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Introduction

More than 3000 years ago, a Greek philosopher called Democritus, laid a fundamental
milestone for modern particle physics: the concept of particles being indivisible. He
believed that small pebbles could never be divided into smaller pebbles, and therefore
are the elementary building blocks of everything we see in our would. The meaning of
‘particles’ has changed since then, but the search for a fundamental theory is still there:
what are the most elementary building blocks which our world is made of?

The Standard Model of Particle Physics has helped us to gain insight into a possible
answer to this question. This theory postulates three generations of quarks and lep-
tons as elementary constituents of matter, which interact via three elementary forces:
electromagnetism, the strong force and the weak force. The fourth fundamental force,
gravity, is described by the theory of relativity. Despite the successes of the Standard
Model, there remain experimental indications that the Standard Model is merely a low-
energy realization of another Beyond the Standard Model theory. One widely studied
Beyond the Standard Model theory is supersymmetry, which postulates for every Stan-
dard Model particle a superpartner, which has the same quantum numbers, but a spin
di↵erent by 1/2. A theoretical background for the Standard Model and its minimal
supersymmetric extension is provided in chaper 2.
One of the goals of the Large Hadron Collider (LHC) is to search for new particles
originating from Beyond the Standard Model theories. The LHC, situated at CERN,
is designed to collide protons at a center-of-mass energy of

p
s = 14 TeV. The LHC is

installed in a ring tunnel of 26.7 km circumference, ⇠ 100 meter under the surface of the
Earth. Protons are supplied by a linear accelerator, then accelerated by a few consecu-
tive synchrotrons. Eventually, the protons are bunched into the LHC with time spacings
of ⇠ 25 ns. Specialised detectors, such as ATLAS and CMS, observe and reconstruct the
interaction events and final state products. The LHC experiments have not yet found
any convincing evidence of supersymmetry or other Beyond the Standard Model theories.

This thesis presents a new search strategy for supersymmetric particles with the ATLAS
detector at the LHC. We will forcus on one particular version of supersymmetry: the
Minimal Supersymmetric extension of the Standard Model. The proposed search strat-
egy is inspired by an observation from a di↵erent area of physics: the existence of dark
matter. Baryonic matter, made up of protons and neutrons, is not the dominant form of
material in the universe. The bulk of matter resides in an unknown form, that does not
emit light (hence the name). Experimental results hint at dark matter consisting of Be-
yond the Standard Model particles. Weakly Interacting Massive Particles (WIMPs) are
a well motivated class of dark matter particle candidates. A theoretical foundation for
WIMPs can for example be found in the context of supersymmetry. In chapter 1 we will

1



Introduction 2

review the evidence for dark matter and possible dark matter candidates. Experimental
constraints on WIMPs and supersymmetry originating from astrophysical observations,
particle accelerators and direct detection methods are reviewed in chapter 3.
A tantalizing possible astrophysical observation of dark matter comes from our Galac-
tic Center, which shows an unexplained signal of high energetic photons. Large-scale
structure formation simulations of galaxies predicts that dark matter is distributed in
halos around galaxies. The halos are more dense in areas where the baryonic matter
density is higher, such as the Galactic Center. This makes the Galactic Center an ideal
region for dark matter annihilation. Could this energetic photon signal originate from
dark matter annihilations? How can this observation be linked with particle accelerator
experiments and with Beyond the Standard Model theories? These questions will be
adressed in chapters 4 and 5 of this thesis.

Conventions

We will adopt natural units where ~ = c = 1 and the Minkowski spacetime metric:

⌘µ⌫ = diag(+1,�1,�1,�1).

We will use the specific representation of the 4⇥ 4 gamma matrices given by:

�0 =

✓
0 12

12 0

◆
, �k =

✓
0 �k

�̄k 0

◆
,

where 12 is the 2 ⇥ 2 identity matrix and �k (k = 1, 2, 3) are the Pauli spin matrices
given by:

�1 =

✓
0 1
1 0

◆
, �2 =

✓
0 �i
i 0

◆
, �3 =

✓
1 0
0 �1

◆
,

and �̄k = ��k. We will use the Einstein summation convention whenever there are two
repeated indices:

xµxµ = x0x0 � x1x1 � x2x2 � x3x3.

The partial derivative is defined as @µ = @
@xµ

. We will use the slashed notation if a
gamma matrix is contracted with a four-vector:

/x = �µxµ

In the Standard Model, fermions are described by Dirac spinors ( ). These objects are
four-dimensional. The Dirac adjoint operation is defined as  ̄ =  †�0, such that  ̄ is
a scalar. We use �5 ⌘ i�0�1�2�3 to define the chiral projection operators PL and PR,
where the subscripts indicate ‘left’ and ‘right’ respectively:

PL =
1

2
(1� �5), PR =

1

2
(1� �5).

For a four-component Dirac spinor we can define the left- and right-handed components
as:

 L = PL ,  R = PR .



Chapter 1

Particle Dark Matter

The standard model for cosmology states that the universe has been and still is ex-
panding from a compressed phase called the Big Bang, which started 15 billion years
ago. The Big Bang model finds its theoretical basis in combining general relativity with
three assumptions: the universe is isotropic, homogeneous and the laws of physics are
not unique to our place in the universe. The line element1 can be parameterized as
follows:

ds2 = a2
✓

dr2

1� kr2
+ r2d⌦2

◆
,

where the curvature parameter k can be negative, zero or positive, depending on whether
we live in an open, flat or closed universe respectively. For k = 0 we get back Euclidean
three-dimensional space. Due to the observed accelerated expansion of the universe, we
know that the scale factor a depends on time. From Einstein’s field equations, we can
find the Friedmann equation, which tells us how a evolves in time:

✓
ȧ

a

◆2

+
k

a2
=

8⇡GN

3
⇢tot, (1.1)

where GN is Newton’s constant and ⇢tot the total average energy density. Usually, ȧ
a is

replaced by H(t), the Hubble parameter. Observations tell us that the present value,
indicated by H0, is 67.8 ± 0.7 (km/s)/Mpc [1]. In this framework, the dimensionless
Hubble parameter is often introduced, denoted by h, allowing us to write Hubble’s
parameter as H0 = h · 100 km s�1 Mpc�1.
We see from equation 1.1 that the universe is flat when the total energy density equals
3H2

8⇡G
N

, a value indicated by the critical density ⇢c. Usually the current energy density of

the universe is indicated by ⌦h2, where ⌦ = ⇢
tot

⇢
c

and thus can be seen as the fraction of
the total energy density to the critical density. Hence, ⌦ = 1 is equivalent to having a
flat universe.
Di↵erent forms of energy density exist: matter energy density (⌦M ) and vacuum energy
density (⌦⇤). The sum of these densities is indicated by ⌦.

Observations such as the expansion of the universe and the Cosmic Microwave Back-
ground (CMB) support this standard model for cosmology. Other astrophysical obser-
vations suggest that ⌦M might be composed of two components: one visible baryonic
component and one in the form of a large amount of non-luminous matter, matter which

1

The squared distance between points at a fixed time.

3



Chapter 1. Dark Matter 4

in cosmology is referred to as dark matter (DM). Although the existence of dark matter
is accepted by most physicists, its nature remains unknown.
This chapter is organized as follows. First we will briefly review the evidence for dark
matter. Then we will look at dark matter candidates. Finally we will look at the
production mechanism in the early universe. The material of this chapter is based on
ref. [2–7].

1.1 Evidence

The clearest evidence for the existence of dark matter comes from the observation of
rotation curves of galaxies. By invoking Newtonian dynamics we find that the tangential
velocities of stars (v) as function of their distance from the galactic center (r) is:

v =

r
GNM(r)

r
, (1.2)

whereGN denotes Newton’s constant, M(r) = 4⇡
R
⇢(r)r2dr and ⇢(r) is the mass density

profile. We expectM(r) to be constant at large distance r, which means that the velocity
will drop as v / 1/

p
r. We observe however that v(r) shows little sign of falling o↵

(figure 1.1(a)), which implies the existence of more matter than we observe. We observe
that the rotation curves are flat at large radii, implying M(r) / r, which can be achieved
if the mass density obeys a density profile of the form ⇢ / 1

r2
at large r.

According to general relativity, the curvature of space-time caused by a large amount
of matter results in a deflection of light rays, a phenomenon called gravitational lensing.
The deflection angle is proportional to the mass of the lens, so this can be used to probe
the lens’ mass by observing the deflection of light originating from background objects.

(a) (b)

Figure 1.1: Left : Rotation curve of NGC 6503. The dotted, dashed and dash-dotted
lines are from the contribution of gas, disk and dark matter respectively. Extracted
from ref. [8]. Right : Observations form the Bullet Cluster. Hot gas observed in X-
ray frequencies is indicated in red, dark matter inferred from gravitational lensing is

indicated in blue.
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An example of gravitational lensing can be found in the Bullet Cluster (figure 1.1(b)).
This cluster consists of two separate galaxy clusters that have recently collided. Each
component, being stars, gas and dark matter, behaves di↵erently during the collision. In
the collision, gas, observable in X-ray frequencies, interacts and slows down (indicated in
red in the figure). The stars, observable in visible light, are not a↵ected by the collision
other than gravitationally. The total matter in the colliding clusters can be inferred
from gravitational lensing. This reveals that most matter resides at the edges of the
clusters, however in an invisible form (indicated in blue in the figure). The dark matter
bypassed the gas during the collision, which implies that it is weakly interacting.

1.1.1 Cosmological constraints

The observations discussed so far cannot determine the total amount of dark matter in
the universe. This information can however be extracted from the CMB. These photons
were created when the first neutral atoms formed, approximately 300,000 years after
the Big Bang in an epoch called recombination. The existence of photons originating
from the early universe was predicted by George Gamov et al. in 1948 and later acci-
dentally discovered by Penzias and Wilson in 1965 [9]. The high degree of isotropy in
the CMB hints at an era of inflation: a time in which the universe expanded rapidly.
Inflation solves the flatness problem, allowing k to take any value in the early universe
as inflation forces k very close to 0 after this era. After its discovery, searches began
for anisotropies in the CMB, as these anisotropies give the normalization of the density
perturbations in the early universe, shortly after recombination. It wasn’t until 1992
that the Cosmic Background Explorer (COBE) mapped these anisotropies, later fol-
lowed by the Wilkinson Microwave Anisotropy Probe (WMAP, 2003) satellite and, very
recently, the Planck satellite (2013). The latter reports of a dark matter relic density of
⌦DMh2 = 0.1198 ± 0.0026 [1], where h = H0/(100 km/s per Mpc) ' 0.68 with H0 the
Hubble constant.
According to structure formation simulations, gravitational instability caused a growth
of the density fluctuations over time. However, this growth can only be linear in the
scale factor a and could only have started after recombination. We observe however
much larger anisotropies in the present universe.
Non-baryonic dark matter can solve this problem, as this causes the perturbations to
start to grow earlier. At the time of recombination, dark matter has already created
gravitational wells for baryonic matter to fall into. For this theory to work, dark matter
needs to be heavy (to ensure it is not relativistic at the time structure formation starts).
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1.1.2 Distribution

Large-scale simulations, such as N-body simulations for rotation curves of galaxies,
predict that dark matter is concentrated in halos around galaxies. Since 1995, when
Navarro, Frenk and White proposed the first dark matter density profile [7], many phe-
nomenological density profiles have been proposed [10]:

NFW: ⇢NFW(r) = ⇢s
rs
r

✓
1 +

r

rs

◆�2

Einasto: ⇢Ein(r) = ⇢se
� 2

↵

⇣⇣
r

r

s

⌘
↵

�1
⌘

Isothermal: ⇢Iso(r) =
⇢s

1 + (r/rs)2

Burkert: ⇢Bur(r) =
⇢s

(1 + r/rs)(1 + (r/rs)2)

Moore: ⇢Moo(r) = ⇢s

⇣rs
r

⌘1.16✓
1 +

r

rs

◆�1.84

,

where we denote r as the distance from the galactic center, rs as a ‘typical’ scale radius
and ⇢s as a ‘typical’ scale density. The resulting DM density profiles are shown in
figure 1.2.
Usually, rs and ⇢s are fixed by imposing that the resulting profiles satisfy observational
results. For example, we require the density of dark matter at the location of our Sun
(r� ⇠ 8.5kpc) to be ⇢� ⇠ 0.3 GeV/cm3. There are also constraints on the total
dark matter mass contained within a certain distance. Furthermore, ↵ parameterizes
the steepness of the Einasto profile (smaller ↵ leads to steeper profiles). Dark matter
simulations that include the e↵ects of baryons usually result in profiles that are steeper
towards the Galactic Center with respect to simulations where these e↵ects are ignored.
All profiles assume spherical symmetry and do not consider the potential contribution
of dark matter substructures. Throughout this thesis, we will assume this as well.

Figure 1.2: Left : di↵erent dark matter density profiles as a function or r, the distance
from the Galactic Center. Right : Dark matter density profiles and the corresponding

parameters. Extracted from ref. [10]
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In simulations, a universal dark matter density profile is often used [4]:

⇢(r) =
⇢s

(r/rs)�(1 + (r/rs)↵)(���)/↵
, (1.3)

where, for example, (↵,�, �) = (1.0, 3.0, 1.0) results in the classic NFW profile. Depend-
ing on the input parameters of the simulations, some show that the slope of the density
profile increases when moving further away from the inner core. However, the value of
the power-law index in the inner core lies heavily under debate. Other simulations sug-
gest that density profiles do not converge to any specific power-law at small distances [11].

1.2 Dark Matter candidates

To be considered a candidate for dark matter, any proposed particle must satisfy the
following criteria:

• Dark matter must be weakly interacting (limits on self-interaction are found in
e.g. the Bullet cluster).

• Dark matter was probably non-relativistic (or cold) during the formation of large
scale structures, as relativistic particles would cause the universe to be less clumpy
than it is today.

• Dark matter must be mostly non-baryonic, as the total amount of baryonic matter
is less than the total matter energy density ⌦M .

• Dark matter must be stable (on timescales comparable to the age of the universe),
or its destruction and formation must be in equilibrium.

Since 1998, neutrinos have been considered as excellent dark matter candidates because
they are known to have mass. However, the neutrino masses are too small to make up
for all of the dark matter mass density. The upper bound on the total neutrino relic
density is ⌦⌫h

2 . 0.07 [4].
Other objects have been suggested to account for the dark matter density, but in a
hidden form. Examples of these include MACHOs (Massive Compact Halo Objects).
These are for example brown dwarf stars, big planets and black holes. Microlensing has
been used to search for these objects, but there are not enough structures observed to
account for all dark matter. However, these objects can make up a small fraction of the
total amount of dark matter.
Other candidates that have been proposed have masses ranging between 10�5 eV to 104

M�. The most popular candidates will be discussed below. Note that these candidates
do not exclude one another, every discussed candidate can contribute to the total amount
of DM.

Sterile neutrinos: Sterile neutrinos are neutrinos that do not interact with any
force except the gravitational force. Sterile neutrinos can act as the mass-generating
mechanism for left-handed neutrinos. For a decade we know through the observation
of neutrino oscillations that neutrinos have a small but finite mass. An explanation for
this fact could be given by the see-saw mechanism.
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The neutrino mass is in itself an intriguing subject. As soon as we allow for a right-
handed neutrino, we can write down a Dirac mass term (indicated by MD) just like for
all the other standard model particles. However, the right-handed neutrino does not
interact with any of the gauge fields, allowing us to write down a Majorana mass term
(indicated by MM) for the right-handed neutrinos as well:

⌫̄RMD⌫L + ⌫̄LMD⌫R +
1

2
⌫̄RMM⌫

c
R +

1

2
⌫̄cRMM⌫R,

introducing a mass matrix of the form:

1

2

✓
0 MD

MD MM

◆
.

This matrix can be diagonalized, which leads to mass eigenvalues 1
4(MM±

q
M2

M + 4M2
D).

Assuming thatMD ⌧ MM, this results in two eigenvalues which are approximately 1
2MM

and
�M2

D

2M
M

: one very massive and one very light neutrino. The very massive neutrino can
be considered as a dark matter candidate. For this to work, the sterile neutrino cannot
be too heavy, as it would completely decouple from the light neutrino. In that case, the
heavy neutrino would not be able to annihilate.

Weakly-interacting massive particles (WIMPs): A WIMP is any particle that
interacts with a strength of the order of the weak-force interaction and a has a mass
that is near the weak scale (between 10 GeV and a few TeV). This class of candidates
is particularly interesting because of the WIMP miracle as explained in section 1.2.1. It
is also probably the largest class of DM particles, as it consists of hundreds of suggested
particles. In this thesis, we will consider the lightest supersymmetric particle (LSP)
in the Minimal Supersymmetric extension of the Standard Model with exact R-parity
(which guarantees that the LSP is stable) as the DM particle. More on this particular
candidate can be found in chapter 2.

Axions: These particles are pseudo-scalars associated with the spontaneous breaking
of the Peccei-Quinn U(1) symmetry. This symmetry is introduced to solve the strong-
CP problem of quantum chromodynamics. Axions are less natural than WIMPs because
it is hard to get their number density to match the observed dark matter density.

Other particles with only gravitational interactions: There is always the possi-
bility that DM is very heavy and only interacts via the gravitational force with ordinary
matter. This makes DM as a particle almost impossible to observe, a very boring sce-
nario for particle physics indeed!

None of the above: We only have considered particle dark matter candidates here,
but there are still other possibilities left. In one of such theories, modified Newtonian
dynamics (MOND), the laws of gravity are changed. However, the observation of the
Bullet Cluster, poses a challenge for MOND, as MOND would expect the missing mass
to reside in the center of the two colliding clusters.
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1.2.1 The WIMP miracle

The creation of particles in the early universe can be realized thermally or non-thermally
(in a phase transition much like the Higgs mechanism). The resulting thermal and non-
thermal relics have a di↵erent relationship between their relic density ⌦ and properties
such as mass and couplings.
WIMPs are assumed to be a thermal relic. The early universe was a dense and hot
place where all the particles were in thermal equilibrium. The annihilation rate (�) per
particle in this universe is given by:

� = n�v,

where n is the number density of particles, � is the cross section and v is the relative
velocity.
As the universe expands and cools down, the gas of particles becomes too dilute which
means that DM particles cannot find each other to annihilate. Furthermore, insu�cient
kinetic (thermal) energy is available to produce new heavy particles. This process is
called a freeze out and the number of particles will approach a constant: the thermal
relic density ⌦h2. We will define the freeze out to be the time when:

� = H (1.4)

is satisfied [12].

From statistical mechanics we know that the number density of a particle of mass m in
thermal equilibrium with a thermal bath of temperature T has two asymptotic regimes:

nrel ⇠ T 3 for m ⌧ T,

nnon�rel ⇠ (mT )
3

2 e�
m

T for m � T.

Since we consider cold dark matter, we are in the non relativistic regime. If the expansion
of the Universe were so slow that thermal equilibrium was always maintained, the number
of WIMPs would be very small. Fortunately, the Universe is not static.
We can use a Boltzmann equation to give an expression for the number density of a
particle over time. There are three processes that influence the WIMP number density:
1) the expansion of the universe (which causes dilution) and 2) annihilation from ��!
SM or 3) creation from SM ! �� . These processes result in the following Boltzmann
equation:

dn

dt
= �3Hn� h�vi(n2 � n2

eq), (1.5)

where n is the number density of the dark matter particle �, H is the Hubble constant,
h�vi is the thermally averaged annihilation cross section weighted by the absolute value
of the relative velocity and neq the dark matter number density in thermal equilibrium.
Note that we do not include coannihilation processes (��0 ! SM and vice versa, where
�0 is another DM or SM particle) .
Starting at an early time when all particles were in equilibrium, the number density we
observe today can be calculated by integrating this equation. The relic abundance is
then simply ⌦� = m

�

n
�

⇢
c

.
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To solve the equation numerically, equation 1.5 is usually reformulated in terms of
Y = n/s, the ratio of particle and entropy density and x = m�/T , the ratio of the mass
of the DM particle and the temperature [12]. The time derivative of Y is:

dY

dt
=

d

dt

⇣n
s

⌘
=

dn

dt

1

s
� n

s2
ds

dt
. (1.6)

We assume the conservation of entropy per comoving volume (sa3 = constant, where
a(t) is the scale factor) to determine the time derivative of s:

0 =
d

dt
(sa3) =

ds

dt
a3 + 3a2

da

dt
s

! ds

dt
= �3Hs.

Inserting equation 1.5 in equation 1.6, we obtain:

dY

dt
= �sh�vi(Y 2 � Y 2

eq).

The right-hand side depends only on temperature, so we will use x as an independent
variable instead of t:

dY

dt
=

dx

dt

dY

dx

= �m�

T 2

dT

dt

dY

dx

=
x2

m�
· 3Hs

dT

ds

dY

dx
.

This results in the equation:

dY

dx
= �m�

x2
1

3H

ds

dT
h�vi(Y 2 � Y 2

eq). (1.7)

Now using the Friedmann equation in a radiation dominated universe for which H2 =
8⇡G

N

3 ⇢, ⇢ / T 4 and s / T 3, we obtain:

dY

dx
⇠ m�

x2
h�vi(Y 2 � Y 2

eq). (1.8)

Figure 1.3 shows an approximation. The y-axis is proportional to the relic density, the
solid line is the thermal equilibrium value. The dashed line is the relic density at the
moment of freeze out, derived by integrating equation 1.8 from x = 0 to x0 = m�/T0, the
present day ratio, to find Y0 (which is directly related to the present day relic density).
For a rigorous derivation, see ref. [2] or ref. [3]. If the velocity-weighted annihilation
cross section h�vi gets larger, the relic density will result in a lower value.

It is instructive to look at a more qualitative picture. Assuming a flat universe, we can
use the Friedmann equation to relate the Hubble parameter to the energy density as:

H2 =
8⇡GN

3
⇢,
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Figure 1.3: The evolution of the relic density as function of x as extracted from
ref. [13].

where 1p
8⇡G

N

= MP , the Planck mass. In the radiation dominated epoch, ⇢ ⇠ T 4, so

thermal decoupling occurs when H ⇠ T 2

M
P

. The condition nh�vi ⇠ H (the freeze out
condition as given in equation 1.4) then yields:

nf ⇠ T 2
f

MP h�vi ,

where the subscript f denotes freeze out. Now we substitute the number density for
non-relativistic particles for nf :

(m�Tf )
3

2 e
�m

�

T

f ⇠ T 2
f

MP h�vi
xf =

m�

Tf
! p

xfe
�x

f ⇠ 1

m�MP h�vi .

If we substitute values for an electroweakly interacting relic particle where � ⇠ G2
Fm

2
�

and m� ⇠ 102 GeV, we get xf ⇠ 20. The dark matter relic density is given by:

⌦� =
m�n�(T = T0)

⇢c
=

m�T
3
0

⇢c

n0

T 3
0

⇠ m�T
3
0

⇢c

nf

T 3
f

=
T 3
0

⇢cMp

xf
h�vi ,

where the subscript 0 denotes present day quantities (T0 = 2.75 K). We can use that
n
0

T 3

0

⇠ n
f

T 3

f

, since n / T 3x
3

2 e�x and x � 1, making n / T 3. Plugging in various constants

(depending on the exact temperature at the moment of freeze out) we get [14]:

⌦h2 ' (1.8� 4.5)⇥ 10�27cm3/s

h�annvi . (1.9)

The Planck satellite measures a DM relic density of ⌦DMh2 = 0.118, so we need h�vi '
(2 � 5) ⇥ 10�26 cm3s�1 ⇠ 1pb to get the correct relic density. A cross section of 1 pb
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is a typical cross section for weak-scale interactions and with particle masses around
m� ⇠ 100� 1000 GeV. This fact is called the WIMP miracle: weak-scale particles with
weak-scale interactions make excellent dark matter candidates.



Chapter 2

Supersymmetry

This chapter describes our current understanding of the Standard Model (SM) of particle
physics, a theory that describes electromagnetic, weak and strong interactions. A brief
theoretical overview is presented, followed by a summary of its shortcomings. Subse-
quently, the theory of supersymmetry (SUSY), one of several beyond the SM postulated
theories, will be presented. We will specifically address the minimal extended supersym-
metric version of standard model (the MSSM).
We will describe the SM briefly here, for a more thorough explanation I gladly refer to
the lectures of Bert Schellekens, or see e.g. [15] or [16].

2.1 The Standard Model - a brief overview

The Standard Model is a quantum field theory where each particle is described in terms
of a field with specific transformation properties under the Lorentz group. Dynamics in
field theories are described via a Lagrangian density (L ), or Lagrangian in short. Let
us construct a field theory that is invariant under local transformations, starting from
the free massless Dirac Lagrangian:

L = i ̄/@ ,

which describes a massless spin 1/2 particle ( ⌘  (x)) that transform as a spinor under
the Lorentz transformations. We impose a global phase transformation (U(1)):

 ! eiq↵ ;  ̄ ! e�iq↵ ̄,

where q is a quantity that indicates the strength of the transformation. The Lagrangian
remains invariant if we impose this transformation. However, if we consider a local phase
transformation:

 ! eiq↵(x) ;  ̄ ! e�iq↵(x) ̄,

the Lagrangian is no longer invariant, as L 0 = L � q ̄/@↵(x) . In order to make
the Lagrangian invariant under local phase transformations, we want to add new terms
that compensate for the extra term � q ̄/@↵(x) . We therefore introduce a covariant

13
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derivative, which replaces the ordinary derivative:

Dµ ⌘ (@µ + iqAµ) ,

where Aµ ! A0
µ = Aµ � @µ↵(x).

This is called a gauge transformation, and the Lagrangian is made gauge invariant. The
requirement of local gauge invariance has now led us to introduce the gauge field Aµ.
The Lagrangian is now no longer free, but describes an interaction of a spin 1/2 particle
with the gauge field Aµ. If we assume that Aµ describes a spin-1 particle, we should
add the kinetic term for massless spin-1 particles to the interacting Dirac Lagrangian
and obtain:

LQED = i ̄ /D � 1

4
Fµ⌫F

µ⌫ .

This is the Lagrangian for quantum electrodynamics (QED), with the field strength ten-
sor Fµ⌫ = @µA⌫ � @⌫Aµ. We can identify Aµ as the electromagnetic potential and q as
the electromagnetic charge. Adding a mass term for the spin-1 field (m2AµA

µ) would
break gauge invariance. Hence, if a massive gauge field is observed, we need to introduce
its mass in another way in order to preserve gauge invariance.
It is straightforward to extend this scheme for non-abelian groups, for which the gen-
erators of the Lie algebra do not commute. In that case, the fermionic fields must be
constructed in a way that the gauge transformations can act on them, which means that
these fields should transform according to representations of the imposed gauge group:

 =

0

BBB@

 1

 2
...
 n

1

CCCA
,  f !  0f = Ufg g,

where Ufg are the components of a unitary matrix of the group SU(N). Any unitary
matrix can be written as the exponent of N2 � 1 generators (T a) of the Lie-algebra:
U = ei↵

aTa

. The covariant derivative that follows from postulating a SU(N) gauge
invariance is:

Dµ = @µ + igT aAa
µ,

where Aa
µ are the gauge fields and g the coupling constant. Note that for every generator,

we get a gauge field. The field strength tensor for Aa
µ is given by:

F a
µ⌫ = @µA

a
⌫ � @⌫A

a
µ � gfabcAb

µA
c
⌫ ,

where fabc are the structure constants, originating from the commutation relations of
two generators: [T a, T b] = ifabcT c. Note that the generators in general do not commute,
which implies self-interactions between the gauge fields due to their kinetic term in the
Lagrangian.
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The gauge group of the Standard Model is:

SU(3)C ⌦ SU(2)L ⌦U(1)Y ,

where C denotes color charge, L left-handed fields and Y the hypercharge. The SM
Lagrangian must be invariant under local transformations of this gauge group.
Particles that are described by the SM fall into two categories: particles that make
up matter (fermions) and particles that serve as force carriers (gauge bosons). In ad-
dition, the SM incorporates the Higgs boson, a scalar particle which plays a role in
understanding massive particles. All SM particles and the corresponding gauge fields
are summarized in table 2.1. The representations under the gauge group for all fields is
also presented in table 2.1.

The SM includes 12 elementary matter particles, which are spin-1/2 particles. Each of
these particles has an antiparticle, which possesses opposite charge quantum numbers.
Fermions come in two di↵erent categories: quarks and leptons, a distinction which is
based on their interaction with di↵erent gauge bosons. There are six quark flavors: up
(u), down (d), charm (c), strange (s), top (t) and bottom (b), and six leptons: electron
(e), electron neutrino (⌫e), muon (µ), muon neutrino (⌫µ), tau (⌧) and tau neutrino (⌫⌧ ).
Pairs of quarks and leptons are grouped together to form a generation, e.g. u, d, ⌫e and
e form the first generation.
Forces are mediated by the exchange of gauge bosons, which are spin-1 particles. The
carrier of the electromagnetic interaction is the photon (�). The carriers of the elec-
troweak interaction are the W± and Z bosons. The strong force is carried by the gluons
(g).

Particles Fields Content Charge Spin SU(3)⌦ SU(2)L ⌦U(1)Y

Quarks Qi (u, d)L (2/3,�1/3) 1/2 3⌦2⌦1/6

(3 generations) uRi uR 2/3 1/2 3⌦1⌦2/3

dRi dR �1/3 1/2 3⌦1⌦� 1/3

Leptons Li (⌫e, e)L (0,�1) 1/2 1⌦2⌦� 1/2

(3 generations) eRi eR �1 1/2 1⌦1⌦� 1

Gluons Ga
µ g 0 1 8⌦1⌦0

W1,2,3 bosons W j
µ W±, (Z0, �) ±1, 0 1 1⌦3⌦0

B boson Bµ (Z0, �) 0 1 1⌦1⌦0

Higgs boson (�+,�0) h (+,0) 0 1⌦2⌦1/2

Table 2.1: Particle content of the Standard Model with the corresponding fields,
charge, spin and the representation of the field in the SU(3) ⌦ SU(2)L ⌦ U(1)Y gauge
group. Note that the right-handed neutrino is not included. The fields W 3

µ and Bµ are
mixed into two electromagnetically neutral mass-eigenstates: the massive Z boson and

the massless photon (�).
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Quantum Chromodynamics (QCD): The strong interaction arises from an SU(3)
gauge group, which has 8 generators corresponding to the gauge bosons we call gluons.
Gluons couple to six quark flavors, each in the triplet representation of SU(3) with
quantum numbers red, blue and green called colors. The massless Lagrangian is written
as:

LQCD = i ̄f�µ(@µ + igsG
a
µT

a) f � 1

4
Ga

µ⌫G
a,µ⌫ , (2.1)

where f runs over all the quark flavors and a from 1 to 8. The 8 matrices T a are the
generators of the SU(3) group in the triplet representation and gs is the strong coupling
constant. The gluon and fermion-fields are represented by Ga and  f respectively. As
gluons themselves carry color charge they are also able to self interact. The field strength
is given by:

Ga
µ⌫ = @µG

a
⌫ � @⌫G

a
µ � gsfabcG

b
µG

c
⌫ ,

where fabc are the structure constants.
QCD has two special properties: asymptotic freedom and confinement. Asymptotic free-
dom arises from the fact that the strength of the coupling decreases with higher energy,
causing quarks and gluons to interact very weakly at high energies, but very strongly
at low energies. Confinement means that free particles are always color neutral, causing
quarks to form bound states called hadrons. Such colorless states can be constructed
from three quarks (baryons), or one quark and one anti-quark (mesons). Most hadrons
are unstable and decay very quickly. One notable exception to this rule is the proton,
containing two up quarks and one down quark, which has a lifetime that is larger than
the age of the universe.

Electroweak theory: Electroweak interactions arise from the SU(2)L ⌦ U(1)Y gauge
symmetry. These groups have a total of 4 generators, which correspond to the elec-
troweak eigenstates W j

µ ⌘ W 1,2,3
µ from SU(2)L and Bµ from U(1)Y . The subscript L

indicates the left-handed nature of this interaction, as the SU(2)L gauge bosons only
couple to left handed fermions ( L). These fermions appear as quark and lepton dou-
blets in the electroweak theory, as shown in table 2.1. The right-handed fermion fields
( R) appear as singlets under SU(2). The massless Lagrangian can be written as:

LEW = i ̄L /DL L + i ̄R /DR R � 1

4
W j

µ⌫W
j,µ⌫ � 1

4
Bµ⌫B

µ⌫ . (2.2)

The field strength tensors are given by:

W j
µ⌫ = @µW

j
⌫ � @⌫W

j
µ � g✏jklW

k
µW

l
⌫

Bµ⌫ = @µB⌫ � @⌫Bµ,

where ✏jkl is the Levi-Civita symbol. The covariant derivatives have the following form:

Dµ,L = @µ +
i

2
g�jW j

µ + ig0Y Bµ

Dµ,R = @µ + ig0Y Bµ.

where g and g0 are the bare coupling constants of SU(2)L and U(1)Y respectively. The
Pauli matrices �j and the hypercharge Y are the generators of these symmetries.
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Electroweak symmetry breaking: All gauge fields in equation 2.2 are massless,
which is in contradiction with what we see in experiment. The Higgs mechanism solves
this issue. In this procedure, we add an extra complex scalar boson to the SM, repre-
sented by the field �, which we put in a color neutral doublet with hypercharge 1/2.
This is added to the SM Lagrangian via:

LHiggs = (Dµ�)
†Dµ�� µ2(�†�)� �(�†�)2 ⌘ (Dµ�)

†Dµ�� V (�). (2.3)

If we demand µ2 < 0 and � > 0, two ground states for the potential V (�) are found:

h|�|i0 = 0 (unstable) and h|�|i0 =
q

�µ2

2� ⌘ vp
2
(stable), where h|�|i0 ⌘ h0||�||0i is

referred to as the vacuum expectation value (v.e.v.). Due to gauge freedom we can pick
h�i0 = (0, v/

p
2) as the ground state. In the unitary gauge we expand � = 1p

2
(0, v+h),

with h a real scalar field, giving rise to mass terms for the gauge bosons. These gauge
bosons can be rewritten in mass eigenstates:

W±
µ =

1p
2
(W 1

µ ⌥ iW 2
µ)

Z0
µ =

1p
g02 + g2

(gW 3
µ � g0Bµ)

Aµ =
1p

g02 + g2
(g0W 3

µ + gBµ),

which we recognize as the W bosons, Z boson and the photon.
We can understand what has happened here on a physical level. We started with a com-
plex scalar boson with four real degrees of freedom (d.o.f.). Three of these have been
absorbed in giving mass to the W and Z bosons, as a massive gauge boson has three
d.o.f. while a massless gauge boson has only two. The remaining d.o.f. corresponds to
a new scalar that we call the Higgs boson.

Fermionic mass terms: Due to gauge invariance, mass terms of the form  ̄L R

were forbidden before electroweak symmetry breaking. With the Higgs field we can
write down a coupling of the fermions to this scalar field without breaking the gauge
symmetries:

LYukawa = �yuQ̄�
cuR � ydQ̄�dR � yeL̄�eR + h.c.,

where yu, yd and ye denote the Yukawa couplings of the up-type quarks, down-type
quarks and the charged leptons. Note that we choose not to introduce right-handed
neutrinos. The Yukawa couplings are 3x3 complex matrices in flavor space. After
symmetry breaking we get mass matrices y

u

vp
2
, y

d

vp
2
and y

e

vp
2
for the up-type quarks, down-

type quarks and charged leptons respectively. Since these matrices are not necessarily
diagonal, we can diagonalize them using unitary matrices in U(3), and obtain mass
eigenstates. This process leaves its trace in the coupling of the W -boson to fermions:

i ̄a
L,u�

µW+
µ  

a
L,d

! i ̄a
L,uU

ab
CKM�

µW+
µ  

b
L,d,
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where  denotes the mass eigenstates and Uab
CKM the Cabibbo-Kobayashi-Maskawa ma-

trix. Experimentally it has been determined that this matrix is not diagonal, since, for
example, a strange quark can decay into an up quark via the W boson. The unitary
matrices needed to go from flavor to mass eigenstates disappear in the couplings to the
Z boson and the photon, since these gauge bosons couple the upper components of the
SU(2) doublets to upper components. If this would not be the case, we would expect to
observe flavor changing neutral currents (FCNC), where, for example, a top quark could
decay directly to a charm quark. Experimentally FCNCs have been observed, however
strongly suppressed, suggesting it is a next-to-leading order process. More on FCNCs
can be found in chapter 3.

2.1.1 Renormalization

The cross section �, defined as the probability of a specific process to happen, is pro-
portional to the square of the scattering amplitude. This amplitude can be calculated
using Feynman diagrams and the corresponding Feynman rules. Consider for example
electron scattering. One of the diagrams contributing to this process at leading order
(LO) is shown in figure 2.1 (left). At next-to-leading order (NLO), loop corrections to
the photon propagator can be introduced (figure 2.1, right). These loop corrections can
be quite problematic, as these introduce integrals over the momentum of the fermion in
the loop (k), which are of the form

R1
0 d4k 1

k2�m2

f

and thus diverge. We know however

that the scattering amplitude is a finite number, as it can be measured in experiment.
To solve this we need renormalization.

Renormalization consists of two steps. First we need a prescription to describe the in-
finities: regularization. Several regularization methods exist, one of which being the
momentum cut-o↵. In this method, we define a cut-o↵ energy ⇤, which will act as an
upper limit of the momentum in the integrals. A validation for this procedure on a
physical level is that we do not assume that our theory is valid up to all energy scales.
The SM does not allow for gravity for example, which sets a natural value for the cut-o↵

Figure 2.1: Electron scattering at leading order (left) and next-to-leading order
(right).
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scale to be MPlanck ' 1.2·1019 GeV. Regularization results in an amplitude that depends
on ⇤ and diverges when ⇤! 1.
In the second step of renormalization, we want to get rid of this energy scale. After all,
we have chosen ⇤ arbitrarily so any physical observable quantity should not depend on
it. This is done by absorbing ⇤ in the Lagrangian coupling constants by introducing a
renormalization energy scale µR. The value of the coupling constant is measured at this
scale, allowing us to make predictions for any other energy scale. The divergent part
depending on ⇤ is removed by introducing counter terms. We are allowed to do this as
this bare parameter is not an observable quantity, only squared amplitudes are observ-
able. These amplitudes depend on a physical coupling constant, which incorporates all
quantum corrections. This will mean that the physical coupling constant has now an
ambiguous name, as it is no longer a constant but changes with energy (hence the name
running couplings).
A theory is called renormalizable if all divergences can be absorbed in such manner into
a finite number of parameters. This means that after the determination of a few physical
parameters, we can make predictions of all cross sections at all loop orders1.

2.2 Beyond the Standard Model

The Standard Model is an accurate model, but also incomplete. One of its greatest
challenges is how to include the force of gravity. However, this problem arises only at
the Planck scale, MP ⇠ 1019 GeV. This problem is out of reach of the LHC, or any other
foreseeable human-based experiment. The question is however, should we also expect
Beyond the SM (BSM) physics at scales lower then the Planck scale? There are many
reasons to believe so:

• Observations of neutrino oscillations suggest that neutrinos have mass. A right-
handed neutrino has never been observed directly through interactions, which does
not exclude the possibility that maybe neutrino masses arise in the SM due to some
other process then the Higgs mechanism.

• The existence of dark matter (chapter 1).

• Dark energy: a hypothetical form of energy responsible for the expansion of the
universe.

• The hierarchy problem (section 2.2.1).

• Matter - antimatter asymmetry in the current universe. The amount of CP viola-
tion in the SM is not enough to explain matter being dominant over antimatter.

• Grand unification (section 2.2.2).

1

In principle, but this is not easy to do!
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2.2.1 The hierarchy problem: The problem of a fat Higgs boson

Figure 2.2: One-loop contribution to the Higgs self-energy.

In the electroweak sector of the Standard Model, the mass of the Higgs boson is given

at tree level by mh = v
q

�
2 , as can be seen in the Lagrangian. One of the one-loop

self-energy correction terms, as shown in figure 2.2, is proportional to:

�m2
h / y2f

Z
d4k

(2⇡)2

 
1

k2 �m2
f

+
2m2

f

(k2 �m2
f )

2

!
,

where yf is the Yukawa coupling. The largest correction to the Higgs mass comes from
the fermion with the largest Yukawa coupling to the Higgs boson, which is the top quark
for the SM (mt ⇠ 173 GeV). The first term of this integral is quadratically divergent.
Using a cut-o↵ to indicate the energy scale where new physics arises (⇤), one finds that
�m2

H / ⇤2. This results in the following Higgs mass (assuming that the Higgs boson
couples to particles which reside at the energy scale ⇤) :

m2
h(physical) ⇠ m2

h +O(y2f⇤
2) +O(log⇤).

The SM is renormalizable, which means that such divergences can be solved by intro-
ducing counter terms to the Lagrangian. However, these counter terms should remove
corrections to the bare Higgs mass squared up to 34 orders of magnitude, as we mea-
sure a Higgs mass squared of m2

h(physical) ⇠ (125GeV)2 in experiment. Although this
procedure is theoretically allowed, it is not a pleasing theory due to the enormous level
of fine tuning that is required2.
There is however a more elegant solution to the hierarchy problem. If we could intro-
duce extra scalar particles with the same quantum numbers and masses as the fermions,
their contribution to the Higgs mass would be equal to the fermionic loops from the SM,
except for the minus sign that the fermionic loops introduce. We would therefore be
able to cancel the divergent terms completely.

2.2.2 Unification of gauge couplings

This issue is not so much a problem of the SM, but can be seen as a quest for a more
fundamental theory. We saw that two fundamental forces, the electromagnetic and the
weak force, can be combined into the electroweak force. This gives rise to the question:
could all forces be unified? Using the evolution of gauge couplings, we see that at an
energy of ⇤GUT ⇠ 1015 GeV the strengths of the three forces become almost identical
(see figure 2.3), but not exactly. Additional particles can influence the running of the

2

Although it is debatable whether every theory needs to be elegant...
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couplings, creating an opportunity for gauge coupling unification. This is illustrated on
the right-hand side of figure 2.3.

Figure 2.3: Evolution of the inverse coupling constants as a function of the energy
for the SM (left) and a grand unification theory (right). Extracted from ref. [17].

2.3 SUSY to the rescue!

Particles and interactions in the SM are understood by imposing symmetry constraints
on the Lagrangian. This raises a question: can’t we impose further symmetries, like a
space-time symmetry between bosons and fermions? This is done by invoking super-
symmetry (SUSY). The SUSY transformation is described by (two-dimensional) spinor
operators Qa that modify the spin of some state by 1/2:

Q |Bosoni = |Fermioni ,
Q |Fermioni = |Bosoni .

These operators generate a new Lie algebra and satisfy the following anti-commutation
relations:

{Qa, Qb} = {Q†
a, Q

†
b} = 0

{Qa, Q
†
b} = 2(�µ)abPµ

where �µ are the Pauli Spin matrices and Pµ the momentum generator of translations.
This implies the supersymmetric algebra:

• The action of Q on a state will modify its spin by 1/2.

• The operator Pµ commutes with Q and Q†, which leads to eigenstates that are in
a supermultiplet consisting of bosonic or fermionic states and their superpartners
with opposite spin.
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• Superpartners in a supermultiplet must have equal mass and quantum numbers.

• The number of bosonic and fermionic degrees of freedom must be equal to each
other, as two subsequently applied SUSY transformations maps the bosonic sub-
space onto itself.

In supersymmetry it is convenient to split the Dirac spinor into two Weyl spinors �L

(left-handed) and �R (right-handed):

 =

✓
�L

�R

◆
.

The right-handed Weyl spinors are often brought into a left-handed form via:

 c
R = i�2 ⇤

R. (2.4)

These spinors describe fermionic particles, so they must be anti-commuting. The indices
are raised and lowered by the symbol ✏↵� , with non-zero components ✏12 = �✏21 = �1.
This symbol will be used to make a singlet out of two Weyl spinors.
The simplest possibility for a supermultiplet is to group a left-handed Weyl fermion
(with two physical degrees of freedom, nf = 2) and a complex scalar (with nb = 2).
The names of these scalar superpartners are constructed by preceding an ‘s’ (so we get
sfermions). This combination is called a chiral or scalar supermultiplet.
Another possibility is to combine a gauge boson (massless spin 1 boson with 2 degrees of
freedom) with a (Majorana) Weyl fermion. These fermions are called gauginos, and as
superpartners of the gauge bosons they must transform as the adjoint representation of
the gauge group. This is its own conjugate, so the gauginos must have the same gauge-
transformation properties for left-handed and right-handed components, hence we use
a Majorana Weyl fermion. The supermultiplet is called a gauge or vector supermultiplet.

The Minimal Supersymmetric Standard Model (MSSM) represents the simplest possible
supersymmetric extension to the SM. The particle content of the MSSM is summa-
rized in table 2.2. There are two Higgs chiral supermultiplets (containing a complex
scalar Higgs boson and two Higgsinos). This is because of the structure of supersym-
metric theories: only a Y = 1/2 Higgs supermultiplet can have a Yukawa coupling to
up-type quarks, and only a Y = �1/2 supermultiplet can couple to down-type quarks
and charged leptons. We will refer to these supermultiplets by Hu for Y = 1/2 and
Hd for Y = �1/2. The weak isospin components of Hu with T3 = (1/2,�1/2) have
electromagnetic charges 1 and 0 and are denoted by H+

u and H0
u. In contrast, Hd has

T3 = (1/2,�1/2) components denoted as H0
d and H�

d . In total there are 8 real d.o.f.
in these Higgs doublets. After electroweak symmetry breaking, 5 d.o.f. are left: two
neutral scalars h0 and H0, two charged scalars h+ and h� and one neutral pseudoscalar
A0. The lightest neutral scalar h0 can act like the SM Higgs boson.
The masses of these Higgs bosons can be determined from the Higgs scalar potential V ,
which should have a local minimum and v.e.v. unequal to 0. Furthermore, this mini-
mum must break electroweak symmetry down to electromagnetism: SU(2)L ⌦U(1)Y !
U(1)EM. Due to gauge freedom, we can pick H+

u = H�
d = 0 at the minimum of the

potential and set the vacuum expectation value of H0
u to vu/

p
2 and H0

d to vd/
p
2. The

ratio between the two v.e.v.’s is denoted by tan� = v
u

v
d

. These values are related to the
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v.e.v. of the SM Higgs boson via v2 = v2u + v2d =
4M2

Z

g2+g02 .

A compact version of the MSSM Lagrangian is given by:

LSUSY = (Dµ�f )
†(Dµ�f )| {z }

scalars

+ i( f )
†�̄µDµ f| {z }

fermions

� 1

4
F a
v,µ⌫F

a,µ⌫
v

| {z }
gauge bosons

+

i(�av)
†�̄µDµ�

a
v| {z }

gauginos

�
����
@W

@�f

����
2

| {z }
scalar potential

�

1

2


@2W

@�f@�g
 f ·  g + h.c.

�

| {z }
fermion mass term and Yukawa coupling

�

p
2gv

h
(�†fT

a
v  f ) · �av + �†av · ( †

fT
a
v �f )

i
� 1

2
g2v(�

†
fT

a
v �f )

2

| {z }
additional couplings

,

where �f ,  f denote scalar and fermionic fields respectively with f and g running over
all gauge and flavor d.o.f. and �a denotes a gaugino with the index a running over the
adjoint representation of the gauge group (a = 1 . . . 8 for SU(3), a = 1, 2, 3 for SU(2)
and a = 1 for U(1)). The index v is used to run over the three gauge groups. The dot
indicates the spinor product, defined as  ·  ⌘  ↵✏↵� 

� .
All interactions and masses (before symmetry breaking) of all particles are determined
by their gauge transformation properties and the superpotential W , occurring in the
second and third line of the MSSM Lagrangian. This superpotential is a function of
chiral superfields. The form of the superpotential is restricted by the requirement of

spin 0 spin 1/2

Squarks, quarks Q (ũ, d̃)L (u, d)L

(3 generations) ū ũ⇤R ucR

d̄ d̃⇤R dcR

Sleptons, leptons L (⌫̃e, ẽ)L (⌫e, e)L

(3 generations) ē ẽ⇤R ecR

Higgs, higgsinos Hu (H+
u , H0

u) (H̃+
u , H̃0

u)

Hd (H0
d , H

�
d ) (H̃0

d , H̃
�
d )

spin 1/2 spin 1

Gluinos, gluons g̃a ga

Winos, W bosons W̃ 1,2,3 W 1,2,3

Bino, B boson B̃0 B0

Table 2.2: Particle content of the MSSM. Whenever we want to denote only the SUSY
content of the superfields, we will indicate this by a tilde.
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gauge invariance. For the MSSM it has the following form:

WMSSM = ūyuQ ·Hu � d̄ydQ ·Hd � ēyeL ·Hd + µHu ·Hd. (2.5)

The Yukawa coupling parameters yu, yd and ye are 3x3 matrices and µ is the supersym-
metric version of the Higgs boson mass. There are also other terms that we in principle
can add to the superpotential without breaking gauge symmetry:

L · Lē; Q · Ld̄; L ·Hu; ūd̄d̄.

These terms violate baryon and lepton number, leading to unwanted proton decay. To
prevent this process from happening, a new symmetry called R-parity is postulated.
This is a new quantum number defined as:

PR = (�1)R ⌘ (�1)3(B�L)+2S ,

where S denotes the spin, B denotes baryon number and L lepton number. Since (�1)2S

is conserved, R-parity is conserved if B-L is conserved. All SM particles, including the
Higgs bosons, have R-parity +1 and all SUSY particles have R-parity -1. Conservation
of R-parity also leads to a stable lightest supersymmetric particle (LSP), which is, if it
is also neutral and weakly interacting, a perfect WIMP candidate. Other consequences
are:

• Each SUSY particle must eventually decay into an odd number of LSPs.

• In collider experiments SUSY particles can only be produced in pairs.

2.3.1 Soft SUSY breaking terms

Clearly, because none of the superpartners have been observed, supersymmetry needs
to be a broken symmetry. The exact breaking mechanism is unknown. There are two
possible ways to break a symmetry in field theory: explicit (introduce symmetry breaking
terms by hand into the Lagrangian) or spontaneous (like the SM Higgs mechanism)
symmetry breaking. In the MSSM, SUSY-breaking is explicitly introduced. This results
in a soft-breaking term in the Lagrangian:

L MSSM
soft = � 1

2

⇣
M3(g̃

a)T g̃a +M2(W̃
j)T W̃ j +M1B̃

T B̃ + c.c.
⌘

�
⇣
˜̄uauQ̃Hu � ˜̄dadQ̃Hd � ˜̄eaeL̃Hd + c.c.

⌘

� Q̃†m2
Q̃
Q̃� L̃†m2

L̃
L̃� ˜̄um2

ũ
˜̄u† � ˜̄dm2

d̃
˜̄d† � ˜̄em2

ẽ
˜̄e†

� m2
H

u

H⇤
uHu �m2

H
d

H⇤
dHd � (bHu ·Hd + c.c.).

The first line represents the mass terms of the gauginos where M3, M2 and M1 are the
gluino, wino and bino mass terms. With the tilde we indicate the only content of the
chiral supermultiplets that are indicated by a tilde (as given in table 2.2). The bar does
not denote any kind of conjugation, but is part of the particle name. All of the ai-terms
are complex 3x3 matrices with the dimension of mass. In the third line we include mass
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terms for squarks and sleptons with hermitian 3x3 matrices. In the last line, the soft
breaking contribution from the Higgs mass terms are given.
The soft SUSY breaking Lagrangian introduces a lot of new free parameters, which we
only can determine by observing them directly or indirectly. A careful count of free
parameters results in:

• Five 3x3 hermitian sfermion mass matrices: 45

• Two masses for the Higgses: 2

• Majorana mass terms for the gauginos: 3

• 3 unrestricted 3x3 matrices ai: 54

• Mixing Higgs mass term: 1

Total: 105 free parameters [18]

Note that not SUSY itself, but the unknown nature of the SUSY breaking mechanism
introduces a tremendous amount of arbitrariness in the Lagrangian. Due to broken
supersymmetry, the hierarchy problem is no longer solved exactly. However, when the
masses of the particles are not too di↵erent from SM particle masses, there exists an
approximate cancellation, thus we need considerably less fine-tuning.

2.3.2 Neutralinos and charginos

Due to the e↵ects of electroweak symmetry breaking, the higgsinos and electroweak gaug-
inos mix with each other. We combine the neutral higgsinos (H̃0

u, H̃
0
d) and gauginos (B̃,

W̃ 0) into four mass eigenstates called neutralinos, labeled with �̃0
i . The charged gauge-

eigenstates H̃+
u , H̃�

d and W̃± are combined into two mass eigenstates called charginos
(with charge ±1), labeled with �̃±

i . These mass eigenstates are labeled according to their
mass, with i = 1 being the lightest. In many models, �̃0

1 is also the lightest supersym-
metric particle (LSP). This means that we have a electromagnetically neutral, weakly
interacting and, if R-parity is conserved, stable particle, making it a perfect WIMP dark
matter candidate.
In gauge-eigenstate basis  0 = (B̃, W̃ 0, H̃0

d , H̃
0
u), the mass part of the Lagrangian is

given by:

Lneutralino mass = �1

2

�
 0
�T

M�̃0 0 + c.c., (2.6)

where

M�̃0 =

0

BB@

M1 0 �c�s✓
W

MZ s�s✓
W

MZ

0 M2 c�c✓
W

MZ �s�c✓
W

MZ

�c�s✓
W

MZ c�c✓
W

MZ 0 �µ
s�s✓

W

MZ �s�c✓
W

MZ �µ 0

1

CCA.
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Here, M1 and M2 denote the gaugino masses, MZ the Z boson mass, and �µ is the
supersymmetric version of the Higgs mass as introduced in equation 2.5. We use tan�
to denote the ratio of the two Higgs vacuum expectation values. The weak mixing angle
is indicated by ✓W , with tan ✓W = g0

g and MW = MZ cos ✓W . We introduced the abbre-
viations s� = sin�, c� = cos�, s✓

W

= sin ✓W and c✓
W

= cos ✓W . The neutralino mass
matrix M�̃0 can be diagonalized to find the mass eigenstates �̃0

i . The same can be done

for the chargino mass spectrum. In gauge-eigenstate basis  ± = (W̃+, H̃+
u , W̃�, H̃�

d )
the mass part of the Lagrangian is given by:

Lchargino mass = �1

2

�
 ±�T M�̃± ± + c.c., (2.7)

where

M�̃± =

0

BB@

0 0 M2

p
2c�MW

0 0
p
2s�MW µ

M2

p
2s�MW 0 0p

2c�MW µ 0 0

1

CCA

The eigenvalues are double degenerate, so diagonalization results in two same valued
mass eigenstates �̃±

i .

Each neutralino and chargino contains at least a small component of the electroweak
gauginos. Depending on the exact values of the unknown parameters �, M1, M2 and µ,
neutralinos have a dominant bino, wino or higgsino component. We will refer to such
eigenstates as bino-like, wino-like or higgsino-like respectively. In table 2.3 we show for
each scenario the dominant component of the neutralinos and charginos.

Scenario Composition neutralinos Composition charginos

M1 < M2 < |µ| (B̃, W̃ , H̃, H̃) (W̃ , H̃)

M1 < |µ| < M2 (B̃, H̃, H̃, W̃ ) (H̃, W̃ )

|µ| < M1 < M2 (H̃, H̃, B̃, W̃ ) (H̃, W̃ )

|µ| < M2 < M1 (H̃, H̃, W̃ , B̃) (H̃, W̃ )

M2 < |µ| < M1 (W̃ , H̃, H̃, B̃) (W̃ , H̃)

M2 < M1 < |µ| (W̃ , B̃, H̃, H̃) (W̃ , H̃)

Table 2.3: Dominant component of the neutralinos (denoted as (�̃0
1, �̃

0
2, �̃

0
3, �̃

0
4)) and

charginos (�̃±
1 , �̃

±
2 ), extracted from ref. [19].
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Experimental constraints

One of the main motivations for supersymmetry is the prediction of a stable (in the case
of R-parity conserving supersymmetry) particle, which may be identified as a candidate
dark matter particle if it is both colorless and electromagnetically neutral. Often, this
role is taken by the lightest neutralino, �̃0

1, and we will assume this as well. If we choose
this framework to search for a dark matter particle, it is unwise to completely separate
the DM searches from searches for SUSY. However, even in the MSSM this search can
be quite complicated, as we have to deal with a large number (typically ⇠100) of free
parameters. To this end, one sets up simplified models. Such an approach is valuable,
but too constraining scenarios (like mSUGRA [20]) are phenomenologically limiting and
some models are even excluded by experimental data.
In this discussion we will use the 19-parameter phenomenological MSSM (pMSSM [21]).
In this scheme one assumes that:

• The soft SUSY-breaking parameters m2
Q̃,L̃,ũ,d̃,ẽ

and au,d,e are real, which assures

that the only source for CP violation is the CKM matrix in the Standard Model.

• To further limit the CP violating e↵ects and the possibility of large meson mixing
contributions (e.g. for D0, D̄0), the masses of the first and second generation
sfermions are equal, separately in the lepton and quark sectors, e.g. mQ̃

1

= mQ̃
2

,
where the subscript denotes the generation.

• To minimize the e↵ects of mixing in the sfermion sector (such as FCNCs), we
assume that all sfermion mass matrices are diagonal.

• All first and second generation trilinear couplings (Af ) will be put to 0, as the
af -matrices are assumed to scale with the Yukawa couplings (af = Afyf ). Hence
only At, Ab and A⌧ have a non-zero value.

In particular we will assume nothing about the nature of SUSY symmetry breaking. The
remaining parameters are 10 sfermion masses (mQ̃

1

, mQ̃
3

, mL̃
1

, mL̃
3

, mũ
1

, mũ
3

, md̃
1

,
md̃

3

, mẽ
1

andmẽ
3

), 3 gaugino masses (M1,2,3), the ratio of the Higgs vacuum expectation
values tan�, the Higgsino mixing parameter µ, the mass mA of the CP-odd Higgs boson
A0 and 3 trilinear scalar couplings (Ab,t,⌧ ). In the notation for the sfermion masses, we
use the subscript 1 and 3 to indicate the generation, e.g. mũ

3

⌘ mt̃
R

indicates the mass
of the superpartner of the right-handed top quark. Any scalars with the same electric

27
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charge, R-parity and color quantum numbers can in principle mix with each other. For
the first and second generation, these e↵ects are ignored since the trilinear couplings
have been put to 0 and the Yukawa induced mixing is quite small. However, the third
generation squarks and sleptons can mix. This happens for the pairs (t̃L,t̃R), (b̃L,b̃R) and
(⌧̃L,⌧̃R), resulting in mass eigenstates denoted by (t̃1,t̃2), (b̃1,b̃2) and (⌧̃1,⌧̃2) respectively.
The subscripts 1 and 2 denote the mass hierarchy: mt̃

1

< mt̃
2

.
Within the 19 parameters of the pMSSM, there still is a lot of freedom. We can further
constrain our parameter space by demanding that the resulting pMSSM model satisfies
experimental constraints. We will separate these constraints in three categories: direct
DM searches, indirect DM searches and particle accelerator constraints (figure 3.1). Each
of these three categories will be discussed below.

Figure 3.1: Graphical representation of the possible dark matter detection channels.
P is a SM particle, � is a DM particle.

3.1 Direct detection

The basic idea is very simple: set up a large and sensitive device, which can detect small
perturbations of the atoms within it. WIMPs can interact with nuclei of baryonic matter
and deposit some energy via the weak force. How often would this happen in an earth-
based experiment? To answer this question, experiments like the Large Underground
Xenon experiment (LUX) and the Xenon dark matter project experiment (XENON)
were set up [22–24].
Due to the low velocity of DM, most WIMPs scatter elastically from a baryonic nucleus.
In this scattering, the nucleus recoils and causes ionization (an electron escapes from the
atom) or scintillation (an electron is excited, which after a short period of time falls back
to the ground state and emits a photon) in the detection material. The rate of nuclear
recoils can be converted into a cross section for WIMP-nucleon interactions. This inter-
action can happen spin-independently (SI) or spin-dependently (SD). SD interactions
occur through an axial vector coupling to the spin content of the nucleus and are usually
divided into proton and neutron couplings. Typically, these limits are weaker than the
SI ones. It is important to have many experiments with di↵erent targets to study the
interaction type of possible signals.

Detectors should be able to distinguish signal from background very e�ciently. To
reduce background as much as possible, direct detection experiments are often placed
in deep underground laboratories. This is to reduce the amount of cosmic ray particles
and particles originating from radioactive materials as much as possible. The detector
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Figure 3.2: Illustration of the annual modulation in a WIMP signal.

response can di↵er for WIMP interaction or background processes, as the majority of
the backgrounds interacts electromagnetically with the detection material. A recoiling
nucleus travels a smaller distance than a recoiling electron for the same recoil energy, so
an interacting WIMP results in a higher energy density. A second method to distinguish
signal from background is to exploit the fact that WIMP interaction rates should vary
at di↵erent times of the year. This is due to the movement of the Earth around the Sun
(illustrated in figure 3.2), which has an e↵ect on the WIMP velocity that we observe.
This e↵ect should create an annual modulation in the WIMP detection rates.

When the expected rate (depending on a certain WIMP model) and the expected back-
ground are calculated, data can be compared to the expected WIMP signal. Many
experiments searching for nuclear recoils with WIMPs have been conducted in the past
several years. So far no signal has been found. Negative results are however not a waste
of time, as they put constraints on the parameter space for a given WIMP theory. In fig-
ure 3.3, di↵erent detectors and their imposed constraints are shown. The closed contours
in this figure are regions where an indication for DM signal has been claimed, for exam-
ple by DAMA [25]. These regions are in conflict with the results of other searches, so
it is not probable that these detections actually originated from WIMPs [23,26]. In our
analysis we will use the LUX limits on the spin-independent WIMP-nucleon scattering
cross section.

Figure 3.3: Result on the spin-independent WIMP-nucleon scattering cross section
as a function of WIMP mass (left for masses between 0.5 GeV and 12 GeV, right for
masses between 5 GeV and 1 TeV), extracted from ref. [26]. Currently LUX provides

the most stringent limit.
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3.2 Indirect detection

If we assume that WIMPs are their own anti-particle, they can annihilate with each
other. This means that a potential signal could originate from this annihilation. Anni-
hilation products include anti-matter, photons and neutrinos. Two of these annihilation
products, photons and neutrinos, are described below. Viable places to look for these
products are the Galactic Center, the Milky Way halo, dark matter substructures, satel-
lite galaxies, the Earth and the Sun.

Dwarf galaxies: [27–29] DM annihilation is most common where DM is dense. These
regions can be found where there is a lot of baryonic matter, for example at the center
of our galaxy, but also in its orbiting satellites: dwarf spheroidal galaxies (dSphs). Ob-
servations of the movement of dwarf galaxy’s member stars indicate that these objects
contain a vast amount of dark matter. The Fermi Large Area Telescope (LAT [30]) is
designed to observe �-rays (photons with an energy above 100 keV) originating from
DM annihilation. This telescope is aboard the Fermi satellite and sensitive to photon
energies ranging from 20 MeV to over 300 GeV.

Using relativistic kinematics, one can find that direct photon production (�� ! �X
where X is any of the particles �, Z or h) leads to monochromatic photons. The two
DM particles are assumed to have four-momentum pµ�

1

= (E�,
�!p ) and pµ�

2

= (E�,��!p )
and mass m� (in the center of mass frame). Momentum conservation leads to:

pµ�
1

+ pµ�
2

� pµ� = pµX .

Squaring this equation gives:

4E2
� � 4E�E� = m2

X .

Now assume that E� ⇠ m�:

4m2
� � 4m�E� = m2

X

! E� = m�

✓
1� m2

X

4m2
�

◆
.

Ignoring the e↵ect of potential boosts, this would lead to a peak in the photon spec-
trum. These photon peaks are however hard to observe. The indicated processes are
suppressed, because the dark matter particle is a neutral particle. Another complication
is the limited angular resolution of detectors.
Secondary photon production can take place through a DM annihilation into pairs of
quarks and heavy gauge bosons (which can decay into quarks). These quarks group to
form neutral pions and other hadrons. These pions decay primarily into photon pairs.
This hadronization process has been studied at accelerators1. The spectrum of photons
produced per DM annihilation depends on the mass of the WIMP particle and the types
of particles produced. In figure 3.4 the spectrum of photons produced per DM anni-
hilation for a 30 GeV DM particle and for a variety of annihilation channels is shown.
Obviously, the shape, width and the peak energy di↵ers for di↵erent annihilation chan-
nels, although photons often show a soft cut-o↵ at the kinematical limit E� ' mDM.
The lightest neutralino is a WIMP candidate, but there are many other possible forms of

1

More on hadronization can be found in chapter 5
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WIMP dark matter. To avoid all the cumbersome details of SUSY, model-independent
studies of dark matter phenomenology with di↵erent combinations of spins and types of
interactions with SM particles have been conducted. These interactions are only limited
by the requirement of Lorentz invariance. Furthermore, the WIMP abundance must
match cosmological observations. These interactions are not required to be invariant
under the SM gauge symmetry. For example, if we consider the interaction between two
fermionic WIMPs (�) and two SM fermions (f), the interaction Lagrangians could look
like:

Scalar(S) : L =
GSp
2
�̄�f̄f

Pseudoscalar(P) : L =
GPp
2
�̄�5�f̄�5f

Vector(V) : L =
GVp
2
�̄�µ�f̄�µf

Axialvector(A) : L =
GAp
2
�̄�µ�5�f̄�µ�5f.

With these e↵ective Lagrangians, it is possible to derive the velocity-weighted annihi-
lation cross section and resulting photon spectrum. The photon spectrum depends on
the WIMP mass, interaction Lagrangian, the dark matter density distribution and the
hadronization and decay channel.

In addition to these highly energetic �-rays, DM annihilation into e+e� can also generate
photons via inverse Compton (e� ! e�, where the electron loses energy and the photons
gain energy) and bremsstrahlung processes. These photons usually have an energy in
the radio regime.

Figure 3.4: The spectrum of photons produced per DM annihilation with a mass of
30 GeV. A higher DM mass shifts all the spectra to the right. Extracted from ref. [28].
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We can derive the photon flux we would expect from an annihilating WIMP pair in
the DM halo of a massive object (like the Milky Way or a dwarf galaxy). The WIMP
annihilation rate �ann (per second and per unit volume) at a distance r from the center
of the DM halo is proportional to the WIMP self-annihilation cross section h�vi and the
WIMP number density nDM(r) squared:

�ann / 1

2
h�vin2

DM(r) = h�vi⇢
2
DM(r)

2m2
DM

,

where ⇢DM(r) is the WIMP density at a distance r from the center of the dark matter
halo and mDM the WIMP mass. A factor of 1

2 is included to avoid double counting. The
quantity r is related to the distance l from the telescope to the annihilating WIMP pair
via r =

p
D2 + l2 � 2Dl cos ✓, where D is the distance from the telescope to the center

of the dark matter halo and ✓ is the opening angle of the detection instrument (figure
3.5).
The intensity of WIMP annihilation (flux per solid angle, indicated by d�

d⌦) observed at
the telescope with an opening angle ✓ with respect to the center of the DM halo direction
is proportional to the line of sight (l) integration of the DM annihilation rate:

d�

d⌦
/
Z

l.o.s.
�ann(l)dl =

h�vi
2m2

DM

Z

l.o.s.
⇢2DM(l)dl.

It is useful to define the average value of this intensity in a cone with half-angle ✓ that
spans a field of view of �⌦ = 2⇡(1� cos ✓). This factor is commonly referred to as the
J-factor:

J ⌘
Z

d⌦

Z

l.o.s.
⇢2DM(l)dl. (3.1)

Let dN�/dE� be the photon spectrum per DM annihilation product (as shown in figure
3.4). The total di↵erential photon flux originating from annihilating DM in a solid angle
�⌦ at a photon energy E� is then given by:

d��(E�)

dE�
=

h�vi
2

1

4⇡m2
DM

dN�

dE�

Z
d⌦

Z

l.o.s.
⇢2DM(l)dl , (3.2)

Figure 3.5: Illustration of the line of sight l and the azimuth angle ✓ in the coordinate
system related to the DM halo.
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where a factor of 1
4⇡ is included to account for isotropic emission. Di↵erent photon

production channels could contribute to the photon spectrum per annihilation, so an
implicit sum over all photon production channels is assumed. The DM density is deter-
mined by density formulas as given in chapter 1. The optimal value for the integration
region �⌦ depends on the dark matter density profile of the target and the angular
resolution of the detection instrument.
Searches for �-rays produced via DM annihilation in dwarf galaxies yield constraints
on h�vi, given the dark matter density profile and annihilation process. For any dwarf
galaxy for that no �-ray signal is found (after subtraction of background processes), we
can derive an upper limit for the velocity-weighted annihilation cross section. Fermi-
LAT derived an upper limit on h�vi at 95% confidence level for mDM = 2 GeV - 10
TeV annihilating into six di↵erent channels (bb̄, ⌧ ⌧̄ , µµ̄, eē, W+W� and uū). Figure 3.6
shows a comparison for the limits for bb̄ and ⌧ ⌧̄ annihilation channels.

Figure 3.6: Limits for the DM velocity-weighted annihilation cross section for bb̄ (left)
and ⌧ ⌧̄ (right) channels from Pass 8 data (solid black line). The NFW density profile

is used to create these limits. Extracted from ref. [31]

IceCube [32]: The IceCube detector tries to detect neutrinos originating from DM
annihilation. The IceCube detector is situated in an ice sheet at the South Pole. It mea-
sures Cherenkov light that is emitted by relativistic charged particles, which are created
by neutrino interactions in the detector. The background for this search consists mostly
of neutrinos created in cosmic ray interactions in the Earth’s atmosphere. The detector
is sensitive to neutrinos from WIMPs with mDM & 20 GeV. IceCube estimates how
many signal events could be measured, which can be translated into a limit on the sig-
nal flux and annihilation rate of dark matter in the Sun. These limits depend on the
assumed DM density profile and annihilation channel. Assuming a NFW density profile
with a local density of 0.3 GeV/cm3 and a DM velocity of 270 km/s, these limits can be
converted into limits on the WIMP-proton scattering cross sections for spin-dependent
(�SD) and spin-independent (�SI) interactions. The limits on these cross sections will
be used in our parameter scans.
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3.2.1 Dark Matter relic density

From the WMAP and Planck data, we know what the dark matter relic density should
be. If we assume the LSP is the only DM particle, this data places severe constraints
on the range of pMSSM models we can pick, as can be seen in figure 3.7.
The LSP relic density is higher when DM annihilates less e�ciently, which is the case for
a bino-dominant LSP. If the LSP annihilates very e�ciently, its relic density will turn
out to be smaller, which is the case for wino-like and higgsino-like LSPs. In models where
the LSP is assumed to be DM, we need to require a relic density that is not too high.
Whenever the bino-component of the LSP is large, we need a mechanism to bring down
the relic density to the correct value. This mechanism can for example be annihilation
via the t-channel exchange of light sfermions or chargino/slepton coannihilation.

Figure 3.7: Dark matter relic density as obtained from the pMSSM models compared
with the accepted region (yellow), extracted from ref. [19]. The vertical axis indicates

the number of pMSSM models.
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3.3 Particle accelerator searches

One of the goals of the currently operating particle accelerators is to find new physics.
Although the production of a new weakly interacting, electromagnetically neutral and
stable particle would not verify that this object is in fact the particle responsible for
the dark matter that we detect in our universe, it would surely be very exciting. Such
a WIMP would not leave a signal in our detector, because it leaves the detector with-
out interaction (like neutrinos). This means that a considerable amount of energy and
momentum could be carried away, resulting in missing transverse energy. Several ac-
celerator experiments have searched for SUSY or DM, but no new particles have been
found, resulting in constraints placed on supersymmetric particle masses and interac-
tions. Many searches have concentrated on specific SUSY realizations, such as mSUGRA
or the CMSSM. These limits are not easily translated to the pMSSM and these searches
will therefore not be discussed here.

LHCb [33]: The Large Hadron Collider (LHC [34]), situated at CERN, is a circular
proton-proton accelerator. It is designed to run collisions with a center-of-mass energy ofp
s = 14 TeV and with a luminosity of 1034 cm�2 s�1. The Large Hadron Collider beauty

(LHCb) is one of the four main detectors of the LHC. This detector is specialized in
measuring B mesons, composed of a bottom anti-quark with either an up, down, strange
or charm quark. The B0

s (strange B meson) is an unstable particle that decays via the
weak interaction. The direct decay resulting in the process B0

s ! µ+µ� is suppressed
because the Z boson cannot couple directly to quarks of di↵erent flavors. However,
higher order decays are allowed in the SM as shown in figure 3.8. The corresponding
decay of a B0 meson (b̄d) is even more suppressed as it requires two jumps across
generations rather than just one. The branching ratios of these two decays are calculated
in the SM to be: BR(B0

s ! µ+µ�)SM = (3.6 ± 0.2) · 10�9 and BR(B0
d ! µ+µ�)SM =

(1.1± 0.1) · 10�10. The MSSM includes new particles that can modify these branching
ratios through new processes, as can be seen in figure 3.8. Measurements of the branching
ratio of the B meson revealed that BR(B0

s ! µ+µ�) = (2.8+0.7
�0.6) · 10�9 and BR(B0

d !
µ+µ�) = (3.9+1.6

�1.4) · 10�10.

Figure 3.8: Examples of B0
s meson decays relevant for the muon decay channel.

Top: SM processes, where annihilation into a Z boson is not allowed. Bottom: SUSY
processes, X is any SUSY particle that can couple. Extracted from ref. [33]
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ATLAS and CMS [35, 36]: ATLAS and CMS are two other detectors of the four
main detectors of the LHC. The Higgs mass has been measured by ATLAS and CMS
to be 125.4 GeV (ATLAS [35]) and 125.0 GeV (CMS [36]) with uncertainties of 0.3-0.4
GeV. The Higgs mass in the SM is a free parameter, but this is not true in the MSSM.
The MSSM has an extended Higgs sector with two complex Higgs doublets (amounting
to 8 degrees of freedom), which gives rise to five physical Higgs bosons (the other three
d.o.f. are absorbed in the massive gauge bosons of the SM). At tree level, the MSSM
Higgs sector is governed by MA and tan� only. If MA � MZ , the Higgs mass is bounded
from above by m2

h0

< M2
Z cos2 �. If we include loop corrections, the approximate one-

loop equation for the Higgs mass is given by [37]:

m2
h0

= M2
Z cos2(2�) +

3m4
t

2⇡2v2

✓
log

✓
M2

S

m2
t

◆
+

X2
t

M2
S

✓
1� X2

t

12M2
S

◆◆
,

where MS =
p
mt̃

1

·mt̃
2

and Xt = At�µ cot�. Accounting for an additional theoretical

error of 3 GeV, we select only models with a lightest Higgs boson (h0) mass within the
range of 122 GeV  mh0  128 GeV, which sets relations between tan�, Xt and MS ,
as shown in figure 3.9. Only scenarios with large Xt/MS values survive the Higgs mass
constraint. In particular, Xt = 0 (which indicates that there is no mixing in the stop
sector) is mostly ruled out for small values of tan�.

Figure 3.9: Left: The one loop Higgs mass versus the Xt/MS , with 1 < tan� < 60,
50 GeV  |µ|  1.5 TeV. The black lines indicate the 123 GeV  mh0  127 GeV limits
(note that we allow for 1 GeV extra uncertainty of the Higgs mass). Right: Contours
for 123 GeV  mh0  127 GeV for some ranges of values for tan�. Extracted from

ref. [37]

LEP [38,39]: The four LEP collider experiments have performed several high precision
measurements. In LEP, electrons and positrons were accelerated up to

p
s = 209 GeV.

The production of gauginos in the e+e� collision was an expected signal of the MSSM.
The signal could consist of chargino production, which decay into two neutralinos and
two fermion-pairs (l⌫l⌫, qql⌫ or qqqq). The signal depends mainly on the mass di↵erence
of the chargino and LSP. None of the SUSY searches in LEP has however revealed an
excess of signal events over the expected SM background events. This conclusion puts a
constraint on the mass of the lightest chargino ofm�̃±

1

> 103.5 GeV, or, ifm�̃0

1

�m�̃±
1

< 4

GeV, m�̃±
1

> 92 GeV.

Furthermore, the LEP experiments set an upper bound for the invisible width of the Z
boson (Z ! XX where X is any particle that is not detected) at �inv < 3.2 MeV.



Chapter 4

Annihilating Dark Matter

The center of the Milky Way galaxy is a natural place to look for dark matter signals.
First of all, as explained in chapters 1 and 3, the inner area of our galaxy is believed
to host a high density of dark matter. A high dark matter density could lead to a high
rate of dark matter annihilation. Dark matter annihilation can lead to the production of
photons in the energy range of a GeV up to several TeV (depending on the mass of the
WIMP). These photons are referred to as �-rays due to their high energies. Secondly,
the photon flux scales with the distance r as r�2, so due to the proximity of the center
of our galaxy this makes up for an ideal source.
However, the Galactic Center (GC) su↵ers from foreground and background contami-
nation. At the center, a compact �-ray source is situated, which is believed to be the
supermassive black hole Sgr A* [40]. Furthermore, it is uncertain what the DM density
profile looks like in the GC [41].
Dwarf spheroidal galaxies, satellites of our Milky Way, make up for another perfect indi-
rect DM detection search channel. These objects, although having a lower DM density
and thus lower DM annihilation rates, su↵er from less background contamination than
the GC.

This chapter is organized as follows. First we will look at the observations leading to
the photon excess spectra observed in the GC and in the dwarf galaxy Reticulum II.
Then we will present an explanation for these excesses, considering the pMSSM model.

Figure 4.1: The sky at photon energies above 1 GeV observed by the Fermi Gamma-
ray Space Telescope [30].

37
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4.1 Astrophysical observations

4.1.1 Galactic Center

The Fermi Large Area Telescope (LAT [30]) observes the Galactic Center and is sensitive
to high-energy photons (or �-rays). There are many individual point sources of�-rays,
but there is also a significant amount of �-ray emission from gas in our galaxy. This
emission stretches out in a band across the sky (see figure 4.1).
Cosmic rays consisting of hadrons and electrons are the main source of �-rays. These
�-rays originate primarily through the decay of ⇡0. The electrons can produce �-rays
through bremsstrahlung, but with a di↵erent spectral shape than the ⇡0 decay spectrum.
The same electrons also produce inverse Compton emission. By knowing the density of
the interstellar gas and the cosmic rays, an estimate can be made on how many �-rays
originate from these interactions. A density estimation on the interstellar gas can be
made using atomic hydrogen and its ‘21 cm line’, which is produced by the hyperfine
transition of the atom. The amount of cosmic rays can be estimated by observing
synchrotron radiation (with radio frequencies) that is produced when electrons pass
through a magnetic field [42].
Other sources of �-rays include points sources, for example the point source associated
with Sgr A*, which is one of the brightest sources of �-rays in the Galactic Center.
Most searches that are focused on the GC therefore exclude the central region of galactic
latitude b < 0.2�. Due to the limited angular resolution of �-ray telescopes, many of
the point sources that reside in the inner regions of our Galaxy are unknown. Recently,
the Fermi collaboration published an extensive background study on the Galactic Center
[43]. After subtraction of all known background sources and accounting for an additional
unknown component, their conclusion is that an extended residual is still present. This
excess signal may be explained by annihilating WIMPs.
Annihilating WIMPs is an attractive explanation, but not the only one. An alternative
astrophysical explanation to account for some of the �-ray excess emission are millisecond
pulsars [44]. These objects have a spectrum that has a similar power law (PL) index as
the GC residual.

Figure 4.2: Spectrum of the Galactic Center excess emission (black dots) together
with the statistical and systematic errors. Fits for this excess spectrum using various

models are shown as well. Extracted from ref. [45].
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4.1.2 Reticulum II

Reticulum II is a dwarf galaxy, located at 49.7� below the Galactic plane at a distance
of 30 kpc. It is far from any known �-ray emitting source. Previous studies on dwarf
galaxies found no excess, setting strong limits on the velocity-weighted cross section for
dark matter annihilation (chapter 3). Reticulum II, however, is the first dwarf galaxy
to show a small �-ray excess.
Using the Fermi science tools and including events within 0.5� of this dwarf galaxy and
energies between 0.2 GeV and 300 GeV, ref. [46] finds an excess between 2 and 10 GeV
with a local significance of ⇠ 2.3� (figure 4.3). Two background models are shown, the
di↵erence will briefly be explained below. The error bars are Poisson distributed errors
on the number of counts, given by:

P (n|�) = �ne��

n!
, (4.1)

where P is the probability to observe n events when � are expected (the latter one is
equal to the number of photon counts recorded with the detector and indicated by the
numbers in figure 4.3). Shown are the 1� error bars.

The di↵use background model accounts for an estimate of all �-rays originating from our
galaxy, while the isotropic background model accounts for everything else. The intensity
of the latter one is usually attributed to the �-ray emission from unresolved extragalactic
sources, like blazars, pulsars and star forming galaxies. Remaining residual or misclas-
sified cosmic ray emission is also included in the isotropic background model [47].

Figure 4.3: Energy spectrum of events detected with 1� Poisson error bars. The solid
black line is the sum of the Fermi Collaboration’s models for isotropic (dashed) and
galactic di↵use (dot dashed) emission. The number of photons counted in each energy
bin is shown above the error bar. We see that between 2 GeV and 10 GeV, the signal

rises above the background estimate. This figure is extracted from ref. [46].
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4.2 Explanation in terms of WIMP dark matter

In 2009, Dan Hooper and Lisa Goodenough proposed a possible explanation for annihi-
lating DM for the Galactic Center excess [48]. The proposed DM particle, by popular
media often referred to as the hooperon, is a WIMP e↵ective field theory fermion with
scalar coupling to SM particles, which annihilates to bb̄ with a DM mass around 25-30
GeV and has a velocity-weighted annihilation cross section of h�vi ' 9⇥ 10�26 cm3s�1.
This analysis used 1 year of Fermi data (so less stringent limits were set on e.g. h�vi).
To present day, Hooper has suggested many more DM particle models with di↵erent
dominant annihilation channels and masses.
It is important to realize, that although the general shape is fixed by demanding a cer-
tain annihilation channel (as this is due to known particle physics), one can play around
with the normalization and the photon spectrum peak (as this is only dependent on
the WIMP mass) [49]. It would be interesting to have a neutralino responsible for this
behavior, described by a parameter range in the pMSSM, instead of a toy model WIMP.
It is di�cult to allow for a ⇠ 30 GeV neutralino in the pMSSM. First of all, the LSP
cannot be pure wino or higgsino, as these will necessarily be accompanied by a chargino
that is too light and therefore excluded by LEP. Pure bino particles on the other hand
will have a relic density that is often way too high (chapter 3). This can be fixed by
having small sfermion masses or a light chargino, but these are in tension with LEP
bounds on light charged sparticles. A mostly-bino plus small-higgsino component LSP
can annihilate through a Higgs or a Z boson. However, the coupling to the Z boson is
constrained by the invisible width of the Z boson and by spin-dependent direct detection
limits. It has been shown that it is very di�cult, if not impossible, to incorporate the
hooperon within the framework of the pMSSM, while satisfying all constraints [50].
Our quest becomes one of finding a parameter space in the pMSSM that can explain
the GC excess, while satisfying all experimental constraints as outlined in chapter 3.

4.2.1 Simulation

It is in fact possible to explain the GC excess using the pMSSM (ref. [51]). In the fol-
lowing section, we show how this analysis is done. To generate a photon spectrum from
DM annihilation, the following code was used:
SUSY-HIT [52] : This program computes the decay of supersymmetric particles in
SUSY models. As input it uses the spectrum generated by SuSpect [53], which calculates
the SUSY and Higgs particle spectrum (particle masses) in the MSSM after electroweak
symmetry breaking. This calculation can be performed for several SUSY models. For
the pMSSM SuSpect uses 19 parameters as input. The SUSY-HIT code is based on
two existing programs: HDecay [54] and SDecay [55], which calculate the decay widths
and branching ratios of the MSSM Higgs bosons and SUSY particles respectively. The
results are presented in the SLHA format [56].
DarkSUSY [57] : This program computes the �-ray flux originating from annihilating
dark matter. As input we will use the output from SUSY-HIT. Besides determining the
�-ray flux, we use this program to calculate the J-factor (if necessary), the dark matter
relic density and the dominant annihilation channel.
micrOMEGAs [58] : This code computes the dark matter relic density, velocity-
weighted annihilation cross section, WIMP-nucleon scattering cross section (both spin
dependent and spin independent) and the branching ratio of the strange B meson de-
caying into two muons. As input this program uses the output from SUSY-HIT.
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To find scenarios in the pMSSM that satisfy all the constraints, we essentially throw darts
in a 19-dimensional parameter space while hoping that our bull’s-eye is large enough. It
is impossible to scan the full parameter space, so we have to think of a throw strategy.
To this end a particle filter is used, which assumes that ‘valid’ points lie in each other’s
neighborhoods. The simulation is started by the generation of random points, which are
all compared with the Galactic Center photon flux excess. The ‘best points’ (defined
as the points with the lowest �2-value (equation 4.4)) within this set are used to set up
an iterative procedure, using these points as seeds to sample new parameters centered
around these points and with Gaussian distributions as widths. Only 8 parameters are
found to influence relevant parameters for the analysis, like the masses of the neutrali-
nos and charginos, the Higgs mass and the spin independent cross section. These 8
parameters are:

M1; M2; µ; ; tan�; MA; m˜̄u
3

; mQ̃
3

; At. (4.2)

For all ‘good fit’ scenarios we demand they satisfy the experimental constraints as out-
lined in chapter 3, summarized by:

• The lightest neutralino is the LSP.

• LEP limits on the chargino mass.

• 122 GeV < mh
0

< 128 GeV.

• Upper limits from the LUX experiment on the spin-independent cross section.

• Upper limits from IceCube on the spin-dependent cross section.

In particular, no demands on the DM relic density were made. With these scenarios
the particle filter is trained using �2, which compares the GC excess spectrum with the
generated spectrum:

�2 =
X

i,j

(di �mi)⌃
�1
ij (dj �mj), (4.3)

where i, j are energy bin numbers, ⌃ij is the covariance matrix containing statistical and
systematic uncertainties, di is the observed photon flux and mi the computed photon
flux. Usually the �2-value is translated into a p-value. This value indicates the prob-
ability of having a certain outcome, assuming that a certain hypothesis is true. When
the p-value is less than a chosen significance level (typically 0.01 or 0.05), this suggests
that the outcome is inconsistent with the hypothesis. We will coose a significance level
of 0.05.

The main sources of uncertainties that enter the analysis are:

• J-factor: This is a normalizing factor on the photon flux, as can be seen in
equation 3.2. The J-factor depends on the DM density, which is very uncertain
in the inner regions of the GC. For the GC it is estimated to be in the range of
log10(J) = 22.5� 24.0 GeV2cm�5 [59].

• Systematic uncertainties originating from high energy physics: The ex-
cess photon spectrum is described by DM annihilation to various SM products,
which decay further in quarks or leptons. Quarks result in a parton shower that
can radiate photons almost continuously. At the energies at which the Fermi in-
strument measures, the hadronization has not been measured accurately. This
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means that uncertainties stemming from di↵erent parton shower models are intro-
duced (see ref. [60] for details). For the GC fit an uncertainty of 10% is accounted
for. The definition of �2 then changes into:

�2 =
X

i,j

(di �mi)(⌃ij + �ij�
2
s)

�1(dj �mj), (4.4)

where �2s equals 10%. The energy bin numbers i and j run from 1 to 24, as can
be seen in figure 4.2. We will refer to this �2 as �2

10, and the �2 without this 10%
uncertainty will be denoted as �2

0.

4.2.2 Galactic Center

Fitting the resulting photon fluxes, generated by DarkSUSY, to the Galactic Center
excess resulted in three pMSSM parameter ranges [51]. We will refer to these three
regions as tt̄, WW(1) and WW(2).
The LSPs of the scenarios in the tt̄ region annihilate mainly to pairs of top quarks.
The best fit scenarios have a p-value, using the photon spectrum obtained from pMSSM
SUSY models as hypothesis, of 0.1 (using 24 d.o.f.). This value indicates that the GC
photon spectrum is probably consistent with a photon spectrum obtained from these
pMSSM SUSY models, as it is higher than 0.05. The LSP in this region of parameter
space is almost exclusively bino, which means that it couples very little to SM bosons.
WW(1) describes a region in the pMSSM parameter space where the lightest neutralinos
annihilate primarily to pairs of W bosons. This region provides the best fit to the
Galactic Center excess, with a lowest �2

10 of 27. This corresponds to a p-value of 0.3.
The composition of the lightest neutralino is in this case ⇠ 50% bino and ⇠ 50% higgsino.
In the WW(2) region, the LSP will mainly annihilate to W bosons. The di↵erence with
the WW(1) region, is that the LSP composition is di↵erent: 90% bino, 4% higgsino and
6% wino. The best scenario in this region has a p-value of 0.15.

Values for the relevant parameters are given in table 4.1. The composition of the neu-
tralinos and charginos in terms of interaction eigenstates of these three parameter spaces
can be seen in figure 4.5. Their masses are given in table 4.1. Figure 4.4(a) shows the
dark matter relic density for the three parameter spaces. Remarkable is that the dark
matter density for these regions, which can vary from 10�7 to 103 (figure 3.7), comes
out about right, although this constraint was not imposed.

tt̄ WW(1) WW(2) tt̄ WW(1) WW(2)

M1 (GeV) 170-179 106-110 91-95 M�̃0

1

(GeV) 173-180 84-86 86-91

M2 (GeV) 197-1550 374-475 102-111 M�̃0

2

(GeV) 220-980 106-110 105-113

µ (GeV) 397-3850 108-110 311-484 M�̃0

3

(GeV) 410-3855 145-147 325-500

tan� 5.0-50 25-43 5.0-11 M�̃0

4

(GeV) 430-3855 420-523 339-507

MA (GeV) 598-3982 617-1358 1018-3843 M�̃±
1

(GeV) 220-980 107-109 103-110

m˜̄u
3

(GeV) 531-911 1686-2957 677-2713 M�̃±
2

(GeV) 430-3855 520-523 340-506

mQ̃
3

(TeV) 1.5-3.7 0.8-2.8 1.3-3.3

At (TeV) 3.0-4.0 3.0-4.0 3.0-4.0

Table 4.1: Values for the pMSSM input parameters that define the tt̄, WW(1) and
WW(2) region.
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(a) (b)

Figure 4.4: Left : LSP relic density (⌦h2) as a function of the lightest neutralino mass.
�2
10 is shown as a color code. The WW(1) region is indicated by a star, the WW(2)

region by a cross and the tt̄ region by a box. Right : LSP velocity-weighted annihilation
cross section h�vi as a function of the lightest neutralino mass. �2

10 is shown as a color
code. The black solid line indicates the 95% upper limit derived from dwarf galaxy

observations. Figures are extracted from ref. [51].

Figure 4.5: Average composition of neutralinos and charginos for all three pMSSM
parameter spaces.
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4.2.3 Reticulum II

We adopt the 50 best GC fit scenarios for each pMSSM parameter range to fit their
photon spectrum to the Reticulum II excess spectrum. We leave the J-factor as a free
fitting parameter. In addition to these three parameter spaces, we consider an additional
50 GeV neutralino and consider only its bb̄ annihilation channel1. Note that this particle
cannot be made in the pMSSM whilst also having the right relic density and velocity-
weighted annihilation cross section. We therefore artificially put h�vi ' 1.3 ⇥ 10�26

cm3s�1, which is the upper limit for the velocity-weighted annihilation cross section
that ref. [61] also used to explain the Reticulum II excess. The error bars of Reticulum
II are uncorrelated, so we use the following �2 definition:

�2 =
X

i

(di �mi)2

�2i
, (4.5)

where i is the energy bin number (which runs from 1 to 15), di is the observed photon
flux, mi the computed photon flux and �i the Poisson errors (equation 4.1). The Poisson
errors are not symmetric, so we will use �up if mi lies above di and �down if mi lies below
di. In figure 4.6 we show the best fit scenarios for the Reticulum II excess for each of
the four parameter ranges. We have a few options for defining our fit region.

First of all we could use the total signal. The number of degrees of freedom (d.o.f.) in
this case is counted as follows: there are 15 bins in total, we lose 1 d.o.f. because the
background is used in the fit and we lose another one because we use the J-factor as a
free fitting parameter. This means we will end up with 13 d.o.f. for the total signal. We
will use the corresponding best p-value to determine the J-factor. The total signal is
however dominated by the background, and since we add up the expected background
to the DarkSUSY photon flux, we get p-values that are artificially very high.
To this end we define two other regions for which we evaluate the p-value after we de-
termined the J-factor using the total signal: the observed excess region and the expected
excess region. The observed excess region is defined as the region between 2 GeV and
10 GeV where the excess was reported by ref. [46].
We define the expected excess region as the range of consecutive bins for which the
p-value:

pi(signal + background|background) (4.6)

is minimized. Here, i denotes a continuous bin range, which we require to be at least 4,
as the observed excess region also consists of 4 bins. In equation 4.6, signal refers to the
photon flux as given by DarkSUSY. For this p-value we test the outcome of DarkSUSY,
assuming that the background model is true (given by the solid black line in figure 4.3).
Note that this definition di↵ers from the one we use to present our results, in which case
we assume the outcome of DarkSUSY as a hypotheses. If the minimized p-value is small,
it indicates that the outcome of DarkSUSY rises above the background, which is where
we would expect an excess. The �2-value is calculated in the usual way and we use
(number of bins) - 1 as the number of degrees of freedom. Note that since we now fixed
the J-factor, this is no longer a free parameter, so we gain 1 degree of freedom. The
expected excess region corresponds to the region where the best discrepancy between
signal and background can be made. In this calculation we need an estimate of the error
on the background, which was not given by the authors of ref. [46]. We therefore make

1

This is inspired by the hooperon and is for comparison only.
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Reticulum II data Observed excess region Expected excess region
tt̄ 0.85 0.36 0.53

WW(1) 0.79 0.27 0.36
WW(2) 0.81 0.31 0.40

bb 0.63 0.09 0.24
background 0.37 0.01 0.03

Table 4.2: The p-values for the three GC regions and the bb̄ scenario corresponding
to the Reticulum II measured data, the observed excess region from 2 to 10 GeV (as
indicated in figure 4.6 by the blue box) and the expected excess region (as indicated in
figure 4.6 by the red box). In the last row we include p-values for a background only
model to explain the Reticiulum II measured data, the observed excess region and the
expected excess region. A high p-value suggests that the proposed model is consistent

with the measured photon flux.

our own estimate, and adopt the relative Poisson distributed errors on the Reticulum II
measured data:

�background,i =
�signal

i

· backgroundi
signali

. (4.7)

We find that the expected excess region is the same for all four regions, namely between
1 GeV and 7 GeV, and consists of 5 bins. After we found the expected excess region, we
calculated the p-value for the outcome of DarkSUSY to be consistent with the Reticulum
II measured photon spectrum in this region.

The results of our analysis are shown in table 4.2 and are discussed below. In table 4.2
we also include p-values for the background to explain the Reticulum II measured data
in each of the three defined fit regions. In figure 4.6 the resulting photon spectra are
shown, as well as the observed and expected excess regions indicated by a blue and a
red box respectively.

Figure 4.6: Photon spectrum for Reticulum II. Between 2 GeV and 10 GeV, the
photon spectrum rises above the background. This observed excess region is indicated
by the blue box. The colored points are fluxes generated by DarkSUSY of the best fits
for three GC regions: tt̄ (blue), WW(1) (green) and WW(2) (red), and bb (orange),
added to the background of Reticulum II. The red box indicates the expected excess

region, as determined by equation 4.6.
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tt̄ : This region yields the best results with a �2 ranging between 7.75 and 7.93 (corre-
sponding to a p-value of ⇠ 0.85 if we use 13 degrees of freedom). The resulting J-factor is
log10(J(↵int)) = (20.33� 20.56)+0.15

�0.23 GeV2cm�5. The mean of the J-factor correspond-
ing to a �2 value of (minimal �2) + 1 indicates the 1� range. The numbers between
brackets show the range of best-fit J-factors for the 50 di↵erent scenarios within the tt̄
parameter space.

WW(1): This region gives a slightly worse fit with a mean �2 value of 8.75, which
corresponds to a p-value of 0.79 using 13 degrees of freedom. The resulting J-factor is
log10(J(↵int)) = (20.31� 20.35)+0.16

�0.25 GeV2cm�5.

WW(2): This region gives a J-factor of log10(J(↵int)) = (20.25�20.55)+0.15
�0.25 GeV2cm�5.

These have �2 between 8.35 and 8.66, corresponding to a p-value of 0.81.

bb̄ : This scenario results in a J-factor of log10(J(↵int)) = 19.57+0.19
�0.35 GeV2cm�5, which

is lower then the reported J-factors for the tt̄, WW(1) and WW(2) regions. The fit is
worse, �2 = 10.7 with a p-value of 0.63.

We can now compare the resulting J-factors with J-factors for Reticulum II found in the
literature. The J-factors are determined by first measuring the line of sight velocities
of member stars. Then, with the assumption of a dwarf galaxy being a collisionless
spherical symmetric system, one can derive from the collisionless Boltzmann equation a
Jeans equation [62]:

GM(r)

r
= hv2r i

✓
�d log ⇢s

d log r
� d loghv2r i

d log r
� 2�

◆
, (4.8)

where hv2r i is the average squared radial velocity, ⇢s the stellar density and � = 1 �
(hv2✓i + hv2�i)/(2hv2r i) is the velocity anisotropy. This velocity anisotropy can usually
only be estimated, because, due to the large distances between dwarf galaxies and us,
only the line of sight component of the velocity can be measured. The first two terms
on the right-hand side describe the internal gas pressure that prevents the dwarf galaxy
from collapsing due to the e↵ects of gravity. The number density ⇢s is deduced from the
brightness of a dwarf galaxy. If all these quantities are measured and estimated, we can
derive the mass distribution of the system.
The procedure seems straightforward, but it is subject to many sources of uncertainties.
For example, it can be unclear whether a star is actually a member star of a galaxy,
or some background or foreground object. These make J-factor estimations subject to
large uncertainties. For Reticulum II, J-factors by two separate groups are reported:
log10(J(↵int)) = 19.5+1.0

�0.6 GeV2cm�5 (ref. [63]) and log10(J(↵int = 0.5�)) = 18.9 ± 0.6
GeV2cm�5 (ref. [64]). The GC regions predict a J-factor for Reticulum II between
log10(J(↵int)) = 20.0 GeV2cm�5 and log10(J(↵int)) = 20.7 GeV2cm�5, which is within
1� consistency with the first J-factor.
There are dwarf galaxies that are reported to have a higher J-factor, but no excess was
reported in these galaxies [65]. Ref. [66] investigated such dwarf galaxies, and found that
their J-factors might have been overestimated by an order of magnitude due to misclas-
sified member stars. The J-factors can therefore vary between log10(J) ⇠ 16� 21 from
one analysis to another. Ref. [66] also reported that Reticulum II was not subject to such
misidentifications. Their J-factor estimate resulted in log10(J(↵int = 0.5�)) = 19.7+1.0

�1.3

GeV2cm�5.
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4.3 Concluding remarks

We have found pMSSM regions that explain the Galactic Center photon excess and
the smaller Reticulum II photon excess simultaneously. These regions have not been
excluded by any astrophysical or particle physics experiment. Furthermore, the regions
fit the Reticulum II spectrum with a J-factor that is comparable with what can be
expected by the observation of spherical velocities of member stars.
At the time of writing, eight ultra-faint dwarf galaxies were discovered by ref. [67]. In
the direction of Tuc III, which is at a distance of ⇠ 25 kpc, a weak �-ray excess signal
is reported [68]. The J-factor has been estimated, by adopting an empirical relation
between the J-factor and the distance to the GC, to be log10(J) ⇠ 19.5 GeV2cm�5.
This J-factor estimate is far from reliable and data of individual member stars is needed
to get a better estimate. However, the signals originating from Tuc III and Reticulum II
show some similarities and they both resemble the GC excess spectrum. This makes it
an exciting observation. The origin of the excess from the GC is still under debate, but
additional support for a dark matter interpretation could come from dwarf galaxies, as
these are not sensitive to pollution caused by poorly known backgrounds. Preparations
are being made to perform a combined analysis.
Furthermore, IceCube updated their limits on the spin-dependent WIMP-proton cross
section �SD [69]. The models in the WW(1) region result in a �SD that is just below
the IceCube 2012 limit, which is shown in figure 4.7(a). The new limits are presented
in figure 4.7(b). The limits are not improved for WIMPs annihilating to W bosons for
WIMP masses below ⇠ 100 GeV, because a small excess (819 observed events vs 770
predicted events) is observed in the ‘summer’ data set (recorded between September and
March). This means that models in the WW(1) region are not excluded by the updated
IceCube limits. The excess is not observed in the ‘winter’ data set.

(a) (b)

Figure 4.7: Left : Spin-dependent WIMP-proton cross section as a function of the
WIMP mass. The models in the WW(1), WW(2) and tt̄ regions are indicated by a
star, a cross and a square respectively. The IceCube 2012 limit is indicated by the
solid black line. �2

10 is shown as a color code. Right : Updated IceCube limits on the
spin-dependent WIMP-proton cross section as a function of WIMP mass. The original
limits are indicated by PRL. The PRL hard limit resembles the W+W� annihilation
channel for WIMP masses above the W boson mass (the solid black line in the left
figure). The dashed and solid lines indicate two di↵erent forms of likelihoods that have

been used. Extracted from ref. [69].
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LHC signature

One of the main goals of the LHC at 14 TeV is to search for BSM physics signals. One
of these BSM candidates is SUSY. Searches for direct experimental evidence for SUSY
include signatures from multi-jet and multi-lepton plus missing transverse energy final
states. The former typically has a higher cross section, but su↵ers from cluttered signals
and high systematic uncertainties compared to the latter.
To test the three regions as proposed in chapter 4, we ultimately want to find evidence
of them in the LHC. The WW(1) and WW(2) regions have significantly lower neutralino
and chargino masses than the tt̄ region. The neutralinos and charginos will be produced
in the LHC with a higher cross section if they have a lower mass, as can be seen in figure
5.1. We will therefore focus on these two regions in this chapter.

The rest of this chapter is structured as follows. First we will look at characteristics
of proton proton collisions. Then we will set up a search strategy for the GC regions
WW(1) and WW(2). Finally, we will present our results.

Figure 5.1: Cross sections in pb for proton-proton collisions to supersymmetric par-
ticles for a center of mass energy of

p
s = 14 TeV. All cross sections are shown as a

function of the average final-state mass. Extracted from ref. [70].

48



Chapter 5. LHC signature 49

5.1 Characteristics of proton-proton collisions

Protons consist of three valence quarks (u, u and d) and an indefinite number of vir-
tual quarks, gluons and anti-quarks, collectively known as partons. The longitudinal
component (parallel to the beam pipe) of the momentum that a parton carries is un-
known in proton-proton collisions. This means that the colliding partons will take a
fraction of the total momentum of the protons, so the e↵ective

p
ŝ will be smaller than

14 TeV. This complicates the collision picture at the LHC: two unknown partons with
unknown momentum interact. The transverse component (perpendicular to the beam
pipe) is 0. The total transverse momentum is conserved, so the resulting collision prod-
ucts can best be described by the transverse momentum (pT ) and the transverse energy
(/ET ). Proton-proton interactions will generate a large amount of events where the trans-
ferred momentum between two partons is small (soft collisions), but the most interesting
physics will take place in events with high momentum transfer.
The substructure of protons is described by the parton distribution functions (PDF).
This is a measure of the probability to find a parton in a proton carrying a fraction x of
the total proton momentum. PDF are not calculated, but are determined by performing
fits to data from deep inelastic scattering experiments. This makes them universal and
thus applicable to any process involving the collision of hadrons after the PDF have been
measured accurately in another, well-understood, process. The total production cross
section of the proton-proton interaction is separated into a partonic (hard-scattering)
part, which is a short distance e↵ect, and a long-distance (soft collision) part. This
process is called factorization. The energy scale at which the separation is made (fac-
torization scale) is indicated by Q2. Figure 5.2 shows that the number of partons in a
proton depends on the energy scale Q2. At low Q2, the valence quarks are more domi-
nant than the virtual quarks, gluons and anti-quarks.

Other mechanisms that can complicate calculations that concern proton-proton collisions
are summarized below and shown in figure 5.3.
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Figure 5.2: Product of the parton momentum fraction x and the parton distribution
function f(x,Q) for the scale Q2 = 10 GeV2 (left) and Q2 = 104 GeV2 (right) [71].

The band denotes the uncertainty.
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• Parton shower: Partons lose energy by radiating o↵ soft quarks and gluons
during the hard-scattering process.

• Initial and final state radiation: Before or after the hard-scattering process
takes place, an energetic gluon can be radiated o↵ the incoming partons (in which
case it is called initial state radiation, ISR) or the final state objects (final state
radiation, FSR). Charged particles can also radiate o↵ photons. ISR and FSR can
a↵ect the cross section (because it modifies the collision energy) and/or increase
the number of final state objects.

• Hadronization: So far we have talked about quarks and gluons as being final
state objects. However, quarks and gluons are not experimentally observable as
free particles, as they group to form color-neutral hadrons. This process of group-
ing together is called hadronization. These hadrons can decay into other particles,
like photons or electrons. An algorithm is used to group these decay products and
hadrons into a jet.

• Underlying event: The proton remnants that were not included in the hard-
scattering are colored states. Often these will result in additional soft jets in the
direction of the beamline.

• Pile up: Due to the large proton density in the LHC, it is possible that more
than one proton per beam interacts inelastically. These events can be overlaid
with previous proton proton collisions if the readout system is not fast enough.
We will not consider pile up in this analysis.

Figure 5.3: Illustration of a proton-proton event with all possible stages: the incoming
partons as a result of the PDF, the hard-scattering event (HS), the initial and final state
radiation (ISR, FSR) resulting in additional gluons (blue and red) and photons (yellow),
the parton showers with hadronization and decays (H&D), and finally the underlying

event (UE). The (modified) figure is extracted from ref. [72]



Chapter 5. LHC signature 51

5.2 Tri-lepton final state search channel

In the Galactic Center fit regions, all squark and slepton masses were set at high (⇠ 4
TeV) energy scales, such that only the charginos and neutralinos have a small mass
(⇠ MW ). Therefore we want to focus on electroweak mediated production processes
at the LHC to probe these regions. A standard search channel for this process is the
multi-lepton plus missing transverse energy (/ET ) search channel. The LHC experiments
have been able to constrain electroweakino masses in this channel using simplified SUSY
models [73]. The result obtained in the ATLAS collaboration can be seen in figure 5.4.
Similar results are obtained in CMS [74]. Simplified models assume that the masses and
decay modes of the relevant particles (being �̃±

1 , �̃
0
2, �̃

0
1, l̃, ⌫̃ for the multi-lepton plus /ET

search) are the only free parameters.

In table 4.1 we can see that the masses of the LSP and the NLSPs (next-to-lightest
particles, being �̃±

1 or �̃0
2) of the WW(1) and WW(2) regions lie close together, with

mass splittings of the order of 20�30 GeV. Such a compressed SUSY spectrum is exper-
imentally challenging to observe. In the rest frame of the decaying �̃0

2, the lepton energy
is roughly bounded by (m�̃

NLSP

�m�̃
LSP

)/2, as a minimum of two leptons are produced
to ensure lepton number conservation. Potential multi-lepton+/ET signals rely on lep-
ton triggers that require pT (l) & (15 � 20) GeV (with pT (l) we indicate the transverse
momentum of the leptons). Furthermore, it is experimentally challenging to reconstruct
and identify leptons with a low transverse momentum. Therefore, searches start to lose
sensitivity when the mass di↵erences drop below ⇠ 40� 50 GeV.

Figure 5.4: The 95% confidence level exclusion limits on direct production of �̃+
1 �̃

�
1 ,

�̃±
1 �̃

0
2 and �̃0

2�̃
0
3 with either W , Z, h or slepton-mediated decays. These limits are made

using simplified models. This figure is extracted from ref. [75].



Chapter 5. LHC signature 52

In scenarios where squarks and sleptons are very heavy, the direct production of charginos
and neutralinos may be the dominant SUSY production channel at the LHC [76–81].
Charginos and neutralinos can be produced via the exchange of a squark or via an
s-channel W boson. Due to the high squark masses, only the latter will make a contri-
bution. Charginos can decay to leptonic final states via sneutrinos, charged sleptons or
W bosons. The first two are suppressed and only the latter (�̃±

1,2 ! W±�̃0
1 ! l±⌫l�̃

0
1)

makes a contribution in the WW(1) and WW(2) regions. Heavy neutralinos can decay
via Z bosons (�̃0

2,3 ! Z�̃0
1 ! l+l��̃0

1) or the Higgs boson (�̃0
2,3 ! h�̃0

1 ! l+l��̃0
1 +X)1,

where X represents any additional decay product from the Higgs boson. However, since
the mass splitting between the LSP and the NLSPs is much smaller than the Higgs mass
and the Higgs boson decay width is small, the latter production channel will not make
a contribution. In figure 5.5 the production process and the described dominant decay
chains are illustrated. This will result in a detector signature of three leptons and miss-
ing transverse energy. Two of the three leptons will have the same flavor, because they
originate from Z-mediated �̃0

2 decay. We will refer to this lepton pair as the opposite
sign same flavor (OSSF) lepton pair.

Figure 5.5: Chargino-neutralino production and decay to three lepton final states via
gauge bosons in the LHC.

ATLAS (and CMS) have reported no excess for the
p
s = 8 TeV LHC, implying that

all observations in the 3l+ /ET channel were consistent with the SM expectations. This
allowed ATLAS to set limits on pMSSM models and simplified SUSY models. In these
models, only the direct production of �̃±

1 and �̃0
2 is considered. In these models, �̃±

1 and
�̃0
2 are pure wino eigenstates and mass degenerate, whereas �̃0

1 is a pure bino eigenstate.
Figure 5.6 shows the limit that has been set for the tri-lepton final state for a simplified
model where the decay is mediated by WZ. In this particular simplified model, all

1

And via sleptons, but this decay channel will not make a contribution under the assumption of heavy

sleptons.
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squarks, charged sleptons and sneutrinos are assumed to be heavy. In that case, �̃±
1

and �̃0
2 decay via W and Z bosons with 100 % branching ratio. Two limits are given:

the observed limit and the expected limit. These limits are computed for the observed
and expected number of beyond the SM events. If we assume a massless LSP, chargino
masses up to 415 GeV for these simplified models are excluded. We can observe a
reduced sensitivity for m�̃0

1

� m�̃±
1

= MZ , which is due to the WZ background that

resonates in this region of parameter space. We can also see that the ATLAS 3l + /ET

search has not been sensitive to mass gaps smaller than ⇠ 30 GeV. ATLAS analyses
targeting compressed spectra did not significantly improve these limits [82].

A lot of work has already been done to gain sensitivity in compressed scenarios using
the tri-lepton WZ mediated production channel. To improve the search sensitivity for
small mass gap regions, the production of a hard initial state object, for example a jet
(ref. [84–86]) or photons (ref. [87–89]) has been studied. The use of soft leptons in com-
bination with a jet has been suggested as well (ref. [78,90,91]). Other suggested methods
include the search for two, three or four soft leptons together with large (> 50 GeV)
missing energy [92, 93]. Apart from selecting a smart final state topology, cuts on, for
example, the allowed lepton or jet energy can be done to enhance the signal sensitivity.
In table 5.1 a short summary of the cuts that are used in some of the existing searches
is given.

Figure 5.6: Observed and expected limits for chargino and neutralino production in a
simplified model scenario. The band around the expected limit (indicated by a dashed
black line) shows the ±1� variation. The red line indicates the current limit for 20.7
fb�1, the dotted red lines indicate the sensitivity to ±1� variations on this limit. The
green line indicates the old limit using 4.7 fb�1 of

p
s = 7 TeV data. Extracted from

ref. [83].
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search signal selection

ATLAS and CMS tri-lepton searches

ATLAS single e and µ trigger: pT (l1) > 25 GeV
[82,83,94–97] symmetric di-muon: pT (µ1) and pT (µ2) > 14 GeV

asymmetric di-muon trigger:
pT (µ1) > 18 GeV and pT (µ2) > 10 GeV

symmetric di-electron: pT (e1) and pT (e2) > 14 GeV
asymmetric di-electron trigger:

pT (e1) > 25 GeV and pT (e2) > 10 GeV
electron-muon (muon-electron) combi trigger:

pT (e1) > 14(10) GeV and pT (µ1) > 10(18) GeV
At least one OSSF lepton pair with 12 < Ml+l� < 60 GeV
/ET > 50 GeV
pT (l3) > 10 GeV

CMS single e and µ trigger: pT (e) > 27 GeV or pT (µ) > 24 GeV
[98–100] di-muon or di-electron or combination:

pT (l1) > 20 and pT (l2) > 10 GeV
At least one OSSF lepton pair with 12 < Ml+l� < 75 GeV
/ET > 50 GeV
pT (l3) > 8 GeV

Soft tri-lepton searches

1312.7350 [78] only allow for soft leptons 5 < pT (µ) < 20 GeV
and 10 < pT (e) < 20 GeV (veto on higher pT leptons)

/ET > 300� 1000 GeV and pT (j1) > 300� 1000 GeV (50 GeV steps)
��(j1, j2) < 2.5
pT (j3) < 30 GeV

1307.5952 [91] Exactly 3 leptons with 7 < pT (l) < 50 GeV
At least one OSSF lepton pair with 12 < Ml+l� < 30 GeV
Initial state radiation jet with pT (j) > 30 GeV, |⌘(j)| < 2.5
/ET > 20 GeV

1511.05386 [93] Exactly 3 leptons recorded with any of the ATLAS lepton triggers
At least one OSSF lepton pair with 12 < Ml+l� < 40 GeV
/ET > 50 GeV

Table 5.1: Overview of cuts used in various proposed 3l+ /ET searches at the LHC. For
the ATLAS and CMS cuts, the leptons need to satisfy any of the lepton pT requirements.
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5.3 Backgrounds to the tri-lepton final state

Backgrounds to the 3l+ /ET final state as discussed above can be classified into two cate-
gories: irreducible and reducible background. Irreducible backgrounds mimic the signal
signature because they have the exact same final state, whereas reducible backgrounds
only appear to have the same final state due to mismeasurements. The backgrounds
that we will consider are described below. In all cases, only leptonic decays of the gauge
bosons are considered.
WZ⇤/�⇤: This will be the main irreducible background that we will consider. This
background will have a resonance at Ml+l� close to the Z boson mass, and at low Ml+l�

originating from J/ mesons, ⌥ mesons and low-mass Drell-Yan processes (figure 5.7).
WW: This process contains two leptons and missing transverse energy due to two
escaping neutrinos. A third lepton may be faked by initial state radiation.
ZZ: This process has two or four final leptons. Missing transverse energy can originate
from neutrinos (in the case of two final state leptons) or it can be provided by decays of
⌧ leptons to neutrinos and lighter leptons.
Zb: Two leptons arise from Z decay and a third lepton may originate from a semi-
leptonic b decay.
Wt: One lepton and one neutrino originate from a leptonic W decay, other leptons
may originate from t decay or initial state radiation.
Z�: Two leptons arise from a leptonic Z decay, a third may be faked by a photon.
There would be a minimal amount of missing energy in these events.
tt̄: Two leptons come from semi-leptonic decays of the top quarks. An additional
lepton can enter from various processes like initial state radiation, b decay or it can be
faked by a jet.
WWW: Three leptons and three neutrinos will arise from leptonic W boson decays.

Background processes that we do not consider include other tri-boson processes and tt̄
production in association with a Z or W boson. These processes will generally have
small cross sections ( [97]) and must be accompanied by ISR or fake identified leptons
to match the signal topology. Therefore, these background processes are not included
in this analysis.

Figure 5.7: Invariant mass of µ+µ� pair showing various resonances, with an inset
of the 8� 12 GeV region, showing three ⌥ peaks. To exclude the resonances, 12 GeV

< Ml+l� < 60 GeV will be demanded. Extracted from ref. [101]
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5.4 Monte Carlo generation

Since the 14 TeV data set of the LHC is non-existing, this analysis is based on generated
Monte Carlo events with detector simulation. Monte Carlo generators simulate processes
using theoretically calculated matrix elements. To test the Monte Carlo generator, the
resulting events must eventually be compared with experimental results. Event simu-
lation is not done in one step, but split into a number of components. The simulation
starts with the hard-scattering process, which then will be showered and hadronized.
After this step, the events are passed to a detector simulator to simulate the detector
response. The following code is used:

• MadGraph5 and MadEvent [102,103]: Given any process, MadGraph identi-
fies subprocesses and generates amplitudes, which are passed to MadEvent. MadE-
vent produces the hard-scattering events of the given process and produces an
output in .lhe extension. The .slha file generated by SUSY-HIT can be used as an
input for the particle spectrum.

• Pythia 8.1 [104]: The hard-scattering event produced by MadGraph is passed
on to Pythia for parton showering. This process makes sure ISR and FSR is added
and final state particles decay and/or hadronize.

• Prospino 2.1 [70]: Prospino is used to check the LO and NLO cross section of
the generated signal events.

• FastJet 3.1.3 [105]: Jet clustering is handled by FastJet. We will use the anti-kT
algorithm with a minimal jet pT of 20 GeV and a radius of R = 0.4. This algo-
rithm introduces a distance measure between two particles (dij) and one between

a particle and the beam (diB). These distances depend on �R =
p
��2 +�⌘2

and the transverse momentum. In �R, we use �⌘ = �� log(tan ✓
2) to indicate the

di↵erence in pseudorapidity and�� to indicate the di↵erence in the azimuth angle.
For all particle pairs the distances dij and diB are calculated. Then the algorithm
proceeds by finding the smallest of the distances. If this smallest distance is dij ,
the particles i and j are combined into a new object. If the smallest distance is
diB, we call i a jet and remove it from the object list. This procedure is repeated
until no objects are left in the list. If there are jets with pT < 20 GeV after this
procedure, these will be combined with the closest jet with pT > 20 GeV.

• Delphes 3 [106]: The final events need to be passed on to a detector simula-
tion. To this end, Delphes is used. Delphes mimics the detector response to
events, taking into account measurement resolutions, e�ciencies and fake particle
identification rates.

Once the hard event has been generated, everything that could radiate extra particles
should be modeled as well. This is all based on QCD and is process independent. QCD
emission can be described via either matrix element generators or parton showers. These
two mechanisms must eventually be combined without double counting. To this end we
use matching schemes. The basic idea is that a phase-space cuto↵ is used to separate
the regions between matrix elements and parton showers. Various schemes exist, in this
analysis the MLM scheme is used [107].
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The hard-scattering events generated with MadGraph5 only contain leading order (LO)
contributions. The associated cross section often di↵ers by some factor from the cross
section that are calculated at next-to-leading order (NLO) in perturbation theory. This
ratio is referred to as the K-factor. For the signal events we have chosen to calculate
the K-factor. For the WW(1) region, the cross section given by Prospino is 4.60 pb
(LO) or 6.02 pb (NLO). For WW(2) these cross sections are 13.40 pb (LO) and 17.4 pb
(NLO). The branching ratio of BR(�̃0

2,3 ! l+l��̃0
1) ' 0.22 and BR(�̃±

1 ! l⌫�̃0
1) ' 0.07,

so the expected LO cross sections for the total process are 0.07 pb for WW(1) and 0.2
pb for WW(2). With a luminosity of 300 fb�1, we would expect 21252 and 61908 events
respectively (before applying selection cuts). The resulting K-factor for the signal is
⇠ 1.3. Previous studies on 3l + /ET search channels reported K-factors for the back-
ground processes to be of order unity [78]. We have not checked this explicitly.
We choose not to include NLO e↵ects. This will probably lead to pessimistic results, as
the significance (defined in section 5.7) scales as S/

p
B. In a follow up study the e↵ect

of this choice could be investigated.

5.4.1 Expanding the signal set

So far, we only have considered the 50 best fit scenarios of the WW(1) and WW(2)
regions. We want to expand these sets to contain spectra with smaller and larger mass
gaps. The parameter ranges for which events are generated are given below. The main
di↵erence between WW(1) and WW(2), is that WW(1) has higgsino-like NLSPs, while
WW(2) has wino-like NLSPs. These new regions are not required to fit the GC excess
photon spectrum, so it is misleading to still refer to these regions as WW(1) and WW(2).
Due to the NLSP’s composition, we will instead refer to these regions as higgsino NLSP
and wino NLSP respectively.

wino NLSP higgsino NLSP
M1 50 - 200 GeV 60 - 130 GeV
M2 50 - 200 GeV 200, 250, 300, 1000 GeV
µ fixed 60 - 130 GeV

Additional requirements M1 < M2 < µ M1 < µ < M2

�(M�±
1

,M�0

1

) < 60 GeV �(M�±
1

,M�0

1

) < 60 GeV

Table 5.2: Parameter ranges that define the wino NLSP and higgsino NLSP regions.
All other parameters remain unchanged from theWW(1) andWW(2) parameter ranges.
In the higgsino NLSP region, varying M2 was done to allow for smaller mass splittings.

We want to consider all regions of parameter space that might be interesting for com-
pressed SUSY scenarios from a particle collider point of view. Therefore, the scenarios
are not required to fulfill any experimental constraints, except the LEP chargino and
neutralino mass requirement. We do not expect that the results will change using these
limits and it saves us a considerable amount of computing time. In appendix A, the
composition of each generated scenario is shown. The higgsino NLSP region will have a
�̃0
3 that is of similar composition and mass as �̃0

2. For this region we therefore generate
pp ! �̃±

1 �̃
0
2 ! l

0±l+l� /ET and pp ! �̃±
1 �̃

0
3 ! l

0±l+l� /ET .
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5.5 Distinct features of signal

The considered pMSSM regions have a small mass gap between the NLSP and LSP.
This means we in general expect low lepton energies. The smaller the gap, the softer
the leptons will be. We show in figure 5.8(b) the transverse momentum distributions
for the hardest lepton for three event sets: the irreducible WZ background, higgsino
NLSP and wino NLSP. The mass gap for the higgsino NLSP and wino NLSP is set at
�m = m�̃

NLSP

�m�̃
LSP

⇠ 20 GeV and the figure is normalized such that all processes
have a cross section of 1 pb. This mass gap is clearly visible in the Ml+l� distribution
(figure 5.9(a)), as Ml+l� is kinematically limited to exceed �m .
We consider the same plot for higher mass gaps (figure 5.10(a)). We have chosen three
benchmark mass gaps of 20 GeV, 50 GeV and 100 GeV, all within the wino NLSP re-
gion and for m�̃0

1

⇠ 90 GeV. We observe that the peak of the Ml+l� distribution shifts

to higher energies when the mass gap increases. From figure 5.9(a) it is clear that for
compressed scenarios, we can veto events with large Ml+l� (> 60 GeV). As long as
�m < MZ , a large signal acceptance remains, while rejecting a large fraction of the
background arising from on shell Z decays. We also need to introduce a lower cut on
the invariant mass distribution, as the background has an accumulation of events at low
invariant masses (figure 5.7). Usually this cut is set at Ml+l� > 12 GeV, and we will do
the same in this analysis.

Although the LSP carries most of the energy of the NLSP, this does not necessarily
mean that there is large missing transverse energy. In figure 5.9(b) we see that /ET is,
counter-intuitively, lower than /ET originating from the WZ SM background process.
This is due to the fact that the two LSPs are often produced back-to-back. For higher
mass gaps, the average /ET gets higher, as can be seen in figure 5.10(b). In this case the
resulting final state leptons get more energy, causing them to recoil against the LSP.
This causes the LSPs to be produced less back-to-back, which results in a higher missing
transverse energy.
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(a) (b)

Figure 5.8: Transverse momentum distributions for the highest pT lepton for left :
�m ' 20 GeV (red), �m ' 50 GeV (yellow), �m ' 100 GeV (purple) and right : WZ
irreducible background (blue), wino NLSP (red), higgsino NLSP (green). Figures were

made after using FastJet. The events are normalized to a cross section of 1 pb.

(a) (b)

Figure 5.9: Distribution for Ml+l� (left) and /ET (right) after using FastJet. The blue
curve represents the irreducible diboson (WZ) background, the red curve represents
the wino NLSP scenario and the green curve the higgsino NLSP scenario. In both
scenarios, m�̃0

2
' m�̃±

1
' 110 GeV, m�̃0

1
' 90 GeV such that �m ' 20 GeV. All events

are normalized to a cross section of 1 pb.

(a) (b)

Figure 5.10: Distribution for Ml+l� (left) and /ET (right) after using FastJet. All
three curves represent a wino NLSP, the red curve represents �m ' 20 GeV, the yellow
curve represents �m ' 50 GeV and the purple curve represents �m ' 100 GeV. The

curves are normalized to a cross section of 1 pb.
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5.5.1 Reducible backgrounds

The cross section of the reducible backgrounds will in general be higher than those from
irreducible backgrounds. However, as they in general will not have the same distribu-
tions as the signal, these can be e�ciently (without losing too much signal) rejected by
choosing the right cuts.
To reduce the fraction of tt̄ background, a jet veto for pT (j) > 50 GeV or pT (j) > 30
GeV can be introduced. The remaining significant background Zb can be e�ciently
rejected by a requirement on Ml+l� < 60 GeV, as shown in figure 5.11(a).
The transverse momentum of the highest pT lepton (pT (l1)) will be smaller for the signal
than for the background, as shown in figure 5.12(a). We therefore can also reject events
with high pT (l) to significantly reduce the number of background events.

As can be seen in figure 5.11(b), the missing transverse energy of the reducible back-
grounds will, for most backgrounds, be larger than the missing transverse energy of the
signal. After demanding exactly three final state leptons and at least one OSSF lepton
pair, we observed that /ET and pT (lW ) (transverse momentum from the lepton origi-
nating from W -decay) are correlated in a funnel-like shape (figure 5.13(a)). The signal
events are at low pT (lW ) and /ET , while background events have higher /ET or pT (lW )
(or both). We will use this feature to discriminate signal from background.
In the rest frame of a particle decaying in two other particles, the decay particles will
be produced back-to-back. We therefore expect that the background distribution for
��(/ET , lW ) is peaked towards �� = ⇡ for any events containing /ET and lW originating
from a W boson decay. If we then allow for a boost of the W bosons, the distribution
will get smeared out to other values as well, although a small peak at �� = ⇡ remains.
We do not expect the same topology for the signal events. This is because the /ET

will now be the sum of three components: two LSPs and a neutrino. We expect that
��(/ET , lW ) is uniformly distributed for the signal events. This is also observed in the
generated events, as shown in figure 5.13(b). This means we can also use this variable
to distinguish signal and background events.

To conclude, we now have 5 observables that we can use to discriminate signal from
background:

M(l+l�), pT (l), pT (j), /ET vs pT (lW ), ��(/ET , lW ).
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(a) (b)

Figure 5.11: Distribution for Ml+l� (left) and /ET (right) after Delphes detector
simulation and before imposing any cuts. Shown are all reducible and irreducible back-
ground distributions, as well as the distributions we would expect for a �m = 20 GeV

wino NLSP with m�̃0
1
⇠ 100 GeV.

(a) (b)

Figure 5.12: Distribution for pT (l1) (left) and pT (j1) (right) after Delphes detector
simulation and before imposing any cuts. Shown are all reducible and irreducible back-
ground distributions, as well as the distributions we would expect for a �m = 20 GeV

wino NLSP with m�̃0
1
⇠ 100 GeV.

(a) (b)

Figure 5.13: Left: Scatter plot of /ET against pT (lW ). The dotted black line indicates
the funnel cut (defined in section 5.6.3). Right: Distribution for ��(/ET , lW ). Both
figures are made after demanding exactly 3 leptons and at least one OSSF lepton pair.
In the histogram, the number of events are weighted by their cross section and the
histogram is normalized to 1 (for background and signal separately). We show the
distributions we would expect for a �m = 20 GeV wino NLSP with m�̃0

1
⇠ 100 GeV.
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5.6 Signal selection criteria

5.6.1 Lepton e�ciencies

As discussed in the previous section, we want to use as low-pT leptons as possible.
Eventually, we will run into problems, as the lepton identification gets more di�cult at
lower energies. We will use the pT -dependent identification e�ciencies implemented in
Delphes. For clarity, these are given in table 5.3.

e µ

pT (l) < 0.1 GeV 0 0
|⌘(l)|  1.5 , 0.1 < pT (l) < 1 GeV 0.73 0.75
|⌘(l)|  1.5 , 1 < pT (l) < 10 GeV 0.95 0.99
|⌘(l)|  1.5, pT (l) > 10 GeV 0.99 0.99
1.5 < |⌘(l)|  2.5, 0.1 < pT (l) < 1 GeV 0.50 0.70
1.5 < |⌘(l)|  2.5, 1 < pT (l) < 10 GeV 0.83 0.98
1.5 < |⌘(l)|  2.5, pT (l) > 10 GeV 0.90 0.98
|⌘(l)| > 2.5 0 0

Table 5.3: Lepton identification e�ciencies.

Taking into account these reduced e�ciencies at low lepton pT , we will select leptons
only if the two highest pT leptons have pT (l1, l2) > 10 GeV (electrons) or pT (l1, l2) > 5
GeV (muons) and |⌘(l)| < 2.5. Being able to use even lower pT leptons will most likely
enhance the sensitivity, but this is probably di�cult to realize. The rate at which the
LHC produces events is much higher than the rate that ATLAS is able to save events.
To cope with this, a rejection of mostly uninteresting events is needed, while keeping a
high e�ciency for events that have a high chance of being interesting. At ATLAS, this
is realized in the form of a trigger system. In the first stage of this procedure (L1), the
trigger uses a limited amount of detector information to make a decision in less than 2.5
µs (bunch-spacing). ATLAS can trigger on lepton pT , photon pT , jets, ⌧ leptons that
decay hadronically, and large /ET . ATLAS selects events with higher pT leptons and /ET

than we think are interesting for our analysis. For comparison, we will use the ATLAS
di-lepton and tri-lepton L1 trigger requirements as a lepton pT cut as well. These cuts
are:

• µ: pT (µ1) > 10 GeV and pT (µ2) > 10 GeV, or pT (µ1) > 18 GeV and pT (µ2) > 4
GeV

• e: pT (e1) > 10 GeV and pT (e2) > 10 GeV, or pT (e1) > 18 GeV and pT (e2) > 7
GeV

• mixed: pT (e) > 7 GeV and pT (µ) > 6 GeV (exactly 3 leptons required)

We will refer to this set of cuts as ATLAS trigger cuts from now on.
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5.6.2 Selection of the OSSF lepton pair

First we will demand at least three leptons in the final state. After this, we will require
an OSSF lepton pair. The identification of this pair is complicated if there are 3 leptons
of the same flavor, as more than one OSSF lepton pair can be formed in that case. To
select the right (the one originating from on- or o↵-shell Z boson decay) lepton pair,
di↵erent approaches can be adopted:

• The lepton pair with Ml+l� closest to MZ is taken.

• The lepton pair with minimal distance in �R =
p
��2 +�⌘2 is taken.

• The lepton pair with the highest pT (per lepton) is taken.

• The lepton pair with the smallest Ml+l� is taken.

ATLAS selects the OSSF lepton pair as the pair with Ml+l� closest to MZ . This means
that the Ml+l� mass distribution will be biased towards the Z mass, which may be
less useful if we are trying to extract mass information. In table 5.4 we evaluate the
error made if we adopt each of the four di↵erent approaches. We can observe that no
algorithm is perfect. We will pick the lepton pair with minimal distance in �R, as
this algorithm has the best overall performance for the events we are most interested in
(�m = 20 GeV and WZ background).

Algorithm �m = 20 GeV �m = 50 GeV �m = 100 GeV WZ background
mini,j |Ml

i

,l
j

�MZ | 0.62 0.53 0.04 0.15
mini,j�R(li, lj) 0.34 0.40 0.47 0.35
maxi,j(PT (li), PT (lj)) 0.46 0.49 0.49 0.39
mini,jMl

i

l
j

0.38 0.42 0.48 0.35

Table 5.4: Fraction of events in which the OSSF lepton pair was selected incorrectly
for each of the four algorithms and in four data sets.
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5.6.3 Final selection cuts

Based on the features as discussed in the previous two paragraphs, we will use the
following cuts to optimize the analysis:

• N(l) = 3

• N(l+l�) > 0 (at least one OSSF lepton pair)

• 5 GeV < pT (µ) < 50 GeV and 10 GeV < pT (e) < 50 GeV or ATLAS trigger cuts.

• 12 GeV < M(l+l�) < 60 GeV

• pT (j1) < 50 GeV

• Funnel cut: 5 GeV < /ET < 150 GeV and
⇤ if /ET < 50 GeV: pT (lW ) + 3

5
/ET < 50 GeV

⇤ else: pT (lW ) < 20 GeV

• ��(/ET , lW ) < 2

• Optional: pT (j1) < 30 GeV

These cuts are optimal for small mass gap scenarios (�(m�̃±
1

,m�̃0

1

) ⇠ (10 � 50) GeV).

However, when one looks at larger mass gaps, it may be better to use other cuts. In
table 5.5 we show the resulting cut-flow diagram. This diagram shows how many events
are left after each consecutive cut. We include the cut-flow diagram for all the back-
ground processes and for three wino NLSP processes (with �m = 20 GeV, 50 GeV
and 100 GeV) and for one higgsino NLSP process with �m = 20 GeV. We assume a
luminosity of 300 fb�1 to calculate the expected number of events.
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5.7 Results

To evaluate the sensitivity, we will use as a measure the number of standard deviations
of the normal distributions (that is referred to as the ZN -value). We will first calculate
the p-value, using a Poisson probability convoluted with a normal distribution and a
systematic background error of � = 10%. Let µ denote the expected number of Standard
Model (background) events, � the systematic error on this number and � the expected
number of events including the SUSY prediction. The p-value for observing � events is
then proportional to:

p = p(�|µ,�) /
Z µ+7�

µ�7�

 Z x��p
x

�10
exp�2t2dt

!
1p
�
e�

1

2

(x�µ

�

)2dx. (5.1)

After the p-value is calculated, this value is translated into a ZN -value via the inverse
complementary error function:

ZN ⌘
p
2��1(1� 2p) ; �(1� 2p) ⌘ 2p

⇡

Z 1

1�2p
et

2

dt. (5.2)

We will refer to the ZN -value as the significance. More details can be found in ref. [108].
In our case, this value indicates the number of standard deviations a pMSSM model dif-
fers from the Standard Model. A high value for ZN means that the considered pMSSM
model is probably not consistent with the SM. Usually, discovery is claimed when the
significance exceeds 5�, while a pMSSM model can be excluded if it is not found in a
region where you would have expected to see a 2� deviation from the SM.

In figure 5.14 we present the significance as a color code for the wino NLSP and higgsino
NLSP case. This figure is made for the LHC 14 TeV with 300 fb�1. The stars indicate
the GC regions WW(2) and WW(1). The dotted red line indicates the ATLAS limit
obtained for simplified SUSY models, where the NLSPs are 100% wino and the relevant
branching ratios are set to 100%. We observe that the significance falls o↵ with higher
chargino and neutralino masses. This is due to the reduced cross section for higher
chargino and neutralino masses (figure ??). The significance also falls o↵ at higher mass
gaps. This is due to the invariant mass cut we imposed. It suggests that another search
strategy if one wants to be sensitive to less compressed scenarios. Since the higgsino
NLSP production cross section is smaller then the wino NLSP production cross section,
the significance does not exceed 6� even in the most optimistic cases. The inclusion of
NLO e↵ects might enhance the significance. We find that the 14 TeV LHC can probe
LSP masses up to 140 GeV for mass gaps between ⇠ 9 � 50 GeV if the NLSPs are
wino-like (figure 5.14(a)).

We find that even with 30 fb�1 we can be sensitive to compressed SUSY scenarios, as
LSP masses up to 140 GeV can be probed for mass gaps between ⇠ 10 � 50 GeV (ap-
pendix B, figure B.1). We observe that the significance does not improve much if we
collect more data. This is due to the fact that the systematic error remains the same.
If we are able to reduce the systematic background error to 5% (appendix B, figure
B.2), the significance would be greatly enhanced. In this case, exclusion limits for LSP
masses > 170 GeV with mass gaps & 6 GeV can be realized for the wino NLSP models.
The higgsino NLSP region can also be probed successfully if we are able to reduce the
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systematic error, and could result in exclusion limits for LSP masses up to 110 GeV and
mass gaps of & 15 GeV.

The lepton pT requirements we imposed are lower than the current ATLAS triggers
on lepton pT . The significance using the ATLAS trigger cuts as a lepton pT cut and
assuming a 10% background systematic error at 300 fb�1 is shown in figure B.3 (appendix
B). The significance is somewhat reduced compared to the significance using our own
lepton pT cuts. Using the ATLAS trigger cuts, we can exclude LSP masses up to 135
GeV and �m > 10 GeV. If we reduce the lepton pT requirement to > 1 GeV (appendix
B, figure B.4) the significance is marginally increased: LSP masses up to 145 GeV and
�m > 7 GeV can be excluded. Being able to trigger on softer leptons will therefore
enhance the sensitivity somewhat for small mass gaps.

Using the proposed search strategy with 10% background uncertainty, the sensitivity
would be greatly enhanced compared to the standard LHC searches. A comparison
is given in figure 5.15 for the ATLAS and CMS reach for wino and higgsino NLSP
regions using their current tri-lepton searches (as indicated in table 5.1). We observe
that the sensitivity for ATLAS and CMS increases for bigger mass gaps. For ATLAS
the sensitivity reaches > 2� for mass gaps > 30 GeV and LSP masses < 100 GeV. Note
that this does not exactly resemble the ATLAS limit indicated by the dotted red line in
figure 5.6. This is because, in contrast with ATLAS, we do not use simplified models,
which reduces the chargino-neutralino production cross section by a factor of ⇠ 1.15.

5.7.1 Discussion

Two global fit studies performed in the pMSSM (see ref. [109–111]) and the Galactic
Center photon excess pMSSM explanation independently suggest that compressed su-
persymmetric spectra with a ⇠ 100 GeV bino-like dark matter particle might be realized
in nature. These massive slepton and squark compressed SUSY scenarios have implica-
tions on the LHC SUSY search strategy. We cannot rely on high jet pT or /ET triggers for
the discovery of the compressed SUSY scenarios, while these triggers are often invoked
in SUSY searches. A new search strategy is needed in order to probe compressed SUSY
scenarios successfully. In figure 5.16 we show the 2� exclusion reach obtained for several
proposed cuts for the wino NLSP (a) and the higgsino NLSP (b) models. These limits
are made for the LHC operating at

p
s = 14 TeV and using 300 fb�1 of data. Being able

to use lower requirements on the lepton transverse momenta will result in a somewhat
higher sensitivity for small mass gaps and higher LSP and NLSP masses. However, even
with the current ATLAS trigger requirements on the lepton transverse momenta, we
are able to get more sensitive to compressed SUSY scenarios than ATLAS and CMS
are now. This is because of the combined e↵ects of the funnel cut and the invariant
mass cut. The first cut makes use of the di↵erence between the signal and background
topology. Contrary to the standard intuition, the considered signal events result in a
relatively low missing transverse energy when compared to the SM background events,
because the LSPs are often produced back-to-back. The funnel cut takes this e↵ect into
account. The invariant mass cut allows us to remove background events with resonances
originating from on-shell Z decays. Figure 5.16 shows that if we are able to reduce the
systematic background error, the exclusion reach can be improved tremendously.
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(a)

(b)

Figure 5.14: Sensitivity for left : pT (j) < 50 GeV and right : pT (j) < 30 GeV cut for
wino NLSP (a) and higgsino NLSP (b) assuming a background systematic uncertainty
of 10%. The stars indicate the GC regions WW(2) (a) and WW(1) (b). The dashed
gray line indicates the limit m�̃0

1
= m�̃±

1
. The dotted red line indicates the ATLAS

limit obtained for the wino NLSP (a) and the higgsino NLSP (b) models.
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(a)

(b)

Figure 5.15: Standard ATLAS and CMS tri-lepton searches sensitivity for wino NLSP
(a) and higgsino NLSP (b). The stars indicate the GC regions WW(2) (a) and WW(1)
(b). Note that the significance is somewhat lower than for the simplified SUSY models.
This is due to the cross section for our models in comparison with the simplified SUSY

models.
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(a) (b)

Figure 5.16: The expected 2� exclusion reach for the LHC at 14 TeV and with 300
fb�1 of data for the wino NLSP (a) and higgsino NLSP (b) models. The current CMS
and ATLAS reach is indicated by the blue and red solid (dotted) line, using a systematic
background uncertainty of 10% (5%). The solid (dotted) black line indicate the limit
obtained using the default lepton transverse momentum cuts with the requirement
pT (j) < 30 GeV, using a background uncertainty of 10% (5%). The yellow dotted line
indicates the limit using these same cuts and pT (j) < 50 GeV. The light and dark
green dotted lines indicate the reach for other possible lepton transverse momentum
cuts (pT (l) > 1 GeV and the ATLAS trigger cuts respectively). The stars indicate the
GC best fit pMSSM models WW(1) (a) and WW(2) (b), which coincide with the best
global fit models obtained by [111]. The finely dotted red line indicates the 1� contour

of the most likely pMSSM10 models from ref. [110] (only for wino NLSP).



Conclusion

I spy with my little eye...

A systematic search for dark matter annihilation in the Galactic Center (GC) resulted
in three regions of pMSSM parameter space that explain the observed excess of �-rays.
These regions are not excluded by any limits on dark matter or supersymmetry. Fur-
thermore, these models predict a similar value for the dark matter relic density as is
reported by the Planck satellite.
The regions found to explain the Galactic Center excess as measured by the Fermi satel-
lite, are also consistent with a small excess reported in the dwarf galaxy Reticulum II.
The resulting J-factor, obtained by fitting the pMSSM GC regions to the Reticulum
II photon spectrum, is (20.3 � 20.5)+0.2

�0.3 GeV2cm�5, which is consistent with J-factor
determinations based on other methods for this dwarf galaxy. These results are pub-
lished in the Journal of Cosmology and Astrophysics [112]. At the time of writing, eight
ultra-faint dwarf galaxies have been discovered. One of these galaxies, Tuc III, is of
particular interest, as it shows a small excess of �-rays. Tuc III’s J-factor is estimated
to be of similar size as Reticulum II’s and its photon spectrum resembles the one of
Reticulum II and the Galactic Center.
Furthermore, Fermi published an extensive background analysis on the Galactic Center.
They reported that, after the subtraction of all known background and accounting for
an unknown component, a small residue of �-rays is still unaccounted for. The peak of
the �-ray excess photon spectrum has shifted to somewhat higher energies, which means
that the proposed GC solutions probably will result in a better fit. Work is in progress
to perform a combined fit to dwarf galaxies and the Galactic Center.

In two of the three pMSSM GC regions, the lightest neutralino (that is considered the
lightest supersymmetric particle or LSP) is bino-like and the next to lightest neutralinos
and charginos (NLSP) are wino or higgsino-like and near-degenerate in mass. The re-
gions are characterized by a small mass gap between the LSP and NLSP. Motivated by
these GC regions, we probe the LHC sensitivities for these regions of pMSSM parameter
space. In particular, we focus on the tri-lepton plus missing transverse energy (3l+ /ET )
final state arising from WZ-mediated leptonic chargino and neutralino decays. Stan-
dard ATLAS and CMS 3l + /ET searches fail when the mass gap between the LSP and
NLSPs becomes too small. Often these searches are focused on large missing transverse
energy. We find, however, that LSPs are often produced back to back in small mass gap
pMSSM scenarios, resulting in a relatively low missing transverse energy! We therefore
propose a soft lepton and low missing transverse energy SUSY search. We note that it
might be di�cult to record events with low lepton pT , as lepton identification becomes
less e�cient for lower transverse momenta. In addition, triggering on very soft leptons
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and low missing transverse energy may be problematic for ATLAS and CMS. To probe
the sensitivity for the 14 TeV LHC with 300 fb�1 luminosity with a 10% systematic
error, we use pMSSM models inspired by the GC regions WW(1) and WW(2). The
main irreducible background for this search channel is the production of WZ decaying
leptonically. The main reducible backgrounds are tt̄ and Zb.
One particularly useful variable to distinguish signal from background is the invariant
mass of the lepton pair originating from �̃0

2 decay. Vetoing events with large Ml+l� can
increase the sensitivity, because signal events peak around �m = m�̃

NLSP

�m�̃
LSP

, while
background events where these two leptons originate from Z-boson decay peak at mZ .
Additionally, a funnel cut (/ET > 5 GeV and if /ET < 50 GeV: pT (lW )+ 3

5
/ET < 50 GeV,

else pT (lW ) < 20 GeV) and a cut on ��(/ET , lW ) < 2 have been introduced to enhance
the sensitivity. Jets with pT > 50 GeV or pT > 30 GeV are vetoed to reduce the tt̄
background.
We find that pMSSM models in the wino NLSP region can be excluded for LSP masses
up to 140 GeV and mass gaps as low as 9 GeV if we assume a 10% systematic error.
For higher masses and the higgsino NLSP region, the production cross section is the
limiting factor. If we are able to reduce the systematic error to 5%, exclusion limits for
LSP masses > 170 GeV with mass gaps & 6 GeV can be realized. The higgsino NLSP
scenarios can be probed for LSP masses up to 110 GeV and mass gaps of & 15 GeV.
Being able to use lepton transverse momenta lower than 5 GeV for muons and 10 GeV
for electrons would also increase the sensitivity a little bit, allowing us to probe wino
NLSP models with �m & 7 GeV.

To come to this conclusion, the introduction of the funnel cut and the invariant mass cut
played a significant role. We therefore propose an updated tri-lepton search strategy,
and stress the importance of a search for signs of supersymmetry resulting from events
containing low missing transverse energy, contrary to what might be intuitive. If we are
able to lower the trigger pT requirements for the leptons, this would also be worth to
pursue, although to a lesser extent. Being able to use lower lepton transverse momenta
would increase the sensitivity, allowing us to probe ⇠ 2 GeV smaller mass gaps and
⇠ 10 GeV higher LSP masses as compared to the standard lepton transverse momentum
trigger requirements.
We stress the importance of these pMSSM models with a ⇠ 100 GeV bino-like DM
particle. Three independent studies (two global fit studies and the GC photon excess
pMSSM explanation) suggest that these models might be realized in nature [51, 109–
111], but the LHC experiments are not sensitive for these models using their current
electroweak supersymmetry search strategy! An updated search strategy is therefore
needed, and could be implemented in the way as presented in this thesis. These results
are prepared to be published in the Journal of High Energy Physics (ref. [113]).



Appendix A

Composition model points

These figures present the bino, wino and higgsino compositions of the neutralinos and
charginos of the SUSY model points used in chapter 5.

Figure A.1: Wino NLSP: Mass of �̃0
1 as function of m�̃±

1
with bino, wino and higgsino

composition of �̃0
1 as color code. The stars indicate the WW(2) GC region.
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Figure A.2: Wino NLSP: Mass of �̃0
1 as function of m�̃±

1
with bino, wino and higgsino

composition of �̃0
2 as color code. The stars indicate the WW(2) GC region.
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Figure A.3: Wino NLSP: Mass of �̃0
1 as function of m�̃±

1
with wino and higgsino

composition of �̃±
1 as color code. The stars indicate the WW(2) GC region.
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Figure A.4: Higgsino NLSP: Mass of �̃0
1 as function of m�̃±

1
with bino, wino and

higgsino composition of �̃0
1 as color code. The stars indicate the WW(1) GC region.



Appendix A. Composition model points 77

Figure A.5: Higgsino NLSP: Mass of �̃0
1 as function of m�̃±

1
with bino, wino and

higgsino composition of �̃0
2 and �̃0

3 as color code. The stars indicate the WW(1) GC
region.
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Figure A.6: Higgsino NLSP: Mass of �̃0
1 as function of m�̃±

1
with wino and higgsino

composition of �̃±
1 as color code. The stars indicate the WW(1) GC region.



Appendix B

Sensitivities for di↵erent cuts and
background assumptions

These figures show di↵erent significances for di↵erent assumptions on the background
systematic error, luminosity and cuts. The default sets of cuts is:

• N(l) = 3

• N(l+l�) > 0 (at least on OSSF lepton pair)

• 5 GeV < pT (µ) < 50 GeV and 10 GeV < pT (e) < 50 GeV

• 12 GeV < M(l+l�) < 60 GeV

• pT (j1) < 30 GeV

• Funnel cut: 5 GeV < /ET < 150 GeV and
⇤ if /ET < 50 GeV: pT (lW ) + 3

5
/ET < 50 GeV

⇤ else: pT (lW ) < 20 GeV

• ��(/ET , lW ) < 2

Unless otherwise indicated, a default luminosity of 300 fb�1 is used. The default sys-
tematic error on the background is assumed to be 10%. The dashed gray line indicates
the limit m�̃±

1

= m�̃0

1

. Stars indicate the WW(2) GC region in the wino NLSP plots

and the WW(1) GC region in the higgsino NLSP plots.
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Figure B.1: Sensitivity for left : wino NLSP and right : higgsino NLSP models for a
luminosity of 30 fb�1 .

Figure B.2: Sensitivity for left : wino NLSP and right : higgsino NLSP models as-
suming a background systematic uncertainty of 5%. The dotted red line indicates the
current ATLAS reach obtained for the models, assuming a background uncertainty of

5%.
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Figure B.3: Sensitivity for left : wino NLSP and right : higgsino NLSP models using
the ATLAS trigger cuts as defined in section 5.6.1 as a requirement on the lepton

transverse momenta.

Figure B.4: Sensitivity for left : wino NLSP and right : higgsino NLSP models using
pT (l) > 1 GeV for the lepton transverse momentum.



Appendix B. Sensitivities 82

Figure B.5: Standard ATLAS and CMS tri-lepton searches sensitivity for the wino
NLSP models. Figure (a) is made assuming a systematic background uncertainty of

5%. Figure (b) is made assuming an integrated luminosity of 3000 fb�1.
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Figure B.6: Standard ATLAS and CMS tri-lepton searches sensitivity for the higgsino
NLSP models. Figure (a) is made assuming a systematic background uncertainty of

5%. Figure (b) is made assuming an integrated luminosity of 3000 fb�1.



Acronyms

ATLAS A Toroidal LHC ApparatuS

BSM Beyond the Standard Model

CMB Cosmic Microwave Background

CMS Compact Muon Solenoid

CMSSM Constrained Minimal Supersymmetric Standard Model

COBE COsmic Background Explorer

DM Dark Matter

dSph dwarf Spheriodal galaxy

FCNC Flavor Changing Neutral Currents

FSR Final State Radiation

GC Galactic Center

GUT Grand Unified Theory

ISR Initial State Radiation

LEP Large Electron Positron collider

LHC Large Hadron Collider

LHCb Large Hadron Collider beauty

LO Leading Order

LSP Lightest Supersymmetric Particle

LUX Large Underground Xenon experiment

MACHO MAssive Compact Halo Object

MOND MOdified Newtonian Dynamics

MSSM Minimal Supersymmetric Standard Model
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mSUGRA minimal SUper GRAvity

NFW Navarro Frenk White

NLO Next-to-Leading Order

NLSP Next-to-Lightest Supersymmetric Particle

OSSF Opposite Sign Same Flavor

PDF Parton Distribution Function

PL Power Law

pMSSM phenomenological Minimal Supersymmetric Standard Model

QCD Quantum ChromoDynamics

QED Quantum ElectroDynamics

SD Spin-Dependent

SI Spin-Independent

SM Standard Model

SUSY SUperSYmmetry

WIMP Weakly Interacting Massive Particle

WMAP Wilkinson Microwave Anisotropy Probe

XENON XENON dark matter project
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