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SYNOPSIS

With the observation of a scalar resonance around 125 GeV at the LHC, and hence
its identification with a Higgs boson, the particle spectrum of the Standard Model (SM)
appears to be complete. However, issues ranging from the existence of Dark Matter (DM)
to the pattern of neutrino mass continue to suggest physics beyond the SM. While the quest
for such new physics remains on, a rather pertinent question to ask is whether the SM
by itself can ensure vacuum stability at scales above that of electroweak symmetry breaking
(EWSB). This is because the Higgs quartic coupling evolving via SM interactions alone tends
to turn negative in between the Electroweak (EW) and Planck scales, thereby making the
scalar potential unbounded from below. This exact location of this instability scale crucially
depends on the pole masses of the top quark and the Higgs. However, the EW vacuum can
be stabilised till the Planck scale even for a top-mass near the upper edge of its allowed
band, by introducing additional bosonic degrees of freedom. In my thesis, I have explored
this possibility through several Higgs-sector extensions. I summarise the work carried out in
the following sections.

In one work, we have investigated the high-scale behaviour of a 2HDM. The results were
illustrated in the context of a Type-II scenario. We have used the theoretical constraints
of perturbativity, unitarity and vacuum stability to constrain the parameter space of the
model. The relatively less stringent constraints from oblique parameters, and also the LHC
constraints on the signal strength in each decay channel of a Higgs around 125 GeV have
also been taken into account. We found that a 2HDM with a discrete Z, symmetry (thereby
forbidding some cross-terms in the two doublets in the potential) cannot be valid beyond 10
TeV, since otherwise the requirement of keeping one neutral scalar mass around 125 GeV
cannot be met. With the discrete symmetry broken, on the other hand, it is possible to
fulfill all the constraints over a much larger region of the parameter space. Thus the theory
with a 2HDM can distinctly be valid up to energies as high as 10'® GeV or even the Planck
scale, without the intervention of any additional physics. This feature holds irrespectively
of the uncertainty in the measured value of the top quark mass, which is in contrast to
what is expected in the standard model with a single Higgs doublet. In addition, high-scale
validity of this scenario is not affected by the uncertainty in the strong coupling as(Mz).
The effect of a C'P-violating phase in the potential is also considered, it is found that one
can find regions in the parameter space valid up to high scales for at least one illustrative

s

value (viz. 7). The allowed regions of the parameter space, in terms of the various quartic



couplings as well as the scalar mass eigenvalues were presented by us in detail, in the light
of theoretical as well as collider bounds. The inclusion of Z, -breaking quartic couplings,
too, is found to retain the high-scale validity of the theory over a large region. Though
the study is based on a Type II 2HDM, many of the results obtained here are expected to
hold for a more general 2HDM as well. A situation where some departure can take place
is, for example one where the Yukawa coupling of the bottom quark becomes comparable
to, or more than, that of the top quark. One possibility to explore in such a case is to look
for those regions where the large number of quartic couplings can rescue the scenario from
an unstable vacuum. The results presented here are based on one-loop RG equations, in
consonance with most similar studies in the context of 2HDM. It should also be noted that
we call those regions in the parameter space as allowed, where the vacuum is strictly stable.
The inclusion of a metastable vacuum, with lifetime greater than the age of the universe,
will lead to larger allowed regions. On the whole, our conclusion is that it is possible to
validate a 2HDM till scales as high as the Planck mass without any additional physics.
While the issue of naturalness remains unaddressed in this statement, it is interesting to
see that no current experimental measurement or theoretical restriction can affect high-scale
validity, which is not the case for the single-doublet scenario. In another work, we have
looked at the possibility of a metastable vacuum in a Type-II 2HDM. Once the parameters
occurring in the scalar potential are subjected to RG evolution, additional global minima
may indeed occur at high scales. In a 2HDM, the strength of the fermionic contribution is
controlled by not only the top quark pole mass, but also by the ratio of vacuum expectation
values of the two doublets, which is named tan8. The t-quark Yukawa coupling can get
enhanced with respect to the SM. This can render the electroweak vacuum unstable or
metastable. This is found to happen in the direction of the scalar field hy , because the
quartic coupling Ao can be driven to negative values by the top-Yukawa coupling, at high
scales .Based on the results of this work, one would always expect a metastable model point
in the vicinity of a point allowing for absolute stability. However, tanf picks up a lower
bound from the requirement of metastability, which is tightened when one demands absolute
stability of the EW vacuum. The sensitivity of the results to the top pole mass has also
been emphasised. In an ongoing study, we are exploring the observability at the present
and future colliders, of a 2HDM that ensures a stable vacuum and a perturbative theory
till the Planck scale. As highlighted earlier, stringent constraints are put on the 2HDM
parameter space in the process. Particularly, the couplings of the non-standard scalars to

other bosonic states become small. In addition the mass spectrum of the non-standard scalar



bosons becomes quasi-degenerate. These constraints limit the observability of such a 2HDM
at colliders. In this study, we aim to study in detail the interplay between high-scale validity
and the discernibility of the scenario at the LHC and at a future muon collider. In the
LHC, signatures of the the C'P-even boson H and CP-odd boson A are studied through
their decays into the 41 and [*1~bb channel respectively. The search turns challenging given
the suppressed values of the interactions of H and A with the 125 GeV scalar h and the
SM gauge bosons. An analysis at the 14 TeV LHC, including detector effects, reveals that
H and A of masses around 500 GeV can be simultaneously observed with 3o confidence or
greater when the integrated luminosity is 3000 fb=! . The observability improves upon de-
escalating the cutoff scale. Radiative return at the muon collider yields sizeable production
rates of H or A. We have studied the observation their prospects through their subsequent
decay to the bb final state. The possibility to identify the C'P of the decaying boson by
studying their decays into separate final states, however, remains still open. In another
work, we have examined the high-scale validity of a scenario that (a) offers a scalar dark
matter, (b) radiatively generates Majorana masses for neutrinos, and (c) is responsible for
leptogenesis. For this, we extended the SM fields with one additional inert Higgs doublet field
(¢2) and three right handed neutrinos (N;). These new particles are odd under a discrete
Zy symmetry, while all the SM particles are even. Because of this discrete symmetry, ¢
does not acquire any vacuum expectation value (VEV) and has no tree-level couplings to
fermions. In this scenario, one has five physical scalars (h, H, A, HF), where, h is denoted
as the SM like Higgs boson with a mass of 125 GeV. The lightest state between H and A is
the dark matter candidate due to built in Zs symmetry. In our analysis we have assumed H
to be the dark matter candidate. The neutrino masses and mixing angles are determined in
terms of Yukawa couplings, new Higgs particle masses (My , M) and three heavy Majorana
masses (M 23). In our numerical analysis we have assumed M is mass of the lightest state
and considered two values, namely, M; = M = 110 TeV and 10° TeV. These two mass scales
are consistent with leptogenesis . For simplicity, in our analysis, we have considered only one
diagonal Yukawa coupling and to determine the value of this coupling, we have scanned over
My and M4 for a given value of M, by keeping M, ~ O(0.1 eV). An analysis combining all
the above physics issues was carried out. It was found that it is indeed possible to find a
parameter space that generates an 0.1 eV neutrino mass, keeps the dark matter relic density
and direct detection cross sections within their respective experimental limits, and, ensures
a stable EW vacuum and a perturbative theory till the Planck scale, simultaneously. One

more work in similar lines has been completed, which looks into the high-scale behaviour of



the scalar potential of a three-Higgs-doublet model (3HDM). In that study, we considered a
three-Higgs doublet scenario, invariant under the discrete group S3. We chose two particular
alignments of vacuum expectation values for our study, out of a set of several such possible
ones. All three doublets receive non-zero vacuum expectation values in the first case, and in
the second case, two of the doublets remain without VEV. The constraints on the parameter
space at low energy, including the measured value of the Higgs mass and the signal strengths,
oblique corrections and also measurements of relic density and direct detection rates were
juxtaposed with the conditions of vacuum stability, perturbativity and unitarity at various
scales. We found that the scenario with three non-zero VEVs is not valid beyond 107 GeV,
assuming no additional physics participates at the intermediate scales. On the contrary,
the scenario with only one non-zero VEV can be a successful model for cold dark matter
phenomenology, which also turns out to be valid up to the Planck scale at the same time.
Stringent restrictions were obtained on the model parameter space in each case. Thus, the

S3 symmetric scalar sector was deemed to be an ultraviolet complete theory.
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Chapter 1

Introduction

1.1 What is the Standard Model?

In nature, all phenomena at the fundamental level can be described in terms of the following

interactions among elementary particles :
e Strong Interaction
e Weak Interaction
e Electromagnetic interaction
e Gravitational Interaction

The Standard Model (SM) [1-5] of particle physics is a theory describing the electromag-
netic, weak, and strong interactions. It also classifies all the elementary particles discovered
till date. It is a Yang-Mills theory [6] based on the SU(3)¢ x SU(2), x U(1)y gauge group.
The theory of strong interactions is encoded in the gauge group SU(3)¢, where 'C’ stands for
the colour quantum number. The electromagnetic and weak interactions have a common ori-
gin in the SU(2), xU(1)y product group and are collectively referred to as ”electroweak(EW)
interactions”. The U(1) charge "Y” is named as the "hypercharge” in the SM'. Gravity is

not included in the SM framework; in fact, no proven quantum theory of gravity exists yet.

!The Standard Model has been reviewed comprehensively in [7-9]. Excellent books on the subject are

[10-13]
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Figure 1.1: The elementary particles forming the Standard Model.

1.2 Particle content of the SM

The SM is built of quarks, leptons, gauge bosons and the Higgs boson. Fig.1.1 below lists
all the particles and their masses. We discuss the various component fields one by one in

the following.

1.2.1 Fermionic fields

The matter content of the SM comprises quarks and leptons which are arranged in three
generations. The quarks and leptons transform respectively as triplets and singlets under
SU(3)c. An SM fermion f is chiral, implying that its left-handed (f, = $(1 — ) f) and
right-handed (fgr = %(1 + 75)f) components transform differently under the electroweak

gauge group. The left-handed fermions transform as doublets under SU(2),, whereas the

14



Field SUB)e | SU2)p T3 |UQ)y |[Q=T3+Y
1 2
ur, 5 >
Qr = 3 2 21 L 31
dp 3 3
ug 3 1 0 2 2
dr 3 1 0 —3 —3
v i 0
L= " 1 2 2 1
lL _% —1
Ir 1 1 0 ~1 ~1

Table 1.1: Charges of the SM fermions and scalars. C is the colour charge under SU(3)c
group, Ty is the third component of weak isospin of SU(2), group, Y is the hypercharge

quantum number of U(1)y group and Q is the electric charge.

right-handed ones are singlets under the same. Moreover, the hypercharges of the left- and
right-handed components are also different. The third component of the SU(2) isospin (73)
is related to the U(1) hypercharge Y and the electric charge @ by Q =75+ Y.

The left-handed quark doublet (), and lepton doublet L; are denoted as

0,="* and  Lp= ("), (1.2.1)
dL lL
Right-handed quark singlet gz and lepton singlet [z are given by,
qr = Ug, dg and g, (1.2.2)

where u represents the up-type quarks of the three generations wu,c,t; and d stands for
the respective down-type quarks d, s,b. The charged leptons are denoted by | = e, u, 7 with
the corresponding left-handed neutrinos v; = v,, v, v;. Right-handed neutrinos are absent
in the SM. We list below the fermionic quantum numbers in Table 1.1.

Various anomalies possible in the SU(2);, x U(1)y framework actually get cancelled due
to the fact that the SM fermions are chiral. Anomalies connecting one axial and two vector
couplings are bound to arise. The ones involving only SU(2) and SU(3) bosons are trivially
However one

zero. This follows from the algebra corresponding to these gauge groups.

expects anomalies involving one U(1) boson and two SU(2) bosons. This comes out to
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be proportional to > 1 Y7z, where the sum is over the left-handed SM fermions. Such an

anomaly cancels due to the fact that

fZLYfL = —(— %) —3(%) =0. (1.2.3)

Therefore the SM is a chiral gauge theory free of axial vector anomalies [14-17], and, this
is a direct fallout of the occurrence of an equal number of quark and lepton generations. The
same charge assignments are found to save one from other anomalies as well. For instance,
the anomaly involving one U(1) boson with two SU(3) bosons is proportional to »_ Y,
where the sum is over all quarks. For any one fermionic generation, this is found to vanish

since?
1 1 2 1
y, — _1_ 1. (2 R 1.2.4
Y= oot (5)(-3) 0 124

Moreover, the anomaly involving three U(1) bosons is proportional to Zf YJ?, where the

summation is over all the fermions. This also turns out to be zero since

2« (Y (Y e

B (Y] e

In eqns.(1.2.3), (1.2.4) and (1.2.5), the sum was carried out over a single fermion gener-

ation.

1.2.2 (auge fields

Then there are also gauge fields that ensure invariance under Ggy;. These are spin-1 enti-
ties that bear one-to-one correspondence with the corresponding group generators. In the
electroweak sector,the field B, corresponds to the generator Y of the U(1)y group and the
three fields W,;-** which correspond to the generators T* (with a = 1,2,3) of the SU(2),
group. The four gauge bosons By, W are thus mediators of electroweak interactions. The

Lie algebra spanned by T is thus

1
[T T% = €T with Tr[T°T"] = 55“’?, (1.2.6)

2An extra (-1) comes for left-handed fermions.
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where b€

denotes the structure constant for SU(2), which coincides with the antisymmetric
tensor in three dimensions. The generators of the fundamental representation of SU(2), are
thus 7% = %aa, where ¢ are the Pauli matrices.

Strong interaction is mediated by an octet of gluons, G;‘ [with A = 1,2...,8] which corre-
spond to the eight generators A4 of the SU(3)¢, which in the fundamental representation,

are 3 X 3 matrices known as the Gell-Mann matrices. These satisfy

1
MUNB] = fABONC with Tr]A\P] = §5AB. (1.2.7)
Here fABC¢ is the corresponding structure constant. To have a consistent dynamics of the

gauge fields, one needs kinetic terms of the gauge fields which are expressible in terms of the

following field strengths.

B, = 0,B,—08,B, (1.2.8)
W, = 9Wi—0,W+ g f*"WIWS (1.2.9)
G, = 0.G)—0,Gi + gs fAPCGEGS (1.2.10)

In the above, g» and g3 denote respectively the coupling constants of the SU(2), and
the SU(3)c groups. Having introduced the spin—% and spin-1 fields of the SM, and their
transformation properties under Ggys, we set out to construct a gauge invariant Lagrangian
for the SM.

1.3 Towards the SM Lagrangian

The kinetic terms for the gauge fields can be written as

1 vV 1 auv a 1 17
Lo = —3B"Bu = JWHW), - 1GHGL,. (13.1)

By virtue of their non-Abelian origin, the gluons and the SU(2), gauge bosons exhibit three-
and four-point interactions among themselves, unlike an abelian theory such as Quantum
Electrodynamics (QED). To construct the kinetic term of an SM fermion f of hypercharge

Yy, one defines the covariant derivative
Duf = (Ou—igYyBu —igsT"Wy — igsX" Gl ) f. (1.3.2)

In case f transforms trivially under any of SU(3)¢, SU(2) or U(1)y, the corresponding term

is absent from the covariant derivative. Given this definition and the quantum numbers of the
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different SM fermions under Gy, following becomes the kinetic Lagrangian of the fermions.
That is.

Li = QLiv"D,Q% + uin"Dyuy + digin! Dydiy + Liin* Dy, Ly + iy Dyl (1.3.3)

In eqn.(1.3.3), i = 1,2,3 denotes the generation (or family) index. Up to this point, the
fermions and the gauge bosons are massless since mass terms are disallowed by gauge invari-
ance. While this is in compliance with QED and QCD (Quantum Chromodynamics), where
both photons and gluons are massless, it is unacceptable for the gauge theory of weak inter-
actions, since both the charged (W#) and neutral (Z) gauge bosons have masses (My, & 80
GeV, Mz ~ 91 GeV). In addition, it has been also known for long that the electron also
carries a small mass of about 0.5 MeV.

A novel way to give masses to the fermions and electroweak gauge bosons is through a
spontaneous breakdown of the SU(2), x U(1)y gauge symmetry. This is popularly known

as the Higgs mechanism [18-20] and will be discussed in the subsequent section.

1.4 Generation of mass: The Higgs mechanism

The Higgs mechanism is implemented in the Standard Model by introducing a complex scalar
field ® which is a doublet of SU(2), with Y = 1, being expressed as

_ ("
() o

Therefore, D,® = <8u — i%ngu — iggT“Wﬁ><I>. Defining a corresponding scalar potential
V(®), the Lagrangian for the scalar doublet is then written as
Lo = (D'®)(D,®)—V (), (1.4.2a)
V(®) = p20Td + \(dTd)2 (1.4.2b)
Whenever p? < 0, > 0, ® develops a vacuum expectation value (VEV) given by

®y =< 0|®|0 >. The symmetry group SU(2);, x U(1l)y is spontaneously broken down to
U(1)q if a specific VEV is chosen. Then,

1 (.0
- a3



Minimising V(®) about the VEV leads to u?> = —Mv?. Upon spontaneous symmetry
breaking, the kinetic term in eqn.(1.4.2a) is responsible for generating the gauge boson

masses.

1 0
(D*®)'(D,®) — -+ =(0 v) (g2W 20" + g1 B,.) (20" + g, BY) ( ) e
v

8
102
o S BV OV (W B
(1.4.4)
One recognises in eqn.(1.4.4) the mass terms for the charged gauge bosons Wj:
1 v
W, = E(W; +W?) — My = 95 (1.4.5)
and for the neutral gauge boson Z,:
2= — (WP gB) — My— /o2 + g (1.4.6)
n 5 S92 Wy — 915, Z 92 912, el
92 + 91

while the orthogonal linear combination of Wlf and B, remains massless and corresponds to
the photon field (A4,):

1
Ay = ———=(W, + B, — Ms=0, (1.4.7)
93 + 97

the gauge boson of the residual U(1)g gauge symmetry. 6y, also known as the Weinberg
angle, is the angle by which the {W¢, B,} fields must be rotated to obtain {W3", Z,, A,}.
One then has

tanfy = g (1.4.8)
92
The photon A, interacts with the other SM fields with the electromagnetic coupling e =
gicosby = gosinfy,. Thus, e becomes the coupling corresponding to the unbroken U(1)g.
The relative strengths of the charged and neutral current interactions in a spontaneously
broken theory is measured by the p-parameter defined to be

2
My (1.4.9)

P MZcos2fy

Non-zero masses of the SM fermions are generated through Yukawa interactions involving

.
Ly = —ulQLbuy — QL0 - g L0, (14.10)
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In eqn.(1.4.10), yfj 4, denote the respective Yukawa couplings. Here, D = igy®* is again an
SU(2),, doublet with Y = —1. When & develops a VEV v, in terms of the flavour basis the
fermion-masses are 1, 4, = \%yu,dvev. These mass matrices are not in general diagonal, they
can be brought to diagonal forms by rotating to the ”mass basis”. Denoting the mass basis

using primed fields,
i = Ui,
o = Vi,
iy = Ufid,
dy = Vidi,
In the above Ur g and Vi, g are unitary matrices. As a result of this mixing, the charged

current interactions, i.e., the interactions of the quarks with W= are not flavour diagonal.

They assume the following form.

- 2(7L E/L ZF/L)’}/“W;VCKM(d/L S/L b/L)T + h.c. (1415)

V2
where Vogy = U;VL, stands for the Cabibbo-Kobayashi-Maskawa matrix (CKM) [21,22],
and has off-diagonal entries (as found in experiments) because the up- and down-quark mass
matrices are not diagonal in the same basis. It is parametrised by three mixing angles and

a phase and is given by [23]

[Via| = 0.97425 £ 0.00022  |V,,5] = 0.2253 £ 0.0008 |V| = 0.00413 £ 0.00049
Verkm = |Vea| = 0.225 4 0.008 V.| = 0.986 £0.016 |V =0.0411+00013 [. (1.4.16)
[Via| = 0.0084 & 0.0006  |V;s| = 0.0400 £ 0.0027  |Vj| = 1.021 £ 0.032

It should be noted that neutrinos still remain massless due to the absence of their right-

handed partners.

1.5 The SM Higgs and its interactions

The doublet ® can be expressed as

B ev@(@)7 0 SU(2) o) — 1 0
"= <v+h(x)) - ¢()_ﬁ<v+h(as)> ’ 1-51)

after which the scalar potential in eqn.(1.4.2a) becomes:

1 1 A 1
Lo = 1Ph* = Mol® = ' =~ MR — \/;Mhif” -t (1.5.2)
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Three degrees of freedom, the w*(x) Goldstone bosons, have been absorbed as the lon-
gitudinal components of the Wj and Z, weak gauge bosons. One real scalar field remains
as the Higgs boson h, with mass M?=—2u2 = 2\v? and self-couplings. The following scalar

self-interactions then follow.

M?
h—h—h— —3i—2 (1.5.3a)
(%
M?
h—h—h—h— =3i— (1.5.3b)
(%

Furthermore, some of the terms that we omitted in eqn.(1.4.4), define the coupling of the
SM Higgs boson to the gauge field V =W, Z:

M
h—VHE VY — 2j=— Y g (1.5.4a)
v
M
h—h—-VF-V"— 2iv—2‘/g“y (1.5.4b)

In addition, h does not couple to the photon at tree level. It is however important to
remark that couplings that are absent at tree level may be induced at higher order in the

gauge couplings by loop corrections.

1.6 Need for physics beyond the SM

The SM is not believed to be a complete description of nature for several compelling reasons,
some of which are directly connected to experiments. The others are primarily indicative
of certain theoretical inconsistencies. It therefore falls short of being a complete theory of

fundamental interactions. Such drawbacks are discussed briefly below.

1.6.1 Experimental evidences

e Fermion masses and mixings: A wide hierarchy amongst the fermion masses is noted
within the SM. In fact, the masses of the SM fermions range from sub-eV (neutrinos) to
100 GeV (top quark) spanning six orders of magnitude. The mixing in the quark sector
also has a generational structure, i.e, the largest mixing occurs between the generations
one and two, followed by mixing of two and three and finally, mixing between one and
three, which are the feeblest ones. There is nothing in the SM that explains this mass

hierarchy and the mixing amongst its fermions.
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e Non-zero neutrino masses: One of the most important findings suggesting the existence
of physics beyond the SM is the evidence for non-zero neutrino masses and mixings,
deciphered through neutrino oscillations. In SM, a neutrino is massless because of the
absence of the corresponding right-handed partner. In principle, neutrino masses can
be easily accommodated in the SM framework by postulating the existence of right-
handed heavy sterile neutrinos. But, the extreme smallness of neutrino mass, calls
for a deeper understanding. Also, the bi-large mixing pattern of neutrinos, as evident

from oscillation data, is very different from what is noticed in the quark sector.

e Dark matter: The standard model of cosmology indicates that the total mass-energy of
the universe contains 4.9% ordinary matter, 26.8% dark matter and 68.3% dark energy.
Although dark matter has not been directly observed, its existence and properties
are inferred from its gravitational effects. These include motion of visible matter,
gravitational lensing, as well as its influence on the large-scale structure formation in
the universe and on the cosmic microwave background. The SM fails to provide a

suitable candidate for particle dark matter.

e Baryon asymmetry: The baryon asymmetry problem in physics refers to the imbal-
ance in baryonic matter and antibaryonic matter in the observable universe. The Big
Bang should have produced equal amounts of matter and antimatter. However, an
asymmetry measuring 7, ~ 1077 is observed in the present day. According to the
Sakharov conditions, one possible explanation could come from CP-violation. In the
SM, C'P-violation arises mainly from the phase in the CKM matrix. However, it does
not have the requisite magnitude so as to account for the observed baryon asymme-
try. Dynamics beyond the SM therefore becomes necessary in explaining the observed

asymmetry.

o Anomalous magnetic moment of the muon: The measurement of the anomalous mag-
netic moment of the muon disagrees with the SM by ~ 3.4 [24]. This observation also

necessarily calls for physics beyond the SM.

1.6.2 Theoretical shortcomings

e The absence of a fully unified framework: Although the SM is a framework describing
the strong, weak and electromagnetic interactions, it fails to predict a common origin

of the three. In case of such a common origin, one would identify a bigger symmetry
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group in which Ggys could be possibly embedded. Then, the gauge couplings g1, g2
and g3 should unify at the breaking scale of the bigger group. However, assuming
no other dynamics apart from the SM participates till that scale, no such unification
is observed. Moreover, the SM model also fails to unify gravity with the rest of the

interactions, and thus, cannot be used to describe physics near the Planck scale.

The naturalness problem: In theoretical physics, a naturalness problem refers to the
presence of two separate energy scales corresponding to those of weak and gravita-
tional interactions. These scales are separated by an astounding seventeen orders of
magnitude. In such a setting, the Higgs boson mass is susceptible to large radiative
corrections. For instance, if the SM has a natural ultraviolet (UV) cutoff at Agyy,
then adopting the cutoff regularisation and working in the Feynman gauge leads to the

following one loop correction to the Higgs mass.

5M2—A%JV12>\ 32,90 6y? 1.6.1
h T 16n2 +191+192_ Y (1.6.1)

A quadratic sensitivity to the UV cutoff is noted in case of the Higgs [25]. Whereas,
the corresponding corrections to the SM fermions and gauge bosons display only a
logarithmic dependence on the same. This is due to the fact that the fermion and
gauge boson masses are "screened” by the gauge and chiral symmetries respectively
and there is no such symmetry in case of the Higgs. The coefficient of A%y, does not
vanish in the SM and upon taking Ayy ~ Mp;, one gets dM7? ~ 103 GeV?.

Any attempt to tame the naturalness problem necessitates the presence of physics
beyond the SM. The additional physics could be a theory like supersymmetry where
owing to identical interaction strengths of the Higgs with supersymmetric partner par-
ticles, the quadratic contribution to its mass gets identically cancelled. Also attractive
is the idea that the SM is a theory with spacetime dimensions higher than four with
the extra dimensions being compactified. Apart from these novel scenarios, one can
in principle address the hierarchy problem by introducing additional fields and relying

upon fine tuning.

The strong C'P problem: Theoretically it can be argued that the standard model
should contain a term that breaks C'P symmetry relating matter to antimatter in the
strong interaction sector. Experimentally, however, no such violation has been found,
implying that the coefficient of this term is very close to zero. This fine tuning is

considered unnatural.
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o Vacuum instability: In the SM, the Higgs quartic coupling can become negative around
10* GeV while evolving under renormalisation group, thereby rendering the EW vac-
uum unstable. In that case, the SM loses its attractiveness as a tool to describe

dynamics all the way up to the Planck scale.

1.7 Extended Higgs sectors

In the present section, we outline how the above shortcomings of the SM can be addressed
by just extending the scalar sector only. We discuss a few cases where the additional scalars

transform as multiplets of SU(2).

1.7.1  SU(2) singlet(s)

The SM is augmented by a complex singlet S [26] by adding the following terms to the SM

Lagrangian.
Ls = (0,9)7(0"S) — 2SS — AguSTSPIP — \g(S15)? (1.7.1)

The singlet can have interesting phenomenological implications. The physical scalars emerg-
ing in this case are the C'P-even neutral scalars h; and hs and a CP-odd A. In the post
Higgs discovery era, one always chooses either h; or hy to be SM-like. When S does not
acquire a VEV | it does not mix with ®, and consequently has a zero decay width. Therefore,
its C'P-even and odd components can be dark matter candidates. In the case when S does
receive a VEV| it potentially alters the interactions of the 125 GeV Higgs through & — §
mixing. Along with a modified phenomenology of the 125 GeV scalar, this scenario can also
open up new signals at the colliders. A particularly interesting variant of this model is one

where S is gauged under an U(1)yx [27], thereby enlarging also the gauge sector of the SM.

1.7.2 SU(2) doublet(s)

The SM Higgs sector augmented by additional SU(2), doublets has some spectacular fea-
tures. One of them is that being the p-parameter remains unity at tree-level. This be-
comes clear upon writing down the general expression for the tree level p-parameter for an

SU(2) x U(1) gauge theory in terms of the quantum numbers of the scalar multiplets. That
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is,

N 2
|GG +1) =Y |,
p = Y | (N ) = ¥Jui, (1.7.2)
23 i Y

In the above, T; and Y; denote the weak isospin and hypercharge of the i-th scalar multiplet
respectively, and v; is the VEV acquired by the neutral component of the corresponding
multiplet.

An N-Higgs doublet model (NHDM) is set apart from the other Higgs sector extensions
through its Yukawa sector. In an NHDM, a particular fermion has prima facie the scope of
coupling to all of the doublets. This can not only modify the Yukawa couplings of the scalar
identified with the 125 GeV Higgs, but also lead to unsuppressed fermionic interactions
of the additional scalars. This offers a multitude of testable predictions. Firstly, flavour
changing interactions can arise at the tree-level itself. Secondly, the scalar sector participates
radiatively in a precision calculation of the flavour physics observables.

The two simplest version of the NHDM are the 2HDM and 3HDM. We outline their main

features below?.

Two Higgs Doublet Models (2HDM)

The 2HDM is a well motivated scenario and have an indispensable presence in supersym-
metric models. There, the scalars are part of chiral multiplets and their complex conjugates
belong to multiplets of the opposite chirality. As multiplets of different chiralities cannot
couple together in the Lagrangian, a single Higgs doublet is unable to give mass simul-
taneously to the charge 2/3 and charge 1/3 quarks. Moreover, since scalars sit in chiral
multiplets together with chiral spin-1/2 fields, the cancellation of anomalies also requires
that an additional doublet be added. Therefore, the MSSM contains two Higgs doublets.
Another motivation for 2HDMs comes from axion models. Peccei and Quinn noted that
a possible C'P-violating term in the QCD Lagrangian, which is phenomenologically known
to be very small, can be rotated away if the Lagrangian contains a global U(1) symmetry.
However, this symmetry can only be imposed if there are two Higgs doublets in place of
one. Yet another interesting feature is that the 2HDM can account for the observed baryon
asymmetry in the universe owing to possible C' P-violating phases in the scalar potential.
2HDMs are also attractive from the perspective of dark matter and neutrino mass gener-

ation. The inert version of the 2HDM is a popular scenario predicting a scalar dark matter

3Most of the relevant references are given in the subsequent chapters.
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candidate. Besides, the well known Type-I seesaw mechanism requires two scalar doublets
for generating a correct neutrino mass. Some versions of the 2HDM are also known to
bridge the discrepancy between the experimentally measured value of the anomalous muon
magnetic moment and the corresponding SM prediction.

The most general renormalisable scalar potential for two doublets ®; and ®,, each having
hypercharge (+1),

A 2\ 2
V(@1,0:) = mb @0y +md, @0, —mi, (@10 + @)y ) + T (efer) + 2 (ofa,)

A 2 2
25 B[ 01 L, + Xy B2y B}y + 2 [(@{%) v (q>§q>1> 1

WSS (cb}% + c1>;c1>1> 4\ DL, (cb{cbz + @g@l) . (1.7.3)

The doublets can be parametrised in the following fashion,

| Sw
o= V2w, for i=1,2. (1.7.4)
\/E v; + hl + 1z

Here, v; and vy denote the vacuum expectation values acquired by the C'P-even neutral

components ®; and ®, respectively, with tanf = — Out of the 8 real scalar degrees of

freedom furnished by the two doublets, 3 get identified with the longitudinal modes of W*
and Z. In other words, they become the Goldstone bosons. The remaining 5 real scalars
are the physical fields and they manifest themselves as two C'P-even neutral scalars H, h, a
CP-odd scalar A, and, a charged scalar H*. The physical fields and the Goldstone bosons

are expressed as linear combinations of wz?t, h;, z; as under:

G* _ [ cosB  sinf wi (1.7.5)

ot)  \—sing cosp wy )’ o
G°\ [ cosp sinfB\ [z (1.7.6)
A} \—sin £ cosf 2] o
H [ cosa sin o hq (177)
h) \—sina cosa ho . o

In eqns.(1.7.5) and (1.7.6), GF, GO refer to the Goldstones. The mixing angle « is deter-

mined in terms of the quartic couplings and tanf3. A more elaborate account on the scalar

26



spectrum can be seen in [28,29]. Moreover, the expressions for the masses of the physical
scalars are also given in Chapter 3.

Turning to the fermionic interactions, one finds that a particular fermion doublet can
couple to both ®; and ®, in this case. For instance, the most general Yukawa interactions

involving the down-type quarks can now be of the following form:
— Ly = yLQLdidy + yEQ, Dod. (1.7.8)

An immediate consequence of eqn.(1.7.8) is the occurence of tree level flavour changing
neutral currents (FCNC) mediated by h, H and A. These are severely constrained by the
measurements on meson mixing. However, a 2HDM can still be salvaged by means of the
Glashow-Weinberg- Paschos theorem [30,31], which states that the tree level FCNCs can be
annulled by ensuring that a particular fermion doublet couples to only any one of the Higgs
doublets. This is realized by introducing a Z, symmetry which assigns respective charges to
the scalars and fermions. One example is where @1, the lepton doublets Q% and the d-quark
singlets d’, carry a positive Zy charge while ®; and the u-quark singlets d% have negative Zs,
charges. This gives rise to a particular scheme of couplings where the u-quarks couple to ®
and the d-quarks couple to ®;, thereby eliminating FCNCs. One obtains more such schemes

by changing the Z, assignments. This leads to the following four flavour conserving types of
2HDMs [28]:

e Type I: all quarks and leptons couple to only one scalar doublet @, ;

e Type II: &, couples to up-type quarks, while ®; couples to down-type quarks and
charged leptons (MSSM conforms to this category);

e Type X or lepton specific: &, couples to all quarks, while ®; couples to all leptons;

e Type Y or flipped: ®, couples to up-type quarks and leptons, while ®; couples to
downtype quarks.

There is also the option for preventing tree level FCNC by assuming the two Yukawa
matrices proportional to each other. This gives rise to the so called aligned 2HDM. However
Branco, Grimus and Lavoura (BGL) employed a global U(1) symmetry which textures both
Yukawa matrices in a certain way [28]. As a result of this the tree level Higgs FCNC cou-
plings get related to the off diagonal elements of the CKM matrix and thereby are naturally
suppressed.

Various relevant aspects of the 2HDM shall be discussed in Chapter 3, Chapter 4 and
Chapter 5. Important formulae are relegated to the Appendix A.
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Three Higgs Doublet Models (3HDM)

A 3HDM can be made to possess all the features of a 2HDM by virtue of the higher field
content of the former. However the SHDM stands apart for two distinct cases. First, there
is scope of spontaneous C'P-violation in a framework with three Higgs doublets. However
this may lead to a conflict with the experimental limit on the electric dipole moment of the
neutron, and the C'P-violating phase has to be somehow suppressed in order to alleviate
the problem. Second, a 3HDM can offer a solution to the fermion mass hierarchy problem.
This is possible since the three scalar doublets can replicate the three fermion generations if
the doublets are tied together by some discrete symmetry which also connects the fermion
generations. Such symmetries are generally called ’family symmetries’ [32, 33|, important
examples of which are Ay, Sy, S3 and A(27). A 3HDM endowed with an S5 symmetry is
what forms the content of Chapter 8. Important formulae related to it can be found in

Appendix C.

1.7.3 SU(2) triplet(s)

The principal motivation a SU(2)y, triplet scalar (A) is the generation of the masses of the
SM neutrinos through the Type-1I seesaw mechanism [34,35]. For a Y = 1 triplet, the kinetic

term and the scalar potential are

La = Tr[D,A)(DFA)] —mg (O10) + M?Tr (ATA) + {u (®"ico AT®) + hic.} + 2 (o®)”
A1 (@1@) Tr (ATA) + 2o {Tr (ATA)} 4 AT | (ATA)?]

1
i (@12A10) + o (Ma®” CiozAT® + hc.). (1.7.9)

Denoting the triplet VEV as va, the p parameter in this model is

2
20

p = 0+ 2B 2a

> ). (1.7.10)
The electroweak precision data constraints require the p parameter to be very close to its
SM value of unity: p = 1.000410500:. For this model, it accordingly translates to va < 5
GeV.

One can write down an Yukawa interaction between the scalar triplet and the lepton doublet

in this scenario:
1

Ly = —EYQ(UL)TC@@ALQ (1.7.11)
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the Majorana mass matrix for the light neutrinos obtained is

3 Nev?
MY = %ng. for va <<w (1.7.12a)
A

Therefore, Yéj va can be fixed using the low energy neutrino oscillation data as well as bounds
on lepton flavour violating processes. The current experimental observations allow a wide
region in the space spanned by ng and va, so long as their products are consistent with
data in the neutrino sector.

Apart from the aspects of neutrino mass generation, the scalar sector of the Type-II
scenario is also of interest. In particular, the presence of a doubly charged scalar in this

scenario leads to interesting signals at the colliders with lepton-rich final states.
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Chapter 2

Vacuum stability and related issues:

The role of the Higgs boson mass

As has been mentioned in the last chapters, along with several experimental observations,
some pressing theoretical issues also suggest the presence of physics beyond the SM. One such
issue is the instability of the SM vacuum under quantum corrections. In other words, if there
is no other dynamics other than the SM till the Planck scale (Mp;), the EW vacuum can get
destabilised at an intermediate scale. This takes place under the effect of renormalisation
group (RG). Moreover, the conclusions in this regard crucially depend on the masses of the
t-quark and the Higgs. Also closely connected to the Higgs mass are the notions of triviality
and perturbative unitarity. In this chapter, we seek to explore these connections and the

possible scope of physics beyond the SM in alleviating the vacuum instability.

2.1 Vacuum stability in the SM

As elaborated in the previous chapter, the Higgs potential in the SM is

V(0) = p20id + \(2T)% (2.1.1)
Spontaneous breakdown of the gauge symmetry is triggered whenever p? < 0,A > 0 in
eqn.(2.1.1), with the minimum of V(®) lying at v = 246 GeV. For A < 0, the potential
becomes unbounded from below thereby leading to tachyonic states. In other words, the
positiveness of the Higgs quartic coupling is directly connected to the generation of mass.

The SM being a renormalisable theory, the parameters therein vary with the dimensional

regularisation scale . The running of the parameters is dictated by the RG equations. Using
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th = log%, we list below the RG equations at one loop for the parameters SM A\, vy, g1, g2, 93,

dA 3. 3 9

167" = 24X° — (3¢7 + 995 — 120))A + Zof + Joio + gon — Oyl (21.2a)
dy, 9 9 17

1675 = ¥ —wlgen + 500+ 8a)). (2.1.2b)
d 41

0w = ot (2.1.2¢)
dgo —19

16m° 2 = > 2.1.2d

m dt 6 g2, ( )

dgs

W6y = T (2.1.2¢)

In eqns.(2.1.2a) and (2.1.2b), y; denotes the t-quark Yukawa coupling®. Negative signs in
the beta functions of g, and g3 (see eqns.(2.1.2d) and (2.1.2¢)) indicate that these gauge
couplings are ”asymptotically free”, that is, the higher is the energy scale u, the smaller
they become [36,37]%. A participation of all the quark flavours was assumed while deriving
% with ¢ = 1,2,3. Among the SM fermions, the dominant contribution to the evolution of
A of course comes from the t-quark owing to its large value compared to the others. This, in
combination with the fact the t-quark contributes with a negative term in the beta function
for A (By), leads to A(Q) < 0 at some energy scale p = @, thereby signalling a loss of
the stability of the EW vacuum [49-56]. Crucial to determining the exact location of the
instability case are the boundary conditions for the SM couplings, particularly those of A
and y,. The EW scale values of A and y; (at the input scale u = M;) can be expressed in

terms of the masses of h and the t-quark as follows.

AM,) = %}E(Hah(z\m), (2.1.3a)
y(My) = \/%)Mt(lJrét(Mt)). (2.1.3b)

In the above Mj, and M, are the pole masses of the Higgs and the t-quark [57-59], and, 05, (M;)
and 6;(M;) are the corresponding threshold corrections [60-62]. These arise when the tree-
level relations connecting A and y; respectively to M, and M, are modified by incorporating
loop effects [58,59,63,64]. A higher M, implies a larger value of A at the input scale and

thereby a larger bosonic contribution to 8. This aids towards stabilising the EW vacuum.

INot to be confused with the t-quark.
2The Yukawa couplings of the t-quark, b-quark and 7-lepton are denoted as vy, y» and y, respectively

here onwards.
3Computational details of two-loop beta functions in gauge theories can be found in [38-48].
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On the other hand, a higher value for M, signals the onset of an unstable vacuum at a lower
scale.

In the recent past, sophisticated analyses of the fate of the EW vacuum within the SM
have occurred. For instance, [65] employs three-loop beta functions for the A and y; and the
respective threshold effects up to two-loop order. Such being the sensitivity, the following

threshold corrections were obtained:

My,

A= M) = 0.12604 + 0.00206 —125.15
M,
—0.00004 —173.34) £ 0. 9.1.4
0.00004( - — 173.34) £ 0.000304, (2.1.4a)
M, ay(My) — 0.1184
M) = o . — 173.34) — 0.00042
vl = M,) 0.93690 +0.00556( - — 173.34) — 0.000 ( e )
£0.00050,,, (2.1.4b)
M
gi(u=M,) = 0.35830 + 0.00011( Geif —173.34)
My — 80.384 GeV
—0.0002 9.1.4
0.000 0< 0.014 GeV ) (2.1.4c)
M
go(i= M) = 0.64779 + 0.00004( Geif ~173.34)
My — 80.384 GeV
00011 2.1.4
+0.000 ( 0.014 GoV ) (2.14d)
ay(My) — 0.1184
~ M) = 11 00314
gs(p = M,) 666 + 0.003 ( e )
M
—0.00046(— — 173.34). (2.1.4e)

GeV
In eqns.(2.1.4b)-(2.1.4e), as(My) stands for the strong coupling constant at the energy

scale 4 = M. The precision of the analysis is further enhanced by computing the radiative
corrections to A such that one obtains a A.g = A+ finite corrections. In that case the Higgs
potential becomes V(h >> v) = $Aeg(h)h*. Two loop corrections to the SM Higgs potential
are calculated in [62]. Along with the corresponding two-loop corrected input scale values
of the gauge couplings, the dependence of the evolution trajectory of Aeg on the pole masses
and as(Myz) can be determined [66]. This is illustrated in Fig.2.1.

The evolutions of y; and g; are not shown separately in Fig.2.1. However, we mention
in this context that they remain perturbative and are fairly weak at high energy, becoming
roughly equal in the vicinity of the Planck mass. As the running of the Yukawa couplings of
the other quarks and leptons are very small, these are not included in this analysis. Upon

RG evolution, it is seen that value of A at the Planck scale is negative [65], albeit small.
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Figure 2.1: The RG evolution of A\ as a function of the energy scale u for a fixed M), and

three different sets of M; and ag(Myz). This figure is taken from [65]
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M, a,(My) — 0.1184
AMMp) = —0.0143 — 0. —173.34) + 0.001
(Mpy) 0.0143 — 0.0066( - — 173.34) +0.00 8( e )
+0.0029( M _ 95 15) (2.1.5)
0029( 51 15). 1.

In eqn.(2.1.5), Mp, denotes the Planck scale. Therefore in the current framework, the
EW vacuum ceases to be the global minimum whenever V(h >> v) < V(h = v). The
condition for Aeg > 0 up to the Planck scale translates into the following bound on the Higgs

boson mass [65].

(as(My) — 0.1184)
0.0007

My, > 129.6 GeV + 2.0(M, — 173.34 GeV) — 0.5GeV +0.31,GeV(2.1.6)

It is inferred from eqn.(2.1.6) that whenever M, is at the upper edge of its allowed band, M,
too has to be correspondingly high so as to allow for a stable EW vacuum till the Planck
scale. One uses M; = (173.34 £ 0.76xp, = 0.34n) GeV to take into account the uncertainty in
the t-quark pole mass [67]. The experimental error on the Higgs mass is already fairly small
and is expected to get further reduced by future measurements in the LHC. The main source
of uncertainty in eqn.(2.1.6) comes from M;. Therefore, any refinement in the measurement
of the t-mass is of great importance for the question of EW vacuum stability. Therefore, in
the wake of a situation where a more precise value of the t-mass is awaited, one finds that
the central values of Mj, and M, do not stabilise the vacuum all the way up to the Planck
scale. Then, the effective quartic coupling A.g becomes negative around ~ 10!* GeV, thereby
ruling out the candidature of the SM as a consistent theory till the Planck scale.

However, one may still rescue the SM, if the EW vacuum is shallower than the ‘deeper
vacuum’ at a high scale, and the lifetime of tunnelling from the former to the latter is larger
than the age of the universe. This corresponds to a scenario with a ‘metastable’ vacuum.
In order to understand the point better, an outline of the computation of the tunnelling

probability is in order.

2.1.1 Tunnelling probability

In a scalar field theory permitting two vacua, the solution to the classical equation of motion
in the Euclidean form is commonly known as the 'bounce’ [68,69]. It actually interpolates

the two vacua. Now, the SM Higgs potential in eqn.(1.4.2b) of Chapter 1 is expressed as

1 1
V(h) = = 5m2h2 + Avh® + ZAh‘* +... (2.1.7)
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where the dots in eqn.(2.1.7) stand for the Goldstone terms that vanish in the unitary gauge.
We assume that the quantum corrections to V(h) can be absorbed in the running coupling
Aefr(11), renormalized at a scale p ~ h. To a good accuracy, V(h > v) = fAg(h)h* . In
general, the bounce Hy(r) of depends only on the radial coordinate r* = z,x, [68]. In that
case, it becomes invariant under an SO(4) symmetry which is indeed a manifestation of
the Lorentz symmetry in an Euclidean spacetime. In such a case, the classical equation of

motion reads [70]

d*H, 3dH,
— 0,0, Hy, +V'(Hy) = — — =+ V'(Hy) =0. 2.1.8
12 ¥ b+ ( b) dTQ r d?" + ( b) ( )
The appropriate boundary condition is
H;(0) =0 ,Hy(o0) =v—0. (2.1.9)

Solving for the bounce gives

[ 2 9R
Hy(r) = | —— =% 2.1.1
o(r) [ Aeps| T2+ R? (2.1.10

The arbitrary parameter R [70] appears in the expression of the bounce since, because of
our approximations, the potential is scale-invariant: at this level, there is an infinite set of
bounces of different sizes that lead to the same action. In fact, this can also be related to
the dimensional regularisation scale p. The ’classical action’ denoted by Sy[H,] is defined as

the Euclidean action evaluated on the classical trajectory given by H,(r). One obtains in

this case
872
SolHp] = —. 2.1.11
0[ b] 3|)\eff| ( )
We then use the following classic formula for tunnelling probability (p):
p=THu* exp [—SO[Hb]]. (2.1.12)

In eqn.(2.1.12), Ty refers to the universe’s age. In case of the Higgs, the probability of

tunnelling to the deeper vacuum therefore is given by [70]

87 ] (2.1.13)

3| At (12)]|

One fixes i to the scale where the probability is maximised, and, it turns out that

dldo;% = 0 at Q = u. Using Ty ~ 10'° yr and requiring that the vacuum tunnelling lifetime

is always higher than the lifetime of the universe is tantamount to the condition [70]

—0.065
Aot (h) > .
#2001 (v/p)

p=Typ" exp [—

(2.1.14)
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Figure 2.2: 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
nonperturbativity 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 as(My) = 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 1o variations of ag(Mz) = 0.118440.0007, and the grading of

the colours indicates the size of the theoretical error. This figure has been taken from [65]

In other words, whenever A < 0, the EW vacuum can be metastable if A\.g does not take far
too negative values. Therefore, for certain values of M; and M}, the EW vacuum in the SM

is metastable. This apparent criticality is seen in Fig.2.2.

2.2 Bound from triviality

In case, h strongly couples to itself and A is larger than the other SM interaction strengths,
all terms but the O(A\?) one can be dropped from eqn.(2.1.2a). Then, eqn.(2.1.2a) can be

exactly solved to give

NQ) = Aw)[L- i)\(v)logcg—j - (2.2.1)

472

Thus, the Higgs quartic coupling varies logarithmically with the squared energy Q2. For

energies much smaller than the EWSB scale, i.e., for () << v, the quartic coupling becomes
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extremely small and eventually vanishes. It is then said that the theory is trivial, i.e. non
interacting since the coupling is zero (see [71-74] for more details). In the opposite limit of
() >> v, the quartic coupling grows and eventually becomes infinite around the energy scale
Qp=v exp(%), commonly known as the Landau pole. This could be circumvented in
the following two ways. First, one could demand A(v) = 0, i.e., the SM to be trivial theory
again. Alternatively, since the location of ()p depends critically on M}, one could predict
a corresponding bound on it such that Qp < A is ensured, where A denotes an hitherto
unknown cutoff of the SM. As seen from the expression for Q) p, if A is large, the Higgs must
be accordingly light to avoid hitting the Landau pole prior to the cutoff. For instance with
A =10 GeV, one requires, M;, < 200 GeV. In turn, if the cutoff is small, the Higgs boson
mass can be rather large and for A ~ 103 GeV for instance, the Higgs mass is allowed to be
of the order of 1 TeV.

In particular, if the cutoff is at the Higgs mass itself, then demanding a finite A implies
My, < 700 GeV. But then, there is the following caveat: when A is too large, one cannot
use perturbation theory any more and therefore, this constraint is lost. However, from
simulations of gauge theories on the lattice, where the non-perturbative effects are properly
taken into account, a more rigorous bound of M, < 740 GeV is obtained. One can of course
can adhere to a more stringent version of the triviality bound, which is to demand that A
remains altogether perturbative (< 4m) till A. However, if the discovered scalar of mass
around 125 GeV has couplings exactly coinciding with those of the SM Higgs, then the
perturbativity of the theory is assured till as high as the Planck scale itself. Therefore in the
post Higgs discovery era, the bound from triviality is rendered redundant.

A combined bound on M, from both vacuum stability and triviality can be read from

Fig.2.3.

2.3 Bound from unitarity

As outlined in the previous chapter, the longitudinal components of the massive gauge bosons
in a spontaneously broken gauge theory bear a one-to-one mapping with the corresponding
Goldstone bosons. This apparent connection enables one to impose vital constraints on the
scalar sector by using scattering amplitudes involving the longitudinal gauge bosons. This
possibility was first explored in [75,76]. For instance, in the SM, the amplitude corresponding

to W} W, — W/ W, increases with the centre-of-mass energy of the scattering process.
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Figure 2.3: The allowed range of the Higgs mass in the SM versus the cutoff scale. Plot
taken from [72].
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In particular, we note

52 12
s—M? t—M|

1
Massrrg, WEW, — WIWE) = —ls+i= (2.3.1)

2

where s,t are the Mandelstam variables. Neglecting O(%) terms, the corresponding ampli-

tude involving the Goldstone particles is*

oM
v?

_l’_

Moopp(wfw™ — whew™) = (2.3.2)

The amplitude is decomposed into partial waves in angular momentum [, and subse-

quently the scattering cross section is computed by carrying out the angular integral in the

following.
M = 167 ) (20 + 1)a,Pi(cosh), (2.3.3a)
=0
1 e.)
o = % (20 + 1)?|ay|*. (2.3.3b)

1=0
The optical theorem equates the imaginary part of the forward-scattering amplitude to the

cross section as

la|* = Im(a) (2.3.4)
m(a)| < % (2.3.5)

In actual scattering processes, the strongest dependence on s comes from the [ = 0 terms.

For [ = 0 therefore, we get

Im(ao)| < (2.3.6)

2
In other words, the corresponding amplitude M;—y must now be bounded above at 87 as
seen from eqn.(2.3.3a) Hence, using the optical theorem for the amplitude in eqn.(2.3.2)

predicts an upper bound on the Higgs mass. That is,
My, < 870 GeV. (2.3.7)

The above discussion captures the essence of how perturbative unitarity leads to upper
bound on the mass of a scalar in a spontaneously broken theory. Of course a more sophisti-
cated treatise is to couple wTw™ scattering with other possible channels. That is, one must
compute amplitudes amongst the states {wtw ™, wth,w'z, 2z, hh, zh} and construct an am-
plitude matrix accordingly. In that case, a stronger bound of M;, < 710 GeV is obtained by

demanding that each eigenvalue of the aforementioned matrix does not exceed 8.

4w*, 2 denote the Goldstone bosons.
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2.4 Need for an extended Higgs sector

This chapter emphasises that, in absence of dynamics beyond the SM, the EW vacuum can
be stabilised till the Planck scale if and only if the t-quark mass is at the lower edge of
its uncertainty limit. More precise measurements of the same could rule out any hope of
salvaging the vacuum till the Planck scale. In such circumstances, one way to ameliorate
this problem is to introduce additional bosonic degrees of freedom into the theory, preferably
by extending the SM Higgs sector. With additional bosons also come additional quartic
couplings. These bosonic fields modify the RG evolution trajectories of the quartic couplings
by generating positive contributions in the beta functions (see for instance [77-79] and the
references therein).

The extensions of the Higgs sector as discussed in the previous chapter could be potential
candidates in this context. However in the process, one faces the following possibilities. First,
a plurality of scalar fields opens up a higher number of directions in field space. In that case
the vacuum has to be stabilised in each of these directions. Second, the bosonic contribution
could get enhanced to such an extent so as to make the quartic couplings non-perturbative
somewhere below the SM instability scale. This would defeat the very cause of invoking
additional scalars. Balancing between these two issues calls for identifying specific allowed
regions in the parameter space of the the Higgs sector. One thus derives important results by
demanding that the theory remains perturbative and offers a stable vacuum till the Planck
scale (or some high scale). We present such analyses for a few extended Higgs scenarios in

the subsequent chapters.
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Chapter 3

High-scale validity of a

two-Higgs-doublet scenario: a study

including LHC data

3.1 Introduction

The Higgs sector of the electroweak standard model continues to appear enigmatic from sev-
eral angles. The existence of such a sector, comprising at least one scalar doublet, and driving
the spontaneous symmetry breakdown SU(2), x U(1)y — U(1)¢ is almost impossible to
deny now. It is also widely agreed that the Large Hadron Collider (LHC) has found [80, 81]
a neutral boson with mass around 125 GeV, which is almost certainly of spin zero [82] and
dominantly a C'P-even field [83-86]. However, despite the properties of the boson being
consistent with that of the SM Higgs, rather persistent enquiries are on, to find out whether
the electroweak symmetry breaking sector also contains some signature of physics beyond
the standard model. The LHC data till date leaves room for such new physics.

Two sets of standpoints are noticed in such enquiries. First of all, with spin-1/2 fermions
showing family replication, it is not obvious why the part of the matter sector containing
spin-zero particles should also not have similar repetition. With this in view, multi-doublet
scenarios are under regular scrutiny, the most widely investigated models being those with
two Higgs doublets [28,87] (as emphasised in Chapter 1). An extended electroweak sym-
metry breaking sector entails a rich phenomenology, including additional sources of C'P-

violation [88]. Of course, scalars belonging to higher representations of SU(2) have also
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attracted attention, especially triplets which can play a role in the so-called Type-II mech-
anism of neutrino mass generation [35]. Secondly, even with just one doublet (leading to a
single physical scalar), the Higgs mass is not stable under quadratically divergent radiative
corrections [25], and it is somewhat artificial (or ‘fine-tuned’) to have a 125 GeV Higgs if the
cutoff for the SM is much higher than a TeV or so. Furthermore, it is also not clear that
the SM scalar potential retains a finite and stable minimum at high scales. As discussed
in Chapter 2, the next-to-next-to-leading order (NNLO) study [62,65] finds that absolute
stability up to the Planck scale requires [62]

M, > 129.6 GeV + 2.0(M, — 173.34 GeV)
as(Myz) — 0.1184)

(
0.5 GeV 0.0007

+ 0.3, GeV. (3.1.1)

Thus, for the yet uncertain measurement of the top quark mass, which is crucial in governing
the evolution of the Higgs self-coupling via Yukawa interactions, we may be doomed to live in
an unstable vacuum if no new physics intervenes within the scale 10371 GeV [65], [89], [62],
[56], [90], [91]. Therefore, the ultraviolet incompleteness of the current scheme of electroweak
symmetry breaking looms up as a distinct possibility, even if one disregards the somewhat
philosophical issue of naturalness.

In this chapter!, we follow these two standpoints in tandem. We take up a two-Higgs
doublet scenario as the minimal extension of the standard electroweak theory, assessing its
viability as well as sufficiency modulo all available constraints. The motivation for the study
is that the proportionality constant between the top quark mass and its coupling to the 125
GeV scalar is different from its SM value when more than one doublet is taken. Consequently;,
the dependence of the vacuum stability limit on the top quark mass is expected to be different.
However, one can make precise and quantitative statements on the matter only when one
takes cognizance of the exact scenario, and includes the complete set of renormalisation group
equations appropriate for it. This is precisely what we aim to do here, using a two-Higgs
doublet scenario at various levels of generality.

The desired suppression of flavour-changing Yukawa interactions is best implemented
by imposing a discrete symmetry on such models, thus preventing both the doublets from
coupling with 73 = +1/2 and —1/2 fermions simultaneously. It is possible to go beyond
such imposition and examine two Higgs doublets in a ‘basis-independent’ formulation [93-95].
However, we feel that our central issue, namely, the evolution of the Higgs self-interaction(s),

is amenable to a more transparent study if one adheres to a specific Yukawa scheme. With

'based on [92]
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this in view, we adopt the so-called Type-II scenario for our study [87], to illustrate our
point.

We begin by examining the situation when the discrete symmetry is exact, and derive
the constraints on the low-energy values of the parameters of this scenario. The lighter
neutral scalar mass being around 125 GeV is of course the prime requirement here, and
constraints from rare processes such as b — sy are also included. In addition, the constraints
from perturbativity of all scalar quartic couplings are considered, together with those from
vacuum stability. The parameter space thus validated is further examined in the light of
the perturbativity and vacuum stability conditions at high scales. Thus we identify the
parameter regions that keep a two-Higgs doublet scenario valid up to different levels of high
scales: an exercise that reveals rather severe limits. The same investigation is carried out for
cases where the discrete symmetry is broken by soft (dimension-2) and hard (dimension-4)
terms in turn, with the Yukawa coupling assignment remaining (for simplicity) the same as in
the case with unbroken symmetry. The effect of a C'P-violating phase is also demonstrated.
Finally, the regions found to be allowed from all the above considerations, at both low- and
high-scales, are pitted against the existing data from the LHC in different channels. Thus we
identify parameter regions that are consistent with the measured signal strengths in different
channels. This entire chapter is aimed at indicating how far a two-Higgs doublet model can
remain valid, not only at the LHC energy but also up to various high scales without further
intervention of new physics.

Although a number of recent studies have addressed some similar questions [96-98], the

present analysis has gone beyond them on the following points:

e [t is revealed in this chapter that the high scale validity of the theory is less sensitive to
the precise value of the top quark mass than in the SM. Regions in the parameter space
are identified, for which the theory has no cutoff till the Planck scale, even though the
top quark mass can be at the upper edge of the allowed band. Similarly, the high scale

validity of the model is insensitive to as(Myz).

e We find that it is rather difficult to retain the validity of a two-Higgs doublet scenario
well above a TeV with the discrete symmetry intact. Also, large values of tan 3,
the ratio of the vacuum expectation values (VEV) of the two doublets, are mostly

disfavoured in this case.

e With the discrete symmetry broken, the theory can circumvent ultraviolet cutoffs. .
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e We examine the constraints on the model including a C'P-violating phase [99-102]. In
fact, since the existence of a phase is a natural consequence of relaxing the discrete
symmetry, the high-scale validity of a two Higgs doublet model may be argued to be

contingent on the possibility of C'P-violation in the scalar potential.

e We have performed a detailed examination of the validity of the scenario at both
low and high scales, including dimension-4 discrete symmetry breaking terms in our

analysis. The LHC constraints are also imposed in this situation.

3.2 The two-Higgs-doublet scenario and the scalar po-

tential: basic features

In this chapter, we consider the most general renormalisable scalar potential for two doublets
®; and Py, each having hypercharge (41) (see eqn.(1.7.3) of Chapter 1),

A 2\ 2
V(@1,02) = mb 0y +md, @0, —md, (@10 +0fe ) + T (efer) + 2 (ofa,)

A 2 2
25 B[ 1 @1, + Xy B0y D)1 + 2 [(@1%) + (q>§q>1> 1

A B, (CDH)Q + c1>;<1>1> 4\ B, (@1@2 + <1>§c1>1> . (3.2.1)

The parameters mis, A5, A\¢ and A; could be complex in general, although the phase in
one of them can be removed by redefinition of the relative phase between ®; and ®,. Thus
this scenario in general has the possibility of C' P-violation in the scalar sector.

In a general two-Higgs-doublet model (2HDM), a particular fermion can couple to both
®; and Py(see eqn.(1.7.8) in Chapter 1). However this would lead to the flavour changing
neutral currents (FCNC) at the tree level [103-106] 2. As outlined in Chapter 1, one way
to avoid such FCNC is to impose a Zs symmetry, such as one that demands invariance under
®; - —P; and &y — P5. This type of symmetry puts restrictions on the scalar potential.
The Zs symmetry is ezxact as long as mis, A\g and A; vanish, when the scalar sector also
becomes CP-conserving. The symmetry is said to be broken softly if it is violated in the
quadratic terms only, i.e., in the limit where A\g and A7 vanish but m, does not. Finally, a
hard breaking of the Z, symmetry is realised when it is broken by the quartic terms as well.

Thus in this case, mi2, A¢ and A; all are non-vanishing in general.

2In context of a typical flavour changing scenario, it has been shown in [107,108] that the FCNCs are

stable under RG evolution to a fairly large degree.
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As mentioned in Chapter 1, we focus on a specific scheme of coupling fermions to the
doublets. This scheme is referred to in the literature as the Type-II 2HDM, where the down
type quarks and the charged leptons couple to ®; and the up type quarks, to ®5 [109].
This can be ensured through the discrete symmetry ®; — —®; and % — —%, where ¢
is charged leptons or down type quarks and i represents the generation index. Although
we start by analysing the high-scale validity of the model with ms = A\¢ = A7 = 0, we
subsequently include the effects of both soft and hard breaking of Zs in turn, which bring
back these parameters. The two simplifications that we still make are as follows: (a) the
phases of A\¢ and \; are neglected though that of m;y is considered, and (b) the Yukawa
couplings of ®; and ®, are left unchanged.

Minimisation of the scalar potential in eqn.(3.2.1) yields

0 0
(@)= v |, (@)= v |, (3.2.2)

V2 V2

where the VEVs are often expressed in terms of the ratio
tan § = 2 (3.2.3)
U1

We parametrise the doublets in the following fashion,

1 Swi
O = — V2w, for i=1,2. (3.2.4)

Since the basis used in V' (®q, ®3) allows mixing between the two doublets, one diagonalises
the charged and neutral scalar mass matrices to obtain the physical states. There are alto-
gether eight mass eigenstates, three of which become the longitudinal components of the W+
and Z gauge bosons. Of the remaining five, there is a mutually conjugate pair of charged
scalars (H*), two neutral scalars (H,h) and a neutral pseudoscalar (A), when there is no
C P-violation. Otherwise, a further mixing occurs between (H, h) and A. The compositions
of the mass eigenstates H and h depend on the mixing angle «.

In the absence of C'P-violation, the squared masses of these physical scalars and the

mixing angle o can be expressed as [110],

2
2 mip 1, A6
_ _Z 2 0 2.
mi 5505 2U ( As + s + )\7tﬁ> ) (3 53)
1
my. = mi+ 502 (As — A1), (3.2.5b)
1
m: = 3 [(A +B) —V(A-B)2+ 402} : (3.2.5¢)
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1
my = 5 [(A +B)+/(A- B2+ 402] , (3.2.5d)
2C
tan2a = 15 (3.2.5¢)
where we have defined,

A = mi‘s% + v2()\10?3 + )\53% + 2X655¢3), (3.2.6a)

B = mich+ v (\esh + Asch + 2A7s503), (3.2.6b)

C = —misacs + 07 [(As + \i)sacs + Aol + Ars3] - (3.2.6¢)

Furthermore, the interactions of the various charged and neutral scalars to the up- and down-
type fermions are functions of @ and . Their detailed forms in different 2HDM scenarios,

including the Type-II model adopted here for illustration, can be found in the literature [28].

3.3 Theoretical and experimental constraints

Next, we subject the Type-II 2HDM using various theoretical and experimental constraints
(though the most binding ones are often irrespective of the specific type of 2HDM). It
should be remembered at the outset that the most general Z, violating 2HDM has seven
quartic couplings, namely, A; (i = 1,...,7), in addition to tanf and mys, totalling to nine
free parameters. Though such a nine-dimensional parameter is prima facie large enough
to accommodate any phenomenology, the set of constraints under consideration below can
ultimately become quite restrictive.

We discuss the theoretical constraints in subsection 3.3.1, and take up the experimen-
tal/phenomenological ones in the subsequent subsections. It should be noted that the pa-
rameter space is being constrained in two distinct ways. Subsections 3.3.2, 3.3.3 and 3.3.4
list essentially low-energy constraints which apply at the energy scale of the subprocesses
leading to Higgs production. The various masses and couplings get restricted by the re-
quirement of satisfying them. However, while such a strategy is valid for the discussion of
subsection 3.3.1 as well, we additionally require the conditions laid down there to hold at
various high scales, too. This not only restricts the low-energy parameters more severely,
but also addresses the main issue asked in this chapter, namely, to what extent the 2HDM

can be deemed ‘ultraviolet complete’.
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3.3.1 Perturbativity, unitarity and vacuum stability

For the 2HDM to behave as a perturbative quantum field theory at any given scale, one must
impose the conditions |\ < 4m (i =1,...,7) and |y;| < V47 (i = t,b,7) at that scale®. On
applying such conditions, one implies upper bounds on the values of the couplings at low as
well as high scales.

Next, we impose the more stringent condition of unitarity on the tree-level scattering
amplitudes involving the scalar degrees of freedom. In a model with an extended scalar sector,
the scattering amplitudes are taken between various two-particle states constituted out of
the fields wi, h; and z; corresponding to the parametrisation of eqn.(3.2.4). Maintaining
this, there will be neutral two-particle states (e.g., ijj_, hihj, ziz;, h;zj) as well as singly
charged two-particle states (e.g., wgthj, wfzj). The various two particle initial and final
states give rise to a 2 — 2 scattering matrix whose elements are the lowest order partial
wave expansion coefficients in the corresponding amplitudes. The method used by Lee,
Quigg and Thacker (LQT) [111] prompts us to consider the eigenvalues of this two-particle
scattering matrix [97,112,113]*. These eigenvalues, labelled as a;, should satisfy the condition
la;| < 8m. Again, these conditions apply to high scales as well, if we expect perturbativity
to hold.

When the quartic part of the scalar potential preserves C'P [114,115] and Zy symmetries,
the LQT eigenvalues are discussed in [116-118]. For Ag, A7 = 0, we follow the procedure and
notation of [116] and [118]. However, the matrices for coupled-channel analysis including g
and A; are derived by us (see Myc and Mo in Appendix A.3). The general formulae
including Ag, A7, are given in Appendix A.3.

The condition to be taken up next is that of vacuum stability. For the scalar potential
of a theory to be stable, it must be bounded from below in all directions. This condition is
threatened if the quartic part of the scalar potential, which is responsible for its behaviour at
large field values, turns negative. Avoiding such a possibility up to any given scale ensures
vacuum stability up to that scale. The issue of vacuum stability in context of a 2HDM has
been discussed in detail in [77,96,98,119,120]

The 2HDM potential has eight real scalar fields. By studying the behaviour of the

quartic part of its scalar potential along different field directions, one arrives at the following

3The conditions are slightly different for the two types of couplings. The reason becomes clear if we note

that the perturbative expansion parameter for 2 — 2 processes driven by the quartic couplings is A;. The
corresponding parameter for Yukawa-driven scattering processes is |y; |
4See Chapter 2
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conditions [28,121],

vscl @ A >0, (3.3.1a)
vse2 1 A >0, (3.3.1b)
vsed 1 Az 4+ VA >0, (3.3.1¢)
vsed 1 Az + M — [ As| + vV Ake > 0, (3.3.1d)
vseh %()\1 + A2) + A3+ A+ A5 — 2|6 + A7 > 0. (3.3.1e)

The reader is reminded that the above conditions indicate a stable electroweak vacuum
and not a metastable one. The couplings in the general Z, violating Type-II 2HDM evolve
from a low scale to a high scale according to a set of renormalisation group (RG) equations
listed in Appendix A.1. If one proposes the UV cutoff scale of the model to be some Ayy,
it might so happen that the couplings grow with the energy scale and hit the Landau pole
before Ay, A second, still unacceptable, possibility is that of the LQT eigenvalues crossing
their unitarity limits. The RG evolution of the 2HDM couplings has been recently studied
in [122,123]. Finally, the stability conditions can get violated below Ayy, making the scalar
potential unbounded from below. All these problems are avoided if one postulates that all
of the conditions laid down above are valid up to Ayy, which marks the maximum energy

up to which the 2HDM can be valid without the intervention of any additional physics.

3.3.2 Higgs mass constraints

The spectrum of a generic 2HDM consists of a charged scalar, a C'P-odd neutral scalar
and two C'P-even neutral scalars. Since the LHC has observed a C'P-even neutral boson
around 125 GeV, we allow only those regions in the parameter space for which h, the lighter
neutral scalar, lies in the mass range 124.53 - 126.18 GeV which is within 20 error limits
following [124]. In addition, the charged scalar is required to have a mass greater than 315
GeV due to low energy constraints, coming mainly from b — sy [125,126]. The benchmark
points used by us are also consistent with B — 7v,, B, — pu*p~ and B°- B0 mixing [126,127].

3.3.3 Oblique parameter constraints

The presence of an additional SU(2) doublet having a hypercharge Y = 1 modifies the

electroweak oblique parameters [128]. It is to be noted that since the couplings of the fermions
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to gauge bosons remain unaltered even after the introduction of the second doublet, all the
additional contributions come from the scalar sector of the 2HDM. The oblique parameters

can be decomposed as,

S = Sear + AS (3.3.22)
T = Tou + AT, (3.3.2b)

where Sgy and Ty, denote the Standard Model (SM) contributions and AS and AT denote
any new physics effect. The central value is the contribution coming from the standard model
with the reference values my, o = 125.0 GeV and M, ,of = 173.1 GeV where M, denotes the
pole mass of the top quark. The expressions for AS and AT for a general 2HDM can
be found in [95,129-131]. The corresponding bounds have been collected from [132]. The
splitting amongst the scalar masses affects the T' parameter, which is linked to the custodial
SU(2) symmetry. Typically for mis = 0, T prevents large mutual splitting among states
other than the lightest neutral scalar. For mis # 0, the scalars other than the light neutral
one have masses ~ mjs. As mqo is increased, the masses approach the decoupling limit,
and in that case, the oblique electroweak constraints are naturally satisfied, as the 2HDM
approaches the SM in that case. The consistency with these parameters has nevertheless

been explicitly ensured at each allowed point of the parameter space.

3.3.4 Collider constraints

Apart from the theoretical constraints discussed above, we also strive to find the region of
parameter space of a 2HDM allowed by the recent Higgs data. The ATLAS [133-135] and
CMS collaborations have measured the production cross section for a ~125 GeV Higgs mul-
tiplied by its branching ratios to various possible channels. In our case, since the underlying
theory is a 2HDM, all the cross sections and decay widths get modified compared to the
corresponding SM values. For example, the production cross section of the light neutral
Higgs through gluon fusion will get rescaled in the case of a 2HDM due to the fact that the
fermionic couplings of the 125 GeV Higgs are now changed with respect to the SM values
by appropriate multiplicative factors. Similarly, the loop induced decay h — ~v will now
draw an additional contribution from the charged scalars. Some recent investigations in
this area can be found in [136-148]. Also, model-independent analysis of the data, which
impose constraints on non-SM couplings of the scalar discovered, have to allow such contri-
butions [149-154]. In order to check the consistency of a 2HDM with the measured rates in

various channels, we theoretically compute the signal strength p’ for the i-th channel using
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the relation: R Ri
rod X leca
—tprod 7 “Mdecay (3.3.3)

7
M et
Ryiam

Here Rprod, Réecay and Ryiqn denote respectively the ratios of the theoretically calculated
production cross section, the decay rate to the i-th channel and the total decay width for
a ~125 GeV Higgs to their corresponding SM counterparts. Thus, our analysis strategy is
to generate a region in parameter space allowed by the constraints coming from vacuum
stability, perturbative unitarity and electroweak precision data. We subsequently compute
i for each point in that allowed region and compare them to the experimentally measured
signal strengths, ji°, supplied by the LHC. This exercise carves out a sub-region, which is
allowed by the recent Higgs data, from the previously obtained parameter space. We have
implemented the Runge-Kutta algorithm to solve the RG equations through our own code.
The oblique parameters and the signal strengths to various channels have been computed
using standard formulae available in the literature. Moreover, the consistency of the obtained
results have been checked using the public code 2HDMC [155] at various parameter points.
For our numerical analysis, we have taken gluon fusion to be the dominant production
mode for the SM-like Higgs.> As for the subsequent decays of h, we have considered all the

decay channels mentioned in Table 3.1. We use 1o allowed ranges of ji’.

3.4 Results with exact discrete symmetry

In this section, we set out to obtain the allowed parameter space of a Type-II 2HDM
having an eract Z, symmetry consistent with the various theoretical and collider con-
straints described above. In this particular case, one naturally has mis = 0, Ag, A\7 = 0.
Thus, we scan over the quartic couplings \; (¢ = 1,...,5) within their perturbative limits
(A2 € [0,47] and A345 € [—4m,47]) and allow them to evolve from a low scale to a higher
scale, designated by Ayy. The RG equations for the evolution of all the Type-II 2HDM
couplings are listed in Appendix A.1. In our analysis, the scale from which the evolution
starts, has been chosen to be the top quark pole mass M; = 173.1 GeV. This pins down the
values of the Yukawa couplings at that scale through the relations 1, (M,) = v2my(M,) /v,
and y;(M;) = v2m;(M;) /v, for i = b and 7. Here m;(M,;) refers to the running mass of

SWhile other channels such as vector boson fusion (VBF) and associated Higgs production with W/Z
(VH) have yielded data in the 8 TeV run, the best fit signal strengths are still dominated by the gluon fusion
channel. Here our primary task is to check the high scale validity of the 2HDM. In that approximation, the

K-factors in o and og)s are taken to be the same.
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Channel Experiment i Energy in TeV (Luminosity in fb™!)
h — vy ATLAS | 1.5570:33 7 (4.8) + 8 (20.7)
h — 7y CMS 1.13752] 7 (5.1) + 8 (19.6)
h 255 41 ATLAS | 1.43%0:49 7 (4.6) + 8 (20.7)
h 25 4 CMS 1.007029 7 (5.1) + 8 (19.7)
2 2120 | ATLAS | 0.99793L 7 (4.6) + 8 (20.7)
h 2 219 CMS 0.83%92! 7 (4.9) + 8 (19.4)
h — bb ATLAS | 0.2075:%0 7 (4.7) + 8 (20.3)
h — bb CMS 0.911549 7 (5.1) + 8 (18.9)
h— 17 ATLAS | 1.4%9% 8 (20.3)
h— 717 CMS 0.917537 7 (4.9) + 8 (19.7)

Table 3.1: The signal strengths in various channels with their 1o uncertainties.

the j-th fermion at the scale M; in MS scheme [156], [157]. In particular, we have used
my (M) = M(1 — %as(Mt)) 6,

We obtain the allowed values of X\;(M;) (¢ = 1,...,5) which, in course of evolution
towards Ay, satisfy all the constraints of perturbativity, unitarity and vacuum stability at
all intermediate scales. We choose Ay = 1 TeV and tan § = 2 as an appropriate benchmark.

We display our scan results as allowed regions of parameter space in my—m 4 plane as well
in the my+ — a plane as shown in Fig.3.1. The oblique parameters play a role in restricting
the splitting between the masses. Moreover, demanding perturbative unitarity and vacuum
stability up to the TeV scale causes the allowed region to shrink further. In other words, for
any value of the masses not within the allowed region, the quartic couplings are such that,
if they are used as initial conditions in the RG equations, they would violate perturbative
unitarity or vacuum stability below the TeV scale. For example, vacuum stability up to the
TeV scale puts an upper bound on |A5| which in turn translates into an upper bound on m 4
(see eqns.(3.2.5a) and (3.3.1d)). The mixing angle o gets further constrained by the recent
Higgs data. Since, values of my and m4 chosen do not play a role in modifying the Higgs

signal strengths, we choose a benchmark my = 200 GeV and m4 = 300 GeV and project

6Unlike the SM, threshold corrections to the Yukawa couplings in a 2HDM are not available. So we only

retained the one-loop QCD correction which is the same as in SM.

51



500

4001

my (GeV)

200

1 L L 100 " L
300 325 350 375 400 425 450 100 200 300 400 500

my (GeV) my (GeV)

Figure 3.1: Theoretically allowed parameter spaces at Ayy =1 TeV, tan 8 = 2 and m3 =0
GeV for M; = 173.1 GeV. The region in the figure on the left is allowed concomitantly with
that in the figure on the right. Note that the allowed region shown will expand further if

tanf too is allowed to vary.

the allowed region in the my+ — « plane, shown in Fig.3.2.

Recent data indicate that M; the top quark pole mass is [173.0740.5240.72] GeV [127]".
Different values for M, (within the allowed band) necessarily alter the running masses as
well. However, choosing different values of the top quark mass does not cause any noticeable
change to the allowed region in the parameter space of scalar masses and mixing angle. Since
in this case, the RG running of the quartic couplings takes place over a relatively shorter
length of energy scale, i.e., from the electroweak scale to 10 TeV, the evolution trajectories
corresponding to different values of the top mass do not diverge apart from each other. For
example, it has been checked that the allowed space in terms of masses, where we have used
M; = 173.1 GeV, remains almost identical if M, takes any value between 171.0 and 175.2
GeV.

We thus can say that, in case of exact Z, symmetry, the uncertainty in the top quark
mass measurement has almost no bearing on the allowed region of the parameter space. This
result alerts us to a more important one that we obtain in the next sections, namely, the

high scale validity of the 2HDM irrespective of the measured value of the top quark mass.

"We have used the allowed range of the top quark pole mass as given in the above reference. The allowed

range changes slightly, according to the most recent result [158]
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Figure 3.2: Region allowed in the my+-a and my-m4 planes, by the theoretical constraints
and the recent Higgs data. In each case, the chosen benchmark values of the two other

parameters are given in the legend.

For B—a = /2, the 2HDM couplings of the 125 GeV Higgs to fermions and gauge bosons
are the same as the SM ones. In that case, the Higgs signal strengths to various channels
should match with the corresponding SM ones. Fig. 3.2 shows an allowed band around
a = f —m/2 = —0.46 thus validating this observation. Over the entire region marked with
red in Fig. 3.2, cos(f — «) is very small. As a result, my = 200 GeV is not ruled out by the
LHC data, since the ZZ and WW decay modes of H are suppressed.

To illustrate the RG running of the various couplings, the vacuum stability conditions

and the LQT eigenvalues, we choose the following initial conditions,

A (M) = 1.33, Ao(M;) = 0.90, A\3(M;) = 4.08, A\y(M;) = —2.13,and A\5(M;) = —1.79 .
(3.4.1)
This choice of boundary conditions for our illustration is aimed at keeping A; as low as
possible, with my, in the right range. We want to show that even with such a choice, the
theory violates perturbativity and unitarity below 10 TeV. Thus the impossibility of this
2HDM with mqs = 0 at high scale gets established. Fig. 3.3 describes the RG running of \;

with the aforementioned low values as boundary conditions. These values correspond to,

my, = 125.44 GeV, my = 210.00 GeV, my+ = 345.00 GeV,
ma = 330.00 GeV, a = 0.95 radian . (3.4.2)

93



'S
S
)
=}

R
=]
S

=3
=]

LQT eigenvalues(Q)
Stability conditions(Q)

20 L L L L L
225 25 275 3 325 35 375 4 2.25 2.5 2.75 3 3.25 35 2.25 2.5 2.75 3 3.25 35

log,o(Q/1GeV) log,o(Q/1GeV) logo(Q/1GeV)

(a) (b) ()

Figure 3.3: RG running of );, the LQT eigenvalues and the stability conditions with the
energy scale for tan 5 = 2 and my3 = 0. The horizontal lines in the leftmost figure (Fig.3.3a)
denote the perturbative limit and unitarity limit in the second figure (Fig.3.3b). Also a, by
and ¢y in the second figure (Fig.3.3b) are the LQT eigenvalues explained in Appendix A.3.
In the rightmost figure (Fig.3.3c), vsc3 and vsc4 represent the two stability conditions that
are defined in eqns.(3.3.1a)-(3.3.1e).

which is an allowed point in the parameter space, as shown in Fig. 3.2. Since \; starts
evolving from rather large a value, it rises steeply with the energy scale. For the value of tan 3
taken here, y, and y, have small initial values, and hence, they do not slow the evolution
curve down to any appreciable extent (see eqn. (A.1.2a) in Appendix A.1). On the other
hand, g, being the dominant Yukawa coupling in this case, prevents Ay to rise as sharply
as A;. The LQT eigenvalues (see eqn.(A.3.3) in Appendix A.1) a,, by and ¢, evolve in
a manner as shown in Fig.3.3b. Also, the stability conditions remain positive during the
course of evolution, as shown in Fig.3.3c. A different initial condition which has a higher
value of A;(M,) for instance, would lead to steeper evolution trajectories for the couplings.
Hence, the overall conclusions regarding high-scale validity of this scenario would not alter.

This leads to the observation that the various \; become non-perturbative below a scale
of 10 TeV. Also, it is seen that the LQT eigenvalue a, hits the unitarity limit faster than the
quartic couplings hit their perturbative limits. Thus, this example illustrates the interplay
among perturbativity and unitarity in determining the UV fate of this scenario and it appears
that unitarity often proves stronger as a constraint than perturbativity. It should also be
noted that all plots in Figs.3.1 and 3.2 use tan § = 2. This is because the quartic couplings

cannot be kept in their perturbative limits for tan 8 > 3. A wider scan over the parameter
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space corresponds to this observation. Also, one can generally conclude that in order to push

the UV limit of 2HDM to higher scales, one must look beyond the exact Z, symmetric case.

3.5 Results with softly broken discrete symmetry

This section illustrates the effects of the various constraints imposed on the model with non-
Zero Mya, i.e., in presence of a soft Z, symmetry violating term. The RG runnings of the
various couplings in the model are just like the ones in ezxact Z, symmetric case, the only
differences being in the expressions for the scalar masses as evident from eqn.(3.2.5). We scan
the model parameter space and look for points which satisfy all the theoretical constraints
up to Agy = 103,101,106, 10! GeV in Figs. 3.4, and 3.6. Validity of the model up to the
TeV scale, Grand Unification scale, Planck scale as well as v/ Mp; M.y is addressed in this
manner® The results in the figure show that as we go higher in Ay, the allowed parameter
space shrinks. The splitting amongst the scalar masses becomes the narrowest at the Planck
scale, albeit being dependent on the values of tan 8 and mqs.

An inspection of the results so obtained shows that as Ayy is pushed towards higher
scales, the allowed parameter space shrinks, and finally at the Planck scale, it is most con-
strained. For example, for tan 3 = 10, ms = 200 GeV and Ay = 10 GeV, the masses (in

GeV) are observed to lie in the following range,
my € [635,636], my+ € [619,652], ma € [618,653] . (3.5.1)

We note here that though m, does not appear in the RG equations themselves, it indirectly
puts constraints on A; through the mass constraints.

Since tan 8 determines the initial conditions for the Yukawa couplings, it does affect the
RG running of \;. Although my(M;) and m,(M,;) are small compared to m;(M,), for a
high tan /3, y,(M;) could be comparable to y;(M;) . This is the main motivation behind our
choosing tan f = 20. A change in the top quark mass is expected to modify the obtained

8Here Mp; and M.y represents the Planck scale and TeV scale respectively. The benchmarks chosen
are tan 8 = 2,10,20 and mi3 = 200,1000 GeV, which represent the electroweak and TeV scales. This also
keeps the 2HDM spectrum within the ultimate reach of the LHC. Having tan 5 higher than in the previous
section is possible in this case, so long as m1s is correspondingly large, thus generating an acceptable my. For
Ayy = 101,106,101 GeV, we project our allowed results as two dimensional contour plots in the my —m4
and my+ —a planes. In each row, the plots in the left- and right-hand sides represent concomitantly allowed

regions. This choice pins down the 2HDM parameter space in terms of the physically measurable observables.
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parameter space to a considerable extent. This fact is illustrated in Fig.3.5 where we choose
M; =171.0,175.2 GeV and highlight the difference in the parameter spaces so obtained. In
the subsequent sections, we keep M; = 173.1 GeV.It may be argued that in determining
the high scale validity of the model, the relatively less crucial role played here by the top
quark mass is just due to the larger number of free parameters in the 2HDM scenario. While
this is true in a sense, the analysis reported in Fig.3.5 was still required for the following
reason. To counter the downward evolution of Ay due to the top quark Yukawa coupling (see
eqn.(A.1.2b) in Appendix A.1), the participation of the other \; plays a role. However,
large values of these parameters may again violate perturbative unitarity, and in turn prevent
one from extending the theory to high energy scales. The lesson to learn from Fig.3.5 is that
valid regions in the parameter space can be found, which survive the above tug-of-war.
Consequently, a Type-II 2HDM may hold true till the Planck scale without any additional

new physics, even for high-end values of the top quark mass.
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Figure 3.5: A comparison of the allowed parameter spaces at Ay = 10 GeV, tan 3 = 2

and mqo = 1000 GeV for two values of M;, in the soft Z, breaking case.

The impact of the recent LHC data on the parameter space already allowed by the
theoretical constraints is shown in Fig.3.6. In this case, we pick up benchmark values of
my and my4 suitably to avoid the direct search constraints. In addition, these benchmarks
are chosen from a region satisfying the theoretical constraints up to the Planck scale. The
2HDM decay widths are sensitive to the mixing angles and the charged scalar mass and the
collider constraints carve out a subregion in the my+ — « plane.

The figure shows allowed bands around o =  — /2 in each case. Note that for scalar

masses ~ 1 TeV or more, the entire region allowed by the theoretical constraints is favoured
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by the Higgs data. This is precisely due to the decoupling of the heavier degrees of freedom
from the theory.

A small enough initial value of Ay causes A\o(Q)) to turn negative at some scale affecting
the vacuum stability of the theory thereby. To illustrate the point better, we choose an

initial condition,
A (M) = 0.03, Ao(M,;) = 0.39, \3(M;) = 0.49, A\y(M;) = —0.50 and A\5(M;) = 0.03, (3.5.2)

for the quartic couplings at tan8 = 2 and mis = 1000 GeV, out of the allowed set of
couplings which obey all the imposed constraints up to the Ayy = 10 GeV. These quartic

couplings expressed in terms of the masses and the mixing angle become,

mp, = 124.78 GeV, my = 1582.31 GeV, my+ = 1585.64 GeV,
my = 1580.56 GeV, a = —0.466 radian. (3.5.3)

We display the RG running of the )\;, the stability conditions and the LQT eigenvalues
in Fig.3.7. This choice of sample boundary conditions here is guided by a consideration
complimentary to that of Fig.3.3. Here we show that it is possible to identify points in
the parameter space, which correspond to the quartic couplings avoiding any perturbativity,

unitarity or vacuum stability constraints all the way up to the Planck scale.
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Figure 3.7: RG running of );, the LQT eigenvalues and the stability conditions with the

energy scale for tan § = 2 and my, = 1000 GeV in the soft Z, breaking case.

As indicated in Fig.3.7b, a. (@) grows most sharply amongst the other LQT eigenvalues

and hence violates unitarity just after crossing the Planck scale in this case. Thus it turns
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out that |a, (Q)] < 87 proves to be the strongest constraint in determining an upper bound
on |\;|. Evolution of \; and the stability conditions are shown in Figs.3.7a and 3.7c.

The most important observation that emerges from this part of the chapter is that the
2HDM can be valid all the way up to the Grand unification theory (GUT) scale or even the
Planck scale without the intervention of any new physics. This is true even if the top quark
mass 1s at the upper end of the currently allowed range. The additional quartic couplings can
counterbalance the effect of the Yukawa coupling threatening vacuum stability, while still
remaining acceptable from the standpoint of perturbativity. It is seen that we get allowed
parameter space for Ay = 10Y GeV corresponding to several values of tan f and mq,. For
too large an mqy, the contribution of the extra scalars decouples from the theory. In that
case, the RG running of the couplings below that ms is governed by the SM beta functions.
In that case, the stability of the electroweak vacuum is again more sensitive to the value
chosen for M,. This has been explicitly checked, for example with m;, = 10° GeV.

The strong coupling constant affects our analysis by determining the initial condition for
g3. Current measurements yield a value 0.1184 £0.0007 for as(Mz). In our analysis, we have
used a(Myz) = 0.1184 throughout. However, we demonstrate the effect of a 30 variation of
as(Mz) on the running of Ay, the quartic coupling where the effect is expected to be more

pronounced compared to the other ones.
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— a.=01184
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Figure 3.8: Running of )\, for three different values for a (M) in the soft Z, breaking case.

We took Ao(M;) = 0.39 in Fig.3.8. It is seen that the RG running is not significantly
altered even by a 3o variation of as(Myz). Hence, for any value of a;(Myz) within this band,
the parameter spaces will not change in a major fashion, and whatever constraints apply to

Ao(M;) will continue to be valid rather insensitively to as(Myz).
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The implication of having a complex m;y in the scalar potential [114,115] is also inves-

tigated here. We rewrite the quadratic part of the scalar potential as
Viuaa(®1, @) = mi, @[ 0y + mB,0L0; — [mi, | (P[0, + e 0L, ) (3.5.4)

The quartic couplings are kept real as in the previous case. The presence of an arbitrary
phase § in m?,, leads to a charged scalar H', three neutral scalars H;, H, and Hs which
are not eigenstates of C'P, and of course the charged and neutral Goldstone bosons. The
masses of the neutral scalars can not be obtained in closed form in this case, rather, the
corresponding mass matrix has to be diagonalised numerically. In the process of doing that,
we choose the lightest neutral scalar, say Hs to be around 125 GeV and the charged scalar
to have a mass higher than 315 GeV. The quartic couplings satisfying these conditions are
selected and are further constrained by the imposition of the theoretical constraints under
RG.

We have chosen the values § = 7, |mi2| = 200 GeV and tan 8 = 2 as benchmark. This
choice is illustrative. Constraints on the phase from, say, the electron dipole moment requires
full evaluation at each point in the parameter space. For more discussions, we refer the reader
to [159]. Scatter plots in mass planes are presented in Fig.3.9. For higher Ay, the bounds
on the scalar masses become tighter. To make the effect of the added phase in changing the
scalar masses, we also show the mass bounds in the situation with 6 = 0. We would like to
emphasise that it is not our purpose here to scan the allowed range of § for different values
of the mass parameters and quartic couplings. The point that we make is that the validity of
this 2HDM up to high scales holds even with a C'P-violating phase in the potential. ¢ = 7 is
chosen as a benchmark for this demonstration. A detailed study of the ¢ dependence of the
allowed parameter space and its phenomenological implications is the subject of a separate
project.

Our observation therefore is that the regions in the parameter space of a 2HDM, consistent
with UV- completion at the GUT /Planck scale, are dependent on the phase of the complex
parameter(s) of the scalar potential. Together with the less crucial role played by the top

mass uncertainty, this is the other important lesson to take home from this section.
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3.6 Results with quartic terms breaking the discrete

symmetry

We now come to the last part of the chapter where the Z, symmetry is broken both at the
soft and hard level (i.e., mia, Ag, A7 # 0 ). In this case however, the RG running of the
various couplings in the theory is different with respect to the soft breaking case, owing to
the introduction of A\ and A; (see Appendix A.1 for the complete set of RG equations).
While scanning the \; parameter space, we try to reduce the number of free parameters so
that the analysis does not become unwieldy. We therefore fix some parameters studied earlier
within their allowed ranges. In this spirit, we choose A;(M;) = 0.02 and A\g(M;) = A7(M,)
for computational convenience. A;(M;) has been deliberately chosen to be small so that it
respects perturbative unitarity even up to the Planck scale. As in the plots shown previously,
we present the allowed regions in the my — m4 and my+ — o planes which satisfy all the
conditions up to Ay = 103,101,106, 10 GeV. The benchmarks are tan 3 = 2, 10, 20 and
myo = 200, 1000 GeV. The results of the scans are shown in Fig.3.10.

The range over which the scalar masses are distributed can be seen in Fig.3.10. We note
that for mis = 1 TeV, the resulting scalar spectrum is almost degenerate. This is precisely
due to the fact that the theoretical constraints pin down the allowed values of \; to a rather
constricted range which also constrains the scalar masses and also the mixing angle in turn.

In the case where Ayy = 10° GeV, we show the subregions in the parameter spaces which
are also allowed by the recent Higgs data. Similar to the previous sections, the results have
been given in terms of allowed regions in the my+ — « plane for specific benchmark values of
my and my. The major constraint, however, comes from the signal strength corresponding
to h — ~~. It is clearly seen in Fig.3.11 that m,5 = 1000 GeV allows for a bigger region in the
parameter space that is allowed by the Higgs data at 1o level, compared to what mqo = 200
GeV does. This is obviously expected, given the fact that a high value of m, takes the
theory towards the decoupling limit, and thus the 125 GeV Higgs becomes SM-like. Hence,
the bounds predicted on the scalar masses and the mixing angle together by the theoretical
and collider constraints could be well tested in the next run of the LHC.

We demonstrate the UV-completion of the hard Zsy violating case by showing the RG
evolution of the various quartic couplings and stability conditions up to Ay = 10! GeV. We

choose the following initial conditions for the quartic couplings at tan f = 2 and mj, = 1000

GeV,
A (M) = 0.02, Ao(M,) = 0.48, M3(M,) = 0.40, \y(M;) = —0.30,
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Figure 3.10: The allowed parameter spaces for Ay = 10! (green),

GeV (red), in the Ag, A7 # 0 case. The tan § and mqs values are shown in the plots.
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As(My) = —0.01, Ag(M;) = —0.05 and A7(M;) = —0.05 . (3.6.1)

8]
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Figure 3.12: RG running of \; and the stability conditions with the energy scale for tan § = 2
and mqo = 1000 GeV, in the A\g, A7 # 0 case.

These particular initial conditions correspond to,

my, = 124.62 GeV, my = 1583.33 GeV, my+ = 1585.30 GeV,
ma = 1582.52 GeV, a = —0.467 radian , (3.6.2)

and is an allowed point in the parameter space corresponding to the benchmark my5 = 1000
GeV, tan 3 = 2 and Ayy = 10'° GeV. As explained just after eqn.(3.4.1), the low-energy
boundary values in are just illustrative. In all our scans (shown in Figs.3.1, 3.2, 3.4, 3.5, 3.6,
3.9, 3.10 and 3.11) to determine high-scale validity, a wide range of such boundary conditions
are employed. Thus there is nothing fine-tuned about eqns.(3.4.1),(3.5.2) and (3.6.1). As
shown in Fig.3.12, A3 increases most sharply whereas \s first plunges down due to the effect
of the O(y}) term in the RG equation (see eqn.(A.1.2b) in Appendix A.1) and then starts
increasing. Choosing same initial conditions for A\¢ and A; causes their evolutions to become
fairly similar. In this section, it should be noted that the allowed parameter spaces found
are not expected to be exhaustive as we have not scanned over all \;(M;) independently,
rather, have put A\ (M;) = 0.02 and A\¢(M;) = A\7(M;) while doing so. However, given the
similar structure of the 1-loop beta functions of A\g and A7 (see eqns.(A.1.2f) and (A.1.2g) in
Appendix A.1), the bounds obtained on them would have not substantially changed even

if an independent scanning would have been done.
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3.7 Summary and conclusions

We set out to investigate the high-scale behaviour of a 2HDM. The results are illustrated in
the context of a Type-II scenario. We have used the theoretical constraints of perturbativity,
unitarity and vacuum stability to constrain the parameter space of the model. The relatively
less stringent constraints from oblique parameters, and also the LHC constraints on the signal
strength in each decay channel of a Higgs around 125 GeV have also been taken into account.

We find that a 2HDM with a discrete Z, symmetry (thereby forbidding some cross-terms
in the two doublets in the potential) cannot be valid beyond 10 TeV, since otherwise the
requirement of keeping one neutral scalar mass around 125 GeV cannot be met. With the
discrete symmetry broken, on the other hand, it is possible to fulfil all the constraints over a
much larger region of the parameter space. Thus the theory with a 2HDM can distinctly be
valid up to energies as high as 10'® GeV or even the Planck scale, without the intervention of
any additional physics. This feature holds irrespectively of the uncertainty in the measured
value of the top quark mass, which is in contrast to what is expected in the standard model
with a single Higgs doublet. In addition, high-scale validity of this scenario is not affected
by the uncertainty in the strong coupling as(My). The effect of a C'P-violating phase in the

potential is also considered, it is found that one can find regions in the parameter space valid

up to high scales for at least one illustrative value (viz. 7) of the phase. The allowed regions
of the parameter space, in terms of the various quartic couplings as well as the scalar mass
eigenvalues are presented by us in detail, in the light of theoretical as well as collider bounds.
The inclusion of Zs-breaking quartic couplings, too, is found to retain the high-scale validity
of the theory over a large region.

Though we analysed in detail the Type-II 2HDM, many of the results obtained here are
expected to hold for a more general 2HDM as well. A situation where some departure can
take place is, for example one where the Yukawa coupling of the bottom quark becomes
comparable to, or more than, that of the top quark. One possibility to explore in such a
case is to look for those regions where the large number of quartic couplings can rescue the
scenario from an unstable vacuum. The results presented here are based on one-loop RG
equations, in consonance with most similar studies in the context of 2HDM.

It should also be noted that we call those regions in the parameter space as allowed,
where the vacuum is strictly stable. The inclusion of a metastable vacuum, with lifetime
greater than the age of the universe, will lead to larger allowed regions.

On the whole, our conclusion is that it is possible to validate a 2HDM till scales as

high as the Planck mass without any additional physics. While the issue of naturalness
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remains unaddressed in this statement, it is interesting to see that no current experimental
measurement or theoretical restriction can affect high-scale validity, which is not the case
for the SM.
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Chapter 4

High-scale validity of a
two-Higgs-doublet scenario:

metastability included

4.1 Introduction

Chapter 3 established a connection between the parameter space of a Type-11 2HDM,
and a stable EW vacuum till the Planck scale. Much of it is attributed to the presence
of additional bosonic degrees of freedom in such a case compared to the SM. To elucidate
the previous statement, the additional bosonic fields can offset the fermionic drag in the RG
evolution through introducing additional terms in the beta functions of the quartic couplings.
Although the results in the preceding chapter are for the Type-II 2HDM only, the qualitative
conclusions regarding restoration of vacuum stability remain similar even switching over to
the other Yukawa alignments.

It should, however, be remembered that the EW vacuum in the SM is acceptable over
a substantial region of the parameter space by being not stable but metastable [65]. It is
therefore of interest to investigate if the inclusion of a metastable vacuum also expands the
allowed parameter space of a 2HDM. With this view, we take up the following studies in

this chapter!.

e But is there a possible metastable vacuum in a 2HDM? Can such a balance between

'based on [160]
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the bosonic and fermionic effects be struck that indeed leads to an additional minimum

of the scalar potential, while prolonging the lifetime of the EW vacuum to a safe level?

e Studies on the high-scale validity of a 2HDM in the past were mostly confined to inves-
tigating absolute stability [92,161-166]. Some studies connecting higher dimensional
operators to Higgs metastability have occurred in the past [167,168]. Moreover, a
recent study on metastable vacua was done in a rather specialised kinds of 2HDM,
which is the well known inert doublet model [169]. There, the SM-like doublet faces
no alteration in its interaction strengths. It would be not only more interesting but
also phenomenologically more important to identify regions with metastable vacua in
a 2HDM where electroweak symmetry breaking (EWSB) is triggered when both the
doublets receive vacuum expectation values (VEV) [170]. Two possibilities thus open
up: (a) The scalar potential could furnish additional neutral minima around the TeV
scale in the slice spanned by the neutral fields in the two doublets, and, (b) Additional
minimum can appear when the scalar potential is improved by RG effects. Studies
related to metastability in types (a) or (b) above have been reported with, for exam-
ple, higher power terms in the potential. However, a thorough investigation of the
parameter space of say, a Type-II 2HDM, is not there yet. We wish to fill this void in
this chapter.

e As has already been substantiated in the previous chapter, a 2HDM (of, say Type-II)
allows enough of parameter space with a stable vacuum, without any new physics all the
way up to the Planck scale, even if the top mass is at its upper limit. The investigation
in this direction becomes complete only after checking whether and how the allowed
region expands, once the possibility of a metastable electroweak vacuum is also taken

into account. We aim to complete the picture with the studies in this chapter.

The chapter has the following plan. In section 4.2, we review the salient features of the
2HDMs. Section 4.3 is dedicated to a discussion on how a metastable vacuum can arise. We
also present an outline of the tunnelling probability computation in the same. Section 4.4
presents an overall strategy on how to look for a metastable vacua, and, also an account of the
various experimental and theoretical constraints taken while doing so. The numerical results
are highlighted in section 4.5 and finally the study is concluded in section 4.6. Important

formulae used in the analysis are given in Appendices A.1 and A.3.
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4.2 Model features.

The 2HDM scalar potential is the same as the one in Chapter 1 and Chapter 3 and we
also assume both the doublets receive VEVs through EWSB. We choose a real mq,, and
in addition, the terms proportional to A\¢ and A; have been neglected in this chapter. We
adhere to the Type-II 2HDM like what was done in the previous chapter. The quadratic

parameters mq; and moy can be traded off using the following EWSB conditions.
1 1
miv, = miyuy — 5/\121% — 5()\3 + Mg+ A5)v1v3, (4.2.1a)
1 1
MigUy = Miy0; — 5)\2@;’ — 5()\3 + Mg+ As)vgvs. (4.2.1Db)

Defining tanfg = 5—? as in chapter 1, the parameter space can be described using the basis
{maa, tanf, A1, Ao, A3, Ay, A5}, or equivalently, in terms of
{mq2, tanf, my, mu, ma, mpy+,cs_}. We choose the latter for the analysis in this chapter

and use the following equations to convert to the former.

1
Y— 22 <cim%+v2simi—m22i—z>, (4.2.2a)
B
1
Ay = oy (sim%{—i—vzcimi—m%z_{;), (4.2.2b)
B
2m? S9 m?
A o= —I “ (my —myp) — 52 4.2.2
3 02 +7)2825 (m3r —my,) 3505 ( ¢)
1 m?
A= = (my —2m] 2 4.2.2d
4 02 (mA mH+) + U25505 ( )
2 2
Ny = 2 [Ma (4.2.2¢)

In eqns.(4.2.2a)-(4.2.2¢), sp and ¢y are shorthands for sinf and cosf respectively.

4.3 The computation of tunnelling probability.

The existence of a large number of scalar degrees of freedom makes the vacuum landscape
of a 2HDM more elaborate and intriguing compared to the SM. Here we are confining
ourselves to the situation when the vacuum breaks neither electric charge nor C'P. Under
such circumstances, the EWSB conditions in eqns.(4.2.1a) and (4.2.1b) can lead to several
solutions, and at most two non-degenerate minima. In other words, apart from the EW

minimum in which the universe currently resides (v? + v3 = (246 GeV)?, named N), there
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exists another minimum somewhere around ((v})? + (vh)? # (246 GeV)?, named N’). [96]

finds the difference of depths of the tree level scalar potential at the two minima to be,

2 2
Ve — Vy = 4m12 (1 — Ulv?) (v1vh — vpv))2. (4.3.1)
V1V2

Vv
Thus there exists the tantalizing possibility that the 2HDM offers such parameter points for
which a neighbouring vacuum could actually be deeper than the one which corresponds to
the observed W — and Z— boson masses. The EW minimum then loses its status as the
global minimum and has been termed the panic vacuum in [96]. In those cases, computing
the lifetime of tunnelling to the non-EW minimum from the EW one becomes the pertinent
task. If the tunnelling lifetime turn out to be higher than the age of the universe, the non-
EW minimum cannot be ruled out. However, thanks to the data from the LHC on Higgs
signal strengths, the model points admitting Vs — Vy < 0 are more or less ruled out [96,171].
However, a new landscape of vacua can still open up if one investigates the RG-improved
effective potential in place of the bare tree-level one. In the context of the SM, it can be
understood as follows: The SM quartic coupling turns negative at some energy scale 1051
GeV (exact location of the scale depends on the choice of the initial conditions), after which
it again starts rising owing to the bosonic effects counterbalancing the negative top-Yukawa
drag. The fallout of this is the emergence of a new minimum beyond the scale where the
quartic coupling first becomes negative.

In a 2HDM, on the other hand, one has to handle the additional complication of having
a higher number of field directions. In addition, the effects of the various interaction terms
make it imperative to incorporate the effects of radiative corrections induced by the 2HDM.
Therefore, we choose to analyse the one-loop corrected effective potential [172] in place of

the tree level potential. One thus writes
%H(hla h?) = Wree(hly h2> + ‘/1100p<h1, h2) (432)

Here, Viree(h1, ho) and Vijoop(ha, ho) denote the tree level and 1-loop parts of the effective
potential, calculated along the h; — hy subspace.

For example, , the tree level potential reads

1 1 A A
Viree(h1, ha) = §m%1h% + §m§2h§ +mishihy + glh% + ghg
A3+ A+ A
$RENT S (4.3.3)
In the (hy, he) plane, it has the following expression [173],
1 4 M':l(h‘la h2)
‘/HOOP(hlv h2) = G472 zl:nzMZ (hl, h2) [h’l(T) —Ci|- (434)
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Where n; refers to the number of degrees of freedom for the ith field and ¢; are constants
whose values depend on the regularization scheme adopted. To list the constants explicitly,
nW:6,nZ:3,nt:—12,nh:1;anch:%,czzg,ct:%,ch:%. Moreover
1 refers to the renormalisation scale emerging as an artefact of dimensional regularisation.
M?(hy, hs) represent the field dependent mass squared.

The main theme of this work is to investigate possible high scale vacua in the context
of 2HDM using the general prescription suggested by Coleman. V.g(hq,hs) depends on
two variables, and hence, determining a classical solution interpolating the two vacua, even
numerically, becomes an extremely challenging task. Furthermore, a generic classical path
may not qualify as a "bounce” [68,69], i.e, it might not pass through the top of a barrier
separating two vacua. Coleman’s prescription does not apply in such a case. However,
one can always choose to look for additional minima along a particular ray in the h; — ho
plane. Under this approximation, the effective potential is reduced to a function of a single
variable again(that particular linear combination of h; and hy). In models such as Type-I
or Type-II 2HDM, the Z, symmetry of the Yukawa interactions implies that the top quark
always couples to ®,. Thus it is the coupling Ay that experiences the maximum downward
pull due to the Yukawa interactions and can consequently turn negative at high scales in
spite of starting with a positive value at the input scale. It therefore makes sense to look for
additional minima in the hy direction only. This approach is similar to what [169] opts in
context of an inert doublet model.

We study the behaviour of the Vig(hq, ho) in the limit where hy ~ v and hy >> hy, ms.

In this limit, the squared masses have the following simplified expressions.

1

my;, (he) =~ §(A3+>\4+/\5)h§, (4.3.5)
mip, (hs) = g)ah%a (4.3.6)
m, (he) = %(A3+>\4—>\5)h§, (4.3.7)
m, (he) = %)\2}137 (4.3.8)
my+(he) =~ %A;;,h%, (4.3.9)
my(ha) =~ %Mh%? (4.3.10)
m;(hy) =~ %yfhg, (4.3.11)
miy (hy) =~ igﬁhi, (4.3.12)
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1
m%(hy) =~ Z(gf+g§)h§~ (4.3.13)

Eqns.(4.3.5)-(4.3.10) express the field dependent squared masses for the scalar degrees
of freedom that come from ®; and ®5. The corresponding ones for ¢, W, Z are shown in
eqns.(4.3.11)-(4.3.13). All running couplings are evaluated at the scale p ~ hy. Under all

these approximations, the real part of one-loop corrected potential takes the form

Xy
Varlha) = “2h (4.3.14)
where,
1 As+A+As 3 3\ 3
N (ha) = Naha) + s |20 + Aa+ %)%m% - 5) +18)2 (mTQ - 5) +
As+A—As 3 As 3 A3 3
(et As 3 2(1,28 _ 3 2(1,28 _ 3
2(Ng + At — As) (m - 2) —|—2)\3<ln - 2) —|—6>\2(ln - 2) +
2 2 2 2
4 9_2_§ §2 2\2 91"‘92_?_ 4 y_t_§
341 <ln - 6) + 50t +93) <ln y 6) 24y <ln ; 2)] (4.3.15)

Where in eqn.(4.3.15), the term in square brackets refers to the finite correction generated
by the Coleman Weinberg mechanism. We find that highly sub-dominant in our calculations.
In this limit, the probability of tunnelling to the deeper vacuum is given by [70]
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p=Thute N, (4.3.16)

Here one fixes p to the scale where the probability is maximised, and, it turns out that

dlgg‘(QQ) = 0 at Q = pu. Using Ty ~ 10'° yr and requiring that the vacuum tunnelling lifetime

is always higher than the lifetime of the universe is tantamount to having the following

condition [70]: 0,065
AT (hy) > - : 4.3.1
2 (h2) 2 755, (v/p) (4:3.17)

It may be noted that we have accepted \S! turning negative in the hy direction as the

sole condition for the loss of stability of the EW vacuum. There is in general an extended
set of conditions for stability in a 2HDM [28] (see subsection 3.3.1 in Chapter 1). However,
one can easily verify that the remaining conditions for stability in a 2HDM are violated, if
at all, at low scale itself. Such violation, on the other hand, leads to the disappearance of
the EW minimum as a whole. This cannot be a situation appropriate for metastability, and

therefore the conditions other than Ay < 0 need not be used as signs for loss of stability.
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4.4 A metastable vacuum and the 2HDM parameter

space.

4.4.1 Analysis strategy.

As has already been emphasised in the previous chapter, a look-out for an additional vacuum
at high scales requires one to study the evolution of the various couplings under RG equations.
The values of the quartic couplings at the electroweak scale are, of course, connected with the
masses and mixing angles in the scalar sector. A careful measurement of the signal strengths
of the 125 GeV at the LHC has revealed that the resonance has couplings strikingly similar
to the SM ones. These observations have their ramifications on the 2HDM parameter space.
Thus, together with the requirement of having mj ~ 125 GeV, we also arrange for f—a = 7,
in order to comply with these results from the LHC (3 — a = 7 is the well known alignment
limit [174,175] in a 2HDM, in which the couplings of h to fermions and gauge bosons become
exactly equal to the SM ones). In addition to these, similar to what was done in Chapter
3 we also apply the constraints of perturbativity, unitarity and vacuum stability throughout
the course of RG evolution (see subsection 3.3.1 in Chapter 1).

For a 'near-aligned’ 2HDM, i.e. that has (8 — «) ~ 7, signal strengths of h to the
fermionic and V'V (Here V' = W, Z) final states [176] nearly coincide with the correspond-
ing SM values [140, 147]. What can still deviate, is the strength of the h~yy interaction.
This is attributed to the participation of the charged Higgs in the loop [28,177-179]. The

corresponding decay width is given by

2.2 3
F2HDM(h N 77) — %ﬂ Sjn(ﬁ _ Q)FW + (
21073 M2,

cosa\ 4 2

-F F . 4.4.1
Sinﬁ)B Rl (44.1)
Here gy denotes the SU(2); gauge coupling. Also, k is a dimensionless parameter that

quantifies the strength of the coupling of h to a pair of charged Higgses. More clearly,

2
m
Gharn- = 2 Qm;* (4.4.2)

Where g+~ denotes the above mentioned trilinear coupling. The functions Fy,, F; and

F;. encapsulate the effects of a W-boson, a t-quark and a charged scalar running in the loop
and shall be defined as,

FW = 2+ 37’W + 3Tw(2 - Tw)f(Tw) s (4438,)
F, = =2n[1+(1—-7)f(n)], (4.4.3b)
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FH“' = —Ti+ [1 - Ti+f(7-i+)} . (443C)

Where,

flr) = [sim*1 (\/1/_T>]2 (4.4.4)

4 2
with, 7 = ﬂ; (4.4.5)
mp,

Here, a = t, W and H™.
We assume h is dominantly produced through gluon fusion. In such a case, the signal

strength for the diphoton final state is approximately given by,

PP (h — 17)

= . 4.4.
oy FSM(h _ 77) ( 6)

In order to respect the 20 bound on fi,, from a combined measurement of ATLAS and
CMS, we discard model points that violate ., € [1.04, 1.37] [180]. In addition, we also

impose the T-parameter constraint and mg+ > 315 GeV as illustrated in Chapter 1.

4.5 Results and discussions.

Model points that successfully negotiate all the aforesaid constraints are allowed to evolve
under RG, till some scale A (say). A can be interpreted as the scale up to which no physics
over and above the extended Higgs sector is required. If there is an additional, lower vacuum
before A, the time scale for tunnelling from the EW vacua to the new one must therefore
be larger than the age of the universe. It is intuitively expected that higher is A, tighter
becomes the parameter space that is allowed at the EW scale. This is indeed confirmed
by the findings reported in [92,164]. Of course, the points leading to a metastable EW
vacuum are identified through a detailed scan of the parameter space. However, the fate of
a particular model point at high scales is sensitive to the value of the t-quark mass taken?.
With this in view, we propose the following benchmarks listed in Table 4.1.

In each case, we plot the evolution of AST in Fig.4.1. The chosen benchmarks differ in their
perturbative behaviour at high scales, although all of them have the common feature that
the EW vacuum turns metastable, or even unstable for M; = 175 GeV. In other words, the

Type-I1 2HDM may turn non-perturbative beyond a scale A, even though a vacuum deeper

2The Yukawa couplings at the EW scale have been evaluated in the same way as was done in section 3.4

of Chapter 1
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Benchmark tanf mpy(GeV) ma(GeV) mpy+(GeV) mya(GeV) Perturbative till
BP1 1.78 354 380 341 222 ~ 107 GeV
BP2 2.50 489 506 486 286 ~ 10" GeV
BP3 7.28 320 297 324 117 ~ 10 GeV
BP4 8.28 500 500 500 172 ~ 10Y GeV
BP5 6.90 501 499 500 189 ~ 10Y GeV
BP6 10.94 1499 1500 1498 451 ~ 10Y GeV

Table 4.1: Benchmark points chosen to illustrate the behaviour under renormalisation group
equations (RGE). A denotes the maximum extrapolation scale up to which perturbativ-
ity remains intact. The stability /metastability of the EW vacuum corresponding to these

benchmarks is dictated by the value of M, taken.

than the EW one might be encountered some place intermediate between the electroweak
scale and A. Besides, although it is worth identifying those parameter points that keep
the EW vacuum metastable all the way till the GUT or Planck scales, we also include for
completeness in the benchmarks, two points where a 2HDM loses its perturbativity at a
much lower scale. For instance in BP1(Fig.4.1a), at M; = 175 GeV, AT turns negative
% = 0 occurs around 6.2 x 105 GeV (The scale at which the tunnelling probability
gets maximised). An inspection of Fig.4.1a thus indicates that this particular benchmark

and,

leads to metastability. The same parameter point offers absolute stability for M; = 171 GeV
though. BP2(Fig.4.1b) describes a similar qualitative feature as seen in BP1, it also remains
perturbative till 10'* GeV.

BP3(Fig.4.1c) is a more conservative benchmark in the sense that, it keeps the 2HDM
perturbative till the GUT scale and also prevents an unstable EW vacuum even in the worst
case scenario with M; = 175 GeV. We remind the reader that the strength of the t-quark
Yukawa coupling depends not only on the pole mass, but also on tanf. This becomes crucial
in deciding the fate of the EW vacuum at high scales. For instance, BP5(Fig.4.1e) experiences
a higher t-quark negative pull compared to BP4(Fig.4.1d) owing to a lower value of tanf in
BP5, even though the quartic couplings at the input scale are at the same ball-park for the
two cases. BP6(Fig.4.1f) is a fine-tuned parameter point that is perturbative till the Planck
scale, and for which the EW vacuum is stable, metastable or unstable for M, = 171 GeV,
173 GeV and 175 GeV respectively. For the sake of completeness, we display the behaviour
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Figure 4.2: Behaviour of V g (hs) in BP6 for M; = 173 GeV.

of Vog(ha) for the BP6 benchmark with M; = 173 GeV in Fig.4.2.

Model points are randomly sampled in the following specified ranges,

tan 8 € [0.1,20.0],
mpyg,ma, Myg+,M12 € [O, 1200 GGV] (451)

A condition forbidding the loss of perturbativity /unitarity at scale A is imposed through-
out the scan. The following broad features emerge from Figs. 4.3, 4.4 and 4.5. The results
are shown using two representative values of A, namely 10'® GeV (Fig.4.3) and A = 10¥
GeV (Fig.4.4).

(i) Perturbativity puts stringent constraints on the splitting amongst the masses. In fact,
for A = 10! GeV the masses are near-degenerate (see Fig.4.5). This effect can be attributed
to the fact that for a large mass splitting, the \; are already large at the electroweak scale,
leading to a blow-up soon after. In fact, a parameter point ensuring perturbative behaviour
till the Planck scale does not tolerate a mass splitting more than ~ 10 GeV. This constraint is
considerably stronger than that from the T-parameter alone (~ 50 GeV). In other words, as
far as the extended scalar potential is concerned, the T-parameter constraint is thus rendered
redundant by the requirement of perturbativity till the GUT or the Planck scale.

(ii) As we mostly confine ourselves to a conservatively perturbative regime (|\;|< 1),
the results obtained using two-loop evolution were found to differ only slightly from the
corresponding one-loop ones. Thus, the overall conclusions continue to remain the same.

(iii) A smaller tanf for the same M, implies an enhanced fermionic contribution to
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Figure 4.3: Distribution of points in the parameter space perturbative till 10'® GeV that
lead to an either stable or metastable EW vacuum. The upper (lower) plots correspond to
M; = 171 (175) GeV. The colour coding is explained in the legends. 2HDM II refers to a
Type-11 2HDM.

the evolution of A9, and hence it favours a metastable vacuum over an absolutely stable
one. Consequently, tanf3 is bounded from below in order to prevent tunnelling to the lower
vacuum. Moreover, one would apprehend that the bound obtained by demanding absolute
stability of the EW vacuum to be the stronger than the one obtained when one allows for a
metastable scenario. For instance, for M; = 171 GeV, the lower bounds read ~ 2.1 and ~
2.5 for the two cases®.

(iv) The lower bound on tan/ of course depends on the choice of M;. For instance the
parameter point parametrised in terms of the masses and tanf indeed shall have different
evolution trajectories for two different values of M;. This is reflected in the plots of Fig.4.3,
where the lower bound is tighter for M; = 175 GeV compared to what it is for M; = 171
GeV, for both the ”stable” as well as "metastable” models. Of course, in this case too,

absolute stability yields a stronger bound than metastability. For M; = 175 GeV, any model

with tanf < 2.6 yields a tunnelling lifetime lower than the age of the universe.

3The lower bound on tan8 from absolute stability appears to be more stringent in this case compared
to what was seen in Chapter 1. This is due to the tighter ranges taken for m; and cg_, in the present

chapter.
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(v) Although the lower bound on tanf should also depend on the A chosen, it hardly changes
with respect to the 106 GeV value for A = 10 GeV. Only the number of allowed points

shrinks to some extent, other essential features are unchanged.
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Figure 4.5: Distribution of parameter space points in the my — ma (my — mpy+) plane as
shown in the left (right) plots, for M; = 175 GeV. The upper (lower) plots correspond to
perturbativity till 106 (10*) GeV.

In the plane of tanf versus masses, it is expected that a particular parameter point

responsible for a metastable EW vacuum can always be found in the vicinity of a point
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that leads to absolute stability for tang > 3.0. This gets confirmed by an inspection of
Fig.4.4. This can be understood from the fact that any enhanced fermionic contribution due
to a higher tan/ can always be cancelled by an appropriately increased bosonic contribution
through a slight tweak in the masses. Of course, one also has to keep the couplings per-
turbative in doing so. Such a "fine-tuned” existence of a metastable EW vacuum is not a
surprise and is always expected in the case of an extended Higgs sector (where the Yukawa
interactions can be stronger w.r.t the SM), such as the Type-II 2HDM.

We take another approach where different scalar masses are fixed within specific narrow
ranges, and allow tanf to vary. This approach turns useful in demarcating the ”stable”
region from the "metastable”. We thus propose two central values of 500 GeV and 1000
GeV and allow only a 2 GeV split about that. Fig.4.6 presents the results for this choice.

For masses around 500 GeV and M; = 171 GeV, the metastable points mostly cluster
in the low tanf region. They get largely disfavoured at larger tanf. Since the bosonic
contribution to RG evolution is now restrained, absolute stability demands tans > 3.0. For
M, = 175 GeV however, lower bound on tan/ for both stability as well as metastability goes
up, stability is completely ruled out for tang < 5.0 for instance. Thus, for M; = 175 GeV,
the proportion of metastable model points is higher compared to what is seen for M; = 175
GeV. The robustness of this claim is verified by the plots for masses ~ 1000 GeV, which
depict the same qualitative behaviour. Having pointed out the crucial role played by the

parameter tang, we close this section here.

4.6 Summary and conclusions.

This chapter highlights the possibility of a metastable EW vacuum in a popular 2HDM
framework. We have already noted in section 4.3 that the LHC data on the 125 GeV Higgs
disfavours the occurrence of a panic vacuum at low energy. However, once the parameters
occurring in the scalar potential are subjected to RG evolution, additional global minima may
indeed occur at high scales. This can render the electroweak vacuum unstable or metastable.
This is found to happen in the direction of the scalar field ho, because Ay can be driven to
negative values by the top-Yukawa coupling, at high scales. Thus, along with a parameter
space that leads to absolute stability, there exists also a parameter space that gives rise to
metastability.

The analysis has been done for the Type-II case. We remark that, it is the relative

strengths of the fermionic and bosonic contributions in the RG improved potential that seals

85



504 T T 504 T T
2HDM 11 2HDM 11
Stable + Perturbative till A s Stable + Perturbative till A
503 A =10 GeV v Metastable + Perturbative till A | 503 A=10"Gev v Metastable + Perturbative till A i
M, =171 GeV M, =175 GeV
my = my = my = 500 GeV my = ma = my = 500 GeV
502 Bl 502+ . Bl
S 501t E S s01f E
() (9
O O
= =
= T
£ 500 Bl £ 500 Bl
499 - 8 - 499 - 4
498 - Bl 498 - -
497 1 1 1 1 1 1 497 1 1 1 1 1 1
2.5 5 7.5 10 12.5 15 17.5 20 2.5 5 7.5 10 12.5 15 17.5 20
tanf tanf
(a) (b)
1004 T 1004 T
2HDM II 2HDM II
Stable + Perturbative till A s Stable + Perturbative till A
1003 A = 10" GeV v Metastable + Perturbative till A | 1003 A = 10" Gev v Metastable + Perturbative till A i
M,=171 GeV M, =175 GeV
my = ma = my = 1000 GeV my = ma = my = 1000 GeV
1002 . s . . 1002 - i b
—~ — .
> >
(9] (9]
O O
= =
= T
g g T
999" 999 -
998 998
997 e S S S [ S S T E S S | 997 T S S S S S S T H S i |
2.5 5 7.5 10 12.5 15 2.5 5 7.5 10 12.5 15
tanf3 tanf3
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the fate of the EW vacuum where we currently reside. The introduction of additional bosonic
degrees of freedom further introduces a tension between vacuum stability on the one hand,
and, high-scale perturbativity on the other. This tension can be responsible for substantial
constraints on the parameter space.

In a 2HDM, the strength of the fermionic contribution is controlled by not only the top
quark pole mass, but also tanf. Based on the results of this work, one would always expect
a metastable model point in the vicinity of a point allowing for absolute stability. However,
tanf picks up a lower bound from the requirement of metastability, which is tightened when
one demands absolute stability of the EW vacuum. The sensitivity of the results to the top
pole mass has also been emphasised.

Side by side with the issue of stability or metastability of the EW vacuum, a crucial role
is played by perturbativity and unitarity. A demand of these, for example, all the way to the
Planck scale results in the prediction of closely degenerate states H, A and H*. We find that
this requirement cannot be compromised, even though a larger area of the 2HDM parameter
space opens up, on allowing a metastable EW vacuum.

A pertinent extension would be to include finite temperature corrections to the 2HDM

scalar potential and, study its impact on vacuum stability.
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Chapter 5

High-scale validity of a two Higgs
doublet scenario: predicting collider

signals

5.1 Introduction

In the preceding chapters, it was elaborated how the challenge of vacuum instability in the
SM can be overcome by switching over to two Higgs doublet scenarios. It was found that even
with a minimal choice of the additional bosonic parameters (with A\¢ = A\; = 0 for example),
the quartic couplings can become non-perturbative while evolving under RG. Moreover, this
can happen at an energy scale lower than the vacuum instability scale. A balance between
these two extremes is struck through judicious boundary conditions, which in turn leads to
strong constraints on the masses and mixing angles. One can thus have a consistent and
perturbative theory, with just one additional scalar doublet, up to the Planck scale even on
the top quark mass being on the high side. Two important points emerge from such studies.
First, the spectrum of the non-standard scalars allows for only a small splitting. Secondly,
the couplings of the 125 GeV Higgs with gauge bosons should have rather small deviation
from the SM values. On the other hand, the gauge interactions of the non-standard scalars
become suppressed.

In this chapter!, we aim to investigate the observability of a 2HDM at the present

hased on [181]
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[159, 182-189] and upcoming colliders [190, 191] within the parameter region that allows
for high-scale validity (including both vacuum stability and perturbativity). This could
turn challenging since the search prospects could be severely inhibited by the constraints.
For instance, to discern a 2HDM from the SM background through resonances, fully recon-
structible final states need to be looked at. The corresponding event rates tend to be small,
owing to the constraints on the interaction strengths that come from demanding the dual
requirement of high scale vacuum stability and perturbative unitarity. Moreover, removal of
the backgrounds requires event selection criteria which further lower the signal strength.

To be more specific, the C'P-even heavier neutral Higgs could lead to a four-lepton
cascade at the LHC via the ZZ state. Side by side, the C' P-odd scalar leaves its signature
in the completely reconstructible channel hZ where h denotes the SM-like Higgs. The two
final states mentioned above are indicative of the opposite C'P-properties of the decaying
Higgses, which from our requirement, are destined to have closely spaced masses. We adopt
a cut-based analysis to calculate the statistical significance in the respective signals. We
perform this analysis for both Type-I and Type-II 2HDMs. The allowed parameter space for
the latter scenario is obtained via extensive investigation in reference [92]. For the former,
though an analysis is found in [164], for the sake of completeness, we present a set of results
here that go beyond what has been reported. It is found that the constraints from flavour
changing neutral current (FCNC) phenomena put a strong lower limit on the Type-II 2HDM
charged scalar mass (and, via the correlation demanded by high-scale validity, on the heavy
neutral scalar and pseudoscalar masses as well). Thus while obtaining LHC signals, the
region of the parameter space in the Type-II case is relatively more restricted. Keeping this
in mind, we also present a brief discussion on the prospects at other types of colliders. In
particular, we find that muon colliders can be useful in this respect.

This chapter comprises of the following parts. In section 5.2, we briefly survey the
candidature of a 2HDM as a UV-complete scenario. Section 5.3 highlights the intrinsic
features of the parameter space that permits high-scale stability. The search prospects at
the LHC, and, future leptonic colliders are elaborated in sections 5.4 and 5.5 respectively.

We summarise our findings and conclude in section 5.6.

5.2 2HDM and high scale validity.

Relevant details on the 2HDM scalar potential can be found in Chapter 1 and Chapter
3. For the present study, we analyse the the celebrated Type-I and Type-II models [28] that
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were discussed in Chapter 1. While the primary motivation such a choice is to suppress
flavour changing neutral currents (FCNC) [192-194], it also reduces the number of free
parameters in the Yukawa sector.? This in turn, simplifies the expressions for the one-loop
beta functions. Note that one could introduce Z, violation in the scalar potential only. This
would ultimately lead to FCNC, however which would be radiatively suppressed. In this
chapter, we consider both the cases of a 2HDM: one that softly violates Zs, and, one that
violates it through non-zero \g and ;.

We choose {tang, mp, mpg, ma, my+, M2, Cs—a, A6, A7} as the set of independent input
parameters ®. The rest of the quartic couplings are expressed in terms of which for conve-
nience. With v = 246 GeV and writing ¢, = cosa, s, = sina, the remaining couplings can

be expressed as

A = 1)210% (Cimfg +v?s2m} — m%z—z - g/\g’l}QSBCﬁ — %)\7’02%>, (5.2.1a)
Aoy = v21s% <3im% +v?cEm; — m%zz—z - g>\7’02556ﬁ — %)\61)2%), (5.2.1b)
Moo= % (m% — 2m%.) + % - %)\6 - %tm, (5.2.1c)
Ay = v:jiﬂ - ”Z—f‘ — %M _ %W?, (5.2.1d)
A3 = 11231505 ((m3 — m3)saCa +m%isgcs — )\szc% - )\71)2326) — A\ (5.2.1e)

The mass parameters mj; and mags in the scalar potential are traded off using the EWSB
conditions (eqns.(4.2.1a) and (4.2.1b) in Chapter 1). A given set of input parameters serves
as boundary conditions for \; for the analysis using RG equations?. While carrying out the
analysis, several constraints coming from both theory and experiments must be satisfied.
Though, some of these have also been discussed in Chapter 3 and Chapter 4, we outline

them in the present chapter too for completeness.

5.2.1 Perturbativity, unitarity and vacuum stability

For the 2HDM to remain a perturbative theory at a given energy scale, one requires |\;| <
4 (i =1,...,5) and |y;| < V4w (i = t,b,7) at that scale. This translates into upper bounds

on the model parameters at low as well as high energy scales.

2Tt was reported in [195] that the FCNCs are stable under RG.
3¢p and sy are shorthands for cosf and sinf respectively.
4See section 3.4 in Chapter 1 for a discussion on the Yukawa-couplings at the input scale.

90



The matrix containing 2—2 scattering amplitudes of longitudinal gauge bosons can be
mapped to a corresponding matrix for the scattering of the Goldstone bosons [112, 117,
118,196], by virtue of the EW equivalence theorem. The theory is deemed unitary if each
eigenvalue of the aforementioned amplitude matrix does not exceed 8w. The expressions for

the eigenvalues are given below.

0. — ;M + )+ \/ Z(Al )+ (24 M), (5.2.22)
by — %(Al + )+ \/ }l(Al )+ N, (5.2.2b)
o = dy— %()\1 F )t \/411(/\1 )42 (5.2.2¢)
e = (Ag20—3Xs), (5.2.2d)
es = (A3—As), (5.2.2¢)
fi = fo=(s+ M), (5.2.2f)
Foo= s+ 20 +3)), (5.2.20)
o= gt ). (5.2.2h)

When the quartic part of the scalar potential preserves C'P and Z, symmetries, the afore-
mentioned eigenvalues are discussed in [116-118]°.

Demanding high-scale positivity of the 2HDM potential along various directions in the
field space leads to the following conditions on the scalar potential [28,121,199,200]:

vsel @ A >0, (5.2.3a)
vse2 1 A >0, (5.2.3b)
vsed 1 Az 4+ VA >0, (5.2.3c)
vsed : Az 4 M — [ As|+ VA > 0. (5.2.3d)

Meeting the above positivity criteria at each scale of evolution effectively rules out deeper
vacua at high energy scales.

In addition to the above, the splitting amongst the scalar masses is restricted by invok-
ing the T-parameter constraint. We have used AT = 0.05 4 0.12 following [132], where AT
measures departure from the SM contribution. We have filtered all points in our param-

eter space through the above constraints and retained only those points that negotiate it

SNLO corrections to the unitarity bounds for a 2HDM are carried out in [197,198]. However, for the
typical values of the quartic couplings that are in consonance with high scale perturbativity, the results

would not change upon including the NLO corrections.
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successfully. Measurement of the rate for b — sv leads to my+ > 480 GeV in case of the
Type-1T1 2HDM [125,201]°. In case of Type-I, there is no such lower bound. The constraint

mpyg+ > 80 GeV originating from direct searches however still persists.

5.3 Type-I1 2HDM: Allowed parameter space for stable

vacuuin

We start by completing the existing studies [92,161,164,165] on the parameter space allowing
for high scale vacuum stability and perturbativity for a Type-I 2HDM". A corresponding
discussion for the Type-II 2HDM can be seen in [92]. We fix m), = 125 GeV and M, = 175
GeV, the rest of the parameters are generated randomly in the following ranges.

tanf € [1,20], mg € [200, 1000], m4 € [200, 1000], myg+ € [200, 1000],

cos(f — a) € [-0.4,0.4], \g € [-1,1], A\ € [-1,1].

The generated values of the masses and mixing angles are translated to the basis of the
quartic couplings using eqns.(5.2.1a)-(5.2.1e). The strong correlation among the masses,
namely myg ~ muy =~ mpy+, is revealed from Fig.5.1. This itself can be traced back to
equs. (5.2.1a)-(5.2.1e). Any large mass gap results in giving large values for \; at the EWSB
scale itself, such that they turn non-perturbative rather early in the course of evolution. This
feature is also corroborated in [164]. It is important to note that the mass-splitting depends,
albeit weakly, on the chosen value of tanS. For instance, in case of tan = 2, the maximum
splitting allowed is ~ 15 GeV for A = 10 GeV. This goes down to ~ 10 GeV in case of
tanf = 10 for the same value of A. It should be noted here that the bound on mass splitting
that comes from the requirement of perturbativity till high scales is much more stringent
than what is obtained by the imposition of the T-parameter constraint alone.

Also important is the ensuing constraint on cos(f — «) which decides the interaction
strengths between W, Z and the non-standard scalars. The more suppressed is cos(5 — a),
closer are the h-interactions to the corresponding SM values. Thus, measurement of signal
strengths of h leads to constraint on this parameter [140,174,202]. Models valid up to 10*°
GeV could allow for [cos(f — «)| < 0.15 and |cos(8 — )] < 0.05 for tanS = 2 and tanf

= 10 respectively. This bound can be amply relaxed by choosing a lower A, for example

6This bound is stronger compared too myg+ > 315 GeV, which is what was used in the analyses of

Chapter 3 and Chapter 4.
"The RG equations for the Type-I 2HDM are listed in Appendix A.2
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Figure 5.1: Distribution of the parameter points valid till A in the my — ma (left) and
mpy — myg+ (right) planes for the Type-I 2HDM. The colour coding can be read from the
legends. We fix tanf = 2.5 as a benchmark. The upper(lower) plots correspond to \g =
A7 =0 (X, A7 # 0). We have varied Ag, A7 in the interval [-1,1] for the lower plots.
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one finds |cos(8 — )| < 0.14 in case of tan = 10 if one demands validity up to 10" GeV.
This apparent correlation between the UV cutoff scale and the maximum allowed value of
cos(f — a) [203], could lead us to predict the maximal extrapolation scale up to which such
a 2HDM could be probed at the colliders. Of course, such a correlation can be noticed for
the Type-II scenario as well. The additional result presented here, over and above what is
found in the literature, is the establishment of the mass correlations for \g, A7 # 0, as shown
in Fig.5.1.

5.4 Signals at the LHC: Types I and 11I.

The previous section illustrates that higher the UV cutoff of a 2HDM is, tighter become
the mass-splitting and the bound on |cos(f — «)|. Such a constrained scenario makes its
observability at the LHC a rather challenging task, as also emphasised in section 5.1. In
particular, if we probe H and A via their decays into reconstructible final states, then the
invariant mass distributions of the decay products would coincide. However, probing H and
A in reconstructible but distinct final states could enable one to tag the C'P of the decaying
boson. Given that, we propose the following signals:

(i) pp — H — ZZ — 4,

(ii) pp — A — hZ — I*17bb,

where, | = e, n. We have implemented the model using FeynRules [204]. The generated Uni-
versal FeynRules Output (UFO) files are then fed to the Monte-Carlo (MC) event generator
MadGraph [205] for generation of event samples. The parton-showering and hadronisation is
carried out in the PYTHIA-6 [206] framework. We simulated H and A production through the
gluon-gluon fusion (ggF) channel using the CTEQ6L1 parton distribution functions. This
is because ggF offers higher rates compared to other channels. The renormalisation and
factorisation scales have been set at my and m 4 for the first and second signals respectively.
We mention in this context that detector simulation and analysis of the events were done
using Delphes [207].

For simulating the proposed final states, we hold my and m,4 fixed and scan over the
remaining input quantities. From the randomly generated parameter sets, we select an
illustrative assortment of benchmark points (Table 5.1) to highlight the main findings of the
analysis.

The benchmarks are distinct from another vis-a-vis RG evolution patterns. While choos-

ing them, it was ensured that the UV cutoff of a given benchmark does not change upon
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Benchmark mp(GeV) ma(GeV) mi2(GeV)  cos(f — )
BPla 350 351 200 -0.18
BP1b 350 351 200 -0.12
BP2a 400 401 230 -0.15
BP2b 400 401 230 -0.10
BP3a 500 501 280 -0.095
BP3b 500 501 280 -0.070
BP3c 500 501 280 -0.050
BP4a 550 551 320 -0.075
BP4b 550 951 320 -0.060
BP4c 550 551 320 -0.050
BPb5a 600 601 350 -0.050
BP5b 600 601 350 -0.035
BP5c¢ 600 601 350 -0.025

Table 5.1: Benchmarks chosen for simulating the proposed channels. We have taken m;, =
125 GeV and tanf = 2.5 throughout. Any higher tang would lead to a lower ggF rate and

so was not chosen.

switching between the Type-1 and Type-II models. For instance, in the case where A\g = A7
= 0, BP1b, BP1b, BP3c, BP4c and BP5c are conservative input sets ensuring a stable vac-
uum and a perturbative model till ~ 10 GeV. This can be read from the small values of
|cos(8 — )| characterizing them. The other benchmarks are however not that conservative,
but still they manage to stabilise the vacuum till at least 10'! GeV. Likewise, BP3b and
BP4b are included to estimate the statistical significance of scenarios valid till 10'* GeV.
For a given set of couplings, elevating the masses of H and A progressively diminishes the
intensity of the signals, and, also narrows the allowed band of |cos(f — «)|. The choice of
the benchmarks is thus guided by the aim to understand the maximum myg, m4 as well as

the highest UV cutoff up to which the scenario can be experimentally observed.
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541 pp— H— 77 — 4l

H is produced through gluon fusion and decays to two on-shell Z bosons. We look for a
final state where the Z bosons subsequently decay into four leptons [208]. The dominant
background for this process comes from ZZ(*) production. Taking into account subleading
contributions from the Zv and 7y channels and multiplying by appropriate next-to-leading
order (NLO) K-factors [205], the total background cross section is ~ 42 fb. Some basic cuts,
as listed below, were applied during event generation.

Basic-cuts:

e All leptons have a minimum transverse momentum of 10 GeV, plT > 10 GeV.
e Pseudorapidity of the leptons must lie within the window|n!| < 2.5.

e All possible lepton-pairs are resolved using ARy, > 0.3.

We multiply the ggF cross sections of H production by an NLO K factor of 1.5. The
following selection cuts SCp listed below were further imposed®

Selection cuts:

e SC'1y: The invariant mass of the final state leptons lie within the window mpy —

15 GeV <my <my + 15 GeV.

e SC2j: The transverse momenta of the leptons lie above the thresholds p} > pljlvmm,

P2 > plﬁmin, P > 30 GeV, pt > 20 GeV.

e SC3y: Transverse momenta of the reconstructed Z-bosons satisfy p7' > pZL . p2? >
Z
pT,Qmin'

We take p%{fi = 20, 20, 40, 50, 70 GeV and {p%min,p%mm} = {50 GeV, 30 GeV},
{50 GeV,30 GeV}, {80 GeV,50 GeV}, {90 GeV,70 GeV}, {100 GeV,70 GeV} for BP1,
BP2, BP3, BP4, BP5 respectively, the decisive factor in this choice of p?n/jz being my;, for
any benchmark point.

For my > 500 GeV, the leading and the subleading leptons are strongly boosted, thus

having a good probability of surviving the strong pr-cuts. In addition, appropriate cuts on

8 pr, n and ¢ respectively denote the transverse momentum, pseudorapidity and azimuthal angle of a
particle. For two particles having pseudorapidity and azimuthal angle separations An and A¢, one defines

AR = \/An? + A¢?. For details, see the reviews [209], [210,211].
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the pr of the Z-bosons also contributes towards improving the signal-to-background ratio.
Here, 03¢ and o02¢ respectively refer to the signal and background cross sections after the
selection cuts. Denoting the number of signal and background events as Ng and Nz at a
given integrated luminosity (L), the statistical significance or the confidence limit (CL) is

defined as CL = s __

VNs+NB*

Benchmark o2¢ (fb) o3¢ (fb) N0 AL0 - AS3000 N300 CL1go0 CLsg0o
BP1la 0.173 0.334 17.36  33.40 520.94 1002.18 2.43 13.34
BP1b 0.145 0.334 14.54 33.40 436.31 1002.18 2.10 11.50
BP2a 0.104 0.194 10.42 19.46 312.73 584.00 1.90 10.44
BP2b 0.071 0.194 7.11  19.46 213.38 584.00 1.37 7.55
BP3a 0.026 0.064 2.09  6.48 77.99 194.60 0.86 4.72
BP3b 0.016 0.064 1.68  6.48  50.52 194.60 0.58 3.22
BP3c 0.009 0.064 0.97 6.48 29.37 194.60 0.35 1.96
BP4a 0.011 0.041 1.13  4.16 34.06 124.91 0.49 2.70
BP4b 0.008 0.041 0.81 4.16 24.52 124.91 0.36 2.00
BP4c 0.006 0.041 0.61 4.16 18.33 124.91 0.27 1.53
BPba 0.004 0.029 0.41 296 1232 89.090347 0.22 1.22
BP5b 0.002 0.029 0.22  2.96 6.70  89.090347  0.12 0.68
BP5c 0.001 0.029 0.12  2.96 3.61  89.090347  0.06 0.37

Table 5.2: A record of the number of surviving events in the H — 4l channel after the
selection cuts at the /s = 14 TeV LHC for a Type-I 2HDM. Here /\/’;00(3000) and Né00(3000)
respectively denote the number of signal and background events at £ = 100(3000) fb~!.
Besides, CLigo(s000) denotes the confidence level at £ = 100(3000) fb~!.

Tables 5.2 and 5.3 contain the estimated CL for all the benchmarks. The following
features thus emerge:
(i) The statistical significance diminishes as my is increased. This is due to two reasons.
First, the ggF cross section for a single H drops. Secondly, the higher is my, the smaller is
the upper limit on |cos(f — «)| consistent with high scale stability, and hence, the lower is
the H — ZZ branching ratio.
(ii) Type-I 2HDM offers a marginally higher significance as compared with Type-II. This
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Benchmark o3¢ (fb) o3¢ (fb) NI0 AR N300 A/B000 CT,50  CLgago
BP3a 0.025 0.064 2.56 6.48 76.99 194.60 0.85 4.67
BP3b 0.016 0.064 1.65 6.48 49.65 194.60 0.58 3.17
BP3c 0.009 0.064 0.95 648 28.73 194.60 0.35 1.92
BP4a 0.011 0.041 1.12 416 33.64 12491 048 2.67
BP4b 0.008 0.041 0.80 4.16 24.15 12491 0.36 1.97
BP4c 0.006 0.041 0.60 4.16 18.02 12491 0.27 1.50
BPba 0.004 0.029 0.40 296 12.148 89.09 0.22 1.20
BP5b 0.002 0.029 0.21 2.96 6.58 89.09 0.124  0.67
BPb5c 0.001 0.029 0.11  2.96 3.54 89.09  0.06 0.36

Table 5.3: A record of the number of surviving events in the H — 4l channel after the
selection cuts at the /s = 14 TeV LHC for a Type-II 2HDM. Here N, ;00(3000) and N, é00(3000)
respectively denote the number of signal and background events at £ = 100(3000) fb~!.
Besides, CLigo(s000) denotes the confidence level at £ = 100(3000) fb~!.

is entirely attributed to the persistence of a slightly higher H — ZZ branching ratio in
Type-I.
(iii) For my ~ 350 GeV, an integrated luminosity of 100 fb™! is sufficient to yield a 3o
significance.
(iv) To observe an H of mass around ~ 500 GeV that originates from a 2HDM valid till 10"
GeV with a minimum of 30 confidence level, one needs to gather 3000 fb~! of data at the
LHC. The statistical significance decreases for higher masses. In short, the observability of
a given H can be improved by either lowering my and holding the UV cutoff fixed or vice
versa. This interplay is illustrated in Fig.5.2 and Fig.5.3.

Fig.5.2 corroborates the previous observation that an H with my = 500 GeV can lead to
a 30 signal at the LHC, consistently with perturbativity as well as a stable vacuum till 10
GeV. This is true for both Type-I and Type-II 2HDM. Note that the parameter space relaxes
upon the introduction of non-vanishing Ag and A;. This marginally helps in elevating the
UV cutoff without compromising on the strength of the signal. For my = 550 GeV, on the
other hand, a 2HDM (of either Type-I or Type-II) cannot be be extrapolated beyond 10

GeV if a 30 statistical significance has to be maintained. This is confirmed by an inspection
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Figure 5.2: The parameter space in the tang vs. cg_, plane for my = 500 GeV and m4 = 501
GeV that allows for validity till 10! GeV(red), 10 GeV(green) and 10* GeV(black). The
region inside the blue curve corresponds to a signal significance greater than or equal to 3o.

The upper and lower plots are for A¢ = A7 = 0 and Ag, Ay # 0 respectively.
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of Fig.5.3.
We examine the prospects of reconstructing A through the proposed [T1~bb final state in

the following section.

5.4.2 pp— A— hZ — 1T17bb

In the absence of C'P-violation (as assumed here), the hZ pair production points towards
a C'P-odd parent particle [212], and a peak in the invariant mass close to the afore men-
tioned ZZ peak should be the smoking gun signal of the near degeneracy of a scalar and a
pseudoscalar. However, pp — tt generates the dominant background for this final state.
Subleading contributions come from the production of ZWW and Zbb. Similar to the previ-
ous analysis, we adopt a K-factor = 1.5 for pseudoscalar production for all the benchmarks.
The following cuts are applied during event-generation.

Basic cuts:

o plp > 10 GeV, p > 20 GeV,

o || < 2.5, |nt| < 2.5,

e AR; > 0.3, ARy > 0.4, ARy, > 0.4.

On applying the above cuts, the NLO background cross section turns out to be ~ 32 pb.
The following selection cuts (SC4) are imposed for an efficient background rejection.

Selection cuts:
e SC1,4: The invariant mass of the leptons satisfy 85.0 GeV < my; < 100 GeV.
e S5C2,4: The invariant mass of the b-jets satisfy 95.0 GeV < my, < 155 GeV.

e SC34: The scalar sum of the transverse momenta of the leptons and b-jets satisfies

Zl,pr > (Zu; DT ) min-

e SC44: An upper bound on the missing transverse momenta, Bz < 30 GeV.

e SC54: The invariant mass of the 2l — 2b system lies within the range m4 — 30 GeV
< mypy < my + 30 GeV.

e SC64: pr of the reconstructed Z-boson satisfies pZ > 120 GeV for BP5, and,
> 100 GeV for the rest
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Figure 5.3: The parameter space in the tang vs. cg_, plane for my = 550 GeV and my4 = 551
GeV that allows for validity till 10! GeV(red), 10 GeV(green) and 10* GeV(black). The
region inside the blue curve corresponds to a signal significance greater than or equal to 3o.

The upper and lower plots are for A¢ = A7 = 0 and Ag, Ay # 0 respectively.
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e SC'74: Upper bounds on the pr of the b-jets, prl > prl’min.

The cuts on the pr of leading b-jet as well as on scalar the sum of the py of the b-jets and
leptons are appropriately strengthened with increase in m4. We opt for {(3=, , P7)min, prl,min}
= {270 GeV,40 GeV} for BP1, {320 GeV,40 GeV} for BP2, {350 GeV,50 GeV} for BP3
and BP4, and, {380 GeV,70 GeV} for BP5. The selection cuts involve reconstructing the
invariant masses of not only the decaying A, but also of the Z and the h, appropriately in
each case. A lower limit on the scalar sum of the pr of the leptons and the b-hadrons also aids
in increasing the significance. All the BE# in the signal is generated from mismeasurement of
the momenta of the visible particles, thus generating a soft missing B7 distribution. On the
other hand, the corresponding background has a harder py spectrum since the ¢t and ZWW
channels always lead to neutrinos in the final state. Therefore, a suitable upper bound on
the missing transverse energy reduces a portion of these backgrounds.

Tables 5.4 and 5.5 contain the statistical significances for this signal for Type-1 and
Type-II respectively. In this channel, too, Type-I fares slightly better than Type-II, much
due to the same reason outlined in preceding discussion. In this channel, The statistical
significance of BP1-5 is also enhanced w.r.t the 4l case, albeit marginally. The confidence
level corresponding to m4 = 500 GeV looms around 3o, for both Type-I and Type-II.

A clearer picture regarding the observability of an A of masses 500 GeV and 550 GeV
emerge upon inspection of Fig.5.4 and Fig.5.5 respectively. We display the 50 contour as
well in case of the [117bb channel. For m4 = 550 GeV with non-zero \g and A7, the [T1bb
channel offers sensitivity at the level of 3o for a scenario valid till 10 GeV or even higher.
On the contrary, the corresponding cutoff cannot be pushed above 10'* GeV if one demands
similar observability in case of the 4/ final state from H-decay. Overall, a violation of the
Zo symmetry via A\g and \; aids to the effort of observing a 2HDM valid up to high cutoff
scales.

It is mentioned that the analysis for this channel is subject to uncertainties, albeit small,
that are introduced while estimating the background cross section. Upon considering the
errors in the ¢t production rates and the background NLO K-factors [205], the total back-
ground cross section can deviate up to ~ +20%. This, however, does not modify the overall

conclusions made in this section.
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Figure 5.4: The parameter space in the tang vs. cs_, plane for my = 500 GeV and m4 = 501
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Benchmark o05¢ (fb) o2¢ (fb) N30 N0 N300 N CLigo  CLsgoo
BP1la 1.65 10.94 164.60 1094.05 4938.02 32821.48 4.64  25.41
BP1b 0.90 10.94 89.55 1094.05 2686.45 32821.48 2.60 14.26
BP2a 0.55 4.30 55.22  430.24 1656.63 12907.32  2.51 13.73
BP2b 0.28 4.30 27.92  430.24 837.64 12907.32 1.30 7.14
BP3a 0.132 1.387 13.24  138.73 397.11 4161.95 1.07 5.88
BP3b 0.076 1.387 7.63 138.73 22891  4161.95  0.63 3.45
BP3c 0.041 1.387 4.05 138.73  121.52  4161.95 0.34 1.86
BP4a 0.066 0.632 6.56 63.22 196.86  1896.59  0.79 4.30
BP4b 0.044 0.632 4.35 63.22 130.50  1896.59  0.53 2.90
BP4c 0.031 0.632 3.08 63.22 92.53 1896.59  0.38 2.07
BPb5a 0.021 0.334 2.07 33.37 62.19 1000.98  0.35 1.91
BP5b 0.010 0.334 1.05 33.37 31.38 1000.98  0.18 0.98
BP5c 0.005 0.334 0.54 33.37 16.27 1000.98  0.09 0.51

Table 5.4: A record of the number of surviving events in the A — [T]~bb channel after the
selection cuts at the /s = 14 TeV LHC for a Type-I 2HDM. Here N3¢ ang A 2003000)
and respectively denote the number of signal and background events with £ = 100(3000)
fb~!. Besides, CLigo(3000) denotes the confidence level for £ = 100(3000) fb~'.

5.5 Prospects at other colliders

With the prospects of observing non-standard scalars with masses above the 500 GeV range
at the LHC turning bleak, we resort to future lepton colliders for better observability. These
include not only the eTe™ colliders, but also a muon collider [191].

The principal heavy Higgs production channels at the eTe™ machine are those of associ-
ated production (VH) and Vector-Boson-Fusion (VBF) [213]. The production rate in both of
these modes is controlled by the value of cos(5 — «). As elaborated in the previous sections,
cos(8 — «) is tightly bounded by the requirement of a stable vacuum till the Planck scale.
In addition, the maximum +/s proposed for the ILC is 1 TeV [214] which hinders a probe of
heavy scalars due to kinematical limitations. For instance, the VH production cross section
for an H of mass 600 GeV could be at most ~ 0.01 fb in a ILC with /s = 1 TeV. This does
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Benchmark 02¢ (fb) o2¢ (fb) NZ0  NLO0  ANZ00 N0 CLjg  CLagoo
BP3a 0.130 1.387 13.01 138.73 390.23 4161.95 1.06 5.78
BP3b 0.075 1.387 749 138.73 224.80 4161.95 0.62 3.39
BP3c 0.040 1.387 3.98 138.73 119.30 4161.95 0.33 1.82
BP4a 0.065 0.632 6.45 63.22 193.61 1896.59 0.77 4.23
BP4b 0.043 0.632 428 63.22 128.30 1896.59 0.52 2.85
BP4c 0.030 0.632 3.03 63.22 9095 1896.59 0.37 2.04
BPba 0.020 0.334 2.04 3337 61.18 1000.98 0.34 1.88
BP5b 0.010 0.334 1.03  33.37 30.87 1000.98 0.18 0.96
BPb5c 0.005 0.334 0.53 33.37 16.00 1000.98 0.09 0.50

Table 5.5: A record of the number of surviving events in the A — [*t1~bb channel after the
selection cuts at the /s = 14 TeV LHC for a Type-II 2HDM. Here N, ;00(3000) and N, é00(3000)
respectively denote the number of signal and background events with £ = 100(3000) fb~.
Besides, CLigo(s000) denotes the confidence level at for £ = 100(3000) fb".

not result in the requisite signal significance when the backgrounds are estimated and the

cut efficiencies are folded in.

5.5.1 pu*u~ collisions and radiative return

A particularly interesting process in a muon collider is one of radiative return (RR) [215],
where one does not need to know the mass of the resonantly produced scalar precisely. In

our context, the processes under consideration are
= — H v, Ay, (5.5.1)

Note here that H/A can be produced in association with a « in ¢-channel xx~ annihilations.
When the center of mass energy of the muon collider is above the heavy resonance, the
photon emission from the initial state provides an opportunity to reconstruct the mass of
the heavy scalar or pseudoscalar. For this, one need not know the mass of the (unknown)
heavy resonance. The final state then consists of a soft photon and other visible products
exhibiting an invariant mass peak. The closer is the mass of the heavy scalar to the centre-

of-mass (COM) energy of p*pu~ collisions, the higher the cross section.
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Thus tagging a heavy scalar state from invariant mass peak of its decay product can help
us in reducing the background and increasing the statistical significance. Moreover, in order
to obtain information on the C'P of the heavy resonance, the C' P-even and the C'P-odd states
must be allowed to decay in different final states following their production through RR. We
can propose H — Z7 — 4l and A — hZ — 171~ bb, which resemble the signals studied
in the previous sections, and distinguish the C'P-even scalar from the C'P-odd one. In order
to study the observability of the benchmarks BP3a - BP5c in RR, we choose the COM energy
of the u™p~ collisions to be just 10 GeV above my, in each case. For BP3a, the RR cross
section for H production is ~ 1.3 fb for a Type-I1I 2HDM. Upon multiplying by the branching
ratios corresponding to H — ZZ and Z — [l, the corresponding cross section for the 4/ + ~
final state turns out to be O(107) (fb). The cross section for the I*1~bb + v final state
could still be O(1073) (fb). However, it will ultimately get reduced when kinematical cuts
are applied. In a Type-II 2HDM, though the puuH coupling is proportional to tang, opting
for a higher value of tanf does not help in this regard, since in that case, the allowed value
of |cos(8 — a)| decreases owing to the demand of validity till high scales. This diminishes the
H — ZZ and A — hZ branching ratios, and ultimately, leads to further lower rates. The
other BPs too predict negligibly small RR rates for both Type-I and Type-II. With such
meagre RR rates in 4/ + v as well as [T]7bb + v channels, chances of observing the heavy
resonances are obliterated.

Still promising could be the fermionic decay channels of H/A in this regard. For instance,
the bbA coupling in a Type-(I)II 2HDM is proportional to cot3(tans) and for sufficiently
small |cos( — )|, the fermionic couplings of H and A are nearly equal. The advantage of
a muon collider over the LHC is that the bb final state can rise above the background more
effectively. As we shall see below, this enhances the mass reach.

One can thus probe the observability of the heavy scalars in the u*u~ — H/Avy — bby°.
It is readily seen that for tans > 1, Type-II has higher production rates of H/A through RR
compared to Type-I. This could give a handle in distinguishing between Type-I and Type-II.
Therefore, to test the potency of RR in the H/A — bb mode, we tabulate two additional
benchmarks, as shown in Table 5.6.

The values of the other 2HDM parameters have been fixed appropriately so as to ensure

vacuum stability and perturbative unitarity till the Planck scale. For instance, we chose

9In view of the high t-Yukawa coupling, one could also look at putu~ — H/Ay — tty in principle.
However that channel will ultimately lead to lesser rates compared to the bb mode owing to the smaller ¢

branching fraction.

107



Benchmark /s (GeV) tanf mpy(GeV) ma(GeV)

BP6 500 12 492 493
BP7 1000 12 992 993

Table 5.6: The values of my, m4 and tanf chosen to probe the radiative return channel.The

values of /s are also shown.

mis = 150, cg_, = 0.01 and mi2 = 500, cg_, = 0.001 for BP6 and BP7 respectively. We
take 500 GeV and 1 TeV to be COM energy for these two cases. Accordingly, /s —mya is
maintained around ~ 7 GeV to maximise the efficiency of the radiative return mechanism.
In addition, we have purposefully chosen a somewhat large value for tans to elevate the H/A
production rate to the order of 10 fb. Moreover, we also get a sizeable branching ratio for
the H/A — bb channel for both BP6 and BP7 (> 70%).

The SM background comes from the processes pupu~ — bb and ptpu~ — bby. The cut,
my — 30 GeV < my, < my + 30 GeV on the invariant mass of the b-pair is imposed. The
softness of the photon in the case of RR can be exploited to reduce the background by
putting an upper bound on the photon pr, which we take to be 30 GeV. Effects arising
out of smearing the photon-energy are small, so we keep the photon-energy same as the
simulated value. The confidence levels obtained for BP6 and BP7 are listed in Table 5.7.

Benchmark o2¢ (fb) o2¢ (fb)  NE® N N0 NEFY  CLsgy  CLigoo

BP6 2.13 32.22 1067.83 16110.05 2135.65 32220.08 8.14  11.12

BP7 0.29 2.52 146.55  1264.28  293.10  2528.57  3.90 5.51

Table 5.7: Number of signal and background surviving events in the radiative return process
at the muon collider. Here N, 300(1000) and N, 200(1000) and respectively denote the number of
signal and background events £ = 500(1000) fb~!. Besides, CLso0(1000) denotes the confidence
level at £ = 500(1000) fb*.

Table 5.7 shows that it is possible to experimentally observe an H as heavy as 1 TeV
through radiative return. The corresponding signal rates are almost identical for a near
degenerate A decaying to bb, and thus, are not separately shown. Thus, radiative return in
the bb channel does succeed in predicting abundant signal events in case of heavy scalars.

This is reflected by a sizeable statistical significance of ~ 5o that can be obtained in case
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of a scalar of mass 1 TeV when the u*p~ machine is operated at an integrated luminosity
of 1000 fb~!. More importantly, this is found to be in perfect agreement with high-scale
stability and perturbativity up to Mp;. However in this channel, one faces the difficulty
in distinguishing between a bb resonance that comes from an H and one coming from A.
This is in sharp contrast with the results obtained in case of the 14 TeV LHC. Over there,
though the C'P of the scalar can be tagged, its observability does not exceed 3o in terms of

confidence level for masses beyond 500 GeV.

5.6 Summary and conclusions.

By virtue of the additional bosonic fields, a 2HDM ensures the stability of the EW vacuum till
a cutoff scale all the way up to the Planck scale. This holds true even after switching between
the Type-I and Type-II cases. However stringent constraints apply on the parameter space
in the process. This is especially true when vacuum stability and perturbative unitarity are
demanded up to the Planck scale. Then, the couplings of the non-standard scalars to other
bosonic states become very small because of suppressed cos(f — «). In addition, the mass
spectrum of the non-standard scalar bosons becomes quasi-degenerate. These constraints
limit the observability of such a 2HDM at colliders.

We have studied in detail the interplay between high-scale validity and the discernibility
of the scenario at the LHC and at a future muon collider. In the LHC, signatures of the the
C' P-even boson H and C'P-odd boson A are studied through their decays into the 41 and
I*17bb channel respectively. The search turns challenging due to the stringent upper bound
on cos(f — a). A sizeable signal significance demands an upper bound on tanf, contrary
to high scale validity constraints, where no such bound is predicted. An analysis at the 14
TeV LHC including detector effects reveals that H and A of masses around 500 GeV can be
simultaneously observed in their respective channels with at least 3o confidence when the
integrated luminosity is 3000 fb~!. The observability improves upon de-escalating the cutoff
scale, attaining 5o statistical significance becomes possible when the cutoff is near 101 GeV.

Radiative return at the muon collider yields sizeable production rates of H or A. We
have studied the observation their prospects through their subsequent decay to the bb final
state. Contrary to the results obtained for the LHC, the p*p~ machine can lead to a 50
statistical significance even if the scalar mass is 1 TeV. Thus a certain complementarity
of roles between the LHC and a muon collider is noticed. The former has relatively lower

mass reach but clearly differentiates the H-peak from the A-peak, while the latter loses this
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distinction by being forced to look at the bb decay mode, though up to higher (pseudo)scalar

masses.
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Chapter 6

Particle dark matter: An introduction

6.1 What is dark matter?

One of the most compelling reasons for expecting fundamental physics beyond the ambit
of the SM is the presence of dark matter in the universe. A great majority of matter in
the universe is unseen, since visible stars and gas inside galaxies and clusters account for
only a small fraction of the matter contribution to the energy density of the universe. The
rest of the contribution is believed to be coming from invisible matter, termed as ”dark
matter”. The term was coined by the astronomer F. Zwicky in 1933 when he postulated its
existence based on his observations on the COMA galaxy cluster [216]. According to the
space observatory PLANCK [217,218], the universe consists of 4.824+0.05% ordinary matter,
25.8 £+ 0.4% dark matter and 69 + 1% dark energy.

The ACDM model [219] is a cosmological model which describes the universe in terms
of a cosmological constant (A), dark energy and cold dark matter (CDM). It is deemed
to be the standard model of Big Bang cosmology. The inclusion of dark matter in the
ACDM paradigm provides a reasonable account of the structure of the cosmic microwave
background (CMB) [220,221] and the large-scale structure in the distribution of galaxies.
These hypotheses have been supported by various astrophysical evidences of dark matter,
the principal examples of which include the observations on the galaxy rotation curves,
gravitational lensing and the anisotropies observed in the CMB. The PLANCK satellite
mission has published precise measurements of the CMB, which are in complete agreement
with the predictions of ACDM model. Therefore, all these lines of evidence suggest that

galaxies, galaxy clusters, and the universe as a whole contain far more matter than that
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which can be observed via electromagnetic signals.

Despite such concrete astrophysical evidences, the nature of dark matter is still unknown.
An immediate hypothesis is that dark matter is made up of elementary particles, which are
mostly believed not to be the SM ones. In such a case, when dark matter becomes a part of
the paradigm of particle physics many new questions arise. They are, for instance, Is dark
matter made up of only one kind of particle, or, do they involve many? What could be the
mass of the constituent particle(s)? How does dark matter interact with the SM fields and
with itself? Is a dark matter particle absolutely stable or does it exhibit late decays? Although
such issues can be addressed using particle physics models, more definitive statements on
the origin of particle dark matter is expected to emerge through experiments only.

This thesis aims to probe some aspects of particle dark matter. However, the following
comment is in order. Given the absence of conclusive signals of particle dark matter as
yet, astrophysicists have also argued for various modifications of general relativity, such as
Modified Newtonian Dynamics (MOND) [222], that attempt to explain the observations
without invoking additional matter.

We discuss a few evidences of dark matter in the subsequent section.

6.2 Some evidences for dark matter

e Rotation curves of spiral galaries: In a spiral galaxy, most of its mass is concen-
trated near a central bulge. A rotational curve of a galaxy is defined to be the orbital
speed of the stars in the galaxy as a function of their radial distance from the galactic
center. For a star of mass m moving at a distance r from the galactic center with a

circular velocity v(r), the following holds

= , (6.2.1)

where, M denotes the mass of the galactic matter within the radius r. Be the star
outside the dense central hub of the galaxy, M can be taken to be constant. In that case,
one expects v(r) o \/LF using eqn.(6.2.1). On the contrary, observational measurements
of rotation curves for several spiral galaxies show v(r) = constant for large r. For
instance, In our galaxy, v ~ 240 km/s at the location of our solar system, with little

change up to the largest observable radius.

The discrepancy can be explained by assuming M o r, that is, by hypothesizing the

existence of a substantial amount of undetected matter permeating the galaxy.
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e Mass-to-luminosity ratio in galaxy clusters: The virial theorem relates the
time-averaged kinetic energy to the time-averaged potential energy of a system of
interacting non-relativistic particles in dynamic equilibrium. Referring to the kinetic

and potential energies of the system as T" and V respectively, the virial theorem states
V+2T = 0. (6.2.2)

For a galaxy cluster of mass M and radius R, and where v,,,, is the root mean square

speed of each galaxy, one writes

3 GM?
= = (6.2.3a)
T = ngzms. (6.2.3b)

Therefore, the gravitational mass M of such a galaxy cluster can now be estimated
from eqns.(6.2.2),(6.2.3a) and (6.2.3b) if R and v,,,,s are known from measurements.
Zwicky found that the estimated mass-to-luminosity ratio in the Coma cluster is around
50 times as large as that of any individual galaxy. This is indicative of the presence
of large proportions of gravitating mass in galaxy clusters. These observations were

corroborated by more sophisticated techniques in the recent times.

e Bullet clusters: One of the most energetic events after the big bang was the collision
of two giant galaxy clusters at a distance of around 4 billion light years from the Earth.
Analyses of the X-ray spectra have revealed that the collision was massive enough
to cause the baryonic matter (normal matter) in each colliding cluster to displace
from its respective dark matter halo [223-225]. On the contrary, the dark matter
halos as surmised from gravitational lensing effects [226] around the tails of the cluster
(where the baryon density is palpably low), show that they passed through each other
undistorted. This particular phenomenon has led to the understanding that dark
matter is collisionless, i.e., it interacts with luminous matter as well as with itself very

weakly. The 'mon-baryonic’ massive particle interpretation thus gains ground.

e The cosmic microwave background: The cosmic microwave background (CMB) is
the electromagnetic radiation left over from the time of recombination in Big Bang cos-
mology, with a radiation density around ~ 0.25 eV /cm?®. It has essentially established
the Big Bang Theory as the standard model of cosmology. The CMB spectrum re-
sembles closely to a perfect blackbody, but contains certain anisotropies [221,227,228].

These anisotropies can be decomposed into a power spectrum, whose peaks constrain
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cosmological parameters. The first peak mostly shows the density of baryonic mat-
ter, while the third peak relates mostly to the density of dark matter, measuring
the density of matter and the density of atoms. The spectrum was first observed by
WMAP [229-231], and the results support the ACDM model.

6.3 Some properties of dark matter

The miscellaneous evidences discussed above do point out towards some important properties
that dark matter must necessarily have, an understanding of which helps to build particle

physics models of dark matter. We therefore enlist them below.

e Dark matter is non-luminous, that is, it does not interact with the photon. Otherwise,
it would have led to a CMB spectrum different w.r.t what is observed today. Dark

matter particles are therefore electrically neutral.

e The dark matter in the universe is all pervading, and, it aids the formation of large-scale

structures such as galaxy clusters by aggregating gravitating mass.

e Dark matter particles are stable on a cosmological time scale. That is, even if they

decay, the corresponding lifetime must exceed the age of the universe.

e Weak interactions of dark matter, that is to say, interactions with W+ and Z are
permitted. However, they must be in consonance with the non-observation of dark
matter in the recent direct detection experiments. Interactions with other SM matter
particles are expected to be more suppressed. It is also worthwhile to comment on
dark matter self-interactions in this context. For hard-sphere elastic scattering, a
constraints applies on the self-interaction cross section per unit dark matter mass, i.e.,

<1 cm?/g. This bound stems from observations on the structure of galaxy clusters.

e The known fundamental particles (Standard Model particles) like leptons and quarks
do not qualify as dark matter candidates as they are electrically charged. The only
exceptions are neutrinos, which are neutral particles. But the relic density of neutrinos
falls far too short of the observed relic density of dark matter [232,233]. Moreover,
neutrinos contribute to hot dark matter, whereas according to CMB studies, dark

matter is overwhelmingly cold or warm.
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6.4 Types of dark matter

Dark matter can be classified based on their thermal history, their baryonic content, and,

their mass. Below is a discussion of the various classification schemes.

6.4.1 From thermal history

Dark matter can be classified on the basis of whether it was produced thermally or non-
thermally in the early Universe. Thermal dark matter is produced via the collision of cosmic
plasma in radiation-dominated era. That is, the dark matter particles were in thermal and
chemical equilibrium with the thermal plasma in the early universe. They were produced
through annihilation of the SM particles, and the reverse of it would also occur concurrently.
The dark matter particles decoupled from the thermal soup when the interaction rate dimin-
ished compared to the rate of Hubble expansion. This caused the comoving number density
of the dark matter particles to become constant that time onwards. This phenomenon, where
the annihilation rate exactly equalled the expansion rate is known as ”freeze-out” and the
temperature at which the freeze-out occurred is known as the freeze-out temperature for that
DM species. In this context, the case of a Weakly Interacting Massive Particles (WIMP)
as candidate for dark matter is particularly interesting. On the other hand, non-thermal
production refers to processes taking place outside of the thermal equilibrium. In such a
case, the dark matter relic density generated by the out-of-equilibrium decays of heavier
states, or, through annihilation of other particles [234]. Examples of non-thermal dark mat-
ter candidates include super-light particles such as axions and super-heavy particles such as
WIMPrzillas [235] which are produced by gravitational effects.

6.4.2 From particle content

The particle nature of dark matter is yet not verified. However, that the proportion of
visible matter in the universe is somewhat lesser than the baryonic matter, a small room
is indeed left for dark matter to have a baryonic nature. Baryonic dark matter can be
present in the gas of intergalactic medium (Lyman alpha), floating stars in a cluster of
galaxies etc. The amount of baryonic dark matter can be inferred from models of Big Bang
nucleosynthesis [236-238]. It should be however remembered that dark matter is believed to
be dominantly non-baryonic since its proportion by far exceeds the same for baryons. Since

non-baryonic dark matter has little or no interactions with ordinary matter, it is harder to
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detect compared to its baryonic counterpart.

6.4.3 From mass and speed

Dark matter particles with masses around ~ 1 keV have relativistic speeds during freeze-
out. Such are categorised as hot dark matter. These are characterized by z; = % < 3,
with m and T respectively denoting the dark matter mass and its freeze-out temperature.
If on the other hand, one has xy > 3, then the corresponding dark matter is referred to as
cold dark matter (CDM). Such particles generally have masses ~ O (10)GeV - 1 TeV and
are non-relativistic at freeze-out epoch. Weakly interacting massive particles (WIMPs) are
hypothetical particles that are thought to constitute CDM [239, 240)].

There is an important difference between these two types from the perspective of struc-
ture formation. Simulations of a universe dominated by cold dark matter produce galaxy
distributions that are roughly similar to what is observed. In contrast, a relativistic entity
such as the hot dark matter would smear out the large-scale structure of galaxies and hence
would not be viable [241]. There is also an intermediate kind called warm dark matter [242],

which is however still not ruled out. In this thesis, we have considered scenarios of cold dark

matter based on extended scalar sectors.

6.5 Some popular models for dark matter

In this section, we discuss some popular dark matter scenarios.

e The lightest supersymmetric particle: Supersymmetric models not only pose an
attractive solution to the naturalness problem, but also DM promising candidates.
In most supersymmetric scenarios, the proton is rendered stable by the action of a
particular discrete symmetry called R-parity. This is defined to be R = (—1)3(B=£)+25

with B, L and S respectively denoting the baryon number, lepton number and spin of

the particle. A fallout of R-parity conservation is that all SM particles carry R = 1 and

their superpartners carry R = —1. Consequently, the lightest superpartner becomes a

stable particle. Within the framework of the Minimal Supersymmetric Standard Model

(MSSM) [243,244], an example of such a stable entity is the lightest neutralino. That

is, admixtures of the s = 1/2 partners of the Higgs fields, the B and the W3 bosons lead

to four Majorana fermions known as neutralinos. As highlighted before, the lightest

neutralino therefore becomes a promising dark matter candidate [245-248]. However,
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in scenarios beyond the MSSM, alternative dark matter candidates can be predicted.

These include gravitinos [249-251] and right-handed sneutrinos [252-254] for instance.

Kaluza Klein dark matter: In extra dimensional models, the SM is postulated
to be embedded in five spacetime dimensions (d = 5), where the fifth dimension is
compactified. As a result, an infinite number of states, called KK-tower, emerge cor-
responding to each SM field. In a KK tower, the various states are designated by the
quantum number n. For instance, an SM particle is the n = 1 state and n = 2, 3... are
the corresponding KK excitations. Now, in Universal Extra Dimensions (UED) [255],
an analogue of the R-parity emerges, known as the KK parity, which also leads to
stable particles that could be possible dark matter candidates [256-265]. One example

of such is the first KK-excitation of the U(1)y gauge boson, denoted as B,(}).

The axion: The axion is one of the leading non- baryonic cold DM candidates. The
axion, a light pseudoscalar boson, was proposed to address the strong C'P problem
[266—270]. A number of astrophysical observations and laboratory experiments have
put the bound on axion mass to be ~ 0.53 eV [271]. In spite of having this tiny a mass,

they can still be cold [272,273] if they are produced through non-thermal means.

Scalar dark matter: A scalar dark matter candidate is usually modelled by extend-
ing the SM scalar sector. Two popular examples of which are the scalar singlet, and
the inert doublet dark matter. In either case, the additional scalars are prevented from
receiving vacuum expectation values, and, this is achieved by demanding them to be
odd under some discrete symmetry such as Zs. This symmetry, whose action is similar
to that of R-parity in supersymmetry, is responsible for the stability of the dark matter
particle. The former scenario employs an SU(2), singlet scalar that couples only to
the SM Higgs through the scalar potential [274]. Therefore, annihilation to SM states
proceeds via an s-channel Higgs exchange. Therefore, such classes of models are also
referred to as 'Higgs portal’ scenarios. On the other hand, in the latter scenario, an
additional SU(2), scalar doublet, commonly called an ’inert doublet’, is used [275]. In
this case, apart from hA-mediated annihilations, possibilities of coannihilation amongst

the inert scalars also open up.
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6.6 Calculation of relic abundance

In the thermal soup, a dark matter particle (y) and its antiparticle () are produced by
the annihilation Xgp Xsy — XX, where Xgps is an SM particle. The reverse reaction
XomXsy — xx also takes place, and, a simultaneous occurrence of the two maintains the
dark matter particle in thermal equilibrium. However, as the annihilation rate depreciates
with respect to the rate of expansion of the universe, the interactions maintaining the thermal
equilibrium freeze out. Since x does not decay, its abundance becomes fixed and does not
change as the universe evolves. Hence, the dark matter abundance is more commonly termed
as the relic abundance/density. The relic density is denoted by Qh?, and is more formally
defined as Qh? = 'Z—’z. Here, p, and p. respectively refer to the dark matter density and
the critical density in the universe. In this section, we outline the procedure of calculating
the relic density in the framework of Friedmann Robertson Walker (FRW) cosmology. More
detailed discussions are to be found in [276-278].

The relic abundance of thermally produced DM particles is computed by solving the

Boltzmann equation given by
n+3Hn = — <ov>(n®—nd). (6.6.1)

where n — Number density of the DM particle,

Neq — Equilibrium number density,

H = g — Hubble constant, a being the scale factor of the FRW metric,

< ov >— Thermal average of the product of the annihilation cross section and the relative
velocity v of the two annihilating particles.

Details of calculating < ov > can be found in [279,280] For a DM particle of mass m and
with number of internal degrees of freedom = g, the equilibrium number density in the limit

T << m, is given by

d3p _E
Neq = Q/W e T, (662)
d3p p?
~ —(mt 2/ T, 6.6.3
9/ e ¢ (6.6.3)

Denoting s to be the total entropy density in the universe, we introduce the comoving
number density (Y') as the ratio of the number density to the entropy density, i.e., ¥ = 2.
eqn.(6.6.1) is then recasted as

Y = —s<ov>(Y?-Y2) (6.6.4)
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m
T

ature of the thermal soup. Using the fact that H % in the radiation dominated era and

Next, we define x = % where m and T respectively denote the DM mass and the temper-

considering Y to be a function of z, eqn.(6.6.4) becomes

% = Sng—i <ov>(Y?-Y2) (6.6.5)
In the framework of FRW cosmology, the Hubble constant is expressible in terms of the total
energy density (p) and the gravitational constant (G). In turn p depends on the temperature
and the number of relativistic degrees of freedom contributing to it (geg(7")). Therefore the

following relations

1

8 =
H = <§7er)2, (6.6.6a)
2T
= gur(T) 6.6b
po= gl (6.6.6b)
2727
s = he(T) ”45 , (6.6.6¢)

upon used in eqn.(6.6.5), ultimately lead to the following,
dy 45 \-1/2g%m
- (%)
dx

Where, in eqn.(6.6.7),

<ov>(Y?=Y2) (6.6.7)

T 2

h T dh
1/2 _ eff eff
gL p (1 T ) (6.6.8)

Before freeze-out occurs at a temperature 7%, Y obeys the equilibrium number density. That
is, for T > Ty, Y =~ Y, . At freeze-out, one takes Y = (1 + 0)Y,q with 6 ~ 1.5. Another

important input in this context is the analytical form Y.,(z) = %%. Here K, (x)

refers to the modified Bessel’s function. Upon substituting these in eqn.(6.6.7), we obtain
the condition of freeze-out as under:
(45G> —1/2459 Ka(x) 19
A7t heg 7
Ki(x) 3 (gi”(T)giéZ(T) 1)
2

Ky(z) =« hea(T)

m<ov>6(6+2) =
n

(6.6.9)

The value of z at freeze-out, x; = % is obtained by solving eqn.(6.6.9) numerically. Once
xs gets known, the comoving number density at the present epoch (Yp) is straightforwardly

determined by integrating eqn.(6.6.7)*. The relic density can then expressed in terms of the

!Generally one observes Y >> Y., in which case eqn.(6.6.7) can even be solved analytically. However, it

is customary to opt for an exact numerical solution for a more precise prediction for the relic.
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same as

Qh% = 2755 x 105 —"
x GeV

Yp. (6.6.10)
At the freeze out temperature the annihilation cross section can be expanded as follows.
<ov> = a+ b’ (6.6.11)

In terms of the coefficients a and b, and denoting the Planck mass as Mpy,

1.04 x 107/GeV  ay 1
Mpy g*(xf)a—F%'

Qh? ~ (6.6.12)

A couple of statements are now in order. First, eqn.(6.6.12) indicates that the dark
matter particle freezes-out earlier if its annihilation cross section is on the higher side 2.
Correspondingly its relic abundance will be less. Second, obtaining the correct abundance
of dark matter today via thermal production requires a self-annihilation cross section of
< ov >~ 107%cm?, which is roughly what is expected for a new particle in the 100 GeV
mass range interacting via the electroweak force. This naturally fits WIMPs as successful
candidates for CDM. This observation is known as the ” WIMP miracle”.

It is pointed out here that there are three important exceptions to the validity of the

above formalism [281]. Such situations are encountered whenever there is an annihilation

near a mass threshold, a coannihilation [282], or, a resonance in the annihilation cross section.

6.7 Search for dark matter

One of the most exciting areas in modern day astroparticle physics is searching dark mat-
ter through various experiments. Although there is yet no definitive evidence in favour of
dark matter, the quest is still on, and, can be broadly divided into three categories: direct
searches, indirect searches and collider searches. Direct searches are aimed at obtaining dark
matter signals through various terrestrial detectors. Indirect methods employ space-based
instruments to search for signals from products of WIMP annihilation, such as v-rays or
antiprotons. In addition to these, observation of signals with an excess of missing transverse
energy at the colliders could also hint at presence of dark matter along with its fundamental

interactions. We present below a brief outline of the various search techniques.

2h in this equation refers to the Planck constant and should not be confused with the Higgs boson.
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6.7.1 Direct search

Whenever a dark matter particle strikes a terrestrial detector, it will scatter off the nucleus
of the detector material, as a result of which the detector nucleus should experience a recoil.
The magnitude of this recoil would be feeble owing to the tiny interaction strength. A
dark matter direct detection experiment therefore seeks to measure this low recoil energy
(~ KeV). The experimental set up must be placed in the deep underground to eliminate
backgrounds from the cosmic-rays.

The detection rate is defined to be the number of particles detected in a detector per
unit time per unit recoil energy. The differential detection rate of WIMP per unit detector

mass is given by [278].

dR > do
4 - NT<I>/U ) (6.7.1)

In eqn.(6.7.1), @ is the dark matter flux and Ny is the number of target nuclei per unit
mass. The dark matter velocity v is measured in the Earth’s reference frame with f(v) as
the velocity distribution function. Besides, the term 6%'2 refers to the differential scattering
cross section with ¢ denoting the momentum transferred to the recoiling nucleus. Further,
Umin 1s the minimum velocity the dark matter particle must have in order to scatter off a
nucleus (of mass my,,.) with a recoil energy Eg. If y stands for the reduced mass of the dark

matter-nucleon system, it is noted that

5 1/2

2142

Computing % requires inputs from particle physics, nuclear physics as well as astrophysics,
as is evident from eqn.(6.7.1). To elucidate, the interaction at the fundamental level is
guided by the coupling of the dark matter with quarks (and gluons) inside the nucleon.
This coupling therefore is dependent on the particular particle physics model taken. Once
the scattering cross- section at this level is obtained, it is translated to the nucleonic level
using appropriate hadronic matrix elements (matrix elements of quark and gluon operators
in nucleonic state). Also needed are distribution functions of the quarks inside the nucleons.
In addition to these, astrophysical inputs, such as the knowledge of the form of f(v) also
make their way into the calculation of the nuclear recoil rate.

Dark matter detections are of two types: spin-dependent and spin-independent. In the
spin-independent case, the scattering cross section is proportional to the square of the atomic

mass A, whereas the cross sections for spin-dependent scattering are proportional to J(J+1),
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where J is the spin of the target nucleus. The experimental sensitivity of spin-dependent
cross section is far below than that of spin-independent cross sections. In this thesis, as a
neutral scalar particle is considered as a viable WIMP dark matter, only the spin-independent
cross sections are considered. The spin- independent cross section of the nuclear recoil for a

nucleus of mass my and atomic number 7 is given by

o= AN e (A— D) (6.7.3)

m(m+ my)

Here, f, and f, are the form factors for the proton and the neutron respectively. Presently,
non-observation of dark matter in direct detections from experiments like XENON, LUX have
set a limit on WIMP-nucleon scattering cross section for a given dark matter mass [283-285].
In fact, the most stringent bound has come from the LUX experiment. These experiments
have also ruled out the previous claim made by the experiments like DAMA /LIBRA, Co-
GeNT, CDMS etc [286-288] of having detected signature of dark matter of mass around ~10
GeV .

6.7.2 Indirect search

Indirect search techniques [289] are focussed at looking for dark matter signatures through
their annihilation to various SM final states, such as, to ¢7, ZZ,W*W~ and ~7y. These
primary particles eventually decay into positrons, electrons, anti-protons, protons, neutrinos
and ~-rays, which can be observed by suitable detectors. Another example in this category
would be the rise in the fraction of positrons in the total ete~ -flux for energies above
~ 5 GeV, which could possibly have an explanation in terms of dark matter annihilation.
Although this thesis does not seek to explain any of the indirect signatures using extended

Higgs sectors, we present below a brief account for completeness.

e Gamma ray signals: Prompt gamma ray signals can arise due to dark matter
annihilations, and, detection of such signals, particularly in the direction of the galac-
tic centre, can possibly be a handy way to predict the dark matter mass. However,
such gamma rays need not have the exactly same origin. For instance, whenever two
dark matter particles annihilate and directly produce vy or vZ, the resultant photon
spectrum is monochromatic, something which cannot be mimicked by an astrophysical
process (which produces a continuous spectrum). On the other hand, photons can also
be given rise to by the fragmentation and decay of fermions and gauge boson pairs,

that are in turn produced through dark matter annihilations. Therefore, contrary to
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a line signal, this process leads to a continuous photon spectrum. In addition, ete™
pairs produced by dark matter annihilations can undergo inverse Compton scattering

in the galactic radiation field resulting in photons.

The Fermi-LAT is an imaging large-area gamma ray telescope aimed at looking for
gamma rays from astrophysical sources, such as galactic centres and dwarf spheroidal
galaxies. The telescope is sensitive to the gamma energy range of 20 MeV - 300 GeV.
For instance, The Fermi-LAT experiment had claimed to have seen a line spectrum for
gamma rays from the direction of the galactic center around ~ 130 GeV. This led to
its possible explanation through annihilation of two dark matter particles with masses
~ 130 GeV [290-294]. However, not all astrophysical gamma ray backgrounds have
been understood properly till date. As a result, more definitive explanations to the

origins of these excesses have not emerged.

Positron and antiproton excesses: Payload for Antimatter Matter Exploration
and Light-nuclei Astrophysics (PAMELA) is an operational cosmic ray research mod-
ule attached to an Earth orbiting satellite, dedicated towards detecting cosmic rays
with a focus on their antimatter component in the form of antiprotons and positrons.
Preliminary results had indicated an excess of positrons in the energy range 10-60 GeV.
Similarly, the Alpha Magnetic Spectrometer-02 [AMS-02], placed at the International
Space Station, had reported a rise in the positron fraction starting at ~10 GeV and
extending at least to 350 GeV [295]. In addition, AMS-02 had also reported a de-
viation of the antiproton fraction from secondary astrophysical sources of cosmic ray
collisions for the antiproton kinetic energy between 50 to 500 GeV [296]. Although this
observation was not backed up by similar findings by PAMELA, these excesses were
interpreted to be originating from annihilation of WIMPs with masses in the ~ 100
GeV ballpark. In fact, the antiproton spectrum provided a stringent constraint on the
corresponding annihilation rate. Theorists also looked whether such excesses in the
positron and antiproton spectra could corroborate the observed gamma ray excesses in
the galactic centre. However, several inaccuracies in the experimental set ups of both
PAMELA and AMS-02 were later found out, and hence, these observations were no

longer deemed concrete later.

123



6.7.3 Collider search

An alternative approach to the detection of dark matter is to produce them in a laboratory.
The Large Hadron Collider (LHC) may be able to detect dark matter particles produced in
collisions of the proton beams. Since dark matter should have negligible interactions with
normal visible matter, it may be detected indirectly as an excess of missing transverse energy
over and above what is expected from the SM. Constraints on dark matter were also put in
the Large Electron Positron (LEP) experiment using similar principles.

As a dark matter particle x would entirely evade a detector, a generic approach to its
detection is to pair produce Yy in association with a visible particle Xgy;. Till now, the
collider searches using mono-jets or mono-photons [297,298] in association with missing
transverse energy have not reported of significant excesses. Even if some smoking gun signal
is reported someday, it is crucial to reinforce the observation by corresponding observations
in the indirect or direct detection sectors. This will pin down on the exact nature of the

dark matter particle.

6.8 Summary

In all, dark matter continues to be as enigmatic as it was when it got postulated. In this
chapter, we have reviewed some of its key aspects. Starting with the experimental evidences
favouring dark matter, we have discussed the dark matter types and also some relevant
particle physics models for the same. The calculation of the relic density is presented in a
sketchy manner. In addition, various techniques of dark matter detection have also been
reviewed.

In the remaining part of this thesis, we have studied the compatibility of high scale
vacuum stability and perturbative unitarity of some extended Higgs models, in conjunction
with with dark matter phenomenology, particularly in context of the inert Higgs doublet(s).
A model with one inert Higgs doublet augmented by right handed neutrinos is what is
investigated in the next chapter. In addition, in the last chapter, we have studied a scenario

with two inert doublets in a similar spirit.
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Chapter 7

Dark matter, neutrino masses and
high scale validity of an inert Higgs
doublet model

7.1 Introduction

The previous chapters have led to the important conclusion that the EW vacuum can be
stabilised till the Planck scale by switching over to the 2HDMs. Moreover this can be
ensured while keeping the theory perturbative throughout the course of RG evolution. We
also observed that the conclusion regarding the high scale validity of the model depends on
the presence (or absence) of certain discrete symmetries. We investigated the consequences
of turning on a Zs, symmetry and also violating it through quadratic terms, in this context.

Side by side, it is worthwhile to remember two rather pressing issues which prompt one to
look beyond the Standard Model (BSM). These are the non-zero mass and mixing of neutri-
nos and the likely existence of Weakly Interacting Massive Particles (WIMP), contributing
to Cold Dark Matter (CDM)!. Given this, it is an attractive idea to look for a theory that
can simultaneously address all of the aforesaid problems in one framework. Here we consider
one such scenario based on a 2HDM.

In this chapter?, we investigate a scenario, first proposed in reference [299], that extends

the SM with an extra Higgs doublet and three right handed neutrinos with a Z, symmetry,

LA more detailed discussion on dark matter is presented in Chapter 6
Zbased on [166]

125



under which all SM particles are even while this additional scalar doublet and the right-
handed neutrinos are odd. This symmetry prevents the additional doublet from having a
vacuum expectation value(VEV) thus vetoing the tree-level neutrino mass generation. More-
over, there exists a stable scalar particle in the form of the lightest neutral mass eigenstate
of the additional doublet, which yields an eligible DM candidate. The extra doublet is es-
sentially an inert doublet. Although a lot of study has already taken place on minimal
inert doublet models [170,275,300-316], the extra appeal of this model lies in the radiative
generation of neutrino mass. Though various aspects of this scenario have already been in-
vestigated [317-328], the present chapter includes the following points which have not been

emphasised before.

e We investigate the vacuum stability of this model at various scales, and identify the
regions of its parameter space, which keeps the model valid all the way up to the Planck
scale. The contribution of additional scalar fields as well as the right-handed neutrinos
to the renormalisation group (RG) equations [given in Appendix B| has been taken
into account here. Using these modified RG equations we evaluate the scalar quartic
couplings at different scales. During the evolution of the quartic couplings we demand
not only vacuum stability but also perturbativity of the couplings as well as unitarity

of the 2 — 2 scattering matrix at each scale.

e The heavy right-handed neutrinos introduce a new mass scale (M) to the theory and
the neutrino Yukawa couplings contribute to the RG evolution this scale onwards only.
This brings out greater implications on the parameter space that distinguishes this
model from a minimal inert doublet model. In this chapter, we will show the salient

features of the model that emerges from the above fact.

e This model also contributes to leptogenesis due to the presence of heavy right-handed
fermions. The values of the right-handed neutrino mass scale used in the high-scale
analysis are taken to be commensurate with leptogenesis constraints. Thus the part of

the model space consistent up to the Planck scale is also supportive of leptogenesis.

e We also examine the candidature of the lightest Zs-odd particle as DM candidate,
and identify the allowed values of the couplings yield the right relic abundance. We
ensure that the dark matter candidate is consistent with the recent result of direct
detection experiments. We identify a substantial region of the parameter space, which
simultaneously satisfy the vacuum stability, perturbativity and unitarity requirements

and accommodate the dark matter candidate with the correct relic density.
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e Finally, we examine the 125 GeV scalar and make sure that the signal strengths in the
observed channels ( such as the h — ~7 channel) are consistent with data from the
Large Hadron Collider (LHC).

We organise the paper as follows. In section 7.2, we briefly describe the model and
its various features. In section 7.3, we explain all the theoretical constraints and collider
constraints that we use in the RG running of different quartic couplings. Next, in section 7.4,
we discuss the DM aspects of this model. After explaining our analysis strategy in section 7.5,
we present our results related to high-scale validity in section 7.6. Finally in section 7.7, we

summarise our results. Relevant formulae are given in Appendix B and Appendix A.3.

7.2 The Radiative Neutrino Mass Model with an inert
doublet

In addition to the SM fields, the radiative neutrino mass model with an inert doublet [299],
contains a Higgs doublet (®5) and three right handed (RH) neutrinos (N*) with an unbroken
Zo symmetry, under which the doublet and the right handed neutrinos are odd while all other
SM particles are even. Being odd under the symmetry, ®, does not acquire any vacuum
expectation value (VEV) and has no tree-level couplings to fermions.

The relevant Yukawa and mass terms are
i NT ] M’L — .C i N .
— Ly = y;N'®LL) + h.c+ 5 (N*N*+ h.c),(i,j =1,2,3) (7.2.1)

Here LJL are the SM lepton doublets and M; are the Majorana masses for the heavy

right-handed neutrinos N¢. The scalar potential is
1 1
Vo= §A1(q>{q>1)2 - §A2(q>;<1>2)2 + A3(R1 D) (DLDy) 4 My (D)D) (D] D)
A
v [35@{@2)2 + h.c.] +m2, B + m2 D), (7.2.2)

where all parameters are real, and ®; is the SM Higgs doublet.

The two scalar doublets can be written as

G+ H+
o, = . o and, ¢y = . » : (7.2.3)

where, v = 246 GeV, is the electroweak vacuum expectation value (VEV). One thus has five
physical states (h, H, A, H¥) and three Goldstone bosons (G°, G*). While h corresponds
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to the physical SM-like Higgs field, the inert doublet components are one C'P-even neutral
scalar (H), one C'P-odd neutral scalar (A) and a pair of charged scalars (H*). The physical

masses are given by

1
Mlgfi = m%{)2 ‘I— 5)\3'[}2,

MI2-I = m%{’Q —+ )\va,

M; = mj, + v’ (7.2.4)

where A\jj4 = %()\3 + A4 £ A5). The value of )\; is determined using M;, = 125 GeV?.
Majorana masses for the light neutrinos are generated radiatively through one-loop exchange
of the Zs-odd neutral scalars. The general expression for the loop-induced contributions to

the light neutrino mass matrix [299] is

(7.2.5)

In
1672

ZyzkyjkMk { M n Mg M3 M3
P Ve VLR VPR VPR V7

Thus, the neutrino masses and mixing are determined by the inert scalar masses and the
right-handed neutrino masses M;. These masses represent the scale of lepton number vi-
olation and hence that of leptogenesis [329,330] in this model. Some studies have already
been done in this context [304,323,325,326,331]. Our choice of the right-handed neutrino
(Majorana) mass scales made the present study automatically compatible with leptogenesis.
To satisfy the necessary constraints in the low DM mass region where Mpy < My (Mpuy
denotes the dark matter mass), one must take the lightest of the Majorana masses to be
M > 110 TeV, where as in the high DM mass region (Mpys > 500 GeV) the bound is only 1
TeV [304]. Hence, to be consistent in both cases, we use two values of M, (a) M = 110 TeV
and (b) M = 10° TeV. While, in one hand, choice of (a) is motivated by the idea of having
the lowest possible leptogenesis scale, we choose to work with (b) which have interesting
consequences on the RG runnning. We will show in later sections, how the mass scale (b)
of M affects the stability of the vacuum mainly in the high DM mass region and eventually
explain the physical reasons behind it.

Along with the above restrictions we also demand M, ~ O(0.1 eV) to be consistent
with neutrino oscillation data for some fixed M and other exotic scalar masses. However,
for simplicity, we consider only one diagonal Yukawa coupling (y,) and do not look into the

hierarchical details of the Yukawa matrix. At this point, it is to be noted that a more rigorous

3We have used upper cased M to designate the scalar masses in this chapter, contrary to Chapter 3,

Chapter 4, Chapter 5 and Chapter 8, where lower case was used.
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study with the intricate flavour structure of the neutrino Yukawa matrix can highlight the
region of the model space that fits the observed pattern of neutrino mixing [328]. However,
we would like to emphasise that the broad conclusions on the high-scale validity of this
scenario vis-a-vis the DM constraints remain unchanged. Finally, we should mention that
the lighter state between H and A is the DM candidate. We present our illustrative results

for cases where H plays this role.

7.3 Constraints from perturbativity, unitarity, vacuum

stability and collider data

In this section, we briefly describe the constraints that are imposed on the model parameters

and how exactly they shape the results so obtained*.

7.3.1 Vacuum stability

The scalar potential is considered bounded from below, if it does not turn negative for large
field values along all possible field directions. In this model, stability of the electroweak
vacuum is ensured up to some specified energy scale if the following conditions are satisfied

for all scales () up to that scale:

vsel @ A (Q) >0, (7.3.1a)
vse2 o A(Q) >0, (7.3.1b)
vsed 1 A3(Q) F VvV AM(Q)A(Q) >0, (7.3.1c)
vsed 1 As(Q) + (@) — (@) + V(@) (Q) > 0. (7.3.1d)

Such conditions have been elaborately discussed in literature [28,77,119,121]. One should
make a note that these conditions ensure absolute stability of the electroweak vacuum. For
metastability, the conditions are somewhat less stringent, they have been discussed at length
in Chapter 3 and Chapter 4.

4Although the conditions of vacuum stability, perturbativity and unitarity for the inert doublet case are
same as the corresponding conditions in case of a Type-II 2HDM, they are nonetheless discussed here for

completeness.
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7.3.2 Perturbativity

For the scalar quartic coupling \;(i = 1 — 5), the criterion for perturbativity is
Ai(Q) < 4. (7.3.2)
The corresponding constraints for the Yukawa and gauge interactions are

yi(Q), 9:/(Q) < Vim. (7.3.3)

where, () represents the energy scale at which they are being computed. We demand that

the criteria in eqn.(7.3.2) be obeyed at all energy scales up to the cutoff of this model.

7.3.3 Unitarity

A further set of conditions come on demanding unitarity of the scattering matrix comprising
all 2 — 2 channels involving, by the optical theorem [92,97,112,113]. In our context,
this translates into the condition that the absolute value of each distinct eigenvalue of the
aforementioned amplitude matrix be bounded above at 87 (after factoring out &= from the

matrix). These eigenvalues are

3 9
ay+ = 5()\1 + )\2) + \/§(>\1 — )\2)2 + (2)\3 + )\4)2,

1 1
bi — 5()\14‘)\2)2&\/1—1()\1—)\2)24‘)\%,

cr o= di= (Mt h) \/i“l I WY

er = (A3+2M —3X5),

ea = (A3 —As),

fi = fa= s+ M),

fi = (A3+2X\+3X5),

f- = (A3+ As5). (7.3.4)

7.3.4 Collider data

In addition to the theoretical constraints discussed above, important bounds on scalar mass

parameters come from collider data.
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e In order to identify h with the SM-like Higgs as observed by the ATLAS and CMS

collaborations, one requires M), ~ 125 GeV.
e To be consistent with the LEP bounds, one must have

My + My > Mz, (735)
My +MA/H > Myy.

Moreover, for neutralino as in the supersymmetric context, LEP-II searches limit
pseudo-scalar mass (M,) to 100 GeV when My < M, [301,332]. Similarly, chargino
search data, properly extrapolated, imply My+ > 70 GeV [333].

e Though all the tree-level couplings of h are identical to those of the SM Higgs, the
charged scalar H* potentially modifies the loop induced couplings hyy and hZ~y via
loop contributions [177,334-337]. We theoretically compute the signal strength s,
for h decaying to the diphoton channel as the ratio of the decay width in the ‘model’
to that in the SM. Its experimental value reported by the ATLAS and CMS collab-
orations stand at 1.17 + 0.27 and 1.13 & 0.24 respectively [180, 338]. Demanding the
signal strength to be within 20 limits of the experimentally quoted values puts further

constraints on the model. We use the limit on .., weighted as below:

1 1 1

ol (;)ATLAS + (;)CMS, (7.3.6)

p u
% = (%)ATLAS + (%)CMS- (7.3.7)

where, the numerators on the right hand side denotes the central values of the respec-
tive experimental results and oarpas/cams are the corresponding uncertainties. The

resultant uncertainty is o.

7.4 Dark Matter Issues

As stated earlier, we identify H as the DM candidate. For the complimentary choice, namely,
A with the same mass as the DM candidate, we have checked that the contribution to the
relic density is of similar magnitude. The relevant DM constraints to be considered are as

follows:

e According to recent PLANCK experiment [339] the observed cold DM relic density is
Qpmh? = 0.1199 4 0.0027. (7.4.1)
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We restrict our result up to 3o deviation from the central value.

e Strong constraints come from direct DM searches. Recently, XENON100 [285] and
LUX [283] experiments have put upper-bound on the DM-nucleon scattering cross
section for a wide range of the DM mass. In our case, the direct detection cross section
strategy is based on ¢-channel Higgs mediation. We choose to work in the region of

the parameter space allowed by the LUX limit.

o For My < M,;/2, the decay mode of Higgs to two DM particle (h — HH) will
presumably contribute to the invisible decay width of the Higgs boson. We take into
account the current constraint on the Higgs invisible branching ratio (< 20%) from

model independent Higgs precision analysis [149,340].

7.4.1 Case-A: Low mass DM (50 GeV < My < 90 GeV)

In this mass region, the dominant annihilation channel for H are the DM self-annihilation
processes through h mediation. This keeps the relic density at the right level. For both
positive and negative values of DM-DM-Higgs couplings, the relic density remains within
the allowed range as long as the My < 90 GeV. The sub-dominant contribution to the relic
density comes from the t-channel processes to vector boson final states mediated by A and
H*. A detailed discussion in this regard on a similar model can be found, for example
in [304,306,315]. However, the coupling Ay has no effect in the relic density calculation. In
the next section, we will discuss this results elaborately. One more notable point is that,
annihilation processes that mediated by the heavy right-handed neutrinos give negligible
contribution (less than 1%) to the relic density calculation. These processes are suppressed

by the heavy mediator mass.

7.4.2 Case-B: High mass DM (My > 500 GeV)

The interesting feature of this region is that, the correct relic abundance can be achieved if
and only if H, A and H* are almost degenerate, at most have a mass difference of the order of
10 GeV. This is mainly because at this high mass, the annihilation channels with vector boson
final states can have direct quartic couplings (HHVV,V = W Z) or can be mediated by
any of the three scalars through ¢/u channels. These diagrams yield too large an annihilation
cross section to match with the proper relic density. However, cancellation between direct

quartic coupling diagrams and ¢/u channels diagram occurs for mass-degenerate H, A and
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H#*, which in turn brings down the annihilation cross section to the desired range. Due to

narrow mass differences among the inert scalars. coannihilation becomes inevitable.

7.5 Analysis strategy

The aim of this chapter is to probe the parameter space of an inert doublet model (IDM)
augmented with heavy RH neutrinos compatible with various theoretical and experimental
constraints elaborated in the previous sections. We carry out our investigation in the two
separate mass regions. In each region, we scan over the relevant parameters, namely, the
masses My, M, and Mﬁ, and the coupling A;. With M, fixed at 125 GeV, Ay, A, My, M4
and M§ fix all the remaining quartic interactions. At this point it is to be mentioned that
the parameter Ay can not be constrained by any physical observable at least at tree level.
However, A5 is bounded by the stability and perturbativity condition and we have explicitly
checked that 0 < Ay < 0.36 to satisfy the theoretical constraints. Rather than scanning over
A2, we have demonstrated our results with two benchmark values (0.1 and 0.001) for it, both
of which are well within the above limit.

These quartic couplings are then used as the electroweak boundary conditions at QQ = M,
and their RG evolution to high scales is studied. Here M, denotes the top quark pole mass.
The reader is reminded that the effect of the RH neutrinos is turned on at a scale Q = M.
Thus, for M; < @@ < M, we do not include the RH neutrino contributions to the one-
loop RG equations. We include such conditions for () > M and use the RG equations
listed in Appendix B. The scale up to which the scenario remains consistent is denoted by
Ayy. For a generic parameter point \;(Q) = M,;), we check the aforementioned theoretical
constraints at all intermediate scales up to Ayy. If the constraints are all satisfied, we tag
Ai(Q = M,;) as an allowed point. This marks out an allowed region in the parameter space
defined at the electroweak scale. Moreover, the effects of constraints stemming from the
DM observables and collider searches are examined independently in this region. The finally
allowed parameter regions are thus identified and presented for benchmark values of Ay and
M. We use the publicly available package micrOMEGAs-v3.6.9.2 [341] for DM analysis.

Amongst the SM fermions, only the top quark plays the dominant role in the evolution
of the couplings. The boundary condition for its Yukawa interaction at the electroweak scale
is fixed by y,(M,) = ¥2Me(1 — s=rg(My)). We have used M, = 173.39 GeV throughout our

v

analysis.
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7.6 Numerical results

7.6.1 Low mass DM region

We perform a detailed parameter space scan where My < 100 GeV. In this scan, we impose
the LEP bounds as discussed in subsection 7.3.4.

Az [~1.0,1.0] (7.6.1)

My : [50.0 GeV,90.0 GeV] (7.6.2)
M, : [100.0 GeV, 500.0 GeV] (7.6.3)
My : [100.0 GeV, 500.0 GeV] (7.6.4)

We solve the RG equations for two values of M, 110 TeV and 10° TeV respectively. We
then show the allowed parameter space in the A\, — My plane for different choices of Ayy
in Fig 7.1 and 7.2. The regions denoted by A (red), B (cyan) and C (green) correspond to
Apy = 10°, 10'% and 10! GeV respectively. We overlay the region allowed by the Higgs to
diphoton signal strength within 20 limits of the current data as grey region named D. As
mentioned earlier, the full analysis is done for two values of A\, at the electroweak scale (0.1
and 0.001).

Let us briefly summarise the features that emerge from the figures and their possible

explanations.

e From Fig.7.1, it can be seen that an IDM with RH neutrinos possesses stable vacuum
even up to the Planck scale, but the higher the cutoff scale Ayy, less amount of
parameter space become allowed. To understand this, one can recollect that the t-quark
Yukawa coupling in the SM is responsible for the downward evolution of the scalar self-
coupling, which poses a threat to the vacuum stability. The presence of the additional
scalar quartic couplings (\'s) in a model like this offsets such an effect; however, the
boost thus provided to these couplings tend to violate the perturbativity and unitarity
condition. This necessitates a tightrope walking, and the scale up to which it is possible
is Ayy. Hence, it is natural that for higher Ayy, fewer combinations of parameters

will achieve this fine balance, and consequently the allowed region shrinks.

e Fig.7.1 also shows that Ay, is bounded on both sides and the limits stay almost same for
different right handed neutrino mass scale(M). This is of no surprise and can be easily
understood. Since Ay = 5(M7. — M} + Apv?), the upper bound on Aj, is imposed

by the requirement of perturbative unitarity. This is because a higher positive value
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Figure 7.1: Regions compatible with the theoretical constraints for M = 110 TeV (left panel

and 10 TeV (right panel) with three different choices of Ay and two values of Ay. The
regions denoted by A (red), B (cyan) and C (green) obey these constraints up to Ay = 106,
10'¢ and 10! GeV respectively. The grey region denoted by D keeps the Higgs to diphoton

signal strength within 20 limits of the current data.
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of A\p makes A3 large at the electroweak scale which violates perturbative unitarity
in course of its evolution under RG. On the other hand, a large negative value of Ap
induces a large negative value to A3. As a consequence, the vacuum stability condition
vscd of eqn.(7.3.1d) is violated even near the EW scale. This puts a lower limit on
A independent of M and Ayy, as evident from Fig.7.1. However, it must be noted
that the lower limit of A is not independent of Ay, which is another consequence
of eqn.(7.3.1d) that requires the condition A3 + Ay — [X5] > —v/A1 s to be satisfied.
With the decrease in the value of Ay the lower limit of the combination A3 + Ay — |As]
enhances. This combination can be approximated to Az, in the perturbative regime and
hence lower values of Ay increases the lower bound of Ay, as can be seen from the upper

and lower panel of Fig.7.1 that corresponds to Ay = 0.1 and Ay = 0.001 respectively.

To check the compatibility of the DM constraints with the theoretical ones, we look
for the region allowed by the 3¢ limits on Qpyh? from PLANCK data and 90% CL
limit on the spin-independent DM-nucleon scattering cross section from LUX data. In
Fig. 7.2, we show the parameter space allowed by the entire set of DM constraints. An
inspection of Fig. 7.1 and Fig. 7.2 shows that almost the full parameter space allowed
by the DM constraints lies in the region which is also favoured by the vacuum stability
condition all the way up to the Planck scale. However, the region corresponding to

A < —0.1 (shaded region in Fig. 7.2) does not lead to the stable vacuum.

It should be noted that in Fig. 7.2 we keep Mﬁ and M, fixed at 200 GeV. For higher
values of My+ and My, there is hardly any change in the annihilation cross section.
However, for values of Mﬁ and M, less than 200 GeV, the allowed region of Fig. 7.2
gets slightly modified. For example, for My ~ 70 GeV and My+ = M4 = 200 GeV,
the DM-DM-Higgs coupling A\;, ~ 0.007, but for Mg+ = M, = 100 GeV, one needs
Ar =~ 0.009 to satisfy the relic density constraint. It should be noted however that both
of the above points in the parameter space are within the stability region as shown in
Fig. 7.1.

Therefore, it is not possible to constrain Mﬁ and M, using DM constraints alone,
theoretical constraints however predict strong upper bounds on these masses, as is
evident from Fig. 7.3 and Fig. 7.4.

In Fig. 7.3 and Fig. 7.4, we show the theoretically valid regions in the A3 — Mﬁ and
A1, — M4 planes. As in previous cases, we exhibit the same for two different M and A\

values. Also, in each case, we overlay the parameter spaces allowed by the 2¢ limit of
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Figure 7.2: Region allowed by imposing the constraints on relic density(RC) and spin-
independent cross section(SI) for DM-nucleon scattering. The red(gray) region is allowed
only by the requirement of Qpyh? being in the correct range. The black region is allowed
by both the Qpyh? and direct detection constraints. The shaded horizontal band below is

disallowed by vacuum stability conditions. Here, My+ = M4 = 200 GeV.

Higgs to diphoton signal strength (region D). We observe that a tight upper bound of
160-170 GeV is realised on the masses Mﬁ and M4 for the cutoff at the Planck scale
and the couplings (A3, A1) are also bounded. The upper bounds on the masses M§ and
M 4 are imposed by the requirement of perturbativity and unitarity up to the desired
cutoff. With My in the aforementioned range, large masses of the other Z,-odd scalars
imply high values of the quartic couplings at the electroweak scale which potentially

violate perturbativity or unitarity at some high scale. On the other hand, the vacuum
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stability condition A3++/A;\s > 0 forbids large negative values of A\3. The explanations

of the limits of A\;, have already been mentioned above.

e The new physics contribution to the Higgs to diphoton decay channel comes from the
charged Higgs loop which is a function of My« and A3. The fact that A3 can not be
large negative results in a fall in the signal strength for diphoton channel. However,
the parameter space for Ay = 10! GeV is still allowed by the current limits on .,
defined in eqn.(7.3.7).

7.6.2 High mass DM region

This section demonstrates the high scale validity of our scenario in the limit of a high DM
mass. As discussed earlier, one needs to tune the mass splitting amongst H, H* and A
and the coupling A\, to an appropriate degree in order to achieve a relic density within the
desired bounds. It is seen that the maximal allowed splitting (AM) amongst the masses of
the Zs odd scalars is 10 GeV. As previously mentioned, for each chosen values of Ay (0.1 and

0.001), one is thus motivated to scan the high DM mass region in the following ranges:

Ap: [~1.0,1.0] (7.6.5)

My : [550.0 GeV,1000.0 GeV] (7.6.6)
My : [My, My +10.0 GeV] (7.6.7)
M+« [My, My + 10.0 GeV] (7.6.8)

Unlike the previous case, while the theoretical constraints ruled out a large portion of the
parameter space, the DM constraints put a less stringent bound on it in this high DM mass
region. Therefore, in Fig. 7.5 and Fig. 7.6, we demonstrate the parameter region allowed only
by the DM constraints and then overlay the part which are further allowed by theoretical
constraints. The full (pink) region denoted by RC+ SI shows the valid parameter space
allowed by DM constraints. In accordance with previous notation, the regions denoted by A
(red), B (cyan) and C (green) correspond to Apy = 10°, 106 and 10" GeV respectively.

Let us explain the various features of the model that emerges from the figures, in detail.

(1) The interplay of the theoretical and experimental constraints is studied in the form of
correlation plots in the My - A (Fig. 7.5) as well as My+ - A3 (Fig. 7.6) plane. As can
be seen, a significant amount of parameter space is forbidden for the theory to be valid

until the Planck scale.
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(2) Similar to the previous section, the upper and lower bounds on A\; are placed from the
requirements of perturbative unitarity and vacuum stability conditions respectively, as
shown in Fig. 7.5. In this region too the lower limit of Ay has dependence on \;. Same

happens for A3, as depicted in Fig. 7.6.
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Figure 7.5: Region(s) allowed in the My-A; plane obeying the various constraints for M =
10* GeV (left panel) and M = 10'2 GeV (right panel). The full region (marked by ‘RC
+ SI’) (magenta) is allowed by the DM constraints alone. The overlapped regions labelled
by A (red), B (cyan) and C (green) are consistent with the theoretical constraints up to
Ayy = 10%,10'% and 10' GeV respectively.
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(3) It is to be noted that the theoretically allowed parameter space in this high DM mass
region is fully consistent with the Higgs to diphoton LHC data. Since, a heavy H* which
naturally arises in this region, does not cause any significant deviation in diphoton signal
strength for the SM-like scalar. This occurs even with a large positive A3 (within the
bounds shown in Fig. 7.6). In principle, a large negative A3 could modify p., unaccept-
ably. However, as Fig. 7.6 shows, such values are inconsistent with the aforementioned

theoretical constraints.

(4) Tt is worth noting here that the parameter space valid until the Planck scale and cor-
responding to M = 110 TeV shrinks significantly for M = 10° TeV, as can be seen in
Fig. 7.5 and Fig. 7.6. This is because, the significant part of the parameter space is
discarded by the stability condition at large M where the neutrino Yukawa couplings
becomes large O(0.1). Such large Yukawa coupling contributes to the beta function of
Ao as shown in eqn.(B.1.2b) through the terms +\yy? and —y? that either makes A, per-
turbative in some cases or Ay negative and the vacuum unstable in other. We elaborately

discuss this feature below with some benchmark points.

We have selected two benchmark points(BP1 and BP2) as samples out of the allowed
regions consistent with the relic density constraints. These points demonstrate how the
different theoretical constraints can truncate the scale of validity of this scenario for two dif-
ferent values of right-handed neutrino masses M = 110 TeV and M = 10° TeV respectively.

The parameter values are listed in Table. 7.1.

BP My M+ My AL | A2

BP1 | 850.0 GeV | 854.0 GeV | 858.0 GeV | 0.02 | 0.1
BP2 | 710.0 GeV | 712.0 GeV | 711.0 GeV | 0.11 | 0.1

Table 7.1: Benchmark values (BP) of parameters affecting the RG evolution of the quartic
couplings. For each BP, two values of M, namely, 110 TeV and 10° TeV, have been used.

BP1 and BP2 yield Qpyh? = 0.1151 and 0.1207 respectively, which is within the allowed
range of relic density. For M = 110 TeV, BP1 ensures a stable vacuum till the Planck scale
(Fig. 7.7a). It is also consistent throughout with perturbativity and unitarity. However, one
has y, = 0.168 at M = 10° TeV. For this value, the term O(A\yy?) has a dominant role in
the RG evolution and )\, starts increasing rapidly from 10° TeV onwards (Fig. 7.7b).
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Figure 7.7: RG running of different scalar quartic couplings corresponding to BP1. The
solid, dashed, dashed dotted and dotted lines denote the evolution curves of the stability

conditions vscl, vsc2, vsc3 and vscd respectively.

For M = 110 TeV, BP2 exhibits similar features in the evolution trajectory as in BP1
(Fig. 7.8a). For M = 10° TeV, the Yukawa coupling y, starts with an initial value around
0.51. This is accounted for by the very small mass splitting, of the order of a GeV, between
H and A. Thus, the dominant contribution from the RH neutrinos comes from the O(y?)
term that causes Ay to drop sharply (Fig. 7.8b). Hence, in BP2, vacuum stability is destroyed
shortly after 10° TeV as the condition Ay > 0 gets violated. This particular feature can only
be witnessed in the case of closely spaced My and M 4, which is the primary requirement to
satisfy the relic density constraints as discussed before. This completes the explanation of

how the allowed area can shrink due to different theoretical constraints for M = 10° TeV.

7.7 Summary and Conclusions

We have examined the high-scale validity of a scenario that (a) offers a scalar dark matter, (b)
radiatively generates Majorana masses for neutrinos, and (c) is responsible for leptogenesis.

For this, we extend the SM fields with one additional inert Higgs doublet field (®5) and three
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Figure 7.8: Same as Fig. 7.7 but for the benchmark point BP2.

right handed neutrinos (N?). These new particles are odd under a discrete Z, symmetry,
while all the SM particles are even. Because of this discrete symmetry, ®, does not acquire
any VEV and has no tree-level couplings to fermions. In this scenario, one has five physical
scalars (h, H, A, H*), where, h is denoted as the SM like Higgs boson with a mass of 125
GeV. The lightest state between H and A is the dark matter candidate due to built in Zs
symmetry. In our analysis we have assumed H to be the dark matter candidate. Neutrino
masses are generated at the one-loop level. The neutrino masses and mixing angles are
determined in terms of Yukawa couplings (v, ), new Higgs particle masses (My, M) and
three heavy Majorana masses (M;23). In our numerical analysis we have assumed M, is
mass of the lightest state and considered two values, namely, M; = M = 110 TeV and
10° TeV. These two mass scales are consistent with leptogenesis . For simplicity, in our
analysis, we have considered only one diagonal Yukawa coupling and to determine the value
of this coupling we have scanned over My and M4 for a given value of M, by keeping
M, ~ O(0.1 eV).

The parameter space of this model is determined in terms of additional Higgs boson
masses, My, M4, Mg+, one quartic coupling Ay and a set of quartic coupling combinations,
Ar. While scanning the parameter space of this model, we have imposed the LEP bound on

scalar masses, My, M, and Mpy«.
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As far as the dark matter constraints are concerned, we have used the relic density limits
obtained at 30 uncertainty from the PLANCK experiment and the direct detection cross
section limit from the LUX experiment. Finally, for My < M}/2, which would lead to
large invisible decay width of the SM like Higgs boson, we demanded that the corresponding
branching ratio is less than 20% as obtained from the model independent Higgs precision
analysis.

With these set of constraints in hand, we have then scanned the IDM parameter space for
two different ranges of dark matter masses, 50 GeV < My < 90 GeV and My > 500 GeV.
It should be noted that with M), fixed at 125 GeV, Ao, A\, My, M4 and Mg+ determined all
the remaining quartic couplings. We have used these quartic couplings as the electroweak
boundary condition by setting the starting RG running scale () = M; and evolved these
couplings up to the scale Ayy, where this scenario remained consistent. In the RG evolution
of these quartic couplings, the neutrino Yukawa couplings started playing its role from the
right handed neutrino mass scale () = M onwards. Following are the salient features of this

model that our analysis brings out.

e Through the study in this chapter we have explicitly demonstrated that at the low
DM mass region, the vacuum stability, perturbativity and unitarity constraints put
stringent limits on the low-energy value of the coupling \;, and the Zjy-odd scalar masses
M+, M4. These bounds strongly depend upon the scale up to which the theory is
valid and the right-handed neutrino mass scale. It is interesting to note that all the
parameter space allowed by the DM relic density and direct detection constraints lies
well within the region allowed by the theoretical constraints valid up to the Planck
scale. However, once we have imposed the condition that the Higgs to diphoton signal
strength (f1,) should lie within 20 of the weighted average value of the ATLAS and

CMS data, the allowed parameter space further squeezed.

e The scenario with high DM mass region (Mg > 500 GeV) is significantly different from
that of the low DM mass region. In the former case, the DM being very heavy, the
constraint from direct detection is rather insignificant. On the other hand, the relic
density constraint is ensured by a degenerate Zs-odd scalars (AM ~ 10 GeV). As a
result of these, a large part of the parameter space in A\, — My and A3 — Mg+ planes

remain unconstrained.

e However, the study of the high scale validity of high DM mass region has interesting

consequences. The DM-allowed region reduces substantially after imposing the theo-
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retical constraints and this reduction is strongly dependent on the cutoff scale (Ayy).
The effect of neutrino Yukawa couplings in the RG evolution of the different quartic
couplings are also prominent in this case. We have found that with the increase in the
right handed neutrino mass scale M, the neutrino Yukawa coupling (y, ) also increases,
which in turn further reduces the allowed parameter space by either destabilising the
vacuum or violating the perturbativity bound. There is nonetheless a clearly identifi-
able region of the parameter space, which keeps the model valid all the way up to the
Planck scale. This scenario is consistent with the measured Higgs-to-diphoton rates as
measured during the 8 TeV run of the LHC.
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Chapter 8

High-scale validity of a model with
Three-Higgs-doublets

8.1 Introduction

The previous chapters have endowed us with the understanding that a 2HDM could be
deemed a "UV- complete” scenario that offers a stable EW vacuum as well a perturbative
theory till the Planck scale. It was also emphasised that the conclusions that emerge are
connected to the discrete symmetries of the 2HDM scalar potential and the alignment of the
VEVs of the two doublets.

It is however not possible to predict the actual number of scalar doublets present in nature
from fundamental principles. As hinted at in Chapter 1 the discovered scalar resonance
around 125 GeV [80, 342] could very well arise from an N-Higgs doublet scenario (NHDM)
with the additional parameters arranged suitably to give to it, SM-like couplings to fermions
and gauge bosons. Since discovery of extra scalars at the colliders is the only direct way
to pin down on the exact scalar structure present, and given the LHC has not reported the
existence of a spin-0 boson besides the 125 GeV scalar, an elaborate scalar spectrum such
as the NHDM could be still a possibility.

In this chapter!, we aim to probe a three-Higgs doublet model (3HDM), in particular,
investigate how it fares in stabilising the Higgs potential as well as in keeping the theory
perturbative till the Planck scale. As in the case of 2HDM, we would like to understand
the role of discrete symmetries, and also of the pattern of EWSB in the process. The

hased on [343]
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primary reason to choose a 3HDM is that it is the next simplest example beyond 2HDMs,
which has been exhaustively studied in the literature [32,32,33,344-353]. In addition, all
possible discrete symmetry groups corresponding to a 3HDM have been identified. Another
important motivation behind choosing 3HDMs is that the existence of three scalar doublets,
replicating the three fermion families, sheds light on the flavour problem. In other words,
it is possible that the three families of quarks and leptons could be described by the same
symmetries that describe the three scalar doublets. In such cases, this family symmetry
could be spontaneously broken along with the electroweak symmetry, although some residual
symmetry could survive, thereby stabilising a possible scalar DM candidate.

3HDMs have rather wide scalar spectrum. In fact, invariance under SU(2), x U(1)y
tells us that there are four neutral scalars, and a pair of charged scalars obtainable from a
generic 3HDM. It is reminded that 3HDMs come in various types, depending upon the global
symmetry present. One of them is the 3HDM endowed with a global S3 symmetry [354-359].
This S3 symmetry is already important from the perspective of flavour, it reproduces the
lepton masses and mixings accurately [360-365]. The scalar sector is also interesting since
there is an economy of parameters compared to a more generic 3HDM. In fact, the eight
dimensionless parameters in the scalar potential can be fully traded off in favour of the seven
masses and one mixing angle. The S3-symmetric scalar sector has spurred some investigation
in the past, and some standalone studies related to DM phenomenology have also occurred
[366]. However, the present study is mainly directed towards analysing the Higgs sector,

and, it includes the following features which have not been highlighted before.

e We derive the renormalisation group equations at one-loop for the dimensionless param-
eters in an S3 symmetric Higgs potential. Using these, we probe high-scale behaviour
of the scalar potential. That is, we evolve the scalar quartic couplings and require that
the model remains perturbative and keeps vacuum stability intact at each intermediate
energy scale. Through this exercise, we try to identify the parameter space at the input

scale that keeps the model wvalid till very high scales.

e Electroweak Symmetry Breaking (EWSB) is triggered when one or more doublet re-
ceives a vacuum expectation value (VEV). While several such configurations of the
VEVs can be there in principle, we consider two such cases which not only are more
relevant from the phenomenological point of view, but also demonstrative of the high-
scale validity of the S3 potential. For instance, we analyse a "two inert doublet’ scenario

where only one doublet gets a VEV, and which predicts existence of stable scalars
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through some remnant symmetry. This scenario thus stands as a potential canditate
for describing DM.

e The parameter space allowing for high-scale validity is also subject to various low
energy constraints, i.e., the ones originating from the oblique S,T and U parameters,

signal strength measurements for the 125 GeV Higgs, and also DM searches.

This chapter is organised as follows. In section 8.2, we briefly discuss the salient features
of the model, particularly the scalar and Yukawa sectors. The various constraints applied
are listed in section 8.3. The numerical results so obtained are detailed in section 8.4, and
finally, we summarise in section 8.5. Relevant expressions and equations can be found in

Appendix C.

8.2 The S; symmetric three-Higgs-doublet model (S;HDM)

in brief.

8.2.1 Scalar sector.

The scalar sector consists of three scalar doublets ¢1, ¢» and ¢3. Under the S5 group, ¢,

and ¢ transform as a doublet and ¢3 is a singlet. That is,

(Z;) — M (Z;) : b3 —> Bs. (8.2.1)

In eqn.(8.2.1), M refers to the doublet representation given by

cosf sind cosf sinf 21
M = , , for 6=0,+—]. (8.2.2)
—sinf cos® sinf —cosf 3

The most general renormalisable scalar potential consistent with the gauge and S35 sym-

metries can be cast as [367],

V(@) = pi($lo1+ 8hon) + u3sdlos
FAa(010n + 6h8a)? + Na(9ldn — 6h1)? + N { (90 + Bhon)? + (6101 — ohen)?}
20 { (6101)(616 + 6101) + (8ha) (0l en — dhen) + hc.}
+25(0165) (@] 1 + dhan) + Ao { (6101) (8] 63) + (6102) (Bhes) |
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27 { (@) (6161) + (8he2)(6162) + hc. | + As(6hs)*. (8.2.3a)

A 3HDM is usually known to have C P-violating phases [368] in the scalar sector. For
example a complex Ay and A7 in this case leads to non-conservation of C'P, although the
phases are severely constrained by measurements of Electric Dipole Moment of the Neutron
(EDMN) [369]. The high-scale stability of a 2HDM is found intact regardless of the C'P
phase [92]. Thus, the overall conclusions regarding validity of the S3HDM at high scales is
expected to remain unaffected by the introduction of C'P phases. So we choose A4 and \;
to be real henceforth.

EWSB assigns (VEVS) vy, v and vz to the doublets ¢1, ¢y and ¢3 respectively. They
obey v} +v3+v2 = (246 GeV)?. Besides, Ss-invariance forces additional relationships among

them through the minimisation conditions below.

23, = —2X (V2 +03) — 223(v7 4+ v3) — v3{6A4vy + (A5 + A + 2A7)vs}, (8.2.4a)
2y =~} + )~ (e} + ) - TON(ed - o)
—(As + A6 + 2\7)v3 (8.2.4b)
262, = A4Z—z(v§ —02) = (A5 + Ag + 20) (02 + v2) — 2\g02. (8.2.4¢)
The self-consistency of eqns. (8.2.4a) and (8.2.4b) gives rise to the following possibilities,
Moo= 0, (8.2.52)
or, vy = V3uv,, (8.2.5b)
or, v = vy =0, vy =246 GeV . (8.2.5¢)

The first case causes a physical scalar to turn massless as reported in [370]. This directs us
towards the other two cases that we outline below.

The doublets are parametrised in the following fashion,

1 2w;"
b = — V2w, for i=1,2,3. (8.2.6)
V2 \vi + hi +iz

The physical scalar spectrum of a generic C'P-conserving 3HDM consists of three C'P-
even neutral scalars, Hy, Hy and h; two C' P-odd neutral scalars A; and A,; and two charged
scalars H" and Hy. We define tang = %2 for Scenario A (eqn.8.2.5b). For this VEV-
alignment, only two mixing angles o and S are sufficient to parametrise the transformation
matrices connecting the SU(2) eigen-basis to the physical basis, somewhat resembling a

2HDM. ? The model is more conveniently described in terms of physical quantities like

2A more detailed discussion regarding the transformation matrices can be found in [370].
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masses and mixing angles. The eight \; can be traded for the seven masses and the mixing

angle « (See [370] for definition.) using the following equations,

_ 1 2 2 2 ) 2 9 9 1 9
A= 207 sin? {(mh cos” a + mjy, sin a) + M+ — My COS b — §mH2 8.2.7a)
o 2 2 2 2 2
ey {m3e = m3,) = (2 —m?,) cos? 8} . (8.2.7h)
1 4
M= ran® B (5"”3{2 + My cos” § = m?q;) : (8.2.7¢)
2my, 1
9 2.
M 9 v2 sinfcosf’ (8.2.7d)
1 [sinacosa 1 m2
o= 0 ) 2 o 8.2.7
i v? {SmBCOSﬁ (g, = i) + Mg+ 9cos?2f |’ ( e)
1 /1 m3
Xe = b (§cos;bﬁ +mh, — Qmil;) ; (8.2.71)
1 /1 m?
A = 202 <§cosg2ﬁ _m1242) ’ (8.2.7g)
_ 1 2 1.2 2 2 1 9 9
Ag = 0 cos? {(mh sin® a + mj;, cos® a) — 9", tan” 3 p . (8.2.7h)

We also put forth the Scenario B (eqn.(8.2.5¢)) as an alternate symmetry breaking pat-
tern. In this case, ¢3 is the only active doublet, which is in fact a singlet under S3. Conse-
quently, all the fermions couple to ¢35 alone and thus they too are S3-singlets. The remaining
doublets ¢; and ¢, remain inert. A Zs symmetry is found unbroken for A\, = 0, and it
forbids mixing among scalars coming from different doublets thus enabling one to express

the doublets directly in terms of the physical fields as

Pz = L( vt ) : (8.2.8)

V2 \v+h+iz

20
P N B (8.2.9)
V2 \H; +iA;

With m? = 2\gv? now, the S3 symmetry leads to a mass degeneracy in the inert sector,

1

my, = my, = py + §ALU2, (8.2.10a)
1

mh, = mi, =ph+ 5)\sz, (8.2.10b)
1

qur = miq =3+ §A5v2. (8.2.10c)
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Here —Ap v and —A v denote the Hi-Hi-h and A;-A;-h couplings respectively. This mass
degeneracy can be lifted in this case, for example, by introducing an S3 breaking quadratic
term of the form —M%Q(ng{QSQ + qb;qbl)?’. However, implications of a broken S3 symmetry are
outside the scope of this study.

It is interesting to probe the parameter space arising out of such a VEV-alignment by
proposing Hy; and Hy as possible DM canditates. For the S3HDM to qualify as a good DM
model, its predictions of relic density and direct detection rates must be matched against
corresponding experimental data. We arrange for the hierarchy my, < ma,, m i throughout
our numerical analysis (H; and A; are similar to each other in terms of the masses and
couplings, the only difference being the sign of A\;. Thus a flip in the sign of A\; would
tantamount to interchanging H; and A;. In that case, A; would be the DM candiate and
the hierarchy required would be my, < mpg,,m - The overall physics thus would remain
unchanged.). LEP constraints on the direct search for charged and pseudoscalar Higgs
bosons are evaded by taking my+ and ma, > 100 GeV [371]. Similar to the previous case,
we describe the model parameter space in terms of the physical parameters { A, Ao, A,
T, AL M s AL }.

Our main motivation is to study the high-scale stability of the S3HDM for the two
different VEV- assignments discussed above. In doing that we juxtapose the constraints
coming from oblique parameters, Higgs signal strengths in the first case, and also the ones
coming from relic density and direct detection in the second case. In principle there can
be other such VEV-configurations as well, and our choice is not exhaustive in that sense.
Nonetheless, this chapter takes into account two representative cases. The first one defines
an active 3HDM scenario, i.e, when all three ¢y, ¢ and ¢3 receive non-zero VEVs. The
second one describes an inert scenario, where these inert scalars do not mix with the 125

GeV Higgs that comes from ¢3.

3The degeneracy persists even after one-loop radiative effects are incorporated. This is because the Zs
symmetry that emerges unbroken after EWSB is an exact symmetry not only of the scalar potential, but of
the entire Lagrangian. Thus, this not only leads to equal tree level masses, but also equal couplings for H;
and Hy. The two-point correlators for Hy and Ho, g, g, (p) and g, m, (p) (say) respectively, would have
exactly the same expressions then. This would lead to equal one-loop corrected masses for H; and Hs. In

other words, the unbroken Zs symmetry would protect the degeneracy at the one-loop level.
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8.2.2 Yukawa Sector.

We take the first two fermion families in an S3-doublet and the third to be a singlet. The most
general Yukawa Lagrangian consistent with the gauge and S3 symmetries, for the up-type

quarks is then given by
-2y = (QlL&SulR + QzLégqu) + yé‘{ <Q1Lé2 + Q2Lé1>U1R + (Qmﬁgl - Q2L<52>U2R}
+ y§Q3L<233U3R + Y5 Qsr (<131U1R + <232U2R>

+Us <Q1L€Z~51 + Q2L§Z~52>U3R +hee. . (8.2.11)

The lower component of the SU(2) doublets of Higgs multiplets are uncharged in the con-
vention we use. The standard definition ¢; = iy} was used in eqn.(8.2.11). The Yukawa
couplings of the dp quarks can be obtained by replacing u;z by d;r, y* by y¢, and ggz by ¢; in
2y and similarly for leptons. The Yukawa couplings are in general complex, which can be
responsible for C'P violation. More elaborate discussions on S3 symmetric Yukawa textures
can be found in [372-375].

After symmetry breaking, the mass matrix that arises in the up-type quark sector is the

following, (In the (u ¢ t) basis):

(Yivs + ysva) V2 o /V2 g /V2
M = ysv1/V/2 yivs — ysva/V2 yhua/V2 |, with v = /3y (8.2.12)
yioy /2 Yioe/V2  yhus/V2

The texture is of the same form for the down-type quarks and charged leptons. In princi-
ple, one can retain all the parameters in the Yukawa matrix and fine-tune them appropriately
in order to reproduce the correct fermion masses and mixings. However that would make
the analysis using RG complicated and unwieldy, and hence, we look for a simplification.
Choosing vy, y¢ = 0 brings M, toa 2 x 2 @ 1 x 1 block-diagonal form. The quark masses
in the SM can be straightforwardly reproduced by diagonalising the remaining the 2 x 2
block and then tuning the parameters appropriately. For example, the choice y}' < y5 < < y§
reproduces the observed up-type quark mass hierarchy. The advantage of this choice is that
only y§ = %ny gets a value large enough to cast an impact on the RG evolution, where
y°M is the SM t-quark Yukawa coupling and, all other Yukawa couplings have a negligible
bearing. In addition, even if we invoke a non-zero yj and y¥, the observed quark-mixings will
always render them small. Exactly this approximation is applied to the bottom quark and
lepton sectors also. It is easy to see that then y¥: y5: y4 = my: my: m,, i.e, this particular

approximation preserves the hierarchy of Yukawa couplings observed in the SM. Hence we

154



infer that only the t-quark can contribute significantly to the beta functions through the pa-
rameter y5 and the effect of all other fermions can be safely neglected in this context. Thus
effectively with only one Yukawa coupling into the picture, as far as high-scale stability is
concerned, it becomes easier to throw light on the scalar sector.

In the inert case, all the fermion generations are Ss-singlets and hence couple only to ¢s.

8.3 Constraints imposed.

We have maintained m; = 125 GeV throughout. Parameter space of the scenario at hand is
surveyed thoroughly by generating random model-points in the

{tang, Mgy Mg, AL, M A, TV MU, Ca—a } basis in scenario A and, {1, Ao, A3, my,, ma,, M+, AL}
in scenario B. We discuss below the various theoretical and experimental constraints imposed

to shape the results.

8.3.1 Theoretical constraints.

The S3HDM remains a calculable theory if the model parameters fulfil the respective per-
turbativity constraints, |A\;| < 47, ||, |g1], |92], |g3] < V4m. A more stringent choice is to
demand all of the couplings < v/4mw. We however stick to 4, since this projects out the
maximally allowed parameter space.

The 2—2 amplitude matrix corresponding to scattering of the longitudinal components
of the gauge bosons can be mapped to a corresponding matrix for the scattering of the
Goldstone bosons [76,97,117,118]. The theory respects unitarity if each eigenvalue of the

aforementioned amplitude matrix does not exceed 8.
la|, |b:i| <8, fori=1,2,...,6. (8.3.1)

The expressions for the individual eigenvalues [370] in terms of quartic couplings are given

below :

CLi = ()\1—)\2+

(e ) o () ) sa

o= (M4 A+ 2054+ Xg)
£/ O+ A + 22 + A) — 4 s+ As + 2X) — 202}, (8.3.2b)

>\5+)\6>
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Ci = ()\1 — )\2+2>\3+)\8)

)\2
i\/(Al — Ao+ 2X3+ Xg)* — 4 {)\8()\1 — X +2)3) — ?6} , (8.3.2¢)

A
& = (A1+A2+35+A7>

A 2 A
i\/()\l + A+ 75 + >\7) —4 {()\1 + o) (75 + )\7) - Ag} : (8.3.2d)

et = (5A1 — Ay + 23+ 3)\g)

. %(%5 + )\6)2} (8.3.2¢)

+ [ (5A1 — Ao+ 2X3 + 3Xs)2 — 432s(5A1 — Ao + 2)3)
A
o= (A1+>\2+4A3+§+>\6+3A7) +

)\ 2
[(A1+A2+4A3+§+A6+3A7>

4 {(/\1 T+ 4N) (% e + 3/\7) _ 9A§} } v (8.3.2f)
i = A+ 2\ — 6Ar, (8.3.28)
By = As— 2 (8.3.2h)
hy = 2(A1 — 5\ — 2)s), (8.3.21)
he = 20— de— 2)), (8.3.2i)
hs = 20\ + Ao — 2Xs), (8.3.2K)
he = As— g (8.3.21)

In addition to the above, the scalar potential must be bounded from below in order to
render the electroweak vacuum stable. Demanding absolute stability of the vacuum leads to

the following conditions [370],

vsel i A\ > 0, (8.3.3)

vsc2:Ag > 0, (8.3.4)

vse3: A+ A3 > 0, (8.3.5)

vscd 1 20 + (A3 — A2) > [ Ao+ Agl, (8.3.6)

vseh : As 4+ 2/ As(A + Ag) > 0, (8.3.7)

vsch 1 As + Ag + 20/ As(A1 + A3) > 2|\, (8.3.8)
VSCT i A1+ A3+ A5+ X + 207+ A > 2|\y]. (8.3.9)

These conditions can be arrived at by demanding the scalar potential remains positive along
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various directions in the field space in the ¢; — oo limit. We do not consider metastable
vacua configurations in this chapter [167,168], which are expected to project a more relaxed

parameter space in this context.

8.3.2 Oblique parameters.

The S3HDM induces modification in the S, T and U parameters through the additional
scalars participating in the loops of the gauge-boson self energies. One discerns the 3SHDM

contribution from the SM as,

S = Sey + AS, (8.3.10&)
T =Tgy + AT, (8.3.10b)
U=Usy+ AU. (8.3.100)

Here AS, AT and AU denote the S3sHDM contributions. These have been derived following
the approach outlined in [130]. Relevant expressions can be found in the Appendix C.2.
The central value is the contribution coming from the standard model with the reference
values myp et = 125.0 GeV and M, ¢ = 173.1 GeV where M, denotes the pole mass of the
top quark. We have used 1o limits of S, T" and U following [376].

8.3.3 Higgs Signal-strengths

The ATLAS and CMS collaborations have measured the production cross section for the
125 GeV Higgs multiplied by its branching ratios to various possible channels. The results
so far are increasingly in favour of the SM predictions. An extended Higgs sector, such
as the S3HDM although can very well contain a scalar with mass around 125 GeV, but
yet can potentially modify the signal strength predictions through its modified Higgs-gauge
boson and Higgs-fermion couplings. For example, the RV'V and hbb couplings get scaled by

sin(f — a) and = .5 w.r.t the SM, in the case with three non-zero VEVs. The loop induced

CO;

decay widths to vy and Z+ final states are also modified. However, one can always arrange
for « = B — 7 which reproduces exact SM couplings. This so called alignment limit is
present in two-Higgs doublet models as well [110]. We explore a case where this limit is not
strictly enforced, rather sin(f — «) = 0.98 is taken. The reader is reminded that the tree
level couplings of h to fermions and gauge bosons remain identical to the SM in the presence

of additional inert doublets.

157



In order to check the consistency of a 2HDM with the measured rates in various channels,

we theoretically compute the signal strength u® for the i-th channel using the relation:

Rprod X Rzlecay ) (8311)

%
M _=
Rwidth

Here Rprod, Réecay and Ryiqn denote respectively the ratios of the theoretically calculated
production cross section, the decay rate to the i-th channel and the total decay width for
a ~125 GeV Higgs to their corresponding SM counterparts. For our numerical analysis, we
have taken gluon fusion to be the dominant production mode for the SM-like Higgs.* The
predicted signal-strengths to ZZ, WW, bb channels are in excellent agreement with the SM
once the alignment limit is invoked. p.. still needs to be controlled since the charged scalars
do not decouple from the theory in spite of an exact alignment (see Appendix C.3). In an

exact-alignment scenario, the total width of h hardly deviates from its SM value and fi,
S3HDM

settles approximately to —sii’—. Latest measurements from ATLAS and CMS give p., =

h—~y
1.177037 and 1.12102] respectively [180,377]. We use the cited limits at 20.

We make the passing remark that in-house codes have been employed to carry out the

computations related to oblique parameters and signal strengths. In particular, the RG
equations have been numerically solved by implementing the Runge-Kutta (RK4) algorithm

in the same.

8.3.4 Dark matter relic density and direct detection

In the one active 4+ two inert doublet case, we impose that the relic density must be away
by at most 3o limits from the PLANCK [339] central value. That is,

0.1118 < Qh* < 0.1199. (8.3.12)

A more relaxed requirement is to impose only the upper limit, in which case it implies
that the S5 inert scalars only partially account for the observed relic density. Relic density
calculations in this chapter are done using the publicly available code micrOMEGAs [341].
Experiments like XENON100 [285], LUX [283] have placed upper limits on WIMP-
SI )

nucleon scattering cross sections (o We again use micrOMEGAs to compute the cross

sections and adhere to the more stringent constraints by LUX. Given that WIMP-nucleon

4While other channels such as vector boson fusion (VBF) and associated Higgs production with W/Z
(VH) have yielded data in the 8 TeV run, the best fit signal strengths are still dominated by the gluon fusion

channel.
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scattering in this model occurs only through a t-channel h exchange, the cross section com-
putation is plagued by the uncertainty in the strange quark form factor. We have resorted
to the micrOMEGAs default parameters in this regard. We have imposed an upper bound of

10746 cm? on the spin-independent WIMP-nucleon cross section throughout our analysis.

8.3.5 Evolution under renormalisation group.

The main motivation behind this chapter is to study the behaviour of the S3HDM param-
eters under RG. The strategy adopted is, we select parameter points consistent with the
constraints discussed above. The parameter space obtained in the process is allowed to
evolve under RG. The one loop beta functions employed for this analysis are listed in Ap-
pendix C.1. They were derived by demanding scale-invariance of the one-loop corrected
scalar potential following [120], and, cross checked by a standard Feynman diagrammatic
calculation. Constraints stemming from perturbativity, unitarity and vacuum stability are
demanded to be fulfilled throughout the course of evolution, up to some cutoff A. There is
however, no natural choice for A, given the fact we assume that S3HDM is the only physics
up to this scale. We aim to push A to as high as the GUT scale, or the Planck scale,
and explore the consequences on our scenario. Incorporation of these constraints in the RG
evolution tightens up the parameter space at the electroweak scale.

Discussion of the RG constraints is crucial in context of a non-minimal Higgs sector such
as the S3HDM, owing to the fact that the additional scalars could ameliorate the vacuum
instability problem in the SM [77]. However, due to the additional bosonic content, quartic
couplings tend to rise fast and hit the Landau pole even though vacuum stability is preserved.
To strike a balance between these extremes, the model parameters have to be judiciously

tuned. This is precisely what we aim to do in context of an SsHDM.

8.4 Impact of the constraints on the parameter space.

8.4.1 Scenario A: v; = V/3vs.

Model points are sampled randomly through a scan of the parameter space within the spec-

ified ranges,

tang € [0.1, 50]
mug,, My, € [125 GeV, 1000 GeV]
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ma,, ma, €100 GeV, 1000 GeV]
M+, my+ € [80 GeV, 1000 GeV]

Demanding perturbativity at the electroweak scale puts upper bounds on the scalar
masses and tanf$. In particular, all the scalar masses lie below ~ 800 GeV and tanf €
[0.3, 13.6]. The upper bounds on the masses and tan/3 settle at 1 TeV and 17.3 respectively
upon relaxing the perturbativity constraint. In that case the bounds are put by unitarity
alone, an observation in consonance with the findings in [370]. Any value of tanf outside the
quoted limit is responsible for making the theory non-perturbative through the large values
it gives to the quartic couplings in the process. This can be revealed through an inspection
of eqns.(8.2.7a)-(8.2.7h).

The next part of the analysis involves evolution under RG. The key finding here is that
this scenario is not valid beyond 107 GeV. This as attributed to the following two reasons: (i)
Quartic couplings are large at the input scale itself, they hit the perturbative limit around the
multi-TeV scale. This can be understood using the following logic, the quartic couplings at
the input scale are typically ~ T—; (see eqns.(8.2.7a)-(8.2.7h)), where m refers to any physical
SsHDM mass. Thus for an m below the TeV scale, at least one quartic coupling becomes
large enough to make the theory non-perturbative. (ii) tanf > 3 in particular destabilises
the vacuum by enhancing the ¢-Yukawa with respect to its SM value. It so happens that for
many parameter points, the Yukawa coupling itself evolves to non-perturbvative value below
the instability scale, however this is a subleading effect. The T parameter constraint negates
a large number of scan points, many of which otherwise clear the RG constraints up to the
highest permissible cutoff 107 GeV. This we show in Fig.(8.2). AS mostly stays within its
1o limit. We also prepare the following two benchmarks models (Table 8.1) to reinforce our

observation on a violated vacuum stability or unitarity.

Benchmark tanf  ma, (GeV) ma,(GeV) my+(GeV) mp:+(GeV) mpy, (GeV) mp,(GeV)

BP1 3.54 265.12 392.00 146.00 105.00 233.77 143.05

BP2 1.02 102.22 167.78 119.80 107.00 214.95 132.35

Table 8.1: Benchmark points chosen to illustrate the behaviour under RGE. A denotes the

maximum extrapolation scale up to which vacuum stability and perturbativity are ensured.

BP1 leads to a destabilised vacuum through Ag<0 occurring below the TeV scale. On the

other hand, \; in BP2 rises rapidly and quickly becomes non-perturbative just after crossing
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Figure 8.1: Running of \g corresponding to BP1 (left) and A\; corresponding to BP2 (right).
myp, = 125 GeV and an exact alignment sin(f — ) = 1.0 taken in both.

108 GeV. The running of A\g and ); in the two cases is displayed in Fig.8.1. Also, the
bounds finally obtained on J;, taking into account the oblique parameter and the diphoton
constraints, are are summarised in the Table 8.2.

The h — ~~v rate diminishes with respect to the SM throughout the parameter space,
however only for a strict imposition of sin(f — «) = 1 [370]. We have projected the .,

values in the SsHDM versus Myt and Myt in Fig.8.3. The dimensionful h — H;” — H;

2k,m2 +
coupling denoted by g, 5+~ is conveniently expressed through ¢, +5- = UH" , where
2
x; are dimensionless. Whenever a = 3 — 7, it is seen that x; = — (1 + 2::{” ) [370] (exact
HE

expression given in Appendix C.3). A decrement in .., in an exact aligliment case thus
becomes inevitable, since both k1 and k, are always negative (see Appendix C.3). In fact,
po~ never exceeds 0.82 for validity till 10® GeV, given that |ki|, |k2| > 1.39 in that case.
Following a similar trend, the points valid till A = 107 GeV give p., < 0.63 and hence are not
phenomenologically acceptable. The bounds put on \; translate into corresponding bounds
on tanf and the non-standard scalar masses, as shown in Fig.8.4. We point out that while
my, could be up to 270 GeV for A = 10° GeV, the other masses do not exceed 210 GeV for
most parameter points. It is to be noted that x; and ks can take either sign for departure
from exact alignment, and hence an increment in the diphoton rate is possible there. (See
Fig.8.3 for the case when sin(f — a) = 0.98.)

A generic feature in context of Scenario A is that, the mass parameters m?; and m2, get

traded off through the tadpole conditions, making \; expressible in terms of the physical
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Figure 8.2: Contribution of the S3HDM scalars to the oblique parameters for sin(5 — a) =
1.0 (Left) and sin(f — o) = 0.98 (Right). The ellipses denote the 1o (solid), 20 (dashed)
and 30 (dotted) limits. The green and red points indicate validity till 10* GeV and 10°® GeV
respectively. We notice that the oblique parameters do not change appreciably for a slight

departure from exact alignment.

scalars only. Thus for physical scalars lurking below a 1 TeV mass, \; are already O(1)
or even larger at the input scale. This does not lead to a model that is perturbative at a
high scale. As a possible remedy, additional mass parameters in the equations relating \;
to the physical masses could induce cancellations keeping A; further small at the EW scale.
This could be achieved either through inclusion of quadratic terms violating S5, or through
invoking an inert VEV structure where all of m}; and mZ; do not get eliminated. These
terms can elevate the non-standard masses to around ~ 1 TeV and can also lead to ji,,> 1.
Since a broken S3 group is beyond the ambit of the present study, we focus on the inert case

(Scenario B) in the subsequent section.

8.4.2 Scenario B: v; = v = 0, v3 = 246 GeV.

One needs to put Ay, = 0 in order to keep the DM stable through an unbroken Z, symmetry.
Correct relic density is obtained in the mass regimes my, < 80 GeV and mpg,> 370 GeV.

We discuss below the phenomenology in detail.
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Figure 8.4: Regions consistent with the theoretical constraints up to a given cutoff. The

cyan, green and red points are valid till 10* GeV, 10* GeV and 10° GeV respectively. Oblique

parameter and diphoton constraints are also taken into account. Points valid till 10" GeV

get disallowed by the diphoton constraint and are hence not displayed. An exact alignment

is chosen and it has been checked that the bounds do not change for a small deviation from

exact alignment.
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Parameter A =10 GeV A =10* GeV A =10° GeV

A € 0, 2.7] 0, 1.4] [0, 0.7]

Ao € 27,25 [14,13] 0.6, 0.6]
s € 2.2, 2.6] 1.0, 1.3] 0.2, 0.6]
A€ [2.1,-0.]  [0.9,-01]  [-0.4, -0.1]
As € 2.7, 5.5] 1.1, 3.0] 0.4, 1.5]
X € 5.3, 4.0] 2.6, 1.9] 1.1, 0.7]
A € 2.2, 0.9] 1.0, 0.3] 0.4, 0]

As € [0, 3.8 0, 1.9] 0.1, 1.1]

Table 8.2: Bounds on the quartic couplings, for A = 103,10%, 10% GeV. Oblique parameter
and diphoton constraints are also taken into account. We show the numbers up to the first

decimal place.

my, < 80 GeV

DM particles dominantly annihilate to the bb final state through an h in the s-channel, in
this mass regime. A sharp decline in relic abundance is noted for mg,> 80 GeV, when
the V'V (V denoting a vector boson.) modes open up. Maintaining appropriate mass gaps
amongst Hy, A; and H{" turns advantageous in the two following ways. Firstly, the DM relic
abundance does not deplete fast through coannihilations brought in by by a narrow mass
splitting. Secondly, it gives sizeable values to A5, \¢ and A; which in turn aid to stabilise
the vacuum far beyond the SM instability scale, even up to the Planck scale. Overall, the

phenomenology in this mass regime is broadly similar to the case with a single inert doublet.

Benchmark mpg, (GeV) ma, (GeV) mHlJr(GeV) AL QOh? o9 (em?)  A(GeV)

BP3 57.00 102.00 120.00 0.0042 0.1170 4.63 x 10747 10%

Table 8.3: Benchmark point illustrating the behaviour under RGE. A denotes the maximum

extrapolation scale up to which vacuum stability and perturbativity are ensured.

The displayed benchmark BP3 (Table 8.3) keeps BR(h — invisible) < 19 % owing to the
tiny Ar. RG evolution corresponding to BP3 is shown in Fig.8.5. A perturbative theory at

high scales requires my4, and m my to obey sharp upper bounds, a feature not reflected by
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Figure 8.5: Evolution of BP3 under RG. Colour coding is explained in the legends and the
vacuum instability line is highlighted.

the DM constraints alone. For instance, we need my4,, m < 135 GeV in order to salvage
perturbativity till the GUT scale.

mp, > 370 GeV

In this region, dark matter relic density tends to diminish due to prohibitively large anni-
hilation to V'V final states. Annihilation amplitudes in this case are the interference of the
H, — H, — V =V four-point coupling diagrams and the ¢/u channel diagrams with H; /A,
in the propagator. However, a small splitting among the masses of the inert scalars induces
cancellation between these two classes of diagrams thereby burgeoning relic density to the
desired range. Larger is my,, higher is the annihilation to the longitudinal gauge bosons and
hence higher becomes A\;. While a similar phenomenology occurs in case of a single inert
doublet, apart from the DM mass < 80 GeV region, Qh? is ~ 0.1 again only when the DM
mass > H00 GeV. For example, for my, = 387.5, m4, = 390.5, My+ = 389.6, A\, = 0.056,
the dominant annihilation channels are HiH, — WW 12%, HyHy — WW 12%, HiH, —
Z7Z 10%, HyHy — ZZ 10%, H Hy — WW 6%, Hf Hy, — WW 6%, H H, — yW™* 6%,
HYfHy — AW+ 6%. For a spectrum my, = 904.1, m4, = 912.1, my+ = 904.3, the requisite
A, for a correct relic increases to ~ 0.49. One thus requires a small mass splitting and an
appropriately adjusted A;, to generate correct relic density.

To examine high-scale validity of this scenario, model points are generated in the following
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range.

AL € [—4m, 47|
mu, € [300.0 GeV,1000.0 GeV]
ma, € [mmg,, mg, + 100.0 GeV]

8.4.1
8.4.2
8.4.3

(
(
(
(8.4.4

)
)
)
My € [mp,, my, +100.0 GeV] )

We also fix A\ = Ay = A3 = 0.01 at the initial scale, since these couplings do not enter
into the calculations of relic density and WIMP-nucleon cross sections. This choice is rather
judicious, an higher value mostly makes the couplings non-perturbative at high scales. Fig.8.6
displays the variation of relic density corresponding to model points valid up to three different
cutoffs A = 103 GeV, 10! GeV and 10 GeV. Fig.8.7 projects spin-independent WIMP-

nucleon cross section.

T T 1 T T T
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—— PLANCK 3¢ b 8 Co A=10"Gev
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o 0.1F

Qh

0.01}

—0.5 0 0.5 25

Figure 8.6: The dark matter relic density versus mpy, (left) and the coupling of H; pair to
the Higgs boson Ap (right). The grey, green and red points preserve validity up to 1TeV,
the GUT scale 10*® GeV and the Planck scale 10! GeV respectively. The horizontal black
lines denote the 30 limits of the PLANCK data. .

An inspection of Fig.8.6 and Fig.8.7 points out that one can render the S3HDM stable
up to GUT and Planck scales with initial conditions consistent with the constraints of relic

density and direct detection. We highlight this fact as the most important conclusion in this
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part. This, however happens only if my, > 580 GeV. This result be understood as follows.
The evolution of Ag and hence vacuum stability is crucially dictated by the values of A5, \g

and A7 at the initial scale. They can be expressed in terms of the masses as

2
1
¢ = ﬁ(m%{1 + mil — 2m§{1+), (8.4.6)
1

We find that for an H; below 580 GeV, A5, Ag and A; are not sizeable enough to ensure
As(@)>0 up to the GUT scale. On the other hand, perturbative unitarity restricts the mass
splitting to ~ 50 GeV which is automatically consistent with the T" parameter constraint.
While the stability condition A5 + 2\/m > 0 disfavours large negative values of A5,
tight upper bounds are imposed by perturbative unitarity. This translates into —0.1<A;<0.4
for a model valid up to Mp; (see Fig.8.6).

107

A=10" Gev A=10" GeV
A=10" GeV A=10" GeV
A=10° GeV A=10° GeV

my, (GeV)

(a) (b)

Figure 8.7: Spin-independent WIMP-nucleon scattering cross section vs my, (left) and the
coupling of H; pair to the Higgs boson Ay (right). The grey, green and red points preserve
validity up to 1 TeV, the GUT scale 10'® GeV and the Planck scale 10 GeV respectively.
Note that a large proportion of model points do obey the LUX upper bound while fulfilling

stability requirements.

For a more comprehensive understanding, the parameter space negotiating all the im-
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posed constraints successfully is displayed as correlation plots in Fig.8.8. Our demand of
031<107%6 cm? throughout in Fig.8.8 automatically complies with the LUX results. The DM
masses are strongly restricted by the requirements of DM searches, and high-scale validity
till a given A. For instance we note mg, € [550 GeV, 830 GeV] and [550 GeV, 750 GeV] for
A = Mgyt and A = Mp, respectively (see Fig.8.8).

A situation, where j,,<1 (Fig.8.9) for most part of the parameter space is attributed
to a mostly non-negative A5 (or a very small negative value). With A\; = A3 = 0.01 at
the input scale, A5 gets bounded from below at ~ -0.1 by the vacuum stability condition
A5 > —2\/m . One can get a deeper lower bound, and hence a ji, substantially larger
than unity for larger values of A\; and A3, but in that case one does not have a perturabtive
theory till 101 GeV. Very low values of y.. seen in Fig.8.9 are possible for points valid only
up to the TeV scale, where a positive A5 as large as ~ 6.5 is allowed without causing a
breakdown of perturbativity below 1 TeV. Parameter points valid till the GUT and Planck
scales rarely correspond to a diphoton signal strength less than 0.87. This indeed is within
the 20 limit from both the ATLAS and CMS central values. This very observation that
validity till very high scales always predicts a depletion in the diphoton rate, but the rate
can still be kept within the experimental bounds emerges as an important consequence in
this regard. The diphoton rate thus bears fingerprints of an extended Higgs sector such
as the S3HDM, whose tree level couplings could mimic the corresponding SM ones. This
calls for its accurate measurements in 13 TeV LHC for instance, or at the other upcoming
colliders.

To sum up, DM phenomenology plays a vital role in deciding the fate of this scenario at
high scales. The interplay of various effects involved is captured through the benchmarks in
Table 8.4. The RG running of these benchmarks is shown in Fig.8.10 The first benchmark
BP4 can possibly describe physics nearly up to the GUT scale, beyond which perturbativity
breaks down. However, BP4 predicts a relic density below the observed limit. This is
attributed to the relatively large mass splittings amongst the S5 scalars, which generate such
sizeable A5, A¢ and A7 at the initial scale that can ensure Ag(Q) > 0 throughout. However we
pay the price of a diminished coannihilation, and thereby a relic density below the desired
range. A fall out of this relatively large A5 in this case is a suppressed ji,,. BP5 highlights
the fact that correct relic density and direct detection rates are achievable in this model for
a DM around 390 GeV, a feature not observed in the model with a single inert doublet. The
maximal mass difference in such a case is restricted to ~ 13 GeV. However, BP5 does not
keep the EW vacuum stable beyond 10% GeV.
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Figure 8.8: The viable SsHDM parameter space projected on the A; vs my, (top left),
ma, — My, vs my, (top right), my+ —mpy, vs my, (bottom) planes. A + DM + p,,” in
the legends refers to validity up to A as well as consistency with DM searches and diphoton
signal strength. The green and red points correspond to A = 10*¢ GeV and A = 10! GeV

respectively.

BP6 and BP7 are conservative choices which predict relic density and direct detection

rates in the correct ballpark, and also extrapolate the model to the GUT and Planck scales
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Figure 8.9: Distribution of parameter points valid till 10> GeV (grey), 10'¢ (red) GeV and
10" (green) GeV in the ji,, vs m u+ plane. The solid and dotted lines denote the 20 limits
below the central value given by ATLAS and CMS respectively .

respectively. We note here that in BP4, BP6 and BP7, vscl, vsc3, vsc4, vsch, vscb, vsc7
rise with (), whereas in BP5, vsch and vsc6 go down. This observation has its root in the
structure of the SsHDM beta functions (see Appendix C.1), which mostly guarantee vscl,
vse3, vscd, vseh, vsch, vse7 > 0 throughout the evolution once they start with positive values
at the EW scale. We remark here that BP6 and BP7 correspond to p., = 0.935 and 0.911
respectively,which are within the 2¢ limit from the central value.

In the same connection, we have found that an mg,> 1 TeV can render the EW vacuum
stable at least up to the SM instability scale. However that pushes 17 to yet higher values,
thereby introducing a so-called intermediate scale into the picture. It is then implied that
the S5 scalars are practically decoupled below 1, and that it would be more appropriate
to solve the RG equations in a piecewise fashion, i.e., evolve from the EW scale to w1 using
the SM beta functions only, and then invoke SsHDM above the w1, threshold. However we
mostly encounter py; S 600 GeV for S3 masses < 1 TeV. We have checked that for such a

J11, & piecewise evolution practically gives the same numerical results.
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Benchmark mpg, (GeV) ma, (GeV) M+ (GeV) AL Qh? ot (em?) A(GeV)
BP4 479.200 480.475 494.525  -0.0236 0.0635 2.13 x 1077 1019
BP5 390.000 391.000 392.000 0.0050 0.1200 1.44 x 10748 108
BP6 707.400 720.000 713.500 0.032 0.1214 1.80 x 107" Just below 10'6
BP7 718.600 727.450 727.225 0.0268 0.1263 1.22 x 10747 1019

Table 8.4: Benchmark points chosen to illustrate the behaviour under RGE. A denotes the

maximum extrapolation scale up to which vacuum stability and perturbativity are ensured.

8.5 Conclusions and future work

3HDMs offer a rich scalar spectrum and can give rise to prominent signatures at the colliders
[354,355]. In this chapter, we have tried to investigate an Sz-symmetric Higgs sector in the
light of various theoretical as well as experimental constraints. Robust regimes of the model
parameter space were surveyed using the latest data on the 125 GeV Higgs and oblique
parameters. The high-scale behaviour was probed by evolving the model couplings under
the RGEs, and this study in this chapter appears to be the first attempt in that direction in
context of SHDMs. A unitary and perturbative theory, along with a stable EW vacuum was
ensured at each step of evolution. We have illustrated our findings in context of two specific
alignment of the doublet VEVs. The salient features of the numerical results that emerge
are highlighted below.

e In the first case, non-zero VEVs are assigned to all three of the doublets while main-
taining v; = 1/3vy. It is found that this scenario is not stable beyond 107 GeV, an
effect brought about by an interplay of perturbative unitarity and vacuum stability.
Stringent upper bounds are placed on the scalar masses and tanf in this case. In
particular we note tan/3 < 1.3 and the S5 scalar masses lie below 270 GeV for A = 10°

GeV, the maximum phenomenologically accepted scale.

e The second case is a scenario with two inert doublets. There lies an identifiable region
in the parameter space in this case that extends validity of the model till the Planck
scale. Moreover, this parameter space is robust enough to accommodate a successful
canditate for dark matter. High-scale stability in this case manifests itself by placing
upper bounds on the coupling of the DM to the 125 GeV Higgs, the DM mass, as well
on the mass splitting amongst the inert scalars. The bounds get sharper when both

the DM as well as high-scale stability constraints are imposed simultaneously. In a
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word, a connection emerges between DM phenomenology at the low scale and a good
UV behaviour at high scales. This finding is qualitatively similar to the model with
a single inert doublet [312]. However, the addition of the extra inert doublet narrows
down the gap between the low and high DM mass regions, with respect to what is

observed in the single inert doublet case.

e Scenario B predicts a decrement in the diphoton decay width with respect to the SM
value, so does Scenario A for an exact alignment. This particular feature of Scenario
B is not seen by considering tree-level stability constraints alone and is an explicit
consequence of renormalisation group evolution. The numerical predictions however
can be made to lie within the current experimental limits without running into conflict

with high-scale stability.

Altogether then, we conclude that the inert scenario fares much better than the non-inert
one in terms of high-scale validity and signal strength measurements. It is thus safe to com-
ment that the S3HDM can certainly alleviate the vacuum stability problem, however not for
all permissible VEV-structures. Several extensions of the present study are possible. One
could analyse a more general S3-symmetric Yukawa texture in a similar context, admittedly
though such texture would give rise to Flavour-Changing Neutral Currents (FCNC) [365]
at the tree level. It was shown in [378] that raising the S3 masses to ~10 TeV suppresses
the possible FCNCs. The requirement of such heavy scalars necessitates the inclusion of S3
violating quadratic terms [357]. Another motivation of a broken S5 symmetry is in the con-
text of DM. In scenario B for instance, it will lead to a non-degenerate spectrum and hence
a modified DM phenomenology, at least at the quantitative level. Indirect detection signa-
tures of such a DM scenario could be of special importance in light of latest data. Adding
further to it, the large number of bosonic degrees of freedom offered by the SsHDM could
favour a strong first order electroweak phase transition, thereby making way for baryogenesis,

something already looked at for a more generic 3HDM with two inert doublets. [379].
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Chapter 9

Summary and conclusions

In the following, we summarise the work done in this thesis and highlight its major findings.

Chapter 1 contains an introduction to the SM and a brief discussion on its shortcomings.
The fate of the electroweak vacuum in the SM is discussed is Chapter 2. In the same
chapter, we have also discussed the possibility of stabilising the vacuum till the Planck scale
by extending the SM Higgs sector.

In Chapter 3, we have considered the conditions for the validity of a Type-II two-
Higgs doublet model up to high energy scales, together with all other low- and high-energy
constraints. The constraints on the parameter space at low energy, including the measured
value of the Higgs mass and the signal strengths in channels were juxtaposed with the
conditions of vacuum stability, perturbativity and unitarity at various scales. We found that
a scenario with an exact Zy symmetry in the potential does not remain valid beyond ~ 10
TeV without the intervention of additional physics. Whereas for a broken Z, symmetry, the
theory can be valid even up to the Planck scale without any new physics coming in. Most
importantly, high-scale validity remains intact in spite of an uncertainty in the top quark
mass as well as in a,(My), in contrast to the SM. It was also shown that the presence of a
C' P-violating phase is allowed when the Zy symmetry is relaxed. The allowed regions in the
parameter space were presented for each case.

Complementing the study in Chapter 3, we have made an attempt to identify regions
in a Type-II two-Higgs Doublet Model, which correspond to a metastable electroweak vac-
uum, in Chapter 4. We analyse scenarios which retain perturbative unitarity up to Grand
unification and Planck scales. Substantial regions of the parameter space were thus iden-
tified as corresponding to metastability, for top quark mass at the high as well as low end

of its currently allowed range. It has been concluded that although the Type-II Two-Higgs
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Doublet Model can stabilise the electroweak vacuum till the Planck scale, for an appropriate
tuning of the parameter points, a metastable vacuum too is a possibility.

In Chapter 5, we investigate the collider signals of a Type-I and Type-1I 2HDMs that
allow for a stable vacuum till the Planck scale. In particular, the near degeneracy of the
neutral heavy scalar and the pseudoscalar is a feature that was probed. It is revealed from
the investigation that the LHC allows distinguishability of these two states, together with
signal significance of at least 3o, in its high-luminosity run. While e*e™ colliders may have
rather low event rates, muon colliders, cashing on the principle of radiative return, can probe
2HDM scenarios with (pseudo)scalar masses up to a TeV or so, though with the price of
losing distinction between the C'P-even and odd states.

Chapter 6 presents an introduction to various aspects of particle dark matter. In
Chapter 7, a two-Higgs doublet scenario containing three SU(2), singlet heavy neutrinos
with Majorana masses is considered. While making the heavy neutrinos and one of the two
scalar doublets odd under Z,, this model not only generates Majorana masses for the light
neutrinos radiatively, but also makes the lighter of the neutral Z,-odd scalars an eligible
dark matter candidate. Taking two representative values of a common mass scale of the
heavy neutrinos, we identified the allowed regions of the parameter space of the model,
which are consistent with all dark matter constraints, and, also with a stable vacuum and a
perturbative theory till the Planck scale. Moreover, a part of the corresponding parameter
space was observed to yield the correct signal strength in the diphoton channel for the scalar
observed at the LHC.

Similar to what was done in Chapter 3 and Chapter 7, we have studied high scale
vacuum stability and perturbative unitarity in context of a model with three-Higgs doublets
(3HDM) in Chapter 8. In particular, we have chosen a 3HDM endowed with a global S5
symmetry. We took two viable alignments of vacuum expectation values (VEV) in our study.
All three doublets receive non-zero vacuum expectation values in the first case, and in the
second case, two of the doublets remain without VEV. The constraints on the parameter
space at low energy, including the measured value of the Higgs mass and the signal strengths,
oblique corrections and also measurements of relic density and direct detection rates were
juxtaposed with the conditions of vacuum stability, perturbativity and unitarity at various
scales. It was found that the scenario with three non-zero VEVs becomes non-perturbative
beyond 107 GeV. On the contrary, the scenario with only one non-zero VEV turns out to be
a successful model for cold dark matter phenomenology, and, valid up to the Planck scale

at the same time. Stringent restrictions are obtained on the model parameter space in each
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case. Thus, the S3 symmetric scalar sector is deemed to be ”ultraviolet-complete” through
this study.
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Appendix A

Type-I and Type-11 2HDM

A.1 Renormalisation group (RG) equations for Type-
II1 2HDM

The RG equations for the gauge couplings, for this model, are given by [28],

d

16m2°%8 = 748, (A.l.1a)
dt
d

160282 = 343, (A.1.1b)
dt
d

16%2% = g%, (A.1.1c)

Since we want to avoid C'P-violation coming from the quartic sector of the Higgs po-

tential, we choose to keep A; (i = 1,...,7) real. In that case, the quartic couplings evolve

according to,

d\
1672 —=
o o
d)y

16m2—=
LN

d)s
1672 =2
LN

3
12XF + 4035 + 4X3A + 207 + 2)2 + 240F + Z(Sg;l + g1 +29597)
—Ai(993 + 397 — 12y — 4y7) — 12y, — 4y;, (A.1.2a)
1223 + 403 + 4X3Aq + 207 + 2)2 + 2403

3
+ 5392+ g1 + 20597) — 3Xa(3¢3 + g7 — 4y7) — 12y, (A.1.2b)
(A + A2) (6A3 + 2X00) +4A5 + 207 4+ 203 + 4 (A5 + \3)

3
+16 (AsA7) + (362 + 91 — 20597)
—X3(995 + 391 — 6y; — 6y; — 2y2) — 12y7y; (A.1.2¢)
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d\,
1612 —= =
L

d)s
1672 =2 =
(i

d)g
16m2—==2 =
T

d)\,
1612 =L =
T

2 (M1 + o) Ay 4 8Xs Ay + 4A] + 8A2 + 10 (A + A7) +4 (X6 Ar)

+ 39597 — M(993 + 397 — 67 — 6yp — 2y2) + 1247y; (A.1.2d)
(2X1 + 222 + 8A3 + 1204) A5 4+ 10 (A + A7) + 4Ae)s
— As(995 + 397 — 6y — 6y — 2y7) (A.1.2¢)

(12M1 + 63 + 8\a) Ag + (63 + 404) A7 + L0AsAg + 2X5)7
— (995 + 397 — 9y — 3y7 — 3y7) (A.1.2f)
(12X2 + 63 + 8\a) A7 + (63 + 404) Ag + 10As A7 + 225 )6
— M (995 + 397 — 947 — 3ys — v2) - (A.1.2¢)

For the Yukawa couplings the corresponding set of RG equations are,

1672

1672

1672

_ o222 2 i - Al
T U ( 895 — 192 — 139 t 5% TUr T ¥ | (A.1.3a)
dy, , 9, 17, 9, 1,

_ 22 L i - A.1.3b
T Y ( 895 = 1% — 191 T oY 5 ) (A.1.3b)
dy- 9 5 15, 2, 9 9

_ 9 e 2.2 Al
7 Yr ( 192~ 9t 3u oy (A.1.3¢c)

A.2 Renormalisation group (RG) equations for Type-I

2HDM

The beta functions for the gauge in this case are the same as Type-II. The ones for the

quartic couplings are

d\;
16— =
om o

d\y
1602 —= =
6 7

dXs
dt

3
1227 + 403 + 4X3A0 + 2] + 2)2 + 2407 + Z(Sg;l + g1 +29597)
—A1(993 + 391) (A2.1a)
1223 + 403 + 4X3Aq + 207 + 2)2 + 2403

3
+ 5392+ g1 + 20597) — 3Xa(3¢3 + g7 — 4y} — 4y — v7)
—12y} — 12y — 4y, (A.2.1b)
(A + A2) (6A3 + 2X04) +4X] + 207 4 203 + 4 (A5 + \3)

3

+16 (AsA7) + (362 + 91 — 20597)
—X3(995 + 391 — 6y; — 6y; — 2y2) — 12y7y; (A.2.1c)

180



dAy

167r2g = 2(A + X)) Ay 8X3 Ay + 4]+ 8A2 + 10 (AF + A7) +4 (X6 Ar)

+ 39597 — Aa(993 + 397 — 6y7 — 6y — 2y2) + 12y7y; | (A.2.1d)
167r2% = (2A1 4 22 + 8A3 + 12X4) A5 + 10 (A 4 A2) + 4X6As

— As5(995 + 397 — 6y; — 6y; — 2y7), (A.2.1e)
16%2% = (1220 4 6)g + 8M1) Ag + (625 4+ 400) Ar + 10AsAg + 245 As

— X995 + 397 — 3y — 3y; —3) (A.2.1f)
16#% = (125 4 63 + 8Ay) A7 + (6A3 + 4Xg) Ag + 10A5 A7 + 2A5)0

— (995 + 397 — 9y7 — 9y; — 3y2) . (A.2.1g)

The ones for the Yukawa couplings are,

dy 9 5 9 3

2_ — . 2 e 2 e 2 e 2 2 e 2

167 pn n ( 8953 492 1291 + 2yb +ys + Zyt) , (A.2.2a)
dyq 9 17 9 3

167222 = Y s L Y. WUy Y. A.2.2b

b — Yt ( 895 = %~ g TVt oU ) ( )

dy, 9. 15 5

16W2E = Y (—193 - ZQ% + 3y +3y; + 593) : (A.2.2c)

A.3 Unitarity bounds

We perform a coupled channel analysis of 2 — 2 scattering involving fields in the scalar

sector, to the leading order. The basis of neutral two-particle states is given by,

1 Rl1R1 %2R hihy hzhz}

+o= ot — +,,—
{w1 Wy , Wy Wy ,hize, hozy, 2129, hihg, hiz1, hoze, Wy Wy , Wy Wy ,

(A.3.1)
For the general A\g, A\7 # 0 case, the (14 x 14) two-particle scattering matrix is given as
follows:
A B
Mye= """ 77T (A32)
Bz Crxr
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where A, B and C are given by,

Az + Ag 2X5 £ = Xs) L(=Aa+As)
25 A+ A E(=Aa+As) R —As)
LM+ X)) Ea—Xs) A3+ —Xs) A5
At = 20u=25) (=M +As) As (As + As — As)
su+2s) S+ ) 0 0
Ta+Xs5) (At Xs) 0 0
0 0 A6 A6
0 2\ 2\7 % % % %
0 2\ 2)\7 % % % %
A 0 0 0 0 0 0
Bixz=1Xx 0 0 0 0 0 0
s 0 0O 0O 0 0 0
Ao 0 0 0 0
0 2\ (A3 + Ag) /\715 %
0 (As+M\) 22 % %
Crxr=10 N 2 8 (A3 + X+ Xs)
0 N 2 T3+ A+ As) 322
U % 3 33+ A = Xs)
0 o % T34+ A — As) Az

The constraint imposed by unitarity is then given by |a;| < 8, where a; (i =

(As+As)
(A1 +Xs5)
0
0
(A3 4+ Ag+ As)
As
0

ST T

o S S o

13+ A1 — As)

3\
2

L3+ A1+ As)

$(A1+As) 0
L1+ As5) 0
0 A6
0 A6
A5 0
(/\3 + M+ /\5) 0
0 A
0
Az
V2
A2
2
%(/\3 + M\ — /\5)
A2

1,...,14)

are eigenvalues of the matrix M. The eigenvalues of M are evaluated numerically in the

present study.

However, in the absence of hard Z, breaking, i

e., when A\g, \; =

0, the

matrix decomposes into blocks and analytical expressions for its eigenvalues can be obtained

in simple forms which are listed below.

a4

by

/\14‘)\2 +

rl>|©

A1+A2:t + A2,

0~
-
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»-J>I>—‘

+ (2X3 + \4)?,

(A.3.3a)

(A.3.3b)




Ct
€1
€2
fi
f+
f-

dy = %(Al F ) & \/i(xl ESWENYS
(s + 2\ — 3Xs),

(A3 = As),

fa= (A3 + A,

(s + 2\ + 3Xs),

(A3 + As).

The matrix corresponding to the overall singly charged states,

is given by,

MCC

2

—i(Aa—A5)

+ + + 1 + + + +
{hqwi"; how{", zywi", zowi", hywsy , howsy | 2wy , zowsy }

A6 s+ Xs)

0 0 At A7

A A6 0 )
s g L) 0
0 Tazde) A
Qazdel g A7 Ao
A6 2adds 0 0
2adAs A7 0 0

0

—i(Aa—As)
2

A.3.3c
A.3.3d
A.3.3e
A.3.3f
A.3.3g
A.3.3h

— —~ ~ —
~— ~— ~— ~— ~— ~—

~—~

Again for the case \g, A7 = 0, the eigenvalues of M¢¢ are, by, cy, es, f1, f- and p = (A3 —\y).
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Appendix B

The inert doublet model with right

handed neutrinos

B.1 One-loop Renormalisation group (RG) equations

The RG equations for the gauge couplings, for this model, are given by [28],
dgs

167> i 743, (B.1.1a)
d
16m2792 = 347, (B.1.1b)
dt
dg:
16—~ = 7¢,% B.1.1
T i g1 ( c)
Here g1, go and g3 denote the U(1), SU(2), and SU(3)¢c gauge couplings respectively.
The quartic couplings \; (i = 1,...,5) evolve according to,
d\ 3
167r2d—tl = 12X2 4N AN 4202 4+ 202 + 1(393 + gt 4+ 29247
(995 + 397 — 1297 — 12y — 4y7) — 12y, (B.1.2a)
d\
167r2d—tz = 12M2 4402 4 Adg)y + 202 4 202
3 4
+ 7392+ 91 + 20597) — 3%2(393 + 97 — Zwy) — 4y, (B.1.2b)
dA 3
167r2d—t3’ = (A4 A2) (BAg 4 2X0g) + 402 + 202 +2)2 + 1(393 + gt —2¢2¢%)
—X3(995 + 397 — 6y} — 6y, — 2y7 — 2y7) (B.1.2¢)
d\
167r2d—t4 = 2(A1+ X)) A+ 8A3 Ay + 402 +8)2 + 3547
— (995 + 397 — 6y7 — 6y, — 27 — 2y7) (B.1.2d)
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]_677'2% = (2)\1 + 2)\2 ‘I' 8)\3 + 12)\4) /\5

dt
— As(995 + 397 — 6y; — 2y2 — 6y; — 2y7) (B.1.2¢)

For the Yukawa couplings the corresponding set of RG equations are,

167T2% = U (—893, - 295 15291 + Zyb +y2 4 ;ﬁ) : (B.1.3a)
167*% - ( - —92 ggl + gyt +yl 4 2%) , (B.1.3b)
16#2% = ( Zg — g1 + 3yp + 3y? + ;yy + ;yT) . (B.1.3c)
16%2% = ( Zg — —91 — %yT + 23;) . (B.1.3d)
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Appendix C

SsHDM: RG equations and oblique

parameters

The expressions for the one-loop beta functions and S,T,U parameters for an SsHDM are

given below.

C.1 Renormalisation group (RG) equations

We list the one-loop RG equations for the model couplings used throughout the analysis.
For the gauge couplings, they are given by [28],

d

16#2% 1 (C.1.1a)
d 17
d 43

]_677'2% = 6913. (C].lC)

The quartic couplings evolve according to,

1
167268y, = 32024 8M2 + 1602 + 422 +2X\% + §A§ — 8\ Ay + 160\

3
+2XA506 + 207 + é(g;l +3g3) — M (992 + 393) (C.1.2a)
1
16773y, = 24\ — 24M3 — 16Mo)3 — §A§ +2)2 — nggg
—X2(995 + 397) (C.1.2b)

1 3
16728y, = 16A2 48X\ + 24X\ M3 + 8\oAz + 8\3 + §A§ + 202 + Zg%gg
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—3(995 + 397) (C.1.2¢)
16726y, = (12X 44Xy + 24X3 + 605 + 86 + 20)7)

(995 + 397 = 3y7) (C.1.2d)
167% By, = 4AZ 4203 + 8A] + 82 + 200\ A5 — 4Ao A5 + 8A3hs + 8A 1 \g

+12X5)8 + 46 As + %( — 26795 4+ 3g5) — Xs(9g5 + 397 — 6y7), (C.1.20)
167m%By, = 203 +4A2 + 3202 + 40 Mg — 4do)g + 8A3)g + 856 + 4\ s + 39795

—X6(995 + 397 — 647) , (C.1.2f)
16726y, = 4hr( A1 4 Ao+ 203 + 2X5 + 36 + As) + 1042

— A7(995 + 397 — 67) (C.1.2¢)
16728y = 4AZ + 4Xs)h6 + 207 + 8AF + 2473 + 2(91 + 29795 + 393)

— As(995 + 3¢7 — 12y7) — 6y}, (C.1.2h)

Neglecting the effect of other quarks, the t-quark Yukawa coupling has the beta function,

9 17 9
167°6,, = ui <—89§ - ;lg% 12g1 + Qyt) (C.1.3)

C.2 Oblique parameters

The expressions for the oblique parameters in the SsHDM are given. A shorthand notation
sin(f — &) = Sp_q, cos(f — @) = ¢z, is adopted,
24TAS = (253 — 1)2G(m§{1+, mH+,mZ) + (283 — 1)2G(m§{2+, mz;,mQZ)

+G<m%{27 m12417 mQZ) + CB—aG<mi2m m?42, m2Z) + 5% aG(m%h ) m?ﬁlgv mZZ)

+c%_aG(m§{1,m§{1,m2Z) — s%_aG(mi, mi, m%) — 2ln( ) — 2ln(m§{2+)
+in(m7,) + In(m3;) + In(m%,) + In(m?,) (C.2.1a)
167s5ymiy AT = F(mH+,mH2) + F(m H+,mA1) + CB aF(mH+,mh)
—I—Sﬁ_aF(miﬁ, m%,l) F(mf%, mil) - c%_aF(m,Ql, mQAQ)
—8h_o (M, m,) + 3ch_o(F(my,my,) — F(miy, mi,))
—3c§7a(F(mQZ, m3) — F(miy,m3)) (C.2.1b)
24rAU = ﬁ[(}( ?ﬁvawmw) + G(m H+,mAl,mW) + 5 aG(mH+,mi,m%V)

+5%7aG(mH+7 mH1 ) mW) + G( H*’ mA27 mW) + Cﬁ aG(mH1 ) mW)

_G<m?{1 ) mZ)
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_C,Qﬁ’faé(mi7 mIQ/V) - G(m%w mQZ> - G<m%{27 m1241 ) m2Z)
_C%—QG(m}ZIJ m?427 mQZ) - S%—QG(mifl 7 miz? mQZ)

— (253, — 1)*)G(m? milfr,mQZ)

Hf
— (253, — 1)2G(m12q?+, m?{;, m%)] (C.2.1¢c)
where,
i mind | omd L
2 92\ — 2 2 _ 2 2 o Y 25
F(mi,m3) = my—m; My (C.2.2)
0 . omi =m3

3 ¢ (¢%)?
—I—% :‘%i—zg B milq—ng (m? ;;]4 %)3] 1 % + (q2)3 f(t,7)(C.2.3)
G (mi,m3,¢%) = -2+ (m%q—ng — :g i— Z%) % f (;;T) (C.2.4)
G (m2, q2) =G (m2, m2, q2) +12G (m2, m2, q2) (C.2.5)
t=mi+ms—¢> and r=(¢°)"—2¢* (m]+m3)+ (m]— mg)2 (C.2.6)
v i;ﬁ ;1 >0,
ftr)=40 ; r=0, (C.2.7)

| 2\/—rtan_1T_r ;or<O.

These are standard functions arising in a one-loop calculation.

C.3 h — vy decay width

The partial decay width of the SM-like Higgs to a pair of photons in this case has the

expression [72],

o?gs my | sina\ 4 2
F(h — ’Y’Y) = QTT(?)M_I%V S’Ln(ﬁ — O[)FW ‘I— ( — COSﬁ)gFt + ;K/iﬂ—&—

2

. (C3.1)
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The functions Fyy, F; and F;, capture the effects of a W-boson, a t-quark and a charged

scalar running in the loop and shall be defined as,

FW = 2+37W—f—37'w(2—7'w)f(7'w), (C.3.2a)
F, = =2n[1+(1—-7)f(n)], (C.3.2b)
Fip = =1l =7 f(ms)] - (C.3.2¢)

fir) = Jsn (V)] GEE)

ith = “ C.34
with, 7 2 (C.3.4)
Here, a = t, W and H;'.
For Scenario A:
1
K1 = —a(Q cos av cosec3(—6my;, + 3my, — 3mj, + mj, + 3m§{2+ cos2f3) +
(6m§{2+ +2m7, + mi;cosZﬁ)secﬁ sina) , (C.3.5a)
1
Ko = %((9(—2771%; +mj,) cos B — Impsec3 + mj, sec’ B) sina +
((9mj, + m7;, )cosec + 18m§12+ sin 3 — 9m; sin 3
+m7,secf3 tan ) cos a) (C.3.5b)
For Scenario B:
A
K1 = K9 = —?5 . (0363)
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