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Abstract

The discovery of a 125 GeV Higgs boson is one of the greatest successes of the Standard Model
of particle physics, but it is also one of the paths to finding its failings. The scalar sector of
the Standard Model is only a minimal implementation of electroweak symmetry breaking. In
spite of a rich sector of fermions and gauge bosons, the Standard Model predicts the existence
of only one scalar particle, and the properties of this scalar particle are fully determined.
Precisely measuring the properties of this Higgs boson is thus one of the main paths avenues
to looking for new physics. A detailed analysis of the Higgs boson inevitably leads to studying
the phenomenology of extended scalar sectors. The vast landscape of models with extended
scalar sectors is also relevent many of the unanswered questions in particle physics. This
dissertation aims to demonstrate the many possible phenomenological consequences of new
scalars. We will explore some scalar models with important phenomenological consequences
relevant to the frontiers of fundamental physics. We first cover benchmarks of the simplest
scalar extensions. These extensions can greatly change the picture of electroweak symmetry
breaking. Such models also can lead to large cross sections for the production of pairs of
scalars, an important signal to search for at colliders. Then we move on to a more complicated
scalar sector with three Higgs doublets. This extension can accomodate a mechanism that
explains the asymmetry between matter and anti-matter in the universe while also predicting
observable consequences for Higgs boson properties and production of new scalars. We then
move on to dark sectors that connect the Standard Model to dark matter. The properties
of dark matter are largely unknown, but scalar portals are one potential avenue of study.
In one model, we examine the possibility of connecting dark matter and neutrino masses
with a scalar portal. This provides a novel explanation of neutrino masses with potentially

observable consequences for cosmic neutrino detection. In the final model, we discuss the

il



combination of a dark sector, with a dark force and dark Higgs mechanism, and a popular
vector like quark model. The inclusion of dark sector particles turns out to vastly change
the phenomenology of this popular model, with entirely different decay patterns for the
vector like quark. We conclude that Standard Model extensions containing new scalars have

immense potential for new physics and answers to open questions in the field.
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Chapter 1

Introduction

The Standard Model (SM) of particle physics is one of the most well-tested scientific the-
ories. It is a quantum field theory that describes all the known elementary particles with
great accuracy. The gauge group SU(3). x SU(2), x U(1)y describes the interactions be-
tween particles|l, 2, 3]. One of the predictions of the SM was the existence of a scalar
particle known as a Higgs boson|4, 5, 6]. The Higgs boson plays a crucial role in electroweak
symmetry breaking, an essential part of our understanding of the gauge sector of the SM.
CERN announced in 2012 that the Large Hadron Collider (LHC) discovered a scalar CERN
announced in 2012 that the Large Hadron Collider (LHC) discovered a scalar particle with
a mass of around 125 GeV! that is a candidate for the Higgs boson of the SM.

The formulation of the SM was a process of providing theoretical explanations for un-
explained phenomena and finding the experimental confirmation. At one time, only three
quarks were known: the up, down, and strange quarks. The lack of flavor changing neutral
currents led to a prediction of a fourth quark partnering the the strange quark|7]; this
partner, the charm quark, was discovered in 1974[8, 9]. The observed violation of CP
symmetry[10] did not fit with only two generations of quarks, and so a third generation of
quarks was predicted|11]; these quarks, the bottom and the top, were discovered in 1977[12]
and 1995[13, 14|, respectively. Electroweak interactions, like those mediating muon decays,
were formulated as a gauge theory which predicted new gauge bosons|1, 2, 3|; these bosons,
the W and the Z, were then discovered in 1983[15, 16, 17, 18]. The Higgs boson was the final

predicted particle. Now, one of the main goals of the LHC and proposed future colliders is

! Throughout this dissertation, natural units are used: h =1, c=1



to more thoroughly measure the interactions and properties of this new particle.

The mass of the Higgs boson was the last free parameter to be measured in the SM.
With its measurement, the SM now predicts all the properties of every particle, including
the Higgs boson. However, in spite of the success of the SM’s many predictions, the SM lacks
an explanation for such things as dark matter, non-zero neutrino masses, and the asymmetry
between matter and antimatter in the universe. This is a good reason to believe that the
SM is not a complete description of high energy physics but instead a low energy effective
field theory. Measuring the properties of this new SM-like Higgs particle to check whether
it matches the predictions of the SM Higgs boson is vital to the search for new physics
beyond the SM (BSM). In addition, searches for BSM physics can directly look for signs of
completely new particles. Investigating BSM models with more scalars is a natural step in

furthering our understanding of high energy physics.

1.1 Standard Model Fields and Gauge Symmetries

The gauge sector of the SM contains the spin 1 vector bosons. There are eight types of gluons
G corresponding to the eight generators of SU(3).. The subgroup SU(2), x U(1)y is known
as the electroweak (EW) gauge group, and its corresponding particles are a massless photon
and the massive Z, W, and W~ bosons. The process of electroweak symmetry breaking
(EWSB) reduces the EW gauge group to the single unbroken U(1)gy € SU(2)r x U(1)y.
The massless photon corresponds to the unbroken subgroup, while the massive Ws and Z
correspond to the other three generators of the broken symmetry; this correspondence will
be covered in Section 1.2.

The SM has three generations of spin % fermions, with each generation containing an
up-type quark in three colors, a down-type quark also in three colors, a charged lepton, and
a neutrino. For spin 0 particles, or scalars, there is only the one Higgs boson in the SM.
Figure 1.1 shows a graphical depiction of the SM particles and their interactions.

Gauge symmetry is an invariance under gauge transformations. Before symmetry break-



Figure 1.1: A pictorial representation of the particles in the SM and their interactions.
Particles that can interact are connected by lines. The quarks (g), charged leptons (e, u, T
, and neutrinos (v, v, v;) are all fermions, the Higgs (H) is a scalar boson, and the photon
(7), gluon (g), W, and Z are vector bosons. The image, from wikimedia, is in the public
domain.

ing, the gauge fields in the SM are GZ‘ with A = 1,2,...,8 corresponding to SU(3)., W with
a = 1,2,3 corresponding to SU(2)., and B, corresponding to U(1)y. The infinitessimal

gauge transformations of the SM gauge fields take the form

B,(x) — BL(x) = B,(z) + ;@qﬁ(m)

Wiz) — Wi(z)=Wi(x)+ é@,ﬁ“(x} + E“bCQb(as)Wﬁ(x)

I

Gi(x) — G:f(a:) = G/IL(.%) + gisa“éf(x) + f”Ké‘](x)GK(m) , (1.1)

where ¢, g, and gg are the coupling constants of U(1)y, SU(2)., and SU(3)., respectively,
g and fI/K are the structure constants of SU(2) and SU(3), respectively, and ¢(z), 0%(z),
and 67(z) are arbitrary functions of space and time. Under global transformations, i.e.
transformations where the arbitrary functions of spacetime are constants, the gauge fields
transform in the adjoint representation of the gauge group.

Each field has a fixed representation under the gauge group, but different fields can belong



| | SU(B). | SUQ2), | Y |
G 8 1 0
W 1 3 0
B 1 1 0
dg 3 1 -1/3
_ (UL
L= ( dL) 3 2 1/6
€r 1 1 -1
L= (”L> 1 2 1/2
€r
H 1 2 1/2

Table 1.1: The field content of the SM and their charges, before electroweak symmetry
breaking. G, W, and B are the gauge fields of SU(3)., SU(2)., and U(1)y, respectively. ug,
dgr, and () are SM quarks coming in three generations, eg and L are SM leptons coming
in three generations. H is the SM Higgs doublet. Y is the weak hypercharge.

to different representations. A (complex) field f(x), with indices suppressed, transforms as

f(x) = f'(x) = exp(if®(2)T*) exp(i6 (2)T") exp(iY ¢(x)) f (x) , (1.2)

where 6%, 07, and ¢ are the same functions of space and time as from Eq. (1.1), T and T”
are the generators of a unitary representation of SU(2) and SU(3), respectively, and Y is
the weak hypercharge of the field f corresponding to its representation under U(1)y-.

The SM can be described in two phases: the unbroken phase and the broken phase, that
is, before and after EWSB. The field content and gauge group representations are described

in Tables 1.1 and 1.2 for the unbroken and broken phases, respectively.

1.2 Review of Electroweak Symmetry Breaking

This section will give a brief overview of electroweak symmetry breaking, a form of spon-
taneous symmetry breaking in the SM. For a more detailed review, see e.g. Refs [19, 20|.

As a terminology note, though “spontaneous symmetry breaking” sounds as if the gauge



[ SUuB). | Q]
G 8 0
A 1 0
Z 1 0
W+ 1 1
W= 1 -1
u 3 2/3
d 3 -1/3
e 1 -1
vy, 1 0
h 1 0

Table 1.2: The field content of the SM and their charges, after electroweak symmetry
breaking. G and A are the gauge fields of SU(3). and U(1)gys, respectively. Z, W, and
W~ are the massive vector bosons coming from EWSB. u and d, and ) are SM quarks
coming in three generations, e and vy are SM charged leptons and neutrinos, respectively,
coming in three generations. h is the SM Higgs boson. @) is the electric charge.

symmetry is gone, in reality, the ground state of the quantum field theory merely transforms
non-trivially under the gauge symmetry.

Focusing only on the EW sector for simplicity, we want a theory that is invariant under
gauge transformations, or gauge invariant. For this purpose, it is useful to define field

strength tensors,

B, 9,B, — 0,B,
we, = 9.W5—0o,Wi+ gsabcij,f , (1.3)

where we have suppressed the coordinate dependence of the fields. The Lagrangian describing

only the gauge sector of EW theory is then

1 1
LEW,gauge = _ZBHVBW/ - ZWSVWG’HV s (14)

which is invariant under the gauge transformations of Eq. (1.1). Experimentally, three of

the four vector bosons in the electroweak sector, the W*, W~ and Z bosons, have non-zero



masses. A mass term for a vector boson, e.g. B, with mass m would look like —%mQBMB“.

Under transformations like Eq. (1.1), a mass term would transform as

1
—0,0(x)0"p(x
Tk ¢()0" ()

# By(a)BMx) , (15)

B, (z)B"(x) — B/’L(x)B’“(ac) = B,(z)B"(x)+ 25(9“(/5(:0)3”(13) +

which is crucially not gauge invariant. Massive vector bosons have a longitudinal polar-
ization, and scattering amplitudes involving these longitudinal polarizations tend to grow
rapidly with energy, leading to violations of unitarity. Gauge invariance is important for
taming this high energy behavior and preserving unitarity. Thus, a quantum field theory of
vector bosons without gauge invariance does not have sensible behavior at high energies. So
the task is to find a way to accomodate massive gauge bosons in a gauge invariant manner.

Scalar fields are special in that they can have a non-zero vacuum expectation value (vev).
The vacuum expectation value of a field is the average value of that field in the ground
state of the quantum field theory. The ground state of a quantum field theory should be
Lorentz invariant, and this means that any field that transforms non-trivially under Lorentz
transformations must have a vev of zero. Scalar fields are the only fields that transform
trivially, and so only scalars can get non-zero vevs. The Higgs mechanism uses scalars with
non-zero vevs in order to get a theory with massive gauge bosons|4, 5, 6, 21, 22, 23|. For the
Higgs mechanism in the SM, we give a vev to a scalar field that is an SU(2); doublet with
weak hypercharge Y = %, and then perform an expansion around that vev. We will now go
over the specifics of this in more detail.

We need to know more about forming gauge invariant Lagrangians using fields other
than gauge fields. Because the gauge transformations depend on space and time, partial

derivatives of fields will not have the same transformation properties as the fields themselves.



The gauge covariant derivative,

Dpf = 0y —1g'Y By —igT*Wi)f (1.6)

does have the same gauge transformation properties as the field f, namely the transformation
in Eq. (1.2). At this point, we note that the typical form of kinetic terms in Lagrangians,

for fermions and scalars respectively, are

Lryin = VDAY and  Lsyn = (D,S)(D"S) | (1.7)

which are invariant under gauge transformations of Eqgs. (1.1,1.2).

For the Higgs mechanism|4, 5, 6, 21, 22, 23|, we begin with a two component complex
doublet scalar H, referred to as a Higgs doublet, and the electroweak gauge bosons. The
Lagrangian is

Lew = Lew gage + (D, H)(D'H) = V(H) (1.8)

where Lpw gauge 15 from Eq. (1.4) and V(H), referred to as the potential, is given by

V(H)=—p*H'H + \(H'H)* . (1.9)

The vev of H, denoted as (H), should be at a minimum of the potential, such that V'((H)) =
0. The condition A > 0 is necessary for the potential to be bounded from below, a necessary
condition for a lowest energy ground state to exist. With that condition, the sign of u?
determines whether H gets a non-zero vev. If p? < 0, the minimum of the potential V (H)
is just at H = 0. However, if u? > 0, the two terms in Eq. (1.9) have opposite sign and the

minimum of the potential is at some H # 0. Thus, p? > 0 leads to (H) # 0.



We will now expand H around this minimum as

H = exp (%) (h+z)/\/§ , (1.10)

where h is a real scalar field, v = \/; = /2 |(H)| is the Higgs vev with a conventional nor-
malization factor, and y = w®T® with T being the generators of the doublet representation
of SU(2)., and w” being three real scalar fields called Nambu-Goldstone bosons|24, 25]. Note
that the degree of freedom counting is the same: two complex components versus three (w®)
plus one (h) real components.

We now wish to write the covariant derivative of H explicitly in matrix form. The

generators of SU(2)y, in the doublet representation are 7% = "—; where o are the three Pauli

1

matrices. So the covariant derivative for a doublet with weak hypercharge Y = 3 is

1 (9B, +gW? gWl —igW?
Dy H = 0,H ~ i 95 w S T g (1.11)
Wi +igW? ¢B,—gW;

If we substitute the expansion from Eq. (1.10) into Eq. (1.11), we will see that the Lagrangian

from Eq. (1.8) contains terms quadratic in the gauge fields with no derivatives:

1)2

Lpw D 3 (W —iW?) (W + W) 4 (gW? — ¢'B) . (gW?® — ¢ B)*) . (1.12)

The terms in Eq. (1.12) are exactly mass terms for the gauge bosons. Switching to a different
basis, VVMjE = (W, ¥ ZWS)/\/Z Z, = cos W, —sinby B, and A, = cos Oy By, 4 sin Oy W7,

/ . .
where tan Oy = %, we can rewrite this as

1
Lew D §M§ZMZM + My WiW =" +0x A,A", (1.13)

2,,2

where M3, = ¢ +— and M2 = W. The field corresponding to the photon, A, remains




massless, which reflects the remaining unbroken U (1) gy of electromagnetism. Through this
Higgs mechanism, we have seen that gauge bosons can obtain mass. We now have a specific
mechanism that produces the observed massive W', W~ and Z and massless photon.

Having finished the main demonstration of gauge boson masses, we now quickly turn
back to the Higgs doublet. We had split the degrees of freedom of H using a unitary
transformation defined by x and a real scalar field h in Eq. (1.10). The potential in Eq. (1.9)
depends only on H'H and is independent of the unitary transformation piece. However, y
will still show up in the kinetic part of the Lagrangian in Eq. (1.8), so one may worry that
this theory predicts extra massless scalars, in conflict with observational data. However,
the unitary transformation where y appeared is equivalent to a gauge transformation on H
as in Eq. (1.2). This means there is a gauge choice where the x fields are removed from
the theory, and since the theory is gauge invariant, this means the y are unphysical. So in
the end, starting from a complex Higgs doublet H, the only scalar in the final theory after
EWSB is the real scalar h.

There is one other purpose of the Higgs mechanism in the SM: giving masses to fermions.
A fermionic mass term requires both a left chiral field ¥; and a right chiral field ¥z and
takes the form

Ly =-mU Vg . (1.14)

In order for such a mass term to be gauge invariant, ¥; and ¥y must belong to the same
representation of the gauge group. Because the left and right chiral fields transform differ-
ently under the EW gauge group, as seen in Table 1.1, such mass terms are forbidden in the

SM. However, terms coupling the fermions to the Higgs doublet,

Lvuiawa = —y"QrHug — y*QrHdr — y*LyHeg + h.c. (1.15)

are gauge invariant, where generation indices are suppressed, H = io2H* is the conjugate

doublet of H with opposite hypercharge, h.c. means the Hermitian conjugate terms, and



y*, y?, and y° are the Yukawa coupling matrices for up-type quarks, down-type quarks, and

charged leptons respectively. After EWSB, Eq. (1.15) contains terms like

U d e
Lvukawa O —MI_LLUR - M(U + h)deR - M(’U + h)éLeR + h.c., (116)

V2 V2 V2

which are mass terms for the fermions e, u, and d with masses m, = % Note that since
there were no vg fields in Table 1.1, there can be no mass terms for neutrinos, and so

neutrinos are still massless left chiral fermions in the SM.

1.3 Motivation for New Scalars

The scenario of EWSB laid out in Section 1.2 is only the minimal implementation of EWSB.
A BSM model with more Higgs fields can also implement EWSB, and the new fields could
potentially be in representations of SU(2)., x U(1)y other than the doublet with hypercharge
%. Any additional scalars will appear in the Higgs potential, changing it from the SM
potential of Eq. (1.9). Since the minimization of the Higgs potential is the source of the Higgs
vev, the shape of the Higgs potential is vital to understanding the mechanism of EWSB
and the source of fundamental particle masses. The specifics of EWSB have important
cosmological consequences. In the early universe there was a phase transition from the
unbroken phase to the broken phase of EW symmetry; depending on the Higgs potential, this
phase transition might be a first order phase transition. A first order EW phase transition is
a part of many models that hope to explain the asymmetry between matter and anti-matter
in our universe. Thus, it is crucial to measure the shape of the Higgs potential, which means
measuring the interactions of any Higgs particles.

In the SM, a final state with two Higgs bosons is an extremely rare process, but measuring
the cross section for this process tells us about the self-interactions of the SM-like Higgs as

well as the potential presence of new scalar particles in the Higgs sector. Figure 1.2 shows

the sorts of diagrams that lead to the production of two SM-like Higgs bosons, here called h;.
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Figure 1.2: Representative diagrams for the production of two SM-like Higgs bosons h
corresponding to (a) box diagram, (b) triangle diagram with the SM-like Higgs boson h4
that depends on the h; self-coupling, and (c) triangle diagram with a potential BSM scalar
ho as an intermediate state.

In the SM, Fig. 1.2a and Fig. 1.2b, contribute to the process, though the relevant couplings
might be different in a BSM model. On the other hand, Fig. 1.2c represents a process
only available in BSM models due to the presence of a new scalar particle, here called hs.
Measuring two Higgs production process is crucial to understanding the Higgs potential and
EWSB because it can tell us about the couplings that show up in Fig. 1.2. Thus, looking at
BSM models with new scalars and working through the phenomenology provides important
benchmarks for how well we can measure the Higgs potential in experiments. The simplest
models for benchmarks are models that add gauge singlet scalars, meaning scalars that are
invariant under gauge transformations.

Scalars can also serve as a connection to dark matter. Though we know of dark matter’s
existence from gravitational and cosmological data, we do not know much about it except
that it interacts very weakly, if at all, electromagnetically. One attractive possibility is that
dark matter may be part of a whole “dark sector” with its own interactions and forces. A

dark sector with scalars has the interesting possibility of a so-called scalar portal, where
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scalars in the dark sector mix with the SM Higgs boson. The SM-like Higgs boson then
inherits some interactions with dark matter particles, and the dark sector scalars similarly
inherit some interactions with SM particles. The possibility of such a scalar portal is a very
good reason to not only very closely examine the properties of the SM-like Higgs, but also
to look for new scalars.

Dark sectors could also have new gauge groups. New massless gauge bosons would lead to
new long range forces, however, and long range forces are generally very highly constrained.
This motivates another use of scalars: spontaneously breaking any dark sector gauge groups
and making new forces short ranged. Such a dark Higgs sector could be looked for by directly

looking for dark Higgses or indirectly by looking for massive dark sector gauge bosons.

1.4 Outline

In experimental searches for BSM physics, it is crucial to know what to look for. The range
of possible signals is vast, and models are needed in order to motivate experimental searches.
There are also many possible models to choose from, so some motivation is needed to decide
which models to examine phenomenologically. Models that are simple, well-motivated, or
have stark new signals often make good candidates.

In this dissertation, we study BSM models with extended scalar sectors and lay out their
phenomenological predictions. Different models have unique physics aspects and propose
answers to various questions.

Chapters 2 and 3 discuss simple extensions of the SM that add additional gauge singlet
scalars. This leads to additional scalar particles that are motivated to be around the weak
scale. Heavy scalars can decay to pairs of lighter scalars, and this is one of the main signals
of interest in these models. In Chapter 2, based on Ref. [26], the singlet is a real field, and
there is one additional heavy scalar that can decay predominantly to two 125 GeV SM-like
Higgses. This can result in a resonant cross section much larger than the corresponding SM

cross section. In Chapter 3, based on Ref. 27|, the singlet is a complex field. This model
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is slightly more complicated, and has two additional scalar particles. In this model, the
heaviest scalar can decay to a pair of the SM-like Higgs and the other new scalar. This sort
of two scalar final state with different mass scalars is not present in the SM, which only has
one scalar particle, and makes for an interesting signal.

Chapter 4, based on Ref. [28], is a more complicated extension of the SM with a total
of three Higgs doublets instead of one. This allows for a mechanism that can explain the
asymmetry between matter and anti-matter in the universe using the two new Higgs dou-
blets. This asymmetry, referred to as the baryon asymmetry of the universe, is something
that the SM has no way to dynamically generate. The model discussed has three Higgs
doublets, which matches the number of generations of fermions in the SM, and has a mech-
anism for explaining the non-zero masses of neutrinos. This model also makes predictions of
Higgs measurements and new Higgs bosons that could be experimentally measured at future
colliders.

Chapters 5 and 6 deal with dark sector forces. In Chapter 5, based on Ref. [29], there is
a scalar portal between neutrinos and dark matter. On scales < 1 kpe, dark matter might
have self-interactions through new forces. This BSM model uses this possibility to offer a
new explanation for how neutrinos have their small but non-zero masses. Chapter 6, based
on Ref. [30], involves a new dark sector containing a dark Higgs which spontaneously breaks
a new gauge symmetry. There is a corresponding dark Higgs boson as well as a massive
gauge boson, often called a dark photon. In this model, the dark Higg and dark photon
couple to a new vector like quark, which is common in many well-motivated BSM models.
However, due to the presence of the rest of this dark sector, the phenomenology of this vector
like quark ends up being far different from the simplest models, with very different signals.

This dissertation finishes with the conclusions of these different models and a discussion

of some of the phenomenology of new scalars.
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Chapter 2

Double Higgs Production with a Real Scalar Singlet?

One of the main objectives of the LHC is to further our understanding of EW physics at the
EW scale. Of particular interest are the interactions of the observed Higgs boson [31, 32].
Although current measurements of the Higgs production and decay rates help us determine
if the observed Higgs boson is related to the source of fundamental masses within the SM,
there are still many unanswered questions. One of the most pressing is the mechanism of
EWSB. In the SM the source of EWSB is the scalar potential. Hence, it is interesting to
study extensions of the SM that change the potential and their signatures at the LHC. In
particular, simple extensions allow us to investigate phenomenology that is generic to more
complete models.

The simplest extension of the SM is the addition of a real gauge singlet real scalar, S: the
singlet extended SM. At the renormalizable level, the only allowed interactions between S
and the SM are with the Higgs field. Hence, this model is a useful laboratory to investigate
deviations from the SM Higgs potential. Although this is the simplest possible extension,
it is well-motivated. This scenario arises in Higgs portal models [33, 34, 35, 36, 37, 38, 39,
40, 41, 42]. In these models, the scalar singlet couples to a dark matter sector. Through its
interactions with the Higgs field, the new scalar provides couplings between the dark sector
and the SM. Additionally, scalar singlets can help provide the strong first order EW phase
transition necessary for EW baryogenesis [43, 44, 45, 46, 47, 48, 42, 49, 50, 51, 52, 53, 54,
55, 56, 57, 58, 59].

If there is no Z, symmetry, S — —95, after EWSB the new scalar will mix with the SM

2This chapter is based on Ref. [26], which is (©)2017 American Physical Society
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Higgs boson. This mixing induces couplings between the new scalar and the rest of the SM
particles. Hence, the new scalar can be produced and searched for at the LHC, as well as
affecting precision Higgs measurements. The simplicity of the singlet extended SM allows
for easy interpretation of precision Higgs measurements [60, 61] and resonant searches for
heavy scalars [62, 63, 64, 65, 66, 67, 68, 69, 70, 71, 72, 73, 74, 75, 76, 77, 78, 79].

There have been many phenomenological studies of the singlet extended SM at the
LHC [35, 80, 37, 44, 81, 82, 41, 83, 84, 85, 49, 86, 50, 87, 88, 89, 90, 91, 92, 93|. Of particular
interest to us is if the new scalar is sufficiently heavy, it can decay on-shell into two SM-like
Higgs bosons, mediating resonant double Higgs production at the LHC [94, 95, 48, 96, 97,
98,99, 100, 101, 102, 103, 104, 105]. This can greatly enhance the double Higgs rate over the
SM prediction. We will provide benchmark points that maximize double Higgs production
in the singlet extended SM. These benchmark points are needed to help determine when the
experimental searches for resonant double Higgs production [70, 71, 69, 68, 66, 67, 65| are
probing interesting regions of parameter space.?

In Section 2.1 we provide an overview of the model, including the theoretical constraints
on the model. Experimental constraints are discussed in Section 2.2. Resonant double Higgs
production is discussed in Section 2.3. In Section 2.4 we discuss the maximization of the

double Higgs rate and provide the benchmark points.

2.1 The Real Singlet Model

In this section we give an overview of the singlet extended SM, following the notation of
Ref. [96]. The results of Ref. [96] are important for establishing our benchmark points.
Hence, we summarize the results of this chapter regarding global minimization of the po-
tential, vacuum stability, and perturbative unitarity. In the remaining part of the chapter

we will extend upon this work, thoroughly investigating the relationship of these theoretical

3A similar study has been done in the case of a broken Zy symmetry S — —S [100]. Here we work in
the singlet extended SM with no Z;. This model has more free parameters allowing for different benchmark
rates.
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constraints and maximization of double Higgs production.
The model contains the SM Higgs doublet, H, and a new real gauge singlet scalar, S. The
new singlet does not directly couple to SM particles except for the Higgs doublet. Allowing

for all renormalizable terms, the most general scalar potential is

by
2

by
3

V(H,S) = —p2H H + N(HTH)? + %HTHS + %HTHSQ FhS+ 287+ 253y %54. (2.1)
The neutral scalar component of H is denoted as ¢y = (h + v)/v/2 with the vev being
(o) = 75+ We similarly write S = s + x, where the vev of 5 is denoted as .

We require that EWSB occurs at an extremum of the potential, so that v = vgy = 246
GeV. Shifting the field S — S 4 0.5 does not introduce any new terms to the potential, and
is only a meaningless change in parameters. Using this freedom, we can additionally choose
that the EWSB minimum satisfies # = 0. Requiring that (v,z) = (vgw,0) be an extremum

of the potential gives

:u2 = )\U%‘W7
,02
bl = — ZW aq. (22)

After symmetry breaking, there are two mass eigenstates denoted as h; and hy with

masses my and mo, respectively. The new fields are related to the gauge eigenstate fields by

h1 cosf siné h
= ) (2.3)

ho —sinf cosd s

where 6 is the mixing angle. The masses, m; and ms, and the mixing angle, 6, are related
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to the scalar potential parameters

2 2
mi —ms5 .
a; = ————2gin26,
VEW
as .
by + ?U%W = m?sin® 6 + m3cos? 0,
\ m? cos? 0 + m3 sin® 0 54
= 52 : (2.4)
EW

We set the mass m; = 125 GeV to reproduce the discovered Higgs. The free parameter space
is then

ma, 0, asg, bg, and b4. (25)

We are interested in the scenario with mo > 2m4, where hy can decay on-shell to two SM-
like Higgs bosons, h;. After symmetry breaking, the trilinear scalar terms in the potential

which are relevant to double Higgs production are

A A
V(hi, ha) D é—}lhi’ + %hmi (2.6)

The trilinear coupling Ao1; allows for the tree level decay of ho — hih;. At the EWSB

minimum (v, z) = (vgw, 0), the trilinear couplings are given by [96]

3
M1 = 2sin®0bg + %sin@coszﬁ—i—?)az sin? @ cos v + 6\ cos® G vgw, (2.7)
M1 = 2sin?6cosfbs + % cos f(cos? § — 2sin” ) + (2 cos® § — sin ) sin f vy as

—6Asinf cos® Q vgy .

2.1.1 Global Minimization of the Potential

The scalar potential, Eq (2.1), allows for many extrema (v,z). There are two classes that

need to be considered: v # 0 and v = 0. The v # 0 extrema are given by (v, x) = (vgw,0)
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and (v,z) = (vg, z4) where [96]

vew(3aiay — 8bs\) + 8vVA

= 4UEw(4b4/\ — a%) ’
1
i = vhw - 55\ (@172 + axzl),
2 2,1,2
= YEw (8[)3)\ — 3(11&2)2 - My (4b4/\ - CL%) . (2 8)

64

For all of these three solutions to be real, there are constraints A > 0 and v > 0.

The v = 0 extrema are given by solutions of the following cubic equation:

by + box + b3x® + bya® = 0. (2.9)

Only real solutions for x are of interest.
As can be seen, there is only one extremum with v = vgy . Since the scalar S is a gauge
singlet, it does not contribute to the gauge boson or SM fermion masses. Hence, to reproduce

the correct EWSB pattern, we require that (vgw,0) is the global minimum.

2.1.2 Vacuum Stability

To avoid instability of the vacuum from runaway negative energy solutions, the scalar po-
tential should be bounded from below at large field values. Vacuum stability of the potential
then requires that

ANGy + 2a9035° + bys® > 0. (2.10)

It is clear that bounding the potential from below along the axes s = 0 and ¢y=0 requires

A>0 and by > 0. (2.11)
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If as > 0 as well, then the potential is always positive definite for large field values. However,

as < 0 is also allowed. Eq. (2.10) can be rewritten as

2

A(262 + %52)2 + (by — %)54 > 0. (2.12)

The first term in Eq. (2.12) is always positive definite. Requiring the second term to be

nonnegative for ay < 0 gives the bound [96]
— 9/ by < as. (2.13)

2.1.3 Perturbative Unitarity

Perturbative unitarity of the partial wave expansion for the scattering also constrains quartic

scalar couplings,

M = 167 Z(Zj + 1)a; P;(cos9), (2.14)

§=0
where Pj(cosf) are Legendre polynomials. Looking at the process hohy — hohy for large
energies, the first term in the partial wave expansion at leading order, accounting for the

normalization of states with identical particles, is

3b
ao(hghg — thg) = ﬁ (215)

The perturbative unitarity requirement |ag| < 0.5 gives the constraint by < 8.4. When
this bound is saturated, a minimum higher order correction of 41% is needed to restore the
unitarity of the amplitude [106].

There are also perturbative unitarity constraints on the other quartic couplings: A\ < 8.4

and as < 25. However, for all parameter points we consider, these constraints on A and as

are automatically satisfied when all other constraints are applied.
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2.2 Experimental Constraints

The singlet model predicts that the couplings of h; to other SM fermions and gauge bosons
are suppressed from the SM predictions by cosf. Hence, the single Higgs production cross

section is suppressed by cos? 0,

olpp — hy) = cos? Qo s (pp — hy) (2.16)

where oy (pp — hy) is the SM cross section for Higgs production at m; = 125 GeV. Since
all couplings between h; and SM fermions and gauge bosons are universally suppressed, the

branching ratios for h; decay agree with SM branching ratios,

where Xg)s is any allowed SM final state. Using these properties, the most stringent con-
straint from observed Higgs signal strengths at the time of this analysis was from ATLAS:
sin?f < 0.12 at 95% C. L. [60]. More recent analyses with more data [107, 108| lead to
stronger constraints. We included benchmarks for future projected limits which are still
allowed.

As mentioned earlier, there are also direct constraints from searches for heavy scalar
particles |63, 64, 62, 65, 67, 66, 68, 69, 70, 71, 72, 73, 74, 75, 76, 77, 78, 79]. For the mass
range 250 GeV < my < 1000 GeV considered here, the direct constraints on sin f are weaker
than those from the Higgs signal strengths [100]. Nevertheless, independently and using
HiggsBounds [109, 110, 111, 112, 113]|, we verified that our benchmark points satisfy all

experimental constraints.
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2.3 Production and Decay Rates

The contributions to double Higgs production in the singlet model are as shown in Fig. 1.2.
Figures 1.2a and 1.2b are present in the SM double Higgs production, while the s-channel
hs contribution in Fig. 1.2¢ is responsible for the resonant hih; production. The s-channel
hy (hy) contribution in Fig. 1.2b (Fig. 1.2c) depends on the scalar trilinear couplings Aq1;
(A211) in Eq. 2.7. Hence, this process is clearly sensitive to the shape of the scalar potential.

It is expected that the resonant hy contribution dominates the double Higgs production

cross section. We then use the narrow width approximation as follows:

O'(pp — hg — h1h1> ~ O'(pp — h2)BR,(h2 — hlhl). (218)

Although interference effects between the different contributions in Fig. 1.2 can be signifi-
cant [98], our purpose here is to maximize the double Higgs rate in this model. Hence, for
simplicity we focus on maximizing the cross section in Eq. (2.18). This is sufficient to attain
our goal.

Due to mixing with the Higgs boson, hy has couplings to SM fermions and gauge bosons

proportional to sin#. The cross section for production of hs is then

o(pp — hy) = sin® O ospr(pp — ha) (2.19)

with ogp(pp — hs) being the SM Higgs production cross section evaluated at a Higgs mass
of my. Since the couplings to fermions and gauge bosons are proportional to the SM values,
the intuition about the dominant SM Higgs production channels is valid for the production
of hy. Hence, gluon fusion gg — hs is the dominant channel, as illustrated in Fig. 1.2c.

The heavy scalar hy can decay to SM gauge bosons and fermions with partial widths of

[(hy — Xgnr) = sin? @ gar(ho — Xenr) (2.20)
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Figure 2.1: BR(hy — hih;) as a function of b3 and ay for my = 260 GeV and sin? 6 = 0.12.
In (a) by = 8.4 and (b) by = 1. The shaded regions are allowed by the global minimum and

vacuum stability constraints. The color indicates BR(hy — hihy).

where I'gpr(he — Xgnas) is the SM decay width for a Higgs boson into SM final states

Xsn # hihy evaluated at a mass of my. The tree level decay for ho — hih; has a partial

width given by

2 Am?
['(hy — hihy) = 32;;112 1- 7%1

The branching ratio for ho — hihq is

F(hg — hlhl)

BR(hQ — hlhl) = F(hg) )

where
F(hg) = F(h,g — hlhl) -+ sin2 HFSM(hQ — XSM)

is the total width of hs.
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Figure 2.2: The ranges of I'(hg)/msy allowed by the theoretical constraints in Secs. 2.1.1
and 2.1.2 as a function of my for by = 8.4 and sin®# = 0.12.

The parameter by does not explicitly affect BR(hy — hih;). However, through the
constraints of vacuum stability and (v,z) = (vgw,0) being the global minimum of the
scalar potential [Sec. 2.1.1], by affects the allowed ranges for the other parameters as and
bs. These parameters appear in the trilinear coupling 911 in Eq. (2.7), which is relevant for
['(hy — hihy). Figure 2.1 shows the allowed parameter region satisfying these constraints
for (a) by = 8.4 and (b) by = 1 with my = 260 GeV and sin?# = 0.12. It is clear from
the figures that a lower value of by shrinks the allowed region. The coloring in the figures
indicates the value of BR(hy — hih;), where the values of I'gy;(hy — Xgpr) were obtained
from Ref. [114]. It was found that the maximum BR(hy — hyhy) always occurs with by = 8.4
at the unitarity bound.

In Fig. 2.2 we show allowed ranges of I'(hs)/ms as a function of the mass of my for
by = 8.4 and sin”@ = 0.12. The total width is always bounded by I'(hy)/ms < 0.09. For
me S 700 GeV, we also have I'(hg)/mo < 0.05. As sin€ decreases below its upper bound,
the total width of hy will decrease as well. The value of b4 has no effect on the partial widths
of hy into SM fermions or gauge bosons. However, as b, decreases, the partial width of
['(hy — hihy) decreases as shown in Fig. 2.1. Hence, the upper bound on I'(hs) in Fig. 2.2

is the upper bound throughout the allowed parameter regions, and hs is sufficiently narrow
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Figure 2.3: Maximum and minimum allowed BR(hy — hihy) as a function of my for by = 8.4
and sin?6 = 0.12.

to justify the narrow width approximation in Eq. (2.18).

2.4 Results

We maximize the production rate in Eq. (2.18) by fixing my and 6, then scanning over the

remaining parameters

a9, bz, and by. (2.24)

For all numerical results, the SM production cross sections and widths for a Higgs boson in
Egs. (2.16), (2.17), (2.19), and (2.20) were obtained from Ref. [114].

The maximum and minimum BR(hy — hih;) for different values of ms are shown in
Fig. 2.3. We set by = 8.4 at the perturbative unitarity bound and sin?# = 0.12 at the
experimental bound [60]. The largest possible branching ratio occurs at around 280 GeV
with BR(hy — hihy) = 0.76. Even up to masses of 1000 GeV the branching ratio to double
Higgs can be larger than 0.3. Additionally, for my 2 600 GeV there is a minimum on
BR(hy — hihq).

Figure 2.4a shows the dependence of the maximum branching ratio BR(hy — hih;) on

the parameter by. As can be seen, if the parameter by is less than the unitarity bound of 8.4
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Branching Ratio b 4 Dependence, sin29:0.12

Branching Ratio sinf Dependence, b 4:8.4
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Figure 2.4: Maximum allowed BR(hy — h1hq) as a function of my for different values of (a)

by and (b) sin 6.

then the largest possible branching ratio becomes smaller. This is due to the shrinking of
the allowed range for the parameters ay and b3, as shown in Fig. 2.1. Even for small values
of by, the branching ratio can still be quite substantial.

The maximum possible value of sin®# is expected to decrease as more data is taken
at the LHC and the measurements of the observed Higgs couplings become more precise.
Figure 2.4b shows the maximum possible BR(hy — hih;) for several values of sin®f. As
can be seen, the branching ratio can be larger for smaller sinf. Hence, maximization of
BR(hy — hihy) occurs at small sin . However, double Higgs production is not maximized
with this condition.

Now we turn our attention to maximizing the double Higgs production rate. Figure 2.5
shows the maximum o(pp — hy)BR(hy — hih;) at an LHC energy of /Sy = 13 TeV for
various (a) by and (b) sin @ values as a function of mass ms. The values are scaled by the SM
double Higgs production cross section at 13 TeV of 33.53f2§gﬁ fb [114], calculated at NNLL
matched to NNLO in QCD with NLO top quark mass dependence [115]. As mentioned

earlier, the maximum rates occur when b4 is at the unitarity bound by = 8.4. For sinf,

although the maximum BR(hy — hih;) increases as sinf decreases, this increase is not
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Double Higgs Production b, Dependence at 13 TeV, sin’6=0.12

Double Higgs Production sin® Dependence at 13 TeV, b,=8.4
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Figure 2.5: Maximum o(pp — hs)BR(hs — hihy), scaled by the calculated SM double Higgs
production, as a function of my for different values of (a) by and (b) siné.

mo a9 b3/UEW BR(hQ — h1h1> O'(pp — h2)BR,(h2 — hlhl)
300 GeV —1.1 —3.7 0.83 0.98 pb
400 GeV —0.85 —4.8 0.69 0.79 pb
500 GeV 0.18 —-7.9 0.57 0.31 pb
600 GeV 0.76 -9.9 0.49 0.12 pb
700 GeV 1.7 —13 0.44 0.049 pb
800 GeV 2.1 —15 0.40 0.022 pb

Table 2.1: Benchmark points that maximize BR(hy — hihy) with by = 8.4 and sin? § = 0.12.
The cross sections are evaluated at a lab frame energy of /Sy = 13 TeV.

enough to compensate for the sin @ suppression of the production cross section o (pp — hs)

in Eq. (2.19). Hence, the maximum double Higgs production cross section occurs at the

experimental bound sin? @ = 0.12. In the best case, the resonant double Higgs production is

roughly 30 times the SM double Higgs cross section.

Finally, we provide our benchmark points in Tables 2.1 and 2.2. We provide the param-

eter points that maximize the hih; production in the singlet extended SM, as well as the

corresponding BR(hy — hihy) and hihy production cross section at a lab frame energy of

V' Sy = 13 TeV. As discussed before, the maximum BR(hy — hihy) occurs for by = 8.4 at
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ms as bs/vEw BR(hy — hihy) a(pp = ha)BR(hy — hihy)

300 GeV -1.6 —-2.8 0.83 0.41 pb
400 GeV —-1.2 —4.7 0.69 0.32 pb
500 GeV —-1.3 —4.8 0.56 0.13 pb
600 GeV —0.58 —8.2 0.48 0.048 pb
700 GeV —0.46 -9.1 0.43 0.020 pb
800 GeV 0.32 —13 0.40 0.0089 pb

Table 2.2: Benchmark points that maximize BR(hy — hihy) with by = 8.4 and sin? § = 0.05.
The cross sections are evaluated at a lab frame energy of /Sy = 13 TeV.

the unitarity bound. Hence, we fix by = 8.4 for all benchmark points. Also, the maximum
hihy production cross section occurs for sin®@ = 0.12 at the current limit [60]. Table 2.1
contains the benchmark points for sin? @ = 0.12. However, as mentioned earlier, as the LHC
continues to gather data it is expected that the precision Higgs measurements will further
limit sin#. The uncertainties in Higgs coupling measurements are projected to be ~ 5%
with 3000 fb™' of integrated luminosity at the LHC [116]. This corresponds to a bound of
sin?# < 0.05 due to the overall cos? 6 suppression of the h; rate of production. Hence, we

also provide benchmark points for sin? 6 = 0.05 in Table 2.2.
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Chapter 3

Double Higgs Production with a Complex Scalar Singlet?

As discussed in the previous chapter, the exploration of the Higgs sector is a primary focus of
the LHC physics program, with measurements of the Higgs couplings to fermions and gauge
bosons, the Higgs mass, and Higgs CP properties becoming ever more precise. Measuring
the Higgs potential is crucial to understanding the full picture of EWSB. In continuing the
previous chapter’s discussion of simple scalar extensions, we now proceed from the real scalar
singlet extension to the complex scalar singlet extension.

The complex scalar singlet extension has new features beyond the real singlet case. It has
several phases, 2 of which can accommodate a dark matter candidate[117, 118]. In the broken
phase of this model (which is the subject of this chapter) there are 3 neutral scalar particles
which mix to form the mass eigenstates, one of which is the 125 GeV scalar. While the real
singlet had the scalar decay hy — hihq, this model also allows for decays like hy — hihs
and ho — hshs. Because of this, final states with 2 different mass scalar particles can be
resonantly produced in this scenario and there are large regions of parameter space where
the couplings of the new scalars to SM particles are highly suppressed, making the dominant
production mechanism of the new scalars the Higgs decays to other Higgs-like particles. The
resonant production of two different mass Higgs particles is a smoking gun for this class of
theories.

We study the most general case of a complex scalar singlet extension of the SM, without
the introduction of any new symmetries for the potential. The complex singlet model has

been previously studied imposing a softly broken U(1) symmetry and benchmark points

4This chapter is based on Ref. [27], which is (€)2018 American Physical Society
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described for the study of the decay of the heavy scalar to the SM Higgs boson and the
lighter scalar of the model|[91, 119|. The parameter space of the model we study is larger,
allowing for new phenomenology. The basic features of the model are discussed in Section
IT and the limits on the model from perturbativity, unitarity and the oblique parameters are
presented in Sec. 3.2. Our most interesting results are the implications for double Higgs
studies and the description of scenarios where one of the new Higgs bosons is predominantly

produced in association with the 125 GeV boson. This is discussed in Sec. 3.3.

3.1 The Complex Singlet Model

We consider a model containing the SM SU(2) doublet, H, and a complex scalar singlet, S..
Since S, has hypercharge -0 it does not couple directly to SM fermion or gauge fields, and its
tree level interactions with SM fermions and gauge bosons result entirely from mixing with

H. The most general renormalizable scalar potential is[81],

2 A 1 1
V(H,S,) = %HW»ZUﬂm?+GmHm&+Z%mH£+m&
+1b152 + 16153 + 1eQSC | S, |? +1d154 + 1d332 | Se |? 4h.c.
47°° 6 ° 6 8 ¢ 8 7°F¢
1 22, 02 i 2 1 2
+Zd2(| Se |7)° + EH HI|S, | +§b2 | Se |7, (3.1)

where aq, by, e, es,dy,ds, 07 and 03 are complex. After spontaneous symmetry breaking, in

unitary gauge,

0 1
H— S = —(Stug+i(Atua)). 3.2
N ﬁ( vs + i m) (3:2)
2

Since we have included all allowed terms in Eq. (3.1), the coefficients can always be redefined
such that vs = v4 = 0. This makes the potential of Eq. (3.1) identical to that obtained by
adding 2 real singlets to the SM and there is no CP violation. Previous work|[91, 81| imposed

a global U(1) symmetry or a Z, symmetry to eliminate some of the terms in the potential,
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making the shift to vg = v4 = 0 in general not possible.

The mass eigenstate fields are hq, h, hy (masses my, my, mg) are found from the rotation,

h1 h
hs A

where V' is a 3 X 3 unitary matrix with,

C1 —51C3 —5153
V= s1c0 cieacs — 5983 c1983 + Sac3 (3.4)

8189 C€182C3 + €283 (18953 — C2C3

and we abbreviate ¢; = cos 6;, etc. Note that the phase usually associated with the CKM-like
mixing matrix does not appear since the mass matrix in terms of the real fields h, S, and A
is strictly real by hermiticity. Since all allowed terms are included in Eq. (3.1), we are free
to perform a field redefinition S. — S.e’® while leaving the form of the potential unchanged.

We choose to take S, — S,e¥. This results in the field redefinitions,

h 1 0 0 h
S — 0 C3 —S83 S ) (35>
A 0 S3 C3 A

which, when combined with Egs. (3.3,3.4) with matrix multiplication, leads to a simplified
mixing matrix,
cg —s1 0
V= | sic0 creo sy | - (3.6)
5189 €189 —C
So we see that performing a suitable phase rotation is equivalent to setting 63 = 0. For the

rest of the chapter, we use this convention to eliminate 65.
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We take as inputs to our scans,

v = 246 Ge‘/; my = 125 Ge‘/a m27m3701702a 627637d17d27d3761762 (37)

where 93, d;, d3, e; and ey can be complex and are defined in Eq. (3.1).

The SM-like Higgs boson is identified with hy with m; = 125 GeV. The couplings of hy
to SM particles are suppressed by a factor ¢; relative to the SM rate. The states are ordered
according to their couplings to SM particles. hy has the strongest couplings to SM particles,
hs couplings are suppressed by sicy relative to the SM couplings, and hs couplings are the
smallest, and are suppressed by s;s, relative to SM couplings. The mass ordering of hy and
hs is arbitrary. At the time of the original analysis, the ATLAS experiment restricted the
value of ¢; to be,

C1 :| Vi1 | > 094, (38)

at 95% confidence level using Run-1 Higgs coupling fits[60]. Similarly, a global fit to Higgs
coupling strengths by CMS and ATLAS|61],

p=1.09+ .11, (3.9)

yielded an identical limit on ¢;. A similar analysis was performed in Ref. [120] with more

recent experimental limits with similar results.

3.2 Limits from Perturbativity, Oblique Parameters and Unitarity

The parameters of the model must satisfy constraints from electroweak precision measure-
ments, searches for heavy Higgs bosons, and limits from perturbative unitarity, along with
the restrictions from single Higgs production discussed in the previous section. The oblique
parameters quantify the deviation of EW precision measurements from SM predictions, and

are a way to constrain BSM models. Fits to the oblique parameters place strong limits on
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the allowed scalar masses and mixings. Analytic results for a model with 2 additional scalar

singlets are given in Ref. [82]. For m; >> My, M, the approximate contributions are ,

, 1 2, (17
AS ~ (1= [ Via [)Sour + 75Tz | Vi [* log( —

127 J
AT (1— | Vi1 |P)Te _ 3y, | Vi |? 1o m;
11 SM 167Tc%,[, i=1,2,3 | Vi1 g m%
AU ~ (1—| Vi |PUsas - (3.10)

The restrictions from the oblique parameters[121| on V5; = s1¢y for the minimum value of
c1 = .94 allowed by single Higgs production are shown on the LHS and for ¢; = .96 on the
RHS of Fig. 3.1. TeV scale masses require quite small values of V5, which is the parameter
that determines the coupling of hy to SM particles. The flat portions of the curves for small
msy in Fig. 3.1 represent the imposed limit on 6, from single Higgs production. As this limit
becomes stronger, the limits from oblique parameters becomes less and less relevant. As the
hy couplings become more and more SM-like (#; — 0), the allowed coupling of hy to SM
particles becomes highly suppressed. The constraints from the oblique parameters shown in
Fig. 3.1 are consistent with those obtained in the real singlet model in Ref. [84]. For the
values of 6, allowed by Fig. 3.1, the direct searches, pp — ha(hz) — WTW ™~ do not provide
additional restrictions on V51[122, 63].

In the real singlet model, much stronger constraints are placed on the parameters from
the W boson mass than from the oblique parameters[123, 86]. For example, in the real
singlet model for ms = 1 TeV, the W mass measurement requires | Vo; |< .19. For 6, = 0,
hs does not couple to SM particles and the results of Refs. [123, 86| can be applied directly
to the complex singlet case. The results of Ref. [86] are shown in Fig. 3.2. The calculation of
the limit from the W mass in the complex singlet model for non-zero 6, is beyond the scope
of this chapter and involves contributions from all 3 Higgs bosons and could potentially yield
interesting limits. The limits from the oblique parameters in the complex singlet case, (Fig.

3.1), demonstrates that the dependence of the limits on mg is non-trivial.

32



Limits from Oblique Parameters Limits from Oblique Parameters

V,,=cos 6,=0.94 V,,=cos 6,=0.96
0.4 T T T T 0.4 T T T T
— m,=125GeV — m;=125GeV
0.35 - m=250 GeV 0.35 -+ my=250 GeV
_ m3:375 GeV - m3:375 GeV

)
5

[V,,| (max)
[V,,| (max)

S
S

S e

o
¥

1
Il

0.15 0.15

h PR R PR R PR 1
500 1000 1500 2000 500 1000 1500

m, (GeV) m, (GeV)

T LA e e e

%)
=1
S
S

Figure 3.1: Limits on ms for allowed couplings of h; to SM particles|cos #; = .94 (LHS) and
cosf; = .96 (RHS)| for various values of ms using the oblique parameter (S, 7 ,U) limits of
Ref. [121].
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Figure 3.2: Maximum allowed value of V5, from the W mass measurement as a function of
ms in the real singlet model and in the complex singlet model with 3 = 0 from Ref. [86].
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The quartic couplings in the potential are strongly limited by the requirement of per-
turbative unitarity of the 2 — 2 scattering processes[124]. We compute the J = 0 partial
waves, ag, in the high energy limit where only the quartic couplings contribute and require
| ap |< 3. The contributions from the trilinear couplings are suppressed at high energy

and do not contribute in this limit. For example, we find the restriction from the process,
(59)/v2 = (59)/v2,
Re(dy + dy + d3) < 32% . (3.11)

Similarly, from AS — hS, we find,

Looking at the eigenvectors for neutral CP even scattering processes,

AA
{wm—,ﬁ,@,hs,hA,&,—,As}, (3.13)
V272 V2 V2
(w¥, z are the Goldstone bosons), we find the generic upper limits on the real and imaginary

quartic couplings,

32
Re(d), Im(d;) $ ==.i=123

52,R6((53),1m(53) 5 167 . (314)

These upper limits are conservative bounds, and more stringent bounds are obtained from
looking at the eigenvalues of the 8 by 8 scattering matrix. These upper bounds on the
parameters involve finding solutions to higher order polynomials and do not have simple
analytic solutions. Thus, the bounds from perturbative unitarity are determined numerically
and imposed in the scans of the next section.

The trilinear Higgs couplings depend on the scalar masses and could potentially become
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Figure 3.3: Decay width for hy — hih; when all parameters are taken real and d, and 3 are
scanned over.

large. In the limit of small mixing, #; << 1 and 6 = 0, the hohyh; coupling is,

2 2 2
Ao1] — sin 91{ 4 <1 + 2m22) —v (52 + Re(63)> } , small angle limit (3.15)
v

mi

and we see that the growth of Ag;; with large my is mitigated by the sin(f;) suppression.

The decay width for hy — hyhy is[96],

\2 4m?
['(hy — hihy) = 32;—;{@ 1— m—%l (3.16)

In Fig. 3.3, we have taken all parameters real and scanned over —5 < s, 63 < 5 for fixed mg,
0, and 05. The dependence on e; and e, is minimal in the small angle limit, as demonstrated
in Eq. (3.15). In all cases, we have I'(hy — hihy) << my, showing that there is no problem
with the trilinear couplings becoming non-perturbative in the small angle limit. Increasing
the range we scan over changes the numerical results, but I'(hy — hihy)/ms is always << 1.

Finally, we require that the parameters correspond to an absolute minimum of the po-
tential. This has been extensively studied for the real singlet model in Refs. [26, 47, 117]
and analytic results derived. For the case of the complex singlet, we scan over parameter

space for numerically allowed values of the parameters[118] and do not obtain an analytic
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solution.

3.3 Results

In the limit of 8, — 0, (as suggested by the single Higgs rates), the scalar hs does not couple
directly to SM particles and it can only be observed through double Higgs production. We
will consider h3 to be in the 100 — 400 GeV mass range. The largest production rate at the
LHC is through the resonant process gg — hy — hihs. The complex singlet model is thus an
example of new physics that will first be seen in the study of double Higgs resonances|[119, 37|.
We perform a scan over the parameters of Eq. (3.7), subject to the restrictions discussed in
the previous section®. We always fix ¢; = 0.94 and consider the 2 cases, 8, = 0 and 0, = 15"

For the allowed parameter space, we compute the amplitude for gg — hyhs shown in Fig.
3.4. Analytic results in the context of the MSSM are given in Ref. [125]. We use the central
NLO LHAPDF set|126, 127], with ur = pur = M5, In Fig. 3.5, we show the invariant My,
spectrum for resonant hihs production compared to the SM hqh; spectrum at 13 TeV. The
complex singlet model curves are more sharply peaked than those of the SM and demonstrate
a significant enhancement of the rate relative to the SM double Higgs rate for the parameters
we have chosen. The spectrum has only a small dependence on 6, visible at high Mj;,. We
have included a finite width for ms in the calculation: For ms = 400 GeV and ms = 130 GeV/,
the width is quite large, I'y = 263 GeV (6 = 0) and 'y = 295 GeV (0 = 7/12). We have
included the width using the Breit-Wigner approximation, although typically 'y /mg ~ O(%)
The shoulder due to the width is clear on the LHS of Fig. 3.4. There is a smaller width for
hy when my is increased to 250 GeV: T'y = 129 GeV (# = 0) and I'y = 137 GeV (0 = 7/12)
on the RHS of Fig. 3.4. The widths are calculated by scaling the SM results from Ref. [128]
with the appropriate mixing angles and adding the relevant widths h; — hjhy.

In Figs. 3.6 and 3.7, we show mass regions where the rate for hihs production is signif-

For the complex singlet model with a U(1) symmetry, a comparable scan can be performed using the
program ScannerS[117].
SMph = (phy + Phs)*-
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Figure 3.5: My, spectrum of the complex singlet model production of hihg from the resonant
exchange of hy. The dominant contribution in the loops is from the top quark.
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Figure 3.6: Regions of parameter space allowed by limits on oblique parameters, perturba-
tive unitarity, and the minimization of the potential where the rate for hyh3 production is
significantly larger than the SM hjhy rate at V'S = 13 TeV.

icantly enhanced relative to the SM hyh; production. This enhancement can be traced to

the relatively large values of the trilinear Higgs couplings defined from Eq. (3.1),
1 2 1 2 1 2
Y — 5)\211h1h2 + 5/\311h1h3 + 5)\331h1h3 + Asar1hihohg 4 - - -, (3.17)

that are allowed by the imposed restrictions. In the SM, the hhh coupling is fixed by myp,
whereas here, the trilinear couplings of the potential are relatively unconstrained.

In Fig. 3.8, we show the region of parameter space allowed by limits on the oblique
parameters, perturbative unitarity, and the minimization of the potential where the hihqhy
trilinear coupling is greater than 5 times the SM value. This enhancement of the trilinear
scalar coupling requires rather light values of ms and m3 as shown in Fig. 3.8. In roughly
the same region as shaded in Fig. 3.8, the hohih; and hzhohy couplings are 8 times the SM
hihyhy coupling. This enhancement is consistent with the results of Ref. [91] in the complex
singlet model with a global U(1) symmetry imposed on the potential. The cut-offs on the
high my ends of the plots on the LHS in Figs. 3.6 and 3.7 are due to the oblique parameter
restrictions in the non-zero @, mixing scenario. The same results for v/'S = 27 and 100 TeV

are shown in Fig. 3.7. At all energies there is a significant region of phase space where the
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Figure 3.7: Regions of parameter space allowed by limits on oblique parameters, perturba-
tive unitarity, and the minimization of the potential where the rate for hyh3 production is
significantly larger than the SM hyh; rate at V.S = 27 TeV and 100 TeV.

h1hs rate is large, relative to SM double Higgs production.

For mg > 250 GeV, the dominant decay chain from hihs production will be hihy —
hihihy — (bb)(bb)(bb). For ms < 2my, hs will decay through the extremely small couplings
to SM particles and through the off-shell decay hs — hih* — hyff and will be extremely
long lived. In the limiting case where 65 = 0, the only allowed decay for hg is the off-shell

decay chain through the couplings to h;.

39



Ay /Ay (SM) > 5

cos 8]:.94, 62:0
300 T T T T T T T T

300 350 400
m, (GeV)

Figure 3.8: Region of parameter space allowed by limits on oblique parameters, perturbative
unitarity, and the minimization of the potential where the hyhih; trilinear coupling is greater
than 5 times the SM value.
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Chapter 4

Baryon Asymmetry from Three Higgs Doublets’

We now propose a more complicated extension of the SM scalar sector. We supplement the
SM field content with two additional Higgs doublets with small vevs. While these fields will
have a marginal role in EWSB, they could have significant complex-valued couplings to the
SM fermions and provide new sources of CP violation.

Despite the success of the SM, the source of the baryon asymmetry of the universe (BAU)
- of great importance to our understanding of cosmology and matter - remain open problems.
It is reasonable to expect that the physics underlying the BAU must have direct and perhaps
significant interactions with the SM. We will show that this model with three Higgs doublets
is capable of accommodating a baryogenesis mechanism, as long as the new Higgs masses
are at or above the TeV scale.

Our basic mechanism is in spirit similar to leptogenesis [129], however we do not require
heavy right-handed neutrinos vg far above the weak scale, whose role will be assigned to the
new Higgs scalars here. We will choose right-handed neutrino masses in the ~ 0.1-10 TeV
range to implement our scenario. Our proposal is a minimal realization of “neutrinogene-
sis” [130, 131]. The SM extended to include a total of three Higgs doublets can then explain
the origin of visible matter and the masses of fundamental particles. This setup can be
potentially testable at colliders in the future, perhaps even at the High-Luminosity LHC
(HL-LHC) with O(ab™!) levels of data, expected to be available in the coming years.

Next we will briefly outline our mechanism and describe the main ingredients and as-

sumptions underlying our proposal. We will then illustrate the mechanism in a benchmark

"This chapter is based on Ref. [28], which is (©)2020 American Physical Society
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realization of the model and provide some quantitative estimates. A brief discussion of
the benchmark collider phenomenology will also be given, in order to highlight some of
the key features of the possible signals. For some related ideas in a different context, see

Refs. [132, 133].

4.1 The Baryogenesis Mechanism

Here, we briefly describe the general features of the baryogenesis mechanism. Let us denote
the Higgs fields by H, with masses m,, a = 1,2,3. We will identify H; as the observed
(“SM”) Higgs with my &~ 125 GeV: H; <> Hgy. This implies that H; has the same Yukawa
interactions as the SM Higgs and generates the known masses of fermions. Also, it is implic-
itly assumed that new interactions of H; with other scalars are sufficiently small to avoid
significant deviations from the SM predictions for the main Higgs production and decay
modes. To make contact with potential experimental searches, we will generally assume
that mg3 ~ 1 TeV (this mass scale may also originate from the physics underlying the SM
Higgs sector, though we will not dwell on this point further).

In order to generate a baryon asymmetry, we need an asymmetry in the decays of H;
and H} into SM fermions which will lead to an asymmetry in the number density of the SM
fermions. The total decay rates of H; and H; are equal by CP'T. However, the partial decay
rates of H; and H} do not have to be equal. Hence, to generate an asymmetry ¢, we need
at least two different decay channels for the new scalars. We will specify those interactions
later, however, here we will only mention that one of the channels is Lvg (which we will refer
to as “neutrinos”), with L a lepton doublet in the SM.

Nonperturbative EW processes, called sphalerons, violate baryon number and lepton
number by 3 units each. Although vg is a lepton, it is a gauge singlet. Hence, sphalerons
will not operate on vg. The relevant non-zero A(B — L) is then for quark and lepton
doublets; where B is baryon number and L is lepton number. That is, sphalerons will

not act on an asymmetry in vg nor alter the baryon asymmetry generated via the lepton

42



doublets {130, 131]. The other channel is provided by coupling to SM charged fermions. The
asymmetry requires a non-zero CP violating phase to remain in the interference of tree and
1-loop diagrams; this in turn requires at least two Higgs scalars that couple to leptons and
quarks, implying that we at least need Hy. Below, we will illustrate why we also need H3, on
general grounds. However, briefly put, since the H; mass is at the EW scale and not larger
than the reheat temperature, it could efficiently mediate processes that washout the baryon
asymmetry. Hence, we need three Higgs doublets.

Let us denote a typical Higgs coupling to Lvg by A2 and to charged fermions by /.
For concreteness and simplicity, we will assume that the asymmetry is dominated by the
f intermediate fermion, but the width of H, is set by decays into the fermion f’. This
assumption implies )\gl is the dominant Yukawa coupling of Hs; we consider this a fairly
generic assumption. The asymmetry, as will be discussed later in more detail, is typically

then given by o

£~ % (4.1)
On general grounds, an asymmetry parameter of order ¢ > 107 is needed to generate the
BAU [134]

U5 9 x 107, (4.2)
S

where np is the baryon number density and s is the entropy density.

Here, we note that the success of our baryogenesis scenario requires that 2 — 2 processes
Ff — Lvg, where F is an SU(2)., doublet and f an SU(2), singlet, through the interactions
of H; should not washout the generated A(B — L). This requirement should be maintained
down to a temperature of T, ~ 100 GeV, below which EWSB takes place. Above that
temperature all SM fields, except the Higgs, can be assumed to be massless. Hence, the rate

for washout at 7 = T, is roughly given by I', ~ (A/AJ)?T,. Requiring that T, < H(T,),
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where H(T') ~ gi/2T2/Mp is the Hubble scale, one finds

1/2 1/2
y g« T

where g, ~ 100 denotes relativistic degrees of freedom and Mp ~ 1.2 x 10! GeV is the
Planck mass. The above yields AYAJ < 1075,
To generate the asymmetry parameter in Eq. (4.1), there are three interesting cases for

the relative strengths of the different Hy couplings:

1. First consider AyA] < (A{)2. The washout bound then implies £ < 4 x 10~'°, which

suggests that baryogenesis is not feasible.

2. Next, Ny < M ~ /\gl. The washout bound together with £ 2 1072 then implies that
NS> 28M. (4.4)

This bound is inconsistent with our starting assumption implying that a baryon asym-

metry cannot be generated with this hierarchy of couplings. The results are similar for

A < A~ N

3. Finally, assume all couplings are similar A§ ~ A~ )\gl. The washout bound implies

that ¢ <4 x 1071°. That is, baryogenesis is still not feasible.

This conclusion leads us to require a third Higgs doublet field Hj, to avoid reliance on a light
H,, whose interactions are constrained®.

Successful baryogenesis requires that the reheat temperature 7, here assumed to be set
by the decay of a modulus @, is low enough that 2 — 2 washout processes mediated by H,,
a = 2,3, are also inefficient. Note however that we need T,, > 100 GeV to have effective

electroweak sphaleron processes that are required to provide a source of baryon number

8See Refs. [135, 136] for another minimal realization of BAU generation via Higgs decays that relies on
highly degenerate Majorana neutrino masses.
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violation. Since T, < m,, for out of equilibrium decay of H,, the rate for this process is of
order (M AY)2T5, /mt. This production rate must be less than the Hubble scale H(T};). We
thus obtain
v\2 gi/z

(Manz< 22 _—a MPTfh ;  (no washout). (4.5)
For T, = 100 GeV and m, ~ 1 TeV, we roughly obtain A/\Y < 1076, Note that this
constraint is much less stringent than the one obtained for H; before, which could in principle
allow a large enough value of ¢, using Hy and Hj.

As a proof of concept that such a low reheat is possible, consider the decay of a modulus
®. At an early time, the universe was in a matter dominated era due to the oscillation
of ®. These oscillations are damped via the ® decays and the universe enters a radiation
dominated era. The reheat temperature T,; of the radiation dominated era is estimated
as H(T,,) ~ I's, where I'g is the total width of the modulus and H(T,) is the Hubble

parameter at the reheat temperature. Assuming that ® couples to a Higgs doublet via the

interaction (®/A)D, H! D*H;, the decay width of @ is then

3
1 my

D(®) ~ (4.6)

Then the reheat temperature is estimated as

1 3 M 1/2
Ty ~ ¢ 7P . 4.7
h (32%91/2 A2 ) (4.7)

For a modulus mass mg ~ 100 TeV and cut off scale 3 x 10! TeV, we find a reheat temper-

ature of T, ~ 100 GeV.
Before going further, we will point out an issue that will inform our benchmark model

parameter choices later in this chapter. The light neutrino masses m, are generated via
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integrating out the heavy Majorana neutrinos to create the Weinberg operator:

o2 (LH1)?
(i (1.9
The expression for m,, is given by
2\ 2,2
m, ~ LB (4.9)

where vy = 246 GeV. Eq. (4.3) for f =t (the top quark, with \; &~ 1), leads to Ay < 1078,

Assuming m,, ~ 0.1 eV, we then find

mp < 10 MeV. (4.10)

The above bound on mp is in conflict with our assumption that the new physics, including
VR, is at or somewhat above the weak scale. We will address this question later, showing
that certain choices of parameters in the minimal model can avoid this conflict. Briefly put,
the resolution will amount to the minimal assumption that there are only two massive SM
neutrinos around ~ (0.1 eV and that the third eigenstate could be much lighter and nearly
massless, given the current state of knowledge of neutrino parameters.

Let us now briefly outline how the above set of three Higgs fields can lead to a viable
baryogenesis mechanism. We will assume that a population of (Hs, Hj) is produced non-
thermally, such as through the modulus ® decay in the early universe, but no significant
population of (Hs, Hy) is present; this could be a result of preferential ® decay (see for
example, Ref. [137], for such a possibility in a different model). The CP violating decays of
Hj then generate a non-zero B — L number from Hs — Lvg. The asymmetry A(B — L) can
get processed into a AB and AL through electroweak sphaleron processes that are active at

temperatures 7" 2 100 GeV.
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Figure 4.1: Representative tree level and one-loop diagrams that can give rise to a lepton
asymmetry.

4.2 The general model

Here we will introduce the general structure of the model that could realize the above baryo-
genesis mechanism. We will not write down all the possible interactions that the model
could contain and only specify those that are key for our discussions. To generate the BAU
in the manner described above, let us consider the following Yukawa interactions for the

three Higgs doublets
NHQu+ MNHQd+ N H:Lvg + \\HIL¢, (4.11)

where a labels the Higgs scalars, but the implicit fermion generation indices have been
suppressed. In the above, A\* and A\? denote couplings associated with the up-type and down-
type quarks; the corresponding couplings to neutrinos and charged leptons are denoted by
A and M.

Let us focus on a = 2,3. The A(B — L) asymmetry ¢ produced in the out-of-equilibrium
decay of H, is then given by

I'(H, — Lvg) — T(H — gL)
2T'(H,) ’

£ = (4.12)

where ['(H,) is the total width of H,. The above is obtained from the interference of the tree
and loop-level diagrams in Fig.4.1. A second “triangle” loop diagram is in general present

in our model, but the “bubble” loop diagram gets enhanced if the heavy Higgs states Hy
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and Hj are degenerate in mass (similar arguments apply to heavy right-handed neutrinos in
leptogenesis; see for example Refs. [138, 139, 140]).

We will consider the case where the heavy Higgs bosons Hy and Hj are mildly degener-
ate and hence we can mostly ignore the “triangle” contribution to the asymmetry in Fig.4.1.
Additionally, since our calculation of the baryon asymmetry is an order of magnitude estima-
tion, this approximation is sufficient to show the viability of our mechanism. For complete
expressions see Ref. [130]. This assumption simplifies the treatment and also leads to poten-
tially richer collider phenomenology, as both Hs and Hj can, in principle, be experimentally
accessed. In this case, the model will yield more easily to direct experimental verification.

From Eq. (4.11), we find

v f*
1 2 Z =lu,d NC:f Im (TrbaTrba>
em -y e . (4.13)
8 b#a My — Mg Zf:&u,d,lz NcafTraa
where
T, = T[N (4.14)
Try, = Tr [/\ZT)\Z(l - m%/mi)ﬂ , (4.15)

mp are the masses of the right-handed neutrinos, and N.; = 1,3 for f = lepton, quark,
respectively. The trace in Eqgs. (4.14,4.15) is over the fermion generations and we are working
in the basis in which mp are diagonal mass matrices. Note that m; = 0 during the epoch
where ¢ is set, since electroweak symmetry is not broken at that point. As these are traces,
the asymmetry parameter in Eq. (4.13) can be evaluated in any fermion basis.

In order to find the baryon asymmetry AB, we need to find the relationship between
A(B — L) and AB in our model, at 7' 2 100 GeV. We note that our setup is that of the SM
augmented by two new doublets, however the new doublets are assumed heavy compared to

T, and the relevant field content is that of the SM only. Also, the processes involving vg

48



are decoupled at these temperatures, as a requirement in our scenario. Using the results of
Ref. [141] we then have

AB = % A(B - L). (4.16)

We will focus on Hj3 decays, and only consider an intermediate H,. That is, a = 3 and
b=21in Eq. (4.13). Given that A(B — L) is generated through the decay of Hj, to calculate
the BAU we need to consider the initial energy density ps of Hs compared to the radiation
energy density pgr. In our setup, the radiation is made up of all the SM states, including
H,. The decays of Hs contribute to reheating the universe. Since E3nz < pg, with ng the
number density of Hs and Ej the energy of Hy from decays of the modulus ® in Eq. (4.6),
the ratio

FEsns

r = 7 4.17
PR ( )

satisfies r < 1.
We have pp = (72/30)g,T*, where g, is the number of relativistic degrees of freedom,

which is g, = 106.75 in the SM. The B — L abundance is then given by

np_r, . STTrhg
S 4E3 ’

(4.18)

where the entropy density s = (27%/45)g.T3. Using Eq. (4.16) we then obtain for the BAU

np 21 T’Trhﬁ
— = . 4.19

As shown in Eq. (4.7), for a modulus me ~ 100 TeV, we can accommodate a reheat tem-
perature of T}, ~ 100 GeV. Then the energy of Hz is E5 ~ 50 TeV and T}, /Es ~ 2 x 1073.
Hence, for r < 1, one then requires € = 2 x 1077 to generate the BAU.

To show that all the conditions on washout and BAU can be met, we choose a parameter

point for proof of concept:
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me = 100 TeV msg = 1.5 TeV
AL~ 1 A~ 2 x 1076 (4.20)

A~ 1.4 x 1073 N~ 1.4 %1078

where mg is the mass of the modulus that generates the Hs population and reheats the
universe, see Eqgs. (4.6,4.7). Additionally, we will assume H, and Hj only couple to charged
leptons and neutrinos. This assumption and these values for the Yukawas will be motivated
in the flavor model presented in the next section. First, the values of X} and M 4 satisfy
the wash-out condition of Eq. (4.5): |ANAY] < 2.1 x 1075, Second, we must check that we

can produce the correct BAU, i.e. € 2 2 x 1077, From Eq. (4.13) we have

o 1T m2 NS sing 4 %1078

= — 4.21
SrmE—m2 NE+ AP (majmg)? =1 (4.21)

where ¢ is a generic CP phase. For 10% level degeneracy between the masses mqy ~ 1.1msg
and order one phases, the asymmetry parameter is € ~ 2 x 1077 and the BAU can be
generated. This level of degeneracy is consistent with our assumption that the diagram in
Fig. 4.1 is the dominant contribution to the calculation of €.

Finally, since Hs decays are populating the baryon asymmetry, we must check that they
decay much quicker than they annihilate away. The annihilation rate of Hj is calculated by
weighting the annihilation cross section, o4, (H3), by the number density, ns, of H3 in the

early universe:
Fann(HB) = O-ann(HfS)nS‘ (422>

We assume Hs couples to one lepton generation with strength 1.4 x 1072 and the quartic cou-
plings with the other Higgses are of order 0.1. We implement our model into FeynRules [142]

and output model files for MadGraph5_aMCONLO [143]. The Hj are produced via the decay
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of a modulus with mass of 100 TeV. Hence, they have energies of 50 TeV. The annihilation

cross sections for 50 TeV Hj into fermions, gauge bosons, and scalars are found to be

Oann(fermions) = 0.43 fb,
Oann(gauge bosons) = 0.24 fb,

Oann(scalars) = 0.17 fb (4.23)

and the total annihilation rate of Hj is

Lo S 1.5 x 1077 GeV, (4.24)

assuming r < 1 and using Eq. (4.17). The boosted decay rate into one lepton generation
with H3 mass 1.5 TeV is
(A5)* ms

[(Hy — SM) = Tor 7 = 1.8 x 107 GeV, (4.25)

where v = E3/mg is the boost factor. Hence, the annihilation rate is an order of magnitude
smaller than the decay rate, showing the viability of our scenario.

The couplings of H3 are highly constrained by the combination of washout condition and
the creation of a large € in Eq. (4.21). To maximize Eq. (4.21), we need to A5 ~ \;. Together
with the washout condition this creates the bound )\g’” < 1.4 x 1073, The couplings of H,
are not so tightly constrained and can be generically larger than those of Hs. Hence, the
above model could easily lend itself to collider searches. In particular, if the couplings to
quarks are not too small, one of the heavy Higgs states could be produced at the LHC or
a future hadron collider. Also, depending on the size of the parameters, the rate for decay
into charged leptons, a final state with missing energy, or displaced vertices may be large
enough to enable clean searches. While there are too many possibilities to consider, we will

examine a sample benchmark flavor structure choice and describe the main aspects of its
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phenomenology, below.

4.3 A benchmark model of flavor

Now we give a more complete model of flavor to show our leptogenesis mechanism can
work in realistic scenarios. We introduce three Higgs doublets ®;, ®5, 3. All three scalar
doublets obtain vacuum expectation values (®;) = v;/v/2. The Higgs doublets ®,3 and
lepton doublets L are odd under a Z, symmetry while all other fields are even. The Yukawa

interactions are then

YOI Qu + yi®;Qd + Y gy @y Ly + yy @y LL. (4.26)
b=2,3

The organizing principle for the charged fermion flavor is that the largest Yukawa coupling
for quarks and charged leptons should be order one. To get the top mass correctly, we need
v1 & vgw = 246 GeV. If there are no fine cancellations there must also be a hierarchy between
the vevs vy 2 in order to have order one Yukawa for 7. We would then need vy ~ 2.5 GeV
for A7 ~ 1, while the top quark mass is obtained from the coupling to H; with a Yukawa
coupling near unity. Since neutrino masses and mixing are rather special and do not follow
the patterns of quarks or charged leptons, we do not impose any requirement on their Yukawa
couplings. In principle all neutrinos can get their masses from Hs and one could assume

vy — 0, though this is not strictly necessary.
Next, we will illustrate how the necessary vev hierarchy can be easily obtained. Allowing

for soft-breaking of the Z,, the relevant terms in the scalar potential are

— 2T Dy + MDD, + mIDid,

— (13,0 @2 + 3,005+ he ) + A@]@)? 4 - (4.27)
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where - - - are additional quartics that are not important to this story”. In principle, there is
also a ;2,5 ®5 term, but it can be removed via a rotation of ®, 3. This rotation leaves the
picture unchanged since ®, 3 have the same quantum numbers.

For the baryogenesis mechanism to work, we assume the fields ®,3 are heavy with
ma,m3 ~ 1 TeV. In order for the Z, breaking to be soft and below the highest scales in
our theory, we will additionally assume ji19, 113 < mg 3. Once ®; obtains a vev, it induces

tadpole terms for ®, 3. These tadpoles in turn induce vevs in @5 and Pj:

11 1
Uy A U1 —2 < vy and vy A v — <K Uy (4.28)

Hence, the tadpole terms give a seesaw where the smallness of v, 3 comes from the larger
values of the masses my3. For mg ~ 1 TeV, vy ~ 2.5 GeV can be generated with p19 ~
100 GeV.

In order to relate this model to the baryogenesis mechanism, we need to rotate the
gauge eigenbasis ® 5 3 into the doublet mass eigenbasis H; 3. To order u?/ m§73, this can be

accomplished via the rotation

H, 1 [iia/ms i3z /ms3 oy
Hy | = | —p2,/m2 1 0 D, | - (4.29)
Hj — i3/ m3 0 1 @3

From Eq. (4.28), this is precisely the rotation into the Higgs basis such that (H,) = vgy /v/2

and (Hy) = (H3) = 0, where vy, = v} + v3 + v3 ~ v}. The Higgs potential is then
—p*HIHy + m2HSHy + m2HI Hy + N(HH,)? + - - - (4.30)

That is, Ha 3 are the doublet mass eigenstates appearing in Eqgs. (4.11-4.13), as we desired.

9 Assuming our hierarchy of scales, we have explicitly checked that the additional quartics make only
non-leading contributions to our mechanism.
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The Yukawas in Eq. (4.11) are related to those in Eq. (4.26) via

u,d . u,d w,d . u,d
AT Ry >\2,3 ~ U 02,3/UEW>
[’ 0 ot
Al & Yo /VEW, A3 R Ya g, (4.31)

V ~o v 14 14 ~ v
N = (yyv2 + yhvs) [vew, Ay 3 A Y33,

where we have used vy > vs.

As discussed previously, there is some tension between washout conditions, having heavy
right-handed neutrinos, and generating the light neutrino masses m, ~ 0.1 eV. We now
discuss the neutrino parameters needed to alleviate this tension, supplementing the param-
eter choices in Eq. (4.20). Other choices of parameters may be possible, yet it suffices for
our purposes to provide a particular, but not very special, realization of our model. Let
mg;, with ¢ = 1,2,3 denote the masses of the three right-handed neutrinos vg;. We will
assume that mpg; 2 > mo 3 and hence the Hy 3 would not decay into them, while vz3 is light
compared to Hs 3. We will choose mpgs ~ 100 GeV and mp; 2 ~ 10 TeV. This means that the
generation of asymmetry will result from the decay of Hs — vps L, with the other channel
provided by decay into charged leptons.

Let us take the simplified limit of v3 — 0, corresponding to u13 — 0, for illustrative
purposes. We will also take the minimal approach of providing two neutrino masses of
0(0.1eV), with the third state very light or massless, as allowed by all available data. For
mpgia ~ 10 TeV and m, ~ 0.1 eV, Eq. (4.9) requires \Y ~ 10~° which from Eq. (4.31) yields
vy ~ 1073, From the discussion leading to Eq. (4.5), one could easily determine that washout

mediated by Hj 3 could be avoided if we have
Aop Al S 2.1 %1077, (4.32)

where ¢ = e, u, 7. The lepton number violating processes that we would like to avoid corre-

spond to the final states L vy and its Hermitian conjugate. Note that for T, > 100 GeV,
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production of vz o would be severely Boltzmann suppressed, since mgy 2/7,, ~ 100. For fi-
nal states including vg3, processes mediated by H; can be decoupled, since vgs is not required
to have substantial coupling to H; if we only need two mass eigenstates with m, ~ 0.1 eV.
Hence, we only need to make sure that processes mediated via Hy 3 that lead to a vgs in the
final state are sufficiently suppressed, corresponding to condition Eq. (4.32).

Note that since we require A\] ~ 1, suppression of washout mediated by Hs requires
g™ < 107% where the superscript is specified for clarity. This, according to Eq. (4.31),

would lead to A;® < 107%, which is too small to generate m, ~ 0.1 ¢V. However, as

mentioned before, this is consistent with the phenomenologically viable possibility of having
one very light neutrino. Also, as shown in the discussion around Eq. (4.21), these parameter
choices are consistent with our baryogenesis mechanism.

We also note that the above sample parameter space leads to vgs — L H; being a typical
decay mode of vg3, as will be shown later when we discuss collider signatures of our model.
The rate for this decay is estimated to be I'(vpz — L Hy) ~ (32m) 71 [N |*mpz < 10710 GeV
which leads to decays after EWSB when sphalerons are decoupled. Hence, vg3 decays would

not interfere with our baryogenesis mechanism. We then conclude that baryogenesis can be

successful in our scenario with the above choice of parameters, as a concrete example.

4.4 Low Energy Searches

We must ensure that the values of Yukawas and CP phases deduced from our benchmark
flavor model are consistent with low energy observables such as electric dipole moments.
Additionally, to have a non-zero asymmetry parameter ¢, the Yukawas of Hj 3 must be mis-
aligned. This misalignment necessarily gives rise to flavor changes that can be searched for.
Up until now we have discussed the couplings of the Higgs doublets. However, after EWSB
we should consider the mass eigenstates in the broken phase, i.e. neutral scalars, neutral
pseudoscalars, and charged scalars. Since the mass eigenstates can mix, their couplings are

different than the doublets. For simplicity of notation, in this section and the next we keep
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the notation A/ for the Yukawas after EWSB.

e Electric Dipole Moments (EDMs): The nucleon EDM gets contributions from complex
Yukawa couplings of the Higgs fields as well as a 6 term in the QCD Lagrangian.
Assuming a sufficiently small 6 (the usual “strong CP problem”), we will consider
the contribution of Hs, since the Yukawa coupling of Hj to light quarks is relatively
suppressed by a factor of v3/vs < 1 in our flavor model. See for example Ref. [144]| for

bounds on a neutrinophilic Higgs doublet.

As we are mostly interested in illustrating that typical values of parameters in our
scenario lead to successful baryogenesis and acceptable phenomenology, we will only
present order-of-magnitude estimates here. Since the coupling of quarks to Hs is sup-
pressed by v /vgy in our flavor model, we find that the 2-loop “Barr-Zee” diagrams
[145, 146| are more important that the 1-loop process. Here, the coupling of Hs to
photons is dominated by the 7 loop, which couples to Hy with strength A\j ~ 1, whereas
the coupling of the top quark to Hy is Ay ~ 0.01. However, the top mass is about two
orders of magnitude larger, which compensates for the suppressed coupling. Given
that these two contributions are roughly similar, we will only use the 7 contribution

for our estimate of the effect.

The 2-loop contribution of Hs (for v3 — 0 we can ignore H3) to the EDM of a light

quark ¢ can then be estimated by

N e3 AT AIm, sinw
I (1672)2m2  ~

d (4.33)

where we have \J ~ 1077; we have denoted a typical phase by w. For my ~ 1 TeV,
we then find d, ~ 107*?sinw e cm. The current 90% C.L. bound on neutron EDM is
d, < 3.0 x 1072% ¢ cm [134], which indicates our model is not constrained much by the

neutron EDM experiments.

In order to go further and study electron EDM bound constraints, we need to have a
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measure of how large lepton flavor violating couplings can be in our model. We will
parametrize flavor violation by A%, A7 and A&7, for tree-level transitions mediated

by H, for a = 2,3, in an obvious notation. Since H; couplings to leptons are severely

suppressed, we will only consider the dominant contributions from H, for a = 2, 3.

With the above assumptions, we have

AL
153673 m2

T((—3f)~ (4.34)

where ¢ = p, 7 and f is a light final state charged lepton; we have ignored the effect of

final state masses on the phase space.

We have \¢ ~ 3 x 107, M\ ~ 6 x 1072, and as before m, ~ TeV. We then find

(i — 3e) ~ 1072\ > m, (4.35)

and

D(7 — 3p) ~ 1078\ 12 m, (4.36)

where m,, and m, are the masses of the y and 7 leptons, respectively. The width
['(t — eup) is given by the above formula, with M7 — A¢". The total widths are
given by I', = 2.8 x 107®m, and T'; = 1.3 x 107" m,, in an obvious notation.
The current 90% C.L. bounds on the above decays are BR(u — 3¢) < 1.0 x 10712
BR(7T — 3 1) < 2.1 x 1078, and BR(7 — epp) < 2.7 x 1078 [134]. Hence, we find

] < 0.2, VT <02, and |\T| < 0.2, (4.37)

The dominant contribution to the electron EDM d,, based on our model assumptions

will then be mediated by a 1-loop H, diagram through the flavor-changing ep or er
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coupling of H,. We then estimate a typical value by

e N2 my sin w
1672 m?2

de

(4.38)

1078 | \#|?sinwe cm  forl = p
- (4.39)

1072 |\ ?sinwe cm  forl =71

Note that the while we are using the same notation for the phase w as before, it only is
meant to denote a typical phase and is not assumed to have the same numerical value.

The 90% C.L. bound d. < 1.1 x 107 ¢ c¢m [147] then implies bounds of

A Vsinw < 3 x 1073 (4.40)
INT|ysinw < 1 x 1072, (4.41)

e 1 — ey: This process provides a potentially severe constraint on models of new physics.
Here, with our preceding assumptions, we expect the main contribution to u — ey to
arise from the A% and A¢*, or A" and \¢” couplings at 1-loop order, depending on if the

internal fermion is a muon or tau. The resulting effective operator can be estimated

by
emAENEE

O ~ 62 2 poeF" (4.42)

where 0, = (i/2)[v,,7] and ¢ = p,7. This dipole operator yields the branching
fraction

2
Br(p — ey) ~ 3 x 1074\ )2 (%) : (4.43)

which should be compared with the 90% C.L. constraint Br(u — ey) < 4.2x10713 [148|.
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The bounds on the flavor off-diagonal couplings are then

A S 8x 1077 (4.44)

IATART| < 2 % 1075 (4.45)

If the bound in Eq. (4.41) is saturated and sinw ~ 0.1, we obtain |[M7] < 2 x 1072,

e (g—2): From the above discussion we can conclude that the dominant contribution to
the muon anomalous magnetic moment g, — 2 will come from the flavor-changing H,-

p-7 coupling AX™ which is the least constrained. We can then estimate the contribution

to (g, — 2)/2 by
)\,uTQ 2
a_Mr (4.46)

Aa, ~ 2——
™ 16 m2’
which yields |Aa,| < 2 x 1072 (for sinw ~ 0.1), which is too small to account for the

current ~ 3.50 anomaly [134].

Ref. [149] suggests that a Yukawa flavor structure of A\ ~ min(m;, m;)/vepw is in good
agreement with data!?. Here, we will determine the compatibility of our Yukawa couplings
with this ansatz. Note that since the leptons only obtain their mass from one Higgs doublet
(®y) in the v3 — 0 limit, their couplings to ®, will be diagonal after diagonalizing the lepton
mass matrix. Since Hs is mostly @5, its couplings are also mostly diagonal while H3 couplings
can be flavor off-diagonal. However, as mentioned above, the scalar mass eigenstates after
EWSB are superpositions of the components of Hj 3 with a small component from H;, and
can have flavor off-diagonal couplings to leptons. We maintain the generic notation \%.

In order to keep A7 ~ 1, for the charged leptons we modify the ansatz of Ref. [149]
to A9 ~ min(m;,m;)/m,. Hence, we have A\* ~ A7 ~ 3 x 107%, and M7 ~ 0.06. The
constraint from ¢ — 3f in Eq. (4.37) is clearly satisfied. For sinw ~ 0.1, the bounds in

Eqgs. (4.40,4.41,4.44,4.45) are also satisfied, although we are within order one of many of

19Another well-known flavor structure is the Cheng-Sher [150] ansatz A = /m;m;/vgw. However,
Ref. [149] suggests that A ~ min(m;,m;)/vew is in better agreement with observations
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pp — ati/hhi+X pp — hihi +X
m“:mh:mh::ml,i:l} m“:mh:mh::ml,i:l}
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F F — VS=13TeV

Figure 4.2: Production cross sections for heavy scalars (a) h;hi and h;hi, and (b) hih;.

Both Drell-Yan and VBF production mechanisms are included for all processes. We show
the cross sections for lab frame energies of (blue dotted) v/S = 100 TeV, (red dash-dot)
V'S =27 TeV, (violet dashed) v/S = 15 TeV, and (black solid) v/S = 13 TeV.

these bounds. Hence we conclude that our mechanism is viable, in agreement with low
energy observables, and if this ansatz for the charged lepton Yukawas holds we may expect

to see a signal in the electron EDM or p — ey [151].

4.5 Collider Searches

Now we discuss some of the aspects of the signals of our model at proton-proton colliders.
First, we concentrate on the pair production rates of the new heavy scalars. After electroweak
symmetry breaking, the two heavy Higgs doublets in the Higgs basis can be decomposed as
1 [ V2hf
H, = — , fori=23. (4.47)
V2 b tia
Hence, we have 4 charged states, 2 pseudoscalar bosons, and 3 scalar bosons (including

the scalar hy from H;). The Goldstone bosons completely reside within H;. Electroweak
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precision constraints generally require at least one of the neutral scalars a;, h; to be mass
degenerate with the charged scalars hf[ [152]. Hence, for simplicity we will assume that
hl-i,hi, and a; have a common mass m; for each ¢ = 2,3. Production cross sections are
computed in MadGraph5_aMCONLO [143] using a model generated via FeynRules [142].

In Fig. 4.2 we show the pair production rates for various double scalar final states: (a)
hihE and a;h, and (b) hih; fori = 2,3. We provide cross sections for (black solid) the v/.S =
13 TeV LHC, (violet dashed) the proposed v/S = 15 TeV upgrade of the LHC [153], (red dot-
dash) the proposed v/S = 27 TeV upgrade of the LHC (HE-LHC) [154], and the proposed
V'S =100 TeV colliders (FCC-hh/SppC) [155, 156]. The production cross sections for h;a;,
although not shown, are within ~ 5 — 20% of h; h;. The production modes considered
here depend almost exclusively on the gauge couplings of the heavy scalars, and hence have
minimal dependence on the model parameters. The double scalar final states h;h; and a;a;
will depend on trilinear scalar couplings and not gauge couplings, so we do not discuss
them. Finally, we have included both Drell-Yan and production in association with two jets
(similar to vector boson fusion). However, we find the production with two jets to be always
subdominant. This is in contrast to the SM case, where the vector boson fusion production
rate of the Higgs boson competes with gluon fusion for Higgs mass = 1 TeV [114].

The benchmark luminosity for the 13 and 15 TeV LHC is 3 ab~!, for the HE-LHC 15 ab™*,
and for FCC-hh/SppC 30 ab™!. Hence, for m; ~ 1 —2 TeV, we can expect between zero and
40 events at the 13 TeV High-Luminosity LHC. At 15 TeV, the situation is slightly improved
to an expected number of events between 1 and 80. With between 30 and 2,300 events, the
High-Energy LHC would be likely to be sensitive to much of the relevant parameter region
and test our model. Of course, the situation is most promising at the FCC-hh/SppC with
between 2,800 and 50,000 events. These predictions for the number of events are robust,
since the production channels we consider are fully determined by gauge couplings. While
40-80 events at the LHC may seem small, as we discuss below, the decays of these heavy

scalars can be striking and with small background. Hence, the LHC may be able to probe
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masses around 1 TeV, while future colliders may be needed for masses at or above 2 TeV. A
full collider study would be necessary to determine the full reach of these machines.

We will now discuss the decays of the new scalars. Due to the vev hierarchy, from
Eq. (4.29) the mixing between ®; and ®, is vs/v; ~ 1% and between ®; and ®3 is much
smaller as assumed before. The decays of the heavy scalars into quark, gauge boson, and
double Higgs channels depend on the mixing and are highly suppressed. Hence, the heavy
scalars predominantly decay into leptons via their Yukawa couplings. The neutral scalars
hs and as each decay mainly to a 7 pair. Since we require mg > mpg3 in our baryogenesis
mechanism, the neutral scalars h3 and ag each decay primarily to a heavy (vgr3) and a light
neutrino and potentially similarly into charged leptons. For the charged scalars, since Hy
couples according to charged lepton masses, hi will decay to a 7 and a light neutrino. Since
Hj3 couplings are not necessarily as hierarchical as the charged fermions, hgjf can decay into
i, e and vgs, as well as a 7 and vg3.

With our sample parameters, used to derive Eq. (4.21), only vgs is potentially accessible
at collider experiments, with vy o being too heavy (~ 10 TeV) to produce at the LHC and
likely other envisioned facilities. Here, assuming that mgs = 100 GeV, vr3 can decay to SM
gauge bosons via mixing, to H; and a light neutrino through direct coupling leading to a
“Dirac” mass of mps ~ keV, or in three-body decays via an off-shell heavy scalar into leptons
plus missing energy. The mixing angle 6 ~ mps/mps ~ 1078 for vrs-v mixing leads to the

following estimate

F(I/Rg ~ Wi£¥) ~ 4F(V33 — VL Z)

2,3
0° My,

~ —— <TI0 4.4
o 0716 GeV, (4.48)
with V =W, Z. We also find
1
[(vgs — vp hy) ~ 3T|/\’1’R3|2mR3 < 10710 GeV, (4.49)
T
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with [A7%3] < 107® in our preceding example. Finally, we also find, in analogy to Eq. (4.34),

|/\§,3 )‘5,3|2 m5Rg

<1071 GeV. 4.50
15367 mi, ~ ¢ (4:50)

F(VRQ, — VL, Ef) ~

The above estimates imply that in our example the vr3 decays would be quite displaced,
on the order of meters. This could in principle lead to very unique signals. However, the
proximity of the estimates (4.48) and (4.49) suggests that a more careful study is needed to
decide the dominant decay mode, but one could end up with similar rates for the first two
possibilities. Since the example parameters used to illustrate the viability of our baryogenesis
mechanism were only one of many possible solutions, we do not offer a more detailed analysis
here, but suffice it to say that the model can potentially yield interesting signals of vz decays.

The phenomenology of SM-like Higgs boson, hq, can also be altered. Initially, in the Higgs
basis of Hy, Hy, Hs, the coupling of h, are precisely the same as in the SM. However, there can
be mixing between neutral scalars h; and hy via quartic interactions in the Higgs potential.
For order one couplings, these mixings could be expected to be of the size ~ vy v5/m3 which,
assuming TeV scale heavy Higgses, is around ~ 0.1% for hy. Since the mixing with the
heavy scalars are small, the production rate and main decay rates (bb, WW, ZZ, v7) of hy
are little changed. However, the branching ratios into rarer modes, such as p~u™, can be
altered. The SM-like Yukawa coupling of h; to muons is m,/vgw ~ 4 % 10~*, while the hy
coupling to muons is m,,/ V2m, ~ 0.04. Hence, after 0.1% mixing with h,, the coupling of
hy to muons can be shifted from the SM by ~ 10%. The branching ratio of hy — p™p~ is
then moved away from the SM value by ~ 20%. This shift is generically true of all charge
leptons including 7s. While h; — e~ et is unobservable at the LHC due to small electron
couplings, this level of deviation in hy — putp~ and h; — 777~ will be observable at the

High-Luminosity LHC with 3 ab™! or the HE-LHC with 15 ab™! of data [157].
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Chapter 5

Neutrino Masses from Scalar Interactions with Dark

Matter!!

In some models, scalars can be a portal to cosmic dark matter (DM), mediating interactions
between SM particles and DM particles. The existence of DM is strong and robust empirical
evidence for the existence of BSM physics, so studying DM is extremely desireable. How-
ever, DM has, at best, very weak interactions with atoms, which makes measurement of its
properties a great challenge.

Neutrinos, while being SM particles, also provide evidence of BSM physics from their
measured properties. Contrary to the minimal SM predictions, neutrinos have non-zero
masses m, < 0.1 eV and mixing [158, 159|. Both neutrinos and DM, while apparently
distinct in character, share the feature of having feeble interactions with atoms. While
neutrinos are known to have interactions other than gravitational, the same cannot be said
with certainty about DM.

This state of affairs allows one some space for speculation about possible exotic inter-
actions of neutrinos and DM via a scalar portal. While we do not know the spectrum of
DM states, neutrinos are characterized by the smallest non-zero masses known in Nature.
Compared to the masses of other SM fermions, we approach neutrino masses from a rad-
ically different point of view: that the small but non-zero masses of neutrinos are not an
inherent vacuum property, but the result of a long range scalar potential sourced by DM

distributions. Long range forces have received much attention in the literature due to their

UThis chapter is based on Ref. [29], which is (€)2018 American Physical Society
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various implications for dark sector dynamics. The notion of a long range force was in-
troduced by Ref. [160] and their possible applications to dark matter interactions have
been studied from the smallest scales in our galactic halo to the largest scales in cosmology
[161, 162, 163, 164, 165, 166, 167, 168, 169, 170, 171, 172, 173, 174].

Adopting the formalism introduced in Ref. [165|, we consider a long range force between
dark matter and neutrinos, which is mediated by a light scalar ¢. If dark matter sources
neutrino masses then the neutrinos may be massless in empty space, but acquire small
masses near non-trivial populations of DM. This makes the neutrino mass matrix locally
established which can vary substantially depending on where it is measured and is not the
same throughout space. In particular, neutrinos would have very different properties in
different parts of our Galaxy.

In what follows, we will provide a simple phenomenological model of how the above
neutrino mass generation mechanism can be realized. We will then address some of the
potential constraints that may apply to our scenario; it is shown, generally speaking, that
the most obvious concerns about the viability of our idea can be addressed. Next, we will
focus on possible signals and tests of our hypothesis. Some speculations and a summary
will be presented in closing. For possible effects of astrophysical backgrounds on neutrino

properties, in a different framework, please see Ref. [175].

5.1 Dynamics

The basic interactions of interest for our analysis are given by

Li=—-gx¢XX —g, 9DV, (5.1)

where X is a DM fermion and v is a neutrino in the SM. Here, we assume that both particles
are Dirac fermions, however our mechanism can accommodate Majorana masses for the SM

neutrinos if there is a mass term for right handed neutrinos in the Lagrangian. In what
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follows, we will take the couplings of ¢ to other SM states to be negligible. The above
interactions can be straightforwardly generalized to include a matrix valued g, that would
yield the requisite mixing angles and masses. We will adopt m, ~ 0.1 €V as a reasonable
representative value for neutrino mass eigenvalues, where a mild variation can accommodate
the current inferred mass squared differences. The mass terms of interest, in vacuo, are given
by
v L 5
Ly=—-mxXX — §m¢¢ , (5.2)

where mx and mg are the masses of X and ¢, while neutrinos are massless, in empty space.

In the presence of a constant background ¢, neutrinos have an apparent mass of

my, = g, (5.3)

which can be positive or negative. This mass term can be made positive, as is typical, by
performing a chiral transformation of the neutrino field. We shall use the positive mass
convention.

We assume a force between the non-relativistic dark matter and neutrinos given by a

Yukawa potential of the form

ngV —Meg T
Vo(r) = —7—e ™", (5.4)

where 7 is the distance between the two interacting species. The force is attractive if gx
and g, have the same sign, and is repulsive if gy and g, have opposite sign. We shall see
later that, in order to have positive masses, the force between dark matter and neutrinos
will always be repulsive in our model.

We compare the strength of the long range interaction with that of gravity. In the limit
where the scalar mass my is sufficiently small, the ratio of the Yukawa coupling to the

gravitational coupling is given by

M
B; = PYf

= T (5.5)
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where Mp ~ 1.2 x 10! GeV is the Planck mass [176] and fermion f = X, v. Given the above

setup, the equation of motion for ¢ is given by
(O+m3)p = —gx XX — g,iv. (5.6)

For a fermion f of number density n; and typical velocity v, Lorentz invariance yields

ff:nf<,/1—v]%>. (5.7)

Here, (...) denotes an ensemble average. For the rest of our discussion, we will only consider
non-relativistic DM, with vy < 1, well after its relic density has been established. We will
assume populations of X and v that can be considered spatially uniform and static over the
distance and time scales relevant to our discussion, implying [J¢ = 0 in what follows.

The mean energy of neutrinos is given by (E,) = m,/ <m> and in our approxi-
mation, (Fx) = mx + gx¢, which ignores the kinetic energy of DM. Therefore, Eq. (5.6)

yields

b~ —gxnx
mi) +w?’

(5.8)
where w? = ¢?n, /(E,) denotes the screening mass squared for ¢ induced by the neutrinos.
Since number densities and energies are strictly positive, we note that ¢ and gx have opposite
sign. Thus, according to Eq. (5.3), m, is positive if gx and g, have opposite sign. This
confirms our statement that the Yukawa force between neutrinos and dark matter is repulsive.
We will next examine how the above can allow for m, ~ 0.1 €V from the DM distribution

around the Solar System.

If the screening mass w? from neutrinos dominates over mi, then Eq. (5.8) reduces to

_ —gxnxE,

om TE 59)
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If we replace ¢ using Eq. (5.3), we then find

my —gxNx
— = . 5.10
El/ gl/nl/ ( )

which tells us that when neutrino number density is the dominant factor, neutrinos will
be relativistic. Before structure formation, the number density of neutrinos dominates DM
throughout the cosmos. Until DM densities become enhanced at late times, the neutrinos
would then drive ¢ — 0 as seen in Eq. (5.9), and the neutrinos will thus remain relativistic
and nearly massless. Once DM clumps sufficiently it can drive out the cosmic relic neutrinos
from the DM dominated regions. To see this, note that if the local DM population generates
m, ~ 0.1 eV near the Solar System the cosmic background neutrinos, characterized today
by kinetic energies of O(107* V), would not have enough energy to enter this region of
space and would be repelled from it (We will refer back to this discussion in the section on
Observational Tests). Then the dominant population of neutrinos near the Earth is due to
the Solar flux which yields n, ~ 1 cm™3. This number density falls off rapidly like the flux
the further we move from the Solar System and would not affect the potential set up by the
dark matter. In that case, the only relevant population for sourcing ¢ # 0 is that of DM in
our scenario.

In order to keep the properties of neutrinos across the Solar System uniform, one needs
to assume that the size of DM distribution that contributes to m, is much larger than
AU ~ (107!8 eV)~!'. However, in order to avoid conflict with the inferred behavior of DM on
scales of 2 1 kpc, where simulations and observations seem to agree, we limit the range of the
scalar interaction; we will adopt my ~ 1072¢ eV ~ (0.7 kpc)~! for the following discussion.

Thus one can show

9v gX/mX
my ~ 0leV (10—19> <10—19 GeV—1>

px 10-25eV Y\ 2
% <O.3GeV.cm3>( Mg ) (5.11)
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where for the above set of parameters in our local Galactic neighborhood, we find that we
can ignore the screening mass in Eq. (5.8). Based on the tidal stream bounds from Refs.
[168, 169, 177] we require Sx < 0.2 for my < 10727 eV which implies gx/mx < 1071 GeV—L.
We are not aware of any stringent bounds on g, besides the requirement of neutrino free
streaming in the early universe (at 7' ~ 1eV)[178]. Requiring that the neutrino scattering
rate (~ g2T') be less than the Hubble expansion rate (~ T?/Mp), leads to g, < 1077, which
is not severe bound in our case, given Eq. (5.11).

The above brief analysis shows that one could in principle account for neutrino masses
and mixing in our Galactic neighborhood using the scalar potential sourced by DM. To
quantify this, we consider not only the dark matter distribution in our local neighborhood,
but throughout the MilkyWay Galaxy. For illustration, we assume the three DM density
profiles that are popular in the literature; the Navarro-Frenk-White (NFW), Einasto and
Burkert density profiles (please see Refs.[179, 180, 181] for their functional forms). From
these we map the distribution of the neutrino mass as a function of the galactic radius,
depicted in Fig. 5.1. For each profile, we require px(re) = 0.3 GeV.cm™3, where o, = 8.5
kpc is the galactic radius at the position of the solar system. For the cuspy NFW and Einasto
(v = 0.17) profiles we assume a scale radius R = 20 kpc, while for the cored Burkert profile
we assume a core radius . = 16 kpc [181, 182].

We note here that the density of DM does not get much larger than the local value near
the Solar System in other parts of the Galaxy. Even with an enhancement of O(10%), the
neutrino mass m, x ny is @(100 eV), which should not affect physical processes relevant to

stellar and galactic dynamics significantly.

5.1.1 Early Time Dynamics

Let us now briefly consider earlier times, before DM has developed large scale overdensities.
In particular, let us consider the cosmic microwave background (CMB) era, corresponding

to T ~ 1 eV. At this and earlier times, we can take the DM and neutrino distributions
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Neutrino Mass in the Galactic Halo

100} >

10}

m, [eV]
-

Burkert
oif T ]
0.01} -
0.01 0.05 0.10 0.50 1.00 5.00 10.00
r [kpc]

Figure 5.1: Neutrino mass as a function of the galactic radius for different dark matter
density profiles. The red-dashed line represents a cuspy Einasto profile, the blue solid line
represents a cuspy NF'W profile and the green dot-dashed line represents a cored Burkert
profile. For all the profiles we require that px(ro) = 0.3 GeV.em™ and mx = 0.3 GeV,
where ro = 8.5 kpc. With these parameters we obtain m, ~ 0.1 eV in our local galactic
neighborhood.

to be homogeneous. Also, the time scale for cosmic evolution, given by the Hubble time
H™' ~ Mp/T? around this era (roughly assuming radiation domination) is much larger
than md_)l, and hence the potential for ¢ changes slowly compared to the relevant physical
scales. Therefore, we can use the approximation [¢ ~ 0 here.

The ratio of DM number density to entropy s ~ ¢,1°%, with g counting the relativistic

degrees of freedom [183], is roughly given by

X 100 e (5.12)
S mx

where m,, is the proton mass (the above relation can be obtained from a similar one based
on the baryon asymmetry). On the other hand, the neutrino number density n, ~ 7% in the

CMB era.
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Since gx and g, are not taken to be very different in our discussion, we then see that the
neutrino scalar charge density g,n, > gxny at early times. Hence, the neutrino plasma is
dominant in the early universe. For our choice of parameters, we find w, ~ 1071 eV > my,
for T ~ 1 eV. Thus, in the CMB era, Egs. (5.9) and (5.10) hold. Using Eq. (5.12), this

yields
0|9x
9v

m, ~ 10~

(%) E,. (CMB era) (5.13)

Therefore, for the typical range of parameters considered here, neutrinos are relativistic and
nearly massless around the CMB era. The above analysis is not valid at much earlier times,
when the range of ¢ is limited by the horizon size instead of w,. The relevant temperature is
given by H > w,, which roughly yields T' > g, Mp. For g, ~ 107! we find T" > 1 GeV. This
estimate suggests that our preceding discussion is valid at least up to the era of Big Bang
Nucleosynthesis (1" ~ 1 MeV), which is the earliest cosmological time that is constrained by

observations.

5.1.2 Potential Constraints

One may worry that in places where a large density of neutrinos are present considerable
conflict with observations would arise. In the current cosmological epoch, the largest neutrino
number densities are those characterizing the initial stages of a supernova explosion, where
a neutrino sphere of radius ~ 100 km forms, containing roughly O(1057) neutrinos. This
corresponds to an enormous number density nS" ~ 10%¢ cm™3. However, these neutrinos
are very relativistic, with £, = 1 MeV. Therefore, in the static distribution limit, we would
expect ¢ — 0 within the neutrino sphere and hence the supernova dynamics may not change
appreciably. For a related discussion on long range forces acting on neutrinos in neutron
stars please see Ref. [184]. Next we show that the dark matter accumulated within the Sun

would not affect the neutrino properties in the solar interior significantly. For the range of

parameters we discuss here, dark matter would accumulate within a radius Repre ~ 10° km
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[185, 186]. Then the maximum contribution of the trapped dark matter to the neutrino mass

in the Sun (near the core) would be

5 gngNX
m,, ~~

, ~ XX 5.14
RCOT’E ( )

where Nx is the number of dark matter particles within the core of the Sun. Even if one
was to consider maximum dark matter accumulation due to self-interaction in the Sun, with
Nx ~ 10 [187], one would find dm, ~ 107" eV, which is a negligible contribution to the
neutrino mass and would not have an effect on the solar neutrino dynamics.

As illustrated in Fig. 5.1, as one moves away from the central parts of the Galaxy, the
neutrino mass becomes smaller than O(0.1 eV). Given that current observational bounds
on the sum of the neutrino masses, from their effects on large scale structure [188, 189, 190],
is at or above (0.1 eV), we do not expect severe constraints from these astrophysical and
cosmological observations on our scenario.

At this point, we would like to address some generic model building issues. In particular,
one could ask why the neutrinos would not get masses from the Higgs mechanism, like other
SM fermions. This could perhaps be a consequence of underlying symmetries that forbid a
neutrino-Higgs Yukawa coupling, as we will discuss next.

For example, let us assume that right-handed neutrinos are odd under a Z, parity, but
none of the SM states have this parity. As long as ¢ is also Z, odd, then one can achieve
a coupling ¢ vg from the dimension-5 operator O; = ¢H*Lvg/M, where H is the Higgs
doublet field and L is a lepton doublet, in the SM. For g, ~ 107'?, as in the above, (H) ~
100 GeV implies that one then needs an effective value M = Mp. This suggests that the
above operator is generated by very small couplings and high mass scales. If the right-handed
X, for example, is Z, odd, then one can also induce ¢.X; Xp. However, now, a Dirac mass
term for X cannot then be written down, if Z, is a good symmetry. We must then assume

that my is generated by a “dark” sector Higgs field ® that spontaneously breaks Z,. To
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distinguish X from vy, which ensures the stability of X, we will postulate that there is a
U(1)x under which only X is charged: Q(X.) = Q(Xg) = —1. If Z3(®) = —1 one can write
down ®X; Xr and ¢X; Xr. Note that The former interaction leads to a mass term for X
with (@) # 0. For values of my considered in this chapter, we may expect (®) ~ 1 GeV.
With the above assumptions, one can write down the dimension-5 operator Oy = ® H Lvg /M

that can contribute to m, # 0. The effect of O, is be negligible, with our assumptions.
To see this, note that for (&) ~ GeV, Oz would lead to a very small neutrino mass
m, < 1078 eV and the long range mechanism we have introduced here would be the main

source of m, ~ 0.1 eV in and around the Solar System.

5.2 Observational Tests

The scenario we have introduced can pose a challenge to experimental verification. In prin-
ciple, if the large scale behavior of DM shows deviations from purely gravitational dynamics,
one may be led to the conclusion that there is a long range force that acts upon DM. The
effect of this new force on neutrinos may be harder to establish. However, as discussed
earlier, our scenario typically suggests that relic neutrinos do not enter the region around
our Solar System at the current epoch, because the induced mass of m, ~ 0.1 eV would
exceed their total kinetic energy of O(107%) eV. In the event that any of the proposed relic
neutrino detection experiments, succeeds in finding a signal, one could view this prediction
of our scenario to be falsified.

The detection of cosmic background neutrinos would be a major success of the field of
particle physics. To date there are several proposed methods of detecting these neutrinos,
including: the Stodolsky effect [191], the Cavendish-like torsion balance [192, 193, 194] and
interactions with Ultra-high energy cosmic rays [193]. However it seems the most promising
technique for the near future is neutrino capture (please see Refs. [195, 196] for further
information) which will be exploited by the PTOLEMY experiment|[197]. Hence, a near

future experiment such as PTOLEMY could in principle test our model.
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Chapter 6

Dark Photon and Dark Higgs in a Top Partner Model'?

In dark sectors, new scalars can be responsible for symmetry breaking of dark gauge sectors.
With the knowledge that dark matter may have some sort of self-interactions, we can mo-
tivate a new U(1)y force under which dark matter is charged. There are, however, strong
constraints on additional long range interactions of dark matter|198] that motivate why such
a U(1)q would be broken by a dark Higgs mechanism. The massive U(1); gauge boson,
the so-called dark photon, kinetically mixes with the SM hypercharge through a renormal-
izable interaction [199, 200, 201]. This kinetic mixing can be generated via new vector like
fermions charged under both the SM and the new U(1), [199, 202, 203], as considered here.
In the limit that the dark photon is much less massive than the Z and the kinetic mixing is
small, the dark photon inherits couplings to SM particles of the form e Jk,,;, where J&,; is
the electromagnetic current and ¢ is the kinetic mixing parameter. Hence, the name dark
photon. Most of the searches for the dark photon take place at low energy experiments such
as fixed target experiments or B-factories [201]. However, it is also possible to search for
dark photons through the production and decays of heavy particles at high energy collid-
ers [204, 205, 206]. For example, Higgs decays [202, 207, 203] into dark photons is a plausible
scenario for discovery.

Some of the most important searches for BSM physics at the LHC are searches for new
vector like quarks (VLQs). Up-type VLQs, so-called top partners 7', are ubiquitous in
composite [208, 209, 210, 211, 212, 213, 214] and Little Higgs [215, 216, 217, 218, 219, 220,

221, 222| models where the top partners help solve the hierarchy problem. Traditionally,

12This chapter is based on Ref. [30], which is (€)2020 American Physical Society
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searches for VLQs rely on decays into the EW bosons from the SM: W /Z /Higgs. However,
there is a class of “maverick top partners” with non-traditional decays into photons [223,
224, 225, 226, 227, 228|, gluons [223, 224, 225, 226, 227, 228|, new scalars [229, 230, 231,
232, 233, 234, 235, 236|, etc. These new decays can easily be dominant with minor tweaks
to the simplest VLQ models. We consider a VLQ that is charged under both the SM and
the new U(1)4, where the SM is neutral under the U(1),;. As we will show, in a very large
range of the parameter space, this opens new dominant decays of VLQs that have not yet
been searched for.

A recent paper [237| studied the scenario where down-type VLQs and vector like leptons
are charged under the SM and U(1),. Ref. [237] relied on a very large mass gap between the
SM fermions and their vector-like fermion partners to suppress the traditional vector-like
fermion decays into W /Z /Higgs. With this mass gap, the branching ratios of vector-like
fermions into dark photons and SM fermions is enhanced. Here we point out that this
mechanism does not require a mass gap in the fermion sector, although such a gap further
enhances the effect. To illustrate this, we will focus on an up-type VLQ, T, that mixes
with the SM top quark, ¢. The mass gap between ¢ and T" does not need to be as large as
between the bottom quark/leptons and vector-like fermions. From the Goldstone equivalence

theorem, the partial width of T into fully SM final states is

3
M,
02

EW

(T — b/t + W/Z/h) ~ sin*§

Y

where 6 is a mixing angle between the SM top quark and T, vgy = 246 GeV is the Higgs
vev, and My is the mass of the VLQ T'. The partial width is inversely proportional to v%;,
due to an enhancement of decays into longitudinal Ws and Zs. If the new vector like quark

is charged under the dark force (and assuming there is a dark sector Higgs mechanism), the
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partial widths of T" into the dark photon, =4, or dark Higgs, hy, is

o o M
I(T — t + ~a/ha) ~ sin® 0 —- |
Vd

where v, is the vev of the dark sector Higgs boson. Note that now the partial width is

inversely proportional to v3. Hence, the ratio of the rates into v4/hg and W/Z/h is

F(T—)t—f-’)/d/hd) - (UEW)2
T —t/b+W/Z/h) Vg

For dark photon masses M., < 10 GeV, we generically expect that the vev vy < 10 GeV and

Yd ~v

D(T — t 4 v4/hq)
D(T — t/b+W/Z/h)

> 0(100) .

Hence, the VLQ preferentially decays to light dark sector bosons due to the mass gap between
the dark sector bosons and the SM EW bosons. Since there is a quadratic dependence on
vpw and vy, this mass gap does not have to be very large for the decays T — t + 74/hq to
be dominant.

This is a new avenue to search for light dark sectors using decays of heavy particles
at the LHC, providing a connection between heavy particle searches and searches for new
light sectors. The appeal of such searches is that pair production of VLQs is through the
QCD interaction and is fully determined via SU(3) gauge interactions. That is, the pair
production rate only depends on the mass, spin, and color representation of the produced
particles. Additionally, as we will show, for a very large region of parameter space VLQs
will predominantly decay into dark photons and dark Higgses. Hence, the dark photon can
be produced at QCD rates at the LHC independently of a small kinetic mixing parameter.
The major dependence on the kinetic mixing parameter ¢ arises in the decay length of the
dark photon, and for small € the dark photon can be quite long lived. In fact, for small dark

photon masses, its decay products will be highly collimated and may give rise to displaced
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“lepton jets” [238].

In Section 6.1 we present an explicit model that realizes this mechanism for dark photon
searches and review current constraints in Sec. 6.2. We calculate the decay and production
rates of the new VLQ in Sec. 6.3 and the decay of the dark photon in Sec. 6.4. In Section 6.5
we present collider searches relevant for our model. This includes the current collider sensi-
tivity as well as demonstrating the complementarity between the searches for dark photons

via heavy particle decays at the LHC and low energy experiments.

6.1 Model

We consider a simple extension of the SM consisting of a new SU(2),, singlet up-type vector-
like quark, 5, and a new U(1), gauge symmetry. For simplicity, we will only consider mixing

between the new vector-like quark and 3¢ generation SM quarks:

tir,
QL = s th s and bR . (61)
b

The SM particles are singlets under the new symmetry, and we give the VLQ ¢, a charge
+1 under the new symmetry. The U(1), is broken by a dark Higgs field H, that is a singlet
under the SM and has charge +1 under U(1),. The relevant field content and their charges
under SU(3) x SU(2), x U(1)y x U(1)4 are given in Table 6.1. This particle content and
charges are similar to those in Ref. [237].

This field content allows for kinetic mixing between the SM U(1)y field, B, and the new

U(1)a gauge boson, By ,:

1 v 1 a a,uv 1 v
‘CGauge = —ZGSVGA’M — ZW.UVW Y ZB/ZVB“L (62)
e’ 1
— - B, B" 2B, BM.
2 cos Oy it 4

where G, are the SU(3) field strength tensor with A =1, ..., 8 and W, are the SU(2) field
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| | SU@B) | SU@Q2), | Y | Yy |
tir 3 1 2/3 1 0
b 3 1 17310
L:(“L) 3 2 1/6 | 0
b
H 1 2 12 0
tar, 3 1 2/3 | 1
tap 3 1 2/3 1
H, 1 1 0 1

Table 6.1: Field content and their charges. tir, br, and Q;, are 3'% generation SM quarks,
H is the SM Higgs doublet, ¢, is the SU(2), singlet VLQ, and Hy is the U(1); Higgs field.
Y is the SM Hypercharge and Yy is the U(1)4 charge.

strength tensors with a = 1,2, 3. The relevant fermion kinetic terms for the third generation

quarks and VLQ are
Lr kin = QrilPQr + tigitig + brilDby + L2ty (6.3)
and the relevant scalar kinetic terms are
Lsyin = |D,H> + | D, Hyl* . (6.4)
The general covariant derivative is

D, = 8, —igst' Gy} —igT*Wi — ig'Y B}, — igiYBy,, ,

(6.5)

where gg is the strong coupling constant, ¢ is the SU(2);, coupling constant, ¢’ is the U(1)y
coupling constant, and ¢/, is the U(1), coupling constant. Values for Y, Y, and the generators

of SU(3), SU(2)., are given according to the charges in Table 6.1.
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6.1.1 Scalar Sector

The allowed form of the scalar potential symmetric under the gauge group SU(3)cx SU(2) 1, X
U(l)y X U(l)d is

V(H, Hy) = =2 H? + X H|* = iz [ Hal* + Mg Hal* + N[ HI?| Hal* - (6.6)

Since Hy does not break EW symmetry, H must have a vev of vgy = 246 GeV. Imposing that
the potential has a minimum where the SM Higgs and dark Higgs have vacuum expectation

values (H) = (0, vgw /v/2)" and (Hy) = vq/+/2, the mass parameters are found to be

A Ahh
W= ANy + Tdvﬁ , M%Ld = An, Vg + TdUJQSW : (6.7)
Now we work in the unitary gauge:
1 0 1
H=— N Hd = —(Ud + hd) . (68)

\/§ vgw + h \/5
The two Higgs bosons h, hy mix and can be rotated to the mass basis:

h cosflg —sinf h
o S S 7 (6.9)
ha sinflg  cosfg ha

where h; can be identified as the observed Higgs boson with a mass M; = 125 GeV, and hs is
a new scalar boson with mass M,. After diagonalizing the mass matrix, the free parameters

of the scalar sector are

Os, M, =125 GeV, My, vy, and vy = 246 GeV . (6.10)
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All parameters in the Lagrangian can then be determined

_ Mfcos? g + M sin® g _ Mj3 cos?0g + M7 sin® g

A ) )‘h

2 d 2 )
205w 2vj
M3 — M?
)‘hhd = #SIDQQS s
2Vgw V4

1 t
M2 =3 [Mlz cos? fg + Mg sin? 0g + an (M22 — M12) sin295] ;
1 . 1 .
Mid =5 [M22 cos® s + M7 sin? Og + > tan (M3 — M¢) sin 205] , (6.11)

where tan 5 = vg/vpw.
To check the stability of the scalar potential, we consider it when the fields H and Hy

are large:

V(H,Hy) — MH|"+ Ny | HPP | Hal* + Mo, | Hal*
12, 1 A 2
= (A== H 4y, | [ Hal? + 25522 | H? 12
(v= o) o (1o 3 520mR) L a2

where in the last step we completed the square. The potential is bounded when
AN A= Ny A>0, and Ay, >0. (6.13)

From the relationships in Eq. (6.11) we have

2072
M3 M
2.2
VaVew

AXp A = N, = >0 . (6.14)

Hence, the boundedness condition for the potential is always satisfied as long as A and A,
are both positive.

For our analysis in the next sections, only two trilinear scalar couplings are relevant:

1 1
V(hl, hg) D) 5)\122 hl h% + 5)\112 h% hg s (615)
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where

M2 42 M2
Aoy = —% sin 20 (cosfs — tan (§ sinfg) (6.16)
Va
2 M? 4+ M2
Az = % sin 20g (tan B cos g + sinfg) .
Uq

6.1.2 Gauge Sector

From Eq.(6.2), the U(1), gauge boson can mix with the SM electroweak gauge bosons. After

diagonalizing the gauge bosons, the covariant derivative in Eq. (6.5) becomes

D, = 8,—igst'Gy —igT™W —igT™" W~ —ieQA, (6.17)
/
—1 (ﬁZQZ cos g — gqYysinty — ¢ I__ysin Qd) Z,
cos Oy

/

—1 (Qz@z sinfy + gqYgcosly + € gA Y cos Hd) Y s
cos Oy

where #; is a mixing angle between the dark photon and SM Z-boson; e = gsin Oy =
g cos Oy and Q = T3 +Y are the usual electromagnetic charge and operator respectively;
gz = e/ cos éw/SiIl éw and QZ = Ty — 2w @ with 2y = sin® éw are the neutral current
coupling and operator respectively; TF = (T" +4i1?)/+/2; Z is the observed EW neutral
current boson with mass Myz; and 4, is the dark photon with mass M,,. Additionally, Oy
is the mixing angle between B and Wj’ The relationship between 6y and other model
parameters is not the same as the SM weak mixing angle. Hence, we introduce the hat
notation to emphasize the difference. The relationship between the SM weak mixing angle
and éw is given below. For simplicity of notation, we have redefined the coupling constant

and kinetic mixing parameter

gd:g&/\/l—EIQ/COSQéW and 525’/\/1—5’2/cos2éw. (6.18)

The SM EW sector has three independent parameters, which we choose to be the exper-
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imentally measured Z mass, the fine-structure constant at zero momentum, and G-Fermi

[134]:

My = 91.1876 GeV, apgh,(0) = 137.035999074, G = 1.1663787 x 107> GeV > . (6.19)

In addition to the EW parameters, we have the new free parameters:

vg, M,,, and, «. (6.20)

All other parameters in the gauge sector can be expressed in terms of these. Since €2 < 1,

we can solve equations for sin @y, g4, and cos Oy, iteratively as an expansion in e:

t 95M R M
sinfy; = 1&11 Mg e+ 0(%), cosby =cosOpM +0O(e?), and gg=—2 +O(?)
— T’Yd (%
where 7,, = M,,/Mz and the SM value of the weak mixing angle is

COS

1 1 22
2p5M — \/1 _ M . (6.21)

22 Gr M2

Although these are good approximations for €2 < 1, unless otherwise noted we will use exact
expressions of parameters.
Note that in the limit of small kinetic mixing ¢ < 1 and dark photon mass much less

than the Z-mass M., < Mz we find the covariant derivative

D, = 0,—igst'Gy —ig®MT*WT —ig®MT™W~ —ieQA, (6.22)

—i [g7M QM — ega Yy tan 03] Z, — i [eeQ + gaYa] va, + O(E7, M2 /M3)

where the superscript SM indicates the SM value of parameters. Hence we see that the dark

photon couples to SM particles through the electromagnetic current with coupling strength
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ge(). Additionally, the Z-boson obtains additional couplings to particles with non-zero dark

charge Yy with strength ¢ g4 Yy tan 05M.

6.1.3 Fermion Sector

To avoid flavor constraints, we only allow the VLQ t; to mix with the third generation
SM quarks. The allowed Yukawa interactions and mass terms that are symmetric under

SU(3) x SU((2), x U(1l)y x U(1)4 are
Ly = —ypQ Hbr — yt@Lﬁth — MHatoptig — My,tortor + hec. . (6.23)

After symmetry breaking, the VLQ and top quark mass terms are then

,Cmess = _YLMXR + h.c. s (624)
where
; Yt VEw 0
1T
Xr = ) M — )\\t/gd 5 (625)

t27- \/§ Mt2

and 7 = L, R. To diagonalize the mass matrix, we perform the bi-unitary transformation:

tr cosf, —sinb! tir, tr cos @, —sin 6t tin
_ L L 7 _ R R  (6.26)
T sinf:  cosf} tor, Tr sinf,  cosdl, tor

where ¢ and T are the mass eigenstates with masses M; = 173 GeV and M7y, respectively.
Since the Lagrangian only has three free parameters, the top sector only has three inputs

which we choose to be
M; =173 GeV, My, and 6 . (6.27)
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The Lagrangian parameters A\, y;, M;, can be expressed by

/3 V/ MZ cos? 0% + M2sin? 0},

Yy = , (6.28)
VEW

M2 — M?) sin 26}

A = ( L tt) —L___, (6.29)
V2ugy/ M? cos? 0% + M2 sin® 0%
M, M

My, = 2 QZTz-zt' (6.30)

V/ M} cos? 0% + M sin® 0,

The right-handed mixing angle is redundant and can be determined via

M,
cos 0y = and  sinfl, = —2 (6.31)

T t

After rotating to the scalar and fermion mass eigenbases, the hy o couplings to the third

generation and VL(Q are given by

L D —hy [N+ NGTT +T (N Pr+ N PL) T+ T (N Pr+ Nt Pr) t] - (6.32)

— ho [MNPTE A+ NETT + T (\2Pr+ N2P) T+ T (N2 Pr + N2PL) ]

where the h; couplings are

A = \/_ 0% (y: cos 6, cosOs + Ay sin 6] sin ) (6.33)
/\?T1 = 7 sin 6% (yt cos 0% cos s + A sin 0% sin 05) ,
)\% = 7 CoS (9 (yt sin HtL cosfg — \; cos HtL sin (95) ,
N = 7 sin 0% (y¢ sin 07, cos s — A, cos 0} sinfg)
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and the hs couplings are

Az — 7 cos 0% (y; cos ] sinfs — Ay sin 0}, cosbs) (6.34)
)\hz _ 8 too: . st
= sin 6 (y; cos 0}, sin s — ¢ sin 07, cosbg)
\/_
Nz = 7 cos O (yesin 07 sin s + A, cos 07 cosbs)
)\é}?’T = ——sin 9 (yt sin 0% sin fg + \; cos 6% cos 93) )

\/_

Now we consider the small angle limit |6% | < 1. If the VLQ and top quark have similar
masses Mr ~ M, then Eq. (6.30) becomes M, ~ My ~ M;. In this limit, from Eq. (6.31),
we see that 0% ~ 6% and both mixing angles are small. However, for a large fermion mass

hierarchy M,;/Mr < 1, the right-handed mixing angle expressions in Eq. (6.31) become

M/MT . Sinet
— tt —, sin 6%, ~ —= — L — . (6.35)
V/sin? 04 + M2 /M2 V/sin? 0% + M2 /M2

t ~~
costp ~

There are two cases then:

(My/M,;)sin 6% if |sin6f | < M;/Mr < 1
i, ~ (6.36)

+1 if My/Myp < |sinfh] <1,

where the sign of +1 depends on the sign of 6% . Hence, as discussed in Ref. [237], the right-
handed mixing angle is enhanced relative to the left-handed mixing angle due to a large
fermion mass hierarchy.

Since ty and t; have different quantum numbers and mix, flavor off-diagonal couplings

between the VLQ T and the SM third generation quarks appear. In the small mixing angle
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limit, M,/My,|6%|, || < 1 the relevant couplings are

9 .
~ 1—=sin0; v* Py, ,
/2 LV o
SM ot
97" . ‘ (M7 /M) sin 6%
Z—-T—-t ~i=—sinf,y"P,
=5 sinby L+ng1+(MT/Mt)ZSiH29tL
(Mg /M) sin 6%,
1+ (Mg/M;)?sin® 6%

W—-T-b

sinf;+" Pg , (6.37)

Ya—T —t ~ —iggsind: Pp—igy

Note that although the right-handed coupling to the Z appears of order 62, if M;/Mp ~
0% | ~ |04] the left- and right-handed couplings can be of the same order. However, with this
counting the right-handed coupling of the dark photon, VLQ, and top quark is unsuppressed.
This is precisely the fermionic mass hierarchy enhancement noticed in Ref. [237]. However,
as we will point out, a fermionic mass hierarchy is not necessary for the VLQ decays into

the dark Higgs or dark photon to be dominant.

6.2 Current Constraints

6.2.1 Electroweak Precision and Direct Searches

Electroweak precision measurements place strong constraints on the addition of new particles.
In the model presented here, there are many contributions to the oblique parameters [239,
240, 241]: new loop contributions from the VLQ [242, 243, 244, 245, 246, 247| and scalar |37,
44,248, 84, 86, 88| as well as shifts in couplings to EW gauge boson couplings from the mixing
of the dark photon with hypercharge [249, 204|, dark Higgs with the SM Higgs, and the VLQ
with the top quark. Since there are multiple contributions to the oblique parameters in this
model, there is the possibility of cancellations that could relax some of the constraints. To
be conservative, we will only consider one contribution at a time.

There are also many direct searches for VLQs, new scalars, and dark photons at colliders

and fixed target experiments. Here we summarize the current state of constraints:
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e VLQ: The dashed line labeled “EW Prec” in Fig. 6.1a shows the EW precision con-
straints on the VLQ-top quark mixing angle. This result is taken from Ref. [247|. The
current limits are |sin6%| < 0.16 (0.11) for VLQ mass My = 1 TeV (2 TeV).

Additionally, in our model the top-bottom component of the CKM matrix is Vj, =
(Vip)sar cos Bt . where the subscript SM denotes the SM value. The most stringent
constraints on Vj;, come from single top quark production. A combination of Tevatron
and LHC single top measurements give a constraint of |Vi| = 1.019 &+ 0.025 [134].
Another more recent analysis including differential distributions gives a bound of |V;,| =
0.986 + 0.008 [250]. Both constraints give an upper bound of |sin@%| < 0.24 at the
95% confidence level. This limit is indicated by the orange dotted line labeled “CKM”
in Fig. 6.1a, where the region above is excluded. We see that the CKM measurements

are not currently as important as EW precision constraints.

As mentioned above, in the model presented here traditional T" decays into SM EW
bosons Z, W, Higgs will be suppressed and not directly applicable. Nevertheless, for
completeness we summarize their results here. In these traditional modes, the LHC
excludes VLQ masses My < 1.1 — 1.4 TeV in pair production searches [251, 252,
253] and My < 1 — 1.2 TeV in single production searches [254, 255, 256]. Single
production of an SU(2), singlet T depends on the mixing angle 6} and decouples as
0% — 0 [223] weakening the above limit. Taking this into account, LHC searches for
single T' production have been cast into constraints on #% which are comparable to EW

precision constraints for My < 1 TeV [257, 254].

e Scalar: The addition of a new scalar shifts Higgs boson couplings away from SM
predictions, as well as contributing to new loop contributions to EW precision param-
eters. Additionally, many searches have been performed for new scalar production at

the LHC [63, 258, 259, 260, 67, 261, 262| as well as at LEP [263, 264, 265|. However,

the most stringent constraints [266] come from precision measurements of the observed
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Figure 6.1: (a) Upper bounds for |siné?| from (dashed magenta) EW precision data from
Ref. [247]; (dotted orange) current CKM measurements; and (solid) requiring \; satisfy
Eq. (6.41) for (red) vy = 5 GeV, (violet) vy = 25 GeV, and (blue) vy = 100 GeV. (b) Upper
bound on |sinfg| from LEP for My < 100 GeV as found in Ref. [88].

M; = 125 GeV Higgs boson for M; < My < 650 GeV and precision W-mass con-
straints [86, 88, 267| for 650 GeV < My < 1 TeV. The constraints on the scalar mixing
angle is |sinfg| < 0.21 — 0.22 for M; < My < 1 TeV [266]. For M, < 100 GeV LEP
searches can be very constraining on the scalar mixing angle, as shown in Fig. 6.1b.

These results are adapted from Ref. [88].

e Kinetic Mixing: As can be seen in covariant derivative in Eq. (6.17), the couplings
between the Z and SM particles are shifted due to the kinetic mixing of the Hypercharge
and U(1),; gauge boson. Hence, electroweak precision data can place bounds on the
value of the kinetic mixing parameter € [249, 204|. The most stringent constraints from
EW precision are |e| < 3 x 1072 [204]. This is less constraining than direct searches
for dark photons at fixed target experiments or low energy experiments [268] which

require |¢| < 1072 for M., = 0.1 — 10 GeV.
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6.2.2 Perturbativity Bounds

Requiring the top quark and VLQ Yukawa couplings be perturbative can place strong con-
straints on the top quark-VLQ mixing angle. As can be seen in Eq. (6.29), in the limit that

M, /M7z ~ |sin 0% | < 1 the Yukawa couplings become

\/_Mt Mg o 2t Ar2 02
Y = 2UEW l—l—msm 0% + O(sin” 0, M7 /M7),
i
M2 o M2
o= ﬂWsmetLjLO(smzeg). (6.38)

While y; is well-behaved for M, /My ~ |sin6%|, \; is enhanced by Mr/vy. Hence, the mixing
angle must be small to compensate for this and ensure \; remains perturbative.
To determine when \; becomes non-perturbative, we calculate the perturbative unitarity

limit for the Hyt — H,t scattering process and find that

| < 4v2r . (6.39)

When this limit is saturated, there must be a minimum higher order correction of 41% to
unitarize the S-matrix [106]. Hence, this is near or at the limit for which we can trust
perturbative calculations.

To translate the limit on \; to a limit on the mixing angle sin 6% we solve Eq. (6.29) to

find

|Sm9t‘:1 2Mz 20 —Nwh (| 8 A2 M7 (6.40)
LA M2 — M? (2M2—2M2 —v2\2)2 |~ '

This solution is real if |\;| < v/2(My — M;)/vy. Combining with the perturbative unitarity
limit in Eq. (6.39), we find an upper limit on A;:

My — M,
Va ’

I\ < \/§min{ 4\/%} . (6.41)
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Note that for VLQ mass My < 4y/mvg + M;, the perturbative unitarity limit is never
saturated. Hence, for a fixed v, there is an upper bound on My for which ); is always
perturbative. Assuming M, vy < M7, the upper-bound on sin 6} becomes
vg M,
AT2 for My > 4T vg + M,

2
|sinfy| < Mg . (6.42)

Mt/MT for MT < 4\/%1%1 + Mt

In Fig. 6.1a we show the limits on | sin % | from (solid) requiring that \; satisfies Eq. (6.41)
for various values of v, together with (dashed magenta) EW precision data and (dotted
orange) CKM constraints. The kink in the v; = 100 GeV line occurs at VLG mass My ~
4y/mvg + My ~ 880 GeV. For My < 4+/m vy + M, the upper bound on sin#* is proportional
to M;l/z, while for My > 4y/7vg + M; it is proportional to M5? as shown in Eq. (6.42). As
can be clearly seen, over much of the parameter range the limits on \; in Eq. (6.41) provide
the most stringent constraint on sinf}. As mentioned earlier, this is due to A, having an
enhancement of M2/M; /vy, requiring sin 6% to be quite small to ensure )\; does not get too

large. EW precision is more constraining for larger vy and smaller M.

6.2.3 h1 — YdVd Limits

There have been searches at the LHC [269] for h; — 474 — 4¢ where ¢ = e, 1 that place

limits on combination

a(pp = h)
osm(pp — )

BR(h1 = v474) S BRim (6.43)

for dark photons in the mass range 1 GeV < M,, < 60 GeV. The subscript SM indicates
a SM production rate. The h; production rate is dominantly via gluon fusion which in
the model presented here is altered via the shift in the hy — ¢ — t coupling away from the

SM prediction as shown in Eqs. (6.32,6.33) and new loop contributions from the new VLQ.
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However, in the small mixing angle limit with the counting 6% ~ 65 ~ M;/Mr, we have
o(pp = h1) = osau(pp = hy) + O(6%) . (6.44)

In addition to the usual SM decay modes, h; can decay into v4v4, 742, and hohy when
kinematically allowed. Using the counting € ~ 0% ~ g ~ M.,,/My ~ My/My, the partial
widths into the new decay modes are

M13 SiIl2 05

L(h1 = hoha) =~ T'(h1 = va7a) = 39 702
d

+0O(6?) | (6.45)

L(h = Zva) = O(") .

For the decays into SM, all the couplings between h; and SM fermions and gauge bosons,
except for the hy — Z — Z and hy —t — t couplings, are uniformly suppressed by cos . The
hy — Z — Z and hy —t — t couplings are more complicated due to the Z — 7; mixing and
t — T mixing, respectively. Additionally, there are new contributions to the loop level decays
hi — gg, hy — 77, and hy — vZ due to the new VLQ. Since the partial widths I'(h; — 77)
and I'(h;y — Z~) make negligible contributions to the total width, we will neglect changes in
these quantities. Reweighting the SM partial widths with the new contributions, the width

into fully SM final states are then

T(hy — X X5y)

= COS2 95 X <F5’M(h1 — XSMX,S\)/[) — FSM(hl — ZZ*) — FSM(hl — gg)>

2 2
+ (COS Og — wsmz 0,4 (cos Os + sin@SUE—W)) Dsp(hy — ZZ7)
M, Ud

2

VEW )\?tl 4 VEW /\g}T
— = r h 6.46
M, 3 My F(m) sm(h1 = g9) ( )
=Ton(h) + O(0?) (6.47)

where Xg,; are SM fermions or gauge bosons, the subscript SM indicates SM values of
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widths, Tgar(hy) = 4.088 MeV [114], and A, A2, are in Eq. (6.33). Other SM values for
the partial widths of h; can be found in Ref. [114]. The loop function F'(7;) can be found in
Ref. [270], where 7; = 4 M?/M? and we have used Mr > M such that F(rr) = F(o0) =
—4/3.

The total width is then

Ti(h1) = T(hy = XsuX5) + T(ht = vava) + T(hy — Z7a)
+ F(hl — hzhg)e(Ml -2 MQ)

= Tsu(hy) +0O(0%), (6.48)

and Eq. (6.43) becomes

a(pp = h)
osm(pp — h)

L(h1 = Yava)

: Tspr(hy)

> BR(h1 — Yaya) = +0(0%) . (6.49)

Using Eq. (6.45) we find the limit

327 02 sus (h
| sin | < \/ MC§\4§M( U B Ry = 4.6 x 101 <szv> VBRim - (6.50)
1

ATLAS has measured the upper limit B Ry, in the mass range M,, =1 — 15 GeV when
both dark photons decay into muons [269]. However, they have assumed BR(ys — e"e™) =
BR(y4 — p~p") = 0.5 neglecting possible hadronic decays of the dark photon. We reweight
the results of Ref. [269] using the BR(v; — p"1~) including hadronic decays!'®, as shown in
Fig. 6.2a. The hatched regions correspond to hadronic resonances and were not included in
the search in Ref. [269]. This is the BRy;,, to be used in Eqgs. (6.43,6.50).

In Fig. 6.2b we show the upper limit on sinfg from Eq. (6.50) and using BRy, in
Fig. 6.2a. The solid regions are ruled out by the h; — 27, — 4u search for (red) vy = 5 GeV,

(maroon) vy = 25 GeV, and (blue) vy = 100 GeV. These constraints are very strong with

13See Sec. 6.4 for details of the BR(vq — p ™) calculation.
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Figure 6.2: (a) BRy, as defined in Eq. (6.43). These are the ATLAS results for a h; —
2794 — 4p search [269] reweighted by BR(74 — pt ™) including hadronic decays. The dashed
regions are not included in the hy — 2y, — 4y search due to resonant hadrons [269]. (b)
Upper bounds on |sinfg| from Eq. (6.50). The solid colored regions are ruled out for (red)
vg = b GeV, (maroon) vy = 25 GeV, and (blue) vy = 100 GeV.

limits in the range of |sinfg| < 107> — 1072, These limits are more constraining than the
direct searches for hy as shown in Fig. 6.1b. Eq. (6.50) is linear in the dark Higgs vev v, so
the limits on sin g become less constraining for large v4. However, since M., ~ gq4v4 these
constraints cannot be arbitrarily relaxed without very small dark gauge coupling gg4.

If there is dark matter (DM) with mass Mpy < M,,/2, it is possible that the decay
of the dark photon into DM is dominant since, unlike the dark photon coupling to SM
fermions, the v;-DM coupling would not be suppressed by the kinetic mixing parameter
€. Hence, it is possible for the Higgs to decay invisibly h; — 274 — DM. There are
searches for invisible decays of h; with limits BR(h; — Invisible) < 0.19 [271] from CMS
and BR(h; — Invisible) < 0.26 from ATLAS [272]. Assuming that BR(y4 — DM) = 1, from
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Eq. (6.50) these limits correspond to

vy 2.0x 1074 for CMS [271]

0l
GeV) % (6.:51)
2.3x 10~% for ATLAS [272] .

| sinfg| < (

6.3 Production and Decay of Vector Like Quark
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Figure 6.3: Standard production modes of VLQs at the LHC for (a-c) pair production and
(d,e) VLQ plus a jet production. The conjugate processes for (d,e) are not shown here.

In this section, we focus on the production and decay of the VLQ, T', at the LHC based
on the model in Sec. 6.1. Figure 6.3 displays the VLQ (a,b,c) pair production (T7T) and (d,e)
single production in association with a jet (T'/T + jet)'*. The pair production is induced
by QCD interactions so that the production cross section depends only on My, the spin
of T, and the gauge coupling. Hence, pair production is relatively model independent!s.
The single production, on the other hand, relies on the b — W — T coupling in Eq.(6.37)

which is proportional to the mixing angle sin 8} . Therefore the production cross section is

proportional to sin?#% and is suppressed for small 6% [223].

“There is also TW ™~ +TW* production which is subdominant. In the model with an additional SU(2),
singlet scalar, a loop-induced Tt + Tt production [223] can be as large as the pair production.

15In a scenario where the top partners are pair produced via a heavier resonance, the production cross
section can be model dependent. See Refs. [274, 275, 276] and references therein.
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Figure 6.4: Pair T'T and single T+jet production cross sections [273]. Pair production is at
NNLO in QCD and single production at NLO in QCD.

In Fig. 6.4 we show cross sections for single and pair production of T' from Ref. [273]'.
The pair production cross section with NNLO QCD corrections is computed using the
HATHOR code [277] with the MSTW2008 parton distribution functions (PDF) [278]. The
single production cross section with NLO QCD corrections is calculated using MCFM [279,
280, 281| with the same PDF. The NLO single production cross sections are rescaled by
sin? 0% to take into account the normalization of the b — W — T coupling in Eq.(6.37). The
single production becomes more important at high mass, where the gluon PDF sharply drops
suppressing gg — 1T and the pair production phase space is squeezed relative to single pro-
duction. With a sizable mixing angle |sin 6% | = 0.1, the single production outperforms the
pair production in a wide range of My. The single production, however, vanishes as the t —T'
mixing angle becomes very small, as required by perturbativity and EW precision [Fig. 6.1a).
This can be already seen from Figure 6.4 when sin % = 0.01, where the T+jet cross section

goes into the sub-femtobarn level which will be challenging to probe at the LHC.

161t should be noted that these results are for a charge 5/3 VLQ. However, a charge 2/3 partner has the
same QCD and spin structure so the results are still valid since the QCD production does not depend on
the electric charge of the particle.
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Figure 6.5: Representative Feynman diagrams for VLQ decays into (a-c) Zt, Wb, hit. Since
T is charged under both the SM and U(1),, the T is allowed to decay into (d,e) hy and v,.

Traditionally, searches for the VLQ rely on the " — tZ, T — bW and T' — th; decays, as
shown in Fig 6.5. However, in the scenario where 7" is charged under both the SM and U(1)g4,
new decay modes into the T" — thy and T" — tv,; appear, which alters 7" phenomenology

significantly. Partial widths into Z/W/hy in the limit ||, |0%], 05| < 1 and vgw, vy < My

arel”

1 M3
DT —bW) ~ — =+

'NT—tZ) ~ I'T »th) = S0 2
Ew

sin? 0% . (6.52)

DO | —

For large My, the partial widths of T into fully SM final states are proportional to ~
sin? 0% M3 /vy, due to the Goldstone equivalence theorem. The partial widths into hy and

vq in the limit |g], 6% ], |0s| < 1 and vy, vew < My are

1"To produce numerical results and plots, however, we will use exact width expressions.
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Figure 6.6: (a,b)The combined branching ratio BR(T' — t+ hs) +BR(T — t+,4) in Mr—uy
plane for maximally allowed sin #% and sin fg in Fig. 6.1a and Eq. (6.50), respectively. In (a)
Ms = 0.1vg and (b) My = vg. The full branching ratios of the T as a function of My for (c)
My = 0.1vy = 1 GeV and (d) My = vy = 200 GeV. For all subfigures we assume ¢ = 0.001.
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Figure 6.7: (a) Contours of I'?* /M7 = 0.1 in the M7 — sin 6% plane for various vy. (b) The

total width (I'¢") of T' in My — vy plane for sinf? = 0.001. For both sub-figures, we set
e =0.001, M,, = My =2 GeV, and sinfg to its maximal value in Eq. (6.50).

Hence, the ratios of the rates of VLQ decays into the dark Higgs/photon and into fully SM
final states are

(T =t + hy/va) Mr\? (vew )’ 1
(T = t/b+W/Z/hy) (Mt> ( v:V) 1+ (Myp/M;)?sin? 0% (6.54)

There are two enhancements: (1) the (vgpw /v4)? enhancement since decays into longitudinal
dark photons are enhanced by v;Q compared to decays into longitudinal SM bosons which
are proportional to viy. (2) If | sin 6% | < M,/My there is a (Mr/M;)? enhancement since the
right-handed top-VL(Q mixing angle is larger than left-handed mixing due to a fermion mass
hierarchy as seen in Eqs. (6.35-6.37). However, note that for fixed |sin6%| > M,;/Mr, the
fermion mass hierarchy enhancement cancels and only the (vgw /v4)? enhancement survives.
This is because in this limit |sin 6% | — 1 and does not grow with M.

Equation (6.54) shows that even in the absence of a fermionic mass hierarchy (Mp ~ M),

T decays into light dark sector bosons are still strongly enhanced. This can be clearly seen
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in Figure 6.6(a,b) where we show contours of the total VLQ branching ratio in hy and ~y.
Note that BR(T' — t+ho) +BR(T" — t+4) ~ 0.99 for vs < 30 GeV in the entire My range.
As My increases, branching ratios into the dark photon/Higgs increase due to the fermionic
mass hierarchy, as discussed above. Fig. 6.6b is the same as Fig. 6.6a with a different choice
of M. The results in both Fig. 6.6(a,b) are very similar, showing the conclusions about
the branching ratio dependence on boson and fermion mass hierarchies are robust against
model parameters. The reach of current searches into th, tZ, and bW [251] are shown in the
gray shaded regions. We have rescaled the results of Ref. [251] according to the branching
ratios in our model. There were no limits below My = 800 GeV, hence the exlusion region is
truncated. As can be seen, the traditional searches are largely insensitive to our model and
our approach provides a new avenue to search for 7. New search strategies are necessary
depending on the decays of 7,4, ho as we will discuss in section 6.5.

In Fig. 6.6(c,d) we show the branching ratios of 7" into all final states, including W, Z, h;.
The T branching ratios into the fully SM particles are less than ~ 1% for smaller My =
0.1vg = 1 GeV as shown in Fig. 6.6c. For enhanced dark sector mass scales My = vy =
200 GeV the rates to the SM final states can reach at most ~ 45% for My ~ 300 GeV shown
in Fig. 6.6d, but then fall to the percent level for higher VLQ masses.

There is a kink in Fig. 6.6d around My ~ 1.9 TeV. For My < 1.9 TeV EW precision
constraints on sin % are the most stringent and for My > 1.9 TeV the perturbativity
bounds on \; are most constraining [see Fig. 6.1a]. The EW precision and perturbativity
bounds on sin #% have different dependendencies on My, hence the kink. The fact that the
branching ratios into W/Z/Higgs become flat for My approaching 1.9 TeV is a reflection
that the enhancement of 7" — thg/v4 from the fermionic mass hierarchy disappears for
My > M, and fixed sin 6} | as discussed around Eq. (6.54). Once perturbativity constraints
are dominant sin 6% ~ My /M, the fermion mass hierarchy enhancement reasserts itself, and
branching ratios into fully SM final states decrease precipitously.

Finally, in the limit M; < My and vy < vgw, the total width of the VL(Q normalized to
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(6.55)

Due to the very large enhancement of M /M? /v, the mixing angle sin #% must be quite small
for T' to be narrow. In Fig. 6.7a we show contours of fixed I'?* /My = 10% in the sin 6}, — My
plane for various dark Higgs vevs v;. When compared to the constraints in Fig. 6.1a, it is
clear that the constraint 7' be narrow with I'?* < 10% My is by far the strongest constraint
on sin @} . In Fig. 6.7b we show the total width T'%%* in the vy — My plane. As is clear, VLQ

total width grows for small v; and larger Mr.

6.4 Decay of the dark photon

We now discuss the dark photon «, decays, since this specifies experimental signatures in the
VLQ decay T" — ty4. The lowest order (LO) 74 partial decay widths can be computed using
the couplings to the light fermions from the covariant derivative in Eq. (6.22). However,
this does not take into account the higher-order QCD corrections and hadronic resonances.
To reflect these combined effects, we follow Ref. [204] and utilize the experimental data on

electron positron collisions [134]

o(ete” — hadrons)
M, )= . .
R( 'Yd) O'<€+€_ N ,LL+,LL_) (6 56)

Since 4 couplings are approximately electromagnetic, hadronic decays of 74 can be incor-

porated into the total width of v, via

I = ROM)T(ya—pu)+ Y. Tlua—ff)
f=e,u,T,Ve vy, Vs

g2 e?

R—
127 7

Q

R(M,,)+ Y 6(M,, —2M,)| . (6.57)

l=e,ut
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Figure 6.8: (a) Decay length of 74 as a function of the kinetic mixing parameter ¢ for various
M.,,. (b) Branching ratios of 74 into (solid red) p*u~ and (dotted blue) ete™ as a function

Ya
of M, for e = 0.001.

We have used the approximation ¢ < 1 and M,, < My as in Eq. (6.22). We have also
assumed there are no DM candidates with mass 2 Mpys < M, and that 2 M, > M., so that
Y4 —DM and v4 — 2 hy decays are forbidden.

The lifetime of the dark photon can be calculated by

1

T= Ttot :
Yd

(6.58)

Hence, the v, lifetime is inversely proportional to £2. For small kinetic mixing parameter
the dark photon can be quite long lived and have a large decay length. In Fig. 6.8a we show
the decay length c7 of the dark photon as a function of the kinetic mixing parameter ¢ for
various dark photon masses. For ¢ in the range of 1 — 5 x 107¢ the decay length can be
¢t ~ 1 mm. As discussed in the next section, this can lead to a spectacular collider signature
of displaced vertices.

In Fig. 6.8b we show the branching ratios of the dark photon into electrons and muons.
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This reproduces the results from Ref. [204], which we have recalculated and included for
completeness. The branching ratios of the dark photon into electrons and muons are almost
identical when M., > 2M,. For much lower masses below ~ 200 MeV, the 4 decay to
muons is kinematically closed, and hence v; — e"e™ decays dominate. The multiple dips in
the branching ratios starting around M., ~ 770 MeV are attributed to hadronic resonances

p, w, &, p, J/, ¥(2S), and T(nS) for n =1,2,3,4 [134].

6.5 Searching for the dark photon with 7" — tv; decays

We now discuss the collider signatures of this model. As discussed previously, the pair
production of T" only depends on the spin and mass of 7" and BR(T" — t~v,) ~ 50% in a
very large range of parameter space. Hence, the production rate of the dark photon is at
QCD rates and largely independent of the model parameters. The major model dependence
comes from the lifetime of v,. If ¢ is sufficiently small, the dark photon becomes long-lived.

The decay length of the dark photon from T decays is

d=ber (6.59)

where cr is a proper lifetime as shown in Fig. 6.8a and b is the average boost of the dark

photon. Assuming the VLQs are produced mostly at rest, the boost is

i Pl 1

b - al _ \/M2—M2—M22—4M2M2 6.60
M’yd 2 Mvd MT ( T Yd t ) Yya it ( )
My

Mp>My, My 2M,,,

where |?W| is the dark photon 3-momentum. Using the total 74 width in Eq. (6.57), we can

then solve for the decay length:

7 My ) (1 Gev)2 (104>2
d =580 um x . (6.61
: R(MWd) + ZZ:e,m‘ Q(M’Yd -2 Mf) <]‘ TeV M’Yd € ( )
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Hence, for reasonable parameter choices, the decay length of the dark photon can be several
hundreds of microns. The precise direction of the dark photon in the detector will determine
if it appears as a displaced vertex or where it will decay in the detector. Nevertheless, for
d < 500 pum the dark photon decay can be considered prompt, for d = 1 mm — 1 m it will
be a displaced vertex, for d ~ 1 m — 10 m the dark photon will decay in the detector, and
d 2 10 m the dark photon will decay outside the detector [223]. Hence, we can solve for the

values of ¢ for these various scenarios:

1/2 1/2
o 7 (ﬂ) <1 GeV) 6
a R(M“/d) + Zé:e,lrr Q(M’Yd —2 Mf) 1 TeV M%i .

(

>1x1073 for prompt decays
24x107%—7.6x107° for displaced vertices

7.6 x 1077 —2.4 x 1075 for decays in detector

<7.6x1077 for decays outside the detector .
\

If the dark photon decays outside the detector it is unobserved, giving rise to the final
state characterized by tf + Fp. This is the same signature as pair produced scalar tops,
t, in R-Parity conserving SUSY models with the decays ¢t — t X%, where YV is the lightest
superpartner and stable. Hence, the currently available CMS [282, 283, 284, 285, 286, 287]
and ATLAS [288, 289] searches for stop pair production can be used to obtain constraints
on the model presented here. In the limit of large gluino/squark masses, the most stringent
bound is at 13 TeV excludes stop masses up to 1225 GeV for a massless X [287]. Since
Ref. [287] assumes BR(t — tX?) = 1, the corresponding 95% CL upper limit on the NLL-
NLO stop pair production cross section is given by ~ 1.3 fb [290].

Since both stop and T pair production yield similar kinematic distributions in the final
states, the efficiencies of two searches are quite similar [291]. The upper bound on the

stop pair production cross section can then be reinterpreted as a bound on the VLQ pair
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production cross section:

o(pp — TT) x (BR(T = ty) + BR(T — tZ — tvin))> < 1.3 fb . (6.63)

In Fig. 6.9a we show this limit in the vy — M plane for a dark photon mass of M., =1 GeV
(gray region is ruled out). We used the T branching ratios in Fig. 6.6 and the NNLO TT
cross section in Fig. 6.4. As shown in Sec. 6.3, the production and decay rates of the VLQ
are relatively independent of model parameters and this result is robust. We find that VLQ

masses

Mr < 1.2 TeV (6.64)

are excluded for M,, =1 GeV and vy S 500 GeV when the dark photon is stable on collider
time scales. The bound can be weakened for higher values of v, since the branching ratio
of T into SM bosons with visible decays increases, suppressing BR(T — t,4) as displayed in
Figure 6.6.

Searches for single 7" production can be important if ¢ — 7" mixing is not too small.
It is clear from Figure 6.4 that for sinf} ~ 0.1 the single production dominates over the
pair production at high VLQ masses. Refs. [313, 314] showed that the T" — tZ(— vp)
channel displays a superior performance in prospects for discovering the 7. The signature
is then T — t + F, which is the same as for T — ty; when -, is long lived. The ATLAS
collaboration [292] presented results on the single production of 7" with the decay T — tZ(—
vv). Assuming that efficiencies of T — tZ — tvv and T — try, searches are the same, we
re-interpret the 95% CL upper limit on the cross section in Ref. [292] to derive constraints
on Mz —sin 6 plane, as shown as dotted lines in Figure 6.9b. The regions within the curves
are ruled out. As in Fig. 6.9a, we consider both T" — t~,; where the dark photon is assumed

to escape the detector, and T' — tvv. For VL(Q masses around My =1 ~ 2 TeV, the limits
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Figure 6.9: (a) 95% CL exclusion regions in My — v, plane from the VLQ pair production
with the T" — t + ~4/vv decays, assuming 4 is long lived. The constraint is obtained
from re-interpreting the bounds from the CMS [287] stop searches at 13 TeV. (b) 95% CL
exclusion regions in My — sin 6} plane based on the single production of the VLQ. The
dotted constraint is obtained from a simple recast of the ATLAS [292| results on the single
production of T" with the decay T" — tZ(— vv). The solid lines are taken from a recasting
of a CMS [293] search for single production of 7" with fully hadronic decays into Higgs or Z.

on sin 6§ are

|sind| < 0.3~0.6, (6.65)

where the stronger bounds are expected for smaller values of v4 due to the enhancement of
the branching ratio BR(T' — tv,4). For smaller |sin 6} | the single VLQ production rate is
too small to be detectable yet. For larger sin 6% and larger vy, the VLQ essentially decays
like a top quark with a near 100% branching ratio into Wb. Hence, the branching ratio to
tv4 is suppressed and a gap appears for |sin#%| > 0.9 and vy = 250 GeV. These bounds are,
however, weaker as compared to the EW precision test [see Figure 6.1a].

CMS has also performed a recent search for electroweak production of T decaying through
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Figure 6.10: Various decay lengths of the dark photon originating from VLQs with masses
(a) 1.2 TeV and (b) 2 TeV in ¢ — M, plane. The blue shaded regions are excluded by
searches for stop pair production with decay ¢ — ¢ X!. Gray shaded regions correspond to
existing 90% confidence level limits from the SLAC and Fermilab beam dump experiments
E137, E141, and E774 [200, 294, 295, 296|, the U70 accelerator [297, 298|, LHCb [299, 300],
NAG64 [301], the electron and muon anomalous magnetic moment a, [302, 202, 303|, KLOE
[304, 305], WASA-at-COSY [306], the test run results reported by APEX [307] and MAMI
[308], an estimate using a BaBar result [200, 309, 310], and a constraint from supernova
cooling [311, 312|. The shaded green regions are favored to explain the muon anomalous
magnetic moment [302] at 95% confidence level.

Z and Higgs channels with fully hadronic decays [293]. These searches can be re-interpretted
into constraints in the My —sin #% plane. The 95% CL exclusions are shown as solid lines in
Figure 6.9b with the regions inside the curves ruled out. In the small vy limit (vg = 10 GeV)
the branching ratios into SM final states are neglible so there are not strong constraints. As vy
increases the branching ratios become viable and some constraints emerge. In the high v, the
generic search constraints start to become more stringent than 7" — tZ(— vv) constraints.
Hence, there is a complementarity between the fully hadronic and missing energy searches.

Figure 6.10 shows the decay lengths of dark photons originating from the VLQ with

masses (a) My = 1.2 TeV and (b) My = 2 TeV in M, — ¢ plane. We show several lines
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of the dark photon decay length d = ber that are indicative of prompt decays (d=500 pm),
displaced vertices (d=1 mm), decays in the detector (d=1 m), and decays outside the detector
(d=10 m). Additionally, there is a proposed MATHUSLA detector [315] to search for long
lived particles. MATHUSLA will be on the surface 140 — 230 m away from the interaction
point. Hence, we also show lines for dark photons that could decay inside the MATHUSLA
detector. The blue shaded regions are excluded by searches for stop pair production with
decay ¢t — t XY, as discussed above. This blue exclusion region exists for My < 1.3 TeV.
Hence, it appears in Fig. 6.10a but not Fig. 6.10b. The grey shaded regions are excluded
by various low energy experiments [268] and supernova measurements [311, 312]. As can
be clearly seen, searches for T' — t~,; with a wide range of possible signals can cover a
substantial portion of the parameter space. This is because in the model presented here the
production of 7,4 from VLQ production is largely independent of the small kinetic mixing
parameter. Hence, the production rate of 74 is unsuppressed at low € and the LHC can be
quite sensitive to this region.

The dark photon branching ratios into e“e™ and p~pu™ is non-negligible as shown in
Fig. 6.8b. Hence, the most promising signature of the T" — t v, would be the leptonic decays
of the dark photon, which would help avoid large QCD backgrounds. Since the dark photon
is highly boosted, its decay products are highly collimated. The angular distance between

the leptons from v, decays can be estimated as

2 M 4 M. M 1 TeV
ARy ~ Y — J— 4 x 1073 d 6.66
“YTR . T My % 1GevV )\ My )0 (6.66)

where ARy = \/(¢- — ¢+ )% + (ne- — me+)?, ¢ are the azimuthal angles of the leptons, and
7 are their rapidities. At such small angular separation, the leptons are very difficult to
isolate and the dark photon can give rise to so-called “lepton jets” [238, 237| which are
highly collimated clusters of electrons and muons. In fact, for not too small kinetic mixing

g, there could be displaced lepton jets or even lepton jets originating in the detector.
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Chapter 7

Conclusions

Adding additional scalars to the SM can produce a rich phenomenology, as we have seen.
The natural avenue that leads to searching for new scalars is the drive to further understand
the Higgs sector. However, the signs of new scalars can show up in other interesting ways as
well.

In Chapter 2, we investigated one of the simplest SM extensions. Although simple, adding
a real gauge singlet scalar is theoretically well-motivated and has interesting phenomenology.
In particular, if the new scalar hs is sufficiently heavy ms > 2my, this model can give rise to
resonant double Higgs production at the LHC. We investigated this signature and determined
benchmark parameter points that maximize the double Higgs production rate in this model
at the /Sy = 13 TeV LHC. These benchmark points are important for gauging when the
ongoing experimental searches for resonant double Higgs production are probing interesting
regions of parameter space of well-motivated models. We have found that BR(hy — hih)
can be as high as 0.83. Double Higgs production can be the dominant decay mode for
new scalars, and hjh; production rate can be significantly higher than the SM rate. In
Chapter 3, we studied a similar extension with a complex scalar singlet. We considered
the most general renormalizable scalar potential and imposed no additional symmetries. In
this scenario, there are 3 scalar bosons, one of which, hs, can have very small couplings
to SM particles and will be primarily observed through double Higgs decays, ho — hqhs.
Subject to the constraints of electroweak precision measurements, single Higgs production
rates, and perturbative unitarity, there are regions of parameter space where the rate for hqhs

production is significantly enhanced relative to the SM hih; rate. Therefore, the search for
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pair production of Higgs bosons with different masses is a distinctive signature of this class
of model. The LHC will continue to have sensitivity to these models, and future upgrades
like the High-Luminosity LHC or High-Energy LHC will be useful as well for probing smaller
mixing angles and larger scalar masses in these types of models.

In Chapter 4, we discussed a more complicated scalar sector that provided a mechanism
for the generation of the baryon asymmetry via heavy Higgs doublet decays into lepton dou-
blets and right-handed neutrino singlets. These decays produce an asymmetry in the lepton
doublets that then gets processed into a baryon asymmetry via the electroweak sphalerons.
This scenario is a nearly minimal extension of the SM, in which we only need right-handed
neutrinos which can help explain neutrino masses, and additional Higgs doublets. Since the
Yukawa couplings between the SM Higgs boson and neutrinos is constrained to be small,
at minimum two additional Higgs doublets are required to guarantee that the asymmetry
parameter in Eq. (4.12) is sufficiently large. In addition to generating the baryon asymmetry,
this scenario could have many signatures at current and future experiments. To generate the
baryon asymmetry, there needs to be a misalignment between the Yukawas of the different
Higgs doublets. Once all Higgs doublets obtain a vev, this necessarily leads to flavor chang-
ing currents in the lepton sector as well as EDMs. As shown above, the baryon asymmetry
can be generated and current constraints on charged lepton flavor violation accommodated
within a realistic Yukawa structure. Furthermore, future 4 — ey and electron EDM exper-
iments may be expected to show signatures of this baryon asymmetry mechanism. Finally,
we studied the collider signatures of the heavy Higgs doublets. Via double scalar produc-
tion, the scenario presented here can provide striking signatures of many leptons, missing
energy, b-jets, and possibly displaced vertices. While the double scalar production rates can
be favorable at the LHC, future colliders may be needed to observe much of the interesting
parameter space. Additionally, we may expect the observed Higgs boson decays into muons
and taus, hy — p"p~ /777, to differ from SM predictions by upwards of 20%. This is an

observable amount of deviation at the High-Luminosity LHC with 3 ab™! or the High-Energy
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LHC with 15 ab™! of data [157].

In Chapter 5, we introduced a model with a dark sector containing a scalar portal to dark
matter. This leads to a new long ranged scalar-mediated interaction and allows for a new
mechanism for neutrino masses. Neutrinos are much lighter than any other fermion, which
perhaps points to a different mechanism for the generation of their tiny masses. We raised
an interesting possibility that neutrinos may be massless in empty space. We introduced a
model in which there exists a long range scalar mediated force between neutrinos and dark
matter, and the background scalar potential sourced by the Galactic population of dark
matter provides non-zero masses for the neutrinos. With the local dark matter densities in
our galaxy, our model can give m, < 0.1 eV neutrino masses around our solar system and
different masses in other areas of the Galaxy. In addition, because this scalar potential is
the source of the neutrino mass and thus determines the sign of the neutrino mass term, the
force between dark matter and neutrinos will always be repulsive. As a consequence, relic
neutrinos have been forced out of our local Galactic neighborhood by the dark matter due to
this repulsive force and no longer have enough energy in the present day to enter the Solar
System. Thus the two main features of this proposed neutrino mass mechanism are neutrino
masses which depend on local dark matter concentrations and the absence of relic neutrinos
in our Galactic vicinity. A future experiment like PTOLEMY that will search for the cosmic
relic neutrinos is the natural testing ground for this model.

In Chapter 6, we moved on to a more complicated dark sector, with a new scalar respon-
sible for symmetry breaking of a dark sector gauge group. This model has an up-type VLQ
charged under a new U(1),, which is spontaneously broken by a dark Higgs mechanism. The
U(1)4 gauge boson kinetically mixes with the SM hypercharge, and the remaining dark Higgs
boson mixes with the SM Higgs boson. One of the most significant aspects of this model
is that the decay patterns of the VLQ can be substantially altered from the usual scenario
when this dark sector is included. That is, the VLQ is a “maverick top partner.” The appeal

of this scenario is that the production rate of the dark photon ~, is largely independent of
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model parameters. The VLQs can be pair produced via the strong interaction. This pair
production rate is governed by gauge interactions and only depends on the VLQ mass and
spin. The branching ratio BR(T — t~4) = 50% in a very wide range of parameter space.
Hence, the dark photon production rate is almost completely governed the strong interaction
and is independent of the small kinetic mixing parameter . While the production rate of
the dark photon is independent of the kinetic mixing parameter, the collider searches are
not. As we showed, for reasonable ¢, the dark photon can give rise to displaced vertices,
decay inside the detector, or even escape the detector and appear as missing energy as shown
in Fig. 6.10. Besides the missing energy, the most promising signatures of the dark photon
would be its decays into electrons and muons. For dark photon masses much below the VLQ
masses, the electrons and muons would be highly collimated giving rise to lepton jets [238] or
even displaced lepton jets. The model presented here is a mild perturbation from the typical
simplified models of dark photons and VLQs. However, as we demonstrated, the collider
phenomenology is significantly changed from the usual scenarios. Hence, this provides a
robust framework in which searches for heavy particles at the LHC can illuminate a light
dark sector force. Though the dark photon is one of the interesting parts of this model, the
existence of a dark Higgs mechanism and a corresponding dark Higgs boson is a necessary
feature.

The LHC is scheduled to begin Run 3 in 2021, and the High-Luminosity LHC upgrade is
scheduled to begin running by 2027. The LHC will continue to push the SM to its limits and
studying electroweak scale physics. But to truly probe the TeV scale, higher energy colliders
are important. The proposed High-Energy LHC, at a center of mass energy of 27 TeV, could
probe larger mass regions of parameter space in many of these sorts of models. In the longer
term, one of the main future goals of the experimental community is the development of a
100 TeV collider. This would provide the ultimate testing grounds for many models in which
new physics would "naturally" be not much larger than the TeV scale, which includes most

scalar models. Outside of hadron colliders, there are also proposals for electron-positron
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colliders, such as the International Linear Collider (ILC), which are generally much cleaner
than hadron colliders. The ILC has a proposed energy range of 250 GeV to 1 TeV, which
would make it a fantastic experiment for precisely measuring the properties of the 125 GeV
Higgs boson. Beyond colliders, there are numerous dark matter detector experiments, present
and future, which can probe portions of the parameter space of many dark matter models,
including portal models. All of these experimental avenues, and more, are important for the
future of high energy physics.

In this dissertation, we have seen many models for new physics that include new scalars.
This serves as a comprehensive analysis of the new physics possible with additional scalars.
The Higgs boson has an interesting place in the SM, being present as a necessary consequence
of the Higgs mechanism. The SM scalar sector, with just a single Higgs boson, is extremely
simple compared to the fermion sector, with three generations of quarks and leptons. With
the understanding that the SM is a low energy effective theory, we realize that the scalar
sector of a new model might have many more new particles to discover. Understanding
extended scalar sectors not only leads to furthering our knowledge of possible new particles,
but also can further our knowledge of the discovered Higgs-like scalar and the mechanism of
EWSB. Models with new scalars also have the potential to explain some of the open problems

in physics, as we have seen. Studying extended scalar sectors is an important endeavor.
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