Zs = 0 is a consequence of an enhanced symmetry of
the scalar potential, in which case the regime of alignment without decoupling and the

double decoupling regime are both natural in the sense of 't Hooft [189].

5.5.4 Prediction for signal strengths in the alignment limit

In this section, we present the numerical results for the case that the lighter scalar
h is the observed Higgs state at 125.5 GeV. In this case, my > 129.5 GeV, while the
pseudoscalar A can in principle be heavier or lighter than h and/or H. As a general
comment, many conclusions drawn in this particular study duplicate the ones discussed
in Sec. 5.3. This is certainly not surprising as both the alignment and decoupling limits
are covered in the general scan.

The variations in the couplings to fermions discussed above have direct consequences
for the signal strengths of the SM-like Higgs boson. Since the results depend a lot on the
fermion coupling structure, we examine this separately for Type I and Type II.

Putting everything together we find quite distinct correlations of signal strengths in
both Type I and Type II that depend on whether the additional Higgs states are decoupled
or not. This is illustrated in Fig. 5.17 for Type I and in Fig. 5.18 for Type II. In both
figures, the panels on the left show the dependence on my while the panels on the right
show the dependence on |cg_,| for the non-decoupling regime with my < 600 GeV. We
note that there are definite combinations of signal strengths that cannot be reached in the
decoupling regime. A measurement of such values would be a very strong motivation to
look for additional light Higgs states. In turn, when the masses of additional light Higgs
states are measured, signal strength correlations as shown in Figs. 5.17 and 5.18 can help
pin down the model. Furthermore, for my < 600 GeV even in the apparent alignment

limit |cs_q| — O there can be deviations in the signal strengths from unity that cannot

35Here we assume that A\; # A345; otherwise, the CP2 symmetry is promoted to the CP3 symmetry
previously considered.
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Figure 5.17. Correlations of signal strengths in Type I, on the left illustrating the
dependence on mp, on the right illustrating the dependence in |cs_qo|. Points are
ordered from low to high mpy values and high to low |cg_q| values.

be mimicked by decoupling.

: h h *

Examples for Type I are the suppression of both p (vy) and p;,(ZZ*), or the com-
bination il (yy) > 1 with ph (ZZ*) ~ 1. The former case is also present in Type II
for light my, while the latter does not occur at all in Type II. More concretely, in the
decoupling regime of Type II, u;‘g(yv) ~ u’;g(Z Z*), whereas for light my one can have
,ugg(fyfy) < ,uZQ(ZZ*) even if | cos(f—a)| is very small (comparing Fig 5.18, top row, left vs.
right). Another example is the simultaneous suppression or enhancement of u’;g(vv) and
P pr(v7y) in Type I, that is not possible in the decoupling regime (cf. Fig 5.17, bottom
left). In Type II, one can have a simultaneous enhancement, up to 1.45 of ugg(vv) and
pepr(77) in the decoupling regime, but simultaneous suppression is limited to ~ 0.9-0.95
(cf. Fig 5.18, middle left); simultaneous suppression to a level of ~ 0.8 is however possible

in the alignment limit for my < 300 GeV, i.e. well away from the decoupling regime.
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Figure 5.18. Correlations of signal strengths in Type II, on the left illustrating the
dependence on mp, on the right illustrating the dependence in |cs_qo|. Points are
ordered from low to high mpy values and high to low |cg_q| values.

Precise enough signal strength measurements could therefore provide strong hints that we
are in the alignment without decoupling regime of a 2HDM even if no additional Higgs

states are discovered at that time.

5.6 Search for other Higgs bosons at future colliders

Perhaps of greatest interest for the future are the constraints on the other Higgs bosons
and resulting implications for their possible future discovery. To address this question, we
show in Fig. 5.19 mpy+ color-coded in the my versus my plane, with the ordering going
from high (blue) to low (red) mpy=+ values. There is a strong interrelation among three
Higgs masses, ma, my and mpy+, which arises from the constraints of the electroweak
precision T' parameter. Indeed, we see that in both Type I and Type II, if the scalar
H is heavy and decoupled, the same is true for the pseudoscalar A and the charged
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Figure 5.19. mp+ versus my in Type I (left) and Type II (right) with the color code
indicating the value of mpg. Points are ordered from high to low my.

Higgs H*. Conversely, if the H is light, say below 600 GeV, also the A and H* must
have masses below about 800 GeV. While the correlation of my+ with my and my, is
somewhat different in Type I and Type II, in both models a light charged Higgs below
500-600 GeV requires that the H and A also be not too heavy, with mass below about
800 GeV. When inverting the plotting order of my+ (not shown), we find that the charged
Higgs mass also poses a lower limit on mpy and my: for my+ ~ 1 TeV, also my 4 are
of that order. In turn, when my and my4 are in the non-decoupling regime, also mpgy+
cannot be much heavier. The range of m, is also interesting. In principle m4 can be
above or below my, i, and even m4 < my/2 is possible and consistent with the data [9].
However, once mpy+ is fixed, the allowed range of my is limited (and vice versa). This
is because that the perturbativity condition on A4 and A5 sets up both lower and upper
bounds on m 4 for a certain value of my+. To see this, one can recall the relation between
ma and my+ in Eq. (5.10). The same analysis applies to Type II models but with a lower
bound on my+ of about 300 GeV from B-physics constraints. As a result, the presence of
simultaneously low m4 and myg in Type II is eliminated. This is due to the fact that at
low m 4 the precision electroweak T" parameter constraint would be violated if my differs

very much from m g+ .3

36Very recently, the analysis of Misiak and collaborators [190] has improved the charged Higgs mass
bound in the Type II 2HDM to mg+ 2 480 GeV at 95% CL. We have not implemented this stricter
bound in our scans.
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We omit the plots for the H125 case as they have been displayed in Fig. 5.2. First of
all, there is no decoupling limit for the H125 case with an upper bound of my+ ~ mu <
650 GeV and nondecoupling effects are inevitably of importance. The electroweak preci-
sion T" parameter further shrinks the allowed region; as a result, there is more correlation
between mpy+ and my. If m4 is large then either my+ is of similar size or it is between
100 GeV and 200 GeV. If my is small, < 100 GeV, then my+ will lie between 100 GeV
and 200 GeV. Type II with mg ~ 125.5 GeV is the most constrained case, with a strong

mpg+—my correlation. The additional bound of mg+ ~ 300 GeV from B-physics results

in my 2 200 GeV.

5.6.1 Main production modes

Following what is discussed above, it is important to consider implications of the cur-
rent and future h fits for the heavier Higgs bosons. Hopefully, one will retain a significant
possibility of detecting the heavier Higgs bosons even if the A is shown to be very SM-like.
To assess the situation, we consider the two largest production modes at the LHC; these
are gluon fusion, gg — X, and associated production with a pair of b-quarks, bbX, with
X = A, H. To illustrate the comparison between these two production modes, we plot
for two representative masses (500 GeV and 1 TeV) the two cross sections vs. tan  in
Fig. 5.20 with « chosen so that sin(5 — a) = 1. In the case of Type II, we observe that at
low tan 3 it is 0(gg — H) that is biggest while at high tan (5 it is o(bbH) that is biggest
by a factor of ~ 10 to 100.

The correlations of the gg — X and bbX cross sections at the 13 TeV LHC in the
non-decoupling regime my < 600 GeV are shown in Fig. 5.21 for the Type I model and in
Fig. 5.22 for the Type II model. We show the points that pass all present constraints (in
beige) and highlight those that have a very SM-like 125 GeV Higgs state by constraining
all the following signal strengths to be within 5% or 2% of their SM values, respectively,
denoted as SM£5% (red) and SM+2% (dark red):

Hag(VY)s 1gg(ZZ7), gy (T7), 1v5r(VY)s 10 5p(ZZ7), 1ypp(TT), 1y (DB), p1g(BD) .
(5.111)
We start the discussion with production of A in Type I, shown in the left panel of
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Figure 5.20. Cross sections (in pb) for gg — H and bbH production at /s = 8 TeV as
a function of tan 8 for my = 500 GeV and 1 TeV. The results shown are for the SM
limit of sin(8 — «) = 1.

Fig. 5.21. There is a strong correlation between the two production modes, gluon fusion
and bb associated production, which stems from the fact that the relevant couplings are
the same up to a sign: Cf} = —C7 = cot 3. The larger spread in o(bbA) observed for
o(gg — A) > 1072 pb comes from the fact that for m4 < 400 GeV the bbA cross section
grows faster with decreasing m, than that of gg — A. Therefore, along a line of fixed
o(gg — A) in the plot, a point with higher o(bbA) has a smaller m,. Note also that
there is an interference of the top and bottom loop diagrams in gg — A which changes
sign depending on m4. Overall, however, 0(g9 — A) is always at least two orders of

magnitude larger than o (bbA).

The points with largest cross sections, o(bbA) ~ 10 pb and o(gg — A) = 1000 pb,
correspond to the case my < my /2 which was studied in detail in [9]. One feature of this
region is that p)',(vy) and p! (ZZ*, WW*) always differ from each other by about 10%.
Constraining all & signal strengths of Eq. (5.111) within 5% of unity therefore eliminates
these points. Other points with high cross sections, but not in the very light pseudoscalar
region, would also be eliminated by the SM+5% or SM+2% requirements. However, in
this non-decoupling regime of my < 600 GeV, points with sizeable cross sections up to
0.2 pb for o(bbA) and up to about 40 pb for o(gg — A) still remain even at the SM=+2%
level. At this same SM=£2% level, the smallest 0(gg — A) is about 0.1 fb.

Regarding production of the scalar H in Type I, shown in the right panel of Fig. 5.21,
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Figure 5.22. As Fig. 5.21 but for Type II.

the correlation is even stronger between o(bbH) and o(gg — H) since both are driven
by the same fermionic coupling C# = sina/sin3. Note that, as in the A case, the
gluon-fusion cross section is always larger than that for bb associated production. Sizable
cross sections are still allowed under the SM=£2% constraint, which implies that in the
non-decoupling regime there is a strong possibility of detecting a non-SM-like scalar state
at the LHC. The structure of C¥# is however such that the coupling can equally well be

very much suppressed, leading to extremely small cross sections. We will come back to

this below.
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The corresponding results for Type II are presented in Fig. 5.22. In contrast to Type I,
both bb associated production and gluon-gluon fusion modes for Type II are in principle
important since either can be dominant in different regions of the parameter space. There
is only modest correlation between the two production modes due to the more complex
structure of the Type II fermionic couplings. For A production, one clearly sees the
ma < my/2 region as the detached scattered points with very large cross sections. As for
Type I, these points disappear under the SM+5% constraint. Still, even for SM42%, cross
sections as large as o(bbA) ~ 8 pb and o(gg — A) ~ 20 pb can be achieved (although
not simultaneously). For H production a similar picture emerges, with the cross sections
however being a factor of a few smaller than for A production. The minimal cross sections
in this my < 600 GeV non-decoupling regime for the A and H are correlated in a way
that is very favorable for discovery during run-2 of the LHC. For example, if (g9 — A)
takes on its minimum SM#2% value of 10 fb then o(bbA) 2 80 fb, whereas if o(bbA) takes
on its minimal value of fewx 107! fb then o(gg — A) ~ 103 fb. These cross section levels
imply that the A should be discoverable in at least one of the two production modes even
in the extreme alignment limit.

Before considering specific decay channels of A and H, we present in Fig. 5.23 the
gluon-fusion cross sections in Type I and Type II as functions of m, and mpy at the 13
TeV LHC. Here, the color code shows the dependence on tan .57 In Type I, the gg — A
cross section is proportional to cot? 3; this explains why it is larger (smaller) at lower
(higher) tan /5. A cross section of 1 (0.1) fb is guaranteed for my as large as ~ 600
(850) GeV. On the other hand, the g9 — H cross section in Type I is proportional to
(CH)? and can take on extremely small values for my < 850 GeV. The reason is that, in
this region, the reachable values of cz_,, are high enough such that a cancellation between
the two terms of CH = (sp_o — cs_a/ts) occurs and leads to an almost vanishing coupling.
In contrast, for my 2 850 GeV, this cancellation is not possible as the values of cs_, are
forced to be smaller as can be seen in Fig. 5.13. In Type II, the A production cross section

can be very large in the very low m4 region as noted in [9] and any mass smaller than 1.1

37To avoid a proliferation of plots, we choose to show here only the results for gluon fusion; all corre-
sponding results for the bb cross section can be provided upon request.
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Figure 5.23. Cross sections in Type I (left) and Type II (right) for gg — X as functions
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(1.2) TeV gives a gg — A cross section larger than 1 (0.1) tb. For gg — H, a cross section
> 1 (0.1) fb is guaranteed up to my ~ 850 GeV (1.2 TeV). From these considerations the
prospects for discovering the additional neutral states look promising should alignment

without decoupling be realized.

5.6.2 H/A search in the specific channels

Let us now turn to specific signatures. There are many final states of potential interest.

These include H — ZZ, H, A — 77,77,tt as well as the H — hh and A — Zh final

states.
e Search in the standard modes

With regard to the H/A limits coming from heavy Higgs bosons, we find that they

144



5.6. Search for other Higgs bosons at future colliders

2HDM(it (typel) m;,=125.56+2.5 GeV 2HDM(it (typell) m;,=125.5+2.5 GeV

102 T T T T 'IO2 T T T T
oy postLHC8-FDOK i) postLHC8-FDOK
S 400 b +10%+5% 2 10° | +10%+5% |
E;}r o % .. JNss14 Te § "‘!‘am . Vs=14 TeV
= ; = 10°F .
& 107 | & s
= = 404 L ot R
T T 10 s “‘
£ 10°F S o b Vi8> 4
% ° 6 i :‘ ;
b ¥ 10° | . RIE T >,
< 10-8 B = .0 LN 4 Q:‘O ‘00.\‘¢ oo'ﬁ.
IQ 1 IC 108 L . . . e e o * |
%c 107 R R LIRPRIR L St T % o
- 10-12 1 1 1 1 - 1 -10 1 1 ! !

0 200 400 600 800 1000 0 200 400 600 800 1000
my [GeV] my [GeV]

Figure 5.24. We plot [0(99 — H) + o(bbH)|BR(H — ZZ) as functions of mg, for
Type I (left) and Type II (right) 2HDMs. Only FDOK points are shown. Implications
of various levels of precision for future h measurements are displayed. Color scheme is
as for Fig. 5.9.

have significant impact. In the case of Type I, the limits coming from g9 — H, A — 77
are always stronger (even at high tan 3) than those coming from gg — bbH,bbA with
H, A — 77. This is because, in Type I models, all the fermionic couplings are the same
and it is only a question of the tan S-independent ratio of the g9 — H, A cross section
to the gg — bbH,bbA cross section. This ratio is always quite a bit larger than 1 (by
typically a factor of at least 100) at any given mass. For Type II models, we note that
the down-type coupling is enhanced by tan § and affects both production modes, in the
gg — H, A case by enhancing the b-quark contribution to the one-loop coupling.

Results for H — ZZ at /s = 14 TeV are shown in Fig. 5.24. We observe that
substantial o x BR values (as high as ~ 1 pb at my ~ 150 GeV and ~ 1 fb at my ~ 1 TeV)
are possible, but certainly not guaranteed. In the case of the Type II model, if the A is
determined to have SM-like rates within +10% or, especially, £5% then the maximum
possible o x BR is substantially reduced and the minimum allowed mp for £5% is of
order 200 GeV.

Results for gg + bb — H, A production in the 77 final state are displayed in Fig. 5.25
assuming /s = 14 TeV. Overall, the range of possible cross sections is quite large, with
maximum values of order 1 to 10 pb and minimum values below 1071 pb in the case of
Type I (although this range is somewhat narrowed on average as the h is required to be

more and more SM-like) and minimum values of order 10~*—107° pb in the case of Type II.
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Figure 5.25. Scatter plots of [0(g9 — H) + o(bbH)|BR(H — 77) and [0(99 — A) +
o(bbA)|BR(A — 77), in pb, as functions of mpy (top row) and my4 (bottom row),
respectively, for postLHC8-FDOK points with my ~ 125.5 GeV. The values of tan
are color-coded as indicated on the plots.

It is worth noting that for lower values of my and my, [0(99 — H)+0(bbH)|BR(H — 77)
and [0(gg — A)+0(bbA)|BR(A — 77) are typically quite substantial in the Type II case,
but that few points survive below mpy ~ 300 GeV if the 125.5 GeV state rates lie within
5% of the SM Higgs predictions. We comment on one particular feature of the plots,
namely the fact that the ¢¢ threshold is not apparent for Type II in the case of the A.
This is a direct consequence of the fact that the LHCS8 constraints include the limits
from [92] on gg — A and bbA with A — 77. The predicted 2HDM cross sections can
significantly exceed these limits in the region below 2m;. Since these limits are included
in obtaining the postLHCS results the t¢ threshold that would otherwise be apparent is
not present. Note that in the case of the H, the limits of [92] do not have a strong impact
because the predicted values of 0(g9 — H)BR(H — 77) are smaller due to the fact that

H — ZZ decays are also present.

It is also interesting to consider the tan S dependence of the cross sections, indicated
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by a color code in Fig. 5.25. As expected from the fermionic couplings in Table 5.4,
this dependence is opposite in Type I and Type II. Concretely, in Type I [0(9g9 — H) +
o(bbH)|BR(H — 77) and [0(99 — A) + o(bbA)|BR(A — 77) increase as tan [ gets
smaller, while in Type II larger cross sections are obtained for larger tan 5. Note also

that in Type IT the ¢t threshold is visible for small tan 5 < 3 but not for larger values.

As an aside, we note that in both the H and A cases the uu final state rates are ob-
tained by simply multiplying by the relevant ratio of BRs, BR(H or A — uu)/BR(H or A —
77), which is essentially independent of tan 5 in either Type I or Type II with a value of
order 3.5 x 1073, Looking at Fig. 5.25, it would appear that prospects for detecting the
H and A in the pp final state are significant for m4 and mpy below the top threshold,
especially in the case of A — pp in Type II when m 4 < 150 GeV.

Of course, once m 4 or my is above the tf threshold, the rates in the ¢ final state will be
of great interest. These are shown in Fig. 5.26. Large o x BR values are certainly possible,
but so also are very small values, although in the case of Type II the smallest values found
at my or my of order 1 TeV is ~ 10~* pb. This latter might be detectable for full run-2
luminosity of L = 300 fb™', and is certainly of great interest for the high-luminosity run

of the LHC which might accumulate L = 3000 fb™!.
e Search in the non-standard modes

In the preceding plots, we have not displayed the impact of future A measurements that
lie within SM415%, SM=£10% and SM=£5%. In the case of Type I, agreement with the SM
of £10% or better implies that m4 < 80 GeV is excluded (whereas at the postLHCS level
very low my4 is allowed). This is apparent from examining the reach in m,4 in Fig. 5.10.
In the case of mpy, which already must lie above ~ 125.5 GeV for the h125 case, there
is almost no impact as increasing agreement with the SM is required. For Type II, the
impact is more varied. In the case of the A, as one moves through SM=415%, 10%, 5%
fewer and fewer points are found at lower m 4, as can again be read from Fig. 5.10, but
determining precise boundaries would require dedicated scanning. In the case of the H,
SM+15% and +10% do not restrict my beyond the postLHCS range, but heavier my is
preferred by SM+5%.
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Figure 5.26. Scatter plots of [o(99 — H) + o(bbH)|BR(H — tt) as function of my
(top row) and [0(99 — A) + o(bbA)|BR(A — tt) as function of my (bottom row) at
Vs = 14 TeV, for postLHC8-FDOK points with my, ~ 125.5 GeV. The values of tan 3
are color coded as indicated by the scales on the right of the plots.

Perhaps most interesting are the rates for H — hh and A — Zh. In Fig. 5.27 we
show results for the hh and Zh final states for /s = 14 TeV, indicating the impact of
SM=+15%, +10%, +5% requirements. We note that if the h measurements approach SM
values, then this will limit only somewhat the maximum values achievable for the cross
section in the hh and Zh final states in the case of Type I models — which means that
there is a significant, although not large, probability of seeing the H — hh and A — Zh
final states in gluon fusion and in associated production with b quarks. However, in the
case of Type II models, increasingly SM-like h results imply much smaller cross sections

than those shown (as allowed by current Higgs fitting for both hh and Zh final states).

Last but not least, if the mass splitting is large enough, A - ZH, H — ZA, and

H — AA decays offer intriguing possibilities for discovering the extra non-SM-like neutral
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Figure 5.27. We plot [0(g9 — H) + o(bbH)|BR(H — hh) and [o(99 — A) +

o(bbA)|BR(A — Zh) as functions of mpy and ma, respectively, for Type I (left) and
Type II (right) 2HDMs. For this figure, only FDOK points are shown. Implications of
various levels of precision for future h measurements are displayed. Color scheme as
in Fig. 5.9. Values of o x BR below 1078 are not plotted.

Higgs states in the regime of approximate alignment without decoupling. In Fig. 5.28,
the cross sections for g9 - A — ZH, g9 - H — ZA and g9 — H — AA are exhibited.
Large gg — A — ZH cross sections are obtained for large m4 — my splitting.®® Looking
back at Fig. 5.19 one sees that, in both Type I and Type II, the splitting can only be
large for m4 < 650 GeV. This explains the preponderance of low mpy points with cross
sections up to 20 pb for ma < 650 GeV. However, gg — A — ZH can also be heavily
suppressed; since the AHZ coupling is proportional to sin(8 — «), this suppression is a
purely kinematical effect.

Turning to the H — ZA and H — AA signatures, we observe a depleted area for

38 A large splitting m4 — myg ~ v can be motivated by the possibility of a strong first order phase
transition in 2HDMs [137].
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Figure 5.28. Cross sections times BR in Type I (left) and in Type II (right) for Higgs-
to-Higgs signatures, in the upper panel g9 -+ A — ZH with mp color code, and in
the middle and lower panels for g9 — H — ZA and g9 — H — AA, respectively, with
my color code. Points are ordered from high to low m4 or my.

myg > 300 GeV and cross sections of the order of 0.1 pb. In this region, tan f = 2-10 and
Z5 is small or negative leading to mpy, m4 masses for which the H — ZA, AA decays

are kinematically forbidden [cf. Eq. (5.59)]. In the region below, tan 8 > 10 and Z; can
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be large enough to achieve my > my + myz and/or my > 2my, but nevertheless the
cross section is small because of the tan 5 dependence of o(g9 — H), see Fig. 5.23. The
distinct branch with g¢g — H — ZA and gg — H — AA cross sections larger than about
1 pb, on the other hand, has tanf < 2 and A5 ~ 0. Here, the term proportional to
sin2f in Eq. (5.37) gives a large enough Z5 > 0 so that the H — ZA and/or H — AA
decay is kinematically allowed. The small tan 3 leads to a large gg — H production cross
section, see again Fig. 5.23. The CMS collaboration has very recently published a search
for A— ZH and H — ZA [180]. For instance, for m4 (mg) of about 200-600 GeV and
very light H (A) below 100 GeV, the 95% CL limit on the relevant cross section is of the
order of 30-50 fb in the ¢¢77 final state and 20-100 fb in the £¢bb final state. Considering
the BRs for Z — €0 and H — 77,bb (A — 77,bb), these limits just start to touch the
highest cross sections in Fig. 5.28.

Finally, note that due to the kinematic constraint my > 2m4 and the non trivial
correlation between mpy and m4 observed in Fig. 5.19, the H — AA channel is only
open for my < 700 GeV. In Type I the branch of points with cross sections ranging from
about 10! pb to 10 pb is mainly populated by m, < 100 GeV points with relatively
low tan 8 < 10. In Type II, points with low m4 < 250 GeV and tan g < 3 are clearly
separated from points with m,4 = 150 GeV and larger tan 8 2 12. This channel thus
offers a complementary probe to the low m 4 region discussed in [9].

e Prediction for A cross sections in the H125 scenario

Let us turn to the question of detecting the pseudoscalar A if the H is identified as the
SM-like Higgs at 125 GeV. Figure 5.29 shows cross sections for pseudoscalar A production,
concretely [o(g9 — A) + o(bbA))] x BR(A — ~7v) (top), x BR(A — 77) (middle) and
x BR(A — tt) (bottom) at 14 TeV as a function of m4.% Again, there is a large range
of possible cross section values at any given my4, with the tan § dependence, of course,
being the same as for the m; ~ 125.5 GeV case. As already observed in Fig. 5.2, the
possible range of m 4 is limited when my ~ 125.5 GeV. In the case of Type II models,
my < 200 GeV is eliminated due to the B-physics limit of my+ 2 300 GeV and the

39As commented in the last section, we plot the sum as this defines the inclusive production rate. Of
course, separating gg — A and bbA production processes would eventually be possible.

151



CHAPTER 5. BSM ALTERNATIVE I: TWO-HIGGS-DOUBLET MODEL

2HDMfit (typel) m,=125.5+2.5 GeV 2HDMit (typell) my,=125.5+2.5 GeV

= 10 p—r—r—pr—r—r"Tr—r—r——— =1 T
8 e ' ' Iposf}J—iCB-Ff)OK 1 50 8 FrrT ' ' IposE}J-ICS-Fﬂ)OK 1 50
= 10° | "t;,';#, s=14TeV S0 b s=14TeV
13 e, 13 ]
£ 102 B ;,10-1 L ¥ b
= ; i & - ] 10
E w0t b : = £, g S s
3 100 f = 5 1 F 18 ° =
<X <<

4 0% 2 ]
E10—12-. 5105 el ! ! Ll 0.5

0 0 100 200 300 400 500 600 700
my [GeV]
= 102 = 10 3
g g 1 Bg 50
= 100 - =10 F 3
= = 0 [ 4
L0 f IV ;
g, x 10 1E4 10
= 10t | a 2102k 3 a
b 5 S..3F s - 5 &
3 108 | = $10° F . 3 =
© © -4 o0
T 8 | X 107 F ol 3
H 10 B F105 F o 3
© 1070 - Vs=14TeV 1 2106 | Vs=14Tev ~ JFH 1
5 ol postLHC8-FDOK 1 Ed 5. 7L postLHC8-FDOK 7
= 10- v b by by by by by 0.5 = 10’ FRIRI NSRS NS SR T NS S N WA SN SN 0.5
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
my [GeV] my [GeV]

Figure 5.29. Rates (in pb) of pseudoscalar A production at /s = 14 TeV as a function
of my for the mpy ~ 125.5 GeV scenarios, separated into different A decay modes:
A — vy (top), A — 77 (middle) and A — ¢t (bottom). In each case, we sum over
gg — A and gg — bbA production. The values of tan 5 are color-coded as indicated
by the scale on the right of the plots.

requirement of an acceptable T parameter (which limits the A — H* mass difference).
In the case of Type I models, m4 < 60 GeV is possible but finding points with small
enough H — AA to allow the H to have reasonably SM-like properties requires significant
fine-tuning. For most m4, the Type II maximal and minimal cross sections tend to be
substantially (by a factor of > 1000) larger than for Type I. The lowest cross section
values in Type I models are really very small at the largest allowed m 4 values and would
not allow the detection of the A boson. In contrast, in Type II models, even the very
lowest cross section value of ~ 5 x 1075 pb at m4 ~ 630 GeV would imply a handful of
events for L = 300 fb~'. The maximum Type II values imply a substantial number of
events at all m,, even at the largest masses, my ~ 630 GeV. (We remind the reader that

630 GeV is the upper limit allowed by perturbativity once the precision Higgs constraints,
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which limit [sin(8 — «)| to smaller values, have been included, cf. Fig. 5.2.)

As before, the rates for A production in the pu final state are simply obtained by
the tan S-independent rescaling factor BR(A — puu)/BR(A — 77) ~ 3.5 x 1073, For
my < 2my, the cross section values near the upper limit obtained from such rescaling of
the 77 final state rates shown in Fig. 5.29 are likely to be observable given the relatively
narrow nature of the mass peak (typically of order a few GeV) and the excellent pu

invariant mass resolution.

5.6.3 Detecting a lighter Higgs h

Finally, let us next assess the feasibility for detecting the lighter h.

First of all, we see in Fig. 5.30 that a proper fit at the postLHCS level is easily achieved
if my, 2 60 GeV, for which H — hh decays are kinematically forbidden. However, there
is also a scattering of points for which small values of m;, are possible. Of course, finding
points with m; < 60 GeV for which BR(H — hh) is small enough to still allow the H
rates in the various channels to fit the 125.5 GeV signal is highly nontrivial. It requires
a delicate theoretical examination; the systematic technique will be discussed in detail in
Section 5.7. A very “fine-tuned” scan is necessary to find these low-my points for which
BR(H — hh) is small enough that the H signals fit the LHC data at an adequate level.

The most interesting modes for h detection may be gg — h — vy and V*h with
h — bb. In the context of the current 8 TeV data, only the latter mode is of interest —
expected signal strengths as a function of my are plotted in Fig. 5.30. While for many
points the expected rates are obviously too small to have allowed detection of the h, there
also exist postLHC8-FDOK points for which detection in the Vh(bb) final state might be
on the edge. We speculate that for the Vh(bb) final state, a leptonic trigger on the V'
might still allow the predicted signal to emerge for the higher /H\’,H(bg) values.

As an aside, it is easily inferred from Fig. 5.30 that the post LHCS8 and, even more so,
the SM+15%, £10%, +5% requirements eliminate a large swath of the points that survive
the A-limits constraint. It is also noteworthy that in the case of Type I all preLHC points
automatically satisfy the A-limits requirement, whereas some preLHC (grey) points get

excluded by the A limits in the case of Type II.
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Figure 5.30. ,u{‘,H(bE), i.e. V* — Vh associated production with h — bb relative to the
SM, as a function of my. Note that M(L/H(bb) is actually independent of energy and that
the ratio also applies to any situation where the subprocess of interest is V* — VA,
including the LEP Z* — Zh process. There are no FDOK requirements imposed on
the preLHC and A-limits points. The SM+15%, +£10%, £5% points are subjected to
FDOK requirements.

Considering Fig. 5.30, it is moreover interesting to ask whether the > 20 LEP excess in
the Zbb final state at M,; ~ 98 GeV could be explained by mj, ~ 98 GeV and ply(bb) ~
0.1 —0.3. We see that this is indeed possible in both the Type I and Type II models given
current postLHCS constraints on the H properties. Of course, the scatterplots suggest
that this explanation is more fine-tuned in the Type II case. Furthermore, if the H rates
are found to be within +15% of the SM rates, the value of %y (bb) is pushed well below
the desired range in the case of Type II and is at a marginal level in the case of Type 1. At
the SM+£5% level, the few surviving Type I points have uf;(bb) < 0.05 (assuming that a
more extensive scan would reveal red points with my ~ 98 GeV that would have a signal
level comparable to those around 90 GeV and 108 GeV plotted), a value that is not very

consistent with the LEP ~ 2.30 excess observed.

At 14 TeV, there is also potential for detecting the A in the gg — h — v+ mode, as
shown in Fig. 5.31. Of course, while a significant event yield is possible for L > 300 fb™*,
the level of continuum irreducible and reducible backgrounds must be assessed and could

prove too large for the blip at m;, to be observable.

Last but not least, an interesting question is whether the h, A (and H*) could all es-

cape detection for some parameter choices when mpy ~ 125.5 GeV. Given the upper limit
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Figure 5.31. o(g99 — h)BR(h — ~v) for /s = 14 TeV with postLHC8-FDOK con-
straints imposed as well as further limitations imposed by SM=+15%, £10%, 5% con-
straints. There are no FDOK requirements imposed on the preLHC and A-limits
points. The SM=£15%, £10%, £5% points are subjected to FDOK requirements.

discussed above of my < 630 GeV (after Higgs fitting constraints), a careful examination
is required.

Consider first the A. In the case of Type I, Fig. 5.29 shows that for m4 € [200, 300] GeV
(and most probably all the way out to the maximum allowed m,) and large tan 3 the
vy, TT,tt rates are all very small and would not allow discovery of the A even with
L = 3000 tb™'. In the case of Type II, the anticorrelation between the 77 and ¢t rates
as tan 3 is varied, together with the relatively substantial 77 rates for m, below the tt
threshold combine to guarantee that the A should be detectable with L = 3000 fb™! in
either the 77 or the ¢t mode, and perhaps in both.

As regards the h, it is first of all clear that if |sin(5 — «/)| is very small (as certainly
both allowed and preferred by Higgs fitting) then the V* — V'h rates will be very tiny,
as illustrated in Fig. 5.30 in the m; > 60 GeV region for both Type I and Type II. The
other potentially viable mode is gg — h — 7. However, Fig. 5.31 shows very small rates
in this case as well for Type 1. In contrast, the lowest cross sections in this channel in

Type II are of order 10~° pb, a level which might be accessible with L = 3000 fb~*.

5.7 Light (pseudoscalar) Higgs boson study

As already discussed, one often considered limit of the 2HDM is the decoupling

limit [39] in which my4, my, my+ are all large, in which case the h is very SM-like. A
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SM-like h or H can however also be obtained in the alignment limit without the masses
of the other Higgs being large. In this section, we address the seemingly extreme case in
which the h (H) is the SM-like 125 GeV state and the A (A and/or h) are lighter than
125 GeV, in particular light enough that the SM-like state can decay into them. Such
decays generically have a large BR (early references are [43], [191] and [44]) and would
conflict with Higgs precision data unless the Higgs-to-Higgs-pair BR is below about 0.1
0.3 [115], depending on the model.*

Only by tuning the model parameters so that the SM-like Higgs has very small coupling
to a pair of lighter Higgs bosons can such a small BR be achieved. Nonetheless, this is
a parameter space window that cannot yet be excluded and that has many interesting
special features, including rather large predicted cross sections for direct production of
the light Higgs boson(s) — cross sections that might even be testable using the existing
LHC 8 TeV data. The goal of this paper is to delineate these scenarios and their special
properties.

We note that these scenarios are not achievable in the MSSM because of the strong
interrelations of the Higgs potential parameters required by SUSY; a light A is simply not
consistent within the MSSM when the h has mass 125 GeV (unless the Higgs sector is CP-
violating). MSSM scenarios in which the H has mass of 125 GeV and m 4, my, are below
my have been constructed [193], but those to date do not have m, m;, < 125/2 GeV. In
the NMSSM, scenarios with a light a; and/or hy are possible in light of the current data
[194-197] but are not the subject of this paper — they typically imply small cross sections
for production of the light Higgs boson.*! Other models in which the SM-like Higgs can
decay to two lighter states include the 2HDM+singlet (S) models. In the latter, besides
the h — AA decay it is also possible to have h — SS decay. If mg < 125 GeV/2, the hSS
coupling must be highly suppressed, just as the hAA coupling must be highly suppressed
if ma < 125 GeV/2, for a recent analysis see [11].

The key consideration for this study is the magnitude of the coupling of the SM-like

40A large survey of exotic Higgs decays is available in [192].
4INMSSM scenarios with a light a; and/or hy that appears in the decay of a SM-like Higgs (e.g.
hs — ajay, where ho is SM-like) have a long history, the original paper being [198].
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Higgs to a pair of the other Higgs bosons, including the hAA, HAA and Hhh couplings,
which are given in Egs. (5.69), (5.70) and (5.71). A simple estimate is useful. In terms of
Gy x x> Where Y is the SM-like Higgs and X is the A for Y = h and either the A or h for

Y = H, one can define

R(XX) =

LY — XX) 1 (%mx”)QﬂOnX) (5.112)

T(Y = bb) 12K \mymy ) B3(my)’

where B(mx) = /1 —4m3/m? and the factor K accounts for QCD corrections and
running quark mass. Taking my = 125 GeV and assuming purely SM-like couplings for
Y, the constraint BR(Y — XX) =T(Y — XX)/(T(Y — XX) + ') < 0.3 translates
into R(XX) < 0.7, where we have used I'(Y — bb) &~ 0.6 M as in the SM for simplicity.
Using the SM-predicted value K ~ 0.6, we find that |gy | < 15 GeV is required for
mx = 62 GeV, which goes down to |gy yy| < 5 GeV for my ~ 10—40 GeV. Such a small
gy xx 1S a very strong constraint — without parameter tuning |gy y | is most naturally
of the order of a TeV.

In the following, we consider Y = h in Section 5.7.1 and Y = H in Section 5.7.2. We
begin each of these sections by discussing the special parameter choices required in order
to avoid too large Higgs-to-Higgs-pair BR(s) for the 125 GeV state and then proceed to

the associated phenomenology.

5.7.1 Light pseudoscalar A in the h125 scenario

Using Eqgs. (5.69), (5.72), (5.73) and the relationships of the A; to the physical Higgs
masses and the Higgs mixing parameter, m?,, in the scalar potential (see [39]), one finds

the following result for the hAA coupling:

1 cos(a — 30) . cos(f + )
(5.113)

Let us begin by taking the SM limit, sin(f — «) = 1, in the formula above:

2 2 2 _2A2
ghAA = — VA T — Ty (5.114)
v

where M2, = m3, sec  csc 8 and m?, can be positive or negative. Given that |g44| must

be very small to have small BR(h — AA), we see that in this limit m3 ~ —2m? + 2m3,
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is required.*> While there is no symmetry that motivates this particular choice, it can
certainly be satisfied for appropriately modest /m?2, and we find many allowed points of
this nature.

The interrelations of the parameters in this region are illustrated in Fig. 5.32. The
figure shows the combined impact of perturbativity and the requirement of small BR(h —
AA). The large solid filled regions are those allowed by perturbativity for various different
values of my (as indicated by the color code in the lower-left corner of the plot). The
regions surrounded by dashed lines are those consistent with BR(h — AA) < 0.3, with
the central solid line corresponding to BR(h — AA) = 0 (or equivalently g, ,,=0 ), for
the various m4 values coded as shown in the upper-right corner of the plot. We see
that the higher the value of myg, the smaller the tan § that is required by perturbativity.
Imposing both perturbativity and BR(h — AA) < 0.3 strongly constrains mis within the
allowed tan 8 range (note: miy = sgn(m3,)/|m2|). Roughly, mis ~ 30 — 100 GeV and
tan 0 < 15 are the interesting ranges to scan over for this solution.

Deviating from the strict SM limit, there is also another parameter region that gives
small |g, 44| through a cancellation between the first and second terms in Eq. (5.113) (or,
equivalently, between the m?, and non-m?, terms in this equation). This can be achieved
when sin(3 + «) is close to one and allows also for larger m3,. As described in [183],
sin(8 4+ a) ~ 1 can be consistent with the h being SM-like so long as tan § is not too
small. In particular, one finds in this limit

tan? 3 — 1

CV:SID(/B—OZ)—)m,

(5.115)

where C'y is the magnitude of the AVV coupling relative to the SM value. One obtains
Cy 2 0.95 once tan 5 2 6, i.e. sufficiently close to unity for consistency with Higgs data
from the LHC. Note, however, that one cannot actually use exactly sin(5 + a) = 1. This
is because if both sin(8 — o) — 1 and sin(f + «) — 1, then 8 — 7/2 and o — 0, for
which g, ,4 becomes too large. Indeed, in the limit of sin(8 + «) = 1, we obtain

2 2
2m35 — my

Jhan =~ cos 203, (5.116)

42Without this cancellation, when the 9pa4 coupling is large, one may still suppress the h — AA decay
by minimizing its phase space; however, this is not the case of interest in this study.
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Figure 5.32. For sin(f — a) = 1, we show the regions of mjy vs. tan 8 parameter
space consistent with perturbativity for various mpg values (see in-figure color code in
lower-left corner). Also shown are the narrow regions for which BR(h — AA) < 0.3,
assuming h is the SM-like Higgs at 125 GeV with a total decay width of 4.07 MeV, for
the indicated values of m 4 shown in the upper-right corner. The figure applies to both
the Type I and Type II 2HDM. The perturbatively acceptable region also extends to
m?, < 0, but this region is not plotted since Eq. (5.114) would give large |gr44| and,
therefore, large BR(h — AA) if m3, were negative.

2HDM Type |, m;=125.5+2 GeV, m,<m,/2 2HDM Type Il, m;=125.5+2 GeV, m,<m,/2
250 T T T T T T 250 T T T T T
200 . y 200 : y
S 150 41 > 150 : E
[0} [0} N
£ 100 | { & 100} i ’
50 | E 50 | E
0 1 1 1 1 1 1 0 1 1 1 1 1
-04 -02 0 0.2 0.4 0.6 0.8 1 -0.2 0 0.2 0.4 0.6 0.8 1
cos(pB+o) cos(B+o)

Figure 5.33. Phenomenologically viable points with m4 < my /2 in the mqg vs. cos(S+
«) plane, for 2HDM Type I (left) and Type II (right). The cyan points have sin(f—a) ~
1, cos(8 — ) > 0 and modest m1s, as for the sin(f — «a) = 1 allowed region seen in
Fig. 5.32, while the orange points have sin(8 4+ «) ~ 1, small cos(f + a) < 0 and
tan 8 > 5.
which is too large given that cos25 ~ —1 for tan 5 2 6.
An overall view of the allowed low-m,4 points in ms vs. cos( + «) space for the

Type I and Type II 2HDMs is provided by Fig. 5.33, and in the tan S vs. sin a plane in
Fig. 5.34. The cyan points have sin(8 — a) ~ 1, cos(8 + «) > 0 and modest m;s, as for
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2HDM Type |, m,=125.5+2 GeV, m<m,/2 2HDM Type II, m,=125.5+2 GeV, m,<m,/2
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Figure 5.34. Same as Fig. 5.33 but in the tan S vs. sina plane. The solid black and
purple lines indicate sin(5 —«a) = 1 and sin(5+ «) = 1, respectively. The dashed black
(purple) lines are iso-contours of values of sin(f — «) (sin( + «)) as indicated on the
plots.
the sin(f — o) = 1 allowed region seen in Fig. 5.32, while the orange points are those with
sin(8 + «) ~ 1, small cos(f + a) < 0, tan 3 > 5 and my5 > 0. (The opposite case with
mia < 0 and cos(f + a) > 0 could also lead to the necessary cancellations in Eq. (5.113)
but turns out to be excluded by the 125 GeV Higgs signal constraints.) In Fig. 5.34,
points to the right of the sin(f + «) = 1 curve have cos(f + a) < 0 and those to the
left have cos(f + «) > 0. The requirement of small g, ,, (coupled with m5 > 0) thus
creates a very sharp boundary between acceptable vs. non-acceptable parameter points.
One should also note that the sin(5 + a)) ~ 1 points mostly (entirely) have sina > 0 for
Type I (Type II). Consequently, in the Type IT model the orange points correspond to
the “wrong-sign” Yukawa coupling O, ~ —1 [199], whereas the cyan points have C, > 0.
Having understood the constraints on this scenario, we now pursue the implications
for LHC phenomenology. In Fig. 5.35 we plot the reduced couplings (relative to their SM
values) of & to gluons and to photons, C! vs. C?. The suppressed values of C! come from
the negative contribution of the charged Higgs to the hy~y one-loop coupling. In the limit
of sin(f — a) =1,

gnaErs = ghaa — (A5 — M)v = graa — 2(mPfe —m})/v. (5.117)

The first term, gna4, has to be small as discussed above and the second term is always

negative because my+ 2, 90 GeV (300 GeV) in Type I (Type 1I).
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Figure 5.35. As Fig. 5.33 but for C’;‘ vs. C’[]L.

To illustrate the impact on observables, we plot in Fig. 5.36 the signal strengths pu
(relative to the SM) for g9 — h — VV (V = W, Z) versus gg — h — 77, denoted as
,u’;g(Z Z) vs. ,ug‘g(vv). Our first observation is that ,ug‘g(vv) is suppressed for all points in
Type I as well as for the orange points in Type II. The deviations from the SM predictions
of unity are of course consistent with current data, since this was a requirement of the
scan, but it is obvious that future higher precision measurements will strongly constrain
these scenarios. Remarkably — and in contrast to the case when my > m;/2 — it is
impossible to simultaneously achieve u (yy) = 1 and ' (VV) = 1 in either Type I or
Type II when ma < my/2. (See Fig. 2 of [8] for comparison with the general case.) Thus,
this scenario will be excluded should the Higgs observations converge sufficiently close to

the SM expectations.

Figure 5.37 shows BR(h — AA) vs. signal strength p!' (7). From the left plot we can
directly see that in Type I a precise measurement of this signal strength gives an upper
bound on the allowed h — AA BR. If ,ugg () is measured to be within 10% of unity, this
means BR(h — AA) < 0.01. Conversely, a measurement of u (yy) ~ 1 combined with
detection of h — AA decays implies that the Type II model is strongly preferred and that

the wrong-sign Yukawa solution is excluded.

Let us now turn to the question of the size of the cross sections for A production with
decays to the potentially observable 77 and pu final states. Figure 5.38 shows the gg

fusion and bb associated production cross sections at /s = 8 TeV times BR(A — 77). As
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Figure 5.36. Signal strengths ,u;lg(ZZ) vs. ugg(vy) for the Type I and Type II models.
The orange points are, as for previous plots, the points with sin(8 + «) ~ 1.
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Figure 5.37. BR(h — AA) vs. ,u}glg(vy) for the Type I and Type IT models.

can be seen, the A — 77 signal can have quite substantial cross sections over the whole
mass range considered. The cross sections for the A — ppu signal have exactly the same
shape but are about a factor of 100 lower. For reference, naive estimates suggest that,
before cuts and efficiencies, for the existing 8 TeV dataset with integrated luminosity of
L ~ 20 fb™!, a cross section of order 10 pb (200,000 events) should be observable in
the 77 final state while 0.1 pb (2000 events) should be observable in the uu final state,
especially in the case of bb associated production by using modest py b-tagging. From
Fig. 5.38, we observe that these levels are reached in the case of Type II for essentially

the entire m4 < my /2 region in the case of gg fusion and for the orange points in the case
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Figure 5.38. Cross sections at /s = 8 TeV for light A production from gg fusion (top
row) and bb associated production (bottom row) in the 77 final state. The cross sections
for the pp final state have exactly the same form but are two orders of magnitude lower.
Same colour scheme as in the previous figures.

of bb associated production.*® Indeed, the cross sections for the orange points are really
very large and should produce readily observable peaks. In the case of the Type I 2HDM,
many of the cyan points have gg fusion cross sections at the probably observable 10 pb
(0.1 pb) level in the 77 (pp) final states, but the orange points have cross sections that
are almost certainly too small for detection in the run-1 data set.

Analyses by ATLAS and CMS for such signals at low m,4 in the 77 channel have
significant background from the Z peak. As a result, limits are currently only available

for my 2 myz. We are unaware of any public results for the pu final state in the low mass

43Recall from Fig. 5.34 that the orange points can have high tan 8 while the cyan points have quite
modest tan 8 values. This implies that the bb coupling in the Type I (Type II) model is suppressed
(enhanced). As a result, the orange points have the smallest (largest) cross sections in the case of Type I
(Type II).
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region, but the excellent mass resolution in this channel should make separation from the
7 peak straightforward.

Finally, we note that running at higher energies will not straightforwardly improve the
sensitivity to the low m4 region, as the cross sections at 13-14 TeV are barely a factor
2 larger than those at 8 TeV. Therefore, one will need to accumulate more statistics via

higher total integrated luminosity.

5.7.2 Light (pseudo) scalar A or h in the H125 scenario

We first note that for my ~ 125 GeV in the Type II model, B-physics constraints
require m4 2, 200 GeV. We therefore only consider the case of m; < mpy/2 for Type II.
In contrast, in the Type I model either m4 or m;, can be < my /2, but LEP limits imply
that not both can be light simultaneously. This latter follows from the fact that the HV'V
coupling and the ZhA coupling are both proportional to cos(f — «). Thus, for a SM-like
H, i.e. |cos(B —a)| ~ 1 as required by signal strengths measurements, the ZhA coupling
is near maximal and therefore the Z* — hA cross section at LEP is too large, barring
phase-space suppression.

In practice we can therefore consider the H — AA and H — hh cases independently
of one another. With this in mind, we turn to the conditions for achieving small trilinear
couplings in order to evade too large BR(H — AA) or BR(H — hh). Analogous to
Eq. (5.113) we find

1 sin(a — 35) _ sin(f8 + «)
Inaa =5, {(2”’&31 —mi) T sm2p (8miy — sin 25 (2m3 + 3m3;)) “sn?28
(5.118)
and
1 2m3, ) ,  6miy\ sin2a
= —— — 2 — . 5.119
Itinn v cos(f — ) Lin 26 * ( M sin2f3 ) sin2( ( )

As mentioned, for the H to be SM-like, we should have | cos(8 — a)| close to unity. One
class of scenarios is easily understood by taking the strict limit of |cos(f — «)| = 1,

yielding
2 2 2 2 2
Gy = — DX T T I g (5.120)
v
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Figure 5.39. Constraints in the mjo vs. tan 8 plane for the H125 case with |cos(5 —
a)| = 1. The shaded regions are those allowed by perturbativity for m;, values indicated
in the lower-left corner of the plot. The narrow strips between the dashed lines have
BR(H — XX) < 0.3 for ma < mp/2 or mj, < mp/2, respectively (the regions are
the same for the two cases) with the colour code for the X = h or A masses given
in the upper-right corner of the plot. The solid line in the middle of the dashed ones
shows grxx = 0.

Analogous to the h125 case, m3, = m3, sec B csc 3 should be small and positive to achieve
small enough |g |- The interplay of the requirements of perturbativity and of small
|94 x x| 1s illustrated in Fig. 5.39. We see that for m; < 60 GeV, small tan S below
about 2 is required. (Note also that if both h and A were light, they should be very
close in mass to suppress BR(H — hh, AA); this follows from the fact that the bands of
BR(H — X X) < 0.3 are valid for both X = hand X = A.) For 0.5my < my, < my, i.e.
if only A is light, there is a bit more freedom and tan 5 can go up to 10-15, tightly related
however with mis for any given value of m,4. Figure 5.39 gives a somewhat idealized
picture because the signal strength measurements at 125 GeV only require Cy 2 0.9,

and constraints from the oblique parameters STU actually forbid | cos(f—a)| being exactly

1; nonetheless Fig. 5.39 serves as useful guidance for the parameter scan.

As in the h125 case, sufficiently small |g, v | can also be achieved by resorting to
cancellations between the various terms in Eq. (5.118) or Eq. (5.119). In the H125 case,
the | cos(f—a)| = 1 component shown in Eq. (5.120) is positive for larger my2 values than

those shown in Fig. 5.39 and this component can be cancelled by the remaining term(s)
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Figure 5.40. Phenomenologically viable scan points for the H125 scenario in the Type I
(left) and Type II (right) models. The upper row shows the projection onto the mi2
vs. tan 8 plane for comparison with Fig. 5.39. The lower row shows the tan 8 vs. sin «
plane, including contours of constant cos(5 + «) and sin(f + «). In all four plots, the
red points have my < my /2 while the blue points have mj; < mpy/2. Note that there
are no red points for Type II; moreover, there are no cos( + «) ~ 1 points in Type II
that pass all constraints.

for cos(f + a) ~ 1.

Putting everything together, including also the experimental constraints, we end up
with the situation shown in Fig. 5.40. The top row shows allowed points in the mq, vs.
tan § plane (analogous to Fig. 5.39); the bottom row displays these same allowed points
in the tan 8 vs. sin a plane. As explained at the beginning of this section, in Type I either
h or A can be light (but not both) while in Type II only A can be light but not A. To
distinguish these two cases, points with m4 < my/2 are shown in red and points with
my, < my/2 in blue. Considering first the top row of plots we see that, in agreement

with Fig. 5.39, there is a small allowed region with m;, < myg/2 at myy ~ 60-80 GeV
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and tan 8 < 2. This region occurs for both Type I and Type II, although it is more
constrained in Type I (because of combined SUP4+STU constraints). In Type I there
is moreover a diagonal strip of allowed points with ms < mpg/2 at tan ~ 2 — 12, as
expected from Fig. 5.39. The points below this strip are mostly cos( + «) ~ 1 points for
which cancellations occur, cf. the lower-left plot of Fig. 5.40; they can have ma < my /2
or my, < mpg/2. Note that no such points survive in Type II. Last, but not least, it is
worth noting that, in contrast to the h125 case, in the H125 case there are no allowed
points with “wrong sign” Yukawa couplings, i.e. points for which the couplings of the H

to vector bosons and to bottom quarks have opposite signs.

In Fig. 5.41, we take a closer look at the allowed points in the my; vs. m4 plane for
Type I. We see that indeed no points survive in the region where both m;, and m4 are
below my /2. As my, increases, some low m 4 points appear, but these correspond to either
my < 12 GeV for which there are no published limits at large my, on ete™ — Z* — hA
or to my 2 40 — 50 GeV and my, 2 90 GeV i.e. sufficiently close to LEP threshold as to
escape limits on the hA final state by virtue of suppressed cross section. In the gap from
about 15 GeV to about 40 GeV, LEP limits are strong enough to eliminate all points.
It is also worth noting that the cyan points with sina > 0 and the orange points with
sina ~ —1 occupy rather distinct parts of the my vs. m4 plane. In particular, if a light
scalar with mj; < 60 GeV plus a pseudoscalar with m 4 < 400 GeV were discovered, this

would fix sina ~ —1 in Type L.

Let us now explore the phenomenological consequences of the H125 scenario for the
LHC. To this end, we first show in Fig. 5.42 the relation between the signal strengths for
the high-resolution channels gg — H — VV (VV = WW® ZZ®) denoted as ni(Z27)
and gg — H — 7y denoted as ,ufg(’y’y). As in the h125 case, quite substantial deviations
from the SM values of unity are possible. With the increased precision expected at run-2,
the Higgs measurements at the LHC should be sensitive to such deviations. Moreover,
also as in the h125 case, the exact SM case u (vy) = pufh(ZZ) = 1 cannot be obtained
in the H125 scenarios with light A or A. Though not shown here, this tension with
SM-like signal strengths is also apparent in the p{fpp(y7y) vs. ply(7y) plane. Should
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Figure 5.41. Allowed H125 points for the Type I model in the my vs. m4 plane. The
cyan points have sin « > 0, while the orange points have sin @ ~ —1, cf. the bottom-left
plot in Fig. 5.40.
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Figure 5.42. Signal strengths ug](ZZ) VS. ,ulgqg(’y*y) for the Type I and Type II models.
Points with m 4 < mpy /2 are shown in red and points with m; < mg/2 in blue.

the signal strength measurements for either of these pairs converge to values that lie

within 10% of their SM values the H125 scenarios with my or ma below mpy /2 will be

excluded.** For completeness we show in Fig. 5.43 also BR(H — XX), X = h or A,

Versus ,ulgqg(fyfy). Despite the existing run-1 constraints, the BRs can be sizeable and it

may thus be interesting to look for these decays.

The most important issue is whether or not the existing 8 TeV, L = 20 fb™' data

set could be sensitive to this scenario by looking for the light A or A in the 77 or up

final states. The relevant plots are given in Fig. 5.44. Since tan § cannot be large in the

Type II model (see Fig. 5.40) and there is no tan 3 enhancement of the bb coupling in

44 Comparing with Fig. 7 of [8] we see that this tension with SM-like signal strengths is much less in
the general H125 case with heavier h, A.
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Figure 5.43. BRsof H —+ X X (X = h, A) decays vs. ug(yy) for the Type I and Type II
models. Points with my < mp /2 are shown in red and points with my, < mpg/2 in
blue.
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Figure 5.44. For the H125 case, we give 8 TeV cross sections for light X = h, A
production from gg fusion (upper row) and bb associated production (lower row) in the
77 final state. The blue points are for X = h, the red points for X = A.

the Type I model, it is mostly gg fusion that’s relevant. o(gg — X) x BR(X — 77)

exceeds the required 10 pb (or 0.1 pb for decays into pu) in particular for the light h case,
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X = h. Light pseudoscalars (possible only in Type I) have smaller cross sections and will
be harder to detect. Concretely, only for gg fusion with A — 77 and m4 < 12 GeV does
one obtain a cross section as large as 10 pb in the 77 channel, though for m4 > 40 GeV

cross sections are still between 1 pb and 10 pb.

5.8 Exploration of nearly degenerate h and H around 125 GeV

Finally, we consider the case where both m; and mpy are around 125 GeV, while
allowing mpy+ and my4 to vary freely. Should two Higgs bosons have small mass difference
AM, current 20 sensitivity is such that if AM < 4 GeV then they will appear to be
degenerate regardless of the relative size of their contributions [200]. As AM increases,
the peaks will only appear to be degenerate if the signal fraction of the smaller signal
decreases. Since the transition is very rapid, we approximate by considering two peaks to

be degenerate whenever AM < 4 GeV.

Technically, when considering cases where more than one Higgs boson has mass of
~ 125 GeV [2], we sum the signal strength p (defined in Eq. (6.11)) for different Higgs
bosons of interest. This is justified by the fact that we always choose masses that are
separated by at least 100 MeV — in this case interference effects are negligible (given that
the Higgs widths are substantially smaller than 100 MeV in the range of Higgs masses we

consider).

Following a similar search strategy and procedure of analysis, we find that, relative
to the cases where only the h or only the H was required to have mass of 125 GeV, the
allowed region in the sg_, vs. tanf plane is glossy the overlap of the ones which are
surviving in when only m; = 125 GeV or my = 125 GeV was required. This can be
distinctly seen in the upper-row plots of Fig. 5.45, in which we also display the relative
contribution of the h to the total h+ H signal in the v~ final state for Type I and Type II
models. Given that the h and H couple to V'V with factors of sin(5 — «) and cos(5 — «),
respectively, it is not surprising that the h dominates the signal when cos(f — «) is small
whereas H is dominant when cos(f — «) is large. In the case of Type I, essentially all

values of of cos(8 — a) are possible, but in Type II cos(5 — «) can be either large or
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Figure 5.45. We display the relative contribution of the h to the total h + H signal in
the ~+ final state for Type I and Type II models.

small in magnitude, but not between for negative cos(/5 — «). This means the comparable
contribution from two Higgs bosons which are nearly close in mass is not possible. And
this effect seems to be mainly due to the v~ final state not being well-fit in between. The
multi-branch structure occurring in the sg_, vs. tan 8 plane for Type II is clearly playing

a crucial role.

5.9 Charged Higgs contribution to the di-photon decay

As discussed earlier and in [201], the charged Higgs contribution in the 2HDM to
the vy coupling loops is sometimes relevant. To verify this, we isolate the fermionic
loop, W loop and H* loop contributions normalized to the total amplitude for the cases
of both h125 and H125 that are intensively studied in this chapter. The left panel of
Fig. 5.46 shows that the relative charged Higgs contribution may contribute as much as

the dominant (top quark) fermionic loop, but that the dominant loop is the W loop.
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Figure 5.46. For the most interesting scenarios we show imaginary part of charged
Higgs contributions to the vy amplitude normalized to the imaginary part of the sum

of all (fermions, W*W~, HTH™~) contributions as a function of tan /3 after impos-

ing all constraints. The parameters adopted correspond to maximal R;‘;('y'y) (or an

appropriate sum for degenerate cases).

This should be contrasted with the Type II case which is illustrated in the right-hand
plots of Fig. 5.46. One finds that the charged Higgs contributions are small when SUP
constraints are imposed. In fact, the charged Higgs amplitude is strongly reduced by
the requirement that the quartic couplings not violate the perturbativity condition when
SUP constraints are imposed. This is partially due to the absence of a light charged
Higgs in Type II that is eliminated by the B-physics constraints. However, the charged
Higgs contribution cannot be rudely ignored and nondecoupling effects are inevitably of

importance.

5.10 Summary

The Higgs data from the LHC run-1 clearly favor a fairly SM-like Higgs boson with

mass of about 125.5 GeV. Motivated by this analysis, in this section we focused on
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CP-conserving 2HDMs of Type I and Type II, working under the hypothesis that one of
the two scalar Higgs bosons (or both if they are degenerate in mass) is identified as the
observed 125 GeV state and conclude that there are consistent descriptions of the LHC
Higgs signal in the context of Type I and Type II 2HDMs. Indeed, the vector boson
pair coupling of the 125 GeV state must be quite close to the SM Higgs coupling. In
this case, the W= and Z gauge bosons dominantly acquire their masses from only one
Higgs doublet of the Higgs basis. Moreover, the coupling of that CP-even Higgs boson
to the gauge bosons tends towards the SM value, Cy, — 1. While this is automatically
the case in the decoupling limit when the extra non-SM Higgs states are very heavy,
such an alignment can also occur when the extra Higgs states are light, below about
600 GeV. We specifically investigated the phenomenological consequences of alignment

without decoupling and contrasted them to the decoupling case.

Along the way, we clarified the important role played by constraints deriving from
requirements of perturbativity in reducing the otherwise huge parameter space of the
2HDMs. We also delineated the (fortunately) rather limited impact of removing points
that suffer from a large amount of FD from heavier Higgs bosons decaying either directly

or via chain decay to a final state containing the 125 GeV state.

In the alignment limit without decoupling, despite Cft being very close to 1, the
fermionic couplings of the 125 GeV Higgs can deviate substantially from the SM values.
Concretely, C% can deviate as much as about 10% (20%) from unity in Type I (Type II),
and C% as much as 30% in Type I1. While C% rather quickly approaches 1 with increasing
my and/or cos(f —a) — 0, the approach of the bottom Yukawa coupling to its SM value
in the alignment limit is delayed in Type II, with C% ~ 0.70-1.15 even for | cos(8 — a)| ~
1072, Large values of C% > 1 are associated with light H, A. Moreover, for 230 GeV <
my < 665 GeV and my < 650 GeV, there is an allowed region with O ~ —1 £ 0.2; this
“opposite-sign” solution can be tested decisively at run-2. The trilinear hhh coupling can
also exhibit large deviations. Large values of Chpp > 1 (up to Cppp = 1.7 in Type I and up
to Chpp = 1.5 in Type II) can be achieved in the non-decoupling regime my < 600 GeV,

for |cs_q| of the order of 0.1, whereas for heavier mpy, Chpy, is always suppressed as
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compared to its SM prediction. The suppression can be about 50% for myg of ~ 1 TeV

and much larger for lighter my.

For the ratios p%(Y) of the X — h — Y signal rates relative to the SM prediction,
we found distinct correlations of these signal strengths in both Type I and Type II that
depend on whether the additional Higgs states are decoupled or not. In fact, in the regime
of alignment without decoupling, there are characteristic combinations of the p% (V') signal
strengths that cannot be mimicked by the decoupling limit. However, it is of course also
possible that all signal strengths converge to 1 even though the additional Higgs states
are very light.

A decisive test of the alignment without decoupling scenario would of course be the
observation of the additional Higgs states of the 2HDM in the mass range below about
600 GeV. We delineated the many possibilities that for /s = 14 TeV could allow for
observation of the H and A in a variety of modes, including not just the ZZ (for H only),
77 and tt final states, but also pp and . While there are no guarantees in the case of
the Type I model, in the Type Il model there is always a definite lower bound on the
g9 — A, H — 77 cross sections at the LHC at any given m4. For low tan 8 ~ 1, this
lower bound is still of order 0.1 fb for m4 ~ 500 GeV, a level that we deem likely to
be observable at the LHC during run-2. For high tan 3, the lower bound is roughly two
orders of magnitude higher and only falls below the 0.1 fb level for my gy 2 1.2 TeV,
which is already in the decoupling region. Moreover, while in Type I gluon-gluon fusion
is always dominant for H or A production, in Type II both bb associated production

and gluon-gluon fusion modes are in principle important since either can be dominant in

different regions of the parameter space.

Higgs-to-Higgs decays of the non-SM-like states (A — ZH, H — ZA, H — AA) also
open intriguing possibilities for testing the regime of alignment without decoupling, with
cross sections often in the range of 1-10 pb (although they can also be quite suppressed).
Particularly promising are g9 — H — ZA and g9 - H — AA in Type II for light
pseudoscalars below about 100 GeV; for such a light A, my can be at most ~ 650 GeV,
and o X BR values for these channels typically range from 10 fb to 10 pb.
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In the my ~ 125.5 GeV case, the A can also be detected in these same modes (except
ZZ). In addition, there is good probability for viable signals for the lighter h. In par-
ticular, the V* — Vh with h — bb channel might yield a detectable signal for at least a
fraction of the points surviving the 95% CL limits on the H signal at 125.5 GeV.

Besides the cross section estimation, we have also ascertained expectations for the
other Higgs bosons H, H* and A in the case that it is the h that gives the SM-like signal.
An important general conclusion is that even if the 125.5 GeV signal rates converge to
very SM-like values, the 2HDMs predict ample opportunity for detecting the other Higgs
bosons. Still, it is also true that in the case of m; ~ 125.5 GeV in the decoupling
limit of very large myq ~ mpy ~ mpg+ detection of even one of the other Higgs bosons
at LHC14 would not be possible. However, the case of my ~ 125.5 GeV is different.
Because the maximum m 4 is limited, having the h, A and H* all escape detection is very
unlikely in Type II 2HDM. However, in Type I if m4 € [200, 300] GeV and tan j is large,
then the A will not be detectable and h detection will be very marginal. Particularly,
nondecoupling of the charged-Higgs loop contribution to the hvyv or Hvvy coupling plays
an important role once rates are required to be within +5% of the SM predictions. The
result is elimination of all but a tiny fraction of the my ~ 125.5 GeV Type I scenarios
and all of the my ~ 125.5 GeV Type II scenarios as well as all of the wrong-sign Yukawa

Type II scenarios in the m; ~ 125.5 GeV case.

In addition, we notice some special points with low m4 < 100 GeV that escape all LEP
and (so far) LHC limits and yet have quite substantial gg — A and bbA production cross
sections. It is interesting to probe these scenarios, and particularly we studied an extreme
scenario in which the A or h has mass below one-half that of the observed 125 GeV SM-
like Higgs state, when the latter is identified with either the lighter CP-even h or heavier
CP-even H. It turns out that this is a region which LEP limits do not constrain at all in
the h125 case or only partially constrain in the H125 case. The conditions and associated
parameter choices for obtaining viable scenarios that have a small enough decay BRs of
the ~ 125 GeV Higgs boson into a pair of lighter Higgs states were discussed in detail.
Regarding LHC phenomenology, we found that in this scenario the signal strengths of the
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~ 125 GeV Higgs boson cannot all be SM-like. Should the signal strength measurements
in the high-resolution v and V'V channels converge to their SM values to within 10% or
better, then these scenarios will be excluded. Moreover, in the h125 case, surprisingly large
¢g fusion and bb associated production cross sections are possible for a light pseudoscalar
in the 10-60 GeV mass range. In fact, the CMS collaboration has begun performing the
analysis to search for a light pseudoscalar particle with masses below about 60 GeV in
the 77 and pp final states using the existing 8 TeV data from run-1 of the LHC.

In short, it is possible that the observed 125 GeV Higgs boson appears SM-like due
to the alignment limit of a multi-doublet Higgs sector. The alignment limit does not
necessarily imply that the additional Higgs states of the model are heavy. Indeed, they
can be light and non-decoupled and thus lead to exciting new effects to be probed at
run-2 of the LHC. If such a light Higgs is detected then models such as the MSSM will be
eliminated and a strong preference in favour of, e.g., a general 2HDM or the NMSSM will
arise. Further, affirming the scenario in which there is a very light pseudoscalar present
may provide an opportunity to account for the excess of the anomalous magnetic moment
of muon, (g — 2), beyond the SM. This is derived from a known fact two-loop Barr-Zee
type diagrams to the anomalous magnetic moment of muon, (g—2),, could dominate over
the one-loop contribution in the presence of a light Higgs boson. Therefore, we intend to

reexamine the computation and analyze (g — 2), in the context of the general 2HDMs.
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CHAPTER 6

BSM alternative Il: Supersymmetry and NMSSM

“Supersymmetry is the surprising idea, or hypothesis, that at the deepest level, for the
ultimate or final theory, the laws of nature do not change if fermions are transformed into

bosons and vice versa.”

— Gordon Kane

One of the major issues for the SM is the fact that quantum corrections, du?, to the
Higgs boson mass-squared parameter are enormous, potentially of order the square of the
Planck mass. A very fine-tuned cancellation between the tree-level ;i and the quantum
correction 62 is needed if the Higgs boson is to have a mass below the TeV scale. One
possible solution to this problem is supersymmetry (SUSY), a hypothetical symmetry,
very different from those we have so far encountered, which relates bosons to fermions.
Quantum corrections due to bosons enter with a sign opposite to those due fermions,
making possible a cancellation between their divergences when the masses and couplings

of all of the high energy particles are related to one another, leaving a du? that is of order
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of the square of SUSY breaking scale [22].

Supersymmetric new physics is widely considered to be the most attractive solution
to the above-described fine-tuning problem at energies well above the electroweak scale.
The first realistic supersymmetric version of the SM was proposed in 1981 by adding a
superpartner for each of the SM particle types, leading to what is called the minimal
supersymmetric SM (MSSM). While the lightest CP-even Higgs h in this minimal model
is bounded, its mass can be as high as about 130 GeV after including radiative correc-
tions, which depend on various sparticle masses and mixings that enter the h self-energy
calculation. However, the MSSM suffers from the known “u problem” as this dimensional
parameter must be directly introduced and is not associated with any obvious scale (e.g.

the SUSY-breaking scale).

In order to solve this famous problem, many possible extensions to the MSSM has
been proposed in the last few decades. One possible solution is to replace the p term in
the MSSM superpotential with a coupling of the Higgs doublets to a new gauge singlet
field S, which is called the NMSSM [202, 203]. In the NMSSM “u” is linked to the vev of
the singlet Higgs field, generating a value close to the SUSY-breaking scale. Alternative
generalizations of the MSSM — known as the minimal non-minimal supersymmetric SM
(MNSSM), new minimally-extended supersymmetric SM or nearly-minimal supersymmet-
ric SM (nMSSM) or with additional U(1)" gauge symmetries — exist [204], but these will
not be considered here, nor the case of explicit CP violation [205-209].

Before turning to the NMSSM, I present a brief introduction to the MSSM and a
simple comparison between the MSSM and the general 2HDM. Following this, I will
review some theoretical aspects of the NMSSM including the radiative corrections to the
Higgs masses. In the present chapter I confine myself to the NMSSM with a scale invariant
superpotential. After classifying possible variants of the simplest NMSSM within specific
assumptions regarding the origin of SUSY breaking (such as minimal SUGRA), extensive
discussions of both the current phenomenology and the future collider tests in various
Higgs scenarios are given. Of course, I cannot cover all details of all results that have

been obtained within the NMSSM up to now. Due to the organization of the thesis, the
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discussion on the lightest neutralino DM will be postponed to Chapter 8.

6.1 Why supersymmetry and a brief introduction to the MSSM

SUSY is a generalization of the space-time symmetries of quantum field theory that
transforms fermions into bosons and vice versa, Theories based on SUSY have widely been
considered as the theoretically most appealing extension of the SM. They are consistent
with the approximate unification of the gauge coupling constants at the GUT scale and
provide a way to cancel the quadratic divergences in the Higgs sector hence alleviating the
hierarchy between the GUT and the electroweak (EW) scale. In a theory with unbroken
SUSY, for every type of fermion there exists a corresponding type of boson with the same
mass and internal quantum numbers, and vice-versa. Since we have not yet observed any
of the "spartner” partners of the SM particles, SUSY is apparently spontaneously broken.
Furthermore, in SUSY theories the breaking of electroweak symmetry is naturally induced
at the EW scale, and the LSP can be neutral, weakly interacting and absolutely stable,
providing therefore a natural solution for the dark matter problem.

The MSSM constitutes, hence its name, the minimal supersymmetric extension of the
SM. The number of SUSY generators is N = 1, the smallest possible value. In order to
keep anomaly cancellation, contrary to the SM a second Higgs doublet is needed [139].
All SM multiplets, including the two Higgs doublets, are extended to supersymmetric
multiplets, resulting in scalar partners for quarks and leptons (“squarks” and “sleptons”)
and fermionic partners for the SM gauge boson and the Higgs bosons (“gauginos”, “hig-
gsinos” and “gluinos”). Altogether, the MSSM possesses 124 independent parameters (of
which 19 arise from the SM and 105 are genuinely new parameters of the supersymmetric
extension of the SM) [210, 211].

Upon EWSB, the neutral components of two Higgs doublets H? and H? acquire vevs,
v, and vy respectively, and the Higgs mechanism proceed as in the SM except that now one

starts with eight degrees of freedom, corresponding to the two complex doublets.! Three

"'We follow the common notation used in the supersymmetric models, where the hatted field ® denotes
a chiral superfield and ®° its scalar component. The inner product of mathematical algorithm generates
the SU(2)-invariant scalar product such that H, - Hy = H H; — HOHY.
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degrees of freedom are absorbed in making the W* and the Z° massive. The W mass is
chosen to be: M3, = ¢*(v2+v3)/4 = g*v?/4, and this fixes the normalization of v, and vy,
leaving only two independent parameters to describe the entire MSSM Higgs sector. The
remaining five degrees of freedom are physical and correspond to two neutral CP-even
scalars h and H, a neutral CP-odd pseudoscalar A and a pair of charged scalars H*. At
the tree-level the MSSM Higgs sector can be described by two independent parameters
(besides the SM parameters), naturally chosen as the mass of the CP-odd Higgs boson,
My, and tan § = v, /v, the ratio of the two vevs. Details will be presented in the next
section. With these two inputs, the tree level masses of the scalar and pseudoscalar Higgs

satisfy the following relations:

miye = mi+ M, | (6.1)
1
my, = 3 (m? + Mz £ (m% + M3)? — 4MZm? cos? 2B8)'/?) | (6.2)

Eq. (6.2) leads to the famous tree level upper bound on the mass of the lightest CP-even
Higgs h:
m; < MZcos23 < M3 | (6.3)

While in the SM the Higgs mass is essentially a free parameter (and should simply be
smaller than about 1 TeV), the mass of the lightest CPP-even MSSM Higgs is bounded.
There are, however, large one-loop corrections to the Higgs mass-squared dominated by
loops of heavy top quarks and top squarks, Including the leading two-loop corrections
proportional to y?, the square of the top-quark Yukawa coupling. Applying RGE tech-
niques to resum the leading orders of logarithms, the upper bound on the light neutral
scalar in Eq. (6.3) is modified as follows:

3g*m? M3 X2 X?
2 a2 2 2 S
thMZC0826+AthMZ+87r2Mé/ {log (m—% +Mi§ 1-— 12]\}§ ,  (6.4)

where Amy, accounts for the radiative loop correction and M2 = (]\4?1 + Mi )/2 is the
average of the squares of the two top-squark masses, m; is the running top-quark mass
(to account for the leading two-loop QCD corrections), and X} is the top-squark mixing

parameter defined by the top-squark mass matrix. Eq. (6.4) implies that parameter
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Figure 6.1. The maximal value of the h mass as a function of tan S in the various
constrained MSSM models. The NMSSM refers to the constrained NMSSM.

choices within the MSSM are possible that allow one to describe a Higgs boson with a
mass in the 125 GeV range if certain combinations of the stop masses, stop mixings,
tan § and the parameter M4 (essentially the heavy Higgs masses) are large enough [212—
221]. Varying the basic SUSY parameters of the various models, one can determine the
maximal my value as a function of tan g [215]. This is illustrated in Fig. 6.1. In all
cases, the maximal my, value is obtained for tan 5 ~ 20. At such a large tan 5, we require
Amy, ~ 85 GeV which means that a very substantial loop contribution, nearly as large
as the tree-level mass, is needed to raise the Higgs boson mass to 125 GeV. The rather
complicated parameter dependence has been studied in [222] where it was shown that,
with “maximal stop mixing”, the lightest stop mass must be m;, 2 500 GeV (with the
second stop mass considerably larger) in the MSSM in order to achieve a 125 GeV Higgs
boson. Such a heavy stop typically implies a tuning at least of order 1% in the MSSM [222],
depending on the parameter choices and the definition of fine-tuning [223-233].

Last, the MSSM superpotential W@ contains, in addition to the Yukawa terms of
mass dimension d = 3, the bilinear coupling WS&SM = uﬁu - H, of the two Higgs doublet
superfields. The parameter p has positive mass dimension, but since it is introduced
directly in the supersymmetric theory it is not associated with any obvious scale (e.g. the

SUSY breaking scale). This leaves only p = 0 or Mgur as natural choices, both of
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which are phenomenologically impossible. An acceptable phenomenology requires y close
to the scale of electroweak symmetry breaking: u ~ pugw < Msusy, where Msygy is
the scale of SUSY breaking. This is known as the ‘u problem’ of the MSSM. To solve
this problem, one can replace WI\(/I2§SM with a coupling of the Higgs doublets to a gauge
singlet superfield S, which is called the next-to-MSSM (NMSSM). In the NMSSM the
1 parameter is generated dynamically from soft terms via the vev of S and thus is of
the same order as the SUSY breaking scale. Another improvement of the NMSSM is to

reduce the required amount of fine-tuning compared to the MSSM [234].

6.2 MSSM versus 2HDM 2

Before turning to the core part of the NMSSM, I would like to compare the MSSM
with a general 2HDM, which has been extensively discussed in Chapter 5. As a result of
SUSY constraints, the pattern of the Higgs boson masses and couplings in the MSSM is
rather special or more constrained. In other words, there will a smaller number of free
parameters in the MSSM. Here I just sketch a brief summary of the main differences and
highlight the unique features of the MSSM Higgs sector. For more details one can look
up the Refs. [44, 148, 149]

As already shown in Section 5.1.1, the four Higgs masses my, myg, m4 and my+ as
well as the mixing angles o and f constitute free parameters in the physical basis of a
general 2HDM. In addition, as one can see from Eq. (5.25), the parameter Aj in the HHG
basis cannot be fixed by the masses and the mixing angles, unless one imposes a strict
&, — — Py symmetry resulting in A5 = 0. This is a mere reflection of the fact that the
model originally had seven inputs, tan 8 being also a free parameter in the case of a soft
violation of Zy. On the contrary, SUSY imposes strong constraints on the parameter
space of the MSSM Higgs sector in such a way that parameters are related each other by
the gauge couplings and this results in only two free parameters. Taking tan 8 and A; as

the free inputs, one has

2This section is adapted from Section 1.2.5 of a comprehensive review [161].
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Ay = A, (6.5)
A = SR+ A, (6.6
Ay = —%g%+2A1, (6.7)
Moo= Ao - b(et+ ) = 2 (65)

This demonstrates that with one input A; all other \’s appearing in the Higgs sector
potential will be determined. Traditionally, the MSSM Higgs sector at the tree-level is
described by two parameters (besides the SM parameters), commonly chosen as the mass
of the C’P-odd Higgs boson, m4 ~ M4, and tan j3.

In analogy to the 2HDM, the Higgs couplings to gauge bosons in the MSSM are also
suppressed by the familiar factors cos(/5 — «) for the H and sin(f — «) for the h; however,
here, the parameter « is no longer free. Since the Higgs sector of the SUSY model is

two-doublet in nature, the general sum rule

S () =1 (6.9)

again applies. That is, the sum of the squares of the couplings of all the CP-even Higgs
bosons (assuming no CP violation in the Higgs potential) to gauge bosons is simply the
SM result.

The interaction of the Higgs bosons with fermions depends on the Yukawa structure.
SUSY eliminates the possibility of Type I and permits the Type IT models only [163, 164],
in which the field H; generates the masses of down—type quarks and leptons while H, does
the same for up—type quarks. Thus, the pattern of the MSSM Higgs couplings would be
just like in the Type II 2HDM, see details in Table 5.4. In addition, the couplings among
Higgs bosons may have different behavior as compared to a general 2HDM. For instance,
the couplings A\, g+p- and A+ -, contrary to the 2HDM case, never diverge in the limit
of very heavy H* bosons due to the fact that the decoupling limit is automatic in the

MSSM [39, 235].
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Figure 6.2. The masses of the MSSM Higgs bosons as a function of M4 for two values
tg = 3 and 30, in the no mixing (left) and maximal mixing (right) scenarios with
Mg = 2 TeV and all the other SUSY parameters set to 1 TeV. The full set of radiative
corrections is included with m; = 178 GeV, my, = 4.88 GeV and as(Mz) = 0.1172.

In fact, this difference originates from another remarkable feature of the MSSM,
namely that the masses of H, A, H* Higgs bosons must all be strongly degenerate when
any one of them is large. Only the mass of the lightest CP—even scalar can remain small.
In contrast, such degeneracy need not always hold in the general 2HDM, as we have
discussed. For illustration, we display the radiatively corrected masses of the neutral
CP—-even and the charged Higgs bosons in Fig. 6.2 as a function of M4 for the two values
tan § = 3 and 30. The full set of radiative corrections has been included and the “no—
mixing” scenario with X, = 0 (left) and “maximal mixing” scenario with X; = v/6Mg
(right) have been assumed. The SUSY scale has been set to Mg = 2 TeV and the other
SUSY parameters except for A; to 1 TeV.

As can be seen, the value of m;, = 125 GeV, that is the mass of the state observed
at the LHC, can be easily obtained for large M4 values in the maximal mixing scenario
as long as tan [ is not too small, whereas it appears almost impossible to reach this level
in mass for no stop mixing. Also for large M4 values, the A, H and H* bosons (the
mass of the latter being almost independent of the stop mixing and the value of tan j3)
become degenerate in mass. In the opposite case, i.e. for a light pseudoscalar Higgs boson,

My < mp™, it is my, which is very close to M4, and the mass difference is particularly
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small for large tan g values. In this case, H may play a role as the 125 GeV state as
its mass could be as low as about 120 GeV in the no mixing scenario for low values of
M, < 120 GeV, and moderate values of tanf ~ 10 — 30. Such a possibility has also
been extensively studied in [214, 236-240] and lately were ruled out [241] by applying the
constraints from flavour physics, mainly the radiative decay b — sv. As a final note, I
would recommend a recent short review [242] regarding the phenomenology for the MSSM

after the Higgs discovery.

6.3 The next-to-minimal supersymmetric SM (NMSSM)

Since the Higgs boson discovery at the LHC, the NMSSM has gained a renewed attrac-
tion in view of its positive features as compared to the widely studied MSSM. Firstly, the
NMSSM naturally solves in an elegant way the so—called p problem [243] of the MSSM:
to have an acceptable phenomenology, a value in the vicinity of the electroweak or SUSY
breaking scale is needed for the supersymmetric Higgs mass parameter y; this is automat-
ically achieved in the NMSSM, since the p-parameter is dynamically generated when the
singlet Higgs field acquires a vev of the order of the SUSY breaking scale, leading to a fun-
damental Lagrangian that contains no dimensional parameters apart from the soft SUSY
breaking terms. Secondly, as compared to the MSSM, the NMSSM can induce a richer
phenomenology in the Higgs and neutralino sectors, both in collider and dark matter
(DM) experiments: on the one hand, heavier Higgs states can decay into lighter ones with
sizable rates [244-263] and, on the other hand, a new possibility appears for achieving the
correct cosmological relic density [264—268] through the so-called “singlino”, i.e. the fifth
degree of freedom in the neutralino sector, which can have exceptionally weak couplings
to SM particles. Thirdly, the NMSSM needs somewhat less fine tuning [251, 252, 269]
(although some fine tuning is still required [270]): the upper limit on the mass of the
lightest CPP—even Higgs particle is larger than in the MSSM, and therefore more SUSY
parameter space is consistent with a SM-like Higgs having mass as high as 125.5 GeV. Of
course, there are more potential decay modes of an NMSSM Higgs of mass 125.5 GeV.

The fact that current data implies that these decay modes cannot have large BR places
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constraints on the model parameter space. Nonetheless, in the end a SM-like Higgs boson
of mass 125.5 GeV with very SM-like properties is achieved with less fine-tuning than in
the MSSM case.

6.3.1 Higgs superpotential of the scale invariant NMSSM

The scale invariant (or Zy invariant) superpotential of the NMSSM is given, in terms

of (hatted) superfields, by

~ ~

—~ N o~~~ ~ o~ ~ o~ K~
W=y, QH, th —yQHyby —y. LHy7R +AS H, d—l—gSS, (6.10)

where H,, H; and S represent the complex scalar Higgs fields, with v,, vy and s their
vevs. Tilded letters will denote the scalar components of quark and lepton superfields.
For simplicity, only the third generation (s)fermions have been included (with possible
neutrino Yukawa couplings having been set to zero) and @ , L stand for the (t,0) and (7, v,)
SU(2) doublet superfields. The three first terms in eq. (6.10) are the usual generalization
of the Yukawa interactions, while the second to last term involving the singlet superfield S
acts as the substitute for the pﬁuﬁd term in the MSSM superpotential: a non-vanishing
value s of the scalar component of S at the minimum of the Higgs potential generates an

effective p term

fefr = MS) = As . (6.11)

The soft SUSY breaking terms consist of mass terms for the gaugino, Higgs and
sfermion fields (for the latter, we will use the notation of the third generation; a sum over
the three generations is implicitly assumed) which, in terms of the fields corresponding

to the complex scalar components of the superfields, are given by

3 8
1 . S -
= E[MlBB—I—MQZW“Wa+Mng“Ga} +he., (6.12)
a=1 a=1
~Lo = myy, [H,[* +mi, | Hal” +m5|S[?

+mg Q| + mi|h| + mp[bh| +mi|L?| + m|F (6.13)
as well as trilinear interactions between the sfermion and the Higgs fields, including the
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singlet field
Lo = (heAQ Hu Ty — hyAyQ Halfy — hoA- L Ha
1
+ MAVH, Hy S + SrA, 53) the. . (6.14)

All parameters in the above Lagrangian, including mass parameters for the gauginos
M 53, sfermions my, . Higgs fields mp, , and trilinear interactions Ay as in the MSSM,
supplemented by an additional scalar mass mg, two trilinear couplings A, and A, and
two dimensionless parameters A and x for the singlet field, depend on the energy scale
via the corresponding RG equations, so that the dominant radiative corrections involving
large logarithms must be accounted for.

It is also clear that, in the limit A — 0 with finite g, the NMSSM turns into the
MSSM with a decoupled singlet sector. Nonetheless, the phenomenology of the NMSSM
for A\ — 0 could still differ somewhat from the MSSM in the case where the LSP, a
possible DM candidate, is the singlino and hence gives the possibility of a long lived next-
to-lightest SUSY particle [271, 272]. In cases where the LSP is singlino-like there will be
significant modifications of all sparticle decay cascades as compared to the MSSM. We
will not consider this situation here and delay the discussion to Chapter 8 .

From the SUSY gauge interactions, the F'- and the soft SUSY breaking terms one

obtains the Higgs potential:
Vitiggs = |A (H,THy — HHY) + kS?

o+ (miy, + I+ ASP) (|HO + |1 |)

| 2

o+ (mi, + it ASP) (|ES + [ )
2 2 6.15
+gl—gg2 (‘H3|2+‘HJ|2_|Hg‘2_|Hd’2)2 ( )

2
+ 2| HfHY + HH|

1
md|SP 4 ()\AA (HiHy ~ HOHY) S + 1A S+ h.c.)

where g; and g9 denote the U(1)y and SU(2) gauge couplings, respectively.
In an unconstrained NMSSM with non-universal soft terms at the GUT scale, it is

possible to use the extremization conditions for the scalar potential to replace the three
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mass-squared parameters for mpgy,, mpy, and mg appearing in V. by the three vevs, v,,

vg and s:
2 2 2 2 9% + g% 2 2
Ou | M, + peg + ATvg + 1 (v, —va) | — vapest(Ax +rs) = 0 (6.16)

v 2 2 )\22_9%+9§ 2 vy A _
d de + et + Uy, 4 (Uu Ud) Uulu’eff( A + KS) =0 (617)

s (mg + KAgs + 267" + X (v, + vg) — 2Mkvuva) — Mvwvady = 0 (6.18)

Thus, in contrast to the MSSM (where one has only two free parameters at the tree
level), the Higgs sector of the NMSSM is described by six parameters, apart from gauge

and quark/lepton Yukawa couplings: *
A, Ky Ay, A, tan S = v, /vg and peg = As; (6.19)

Because of a larger number of both superpotential and soft SUSY breaking parameters
than in the MSSM, there are more options for selecting unified boundary conditions at
the GUT scale. For instance, in the most constrained version of the NMSSM that will
be defined shortly in Section 6.4.1, a universal value for the soft SUSY breaking gaugino,
sfermion and Higgs masses (other than the singlet mass parameter mg) as well as universal

trilinear couplings are assumed at the GUT scale Mgyt in the form:

MleQIMgle/Q,
(mp, =mp, =)mg =my =mp =m, =m, =my,

A=Ay = A (= Ay = A,) = A,. (6.20)

Once imposed, the Higgs and sparticle sectors of the NMSSM depend on the few param-
eters M2, mo, Ag. [203, 273]. In practice, one integrates the RG equations for all soft
terms from Mgyt down to the SUSY scale Mgysy. Of course, one can make less restrictive

assumptions on the Higgs sector soft terms at the GUT scale [274].

3In fact tan B is an output as the top quark Yukawa coupling y; is an input. This becomes very
difficult to obtain the correct value for the top quark mass m; or, given my, y; can only be obtained once
tan S is known. Since y; is very important for the radiative corrections and the RG evolution, it would
be much more convenient to allow for tan S as an input parameter, which permits to determine y,; at the
weak scale from the beginning in terms of m;.
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On the other hand, the values of tan 3 and \* are imposed at, respectively, the weak
scale (defined by My) and the SUSY scale Mgysy, the latter defined by the order of
magnitude of the soft SUSY-breaking terms. Further, the parameters «, the soft singlet
mass m% as well as the vev |s| (or |geg| = A|s]) are determined at low energy scale, Mgysy,
through the three minimization equations of the scalar potential with respect to v,, vg
and s.

Obviously, the soft singlet mass squared m% at Mgyt will not coincide with m2 in gen-
eral (for a recent analysis allowing for a non-universal singlet mass term, see Ref. [275]).
However, one can confine oneself to regions in parameter space where the difference
between m% and m? is negligibly small. This condition leaves us with an effective 4-
dimensional parameter space, consistent with the considerations above. In practice, we

determine tan 3 by the requirement that m?% at Mgyt should be close to m3.?

6.3.2 Higgs mass spectrum

The singlet superfield S contains a neutral CP-even and a neutral CP-odd scalar, as
well as a neutralino. All these states mix with the corresponding components of the f]u
and H, superfields, increasing the rank of the CP-even, CP-odd and neutralino mass
matrices by one as compared to the MSSM. As a result, the presence of S in the NMSSM
implies an extended Higgs sector (3 neutral CP-even and 2 neutral CP-odd states) and
an extended neutralino sector (5 neutralinos including the singlino) which will be fully
analyzed in Chapter 8. This extended Higgs sector includes light CP-odd or CP-even
states that can lead to important Higgs-to-Higgs decays and Higgs production in sparticle
decay cascades.

e (CP-odd Higgs states

Let us begin our analysis with the simple mass-squared matrix of the CP-odd Higgs

states. The presentation of the Higgs mass matrices at tree-level is simplified by defining

4One can choose sign conventions such that the parameters A and tan 3 are positive, while the pa-
rameters k, Ay, A, and peg can have both signs. (With the convention A > 0, k typically turns out to
be positive as well, and of O(A/10); the sign of s or peg can still be chosen at will.)

®The empirical result shows that the condition |m%(Mgut) — md| < (5 GeV)? typically requires to
tune the fourth decimal of tan 3. This however should not be interpreted as a fine-tuning, since m%
should be considered as an input parameter, whereas tan 8 is determined by the minimization of the
effective potential.
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an effective doublet mass M4 as

S

M= —"
A sinBcos B

(AA + /{s>. (6.21)

Although this quantity is equivalent to tree-level mass of the (only physical) CP-odd
Higgs A in the MSSM, in general it does not correspond to the mass of any physical
Higgs boson in the NMSSM. Eliminating the massless Goldstone boson G eaten by the
7, the remaining 2 x 2 mass matrix for the pseudoscalars can be written in the basis
(A,ImS), where A = cos fImH, + sin fIJmH, is the doublet component. In this basis, it

is given by

M =
M3 Y (Mf‘ cos Bsin f — 3)\:%52)
s

| <

2 .
(M3 cos Bsin B — 3)rs”) v cosfsin

5 (Mfl cos Bsin 3 + 3/\/<os2) — 3KkA,s
s s

The pseudoscalar masses are diagonalized by a simple rotation with an angle 64 such that

a; _ cos 4 sin 64 A | (6.22)
a9 —sinfy cos 64 JmsS
where an explicit relation for the mixing angle is determined by the requirement that the
off-diagonal elements of the mass matrix M? are vanishing.
M,24,12
\/Mflax,u + (mil - Max,u)Q

The analytical forms for the mass of pseudoscalar Higgs eigenstates, a1, as are obtainable

cosfy = (6.23)

but are too complicated to write out here.

e (CP-even Higgs states

Next we come to the CP-even sector. To describe the mixing in the CP-even Higgs
sector, one needs to convert the weak basis S%® = (SReH,,, ReHy, ReS) to the mass

eigenstates h; by introducing a full 3 x 3 unitary matrix S. We use the parametrization

C12€13 512C13 513
§= —512C23 — C12513523  C12C23 — 512513523 C13523 | » (624)

—C12C23813 + 812523 —C12S23 — S12513C23  C13C23
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with ¢;; = cosf;; and s;; = sin Gij.ﬁ In fact, the realization of this transformation is

decomposed into two successive steps, which can be sketched as

?J%eHu hv hl
0
wer, | "8 | TS | (6.25)
ReS S hg

We label the resulting C’P-even mass eigenstates in order of increasing mass. Both V' and
U are unitary matrices. The neutral Higgs sector of the NMSSM has three CP-even Higgs

bosons:

hy = V2 ((ReHY —vcos ) cos 3+ (ReH) — vsin ) sin ) ,
Hy = V2 ((ReHy — vcos 8)sin 3 — (ReH, — vsin 3) cos ),
S = V2(ReS —(9)), (6.26)

where (H?) = vsin 8 and (HY) = vcos 3. Among them, hy behaves exactly like the SM
Higgs boson if it does not mix with the others. and the 3 x 3 orthogonal matrix U may
be obtained by diagonalizing M3,

For brevity, we do not give the entries of the CP-even mass matrix Mg in the weak
basis here. They can be found for example in [203]. The squared-mass matrix for the

CP-even scalars in the intermediate basis (hy, Hy, S), is given by

2
r—l—% r cot 23 N2 —R
2
M3, = o? rcot28  —r-+ %Iéngw —Rcot 2/ (6.27)
A2 —R —Rcot 23 % (2k%s — my,) + % sin 23
where we have defined
A2 M2
r= (; — U_QZ) sin*243 , (6.28)
and
1
= (Aks 4+ my)sin25 . (6.29)

6This corresponds to a mixing in the MSSM limit which takes the form 65 — —a, cosf;3 — 1, and
cos a3 — 1.
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The tree-level value of mp, is no longer limited from above by mj < m?% cos? 20 (as is
the case in the MSSM). Instead the modified limit [276]

2,,2

A
my, < mjcos” 20 + ;ZW sin? 23 (6.30)

applies. The SM-like Higgs boson generally appears as a mixture of CP-even Higgs states:
hl = Celcgzhv — SelH\/ — 6915928, (631)

Here sy = sinf and ¢y = cos@, for —7/2 < 0; < w/2 (i = 1,2,3) being the mixing angles
in the orthogonal matrix diagonalizing M?% (see eq. (6.27)). There are also two other
mass eigenstates, ho and hg with mass my, and my,, respectively.

e Charged Higgs states

Finally, the tree-level mass of the physical charged Higgs boson is given by

mye = M3 +miy — N2, (6.32)

where M3 is given by Equation (6.21). For a fixed doublet mass, the term —\?v? reduces
the charged Higgs mass compared to its MSSM value.

All in all, all eigenvalues of M3 and M? have to be positive, and m%. > 0. The
whole discussion so far concerned the Higgs masses at tree-level. Like in the MSSM,
the tree-level relations may be subject to sizeable higher order corrections [277, 278].
The Higgs mass corrections taken into account in our numerical analysis are discussed
further in the next section. As a final point, let us discuss the MSSM limit. This is
obtained by taking simultaneously A — 0 and x — 0, keeping the ratio x/\ constant,
thus decoupling the singlet from interacting with the Higgs doublets. A finite |u| > 0
in this limit (as required to get massive charginos) is achieved by taking vy — oco. The
remaining dimensionful parameters are held constant. This illustrates the possibility to
consider a class of models with a continuous transition from the MSSM to the NMSSM.
Finally, we note the interesting fact that even if all influence on Higgs physics vanishes the
LSP may be singlino-like, giving a possibly long-lived (or even charged) next LSP (NLSP)
which could lead to modified collider phenomenology even in the decoupling limit [279].
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6.3.3 Radiative corrections to the Higgs masses

The Higgs mass matrices in Eq. (6.27), and notably the upper bound (6.30) on the
mass of the lightest CP-even Higgs scalar, have been derived from the tree level potential
(6.15), where all quartic terms are determined by SUSY through the superpotential and
(electroweak) supersymmetric gauge interactions. Thistreatment would be justified only
if the scale of SUSY breaking Msysy would be of order the Higgs vevs (or My), which,
however, is obviously not the case.

Like the MSSM, for the case of Msysy > My quantum corrections arise and are
dominantly contributed from top quark/squark loops, leading to an increase of the upper
bound (6.30) on the mass of the lightest CP-even Higgs scalar. The resulting upper bound
on the lightest CP-even Higgs mass in the NMSSM has been studied in the leading log
approximation in [280-288]. Full one-loop calculations of the corresponding upper bound
involving top/bottom quark/squark loops have been carried out in [289-299]. (Analyses
at large values of tan  have been performed in [300-302], and upper bounds for more
general supersymmetric Higgs sectors have been considered in [303-305].)

An approximate formula for the mass Mgy of the SM-like Higgs scalar in the NMSSM
in the limit ks > |A,|, |Aa| (corresponding to a heavy singlet-like scalar), including the

dominant top/stop radiative corrections, is given by

)\2
M3y =~ M}cos®283+ \v?sin® 283 — —2112()\ — Ksin23)?
K

3m; m2 A? A?
In{— — | 1— 6.33
T e ( " (m? * m2 12m2. (6:33)

where v and tan 3 are defined in Section 6.1, the soft SUSY breaking stop masses are

assumed to satisfy m2. ~ mgh > m?, A, is the stop trilinear coupling assumed to satisfy
| A| > my, pegr; the terms ~ A\? are specific to the NMSSM, and the last term in the first
line originates from the mixing with the singlet-like scalar.

In order to maximize Mgy in the NMSSM, A should be as large as possible, and tan g
should be small in order to avoid a suppression from sin®23. (However, ) is bounded from
above by A < 0.7 — 0.8 if one requires the absence of a Landau singularity below the GUT

scale.) On the other hand, the negative contribution from the mixing with the singlet-like
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scalar should vanish; without neglecting A, the relevant mixing term is proportional to
(A —sin28(k + Ay/(2s)))? [306]. If this expression is not small, a larger value of A can
even generate a decrease of the mass of the Higgs scalar with SM-like couplings to the Z

boson in the NMSSM.

At present, additional known radiative corrections to the Higgs mass matrices in the
NMSSM include MSSM-like electroweak together with the NMSSM-specific Higgs one-
loop contributions [277, 307] and dominant two-loop terms [277, 308-311]. Taking these
loop corrections into account, and requiring perturbative running Yukawa couplings h;, A
and x below the GUT scale, the upper bound on the lightest CP-even Higgs mass has been
studied in [306] as a function of tan $ and for different values of m; in the NMSSM, and
compared to the MSSM with the result shown in Fig. 6.3. (In Fig. 6.3, the upper bound is
denoted as mpyax.) The squark mass terms (and hence Mgysy) have been chosen as 1 TeV;
the upper bound would still increase slowly (logarithmically) with Mgygy. In order to
maximize the one-loop top/bottom (s)quark contributions to the lightest CP-even Higgs
mass for these squark masses, the trilinear soft couplings are chosen as A; = A, = 2.5 TeV.
The threshold effects depend somewhat on the gaugino masses, which are M; = 150 GeV,
My = 300 GeV and M3 = 1 TeV (These values are chosen to be consistent with those
that originate from a universal M/, at the GUT scale.); the remaining parameters A, x,
Ay, A, and peg of the Zs-invariant NMSSM have been chosen such that the upper bound
is maximised, without encountering Landau singularities (which requires x as small as
possible) nor violating other constraints such as an unstable potential, which forbids

Kk — 0.

In the NMSSM, the second term ~ sin® 23 in the tree level expression (6.33) dominates
the first one for sufficiently large A\, and accordingly m.x is maximal for low values of
tan 3. On the other hand, the absence of a Landau singularity for A below the GUT
scale implies a decrease of the maximally allowed value of A\ at Msygy with increasing h;,
i.e. with increasing m; and decreasing tan 5. (At large tan 3, arbitrary variations of the
NMSSM parameters A, x, Ay, A, and peg can imply a mass M4 of the MSSM-like CP-
odd scalar far above 1 TeV. For comparison with the MSSM, m ., in the NMSSM with
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Figure 6.3. Upper bound on the lightest Higgs mass in the NMSSM as a function of
tan 8 for my = 178 GeV (My arbitrary: thick full line, M4 = 1 TeV: thick dotted line)
and m; = 171.4 GeV (thin full line: My arbitrary, thick dotted line: My = 1 TeV)
and in the MSSM (with M4 = 1 TeV) for m; = 178 GeV (thick dashed line) and
my = 171.4 GeV (thin dashed line). Squark and gluino masses are 1 TeV and A; =
Ap = 2.5 TeV. (From [306].)

My < 1 TeV is depicted as dotted lines in Fig. 6.3.) Numerically, for m; = 171.4 GeV,
Mmax 10 the NMSSM (thin full line in Fig. 6.3) is 140 GeV, and assumed for tan § = 2,
A = 0.70 and k = 0.05, whereas for m; = 178 GeV (thick full line in Fig. 6.3), Mmpax
increases just to 141.5 GeV for tan § = 2.2, A = 0.68 and x = 0.07.

Finally, it is worth emphasizing that 125 GeV is a value that can be easily obtained
for the mass of a Higgs boson in many BSM models (for example, including SUSY models
and composite Higgs model). In other words, the observation of a Higgs boson with a
mass ~ 125 GeV only serves to exclude significant parameter regions of a typical BSM
model, such as the MSSM or NMSSM — it does not altogether exclude such models as a

general class.

6.3.4 Two possible scenarios to achieve a SM-like Higgs

The masses of the C’P-even scalars can be understood in a better way by considering
what happens when the singlet is added to the MSSM spectrum. In analogy to the 2HDM
as we have studied in Chapter 5, the SM-like Higgs of the MSSM can be either the lighter
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Figure 6.4. Illustration of the effect of adding the singlet to the MSSM CP-even Higgs
boson spectrum before mixing. Source: taken from [312].

eigenstate or the heavier eigenstate, as illustrated in the top row of Fig. 6.4. After adding
the singlet scalar, the two panels of the MSSM give rise to six possible scenarios in the
NMSSM. This is depicted in the lower row of Fig. 6.4 from Ref. [312]. In reality, the
mass eigenstates are admixtures of the gauge interaction eigenstates, and thus cannot be
labelled as simply as in Fig. 6.4. Nevertheless, these graphs give us an intuitive picture of
the result of adding the singlet field of the NMSSM. We shall use h° for the SM-like mass
state,” i.e. the one with the largest projection onto hy; H for the state corresponding to
the “heavy” CP-even Higgs boson of the MSSM, i.e. the one with the largest projection
onto Hy; and S for the state corresponding to the additional singlet of the NMSSM, i.e.
the one with the largest projection onto S.

o hy is SM-like Higgs

"Whenever there is no confusion, we shall use an alternative labelling of the Higgs boson mass eigen-
states, in analogy to the MSSM.
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As can be readily seen from (6.27), in the limit of large s, the SM-like Higgs boson h°
is identified with the lightest mass eigenstate hy.

o hy is SM-like Higgs

In contrast to the above case, for small values of s, h° can also be hy or even hs,
depending on the other parameters. Of course, accomplishing the latter possibility is

certainly a big challenge.

6.4 Methodology and constraints

6.4.1 The constrained versions of the NMSSM

Various versions of the NMSSM have been studied, differing with respect to how
universality among the SUSY soft-breaking parameters is imposed at the GUT scale. In
the most constrained version, dubbed VC-NMSSM [273, 313], all soft terms are assumed
to be universal at the GUT scale just as in the CMSSM. The VC-NMSSM has as many
free parameters as the CMSSM: the parameters p and B are replaced by A and x. With
k being determined by My, one is left with

VC — NMSSM : my /2, Mo, Ao, A, sign(pu) . (6.34)

Phenomenological constraints imply that mg and A are small [273, 313]; with Ay being de-
termined by the DM relic density, one is left with m, , as the only essential free parameter
(as a function of which also tan § is determined [273, 313]).

In the cNMSSM on the other hand one allows mg to differ from mg [314], in which

case the free parameters are
cNMSSM : My, Mo, Ao, A, tan 3, sign(pu) . (6.35)

In this chapter we limit ourselves in the context of constrained versions of the NMSSM
with semi-universal GUT scale boundary conditions. The three models we shall consider
are distinguished in terms of GUT scale parameters as follows:

I) the constrained NMSSM (CNMSSM) in which we adopt universal mg, my/2, Ag =
Ay, values but require Ay = A, = 0 (rather than Ay = A;p, = Ay = A, as in the
cNMSSM), as motivated by the U(1)z symmetry limit of the NMSSM.
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Even more relaxed boundary conditions in the Higgs sector have been considered.
Leaving A, Ay and mg as free parameters and allowing as well non-universality for the
Higgs soft masses squared leads to a very much broader range of possible phenomenologies
as compared to the cNMSSM. For example, it is easy to find fully consistent scenarios
with a singlino-like LSP and light neutral Higgs bosons. Once k is determined by My
and mg by tan 3, the parameter space of the semi-constrained scNMSSM can be taken as

[274]
scNMSSM A, Myje, Mo, Mu,, Mu,, Ao, Ag, Ax, tan, sign(u) . (6.36)

We further split this type into two versions in the consideration. They are:
IT) the non-universal Higgs mass (NUHM) relaxation of model I in which my, and
are chosen independently of mg, but still with Ay = A, =0, and

de

ITI) universal mg, my/2, Ag with NUHM relaxation and general Ay and A,.

6.4.2 Tools

For the numerical analysis, we use NMSSMTools [250, 315, 316] version 3.2.0 to cal-
culate the spectra of the Higgs and SUSY particles in the NMSSM in terms of the soft
SUSY breaking terms at Mqgyr (except for the parameter m%), tan 8 at the weak scale
(defined by M) and A at the SUSY scale Msygy. This program has improved convergence
of RGEs in the case of large Yukawa couplings and thus allows us to explore parameter
regions that were left uncharted in [1].

As discussed in Chapter 3, the main production/decay channels relevant for current
LHC data are ggF and VBF with Higgs decay to vy or ZZ* — 4¢. The LHC also probes
W, Z+Higgs with Higgs decay to bb, a channel for which Tevatron data is relevant, and
WW —Higgs with Higgs— 777~. For the purposeof illustrating the consistency of our
results with the experimental measurements, we employ the signal strength R as the ratio
of the gg or VBF induced Higgs cross section times the Higgs BR to a given final state
X, relative to the corresponding value for the SM Higgs boson.® Specifically, for the

8 In this and next chapters the the signal strength ratio previously labeled as u in Eq. (6.11) (and
used frequently in the previous chapters) is instead called R.
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individual Higgs of the NMSSM we compute:

hi(X) = .
By I'(Hsm — gg) BR(Hsy — X)) (6.57)

h
(X)) = .
Byer(X) I'(Hsy — VV) BR(Hgy — X)’ (6.38)

where h; is the " NMSSM scalar Higgs, and Hgy is the SM Higgs boson, taking mpy,, =
mp,.

The ratio is computed in a self-consistent manner (that is, treating radiative correc-
tions for the SM Higgs boson in the same manner as for the NMSSM Higgs bosons)
using an appropriate additional routine for the SM Higgs added to the NMHDECAY com-
ponent of the NMSSMTools package. To compute the SM denominator, we proceed as
follows.” NMHDECAY computes couplings for each h; defined by C{ﬁ" = On,v/GHsy Y, Where
Y = gg,VV,bb, 7t77, vy, ..., as well as I, and BR(h; — Y) for all Y. From these results
we obtain the partial widths T (Y) = T BR(h; — Y). We next compute I'#su(Y) =
I (Y)/[C3]? and T = 7, THsu(Y) and thence BR(Hsy — Y) = DHsv(Y) /T,
We then have all the information needed to compute R for some given final state X.

Note that in the context of any two-Higgs-doublet plus singlets model, not all the
R" are independent. For example, Rl (X) = Rl,.(X), Ry (r7) = RY(bb) '° and
RI(ZZ) = RY(WW). A complete independent set of R"’s can be taken to be (with
h = hy or h = hy)

RZg<WW)7 RZg(bb>7 Rgg(’W)a R?/BF(WW% R}\l/BF(bb>7 R}IL/BF(’Y’Y)- (6.39)

6.4.3 Constraints

The precise constraints imposed are the following. Our ‘basic constraints’ will be to

require that an NMSSM parameter choice be such as to give a proper RGE solution, have

9Ideally, the same radiative corrections would be present in NMHDECAY as are present in HDE-
CAY [60] and we could then employ HDECAY results for the SM Higgs denominator. But, this is not
the case at present, with HDECAY yielding, e.g., larger gg production rates. However, we note that since
we compute the ratios of NMSSM rates to SM rates using the Cy couplings, as discussed below, the
computed ratios will be quite insensitive to the precise radiative corrections employed.

10T his equality is altered by radiative corrections at large tan 3; however, these are small in our scenarios
all of which have small to moderate tan 8 values.
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no Landau pole, have the lightest neutralino as the LSP and obey Higgs and SUSY mass
limits as implemented in NMSSMTools-3.2.0 (Higgs mass limits are from LEP, TEVA-
TRON, and early LHC data; SUSY mass limits are essentially from LEP.) As we will
see, the gluino and squark masses that result from imposing the ‘basic constraints’ and
requiring a Higgs signal consistent with observations are so high that current LHC data

do not imply further constraints on SUSY masses.

Regarding B physics, the constraints considered are those on BR(B, — Xv), AMj,
AM,, BR(Bs — ptp™), BR(BT — 771;) and BR(B — X,utp™) at 20 as encoded
in NMSSMTools-3.2.0, except that we updated the bounds on rare B decays to 3.04 <
BR(B, — Xv) x 10* < 4.06 and BR(B — pu*u~) < 4.5 x 107?; theoretical uncertainties
in B-physics observables are taken into account as implemented in NMSSMTools-3.2.0.

These combined constraints we term the ‘B-physics contraints’.

Regarding a,, we require that the extra NMSSM contribution, da,, falls into the
window defined in NMSSMTools of 8.77 x 107 < da,, < 4.61 x 10~ expanded to 5.77 x
10719 < da, < 4.91 x 107? after allowing for a 1o theoretical error in the NMSSM
calculation of £3 x 107'%. In fact, points that fail to fall into the above da, window

always do so by virtue of da, being too small.

Regarding DM constraints, we declare that the relic density Qh? is consistent with
WMAP data provided 0.094 < Qh? < 0.136 [317], which is the ‘WMAP window’ defined in
NMSSMTools-3.2.0 after including theoretical and experimental systematic uncertainties.
We will also consider the implications of relaxing this constraint to simply Qh? < 0.136
so as to allow for scenarios in which the relic density arises at least in part from some

other source.

The points in the following scatter plots are primarily obtained through random
scans covering the following parameter ranges of the three types of models defined in
Section 6.4.1, which correspond to an expanded version of those considered in [318]:
0 < mg < 3000; 100 < my/o < 3000; 1 < tan 8 < 40; —6000 < Ay < 6000; 0.1 < X < 0.7;
0.056 < k < 0.5; —=1000 < A, < 1000; —1000 < A, < 1000; 100 < peg < 500, and
focusing on NMSSM parameter choices such that either my, € [123,128] GeV and/or
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mp, € [123,128] GeV. In addition, we performed Markov Chain Monte Carlo (MCMC)
scans to zero in better on points with mj, ~ 125 GeV that observe all constraints.
For this purpose, we defined a x*(ms,) = (mp, — 125)?/(1.5)>. The B-physics con-
straints were also implemented using a x? approach with the 1o errors from theory and
experiment (as implemented in NMSSMTools) combined in quadrature. The global like-
lihood was then computed as Ly, = [[, L; with L; = eXi/2 for two-sided constraints
and L; = 1/(1 + @27 /(0.0125P)) when 2™ is a 95% CL upper limit. The a, and
Qh? constraints were either implemented a-posteriori using the 20 window approach of
NMSSMTools, or also included in the global likelihood. Since CMSSM-like boundary con-
ditions with A, = A, = 0 did not generate points anywhere near the interesting region,
we have only performed this kind of scan for cases IT and ITI. This allowed us to find addi-

tional “perfect” and “almost perfect” points for models IT and III with m;, 2 123 GeV.

Thus, a “perfect” point will be one for which all constraints are satisfied including
requring that da, is in the above defined window and QAh? is in the WMAP window.
In addition, in some cases (where specified) we impose bounds on the spin-independent
LSP—proton scattering cross section implied by the neutralino-mass-dependent Xenon100
bound [319]. (For points with QA% < 0.094, we rescale these bounds by a factor of
0.11/Qn2.)

6.5 LHC run-1 phenomenology

The possibility of describing the LHC observations in the context of the MSSM has
been explored in numerous papers, including [213, 215221, 320]. A general conclusion
seems to be that if all the constraints noted above, including a, and Qh? are imposed
rigorously, then the MSSM-—especially a constrained version such as the CMSSM—is
hard pressed to yield a fairly SM-like light Higgs boson at 125 GeV. This is somewhat
alleviated when the a, constraint is dropped [213, 320]. Overall, however, large mixing
and large SUSY masses are needed to achieve my, ~ 125 GeV. There has also been some
exploration in the context of the NMSSM [221, 222, 321], showing that for completely

general parameters there is less tension between a light Higgs with mass ~ 125 GeV and
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a lighter SUSY mass spectrum.

In this section, we explore the ability or lack thereof of the constrained versions of
the NMSSM defined in Section 6.4.1 to describe the observation of the 125 GeV Higgs
while remaining consistent with all relevant constraints, including those from LEP and
TEVATRON searches, B-physics, the muon anomalous magnetic moment, a, = (g —
2),/2, and the relic density of DM, Qh? The demands of which in each category are
described in details in Section 6.4.3. To achieve this goal, we perform extensive scan over

the parameter spaces of the model considered.

6.5.1 Realization of a SM-like 125 GeV Higgs

Overall speaking, we find that only in models IT and III is it possible for a “perfect”
point to have a light scalar Higgs in the mass range 123 — 128 GeV as consistent with the
hints from the recent LHC Higgs searches. The largest my, achieved for perfect points is
about 125 GeV. Comparing with [213], the tension between obtaining an ideal or nearly
ideal da, while predicting a SM-like light Higgs near 125 GeV appears to be somewhat
less in NUHM variants of the NMSSM than in those of the MSSM.

To facilitate the discussion, let us make an overall explanation for the color coding of

the plots shown in this section.

e grey squares pass the ‘basic’ constraints but fail B-physics constraints (such points

are rare);
e green squares pass the basic constraints and satisfy B-physics constraints;

e blue plusses (+) observe B-physics constraints as above and in addition have Qh? <
0.136, thereby allowing for other contributions to the DM density (a fraction of
order 20% of these points have 0.094 < Qh? < 0.136) but they do not necessarily
have acceptable da,;

e magenta crosses (x ) have satisfactory da, as well as satisfying B-physics constraints,

but arbitrary Qh?;

e golden triangle points pass all the same constraints as the magenta points and in

addition have Qh? < 0.136;
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Figure 6.5. Scatter plots of R"(y7) (top row) and R (VV = ZZ, WW) (lower row)
versus my, for boundary condition cases II and III. We hide the plot for case I in
which myp, < 123 GeV once the Qh? < 0.136 is fulfilled. See text for symbol/color

notations.

e open black/grey!! triangles are perfect, completely allowed points in the sense that
they pass all the constraints listed earlier, including 5.77x 107'% < §a,, < 4.91x107°
and 0.094 < Qh? < 0.136;

e open white diamonds are points with mj,, > 123 GeV that pass basic constraints,
B-physics constraints and predict 0.094 < Qh? < 0.136 but have 4.27 x 10710 <
da, < 5.77x1071°, that is we allow an excursion of half the 1o theoretical systematic
uncertainty below the earlier defined window. We will call these “almost perfect”

points.

We begin by presenting the crucial plots of Fig. 6.5 in which we illustrate two most
precisely measured signal strengths R (yy) and R" (VV) (the ratio being the same for

UFor perfect points, we will use black triangles if mj, > 123 GeV and grey triangles if my,, < 123 GeV
in plots where my, does not label the z axis.
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VV = WW and VV = ZZ) as a function of my, for cases II and III. Clearly, one can
observe there are ample points present that pass all constraints (the open black triangles)
with my,, ~ 124—125 GeV. These points typically have the predicted rates, both R (yv)
and R"(VV), simultaneously of order < 1. It implies that the h; will be very SM-like
for parameter choices yielding consistency with all constraints and yielding my, close to
125 GeV. This can be seen in more detail in terms of its couplings and BRs from the
sample point tables presented later. Indeed, our scans did not find parameter choices for
which RM (yv) was significantly larger than 1 for my, = 123 — 128 GeV, as hinted at by
early ATLAS data. Thus, now that the combined ATLAS and CMS data are centered
about R™ () ~ 1, it would seem that models IT and IIT are fully viable. Should future
data return to showing a v+ rate in excess of the SM prediction, then it will be necessary
to go beyond the constrained versions of the NMSSM considered here (cf. [321]). We
again emphasize that a Higgs mass close to the current ~ 125 GeV measured value is
very consistent with the predictions of the constrained models for parameter choices such
that all constraints, including da, and Qh?, are satisfied. Also, many additional points
with my,, ~ 125 GeV emerge if we relax only slightly the da, constraint. (The white
diamonds show points for cases for which 4.27 x 107 < da, < 5.77 x 107! having

mp, > 123 GeV.)

In passing, we note that should the Higgs hints disappear and a low-mass SM-like
Higgs be excluded then it is of interest to know if BR(h; — aja;) can be large for my,

in the <

Y

130 GeV range. It turns out that, although large BR(hy — aja,) is possible
while satisfying basic and B-physics constraints, once additional constraints are imposed,
BR(hy — aja1) < 0.2 for all three model cases being considered. Small BR(h; — ajay) is
expected [255] (see also [245]) when the a; is very singlet, as is the case in our scenarios

once all constraints are imposed. So, in these models a light Higgs has nowhere to hide.

Given that the LHC data is currently consistent with a rather SM-like Higgs in the
vicinity of my, ~ 125 GeV (rather than one with an enhanced v+ rate), it is of interest
to know the nature of the parameter choices that yield the perfect, black triangle and

almost perfect white diamond points with mj,, ~ 125 GeV and what the other experi-
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Figure 6.6. Scatter plots of squark versus gluino masses for models IT and III. Here
we use black (grey) open triangles for perfect points with my, > 123 GeV (myp, <
123 GeV). See text for remaining symbol/color notations.

mental signatures of these points are. We therefore present a brief summary of the most
interesting features. First, one must ask if such points are consistent with current LHC
limits on SUSY particles, in particular squarks and gluinos. To this end, Fig. 6.6 shows
the distribution of squark and gluino masses for the various kinds of points for models 1T
and III. Interestingly, all the perfect, black triangle and almost perfect, white diamond
points with mj, 2 123 GeV have squark and gluino masses sufficiently above 1 TeV that
they have not yet been probed by current LHC results. (Note that since we are consider-
ing models with universal mg and m, o for squarks and gauginos, analyses in the context
of the CMSSM apply.) It is quite intriguing that the regions of parameter space that are
consistent with a Higgs of mass close to 125 GeV automatically evade the current limits
from LHC SUSY searches.

In order to further detail the parameters and some relevant features of perfect and
almost perfect points we present in Tables 6.1-6.3 seven exemplary points with my, 2

~Y

124 GeV from models IT and III. Some useful observations include the following:

e Because of the way we initiated our model III MCMC scans, restricting |Ay .| <
1 TeV, most of the tabulated model III points have quite modest A, and A,.
However, a completely random scan finds almost perfect points with quite large Ay
and A, values as exemplified by tabulated point #7. The fact that the general scan
over Ay and A, did not find any perfect points with m;, 2 124 GeV, whereas such
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Table 6.1. Input parameters for the exemplary points. We give tan 3(mz) and GUT
scale parameters, with masses in GeV and masses-squared in GeV2. Starred points
are the perfect points satisfying all constraints, including da, > 5.77 x 1010 and
0.094 < Qh? < 0.136. Unstarred points are the almost perfect points that have
4.27 x 10710 < da, < 5.77 x 10710 and 0.094 < Qh? < 0.136.

Model 11 Model III

Pt. # 1* 2% 3 4* ) 6 7

tan B(my) 17.9 17.8 214 15.1 26.2 17.9 24.2

A 0.078 | 0.0096 0.023 0.084 0.028 0.027 0.064
K 0.079 0.011 0.037 0.158 | —0.045 | 0.020 0.343
my 2 923 1026 1087 842 738 1104 1143
mo 447 297 809 244 1038 252 582
Ao —1948 | —2236 | —2399 | —1755 | —2447 | —2403 | —2306
Ay 0 0 0 —251 —385 —86.8 | —2910
Ag 0 0 0 -920 883 —-199 —5292

my, (2942)2 | (3365)% | (4361)% | (2481)% | (935) | (3202)% | (3253)2
mi. (1774)2 | (1922)% | (2089)2 | (1612)% | (1998)2 | (2073)% | (2127)?

points were fairly quickly found using the MCMC technique, suggests that such
points are quite fine-tuned in the general scan sense. See Table 6.1 for specifics.

e In Table 6.2, we display various details regarding the Higgs bosons for each of our
exemplary points. As already noted, for the perfect and almost perfect points the hq
is very SM-like when my,, 2 123 GeV. Thus, to repeat, our exemplary points listed
above are very consistent with the Higgs measurements after the full data analysis
of LHC run-1.

e The 7 points all have myz and mg above 1.5 TeV and in some cases above 2 TeV.
Detection of the superparticles might become possible using data from the ongoing
LHC 13 TeV run-2. Only the #; is seen to have a mass distinctly below 1 TeV for the
tabulated points. Still, for all the points my, is substantial, ranging from ~ 500 GeV
to above 1 TeV. For such masses, detection of the ¢; as an entity separate from

the other squarks and the gluino will be quite difficult and, again, will only become
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Table 6.2. Upper section: Higgs masses. Middle section: reduced h; couplings to up-
and down-type quarks, V = W, Z bosons, photons, and gluons. Bottom section: total
width in GeV, decay BRs, R" () and R" (V'V) of the lightest CP-even Higgs for the
seven exemplary points.

Model 1T Model 111

Pt. # 1* 2% 3 4* 5 6 7
mp, 124.0 | 125.1 | 125.4 | 123.8 | 124.5 | 125.2 | 125.1
Mh, 797 1011 1514 1089 430 663 302
Mg, 66.5 9.83 3.07 1317 430 352 302
Cy 0.999 | 0.999 | 0.999 | 0.999 | 0.999 | 0.999 | 0.999
Cyq 1.002 | 1.002 | 1.001 | 1.003 | 1.139 | 1.002 | 1.002
Cy 0.999 | 0.999 | 0.999 | 0.999 | 0.999 | 0.999 | 0.999
Cyy 1.003 | 1.004 | 1.004 | 1.004 | 1.012 | 1.003 | 1.001
Cyg 0.987 | 0.982 | 0.988 | 0.984 | 0.950 | 0.986 | 0.994

Tiot(h1) [GeV] 0.0037 | 0.0039 | 0.0039 | 0.0037 | 0.0046 | 0.0039 | 0.0039
BR(h1 — vv) 0.0024 | 0.0024 | 0.0024 | 0.0024 | 0.002 | 0.0024 | 0.0024
BR(h1 — g9) 0.056 | 0.055 | 0.056 | 0.056 | 0.043 | 0.055 | 0.056
BR(hy — bb) 0.638 | 0.622 | 0.616 | 0.643 | 0.680 | 0.619 | 0.621
BR(hy — WW) | 0.184 | 0.201 | 0.207 | 0.180 | 0.159 | 0.203 | 0.201
BR(h — ZZ) 0.0195 | 0.022 | 0.023 | 0.019 | 0.017 | 0.022 | 0.022
RM () 0.977 | 0.970 | 0.980 | 0.980 | 0.971 | 0.768 | 0.975
RM(ZZ, WW) 0971 | 0962 | 0974 | 0974 | 0964 | 0.750 | 0.969

possible with data from run-2.

e The effective superpotential p-term, pieg, is small for all the exemplary points. This

is interesting in that it suggests that electroweak fine-tuning will be modest in size.

For completeness, we have run separate scans for the case of the cNMSSM of [273, 313]
with completely universal mg = 0 and Ay = Ay = A, = A, = Ay = A, (which is in
fact a limiting case of our model III). Here, one can have a singlino LSP. This requires

small A < 1072, Correct relic density is achieved via co-annihilation with 7z for the
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Table 6.3. peg and sparticle masses at the SUSY scale in GeV. mg is the average
squark mass of the first two generations.

Model II Model IIT
Pt. # 1* 2% 3 4* 5 6 7

Heff 400 | 447 | 472 | 368 | 421 | 472 | 477
mg 2048 | 2253 | 2397 | 1876 | 1699 | 2410 | 2497
mg 1867 | 2020 | 2252 | 1685 | 1797 | 2151 | 2280
my | 1462 | 1563 | 1715 | 1335 | 1217 | 1664 | 1754
mg, 727 | 691 | 775 | 658 | 498 | 784 | 1018
me, 648 | 581 | 878 | 520 | 1716 | 653 | 856

Mep 771 | 785 | 1244 | 581 | 997 | 727 | 905

ms 535 | 416 | 642 | 433 | 784 | 443 | 458
Mt 398 | 446 | 472 | 364 | 408 | 471 | 478

Mo 363 | 410 | 438 | 328 | 307 | 440 | 452

rather definite choice of Ay ~ —;llMl /2. For small enough m;/3, the hy is dominantly
singlet, while the hy is SM-like. For larger my o, the h; is SM-like, and the h; is mostly
singlet. The cross-over where h; and hs are highly mixed occurs roughly in the range of
my2 = 500 — 600 GeV, depending on A. Overall, we find that the h; can attain a mass
of at most ~ 121 GeV in this scenario in the limit of large m1/2.12 The hs, on the other
hand, can have a mass in the 123 — 128 GeV range for not too large m; . For A = 1072,
this happens in the region of the cross-over where R"(vy) is of order 0.5 — 0.6. Squark
and gluino masses are around 1.2 — 1.3 TeV in this case, and hence highly pressed by
LHC exclusion limits. For smaller A, an hy with mass near 125 GeV is always singlet-like
and its signal strength in the vy and V'V channels is very much suppressed relative to the

prediction for the SM Higgs, in apparent contradiction to the ATLAS and CMS results.

12A similar conclusion was reached in [215] based on a mSUGRA scenario with mg ~ 0 and
Ay ~ —iMl /2, which approximately corresponds to the cNMSSM case with the singlet Higgs super-
field decoupling from the rest of the spectrum; a maximum h® mass of 123.5 GeV was found in this
case.
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6.5.2 Single 125 GeV Higgs scenarios

As has been shown in the last section, an enhanced rate in the di-photon channel for
the 125 GeV Higgs seems to be difficult to achieve in the NMSSM, while remaining con-
sistent with all relevant constraints, including those from LEP and TEVATRON searches,
B-physics, the muon anomalous magnetic moment, a, = (¢ — 2),/2, and the relic den-
sity of DM, Qh?, when parameters are semi-unified at the GUT scale. However, such
enhancements relative to the SM could be possible if large values of the superpotential
coupling X are employed and the a,, constraint is greatly relaxed [318]. (See [321] for the
first discussion of an enhanced v rate at large A in the NMSSM with parameters defined
at the weak scale.)

In this section we pursue the case of generally large A and uncover a number of
interesting scenarios with strikingly different phenomenological patterns. Hence, our scans
have included ones specifically focusing on A > 0.3 in addition to those encompassing the
entire allowed range of the extensive scans defined in Section 6.4.3. In the figures shown
in the following, we only display points which pass the basic constraints, satisfy B-physics
constraints, have Qh% < 0.136, obey the XENON100 limit on the LSP scattering cross-
section off protons and have one of the Higgses in the desired mass range: 123 GeV <
mp, < 128 GeV and/or 123 GeV < my, < 128 GeV. Then we color-code the points
according to their hy — 7y or hy — 7 rate and according to whether or not Qh? falls
within the WMAP window. So for each 123 GeV < my, < 128 GeV, ¢ = 1,2 the point

legend is as follows:

light blue points have 0.5 < R}g‘;(fyfy) <1 and Qh? < 0.136;

e cyan squares have an enhanced 7y signal rate of 1 < Rl (yy) < 1.2 and Qh* < 0.094,
i.e. below the WMAP window;

blue triangles have a much enhanced 77 signal rate of R;‘;(fyfy) > 1.2 and Qh? <
0.094;

salmon-colored squares and red triangles are the same as the cyan squares and blue

triangles, respectively, but in addition have 0.094 < Qh? < 0.136 meaning the LSP
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Figure 6.7. Signal strengths for a Higgs in the 123 — 128 GeV mass range. On the left:
R (vv) and R} (VV) as a function of my, for my, € [123 — 128] GeV; on the right:
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RS’; (vy) and R;}; (VV) as a function of my, for mp, € [123 — 128] GeV.

constitutes all of the DM;

e green points are chosen without regard to their Ry, (y7y) value but are required to

have 0.094 < Qh? < 0.136 and da, > 4.27 x 1071, that is we allow an excursion of

half the 1o theoretical systematic uncertainty below the earlier defined window —

there are no points with da, > 5.77 x 107'% satisfying all the other criteria within

the A > 0.1

In Fig. 6.7 we show results for Rl (X) with my, € [123,128] GeV as a function of
my, and for R'?(X) with my, € [123,128] GeV as a function of my, for X = 47, VV.
We observe that one can have either the hy or the hy in the [123,128] GeV mass window

with enhanced rates for the X = vy and X = VV channels from gluon fusion, most
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Figure 6.8. Left: R/ (v7) vs. (C!)2. Right: RE2(17) vs. (C/2)2,

particularly in the region where the ”"other” Higgs (i.e. the hy for my,, € [123,128] GeV
and the hy when my, € [123,128] GeV) has mass just above or below this window. Most
interestingly, this is also the region where Qh? can lie in the WMAP range, as indicated
by the red triangles. The underlying reason that one obtains enhanced vy and V'V rates
is that the partial width for the Higgs to decay to bb is suppressed as a result of small
coupling, Cy;, to the bb state. This correlation is completely clear from the plots of Fig. 6.8.

In the NMSSM, Higgs decays to a pair of Higgs bosons are possible, especially h; —
ara; and hy — aja;. Not surprisingly, BR(hi2 — aja;) is small for all RZ;’Q (vy) > 1
points in the 123 < my,, < 128 GeV mass windows, respectively. However, the aia,
decays of the "other” Higgs could be interesting as an avenue for discovering them. In
particular, for 123 < my, < 128 GeV one finds BR(hy — aja;) can be large for the
blue-triangle points but not the red-triangle points, see Fig. 6.9.

The required values of A and k for an enhanced ~v rate for either the h; or hy are
illustrated in Fig. 6.10. It appears a general tendency for R!-"*(yy) to increase with X
and large k as well as large A\ values are typically required for red-circle points. We also
see that a 125 GeV Higgs state with enhanced v signal rate is easily obtained for large A
and small tan 5 [321] (see also [2, 318]), whereas smallish A can yield points with SM-like

~v7v rates for a large range of tan (.

An interesting question is the nature of the stop sector for the scenarios of interest.
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Figure 6.9. BR of hy — aja; decays when my,, € [123,128] GeV. The h; — aja; rate is
negligibly small in this case, as are the hy 2 — aja; rates when my, € [123, 128] GeV.

In Fig. 6.11 we plot the ratio X;/(m; mg,)"/?, where X, = A; 4+ pcot 3 is the standard

1/2 We observe that in order to achieve

stop-mixing parameter, as function of (m;mg,)
Higgs masses in the ~ 125 GeV region large stop mixing is required if (mglm52)1/ 2 s
modest in size, whereas for very large (mglmEQ)l/ 2 the stop mixing must be smaller to

obtain such a Higgs amss.

Implications of these enhanced v rate scenarios for other observables are also quite
interesting. First, let us observe from Fig. 6.12 that these scenarios have squark and gluino
masses that are above about 1.25 TeV ranging up to as high as 6 TeV (where our scanning
more or less ended). However, for the red circle points with Q% in the WMAP window
one finds mg < 3 TeV and my < 2 TeV. Fig. 6.13 displays R} (yy) and R}2(yy) vs. mj,.
We observe a very large range for possible m; values if only Qh? < 0.136 is required,
whereas all points with 0.96 < Qh? < 0.136 (the WMAP window) have m;, < 1.5 TeV
with m; € [0.5,1] TeV preferred, with m;, < 800 GeV needed for the largest possible vy
rates. This preference for accessible m;, for enhanced vy rates with Qh* in the WMAP

window is a recurring theme in NMSSM scans.

6.5.3 Degenerate 125 GeV Higgs scenarios

As can be seen from Fig. 6.7, an enhancement of a rare final state such as v arises

when the h; and hy are sufficiently close in mass that one Higgs, h;, “steals” (through
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Figure 6.10. Rgé’hz (v7y) versus A (top row), versus £ (middle row), and versus tan
(bottom row).

mixing) some of the bb width of the other Higgs, hj. When this happens it is generically the
case that the gg and v+ partial widths of the h; are much less affected and so BR(h; — 77)
is significantly enhanced, bb being the dominant contribution to the total width. In this
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Figure 6.11. We plot X,g/(mt~1mt~2)1/2 as a function of (mlglmng)l/2 for the my, €

[123 — 128] GeV and my, € [123 — 128] GeV scenarios.

case, a second mechanism for large vy rates emerges — namely both h; and hsy contribute
significantly and their summed rate is enhanced even though their individual rates are
more or less at, or even somewhat below, the SM level. Enhanced 77 signals in the
NMSSM context have also been considered in [322-324], the latter two noting the possible
importance of light stau loop or light chargino loop, respectively, contributions to the vy
coupling of a ~ 126 GeV Higgs boson. In our semi-unified GUT scale parameter approach,
these are never significant.

In this subsection we pursue the case of generally large A\, a range for which it is

known [318, 321] that some enhancement, relative to the SM, of the Higgs signal in the

123<mh.<128 123<my, <128
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Figure 6.12. mg versus mg for the points plotted in previous figures.
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Figure 6.13. Left: R;‘é(yy) vs. my, . Right: R;‘;(yy) vs. mg, .
~vv final state is possible, and uncover a particularly interesting set of scenarios in which
the two lightest CP-even Higgs bosons, hy and ho, both lie in the 123-128 GeV mass
window. Should the v rate prove to be enhanced when run-2 results are included in the
precision Higgs fits, scenarios in which the h; and h, are approximately degenerate take
on special interest in that an enhanced v rate at ~ 125 GeV could arise as a result of
the h; and ho rates summing together, even if the individual rates are not full SM-like
strength (or enhanced). However, it should be stressed that even if all rates turn out to

be SM-like, scenarios with mj, ~ mj, remain of considerable interest.

We note that these scenarios do not provide an explanation for da,. In fact, given the
previously defined constraints and focusing on A > 0.1, da,, is always too small, being at
most ~ 2 x 1071% while the desired range would be 5.77 x 107! < da,, < 4.91 x 107°
(including a theoretical uncertainty of £3 x 107'). Demanding da,, large enough to fall
into the above window, or even come close to doing so, appears from our scans to date to
only be possible if A < 0.1 [1], for which the Higgs signal in the 4y and VV* (V =W, Z)
final states for Higgs in the 123-128 GeV window is very SM-like. In this work we neglect
the a,, constraint from now on, and we are therefore implicitly assuming that the observed

discrepancy in a, comes, at least in part, from a source other than the NMSSM.

For the cases studied, where there are two nearly degenerate Higgs bosons, we define

the effective Higgs mass in given production and final decay channels Y and X, respec-
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tively, as
Vix) = Rib/l (X)mh1 + R?} (X)mh2
mh( ) — hi ho

By (X) + By (X)

(6.40)

and then combine the signals for individual Higgs defined in Egs. (6.37) and (6.38) to
obtain the net signal for the effective Higgs, h.

RiL(X) = RYM(X) + R2(X). (6.41)

Of course, the extent to which it is appropriate to combine the rates from the h; and hs
depends upon the degree of degeneracy and the experimental resolution. For the latter,
we assume 0,5 ~ 1.5 GeV [325].13 Tt should be noted that the widths of the h; and hy
are of the same order of magnitude as the width of a 125 GeV SM Higgs boson, i.e. they
are very much smaller than this resolution.

In the figures shown in the following, we only display points which pass the basic
constraints, satisfy B-physics constraints, have Qh? < 0.136, obey the XENON100 limit
on the LSP scattering cross-section off protons and have both h; and hs in the desired
mass range: 123 GeV < my,,, mp, < 128 GeV.
h1

In Fig. 6.14, we display R!2(v7) versus R}

2 (77) with points color coded according to

mp, — mp,. The circular points have Qh? < 0.094, while diamond points have 0.094 <

Qh? < 0.136 (i.e. within the WMAP window). We observe a large number of points for

which my,, , mp, € [123,128] GeV and many are such that R (yy) + Rl2(yy) > 1. A few

such points have Qh? in the WMAP window. However, the majority of the points with
hl hQ . . .

Ry (yy) + Ry2(vy) > 1 have Qh? below the WMAP window (implying that the current

h1

observations suggesting Ry,

() + Rb2(77) ~ 1 are more consistent within the context of

the model) and for many points the v+ signal is shared between the h; and the hs.
Based on these results, we will now combine the hy and hs signals as described above

and present plots coded according to the following legend. First, we note that circular

(diamond) points have Qh? < 0.094 (0.094 < Qh* < 0.136). We then color the points

according to:

13The values for o, quoted in this paper range from 1.39-1.84 GeV to 2.76-3.19 GeV, the better
resolutions being for the case where both photons are in the barrel and the worse resolutions for when
one or both photons are in the endcap. We anticipate that the more recent analyses have achieved
substantially better mass resolutions, but details are not yet available.
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Figure 6.14. Correlation of gg — (hi,h2) — 77 signal strengths when both h; and
hso lie in the 123-128 GeV mass range. The circular points have Qh? < 0.094, while
diamond points have 0.094 < Qh? < 0.136. Points are color coded according to
mp, — mp, as indicated on the figure.

e red for my, —myp, <1 GeV;,
e blue for 1 GeV < myp, — my, <2 GeV;
e green for 2 GeV < my, —my, <3 GeV.

For current statistics and o, 2 1.5 GeV we estimate that the hy and hy signals will not
be seen separately for mp, —my, < 2 GeV.

In the first three plots of Fig. 6.15 we show results for Rl (X) with mj?(X) €
[123,128] GeV, where m{?(X) is defined in Eq. (6.40), for X = 7,V V,bb. Enhanced
vy and V'V rates from gluon fusion are very common. The bottom-right plot shows that
enhancement of Wh production with A — bb is rather limited; indeed the values we find
for R (bb) = RE,. ., (bb) Tange from a low of about 0.6 (aside from the special points
with very small R values) to as high as 1.2. Although this range falls short of the best fit
value suggested by the old Tevatron analysis [326], it is entirely consistent with the current
value from a recent combined CMS and ATLAS analysis [327] of pyu.ver(bb) = 0.65755,.

Of course, should a future data set give vy ver(bb) < 0.6 with very small error, then this
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Figure 6.15. RZQ(X ) for X = v, V'V, bb, and R{L/BF (bb) versus the appropriate effective
Higgs mass my, as defined in Eq. (6.40). For application to the Tevatron, note that
R pp(bb) = RI.. 1 (bb). The color code here and in the following figures is green
for points with 2 GeV < mp, — mp, <3 GeV, blue for 1 GeV < myp, —my, <2 GeV,
and red for mp, —mp, <1 GeV.

would be problematical for the model being considered.

In Fig. 6.16, we display in the left-hand plot the strong correlation between R’g‘g(vv)

and RZg(VV). Note that if RZg(WW) ~ 1, as suggested by current experimental results,
then in this model also R} (V'V) 2 1. The right-hand plot shows the (anti) correlation
between RP' (yy) and Rfy. .y, (bb) = Rlpp(bb). In general, the larger R! (vy) is, the
smaller the value of Rl .., (bb). However, this latter plot shows that there are parameter
choices for which both the yv rate at the LHC and the W* — Wh(— bb) rate at the LHC
can be enhanced relative to the SM as a result of there being contributions to these rates

from both the h; and hy. It is often the case that one of the hy or hy dominates R’g‘g(vv)
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Figure 6.16. Left: correlation between the gluon fusion induced vy and V'V rates
relative to the SM. Right: correlation between the gluon fusion induced ~+ rate and
the WW fusion induced bb rates relative to the SM; the relative rate for W* — Wh
with h — bb (relevant for the Tevatron) is equal to the latter.

while the other dominates Rf:. ., (bb). However, a significant number of the points are
such that either the vy or the bb signal receives substantial contributions from both the
hy and the hy (as seen, for example, in Fig. 6.14 for the v+ final state) while the other
final state is dominated by just one of the two Higgses. We did not find points where the
v~ and bb final states both receive substantial contributions from both the hy and hs.

As noted above, there is a strong correlation between R” (vy) and R} (V'V) described

h

approximately by R/,

(7vy) 2 R}, (VV). Thus, it is not surprising that the my, values for
the gluon fusion induced vy and V'V final states are also strongly correlated — in fact,
they differ by no more than a fraction of a GeV and are most often much closer, see the
left plot of Fig. 6.17. The right plot of Fig. 6.17 illustrates one of the primary mechanisms
behind enhanced rates, namely that large net vy BR is achieved by reducing the average
total width by reducing the average bb coupling strength.

The dependence of Rgg(fyfy) on \, k, tan 3 and peg is illustrated in Fig. 6.18. We

observe that the largest Rgg(’y’y) values arise at large A, moderate x, small tan 5 < 5 (but

note that R (yy) > 1.5 is possible even for tan 8 = 15) and small g < 150 GeV.
Such low values of p.g are very favorable in point of view of fine tuning, in particular
if stops are also light. Indeed a good fraction of our points with degenerate hq, ho and

R(yvy) > 1 features light stops with m; € [300,700] GeV and Mguysy = /Mg, m;

2 N~
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Figure 6.18. Dependence of R
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Figure 6.19. Left: Rgg(*yfy) vs. my . Right: Stop mixing parameter A; — pog cot 8

divided by rms stop mass ,/mz m;, vs |/M; M,

1 TeV. The stop mixing is typically, but not necessarily, large in these cases, (A4; —
tesi cOt B)/Msusy ~ 1.5-2. Fig. 6.19 explores the nature of the stop sector. From the
left plot we see that enhanced 7 signals (and also V'V signals) are possible for a large
range of my,, but that points in the WMAP window always have m; < 700 GeV. This
preference for accessible m;, for enhanced v rates with Qh? in the WMAP window is
a recurring theme in NMSSM scans. From the right plot, we see that the stop mixing
parameter A; — e cot 3 is always relatively small compared to the root-mean-square stop
mass ,/m; m;,. The latter typically has a large value, but not for the points lying in the
WMAP window. Given the small pg (see above) and the small | /mz mg,, fine tuning will
be relatively small for the WMAP window points.

Implications of the enhanced v rate scenarios for other observables are also quite
interesting. First, let us observe from Fig. 6.20 that these scenarios have squark and
gluino masses that are above about 1.25 TeV ranging up to as high as 6 TeV (where our

scanning more or less ended).

h . . . .
The value of Rgg(yy) as a function of the masses of the other Higgs bosons is illustrated

in Fig. 6.21. We see that values above 1.7 are associated with masses for the as, hy and

H#* of order < 500 GeV and for the a; of order 70 < my,, < 150 GeV. (Note that

May == My, >~ my+.) While modest in size, detectability of these states at such masses

requires further study. One interesting point is that although m,, ~ 125 GeV is common
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Figure 6.20. Average light-flavor squark mass, mg, versus gluino mass, mg, for the
points plotted in the previous figures.
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Figure 6.21. R!' (v7) versus the masses of mg, and mpy= (note that myx ~ mq, ~
My )-

for points with RZQ(VV) > 1, the contribution of the a; to the vy signal is always small,
typically Rgl(vy) < 0.01 (due to the fact that the a; is always largely singlet for these
and, indeed, all Rgg(yy) > 1 points).

Regarding the GUT-scale parameters associated with the points plotted in previous fig-
ures, we note that points with R (yy) > 1.3 have mq € [0.65,3] TeV, mq/5 € [0.5,3] TeV,
Ay € [-4.2,-0.8] TeV, A, € [-500,+450] GeV, Ay € [=750,+550] GeV, mg(GUT) €
[1.2,4.2] TeV, mpy, (GUT) € [1.7,17] TeV, mpy,(GUT) € [~ 0,4.2] TeV, A € [0.33,0.67],

k € [0.22,0.36], and tan 8 € [2, 14].

We have already noted that it is not possible to find scenarios of this degenerate /enhanced
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type while predicting a value of da, consistent with that needed to explain the current

discrepancy. In Fig. 6.22, we plot Rl (vy) and Rl (VV) as a function of da,. We ob-

serve that the very largest value of da,, achieved is of order 1.8 x 107'% and, further, the

WMAP-window points with large R have da,, < 6 x 1071,
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Figure 6.22. Rgg(’y'y) and RZQ(VV) as a function of day,.

Finally, we would like to mention that the WMA P-window points with large Rgg(yv, VV)
have da, < 6 x 107 ™. Tt is only for Rgg(vv, VV) ~ 1 that one reaches the maximum
value found in the scans of da, ~ 1.8 x 107!, This is still significantly below the range
da, > 5.77 x 1071° needed to explain the anomalous magnetic moment anomaly. Thus,
da,, somewhat disfavours the scenarios discussed above and, at the very least, favors those

with SM-like vy, V'V rates.

6.5.4 Multiple Higgs scenarios

One of the most significant features of the current data is the absence of a statistically
significant enhancement in the v final state for both ggF and VBF productions. In
contrast, enhancement is not atypical of models with multiple Higgs bosons in which
the bb partial width of the observed h is reduced through mixing with a second (not yet
observed at the LHC) Higgs boson, A/, thereby enhancing the vy BR of the h [2, 318, 321,
323, 328, 329]. Thus, we devote this section to a discussion of multiple Higgs models that
either do or do not have such enhancement.

Along this direction, a particularly interesting question is whether one could simulta-

neously explain the LHC signal and the small (~ 20) LEP excess in ete™ — Zbb in the
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vicinity of My ~ 98 GeV [330, 331] using the b’ with my ~ 98 GeV. Let us recall that
the LEP excess is clearly inconsistent with a SM-like Higgs boson at this mass, being only
about 10 — 20% of the rate predicted for the Hgy. Consistency with such a result for the
B’ is natural if the A’ couples at a substantially reduced level to ZZ, which, in turn, is
automatic if the h has SM-like ZZ coupling, as required by the observed LHC signals.

In the following we demonstrate that the two lightest CP-even Higgs bosons', h,
and hy, of the NMSSM could have properties such that the h; fits the LEP excess at
~ 98 GeV while the hy is reasonably consistent with the Higgs-like LHC signals at ~
125 GeV, including in particular either a larger-than-SM signal or a SM-like signal in the
vy channel. For simplicity we will refer to this NMSSM scenario as the “98 4+ 125 GeV
Higgs scenarios” from now on. To achieve this goal the h; and he must have my, ~ 98 GeV
and my, ~ 125 GeV, respectively, with the h; being largely singlet and the hy being
primarily doublet (mainly H, for the scenarios we consider). In addition to the CP-even
states, there are also two CP-odd states, a; and as, and a charged Higgs boson, HT.
Verification of the presence of the three CP-even Higgs bosons and/or two CP-odd Higgs
bosons would establish a Higgs field structure that goes beyond the two-doublet structure
of the MSSM.

o Signal rates for the hy and hy states

We first display in Fig. 6.23 the crucial plot that shows R(L}BF(bb) Versus RZ; ()
when my, € [96,100] GeV and my, € [123,128] GeV are imposed in addition to the
above mentioned experimental constraints.!® (In this and all subsequent plots, points
with Qh? < 0.094 are represented by blue circles and points with Q42 € [0.094,0.136] (the
“WMAP window”) are represented by red and orange diamonds. These two colors are
associated with different LSP masses as will be discussed below.) Note that R{%;,(bb)
values are required to be smaller than 0.3 by virtue of the fact that the LEP constraint
on the eTe™ — Zbb channel with M,; ~ 98 GeV is included in the NMSSMTools program.
Those points with R}(}B 7(bb) between about 0.1 and 0.25 would provide the best fit to

14We assume the absence of CP-violating phases in the Higgs sector.
15Here the Higgs mass windows are designed to allow for theoretical errors in the computation of the
Higgs masses.
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Figure 6.23. Signal strengths (relative to SM) RI‘?BF(bb) versus R}glg(vv) for my, €
[96, 100] GeV and my, € [123,128] GeV. In this and all subsequent plots, points with
Qh? < 0.094 are represented by blue circles and points with Qh? € [0.094,0.136] (the
“WMAP window”) are represented by red/orange diamonds.

the LEP excess. (We note again that Ri%;.(bb) is equivalent to Ri‘}hl(bb) as relevant for
LEP.) The large portion of such points having R’;; (77y) significantly larger than one are,
of course, disfavored by current LHC run-1 data. In all the remaining plots we will impose
the additional requirements: R!2(yy) 2 1 and 0.1 < RIS (bb) < 0.25. To repeat, the
R!2(vy) 2 1 requirement is such as to focus on points that could be consistent (within
errors) with either an enhanced vy Higgs signal at the LHC or a SM-like signal. The
0.1 < Rlsn(bb) < 0.25 window is designed to reproduce the small excess seen in LEP
data at M ~ 98 GeV in the Zbb final state.

In Fig. 6.24, we plot (upper row) R (vy) vs. R!2(y7) and R0 () vs. RIZ, () and
(lower row) RM (bb) vs. R (bb) and R (bb) vs. Ri2,.-(bb). In these and all subsequent
plots, we only show points that satisfy all the basic constraints specified earlier and that
also satisfy my,, € [96,100] GeV, my, € [123,128] GeV, R!2(yy) > 1 and Rl L(Db) €
[0.1,0.25]. The upper plots show that the hy can easily have either an enhanced or a
SM-like v~ signal for both gg and VBF production whereas the y~ signal arising from
the hy for both production mechanisms is quite small and unlikely to be observable. Note

the two different R!2(v7) regions for which QA? lies in the WMAP window, one with
h2 . . . h2 .
R}2(vy) ~ 1.6 (region A, red diamonds) and the other with R}?(yy) ~ 1.1 (region B,
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Figure 6.24. For the hy and hy, we plot (top) Rl (vy) and R} pn(vy) and (bot-

tom) R;‘g(bb) and R{, p-(bb) for NMSSM scenarios consistent with the LEP and LHC
Higgs excesses. More specifically, in this and all subsequent plots we only show
points that satisfy all the basic constraints specified in the text and that also satisfy
my, € [96,100] GeV, my, € [123,128] GeV, R'2(yy) > 1 and R/5,(bb) € [0.1,0.25].
These we have termed the “98 + 125 GeV Higgs scenarios”. Regarding the WMAP-
window points, we refer to the red diamonds as “region A” and to the orange ones as
“region B”.

orange diamonds). Only the latter region is consistent with current run-1 Higgs data. As
we will show later, region A corresponds to mgo ~ 77 GeV and my between 197 GeV
and 1 TeV, while the region B corresponds to mgo > 93 GeV and mz > 1.8 TeV. These
same two regions will emerge in many subsequent figures. If Rgg () ends up converging
to a large value (SM-like value), then masses for all strongly interacting SUSY particles
would be close to (far above) current limits if the present 98 4+ 125 GeV LEP-LHC Higgs

scenario applies.

The bottom row of the figure focuses on the bb final state. We observe the reduced

R (bb) and RI2,(bb) values that are associated with reduced bb width (relative to the
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Figure 6.25. Scatter plot of m,, versus m,, for the 984125 GeV scenario; note that
Mg, ~ mp, ~ mpy+. Note that in this figure there is a dense region, located at
(M, may) ~ (130,330) GeV, of strongly overlapping red diamond points. These are
the points associated with the low-m mso WMAP-window region of parameter space.
Corresponding dense regions appear in Flgs 6.26, 6.27 and 6.29.

SM) needed to have enhanced R[!2(yy) and R25-(77). Meanwhile, the R (bb) and
R, (bb) values are such that the h; could not yet have been seen at the Tevatron or
LHC. Sensitivity to R} (bb) (Rl 2(bb)) values from 0.05 to 0.2 (0.1 to 0.25) will be needed
at the LHC. This compares to expected sensitivities after the /s = 8 TeV run in these
channels to R values of at best 0.8.16 Statistically, a factor of 4 to 10 improvement
requires integrated luminosity of order 16 to 100 times the current L = 10 fb~'. Such
large L values will eventually be reached during the ongoing 13 TeV LHC run-2 , although
we should note that the luminosity required to probe this signal at 13 TeV could be lower
than indicated by this simple estimate as the sensitivity to the Higgs signal improves at
higher energies.

o Other NMSSM particles and parameters

It is also very interesting to consider expectations for the other NMSSM particles in
these scenarios. For this purpose, we present a series of plots. Figure 6.25 displays the
pseudoscalar masses in the m,,—m,, plane. We do not plot mj, nor mpy+ since their
masses are such that my, >~ mpy+ ~ m,, for the scenarios considered. We note that small
my, is typical of the WMAP-window points. We discuss discovery prospects for the a;
later in the paper. The masses of some crucial SUSY particles are displayed in Fig. 6.26.

6Here, we have used Fig. 12 of [68] extrapolated to a Higgs mass near 98 GeV and assumed L = 20 fh?
each for ATLAS and CMS.
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Figure 6.26. Plots showing M5, Mgk, My, M, MG, Mg, and the mixing parameter
(A¢ — pcot 8)/,/mz mg,. Also shown are mg_, Mi,, M7 and my_, where £ = e, pu.

We observe the typically low values of mgo and Mg, the possibility of mz as small as

197 GeV, the mostly modest values of the mixing parameter (A, — pcot 8)/,/mz, m;,, and

the fact that the predicted mgz and mg are beyond current experimental limits, although

the lowest values (as found in particular in region A) may soon be probed. Note that

m; can be below m;
g ir
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6.6. Test at future colliders

points, including the points in region A. Low values of mgo are typical for the scan points,
but more particular to this model are the rather low values of M. ATLAS and CMS
are currently performing analyses that could in principle be sensitive to the M values
predicted in this model. For some points, Mg — Mgy can be rather small, implying
some difficulty in isolating the leptons or jets associated with ¥ — X9 + X decays.
However, it should be noted that for the WMAP-window points Mgt — Mg is typically
quite substantial, at least 35 GeV for the low-mg points, so that for these points the
above difficulty would not arise. Of particular interest is the very large range of mj;, that
arises in the 98 4125 GeV LEP-LHC Higgs scenarios. For lighter values of m; , as typical
of the WMAP-window points in region A, the £, always decays via t; — X7 b or ; — \'t,
the latter being absent when mj < mg + m¢. At high m;, these same channels are
present but also #; — %873’475t can be important, which channels being present depending
upon whether m;, — My, — Mt > 0 or not.

It is interesting to survey the GUT scale parameters that lead to the scenarios of
interest. Relevant plots are shown in Fig. 6.27. No particular regions of these parameters
appear to be singled out aside from some preference for negative values of Ay. These
plots show clearly that scenarios A and B correspond to distinct regions in the parameter

space. Note however that the density of red points in these plots is purely due to our scan

procedures which have some focus on region A.

6.6 Test at future colliders

A critical issue is what other observations would either confirm or rule out the 98 +
125 GeV LEP-LHC Higgs scenarios. We first discuss possibilities at the LHC and then
turn to future colliders, including a future eTe™ collider, a possible vy collider and a

future pu*p~ collider.

6.6.1 Direct Higgs production and decay at the LHC

We have already noted in the discussion of Fig. 6.24 that gg and VBF production of
the hy with hy — bb provide event rates that might eventually be observable at the LHC

once much higher integrated luminosity is attained. Other possibilities include production
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Figure 6.27. GUT scale and SUSY scale parameters leading to the 98 + 125 GeV
LEP-LHC Higgs scenarios.

and decay of the ay, as, and hs. Decay BRs and LHC cross sections in the gg fusion mode

for a;, as and hg are shown in Fig. 6.28. Since the a; is dominantly singlet in nature,

its production rates at the LHC are rather small. The largest cBR(X) values are in

the X = bb final state, but this final state will have huge backgrounds. When allowed,

oBR(X) for X = X{X! can be significant, but observation of this invisible final state
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Figure 6.29. 052’}”’ (eff), see Eq. (6.42), vs. mg, and my, for gg — ag, hg — 7177.

would require a jet or photon tag that would further decrease the cross section. The as
is dominantly doublet and provides better discovery prospects. If mg,, > 2my, the ¢t final
state has o(gg — a2)BR(ay — tt) > 0.01 pb for m,, < 550 GeV, implying > 200 events
for L = 20 fb~'. A study is needed to determine if this would be observable in the presence
of the tt continuum background. No doubt, efficient b tagging and reconstruction of the
tt invariant mass in, say, the single lepton final state would be needed. For m,, < 2my,
the X = a h, final state with both a; and hy decaying to bb might be visible above
backgrounds. However, a dedicated study of this particular decay mode is still lacking.
Similar remarks apply in the case of the hs where the possibly visible final states are tt
for mp, > 2my and hihy for my, < 2m,. For both the as and hs, cBR(X) is substantial
for X = X9x?, but to isolate this invisible final state would require an additional photon
or jet tag which would reduce the cross section from the level shown.

A final possible detection mode is gg — as,hs — 777~. For this case we plot in
Fig. 6.29 the effective down-quark coupling, C5>" (eff) vs. mg, and my,, where we define

BR(as, hy — 7+77)1"?
0.1

Cy" (eff) = |C52"| (6.42)

and where 0.1 is a reference value of BR(H, A — 7777) implicit in the MSSM limit
plots discussed below. Noting that m,, >~ mj, and the fact that the two plots are nearly
identical shows that we may sum the as and hs signals together in the same manner

as the H and A signals are summed together in the case of the analogous plot of tan (8
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Figure 6.30. Decay BRs of the charged Higgs bosons.

vs. my ~ my in the case of the MSSM. Limits from CMS 4.6 fb~' data [332] are of
order C9" (eff) < 7 — 8 for mg, ~ my, € [150,220] GeV rising rapidly to reach ~ 50
at degenerate mass of order 500 GeV. A dedicated study is needed to determine the
precise luminosity for which LHC detection or meaningful limits will become possible
for C9*"(eff) < 1 (as relevant for myg,, mp, < 550 GeV). Even though Higgs cross
sections from gg fusion increase, relative to /s = 8 TeV, for /s = 13 TeV quite high
luminosity will be needed. Currently, for example, the CMS limit from 10 fb™! of data
at mg, ~ mp, ~ 300 GeV is of order 18, and this amplitude level limit will only improve
statistically by 1/LY*. Even accounting for the y/s = 13 TeV cross section increase, very

significant improvements in the sensitivity of this analysis will be needed.

The BRs for the H* are plotted in Fig. 6.30. Prospects for its discovery at masses
for which H*H~ production has substantial cross section appear to be promising in the
bt final state provided reconstruction of the bt mass is possible with good efficiency and
one or more b tags are sufficient to reject SM background. Also very interesting would
be detection of H*¥ — hyW= in the h; — bb final state using mass reconstruction for the
bb and a leptonic trigger from the W* to reject backgrounds. This channel could prove
especially essential in order to detect the my, ~ 98 GeV Higgs at the LHC and verify the
98 + 125 GeV Higgs scenario.
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6.6.2 Higgses from neutralino decays
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Figure 6.31. BRs for neutralino and chargino decays into final states containing a
Higgs boson for the 98 4+ 125 GeV LEP-LHC Higgs scenarios.

Given that cascades from gluinos/squarks will have low event rate as a result of the
large m; and mg masses predicted and the rather low Yi and X masses typical of the
NMSSM scenarios we discuss, prospects for detecting chargino pair production and neu-
tralino+chargino production would appear to be better, although one is faced with cross
sections that are electroweak in size. Of particular interest is whether some of the Higgs
bosons can be detected via ino-pair production. To assess the possibilities, we present
in Fig. 6.31 the BRs for the decay of the neutralinos and charginos to lighter inos plus
a Higgs boson. A brief summary of the results shown is in order. First, decays to the

a; are not shown since they have very low BRs due to the singlet nature of the a;. The
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only decay with BR to the ay above 0.1 is Y3 — Xjas with Mgt % 1.4 TeV (beyond
LHC reach via electroweak production). In contrast, prospects for the all important
hy are quite good, with BR(X3, X — XVh1) and BR(X3 — Xih1) being quite substan-
tial (i.e. > 0.1) at lower values of mg, mgg and mgs, respectively. Decays of X3, X4, X2
to XVhy all have BR > 0.1 once mgy, Msg, mso are 2, 250,400, 500 GeV, respectively.
Similarly, BR(Xs — Xihs) > 0.1 for mgx % 500 GeV. Since the charged Higgs has
mpy+ > 300 GeV, decays to it, although present for the X9, X2 and X, do not have

BR > 0.1 until mso, mso, Mt 2 1.1,1.3,1.3 TeV, respectively.

6.6.3 Linear collider and photon collider tests

An ete™ collider would be the ideal machine to produce the additional Higgs states
and resolve the scenario. Production cross sections for the various Higgs final states are
shown in Fig. 6.32 for the three illustrative scenarios specified in Table 6.4 taken from
our NMSSM scans. The first plot is for a WMAP-window scenario with msgo ~ 76 GeV
and light Higgs bosons. The third plot is for the point in region B with smallest my,,, for
which m,,, my,, my+ are all around 1 TeV. The second plot is for a sample scenario with
Higgs masses that are intermediate, as only possible if Qh? lies below the WMAP window.
With an integrated luminosity of 1000 fb™!, substantial event rates for many Z-+Higgs
and Higgs pair final states are predicted. Of course, Zh; and Zhy production have the

largest cross sections and lowest thresholds. The next lowest thresholds are for aih

Table 6.4. Higgs masses and LSP mass in GeV for the three scenarios for which we
plot ete™ cross sections in Fig. 6.32. Also given are Q2h?, the singlino and Higgsino
percentages and R;‘; (7). Scenarios I) and III) have Qh? in the WMAP window, with
I) being typical of the low—m%cf scenarios and III) being that with smallest my, in the
large—mﬁ group of points in the WMAP window. Scenario II) is chosen to have my,
and my,, intermediate between those for scenario I) and III), a region for which Qh? is

substantially below 0.1.

Scenario | mp, | Mp, | Mhy | May | May | Mp+ mso Qh2? | LSP singlino | LSP Higgsino RZ; (vy)
I 99 124 311 140 302 295 76 0.099 18% 75% 1.62
II 97 124 481 217 473 466 92 0.026 20% 74 % 1.53
II1 99 126 993 147 991 989 115 0.099 5% 25% 1.14
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Figure 6.32. Cross sections for Higgs production at an e™e™ collider, as functions of the
center-of-mass energy /s, for three illustrative mass spectra as tabulated in Table 6.4.

production, but the cross sections are quite small, < 0.1,0.01,0.001 fb, respectively. The

a1 ho cross sections are even smaller. Next in line are a1hs, ashy and asho, with ash; having

thresholds > 400, 600, 1190 GeV for scenarios I), IT) and III), respectively, as well as having

the largest cross section, peaking at o > 0.7,0.2,0.007 b for the three respective scenarios.

Production of ashs and HTH~ have thresholds > 620, 950,2000 GeV, respectively, but

have much larger cross sections, that for H™H~ being > 16.6,6.3,1.4 fb at the peak, for

the three respective scenarios.

In the eTe™ collider case, it would be easy to isolate signals in many final states. For
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6.6. Test at future colliders

example, in the case of Higgs pairs, final states such as (¢t)(¢t), (X1X3)(¢f) and so forth
could be readily identified above background. Observation of the (Y{x9)(XIx?) final states
would require a photon tag and would thus suffer from a reduced cross section. Associated

Z+Higgs, with Higgs decaying to tt or YVx" would be even more readily observed.

Another future collider that would become possible if an eTe™ (or e"e™) collider is
built is a v+ collider where the ’s are obtained by backscattering of laser photons off the
energetic e’s. For a recent summary see [333] and references therein. A huge range of
energies is possible for such a 7 collider, ranging from low to high center of mass energies
depending upon the center of mass energy of the underlying electron collider. A v collider
based on e~e™ collisions can even be considered as a stand-alone machine that could be
built before an ete™ collider, especially if high \/5W is not needed. Typically, the largest
Vs ., that is possible with large instantaneous vy luminosity is of order 0.8y/5.+,-. That
vy —Higgs is an effective way to study a SM Higgs boson has been well established [334—

336]. For low Higgs masses, the required electron collider could have energy of order

mHiggs/O.&

In the present context, it is of interest to assess the extent to which a v collider would
be able to study the neutral NMSSM Higgs bosons. This is determined by the ratio of the
~vv coupling squared of the given Higgs boson to that of the SM Higgs. In Fig. 6.33 we
present plots of (037)2 as a function of my, for h = hq, ha, h3, a1, as for masses below 1 TeV.
The fairly SM-like hy at ~ 125 GeV can be studied easily at such a collider since its vy
coupling is close to SM strength. For example, at an e”e™ collider with the optimal F,. =
206 GeV, a 125 GeV SM Higgs has a cross section of 200 fb. After two years of operation,
equivalent to L = 500 fb™', one can measure the bb, WHW~, ~~ partial widths with
accuracies of AL'(bb, WHW =, ~~)/I(bb, WFW~,~47) ~ 0.015,0.04,0.06, respectively [335]
(see also [334, 336]).

Even though the h; and a; are largely singlet, both have vy couplings-squared that
are often of order 0.1xSM and above (at the same mass). In part, this is because even
singlets couple to vy through a Higgsino-like chargino loop using the singlet-Higgsino-
Higgsino coupling that arises from the AS ]Tluﬁd term in the superpotential. Indeed, this
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Figure 6.33. (nyﬂy)2 as a function of my, for h = hq, ha, hs, a1, as.

coupling becomes stronger as A is increased. Of course, it is important to note that
the modest values of peg (see Fig. 6.27) that characterize many of our scenarios imply
that the lightest chargino is largely Higgsino-like and has low mass (see Fig. 8.20), for
which the Higgsino-chargino loop is less suppressed. Even for v+ coupling-squared of

order 0.1xSM, with sufficient integrated luminosity observation of the h; and a; would
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be possible. For example, for suitably chosen .., the above SM Higgs rates multiplied by
0.1 would roughly apply for mj, ~ 98 GeV or m,, < 300 GeV, from which it is clear that
the bb final state would be easily observable with L = 500 fb~' and one could measure
the partial width with an accuracy of order 5%. Even the hs and a, would be observable
for m,, < 500 GeV, again assuming appropriately optimal E,. for the given my, or m,,
and L = 500 fb~".

This raises the question of whether or not a 7 collider with adjustable (as is straight-
forward) \/Ew in the 98 GeV range would be a good next step for high energy physics.
It would have the advantage of allowing important detailed studies of the hy (or any SM-
like Higgs boson with mass of 125 GeV) while testing for the presence of the hy. With
adjustable \/EW and L > 500 fb™', the hg,aq,as, or any other light Higgs boson with

significant (even if somewhat suppressed) vy coupling, would be observable as well.

6.6.4 Muon collider test

A muon-collider with /s close to the Higgs mass in question would be a particularly
ideal machine to study any Higgs boson with 1~ coupling that is not too different from
that of a SM Higgs boson of similar mass. Thus, in Fig. 6.34 we present plots of (C’ﬁm,)2
as a function of my, for h = hy, ho, h3, a1, that for the as being essentially identical to the
h = hs case. We see that prospects are really quite good for the h; as well as the hs.
In addition, the WMAP-window a; points, all of which lie at relatively low mass, can

be probed as well. As for the h3 (and the ap), the low-mgo region points with low mp,

(~ my,) have nicely enhanced (Cgiu,)Q (=~ (C*

12,-)%). A muon collider would be ideal

for probing such scenarios. Additional experimental evidence for this 98 + 125 GeV Higgs

scenario from other machines would provide strong motivation for the muon collider.

6.7 Summary

We find that the fully constrained version of the NMSSM is not able to yield a Higgs
boson consistent with the current hints from LHC data for a fairly SM-like Higgs with mass
~ 125 GeV, once all experimental constraints are imposed including acceptable a, and

Qh? in the WMAP window. However, by relaxing the CNMSSM to allow for non-universal
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Figure 6.34. Reduced pu™pu~ couplings squared for hi, ho, hs,a;.

Higgs soft-masses-squared (NUHM scenarios), it is possible to obtain quite perfect points
in parameter space satisfying all constraints with mj, ~ 125 GeV even if the attractive
U(1)g symmetry limit of Ay = A, = 0 is imposed at the GUT scale and certainly
if general Ay and A, values are allowed. We observe a mild tension between the a,
constraint and obtaining my, ~ 125 GeV; just slightly relaxing the a, requirement makes
it much easier to find viable points with my, ~ 125 GeV, thus opening up interesting
regions of parameter space. We also note that our scanning suggests that relatively small
Ay, A, values are preferred for (almost) perfect points. Masses of SUSY particles for
perfect /almost perfect points are such that direct detection of SUSY will have to await
the data from the ongoing 13 TeV run-2 at the LHC. However, the predicted X! masses
and associated spin-independent cross sections suggest that direct detection of the 9 will

be possible with the next round of upgrades to the direct detection experiments.
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6.7. Summary

We have also identified a set of interesting NMSSM scenarios in which the two lightest
CP-even Higgs bosons are closely degenerate and lie in the 123-128 GeV mass window.
Large rates (relative to gg — Hey — vy or g9 — Hgm — ZZ* — 4A0) for gg — hyo — vy
and gg — hyo — ZZ* — 4¢ are possible, sometimes because one of the rates is large but
also sometimes because the rates are comparable and their sum is large. This suggests
that, especially if enhanced rates continue to be observed in these channels, it will be
important for the experimental community to be on the lookout for mass peaks in 1.,
and my, that are broader than expected purely on the basis of the experimental mass
resolution. In addition, the apparent mass in the ~~ final state might differ slightly from
the apparent mass in the 4/ final state. Significant statistics will be required to resolve

such features.

In addition, we have demostrated the possibility that both the LEP excess in the bb
final state at M,; ~ 98 GeV and the LHC Higgs-like signal at ~ 125 GeV with an enhanced
rate in the two-photon final state can be explained in the context of the NMSSM. The
NMSSM scenarios of this type (98 + 125 GeV LEP-LHC) have many attractive features.
First, we particularly emphasized the fact that the h; could eventually be observed at
the LHC in gg, VBF — hy — bb. We urge the ATLAS and CMS collaborations to give
attention to this possibility. Second, there are important implications for the other Higgs
bosons and for supersymmetric particles. If we focus only on the subset of these scenarios
that have relic density in the WMAP window, then there are two separate regions of
NMSSM parameter space that emerge. One region (A) is characterized by enhanced v~y
rates for the 125 GeV Higgs, small mso ~ 75 GeV and low masses for many of the Higgs
bosons and superpartners, including mz as low as 197 GeV. The second region (B) is
characterized SM-like rates for the 125 GeV Higgs as well as by larger mso € (93, 150] GeV
and much larger mass scales for the heavier Higgs bosons and supersymmetric particles.
For this latter region, one finds m,, € [100,200] GeV, mez € [170,230] GeV, mq, ~
My, ~ my= € [1,1.4] TeV, m; € [1.9,2.8] TeV, mg,mg € [3,5] TeV and tan 3 € [5,7].
Clearly this latter region leaves little hope for LHC detection of the colored particles and

experimental probes would need to focus on the gauginos and lighter Higgs bosons. It is
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further associated with rather modest values for the enhancement of the 125 GeV Higgs
signal in the vy channel. Information related to the prospects for Higgs and superparticle

detection for the two regions (A) and (B) at an ete™, 4y or utu~ collider are summarized.
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CHAPTER [/

Diagnostic Tool: One or two Higgs bosons at 125 GeV?

A possibly very crucial issue is how to determine whether or not there are two (or more)
Higgs bosons versus just one contributing to the Higgs signals at 125 GeV. One possibility,
requiring high statistics given the experimental resolution (of order 2 1.5 GeV), is that
the mass peaks in the vy and 4/ final states would display a structure of two overlapping
peaks. However, for many of the degenerate scenarios explored in the NMSSM it turns out
that the v+ and 4/ final states are dominated by only one of the degenerate Higgses, and
the other one would show up primarily in bb and/or 77 final states. Unfortunately, mass
resolutions in these latter channels are very poor and detection of a two peak structure
using invariant mass distributions would appear to be very difficult. A direct probe of this

kind of degeneracy using the full complement of final states is clearly highly desirable.

In this section, we will develop diagnostic tools that would reveal the presence of
two Higgs bosons even if they are extremely close in mass. We illustrate our technique
using the NMSSM scenarios generated for [2] (for which the NMSSM parameter ranges
and all constraints are discussed in detail in the previous chapter) in which the two

lightest C’P-even Higgs bosons, h; and hy, both lie in the 123-128 GeV mass window.
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The diagnostic tools we suggest are however fully general and can be employed for any
model /scenario with degenerate Higgs-like states; to exemplify we comment via footnotes
regarding differences and similarities relative to the brane model studied in [337] in which
a Higgs and the radion mix to form two mass eigenstates, hy = h, hy = ¢ (or vice versa)

with my, ~ my.

7.1 Search technique: double-u ratio

The main production channels (denoted by Y') relevant for current LHC data are
gg — H fusion (Y = gg) and vector boson fusion (Y=VBF), where VBF stands for the
sum of the WW — H and ZZ — H vector boson fusion processes. Here, H stands for
a generic Higgs boson. Higgs decay channels (denoted by X) include the high resolution
X =~y and X = ZZ* — 4/ final states, i.e. H — vy and H — ZZ* — 4/, and the poor
mass resolution X = bb and X = 777~ channels. The most crucial production/decay
channels at the LHC are g9, VBF — H — ~~v,4¢. The LHC also probes V* — VH
(V. =W or Z) with H — bb, channels for which Tevatron data is relevant, and VBF — H
with H — 777, Let us employ the notation h; for the i* scalar Higgs, Hgy for the SM
Higgs boson and C’gi = §sh,/9sHsy 1s the ratio of the Sh; coupling to the SHgy coupling,
where S = vy, g9, WW, ZZ,bb, 777~ are the cases of interest. The ratio of the gg or VBF
induced h; cross section times BR(h; — X)), relative to the corresponding value for the
SM Higgs boson, takes the form

BR(h; — X)
BR(Hsy — X)’

BR(h; — X)

hi X — hi 2
RVBF( ) (CWW) BR(HSM N X) )

RIs(X) = (Chy)? (7.1)

99

where the latter result assumes the custodial symmetry relation C’{}[}'W = C%Z as applies
in any doublets+singlets model; this latter also implies Ripp(X) = R (X) and, for
cither Y = gg or Y =VBF, Rli(WW) = R (ZZ). However, if custodial symmetry is
broken there are many more independent R"’s.!

As noted above, in this section we consider the case where there are two nearly de-

generate Higgs bosons for which we must combine their signals. The net signal and the

1For example, in the Higgs-radion mixing model, R(L}*_)VH(X) # RQ/BF(X), Rl (WW) # Rhi(ZZ),
etc.
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7.1. Search technique: double-u ratio

effective Higgs mass, respectively, for given production and final decay channels Y and

X, respectively, are computed as

RY(X)mp, + R (X)my,
Ry(X) = RY(X) + RE(X), my(X)=—% L 2
yv(X) = Ry (X) + Ry (X) n (X) R (X) + R2(X)

Of course, the extent to which it is appropriate to combine the rates from the h; and hs

(7.2)

depends upon the degree of degeneracy and the experimental resolution, estimated to be
of order g, ~ 1.5 GeV [325]. It should be noted that the widths of the h; and hy are of
the same order of magnitude as the width of a 125 GeV SM Higgs boson (a few MeV),
i.e. very much smaller than this resolution.?

As already noted in earlier sections, in the context of any doublets plus singlets model
not all the R"’s are independent; the relations among the R"’s were noted in these
earlier sections. In supersymmetric two-doublet plus singlets models we have in addition

R (r7) = R} (bb). A complete independent set of R"’s can be taken to be:?
R29<WW>7 RZg(bb% 329(77% RF\L/BF(WW)v R}KL/BF(bb% R@BF(VV) - (7.3)

Let us now look in more detail at a given R%(X). It takes the form

hiN2(vhiy2

hi

i=1,2 Cr

where C’;? for X =~~, WW,ZZ, ... is the ratio of the h; X to HgyX coupling, as defined
above Eq. (7.1), and CJ is the ratio of the total width of the h; to the SM Higgs total

(7.4)

width. The diagnostic tools that we propose to reveal the existence of a second, quasi-
degenerate (but non-interfering in the small width approximation) Higgs state are the

double ratios:

I): R}IL/BF(’Y’Y)/RZg(’Y’Y) ): R(L/BF(’Y’Y)/RZg(’Y’Y) I11): R}IL/BF(WW)/RZg(WW)
- Rypp(bb)/RA(bD) - Ryppr(WW)/RE (WW)' " Rypp(bd)/RE(Db)
(7.5)

2Note that this is not an assumption. The fact that a SM-like Higgs signal in the vy and ZZ modes
is even wisible at the LHC tells us that the widths of any contributing Higgs boson must be very small,
at most of order a few MeV as for the SM Higgs. Interference effects are negligible in this case unless
one has extreme degeneracy of the two states. Our NMSSM scan points generally have mp, — mp, > 50
MeV for which interference effects are at most a fraction of a percent.

3In other models, more (or fewer) R"s could be independent and more (or fewer) double ratios
compared to those defined below could be useful /independent. In the Higgs-radion mixing model custodial
symmetry is violated, leading to more independent R"s. For example, Rgg(WW) # Ryy(ZZ) and

Ry (X) # Ry pp(X).
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each of which should be unity if only a single Higgs boson is present but, due to the
non-factorizing nature of the sum in Eq. (7.4), are generally expected to deviate from 1
if two (or more) Higgs bosons are contributing to the net h signals. This occurs because
the h; and hy will in general have different relative production rates in the VBF and gg
fusion channels for one or more final states. One can check that in a doublets+singlets
model all other double ratios that are equal to unity for single Higgs exchange are not
independent of the above three. Of course, the above three double ratios are not all
independent. Which will be most useful depends upon the precision with which the R"’s
for different initial/final states can be measured. For example, measurements of R" for
the bb final state may continue to be somewhat imprecise and it is then double ratio
IT) that might prove most discriminating. Or, it could be that one of the double ratios
deviates from unity by a much larger amount than the others, in which case it might be

most discriminating even if the R"’s involved are not measured with great precision.

7.2 Application to models

To explore how powerful these double ratios are in practice, we turn to the NMSSM
scenarios with semi-unified GUT scale soft-SUSY-breaking sampled in [2] (and detailed

earlier) and Higgs-radion mixing in the RS model (see Ref. [337] for a recent analysis).

7.2.1 General Higgs-multiplet sample: NMSSM

These scenarios obey all experimental constraints (including Qh* < 0.136 and 2011
XENON100 limits on the spin-independent scattering cross section) except that the SUSY
contribution to the anomalous magnetic moment of the muon, da,, is too small to explain
the discrepancy between the observed value a, and that predicted by the SM. For a full
discussion of the kind of NMSSM model employed see also [1, 318].

In Fig. 7.1, we plot the numerator versus the denominator of the double ratios I) and
IT), IIT) being very like I) due to the correlation between the R}, (y7) and R} (WWW)
values discussed in [2]. We observe that any one of these double ratios will often, but

not always, deviate from unity (the diagonal dashed line in the figure). The probability

h

5s(77) > 1, see the solid (vs.

of such deviation increases dramatically if we require R
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Figure 7.1. Comparisons of pairs of event rate ratios that should be equal if only a single
Higgs boson is present. The color code is green for points with 2 GeV < my, —mp, <
3 GeV, blue for 1 GeV < myp, —mp, <2 GeV, and red for my, —mp, <1 GeV. Large
diamond points have Qh? in the WMAP window of [0.094, 0.136], while circular points

have Qh? < 0.094. Solid points are those with Rgg(’y'y) > 1 and open symbols have

R}g‘g(’w) < 1. Current experimental values for the ratios from CMS data along with

their 1o error bars are also shown.
open) symbols of Fig. 7.1. This is further elucidated in Fig. 7.2 where we display the
double ratios I) and II) as functions of R} (77) (left plots). For the NMSSM, it seems
that the double ratio I) provides the greatest discrimination between degenerate vs. non-
degenerate scenarios with values very substantially different from unity (the dashed line)
for the majority of the degenerate NMSSM scenarios explored in [2] that have enhanced
77y rates. Note in particular that I), being sensitive to the bb final state, singles out
degenerate Higgs scenarios even when one or the other of hy or hy dominates the gg — vy
rate, see the top right plot of Fig. 7.2. In comparison, double ratio II) is most useful for
scenarios with R}g‘g('y'y) ~ 1, as illustrated by the bottom left plot of Fig. 7.2. Thus, as
illustrated by the bottom right plot of Fig. 7.2, the greatest discriminating power is clearly
obtained by measuring both double ratios. In fact, a close examination reveals that there
are no points for which both double ratios are exactly 1! Of course, experimental errors
may lead to a region containing a certain number of points in which both double ratios

are merely consistent with 1 within the errors.
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7.2.2 Randall-Sundrum model with Higgs-radion mixing

We have quantitatively evaluated the diagnostic power of the double ratios of Eq. (7.5)
in the Higgs-radion mixing model and again find that they deviate by substantial, often
large amounts relative to unity. In addition, there are other double ratios (see footnote 3
in this chapter) that also have similar discriminating power as well as the ability to detect

the custodial symmetry violation implicit in the Higgs-radion mixing model.

7.3 Summary: the implication of LHC data

A natural question is what does current LHC data say about these various double
ratios? The central values and 1o error bars* for the numerator and denominator of double
ratios I) and II) obtained from CMS data [338] are also shown in Fig. 7.1. Obviously,
current statistics are inadequate to discriminate whether or not the double ratios deviate
from unity. For a /s = 14 TeV run with L = 100 fb™" (300 fb™') of accumulated
luminosity the SM Higgs cross sections at the relevant energies imply that the number
of Higgs events will be about a factor of 25 (77) larger than the number produced for
L~5fhtats=7TeVplus L ~6fb " at/s=8TeV (as used in computing the
error bars shown in Fig. 7.1). Using statistical scaling only that means the error bars
plotted in Fig. 7.1 should be reduced by roughly a factor of 5 (9), levels that could indeed
reveal a deviation from unity, or at least remove some model points if no deviation within
that error is seen. Of course improvements in the experimental analyses may further
increase the sensitivity. We thus conclude that our diagnostic tools will ultimately prove
viable and perhaps crucial for determining if the ~ 125 GeV Higgs signal is really only due
to a single Higgs-like resonance or if two resonances are contributing, the latter having
significant probability in model contexts if enhanced 7~ rates are indeed confirmed at
higher statistics.

To summarize, we have emphasized the possibility that a vy Higgs-like signal that is

either significantly enhanced relative to the SM or SM-like could arise as a result of there

For the ratio R;/R;, we use g"PPlow = %\/(U?pp’low/Ri)Q + (U;pp’low/Rj)2 to calculate its combined

upp/low
7

asymmetric 1o error bar, where o is the upper/lower lo error for the individual R;.
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Figure 7.2. Double ratios I) and II) of Eq. (7.5) as functions of Rgg(’y’y) (on the left).

On the right we show (top) double ratio I) vs. max [R’;; (), R;‘; (v)] /R}glg(vv) and

(bottom) double ratio I) vs. double ratio II) for the points displayed in Fig. 7.1. Colors
and symbols are the same as in Fig. 7.1.

being two fairly degenerate Higgs bosons near 125 GeV. This situation arises in several
model contexts in which the degeneracy can be such that separate mass peaks could not
be observed in even the high-resolution vy and ZZ — 4/ final states. We have shown
that deviations from unity of certain double ratios of event rates have strong potential
for revealing the presence of two (or more) nearly degenerate Higgs bosons within the
125 GeV LHC signal. Such deviations arise when both the quasi-degenerate Higgses
contribute significantly to at least one production/decay channel. We have employed
the NMSSM as a prototype model to illustrate the discriminating power of these double

ratios in the case of a doublets-plus-singlets Higgs model. We have also noted that the
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diagnostic power of the double ratios discussed in this letter is at least as great in the
brane model with Higgs-radion mixing and, in addition, there are more double ratios that
can be defined as a result of the sometimes substantial violation of custodial symmetry
in the latter type of model. Of course, substantial statistics will be required to reveal the

deviations from unity that would signal a degenerate scenario.
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PART 1II

Linking Higgs to Dark Matter
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CHAPTER 8

Another puzzle — dark matter

“Dark matter study is becoming more and more complicated. However, maybe we are

approaching the correct picture step by step.”

— Yun Jiang

The existence of dark matter (DM) is one of the strongest indications that there must
be physics beyond the SM of particle physics. Thus, among the issues to address in the
BSM, one of the most outstanding is the inclusion of additional particle(s) that comprise
the DM. It is not directly visible to telescopes but makes up a sizable fraction of the en-
ergy density of the Universe [339]. As of today the constitution of DM remains unknown.
The absence of electromagnetic and strong interactions makes it experimentally ‘dark’,
however, interactions at the weak scale might be possible. To mitigate the hierarchy
problem, the idea that the DM could have a mass of the order of the electroweak scale is
well-motivated although the mass scale of DM is also not yet known. In which, a partic-

ularly attractive paradigm is the weakly- interacting-massive-particle (WIMP) which can
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produce a thermal relic density consistent with the current observations. Under protection
of an additional symmetry, many particles which are neutral, cold (i.e. non-relativistic),
and stable (or have half-lifes longer than the age of the Universe) predicted from the
Higgs doublet fields in a variety of BSM theories could be viable DM candidates. Such
excellent examples of WIMPs include the most prominent being the lightest neutralino
in supersymmetric theories (for example in Ref. [340]), the Higgs-portal DM in the scalar
singlet extensions of the SM (see the minimal models in Refs. [341, 342]) and the lightest

Kaliza-Klein particle (LKP) in theories with extra-dimensions [343].

In this chapter I am going to address the first two scenarios in the NMSSM (see
details in Chapter 6) and 2HDMS contexts together with a decent description of the
models. Throughout the discussion I focus on the one-component DM scenario in which
the WIMP is a single particle that emerges as part of an extended scalar sector of the
electroweak theory. Another ingredient taken into account in our considerations is the
role of isospin-violating effect that could dramatically change the analysis of dark matter
direct detection. Given this, I provide an in-depth examination of this possibility in the

generic Higgs-portal DM model.

8.1 Useful messages from DM detection experiments

As perhaps the most compelling window to new physics beyond the SM, DM has
been searched for in various ways over many decades. Numerous indirect observations at
astronomical and cosmological scales point to the presence of a new form of matter in the
Universe, which only interacts significantly via gravity. The most famous observational
evidence is the rotation profiles of galaxies, the dynamics of galaxy clusters, the separation
of dark and light matter in galaxy clusters, and the interpretation of the cosmic microwave
background (CMB). Recently the Planck satellite mission [339] has published new and
precise measurements of the CMB, which are in full agreement with the predictions of
the ACDM model, describing a cosmos dominated by dark energy and cold dark matter
(CDM).

In addition, a number of collaborations have been devoted to working on the direct
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Figure 8.1. Summary for spin-independent WIMP-nucleon scattering results. Selective
existing limits from XENON100 [81], and LUX [87], along with projections for LUX
[87], XENONIT [344], XENONnT (similar sensitivity as the LZ project [345]) are
shown. Experiments based on the mK cryogenic technique such as SuperCDMS [346]
have access to lower WIMP masses. Figure selected from [347].

detection of DM. They typically translate the event rate against recoil energy in the detec-
tor into the limit on the spin-independent cross section for the DM scattering off a proton
O']SDIM_p as a function of WIMP mass, resulting an important constraint on the WIMP
scenario. Existing results and projected sensitivities for the spin-independent WIMP-
nucleon interactions as a function of the WIMP mass are summarized in Fig. 8.1.The
strongest of those limits is currently a result of the LUX Collaboration [87] and the su-
perCDMS [346], where the LUX limit is strongest for DM masses above about 6 GeV
while the SuperCDMS limit is strongest for masses below this. ! In particular, the lower
energy threshold of LUX allows a significant improvement in constraints at small WIMP
mass, i.e. below 15 GeV where positive signals are reported by other collaborations look-
ing for DM-nucleon scattering. For example, the CDMS II Collaboration found a signal
that can be interpreted as a scattering of a WIMP with mass of ~8.6 GeV and cross-

section of 051 ~ 1.9 x 10~ cm? [85, 348]. Presence of other positive hints (DAMA [349],

'We note that the XENON 100 limit [81] is roughly about one order of magnitude weaker than the
LUX limit in the overall WIMP mass region and, thus, we do not reference it in our discussions.
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CoGeNT [350], and CRESST-II [79]) supports the findings of CDMS II. They are overall
statistically compatible with each other, despite that they do not fully overlap at face
value. Roughly, their results suggest WIMP mass in the range roughly from 7 — 40 GeV
and opy;_, of order 107*? — 10~*°cm®. However, given the null XENON 100/LUX results

the situation is rather unclear.

However, it is worthwhile to note that there are several standard assumptions hidden
in the translation that might not be correct. For instance, one assumes a DM halo in
the vicinity of Earth and the truncated Maxwell-Boltzmann velocity distribution below
the escape velocity borrowing from Standard Halo Model. It is also supposed that the
DM elastically scatters with a short range contact interaction via a ‘heavy mediator’,
that is zero-momentum transfer. More important, it is somehow of with prejudice that
DM is assumed to have the equal coupling with neutron and proton, that is to say the
ratio f,,/f, = 1. Since many recent data hints are only marginally consistent with typical
WIMP models, it is thus not clear whether these assumptions are really desirable. It is
intriguing to notice that in contrast to DAMA, CoGeNT and CRESST-II, most CDMS II
region escapes the XENON 100 exclusion limit (but not for LUX) if the WIMP interactions
with nucleons are allowed to violate isospin symmetry [351-353]. In the aftermath of LUX
one is trying to include large and nucleus-dependent corrections at the next-to-leading

order (NLO) in the chiral expression [354].

8.2 Scalar dark matter from Higgs portal

In the minimal extension of the SM, a scalar singlet is introduced and couples to the
SM exclusively through A\;S?HTH interaction. This physical state of this singlet could
be a DM as its decays is prevented by imposing a new Zs, symmetry. Such scenario was
originally proposed in [341, 342] and has been thoroughly studied in details in [355, 356]
after the Higgs discovery at the LHC. For a light (< 60 GeV) scalar DM of this model,
one requires relatively large value of the portal coupling A\, to acquire the proper relic
abundance. As a result, this minimal model suffers from two mortal diseases: Higgs

boson invisible decay BR BR(h — SS) is nearly 100% and the cross-section for DM
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scattering off a nucleon is too large, exceeding the exclusion upper limit provided by LUX
collaboration [87].

To cure both two issues, it appears that a second Higgs doublet is needed [11]. The
main idea is that if a second Higgs boson is present and interacts with the singlet DM,
then the 125 GeV Higgs could be SM-like with a very small portal coupling to S (and
therefore a small invisible BR) while still producing a proper relic abundance, as the
yet non-observed Higgs boson could be responsible for interactions with DM, with a
relatively strong coupling to .S even if the singlet DM S is very light (for instance the case
of mg < 50 GeV).

An economical example to accomplish this idea is to impose an extra Z's symmetry on
the second doublet, as a result one of the neutral components in this doublet would be a
stable particle and could be play a role of DM. This model is known in the literature as the
inert doublet model (IDM) [357] and its phenomenology associated with the Higgs boson
and DM has been analyzed in earlier literatures [358-362]. This model has also received
recent attention with regard to aspects of the electroweak phase transition [363] and LHC
searches [364]. Instead, we propose another solution — namely we extend the 2HDM by
adding a real gauge-singlet scalar, inheriting the Yukawa structure of the 2HDM. We term
this extended model “2HDMS” ? [11], which has been studied earlier in [365-373] and also
discussed in the frameworks of scale invariance [374]. We introduce an extra Z', symmetry
under which S is the only odd field. Provided S does not acquire a vev, it is stable and
thereby a possible DM candidate. The 2HDMS then contains three C’P-even states, h and
H (my, < mpg) from the 2HDM sector and S, a CP-odd state, A, and a charged Higgs pair,
H*. The 2HDM context allows for increased flexibility for DM predictions as compared
to adding an S to the one-doublet SM in that either h or H can be identified with the
observed SM-like C'P-even state at ~ 125.5 GeV while the other CP-even state and the
A and H* can provide additional channels for early-universe annihilation. Further, both
of the C'P-even states contribute to DM scattering and annihilation.

As has been extensively studied in Chapter 5, either of two CP-even Higgs bosons

2This model was referred to as the 2HDM Darkon model (2HDMD) in some earlier literature.
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originated from the Higgs sector of 2HDM in the extended 2HDMS could be identified as
the 125 GeV state which was observed at the LHC and provide a consistent description
of all LHC observed signal strengths. However, these two scenarios are qualitatively
distinctive as far as the experimental constraints on DM are concerned. Due to the
length limitation we shall only consider the case of m;, ~ 125.5 GeV. In Section 8.2.1,
we discuss the general features of 2HDMS and derive the theoretical constraints on the
singlet parameters resulting from imposing perturbativity, stability, unitarity and correct
electroweak symmetry breaking. In Section 8.2.2 we discuss the properties of the singlet
scalar DM and elaborate on the methodology of constraining the full 2HDMS parameter
space using various experimental observations and limits when the 2HDM sector of the
model is restricted to fit existing LHC data. In Section 8.2.4 we will present the results
of our 2HDMS parameter space scan. There, we show that the combined LUX and
SuperCDMS DM limits can only be satisfied for mg 2 55 GeV. However, we do explore
the extent to which isospin-violating DM (IVDM) scenarios arise in the 2HDMS case and

how they come close to allowing the CDMS II signal to be consistent with the LUX limit.

8.2.1 2HDM plus singlet models description

Our first goal is to offer a complete description for the 2HDMS model which contains
two Higgs doublets Hy, Hy with an equal U(1)y charge Y = 1 and a real scalar singlet S,
that is neutral under the SM gauge group. To have a possible DM candidate, we introduce
a Z's symmetry under which S — —S (other fields are taken to be even under Z's) and
demand that the scalar field S does not acquire a vev, which thereby makes it stable.

Hence, the Z'y symmetric and gauge-invariant 2HDMS scalar potential of our choice is:

V(Hy, Hy, S) = m2H] Hy +m2HS Hy — [m§2HIH2 +hee

A
2
As

+ 7(HIHQ)2 + Xe(HI Hy)(HI Hy) + A7 (HI Hy) (H Hy) + h.c.

A
+ G (HUH)? + T (H]H2)* + Na(H{Hy)(H} Hy) + M| H] Hof?

1 1
+ §m35’2 + I)\&SA + H152(HIH1) + HQSQ(H;-HQ) + SQ(HgH;rHQ + h.c.)

which contains 20 (real) parameters. However, for simplicity we make several additional assump-

tions. We consider a model without explicit CP violation (i.e. all the A coefficients of Eq. (8.1)
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are taken to be real) and we only consider parameter choices for which there is no spontaneous
CP breaking. As a result, the Higgs vevs are real. We also impose a primitive Zs symmetry
in the 2HDM under which Hy — Hy,Hy — —H5, S — S. This eliminates the A\g, A7 and kg3
couplings of Eq. (8.1). However, we do allow for m32, # 0, corresponding to a soft breaking of

Zso. The resulting potential takes the form

A A
V(Hy, Ha, 8) = m2H]| Hy + m2H} Hy — [m%QHjHQ + h.c.} + SH(HH)? + S (HH)?
Y
+ A3(HIHy)(HI Hy) + Ay | HI Hy? + [;(HIHQV + h.c} (8.2)

1 1
4 5m?)S2 + I)\554 + k1S (HHy) 4 koS (H Hy)

The next stage is to convert from the Lagrangian basis to the mass eigenstate basis.
Despite the presence of the S2H1TH1 and SQH;-HQ interactions that allow 2HDMS for
increased flexibility for DM predictions (in comparison to the minimal singlet extension),
the analysis of the 2HDM sector can be performed independently of the S and the usual
mass matrices for the 2HDM, see [39], are not changed due to the fact that the extra field
S does not acquire a vev. > However, the fields H; and H, do contribute to the S? mass
term when they develop vevs, Hj o — vy 2.

In terms of the mass eigenstates, the S-dependent part of the scalar potential, after

EWSB, has the form:
1

—Vs = —§m§52—)\hvhSQ—AHUHSQ—Sz()\HHHH+)\hHhH+)\hhhh+)\AAAA+)\H+H7 HTH™)
(8.3)
where the physical S particle mass and the DM-Higgs trilinear couplings are
m% = mi+ (kycos® B+ Kysin® B)v? (8.4)
A = —kisinacos S+ ko cosasin 3 (8.5)
A = Ki1cosacos 3+ kgsinasin . (8.6)

While myg, k1 and ko constitute a complete set of extra (as compared to the 2HDM) free
parameters for the scalar sector of the 2HDMS Lagrangian, in practice it is more conve-

nient to employ the DM mass mg and the couplings A\, and Ay as the new independent

3If S acquires a vev spontaneously, as considered in [373], the S mixes with the doublet Higgs and
cannot be DM.
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set of free parameters associated with the S sector, together with the DM self-interaction
Ag. In the alignment limit of sin(8—«) = 1, for which the h has exactly SM-like couplings
to VV and ff, the portal couplings among them reduce to

A = Kicos? B+ kosin? 3, (8.7)

Ag = (K1 — ke)sinfScosf. (8.8)

We also emphasize that although there is no ASS term in Vs due to CP the CP-odd
Higgs boson A still plays a role in determining the DM relic density through the cre-
ation/annihilation process SS «— AA. We will discuss this issue in Section 8.2.2.

The quadrilinear couplings A\g g, Ay, Anh, Aaa, Ag+p— can also be expressed in terms

of the k1, k9, @ and [ parameters:

Aga = %)\H+H— = %(ﬁl Sin25 + Ko cos” 6)
M = 3(Rzcos® a4 kysin®a),  Agy = 5(k1cos” a + kg sin® ), (8.9)
AMH = %(/@2 — K1) sin 2« .

We note that the above Lagrangian-level trilinear and quadrilinear couplings convert to

Feynman rules according to:

9SS, HSS = —2AnHV,  Ghhss,Hass = —4NwnmH, (8.10)

ghHSS = —2AhH, 9aass = gu+ra-ss = —4Aaa . (8.11)

The fermionic couplings in the 2HDMS depend upon the behavior of the fermionic
fields under Zy and Z’y,. We assume that the fermions are even under Z’5 so that the S
has no tri-linear coupling to ff . Fermionic couplings to H; and H, inherit the structure
of the 2HDM and still depend on the Z, signs for fermions. We choose these so as to
forbid flavour-changing Yukawa couplings for the neutral Higgs bosons, resulting in the

couplings listed in Table 5.4 for the models of Type I and Type II.

4We do not consider here the possibility of coupling the singlet to the Majorana mass term for right-
handed neutrinos, 51/173: ,Cvr; for i # j. In fact such couplings are allowed if vg, carry Z’s charge, see
[375].
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In the following we shall, in sequence, derive the theoretical constraints on the sin-
glet parameters coming from the requirements on perturbativity, stability, unitarity and
correct electroweak symmetry breaking.

e Perturbativity (P)

All quartic Feynman rules associated with the mass eigenstates h, H, A, H*, S are
required to satisfy the standard perturbativity constraint, i.e. their absolute values must
be < 4m. As regards the sector involving the S field, the quartic couplings of interest
are those in which S? multiplies two 2HDM fields and the S* term. One can show that
the quartic Feynman rules connecting S? to two neutral 2HDM fields, summarized above,
are guaranteed to be smaller than 47 in absolute value if |k, |ke| < 47 is imposed.
However, these maximum values are only allowed for o« = £7/4. The Feynman rule for
S* interactions being A\g means that we must also impose 0 < Ag < 4, the lower bound
being that required for stability:.

o Vacuum Stability (S)

We require that the vacuum is stable at tree level, which means that the potential
in (8.2) has to be bounded from below. As already noted this requires first of all that
As > 0. Given this, the necessary and sufficient conditions for stability ® consist of the

standard ones in the 2HDM for the case that both x; and ko are positive.

)\1, )\2, Ag > 0, A3+ A — |)\5| > —4/ )\1)\2, Az > —v/ A s (812)

Whereas, for k; < 0 and/or ky < 0, vacuum stability depends on the value of the S self-

interaction coupling Ag and has to be guaranteed by satisfying the additional conditions.

K1 > —4/ %/\5)\17 Ko > —4/ %)\5)\2 s (813)

—21k5 + PAshs > /4 (HAsh — 1) (Asha — 3) (8.14)

—2/@1/{2 + %)\5()\3 + /\4 - |)\5|) > —\/4 (%)\5)\1 - Ii%) (%)\5)\2 - H%) . (815)

e S-Matriz unitarity (U)

°The full derivation can be found in Appendix A of Ref. [11].
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In addition, there are constraints deriving from unitarity that are closely correlated
with the constraints from perturbativity. Indeed, the dominant non-vanishing contri-
butions to amplitudes for two-body scattering at high energy come from the processes
mediated by quartic couplings. Therefore, the unitarity constraint for J = 0 partial
waves, |ag| < 1/2, reduces to a constraint on these quartic couplings. Concretely, this
demands the largest eigenvalue of the full multi-state scattering matrix to be less than
the upper limit. ©

maz{[aipsl}, [ f4l; lex], [pal, 261, 260 < 87 (8.16)

for which the solutions obtained in the Higgs basis of the 2HDM, that was defined in

Section 5.1.1, are

5 1
Jr =203 — Ay + §A5 — §A6
1
€1 = 2A3 — A4 — §A5 + gAG (817)
1 1
p1=2(As+ Ay) — §A5 - §A6

and the a; 23 are the roots of the cubic polynomial equation
- 1 _ - - -
.’L‘S —12 (A;21 + ﬂ/\s) .’L‘z + [36A123 + (2A3 — AISG)(loAg + AI56) + 6)\5A§r21 — 4(/{/% + Hg) T
— 1 ~ ~ -
— 18AgA 93 — 5AS(QA3 — Afs6) (10A3 + Afsg) + 24(kTA3; + K3AT;) — 8kika(4A3 + Afyg) = 0

where Af, = A; + 235 and Ay = Ay + Ay, + AjAs.

e FElectroweak Symmetry Breaking (EW)

In order to ensure a stable DM particle S, one has to require (S) = 0 at the global
minimum of the scalar potential, Eq. (8.2). In practice, we traverse all the minima of
Eq. (8.2) numerically and then eliminate the points for which the global minimum is not
at (S) = 0, (Hy) # 0, (Hy) £ 0.

In combination, one can find the allowed regions in the (k1, K2) parameter space after
sequentially imposing the various constraints discussed above, and map them into the \j

vs. Ay parameter space for the consideration of phenomenology study. This is displayed

5In Appendix B of Ref. [11], we describe in more detail the unitarity bounds and give explicit formulae
for the scattering matrix of two-body processes in the scalar sector of the 2HDMS model.
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Figure 8.2. The plot shows the impact of the perturbativity (P), vacuum stability
(S), unitarity (U) and electroweak symmetry breaking (EW) global minimum bounds
discussed in Sec. 8.2.1 on the (An, Agr) plane. At the first level, the grey points are
those which satisfy P — all subsequent point layers obey P. Note that |k1], |k2| < 47
contains the perturbative region. Subsequent point layers were plotted in the following
order: points after the stability bound, S (green), points after the unitarity bound, U
(orange), points after the stability and unitarity bounds, S+U (black), points after the
stability, unitarity and EW bounds, S+U+EW (red). The value of the A\g parameter
was set to 47 (0.1) in the upper (lower) plots. In this figure, no restriction on myg is
imposed.

in Fig. 8.2. In this figure, no restriction on mg is imposed. In fact, the P+S+U+EW
constraints are much more restrictive for mg < my/2. This is illustrated in Fig. 8.3. In
particular, note that the maximum value of Ay that is allowed is of order 3 in magnitude,
at large Ag, and is very tiny for small A\g. As a result, very large values of my cannot
result in sufficient annihilation through the H pole diagram when mg < my,/2 given that

the h pole diagram is suppressed because A\, must be very small in order to avoid too
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Figure 8.3. Bounds in the (Ay, Afr) plane associated with the sequential constraints as
described in the caption for Fig. 8.2 for parameter choices yielding mg < 50 GeV. We
observe that EW is an especially strong constraint in this mass region.

large BR(h — SS5).

Of course, P+S+U+EW are only the most basic constraints. In the following sections,
we will show that once Qh? is required to agree with observations, then |\,| and |\g| are
restricted to values < 0.2 and < 2.5, respectively. When mg < my, /2, BR(h — SS) < 0.1
further constrains |\,| to values < 0.01.

Demanding perturbativity, tree level vacuum stability, and tree level unitarity for the
overall 2HDMS potential and properly choosing the electroweak vacuum’, it turns out

that the maximum value of the DM coupling with the non-SM Higgs, Ay (if k is SM-like

"The presence of an extra singlet would significantly change the behaviour of the potential and thus
the theoretical constraints such as perturbativity, tree level vacuum stability and tree level unitarity need
re-examination based on the 2HDM. A dedicate illustration and full derivation for these conditions can
be found in Ref. [11].
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with my, ~ 125 GeV) or A\, (if H is the SM-like one), is O(1) in magnitude, at large Ag,
whereas it is very tiny for small A\g. ® As a result, one finds that very large values of my
cannot result in sufficient annihilation for a light DM mass (mg < my/2) through the

H-mediator diagram given that the hA-mediator diagram is suppressed.

8.2.2 Experimental constraints on 2HDMS

Before starting our analysis of the model, we would like to summarize the experiments
that impact the extra singlet S particle.

e DM relic abundance

In the 2HDMS, the S particle provides the only candidate for DM and thus should
comprise the total relic abundance of the early Universe. To a good approximation, the
relic density is given by

Ty

Qg ~ 1.07 x 10°
5 @MP1<O—annUrel>

GeV™? (8.18)

where x; = mg/Ty ~ 20 is the typical freeze-out temperature of a WIMP [376], Mp; is
the Planck mass, g, is number of relativistic degrees of freedom, (ov) is the thermally
averaged cross section for SS annihilation into the SM particles (i.e. leptons and quarks
, [f, and gauge bosons, WTW~, ZZ, denoted collectively as X X) and into Higgs bosons
(hh,hH,HH, AA, Ht H~). The Feynman diagrams for all the processes are shown in
Fig. 8.4. First, the process of annihilation into the SM particles is mediated by an s-
channel h or H only. Following [366] (see also [371], which however has small numerical
factor errors), we find

gussC¥ ? Csm(H* — XY)
4m§ — m%_[ + ZFHmH 2mg

(055 x%Urel) = Z

H=h,H

(8.19)

where C% is the coupling of H to XX relative to the coupling of the SM Higgs boson
to XX and I'gy(H* — XX) stands for the SM partial width in the XX final state
calculated at invariant mass /s = 2mg. (Note: for X = Z, then X = Z also. In this
case, I'(H* — X X) must include the 1/2! for identical particles in the final state.) In

8For the purpose of generating as many points as possible, we maximize the parameter \g = 47 in
the numerical analysis.
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Figure 8.4. Singlet annihilation diagrams relevant for the relic density calculation.

this equation, the total width, Iy, must include the width for H — SS and any partial
width modifications relative to the SM width for the various SM channels (in particular,
the enhancement of I'(H — bb) at large tan 3 in the Type II case.)

Second, there are all the channels containing Higgs pairs. For the (H;H;) = (AA)
or (H"H™) final states, the relevant diagrams are the first two diagrams in the upper
row of the figure, which include not only s-channel h or H exchange but also a four-
point contact self-coupling. For final states containing CP-even Higgs pairs, (H;H;) =
(hh),(HH),(hH), there are contributions from ¢- and u-channel S exchange (the last two
diagrams with different topologies in the top row of Fig. 8.4) in addition to the s-channel h
or H exchange diagrams and the four-point contact self-coupling. A formula that applies
to all these different cases is most easily given in terms of the Feynman rules for the
various relevant vertices: the quartic Feynman rules were given earlier in Eq. (8.11) and

the trilinear coupling gzng Feynman rule can be found in Appendix F of [39]. We find

B(mu,, mu;) Z GHSSIHH, H,

H Urel) = H;SS + -
<USS%HZH] l> 32(1 + (5@')71'771?9 gHZH]SS 4m25 - m% + zFHmH

H=I (8.20)

9H;SS9H;SS
2 2 2
(my, + mHj) —2m3

)

+ 26573 1
2

where
0 HlHj :AA,H+H7
dep = (8.21)
1 H;H; =hh,HH hH
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and

1/2
m%ﬂ + m%{j (m%ﬂ B m%{j)z) (8.22)

Blma, ma;) = (1 T 16m
Note that some final states will typically be kinematically closed. In particular, for mg <
my, only the ff (f #t), VV and, possibly, AA channels will be allowed.

In order to illustrate results of the scan over singlet parameter space, in Figs. 8.5 and
8.6 we show Qh? as a function of mg for representative 2HDM points when scanning over
the remaining singlet parameters. The 2HDM parameters for these four points are given
in Table 8.1. For the first case, Fig. 8.5, the 2HDM parameters are such that low mg
is eliminated when correct EWSB is imposed in addition to stability and unitarity. In
the second case, Fig. 8.6, a large range of mg values is consistent with EWSB and the
observed Qh? ~ 0.1. Note that for the case of Fig. 8.6, my is relatively small. This
means that relatively modest values of |A\y| provide adequate annihilation for achieving
the observed QA% In contrast, in the case of Fig. 8.5 relatively large values of mpy
were employed. As a result, quite large values of |Ag| would be needed for sufficient
annihilation. However, as shown in Fig. 8.3, in the region of mg < 50 GeV P+S+U+EW
(especially the latter) require Ay | < 3, a value that is insufficient, implying that no points
satisfying P+S4+U-+EW (i.e. red points) are found in this region. In addition, at low mg
values, it is possible that BR(h — SS) is not below the 68% CL upper limit of ~ 0.1
required by fitting of the h properties to the LHC data — see next subsection. The figures
show the impact of the additional requirement of BR(h — S5) < 0.1.

Table 8.1. 2HDM parameters for the plots of Figs. 8.5 and 8.6. Masses in GeV; m2,

in GeV2.

BMP # tan 8 sin a 77132 mp, myy ma ™+ A1 Ao A3 Aq As
I-1 1.586 —0.587 5621 123.71 534.25 645.13 549.25 5.98 1.683 3.203 -1.032 -4.81
II-1 0.969 —0.721 1.251 x 10° 127.96 678.98 600.36 563.18 3.463 4.046 -0.997 -0.389 -1.816
I-2 1.346 —0.663 —2236 126.49 168.01 560.92 556.94 1.199 0.59 10.101 -5.12 -5.267
11-2 2.092 —0.4096 —1.264 x 10 125.89 137.86 451.33 398.76 3.984 0.454 5.732 -2.422 -3.896

In both Fig. 8.5 and Fig. 8.6, one can see a sharp dip in Qh? at mg ~ 63 GeV which
arises from on-shell h exchange, as well as a sudden drop in Qh? near 80/90 GeV due to the
WW and ZZ final states becoming available in the SS annihilation (the relic abundance

is inversely proportional to the annihilation cross section). A similar threshold appears
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Figure 8.5. Results for the relic abundance Qh? as a function of mg coming from
a scan over the singlet parameter space for a fixed 2HDM point. The sample 2HDM
parameters employed are given in Table 8.1. All points satisfy perturbativity as defined
earlier. Black points satisfy the stability and unitarity conditions, red points satisfy also
the EWSB conditions. Blue points satisfy S+U+EW and have BR(h — S5) < 0.1.
The yellow band is the recent +30 Planck window Qh? = 0.1187 4 0.0017 at 68%
CL [377]. We emphasize that the LUX and other limits on DM detection are not yet
imposed in these plots.
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Figure 8.6. As for Fig. 8.5, but for different 2HDM points, see the last two points
of Table 8.1, chosen so that a large fraction of the low mg values pass all constraints
other than limits on DM detection.

around mg ~ m;. One can also observe sharp dips in Qh?, corresponding to s-channel
exchange of the heavy scalar H, at mg ~ mpy/2 ~ 265 GeV and 340 GeV for Type I and
Type II, respectively, for Fig. 8.5 and at mg ~ 85 GeV and 68 GeV in the case of Fig. 8.6.

e Higgs invisible /unseen decays

In addition to decays into SM particles, the CP-even Higgs bosons h and H of the
2HDMS have a number of possible invisible and/or “unseen” decays. By “unseen” we
mean decay modes that contain visible particles, but that the experimental analyses have
not explored and/or are not yet able to place useful limits on. In the 2HDMS, the
interaction of Higgs with S would apparently constitute the invisible decay into SS state
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and the potentially important unseen decay modes are h — AA and H — AA,hh. As
demonstrated in Section 5.7, one is always able to find a parameter space in which the
125 GeV Higgs has sufficiently small BR into possible light Higgs bosons. Thus, here our
concern is only the h, H — SS decay widths, which are given by:
_ 4m%

1 gi.ss
i h

(8.23)

i

where ¢ = 1,2 denotes h, H and the dimensional Feynman-rule couplings gp,ss are given
in Eq. (8.11). In what follows, it will be most convenient to discuss results in the space
of the dimensionless Ay vs. )\, parameters, where gn.ss = —2A,,v. In general, such
decay (when kinematically open) dominates the decay of the Higgs at 125 GeV and would
significantly disturb the fit of the 125 GeV Higgs to the LHC data. In fact, the constraints
on such an invisible decay are quite strong: BR(h — SS) < 10% at 68% CL [173]. We
illustrate an example of h being SM-like state at 125 GeV in Fig. 8.7 presenting points
in the (A\y, \g) plane, coloured with respect to the resulting BR(h — SS). It shows
the bound BR(h — S5) < 10% is violated for most mg < 55 GeV points in the full
2HDMS parameter space leaving only a small number of points with A\, < 1 for which
BR(h — SS) < 0.1. This means the constraint of small BR for invisible decay plays
a major role in eliminating much parameter space for the low-mass DM scenarios. For
simplicity, one can switch off the interaction of the 125 GeV Higgs with the S so that the
presence of S will become irrelevant to the Higgs data, while the other CP-even Higgs
and the A and H* can be used to provide additional channels for early-universe DM

annihilation.
o DM-nucleon scattering direct detection

The rate at which DM-particles scattering off nuclei can be detected is directly related

to the DM-nuclei scattering cross-section [340], which is given by:

" do(g = 0) Ay} f ’
ODM-N = ——d 2:—TQ{Z+—nA—Z} 8.24
o= [ i = g2 | 24 24— 2) (5.21)

where q is the momentum transfer, u, = (mymg)/(my+ms) and v is the relative velocity.
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Figure 8.7. The couplings of h/H to SS after imposing the full set of constraints
including A% but not LUX and without the BR(h — SS) < 0.1 constraint. Coloring
is according to BR(h — S.S): points with small BR are red, large BR points are green.
The 2HDM points employed in this scan are the red points of Fig.1 in Ref. [11] that
provide a fit the LHC/Tevatron signal strengths at 68% CL. A full scan over the singlet
sector parameters is performed subject to the standard P+S+U+EW constraints.

The couplings of DM to the proton and neutron, f, and f,, can be expressed as

)\SSqq )‘SSQQ
— .2
= g ( > borfle Y o) (8.25)

q=u,d,s q=c,b,t

where my is the mass of the nucleon and f7), is the form factor of the nucleon (see
Table 8.2) satisfying the relation

a=1=Y_fr, (N=pn). (8.26)

q=u,d,s

and, in addition, Agg4q is the effective coupling of the DM particle S to a g-flavor quark
component in the nucleon. In the 2HDMS, this interaction derives from t¢-channel ex-
change of the h and H, as illustrated in Fig. 8.8. Thus, in the limit of zero momentum

transfer, the Higgs h; = h or H propagator reduces to — and we find

hz

I, SSghz 2An 2Am
ASSqq = Z 9 _ (m2 Ch+ o ==Cl ) my, (8.27)
hi=h,H h
where we have used gp,qq3 = ng;/ Ch (mw = %gv in our convention) with the quark

coupling factors C’é“ for Type I and II models as listed in Table 5.4 and the Feynman rule
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Figure 8.8. Feynman diagram for the scattering of DM off a nucleon.

Table 8.2. Form factors extracted from micrOMEGAs 3.0.

q u d S
f;q 0.0153 | 0.0191 | 0.0447
f%q 0.0110 | 0.0273 | 0.0447

gn,ss expressions given in Eq. (8.11). In practice, direct detection rates in our calculation

have been evaluated using micrOMEGAs [378], including QCD NLO corrections.

8.2.3 Methodology and scan strategy

Instead of scanning over the full 2HDMS parameter space, for simplicity we used
selected points from the 2HDM phenomenologically allowed points of [7] (labelled as
“post LHC8-FDOK?”), as outlined at the beginning of Section 8.2. For each phenomenolog-
ically viable 2HDM point, we perform a scan over the extra singlet parameters: mg, A\, Ag.
We then check theoretical constraints for the 2HDMS model including perturbativity, sta-
bility, unitarity and proper electroweak symmetry breaking, as discussed in Section 8.2.
Since the extra scalar S does not acquire a vev, it does not mix with the other Higgs
bosons h and H. As a result, the experimental constraints from electroweak precision
tests (STU parameters), B physics, direct searches at LEP and also limits on the heavier
Higgs bosons (H and possibly A) are barely influenced by the presence of the singlet
scalar S. Therefore, the postLHC8-FDOK points in the 2HDM can be adopted as good
starting points when expanding to the 2HDMS. As we have noted, the only caveat that

arises is the need to take into account the possibility of h — S.S decays when the scalar S

271



CHAPTER 8. ANOTHER PUZZLE — DARK MATTER

is light. Substantial BR(h — S.S) will spoil the pure 2HDM fit performed in [7]. Including
limits from the current Higgs invisible decay searches at the LHC one finds roughly that
BR(h — S5) < 30%(10%) is required at 95%(68%) CL Therefore, as discussed earlier,
we impose a cut of BR(h — 55) < 10% for all points presented in the following context
(except for a few situations as described later) in order to maintain the LHC signal fit and
consistency with invisible decay limits. Finally, we use micrOMEGAs [378] to calculate
the relic abundance of the DM candidate S and require that the predicted QA2 fall within
the £30 Planck window Q3 = 0.1187 £ 0.0017 at 68% CL [377]. Hereafter, we refer to

4

this set of constraints as the “preLUX” constraints.
Note that we adopt different scan strategies in the various regions of mg so as to
achieve a maximum density around the most interesting points that pass all theoretical

and experimental constraints, depending on the status of the exotic decay h — SS:

e low mass region (1 — 55 GeV) where the decay is open and could be substantial
without A\, being very small;

e resonance region (55 — 70 GeV) where myg is not far from the h pole location. For
mg < my/2, one finds that, after imposing P+S+U+EW, ), is sufficiently limited
that BR(h — 55) < 0.1. In fact, in this region, the strongest constraint on Ay

comes from the need to avoid too much annihilation.

e high mass region (70 — 1000 GeV) where the decay is absolutely closed.

The scans are also preformed in a different way for Type I and Type II models.

8.2.4 DM full mass analysis

For the points satisfying the “preLUX” constraints, we calculate the cross section
for the scattering of the S off a nucleon and compare the predicted value opy—, (after
rescaling by © in the case of Type II) to the latest LUX limits for the DM-proton cross
section, denoted o5y~ , (which are obtained assuming f,/f, = 1). If the points obey the
condition opy—p < Ofyi,, they are not excluded by the LUX limit. We are going to

expand the analysis for DM phenomenology separately in Type I and Type II.
o Type I analysis
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Figure 8.9. Cross section for DM-proton scattering for the Type I model. All points
shown satisfy the full set of preLUX constraints, including BR(h — SS) < 0.1, while
the green points satisfy in addition the LUX limits. The pink and green lines are the
limits from SuperCDMS and LUX, respectively. Recall that for Type I, f,,/f, ~ 1 and
so no rescaling is required between target types. Also shown are contours corresponding
to the CRESST-II, CoGeNT and CDMS II positive signal regions. In the case of
CRESST-II, the darker black contour is at 68% CL and the lighter grey contours are
at 95% CL In the case of CoGeNT (orange region) we show only the 90% CL contour.
For CDMS 11, we display contours (using various levels of grey) at 68%, 90%, 95% and
99% CL

As mentioned in Section 8.1, it is of particular importance to adopt the assumption
that DM has equal coupling to the neutron and proton, that is to say the ratio f,/f, = 1.
Indeed, this equality approximately holds in the Type I model because of the universal

ASSqq
Mq

coupling structure with up-type and down-type quarks, see Table 5.4. In fact, is
independent of quark-species and the common couplings C{}, p and Cg p in the Type I
model can be factored out and will then cancel out in the ratio. From egs. (8.25) and
(8.27), one can then derive the ratio of f,/f, in the Type I case:
fo | Mn Dgmuas [Tq T s 11a D g
Fo X oyt 2 P70 S

This result implies that isospin-violating effects for DM-nucleon scattering are negligible

~ 1.01208 (8.28)

for a Type I 2HDMS and that one can thus directly compare results of our calculations
with all experimental bounds including the LUX and SuperCDMS upper limits and the
CDMS II/CRESST positive signals.

In Fig. 8.9 we present the cross section versus mg for the Type I model. Since f,,/f, ~ 1
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in the case of the Type I model, all experimental results can be displayed on the same
plot. Points obeying the LUX limit are shown in green. Points that do not pass the LUX
limit but do satisfy all preLUX conditions (including correct Qh? and BR(h — SS) < 0.1)
are shown in blue. Note that few green points at very low mg that pass the LUX limit
are excluded by the SuperCDMS limit. Note that the Type I predictions for opy—, agree
pretty well with CDMS II/CRESST-II data, but, of course, disobey the LUX limit. The
narrowness of the opy—, band at low mg can be understood as follows. In this mass region,
we know that A\, ~ 0, DM annihilation and scattering off nucleons are thus realized via H
exchange in the s- and ¢-channels, respectively. Both processes are essentially controlled
by the ratio A\ /m?%. We observe that once the constraints of BR(h — SS) < 10% and
good Qh? are both satisfied A, and Ay are roughly fixed. As a result, the predicted value
of 0g_, as a function of mg is constrained to a narrow band that happens to pass through
the CDMS II/CRESST-II preferred regions. However, the CDMS II/CRESST-II regions
are simply not consistent with the combination of LUX and SuperCDMS limits in the
Type I model. Finally, once mg 2 55 GeV essentially all of the points that are consistent
with preLUX constraints also pass the LUX limit (SuperCDMS limits do not extend to
masses 2, 40 GeV).

o  Type II analysis

We now turn to the Type II model. In contrast to Type I, the relation f,,/f, = 1 is not
always true in the Type II model due to the non-universal pattern of the Yukawa couplings
for the Higgs. In order to compare the predicted cross-sections for DM-nucleon scattering
with the results presented by the experimental groups, we define the nucleon-normalized

cross section, Gpm—p, following [351, 352]:

TpM—p = ODM—p Ox ([, fp) (8.29)

where opa—p is the predicted DM-proton cross-section and the rescaling factor ©x is
defined as

2
[% + J;_Z (1- %)} , single isotope detector

@X(fm fp) (830)

Sr ik, [Z+fn/ fo(Ar—2))?
i, A7 ’

multiple isotope detector
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where I runs over all isotopes present in the detector X and 7 is the relative abundance of
the I'th isotope. Note that if f,/f, = 1, then Ox(f,, f,) = 1. However, when f,/f, # 1,
O©x(fn, fp) will depend upon the isotope abundances and is therefore determined by the
properties of the chemical elements used in the various detectors. It was pointed out
in [352-354, 379] that the scattering amplitudes of DM with proton and neutron may
interfere destructively in such a way as to achieve f,/f, ~ —0.7, the value for which the
resulting LUX exclusion limits are not in strong conflict with the favored signal regions of
the Silicon-based CDMS II experiment and the Germanium-based CoGeNT experiment.
However, these positive signal regions are in direct conflict with the limits obtained by
SuperCDMS [380, 381]. In any case, in order to interpret any given DM scattering result,
it is necessary to compute f,/f, for each Type Il parameter point. Further, f,/f, in
general depends on the singlet sector parameters.

However, there is an interesting special case in which f,,/ f, depends only on the 2HDM
parameters. Recalling that the positive CDMS II and CoGeNT signals are both at rather
low mg ~ 6 — 12 GeV and noting that BR(h — S.S) will be large for such masses unless
Ap is very small, it is useful to give an approximation for f,,/f, in the limit of A, — 0, i.e.
in the limit of ignoring the h term in Eq. (8.25). In this limit, the value of fy depends
only on the quark couplings of the H:
o= g |+ 2 (et )| €l (i £+ Ztf) ) ¥ =pin

msmi; 27 27
(8.31)

In Fig. 8.10, we display the resulting f,,/f, as a function of sin «v for the Type II points
from [7] that give Higgs boson property fits at the 95% CL or better. There, we see a large
range of f,/f, values, ranging from +1.5 to ~ —0.9. However, for the 68% CL Type II
points that we include in our study, points with substantially negative f,/f, are rather
sparse, with the most negative value associated with a single isolated point close to —0.7.
This is just an accidental result given the scanning procedure/density employed in [7].
We will offer a dedicate study on how to achieve a negative value of f,,/f, and extensively

discuss the role of isospin-violating effect in the next section.

Adopting the parameters in [351] to calculate the rescaling factor ©x, for the Xenon-
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Figure 8.10. f,/fp in the limit of A\, = 0 as a function of sinc and tan/ for the
68% CL Type II 2HDM scan points.
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Figure 8.11. Cross section for DM-proton scattering for the Type II model rescaled
by the function Ox defined in Eq. (8.30), where X = Xe for a Xenon-based detector.
All points plotted satisfy the preLUX constraints except BR(h — SS) < 0.1 (i.e.
they satisfy the theoretical constraints for 2HDMS, 2HDM fitting at 68% CL and the
constraint on Qh?%). In the plot, for the light purple points the ratio f,/f, is within
the range (0.95, 1.05). For the darker purple points —0.8 < f,,/f, < —0.6.

based detectors, we present in Fig. 8.11 the overall picture for Type II in terms of the
Tpar—p cross sections. In the left plot, we impose all preLUX constraints (including A2
in the 30 window) other than BR(h — SS) < 0.1. Points with f,/f, ~ 1 (for which
Oxe ~ 1) are singled out as are points with f,,/f, ~ —0.7. To explore in more detail
the level of inconsistency between the LUX and SuperCDMS limits and the positive
signal regions for CDMS II and CoGeNT, we present Fig. 8.12 which focuses on the
mgs < 35 GeV mass range. All plotted points obey the full set of preLUX constraints
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Figure 8.12. Cross section for DM - proton scattering for the Type II model rescaled by
the function Ox defined in Eq. (8.30), where X = Si for a Silicon detector (CDMS II)
on the left and X=Ge for the Germanium detector (CoGeNT) on the right. All points
satisfy all the preLUX constraints (i.e. they satisfy the theoretical constraints for
2HDMS, 2HDM fitting at 68% CL, BR(h — SS) < 0.1 and the constraint on Qh?).
The CDMS II contours shown are at 68%, 90%, 95% and 99% CL The CoGeNT contour
is the 90% CL level contour. Light green points are allowed by LUX results. The larger
black points are those allowed by both SuperCDMS and LUX and that also lie within
the 99% CL CDMS II contour. The pink and light pink lines (almost degenerate)
correspond to the SuperCDMS limit, after rescaling from the SuperCDMS Germanium
target to the CDMS-II Silicon target using f,/f, = 1.05 and 1.25. Also shown by the
dark green lines is the rescaled LUX limit, UIgiIJX = o VXOgi(fn, £)/Oxe(fns fp), using
the same two f,/f, values.

(including BR(h — SS) < 0.1). For the left figure, we have rescaled the DM-proton
scattering cross section predicted for a given point by the factor Ox, see Eq. (8.30), as
computed for X = Si in order to compare to the positive signal region found by the
CDMS II Silicon detector. We also display the relevant limits from the SuperCDMS
experiment. These are f,,/f, dependent. The two lines correspond to the SuperCDMS
limit after rescaling from the SuperCDMS Germanium target to the CDMS-II Silicon
= JSUPBTCDMS@Si(fn,fp)/@Ge(fn,fp) using f,/f, = 1.05

and 1.25 — the minimum and maximum values for the points plotted for mg < 35 GeV.

DM
target. We rescaled agiu perCDMS

We see that for the predicted range of f,/f, the resulting rescaling is fairly minimal
and those two limits are almost degenerate. Also shown by another two lines is the
rescaled LUX limit, ofV* = o"V%0g;(f,, f,)/Oxe(fn, f»), using the same two f,/ f, values.
From this plot, we observe that there are a few points (the large black points) with
mg ~ 5.5—06.2 GeV that lie below both the rescaled LUX limits and rescaled SuperCDMS

limits. Further, although these points lie below the 20 (95% CL) contour of the positive
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Table 8.3.  Summary of the properties of the 2HDM Type II points in Fig. 8.12
which make it possible to realize mg < 50 GeV, after imposing the full set of preLUX
constraints together with the LUX and SuperCDMS bounds. All masses are given in

GeV units.
tan B | sina | mg | ma | mps | mi, (ms [GeV], log Oxc(fn, fp)os—p[cm?])
2.092 | -0.41 | 138 | 451 | 399 |-12642 | (3.44, -39.65); (3.56,-39.69); (3.95, -39.85)
3.121 | -0.282 | 187 | 546 | 571 | 8943 (4.82, -40.50); (5.48, -40.83)
2.192 1 -0.394 | 209 | 488 | 503 | 7518 (5.40, -40.93)
1.728 | -0.476 | 177 | 318 | 389 | 9382 (5.16, -40.97)
1.789 | -0.461 | 198 | 420 | 430 | -6594 (4.44,-40.43); (5.15, -40.96)
1.488 | -0.528 | 157 | 553 | 576 | -10094 (4.61, -40.83)
2.375 | -0.363 | 259 | 260 | 339 | 15899 (5.83, -41.05)

signal region of CDMS II, they do fall within the 3¢ (99% CL) contour. Thus, the 2HDMS
Type 1T model allows consistency between the CDMS II signal region (at 99% CL) and
the SuperCDMS and LUX limits for a small range of low mg.

It is perhaps important to understand the points in Fig. 8.12 with low mg that obey
LUX and SuperCDMS constraints in the case of the Type II model. Their properties
appear in Table 8.3. All have low tan (3, very modest my with m 4, my+ somewhat larger
(in the 300—600 GeV range). It is worth recalling that for each 2HDM phenomenologically
allowed point, the 2HDM parameters including tan 3, sin a, myp, mg, ma, my+ and mqs
are fixed. We then randomly scan over the singlet sector parameters k1, k2 (or equivalently
An, Am) and mg. Therefore, one can have many values of mg and corresponding rescaled
cross section (the pair of numbers appearing in the last column of Table IV) for each fixed

2HDM point whose parameters are listed in the first 6 columns.

For the right figure, we rescale opy—, using ©x as computed for X=Ge in order to
compare to the potential signal region for the CoGeNT Germanium detector. We find
points consistent with all pre-LUX constraints within the CoGeNT 90% CL signal region
for mg ~ 10 — 15 GeV. However, the entire CoGeNT signal region is excluded by the

SuperCDMS limit (no relative rescaling required since both are for a Germanium target)
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8.2. Scalar dark matter from Higgs portal

and by the LUX limit as indicated by the point coloring (where these limits have been
rescaled using the f,/f, value for a given point to determine whether or not the point is

excluded).

8.2.5 Non-SM-like Higgs detection

It is perhaps useful to summarize what Type I and II models predict with regard to
the invisible decays of the heavier H and how this will impact possibilities for detecting
the H in upcoming LHC runs. For mg < 55 GeV, the BR(h — SS) < 0.1 constraint
required by a good h fit to the 125.5 GeV data implies that )\, is small and this indirectly
impacts BR(H — SS). Before imposing the LUX limits, we find that BR(H — SS)
can have a number of semi-discrete values below 1, the discreteness being associated with
particular 2HDM 68% CL points, but for the bulk of mg < 55 GeV points one has
BR(H — SS) 2 0.9. Of course, we have seen above that once the LUX and SuperCDMS
limits are imposed all the low-mg points are eliminated in the Type I case, whereas in the
Type II case a handful of points survive in the mg < 6 GeV region. Once mg 2 55 GeV,
BR(h — S9) is automatically small or zero and constraints on A, in the singlet sector
scan are greatly relaxed. As a result, BR(H — S95) can take on most any value for
mg < 200 GeV, declining to small values once mg 2 500 GeV.

As regards H detection, we first note that since the HV'V couplings are small (since
the hVV coupling must be large for a good Higgs fit) the Z + inv final state LHC
data do not currently constrain BR(H — SS), and in future runs very high integrated
luminosity would be needed to have any hope of seeing a signal in this channel. Further,
if H — SS decays are dominant this would reduce the strength of the H signals in other
production/decay modes, such as gg — H — 77, and thus decrease the prospects for H
discovery as outlined in [7]. In such instances, experimental sensitivity to the H may have
to rely on gg — H production with a jet or photon tag of the invisible H — SS final

state.
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8.2.6 Summary

To summarize up to this point, we have analyzed the 2HDMS models obtained by
extending the Type I and Type II 2HDMs to include a scalar gauge-singlet DM candi-
date, denoted S with mass mg. We have discussed various theoretical and experimental
constraints on the 2HDMS and how these constrain the additional (beyond the 2HDM)
three parameters of the 2HDMS, mg and the trilinear hSS and HSS couplings. We begin
with the 2HDM fits of [7] for the case where it is the lighter h that is identified with the
~ 125.5 GeV state, in particular employing the 2HDM parameter space points for which
the combined LHC/Tevatron signal strengths are fit within the 68% CL We then study
the constraints on the singlet parameter space based on cosmological data, most particu-
larly the observed Qh? and the LUX and SuperCDMS limits on DM-nucleon scattering.
If mg > 55 GeV, 2HDMS parameter choices for which the 2HDMS is completely consis-
tent with all the above data are plentiful in both the Type I and Type II models. For
mg < b5 GeV, requiring BR(h — S5) < 0.1 in order to avoid destroying the fit of the h
to the LHC data makes it impossible (almost impossible) in the Type I (Type II) model
to find parameter points that give correct Qh? and satisfy both the LUX and SuperCDMS
limits. Nonetheless, it is interesting to note that if we do not impose the LUX and Su-
perCDMS limits, for both model types mg < 50 GeV-points with BR(h — SS) < 0.1
and correct Qh? fall within one or more of the CDMS II, CRESST-II or CoGeNT signal
regions.

An important issue in the 2HDMS context is whether or not there is a possibility
of isospin violation, f,/f, # 1. In the case of the 2HDMS Type I model, f,/f, >~ 1
is inevitable. This, implies that despite the fact that all points with correct Qh? and
BR(h — SS) < 0.1 have og_, values falling within one or more of the CDMS II, CRESST-
IT or CoGeNT signal regions, they are simply inconsistent with the LUX and SuperCDMS
limits.

In the case of the 2HDMS Type Il model, a significant isospin violation in DM-
nucleon scattering is possible, even reaching the value of f,,/f, ~ —0.7 that would allow

consistency of the LUX limit with the CDMS II signal region. However, at the low mg
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values corresponding to the signal region, we find that points with f,/f, ~ —0.7 either
have an hSS coupling that is too large for BR(h — SS) < 0.1 or too small to give
sufficient annihilation to achieve correct Qh%. (At low mg, the H exchange contribution
to SS annihilation is not sufficient, given upper bounds on the HSS coupling coming
from perturbativity and unitarity.) Therefore, even though isospin violation might be
present, the level of f,/f, ~ —0.7 cannot be made consistent with all phenomenological
requirements. The SuperCDMS limit further constrains the picture. For the f,,/f, values
predicted by the 2HDMS once correct Qh? and BR(h — SS) < 0.1 are imposed, the
isospin violation is only a small effect in comparing the Germanium target SuperCDMS
limit to the Silicon target CDMS II result. In the end, one does find a few mg ~ 5.5 —6.2
GeV-points that lie below both the SuperCDMS and LUX limits and, interestingly, also
fall within (but are outside) the 99% CL (95% CL) CDMS II signal region. As typical
for mg < 50 GeV, these points are such that BR(H — S5) is large, implying that jet-

and /or photon-tagging will be needed for H detection.

8.3 The role of isospin-violating effect

As seen in the last section, the DM-nucleon cross section in the 2HDMS model with
Type II Yukawa couplings can avoid the LUX exclusion bounds for low mass DM. This is
absolutely impossible in the minimal singlet extension for a light DM being 6 — 50 GeV.
The key point is that the Higgs couplings to up- and down-type quark in the Type IT mod-
els are no longer universal so that it can couple differently to protons and neutrons. This
results in the violation of isospin symmetry. In particular, the opposite sign on the up-
and down-type Yukawa couplings could induce a cancellation between flavor components
of quarks in the amplitude of DM-proton and DM-neutron scattering, respectively. Such

cancellation will effectively suppresses the cross section of DM scattering off a nucleus.

A particularly interesting question is whether or not one can have consistency between
the CDMS II/CRESST-II preferred regions and the LUX limits through achieving the
relation f,,/f, ~ —0.7 as already noted. Therefore, in this section we study in particular

the low DM mass region (mg < 50 GeV) and aim at exploring the possibility of using the
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Figure 8.13. Couplings A\, A allowed by the full set of preLUX constraints for the
mg < 50 GeV mass region. Points are temperatured according to mg, with red points
corresponding to the lowest H mass for which a solution was found.

isospin-violation mechanism to suppress direct detection signals in the context of 2HDMS
model. We will discuss both m; ~ 125 GeV and mg ~ 125 GeV scenarios and the
implications for DM observables within the model. Identifying the precise region in which
a sufficiently large isospin-violating effect occurs is our first goal.

We have derived the analytical expression for f,/f, in terms of the Higgs couplings
at quark level. Also, we construct a Higgs-portal DM model to realize the negative value
of f./fp, together with a precise relation of f,,/f, with tan § in the exact alignment limit

(Cy = 1) with a generic parameter w (which controls the s-channel mediator).

8.3.1 Low-mass DM in the 2HDMS

As we have already noted, in the low mass region mg < 50 GeV, the exotic decay
h — S8 could have a large BR. In contrast to the minimal singlet extension to the SM,
in the 2HDMS one can keep BR(h — SS) small enough (< 0.1) to avoid destroying the
fit of the h to the 125.5 GeV Higgs data if \;, < 1. Nonetheless, correct 2h? can be still
accomplished because in this model the annihilation of DM is mediated not only by A but
also by H (see Fig. 8.4). Therefore, the desired large cross section for S\S annihilation is
obtainable if Ay is sufficiently large when A; is small. This trend was already apparent

in Fig. 8.7. Here, we zero in on the m; < 50 GeV region in Fig. 8.13, where we have
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Figure 8.14. We show how the full set of preLUX constraints on the singlet sector
affects the 2HDM parameter space that we used for the singlet sector scans. We
have required mg < 55 GeV. Gray points satisfy all preLUX constraints aside from
BR(h — SS) < 0.1. Cyan and blue points satisfy in addition BR(h — SS) < 0.1, i.e.
the full set of preLUX constraints. Cyan points have 50 < mg < 55 GeV while blue
points have mg < 50 GeV. The green and dark green points satisfy the LUX bound as
well as the full set of preLUX constraints, with dark green showing the mg < 50 GeV
points.

employed a special scan strategy designed to cover a large range of f,,/f, and small \y,.

As expected, the temperature plots show that, generally speaking, the larger my is
the larger Ay must be for correct relic density (the SS annihilation amplitude containing

the ratio Ay /m?%). However, there is an exception in the case of the Type IT model;
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at large tan 8 (2 25) one can have sufficient annihilation even if Agy/m?% is not large
since the Hbb coupling is highly enhanced, CH o tan 3, see Eq. (8.19). We observe a
smattering of such points in the (upper) mg < 50 GeV Type II plot. For these points,
the SS — bb annihilation cross section is large enough to produce relic abundance within
the experimental limit even though |Ag| < 0.2 and my > 500 GeV.

We end this subsection with the plots of Fig. 8.14 showing the regions of the 2HDM
parameter space with mg < 55 GeV that remain after imposing the full set of preLUX con-
straints. The allowed regions are displayed in the (tan §,sin «), (mg,m4) and (my+,ma)
planes. Different colors are used to distinguish those points with mg < 50 from those
with 50 < mg < 55 GeV. Also shown are those points that in addition satisfy the LUX
limit.

8.3.2 The mechanism of isospin-violation

We know that the DM-nucleon interaction is isospin-violating once the effective cou-
plings of DM with a proton (f,) and a neutron (f,) are significantly different. This
essentially demands that the Higgs has no common Yukawa couplings to up- and down-
type quarks. Thus, we limit the discussion in the Type II model. Using the expression
of fy(N = n,p) in Eq. (8.25), one can easily derive out the ratio, f,/f,, that is a
parametrization of isospin-violation effect.

F'\y + Fi\p
F'\y + FPXp

fal fo = (8.32)

where FN(q = u,d) are the combined form factors (including the QCD NLO corrections),

2 35 2 35
FY = it gt (1 goeastm) ) + 2% (14 gastm)) (839
2 35
FY = fra+ fre+ ﬁfzjyc (1 + %—Was(mb)) (8.34)

in which the ag terms are scale-dependent and account for the QCD NLO corrections
and the nucleon form factor has the relation defined as f&, =1->" d—ud.s f%] , while the

effective couplings are defined as follows

~ A - A
A=) :m—’;cg‘, Ap =) jm—;*()g, (8.35)
H H H oM
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Figure 8.15. The correlation between f,,/f, and A\y/Ap with (red) and without (blue)
QCD NLO corrections. In our analysis, the values of the hadron form factor are f7, =
0.011, f7, = 0.0273, f7:, = 0.0447 for neutron and f7 = 0.0153, f7, = 0.0191, f7.. =

0.0447 for proton, all as employed in micrOMEGAs [378]. The yellow band corresponds
to fn/fp in the range -0.67 to -0.8.

where ) ., sums over the Higgs mediators contributing to the t-channel diagrams, C’;"}fD
denote the H couplings to up-, down-type quarks, respectively, normalized to their SM
values, while the Ay are dimensionless parameters specifying the strengths of the H
couplings to a pair of DM particles. Apparently, f,/f, ~ 1 if the relation that Cy = Cp
is satisfied as that occurs in Type I model. Otherwise, we demonstrate in Fig. 8.15 the
ratio f,,/f, as a function of A\ / Ap. It shows that, in a general Higgs portal DM model, a
negative value of f,,/f, is obtained in a narrow range of A / Ap around —0.9. The exact
fn/fp value is very sensitive to the QCD corrections. The choice which gives maximal
suppression for Xe as well as maximal relative scaling between Xe and Siis f,,/f, ~ —0.7,
which occurs at Ay /Ap ~ —0.89 and —0.92 when the QCD NLO correction is included or

not, respectively.

8.3.3 Isospin-violating DM and direct detection

While the most interesting region of f,,/f, < 0 allows for a substantial suppression of
o5, possibly below experimental limits, it is an extremely difficult task to find solutions
for f,./f, in the vicinity of —0.7 from a random or uniform scan. However, in fact it

is indeed possible to find analytically regions of tan /,sina that implies desired f,/f,.
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Figure 8.16. The left and right panels show contour plots (solid lines) of constant
fn/fp in the (tan §,sin a) space for the case my ~ 125 GeV (H is the mediator) and
my ~ 125 GeV (h is the mediator), respectively. NLO QCD corrections are taken into
account. The dashed lines are contours of constant sin(5 — «) and cos(f — «) in left
and right panels, respectively.

Applying the pattern of Higgs-quark couplings Cyy, Cp listed in Table 5.4 to the generic
expression of f,/f, derived in Eq. (8.32) yields,

fn/pr’lf_ %;FS w + tan o

tan f = — — 8.36

fn/prg—m—:Fgl—wtanoz (8.36)

where the weight parameter is defined by w = i—g;nl—% In our analysis one of the SM
h

Higgs coupling to the DM A, or Ay is vanishing to fully suppress the decay into 5SS,
mathematically, w — 0 for H-only mediator and w — oo for h-only mediator.

Following this strategy, in Fig. 8.16 we plot tan g versus sin« for various values of
fn/ fp- It is most noticeable that the value of f,/f, ~ —0.7 needed to suppress Xe limits
corresponds to the very narrow band between the solid blue and cyan lines and even small
deviation off the proper line moves f,,/f, quickly away from —0.7. This is why the scan
over parameter space must be very focused in the close vicinity of the line of f,,/f, ~ —0.7.
In addition, we show (dashed lines) lines of constant sin(5 — «) and cos(f — «) in left

and right panels of the figure. Since the observed Higgs couples in a SM-like manner
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(sin(f — ) ~ 1 for my, ~ 125.5 GeV and cos( — «) ~ 1 for my ~ 125.5 GeV) therefore
an extra relation between § and « must be satisfied and that implies relatively small
region (a narrow band along f,/f, ~ —0.7 limited by largest sina (cosa) for H (h)
mediation) that is of our interest. This leads to the final solution that the particularly
interesting region of f,,/f, ~ —0.7, occurs in the vicinity of (sina ~ 0.7, tan g ~ 1)
which corresponds to § ~ 7/4 and o ~ +7/4.

In the following we will discuss the implication of direct and indirect detection bounds
for the 2HDMS parameter space and prospects for its experimental verification. For both
the m;, ~ 125 GeV and my ~ 125 GeV cases, we display the expected cross sections for
S scattering off nuclei in Xenon-based detectors on Fig. 8.17, together with current LUX
results and Xenon 1T future projection. All points satisfy the DM abundance constraint.
The points are coloured with respect to f,,/f,. Note that, in accordance with expectations
points for which the cross section is suppressed correspond to f,,/f, approaching —0.7, it
is particularly apparent in the case that m4 > my; /2, where the is no AA contamination in
the DM annihilation final state. The conclusion from the plots is that the 2HDSM could
easily be consistent both with the present LUX limits and also with the limits anticipated
for Xenon 1T.

Therefore, we can conclude that, compared to simply adding a singlet to the SM, the
2HDMS can provide a consistent DM picture in the overall mass range for mg from a few
GeV to a few TeV. In particular, with the help of a cancelation between up and down type
quarks that is possible for negative f,,/f,, the DM-nucleon cross section in the low-mass
region could be heavily suppressed so as to escape the current LUX bound and also the

future projected bound. In turns, the exclusion bound would give the maximal allowed

value of f,,/f,.

8.4 Supersymmetric dark matter in the NMSSM

In section 6.5, we explored using constrained versions of the NMSSM to fit the Higgs
data. Given that a reasonable fit can be achieved, it is then of interest to consider whether

or not the lightest neutralino obtained for points with an acceptable Higgs fit can provide
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Figure 8.17. Prediction for the DM-proton cross section for Xenon-based detectors
in the 2HDMS for the case that either h (upper row) or H (lower row) is identified
as the SM-like Higgs boson at 125 GeV. The upper limits from DM direct detection
imposed include the LUX bound [87] in dark green dashed line and the XENON 1T
(2017) projections [344] in little dark-green boxes. The neutrino coherent scattering
dominates the recoil spectrum below the thick dashed orange line.

a viable DM candidate.

8.4.1 Neutralino sector and LSP DM in the NMSSM

Since we are especially concerned with the DM phenomenology of the model, it is

important to review the neutralino mass matrix as well. Let us denote the U(1)y and
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neutral SU(2) gauginos as B , W, respectively, the Hgyd Higgsinos as If.fuyd, and the singlino
as S. Then in the basis <—i§, —iW, ﬁg, flg, §>, the neutralino mass matrix is given by

M, 0 _gw\;gs/o’ glvj%nﬂ 0
M, 92”\5335 _gw\s[iQnB 0
M = ' ' 0 —lleg —Avsinf |- (8.37)
0 — v cos 3
26 fe /A

where g = As is defined in Eq. (6.11). The above expression is diagonalized by the
matrix ij and the resulting lightest neutralino composition will be given in terms of the

components of N as
X0 = N4 B+ NAW + NALH) + N3 HO + N3 S. (8.38)

In models with R-parity conservation, the LSP is stable as its decays are prevented by
a discrete symmetry under which SUSY particles transform as odd fields while ordinary
particles of the SM are even. Therefore, the lightest neutralino X} can be a possible
DM candidate if it is the neutral LSP. ¢ Seen from Eq. (8.38), it is clear that dominance
over different lej (7 =1,2,...,5) will determine the properties of the lightest neutralino.
In addition to the typically concerned bino-, wino- and Higgsino-like LSP DM in the
MSSM, the DM in the NMSSM can be dominantly singlino-like or in the form of a
higgsino—singlino mixed state due to the differences in the neutralino and Higgs sectors.
As a result, the processes relevant for the LSP relic density and its detection can be

significantly distinct from those in the MSSM as we shall see in the following sections.

8.4.2 Properties of the LSP in various specific 125 GeV Higgs scenarios

To pursue DM phenomenology, we return to the perfect and almost perfect points
presented in Tables 6.1 and 6.2 seven exemplary points with my, ~ 125 GeV from models
IT and III. The properties of LSP for these points, including the LSP compositions and

main annihilation channels, are summarized in Tables 8.4 and 8.5. Clearly, the mass

9Besides the lightest neutralino, the LSP in SUSY models could also be the gravitino or the lightest
sneutrino. In present both are promising LSP DM scenarios as well.

289



CHAPTER 8. ANOTHER PUZZLE — DARK MATTER

Table 8.4. LSP mass and its decomposition for the exemplary points listed in Ta-
bles 6.1-6.3. The LSP bino, wino, higgsino and singlino fractions are fz = N2,
Ty = N2, f 7= N2 + N2, and fe= N2, respectively, with N the neutralino mixing

matrix.

Table 8.5. da, in units of 1071 LSP relic abundance, primary annihilation channels

Model II Model 111

Pt. # | 1¥ | 2% 3 4% 5 6
mgo | 363 | 410 | 438 | 328 | 307 | 440 | 452
5 | 0.506 | 0.534 | 0.511 | 0.529 | 0.914 | 0.464 | 0.370
fi | 0.011 | 0.009 | 0.008 | 0.012 | 0.002 | 0.009 | 0.009
fi | 0.483 | 0.457 | 0.482 | 0.459 | 0.083 | 0.528 | 0.622
fe | 107* 11076 | 107¢ | 107* | 1076 | 107* | 107°

and spin-independent LSP scattering cross section off protons.

Pt. # | da, | Qn? Prim. Ann. Channels os1 [pb]
1* | 6.01 | 0.094 XX — WHW=(31.5%), ZZ(21.1%) 4.3 x 1078
2% | 5.85|0.099 | v, = vov,(11.4%), U0, — WHW—(8.8%) | 3.8 x 1078
3 4.48 | 0.114 XY — WHW=(23.9%), ZZ(17.1%) 3.7x 1078
4* | 6.87 | 0.097 XY — WTW=(36.9%), ZZ(23.5%) 4.5 x 1078
5 5.31 | 0.135 I — bb(39.5%), h1a1(20.3%) 5.8 x 1078
6 4.89 | 0.128 | 7171 — 77(17.4%), XX} — WHW—(14.8%) | 4.0 x 1078
7 ]4.96 | 0.101 XY = WHW-(17.7%), ZZ(12.9%) 4.0 x 1078

of the neutralino LSP, XV, is rather similar, mg ~ 300 — 450 GeV, for the different
perfect and almost perfect points with my, 2 124 GeV. For all but pt. #5, the X! is
approximately an equal mixture of higgsino and bino. However, there is some variation in
the primary annihilation mechanism, with 7177 and YJx? annihilation being the dominant
channels except for pt. #2 for which 7,7, and 7,7, annihilations are dominant. In the
case of dominant 7;7; annihilation, the bulk of the x{’s come from those 7’s that have not

annihilated against one another or co-annihilated with a 9. In addition, all the tabulated

~Y
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Figure 8.18. Spin-independent scattering cross section on protons versus LSP mass for
the points collected in Section 6.5.2 for the cases of my, € [123 — 128] GeV (left) and
mp, € [123 — 128] GeV (right).

points yield a spin-independent direct detection cross section of order (3.5 —6) x 107 pb.

ST are somewhat below 107% pb.

For the above mso values, current limits on o

Apart from analyzing the benchmark points, we generally study the properties of
the LSP that have acceptable relic density Qh? < 0.136, including both those with an
enhanced v rate and those with Rgg(yy,VV) > 1. ' For a rather low u, the LSP is
nearly always wino-like and will have large annihilation cross section. In Fig. 8.18, we
display the spin-independent cross section for LSP scattering on protons for the points
collected in Section 6.5.2. As a reminder, the salmon-colored points are those that have
Rgg(vv, VV) ~ 1 and a proper relic density within the WMAP window 0.094 < Qh? <
0.136. (A more complete legend summary appears above Fig. 6.7.) Note the rather
limited range of LSP masses that arise in the limited scan, roughly mso € [62,113] GeV
for my, € [123 —128] GeV and mg € [42,120] GeV for my, € [123 — 128] GeV, with %
obeying the XENON100 bound for nearly all points (only a small fraction of the points)
in the former (latter) case.

Furthermore, we would also like to mention some properties of the LSP for the case

that the two CP-even Higgs bosons, h; and hs, are close to 125 GeV in mass, a scenario

10The original purpose of the scans employed was to look for points with enhanced Rgg(vfy, VV).
Fortunately, at the same time the scans picked up points with R}!}g (vv,VV) ~ 1, and it is these that are
of greatest interest given current run-1 Higgs data.
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Figure 8.19. Top row: Qh? and spin-independent cross section on protons versus LSP
mass for the points plotted in previous figures. Bottom row: Qh? versus LSP higgsino
(left) and singlino (right) components.

that was extensively discussed in Section 6.5.3. As before, we display in the plots of
Fig. 8.19 Qh? and the spin-independent cross section for LSP scattering on protons, o',
for the points plotted in Section 6.5.3. As observed in Fig. 6.18, a large fraction of the
points have small g in which case the LSP is dominantly higgsino implying that Qh? will
be too low. Let us now focus on the (diamond) points with QA? in the WMAP window. !
As seen from Fig. 6.15, about half of our WMAP-window points show enhanced rates, and
are thus unable to fit the final run-1 Higgs data. Since this could change with run-2 data,

we remind the reader about a few of their features. These WMAP-window points have a

rather limited range of LSP masses, roughly mgo € [60,80] GeV. They have large enough

11 Of course, since such points comprise only 1.6% of the total sample, it is very possible that they
do not cover the full WMAP region and it is thus hard to be certain as to how well they exemplify the
properties of a larger sample of such points.
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Figure 8.20. Neutralino and chargino compositions for the 98 + 125 GeV LEP-LHC
Higgs scenarios.

Qh? since they are mixed higgsino-singlino, with a singlino component of the order of
20%, see the bottom-row plots of Fig. 8.19.

In another NMSSM scenario discussed in Section 6.5.4, we considered the possibility of
explaining the run-1 Higgs data using the hy with my, ~ 125.5 GeV as well as having an
hy with mj,, ~ 98 GeV that would explain the old LEP excess. Recall from Fig. 6.26 that
different ranges for the mass of the X9 are predicted by two distinct groups of solution
in this scenario, one with R!2(yy) ~ 1.6 and 0.1 < R, a(bb) < 0.25 (region A, red
diamonds) whereas the other group (Region B, orange diamonds) predicts a SM-like value
of R!2(yy) ~ 1, cf. Fig. 6.23. Presently, only the latter Region B (orange diamonds)
points are consistent with current run-1 Higgs data. We now briefly summarize DM
implications for this scenario. The composition of the ¥¥ and the Y are crucial when it
comes to the relic density of the X°. For those points in the WMAP window in region
A (red diamonds), the X! can have a large Higgsino fraction since the Y9x% — WHTW~
annihilation mode (mainly via t-channel exchange of the light Higgsino-like — see second
plot of Fig. 8.20 — chargino) is below threshold; the group of points with mgo > 93 GeV
(region B, orange diamonds) can lie in the WMAP window only if the Y9 does not have
a large Higgsino fraction. This division is clearly seen in Fig. 8.20. We note that to a
reasonable approximation the singlino fraction of the Y? is given by 1 minus the Higgsino
fraction plotted in the left-hand window of the figure.

DM properties for the surviving NMSSM parameter points are summarized in Fig. 8.21.
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Figure 8.21. DM properties for the 98 + 125 GeV LEP-LHC Higgs scenarios.

Referring to the figure, we see a mixture of blue circle points (those with Qh? < 0.094)
and red/orange diamond points (those with 0.094 < Qh? < 0.136, i.e. in the WMAP
window). The main mechanism at work to make Qh? too small for many points is rapid
XIx? annihilation to WTW~ due to a substantial Higgsino component of the X9 (see
third plot of Fig. 8.21). Indeed, the relic density of a Higgsino LSP is typically of order
Qh? ~ 1073 —1072. As the Higgsino component declines Qh? increases and (except for the
strongly overlapping points with mg < myy, for which X{X{ — WTW~ is below thresh-
old) it is the points for which the LSP is dominantly singlino that have large enough Qh?
to fall in the WMAP window.

Also plotted in Fig. 8.21 is the spin-independent direct detection cross section, o'

as a function of mgo. First of all, we note that the 2012 XENON100 limits on ¢°" are
obeyed by all the points that have Qh? in the WMAP window, even though our scans
only implemented the 2011 XENON100 limits — indeed only a modest number of the
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Qh? < 0.094 points are inconsistent with the 2012 limits. The ¢! plot also shows that
experiments probing the spin-independent cross section will reach sensitivities that will
probe some of the ¢! values that survive the 2012 XENON100 limits relatively soon,
especially the mso > 93 GeV points that are in the WMAP window (region B). However,
it is also noteworthy that the mgo ~ 75 GeV points in region A can have very small ot

The fourth plot of Fig. 8.21 and fifth plot of Fig. 6.27 illustrate clearly the two cate-
gories of WMAP-window points. The first category (A) of points is that for which the X!
has low mass and large Higgsino component with tan 8 € [2,2.6] and A € [0.53,0.6]; ; the
second category (B) is that for which mgo > 93 GeV, tan 8 € [5,7] and A € [0.37,0.48] .

It is interesting to discuss whether or not any of the 98+125 GeV Higgs scenario points
are such as to describe the monochromatic signal at 130 GeV observed in the Fermi-LAT
data [382]. We recall that the observation requires (ov)(X?X}) — vy) ~ 1072"cm?/sec
(this quoted value assumes standard DM density, p ~ 0.3).'? The situation is illustrated
in Fig. 8.22 where we plot (ov)(XOX? — a1 — vy) vs. Qh? for just those points with
mzo € [125,135] GeV. (It is the s-channel a; diagram that can give a large (ov).) We
observe that points with QA2 in the WMAP window have values of (ov) four orders of
magnitude below that required to explain the excess. Those points with the largest (ov)
always have quite small QA% and hence ppys. Incidentally, we have checked that all the
points in our plots are fully consistent with the current bounds from the continuum =
spectrum as measured by Fermi-LAT [383, 384].

If the 130 GeV gamma ray line is confirmed, then the above questions will need to
be explored more carefully. That a fully general NMSSM (no GUT scale unifications)
can be consistent simultaneously with the WMAP window, (ov)(X2X) — a1 — 77) ~
10*"cm?/sec, a Higgs mass close to 125 GeV and 2011 XENON100 constraints was
demonstrated in [385]. However, the value of m,, has to be carefully tuned and the
125 GeV Higgs couplings to all particles (including photons) must be within 5% of those
for a SM Higgs boson of this mass, as consistent with the vy LHC rates being roughly

12Here, and below, v is the very small velocity typical of DM in the current epoch, v ~ 107 3¢, as
relevant for indirect detection of the X! through Y9X{ annihilations. This, of course, differs from the
velocity at the time of freeze out, which is substantially higher.
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Figure 8.22. We plot {ov)(XIX} — a1 — 77) vs. Qh? for just those points with
mgy € [125,135] GeV.

of SM size in this channel. Some general (non-NMSSM) theoretical discussions of the

130 GeV line in the context of DM appear in [386, 387].

8.5 Remark

The Higgs and DM sectors may be intimately connected. If this is true, then detecting
the signs of one of sectors could shine light on still hidden elements of the other. Com-
plementary to the searches at the LHC, programs of DM direct and indirect detection
provide important information on understanding the nature of DM. In contrast to the
effective theory approach, analyzing this information in a consistent framework requires a
more model-dependent approach. Therefore, it is of great interest to explore some of the

implications of recent developments in hunting for Higgs and detecting DM in the context

of as simple a framework as possible.
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CHAPTER 9

Outlook for future prospects

“Progress in Physics is to prove yourself wrong as soon as possible.”

— Richard Feynman

There is no doubt that the discovery of a new particle with mass of about 125 GeV
and properties that match very well those expected for a SM Higgs boson was a real
triumph of LHC run-1. However, one has to keep in mind that the present precisions on
the Higgs couplings are, roughly, of the order of tens of percent, so substantial deviations
are still possible. (The analysis for combining the ATLAS and the CMS data from LHC
run-1 is underway at the time of writing this thesis.) We are hoping that deviations from
SM predictions will become apparent via future precision analyses of LHC run-2 data and
provide clues to the nature of the ultimate BSM theory, since one believes that the SM is

certainly not the ultimate theory of physics.

Rather than being the end of the story, this sensational discovery has launched the
exploration of EWSB and, more importantly, brought the research in high energy frontier
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into a new era. It potentially opened a window into BSM physics such as an extended
Higgs sector, anomalous Higgs boson production mechanisms, or rare Higgs boson decay
modes. On the other hand, precisely measuring the properties of the new particle is also
urgent because it is critical in ascertaining whether the newly discovered particle is fully
responsible for EWSB and whether there are potential deviations from SM predictions.
One of the most important missions for the incoming LHC run-2 operation and other
future collider programs (i.e., the international linear collider (ILC) [388] and the circular
electron-positron collider (CEPC) [389], a project that is currently under discussion in
China.) is to determine whether the observed state is in fact the SM Higgs boson, or
whether it is just one SM-like degree of freedom of a non-minimal Higgs sector of a more
fundamental theory. This can be done on the one hand by direct searches for additional
Higgs bosons, and on the other hand by precision measurements of the couplings. Both
ways have been extensively demonstrated in specific models in this volume. Nonetheless,
in pursuing precise studies of the data, a truly model-independent approach, such as that
based on effective field theory (EFT), can be of great value. This is because this powerful
tool allows the data to be studied with minimal theoretical bias, without the need to know
all the details of the high scale theory, and to deduce general implications for electroweak

and TeV scale physics given whatever data is available.

In addition to likely representing a smoking gun for an extended Higgs sector and
associating with DM, the discovery of a SM-like Higgs at the LHC could also have far-
reaching implications for our understanding of how Nature works at its most fundamental
level, including many cosmological puzzles (for instance, the baryon asymmetry present
in the early universe and the origin of our Universe). Hence, it will also be a good idea to
utilize the Higgs boson as a bridge to address a number of topical problems, ranging from
BSM Higgs physics to DM and cosmology, allowing us to unravel the mysteries of our
Universe. But, this represents a broad and ambitious research program in parallel with
precise measurements of Higgs boson properties at the LHC and future electron-positron
and/or proton-proton colliders. Complementary to the searches at the LHC, programs

of DM direct and indirect detection provide important information on understanding the
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nature of DM. In contrast to the effective theory approach, analyzing this information in
a consistent framework requires a more model-dependent approach.

Finally, let us wait for the more exciting run-2 at the LHC. I anticipate that the
full 14 TeV data could either discover new physics or result in increased constraints on
particular well-motivated models and further reduce the errors/limits on the general EFT
parameterization. And a variety of ongoing experiments aimed at detecting DM will
either provide further limits or succeed in detecting DM. Either way, DM models will be
constrained and/or eliminated, thereby providing guidance to ongoing theoretical work.
As a young researcher, I am fortunate to be in the midst of an exciting time and will

certainly work extremely hard to contribute to these research areas.
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