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ABSTRACT PAGE

Over the years, the Standard Model has proved itself to be an extremely durable
theory. In spite of its success, very few empirical clues have emerged about the
nature of the electroweak symmetry breaking that lies at its heart. With results from
the LHC around the corner, this will hopefully change soon. In this dissertation we
examine several possibilities for electroweak symmetry breaking and discuss various
extensions to the Standard Model to resolve known problems. We begin by providing
a brief overview of electroweak symmetry breaking, two Higgs doublet models, and
supersymmetry. We then present a supersymmetric model that allows for small,
Dirac neutrino masses. We find that it yields dramatic multi-lepton signatures,
which have extremely small backgrounds. Next we discuss the leptophilic two Higgs
doublet model and construct its supersymmetric analogue. Bounds on this model
as well as its phenomenology are presented. We then show that an extension of
this model includes a dark matter candidate that is capable of explaining a possibly
observed excess of gamma-rays coming from the Galactic Center.
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CHAPTER 1

1 Introduction

Over the last few decades, the Standard Model has been repeatedly validated by an
increasingly impressive list of experiments. Measurements of most of its parameters
have been refined, and only a few hints of its incompleteness have been uncovered.
One key aspect of the Standard Model is electroweak symmetry breaking (EWSB).
Despite all that has been learned, very little is known about the nature of how this
is accomplished. The favored mechanism is known as the Higgs mechanism and
entails the addition of one or more scalar fields to the theory. These fields receive
nonzero vacuum expectation values (vevs) and spontaneously break the gauge sym-
metries under which they transform nontrivially. This is the scenario assumed in the
Standard Model, which implements this in the simplest possible way by including a
single, complex scalar doublet.

Until recently, there has not been any direct evidence for the physical particles
arising from the additional scalar fields. With the Large Hadron Collider (LHC)
now running, this is changing, and there is growing support for a Higgs boson at
around 125 GeV. This is consistent with the predictions of the Standard Model. The
possibility for more complicated scalar sectors, however, is very much open. Once
the LHC is up and running full force, it may find additional scalars or other exotic

particles not contained in the Standard Model. A great deal of work has been done



in anticipation of what the LHC might see.

In this thesis we will discuss possible extensions to the Standard Model’s scalar
sector to accomplish EWSB using multiple scalar doublets and supersymmetry. We
will address a variety of issues that such extensions can explain, beginning with how
the neutrinos might obtain small masses, and ending with explanations for dark
matter that is capable of describing possibly anomalous observations at cosmic ray

observatories.

1.1 Electroweak Symmetry Breaking

Before reviewing the Standard Model extensions addressed in this thesis, we will
begin with a brief review of electroweak symmetry and its breaking. The elec-
troweak symmetry is the SU(2), x U(1) gauge symmetry of the Standard Model.
Gauge symmetries, unlike global symmetries, entail the invariance of the action un-
der transformations that depend on the spacetime coordinates of the fields. In order
to connect the ficlds at infinitesimally separated points, one must introduce new de-
grees of freedom designed to transform in precisely the right way to compensate for
the discrepancy between how the matter fields transform.

The simplest gauge symmetry is a /(1) symmetry. In this case, a spin 1/2
field, 7, transforms as ¥ — e**1. Since this is a local transformation, the value
of a is a function of the coordinates. As a consequence, derivatives of the field do
not transform in the same way as the field itself 0,9 — €8, + iei"w(?#a. The
extra term spoiling the equivalence arises because of the discrepancy in how the
field transforms at infinitesimal separations. The introduction of a U(1) gauge field,
A, eliminates this discrepancy by transforming in a way that exactly compensates:

A, = A, — é@ua. When coupled to the matter field, v, the net result is that the



combination 9,9 + igA, does transform in the same way as the field, 1, itself

. . 1 .
O + 19 A — 0, + e YO,a + ig (A,L — ;]-Bua) ey
= ",y + 1P a + ige A — ie Y, (1)

= ¢'® (Ou® +igA ).

The result is that ordinary derivatives must be exchanged for new operators called
covariant derivatives defined by 8, =+ D, = 0, + igA,. When this is done, the
disruption caused by a coordinate dependent transformation is smoothed out by the
presence of the new gauge field.

To interpret the new field as dynamical it must have a kinetic term. This term
must not violate the gauge symmetry. To construct such a kinetic term we use the

combination F,, = d,A, — 0, A,, since it is invariant under a gauge transformation

1
Fu — 0,7, — 18,,(‘9,,(1 — Oy Ay + —0,0,a
g g (2)
= O,A, — 0, A,.

The kinetic term is therefore proportional to F,, F*”. An important fact is that a
mass term M4 A,A* would violate the gauge symmetry and is therefore prohibited.
Following the requirements of a postulated gauge symmetry gives rise to a lagrangian
describing a massless vector field interacting with a spinor field.

In the Standard Model, the W and Z bosons acquire mass via the simplest
possible Higgs mechanism, consisting of a single, scalar SU(2) doublet. Subsequent
chapters of this thesis will concentrate on possible models for the Higgs mechanism
that include supersymmetry. There will also be a focus on “leptophilic” models, in

which at least one Higgs field has an enhanced coupling to leptons.



1.2 Two Higgs Doublet Models

One of the simplest and most studied extensions of the Standard Model is the Two
Higgs Doublet Model (2HDM), in which two scalar doublets are jointly responsible
for electroweak symmetry breaking and fermion mass acquisition [1, 2, 3]. This
model has a very rich phenomenology, including charged scalars and pseudoscalars.
Among the earliest motivations for the 2HDM is the possibility of additional CP
violation relative to the Standard Model [4, 5, 6, 7, 8, 9, 10], which can provide
an additional source of baryogenesis and contribute to the relative abundance of
matter to antimatter in the universe [11, 12]. It was also motivated by the fact that
supersymmetric models and models with a Peccei-Quinn symmetry [13] will always
require a minimum of two Higgs doublets.

Two Higgs doublet models generally have eight real degrees of freedom since each
of the two doublets contains two complex degrees of freedom. Assuming the pattern
of gauge symmetry breaking is SU(2) x U(1) — U(1), the potential is minimized

when the fields receive the following vevs

my=-|° a (y=-L|"
(H) =7 o () =75 Wl (3)

In general, the vev of the second doublet can have a CP violating phase v, — v9e™.
In supersymmetric models, however, this phase can be eliminated by a redefinition
of one of the ficlds. In the gauge cigenstate basis, the Higgs fields can be expressed

as

o ‘2
Hl = ’ H2 - (4)
NAGREIRRL Y 75 (v2 + 2 + i)

where the ®; are complex and the ¢;, n; are real. The eight real degrees of freedom



give rise to two neutral scalars, a pseudoscalar, one charged pair, a charged goldstone
boson, and a necutral goldstone boson. By defining the parameter tan 8 = vy /v, we

can express the goldstone bosons as

G* = ®F cos B + OF sin 3,
(5)
G° = 1, cos B + ny sin B.
The physical charged scalar and pseudoscalar are orthogonal to the goldstone bosons,

we therefore have

H* = —®%fsin 8 + ®F cos 3,
(6)
A® = —g, sin B + 7, cos B.
The goldstone bosons are eaten by the W and Z, giving them mass and acting as
their longitudinal degrees of freedom. The remaining two degrees of freedom from

the Higgs doublets give rise to the two neutral scalars, which can be expressed in

terms of the mixing angle a as

K = ¢18in @ — ¢g cos

(7)

IT° = —¢; cosax — o sin av.
The mixing angle is given by tan 2o = 2C/(A — B), where A, B, and C are the 1-1,
2-2, and off-diagonal entries of the neutral scalar mass matrix. While the parameter
tan 8 depends on the relative sizes of v; and v, the magnitude of their square sum
is related to the Z mass by M2 = 943 (g% + g%), where v* = v + v2. Here g; and g,

are the SU(2), and U(1) gauge couplings respectively.
When adding a second Higgs doublet, one encounters the potential phenomeno-

logical danger of generating unobserved flavor-changing neutral currents (FCNCs).



The Standard Model contains only a single Higgs doublet, which is responsible for
giving mass to the fermions. Consequently, diagonalizing the fermion mass matri-
ces to obtain the physical states also diagonalizes the Yukawa interactions. With a
second Higgs doublet, this is no longer the case. In order to avoid this difficulty, the
Glashow-Weinberg theorem [14] is often used to construct models with no tree-level
FCNCs. The Glashow-Weinberg theorem states that FCNCs will be absent at tree-
level if fermions of a given charge only couple to a single Higgs doublet. The most
familiar models with this approach are Model I, in which one doublet couples to all
fermions and the other couples to no fermions, and Model 11, in which one doublet
couples to the @) = 2/3 quarks and the other couples to the Q = —1/3 quarks and
leptons. As will be discussed in Section 1.4, the latter is a feature of supersymmetric
models [15]. These couplings are generally restricted by a imposing a discrete Z,
symmetry.

Another possible approach, Model 111, has no such discrete symmetry but has
tree-level FCNCs [16]. With the ansatz that the flavor-changing couplings scale as
the geometric mean of the fermion masses, bounds from the FCNCs can be eluded
without requiring extremely massive intermediate neutral scalars. It has been shown
that this is indeed the case if the fermion mass hicrarchy is due to approximate flavor
symmetries [17]. There are also other versions of the 2HDM in the literature, which
differ in the couplings of the Higgs doublets to fermions.

We will henceforth restrict our attention to 2HDMSs that avoid tree-level FCNCs
by requiring that fermions with the same quantum numbers couple to the same
Higgs doublet. In this case, there are only two choices for the quarks. The first
possibility is that one Higgs doublet, which we shall denote by H,, does not couple
to any quarks, while the other Higgs doublet, denoted Hs, couples to both the up-

type quarks and the down-type quarks. The second possibility is that the down-type



| Model I Model I Leptophilic Flipped

u H2 H2 H2 H2
d H, H, H, H,
¢ H2 H1 Hl H2

Table 1: Possibilities for 2HDM couplings with symmetries eliminating tree-level
FCNCs. The first column lists the fermions with which the Higgs doublets may
couple (up-type quarks, down-type quarks, and leptons respectively).

quarks couple to one doublet, Hy, while the up-type quarks couple to the second
doublet Hs. For each of these scenarios there are two choices for the leptons.

Typically one assumes that the leptons always couple to the same doublet as the
down-type quarks. In this case, the former of the above scenarios has one doublet
coupling to all fermions and the other coupling to none, while the latter has one
doublet coupling to the () = 2/3 quarks and the other coupling to the § = —1/3
quarks and leptons. As mentioned previously, these are called Model I and Model
IT respectively. The Yukawa structure of Model I can be enforced by a simple Z,
symmectry under which the first Higgs doublet transforins as H; — — H;. To enforce
the structure of Model II, simply choose H; — —H;, diy — —d¥, and e}, — —ek,.

It is not necessary that the leptons couple to the same doublet as the down-type
quarks. If they do not, then the resulting possibilities are the “Leptophilic” Model
and the “Flipped” Model. In the Leptophilic Model, the leptons couple to one
doublet, Hy, while the up-type and down-type quarks couple to the second doublet
H,. In the Flipped Model, the down-type quarks couple to one doublet, H,, while
the leptons and up-type quarks couple to the second doublet H,. Note that the
convention is such that the /7, doublet always couples to the up-type quarks. All
four possible models are summarized in Table 1.

The structure of the different 2HDMs differ by their couplings to fermions. The



Model | Al bV by MM AT MM T M Y
I calS8 | Ca/Ss | CafS8 | Sa/S8 | Sa/38 | Sa/3s | cOt B | -cot B | -cot B
11 Ca/$8 | ~Safcs | -Safcs | Sa/Sp | Cafcp | Cafcs | cOt B | tanB | tanf
L ca/Sp | CafSp | ~Sa/Cs | Sa/Ss | SafSa | Cafcs | cOtB | -cot B | tan 3
F | cafsp | -Sacs | CafSp | Sa/Sp | CalCs | SafSp | cOLB | tan B | cot B

Table 2: Various Higgs couplings to fermions in 2HDMs. Rows correspond to Model
I, Model II, the Leptophilic Model, and the Flipped Model respectively. This table
has been reproduced from Reference [37).

Yukawa lagrangian can generally be expressed in terms of the physical states as

Ly == 3 = (Napsh® + MG = N5’
i=u,d,f (8)
V2

— [7(A = Bs)Vad H" + XMmbaH* +bc],
where A = 3(m, A} + mgA}) and B = 1 (m, A2 — mgA7). The sum is over up-type
quarks, down-type quarks, and leptons, but an additional sum over generations is
understood. The factor V,4 is the u-d component of the CKM matrix, and the

couplings /\f for i =wu,d, £ and j = h, H, A are given in Table 2.

1.3 Supersymmetry

Supersymmetry entails the idea of incorporating symmetries under transformations
that change the spin of the states upon which they act. Before the development of
supersymmetry, the only kinds of transformations considered were bosonic, meaning
that they mapped bosons to bosons and fermions to fermions. On the other hand,
in supersymmetric theories, one considers fermionic transformations, which change
a state’s spin by 1/2. Such transformations send bosons to fermions and fermions to
bosons. Fermionic transformations must therefore have spinor indices so that when
acting on a boson, the spinor index remains, leaving the state as a fermion. When

acting on a fermion however, the transformation’s spinor index contracts with the



state’s spinor index, leaving the state as a boson.

A strong motivation for considering such transformations is that they provide the
only means of extending the symmetries of the Poincaré group in a nontrivial way.
The Poincaré group is the symmetry group consisting of Lorentz transformations
and spacetime translations. The only kinds of additional bosonic symmetries one
can impose are internal symmetries such as gauge symmetries [18]. This means that
the overall symmetry group is just a direct product of some internal symmetries
with the Poincaré group.

When one considers fermionic transformations, it is possible to introduce new
symmetrics whose generators mix with those of the Poincaré group. This indicates
that supersymmetry is the only possible way to extend the known symmetries of
nature in a nontrivial way. Whether nature makes use of this is a matter to be
determined empirically, but that it is the only option is compelling motivation for
studying supersymmetry.

Another strong motivation for supersymmetry is that it solves the hierarchy
problem in the Standard Model. The hierarchy problem entails the apparent need
for an enormous fine tuning of the Higgs bare mass. Upon calculating radiative
corrections to the Higgs mass, one will encounter quadratic divergences necessitating
a cutoff at an energy scale A where new physics is expected (meaning we can no
longer trust the low energy results). This results in an expression for the Higgs mass

M, of the form
MP = M+ 0 (A, (9)

where My is the tree-level mass. Since A represents the scale of new physics, it is
necessarily very large, possibly even on the order of the Planck scale 10!° GeV. The
Higgs mass however, is on the order of 100 GeV. The only way this can be the case

is if the tree-level mass and the correction term cancel almost exactly, leaving only



an O(100) GeV discrepancy between them. That is, the tree-level mass would need
to be finely tuned to cancel the correction term over more than a dozen orders of
magnitude.

Supersymmetry solves the hierarchy problem by introducing new particles to
the theory. In order to have new, fermionic transformations, there must be particle
states of the appropriate spin for the known particles to transform into. To do this
for the Standard Model, the number of particles in the theory must be doubled.
Every particle receives a corresponding superpartner whose spin differs by 1/2. The
masses of the new superpartner particles must be the same as their corresponding
Standard Model counterparts in order to preserve supersymmetry. Since we do not
see these extra superpartners, supersymmetry must be broken at some energy scale
above that which we can currently probe.

The solution to the hierarchy problem arises from additional diagrams coming
from the new superpartner particles. When calculating the Higgs mass in a super-
symmetric theory, the contributions to the Higgs mass coming from diagrams with
particle loops are canceled by the corresponding diagrams with superpartner loops.
This eliminates the large correction term in Equation 9 and frees the theory from
fine tuning. Since supersymmetry must be broken if it exists, a correction term
corresponding to the scale at which supersymmetry breaks will still be present. So
long as this scale is around 1 TeV or so, the issue of fine tuning will still be resolved.
If supersymmetry is broken at much higher scales, it remains a viable theory, but
no longer provides a solution to the hierarchy problem.

The third and final motivation for supersymmetry discussed here is that it auto-
matically provides a dark matter candidate. In order to prevent unwanted terms in
the lagrangian that lead to proton decay, most formulations of supersymmetry in-

clude a Z, symmetry called R-parity. R-parity is a multiplicative quantum number

10



under which Standard Model particles have charge R = 1, and new superpartner
particles have charge R = —1. A result of R-parity is that the new superpartners
only directly interact with Standard Model particles in pairs. As a consequence of R-
parity, the lightest superpartner particle is stable. This is because the decay channel
of any superpartner must contain a final state with at least one other superpartner.
Obviously the lightest superpartner cannot decay into a state with particles heavier
than it is, and so it has no possible decay channels.

The lightest superpartner is typically referred to as the lightest stable particle
(LSP), and serves as a natural dark matter candidate. In the Minimal Supersymmet-
ric Standard Model (MSSM), the LSP is usually a neutralino, which is an electrically
neutral linear combination of the gauginos, the superpartners of the gauge bosons,

and the Higgsinos, the superpartners of the Higgs bosons.

1.4 The Higgs Sector in The MSSM

To construct the scalar sector of supersymmetric theories, one first builds the so-
called superpotential, W, which is the most general possible analytic, cubic function
of the scalar fields of the theory. The allowed terms in the superpotential are re-
stricted by gauge invariance as well as any other imposed symmetries of the theory,
e.g., R-parity. Since the superpotential is required to be analytic in the fields, it
cannot contain complex conjugates of the fields. In general, the superpotential takes

the form

1 1
W = a,¢; + ‘z‘mij¢i¢j + gyijkfﬁiff)j(ﬁk . (10)

For supersymmetric models, the scalar potential is determined by the superpo-

11



tential. In particular, the potential is given by

2
KUNERS

Vig:) = Zl

(11)

The first term in the above expression is called the F-term while the second term
involving the sum over gauge group generators, T, is called the D-term. The so
called Fayet-Iliopoulos term, £?, is only nonzero for U(1) gauge ficlds. It is clear
that the assumption of supersymmetry limits the possible scalar couplings to the
extent that they are determined by the gauge couplings and the parameters of the
superpotential. Interactions between the scalar and fermion fields are governed by
the Yukawa lagrangian, which is given by

1 W

Ly =554 5. = Pap; +hec. (12)

As its name suggests, the MSSM is the minimal possible extension of the Stan-
dard Model that enables supersymmetry. Every known particle receives a super-
partner, with which it is paired as part of a supermultiplet. To incorporate super-
symmetry, the Higgs sector must also receive a second Higgs doublet. The reason
for this is twofold. First, a second doublet with opposite hypercharge assignment
is needed for anomaly cancelation. Second, two doublets are required in order to
give mass to both the up-type and down-type quarks due to the analyticity of the
superpotential. The two scalar doublets of the MSSM are labeled according to the
quark types to which they couple: H, and Hj.

To calculate the scalar potential one merely needs to determine the superpo-
tential. In the case of the MSSM, there are several scalar fields from which a
superpotential could be built: @, the left-handed squark doublet, U and D, the
right-handed squark singlets, L, the left-handed lepton doublet, F, the right-handed

12



LHxSF | Spin-0 | Spin-1/2 (SU(3),SU(2),UY(1))

Y ul u (3.1,-3)
p | & | 4 (3.1, +1)
E e el (1,1,+1)
t, Ur 1
o () ()| e
VL vp 1
()] e
188 I
H, (H2> o (1,2,+3)
H} 3 1
() [(a)] e

Table 3: Chiral superfields of the MSSM. Not shown are the vector superfields
that contain the gauge bosons and their corresponding gauginos. This table is an
adaptation of a table that can be found in Reference [19].

lepton singlet, and the Higgs doublets 1, and H;. These ficlds, along with their
gauge quantum numbers, are listed in Table 3. Aside from the gauge bosons and
gauginos, the table represents the full particle content of the MSSM (note that flavor
indices have been suppressed, so there are really three of every field listed). It may
seem that with all of these fields, the most general allowed superpotential would
be enormous. However, because the superpotential must respect gauge invariance,

the number of possibilities is actually quite limited. With hypercharge assignments

shown in Table 3, the most general possible superpotential is given by *

W=4,UQH, — ydDQH; — y. ELHg + mH, H, (13
13
+y ELL+yDLQ +ysUDD +m'LH, .

“Here we have suppressed color and SU(2) indices. For SU(2) doublets, such as H, and Hy,
the notation H, Hy is read ¢;; H, H when SU(2) indices are explicit.

13



The last four terms are not desired however, since they collectively violate both
lepton and baryon number conservation. This is where R-parity comes in. As
mentioned previously, R-parity is an additional Zs symmetry imposed on the the-
ory. Once enforced, it prohibits all four of the unwanted terms, leaving the MSSM

superpotential as
Wussm = puUQH, — yaDQHq — y.ELHy +mH,Hy . (14)

For the purposes of this section, we will focus only on the last term, mlIl, 11,
which is responsible for the Higgs sector of the MSSM. So far we have neglected the
fact that in the MSSM, supersymmetry must be broken. This is accomplished by
adding terms to the lagrangian that softly break supersymmetry. Such terms are
simply a general parameterization of how supersymmetry may be broken (if it is
true in the first place). To fully parameterize the breaking, one must add the most
general possible set of soft terms. The meaning “soft” is that the new terms do not
result in couplings that reintroduce the quadratic divergences that supersymmetric
theories are intended to eliminate. In the case of the Higgs sector, the soft terms

added to the potential are given by
Vioft = P2 Hy|* + p2|Hy? — m2 (H,Hy +h.c.) . (15)

Combining the soft terms with the results from Equations 11 and 14, we obtain the

following Higgs potential for the MSSM

2
sz’giz

+mi|Hy > + m3| Hy> — m2 (H,Hy + h.c),

2 2 2
Hio*H, - Hio"Ha| + 2 (1H.J* - |Haf*)

(16)
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where m2 = |m|? + 12, m2 = |m|? + 2, and 0® (a = 1,2, 3) are the Pauli matrices.

By minimizing this potential with the requirement that the parameters be such
that the minimum not occur at zero values for the fields, spontaneous symmetry
breaking will be achieved. Upon doing this, the Higgs fields acquire the following

vevs

1 0 1 Ud
(Hu)=ﬁ " , and (Hd)=7§ . . (17)

To find the physical states we simply diagonalize the matrix of second partial deriva-
tives of the potential and evaluate it at the field vevs. The result breaks up into
blocks corresponding to the neutral scalars, pseudoscalars, and charged scalars. By
defining the quantity tan 8 = v, /vq and using the relation M% = (g +¢3) (v2+v3)
we may express the resulting mass matrices in terms of the Z mass. The neutral

scalar mass matrix is

2
M2 sin® B+ m2 cot 8 ~—M,f sin 28 — m2

Mz .
—=£sin28—-m) M3 cos® 8+ mjtan

The pseudoscalar mass matrix is

cotf 1
M =mg : (19)
1 tanp
and the charged scalar mass matrix is
2 M}, cos® B + m cot B %‘21 sin 26 + m{ (20)
c= .
%ﬁ’— sin 28 + m2 M2 sin® B + mi tan 8

Note that the charged mass matrix depends on the W mass rather than the Z mass.



This is because it has no dependency on the U(1) coupling.

Since we began with two complex Higgs doublets, H, and Hy, we have a total
of eight real degrees of freedom. These degrees of freedom give rise to five physical
states: two neutral scalars, one pseudoscalar, and one charged pair. The remaining
three degrees of freedom are the goldstone bosons whose existence can be seen from
the fact that the determinants of the pseudoscalar and charged scalar mass matrices
are zero. These are eaten by the W and Z bosons, giving them mass and acting as
their longitudinal degrees of freedom.

If one subtracts MZ times the identity matrix from the neutral scalar matrix
and then takes the determinant, the result is —2M2m3sin(23). This being negative
indicates that the lightest neutral scalar is necessarily lighter than the Z. Since these
matrices are only valid at tree-level, the actual neutral scalar mass may exceed this
upper bound. Regardless, the result is that if the MSSM is realized in nature, one
expects a neutral scalar to be found with a mass not too much greater than the Z

boson.

1.5 Thesis Layout

In the following chapters of this thesis, we will present a variety of extensions to
the Standard Model’s scalar sector, which will be responsible for accomplishing
electroweak symmetry breaking. In Chapter 2 we will discuss a supersymmetric
model in which two additional Higgs doublets are present. These doublets, called
the “nu-Higgs” couple to left-handed lepton doublets and right-handed neutrinos
and receive small vevs via the breaking of a global U(1) symmetry. This give rise
to small Dirac neutrino masses. We find that, if kinematically allowed, the decay
of the heavy MSSM scalar into the charged nu-Higgs scalars produces dramatic

multi-lepton signatures with very low background.
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In Chapter 3 we discuss leptophilic two Higgs doublet models and present the
minimal supersymmetric model thereof. We consider constraints from perturba-
tivity, unitarity, and LEP bounds and find that the model contains a Higgs with
Standard Model couplings and a mass around 110 GeV throughout most of param-
eter space. The two heaviest Higgs are gauge-phobic with one decaying mostly into
bb pairs and the other almost entirely into 7+7~ pairs. The former can be produced
via gluon fusion while latter is very difficult to produce.

In Chapter 4 we modify the supersymmetric leptophilic Higgs model presented
in the previous chapter to obtain a model of dark matter that annihilates mostly
into 777~ pairs. The motivation for such a model comes from a claimed excess of
gamma-rays coming from the Galactic Center. A paper by Hooper and Goodenough
[21] has suggested that the possible excess can be explained by 7-10 GeV annihilating
dark matter with a power law profile if the dark matter annihilates predominantly
into tau pairs. We use a Z, summetry to enforce the correct Yukawa structure to
achieve the desired phenomenology for explaining the gamma-ray excess. Qur model
yields the correct dark matter thermal relic density and avoids collider bounds from

measurements of the Z width as well as direct production at LEP.
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CHAPTER 2

2 A Supersymmetric Model with Dirac Neutrino

Masses *

2.1 Introduction

As discussed in Section 1.2, the 2HDM is one of the simplest and most studied
extensions of the Standard Model. The most heavily studied versions are Model I,
in which one doublet couples to all fermions and the other couples to no fermions,
and Model II, in which one doublet couples to the Q = 2/3 quarks and the other
couples to the @ = —1/3 quarks and leptons. Another version of the 2HDM has
one doublet coupling to all of the quarks and the second doublet coupling to the
leptons. Although the basic structure of this model was proposed long ago [22], it
has received a resurgence of interest [23] due to the existence of non-zero neutrino
masses. A modified version, in which one doublet couples to all of the quarks and
charged leptons, and the second doublet couples only to the left-handed lepton
doublet and the right-handed neutrino was proposed by Gabriel and Nandi [24].
The model will allow for Dirac neutrino masses, which are small due to a very small
(less than an eV) vacuum expectation value for the second doublet (as opposed to

the one-doublet case in which they are small due to very small Yukawa couplings).

*This chapter was previously published in Reference [20].
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The model has a Z, symmetry in which the second doublet and the right-handed
necutrinos are odd and all other fields are even.

The model of Gabriel and Nandi {24] has the feature that it contains a very light
scalar which causes problems with standard cosmology. This feature remains even if
the Z; symmetry is promoted to a U(1) (which can eliminate Majorana mass terms
for the right-handed neutrinos). Very recently, Davidson and Logan (DL) proposed
[25] enforcing the coupling structure with a global U(1), but breaking the U(1)
explicitly, through a dimension-2 soft term in the Higgs potential. This avoids any
Goldstone bosons and other light scalars, and only requires that the soft term have
a magnitude of approximately an (MeV)2. Since this term is the only U/(1) breaking
term, the smallness of its size is technically natural. The charged Higgs boson
in the model has very distinctive signatures, decaying into a left-handed charged
lepton and a neutrino, with branching ratios determined by the Pontecorvo, Maki,
Nakagawa, Sakata (PMNS) neutrino mixing matrix.

In this chapter, we consider the supersymmetric version of the Davidson-Logan
model. We extend the MSSM by adding two additional Higgs doublets of opposite
hypercharge, which have opposite quantum numbers under the global U(1). The
right-handed neutrinos are also charged under the /(1) and all other fields are
neutral. We first show that, through D-terms, the heavy neutral scalar of the MSSM
will decay (if kinematically allowed) into the lightest of the U(1)-charged Higgs,
leading to distinctive signatures. We then look at the supersymmetric partners of
the U(1)-charged Higgs, and find some remarkable signatures at the LHC and the
Tevatron, including dramatic multilepton events which have little to no background

and yet accessible cross sections.
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2.2 The Model

To ensure anomaly cancellation, we must add an even number of doublets to the
MSSM. Referring to the MSSM doublets as H, and H,, we add two new doublets,
Hj and H, and three right-handed neutrino superfields, N;. A global U(1) symmetry
is imposed in which Hj, Hs and N; have charges —1, +1 and —1 respectively, while
all other fields are uncharged. As usual, R-parity will be conserved in the model.

The superpotential is given by

W = W() + y'NLH4 + ,lL34H3H4, (21)

where W, is the MSSM superpotential and L is the left-handed lepton doublet
(generation indices are understood). Since the new Higgs fields only couple to right-
handed neutrinos and leptons, we refer to them as “nu-Higgs.” Due to the global
U(1) symmetry, there is no mixing with the MSSM Higgs bosons at this stage. We
also assume that the mass-squared parameters of the nu-Higgs fields are sufficiently
large and positive that the ficlds do not acquire vacuum expectation values (vevs).
DL show that there is a cosmological lower bound of 1/30 on y/'; our results will not
be sensitive to ¥ as long as it is not extremely small (so that decays occur at the
vertex).

Following Davidson and Logan, the global U(1) is broken explicitly by soft
dimension-2 terms in the potential p?,H;H, + p§3H2H3. These terms will result
in vevs for the nu-Higgs fields which have the seesaw form v; = u§3v2/M 4 and
vy = pd,u, /My, where M, is generally the weak scale. Since the vevs of H3 and
IT4 cannot be too dissimilar (due to the I/(1)-conserving i34 coupling), we must
have v3 ~ v4 ~ €V in order to give the correct neutrino masses without very small

Yukawa couplings. This implies that p14 and pe3 are both of the order of an MeV.
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Since these soft terms are the only source of U(1) breaking, their small size is
technically natural. This model does seem rather ad hoc, and one can ask about
a possible ultraviolet completion, possibly in the context of a grand unified theory.
Of course, this question can be asked about any leptophilic model, whether super-
symmetric or not. As noted earlier, there are many discussions of leptophilic models
(22, 23] in which the charged leptons (and the left-handed neutrino) have a different
sign under the Z, symmetry than the quarks. It is difficult to see how to recon-
cile these models with grand unification, since the charged leptons and quarks are
generally in the same representation. In this model, however, the charged leptons
and quarks have the same sign under the Z,, and thus it is easy to incorporate into
a GUT. For example, in SU(5), one could simply promote the H fields to 5-plets,
and the N fields to singlets, and impose the same discrete symmetry. Whether one
can find a model which can also give terms discussed in the previous paragraph is
unclear - it would possibly be more contrived than the model we have presented.
Without such a detailed model, discussion of sparticle mass spectra would be pre-
mature. Nonetheless, this model would appear to be easier to embed in a GUT than
other leptophilic models.

The nu-Higgs spectrum consists of two scalars, two pseudoscalars, two pairs of
charged scalars, two neutral nu-Higgsinos and a pair of charged nu-Higgsinos. What
are their masses? In the scalar sector, DL had several unknown quartic couplings,
and thus the relative masses of the scalars was arbitrary; they had to consider cases
in which the charged scalar was either heavier than or lighter than the neutral
scalars, which affected the phenomenology. In this case, however, the quartic terms
are completely determined by gauge couplings. Ignoring the very small corrections
due to U(1) breaking, the masses were calculated in Ref. [26]. They found that the

neutral scalar mass matrix depended on unknown parameters, but the pseudoscalar
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mass matrix was identical to the scalar, and the charged scalar mass matrix only
differed slightly. It was shown that the lightest charged scalar was a few GeV heavicer
than the degenerate scalar and pseudoscalar. Since the masses are similar, decays of
the nu-Higgs particles into each other will be phase-space forbidden or suppressed,
and the decays into leptons will predominate. As a result, we will focus on the lighter
of the states, and take the scalar, pseudoscalar and charged scalar to be degenerate
in mass (for phenomenological purposes, keeping in mind that the charged scalar
is slightly heavier). They will be referred to as x°, x4 and x* respectively. The
nu-Higgsino masses depend only on p34 and are completely degenerate at tree level.
Note that the neutral nu-Higgsino mass matrix is completely off-diagonal, giving a
mixing angle of 45 degrees when rotating to mass eigenstates. Thus, both of the
neutral nu-Higgsinos as well as the charged nu-Higgsinos are degenerate in mass.
For notational simplicity, we refer to them as X° and x*. Although there are two
neutral states, the branching ratios will be the same for each, and we will account
for the factors of two in the production cross section.

Focusing on the lighter of the nu-Higgs and on the nu-Higgsinos, we can look at
their decays. The decays of the neutral nu-Higgs, x°, x4 are into neutrinos, and are
thus unobservable. The charged nu-Higgs, x*, will decay into all nine combinations
¢;v;. Davidson and Logan show that the decay rate into ¢*v is proportional to
> m2 |Us|?, where U is the PMNS mixing matrix. For a normal neutrino mass
hierarchy, with the lightest neutrino having a mass below 1073 eV, the decays will
be into uv and Tv with branching ratios between 40 and 60 percent. For an inverted
hierarchy, the rate into ev is about 50 percent, with the balance shared equally
between pv and 7v. A discussion of the PMNS mixing matrix parameters used is in

Appendix A. The actual width is narrow, but the decay still occurs at the vertex.
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The nu-Higgsinos decay as

X

— vy + Ug, Vp+ VL

X5 0+ g, vp+ 0

with equal branching ratios in the limit that the slepton and sneutrino have equal
mass. Note that because the nu-Higgsino mass eigenstates are made up of equal
parts of Hs and H,, and the former does not have any two body decays, both mass
eigenstates will decay similarly.

Finally, the right-handed sneutrino, vg can only decay through a virtual nu-
Higgs (plus a left-handed sneutrino or slepton) or a virtual nu-Higgsino (plus a
left-handed neutrino or lepton), and has no two body decays. As a result, it can
have visible decays, and thus the X¥ decays above could be observable through both
decay chains.

We now turn to the detailed phenomenology of these nu-Higgs particles at the
LHC and the Tevatron.

2.3 Phenomenology of The Nu-Higgs Scalars

In the non-supersymmetric version of the model, the phenomenology of the nu-
Higgs scalars was discussed by Davidson and Logan [25]. As noted above, since
supersymmetry did not restrict the masses in their model, they needed to consider
a range of possibilities. In the supersymmetric version, the lightest neutral nu-Higgs
is only slightly lighter than the lightest charged nu-Higgs. As a result, it will only
decay into neutrinos and would thus be unobservable . The charged nu-Higgs will

decay into a charged lepton and a neutrino; summing over the unobserved neutrino

tWe are assuming here that its supersymmetric partners are not much lighter. If so, other
two-body decay channels which are observable could open up.
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leads to the charged lepton being approximately 50% u, 50% 7 (50% e, 25% u,
25% 1) for the normal (inverted) hierarchy.

This was discussed by Davidson and Logan, and the primary production mech-
anism was through a Drell-Yan photon or Z. In the supersymmetric version, a new
production mechanism opens up, and can be substantially larger. Because of the
SU(2) and U(1) D-terms, there is an interaction (H{H, — HYH,)(HIHs — H} H,),
and when H; and H, acquire vev’s, this will lead to a three point interaction be-
tween an MSSM Higgs and two nu-Higgs scalars. The lightest MSSM Higgs is too
light to decay into two charged nu-Higgs, but the heavier one, H, is not. One can
thus produce the 7T of the MSSM via gluon fusion [27], and it will then decay into
a pair of charged nu-Higgs scalars. Each of those will decay into a charged lepton
and a neutrino.

For the production of the heavy MSSM Higgs through gluon fusion we use
tan 8 = 3. In order to calculate the pair production of the charged nu-Higgs bosons
we first calculate the branching fraction of the heavy MSSM Higgs to a pair of
charged nu-Higgs bosons. From the D-terms in the potential we can derive the

coupling of the heavy MSSM Higgs to the charged nu-Higgs:

M
GHO - = (Zgos ZW) cos (26w ) cos(2y) cos(a + ) (22)

where o and 3 are the standard MSSM parameters and v is the mixing angle that
diagonalizes the neutral nu-Higgs mass-squared matrix. The decay width of the

MSSM Higgs to charged nu-Higgs bosons then can be written as

2 2
o P [ aMm?,
T(HO - xty ) =28 1~ X
( XX) = Tont || ! M2, (23)

For example using an MSSM Higgs of 400 GeV and an charged nu-Higgs mass
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of 100 GeV we calculate the production cross section of a pair of charged nu-Higgs
bosons to be 14 fb assuming cos(2y) = 1. Since both of the charged nu-Higgs bosons
will each decay into a charged lepton and neutrino, the collider signature will be
two leptons (which generally can be different) and missing energy.

There are two backgrounds that we consider. The primary background is W-
pair production with both W bosons decaying leptonically. We also consider ¢t pair
production as another possible background. Due to its large production cross section
(~ O(100 pb)) it is possible for ¢ events to have both tops decay semi-leptonically
and both b-quarks be missed by the detector because of too large rapidity or too
small transverse momentum (i.e. 7, > 2.0 and prp < 20 GeV, respectively).

We generated events for the signal and both of the backgrounds using the Mad-
Graph/MadEvent program package [28] using the CTEQ6L parton distribution
functions [29]. To simulate these events in a collider we apply the following ac-

ceptance and isolation cuts on the two final state leptons:

PT,min = 20 GGV, (24)
I"Ie’ < 247 |7lu] < 213 (25)

AR = /A + A2 > 04, (26)

where 7 and ¢ are the pseudorapidity and azimuthal angle of a final state lepton
respectively. We also apply a 90% tagging efficiency for the leptons (electrons and
muons). For the final state leptons we do not include taus because of the small 40%
tau tagging efficiency and a relatively large light jet mis-tagging rate ~ O(1%) [30].

To extract the signal from our background we first require that there are two final
state leptons that pass the acceptance and isolation cuts. This naturally reduces

the number of ¢{ events. Because our final state particles decay from a heavy Higgs
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boson, we expect that there should be a large amount of missing transverse energy
from the two energetic neutrinos as well as a large total transverse mass from the high
pr leptons. We exploit this by requiring the missing transverse energy be greater
than 90 GeV and the total transverse mass be greater than 250 GeV. Applying these
collider cuts using the MadAnalysis program package [28] we obtain the results given
in Table 4. With 100 fb~! of integrated luminosity we obtain a statistical significance
near 3o for both values of the charged nu-Higgs mass and a heavy MSSM Higgs
mass of 400 GeV. For an MSSM Higgs of 300 GeV and charged nu-Higgs mass of
100 GeV we obtained a statistical significance over 5o due to the larger production
cross section of the MSSM Higgs and larger branching fraction to a charged nu-Higgs
pair. Note we did not assume any particular hierarchical structure of the neutrino
masses. If we knew more specifically what the flavor distribution of the leptons in

the charged nu-Higgs decay, it may be easier to extract the signal from backgrounds.

2.4 Phenomenology of The Nu-Higgsinos

2.4.1 Production

The nu-Higgsinos cannot be produced from decays of an MSSM Higgs, thus the
primary production mechanism is through a Drell-Yan process. The charged nu-
Higgsino pair is produced through a Drell-Yan process involving a v or Z boson
while the neutral nu-Higgsino pair can only be produced through a Z. Note that
the Z will only couple to two different nu-Higgsinos, but since the two neutral
nu-Higgsinos are degenerate this will effectively be a pair production mechanisin.
Associated production of a charged and neutral nu-Higgsino can occur through a
Drell-Yan process involving the W bosons.

The LHC and Tevatron production cross sections of the above channels are

calculated using the MadGraph/MadEvent software package [28] with the CTEQ6L

26



Cut tagging: 2¢, 0 jets | Ermiss > 90 GeV | Mrp > 250 GeV
WHw- 113000 1700 1300
it 610 160 160
My = 400 GeV 420 120 110
M, =100 GeV
s
5B 1.24+0.06 27+0.2 28+0.3
My = 400 GeV 300 150 130
M, = 100 GeV
S
VS+B 09+1+0.05 3.3+0.3 3.3+0.3
My = 400 GeV 2200 400 210
M, =100 GeV
S
75F 65+0.1 844+04 51403

Table 4: Collider cuts used to extract the two lepton, two neutrino signal from
x*x~ production from the backgrounds considered. With 100 fb™! of integrated
luminosity we obtain a statistical significance over 50 for the My = 300 GeV case
and near 3o for My = 400 GeV and both values of M,. It is interesting to note
that for the charged nu-Higgs of 150 GeV that even though the production cross
section is smaller, the larger nu-Higgs yields events with larger missing energies and
total transverse mass which allows more events to pass our collider cuts.

parton distribution functions [29]. Using center of mass energies of 14 and 7 TeV
for the LHC and 2 TeV for the Tevatron we calculated the Higgsino pair production
cross sections for Higgsino masses within the range of 100 —500 GeV. The results are
given in Fig 1. For the LHC, the x*%° pair has the largest production cross section.
Note that the X*X° cross section is larger than the ¥ /X° production due to the
valence up-quarks used in the former process as opposed to the valence down-quark
in the latter. We also note the larger charged nu-Higgsino pair production cross
section compared to the neutral nu-Higgsino production from the Drell-Yan process

involving a photon.
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Figure 1: Production cross sections of various pairs of charged and neutral nu-
Higgsinos (in fb) at the LHC with center of mass energies of (a) 14 TeV and (b) 7
TeV as well as the Tevatron with a center of mass energy of (c) 2 TeV.
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2.4.2 Decays

We first discuss the detailed decays of the neutral and then the charged nu-Higgsinos.
For simplicity, we will assume that the left and right handed sneutrinos have similar
mass. The X¥ decays into Branch A: vg+vy, or Branch B: v, +Ug. Since the mass of
the neutrinos arises from the same Yukawa coupling term as this decay, the coupling
is flavor diagonal and proportional to the mass.

Let us first consider Branch A. The left-handed sneutrino decays are well-studied
in the MSSM. Here, we must choose a point in the mSUGRA parameter space. We
will choose Snowmass point SPS-1a, which is one of the most studied to date. Using
the results of Freitas et al. [31], we find that, for the normal hierarchy, the left-
handed sneutrino decays into By, 88% of the time, either v; 777~ or Bry7t7~ 7%
of the time, v, 7t u¥ 5% of the time, and has a negligible ©(0.2%) decay into muon
or electron pairs. For the inverted hierarchy, the left-handed sneutrino decays into
By, 88% of the time, either v, 77~ or Byyr" 7~ 5% of the time, vy 7te¥ 5% of the
time, v, 7*u¥ 2% of the time, and also has a negligible 0(0.2%) decay into muon
or electron pairs. Since only 12% of the decays are visible in either hierarchy, the
branch into the left-handed sneutrino is not as promising as for the other branch.

Let us now consider Branch B: The right-handed sneutrino decays have not been
previously studied. Since there are no gauge interactions, and negligible mixing with
MSSM fields, the only dec;xys of the right-handed sneutrino are three-body decays
via a virtual nu-Higgsino. One can have Branch B1: v/ X% or Branch B2: £x**,
where the * superscript indicates a virtual state. Branch B1 will give exactly the
same flavor structure as Branch A, and thus we use those results. For Branch
B2, however, the final state will always be visible, leading to the most interesting
signatures.

Consider the normal hierarchy. The right handed sneutrino has a specific flavor,

29



and thus the flavor of the lepton in the decay leads to a muon 50% of the time and
a tau 50% of the time (see Appendix A for a discussion). As before, the Y™ will
decay with the same 50-50 split. Thus, one expects Branch B2 to give uu, u7,71
and 77 each 25% of the time. For the inverted hierarchy, the flavor of the lepton
in the decay of the right handed electron sneutrino is always that of an electron,
and the decay of the right handed muon or tau sneutrino is into a muon 50% of the
time, and tau 50% of the time. The ¥** also decays with the 50-25-25 split in flavor
so that branch B2 in the inverse hierarchy yields ee, en, eT, ue, up, u7, 7€, Ti, and
77 with respective probabilities of 25%, 12.5%, 12.5%, 12.5%, 6.26%, 6.25%, 12.5%,
6.25%, and 6.25%. Finally, the slepton decays are given in Table 1 of Freitas et al.
[31].

Putting all of these together, we find the decays of the X° given in Table 5 and
Table 6. We have only included decays whose branching ratios exceed 0.5%. Of
course, each of the 7 leptons will decay 17% of the time into electrons and 17% of

the time into muons.

l X | X* |

Signature | Branching Fraction Signature Branching Fraction
Invisible 66% (%) 40%
T=uF 14% (ut) 23%
rr¥ 12% (pt)yrtr 12%
ptu 3.1% (r¥)rtr™ 8.2%
rirtr—ut 2.0% ()t 4.7%
AT aTAN 1.1% (TF)(utpt) 2.9%
et 0.94% (pt)(rE7r%) 2.9%
(W)t p~ 1.8%
(rtYyrtrptps 1.0%
(utyrtr 7r¥r~ 1.0%
(uHptp—rtr 0.56%

Table 5: Decay branching fractions for the nu-Higgsinos assuming a normal hierar-
chy. For the charged nu-Higgsino, the lepton in parenthesis has the upper sign for
X' and the lower sign for .
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We now turn to the decays of the x*. Here our work is already done from the
discussion of Branch B2 above. The resulting branching ratios are given in Tables

5 and 6. Note that one can have single lepton, tri-lepton or penta-lepton decays.

| X | X |

Signature | Branching Fraction Signature Branching Fraction
Invisible 66% (%) 28%
Tte¥ 11% (e*) 23%
AR 6.7% (nh) 11%
*u¥ 5.1% (eX)rtr- 5.9%
ete” 3.1% (tt)ete” 4.1%
pte® 3.0% (ut)rtr 3.6%
Tt ete” 1.1% (e¥)ete” 3.3%
Trr-ptet 1.1% (1F)(e*e?) 3.2%
Tvretr¥ 1.0% (r%)rtr™ 2.9%
utp 91% (u¥)r*eT 2.1%
(u)ete 1.7%
(eF)(rErE) 1.1%
(e¥)ete rr7™ 1.1%
(rH)utu 0.84%
(uF)(etet) 0.75%
(et 0.69%
(pt)ete rtr™ 0.52%
(TF)(u*p*) 0.51%
(uF)(rE7E) 0.51%
(t£)ete rtr™ 0.50%

Table 6: Decay branching fractions of nu-Higgsinos assuming an inverted hierarchy.
For the charged nu-Higgsino, the lepton in parenthesis has the upper sign for xy*
and the lower sign for x~.

2.4.3 Signatures

The high multiplicity of charged leptons in the nu-Higgsino decays gives some re-
markable signatures. From pair production of the ¥t X, one can have very dramatic
hexalepton and tetralepton events. Associated production of x* with X° leads to

pentalepton events, and pair production of x°X° leads to tetralepton events. The
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production cross sections were given earlier.

[ Normal Hierarchy Inverted Hierarchy ]

M+ 100 GeV | 200 GeV | 300 GeV || 100 GeV | 200 GeV | 300 GeV

6 Leptons 260 26 5.1 240 24 4.8
0T 64 11 1.1 0.21 15 1.5 0.31
17 5¢ 17 1.7 0.35 20 2.0 0.39
21 44 12 1.2 0.25 10 1.0 0.20
31 3¢ 4.6 0.46 0.092 2.5 0.25 0.050
4T 2¢ 0.98 0.098 0.020 0.35 0.035 0.0070
57 1/ 0.11 0.011 0.0020 0.024 0.0020 0.000
671 0¢ 0.0050 0.0010 0.000 0.0010 0.000 0.000

Table 7: Cross sections, in femtobarns, for hexalepton signatures for various values
of the charged nu-Higgsino mass and for the two different neutrino mass hierarchies.
The first line gives the total event rate into six leptons. For the other lines, we include
the fact that leptonic 7 decays lead to additional u’s and e’s and that hadronic 7
decays are detected with a 40% efficiency. In the table ¢ refers to either muons or
electrons, and 7 refers to an identified hadronically decaying tau. The quoted cross
sections are assuming a center of mass energy of 14 TeV at the LHC. A center of
mass energy of 7 TeV reduces the cross section roughly by a factor of 3.

Hezalepton Events

Perhaps the most dramatic events are hexalepton events which arise from the
decay of a charged nu-Higgsino pair. From Tables 5 and 6, one can see that the y*
has three charged leptons in the decay 31 — 32% of the time, for either hierarchy,
and thus the pair will yield six leptons roughly 10% of the time. Note that the
production rate at the 14 TeV LHC for a light x¥* pair can be as large as 2600 fb,
leading to an enormous hexalepton rate of over 200 fb.

One will get a distribution of lepton flavors depending on the hierarchy. How
robust are these results? If the x* is lighter than the slepton or sneutrino, the flavor

structure will not change - it simply means that the slepton or sneutrino is virtual,
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thus these results won’t change. We did choose a specific point in the mSUGRA
paramcter space, and that will change the flavor distribution, and thus these precisce
percentages should be taken with a grain of salt. Nonetheless, one does expect a
huge production rate for hexalepton events if the ¥* is not too heavy.

In Table 7, we have summarized the signatures as follows. In the first row, for
both hierarchies and ¥* masses of 100,200,300 GeV, we give the total production
rate for hexalepton events. The tau’s in the decays will either decay leptonically
or hadronically. If they decay hadronically, roughly 40% will be identified. If they
decay leptonically, they will be indistinguishable from a muon or an electron. In the
remaining rows, we have listed the possible signatures, depending on the number of
hadronic tau-identifications, weighted by the 40% factor. Since the electrons and
muons are detected with virtually 100% efficiency, all of the decays listed in Table
7 are detectable.

One sees that each of the various signatures can be well within reach of the
LHC, and some can have production cross sections of many tens of femtobarns. We
assumed here that /s = 14 TeV. If it is 7 TeV, then the above figures show that
the production rates are lower by a factor of roughly 3. At the Tevatron, one can
scale the results as shown in the production cross section figures. One might be
able to extend the sensitivity by consider the explicit charges. For example, one
combination in the normal hierarchy case would be u*u*u*pu~77"7~ which might
have lower backgrounds compared with three charge pairs. Given the number of
combinations, a detailed analysis of these possibilities would be premature. Note
that the total rate of identified hexalepton events, for a ¥* mass of 100 GeV is
approximately 50 femtobarns at the LHC for /s = 14 TeV and approximately 16
femtobarns for /s = 7 TeV. At the Tevatron, the rate would be roughly 4 fb,

leading to a couple of dozen events for the current integrated luminosity. Note that
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the production rate at the Tevatron will drop more quickly with the ¥* mass than

the LHC.

| Normal Hierarchy Inverted Hierarchy ]
M+ 100 GeV | 200 GeV | 300 GeV || 100 GeV | 200 GeV | 300 GeV
4 Leptons 080 o7 11 570 o6 11

Or 4¢ 27 2.6 0.52 120 11 23

17 3¢ 43 4.2 0.83 140 14 2.7

2r 2¢ 24 23 0.46 47 4.6 0.92

3r 14 5.5 0.53 0.11 7.2 0.71 0.14

47 0¢ 0.44 0.043 0.010 0.37 0.037 0.0070

Table 8: Cross sections, in femtobarns, for tetralepton signatures for various values
of the charged nu-Higgsino mass and for the two different neutrino mass hierarchies.
The first line gives the total event rate into four leptons. For the other lines, we
include the fact that leptonic 7 decays lead to additional u’s and e’s and that
hadronic 7 decays are detected with a 40% efficiency. In the table ¢ refers to either
muons or electrons, and 7 refers to an identified hadronically decaying tau. The
quoted cross sections are assuming a center of mass energy of 14 TeV at the LHC.
A center of mass energy of 7 TeV reduces the cross section roughly by a factor of 3.

Suppose hexalepton events are not detected? It could simply be that the charged
nu-Higgsinos are too heavy, and thus failure to detect their decays would effectively
place a lower limit on their mass. Could a 100 GeV charged nu-Higgsino evade
detection? The choice of hierarchy and the choice of the particular mSUGRA point
will affect the flavor distribution (which can thus affect the tau content of the events
and thus the efficiency of detection), but those will not substantially affect the size
of the signal. If the sneutrinos are heavy, this will also not affect the decays, uniess
they are so heavy that charged nu-Higgsino decays into a nu-Higgs plus the LSP
can dominate, leading to only two leptons in the decay. Perhaps the simplest way
to reduce the signal is to have the right-handed sneutrino be substantially heavier
than the left-handed sneutrino, since the latter decays are much more likely to be

invisible. Nonetheless, for most of parameter space, the charged nu-Higgsino mass
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is the primary factor in the signal rate. Note also that, independent of any of these
factors, failure to detect these events at the Tevatron would imply a lower bound on
the necessary luminosity to detect them at the LHC, as one can read off from the

production cross sections.

Tetralepton and Pentalepton Events

X* pair production can also lead to tetra-lepton events, as well as X° pair pro-
duction. In Table 8, we have listed the total production rate, as well as the various
signatures, for these events. Finally, associated production from a W will lead to
pentalepton events, and these are also shown in Table 9.

The cross sections are larger than for hexalepton events, however backgrounds
will also be larger. For example, a tetralepton signature of pu*p~ete™ would have
backgrounds from real or virtual y’s and Z’s. One would expect the pentalepton
signature to have smaller backgrounds, and yet the cross sections are still much
larger. They are much more sensitive to the flavor distribution, as one can see in
the table. It may very well be that the pentalepton signatures will be the most
sensitive. The cross sections are somewhat lower than for tetraleptons, but one
would expect the backgrounds to be substantially lower. The hexaleptons are more
dramatic, with even smaller backgrounds, but the cross sections are substantially
higher for the pentalepton events.

How sensitive is the Tevatron? Consider a nu-Higgsino mass of 200 GeV. The
cross section for pentaleptons at the LHC for /s = 14 TeV is approximately 50
fb, as seen in Table 9. Comparing cross sections between Figure la and lc, one
sees that the cross section at the Tevatron is roughly a factor of 50 smaller, giving

a cross section of only 1 fb. Thus, with 8 fb™! integrated luminosity, one would
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expect 8 events, if and only if all 7’s could be identified. Obviously, they can’t,
and Table 9 shows that events with five non-taus occur at a rate of roughly 20%
of the total. Of course, we have not done a detailed analysis. Some hadronic 7’s
would be identified, and some of the leptons might not be identified (some would
not have enough transverse momentum, for example). Although we are not aware of
any backgrounds that large, a full simulation should be carried out. It does appear
that a lower bound of approximately 200 GeV on the nu-Higgsino masses could be
obtained at the Tevatron. Certainly, at a mass of 100 GeV, the event rate is a factor

of 10-20 larger and detection should be straightforward.

I Normal Hierarchy Inverted Hierarchy ]
Mg+ 100 GeV | 200 GeV | 300 GeV || 100 GeV | 200 GeV | 300 GeV
5 Leptons 770 64 13 600 50 10
07 5¢ 29 2.4 0.50 110 9.0 1.8
17 4¢ 49 4.1 0.84 100 8.3 1.7
27 3¢ 36 3.0 0.61 41 3.4 0.69
37 2¢ 12 0.97 0.20 8.9 0.74 0.15
47 14 1.8 0.15 0.031 0.76 0.063 0.013
bt 0f 0.11 0.0090 0.0020 0.015 0.0010 0.000

Table 9: Cross sections, in femtobarns, for pentalepton signatures for various values
of the charged nu-Higgsino mass and for the two different neutrino mass hierarchies.
The first line gives the total event rate into five leptons. For the other lines, we
include the fact that leptonic 7 decays lead to additional u’s and e’s and that
hadronic 7 decays are detected with a 40% efficiency. In the table ¢ refers to either
muons or electrons, and 7 refers to an identified hadronically decaying tau. The
quoted cross sections are assuming a center of mass energy of 14 TeV at the LHC.
A center of mass energy of 7 TeV reduces the cross section roughly by a factor of 3.

2.5 Conclusion

The discovery of nonzero neutrino masses has led to a new type of two Higgs dou-

blet model in which a second Higgs doublet couples only to the lepton doublets and

36



right-handed neutrinos, leading to Dirac neutrino masses. We consider a supersym-
metrized version of this model, which thus contains four Higgs doublets. A global
symmetry which is only very weakly broken prevents substantial mixing between
the additional doublets, called nu-Higgs multiplets, and the MSSM Higgs sector.
We study two aspects of the phenomenology of these new states. For the scalar
nu-Higgs fields, a new production mechanism leads to the possibility of a 50 detec-
tion with 100 fb~! of integrated luminosity. The second aspect contains extremely
exciting possibilities. For the nu-Higgsino states, we find remarkable phenomenolog-
ical signatures. The most dramatic of these signatures are hexalepton events, which
contain six charged leptons and missing energy and which are produced with a cross
section of up to 250 fb for a nu-Higgsino mass of 100 GeV. Many of these leptons
are tau’s, and when we fold in the 40% detection efficiency, we find roughly 50, 5, 1
fb cross sections for events in which all six leptons can be identified for nu-Higgsino
masses of 100, 200, 300 GeV respectively. For /s = 7 TeV, these numbers are lower
by a factor of three, and for the Tevatron are lower by another factor of four. Thus,
this model gives the exciting possibility of substantial multi-lepton events which can
be detected at the LHC and may, for lower nu-Higgsino masses, be detectable at

the Tevatron.
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CHAPTER 3

3 The Supersymmetric Leptophilic Higgs

Model *

3.1 Introduction

The main purpose of the Large Hadron Collider (LHC) is the study of the mechanism
of electroweak symmetry breaking (EWSB). As discussed previously, the 2HDM
is among the simplest and most studied extensions of the Standard Model. It
achieves EWSB via two scalar Higgs doublets that receive vevs. In order to avoid
unobserved tree-level flavor changing neutral currents (FCNCs), all fermions with
the same quantum numbers (and which are thus capable of mixing) must couple
to the same Higgs multiplet. The Glashow-Weinberg theorem [14] states that a
necessary and suflicient condition for the absence of FCNCs at tree-level is that all
fermions of a given charge and helicity transform according to the same irreducible
representation of SU(2), correspond to the same eigenvalue of T3, and that a basis
exists in which they receive their contributions in the mass matrix from a single
source. In the 2HDM, this is due to the introduction of discrete or continuous
symmetries. Generally one may either take both up and down type quarks to couple

to the same doublet or have each couple to its own doublet. It is usually assumed

*This chapter was previously published in Reference [32].
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that the leptons couple to the same doublet as the down type quarks, in which case
the former scenario describes the Type I 2HDM while the latter describes the Type 11
2HDM. Such couplings can be enforced by imposing a suitable Z, symmetry, which
may simply be imposed ad hoc or which may arise as a subgroup of a continuous
symmetry (as in Peccei-Quinn or supersymmetric models).

Despite the traditional convention that leptons couple to the same doublet as
the down type quarks, there is no a priori reason why this must be the case. An
alternative possibility is that both the up and down type quarks couple to one
doublet while the leptons couple to the remaining doublet. While the traditional
2HDMs have received a great deal of attention, relatively little work has been done
in investigating this alternative possibility. Those who have focused on this model
[33, 34, 66, 36, 37] have referred to it by several names, our selection of which is the
Leptophilic Two Higgs Doublet Model (L2ZHDM). As noted by Su and Thomas [33],
the consequences of a L2ZHDM could drastically alter the possible detection channels
for a light Higgs at the LHC, so it is important that it be considered as incoming
data begins to arrive. Furthermore, the possibility of substantially enhanced leptonic
couplings (which can only occur in leptophilic models) may shed some insight into
explaining recent experimental results from PAMELA, Fermi LAT, and HEE.S.S.
[66].

There also remain alternative possibilities. One can couple the up-type quarks
and leptons to one Higgs doublet and the down-type quarks to the other (referred
to as the “flipped” model [38]) or one can couple all of the charged fermions to
one doublet and the right-handed neutrino to another (referred to as the “neutrino-
specific” model) [39]. While interesting in their own right, these models do not offer
the possibility of substantially enhanced leptonic couplings, and we will not focus

on them.
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The most popular extension of the Standard Model is supersymmetry, which
can solve the hierarchy problem and which has a very tightly constrained Higgs
sector. Thus, one is led to consider the supersymmetric versions of these alternative
2HDM models. Recently, with McCaskey, we considered [20] the supersymmetric
version of the “neutrino-specific’ model, and found some remarkable signatures,
including pentalepton and hexalepton events with very high rates at the Tevatron
and the LHC. In this work, we extend the L2ZHDM to incorporate supersymmetry.
The resulting Supersymmetric Leptophilic Higgs Model (SLHM) leads to exciting
phenomenological prospects. In the scalar sector, the strong constraints on the
Higgs potential will substantially alter the phenomenology of the lightest Higgs
boson, since decays to leptons can be substantially enhanced, and the decrease in
the coupling to the gauge bosons means that the current LEP bounds will not apply,
and much lighter Higgs bosons can be tolerated. In addition, the supersymmetric
partners to the leptons and the leptonic Higgs doublet are influenced by the unusual
Yukawa structure. In the case of R-parity violation, the lightest supersymmetric
particle (LSP) could decay into leptons. Without R-parity violation the LSP might
annihilate into leptons [66]. In this thesis, we will focus on the scalar sector, since
the results may be testable in the very near future at the Tevatron.

The layout of this chapter is as follows. In Section 3.2 we review the setup of
the LZHDM. In Section 3.3 we introduce the SLHM and calculate the scalar mass
matrices. In Section 3.4 we consider various constraints on the model’s parameter
space by focusing on the neutral scalar sector. By combining results from Yukawa
coupling perturbativity considerations, unitarity requirements, and direct searches
for Higgs bosons at LEP, we obtain severe restrictions on the model’s parameter
space. In Section 3.5 we discuss the phenomenology of the lightest and next-to-

lightest Higgs bosons at the Tevatron and the LHC, and then in Section 3.6, we
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conclude.

3.2 The Leptophilic Two Higgs Doublet Model

The L2HDM contains two scalar SU(2),, doubles ®, and ®,. A discrete Z, symmetry
is imposed under which ®, - —®, and eg, — —ep,, but all other fields are invariant.

The resulting Yukawa lagrangian is given by

Ly = -{Y,.;ﬁRiég - Qu, + YR ®) - Qu, + ViR @} By, +he b, (27)

where
+
ur,; Vi, ¢ X
QL,— = , EL‘. = , and @ X =
dLi CL; \—}—5 (UX + QSg(r + l¢())(z)

for X = ¢,¢ and 5,, = i0,®,. The Higgs sector potential is given by [33, 40]

A A
V= m§l®q|’ + m3| P, + (mﬁ,(l);(l)g + h.c.) + éléql“ + ——2~2-|(I>d4 o
A

o+ Xg| 710 + Aa[ 0] 2ef? + 32 [(21@0)" + hc.].

The physical scalars consist of two neutral scalars h and H, a pseudoscalar x°,
and a charged pair H*. The other three degrees of freedom are the Goldstone
bosons G* and G°, which are eaten by the W* and Z° respectively. If one defines
the mixing angle tan 8 = v,/v,, the physical charged scalars can be expressed as

Gt cosf sinp o/

= : (29)
H* —sinf8 cosf of

The physical neutral scalar states are expressed in terms of the mixing angle tan a,
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which can be solved for in terms of the entries of the neutral scalar mass-squared

matrix tan 20 = 2MZ /(M? — MZ,). Onc then finds the following relation

cosa  sina . — v,
—V2 R (30)

. 0
h —sina cosw p

The vertex factors for the couplings between the charged scalar and fermions are

given by [34]

igcot B
H+Uidj — (m) Vi [(mu,- - mdj) — (my, + mdj)’Ys]»

.9 tan 3
Htve; — L———) me. (1 — 75).
(25 ) mett =)

(31)

For large tan 8 the neutrino-lepton coupling to H* is magnified while the quarks’
coupling to H' is diminished. The neutral scalar couplings to the charged leptons
will similarly be magnified. An interesting feature of the model is that tan 8 can
be much larger than in the conventional 2HDMs without causing problems with
perturbativity and unitarity, since the Standard Model leptonic couplings are smaller

than the quark couplings.

3.3 The Supersymmetric Leptophilic Higgs Model

In this section we introduce the minimal leptophilic model required to incorporate
supersymmetry. A SLHM will require a minimum of four Higgs doublets in order to
achieve anomaly cancelation. Therefore, we add to the MSSM two Higgs doublets
Iy and 71, with weak hypercharge assignments +1/2 and —1/2 respectively. The

four Higgs doublets along with their weak hypercharges are listed in the table.

o ’ H, H, H, H,
Ue() | 412 12 +1/2 —1/2
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The scalar doublets H, and H; are responsible for giving mass to the up and
down quarks respectively. We refer to these doublets as the quark friendly doublets.
Of the new doublets, the lepton friendly doublet H, gives mass to the leptons, while
the remaining inert doublet Hy does not couple to quarks or leptons. This Yukawa
structure is enforced by a discrete Z, symmetry, under which the superfields E, Hy,
and H, transform as X — —X while all other fields remain unchanged. The most
general superpotential respecting R-parity, gauge symmetry, and the Z, symmetry
is

W= yuUQIIu - ydDQHd - y[ELHg + [’IlHqu + ﬁgHng. (32)

The Z, symmetry is softly broken by the terms (u2H,H, + p2HyH, + h.c.) con-

tained in the Higgs sector soft SUSY breaking potential Vg.g given by

Voo = p2| Hyl? + 13| Hal? + p2| Hol? + 13| H,|?

+ (,[;’ Iy 4+ 12 HoHy + 12,y + 1210 I, + h.c.) .

The Higgs sector potential is given by the sum of the F-terms, D-terms, and Vs

respectively

k 2

V=3

i=1

ow

k
I > grHiTe

i=1

|
+§Z + Voofe.

a

Expanding the above expression results in

V =m2|H, > + m3| Hy|* + m2|Ho|* + m2|H,|?

+ (W H My + 15T Hy + p3 1T, Hy + 1311115 + hec.)
A

9 2
+ --82||Hu]2 [ Hal? + |Hol? = |Hel?|

2
Hlio®H, + H};UGHd + Hga“Ho + Hga“HgI
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where m}, = (|l [* + p3), m§ = (| * + p3), m§ = (|fa2]? + 15), m§ = (|hf* + pi7), and
o® (a = 1,2,3) are the Pauli matrices. To achieve spontaneous symmetry breaking,
the Higgs doublets acquire the following vevs:

1[0 ) 1 ( Vd

Hu:"'—‘ 7Hd:— ’
w5, | =

1 0\ 1/’0[

(Ho) = —= C(HY = ==
\0

\/5 (1) )
We define v? = v2 + v+ vZ + v} so that we have v? = AM2/(g? + g2) =~ (246 GeV)2.

(33)

3

Between the quark friendly doublets we define the mixing angle tan8 = v, /vy
while between the lepton friendly and inert doublets we define the mixing angle
tan B, = vo/ve. We also define tan a = v, /v, where v2 = vZ + v and v? = o} + v
These definitions allow us to express the individual vevs in terms of the Standard

Model vev and the three mixing angles «, 8, and 3,

v, = vsinasinfl, vg=vsinacosfB, vy=vcosasinf, v = vcosacos /.

(34)

Each of the four complex Higgs doublets contains four real degrees of freedom,

so there are a total of sixteen degrees of freedom. Three of these are eaten to give
mass to the W* and Z°, while those remaining result in a scalar mass spectrum that
includes four neutral scalars, three pseudoscalars, and three charged pairs. From
the scalar potential above, the mass matrices can be calculated. We parameterize
them in terms of the gauge boson masses and the three mixing angles appearing in

equation 34.
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The neutral scalar mass matrix is M2 =

M; —3MZsisag — pd 3MZs2asass,  —gMEsaaspcs, — 13
~5M%8%s2p — 2 M2 -1 MZssacpsp, — 13 3MZsaacscs,
M2 5303553, —1MZs2qc3g, — p3 M3 sMZc2sap, — i}
~3MZs2aspcs, — 15 3M3s2acscs, —§ME ks, — 13 M3

where s, and ¢, are shorthand for sinz and cosz respectively, and the diagonal

terms are given by

M? = Misinasin®B+X, A\ = ulcotﬁ+u3cota(
M} = MZsinacos’f+ )y, A = ultanﬂ+u4cota(’“—“§i

I

M} MZcos?asin® B+ A3, A3 = jpidcotfe+ pitana

M} = MZcos?acos?Be+ Ay, M = pitanfBe+ pstana ( sin

The pseudoscalar mass matrix is

( 20 3 )

2 X 20
Alg — 124 2 My (35)
0 i X 13
\ 4 0 1 X )
The charged scalar mass matrix is
M} = M5 + AM?, (36)
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where

2 1.2 1 1
( s2ch+ Cheas, 355528 35205858, 252058C5, )
1.2 2 .2 1 1
s 2 352528 SaSh—Calag, 3520858, 352aCHCH,
AM* = My,
1, , Lo oo 2 2 2, 1.2,
ESQQSﬂbﬁl 2‘520(’3‘5ﬂt La(’ﬂg + SaC28 2(‘0'52/5:
1 1 1,2 2.2 2
\ 352a56C8, 252aC5Cg, 5CaS26, CaS5, — SaC28 /

In Section 3.3 of [41] Gupta and Wells outline a procedure for obtaining an
upper bound on the tree-level mass of the lightest neutral scalar, h, in the limit of
large SUSY breaking masses (as compared to the Z-mass). The procedure consists
of transforming the mass matrices into the so called “Runge basis,” in which one
doublet obtains all of the vev while the others are orthogonal to one another. Details
on the Runge basis can be found in [42]. In this basis all but one diagonal entry
of the neutral scalar mass matrix grow large in the limit of large SUSY breaking
masses. This entry acts as an upper bound on M? since, for a positive definite
matrix, the smallest eigenvalue is bounded above by the smallest diagonal entry.

Their result holds in our case as well and results in the inequality
M), < Myz|sin® a cos 2 + cos® a cos 25| (37)

Leading order radiative corrections to the Higgs masses will be important in
constraining parameter space. As usual, the dominant contributions come from top
quark loops, governed by the top quark Yukawa coupling. In this section we have
written the neutral scalar mass matrix, M3, in the {u,d,0, £} basis. Hence the 1-1

entry receives a correction from top quark loop diagrams given by

3a
AM121 = T (

mi ) In (m?/m?) (38)

M2 ) sin? 28y sin? asin? B’
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where m; is the stop squark mass, which we take to be ~ 1 TeV. In addition to
top quark loop corrections, other corrections are potentially significant because of
the possibility of very large values for tan 8 and tan 5,. We therefore also consider
the leading correction to the 2-2 and 4-4 entries of M?%, which come from bottom
quark loop diagrams and a tau loop diagram respectively. The 3-3 entry receives no
correction since the inert doublet, Hy, does not couple to quarks or leptons. There
are other sub-leading-log corrections to the masses, and these can contribute 5 — 10

GeV to the masses (see Ref. [43] for a detailed discussion).

3.4 Constraints on The Supersymmetric Leptophilic Higgs
Model

In this section we outline the main constraints that limit the viable parameter space
of the SLHM. The free parameters arising from the scalar sector consist of the
four couplings u?, w2, u2, and 2, which mix pairs of Higgs doublets in the scalar
potential, as well as the three mixing angles tan a, tan 3, and tan 8, which appear
in equation 34. The constraints arising from the charged scalar sector are similar
to those of the LZHDM, which is studied in [34]. Our interest therefore lies in the
neutral sector. We find that LEP data and other constraints severely restrict the
size of the allowable parameter space, but leave enough room to comfortably fit the

model a lightest neutral scalar mass substantially less than 110 GeV.

3.4.1 Yukawa Coupling Perturbativity

The first constraints come from requiring that the Yukawa couplings remain per-

turbative. By demanding that each Yukawa coupling remains smaller than 47 we
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obtain the following three inequalities

1 1 8m2v?
1 1+ —— 1) < ~ 132
( + e a) ( + fan? B ) m? '

1 0 8m2v? 5
(1 + - (1) (1 + tan B) < 5207, (39)

b
8 2,2
(1 + tan? a) (1 + tan? 63) < LELEN 12352

2
mz

One can see that the top quark Yukawa coupling becomes non-perturbative for
small values of tan a or tan S while the bottom quark Yukawa coupling does so for
small values of tan « or large values of tan 8. In addition, the tau Yukawa coupling

becomes non-perturbative for large values of tan a or tan g,

3.4.2 'Tree Level Unitarity

Requiring perturbative unitarity of fermion anti-fermion scattering places upper
bounds on the fermion masses. The unitarity condition that must be satisfied is
IR(a,)| < 1/2, where a; is the Jth partial wave amplitude in the partial wave
expansion of the fermion anti-fermion scattering amplitude. The scattering we con-
sider occurs by the exchange of a Higgs boson. We obtain bounds from imposing the
unitarity condition on the J = 0 partial wave amplitude, which is calculated from a
sum over s- and t-channel helicity amplitudes in the high energy limit. The proce-
dure is described in detail in [44], where contributions to the partial wave amplitudes
are provided for a general model. These contributions depend on combinations of

the vector and axial vector Yukawa couplings. For the SLHM the resultant bounds
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are found to be (see [44] for a clear discussion)

2

< sin® asin? B,

2

< sin® arcos? g, (40)

T

< cos? acos? fy.

Here we have used the bounds obtained for third generation fermions as their larger
masses yield the most stringent results. The unitarity constraint prevents very large
values for tan 3, capping it at around 300. Several combinations of tan a and tan

values on the order of several tenths are also eliminated.

3.4.3 The Anomalous Muon Magnetic Moment

As in the Standard Model, the magnetic moment of the muon receives a contribution
from the one-loop diagram formed by connecting the muon lines on a muon-muon-
photon vertex with a neutral Higgs boson. Only the lightest neutral Higgs is relevant
since the contribution goes as the square of the ratio between the muon and Higgs

masses. For the SLHM the contribution is

m? U222 -2)
— K2 [
Aa, 8n2y? /0 22+ 22(1 — 2) az, (41)

where z = M, /m, and

K2 - Ual”
cos? acos? B

If the Higgs mass, M;, is assumed to be the same in the SLHM and the Standard
Model then the contribution to the muon’s magnetic moment from a light scalar in
the SLHM is simply its Standard Model value multiplied by K2. The value of K?

however, remains < 1 across the entire spectrum of parameter space, even for very
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large values of tan a and tan By. A review on the anomalous muon magnetic moment
is given by [45] while current results and uncertainties can be found in [46, 47]. In
our case the contribution is much too small to produce any bounds.

In addition however, there is a two-loop Barr-Zee effect [48], which is generally
more significant than the one-loop contribution discussed above. The Barr-Zee effect
occurs by connecting an internal Higgs to an internal photon through a massive
fermion loop and is given by [49, 50]. We consider such effects with third generation
fermions in the SLHM and find that the contribution to the muon magnetic moment

is

Aa, = amiUu { 8Uyy f(xy) n 2Un f () Unf(z,) }, (42)

dm3v2cos By | 3sin2asin  3sin2acos S cos? acos 3

where z; = m2/M? and the function f(z) is given by
f f/¥h

Jz) = g/ﬂl 1-2z(1-2) n [z(l ~ z)] s,

2(l—2)—z z

Though the contribution from the tau loop diagram is suppressed by m2/M?, it
is enhanced for very large tanf,. In following [51] we measure how well these

contributions compare to experiment with the quantity

SLHM \ ?
o= Aa,
u 6.8 x 10-10 |’
where 6.8 x 107'° is the theoretical uncertainty for a, in the Standard Model (used
because it is larger than the experimental uncertainty). The result is that, though

larger than the one-loop contributions, the two-loop Barr-Zee effect contributions

are still too small to provide significant constraints on the parameter space.
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3.4.4 LEP Higgs Search Data

The largest source of constraints for the neutral sector of the SLHM consists of LEP’s
failure to discover a neutral Higgs boson. If the lightest neutral scalar’s mass is too
small, one would expect LEP to have seen it, whereas for a mass M;, > 114.4 GeV,
LEP data becomes irrelevant and no bounds can be obtained [52]. The production
mechanism at LEP is the Higgs-strahlung process ete™ — hZ, and thus if the
coupling, gzzn, between the lightest neutral scalar and Z-pairs is sufficiently small,
the scalar’s non-discovery at LEP can be explained [53, 54, 82, 56].

In addition, there is an effect which suppresses the sensitivity with which the
experimental results may be applied to constrain models beyond the Standard Model
[57, 51]. Bounds from LEP were produced under the assumption that the Higgs
boson decays exclusively into bb pairs or exclusively into 7t7~ pairs. LEP has
provided a bound on the quantity BR(h — X X)¢&2 for X = b and X = 7, where
€ is the ratio of the ZZh coupling in a model to that of the Standard model i.e.

£ = gzzn/93%,. In Appendix C we derive the expression for £2 in the SLHM and

find that it is given by

2
€2 = |Uysinasin 8 + Us; sinacos B + Us; cos asin B¢ + Uy cosaccos Be | - (43)

We will employ both of these bounds to exclude regions of parameter space in the
SLHM. Naively, one expects BR(h — bb) to approach unity when tan 3 is large and
tan a, tan 8, are small since in that case the down-type quark Yukawa couplings
are doubly enhanced while the lepton Yukawa couplings remains small. On the
other hand, when tan o and tan 3, are large while tan 3 is small, the lepton Yukawa
couplings are enhanced and the down-type quark Yukawa couplings remain small,

resulting in an increase in the branching ratio BR(h — 7t77).
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Since in the interesting region of parameter space, the ZZh and WW h couplings
are small, we can approximate the total decay width as simply T'(h — bb) + T'(h =
7777). The two branching ratios for the SLHM can therefore be conveniently ex-
pressed as BR(h — bb) = 1/(1 + k) and BR(h — 7"77) = /(1 + &), where

k =T'(h — 7t77)/T(h — bb). The variable & is straightforward to calculate and is

m? cos? B 2 M2 — am2\*?
— T t 2 h T 44
" (Bmg) A s By ( ) ' (44)

M — 4m?
where the U;; are entries of the 4 x 4 diagonalizing matrix defined by UTMZU =

given by
Ua
Un

M
We have numerically scanned through parameter space, calculating the values of
BR(h — bb)¢2, BR(h — 7777)€2, and M, in the SLHM. Those points in parameter
space for which either BR(h — bb)&2 or BR(h — 7+77)¢? is greater than its LEP
bound at the corresponding value of Af;, are excluded. By imposing these two
LEP bounds as well as the perturbativity requirements of Section 3.4.1 and the
unitarity requirements of Section 3.4.2, we are able to exclude substantial regions
of the model’s parameter space. In Figures 2 and 3 the allowed region of the three-
dimensional parameter space for the variables tan «, tan 3, and tan 3, is shown. For
these plots the values of uy, 2, us, and p4 have been fixed at 200,250, 300, and
100 GeV respectively. The plots depict several sections of viable parameter space
in the tana x tan 8 plane, each being a slice of constant tan 5,. As tan 3, varies
over its allowed range, one can see how the sections grow in area, change shape, and
eventually shrink back away.
Though the values of y,, po, p3, and p4 are fixed, the size and shape of the allowed
parameter space remains largely unchanged when y;, and pj are allowed to vary

between 50 and 1000 GeV. Their values are consequentially relatively unconstrained.

Increasing the value of us however, has the effect of sharply cutting down on the
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Figure 2: The colored regions illustrate the allowed points in the tan o, tan 3, tan 3,
parameter space. Each region is a slice of constant tan S, in the tana x tanf3
plane. The values of w1, pa, p3, and py are fixed at 200, 250, 300, and 100 GeV
respectively, but changing p; and/or ps has relatively little effect. Increasing uo
and/or yi4 shrinks the above space. Increasing tan 3, enlarges the size of the allowed
space quite rapidly until around tan 8, =~ 8, when the space stops enlarging and
begins to slowly shrink - this can be seen in Figure 3.
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Figure 3: A continuation of figure 2 for larger values of tan 5,. As tan 3, increases
beyond 80, the space very slowly shrinks into an extremely thin sliver of possible
tan a values centered near 2; it finally disappears completely at tan 8, ~ 350.
size of the allowed region of parameter space. So too does increasing us,, though to a
slightly lesser degree. Merely increasing ji4 to 200 GeV results in a drastically smaller
allowed region than that shown in Figure 2 and completely eliminates the regions
corresponding to tan B, values of 5.3 and 5.5. The other regions are compressed so
that 3 < tana < 20 and 50 < tan 8 < 290, while their overall shape remains the
same. Enlarging either u, or py further rapidly shrinks the allowed space away until
it vanishes completely.

Figure 4 plots an assortment of possible BR(h — bb)¢? values as a function of the

lightest neutral scalar mass M. Each value plotted corresponds to some point in the
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allowed region of parameter space. The LEP curve is shown in blue. For very large
values of tan /3, the curves continue down to approximately 25 GeV, with the value
of BR(h — bb)£? becoming extremely small. We see that Higgs bosons below 114.4
GeV are certainly allowed, but below approximately 90 GeV their couplings to vector
bosons become negligible, making detection through vector boson fusion or Higgs-
strahlung off a vector boson impossible. The analogous result for BR(h — 7t77) is

plotted in Figure 5, with similar conclusions.
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Figure 4: Various values of the quantity BR(h — bb)¢2 plotted as a function of
the lightest neutral scalar mass M,. The plotted values correspond to a uniform
sampling of points within the allowed regions of the tana x tan 3 plane for the
different values of tan f,; that are plotted in figures 2 and 3. The LEP bound of
reference [54] is shown in blue.

3.5 Phenomenology

In this section we discuss the possibility of detecting a supersymmetric leptophilic
Higgs. We have focused on the neutral sector, as the charged sector strongly resem-

bles the non-SUSY leptophilic scenario covered in [34]. The quantity of importance
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Figure 5: Various values of the quantity BR(h — 7t77)€? plotted as a function of
the lightest neutral scalar mass M,.

to the decay of the lightest neutral scalar is the ratio k = BR(h — 777)/BR(h —
bb), which is given by equation 44 in Section 3.4.4.

For the region of parameter space discussed in the previous section, we have
shown various values of « in Figure 6. For Higgs bosons near 114.4 GeV, the allowed
value of k approaches its Standard Model value of approximately 0.1. However, for
lighter Higgs bosons, k is much bigger, approaching unity for Higgs masses below
100 GeV.

We see that in this model, the Higgs can be relatively light, and will have a
much larger branching ratio to 7t7~ than in the Standard Model. In order to
detect the Higgs at the Tevatron or the LHC, however, one also must consider the
production rate. As we have seen, for Higgs bosons below 90 GeV, the ZZh and
W W h couplings are quite small, and thus Higgs-strahlung is negligible. What about

gluon fusion, which is the primary production mechanism for a light Higgs? Here,

one must include both top and bottom loops, and the coupling to the Higgs will
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Figure 6: Various values of x plotted as a function of the lightest neutral scalar mass
M.

be different. We find that the ratio of the gluon fusion cross section to that of the
Standard Model is

2
OSLHM _ Un A(my) Uy
osM sinasinf ~ A(m;)sinacosf| ’

(45)

and this is plotted in Figure 7 for various parameters. The function A(my) is given
by A(my) = 2[z; + (x5 — 1) f(z5)]z;?, where z; = M} /4m} and f(z;) is given by
equation 2.47 in [58]. For much of parameter space, the gluon fusion rate is also very
small, making Higgs detection extremely difficult. In the Standard Model, the only
other production mechanism that doesn’t involve gluon fusion or the WWh or ZZh
vertex is Higgs-strahlung off a top quark. That is difficult in the Standard Model,
and in this model is even weaker since the top quark Yukawa coupling is smaller.
One can think about Higgs-strahlung off a tau, but this is likely to be swamped by
backgrounds.

In any event, this is just a specific model. One might have other possibilities

a7



OSLHN f OsM

0.500 -
.
0.100 |- -
0050} * Tan(8,) =6
Lo + Tan(Be) =7
L4 .
g Tan(8c) =Y
ooty , 2 .
e | . Tan() =12
0005 + Ty g,
ny e Tan(e) =25
14 ()
“1 5‘.\"" * .
19 . .
0001} Yo, . ?
Vo ;
2 1 M‘
60 7 00 % 100

Figure 7: Logplot of the ratio of the production cross section of the lightest neutral
scalar by gluon fusion in the SLHM to the Standard Model.

for Higgs production, such as production in the decay of one of the charged Higgs
bosons in the model, or production through supersymmetric particles. In both of
these scenarios, the production rate would depend on many additional parameters.
Thus, experimenters should look for Higgs bosons in the 75 — 110 GeV range with
a substantially enhanced coupling to 7 pairs (below 75 GeV, a very small sliver
of parameter space does remain). A study of 7 pair detection in leptophilic Higgs
decays at the LHC was carried out in Ref. [59]. Since they did not consider the
supersymmetric version, they concentrated on Higgs in the 100 — 160 GeV mass
range, and gluon fusion production was not particularly suppressed, as it is here.
They also focussed on models with dark matter candidates (usually involving an
additional singlet or an additional inert doublet). Nonetheless, their techniques
show that detection of a Higgs decay into 7 pairs is feasible in the early stages at
the LHC. At the Tevatron, CDF and DO did explicitly search for Higgs decays to 7

pairs [60}, but did not consider Higgs masses below 90 GeV.



Throughout this analysis, we have ignored the effects of the heavier neutral Higgs
scalars. Consider the second lightest neutral scalar, 77. As we scan the entire allowed
parameter space, we find that the n always appears to be very close to 110 GeV.
This may not be too surprising. Imagine that there was no mixing at all between the
quarkophilic and leptophilic Higgs sectors. Then each sector would have a similar
mass matrix to that of the MSSM (although with smaller overall vevs), and thus
onc would find two relatively light Higgs. Mixing can’t be climinated, of course, due
to D-terms, but it is not surprising that there are two relatively light scalars in the
model. In the region of parameter space in which the couplings of the h to the gauge
bosons is severely suppressed, however, the couplings of the n will not be, and thus
the 7 will be similar to the Standard Model Higgs. Given the uncertainty in our
calculations, including the effects of non-leading-log and higher order corrections to
the masses, it is premature to conclude that the current LEP bounds would rule out
this 110 GeV Higgs, but an increase of just a few GeV in the current lower bound
on the Standard Model Higgs would rule out this model.

In the region of parameter space of interest, the h and 7 are primarily linear
combinations of Hy and H,, with small admixtures of H; and H,. Nonetheless, the
ratios of vacuum expectation values are large enough that the dominant decay of
the h, for example, is primarily into 7’s and b’s through these small admixtures.
The two heaviest Higgs bosons are each almost entirely H; and H,, respectively,
with little mixing.

Consider these two heavier Higgs bosons, H; and H,. Since the coupling of the
7, in the region of interest, to Z-pairs is very close to that of the Standard Model,
then the fact that the sum of the squares of the Higgs couplings to Z-pairs must
equal the square of the Standard Model coupling implies that the coupling of H,;

and I1, with W, Z-pairs is negligible. We have confirmed this numerically. Another
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way to say this is that the narrow window of parameter space forces the direction
of the vacuum expectation value to be almost entirely in the 5 direction, leaving
little room for vev-dependent couplings of the other neutral Higgs. This will also
cause a suppression in the H1hh and Hyhh couplings. The H; and H; will thus be
both Higgs-phobic and gauge-phobic and will only decay into fermion pairs. One of
the two, H,, will decay almost entirely into bb, and the other, H,, will decay almost
entirely into 777~. This leads to interesting phenomenological consequences. The
H, can be copiously produced through gluon fusion (through its coupling to the
b-quark), and its dominant decay into bb will be quite dramatic. The H, would be
a heavy Higgs boson that decays entirely into 7 pairs. However, gluon fusion occurs
at a small rate, and thus production through heavier particles or supersymmetric

partners would be necessary. This possibility is currently under investigation.

3.6 Conclusion

In this work, we have studied the Higgs sector of the supersymmetric version of
leptophilic models. The model contains four Higgs doublets, which couple to the
up quarks, down quarks, charged leptons and no fermions, respectively. The Higgs
sector, as in all supersymmetric models, is tightly constrained. We consider con-
straints from perturbativity, unitarity, the muon anomalous magnetic moment and
we also impose constraints from experimental searches at LEP.

We find that in most of parameter space, the lightest Higgs, h, has a mass
between 75 and 110 GeV (with a very small sliver of parameter space giving smaller
masses). For lighter values of the mass, the decay branching ratio into 7 pairs is
substantial, and can even be the dominant decay mode. This would lead to some
spectacular signatures at the Tevatron and the LHC. However, the conventional

production mechanisms, such as W-fusion, Higgs-strahlung and gluon fusion are
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suppressed in this region of parameter space.

The second lightest Higgs, 1, has a mass throughout the allowed parameter space
of approximately 110 GeV. Its production cross section is not as strongly suppressed,
and would appear similar to a Standard Model Higgs. The remaining two neutral
scalars are typically heavier, are gauge-phobic and Higgs-phobic, and would decay
into fermions. One decays almost entirely into bb and would be copiously produced
through gluon fusion. The other decays almost entirely into 7+ 7™, but conventional
production mechanisms are suppressed.

There are also three charged scalars and three pseudoscalars in the model. We
do not cxpect the phenomenology to differ substautially from the detailed analy-
sis of Logan and MacLennan [34], who used MSSM parameters to constrain their

parameter space (even though the model was not supersymmetric), and thus there
would only be O(1) changes in their results due to mixing angles. Exploration of

the supersymmetric particles in the model are currently under investigation.
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CHAPTER 4

4 A Supersymmetric Leptophilic Higgs to Explain
an Observed Gamma Ray Excess from The Galac-

tic Center *

4.1 Introduction

Recently, Hooper and Goodenough examined the first two years of Fermi Gamma
Ray Space Telescope (FGST) data from the inner 10° around the Galactic Center
[21]. They found that the gamma ray emissions coming from between 1.25° and
10° of the Galactic Center is consistent with what is expected from known emission
mechanisms such as cosmic rays colliding with gas to produce subsequently decaying
pions, inverse Compton scattering of cosmic ray electrons, and known gamma ray
point sources. In order to model the gamma ray background within 2° of the Galactic
Center, Hooper and Goodenough model the emission of the Galactic black hole Sgr
A* as a power-law extrapolated from higher energy HESS observations. Comparing
the FGST measurements to this background, Hooper and Goodenough found that
it agrees very well with FGST data between 1.25° — 2° but found an excess in the

observed gamma ray intensity within 1.25°. It has been pointed out by Ref. [62]

*This chapter was previously published in Reference [61].
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however, that a simple power-law extrapolation of HESS data may understate the
flux of the central point source Sgr A* as the slope of its spectrum may deviate from
the constant HESS results below an energy of 100 GeV.

The authors of Ref. [21] showed that the increased gamma ray emissions are well
described by annihilating dark matter that has a cusped halo profile (p x =7, with
v = 1.18 to 1.33) provided that the dark matter satisfies three basic conditions. The
conditions required of the dark matter are 1) that it have a mass between 7 — 10
GeV, 2) that it annihilate into 7-pairs most of the time, but into hadronic channels
15 — 40% of the time, and 3) that its total annihilation cross section yield a thermal
average within the range (ov) = 4.6 x 10727 ~ 5.3 x 107% cm?/s. It should be
noted that the results of Hooper and Goodenough are controversial, and the Fermi-
LAT collaboration itself has not yet published official results. In addition, other
background related explanations for the gamma ray excess have been proposed such
as the existence of a pulsar near the Galactic Center [63]. In this thesis we proceed
with the assumption that the analysis of Hooper and Goodenough is correct. The
astrophysical and particle physics implications of this finding are discussed in Refs.
[64, 65].

In this chapter we construct a dark matter model satisfying the above conditions
by adding a singlet to the supersymmetric leptophilic Higgs model (SLHM) [32]. In
the SLHM the up quarks, down quarks, and leptons, each receive mass from a
separate Higgs doublet. For our purposes, the salient characteristic of the SLHM is
that it endows the leptons with an enhanced coupling to one of the scalars. This
provides a natural mechanism for dark matter particles to annihilate predominantly
into 7-pairs. This model of dark matter is able to successfully account for the FGST
observations, yields the correct relic density, and evades relevant collider bounds

such as measurements of the Z width and direct production at LEP. The idea of
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a leptophilic Higgs has been studied as a possible explanation for the e* excess
observed by PAMELA and ATIC in Ref. [66]. However, this entails a 100 GeV - 1
TeV dark matter particle, while our model requires a light, O(10) GeV dark matter
particle. There also exist some other models that can explain the Galactic Center
gamma ray excess [67].

In addition to explaining the FGST observations, such a model of light dark
matter is also capable of describing observations by the CoGeNT [68] and DAMA
collaborations [69]. CoGeNT has recently reported direct detection signals that hint
at the presence of O(10) GeV dark matter compatible with the light dark matter
interpretation of DAMA’s annual event rate modulation. Ref. [70] showed that
dark matter with a mass between 7 — 8 GeV that has a spin independent cross
section approximately between os; = 1 x 1074 — 3 x 1074 cm? is consistent with
both CoGeNT and DAMA signals. Although the XENON [71] and CDMS [72]
collaborations challenge this report, Ref. [65] has pointed out that “zero-charge”
background events lie in the signal region. The authors suggest that the bound could
possibly be loosened if a modest uncertainty or systematic error is introduced in the
energy scale calibration near the energy threshold. Although our model is able to
explain the reported observations of the CoGeNT and DAMA collaborations, it is
not dependent upon their validity. By simply moving to another region of parameter
space our model can coexist with the absolute refutation of CoGeNT and DAMA
while continuing to explain the FGST results and avoiding collider bounds.

This chapter is organized as follows. In Section 4.2 we introduce the setup
of the model and calculate the mass matrices for the scalars and the neutralinos.
In Section 4.3 we describe the process by which the dark matter annihilates into
Standard model particles and calculate the relevant cross sections for a benchmark

point in parameter space. We also show that the resultant relic density is consistent
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with current cosmological measurements. In Section 4.4 we discuss possible direct
detection and in Section 4.5 we discuss relevant bounds for this model and show
that it is currently viable. Lastly, we conclude with Section 4.6 and summarize the

results of this chapter.

4.2 The Model

In this model the quark and lepton content is that of the MSSM. To this we add
four Higgs doublets, ﬁu, ﬁd, FIO, and H,, with weak hypercharge assignment +1/2,
~1/2, +1/2, and —1/2 respectively. The third Higgs doublet is necessary to achieve
a leptonic structure, while the fourth doublet is required for anomaly cancelation. In
order to avoid problems with the Z decay width, we introduce a singlet S that acts
as O(10) GeV dark matter. The idea of adding a light singlet to the MSSM to act as
dark matter was also considered in {73], while the use of a singlet for other purposes
such as solving the p problem was first developed in [74]. The superpotential is
given by
W= yuﬁ@flu - ydﬁ@ﬁd - ytﬁiﬁe + llqﬁuﬁd + Mzﬁoﬁe

S X (46)

+ koS HuHy + weSHoHe + XS + 5 205 + 3 KsS2,
where the hats denote superfields. In the superpotential we introduced a Z, symme-
try under which flo, ﬁ, and E are odd while all other fields are even. The symmetry
enforces a Yukawa structure in which f, gives mass to up-type quarks, ﬁd to down-
type quarks, and H, to leptons, while ﬁo does not couple to the quarks or leptons

and is called the inert doublet. It is introduced to ensure anomaly cancellation. The
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Z, symmetry is broken in V. so that we have: *

Viots = m2|Hy|* + m2| I3 |% + m3| Ho|* + m2|Hy)* + m?|S|?

+ (ufy,,Hd + 2 HoHe + 12 Hy Hy + 12 HoHy
(47)
¥ paSHoHy + S Holl + peSHyHy + 11aSHolly

+mZ HEHo + m2 HiHy + 138 + b3S + 0,83 + h.c.)_

The breaking of the Z, symmetry is discussed in greater detail in Appendix D.
The Higgs sector potential is given by V = Vp + Vg + V. Letting 0 denote the

Pauli matrices for a = 1, 2,3, the D-term is simply

2 2
Vo =" |Hlo"Hy + Hlo" Ha+ Hio"Ho + Hjo"H|
. . (48)
o+ T 1l = | Hl? + Hol? — (]

where g and ¢ are the SU(2) and U(1) gauge couplings respectively. The F-term

*In Ref. [32] the soft breaking terms m2yH} Ho + m2,H} Hy + h.c. were omitted.
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and Vo combine with the D-term to yield the following potential

V= (2 + m2) L + (12 + md) | Hal> + (pf + md) | Hol?> + (pf + m) | 1|
+ [(uf + 5 AD) HyHy + (13 + 5e)D2)HoHy + p2H Hy + i HoHy + h.c.]

2
+ kg I 014 + muou,[ + (mﬁon,tﬂo + I, + h.c.) + (m? + 23)|S)?

+ (B4 X30)S + (8 + 5 )3)S? +0,8% + he] + m Ml SP(S +57) + k215"
+ o (HuHa) S + s (HoHe)S + puo(HuHe)S + pa( HoHa) S + hoc ]

+ { Ve |eg (HuHa) + e (HoHe) | " + iy g (HuHa) + e (HoHo) | (87) +hc.}
+ {nquq(lHu|2 + |Hd|2) + ,mu,(|1f10|2 + IHe]"’) } (S+5%)

w2 (|Hl? + | Hal?) ISP + k3 (| Hol? + |Hel?) IS + V.

(49)

The singlet S acquires the vev (S) = v,/v/2 while the Higgs doublets acquire

the vevs:
(II)ZLKO\ (11)=L Yd
u \/§ Y b d \/§ 0 3
(o )
= ° ] =
0'—\/‘-‘2‘\1}0/7 ("“\/i 0

Letting v2, = v2+v2+v2+v? so that v2, = 4M2/(¢? +¢'?) ~ (246 GeV)?, we define
the mixing angles «, 3, and (3, by the relations tan 8 = v, /vy, tan 8y = vy/ve, and

tan® @ = (v2+v3)/(v3+v?). These definitions lead to the following parameterization
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of the Higgs vevs:

Uy = Uow SINQXSIN B, ¥y = VUgy SIN X COS 3,
(51)
Uy = VUow COS SIN By, Vg = Vew COS ¥ COS .

In order to avoid increasing the Z width or violating other known bounds, we
want the light dark matter to separate from the other neutralinos and be mostly
singlino §, the fermionic component of the singlet S. This is accomplished by taking
the parameters k, and «, to be small, which eliminates most of the mixing between
the singlino and the Higgsinos [see Eq. (55)]. It can then be easily arranged to have
the singlino be the lightest of the neutralinos. A possible mechanism for explaining
the small size of k, and £, is discussed in Appendix D. Small values of &, and &,
also leads to reduced mixing between the scalar singlet and the Higgs doublets as
can be seen from Eq. (49). A small amount of mixing is of course required since we
desire the lightest scalar, which is mostly singlet, to couple to 7-pairs in order for
the dark matter to annihilate to 77~ and other Standard Model particles. This
mixing is generated by the soft supersymmetry-breaking parameters p,, up, p., and
Hd-

It is sufficient for , and £, to be O(107%), which is what we use in our numerical
calculations (see Table 10 and 11). Though the scalar mass matrices are quite
complicated in general, they simplify considerably in the limit of vanishing , and x,.
The numerical calculations in the sections that follow have been determined using
the general matrices, but for compactuess we present only the simplified matrices
here. In the {h,, ha, ho, he, b} basis, the neutral scalar mass matrix is given by

M? w2

My = : (52)
T
m2' M2
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where the matrix M? is given by M? = Mg,y + AM} + AM? and the terms 7t?

and Mgg are given by

T - 2
= ;) (Kava + HeVe, pa¥u + pavo, sV + paVa, 5V0 + Hctu)

and

3(as + KsA2)v2 + 2(V26203 — £ — A2Ag) + he

V2u,

where M, = paUuVq + HpUoUe + UeUuVp + RaUoVq. The matrix M§LHM is the neutral

2 _
MSS_

scalar mass matrix from the ordinary SLHM, which can be found in [32], while the

matrices AM2 and AM2 are given by

0 —m2,% 0 m>
AM? = o “
mi 0 _mio%; 0
2 2 vg
k 0 my, 0 My /
and
22 (Htavd + pcve) —Usfla 0 —Uspte
AM2 - 1 —Usllq %:’ (I"a'vu + Il'd'UO) —UVslid 0
v2 0 —Ushtd 22 (ppve + pava) —Vshp
—VUslhc 0 —Usfip %: (I‘bvo + ﬂcvu)

The pseudoscalar mass matrix, in the {ay, a4, ao, a¢, @} basis, is similarly given by

M2 _7,7%2
M = N (53)

where M? = M2 ;0 + AM2 + AMZ. The matrix M2 ;) is the pseudoscalar mass
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matrix from the ordinary SLHM while AME is the matrix obtained from AM? by
changing the sign of every off-diagonal entry. Lastly, M; 2 is given by

Mg = [m — 2Ny — 268 — (9a, + K Ao)V? — 4V (B2 + ns,\g)vs].

1
V2,
The chargino mass matrix, on the other hand, is rather simple even with nonvan-
ishing x, and «,. Letting iLu, izd, ho, and h, denote the Higgsino gauge eigenstates,

the chargino mass matrix, in the {W*, hi b, w-, }];, 7;; } basis, is given by

( 0 0 0 M, gva gue \
0 0 0 guy g+ /5 Vs 0
M, = 0 0 0 gvo 0 j1e + s (54)
M, GV gvo 0 0 0
gUa g+ %US 0 0 0 0
\ gue 0 pe+ Z5v, 0 0 0 )

Like the chargino mass matrix, the neutralino mass matrix is simple. The neutralino

mass matrix, in the {B°, WO, o, by, ho, be, 5} basis, is given by

M, 0 290 ~19'v 29'v ~39've 0
0 M, —3 9V 3 9vd —39% 3 9ve 0
390 —%gva 0 He + % Vg 0 0 f\/—%— Vg
My=1 -3gva 3904 e+ %o, 0 0 0 Lo,
%g'vo —%gvg 0 0 0 m+%vs %vg
—-39v  gu 0 0 pe+ Sk v 0 v
\ 0 0 5_’2— vq % Uy % vy ;",—g vy A2 + V2k,0, /

(55)

When &, and &, are small, the singlino part of the above matrix separates from the
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Kq = 0.01 vs = 50 GeV e = 125 GeV
Ke = 0.01 v, = 2456GeV | A = (100 GeV)?
Ks = 0.6 vg = 4.9 GeV A = —35 GeV
tana = 20 vg = 12.2GeV M, = 500 GeV
tanf = 50 vy, = 12GeV M, = 500 GeV
tanf = 10 pe = 125GeV | m?2, = —(100 GeV)?
p = (400GeV)?: | u, = 100GeV | m3, = (100 GeV)?
pz = (200GeV)? | pyp = 200 GeV 3 = (60.6 GeV)?
p: = (200GeV)? | pe = 200GeV | B = (63.4 GeV)?
p2 = (400 GeV)? | g = 200 GeV a, = —42.4GeV

Table 10: Benchmark Point A

wino, bino, and higgsinos, and the singlino mass can be well approximated by

My, = Ag + V2K,0,. (56)

The O(10) GeV LSP can be arranged with some tuning of the parameters in order
to achieve a cancelation between Ay and the product x,v, in Eq. (56). Though the
smallness of k,; and k. is technically unnatural, we remind the reader that a possible
mechanism to make them small is discussed in Appendix D.

In the following sections, we calculate the relevant cross sections and quantities
of interest using benchmark points A and B, found in Tables 10 and 11 respec-
tively. While both of these benchmark points can explain the Galactic Central
region gamma ray excess, the spin independent direct detection cross section cor-
responding to benchmark point A lies within the region favored by CoGeNT and
DAMA. In contrast, we will show that benchmark point B satisfies CDMS bounds
that exclude CoGeNT and DAMA. Relevant quantities have been calculated for sev-
eral additional benchmark points as well, and their values are summarized in Table

15 of Appendix E.
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Kg = 0.01 vs = 50 GeV e = 125 GeV
ke = 001 v = 2456GeV| X = (100 GeV)?
Kg = 0.6 Vg = 4.9 GeV )\2 = —-35 GeV
tana = 20 vo = 122GeV | M, = 500 GeV
tanf = o0 v, = 1.2GeV M, = 500 GeV
tanf = 10 e = 125GeV | m?, = —(100 GeV)?
e = (400GeV)? | p, = 100GeV | mi, = (100 GeV)?
@2 = (200GeV)® | g = 200GeV | 8 = (55.0 GeV)?
p2 = (200 GeV)? | u. = 200 GeV B = (66.3 GeV)?
p2 = (400 GeV)? | ug = 200 GeV a, = —422GeV

Table 11: Benchmark Point B
4.3 Annihilation to Fermions

In this section, we will show that this model can achieve the conditions needed to
explain the gamma ray excess in the Galactic Center region. In order to calculate

the dark matter cross section, we need the interactions between Higgs and fermions:

Kg

LD— \/_ {h_.,b.s za3§75§]
fa_ [hugizd — 10y 57°hg + hadhy — @457 Ry + h.c.]
f . - - - (57)
— ~2——\/-——§— {hOEh,g — 1a957°he + heShg — 10,57 ho + h.c.]
Z Z L (hefif; —sas fi7° 1)
f={u.dt} j

where my; is the mass of the fermion f;, vy is the vev of f-type scalars, and j runs
over the fermion generations. In the limit x4,k — 0, the higgs-higgsino-singlino
interactions vanish.

We can expand (ov) in powers of the dark matter velocity squared v?:

(ov) =a+b? + .. .. (58)

Only the s-wave contribution to a is relevant in discussing the gamma ray excess
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Figure 8: The dominant diagram of dark matter annihilation into fermions. Here
a, is the lightest pseudoscalar.

coming from dark matter annihilation since the velocity of the dark matter in the
Galactic Center region is relatively low. An exception to this is within the sphere
of influence of the Milky Way supermassive black hole, but this region corresponds
to only a fraction of an arc second and is below FGST accuracy. As we see later,
ay is mostly singlet for benchmark points A and B. Therefore the s-wave contri-
bution to dark matter annihilation to fermions comes mostly from the s-channel
diagram involving an exchange of the lightest pseudoscalar a; given in Fig. 8. It is

approximately given by

- N x2 Ulzf m% mil m?
ar 2 2 CRVA R (59)
dr i (4mi —m2 m2

where N, is the number of fermion colors, Uy is the (1, f) element of the pseu-
doscalar diagonalizing matrix and m,, is the mass of the lightest pseudoscalar. The
s-wave contributions from heavier pseudoscalars are suppressed by larger masses
as well as smaller mixings with the singlet. Moreover, s-channel scalar exchange
diagrams are s-wave suppressed, i.e. a (x1x1 = h; = ff) =0.

For benchmark point A, the dark matter mass is m,, = 7.4 GeV. The physical

dark matter can be expressed in terms of gauge eigenstates as:

X1 = 0.0017 B° —0.0031 W° — 0.0141 h,, — 0.0046 h, — 0.0001 ko — 0.0008 f, +0.9999 5.
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We need a light pseudoscalar, O(10) GeV, to get a sizeable annihilation cross section.
This requires 1% tuning in the parameter space in addition to the tuning needed
to make the singlino the LSP. The lightest pseudoscalar in the benchmark point is

mostly singlet with a mixing with other types of pseudoscalar given by

a; = —0.000002 a,, — 0.002193 a4 — 0.001203 ap — 0.003679 a, + 0.999990 a,,

with its mass is m,, = 18.7 GeV.
Having the masses and mixing, we can calculate the total annihilation cross

section into fermion pairs which gives

(ov) = 4.0 x 1072 cm?®/s (60)

where the hadronic final states cross section is 23% of the total cross section and
7 pairs final state makes up the rest. For benchmark point B given in Table 11,
the mass of dark matter is m,, = 7.4 GeV and (ov) = 3.0 x 1072 cm?/s, with
the hadronic final states make up 23% of it. The annihillation cross sections given
above are within the range of suggested cross section for explaining the gamma ray
excess in the Galactic Center region given in Ref. [21].

In this model, dark matter annihilation into SM fermions given in Fig. 8 is also
responsible for giving the dark matter the correct thermal relic abundance. To show

this, we calculate the relic abundance which is given by [75]

Q,, h? = 2.82 x 10° Y, (m,,/GeV), (61)
where
Yo' =0.264 \/g. mpmy, {a/z;+3(b— La)/2}}. (62)
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In the equation above, mp is the Planck mass and g, is the number of relativistic
degrees of freedom at freeze-out. The freeze-out epoch z; is related to the freeze-out

temperature Ty by z5 = m,, /Ty, and z; is determined by [75]

2y = In [0.0764 mp(a + 6b/zs)c(2 + c)my, /\/G:25] - (63)

The value of ¢ is usually taken as ¢ = 1/2. Approximating g, to be a ladder function,
we get that, for both of our benchmark points, the freeze-out epoch is z; = 21 and
the relic abundance is

Wh? 0.1, (64)

which agrees with the cosmologically measured abundance [76]. Since the freeze-out
temperature happens to be around the QCD phase transition temperature, g, varies
significantly over the change of temperature [77] and the result (64) can change up
to O(1). However the relic density is in the correct ballpark, therefore we do not
expect that the correction will invalidate our result. An adjustment of parameters
can be done when taking into account of the variation of g, to get the correct density
and annihilation cross section.

The benchmark points A and B serve as examples to show that in principle this
model can explain the gamma ray excess in the Galactic Center region. However,
the excess could also be obtained by some other regions in the parameter space as
shown in the Appendix E. One could do a scan on the parameter space to find the
favored region of the model.

Note that in our relic density calculation, we have neglected possible chargino
and sfermion contributions coming from resonance and coannihilation effects. This
is because the charginos have masses O(100) GeV for all of our benchmark points,

and we assume that the sfermion masses are at least O(100) GeV, which is consistent
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with current LEP bounds.

4.4 Direct Detection

Having shown that this model can account for the gamma ray excess in the Galactic
Center region, we now discuss direct detection of dark matter of this model. In this
section, we will consider constraints from the search for spin independent, elastic
scattering of dark matter off target nuclei. The most relevant contribution for the
cross section is given by the t-channel scalar exchange diagram with the effective
Lagrangian:

L= X119 (65)

q

In our benchmark points, the only relevant contribution to dark matter detection

comes from the lightest scalar and a, can be approximated by

ILZUALY

g~ LeMalla 66
q \/ﬁvqm%l ( )

where my is the mass of quark ¢, v, is the scalar vev associated with quark flavor g,
Viq is the (1,q) element of the scalar diagonalizing matrix, and rn,, is the mass of
the lightest scalar. Given the partonic interaction between dark matter and quarks,

we can follow Ref. [78] to get the effective interaction with nucleons:

L:eff - fp )ZIXI ﬁp+ fn )EIXI 7_7'77'7 (67)

where f, and f, are related to o, through the relation [7§]

(p,n)
Son _ qu Qq 2 (o) Oy
Do e 2y o o

m m
R g=u,d,s q g=c,b,t q
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and (n|mygqin) = my ff,. Numerically, the fr; (P1) are given by (79]

JB. = 0.020 £ 0.004, f2, = 0.026 + 0.005, /2, = 0.118 + 0.062 )
69
f2. =0.014 % 0.0043, f3, = 0.036 % 0.008, f7, = 0.118 + 0.062,

while f;’;’") is defined by
1o Y e (70

g=u,ds
We can approximate [, =~ f, since fr, is larger than other fr,’s and fr,. For the
purpose of comparing the predicted cross section with existing bounds, we evaluate
the cross section for scattering off a single nucleon. The result can be approximated

as
am2 2

os1 = (71)

where m, is nucleon-dark matter reduced mass 1/m, = 1/m, +1/m,,.

We are now ready to show that benchmark point A can explain signals reported
by CoGeNT [68] and DAMA [69]. For this benchmark point, the lightest scalar
mass is my, = 11.3 GeV. This lightest scalar is mostly singlet and its mixing with

other scalars is given by

hy = 0.089 h, + 0.004 Ay + 0.010 hg + 0.004 b, + 0.996 h,.

As in the case of pseudoscalar, contributions from higher mass scalars are suppressed
by their masses and their mixings with the singlet. The spin independent cross

section for the benchmark point now can be calculated and is given by

osr = 1.7 x 107% cm?, (72)
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which is inside the CoGeNT and DAMA favored region [70].
Similarly, we can show that benchmark point B given in Table 11 has the
lightest scalar mass my, = 41.5 GeV and spin independent cross section og; =

1.2 x 107%2 ecm®. This cross section is two orders of magnitude lower than the

present CDMS and XENON bound [71, 72].

4.5 Bounds on The Model

In this section we discuss various collider bounds that apply to the model. We will
spend most of the discussions in this section for the benchmark point A given in
Table 10. The bounds for benchmark point B as well as the summary of the bounds
for benchmark point A are given in Table 12.

In this model, the decays Z — y1x1 and Z — hja; are allowed kinematically.
The Z decay width has been measured precisely and is given by I' = 2.4952 £0.0023
GeV [80]. Corrections to the decay width can be used as a bound on the mixing
between the singlet and the Higgs sector. The partial decay width of Z — x;x; is

given by
Gpb6? 4m? \ 2
r = —X 3 (1 - X‘) , 73
Z-xixa 48\/571’ zZ m2Z ( )

where G is the Fermi constant, mz is Z mass, and 0, is given by

Oy = (Wul> = [Wa]* + Wa|* — [Wal*. (74)

In the equation above, Wy, is the (f,1) element of the neutralino diagonalizing

matrix. The decay width of Z — h;a; is given by

_ GplOral? 4

FZ-’)hlal - 3\/57{ P, (75)
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Benchmark point A B
my, (GeV) 74 7.4
m+ (GeV) 118 118
ma, (GeV) 11.3 415
m,, (GeV) 18.7 19.3

Lz (GeV) 14x107° | 1.4x107°

Tz shya, (GeV) 1.1 x 1071 | 4.9 x 10712

k 80x107% | 1.3x107?
Smode[(€+6_ -3 hlal) 1x10°10 1x 10710
Smodel(CJrev — hzal) 1x10°12 2 x 10712
Octe-—xixz (PD) 1x107° 1x1078

Table 12: Mass spectrum and bounds for benchmark points A and B. The variable k
is given by k = o,z/03Y and Spmoger = Ohia;/Oref, Where ap,,; is the h;a; production
cross section and o,¢s is the reference cross section defined in Ref. [82].

where
Oha = UuiVer — UnVar + U Vor — Un Vi, (76)
and
1
P = o [ — (may +ma)?) (mh — (o —ma )] (7D
mz
For the benchmark point, the partial decay widths in both cases are given by
Iz = 1.4 %107 GeV, (78)

Tz ha = 1.1 x 1071 GeV,

which is well within the measurement error.

Another bound on the model comes from scalar and pseudoscalar direct pro-
duction at LEP. At LEP a light scalar can be produced by Higgsstrahlung process
ete™ = Z — Zhy. Ref. [81] gives a bound on the coupling strength of Z pairs to
scalars regardless of the scalar’s decay mode. The bound is given in terms of the
quantity

k(mp) = —537- (79)



In our model, k(m,) is given by

1
k(my,) = R |vuVai + vaVai + voVoi + 1oVl (80)

ew

and its value for the lightest scalar at our benchmark point is

k(mp,) = 8.0 x 1073, (81)
The bound on k(my,) for the benchmark point h; mass is given by

k(11.3 GeV) < 0.09. (82)

Therefore k(my,) does not exceed the bound from Higgsstrahlung process in our
benchmark point. The pseudoscalar can also be produced at LEP by the process
ete™ — Z — ha. In the benchmark point, both ha; and hea, production are kine-
matically allowed. LEP bounds on scalar and pseudoscalar production for various
final states are given in Ref. [82]. The bound is given in term of Sg5 = Oz [Oref
where 0,4, is the largest cross section compatible with data and o,y is the standard
model hZ production cross section multiplied by a kinematic scaling factor. Defin-
Ing Smodel = Oha, /Cres, where Oh.q; 18 the model’s h;a; production cross section, the
bound on the model is given by Sy,e4et < Sos. For our benchmark point, Sp.oge is

given by

Smoder(€te” = hyay) =1 x 10717,
(83)
Smoder(€T €™ = hyar) =1 x 10712,

which is lower than the bound, Sgs ~ ©(1072), in both cases.

We note that the lightest chargino mass is 118 GeV for the benchmark point,
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which exceeds the PDG bound of 94 GeV [80]. In the case of a long lived chargino
however, the bound can be made much stronger and is currently at 171 GeV. We
have calculated the lifetime of the chargino in our model assuming a stau mass of 110
GeV and have found that it is short lived, thus this latter bound is not of concern.
We should point out however, that our analysis has been done at tree level. Loop
corrections could change these results but are beyond the scope of this thesis.
Finally, we need to calculate the bound on neutralino productions. Ref. [83]
discusses the bound on production of the lightest and second to lightest neutralinos
at LEP, e*e™ — x1x2, where Y, decays into x,ff. Assuming that the selectron is
much heavier than the Z, the main contribution comes from s-channel Z exchange.

For our benchmark point, we calculate the cross section to be

Oete-—xxs = 1 X 107° pb, (84)

while the bound is ((0.1) pb. A summary of all these bounds is given in Table 12.

The light particles are mostly singlet and have very little mixing with the Higgs
sector. This make the particles unlikely to be produced at near future experiments.
However the heavier sector has a richer phenomenology. For example, heavier scalars
are mostly h,, hg, ho, and h, therefore they have a better chance of being detected

in future colliders [32].

4.6 Conclusion

In this chapter, we have presented a supersymmetric model of 7 — 10 GeV dark
matter, which is capable of describing the FGST observations. In a recent analysis
of FGST data, Hooper and Goodenough found an excess in gamma ray emission

from within 1.25° of the Galactic Center. They showed that this can be explained
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by annihilating dark matter if the dark matter has a mass between 7 — 10 GeV,
annihilates into 7-pairs most of the time, but into hadronic channels the other
15— 40% of the time, and {ov) falls within the range 4.6 x 107%" — 5.3 x 10726 cm?/s
[21]. Our model achieves these requirements by minimally extending the SLHM
to include a scalar singlet whose superpartner is the dark matter particle. Due to
the Yukawa structure of the SLHM the scalar particles mediating the dark matter
annihilation have an enhanced coupling to leptons. This provides a natural means
for satisfying the second requirement put forward by Hooper and Goodenough.
We have shown that this model produces the correct dark matter thermal relic
density and is consistent with current collider bounds. In addition, we have shown
that this model is consistent with the direct detection signals reported by both
CoGeNT and DAMA for certain regions of parameter space, while for other regions
of parameter space, the model yields a spin independent cross section far below the
present CDMS bound, but maintains the right relic density and continues to explain
the FGST observations. Thus our model is fully able to accommodate the results
reported by CoGeNT and DAMA in the case of their vindication, but it is in no

way contingent upon their validity.
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APPENDICES



A The PMNS Mixing Matrix Parameters

The decay rate of x* — £/v; (as well as the rate for supersymmetric versions) is
proportional to the square of the ij-element of the neutrino mass matrix in the flavor

eigenstate basis. It, in turn, is related to the physical neutrino masses through the

D

PMNS matrix U;; by m,’,)ij = Ulm,,, Uij, where my,  is the diagonalized neutrino

mass matrix. This gives

2
Tix" = 6v)xm? = (UsmP UL . Al
1 ] Vi j

Vil

The diagonalizing matrix and diagonalized mass matrix are given by (in the limit

where 6,3 = 0)

cos(6,2) sin(612) 0
Uij =1 —sin(612)cos(fy3) cos(fy) cos(fys)  sin(fhs) (A.2)
sin(fy2) sin(fz3)  — cos(f13) sin(fa3) cos(ba3)
and
m,, 0 0
mh=| 0 m, 0o | (A.3)
0 0 my,

Although there is a range of allowed values for 6,5, 6,3, and 6,3, we will choose
them to be given by 34°, 0°, and 45°, respectively. We will also assume that
the lightest neutrino has negligible mass (thus not considering the fully degenerate
case). The reason for these assumption is that, in determining branching ratios, we
are already choosing a specific point in mSUGRA parameter space, and thus our
quantitative results should not be taken too precisely. Choosing the central values

of the neutrino parameters keeps the presentation simple. With these assumptions,
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the diagonalizing matrix becomes

83 5 0
Uji~=| -4 59 71 |- (A.4)
4 —-59 71

For the normal hierarchy we have m,, ~ m,, < m,, = M, while for the inverted
hierarchy we have m,, < m,, ®* m,, = M.
We therefore find
M2|UssU|? Normal Hierarchy

M(x* = €Hy)) « mfj = (A.5)
M2|Uy U}, + UpUs,|*  Inverted Hierarchy

The branching ratio BR(x* — £}v;) = I'(x™ — £v;)/T(x* — any £*v) is given

by mfj /3" mi;, which is easily evaluated as

0 0 0
BR(x" =2 &iv;)=1] 0 25% 25% for the normal hierarchy, (A.6)

0 25% 25%
50% 0 0
BR(x" = & y;) = 0 125% 125% for the inverted hierarchy. (A.7)

0 125% 12.5%

In the case of final state neutrinos, one sums over all flavors since they are not
detected. All of the above holds for the analogous decays involving SUSY partners:
xt— ETLV]A and also will give us the flavor structure when, for example, a vg of

flavor j decays into a x** and a lepton £
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B Gauge Boson Masses in The SLHM

To calculate gauge boson masses we look at the kinetic terms of the Higgs doublets.
The process is exactly as in Standard Model; the only difference is that there are
four kinetic terms instead of only one. We follow the procedure of Reference [84]

The kinetic term for each doublet H; is given by

91 sa a ) t g .
(D) D#H = (0 — S A% H, — ignYiBuHy) (0 H, — i A0 H, — ig,Y;B*H,)
= (0t} +iZ AL H] 0% + igaYiB, HY ) (9 H; — 2 AP H, ~ i Y.B“H; )
= uily 5 Putli g2Y; D, 11, i 9 i 927 i
= 8, H! 0" H; + {i% ALH |00 H + igyY: B, H]0*H, + h.c. |

+ 8} (L 420° + 0:¥iB,) (L A%0" + @Y. B*) Hi.

Mass terms are quadratic in both the gauge boson fields and the Higgs vev. Con-
sequently, mass terms can only come from the last line above. We will denote
that portion of the lagrangian by AL. Using the identity {0®,a%} = 204, we have
AﬁAb"a“(rb = AZAb", which allows us to simplify this portion
1 9% 2
AL =11 (ZA;AW + qgpYiA B 0" + gQYfB,,B") H;
it (Tt B2 gy g g g0y Aot 4 V2B BY) HL
— 14y 4" 4 4 m Q1927 m 4 +g2 i Pu -

(B.1)

To find the masses we set the Higgs doublets equal to their vacuum expectation

values, which are as follows

oy — 1 (0\ oy — 1 Vg
<u>_%\vu/7<d>—_ﬁ 0 )
(o)
1 0 1 L
e )T
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Using the fact that (H;)'Y; A% (H;) = —(H;)T A3|Y}|(H), which can be easily seen
by a direct calculation, we may rewrite the last three terms in the parenthesis as a

square. The result is

2 2
AL = (Hy)! (%(ALA‘“ + ALA%) + (242 - alYilB,) ) (H:)

2
g 1
= (H,)! (—21 WIW ™+ (g + g%)zgzﬂﬂ) (H:) (B2)

910 \? Y

Here we have used the fact that |Y;| = 1/2 for all four Higgs doublets. The expres-

sions for W*, Z° and A, (the photon) are consequently given by

Wi = (AL T i), (B.3)
and
Zﬁ _ cosby —sinfy A | (BA)
A, sinfy  cos by B,
where
cos By = 5 and sinfy = 92

Vol + Va+g
The two terms in the last line of Equation B.2 are mass terms for the W* and Z°

contributed by the Higgs doublet H;. Each of the four Higgs doublets contributes

a pair of terms in this way. The W* and Z° masses are simple the sum of these
terms.

Hence we have

ol ]

M = %— (vﬁ + 03+ vE + vf) and MZ = (gf + 93) (vﬁ + i+ 2+ vf) (B.5)

-
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Additionally, we may use Equations B.3 and B.4 to write the covariant derivative
in terms of the physical gauge bosons. For notational convenience we first define
T* = (T' £4T?) and Q = T® + Y, where the T are the generators of SU(2)
for an arbitrary representation. Up until now, when we were working specifically
with a complex 2-dimensional representation of SU(2), the Higgs doublets, we had
T = 0*/2. Now however, we leave the generators to be for a general representation
D, =0y — g A T® — ig:Y B,
(B.6)
= 8, — igi (AT + AZT?) — igy AST® ~ igyY B,

We may use equation B.4 to substitute A3 = cosfwZ, + sinfwA, and B, =

—sinfw Z,, + cos By A, into equation B.6. Doing this and noting that

(aumr + A272) = S (AL —i42) (T +472) + %(A; +iA2) (T - iT?)

B |

(wirt+woTo),

Sl -

Equation B.6 becomes

/]! R~ 191 . :
D, =0, - E(W:TJF +W, T ) - = 6?WZ';(T:‘ —sin’ Oy Q) — ieQA,. (B.7)
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C Derivation of ¢? in The SLHM

In order to calculate the g,., coupling we look at the kinetic terms for the Higgs

doublets. The kinetic term for the doublet H; takes the form

¥
(D H,) D*H; = ((Stuff)“Hi + BZ,‘}H,—) ((Stuff)“Hi + BZ""H,-) o
= (Other Stuff) + H}|B|*Z3Z°*H;.

Since we are only interested in terms quadratic in Z° we need only look at the last

term above. We may write the four Higgs doublets in terms of their real degrees of

freedom as
Hu=<Hu>+% 1 + i ’ Hdz(Hd)+% &5 + i ’
2 O3 + iy } 2 b7 + igg
\ (C.2)
Hy = (Ho)+% oo + 110 CH,— <H£>+% h13 + i1y
o1 + 1hr2 ) 2 o15 + 116

Each of the four neutral scalars can be written as a linear combination of the four
fields ¢s3, ¢s5, $11, and ¢3. For each Higgs doublet, we are only interested in its real
degree of freedom that is a part of the lightest neutral scalar h®. For each of these
fields @ = 0 since the field will reside in the component of the Higgs doublet for
which T% = —Y. Since |T3|? = 1/4 for all four doublets, Equation B.7 tells us that
|BI2 = g?/4 cos? Oy,. Setting ¢; = 0 for all i except i = 3,5,11,13 the last term in
Equation C.1 becomes
H}|BPPZ82% H, = (—g% ) 222% (v, + i)
t dcos?fy ) H 0 2
= (Stuff) + <——212—1—)1——-> ZgZO"qﬁh(i).

4 cos? Ow
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We do not care about the “stuff” since we only need the coupling between two Z°-
bosons and one scalar Higgs. The notation ¢ is intended to mean the nonzero
field inside the Higgs doublet H;, e.g. for H; we would have ¢y4) = ¢5. Each of the

four Higgs doublets contributes a relevant term so that we obtain
4 g 2
Z 1
H:]B|2Z220“Hz = (—————-——-——-2 P ) ZSZOH (Uu¢3 + ’Ud¢5 + ’U0¢11 + ’Ugd)lg)
i=1 cos ow

+ (Irrelevant Stuff).

The above term, which we will denote by A£, contains the couplings between Z°Z°
pairs and each of the four neutral scalars, but it is currently expressed in terms of the
gauge eigenstate components ¢;. We need to reexpress it in terms of the physical
mass eigenstates (of which h° is one) in order to extract any coupling constants.
Let us arrange the four neutral scalar gauge eigenstate components into the vector

® = (¢3,¢5, 611, ¢13)T and let M be the neutral scalar mass matrix with U its

unitary diagonalizing matrix, i.e.
U'MU = Myiag.
If we let ® = U'® then we have

ot M = dtUUTMUUT®
= (U (UTMU) (U D)

= &' Mg @'

In other words, ®'M® = Y m?|®,[?, which indicates that @ is the vector of
neutral scalar mass cigenstates & = (h%, 1%, 9, IINT. These are the physical states

in terms of which we wish to express AL. Using ®; = U;;®}, this can now be easily

90



accomplished

2
AL = (-——@-—-) Z)Z% (vyd3 + vags + vodu1 + ved3)

2 cos Bw

(C.3)

2
S
- (QCOS 9w) Zp 2% (0,Uy; ® + vals; @) + voUs; ®; + veUs; )

This gives the coupling of each of the four physical neutral scalars h®,n°, HY, H) to
Z°-pairs. If we now define v* = v2 +v2 + v + v2,tan 3 = v, /v4, tan B = vy/v¢, and

tan? a = (v2 + v2)/(vZ + v}) then we have

v, = wvsinasinfB, wvg=vsinwcosP, vy=wvcosasinf,, v, = vCoSacos/pf;.

(C.4)
We are only interested in extracting the Z°Z°h° coupling from equation C.3. Using

the above relations we find

2 cos Ow
_ ( gMz

2
Gazzh = (—-—2-1——) (vuUn1 + vaU21 + voUsy + veUusr)

(Uu sin aesin 8 + Us; sin accos B + Usy cos arsin By + Ugy cos axcos Bg),
2 cos Ow

The factor out front is simply the Standard Model value for the g,., coupling, thus

we find that the ratio £ = (g,.4/95% )2 is given by
2
€2 = |Up sinasin B + Uy sinacos B+ Usy cosasin B + Uy cosacos B | . (C.5)

Note that the second subscript for each Uj; is always 1 because h° is the first com-
ponent of ®. This follows from the way we have implicitly defined U. It is the
diagonalizing matrix of M, and so its columns are the orthonormalized eigenvectors
of M. We have specifically chosen to order the eigenvectors of M as columns in

U so that Ut® = & = (A% 7% H? HY)T. If we had chosen some other order, it
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would corresponding to a permutation of the columns of U and the second subscript,
on each U;; in Equation C.3 would change accordingly. What is important how-
ever, is to remember that it is the subscript that corresponds to the component h°,
which is defined as the lightest neutral scalar (i.e. the eigenstate with the smallest

eigenvalue).
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D Breaking Terms

Field | Zs, | Z3 | Field | Z3, | Zs
H u w 1 X 01 1 1
ﬁd w 1 X 02 w? w?
170 1 w X ql w 1
131 ) 1 w )?qg w? 1
E 1 w? X 1 1 w
Q w? 1 2 2 1 w2

Table 13: Transformation rule for the Zs, x Z3, symmetry. Each field transforms as
¢ — X ¢, where X is the corresponding factor shown in the table. For each case,
w* = 1. Other ficlds not shown in the table arc neutral under Zs, x Zs,

In this appendix, we discuss a possible source of the terms in V. that break
the Z, symmetry of the superpotential. Generally, one can imagine such breaking
terms arising from the F-term of some hidden sector superfield receiving a vacuum
expectation value. To be more specific, we consider a possible scenario that results
in such breaking terms and also explains the smallness of x, and x,. In this scenario
there is a hidden scctor, which contains the six fields )?01, 202, )?ql, )?qz, X a1 and

X ¢2. The F-terms of the fields receive vevs

(Fx,) ~ O(10"GeV)?, (D.1)
so that
<FX¢'>
MSUSY A*’[p (D2)

is at the TeV scale. The index i denotes 01, 02, g1, g2, €1, and €2. A Z3, x Zs3,
symmetry is imposed, under which the ficlds transform according to Table 13. The
hidden sector fields X; couple to visible sector fields in a high energy, fundamental

theory, and are Planck suppressed in the low energy effective theory. Consequen-
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tially, the lagrangian contains terms such as
’
AL = S /d49X01X02H Hy+ — /d20X()QSH H;+h.c., (D.3)

where d?0 = d(#9) and d*0 = d(66)d(6f) represent integration over Grassmann
variables and f’ and m’ are coupling constants. When the F-terms of )?01 and )?02

receive vevs, the terms in Eq. (D.3) give rise to

AL = ——f {Fou) {Foa) / d46(39)(060) 71, 1T, + ']ff‘”) / d*6(69)SH,H, + h.c.
P

_ f'(Fm)(Foz) HoH,+ m'(Fop)

u H,H, + h.c. D4
M,Q, My S ¢+ hec ( )

— ﬂgHuHe + pSH Hy + hee..

Similarly, the breaking parameters j:> and iy arise from the Planck suppressed

terms

! !
ac=2, / a0R Kool + / 20X Sofl; + b
P
' Fy ) (F
- Q< 01)2< 02) HOHd n< 02) SH. Hd+hC (D5)
M2 Mp

— piHoHy + pgSHoH, + hec.,

while the parameters m2, and m2, arise from

hl PN ! ~a o~ s~
AL = W / dOX X 111y + —A’ﬁ / d*0X X H ], + hec.
P

_, W(Fo)(Fur) HiH, 4+ V(Fo2) (Far)

W2 1 A HlH, +hec. (D.6)

— m2 H Hy + m2%,H H, + hec..

In this way, all of the Z, breaking terms are generated. At this point it should be

noted that the Zs, x Z3, symmetry actually prohibits the terms uqf{uf{d, ﬂgﬁoﬁg,

94



Mipfd“anEHqu fdzolllqﬁuﬁd

Mipfd“g}?(;ﬁoﬁl fdQG/Leﬁoﬁg
i [d9X S [ d?62,5>

i [ d (XJ1 R+ R Xo + X X+ X1 X0) AHy | p2HLH,
e fd40 (Xan + XA R+ XX o+ X Xee) Hofle | 13HoH,
iy J 40 (X Xoo + X} Ko + R\ R ) B, 12H, H,

i [ d6 (meoz + X1 Xe + X)X, ) Ao H, 2 HoHy

o [ '8 (x(,;xe1 + X} Koy + XX+ X X ) HHy | m2oHIH,
air [ @40 (XX + X Koo + XKoo + X} Rt ) B}, | w3 HYH,

\./\_/
)

nl;z:fd‘(’Z,-Xi XinHf m}le|2

= [ 20X, 5H,Hy paSH,Hy

ﬁ;fa,ﬂﬁ)?n?ﬁoﬁg /l,bSH()Hg

7\7}; fd201?02§ﬁuﬁe ;I.CSHuHe

MLpfdzO)?(ngﬁoﬁd HdSH()Hd
& [ HOY, KRB RS2
L [R5 0,

Table 14: Half of the complete list of superpotential and V.. terms generated by
the X; in this example. The other half simply consists of the hermitian conjugates
of the terms shown in this table. Please note that we have suppressed the constant
coefficient in front of each of the couplings listed on the left side of the table. They
provide no meaningful information for our purposes and severely clutter the table.
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K,qg f{uf{d, and K[g f{()]:]g from appearing in the superpotential [see Eq. (46)]. As far
as the p, and j1, terms are concerned, this is not a problem since they are generated

by the vevs of the )?,,2 and X ¢2 flelds in the same manner:

a St n v St f
AL = i / dOXLH Hy + W / d*0 X} HoH,
"E ———~ ~ Y(F S s e
_, WiFp) / d*0d*0 (00)H, H, + Fea) / d’0d*6(06) HyH,
Mp Mp (D.7)
@(Fo2) [ 2p53 7 U(Fﬂ>/ 200, H |
= —MP_ d OHqu + MP d HHoHe

= g / d*0H, Hy + pe / d*9HyH,.

In this UV completion scenario, the terms corresponding to k4, k¢, A; and ¢ are not
generated in this way. Because of the Z3, x Z3, symmetry, they are entirely absent
at tree level. Benchmark points II and V in Table 15 satisfy k, = ke = Ay =1 =0
and yield results consistent with our goals. Since we are not committing to this
particular UV completion scheme, we consider several other benchmark points that
include nonzero values for these parameters. A list of the soft breaking terms relevant

to this thesis, which are generated by the fields X, is given in Table 14.
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E List of Benchmark Points

In this appendix, we show several benchmark points given in Table 15. Benchmarks
point I-III lie in the suggested CoGeNT and DAMA range, while benchmarks point
IV-VI satisfy CDMS bound. Benchmark point I is identical with benchmark point
A discussed in the text. Benchmark point IV is identical with benchmark point B.

Benchmark points II and V are motivated by mechanism described in Appendix D.

Table 15: Additional benchmark points

Benchmark point I 11 11 v \Y% V1
Kq 0.01 0 0.01 | 0.01 0 0.01
Ky 0.01 0 0.01 | 0.01 0 0.01
Ke 0.6 0.6 0.5 0.6 0.6 0.5
tan o 20 15 30 20 30 25
tan 3 50 30 30 50 25 25
tan G, 10 10 5 10 5 5
vy (GeV) 50 50 100 50 50 100
v, (GeV) 245.6 | 245.3 | 245.7 | 245.6 | 245.7 | 245.6
vg (GeV) 4.9 8.2 8.2 4.9 9.8 9.8
vy (GeV) 122 | 162 | 80 | 122 | 80 9.6
ve (GeV) 1.2 1.6 1.6 1.2 1.6 1.9
tq (GeV) 125 125 | 200 125 125 150
pe (GeV) 125 125 150 | 125 150 150
A (GeV?) 100? 0 150% | 1002 0 502
Ay (GeV) -35 | -35 | —-63 | —-35 | —35 | —63
M; (GeV) 500 | 500 | 250 | 500 | 250 | 200
M, (GeV) 500 | 500 | 500 | 500 | 500 | 400
m2, (GeV?) —100% | —150% | —150% | —100? | —150% | —150?
m3, (GeV?) 1002 | 200% | 100% | 1002 | 200® | 1007
p? (GeV?) 400% | 3002 | 3007 | 400% | 400% | 3502
12 (GeV?) 2002 | 3002 | 250% | 200 | 2002 | 3002
42 (GeV?) 2002 | 200% | 250% | 200% | 250° | 200°
12 (GeV?) 400% | 200% | 2007 | 400° | 400% | 100?
pa (GeV) 100 75 75 100 100 80
s (GeV) 200 | 150 | 300 | 200 | 250 | 400
pe (GeV) 200 | 200 | 400 | 200 | 300 | 200
pa (GeV) 200 100 100 | 200 | 250 100
Continued on the next page
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Table 15: continued

Benchmark point I 11 III
13 (GeV®) 60.6° 0 83.9°
b2 (GeV?) 63.42 43.6 98.2?
as (GeV) —42.4 —-21.7 ~50.2
my, (GeV) 74 74 7.7
m.z (GeV) 118 117 151
mn, (GeV) 11.3 19.2 12.8
Ma, (GeV) 18.7 16.1 18.8
(ov) (=) 40 x107% | 3.4 %1072 | 46 x 10726
e (xuxgshadrons)) 23% 38% 32%
osr( cm?) 1.7 x 1074 | 1.2x107%0 | 1.5 x 10740
Tz sy (GeV) 1.4 x 1079 0 2.1 x 10710
T2 sha (GeV) | 11x10711}1.2x10710 | 1.4 x 10710
k 80x107% | 35x1072 | 2.2 x 1072
Smodet(€T€™ = hay) | 1x 10710 2 x 107 2x107°
Smodel(€+e— - hgal) 1x10712 5 x 1071 3 x 1071
Oete-—sx1xs (PD) 1x107° 0 5x107°
Benchmark point v A\ VI
3 (GeV?) 55.0% 0 -87.9°
b? (GeV?) 66.32 47.12 99.02
a, (GeV) 422 —20.0 ~50.2
my, (GeV) 7.4 74 7.7
m. s (GeV) 118 117 137
ma, (GeV) 41.5 41.4 23.1
Ma, (GeV) 19.3 19.2 11.7
(ov) (2 30x107% | 3.1 x 1072 | 4.1 x 10726
(on g rsadlrons)) 23% 24% 30%
as;( cm?) 12x107% [ 6.1 x1074 | 1.5 x 10~4
T2 (GeV) 1.4 x 1079 0 6.3 x 10710
Tz oha (GeV) | 49x10712 |42 x 1071 | 1.2 x 10-1
k 1.3 x 1072 0.12 2.8 x 1072
Smodet(ete™ = hyay) | 1 x 10710 1x10° 2 x 1077
Smodel(€+€_ — hgal) 2x 10712 1x10°10 4 x 10711
Tete-sxixe (PD) 1x10°° 0 4x107°®
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