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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 
supersyrnrnetry. We then present a supersyrnrnetric 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 supersyrnrnetric 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 corning from the Galactic Center. 
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SUPERSYMMETRIC LEPTOPHILIC MODELS OF 

ELECTROWEAK SYMMETRY BREAKING 



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 
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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)L x U(l) 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 ficldH 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 U(l) symmetry. In this case, a spin 1/2 

field, 'lj;, transforms as 'lj; -+ ei0 '1j;. 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 81l'lj; -+ ei"81l'ljJ + iei"'ljJ81la. The 

extra term spoiling the equivalence arises because of the discrepancy in how the 

field transformH at infiniteHimal HeparationH. The introduction of a U(l) gauge field, 

All, eliminates this discrepancy by transforming in a way that exactly compensates: 

All -+ All - ~81la. When coupled to the matter field, 'lj;, the net result is that the 
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combination 81''¢ + igAp.'f/J does transform in the same way as the field, '¢, itself 

ap.'l/J + igAp.'l/J ~ ciaap.'f/; + ici0 'l/Jap.a + ig (AI'- ~al'a) cia'fj; 

= ei0 8p.'f/J + iei0 'f/;8p.o. + igeio Ap.'f/;- iei0 '¢8~-'o. (1) 

The result is that ordinary derivatives must be exchanged for new operators called 

covariant derivatives defined by 8~-' ~ V~' = a~'+ igAw 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 Fp.v = 81,Av- BvAp., since it is invariant under a gauge transformation 

(2) 

The kinetic term is therefore proportional to Fp.vF~'v. An important fact is that a 

mass term MAAI'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 lea.'>t one Higgs field ha.'> an enhanced coupling to leptons. 
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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 8U(2) x U(1) --+ U(1), the potential is minimized 

when the fields receive the following vevs 

(3) 

In general, the vev of the second doublet can have a CP violating phase v2 --+ v2ei8 . 

In supersymmetric models, however, this phase can be eliminated by a redefinition 

of one of the fields. In the gauge eigenstate basis, the Higgs fields can be expressed 

(4) 

where the ~i are complex and the ¢Ji, 'r/i are real. The eight real degrees of freedom 
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give rise to two neutral scalars, a pseudoscalar, one charged pair, a charged goldstone 

boson, and a neutral goldstone boson. By defining the parameter tan ,B = v2/v1 we 

can express the goldstone bosuns as 

c± = <I>t cos ,B + <I>i sin ;3, 

G0 = ry1 cos ;3 + 'f/2 sin ;3. 
(5) 

The physical charged scalar and pseudoscalar are orthogonal to the goldstone bosuns, 

we therefore have 

H± = -<I>r sin ,B + <I>i cos ,B, 

A0 = -TJ1 sin ,B + T/2 cos ,B. 
(6) 

The goldstone bosuns 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 

h0 = r/Jt sin a - c/J2 cos a 

ll0 = -¢1 cos n - c/J2 sin n. 
(7) 

The mixing angle is given by tan2a = 2Cj(A- B), where A, B, and Care the 1-1, 

2-2, awl off-diagonal entries of the neutral scalar IIHl..'-lS matrix. While the paramekr 

tan ,B depends on the relative sizes of v1 and v2 , the magnitude of their square sum 

is related to the Z mass by M~ = v; (9i + 9~), where v2 = vi + v~. Here 91 and 92 

are the SU(2)L 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 (FCXCs). 
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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 II, in which one doublet 

couples to the Q = 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 Z2 

symmetry. 

Another possible approach, Model III, has no such discrete symmetry but has 

tree-level FCNCs [16]. With the ansat?: that the flavor-changing couplings scale a.-; 

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 ca.'le if the fermion ma.-;s hierarchy 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 2HDMs 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 H1 , does not couple 

to any quarks, while the other Higgs doublet, denoted H 2 , couples to both the up­

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

Model I Model II Leptophilic Flipped 

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, H11 while the up-type quarks couple to the second 

doublet H2 • 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 Q = 2/3 quarks and the other coupling to the Q = -1/3 

quarks and leptons. As mentioned previously, these are called Model I and Model 

II respectively. The Yukawa structure of Model I can be enforced by a simple Z2 

t~ymmetry under which the firt~t Higgs doublet transforms as H1 ---+ - H1 • To enforce 

the structure of Model II, simply choose H1---+ -H1, dk---+ -dk, and ek---+ -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, H1 , while the up-type and down-type quarks couple to the second doublet 

H2. In the Flipped Model, the down-type quarks couple to one doublet, H1 , while 

the leptons and up-type quarks couple to the second doublet H2 . Note that the 

convention is such that the Tl2 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 
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Model >,.h 
u >..~ >..: >,.11 

u >..:f >..1 )..A 
u >..: >..t 

I r:a/s/3 r:a/s/3 r:a/ Sf3 sa/ Sf3 sa/s/3 sa/s{3 cot fJ -cot fJ -cot fJ 
II ca/ Sf3 -sa/c{3 -sa/Cf3 sa/ Sf3 Ca/Cf3 ca/cf3 cot f3 tanf3 tanf3 
L Ca/ SfJ Ca/ SfJ -sa/ Cf1 sa/ Sf1 sa/s{1 Ca/ Cf1 cot f3 -cot f3 tanf3 
F Ca./ SfJ -sa./ cf3 Ca./ SfJ Sa./ SfJ Ca./ CfJ sa./sfJ cot fJ tanf3 cot f3 

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 

(8) 

quarks, down-type quarks, and leptons, but an additional sum over generations is 

understood. The factor Kd is the u-d component of the CKM matrix, and the 

couplings >..1 for i = u, d, f 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 
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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 Poincare group in a nontrivial way. 

The Poincare 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 Poincare group. 

When one considers fermionic transformations, it is possible to introduce new 

symmetries whose generators mix with those of the Poincare 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 

Mh of the form 

(9) 

where M0 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 1019 GeV. The 

Higgs mass however, is on the order of 100 Ge V. The only way this can be the case 

is if the tree-level mass and the correction term cancel almost exactly, leaving only 
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an 0(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 supcrsynunetry must be broken if it exists, a corwction tenn 

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 Z2 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 conHtruct the Hcalar 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 

(10) 

For supersymmetric models, the scalar potential is determined by the superpo-
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tential. In particular, the potential is given by 

(11) 

The first term in the above expression is called the F-term while the second term 

involving the sum over gauge group generators, Ta, is called the D-term. The so 

called Fayet-Iliopoulos term, (a, is only nonzero for U(l) gauge fields. It is dear 

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 

(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: Hu and Hd. 

To calculate the scalar potential one merely needs to determine the superpo-

tcntial. In the ca."ie of the MSSM, then~ are several Hcalar fid(lH from which a 

superpotential could be built: Q, the left-handed squark doublet, U and D, the 

right-handed squark singlets, L, the left-handed lepton doublet, E, the right-handed 
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LHxSF Spin-O Spin-1/2 (su(3), SU(2), Uv(1)) 

u -t ut (3, 1, -1) UR R 

D Jt R 
dt 

R (3, 1, +!) 

E et R 
et 

R (1,1,+1) 

Q ( ~~) ( ~~) (3, 2, +~) 

L ( ~~) ( :~ ) (1,2, -D 

( ~~) ( iiJ \ 
(1, 2, +~) Hu jjo ) 

u 

Hd ( :~) ( :~ ) (1,2, -D 
\ d 

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 flu and lid. These fields, 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 

indice~ have been ~uppre~~ed, ~o there are really three of every field li~ted). 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 * 

(13) 
+ YtELL + Y2DLQ + y3U DD + m' LHu . 

*Here we have suppressed color and SU(2) indices. For SU(2) doublets, such as lfu and Hd, 
the notation HuHd is read fijH~H~ when SU(2) indices arc explicit. 
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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 Z2 symmetry imposed on the the­

ory. Once enforced, it prohibits all four of the unwanted terms, leaving the MSSM 

superpotential as 

(14) 

For the purposes of this section, we will focus only on the last term, mllulfd, 

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 

(15) 

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

following Higgs potential for the MSSM 

2 2 2 2 

V = ·~ L jH!aaHu- HJaaHdl + g; (1Hul 2 -1Hdl 2
) 

a (16) 

+ m~IHul 2 + m~IHdl2 - rn6 (HuHd + h.c.), 
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where m~ = lml 2 + Jl~, m~ = lml2 + Jl~, and aa (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 

(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 (3 = vu/vd and using the relation Mi = ~ (gi + g~) ( v~ + v~) 

we may express the resulting mass matrices in terms of the Z mass. The neutral 

scalar mass matrix is 

2 ( M'i sin
2 

(3 + m6 cot (3 
MN= 

M2 2 
-~ sin2(3- m 2 0 

M

2 

2 ) -~ sin2(3- m 2 0 

M'i cos2 (3 + m6 tan (3 ' 
(18) 

The pseudoscalar mass matrix is 

2 2 ( cot f3 
MA=mo 

1 
(19) 

and the charged scalar mass matrix is 

M2 ) ~ sin2(3 +m2 
2 0 

A fa, sin2 fJ + m~ tan (3 
(20) 

Note that the charged mass matrix depends on theW mass rather than the Z mass. 
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This is because it has no dependency on the U ( 1) coupling. 

Since we began with two complex Higgs doublets, Hu and Hd, 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 ltr and Z bosons, giving them mass and acting as 

their longitudinal degrees of freedom. 

If one subtracts Mi times the identity matrix from the neutral scalar matrix 

and then takes the determinant, the result is -2M1m6 sin(2,B). 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(l) 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 r+r- pairs. The former can be produced 

via g;luon 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 r+r- 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 Z2 summetry to enforce the correct Yukawa structure to 

achieve the desired phenomenology for explaining the gamma-ray excess. Our 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 Q = -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 Z2 symmetry in which the second doublet and the right-handed 

neutrinos arc 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 Z2 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 (Me V)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 U(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 H1 and H2 , we add two new doublets, 

H3 and H4 and three right-handed neutrino superfields, Ni. A global U(1) symmetry 

is imposed in which H3 , H4 and Ni have charges -1, +1 and -1 respectively, while 

all other fields are uncharged. As mmal, R-parity will he conserved in the model. 

The superpotential is given by 

(21) 

where W0 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 fields 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 y' 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 J.ti4 H 1H4 + p~3H2H3 • These terms will result 

in vevs for the nu-Higgs fields which have the seesaw form v3 = J-L~3v2 j MA and 

v4 = J.ti4vd MA, where MA is generally the weak scale. Since the vevs of H3 and 

//4 cannot be too dissimilar (due to the f!(1)-conserving 1',34 coupling), we must 

have V3 rv V4 rv eV in order to give the correct neutrino masses without very small 

Yukawa couplings. This implies that tt14 and p 23 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 Z2 symmetry than the quarks. It is difficult to sec 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 Z2 , 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(l) 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 Ge V heavier 

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 x0 , XA and x± respectively. The 

nu-Higgsino masses depend only on 1134 and are completely degenerate at tree level. 

Xote 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 XV 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, x0 , XA are into neutrinos, and are 

thus unobservable. The charged nu-Higgs, x±, will decay into all nine combinations 

eiv1. Davidson and Logan show that the decay rate into f±v is proportional to 

Li m~;!Ueil 2 , where U is the PMNS mixing matrix. For a normal neutrino mass 

hierarchy, with the lightest neutrino having a mass below 10-3 eV, the decays will 

be into J1V and 71/ 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 J1V and 71/. 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. 

22 



The nu-Higgsinos decay as 

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 H3 and H4 , and the former does not have any two body decays, both mass 

eigenstates will decay similarly. 

Finally, the right-handed sneutrino, vR 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 XV 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 t. The charged nu-Higgs will 

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

twc arc assuming here that its supersymmctric partners arc not much lighter. If so, other 
two-body decay channels which arc observable could open up. 
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leads to the charged lepton being approximately 50% J..t, 50% T (50% e, 25% J..t, 

25% r) 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(l) D-terms, there is an interaction (HiH1 - HJH2 )(HjH3 - H1H4 ), 

and when H 1 and H2 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 IT 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 ,B = 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: 

( 
gMz ) 

9H0 x+x- = 2cosOw cos(20w)cos(21)cos(o:+,B) (22) 

where o: and ,B are the standard MSSM parameters and 1 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 

(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(2r) = 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 tt pair 

production as another possible background. Due to its large production cross section 

(rv 0(100 pb)) it is possible for tf 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. T}b > 2.0 and PT,b < 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 Ge V, 

ITJel < 2.4, !TJI,I < 2.1, 

~R = J ~1}2 + ~rp2 > 0.4, 

(24) 

(25) 

(26) 

where TJ 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"' 0(1%) [30]. 

To extract the signal from our background we first require that there arc two final 

state leptons that pass the acceptance and isolation cuts. This naturally reduces 

the number of tt 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-1 of integrated luminosity we obtain a statistical significance 

near 3a 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 Ge V we obtained a statistical significance over 5a 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 ; 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 

1m-Higgsinos arc clegcw~rate this will effectively be a pair production mechanism. 

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 
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Cut tagging: 2£, 0 jets Er,miss > 90 Ge V MrR > 250 GeV 

w+w- 113000 1700 1300 

tt 610 160 160 

MH = 400 GeV 420 120 110 

Mx. = 100 GeV 
s 1.2 ± 0.06 2.7 ± 0.2 2.8 ± 0.3 ~ 

MH = 400 GeV 300 150 130 

Mx. = 100 GeV 
s 0.9 ± 0.05 3.3 ± 0.3 3.3 ± 0.3 ~ 

MH = 400 GeV 2200 400 210 

Mx. = 100 GeV 
s 6.5 ± 0.1 8.4 ± 0.4 5.1 ± 0.3 7S'fB 

Table 4: Collider cuts used to extract the two lepton, two neutrino signal from 
x+x- production from the backgrounds considered. With 100 fb- 1 of integrated 
luminosity we obtain a statistical significance over 5a for the MH = 300 GeV case 
and near 3a for MH = 400 GeV and both values of Mx. 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+XO pair has the largest production cross section. 

Note that the x+XO cross section is larger than the x-- !XO 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 XV decays into Branch A: VR + h or Branch B: VL + VR. 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 ma..'>H. 

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-la, 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 BvL 88% of the time, either VLT+T- or BvLT+T- 7% 

of the time, VLT±J-t=r: 5% of the time, and has a negligible 0(0.2%) decay into muon 

or electron pairs. For the inverted hierarchy, the left-handed sneutrino decays into 

HvL 88% of the time, either VLT+T- or BvLT+T- 5% of the time, VLT±e=r: 5% of the 

time, VLT±J-t=r: 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 

~SSM fields, the only decays of the right-handed sneutrino are three-body decays 

via a virtual nu-Higgsino. One can have Branch Bl: vLXO* or Branch B2: fx+*, 

where the * superscript indicates a virtual state. Branch Bl 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, 
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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 x+* will 

decay with the same 50-50 split. Thus, one expects Branch B2 to give J.L/1, J.LT,Tji 

and TT 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 x+* also decays with the 50-25-25 split in flavor 

so that branch B2 in the inverse hierarchy yields ee, e/i, ei, J.Le, Jl!i, J.LT, Te, Tji, and 

TT with respective probabilities of 25%, 12.5%, 12.5%, 12.5%, 6.25%, 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 XO given in Table 5 and 

Table 6. We have only included decays whose branching ratios exceed 0.5%. Of 

course, each of the T leptons will decay 17% of the time into electrons and 17% of 

the time into muons. 

xu x± 
Signature Branching Fraction Signature Branching Fraction 

Invisible 66% (r±) 40% 
T±J.L'f 14% (J.L±) 23% 
T±T'f 12% (J.L±)T+T- 12% 
J.L±J.L'f 3.1% (r±)r+T- 8.2% 

T±T+T-J.L'f 2.0% ( T±)J.L+ J.L- 4.7% 
T+T-J.L+J.L- 1.1% ( T'f) (J.L± J.L±) 2.9% 
T+T-T+T- 0.94% (Jt±)(T±T±) 2.9% 

(J.L±)J.L+ J.L- 1.8% 
( T±)T+ T- J.L+ J.L- 1.0% 
(J.L±)r+r-r+r- 1.0% 
(J.L± )J.L+ J.L-T+T- 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 :x-. 
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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. 

xu x+ 
Signature Branching Fraction Signature Branching Fraction 

Invisible 66% (7±) 28% 
T±e'~' 11% (e±) 23% 
T+T- 6.7% (JL±) 11% 
T±JL=f 5.1% (e±)T+T- 5.9% 
ete- 3.1% (T±)e+e- 4.1% 
JL±e'~' 3.0% (JL±)T+T- 3.6% 

T+T-e+e- 1.1% (e±)e+e- 3.3% 
T+T-JL±e=f 1.1% ( T'~')( e±e±) 3.2% 
T+T-e±T=f 1.0% (T±)T+T- 2.9% 

JL+JL- .91% (JL±)T±e=f 2.1% 
(JL±)e+e- 1.7% 

( e'~')( T±T±) 1.1% 
(e±)e+e-T+T- 1.1% 

( T±)JL+ JL- 0.84% 
(Jt'~')(e±e±) 0.75% 
(c±)JL+ JL- 0.69% 

(JL±)e+ e-T+T- 0.52% 
( T'~')(JL± JL±) 0.51% 
(JL'~')( T±T±) 0.51% 

(T±)e+e-T+T- 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 x+ 
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 x+x--' one can have very dramatic 

hexalepton and tetralepton events. Associated production of x± with ~ leads to 

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

Normal Hierarchy Inverted Hierarchy 

M-± X 100 GeV 200 GeV 300 GeV 100 GeV 200 GeV 300 GeV 

6 Leptons 260 26 5.1 240 24 4.8 
OT 6£ 11 1.1 0.21 15 1.5 0.31 
1T 5£ 17 1.7 0.35 20 2.0 0.39 
2T 4£ 12 1.2 0.25 10 1.0 0.20 
3T 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 
5T 1£ 0.11 0.011 0.0020 0.024 0.0020 0.000 
6T 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 T decays lead to additional J.L'S and e's and that hadronic T 

decays are detected with a 40% efficiency. In the table f refers to either muons or 
electrons, and T 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. 

H exalepton 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 x± 
ha..'l 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 a..'l 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 sncutrino, 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 

parameter space, and that will change the flavor distribution, and thus these precise 

percentages should be taken with a grain of salt. Nonetheless, one does expect a 

huge production rate for hexalepton events if the x± is not too heavy. 

In Table 7, we have summarized the signatures a.'., follows. In the first row, for 

both hierarchies and x± 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 y8 = 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 

Hcak the reHultH a.<> Hhown in the production cross section figures. One might he 

able to extend the sensitivity by consider the explicit charges. For example, one 

combination in the normal hierarchy case would be J-L+ J-L+ J-L+ J-L_T_T_ 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 x± mass of 100 GeV is 

approximately 50 femtobarns at the LHC for y8 = 14 TeV and approximately 16 

femtobarns for y8 = 7 Te V. 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 x± mass than 

the LHC. 

Normal Hierarchy Inverted Hierarchy 

M-± X 100 GeV 200 GeV 300 GeV 100 GeV 200 GeV 300 GeV 

4 Leptons 580 57 11 570 56 11 
OT 4£ 27 2.6 0.52 120 11 2.3 
1T 3£ 43 4.2 0.83 140 14 2.7 
2T 2£ 24 2.3 0.46 47 4.6 0.92 
3T lf 5.5 0.53 0.11 7.2 0.71 0.14 
4T Of 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 T decays lead to additional p's and e's and that 
hadronic T decays are detected with a 40% efficiency. In the table f refers to either 
muons or electrons, and T 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, unless 

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 a1so 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 ~ 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 J-t+ 11- e+ e- would have 

backgrounds from real or virtual 1'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 ..jS = 14 TeV is approximately 50 

fb, as seen in Table 9. Comparing cross sections between Figure 1a and 1c, 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- 1 integrated luminosity, one would 
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expect 8 events, if and only if all r's could be identified. Obviously, they can't, 

and Table 9 shows that events with five nou-taus occur at a rate of roughly 20% 

of the total. Of course, we have not done a detailed analysis. Some hadronic r'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 Ge V on the nu-Higgsino masses could be 

obtained at the Tevatron. Certainly, at a mass of 100 Ge V, the event rate is a factor 

of 10-20 larger and detection should be straightforward. 

Normal Hierarchy Inverted Hierarchy 

M-± X 100 GeV 200 GeV 300 GeV 100 GeV 200 GeV 300 GeV 

5 Leptons 770 64 13 600 50 10 
Or 5£ 29 2.4 0.50 110 9.0 1.8 
iT 4f 49 4.1 0.84 100 8.3 1.7 
27 3£ 36 3.0 0.61 41 3.4 0.69 
3T 2£ 12 0.97 0.20 8.9 0.74 0.15 
4T 1£ 1.8 0.15 0.031 0.76 0.063 0.013 
57 0£ 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 T decays lead to additional p,'s and e's and that 
hadronic T decays are detected with a 40% efficiency. In the table £ refers to either 
muons or electrons, and T 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 
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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 5a detec­

tion with 100 fb-I 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 cro~:;~:; ~:>ections for events in which all six leptons can be identified for nu-Higgsino 

masses of 100, 200, 300 GeV respectively. For Js = 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 sufficient 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 II 

2HDM. Such couplings can be enforced by imposing a suitable Z2 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 (L2HDM). As noted by Su and Thomas [33], 

the consequences of a L2HDM 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 H.E.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 L2HDM 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 L2HDM. 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)L doubles <I>q and <I>e. A discrete Z2 symmetry 

is imposed under which <I>e -t -<I>e and eR;. -t -eR;, but all other fields are invariant. 

The resulting Yukawa lagrangian is given by 

where 

for X= q, f and ~q = ia2<I>q· The Higgs sector potential is given by [33, 40] 

V = m~I<I>ql 2 + m~I<I>el 2 + ( m~e<I>!<I>e + h.c.) + ~1 I<I>ql4 + ~2 I<I>el 4 

+ ..\3I<I>qi2 I<I>el2 + ..\4I<I>!<I>el 2 + ~5 [ (<I>!<I>e)
2 

+ h.c.]. 

(28) 

The physical scalars consist of two neutral scalars h and H, a pseudoscalar x0
, 

and a charged pair H±. The other three degrees of freedom are the Goldstone 

bosons c± and co' which are eaten by the w± and Z0 respectively. If one defines 

the mixing angle tan .B = vq/ve, the physical charged scalars can be expressed as 

( 
c+ ) ( cos,B sin,B ) ( <I>j ) 

H+ -sin .B cos .B <Pt 
(29) 

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

matrix tan 2a = 2 A'lf2 / ( Mf1 - Mi2 ) 0 One then finds the following relation 

( 
H ) = J2 ( co~ a sin a ) ( <l>!r- Vt ) 

0 

h -sma cos a <!>qr- Vq 

(30) 

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

given by [34] 

{31) 

For large tan {3 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 {3 can 

be much larger than in the conventional 2HDMs without causing problems with 

perturbativity and unitarity, since the Standard Modelleptonic couplings are smaller 

than the quark couplings. 

3.3 The Supersymmetric Leptophilic Higgs Model 

In this section we introduce the minimalleptophilic model required to incorporate 

supersymmetryo 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 

flo and Tle with weak hypercharge assignments +1/2 and -1/2 respectively. The 

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

Ho 

Uy{l) +1/2 -1/2 +1/2 -1/2 

42 



The scalar doublets Hu and Hd 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 He gives mass to the leptons, while 

the remaining inert doublet H0 does not couple to quarks or leptons. This Yukawa 

structure is enforced by a discrete Z2 symmetry, under which the superfields E, H0 , 

and He transform as X ---+ -X while all other fields remain unchanged. The most 

general superpotential respecting R-parity, gauge symmetry, and the Z2 symmetry 

is 

The Z2 symmetry is softly broken by the terms (J.-t~HuHt + J.-t~HoHd + h.c.) con­

tained in the Higgs sector soft SUSY breaking potential VSoft given by 

Vsoft = J.-t~IHul 2 + J.-t~IHdl 2 + J.-t~IHol 2 + J.-tiiHel 2 

+ (Jl·i llulld + p~llollt + JL~llulle + JL~llolld + h.c.). 

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

respectively 

Expanding the above expression results in 

43 



aa (a= 1, 2, 3) are the Pauli matrices. To achieve spontaneous symmetry breaking, 

the Higgs doublets acquire the following vevs: 

(33) 

We define v2 = v~ + v~ + v5 + vj so that we have v2 = 4M~j(g~ + g~) ~ (246 GeV)2. 

Between the quark friendly doublctH we define the mixing angle tan f3 = vu/vd 

while between the lepton friendly and inert doublets we define the mixing angle 

tanf3t = v0/vt. We also define tan a= vq/vL, where v; = v~ + VJ and v'i = v5 +vi. 
These definitions allow us to express the individual vevs in terms of the Standard 

Model vev and the three mixing angles a, {3, and f3t 

Vu = vsinasin{3, vd = vsinacos{3, v0 = vcosasinf3t, Ve = vcosacosf3e. 

(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 Z0
, 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 M'}. = 

M2 
1 

I M2 2 2 -2 z 8 a 8 2fJ - IL1 
1M2 2 zS2aStJStJt 

I M2 2 -2 zS2aStJCtJt - IL3 

1M2 2 2 -2 zSaS2fJ - IL1 Mi 
1M2 2 -2 zS2aCtJStJt - IL4 1M2 2 zS2aCtJC[J1 

1M2 2 zS2aS[JSf3t 
1M2 2 -2 zS2aCtJSIJt - IL4 M2 

3 -! M~c~s2fJt - JL~ 
1M2 2 -2 zS2aStJCIJt - IL3 

1M2 2 zS2aCtJCtJ1 
1M22 2 -2 Z a 82/Jt - IL2 M2 

4 

where sx and ex are shorthand for sin .7: and cos x respectively, and the diagonal 

ternas are given by 

M2 
1 - M

2 sin2 a sin2 {3 + A z I, AI - 11? cot {3 + J-L2 cot a ( c~s #t) 1 3 sm{:J ' 
M2 

2 - M 2 sin2 acos2 {3 +A z 2, A2 - J-L2 tan /3 + j.t2 cot a (sin t1t) 
1 4 cosfJ ' 

Af.2 
3 - M~ cos2 a sin2 fJt + ..\3, ..\3 - JL~ cot fJt + JL~ tan a ( ~:s/e) , 

M2 
4 Mj cos2 a cos2 f3e + A4, A4 J-L2 tan {3 + j.t2 tan a ( sin .B ) . 

2 l 3 cos .Be 

The pseudoscalar mass matrix is 

At J-Li 0 J-L~ 

Af1 = J-Li ..\2 J-L~ 0 
(35) 

0 J-L~ A3 J-L~ 

J-L~ 0 J-L~ ..\4 

The charged scalar mass matrix is 

(36) 
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where 

s~~ + ~c2fJt 1 2 
2 SoS2fJ 

1 
2S2aSfJSfJt 

1 
2S2aSfJCfJt 

1 2 2 2 2 1 1 

f1M2 = M~ 
2SaS2fj 8 0 8{3 - 0 C2f3t 2S20 Cf3Sf3t 2 820 Cf3Cf3t 

~S2aSfJSfJt 1 s c s 2 2a fJ .Bt 2 2 + s2 c2fJ 0: flt 0: 

12 s 2 0: 2fJt 

1 
2S2o:SfJCf1t 

1 
2S2aCfJCfJt 

1 2 
2Co:S2fJt 

2 2 2 
C0 Sflt - S 0 C2fJ 

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 

(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, !1(~, in the {u,d,O,f} basis. Hence the 1-1 

entry receives a correction from top quark loop diagrams given by 

~M -- --2 3a ( mi) ln (mf/mn 
11 - 7f M~ sin2 28w sin2 a sin2 /3' (38) 
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where mi is the stop squark mass, which we take to be "" 1 TeV. In addition to 

top quark loop corrections, other corrections arc potentially significant because of 

the possibility of very large values for tan j3 and tan f3t· We therefore also consider 

the leading correction to the 2-2 and 4-4 entries of M1, which come from bottom 

quark loop diagrams and a tau loop diagram respectively. The 3-3 entry receives no 

correction since the inert doublet, H0 , 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 J-tt, J-l~, J.L~, and J.Lt which mix pairs of Higgs doublets in the scalar 

potential, as well as the three mixing angles tan a, tan /3, and tan f3t, which appear 

in equation 34. The constraints arising from the charged scalar sector are similar 

to those of the L2HDM, 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 n~maiu per­

turbative. By demanding that each Yukaw'a coupling remains smaller than 47r we 
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obtain the following three inequalities 

(39) 

( 1 + tan
2 
o) ( 1 + tan

2 f3t) < 

One can see that the top quark Yukawa coupling becomes non-perturbative for 

small values of tan o or tan f3 while the bottom quark Yukawa coupling does so for 

small values of tan o or large values of tan {3. In addition, the tau Yukawa coupling 

becomes non-perturbative for large values of tan o or tan f3t· 

3.4.2 Tree Level U nitarity 

Requiring perturbative unitarity of fermion anti-fermion scattering places upper 

bounds on the fermion masses. The unitarity condition that must be satisfied is 

IR(aJ)I S 1/2, where aJ 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) 

(40) 

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 o: and tan /3 

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 

ma..'>ses. For the SLHM the contribution is 

(41) 

If the Higgs mass, Mh, 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 K 2 • The value of K 2 

however, remains ;S 1 across the entire spectrum of parameter space, even for very 
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large values of tan a: and tan f3e. 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 

(42) 

where Xf = m}/M~ and the function J(x) is given by 

J(x) = ::11 
1- 2z(l- z) ln [z(l- z)] dz. 

2 0 z(l- z)- x x 

Though the contribution from the tau loop diagram is suppressed by m;JM'!t, it 

is enhanced for very large tanf3e. In following [51] we measure how well these 

contributions compare to experiment with the quantity 

2 u.a,_. 
( 

A SLHM ) 
2 

Xa,.. = 6.8 X lQ-10 ' 

where 6.8 x 10-10 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 Mh > 114.4 GeV, 

LEP data becomes irrelevant and no bounds can be obtained [52]. The production 

mechanism at LEP is the Higgs-strahlung process ~+ ~- --+ hZ, and thus if the 

coupling, gzzh, 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 T+T- pairs. LEP has 

provided a bound on the quantity BR(h --+ X x)e for X = band X = T, where 

~ is the ratio of the Z Z h coupling in a model to that of the Standard model i.e. 

~ = gzzh/ g~'fh· In Appendix C we derive the expression for e in the SLHM and 

find that it is given by 

e = I Un sin Q sin {3 + u2l sin Q cos {3 + Ual cos Q sin f3t + u41 cos Q cos f3e 1

2
. ( 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 f3t 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 a and tan f~t are large while tan(~ 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--+ T+r-). 
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Since in the interesting region of parameter space, the ZZh and WWh couplings 

arc small, we can approximate the total decay width as simply r(h ---1- bb) + r(h ---1-

7+ 7-). The two branching ratios for the SLHM can therefore be conveniently ex­

pressed as BR(h ---1- bb) = 1/(1 + ~~:) and BR(h ---1- 7+7-) = ~~:/(1 + ~~:), where 

~~: = r(h ---1- 7+7-)/f(h ---1- bb). The variable~~: is straightforward to calculate and is 

given by 

( 
2 ) 2 /31 U 12 ( M2 4 2) 3/2 mr 2 cos 41 h - mr 

~~: = --2 tan a - 2 2 , 
3mb cos2 f3t U21 Mh -4mb 

(44) 

where the uij are entries of the 4 X 4 diagonalir.ing matrix defined by ut M~U = 

We have numerically scanned through parameter space, calculating the values of 

BR(h ---1- bb)e, BR(h ---1- 7+7-)e, and Mh in the SLHM. Those points in parameter 

space for which either BR(h ---1- bb)e or BR(h ---1- 7 tT-)e is greater than its LEP 

bound at the corresponding value of Mh 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 a, tan /3, and tan f3e is shown. For 

these plots the values of J.L1 , J.L2 , J.L3 , and J.L4 have been fixed at 200,250,300, and 

100 Ge V respectively. The plots depict several sections of viable parameter space 

in the tan a x tan f3 plane, each being a slice of constant tan f3t· As tan f3t 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 J.ll, j.t2, j.t3 , and J.L4 are fixed, the size and shape of the allowed 

parameter space remains largely unchanged when J.ll and J.L3 are allowed to vary 

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

Increasing the value of J.L4 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 a, tan /3, tan f3e 
parameter space. Each region is a slice of constant tan f3t in the tan a x tan !3 
plane. The values of J.h, J.12 , J.13 , and 114 are fixed at 200, 250, 300, and 100 GeV 
respectively, but changing 111 and/or 113 has relatively little effect. Increasing 112 

and/or JL4 shrinks the above space. Increasing tan f3e enlarges the size of the allowed 
space quite rapidly until around tan f3e :::::: 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 f3£. As tan f3R increases 
beyond 80, the space very slowly shrinks into an extremely thin sliver of possible 
tan o: values centered near 2; it finally disappears completely at tan f3e ~ 350. 

size of the allowed region of parameter space. So too does increasing f-l2 , though to a 

slightly lesser degree. Merely increasing p,4 to 200 Ge V results in a drastically smaller 

allowed region than that shown in Figure 2 and completely eliminates the regions 

corresponding to tan f3e values of 5,3 and 5.5. The other regions are compressed so 

that 3 ~ tan o: ~ 20 and 50 ~ tan f3 ~ 290, while their overall shape remains the 

same. Enlarging either ~-t2 or J.t4 further rapidly shrinks the allowed space away until 

it vanishes completely. 

Figure 4 plots an &'>sortment of possible BR(h-+ bb)e values as a function of the 

lightest neutral scalar mass Mh. 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 tJt, the curves continue down to approximately 25 GeV, with the value 

of BR(h-+ bb)e becoming extremely small. We see that Higgs bosons below 114.4 

Ge V are certainly allowed, but below approximately 90 Ge V 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-+ r+r-) is 

plotted in Figure 5, with similar conclusions. 

BR{h-+b~ 

• Tan(pr) ;:5.5 
0.1 

0.01 
• TanCPr) ;:7 

.l TanCPr) ;:8 

T TanCPr) ;: 9 0.001 0 
0 0 0 

0 D 
DOD 0 0 

o TanCPr);: 12 

to-4 
o TmCPr) ;: 25 

Figure 4: Various values of the quantity BR(h -+ bb)e plotted as a function of 
the lightest neutral scalar mass .Mh. The plotted values correspond to a uniform 
sampling of points within the allowed regions of the tan a x tan (3 plane for the 
different values of tan f3eu 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 -t T+T-)e plotted as a function of 
the lightest neutral scalar mass Mh. 

to the decay of the lightest neutral scalar is the ratio K = BR(h -t T+T-)/BR(h -t 

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 Kin 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 T + T- 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 

WWh 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/'\, plotted as a function of the lightest neutral scalar mass 
Mh-

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

Standard Model is 

asLHM I Uu A(mb) u21 1
2 

asM = sino:sin/1 + A(mt) sino:cos/3 ' 
(45) 

and this is plotted in Figure 7 for various parameters. The function A(m1) is given 

by A(m1) = 2[x, + (xf -l)f(x,)]x/, where Xf = MV4m} and f(x,) 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 eau think about Higgs-strahlung off a tau, but this is likely to he swamped by 

backgrounds. 

In any event, this is just a specific modeL One might have other possibilities 
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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 T pairs (below 75 GeV, a very small sliver 

of parameter space does remain). A study of T 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 r pairs is feasible in the early stages at 

the LHC. At the Tevatron, CDF and DO did explicitly search for Higgs decays tor 

pairs [60], but did not consider Higgs masses below 90 GeV. 
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Throughout this analysis, we have ignored the effects of the heavier neutral Higgs 

scalars. Consider the second lightest neutral scalar, 17· As we scan the entire allowed 

parameter space, we find that the 1] 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 

one would find two relatively light Higgs. Mixing can't be eliminated, 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 17 will not be, and thus 

the TJ 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 17 are primarily linear 

combinations of H0 and Hu, with small admixtures of Hd and He. Nonetheless, the 

ratios of vacuum expectation values are large enough that the dominant decay of 

the h, for example, is primarily into T's and b's through these small admixtures. 

The two heaviest Higgs bosons are each almost entirely Hd and He, respectively, 

with little mixing. 

Consider these two heavier Higgs bosons, H1 and H2 . Since the coupling of the 

TJ, 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 H1 

and f/2 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 TJ direction, leaving 

little room for vev-dependent couplings of the other neutral Higgs. This will also 

cause a suppression in the H 1hh and H2 hh couplings. The H1 and H2 will thus be 

both Riggs-phobic and gauge-phobic and will only decay into fermion pairs. One of 

the two, H1 , will decay almost entirely into bb, and the other, H2 , will decay almost 

entirely into r+r-. This leads to interesting phenomenological consequences. The 

H1 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 H2 would be 

a heavy Higgs boson that decays entirely into T 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 r 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, TJ, has a mass throughout the allowed parameter space 

of approximately 110 Ge V. 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 Riggs-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 r+r-, but conventional 

production mechanisms are suppressed. 

There are also three charged scalars and three pseudoscalars in the model. We 

do not expect the phenomenol06'Y to differ substantially 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 0(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 2o 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° - 2o 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 r-"Y, with 

1 = 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 (av) = 4.6 X 10-27 
- 5.3 X 10-26 cm3 js. 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, 0(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 0(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 Ge V that has a spin independent cross 

section approximately between (JSI = 1 X 10-40 - 3 X 10-40 cm2 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, Hu, Hd, H0 , and He, 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 0(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 J1 problem was first developed in [74]. The superpotential is 

given by 

(46) 

where the hats denote superfields. In the superpotential we introduced a Z2 symme-
~ ~ ~ 

try under which H0 , Ht and E are odd while all other fields are even. The symmetry 

enforces a Yukawa structure in which Hu gives mass to up-type quarks, Hd to down-
~ ~ 

type quarks, and Ht to leptons, while H0 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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z2 symmetry is broken in Vsoft so that we have: * 

Vsoft = m~l//ul2 + m~llldl2 + m~lllol 2 + miiiitl2 + m~ISI 2 

+ (JL~ HuHd + J.0,HoHt + JL~HuHt + JL~HoHd 

+ JLaSIIulld + JlbSilollt + JLcSlluiit + JldSHolld 

+ m~H!Ho + m~HjHt + t3S + b~S2 + a8 S 3 + h.c.). 

(47) 

The breaking of the Z2 symmetry is discussed in greater detail in Appendix D. 

The Higgs sector potential is given by V = VD + VF + Vsoft· Letting aa denote the 

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

VD = ~ L IH!aaHu + HjaaHd + HJaaHo + H]aaHtl
2 

a 

121 2 + 9
8 

!Hul 2 -!Hdl 2 + IHol2
- IHtl2

1 , 

(48) 

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

*In Ref. [32] the soft breaking terms m'!0 H!Ho + m~tHJHt + h.c. were omitk'<i. 
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and Vsoft combine with the D-term to yield the following potential 

V = (JL~ + m!)lllul2 + (JL~ + m~)IIIdl2 + (JL~ + m~)I1Iol 2 + (JL~ + rn;)illei2 

+ [ (JLi + Kq>.i)HuHd + (JL~ + Ke>.i)HoHe + JL~HuHe + JL~HoHd + h.c.J 

+ IKqllulld + Kelloller + (m!oii!IIo + m~IIJIIe + h.c.) + (m; + >.n ISI2 

+ [ ( t3 + >.i >.2)8 + (b; + Ks>.ns2 + asS3 + h.c.] + KsA21SI2 (S + S*) + K;ISI4 

+ [JLa(HuHd)S + JLb(HoHe)S + JLc(HuHe)S + JLd(HoHd)S + h.c.] 

+ { A2 [Kq(HuHd) + Ke(HoHe)] S* + Ks [Kq(HuHd) + Ke(HoHt)] (S2)* + h.c.} 

+ { KqJLq(iHui2 + 1Hdl2) + KeJLe(iHoi 2 + 1Hel2) }(s + S*) 

+ K~(1Hul2 + 1Hdi2)1SI2 + K~(IHol 2 + 1Hel2) ISI2 + VD. 

(49) 

The singlet S acquires the vev (S) = Vs/ .;2 while the Higgs doublets acquire 

the vevs: 

1 ( 0 ) 1 ( vd) (1/u) = .j2 Vu ' (/Jd) = .j2 0 ' 

1 ( 0 ) 1 ( ve ) (Ho) = .j2 Vo , (He) = .j2 
0 

. 

(50) 

Letting v~w = v~+v~+v5+vi so that v~ = 4M;/(g2+g'2) ~ (246 GeV)2, we define 

the mixing angles a, {3, and f3e by the relations tan f3 = vu/vd, tan f3e = vofve, and 

tan2 a= (v;+v~)j(v5+vi). These definitions lead to the following parameterization 
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of the Higgs vevs: 

'Vu = 'Vcw sin (X sin f3' 'Vd = 'Vcw sin (X cos {'3' 
(51) 

Vo = Vcw cos a sin /3e, Ve = Vcw cos a cos f3e. 

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 8, the fermionic component of the singletS. This is accomplished by taking 

the parameters Kq and Keto 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 Kq and Kt is discussed in Appendix D. Small values of Kq and Ke 

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 T-pairs in order for 

the dark matter to annihilate to T+ T- and other Standard Model particles. This 

mixing is generated by the soft supersymmetry-breaking parameters f.la, Jlb, Jlc, and 

It is sufficient for Kq and Kt to be 0(10-2 ), 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 Kq and Ke. 

The numerical calculations in the sections that follow have been determined using 

the general matrices, but for compactness we present only the simplified matrices 

here. In the { hu, hd, ho, he, hs} basis, the neutral scalar mass matrix is given by 

M'Jv = (52) 
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where the matrix M 2 is given by M 2 = MgLHM + l::lMl + l::lM:j and the terms 11t2 

and Mss are given by 

and 

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

matrices l::l Ml and l::l M:j are given by 

-mz .!!!1. 0 2 0 uOvu muo 

tiMf = 
0 -m2.!'1. 

dlvd 0 m2 
dl 

2 0 -m2~ 0 muo u0v0 

0 mz 
dl 0 -m2~ 

dl V( 

and 

;t- (J-taVd + J-tcVt) -VsJ-ta 0 -VsJ-tc 

b.M2 = __!__ 
-VsJ-ta ~ (J-ta Vu + Jl.dVO) -VsJl.d 0 

2v'2 
0 -VsJ-td ~ (J-tbVf + Jl.dVd) -VsJ-tb 

-VsJ-tc 0 -VsJ-tb ~ (J-tbVO + Jl.cVu) 

The pseudoscalar mass matrix, in the {au, ad, a0, at, as} basis, is similarly given by 

(53) 

where M 2 = MgLHM + l::lM? + l::lMi. The matrix MgLHM is the pseudoscalar mass 
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matrix from the ordinary SLHM while llM'i is the matrix obtained from llM'i by 

changing the sign of every off-diagonal entry. Lastly, M~s is given by 

The chargino mass matrix, on the other hand, is rather simple even with nonvan-

- - - -
ishing ""q and ""R.· Letting hu, hd, h0 , and he denote the Higgsino gauge eigenstates, 

the chargino mass matrix, in the {w+ }t~' itt' w- }t,t ,it(} basis, is given by 

0 0 0 M2 gvd gvt 

0 0 0 gvu +~ {Lq v'2Vs 0 

0 0 0 gvo 0 +~ 
Mx.± = 

JLt v'2Vs 
(54) 

M2 gvu gvo 0 0 0 

gvd +~ P,q v'2Vs 0 0 0 0 

gvt 0 +~ J-Lf. v'2Vs 0 0 0 

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

mass matrix, in the { B0
' W 0

' hu, iid, ho, ht, s} basis, is given by 

Mt 0 !g'v 1 I ~g'vo -~ 9 1
Vt 0 2 u -29Vd 

0 M2 -~gvu ~ gvd -~gvo 1 
2 9Vt 0 

~g'vu -~gvu 0 +~ /1-q ..,12 Vs 0 0 ~ ..,12 Vd 

Mx.= -~ g'vd 
l 
29Vd +~ /.lq ..,12 Vs 0 0 0 ~ ..,12 Vu 

~ g'vo -~gvo 0 0 0 +~ /1-t ..,12 Vs ~ .,j2 Vt 

-! g'Vt ! gvt 0 0 +~ /1-t ..,12 Vs 0 ~ ../2 vo 

0 0 ~ ..,12 Vd ~ ../2 Vu 
~ ..,12 Vt ~ ../2 vo A2 + ..J2 K 8 V., 

(55) 

When ""q and ""t are small, the singlino part of the above matrix separates from the 
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Kq - 0.01 Vs - 50 GeV /.-Li - 125 GeV - -

"-i - 0.01 Vu - 245.6 GeV )..2 - (100 GeV)2 
1 -

f'l,s - 0.6 1Jd - 4.9 GeV )..2 - -35 GeV - -
tano: - 20 Vo - 12.2 GeV M1 - 500 GeV - - -
tan,B - 50 Vi - 1.2 GeV M2 - 500 GeV -
tan .Bt 10 /.-Lq - 125 GeV 2 -(100 GeV)2 - - muo -

J.Lt - (400 GeV)2 
/.-La - 100 GeV m2 - (100 GeV)2 - - di 

J.L~ - (200 GeV)2 
/.-Lb - 200 GeV t3 - (60.6 GeV)3 -

J.L~ - (200 GeV)2 
JLc - 200 GeV b2 - (63.4 GeV)2 - 8 

J.L~ - (400 GeV)2 
/.-Ld - 200 GeV as - -42.4 GeV - -

Table 10: Benchmark Point A 

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

(56) 

The 0(10) GeV LSP can be arranged with some tuning of the parameters in order 

to achieve a cancelation between )..2 and the product K 8 V8 in Eq. (56). Though the 

smallness of "'q and Kt 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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Kq - 0.01 Vs - 50GeV J.Lf - 125 GeV - - -

1'\,f - 0.01 Vu - 245.6 GeV ..\2 - (100 GeV)2 
1 -

/'l,s - 0.6 1id - 4.9 GeV ..\2 - -35 GeV - -
tan a - 20 vo - 12.2 GeV M1 - 500 GeV - - -
tanf3 - 50 Vf - L2GeV M2 - 500 GeV - - -
tan f3t - 10 J.Lq - 125 GeV 2 -(100 GeV)2 - - muo -

J.L~ - (400 GeVf J.La - 100 GeV m2 - (100 GeV)2 - df -

J.L~ - (200 GeV)2 
J.Lb - 200 GeV t3 - (55.0 GeV)3 -

ll~ - (200 GeV)2 
J.Lc - 200 GeV b2 - (66.3 GeV)2 - - s -

J.L~ - (400 GeV)2 
J.Ld - 200 GeV Us - -42.2 GeV - -

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: 

(57) 

where m/j is the mass of the fermion IJ, v1 is the vev of /-type scalars, and j runs 

over the fermion generations. In the limit ,..,q, ""e --* 0, the higgs-higgsino-singlino 

interactions vanish. 

We can expand (av) in powers of the dark matter velocity squared v2 : 

(av) = a + bv2 + .... (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 
a1 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, 

a1 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 1 given in Fig. 8. It is 

approximately given by 

(59) 

where Nc is the number of fermion colors, U11 is the (1, f) element of the pseu­

doscalar diagonalizing matrix and ma1 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 (XtXI ---t hi ---t f f) = 0. 

For benchmark point A, the dark matter mass is mx1 = 7.4 GeV. The physical 

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

-o ~o - . - - - -
Xt = 0.0017 B -0.0031 W -0.0141 hu- 0.0046 hd- 0.0001 h0 - 0.0008 he+ 0.9999 s. 
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We need a light pseudoscalar, 0(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 

a1 = -0.000002 au- 0.002193 ad- 0.001203 ao- 0.003679 al + 0.999990 a8 , 

with its mass is ma1 = 18.7 GeV. 

Having the masses and mixing, we can calculate the total annihilation cross 

section into fermion pairs which gives 

(av) 4.0 X 10-26 cm3 js (60) 

where the hadronic final states cross section is 23% of the total cross section and 

T pairs final state makes up the rest. For benchmark point B given in Table 11, 

the mass of dark matter is mx1 = 7.4 GeV and (au) = 3.0 x w-26 cm3 js, 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] 

(61) 

where 

Y~ 1 = 0.264 .Jii. mpmx 1 { ajxf + 3(b- ta)/x}}. (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 x 1 is related to the freeze-out 

temperature T1 by X f = mx1 /TJ, and X f is determined by [75] 

(63) 

The value of cis usually taken as c = 1/2. Approximating g* to be a ladder function, 

we get that, for both of our benchmark points, the freeze-out epoch is x 1 = 21 and 

the relic abundance is 

(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 0(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 sferrnion contributions corning from resonance and coannihilation effects. This 

is because the charginos have masses 0(100) GeV for all of our benchmark points, 

and we assume that the sfermion masses are at least 0(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: 

.Cint = L nqXtXlifq. 
q 

(65) 

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

comes from the lightest scalar and a.q can be approximated by 

(66) 

where mq is the mass of quark q, vq is the scalar vev associated with quark flavor q, 

V1q is the (1, q) element of the scalar diagonalizing matrix, and mh1 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: 

(67) 

where /p and fn are related to aq through the relation [78) 

f f(p,n) 

~ = """' Tq Oq + 2_ fp,n) """' O'.q 
m n L......t m 27 Tg L......t m ' 

p, q=u,d,s q q=c,b,t q 

(68) 
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and (nlmqqqln) = mnf!f.q· Numerically, the f~n) are given by [79] 

ffu = 0.020 ± 0.004, Jfd = 0.026 ± 0.005, }~8 = 0.118 ± 0.062 

f!J.u = 0.014 ± 0.0043, J!J.d = 0.036 ± 0.008, f!J.s = 0.118 ± 0.062, 

while J!/;n) is defined by 

r(p,n) = 1 - "'""' r(p,n) 
JTg ~ JTq · 

q=u,d,s 

(69) 

(70) 

We can approximate fp :::::: fn since hs is larger than other ]Tq 's and fr9 . 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 

(71) 

where mr is nucleon-dark matter reduced mass 1/mr = 1/mn + 1/mx1 • 

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 

ma..-;s is mh1 = 11.3 GeV. This lightest scalar is mostly singlet and its mixing with 

other scalars is given by 

h1 = 0.089 hu + 0.004 hd + 0.010 ho + 0.004 ht. + 0.996 h8 • 

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 

(72) 

77 



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 mh1 = 41.5 GeV and spin independent cross section a81 = 

1.2 x 10-42 cm2 . 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 ---t x1x1 and Z ---t h1a1 are allowed kinematically. 

The Z decay width has been measured precisely and is given by r = 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 ---t x1x1 is 

given by 
3 

G (}
2 ( 4 2 )2 F X 3 TTLXI 

fz-+xtXt = J2 mz 1--2- ' 
48 21r mz 

(73) 

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

(74) 

In the equation above, Wfl is the (!, 1) element of the neutralino diagonalizing 

matrix. The decay width of Z ---t h1 a1 is given by 

(75) 
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Benchmark point A B 
mx1 (GeV) 7.4 7.4 
mxt (GeV) 118 118 

mh1 (GeV) 11.3 41.5 
ma1 (GeV) 18.7 19.3 

fz-t;nx1 (GeV) 1.4 x w-9 1.4 x w-9 

fz-th1a 1 (GeV) 1.1 X 10-ll 4.9 x w-12 

k 8.o x w-3 1.3 x w-2 

Smodet(e+e- -7 h1a1) 1 x w-w 1 x w-w 
Smodet(e+e~ -7 h2at) 1 x w- 12 2 X 10~ 12 

O"e+r-txiX2 (pb) 1 x w-5 1 x w-5 

Table 12: Mass spectrum and bounds for benchmark points A and B. The variable k 
is given by k = ahz/a~f and Smodel = ah;a)aref, where ah;ai is the hiaj production 
cross section and are/ i~ the reference cro~~ ~ection defined in Ref. [82]. 

where 

(76) 

and 

For the benchmark point, the partial decay widths in both cases are given by 

fz-tXIXI = 1.4 X 10-9 GeV, 
(78) 

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 

e t e- -7 Z-+ Zh1. 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 

(79) 
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In our model, k( mh) is given by 

(80) 

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

(81) 

The bound on k(mh) for the benchmark point h1 mass is given by 

k(11.3 GeV) ::; 0.09. (82) 

Therefore k(mh 1 ) does not exceed the bound from Higgsstrahlung process in our 

benchmark point. The pseudoscalar can also be produced at LEP by the process 

e+e--+ Z-+ ha. In the benchmark point, both h1a1 and h2a1 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 S95 = CJmax/aref 

where CJmax is the largest cross section compatible with data and a ref is the standard 

model hZ production cross section multiplied by a kinematic scaling factor. Defin-

ing Smodel = ah;aj/aref, where ah;aj is the model's hiaj production cross section, the 

bound on the model is given by 8model < 8 95 . For our benchmark point, 8model is 

given by 

(83) 

which is lower than the bound, 895 rv 0(10-2
), 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 

Ge V 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 x2 decays into xd f. 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 

(84) 

while the bound is 0(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 hu, hd, h0 , and ht 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 Ge V 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 T-pairs most of the time, but into hadronic channels the other 

15-40% of the time, and (av) falls within the range 4.6 X 10-27 -5.3 X 10-26 cm3 js 

[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+ ---+ et vJ (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 

PMNS matrix uij by rn~j = uitkrnVktulj, where rn~j is the diagonalized neutrino 

mass matrix. This gives 

(A.l) 

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

where 013 = 0) 

0 

- sin(012) cos(023) cos(012) cos(023) sin(023) (A.2) 

sin(012) sin(023) - cos(013) sin(023) cos(023) 

and 

rnvl 0 0 

rnD = 
Vij 0 rnV'l 0 (A.3) 

0 0 rnv:J 

Although there is a range of allowed values for 012 , 013 , and 023 , we will choose 

them to be given by 34o, oo, and 45o, 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 .56 0 

uij ~ -.4 .59 .71 (A.4) 

.4 -.59 .71 

For the normal hierarchy we have mv1 ~ ml/2 « mVJ = M, while for the inverted 

hierarchy we have mVJ « mVI ~ ml/2 = M. 

We therefore find 

M2 1Ui3Uj312 

M 2 iUi1Uj1 + ui2Uj2l2 

Normal Hierarchy 

Inverted Hierarchy 
(A.5) 

The branching ratio BR(x+ -+ fiv3) = f(x+ -+ fiv3)/f(x+ -+ any f+v) is given 

by m;3 / Lk! m~1 , which is easily evaluated as 

0 0 0 

BR(x+ -+ fiv3) = 0 25% 25% 

0 25% 25% 

50% 0 0 

BR(x+-+ e: v3) = 0 12.5% 12.5% 

0 12.5% 12.5% 

for the normal hierarchy, (A.6) 

for the inverted hierarchy. (A. 7) 

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: 

x+ -+ ~+vj and also will give us the flavor structure when, for example, a VR of 

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

To calculate gauge boson ma..-,ses 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 Hi is given by 

= (a Ht + i 91 A a Htaa + ig2Y.B Ht) (a~-' ll - i 91 Ab~-'abH·- ig2Y.BI-IlJ.) 
l-It 2~-'' ·~-~· • 2 t • ' 

= a~-'Ht a~' H; + { i~ A~Hf "a a~-' Hi+ ig2 Y;B~-'Hf a~-' Hi+ h.c.} 
+ Ht ( 9; A~aa + 92YiB1-1) ( 9; Ab~-'ab + 92YiB~-') ll;. 

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 !l.C. Using the identity { aa, ab} = 2c5ab we have 

A~AbJ.taaab = A~Ab~', which allows us to simplify this portion 

(B.l) 

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

values, which are as follows 

1 ( 0 ) 1 ( 'Vd) (Hv.) = ../2 Vv. ' (Hd) = ../2 0 ' 

1 (0) 1 (Vf·) (Ho) = ../2 Vo ' (H£) = ../2 0 . 
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Using the fact that (Hi)t}iA~CJa(Hi) = -(Hi)tA~I}ii(Hi), 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 

!::.£ = (Hi)t ( 1 ( A~A1 1l + A!A2
1l) + (~A!- 92l}iiB~t r) (Hi) 

= (Hi)t c~ w:w-ll + ~(g~ + gnz~Z01L) (Hi) (B.2) 

. 2 2 
= (9tV') w+w-IL+ Vi (g2+g2)zozO~t 2 ll 81 21J.. 

Here we have used the fact that l}il = 1/2 for all four Higgs doublets. The expres­

sions for w±, Z0 , and AIL (the photon) are consequently given by 

(B.3) 

and 

( 

cosOw 

sin Ow 

-sin Ow ) ( A! ) ' 

cosOw B,.,. 
(B.4) 

where 

The two terms in the last line of Equation B.2 are mass terms for the w± and Z 0 

contributed by the Higgs doublet Hi. Each of the four Higgs doublets contributes 

a pair of terms in this way. The w± and ZO masses are simple the sum of these 

terms. 

Hence we have 
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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 

y± = (T1 ± iT2 ) and Q = T 3 + Y, where the ya 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 

Ta = aa /2. Now however, we leave the generators to be for a general representation 

v,L = aJ.I. - ig1A:ra - ig2 Y BJ.I. 

= 8J.I.- ig1 ( A~T1 + A!T2) - ig1A!r- ig2Y BJ.I. 
{B.6) 

We may use equation B.4 to substitute A! = cosOwZJ.I. + sinOwAJ.I. and BJ.I. 

-sin Ow ZJ.I. +cos Ow AJL into equation B.6. Doing this and noting that 

( A;LT
1 

+ A!T
2
) = ~ (A~- iA!) ( T

1 
+ iT

2
) + ~ (A~+ iA!) ( T 1

- iT
2

) 

= -
1-(w+r+ + w-r-) v'2 J.l. JL ' 

Equation B.6 becomes 
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C Derivation of e2 in The SLHM 

In order to calculate the 9zzh coupling we look at the kinetic terms for the Higgs 

doublets. The kinetic term for the doublet Hi takes the form 

('DJLHi)t 'DILHi = ((Stuff)JLHi + BZ~Hi) t ((Stuff)ILHi + BZ01LHi) 

= (Other Stuff)+ HJ\B\2 z:!ZOJL Hi. 
(C.l) 

Since we are only interested in terms quadratic in Z0 , 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 

(C.2) 

Each of the four neutral scalars can be written as a linear combination of the four 

fields ¢3, </>s, </>n, and ¢13· For each Higgs doublet, we are only interested in its real 

degree of freedom that is a part of the lightest neutral scalar h0 . For each of these 

fields Q = 0 since the field will reside in the component of the Higgs doublet for 

which T3 = -Y. Since \T3
\
2 = 1/4 for all four doublets, Equation B.7 tells us that 

\B\ 2 = gU4cos2 Ow. Setting <Pi = 0 for all i except i = 3, 5, 11, 13 the last term in 

Equation C.l becomes 
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We do not care about the "stuff'' since we only need the coupling between two Z 0
-

bosons and one scalar Higgs. The notation ¢h(i) is intended to mean the nonzero 

field inside the Higgs doublet Hi, e.g. for Hd we would have ¢h(d) = ¢5 . Each of the 

four Higgs doublets contributes a relevant term so that we obtain 

+ (Irrelevant Stuff). 

The above term, which we will denote by ~i!, contains the couplings between Z0 Z0 

pairs and each of the four neutral scalars, but it is currently expressed in terms of the 

gauge eigenstate components cPi· We need to reexpress it in terms of the physical 

mass eigenstates (of which h0 is one) in order to extract any coupling constants. 

Let us arrange the four neutral scalar gauge eigenstate components into the vector 

<I>= (¢3 ,¢5,¢n,¢13)T and let M be the neutral scalar mass matrix with U its 

unitary diagonalizing matrix, i.e. 

If we let <I>' = ut <I> then we have 

In other words, <I>tM<I> = Ei=l m71<I>W, which indicates that <I>' is the vector of 

neutral scalar mass eigcnstates <I>'= (h0 ,r.,O, up, !lg)r. These are the physical states 

in terms of which we wish to express D.£. Using <I>i = Uij<I>j, this can now be easily 
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accomplished 

~.C = ( 2c::ow) 
2 

~Z0"(vu4>3 + vdl/>5 + vo4>u + Vt4>t3) 

= ( g
1 

(} )

2 

~ZOP. (vuU1j<I>~ + vdU2j<I>~ + voU3i<I>~ + VtU4j<I>~) 
2cos w 

(C.3) 

This gives the coupling of each of the four physical neutral scalars h0 , ry0 , HP, Hg to 

Z0-pairs. If we now define tP = v~ + v~ + v5 +vi, tan {j = vu/vd, tan {jt = v0/ve, and 

tan2 a = ( v; + v~) / ( v5 + vi) then we have 

Vu = v sin a sin {3, vd = v sin a cos {3, Vo = v cos a sin f3t, Vt = v coso: cos {j,. 

(C.4) 

We are only interested in extracting the Z 0 Z 0 h0 coupling from equation C.3. Using 

the above relations we find 

9zzh = ( 2 c:: Ow) 
2 

( VuUu + vdU21 + voU3t + vtU41) 

= ( 
91~ ) (U11 sinnsin.B + U21 sinncos,B + U31 coso: sin .Be+ U41 coso:cos.Bt), 

2cos w 

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

we find that the ratio e = (gzzh/g~ztt) 2 
is given by 

t;,2 = IUn sinasin,B + U2t sinacos,B + U31 coso: sin ,Be+ U41 cosacos,Be ,
2
. (C.5) 

Note that the second subscript for each Uii is always 1 because h0 is the first com­

ponent of <I>'. 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<I> =<I>'= (h0,ry0,Hp,Hg)r. 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 Uij 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 h0 , 

which is defined as the lightest neutral scalar (i.e. the eigenstate with the smallest 

eigenvalue). 
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D Breaking Terms 

Field z3q z3l Field Z3q Z3e 
flu w 1 Xo1 1 1 
~ 

lld w 1 
~ 

Xo2 w2 w2 
~ ~ 

Ho 1 w ~ql w 1 
~ 

lit 1 w ~q2 w2 1 
~ 

w2 E 1 Xn 1 w 
~ 

Q w2 1 
~ 

Xe2 1 w2 

Table 13: Transformation rule for the z3q X Z3e symmetry. Each field transforms as 
</> --+ X</>, where X is the corresponding factor shown in the table. For each case, 
w3 = 1. Other fields not shown in the table are neutral under z3q X Z3e 

In this appendix, we discuss a possible source of the terms in Vsott that break 

the Z2 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 ,..,q and ,..,e. In this scenario 

there is a hidden sector, which contains the six fields x01, Xo2, xql, xq2, xl'l and 

Xf.2. The F-terms of the fields receive vevs 

so that 

(FxJ 
Msusv rv -­

Mp 

(D.1) 

(D.2) 

is at the TeV scale. The index i denotes 01, 02, q1, q2, £1, and £2. A Z3q X z31' 

symmetry is imposed, under whieh the fields transform aeeording to Table 13. The 

hidden sector fields Xi 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 

(D.3) 

where d2(J = d( fJfJ) and d4 fJ = d( fJfJ)d( iJiJ) represent integration over Grassmann 

variables and f' and m' are coupling constants. When the F-terms of X01 and X02 

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

Similarly, the breaking parameters JL~ and l'·d arise from the Planck suppressed 

terms 

g' j JO"'o.,. t ......_ ..-. ..-.. n' j 2 .-. - - .-... 
!.l.C = M~ ~fJX01 Xo2HoHd + Mp d fJX02 SH0Hd + h.c. 

g'(F01 )(Fo2) R H + n'(Fo2) SH H + h (D.5) 
-+ M~ o d Mp o d .c. 

-+ J.L~HoHd + J.LdSHoHd + h.c., 

while the parameters m~0 and m~ arise from 

(D.6) 

In this way, all of the Z2 breaking terms are generated. At this point it should be 

noted that the Z3q x Z3e symmetry actually prohibits the terms J.LqHufld, J.LeHoHe, 
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I cPe~.tqfiufid 
I cP (} p,,_ii o fie 

I cPe>.2S2 

~.t~HuHd 

Jt~HoHe 

J,t~HuHe 

~.t~HoHd 

m~0H!Ho 

m~H~He 

m}JH,j 2 

~.taSHuHd 

J.tbSHoHe 

J.tcSHuHe 

~.tdSHoHd 

f?..S2 
8 

Table 14: Half of the complete list of superpotential and Ysort terms generated by 
the Xi 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,/Jflufld, and K,eSH0 He from appearing in the superpotential [see Eq. (46)]. As far 

as the /1-q and JL£ terms are concerned, this is not a problem since they are generated 
~ ~ 

by the vevs of the Xq2 and Xn fields in the same manner: 

(D.7) 

In this UV completion scenario, the terms corresponding to K,q, K,e, .A1 and t are not 

generated in this way. Because of the Z3q x Z3t symmetry, they are entirely absent 

at tree level. Benchmark points II and V in Table 15 satisfy K,q = K,t = .A1 = t = 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 Xi, 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 II III IV v VI 

K,q 0.01 0 0.01 0.01 0 0.01 
K,l 0.01 0 0.01 0.01 0 0.01 
K,s 0.6 0.6 0.5 0.6 0.6 0.5 

tano: 20 15 30 20 30 25 
tan/3 50 30 30 50 25 25 
tan f3t 10 10 5 10 5 5 

'V8 (GeV) 50 50 100 50 50 100 
Vu (GeV) 245.6 245.3 245.7 245.6 245.7 245.6 
vd (GeV) 4.9 8.2 8.2 4.9 9.8 9.8 
v0 (GeV) 12.2 16.2 8.0 12.2 8.0 9.6 
Vf (GeV) 1.2 1.6 1.6 1.2 1.6 1.9 
Jtq (GeV) 125 125 200 125 125 150 
/Lf (GeV) 125 125 150 125 150 150 
..\i (GeV2

) 1002 0 1502 1002 0 502 

..\2 (GeV) -35 -35 -63 -35 -35 -63 
M 1 (GeV) 500 500 250 500 250 200 
M2 (GeV) 500 500 500 500 500 400 
m~0 (GeV2

) -1002 -1502 -1502 -1002 -1502 -1502 

m~ (GeV2
) 1002 2002 1002 1002 2002 1002 

~ti (GeV2
) 4002 3002 3002 4002 4002 3502 

p,~ (GeV2
) 2002 3002 2502 2002 2002 3002 

p,~ (GeV2
) 2002 2002 2502 2002 2502 2002 

p,~ (GeV2
) 4002 2002 2002 4002 4002 1002 

Ita (GeV) 100 75 75 100 100 80 
Jtb (GeV) 200 150 300 200 250 400 
Jlc (GeV) 200 200 400 200 300 200 
ltd (GeV) 200 100 100 200 250 100 

Continued on the next page 
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Table 15· continued 
Benchmark point I II III 

t3 (GeV3) 60.63 0 83.93 
b; (GeV2

) 63.42 43.62 98.22 

as (GeV) -42.4 -21.7 -50.2 
mx1 (GeV) 7.4 7.4 7.7 
mxt (GeV) 118 117 151 
mh1 (GeV) 11.3 19.2 12.8 
ma1 (GeV) 18.7 16.1 18.8 
(av) (c~3) 4.0 x w-26 3.4 x w-26 4.6 x w-26 

(mJ ~XtXt---+hadronsH 23% 38% 32% (av} 

asi( cm2
) 1.7 x w-40 1.2x w-40 1.5 x w-40 

fz-~xm (GeV) 1.4 x w-9 0 2.1 x w-lo 
fz--th1a 1 (GeV) 1.1 x w-n 1.2 x w-10 1.4 x w-10 

k 8.0 x w-3 3.5 x w-2 2.2 x w-2 

Smodel(e+e- ---* h1at) 1 x w-10 2 x w-9 2 x w-9 

Smodel ( e+ e- ---* h2at) 1 x w-12 5 x w-11 3 x w-11 
(1 e+e- ---+xt X2 (pb) 1 x w-5 0 5 x w-9 

Benchmark point IV v VI 
t3 (GeV3) 55.03 0 -87.93 
b; (GeV2

) 66.32 47.12 99.02 

as (GeV) -42.2 -20.0 -50.2 
mx1 (GeV) 7.4 7.4 7.7 
mxf (GeV) 118 117 137 
mh1 (GeV) 41.5 41.4 23.1 
ma1 (GeV) 19.3 19.2 11.7 
(av) (c~3) 3.0 x w-26 3.1 x w-26 4.1 x w-26 

(av {XtXt---thadrons)) 23% 24% 30% (av) 

asi( cm2
) 1.2 x w-42 6.1 x w- 42 1.5 x w-41 

fz---+nn (GeV) 1.4 x w-9 0 6.3 x w-10 
fz---th 1a1 (GeV) 4.9 x w-12 4.2 x w-11 1.2 x w-10 

k 1.3 x w-2 0.12 2.8 x w-2 

Smodel(e+e----* h1at) 1 x w-10 1 x w-9 2 x w-9 

Smodel( e+ e- ---* h2a1) 2 x w-12 1 x w-w 4 x w-u 
lTe+e----+xtX2 (pb) 1 x w-5 0 4 x w--6 
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