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Chapter 1
Introduction

1.1 The Standard Model

The most fundamental physical questions are “What are the building blocks
of the universe” and “how do those blocks interact with each other?”. Even though
this question is quite old, it is the underlying question of the relatively young field
of particle physics. The modern answer is summed up in the standard model (SM)
11, 2, 3].

Matter content in the SM can be broken down into two general categories:
quarks and leptons. Each category can then be further subdivided into 3 genera-
tions with each generation containing 2 different flavors. In the quark sector, the
generations in ascending order are: up and down, charm and strange and top and
bottom; for the leptons: electron and electron neutrino, muon and muon neutrino
and tau and tau neutrino. Each successive generation is a heavier copy of the pre-
vious one.

In general these particles interact through four forces: strong, weak, electro-
magnetic and gravitational; the SM provides a quantum understanding of the first
three. Quarks are the only strongly interacting particles. Both quarks and leptons
experience the weak force and only the neutrinos do not interact electromagnet-

ically. Everyday experiences are limited to the electromagnetic and gravitational



forces. The strong force plays a role only on the scale of 10~%m because quarks are
confined inside hadrons, e.g. protons and neutrons. The weak force is mediated by
massive particles and therefore have a characteristic scale associated with the mass
of those mediators, also roughly 10~ m.

The SM states that each of these three forces is mediated via spin 1 bosons
called gauge bosons. Gauge boson-matter interaction strengths are proportional
to charge. Strong force charge is called color and has three different values: red,
green and blue. Mediation of the strong force takes place via eight massless glu-
ons, which also carry color charge. Isospin determines weak force interaction. The
weak force carriers are three massive gauge bosons W+, W~ and Z°. Finally the
electromagnetic force is mediated by massless, chargeless photons. Particle charges

are summed up in the language of group theory in Table 1.1.

1.1.1 The Standard Model Lagrangian

Mathematically, the description of the three forces is quite remarkable and
links them to a beautiful area of mathematics: group theory. Specifically the SM
forces correspond to local (or gauge) symmetries of the Lagrangian. Therefore it is
necessary to know the symmetry groups, the particle content and its charge under
the groups. The Lagrangian is then just all the operators of dimension four or
less that can be built from the particle content which are invariant under local
transformations of the symmetry groups. The SM forces are the direct product:

SU(3)e x SU(2)p x U(1)y, with the subscript letters standing for: color, left and



hypercharge. Particle representations under this direct product are summarized in
Table 1.1. The electric charge is given by @Q = T3 + %Y where T3 is the isospin

charge and Y the hypercharge. Here the superscript ¢+ = 1..3 denotes generation so

Fields | SU(3). x SU(2), x U(1)y
Q1 (3,2,+3)
ul (3,1, —i—%)
d’h (3,1,-2)
L (1,2, -1)
eli (1,1,-2)
H (1,2, -1)

Table 1.1: Representation assignment for the fermion and Higgs fields of the SM
where the superscript ¢ = 1..3 represents generation, the prime indicates that these
are gauge and not mass eigenstates and the subscript L (R) denotes 2 component
left-handed (right-handed) fermions. The electric charge is given by Q = T3 + 1V

where T3 is the isospin charge and Y the hypercharge

that for example:

13 tlL 13 V; 12 /
Qr = Ly = Up = CR (1.1)
b, T

while L (R) represents two component left-handed (right-handed) fermions with
YR, = (1 £75) ¥. Also, color degrees of freedom will not be indicated in the rest

of this discussion.



The SM also includes an SU(2)y, scalar doublet, the Higgs:

H+
H = (1.2)
HO
with a potential given by:
V =—p}H? + M\H* (1.3)

Given a p? > 0 the trivial vacuum expectation value (VEV) of H leads to an unstable
ground state, i.e. for (0|H|0) = (H) = 0. The stable ground state can be found by

minimizing the potential:

Since a non-zero VEV for a quantum field is not well-defined, it is necessary to shift
H° — H° +v. This corresponds to a spontaneous breaking of the gauge symmetry
and leads to massive gauge bosons as can be seen in the covariant derivative. This
is known as the Higgs mechanism [4, 5, 6]. The covariant derivative is defined so
that D, is invariant under the local gauge group. In general the SM covariant
derivative is
. arira Y
D, = 0, —1gsT Wi —i-ag1B, (1.5)

2

a

where for the Higgs boson Y = +1. The SU(2). generators are given by 7¢ = %

where the o are the Pauli spin matrices.

Once the Higgs field is shifted, the Higgs covariant derivative term produces



the following mass terms for the bosons:

1 ) v
Wk = E(W1 ¥ iV2) My = % (1.6)
1
Z) = cos 0,W) —sin 6, B, My, = Ev\/gf + g3 (1.7)
A, = sin 0, W} + cos 0, B, My=0 (1.8)

h=V2(R(H) —v) My, = V2w (1.9)

where sinf,, = ¢,/ \/m and A, represents the massless photon of electromag-
netism. Colloquially, it is said the gauge bosons have eaten some of the degrees of
freedom of the Higgs to become massive. Three new degrees of freedom exist in
the gauge sector corresponding to each gauge boson that has become massive. This
corresponds to the three scalar Higgs degrees of freedom which no longer appear in
the SM. Furthermore, the masses of the gauge bosons are such that the cross-section
for W pair production does not violate unitarity, as would be true for a theory in
which gauge boson masses are naively inserted.

An important quantity in the SM can now be defined

V2
W

2 2
M? cos 62

p= (1.10)

which is equal to one at tree level and is sensitive to beyond the SM (BSM) physics.
Experimental verification of this is one of the indicators of the validity of the stan-
dard model.

Fermion couplings to the gauge sector via the covariant derivatives generate

charged and neutral currents. The charged current, J

. » is characterized by V — A

interactions and couples to W*. At low energies, where the W boson is integrated



out, the charged current reduces to the effective Lagrangian responsible for muon
and beta decay. The two neutral currents are: the electromagnetic vector current
coupled to the photon and the current coupled to the Z°. It is important to note
that these do not contain flavor changing neutral currents (FCNC). Such processes
only arise at loop level with W propagators and are therefore small. Experimental
measurements of FCNC are consistent with this framework, another success for the
SM.

While fermion mass terms are not gauge invariant Yukawa interaction terms
between the fermions and the Higgs are possible. Once the Higgs is shifted by its

VEV, fermion mass terms are generated
v - . - . A .
Linass = E Z(y:;je/[/ie/]gﬂ + yzju/Lz‘u/]j% + Yy Lidh + h'C'> (1.11)
ij

Neutrinos remain massless because of the absence of right-handed neutrinos, which
have not been observed in nature. A given 3 x 3 mass matrix is proportional to
the appropriate Yukawa matrices and is not necessarily diagonal. Diagonalizing
the mass matrices rotates the fermions from gauge eigenstates to the more physical
mass eigenstates. The consequences of this is that while the up-type quark gauge

eigenstates can be identified with the mass eigenstate, the down-type quarks are

related as follows

d d
s | =Vekm | s (1.12)
v b

where the unprimed fields are mass eigenstates and Vogr is a 3 X 3 unitary matrix
known as the Cabibbo-Kobayashi-Maskawa (CKM) matrix. It is this mixing that

6



allows for charged flavor changing currents at tree level and ultimately FCNC at

loop level.

1.1.2  Standard Model Summary and New Physics Wish List

The success of the SM was hinted at in Section 1.1.1 with the p parameter and
FCNC but includes more than that. In fact, almost all particle phenomena to date
fits within the theoretical framework of the SM. Perhaps the most striking example
of this is the discovered of the W and Z bosons at CERN in 1983 with masses
of about 80 and 92 GeV respectively. This is consistent with a VEV, v = 246.3
GeV [7, 8]. Furthermore, the SM unifies the weak and electromagnetic forces into
the electroweak force, which is a consequences of the spontaneous SU(2), x U(1)y
breaking.

The SM is truly satisfying theoretically since it’s construction is guided by
the basic principle of gauge symmetries. The resulting operators of the SM are not
only invariant under the gauge groups but also manifest the accidental symmetries
of baryon and lepton number conservation. Furthermore, 't Hooft showed that all
operators of dimension four or less in the SM are renormalizable. However, despite
all of this phenomenal successes, model builders have been trying to expand on
the SM almost since its inception. Most of these have used the principle of gauge
symmetries and the Higgs mechanism that have made the SM so successful. The
wish list of new physics includes solutions to these issues:

The Gauge Hierarchy Problem: Scalar masses are very sensitive to higher



physics scales through quantum corrections. Calculation of such a correction must
be proportional to some mass scale squared: the tree level mass of the Higgs or
the scale of new physics, which cuts off the loop momentum integral. A quantum
correction proportional to the Higgs mass would indicate a symmetry forbidding the
Higgs mass: as the Higgs mass went to zero at tree level, quantum corrections would
too. However, no symmetry can forbid the term m2]h]2, therefore the quantum
corrections to the Higgs mass must be proportional to the scale of new physics. For

a Yukawa coupling between the Higgs and the top quark:
ﬁyukawa D) ytfht (113)
a one loop mass correction exists. The contribution from this goes as

2 Ui a2

where A is the new scale. In the SM, the next scale of physics is possibly the Planck
scale, A ~ 10'® GeV, making this quantum correction quite large.

The physical Higgs mass is given by

m; = mg + om;, (1.15)

where m3 is the bare Higgs mass parameter in the Lagrangian. The physical Higgs
mass must be less than 1 TeV in order to solve the unitarity problem of W pair
production. Therefore, the sum of m2 and dm? must cancel to one part in 10
This is an enormous amount of fine-tuning and while it is not an actual theoretical
problem, it seems to signal some underlying mechanism at work here. This has been

the greatest driving force in BSM model building.



Neutrino Masses and Oscillations: Around 2000, oscillations between
neutrinos of different gauge eigenstates were experimentally observed. Such oscil-
lations signal massive neutrinos, which are not consistent with the tree level SM
Lagrangian. A naive addition of right-handed neutrinos would lead to neutrino
Dirac masses comparable to the masses of the other fermions, which are too large
(assuming neutrino Yukawa couplings comparable to the Yukawas in the SM).

Dark Matter: Observation of galaxy rotation curves [9] show that the veloc-
ity of stars does not drop off with radius of the galaxy as expected from Newton’s
laws. This can be a result of either a modification of Newtonian gravity or a concen-
tration of a large amount of dark matter in the outer regions of the galaxy. Other
data exists to confirm the latter hypothesis and shows that dark matter makes up
about 23% of the universe. Observations and calculations [10] indicate that dark
matter must be: electric and color neutral, non-baryonic, cold (moving at non-
relativistic speeds) and stable. The most likely SM dark matter candidate, the
neutrino is relativistic and therefore excluded [11].

Charge Quantization and Higher Symmetries: One of the consequences
of quantum corrections is the running of coupling constants with energy. In the
SM, an evolution of the three gauge couplings shows that they almost intersect at
about 106 GeV. It is very tantalizing to suppose that at this energy scale, a new
gauge symmetry exists which unifies the three forces of the SM into one and whose
matter multiplets unify quarks and leptons. Models that assume such symmetries
are referred to as grand unified theories (GUTs). The unified group would not

include U(1) factors and therefore its quantum numbers would all be quantized.



Since electric charge would need to be related to these quantum numbers, it too
would be quantized instead of depending on the seemingly unphysical hypercharge
quantum numbers (which are chosen to cancel triangle gauge anomalies). Other
options, such as relating electric charge to more physical quantum numbers or partial
unification, also exist.

Why Electroweak Symmetry Breaking: While the SM explains how the
mechanism of electroweak symmetry breaking (EWSB) takes place, there is no ex-
planation why. Specifically, why is u? positive in Eq. (1.3) making the Higgs doublet
tachyonic thereby destabilizing the trivial vacuum.

Generations and Hierarchy: The SM is a very economical model but the
inclusion of three similar generations, instead of one, seem to challenge this economy.
Furthermore, the mass hierarchy between the different generations is startling. The
top to electron mass ratio is on the order of about 3 x 105.

Strong CP Problem The QCD Lagrangian allows for a charge parity (CP)
violating term

2
g

— 9
Lo =030

PG, Gap (1.16)

with 8 < 107 necessary to agree with the observed electric dipole moment of the
neutron. This is unnaturally small and suggests the existence of a symmetry forbid-
ding this term. The most simple solution, an extra U(1)pg Peccei-Quinn symmetry

leads to an unobserved pseudo-Goldstone boson, the axion.

This thesis focuses on a type of model which addresses at least two of these

10



issues: supersymmetric left-right models (SLRMs). Supersymmetry (SUSY) is a
symmetry between bosons and fermions and provides an elegant solution to the
gauge hierarchy problem by canceling quantum contributions to the Higgs mass
between fermionic and bosonic loops. It will be discussed in Section 1.3. Under
certain circumstances, SUSY also: provides a dark matter candidate, dynamically
triggers EWSB and allows for a true intersection of the gauge couplings at around
10%6 GeV.

Left-right models, discussed in Section 1.2, extend the symmetry of the SM
by replacing U(1)y by SU(2)g x U(1)p_r. The Higgs mechanism is then invoked to
break SU(2)r x U(1)g_r, down to U(1)y. Left-right models are attractive because
they put left-handed and right-handed particles on the same footing and have the
potential to be invariant under parity. Their particle content naturally includes the
right-handed neutrino and can easily facilitate small neutrino masses via the seesaw
mechanism. They can also lead to a natural solution to the strong CP problem and
relate electric charge to the more physical quantum number: baryon minus lepton

number.

1.2 Massive Neutrinos and Left-Right models

Neutrinos produced from weak interactions are gauge eignestates and super-
positions of mass eigenstates weighted by a phase factor of e £ £ = \/m?2 4 p2.
If the masses are different, then the probability that a given neutrino with flavor ¢

will oscillate into a neutrino with flavor j # ¢ is non-zero. Such oscillations were
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first proposed by Pontecorvo in the 1960s and experimentally observed in the 2000s.
They represent the first empirical evidence for BSM physics.

Neutrino oscillations have been measured for two neutrino sources: solar[12,
13, 14] and atmospheric[15, 16]. Solar electron neutrinos are produced through
fusion reactions in the sun but the observed flux through the SNO underground
detector was less than that expected from fusion calculations. The result can be
explained in terms of neutrino oscillations with a mass difference Am?, ~ 6 x
107° eV?%.  Atmospheric muon neutrinos are produced when cosmic ray interact
with the Earth’s atmosphere. The flux is isotropic yet the underground Super-
Kamiokanda detector found less upwards flux then downwards. Since the upward
flux must travel further, it was concluded that the smaller flux is a reflection of
oscillations into tau neutrinos. This reflects a mass difference of about meos ~
2.5 x 1072 eV?.

The SM does not allow for tree level masses for the neutrinos to explain these

observations. However non-renormalizable operators

(1.17)

can exist, where M is some mass scale. Given that 107> < ¢ < 1, as is true for the
Yukawa couplings, and the mass bound m,, < 2 eV from tritium beta decay then

the mass scale for new physics lies in the range
10"°GeV < M < 10"°GeV (1.18)

although ¢ and therefore the mass scale can be smaller. A simple extension of the
SM, well motivated by neutrino masses, is the left-right symmetric model. The
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gauge group is SU(3). x SU(2)r, x SU(2)g x U(1)p_, where B — L is baryon minus
lepton number. When the g, = ggr is also assumed parity is also a symmetry of
the Lagrangian. Left-right theories are a natural framework in which to invoke the
seesaw mechanism[17, 18, 19, 20, 21] for small neutrino masses. The particle content

and its SU(2)r, x SU(2)g x U(1) g1, representation is given in Table 1.2. where the

Fields | SU(2), x SU2)g x U(1)p-1L
Qs (2,1,+3)
Q% (1,2,+3)
Li (2,1,-1)
Li, (1,2,—1)
®, (2,2,0)
Ap (3,1,2)
Ag (1,3,2)

Table 1.2: Representation assignment for the fermion and Higgs fields of the left-

right model where the superscript ¢ = 1..3 represents generation.

Ap is a right-handed triplet which facilitates SU(2)g x U(1)p_, — U(1)y while the
bidoublet ® plays the role of the SM Higgs inducing SU(2), x U(1)y — U(1)gum.

The VEV structure is:

0 + O
@ﬁ:< Lo >=i@“5 (1.19)
¢y ¢ 0«
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S

< ATt > 1 0 O
(App) = - — (1.20)
Ab AL

V2/) LR vr 0
with v, < K < kK < vg. Note that in general v;, does not have to be small since
terms such as Tr A;¢Agr¢ must be included in the potential which will source Ay,

however large vy, will lead to p # 1. Therefore vy, is highly constrained and must be

less than a few GeV.

1.2.1 The Seesaw Mechanism In Left-Right Models

The seesaw mechanism arises through Yukawa couplings in left-right models

EYukawa D ygleLi(I)aQi{ + yZZELZ(I)aL‘E (121>

+ify (LTCTALL, + LY CT ARLY) + hec.

where a = 1,2 and ®3 = 72®P]7e. The terms in the last line have the same coupling
due to parity. Once the Higgses are VEVed, Eq. (1.21) produces two types of mass
terms for the neutrinos: Dirac with mp ~ yrx and Majorana with Mgz ~ fug and

my, ~ fvr leading to the mass matrix

myp m}
M, = (1.22)
mp MR

where the elements of this matrix are 3 x 3 in generation space. The eigenvalues are

1
m, =my — m%MglmD = fup — Ky} —KYL (1.23)

Jvr

my = MR = fUR (124)
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m,, is naturally very small given a large Mg and is the mass of the observed mostly
left-handed neutrino. N is the mostly right-handed, heavy neutrino. Now the right-
handed scale vg can be identified with the new mass scale M in Eq. (1.17), the mass
of the mostly right-handed neutrino and the seesaw scale. This is the type I seesaw

mechanism.

1.2.2  Motivation and Consequences of Left-Right Models

Left-right models are motivated by more than just neutrino masses. Theo-
retically, gauging B — L is well motivated, since it is the only anomaly free U(1)
symmetry of the Lagrangian, aside from hypercharge, once the right-handed neu-

trino is included. The upshot of this is that the electric charge is now given by

1
Qem = Isp + Iip + §(B — L) (1.25)

which is more physically significant than the SM form which depends on hypercharge
quantum numbers. Furthermore, parity symmetry is aesthetically appealing since it
puts left-handed and right-handed fields on equal footing. It also solves the strong
CP problem by forbidding the strong CP violating term linear in 6 since § — —6
under parity.

Utilization of the seesaw mechanism via left-right models has a variety of
interesting experimental consequences. The Majorana mass term for neutrinos vi-
olates lepton number by AL = 2. This ingredient allows for interesting experi-
mental effects such as: neutrinoless double beta decay and lepton flavor violating

processes: 1=, 7~ — e~ eTe”, muon-electron conversion and muonium-antimuonium
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oscillation—pute™ — p~e®. Meanwhile, baryon number continues to be a good

symmetry below the right-handed scale guaranteeing a stable proton.
Right-handed currents lead to possible CP violation in the weak sector. Limits

on new CP violation in various meson systems can be used to put a lower bound on

the mass of the right-handed Wg
1
My, ~ 5921}3 > 2TeV (1.26)

where the exact bound is dependent on model details. This translates into a lower

bound on the right-handed scale itself and has implications in the neutrino sector.

1.3 Supersymmetry

Many useful reviews have been written on SUSY [22, 23, 24|, which can be
considered the most pleasing solution to the gauge hierarchy problem. It’s success
is easy to understand since quantum corrections to a scalar mass stemming from
fermionic couplings are negative while those from the scalar couplings are positive.
Therefore, if there were some way to relate these couplings to each other in the
correct way they will cancel and the gauge hierarchy problem would be solved. This
is the case when the Lagrangian is invariant under a symmetry whose generators
transform fermions to bosons and vice-versa. Such a symmetry must necessarily have
fermionic generators, but its form is highly constrained by the Coleman-Mandula
theorem which states that the most general Lie algebra cannot contain such oper-

ators. It is possible to side step this theorem by considering so called graded Lie
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algebras. The simplest and the one that will be considered here is:

{Qa 0L} =204, (1.27)
{Qa, Qs} = {QL,QZ} =0 (1.28)
Qo Pu] = [QL,PM} =0 (1.29)

known as N' = 1 SUSY, where N represents the number of fermionic generators,
in this case just ). P* is simply the momentum of a supermultiplets and since it
commutes with the SUSY generators P? = m? must be equal for each member of
a multiplet. Finally, o* = (1,8 pau:). It can be proved that a given supermultiplet
must have the same number of bosonic and fermionic degrees of freedom.

SUSY can be viewed as an extension of four dimensional space time by four
fermionic or Grassman dimensions, # and its charge conjugate §. Each have two
degrees of freedom and dimension —%. Superfields can than be expanded in terms of
these fermionic dimensions. Note that because of the fermionic properties 3, 6% = 0.

Two types of superfields can be defined: chiral (®) and vector (V)

d = ¢+ V200 + 60°F (1.30)

V = —00,0A" + 21620\ — 210°0\0°6° D

where ¢ is a complex scalar, its superpartner is 1, a Weyl fermion, F' is a non-
propagating complex scalar needed for off-shell matching of degrees of freedom, A*
is a gauge boson, A is A,’s spin half superpartner and D is non-propagating real
scalar. These fields are in the Wess-Zumino gauge.

Integration over Grassman variables is possible and is fairly straight forward
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with:

/d9292 = /d0292 =1 (1.31)

/dOZZ/d0_2:0

This type of integration can then be used to pick up certain components of prod-
ucts of superfields, say the 626> component of ®'®. This is useful since the highest
component of 6 and @ in a given product of of superfields transforms into a to-
tal space-time derivative leaving the action invariant. Therefore, a general SUSY

Lagrangian is given by:

L= /d29d2§K(cI>,<I>T,V) + </ POV + W (D)) + h.c.) (1.32)

K(®, 0", V) =2od+ .. (1.33)
W(®) = M@ + Y, 0,P; Dy, (1.34)

1 .
Wy = —idg + (5§D — §ﬁ(o—“o—")§ FW) 05 + 620" 0, \T¢ (1.35)

The Kahler Potential, K (CID, P, V), is real and has mass dimensions of two.
The superpotential, W (®), is dimension three and is holomorphic meaning it is a
function of ® and not ®. As suggested by Eq. (1.32), the superpotential generates
Yukawa and mass terms. The SUSY field strength is contained in W, W*®.

Auxiliary fields such as F' and D can be replaced in the Lagrangian using their

equations of motion

. OW(g;)
I

DY = —gad™ T

(1.36)

18



where W is understood to be a function of the scalar components of the superfields
and not the superfields themselves. For the D-term, T are the generators corre-
sponding to the representation of ¢ and A stands for a specific gauge group so that
for D4 is the D term for the a'™ generator of SU(3).. The scalar potential in an
unbroken SUSY model is then given completely in terms of F- and D-terms
1
2 a2
T Sy p (137)
7 a,A

which can be derived from Eq. (1.32). Yukwawa interactions between the scalar and

fermion components of the different chiral fields are given by:

Cyutomn = — > (MWW ) — V2> gad" TN + h.c. (1.38)
2 ij 09i0¢,; Aai
where in the first term, the superpotential is again a function of the scalar fields
as in Eq. (1.36) and the second term is a sort of superpartner to the D term in
Eq. (1.36).

Armed with these tools it is now possible to discuss the minimal supersym-

metric standard model (MSSM).

1.3.1 The Minimal Supersymmetric Standard Model

The particle content of the MSSM in terms of superfields and representations
under the SM gauge group are given in Table 1.3, with ¢ = 1..3 indicating genera-
tion. Each superfield is composed of a complex scalar and a two component Weyl
fermion, so that MSSM has about two times as many particles as the SM. All Weyl

fermions are represented as left-handed fermions, e.g the fermion component of u¢ is
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the charge conjugate of the right-handed Weyl fermion wu, itself a left-handed field.
In terms of nomenclature, SM fermion superpartner are called sfermions: squarks,
sleptons, stops, while SM boson superpartners are called bosinos: Higgsino, gluino,

wino and bino. Collectively the superpartners of the gauge bosons are called gaug-

inos.

Fields | SU(3). x SU(2), x U(1)y | Superpartner
Q' (3,2,+3) Q'
ué (3,1,—3) af
d; (3,1,43) d;
L (1,2,—1) L
e (1,1,42) &
H, (1,2,+1) .,
Hy (1,2,-1) 1,
g (8,1,0) g
1474 (1,3,0) W
B (1,1,0)

Table 1.3: Particle content and representation assignment for the MSSM superfields
where the superscript ¢ = 1..3 represents generation. The superfields are composed

of complex scalars and left-handed Weyl fermions

Aside from the doubling of the particle content due to the introduction of

superpartners, the MSSM also introduces a new Higgs superfield. This is necessary
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for anomaly cancellation due to the Higgsino. The Higgs subscript indicates which
couples to the up and which to the down sector.
The most general superpotential based on this particle content can be broken

up into three parts

Warssnr = Yo, Q Ho S + v, Q" HydS + y2, L' Hye + pH, Hy (1.39)
1 iTJ,C I JC %

W, = iAij e + NEL'QIdS, + L' H, (1.40)

Wy = N"*usdsds; (1.41)

where Wy, and W break lepton and baryon number respectively. This is one of the
consequences of having extra degrees of freedom in the SUSY model. Such terms
are potentially highly disagreeable with experiments, especially the combination of

mijk 1k
X'k and AE,

which lead to rapid proton decay. The current lower bound on the
proton lifetime is 1.9 x 10% years. It is important to note though, that even if the
proton lifetime is under control, Wy would lead to LSP decay and therefore no dark
matter candidate.

In order to avoid such problems the MSSM is defined to contain a discrete
symmetry in addition to the SM gauge groups. This symmetry can be viewed as

a symmetry which commutes with SUSY, matter parity, or one which does not,

R-parity. The results are equivalent. Charges under R-parity are
Pp = (—1)3B- Dt (1.42)

where s the spin of the particle. This symmetry forbids W, and W) while allowing

Wirssy and has interesting phenomenological consequences. One of these is that all
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SUSY partners have a charge of —1 while SM fields have a charge of +1. Since terms
in the Lagrangian must have a charge of +1 to be invariant, SUSY particles must
appear in even numbers in any given term. SUSY particles must then decay into
an odd number of SUSY particles. Decays of the lightest supersymmetric particle
(LSP) to other SUSY particles is kinematically forbidden making the LSP stable
and a dark matter candidate. This is another pleasing feature of SUSY models.

Despite its benefits, SUSY is incompatible with nature since spin 0 versions
of the electrons (or in fact any fundamental scalar fields) have never been observed.
The goal then is to build models with broken SUSY in which the superparticles are
more massive then their superpartners. SUSY breaking can be achieved in one of
two ways: D-term breaking, (D) # 0, or F-term breaking, (F') # 0. Utilization
of these techniques with MSSM fields will shift superparticle masses away from the
masses of their SM superpartners but these masses still observe the following sum
rule

STr(m*) = (-1)"(2s+ 1) Tr(m?) =0 (1.43)

where ST'r is the supertrace and s is the spin. Given the conservation of lepton

flavor, it is reasonable to assume that the electron sector decouples so that
mZ, + mﬁR = 2m? (1.44)

where é;, (ég) is the superpartner to the left-handed (right-handed) electron. This
is again in violation of empirical data. However this sum rule does not preclude the
possibility of SUSY breaking in a hidden sector, not accessible to experiments. SUSY
breaking can then be communicated indirectly to the visible sector. The resulting
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SUSY Lagrangian must contain only soft parameters (dimension 1 or greater) or the
gauge hierarchy problem would be reintroduced. Also, parameters should on the
order of a TeV, the SUSY scale mgysy, otherwise the fine-tuning problem starts to
creep back in.

It is possible to parameterize such a Lagrangian in a general way

1 . L
Lsoft = _§<MIBB+M2WW+M3§§+C.C.> (1.45)
- <auQHuﬂc + adQHchC + a,LH e + c.c.)

— QTm%Q — 7,Lcn7f~tcﬂcT — a?cmfzcczd —L'm

The first line contains mass terms for the gauginos, the second trilinear scalar cou-
plings (dimension one) analogue to the Yukawa couplings in the superpotential, the
third and fourth have mass terms for all the scalars while the last term is a bilinear
term of dimension two analogue to the Higgs p term in the superpotential. While
generation indices have been suppressed, it is important to note that all of the tri-
linear a-terms and all of the sfermion and slepton mass terms are 3 x 3 matrices in
generation space. Therefore, Eq. (1.45) has 105 free parameters negating the econ-
omy of SUSY. Furthermore, many of these parameters are severely constrained by
data on FCNC and violation of (CP). In order for SUSY to be theoretically satisfy-
ing, there should be a dynamical method of hidden sector SUSY breaking such that
the resulting SUSY breaking Lagrangian relies on only a few parameters and which
predicts the dangerous parameters to be close to zero. This has been the focus of
many SUSY efforts.
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1.3.2 Methods of SUSY Breaking

There are currently three popular scenarios of hidden sector SUSY breaking:
1. gravity mediated SUSY breaking, 2. gauge mediated SUSY breaking (GMSB)

and 3. anomaly mediated SUSY breaking (AMSB).

e Gravity mediation is based on gravity strength interactions (suppressed by
Mp) between the hidden and visible sector. Mass terms stem from terms of

the form

7
i

4
d@MI%

XTxQlQ (1.46)
in the Kahler potential, d*0 = d?00. Here X is a hidden sector field with a
SUSY breaking VEV (Fx) # 0. Therefore

(Fx)
Mgysy ™~ MP

(1.47)

so that (Fyx) ~ 10! GeV. This has potential issues with FCNC and CP
violation due to the fact that z§ need not be diagonal in the basis of quark
mass eigenstates and could lead to mass terms such as mg i # 0. Such a term

would lead to the K — K° mixing and must obey

m

W N
IS

510*3< Mo ) (1.48)

1 Q@
mg 500GeV

Extra simplifying assumptions can be made with the resulting boundary con-
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ditions at Mp for the soft parameters:

Mz = My = M; =my (1.49)
2 .2 .2 .2 2 2 2 92 __ 2
mQ — m,&c — md~c — mi —_— m'éc — mﬁc — mHu — de — mo

Ay = Aoyu, aq = Aoyd7 Qe = A()ye

This scenario is known as mSUGRA and it is the mostly widely phenomeno-
logically studied SUSY breaking model. The number of free parameters has

been decreased from 105 to three.

e GMSB proposes that the messenger sector is composed of fields charged under
the SM gauge group. These fields couple directly to the hidden sector thereby
gaining SUSY breaking masses. Once these fields are integrated out of the
Lagrangian, they communicate the SUSY breaking to the visible sfermions
(gauginos) via two loop (one loop) diagrams. The important quantity here is

the ratio

(1.50)

where M,,.ss is the mass scale of the messengers and (Fx) # 0 yields a SUSY
violating mass term. The boundary conditions for the soft terms at the mes-

senger scale in the minimal model are

M, = Z—;A (1.51)
m2, = 2A2((Z‘—;)20a(¢)) (1.52)
A=0 (1.53)
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where C,(i) are the Casimir invariants for the scalar ¢. Because SM currents
do not violate flavor, these mass terms won’t either. These terms depend on

two free parameters.

The limitations of the GMSB is related to the gravitino mass which must go

as

The messenger scale must be much less than Mp where possible flavor violating
physics will introduce flavor violation into Eq. (1.51). Comparing Eq. (1.54)
to Eq. (1.50) shows that mg/, < A ~ 167mmys,. Therefore, the gravitino will
be the LSP and may lead to cosmological problems. Furthermore, it is too

relativistic to be a dark matter candidate.

e AMSB is theoretically very rich and will be discussed in detail in Chapter 3.
For now, the important thing to note is that SUSY breaking in the visible
sector occurs because of the breaking of scale invariance at loop level. There-
fore, the SUSY breaking parameters are functions of the low energy beta and

gamma functions as well as the mass parameter F,

1 o (07 ;i
miz = —Z‘Fd)’ <a—gaﬁga + (Wﬁyjkl 4+ c.c (155)
aijk = —F¢ﬂy¢jk (156)
agb,
M, = 1 F, mno sum over a (1.57)
T

where g, represents all the gauge couplings, /¥ represents all the Yukawa
couplings and sums over repeated indices are assumed unless otherwise stated.
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Unlike mGSMB and mSUGRA, these relationships apply at any scale—they
are not boundary conditions. Given the loop suppression factor, Fy should
be of order 30 TeV to produce a viable superparticle spectrum. Note that
since the - and ~- functions are dependent on known low energy parameters,

AMSB has only one free parameter Fj, making it very predictable.

A quick test of Eq. (1.55) for the right-handed selectron uncovers a serious

problem. The Yukawa couplings of the selectron are negligible, therefore

0%
g1

F 2
= - (1|6—j1)'|2> (Caga) (bagg)
iy 276 33 4
- (16W2 57 )59
~ (1F\ (198 ,
~ "\ 16m2 25 N1

where the MSSM beta and gamma functions are given in Appendix A.3. The

e (1.58)

ec

1
2
2 — __|F
m 4:| o]

selectron mass squared is therefore negative, the selectron tachyonic and there-
fore the charge conserving vacuum is unstable—a clear violation of the empir-
ical world. This will be true for all the slepton since their mass expression are
dominated by the gauge contributions and because their gauge slope parame-
ter, b is positive (those gauge groups are UV enslaved). This will not be true

for the squarks since SU(3). is asymptotically free and therefore b3 < 0.

This situation is difficult to remedy because of the lack of free parameters in
AMSB. Still there have been many proposed solutions to this problem, with

the most well studied one being minimal AMSB (mAMSB) where a universal
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parameter my is added to all the soft mass terms at some higher scale (two
free parameters in this case). A model to solve this problem will be proposed
in Chapter 4 in the framework of deflected AMSB and based on the work in

Chapter 2.

1.3.3 Minimal Supersymmetric Standard Model Details

If the MSSM is to have the potential to replace the SM, it is crucial that
it break electroweak symmetry. To determine if this happens, it is necessary to
examine the scalar potential for the neutral Higgses. This is the sum of the SUSY

breaking contributions and the SUSY conserving ones

V=Vp+Vp+ Vs (1.59)
2 1 2
= |F|” + §(D) + Vot

— (i, + ) [HO[ + (i + 12 [HS|* = (bHOHS + h.c.)

In order for electroweak symmetry breaking to occur, it is necessary for a linear
combination of Higgses to be tachyonic. This is equivalent to a negative determinant

for the Higgs mass matrix
(m3, + 1?) (mi, +p°) —b* <0 (1.60)

. . . . 2 2 2 2
This results for either large b or for either negative (m , T ) or (m H, T ) but
not both. As it turns out m%[u is usually driven negative by its renormalization

2

group equation (RGE), which can potentially make (m 7, + ,u2) negative. This is
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known as radiative EWSB. In this way, the MSSM can provide a solution to the
question of why EWSB posed in Section 1.1.2.

Using the definitions
(HY=v, (H})=wv,; tanf= Yu v + 02 = 0% ~ (246.3 GeV)? (1.61)
Ud

the minimization of the potential yields the conditions

1 m?, —m? tan®f
2o oy He M 1.62
a 27 1 —tan?pj (1.62)
sin 23
b= 2l +m¥, +mY) (1.63)

As in the SM, EWSB will give mass to the W+ and Z° bosons meaning three of
the Higgs degrees of freedom must be eaten. Since at the start there were eight, there
should be five physical Higgs degrees of freedom left. They are given in Table 1.4

The appearance of the gauge boson masses in the mass expressions in Table 1.4 is

Field Linear Combination Mass Squared
A V2(csS(H) + 553(HY)) 2b/s23
H* cgHI + sgH; ™ m?%e + Mg,

H | V2(sa(R(HY) = vu) + ca(R(HY) — va)) %(mQ + \/m4 - 4M§m?400§6>

RO | V2(ca(R(HD) — v,) — 5o (R(HY) — vq) ) %(ﬁﬂ - \/m4 - 4M§mioc§ﬁ)
Table 1.4: Physical Higgs degrees of freedom in the MSSM with m? = m?, + M2,

. o ~2
¢y (sg) = cosf (sinf) and at tree level oa = —m
not surprising since Eq. (1.6) states that post symmetry breaking Higgs masses are

related to the quartic coupling times the VEV. In the MSSM, the quartic couplings
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are the gauge couplings whose product with the VEV yield the gauge boson masses.
This leads to a somewhat uncomfortable situation since the expression for the mass

of hY in Table 1.4 implies
mpo < |cos (26)| Mz < 92 GeV (1.64)

while current LEP II bounds state that mjo > 114.4 GeV. Fortunately, since SUSY
is broken, there are still quadratic corrections to the Higgs. The most relevant term
is

3 mg my
Smpo = —m?2y? log —2A-2
42t m?

(1.65)

which can lift the Higgs mass above the LEP II bound.

Sfermions and their masses are discussed in Appendix B.1.1. Their spectrum is
very dependent on the SUSY breaking mechanism although in general it is assumed
that squarks are heavier than sleptons. Bosino masses are noted in Appendix B.1.2.
These are all also dependent on the SUSY breaking scenario. The lightest bosino
is usually the bino and the default LSP in most models. The LSP is important in

collider phenomenology since SUSY particles will cascade decay to it.

1.3.4 Summary and Issues

Despite its highlights: solving the gauge hierarchy problem, radiative EWSB,
dark matter and gauge coupling unification at 106, SUSY also has some issues:

SUSY Breaking: What is the correct method of SUSY breaking and specif-

ically, how is the lack of new flavor and CP violation explained in the MSSM.
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The p Problem: The Higgs mass parameter, p, in Eq. (1.39) must be of
order 1 TeV, around the SUSY scale, for correct EWSB, Eq. (1.62). However, mass
parameters in a superpotential are expected to coincide with other possible SUSY
conserving scales such as the GUT scale, 106 GeV, or the Planck scale, 10'® GeV.
This coincidence of j1 ~ mgys, is known as the p problem.

The Little Hierarchy Problem: At tree level, the Higgs mass has an upper
bound of the Z mass, Eq. (1.64), lower than the LEP II bound of 114.4 GeV.
Radiative corrections can push the physical mass above this bound and depend on
the log of the stop mass, Eq. (1.65). But the stop mass also tends to increase the
value of |my,| by feeding into it’s RGE. At the large tan # limit where the bound

in Eq. (1.64) is saturated, Eq. (1.65) becomes:

1
[Bf? = 3, ~ — M (1.66)

Therefore, the fine-tuning in the MSSM is approximately calculated as

~ 2% (1.67)

for a Higgs mass above the LEP II bound. This means that ;1 and mpy, must cancel
up to two parts in one hundred, large enough to cause some worry.

R-Parity: The need for an extra discrete symmetry is unsatisfying.

1.4  Organization

Of the SM issues mentioned in Section 1.1.2, the most striking theoretical

issue is the gauge hierarchy problem while the existence of neutrino masses is the
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only empirical particle physics phenomena which the SM fails to explain. It is
therefore well motivated to analyze SLRM. However, even in these models, the
right-handed scale is arbitrary and at best, a wide range can be guessed at based on
neutrino mass bounds Eq. (1.18). Chapter 2 examines a minimal SLRM with a Z,
discrete symmetry and shows that the right-handed scale is given by the geometric
mean of two well motivated scales: the Planck scale and the SUSY scale—vg ~
VMp X mgysy. It also generates a p term of the right order solving the p problem.

SUSY breaking can proceed through any of the known mechanisms in this
type of minimal model. However, the model has interesting consequences in AMSB
(AMSB is reviewed in Chapter 3). The shallow potential of this model introduces
new SUSY breaking at the right-handed scale and therefore the AMSB trajectories
are deflected below that scale. The low energy model has new Yukawa couplings
to the right-handed sleptons which can be large enough to save the right-handed
sleptons from their tachyonic fate. The left-handed sleptons are saved by partially
decoupled D-terms, which are decoupled completely in AMSB models. If the model
is extended by a singlet so that the low energy theory is the next-to-minimal SUSY
standard model (NMSSM) instead of the MSSM, then the problem associated with
EWSB problem can also be solved. All of these properties can be seen as a conse-

quence of neutrino masses and will be discussed in Chapter 4.
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Chapter 2
Predicting the Seesaw Scale

2.1 Motivation

One of the simplest ways to understand small neutrino masses is to use the
seesaw mechanism where the fact that the right-handed neutrino is a standard model
singlet allows a large Majorana mass, Mg, for it leading to a small effective Majorana
mass for the left-handed neutrino given by m, ~ —% < Mey,q- This is discussed
in Section 1.2.1 in the context of left-right models. While left-right models are not
necessary for implementation of the seesaw mechanism, they do answer the following

two questions associated with the seesaw mechanism

e [s there a natural way for the right-handed neutrino to appear in the theory

rather than just being added to the standard model by hand?

e How large is the seesaw scale Mz? In particular, why is Mr < Mp as required

by observations?

The answers to these questions are connected. To answer the second question,
one may start with the observation that the Majorana masses of the right-handed
neutrinos break the B— L symmetry, and if B— L is a gauge symmetry of nature[25],
then that will explain why Mpr < Mp. The right-handed neutrino is necessary in

SU2)L x U(1)r,, X U(1)p—r (Ga11) or the left-right symmetric group SU(2); x
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SU(2)r x U(1)p—r, due to anomaly cancellation. So, B — L naturally explains both
the seesaw scale and the presence of vg.

None of these considerations, however, indicate the magnitude of the seesaw
scale, My and experimental considerations only give a very rough range, 101°GeV <
Mpr < 10GeV, see Eq. (1.18). The higher value is tantalizingly close to the conven-
tional GUT scale in SUSY theories. As a result, in GUT theories such as SO(10),
one can identify My with the scale of grand unification. Yet such theories allow
many different values for My while remaining consistent with the grand unification
of couplings|26, 27, 28]. The choices involved in the symmetry breaking and the
choice of Higgs multiplets prevents this connection between Mp and grand unifi-
cation from being unique. Nonetheless, simple one or two step symmetry breaking
SO(10) models have provided a compelling class of models for studying the conse-
quences of the seesaw mechanism for neutrino masses and mixings and need to be
taken very seriously.

This chapter takes an alternative point of view to the understanding of neu-
trino masses by making a minimal extension of the SM to the SLRM |29, 30, 31, 32].
It will show that if in addition to this, a discrete Z-symmetry is added, then the
model predicts Mg ~ /Mgysy Mp ~ 10' GeV. The reasoning for this is straight
forward: the Z-symmetry prohibits bilinear Higgs terms from the superpotential
but allows quartic terms. This would combine with the soft SUSY breaking terms

to produce a potential of the form:

Mo 1
V= —miplél” = 570t + ool (21)
P

Mp
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It then follows that (¢) ~ \/MepMp— which is of the right order of magnitude to
be the seesaw scale. This is the main result of this chapter and is of interest since
it determines the seesaw scale from first principles without the assumption of grand
unification.

Before filling in the details of this discussion, a brief introduction to SLRM will
be given in Section 2.2. Specifically it will be shown that in the class of models con-
sidered here, R-parity is an automatic symmetry of the superpotential. Section 2.3,
will present the minimal SU(2), x SU(2)g x U(1)p_1, model where the seesaw scale
is predicted as the geometric mean of the weak scale and the Planck scale. It will
also analyze the ground state of the theory since including both Z-symmetry and
R-Parity can be dangerous. The Z-symmetry restricts the number of parameters in
the superpotential and R-parity allows a stable charge violating vacuum; therefore,
it is not obvious a priori that this model has a stable, electric charge conserving
vacuum. The effective low-energy theory will also be presented. Verifications will be
made that it contains the MSSM, SU(2),, x U(1)y breaking is possible and that the
model provides a solution to the u problem. In Section 2.4 the group theoretical ar-
guments for the low energy extended Higgs spectrum of the model will be discussed.
This sector contains TeV scale doubly charged fermions and bosons—confirming the
results discussed in Section 2.2—as well as new light states. The mass spectrum of
this sector will also be given symbolically and numerically for sample parameters
and checks will be made that there are no tachyonic states. GUT prospects are

presented in Section 2.5.
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2.2 Supersymmetric Left-Right Models

As discussed in Section 1.2.2, left-right models include in their gauge group
U(1l)p_r. By restating R-parity charge of Eq. (1.42) in terms of the equivalent

matter parity.

Py = (—-1)3B-D (2.2)

it becomes clear that gauged B — L automatically guarantees all terms are R-parity
conserving. Early analyzes of the vacuum structure of SLRMs showed that spon-
taneous breaking of parity into a charge conserving vacuum required that R-parity
also be spontaneously broken by (7€) # 0. This still excludes rapid proton decay
terms from appearing in the superpotential but the LSP is unstable and therefore
not a dark matter candidate.

Two solutions were discussed on how to break SU(2)r x U(1)p—r while con-
serving automatic R-parity in the low-energy effective theory: adding new B—L =0
triplets which allow for separate U(1)p_ 1, and SU(2)g breaking scales[33] and SLRM
with non-renormalizable terms[32, 34, 33]. Both of these methods only give VEVs
to fields which are evenly charged under B — L so that their VEVs do not sponta-
neously break R-parity. The models discussed in the rest of this thesis will fall into
the non-renormalizable category and shall be referred to as minimal supersymmetric
left-right models (MSLRM).

The chiral supermultiplet content of MSLRM and its charge under SU(2). x
SUR(2)g x U(1)p_y, is given in Table 2.1. Note that typically, two bi-doublets are

necessary to reproduce the CKM matrix however, one of these is usually assumed to
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Fields | SU(2), x SU(2)gr x U(1)p_p,
Q' (2,1,+3)
Q; (1,2,—3)
L (2,1,-1)
L¢ (1,2,1)
d, (2,2,0)
A (3,1,2)
A (3,1,-2)
A° (1,3,-2)
A€ (1,3,+2)
S (1,1,0)
B (1,1,0)
Wy (3,1,0)
Wr (1,3,0)
g (1,1,0)

Table 2.1: Representation assignment for the chiral supermultiplets of MSLRM
where the superscript ¢ = 1..3 represents generation, a = 1..n the number of bidou-

blets.

decouple below the right-handed scale. This is achieved through some fine-tuning.

The supermultiplets have the following SU(2), and SU(2)g transformations

Q— ULQ Q° — UrQ" L — UL L® — UgrL®
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A — U AU} A — U, AU! ®, — U, ®,U},

A° — UpA°UL A° — UpA°UL

and therefore may be written in component form as

U v
Q prmng L g
d e
d°¢ e
QC — LC —
—uf —°
At ++ A 0
A= |V 8 A=| 2 A
0 AT o A—
A -4 A —A
A°™ AcO Act Actt
Ac — \/5 Ac ﬂ
c—— A°™ AcO Act
A —7 A —
;O
P =
o, P

These fields form the general superpotential

W = WYukawa + Wsinglet + WMass + WNR
Wyukawa = 1YoQT2PaQ +1y7 LTa®o L + 1 f LTy AL + 1 f LT A°L°
Waingtet = S(Aa Tr (AA) 4+ Aae Tr (A°A®) — M7) + APS Tr (L 2 @y1)

Witass = pta Tr (AA) + pae Tr (A°A°) + 1 Tr (@72 Py72)

A cCAC A CAC ACAC
Wy = Mf;(Ty(A A)) + MiTr(A A) Tr(A°A®)
ab
20y (ACAY) TH (ST rayrs) + ..
Mp
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Invariance of the theory under the following parity transformations

Q — —inQ”
L — —imQ
A — AT
A — 7_2Ac*7—2

O — Pf

implies that

Yo,L = y;r&L

)\ab — i)\ab*

*
AMBao = AABa

Q° — i1 Q"
LC — ﬁTQQ*
AC — TQA*TQ

AC — TQA*TQ

S — +57
Wy, — Wi
g
f=f Aa = ENAC
P Ly
M, = M, Mp ps=Mp 5  (28)

where 6 and 6 are the Grassman dimensions introduced in Section 1.3 and Mp_ L,.L,R3

are the gaugino mass for U(1)p_r, SU(2)., SU(2)r, SU(3). respectively. Note that

the singlet can be either parity odd or even.

MSLRM can now be further subdivided into two classes of theories: those

which contain the singlet S and those that do not. The analysis here will be done

without the singlet since this is more minimal and does not rely on the arbitrary

Mpg. It will also prove more useful later on. The superpotential is the same as in

39



Eq. (2.3) but without Wy;nger. The triplet F-terms are

—Freo = AY (Mc L2 Tr(A°A) ) (2.9)
Mp
* c 2) CcAC
_FACO == A O(MAC -+ VﬁTr(A A ))
. 2) <
—Ff = A” (M + Fﬁ Tr(AA) )

R, — A (M - 2agy(a4) )
My

and can be satisfied with the choice

<ACO> _ <ACO> — /% = Ur (2.10)

(A% = (A% =0

Note that in general, non-renormalizable operators of the schematic form A®ZA®
are allowed and source A forcing it to have a non-zero VEV but these will be small
due to the small size of (®) and the large Mp suppression. Mass scales associated
with the new particle content should be larger than the electroweak scale to avoid
experimental bounds. Specifically, puac > 100 GeV. This then puts a lower bound

on the right-handed scale

vg ~ \/ piacMp > 101°GeV (2.11)

hence justifying the assumption of large v in the MSLRM.
Regardless of the singlet, these models allow for a powerful statement: they
always contains light doubly-charged Higgses[32, 34]. This can be argued on the

basis of group theory. The particle content only allows triplets to appear in renor-
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malizable terms with non-zero VEVs in the following manner

(W) = f({Tr(A°A%) )) (2.12)

These types of terms have an extended complexified global symmetry, U(3) (a U(3)
whose rotational parameters are complex). The right-handed VEV breaks this sym-
metry to a U(2). Therefore, the vacuum is invariant under the four generators of
U(2) and not invariant under 9 —4 = 5 broken generators of U(3). This corresponds
to five complex massless degrees of freedom (or ten real massless degrees of freedom)
as dictated by the Goldstone theorem. Three of these degrees of freedom will be
eaten by Wﬁ and a linear combination of W3z and B. These will be either singu-
larly charged or neutral based on the charges of the now fat gauge bosons. Three
of them will also pick up mass from the D-terms, Eq. (1.36), in a supersymmetric
analogue to the eaten fields. This leaves four massless real degrees of freedom, which
are the two doubly-charged Higgs bosons. Furthermore, since this argument exists
independent of SUSY breaking, the Higgsinos must also obey it.

In total then, there are two massless doubly-charged Higgs bosons and two
massless doubly-charged Higgsinos. This is where the non-renormalizable terms
become important. The Ap term in Eq. (2.3) explicitly breaks the U(3) symmetry
and can therefore generate mass of order ;}—%} The fact that doubly-charged fields

have not yet been observed puts a lower bound of
v > 10"°GeV (2.13)

which is now the bound in the MSLRM and justifies the assumption of large vg in
both derivations.
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The above analysis shows that realistic SLRMs can be built in which R-parity
is an automatic symmetry of the effective superpotential below the right-handed
scale and that such models can lead to interesting phenomenology such as light
doubly-charged Higgs fields. This means that SLRMs can put SUSY back on the
same footing as the SM by producing a low energy theory with accidental tree-level
baryon and lepton conserving terms. Aside from being aesthetically pleasing, this
also solves a practical issue with the MSSM.

In addition, SLRM with parity has other nice features. For example, the strong

CP problem, Section 1.1.2 is even more severe in SUSY and requires

0 = 0 arg det(M,My) — 3arg Mz < 1077 (2.14)

in order to satisfy experimental data on the electric dipole moment of the neutron.
However, Mj is real in SLRM with parity due to Eq. (2.8) and parity demands that
the § — —6 and therefore forbids Eq. (1.16). Furthermore, it can be shown that
both the up and down type mass matrices are real in SLRM, therefore solving the
strong CP problem at tree level. There have been several papers showing how this
solution also extends to loop level [35].

Finally, SLRMs have an advantage over their non-SUSY cousins with regards
to the seesaw mechanism. As argued in Section 1.2, the non-SUSY left-right models
will always have (Ap), whose size is dependent on the parameters in the scalar
potential. However, in SLRMs, the mixing term which sources Ay, is suppressed by

Mp thereby producing a naturally small (A7 ). The seesaw matrix in SLRM is then
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given by

0 m}
M, = (2.15)
mp MR

and depends on one less parameter than Eq. (1.22).

2.3 Theoretical Model And the Seesaw Scale

As mentioned in Section 2.1, the seesaw scale, and therefore the right-handed
scale is arbitrary in SUSY left-right models. The only clue comes from a lower bound
of about 10'° GeV due to the lower bounds on the mass of light doubly-charged
Higgses, as shown Section 2.2. More specifically, in MSLRMs, the seesaw scale
is predicted in terms of arbitrary mass parameters in the superpotential, namely
vp ~ /uMp. Is it possible to change this into a prediction instead of a lower
bound?

This would be possible if © was some well motivated mass scale instead of
being arbitrary. Aside from Mp, the only well motivated mass scale in the theory
is the SUSY scale. Typically, if y ~ mgygy then the sum of mgysy and p will
appear in the lower bound for vg instead of just pu. Therefore, if the p terms in the
superpotential Eq. (2.3) can be forbidden then a prediction of vg ~ Mpmsysy
can be made.

One possibility for restricting the p terms can be borrowed from the next-to
minimal supersymmetric standard model, in which all mass terms are forbidden by

a discrete Z3 symmetry. This is easy to do because of the holomorphic property of
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the superpotential which does not allow terms of the form m¢]¢|2. In this case, a

discrete Z, is appropriate with:

(A, A, ®) — ™2(A°, A, D) (2.16)

(L, L¢,Q,Q°) — e ™*(L, L%, Q, Q%) (2.17)

Furthermore parity symmetry is assumed to be broken at a high scale so that the
left-handed partner of the A¢ and A° are not included in the theory. This is done
for simplicity and is not necessary. In addition only one bidoublet will be included,
again for simplicity and because the mixing attributed to the CKM matrix can
be reproduced in SLRMs through SUSY breaking terms. The superpotential is
then that given in Eq. (2.3) without Wiyass and Wyi,ger and is reproduced here for

convenience

W = WYukawa + WNR (218>
Wy ukawa = 1WoQTePQ + 1y, LTo® LS 4+ 1 f LTy A°L® (2.19)
>\A cAce) )2 )‘B cCAC ACAC
e Tr(A°A°) Tr (" 1 ®12) + ...
Mp

Several comments regarding this superpotential are in order:

e As planned there are no bilinear terms. This was achieved via a Z, symmetry
but there may be other motivations for this. This model is then dubbed the
predictive supersymmetric left-right model (PSLRM) and was first discussed

in [36].
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e There is no distinct Tr(A072®T7—2®AC) in the non-supersymmetric theory.
This is due to the the holomorphic property of the superpotential which only
allows @ terms in the form ®77,® to satisfy SU(2); invariance. The trans-
pose then forces another 75 to be involved. This, coupled with the fact that

ST, d7y = 1-det , gives that Tr(ACTQ(I)TTQ(I)AC) =1 Tr(ACAC) Tr(CIDTTQ(I)TQ).

2

The Higgs potential can be derived from Eq. (2.18). The F-terms are

* 2)\A cO A ¢ )\a A cl
2 _ Ao re
—Fio = V;‘ACO?ACO + M—PA OTr (@7 707) (2.22)

It is worth nothing that since (A®) ~ 10! ~ vp GeV while (®) ~ 200 GeV the

3
triplet F-terms will be non-zero, Fac ~ ;\)4—’;, and therefore will introduce new SUSY

breaking. The potential and its components are
V(®,A%A) = Vi + Vp + Vi (2.23)
4N\2 - _
Ve = 224173 (acae) P <Tr]AC\2 + Tr|Ac\2)
Mp
4)\23 AcAc)|? c|2 cAcy|2 xcl2
e (A8 [P Te| A 4 [Tr(atan) T A
P

A . e N2 .
+ mm(qﬂm%)ﬁ (A + Te|ac ) + i TEAA )[* T| @2

19V
2

Tr(A°A7) (Tr(AA%) Tr(ATA) + Tr(A°A%) Tr(A°A°T))
P

n 2)\,45\04 Tr(ACAY) Tr(CI)TTz(I)TQ)* (Tr|AC|2 + TI‘AC|2>
Mp

2ABAa
Mp

Te(77,07) " ((Tr(A°A) Te(A°AT) + Tr(A°A) Tr(ATAY))
+ c.c} (2.24)
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92 c c A C A C 2 92 2
Vp = nga:[Tr(ZA A+ 2817, A — 07, 07) ™ + nga:[Tr(q)TTa(I))]

2
+ L [Ty(ATA° - A%TAC) ) (2.25)

Visopt = —mi. Tr (ACTAC) — mQAC Tr(ACTAC) —m2 Tr((I)TCI))

- DA [y (ACAT) ) 4 | 4+ DA [Ty ACA%) Te (ATAY) + c.c)
P Mp
Lo ~
o ]\Z/LP?’/Q [TY(ACAC) Tr(q)Tqu)TQ) + C.C.:| (226)

with Vg being the F-term contribution, Vp the D-term, and Vg, the SUSY breaking
terms, the most general soft potential given the superpotential. Here mass terms in
the form m¢\¢]2 are allowed since they cannot be forbidden by any symmetry. Vg,
is necessary in this case since in the SUSY limit the minimum of the potential is
the trivial one.

The minimization conditions, correct up to electroweak order (i.e. neglecting

terms of order v?, /Mp and smaller), are:

1 oV 1 _ 1
AT AT — 5 e T 9r) (VR = VR) + J9R(Ky — Kg) —mi
Zamzjz o  NaUk o 5 | o
— v 20 +0g) =0 2.27
MP R M}% ( R R) ( )

1 oV 1 1
ADJGAD _§(QQBL + 912%) (Uzzz - 7712%) - 1912%(55 - “3) —mie

_ ZAWL3/2 2 )\1241)12%
Mp " M

(v +20%) =0 (2.28)
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1 av 1 L1 20272
@T{DQ = 19122(7’12% - UIQ%) + g(g?a + 9%) (“i - K“?l) —mj + ﬁ

Zamzp  Aada(vi + 7712%)1 fd _ (2.29)

— UVRUR |: Mp — M]%

Ry

LoV 1 oy 1 Aavinll
300 =~ 19n (v~ TR) — g ok 91) (i — ) — i + =

=0 (2.30)

Zomzz  Aada(vi +v123)} K

— URUR |: MP MI%

Kd

where we have taken the vacuum expectation values (VEVs) to be the real part of

the neutral field; that is
vg = (ReA”) o= (ReA”) k,=(Re®)) krqs=(Red)) (2.31)
Considering only Eq. (2.27) for the moment, take
vp = vsinfp Up = vcosOp Ky = ksin 3 Kq = K cos 3 (2.32)

Now, the difference of the squares of vg and vg must be of order v?, (subtracting
the two equations in Eq. (2.27) will reveal this), so 0z must be near 7/4. Therefore,
let

Or =

+ (2.33)

DO ™

7r
4
and expand to first order in € (as we shall see, € ~ v, /Mp—=so € is quite small).

The sum of the two equations in (2.27) yields a quadratic for v*:

ZAM3/2 2 §)\124U4
Mp 2 M2

—(mAe +mi.) — =0 (2.34)

and the difference gives an expression for e:

vh — 0% mAc. —mi. + 1gkr?cos 2 (2.35)
€= = :
v’ (95, + 97) v?
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The solution to Eq. (2.34),

2
ZAm32~|—\/ Zamsse)” + 6X% (mAe +m2,
V2 = / ( /312 a(mae +mi) Mp (2.36)
A

gives the prediction of the right breaking scale. Since Z4 ~ Ay ~ 1 and mac ~
MAe ~ M3ja ~ Uyg, We get the result v ~ /v, Mp. This shows that the seesaw
scale can be determined in terms of two other commonly assumed and well motivated
scales in the theory; i.e. the Planck scale in four dimensions and the supersymmetry
breaking scale (which is of the order of the weak scale to solve the gauge hierarchy
problem). The seesaw scale, then, is Mr ~ v ~ 10" GeV and is a realistic mass
scale in regards to both neutrino masses and the masses of the doubly-charged fields.
From Eq. (2.35), € < vy1/Mp ~ 1071,

Now turn to Eq. (2.29)—again using Eq. (2.32) and expanding to first order

in €, their sum yields an expression for sin 2:

Zam3/2 o )\A)\an ’U2
M M2
sin 2 = —— - (2.37)
and their difference—after using Eq. (2.35) and Eq. (2.37)—gives
1__9% (m? 2
9532 402 Mac — mAc)
cos2f3 = 2 gBL;g’; = — (2.38)
l<g2 9pLIR > K2 4 A0t 92
A\IL T gprtan 2Mp ®

Both Eq. (2.37) and Eq. (2.38) are consistent with any value of 5 and constrain
the parameter space once a value of § has been specified. It is also easy to make an

analogy between them and the usual MSSM results as we now do.
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2.3.1 Effective Theory and the u Problem

We begin our discussion of the effective low energy theory with the relationship
between our parameters and those in the MSSM. When SU (2)g x U(1) g, is broken
the Tr(A°A®) Tr(®77®@7) of Eq. (2.18) will yield a mass term for the SU(2),
doublets ¢, and ¢g4; since these are basically the H, and Hy of the MSSM, this is

the usual 1 term. We then have that

~ Vwk (239)

which is of the desired order of magnitude without any extra assumptions and
therefore solves the p problem
Similar reasoning yields that the SUSY breaking bilinear term, B, will have a
contribution resulting from the Z, term in Eq. (2.26); however, it will also receive
a contribution from the F-term of Eq. (2.24)—specifically the coefficient of As\,.
Together these give
Zomzra A ANV

b= — 2 2.40
oMp  2M2% | (2.40)

Using the expressions for b and p and examining the minimization conditions

given by Eq. (2.29), we can read off mj; and mj, :

1

miy, = =My + 19k (Vi — Uk) (2.41)
1 _

my, = —mg — 4912{(112 — Up) (2.42)

Here it is noticed that quu #+ m%{d despite the apparent symmetry of the

superpotential and the soft-breaking mass term. This splitting is due to the D-terms,
which is reflected in the fact that their difference is proportional to g%. Specifically,
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it is the D-term involving 73 (the ones involving 71 and 7, won’t contribute because
when the VEVs are placed in for A® and A° these are zero) that gives a positive
72 _

2 1t 2 : 2
U — vg contribution to mj; and a negative one to my .

Using Eq. (2.35) these expressions may be recast into the form

1 g2
2 2 R 2 2
miy = —msz + —————(Mac — M. 2.43
H, P 4Q%L+g§2( A A ) ( )
md = —md = L IR a2 ) (2.44)
‘ 495, + 9% o

This form is advantageous because we now have that

1 g?
2 2 R 2 2

which, with the masses of the left-handed (standard model) particles

1 9BLI7
M: = - [92 + ZBLIR | 2 (2.46)
24l g+
1
Mg, = Zgw (2.47)

allows us to write Eq. (2.37) and Eq. (2.38) in the enticing form

2B

2
2\u|” +my, +my,

sin23 = (2.48)

2 2
mHu - de

cos 23 = (2.49)

m% + 2lul* +m¥, +m3,
which can be related to the usual minimization expressions of the MSSM, see

Eq. (1.62).

The interesting aspect of this result is that, provided m%. # m%c, there exists

a region of the parameter space where tan g = ’;—Z > 1. This is an important
feature because it has been noted that for theories involving a single bidoublet[37, 38|
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getting tan § > 1 is difficult. However, it is necessary for realistic quark and lepton
masses and mixings. Since this model does not require additional particles to achieve
tan > 1 (as opposed to those previously discussed[39, 40]), it is truly a minimal

scheme.

2.3.2 Charge Violation Consideration

The above model is based on VEVs that are consistent with the charge conserv-
ing vacuum. However, it has been noted in earlier works that in SUSYLR models,
the A° fields may have a VEV that breaks electric charge conservation[30] unless one
breaks R-parity. In this model though, the existence of non-renormalizable terms
allow for the charge conserving vacuum to have a much lower ground state energy
than the charge conserving one for large regions of the parameter space. This en-
sures that the theory will spontaneously break into the phenomenologically viable
vacuum—the charge conserving one.

To see this we can compare the ground state values of the two potentials, the
charge violating one (CV) and the charge conserving (CC) one. The VEVs for the

CC case have already been discussed, their analogues in the CV case are:

0 % %

c 2 AcC 2
(a9 = (&)= |

i 0 i 0

The resulting ground state expressions, to order vg, are:

1 (Zp — Za)mappv* (Mg + Ag)* b
\% = ——v?(mi. + m%.) + + 2.50
< >CV 2 ( A A ) 2MP M}% ( )
27 xmzvt 8NG00
VY = =03 (mie + m%.) — A 2.51
< >CC ( A A ) MP MI% ( )
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Where v? for the CC case was given in Eq. (2.36) and v? for the CV case is:

2 _ Mp o m
V0 4 ag)? (Ba T D mare
+\/((ZA — Zg)map)” +6(Aa + Ap)* (mie + mic)> (2.52)

The crucial point here is that the CV ground state expression has a dependence
on both Zg and Ag, which do not appear in the CC expression. This means that for
sufficiently large values of these parameters, the CC ground state will be lower. In
the numerical analysis conducted in a later section, this will be taken into account

and the difference between the two ground state values will be compared.

2.4 Mass Spectrum and Numerical Analysis

2.4.1 Mass Spectrum

Once the value of the minimization conditions and the values of the VEV's have
been determined, the mass spectrum can be explored to ensure that all the resulting
physical Higgs bosons have positive mass squares. This is nontrivial because if too
few terms are included in the superpotential, there is no a priori guarantee that
there is a stable minimum instead of a flat direction or an unstable minimum. In
this section only first order in € is retained.

Before diving into the algebra, it would very profitable to consider the group
theoretical arguments for the mass spectrum, similar to those given in Section 2.2.
Here the analysis is somewhat different due to the lack of a mass term, which means

that before symmetry breaking there are twelve massless degrees of freedom. Once
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the triplets acquire a VEV, the SUSY Higgs mechanism will cause three degrees of
freedom to be eaten: a pseudo scalar and a charged field and three to gain mass
from the D-terms: a scalar and a charged field. This leaves six real massless degrees
of freedom. Four of these are the doubly charged fields. This leaves two massless
degrees of freedom: a scalar and a pseudoscalar since all other degrees of freedom
have been accounted for.

The analyzes begins with Im A°?, Tm A% Tm ®°, and Im ®Y (the imaginary
components of the neutral fields) since two linear combinations of them are eaten by
gauge bosons (so there are two zero modes). The four by four mass matrix resulting
after the spontaneous symmetry breaking can be split into two by two matrices for

the A®s and the ®’s:

1 9 Irn ACO
Vinass O 2 Im A9 ITm A0 )| Miac (2-53)
Im A<
0
1 ) Im o,
+5 (Imd) mef) M
0
Im ®,
where
Zamszg o  ZLAmzg/a 9
) Mp/ v Mp/ v
MIAC - (254)
Zamz/o 9  ZAmza 9
VP Y
1kq |:Zam3/2 _ AAAQU2] U2 1 |:Zam3/2 o )\A)\QUQ:| ,02
2 Ky M M3 2 M, M32
My = : P i P (2.55)
1| Zams/z  AgAav? 02 Llhu Zamg/a  Apdav? 02
2| Mp M3 2kqg | Mp M3

The above matrices each have determinant equal to zero, and the remaining
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non-zero eigenvalues are, respectively,

27 yms3 /o
m?go - TP/’UQ (256)
)\2 4
2, =2 om2 (2.57)

A= o2
where the latter value has been simplified using Eq. (2.37). Here we have introduced
B as the axial Higgs boson associated with the A¢ fields and A is the usual MSSM
axial Higgs boson.

The mass of BY will always be positive provided Z4 > 0, which means that the
minus sign in front of the Z4 term in Eq. (2.26) is crucial for a positive mass-square.
The mass of A° could easily be positive depending on the value of A\, and the phase
of m2,. Furthermore, this will always be light and agrees with the group theoretical
argument at the beginning of this section.

Next we move on to the singly charged fields since they also have two zero

masses. The mass matrix for these fields can not be split apart; however, if we write

P
_ , | @

VmassD((I);r* o Act* AC) Mgeq (2.58)

Act

A

then M2, can be seen to be three distinct two by two matrices:

M2, M2
M2, = ? T ” (2.59)
(Mgae)' MRes

where

1,2,2 | 1kapA .2 1,2 1A .2
19RFG T 5 nuAO‘U 19RKukd + 5MqV

Mz = (2.60)

1.2 1 2 1,2,2 , 1k 2
19Rkuka + 5 MaV° J9RK, + §H—ZAO[U
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1.2 1.2
19rVRd  —79RrVK4
M(%A,i = (2.61)

1.2 1.2
T9RVEL 3RV

1 1 1 1
M - 1907 (L +€) + A 007 —3g730° — 3A40° .62
—1g3v? — A 402 1g30 (1 —€) + SA 07
with
Zam;;/g )\A)\ U2 ZAm;g/g )\?41]2 /<L2 — Iiz
A, = — = Ay = — = u__d (2,63
Mp M2 AT, M3 T T T (2:63)

Checking the order of magnitude of each of those matrices, it can be seen that

’(Mq%i)ij ~ v? (2.64)

~ v’ ‘(M‘I%Aﬁ)ij‘ ~Ver? ’(MiCi)z‘j

so, M2, may be written as

eAv?  JeAyu?
(2.65)
\/EA;UQ A3U2
where each element of each A matrix is of order one. This matrix structure is exactly

that of the neutrino mass matrix in the type II singular seesaw scenario with the

associations!
Pmyp — Mi. Smp — Mapes Mp — M3.s. (2.66)

Since the determinant of M3, is zero, there is only one large eigenvalue given

1
mh, = ég?%vz (2.67)

Hfor a review of the type II singular seesaw mechanism see Appendix B.2
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the resulting mass matrix for the lighter fields is then read directly from the Seesaw

formula:
12,2  lkg Zamz/s  Apdav? 02 2, g1 Zamz/a A dav 2 0
19LMd — 2%, | T Mp M2 19Lhuld = 5 | 71, M2
1 QK/ Ky — 1 Zam3/2 o )\A)\M)Q 'U2 1 2/{&2 _ 1lku Zam3/2 o AadaqV U2 O
19LFubld = 3| Thrp M2 29 = 3%, | T M M2
0 0 0

(2.68)

Evidently zero is one of the eigenvalues, and the determinant of the remaining

two by two is also zero. These correspond to the two modes that are eaten by the
charged gauge bosons. The trace of the two by two is then the non-zero eigenvalue,

which corresponds to the MSSM charged Higgs Boson h'. So, after using Eq. (2.37)

1 A2yt
2 2.2 «

1 —2m3 (2.69)

Note that the first term of the right-hand side is just m, and that the last

two terms sum to the aforementioned m?,. We can therefore rewrite Eq. (2.69) as

mi = miy +mo (2.70)

which matches the MSSM result and will be positive if m?, is.
The remaining charged fields—the doubly charged Higgs bosons—can only

consist of A¢ and A°, so this mass matrix is a two by two. For these fields we have

Actt
Vinass O ( A" Ae )MiCii< ) (271>
A
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where

Micii -
2,2 1 .2 2 2
grv € — 593(’% — rg)
(AB — %AA) 112
4
+ %AAUZ + AB(A%AB)U
P (2.72)
2,2 1.2 2 2
—grvie + 59n(Ky — K)
(s~ 1) 2
+ %AAUZ + AB(A?\Z{\JB)”4
with

_ ZBm3/2 )\A/\B'UQ

Ap = 2.73
B MP M]% ( )
The eigenvalues are
1 As(Aa + Ag) v?
Myt e = <§AA+ 5( AM2 5) >v2 (2.74)
P

1 2 1, 1
+ \/(—g%%ev2 + ég%z(fig - /ffl)) + [AB — §AA} vi.

These eigenvalues are of order v2, as expected from the group theoretical argument.
Furthermore, they are positive for sufficiently large A\ corresponding to charge
conserving vacuum for large Ag.

Finally, we come to the real neutral fields. These fields, like the singly charged,

require use of the seesaw mechanism (as discussed in Appendix B.2). If we write

Re ®°

1 Re ®Y
< 2
Vinass 2 5( Re®? Re®) ReA® ReA" )My (2.75)
Re A

Re A0
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where

Mgy Mgae
Mpy = (2.76)
T
<M5A0> MACAC
with
Micﬁc —
A2 vt
(0B +gR) (=) + 5 —3(9Bp +gR) v* — Aa? 2
1(,2 2V 02 — A av? 1(,2 2 ,,2 A4t '
—5(981 + 9%)v? — Aav 398 +9R) v (1 +€) + M2
Mc%cb =
17+ 97) Ko + 550007 —1(97 + gR) Fuka — A6V 0.18)
—3(9 + 9R) mura = 38a0* G091+ gR) G+ 5 A’
12 S SRS
M2 . QﬂngliU QﬁgRUHu <2 79)
dAC = :
and make the associations
8myp — Mig Smp — M. Mp — M3 5. (2.80)
we have that the single large eigenvalue of M3 5, is given by
mbo = (951 + i) v° (2.81)
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then the resulting mass matrix for the lighter fields is

2 2 2 2
1] .2 I9BLIR 2 1,2 IBLIR
2 —ELEE | —2 ELEE | KK
4 [gL 9%#9%] u 4 [gL 9%#9%] uid 0
+ T 5L\ 02 — Ayv?
Ru
2 2 2 2
1(.,2 I9BLIR 112 9BLIR 2
— SELEE | KK Z SELEE | K
1 [gL Q%Lw%] ud 1 [gL 92BL+9?J d 0
— 2 1hy 2
Ayv + g A
3)\?41)2 ZAm3/2 2
0 0 [ - 2w
(2.82)
Clearly one of the eigenvalues can be read off, it is
2,2
2 3)\A'U ZAm3/2 2 9 83
M7, Mp

of electroweak order and corresponds to the light scalar field in the group theoretical
argument.

The remaining two by two matrix has the eigenvalues

1
m%O/ho =5 [mQZ +m?% + \/(mQZ +m2)* — 4mZm? cos 232 (2.84)

where we have used Eq. (2.57) and Eq. (2.46) to simplify this expression. Note that
these also match MSSM expressions.

That completes the Higgs spectrum analysis. The additional fermionic content
of the theory is composed of three light fermions: two doubly charged and a neutral
one. All of the fermions has a mass in the electroweak range. The neutral one is
the superpartner of the d°.

Also of note is the fact that sfermion soft masses will receive D-term contri-

butions, dm? proportional to the differences in the right-handed VEVs squared and
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the charge of that field. This is not a new contribution and is present in general

when gauge symmetries are broken. The contributions are listed in Table 2.2 where

2 2
Field | om%_; om%
Q —5ap_D 0
uc %ozB_LD —marpD
de sap D marD
L mTag_1D 0
e —rmag_D | marD
H, 0 TarD
H, 0 —magpD

Table 2.2: D-term contributions to soft masses due to the breaking of SU(2)gr x
U(1)p_r. The last two terms corresponding to the electroweak Higgses have already

been accounted for in Eq. (2.41) with D = L Ta®"Ac

— 4w ap_rt+ar”’

2.4.2 Numerics

The purpose of this subsection is to validate the above arguments with numer-
ical analysis. Specifically, our purpose is simply to show that the general arguments
about the positivity of the Higgs masses can be supported in the parameter space.

Other values of interest are also reported including: vg, tan 3, and the difference in
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the ground state values of the CC and CV potentials (as mentioned earlier we need
V)ov — (V)ee > 0, so this is verified in that last column of Table 2.5).

We will keep six of the dimensionful parameters constant (in GeV)
mae =350  mae =450  mgp =450 k=250 Mp=244x10"
and three of the coupling constants at:

38

gr =12 gr, = .65 9

We vary the remaining according to Table 2.3.

Case | A | A | Aa | Za | ZB | Z, | m%(GeV?)

1 09] 08 1099 1]0.65]|0.3|1.29 3002
2 051045 0.1 | 0.54]0.3]0.16 —100?
3 04] 04 02 ]036]|0.3)0.29 1002
4 102] 03] 01 1{0.18]0.3]0.14 1002

5 109]08 | 02 ]054{0.3)0.25 —100?

Table 2.3: Points in parameter space used to evaluate the Higg masses

These values yield the following tree level masses for the Higgs Bosons (in

GeVs) and the vacuum defining parameters respectively:

2.4.3 Implications

The TeV scale theory in this model differs from MSSM in that we have several
new particles in the 100 GeV-TeV range. These particles are : dt+, D+, d° d*,
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Case | DTt | d*+ D+ HT D° d° | H° | h° | BY | A°
1 990 | 160 | 3.4 x 10'° | 190 | 5.0 x 10'° | 920 | 170 | 93 | 620 | 170
2 1100 | 240 | 4.8 x 10 | 190 | 7.1 x 10*® | 980 | 170 | 90 | 800 | 170
3 1200 | 210 | 5.2 x 10*° | 190 | 7.8 x 10 | 950 | 170 | 90 | 720 | 170
4 1600 | 560 | 7.4 x 10 | 190 | 11 x 10! | 950 | 170 | 93 | 710 | 170
5) 990 | 170 | 3.3 x 10 | 190 | 4.9 x 10'° | 900 | 170 | 93 | 550 | 170

Table 2.4: The Higgs masses at tree level based on parameters from Table 2.3. The
masses are given in GeV. As predicted previously, the doubly charged particles (D

and d™1) have masses in the electroweak range.

Case | vg (GeV) € tan B | (V)oy — (V)ge (GeV?)
1 2.8 x 101 | 5.0 x 10717 | oo 1.7 x 10%7
2 14.0x10Y{25x%x107Y | 99 4.0 x 1077
3 ]44x10° [ 21x107" | 9.9 5.4 x 10%7
4 16.1x10% | 1.0x 107 | 50 18 x 10*7
5 [28x10Y[52x1077 | 50 1.6 x 1077
Table 2.5: Vacuum related parameters based on parameters from Table 2.3. The

second column shows vp and as can be seen is the correct order of the seesaw
scale. The last column presents the difference in the ground state energy of the
charge violating and the charge conserving vacuum. A positive value in this column

indicates that the charge conserving vacuum is the stable one.
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D+ and d°. The charged particles lead to spectacular signatures in colliders due to
their decay modes: d** — (T4, d*t — ¢T¢*x% . On the other hand, the neutral
particles will be hard to produce in the laboratory because of their low coupling
values to MSSM matter content. Their dominant decay channel is via d® — x%x?
with decay lifetimes of the order 107! sec for generic values of the parameters.
It is worthwhile to mention that d® and d° would have been present in the early
stages of the universe, but would have decayed away before the era of Big Bang

nucleosynthesis and therefore do not alter our understanding of this period.

2.5 Grand unification prospects

Since the effective TeV scale theory in our model is very different from MSSM
(due to the presence of a pair of doubly charged fields), it is interesting to explore
whether there is grand unification of couplings. This question was investigated in
[41], where it was noted that if there are two pairs of Higgs doublets (corresponding
to two bidoublets ¢12(2,2,0)), at the TeV scale, the gauge couplings unify around
10'2 GeV or so. This raises an interesting point: if there is a grand unified theory at
10'2 GeV, then this theory must be very different from conventional GUT theories.
This is because limits on the proton life time require that the scale of grand unifica-
tion be 10 GeV. Our GUT theory, should it exist, must conserve baryon number
due to the low unification scale.

An example of such a theory is the SU(5) x SU(5) model discussed in [42],

which embeds the left-right symmetric group we are discussing. We do not discuss
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the details of this theory here, but rather indicate the basic features: we envision
SU(5) x SU(5) to be broken[42] down to SU(3)¢ x SU(2), x SU(2)r x U(1)p_r,
by a Higgs multiplet belonging to the representation ® = (5,5) with vev as follows:
(®) = diag(a, a,a,0,0). This is then subsequently broken to the standard model.
The fermions in this model belong to the (5,1) @ (10,1) & (1,5) & (1, 10)

representation as follows:

De 0 ve U° u d
D¢ - 0 U° wu d
FL = D Tp=|-ve ~uc 0 u d (2.86)
v —u  —u -—u 0 ETf
e —d —-d —-d —E* 0

and similarly for the right chiral fields.

Implementation of the seesaw mechanism in this model requires the addition
of the Higgs representation (15,1) @ (1,15) along with their complex conjugate
representations. The multiplet b(1, 15) plays the role of A€ of the left-right model.
When the v°v¢ component of (1,15) acquires a vev, it gives mass to the right handed
neutrino fields triggering the seesaw mechanism. The doubly charged Higgs fields
are part of the right handed (1,15) Higgs representation. Symmetry breaking and

fermion masses in this model are briefly touched on in [42].
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2.6 Conclusion

Left-right models are well motivated for various reasons including the natu-
ralness of the seesaw mechanism for neutrino masses in SLRM, providing a solution
to the strong CP problem and the gauging of B — L, which allows a relationship
between electric charge and the physical B — L quantum numbers. Certain SUSY
versions of these models have the added advantages of automatic R-parity, a solution
to the SUSY strong CP problem, and a seesaw mechanism which depends on fewer
parameters and does not allow for a large left-handed triplet VEV. In addition, if
the superpotential of the model is assumed to obey an Z-symmetry, then the B — L
breaking scale (seesaw scale) can be predicted to be around 10" GeV—a phenom-
enologically acceptable value for this scale. This model also solves the u problem of
the MSSM and predicts two TeV scale doubly charged bosons and fermions which
couple to like sign dileptons and like sign lepton-slepton respectively. Such particles
have been searched for in various existing experiments and will be searched for at
the LHC and other future colliders[43]. Additionally, the model predicts unstable
neutral bosons and fermions which can not be easily probed by experiment, but
which would have been produced in the early universe.

Finally the conclusions of this paper can be equally applied to the group
SU2), xU(1)1,, x U(1)g—r, with the mass spectrum being identical except for the

lack of light doubly charged particles and a heavy singly charged particle.
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Chapter 3

Anomaly Mediated Supersymmetry Breaking, A Review

This chapter is a more in depth look into AMSB than the one given in Sec-
tion 1.3.2. It starts with a brief introduction to superconformally invariant super-
gravity in Section 3.1. Section 3.2 shows how the soft terms are generated by the
loop-level breaking of the superconformal invariance and the independence of the
soft terms to thresholds are verified in Section 3.3. The issues with AMSB are
quickly discussed along with proposed solutions in Section 3.4 and the deflected
AMSB scenario is expanded upon in Section 3.5. The last section, Section 3.6 dis-
cusses D-terms in both defltected and pure AMSB scenarios. The work presented

here is not new but simply acts as background for Chapter 4.

3.1 Superconformal Invariance

Utilizing gravity in the mediation of SUSY breaking effects is attractive due to
the ubiquity of gravity and because it is unnecessary to appeal to some messenger
sector like in GMSB. Gravity mediation discussed in Section 1.3.2, takes advantage
of this by coupling heavy fields with large VEVs to the MSSM with an Mp suppres-
sion. Once these are integrated out, the soft Lagrangian is generated. AMSB[44, 45]
is a more sophisticated approach in that SUSY breaking is communicated via the

light supergravity multiplet itself, which is sourced by the hidden sector. The con-
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tributions in AMSB are most easily understood in the context of superconformal
invariance of the supergravity Lagrangian. This formalism is analogous to the proce-
dure in which the Einstein Lagrangian is made locally scale invariant by introducing
an unphysical scalar field (the conformal compensator), which can be gauged away
to recover the original theory. The benefit of this approach is that the superconfor-
mal invariance severely restricts the Lagrangian making it relatively easy to write.
Once the the gauge freedom is taken away, the left-over theory is the more difficult
to postulate supergravity theory.

In SUSY, the superconformal invariance is a product of both the scale in-
variance and a U(1)g symmetry. The conformal compensator now becomes an
unphysical chiral supermultiplet, the superconformal compensator. It has a Weyl
weight dw (¢) = +1, corresponding to the scale invariance, and a U(1)g charge of

+2/3[46, 47]. It is given by
¢ =n+V20x+0°F, (3.1)

where in the original theory, Fy is an auxiliary field in the supergravity super-
multiplet. As such, it is analogous to the D-terms of the MSSM gauge groups.
For (Fy) # 0, SUSY is broken in an analogous fashion to D-term breaking and is
then communicated to the visible sector, which is charged under gravity, of course.

Specifically
(¢) =1+ 6°F, (3.2)

The form of the SUSY breaking contributions are then very closely related to
superconformal invariance and understanding the form of the latter facilitates an
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dyw R
6 | —3 +1
6 | -1 -1
do | +5 -1
dg | +5 +1

Table 3.1: Weyl weight and R charges of superspace coordinates

dw R
K|+2 0
W +3 +2

Table 3.2: Derived Weyl weight and R charge assignments for the Kahler and Super

Potentials

understanding of the former. This can be done by starting with a general Lagrangian

L= /d49 K(Dg, Q,W,) + (/d29 W(Q,W,) + h.c.) (3.3)

where () collectively represents the matter content and W is a sum of the superpo-
tential and W,W*, where the latter contains the superfield strength. Note that the
dependence of K on Dg, QF, etc. has been suppressed

The superspace coordinate charge assignments (See Table 3.1) force the Kahler

potential and superpotential to have the charges shown in Table 3.2. Given dy (Q) =

dw (W,) = R(Q) = R(W,) = 0 (with Q being the matter fields and W, the gauge
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fields, but not in the canonically normalized form), then
W =WXy K =KXy (3.4)

where the “tilded” potentials are functions of only the “tilded” fields. Since the
“tilded” fields have no charges, the resulting potentials don’t either; hence all the

transformational weights belong to the X,,:

dw(Xx) = 42 dw (X)) = +3

R(Xx) =0 R(Xy) = +2

Now because the X, carry charges, they can only depend on the conformal
compensator ¢ (we've already removed any other fields’ dependence into the poten-

tials). Therefore invariance necessitates
Xg=¢'o Xy = ¢’ (3.5)

We can now write the most general superconformal invariant lagrangian. It is

given by
L— % / 440 ¢ oK (Da, 0, Wa) v / 420 W (Q, WQ) fhe. (3.6)

This picture explicitly demonstrates the ¢ couplings as required by supercon-

formal invariance. It is possible to return to the usual fields by defining
Q=9¢Q Wa = ¢** W, (3.7)

To illustrate how these definitions return the canonical fields, the potentials must
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be rewritten schematically as

K=2z20e0+... =2010+... (3.8)

— - - - A -~ - 1 -
W:LQ+MQ2+YQ3+KQ4—|—...+Wa4—92Wa+... (3.9)

where Z is the wave-function renormalization for ) and ¢ is the gauge coupling
associated with W, where the canonical gauge field A, has been transformed A, —
gA,. It is then clear that the Lagrangian of Eq. (3.6), combined with the field

redefinitions Eq. (3.7), leads to

ﬁ:/d4ez[QTQ+...}

+ (/d20 [L¢2Q+M¢Q2+YQ3+1Q4+...+Wai

Ao 492Wa+...}+h.c.)

(3.10)

Terms with dimensionful couplings break tree-level superconformal invariance and
therefore introduce a ¢ into the superpotential-—something relevant for the MSSM
because of the i term. Non-renormalizable terms always contain the pair A¢ to some
power. As these terms usually result from a threshold, this form will be important
when discussing intermediate thresholds. The tree-level superconformal invariance

breaking directly translates into tree-level SUSY breaking:

AF,
Lsopt = 2LFy + MF, — T¢+ (3.11)

Scalar mass, trilinear-a and gaugino mass terms correspond to the dimensionless
couplings Z and giz, which do not break the superconformal invariance at tree-level
and therefore do not lead to their SUSY breaking counterparts at tree-level. How-
ever, a Lagrangian of the form Eq. (1.45) can still be generated since loop-level
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calculations force the introduction of a dimensionful parameter, u the renormaliza-

tion scale, which break the scale invariance.

3.2 Superconformal Invariance Breaking and Soft Terms

When evaluating loop order calculations, some type of regulator is required,
which can be chosen to be a cutoff A. This regulator is convenient to use because it
has already been established that such a cutoff must be paired with ¢ should it give
rise to non-renormalizable terms of the form in Eq. (3.10) (the ultraviolet (UV) cut-
off gets paired with a ¢ independent of whether or not it yields non-renormalizable
terms; however, it is a convenient illustration here). Therefore, renormalized quan-

tities (Z and g%)will be functions of the form

1n<M) (3.12)

0

From this, it is understood that all of the SUSY breaking can be parameterized by

1
p— =gy — 5 (°Fy + he) (3.13)

9]

where the expression to the right of the equal sign is the expansion of the natural
logarithm around p. To utilize this, it is necessary to analytically continue Z and g%
into superspace, making them superfields. A general superfield for the wave function

renormalization is

Zi(p) = Zi(p) = Zi(p) + (Bi(w) 6> + h.c.) + Ci(p) 6°6° (3.14)

71



where i represents a specific field @;. Upon substitution into Eq. (3.10), it can be

seen that this can be expressed in a more convenient fashion

In Z;(1) = In Z;(p0) + (Ai() 0* + h.c.) — my(n)? 0°6° (3.15)

2

where m; is the soft mass for ); and A; contributes to trilinear a-terms, e.g. for

arQHt°, ar = yi(Ag + An, + Aie). The relationship between the Z and Z is

Zi(n) = Z; (ﬁ) (3.16)

and In Z; (ﬁ) can be expanded around In p for ¢ = 1. This yields

OlnZ;(n) 1,5
InZ;(p) =1nZ; _— Inpy—=(6“Fy+ h.c.) —1 1
nZip) = Zilp) + =5 e 5 (0°Fs +hc.) =Inp (3.17)
1 9*In Z;(p) ( 1 ) 2
- Inpu— =(6*°F, +h.c)—Inp
2 Oy |, 2 (6°F )
_ 1 2 19vi(1) 2 1272
=InZ;(n) — 5%(11) (6°Fy + h.c.) + Zal—nu|F¢| 6°6
where v; = mngZiE“) is the anomalous dimension of (); and all higher order terms are
zero. Comparing eqns. 3.15 and 3.17 yields
1
Ai(p) = —5%(/0 Fy (3.18)
10vi() 2 _ Lo, O 0y
200) = — = Fy|” = —=|F .C. 1
mz(/"b) 4 aln/.l, | ¢| 4| ¢| ﬁgaaga + ﬁyaaya +hC (3 9)

where the last expression in Eq. (3.19) is derived using the chain rule and a sum

oz
Olnp

over all gauge couplings, g, and Yukawa couplings y,, is implied. Also, (3, =
The gauge coupling must be promoted into a chiral superfield because it ap-
pears in Eq. (3.10) in the df? integral.

1—2

5% (1)

S0 () — Raly) = (320)
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where M, is the mass for the gaugino associated with the a gauge group. Using

1 1%
R(p) = 59,%(%) 3.21
(1) =393 (3.21)
B mp-Fe
0
Expanding g, 2(4) around p
1 1 dg;2
R, s e Inp — Fy6* —1 3.22
1 _ 1
= g2 - 55952@92
Comparing eqns. 3.20 and 3.22 yields
M, =Yg g bt
a — 5ﬁg;2 ¢ — 47T ¢ <323)
where ﬁga_z = 81’7:2 has been used and there is no sum over a.

Eqns. 3.23, 3.18 and 3.19 are the AMSB expressions for the soft terms. They
are renormalization scale invariant since they were derived for an unspecific renor-
malization scale, ;. The name anomaly is employed since the generation of these
terms are associated with the anomalous breaking of the superconformal invariance.
Note that compared to the tree-level SUSY breaking terms in Eq. (3.11), they are
suppressed by 1672 per dimension (this suppressions are contained in the 3- and -
functions, both of which contain a factor of 16%) This means that £ 2 20 TeV for
soft terms of the right order and therefore, in the MSSM, the tree-level soft term

b= uFy ~ 16m*mgysypt, is too large for EWSB. This indicates that the MSSM is not

compatible with AMSB.

73



3.3 Decoupling Thresholds

The AMSB soft expressions, eqns. 3.23, 3.18 and 3.19, are very interesting
because they are independent of thresholds. To understand this, assume there is a
threshold M such that A > M > F, and that this threshold does not introduce
any new SUSY breaking effects, as would be possible with light singlets. Once the
heavy fields have been integrated out, the leading effects of M can only appear as
logarithms via quantum corrections: no positive powers can exist. It is then possible
to make an analogy to the previous situation. M is a threshold and must always

appear with a factor of ¢. Therefore Eq. (3.12) becomes

() - e ) o (B) (3:24)

where C* are parameters related to physics above/below the threshold M. The sec-
ond term on the right-hand side is the new threshold term and the first term on the
right-hand-side will figure into the boundary value at M. Of course, the ¢ depen-
dence cancels in the boundary value term and so the wave function renormalization

and gauge couplings have the following dependences:

7 (ﬁ M) g2 (ﬁ M> (3.25)

The only difference between these terms and eqns. 3.16 and 3.21 is the presence
of the threshold, which has been suppressed in the latter two equations and which
has been renamed to M in the former. Expansions would follow as they do in eqns.
3.17 and 3.22 yielding the same results as eqns. 3.23, 3.18 and 3.19, the AMSB soft
term expressions therefore proving the decoupling of the threshold.
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This decoupling analysis applies to both mass thresholds, such if there exists
a vector-like pair of heavy quarks, or to thresholds generated through some spon-
taneous symmetry breaking. The condition of no new SUSY violation in the latter

case corresponds to a VEV of the superfield
(X)=Mo (3.26)

As long as this is true, the soft terms will continue on their AMSB trajectories below

M.

3.4 Problems and Solutions

The EWSB problem associated with AMSB has been briefly mentioned in
Section 3.2, which can be potentially cured by applying AMSB to the NMSSM
instead of the MSSM. In the NMSSM, the p term is understood as a VEV of a

singlet field, pu = \%x\(N ). The Higgs superpotential is
1
W =ANH,H, + §KN3 (3.27)

and has no dimensionful parameter and therefore no tree-level SUSY breaking.

The tachyonic slepton problem was demonstrated in Eq. (1.58) and exists for
all sleptons. Many solutions to this problem have been proposed [48, 49, 50, 51, 52,
53, 54, 55, 56, 57, 58] despite the fact that solutions to this problem are hard to come
by due to the independence of higher thresholds. Two of these solutions are: new
low energy particle content with Yukawa couplings to the leptons and introduction
of new SUSY breaking, in addition to AMSB, so that soft masses are deflected from
their AMSB trajectories.
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Solutions involving new Yukawa couplings have the advantage of retaining
the AMSB trajectories. However, they typically lack justification since they are
normally just an ad hoc addition of fields. There are some exceptions, such as
Yukawa couplings due to R-parity violation in the lepton sector[53]. While this is a
pleasing minimal model with no new fields, it does push the value of F};, very high (~
200 TeV, exasperating the little hierarchy problem) because of the stringent lepton
number constraints . A different approach is to utilize the Yukawa couplings of the
naturally light doubly charged Higgses in MSLRMs|[59, 58|. This has the advantage
of being well-motivated and that typical scales of Fjy can be used. However, it
requires that the doubly-charged fields have a mass on the order of Fy, which is a
bit of a coincident problem since they may be as massive as the GUT scale.

Scenarios in which new SUSY breaking is introduced can be divided into the
two types: F-term[51] and D-term[54]. The former case is due to some SUSY
breaking threshold, M, in a shallow potential, which produces light singlets. These
allow the mass scale M to appear as a linear term in the Lagrangian below the

threshold. For instance
K> /d49 (STS+ (eM@ST+ hec) +...) (3.28)
This would lead to a large SUSY breaking F'-term for the singlet S
Fg=—cMFy (3.29)

Depending on the value of ¢, this new contribution can be significant compared to
the AMSB contribution. If this is the case, the AMSB trajectories will be deflected,
the threshold will not fully decouple and the sleptons masses can potentially be
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U(l)y
X —2
X +2
\J +1
U —-1
S 0

Table 3.3: The U(1) charges and particle content of a toy model that demonstrates

decoupling/deflection of thresholds in AMSB

saved. Further details of this scenario as well as a toy model will be discussed in

Section 3.5.

3.5 Deflected Anomaly Mediation

Deflected AMSB was introduced by Pomarol and Rattazzi using the superpo-
tential:
A

Wpr = XUV + A_¢<XX)2 (3.30)

with charges under a U(1)x local gauge symmetry given in Table 3.3. The only
source of SUSY breaking in this theory is AMSB and is reflected in the appearance

of the factor of ¢ in Eq. (3.30). The F-terms and corresponding F-potential for the
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X superfields assuming that the U superfields are VEV-less, are given by

. ow B 2\ 9
. ow 2\ 5
% _ AN ey 2 3.33
F—Fxx(x+m) (3.33)

where the lower case letters are the scalar components of the corresponding upper
case superfields. From Eq. (3.31) it is clear that if the x fields acquire a VEV it
will be SUSY breaking since the F-terms will be non-zero. In order to investigate
if this happens, it is necessary to consider the tree-level SUSY breaking associated

with the non-renormalizable term. It contributes
MF,
Vot = 202 (3.34)
A
Defining
() ~(Z) ~ M (3.35)

and minimizing the potential yields

“F,A

M =
6

(3.36)

It is now possible to investigate the F-terms more closely, using Eq. (3.31) and

Eq. (3.36)
1
—F}w—F§:§F¢M:MF¢—|—FM (3.37)
and
Fy=rMFy (3.38)
r= —2
3



where the right-hand side of Eq. (3.37) is useful since it separates the two sources
of SUSY breaking. The first contribution, M Fy is simply the traditional AMSB
contribution, which will lead to a decoupling threshold. It is possible to think of it

as the VEV of a two superfields:
(Xp) = M¢ =M + MF,0* (3.39)

in line with Eq. (3.26). Again this leads to the same decoupling discussed in Sec-

tion 3.3. The second contribution is new:

(Xyp) =M =M — %M@,e? + M¢ (3.40)

where M is some mass scale. This makes it clear that new SUSY breaking has been
introduced and r is a measure of the additive deviation from the AMSB contribu-
tion. Since the decoupling associated with AMSB is related to the contribution in
Eq. (3.39), the contribution from Eq. (3.40) will not decouple and will lead to new
SUSY breaking contributions proportional to r.

These contributions will be GMSB. This is because the SUSY violating super-
VEV M will introduce mass splittings between heavy fermionic and bosonic degrees
of freedom in the X fields related to —%M Fy4. Once these heavy fields are integrated
out, this SUSY breaking will be relayed to the visible sector fields by the messenger
U fields assuming that the visible sector is also charged under U(1)x.

Derailment from the AMSB trajectory has its consequences. It is no longer
possible to calculate the solutions to the RGEs as functions of the low energy 3- and
v-functions, rather it is necessary to find the value at the threshold (which depends
on high energy physics) and then evolve it to the necessary scale using RGEs. The
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boundary conditions are calculated in a similar fashion to the AMSB expressions
given in eqns. 3.23, 3.18 and 3.19 by expanding the supercouplings. However, it
is now necessary to expand around the threshold, M, instead of an arbitrary u
value. The key is an understanding of how SUSY breaking is parameterized in the
wave function renormalization and the gauge coupling comparable to Eq. (3.24).
Since it has already been established that the SUSY-conserving threshold, M, is
unimportant, it is just necessary to focus on M and ¢. This translates into simply

replacing M by M in Eq. (3.24):

(M) - oo ) e (M07) (3.41)

Since all SUSY breaking in a quantity can be picked out by the derivative

802 Y
understanding Eq. (3.41) allows the identification:
C g0 g0 (3.42)
—r :
962 oM 9l M

given Eq. (3.40). The result will therefore depend on parameters associated with

the higher scale, Ct and lower scale C'~ physics and is calculated to be

Qg

My (M) = o s (bf —b) —b,] (3.43)
Ag(M) = % o[ (76 —1a) — 0] (3.44)
(M) = ~{IFf > [ (ﬁ* AL R A ) (3.45)

—9r ﬁJr a’yQ - 87@ + 3= %
* 09 9 0g, 9 0g,

where () represents some superfield. These equations share some general interesting
features. In the limit » — 0, only the last term in each equation remains and agrees
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with the AMSB contributions eqns. 3.23, 3.18 and 3.19 as expected. In the limit
that F, — 0 such that rF}, remains constants, the equations reproduce the GMSB
results with A = %. The second term in Eq. (3.45) is a cross-term between AMSB
and GMSB. Furthermore, the GMSB contributions in each of these equations in
some sense indicates the amount of particle content that has been integrated out,
as can be seen by the difference in quantities above and below the scale. Therefore,
sectors of the theory that do not couple strongly to the heavy fields will remain more
or less on their AMSB trajectories. Lastly, since deflected AMSB has introduced
a dependence on higher energy physics, it must be assumed that the threshold lies
below any sort of flavor physics to conserve the solution to the SUSY flavor problem.

This is yet another price to pay for the deflection.

3.6 D-Terms

This phenomena of a partially decoupled threshold has implications even for
the D-terms, which have not yet been discussed in the context of AMSB. In general,
it is expected that a broken gauge group will lead to D-term contributions to soft
masses (Table 2.2 shows such contributions for MSLRM). However, such contribu-
tions are zero in AMSB. Taking a detour to explore a concrete AMSB preserving
model will help shed some light on this and the issues discussed earlier. To start,
examine a theory with the same particle content as Table 3.3 but without a shallow
potential:

Wanse = fXUU + yS(XY — M2¢2) (346)
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In the SUSY limit, the scalar components of X and X acquire a VEV equal to M
thus introducing a threshold. At this point all the fields, except ¥, gain a mass of

M > F4. The VEV structure is

(z) =M (3.47)

() =M (3.48)

(Fx) = MFy (3.49)

(Fx) = MF, (3.50)
i

(s) = —% (3.51)

(D) = %(m_i— mk) = —%%ﬁf (3.52)

with the D-term acquiring a VEV because X couples to ¥ and X does not; hence,
the AMSB expression for their scalar masses are not equal.

Above the threshold M, ¥ has a scalar mass given by AMSB

2
. 5,/ F
(m) :_194(_16i2> (3.53)

while below M there is no gauge group and W,z = 0 so that AMSB predicts
(m%) =0 (3.54)

The fact that AMSB predicts U’s scalar mass to be zero below M raises two
questions: how the contribution of the gauge group given by Eq. (3.53) disappeared,
and why the D-term VEV-—acquired at the threshold—vanished. Both questions
are resolved by noting that the U’s act as messengers giving a GMSB contribution
at the threshold M. This is because the lagrangian from Eq. (3.46) contains the
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term

/ 4?0 Warrsp D f(Fx) U0 = fMF,W0 = My F, 00 (3.55)

which appears in loops.
For example, the scalar ¥ couples to the U’s through the D-term potential

1 —2\ 2 —
Vo = 56 | (X = [XP°) "+ e (1P - XP)

P (1IXP - [X) + i(w - @\2)1 (3.56)

leading to the diagram

X
b U Y 12 Py |Fyl”
= [ = g X
—_ = — e— —» — -L— — — ~ e 4 ¢
Y g s Yo e Y ey (350
AN
U o~ 7 U

which is exactly the same structure and size as the AMSB contribution above the
threshold. In fact, Eq. (3.57), along with the other diagrams involving gauge fields,
yields
(m) = (m%>+ + (M) quss = 0 (3.58)
The GMSB diagrams such as Eq. (3.57) cancel the higher-scale AMSB con-
tributions to U’s scalar mass; however, they do not remove the D-term portion
acquired at the threshold. Rather, this term’s cancellation can be seen as a re-
sult of the D VEV actually being zero below the threshold—GMSB diagrams like
Eq. (3.57), with ¥ replaced by X, X cause the scalar masses of these fields to be
zero below M resulting in the VEV of D vanishing.
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Now it is possible to turn back to the model with a partially decoupled thresh-
old, specified by Eq. (3.30), and examine the D-terms. Once again, the splitting
executed in Eq. (3.37) is advantageous because then the (Fx) WV term in the la-

grangian splits apart as
/d29 Wpr D f(Fx) VWV = fMF,UV + fEy 00 (3.59)

so that the diagram of Eq. (3.57) cleaves into

[ {Fx)
%
Ue WU
— [ \\J —
UV— > —e— - — L, — T =
g° 9
AY
U~ U
f(Fx)
JFFm FMEy
X %
Ur  NU VRN
= [V — [V =
L e bl
g * g *
U~ U U >~ U
fFiu fME,
This diagram is f?(:m the new SUSY This diagram is th;?}MSB contribution
breaking and so it must survive below M that cancels the higher scale AMSB part

so it has no net effect below M

(3.60)
By defining F4 the net result of Eq. (3.60) is that the higher-scale AMSB portion

(which is canceled below M) is factored out and all that remains are the contribu-

tions to due to F:

(M%) 5 = (M) XMSB + (mg) avisp (M%) ¢ (3.61)

-~

iq ig i 2\~ _
this is just (mW)AMSB_O

This is true for the VU field, but it is also true for the X and X scalar masses.
The latter point is important because the VEV of D, which depends on the difference
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of the scalar masses of X and X, will consequently also be non-zero:

2
f (3.62)

1| Fy
M

(D) = 5o [ 0) = () | ~ 1

The last expression of Eq. (3.62) follows from the fact that the only difference
between X and X is the coupling f.
Now, as (D) # 0, there is an additional contribution to the ¥ scalar mass from

this term:
2\~ 2 2
(mg) = (mg) 0 + (MG) (3.63)
This new contribution will simply be the old typical non-AMSB contributions mul-

tiplied by a factor of 72. Therefore, deflected AMSB leads to new contributions both

from the boundary conditions and D-terms.
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Chapter 4
Predictive Supersymmetric Left-Right Model and Anomaly

Mediation

The model discussed in Chapter 2 can be embedded in any SUSY breaking
scenario and studies have been done on the effects of the light-doubly charged Higgs
on the SUSY spectrum in mSUGRA and GMSB scenarios[41, 60] as well as the
GUT prospects for such models. However, MSLRM have a more interesting effect
in AMSB models. Section 4.1 points out that PSLRM is an instance of the deflected
AMSB scenario and that the slepton masses are made non-tachyonic by a combi-
nation of new Yukawa couplings to the doubly-charged fields for the right-handed
sleptons and partially decoupled D-terms for the left-handed ones. Section 4.2 then
discusses the phenomenology of this model including slepton and squark masses and

the consequences of the LSP in both collider and astro physics.

4.1 The Theory

Comparing Wpp in Eq. (3.30) to the PSLRM superpotential, Eq. (2.18) makes
it clear that PSLRM can be viewed as an instance of the Pomarol Rattazzi model.
It has the necessary ingredients: a shallow potential that gives rise to light singlets,
Section 2.4.1, and F-terms that introduce new SUSY breaking, Eq. (2.21). Further-

more, it is in line with the conformal invariance at the renormalizable-level. The
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superpotential is

Wpsprv = Wy + Wir + Wiy (4.1)
Wy = iy4Q" 1P, Q° + iyt L 1o®, L + 1 f LT 7, A°LE (4.2)
1
Wy = )\abN TI'(CDSTQq)ng) + §/§N3 (43)
Wik = 2 T2 (ACAY) + 2 Tr(A°AY) Tr(A°AY) (4.4)
Mpo Mpo
)\Zb cCAC T )\%b c T A C
+ Moo Tr(A A )Tr(d)a TQCI)ng) + Mo Tr(A To @, o Pp A )
AN _
- Tr(A°A°) N2 + ...
Mg TE(ATAY)

where a = 1..2 runs over ® generations. Eq. (4.1) has several differences compared

to Eq. (2.18):

e An additional ® has been introduced for a realistic CKM matrix. Using the
soft terms for this purpose is no longer an option since they will be constrained

by deflected AMSB.

e Non-renormalizable terms that previously were used to solve the p problem,
schematically MLAcAcqﬂ’ can no longer do so since they would lead to b =
P

te s Fy which is too large for EWSB. This will be expanded on in Section 4.1.3.

e A singlet, IV, has been introduced so that the low energy theory is the NMSSM
Eq. (3.27). This allows for a solution to the p problem via the VEV of N and
does not involve terms that break the conformal invariance at the renormaliz-

able level.

e To guarantee that the low energy theory is the NMSSM, an R-parity symmetry
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must also be enforced:

(A%, D, N) — —(A°,®, N) (4.5)
A¢ — iA° (4.6)
(Q? QC7 L? LC) - (Q? QC7 L7 Lc) (4.7)

This will keep N light.

e Regardless of the presence of low energy NMSSM, a problem still exists with

EWSB. It and it’s solution will be briefly addressed in Section 4.1.3.

In spite of these differences, modifications to the vacuum structure of the
theory, as discussed in Section 2.3, are due to AMSB, which constrains the SUSY

breaking potential

Vaots = mae Tr(ATAY) + m3, Tr(ATA) + (m?b)ab Tr(®] )

1
+ (aibN Tr(CDGTTQCI)ng) + ganN3 + h.c.>

P P

AF, - AsF, o
+ (% Tr? (A°A°) + % Tr(A°A°) Tr(A°A°) +--- + h.c.) (4.8)
Comparing Eq. (4.8) to Eq. (2.26) allows the identifications
—Zs= A4 Zp = Ap mszy = Fy (4.9)

Fy > maec, mae, since the latter two are loop suppressed, the minimum given by

Eq. (2.36) simplifies to

) —2MpF,
34

(%

(4.10)
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so that

—MpF,

cO\ __

(4.11)

where (A®) = v/2vg and v? = 2v%. As a result, the prediction of the seesaw scale
is now slightly modified, Mr ~ \/Fy;Mp ~ 10", larger than the previous result. In
regards to the Pomarol Rattazzi model, Eq. (4.11) is the same as Eq. (3.36) and the

results from Section 3.5 can be used here and
r=—c. (4.12)

However, there is an important new phenomena here: the messengers ¥ are
replaced by the right-handed neutrinos. Unlike the W fields, the right-handed neu-
trinos have direct coupling to the light right-handed sleptons through the seesaw
term. These couplings will then also mediate SUSY breaking resulting in a mixed
Gauge and Yukawa mediated SUSY breaking. Eqns. 3.44 and 3.45 already take
these contributions into account. Throughout the rest of chapter, a reference to
GMSB also implies the Yukawa mediated contributions.

These Yukawa contributions can save the masses of the right-handed sleptons
as in [58, 59]. However, the left-handed contributions will not have a corresponding
mechanism. This is why the deflection is important. As argued earlier, this will
cause only a partial decoupling of the threshold and will allow for non-zero D-term
contribution to the slepton masses. The important question is: will they be of
the right sign and magnitude? The next two subsections will quickly explore both

the masses of the right- and left-handed masses to see whether they can be made
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positive. If they can, this would be a realistic and well-motivated instance of a

Pomarol Rattazzi model.

4.1.1 Right-Handed Sleptons

Now that the theoretical groundwork has been laid out, it is important to
investigate the nature of the slepton masses. Specifically, can this scenario provide
for non-tacyhonic sleptons? For the right-handed sleptons, this can be ascertained
from the mass boundary condition, Eq. (3.45). As mentioned in Section 3.5 this
equation contains both the AMSB contributions, GMSB-like contributions and a
mixture. The AMSB contribution will usually be the largest contributor since the
other terms involve differences in S-functions.

The easiest mass to study is that of the right-handed selectron. It has new

Yukawa couplings due to the light doubly-charged Higgses:
Wpe = feeCATe° (4.13)

Its mass will depend on the f., which is a 3 x 3 matrix in generation space and
on the gauge couplings for SU(2)g,U(1)g_1 and U(1)y. In order to simplify the

analysis, the following assumptions are made:

;= [0, and (4.14)
R = op_1 = 2@1 ~ 0044, (415)

where
ol =ap + oz, (4.16)
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has been used in Eq. (4.15), a result of the right-handed symmetry breaking structure
and since a; ~ 0.022 is weakly dependent of the parameter space.

Seperating Eq. (3.45) into its AMSB, GMSB and mixed contributions yields

Mée = MAnisp + Miized + Merss (4.17)
2 1 2 63 4 2 2 2
MaAMsB = qus ?f — 1087 f* — 1877b1oy (4.18)
1
M ived = mFg(m ft=96man f? + 247 (by — br — bp_1)) (4.19)
1
ménse = T be (3" +100m fan —87°ai(by + br — bp1) ) (4.20)

where the v- and [-functions above the vg scale are given in Appendix A.1 and
below in Appendix A.2 and and all quantities are evaluated at the right-handed
scale. Each of these term appears with a positive quartic dependence on f. As
f is increased, it quickly dominates the negative gauge contributions (given that
ap(vg) ~ 0.02) and yields positive terms. Figure 4.1 indicate that this happens at
around f 2 0.6. For this figure, F,, = 36 TeV, but the result is independent of the
overall scale. The largest contribution in this positive regime comes from the AMSB
term, which has the largest prefactor to the f quartic. Finally, the non-tachyonic
nature of these masses will be preserved to the SUSY scale since the slepton masses
run very slowly. Therefore, this analysis shows that the right-handed slepton masses

can be made positive in this scenario.

4.1.2 Left-Handed Slepton Masses and D-Terms

New large Yukawa couplings in the left-handed slepton sector do not exist in
this model. Therefore Eq. (3.45) will still give tachyonic left-handed sleptons as the
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Figure 4.1: The mass of the right-handed selectron at the right-handed scale broken
up into the AMSB, mixed and GMSB contributions with Fy = 36 TeV and a; =

0.02. The AMSB contribution dominates and is positive for f > 0.6.

right-handed scale. Since these values do not run much, they will also be tachyonic
at the SUSY scale. The only hope for saving these masses are the D-terms, which
only partially decouple as discussed in Section 3.6. The question is, will these D-
terms be of the right sign and magnitude?

Table 2.2 shows that the D-term contribution to m% is

&(mzc —m3.) (4.21)
Clearly, the sign of the contribution depends on the sign of m3. — m%u. In AMSB,
this is predicted based on the couplings of A® and A¢. Both have identical gauge

couplings, which will vanish from their difference. However, A€ also has the seesaw

Yukawa coupling, f that is the only term that will survive the difference. Using the
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same simplifying assumptions as in Eq. (4.15) in addition to y;, = 0 yields

3
2 212 (q 4 2
mE = Figma’ EFZ(9f* — 40mon f?) (4.22)

where as mentioned in Section 3.6, the D-term does not fully decouple because
of the deflection from AMSB parameterized by r. Therefore, the D-term value
below the threshold is suppressed by r? but is clearly positive for large enough f.
This is very important since there was no freedom for the sign here based on the
seesaw mechanism. It is a fascinating accident that AMSB predicts positive D-terms
contributions for the left-handed sleptons which would otherwise be tachyonic.

The boundary condition is independent of f and is calculated to be about
—90000 GeV?2. The sum of these two contributions at Fy = 36 TeV is plotted in
Figure 4.2. Here a value of f > 0.85 is needed for positive squared mass, larger than
the value needed for right-handed selectrons. Again this is independent of F,. Note
that at the right-handed scale, f < 3.5 based on perturbativity.

Once again, the value of the squared mass does not run much, therefore, for

large enough f, the left-handed sleptons have also been saved.

4.1.3 Below the Right-Handed Scale

Once SU(2)g breaks around the seesaw scale of 10! GeV, the effective theory
contains the NMSSM, an extra set of higgs doublets and the doubly-charged fields
and will be referred to as the NMSSM++. The non-renormalizable terms of Eq. (4.1)
also influence the form of the lower scale theory and produce some important effects

that aid in construction of a realistic low-energy theory. One significant contribution
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Figure 4.2: The squared mass of the left-handed selectron at the right-handed scale
with Fy = 36 TeV and oy = 0.02. At f > 0.85, the D-terms cause the square mass
to be positive. The boundary condition is independent of f and corresponds to the

f = 0 part of the curve.

comes from the higher dimensional operators: the generation of a SUSY mass term
for N. Specifically non-renormalizable term involving N generate a superpotential
term of %V]\ﬂ when A€ and A° get a VEV.

This explicit mass term produces a SUSY breaking bilinear term proportional
to Fy, by given as

2

v
bN = HNF¢ =~ M_RFd) (423)
P

This term will be shown to play an important role EWSB.
The doubly charged fields will also get an effective p term on the order of
Jf/[—?l. As will be discussed in Section 4.2.3, this term must be of order Fj, mean-

ing the doubly-charged fields will decouple at this scale. Furthermore, the non-

renormalizable terms can also be used to simplify the low-energy theory, though
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this is not necessary. Consider the terms involving ® in Eq. (4.1) which yield a low
energy mass matrix that is not symmetric between ®; and ®, (due to the A\g term).

The asymmetry could generate an operator of the form:
%74 D ﬁMHugTQHdl (424)

without the corresponding H,; Hg term. This allows a for a possible fine tuning
that can lead to a doublet-doublet splitting mechanism at around Fj. The upshot
of which is that one doublet set will be heavy (H,2 and H; with mass of about Fy,
while the other is massless in the limit of (N) = 0). The light set is then just the
regular Higgses of the MSSM/NMSSM and the theory below F}, is the NMSSM with
an the additional u term for the singlet.

This g term is important because the low-energy NMSSM cannot achieve
a realistic mass spectrum—the singlet N would get a very small VEV, and the
Higgsino would be lighter than allowed by experiment[61]. The origin of this problem

is best illustrated with a toy model. Consider a superpotential given by

1
Wiey = g/iN?’ (4.25)

where N is a singlet field . The resulting scalar potential, including SUSY breaking,
is

1
Viey = K IN[* + 5 (axN® + azN™*) 4 miy [N (4.26)
Taking account for the complex phases by letting

N = |N|e¥~ Kk = |k| el = |a,| @Per, (4.27)
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the minimization condition for the phase dy is
sin(3dy + 44, ) = 0. (4.28)
The resulting minimum condition for |N|,

0 = 2|s° [N|? + |ax| [N| cos(30y + 8, ) +m3

= 2|k [* [N + Jag| |N| +m3, (4.29)

is then independent of any phases leaving (N) real. The solution to Eq. (4.29) states

] & \la — 8)s m

2|x|’

(N

(4.30)

where the soft couplings a, and my are determined by AMSB via Egs. 3.18 and
3.19 (note that since the singlet does not couple significantly to the messengers, this

argument would hold in PSLRM as well):

F,
G = _16¢26ﬁ3
[ (4.31)
mi = —|F¢‘ 12x*
N = 7 :
(1672)

Substituting these into Eq. (4.30) gives

(N) = %%(—6 + v/—60) (4.32)

yielding a contradiction: (N) must be real, but the large negative under the radical
demonstrates this can not be so.

The same problem carries over to the full NMSSM, as pointed out in [61]. In
this model, the additional coupling of N to H, and H,; adds a linear term to the
potential, ayv,vgN. The induced linear term shifts the trivial minimum away from
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zero, but keeps it small. Given this limitation of the NMSSM, it is desirable to
explore methods that either alter the relative strengths of the terms or yield a large
tadpole term for N. The former may be done by adding vector-like matter (as in
[48]), while the latter was explored in [61] by introducing a linear term for N. The
solution used here is different and is already present in this model: utilizing the by
term. This was discussed in [58].

The size of by is quite conveniently around the SUSY breaking scale and will
serve for turning the net mass-square of N negative. To establish this property we
now turn to the minimization condition for N.
ax

na, 1 5[ a .
—= _ + Ak | sin28 =0 4.33
V2 o2 (n\@ ) ’ (433

The tilded variables are introduced to display the deviations from the usual NMSSM.

1
my + k*n® + 5)\21)2 +

The definitions are

ELA =ay + )\[LN (434)
Ay, = a, + 3KpN (4.35)
ma = ma + i — by (4.36)

The variable m% can be approximated as

my = my + uy — v Fy

~my — unFy

)\4
- ((167?2)2F¢ - “N> fo

The second line follows from the fact that uy ~ O(%) ~ O(%)
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and therefore the p3, term is negligible compared to the the other terms. The last
line uses the AMSB expression for the square of the scalar mass, assuming it is
dominated by the A contribution. As can be seen, due to the A\* suppression, it is
relatively easy to adjust uy to a value to make m% negative and therefore induce
a singlet VEV of the correct size. Given that A\(Msysy) < 0.5 (from constraints of
perturbativity to the right-handed scale) and that u = ’\—’;, it is only necessary for

n 2 300 GeV to achieve chargino masses above the LEP II bound. The resulting

spectrum is similar to the NMSSM given in [62].

4.2 Phenomenology

In the following sections, the numerical values are based on the parameter
running scheme used and some simplifying assumptions. The gauge coupling values
from are evolved from the electroweak scale to the right-handed scale taking the
F,4 threshold into account by decoupling the doubly-charged fields and extra Higgs
doublet. Yukawa couplings are then inputs at the right-handed scale: the third
generation values for the SM couplings (yg,yr) and all three generations of the
seesaw couplings (f.). These are evolved down to the SUSY scale using [63, 64].
The seesaw coupling is assumed to be diagonal to agree with lepton flavor violating
constraints given in [65]. It is also assume it is proportional to the identity for
simplicity. As usual the MSSM Yukawa couplings are assumed to have a non-zero

value only in the three-three position in generation space.
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4.2.1 Sfermions

The arguments given in sections 4.1.1 and 4.1.2 show that this model can
solve the tachyonic slepton problem of AMSB by the seesaw Yukawa couplings for
the right-handed sleptons and the D-terms for the left-handed ones. However, the
D-terms can lead to problems of its own. Examining Table 2.2 once more shows that
negative D-term contributions to masses exist for the left-handed squark field due to
U(1)p-_r, the right-handed up squark due to SU(2)g and the right-handed selectron
due to to U(1)g_r. This should be expected since D-terms are proportional to
charge, therefore particles of charge opposite of L will get negative contributions.
The right-handed selectron will be non-tachyonic because it also receives a positive
contribution from SU(2)gr D-terms and because its boundary condition is quite
large when f > 0.6. The right-handed up squark may also be safe because it gets
positive contributions from U(1)g_ D-terms. Therefore, the only field that has
purely negative contributions to its squared mass is the left-handed squark field,
which brings its mass into conflict with that of the left-handed sleptons: the larger
the D-term the larger the left-handed slepton mass but the smaller the left-handed
squark mass.

To study this situation, it is sufficient to examine the lightest first generation
masses. The only difference between these and those of the third generation is the
lack of Yukawa couplings in the latter which usually help the situation. Figure 4.3
plots the mass of the lightest down squark, up squark and selectron at the SUSY

scale (1 TeV) verses f at the right-handed scale using the same assumptions as in
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Section 4.1.1. The lightly shaded region is the excluded region for squark masses
based on Tevatron data and the darker region is excluded slepton masses based on
LEP II data as well. The dashed line is the mass of the LSP. In order for the LSP

to be a dark matter candidate, all SUSY masses must be heavier than the LSP.

1200

1000 -

800 |

600 |

m .
(GeV)

400 |

200

Figure 4.3: The squared mass of the lightest down squark, up squark and selectron
at the SUSY scale (1 TeV) with Fy = 36 TeV and oy = 0.02 verses f at the
right-handed scale. The light shaded region is excluded for squark masses from the
Tevatron and the darker shaded region is excluded for slepton masses from LEP
II. The dashed line is the mass of the LSP. In order for it to be the dark matter
candidate, all SUSY masses must be above it. The allowed parameter space is about

08 < f<12

The strongest constrain to come from the up squark and the selectron masses
although they admit some parameter space? The down squark mass has an inter-
esting sharp increase at around f = 0.75. Below this, the lightest down squark
is right-handed because the low values of f cause the contributions in Table 2.2
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to have the opposite signs of the ones shown, i.e. the left- (right-) handed down
squark gets a positive (negative) contribution. After this point, the composition of
the lightest eigenstates switches to the left-handed down squark which falls as — f.
The right-handed down squark has the opposite behavior growing quickly as f*.
The same behavior can be seen for mg,. Meanwhile, mg, increases rapidly with f
as argued above.

A similar plot can be constructed for the other parameter which influences
these mass terms: ap at the right-handed scale (vg ~ 10'0 GeV), Figure 4.4. Here
f =1 at the right-handed scale.

The behavior of the plots in Figure 4.4 is a bit more complex but is worth
tabulating here. First it is helpful to keep in mind the behavior of D-term con-
tributions. Since f is held constant here, the D-terms are simply proportional to
the ratios of gauge couplings: the U(1)p_ contribution goes as —2=— and the

ap_r+ar

SU(2)g contribution goes as —*—. Their behavior in terms of ar are shown in
B-LtQR
Table 4.1. It is also worth recording the schematic behavior of the mass boundary

condition at the right-handed scale in terms of the gauge couplings. This is given

in Table 4.2 along with the sign of the D-term contributions.

aR ag_r | U(1)g_ D-term | SU(2)r D-term

R — 0 00 1 0

ap — OO 1 0 1

Table 4.1: Behavior of ap_ and the U(1)p_;, and SU(2)g D-term contributions

for different limits of ap. Remember that a; ~ 0.022.
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Figure 4.4: The squared mass of the lightest down squark, up squark and selectron
at the SUSY scale (1 TeV) with Fy = 36 TeV and f = 1 at the right-handed scale
verses ag at the right-handed scale. The light shaded region is excluded for squark
masses from the Tevatron and the darker shaded region is excluded for slepton
masses from LEP II. The dashed line is the mass of the LSP. In order for it to
be the dark matter candidate, all SUSY masses must be above it. The allowed

parameter space is 0.75 < f < 1.22.

It is possible to systematically step through the rows of Table 4.2 and Table 4.1
these to understand Figure 4.4. The lightest selectron will always be the left-handed
slepton in this case because the value of f pushes the right-handed slepton to be
quite massive. At low ap close to the value of a;, the mass is dominated by the
—a%_; contribution which pushes it toward large negative values. At larger values
of aq, the U(1)p_; D-term contribution approaches zero asymptotically returning
the selectron mass to it’s negative value once more.

The content of the lightest squarks actually flip back and forth explaining
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Field Mass at vg Sign of B — L | Sign of R
Ly ~—a% + 0
N n
@ ~ —af g - 0
ut |~ —a% ; —ak + -
d° | ~—ap [ —ak + +

Table 4.2: Schematic behavior of the mass boundary condition of various fields and

the sign of their D-term contributions

the maxima seen in Figure 4.4. For low ag both the right-handed and left-handed
squarks get large negative contributions from a% ; but the right-handed ones also
have negative contributions from a% hence making the lightest squark right-handed.
At moderate values of ap, the D-terms help boost the right-handed mass above the
left-handed ones so that the content switches. This process is more prevalent in the
down squark since it has two positive contributions from the D-terms. Finally, as
ag increases, the boundary conditions dominate once more driving the right-handed
squark masses toward zero as —a% (but not the left-handed squarks). Therefore, in
this regime, the lightest eigenstates are once more right-handed. This happens at
about ag = 0.07 for the down squark and ar = 0.03 for the up squark.

Figures 4.4 and 4.3 hint at the available parameter space but a plot in ag — f
space is more useful for this purpose. This is given in Figure 4.5 for Fj, = 36TeV
taking into account the collider constraints used in the previous two figures and in

Figure 4.6 where the the selectron is more massive than the wino making the wino
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the LSP. The space is constrained on the left due to tachyonic/light sleptons, to the
right because of tachyonic/light squarks, below because ap_j is non-perturbative
and above because of tachyonic squarks. The plot makes an interesting prediction
that f needs to be very close to 1 at the right-handed scale (translating to about
0.6 at the F; scale). It also severely restricts the ag space. Figure 4.6 pushes the

value f up by about 5% so that the selectron is heavier than the wino.
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Figure 4.5: The allowed parameters space in the ar — f plane taking into account

the collider limits used in the previous figures. Here Fjy = 36 TeV.

The parameter space allows for some interesting situations. Consider Fig-
ure 4.7 which shows both up squark eigenvalues as a function of ag. For large ag,
this plot shows that a large hierarchy exists between the two eigenstates. This quite
atypical since models such as mSUGRA, GMSB and AMSB all predict same flavor
squark masses that are quite degenerate since the contributions to those masses are
dominated by a3 and is independent of handedness. Hierarchies for the down squark
is also possible and a hierarchy exists through most of the parameter space for the
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Figure 4.6: The allowed parameters space in the ap — f plane taking into account
the collider limits used in the previous figures and that the wino is the LSP. Here

Fy =36 TeV.

slepton, although this latter trait also exists in GMSB.

Finally, Table 4.3 presents masses corresponding to the center area of the
parameter space in Figure 4.5 (f =1, ag = 0.05) with F,, = 36 TeV. Only the first
generation masses are shown since the other generations introduce a dependence on
extra parameters. Masses are at the SUSY scale, 1 TeV. A large hierarchy can be
seen in the slepton sector. Furthermore, the down squark is heavier than the up
which is a general feature due to its D-term contributions and mg, is comparable to

squark masses.

4.2.2 Bosinos and The LSP

Because all superpartners eventually decay into the LSP, its makeup is an

important part of SUSY collider phenomenology and dark matter prospects and
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Figure 4.7: Plot of mg, and mg,, the latter being the heavier one for f = 1 and
F4 = 36 TeV. The line at about 250 GeV correspond to Tevatron limits as in the

plots show in Figures 4.3 and 4.4.

understanding that makeup is an important task. Cosmological constraints rule
out a charged or colored LSP [66], hence limiting the choices to the sneutrino or
the lightest neutralino. The former, in typical models, makes a poor dark matter
candidate (relic abundances are too light; much of its mass range ruled out by direct
detection [67, 68]. It is therefore more interesting to consider the lightest neutralino
as the LSP, the candidate in common SUSY scenarios (except in mGMSB where it
is the next to lightest SUSY particle but has the same collider significance [69]).
The lightest neutralino will be some mixture of the wino, bino and Higgsino.
Its gaugino composition follows from the gaugino mass ratio which is easily calcu-

lated and relatively independent of the point in parameter space. It is worthwhile

to compare this ratio in PSLRM to the mAMSB where Ms : My : My ~ 9% . 1 .

aoby

abi 8. 1:3.5. In PSLRM the gluino is also is still on its AMSB trajectory how-

aobo
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Field | Lightest State (GeV) | Heaviest State (GeV)

é 370 760
i 490 670
d 670 810

Table 4.3: Masses of the first generation sfermions at F, = 36 TeV , f =1 and ap =
0.05. A large hierarchy in the selectron can be seen as well as the fact that the

selectron can be as massive as the squarks.

ever, b, = 2 instead of 1 because of the extra Higgs doublet below the right-handed
scale. This makes the wino about twice as massive as in mAMSB. Furthermore,
the bino picks up a similar sized contributions since the doubly-charged particle
content almost double b;. In addition, there are also boundary terms which add to
the AMSB contributions (see Eq. (3.43)) which increases its value. The ratio is then
calculated to be 4 : 1 : 3, making the wino the lightest and therefore the dominant
gaugino content of the LSP. This is very different from mSUGRA where the ratio is
given by 3 : 1: 0.3 and the bino is the lightest because in mSUGRA the mass ratios
depend only the gauge couplings and not on the gauge coupling RGE slopes (see
Table 4.4 for b values in this model below the vy scale, compared to the minimal
case).

The Higgsino contribution is not independent of other parameters however in
general it is significantly larger than Ms since it must be comparable in size to mpy,
or mg, to allow for EWSB, see Eq. (1.62), and my, receives large contributions

from the top Yukawa coupling. Therefore, the LSP will be predominantly wino as
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in the mAMSB case. It is interesting that this scenario is different from the deflected
AMSB model by Pomarol and Rattazzi where the wino gets extra mass contribution

from a messenger sector charged under SU(2), and is therefore not the LSP.

by by bs
MSSM 2 1 -3
PSLRM | % 2 -3

Table 4.4: Values for the b parameter in the MSSM and PSLRM.

In this case, it is important to note that Winos form isospin triplets. Therefore
when they play the role of the lightest neutralino there is a very small mass difference
between the lightest neutralino and the lightest chargino on the order of 100s of
MeVs. This value includes leading radiative corrections. Analytically, this mass

difference can be approximated at tree-level as (see [49, 70, 71]):

MIL}V tan2 GW

m sin2 25 (437)

Ay =mgx — mgo =

which is suppressed for large tan 3, large M; and large . The mass splitting is so
small that radiative corrections have to be considered. In the limit My > My, this

reduces to

A — 1— — —_— 4.
X 2(1 4 cosBy) ( 8cos 0, M3 " O( M3 (43%)

where «, the fine structure constant, is about ﬁ at the relevant scale. This value

asymptotes to 165 MeV for large M, and reflects the Columb contributions to the

self-energy of W= which does not exist for 1W°.
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4.2.3 Doubly-Charged Higgs and Low Energy Phenomenology

The doubly-charged superfields have an effective p term below the right-

handed scale
WDC Mass — %AC__AC++ (439)

2
where ppc ~ ;’4—1; ~ Fy. This is the mass term for the Higgsinos, so they decouple

there. However, the doubly-charged fields also pick up a SUSY breaking bpc
VSoft DC Mass — ,UDC']'?d)Ac*iACJr+ (440)

therefore, bpc ~ Fq% The mass matrix for the doubly-charged Higgses is:

) 1 1-— €EpC
Mpc = pipe (4.41)
1-— €EDC 1

Fy

. The eigenvalues of this mass matrix are mj = epcfipe and

with epc =1 —
M%C = 2N2Dc- Since epo depends on ppe, and ppe on the couplings A4 and Ap, it is
possible that one doubly-charged Higgs is light and therefore accessible at the LHC.
Its presence would also be felt indirectly in upcoming muonium-antimuonium oscil-
lation experiments since the couplings to first and second generation leptons must
be large. Current bounds on these couplings and the masses of the doubly-charged

field are experimentally constrained from the most recent muonium-antimuonium

oscillation data [72] to be

fclch

—== <3 x 107°Gp; (4.42)
4v2m

Given that f has a quasi-fixed point value of around 0.5, this bound roughly
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translates to

mpe > 1000 GeV. (4.43)

4.2.4 Collider Signatures

The small size of Ay, from Eq. (4.38) can be problematic at a collider because
the soft decay products, X, in the process Y — Xx?, cannot be tagged. This is a
feature shared by all models with a Wino LSP and in some cases with a Higgsino LSP.
Such situations have been analyzed for general (non-AMSB) cases in lepton colliders
[73, 74] where it was shown that successful discovery could be made for triggers of
photons with energy greater than 10 GeV and vetoing other energetic particles. The
most significant background is ete™ — v where the neutrinos mimic the missing
energy of the LSP. An analysis more specific to AMSB was conducted [49] which
discussed the gamma signals as well as possible leptonic signals in different parts of
the parameter space.

General analysis for hadron colliders (the Tevatron) been have also done [70,
75, 71]. In [70] it was shown that for the mAMSB parameter space Ay > m,+
causing the chargino to have a decay length less than 10 ¢cm and usually less than
1 ecm. This excludes the possibility of it reaching the muon chamber. It is then
argued that the best route is to trigger on hard jets and missing energy and then
look for the chargino track in the detector. Because of the similarity of the LSP in
this scenario to mAMSB, these analyzes would also apply here.

The reason for the difficulty in detection is that typical SUSY discovery scenar-
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ios are based on left-handed squark decays to mostly wino charginos and neutralinos
(the wino is not the LSP in this case). These in turn can decay leptonically pro-
ducing trilepton signals or same sign dilepton signals [76, 22], both of which have
potentially manageable backgrounds. However, when the wino is the LSP, no such
signals exist since the chargino decays to a soft pion. One must then adopt the trig-
gers mentioned above or investigate other leptonic signals from bino decays. Binos
would be produced in the decay of right-handed squarks and would decay lepton-
ically but would not produce the trilepton and same sign dilepton signals. LHC
studies of such scenarios in mAMSB still found the reach to be significant [77, 78].
Again, this would apply in PSLRM.

If any of the signals mentioned here are found, discriminating this model from
others would have to based on mass differences. As was shown in Section 4.2.1, there
is a potential for a large mass difference in the squark sector not possible in other
models. Furthermore, Table 4.3 shows that the heavier selectron can have mass as
high as that of the squarks. This is in general true in this model. This is yet another
discriminating factor since it is not possible in GMSB, mSUGRA or mAMSB. Such
a discovery may have to await the International Linear Collider though. Aside from
the sfermion sector, the real smoking gun for this model would be a discovery of the
doubly-charged Higgs, if it is light enough. At the LHC production would be proceed
via sea-quark annihilation into a virtual v and would lead to the production of a
pair of doubly-charged fields. Many phenomenological studies have been conducted

on various doubly-charged fields, [79, 80, 81, 82, 83, 84].
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4.2.5 Dark Matter

As noted in the previous section, the LSP in PSLRM model is a predominantly
wino as is true in mAMSB. Conventionally the annihilation rate for such an LSP is
too large and its relic density is not sufficient to explain the observation that 23%
of the universe is dark matter (the wino self annihilates via a t-channel chargino
exchange). This issue has been discussed in [85]. In this paper, the authors show
that due to the large mass of the gravitino, Fi, 2 20 TeV, it decays in the late stage of
the universe: before big bang nucleosynthesis and after the freeze out of the wino. Its
wino decay products will then be non-thermal and can exist with sufficient density
to make the wino a viable dark matter candidate. Furthermore [85] scanned the
parameters and found that such dark matter does evade current bounds on direct
detection by CDMS Soudan and EDELWEISS but will be detectable by future
experiments. Since the wino sector in PSLRM is indentical to that in mAMSB, all
of these arguments also apply to the wino here making it a promising dark matter

candidate.

4.3 Conclusion

PSLRM gives appropriate masses to the neutrinos, predicts the seesaw scale,
guarantees R-parity conservation, predicts the presence of light doubly-charged fields
which, through their couplings to the right-handed sleptons, cause those particles
to be non-tachyonic and allows for non-tachyonic left-handed sleptons via partially

decoupled D-terms. The best part is that all this is a result of looking at a minimal
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seesaw SLR model with an extra Z-symmetry.

It is intersting to compare this model to [59], which solves the tachyonic slep-
ton problem with light doubly-charged and left-handed triplets fields in the context
of MSLRM and pure AMSB. The latter retains the renormalization scale invariance.
It also solves the strong CP problem. However, there is a coincidence problem asso-
ciated with the mass of the light fields. This model losses the possibility of solving
the strong CP problem but the coincidence problem is solved by the prediction of
the right-handed scale. Furthermore, the GUT potential is better since it does not

contain the light left-handed triplets. In this sense, it is also more economical.
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Chapter 5

Conclusion

This thesis has focused on a specific MSLRM which contains an additional
discrete symmetry. In general this leads to a prediction of the right-handed scale
of about 10 GeV which is consistent with neutrino oscillation data. It also solves
the p problem and introduces light neutral fields in addition to the typical doubly-
charged fields associated with MSLRM.

While SUSY breaking can be implemented in a variety of ways in this model,
AMSB takes on a special form here. Specifically, this model can be used as a
specific instance of the Pomarol Rattazzi model of deflected AMSB. The necessary
ingredients for this already exist in the model: a shallow potential leading to light
singlets. As such, it is well motivated due to neutrino masses. The right handed
neutrinos play the roll of messengers instead of the arbitrary fields serving this
purpose. The new SUSY breaking fields are the right-handed triplets which are
necessary for the seesaw mechanism and the breaking of SU(2)g instead of being
arbitrary singlets.

Most importantly, the slepton masses are saved from their non-tachyonic fate
by a combination of two mechanisms. The right-handed sleptons are saved due to
the extra Yukawa couplings (f) to the light doubly-charged fields. This is inde-

pendent of the deflection. The left-handed sleptons get positive contributions from
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the partially decoupled D-terms which are intimately connected to the deflection of
AMSB. Furthermore, the sign of the D-term contribution is positive in the regime
where f is large enough to save the right-handed sleptons. It is important that
there was no freedom here and is quite interesting that the sign works out the way
it does. The dependence on D-terms also adds an interesting constraint to the
f — ag parameter space since they contribute negatively to the masses of the up
squarks.

The model at low energy is the NMSSM which solves the p problem and also
contains the means to solve the EWSB problem of AMSB, which exists even in
the NMSSM. This solution is achieved through non-renormalizable terms in the
superpotential, which allow for an effective 1 and b terms for the singlet. The latter
can help trigger a VEV for the singlet which would otherwise have been too small
leading to an unacceptable chargino spectrum. This mechanism exists a priori in
this theory, disposing of the need for ad hoc colored triplets.

Phenomenologically, the doubly-charged doublets might be visible in collider
experiments such as the LHC and in future muonium-antimuonium oscillation ex-
periments. The model also provides a realistic dark matter candidate: the LSP
which is mostly wino. Furthermore, its gaugino structure is similar enough to the
mASMB case so that previous mAMSB studies can applied here.

The sum total of these indicate that this is an interesting model and a con-
tender for SUSY BSM physics. Furthermore, it is an appealing addition to the work
already done on exploring the remarkable relationship between neutrino masses and
AMSB [59, 86, 58].
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Appendix A

The Predictive Supersymmetric Left-Right Model
This appendix contains relevant technical information for PSLRM including
gamma functions and Yukawa beta functions in the different energy regimes of the

model.

A.1 Above the Right-Handed Scale

The superpotential is reproduced here:

Wpstry = Wy + Wyr + Wa (Al)
Wy = iy4Q 1P, Q° + iyf LT 1o®, L + 1 f L o AL° (A2)
1
Wy = )\abN Tr(@ngq)ng) + §/§N3 (AB)
Win = 2 T2 (ACAY) + 2 Tr(A°AY) Tr(A°AY)
Mp¢ Mpo
)\ab B . )\%b . B
S Tr(AA) Tr(P, P Tr(Am®, 9P, A°
+Mp¢ r( ) r( 0 T2 bT2)+Mpqz5 r( To®, T2 Py )
AN -
+ Tr(A°A°) N2 4 -
Mp¢ ( )
The gauge coupling b values are:
bs=—-3 by=2 bg=6 bg_=10 (A.4)

where no GUT based normalization has been imposed on bg_y. A general gauge

coupling RGE is given by

2
aOéA . bAOéA

ot on (A-5)
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no sum over A. The gamma functions for the particle content are

a2 8 3 1
167T2’7Q3 = —4‘yQ} + 81 (g@g + 50&2 + 1—80éB_L>

8 3 1
167T2’7Q1 = 87T<§Oé3 + 50&2 + EQ{B_L)

16m%yqg = —4‘yQ} + 87 (§a3 + 5043 + EO&B_L>

8 3 1
1671’2’}/@1: = 87T<§Oég + §CYR + 1—80./BL)

3 1
1672y, = —4@%‘2 + 87 (5042 + §OCBL>

3 1
167T2’}/L1 = 87’(’(50(2 + 50&3_1/)

3 1
167r27L§ = —4|y%|2 - 12|fc3|2 + 87 (§ozR + §aB_L)

3 1
167r2’7L; = —12|fc1|2 + 87T<§CMR + §OZB—L)

3 3
167-‘-27((1{’2 — _6y22y22* _ Qy%y%k . 8)\(10)\06* + 87_‘_5(117 (50&2 + 5041{)

167y = —4r° — 16|A%|”
16m2ypae = —4|fos]® — 4| fea|” — 4| fur|* + 87 (dovg + 200p_1)
167m%yae = 8m(dag + 20p_1) (A.6)

Oln Z¢
Oln p

under the convention v, = . It is assumed that: f. = diag(fe, fe2, fe3) and
the remaining 3 x 3 Yukawa matrices are only non-zero for the three-three entry.

Second generation vy-functions are the same as first generation ones accept for the

right-handed leptons where f.;, — f.. The ® generational index, a = 1..2. The
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[B-functions for the Yukawa couplings are then given by

ayQ
ot
9 yL
ot
o )\ab
ot
Ofei _
ot
0k

ot

wl»—t l\:Jlr—t l\DIl—\ [\Dli— wl»—

—= (w8 (vas +705) + Y0757

—5 (Y1 (ves +15) +v
()\ab,yN + )\ac,y(‘II:b
(fcz’}/AC + 2f0]7Lc>

—=(3K7N)

where 7,7 = 1..3 represent generation indices.

A.2 Below The Right-Handed Scale

The effective superpotential between vg and F, is given by:

Winmssmy+ = Wy + Wi + Whatass + - - -

175)

+ )\Cb’yg,f)

Wy = QT ry Hyqu® + iy3Q" mo Haod® + iy LT 1y ®oe” 4 fLe A"

1
Wy = AP N TI'((DZTQ(I)bTQ) + §/€N3

WMass =

with

c 1
Hae e Aett 4 = :“NNQ_I_

2 ¢
Yo = Yd = Yo
Ye = Y7

at the right-handed scale. The gauge coupling b values are:
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(A.8)

(A.9)

(A.10)
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where no GUT based normalization has been imposed on b;. A general gauge

coupling RGE is given by

2
806,4 . bAOéA

—_— A.12
ot 2m ( )
no sum over A. The gamma functions for the particle content are
8 3 1
a|2 al2
167T27Q3 = =20y [" =2y " + 87T(§043 + 5042 + EO‘B—L>
8 3 1
167°yg, = 87 ( = - —ap_
Y01 7T<3a3 + 502 + 1348 L)
8 8
167r2’7tc = —4!y§|2 + 8 (50./3 + §a1)
8 2
167y = —4lys|” + 8”(50‘3 + 5041)
8 8
].6 2 uc — 8 — —
T, s (3a3 + 9&1)
1674 = +87 §a + ga
Yde = 34T g
3 1
16771, = —2[ys[* + 8”(50‘2 * 50”)
3 1
167T2’)/L1 = 87T<§O£2 + 5@1)
2 a|2 2
16777 = —4y7|” — 8| fes|” + 87(21)
16 ee = _8’f01|2 + 87(20)
3 1
16#27522 = —6ylyl* — SACND* 4 8 (5042 + 5041)
3 1
167y = —6ypyy” — 2ycy? — A A" 4 875 (50@ + 5041)
167y = —4r° — 16|A”|”
167 yac-- = —4| fual* — 4| feol* — 4| fur|” + 87 (8cw)
1672 yAc = +87(8ay) (A.13)
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81HZ¢
Olnpy °

under the convention 4 =

It is assumed that: f. = diag(fe, fe2, fe3),
y? = diag(0,0,yy), y5 = diag(0,0,y}) and y¢ = diag(0,0,y?). Second generation
~-functions are the same as first generation ones accept for the right-handed leptons
where f. — f.o. The §-functions for the Yukawa couplings are then given by

oyy

o %(yf(’yQS + ) + Y
% _ %(y (s + ) + Ui )
% _ %(y (Yo + Yre) + ?J?ngf)
O L (a0l 1t
0 g‘;, % ( feiyae + 2fejYee )
o = ) (A1)

where 7, 7 = 1..3 represent generation indices.

A3 Below Fj

The effective superpotential between Fj; and vg is the NMSSM with a singlet

mass term and is given by:

Winssm = Wy + Wiy + Witass
Wy = iy, QT ro H,u¢ + iyaQ " mo Had® + iy L" 7o Hye®
1
Wy = )\abN Tr(@sz@bTQ) + g/{]\/'3
1 UN

WMass - 3

2 5 = N? (A.15)

where in general the Yukawa couplings here are some linear combination of the ones
above Fj, but based on the doublet-doublet splitting described in the Section 4.1.3
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and used in Section 4.2

1

Yu = Yy
Ya = Y3
Ye = yr
A =2\, (A.16)

where the superscripts here indicate a ® generation and not exponentials. The gauge

coupling b values are:

by=—3 by=1 b =11 (A.17)

where no GUT based normalization has been imposed on b;. A general gauge

coupling RGE is given by

806,4 . bAOéz‘
o 2m

(A.18)
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no sum over A. The gamma functions for the particle content are

8 3 1
16720, = —2|y:|* — 2|ys|* + 87 (50‘3 T o0t 1_80‘B_L)

8 3 1
1671'2’7@1 =8r (§a3 + 50&2 + EQB_L>

8 8
1672 = —4|yt|2 + 87r<§a3 + §oz1)

8 2

8 8
167r2fyuc =87 (gag + §a1)

8 2
167T2’)/dc = 48 (5063 + 5041)
3 1
1671, = —2|y-|” + 8 (5042 + 5%)
3 1
167r27L1 =8r (éag + Eal)
167T2’77'C - _4|y‘r’2 + 87T<2a1)

1672, = +87(20a1)

3 1
1672y, = —6ly|* — 2|A]> + 87r<—oz2 + —al)

2 2
2 2 2 ac \ cb* 3 1
167 ym, = —6]yp|” — 2|y, |” — AN + 87 502 + S0
1672y = —4rk* — 4|\ (A19)
under the convention v, = 68111;i¢_ It is assumed that: g, — diag(0,0,4,), ya —

diag(0,0,1,) and y. = diag(0,0,y,). Second generation ~-functions are the same as
the first generation ones. The MSSM ~-functions can be calculated by setting A and

K to zero in Eq. (A.19). The S-functions for the Yukawa couplings are then given
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% _ —%(yt(’)@s + e+ 7m,))

% = —%(yb(’mg +evr,))

%3;7 = —%(yf(’ms +Yreva,) )

% _ _%(A(W + ey + Nyi) )

% _ —%(3%%\/) (A.20)

where 7, j = 1..3 represent generation indices. These are also given in [87].
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Appendix B

Masses

B.1 Masses in the Minimal Supersymmetric Standard Model

B.1.1 Sfermion Masses

The third generation left-handed sfermions potentially mix with the right-

handed ones due to Yukawa couplings although this is usually only substantial in

the top sector. The mass matrices are

mg, +mi + Da, v(a} sin f — uy; cos f)

(B.1)
v(asin 8 — p*y, cos ) m2 +m? + Dg,,
mg, +my + Dg v(aj cos B — pyp sin 3) (B2)
v(ap cos B — pry, sin 3) mie +mj + Dy
mj, +m?+ Dg, v(azau* cos f — py, sin 3)
(B.3)
v(azau cos f — p*y, sin 3) mi. +m2+ Dy

where Dy = (T3(¢) — Qram(@) ) cos(23) MZ represents electroweak D-term

contributions to the mass of scalar ¢. The masses for the first and second gen-

eration sfermions are typically assumed to be equal and are simply the sum of the

appropriate mass term and the D-term contributions mi + Dy. The lightest (heav-

iest) sfermion of a given flavor is denoted with a subscript 1 (2).
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The sfermion mass spectrum is heavily dependent on the soft parameters and
therefore the SUSY breaking mechanism. Since the popular models relate soft
masses to gauge couplings or because of the effects of gauge couplings in RGEs,
it is usually assumed that the squarks are the heaviest sfermions and that mostly

left-handed sfermions are heavier than mostly right-handed ones.

B.1.2 Bosino Masses

Bosinos can be subdivided into neutralinos and charginos fields. There are
four neutralinos in the MSSM and their mass matrix in the <f~3 W, HY, ﬁg) basis

18

M, 0 —cgswM,  sgsyM,
0 M, cgeyM,  —spgc,M,
—cgSyM,  cpcy M, 0 —
sgswM,  —sgc, M, —u 0

where ¢, (s,) = cosf, (sin’f, ~ 0.22). The mass eigenstates are YV..x} from
lightest. The lightest neutralino usually turns out to be mostly bino (mSUGRA and
mGMSB).

The chargino mass matrix in the (W+, Hf W~ F[(j) basis is

0 X7 My \/ESBMW
M.+ = X = (B.5)
X 0 \/505MW 1

Winos form a nearly degenerate isospin triplet (mass differences are on the

order of 100 MeV or so) while the Higgsinos form nearly degenerate isospin triplet
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although a larger mass difference exists in this case because of larger mixings, ~
1GeV'.

The LSP is usually assumed to be the lightest neutralino since dark matter
candidates must be neutral and the sneutrinos do not have the correct properties in
minimal models. However, satisfying the bounds is non-trivial since the amount of
dark matter depends on how quickly the LSP self annihilates in the early universe.
The bino self-annihilates slowly often leading to a universe with too much dark
matter (over closed) while the wino and Higgsino self-annihilate too quickly leading
to a dark matter abundance that is too low. Some mix is sometimes necessary.

The LSP is also usually important in collider phenomenology since produced
particles will cascade decay to the LSP. At the LHC then, a gluino or squark might
be pair produced and the resulting cascade decays would include jets, missing energy

from the LSP, which does not register on the detector and possibly leptons.

B.2 Type II Singular Seesaw Mechanism

We start with a mass matrix of the form

52m I om D
M = (B.6)

5mTD MR
where § carries the relative order of magnitude of the elements of each of the three
(n x n) matrices mp, mp, and Mgr—i.e. there is a hierarchy which can be thought of

as either

~Y

(MR)ij

> |(@m)yl > [(0%me),, |

or, alternatively, 6 < 1,

(MR)@']'

= .

[(mD) | ~ ’(mL)pq
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It is not assumed, however, that all the eigenvalues of My are of this high
scale v, so in the limit 6 — 0, it is possible that det Mz = 0. Therefore, to exploit
this hierarchy it is necessary to extract those smaller eigenvalues. This is done as
follows:

First, diagonalize Mg through an (n x n) rotation R via

1 0
X = (B.7)
0 R
so that
(52mL (5mDRT
RMAT = (B.8)
SRmb, M,

with My = RMgR" which is a diagonal matrix. The matrix R should be chosen so

that the first k eigenvalues of My are the small ones—thus, for 1 <i <k
(52#3)% = (Md)ii = 52>‘iv2 (B,9)

where \; ~ 1 and (6%ur), ;= 0fori# j. The remaining (large) eigenvalues are then

placed in a separate matrix:

Ap = diag((Md)kH,kH ’ (Md)k;_s_g,k_s_g RRER) (Md)n,n> (B.10)
Also define
0 coly (6mpRT) -+ colg(dmpRT)
rowW <5Rm%> 0 e 0
S = (B.11)
TOW}, ((5ng) 0 e 0
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9 52mL 0

0 0° R

Sy = colgy1 (5mDRT) colgio (5mDRT) .-+ col, (5mDRT) (B.13)

With those definitions we may write

- dpn + 0%p2 dup
RMAE = (B.14)
5/LTD Ar
Now a matrix P is chosen so that it block diagonalizes Z.# %#*. This P is

implemented through £ which, to order 62, is given by

1—12PPt P
P = (B.15)
gPt 11— 182PiP

The matrix P is then determined by the requirement

m 0

PRM B P = (B.16)
0 M

with m the (n + k) X (n + k) mass matrix of interest and M = Agr + O(9). The

off-block-diagonal condition yields
P = upAR! (B.17)
and then using that P, the mass matrix for the light eigenstates can be determined:

m = Oy + 0%y — 52uDA§1uE (B.18)
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