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Abstract

After the discovery of the Higgs boson at LHC [1,2] and the subse-
quent measurements of its mass and couplings, the search for new
physics has become more important than ever, with one of the most
promising candidates being theories which exhibit supersymmetry
(SUSY). A space-time symmetry between fundamental integer and
half-integer spin particles, SUSY proposes a plethora of new states
which may be in reach of present-day collider technology, with even
greater prospects for those of the future. As a consistent solution to
the hierarchy problem, the unnaturally large quantum corrections
to the bare Higgs boson mass from short-distance scale physics, this
thesis explores anomalies from experiment left unexplained by the
enormously successful Standard Model of particle physics, offered

consistently even in minimal supersymmetric extensions.

With this in mind, we initially focus on the predictions from the
Minimal Supersymmetric Standard Model (MSSM) without assump-
tion of specific SUSY breaking mechanisms. Our MSSM phenomenol-
ogy explores two of the most sensitive observables - the muon anoma-
lous magnetic moment and dark matter. In conjunction with collider
and other searches, we find a number of parameter regions still viable,
though future 100 TeV collider searches may even be able to close the
case on the MSSM explanation for these anomalies. Subsequently, we
explore the idea of ‘naturalness’ (or fine-tuning) in the MSSM. In light
of current experimental limits on coloured sparticles, we believe natu-
ralness considerations strongly hint the effectiveness of the MSSM up

to new physics scales as low as 100 TeV.

Finally, we propose simple modification to minimal supersymme-

try and its place in the early universe, without augmenting the gauge
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structure or particle content, in order to alleviate constraint on the
allowable parameter space of the MSSM. The former focuses on the
more comfortable accommodation of a 125 GeV Higgs boson mass
within the framework of the MSSM through non-linear realization
of electroweak gauge symmetry, whilst the latter accounts for a tem-
porary cosmological dark matter (DM) decay phase, avoiding the
commonly encountered overabundance of DM in MSSM parameter
regions.

Our results seem to yearn for higher center-of-mass energy colli-
sions and more precise experimental observations in order to continue

setting our targets and close in on supersymmetric models.
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“ I'm not afraid of death. I'm an old physicist - I'm afraid of time.
— Dr. Brand, from Interstellar (2014) [13].
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Outline

“I think it’s much more interesting to live not knowing than to have answers
which might be wrong.”
— Richard Feynman, 1918-1988

The development of Supersymmetry (SUSY), a space-time symmetry relating classes
of particles with different spin, has attracted the attention of physicists all around
the world for the last few decades, and for good reason. It resolved a long-standing
discomfort in interpreting the various energy scales of current fundamental physics
theory - in a rather unique and extraordinary way. It promised new physics in the form
of heavy ‘partners’ to the Standard Model particles right around the corner, within
reach of current-generation colliders, and certainly within that of the next. This appeal
lead it to become one of the most studied candidates for physics beyond the Standard
Model to date.

However, direct searches for these sparticles at colliders have so far turned up noth-
ing. This leaves the prospect of supersymmetry as realized in nature an uncomfortable
one. But why would the absence of supersymmetric partners at our current energies
actually pose a threat to the validity of the theory one could ask? Although it in no
way invalidates it, this is of course a legitimate question, and one that has troubled
theorists and phenomenologists for decades. Can supersymmetry in its minimal form
still resolve outstanding problems and require little to no fine-tuning of parameters to
reproduce our observations? The idea of a ‘natural’ supersymmetric theory may even
today seem to be in conflict with what nature is telling us.

What preceded its development though, was the enormous success of the Standard
Model of Particle Physics. Developed by both theorists and experimentalists alike, it
can arguably be heralded as the greatest scientific achievement of the 20th century.

From the success of Paul Dirac in describing relativistic spin-1/2 particles and the

xix
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existence of anti-matter, to the discovery of the top quark at Fermilab in 1995 after
being proposed by Kobayashi and Maskawa years earlier, the Standard Model almost
seems impossible to fault. The recently discovered [1, 2] 'last piece” of the jigsaw
puzzle, the Higgs boson, concluded this arduous century-long effort to describe the
interactions of particles at the most elementary level. Though, whether it be the
absence of a suitable dark matter candidate with the right density, or an explanation
for the observed non-zero masses of the neutrinos, there was always a hint that it was

incomplete - rather a low-energy description of a more fundamental theory.

In chapter 1, we describe how supersymmetry emerged organically as a beyond-
the-Standard Model candidate, for two important reasons: (1) Higgs loop-corrections
sensitive to high-scale physics cancel each other exactly (to all orders in perturbation
theory), and (2) it is the only extension to space-time symmetry that is compatible
with the non-trivial S-matrix of QFT. Similarly, we highlight the many reasons why
softly-broken SUSY arising at the TeV-scale is appealing, as it can provide unification
of couplings at the high-scale, a weakly-interacting dark matter particle with approx-
imately the correct density, whilst still maintaining exact cancellation of quadratic
divergences. Specifically, we take a model-independent approach and introduce the
Minimal Supersymmetric Standard Model (MSSM), parameterizing our ignorance of
a UV-complete theory with a full set of soft-breaking masses. This sets up an ideal
phenomenological scenario for studying new physics in the context of colliders and

cosmology.

In chapter 2, the MSSM is confronted with observations from experiment, where
we concentrate on the challenge of explaining the muon anomalous magnetic moment,
(§ —2),- The (g —2),, is one of the most important low-energy observables for testing
weak-scale supersymmetry, with exciting upcoming precision results that will push the
bounds on minimal supersymmetry even further. Similarly, since we mainly focus on
the R-Parity conserving case, the lightest supersymmetric particle (LSP) forms an ideal
dark matter candidate - where we study the predicted abundance and direct-detection
rates in comparison with experimental values from various collaborations. Finally, we
recast previous collider searches in channels sensitive to weak-scale supersymmetry
and discuss the prospects for observations at future colliders with center of mass
energies of /s = 100 TeV.

In chapter 3, we explore the idea of ‘naturalness’ in the MSSM. Naturalness as a
guiding principle in the MSSM quantifies the sensitivity of the electroweak vacuum to
changes in the fundamental parameters of the theory. We argue that regions of low



Outline xx1

fine-tuning of parameters may hint at physics beyond the MSSM, appearing at an
arbitrary scale A - and furthermore provide an example of low-fine tuning resulting

from a theory defined at a higher scale through quasi-fixed Renormalization Group
(RG) behavior.

In chapter 4, we are motivated by the results of the previous two chapters showing
that sections of the MSSM parameter space may be incompatible with observations
of the present DM abundance in the universe. The existence of a temporary phase
transition in the early universe that allows for decays of a dark matter candidate could
be established, given that the symmetry stabilizing the DM is restored in the present
(zero-temperature) phase. We also briefly discuss the prospect of accommodating
this in the MSSM, by developing an R-parity violating vacuum in the sneutrino
direction, and how we could further explore the effects of macroscopic conditions on
the development of R-parity breaking phases in the early universe.

Chapter 5 presents an alternate description of electroweak symmetry breaking in
the MSSM from non-linear realizations, still retaining the same model-independence
and degrees of freedom present in the standard realization of the MSSM. We study the
phenomenology, including the mass spectrum, predicted by the model.

We present our concluding remarks in chapter 6 and supplementary material in
the appendices.
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Chapter 1.

The Standard Model of Particle Physics

and supersymmetric models

“If I could remember the names of these particles, I would have been a

botanist.”
— Enrico Fermi, 1901-1954

1.1. Prelude: Dirac, Weyl and Majorana Spinors

Supersymmetry is built upon the arguably less familiar Weyl and Majorana type
fermions, rather than the 4-component Dirac fermion. Matter fields in supersymmetric
theories are placed in an irreducible representation of the supersymmetry algebra called
chiral supermultiplets, each one containing a Weyl fermion. Hence it is useful to
exploit a representation of the Lorentz group that is irreducible - the Weyl spinor.
This avoids the unnecessary introduction of extra operators on the reducible Dirac
representation throughout the theory that can potentially complicate matters. Since
parity is not a fundamental symmetry of the group, left and right-handed fermions
must be treated differently, with different quantum numbers under the Standard Model
gauge group. For example, left-handed fermions participate in the weak interaction,
whereas right-handed fields are singlets under the electroweak gauge group, described
by SU(2) x U(1),.
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The dynamics of spin-1/2 fermions in the Standard Model are famously described
by the Dirac equation, with Lagrangian (in natural units where # = c = 1):

'CDirac = ‘T(i’)ﬂuay - m)‘F, (1.1)

where Y is the 4-component Dirac spinor, also called a bispinor. Here, and throughout
this thesis, we use the flat spacetime metric in the mostly negative regime 17, = diag(1,-
1,-1,-1). The 4", where 1 =140,1,2,3}, are the 4 x 4 Dirac matrices and the field has the
adjoint ¥ = 'yO‘I’+. The Dirac field is massive coming from the term —m1p, however
one cannot include this term in the Standard Model and simultaneously preserve
gauge invariance. Instead in the Standard Model, fermions start off massless and
subsequently acquire their mass through the Higgs mechanism. The Dirac spinor can
then be written in terms of two-component objects, a left-handed and right-handed

Weyl spinor 1 and x' respectively:

¥ = ;:; , ?:(X“ U;), (1.2)

with spinor indices « = 1,2 and & = 1,2 counting over the complex degrees of freedom.
One can define operators that project the left and right-handed states through the 5

matrix, written in the 2 x 2 block matrix representation as:

145 -1 0
2 - 7

PL 2 s = ’ (13)
0 1

where 7° is in the Weyl or chiral basis. Acting upon the Dirac spinor projects the

necessary state:

v _py_ [ _ [0
=P Y= , Yr=PrY = _
0 Ta

X

, (1.4)

so clearly a Dirac spinor satisfies ¥ = ¥ + Y. Obviously, ¥; and ¥y are eigenstates
of helicity, which is not a Lorentz-invariant quantity (only in the massless fermion
case). Hence we define them as eigenstates of ~° known as the chirality of the left
or right-handed field, whose eigenvalues are £ 1. Since the left and right-handed

spinors transform as separate and distinct representations of the Lorentz group, this
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shows that the Dirac spinor does indeed form a reducible representation. Since Weyl
fermions are 2-component objects, their dynamics are instead represented using the 2

x 2 Pauli matrices:
Lp; _—i+(7”8 +'+”8 - +++ 1.5
Dirac n y77 x o ;47( m(ﬂx X )r ( : )

where we have suppressed explicit dependence on the spinor indices. The final two
terms also clearly show that massive fermions break chiral symmetry explicitly.

Demanding that x = 7, one can construct a Majorana-type fermion:

n
‘PMajomna = :; . (1.6)

These will become important in supersymmetric gauge theories, which place the
gauge bosons and their superpartners, the gauginos into irreducible representations
called gauge supermultiplets. Since the quantum numbers of the partner gauginos are
identical to their corresponding gauge boson, they also must be their own antiparticle
- and hence Majorana fermions. This is especially applicable to models of dark matter -
of which the supersymmetric candidate is indeed Majorana. A Majorana fermion has

the corresponding Lagrangian:

Lt 1
ﬁMajorana = ”71-0—”8;177 - 5’”(77’7 + 77+17+)' (1.7)

1.2. The Standard Model: Matter and Gauge Fields

The Standard Model (SM) [14-17] is a non-Abelian Yang-Mills theory based on three
continuous symmetry groups that transform independently, denoted by the direct
product SU(3) x SU(2); x U(1)y. Respectively these represent the strong (colour)
interaction, weak isospin and weak hypercharge gauge groups. It is a relativistic
quantum field theory and so respects Poincaré symmetry. This comprises invariance
under space-time translations, rotations and inertial reference frames, of which the

last two form the Lorentz subgroup.

The Standard Model requires invariance under local transformations, which forces
one to introduce a set of gauge interactions with the matter fields, completely deter-
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mined by the local gauge symmetry. For a set of transforming gauge fields A‘;, where
the Roman alphabet indices represent the gauge degrees of freedom, one can maintain

gauge invariance in the theory with covariant derivatives:
d, »D,=09,+ igA‘;lTa. (1.8)

Sums over repeated indices are implied. The generators T" depend on the group
representation of the matter field to which they are coupled. For the U(1), there is
a single hypercharge operator, for SU(2) there are the 3 Pauli matrices O’i(i =1,2,3),
and the 8 Gell-Mann matrices A (j = 1,2, ...8) for SU(3). The full matter Lagrangian
is then identified as:

Laster = LY D, L +1Qy"'D,Q + ity D,yu + idy'D,d + iey"D,e,  (1.9)

with the fields defined in Table 1.1. The matter fields reside in one particular repre-
sentation of the gauge group called the fundamental representation, however the gauge
tields are in the adjoint representation, that is, they are defined through the structure

constants:
(T = —if", a,b,ce(1,..,N*—1). (1.10)

In general, if N is the dimension of the symmetry group, an SU(N) group will contain
N* -1 degrees of freedom. For example, for the SU(3). group, this implies the
existence of 8 gluons. The basis for the generators are arbitrary, but are chosen in this
representation such that they satisfy:

5{11?
Tr(T'TY) = 5 (1.11)
In addition to the matter fields, gauge fields for each symmetry group have gauge-

invariant kinetic terms:

1 1 1
‘CGauge - —ZGZVGEWV - ZLW;VW”VV - A__LBVVBPV’ (112)
given the gauge field strength terms Fy, = 9, A} —9,A; — ¢ f”bCAflAf,. Non-abelian
gauge fields for which the generators do not commute lead to gauge self-interactions,
particularly important for such phenomena as QCD asymptotic freedom. Note that
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gauge invariance forbids terms like %mZA“ A, eg. the mass of the photon, and further-

more gauge bosons remain massless without an additional mechanism.

Finally, one can recognize that these are not the only combination of SM fields that
produce a gauge-invariant quantity. The matter fields can also be coupled to the Higgs

doublet ® through the Yukawa-Higgs interaction:
—_— _I_ —_— —_—
Lyikawa = —Yu QP u —y,QPd — y,LPe + h.c., (1.13)
where v, ; , are 3x3 Yukawa matrices in family space.
Table 1.1.: The Standard Model matter and gauge field contents with associated quantum

numbers for each field. Quarks and Leptons both have 3 families that transform the
same under the SM gauge group.

Name SU(3),SU(2),,U(1)y
Matter Fields (Spin-1/2)
Q| (ug dp) (3,2,3)
Quarks 3Gen.) | u u;r{ 31,-3)
d dy (31,1)
Leptons (3 Gen.) % (v JreL) 12,3
e eR (1,1,1)
Gauge Fields (Spin-1)
B Boson B (1,1,0)
W Bosons 2% (1,3,0)
Gluons g (8,1,0)
Scalar Fields (Spin-0)
Higgs boson | ® <q>+ q>0> (1,2,%)

1.3. Spontaneous Symmetry Breaking and the Higgs

Mechanism

The final ingredient for the Standard Model is essential in describing the experimental
observation of the massive gauge bosons (W *,7) and fermions. This is accomplished
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through the introduction of an SU(2) doublet field ® = (¢ ¢°)” with the gauge-

invariant Lagrangian:
2
Lpiges = (D'®)'(D,®) + P00 — A (cb*cp) , (1.14)

where D, = 9, — igW,T" —ig'Y,,B,. For u? < 0and A < 0, the unique potential facil-
itates the spontaneous breaking of SU(2) x U(1)y to U(1)p,,, the electromagnetism
gauge group. The generator of this unbroken group is Q = T+, representing the
electric charge. With gauge freedom, one can rotate away the charged component of
the doublet field (known as the unitary gauge) to obtain the field configuration at the
minimum:

, 2
W=7 =1 (1.15)
where v is the electroweak vacuum expectation value (VEV), whose value is given in
Table 1.2. Since @ is a two-component complex object, it has 4 degrees of freedom, three
of which will correspond to a triplet of massless Goldstone modes 1" (a = 1,2,3) which
get ‘eaten-up’ by the longitudinal modes of the W= and Z bosons. The remaining
degree of freedom is identified as the massive Higgs boson with real-field &, and so a

convenient parameterization about the minimum becomes:

h(x) + Ueiﬁ
\/E s

where the Goldstone boson fields 717 (x) are associated with each broken generator T”,

d(x) = (1.16)

being the well-known Pauli matrices T = % (a =1,2,3) in this case. In a more general
consideration, this is known formally as Goldstone’s Theorem [17]. Inserting back into the
Lagrangian, the mass of the physical Higgs boson at tree-level is m%l = —2;12 = —2\0%
Additionally there are terms involving Higgs-gauge and Higgs self-interactions. The
physical eigenstates, known as the W * and Z are related to the gauge eigenstates via
electroweak mixing through an angle 6}, known as the Weinberg (or weak-mixing)
angle. In the on-shell scheme this is calculated to be [18]:

sin” 6y = 0.2233. (1.17)

After electroweak symmetry-breaking (EWSB), the masses of the electroweak gauge

bosons are now necessarily non-zero, except for the photon, in accordance with
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experimental observation:

2 2 2
8 .2
4

m%v =<0, mzz = v, (1.18)
Similarly, after electroweak symmetry breaking, the Higgs-Yukawa interaction gener-

ates mass terms for the fermions with the tree-level relation:

my = (1.19)

v
Yy NGE
Typically the Standard Model is parameterized with 19 independent parameters: 3
gauge couplings, 9 fermion masses (or equivalently their Yukawa couplings), the
Higgs boson mass and vacuum expectation value, 3 CKM mixing parameters and
a CKM CP-violating phase, and the QCD vacuum angle. These are input through

experimental measurements and are summarized in Table 1.2.
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Table 1.2.: The 19 free parameters of the Standard Model, from data in [18].
Parameter | Name Value'
g (g1) U(1) hypercharge gauge coupling 0.321
2(g2) SU(2) weak gauge coupling 0.703
2:(83) SU(3) strong gauge coupling 1.224
m, Mass of the electron 510.9989461(31) keV
m, Mass of the muon 105.6583745(24) MeV
my Mass of the tau 1776.86 + 0.12 MeV
m, Mass of the up quark 2.21“8:2 MeV
mgy Mass of the down quark 4.71“8:2 MeV
mg Mass of the strange quark 96:% MeV
c Mass of the charm quark 1.27 £0.03 GeV
my, Mass of the bottom quark 4.18f8:8§ GeV
m, Mass of the top quark 173.21+£0.51 £0.71 GeV
012 CKM mixing angle (12) 13.1°
073 CKM mixing angle (23) 2.4°
013 CKM mixing angle (13) 0.2°
013 CKM CP-violating phase 1.20 £ 0.08
focp QCD vacuum angle ~0¥
v Higgs vacuum expectation value (VEV) | 246 GeV
my, Higgs boson mass 125.09 £ 0.24 GeV

T Some values like the quark masses and gauge couplings require specification of the renor-
malization scheme, where these have been quoted in the MS or ‘minimal subtraction’ [19,20]
scheme. The renormalization scale, y, is computed at y ~ 2 GeV for the u, c and s quarks and
1 = My for the gauge couplings. The top mass m, is based on published results from Tevatron
and LHC at /s = 7 TeV.

t Current experimental limits coming from the neutron dipole moment constrain the angle to

19| <1070 [18].
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1.4. Problems with the Standard Model

There are a number of phenomena from experimental observations that the Standard
Model has so far been unable to address. Moreover, there are aspects of the Standard
Model theory that are largely inconsistent or unnatural. Nevertheless, this leads
particle physicists to the same conclusion: the Standard Model must be incomplete.
The most obvious example of this is the absence of gravitational interaction. At most
the Standard Model can be coupled to gravity in a semi-classical regime, however
there is currently no known way to implement quantum gravity in a renormalizable
quantum field theory. For this reason, it is largely believed that the Standard Model is
an effective theory, valid up to some energy scale E < A, where Ay is typically
taken to be the Planck scale Mp = (87TG)_1/ 2 ~ 2 % 10" GeV where G is Newton’s
gravitational constant. This would be the scale at which new physics must enter to
explain gravity at a quantum level. Despite this, there are still a number of other
observed phenomena that do not fit into the Standard Model picture. Most notably,
the absence of neutrino masses, of which there is strong empirical evidence from
neutrino oscillation experiments [21-25] that suggests they must be massive [26]. This
discovery from two collaborations [27, 28] was even the subject of the 2015 Nobel
Prize in Physics [29]. Of similar concern is the observation of a matter-antimatter
asymmetry, unexplained by the amount of CP-violation present in the Standard Model.
We outline some of the observational anomalies that are of direct interest to SUSY
phenomenologists, and more importantly the work of this thesis.

e Dark Matter and Dark Energy. By now, evidence for Dark Matter (DM) is over-
whelming (See a review in [30]). Early evidence came from observations of the
velocity of stars and luminous objects moving faster than they would have solely
under gravitational attraction from other luminous objects. Influential work on
galaxy rotation curves [31,32] suggested that the amount of dark matter required
to fit observations was in fact greater than that of visible matter. A later number
of other observations also supported this hypothesis, including measurements of
the Cosmic Microwave Background (CMB) [33], gravitational lensing and other
sky surveys.

Observations from Type 1A supernova [34-38] have confirmed the accelerating
expansion of the universe of which Saul Permutter (of the Supernova Cosmology
Project [39]), Brian P. Schmidt and Adam G. Riess (of the High-Z Supernovae
Search Team [40]) were awarded the Nobel Prize in 2011 [41]. This fit into the
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standard framework of general relativity, accounting for this positive vacuum
energy, called Dark Energy, with a positive cosmological constant A. Somewhat
embarrassingly, attempts to justify the cosmological dark energy density (), in
terms of the vacuum contribution of quantum fields fails spectacularly - disagree-
ing by over 100 orders of magnitude [42]. This is one of the greatest unsolved
mysteries of particle physics and cosmology. Today the existence of dark matter

and dark energy form the ‘Standard Model” of modern cosmology, known as the
ACDM model.

Current ACDM measurements [43] estimate the total mass-energy of the universe
at 4.9% ordinary (baryonic) matter, 25.9% cold dark matter and 69.1% dark energy.
The amount of (non-baryonic) dark matter is typically quoted with the hubble
constant, /1 in units of 100 km /(s Mpc):

Q,, h* = 0.112 4+ 0.006 [43]. (1.20)

nbm

The Standard Model in its current form does not admit any appropriate dark
matter candidates, though the most convincing hypothesis is that of a Weakly-
Interacting Massive Particle (WIMP). The most studied of these in fact coming

from the lightest, stable particle in supersymmetry.

Anomalous magnetic moment of the muon. Sizable deviations to the muon
magnetic moment come from Standard Model loop effects, leading to a small
deviation from the Dirac predicted value for the gyromagnetic ratio of g, = 2
[44—47]. The measured value for the muon anomalous magnetic moment, a, =
(§ —2),,/2, shows around a 3¢ deviation from the Standard Model prediction [48]:

AaBPSM = A, (Exp.) — Aa, (Theo.) = (28.6+80) x 1070 [49,50],  (121)

which includes improved QED [51,52] and electroweak [53] contributions. The
HAD,LO
],[ 4
which is determined through the e"e™ — hadrons cross-section in dispersion

largest uncertainty comes from the leading-order hadronic contribution, a

relations. Unfortunately, perturbation theory is unavailable due to long-distance
QCD. For this reason, this contribution has been under quite a lot of scrutiny
[46,48,54-59].



The Standard Model of Particle Physics and supersymmetric models 11

Figure 1.1.: Standard Model contributions to the muon (g — 2),,. From left to right: the
leading order QED "Schwinger” term, Electroweak Z and W boson exchange,
Lowest-order hadronic vacuum polarization, and hadronic light-by-light
scattering.

From the experimental side, the upcoming (g — 2),, measurement at Brookhaven
National Laboratory (BNL) should reach a precision of about 14 ppm [60], im-
proving previous estimates by about a factor of 4. This can make this anomaly an
excellent indirect probe of new physics, and potentially lead to a 5¢ discovery.
One can account for this anomaly through new physics contributions running
in the loops, typically proportional to (m,,/ ANP)Z. One of the most promising
of these comes from supersymmetry. Typically this requires partners to the elec-
troweak gauge bosons and leptons entering into the loop diagrams to be around
100-500 GeV [44]. The SUSY explanation for the muon anomalous magnetic mo-
ment, in accordance with constraints from colliders and other detection methods,

will be studied in more detail in chapter 2.

The Standard Model also faces a number of challenges from the theoretical side. These
typically come from the origin and interpretation of the parameters in the theory. One
particular example occurs in the QCD sector, where one is not restricted to introduce
CP-violating terms to the Lagrangian. However CP-violation in the strong sector is
simply not observed in nature [18], and is deemed a "fine-tuning" problem - since
the QCD vacuum angle must be tuned precisely to very close to zero to agree with
observations. A similar situation occurs with the cosmological constant A, as already
discussed, albeit an even worse theoretical prediction. From arguments of the fine-
tuning of parameters however, of most interest here is the hierarchy between the
electroweak and Planck scale since supersymmetry provides an elegant solution to
this problem. This will be discussed in detail below.
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e Hierarchy problem: Previously, we wrote down the Higgs boson mass in section

1.3, in terms of the parameters of the tree-level Higgs potential yZ and A. Up to
numerical factors, we could approximately say that mi was —yz and this would
roughly represent the scale of electroweak physics at around 100 GeV. The gauge
boson masses my,; and my are also defined through this scale, and one can see
that for reasonable values of the gauge couplings (ie. not too far from order 1),
these agree with observation quite well. But renormalization theory requires us to
reconcile the quantum corrected values with the physically observed quantities,
not just the tree-level contributions. For example, some measurable renormalized
mass, say m,, is a contribution of the bare parameter and quantum corrections

Amy, written as:

mP™™ = B 4 Am, (1.22)
As a first example, let us consider the one-loop correction to the fermion propaga-
tor in quantum electrodynamics (QED). This is shown in Figure 1.2, where the

electron emits and re-absorbs a photon.

_Z::e(p) =

Figure 1.2.: The electron self-energy diagram in QED.

The amplitude of this diagram can be computed using standard Feynman rules
for QED:

d*k —igy, L, i(p+ K +m
- 2” 7 (v 5 )2')/", (1.23)
(2m)" k (p+k)"—m

~iZ(p) = (~ie)” |

where we have used Feynman slash notation: ¥ = «" k,. Superficial power count-
ing reveals that the UV behavior [~ d4kk2(p%k)2 is linearly divergent, however

upon evaluating the integral the numerator linear term vanishes by symmetry [61]
and the divergence is, at most, mildly logarithmic.
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Regulating the integral with an ultraviolet momentum cut-off A, the one-loop

mass correction, Am, = Z,(p)|,—, is:

Am, = 3_0cm€ log

1.24
¢ Arn +e (124)

2
m;
where a = €%/ (47) is the electromagnetic fine-structure constant. Typically, we
will have to take A — co in this integral, where of course we can then add a
counter-term (or adjust the bare mass) to obtain the physical mass, m, = 0.511
MeV. Even if one takes that scale of new physics at the Planck scale A ~ 10" GeV,
where QED would certainly have broken down as a theory, then one finds that
the correction is still only around 0.019 MeV. Hence, the electron mass described
by QED remains natural as the physical mass stays very close to the bare mass (ie.
little fine-tuning of the bare mass is required). It is easy to see why this happens,
since the correction Am, is proportional to m, itself. The theory of a massless
fermion respects more symmetry than a massive theory, more specifically chiral
symmetry. It is this chiral symmetry that "protects” the electron mass from linear
divergence. We can see that when m, — 0, and chiral symmetry is restored, the
massless fermion will remain massless (to all orders of perturbation theory). A
similar argument exists for the masses of gauge bosons. For a spontaneously
broken gauge symmetry, like electroweak symmetry, the correction is still a mild
logarithmic divergence and vanishes in the limit where the gauge symmetry is
restored. Unbroken gauge invariance in QED would protect the photon mass, for
example. In fact, this could extend to any parameter in the Lagrangian, following
from "t Hooft’s criteria for a natural theory [62]:

“At any energy scale u, a physical parameter or set of parameters a;(u) is allowed to be
very small only if the replacement a;(u) = 0 would increase the symmetry of the system.”

Something more interesting happens when considering corrections to a scalar
particle, like the Standard Model Higgs boson. Consider the diagram in Figure

1.3 in which a Higgs scalar (or any spin-0) particle couples to a fermion loop.
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Figure 1.3.: One-loop contribution to the Higgs boson through a fermion loop.

The Higgs field couples to the fermion with real parameter A through the term
—A fh7 f. Once again introducing a cut-off scale A to regulate the loop, this is
calculated to be:

i = (1) [ 25, o [(Mf) (Mf> m]
2

=1 [Az — Smf log + . (1.25)

where the ellipses indicate higher-order terms. Importantly, note that we acquire
a minus sign from the fermion loop due to spin-statistics. No longer is the
leading-order contribution a mild logarithm, but is now instead a quadratic
divergence in the UV cut-off A. There is no chiral symmetry this time to "protect”
the scalar mass. The next physical scale one could possibly consider could be the
Grand Unified scale at around A ~ 10" GeV, or most certainly the Planck scale.
Regardless, the correction is extremely large compared to the physical Higgs
boson mass, observed around the electroweak scale ~ 100 GeV. Of course, we
could add a counter-term, or tune the bare mass parameter itself to cancel this
divergence, however the cancellation with the quantum corrections would be
completely unnatural.

One could ask whether this is actually independent of the regularization scheme -
we could have also chosen to use dimensional regularization instead of a high-
momentum cut-off. In this case, there are no manifestly quadratically divergent
poles for € — 0. Though this does not imply that the hierarchy issue is no longer
realized. Any Higgs coupling to a new physical scale will still be quadratic in that
scale, emphasizing the fact that the hierarchy problem is fundamentally about

the separation between the electroweak and UV scales.
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On this note, consider the Higgs boson coupled to some massive complex scalar
field S, with mass mg, and the term —/\S|h|2|S|2 in the Lagrangian, shown in
Figure 1.4.

Figure 1.4.: One-loop contribution to the Higgs boson from a complex scalar S.

The mass correction originating from the diagram in Figure 1.4 is:

(1.26)

Again, the divergence is quadratically sensitive to small-distance scales. Even if
we chose to push this aside as another unphysical artifact, that is renormalization
scheme-dependent, there is still quadratic sensitivity to the new physical scale,
m% There is no argument here - m% is indeed a true physical scale - and this

dependence cannot be removed'.

One can immediately notice that the relation Ag = )\ch with each fermion accom-
panied by 2 complex scalar fields could neatly cancel the leading-order quadratic
divergences. This would indeed be a "miraculous accident" if it were not enforced
by some argument motivated by symmetry. These are essentially the conditions
of a supersymmetric extension to the Standard Model, which extend it to include
new scalar fields to partner the existing fermionic fields, and fermionic fields for

those of the gauge bosons.

"This still occurs even at two-loop level, as detailed in [63]. There one can consider heavy fermions ¥
that have no direct couplings to the Higgs field, but only the Standard Model fields. The contribution
2
to the Higgs boson mass is found to be Amﬁ ~ (12'712) [a/\z + 24m% log 2—; + } , where the ellipses
F
represent higher-order finite terms. Although suppressed by a loop factor, the quadratic sensitivity
to new physical scales is indeed a property of scalar fields.
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Remarkably, supersymmetry, even in its minimal form, has the potential to address
almost all of the problems listed above, like dark matter, the matter-antimatter asym-
metry, the muon anomalous magnetic moment - not only just as a solution to the
hierarchy problem. However, when combined with experimental limits from various
sources like collider physics, astrophysics and cosmology, it becomes clear that in its
minimal form, the existence of viable parameter solutions becomes slightly weaker.
However, the goal of this thesis will be to address as many of these problems as
possible, in particular the muon anomalous magnetic moment and dark matter, whilst
still maintaining the nice features of a model-independent approach and minimal
particle spectrum. At no point do we propose additional degrees of freedom to explain
these phenomena, apart from those in the Minimal supersymmetric extension to the
Standard Model itself. It is important first to become familiar with the construction

and formalism of supersymmetric gauge theories and then subsequently the structure
of the MSSM.

1.5. Supersymmetry and supersymmetric models

Supersymmetry is perhaps the most studied Beyond the Standard Model (BSM) theory,
originating from a number of independent groundbreaking papers from the early
1970’s [64,65] and subsequently from Wess and Zumino [66] as a renormalizable QFT in
four dimensions. In the context of a solution to the hierarchy problem, supersymmetry
was first implemented by P. Fayet [67] as the Minimal Supersymmetric Standard Model
(MSSM). But minimal supersymmetry has a number of other important properties we
will discuss, namely an explanation for dark matter and a hint towards gauge-coupling
unification. However, as SUSY is a non-trivial extension to relativistic invariance, it is
important to recognize where it fits, if at all, as an extension to Poincaré invariance in
relativistic field theory. This warrants a discussion on one of the most famous no-go

theorems in theoretical physics.

Coleman and Mandula formulated a no-go theorem in their famous 1960’s paper
"All Possible Symmetries of the S-matrix" [68], in which they stated that in a theory
with a non-trivial S-matrix, there are no possible space-time extensions of the Poincaré
group. Details of the formulation of this theorem can be found in [69]. The Poincaré

algebra is based on the generators contained in the energy-momentum operator P,
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and Lorentz transformations in the rank-2 antisymmetric tensor M, :

[Py,PV_ —0, (1.27)
My, Pe| =i (P = 1Py ) (1.28)
[Myw Mpa_ =i (nvayU + ﬂyUMvp - 17pr1/0 - nvaMyp> : (1-29)

This no-go theorem forbids us from introducing any generator that does not commute
with the P, and M, generators. The only allowed conserved charges must be scalars
under the Lorentz group (ie. not carrying any Lorentz indices), like the electromagnetic

charge from the U(1) internal symmetry groupz.

1.5.1. The SUSY algebra

Golfan and Liktman [71] however conceded that this was based on the assumption
that these generators were based on vector representations of the Lorentz group. This
is circumvented by generators in the spinorial representation, which are the conserved

charges of supersymmetric transformations:

1.
{Qw QB} =2(0") 4 P (1.32)
{Qa, Qg} = {QZ, Q}} =0, (1.33)
where these are in the Weyl representation (see section 1.1). This is sometimes called

the "Super-Poincaré algebra" or superalgebra and is based on anticommutators rather

than the more familiar commutators. Of course we can also write down commutators

2Suppose you have a free-field theory and decided to add a traceless symmetric Lorentz tensor Q,,,,
that is conserved in an elastic two-body interaction. Let the incoming momenta be p; and p, and
the outgoing q; and ¢, respectively. Conservation of Q,, results in the relations [70]:

Py +ph =q) + 4y, (1.30)
pipy +phps = alal + gbas, (1.31)

and the scattering angle vanishes. The point is that the generators P, and M,,, leave the scattering-
angle completely undetermined. The addition of an exotic conserved charge over-constrains the
S-matrix such that it is no longer analytic in the scattering angle and only a discrete set of momenta
are possible.
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with the Poincaré generators:

[PV,Q,X] - [Py, Q*ﬂ — 0, (1.34)
[MW, le} =i (™) Qp, [MW, Qﬂ — (a”")gg*ﬁ. (1.35)

The matrices 0" and @"" are specified in appendix A. Interestingly, this is not even the
most general form of supersymmetric algebra. Haag, Lopuszanski and Sohnius [72]
first showed that Eqs. 1.32-1.33 were not the most general form of SUSY algebra -
one can actually introduce additional V' “copies’ of the supersymmetric generators,
now called "extended supersymmetry". In this thesis, we will only be concerned with
minimal N’ = 1 supersymmetry (4 supercharges in total) which is adequate enough
for phenomenological study.

This makes supersymmetry unique in the fact that it is the only possible non-trivial
space-time symmetry extension to the Poincaré invariance of the Standard Model.
Consequently, the mixing of internal and space-time symmetries in this way leads to
predictions of supersymmetric models that are quite different to that of the Standard
Model. It also implies that the Casimirs of this group are altered, which label the
irreducible representations of the Poincaré group. Previously, the eigenvalues of these
were the mass and spin of a particle. However, since we can have particles of different

spin in a single multiplet, the second Casimir is no longer a good operator.

The representations of supersymmetric algebra are supermultiplets, each con-
taining a collection of particles and corresponding superpartners which differ by a
spin-1/2 unit. The number of bosonic fields and fermionic fields must be the same.
Consider the fermionic number operator (—1)NF where Ny = 1 acting on fermions
and N = 0 for bosons, this implies (—1)NF Q, = —Q,X(—l)NF . Hence one can prove
that:

Tr [(—1)NF {Qa, Q;H = 2(0"),4P,Tr [(—1)NF} = 0. (1.36)

using equation 1.32. Tr [(—1)NP ] is known as the Witten index and represents the
difference between the number of bosonic and fermionic degrees of freedom, which
clearly must be equal in a supermultiplet. Since the first Casimir operator, whose
eigenvalue is mass-squared, commutes with supersymmetry then this also implies
that the bosonic and fermionic states must be degenerate. Since this is clearly not seen
experimentally, SUSY cannot be an exact symmetry and must be broken at some scale.
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1.5.2. Superspace and superfields

The most straightforward way to construct SUSY theories uses the superfield formal-
ism. Using standard QFT techniques to build our theory requires us to constantly
check that the combinations of fields introduced are truly invariant under supersym-
metric transformations. Instead, a superfield requires us to extend our normal set of
4 bosonic coordinates x" with Weyl spinor coordinates 6" and 6;[, which have mass
dimension [0] = —1/2. Being fermionic, these are anticommuting (Grassmannian)
and so satisfy alternate relations, detailed in A.2. For this reason, a general scalar

superfield has a finite expansion in 6, and 02:

S(x",0,,600) =¢p(x) +62(x) + 0" x"(x) + 00M(x) + 670" N (x)
+(000T)V, (x) + (00)0"y" (x) + (676T)0A (x) + (60)(870")D(x),
(1.37)

where we have suppressed indices, however the spinor coordinates appearing in
brackets imply they are contracted by spinor indices. This is of course the simplest
expansion, we could of course include Lorentz indices, in the vector or spinor represen-
tation. This form is convenient since supersymmetric transformations, parameterized
by anticommuting objects €, and eZ are just translations in superspace:

(x",0,0") — (x¥ +ibote" —iec"0",0 +¢,0" + ). (1.38)

Constructing a supersymmetric Lagrangian will require derivatives that commute with
supersymmetric transformations. Hence, if we define the supersymmetric covariant
derivatives:

D, = +i-2 + (o"0"),9,, DI = —i—2

20" s & 861-,5( - (90'#)

e (1.39)
then if S is a superfield, then D, S is also a superfield. Of course Eq. 1.37 is a reducible
representation of supersymmetry. However, since we will ultimately be interested in
placing our SM particles and their superpartners in supermultiplets, we should work
with their irreducible forms. These representations are defined by imposing a set of
constraints, shown in Table 1.3. One can see that D} (x" + i6¢"6") = 0, and so any
function of y" = x" + i60"8" can be defined as a chiral superfield:

D(y",0,,08) = P(y) + V209 (y) + (00)F(y), (1.40)
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which can then be expanded as a function of the x" coordinates:

D(x,0,,00) = p(x) +i0'7"09,p(x) — %(99)(9*9*)%8”4)(@

+ V20 (x) — \%(ee)e*rﬂ‘aylp(x) + (80)E(x). (1.41)
The degrees of freedom of such a representation involves a complex scalar ¢, a two-
component complex Weyl fermion ¢, and an auxiliary field F which ensures the SUSY
algebra closes off-shell (but whose dynamical equations of motion are trivial). In
accordance with the result in 1.36, the bosonic and fermionic degrees of freedom match
and so supersymmetry can be held at a quantum mechanical level, not just classically.
We will find it instructive to work with chiral superfields only, and not anti-chiral
ones, since we can always swap right-handed particle states for their corresponding
left-handed anti-particle states.

For our theory of superfields to be manifestly invariant under supersymmetric
transformations, the action must be computed by integrating over all of the superspace
coordinates. One key observation is that for a general superfield S, the variation of
the action vanishes, since the D(x) term transforms as a total derivative. Similarly,
for a chiral superfield, the variation in the term F(x) multiplied on 66 vanishes on
integration in the same way, leaving the dynamics unchanged. We can refer to these
as D and F-terms respectively, the notation of which can be conveniently written,
for example [S], = [ d*0d%0"S and [®]; = [ d*6®. Constructing a supersymmetric

invariant Lagrangian density is then simple:
L= [K(®,P")|,+ ([W(P)]p+hc). (1.42)

The term K(®,®") is the Kiihler potential, and as a combination of both ® and @,
is a real superfield. W(®) is a holomorphic function of chiral superfields ® (but
of course not their conjugates) known as the superpotential. Simply choosing just
K(®,®") = ®"® in the action generates a supersymmetric interacting theory known
as the Wess-Zumino model’ [66].

*For a renormalizable supersymmetric theory of multiple chiral superfields ®;, the Lagrangian in terms
of component fields and integrating out the auxilary fields gives Ly, = 9" ¢; 0,¢; + o 9, i —
>W
agog Wit — Vi
contribution F;'F; is eliminated in favour of derivative of the superpotential through its equations of
motion.

g%y ‘ Each scalar and fermion field have a canonical kinetic term, and the D-term
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Ultimately our supersymmetric theories must interact with gauge fields A,,, and
again these have an irreducible representation that contain partner spin-1/2 fields
called gauginos, denoted by A,. The simple Kdhler potential is not invariant under
gauge transformations:

D e e, o - o, (1.43)

with matrix expansion A = A’T? for a set of generators T" parameterized by the
chiral superfield A“. Since ®*® — CID*efi(AfA*)CID, one must modify the kinetic term,
as is done with covariant derivatives in non-supersymmetric theories. Supergauge-
invariance requires the introduction of a real, vector superfield V in the Kdhler poten-
tial transforming under the following:

eV e Ve i, (1.44)

V is similarly expanded in terms of the generators of the group in the adjoint rep-
resentation. Through the Baker-Campbell-Hausdorff (BCH) formula, this has the

form
VoV + i(A* —A)+ ..., (1.45)

where the ellipses represent higher order terms in V' after using the commutation
relation [T%, T"] = if™“T°. Because the second term is independent of V, once can
always supergauge away the higher order terms by choosing an appropriate value for
A" — A. A most convenient gauge is the Wess-Zumino gauge, which is ideally finite for

eV:

Vigz(x,0,,08) = (0007) A, (x) + (00)(0"A" (x)) + (870") (0A(x)) + %(99)(9*9*)1:)(@.

(1.46)

Hence, a supergauge-invariant kinetic term for a set of chiral superfields ®; has the
following components upon taking the D-term:

()| =D" Dy + i T D — V25,((97 TN + hic)
+8,(¢*T'9)D" + FF;. (1.47)
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We can immediately identify the first two terms as the kinetic terms for the chiral

supermultiplet, with the proper covariant derivative containing the gauge interactions.

For completeness, we require kinetic terms for the gauge fields and their superpart-

ners. In the non-Abelian case, we define the field-strength:

1 .

W, = —ZD+D+(e YD,e"), (1.48)
which is a chiral superfield. Transforming as W, — e_iAWaeiA, we will require
the trace in the Lagrangian for supergauge invariance. Hence one can construct the
minimal renormalizable supergauge-invariant Lagrangian with the following D and
F-terms:

L= |0l o]

- (W(®;)]¢ +hc.) + (}L (W™ +h.c.). (1.49)

In component form, one can write this as:

*1 P 1 . -
£ =D"¢"D,¢;+ i7" Dip — L F F™ + iA"e"D, A"
>*W
0p;0p;

—%%Awﬁﬂwﬂ+hnw—%( WW+ha>—VwmﬁL (1.50)

which contains a kinetic term for the gauge fields and gauginos. The scalar potential
V¢, 49; ) is formed by eliminating the auxilary fields through their equations of

motion:
V(q)il (P;k) — F IFZ' + EDaDa, (15].)
aW* a X a
F=-5g , D'=—g,(¢"T"p). (152)
i 1®;=¢;

Since the product of chiral superfields are also chiral superfields, the superpotential

can be expanded in powers of ®;:

W(®) = L'd; 4 5 MID; + -y 0, (1.53)

The first term can only be written down for gauge singlet fields, and is typically

omitted from the superpotential since the MSSM does not contain any gauge singlets.
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Table 1.3.: Irreducible representations of supersymmetry, known as supermultiplets. A chiral
supermultiplet contains a complex scalar field and spin-1/2 Weyl fermion. Vector
superfields contain a spin-1 gauge boson and spin-1/2 fermion partner.

Components Constraint
Chiral (anti-chiral) SF | @ ¢, ¥, F D!® =0(D,® = 0)
Vector (real) SE V| MA,D v=v'

However, in chapter 5, the parameterization of the Higgs sector will admit Higgs
states in a gauge singlet, altering the phenomenology significantly compared to the

MSSM without modifying its content.

This gives us almost all of the ingredients to form a supersymmetric version of the
Standard Model, by including all the relevant matter and gauge fields. However, as
previously stated, supersymmetry cannot be an exact symmetry of nature to agree
with experimental observation, and so this will require the separate introduction of
SUSY breaking terms.

To qualify as a symmetry, the generators of supersymmetry must commute with

the Hamiltonian (Eq. 1.34) and annihilate the ground state, the latter being;:

Q. [0) = Qo) = 0. (1.54)

Taking the trace of Equation 1.32, one computes the Hamiltonian:

H=r = Q1+ 2iQ] +0lQ, +Q:0)). (1.55)

Hence, the expectation value (0| H |0) only vanishes if the supercharges annihilate the
vacuum. This is representative of the fact that the contributions from the bosons and
fermions to the vacuum energy are of opposite sign. The converse holds also though:

for supersymmetry to be broken in the ground state, one then has (0| H |0) > 0.
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Table 1.4.: Particle content of the Minimal Supersymmetric Standard Model (MSSM), adapted
from [73]. Particles are written as gauge eigenstates as they are entered in the
Lagrangian, not mass eigenstates.

Name Particles SU(3).,SU(2),,U(1)y
Spin-0 | Spin-1/2
Q | (@ dy) | (u dy) (323)
Squarks, Quarks (3 Gen.) | U g Uy 31,-3)
D dh dh (31,1)
Sleptons, Leptons (3 Gen.) E (ﬁL~*éL) (v, +eL) 12-3)
E er er (1,1,1)
Spin-1 | Spin-1/2
B-Boson/Bino B B (1,1,0)
W Bosons/Winos w* , wl | W* , W' (1,3,0)
Gluon/Gluino g g (8,1,0)
Spin-0 | Spin-1/2
Higgs bosons/Higgsinos Hy | (b By Iy Ty 12)
Hy | (1S 1) | (RS iy (1,2,—3)

1.6. The Minimal Supersymmetric Standard Model
(MSSM)

The fields required to generate a supersymmetric Standard Model are listed in Table 1.4,
where the transformation of the supermultiplets under each gauge group listed in the
tinal column. Superfields will be written in upper-case whilst their component fields
are written in lower-case form, unless specified otherwise. The (s)quarks, (s)leptons
and Higgs(inos) fit into chiral supermultiplets, whilst the gauge bosons (gauginos) fit
into vector supermultiplets. Constructing the Lagrangian density from Eq. 1.49, one

can write down a number of combinations of chiral superfields for the superpotential:
W = yiQ'H, T +yIQ'H,D + yIL'H,E + uH,H,. (1.56)

Note that this is written in terms of chiral superfields only, as is required for invariance
under supersymmetry, as we have ideally traded left-handed particles for their right-
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handed anti-particle states (see Particles in Table 1.4). This is not the most general
Lorentz and gauge invariant combination of fields, however, as one can include terms
in violation of lepton and baryon number (by 1 unit):

_ _ 1 0 o o .. 1 e
WAL=LAB=1 _ EAZ]kLZL]Ek—FA/Z]kLlQ]Dk—{—]/IIZLZHM —l—z/\m]kulD]Dk. (1.57)

~

AL=1 AB=1

Baryon and lepton number violating decays are significantly constrained from experi-
ment [74-77].

Probably the most significant constraint comes from the non-observation of proton
decay, which could be mediated by the baryon and lepton number violating couplings
)\1171 and Ailj respectively, where j is the generation of down-type squark (shown
for j = 2 in Figure 1.5). Strongest constraints for the proton lifetime come from the
Super-Kamiokhande Collaboration in a number of decay modes [78], the lower-limit
greater than ~ 10* years. This suggests that either lepton or baryon number violating

couplings would have to be extremely small if not forbidden by some symmetry.

1.6.1. The implications of R-Parity on the MSSM

The MSSM accomplishes this with a discrete symmetry called R-Parity, a multiplicative
quantum number that distinguishes each particle in a supermultiplet. It is written as

P = (—1)B D, (1.58)

where s is the spin of the particle. It is clearly evident that SM particles have Pp = +1
and SUSY particles have P = —1. Exact R-parity conservation has a number of
important phenomenological consequences:

1. Only an even number of SUSY particles can be produced in a decay at colliders

(ie. pair production), since the initial state always has Py = +1.

2. The lightest SUSY particle (LSP) is stable since there are no kinematically accessi-
ble states with P = —1.

3. SUSY particles must decay to an odd number of other SUSY particles, eventually
resulting in (usually) one LSP. This would exit in a detector at a collider as missing

transverse energy.
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Figure 1.5.: Proton decay through the process p — e 7 with R-Parity violating couplings
mediated by a strange squark. The matrix element is proportional to A{j5A];,. No

observed proton decay has been found, but lower limits have been set at 1.29 x 103
years [79] for this decay mode.

1.6.2. R-Symmetries

Sometimes we may encounter a supersymmetric Lagrangian that is invariant un-
der a global continuous U(1); symmetry, of which R-parity may form a discrete Z,
subgroup. In a more general sense, any symmetry in which fields within the same
supermultiplet transform differently under is called an R-symmetry. Hence, the gen-
erators of supersymmetry carry R-charge themselves and therefore do not commute
with the R-charge:

[Qu R = Qu QiR = Qi (1.59)
It then follows that the Grassmanian coordinates also carry R-charge:
0 — e, o — e gt (1.60)

where 7 is the parameter of global R-transformations. The MSSM superpotential given
in Eq. 1.56 automatically respects this global U(1); symmetry [80, 81]. For chiral
superfields, at the component field level, one usually finds that the components ¢,
¢ and F transform with Rg, Ry — 1 and Ry — 2, respectively, whilst the anti-chiral
tield has opposite charges. Inevitably, the soft-breaking terms that are quadratic and
trilinear in fields will explicitly break R-symmetry, which we introduce in the next

section.
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1.6.3. Soft supersymmetry breaking in the MSSM

Supersymmetry breaking is perhaps the most important phenomenological consid-
eration in supersymmetric theories, especially since it introduces significantly more
free parameters. It is usually done explicitly, i.e. inserting the most general set of
terms with dimensionful couplings that respect gauge invariance. One must be careful
however as to not introduce terms that result in additional scalar mass quadratic UV
sensitivity [82]. This is what is meant by ’softly” breaking the symmetry. The most
general version for the MSSM contains the following contributions’:

1 - o~ -~
‘Csoft - E (MlBB + MZWW + M3GG)
+ iy [H, P+ m? |Hy? + (B;,Hqu + h.c.)

+ QL (mQ> Qpj+ L ("&) jz'L]' + 1lg; ( ) + dg; (”é) g+ eg; ( %)i]. 2k

+ (A,);;QriH,iir; + (A4);jQuiHadg; + (A,) L1 Hyeg; + hec,, (1.61)

where we have suppressed the gauge indices in the adjoint representation, the SU(2)
indices and the tilde on the mass matrices. These are of course the component field
terms entered directly into the Lagrangian, not superfields. All in all, there are three
gaugino masses Ml, M,, M3, five 3 x 3 scalar mass-squared matrices (in flavour space)
mé, mi, m2 mi, m;, three 3 x 3 complex trilinear matrices A, A4, A, 2 Higgs mass-
squared terms milu, m%{d, and a Higgs mass term B,,. Accounting shows that in the
most generic MSSM model the total number of introduced parameters is 105, including

masses, phases and mixing angles [84].

The model-independent approach using the set of terms in Eq. 1.61 is favorable for
collider studies since the origins and details of SUSY breaking mechanisms and particle
phenomenology are effectively decoupled. Nonetheless, the strategy of building a
SUSY model requires some sort of organizing principle in order to limit the amount of
parameters and at the same time agree with experimental observables. In particular,
we find strong constraint coming from flavour and CP-violating processes which
already limits generic flavour structure for the scalar matrices introduced in Eq. 1.61.

One way to completely avoid this is to assume a "flavour-blind” or universal flavour

*We note that trilinear terms involving the conjugate Higgs fields, 'Csoft - (Cu),-]-QLiH;ﬁ;j +
(Ca);iQriHydg; + (C.);;L1H,2k; + h.c., may in principle be included in the soft breaking Lagrangian
since there are no scalar singlet ‘tadpoles’ - one-loop diagrams with a single external leg - in the
MSSM. These are also typically very suppressed in many supersymmetric models like gauge-
mediated supersymmetry breaking [69, 83]. These are omitted following the discussion in this
section.
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structure for the scalar masses and that the trilinear matrices are proportional to their

corresponding Yukawa matrix in the SM Lagrangian

m? =m?l, i={QLdz} (1.62)
Au = AuYul Ad = Adel Ae = AeYe' (1-63)

Similarly, we can also rotate away complex phases in the gaugino mass terms and trilin-
ear interaction terms to avoid dangerous CP-violation and a charge/colour-breaking
Higgs VEV. Rotations in the components of the Higgs supermultiplets H,, and H; can
also be used to fix the imaginary parts of B, and y to zero. We also choose C; = 0
(See Footnote 4). Ultimately, we can assume all non-trivial complex phases in the
MSSM vanish, besides those left over by the CKM mixing matrix. Of course we are
motivated phenomenologically - theoretically one would have to explain the origin of
these structures. A number of high-scale models attempt to unify these parameters, for
example with mSUGRA boundary conditions in Planck-scale Mediated Supersmmetry
Breaking (PMSB) [85-93]. Similarly, other schemes like Gauge Mediated Supersym-
metry Breaking (GMSB) [94-97] and Anomaly Mediated Supersymmetry Breaking
(AMSB) [98,99] work by the interaction of the MSSM visible sector with a “hidden
sector’ via a messenger field. Flavour-universal structure can be realized in the case of

gauge field mediation, since the SM gauge fields interact in a flavour-blind way.

Another popular scheme to avoid dangerous flavour-violating effects is called
Minimal Flavour Violation (MFV) [84, 100-103]. Within this scheme one addresses
all flavour and CP-violating effects through the Standard Model Yukawa couplings,
which is held even for new physics contributions. In particular for SUSY, one can
in general satisfy constraints from flavour-changing effects by assuming a flavour
diagonal structure for the SUSY breaking terms, at the particular scale Mgy in
which SUSY is broken. Thus, all loop-induced flavour-changing effects are simply
proportional to (and hence naturally suppressed by) the Standard Model CKM matrix
elements ie. the squarks and the quarks are both rotated in the same way in flavour
space. This popular motivation has been previously studied extensively in the context
of SUSY models [104-116].

A final comment we must make is that even when one assumes universal squark
masses at a high-scale (ie. a diagonal matrix), mixing terms can in principle be
generated through renormalization group running to the electroweak scale which is a
consequence of non-diagonal Yukawa matrices.
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1.6.4. Renormalization Group Equations (RGEs) in the MSSM

In the MSSM, the B-functions that govern the running of couplings and mass pa-
rameters with energy scale Q is modified through the existence of the gauginos,
Higgsinos, extra Higgs bosons and scalar matter fields. In the case of the Standard
Model, the renormalization scheme called Dimensional Regularization (or DREG) is
frequently used to do perturbative calculations. However, since this scheme violates
supersymmetry, a modified scheme called Dimensional Reduction (or DRED) is usu-
ally chosen [117]. In this case, only the momenta are taken to arbitrary dimensions,
but four-component gauge fields and gamma matrices " are still maintained. The

B-functions for the MSSM are detailed in the appendix B.1 at one-loop order.

One of the hallmarks of the MSSM is that at large energies, the strong, weak and
hypercharge gauge couplings unify at about A ~ 2 x 10'® GeV [118] . The situation is
not as ideal in the case of only SM fields, shown in Figure 1.6. This strongly presents a
case for the MSSM to be some low-energy limit of a supersymmetric grand unified
theory [119,120]. This also presents the case that the weak-scale MSSM may be valid
all the way up to A ~ Mg ;v without the addition of any new physics up to the grand
unified scale [83].
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Figure 1.6.: Renormalization Group Equation (RGE) two-loop evolution of the inverse gauge
couplings in the MSSM (solid lines) and SM (dashed lines). The difference in solid
lines corresponds to the variation in the weak-scale SUSY threshold and strong
coupling constant at M. Taken from [73].
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1.6.5. The Higgs and electroweakino sector at tree-level

The full scalar potential, at tree-level, decomposed into the component Higgs fields

can be written as:

2
N

v = Gndy, + ) ) o, + ) (0] + [

+ B, ((h;fh; —10n9) + c.c.)

2

nh 4+ nY

+g8 +g7) —|ha| —|ha| ) 58 ha hy +hg [T, (L64)
where g and ¢ are the SU(2); and U(1), gauge couplings, respectively. It is immedi-
ately apparent that the potential minimizes at h; = h,, = 0, which is good news as
this not being the case would lead to electromagnetism being spontaneously broken,
in conflict with experiment. Either way we could have used the SU(2) freedom to
rotate away these component fields in the doublet, but one needs to be sure that this is
indeed a minimum first. The potential can then be re-written as

2 2

v = (g, + ) |1 |

+ (g, + [P |1

ol - \hgf)z. (1.65)

1
_ By(hghg +c.c.)+ g(g2 +¢7) (

Clearly, the potential is bounded from below since it will be dominated by the quartic
terms in hf, and hg in the large-field limit. This term vanishes however when hg = hg
and so leads us to the condition that

2, 2 2
2B, < 2|p|" +my +miyy, (1.66)

such that when this is satisfied the potential will rise to positive infinity in all field di-
rections. We typically call the field direction in which V}; vanishes the ‘D-flat direction’.
Similarly to facilitate electroweak symmetry breaking, we require that the potential be
a saddle point at the origin, leading to the second condition

(|l + miy, ) (|ul* + my,) < By (1.67)

The final two conditions on the parameters of the MSSM relate to the minimization
of the potential (vanishing first dervatives not at the origin). Let us use the notation

<h2> = v, and <h2> = v, for the vacuum expectation values. It will become useful
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later to make the identifications

tan B = U—“, v* =02 + 02, 1.68
AB u d

Ud
where v is equivalent to the SM vacuum expectation value of v ~ 246 GeV. Expanding
around <h2> =0, and <h2> = v,;, we can compute the physical masses of each of the
states from the two Higgs multiplets. We get 3 massless states m Q= Mer = 0 that are
identified with the Goldstone bosons, which become the longitudinal modes of the W

and Z bosons. The masses of the 5 remaining physical Higgs bosons are

m’o = 2B,/ sin2p, (1.69)
2 2
m 0 + mZ 1
miO,HO = AT T E\/(milo + m%)* — 4miomé cos’ 26, (1.70)
My = miy + mp. (1.71)

Interestingly, the mass of the CP-odd Higgs boson is unbounded since it scales with
2B,/ sin2p, and similarly for H° and H™, but this is not the case for the lightest
Higgs boson h® which is identified with the Standard Model one. In fact, we get an
uncomfortable upper-bound on its mass

myo < my|cos2p, (1.72)

around the Z boson mass. But this is just the tree-level expression, the sizable one-loop
corrections will be discussed in the following section. For now, we are also interested
in the electroweakino sector, containing the chargino and neutralino eigenstates. These
are important in the calculation of the muon (g — 2) , and other low-energy predictions
of the MSSM, including our prime dark matter candidate. Firstly, the neutralino masses
can be computed from the gauge-eigenstate basis (¥°)" = (8°, W°, A9, AY), which
contributes to the Lagrangian as

N N 0
EXO = _E(T ) MXOT +c.c., (1.73)
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Table 1.5.: Hierarchy of the MSSM parameters contributing to the 2 lightest neutralino compo-
nents.

Parameters LSP NLSP
M; > M, > u | Higgsino | Wino
My > p > M, | Wino Higgsino
M, > u > M, | Bino Higgsino
u > M, > M; | Bino Wino

with the 4 x 4 symmetric matrix

Ml 0 _g/vd/\/§ g,vu/\/E
Mo = 0 M 804/ V2 gt/ V2 . (1.74)
—8'v4/V2 —guy/V2 0 —p
§v,/V2 —gv,/V2  —p 0

This can of course be diagonalized by a unitary matrix N to obtain the mass eigenstates

1 .
N*MXON = d1ag(mxg, Mmoo, Mmoo, 1M

&) (1.75)

where Moo <Moo <10 < 10 Now with this in mind, the lightest mass eigenstate
1 2 3 4

is simply the linear combination of basis states
0 ~0 <0 ~0 ~0
Xl = NllB + N12W + N13Hd + N14Hu. (176)

Table 1.5 shows that the order of the parameters in Eq. 1.74 determines the main
component of the neutralino LSP and NLSP. This has a dramatic impact on dark
matter observables when the LSP is taken to be a dark matter candidate. The charged
versions of the electroweakinos, called the charginos, come from the mixing of the
W* and A~ eigenstates and can be diagonalized in a similar way.
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1.6.6. The Higgs boson mass at 1-loop

In the MSSM, we have the contributions to the (lightest) Higgs mass-squared coming
from the diagrams shown in Figure 1.7, with the largest contribution coming from the
large Yukawa coupling of the 3rd generation squarks.

Figure 1.7.: Largest contributions to the lightest Higgs boson mass in softly-broken minimal
supersymmetry come from top-quark and stop-squark loop diagrams. Since
thefirst two cancel exactly in supersymmetry, the last diagram (corresponding to
the second term on the right-hand side of Eq. 1.77) which is introduced explicitly
in soft-supersymmetry breaking, raises the Higgs boson mass by an amount
proportional to In (m;/m;).

In exact supersymmetry at one-loop the first two diagrams in Figure 1.7 of course
cancel, and that is the end of the story. However the presence of soft breaking terms
means that the final diagram will contribute to Amj, at the order of the supersymmetry
breaking scale, typically taken as the geometric mean of the two squark masses,
Mg = /mi ity . Hence, at one-loop level, the Higgs boson mass has an upper bound

of the form
2 4 2 2 2
X X
my < m cos? 2B + 3g2 mzt In Mzs + =5 (1-—= 1, (1.77)
877: mW mt MS 12MS

where X; = A; — pcotf represents the off-diagonal stop squark mixing compo-
nent, which is maximized when X; = \/EMS, aptly named the "maximal mixing
scenario” [121]. The tree-level Higgs boson mass coming from the first term saturates
at large tan  and so the predicted mass has a lower limit around m, without radiative
corrections, in tension with experimental observation. Moreover, since experimental
searches for stops and other superpartners have shown that these cannot exist at
low-energies [122-125], radiative corrections must then contribute to a net fine-tuning

of the Higgs boson mass of a few percent or so. Some have termed this issue "the little
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hierarchy problem’” in reference to the hierarchy between the electroweak and SUSY
breaking scale. Of course this is distinct to the ‘real” hierarchy problem between the
electroweak and Planck scale which is much more severe - though these are removed

completely even in minimal supersymmetry.

1.7. Remarks on the MSSM and beyond

Obviously our introduction of explicit soft supersymmetry breaking terms neglected
the consideration of any particular mechanism that communicates this breaking to
the MSSM. Naturally this calls for physics beyond the MSSM, some of which we have
already mentioned in section 1.6.3. However, the goal of this thesis is not to explore
these various possibilities, but instead to follow what the MSSM as an effective theory
is telling us about physics for current energy observables and its behaviour in the UV.
Some of the aformentioned issues can even be addressed through simple modification
of the MSSM itself, or its place in the evolution of the universe. However, our intention
hereforth is now to determine how minimal supersymmetry stacks up with current

experimental observations.



Chapter 2.

Confronting the MSSM with the muon
(g —2) ” and dark matter

“I have done a terrible thing, 1 have postulated a particle that cannot be
detected.”
— Wolfgang Pauli, 1900-1958

2.1. Implications for low-energy observables

Many constraints on the MSSM that are relevant come from low-energy observables.
In section 1.6.3, we discussed how constraints from flavour-changing and CP-violating
effects typically result in certain structure for the scalar mass matrices. However, this
is not all. There are also constraints coming from astrophysical observations, where
one of these is from the MSSM neutralino as an explanation for the observed dark

matter.

We will discuss the relevant sources of constraint in detail below since our phe-
nomenological studies will be confronted with them.

1. LHC, LEP and Tevatron constraints. The most straightforward constraint im-
posed on the SUSY spectrum should be that the lightest Higgs boson mass should
be SM-like. Recently, the ATLAS and CMS collaborations at LHC have discov-
ered a new boson that resembles a Standard Model Higgs boson with a mass of

35
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roughly 125 GeV [1,2]. When considering the Higgs boson mass in SUSY, we
should include radiative corrections, with the main contribution from the stop
squark at one-loop in Eq. 1.77. In addition, since the Higgs sector in the MSSM is
extended compared to the SM, it should be confronted with precision measure-
ments. The main processes at LEP (Large Electron-Positron Collider) come from
Higgsstrahlung and double Higgs production, whilst Tevatron limits come from

gluon fusion, Higgsstrahlung, VBF and associated production processes.

One can typically avoid constraints on the SM-like Higgs boson in the so-called
"decoupling limit’ [126]. Typically any theory containing a light Higgs boson
of mass m; and a number of heavier Higgses of mass M will have its effects
suppressed by the ratio mi /M?, since operators in the effective Lagrangian
describing perturbations to the Higgs coupling will enter with dimension 6. This
is particularly characteristic of the MSSM Higgs sector since the heavier Higgs
particles all appear on the order of the pseudoscalar mass m ,o whilst the lighter
Higgs boson is ~ m at tree-level. Hence, with heavier contributions at the TeV
scale, the corrections to the lighter Higgs couplings are already reduced to around

a percent level.
Direct searches have also been performed for the first two generations of sleptons
and the lightest chargino. LEP has produced the following limits [26]:
my My, > 100GeV, (L =ve,n), (2.1)
My > 105 GeV. (2.2)

Flavour and CP-violating constraints.

Flavour mixing in the MSSM can be induced in both the squark and slepton
sectors, leading to particularly dangerous sources of flavour-violating processes,

which experiments suggest are strongly suppressed.
u—rey
The process j1 — ey can be induced through slepton-neutralino or sneutrino-

chargino loops. This depends on the off-diagonal contributions from m?, mZQ

or A,.
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Figure 2.1.: A supersymmetric contribution to the lepton flavour-changing process

p — ey coming from off-diagonal terms in the slepton mass-squared

matrix m3. Current upper limit on the branching fraction is B(y —

ey) <24 x10 2 [127].
In the mass insertion approximation [128,129], we describe the off-diagonal
terms (i # j) in the slepton mass matrix (flavour space) with

(61")ii = ~—4, (2.3)

where m% is the average slepton mass squared. The off-diagonal mixing terms
are treated as a perturbation to the slepton mass term. Then the branching
fraction of muon decay to ey relative to B(y — ev,v,) is [130]:

4
By — ey) ~10°° (’”—W) (8L 1o tam? B. 2.4
Mgrsy

For an Mg sy of around 1 TeV, one can reduce the ratio to about 107°°-107"

assuming an insertion parameter of order unity. The current experimental
bound is B(i — e) < 2.4 x 10”2 [127]. Hence, we would expect quite a
suppression in the off-diagonal terms in the slepton mass matrix compared

to the diagonal (non-flavour violating) components.

KOKO-mixing

Similarly, there is constraint on the squark mass-squared matrices coming
from neutral kaon mixing. Some of these can be important especially the
squark-quark-gluino vertex, shown in Figure 2.2 which are of the order of
oc% where ag = g% /47t is the strong analogue of the fine-structure constant.
Clearly diagrams of this type only become valid in the limit of non-zero
down-squark mass mixing, shown by the mass insertions (53)12, (5§R)12
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and (65%);, depending on whether the mixing (off-diagonal terms) come
from the soft-SUSY breaking matrices mé, mé— or A;. Here, the mixing terms

are again treated as a perturbation to nearly degenerate squark masses.

_ ~k EES —
5 SR dg d

Oox
o

s cRR\

(07 )2

Figure 2.2.: A contribution from supersymmetry to KK’ mixing through gluino-
squark loops. In the mass insertion approximation, the vertices (repre-
sented by x ) are the off-diagonal elements of mﬁ—. One can also have
contributions from (Amé)lz, a combination of (Amé)u and (Ami—)lz or
(AA;)1, depending on the quark helicity states.

Generically, one can calculate the contributions from the effective Hamilto-
nian Mo~ 2 [131-133],

3
Hag o= ZCO Y GO, (2.5)
i=1

where the operators O; and O; are defined to be:

= (5p7dy) (3 L’de] ), Op=04(L <+ R), (2.6)

= (Skd}) Gd)), O, = Oy(L ¢+ R), (2.7)
(93 = (5pd]) (SkdL), O3 = Oy(L <> R), (2.8)
Oy = (i) Srdy),  Os = (sip) (Spdy). 2.9)

After matching effective Hamiltonian with the full theory one can compute
the Wilson coefficients C; and C;, and hence the observables

Amyg = 2Re [<K0|H@[§Z2|K°>] , (2.10)

1 014,A5=2,%0
= Im | (K7|H K ) 2.11

where Eqs. 2.10 and 2.11 are the Amy = my, — my_mass eigenstate difference

and ey is the CP-violating parameter. Constraints on the experimentally
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measured values can be interpreted in terms of the real and imaginary parts
of the mass insertion parameters and the ratio of the gluino to the average
squark mass, m§ / mé [131]. Similar, but weaker, constraints come from other
systems like p'D’ mixing which puts constraints on the amount of sup-

scharm mixing, for example.
3. B-Physics observables

In SUSY, the flavour structure of the soft breaking terms can contribute to pro-
cesses involving B and K mesons. We discuss the most relevant of these to this
thesis in this section.

b — sy

The FCNC decay b — s7 is highly sensitive to new physics, and thus has
sizable contributions from SUSY. At lowest order, the decay proceeds in
the SM through a tW loop, however SUSY contributions contain an addi-
tional charged Higgs and other coloured sparticle loops. One can write the
new physics contributions to b — sy with the effective Hamiltonian, where
particles above the scale Q = myy are integrated out [134],

- 4Gr vi, ©
Heit = = ViV L G(Q)O, (2.12)
(C =
The new physics contributions can appear dominantly through the magnetic

and chromomagnetic operators, given in [135] as:

0, = émb(af’”PRb)wa (2.13)
O = %mb(gaﬂvT“PRb)cﬁv. (2.14)

New physics contributions from SUSY at one-loop to the Wilson coefficients
are found by matching to the full theory at Q = myy and are given as

SUsy H* vt 5 7’
Crg”' =Crg + c;{s + c§,8 + c;{s, (2.15)

which are penguin diagrams containing charged Higgs-up type quarks,
charginos-up type quarks, gluino-down type quarks and neutralino-down
type quarks respectively.
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Figure 2.3.: One-loop contributions to the flavour-changing decay b — sv through
the stop-Higgsino (left) and sbottom-gluino (right) in the mass inser-
tion approximation for the up and down-type squark mass matrices,
respectively.
When stops and Higgsinos run in the loop as the significant contribution
shown in Figure 2.3 (left), and in the limit ]/12 < mé3, m§3, the general formula

for B(B — Xgv) is [136]:

2 N 2 2
B(B — Xgs7) 1 2'55mf—Aty tan 8 [Iog% (1 —|—2.1r :-1]/1_2>
my

B(B = Xs7)sm my
1472 u? 3(r* +1) 1
—0.52 + logr ——1076———=+21————1logr | ...[2.16
227 ® m? 4r 2r(r* +1) & )

where my = | /iig 7, and r = mq /mg,. The ellipses denotes terms that are
sub-dominant. Immediately one can see that the contribution is enhanced
for large A;, tan  and light stop masses. The already discussed constraints

coming from LEP also require that y not be too small.
Bs —p'p”

The effects of large tan j are also noticeable in the important observable decay
Bg — u'u” [137]. In the heavy squark limit, neutral currents can still be
mediated by Higgs-loops. Of course at tree-level there are no FCNCs because
the only allowed couplings of weak isospin Tz = 1/2 valued fields is to the
up-type Higgs superfield H, (and opposite for the down-type superfield H;).
This is not the case at loop-level, where couplings of down-type matter fields
to H,, are induced. Even though these are suppressed at loop-level, the effects
of large tan B can enhance the contribution enough to be significant. One can

parameterize corrections to the down-type Yukawa couplings from these loop-
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induced non-holomorphic terms by the effective couplings [100, 105, 108]:

2 2
2 mg Mg

&= —3 20 HZ( I, d;), (2.17)
8 Mg Mg
2 2
A rr

ey = ——% H <i ”R), (2.18)
Y 2 2 2 2
16t u U U

where
xIlnx ylny

(2.19)

H(xy) = Ty T A=y =5

and y is the supersymmetric Higgs mass term and A, is the trilinear soft-
breaking coupling. Then in this limit, the only sizable contribution from

SUSY is
SUSY + - A2
Ry = 5 - (Bs 2 K H ) _ (1457 + 1-—% )63, (220
B> (Bs =y p) mp,
where
.2 2
7Tsin” Oy m 24003
55 _ 44 BS €Yyt tan ﬁ (221)

s Croa(mi /miyy) [1+ (69 + eyy?) tan B][1 + ey tan ]

Here y, denotes the top Yukawa coupling, C;, A(m%/ m%,v) is the Standard
Model Wilson coefficient, both ~ O(1). At tree-level, m% = méi — miy is
the (physical) pseudoscalar Higgs boson mass. The effects can sufficiently
decouple from the low-energy theory as M} and linearly in y. On the other

BSUSY(

hand, we also find Bs — ' pu )~ tan® B whilst the physical Higgs

boson mass mio is only mildly sensitive to tan p at large values.

B, — tv

Similarly, for the B(B, — Tv) observable, we have contributions from
charged-Higgs loops. Within the MFV framework in SUSY, the contribu-
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tion can be written as the ratio [137]:

Susy 2 2 2
Ry, = B (B, = Tv) _ [1_ ( my ) tan” 8 ] ’ (2.22)

B*M(B, — 1) méi 1+¢ptan

which is also enhanced at large tan 8 and light charged Higgses.

4. The anomalous magnetic moment of the muon, (g — 2),,

The low-energy effective magnetic dipole moment (MDM) operator is written as:

€ _ A
Lyipm = %%}prpp , (2.23)

where ¢ is the electric charge, m,, is the muon mass and F* A is the photonic field

K
strength.

2
2

Figure 2.4.: MSSM contributions to the muon (g — 2),, at one-loop. These essentially
come from smuon-neutralino (left) and smuon sneutrino-chargino (right)
loops.

In the MSSM, a,, receives contributions at one-loop order from two diagrams,
given in Figure 2.4. In the left figure, the neutralino and smuon run through
the loop, whilst on the right the chargino and smuon-sneutrino. The one-loop

contributions to a4, from these superpartners (including complex phase effects)
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are [138]:
22{ 1212 |nm| +|nm| )Fl ( ux)
1,
- (2.24)
+3 Re(n n; )F2 (xm)}
my,
2y L RypC
] . . .
16n2 - { : |C]| + |c] | )P1 (x )+ 37’7’1%[ Re(c] Cj )E, (x])}, (2.25)

wherei =1,2,3,4,j = 1,2 and & = 1,2 run over the neutralino, chargino and

smuon mass eigenstates, respectively. The couplings are defined as

= V2¢1N; X0 + ¥, NaXp1,

L 1

iy = \/—(gZ i+ &N, ) —Yu 3X1x2/
R

¢ = Yulj

where the muon Yukawa coupling is given by y,, = g,m,,/ V/2myy, cos B. N are the
neutralino and U, V are the chargino mixing matrices, respectively. X denotes the

slepton mixing matrix. In terms of the kinematic variables x;, = m;o / m’% and
i o

X; = m;i / m%ﬂ, the loop functions F are defined as follows
]
2 -
FN(x) = 1 1—6x+3x2+2x3—6x21nx},
(1—x)""
FZN( )= 3 3_1—x2+2x1nx],
(1—x)"t
2 -
FS(x) = 1 2+3x—6x2+x3+6xlnx},
(1—x)"*
3 2
FE(x) = ———|3—4x+ x>+ 2Inx|. (2.27)
2 = 3 |

and are normalized such that F' (1) = FI¥(1) = FF(1) = Fy(1) = 1in the
degeneracy limit.
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. Dark matter relic abundance, Q)

Predominantly, the calculation of 4, depends on the SUSY parameters:
My, My, 1, My My, tan . (2.28)

In the large tan B limit, with the mass scales given around a scale Mg;5y, the

contributions to Egs. 2.24 and 2.25 can be summarized as, respectively,

2
0 m
al ~— " (2 o2)tanp, (2.29)
U 1927T2M§u5y (gl g2> :B
2 2
ot m
M ang. (2.30)
327" Msusy

The dependence on all of the parameters in 2.28 are rather complicated, and does
not need a further detailed discussion. At two-loop however, if the squark (or
1st/3rd generation slepton) masses are large we expect the SUSY contributions to
be enhanced by large logarithms [139],

loop _ 4 log Msusy 1-loop (2.31)

H 4
7T my

This contribution depends on the mass spectrum, but for squarks of about a few
TeV can lead to an enhancement/suppression of about O(10)%. For specific
details, see [140-142].

X
In the standard Weakly-Interacting Massive Particle (WIMP) freeze-out paradigm,
dark matter particles were initially in chemical equilibrium with the surrounding
plasma, until the expansion rate of the universe overtook the scattering rate.
We discuss the details of this scenario in section 4.1. If we naively suppose a

generic WIMP with mass m,, one can write the thermally-averaged annihilation

X/
cross-section as the following,

(ov) ~ L (2.32)

Assuming that the time of non-relativistic decoupling of the dark matter from the

plasma occurs at x; = m, /T ~ 10, we can approximately reproduce the correct
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relic density after freeze-out
o 10%*°em’/s _ (001N\* [/ my \?
Q,h R G e ) - (2.33)

The fact that weak-scale dark matter like those in supersymmetric extensions

to the Standard Model approximately gives the correct abundance has been
dubbed the ‘WIMP miracle’. Perhaps the best studied WIMP dark matter can-
didate [143], the MSSM LSP (Lightest Supersymmetric Particle), which is typ-
ically the neutralino )E(l) can be kept absolutely stable without R-Parity violat-

ing terms in the Lagrangian. Upon calculating the thermal relic density [30],
one finds that the MSSM neutralino fits ok into the WIMP paradigm and pro-

duces the desired quantity in Eq. 1.20 for a number of parameter regions,

al-

though recent null-results from direct detection experiments suggest this may

not be as much of a ‘miracle” as initially thought. The annihilation mechanism

of course depends on the mass of the neutralino LSP, where a number of pro-

cesses like X(l) X(l) — 77, Zh°, hi°1° or extended Higgs sector processes like )E(l) X(l)

%

WrgT , ZAO, hOAO, hOHO, HOAO, HOHO, AOAO, HTH™ can contribute. Similarly,

if there are other sparticles in the spectrum that are only slightly heavier, co-

annihilation diagrams like that of (b) and (c) in Figure 2.5 become important.
(@)

()
\-)

X t,b... el f

, f // r)//Z

Figure 2.5.: Some annihilation (and co-annihilation) channels for neutralino LSP dark
matter into SM particles. (a) Annihilation through the Higgs boson resonance,

(b) co-annihilation with almost-degenerate %5 and i, and (c) co-annihilation
with almost-degenerate sfermions.

6. Dark matter direct detection experiments.

Direct detection experiments like CDMS [144], LUX [145], XENONI1T [146],

XENONT100 [147], ZEPLIN [148] and PANDAX [149] attempt to measure dark
matter elastic scatterings off nuclei. They can be broken up into spin-dependent

(axial-vector) and spin-independent (scalar) interactions. The cross section of

scalar couplings get an enhancement from large target nuclei, proportional to
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the square of the atomic mass. The axial-vector case, however, only benefit from
an enhancement proportional to the total angular momentum, J(J + 1) and not
the size of the nuclei. For this reason, we typically find that the experimental
sensitivity (especially for neutralinos) to axial-vector scatterings are below that of
the scalar case. Hence, we will focus on the spin-independent case in this work,
which are mainly mediated by ¢-channel CP-even Higgs boson exchanges in the
MSSM.

Spin-Independent case

In the scalar case, the neutralino-nucleon scattering cross-section is given by the

following:

2 2
- _ 4 mymy B )
o7 (xN — xN) = ”—(mX ) Zf, + (A= 2)f,]", (2.34)

where my; is the nuclei mass, and Z and A are the atomic number and mass of
the nucleus, respectively. The factors f, and f, are the neutralino couplings to

protons and neutrons, which can be written as

My, 2 3 My
fon= L F a4 g fid) L oag 2.39)

q=u,d,s mq g=c,b,t mq

The a, are the neutralino-quark couplings and f%?)c are the nuclear matrix

elements, determined from chiral perturbation theory. The first term comes from
the two diagrams in Figure 2.6, whilst the second term in Eq. 2.35 comes from

a diagram interacting with gluons through a quark/squark loop. The a, are

q
model-dependent, but when embedded in the MSSM, they take the following

form [150-154], in the notation of [155]:

1 " 1 *
_ 3™\ Re(5,[gNyy — g'Nyy])DC [ —— + L
41y B 118712 1 my

, D> C?
Re(6[gN1; =g Nul) | 5 +—= | |, (2.36)
my My
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where

§m,Ny5_;
X;=nn 2711WB - — 117268 N1, (2.37)
gm, Ny
* ] * 1,5—i
Yi =1 (jgan +8T3iN12> +1 uﬁ' (2.38)
§myNis_;
W; = ;l—z;wB - — 113208 i1, (2.39)
Yy = *%_*@W +T.N> (2.40)
i =12 21,y B 21\ 58 N1 T 843iN12 )+ :

where we use i = 1,2 for up & down type quarks respectively. The parameters in
Egs. 2.37-2.40 also have dependence on the up & down type quarks as

u,d u,d
01" = Nz, Nig, 07" = Nyy, —Ny3,

B** — sin B, cos B, C*? — sina, cosa, D" = cosa, —sina, (2.41)

where a represents the CP-even Higgs mixing angle (ie. cosa ~ 1 corresponds
to the limit my > my,). The constants y;, T3; and ¢; are the hypercharge, isospin
and electric charge for each quark. The squark masses are given by my;, m,;,
diagonalized by the matrix 7 such that diag(m7, m5) = yM?y ', The last term in
Eq. 2.36 in the square brackets is the contribution from Higgs exchange.

U
| i i
| hO/ HO éi

Figure 2.6.: Feynman diagrams for direct detection of neutralino LSP dark matter through
the spin-independent t-channel CP-even Higgs exchange (left) and spin-
dependent s-channel squark exchange (right).
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2.2. MSSM Parameter Scan

The potential for the MSSM with to satisfy the muon (g — 2),, and dark matter si-
multaneously has been the subject of some study [156-161], some able to rule out
slepton and electroweakino masses up to ~ 1 TeV. However, in this chapter, we aim
to comprehensively cover the allowable parameter space by including recent con-
straints from direct detection experiments, which can be quite imposing especially for
bino-Higgsino like LSPs [162,163].

In order to satisfy the 125 GeV Higgs boson mass (within a 2 GeV deviation from
the central value), the soft-breaking mass parameters for the stop is kept heavy at
5 TeV. We also maintain this for the other scalar masses. Such a heavy coloured
sparticle spectrum allows us to safely ignore any CP-violating effects and B-physics
contributions in this study, as the last section has shown that their effects decouple as
mass-squared. Moreover, motivated by these contributions predicted by the MSSM in
the previous section, we assume a diagonal structure for the soft-SUSY breaking masses
and trilinear couplings as described in section 1.6.3. Similarly we allow significant
stop mixing by setting the stop trilinear parameter to be in the range —5TeV < A; <
5 TeV. In light of this range of parameters, we ensure the mixing parameter does not
lead to charge/colour breaking minima in the potential by only allowing parameter
sets with | X,/ Mg| < 2 [164]. We set the top quark mass to 173.5 GeV. For the first two
generations of sleptons, one can assume A, = 0 as they also have small effect on the
determination of Aa,,. To avoid contributions from the stau generation to the trilepton
signature in the collider simulations, we decouple the sector by setting m; = mz =5
TeV and A, = 0. Hence, Aa,, is particularly sensitive to the following parameter scan

range:

—2000GeV < M;, M, < 2000GeV,
—2000GeV < u < 2000GeV,
100GeV < m3 ,m3 < 2000GeV,

L R

10 < tanp < 50. (2.42)

where ¢ = ¢, u. We use the software package FeynHiggs-2.12.0 [165] to numerically

calculate the sparticle mass spectrum, including Higgs bosons and Aa,,.

The following constraints are imposed on the parameter space:
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ii.

1ii.

iv.

LHC: We require the lightest Higgs boson mass in the range

123 < myo < 127 GeV. (2.43)

Higgs precision measurements: Exclusion limits at 95% C.L. from LEP, Teva-
tron and the LHC on the experimental cross-sections from Higgs searches are

implemented using HiggsBounds-4.2.1 [166-169].
LEP direct searches [26]:
my My, > 100 GeV, (L=eu), (2.44)

mox > 105GeV. (2.45)

Requiring the lightest neutralino X(l) to be the LSP and consistent with a dark
matter candidate imposes the lower bound o > 30 GeV [170,171].

In Figure 2.7, we see the dependence of Az, on the masses of the the neutralinos,

X(l),ZI chargino, Xli and sleptons, my, . Sizable contributions to Aa,, arise when tan § is

large, the gaugino and Higgsino mass parameters are of the same sign and when X(l),z

and i~ have a large Higgsino/wino (or both) component. For the scan range given in

Eq. 2.42, one finds that the dominant contribution comes from the chargino-smuon

sneutrino loop (shown in Figure 2.4, right) rather than the neutralino-smuon loop. In

order to explain Aa, within 20 of the central value, we require My < 1.0 TeV and
1

My

. < 1.03 TeV. Next, we look at constraints coming from dark matter observations

which are typically in tension with wino or Higgsino-like LSPs and become constrained

by direct detection experiments.
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Figure 2.7.: Results of the parameter scan shown on the plane of Ag, vs. the mass of the

lightest neutralino, 7 (top left panel), second lightest neutralino, P (top right
panel), lightest chargino, Xli (bottom left panel) and first and second generation
sleptons, my, . Green points include constraints imposed by LEP and LHC data.
The 20 dashed lines correspond to the deviation given in 1.21.

2.3. Dark Matter relic abundance and direct detection

measurements

In this section, we focus on the parameter sets that satisfy Aa,, within the upper and
lower 2¢ limit, as shown by the dashed lines in Figure 2.7.

The dark matter relic abundance, (2 Mh2 and the spin-independent scattering cross
section with nuclei, o°! are calculated using MicrOmegas-4.2.3 [172-174]. In many
cases, such as predominantly wino or Higgsino-like neutralinos, large annihilation

rates in the early universe lead to under-abundance in the standard WIMP freeze-
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out paradigm. There are several alternatives to this common scenario, for example
choosing an axion-Higgsino component admixture as dark matter [175]. We do not
focus on such specific cases, however allowing for underabundant dark matter requires
a rescaling of the spin-independent cross section, ol by the factor (Qp Mh2 /Q plunckhz)
where we use the central value of the relic density measured by the Planck satellite
Qppanec® = 0.112 £0.006 [43].

In Figure 2.8, we present the neutralino dark matter relic density Qp Mh2 (left) and
the spin-independent neutralino-nucleon scattering cross-section ol (right). In the
left panel, many points that satisfy the 20 bound on Aa, and LEP and Higgs data
are overabundant. These samples are bino-like which have a small annihilation rate
to SM particles and hence freeze-out of the plasma with large density. On the other
hand, the annihilation cross-section for predominantly wino or Higgsino-like are high
enough to be much lower than the 3¢ lower bound on the relic density. A mixed LSP
with a certain wino or Higgsino-fraction [176] can be typically reconciled within the
30 upper and lower bound of the Planck measured value, () plunckhz. We take these
samples for the spin-independent cross-section ! on the right panel, shown as black
squares. Finally, there is another channel where the annihilation rate may be enhanced
through the Z and h resonance effect. This is seen in the two dips in the left panel for
neutralino masses at M /2 and M,,/2.

We see in Figure 2.8 (right) that a large portion of the samples where the LSP has a
sizable Higgsino or wino component are excluded by the recent PandaX-II [177] and
LUX 2016 [178] direct detection experiments. Though samples that are almost pure
Higgsino or wino annihilate so efficiently that their small abundance evade direct
detection experiments effectively. However, we are also interested in those points
which satisfy the relic abundance within the 3¢ upper and lower bound that evade
direct detection experiments. There are two categories that these fit into. The first
correspond to the efficient co-annihilation region where bino-like LSPs are almost
degenerate with the sleptons. These bino-like LSPs can avoid direct detection since
their nucleon scattering cross-section are small. Though, a small number of these may
not be able to avoid constraints from XENON 1T (2017) [179]. The other region of
interest is the so-called "MSSM blind-spot” [180, 181]. In the spin-independent case,
this occurs when the hg) g, coupling vanishes (or is highly suppressed), shown in
Figure 2.6 (left). All other sparticles are typically heavy (decoupled) for these samples.
Hence, the direct detection cross-section is dominated solely by / exchange, as can be
seen in Eq. 2.36 when my and m; are large. In the low-energy Higgs effective theory,
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this occurs when the following condition is satisfied for the parameters of the theory

at tree-level:
1

LEP+Higgs data+(g — 2),, (within 20) LEP+Higgs data+(g — 2), (within 20)

0
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Figure 2.8.: The neutralino dark matter relic density, Q) wh” (left) and the spin-independent
neutralino-nucleon scattering cross-section o (right) vs. the mass of the LSP. We
show the Planck central value and 3¢ upper and lower bounds as the dashed and
dot-dashed lines on the left figure, and exclusions limits on ¢! from LUX (2013)
(black line) [182], LUX (2016) [178] (magenta line), PandaX-II [177] (red line) and
XENONIT (2017) [179] (blue line, projected results) on the right figure. Green
points on the left figure satisfy the 2 upper and lower bound on Aa,,, LEP and
Higgs data. On the right figure, green points also satisfy the 30 upper bound
only on the DM relic density whilst the black squares are a subset of these also
satisfying the 3¢ lower bound.

2.4. Limits on electroweakinos from /s = 8 TeV LHC
searches

Strong constraint on the electroweakino sector come from multi-lepton + missing
energy channels at colliders, which have been extensively searched for at both ATLAS

and CMS. The main processes contributing to 2¢ + E1 events arise from the production

of slepton pairs and charginos:

pp— 00, X X1, (2.47)
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with subsequent decays to leptons:
e slepton decays: 0= 50+ 5(? ;
e chargino decays through
— sleptons: ;- — (= (= =)y,
— sneutrinos: Xi — V(= v, X )T,
-W* gauge boson: I S WE (= v)R.

While 3¢ + E7 events mainly come from the associated production of charginos and

neutralinos:
pp = XX (2.48)

wherei = 2,3,4 and j = 1,2. They then decay in two different ways:
e through sleptons/sneutrinos:
U Al N Eif({f),jfji — 0= (=,
=X LTI (5 TR, X = U= v R

o through the SM gauge bosons: x° — Z"(— ¢T¢7)5%, )’(v]-i - WEW(S
gng)XV(l).

Subsequently, we show these decay processes as diagrams in Figure 2.9.
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Figure 2.9.: Collider signatures for (a) dilepton events through intermediate sleptons and
trilepton events through (b) sleptons/sneutrinos or (c) gauge bosons in the MSSM.

We use SPheno-3.3.8 [183] to produce the SLHA (SUSY Les Houches Accord [11,
12]) file employed in MadGraph5_aMC@NLO [184] to generate signal events at parton level.
These events are passed to PYTHIA [185] for showering and hadronization. Effects of
the detector are included using tuned Delphes [186]. We also employ FastJet [187] to
cluster jets using the anti-k, algorithm [188]. NLO in QCD corrections in the production
of 1577, Xii i & X?in pairs are estimated using the multiplicative k-factor of
1.3 [189]. The ATLAS dilepton [190] and trilepton [191] analyses are recast using the
CheckMATE-1.2.2 software package [192]. We estimate the main SM backgrounds
which arise from the following irreducible processes:

e di-boson: WZ, 727,
o IV (V=W,2Z),
e tri-boson: VVV.

The reducible background consists of single/pairs of tops, WW, and single W/ Zs with
associated jets or photons). The exclusion limit is determined from the most sensitive
signal region, defined as

r = max (Ns;/S;) (2.49)
where Ng ; and 522;’/31- are the event number and observed 95% C.L. upper limit for the
ith signal region, respectively. The most sensitive signal region is the largest r-value

over all regions in the analysis. A sample point is excluded at 95% C.L. if r > 1.
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Figure 2.10.: Exclusion limits in the m B T My plane from LHC Run-I at \/s = 8 TeV from
combined dilepton and trilepton events. All samples in the plot satisy LEP and
Higgs constraints, Aa, within 20" and the 30" upper bound on the relic density as
well as the LUX 2016 spin-independent cross-section 95% C.L. exclusion limits.

We sort the excluded 20 + E7 & 3¢ + E1 samples into Qh? < 430 (red squares)
and —30 < Oh* < 430 (blue diamonds) where Qh* = Qpyh* — Qpjancih®

In Figure 2.10, we recast the exclusion limits coming from the LHC 8-TeV dilepton
and trilepton searches, shown in the Mg — Mo plane. All the samples present satisfy
Aa,, within 20 as well as the LEP, Higgs and other collider constraints. They also satisty
the 3¢ upper bound on the DM relic density and direct detection limits from LUX
2016. We further classify these into the dilepton and trilepton excluded points (blue
diamonds), and a subset of these that satisfy both the upper and lower bound on the
relic density (red squares). There is a portion of samples that can be excluded by the 8
TeV limits, namely for )E(l) < 300 GeV and Xli < 710 GeV. There is a significant number
of samples that are not excluded lying around the region where Xli and X(l) are almost
degenerate. These are wino or Higgsino-like neutralino candidates. Scenarios like
these are usually referred to as compressed spectra since there is a small mass difference,
Am, between the LSP and the NLSP [193]. Typically the soft decay products are difficult
to access at the LHC, but can be probed using monojet-like signals to boost the initial

state pair and enhance the missing E of the final state. It has also been suggested in
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the Higgsino case to search for soft dileptons complementary to the monojet signal
to boost the signal-to-background ratio rather than monojets alone which suffer from
large SM background [194-196]. Similarly, the small electroweak production rate can
be studied in the context of Vector Boson Fusion (VBF) production at LHC [197]. The
strategy for these analyses is to search for two forward opposite-hemisphere jets with
large dijet invariant mass. Such analyses have been investigated in the context of the
HL-LHC [193,198-203].

However, when the bino component of 73 becomes dominant, the cross-section
from )Eli 75 becomes suppressed. In this case we find that the dilepton searches may
become complimentary to the trilepton channel. The factor in determining this is the
neutralino-leptonic branching fraction which can be quite sensitive to the configuration

of the parameter space. We identify a number of cases:

(a) When the slepton is on shell, the chargino two-body decay dominates with the
leptonic branching fraction given by B(%i" — v,0™ (= F0)) pax = 2/3.

(b) When the sneutrino is on- shell and lighter than the corresponding slepton, the
dominant decay mode will be Xg — vV, with the neutralino leptonic branching

fraction suppressed.

(c) When the sleptons and sneutrinos are heavy, the decay paths of Xli and Xg
are dominated by W and Z decays, respectively. The branching fractions are
givenby B(¥i — BIW™ (= (T 1)) ~2/9and B(X) — B Z(— LT )) ~ 6%,
respectively. Otherwise if the decay path %) — hi)is kinematically accessible,

then the trilepton exclusion limits can be weakened in this way:.

2.5. Prospects for searches at a 100 TeV collider

The frontier of particle physics hinges on the ability to resolve smaller and smaller
distances (higher and higher energy scales) at colliders in order to probe fundamental
new physics. In recent years, there have been proposals for a 100 TeV pp collider that
could potentially probe an order of magnitude energy scale higher than the LHC [204]
with promising prospects for detection of charged and neutral SUSY states [205,206].
The integrated luminosity of such a machine may be as high as 3 ab™?, the same as the
target luminosity for the HL-LHC upgrade, as we will use in this study.
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In this section, we study the potential for a 100 TeV pp collider to explain Aa,, and
the previous direct search constraints as well as those from DM relic density and LUX
2016. We extrapolate the allowed sample results from the 8 TeV search in the previous
section using the most sensitive signal region. In this way, we simply rescale the
signal (S) and background (B) events by the following ratio using the corresponding
production cross-sections:

NlOO TeV/NS TeV _ (0,100 TeV/O_STeV) (EIOOTeV/ESTeV)’ (250)

where we have used the luminosities £5™Y =203 b ' and £'™Y = 3000fb . We
consider such a treatment a preliminary theoretical estimate. Optimization of this
strategy could be performed once the details of the collider environment become
known. The expected signal exclusion criteria for the most sensitive signal region is

taken as
S

~>2  [Excluded], (2.51)
B+ (:Bsys.B)

where the dimensionless factor f,; parameterizes the systematic uncertainties. Figure
2.11 shows the expected exclusion limits, where we can see that for f,,, = 0.1 we can
probe a number of samples within 7] <530 GeV and 1~ < 940 GeV. This extends to
X(l) < 710 GeV and Xli < 940 GeV in the case where f,; = 0.

We note that regions satisfying the relic density within the 3¢ (upper and lower)
range, through resonant annihilation in the ‘blind spot’ region can now be searched
for through the associated production process Xg %1 at the 100 TeV pp collider. How-
ever, there are still samples outside the reach of future searches for trilepton events,
corresponding to Higgsino/wino-like LSPs in the compressed mass spectrum region
or bino-like LSPs that co-annihilate with the sleptons. The former may be probed
through the monojet(-like) analysis at a future 100 TeV pp collider, as explored in [207].
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Figure 2.11.: Same as for Figure 2.10, but for /s = 100 TeV and 3000 fb~" of data. Excluded
20+ E1 & 30 + E1 samples are shown for the ranges Qi < +30 (red squares)
and —30 < Qh* < +30 (blue diamonds) where Q* = QDMh2 — Qplanckhz. The
two figures correspond to f,,; = 0.1 and B, = 0, respectively.

2.6. Concluding remarks

This chapter has combined results from current and future pp coliider and dark
matter direct detection experiments to produce limits on the spectrum of electroweak
sparticles that satisfy the anomalous magnetic moment of the muon, or (g —2),,, in the
MSSM. With all relevant constraints from Higgs and SUSY searches at LEP and LHC,
measurements of the dark matter relic density from Planck and the PANDAX-II/LUX-
2016 direct detection experiments, parts of the MSSM parameter space satisfying the
(g —2), can be significantly excluded. These limits could be further improved using
the recent XENON-1T [179,208] dark matter constraints and monojet searches [207]
at the LHC, especially for regions where the mass difference between the LSP and
NLSP is small. In a broader context, our naive estimates in Figure 2.11 give further
motivation towards direct SUSY searches that shed light on low-energy observables
like the (g — 2),,, and furthermore the development of next-generation colliders. It
could be argued from these results that after the full run of next generation pp colliders,
one could finally close the lid on the simplest versions of supersymmetry satisfying
the (g — 2),, that simultaneously explain all (or part of) the dark matter abundance in
the universe.
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To close this chapter, we would also like to stress that despite the microscopic
properties of the dark matter, the abundance significantly depends on its cosmological
evolution of the early universe. More specifically, particular regions of excluded
parameter space (i.e. predominantly bino-like LSPs) can actually become consistent
with observation through depopulation mechanisms of cosmological origin, which are

described in more detail in chapter 4.
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Chapter 3.

Naturalness and fine-tuning beyond
the MSSM

“God used beautiful mathematics in creating the world.”
— Paul Dirac, 1902-1984

The null results of supersymmetry at the CMS and ATLAS collaborations have put
great constraint on the masses of coloured sparticles such as the gluino and squarks,
leading to 95% C.L. exclusion limits (within certain simplifying assumptions) of about
mg 2 1.5 TeV for my ~ m; and my 2 1 TeV for my < my [122-124,209,210]. Recent
Vs = 13 TeV results may suggest even stronger limits, excluding up to ~2 TeV
gluinos and ~ 1.5 TeV squarks [211,212]. It is particularly these limits that have hinted
at the fact that the ‘natural’ MSSM may not be realistic. Furthermore, it has been
shown that in order to keep the MSSM ‘natural’, one must keep the sparticle masses

quite below the TeV scale [213-242].
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Figure 3.1.: (Left) A Summary of the dedicated searches for stop pair production from ATLAS

3.2-36 fb ! data at /s = 13 TeV, showing the 95% C.L. exclusion limits in the

M, — M0 plane. (Right) Exclusion limits at 95% C.L. in the m; — Moo plane from

ATLAS /s = 13 TeV data for various simplified models of gluino decaying to the
lightest neutralino [210].

Many of these models at large, however, come with a number of parameter relations
usually as a result from some enhanced symmetries at the high-scale. Some studies
have shown that this can lead to a significant reduction in fine-tuning. For example
in [227,231,243-246] one finds the existence of the ‘gaugino focus point’ corresponding
to a particular hierarchy of gaugino masses at the GUT scale. This could result from
the embedding of SUSY in a larger gauge group structure or even from string theory.
Similarly, the low-energy spectrum may contain degeneracies in the scalar masses
coming from soft SUSY breaking stemming from cancellations between the tree and
loop corrections to the Higgs boson mass leading to an overall reduction in fine-tuning
(the so-called ‘focus-point’) [219,247-250]. Although as attractive as these prospects
are, we in fact have no knowledge of the UV-complete supersymmetric Standard
Model, or at which energy scale this should appear. More specifically, the failure for
the MSSM to remain natural seems to hint that there is physics beyond the MSSM -
whatever that may be. We have already mentioned the case where certain boundary
conditions at the high scale can lead to reduction in fine-tuning - however one can
also consider modifications to the Renormalization Group (RG) running down to low
energies.

In this section, within the framework of this effective field theory, we parameterize

our ignorance of the UV-physics and consider arbitrary variation in the 20-dimensional
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MSSM parameter space, for differing values of the unknown new physics intermediate
scales A in the next section.

Firstly, let us consider the minimization of the tree-level MSSM potential, which
gives the following condition on the mass of the Z-boson:

2 2 2
mzz de — mHu tan ‘B 5 5 5
- = 5 — |l = —my, —[ul", (3.1)
2 tan®p —1 !

where the far right-hand side is valid for medium-to-large values of tan , or when
imp | < |mpy | for tan B 2 3. For the one-loop MSSM Coleman-Weinberg potential
[251,252], one simply makes the replacements

2 2 u 2 2 d
mHu — mHu + Zu, de — de + Zd, (32)

where ¥ and ZZ are the one-loop corrections which include contributions from par-
ticles and sparticles with sizable Higgs-Yukawa or gauge-Higgs couplings. Eq. 3.1
highlights a very important feature of the MSSM. This condition intrinsically connects
the SUSY breaking scale, coming from the Higgs mass terms, with the electroweak
breaking scale. In fact, since the y term sets the masses of the Higgsinos in the
MSSM, natural SUSY usually requires that the Higgsinos not exceed a couple hundred
GeV [237,251,253-258]. As is typically the case, the soft-SUSY breaking mass for the
up-type Higgs doublet, my; , is usually driven to negative values at the electroweak
scale, triggering EWSB.

Hence, it is clear from the last equality in Eq. 3.1 that we must adjust the low-energy
values of my and p in such a way to reproduce my ~ 91 GeV. This can be achieved
in a ‘natural” way when these adjustments are not sensitive to the variation in the
fundamental parameters of the theory defined at some high scale, A. Quantitatively

measuring this sensitivity, we invoke the standard Barbieri-Guidice measure [214]:

A = max { } , (3.3)

where the a; are the fundamental parameters of the low-energy effective MSSM theory.

a; amzz
2
ny aai

These are of course renormalized through the RGEs down to the SUSY scale Mg;sy
at which the fine-tuning is actually evaluated. The quantity A represents the degree

to which one must tune the independent parameters to correctly reproduce the elec-
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troweak scale. The application of the measure in the curly brackets in Eq. 3.3 to the
right-hand side of Eq. 3.1 results in

o omy _2at (o oy (3.4)
20w\ o oad ) |

Naively, one can estimate this fine-tuning at tree-level from a; = {ptz, m%{u }. We find

2
2442 2m
A=, A, =Tl (3.5)
my H, my

Again this tree-level analysis shows that in order to achieve low fine-tuning, one must
have the absolute values of y and m%lu at the electroweak scale to be comparable to the
mass of the Z-boson.

Another question we may ask is: how much fine-tuning is actually acceptable? Of
course this may differ among phenomenologists, however it is reasonable to accept
that a value of A greater than 100 (A~ 1%- corresponding to cancellations no more
than 2 orders of magnitude) would amount to a fine-tuned theory.

We approach the problem of fine-tuning in two ways. Firstly, we assume that
the UV physics beyond the MSSM enters at a low enough scale such that the RG
running of the “fundamental”" parameters is not strong enough to destabilize the
electroweak minimum relationship in Eq. 3.1. Secondly, we look for relationships
among parameters in the RGEs that correspond to infrared fixed-point behavior
- implying that the values of the parameters satisfying the electroweak minimum
condition are not particularly sensitive to their values at the input scale. We explore
this case in sections 3.3 and 3.4.

3.1. General MSSM parameter scan

Here we present our results for a general parameter scan over the 20-dimensional

MSSM parameter space. We take a random sampling of the following parameter
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ranges:

—3000GeV < M, M, < 3000GeV,
M; < 3000GeV,

—(3000)* GeV? < mj; ,my; < (3000) GeV?,

mi, < (3000)*GeV?,

m; < (3000)*GeV?,
—3000GeV < A,, Ay, A, < 3000GeV,

1< tanf <50,
sign(p) = +1. (3.6)

where i = (Q, i, d, L,é). Note that the first and second generation scalar soft masses
are taken to be degenerate and similarly we assume no flavour mixing at the input
scale (i.e. these are the diagonal entries of the matrices, we assume the off-diagonal
entries are zero). In contrast to the philosophy adopted in chapter 2, and in virtue of
the discussion in the previous section, we obviously cannot invoke decoupling of the
third-generation squarks or gluino which are the main culprits in MSSM fine-tuning.
However, the subsequent results in this chapter suggest that such a heavy spectra in
the order of a few TeVs may indeed still remain natural pertaining to the important

boundary conditions that we specify.

Egs. 3.6 are the fundamental parameters of the theory entered at the following

representative values of A:
A € [10°,10'°,10'| GevV. (3.7)

We employ the full two-loop RGEs using SPHENO-3.3.8 [183] combined with SARAH
[259] to compute both the MSSM spectrum and the fine-tuning measure. The param-
eters included in the calculation of the fine-tuning measure in Eq. 3.3 are the gaug-
ino masses M, M,, M3, Higgs soft-breaking masses m%{u, m%{d, 3rd generation scalar
masses més, més, més, m%B, mé, the trilinear couplings A;, A, A,, and the terms y and
B,, all computed at the corresponding scale A. The top (pole) mass is set to 173 GeV.
We also compute the DM relic density () v and spin-independent WIMP-nucleon

cross-section assuming a neutralino DM candidate using micrOmegas-4.3.2 [174].
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Points which have a vacuum in the electroweak broken phase are chosen which

also satisfty A < 1000 are subsequently passed through the following constraints:

e Direct searches for the slepton and chargino at LEP produce the mass limits on
the first two generation sleptons and lightest chargino [26]:

my g > 100 GeV, (I=e,pn), (3.8)
M >105GeV, (3.9)

m

e We require the lightest Higgs boson mass in the range 122 < m;, < 128GeV [1,2],

o We require the lightest neutralino ¥} as the LSP and My > 30 GeV to be consistent
with the bound on light MSSM neutralino dark rnatter [170,171],

e We satisfy the 3 sigma upper bound on dark matter relic density observed by
the Planck collaboration given by () Plunckhz = 0.112 £0.006 [260]. For points
with underabundant dark matter, we assume there may be some additional

contribution from non-thermal candidates, such as the axion.

e We use the recent data from XENONIT [179] to constrain the points with results
from direct detection experiments, where we rescale the spin-independent cross-
section 0*' to the observed relic density by (Qpah/ Qpranech’),

e We check the bounds from Higgs searches at LEP, Tevatron and LHC implemented
using HiggsBounds-4.3.1 [166],

e We also check important B-physics and flavour constraints, namely B(B —
X,v) and B(Bg — "~ ). The measured values we use are B(B — XY )exp =
(3.5540.26) x 10" * [261] and the upper bound B(Bs — " 1 ) oy < 1.08 x 10°°
(95% CL) [262]. These are calculated using FlavorKit [263] as part of the SPheno/
SARAH package. Where an upper and lower bound are shown, we constrain our

points to within 3¢ of the quoted value.

We do not impose constraints from direct gluino/stop-squark searches from LHC
as the limits are largely model-dependent and would require a dedicated recasting.
Besides, there are many cases in which the spectrum may be compressed to easily
avoid these LHC search constraints. In Figure 3.2 we show the dependence on the

fine-tuning measure on the gluino mass M; and lighter stop mass M .
1
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Figure 3.2.: Fine-tuning measure as a function of the gluino mass (top panel) and lighter stop
mass (bottom panel) for three representative NP scales. Yellow squares contain LEP
and Higgs mass constraints as well as B-Physics and Higgs precision constraints.
The green squares are a subset of these containing DM relic density and direct
detection constraints.

Reductions in fine-tuning for the lower scales are indeed proportional to the amount
of renormalization ‘running time’, log A?/m, and hence we see one can achieve a
fine-tuning measure around O(10) for A = 100 TeV. Furthermore, as we see in the
plots in Figure 3.3, the dark matter constraints are satisfied relatively easily.

Since the electroweakino masses M; and M, enter the RGE for the up-type Higgs
soft-breaking mass rather mildly (proportional to their respective gauge couplings),
models with underabundant dark matter that are still compatible with direct detection

constraints can exist without a strong contribution to the fine-tuning.
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Figure 3.3.: Left: Relic density (), as a function of the LSP mass corresponding to the red
squares in the rightmost panels of Figure 3.2. The dotted line corresponds to

the PLANCK measurement of Qplanckhz = 0.112£0.006 [260]. Right: WIMP-
nucleon spin-independent cross-section as a function of the LSP mass for the
points shown in the left panel. Since we allow the LSP to be underabundant after
freeze-out, we rescale the cross-section by the factor (2/Q). where Q). corresponds
to the measured Planck Collaboration value. The solid lines corresponds to the
XENONIT 2017 [179] and the recent 1 tonne X year [208] results. Similar plots

exist for A = 10° and 10'° GeV.

3.2. The top-Yukawa infrared quasi fixed-point in the
MSSM

Consider the RGEs for the strong gauge coupling g3 and the top-Yukawa coupling v,
(given in appendix B.1), in the absence of 2-loop or electroweak effects,

dgs  3g3

iy (3.10)
dy, W 2> 16 »

dit 12\ T 38 ) (3.11)

where t = log(Q/Qg) and Q is the energy scale. One can easily verify that the ratio

2 PP
t g
(;) -7 612
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is renormalization-invariant. This is the quasi-infrared fixed-point (QFP) [264,265], also
known as the Pendleton-Ross fixed-point, since the top Yukawa coupling will track
closer to the strong gauge coupling as one continues into the infrared. We show this

behavior in Figure 3.4.

10.0

0 | 2 | 4 | 6
(1/2m)In(Q/M,)

~
>

Figure 3.4.: The top Yukawa coupling y, expresses a quasi-infrared fixed-point evolving from
A = Mgyt to my at two-loop renormalization. Taken from [266].

If one starts with a large top Yukawa coupling at a high scale, A (could be the GUT
scale), then we can even compute the value of tan g from the running top mass:
FP
m,(m,) = 22 sin B, (3.13)

V2
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which of course is distinguishable from the physical top mass mltoOle which receives

sizable one-loop corrections from (i) QCD gluons in the SM' and (ii) stops/gluinos
from SUSY

mfole
my(my) = , (3.15)

+ my QCDJr me ) susy

where the SUSY corrections are given by [267-271]

Amt) 8%
—— = ——2°_<B,(m,msz,mz )+ By(m,, ms, msz 3.16
(5) == (Bl gy )+ By mgm)  (316)
M ~
- sin(29t)ﬁ‘j [Bo(mt,mg,mgl) — By(my, mg,mfz)] } / (3.17)

where 0, is the stop mixing angle and

(3.18)

1 1— 2 2 o2

B, (p;my,my) = —/ dxx" log (1= x)mi —i—xm22 x(1=x)p :

0 my

Using the observed value for the top pole mass, this predicts a value for tan 8 of about
1.5 [272], which produces too light a Higgs boson mass at least at tree-level, requiring

large stop-loop corrections (and/or stop mixing).

3.3. Other QFPs in the MSSM and fine-tuning

Since the fixed-point property of i, has been well-known for a while, some studies have
focused on the existence of quasi-fixed points for other couplings in the MSSM, such
as the soft SUSY-breaking parameters when y;, is in its quasi-fixed regime [273-278]. In
fact, it has been found that many of the soft SUSY-breaking masses have low-energy
predictions independent of their high-scale input.

Our goal is to study the implications of these QFPs on the fine-tuning measure

in the MSSM. In particular, because of the insensitivity of some of the low-energy

! This has the well-known result in the DR renormalization scheme [267]:

A 5¢2
(mf) — 28 (3.14)
my Jocp 127w
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parameters to their values at the high-scale, we would expect the fine-tuning measure

to be significantly reduced in regions of QFP attraction.

Firstly, consider the one-loop RGE for the superpotential y term

%WZé#EM%+wwwﬁ%fﬂé—gﬁ- (3.19)
where t = log(AZ/ Qz), where Q is an arbitrary renormalization scale. Evidently,
u = 0is a fixed-point of the theory, and moreover if u is taken small at A (say p ~ my)
then it shall stay small running to low energies (to all orders in perturbation theory).
The evolution of m%{u with the energy scale is a little more involved, due to couplings
to heavier particles in the spectrum:

b, = g X - eGIM P - S+ 2|, (20
where
S = m‘%{u — m%d + Tr[sz —m? —2m> + m§—+ m2], (3.21)
and
X; = 2|y, [*(m, +mg, +mg, + |A). (3.22)

Since we know that y, is quasi-fixed in the infrared, a large y, at the high-scale enhances
the initial contribution from X, at A, especially if m%{u is initially large. Similarly, if M,
and M, are initially small, the remaining terms in Eq. 3.20 are subdominant (they are
also naturally suppressed by the square of the electroweak gauge couplings). We can
write the RGE for m%{u in an approximate form:

d 2 _6]/% 2

EmHu = WTT’ZHM. (323)

Similar to the u parameter, this expresses a fixed point for m%{u = 0. From the
observation in Eq. 3.23, there is another important fixed-point we can see by defining

the sum:

= my +my + s + Al (3.24)
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from which the beta function for X satisfies:

2
%2 = %Z - %gﬁMﬁ. (3.25)
This clearly has a fixed point X = 0 in the limit M3 — 0. However, due to the dynamics
of g3 and M3, which increase in the infrared, we would expect a significant positive
contribution to the evolution of . In fact, this is evidence for the large fine-tuning
present in a heavier spectrum. One finds for a positive X at the weak scale, one must
have a large (and negative) m%lu to cancel the 3rd generation squark masses méa and
mi-3. Similarly, since these parameters increase significantly in the infrared with large
Yy, they can tend to destabilize m%{u very quickly. For this reason, we also consider the
case of negative stop mass-squared values at the input scale”. These have been studied
previously in some gauge messenger models [281] and also in the MSSM [280,282] at
the GUT scale. We show the evolution of ¥ and these soft-breaking masses in Figure
3.5.

3.4. Parameter scan in the quasi-fixed point region

In the following section we choose a large input top Yukawa coupling, 1 < y; < V47,
to enhance the running of m%{u. This also requires the dominance of m%iu over the
other scalar mass-squared parameters, most notably mé3 and mf-,3 individually. These
will also tend to grow significantly with large y, into the infrared. Furthermore, the
up-type Higgs soft-breaking mass parameter is also initially chosen to be large and
negative, which is driven to small negative values at the weak scale, exploiting the
quasi-fixed point behavior.

This scenario differs from the well-studied Radiative Electroweak Symmetry Break-
ing (RWESB) mechanism [93, 283-286], described as early as the 1980’s, where the
renormalization group equations drive m%lu to negative values at the weak scale, trig-
gering electroweak symmetry breaking. An extraordinary property of this behavior is
that the squarks and sleptons physical mass-squared can still remain positive. How-

2Negative stop mass-squared at the GUT scale, for example, can lead to a potential with a D-flat
direction that is unbounded from below. This is improved with large loop corrections but can
generate a large charge-colour breaking minimum which can be tunneled to by the EW minimum (if
it has lower potential energy) [279]. For the tunneling rate to be longer than the age of the universe
(metastable), this leads to the following constraint on the running masses, m;(m;) 2 4 M;(my)
[280]. This is easily satisfied in our scan.
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ever, we also allow the stop masses to be tachyonic at the input scale, where their
physical mass-squared values are driven positive at the weak scale. Although REWSB
has the interesting property of naturally connecting electroweak symmetry breaking
with SUSY breaking, we focus on a more unique set of boundary conditions in this
framework. More precisely, we scan over the following modified parameter space:

10°f 10°- R L Moy,
<ol <
D 0
e S K m?y
-10%} -8 ST
2 4 6 8 10 12 14 16
Log(w)
10° 10° R m?q,+m?,,
w0 ]
my -2t
-10°, ‘ ‘ . ‘ ‘ ‘ . R . ‘ ‘ . . _
2 4 6 8 10 12 14 16 2 4 6 8 0 12 14 16
Log(u) Log(y)

Figure 3.5.: [llustration of the infrared-fixed behaviour of the parameter X for two different sets
of input parameters at A = 10'® GeV where m2Q3 = m‘f—lS = —10° GeV?, Ay = —100
GeV and tan B = 10. The three separate curves are shown for different initial
values of: Top Row: M3 = 100GeV, m%{u = —105, -5 x 105, —10° GeV?. Bottom

Row: My = 2500GeV, my; = —5 x 10%, —10°, =5 x 10° GeV>.
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—3000GeV < M;, M, < 3000GeV,
M; < 3000GeV,
—(3000)°GeV? < mp; <0,
0< mp, < (3000)*GeV?,
0< mp, <(3000)7GeV?
0< mp g < (3000)GeV?,
—(1000)*GeV? < mp 5 < (1000)*GeV?,
—3000GeV < A,, Ay, A, < 3000GeV,
1< tanf <50,
sign(p) = +1,
1< y <3 (3.26)

We also choose three representative high scales to enhance the running of m%{u through

the top Yukawa coupling;:
A e [10%,10%, 1019] GeV. (3.27)

Again, satisfying the constraints detailed in section 3.1, we show the plots correspond-

ing to the quasi-fixed point behavior in Figure 3.6.
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Figure 3.6.: Same as in Figure 3.2 with higher A scales and in a narrower scan range supporting
the infrared fixed-point behavior for 2. Note the smaller y-axis range. Small fine
tuning of A < O(100) can be achieved even for heavier sparticle masses > 1 TeV.

The plots shown in Figure 3.6 confirm our expectation showing significant reduction
in fine-tuning in the quasi-fixed point regime, even holding at very high NP scales.

3.5. Concluding remarks

Through our consideration of naturalness, and in light of current experimental limits
from the LHC, we believe that this is hinting towards evidence for physics beyond the
MSSM. In this way, the MSSM is treated as an effective theory all the way up to a scale
A with no a priori assumption on the origin of soft-breaking terms. This is alternative
to the often used boundary conditions assuming common scalar or gauginos at the
GUT scale, for example. For our definition for acceptable fine-tuning, we observe the
comfortable accommodation of multi-TeV coloured sparticles when the scale of new
physics is even as low as A = 10" GeV and most certainly for A = 100 TeV. More
precisely, we see the reduction of fine tuning from A ~ O(100) for A = 10'® GeV to
A~ O(10) for A = 10° GeV in this case. But perhaps of greater interest is the existence
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of low-fine tuning (A < O(100)) when the MSSM behaves close to a quasi-fixed regime
where the dynamics of the soft-breaking parameter m%{u becomes less sensitive to its
value at A. Because of the importance of the gluino mass M; in the evolution of m%lu
to low-energies, we find an upper limit of about ~ 1.5 TeV on the gluino satisfying
this naturalness criteria (and all other relevant constraints) when input at around the
GUT scale and above. These results are of course indicative only - one could always
perform a dedicated collider recasting outside the scope of our study. Nonetheless,
this calls for a further exploration into non-standard UV completions to the MSSM.



Chapter 4.

A cosmological mechanism for
depopulating dark matter

“In order to make an apple pie from scratch, you must first create the uni-
verse.”
— Carl Sagan, 1934-1996

One of the notable concerns with neutralino dark matter in the MSSM is the familiar
bino-like overabundance at early times, due to feeble annihilation rates. In this chapter,
we describe a cosmological mechanism for reducing the abundance substantially
through temporary decays. These early decays can arise from a spontaneously broken
symmetry, which is then appropriately restored as the universe cools to stabilize the
dark matter'.

In reference [6] we discuss how this can be applied to a model of fermionic dark
matter based on the inert 2HDM model [288], in which DM particles are odd under an
imposed Z, symmetry and SM particles are even. In this case, at high temperatures
the Z, symmetry is broken temporarily and then restored at lower temperatures,
accounting for a phase in which the dark matter abundance is reduced through decays.
Here instead we introduce a generic discussion of how we can exploit this mechanism
in a model-independent fashion before exploring how this could be applied to the
MSSM. In particular, dark matter in the MSSM can be destabilized in an analogous

'An approach has been considered in [287], using additional auxiliary dark sector fields that require a
specific mass arrangement.
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way through temporary R-Parity violation, a discrete Z, symmetry that prevents decay
of the lightest neutralino to SM particles.

4.1. A closer look at the WIMP relic density: The

Boltzmann Equation

In the generic WIMP paradigm, dark matter particles were in thermal equilibrium
with the constituents of the Universe in its early history. The departure from thermal
equilibrium, where the dark matter decouples from the plasma occurs when the
expansion rate of the Universe, H, overtakes the interaction rate of the heavy particles,
I'. We refer to this time in cosmological history as the WIMP freeze-out, since the
(co-moving) density of particles remains constant after decoupling - assuming it is
kept stable (or is very long-lived compared to the age of the Universe) until the
present day. If these particles were kept in equilibrium, they would have indeed been
thermally suppressed by the factor ¢~™/T_ The Boltzmann equation for WIMP particles

X describing this process can be written as 2,

4 <”x”3> EQ\2 2

L (ov) [(nx ) — nx} . (4.1)
In the above, a is the scale factor as usually defined through the Hubble expansion con-
stantas H = a/a and n, and n7ECQ are the dark matter number density and equilibrium
number density, respectively. (cv) is the thermally-averaged cross section, summed
over all annihilation channels. It typically becomes convenient to factor out the effects
of the universal expansion by using the number density of particles per co-moving

volume. For this sake, let us then define the quantities

Yy

n m
X X

= —=, 4.2
. X = (4.2)

s = (27‘[2/ 45)g,. T3 is the entropy density, dominated by relativistic contributions,

where

T\® 7 T\ 2
8xs = Z 8i <Tz) +§' Z 8i <Tz) . (4.3)

i=bosons i=fermions

*Derivations of this equation in the form of Eq. 4.1 can be readily found in [289-291].
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In the early universe, at equilibrium, most species had identical temperatures, so
945 = 3+ We will ignore dependence of g, on temperature, to good approximation. In
general, the thermally-averaged cross section has dependence on velocity v, 00 o v”
where p = 0 is s-wave annihilation, p = 2 is p-wave annihilation. Since (v) ~ T'/2,

we parameterize the cross section as
(0v) = 0p(T/m,)" = opx”, (4.4)

where n = 0 corresponds to s-wave annihilation, n = 1 for p-wave and so on. Chang-
ing from t to the variable x, we require the Jacobian dx/dt = Hx. Hence, with all this

we can write the Boltzmann equation for the abundance Y, :

dy A

= [ 5)
where
xs, (ov)
A= |22 . (4.6)
[ HX ] x=1

In the above, we have implied s, = (27‘[2/45)8‘*1115’C and H, = (nzg*/90)1/2(m§(/Mp)
as the entropy density and Hubble expansion rate, respectively, both evaluated at
T = m,. For an s-wave process (n = 0), A is constant, but in general higher partial
waves mean that (cv) may have some temperature dependence. We will ignore any
temperature dependence on the thermally averaged cross-section. Similarly, it is safe
for our purposes to ignore changes in g, with respect to temperature.

Initially, at x < 1, the relic abundance Y, approximately tracks the equilibrium
abundance Y; Q which we can write as Y, (x) = Y; Qx)+6~ Y;Q(x). These equilib-

rium abundances have the simple forms:

5 (m\1/2 8 3/2 —x
YFQ(x) = 2n4( )8) e, my > T, )
450(3) Seff ~ Seff
par el 0.278 r T> my,

where g,¢r = g, (geff = 3¢,/4) measures the degrees of freedom for bosonic
(fermionic) dark matter. For relativistic particles, clearly Y)]? Q remains constant up until
the dark matter becomes relativistic (or x > 1). For non-relativistic dark matter, Y)EQ
becomes exponentially suppressed at later times and the Y, will dominate completely.
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At this point, the dark matter scatterings are so rare that they cannot maintain equi-
librium in the thermal bath. At close to freeze-out, the departure from equilibrium is

significant and Y, ~ 0 > Y;?Q (x~x f) where

n+2

o(x) ~ o

(4.8)

Forx > x £ one can then drop the equilibrium yield from Eq. 4.5 and integrate from
the freeze-out to the present day, x,, to give:

(n+ 1)YX(xf)xJ’?+1

Y (x A+ (n Dt

(4.9)

where Y, (x;) = d(xy) for non-relativistic dark matter. For relativistic dark matter at
decoupling, Y, (xf) = Y)}? Q Typically, the correct relic abundance when the decoupling
is non-relativistic occurs when x; ~ O(10), and so in summary, the final yield of dark

matter for these situations are:

(n—ﬁ-l)xjf"'1 L
0o — non-relativistic
Yy = (4.10)
0.278 (0.208)3¢ , relativistic bosons (fermions)

8+

Since we typically have A > 1, the relativistic decoupled dark matter is several orders
of magnitude higher than the non-relativistic decoupling. This is finally recast into the
form of the fraction of present-day critical density from y,

o0
MYy 8o

— X x (4.11)
Y 3HIM?

where s, = 2891.2cm > and Hy = 100 hkms™ ' Mpc ! (h = 0.673) are the present day
entropy density and Hubble expansion rate [26].
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Y for increasing ov |
o

1)]

log[Y(x)/Y(x

x=m/T

Figure 4.1.: The typical ‘freeze-out” description of a non-relativistic DM species from equilib-
rium with the surrounding plasma at about x; ~ O(10). The dashed line shows
the abundance of DM per comoving volume element, whilst the solid line is the
equilibrium abundance. Adapted from [291].

4.2. Decays from a cosmological phase transition

Let us suppose that there is a symmetry stabilizing the DM up to a time x,, in which
this symmetry is spontaneously broken. This cosmological phase transition persists
until x;, in which the symmetry is then restored. Hence, during the instability phase
x € [x,, %3], the DM is permitted to decay. As seen in the previous section, we would
require that the dark matter be non-relativistic for some, if not all, of the instability

phase in order to suppress inverse decays that would repopulate the dark matter. The
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Boltzmann equation in Eq. 4.5 then gets modified with a decay term’:

dY, 2T« A 2
X _ _~x _yEQ| _ 2 _ (yEQ
T v -1 o {YX () } . (4.12)

Here I, is the decay width of the DM particle.

Before we consider the effects of decays on dark matter density, we must first
comment on the consequence of entropy production during the phase transition, which
can also dilute the dark matter density when it is a first-order transition [295, 296].
Since the phase transition occurs well above T = 1 GeV, we can neglect entropy
production from particle decoupling, or in other words, we can assume g, the number
of relativistic degrees of freedom, is approximately constant. The change in entropy
can then be parameterized by a dilution factor (as in [295]) where v = s(xf)/s(x;)
such that the final density changes as

o Y 0,
Y, — =&, Qx — —=, (4.13)
i r
where 7 > 1. Here, x; and x; represent the beginning and after the phase transition,
respectively. This is valid for the case where the dark matter density is much larger
compared to its equilibrium abundance, Y, > Y)f Q as is the case after freeze-out and
annihilations are negligible compared to decays. However this also holds for DM
yields that are close to their equilibrium value, Y, ~ Yf Q In many general cases, the

analytical solutions are not available.

The effect of the DM decays depends on when this instability takes place relative
to the time of freeze-out, and the size of the decay rate I',. Let us consider (4) separate

scenarios:

(1) Freeze-out precedes first phase transition, x; < x,. Here we expect a significant
change in the final density of dark matter. In Eq. 4.12, the equilibrium yield
would be exponentially suppressed, which then resembles the Bernoulli equation

*In general, we should include the thermally-average decay width (T,) = T, K;(x)/K;(x) where
I, is the zero-temperature width and K,,(x) are the modified Bessel functions [292-294]. For
non-relativistic DM, this has the asymptotic form K; (x)/Ky(x) = 1 —3/(2x) + O(x %) (x > 1)
and so can be approximated by the zero-temperature width, whilst for relativistic dark matter is
Ky (x)/Ky(x) = x/2+ O(x*) (x < 1) (see Appendix D). Hence, we neglect DM decay before it
becomes non-relativistic since they are highly suppressed.
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()

and is analytically solvable in terms of the incomplete Gamma function, I'(a, x):

2
Y (xa)e 2Hxxb

_ X
Yx(xb) - T 2 T ng1 1 Lo ; r,
2H  “a —1— —_1—
a0 (3) [ (e d) -1 ()
(4.14)
Y. (o P
~ e (4.15)
o . fﬁuifxb
1+ /\Yx(xa) 1“_;: x3+n — £ x13;+n

The second line uses a leading-order asymptotic expansion for the incomplete
Gamma function, for fixed « and large x (this is detailed in appendix D). The
scattering cross-section is present in Eq. 4.15 through the matching condition,
ie AY, (x,) =~ (n+ 1)3(?r1 for non-relativistic freeze-out at x¢. The exponential
suppression factor Fx(xi —x3)/H \ in Eq. 4.15 has a simple intuitive explanation.
The reduction of dark matter density is defined through the decay rate of dark
matter per the universal expansion rate multiplied by the decay time At o x% — x5,
or the duration of the phase transition. Finally, the present day abundance Y,

can be obtained by substituting Y, (x;) — Y, (x;) into Eq. 4.9.

Freeze-out occurs during instability phase, x, < xy < x;. In this case, we can solve
Eq. 412 with the ansatz Y, = Yf Q4 04, where 6, parameterizes a small deviation
from the equilibrium yield. Hence, we get the following solution for x, < x:

-1

dYEQ
— X ) (4.16)

04(x) = e

X
HX xn+2 X

where we have neglected J; and (9((5%) terms. For the period x, < x < x, the
solution is given by Eq. 4.16. For the subsequent period of xy < x < x, if
inverse decays are negligible, we can then implement the solution in Eq. 4.15,
provided we match the solutions with Y, (x,) — Y, (x;) = YfQ(xf) + 04(x5).
Then the present-day abundance is simply givenby Y, (x¢) — Y)f Q(x,) in Eq. 4.10.
Conversely, if the inverse decays are fast enough to keep the DM in equilibrium

through the whole phase, we can use Eq. 4.10 to simply recast the final abundance
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as:

w (1Y (x)x "

~ . (4.17)
X ng"Q(xb)A + (n+1)xt!

We consider an explicit numerical example of this particular case in [6].

(3) Freeze-out immediately follows second phase transition, x ; ~ x;,. If the decay width T’
Y9
X
the DM abundance exponentially close to the equilibrium value at freeze-out. This

is large enough its dominance will ensure (x¢) > 6;(x¢) and decays will keep
is different of course to the case of pure scatterings. Consequently, one can then
obtain the present day abundance through the substitution Y, (x¢) — Y)f Qx £)in
Eq. 4.10, and may be substantially smaller than in Eq. 4.10.

(4) Freeze-out succeeds second phase transition, x; >> x,,. In this case, the scatterings that
would occur subsequently after the phase transition would re-populate the dark
matter. This would lead to essentially the same abundance at freeze-out, given in
Eq. 4.10.

For situations not considered here, it is always possible to solve Eq. 4.12 numerically
to obtain the final yield.

4.3. Regeneration and present-day abundance

During the phase of instability, x € [x,, x|, suppose we have a scalar which spon-
taneously breaks the symmetry responsible for stabilizing the DM. There may also
be Goldstone modes or massive gauge bosons from the breaking of other continu-
ous symmetries. These can be produced via decays of the DM particle and through
scatterings with SM particles. Since the VEV of the S degree of freedom increases as
v? x1— xg /x*inx e [x,, Xp], these degrees of freedom may stay relativistic or could
become non-relativistic depending on their thermal mass compared to the temperature

up until and at Tj,.

After the second phase transition, all degrees of freedom associated with S are
heavy and therefore follow the Maxwell-Boltzmann distribution. We first assume that
all relativistic S degrees of freedom are in kinetic and chemical equilibrium at some

point during the instability phase, at least at the end leading up to Tj,. Let us also



A cosmological mechanism for depopulating dark matter 85

assume that these scalars are still in kinetic equilibrium with the SM thermal bath after
this phase transition such that they will have the same temperature, T},. This is satisfied
when the relaxation rate I',,;,, ~ 011/ N.oiy (Where I';; is the collision rate and N,
is the number of collisions) exceeds the Hubble rate H < T',,,, =~ %F o1 Which is a

valid assump’cion4 [297,298]. Since the number density of initially relativistic particles

also doesn’t change after the symmetry-restoration at x;, we can in general write
3/2
3 mgT, _
g( )T,?: ( 5 b) dH=m) Ty ) o, (4.18)

where i is the associated chemical potential. Since y ~mg > T, the scalar is ini-
tially over-abundant since Yg/ Yg Qo exp(mg/Ty). The particles which become non-
relativistic during the instability phase will then follow a Maxwell-Boltzmann distri-
bution during and after x;,. Since their mass may change after the phase transition, but

still maintaining the same number density, we have

, 3/2 3/2
msTy o/ Ty — (MsTy\ ™7 (u—mg) /Ty
27T 27

3
= 1~ mg — g + ETb log(mg/ms), (4.19)

where my is the mass of the scalar after the instability phase and mg is the mass at zero

temperature. Hence, the scalar S can be overabundant, Y/ Yf Q< (m/mg)*? exp(mg —
m’) /T, right after this phase transition, though closer to equilibrium compared to Eq.

4.18.

Since the scalars are heavier than the mass of the DM, and are non-relativistic, they
can annihilate to DM and an SM particle. This phase we call regeneration. Assuming

that DM annihilations have become negligible, one can write the analogous Boltzmann

“In general, we can fulfill this condition if we consider scalar interactions with electroweak bosons.

The collision rate can then be estimated as I',,;; ~ GIZ: T° for non-relativistic S scattering with
a relativistic particle in the SM thermal bath. Kinetic equilibrium can then be achieved when

T* > mg/GEMp ~ (40MeV)*(mg/TeV).
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equations for the regeneration phase:

dYs = Tgx Yy JEQ As (12 EQ\2
dy Tex Y
x _1s _ X vEQ
= (YS 0 Y ) , (4.21)
X X

where I'q is the zero-temperature decay width for the scalar, which is suitable since S
is non-relativistic. Likewise, we may write the annihilation cross-section for S into SM

fermion pairs as before:

(4.22)

H,y

Ao — [xsx (ov(SS — ff)}] |
x=1

Here we have m = 0 for s-wave scattering and m = 1 for p-wave. However, we again
approximate the thermally-averaged cross-section by the leading partial wave.

We briefly summarize the relevant timescales in this regeneration phase: (i) the
freeze-out of the scalar S, x?, given by H (xjsc) =ng (ov(SS — ff >>x:xfé ; (ii) the chem-

ical equilibrium of S, x°, where Yg(x3) = Yf Q(x?) ; and (iii) when inverse decays
become sizable, x;, where YS(XI-)Y)E Qx,) = Yx(xl-)YSE Q(x;). The phenomenology

changes significantly depending on how these are ordered. However, at the second
phase transition, since we have Ys(x;) > YSE Q(x,) and Y5 decreases with x such that
Yg(x) > Yf Q(x), in general we can conclude X < x.

In Figure 4.2, we present two separate scenarios that may be realized within this

general framework.
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Figure 4.2.: Schematic illustrations of two distinct scenarios in the depopulation of thermal
dark matter. (Left) This corresponds to (1) in section 4.2, where the equilibruim
yield is negligible at the beginning of the phase transition. In this case, inverse
decays partially repopulate the dark matter after the second phase transition
leading to the present day abundance. (Right) This is the case described by (2) in
section 4.2. Since inverse decays are fast enough to keep the DM in equilibrium,

the equilibrium abundance at the end of the phase transition, Y;(E Q(xb), leads to the
present day abundance of dark matter.

4.4. Application to the MSSM & R-Parity violation

The multiple scalar states involved in supersymmetric theories makes them ideal
models to study the depopulation mechanism. Moreover, we have seen that signifi-
cant parts of the MSSM parameter space lead to bino-like DM candidates with relic
abundances many orders larger than observation because of their feeble annihilation
rate. Of course the neutralino DM candidate is stabilized by the discrete R-parity, but
this can be temporarily broken (and of course stabilized in the zero-temperature limit)
in the early universe, leading to an exponential decay period to reduce the abundance
significantly. One way to accomplish this is through the condensation of the sneutrino,
assuming all the other extra states of the MSSM remain heavy and decoupled. Using
the Higgs boson tree-level mass in Eq. 1.72, the zero temperature scalar potential in

this particular limit is the following [299]:

2 2 2
m m m
Vo=~ 1% + gl + 8—022 (m—zhz -|—2|17|2) , (4.23)

where m; here is the sneutrino soft SUSY breaking mass. We are interested in a phase
where the sneutrino develops a non-zero vacuum expectation value, and hence we
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allow it to be tachyonicS. The physical sneutrino mass, however, receives contribution
from the electroweak symmetry breaking and radiative corrections. The physical

mass-squared,
mym
M% = m]27 + <ZTh + rad. corr.) , (4.24)
must obviously be positive, and therefore the following constraint must be met:

— (% + rad. corr.) < m% <0. (4.25)

4.4.1. Finite temperature corrections

In the high-temperature limit, we have contributions to the effective potential from
thermal loops. We will only consider contributions from  and 7, the electroweak gauge
bosons and the top quark. We will neglect all the sub-dominant Yukawa couplings.

The finite temperature contributions are given by
(4)6/ - [Zn ]B (Pc /T ] + nt]F[mt (‘Pc)/T ]] (4-26)

where i = {h, v,W + ,Z } and [ and Jr are the boson and fermion thermal functions,

respectively, defined in the high-temperature limit as

4 2 2 2\ 3/2 4 2 6
Jg(m/T) ="+ 2.0 7 (’”—) Lm log L) (%) (4.27)

45 1272 6 \ T2 327t
77'(4 7'(2 m? 1 m* m2 m6
TNN=—rouor — —— — — 1 O 4.28

where a, = 16717 exp(3/2 — 27¢) (loga, = 5.4076) and ap = % exp(3/2 — 27)
(loga F= 2.6351). vg ~ 0.5772 is the Euler-Mascheroni constant. m? is the thermally

>This assumption is atypical, yet in some cases, phenomenologically viable. Tachyonic soft masses
may emerge in some specific supersymmetry breaking scenarios at high energies. For example,
the implications of a negative common scalar mass at the GUT scale in the context of minimal
supergravity (mSUGRA) is discussed in [300].
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shifted mass, computed from the tree-level potential as:

2
m*(¢,) = aVold) Z‘:g ). (4.29)

We show a more detailed derivation of the origin of the finite-temperature contribu-
tions to the potential in appendix C. The n; represent the degrees of freedom of the ith

species, which are

n,=1n; =2, (4.30)
ny =6,n, =3,n, = —12. (4.31)

Therefore, the thermal masses for the scalar boson species are:

2 2
2,0 - my,  3my. o MMy 2
my,(h, V) ~ ——= + —h" + ——=|7]%, (4.32)
h( ) 7 202 7]2 ‘ ‘
m,m 6m>
m2(h, ) zm§+;—2hh2+ vzzlﬁ\2~ (4.33)

Similarly, the top-quark mass is defined through the Yukawa coupling, y;. The dom-
inant high temperature corrections to the potential in Eq. 4.23 (ignoring linear and

logarithmic terms in T) reads:

T2
Vi = "‘hTh2 + o, T2|7, (4.34)
1 2
&y = —5 (4m%,\, + 2mzz + 4mf + mi + gmzmh> ~ 0.383, (4.35)
8v
1 2 » 1 N

The full potential given by V|, + Vr reveals that at sufficiently large T the Higgs and
the sneutrino fields minimize the potential by residing at the origin, (h); = (7)1 =0,
and hence electroweak symmetry and R-parity are unbroken. The critical temperature

at which an instability develops in the 7-direction occurs at

TV ~ 2.78|m;)|, (4.37)
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and the sneutrino field develops a non-zero vacuum expectation value given by,
1/2
() = — (—m% - %TZ) , (4.38)

while the Higgs field remains at the origin. Further cooling down to the second critical

temperature, TCh ~ 143 GeV results in the electroweak phase transition due to the

Higgs field condensate with VEV (h); = T (m;zl —2u, T) 1/2. Positive contribution
to the sneutrino mass from the Higgs condensate starts to dominate and brings the
sneutrino field back to the origin. This restores the R-parity, as desired in the zero-
temperature limit. Hence, for a suitable for m% we can account for a phase in the early

universe,
T!' ~143GeV < T < T’ ~2.78|m,|, (4.39)

where R-parity is broken spontaneously. During this phase the neutralino LSP ceases
to be a stable particle. More specifically, condensation of the sneutrino field leads
to a spontaneous breaking of R-parity and to a mixing of neutralinos and neutrinos.
Through this mixing the neutralino LSP decays into Standard Model particles, the
dominant decay channel being the 2-body process x — Zv' for m, > my +m,. The
longitudinal degrees of freedom of the Z-boson during the instability state become
massive sneutrino states and decay back to neutralino DM during the regeneration

phase.

In general, the violation of lepton number as a consequence of R-parity violating
interactions can have important impact on other areas of early universe cosmology,
particularly leptogenesis. This can be linked to processes converting lepton number
into baryon number, known as the sphaleron process [301], of which the observed
baryon asymmetry is well-known to be [302]:

Ny —Nnp _ Ny

B =~ o 10719, (4.40)

We do not discuss these implications here and hence the full phenomenological validity
of this particular supersymmetric model remains open to further study.
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4.5. Microscopic vs macroscopic properties

Everyday experience would tell us that as a system is heated up, it becomes less
ordered. In the language of particle physics, this means that at large temperatures,
symmetries get restored. Interestingly enough, exceptions to this situation have been
studied, usually with the presence of a non-vanishing background charge [303-306].
For example, this may be lepton number in the MSSM, or the continuous global R-
charge of the MSSM. Previously, in section 4.4, we saw how we could arrange the
parameters of the theory in such a way to obtain a non-vanishing R-parity breaking
VEV at high-temperature, requiring the sneutrino mass-squared parameter at zero-
temperature to be negative. However, this need not be the only case, and in fact we

can categorize this situation two ways:

(A) Microscopic properties. These are controlled by the parameters of the theory enter-
ing the Lagrangian.

(B) Macroscopic properties. This is enhanced by a large background charge density in

the universe, and does not depend on the details of the theory at short-distances.

For example, the effective potential in Eq. 4.23 contains a global U(1) symmetry.
Assume an associated background charge density, ny that grows as ng ~ T? (since
the total charge, Q is conserved during universal expansion). We can then use the
strategies developed in [307-309] to compute the contribution to the effective potential
(see [305] for a general consideration). This is readily found to be:

3n%

V, = : (4.41)
"RO4T? 4+ 12|0)% + 6K

The important implication of such a contribution is that symmetry breaking can now
occur at high temperature, independent of the microscopic parameters, for sufficiently
large ng > n?{it‘. This is because it becomes more preferential to store the large amount
of charge density in the vacuum, rather than in the thermally excited modes [310].
Hence, at large T, the macroscopic conditions of the universe do not depend on the

properties of the microscopic theory at T = 0.

As a matter of future work, this may have important application in the breaking,
and subsequent restoration, of R-parity in the early universe - possibly leading to
decays similar to that discussed in section 4.4, controlled by the external charge density

parameter n. Tracking the evolution of this density through the Boltzmann equation
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could reveal when equilibrium decays washout this charge, restoring R-parity at lower
temperature. This could relieve constraint on the space of microscopic parameters to
describe this phase in section 4.4. The validity of this possibility remains to be studied.

4.6. Concluding remarks

In conclusion, the general aim of this chapter is to present a generalized framework
in which one may consider a DM model that can temporarily support a period of
decay through violation of a symmetry that would otherwise render the DM stable.
Motivated by the common situation in the MSSM with overabundant bino-like DM,
we see that present day abundances can be substantially reduced, depending on the
time of these phase transitions in the early universe. This can even be implemented in
the MSSM through R-Parity violation with a sneutrino condensate and could open up
parameter regions that were previously excluded, like those shown in the left panels
of Figures 2.8 and 3.3 in the previous two chapters. Finally we make the comment that
physics at large scales (i.e. background charge densities, 71) can impact the cosmological
evolution, irregardless of the physics at short-distances. This may even be realized
as the global R-symmetry of the MSSM, provided that the background density njy is
initially large enough, though this possibility is concern of future work.



Chapter 5.

An effective description of the MSSM
SU(2) x U(1)y gauge symmetry

“The important thing in science is not so much to obtain new facts as to
discover new ways of thinking about them.”
— Sir William Lawrence Bragg, 1890-1971

5.1. Effective Field Theories: A general consideration

Effective Field Theories (EFTs) fulfill the role of describing low-energy phenomena
by ignoring the complex, and often unknown degrees of freedom that parameterize
the higher energy (or short length scale) physics. But this does not mean that the low-
energy description of physics receives no influence from the high-energy description.
In fact, the parameters that enter the low-energy theory should be calculated from
the UV-complete model (typically with less parameter structure because of enhanced
symmetry). On the other hand, we can treat the low-energy parameters completely
independently and fit them from experiment, a great example being the four-fermion
vertex Fermi constant, Gr. This was later UV-completed in terms of the more funda-
mental electroweak theory with the exchange of the weak W vector boson and hence

written in terms of the parameters, ¢ and m.

93
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Effective Lagrangians though contain (infinitely) many terms with mass dimension

greater than 4:
Lot = La<a+ Laos + Lg—g + -/ (5.1)

and are hence non-renormalizable. For the d>4 terms, the coefficients have dimensions
of inverse mass. This mass scale A is typically large compared to the energies E of
the processes considered. The effective Lagrangian can therefore be used as an ap-
proximation tool for phenomenological studies when one wants to compute processes
at an energy E, incurring an error of O(E/A) when we neglect terms suppressed by
powers of 1/A. In particular, sections 5.2 and 5.3 will deal with the construction of
low-energy Lagrangians from spontaneously broken symmetries. This will involve

what are known as non-linear realizations of symmetries.

5.2. Standard nonlinear realizations: the formalism of
CCWZ

The formalism of nonlinear realizations was outlined by Callan, Coleman, Wess and
Zumino (CCWZ) [311, 312], which we follow closely here forth. Before referring
to their formalism of specific non-linear realizations of groups, it is important to
classify all non-linear realizations into some equivalence class. Since our interest is in
phenomenological Lagrangians of quantum fields, we define this as the equivalence of
the on-shell S-matrix. Hence, if we consider a non-linear transformation of fields which
leaves the on-shell S-matrix elements invariant, then these two non-linear realizations

are equivalent. In fact, this in ensured when the transformations are of the form

¢ =xF(x), F(0)=1. (5.2)

This was first proven by R. Haag [313], with the consequence that the same experimen-
tal observations can be made using the field ¢ in £(¢) as with x in L(xF(x)), given
that F() is a local power series in x and £(¢) in ¢ and derivatives of ¢. Correspond-
ingly, since F(0) = 1, they have the same free-field dynamics.

We should now turn our attention to the equivalence of all non-linear realizations
on a group G, in which the fields exist on a manifold M where the action of G on M
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is defined as
X' =g-x, x e M, (5.3)

a realization on G. Now suppose that G is an n-dimensional compact semisimple Lie
group with H as a continuous subgroup. Let V; (i = 1,2, ...,n — d) be the generators of
the group H and A; (i = 1,2, ...,d) the remaining generators. Together they form a set
of generators of G that are orthonormal, with respect to the Cartan inner product. We
can write an element ¢ € G as the following product

g — ei”iAiei”i‘/i, (5.4)

where the coset (or quotient) space, G/ H is parameterized by the 7r; on the vacuum
manifold M. Now consider two elements ¢ and g’. These are equivalent if there exists
ah € H such that ¢ = ¢g'h. The implication of this is that ¢ and ¢’ have equivalent
coordinates on M, namely the 7t;. Therefore, for any ¢ € G we can write the action of
Gon G/H as

. ./ .
geZTL’iAi — elTL'l'AieluiVi' (5.5)

Hence, we have now defined a change of variables on the manifold M, with functions

determined from the group structure:
/ / / /
T =m(mg), u =u(m,g). (5.6)
Now let us consider the transformation
h:¢ — D(h)y, heH, (5.7)

where i € H is a linear (unitary) representation of the subgroup. Then the following

transformation
g:m—m, ¢Yp—D (ei”iv’) ¥, (5.8)
is a non-linear realization of G. This is readily verified with the observation that

. L n .1
"A. "A. iV
g1€m1 i Pl A it 3 (5‘9)
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and subsequently

.

. .1
gzglelﬂ.'iAi — 617'[1' A,«elui ‘/," (5.10)

where we have

. I/ !
. (AVARTTAYS
gl Vi = i VightiVi, (5.11)

/

11 2 . . . .
where 17 = 71", Since D is a representation, we can write

D (ei”f"‘/i) -D (ei“f'Vi) D (ei“ﬁ"f) . (5.12)

Hence, in short, we can write any linear representation of the broken subgroup H as
a non-linear representation of the entire group G, with the use of the parameters 7;.
What we have referred to in Eq. 5.8 is the standard realization. However, the main result
from the original CCWZ papers [311,312] is that any non-linear realization can be
brought into the standard realization, without any impact on the S-matrix elements

for the low-energy dynamical description.

5.3. Low-energy effective electroweak theory

We now show how the CCWZ formalism in the previous section can be applied
to the SU(2) x U(1)y local gauge symmetry, describing the unification of the weak
and electromagnetic gauge groups. Since the W & Z bosons are massive, this gauge
symmetry is broken spontaneously, although we still do not have much knowledge
of the mechanism responsible for this. In fact, the unknown origin of the vacuum
expectation value, v is an emphasis in Higgs’ original paper [314]. Hence, the details
surrounding electroweak symmetry breaking is of great interest, where in particular
non-linear realizations may play a role. Non-linear realizations in the SM, with

emphases on different physics have been considered previously in [315-317].

Let us first extract the following Goldstone matrix from the parameterization

around the electroweak vacuum (®) = (0 v)" (v = 256 GeV) given in Eq. 1.16:

i a P O
S(x) = v W7 ) (5.13)
1
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where 71°(x) are the would-be Goldstone bosons parameterizing the coset space SU(2)

U(1)y/U(1)gy- The other directions in field space from these massless excitations
are typically quite massive and so can decouple sufficiently from the low-energy
dynamics. Because X(x) realizes the unbroken (residual) group U(1)g,, linearly, but
non-linearly realizes the remainder SU(2) x U(1)y/U(1)gy,, this is of course a non-
linear realization. Now using Eq. 5.5 we can write a transformation rule for the
Goldstone matrix, given the unbroken generator U(1);,, = Q = T +Y

2(x) — gZ(x)}f1 = e%laei“a”aZ(x)eféﬁ(HUS). (5.14)
The action of the SU(2) x U(1)y group on the matrix X(x) is
p a4 A :n 3
S(x) = ™75 (x)e P72, (5.15)

The effective Lagrangian is locally gauge invariant by including the gauge fields Wﬁ
and B2 in a covariant fashion

o2
DY =9,X+igW, Z—Hg BZ+ (5.16)

LZ

= ann + ng“— +ig B0 (5.17)

where W, = WZU” /2and B, = Bg]l/ 2, provided that they transform accordingly:

W eizx“a”/ZW e—ia“a”/Z B ieiaaa’z/Za eia”a“/Z B N B Tl y;B (5.18)
L L < L / 0o '
And again with the gauge field strength tensors for each field as
B,, =9,B, —9d,B,, (5.19)
W,, =9o,W, —o,W, +ig[W,, W], (5.20)

we can now construct a low-energy effective theory of SU(2) x U(1)y, expanded to
two derivatives (the leading term in Eq. 5.21):

2 1.2 /
x _ 70 pyyty . 89 t 2, 88 t
L = 5 ™D,2(D"2)") + 50, (Tr[Z Dyz]) + S TB, XW,, 5. G21)
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Firstly, we can read off the masses of the W and Z, equivalent to those in Eq. 1.18, from
the first term in Eq. 5.21 by moving to the unitary gauge ((X) = 1 from (7t") = 0). It
turns out that this remains effective up to a UV-scale of about A ~ 47rv without the need
of a Higgs boson, but becomes strongly coupled thereafter, argued from the breakdown
of perturbative unitarity in WW scattering [318-320]. This can be estimated from Eq.
5.21 using the Goldstone equivalence theorem [321-324] for longitudinally polarized

vector bosons, the error being O(myy, /E).

Note that we could have just as easily chosen the X(x) matrix as a linear combina-

tion of basis elements

Y(x) = _ <]l - inaa—a> , (5.22)

without impacting the physics. This is of course the linear representation. If one is
interested in an ultraviolet completion to this model at energies of E 2> v, we have to
allow for quantum fluctuations about the X field, which we can easily introduce via a

real scalar field H
Y — (1 + g) 2, (5.23)

provided that (H) = 0. Profoundly, in our effective field theory structure, we did
not even require the introduction of a Higgs boson to break electroweak symmetry,
this was done entirely by X. We had simply integrated out quantum fluctuations
about the X field in the effective theory approach. Now, considering again the linear
representation, in absence of normalization pre-factors, we could arrange these degrees
of freedom into a linear complex doublet of fields:

1

H 0 1 (v+H—in® —7*—in 1
¥ (x) = ((1 " _> 1- 1nﬂ"_) S = (o'),
v v 2 20\ 2—ig' ov+H+in V2o

(5.24)

which is simply just a matrix bi-doublet representation of our standard SU(2) complex

scalar fields containing all our Goldstone modes and a physical Higgs boson

® 1 it & . 1 U+H—i7‘[3 (5.25)
= — , = —i0,® = — ) )
V2 \v+H+ind V2  — i
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Hence it is clear that we can simply recover the non-linear parameterization via
integrating out an SU(2) x U(1)y singlet field, containing the Higgs degree of freedom.

But in summary, we see the advantage of these non-linear realized symmetries,
especially in this context. The Higgs boson is no longer confined to the electroweak
doublet structure required by SU(2) invariance, and we are free to introduce any
polynomial terms in that are of course renormalizable. This is in strict contrast to the

standard linear case. Let us now ambitiously generalize straight to the MSSM case.

5.4. Non-linearly realizing the MSSM Higgs sector

The MSSM electroweak sector is described by a SU(2) x U(1)y-valued massive vector
superfield, containing charged and neutral (CP-even) Higgs bosons, H O H* whilsta
CP-even and odd Higgs, h°, A° reside in an SU(2) x U(1)y singlet chiral superfield. A
similar description, with a different focus on phenomenology was done in [325]. The
broken phase of SU(2) x U(1)y with a residual Q = T3 + Y /2 symmetry is therefore
described by the element

U=ef%  detU=1, (5.26)

where &; (i = 1,2,3) are superfields1 whose scalar parts parameterize the coset space
SU(2) xU(1)y/U(1) gy and 0; (i = 1,2,3) are the Pauli matrices. These represent the
longitudinal modes of the W and Z vector bosons. The SUSY counterparts, which are
pseudo-Goldstone bosons, complete a massive vector supermultipletz. It transforms

under this group as
U — e2M0iye—25%, (5.27)

where A; and X are chiral superfields for the SU(2) and U(1)y supergauge transfor-
mation parameters, respectively. Additionally, we have a singlet chiral superfield S,
where we identify the two Higgs doublet fields H,, = (H? HN" and H; = (H; H)T

"We have suppressed the electroweak VEV in favor of the dimensionless quantity, ie. §; = {;/v, where
the {; have dimensions of mass.

2Spin—O partners of spin-1 gauge bosons within massive gauge supermultiplets have been considered
in [326] in the linear realization.
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present in the standard MSSM with the composite structure:

0 —

_ o Hu Hd 2

® = SU = ,  det® == H,H,, (5.28)
H, Hy

where H, H; = eaﬁHff Hg . These fields transform linearly as
H, — e2™%et™H = Hy — 2% 2H,, (5.29)

We can then write the linear fields in terms of the non-linear fields as
H, ;= Scos VG ) g b g (Ve (5.30)
2 VGG 2
Hfw =is S+ gin ( v §f€i> , (5.31)

vV GiGi -

where &, = () £i05).

Importantly note that if we set the pseudo-Goldstone degree of freedom to zero,
ie. Im(¢) = 0, and then defining Re({) = p(x) we return the Standard Model-like

parameterization, where

D = p(x)eRE/2 detd = p*. (5.32)

Let us first consider the D-terms in the Lagrangian. The most general, renormaliz-

able Lagrangian for the gauged-Higgs sector that we can write is
Lic = [Tr (@*eWcDeB)] e [Tr (U*eWUeB>] i
+ [ocTr (cb*eWUeB) + o Tr (U*eWcDeBH +BISSIp, (5.33)

where W = gW,0; and B = ¢'Y0; are the respective SU(2) and U(1)y gauge superfields
in the adjoint representation, thus transforming as

At .
EW—>€ZA €W€ iA

N =

i iyt
, P — e277pBpm 2 05 (A AiU’i) : (5.34)
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We have additional parameters «, «,  not present in the MSSM, with the first two of

dimensions [mass] and the last dimensionless.

We can also write down the following superpotential3 for the Higgs-Yukawa sector,
in which the F-terms contribute to the Lagrangian

Wiy = 7 (yu®+¥uU) x,Q 4 (ya® +¥aU) xaQ =& (@ +¥eU) 1L, (5.35)

where we have the standard i, d, ¢, Q, L quark and lepton chiral superfields, all having
3 generations. The y,,, y4, V. are the conventional 3 x 3 dimensionless Higgs-Yukawa
matrices, whilst the extra y,,, y4, Y. are extra mass matrices for the non-linear couplings.
When these vanish, we obtain the usual MSSM superpotential.

Finally, let us write down the Higgs superpotential, now only involving the scalar
superfield S:

A
Wy =28+ Es2_zs. (5.36)
3 2
The usual MSSM term (the p term) comes from the quadratic term in S, recognized up
to normalization factors (see Eq. 5.37). The cubic coupling A and T have dimensions
zero and [mass]?, respectively. These represent deviations from the MSSM.

Along with soft-breaking SUSY terms (described in section 5.5), combining Egs.
5.33, 5.35 and 5.36 we describe an effective low-energy description of the MSSM, with
new interactions present, whilst keeping the same particle content. This adds a more
rich phenomenology, but also flexibility in accommodating experimental constraints.
However, in the following sections we will put more of a focus on the EWSB and mass

spectrum.

5.5. Electroweak Symmetry Breaking in the non-linear
MSSM

Henceforth, we will refer to the scalar components of each superfield with the same
notation, eg. S|y_, = S. Motivated phenomenologically, we will also assume that the

*We have defined the quantities with doublet structure x,, = (1 O)T and x; = (0 1)T.
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squarks and sleptons do not develop vacuum expectation values. Therefore we will

solely focus on the terms stemming from Eqs. 5.33 and 5.36.

In a model-independent way, we will introduce the standard soft-breaking terms to
break supersymmetry at low-energies. Since we are discussing EWSB in the tree-level
approximation, we will sufficiently consider soft scalar masses for S and ¢3 in the
potential

1 A B
Vg = (Emgsz + h.c.) + 5T (070) + ST (00 ). (5.37)

One can verify that with the relations

A= m%{u + m%d, B = m%{u — m%{d, m% =4B (5.38)

],[I

that this is equivalent to the Higgs part of the soft-breaking Lagrangian given in Eq.
1.61. There are other terms which can appear in Eq. 5.37 such as $*S, Tr(U'U) or
Tr(U+Uc73). We omit them here since the relationships with the MSSM parameters
become more complicated. Nonetheless, Eq. 5.37 is perfectly sufficient to facilitate

EWSB. Now we can write the full Higgs potential as the following:
2 2 T 22
VH:‘AS —|—yS—T‘ +(Ss+as+a S+K> Vi + Vst (5.39)

where V}; is expressed as

i_gj’éi cos (—' §i§i> sin ( giél) = Z%& cos ( gi§i> sin ( gigi)

_ _ — 2
¢ Gy —C ¢ . [ECi) . ¢iCi
tREVEE S“‘( 2 )“( )]

1 on (\/ Ci(fi) os (v@é) g sin ( C_i‘fi> os ( @Ci)

2

2
_|_
A

+g/2

vae 2

- - — 2
+c+§,€i— nga n (\/gia> i <\/gi€i) , (5.40)

and where the sum over i = 1,2,3 in the square roots is implied. As we do in
the MSSM, the vanishing of the charged fields minimizes the potential, so we have
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¢, = ¢_ = 0in the vacuum state. Finally, Eq. 5.39 takes a simple form
2 2 T 2\2 . .2
Vig= |AS* 4+ s — 7| + (S5 +aS+as + ) sinh’¢
A B 1
+%5 55 cosh & — Z8Ssinh § + (Emés2 +h.c.). (5.41)
where ¢ = Im(&3). Here, the situation becomes somewhat different to the MSSM. In
the nonlinear parameterization, one can still achieve EWSB in the supersymmetric

limit (ie. A =B = mé = (). In fact, this leads us to the conditions for D and F-flatness,
respectively

(B)Y=0, A(SY?*+u(S)—1t=0, (5.42)

and hence the singlet field, S, develops a vacuum expectation value. Consequently, in
the (standard) linear realization this means that

e =tanp, (S)?=0v,0,. (5.43)

Then what follows is v,, = v; and (S >2 — 0% /2 where of course v* = v> + v7.

Let’s make an important observation. The expectation value of (S) can in general
be complex-valued, and therefore a source of spontaneous CP-violation. Again, for the
sake of simplicity, assume that A,  and 7 are all real parameters. From the F-flatness
condition in Eq. 5.42, we find that when At < 0 and |u| < 2v/—At, we get the
expectation value in polar form

|v\2:—2—r cosf = —— 1

A7 2vV=AT’

with the complex phase 6. If AT > 0, however, then the expectation value is real. For

(5.44)

8 = 0, 71, we get the following solutions respectively

6=0 12 16AT - u 16AT
v =— |1+ ,/1+— |, v = —[14+,/1+——1. (545
7oA ( 2 ) NI ( ) R

Any of these two can be associated with the electroweak vacuum.

Analyzing the potential in Eq. 5.41, it is clear that the flatness of the potential is
raised by the SUSY breaking terms, however in stark contrast to the MSSM, we can
still maintain a D-flat potential through ¢ =0 (tan = 1) when B =0 (m%{u = m%{d)
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for (S) # 0. Focusing on CP-conserving solutions (6 = 0, 7r), the vacuum expectation
value is a solution to the following extremum condition:

2A0° 4 (2p* + mi — 4AT)v £V 2u(3A0” — 27) =0, (5.46)

where the £ sign corresponds to the two phase angles 8 = 0, 7, respectively. Solutions

are non-trivial for At # 0.

5.6. The non-linear MSSM mass spectrum

Now we are nearing the part where we want to compute physical quantities, that
being the particle mass spectrum. This requires us first to canonically normalize the
kinetic terms since we have introduced extra contributions. We achieve this through

the rescaling of the chiral superfields

S—\V2+BS,  &—pl  (i=1,23), (5.47)

where we have

p=—+ /2 + (5.48)
5.6.1. W & Z bosons
The masses of the W and Z gauge bosons are readily computed as
my = MA, myy = %ZA, (5.49)

where A is identified with the electroweak VEV-squared, but is written in terms of the

model parameters as

4/2Re(x)v 207

VZTB 24P

which is equivalent to % in the limit of vanishing non-minimal terms in Eq. 5.33.

A =4k + ~ (174GeV)?, (B # —2). (5.50)
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5.6.2. Higgs bosons

Firstly, the mass matrix for the CP-even states come from the mixing of the (Re(S), Im({3))

states
4mE+4u*—8AT " 12v2\u0 | 120202 0
24P (2+/5)3/2 (2—1—[3)2 L / (5.51)
0 g A L A
4 p P

which is of course diagonal since the S scalar resides in a superfield singlet. Let us
consider the masses in the simpler framework of the vanishing additional kinetic
terms in Eq. 5.33 (ie. k = a = B = 0):

mi[? = 2p% + 2\ (3uv + 3Av* — T) + 2mz + A, (5.52)
még = m% + 4A. (5.53)

Note in the limit that A — 0, the mass of the second state Hy becomes degenerate with
the Z boson. This is because we associated this state with the partner of the Z in the
massive neutral gauge supermultiplet. However, we could associate either of these
states with the SM Higgs boson®. However, it is more natural in this case to associated
H? , the singlet state, with the SM-like Higgs boson. This can be seen from Eq. 5.33 in
the limit of vanishing non-minimal terms, that we recover the same interactions with

the electroweak gauge bosons as in the MSSM case.

Similarly, for the pair of pseudo-scalar states (Im(S),Re(¢3)), we have the mass

matrix

—4m3 4y —8AT+2A n W P
P @+p)>*  (24B)° , (5.54)

0 0

and therefore in the same ¥ = & = = 0 limit the masses read

m? =0, (5.55)

2
¢
mio = 21% + A(AV® + 2uv 4 27) + A — m3. (5.56)

*“In Ref. [154], this is associated with HS .
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The massless eigenstate is associated with the neutral Goldstone state, which gets
‘eaten up’ by the Z boson. The second state is the equivalent of the pseudoscalar state
A” in the MSSM.

For the pairs of charged states (Re(¢_ ),Re(¢_)), (Im(¢ ), Im(_)) we get identical

mass matrices:

N C SV SR s
e, ¥, fp ¥ (5.57)
g AP A AP
16 p 2p 16 p 2p
Hence, we have the mass eigenstates
méi =0, (5.58)
miyy e = miy +4A. (5.59)

Again, we have two massless states that are identified with the longitudinal polariza-
tion of the W™= bosons. We also recognize the scalar partners to the W bosons in the

massive charged gauge supermultiplet as the H * states.

5.6.3. Neutralinos & Charginos

Now consider the fermionic eigenstate basis of neutral states ( B, Ws, 53, S ). The mass

matrix reads

M, 0 s 0
0 M, —-&A 0
Mo =| igz V2o . (5.60)
vt Tumt 0 0
0 0 0  u++v2\

We note a main difference to the MSSM case - the fermionic partner in the singlet
chiral superfield S remains decoupled from the other states. Considering the case
of restored supersymmetry, where the gaugino masses vanish, there appears to be
one massless neutral state, being the partner to the would-be Goldstone state. The
two other neutral massive states are degenerate with the Z boson in this limit, which
complete the neutral massive vector supermultiplet. For simplicity, let us consider
the degenerate electroweakino mass case M; = M, = M and v/A < M. We can then
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diagonalize the matrix in Eq. 5.60 to obtain the following spectrum:

4 42
2 MmzA
m;g = |+ V2A0], (5.62)
4 42
2 a2 MzA
m~g ~ M sz4, (563)
m2y = M>. (5.64)
Xa

Note the degeneracy in the two heaviest states, m;o - m}zzo ~ m‘j‘zo. We will further see
4 3 1

in this framework that 72, could indeed be the lightest supersymmetric particle (LSP).

1
It’s relative lightness could indeed be interesting phenomenology for dark matter.

For the charged fermionic eigenstates (W,,¢,, W_,¢ ), the mass matrix is 4 x 4

symmetric, written as

0 X
MXi = , (5.65)

X 0

where
M, —28A

X=|[ "2 o7 (5.66)

—IEA

(4

We can directly compute the masses of the chargino states as

M e = =+ > . (5.67)

s o M 4¢A? 4¢” M5 A N M,
X1 X 2 0° +

Again note that in the limit of restored supersymmetry where M, — 0, then we obtain
one massless and one massive charged eigenstate. The massless state corresponds to
the would-be Goldstone boson, whilst the massive charged partner is degenerate with

the W bosons, completing the massive charged vector supermultiplet. Again, if we
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assume A/v < M,, then these masses are approximately

2 6dmyy A

64m, A>
M m My + —— (5.69)
2 sz

From Eq. 5.68, we can see that the lightest chargino is also relatively light, too.

5.7. Concluding remarks

After establishing the non-linear realization of the SU(2) x U(1)y gauge invariance
of the MSSM, we note a particularly important observation that the standard (linear)
realization of the MSSM is in fact a special case of the non-linear one. Moreover, the
non-linear realization admits additional interactions among the alternate representa-
tions of superfields, without modifying the particle content of the MSSM, which is

quite desirable from a phenomenological perspective.

One of the main focuses of this alternate description is the appearance of elec-
troweak symmetry breaking in the limit when supersymmetry is restored. EWSB is
also observed along the D-flat direction in broken supersymmetry. The consequences
of which means that the lightest Higgs boson may be accommodated more comfortably
within this framework at tree-level. The potentially interesting phenomenology of the
charged and neutral electroweakinos, and in particular the lightest neutralino, remains

open to further study in this framework.



Chapter 6.

Conclusions

Beginning with the simplest of supersymmetric models, the MSSM, it is apparent that
the major outstanding challenges that face the Standard Model of Particle Physics
can be addressed quite elegantly. In particular, one can aptly resolve the hierarchy
problem by stabilizing the electroweak scale from large quantum corrections. But
perhaps one of the most exciting consequence is the prediction of new physics right
around the corner. In fact, the case is made for explanations of outstanding low-
energy observables, the most interesting of these being the muon anomalous magnetic
moment and weakly-coupled dark matter. The intimate connection between them
makes for an excellent probe of the potential of supersymmetric models.

We investigate this in detail in chapter 2, with emphasis on the potential for
discovery at current and future collider searches. Because of the increasing effort
from the experimental and theoretical sides, especially with upcoming high precision
measurements at BNL [60], we focused our sights on the muon (g — 2),, finding
important constraint on the electroweakinos and sleptons. Moreover, with constraints
coming from dark matter experiments and observations, we clearly see a preference
for specific arrangements of parameters in the theory, namely the composition of
neutralino DM. It is probable that a significant portion of the space maintaining the
explanation for these observations may be probed in the future, tightening the grip on

the possibility of the realization of supersymmetry in nature.

In chapter 3, we explored the idea of naturalness in the context of the MSSM. As the
experiments from the LHC push the masses of supersymmetric particles (particularly
coloured sparticles like gluinos and stops) higher and higher, the amount of fine-tuning
required to reproduce the weak-scale becomes stronger and stronger. We take the
attitude that this failure seems to suggest physics beyond the MSSM. For the MSSM as
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an effective theory though, certain parameters are almost insensitive to their values
in the ultraviolet (the so called "quasi fixed-points’ [264,265]), leading to significant
reduction in fine-tuning. This is in agreement with our expectations compared with
the dynamics of the theory described by the Renormalization Group Equations (RGEs).

In this dissertation, however, we have also considered a number of novel modifica-
tions, not only to the realization of the theory, but also to the macroscopic conditions in
early universe cosmology - leading to relaxation on the allowable parameter space that
would otherwise limit the range of observables that it has the potential to explain. The
latter we consider in chapter 4, augmenting the standard cosmological model of dark
matter with an additional phase where decays are permitted. We find that the MSSM
may permit such a phase through sneutrino condensation, spontaneously violating
R-parity, which would usually render the lightest neutralino stable. In general, we
find that this scenario may lead to a significant reduction in the abundance of dark
matter in the early universe, a feature of some models, especially the MSSM neutralino

with a large bino fraction.

Chapter 5 considered an alternate arrangement of the electroweak sector of the
MSSM, one in which the Higgs is integrated out in an SU(2) x U(1), singlet superfield,
S. This unique configuration gave rise to non-standard linear and cubic terms in S,
modifying the phenomenology of the Higgs bosons. As well as accommodating the
lighter Higgs mass through extra tree-level contributions, alleviating unnecessary
fine-tuning for the electroweak vacuum. We also found that electroweak symmetry

could even be broken in the supersymmetric limit.

The overall message conveyed in this thesis is two-fold. Firstly, we demonstrated
the ability for minimal supersymmetry to address inconsistencies in our current knowl-
edge of fundamental physics from both the experimental and theoretical side. Not
only can these be facilitated within the MSSM itself, but they also strongly suggest that
SUSY could even appear within the crosshair of next-generation collider technology.
Secondly, the inability for minimal supersymmetry to accommodate them comfort-
ably, coupled with the absence of sparticles at colliders, seems to hint at new physics
beyond-the-MSSM, or simple modification to the microscopic and/or macroscopic
properties of the theory that continue to be studied further. With these considerations,
SUSY could still be a very real possibility just out of our present reach, but as elusive
as it may seem, it certainly remains that supersymmetry bears a rather unique place in

our quest to discover new and exciting physics.
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Appendix A.

Spinors and Grassmann numbers

A.1. Common identities

Pauli Matrices

o =0,7), '=0-7)

10 01 0 —i 1 0
oV = - L ot = o= .
01 10 i 0 0 —1

0'10'] = ieijktfk + 51]][

(c'e" —7"c").

I

o = 411 Caraaay o =

0ot + o' ]P =2l [o'o" +0t0"]P = 2yvel.

5—V0—V5—P — 17?”’5—/3 _ 771/135—7" + ],]W)a—v _ ievﬂpéa—é

(A1)

(A.2)

(A.3)

(A.4)

(A.5)

(A.6)

Te(o"o”) = 24",  Te(0'0"0"0") = 205"y + "My P — "M — PP (A7)
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Spinors
EA=ePahg = et A, EA=eYEAy = el AP (A.8)
1 _ - 1 - -
Cabp = 5€apl G Galp= —5€436C (A.9)
Ca(X')\)—i_Xa()\'C)—i_)‘a(C'X) =0 (A.10)

Fierz Identities:

G A= oE i A, G i A= o8ExA (A11)

APEAE) = A AL (G EN) = A ATE (ALY
Spinors & Pauli Matrices

oA = At gol'A = —Ad''¢ (A.13)

A.2. Grassmann numbers and calculus

The anticommutative properties of the Grassmann coordinates are as follows:
x a1l _ t ot a pt |
{9 0 }_0, {ea,eﬁ} —0, {9 ,eﬁ} — 0. (A.14)
The derivatives of the Grassmannian coordinates also satisfy the following:

E)Gﬁ_ﬁ 89;_5“ 8;9/;_ ﬂ_

W = 50&’ ﬁ = ,B’ 89“ = 0, 89+ =0. (A15)
o o
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We can show how a derivative acts on anticommuting coordinates by calculating the

following;:
Bpo
a(00) (%)
30, STE

96" 90"
— Gﬁoweo— — 6‘30’9‘5@
= €5,0007 — €,0°07
= EMQO — eﬁoﬂﬁ
— 60‘0.6(7- + Gaﬁeﬁ
=26,. (A.16)

where we have acquire a negative sign on passing the derivative through the Grass-

mann coordinates.

Integral measures act similarly to Grassmann coordinates in that they anticommute

with themselves and also the coordinates:

{d@a,d()ﬁ} = {d()a, eﬁ} - {GWG;;} = 0. (A.17)

We can use the result given in Eq. A.16 to properly define the integration measure:
20 — — La%doPe (A.18)
== ups )
such that the integral over this space is normalized to 1:

[ @000 =~ [ Podetdee, 0

1 2 x 1n0B
— — [ dode"as°0,0;

10 0
=~ 2557305 (%%%)
_ 1 0 9
T2 P08 5P
d
= g
=1, (A.19)
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with a similar expression for the measure of d*0" This definition is convenient since the

integration of a superfield (which acts as a derivative) simply returns the coefficients
of the terms 66, 6'0" and 00676



Appendix B.

Renormalization Group Equations
(RGEs)

B.1. One-loop RGEs in the SM & MSSM

The following are taken from [73].

e Gauge couplings g1, 9>, 83,

d 1 (41/10,—19/6,—7) (SM)
B = 2780 = —zbaggf (b1, by, b3) = (B.1)
1670 (33/5,1,-3) (MSSM)

e Gaugino masses My, M,, M,

d 1
Bu, = Mo = —38iMy, (b by b) = (33/5,1,-9) (B2)

. 2 2
e Higgs mass parameters my; , my; ,

_d » 1 2012 0 20,2, 32
'BmzHu - EmH“ - 167‘(2 |:3Xt o 6g2’M2| - 5g1|M1‘ + 5815 (B.3)
d 2 1 2 2 62 2 3
= 3" T g2 e T X - —z —= B4
Py, = ai™He = g2 {3 b+ X — 682|Mof” — 281 My | — 7815 (B.4)
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2 2 2 2 2
e Scalar mass parameters MGy, Mg, Mg, MY, MG,

— d 2 1 32 2 2 2 2 2 5 2 1 2

1811163 = ﬁm% = —167-[2 |:Xt+Xb_?g3|M3’ —6g2|M2‘ —Egl‘Mll —|—§gls

(B.5)

'Bm%% = $mg3 = o2 [ZXt — ?g3|M3] — EgllMﬂ — ggls (B.6)
_d o 1 32 5.2 8 2. 2 29

ﬁm§-3 = a"h T 2 {be — 3 83IMs|" — =81 My [ + 2815 (B.7)
_d - 1 2202 6 2.2 32

‘Bm%3 = EmL3 - 167‘(_2 |iXT — 6g2|M2| — 5g1|M1| — ggls (BS)
_ d 2 1 24 2 2 6 2

'Bm% = ;M = 16,22 [2XT - 381|M1\ + 5g15 (B.9)

e Trilinear/bilinear couplings a,, a;, a,, b

1 * " 16 13 "
Ba, = = o2 [at (18%% + YpYp — ggg — 3¢5 — Eg%) + 24,5y,

32 26
+1 (;g%Ms +6g;M, + Eg%Ml)] (B.10)

* * * 16 2 2 7 2 "
o [ab (18ybyb TYYr T Yoy~ 5837382 — Eg1> + 24,1y,

. 3 14
+20. 5y + Yy (ggﬁMa +695M, + ngMlﬂ

"The trilinear couplings are related to the parameters usually seen in literature through a rescaling via
the Yukawa coupling: a; = Ay, a, = Apy,, and a, = A y,. Additionally, in the text we have used
the notation B, = b here.
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_ d * * 2 9 2 *
Pa, = e = g2 |0 \ 1l T3Vl = 382 = 581 | + 6auypye
18
+Y (6g§Mz + gg%Ml)} (B.12)
Po=Gi"= 1.2 [b <3yf Yt 3YpYp + Yrlhr — 382 — 5g1>
* * * 6
+ (6ﬂtyt + 6a,} + 2.y + 683M, + 53%%)} (B.13)
e Higgsino mass parameter j,
d * * * 3
T g; > {3% i+ 3Y5Yp + Yy — 382 - gg?} (B.14)
e Yukawa couplings v;, vy, Y,
— d _ W * * 16 » 2 135
Po. = @iVt = 1 2 [6% Yt YpYy — 58 — 38— 581 (B.15)
_ d yb * * * 16 2 2 7 2
Po, = 3% = 1,2 [6ybyb TYYe T YeYr — 3857382 — 1581 (B.16)
— d Y * * 2 9 >
By, = 7Y = ﬁ [4%% + 3ypYp — 382 — ggl} (B.17)
Parameters:
S= m%{u - qud + Tr[mé — m7 — 2my + m5 + m3] (B.18)
X, = 2y, (myy, +my, +my )+ 2|a,)? (B.19)
Xy = 2|y, |* (my, + my, +mg ) +2|ay | (B.20)
X = Zyyr‘z(m%ld + m%3 + mé) + 2‘”'[’2 (B.21)
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Appendix C.

Thermal corrections to the effective

potential

C.1. Thermal Field Theory and Green’s functions

Consider a system in contact with a thermal bath at temperature T. The grand canoni-

cal average of an operator O is
(0) =2 'Tr (e—ﬁH (’)> , (C.1)

where Z is the partition function defined as Z = Tre P". Consider now a scalar field
¢(x) with Hamiltonian H (in the Heisenberg picture) carrying no charges. We can
describe

¢(x) = "Pp(0,x)e"", (C2)

where ¥ = tis analytically continued to the complex plane. The thermal Green’s
function is

GO —y) =0c(x" — )G (x —y) +6c(y° — )G_(x — ) (C3)

where

Gi(x—y) =(p()¢y)),  G_(x—y) =G (y—x) (C4)
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with complex time ordering along the contour C (i.e. Gc(xo — yo) =1ifx" > yo along
C). Now we take the complete set of states 1) that have eigenvalues E,.. Computing

the Green’s function at the point x = y = 0 we get
. 0 0 . 0 0,:
Gi(x—y) = 27" Y- [{mlg(0)|n) P B ¥ En ()
m,n

This is analytical along the domain

—p<Im(x’—y’) <0, 0:(x"—y’) =1, (C.6)

0<Im(x" —y°) < B, 0c(y’ — ) = 1. (C.7)

Using the definitions of G, (x) and G_(x) and the cyclic permutation property of the
operator trace, we can deduce that

G, (t—1iB,x) = G_(t,x). (C.8)

commonly known as the Kubo-Martin-Schwinger (KMS) relation [327, 328]. Similarly,
for a fermion two-point function we can write the time-ordered Green’s function,
labeled by spinor indicies a and S as

Sp (=) = (Tepu(0Bp(y) ) = 6" =380 — 6" —")S55 (C9)
P
which acquires a negative sign under the KMS relation:

Sap(t —iB,x) = —=Sup(t, ). (C.10)

Formalism in imaginary time

The calculation of the propagator depends on the chosen contour C, where we go from
a time t to t — ip recalling the KMS periodicity relation in Eq. C.8. Hence, an easily
chosen path is a straight line along the imaginary axis, parameterized by t = —iT,
known as the Mastubara contour [329]. We can write the two-point Green’s function

for both scalar and fermion fields as

0

4 .
Glr) = [ Lsp(p)e? e

(27) (1) + (=1)%n(p") | (C.11)
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where s is the spin of the particle. We have also defined the function p(p) = 27[6(p") —
0(—p°)]6(p* — m*). Note also the presence of the Bose-Einstein and Fermi-Dirac
distribution functions for the scalar and fermion cases, respectively. This can be simply
written in the form

(C.12)

Now, from the Kubo-Martin-Schwinger relations in both Eq. C.8 and C.10, one can
write the following relations

G(t+p) = (-1)*G(1), —-B<T1<0, (C.13)
G(t—B) = (-1)*G(1), 0<T<B, (C.14)

implying that the propogator is period (antiperiodic) in T (with period B) for bosons
(fermions). Let us then write the momentum space propagator following from the
Fourier transform of Eq. C.11

- 1

Glwy,p)= 5> (C.15)
p +m +w,

where the discrete frequencies in this space are w,, = 2n nﬁ_l for bosons and w,, =
(2n+1) 7I,B_1, known as the Mastubara frequencies. Now we can recast the propagator
through inverse Fourier transform as

1 & d3 —iw, THIp - X~
G(T,x) = En;m/ﬁe WTHP XG (W p), (C.16)

using w,, as either for bosons or fermions. Hence, the finite temperature dynamics are

obtained from the zero temperature one via the simple replacements:

4t 1 & 4
0o, . p / P
— iw,, ) .
s /(27[)4 Bt (27)

See [330] for details in evaluating the infinite summation loop integrals in Eq. C.17.

(C.17)
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C.2. Thermal Effective Potential at 1-loop

Here we will determine the one-loop effective potential at finite temperature. Consider
a theory of self-interacting scalar fields. We will write the effective potential in the

form

VE(90) = Vo(9o) + VE (90, (C.18)

where Vj(¢,) is the tree-level zero-temperature potential. Using the calculations in the
previous section, the finite temperature part of the potential (at 1-loop) is written as

vE(g,) = g(w? + w?), (C.19)

25 oo

where the w,, are the bosonic Mastubara frequencies and w? = p2 + mz((pc) where m?

is the shifted mass, computed from the tree-level potential

m’(¢,) = dZVO((PC) (C.20)
d¢C
In the imaginary time formalism, this can be shown to be [331]:
Vlﬁ(qbc) = / d3p3 {ﬂ + 1log(l —e Pyl (C.21)
(2n)° L2 B

The first term in Eq. C.21 is identified with the Coleman-Weinberg potential [252],

whilst the temperature-dependent part can be written as

3
%/ (;ln_p)?) log(1 - e_ﬁw) - 277?12,34]3 [m2(47c),32]1 (C.22)

with the thermal bosonic function [ is defined as

Tplm?*B*] = /Ooo dxx*log {1 —e V x2+ﬁ2m1 : (C.23)
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In the high-temperature expansion (m < T), one can expand the integral in Eq. C.23

to give the series

4 2 2 2\ 3/2 4 2
2 p2y _ T mm T S Am om
Jem™/T) = — 5+ 15702~ % (TZ) 32 74 logasz
(42
o 2041) 1 m?
I A (£+—> — | , (24
& ,;1( T 2) \ 42T (24

where a, = 167 exp(3/2 — 2yg) (loga, = 5.4076). Similarly, the fermionic thermal

function
Je[m? B = / dxx*log {1 +eV x2+ﬁ2m2} , (C.25)
0

can be expanded in the same way:

2 2
)= M M e M
Jp(m=/T7) 360 2472 327t 08

7/2 o 2\ (2
T Ly SR a - (e ) ( ’?Tz) ©.26)

(=1

where a¢ = i exp(3/2 —2vg) (logay = 2.6351).
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Appendix D.

Asymptotic expansions of special

functions

D.1. The incomplete gamma function, I'(«, z)

The incomplete Gamma functions y(«,z) and I'(«, z) are defined as [332]:

Z
v(a,z) = / e ' ldt (Rea > 0),
0

I'(«,z) :/ e 1y,
z

(D.1)

(D.2)

where Eq. D.2 is sometimes known as the complementary incomplete Gamma function.

Fixed «, large x

Let us consider the case where the arguments « and x are real, and x > 0. Moreover, if

x is large, it is more convenient to work with the complementary function, I'(«, x). If

one applies integration by parts to Eq. D.2, we obtain:

T(a,x) =e “x* 14 (o — )T (a—1,x),
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and upon repeated application, the result is:

T(a,x)=e “x*1 {1+a;1+(“_1)g“_2)+--- (D.4)
pemte=geonr U aw, o)

where 7 is a non-negative integer. The function €,(x) is

e (x) = (@—1)(&—=2) - (x—n) / Tty (D.6)

X

If we have > & — 1, then what follows is that t* "1 < x* "~} leading to the result
e, ()] < J(—1)(a —2) -+ (w—m)[e 2", (D.7)

Finally, this leads to the asymptotic series for I'(«, x)

['(«,x) ~e Yyt i (o = 1) (o = 25) il S). (D.8)

s=0 X

D.2. The modified Bessel function of the second kind,
K,(z)

The modified Bessel function of the second kind, for real valued argument x, is defined
as [333]:

K, (x) = %n—i"“H,S“(ix), (D.9)

where H,sl) (ix) is the Hankel function of the first kind. The asymptotic expansion for

large x is:

K, (x) ~ (%)1/2 e *P, (), (D.10)

where P, (x) is an asymptotic series written as

4n* —1 N (4n* —1)(4n* — 3%)
8x 21(8x)?

W (x) =1+ (D.11)



Asymptotic expansions of special functions 129

Alternatively, for small x, the asymptotic expansion takes the form

K, (x)~(n—1)2"1x" (D.12)
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Colophon

This thesis was made in I£TEX 2 using the “hepthesis” class [334]. Feynmann diagrams
were created using the “axodraw2” style [335].
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