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ABSTRACT

While the Standard Model (SM) of particle physics presents a complete and well-tested
theory, there remain important pieces missing from our understanding of high energy physics.
Two of the most promising sectors in which to search for beyond the SM (BSM) physics are
the Higgs and neutrino sectors, which are the two least well-understood of the Standard
Model. In this work, we examine these two sectors and their interplay with BSM models
through the lens of experimental evidence. We begin with an examination of the Large
Hadron Collider (LHC) Higgs, which appears so far to be SM-like, in a number of contexts.
We first examine the indirect constraints one may impose on light Higgs Yukawa couplings
given existing rate measurements from the ATLAS and CMS experiments. We then move
to an examination of low energy minimal supersymmetric models, focusing on an inversion
of the bottom Yukawa and its phenomenological consequences. Finally, we analyze a high-
energy theory in which one may dynamically obtain alignment of the physical and SM-like
Higgs states. The results of these studies illustrate that there are a number of ways in
which new physics may still manifest in the Higgs sector. We then move to an examination
of new physics searches in the neutrino sector, focusing on the impact of neutrino-nucleus
cross section modeling on new physics signals in neutrino accelerator experiments. While
neutrino experiments provide a rich environment to study BSM physics, we find that cross
section uncertainties limit our sensitivity to new physics. Finally, we end with an analysis
of theoretical bounds on two Higgs doublet models (2HDM), with an application of these

bounds on the phenomenology of general 2HDMs.

xiil



CHAPTER 1
INTRODUCTION

Over the past century, the field of particle physics has undergone a series of major shifts
and differing eras: the development of quantum field theory (QFT) in the 1920’s and 30’s,
the subsequent skepticism and discarding of the QFT formalism, the resuscitation of QFT
through the renormalization group in the 50’s, the discovery of the top quark in the 90’s, and
the completion of the Standard Model (SM) of particle physics in 2012 with the discovery
of the Higgs boson. At present, the field at first glance appears to be a solved problem: we
have a self-consistent, complete theory that does an excellent job at explaining almost all
experimental results of the past century.

One might therefore ask why physicists are working so hard to find something that
is inconsistent with the Standard Model. Why are we so intent on breaking our hard-
earned, well-functioning theory? As always in physics, the answer lies in the hope of finding
something new. While the SM successfully models everything that it attempts to explain,
there are observed phenomena for which the SM simply does not have any explanation.
In addition, there are lingering theoretical concerns that, while not directly linked to any
specific experimental result, indicate to physicists that there must be something further going
on. Two particular sectors of the SM stand out as promising places in which new physics
might be hiding: the Higgs and neutrino sectors, which are the two least well-understood
sectors of the SM. Our level of precision in the Higgs sector is still on the order of a few to
ten percent, leaving room for the observed Higgs to either be SM-like or depart from our
SM expectations. The consequences of these results on possible new physics models would
be significant in either case. The neutrino sector, meanwhile, is still incomplete based on
experimental measurements: we do not know their mass ordering, nor do we understand
how they gain their masses in the first place or why they are so much less massive than

everything else in the SM. The richness of these sectors lies in both identifying what these
1



sectors truly look like and understanding why they look the way they do.

This thesis explores the current landscape of searches for new physics in these two sec-
tors, with an emphasis on the theoretical models that attempt to explain these outstanding
questions and the effects of their confrontation with experimental results. We analyze the
impacts of current experimental results on the allowed parameter spaces of these models, and
examine new ways in which we can search for these models using results from our flagship
particle physics experiments. The aim of this work is to maximize our understanding of
potential new physics given the current reach of our experiments, and work towards charting
a course for future searches. Without understanding what we know and can extract now, we
will not know where to look next and what might still be hiding just beyond reach.

In the following chapters, we discuss these issues in detail. In Chapter 2, we introduce the
Standard Model in its current form, with a particular emphasis on the Higgs and neutrino
sectors, and discuss the open questions which the SM is unable to answer. We then move
to models of beyond the Standard Model (BSM) physics in Chapter 3, introducing each
model that will be examined in detail in later chapters. We identify the open questions
which each model aims to address and introduce the basic framework of each BSM model.
In Chapter 4 we begin a more detailed phenomenological examination of the LHC Higgs,
with an emphasis on understanding the limits we can place on Higgs parameters that are
not yet directly observable. We then move to an analysis of minimal supersymmetric models
in the context of the LHC results in Chapter 5, examining two potential realizations of
supersymmetry and identifying the ways in which they may be consistent with the LHC
observations. In Chapter 6 we pivot to an examination of new physics searches in neutrino
experiments, while in Chapter 7 we derive theoretical bounds on extended Higgs sectors.

Finally, we conclude in Chapter 8.



CHAPTER 2
THE STANDARD MODEL: WHERE ARE WE NOW?

This thesis focuses on analyses of experimental observations within the context of new physics
models beyond the Standard Model. In order to understand why we undertake these analyses,
we first need to understand the state of the Standard Model in its current form; this will
provide context for these searches and motivate the reasons behind searching for new physics.
In this chapter, we discuss the gauge structure upon which the SM is built, the particle
content of the SM, the SM Higgs mechanism, and the neutrino sector. We then introduce
the outstanding puzzles in particle physics which motivate us to search for physics beyond

the Standard Model.

2.1 Gauge structure of the SM

Let us start with an explicit example of the simplest case of gauge invariance: a U(1)
symmetry. Consider a fermion ¢ that transforms under this U(1) symmetry under the

fundamental representation:

() = Py (). (2.1)

Because the symmetry is a gauge symmetry, depending on x, the derivative term in the

Lagrangian will have a nontrivial transformation:

Vidh) — @Ee_m(m)iem(‘r)@zﬂ + @Ee_m(fc)ivwﬁuem(m) (2.2)
= i) — PiyFpdua (2.3)

Our goal is to write a covariant derivative Dy such that the fermion kinetic term il is

invariant under the U(1) gauge transformation. To obtain this behavior, we need D, —

3



em(x)DM@b, meaning we must cancel this extra term coming from the derivative of a(z). One

introduces a gauge field A, with the following transformation:
1
Ap(e) = Ap(w) = <00l (2.4
which we include in the definition of the covariant derivative in the following way:
Dptp = (O +igAp)¢- (2.5)

With this additional field included in the covariant derivative, the derivative term Oyo(x)
coming from the transformation of 9,1 is canceled by the transformation of A.
The gauge field also has a kinetic term in the Lagrangian, constructed from the field

strength tensor:

1
Loauge kin = _ZFHVFMV (2.6)

where

For non-abelian gauge groups, the above formalism is modified slightly. The single vari-
able « is replaced by t*0%(z), where t® are the generators of the n-dimensional representation

of the gauge group. These generators satisfy the Lie algebra of the group:

[t¢, ] = i fabege (2.8)



The gauge fields are introduced into the covariant derivative as
Dy, =0, + igtaAZ. (2.9)
In this case, the field strength tensor is given by
Fo, = 0uA% — 9, A% — gf**Ab ol (2.10)

The interaction of the fermionic and scalar particles under a particular gauge group is defined
by the representation under which each particle transforms. In the Standard Model, all
particles transform under either the fundamental or trivial representations of the SM gauge
groups. If a particle transforms under the trivial representation, it does not interact through
the related force.

The Standard Model is built on the gauge symmetries SU(3) x SU(2)r, x U(1)y: the
SU(3) “color" associated with quantum chromodynamics (QCD) and the strong interaction,
the SU(2), associated with weak isospin, and U(1)y the weak hypercharge. The latter two
groups will be broken under electroweak symmetry breaking down to U(1)gjs, giving rise
to our more familiar weak and electromagnetic interactions. We will see this mechanism in
detail in Section 2.3.

Before electroweak symmetry breaking, the Lagrangian obeys this full SU(3)xSU(2), x
U(1)y gauge group; thus, to retain gauge invariance in the kinetic terms for the fermionic

content, one requires gauge bosons, identified as:
L. eight G associated with SU(3)¢;
2. three W} associated with SU(2)r;
3. one By, associated with U(1)y-.

Let us identify the SU(3)c generators as T¢, and the SU(2)y, generators as T¢. The
)



covariant derivative for the SM is then written as
Dyth = (O +igsT¢ G + igTiEWy +ig'Y By )i (2.11)

where Y is the hypercharge of the particle ¥, defining how it transforms under U(1)y. In
the fundamental representation of SU(2), the generators are T} = %Ta, where 7% are the

Pauli matrices.

2.2 Particle content of the SM

The full set of the SM fermionic content and each particle’s representation under the SM
gauge groups is shown in Table 2.1. Note that 3 indicates the fundamental 3-dimensional
representation under SU(3)q, and similarly for 2 and SU(2);. A 1 for either of these

indicates the trivial (1-dimensional) representation.

Field | SUB)o | SUQ2), | Uy
L 1 2 1/2
IR 1 1 1
Q 3 2 1/6
up 3 1 2/3
dp 3 1 1/3

Table 2.1: The fermionic content of the Standard Model

We can write the SU(2), doublets L and () more clearly, including all three generations,

as:

, (2.12)



while the left-handed quark doublets are

ur, cr, lr,

Q1= , Q2= , Q3= : (2.13)
dL ST, bL

As we will see in the next section, the EM charge is given in terms of the SU(2)7, and U(1)y
quantum numbers as! Q = T3 + Y. As such, we identify the hypercharge of each particle
in terms of its EM charge and it transformation under SU(2). As an illustration, consider
the right- and left-handed up quarks: up transforms trivially under SU(2), meaning that
Y = Q = 2/3. The left-handed up quark, meanwhile, has 7% = 1/2, and therefore Y =
2/3—1/2 =1/6. On the other hand, dj, has T3 = —1/2 and Q = —1/3, leading to Y = 1/6.

Putting everything together, the full SM Lagrangian before electroweak symmetry break-

ing is

1 1 1
Lons = = GG = Wik, W — 2By, B (2.14)
+ LiiDL; + lgiiPlg; + QiilpQ; + ugiilDup; + dgiilDdg; (2.15)

where ¢ are generation indices for the fermions.

2.3 The Higgs Mechanism

We now turn to the Higgs mechanism and the generation of fermion and weak gauge boson
masses. A nice overview of this topic may be found in e.g. Ref. [1].

For fermions in the SM, mass terms have the form

meée = me(€rer + €rer) (2.16)

1. There is an alternative convention in which Q = T3 + %Y. In this case one would find values for Y
that are twice what we identify here.



where e is a four-component spinor and ey, g are two-component spinors. From this expres-
sion, it is clear that the SU(2), symmetry of the Standard Model prohibits one from simply
writing down a mass term, since ey, will transform non-trivially under SU(2), while e will
transform trivially. Meanwhile, masses for the weak gauge bosons of the form %M 2W”W/‘
will break the SU(2)r, x U(1)y gauge symmetry. To illustrate this, we can take for example

the photon, which is massless due to the unbroken U(1)ggp symmetry:

%M2AMA“ — %MQ(AM — éaua)(/w — é@“a) 4 %MQAMA“ (2.17)

The gauge structure of the SM therefore prohibits us from simply writing down mass
terms for the massive gauge bosons and fermions. This presents an issue for the SM theory,
as we have experimentally observed that the weak gauge bosons and the fermions are massive.
However, if the underlying theory obeys the full SM gauge group, and it is the particular
choice of vacuum that breaks this symmetry, one can obtain mass terms. This mechanism
is generally known as spontaneous symmetry breaking, and in the particular case of the
generation of SM masses it is known as the Higgs mechanism.

In addition to the rest of the SM particle content, one introduces a complex SU(2)p,
doublet ®:

_|_
o |? (2.18)

gZ50

with hypercharge Yg = +1/2, such that one may write down U(1)y-invariant couplings of
® with, for example, djdp, which has Y = —1/2.

This doublet interacts with the fermions of the SM through Yukawa couplings:

Ly = yuQdup + y,QPdp + yeLPep + h.c. (2.19)



where we have defined ® = im®*, which has hypercharge Yy = —1/2. The Higgs kinetic

and potential terms of the Lagrangian are given by
Ly = (DF®)(D,®) — 201D — \(®Td)? (2.20)

In the case where ;2 < 0, the Higgs potential gains a minimum away from the origin, located
at the vacuum expectation value (vev) v = y/—u?/A. To preserve QED charge conservation,

the vev must be in the neutral component of the Higgs doublet, i.e.

0
(0|®]0) = (2.21)

v

V2

Now one expands about the vacuum, defining the SM Higgs field H as fluctuations about

the vacuum,

0o + 161
o = (2.22)
V2 3

where 01 2 3 are real fields, with the notation chosen such that it is easier to see that

® =™ (2.23)

where a = 1,2,3. We may absorb this exponential piece through a transformation to the

so-called unitary gauge, & — e‘”aea@, in which

d = . (2.24)

<
+
=

S



With this expansion, the kinetic term becomes

i 2

2

(D“(ID)TDMCD = ‘ (% + 59T W + %g/BM) P (2.25)

1 1 |
— SOV HOH + (6P + HP2IW+ W2 + (0 + HP W] = o' Buf?).

We define the gauge bosons W+, Z, and A by

Wi =W, FiW; (2.26)
1
. — (gW?’ —¢B ) (2.27)
V2 T
1
P — (g’W3 +gB ) . (2.28)
S ) A .

With this identification, the U(1) @ED photon remains massless, while the weak gauge bosons

W+ and Z gain masses

My, = = (2.29)

(2.30)

As we see in the definition of A and Z, this mechanism induces mixing between the SU(2) [,
gauge boson W3 and the U (1)y gauge boson B. The related mixing angle is known as the
Weinberg angle, 0y, defined by:

cosbyy —sinby w3

= . (2.31)
sinfyy  cos Oy B

10



The angle 0y may be written in terms of g and ¢’ as

9

cos Oy = ————. (2.32)
9*+(g')?
The weak gauge boson masses have been measured experimentally as [2]
My, = 80.377 £ 0.012 GeV Mz =91.1876 + 0.0021 GeV. (2.33)

The Higgs vev v has been measured to be v ~ 246 GeV.
Let’s examine the couplings of these newly-defined bosons to matter. To do so, we define

T+ = T! +iT? and rewrite the covariant derivative in terms of Wlui, Zy, and Ay

. g —trr—
+ igT3(sin Oy Ay, + cos Oy Zy) +ig'Y (cos Oy Ay, — sin Oy Z,,)
. g i —
=0, + ZE(T+WJ +T-W,) (2.35)
ig

Zu(cos2 Oy T3 — sin® Oy Y) + igsin QWAM(T3 +Y)
cos Oy

Given the above expressions, we identify the U(1) EM charge as Q) = T3 +Y.

Meanwhile, the Yukawa sector of the SM becomes

Yu _ Ya Ye _
LD —=ur(v+Hup+ ==dr(v+ H)dp + =—=éj(v+ H)ep + h.c. 2.36
NG L JuR 3 L )R NG L )eR (2.36)
D MﬂLuR—i-y—uﬂLHuR-i-... (2.37)
V2 V2

We have now obtained mass terms for the SM fermions, with the identification that

mf = (2.38)

9re
V2

11



In other words, the Yukawa couplings must be directly proportional to the fermion masses:

V2m
vy = — / (2.39)

In this manner, the SM Higgs couplings to fermions are predicted to have specific values.
Deviations from these predicted couplings would indicate non-Standard physics, and it is
therefore of great interest to measure the observed LHC Higgs couplings to high precision.
An observant reader might have noticed that while we have written down Yukawa terms
for both the up- and down-type quarks, in the lepton sector we have a term only for the
electron, muon, and tau; the neutrinos are missing. Since the SM does not include right-
handed neutrinos, the Higgs mechanism cannot provide a mass term for the neutrinos. We

will discuss this issue in the later sections.

2.4 The neutrino sector

Within the Standard Model, neutrinos are unique in a few aspects. Firstly, they are the only
fermion for which we have not yet observed a right-handed particle. As a consequence of this
fact, neutrinos do not currently obtain a mass through the Higgs mechanism, which as we
saw in the previous section requires both a left- and right-handed component. While not an
issue on its own—in the SM, neutrinos can be massless—this becomes an interesting puzzle
because of the second manner in which neutrinos are unique: neutrino oscillations. Neutrino
oscillations indicate that neutrinos must be massive, and new physics is therefore required
to introduce mass terms for the neutrinos. The final manner in which neutrinos are unique
is their small mass scale: cosmology and terrestrial experiments bound the neutrino mass
scale to be on the order of 1 eV or less. The tiny scale of the neutrino masses introduces a
further new physics puzzle: how might the neutrino mass mechanism explain the hierarchy

between the neutrino masses and the rest of the fermions? All of these considerations together

12



make the neutrino sector an extremely promising sector in which to search for new physics.
In this section, we present the basics of neutrino oscillations and long-baseline oscillation
experiments; we reserve a discussion of solutions to the above puzzles for the next chapter.

To describe neutrino oscillations, we can turn to basic quantum mechanics. We will
examine the propogation of a neutrino flavor eigenstate through vacuum, in which case the
mass eigenstates will be the propogating eigenstates. Suppose there is mixing between the

interaction eigenstates and the mass eigenstates, and consider a two-flavor scenario:

|Va) = cos O |vy) + sinf |vo) (2.40)

lvg) = —sinf |v1) + cos O o) (2.41)

where |v,, 3) are the interaction eigenstates and [v] 2) are the mass eigenstates.
Suppose we create flavor eigenstate v, in an interaction, and want to examine the state

after propagating a time t. The time evolution is simply given by
Ve (t)) = cosOe 1 1)) + sin fe 72t 1) (2.42)
Now consider the probability of measuring |vg) after time ¢:

P(va — vg) = | (vslva(t)) |2 (2.43)

) . 2
— |—sin @ cos fe =1 4 sin 0 cos e~ 2 (2.44)

Note that the difference in energy arises from the mass difference. By approximating small

mass relative to p, with p ~ E, and taking L = ct, one can obtain

Am3, L
P(va — vg) = sin?(26) sin® <%) (2.45)

13



where Am%l = m% — m%.
In the Standard Model, there are (at least) three flavors of neutrinos. In this case, the

above oscillation expression is generalized to

l.n Am2. T
. 7
P(va = vg) =0dap — 4 E Re(UpUsilajUs;) sin’ ( 4Ej ) (2.46)
i<j
1.n Am2. L
. 9 1]
+2 E< . Im(U;iUﬁanjUgj) sin ( Y5 ) (2.47)
i<j

where U is the mixing matrix that relates the flavor and mass eigenstates; in particular,

3
va) =Y Usivi) (2.48)
i=1

Assuming only three flavors of neutrinos, U is a unitary 3x3 matrix known as the Pontecorvo-
Maki-Nakagawa-Sakata (PMNS) matrix [3, 4]. In general such matrices have 9 degrees of
freedom; however, for Dirac neutrinos 5 of those parameters can be absorbed into lepton
phases, leaving 4 remaining degrees of freedom. This can be parametrized in a number of

ways, but the most common is in terms of three mixing angles and one CP-violating phase.

14



In particular,

Uet Ue Ues
Upmns = | Un Uy Uys (2.49)
Un Ur2 U
1 0 0 c13 0 813€_i60P c12  s12 0
=10 co3 So3 0 1 0 —s19 c19 0 (2.50)
0 —s93 c23 —SlgewCP 0 €13 0 0 1
€12€13 512€13 s13e70
= | —s12023 — c12513523¢"  c1oc03 — 512513523 c13593 (2.51)
5

5 .
512593 — €12513C23€"?  —c12593 — 512513¢23€"’  c13C23

For Majorana neutrinos, one would introduce two further complex phases, as the Majorana

condition fixes two phases, leading to the following parametrization:

C12€13 $12€13 size 2} [em 0 0
UpMNs = | —s1aca3 — c12513503¢" 12093 — s12513523¢0  c13503 0 €™ 0
S12593 — C12513C23¢0  —c12823 — s12513¢23¢"  c13c03 0 0 1

(2.52)

The two mass splittings in the SM have been measured to be [5]

Am2, = 7397021 o 1075 V2 2.53
21 0.20

|Am3y| = 244970032« 107 3eV? (2.54)

The best-fit value of Am?ﬁ depends slightly on the choice of ordering for the neutrino masses;
here we present the best-fit value for normal ordering, which we will define shortly. Due to

the neutrino sources from which these mass splittings were originally measured, the splitting
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Am%2 is often called the “solar" mass splitting, while Am§2 is referred to as the “atmospheric"
mass splitting. You may notice that while we have written an absolute value of Am%Q, we
have specified the sign of Am%l. Although vacuum oscillations are insensitive to the sign of
the mass splittings, matter effects are impacted by the sign [6]; the sign of Am%l has been
identified through the impact of matter effects within the sun, known as the MSW effect.

Meanwhile, the mixing angles have been measured as [5]

sin? 019 = 0.31070013 (2.55)
sin? fg3 = 0.558 70 oy (2.56)
sin? 013 = (224017009 x 1072 (2.57)

2.5 What’s missing?

With the introduction of the Higgs mechanism and the discovery of the Higgs boson in 2012,
the Standard Model as described above is a complete theory. However, while the SM is
internally complete and self-consistent, a number of experimental observations as well as
theoretical considerations indicate that there must be new physics beyond the SM. In this
section, we review the observed phenomena and theoretical concerns which motivate searches
for new physics.

A very notable gap in the SM, perhaps the most notable, has been left out of this
chapter: the description of gravity. To many theorists, the unification of QF T and gravity is
the ultimate goal, and has inspired a great deal of research efforts. While this question can
be linked to the motivation for supersymmetry—string theory, one potential unified theory,
requires supersymmetry—the work of this thesis is not directly motivated by a search for a

unified theory. We therefore do not dive into a detailed discussion of this topic.
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2.5.1 Dark matter

Dark matter (DM) presents one of the most concrete indications of new physics observed to
date. Astrophysical observations of galaxy rotation curves have identified that the rotation
speed of the galaxies corresponds to a gravitational force greater than that generated by the
visible matter [7-10]. Additionally, the cosmological evolution of the universe indicates that
there must be an additional matter density, contributing to the formation of large structures
at late times.

A dark matter candidate must satisfy a few important conditions. Firstly, it must be
stable relative to cosmological timescales in order to contribute the required matter density
[11]. Secondly, it must be neutral or very weakly charged under the electromagnetic and
strong interactions. Finally, it must be massive such that it contributes to the matter
density of the universe, rather than radiation density.

The SM does not contain a viable dark matter candidate within its particle content.
Neutrinos have some of the relevant properties, but their small mass means that they behave
as radiation until very late time and do not contribute as matter density in the formation of
large structures. Black holes have been proposed as an alternative non-BSM source of the
required DM matter density, but these have run into a number of experimental constraints.

Due to these considerations, it is widely accepted that new physics is required to model
dark matter. In the next chapter, we will introduce a few models which provide a dark

matter candidate and discuss the details of the particular DM candidates for each model.

2.5.2 Neutrino masses

In examining the formulae for neutrino oscillations, one may notice that the oscillations van-

2.

i 0. Because we have observed neutrino oscillations

ish for massless neutrinos, where Am
in a wide range of experiments, we know that at least two flavors of neutrinos must have
non-zero mass. As noted in the discussion of the Higgs mechanism, the SM in its current for-
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mulation does not include a mass mechanism for neutrinos, and the observation of neutrino
oscillations therefore provides clear, concrete evidence that there is new physics beyond the
SM.

Within the question of neutrino masses lurks another theoretical concern. Tritium -
decay experiment KATRIN place an upper bound on the neutrino mass scale of approxi-
mately 1 eV [12]; as such, the neutrinos are orders of magnitude less massive than the other
fermions in the SM. Models of neutrino masses typically aim to both introduce a mass mech-
anism and explain why the neutrino masses are so small relative to the scale of the other
fermion masses.

Broadly speaking, there are two possible types of neutrino mass terms, related to the
nature of the neutrino and its antiparticle. In the first case, the neutrino is a Dirac fermion,
and can gain its mass through the Higgs mechanism with the simple addition of right-handed
neutrinos. In the second case, the neutrino is a Majorana fermion, meaning that the neutrino
is its own antiparticle. Although there is a wide range of specific possibilities, we discuss here
two possible mechanisms as an illustration: a straightforward Dirac neutrino realization, and
a Majorana mass mechanism derived through a seesaw mechanism.

First, we examine the case that the neutrino is a Dirac fermion, similarly to the other
fermions in the SM. In this case, there will be an independent right-handed component which
we denote as vp. Then we can write a neutrino mass term similarly to the up-type quark

mass terms:

Emass’l/ — nyéVR + hC (258)

As before, spontaneous symmetry breaking yields mass terms of the form

Lmass,y = my(DrvRp + VRYL). (2.59)
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Although this method successfully introduces neutrino masses to the SM Lagrangian, the
Yukawa couplings alone (along with the fixed scale v) are responsible for defining the mass
scale of the neutrinos. In this case, the neutrino Yukawa couplings must be on the order
of O(10712) to reproduce neutrino masses of @(1071) V. These values of the Yukawa cou-
plings are many orders of magnitude smaller than those of the other fermionic SM particles.
Additionally, the most general Lagrangian can contain a Majorana mass term for the right-
handed neutrinos, as they transform as singlets under the entire SU(3)o x SU(2);, x U(1)y
gauge group. These two considerations help motivate an analysis of the Majorana case.
Thus, we now turn to an examination of the seesaw mechanism that gives rise to Majorana
neutrinos. Here we present material contained in Ref [13]. For a particle to be a Majorana
fermion, the operator which creates and annihilates the particle must be the same. In this
case, the charge-conjugate field v%(z) = C»’(z) is equal to the original field v(z), and
therefore the right-handed component is not an independent component of the field but
rather the charge-conjugate of the left-handed component: vp = v7. Majorana mass terms

are therefore given by
1 —C —_.c
£mass,lj = _§ml/ (VLVL + VLVL) . (2.60)

As before, such mass terms explicitly break SU(2) symmetry. One may in fact obtain terms of
this form through the Higgs mechanism by including the previous Higgs-neutrino interaction
term as well as introducing Majorana mass terms for heavy right-handed neutrinos of the

form
L 1 _
L ept D —MOL'ON® — §M0‘5N0‘(N5)C +h.c. (2.61)

The generation indices on the left-handed and right-handed neutrinos are differentiated to

indicate that the number of right-handed neutrino generations has not been specified, and
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may not be equal to 3. With these terms, the diagonalization of the resulting mass matrix
after EWSB leads to Majorana mass terms for the left-handed neutrino. Explicitly, EWSB
yields a Dirac mass matrix m%)‘, which combines with the Majorana mass matrix M5 to
give

1/ 09 (mh)i V]
L Jept 2 3 ((Dz)c Na> i (2.62)
my  MP (NB)e

For M > mp, this matrix gives approximate Majorana mass terms for the left-handed

neutrinos of the form
m = —(m{))m(M_l)o‘ﬁm%j (2.63)

and the mass matrix becomes approximately block diagonal, with the heavy right-handed
neutrinos effectively decoupling from the light left-handed neutrinos.

An advantage of the Majorana case is that the presence of the heavy right-handed Majo-
rana neutrinos introduces a seesaw mechanism, in which the left-handed neutrino masses are
suppressed by M —1 a5 seen in Eq. (2.63). As such, the small left-handed neutrino masses
may be achieved without very small Yukawa couplings if the right-handed neutrinos are

taken to be sufficiently massive.

2.5.8  Matter/antimatter asymmetry

The universe at current times is composed almost entirely of matter, with very little antimat-
ter present with which matter might annihilate. This presents an obvious question: why did
the universe end up with so much more matter than antimatter? In particular, this requires
that at some point in the evolution of the early universe, the fundamental physics had some

preference towards matter rather than antimatter; otherwise, any fleeting asymmetry in the
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number density of matter relative to antimatter would have been equilibrated.
One may formulate this discussion more precisely using the Sakharov conditions [14].
There are three conditions that must be satisfied for a process to be capable of generating

the observed matter/antimatter asymmetry:
1. Baryon number violation
2. C and CP violation
3. interactions out of thermal equilibrium.

It is quite reasonable to ask whether there is a process in the Standard Model that might
be able to fulfill these requirements. A potential process which uses SM baryon-violating
processes is the mechanism of electroweak baryogenesis (EWBG), which is discussed in detail
in [15]. In this model, the asymmetry is generated during the electroweak phase transition,
during which there are bubbles of electroweak symmetry-violating regions. Particles within
the symmetric-phase plasma will scatter off the bubble wall through a process with CP and
C violation, thereby generating an asymmetry in the particle number just outside the bubble
wall and satisfying point (2). Electroweak sphaleron processes then translate this asymmetry
into a baryon number asymmetry, generating a greater number of baryons than antibaryons
(satisfying point (1)); the bubble wall then sweeps up this asymmetry, and because the
sphaleron processes are heavily suppressed within the broken-phase region, the asymmetry
is preserved (satisfying point (3)).

Hypothetically, all of these ingredients could be contained in the SM; however, the SM as
realized in our universe does not fulfill all of the necessary requirements. Firstly, the bubble
nucleation upon which EWBG relies requires a first-order phase transition. In the SM, the
EW phase transition would be first-order for mpg < 70 GeV; however, the observed Higgs at
the LHC has a mass of my ~ 125 GeV. Additionally, the CP-violation in the SM, contained

in the CKM phase, is too small to generate the required initial asymmetry at the bubble
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wall. As such, any model of electroweak baryogenesis necessarily requires the introduction
of new physics.

A wide range of further mechanisms have also been explored in recent years, including
leptogenesis [16], axiogenesis [17]|, and more. In leptogenesis models, heavy Majorana neu-
trinos generate a lepton number asymmetry, which is then converted to a baryon number
asymmetry through sphaleron processes. In axiogenesis, one introduces an axion, which is
related to a new symmetry known as a Peccei-Quinn (PQ) symmetry. An explicit breaking
of the PQ symmetry in the early universe induces rotations of the axion, and the asymmetry

of the PQ charge is then translated into a baryon number asymmetry.

2.5.4  The hierarchy problem

In the SM, there is in fact more than one so-called “hierarchy problem": this term may
be applied to any large discrepancy in scales that has no current explanation in the SM.
One sometimes hears the small magnitude of the neutrino masses relative to the other SM
fermions as a hierarchy problem. In this thesis, however, we will use the term “hierarchy
problem" to refer specifically to the scale of the Higgs mass relative to the Planck scale.

Let us again write down the SM Higgs potential in terms of the field H:
V =2 H> + N H|) (2.64)

Based on results from the ATLAS and CMS experiments at the LHC, we know that mp ~
125 GeV and thus in the SM, A = 0.126 and z? = —(93 GeV)?2. However, the p? term can
receive contributions from any new physics introduced at a scale A, and therefore without
any sort of cancellation or protection would naturally be pushed up to the scale A. The
electroweak scale is therefore highly sensitive to new physics.

Another way to think about the hierarchy problem is through the SM as an effective field
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theory. Suppose the SM is valid as an effective theory up to some scale A. Loop diagrams
will contribute terms of order A% to the H mass term, thus pushing this scale up towards
the new physics scale A.

Due to these concerns, theorists are motivated to introduce new physics which might pro-
tect the Higgs mass scale or cancel these loop contributions. This is one primary motivation

for supersymmetry, which we will see in the next chapter.

2.5.5 Short baseline anomalies

Over the last two decades, the standard three neutrino paradigm introduced above has
been confronted with experimental anomalies that could indicate oscillations due to a mass
splitting much larger than the measured solar and atmospheric ones. These anomalies are
fourfold: LSND [18], MiniBooNE [19], reactor [20-22|, and gallium [23-28] anomalies. The
LSND anomaly resides in the 7, — U, appearance channel, with an excess of electron
antineutrino appearance events corresponding to an oscillation probability of P(7, — fie) ~
0.26%. The MiniBooNE experiment followed up on these results with a similar L/E ratio,
but a different baseline and energy, and a different set of systematics. The resulting analyses
found an excess of v, appearance events in the low-energy bins of 0.2-0.4 GeV for a baseline
of approximately 0.5 km, consistent with the LSND results. The reactor anomalies observe
a deficit of 7, neutrinos produced by nuclear reactors; however, questions about the flux
predictions have indicated that this anomaly may be driven more by initial flux uncertainties
than short-baseline oscillations.

All these anomalies seem consistent with oscillations at a baseline distance much shorter
than expected from the SM splittings, pointing to a new mass splitting Am?u ~ O(1 eV?).
On the other hand, direct [29-31| and indirect [32] measurements of the Z invisible width
at LEP would imply that this state does not interact via weak interactions and thus has no

standard model gauge quantum number whatsoever. In the next chapter, we will introduce
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the light sterile neutrino model, which has been proposed as a solution to the short baseline

anomalies.
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CHAPTER 3
BEYOND THE STANDARD MODEL

In the previous chapter, we discussed the current formulation of the Standard Model and
introduced a number of motivations for looking for new physics. In this chapter, we introduce
the models of BSM physics that will be examined in detail in the following chapters. We
discuss two Higgs doublet models (2HDM), minimal supersymmetric models, and light sterile
neutrinos. In each case, we will make note of the outstanding questions that each model

aims to address, and note some of the challenges each model faces.

3.1 Two Higgs doublet models

2HDM’s extend the SM Higgs sector by adding an additional Higgs doublet, leading to two
total Higgs doublets. This introduces a great deal of additional parameters to the Higgs
sector, and additionally significantly relaxes the SM restrictions on the Higgs couplings to
the rest of the SM particle content. One motivation of 2HDM’s is that the Higgs potential
has a greater number of parameters and can have a first-order EW phase transition, thus
providing the potential to include electroweak baryogensis [33]. Additionally, 2HDM’s are
necessarily included in models of supersymmetry, which we will introduce in the next section.

The most general scalar potential in the 2HDM is given by

V = m3,010) + mdy®l g — (m3y®] g + hoc.)
A Ao
+ 5 (@101)7 + 2 (@]22) + A3(@]21) (Dh2) + M| @] D) (3.1)

A
+ (75@{@2)2 + A6(D]D1) (@] B2) + A7(®1B2) (D] Do) + h.c.)

where ®1 9 are complex SU(2) doublets with hypercharge Y = +1/2. Notice that since the

potential must be real, the parameters A 4 must be real, but A5, Ag, A7 can be complex.
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Since there are now two Higgs doublets, the SM particle content recieves contributions
to their masses from both doublets. In the most general formulation, the fermions can have

interactions with both Higgs doublets, leading to mass matrices of the form

1
M;; = 7 (?Jiljvl + y?j”?) (32)

where 4, j are generation indices, and the y matrices represent the Yukawa matrices for up
quarks, down quarks, or leptons.
We define the quantity tan 5 = vy /vq, the ratio of the vacuum expecation values of the

two doublets. The total vacuum expecation value is v = \/U% + U% = 246 GeV. We may

write the Higgs doublets in terms of real scalar fields as

o5

(vj + ¢ +in;)/V2

@,_

J= (3.3)

Let us move to a basis in which only one of the doublets obtains a vev, which we call
the Higgs basis. Let Hgy be the field associated with the doublet that obtains the full vev,
v = 246 GeV, and Hygp the field associated with the doublet which does not obtain a vev;
the reason for this specific notation will become clear shortly. The initial basis and the Higgs

basis are related by £:

Hgn = ¢1cos B+ dpasinff (3.4)

HNsM = —¢18in 8 + ¢acos (3.5)
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The fermion couplings will be

1 , i
Ly = 75 (vl cos B+ y;sin B) Hsu 1.

1 , .y
+ G (—yilj sin 8 + yZZj Ccos B) HNSMfEf]]% + h.c. (3.6)
= %%HSMf%f‘}% + E?HNstf;f‘]% + h.c. (3.7)

Since only Hgpp has a non-zero vev, the fermion mass matrices arise entirely from the Yé
Yukawas. Moving to the fermion mass basis, in which this first term is diagonal, one has

1 _
Yii =

V2m;
Tlaz-j (3.8)

Thus, the Yukawa couplings of Hqyr must be Standard Model-like. However, YZ% is not
necessarily diagonalized along with Yli, and as the physical Higgs states will include some
Hysy component, this can lead to tree-level flavor-changing neutral currents (FCNC). Since
such interactions have not been observed experimentally, one must introduce some method
of suppressing them; the different approaches to restricting ny to diagonal form differentiate
types of 2HDMs. The different types of 2HDMs typically involve up- and down-type fermions
coupling to only one of the Higgs doublets; to implement the specific structures, different
types of Zo symmetries are implemented to allow certain Yukawa terms while forbidding
others.

In anticipation of the following discussion, it is worth introducing the mass eigenstate

basis. In the 2HDM, one obtains five physical Higgs fields rather than just one: two CP-
even fields h and H, one CP-odd field A, and a charged Higgs H* with two possible charges.
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Define o as the angle of rotation from the ¢ basis to the mass basis for the CP-even fields:

h = ¢1sina — ¢g cos a (3.9)

H = ¢9cosa + ¢gsina (3.10)

It is often more instructive to write h and H in terms of the Higgs basis fields, which are

related as

h = Hg\p Sin(ﬂ — Oé) + HNsMm COS(@ — a) (3.11)

H = Hg\pcos(B — a) — Hysm sin(8 — «) (3.12)

Thus, the couplings Y12 of the physical neutral, CP-even Higgs fields to the fermions are

given by

yilj = YZ; sin( — a) + Yé cos(ff — «) (3.13)

y}j = Yé cos(f — a) — YZ? sin(f — «) (3.14)

We will derive more explicit expressions for these couplings for each type of 2HDM in the
following subsections.
While the fermionic couplings differ amongst the various 2HDM types, the vector gauge

boson couplings and are given by

anvyv = ghiy sin(8 — a) (3.15)

One can immediately see that such a relation places strong bounds on 2HDMs under the
requirement that one obtain an SM-like lighter Higgs eigenstate; this consequence will be

seen later in a number of contexts.
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3.1.1 Type I 2HDM

In a Type I 2HDM, all fermions couple to only one of the two ®1 o doublets; take this doublet

to be ®9. In this case, yilj vanishes the the two Higgs basis matrices are directly proportional:

1 2

2 2
Y5 = yjjcosf (3.17)

In this case, YZ? will be diagonalized simultaneously with Y;;, and FCNCs are avoided.
. . . L 1,2 . .
The physical Higgs couplings can be found by writing the Y; ;- in terms of the fermion
masses, using the relations

V2m;

()

8ij = Y (3.18)
and
2 1

For the lighter physical state, therefore, one obtains couplings

V2m; 5
v

V=¥ (sin(8 - a) + cos( — a) cot ) (3.20)

From this expression, we see that h will have approximately SM-like couplings to all fermions

for sin(f — a) &~ 1 and cos(f — a) cot 8 < 1.

3.1.2 Type Il 2HDM

In defining the Type I 2HDM, we assumed that all fermions coupled only to the second

doublet ®9, which resulted in Higgs basis matrices which were directly proportional. The
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principle behind the Type II 2HDM is quite similar; however, in this model up-type quarks
couple only to ®9, while down-type fermions (down-type quarks and leptons) couple to ®y.

In this case, the up-type quark couplings to the lighter mass eigenstate look exactly the
same as in Type I. The down-type fermions, on the other hand, will have couplings of the

form

Vij = @%(Sm(ﬁ — @) — cos(f — @) tan 6) (3.21)

Notice that in a Type II model, modifications to the up-type quarks are suppressed by
a factor of tan 3, while modifications to down-type fermions are enhanced by tan (; in this
case, one may obtain significant modifications to down-type fermion couplings without major
deviations of the up-type couplings from SM values. This feature of Type-II 2HDMs will be

revisited in later chapters.

3.1.83 Basic phenomenology

Introducing a second doublet to the Higgs sector provides a number of additional degrees
of freedom, thereby presenting the opportunity to approach, for instance, the problem of
matter /antimatter asymmetry [33|; however, this also gives rise to a number of phenomeno-
logical consequences that place bounds on the parameter values the 2HDM can take on.
Firstly, the 125 GeV Higgs observed at the LHC thus far appears to be SM-like at the level
of about 10% precision [34, 35]. In this case, 2HDM parameters must take on values such
that the phenomenology of the lighter CP-even Higgs eigenstate is consistent with the SM
predictions at this level of precision. Secondly, the Higgs sector now has a heavier CP-even
Higgs, a CP-odd Higgs, and a charged Higgs; all of these can potentially be observed at
the LHC, for example through a search for H, A — 77 processes. The fact that we have

not yet observed such processes indicates that either the masses of the new Higgs states are
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beyond the current reach of the LHC, or that the Yukawas and Higgs potential parameters
take on values such that these processes are suppressed or otherwise avoid detection in LHC
searches. These types of constraints and phenomenological considerations will be examined

in more detail in the following chapters.

3.1.4 Higgs basis conversion

For completeness, we present the relations between the mass terms and the quartic couplings

in the weak eigenstate basis and in the Higgs basis. The potential in the Higgs basis reads:

V = M} HHy + M3 H}Hy — (M H] Hy + h.c.)

1 1
+ §Zl(H}U%F + 5ZQ(H;LHQ)Q + Z3(H Hy)(HYHy) + Zy(HI Ho)(HSHy)  (3.22)

1
+ 5Z5(HIHQ)2 + Zg(HIHy) (HI Hy) + Z7(H Hy) (HI Hy) + h.c.

The conversion between the potential parameters in the weak eigenstate basis and those in
the Higgs basis have been worked out in [36]. They are obtained by a rotation by an angle
£ in field space of the original two Higgs doublets. The mass terms in the two bases are

related as:

miy = M{;ch + Msys7 + Re[Miye]so4, (3.23a)
my = M1215% + M222C%3 — Re[Mpe s, (3.23b)

. 1 . .
mipe’! = §(M222 — My)sap + Re[Mipe g + i Tm[Mipe™] (3.23¢)
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where tan f = vo/v1 with range 0 < § < 7, and 7 is the phase accompanying vg in the &

basis. The relations between the quartic couplings are:

Al = Zlc% + ZQS% + %2345535 — 2593 <Re[Zﬁem]c% + Re[Z7e”7]s%> , (3.24a)

Ay = le% + ch% + %Z345s%ﬁ + 2593 (Re[Z(;em]s% + Re[Z7ei77]c%> , (3.24Db)

Ay = }l (21 + Z — 2Z315) 835 + Z3 + Rel(Z — Z1)eM|sypen (3.24c)

My = }1 (Z1 + Zo — 27345) s53 + Za + Rel(Zg — Z7)e")sap094, (3.24d)

N2 = (21 + 73— 27345) 5% + RelZ5*] + i Tm[ Z5e ey (3.24¢)

+Re[(Z — Z7)esopeas +iIm[(Zs — Z7)e™sop .

Age! = %(Zlc% — ng% — Z345Co8 — iIm[Zg,e%n])sQﬁ (3.24f)
+RelZge"|cgegg + i Tm[Zge el + Re[Z7e™)s sy + i T Zre' s,

Arell = %(le% — Zach + Zaascap + iTm[ Z5e® M) sy (3.24g)

- RG[ZGGM]SBS?)ﬂ +1 Im[ZGem]s% + Re[Z7ei77]05035 +1 Im[Z7e“7]c% :

where we have defined Zsy5 = (Z3 + Z4 + Re[Z5€2™]). For the reverse conversion from
the Higgs basis to the general basis, one can perform the same series of identifications,

substituting \; <+ Z; and § < —pf.

3.1.5 2HDM RGE equations

The RGE equations for couplings in both the SM and the 2HDM can be compactly written

as [37]
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dt 4w
dag_ Oz%
FTC
doq . ﬁ Oé%
dt 1477
Y 9 17 9
=Y, Lap =2y, = By 0y 2
v t<8043—|-4042+12041 5 f 5 p— Qi ) (3 5)
dy; 9 5 9 o
—b_vy (8 Za1 - Y, - LY - Y,
dt <O‘3+40‘2+120‘1 o'b T g T)
dY; 9 15 5
d—tT:Y<40z2+Zoq——YT 3Yb—ath)

where a; = g; 2 4w, Gy = ay /4, Yip = h2 b/167r ,and t = log(MéUT/u2). The parameters
(B2, B1, ap, o, oy, ) are equal to (3,7,1,1,0,0) for the 2HDM and (19/6,41/6,3, 3,3, 1) for

the SM running.

3.2 Supersymmetry

In this section, we introduce the two minimal implementations of a supersymmetric Standard
Model: the Minimal Supersymmetric Standard Model (MSSM) and the Next-to-Minimal
Supersymmetric Standard Model (NMSSM). Supersymmetry has been a primary target for
the LHC over the course of its first two runs and subsequent analysis for a few reasons. Firstly,
the particular symmetry from which the name “supersymmetry" arises is the remaining
spacetime symmetry that can be added to our current model of physics, and it is therefore
quite interesting from a theoretical perspective. In addition, supersymmetry aims to resolve
multiple outstanding issues with the Standard Model. The most well-known motivation
may be the hierarchy problem, which can be resolved through a cancellation of the loop
contributions from the SM particles and their respective superpartners. Additionally, many

SUSY models provide a dark matter candidate in the form of the lightest supersymmetric

33



particle (LSP). Furthermore, there is unification of the strong, weak, and electromagnetic
gauge couplings at high scales, thus moving towards the possibility of a grand unified theory
(GUT) at the so-called GUT scale. Such a unification is motivated by the idea that, at high
scales, there is a single unified theory which is broken to the SM gauge group that we observe
at lower energies. GUT theories are also motivated by their natural inclusion of right-handed
neutrinos, thus approaching a potential solution to neutrino masses. A detailed discussion of
unified theories is the realm of a different thesis; here we simply comment on the connection,

and focus on the details of minimal supersymmetric standard models.

3.2.1  Minimal Supersymmetric Standard Model

An introduction to supersymmetry and the MSSM can be found in [38, 39]. Because this
is the minimal supersymmetric extension of the Standard Model, one simply extends the
particle content to include a superfield for each SM particle and a 2HDM in the Higgs sector
(as will be discussed shortly). The spin-1 gauge bosons are in vector supermultiplets with

their spin-1/2 fermionic counterparts:
e Gluons and gluinos Gl and éa in a superfield @a, with representation (8,1,0)
e W bosons and winos W' and Wa in superfield Wa, with representation (1,3,0)
e B boson and bino B and B, in superfield B, with representation (1,1,0)

where we have quoted their representations under the SM gauge group by (SU(3)¢c, SU(2) 1, U(1)y).
The neutral winos, the bino, and neutral Higgsinos mix for form neutral fermionic mass eigen-
states called neutralinos, while the charged wino and charged Higgsino mix to form mass
eigenstates known as charginos. If R-parity symmetry is imposed, the lightest neutralino will
be stable and can be a candidate for dark matter, as it is electrically neutral and interacts

only weakly:.
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Meanwhile, the fermionic content remains constricted to three generations, and no right-
handed neutrinos are added to the theory. The quarks, squarks, leptons, and sleptons are

placed in chiral superfields,
e (ur,dr) and (iiy,dy) in superfield Q, representation (3,2,%)

e ip and U} in U¢, representation (3, 1, —%)

[OV] V]

e dp and dfq in D¢, representation (3,1,

)
e (vp,er) and (7, ér) in L, representation (1,2,-1)
e ¢ and €3 in E°, representation (1,1,2)

This is the simplest extension of the SM particle content, with each fermionic particle placed
in a superfield with a spin-0 supersymmetric partner. Written as SU(2);, doublets, the
left-handed fields above are

Q= , L= (3.26)

In the Higgs sector, one requires two Higgs doublet superfields H, and H 4 to cancel chiral
anomalies. In particular, loops of chiral fermions can lead to a breaking of U(1)y symmetry;
while these contributions are canceled within each SM fermion family, the addition of a
Higgsino from the superfield H, leads to a nonzero contribution that must be canceled by
a Higgsino with opposite hypercharge, coming from H 4- Note that this therefore must be a
Type-11 2HDM theory, where there is one Higgs doublet coupling to up-type fermions and
another to down-type, so that the two Higgsinos have opposite hypercharge (to see this,
compare the required hypercharge for the doublet in each term as shown in the discussion
of Eq. 2.19). Thus the Higgs sector is composed of

e Hyand Hy in Hy, with (1,2,-1)
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e H, and H, in H,, with (1,2,1)

Written as SU(2);, doublets,

. Y. HY
i, = 1; CoHg=| ! (3.27)
i)Y a;

The superpotential W of the MSSM is given by

Wom SYUOCH, - Q5+ YD, - Q) + VLB L+ pll -y (328)
where H - Q = eabf]a@b, with a,b SU(2)y, indices. Explicitly, for example, H, - ﬁd =
HiH; — HHY.

In an unbroken supersymmetry, the particles and their SUSY partners have the same
mass. Given results from the LHC, where no supersymmetric partners have yet been observed
up to about a TeV scale, any supersymmetric theory must have soft SUSY breaking terms;
namely, one includes mass terms for the supersymmetric particles. In particular, for an

R-parity conserving case the soft SUSY-breaking Lagrangian is given by

1 | <~ 1 .

Lsysy = 3MiBB + 5 MyW W + 5 MGGy (3.29)
+ m%{d|Hd|2 + m%{u|Hu’2 + ,MB(HdHu + h.c.)
+ Q:(m%)z](?] + ij(m%)zjij + ﬂRi(m%)ijﬂEj + JRZ(m?Z)ZJCZE] + éRi<m2)ijé>]k{j

+ (Ay)ijQiHutiyy; + (Ap)ijQiHadyy; + (A)ij LiHgeh,

This soft supersymmetry breaking introduces an enormous number of additional degrees
of freedom: counting them all adds up to 105 new degrees of freedom added on to the 19
SM degrees of freedom. However, applying some constraints inspired by phenomenological
considerations can reduce this number significantly. An unconstrained MSSM with soft
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breaking will introduce significant CP-violating and flavor-changing interactions. Constraints
on these processes lead one to impose certain assumptions (“universality") on the soft SUSY-
breaking parameters to avoid violating these constraints. This reduces the number of degrees
of freedom down to 22.

Let us consider the Higgs part of the Lagrangian more closely, specifically focusing on
electroweak symmetry breaking. In the scalar Higgs potential, we have a positive |,u|2 mass
term and a negative soft SUSY breaking pB mass term. To achieve electroweak symmetry
breaking with a vev on the order of 102 GéV without a fine-tuned cancellation, we expect the
soft term and the |x|? term to be on the order of 10273, However, these are two very different
dimensionful parameters, and there is no apparent reason why their orders of magnitude
might be similar. The problem ultimately boils down to explaining why p ~ Mgrrgy, where
Mgyrsy is the soft SUSY breaking scale. This is known as the “u problem" of the MSSM,

and inspires extensions such as the NMSSM, which we will discuss in the next section.

3.2.2  Next-to-Minimal Supersymmetric Standard Model

In the above discussion of the MSSM, we identified a theoretical issue with the model:
namely, we encountered the p problem, which spoils a potentially interesting feature of a
supersymmetric Standard Model. The NMSSM is, in part, a model intended to resolve this
issue and introduce a model with a single scale Mqygy in the electroweak sector that requires
explanation. Reviews of the NMSSM and its phenomenology can be found in [40, 41].

In particular, one introduces a singlet Higgs superfield S in addition to the doublets seen

in the MSSM. The Higgs part of the superpotential of the NMSSM has the form
Whtiggs = (1 + AS)Hy - Hy + €98 + /8% + 553
Higgs = (n+AS)Hy - Hg + &pS + ot + 3 (3.30)
The parameters p and y/ are supersymmetric mass parameters, while £y has dimension
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mass2. The Yukawa couplings, meanwhile, are the same as in the MSSM,

Wya = YUFQj - Hy+ Y{{D§Hy - Q; + Y5 EfHy - L (3.31)

In the scale-invariant NMSSM, the dimensionful parameters u, /., are set to 0, which

gives the following NMSSM Higgs superpotential,
W = AS’HU . ]:]d + §S3 + YZ?(A]ZCQQ . f{u + nglblcf:]d . Qj + YZZJEAZCI:Id . f/j (3.32)

With this superpotential, the p term is an effective p.g = As generated when the singlet S
gains a vev s, which is on the weak or SUSY scale. Through this mechanism, the NMSSM
resolves the p-problem of the MSSM. This scale invariant version of the NMSSM contains
an accidental Zg symmetry where the chiral superfields are transformed with a phase e2mi/ 3.
it is therefore often referred to as the “Zs-invariant NMSSM".

With these assumptions, the Higgs sector of the NMSSM superpotential is specified by

the parameters

A\, K, m%{u, m%ld, m%, Ay, Ak (3.33)
where m% is appears in the new soft SUSY-breaking term m%|S2\, and Ay and A, appear
in the trilinear terms AAyH,, - H;S and %HA,QSS, respectively.

Note that now there is a neutral singlino, and thus the neutralino sector has mixing
amonst five neutral gauginos. This can modify the phenomenology of the lightest supersym-
metric particle, thus affecting the dark matter phenomenology of the model. We will see this

in a bit more detail in Chapter 5.
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NMSSM RGE equations

In later chapters, we will examine the running of couplings in the NMSSM. The 2-loop
RGE [40] for the NMSSM parameters are listed below; the running parameter ¢ is defined
here as t = In (Q2/M%)

dg? 4 7199 88 26 14
tor2 G = gl + 308 (T8 00 + Sk = o - g —on —2x2)
T

d2 4
1&#5% 93+ 125 (391 + 2503 + 2493 — 647 — 61} — 207 — 2)?)

d
16,2995 _ _3g4 4 I3

11
b 3 ﬂ%§(§ﬁ+yﬁ+¢@§—yﬁ—4ﬁ)

dh? 13 16 ,
2 2( 12, 12 \2 2 9
h? 4 4 92,2 2,2 ;2,2 2,2
+ s | =220 - 5hf — 3x* — 5h3hd — 3hEN2 - nZhZ — ani

—-h%AQ——ZAQKQ%—Qg%ht%—3glh +6g3hi + 16g3h7

2143 4 15 4 164 5 5o 136

s 2 8
162 Y + 5 92 9 93 + 3919 57 9193 + 9293>

2

dh 7 16
1&¥Ef:h20m +m4JF+A2—§m 3@—~§%)

2

h?
+I€—<—2%4—w%—y#—aﬁ—5#m 3h2h2 — 3h2 N2 (3.34)

2 4 5
— 4h%)\2 — 2)\252 + 3glhb + 3g1ht + 291h2 + 692hb + 1693h2
1435 , 154, 16 , 5

40 o
T2 91 + 592~ 593 + 39192 + 279193 + 89293)

(3.35)
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dh2
167T2_tf = h2 (4h3 +3h7 + N2 —3¢% — 39%)

p2
1672

+ ( — 10h% — 9} — 3X1 — 9R2h2 — 3022 — 3hZh} — 3h2N?

9 75 15
—222K2 424202 — gg%h% +693h2% + 169302 + ?gj* + ?gé + 3g%g§>

dN?
167r2—dt = \2 <3h% +3h7 + hF +4X? + 257 — gf — 39%)
A2 4 opd _gpd _apd o d g\272 _ 0y272
* 16772<_10A = g = Iy = 3he =8k — IAThit — IAhy

9
~g3h} + 2g1h?

4
—302h2 — 12022 — 6hIR3 + 20307 + —gih? — ;

3

23 4 15
+ 6957 + 16307 + 1693h5 + g + 5 93 + 3g%g§)

/<Q2
1672
—18KEA7 — 182N — 62X + 6gTA% + 189317

d 2
167T2d_’”; _ 2 (6/\2 n 6,3) + ( — 24kt — 1200 = 244202

3.3 Light sterile neutrinos

As discussed in the previous chapter, short-baseline appearance anomalies in terrestrial neu-
trino experiments hint that some new physics is present in the oscillations of neutrinos over
short baselines. One potential way to model these anomalies is to introduce a sterile (right-
handed) neutrino on the scale of about 1 eV, which has a small amount of mixing with the
active neutrinos. The mass of the sterile neutrino results in a mass splitting with the other
three mass eigenstates of about 1 eV2, leading to oscillations on much shorter baselines than
those present in the SM.

In the most minimal model, one introduces a single sterile neutrino vg, which is approx-
imately aligned with a new mass eigenstate v4 and has some small mixing with the active

neutrinos. The mixing matrix U is extended from a 3-flavor mixing matrix to a 4-flavor one,
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and can be written as

Uel UeQ UeS Ue4

Ujp Uy U Un
pl Fpz ps Ep (3.36)

UTl U7'2 U7'3 UT4

Usl Us2 Us3 Us4

Consider the channel v, — v3 on short baselines, where SM oscillations are expected to be
irrelevant. In this case, the expression for the oscillation probability reduces to a single term,

arising from the vy and vg mixing with the vy eigenstate. In particular,

3 9 AmZ-L
P(va = vg) % 6ap —4 Y UniUgiUaaUf, sin T (3.37)
1=1

where we have assumed real mixing matrix elements for ease of illustration. Because
Am%l, Am%Q < 1eV2, we can approximate all Amii to be equal; call this splitting Amil.

Now we employ the unitarity of U, specifically the condition Z?:l Uz:Ugi = 04, to rewrite

* * - 2 Am?liL
P(vg — Vﬁ) A Oaf — 4(5aﬁ — Ua4U54)UO¢4Uﬁ4 sin 1k (3.38)
. Am2. L
~ Gap — HUasl* (605 — [Upal?) sin® <—42} ) (3.39)

where in going from the first line to the second, we have identified that in the case o = j3,
Ua4UE4 = |Ua4|2 = |U64|2-
We are in particular interested in modeling short-baseline appearance oscillations of v, —

Ve, and we thus identify that we require nonzero mixing for both Ug4 and U,;4; the most
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minimal approach assumes U4 = 0. The appearance probability is

) Am?. L
P(vy — ve) = AUey|*|U,ua|* sin? <4—§1> (3.40)

Notice that this probability is proportional to small mixings to the fourth power; on the
other hand, disappearance channels v — ve and v, — v/, are proportional to small mixings

squared:

. Am2. L
Py — vy) = 1 — 4|U 2 (1 — |U 4 /?) sin? (4—2‘51) (3.41)

and similarly for the v, channel. This means that any modeling of the appearance signal
through the introduction of a sterile neutrino will necessarily affect disappearance rates,
with the appearance rate suppressed by two factors of the mixings relative to the disap-
pearance rates. The presence of appearance anomalies and lack of disappearance anomalies
at short baselines leads to significant tension for the 3+1 light sterile neutrino model [42—
44]. This tension is mainly driven by the following experiments: MINOS/MINOS+ [45] and
IceCube[46, 47| for v, disappearance; Daya Bay [45], as well as solar [48-50], short base-
line [51, 52|, and radioactive source experiments [28| for v, disappearance; and LSND and
MiniBooNE for v, — ve appearance. Consequently, the short baseline anomalies remain
an open question, and a great deal of experimental efforts focus on following up on these
anomalies and probing the sterile neutrino explanation—the short baseline neutrino program

(SBN) at Fermilab, including MicroBooNE, is one such example.
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CHAPTER 4
BOUNDING THE CHARM YUKAWA

As discussed in the previous sections, the SM Higgs mechanism predicts very specific values
for the couplings of the Higgs to the various SM particles. Deviations from these values
would indicate a departure from the SM mechanism, and thus hint towards the presence of
new physics in the Higgs sector. The Higgs production at the LHC has been probed in many
different channels and the rates are in agreement with the SM predicted ones at a level of a
few tens of percent [53-55|. Since in the SM those rates are mostly governed by the coupling
of the Higgs to weak gauge bosons and third generation quarks, this suggests that the
observed Higgs production rates are governed by SM interactions and that those couplings
are within tens of percents of their SM predicted values. Global fits to the Higgs precision
measurements confirm this picture, showing no clear evidence of new physics coupled to the
Higgs [53],[55].

In spite of these facts, it is still very relevant to continue studying the properties of the
Higgs boson in great detail. First of all, there could be deviations from the SM predictions
at a level not yet probed by the LHC, which may reveal the presence of new physics at the
weak scale. Second, the couplings to the first and second generation of quarks and leptons
have not been tested and deviations from their SM predicted values may point towards a
more complex mechanism of mass generation than the one present in the SM. Third, there
may be decays of the Higgs bosons into exotic particles not yet detected by the LHC. Last
but not least, there may be hidden correlations between the Higgs couplings that may lead
to rates in agreement with the SM predicted ones, in spite of deviations of the couplings
from the SM values. In this work, we shall present examples of such possible correlations.

In this work, we study possible effects of the deviations of the charm-quark Higgs coupling
with respect to the SM value in the k framework [56, 57|, in which r; characterize the ratio

of a given coupling with respect to its SM value. Large deviations of k. from one affect the
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Higgs width and therefore its decay branching ratios, and therefore the couplings of the Higgs
to gauge bosons and third generation fermions must be modified as well in order to preserve
the agreement with experimental observations. We study these modifications in detail and
discuss their impact on the determination of the charm quark coupling to the Higgs boson.
The material in this chapter is based on work with Viska Wei and Carlos Wagner.

It is important to note that the x framework can not replace a more complete study of
the Higgs properties based on higher order operators coming from integrating out the new
physics at the TeV scale [58-61]. In particular, important effects related to, for instance, the
energy dependence of the form factors associated with these operators, or the correlation
of the modification of the Higgs couplings with electroweak precision measurements, are
missed in the x framework. However, this framework is appropriate to obtain an estimate
of the possible sensitivity to unknown couplings, like the one of the charm quark to the
Higgs, where the current bounds are far from the SM values. Moreover, the x framework is
used by the ATLAS and CMS collaborations and hence allows a direct comparison with the

experimental results for values of k. ~ 1.

4.1 Best-fit values on Higgs rates

The rate of a Higgs production and decay process relative to the Standard Model rate is

represented by the signal strength y; ¢, where

(4.1)

is the ratio of the product of the Higgs production cross section o; in a given ¢-channel and
its decay branching ratio By in a given f-channel to their SM predicted values. Within the

r framework, the quantity o; x By can be obtained by a simple rescaling of each couplings
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by a corresponding factor x and it is therefore expressed as

(4.2)

where k. ; is associated with the relevant Higgs coupling governing the i production mode,
while £ ¢ is associated with the Higgs coupling governing the decay into particles f, with SM

partial width F?M . The total Higgs width I'g is hence calculated as

P =T (s By + iy By + wgBog | + wy B 4 w3 BZY + w2 BEM + w3 BN

9499 Ty
2 M 2pSM 2 pSM
+ 1, B+ w3 BoM + kB3N /(1= Ba) (4.3)
= F%MR%I, (4.4)
where B;? M s the decay branching ratio in a given f channel within the SM and Bpgay

is the branching ratio of the Higgs decay into beyond the SM particles. Here and in the
following we have treated the loop-induced coupling of the Higgs to gluons and photons as
independent quantities, and therefore not restricted to the loop contributions of only SM
particles.

The rates relative to the SM ones in this framework are therefore written as

Hif = 2 f (45)

It is important to remark that, considering the photon and gluon couplings as independent
variables, the Higgs production rates in the standard channels (gluon fusion, weak boson
fusion and associated production of the Higgs with gauge bosons, top and bottom pairs)
are not affected in any relevant way by the charm Yukawa coupling. However, the decay
rates are affected in a clear way by a modification of k.. Indeed, the value of k. influences

m%{, therefore decreasing the rates of the observed processes by increasing the total width.
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Because we are interested in finding an upper bound on ||, we will not include a non-zero
Bpgs term, which would have the same effect on the rates as increases in ||

In order to obtain bounds on ||, we examine how well the measured rates can be fitted
for increasing values of the charm Yukawa. The fit includes the most recent 13 TeV results
for the observed rates from ATLAS, contained in Refs. [53] and [54], and CMS, contained
in Ref. [55]. We fit to a weighted average of the experiments’ measurements. The free
parameters included in our fit are {sy, Ky, ki, Kz, Kr, K¢, Ky} With kc as an input. We
examine three scenarios: one in which the values of Ky and k are unconstrained, one based
on estimates of the bounds coming from precision electroweak measurements, and the last
in which sy, k7 < 1. The latter situation is less general but is well motivated by theory.
We take Kz, ks, and £y to be equal to 1 since they are not directly involved in the fitted
processes and may contribute in a relevant way to the total width only for extreme values
of their respective k values.

While performing a fit to the Higgs couplings based on only the currently measured
production rates, we found that no meaningful bound on k. could be obtained. The reason
for this behavior is the existence of a flat direction in the fit for which all k’s increase along
with the increasing x.. This fact was already emphasized for instance by the authors of
Refs. [62-65], who noticed that no additional, unobserved decays may be constrained by a
simple fit to the observed production and decay rates. Although this observation was related
to a possible invisible decay width, it can also be applied to the case of unobserved decays
into charm quarks, in which case, by a suitable modification of the x;, the observed rates
can be modeled equally well for any value of k.. To see this, we can write down the rate for

a given observed process as

p

k2(1 — BSM) + k2BSM

pif = (4.6)

where since all p; r ~ 1 we have considered that all non-charm Higgs couplings scale together
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by a single « value. If we require the signal strengths p; s to be given by a value p, Eq. (4.6)

2

provides a quadratic equation on k“. The solution to this quadratic equation leads to a

correlation between the necessary values of the generic x and k., namely

N 2 2 ' '

Since, as stressed before, the observed rates are all within tens of percents of the SM values,

one should require p ~ 1 in order to obtain agreement with the precision Higgs measure-

ments. Therefore, given that BgCM ~ (.03, an unconstrained fit to all couplings will lead to

the following approximate correlation between the Higgs couplings

o 097  /(0.97)2 + 0.122
~t 2

K

which clearly has a solution for all real ..

4.2 Constraints on x. from Higgs precision measurements

The existence of the flat direction described in Eq. (4.8) implies that no contraints on the
ke values may be obtained by considering only the current Higgs precision measurements.
Additional constraints are therefore necessary to put a bound on k.. In this section, we shall
describe the constraints imposed by the bounds on the total Higgs width, the ones coming
from precision electroweak measurements, and finally the ones coming from the theoretical
prejudice that, in most extensions of the SM, ki < 1.

In all cases we perform a fit to k. marginalizing over all the other couplings. The channels
included in the fit are shown in Table 4.1. In addition to the individual decay channels listed
in the table, we also include the combined results for each given production mode. We
combine the ATLAS and CMS results given in [53-55] by a weighted average, weighting

by the squared inverse of the respective 1o uncertainties. The uncertainty in the combined
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observation is given by

comb. _ 1

=
’ \/1/<UffTLAS)2+1/(UZ_CfMS)2

(4.9)

where o ¢ indicates the uncertainty in the corresponding observed value of fu; f.

Production mode | Decay mode || Production mode | Decay mode
H =y H =y
H—ZZ H—ZZ
geF VH
H—->WW H — bb
H— 71
H — vy H — vy
H—ZZ H—-VV
VBF ttH
H—WW H— 77
H — 77 H — bb

Table 4.1: The production and decay channels included in the fit over x’s. We also include
the combined results for each production mode.

The x2 value for a given fit is calculated as

__,,0bs

2y s - 2
if

(4.10)

= . ?f
where i ¢(r) represents the calculated value of ji; ¢, using Eq. (4.5), for the given set of #’s.
We find the best fit at each k. by minimizing the value of y2 for the given k.

In the cases where ky is constrained, we obtain a 95% CL bound by placing a limit on Ax?
relative to the best fit at k. = 1. In order to identify the appropriate AX2 cut, we performed a
principle component analysis [66, 67] on a centralized data set of {xy, Ky, K¢, kr, Kz, Ky, Kg}

for ke € [1.0,4.0], for kyy < 1. We converted the 7-dimensional correlated x data into a
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Figure 4.1: Plots of the best-fit values of k’s, represented by solid lines, to the precision rate
measurements 4; . The grey regions are excluded by constraints on the total Higgs width,
which is normalized to the SM value and represented by a dashed line.

set of uncorrelated principle components, and observed that the 99%-dominant principle
component is an approximately equally-weighted linear combination of {ky, K¢, K7, Ky, g}
ky and Kz contribute trivially to the principle direction due to the constraint xy < 1.
Thus we treat {ky, K1y, Kt, 7, K7, Ky, g} as one fit parameter. Including the fit parameter
coming from ke, our y2 fit is effectively a 2-parameter fit. As a result, we will employ a 95%

CL cut corresponding to Ay? = 5.99.

4.2.1 Higgs decay width

The increase in all x’s following the flat direction described in Eq. (4.8) leads to an increase
in the total width I'gy, and one may therefore place a bound on || using bounds on the

Higgs width. ATLAS and CMS have performed maximum likelihood fits using on-shell and
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off-shell H — ZZ measurements to obtain a bound on the total Higgs width; they find

Iy <144 MeV  (ATLAS)

Iy <9.16 MeV  (CMS) (4.11)

or FH/F%M < 3.5 and FH/F%M < 2.2, respectively, at 95% CL [68, 69]. It is necessary to
note that these limits are obtained by making certain assumptions, in particular that the
values do not depend on the momentum transfer of the Higgs production mechanism and
that Ky = Kkg. Because ky and kg4 naturally have nearly equal values in the best fits, this
second condition is indeed approximately satisfied.

We perform a x?2 fit to the LHC measurements of all measured signal strengths i fs
Eq. (4.5), for increasing values of k. and find that the 95% C.L. limits on the Higgs width
lead to a bound of |ke| < 7.5 from ATLAS and |k¢| < 5.1 from CMS. Figure 4.1 shows a
plot of the best-fit x’s for increasing k., and indicates the regions for which the total Higgs
width, represented by the dashed-line, exceeds the current bounds. The spread in values for

the various k’s arises from the differences in individual rate measurements.

4.2.2  Precision Electroweak Measurements

It is also worth noting that the necessary increases in all x values to be consistent with the
Higgs production rates result in k1, > 1. In particular, for |k.| = 7.5 the least-squares fit gives
values of Ky = 1.42 and kz = 1.38, which are consistent with the approximate flat direction
values given by Eq. (4.8). These large values for xy result in divergences in electroweak
precision parameters which are not canceled by the Higgs contribution, as they are in the
SM. In this case one would require an extension of the SM which cancels the divergent
contributions to the precision measurement variables. One can replace the divergence by a

parametric logarithmic dependence on an effective cutoff that characterizes the new physics.
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In such a case, for instance, if one assumes a cutoff scale of the order of A = 3 TeV, a fit to
the precision electroweak measurements leads to a value of ki = 1.08 +0.07 [70]. Since ky
is now constrained to values lower than the ones necessary to reach the bounds on the Higgs
width, there will be a stronger upper bound on k..

In order to find a bound on k. from this limit on sy, we include the deviation of xy from
ky = 1.08 in the calculation of y2 and perform a x? fit for increasing x.. We examine the
Ax? relative to the fit at k. = 1. Performing a fit to the Higgs rates using this constraint
on Ky, one obtains |k:| < 4.9. Observe, however, that this bound depends on specific

assumptions about the new physics scale.

4.2.83  Constrained ky
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2.0
— Kp v
— Ky II,
R 8
1.8 Kt ,l/
K
g ,/
’
,/
1.6 A L6
4
’
’
e ~
S 1.4 /~ I
e 4
4
R
7’
1.2 A ’,’ ——
(4 -
/”’ 2
1.0 1 —
”
- Fo
0-8 T T T T T
1.0 1.5 2.0 2.5 3.0

Figure 4.2: Plots of the best-fit values of x’s for xkyy < 1. Although we plot Ky and Ky
together as wy, the two differ very slightly due to the differences in the W and Z rate
measurements. The dashed line represents the Ax? of the fit at a given k. relative to the
v2 of the fit at k. = 1.
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In this third scenario, the flat direction is removed by constraining sy ,xz < 1. This
constraint is well motivated, as models with extended Higgs sectors such as a 2HDM will
typically include couplings to the weak gauge bosons lower than the SM values for the
individual Higgs particles. Similarly to the previous case, the k’s cannot increase uniformly
to maintain the same relative strengths, so we expect that the fit will become less accurate
as the total width increases through k.. As in the previous section, we obtain a 95% CL
bound on k. by identifying the value of k. for which the least-squares fit has Ax? = 5.99
relative to the best fit at k. = 1. We find a bound of |k.| < 2.7 at 95% CL. Figure 4.2 shows
a plot of the behavior of the best-fit x’s, represented by solid lines, for increasing k. along

with the value of Ax?2, represented by a dashed line.

4.2.4  Future prospects for the HL-LHC

We can examine these cases for the HL-LHC, for which the projected uncertainties of the
rate measurements have been examined for ATLAS [71] and CMS [72|. We update the 1o
uncertainties used in our 2 fit using the combined expected errors quoted in the two studies.
In the case of the width constraint, if only the on-shell rate measurements are considered,
the bound on |k.| remains approximately the same, as the x values along the flat direction
are similar regardless of the uncertainties in p; r. However, the width bound is also expected
to improve with higher luminosity. According to an ATLAS study of off-shell Higgs to ZZ
measurements for the HL-LHC [73|, assuming the observed on-shell and off-shell rates are

equal to the SM prediction, the expected determination of I'fy with 3 ab™ !l is
1.5
I =421 MeV (4.12)

or '/ FI%M = 1.0J_r8:§. Requiring that the width remains consistent with this expectation

corresponds to a bound of |k¢| < 3.0.
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The projected constraints for k7 < 1 depend somewhat on the values of p;s one uses
in the fit. The projection studies use p;r = 1 for all initial and final states to estimate the
percent uncertainty on each measurement. An alternative method is to adjust the percent
uncertainty to the expected HL-LHC values but use the current measurements; this method
is not ideal, as limiting the uncertainties without changing the values of p;r is unlikely
to accurately reflect the HL-LHC results. However, the comparison of the bounds on k.
obtained in the two scenarios provide a good picture of the likely constraints on this quantity.
For ji;¢ equal to the current measurements, we find an expected bound of |kc[ < 2.2. On
the other hand, for y;; = 1, the expected bound is given by |r¢| < 2.1. We therefore expect

the HL-LHC to provide an indirect limit of |k¢| < 2.1 in the ki < 1 case.

4.3 Radiative Higgs Decay to J/v

Radiative decays of the Higgs boson into charmonium states are known to provide a sensitive
probe of the charm coupling, and have been previously examined in this context in [74-77|.
This is due to the fact that the charm-coupling induced rates interfere with those induced
by the top and W couplings in a well-defined way. For instance, the width for H — J/v +~

is given by [78§]
T(H — J/i+7) = |[(11.9 + 0.2)ky — (1.04 £ 0.14)rc|? x 10710 GeV (4.13)

where the first term arises from the amplitude which contains no dependence on k. and
the second from the k.-dependent amplitude. Plugging in kv, ke = 1 and F%M = 4.195 x

1073 GeV gives the SM value for the branching ratio as

BRIM(H — J/ +~) = 2.79 x 1075, (4.14)
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The current bound on this process is
o x BR(H — J/t +7) < 19 fb. (4.15)
at 95% CL. Assuming the SM production cross section [79], this limit corresponds to
BR(H — J/+7) <3.5x 1074 (4.16)

Since the production cross section depends on the values of &’s, which should increase
together with |k.| in order to keep agreement with the Higgs production rates, this bound
on the branching ratio is only useful for moderate values of k., for which o =~ O’%M .
However, the bound on the branching ratio is two orders of magnitude larger than the SM
branching ratio, and therefore cannot currently probe moderate values of k.. Additionally,
the branching ratio displays asymptotic behavior for large k., as there are also r.-dependent

enhancements of the Higgs total width. For large k., the approximate expression for the

branching ratio along the flat direction is given by

(5|ke|2 = 1.04k0)2 x 10710 GeV

BR(H — J/Y+7v) ~
( A (0.16kc| + 0.03x2) x T2M

(4.17)

Figure 4.3 shows a plot of the behavior of this Higgs radiative decay branching ratio
along the flat direction as well as with SM-like values for the other couplings. We stress
again that setting the other Higgs couplings to SM values for large || does not align well
with rate measurements from the LHC, and it is therefore more instructive to examine the
flat direction for large |k¢|. In both cases, the branching ratio peaks at moderate negative
values of k., at a maximum value of approximately 4 x 1075, two orders of magnitude below
the current limit for SM production rates.

Given the non-SM production rate and asymptotic behavior of the branching ratio for
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Figure 4.3: Plot of the branching ratio of H — J/v + 7 varying along the flat direction
(dark blue) and with other Higgs couplings fixed to SM values (light blue). The expected
asymptote of approximately 8 x 10~7 is indicated by the green dashed line.

large k., we consider the limit on ¢ x BR rather than only the branching ratio. The
production cross section increases due to both x? enhancements given by Eq. (4.8) as well
as ke-dependent processes such as ccH production, which become relevant for very large k.
We fit data produced with MadGraph 5 [80] at leading order to obtain an expression for the

approximate scaling of oz for large k. at 13 TeV, which is given by
—2 2 —6,.2 —6,.3|%
el = 1024 x 1077 42.76 X 10™ “Ke — 5.45 x 107 k2 4+ 1.30 x 10™ k| pb (4.18)

We also include contributions to V H production from ¢+ ¢/5s initial states. Figure 4.4 shows
a plot of o x BRJ/#) in fb for the flat direction.

Considering properly the rate, instead of just the radiative decay branching ratio, a limit
can now be set for very large values of k.. By the end of the HL-LHC, the expected 95%
CL upper bound on ¢ X BR(H — J/¢ + ~) from ATLAS is approximately 3 fb [81]. We

therefore expect this process to place a limit of k. € [—180,330] at the HL-LHC for the
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Behavior of o0 x BR(H—J/y + y) along the flat direction
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Figure 4.4: Plot of 0 x BR(H — J/v + ) for the flat direction. The blue line indicates
o X BR in fb, while the pink dot-dashed (dashed) lines indicate the ¢c¢H (total) production
cross section in fb. The dashed grey line shows the expected HL-LHC 95% CL bounds.

flat direction. This limit is two orders of magnitude larger than those from other HL-LHC
prospects discussed previously. A strong improvement, of an order of magnitude of the
present expected sensitivity, would be necessary for this channel to provide a competitive
bound on k.

The authors of Ref. |78] have updated the partial width expression with a new approach

to the resummation of logarithms, and quote a new width of [82]
2
T(H — J/¢+7) = [(11.71 £ 0.16)ry — ((0.62770:097) +(0.118T002))ke| . (4.19)

This expression has a reduced dependence on k¢, and therefore gives even weaker bounds on
ke than those found above.
It is important to note that such large values of k. encounter strong experimental and

theoretical issues. On the one hand, following the flat direction in order to retain consistency
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with precision Higgs measurements leads to large values of the top-quark coupling to the
Higgs g5;7. In particular, for values of k. 2 100 one requires values of x; 2 17. In this
case, the value of g%tt— is greater than 47, and a perturbative examination of the Higgs
sector becomes unreliable. One may attempt to avoid this issue by fixing x¢ to be less
than a certain value, in which case the Higgs rates would become inconsistent with those
observed at the LHC. We therefore note that such large values of k. are problematic for
either LHC Higgs rates or perturbativity concerns. Moreover, as stressed in Section 4.2,
unless a very particular momentum dependence of the effective couplings is present, large

values of k. > 10 would lead to a value of the Higgs width that is under strong tension with

current LHC measurements.

4.4 Higgs Production Rates induced by the charm Higgs coupling

As stressed before, Higgs production may be induced in proton collisions via its coupling
to the charm quark. Moreover, the Higgs boson may decay into charm quarks and may be
detected in this decay channel, provided these decays may be disentangled from the ones

into bottom quarks.

4.4.1 Higgs associated production with charm quarks

The c¢H production mode has also been proposed as a search method for x.. Because this
channel has a lesser dependence on k. at very large |k¢| than ccH, it was not included
in the analysis of radiative Higgs decays in Section 4.3. However, the ¢H channel has a
higher production cross section at small or moderate values of |k.|, preferred by the total
Higgs width constraints and precision electroweak measurements analyzed in Section 4.2.
A previous study of this channel [83] shows that a high luminosity LHC, with 3000 fh—1
integrated luminosity at ATLAS and CMS, should be able to probe values of k. < 2.5 at the

95% C.L. This study leaves all other x’s fixed to the SM expectation, varying only k., and
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therefore we should reanalyze it taking into account the rise of the x; along the flat direction.

The cH production process involves three diagrams at leading order: s-channel and t-
channel diagrams with a ¢ propagator and a ccH vertex, and an s-channel diagram with a
gluon propagator and a ggH vertex. Since the diagram with the ggH vertex is dominant for
SM values of the Higgs couplings, we expect that following the flat direction would further
enhance the c¢H production beyond the values found in [83]. However, this also further
enhances the background processes pp — gH and pp — bH in addition to the pp — ccH
background.

We use MadGraph at leading order in a specialized model file, which includes an effective
ggH vertex, to calculate the production rates. We vary the values of . and increase x4 and
Ky, proportionally according to Eq. (4.8) to obtain the production cross section for each
process. Using a charm tagging efficiency of 30%, a ccH mistag rate as ¢cH of 5%, and b and
¢ mistag rates of 20% and 1%, respectively [84], we obtain the expected number of events for
o(pp — XH) x BR(H — ~v) for 3 ab™! integrated luminosity. Although o(pp — gH) >
o(pp — bH), the larger b mistag rate leads to similar background contributions from the two
processes. The c¢H background has a stronger dependence on k. and therefore contributes
an increasing fraction of the background for larger x.. The results are shown in Figure 4.5.

The cH process includes dependence on both the s, enhancement and the x4 enhance-
ment along the flat direction. It therefore increases more quickly with k. than the background
processes, which each depend on only one of these enhancements; in particular, the dominant
backgrounds of pp — bH, gH depend only on the flat direction enhancements of xy, kg. We
show the number of signal and background events, along with their ratio, for a range of s,
values in Table 4.2.

Since variations in o.g depend weakly on k. alone along the flat direction, it would
be very difficult to identify the precise value of k. from a measurement of N = S + B.

However, we may use these signal and background rates to estimate the sensitivity to k¢
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Figure 4.5: The expected number of background and signal events for cH production at the
HL-LHC with 3 ab™! integrated luminosity.

ke 1.0 [15 [20 [25 [30 [35 |40 [45 |50 |
S 687 [758 [840 [961 [ 1085 [ 1230 [ 1408 [ 1598 | 1822
B 1425 | 1498 [ 1595 | 1714 | 1852 | 2005 | 2174 | 2356 | 2551
S/B [[0.33 ]0.34 [0.35 [0.36 [0.37 [0.38 [0.39 [0.40 [0.42

Table 4.2: The number of signal events, number of background events, and signal to back-
ground ratio for values of x. between 1 and 5. Due to the increase in kg, rj, along the flat
direction, the background increases in addition to the signal.
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following a similar analysis to the one in Ref. [83]. Assuming the true value of k. is 1,
we find the expected 1o and 20 upper bounds on k. from this process by identifying the

value of k. for which N(k.) — N(1) = 1lo,20. We take the statistical uncertainty to be

AN (k) = \/S(k¢) + B(ke) and the theoretical uncertainty in the signal and background,
which we have calculated at LO, to be 20%. Because our background is now also being
estimated for varying k. using MadGraphb, we examine two cases for the uncertainty in
the background. In the first case, we apply no uncertainty to the number of background
events. In the second case, we apply a 20% uncertainty to the number of background events
B(k¢) in addition to the number of signal events. We find AN’ by adding the statistical
and theoretical uncertainties in quadrature. Let us stress that this analysis assumes that
the dominant uncertainties are the statistical and theoretical ones and ignores the possible
impact of systematic and experimental uncertainties. The sensitivity on k. depends strongly
on these assumptions, and may become weaker after a realistic experimental analysis of this
process is performed.

We take AN = 5 to parametrize the number of standard deviations of N (k) — N(1) =
no for the two uncertainty cases. The value of n is plotted versus k. in Fig. 4.6. We find a
lo (20) deviations for

kel < 1.6 (2.1) (4.20)

in the first case, and

|ke| < 2.5 (4.0) (4.21)

in the second case. In the first case the increase of the expected sensitivity relative to [83], in
which no uncertainty was applied to the background estimates, arises from the enhancement
of the background events in addition to the signal events. In the second case, we find
approximately the same expected sensitivity as in Ref. [83].

Although the best-fit x values for low values of k. tend to follow the flat direction, we note
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that taking SM-like values for the other couplings can still retain some level of consistency
with LHC results for this range of k.; therefore, our results do not invalidate the analysis of
Ref. [83] but show the variation of the LHC sensitivity for slightly larger values of rg, for

which an improvement of the fit to the Higgs precision measurement data is obtained.
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Figure 4.6: Number of standard deviations of N(x.) from N(1), as a function of k.. The
dashed (solid) grey lines indicate the 1o (20) bounds. The two cases represent (left) no
uncertainty in background and (right) 20% uncertainty on the number of background events.

4.4.2  Higgs decay into charm-quark pairs

Direct Searches

Searches have been performed for ZH — I117 ¢ with 36.1 fb~1 integrated luminosity, with
ATLAS publishing an upper bound of o(pp — ZH) x B(H — cc) < 2.7 pb at 95% CL [84].
This corresponds to about 110 times the SM rate. Thus we require that /<L2Zfig / m%{ < 110;
moving along the flat direction, one reaches this limit at a value of |k.| = 20.9, which is a
far weaker bound than the one provided by the total width constraints. However, HL-LHC
studies from ATLAS [85] have found an expected upper bound of puzg_..z < 6.3 at 95%
CL with an integrated luminosity of 3 ab~!. Unconstrained fits of the rate measurements

remain within this limit for |x.| < 2.7; this channel may therefore provide a bound of similar
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magnitude to those from constrained-fit bounds at the HL-LHC.

The ZH — [T1™c¢ limit obtained in the ATLAS HL-LHC study uses a tighter charm
tagging working point than the working point employed in Run 2, thereby reducing the
background contribution from processes such as ZH — Zbb. In particular, the tagging
efficiency for c-jet, and mis-tagging rates for b-jet, and light-flavor jets are 18%, 5%, and
0.5%, respectively, for the HL-LHC study, while these values are 41%, 25%, and 5% for the
Run 2 analysis. This stricter working point takes advantage of the higher expected signal
yield at the HL-LHC to provide a 7% additional improvement on the limit relative to Run
2. However, charm tagging algorithms are currently being improved, in part through the use
of deep neural networks. For example, CMS deep tagging algorithms have achieved a 24%
tagging efficiency with 1% b-jet and 0.2% light jet mis-tagging rates [86]. This algorithm
therefore has a 6% improvement in efficiency over the HL-LHC study working point along
with a factor 5 improvement in the b-jet mis-tag rate. The use of new tagging algorithms

could therefore further improve the limit obtained at the HL-LHC.

Indirect Searches

The H — c€ decay can also be examined in the context of H — bb decays to place a bound
on ke using current data [74, 75]. We examine the effect of c¢ mistagging as bb on the
observed H — bb rates. This results in k. being a factor in the numerator of 144 b thereby
limiting the flat direction described by Eq. (4.8) for large values of k.. We include the cé
contributions to bb rates by

o ki + K2(BRege | BRyje?)

1 pp = Ki 2 (4.22)

where €. is the mistag rate of c-jets as b-jets and ¢, is the tagging efficiency of b-jets and

we have defined pu; 7 as the observed rate normalized to the uncontaminated SM rate. Our
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analysis of this bound differs from that by Perez et. al., Ref. [75], in two primary ways. Firstly,
we include this altered expression for 14; b in our fit to all of the LHC observed rates listed
in Table 4.1, thereby removing the ‘flat direction’ for 1 b along K = K¢ encountered in [74],
which examines only H — bb processes. We therefore do not need to employ multiple tagging
points to obtain a bound for k., since for sizable values of k., raising xp and k. together will
spoil the fit to other observables. Consequently, we allow variations in the other x’s, which
approximately follow the flat direction described by Eq. (4.8). Because of this, x; and k.
may have greater variations that those found in Refs. |74, 75] while remaining consistent
with observed bb (and all other) Higgs rates. We therefore expect to find weaker bounds in
our analysis of this potential bound.

We employ the ATLAS working point of ¢, = 0.70, ¢, = 0.20 and the CMS working point
of €5 = 0.78, €. = 0.27. To obtain a bound, we perform a fit to the Higgs rate measurements
and place a limit on Ay2. Following this analysis, the ATLAS and CMS tagging efficiencies
provide bounds of |k < 23 and |ke] < 16, respectively. Using the HL-LHC expected
uncertainties |71, 72| along with best-fit rates of p = 1.0, this approach places bounds of

|ke| < 8.7 and |k¢| < 6.5, respectively.

4.4.3  Asymmetry in WYH and W~ H production

The measurement of asymmetry in o(pp — WTH) and o(pp — W~ H) production has
also been proposed as a channel through which one can place limits on k. [87]. The rel-
evant diagrams for this process are shown in Fig. 4.7. The SM asymmetry is driven by
the Higgs-Strahlung processes; in the Higgs-Strahlung diagrams, the difference in W1 and
W~ production arises from the asymmetry of ud and %d in the proton PDF. The charm
Yukawa appears in diagrams with sc and Sc initial states, which are symmetric in the proton
PDF. Therefore, when the charm Yukawa is increased significantly, the symmetric s¢/sc dia-

grams reduce the asymmetry with respect to the SM expected value. The W+ H production

63



asymmetry therefore decreases with large x.. One can therefore use the sensitivity of this

asymmetry on k. to get bounds on the charm coupling [87].
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Figure 4.7: Diagrams for the two relevant types of W™ H production processes at leading
order. The top row shows the Higgstrahlung processes, which are dominant in the SM, while
the bottom row shows the diagrams proportional to the charm Yukawa.

Given the relative contributions of the two types of diagrams, however, we note that
enhancements of ky alongside enhancements of k. will reduce the symmetrizing effect of
increasing k.. In order to examine this quantitatively, we use MadGraphb to calculate the
LO cross sections at 14 TeV for W H and W~ H production along the flat direction. Figure
4.8 shows the results of this analysis. We plot the percent asymmetry of the production

modes, quantified as
o — oy
ow+H toOw-H

ij: =

as a function of k. along the flat direction, as well as for kx = 1 with X # c.

We find that the asymmetry is reduced to less than 0.02 up to k. = 100. Using Mad-
Graphb and detector simulations, Ref. [87] found that the uncertainty in the asymmetry
may be reduced to approximately 0.004 with 3 ab™1 integrated luminosity. In this case, the

W asymmetry would be able to place a limit of |ke| < 30 along the flat direction. This
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still provides a weaker bound than other proposed methods by approximately an order of
magnitude, and we therefore conclude that if one requires consistency with LHC precision

Higgs measurements, the W H asymmetry does not provide a sensitive probe of k.
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Figure 4.8: Plot of the percent asymmtry in W= H production versus fe, for the flat direction
and for SM-like kx, X # c¢. While large k. significantly reduces the asymmetry in the second
case, the enhancement of ky alongside k. in the flat direction reduces the relative effect of
the symmetrizing x.-proportional contributions.

4.4.4  Differential cross sections

The distribution of the Higgs production differential cross section as a function of transverse
momentum has also been proposed as a probe of k. [88-90| and has been examined for
35.9 tb~1 of data by CMS [91]. This method of bounding k. may provide an interesting
complementary bound to those from the fit to precision rate measurements, as the flat
direction along which the rates remain constant may not reproduce the expected SM cross
section distribution as a function of transverse momentum. The CMS study examines the

H — ~vy and H — ZZ decay channels, as well as their combination, and identifies bounds
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by varying s and k. and examining two cases: the first in which the branching fractions
are dependent on k., and the second in which they are independent. In the dependent
case, they quote a bound of —4.9 < k. < 4.8, while in the independent case the bound is
—33 < ke < 38. The uncertainties in the cross section distribution, which are on the order of
10-20%, are currently dominated by statistical uncertainty, while the systematic uncertainty
is on the order of about 5%. The bounds quoted above would therefore be expected to
improve with more data.

However, we again note that varying ry, . to values as large as 5 would significantly affect
the other observed channels, and that therefore the flat direction is necessary to ensure
consistency with the current Higgs observations. It is likely that varying the other couplings
along the flat direction will affect the bound in this case. In particular, the variation of
in addition to sy and k. should affect the expected distribution and would likely weaken the
identified bounds, while the branching fractions would vary less dramatically with increases
in Ky, .. One might expect that along the flat direction the bounds will be similar to the one
found in the unconstrained case. A study of this bound with the addition of the flat direction
is necessary to provide a bound on k. that is consistent with the other LHC measurements.

Ref. [88] has predicted the possible HL-LHC bounds from the differential cross section
distributions. Assuming a theory uncertainty of 2.5% and systematic uncertainty of 1.5%,
they find a 95% CL bound of k. € [-0.6,3.0]. However, we emphasize that these bounds
do not take into account the rate measurements and the flat direction, and also assume

significant improvements in the theoretical and systematic uncertainties.

66



CHAPTER 5
SUPERSYMMETRY AND THE LHC HIGGS

In this chapter, we investigate the interplay between minimal supersymmetric models and
the measurements of the properties of the observed LHC Higgs. In general, there is no reason
why a supersymmetric model might include an SM-like physical Higgs eigenstate; however,
the LHC has thus far observed a Higgs which behaves like an SM Higgs at the order of
about 10% precision. It is therefore reasonable to ask how these results impact the allowed
parameter space of supersymmetric models, how one might look for hints of supersymmetric
models that fall within this parameter space, and why a supersymmetric model might be
consistent with such observations. We first examine the possibility of inverting the bottom
Yukawa in the MSSM and NMSSM, which can be related to enhanced production of heavy
Higgses alongside bb as well as to potential lepton flavor violating Higgs decays. We then
move to a more theoretically-motivated examination of a high-energy theory which may run
down to the NMSSM alignment limit at low energies, thus providing a dynamical manner

through which a supersymmetric theory may be consistent with the LHC results.

5.1 Inverting the bottom Yukawa

5.1.1 Motiwation

In this work, we consider the possibility that not only the magnitude but also the sign of
the Higgs coupling to bottom quarks differ from the Standard Model predictions. This is an
intriguing possibility that could be realized in the simplest two Higgs doublet extension of
the Standard Model [92], as we will see in the next section. Such region of parameters has
also been invoked recently in models that lead to large rates of lepton flavor violating decays
of the Higgs bosons h — 74 [93] and on theories of flavor at the weak scale [94]. In this

article we study the possible realization of this scenario within the minimal supersymmetric
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extensions of the SM, namely the MSSM [95-99| and the NMSSM][40]. We also examine the
possibility of modeling an enhanced rate of a 400 GeV CP-odd Higgs produced in association
with b quarks, of which hints were seen in early Run 2 ATLAS data. The material in this

chapter is based on work with Bing Li and Carlos Wagner.

5.1.2 Wrong sign Yukawa in Type II Two Higgs Doublet Models

The tree-level couplings of the lightest Higgs boson to Gauge bosons and fermions in type
IT 2HDM Higgs are listed as below,

anvv = 95856 (5.1)
m¢ Co - my 1
;I = = — t 2
Ihtt v sg v (Sﬁ—a +C3—q B )v (5 )
my So MYy
b= T e T (s5—a = cg—atp) - (5.3)

where sq (sg) = sina (sinf), ca (cg) = cosa (cosf), tg = tanf and sg_, (cg—q) =
sin(—a) (cg—q). As we can see from Eq. (5.2), for the gauge boson couplings to be SM-like,
we need sg_, =~ 1. In this case, for moderate values of ¢g, the Higgs coupling to top-quarks
or other up type fermions becomes SM-like due the 3 suppression of the second term on
the right hand side of Eq. (5.2). However, for the Higgs to b-quark coupling, Eq. (5.3), a
wrong sign could arise without changing the Higgs decay width and branching ratio when
Irei/ gfé\l—f[ ~ —1. This could be achieved with minor changes of the Higgs couplings to

top-quarks and weak gauge bosons for sizable values of ¢5 and [100, 101]
tﬁ CR—a N 2. (5.4)

This is in contrast with the condition tgcg_, ~ 0 that ensures a SM-like coupling of the

bottom-quark to the Higgs boson.
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Recall from Section 3.1 that the scalar potential of the most general two-Higgs-doublet

extension of the SM may be written as:

V= m} o0 + m3y®ldy — miy (@] g + huc.) + 3N (®1d1)? + Ly (Bl D)2
FA3(@11) (@5 Do) + Ay(@] Do) (@1P1)

+ {%%(@{@2)2 + (@] B1) + g (0] Do) 0T Dy + h.c.} . (5.5)

After converting to the Higgs basis [102-107|, the Higgs potential above could be rewritten

as:
1 T2 T2 T f
VO .. 45 Z1(H{H)" + .+ [Z5(H{ Hy)" + Zo(H{ HI)H | Hy + b ] ..., (5.6)

where we have only retained those terms relevant for the following discussion and the new
couplings ZZ{S are associated with previous )\gs by the following relations, as presented in

Section 3.1.4 [108-110]

1
Z1 = /\10% + /\28% + 5()\3 + A+ /\5)835 + 2593 [C%)@ + 8%)\7] ) (5.7)
Z5 = 1555\ + A2 — 2003+ A+ As)] + A5 — sagcag(Ag — A7) (5.8)
B
1
Zg = —5528 [A1eh = Aash — (A3 + A+ As)eag] + ceaphe + 5553307 (5.9)

The CP-even Higgs mixing angle in this basis is identified with § — a. Consequently, we

have [108, 110-112]

— T2
- 6¢ . (5.10)

CB—q =
\/(m%[ - m}%)(m%{ — Z1v2)

As stressed before, since the observed Higgs boson has SM-like properties, which requires

$3—q = 1, in order to fulfill the requirement to obtain a negative sign of the bottom Yukawa

coupling, Eq. (5.4), sizable values of ¢ g are required. For large values of tg, sg ~ 1, cg ~ 1/t
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and sgg ~ 2 /t 3. Since Z1v? ~ m%, the denominator becomes approximately m%—m%. From
the relation of Zg to the quartic couplings \; we obtain that, ignoring subdominant terms

in 1/tg, an inversion of the sign of the Yukawa coupling leads to the following condition
[(A3 + Ag + A5) — Ao + Artglo? = 2(mF; — m3). (5.11)

or, equivalently,

(A3 + Mg+ X5) + At glv? = 2m3; — m3. (5.12)

where we have used the fact that, at large values of i3, m% ~ A\ov2. Hence, considering
perturbative values of the quartic couplings J\;, it is straightforward to see that, unless
A7 ~ O(1), the values of mpg must be of order of a few hundred GeV.

The relation between the charged and neutral Higgs masses is given by

2
v
m3. =m% + - (s = Ag) (5.13)

and hence large values of Ay and A5 may induce a large splitting between the charged and

the CP-odd Higgs boson masses.

5.1.3 Wrong sign Yukawa couplings in the MSSM and the NMSSM

MSSM and minimal NMSSM

The tree-level Higgs sector of the MSSM is a type-I11 2HDM and consists of two Higgs doublets
with quartic couplings which are related to the squares of the weak gauge couplings. Since
Supersymmetry imposes concrete values for the quartic couplings J; it is interesting to check
whether the wrong sign Yukawa coupling could arise in the frame of the MSSM without
conflicting with other Higgs phenomenology. For this, one has to take into account the
relevant radiative corrections arising from the interaction of the Higgs field with the third
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generation fermions and their scalar superpartners. In the MSSM, it’s usually argued that
a SM-like neutral Higgs boson could only be obtained in two distinct scenarios, i.e. the
decoupling limit [108, 113] and the alignment limit {108, 109, 113, 114|. The decoupling
limit happens when m;, < mp, while the alignment limit arises when one of the CP-even
Higgs bosons, when expressed as a linear combination of the real parts of the two neutral
Higgs fields, lies in the same direction in the two Higgs doublet field space as neutral Higgs
vacuum expectation values. This alignment does not in general depend on the masses of
the non-standard Higgs bosons. The region of parameters under investigation requires a
nonvanishing value of cg_, and therefore a departure from the alignment limit. Hence,
some departures from the SM behavior of the lightest Higgs are expected.

In the MSSM, it’s not difficult to work out an approximate expression for Zg at the one-
loop level. Taking into account that the most relevant radiative corrections may be absorbed

in the definition of the Higgs mass at large values of {3, one gets

2
m
g ~ —L
2 02
1
A3~ —( 2 2)
3 1270
L 9
A~ —=
4 292
\ 3t o [ AP A
T 16n2 Mg \6M3 Mg
my ~ hp—e (5.14)

V2

where m; is the top quark mass, Mg is the stop mass scale, A; is the trilinear stop-

Higgs coupling and p is the Higgsino mass parameter (for a more complete expression, see
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Refs. [115], [116], [117]). Taking into account Eq. (5.10), we get the following estimate [110]:

4 3
t3 Co—q = m —m% - m2Z + 4?:;%2 ]\//;S <61;\1th - ﬁ;) tg] (5.15)
where the first two terms inside the square bracket comes from (A3 + Ag + A5 — )\2)U2, while
the last term comes from the radiatively induced A7v?t 3 contribution.

If we want ¢g cg_, to be as large as 2, it’s clear that we need the third term in the square
bracket to be quite large. Unfortunately, this will lead to an unacceptably large value of ¢g,
which pushes the Yukawa coupling to third generation down-type fermions to large values
that are restricted by heavy Higgs searches [118, 119]. In order to see that, let’s recall the
fact that stability of the Higgs potential demands that |A;| and |u| should both be smaller

3
than 3 Mg [120]. Under this constraint, the maximum of the expression -5 (ﬁ — ﬂ)

Mg \ 6M3 Mg
is 4.5, which is achieved for A;/Mg = 3 and /Mg = 3. When normalized in terms of the
4
square of the Higgs mass, the coefficient 43’:;52 is about m}% /16, which is very small compared

to the first two positive terms in the square bracket. Thus, for t3 cg_, to reach the target
value 2, t3 needs to be very large. More specifically, for mpy ~ 250 GeV, one requires values
of tg ~ 30, while for mpy ~ 500 GeV, {5 ~ 120. These values of my and {3 are excluded
by heavy Higgs searches at the LHC [118, 119]. One could avoid these constraints for larger
values of the heavy Higgs mass, larger than 1 TeV. However, for my ~ 1 TeV one requires
tg ~ 500, and it is difficult to keep the perturbative consistency of the theory at such large
values of 1.

In order to address the question of perturbative consistency of the MSSM at large values
of g, we should stress that in supersymmetric models there are relevant radiatively generated
couplings of the H, Higgs boson to the bottom quarks, which imply a departure from the
simple type II 2HDM. These modifications are particularly important for large values of the

Higgsino mass parameter p and lead to a modification of xj [121]:
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Ihbb Sa Ay 1
gy = b Saiy 1+ (5.16)
g%% c3 [ 1+ Ab ( tatﬁ)]

where Ay is given by [122],[123],[124]

203 h?
Ab = <§M3H I(m517m627 M3) + L Aﬁ:u [(mflamf27 H’)) tﬁ (517)

(47)?
and the function I(a, b, c) is given by

a?b? In(a?/b%) + b*c? In(b?/c?) + ?a® In(c? /a?)

I(a,b,c) = (a2 — 2)(a2 — B2)(b2 — c2)

(5.18)

and M3, my_, my, are the gluino, sbottom and stop mass eigenvalues.

There are similar corrections to the tau coupling, but they are governed by weak coupling
effects and are therefore less significant. The above corrections imply a difference between
kp and k; and therefore have relevant phenomenological consequences for sizable values of
tg. In particular, in the region of parameters under investigation, rr tends to differ from s,
by a few tens of percent.

Moreover, the coupling of the heavy MSSM-like Higgs bosons to bottom quarks becomes

mptg
gHbB ~ gAbB ~ hb ~ —U(l T Ab) . (519)

These corrections must be in general considered when studying the production and decay
of the heavy CP-even and CP-odd Higgs bosons and lead to some moderate modification of
these rates with respect to the ones expected in the type II 2HDM.

At very large values of ¢, the bottom Yukawa coupling hj and the 7 Yukawa coupling
hr =~ mztg/v become large. For positive values of Ay, the increase of the bottom-Yukawa
coupling is slower than what is expected using the tree-level relations and hence perturbative

consistency can be kept for larger values of ¢ 3. However, for sizable Ay, it can be easily shown
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that the condition to invert the sign of the bottom Yukawa coupling becomes
tﬁcﬁ—a =2(14+ Ayp). (5.20)

Therefore, for very large values of {5 there is a tension between maintaining the perturbative
consistency of the theory, which depends on hj and as shown in Eq. (5.19) is more easily
fulfilled for positive Ap, and the fulfillment of Egs. (5.15) and (5.20). Thus we reach the
conclusion that within the MSSM the current LHC bounds make it very difficult to invert
the sign of the Higgs coupling to bottom quarks while keeping the perturbative consistency
of the theory at low energies.

Next let’s turn to the Next-to-Minimal supersymmetric extension of the SM (NMSSM) [40],
with only an extra singlet superfield added on top of the MSSM. The CP-even singlet will
mix with the two neutral CP-even Higgs bosons. We consider first the simpler case when the
superpotential is scale invariant and thus the complete Lagrangian would have an accidental

Zs symmetry. The superpotential is given by
W = \SH, - Hy+ g§3 +hoQ - Hy UG+ hgHy- QD%+ hyHy - L ES, (5.21)

where S , [/{Z, I/{; denote the singlet and doublet Higgs superfields, and @, D Rs U Rr are the
quark superfields, while E, E r are the lepton superfields, h; are the Yukawa couplings and
A and k are both dimensionless couplings. Note that in this case, u is an effective mass
parameter generated by the vev of the singlet, p.g = As; we will use p in the following
discussions to refer to . Observe that the fields H,, and H; have opposite hypercharge.

These fields can be related to the fields ®; and ®9 introduced before by the relations

HYy = ¢;;0]" H! = &} (5.22)
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and therefore

H,Hy = —0}® (5.23)

The most significant change in the NMSSM would be that at tree level,
SAg = A2 (5.24)

and therefore there is an extra correction proportional to %)\21)23% 3 in the M121 term of the
Higgs basis. This term is relevant since it can lift up the upper limit of the lightest Higgs
mass at tree level [125], thus making it possible to reach 125 GeV without the large quantum
corrections needed in the MSSM [115, 126-134]. What’s more important in this case is that
it can modify the Zg term introduced earlier in the MSSM case and release the strong tension
between t5 and My present in the MSSM to make cg_,tg = 2 feasible. In the NMSSM,
considering heavy singlets, it’s straightforward to get the expression for Zg at moderate or

large values of ¢4, including only the stop loop corrections, namely [135]:

1 3v2hiuX X7
Zgv® ~ — [mz + mQZ — )\202] PR e (i (5.25)
tg " 1672 M2 602

where Xy = Ay — p/tg, which leads to

-1

tﬁ Chq R —m%{ — m%

(5.26)

3mFAsut A2
<m2+m2 _)\2?]2> 4o ts o A
hma Am2v2 M 602

Compared with Equation (5.15), we have an extra —A2v? term in the parenthesis, which
comes from d\4, Eq. (5.24), and tends to push tg cg_, towards positive values, making it
promising to get g cg_, = 2 with smaller values of {5. However, for that purpose we need
A to be of order 1. For A or k of order 1, one can no longer neglect the chargino, neutralino
and Higgs loop contributions when evaluating the Higgs mass and couplings. Although

approximate analytical expressions exist in this case, the formulae become complicated and
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beyond some approximate formulae we will present in the next section, we will mostly base
our results in a numerical analysis with full quantum corrections up to two-loop level, which
are necessary to select the proper region of parameter space leading to the inversion of the
bottom coupling. Moreover, large A could lead to a Landau pole problem at energies lower

than the Grand Unification scale.

Moderate values of ¢

As we discussed before, the MSSM is highly constrained for the large values of ¢ necessary
to achieve an inversion of the bottom couplings. These constraints tend to translate into the
NMSSM since for very large values of {5 the decay of the MSSM-like CP-even and CP-odd
Higgs bosons into bottom-quarks and 7-leptons remain relevant. In the NMSSM, however,
for sufficiently large values of A, an inversion of the sign of the SM-like Higgs boson coupling
to bottom quarks may be achieved at moderate values of ¢g ~ 5-10. For this range of values
of t5 the constraints from direct searches for heavy Higgs bosons become weaker, but some
of the approximations performed before cease to be valid. In particular, the effects of the
mixing between the CP-even Higgs bosons become relevant and cannot be dismissed. Due

to these mixing effects, and ignoring the mixing with singlets, we obtain

Z2v4
mi ~ Zyv? — =0 (5.27)
My
or, equivalently
4m?
m}% ~ Z1v? — c%fam%{ ~ Mgv? — t—2H (5.28)
B

For very large values of 3 the last term may be safely ignored. However, for moderate values
of tg this term cannot be ignored and tends to push the mass of the Higgs boson to values
that are below the experimentally observed value. Mixing with the singlets only worsen

this situation. In order to address this problem, a departure from the simple Zs invariant
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NMSSM is necessary.

NMSSM with singlet tadpole terms

As discussed above, we are interested in the inversion of the sign of the coupling of the
bottom-quark to the Higgs in the simplest NMSSM case, with sizable values of A and mod-
erate values of t3. This simple framework tends to lead to problems in the CP-even Higgs
sector, since as we discussed in the previous section, the lightest CP-even Higgs boson mass
is generically pushed to values below the experimentally observed ones due to large mixing
effects. A possible solution to this problem is to include a non-zero singlet tadpole term &g
to the potential

AV = &g S+ h.c (5.29)

This term, which could be a result of the supersymmetry breaking mechanism at high
scales [136-138], serves to break the Z3 symmetry explicitly and get rid of unwanted do-
main walls. For values of y of the order of the weak scale and A couplings of order one,
a sizable value of |{g| leads to large values of the singlet mass. Ignoring other terms that

become subdominant for large value of |g|, one obtains

Iz £s
(S)=7=~-—3 (5.30)
mg
or, equivalently
A
m% ~ —% (5.31)

A sizable |£g| could keep the singlet decoupled from the two neutral Higgs bosons, reducing
the problem to an approximate 2x2 Higgs mixing one, with low energy quartic couplings
that are modified by terms proportional to powers of the couplings A and k. For moderate
values of £g, the decoupling effects may affect the low energy theory in a relevant way. We

shall discuss these effects in more detail below.
77



An additional consequence of large values of £g is that the singlet mass may become much
larger than the mass of the singlino. In this case, the quartic coupling of H, has sizable
corrections produced by A* loop contributions from singlets and singlinos. The correction to

Ao from these contributions is given by

4 2 4
Oy ~ )\—2111 (m_25> ~ A 5 In ASs
167 " 167 u3

) (5.32)

where we have used the expression for m% given in Eq. (5.31). It is therefore clear that
for values of |u| of the order of the weak scale, large values of g result in large positive
corrections to A\g. These corrections can compensate the negative contributions to the Higgs
mass induced by mixing effects and constrain the allowable values of g via the experimental
constraints on the lightest CP-even Higgs mass, which will be examined in more specificity
in the next section.

A further possible modification to the NMSSM is the inclusion of a similar tadpole term
in the superpotential, namely beyond the trilinear terms associated with the Yukawa, A and

k couplings, one may add a tadpole term of the form [40]
SW = €£pS (5.33)

where £ is a dimension 2 parameter. One action of such a term, as we shall discuss, is
to modify the spectral relationships between the neutral and charged Higgs bosons. In our
initial analysis, we first set £ = 0; however, we shall discuss the impact of this term in later
examinations of pseudoscalar decays in Section 5.1.6.

The decoupling of the singlet induces corrections to A4 and A5, and a sizable correction

to the quartic coupling A7. This can be seen by ignoring subdominant terms and reducing
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the singlet-dependent terms in the scalar potential to
2
(m% 4+ N2 [Hy?)|S? + [SONANH Hg + €) + h.c] + |€p + NHy Hy + kS (5.34)

where we shall assume that, due to the effect of the tadpole terms, m% is much larger
than \>H2 ~ A\?v%. From Eq. (5.34), and ignoring small corrections induced by the vacuum
expectation values of the singlet and doublet fields, we can see that the masses of the CP-even

and CP-odd singlet eigenstates are approximately given by
m%s = m% + 28k, mj%ls = m% — 28K, (5.35)

repsectively. Now, one can integrate out the singlets, replacing the singlet fields by their

equation of motion. This is roughly

,)\A)\(HUHd - hc)
—1 5 .
2 My

_AML(HyHg + hee) + &g

Re(S) ~ 5
2 mp

Im(S) ~ (5.36)

Replacing this expression into the orginal Lagrangian density, Eq. (5.34), one obtains con-

tributions to A4, A5, and A7 given by

A2 A? A 1 1
oAy = —/\2< —+-— >+2/\2 s (L]
2th 2mAS th th mAs
. AN (11 +n2A2A§§§ 3.1
2 mA mA mA mA mA
hs Ag hs hs Ag
A2 A2 A 1 1
A5 = —)\2< A -2 >—|—2)\2I{£SQ>\ 5 +—5
ths 2mA5 th th mAS
. EpA3RN [ 1 L +/<;2)\2A§£% 3 1
R CTRETY T R CT T
A
Shy —/\355—4/\ (5.37)
m
hg
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The value of Ay is related to the CP-odd Higgs spectrum by the relation
K
[ (Ax+ X“> +Xp | tg = M3 (5.38)

and therefore for fixed M4 and moderate values of k, sizable negative values of g result
in large positive values of Ay. Hence, for values of p at the weak scale, the presence of
negative £ can lead to sizable values of Ay and therefore to large corrections to A7. Such
large corrections may induce a modification of the value of c3_,, which including only the

dominant terms becomes

1 A2 3mEAuts [ A2
tﬁcﬁ—a%—Q 5 22 1——2>‘ v2—)\2v2—M% + ; 2”5 t2—1
my —my th 4y MS GMS

Ayt

_ )\30255 A'B
mA

hg

(5.39)

Hence, the reduction of the A2 contribution due to sizable values of A ) may be compensated
by the explicit £¢ dependence appearing in the last term of Eq. (5.39).
Moreover, including the above corrections to A4 and A5 modifies the difference between

the charged and neutral CP-odd Higgs boson masses, Eq. (5.13),

2 A2 4¢6 A 2kE2\ A2
vt 2 A §sAN k&g A
A5 =) 5 = MWJF{ <T - 1) th [ﬁ + (fF 1 |

MAg MAgMhg Mhg ) MAg

2

} Yot (5.40)

Hence for sizable A, the splitting between the CP-odd and the charged Higgs mass induced
by the large values of A, Eq. (5.13), may be reduced by the effects associated with the
singlet decoupling. These observations will be important in examining the constraints from

precision measurements and the decay mode Ay — hZ.
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5.1.4 NMSSM Results: Full Analysis

In this section, we conduct a numerical search for a wrong-sign Yukawa coupling within
the NMSSM model using NMSSMTools [139], which includes the most relevant one and
two-loop radiative corrections to the Higgs mass matrix elements. In this calculation, we
scan over 6 independent parameters: tg, My, i, A, £, and {g. We fix the gaugino and third
generation scalar mass parameters to values that are not constrained by present experimental
bounds and that contribute to the obtention of a proper SM-like Higgs mass at sizable values
of t5. This selection is somewhat arbitrary and does not play a relevant role in the Higgs
phenomenology at moderate values of ¢ 5. However, as we will discuss below, it has an impact
on the analysis of the flavor and Dark Matter constraints. In our analysis we set Ay = 1700
GeV, Ar A, = 1500 GeV, and the squark and slepton masses at Mg = 1 TeV. The weak
gauginos were assumed to be heavy, Mjo = 1 TeV, while the gluino mass was fixed at
M3 =2 TeV.

As discussed in the previous section, taking into account the strong constraints on large
tg for the relatively low values of the MSSM-like CP-odd Higgs mass [118, 119] necessary to
induce a large correction to the bottom coupling, we concentrate on moderate values of 4.
In particular, values of ¢4 in the range 6-10 and values of the CP-odd Higgs mass m 4 within
the interval of 300 GeV to 500 GeV are preferred due to these considerations. While larger
values of m 4 make it more difficult to obtain a large correction to the bottom coupling,
smaller values of m 4 lead to tension with the current CP-even and CP-odd neutral Higgs
searches and, for £ = 0, to low values of the charged Higgs mass, excluded by top-quark

decay studies.
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Figure 5.1: In this plot, A = 1.3 and k = 0.1 are fixed, and p and &g are varied to examine
the allowable values of these parameters. The gray area is excluded for negative Higgs mass.
Red contour lines indicate values of the lightest Higgs mass, with 125 GeV represented by
the solid contour. The lightest chargino mass contours are displayed in purple.

In order to identify the possible ranges of £g, we first performed a scan over a wide range
of values of {g and pu for some characteristic parameters of the theory leading to a variation
of the coupling of the Higgs to the bottom-quark. An examination of Eq. (5.39) indicates
that to obtain tgcg_, = 2, one requires negative values of ji x {g. The values of |u| are
required to be at the weak scale and lead to allowed values of the chargino and neutralino
masses. Taking £g to be positive, we therefore scan a range for p from -1000 GeV to 0
GeV. All other parameters are fixed at values that favor positive values of tgcg_n: A = 1.3,
k= 0.1, My = 350, and ¢g = 7. The result of this scan is shown in Fig. 1. We find that the
value of the lightest CP-even Higgs mass m1 does indeed increase with g, as expected from
Eq. (5.32). The contour with m; = 125 GeV is indicated by the solid red line; the constraint
of m1 =125 £ 3 GeV, which takes into account the uncertainty in the determination of the
Higgs mass, therefore constrains the value of £g to be on the order of 109 to 101 GeV?3 for

values of |u| at the weak scale.
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Figure 5.2: Predicted rate of gluon fusion production of a heavy neutral Higgs ¢ decaying into
77, where the values are calculated including H and Aj. The heavily suppressed branching
ratio of ¢ — 77 in our models, which is discussed further below, results in a suppressed rate
which is within the most recent limits.

In the rest of this section, we examine the results of a scan to search for models which
produce a wrong-sign bottom Yukawa coupling. Based on the above analysis, we fix the
supersymmetry mass parameters to the values given above and vary the tadpole term &g
in the range of 1.25 x 1010 and 1 x 10 GeV?3 and p in the range —1300 to —800 GeV.
Beyond these ranges, the number of successful points decreases quickly due to experimental
limits. For larger {g and |u|, the charged Higgs mass becomes too low; for lower g and
||, the range of {g and p which passes experimental constraints and gives the correct SM-
like Higgs mass becomes quite narrow, and kp can become positive for p close enough to
0. We therefore do not include these ranges in the main scan. Additionally, the following
parameters were varied within the ranges of ¢ € [6,10], M4 € [300,400] GeV, A € [1.0, 1.8],

€ [0.0,1.0]. Parameters are randomly drawn from uniform distributions and we discard
all points which give the wrong lightest Higgs mass or fail other collider direct experimental
constraints as defined in NMSSMTools version 5.1.2. These constraints include constraints

from heavy Higgs searches through ¢ — bH™, H/A — 77, H - AA — 4l1/2l + 2b, and
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ggF — H/A — ~v, as well as lower limits on the masses of squarks, gluino, sfermions,
neutralinos, and charginos. More recent ATLAS and CMS constraints from ¢ — 77 [118,
119] are available, where ¢ is an additional neutral Higgs boson, which are not included in
version 5.1.2. The rate of these processes at ATLAS and CMS have been checked separately
and we find that we are well within the bounds, which are of order of a few tenths of pb at
masses of the order of 300 GeV, due to a production cross section for H or A; of about 1
pb for both ggF and b-associated production and a branching ratio around 2%. Figure 5.2
shows the predicted rate in our models for ggF production of ¢ and subsequently ¢ decaying
into 77. We did not impose any flavor or Dark Matter constraints, but we shall discuss these
constraints in separate sections. The results of the numerical scan are shown in Fig. 5.3.

It is clear that the requirement of a wrong-sign bottom Yukawa indeed fixes A to be
of order 1, a reflection of the strong tree-level dependence of the bottom coupling on this
parameter. Additionally, larger values of £g allow A to take on lower values; however, as
shown in Fig. 5.1, £g is also restricted from the requirement of obtaining the proper Higgs
mass and cannot take arbitrary large values. Therefore, it is difficult to push A down below
order 1 using the tadpole contribution. The constraint on « is significantly relaxed by the
large value of £g, which allows x to take on values from 0 to 1, with a gentle dependence on
A for given £g. Further parameters and relevant outputs for five sample points which were
successful are provided in Table 1. It is clear from Table 1 that in this region of parameters
Ay < mg and therefore the effects associated with the singlet decoupling, Eq. (5.37), become

small. As we shall see in later sections, this situation will change when we consider values
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Figure 5.3: Scatter plot of points that survive the 125 GeV mass constraint and predict a

wrong-sign bottom Yukawa coupling. The colorbar on the upper plot shows the value of &y,
which is the ratio between Higgs to bb coupling and its SM value, i.e. g%{—)\/‘[ S5M / gsé\g/[ . All
points have ry, close to -1 as demanded. The lower plot shows the relationship between the
values of A\, k, and the tadpole contribution.
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No. | tg My 1 A K Ay &g ky ~BR(h—bb) my myg mpgs mg
1 197 374 -1283 141 0.024 11.0 9.79 x 1019 | -0.98 64.9% 123.1 278 159 10360
2 |85 398 -1294 1.37 0.131 109.3 9.38 x 100 | -0.90 63.2% 122.3 271 158 9973
3 177 369 -1190 1.62 0.063 315 6.27x 1010 |-0.98 58.6% 127.1 310 158 9242
4 |85 362 -1119 141 0.398 302.3 6.92 x 1010 | -0.97 58.9% 126.5 277 156 9344
5 189 331 -1109 1.37 0.200 150.4 7.51 x 1010 | -0.89 56.3% 1259 273 159 9634

Table 5.1: Typical parameters found by NMSSMTools that gave negative Higgs to bb cou-
plings

All points shown above pass the experimental limits included in NMSSMTools v5.1.2.

Additionally, an approximately linear, g-dependent cut is applied to my+ based on the

constraints provided by CMS [140]; a plot of the charged Higgs mass as a function of mpg is

shown in Fig. 5.4. These mass ranges allow for enhanced H — HTWT and A} — HTWT

decays, which will be discussed further in Sections 5.1.5 and 5.1.6.

Figure 5.4: Scatter plot of the charged Higgs mass m g+ against mp, with the colorbar
showing the value of tg (left) and A (right). A tg-dependent mass cut on mp+, with a
lowest limit of 155 GeV, has been applied to satisfy experimental constraints.
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5.1.5  Implications for LHC Physics

SM-like Higgs boson properties

The change of sign of the bottom coupling has implications for the loop-induced coupling of
the SM-like Higgs to gluons and photons and is also correlated with changes to the couplings
of non-standard Higgs doublets to third generation quarks.

In Fig. 5.5, we plot the values of kg and k- against sy, where x; is the ratio of the Higgs
coupling to the particle ¢ to its value in the SM. The h — gg and h — v amplitudes have
contributions from bottom quark loops, and will therefore be modified within our models.
Charged Higgs loops also provide a small contribution to A — v~ within our models given the
low value of my+. All solutions show values of the couplings that are within 20% of the SM
values, which are in agreement with current experimental constraints. These results coincide
with those obtained by the authors of Ref. [92]. Interestingly enough, CMS presents a global
fit to the couplings of the SM-like Higgs, assuming no new physics in either the decay or in
the loop-induced couplings, leading to a marginal preference towards a wrong-sign bottom
Yukawa coupling [55]. Although in our model there is a small contribution to the Higgs-
photon coming from the charged Higgs, the CMS preference is mostly due to an apparent
enhancement of the gluon fusion-induced processes compared to the SM values, that is not
present in the ATLAS data [141]. On the other hand, our values for x4 and - are within
1 standard deviation of the most recent best-fit values from both experiments. This shows
that the LHC experiments have not yet the sensitivity to distinguish between a SM-like
Higgs with wrong-sign bottom Yukawa couplings and the SM Higgs.

As can be seen in Fig. 5.5, the values of k4 for our set of points range between 1.10
and 1.13. Since we have assumed heavy supersymmetric particles, these modifications are
governed by just the modifications of the bottom couplings. This is a reasonably large effect,

but observing this effect at the LHC is complicated by systematic errors in the primary gg
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Figure 5.5: Scatter plots of the couplings for the SM-like Higgs to «y (left) and gluons (right)
against k. The color bar indicates the value of t5. We find that . is reduced by 3-6% and
displays a linear dependence on tg, while x4 is enhanced by approximately 10-13%.

fusion production cross section. Ref. [142]| provides expected error estimates for rg of 6-8%
for an integrated luminosity of 300 fb~1 and 3-5% for an integrated luminosity of 3000 fb~1.
It is clear from these numbers that hints may become observable by the end of Run 2 and
the effects should be clearly resolvable by the end of Run 3.

The value of x~ within our set of points ranges from approximately 0.94 to 0.98. Estimates
for LHC uncertainties in the measurement of x are given as 5-7% for 300 fb~! integrated
luminosity and 2-5% for 3000 fb~! integrated luminosity [142]. The measurement of x~ may
therefore allow an examination of the viability of the wrong-sign bottom Yukawa within the
NMSSM by the end of LHC Run 3.

Let us stress again that the above estimates of the modification of the Higgs couplings
to gluons and photons have been performed under the assumption of heavy supersym-
metric particles. If, eventually, charged and/or colored supersymmetric particles are de-
tected at the LHC, their effects would have to be taken into account (see, for instance,
Refs. [143],[144],[145],[146]) in order to determine the possible effects of the inversion of the

bottom coupling.
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The modification of the SM-like Higgs coupling to top-quarks and weak gauge bosons
tend to be small in the explored region of parameters. Indeed, ignoring for simplicity the A

corrections,

2
Rw = 85*0421_?
B
ca—
Kt = Sg_q+ & C~, (5.41)

tg

where we have used the fact that cg_, ~2/t3.

In Fig. 5.6 we show the correlation between the Higgs-induced weak diboson production
cross section and the coupling of the SM-like Higgs decay into bottom quarks, normalized
to the values obtained for a Higgs of the same mass in the SM. The strong correlation may
be explained by the fact that the BR(h — WW, ZZ) is mostly determined by the variation
of the total width induced by the modification of the bottom-quark coupling to the Higgs
and by the values of /fg ~ 1.25 (see Fig. 5.5). The outlier points which do not follow this
linear relationship are associated with small values of , for which the SM-like Higgs boson
can decay into the lightest neutralino and have therefore a non-vanishing branching ratio of

decays into invisible particles.

Radiative Higgs Decay to Quarkonia

Another particular Higgs process affected by the bottom Yukawa coupling is the radiative
decay of the Higgs to Quarkonium, in particular to the T meson, which is composed of
bb. This process has also been examined within a general 2HDM in the wrong-sign regime
by [147]. Within the Standard Model, the direct and indirect Feynman diagrams have an

approximate accidental cancelation, which effectively excludes this decay process at all but
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Figure 5.6: Plot showing the product of lig and the branching ratio of h to WW or ZZ
against k. The h — WW/ZZ rates are normalized to the SM rate for the particular SM-
like Higgs mass. The colorbar shows the branching ratio of the SM Higgs to neutralinos;
we see that the points which do not follow the linear trend have a larger branching ratio to
invisible particles.

very high luminosities. The decay widths of H — T (n.S) 4~ in terms of kj are given by [78]

T[H — T(1S) + 7] = [(3.33 £ 0.03) — (3.49 + 0.15)r|? x 10710 GeV
T[H — T(25) +4] = [(2.18 £ 0.03) — (2.48 £ 0.11)rp|> x 10710 Gev (5.42)

T[H — T(3S) +~] = |(1.83 £ 0.02) — (2.15 £ 0.10)3|* x 10710 GeV

where the first term derives from the indirect diagram and the second term, which is modified
by rp, derives from the direct diagram. Note that the change in sign from x; = 1 to
Ky = —1 gives a factor increase of between 102 and 104 in the decay widths. Using I'(H) =
4.1954_'8&%1 x 1073 GeV, the Higgs branching ratio to T(15,25,35) + « final states for
the SM are (0.610, 2.15, 2.44)><1()_9. For k; = —1, the branching ratios are (1.11, 0.518,
0.378) x 1075, which are still small but significantly larger than the SM values.

The predicted number of H — Y (nS) + « events at the LHC is calculated as
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I'(H — Y(nS)+7)
I'(H)

N = Xo(p+p— H) X Lin. (5.43)

We calculate the expected number of H — T (n.S) + v events for both xp = 1 and k = —1.
The Higgs total cross section is taken to be o(p +p — H) = 5.57 X 104 fb. We examine
the number of expected events by the end of LHC Run 3, for which the approximate target
integrated luminosity is 300 fb~!. The predicted number of events are less than 1 for Kkp =1
and N(Y(1S5),Y(25),Y(35)) = (18.5+0.7,8.65+0.36,6.31+0.26) for x; = —1. The number
of events at the 3 ab™! high-luminosity LHC is simply an order of magnitude larger than
the one predicted at the end of Run 3, namely a few hundred events.

Searches for h — T (nS) + v have been performed previously for the 8 TeV runs with
approximately 20.3 fb~1 of luminosity [148]. The current upper limits on the branching
ratios at 95% CL are given for T(15,25,35) + v final states as (1.3, 1.9, 1.3)x1073 ([149],
[148]). An increase in sensitivity for these decays on the order of 103 with respect to the one
at Run 1 is therefore required in order to probe the effects of a wrong-sign bottom Yukawa.
Therefore, despite the significant enhancement of the number of events with respect to the
SM, this process is not currently an effective method of searching for a wrong-sign bottom

Yukawa, and its detection will demand a significant improvement of the current analysis.

Decay channels of the heavy neutral Higgs

A particular characteristic of those surviving points in Table 5.1 is that they all have low
charged Higgs mass. The mass difference between H, Aj, and H* allows the H — H*WT
channel to open up and become the dominant decay mode of the heavier neutral Higgs H,
as well as of the lighter CP-odd Higgs Aq. This observation has many phenomenological
consequences. On one hand, the branching ratio of H — 77~ is suppressed even when tg
is large, so that one may push ¢g higher than the current bounds on this channel [118, 119].

These arguments are confirmed by Fig. 5.7, in which we see that all BR(H — 77) values
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Figure 5.7: Branching ratios for the decay of the heavier neutral Higgs H to HEWT and
77, with the branching ratio of H — X?X(l) as the colorbar.

are lower than 3%. For low values of k, the singlino may become light and, as shown in
Fig. 5.7, the invisible decay branching ratio of the heavy Higgs bosons may become relevant,
and imply a further decrease of the decay into 7-leptons. On the other hand, this large
BR(H — HTWT) also means that this exotic decay channel provides a possibly interesting
search channel at the LHC. Within these models, BR(H — H*WT) is greater than 0.4 for
all models and reaches values up to 0.8. Fig. 5.8 shows the predicted rate of H decaying to
HEWT through gluon fusion production in pb; we find a rate on the order of a few tenths

of pb.

Flavor Constraints

As discussed in the previous section, the presence of a light charged Higgs opens new channels
for the neutral Higgs decays that can be searched at the LHC. A light charged Higgs, however,
can also induce large corrections to flavor observables, in particular to the radiative decay

of B mesons into strange ones. In type II 2HDM'’s, the b — s7v rate is indeed highly
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Figure 5.8: Predicted rate in pb of ggF-produced H decaying into HEWT

enhanced in the presence of a charged Higgs [150],[151]. In supersymmetric theories, however,
this rate depends strongly on other contributions coming from supersymmetric particles,
and therefore a light charged Higgs cannot be ruled out by these considerations. On one
hand, there are the contributions coming from the charginos and stops. It is indeed known
that in the supersymmetric limit these cancel exactly the SM contributions to the dipole
operators contributing to the b — sy transition [152]. On the other hand, there are flavor
violating contributions of the neutral Higgs bosons, as well as modifications of the charged
Higgs couplings, coming from similar radiative corrections to the ones that contribute to Ay,
discussed in section 5.1.3 [153-156]. All these corrections are included in the NMSSMTools
code we use [139]. Finally, there are contributions that are more difficult to evaluate and
come from possible flavor violation in the scalar fermion sector. Those corrections are induced
whenever there is a misalignment of the basis in which the quark and squark mass matrix
are diagonalized, and lead to large corrections induced by gluino-squark loops [157]. These
corrections are induced at the loop level even if they are not present at tree-level at the

supersymmetry breaking scale [158].
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In view of the above, we have not considered the flavor constraints in this work. We
have checked, however, that for the solutions we are presenting the flavor bounds coded in
NMSSMTools have a strong dependence on the gluino mass and that small changes to p on
the order of 10 GeV along with changes of a few hundred GeV of the gluino mass, from the
2 TeV value we are considering, move models from being excluded to being in good agreement
with flavor constraints. These adjustments leave the behaviors of interest in the Higgs sector
unchanged. In addition, as discussed above, the low values of the charged Higgs mass depend
strongly on the assumption of having just a potential tadpole for the singlet. One may push
upward the value of the charged Higgs mass with the inclusion of {5 in the superpotential,
which decreases the mass splitting between the charged and CP-odd Higgs. In this case,
the dependence on the gluino mass remains and flavor constraints can be satisfied with few

hundred GeV adjustments of Ms.

5.1.6 Heavy charged Higgs

Additional decay channels : Ay — hZ

As shown above, models of wrong sign Yukawa couplings have interesting phenomenological
properties that go beyond the SM-like Higgs properties, and include novel decays of the
heavy CP-even and CP-odd Higgs bosons that may be tested in the near future. ATLAS has
recently published results which show an excess of events consistent with the production of a
pseudoscalar resonance of mass about 400 GeV, produced alongside bb and decaying into hZ
[159]; the CMS analysis of this channel is still ongoing and has yet to be released. Although
one may model this signal with a light singlet [160],[161], producing such a pseudoscalar
at a high enough rate through pp — bbA production within an effective two Higgs doublet
model requires large values of cg_, and sizable values of the bottom-Yukawa coupling,
which are consistent with the properties of the wrong-sign bottom Yukawa coupling models

under study, and is therefore of interest here [100]. However, one cannot gain an A; — hZ
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branching ratio of the necessary magnitude using the minimal models examined above due
to the enhanced A; — HEWT decay.

In order to model the hZ decay within these models, we include a non-zero value of
the superpotential tadpole term {p. Because £ is a dimension 2 parameter, it is therefore
naturally of the order of —10° GeV?2 to —107 GeVZ2. As noted previously from Egs. (5.38)
and (5.40), the inclusion of this term reduces the mass difference between the neutral and
charged Higgs bosons and therefore suppresses the decay of the CP-odd Higgs boson into
the charged Higgs, increasing the possible decays into h and Z.

Introducing a non-zero p also allows for larger values of m g and lower values of A while
still satisfying k, ~ —1. As we showed explicitly in Eq. (5.39), the additional term arising
from dA7 provides a positive contribution to the value of tgcg_.

This analysis relies on our approximations of corrections to the A4 57 couplings; the
expressions for d\4 and d\5 are verified against the mass splitting m%{i — m/%l computed
by NMSSMTools for large £ in Fig. 5.9. We find very good agreement between the ac-
tual splitting from our data and the values calculated using the approximations given in

Eq. (5.37).

No. || tg I A K &g Ay &p Kp mp, mg  mpgx mg my, Rate

1 | 96 -587 1.39 0326 3.0x10° -2779 —1.2x10%|-1.11 1246 359 384 2670 396 0.19
2 | 92 -579 1.33 0500 2.6x10° -3157 —15x100|-1.22 1251 334 411 2470 414  0.19
3 1105 -576 154 0328 29x10° -2140 —0.8x 10| -1.15 123.0 398 378 2747 421  0.18
4 || 80 -784 1.45 0405 59x107 -3321 —19x10%|-1.18 1233 351 372 3325 397 0.21

) 10.8 -586 1.28 0464 3.0x 107 -3345 —1.6x100|-1.21 1223 355 426 2583 424  0.18

Table 5.2: Benchmark scenarios for bE—associateq production of A; decaying into hZ. The
column “Rate" represents the quantity o(pp — bbAy — hZ) x BR(h — bb). All masses are
given in GeV.

We calculate the o(pp — bbA7) production cross section by scaling the SM cross section

by the square of the scaling of the Ay and b coupling relative to the SM value, which is
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Figure 5.9: Plot showing the H* and A; mass split calculated using our derived expression

for %()% — A\4) against the actual mass split for models with sizeable £p. There is good

agreement between the two values.

provided by NMSSMTools. The SM cross section scales downward with the Higgs mass, and
we fit this dependence by using the SM values provided by the Higgs working group [61].
The calculated value for o(pp — bbA7) ranges from 300 to 1600 fb for our particular models,
with most falling within the range of 400-800 fb. With these cross section values, we find
o(pp — bbA1) x BR(A1 — hZ) x BR(h — bb) between 0.05 pb and 0.30 pb. A plot of the
predicted rate against the mass of the pseudoscalar is shown in Fig. 5.10. We find that these
models can approximately produce the observed excess at around 400 GeV, which is currently
measured as o (pp — bbA) x BR(A — hZ)x BR(h — bb) =~ 0.2 pb [159]. Relevant parameter
values which have been changed from the models discussed in the previous section are given
by Ay € [—3500,—2000] GeV, &g € [2.5 x 109,1.6 x 1019) GeV3, 1 € [—900, —500] GeV,
tg € [8,11], A € [1.0,1.6], x € [0.2,1.0], and M, € [400,410] GeV. Table 5.2 shows typical
parameter values which give a rate for the pseudoscalar production near 0.2 with m 4, near

400 GeV.
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o(pp—bbA) x BR(A,~hZ) x BR(h-bb) [pb]
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Figure 5.10: Predicted value of o(pp — bbA1 — hZ) x BR(h — bb) plotted against the mass
of the pseudoscalar. The value of lambda for each model is given by the colorbar. We note
that one may have a production rate near 0.2 pb for my4, =~ 400 GeV.

With an enhanced A7 — hZ decay, one also expects a corresponding enhancement to
the related decay H — hh. CMS has updated limits on the production of a spin-0 particle
produced via gluon fusion and subsequently decaying into hh — bbbb [162], and one should
check that this enhanced H — hh process does not exceed these limits. Indeed, the branching
ratio BR(H — hh) ranges mainly between about 0.5 to 0.8 in these models. However, the
production rate of H via gluon fusion is suppressed due to relative signs of the H coupling
with the top quark and the bottom quark. Within our models, sq >~ cg and cq ~ sg >~ 1,
which differs from the case with cg_, = 0, where instead sq ~ —cg. In our case, then,
the coupling of the heavy Higgs to the top-quark relative to the SM value is given by
i—g = % as opposed to ;—ﬁl in the alignment limit. Because the gluon fusion production
cross section depends on top and bottom loop contributions, such a change of sign impacts
the production rate of H through gluon fusion. In our models, the calculated production

rate o(pp — H — hh — bbbb) falls below the limits given by CMS. Fig. 5.11 shows the

production rate for this process against my for each model. Similar conclusions apply to
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the H — ZZ channel.
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Figure 5.11: Predicted rate of H production through gluon fusion, decaying into hh and
subsequently into bbbb, against the mass of the heavy CP-even Higgs. The colorbar shows
the branching ratio of H — hh, which is enhanced in these models. The production rates
fall below the current experimental upper limits from CMS.

Precision electroweak measurements

In the regime of large cg_,, precision electroweak measurements become a relevant constraint
on the parameter space. We therefore calculate the values of the parameters 7" and S
within our models to compare with experimental bounds. Since the singlets are heavy, we
can compute the precision measurement observables within the low energy 2HDM effective

theory. The expression for AT is given by [163-165|

AT = 167?5%1/771%[/ (C%—ammfl’ mp+) + f(mg=,mp) — f(ma, mp)]

+ S%_a[f(mA, my+) + f(myge, mpg) — f(my, mH)]) (5.44)

+ o ATsar(mp) + 55 ATsar(mp) — ATy (my,)



where sy = sin(fyy7) and

x2_|_y2 x2y2 | 22

f(x,y) = - 0g — (5.45)
5 22 B
3 1
ATgp(m) = W[f(m,mz) — f(m,my)] — - (5.46)
while AS is given by [163-165]
L (s miy mypma |, MY
AS :H<Cﬂ—a[10g 5 +log —5— +2 553
m Mersm My (mj, —m%)
2 2 4 4 2,2
L Ly i) (my 4 my = dmyme) log "™ (5.47)
(m% — mj%l)?’ mA
)
+ 53 almp < mp)] - 2)

Note that due to the custodial symmetry properties, for low splitting between m 4 and
my=+, the terms f(mpg=,my, ) and f(ma,my ) in AT will approximately cancel; for
larger splitting between the masses, i.e. lower m g+, these terms have a larger contribution.
The effects of these variations can be seen in Fig. 5.12. On the left-hand side is a plot of AT
versus AS for £ = 0; on the right-hand side is the same plot for models with £z # 0. In the
§r # 0 case, the splitting between m g+ and my is reduced, as discussed in Section 5.1.3.
In this case, we see low values of AT. The left-hand plot also shows the dependence of AT
on my in the g = 0 case, with larger values of m g leading to increased values of AT

In both cases, the value of AS is within the experimental limits. However, for the models
presented in Section 5.1.4, the value of AT exceeds the experimental limits for a number of
points. In particular, for the range of AS ~ 0.035, the upper limit on AT at 99% CL is
approximately 0.3 [166]. For (g = 0, one may avoid these constraints by constraining the
parameter space to lower my, i.e. myg < 320 GeV; an examination of Fig. 5.4 shows that
this corresponds to A < 1.5. One may also clearly satisfy these constraints by including a
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Figure 5.12: Plots of the precision electroweak parameters AT and AS for the models
discussed in Section 5.1.4 (left), with (g = 0, and models with {p # 0 (right). One sees
much smaller magnitudes of AT for models with non-zero {z. For large negative values of
&g, as in the models displayed on the right, the value of AT is well within experimental
limits.

non-zero value of £p. In light of these results, we conclude that while precision electroweak
measurements do provide relevant constraints on the allowed parameter space for the models

in Section 5.1.4, there are a number of existing points which agree with these constraints, and

there is additionally a larger class of models which are in good agreement with measurements.

5.1.7 Dark Matter Density and Direct Interaction Cross Section

The question of Dark Matter in the NMSSM has been investigated by several authors [167—
173]. In our analysis we have kept the gaugino masses and the Higgsino mass parameter p at
the TeV scale, implying that, provided |x| < A/2, the lightest neutralino is mostly a singlino
with mass

m~~2‘— . (5.48)

As seen in Fig. 5.3, this condition is fulfilled in most of the parameter space we explored in
this article. Such a singlino tends to mix with the Higgsino in a relevant way and, due to
the large size of the couplngs A and x governing its interactions with the Higgs sector, the
relic density tend to be too small to be consistent with the experimentally observed one.
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Since the relic density could have a different origin from the one associated with the
lightest neutralino, a small neutralino component does not lead to any phenomenological
problem. However, it is easy to obtain the observed relic density by modifying the mass
parameters and without affecting the Higgs phenomenology. This may be achieved, for
instance, by lowering the value of the hypercharge gaugino mass M. For low enough values
of M;j the lightest neutralino would be Bino-like and the observed relic density could be

reproduced under two circumstances

e Values of M close to a half of the lightest non-standard Higgs masses, mp /2 or

m 4, /2 [174],[175], for which resonant annihilation could take place,

e Values of Mj close to but lower than mg, the so-called well-tempered singlino-bino

region [176].

If either of those conditions were fulfilled, not only could the relic density be brought to
agreement with the experimentally observed value, but also the spin-independent and spin-
dependent interaction cross section with nuclei will be small enough to be in agreement with
the current experimental constraints. In our scans, we have modified the values of M7 and
verified that this is indeed the case. In particular, for the values of the parameters present in
the benchmark model 4 in Table 5.1, Fig. 5.13 shows the value of QA2 for these two regions
of M. For this point, the singlino mass is approximately 600 GeV, while the mass of the
heavy CP-even Higgs is about 280 GeV. The widening of the shape of the plots is due to
scanning p within a range of 10 GeV, which alters the value of my by a few GeV. It is
clear that as the value of M; falls below m 3 and therefore the lightest neutralino becomes
primarily bino-like, the relic density increases. On the other hand, for M| near mpg /2, we
see the two regions with QA% ~ 0.1 on either side of mp/2 ~ 140 GeV, where the relic

density is suppressed by the resonant annihilation.
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Figure 5.13: Plots showing the dependence of Qh? on the value of Mj for a single model
which gives k;, = —1. The left-hand plot shows the region where M7 =~ m & which for this

model is about 600 GeV; we see the expected increase in Qh% when M < mg due to the
lightest neutralino becoming primarily bino-like. The right-hand plot shows the region for
which My ~ mp/2, where we see the expected two solutions and strong suppression when
Mj is about 140 GeV. The widening of the shape of the plots is due to scanning p within a
range of 10 GeV, which alters the value of my by a few GeV.

5.1.8 Discussion

The current uncertainties in the determination of the Higgs coupling to bottom quarks leave
room for a change of magnitude and sign of this coupling. In this article we have studied
the possible implementation of this idea within the MSSM and the NMSSM. We have shown
that in the MSSM this could only be achieved for values of m 4 and ¢ that are ruled out by
current searches for heavy Higgs bosons decaying into tau pairs. On the other hand, in the
NMSSM, consistent solutions that avoid current experimental limits may be found, but for
values of the couplings A and x that lead to a Landau pole at scales below the Planck scale.
This perturbativity problem may be solved by either assuming a composite Higgs model or
by the introduction of an extended gauge sector that slows down the evolution of A at high
energies.

The change of sign of the bottom coupling leads to a modification of the loop-induced
couplings of the SM-like Higgs to photons and gluons that may be tested at higher luminosi-

ties at the LHC. In particular, it leads to an enhancement of the order of 20 to 25 percent of
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the Higgs production in the gluon fusion mode and a reduction of order of 5 to 10 percent
of the width of the decay of Higgs into two photons. The modification of the gluon fusion
production cross section leads already to an enhancement of the Higgs-induced diboson pro-
duction cross section, which will allow one to put constraints on the allowed parameter space
of the theory.

The modification of the sign of the bottom coupling also leads to a large enhancement
of the radiative decay of the SM-Higgs into photons and the T meson. While such an
enhancement leads to a sizable number of radiative decay events at the high luminosity LHC,
the efficiency of the current searches has to be improved in order to lead to an observable
signal.

In this work, we have added tadpole terms to the singlet fields that allow us to raise the
value of the scalar singlets and obtain a realistic scalar spectrum. When only a tadpole for
the scalar term is included, the required low values of m 4 and large values of A tend to lead
to a charged Higgs boson mass that is lower than the top quark mass, and hence such models
are strongly constrained by searches for charged Higgs bosons proceeding from the decay of
top quarks. Models that avoid these constraints have masses of the charged Higgs within
10 to 15 GeV of the top quark mass. In these models the second lightest CP-even and the
lightest CP-odd scalars, which have mainly doublet components, tend to decay strongly into
H*WT, which provides an interesting search channel.

On the other hand, when a tadpole term is also included in the superpotential, the split-
ting between the CP-odd and the charged Higgs boson masses may be reduced, suppressing
the decay rate of the neutral scalars into charged boson states. In this case, the decay
modes Ay — hZ and H — hh are strongly enhanced. In particular, for values of my, of
order of 400 GeV, which are naturally obtained within these models, the production mode
pp — bbA] — bbhZ may be sizable and can lead to an explanation of an apparent excess of

hZ events at the ATLAS experiment without being in conflict with the current bounds on
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H — hh production.

Models with light charged Higgs masses are constrained by flavor and precision measure-
ment constraints. While the flavor constraints may be avoided by suitable supersymmetric
contributions, the precision measurement constraints set a limit on the possible splittings
of the charged and neutral Higgs bosons. Finally, the observed Dark Matter relic density
may be obtained by suitable choice of the gaugino mass parameter M7, without affecting

the Higgs phenomenology.

5.2 Dynamically obtaining the alignment limit

Now we move to an examination of the alignment limit in the NMSSM. Because the observed
125 GeV Higgs is so far SM-like to about 10% precision, any BSM theory involving an
extended Higgs sector must include an SM-like Higgs in its phenomenology. Supersymmetric
theories such as the NMSSM include a Type II 2HDM in the Higgs sector, and can obtain
an SM-like Higgs within the so-called alignment limit, in which the lighter CP-even mass
eigenstate is aligned with the SM-like Higgs basis state. This alignment limit corresponds
to a specific parameter range, and it is reasonable to ask why the relevant parameters might
fall within this particular region. In this work, we examine how one may dynamically obtain
the alignment limit in the NMSSM with a fat Higgs theory at the GUT scale, which runs

down to the alignment limit. This work was performed in collaboration with Carlos Wagner.

5.2.1 The alignment limit of the NMSSM

Within the NMSSM Higgs sector, which contains two doublets and a singlet, there are
two methods through which one may obtain a SM-like Higgs of 125 GeV: decoupling and
alignment. In the decoupling case, the heavier non-standard Higgs bosons are pushed to
high masses, such that the mixing with the SM-like Higgs boson is suppressed. In the case of

alignment, the parameters of the Higgs sector are such that the mixing terms of the squared-
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mass matrix between the SM-like Higgs boson and the neutral, non-SM-like one and singlet
are small. More specifically, if we work in the Higgs basis [102-107] with the SM-like Higgs
doublet denoted by the subscript 1, the symmetric CP-even Higgs mass-squared matrix is
given generally by
M ME, M
M? = M3, M, (5.49)
M3y
and the alignment condition is

My, M35 < O(0?). (5.50)

With minimal mixing, we also therefore have that
2 2 2

The alignment limit of the NMSSM and its phenomenological properties have previously been
thoroughly investigated in Ref. [135]. Here we give a brief review of the relevant properties.
We define the relevant couplings defining the interaction of the Higgs fields through the

superpotential

W = ASH,H, + gs?’ + haQHLUS + hgHyQD%, (5.52)

where the Higgsino mass parameter is proportional to the vacuum expectation value of the
singlet field © = Avg. We shall follow the conventions of Refs. [135],[40].
In the Higgs basis {Hgys, Hygas, Hgt, where HSM denotes the SM-like Higgs, HVSM

the non-standard Higgs doublet contribution and H S the singlet contribution, the CP-even
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Higgs tree-level squared-mass matrix can be explicitly written as

_ _ M
M%cgﬁ + %)\21)2 —M%swcw V2 (1 — i 2S2ﬁ 77528)

M3 + M sjg —%chw(—ﬁm +5) (5.53)
M? 4
1)‘2U2525(2 3805 — §) + % (Ax + 75

where s9g = sin23, etc. and we have defined
2 =m% — 2% (5.54)

Including up to the first order stop loop corrections [117, 126, 128, 129|, the entries

involving the doublets are given by

2414

1 3v7sgh M?Z X X?

2 242 1 Bt S t t
=M?2 “\2y 1 1— 5.55
My =M+ g2 [n (m§> Y ( 123 (559)

3v2hd ME\ Xy XY
=M M2 In—2 | +250 (1= 5.56
M, A+325< AT [n<m§>+ M2 12212 (556)
) (5.57)

§ 3vsBh? M2\ Xi(Xe+Yi) XY
M%Q = — 593 (M%CQﬁ - 5 [ln ( S + t( ¢ t) et
where X; = Ay — pcot B, Yy = Ay + ptan B, A is the stop mixing mass parameter and Mg

1672 m? 2M% 12M¢

is the geometric mean of the two stop mass eigenstates.
One may rewrite the expression for M%Q in terms of M%l by relating the first-order stop
loop correction terms, in which case the conditions for exact alignment up to first-order stop

loop corrections become

2214

1 3veshy nXy X2

2 2 2 2.2 2 Bt t
- - - — P l1-t | =0 5.58
M, —" [MH cogmy — A“v sﬁ} + 167T2M§ < 6M§ : (5.58)

M?2 52
9 _ MA%p  Ksyp )

M3y = V2 p (1 W o ) =0 (5.59)
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Values of the p parameter close to the weak scale and therefore much lower than the stop
masses are preferred in order to obtain a mostly Bino or singlino Dark Matter (DM) candidate
and to reduce the fine tuning associated with electroweak symmetry breaking [176, 177]. As
shown in Eq. (5.58), the stop loop corrections to M%Q not included in M%l are suppressed
by p/Mg < 1, and one may therefore neglect the stop corrections to find an approximate
relation between the values of A and tan § which satisfy exact alignment. Taking M%l = m%,
Eq. (5.58) gives [135]

(5.60)

A vs. tan for mMi, =

0.74 4

mp=125 = 3 GeV

0.72 A
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Figure 5.14: X vs. tan [ curves which gives M%Q = 0. The solid black line shows exact
alignment for my, = 125 GeV. The shaded region covers my, = 125 + 3 GeV, with the upper
edge corresponding to mj, = 128 GeV and the lower edge to mj, = 122 GeV.

Fig. 5.14 shows the A vs. tanf curves given by Eq. (5.60) for my = (125 £+ 3) GeV,
where we have included an uncertainty of 3 GeV characterizing the theoretical uncertainties
in the determination of the Higgs mass. Points within this region will be close to fulfilling
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exact alignment, while points close to this region should have small mixing between the
two doublets. We will better define “small" mixing quantitatively in our later analyses.
In order to analyze a possible dynamical origin of these parameters, we are interested in
identifying the high energy-scale values of NMSSM parameters which naturally run down to
this alignment limit at low energies.

Although the above conditions of alignment have been derived by performing an analysis
by including only one loop corrections, models that lead to an appropriate phenomenology
at low energies tend to be consistent with those conditions, as shown by the similarity of
the phenomenological properties of the benchmark scenarios derived in Ref. [135] compared

with more complete numerical analysis as those performed in Refs. [178]-[179].

5.2.2  Running of NMSSM couplings to alignment

Results of running GUT-scale parameters to weak scale

As is well known, in minimal low energy supersymmetric models the values of the gauge
couplings tend to evolve at a common value at a large energy scale denoted as the Grand
Unification scale, Mg, of about 2 x 1016 GeV [180-182]. The values of A and tan 8 shown
in the previous section naturally lead to large values of A\(Mqapr) and he(Mayr) under the
NMSSM Renormalization Group equations (RGE) [40]. This running seems to suggest a
composite nature for the Higgs bosons, for which the relevant couplings, in this case A and
h¢, become large near the compositeness scale. In particular, if the compositeness scale is of
the order of MqyT, it appears that one naturally obtains the NMSSM alignment condition
M%Q = 0 at the weak scale. Fig. 5.15 shows the general behavior of the running of A and
h¢ up to the GUT scale. In this plot, we have chosen three different points within the exact
alignment region, with a low value of the non-standard Higgs bosons masses, M4 = 300
GeV and a characteristic stop mass scale Mgrrgy = 1 TeV. Since ignoring decoupling effects

ht(m¢) ~ m¢(me)/(vsg), where my is the running top quark mass, the value of hy becomes
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weaker at larger values of tan 8. On the other hand, taking into account decoupling effects,
increases in the heavy Higgs boson scale tend to lead to somewhat lower values of h; at the
GUT-scale.

In order to thoroughly examine the range of GUT-scale parameter values for which one
obtains Higgs alignment, and to identify the stability of this running to the alignment limit,
we begin with a range of values for A(Mqgr) and he(Marr) and run each pair downward in
energy. There are three primary regions between My and Mgyr: the low-energy effective
SM theory below M4, the 2HDM region between approximately M4 and Mgrrgy, and the
NMSSM region above Mgrrgy. We employ the relevant RGE equations within each region;
the equations for each region are listed in Sections 3.1.5 and 3.2.2. At the boundary between
the SM and 2HDM running at M4, we relate the single effective Higgs field in the SM to
the two Higgs doublets by ¢ = Hgcos 5 + iTH, sin 8. This relation gives hfﬁ = hysin 3.
We approximately identify the scale of the singlet with Mgrrgy, and therefore run the
parameter A between Mgy and Mgrrgy, stopping its running below this scale. The value
of tan § is determined by requiring that the running top mass is equal to approximately
m¢(My) ~ 163 GeV, leading to a pole top quark mass of approximately the observed value,
My ~ 173 GeV.
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NMSSM running of A and h; from the alignment limit

— A(Mz)=0.67,tanf=1.5
79 —— A(Mz)=0.66,tanB=1.7
A(Mz) =0.65,tan =2.0

Figure 5.15: Running of A (solid lines) and h; (dashed lines) from the weak scale to higher

2
energies, with ¢t = In (ﬁ—%) We display the running for initial values of (A(My),tan ) =

(0.67,1.5),(0.66,1.7), and (0.65,2.0), which lie within the alignment region shown in the
previous section.

Fig. 5.16 shows the results of running down from Mgy to My, with initial values of A
between 1 and 5 and values of hy between 0.75 and 3.0 at the GUT scale. The value of « is
set to 0. We find that the results are stable under TeV-scale variations in the value of the
running boundary Mgrrgy, and thus ignore the small thresholds arising from the decoupling
of the supersymmetric particles. We display the results for Mgrrgy = 1 TeV. The value of
M 4 is chosen to be 300 GeV. Significantly larger values of M4, on the order of Mgrrgy,
push the ht(Mapyr) < 1 curves toward large values of tan 5. For values of M4 < 500 GeV,

the results have little variation.
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Figure 5.16: Plot showing the (tan 8, A(My)) points obtained by running down from Mgy
with large A(Mqyr) and moderate hi(Mgyr). The different contours arise from varying
hi(Maur), while the colorbar indicates the value of A(Mqapr). Results are displayed for
Mgrrgy = 1 TeV. The solid and dashed black lines indicate the region of exact alignment
for mj, = 125 + 3 GeV. The shaded grey region indicates the region in which it is difficult
to obtain a lighter Higgs mass of 125 GeV without tension with existing stop mass limits.

The obtention of my, = 125 GeV comes into tension with existing stop mass constraints
for small values of tan 8 and large values of A\(My), for which the tree level contribution
to my, becomes large. Tree-level contributions close to the observed Higgs mass result in
the need for small stop loop corrections and hence small values of the stop masses (see
Eq. 5.57). Based on recent results from stop searches [183-186], we use a stop mass bound
of Mg > 800 GeV. We employ a lower bound than some of the quoted values after noting
that the bounds may be relaxed depending on the specific stop decay paths and neutralino
and chargino masses within the model. The scenario presented in Fig. 12 of Ref. [183] most
closely aligns with the neutralino/chargino spectrum we obtain in scenarios with a realistic

Dark Matter candidate, which are further discussed in Section 5.2.3. Splittings between the
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right- and left-handed stops, multiple decay modes mediated by neutralinos and charginos,
and decays through heavier Higgsinos may further relax the 800 GeV bound. In particular,
2> 200 GeV the bounds may be

~

we note that for lightest neutralino masses of order mgo
relaxed significantly, and in fact no meaningful bounds are placed for mgo 2 300 GeV in
that particular analysis.

Moreover, for small stop mixing, a bound on Mg is approximately equivalent from the
point of view of the radiative corrections to the Higgs mass to a bound on the geometric
average of the two stop masses. Hence, when comparing with experimental results one
should recall that a bound Mg > 800 GeV is approximately equivalent to a bound on the
right handed stop mass mg, > 600 GeV and on the left handed stop mass (which is close in
mass to the left handed sbottom) my, > 1.1 TeV.

From the results in Fig. 5.16, we see that lower values of h; at the GUT scale tend to
push tan 5 and A\(My) to larger values, while lower values of A\(Mqapr) lead to lower values

of A\(Mz), as might be expected. Our points fall mostly within a range of A\(My) € (0.5,0.8)

with moderate tan 5.

Alignment in the doublet sector

The points obtained from running down from large values of A(MagyT), as required for a
composite Higgs theory with a compositeness scale close to Mgy, fall close to the region
required for exact alignment. To start with, we reduce the problem to an effective two Higgs
doublet model by assuming heavy singlets and examine the mixing in the doublet sector;
the suppression of the singlet mixing will be examined in the next section. To quantify how
well the points fall within the alignment limit, we vary along Mg and X; curves to examine

the quantity
~Mi,

V (m3 = m3)(m3; — M3)

cos(f —a) = (5.61)
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Value of |n| for Msysy =1 TeV
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Figure 5.17: Values of the quantity |n| for the points obtained from running down from
Mcayr. We plot only the points which can obtain the correct Higgs mass at the 2-loop level.
Points in the larger tan 3 region tend to have lower values of M2,/(M3, — M2,), but due
to the larger values of tan  they obtain larger values of |n| than those points at low tan 3
and A. The shaded grey region indicates the region in which it is difficult to obtain a lighter
Higgs mass of 125 GeV without tension with existing stop mass limits.

which reflects the mixing between the two doublets and reduces to —M?2,/(M3y — M32,)
with m%{ ~ /\/l%2 and m%L R~ M%l. The Mg vs. X; curve for each (tan 5, \(My)) point is
determined by requiring that ./\/l%l = (125 GeV)? up to the dominant two-loop terms. For
low values of tan (3, the stop loop corrections tend to be smaller than the tree level values,
and there is therefore little variation about the average value along each curve. As required
from the choices made in the running, we use M4 = 300 GeV in the calculation of M222.
Larger values of M 4 increase M%Q and therefore decrease the mixing.

In the effective 2HDM, the deviations of the SM-like coupling may be parametrized
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by [110, 187]

M
Ip = Iy (1—=1) (5.62)
- _  SM n

Intt = Iptt (1 + —tanQB) (5.63)

SM Ua
= 1-— 5.64
IV Ihvv ( 5 ton 3) (5.64)

where
M?

1N~ —tanf3 2—122 (5.65)

From Egs. (5.62)-(5.64) we see that for tan 5 > 1, the tree-level bottom coupling is the
one mostly affected by mixing with the non-standard states and, due to the relevant decay
branching ratio of the SM-like Higgs to bottom quarks, it has a relevant effect on all Higgs
branching ratios. We plot the quantity |n|, which parametrizes the variation of the bottom
coupling, for our weak-scale points in Fig. 5.17.

Inspection of Fig. 5.17 shows that the deviation of the parameter |n| is below 0.1 for the
majority of points, restricting the deviations of all couplings to values below ten percent,
in agreement with current experimental observations [53, 55| (in this work, we shall not
consider the region in which the bottom Yukawa coupling acquires a wrong sign, n ~ 2,
which can also be achieved within the NMSSM for heavy singlets [188]). The points on the
extreme ends of the tan 5 region reach larger values of ||, but do not exceed a deviation of
0.16. Following the same analysis with a value of M4 = 400 GeV, we find a maximum value
of |n| = 0.08, which follows the expected scaling of approximately 1 /le We therefore find
that a composite Higgs model with a compositeness scale near the GUT scale may naturally
lead to the alignment limit for the doublet sector at low energies. In Section 5.2.3, we will
describe a general implementation of an NMSSM Fat Higgs model with a scale A of the order

Of MGUT'
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Alignment Condition

As discussed above, the alignment condition in the NMSSM does not arise from a symmetry
condition. To further investigate the origin of the alignment in the doublet sector, one can

write the effective two Higgs doublet potential

1 1
V= m30l®) +m3ydl®y — miy (@] +hc) + 5Al(c1>1<1>1)2 + 5A2(<1>§<1>2)2
+23(] 1) (®12) + Ay (D] D2) (PLP1)

1
+ {§A5(q>{q>2)2 + (@1 D7) + A (BI D)) @] Dy + h.c.} . (5.66)

For small values of the Higgsino mass parameter compared to the stop mass scale p/Mg <
1—the dependence of the quartic couplings on the stop mass parameters is given, for instance,
in Refs. [115, 116]—one may take A\g ~ A7 ~ 0 as a good approximation. The condition of

alignment can then be rewritten as [187]

m% = </\1 cos* B+ 2Xg sin® B cos® B + g sin’ 5)

m,% = <>\1 cos? B+ A3 sin? B) 02, (5.67)

where A3 = A3 + Ay + As.

In the literature, symmetry considerations have been invoked to relate the quartic cou-
plings [189-193|. In particular, the condition A\ = Ay = 5\3 ensures alignment whenever
m% — Xov2. In the NMSSM, however, the couplings A\; and \o differ by the sizable stop
loop corrections and these conditions cannot be fulfilled. For moderate or large values of
tan 8 2 2.5, however, the alignment conditions reduce approximately to A9 ~ 5\3, with

m}% = A\ov?. Taking into account that

2 2
. +
3 ~ —¥ a2, (5.68)

115



one recovers the previously-obtained relation, Eq. (5.60), which in this regime of tan 3 reads

2 2
NMZ—i-mh

A2~ 5 (5.69)

v

Moreover, as said above, Agv? differs from its tree-level value M% ~ A\v? due to the sizable
stop radiative corrections.

The relation Ao ~ 5\3 o m% / v? is therefore an emergent condition arising dynamically
in the infrared limit, and it is not coming from any fundamental symmetry. Alignment for

smaller values of tan $ emerges in a similar way in the infrared limit.

Alignment in the singlet sector

We must additionally examine how the mixing with the singlet Higgs might be naturally
limited or suppressed due to the high-energy behavior of the theory. A similar analysis to

the one performed for the doublet sector gives the exact alignment condition involving M123

as 5 o
2 2 ‘

For the region of A and tan  obtained by running down from the GUT scale, the value of
sin(2/) is approximately 1. We may thusly reduce the singlet-sector alignment condition to

the approximate relation

A~ (5.71)

where we have assumed that x/2)\ is significantly lower than one, as necessary to obtain
a singlino state lighter than the Higgsino one, 2k/\ < 1, for which a natural Dark Matter
candidate may be obtained [176]. Alignment for the singlet therefore additionally depends on

the relationship between the parameters M4 and p, which is not determined by the running
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down from Mgy performed above. We therefore conclude that this alignment condition
cannot obviously be imposed through choices in the high-energy theory.

We thusly examine whether one may effectively decouple the singlet due to aspects of
the high-energy theory. We note that the addition of a tadpole term can effectively decouple
the singlet from the doublet sector by increasing the singlet mass. In particular, the general

form for M§3 is given by [40]

1 M% g KL Ak A
./\/1?))3 = Z)\2v2525 (ﬁ - X) + Y (An + T) - ;fS (5.72)

where g is the constant in a tadpole term in the Higgs potential of the form ¢S C V.
A large value of £g can lead to large /\/lgg, thereby decoupling the singlet and limiting the
mixing with the doublet sector. If the high-energy theory produces a singlet tadpole term
in the Higgs potential, as we will examine in the next section, then the singlet mixing may

be efficiently suppressed.

5.2.3 Fat Higgs models

Here we focus on the possible composite nature of the Higgs, and present an example of an
NMSSM Fat Higgs model [194-196] which may run down to alignment at the weak scale as
examined in the previous section. The primary traits we require are large values of \ at the
GUT scale and a singlet tadpole term which may decouple the singlet from mixing with the
doublet sector. We therefore choose a compositeness scale of Ay ~ Mgy ~ 1010 GeV, and
include a supersymmetric mass term for the two new superfields which form the singlet at
low energies, thereby generating a tadpole term for S.

We specifically follow the construction set forth by Harnik et al. in Ref. [194], which
presents an NMSSM Fat Higgs model. A new gauge symmetry SU(2) g is introduced, which

becomes strong at a scale Ap, and six new superfields 756 are introduced which are
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doublets under SU(2)g. (11,7») also transform as a doublet under SU(2),, while (73, 7y)

and (7%, Tg) transform as singlets under SU(2),. The tree-level superpotential is given by
W = yS'T'T? + yS"T37* — 1T + .. (5.73)

where S’ and S” are new singlet superfields included to ensure dynamic electroweak sym-

metry breaking. Making the identifications

s 6 Hyf 773 Y Tird
S oc T°T7, x , x (5.74)

HY) 7273 Hy 7214

one obtains a dynamically-generated superpotential of
W = AS(H,Hy —v3). (5.75)

Using Naive Dimensional Analysis [197-200], one expects that

mA
vg ~ ﬁ (5.76)
A(App) ~ 4. (5.77)

Of particular interest in our case is the very small value of m required to obtain vy =~
O(100) GeV for a compositeness scale of Ay &~ 1016 GeV; in particular, m must be on the
order of 1071 eV,

We note that a term of the form mT?T% may arise from the vev of a scalar superfield, in
which case one would have a term of the form ¢g®7°T%, where ¢ is a dimensionless coupling.
As a scalar superfield, ® may have the form ® = ¢ + 00F, where ¢ and F' have some
vacuum expectation values. When integrating to obtain the potential, one therefore finds an
additional term linear in the Higgs singlet S arising from the F'—term. Thus, the presence

118



of a tadpole term of the form & Fé in the superpotential may naturally give rise to a tadpole
term in the potential of the form £g5.

The necessary scales can be estimated based on the values of m we require due to the
compositeness scale, as well as the scale of {g required to decouple the singlet from the

doublet sector. We write the Higgs singlet terms with the vev of (®) = () + 00 (Fy) by
g ((¢) + 00 (F,)) T°T° (5.78)

where the first term generates the supersymmetric mass term m7°T% while the second term
generates the tadpole term in the potential. We estimate that (p) and +/| (F')| should
both be on the order of a TeV. In order to obtain m ~ O(107!) eV, we therefore require

g ~ 0(10_13). The scalar part of S then acquires a tadpole term in the potential with

55 — Apg(F)

——; we require {g on the order of 109 GeV?3 for decoupling, which indicates that

Ay is around 1019 GeV. We thus obtain a similar compositeness scale to the one that matches
the NMSSM running, as described in Section 5.2.2.

The problem now reduces to the generation of the small coupling g. Such a small coupling
may be explained by using a seesaw mechanism, similar to the one associated with the
Majorana neutrino mass models. In order to propose such a model, let’s follow Ref. [194]
and introduce two additional SU(2) g doublets T7 and T®. We shall assume the presence of
certain flavor symmetries which forbid an explicit 7°7% mass term, but allow mixing between
these states and the 77 and T8 term via the analogue of a Giudice Masiero mechanism [201]
and a T7T® mass term via the interaction with an additional superfield, ¥. Under these

assumptions, the superpotential reads

W = UT'TS + mgugyT°T® + mgusy 7077 (5.79)
where the mgygy term comes from the Giudice Masiero relation between the effective bilinear
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superfield term and the supersymmetry breaking scale. We shall assume that
(U) ~ M + F6? (5.80)

where F' is proportional to the square of the supersymmetry breaking scale, such that the
superpartner masses mgusy =~ F/Mqgur, and M is of the order of the GUT scale. Integrat-
ing out the heavy superfields T' 7 and T8, one can identify the supersymmetry conserving
and breaking terms that appear at low energies. This can be done diagrammatically. For
instance, the supersymmetry breaking tadpole term may be obtained by considering the

presence of the scalar mixing terms in the scalar potential,
V o~ M2(T7T5 + TRTE) + mgugy M (T5T5 + TeT3) + FToTx + h.c., (5.81)

where the first four terms arise from F terms in the superpotential, of the form |0W /0T 7\2
and |OW/0Tg|?, and we replace W by its vacuum expectation value. After integrating out

the heavy fields, the above terms lead to a supersymmetry breaking term
9 F

This induces a tadpole of the right size for the scalar component of S.
Alternatively, one can also obtain the same result by doing a simple expansion consid-
ering the supersymmetry breaking terms like a perturbation of the values obtained in the

supersymmetric limit. Let’s start with the supersymmetric case, with superpotential

W = MT"T® + mguey T°T® + mgugy 107" (5.83)
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Integrating out the heavy superfields, we get the effective superpotential

m2
W = —%ngﬂ (5.84)

This term, together with the supersymmetry breaking term, Eq.(5.82), leads to the super-
symmetric and non-supersymmetric tadpole contributions of the singlet S. We can then
formally identify the spectator field ® introduced in Eq. (5.78) with

g () ~ —%, (5.85)

where the above expression acquires meaning after decoupling the heavy superfields 77, T8

and performing the above mentioned expansion [202], from which we obtain

. Msusy
g = ==
msusy F o 9 9
(@) = mgusy — —7—0 ~ msysy — mSygy?"- (5.86)

M

Hence, we reproduce the diagrammatic result for the supersymmetry breaking tadpole and
obtain the required values of the coupling and the effective superfield ® vacuum expectation
values in a natural way.

While the interactions of the singlet field S with the Higgs field have the required structure
to obtain alignment, the self interactions of S are not determined in a clear way from our
discussion above. We shall assume that the flavor symmetries forbid a superpotential mass
term for S but allow the presence of a cubic term in S, induced by strong interactions at

the scale M and characterized by the usual k term at low energies.
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Phenomenological Properties

The low energy limit of the model presented above is equivalent to the Zsg invariant NMSSM,
with the addition of tadpole terms that lift the scalar components of the singlet fields to
values larger than the weak scale, implying the suppression of the mixing of the singlet with
the SM Higgs bosons. Moreover, the values of A ensure approximate alignment in the doublet
Higgs sector. The combination of alignment in the doublet Higgs sector with the decoupling
of the singlet scalar fields imply that the observed Higgs boson has approximate Standard
Model-like properties, in agreement with experiments.

This model does not predict the exact value of the non-standard Higgs boson masses,
but the moderate values of tan 8 imply that the production cross section is governed by
top-Yukawa induced processes. Due to the alignment condition, which suppresses the decay
into pairs of weak gauge bosons or SM-like Higgs bosons [135], and the absence of light sin-
glets, the non-standard Higgs bosons decay mostly into fermion states. Therefore, the decay
branching ratio depends on whether the decay into pairs of top-quarks and electroweakinos
is allowed. If top-quark decay is dominant, searches for the heavy Higgs doublets become
difficult due to interference effects with the large top-quark production background [203]-
[204]. Therefore, the only region that is currently constrained is for low values of tan 3 < 2
and values of the heavy Higgs mass below about 350 GeV, where the top-quark decay pro-
cess is absent. The main constraint comes from the decay of the heavy Higgs bosons into
7 pairs [118, 119] which, however, can be efficiently suppressed if the electroweakinos are
light [205].

Regarding the chargino and neutralino sectors, the model provides an acceptable Dark
Matter candidate in terms of the lightest neutralino [40]. Assuming this particle to be either
predominantly Bino or singlino, spin independent direct detection bounds may be efficiently
suppressed provided [176]

my ~ £ sin 20, (5.87)
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where the plus sign corresponds to the singlino case, while the minus sign corresponds to
the Bino case. However, the suppression of the direct detection cross section in the singlino
case relies on the interference between the SM-like and singlet scalar Higgs contributions,
which requires a light scalar singlet. In the case of singlet decoupling, it is difficult to
obtain a small direct detection cross section. However, the Bino case remains viable under
direct detection limits. Moreover, values of the singlino mass close to the Bino mass and
somewhat lower than the Higgsino mass u ensure the obtention of the proper relic density
via co-annihilation of the Bino with the singlino. An acceptable relic density may therefore
be obtained consistently with the condition of avoiding the direct detection bounds in this
model. Using NMSSMTools [139] we have verified that one may indeed obtain approximate
alignment with an acceptable Dark Matter candidate, for instance for tanf ~ 2.5 and
A Mz) ~ 0.69 with values of M = 240 GeV, M4 ~ 400 GeV and p = —300 GeV, k ~ 0.33
and Mg ~ 800 GeV (or equivalently mj ., ~ 600 GeV and my ~1.1 TeV).

A further phenomenological consideration is the charged Higgs contribution to the b — sy
rate. Within a basic Type II 2HDM model, a light charged Higgs on the order of a few
hundred GeV enhances b — s7v rates and therefore becomes constrained by experimental
measurements [150, 151, 206, 207]. However, within supersymmetric theories these flavor
rates also depend strongly on the contributions from other supersymmetric particles; these
include charginos and stops, which can exactly cancel the SM contributions to the b — sv
transition in the limit of exact supersymmetry [152, 154-156]. Furthermore, there are contri-
butions arising from possible flavor violation in the scalar fermion sector; these can be large
corrections arising from gluino-squark loops. This can occur when there is a misalignment
between the bases in which the quark and squark mass matrices are diagonalized [157]. In
light of this, we do not further consider flavor constraints; however, we have confirmed using
NMSSMTools that the models described above can be in agreement with flavor constraints

up to the SUSY contributions included in NMSSMTools.
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5.2.4  Unification of hy and h;

Although it is not directly related to the alignment in the Higgs sector, another intriguing
aspect of the running of the RG evolution from the alignment limit is the unification of
hy, and h; at the GUT scale. Fig. 5.18 shows the values of hy(Mgyr) and hr(Mayr)
obtained by running the weak-scale points in Fig. 5.16 upward to the GUT scale. As expected
from previous work [208]-[209], for such large values of h¢(Mqayr) the values approach the
hy(MayT) = he(Mgyr) line as hy increases. The values of hy approach an infrared fixed
point [210], which is also a feature of top condensate models [211-213], which is a different

realization of compositeness in the Higgs doublet sector.

Unification of h: and hy at Mgyr
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Figure 5.18: Plot of the values of hr(Mgyr) and hy(Mapyr) obtained from running the
weak-scale points shown in Fig. 5.16 up to the GUT scale. The color bar indicates the value
of hi(Mayr), for which larger values push the values of h; and hy, closer to unification at
the GUT scale.

The unification of the bottom and tau Yukawa couplings suggests that the bottom-quark

and 7-lepton share the same representations of the high-energy theory, as would happen in
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an effective SU(5) theory at the GUT scale. However, GUT scenarios tend to encounter a
number of phenomenological issues (see, for example, Refs. [214]-[215]), and an examination
of how one may build a successful grand unification theory with the NMSSM as the low-

energy theory, along with composite Higgs bosons, is beyond the scope of this paper.
gy Vs g p gg ) y P pap

5.2.5 Discussion

The condition of alignment in the Higgs sector allows for the possibility of obtaining a
relatively light Higgs spectrum without being in conflict with the LHC Higgs precision mea-
surements. Quite generally, alignment is not dictated by any symmetry consideration and,
barring the possibility of being an accidental condition, requires a dynamical explanation.
In this article we concentrated on the NMSSM, in which the alignment condition is asso-
ciated with a narrow range of values of the superpotential coupling A, which governs the
interactions of the singlet to doublet Higgs states. For low values of tan § < 3, this range
of values of A leads to the observed value of the Higgs mass without requiring a very large
stop spectrum. Moreover, as shown in this article, the renormalization group evolution of
the coupling A shows that for low energy values which lead to alignment in the Higgs sector,
A tends to become strong at scales of the order of the GUT scale. Furthermore, the top
Yukawa coupling also tends to large values at similar large energy scales.

In this work we interpreted the large values of A\ at the GUT scale as a signal of com-
positeness of the Higgs states. Following this idea, we constructed a Fat Higgs Model with a
compositeness scale that is close to the GUT scale, which leads to the desired Higgs spectrum
and allows for the presence of a tadpole contribution that leads to the natural decoupling
of the singlet scalar states in the low energy theory. This implies that the alignment in
the doublet sector, governed by A, ensures the SM-like properties of the lightest Higgs, as
required by the LHC precision measurements.

In addition to obtaining a Higgs sector which is consistent with current experimental
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constraints, the model also includes a Dark Matter candidate, which is mostly Bino-like
and obtains the correct relic density through coannihilation with light singlinos. Moreover,
for values of the Dark Matter mass close to —pusin2f3, direct detection constraints can be
avoided in the Bino case. All these conditions may be simultaneously satisfied within these
models.

Finally, we stress that the relatively strong values of the top Yukawa coupling lead to the
unification of the bottom and tau Yukawa couplings at the GUT scale. This suggests the
possible embedding of this theory within a GUT scenario, like SU(5), in which the bottom-
quark and tau-lepton share the same multiplets. However, an investigation of such a theory

is reserved for future analyses.
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CHAPTER 6
NEW PHYSICS IN NEUTRINO ACCELERATOR
EXPERIMENTS

Now we turn to the subject of new physics searches within neutrino accelerator experiments.
These experiments detect neutrino interactions with target nuclei, with the neutrino energies
in the few hundred MeV to few GeV range. Within this regime, the kinematics span both
perturbative and non-perturbative regimes, with regions of overlap between different inter-
action processes providing a particular modeling challenge. As such, these experiments must
deal with the systematic uncertainties introduced through cross section modeling. In this
chapter, we examine the impact that such cross section uncertainties have on near detector
new physics searches. This work was performed in collaboration with Shirley Li and Pedro

Machado.

6.1 Background

Near detectors in long-baseline neutrino oscillation experiment are designed to mitigate the
uncertainties from both the neutrino beams and neutrino-nucleus cross sections. Conceptu-

ally, this procedure may seem straightforward:

ngD
dEy /O-ﬁ(EV)

ND '
dN, oolEy)
dEy

where P(vq — vg; E,) is the oscillation probability the experiment is trying to measure, C'
is a constant accounting for detector sizes and distances to the source, the superscripts ND
and FD denote near and far detectors, and dN,, g/dFE, are the event rates of v, g in terms
of true neutrino energy. The differences between oo and og, if @ # 3, could in principle be
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computed theoretically [216]. The oscillation probability can be directly derived from the
unoscillated event rate dN,,/dE), measured at the ND and the oscillated event rate dN 3 JdE,
measured at the FD.

In reality, this “logical division” is not practical because one cannot directly measure neu-
trino energy, the near and far detectors have different systematics, and even the unoscillated
neutrino fluxes are different at the near and far detectors solely due to the different solid

angles. We can appreciate this more concretely by studying the following equation,

Nrp dE,

/dEV A5 P(vq —)V57EV)O-5(EU)Mﬂ (Ey, Ereco)
(Ereco) =C , (6.2)

NND d ND
/ db,——— Ya (EV)MIO\ID (Ev, Ereco)

FD/ND

where Npp /ND encode the reconstructed neutrino event spectra, do, /dE, are the

fluxes at the far and near detectors without oscillation, o, g(Ey) are the total cross sections,
and MF /ND are the migration matrices. The challenge here is that experiments measure
the left-hand side of Eq. (6.2) and they need to infer the oscillation probability P on the
right-hand side. The main difficulty is encoded in the term oq(Ey)Mq(Ey, Freco), where
the reconstruction of the true neutrino energy depends on the details of neutrino-nucleus
interaction, as well as detector responses to different final-state particles. An obvious example
is neutrons, for which both the modeling of neutrons produced by neutrino interactions and
the corresponding detector responses are relevant. Currently, predictions on the number of
outgoing nucleons in a neutrino-nucleus scattering event, as well as their energy and isospin,
differ drastically among generators [217, 218]. In addition, neutron detector responses suffer
from significant uncertainties due to neutron propagation and event reconstruction [219-
221].
Because of these complications, oscillation experiments adopt a near-detector tuning

procedure. Assuming SM physics, one can predict the measured neutrino energy spectrum in
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the ND with an accelerator neutrino beam simulation, an event generator such as GENIE [222],
NuWro [223|, GiBUU [224], or ACHILLES [225] that simulates neutrino-nucleus interaction cross
sections and final states, and a detector simulation predicting the migration matrix. When
the predicted and measured neutrino spectra disagree, one can modify the cross section
simulations until they match. Because of the nature of such calculations and the complexities
of these simulation packages, there is no unique, agreed-upon way to tune the models. One
can vary the model parameters, adopt alternative models, or take a model-agnostic approach
and add more degrees of freedom.

In addition, it is well appreciated that neutrino beams have sizable uncertainties and they
interfere with cross section uncertainties. Different experiments also treat the flux tuning and
the cross section tuning differently. NOvA, for instance, only uses hadronic production data,
in-situ measurements of horn position and current, beam parameters, etc., and MINERvA
neutrino-electron scattering data to tune their flux prediction [226]. T2K, on the other hand,
uses ND neutrino-nucleus scattering data in addition to auxiliary data to tune their flux and
cross section models at the same time [227].

In this work, we follow the tuning procedure outlined by NOvA [228]. The NOVA ex-
periment is a long-baseline experiment comprised of two scintillator detectors (CHsg) placed
along a v, /7, beamline produced by the NuMI facility at Fermilab: a near and a far detector
placed 1 km and 810 km from the beam source, respectively. The 14 kton FD observes the
muon neutrino beam after long-baseline oscillations, intended to measure oscillation param-
eters including Am%Q and 6o3. The smaller 0.3 kton ND is nearly identical to the FD to
minimize systematic uncertainties.

The ND tune procedure is detailed in Ref. [229]. Neutrino interactions with the material
in the ND are first generated using GENIE v2.12.2 with the default models and parame-
ters. Then, the following changes are applied to the GENIE simulation based on auxiliary

theoretical and experimental studies, i.e., NOvA ND data is not used for this step:
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e adjusting the value of axial mass, m 4, from 0.99 to 1.04 GeV, based on recent re-

analysis [230] of neutrino-deuterium scattering data;

e modifying the momentum distributions of the initial nucleons for quasi-elastic scatter-

ing, based on a MINERvVA study [231];

e lowering the magnitude of neutrino-scattering in non-resonance pion production regime

by 57%, motivated by re-analysis of old bubble chamber data [232];

e suppressing delta resonance production in low-Q2 region, motivated by measurements

by MiniBooNE [233], MINOS [234], MINERvVA [235, 236], and T2K [237].

All these changes are to improve the baseline model in GENIE.

After these changes are applied to GENIE, there are still large discrepancies between the
measured neutrino spectrum in NOvA ND and the simulated spectrum. The last step of
NOvA’s ND tune is the crucial step of which we are studying the effect. To understand
how it works, let us first define the kinematics of neutrino interactions, then explain how
kinematic variables are measured in NOvA. Theoretically, an incoming neutrino with energy
E,, produces an outgoing lepton with energy E; and a hadronic system. The four-momentum
transfer is (qg, ¢) with g9 = E, — Ej. In NOvVA, as in any experiment, the neutrino energy
is not directly observable and is instead measured through EJ° = Ej°° 4 ¢°°. For
charged-current interactions, which are the signal channels for oscillation analyses, E; can be
measured relatively well either from the total scintillation light associated with the electron or
muon or from the muon range, i.e., Ej°° ~ Ej. The transferred energy, qp, gets distributed
between kinetic energy for knocked out nucleons, total energy for mesons, and binding energy
of the initial nucleus. The sum of nucleon kinetic energy, T, and meson total energy F,
roughly proportional to the amount of scintillation light detected, is called the hadronic

energy, .4, i-e.,
nucleons mesons

WC~ Epa= > Ti+ Y Ej (6.3)
{ J
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7 Reweighting MEC

Data vs. Default GENIE

Data vs. Tuned GENIE ' 1

0.0 0
00 01 02 03 04 05 06 07 08 09 10
True || (GeVic)

0 01 02 03 04 05 06
Visible E,,., (GeV)

0 01 02 03 04 05 06
Visible E, ., (GeV)

Figure 6.1: Schematic illustration of NOvA’s tuning. On the left, we show the NOvA data
versus the output of default GENIE 2.12.2 (colored histograms). The tuning happens in two
steps, first, a few adjustments to GENIE are made, such as redefining m 4, and then the
meson-exchange current (MEC) component of the cross section is reweighted to data (see
text for details). The result is the plot on the right, where the output of tuned GENIE matches
the data well. Details have been omitted for clarity. Source: Ref. [229].

We include a 30% smearing on Ej,q, which roughly accounts for NOvA’s detector response.
Lastly, NOvA tune uses the reconstructed three-momentum transfer, |7°|? = 2(Epaq +
Ey)(Ey + pucosty) — mi + E}21ad7 where E,, py, 0, are the energy, momentum, and the
angle with respect to the beam of the muon, for v, charged-current events. After all the
modifications to GENIE described above, in the NOvA ND tune, one then compares the
simulated event distribution to the measured one in the 2D plane of reconstructed variables
(1g*¢°°], qf°°) with 20 bins in [¢"®“°| and 16 bins in ¢{°®°. With the assumption that all the
discrepancies between the simulated and measured distributions are due to mis-modeling
of the meson-exchange current (MEC), one multiplies the MEC event rate predicted by
GENIE in every bin by a weight, i.e., “tune,” such that the tuned prediction matches the
measurement. The total number of free parameters in this tuning is 200. See Fig. 6.1 for a

schematic illustration.

6.2 Sterile neutrinos

To estimate the impact of the tuning procedure on BSM searches, we choose to study two

illustrative models: eV-scale sterile neutrinos [238] and light neutrinophilic scalars [239].
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The reason for choosing these two models is their different experimental signatures. In
this section, we start with sterile neutrinos with masses around the eV scale, for which
oscillations of active neutrinos to sterile neutrinos will look like wiggles in the ND neutrino

energy spectrum.

6.2.1 Model description

As discussed in Section 3.3, short baseline oscillations may be approximated by

_ Am?, L
P(vg — VB) = 5045 - 4|Ua4|2(5a6 - |Uﬁ4|2) sin? ( 4E41 ) ) (6.4)
14
where U,,; denotes the extended 4 x4 PMNS matrix, Am?u = mi—m%, and FE), is the neutrino
energy. Explaining the LSND and MiniBooNE anomalies requires v, — v, transitions, and
thus a nonzero Ugq and Uj4. This, in turn, implies short baseline v, and v, disappearance.

Here, we are interested in the v, disappearance channel at NOvA ND for which

Am3, L
Plvy —vy) ~1— sin’ 20, sin’ ( Zbgl > : (6.5)
1%

where we have defined the effective v, disappearance angle sin® 26, = 4|U, u4|2(1 - U M4’2)'
Oscillations in NOvA ND, located about 1 km from the beam target, are depicted for il-
lustrative oscillation parameters in Fig. 6.2. Clearly, a sterile neutrino could induce an
oscillatory pattern in NOvA’s neutrino spectrum at the ND. The question we want to ask is
how much of this oscillatory pattern will be affected by NOvA’s tuning procedure, and what

the corresponding impact is on NOvA'’s sensitivity to sterile neutrinos.
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Figure 6.2: Oscillation probability in the v, disappearance channel for illustrative sterile neu-
trino oscillation parameters as a function of the true neutrino energy F, (blue line). We also
show the shape of the NOvA v, flux in neutrino mode for reference (gray histogram) [240].

6.2.2 Analysis

Let us start with the general approach used to perform analyses in this work. To mimic a
sterile neutrino search in NOvA, we first use an event generator G to generate mock data
for both ND and FD that contain a sterile neutrino signal. We then use either the same
or a different event generator G’ to tune a SM event set to the mock data in the ND. The
idea behind using a different generator to fit the mock data is to account for possible mis-
modeling of neutrino-nucleus scattering. Lastly, we do a chi-square analysis using the mock
data and the tuned generator G’ to see if we can recover the sterile signals and to examine
how the sensitivity changes because of the tuning.

More concretely, we use the GENIE v2.12.2 event generator to produce mock data. We
produce a set of v-carbon charged current events and reweight them according to the NOvA
flux and the oscillation probability P(v, — v) at the ND. We account for the varying decay
lengths of the pions in the decay pipe. Following Ref. [241], we take a random oscillation
length L from an exponential distribution that has a maximum at L = 1 km and extends to
L = 0.3 km. The reconstructed neutrino energy is obtained following the procedure discussed

reco reco

in Sec. 6.1: B = E, + q°°°, where ¢;°® is the hadronic energy Ej,q smeared by 30%.
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To fit the data, we study several cases. We use either GENIE v2.12.2 or NuWiro v19.02.2 1
to generate the SM spectra, reweighting the events as above. We fit mock data both with
and without performing the tuning procedure to understand the extent of the impact of
the tuning, especially its interplay with cross section mis-modeling, on the experimental
sensitivity.

For the tuning, we follow NOvA’s procedure as discussed in Sec. 6.1; however, because
we are working with two sets of simulated events, we perform the tune entirely in the true
(141, o) plane. When considering sterile neutrinos in the fit generator G’, one could either
first reweight according to the oscillation probability and then tune, or the other way around.
Performing the analysis by first reweighting ensures us that when we use the same generator
for both mock data and fit model, and we compare the same parameters for sterile neutrinos,
the tuning does not make any changes to the generated events because, by design, the mock
data and the fit generator predict the same ND spectra.

To appreciate the impact of the tuning, we present Fig. 6.3. In the left panel, we compare
the mock data (black points) against the fit spectra using GENIE without (blue) and with (red)
tuning. Mock data was generated with a sterile neutrino signal, assuming Am?ﬂ = 5 eV?
and sin? 20, = 0.2, while the fit spectra have no sterile signal. The top panel shows the
spectra and the bottom panel shows the ratios of the data to fit spectra. The blue lines
reflect the situation that one would intuitively expect in a sterile neutrino analysis. In the
top panel, we see that the data rate is lower than the SM rate because of the existence
of a sterile neutrino; in the bottom panel, the blue line shows the characteristic oscillatory
feature of a sterile neutrino signal. The wiggles look slightly different from Fig. 6.2 due to
energy and baseline smearing. The red lines, meanwhile, illustrate the effect of tuning. The
top panel shows that the tuning does not “fix” all the discrepancies between the fit generator

prediction and the data. This might be surprising because the tuning has many degrees of

1. For the MEC component, GENIE adopts the so-called “Empirical MEC” or “Dytman” model [242], while
NuWro uses the “Nieves” model [243].
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freedom; however, the tuning is performed in the (¢, qg) plane, and these observables do not
correlate with E, in a straightforward way. In fact, the red line in the bottom panel shows
that if our modeling of the SM neutrino-carbon interactions is perfect (when we use GENIE
to model both the data and the fit spectra), the tuning almost perfectly preserves the sterile
neutrino feature.

The right panel of Fig. 6.3 shows the same mock data but with the fit generator being
NuWro. This is a more realistic situation, where our modeling of neutrino-carbon interactions,
i.e., by the fit generator NuWro, is different from the true interactions, i.e., by the mock data
generator GENIE. To mimic the situation in NOvA ND, in which the pre-tune model (NuWro)
predicts fewer overall events than the data (GENIE), we rescale the model weights relative
to the data by an overall factor of 0.9. For reference, we plot in the bottom panel the ratio
between SM GENIE and SM NuWro spectra (grey dashed line). We can see from the red and
blue lines in the bottom panel that some oscillatory features are still present in the ratio
between mock data and fits, but less prominent than in the left panel. This can be partially
attributed to the intrinsic differences between baseline generators, without the presence of
any new physics, which can be seen in the grey dashed line. We can already see that this
may cause a bias in the experimental sensitivity to sterile neutrinos.

To estimate NOvA’s sensitivity, we build a covariance matrix, accounting for the fol-
lowing systematics: 20% overall normalization, 4% normalization of ND relative to FD, 2%
correlated near-to-far spectral uncertainty (bin-by-bin), and fully uncorrelated 2% bin-to-bin
uncertainty on both near and far detectors. Our covariance matrix is meant to capture the
general features of NOvA'’s sensitivity, and not to reproduce precisely the experimental re-
sults. The sensitivity is estimated by a chi-square function x> = (D—F)-C~1-(D—F), where
D and F are the data and fit spectra, and C' is the covariance matrix including statistical
uncertainties.

We perform a sensitivity analysis for the tuned and untuned case after adding a sterile
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Figure 6.3: ND distributions of E1° for sterile data and SM expectation for Amil =5 eV?
and sin2(20w) = 0.2. In the left panel, the data and model are both generated using GENIE;
in the right panel, the model is generated using NuWro. The top panel shows a histogram of
events for the SM (blue), mock data (black points), and tuned SM (red) at the ND, while
the lower panel shows the ratio ND data / ND SM for both the tuned (red) and untuned
(blue) SM expectation.

neutrino signal with sin? 204, = 0.1 and two choices of mass splittings, Am?ﬂ = 5.0 V2
and 2.0 ¢VZ2, as shown in the left and right panels of Fig. 6.4. Again, we generate the mock
data with GENIE and estimate the sensitivities for four cases: GENIE without tuning (shaded
region), GENIE with tuning (thin line), NuWro without tuning (blue), and NuWro with tuning
(red). Let us start with the left panel. The grey shaded region indicates an ideal analysis,
where our fit generator and the data generator are the same, and there is no tuning. In
this case, we recover the true input parameter, and the systematic uncertainties determine
the region size. Note that because the FD has very few events, it contributes very little
to the x2, and the grey region would look almost the same if we did a ND-only analysis.
We also show the impact of the tuning procedure if one had the correct model of neutrino-
carbon interaction (thin line). We can see that tuning indeed enlarges the region slightly,
but the changes are small. The blue region shows that when we mis-model neutrino-carbon
interaction and we do not tune our generator, we would still identify a sterile neutrino signal,

but the fit parameters would be biased by more than 20. Lastly, the red region shows that if
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Figure 6.4: Sensitivities to sterile neutrinos for different choices of event generators and
tuning, assuming sterile neutrino parameters sin? 20, = 0.1 and Am?ﬂ =5 V2 (left panel)
and Am?3; = 2 eV? (right panel).

we adopt the ND tuning, we improve the accuracy of the fitted parameters. This could seem
to indicate that the tuning procedure makes the sensitivity more robust to mis-modeling.
The right panel of Fig. 6.4 tells a different story. With just a different Amil, we see
that neither the untuned nor the tuned regions include the real input values at 20. The
untuned region is consistent with no sterile neutrinos, and the tuned region prefers large
mixing angles. This illustrates that cross section mis-modeling can significantly bias the

experimental sensitivities and that the tuning procedure does not fix this issue.

6.3 Light neutrinophilic scalars

The second scenario we analyze is the light neutrinophilic scalar model proposed in Refs. [239,
244]. Tts experimental signature consists of an excess of missing transverse momentum. This
is a good example of a class of models in which the experimental signature depends on certain
aspects of the interaction kinematics on an event-by-event basis. The correlations between
these kinematic variables and the tuning variables gy and |g] can be nontrivial. By studying

a representative signature, we hope to uncover common lessons for these kinematic searches.
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6.3.1 Model description

Light neutrinophilic scalars could mediate interactions between neutrinos and dark matter
candidates. These scalars would couple to neutrinos via the effective operator,
(LoH)(LgH) 1
0= 20 B he — 5Aagrarsd +hc. (6.6)

2
Aaﬁ

where ¢ is the neutrinophilic scalar itself; H and L, are the Higgs and lepton doublets;
o, = e, pu,7; Ay is the scale of the dimension-6 operator; A\,g = UQ/A?IB is an effective
coupling between the ¢ and neutrinos after electroweak symmetry breaking; and lastly,
v = 246 GeV is the Higgs vacuum expectation value. A sum over flavor indices is implicit.
In addition to this neutrino interaction term, ¢ could also couple to dark matter, so it serves
as a portal between neutrinos and the dark sector.

In this scenario, when a neutrino scatters via charged current interactions, it may radiate
a ¢, which would either leave the detector or decay invisibly to neutrinos or dark matter,
thus constituting missing momentum. From Eq. (6.6), we note that ¢ carries lepton number;
thus, when emitted, ¢ changes a neutrino to an antineutrino and vice versa. We depict the
Feynman diagram inducing this transition in Fig. 6.5. Note that we have not been very
explicit on the hadronic current, as the neutrino may scatter on nucleons, quarks, and even

two-body currents. This signature has been named the mono-neutrino signal, in tandem

with collider mono-X searches [245].

The typical experimental signature of this scenario will be an excess of missing trans-
verse momentum, pT’ compared to usual neutrino scattering events. The missing transverse
momentum is defined as the magnitude of the sum of the transverse momenta of the visible

particles,
]ﬁT = Z(ﬁT)l : (6‘7)
i,vis
While the ¢ emission will necessarily lead to a missing momentum, standard neutrino-nucleus
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p, 1, ...

Figure 6.5: Feynman diagram relevant to the mono-neutrino signal. Note that the hadronic
current can go beyond nucleon level (e.g. two-body currents, deep inelastic scattering), so
we leave it general.

interactions could also display relatively large missing transverse momenta. There are three
main reasons for that. If a neutrino interacts with a nucleon inside a nucleus, the struck
nucleon is not at rest due to Fermi motion. The Fermi momentum is typically of the order of
250 MeV or so, leading to an unavoidable spectrum of Pr- Moreover, neutrinos scatter with
particles inside a dense nuclear medium. As particles propagate throughout the nucleus,
secondary scatterings may occur, referred to as final state interactions. This effect is fairly
common and may lead to large p,.. Lastly, outgoing hadrons, particularly neutrons, could

escape detection and thus lead to p..

6.3.2 Analysis

To simulate a set of mono-neutrino events, we use MadGraph5 [246] to generate 7, +n —
1~ + ¢ + p events, treating the proton and neutron as elementary particles. Although this
neglects Fermi motion and final state interactions, the emission of a ¢ dominates the missing
transverse momentum distribution. We choose to work with an antineutrino beam because
the final-state protons are visible and can be used to reduce SM backgrounds, as we will
discuss later. We generate events at fixed neutrino energies, then weight the events by
the convolution of the mono-neutrino cross section and the NOvA antineutrino flux at the
given energy for each event. In this analysis, we use NuWro to simulate SM interactions,
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which accounts for Fermi motion and final state interactions. Here we treat neutrons as
missing energy and include a 30% smearing on hadronic momenta. Mock data is obtained
by combining the signal and background events, producing a simulated expected missing
momentum spectrum at the ND for this model. To account for mis-modeling of neutrino-
nucleus interactions, we use GENIE to simulate our SM fit background.

In the left panel of Fig. 6.6, we show the missing momentum spectra for the mock data
background (black points), the fit model (blue), and the mono-neutrino signal (red) for
coupling Ay, = 0.5 and scalar mass mgy = 0.5 GeV. As we can see, the mono-neutrino signal
is more than two orders of magnitude below the background. This is partially due to the
multiplicity of the final states of the signal. The extra phase space factor of three- compared
to two-body final states leads to a suppression of about two orders of magnitude on the
cross section. This low signal rate forces us to impose experimental cuts to improve the
signal-to-background ratio.

In antineutrino mode, the signal events are given by v;, + n — u~ + ¢ + p. The visible
final states in the detector are the muon and the proton. In contrast, we can think of the
background events naively as given by v, + p — T +n. The presence of a neutron could
lead to large p., which would mimic the signal. While neutrons are hard to reconstruct,
those above 100 MeV are likely to have hard interactions with nuclear matter, leading to
hadronic activity that allows us to identify its presence. Given this, we cut events with
neutrons above 100 MeV. 2 Moreover, we only select events with exactly one visible proton,
that is, protons with kinetic energy above 100 MeV, and no pions at all. We include a 30%
smearing on hadronic momenta.

The result of these cuts can be seen in the right panel of Fig. 6.6. While the signal-to-

background ratio has improved considerably, a new issue arises: the background-only mock

2. This is consistent with setting all the neutron energy as missing energy. We assume that, even though
NOvVA can identify the presence of a neutron above 100 MeV, they cannot reconstruct its energy, and therefore
its energy still goes to missing energy.
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Figure 6.6: Missing pp distributions before (left) and after (right) cuts. Mock SM data
(black points) was generated with NuWro, while GENIE was used as fit model (blue). The
mono-neutrino signal is given in red. In the right panel we also show the predicted pp spectra
for tuned fit model when the tuning is performed before cuts (gray) or after cuts (black).

data is significantly different from the fit model (blue). Under further consideration, this
should not be surprising because the more exclusive we look at cross section predictions, the
larger the expected theoretical uncertainties and discrepancies. To understand the extent
to which this large discrepancy could be addressed by ND tuning, we perform the tuning
before (gray) and after (black) experimental cuts. We can clearly see that neither options
can reproduce the mock data spectrum. But, more importantly, the tuned spectra depend
strongly on the cuts used, so even if a tune is performed with one event sample and measured
with another, this dependence may introduce biases in the experimental analyses. On top
of that, the differences between tuned model and data are larger than the signal rate itself.

This large discrepancy between mock data and tuned fit model already shows us that the
mis-modeling of neutrino-nucleus interactions may render an experiment completely unable
to probe certain BSM physics scenarios. Regardless, we can perform a statistical analysis of
the experimental sensitivity to appreciate quantitatively how relevant cross section modeling
is to this BSM search. We perform the analysis by employing a similar covariance matrix to
that built in the previous section, but excluding the FD data, and with the uncertainties now

applicable to bins of pj.. For systematics we take an overall normalization uncertainty of 20%
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Figure 6.7: Sensitivity for a mono-neutrino signal with Ay, = 0.5 and mg = 0.5 GeV for
different choices of event generators and tuning. Because the 20 tuned region is not visible
on the figure, we show the 50 region (in the lower left corner).

and a bin-to-bin uncorrelated uncertainty of 5%; our chi-square is x> = (D—F)-C~1.(D—F),
where D and F' are the data and fit model binned in Pr- While this is not a realistic treatment
of experimental sensitivity to missing momentum signals, it suffices for our purposes.

Figure 6.7 shows our results, assuming the presence of a mono-neutrino signal with cou-
pling Ay = 0.5 and my = 0.5 GeV. In grey, we present the allowed region when using the
same generator for the signal and the fit model, which would correspond to the case of perfect
modeling of neutrino-nucleus interactions. We also show the allowed region for data and fit
model using different generators, which would correspond to cross section mis-modeling. We
see that without tuning (blue), the fit prefers no new physics, as the allowed region includes
Aup = 0. In fact, the fit excludes the true parameter point at more than 5. With tuning
(red), the results actually get worse, as the fit strongly prefers no new physics. We can
conclude that the discrepancy between mock data and the tuned fit model dominates the
experimental sensitivity.

This shows that while near detectors have the potential to probe new physics, without
proper modeling of neutrino-nucleus interactions, we may lose this potential. Tuning is not

the solution.
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6.4 Discussion

In this work, we have estimated the impact of the ND neutrino-nucleus cross section tuning
procedure on BSM signatures at neutrino experiments. To perform a realistic study, we
follow very closely the NOvA collaboration tuning procedure, and we simulate neutrino
scattering events with state-of-the-art event generators GENIE and NuWro. We study two
illustrative BSM scenarios: eV-scale sterile neutrinos, which would manifest via wiggles in
the vy, survival oscillation probability; and neutrinophilic scalars, which could be emitted
by neutrinos in charged current interactions leading to large amounts of missing transverse
momentum.

Our results show that the interplay between cross section mis-modeling, ND tuning, and
sensitivity to new physics is far from trivial. Concretely, the wiggles in the ND neutrino en-
ergy spectrum induced by eV-scale sterile neutrino oscillations largely remain after tuning.
That is, the tuning of the neutrino-nucleus cross section cannot mimic sterile neutrino sig-
natures. Nevertheless, mis-modeling neutrino-nucleus interactions can lead to discrepancies
between theory and data that may introduce a bias on the experimental sensitivity.

The situation for neutrinophilic scalars is quite different. First, the beyond standard
model signature is significantly lower than the standard model background. This forces us
to impose experimental cuts to improve the signal-to-background ratio. In doing so, we go
to regions of parameter space in which the background is suppressed but most of the signal
remains; however, in these regions the tuning of the fit model is inefficient at reproducing
the data, leading to large discrepancies between data and theory. We have seen that for
the case of neutrinophilic scalars, this discrepancy dominates the experimental sensitivity,
rendering it unrealistic.

In both BSM scenarios studied here, the mis-modeling of neutrino-nucleus interactions
can lead to significant biases on the experimental sensitivity, regardless of the tuning proce-

dure. One may wonder if this is a widespread issue in BSM searches at neutrino experiments,
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such as T2K, HK, and DUNE. It is reasonable to presume that a tuning based on the cor-
rect physics would be able to resolve mis-modeling; however, ad hoc tunings will most likely
fail to capture the correct physics of neutrino-nucleus interactions, e.g. by lacking impor-
tant correlations or by being arbitrarily limited to specific processes. Without the correct
physics, a tuning will only be able to reproduce experimental data by chance. Agreement
between an ad hoc tuning and data in one observable does not necessarily imply that any
other observable will be well described by the tuning, as can be seen for instance in recent
MINERvVA analyses [247|. It should therefore not come as a surprise that a tuning that is
not correlated with a BSM signature and thus does not wash it out is also not capable of
addressing mis-modeling.

One may think that practically, a conservative approach would be to assign a large
systematic error that includes the possibility that there is indeed gross mis-modeling of the
cross sections. However, this does not change the fact that significant cross section mis-
modeling and therefore large systematic errors would render the ND blind to new physics.
Our findings reveal the importance of properly accounting for the tuning procedure, as well
as properly estimating cross section uncertainties for BSM searches. This will be even more

relevant for the future experiments HK and DUNE due to their high statistics.

144



CHAPTER 7
THEORETICAL BOUNDS ON THE GENERAL 2HDM

We now move to an examination of theoretical bounds on general 2HDMs. As we have seen
previously, two Higgs doublet models may differ in the mechanism of generation of fermion
masses. If both Higgs doublets couple to fermions of a given charge, their couplings will
be associated to two different, complex sets of Yukawa couplings, which would form two
different matrices in flavor space. The fermion mass matrices would be the sum of these,
each multiplied by the corresponding Higgs vacuum expectation value. So diagonalization
of the fermion mass matrices does not lead to the diagonalization of the fermion Yukawa
matrices. Such theories are then associated with large flavor violating couplings of the Higgs
bosons at low energies—a situation which is experimentally strongly disfavored. Hence, it
is usually assumed that each charged fermion species couples only to one of the two Higgs
doublets. In most works related to 2HDM, this is accomplished by implementing a suitable
Zg symmetry. The different possible charge assignments for this Zo symmetry then fix the
Higgs—fermion coupling choices and define different types of 2HDMs.

This Z9 symmetry not only fixes the Higgs—fermion couplings but also forbids certain
terms in the Higgs potential that are far less problematic with respect to flavor violation.
As a starting point for an investigation of the phenomenological implications of these terms,
we will in this work discuss the theoretical bounds on the boson sector of the theory (with-
out any need to specify the nature of the Higgs-fermion couplings). We will concentrate on
the constraints that come from the perturbative unitarity of the theory, the stability of the
physical vacuum, and the requirement that the effective potential is bounded from below.
Existing works [37, 248-260] focus either on the Zo-symmetric case or only provide a nu-
merical procedure to test these constraints in the general 2HDM (see Ref. [261] for a recent
work on analytic conditions for boundedness-from-below). We will go beyond current studies

by deriving analytic bounds that apply to the most general, renormalizable realization of
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2HDMs. Our conditions will be given in terms of the mass parameters and dimensionless
couplings of the 2HDM tree-level potential. At the quantum level, however, these parame-
ters are scale dependent; although we will refrain from doing so here, one can apply these
conditions at arbitrarily high energy scales by using the renormalization group evolution of
these parameters.

The following chapter is organized as follows. Section 7.1 reviews three theorems from
linear algebra which will allow us to derive analytic bounds in the coming sections. In
Section 7.2, we concentrate on the requirement of perturbative unitarity. Section 7.3 presents
the bounds coming from the requirement that the tree-level potential be bounded from below.
In Section 7.4, we discuss the vacuum stability. Finally, we reserve Section 7.5 for a brief
analysis of the phenomenological implications, focusing on CP violation. This work was
performed in collaboration with Henning Bahl, Marcela Carena, Aurora Ireland, and Carlos

Wagner.

7.1 Methods for bounding matrix eigenvalues

In this work, much of the analysis of perturbative unitarity and vacuum stability involves
placing bounds on matrix eigenvalues. In the most general 2HDM, analytic expressions for
these constraints are either very complicated or simply cannot be formulated. To obtain
some analytic insight, we derive conditions which are either necessary or sufficient. Their

derivation is based on three linear algebra theorems which we briefly review here.

7.1.1 Frobenius norm

One may derive a bound on the magnitude of the eigenvalues of a matrix using the matrix

norm. The following definition and theorem are needed:
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Theorem: The magnitude of the eigenvalues e; of a square matrixz A are bounded from above

by the matriz norm: |e;| < ||A]l.
where a matrix norm is defined as:

Definition: Given two m xn matrices A and B, the matriz norm ||Al| satisfies the following

properties:
e [[A]l =0,
o ||[Al| =0 A=0mpn,
o |leAll = [all[All,
o ||[A+ Bl < [[A[l +|B]].

The above theorem holds for any choice of matrix norm, and thus one may employ the

Frobenius norm [262], ||A|| = y/Tr(AfA), to find the following result:

le;| < 4/ Tr(ATA) (7.1)

This bound on the eigenvalues will be used to derive sufficient bounds in the following

sections.

7.1.2  Gershgorin disk theorem

We will use the Gershgorin disk theorem [263] in upcoming sections to derive sufficient con-
ditions for perturbative unitarity and vacuum stability of the 2HDM potential. The theorem
is typically used to constrain the spectra of complex square matrices. The basic idea is that
one identifies each of the diagonal elements with a point in the complex plane and then con-

structs a disk around this central point, with the radius given by the sum of the magnitudes
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of the other n — 1 entries of the corresponding row.! The theorem says that all eigenvalues
must lie within the union of these disks. Formally, we have the following definition and

theorem:

Definition: Let A be a complex n X n matriz with entries a;j, and let R; be the sum of the
magnitudes of the non-diagonal entries of the ith row, R; = Zj;ﬁi |aj;|. Then the Gershgorin
disk D(a;;, R;) is defined as the closed disk in the complex plane centered on a;; with radius

R;.

Theorem: FEvery eigenvalue of A lies within at least one such Gershgorin disk D(a;;, R;).
This theorem can be used to derive an upper bound on the magnitude of the eigenvalues of a
matrix. We will use this technique below when discussing perturbative unitarity and vacuum
stability. Since all the matrices we will consider in the subsequent sections on perturbative
unitarity and boundedness from below are Hermitian matrices, each eigenvalue will lie within
the intervals formed by the intersection of the Gershgorin disks with the real axis.

We shall proceed in the following manner: We will first construct the intervals containing
the eigenvalues of each matrix A. For each interval, the rightmost and leftmost endpoints

x;t will be given by the sum and difference, respectively, of the center and the radius,

$;t =a;; £ R;, with R; = Z |am\ . (72)
JFi

We then identify which x;t extends furthest in the positive or negative direction. We know

that every eigenvalue e; must lie within the endpoints of the largest possible total interval,

min(z; ) <ep < max(:v;') . (7.3)

1. One can also construct the radius by summing the magnitudes of the n — 1 column entries.
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This may be rephrased into an upper bound on |e;.| as:

leg| < max; Z laijl | (7.4)

J
where the left-hand side of Eq. 7.4 represents the absolute value of any given eigenvalue
ej, and the right-hand side represents the maximum value of }_; |a;;| over all rows i of the
matrix A. In fact, this condensed statement of Gershgorin circle theorem is an application

of the matrix norm theorem, employing the norm [|A|[ = max; (3 [a;;]).

7.1.3  Principal minors

In order to derive necessary conditions, one may employ Sylvester’s criterion in a clever way,
as proposed in Ref. [264]|. Sylvester’s criterion involves the principal minors D;. of a matrix,
where D;. is the determinant of the upper-left k x k& sub-matrix. The statement of Sylvester’s

criterion is the following:

Theorem: Let M be a Hermitian n X n matriz. M is positive definite if and only if all of

the principal minors Dy.(M) are positive.
We further need the following result about Hermitian matrices:

Theorem: Let M be a Hermitian matriz. Then M is positive definite if and only if all of

its eigenvalues are positive.

One can apply this to derive an upper bound on the eigenvalues of a diagonalizable ma-

trix in the following way:
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Theorem: Let M be an n x n diagonalizable, Hermitian (symmetric) matriz and let ¢ be
a positive real number. The eigenvalues e; of M are bounded as |e;| < ¢ if and only if all

principal minors Dy (cl — M) and Dy (c1 + M) are positive for all k = 1...n.

To see this, consider applying a unitary transformation which diagonalizes M to the matrix
cl + diag(M). Then for symmetric or Hermitian matrices, the statement that ¢l + M is
positive definite becomes a statement on the relative values of e¢; and c¢. In this manner,
the application of Sylvester’s criterion to these specific matrices allows one to put an upper
bound on the magnitude of the eigenvalues without diagonalizing the matrix M. Note that
for the absolute value |e;| to be bounded by ¢, we require the use of both ¢l + M matrices.
On the other hand, if one has only an upper bound on e;, i.e. e; < ¢, as we will have in the
case of vacuum stability, then one only requires the principal minors of the matrix ¢l — M
to be positive.

We note that the use specifically of the upper-left sub-matrices in Sylvester’s criterion
is an arbitrary choice, and basis-dependent. One could instead consider the lower-right
sub-matrices, or any matrices along the diagonal. As such, it is possible to derive further
conditions using this criteria by further considering, for example, the upper-left, lower-right,
and central 2 x 2 sub-matrices of a 4 x 4 matrix. We will do so in later analyses to strengthen
the lower-k bounds.

This use of sub-determinants has been proposed in Ref. [264] as a method to increase
the efficiency of parameter scans in models with large scattering matrices. For such theories
(e.g. the model with N Higgs doublets, NHDM, considered in Ref. [264] for higher N), the
numerical calculation of the scattering matrix eigenvalues is computationally expensive. We
note that the use of the Gershgorin disk theorem proposed in Section 7.1.2 provides an

additional complementary method to speed-up parameter scans.
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7.2 Perturbative Unitarity

Tree-level constraints for perturbative unitarity in the most general 2HDM have already been
investigated in the literature [252, 257, 265|. However, for a non-zero Ag and A7, no exact
analytic conditions have been obtained yet. Here, we will first review the existing literature

and then derive analytic expressions for the case of non-vanishing Ag and 7.

7.2.1  Numerical bound

Perturbative unitarity is usually imposed by demanding that the eigenvalues e; of the scalar
scattering matrix at high energy be less than the unitarity limit, |e;| < 87. Thus to derive
the constraints on the quartic couplings, one must construct the scattering matrix for all
physical scalar states.

We are interested in all processes AB — CD, where the fields A...D represent any
combination of the physical scalars (Hy, Ho, H3, H + WLi, Z1). The interactions and hence
S-matrix take a complicated form in terms of the physical states. However since we are
only interested in the eigenvalues of the S-matrix, we may choose any basis related to the
physical basis by a unitary transformation. The derivation is simplest in the basis of the

original Higgs fields (wii, h;, z;), appearing as

wi

®i=1 ' , (7.5)
7§<Ui + h; + z'zi)

with v = /> ; v7 = 246 GeV.

Out of these fields, we can construct 14 neutral two-body states: |wi+w;), \/Li |zi2i),

1 - - .
7 |hihi), |hizi), |wILw2 ) |w;w1 ), [2122), |h1ha), |z1ho), and |hi29). By constructing states
which are linear combinations with definite hypercharge and total weak isospin, denoted by

(Y, I), and grouping the ones with the same set of quantum numbers, the matrix of S-wave
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amplitudes a( takes a block diagonal form (for more details see Refs. [252, 257, 265|). For

the neutral scattering channels, this is:

X(0,0)

X0

1) , (7.6)
X(1,1)

X(1,1)

where the subscript of each submatrix denotes the quantum numbers (Y, ) of the corre-

sponding states. The entries are:

X(0,0) =

X(01) =

X =

)

3\
23 + M\
36
36

A5

203 + M\ 36 3N

3\ 37 3% | (77
3N A3+2\ 3X
3\7 35 A342)\

Y

AT (7.7h)

A3 Al

A5 A3

A5 V2

PYREERVOD V- (7.7¢)

V2N, V2Mr A3+ M

For the 8 singly-charged two-body states |wi+zi), |wZ7LhZ'>, lwy 29), [wi he), |wy 1), [wy 1),
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the block diagonal 8x8 singly-charged S-matrix is given by:

X(1,1)

where the new entry X (1,0) is just the one-dimensional eigenvalue:

Finally, the 3x3 S-matrix for the three doubly-charged 2-body states |w;'w1+>, |wf‘w; ) is
given by:

1
oSt = —X(11)- (7.10)

We impose perturbative unitarity by demanding that the eigenvalues of the scattering matrix
are smaller than 87 implying that |ag| < % Indeed, the eigenvalues of the submatrices X (0,0)

X(071)’ X(l,O)’ and X(1,1)7 which we denote as e;, must all satisfy
lej| < 8. (7.11)

Obtaining analytic expressions for the eigenvalues requires solving cubic and quartic equa-
tions, and the result is complicated and not very useful. Given a choice of input parameters,
however, it is easy to check this condition numerically.

Assuming all \; 7 to be equal, the strongest constraint arises from the 4x4 matrix Xgj.

If we set all \; = A and solve for the eigenvalues, we find the bound:

2
A< Eﬁ (7.12)

This value is an order of magnitude smaller than 87, implying that if all quartic couplings are

153



1.01 —,
|/\i‘ < Atnax
0.8 1

0.6 1

0.4+

Fraction of unitary points

0.2 .
%

0.0 1

Amax (N7T)

Figure 7.1: Plot showing the fraction of points that pass the unitarity bound |e;| < 87 for
different choices of A4z, in units of multiples of w. The values of the \; are each chosen
randomly such that |\;| < A\jpaz. We test 20,000 random sets of A; for each A\pqz.

sizable (i.e. of O(1)), perturbative unitarity may be lost even at values of the couplings much
smaller than 47, which is a bound often encountered in the literature to ensure perturbativity.

We investigate the validity of such an upper bound further in Fig. 7.1. For this figure,
we randomly choose each \; within the range |\;| < Amax and then show the fraction of test
points which pass the numerical unitarity constraint, as a function of Apax. For Apax S o
almost all points survive the perturbative unitarity constraint. For larger A\pax values the
survival rate quickly drops to almost zero for Apax = 4m. This highlights again that the

simplified perturbativity bound of |\;| < 47, which is often encountered in the literature, is

too loose. Based on the results in Fig. 7.1, a better choice of bound might be |)\;| < 7 or

|| < 37/2.

7.2.2 A necessary condition for perturbative unitarity

To gain some intuition for the perturbative unitarity constraint, we now turn to derive

some simplified analytic conditions which are either necessary or sufficient, though not both.
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In this section we will focus on the former, which can be used to quickly rule out invalid
parameter sets which violate perturbative unitarity. One can derive necessary conditions
by invoking the method of principal minors, which is reviewed in Section 7.1.3 and can be
used to give an upper bound on the maximal value of the eigenvalues of a Hermitian matrix.
Since the scattering matrices are Hermitian, demanding the eigenvalues to be bounded as

le;| < 8, as required by perturbative unitarity, amounts to requiring:
D (871 + X) >0 and Dy(871 — X) > 0, (7.13)

for k = 1,2, 3,4. Since satisfying both criteria for all £ = 1,2, 3,4 is a necessary and sufficient
condition, any single k condition provides a necessary condition.

Since the eigenvalues of X (0,0) are generically the largest and therefore the most con-
straining, we will focus on bounds coming from this matrix. We begin with the upper left

2 x 2 submatrices. Taking the determinant, we have:
Dy(87l+ X)) >0 = 647 + 24m(A1 + do) +9A o — (A3 + M)* >0, (7.14a)

DY (871 — X(gg)) >0 = 6477 — 24m(A + M) + 9\ dg — (2A3+ Ag)® > 0. (7.14b)

Clearly the latter constraint coming from D2L (871 — X)) will be the stronger of the two,
since A1, Ao > 0 if boundedness from below is imposed. Thus the necessary k£ = 2 condition
reduces to Eq. (7.14b). We also examine the constraints that arise from using the lower-right
and center 2 x 2 sub-matrices, as proposed in Section 7.1.3. The analytic conditions from

the lower-right D and center DY sub-matrices are, respectively,

D (871 — X(g.)) = 6477 + (A3 — 16m)A3 + (4(\3 + \g) — 32m) A4 — 9[5> >0, (7.15a)

DY (871 — X(g.)) = 6477 — 8(Ag + 3Ag + 204) + BA3hg + 6AgAg — 9 A7[> > 0. (7.15b)
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The combination of these three expressions provides a stronger constraint than just the
upper-left minor constraint alone.

While it is immediately clear that D2L (871 — X)) is stronger than the addition-based
bound for the upper-left matrix, it is not clear for the center and lower-right matrices; in
fact, including these bounds provides a slightly more constraining result. We thus employ

the D2C’R(87TIL + X) constraints in our analysis of the £ = 2 bound as well:

D3 (871 + X)) = 647 + (A3 + 16m)Ag + (4(A3 + Ag) + 32m) Mg — 9 N5> >0, (7.16a)

DY (871 + X)) = 6477 + 87(Ag + Bz + 24) + 3A3Ag + 6ghg — 9A7[2 > 0. (7.16b)

Next, we look at the upper left 3 x 3 submatrices. Unlike the £ = 2 case, it is not clear
that one of these is generically more constraining than the other. To be consistent with
the £ = 2 case, we will examine the 871 — X(O,O) matrix. We additionally consider the

lower-right 3 x 3 sub-matrix. These give the following bounds:

D (871 — X)) =(87 — A3 — 224)((87 — 3A1)(87 — 3X2) — (2A3 + \y)?)
— 9(8T — 3X2)[Ag|* — 9(87 — 3A1)|Aq|? (7.17a)

—9(2X3 4+ Ag)(AgA7 + AgA7) > 0,

D (871 — X(g9) =(8™ — A3 — 2)4)%(87 — BA) — 9|52 (87 — 3)2)

(7.17b)
— 27(AEA2 4+ A5(A5)2) — 18(87 — A3 — 2M4) A7 > 0.
Meanwhile, considering 871 + X (0,0) gives
D (871 + X)) =(8T + Az + 204) ((87 + 3A1) (87 + 3)g) — (23 + A\y)?)
— 9(87 4 3X9)|Ag|? — 9(87 + 3A1)|A7|? (7.18a)

+9(2A3 + A1) (A6 AT + AGA7) > 0,
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DE (871 + X g 9)) =(87 + Ag + 2X4)%(87 + 3X2) — 9| A5|*(87 + 3A2) —
’ 18

+27T(AEAZ + A5(A5)?) — 18(87 + A3 + 2Mg)|\7[* > 0.
While the D3(871 — X)) provide the strongest constraints for values of [A;| < 4, the
inclusion of the D3g(871 + X (0’0)) and D9 bounds improves the performance of the k = 3
bounds at higher |);|. We omit analytic expressions for the k = 4 case, since they cannot
be simplified to a useful form. Moreover, the k = 3 expressions already provide constraints

very close to the full numerical bound (see Fig. 7.2).

7.2.8  Sufficient conditions for perturbative unitarity

Next, we turn to derive sufficient conditions for perturbative unitarity by applying the Ger-
shgorin disk theorem, which is reviewed in Section 7.1.2 and gives an upper bound on the
maximal value of the eigenvalues. By demanding that this upper bound is less than 87, we

obtain a sufficient condition for perturbative unitarity.

(Y.I)

We first construct the intervals x; containing the eigenvalues of each of the scattering

matrices, X q oy, X(0,1), X(1,0), and X(q 1). We know that in order to uphold perturbative

unitarity, we must have |e;| < 8. Thus we arrive at the sufficient condition:

maX(xZ(Y’I)) < 8. (7.19)

(Y.I)

For each of the X matrices, we can work out the z; explicitly. For X (0,0)> We obtain:

270 = 3]+ (1203 + M| + 6]2]) (7.202)

2570 = 3| + (223 + Al + 6 A7), (7.20b)
0,0 0,0

2" = 2" = [xg + 20] + 3( 5| + el + M) (7.20c)
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Figure 7.2: Plot comparing the number of points that pass the exact numerical bound |e;| <
8 (black), the sufficient bound from the Gershgorin disk theorem Eq. (7.24) (dark blue),
the sufficient bound from the Frobenius norm Eq. (7.25) (light blue), the necessary condition
Dy (871 + X(g0)) > 0 (dark red), and the necessary condition Dy 3(8m1 & X (g y) > 0 (light
red). The )\; values are randomly chosen from the range of values satisfying |\;| < A\naz,
where A\pqz 18 given by the x-axis in units of multiples of 7. The minimal bounded from
below condition A o2 > 0 is enforced. The A5 g 7 values are allowed to be complex. The total
number of points checked for each \j,q. is 10,000.

158



For X(O,l)’ they are:

0,1
2" = 2]+ (Dl +212) (7.21a)
0,1
25 = Dol + (1Ml + 2127 (7.211)
0,1 0,1
llg, V=2l = gl (5] + el + Ae)). (7.21c)
For X(l,l)v we have:
(171) _ \/_
zy =M+ (s + V2 Xel) (7.22a)
1,1
25 = Dol + (Ds] + V2IA) (7.22b)
1,1
Q?z(), V= g+ Al V2(Dl + [a]). (7.22¢)
Finally, X(1,0)’ we have:
1,0
20 = xg — Ayl (7.23)

In examining these conditions, the leading coefficient of 3 in the first set suggests that the

x@(0,0) corresponding to X (0,0) will generically be larger than those corresponding to X (0,1)

X (1,0): and X (1,1); @ numerical check confirms this intuition. Thus the sufficient condition
for perturbative unitarity simplifies slightly to

max(:l:'go’o)) < 8. (7.24)

One may alternatively employ the bound arising from the Frobenius norm, as discussed

in Section 7.1.1. Taking the dominant X (0,0) matrix, one finds the condition:

\/Q(A% +A3) + 10(A3 + A%) + 16AgA4 + 18(|A5|2 + 2| A6|2 + 2|A7|2) < 87 (7.25)
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The dependence here on the signs of the ); is similar to the dependence seen in the Gershgorin
disk conditions: the bound is not sensitive to the signs of any \; except for the relative sign

between A3 and \4.

7.2.4  Numerical comparison

In order to compare the various bounds derived in this section, in Fig. 7.2 we plot the number
of points which pass the exact, sufficient, and necessary conditions for different values of
Amaz- For each A\p,qz, we consider 10,000 randomly-drawn values for the \; within the range
|Ai| < Amaz. For the necessary conditions, the results are derived from the combination of
all possible 2 x 2 (3 x 3) sub-matrices along the diagonal for the Dy3) bound. We enforce the
minimal bounded from below condition A1 9 > 0, which has been derived e.g. in Ref. [37]. We
find that the necessary D3(871 — X (0’0)) condition lies very close to the exact condition and
is effective at ruling out parameter sets which fail perturbative unitarity, while for A\pqr S 7

all tested points satisfy perturbative unitarity.

7.3 Boundedness from below

Next, we seek to determine the conditions on the parameters such that the potential of
the general 2HDM is bounded from below (BFB). For this, it is necessary to ensure that
the quartic part of the potential does not acquire negative values. If negative values were
present, one could easily find indefinite negative values of the potential by rescaling all fields
to infinity in the same direction as the one in which the negative value was found. We remark
that analytic expressions have been formulated previously in Ref. [261], though for the case
of explicit CP conservation. We will make no such assumption. There are also previous
analyses of the BFB condition using the eigenvalues of a 4x4 matrix [259]; however, these
analyses do not lead to analytical expressions, and we will follow an alternative approach.

We begin by reparameterizing the potential via CID];<I>1 = %hQ, @;@2 = %hQ, CIDJ{QDQ =
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%hlhgpei", with p € [0, 1]. Moreover, we decompose the complex couplings A5, \g, A7 into
real and imaginary parts as: \;e! + )\;fe_m = 2Re[\;] cosn — 2Im[);] sinn. The quartic part
of the potential then becomes:
AL, 4 )\2 :
Vquartic = Z{ h h% + [)\3 + (/\4 + Re[A5] cos 2n — Im[A5] sin 277) p2} h%h%
+ 2(Re[Ag] cos — Im[Ag] sin n)ph?hg (7.26)

+ 2(Re[A7] cosn — Im[A7] sinn)p hy h‘;’} :

We can then cast Viyartic into the form

1.4 hq hq hq 2 hy
1 m 0\ " 2
Vquartic 4h2 [a <h2) —|—b(h2> +c(h2> +d T +el, (7.27)
with

A1 A2

= e=—, (7.28a)

b = 2(Re[Xg] cosn — Im[Ag] sinn)p, (7.28Db)

[ 3+ (A4 + Re[As] cos 2 — Im[A5] sin 277) p } (7.28c¢)

d = 2(Re[A7] cosn — Im[A7] sinn)p. (7.28d)

Clearly a > 0 and e > 0 has to be fulfilled as a minimum condition for BFB. We can then

divide out by e h% and define the simplified polynomial:
fl@)=2*+azd + B2 + vz +1, (7.29)
with = = 1;4 Z; and:

o= ba_3/4e_1/4, B = ca_1/26_1/2, v = daH4e=3/4 (7.30)
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We then define the following quantities:

A = 4]B% = 3ay + 123 — [T28 + 908y — 28% — 270® — 27472, (7.31a)
X1= (=72 =16(a+B+~+2), (7.31b)
X2 = (a—v)r“—% <a+7+4\/5—2) . (7.31c)

The positivity of Vqyartic is ensured if and only if one of the following conditions holds [266]:

(1) f<—2and A<Oand a+~v >0,
(2) —2<p<6and A<Oand a+~vy >0,
3) —2<p<6and A>0and y; <0,
(7.32)
(4) f>6and A<0and a+~vy >0,
(5) f>6and a>0and y>0,

(6) B>6and A>0and y3 <O0.

If any of these conditions is true for a given set of input parameters \; 7 and for all possible
values of p € [0, 1], n € [0,27), then the potential is BFB.

Note that under the transformation  — 7 + m, both « and 7 are anti-symmetric (o —
—a and 7 — —v). This in turn implies that conditions (1), (2), (4), and (5) are always
violated for some value of 7, and therefore can never guarantee the positivity of Vyyartic-

Consequently, we are left with only two conditions under which the potential is BFB:

—2<pB<6and x; <0,o0r
The potential is BFB if and only if : A > 0 and (7.33)

B >6and yo <0.

Note that upon setting A\g = A7 = 0, and after extremizing with respect to 7, Eq. (7.33)
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becomes

B+2>0 = M3+p (M — ) > —V/Ahe. (7.34)

This is a monotonic function of p, and hence the strongest constraints are derived for either

p=1or p=0, namely

A3+ Mg — | A5

v

—+/ A9, and (7.35)

A3 > —vV/ A, (7.36)

These conditions reproduce the well-known conditions for BFB in the Zg-symmetric 2HDM [37].
Let us also stress that, for p = 0, Eq. (7.33) leads to Eq. (7.36) independently of the value of
the other quartic couplings and hence this equation is a necessary condition for the potential

stability even in the generic 2HDM case.

7.3.1 Necessary conditions for boundedness from below

The two options of Eq. (7.33) present a necessary and sufficient condition for BFB. In order
to implement this bound, one should scan over all possible values of p and 7, which can be
computationally expensive for large parameter spaces. Thus we present here two simplified
necessary (though not sufficient) conditions which can be used to quickly rule out invalid
parameter sets and speed up scans.

We can first derive generalized versions of the existing literature bounds [37] by setting

r = 1 and taking p = 1 and n = F, with n = {0, ..., 7}, in Egs. (7.26) and (7.29). Applying
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this procedure to Eq. (7.26) leads to the following conditions:

M+A3+A4+A§—2|A§+A$I >0, (7.37a)
¥+/\3+>\4—)\5R—2|/\é+)\§| >0, (7.37b)
MR g V|8 M) - ) > 0, (7.37c)
)\1—;‘)\2 +>\3+)\4—)\I—\/5)()\?—1-)\%—()\54‘)\%)‘ >0, (7.37d)

while applying the same procedure to Eq. (7.29) leads to the conditions:

VA + 2 + g+ A = 2|3 4+ AF| > 0, (7.38a)
VA2 + Ag + Ag — A =2 )xgug\ >0, (7.38)
\//\1)\2+)\3+/\4+)\5—\/_‘ (A 3+ (Xé+&§)‘>o, (7.38¢)
\//\1>\2+)\3+/\4—>\I—\/_‘/\ + By - (Xé+§%)]>o. (7.384)

Note that we have combined the 7,7 + 7 conditions in each set to obtain four conditions
instead of eight.

Alternatively, we can collapse the two conditions of Eq. (7.33) into a single necessary
condition as follows. Consider the two different branches with x1 2 < 0. Under the transfor-
mation n — n + m, x1 < 0 produces two conditions that must be satisfied simultaneously:
(—7)2—16(a+F+7+2) <0and (@ —7)2 —16(—a+ 3 —~v+2) < 0. We can add these
together to obtain the simplified condition: (o —~)? < 16(8+2). Similarly, demanding that
x2 < 0 for both 77 and 5 + 7 gives us the simplified condition (a —~)? < 16(3 + 2). So, we

see that demanding x; < 0 and yo < 0 are equivalent, and both translate to the constraint:

X1<0,x2<0 = (a—7)2<16(8+2). (7.39)
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In this way, the condition for the potential to be BFB can be reduced to the form:
A>0and 3> —2and (a —7)? <16(3+2). (7.40)

Note that both 8 > —2 and (a — 7)? < 16(J3 + 2) restrict 3, but that the latter will always
be a stronger condition since (aw — 7)? > 0. Then this necessary but not sufficient BFB

condition simplifies further to
1 2
AEOandﬁzﬁ(a—’y) - 2. (7.41)

This condition still depends on p and 7. Without loss of generality, we set? p=1 As
for 1, we need to find the value which extremizes the expression for each condition. Take for

instance the latter condition of Eq. (7.41) and define

f(n)zﬁ—l—lﬁ(a—v)Q—l—ZZO. (7.42)

Using the definitions of Eqs. (7.28) and (7.31), we can recast everything in terms of cos2n
and sin 27 such that f(n) only depends on these quantities. We can then easily determine
the extremal value of 7,;, which gives the minimal f;,. After some algebra, the positivity

condition fi,i, > 0 reads:

1~ - 1.
2002 + VA (A + A1) — 5[Ag M = 12V A5 — 536 — AP >0, (7.43)

where we have defined the rescaled couplings:

i 3o\ 1/4 ) N\ /4
N=(22) g, = (2L) 0 A (7.44)
A Ao

2. This gives us one necessary condition. We could obtain others by choosing p < 1, but these tend to be
less constraining in most cases.
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Egs. (7.37), (7.38), and (7.43) present simplified necessary conditions for BFB and are the

main result of this section.

7.3.2  Sufficient conditions for boundedness from below

It is also useful to have simplified sufficient conditions which allow one to quickly determine
if the potential is BFB for a given parameter set. Consider the top branch of Eq. (7.33)—i.e.
A >0and -2 < 8 <6 and x; < 0. One can show that a stronger condition (which will
lead to a sufficient condition) is § < 6 and o + %(5 +2)>0and v+ %(ﬁ +2) > 0. To see
this, note that o = —%(6 +2) and v = —%(6 + 2) are the directions along which A = 0. In
order to satisfy the y; < 0 condition, relevant for g < 6, we must have a + %(ﬁ +2) >0 and

+ %(5 +2) > 0. So long as # > —2, these conditions combined will always yield positive
A. Then Eq. (7.45) is a sufficient condition that follows from the top branch of Eq. (7.33).

In terms of the \’s, this translates to the sufficient condition:

3vVA1A2 — (A3 4 | A +[A5]) =2 0
and /Mg + A3 — (| M| + [ Xs| + 4] X]) > 0, (7.45)

and /A1A2 + A3 — (Al + [As] + 4[A7]) > 0

Now consider the bottom branch of Eq. (7.33)—i.e. A > 0 and 8 > 6 and xa < 0. To arrive
at an analytic sufficient condition, consider the stronger bound 8 > 6 and a4+ 2/ —2 >0

and v+ 2y/5 — 2 > 0. In terms of the potential parameters, this condition reads:

A3 — (3 A1A2 + (Mg + [A5]) =2 0

V2

and \/)\3 — (VA2 + [ Al + [As]) — e )1/4|A6\ >0, (7.46)
V2

and \/)\3— (VA1 A2 + | Ag] + [A5]) — O )1/4|)‘7| > 0.
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Egs. (7.45) and (7.46) are the main result of this section.

7.3.3  Numerical analysis

To compare the performance of our analytic conditions with the numerical BFB condition,
we perform a scan over 10,000 randomly chosen points in the 7-dimensional parameter space
of {A1,...A7}. We take as allowed ranges A2 € [0,27] and [A3456.7] < &, with A567
complex, as this choice yields about half of the points BFB. Fig. 7.3 shows the number
of points which pass the numerical condition Eq. (7.33) as well as the number which pass
the combination of our necessary conditions Eqs. (7.37), (7.38), and (7.43) and the number
which pass the combination of our sufficient conditions Eqs. (7.45) and (7.46). While we
display in the figure the result of combining all necessary conditions derived in Section 7.3.1,
we note that Eq. (7.38) provides the strongest necessary condition, with the combination of
all conditions improving the results by a few percent.

We see that our necessary conditions are very effective at eliminating points which are
not BFB, with only approximately 51% of points passing this condition, as compared with
the 45% of points which actually satisfy BFB. Meanwhile, our analytic sufficient conditions
guarantee approximately 11% of points are BFB. Of these points, essentially all are obtained
from Eq. (7.45), which was derived from the upper branch of Eq. (7.33). The second condition
Eq. (7.46), derived from the lower branch, is too strong and admits almost no points, which
also reflects the fact that most of the points sampled fall within the regime of the first branch.

An examination of the analytical expressions indicates that the quantity /A1 Ao may play
an important role in the determination of BFB. To examine whether the analytical form of
our bounds indeed captures the primary underlying behavior of BFB with respect to the
A;, we plot a histogram in 1/A1 g of the fraction of tested points which pass the numerical,
necessary, and sufficient bounds of Eqs. (7.33), (7.37), (7.38), (7.43) and (7.45), respectively.

As in Fig. 7.3, we choose parameters in the range A1 9 € [0,27] and [A3456,7] < 7/2 with
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Sampled parameter space
B Pass necessary conditions, 51%

B Bounded from below, 45%

B Pass sufficient conditions, 11%

Figure 7.3: The white circle represents 10,000 randomly chosen points in the 7-dimensional
parameter space of couplings {A1,...A7}. We take as priors Ay 2 € [0,27] and (A3 4567 < 5,
with A5 ¢ 7 allowed to be complex. The red circle encompasses the points which pass our
analytic necessary conditions of Eqs. (7.37), (7.38), and (7.43); the black circle contains the
points which pass the necessary and sufficient BFB condition of Eq. 7.33; and the innermost
blue circle contains the points which pass our sufficient condition of Eq. 7.45.

As5.6,7 allowed to be complex. The resulting figure is shown in Fig. 7.4. As can be seen from
the figure, more points pass the BFB condition for higher v/A1 A9, as indicated by the forms
of the necessary and sufficient conditions. We find that both the necessary and sufficient
bounds follow the same behavior as the exact numerical results, indicating that the analytic
bounds do indeed capture the relevant behavior in /A1 \g.

Finally, we note that within the existing literature, some simplified analytic BFB con-
straints for the most general 2HDM (i.e. involving Ag7 # 0) do exist. For example, the

authors of Ref. [37] find as a necessary condition:
1
5()\1+)\2)+/\3+>\4+)\5—2|/\6—|—)\7| > 0. (7.47)

This expression, that agrees with Eq. (7.37) in the appropriate limit, is derived by assuming
that the Higgs doublets are aligned in field space, and is limited to the case that all \; are
taken to be real. Restricting ourselves to this regime, we find that the literature expression
excludes approximately 17% of points while ours excludes approximately 49%, making our

condition the stronger of the two by a large margin.
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Figure 7.4: Histogram of /A1y displaying the fraction of tested points per bin which pass
the necessary conditions Eqgs. (7.43, 7.37, 7.38) (red), numerical test Eq. (7.33) (black), and
sufficient condition Eq. (7.45) (blue). As in Fig. 7.3, we take as priors A1 9 € [0,27] and
[A3.4567] € [0, 5], with A5 6 7 allowed to be complex.

7.4 Vacuum stability

We can also place constraints on the allowed 2HDM potential parameters by demanding the
existence of a stable neutral vacuum. Strictly speaking, this not a necessary requirement:
it is only necessary that the vacuum is meta-stable, with a lifetime longer than the age of
the Universe. Here, we just derive the conditions for absolute stability, more precisely the
absence of deeper minima at scales of the order of the TeV scale.

The discriminant D introduced in Ref. [267, 268]| offers a prescription for distinguishing
the nature of a solution obtained by extremizing the potential. We summarize the method

llere, begilmillg by Writillg the p()telltial as:
V pur™ =+ 9 uvfr 2Cr o s ( . )

where M 1 encodes the mass terms:

My = (—%(m%1 +m%2), (m%2)R7 —(m%ﬁlv _%(m%l _m%2)) ’ (7.49)
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r* is a vector of field bilinears:

= (|<I>1|2 + (@22, 2Re[0] @], 2AmB[Ps], |82 - |<I>212) . (T50)
and A,y encodes the quartic terms:

SO M) A3 AERAE L) Loy )

_Lf OFEM) e oy N A7 (75)
: .
—(Ab+ M) ~A Ay — M —(\ =D

O —A9) A=A O =M T+ ) — As

The last term in Eq. (7.48) is a Lagrange multiplier we have introduced to enforce the condi-
tion rfr;, = 0, which ensures we are in a charge-neutral minimum; we enforce this condition
since charge-breaking and normal minima cannot coexist in the 2HDM (see [255, 267 for
more details). In the above equations, indices are raised and lowered using a Minkowski
metric.

Provided the matrix Ay, which contains the coefficients of the quartic terms in the
potential, is positive definite, corresponding to a potential which is BFB, it can be brought

into a diagonal form by an SO(1, 3) transformation:

Ay 0 0 0

. 0 —Ay 0 0
Adiag _ , (7.52)

with Ag the “timelike” eigenvalue and A; “spacelike”. Let us define the “signature matrix” S

170



as S = Ay — Cgup- In diagonal form, it looks like:

Ag—C 0 0 0
0 (—A; 0 0

S — ¢l . (7.53)
0 0 (—Ay 0
0 0 0 (—As

The discriminant is generically given by the determinant of the signature matrix:

D =detS. (7.54)

By using the diagonal form above, we can write this as:

D= (Ao = )¢ = A)(C = Ag)(C — Ag). (7.55)

We finally come to the vacuum stability condition. Suppose we have already verified that
our potential is BFB and calculated the discriminant, time-like eigenvalue Ag, and Lagrange

multiplier (.

D >0, or
We are in a global minimum if and only if : (7.56)

D <0 and ¢ > Ap.

For our purposes, it is more useful to work with the “Euclideanized" version of A,
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obtained by lowering one of the indices with the Minkowski metric, Ay = AL. Explicitly:

SO M) A3 AERNE S (LA SO = N9)
R \R R I R _\R
P72 A+ AL A Oy —AB) M — AL '
6 7 5 4 5 6 7
L= —OF-M MM Slog )+
In terms of Ap, the discriminant is:
D = —det[Ag — 1¢]. (7.58)

The other quantity necessary for formulating the discriminant is the Lagrange multiplier

(. This may be obtained by looking at any component of the minimization condition:
Ar? — MP = ¢t (7.59)
We parameterize the vacuum expectation values (vevs) of the doublets as:

) —1 0 ) —1 0 7.60
<1>—E o ’<2>_E e : (7.60)

Then the expectation value of field bilinears r# = (r#) is:

rt = (%(v% —|—’U%), VU2 COST, V1V2 SIN1, %(v% —v%)) ) (7.61)

The expression for ( is particularly simple if we choose the “1” component. In particular if

we take n = 0, then:

2
m v (%
¢ = (mip)™ 1 (éx{? + —Uj MO+ >\5R)> : (7.62)
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Note that this has the interpretation of the charged Higgs mass over the vev v squared,

2
Mz
2

¢ = (7.63)

v

as first demonstrated in Refs. [259, 260].

If D > 0, then the physical minimum is the global one, implying absolute stability. If,
instead, D < 0, we need to compare the timelike eigenvalue Ay with (: we are in a global
minimum if { > Ag; otherwise, the minimum is metastable. Provided we have already
verified that the potential is BFB, however, there is an even simpler way to assess the nature
of the extremum.

As an aside, working at the level of eigenvalues the two options of Eq. (7.56) for an
extremum to be the global minimum can actually be collapsed into one. Recall that when
the potential is BEB, A*" is positive definite and Ay > Aq 2 3. Then from Eq. (7.55), D >0
necessarily implies that we have the ordering Ay > ¢ > Ay 2 3. Similarly D < 0 and ¢ > Ag
necessarily implies the ordering ¢ > Ay > Ay 23. So we see that the relative ordering of Ag
and ¢ does not actually matter—all that matters for a potential which has been verified to

be BFB is that ¢ be larger than the spatial eigenvalues, ( > Aq 9 3.

7.4.1 Sufficient conditions for stability

Gershgorin bounds

As in Section 7.2.3, we can bound the eigenvalues of A using the Gershgorin disk theorem
in order to derive a sufficient condition for a given vacuum solution to be stable. We first

construct the intervals containing the eigenvalues of Ap and define the endpoint of each
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interval as I'; = a;; + R;, with R; = Zj;éi |agjl:

1 A 1 1
i= 700+ 20)+ 2+ 3 (|A§+ M+ 106 + A7l 512 Azl) , (7.642)
- Lo A3 LR Ry I\ L
1 1
3=—5(+A0) + 5 <|Agy + M+ M+ 1M - A?!) : (7.64¢)
1 1
Py=—50a=M)+5 (yxgy + NG+ ML+ 4 - A%\) . (7.64d)

We know that all eigenvalues must be less than the endpoint of the interval extending the
furthest in the +2 direction,

max[I';] > Ag123. (7.65)

b b}

Meanwhile, an extremum will be the global minimum if ¢ > Ay 2 3. Thus, it is sufficient to
demand:

¢ > max|[I;]. (7.66)

Frobenius bounds

One may also bound the eigenvalues using the Frobenius norm to obtain a single-equation

condition. We require the maximum eigenvalue be less than (, which gives the constraint:

1
C> Sy 403+ 203+ M3+ Dsf2) + 40062 + Xe?) (7.67)

Note that in this case, the Frobenius bound is insensitive to the signs of the J\;, while
the Gershgorin condition is sensitive to the signs of A3, A4, and )\?. We thus expect the

Gershgorin bound to be the stronger of the two.
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Principal minors

In the case of a non-symmetric matrix such as Ag, Sylvester’s criterion no longer holds and
so cannot be applied in a straightforward manner. However, the following statement does
hold: if the symmetric part of a matrix M is positive-definite, then the real parts of the
eigenvalues of M are positive. This statement does not hold in the other direction, and
therefore cannot be used to derive necessary conditions. However, we can apply Sylvester’s
criterion to the symmetric part of Ag to obtain a sufficient condition.

The symmetric part of Ap is given by

1
Ag = 5(/\% +AEg)

%(/\1 + X2) + A3 0 0 0
| 0 —Ma+ X —(Ag =)
— 5 I R 7 7 (768)
0 O =MD =M —3(a )+ s

We require the matrix (1 — A% to be positive-definite. Since the lower-right 3x3 matrix
decouples from the “11” element, we can analyze them separately when considering positive-
definiteness. We require the “11” element to be positive, and apply Sylvester’s criterion to

the lower-right 3x3 submatrix. This gives the following set of conditions:

1 1
1. 1.p
1 1
¢+ 5)‘4)2 - Z|A5|2 >0, (7.69¢)
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Figure 7.5: Comparison of the fraction of points that pass the exact stability conditions,
Eq. (7.56) (black dots), with respect to the fraction passing the three sufficient conditions
for vacuum stability: principal minors Eq. (7.69) (blue), Gershgorin disk theorem Eq. (7.66)
(light blue), and Frobenius norm Eq. (7.67) (purple). We plot the fraction of points that
pass each condition as a function of Mpy+. We take A1 2 € [0,27] and [A\3456.7] < 5, with
As.6,7 allowed to be complex, and restrict to examining points which are BFB.

(4 + A1+ Ao — 2X3)((2¢ + M)? — [A5%)
(7.69d)

F A5 — A2+ AE (A6 — A1)% —2(2¢ + M) |dg — A7 > 0.

Taken together, the Eqs. (7.69) provide a sufficient condition for vacuum stability.

7.4.2  Numerical comparison

In Fig. 7.5 we plot the performance of the three sufficient conditions for vacuum stability,
Eqgs. (7.66), (7.67), (7.69), as a function of the charged Higgs mass My+. We compare
these results with the fraction that pass the exact stability condition, Eq. (7.56). As in
previous sections, we choose the A; randomly with Aj 9 € [0,27] and [A34567] < 5, with
A5.6,7 allowed to be complex. The y-axis shows the fraction of tested points which pass
the respective stability condition; we restrict to testing points which are BFB, to ensure the
validity of the stability conditions implemented in Fig. 7.5. We find that the set of conditions
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arising from the application of Sylvester’s criterion capture the most stable points, while
all three bounds capture more stable points when the \; are small compared to the ratio

M?—I:l:/v2'

7.4.3  Vacuum stability in the Higgs basis

It is particularly interesting to study vacuum stability in the Higgs basis, in which only one of
the doublets possesses a vev (see 3.1.4 for a review of the conversion to the Higgs basis as well
as our conventions). One advantage of this basis is that the potential parameters are closely
related to physical observables: for example, Z; controls the trilinear coupling of three SM-
like Higgs bosons hhh, Zg controls the trilinear coupling of two SM-like and one non-SM-like
CP-even Higgs bosons hhH, etc. (see e.g. [135] for an exhaustive list of couplings). Since
none of the bounds obtained in this article have relied on the choice of basis, they can equally
well be applied to Higgs basis parameters. Using the close relationship between the Higgs
basis parameters and physical quantities, we here aim at obtaining approximate bounds on
the physical observables of the model.

In our notation (choosing n = 0), the scalar which obtains a vev is denoted by ¢9. The

mass matrix for the neutral scalars qz? = (gbo, qﬁg, aO)T reads:

Z 74 ~7
M2 =2 R Mpx 1 R 1,1 770
M? .
7 ~37; =+ 5(Za - 78

where MIQJi is the charged Higgs mass:

1
M?, = M3y + 52319 . (7.71)

We will restrict ourselves to the alignment limit, which is the limit in which qb(l) is aligned
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with the 125 GeV mass eigenstate. In this case, the 125 GeV Higgs couples to the electroweak
gauge bosons and all fermions with SM strength, and the alignment limit is therefore phe-
nomenologically well-motivated by precision Higgs results from the LHC [53, 55].

Examining the above matrix, it appears that there are two ways in which one may
obtain alignment. The first option, known as the decoupling limit, corresponds to taking
MI%[i + %(Z4 + 25)1)2 > Zjv2. Under this limit, the heavy mass eigenstates ho and hsg
and the heavy charged Higgs H* decouple from the light mass eigenstate, leaving hy aligned
with (;5(1). More interesting from a phenomenological standpoint is the approximate alignment
without decoupling limit, as it leaves the non-standard Higgs states potentially within collider
reach. This corresponds to taking | Zg| < 1, for which the mixing between ¢} and the other
neutral scalars vanishes, leading to the identification of qﬁ(l] with the mass eigenstate hy. For
the following discussion we will take |Zg| < 1 and work in the alignment without decoupling
limit.

We define h1 = h to be the SM-like Higgs boson, which has a mass given by
M} = 7Z10% (7.72)

To obtain a physical Higgs mass close to the experimental value of 125 GeV, it is required
that we fix Z; =~ 0.25. The remaining 2x2 mass matrix can be diagonalized to obtain the

masses of the remaining scalars hg and hg:
1
2 2 )
Miy by = Mis + 5(Za = | Z5])o. (7.73)

There are two possibilities for the CP properties of these states. So long as Z5I # 0, ho
and hg have mixed CP properties. In the limit of Zg = 0, meanwhile, the non-standard

Higgs mass matrix becomes diagonal, and we obtain mass eigenstates H and A with definite
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CP character,

1
M}y 4= Mo+ 5(Zs+ Zit? (7.74)

The masses of the general mass eigenstates and the states of definite C’P character can be
related by
1
2 2 R 2
My = My, p, + 525 F1Zs))v

2

1 2
M = Mj ., - 5(251B + | Zs|)02. (7.75)

In the following analysis we will make no assumptions about the CP character of the mass
eigenstates, and will work with the generic physical masses My, p.,.

With the above definitions, we can rephrase our sufficient vacuum stability conditions
into constraints on physical quantities. We start with the Gershgorin condition of Eq. (7.66).
Expressing the I'’s in terms of physical masses, a sufficient condition for vacuum stability

becomes:

1 1
2 I 2 2
M, > 5(25| = 2§ = | Z5)0* + 5| 27 |v* and
1 1
M, > S(1Z8] + Z8 +125)0* + 5| Z{[v* and (7.76)
1 1

Mips > omax[Mj, Zov") + 5 (Zs + | 27| + 1 27 )0?

Next, we can recast the Frobenius sufficient condition, Eq. (7.67), in terms of the physical

masses; doing so results in the following condition:
1 1
2 2 2 4 4 4 4 2 2 2\, 4
2M s (M, + My, ) — (M + My, + My, + - My) > ~(Z5 + 225 + 4| Z7|* . (7.77)

4 4

Finally, Sylvester’s criterion provides an additional set of sufficient conditions. A sample set
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of sufficient conditions for vacuum stability in the alignment limit based on Eq. (7.69) is:

AMZ, — M} > (Zy + 2Z3)0%,
MR, > 57| - 78,
Mg, M, >0,
AME ME (AM? s + ME + Zyv® — 2Z50%) — 2(MP, + MP )| 271> + Z5 237 + 2322 > 0.

(7.78)

7.5 CP Violation in the general 2HDM

The bounds we have derived in this work have implications for the allowed values of physical
parameters in a given 2HDM. This can be seen in a straightforward way in the previous
section, where the conditions for vacuum stability were recast into expressions that restrict
the physical masses of the bosonic sector. One particularly interesting question to which
our bounds can be applied is that of the amount of C'P violation permitted in the alignment
limit. This possibility has largely been neglected in the many previous studies which restrict
themselves to the Zo-symmetric 2HDM. This is understandable since exact alignment implies
CP conservation in the Zo-symmetric case. When working in the fully general 2HDM,
however, it is possible to have CP violation whilst still keeping the SM-like Higgs boson fully
aligned.

To justify this claim, recall that there are four complex parameters in the 2HDM:
{M122,Z5, Zg, Z7}. One of these is fixed by the minimization condition ]\/[122 = —%Z@UQ,
leaving just three independent parameters, which we take to be the couplings {Z5, Zg, Z7}.
These complex parameters enter into the three basic CP violating invariants of the 2HDM
scalar sector Jy, Jo, and J3, which can be thought of as analogous to the Jarlskog invariant
J of the SM quark sector. They are worked out explicitly in [36, 104]; the important fact is

that they scale as J; ~ Im[Z} Z2], Jo ~ Im[Z£Z2], J3 ~ Im[Z{ Z7]. 1t is then clear that the
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condition for the Higgs sector to be C'P invariant is:
Tm[Z2 28] = Im[Z2 73] = Tm[Z{ Z7]) = 0. (7.79)

There are two ways in which this can be satisfied [269]: either Zg = Zé% = Z%% =0 or
Z5I = Zé = Z7I = 0. Note that in the limit of exact alignment we have Zg = 0, so this
reduces to demanding either Z5I = Z%% =0or Z5I = Z% = 0.

Meanwhile in the 2HDM with a (softly broken) Zs symmetry, the fact that Ag = A7 =0
implies the following two relations between the parameters in the Higgs basis (see Eq. (3.24)

in the review of 2HDMs) 270, 271]

1
Ze+ 27 = B tan28(Zy — Z7), (7.80)
1
Zg— Z7 = tan 25 (Z1 + 2Zgcot 2 — Zg — Zy — Z). (7.81)

It immediately follows that:

7t = 7, (7.82)
1 —tan?23
I _ I
25 =2 —og 2o (7.83)

These conditions imply that in the exact alignment limit (i.e. Zg = 0), it will necessarily
be the case that Zg = Z% = 0. Thus, exact alignment directly leads to CP conservation
in the Zsg-symmetric or softly broken Zso-symmetric 2HDM. This need not be the case in
the fully general 2HDM, where the above relations no longer hold. If we allow for a small
misalignment (i.e. |Zg| 2 0), |Z5I |, which controls the mixing between the H and A bosons
(see Eq. (7.70)), can still be large for large tan 3.

The physical consequences of the difference in the CP properties in the alignment limit

between the (softly broken) Zs-symmetric and the general 2HDMs are illustrated in Fig. 7.6,
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Figure 7.6: Upper left: Parameter scan of the 2HDM with a softly broken Zo symmetry in the
(Mp, — My, tan ) parameter plane with parameter range A1 o € [0, 27] and A3 45| € [0, 7.
The conditions |sinf12| < 0.1 and |sinfi3] < 0.01 are imposed. The colour indicates the
minimal value of |#a3/m—1/4| in each hexagonal patch. Upper right: Same as upper left, but
constraints from perturbative unitary, BFB, and vacuum stability are applied in addition.
Lower left: Same as upper left, but the scan is performed in the general 2HDM without a
(softly broken) Zg symmetry (|A¢ 7| € [0,7]). Lower right: Same as lower left, but constraints
from perturbative unitary, BFB, and vacuum stability are applied in addition.
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in which we show the results of several parameter scans. Motivated by Higgs precision [53,
55] and electric dipole moment bounds (see e.g. [272, 273]), we demand a small mixing of
the h and the H states and an even smaller mixing of the h and the A states; we impose
these constraints on the mixing in an approximate manner by demanding | sin f12| < 0.1 and
|sin @3] < 0.01, where 019 and 613 are the respective mixing angles. The colour code in the
figure indicates the minimum value of |@93/7 — 1/4| in each hexagonal patch, where 63 is
the mixing angle between the H and A states. This variable is chosen such that the maximal
mixing case corresponds to a value of zero. Correspondingly, a dark blue color indicates that
a large C'P-violating mixing between the H and A states can be realized; a bright yellow
color instead signals that no large mixing can be realized.

In the upper left panel of Fig. 7.6 we present a parameter scan of the 2HDM with a softly
broken Zg symmetry in the (M, — Mp,, tan 3) parameter plane. We observe that for large
tan 3, a large mixing between the neutral BSM Higgs bosons can be realized if their mass
difference is below ~ 70 GeV. Larger mass differences originate from differences between the
diagonal terms of the Higgs mass matrix (see Eq. (7.70)), suppressing possible mixing effects
induced by the off-diagonal %Zg v2 term. For lower tan 3, the condition |sinfi3] < 0.01
directly implies that Zg is small (see Eq. (7.83)), resulting in substantial mixing only when
the mass difference is close to zero.

In the upper right panel of Fig. 7.6, we again consider a softy broken Zo symmetry but
additionally impose perturbative unitarity, boundedness-from-below, and vacuum stability
constraints following the discussions in the previous Sections. Aside from lowering the max-
imal possible mass difference between hg and hg, the region in which large mixing between
the BSM Higgs bosons can be realized is also reduced.

If we instead investigate the general 2HDM without a (softly broken) Zs symmetry (see
lower panels of Fig. 7.6), large mixing between the H and A states can be realized throughout

the shown parameter plane. Applying the bounds derived in the previous sections only

183



’ Conditions H Perturbative unitarity ‘ Bounded from below ‘ Vacuum stability ‘

Exact Eq. (7.11) Eq. (7.33) Eq. (7.56)
Necessary Egs. (7.14),(7.17) Eq. (7.38) —
Sufficient Eq. (7.25) Eq. (7.45) Eq. (7.69)

Table 7.1: Overview of the primary results of this paper; further constraints and their analysis
may be found in the main text.

excludes the region with Mj, — My, 2 100 GeV.

Finally, we want to remark that CP violation can become manifest not only in the neutral
mass matrix but also in the bosonic couplings. This occurs if either Z%% # 0 or Z% # 0, since
these couplings enter into couplings like gj, p,pn, [269]. Exotic decays like hg — hihg — 3h1

would then be indicative of CP violation in the bosonic sector (see e.g. [274]).

7.6 Discussion

Two Higgs doublet models present a natural extension of the Standard Model description. In
spite of the simplicity of this SM extension, many new parameters appear in this theory, and
it is very important to understand the constraints on these parameters which will impact in
a relevant way the 2HDM phenomenology. Most existing studies concentrate on the case in
which a Zo symmetry is imposed on the 2HDM potential and Yukawa sector. While this
symmetry is an easy way to avoid flavor-changing neutral currents, it also forbids certain
terms in the Higgs potential which do not induce flavor-changing neutral currents at tree
level. In fact, in many scenarios in which the 2HDM is the low-energy effective field theory
of a more complete high-scale model, these couplings are predicted to be non-zero.

Based on this motivation, in this work we present a step towards a systematic explo-
ration of the non-Zo-symmetric 2HDM. We studied three of the most important theoretical
constraints on the scalar potential parameters: perturbative unitarity, boundedness from
below, and vacuum stability. In all three cases, we concentrated on the most general renor-
malizable potential (not restricted by any discrete symmetry) extending previous works by
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deriving analytic necessary and sufficient conditions for these constraints. For convenience,
our main results (i.e., those conditions which approximate the exact conditions the best) are
summarized in Table 7.1.

The derivation of our constraints makes use of several relevant mathematical properties,
of which many have not been exploited in the literature before. These properties are not
only applicable to the 2HDM but are also useful for the exploration of other models with
extended Higgs sectors.

As a first phenomenological application of our bounds, we studied how much CP-violating
mixing between the BSM Higgs bosons can be realized in the general 2HDM in comparison
to a 2HDM with a (softly broken) Zs symmetry. While we found that large CP-violating
mixing can only be realized for large tan 5 in the 2HDM with a softly broken Zs symmetry,

no such theoretical constraints exist for the general 2HDM.
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CHAPTER 8
CONCLUSION

In this thesis, we have examined just a few of the ways in which we can use experimen-
tal data to constrain new physics models, search for signals of new physics, and motivate
new approaches to model building. We have looked at interpreting the LHC Higgs results
in a variety of ways: first by employing existing data to derive indirect bounds on Higgs
properties, then by examining the types of supersymmetric models that can be consistent
with LHC observations while departing from the Standard Model, and finally by employ-
ing these results as motivation for an analysis of a high-energy theory. We then carefully
examined the feasibility of searching for new physics in neutrino accelerator experiments,
concluding that specialized experimental approaches and improved theory predictions are
needed to help unlock the full potential of these experiments. Finally, we moved to a more
theoretically-motivated examination of two Higgs doublet models, with an application of
theoretical bounds to the phenomenology of these models.

Of course, there is a huge range of models, signals, and experiments beyond what has
been presented here; a lifetime of work could not hope to cover them all, and the combined
efforts of many physicists will ultimately be what unlocks new discoveries. The future of
particle physics is exciting because it is uncertain—we know there must be something new
out there to find, but as of yet, we have only hints of what it might be. As the most
popular solutions to these questions are confronted by a lack of experimental evidence, we
find ourselves challenged to re-evaluate the ways in which these models might manifest in
nature and to identify novel new physics that can explain the biggest mysteries. Whether
we finally confirm concrete hints of new physics or continue to observe a mysterious lack of

evidence, the result has exciting consequences. We will have to see what comes next!
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