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Abstract

Supersymmetry is a theory of elementary particle physics that
can resolve several theoretical problems associated with the Standard
Model of particle physics. Supersymmetry also provides a possible so-
lution to the dark matter puzzle, by providing a plausible dark matter
particle candidate.

A set of supersymmetric models, studied by the ATLAS experiment
at the Large Hadron Collider (LHC), is examined in the first part of this
work. The compatibility of the models investigated by ATLAS with
existing constraints on the relic dark matter density and on the Higgs
boson mass are examined. Modifications to these models are proposed
in order to ensure compatibility with these experimental constraints.
In the second part of this work, a large set of supersymmetric models,
which could be detectable at the LHC, is considered. Using this set of
models, we investigate the complementarity of the dark matter searches
at the LHC with other direct and indirect dark matter searches.

Sammanfattning

Supersymmetri ar en teori for ny fysik som kan 16sa flera teoretiska
problem med nuvarande standardmodell for partikelfysik. Supersym-
metri medfor d&ven en mojlig 16sning pa gatan om den mérka materian,
genom att framfora en rimlig partikelkandidat for mork materia.

I den forsta delen av rapporten understks en uppséattning super-
symmetriska modeller, som har studerats i ATLAS-experimentet vid
LHC. Vi undersoker hur forenliga dessa modeller &r med experimentella
begransningar for densiteten for mork materia och Higgs bosonens
massa. Justeringar till modellerna foreslas med syftet att gora dem
kompatibla med dessa experimentella begriansningar. I andra delen
behandlas ett stort antal supersymmetriska modeller som skulle kunna
upptéackas med LHC. Med dessa modeller som utgangspunkt undersoks
hur komplementéra sokningar efter mork materia vid LHC ar med
sokningar vid andra direkta och indirekta detektionsexperiment.
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1 Introduction

The Standard Model (SM) of particle physics describes the interactions of all
known elementary particles through the strong, electromagnetic and weak
forces. Despite the accuracy of predictions of the SM [ADL™06], some the-
oretical problems remain unresolved and new physics on the TeV scale is
expected. For instance, the Standard Model does not include dark mat-
ter, which constitutes the major part of the matter content of the Universe
[LDH*11].

Supersymmetry (SUSY) postulates that the laws of physics are invariant
under a symmetry that transforms bosons into fermions and vice versa. The
main implication of this is an extension of the SM particle spectrum: for each
boson, there is a fermion superpartner; for each fermion, there is a boson
superpartner. The lightest of the superpartners has properties that make it
a plausible candidate for the cold dark matter in the Universe. Moreover,
SUSY can resolve the hierarchy or naturalness problem, by introducing nat-
ural cancellations to otherwise diverging loop corrections to the Higgs boson
mass.

While supersymmetric particles have not yet been discovered, experi-
mental results have put limits on different SUSY parameters. There is in
general a large number of parameters in SUSY models and it is impossi-
ble to know which of the infinitely many models is the correct one without
experimental input. One strategy in addressing this problem is creating a
model framework, by specififying a set of parameters, and fix all but a few,
typically two, scanning over the non-frozen parameters. When comparing
predictions from SUSY to experimental data, exclusion limits can be set in
two-dimensional parameter space for that particular model framework.

At the Large Hadron Collider (LHC), SUSY particles could be produced
and detected in high-energy proton-proton collisions. Other searches for
dark matter are conducted by detectors, which aim to either interact directly
with dark matter particles (direct detection) or to infer the presence of
dark matter particles via detection of their annihilation products (indirect
detection).

This work is composed of two parts. The first part (Sec. 3) is based on a
set of supersymmetric models that have been searched for by the ATLAS col-
laboration at the LHC. The models predict values for physical observables,
such as the amount of supersymmetric relic dark matter. These predicted
values are compared to current observational limits and modifications to the
models are introduced to better fit observational constraints. The second
part (Sec. 4) is a study of the complementarity of the LHC experiments
with other direct and indirect dark matter searches.



2 Theory

2.1 The Standard Model

The standard model of particle physics is the theory that describes the
known elementary particles and their interactions. It is experimentally con-
firmed to a very high precision [ADL"06]. The Standard Model addresses
the following questions: What are the basic particles that constitute all
matter? How do these particles interact?” How can the rates of various ele-
mentary particle reactions be predicted? The particle content, or spectrum,
of the SM is given below.

2.1.1 The Standard Model particle spectrum

According to the SM, all the matter in the Universe consists of elemen-
tary spin-% fermions, which interact by exchanging bosonic force fields. The
fermions are divided into three families, or generations, as shown in Table
1. The families differ from each other by their mass: the first family be-
ing the lightest and the third family the heaviest. There are two types of
fermions: leptons and quarks. There are six types or "flavours” of quarks,
three flavours of leptons and three flavours of neutrinos.

’ ‘ 1st family ‘ 2nd family ‘ 3rd family ‘ charge ‘
Quarks up (u) charm (c) top (t) +2/3
down (d) strange (s) bottom (b) -1/3
Neutrinos Ve Uy Vr 0
Leptons electron (e) muon (p) tauon (1) -1

Table 1: The fermions of the Standard Model, grouped in three families.
The different particle species are referred to as flavours.

Quarks are confined to bound states, ”hadrons”, such as protons and
neutrons. A proton consists of three valence quarks: two up-quarks and one
down quark, which are held together by gluons - mediators of the strong
force. In addition, there is a number of sea quarks in the proton, which
appear and disappear continuously. Quarks carry a baryon number B = 1/3.
They can interact through the strong, electromagnetic and weak force.

An example of charged leptons are electrons, which are bound to atomic
nuclei by exchanging the quanta of the electromagnetic force: photons. The
carriers of the weak force are the charged W+ bosons and neutral Z° bosons.
Charged leptons interact electromagnetically and by the weak force. Neutri-
nos interact by the weak force only. The spin 1 force carriers are presented
in Table 2, together with their masses. Charged leptons and neutinos carry
a lepton number L = 1. For the purpose of this text, only charged particles



’ SM particle ‘ Notation‘ Force mediated ‘ Mass ‘

Gluon g Strong 0 GeV
Photon ¥ Electromagnetic 0 GeV
Z° boson Z Weak (neutral current) 91.2 GeV
W+ boson W+ Weak (charged currents) 80.4 GeV

Table 2: The force carriers in the Standard Model.

with non-zero lepton number are referred to as ”leptons”.

The SM predicts the existence of one Higgs boson, with spin 0. The
Higgs boson is required within the SM to explain how elementary particles
acquire mass.

Each elementary particle has an antiparticle in the SM. The antiparticles
have the same properties such as mass and spin, except that they have
opposite charge and opposite baryon or lepton number.

The helicity of a particle is a measure of the relation between its spin and
momentum. The projection of the spin on the momentum of a particle can
either take a positive or a negative value. Particles with a spin projection
in the same direction as its momentum have right-handed helicity. Particles
with a spin projection opposite to the momentum are called left-handed. The
weak force only couples to left-handed fermions. Only left-handed neutrinos
and right-handed anti-neutrinos have been observed in Nature.

2.2 Problems with the Standard Model

The SM is a very good description of particle physics as we know it, having
excellent agreement with high precision electroweak data [ADLT06]. Nev-
ertheless, there are some fundamental problems associated with the SM, a
few of which are listed below.

One problem is related to the Higgs mechanism, called the hierarchy
problem or naturalness problem. Another shortcoming of the SM is that it
must be incomplete since there is no SM particle that can explain the dark
matter in our Universe. New physics is required to resolve both of these
questions.

2.2.1 The naturalness problem

The Standard Model relies on the existence of a Higgs field to explain that
elementary particles have mass. After electroweak symmetry breaking, the
vacuum expectation value (v.e.v.) of the Higgs field is non-zero, which gives
mass to the SM fermions and the W and Z° bosons, while preserving the
gauge invariance of the gauge boson [MS93|. A consequence of the Higgs
mechanism is the existence of a massive Higgs boson.



From fits to electroweak data, the Higgs boson should have a mass of at
most a few hundred GeV [Erl10], [ADL'06]. However, higher order radiative
corrections to the Higgs mass squared diverge. This divergence is propor-
tional to A% [JKG96], where A is the highest energy scale in the theory.
Often, A is assumed to be A ~ 10'® GeV, the so-called ”Grand Unification
Scale” at which the strong, electromagnetic and weak couplings become of
similar strength. Hence there is an incompability between electroweak fits,
which predict a low Higgs mass, and the theory that produces an enormous
Higgs mass. It would be possible to enormously fine tune the SM parame-
ters to achieve cancellation of the corrections of the Higgs mass, but such
an enormous fine tuning is considered unlikely unless it is generated by a
new symmetry of Nature.

2.2.2 Dark matter

The first evidence for dark matter was the analysis of rotation curves of spiral
galaxies. Circular velocities of clouds of neutral hydrogen can be measured
as a function of R, the distance from the center of the galaxy. By Kepler’s
law, the circular velocity v of a body orbiting a galaxy at a distance R from
it’s center is given by:

Y GM(R) , (1)
R
where M (R) is the mass of the galaxy contained inside a radius R [Lid03].
Once R is large enough to enclose almost the entire galaxy mass, the ve-
locity of orbiting bodies should decrease with increasing distance as R/2.
However, in almost all cases, the velocities rise quickly for small R and they
stay constant as far as can be measured [Lid03], as shown in Fig. 1.

One way to explain these rotation curves is by the presence of a large
amount of invisible mass, termed dark matter, which interacts only through
gravity and possibly the weak force. The dark matter is believed to form
a spherical halo, enclosing the visible disc-like part of the spiral galaxy.
From measured velocities of orbiting hydrogen clouds and the predicitons
on rotation velocities from ordinary matter, the contribution to rotational
velocity from dark matter can be inferred, as shown in Fig. 1 for the galaxy
NGC 6503.

A strong piece of evidence for dark matter is the so-called Bullet Cluster
[CBG™06], a cluster merger located 3.4 billion light years away. As shown in
the composite image in Fig. 2, hot gas from the clusters collides and emits
X-rays, shown in red. The gas constitutes the major part of the baryonic
content of the clusters. However, from gravitational lensing, it is found
that the mass of the Bullet Cluster is concentrated to the blue areas in
Fig. 2. This mass has passed through the collision zone without interacting
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Figure 1: Rotation curves for the galaxy NGC 6503. The circular velocity
V. is shown as a function of the radius R in kpc. Velocities corresponding to
data are shown as circles. Contributions to the velocity from interstellar gas,
the galactic disc and dark matter halo are inferred. The image is obtained
from [Fuc00].

electromagnetically. Observations of the Bullet Cluster show that it consists
mainly of non-baryonic matter that only interacts by gravity and possibly
the weak force.

Another piece of evidence for dark matter comes from precise mea-
surements of the Cosmic Microwave Background (CMB) performed by the
Wilkinson Microwave Anisotropy Probe (WMAP) satellite. The CMB im-
age from WMAP is shown in Fig. 3. The CMB originates from the era when
the Universe became transparent to light, when the age of the Universe was
a few hundred thousand years. It is very uniform: the difference between
so called hot spots and cold spots is only 400 pK, while the average tem-
perature of the CMB is 2.7K. From the overdensities (hot spots) observed
in the CMB, the galaxy clusters later developed. During this era, matter
would contract by gravity and dilute by the radiation pressure exerted by
the baryonic matter upon contraction. From the properties of the tempera-
ture fluctuations, it is concluded that the major part of dark matter is cold
[BGO4], or non-relativistic. From fits of the WMAP measurements of the
CMB to a cosmological model, it is inferred that more than 80% of the to-
tal matter content in the Universe is constituted by non-baryonic cold dark
matter [LDH"11] .



Figure 2: A composite image showing the galaxy cluster merger NGC 6503,
known as the Bullet Cluster. The distribution of mass, as measured by
gravitational lensing, is shown in blue. The distribution of heated baryonic
matter, as measured by X-ray emission, is shown in red. The image is
obtained from Ref. [NAS].

Figure 3: Measurements of the Cosmic Microwave Background from seven
years of data from WMAP over the whole sky in galactic coordinates. The
image shows temperature fluctuations from 13.7 billion years ago as differ-
ences in colour. The red areas are so-called hot spots, the blue areas are
cold spots. The temperature fluctuations are of the size +200 K, whereas
the mean temperature is 2.7 K. The image was obtained from Ref. [CMB].
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In summary, a valid dark matter candidate should be stable over cos-
mological time scales, not interact by the strong and electromagnetic forces
and be non-baryonic and non-relativistic. There is no particle in the SM
that can explain dark matter. Most of the dark matter is believed to consist
of elementary particles which may not have been discovered yet. One of the
leading candidates beyond the SM are Weakly Interacting Massive Particles
(WIMPs), with masses in the range 10 GeV to some TeV. WIMP dark mat-
ter is well motivated by both cosmology and particle physics. Motivation
for WIMPs constituting cold dark matter, and an overview and comparison
with other cold dark matter candidates is given in Ref. [JKG96].

2.3 Supersymmetry

Supersymmetry [Mar97], [Fay76], [FF78], [DK98] is the idea that the laws of
physics are invariant under exchange of bosons and fermions. Supersymme-
try must be a broken rather than a perfect symmetry, otherwise the SUSY
particles would have the same mass as their partners and should have been
observed already.

In the Minimal Supersymmetric extension of the Standard Model (MSSM),
which we are considering, there are 124 free parameters [Mar97], which in-
clude the masses of SUSY particles (sparticles), couplings and Higgs param-
eters. The SM particle spectrum is greatly extended in the MSSM, as each
SM particle should have a superpartner. Some features of SUSY is an ele-
gant solution to the naturalness problem and the prediction of the existence
of a particle that could consitute cold dark matter.

2.3.1 The particle spectrum of the MSSM

The superpartners have the same properties, such as couplings and quantum
numbers as their twin particles, but their spin differs by 1/2. In the MSSM,
every SM spin 1/2 fermion has a bosonic superpartner of spin 0 with a prefix
”s” (sfermion, selectron). Every SM spin 1 boson has a fermionic superpart-
ner of spin 1/2 with an ”ino” suffix (gluino, higgsino). The superpartners
are labelled with a ~: € for selectrons, ¢ for gluinos etc. A summary of the
SUSY particle spectrum is given in Table 3.

The MSSM requires two Higgs doublets to provide for masses to all SM
and SUSY particles. This results in five physical Higgs bosons. Two of them
are CP-even and neutral, denoted h° (the lighter) and H? (the heavier). In
addition, there is a neutral CP-odd higgs A and two oppositely charged
higgses, H*.

In the MSSM, there is one fermionic degree of freedom for each bosonic
degree of freedom [JKG96]. This has consequences for the MSSM particle
spectrum and is related to helicity. SM leptons have spin 1/2, which allows
for two helicities. On the other hand, sleptons have spin 0 and can only
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SM particle‘ Spin‘ Superpartner ‘ Spin‘

quarks (q) 1/2 squarks () 0
neutrinos (v) 1/2 sneutrinos () 0
leptons (1) 1/2 sleptons (1) 0
gluons (g) 1 gluinos (§) 1/2
photon (v) 1 neutralinos 1/2
20 boson (20) | 1 (30, %9, 3. %)
Neutral Higgs bosons (h%, H) 0
W+ boson (W) 1 charginos 1/2
Charged Higgs boson (H¥) 1 (ﬁt, )ZQi)
Neutral Higgs boson (A?) 0

Table 3: The SM particles and their superpartners in the MSSM. The neu-
tralinos YV are linear combinations of neutral binos, winos and higgsinos.
The charginos )Zz-i are linear combinations of charged winos and higgsinos.

have one helicity. Therefore, there are two sleptons for each charged SM
lepton, one corresponding to left-handed leptons and one corresponding to
right-handed leptons. As SM neutrinos can only have left-handed helicity,
there are no right-handed sneutrinos. The right-handed sfermions do not
interact by the weak force and can have a mass that is different from the
corresponding left-handed sparticle.

In the SM, linear combinations of the interaction fields B and W; form
the mass eigenstates known as photons, Z° bosons and W* bosons. The
interaction fields have superpartners called binos and winos, with the corre-
sponding mass parameters M7 and Mo.

Charged winos and higgsinos of the MSSM mix after electroweak sym-
metry breaking, forming mass eigenstates called charginos: 5(%,)23[ By
convention, )ﬁc is the lightest chargino and )Zéc is the heaviest. The mass
and interaction eigenstates are related by the chargino mixing matrix M¢:

M — M2 ﬂMWsinﬂ
7\ VM cos 3 p '

Here p is a Higgs parameter, My is the wino mass, My is the mass of
the W boson and sin 3 is related to the Higgs parameter tan 3. The mass
eigenstates correspond to particles which may be detected and whose masses
can be measured. Their content in terms of the interaction fields determines
how the charginos will interact.

For neutral sparticles, there are four interaction fields: bino, neutral
wino, and two neutral higgsino fields. Linear combinations of these fields
form mass eigenstates that are called neutralinos and denoted X%, %9, X9, X3
By convention, the subscript 1 denotes the lightest neutralino, the subscript
2 the second lightest and so forth. The neutralinos are related to the inter-

(2)
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action eigenstates through the neutralino mixing matrix My:

MnN =
M, 0 —MzsinOw cos 3 Mz sin Oy sin 8
0 Moy Mz cosOw cos 3 —Mz cos Oy sin 3 3)
—MzsinOw cos 3 Mz cos Oy cos 8 0 —u
Mz sin Oy sin 8 — Mz cos Oy sin 8 — i 0

In this matrix, Oy is the Weinberg angle, one of the fundamental parameters
of the SM [MS93]. The parameters Mz and My, are masses of the Z° and
W= bosons. On the diagonal, M; is the bino mass and My is the wino
mass. The elements cos and sin 3 can be seen as ways of expressing a
Higgs parameter; p is the Higgs mixing parameter. In this work, we use the
term ”gaugino” to label the superpartners of the electroweak gauge bosons,
which will be {9, X9, )Zli for our models. The heavier chargino >22i and
neturalinos Y9, X} will be higgsino-like in our models.

2.3.2 Phenomenological MSSM

Within the MSSM, different assumptions, for example on the supersymme-
trybreaking mechanism, can be made in order to reduce the 124-dimensional
parameter space to a more manageable number of dimensions. For exam-
ple, assumptions of the supersymmetry breaking mechanism can be made.
The advantage of the phenomenological Minimal Supersymmetric Standard
Model (pMSSM) is that no assumption about the supersymmetry break-
ing mechanism is made, as such assumptions generally strongly constrain
the SUSY mass hierarchies. To reduce the number of free parameters, phe-
nomenological constraints are applied to the MSSM. The constraints are
that there is no additional source of CP-violation to the SM from SUSY and
that there is no neutral particle that can mediate a flavour changing process.
These constraints reduce the number of free parameters to 25 [Mar97]. The
parameters are different SUSY mass parameters, masses for Higgs bosons, tr-
linilear couplings, the top quark mass and the ratio of Higgs doublet v.e.v.s
tan 8. All SUSY models considered in this work are within the pMSSM
framework.

2.3.3 R-parity

Without additional restrictions, SUSY contains baryon and lepton number
violating interactions, which imply predictions of proton decays. As protons
are stable over a time scale of 1032 years [Nak10], an additional conserved
quantum number is introduced, to remove these interactions from the theory.
This discrete quantity is called R-parity and is given by:

R = (_1)3(BfL)+25‘ (4)

13



Here B is the baryon number, L is the lepton number and S is the spin.

R-parity has value R = 1 for all SM particles and R = —1 for SUSY par-
ticles. It is a multiplicative symmetry: the R-parity of a system is the prod-
uct of the R-parity of its components. Therefore, if R-parity is conserved,
a SUSY particle can never decay into only SM particles. This implies that
the Lightest Supersymmetric Particle (LSP) must be absolutely stable. If
SUSY particles are produced from SM particles in accelerators, they must
be created in pairs to preserve R-parity. In this work, it is always assumed
that R-parity is conserved.

2.3.4 SUSY and the SM problems

If the LSP is neutral, this particle would not interact electromagnetically.
Assuming conservation of R-parity, the LSP will be stable over cosmological
timescales. The most commonly considered LSP is the lightest neutralino
[JKG96], a linear combination of neutral gauginos and higgsinos. Neutrali-
nos carry no baryon number. A neutralino with a mass on the GeV scale
would thus provide a massive neutral non-baryonic elementary particle as
a candidate for Weakly Interacting Massive Particles. In this work, only
neutralino LSPs are considered.

SUSY resolves the naturalness problem by introducing additional cor-
rections to the Higgs mass squared. These corrections are related to the
diverging terms by a factor of —1: in SUSY, for every boson loop there is
a fermion loop that cancels it. This implies a natural cancellation of the
diverging Higgs loop corrections. The quadratic dependence of corrections
to the Higgs mass squared on A ~ 10'6 GeV is reduced to at most a logarith-
mic dependence [JKG96]. In this way, the artificial fine-tuning is avoided
and the naturalness problem is solved. For the cancellation to occur, the
mass difference between SM particles and their superpartners should not be
much greater a few TeV.

2.4 Experimental constraints on SUSY models

For the supersymmetric models considered in this work, three experimental
constraints are applied. The three constraints are upper limits on the dark
matter density from WMAP, lower limits on the Higgs mass from LEP and
existing measurements on the branching ratio Br(b — s + 7). These three
constraints are described in detail below.

2.4.1 The dark matter constraint

If there is a stable particle, such as a stable neutralino LSP, it would exist
in equilibrium abundance in the early hot dense Universe, while the tem-
perature of the Universe is greater than the particle’s mass (KT > mc?).
As neutralinos are their own anti-particles, two neutralino LSPs could pair
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annihilate, producing standard model particles only. The equilibrium abun-
dance is maintained by the annihilation of the heavier LSPs into lighter SM
fermions f and vice versa: YUx} < ff. In thermal equilibrium, the forward
and backward reactions occur at the same rate.

As the Universe expands and cools below the LSP mass, LSP annihi-
lation becomes favoured above production and the equilibrium abundance
drops exponentially, as shown in Fig. 4. The dilution and cooling of the
Universe terminates LSP annihilation once the rate of the annihilation re-
action (%) — ff) becomes lower than the expansion rate of the Universe.
This is called freeze-out. The neutralino LSPs essentially stop annihilating
and a so-called relic density of LSPs remains.

In Fig. 4, the equilibrium density Ngq for different annihilation cross
sections o 4 is shown, where (o 4v) is the cross section for the process (X} —
ff, multiplied by the velocity of the LSP. The brackets denote that an
average is calculated over the LSP velocities. The temperature decreases as
the Universe evolves towards the right in Fig. 4. For a higher (o4v), the
WIMPs stay in equilibrium longer, leaving a smaller relic abundance.

The model discussed above is described by the Boltzmann equation,
which can be solved numerically, as is done in DARKSUSY [GEUT04] for
different SUSY models. The relic dark matter density calculated by DARK-
SUSY can be compared with experimental limits from WMAP, given a
certain SUSY model.

Another process that could decrease the dark matter density is coanni-
hilations. Coannihilations can occur when the LSP and another sparticle
with the same quantum number are close in mass. In this case, scattering
of the LSP off a SM particle can convert the LSP into the heavier sparticle
[JKG96]. If the annihilation cross section of this sparticle is larger for the
LSP, the effect is a lower relic dark matter density. In addition, the two
different sparticles can annihilate with each other, further decreasing the
relic dark matter density.

The fits to 7 years of WMAP data with a model that includes a cosmo-
logical constant and dark matter, give a relic dark matter density [LDH™*11]
of:

Q.h? = 0.1109 + 0.0056, (5)

where h is the reduced Hubble constant in units of 100 kms~! Mpc~!. The
cosmological density of cold dark matter Q. is given in terms of Q = p./pcrit,
where p, is the average cosmological density of the cold dark matter and peyit
is the critical density. In Sec. 3, an upper bound of two standard deviations
above the WMAP7T central value is used. Thus we demand:

QchZ . < 0.1221. (6)

max
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Figure 4: The relic LSP density for different velocity averaged annihilation
cross sections (o 4v) are shown as broken lines. The equilibrium density is
shown by the solid curve. The mass m represents the y! mass and 7T is the
temperature of the Universe in the same units. The paramter x = m/T
increases with time, as the Universe cools. The image is obtained from Ref.
[Fuc00].

In Sec. 4, an upper bound of three standard devations is demanded:

Q.h% . <0.1277. (7)

max

No lower limit is applied to the dark matter density, allowing the SUSY
LSPs to constitute only part of the total cold dark matter in the Universe.

2.4.2 The Higgs boson mass constraint

The constraint from LEP experiments on the mass of the Standard Model
Higgs is my, > 114.4 GeV [tag03]. The exact exclusion mass limits on the
Higgs boson mass from LEP rely on the combination of different search
channels and thus depend on the different decay branching ratios. In SUSY
models, these branching ratios are altered as well as the Higgs production
cross sections. Thus, for each SUSY model, the lower limit of 114.4 GeV
needs to be recomputed and may in fact be lower.
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Figure 5: An artist impression of WMAP satellite. The image is obtained
from Ref. [WMA].

The SUSY parameter that determines the Higgs boson mass at lowest
order in the MSSM is tan (3, the ratio of the vacuum expectation values
(v.e.v.s) for the two Higgs doublets:

tan 8 = v—u. (8)
Vd
The vacuum expectation value vy refers to the Higgs doublet that gives a
mass to down-type particles, v, refers to the Higgs doublet that gives mass
to up-type particles. At lowest order, the Higgs boson mass is bounded from
above by the following [Mar97] expression:

mpo < myz|cos2p|. (9)

This lowest order approximation is always smaller than the mass of the Z°
boson, which is 91.2 GeV [Nak10]. However, significant corrections at next
to leading order raise this value. The largest radiative correction [Zer10] at
next to leading order is:

)] (0

3G m?\ X2 1 X2

2 2 2 F 4 t t t

mio < m7(cos?2 + m; |lo + 1——

ho Z( ﬁ) \/§7T2 t [ g (th) mtg < 12 m%

Here G is the Fermi coupling constant, Gp = 1.166 - 107> GeV 2, my is
the mass of the standard model top quark, and m; is the mass of the stop
squark. The quantity X is:
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Xy = Ay — p/ tan . (11)

In this expression, A; is the top quark trilinear coupling.
2
Considering Eq. (10) as a function of %, the Higgs mass correction has
7

2
a maximum at % = 6. This condition is referred to as "maximum stop
t
mixing”, which is achieved by setting A; = p/ tan 8+ v/6m;. The condition
X; =0 is called "minimum stop mixing” and occurs at A; = p/ tanj3.
The values of tan 3, the stop mass m; and the coupling parameter A;
play an important role in determining the Higgs boson mass myo in the

MSSM.

2.4.3 The Br(b — s+ ) constraint

One of the strictest constraints on pMSSM comes from FCNC processes, in
particular the decay b — s + v [JKG96], where a bottom quark radiates a
photon and becomes a strange quark. The branching ratio has been mea-
sured experimentally and has a predicted value from the standard model
[MABT07] via penguin diagrams:

Br(b — s+ 7)sm = (3.15+£0.23) - 1072 %. (12)

The Feynman diagram for this process at lowest order involves the ex-
change of a charged W~ boson, as shown in Fig. 6.

Y

b W= s

Figure 6: A diagram at lowest order for the process b — s +  in the SM
[MPROS].
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The experimental value [(HFAG)07] for Br(b — s+ ) agrees with the
standard model prediction, which puts constraints on the pMSSM. The main
SUSY contribution to the process comes from diagrams with a charged Higgs
and up-type squarks. The second main contribution involves a chargino and
up-type squarks [MPRO8]|. The Feynman diagrams for these two processes
are shown in Fig. 7.

Y Y

Figure 7: Feynman diagrams for the main MSSM processes for b — s+ at
lowest order. The charged Higgs boson H~ boson serves as an intermediate
particle in the diagramt to the left. The chargino ¥~ acts as an intermediate
particle in the diagram to the right. The image is obtained from [MPR9S|.

The mathematical expressions for the SUSY contribution include terms
containing tan 3, the mass of the charged Higgs, the squark masses and the
chargino masses [JKG96]. Varying these parameters within SUSY will give
different values for Br(b — s+ 7).

In this work, the range

2.71-1072 % < Br(b — s +7) < 4.39-1072 %, (13)

is used in DARKSUSY [GEUT04] to accept models as compatible with ex-
periments. This interval is obtained by adding the theoretical uncertainty
from [MAB*07] for the SM prediction as well as for the SUSY prediction
to the experimental uncertainty from [(HFAG)07]. The central value is the
experimental value from [(HFAG)O07].

2.5 Software

Computation of the the SUSY particle masses, their decay branching ratios
and the Higgs boson mass for each SUSY model is performed with ISAJET
7.80 [BPPT09]. The relic dark matter density corresponding to each SUSY
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model is calculated in DARKSUSY 5.0.5 [GEU'04]. The upper bound on
the relic dark matter density, as defined in Sec. 2.4.1, is applied by hand.

DARKSUSY 5.0.5 also computes the value of the branching ratio Br(b —
s+ ) and tests whether it is within the limits given in Eq. (13).

The lower bound from LEP on the Higgs boson mass mo is recalcu-
lated for each SUSY model with HicGsBounps [BBH'10], integrated in
DArRkSUSY.

FeEyNHIGGS 2.8.6 [HHRWO7] is employed to compute quantities related
to MSSM Higgs bosons.

The program PROSPINO2.1 [BHS96] is used to calculate different SUSY
production cross sections at the LHC.
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3 Search for SUSY at ATLAS and Dark Matter
Constraints

3.1 Introduction

ATLAS has published results [ATLAS11] on searches for SUSY within the
pMSSM with production of squarks and gluinos and dilepton final states.
The purpose of the search was to examine models with dilepton signature,
which were not excluded by zero- and one-lepton SUSY searches. We focus
on the model set referred to as Light Neutralino Grid in Ref. [ATLAS11].
Different points in the model grid correspond to SUSY models with different
masses of squarks and gluinos, which are of the order several hundred GeV.
Exclusion limits were set in the gluino mass - squark mass plane.

In this chapter, it is investigated what kind of constraints the ATLAS
exclusion implies for some models of SUSY. The models presented in Ref.
[ATLAS11] were developed without regards to several experimental con-
straints. The three constraints we wish to add are the upper bound on
the relic dark matter density, given by equation (6) in Sec. 2.4.1, a lower
bound on the Higgs mass, as described in Sec. 2.4.2, and a branching ratio
within the limits given in equation (13) in Sec. 2.4.3. We propose a mod-
ified version of the Light Neutralino Grid and call it phenoGrid 2c. It is
constructed to be similar to the Light Neutralino Grid in terms of dilepton
signature at ATLAS. The challenge is to change some parameters in the grid
to make it meet the three experimental constraints, without changing the
LHC phenomenology.

3.2 The LHC

The Large Hadron Collider (LHC) is the largest particle accelerator in the
world with a circular circumference of 27 km. It is located around 100 me-
ters under ground, below Swiss-French border at CERN. The LHC scatters
protons inelastically, resulting in production of many strongly interacting
particles. The protons are accelerated in bunches, with 10! protons in each
bunch, and collided against each other head-on at a rate of 40 million bunch
crossings each second. With about 20 collisions per bunch crossing, there are
around 1 billion proton-proton inelastic collisions per second. The data col-
lected at the LHC can give us information on physics beyond the Standard
Model.

3.2.1 ATLAS

Several experiments are positioned along the LHC. One of them is ATLAS,
A large Toroidal LHC ApparatuS. The cynlindrical device is 47 m long, has
a diameter of 25 meters and weighs 7000 tonnes.
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Figure 8: An illustration of a cross section of the ATLAS detector during
a collision. The beam pipe, where the collision occurs, is surrounded by
the inner detector (bluish-gray). Around the inner detector is Liquid Argon
Calorimeter (in yellow). The next layer (shown in blue) is the Tile Calorime-
ter. The blue areas outside the circular part are muon spectrometers. A
person is shown at the right of the image to set the scale. The image is
obtained from Ref. [ATL].

The ATLAS collaboration consists of more than 3000 physicists from 174
institutions in 38 countries. Tests are performed at ATLAS to determine
if the standard model describes high energy physics satisfactorily, or if new
exotic particles can be found. Predictions from Monte Carlo simulations
of the SM background and of supersymmetric events are compared to the
number and characteristics of collision events selected by the experiment.

The ATLAS experiment consists of several sub-detectors. The inner
tracking detector measures the momentum of each charged particle. Tile
and Liquid Argon calorimeters measure energies of electrons, photons and
hadrons produced in collisions. A muon spectrometer identifies muons and
measures their momenta. A cross section of the ATLAS experiment is shown
is Fig. 8.

3.2.2 Experimental signature of SUSY

If there is enough energy involved in the proton-proton collisions, SUSY
particles might be pair produced. The produced sparticles go through a
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sequence of decays resulting in SM particles and the neutralino LSP in the
final state. Charged SM leptons and hadrons (quarks) produced in the
process will register in the inner tracking detector and the calorimeters.
Neutrinos and the lightest supersymmetric particle only interact weakly so
they will not be observed in the detectors. The presence of neutrinos or
LSPs can be deduced from the conservation of momentum. When protons
are collided head-on, they have no momentum in the transverse plane. From
conservation of momentum, the net momentum of leptons and quarks from
a collision should be zero in the transverse plane. The so-called missing
transverse energy E%“iss is the energy one would need to introduce in order
to cancel any net transverse momentum of the detected hadrons and leptons.
The transverse energy is related to the transverse momentum pr by Er =

\/m?+ p%. A non-zero Effniss can arise from experimental uncertainty or
from the presense of a neutrino or an LSP. SUSY events are expected to

have a high missing transverse energy, since there would be two LSPs in the
final state.

3.3 The ATLAS Light Neutralino Grid search

In this section, the ATLAS SUSY search [ATLAS11] within the pMSSM
model set called Light Neutralino Grid is summarized.

3.3.1 Grid parameter values

The light Neutralino Grid is a set of pMSSM models that were examined at
ATLAS. The name ”Light Neutralino” comes from assigning the neutralino
LSP a mass of 100 GeV, which is only 9 GeV above than the mass of the Z°
boson. Scans in the two dimensional squark mass - gluino mass parameter
space are performed, scanning the two masses independently of each other
in the mass range 300 GeV — 800 GeV. The masses of sleptons and the
gauginos X9, )zli are related to the squark and gluino masses. All third
generation sfermion masses are set to 2 TeV. The value tan( is set to
tan 3 = 4. The parameters of the models in the Light Neutralino Grid are
given in Tab. 4.

3.3.2 Dilepton event selection

In Ref. [ATLASI11], SUSY models with dilepton final states are examined.
In selecting collision events for the analysis, the requirement is that exactly
two (charged) leptons with a transverse momentum of pp > 20 GeV are
present in the final state. These leptons can be electrons (e®) or muons
(uF) in any combination. Exclusion limits are are computed for same sign
(SS) dilepton signature and opposite sign (OS) dilepton signature separately.
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For the SS analysis, the limits are calculated for the sum of the three chan-
nels (ete®), (et ™), (utp®). For the OS analysis, the limits are calculated
separately for the channels (ete™), (e*uT), (uTp™) and then combined sta-
tistically.

The defining selection criteria for the signal region is a transverse missing
momentum of E%‘iss > 150 GeV for the OS signature and E%“iss > 100 GeV
for the SS signature. A large missing transverse energy is possible for SUSY
events with two LSPs of 100 GeV in the final state. The cut is employed to
reduce the SM background, especially from Z° boson production.

The main SM background for the SS analysis comes from SM processes
with so-called fake leptons, an example of which is charged hadrons that
are mistaken for electrons in the detector. For the OS analysis, the main
background comes from ¢f production, with subsequent leptonic decays.

3.3.3 Dilepton search results

The SUSY models of the Light Neutralino Grid have been tested against
the full ATLAS dataset from 2010 [ATLAS11]. The data was collected at a
centre-of mass energy of /s = 7 TeV with a total integrated luminosity of
L =35pb~L.

In the ATLAS analysis, Monte Carlo simulations of the standard model
background were added to simulations of SUSY processes corresponding to
the models in question. The number of events predicted by the simulations
was compared to the number of events observed in ATLAS. In case the
predictions from SUSY were inconsistent with the data, the corresponding
models in the Light Neutralino Grid were excluded.

Parameter Symbol Value
Gluino mass M3 [300, 800] GeV
Squark mass mg = mgj= mg = Mg [300, 800] GeV
Bino (LSP) mass M, 100 GeV
Wino (%9, ¥{) mass M, M — 100 GeV
Slepton mass mp, =M, =mp, M/2
Higgs v.e.v.s ratio tan G 4
Third generation mz = my = mz = My, 2 TeV
Top quark mass my 172.5 GeV
Higgs parameter 0 1.5-M
Tril. couplings Ay, Ay /- tan 3
Top tril. coupling Ay p/ tan 8

Table 4: The parameters for the Light Neutralino Grid. The parameter M is
defined as M = min(mg, mz). The wino mass M, determines the masses of
)28, )Zf The bino mass M; sets the mass of the LSP. Tril. is an abbreviation
for ”trilinear”.

24



MSSM PhenoGrid2

ATLAS L"-35pb" \s=7 TeV
2-lepton SS

m; [GeV]

Observed limit 95% CL (Comp. spectrum)
<% = = Median expected limit (Comp. spectrum)

« [0 Observed limit 95% CL (Light neutralino) 3
----- Median expected limit (Light neutrallno)

30é’oo 350 400 450 500550 600 650 700 750 800
m; [GeV]

MSSM PhenoGrid2
800|||||||||||||||||||||||||||||||||||||||||||||||||
v 2-lepton OS KEEd Observed limit 95% CL (Comp. spectrum)
%, — - Median expected limit (Comp. spectrum)
et [/ Observed limit 95% CL (Light neutralino)
‘. mmmas Median expected limit (Light neutralino)

ATLAS L™ =35 pb”, V=7 TeV

m [GeV]

30900 350 400 450 500 550 600 650 700 750 800
m; [GeV]

Figure 9: ATLAS exclusion limits for the Light Neutralino Grid (in blue)
at 95% confidence level. Gluino masses are varied along the x-axis, squark

masses along the y-axis. Results from the dilepton analysis with leptons in
the final state of the same sign are shown in the upper plot. Results from
searches with leptons of opposite sign are shown in the lower plot. The blue
broken lines show the expected limits for the Light Neutralino Grid. The

figure was obtained from Ref. [ATLAS11].
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The predicted number of events in the signal region are compared to
the number of events observed in ATLAS 2010 data. Depending on the
number of observed events compared to number of predicted events and
the experimental uncertainties, the suggested SUSY models can either be
discovered, be excluded (in which case the parameter space is constrained),
or be allowed.

In Ref. [ATLAS11], a 95% confidence level is used in the exclusion. The
total uncertainty in the signal region, with contribution from both theory
and experiment, was calculated for each model and found to be between
20% and 30%.

The ATLAS exclusion limits are shown in Fig. 9. The two graphs in
Fig. 9 represent exclusion limits from analysis with SS dilepton final states
(I*1*) and with OS dilepton final states (I*IF). Scanning independently
over different masses of squarks and gluinos in the range 300 — 800 GeV
results in a two-dimensional grid. The blue areas in Fig. 9 correspond to
models in the Light Neutralino Grid that have been excluded with a 95%
confidence level. White areas correspond to models that have not been
excluded in the ATLAS analysis. The lower limits for squark masses and
gluino masses within the Light Neutralino model set can be read off the
graphs.

The ATLAS exclusion can be summarized as follows. The SS analysis
provides tighter limits on both squark and gluino masses than the OS anal-
ysis. For models where mg = mg + 10 GeV, the lower limits on the squark
mass are mg > 550 GeV from the OS analysis and mz > 690 GeV from the
SS analysis. In the region where squarks are heavier than gluinos, squark
masses are excluded up to 450 — 690 GeV (from the OS analysis), depending
on the gluino mass. All models with mg < 450 GeV and my < 450 GeV are
excluded by the SS analysis. Models with mg = mg are not accessible with
this analysis.

3.4 Study of a modified dilepton grid

In this section, the Light Neutralino Grid is tested against the three exper-
imental constraints in Sec. 3.4.1. A modified grid, called phenoGrid 2c¢, is
proposed in Sec. 3.4.2. In Sec. 3.4.3 - 3.4.3.4, the ATLAS phenomenology
of the Light Neutralino Grid and phenoGrid 2c is compared. The modified
grid is tested against the three experimental constraints in Sec. 3.4.4.

3.4.1 The Light Neutralino Grid and non-LHC constraints

The relic dark matter density for the Light Neutralino grid, with the neu-
tralino LSP as the dark matter particle, is computed with DARKSUSY.
For the purpose of our analysis, in generating the Light Neutralino models,
scans are made for squark masses and gluino masses in the range 300 GeV —
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800 GeV in steps of 100 GeV. This results in 36 models. Instead of gen-
erating models with mg = mg, for which the conducted ATLAS analysis is
not sensitive, we break the mass degeneracy by setting mgz = mg + 10 GeV.
The relic dark matter density corresponding to the 36 generated models is
shown in Fig. 10 together with the upper limit from WMAP7 (the red line).
The computed dark matter density exceeds the WMAP upper bound by a
factor of 3-30 for the different models in the grid. The WMAP central value
and upper bound can not be resolved from each other on the scale of this
figure, the dark matter density of the Light Neutralino Grid are very many
standard deviations away from the WMAP7 central value. The models in
the Light Neutralino Grid are judged to be inconsistent with the world we
live in.

| Relic dark matter density for Light Neutralino grid |
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Figure 10: The dark matter density as given by the Light Neutralino Grid,
computed with DARKSUSY [GEUT04]. The WMAPT central value is
Q.h? = 0.1109. The red line shows the upper bound from WMAP7 at
0.1221. The 36 analyzed models are grouped as follows. In each of the six
wide bins, the gluino mass is constant. The wide bins are sorted in increas-
ing order from a gluino mass of 300 GeV to a gluino mass of 800 GeV.
Within each wide bin, there are six thin bins, corresponding to six squark
masses: from 300 GeV to 800 GeV in increasing order.

The Higgs mass for each SUSY model is computed and tested against
LEP data. The result is mpo = 105.4 GeV for all the models, which is
excluded by searches at LEP. The branching ratio Br(b — s++) has allowed
values for all models in the Light Neutralino grid.
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3.4.2 Modified grid: phenoGrid 2c

Some modifications to the Light Neutralino Grid are introduced to make it
consistent with cosmological observations of dark matter and LEP searches
for the Higgs boson, described in Sec. 2.4. Three model parameters are
modified and the resulting model grid is named phenoGrid 2c.

The main difference in the mass spectra between Light Neutralino Grid
and PhenoGrid 2c¢ is that the right-handed sleptons are much lighter in
phenoGrid 2c: mj, = 111 GeV. The motivation for having a light sfermion
is as follows. As described in Sec. 2.4.1, the relic dark matter density was
determined by the cross section for the LSP pair annihilation in the early
Universe. In the annihilation ¥{ + ¥ — f + f, a sfermion f can act as an
intermediate particle in a t-channel exchange, as shown in Fig. 11.

—

Ny /

Ny ' f

Figure 11: An illustration showing one of the processes of LSP pair annihi-
lation. The neutralino LSP, which is called ¥} in this text is named Ny in
the figure. The SM fermions are denoted by f, sfermions by f. The image
has been obtained from Ref. [Mar97].

The cross section ¢ for the process shown in Fig. 11 is dependent on the
sfermion mass m as following [PS95]:

1

mv t=(ps—m)> (14)

g X

Here p; is the four-vector of the neutralino on the top of Fig. 11 and p3 is the
four-vector of the SM fermion f. The square of the difference of these four-
momenta is the Mandelstam variable . As ¥? is a cold (non-relativistic)
dark matter particle, its momentum is set to zero in the calculation of ¢.
The sfermion considered here can be either selectron or smuon, so the SM
fermions produced will be electrons or muons. As the masses of SM elec-
trons and muons are 512 keV and 106 MeV respectively [Nak10], compared
to the neutralino mass of 100 GeV, they are negligible. Under these ap-
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proximations, the Mandelstam variable ¢ has the value t = — m?{o , which
1

gives

1

2 2)2°
(mﬁ—i-mf)

o (15)

Therefore, decreasing the mass of the sfermion m 7 will increase the anni-
hilation cross section. A high annihilation cross section results in a lower
relic dark matter density, as shown in Fig. 4. We decrease the mass of the
right-handed slepton from the value in the Light Neutralino Grid to meet
the upper bound on dark matter density.

The mass of right-handed sleptons only is changed for phenoGrid 2c,
while the mass of the left-handed sleptons are kept unchanged. The reason-
ing for this is the following. Right-handed sleptons do not couple to the Z
and W* bosons or their superpartners. Since the wino mass is higher than
the bino mass My > M; in our models and |u| > My, the interaction con-
tent of the neutralino %9, as given by the neutralino mixing matrix in Eq.
(3), is mostly wino. Similarly, the chargino is also be wino-like. Therefore
X9 and Xli will not couple to right-handed sleptons. No right-handed slep-
tons will be produced from squarks and gluinos as no sparticle can mediate
these decays. The dilepton phenomenology for ATLAS will therefore not be
influenced by the mass of right-handed sleptons.

In phenoGrid 2c, the value of tan (3 is raised from tan 8 = 4 to tan 5 = 7.
This parameter is changed to easier meet lower experimental limits on the
Higgs mass from LEP. At lowest order, the Higgs mass is given by myo =
mz|cos20|. This value is plotted as a function of tan 5 in Fig. 12. As tanf
grows,  — m/2 and | cos 20| approaches the maximum value: |cos23| — 1.
So, the Higgs mass at lowest order approaches the mass of the Z° boson
(91.2 GeV) from below as tan grows. The value |cos23| grows rather
rapidly at low values of tan # and then planes out, as seen in Fig. 12. For
tan 0 = 4, myz| cos25| = 80.5 GeV. For tan 8 = 7, myz| cos 23| = 87.5 GeV.
So, at lowest order, changing tan 3 from 4 to 7 increases the Higgs boson
mass by 7 GeV.

In order to further increase the Higgs mass corresponding to the SUSY
models, the main contribution to the Higgs mass at next to leading order
is modified. In the Light Neutralino grid, A; = p/ tan 3, which corresponds
to minimum top mixing (X; = 0), as discussed in Sec. 2.4.2. With this
condition, the expression for the Higgs mass reduces from equation (10) to:

my log(—%). 16
T o (%) (16)
Raising the mass of the stop quark m; should increase the positive contribu-
tion to the Higgs mass. All third generation sfermions are set to 10 TeV in

m7o < my|cos2B|? +
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Higgs mass at lowest order as a function of tan 8 |
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Figure 12: The analytical expression for the Higgs mass at lowest order
mpo = mz| cos2f3| is plotted as a function of tan 5. For the Light Neutralino
Grid, tan 8 = 4 and myz|cos 23| = 80.5 GeV. For phenoGrid 2¢, tan = 7
and my|cos 23| = 87.5 GeV.

phenoGrid 2¢, compared to 2 TeV for Light Neutralino Grid. This increases
the second term in equation (16) by a factor of log(5%) = 3.2. The three
modifications to Light Neutralino Grid are summarized in Table 5.

Parameter Light Neutralino phenoGrid 2c
lr M/2 (150 — 400 GeV) 111 GeV
tan G 4 7
mg, Mg, Mz, My, 2 TeV 10 TeV

Table 5: The modifications that distinguish phenoGrid 2c¢ from the Light
Neutralino Grid. The input mass parameter for the right-handed slepton
before electroweak symmetry breaking is 102 GeV. After electroweak sym-
metry breaking, the mass of the right-handed slepton becomes 111 GeV.
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3.4.3 Sources of dilepton production

PhenoGrid 2c¢ is constructed to have the same LHC phenomenology as the
Light Neutralino Grid, with the purpose of having the ATLAS exclusion
limits applicable to phenoGrid 2c as well. To confirm that the phenomenol-
ogy is similar, we test the agreement of branching ratios, which correspond
to dilepton production, between the Light Neutralino Grid and phenoGrid
2c.

As the masses of the strongly interacting squarks and gluinos in our mod-
els are of the same order of magnitude as the other sparticles, production
of SUSY will be mainly through squarks and gluinos. Decay chains that
produce leptons are those with sleptons or sneutrinos created at intermedi-
ate stages. Squarks and gluinos do not couple to sleptons and sneutrinos
directly, therefore decays into these sparticles occurs via intermediate gaug-
inos: 921i7>28-

The analysis of branching ratios described below is carried out in the
following steps:

e The branching ratios for lepton production from the gauginos )Zf, e
are calculated for both grids.

e The branching ratios for gaugino production from squarks and gluinos
are computed for both grids.

e For each squark type of the first two families and for gluinos, the
branching ratios for the main decay chains that result in the production
of exactly one lepton are added, and similarly for production of two
leptons.

e All possible pairs of squarks and gluinos that result in a particular
signature (e.g. same sign) are multiplied by their production cross
section at the LHC and then added. The resulting quantity is called
LP(ll) and is defined in equation (17).

e The relative difference in lepton production ALP(Il) between the Light
Neutralino Grid and phenoGrid 2c¢ is calculated for each grid point.

These are the basic steps that will be taken to test if the acceptance of
the ATLAS analysis is affected. The quantity LP(ll) is the sum of all the
branching ratios that give the dilepton signature, weighed by the corre-
sponding production cross section:

P() =Y 04 pisp) Br(A+B—1+1+X), (17)
A,B

A,B=g,1,d,3,¢, , C.

VAl
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In Eq. (17), A and B can denote gluinos, or any of the eight squarks and anti-
squarks of the first and second generation. All the different combinations
of A and B are summed over. In the final state, X denotes the two LSPs
and any additional SM final states particles, which are not charged leptons.
The variable [ can refer to either electrons or muons of any charge. The
signature can be specified by assigning a charge and flavour to [. Each
term in Eq. (17) contains the branching ratio for the decay process of A
and B into a final states with exactly two leptons {I. These branching
ratios are weighed by the cross section Opipisi 1O produce A and B in
in proton-proton collisions at the LHC. It is the relative difference ALP(Il)
between the Light Neutralino Grid and phenoGrid 2c that is a measure of the
change in phenomenology at the LHC. If ALP(Il) for the different dilepton
signatures is small, compared to the experimental uncertainties, the ATLAS
exclusion limits can be applied to our models.

In the sections below, branching ratios that are related to each other by
charge conjugation will have the same value. Only branching ratios involving
squarks (¢) and positive charginos ()Zli) are presented, not the corresponding
expressions for anti-squarks (g) and negative charginos (x7). The second
squark family has the same branching ratios as the first, so terms with the
second squark and quark families are omitted from the text. In decay chains
where either a lepton and a neutrino or two leptons are produced, both of
these are of the same family and one of them carries a negative lepton
number.

Re=
>0

l\)>q;|

Figure 13: Selected illustrations of the decay chains of gauginos that produce
leptons are shown above. The intermediate particle (selectron or snuerino)
can be either virtual (off-shell), in which case it is denoted by a *, or on-
shell. Decays of ¥{ result in one electron e*. Decays of X3 can result in two

electrons eTe™.
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3.4.3.1 Lepton production from gauginos

The lepton production from charginos ¥; and neutralinos YJ in the Light
Neutralino Grid occurs via decay chains such as those shown in Fig. 13. For
the chargino )Zf, the branching ratios that could give visible electrons e™
are:

4. Br(x{ = W +x9)-Br(W — et +v)

All of the chargino ()Zf) decays listed above give one charged electron.

Branching ratio 1 represents a three-body decay. It will occur if the mass
difference between the initial )Zf and the final products is less than the mass
of any intermediate particle. In all our models, however, due to the mass
difference relation

Mgt = Mgy > My 5 My, M, (18)
these three-body decays are absent in the model grids. Instead, decay chains
with real intermediate particles, corresponding to branching ratios 2-4, pro-
duce the leptons.

Figure 14 shows the values of branching ratio 2 for the models in the
Light Neutralino Grid, calculated with IsaJET [BPPT09]. Here a slepton
[}, acts as an intermediate particle. Red areas in the figure correspond to
relatively large branching ratios, blue areas to small branching ratios. Decay
channel 2 in the final state accounts for 14 — 24% of all chargino decays,
depending on the model.

Figure 15 shows branching ratio 3, with an intermediate sneutrino. This
channel corresponds to 26% — 36% of all chargino decays.

The sum of branching ratios 2 and 3 is shown in Fig. 16. All combined
branching ratios correspond to 49.4% — 49.9%. Together with equal branch-
ing ratios for muon production, 99 — 100% of all branching ratios of )Zf have
been accounted for. Branching ratio 4 is negligible.

We now turn to neutralino (yJ) decays. The main branching ratios of
X3 that can give rise to electrons are:

1. Br(x3 = x{ +e +eh)
2. Br(X3 — & +eT) - Br(éx — et +xY)

3.Br( = Z+x0) - Br(Z — et +e7).
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Figure 14: Branching ratio 2 for ¥{ decays in % for the Light Neutralino
Grid. A selectron acts as an intermediate particle and one charged lepton e™
is produced. Gluino masses are varied along the x-axis, squark masses along
the y-axis. The numbers in the grid and the colour coding show the value
of the branching ratio for each model. Red corresponds to a high branching
ratio, blue to a low, orange, yellow and green to intermediate.

These chains result in production of two charged electrons of opposite
sign. The first term is zero, by the same argument as for the non-existence
of chargino three-body decays. Branching ratios 2 and 3 for Y9 involve a
real intermediate particle, which can be a slepton or a Z° boson.

Figure 17 shows the value of branching ratio 2 for the models in the
Light Neutralino Grid. As seen in Fig. 17, X3 decays into two electrons of
opposite charge 17% — 25% of the time, with an equal probability to decay
into two muons. Branching ratio 3, through a Z° boson, is found to be of
the order of 107% % for the Light Neutralino Grid models and phenoGrid 2c
models and is not considered further. Together with x93 decays into muons,
branching ratio 2 accounts for 33% — 49% of all X3 decays. The remaining
decays of the Y5 result in an LSP and two neutrinos, with no production of
charged leptons.
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Figure 15: Branching ratio 3 for ¥{ decays in % for the Light Neutralino
Grid. A sneutrino acts as an intermediate particle and one electron e™ is
produced. Gluino masses are varied along the x-axis, squark masses along
the y-axis. The numbers in the grid and the colour coding show the value
of the branching ratio. Red corresponds to a high branching ratio, blue to
a low, orange, yellow and green to intermediate.

Based on the investigations of the different terms performed here, the

branching ratios for the gauginos that are used for calculations in Sec. 3.4.3.4
are

Br(x{ — e +X) = Br(x{ —¢éf +ve) Br(ef — e +x1)+
+ Br(X{ — vep +e") Br(Uep — ve +X7) (19)
for )Hr and
Br(x3 et +e  +X) = Br(x3—éf +e ) -Br(ef —et+ 1))+
+ Br(x—é; +et)-Br(e, —e +x)) (20)
for X9.
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Figure 16: The main branching ratios for ¥ (branching ratios 2 and 3) in %
into a final state with one electron e for the Light Neutralino Grid. Gluino
masses are varied along the x-axis, squark masses along the y-axis. The
numbers in the grid and the colour coding show the value of the branching
ratio. Red corresponds to a high branching ratio, blue to a low, orange
yellow and green to intermediate.
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Figure 17: Term 2 for the branching ratio of Y3 into ete™ in % for the Light
Neutralino Grid. Gluino masses are varied along the x-axis, squark masses
along the y-axis. The numbers in the grid and and the colour coding show
the size of the branching ratio. Red corresponds to a high branching ratio,
blue to a low, orange, yellow and green to intermediate. Red corresponds to a
high branching ratio, blue for a low, orange yellow and green to intermediate.
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3.4.3.2 Gaugino production from squarks and gluinos

The decay chains of gluinos and squarks that lead to lepton production
are examined. The dominant branching ratios for these processes. The ex-
pressions for x| production are similar to those for XT production. For a full
list of the branching ratios for gaugino production included in calculations,
see the Appendix A.1.
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3. Br(d — g +d)-Br(§g — X{ +d+ 1)

5. Br(@ — X9+ u)
6. Br(d — XY + d)

Gluinos can not decay into gauginos in a two-body decay since they do
not carry weak or electromagnetic charge. To produce gauginos, gluinos
either undergo a three-body decay (branching ratio 1), or they go through a
sequence of two decays with an on-shell intermediate squark (as in branching
ratio 4). A condition for a chain of two decays, such as number 4, is that
the mass of the decaying sparticle (here a gluino) is greater than the mass
of the intermediate sparticle (sdown). The only way to produce a charged
lepton from a squark of the opposite charge is for the squark to decay in a
sequence of two steps with an intermediate gluon, as in branching ratio 3.

3.4.3.3 Squark and gluino production from proton collisions
During 2010, colliding protons at the LHC had an energy of 3.5 TeV each.
At these energies, partons that that participate in a process with another
proton are either gluons or sea quarks. The sea quarks can have any flavour
and include anti-quarks. This implies that processes such as the production
of two antisquarks and production two squarks from different sfermion fam-
ilies in a collision are possible. Since the first two sfermion families have the
same masses in our models, the branching ratios for the second generation
squarks have the same values as the corresponding branching ratios of the
first generation. Branching ratios for decays of antisquarks have the same
values as for squark decays that are related by a charge transformation.
SUSY particles are always produced in pairs. There are many different
possible combinations to pick two particles A, B out of gluinos, squarks
and antisquarks of the first two generations for a SUSY production process,
which is not covered in this text. The cross section for the pair production of
A+ B in proton-proton collisions at the LHC with /s =7 TeV is calculated
with PROSPINO [BHS96]. The production of squarks of the third generation
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is not considered, as their masses are an order of magnitude higher than the
masses of the other squarks.

3.4.3.4 SS and OS signature

Following Ref. [ATLAS11], the same sign signature is treated with all the
flavour combination (ete®, p*pu®, e*p®) summed. For the opposite sign
signatures, final states with leptons from different families are considered
separately from final states with leptons of the same family. For the OS
signature, results are presented for the change in branching ratios for (e*pT)
and (e*e™) final states. The branching ratios for (u*u~) are identical with
those for (ete™).

Same sign production can only occur from decays of two charginos of
the same sign: each YT gives decays to give a lepton {*. In computing
LP(I*1*), which is defined in Eq. (17), all branching ratios to produce
exactly one lepton each from A and B: Br(A — I* + X) - Br(B — I* + X),
are multiplied by the production cross section of A + B at the LHC, and
summed over:

LP(I*IF) = 0, 4.5 BrA— X +X) Br(B— X7 +X)- (21)
AB
Br(xi — 1T+ X)-Br(xi — I* +X). (22)

Here only decay products relevant for the dilepton signature have been writ-
ten out explicitly. Quarks, neutrinos and >~<(1) produced in the process have
been omitted from the text. The suming is over A and B, which are gluinos,
squarks and anti-squarks of any flavour in the first two families. The branch-
ing ratio for )Zf decay into a e™ is defined in equation (19). The value is
identical with the branching ratio for y; decay into e™.

The relative change in dilepton signature ALP(Il) is defined as

LP(”)phenoGrid 2c — LP(”)Light Neutralino Grid

ALP(ll) =
( ) LP(ll)LightNeutralinoGrid

(23)

Figure 18 shows the change in the same sign dilepton signature ALP(I*I¥)
between the Light Neutralino Grid and phenoGrid 2c¢ in units of %.
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Figure 18: The change in branching ratios ALP(I*1*) in % between the
Light Neutralino Grid and phenoGrid 2c¢. Gluino masses are varied along
the x-axis. Squark masses are varied along the y-axis. The numbers in
the grid and the colour coding show the value of ALP(I*I*). Blue areas
correspond to large negative values (below -5), red areas correspond to small
positive or negative values (close to 0%).
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One way to obtain the opposite sign signature is from the decay of two
oppositely charged charginos. For the opposite sign signature with different
lepton families in the final state, the relevant branching ratios are added
according to:

LP(e*u¥) =) 0,0 4 Br(A = X +X) - Br(B — xf +X)-
AB
Br(xi — ¢* + X)-Br(x7 — uT + X). (24)

The change in OS dilepton signature of different flavour ALP(e*uT) is
shown in Fig. 19.
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Figure 19: Change in branching ratios in % between the grids for opposite
sign signature, different flavours: ALP(eTuT). Gluino masses are varied
along the x-axis. Squark masses are varied along the y-axis. The numbers
in the grid and the colour coding show the value of ALP(e*xT). Blue areas
correspond to large negative values, red areas correspond to values close to

0%.

Another way to obtain the OS signature is from the decay of Y3, which
can result in two leptons of opposite sign from the same flavour leptons.
The decay of one sparticle results in the production of two leptons, which
means that the other decaying sparticle must produce no leptons to meet
the requirement of exactly two leptons in the final state. This branching
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ratio is calculated by subtracting branching ratios that result in at least one
lepton from 100% for the squark or gluino in question. The expression for
opposite sign signature with the same flavour leptons in the final state has
contributions from both )ﬁc and Y9 decays:

Lp = D 0y aplBrAd =X +X) - Br(B - % +X)-
AB
Br(ty —e"+X) - Br(xf — 4T+ X)+
+Br(4A — X3+ X) Br(B — X) - Br(x) — ete™ + X)) (25)

In the second term of equation (25), Br(B — X) denotes the branching
ratio of B to decay into a final state with no leptons. The change in OS
dilepton signature of the same flavour leptons ALP(eTe™) = ALP(u*u™)
is shown in Fig. 20.
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Figure 20: Change in branching ratios in % between the grids for opposite
sign signature, same flavour: ALP(eTe™). Gluino masses are varied along
the x-axis. Squark masses are varied along the y-axis. The numbers in
the grid and the colour coding show the value of ALP(I*I*). Blue areas
correspond to large negative values, red areas correspond to values close to

0%.

Ideally, Fig. 18 - 20 would show 0% for the change in signature ALP(Il)
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for each grid point. The red area in the right lower side of the grids has
a small change: |ALP(ll)| < 1% for both for SS and OS signature. This
is neglibible compared to the estimated signal uncertainty of 20% — 30% in
the ATLAS analysis. This red region corresponds to gluinos that are heavy
compared to squarks.

In the heavy squarks region (mg > mj), there is less dilepton production
in phenoGrid 2c than in the Light Neutralino Grid: the change in branching
ratios ALP(Il) is negative and the colour is blue. A large decrease in dilepton
production corresponds to blue areas in the Figs. 18-20. The decrease in
lepton production in the heavy squarks region is a result of changing tan (3,
which affects the couplings of gauginos to other sparticles.

For the the SS signature, the model that agrees the worst between the
model grids is mg = 400 GeV, mgz = 800 GeV. Here the branching ratios
corresponding to SS production in phenoGrid 2c are |ALP(I*1%)| < 8.9%
lower than for the Light Neutralino Grid. This number is compared to the
cited error in the signal region in Ref. [ATLAS11]: 20 — 30% . The lower
bound of experimental uncertainty (20%) is added to the largest estimated
change in branching ratios |ALP(I*I%)]| to give an upper limit of the uncer-
tainty we add by changing model grids. These numbers are added quadrat-
ically: oot = V202 +8.92 = 21.9%. The change in the total uncertainty
Otot 18 considered insignificant compared to the experimental uncertainty.
Therefore this branching ratio modification is negligible compared to AT-
LAS uncertainties.

For the OS signature with different lepton flavours, the same model
(mg = 400 GeV, mg = 800 GeV) also gives the least agreement between
the model grids, corresponding to a change of ALP(e*p*) = —5.1% in the
dilepton signature. The total uncertainty from this model and the lowest
cited ATLAS uncertainty is oot = 20.6%. For the OS signature with the
same lepton family, the same model corresponds to the maximum change in
dilepton signature of ALP(ete™) = —5.7%, which gives oyt = 20.8%. The
OS signature shows better agreement of branching ratios between the grids
than SS signature.

In conclusion, by changing grids from Light Neutralino to phenoGrid 2c,
we introduce a change in the phenomenology that is negligible compared
to the uncertainty cited by ATLAS. Judging by the branching ratios, the
ATLAS exclusion limits should also apply to phenoGrid 2c.

3.4.4 PhenoGrid 2c and non-LHC constraints

As noted in Sec. 3.4.1, all models tested for in the Light Neutralino Grid
imply too much dark matter to be consistent with the world we live in.
All models correspond to a Higgs boson mass that has been excluded by
LEP. As shown in Sec. 3.4.3.4, the modification of the Light Neutralino
Grid into phenoGrid 2c does not affect the dilepton signature significantly,
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compared to the experimental uncertainties estimated by ATLAS. Therefore
the ATLAS exclusion limits [ATLAS11] also apply to phenoGrid 2c.

In this section, we investigate whether phenoGrid 2c meets the physical
constraints on the dark matter density, Higgs boson mass, and Br(b — s+7)
better than the Light Neutralino Grid does.

The relic dark matter density for the models in phenoGrid 2c¢ is presented
in Fig. 21, where the WMAP7 central value is drawn as a blue line and the
WMAP7 upper bound is shown as the red line. As seen in Fig. 21, all
models in phenoGrid 2¢ are compatible with the WMAP7 upper bound for
cold dark matter density. In fact, there are no models above the central
value.

All models in phenoGrid 2c give a relic dark matter density close to
the central value, as seen in Fig. 21, meaning that they correspond to ¥!
making up almost all the cold dark matter in the Universe. The mass range
100 GeV < mp, < 111 GeV gives an allowed dark matter density. The
upper limit on mp, has not been systematically studied. It is possible that
models with mp, > 111 GeV do fullfill the relic dark matter constraint as
well.

The values for the dark matter density are presented in the form of a
two-dimensional grid in Fig. 22. The value for Q.h? ranges between 0.104
and 0.111 for our models. The central value from WMAP7 is equal to 0.111
to three significant figures.

In Fig. 23, the relic dark matter density for models in phenoGrid 2c is
compared to values for the corresponding models in the Light Neutralino
grid. The dark matter density is decreased by a factor of 3-30, depending
on the point in the squark-gluino mass plane.

The Higgs mass for phenoGrid 2c has been calculated to be 114.8 GeV
for all models in phenoGrid 2¢, which is found to be consistent with data
from LEP. The Higgs mass is 105.4 GeV for all models in Light Neutralino
Grid, which is excluded by LEP.
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Figure 21: The relic dark matter density corresponding to models in
phenoGrid 2c. The blue line shows the central value from WMAPT for the
relic cold dark matter density. The red line shows the upper bound from
WMAP7. The wide bins correspond to constant gluino masses. Within each
wide bin, the squark mass is varied between 300 GeV and 800 GeV.
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Figure 22: The relic dark matter density for the models in PhenoGrid 2c as
a function of gluino mass (on the x-axis) and squark mass (on the y-axis).
The numbers and colour coding show the relic dark matter density Q.h? for
the models. Red denotes high values, blue denotes low.
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Figure 23: Dark matter density as given by Light Neutralino Grid (yellow)
and PhenoGrid 2c¢ (green). The red line shows the WMAPT7 upper bound
to the relic cold dark matter density. All models in phenoGrid 2¢ are just
below the red line, all models in the Light Neutralino Grid are above it. The
wide bins correspond to constant gluino masses. Within each wide bin, the
squark mass is varied between 300 GeV and 800 GeV.
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Figure 24: Values for Br(b — s + ) corresponding to the models in
phenoGrid 2c. Red denotes forbidden values. Green means allowed val-
ues. The gluino mass is varied on the x-axis. The squark mass is varied on
the y-axis. A total of 36 models, evenly spaced in this grid, is tested for.
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In the Light Neutralino Grid, all models have a value for Br(b — s + )
that is compatible with experimental bounds. In phenoGrid 2¢, however,
the six models with m; = 300 GeV gave a forbidden value for Br(b — s+7),
as shown in Fig. 24. Changing model parameters such as tan 8 and squark
masses, affects this value. The six models excluded by Br(b — s+ «) for
phenoGrid 2c¢ are already excluded by ATLAS, as seen in Fig. 9. All other
models in phenoGrid 2c return allowed values for Br(b — s + 7).

So, by making the modifications to Light Neutralino Grid, we have cre-
ated a set of models that are consistent with the observed dark matter den-
sity and that does not contradict experimental results from LEP of searches
for Higgs.

3.5 Conclusions

We started by analysing pMSSM models with a dilepton signature that have
been considered by ATLAS in Ref. [ATLAS11] to set exclusion limits on
SUSY production. We found that all of them gave a value for the relic
dark matter density that was by far excluded by WMAP7 and that the
corresponding Higgs boson mass has been excluded by searches at LEP. From
these observations we can say that the ATLAS paper [ATLAS11] excluded
models that were already excluded elsewhere.

We modified the Light Neutralino Grid and demanded that it would meet
constraints on dark matter, Higgs boson mass and Br(b — s+ ). The mass
of right-handed sleptons mp, was lowered to decrease the corresponding
relic dark matter density. To increase the Higgs boson mass, the Higgs
fields v.e.v.s ratio tan § and the mass of the third generation sfermions were
increased. The resulting model grid was called phenoGrid 2c.

We investigated final states with SS and OS dilepton signatures, cor-
responding to models in the Light Neutrlaino Grid and phenoGrid 2c¢. It
was shown that the relevant branching ratios have not changed significantly.
Therefore we can apply the ATLAS exclusion limits shown in Fig. 9 to our
models. The particle kinematics is not affected by our modification of the
grid because the only sparticle with changed mass is IR, which does not
contribute to the ATLAS dilepton signal region '. Changing tan 3, affected
some branching ratios, however, this change was considered insignificant
when compared to the ATLAS experimental errors.

All models with mg > 400 GeV in PhenoGrid 2c are consistent with the
experimental Higgs bounds from LEP, WMAP7 dark matter density limits
and Br(b — s++). Only models with mg = 300 GeV gave a forbidden value
for Br(b — s + 7). These models are already excluded by ATLAS. So, the
Light Neutralino grid was modified to provide a grid of models compatible

!This was also checked by generating fast simulations of the Light Neutralino Grid and
of phenoGrid 2c, but this work was not carried out by the author of this work.
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with experimental bounds and with LHC phenomenology unchanged with
respect to the grid tested experimentally with ATLAS.

The ATLAS experiment excludes several of the phenoGrid 2¢ model
points. Therefore, although the initial ATLAS paper [ATLAS11] was ex-
cluding models already excluded elsewhere, we showed that it also excludes
a range of models compatible with the relic dark matter density, Higgs boson
mass and Br(b — s+ 7).
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4 Complementarity between the LHC and other
dark matter detection experiments

4.1 Introduction

In this chapter, three sets of pMSSM models are investigated. The model
sets correspond to pair production of i) squarks and gluinos, ii) gauginos,
and iii) sleptons at the LHC. These model sets are referred to as ”Squark-
gluino”, ”Gaugino”, and ”Slepton” model sets respectively. They are inves-
tigated in Sec. 4.4.1, Sec. 4.4.2 and Sec. 4.4.3. The model parameters are
selected based on published LHC projections [BCPT95], [BCPT96], [Pol96],
[ATL11], [BCPT94]. The criteria is that these models should be detectable
wih an integrated LHC luminosity of around 500 fb~!, corresponding to LHC
operation until about 2020. Out of the models that we generate, we keep
those that are compatible with experimental constraints on the relic dark
matter density, the Higgs boson mass and Br(b — s + 7). The constraints
are described in Sec. 2.4, with three standard deviations from the WMAP
central value used as an upper bound, as given by Eq. (7), to be consistent
with Ref. [GEUT04]. The remaining models are studied to see whether they
can be detected in other experiments. Two things in particular affect the
production rate of SUSY particles. The first is the coupling between the
SM particle from the proton to the SUSY particle to be produced. Particles
that interact by the strong force, such as squarks and gluinos, have higher
couplings than those that interact by the weak or electroweak force, such as
gauginos and sleptons. The second is the phase space available for SUSY
production - lighter SUSY particles would be produced at a higher rate than
heavier.

4.2 Detection of dark matter

There are several different strategies for dark matter searches. The two
main classes are direct detection and indirect detection. Direct detection
experiments aim to measure direct interactions with dark matter particles
in the form of the elastic scattering of dark matter off nuclei in the detector.
Indirect detection experiments search for products from annihilation of dark
matter particles in the galactic halo or in the Sun. Production of dark
matter particles at accelerators, such as the LHC, and detection of missing
transverse energy can be regarded as a third kind of method.

The overlap between detectability in the LHC with other dark matter
detection experiments is investigated below. In this part of the work, the
dark matter particles will sometimes be referred to as WIMPs rather as
LSPs. WIMPs can denote both SUSY dark matter or other hypothetical
weakly interacting elementary particles.
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4.2.1 Direct detection

The most convincing evidence for WIMP dark matter would be through
direct detection. Hundreds of thousands of WIMPs from the galactic halo
should pass through every square centimeter of the Earth each second [JKG96].
WIMPs must have a small but finite coupling to SM particles to explain the
observed (low) abundance today, otherwise they would not have annihilated
into SM particles in the early Universe. If so, WIMPs will occasionally
scatter off nuclei in ordinary matter today. However, interactions with SM
particles are rare. The challenge is to measure and distinguish from the
background the small amount of energy deposited from the rare collisions of
dark matter particles with the detector.

X X

P

q

Figure 25: Two Feynman diagrams for interactions of the ¥ with squarks.
These processes are important for the spin independent cross section, which
is relevant for direct detection experiments. Neutral Higgs bosons or squarks
can be exchanged. The image is obtained from [JKG96].

74
X

Figure 26: One possible Feynman diagram, representing interaction of x{
with gluons. This process contributes to the spin independent cross sections,
which is relevant for direct detection experiments. SM quarks and neutral

Higgs bosons can be exchanged in the process. The image is obtained from
[JKGI6].

The %Y can interact with the nucleus in a spin independent way with a
cross section ogr. The spin independent scattering reflects the interaction of
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the neutralino with gluons or quarks in the nucleus. Virtual Higgs bosons
or squarks may be exchanged in the processes, as shown in Figs. 25 and 26.

The contribution of the spin independent scattering cross section ogp
to the total scattering cross section scales with A2, where A is number of
nucleons in the nucleus [JKG96]. The sensitivity to the spin independent
cross section can be increased greatly by increasing the mass of the target
nuclei.

4.2.2 Indirect detection

In indirect detection experiments, the annihilation products from LSP an-
nihilation are searched for. One can either look at the flux of gamma rays
from neutralino annihilation in the galactic halo and set limits on the quan-
tity (ov)/ m?(o, where o is the annihilation cross section multiplied by and

averaged over v, the LSP velocity and mgo is the LSP mass and the brackets
denote averaging. Or one can look at high-energetic neutrinos arising from
annihilation of neutralinos trapped in the Sun and set limits on the spin
dependent scattering cross section ogp. These two methods are described

below.

4.2.2.1 Spin dependent cross section
The total elastic scattering cross section of the a X! off protons has a

contribution from both the spin independent cross section ogr and the spin
independent cross section ogp. In the spin dependent process, the Y| couples
to the spin of a nucleus. As the sensitivity for og; can be regulated by
using heavy nuclei in the detector, better limits for ogr than for ogp can
be obtained for direct detection experiments. However, more competitive
limits on ogp can be placed from indirect detection experiments [WEQ09].

The XY annihilation rate depends on the square of the Y| number density
[JKG96]. Therefore regions with a high density of dark matter could be
a good source for indirect detection experiments. The ¥} particles could
become gravitationally captured inside celestial bodies, such as the Sun.
Once captured, the particles would scatter and loose energy until they reach
thermal equilibrium at the core of the Sun. The capture occurs mainly
via spin dependent scattering, as a large part of the nuclei in the Sun are
light protons with non-zero spin. With enough WIMPs concentrated at the
core, the result could be an annihilation signal strong enough for detection
on Earth. Of any annihilation products, the weakly interacting neutrinos
would escape the Sun and reach the Earth. Assuming that the x{ are in
equilibrium in the Sun, the ¥! annihilation rate is set equal to the capture
rate [WE09]. Thus, measurements of annihilation products from the Sun
provides limits for the spin dependent cross section.

In the spin dependent scattering interaction, the neutralino can interact
with quarks in the nucleus by exchange of Z° bosons and squarks, as is

93



q q

Figure 27: Two possible Feynman diagrams that are important for the spin
dependent cross section, which is relevant for indirect detection experiments.
The SM Z° boson or a squark can act as an intermediate particle. The image
is obtained from [JKG96].

shown in Fig. 27.

4.2.2.2 Annihilation cross section

Pair-annihilation of Y in the galactic halo would result in gamma rays
with the flux proportional to (ov)/m,2 [Fermi-LAT11]. Here (ov) is the
velocity averaged annihilation cross section and m, is the mass of the 0.
Indirect detection experiment can measure the gamma ray flux from the
cosmos and compare with predictions from {Y annihilation in the galactic
halo.

Some Feynman diagrams for y! pair annihilation are shown in Fig. 28.

An intermediate sfermion, Z° boson or a CP-even Higgs boson can mediate
the annihilation, which results in two SM fermions.

Figure 28: The three main annihilation channels for neutralino Y| annihi-
lations into fermions. Sfermions, Z° bosons or the CP-odd Higgs boson A°
can be exchanged in the process. The image is obtained from Ref. [JKG96].
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4.3 Dark matter experiments

This section provides an overview of the experiments for direct and indirect
detection of dark matter that are relevant for this work. Some of the ex-
periments (XENON100, Fermi) are already in operation and have already
provided limits on cross sections for the ¥ processes discussed in Sec. 4.2.1
and Sec. 4.2.2. Other experiments (XENONI1t, IceCube IC86 and CTA)
are in the planning stage and have not yet provided any limits. For these
three experiments, sensitivity projections are used to determine if the models
generated in this work will be accessible by these planned experiments.

To choose among all dark matter detection experiments and relevant ob-
servables, Ref. [BBE11] was used as a starting point. It gives an overview
over current and planned experiments for detection of dark matter and
presents limits and projected sensitivities for experiments that measure ogy
and (Uv>/m§?.

A summary of the experiments used and the variable that they measure
are given in Table 14 in Sec. 4.5, where the generated models are tested
against the limits.

4.3.1 XENON

XENON is a direct detection experiment, setting limits on the spin indepen-
dent cross section of WIMPs scattering on liquid Xenon. The current phase
of the program, XENON100, has a target mass of 62 kg. It is stationed at
the Gran Sasso Underground Laboratory, Italy and shown in Fig. 29.
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Figure 29: Photomultiplier tube arrays in the XENON100 detector [XEN].

XENONT100 limits, computed from 100 days of data [XENON10011], are
used in this analysis. The projected sensitivity of the XENON1t upgrade is
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also considered. The data for the projected sensitivity is obtained from Ref.
[Ni09)].

4.3.2 Fermi Large Area Telescope

The Fermi Large Area Telescope (Fermi-LAT) is the main instrument on the
Fermi satellite, shown in Fig. 30. It is a telescope that measures gamma ray
fluxes and is particularly sensitive in the energy range 20 MeV — 300 GeV.
Using 24 months of data from 10 dwarf satellite galaxies, the best limits
to date on (ov) were set, as described in Ref. [Fermi-LAT11]. Out of the
different x{ annihilation channels examined in Ref. [Fermi-LAT11], the two
channels with (bb) or (7777) in the final states provide the best limits. Data
for these two channels is used in this work.

Figure 30: The Fermi spacecraft shortly before launch into orbit. The image
photograph is obtained from Ref. [Fer].

4.3.3 Cerenkov Telescope Array

The Cerenkov Telescope Array (CTA) is a ground based indirect detection
experiment in construction. CTA will search for Cherenkov light produced
by particle showers created when high-energy cosmic particles hit the at-
mosphere. CTA has a larger detector area than Fermi and is expected to
have better sensitivity than Fermi for high-energy gamma rays, which cor-
responds to large ¥{ masses. The projected sensitivity of CTA is obtained
from Fig. 6 in Ref. [BMDG11].
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4.3.4 IceCube

IceCube is the largest neutrino detector in the world, situated on Artarctica
at the South Pole. A photograph of some Antarctic inhabitants is shown
in Fig. 31. The effective volume of IceCube is more than one cubic kilo-
meter of ice. High-energetic neutrinos that interact with nuclei in the ice,
in the vicinity of the detector, produce energetic muons. The muons emit
Cherenkov light, which is transmitted through the transparent ice and de-
tected by arrays of PMTs.

Figure 31: Antarctic penguins, photographed by an IceCube member [Ice].

IceCube places limits on the spin dependent scattering cross section ogp
in searching for for neutrinos produced in WIMP annihilations inside the
Sun.

The sensitivity of IceCube for 180 days of data taking with 86 strings is
used from Ref. [IceCubell]. A worst-case and best-case scenario is presented
in Ref. [IceCubell]. In this analysis, the best case scenario, called ”hard
case”, is used.

4.4 Model sets

In this section, the generated model sets will be described and examined. As
squarks and gluinos interact by the strong force, their production in LHC
will be dominant if the masses of SUSY particles are similar. Such models
are examined in Sec. 4.4.1. To achieve dominant production of gauginos or
sleptons on the GeV scale, these particles need to be considerably lighter
than squarks and gluinos [BCPT96]. Models with dominant gaugino produc-
tion are examined in Sec. 4.4.2. Models with dominant slepton production
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are described in Sec. 4.4.3. For each model set, it is examined what frac-
tion of the generated models are compatible with the three experimental
constraints, described in Sec. 2.4. Investigations are made into what val-
ues of SUSY parameters correspond to models that are compatible with
the experimental constraints. In Sec. 4.5, these models are compared with
experimental limits from detection experiments described in Sec. 4.3.

4.4.1 Squark-gluino model set

The squark-gluino models are characterized by production of squarks and
gluinos at the LHC. With an integrated luminosity of 10fb=! at /s =
14 TeV, squarks and gluinos up to 2 TeV should be detectable in the LHC
[BCPTI96], [Pol96].

4.4.1.1 Model parameters

To produce specific models corresponding to production of squarks and
gluinos, several scans over different SUSY parameters are performed. The
squark and gluino masses are varied independently of each other in the mass
range 400 GeV — 2000 GeV. The ¥ mass is the lowest of the eigenvalues
for the neutralino mixing matrix, defined in equation (3). In this model set,
both bino-like (M; < My) and wino-like (Ms < M) LSPs are explored.
The bino mass is scanned up to 1250 GeV. The parameter tan 3 is varied
up to 23. The trilinear top coupling parameter A; is set to correspond
to either Ay = p/tan (minimum stop mixing) [ADKT04], or to A; =
p/ tan 3 + v/6m; (maximum stop mixing), [Zer10]. The parameter choices
for the Squark-gluino model set are summarized in Table 6.

SUSY parameter Symbol Scan range
Squark mass mg [400, 2000 GeV]
Gluino mass mg [400, 2000 GeV]
Bino mass M, [20 GeV, min(1250 GeV, M)]
Higgs parameters W, ma 2 TeV
Higgs v.e.v.s ratio tan 3 (3, 23]
Trilinear couplings A, Ay 0 GeV
Top trillinear coupling Ay u/tan B, u/tanp + \/émf

Table 6: The parameter scans for the squark-gluino models. The scan for
M is performed up to the lowest of M = min(mg, mgz) and 1250 GeV. The
parameter tan 3 is scanned in steps of 5. The other parameters are scanned
in log scale.

In performing the scans, we also vary the masses of sleptons and winos.
To keep the number of generated models manageable, five subsets are de-
fined, corresponding to different mass hierarchies for gauginos and sleptons.
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Generally, for one given subset, the wino mass is varied and the slepton
mass is kept fixed in relation to some other mass, as specified below. The
five different subsets are defined in Table 7.

Subset Wino mass (Ma) Slepton mass: mg, my
1) | 25Tev 2.5 TeV
(2) [20 GeV, min(M, 1250 GeV)] 2.5 TeV
(3) [20 GeV, min(M, 1250 GeV)] max (M, M) + 50 GeV
(4) [20 GeV, min(M, 1250 GeV)] max (M, My) — 50 GeV
(5) [20 GeV,min(M, 1250 GeV)] min(Mi, Mz) + 5 GeV

Table 7: The five squark-gluino subsets. The parameter M is defined as
M = min(mg, mg). The scans for My are performed up to the lowest of
min(mg, mgz) and 1250 GeV.

The first subset has heavy sleptons and gauginos at 2.5 TeV, which
implies that squarks and gluinos decay directly into SM quarks and the X?.
The second subset has heavy sleptons (2.5 TeV) and intermediate gauginos.
The wino mass Mj is scanned (independently) in the same mass range as
the bino mass M; for subsets (2)-(5). Subset (3) has intermediate sleptons,
heavier than all gauginos. Subset (4) has intermediate sleptons, lighter than
gauginos. Finally, subset (5) has very light sleptons, only 5 GeV heavier
than the LSP-related parameter min(M;, Ma).

4.4.1.2 Experimental constraints

Scanning over SUSY parameters as described above, 37 000 models are
generated in the Squark-gluino model set. The relic dark matter density for
the five subsets is examined.

For model subsets (1), (2) and (3), 1 — 4% of the generated models pass
the WMAPT7 upper bound on the relic dark matter density. For subsets
(4) and (5), a large number of models have been generated with a slepton
or sneutrino LSP. These models are discarded. Once the condition that a
neutralino is the LSP is applied, no models of subset (4) have an allowed
dark matter density; this subset is not considered further. For subset (5),
only 4% of 12020 generated models have a neutralino LSP. None of the
models from subsets (2) and (5) are consistent with both the dark matter
constraint and the Higgs boson mass constraint.

For subsets (1) and (3), 2% or less of the generated models pass both
experimental constraints. All remaining models also pass the Br(b — s+ )
constraint. In conclusion, only subsets (1) and (3) resulted in physical mod-
els. These correspond to mass hierarchies with heavy sleptons and gauginos
(1), and with intermediate sleptons and gauginos, m; = max(My, Mz) +
50 GeV (3).
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4.4.1.3 Relation between model parameters and experimental
constraints

It is now investigated which parameter values correspond to models that
are compatible with the applied experimental constraints. The mass dif-
ference between the lightest sfermion and the LSP, called Am in this text,
is investigated. This number is interesting because it may affect the an-
nihilation cross section of the LSP in the early Universe. In fact, we are
considering the t-channel interaction that is discussed in Sec. 3.4.2, where
it is shown that the cross section for this process is proportional to

1 (26)
RN S VR
(mf + mf((f)
Expressed in terms of Am, this value is
1
o o (27)

((Am)2 + 2m>~<(1)Am + mez(l))g.

So, for a fixed ! mass, the annihilation cross section with an intermediate
sfermion is large for small values of Am. While the expression given in Eq.
(26) is better theoretically motivated, Am is more intuitive and easier to
implement while generating models. In addition, if the lightest sfermion
is a squark, a low Am value could allow for coannihilations of neutralinos
with squarks, which in turn can affect the relic dark matter density [EG97].

Therefore Am rather than mf; + m?{o is examined.
1

Another relevant mass parameter is the mass difference between the two
lightest neutralinos. If the ¥9 is close to the LSP X! in mass, coannihila-
tions can increase the net annihilation of the LSPs in the early Universe, as
discussed in Sec. 2.4.1. A small mass difference Mg — Mgo could imply a
lower dark matter density that is consistent with experimental constraints.

For the Higgs mass experimental contraints, criteria for tan 8 are inves-
tigated.

The following criteria can be applied to isolate all the models that pass
the dark matter constraint from the models generated in the grids. For
subset (1), the only condition for passing the dark matter constraint is mg—
mgo < 5 GeV. Subset (3) has the condition mgg — mg < 9.55 GeV.

All models with an allowed Higgs mass have tan(G > 3. At lowest
order, the Higgs boson mass is proportional to |cos2(|, which grows with
tan 3, as shown in Fig. 12. Clearly, tan 3 = 3 corresponds to a too low
Higgs mass for all of Squark-gluino models. High values of tan 3, however,
correspond to relic dark matter densities incompatible with constraints from
WMAP for the subsets (2) and (3). This parameter can affect decay rates, by

changing the couplings of the gauginos. As tan 3 is present in the neutralino
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and chargino mixing matrices, Eqs. (2), (3), it can also affect the gaugino
masses. For the models generated in subset (2), the lower limit tan 5 > 3
from the Higgs constraint and the upper limit tan 3 < 8 from the relic dark
matter constraint overlap, since no models with 3 < tan < 8 have been
generated. The result is that no models in subset (2) are compatible with
both dark matter and Higgs boson mass. The criteria that are compatible
with experimental constraints is presented in Table 8.

Subset (1) Subset (3)
Survival: 1.1% 2%
Am (DM) | <5 GeV -
myy — mgo (DM) - < 9.55 GeV
tan 3 (Higgs) >3 >3
Criteria remove: 76% 100%

Table 8: The criteria found for models that are compatible with the exper-
imental constraints on the relic dark matter density, the Higgs boson mass
and Br(b — s+ 7). In parenthesis, it is stated which experimental con-
straint that constrains the models: ”DM?” for relic dark matter density and
"Higgs” for the Higgs mass. ”Survival” is the percentage of all generated
models that are compatible with the three experimental constraints. The
row ”Criteria remove” is a measure of the success of the applied criteria,
giving the percentage of models incompatible with experimental constraint
that are removed by the criteria.

The region 3 < tan 3 < 8 corresponds to a large change in Higgs mass,
as demonstrated in Fig. 12. Therefore the region 3 < tan § < 8 could be ex-
plored for models subsets (2) and (3) to find more SUSY models compatible
with the physical constraints here.

Generation of the subsets (4) and (5) looked promising at the beginning,
seeming to provide a small mass difference between sfermion sleptons and
the LSP, which shoul correspond to high annihilation cross sections for the
channel with an intermediate sfermion. However, a large part of the models
turned out to have a slepton or sneutrino LSP, which is not considered here.

4.4.2 Gaugino model set

If squark masses and gluino masses are much heavier than masses of other
SUSY particles, direct production of other lighter sparticles may be sig-
nificant. In this section, models with dominant direct gaugino production
at the LHC are investigated. The gaugino model set is inspired from Ref.
[BCPT96].The slepton mass can be either above or below the masses of
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4.4.2.1 Model parameters

Given the LHC projections considered in Ref. [BCPT96], charginos up to
400 GeV could be discovered. This sets the mass range for the scans of M;
and Ms. The other mass parameters are scanned with a common mass in
the range 1.5 — 2.5 TeV. The parameters are specified in Table 9.

SUSY parameter Symbol Scan range
Bino mass M, [20,400] GeV
Wino mass Mo [40, 400] GeV
Mhyigh M3, 1, ma, mg, ms, My, [1.5,2.5] TeV
Higgs v.e.v.s ratio tan (3 3, 23]
Tril. couplings Ay, Ap 0 GeV
Top tril. coupling Ay p/tan B, p/tan B + v/6m;

Table 9: The scanned parameters for the Gaugino model set. The parameter
tan 8 is scanned in steps of 5. The mass parameters are scanned on a
logarithmic scale.

Several subsets are defined to represent different sparticle hierarchies.
Within the subsets, slepton masses are locked with respect to gaugino or
gluino mass parameters. In subset (1), the slepton mass is set to the same
high value as the gluino mass (M3). In subset (2), the slepton mass is set
50 GeV above the highest of the bino mass M; and the wino mass Ms. In
subset (3), the slepton mass is instead 50 GeV below this value. In subset
(4), the slepton mass is fixed only 5 GeV above the lowest of the bino and
wino masses. These subsets are presented in Table 10.

Subset Slepton mass (m;)
(1) M3
(2) max (M, M) + 50 GeV
(3) max (M, My) — 50 GeV
(4) min(M, M3) + 5 GeV

Table 10: The four subsets of Gaugino models with different mass hierarchies
for sleptons and gauginos.

4.4.2.2 Experimental constraints

A total of 18 000 models are generated. It is investigated, which of these
are compatible with the physical constraints discussed in Sec. 2.4. Model
subsets (3) and (4) contain models with a slepton or sneutrino LSP. These
models are discarded from the analysis. Around half of the generated models
in each of the model sets (1), (2) and (3) have an allowed dark matter density
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and a neutralino LSP. For model set (4), only 6% of the generated models
have a neutralino LSP. All of these models are compatible with the dark
matter constraint.

For model subsets (1), (2) and (3), most models with allowed dark matter
densities correspond to an allowed Higgs mass. The branching ratio Br(b —
s+ 1) is allowed for all the models which fullfill Higgs boson mass and dark
matter constraints. The total survival rate of each model set is specified in
Table 11.

4.4.2.3 Relation between model parameters and experimental
constraints

For model subsets (1) and (2) models that fullfill contraints on dark mat-
ter can be selected by requiring My — My < 60 GeV, My > 40 GeV . These
criteria remove 93% of the models that are forbidden by dark matter. For
subset (3), the condition My — M; < 120 GeV can be applied to remove
80% of the models with too high relic dark matter densities. In the Gaugino
model subsets, most models with a wino-like LSP (M3 < M;) are compatible
with dark matter.

The region where the Higgs boson mass is consistent with LEP limits
can be isolated as follows. The low value tan 3 = 3 is forbidden by Higgs
boson mass constraints from LEP. Most models with tan 3 = 8 pass Higgs
boson mass constraints, except those with the lowest value of m4: myg4 =
1500 GeV. For my = 1500 GeV , the criteria that A; corresponds to the
maximum top mixing must be added. These criteria leave us with all the
models in the grids that pass the Higgs mass constraint. The criteria are
summarized in Table 11.

Subset: (1) (2) (3) (4)
Survival: 39% 39% 3% 2%
M, — M; (DM) | <60 GeV - <120 -
M; (DM) > 40 GeV ; : -
tan 5 (Higgs) >3 >3 >3 -
Criteria remove: 76% 76% 57% -

Table 11: The criteria that isolate all models with allowed dark matter
density and Higgs boson mass for the Gaugino models are given above. If
tan 3 = 8, the constraint my > 1500 GeV for model sets (1), (2) and
(3). "DM” denotes that the dark matter density sets the criteria, ”Higgs”
that it is the Higgs boson mass. ”Survival” denotes the percentage of the
generated models within a subset that pass all our constraints. The row
”Criteria remove” is a measure of the success of the applied criteria, giving
the fraction of models incompatible with experimental constraint that are
removed by the criteria.
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Clearly, there is a higher survival rate for the Gaugino model set than
the Squark-gluino model set. For future extensions of the model set, the
region 3 < tan 3 < 13 can be explored, since this region corresponds to a
significant change in Higgs boson mass.

4.4.3 Slepton model set

For direct slepton production to be a significant source of SUSY events,
sleptons (and sneutrinos) need to be much lighter than all other sparticles
except the LSP. Sleptons with masses up to 300 GeV should be detectable
at the LHC [BCPT96]. Regions corresponding to a physical dark matter
density generally have mg,, ~ 100 — 250 GeV [BCPT96].

4.4.3.1 Model parameters

The model set generated here is inspired by Ref. [AAD"11]. One set of
benchmark models described in Ref. [AADT11] are models in the pMSSM
framework, scanned in the two-dimensional parameter space of LSP mass
and slepton mass. The other parameters are kept constant in Ref. [AAD'11].
The left-handed and right-handed slepton masses are set equal.

Following Ref. [AAD*11], the slepton and LSP masses are varied. Only
bino-like LSPs (M; < Mjy) are examined, scanning the bino mass M in the
range 20 GeV — 300 GeV and the slepton mass m; in 70 GeV — 300 GeV.
The leptons produced in the decay = - O+ I* must have a large enough
momentum to pass the threshold in the electron and muon triggers in the
LHC experiments. Therefore the mass difference between [ and the LSP
should be at least 30 GeV. In addition, we scan tan g in the range 1-25.
All the other sparticle masses are set to Myien, which is also varied. The
parameter values are given in Table 12. In summary, the sleptons, sneutrinos
and the x{ are light and all other particles heavy. Only these three sparticles
would be produced at the LHC. Only one model set is generated. The result
is 24 000 direct slepton production models.

ISP | M [20,300] GeV
Slepton mass my, My [70,300] GeV
Mhigh MQ, Mg, ma,mg, Mz, Mp, [1500, 2500] GeV
Higgs v.e.v.s ratio tan 3 [1,23]
Tril. couplings Ay, Ap 0 GeV
Top tril. coupling Ay p/tan B, p/tan B+ /6m;

Table 12: The parameter scans for the Slepton models. Only one model
subset is generated.
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4.4.3.2 Experimental constraints

For some of the models generated, the selectron or the sneutrino have
masses lower than the lightest neutralino. Once these models are removed
from the analysis, 1.0% of the generated models pass the dark matter density
constraint. When the Higgs boson mass constraint is added, 0.8% of the
generated models remain. All these models pass the Br(b — s+) constraint.

4.4.3.3 Relation between model parameters and experimental
constraints

No models with tan3 = 3 have a Higgs mass compatible with LEP
searches. Models with tan 8 = 4 could be examined for further studies.

The parameters that affect the relic dark matter the most for this set,
are the LSP mass, the slepton mass m; and the mass difference between the
lightest sfermion and the Y.

The criteria for tan g, mgo, Am and mj are given in Table 13. The
criteria for this model set should be interpreted with particular care, as the
Higgs boson mass constraint was found to affect criteria for parameters that
do not enter into the Higgs boson mass calculation, as given in Eq. 10. The
values in the criteria may be an arbitrary effect of choosing less than 1%
from the generated set, as shown in Table 13.

Survival 0.8%
LSP mass (DM + Higgs) < 80 GeV
Am (DM+Higgs) < 55 GeV
m; < 140 GeV
tan 3 (Higgs) >3
Criteria remove: 89%

Table 13: Criteria for Slepton models that are compatible with experimental
constraints on relic dark matter density, Higgs boson mass constraints and
Br(b — s+ 7). ”Survival” denotes the percentage of the generated models
that have a neutralino LSP and that pass the experimental constraints. The
row " Criteria remove” gives a measure of the success of the applied criteria,
giving the fraction of models incompatible with experimental constraint that
are removed by the criteria.

In future scans, one could examine wino-like LSPs by scanning the wino
mass Moy in the range [20,300] GeV and the bino mass M; in the range
[1.5,2.5] TeV, especially in view of that models with My < M; correspond
to allowed relic dark matter densities in the Gaugino model set. One could
also investigate models with right-handed sleptons with a lower mass than
left-handed sleptons to find more models compatible with dark matter.
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4.5 Detectability of non-accelerator based experiments

For each of the models presented in Sec. 4.4.1 - Sec. 4.4.3, three observables
are computed: the spin independent scattering cross section ogy, the spin
dependent scattering cross section ogp and the annihilation cross section
(ov). These three parameters are computed with DARKSUSY [GEUT04]
and plotted against the X} mass. Limits from current experiments and
the projected sensitivity for future dark matter experiments are included in
the plots to see if our models could be excluded by planned dark matter
experiments of the future, or if the LHC will have sensitivity to models that
no other experiment will be able to exclude in this decade.

The search results for from different experiments - direct, indirect and
collider, are combined in Sec. 4.5. In combining the experimental result
several different situations can occur. A dark matter detection experiment
may have excluded models considered. These models would not need to be
tested for in ATLAS. If the LHC can access models that other experiments
can not, the LHC can contribute with results that would not be possible
with the other experiments. However, if a SUSY model would be discovered
at the LHC, confirmation that SUSY LSPs constitute dark matter would be
needed from cosmological experiments. For this case, an overlap between
the LHC and a dark matter detection experiment is desirable.

For current experimental limits, we use data from XENON100 for the
spin independent cross section and limits from Fermi for the annihilation
rate. For future experiments, we choose XENON1t for expected sensitiv-
ity to osr, CTA for the annihilation cross section and 1-year and 10-years
IceCube projections for the spin dependent cross section. These limits and
predictions are compared to the corresponding values for ogr, osp and (ov)
computed with DARKSUSY for our models. An investigation will be made
of which SUSY parameters affect the different cross sections. The experi-
ments used are summarized in Table 14.

Observable Current experiment Projected sensitivity
oSI XENON100 XENONT1t
oSD - IceCube 1 year, 10 years
(ov)/ m?((l) Fermi CTA

Table 14: The experiments from which limits and the projected sensitivity
to different observables are used in this section.

4.5.1 Spin independent cross section

The spin independent scattering cross section of X} on protons og; is com-
puted for the models considered above. We test whether the generated
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models can be detected in direct detection experiments such as XENON.
The results are illustrated for the three model sets in Fig. 32 - 34 together
with current exclusion limits [XENON10011] from XENON100 (blue) and
projected exclusion limits [Ni09] for XENON1t (red). The curves show the
experimental upper bounds for the allowed cross section. The areas above
the curves are excluded.

In the Squark-gluino model set, shown in Fig. 32, many models with
an LSP mass mgo & 40 GeV can be excluded by XENON1t. For the
gaugino model set, shown in Fig. 33, most models could be excluded by
XENON1t. Many models in the Slepton model set, Fig. 34, can be ex-
cluded by XENONT1t. For all three model sets, not a single model has been
excluded by the direct detection experiment XENON100. One should note
that XENON1t should be sensitive to the majority of the models considered
in this work.

Spin independent cross section for the Squark-gluino model set
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Figure 32: The spin independent cross section ogr as a function of the LSP
mass (myo) for the Squark-gluino models. Limits from XENONI00 are
shown as the blue curve. The projected sensitivity of XENON1t is shown as

the red curve. The colour coding shows the number of models in each bin.
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Spin independent cross section for the Gaugino model set
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Figure 33: The spin independent cross section ogr as a function of the LSP
mass (mygo) for the Gaugino models. Limits from XENON100 are shown as
the blue curve. The projected sensitivity of XENONTt is shown as the red
curve. The colour coding shows the number of models in each bin.
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Spin independent cross section for the Slepton model set
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Figure 34: The spin independent cross section ogr as a function of the LSP
mass (mi?) for the Slepton models. Blue curve: limits from XENON100.
Red curve: projected sensitivity of XENON1t. The colour coding shows the
number of models in each bin.

69



4.5.2 Spin dependent cross section

The spin dependent scattering cross section ogp is examined for the squark-
gluino, gaugino and slepton models in Figs. 35 - 37. IceCube limits from
one year (180 days) of data-taking are shown as a blue curve. IceCube
does not have sensitivity for any of the generated models within one year.
By making the experiment run over several years, however, better limits
can be set. The projected IceCube sensitivity from 1 year of data-taking is
extrapolated to 10 years by dividing ogp, for which IceCube is sensitive to
within one year, by v/10 (based on Poisson statistics). The black curve in
Figs. 35 - 37 corresponds to 10 years of data taking.

After ten years, IceCube will have sensitivity for cross sections within an
order of magnitude of the highest ogr in the Squark-gluino models Fig. 35.
As only seven data points are provided in Ref. [IceCubell], there is some
uncertainty in where the exclusion curve lies, together with uncertainties in
the projections, which could allow for some models (with mg = 40 GeV)
to be within reach of 10 years of IceCube data taking.
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Spin dependent cross section for the Squark-gluino model set I
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Figure 35: The spin dependent scattering cross section ogp as a function of
the x{ mass for the Squark-gluino models. The blue line shows the projected
upper limit from IceCube for 1 year of data taking. The black line shows
the projected upper limit from IceCube, corresponding to 10 years of data
taking. The colour coding shows the number of models in each bin.
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Spin dependent cross section for the Gaugino model set |
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Figure 36: The spin dependent scattering cross section ogp as a function
of the Y mass for the Gaugino models. The blue line shows the projected
upper limit from IceCube for 1 year of data taking. The black line shows
the projected upper limit from IceCube, corresponding to 10 years of data
taking. The colour coding shows the number of models in each bin.
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Spin dependent cross section for the Slepton model set |
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Figure 37: The spin dependent scattering cross section ogp as a function
of the ¥} mass for the Slepton models. The blue line shows the projected
upper limit from IceCube for 1 year of data taking. The black line shows
the projected upper limit from IceCube, corresponding to 10 years of data
taking. The colour coding shows the number of models in each bin.
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4.5.3 Annihilation cross section

For indirect detection experiments, the gamma ray flux can provide limits
on the annihilation cross section. The flux of gamma-rays from LSP pair
annihilation in the galactic halo is proportional to (ov)/ mfzo [Fermi-LAT11].

This quantity is shown as a function of the LSP mass in Fig. 38 - 40 for
the three model sets. The current limits from Fermi [Fermi-LAT11] are
shown in blue for the (bb) annihilation channel and in green for the (7777)
annihilation channel. The projected limits from CTA [BMDG11] are shown
in red.

The Fermi limits are several orders of magnitude above the annilation
cross section for the Squark-gluino and Slepton models. For the Squark-
gluino and Slepton model sets, no models are within the reach of CTA by
several orders of magnitude. However, some of the Gaugino models with
mgo 2 100 GeV have already been excluded by Fermi. These models are
characterized by a very low mass difference between the lightest sfermion,
in this case a squark, and the LSP: Am < 0.5 GeV. As this only occurs for
models with high LSP masses (mgo 2 100 GeV), it is difficult to motivate
the high annihilation rate by Eq. (27), where the contribution from the
sfermion and the LSP is equal. The CTA will be sensitive to more of the the
models with high annihilation cross section, high mass and Am < 0.5 GeV.
However, this is a very constraining condition on the squark mass. One
should also note that all these models correspond to squark masses below
400 GeV. Such masses of squarks have been excluded at the LHC for many
models sets, for example in Ref. [ATLAS11].
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Annihilation cross section for the Squark-gluino model set
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Figure 38: The annihilation cross section (ov)/ m?(? as a function of the x!
mass for the Squark-gluino model set. The blue and green curve are current
limits from Fermi: the blue for the bb annihilation channel, and the green for
the 777~ channel. The red curve shows the projected sensitivity of CTA.
The colour coding shows the number of models in each bin.
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Annihilation cross section for the Gaugino model set
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Figure 39: The annihilation cross section (ov)/ m?(? as a function of the x!
mass for the Gaugino model set. The blue and green curve are current limits
from Fermi: the blue for the bb annihilation channel, and the green for the
77~ channel. The red curve shows the projected sensitivity of CTA. The
colour coding shows the number of models in each bin.
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Annihilation cross section for the Slepton model set
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Figure 40: The annihilation cross section (ov)/ m?(? as a function of the x!
mass for the Slepton model set. The blue and green curve are current limits
from Fermi: the blue for the bb annihilation channel, and the green for the
77~ channel. The red curve shows the projected sensitivity of CTA. The
colour coding shows the number of models in each bin.
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4.5.4 Complementarity between the experiments

The complementarity between the LHC and the dark matter detection ex-
periments is examined for the different model sets in Fig. 41 - 43. Models
that are excluded by Fermi are represented by blue circles. Models that
both LHC and another experiment will be sensitive to are shown as large
red circles. Models that only the LHC will be sensitive to are shown as green
pluses.

For the Squark-gluino model set, many models with og; ~ 10~ pb can
be probed by XENONT1t, as shown in Fig. 32. The projected exclusion
curve for XENONT1t goes up at high ) models, as seen in Fig. 32. As a
consequence, XENONT1t is not sensitive to some models with the same ogp
but a higher ¥! mass. This is reflected by the overlap of the red circles and
green pluses in Fig. 41.

For the Gaugino model set, it is shown in Fig. 33 and Fig. 39 that
both the direct detection experiment XENON1t and the indirect detection
experiment CTA are sensitive to many Gaugino models. As shown in Fig.
42, XENON1t and CTA together will not be sensitive to all the models in
the Gaugino model set. At low values of both ogr and (ov)/ mfz(l), only LHC

will have sensitivity for the Gaugino models. Models with a high (ov)/ mfzo
1

are excluded by Fermi, as shown in Fig. 39.

Figure 43 shows the complementarity for the Slepton model set. Models
with high ogr will be accessible by XENON1t, as shown in Fig. 34. Only
the LHC will be sensitive to models with a low og;.

In Fig. 44, all three model sets have been combined. Defining = =
logw(<0v>/m§?/[10_300m3s_1 GeV™?]), all models with an x > —1 in the

graph belong to the Gaugino model set. These models are either excluded
by Fermi, or will be with the reach of XENONT1t or CTA. For x < —1 in Fig.
44, there are models from all three model sets. Some of them are accessible
by XENONT1t or CTA, other models only the LHC will have sensitivity to.
The region that implies only LHC sensitivity has low values for both ogr and
(ov)/mgo. These two variables are relevant for detection through scattering
or through observation of annihilation products. For the LHC, however,
it is the mass of the SUSY particles of a certain type that is relevant for
production and detection. Ten years of IceCube measurements of ogp can
not detect any of the models considered here.
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Squark-gluino models and detection perspectives
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Figure 41: The complementarity of dark matter experiments for the Squark-
gluino model set is shown. The green pluses show models that only LHC
will be sensitive to. The small blue circles show models that have been
excluded by the indirect detection results on measurements of the gamma
ray flux by Fermi. The big red circles show models that both the LHC and a
planned experiment (XENON1t or CTA) will be sensitive to. On the x-axis,
the observable for indirect detection through gamma ray flux (ov) /m?{? is
varied. On the y-axis, the observable for direct detection experiment ogr is
varied.
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| Gaugino models and detection perspectives
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Figure 42: The complementarity of dark matter experiments for the Gaugino
model set is shown. The green pluses show models that only LHC will be
sensitive to. The small blue circles show models that have been excluded
by the indirect detection results on measurements of the gamma ray flux by
Fermi. The big red circles show models that both the LHC and a planned
experiment (XENON1t or CTA) will be sensitive to. On the x-axis, the
observable for indirect detection through gamma ray flux (ov)/ m?z? is varied.

On the y-axis, the observable for direct detection experiment ogp is varied.
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| Slepton models and detection perspectives
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Figure 43: The complementarity of dark matter experiments for the Slepton
model set is shown. The green pluses show models that only LHC will be
sensitive to. The small blue circles show models that have been excluded
by the indirect detection results on measurements of the gamma ray flux by
Fermi. The big red circles show models that both the LHC and a planned
experiment (XENON1t or CTA) will be sensitive to. On the x-axis, the
observable for indirect detection through gamma ray flux (ov)/ m?([l) is varied.

On the y-axis, the observable for direct detection experiment ogp is varied.
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| All the models and detection perspectives
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Figure 44: Summary of the complementarity of LHC with experiments for
detection of dark matter. The green pluses show models that only LHC
will be sensitive to. The small blue circles show models that have been
excluded by the indirect detection results on measurements of the gamma
ray flux by Fermi. The big red circles show models that both the LHC and a
planned experiment (XENON1t or CTA) will be sensitive to. On the x-axis,
the observable for indirect detection through gamma ray flux (ov) /m?((l) is
varied. On the y-axis, the observable for direct detection experiment ogr is
varied.
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4.6 Relationship between model parameters and scattering
cross sections

Now the effect on some SUSY parameters on ogr, ogp is examined. Within
the pMSSM, there are many different SUSY parameters that affect the scat-
tering cross sections os; and osp. The correlations between different SUSY
parameters and ogy, osp are examined qualitatively here for the model sets
described in Secs. 4.4.1 - 4.4.3. Only models that are compatible with the
experimental constraints described in Sec. 2.4 are considered. Correlations
for the parameter (ov) /m?((l) are not investigated here because they were

difficult to find. Any correlations observed here might not apply to the full
pMSSM.

The starting point in selecting SUSY parameters is the Feynman dia-
grams for the processes that are shown in Fig. 25 and Fig. 27. Figure 25
shows that the spin independent cross section os; can be mediated by the
exchange of squarks or Higgs bosons. The relationship between the masses
of these particles and ogr are examined. Figure 27 shows that a squark can
also be exchanged in the spin dependent scattering, so the relationship to
the squark mass is explored for ogp as well.

The effect of the Higgs boson mass on the spin indpenedent cross section
is examined in Figs. 45 - 47. The Squark-gluino model set shows no clear
dependence of ogr on the Higgs boson mass, as seen in Fig 45. For the Gaug-
ino and Slepton model sets, Figs. 46 and 47, two separated regions emerge,
one with myuo < 116 GeV and one with mpo > 116 GeV. Within each of
these regions there appears to be a small negative correlation, based on the
negative slope of the red and green areas. For all the models considered, a
low Higgs boson mass mjo < 116 GeV is found to correspond to minimum
stop mixing, while models with myo > 116 GeV correspond to maximum
stop mixing. The spread in og; for a fixed mass of the Higgs boson in the
Gaugino model set is by far larger than the dependence of ogr on the Higgs
mass for the models considered here. Adjusting the Higgs boson mass does
not appear to be a good strategy for extending this model set in order to
find models with either higher or lower ogr for the Squark-gluino model and
Gaugino model sets. The Slepton model set shows a larger negative corre-
lation between the Higgs mass and ogp, especially for minimum stop mixing
(mpo < 116 GeV). Varying the Higgs mass to generate models with other
values for ogr may be a short-lived strategy in view of the expectation of
finding or excluding the Higgs boson during 2012.

In Figs. 48 - 50, the mass of the lightest squark is examined in relation
to the spin independent scattering cross section. Some negative correlation
is observed between the mass of the lightest squark and og; for the Gaugino
model set (Fig. 49) and the Slepton model set (Fig. 50). No simple depen-
dence was found for the Squark-gluino model set (48). By choosing higher
squark masses in the Gaugino and Slepton model sets, models with lower
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values for ogr may be found. The model sets can not be expanded towards
lower squark masses as mg, mg < 400 GeV are generally already excluded
by LHC experiments, such as Ref. [ATLAS11].

The relation of the squark mass to the spin dependent cross section is
examined in Figs. 51 - 53. A negative correlation is seen clearly for the
Squark-gluino and Slepton model sets. For the Squark-gluino model set,
varying the squark mass between 400 GeV and 2 TeV changes ogp by five
orders of magnitude. The spread in ogp for a fixed squark mass is of the
size of the bin height at most. For the Gaugino model set (Fig. 51), there
appear to be two groups of negatively correlated models, with different ogp
for the same squark mass. For the Gaugino and Slepton model sets, models
with higher squark masses can be generated to give lower spin dependent
scattering cross sections. For the Squark-gluino model set, such an expansion
is constrained since according to projections of the sensitivity of the LHC
[BCPTI6], [Pol96], squarks are only expected to be found within this decade
if they have masses up to around 2 TeV.

In summary, expanding models with higher squark masses in the Gaugino
and Slepton model sets is likely to result in models with lower og; and ogp.
In this part of the analysis, no simple way of generating models with higher
osr and ogp within the model sets was found. With a greater freedom for
parameter values, the correlations should become weaker. As four different
mass hierarchies were explored for the Gaugino model set, this may be the
reason for the greater spread in ogy for the parameters explored than for the
Slepton model set, which only has one mass heirarchy. The relationships
were explored to find some simple guidelines when one wishes to explore
the range of models that LHC is sensitive to. Varying the lightest squark
mass over a wider range for the Gaugino and Slepton model sets could give
new values for og, osp that LHC is sensitive to. Input from theoretical
expressions relating ogy, ogp to the SUSY parameters would be helpful in
exploring the parameter space.
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o, as a function of higgs mass, Squark-gluino models
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Figure 45: The spin independent cross section ogy as a function of the Higgs
boson mass for the Squark-gluino model set. The colour coding shows the
number of models in each bin. The models with a high Higgs boson mass
mpo > 116 GeV correspond to maximum stop mixing.
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0, as afunction of higgs mass, Gaugino models |
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Figure 46: The spin independent cross section ogr as a function of the Higgs
boson mass for the Gaugino model set. The colour coding shows the number
of models in each bin. The models with a high Higgs mass m;o > 116 GeV
correspond to maximum stop mixing.
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o, as a function of higgs mass, Slepton models
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Figure 47: The spin independent cross section ogr as a function of the Higgs
boson mass for the Slepton model set. The colour coding shows the number
of models in each bin. The models with a high Higgs mass m;o > 116 GeV
correspond to maximum stop mixing.
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o, as a function of squark mass, Squark-gluino models
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Figure 48: The spin independent scattering cross section ogy is shown as a
function of the squark mass for the Squark-gluino model set. The colour
coding shows the number of models in each bin.
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o, as a function of squark mass, Gaugino models |
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Figure 49: The spin independent scattering cross section ogy is shown as a
function of the squark mass for the Gaugino model set. The colour coding
shows the number of models in each bin.
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0, as afunction of squark mass, Slepton models
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Figure 50: The spin independent scattering cross section ogy is shown as a
function of the squark mass for the Slepton model set. The colour coding
shows the number of models in each bin.
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0, as afunction of squark mass, Squark-gluino models
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Figure 51: The spin dependent cross section ogp is shown as a function of
the squark mass for the Squark-gluino model set. The colour coding shows
the number of models in each bin.
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O, as a function of squark mass, Gaugino models
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Figure 52: The spin dependent cross section ogp is shown as a function of
the squark mass for the Gaugino model set. The colour coding shows the
number of models in each bin.
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Ogp, as a function of squark mass, Slepton models
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Figure 53: The spin dependent cross section ogp is shown as a function of
the squark mass for the Squark-gluino model set. The colour coding shows
the number of models in each bin.
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4.7 Conclusions

The main results of the second part of this work is that there is a wide range
of SUSY models which are compatible with contraints on relic dark matter
density, Higgs boson mass and Br(b — s + ), that only LHC experiments
should be sensitive to in this decade, as demonstrated in Fig. 44. In ad-
dition, there are models that both the LHC and other future experiments
should be sensitive to. Some models that could be analyzed at the LHC
are already excluded by Fermi. Among the planned experiments examined
here, XENON1t will have the greatest overlap with LHC should exclude the
majority of models introduced in this work.

In generating models that could be tested against data from the LHC,
one could expand the parameter space in the following way, compared to
the parameters used here. In the model sets considered in this work, the
masses of left-handed and right-handed sleptons are equal. As shown in
Sec. 3, a low right-handed slepton mass facilitates meeting constraints on
dark matter. To meet Higgs boson mass constraints more easily, the region
3 < tan 3 < 8 can be explored for the squark-gluino models and the gaugino
models. Low values of tan 8 generally correspond to a lower Higgs boson
mass. Lower squark masses generally correspond to higher spin independent
and spin dependent scattering cross sections, as shown in Fig. 49 - 53. A
negative value for p could give lower values for og; [BBE11] if one wishes to
explore models that are inacccessible by XENON.

Models with low spin independent cross section and low annihilation
cross sections will be difficult to access with indirect detection experiments,
as shown in Fig. 44. In this region, the LHC has a chance to find or exclude
models that no other experiments will be sensitive to. Nevertheless, such
a signal at the LHC would require some form of astrophysical confirmation
before it can be solidly assigned to dark matter.
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A Appendix

A.1 Gaugino production from squarks and gluinos

Production of charginos and neutralinos from squarks and gluinos, described
in Sec. 3.4.3.2 occur via the following processes:

1. Br(g — X{ +d+a)

2. Br(§ — g +a) - Br(a, — X7 +d)

4. Br(ay — §+u)-Br(§g — X7 +d+1)

5. Br(ig — §+u)-Br(g — x{ +d+a)

6. Br(d, — §+d)-Br(§g — x{ +d+a)

7. Br(dgp — §+d) - Br(g — xX{ +d+ 1),

8. Br(j — X +d+d)
9. Br(§ — dy, +d) - Br(d;, — X +d)

10. Br(ag, — §+u)-Br(§g — Xy +d+d)

11. Br(ag — g+u)-Br(g — x; +d+d),

12. Br(dy, — Xy +u)
13. Br(dy, — §+d)-Br(§ — X; +u+d)
14. Br(dg — §+d) -Br(§ — X; +u +d)

15. Br(§ — X9 +d+d)
16. Br(g — X9+ u + @)
17. Br

18. Br(§ — i +u) - Br(ag — X9+ u)
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19. Br(ap — X9 + u)
20. Br(iz — §+u)-Br(§ — X3 +u + @)
21. Br(agr — §+u)-Br(g — X9+ u+a)
22. Br(ay — §+u) - Br(g — X +d+d)
23. Br(ig — §+u)-Br(g — X3 +d+d)
24. Br(dp, — X3 + d)

25. Br

(
(
26. Br(dg — §
27. Br(
(

28. Br

Either gluinos undergo three-body decays, as in term 1, or they decay
into gauginos in two steps via intermediate squarks, as in term 2. This is
connected to the conservation of charge and baryon number.

Gaugino production from right-handed squarks occurs only if the squark
decays into an intermediate gluino. Otherwise, the right-handed squarks
decay directly into x without producing leptons.

Production of positively charged charginos )Zf from negatively charged
squarks d only occurs if there are intermediate gluinos involved.
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