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Abstract

Signatures of dark matter can be manifold. In the framework of weakly interacting
massive particles they can come from annihilations in dark matter rich regions,
from collisions of dark matter particles in terrestrial direct search experiments or
from production of dark matter at particle accelerators. This thesis focuses on the

latter two possibilities.

In the context of collider signatures, we discuss how deviations from background
expectations can be interpreted in dark matter models. We look at two exam-
ples. First, we see how anomalies in searches for Supersymmetry point towards
specific mass spectra in the Minimal Supersymmetric Standard Model (MSSM) at
the example of a slight dilepton excess observed by CMS. These spectra are then
constrained further by taking complementary analyses into account via a recasting
of their limits. This recasting is necessary, because limits on the MSSM spectrum
are strongly model dependent. Second, we investigate how deviations in the Higgs
to diphoton decay rate can be explained by new vector-like leptons. As we will
show, this model not only provides a valid dark matter candidate, but simultane-
ously leads to a strong first order electroweak phase transition that is necessary
for the generation of the observed baryon asymmetry in electroweak baryogenesis

scenarios.

Future direct dark matter experiments will be challenged by an irreducible back-
ground coming from coherent neutrino-nucleus elastic scattering events that mimic
dark matter collisions. This creates a lower limit on accessible dark matter-nucleon
cross sections. We show that information coming from the direction of the recoil-
ing nucleus can serve as a strong discriminator between neutrino and dark matter
events such that this neutrino bound can be avoided. Necessary exposures of di-

rectional searches to surpass this limit are computed.
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Chapter 1

Introduction

Since the early 20th century physicists have debated the nature of dark matter
(DM). Indirect evidence can be found in measurements on scales ranging from the
galactic all the way up to the cosmological. The elegance of a single solution to
all these complementary findings strongly motivates the explanation in terms of a

dark matter component and puts its existence beyond any reasonable doubt.

One of the most popular candidates for dark matter is the weakly interacting
massive particle (WIMP). The correct dark matter relic abundance can be naturally
explained within this framework via a thermal freeze-out mechanism in the early
Universe. The fact that this candidate has weak interactions has motivated great

experimental effort to constrain its exact properties.

Experiments include searches for the products of dark matter annihilation at the
centre of galaxies and attempts to observe dark matter collisions in Earth-based,
low-background direct searches, or the production of WIMPs at particle accelera-
tors such as the Large Hadron Collider (LHC). So far, however, no definite signal

has been observed and finding dark matter remains a challenge for the future.

Missing dark matter is by no means the only problem left unsolved by the Standard
Model (SM). Phenomena such as the baryon asymmetry of the Universe (BAU) and
the origin of neutrino masses remain unexplained. In addition, the exact mechanism

11



Introduction 12

of inflation, a possible solution to the flatness and horizon problems of standard Big
Bang cosmology, is unknown. The measurement of the Higgs mass at 125 GeV [1, 2]
has also intensified the need for an explanation of why the electroweak scale is so

much smaller than the Planck scale, the so-called “hierarchy problem”.

It is interesting, and perhaps suggestive, that many of these problems have solutions
at the electroweak scale and may be directly related to dark matter. This thesis
will, on the one hand, describe how deviations in collider searches can help to
form and constrain dark matter models and their relations to other electroweak
phenomena and, on the other hand, examine future challenges for direct searches

and propose potential solutions.

This introductory chapter will explain the evidence for dark matter, describe the
freeze-out mechanism and discuss detection methods in greater detail. The problem
of the BAU will be introduced along with a solution derived from the electroweak
phase transition, electroweak baryogenesis (EWBG). Finally, the Minimal Super-
symmetric Standard Model (MSSM) as a solution to the hierarchy problem will be

presented.

1.1 Dark Matter

1.1.1 Evidence

Evidence for dark matter exists on various length scales, from galaxies through

clusters up to the cosmological scale.

On galactic scales the evidence arises from rotation curves. A rotation curve de-
scribes the dependence of the tangential velocity component, vy, of gas or stars
rotating around the galaxy on its distance, r, to the centre. As most of the lumi-
nous matter is concentrated in the centre of the galaxy a decrease of vy as 1/4/r

would be expected if this were the only matter present.
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FIGURE 1.1: The rotation curve of galaxy NGC6503 as shown in [4].

However, the actual rotation curves tell a different story. The tangential velocity
stays constant at large radii, see e.g. [3, 4]. An example of such a rotation curve
is shown in figure 1.1. This behaviour can be explained if we postulate a new
component of matter that has a different density distribution compared to the
luminous matter. Hence, it is proposed that galaxies are embedded in dark matter
halos. Perhaps the most popular density profile for the dark matter distribution
is the Navarro-Frenk-White profile (NFW) [5], which was derived from pure cold
dark matter (CDM) simulations,

pnrw (1) = #7 (1.1)
where pg is a characteristic density and R, a scale radius. It has to be noted that
this profile is not undisputed and some observations suggest a density profile that
has a more constant, core-like profile, compare to e.g. [6, 7]. This “core-cusp”
problem is an ongoing field of research, but in this thesis the most inner regions
of the galaxies will not play a critical role. A possible solution to this problem
might be that baryonic feedback expels dark matter from central regions through

supernovae [8].
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However, galactic rotation curves alone cannot directly tell us anything about the
total amount of dark matter that is present in the Universe. To define this dark
matter “relic abundance” we turn to the Friedmann equations that govern the

expansion rate, H, of the Universe [9].

G k

8rG k
= — —;:—3 ptot_ﬁa (1.2)

3

H? p+

A
3
where a is the scale factor, H = a/a the Hubble parameter, p the matter and
radiation energy density, A the cosmological constant, G the gravitational constant

and k the curvature. We can define a critical energy density, pet, for which the

Universe becomes flat, i.e. k=0, as

3H?

. (1.3)

Perit =

Density parameters can then be expressed as ratios with the critical density, e.g.

Opm = pDM/pcrit-

Measuring the dark matter abundance independently from baryons is not easy and,
historically, it was the total matter density that was first constrained. Masses of
galaxy clusters can be inferred via the velocity dispersions of the galaxies within.
Zwicky used the Virial Theorem to estimate the mass of the Coma Cluster and
was the first person to point out a mismatch between visible and total matter
in 1933 [10]. These mass-to-light ratios can then be used to estimate the matter

density, via

Q= plp~ (%) , (1.4
with the critical mass-to-light ratio, (%)Cm, that takes a value of 1136 4+ 138
hoMy/Le [11], where hq is today’s Hubble parameter in units 100 km s~ MPc¢™*
and M and L are solar mass and solar luminosity, respectively. Recent measure-
ments have indicated mass-to-light ratios of around 200 hoM /L that result in

Q= 0.19, see e.g. [11].

More observational evidence from the cluster scale comes from X-ray measurements
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of hot gas. Assuming that the gas is in hydrostatic equilibrium, the gravitational
potential that binds it can be inferred and mass-to-light ratios of a few 100 M/ Lg
are determined that again give Q,, ~ 0.2, see e.g. [12]. The fact that mass-to-
light ratios from both independent techniques are much larger than unity suggests
that there must be more mass present than only the visible matter. Additionally,
gravitational lensing is used to reproduce the distribution of gravitating matter
in clusters and again strongly suggests that there must be a dark component, see
e.g. [13]. Similarly, gravitational lensing has also been used to constrain 2, to be

around 0.2 [14].

Another significant piece of evidence comes from the observation of the Bullet
Cluster, two colliding galaxy clusters, that shows a mismatch between the centre
of mass of luminous matter, as obtained from X-ray measurements, and the overall
centre of mass inferred from gravitational lensing [15]. This implies that there is
more gravitating mass than just the luminous matter and also that their proper-
ties are different. During the collision, the baryonic matter undergoes scattering
processes and loses energy, whereas the other gravitating component seems to be
(almost) collisionless, with their centres of mass being more separated relative to
the luminous ones. Many of these cluster collisions have been observed by now [16]

and may even indicate self-interactions of dark matter [17].

It was shown in 1998 using supernova data that the Universe is undergoing accel-
erated expansion [18, 19]. Together with the measurements outlined above of €2,
and results from the Boomerang experiment [20], a flat Universe was the best fit
to the data with 2,, = 0.28 and 2, = 0.72, a Universe that is dominated by a
cosmological constant or “dark energy”. However, all these measurements could
not directly distinguish between dark and luminous matter. For this a complemen-
tary measurement is needed that comes from big bang nucleosynthesis (BBN). We
will discuss BBN in more detail in section 1.2.1. Briefly, the abundance of light
elements such as helium or deuterium depends on the number density of baryons
that was present in the early Universe. This is used to constrain the baryon den-

sity as €, ~ 0.05 [21], a value much smaller than the previously determined matter
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FiGURE 1.2: Bullet Cluster. The colour scale indicates the distribution of visible
matter as observed with X-ray data, the green lines follow the distribution of all
gravitating matter. Figure taken from [15].

densities. The difference must be in the form of non-baryonic, non-luminous dark

matter.

Precise measurements of the cosmic microwave background (CMB) as conducted
by the Planck collaboration [22, 23] have confirmed the picture we outlined above.
The CMB is an isotropic background radiation with a perfect black-body spectrum
at a temperature T = 2.73 K that was generated at the time of recombination.
Temperature anisotropies in the CMB are extremely small, at a level of % ~ 1075,
but play an important role, because they can be understood as tracing density

variations in the very early Universe.

After matter-radiation equality dark matter dominated the energy density of the
Universe and collapsed freely on all scales. Baryons and photons, on the other hand,
were linked together because of Thomson scattering. The baryon-photon plasma
followed the gravitational pull of dark matter overdensities, but at the same time
felt thermal pressure such that density oscillations in the plasma occurred. At the
time of recombination, when protons and electrons combined into neutral hydrogen
and photons freely streamed, this thermal pressure was lost and the baryons traced
the density fluctuations of dark matter. It is the temperature pattern of those

freely streaming photons that we observe today.
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FiGURE 1.3: Temperature power spectrum of the CMB as measured by the
PLANCK collaboration [23]. The multipole ¢ is a measure of the angular scale,
larger values of ¢ correspond to smaller angular scales.

The temperature power spectrum of the CMB (see figure 1.3) has peaks at differ-
ent angular scales. These correspond to oscillations in the baryon-photon plasma
that, starting when they entered the horizon, reached either maximal or minimal
compression at the time of recombination. The heights and locations of these peaks
contain crucial information about our Universe and can be used to determine the
amount of dark matter, measured to be Qpyh? = 0.1194 + 0.0022 [23], where h is

the Hubble parameter in units of 100 km s=! Mpc™1.

All cosmological data can thus be explained in the context of a Universe whose
energy density today is dominated by a cosmological constant (A) accompanied by
a large cold dark matter (CDM) component; this is the so-called “ACDM model”.
Problems such as its flatness and isotropy can be explained dynamically by a theory
called “inflation”. During the inflationary phase the size of the Universe increased
exponentially and the quantum fluctuations of the initial microscopic patch formed
seeds for large scale structure formation. The exponential expansion also ensures
that scales appearing in opposite directions on the sky now would have been in

causal contact at early times.
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This concludes our discussion of the evidence for dark matter and how its energy
density has been measured. In the next section we will describe the freeze-out
mechanism as one example of how this observed relic density can be achieved with

electroweak physics.

1.1.2 Relic Density

After discussing the hints for dark matter and how measurements have arrived at
Qpavh? = 0.1194 £ 0.0022, we will present in this section one mechanism that can
produce the correct relic density. This mechanism relies on the freeze-out of a

non-relativistic species.

In the freeze-out mechanism it is assumed that the dark matter particle, y, is in
thermal equilibrium with other SM particles in the early Universe. Hence, there are
both annihilation and creation processes taking place. While the Universe expands
and cools, the rate of creation processes will decline because only particles with
large enough energies can produce a dark matter particle pair. Annihilation on the
other hand is still ongoing such that the number density of dark matter particles,
ny, drops. At a certain point, the expansion rate of the Universe will be larger
than the annihilation rate, I', such that annihilations also become extremely rare.

Freeze-out occurs and the number density of dark matter drops as a 3.

This qualitative discussion is formulated quantitatively in terms of a Boltzmann

equation, see e.g. in [24]

dn
—X +3Hn, = —(0yxyy|v])[n

- — (nE2Y. (15)

2
X

Here, (0, ¢ yy|v]) is the thermally averaged annihilation cross section and an the

equilibrium number density of the non-relativistic dark matter particle, given by

7 32
=g () e (1.6)
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with 7" as the temperature, m, the dark matter mass and g the number of degrees
of freedom of y. In the Boltzmann equation 1.5 the three effects that govern
the behaviour of the number density are visible. There is dilution due to the
expansion of the Universe, described by the term 3Hn,, annihilation processes
that are proportional to the number density squared ni as well as creation processes
from particles in the thermal bath that follow the equilibrium number density an.

The temperature at which freeze-out occurs is characterised by zp = Tr/m,,.

To find the relic density today equation 1.5 has to be solved numerically, which
can be done with the help of open source projects such as micrOMEGAs [25]. It
is useful, however, to look at approximate solutions. For GeV scale dark matter

today’s relic density becomes [26]

3-10"%"cm3s~!
QDM]’L2 =~ <0"U> . (17)

For a weakly interacting particle one expects (ov) ~ 107?°cm?s™! which falls sur-
prisingly close to the needed relic abundance. This is the “miracle” of weakly
interacting massive particles and has attracted a lot of attention in DM model
building. In equation 1.7 it can also be seen that the larger the annihilation cross
section, the smaller the final relic abundance will be, because the freeze-out condi-
tion I' < H is fulfilled later, see figure 1.4. It should be noted that the real situation
may be more complicated. Co-annihilations, processes in which the DM particle
annihilates together with a different particle, have to be included in the calculation

and may change the picture.

Other mechanisms to set the correct relic abundance are, for example, the freeze-in
mechanism [28] or asymmetric dark matter [29]. The freeze-in mechanism is to
some extent the inverse process of freeze-out. Instead of starting with dark matter
in thermal equilibrium, it is assumed that the interactions are so weak that dark
matter has never been in thermal equilibrium. The relic density grows over time
and it grows faster the larger the cross section is. In asymmetric dark matter

scenarios the DM particle has an anti-particle. In the original scenario these two
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FIGURE 1.4: Dependence of the comoving number density on the thermally
averaged annihilation cross section as presented in [27].

annihilate such that the final relic density is set by the asymmetry between them.
Since such an asymmetry has to be generated, these models usually try to explain
the BAU simultaneously. In this thesis we will use the freeze-out mechanism to set

the correct relic abundance of a fermionic dark matter candidate in chapter 3.

After this discussion of how a WIMP produces the correct relic density, we will

now present possible methods for its detection.

1.1.3 Detection

In the last section we saw that annihilation processes are crucial within the WIMP
paradigm to set the correct relic abundance. Crossing symmetry thus ensures that
WIMPs can scatter off SM particles and may also be produced at particle colliders.

We will here explain how these three interactions may be used to search for WIMPs.
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Indirect dark matter searches look for (decay products of) final states of DM an-
nihilation processes. Since annihilation rates are proportional to the square of the
number density, regions like the galactic centre or DM dominated objects such as
dwarf spheroidal galaxies (dSphs) form promising regions for these indirect searches.
Different experiments look for different final states, as e.g. gamma rays or positrons,

and constrain the value of today’s DM annihilation cross section.

The Fermi Large Area Telescope (Fermi LAT) has collected six years of data from
15 dSphs and found no significant excess in their data [30]. The sensitivity is so
good that annihilation cross sections below the one of the canonical WIMP are
tested for pure bb and 77 final states. One should bear in mind that the thermally
averaged cross section today can be very different to that at the time of freeze-out
and this indirect constraint has to be evaluated for each model separately, as we

will do for our DM candidate in chapter 3.

Intriguingly, an excess of gamma rays originating from the galactic centre has been
found in Fermi LAT data [31, 32]. Studies found that this excess can be explained
by dark matter annihilating into bb or leptons in the mass range of 30-40 GeV
or 10 GeV, respectively, see e.g. [33, 34]. Heavier mass ranges up to 76 GeV are
possible if DM annihilates first into on-shell particles present in the dark sector
that subsequently decay into SM particles [35]. Other studies have suggested that
the claimed excess is actually consistent with background expectations and that

the leptonic explanation is inconsistent with cosmic ray and radio data [36].

The positron fraction in cosmic rays as observed by the AMS experiment [37] can
put strong limits on the annihilation cross section of leptonically decaying dark
matter [38, 39]. Again, the canonical WIMP cross section is tested for masses
below 200 GeV, if the WIMP annihilates purely into electron/positron pairs. Note
that the AMS experiment confirmed an anomalous rise of the positron fraction as
first measured by the PAMELA experiment [40]. This excess can also be interpreted

in a dark matter framework [41].
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Another possibility is to construct Earth-based experiments that measure colli-
sions of DM particles with ordinary matter. These recoils are expected to lie in
the keV energy range making detection very challenging. Besides, WIMPs are
only weakly interacting such that count rates are expected to be very small, of
the order of one event per kg per year depending on detector material and ap-
plied energy thresholds. Hence, background rejection is extremely important in
these detectors. Whereas current experiments have with great success managed
to minimise reducible backgrounds to an extraordinary level, future experiments
will inevitably observe coherent neutrino-nucleus elastic scattering, an irreducible
background, which will limit their reach [42]. This so-called “neutrino bound” is a
problem because WIMP-nucleon cross sections, o0,, can be suppressed generically
in dark matter models. If a mixing angle is present in the dark sector or if destruc-
tive interference occurs between different contributions, o, may be quite small such
that neutrino contamination will play a role. We will present a way to avoid this
bound in chapter 4, where we discuss the impact that directional information can

have on distinguishing signal from background.

In figure 1.5 we show a summary plot of all currently running or proposed direct
detection experiments and the neutrino bound as presented at the Cosmic Frontier
Workshop 2013 [43]. Published limits are indicated by a collaboration name ac-
companied by a year. At the moment, the strongest limits on dark matter-nucleon
interaction rates arise from liquid noble element detectors. The LUX (Large Un-
derground Xenon) dark matter experiment published the latest limits in October

2013 [44] indicated in the plot by a light-green dashed line.!

At low dark matter masses (around 10 GeV) and WIMP-nucleon cross sections

2 many collaborations have claimed the observation of a dark

around 10~ cm
matter signal. The DAMA/LIBRA (Dark Matter/Large Sodium Iodide Bulk for
Rare Processes) project has observed an annual modulation signal with the cor-

rect phase at 9.30 [45]. The CoGeNT experiment (Coherent Germanium Neutrino

I'Note that these are not the current limits, as limits have moved somewhat since 2013, but
the change is not significant.
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FIGURE 1.5: Summary of past, current and future dark matter direct detection
experiments and the neutrino background. Figure taken from [43].

Technology) has observed an excess in the low-energy part of their spectrum that
remains unexplained [46], but doubts have risen in the literature about its signif-
icance [47]. The CDMS collaboration (Cryogenic Dark Matter Search) has found
three candidate WIMP events in their data set with a best fit at mpy = 8.6 GeV
and 0, = 1.9 x 107 cm?. All claims are inconsistent with the LUX results, at

least in the context of isospin-invariant dark matter models.

A third possibility to detect dark matter is its production at colliders. The typical
signal would be events with large missing energy. One such example is mono-jet
searches, where initial state radiation of an incoming parton creates a jet that serves
as a trigger and, as the final state is completely invisible, large missing energy is
present in the event. These searches can be interpreted in a model-independent

approach using effective operators [48]. However, care must be taken about the

validity of this approach [49].

Mono-jet searches look for a “smoking gun” signal of dark matter production, but

the signal rate ultimately depends on the combination of the dark matter mass and
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its couplings. It might be that the DM-SM coupling is suppressed such that direct
production and, by the same token, direct and indirect searches, are unlikely to

yield results.

In such a situation new physics connected to dark matter could instead leave its
first traces in accelerators and give insights on the dark matter candidate in a more
indirect way. If additional, heavier states are present in the hidden sector their
couplings may be less suppressed and lead to deviations from SM predictions in
experiments. We discuss in chapter 2 and 3 how deviations in SUSY searches and

the Higgs sector may prove to be the first step to find dark matter at a collider.

In this section we summarised possible methods for dark matter detection and
outlined how these will be discussed further in this thesis. We will now explain
other electroweak phenomena that may be related to dark matter. We start by

discussing electroweak baryogenesis.

1.2 Electroweak Baryogenesis

We have discussed previously that there is evidence for a dark matter component
in our Universe and that solutions exist at the electroweak scale. However, the SM
has several problems. One other problem is that the SM fails to explain why there
is matter present at all, or why there is a baryon asymmetry. Any initial asymmetry
would, disregarding the necessity of fine-tuning, be diluted by inflation and the hot
big bang is expected to produce matter and anti-matter in equal amounts, such
that they would mainly annihilate. In addition, sphaleron processes, which we
will introduce in section 1.2.3, would destroy any asymmetry until they fall out of
equilibrium. The idea of separating matter and anti-matter into different regions
would create a diffuse y-ray background at their interfaces that is not observed.
Physicists are thus faced with the need for a dynamical explanation which was first

realised by Sakharov in 1967 [50]. Here we will introduce the main idea behind
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baryogenesis at the electroweak scale. We start by summarising the experimental

evidence for the BAU coming from big bang nucleosynthesis (BBN) and the CMB.

1.2.1 Baryon Asymmetry of the Universe

We define the measure of asymmetry, n, as the ratio between the difference of

baryon and anti-baryon number densities and the number density of photons,

nNp —Npg

(1.8)

Ty

At late times this measure stays constant, because all three number densities drop
as a~3. In early times annihilation of baryons or leptons increased the number

density of photons.

The mass fraction, X 4, of a nucleus with atomic number A depends on its binding

energy, E'z, and on the baryon number density, thus on n [24], as
X4 o pA-tefs/T (1.9)

Due to the large entropy of the Universe (which is another way of saying that 7 is
very small) nuclei only bind at temperatures less than a MeV [24]. By that time
weak interactions that transformed protons into neutrons and vice-versa have fallen
out of equilibrium such that neutrons started to decay into protons. The neutron
per proton ratio dropped to a value of about 1/7 when production of helium bound

all free neutrons.

The abundances of light elements can serve as a way to constrain n and currently
its allowed range is 5.7-1071% < < 6.7-1071° [51]. A complementary measurement
can be obtained from the CMB. The temperature power spectrum is sensitive to
n with a best fit value of n = 6.047 & 0.074 [22]. The agreement between these
two measurements is remarkable given that they are based on completely different

physics.
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CMB, Y is the mass fraction of *He, as shown in [51].

In figure 1.6 we show the predictions from BBN for the abundances of light nuclei
depending on 7 and their measurements. It is noteworthy that the predictions
for the abundances span many orders of magnitude and are still, except for the
Lithium abundance, in good agreement with the measurements. The inferred value
for n from the CMB is also indicated in the plot. The mismatch of the Lithium
abundance is called the “Lithium problem” and has initiated a lot of research, see

e.g. [52].
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This concludes the discussion on measuring 1 and in the next section we continue

with describing the necessary ingredients of any dynamical solution of the BAU.

1.2.2 Sakharov conditions

In the last section we established that there is a BAU and that there is the need
for a dynamical explanation. Here we will present necessary conditions that any

solution must fulfil, as described by Sakharov [50]. The three conditions are

(1) B number violation,
(2) C and CP violation,

(3) deviation from thermal equilibrium.

The fact that baryon number (B) violating processes have to occur is rather clear,

otherwise no asymmetry can be formed.

Let us assume that there is a B number violating process X — Y + B, i.e. a
baryon creating process. If charge symmetry (C) is respected and X and Y are
states with zero baryon number, we have I'(X — Y + B) = I'(X — Y + B),
such that the net baryon number is still zero. If furthermore C is violated but
CP respected, there will still not be any asymmetry. We can see this if we write
a hypothetical process as X — ¢ + ¢, and X — gr + qr. With charge violation
we have I'(X — g +q1) # I'(X — qr + q1), but with CP symmetry we do have
I(X — qr +q1) = T(X — Gr + qr). Hence, all processes together will still result

in vanishing baryon number and CP must also be violated.

Lastly, in thermal equilibrium any process has the same rate as its inverse, such
that for every process that violates B the inverse reaction will destroy any produced

net baryon number.

These are the three Sakharov conditions. We will now investigate if these conditions

are fulfilled in the SM.



Introduction 28

E sph

NN /o N

-2 -1 0 1 2 3

FIGURE 1.7: Visualisation of the different SU(2)-vacua characterised by the
Chern-Simons number, N¢g, and the energy barrier as shown in [54].

1.2.3 The Standard Model and Baryogenesis

We will now discuss whether the Sakharov conditions that we outlined in the pre-
vious section are fulfilled in the SM. In 1976, t’"Hooft realised that non-perturbative
processes induce baryon number violation in the SM [53]. Two ingredients went

into this result.

First, the vacuum structure of SU(2) is non-trivial. There exists an infinite number
of pure gauge configurations (gauge configurations of null-fields) with zero energy
that cannot be rotated into each other via a series of infinitesimal transformations.
These states are characterised by a topological winding number, the Chern-Simons
number Neg.2 Whereas the energy of the individual vacua are zero, intermediate
configurations between two vacua have non-zero energy. Hence, there are energy
barriers between the states with a height F.,, ~ 167v/(v/2g). This is visualised in
figure 1.7.

The second ingredient in t’Hoofts argument is the triangle anomaly [55, 56] of the

(left-handed) baryon plus lepton current

3¢ N
Oup i = WGamaWa W (1.10)

He has shown the important result that this anomaly induces a change in baryon

and lepton number during a transition between two vacua,

AB = AL = anNcs, (111)

2The same is true for SU(3) and gives rise to the ©-term in the QCD Lagrangian.
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where ny is the number of families. Tunnelling processes between the vacua are
called “instatons” and would allow for B and L generation. Unfortunately, their
amplitude

A e 1079 o 7173 (1.12)

is highly suppressed and they cannot account for the observed BAU. However,
Kuzmin, Rubakov and Shaposhnikov showed in 1985 that at finite temperature
transitions become unsuppressed [57]. The additional thermal energy can help the
field configuration to reach the top of the energy barrier and then fall to an adjacent
minima. These configurations are called “sphalerons”. Their rate before and after

electroweak symmetry breaking (EWSB) is

(agwT)* before EWSB,
I o (1.13)

e~ Eoon/T after EWSB .

Hence, after EWSB sphaleron transitions may be suppressed if Egp, is large enough.

Interestingly, the electroweak phase transition (EWPT) now offers a unique oppor-
tunity. If the phase transition (PT) is first order, two distinct phases would appear
and establish the out-of-equilibrium requirement. Hence, it should be investigated
whether the Higgs potential develops a barrier at finite temperatures that separates
the two minima. If this is the case, a critical temperature, 7., can be defined as
the temperature at which both minima are degenerate. The order parameter may
be defined as the ratio between the vacuum expectation value (vev) of the second

minima at 7T, v., and the critical temperature, v./T..

The general idea behind EWBG can be summarised as follows. During the PT
the two phases are separated by bubble walls that expand and eventually fill all of
space. CP-violating interactions with the bubble walls give different transmission
and reflection coefficients for pairs of CP conjugates when they collide with the
walls. This leads to an excess of left-handed anti-fermions (f) and right-handed
fermions (fx) in front of the wall and an excess of fr and f;, inside the bubble. After

EWSB sphaleron transitions can be suppressed, such that they are inactive inside
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the bubble, but still active outside. Because there are relatively more f;, than f;,
outside the bubble, sphalerons will mainly remove left-handed anti-fermions, such
that a positive baryon number is generated. When the bubbles fill all of space, this

excess will also enter the broken phase.

It has been established via a combination of lattice and numeric calculations that
the phase transition in the SM with a 125 GeV Higgs is not first order, but a
mere cross-over. Indeed, the requirement of a first order phase transition is not
enough, because sphaleron rates must be suppressed sufficiently to prevent wash-
out. This can be translated into the criterion that the order parameter, v./T,
must be greater than unity [58], which would require the Higgs to be lighter than
32 GeV [59]. Also, even though there is CP violation in the SM arising from a
complex phase in the Cabbibo-Kobayashi-Maskawa (CKM) matrix, it is commonly
agreed upon that this is not enough for successful EWBG [54]. Hence, there must
be beyond the Standard Model (BSM) physics to explain the BAU.

In chapter 3 we will present a successful implementation of EWBG which adds new
fermions to the SM. These will alter the finite temperature Higgs potential and
allow for a strongly first order PT. At the same time they provide a valid dark
matter candidate and can influence Higgs decays such that they could be observed

at the LHC.

Baryogenesis at the electroweak scale is by no means the only possibility. An-
other popular mechanism is leptogenesis [60]. In this scenario one introduces right-
handed, heavy neutrinos such that SM neutrinos obtain their light masses via the
Seesaw mechanism [61-64]. Majorana mass terms of these new states introduce
lepton number violating interactions by two units and the new Yukawa couplings
can serve as sources for CP violation. Initially, a lepton number asymmetry is
created by the out-of-equilibrium decay of the right-handed neutrinos that is then
transferred to a baryon asymmetry via sphaleron processes. The viability of lepto-
genesis can e.g. be tested by observation of neutrinoless double beta decays [65] or

lepton number violating processes at the LHC [66, 67]. If observed at low energies,
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washout processes could potentially erase a baryon asymmetry that was generated

at a higher scale.

In Grand Unified Theories (GUTSs) baryogenesis may be realised via the decay of
heavy bosonic states [68]. New gauge bosons related to the unifying symmetry
mediate B and L violating interactions such that their out-of-equilibrium decay
can in principle generate a baryon asymmetry. However, these type of models have
problems to avoid washout through sphaleron processes, which are in general in

equilibrium until electroweak symmetry breaking.

This ends our discussion of baryogenesis. We will address another problem facing
the SM, the hierarchy problem, in the next section and introduce Supersymmetry

as a possible solution.

1.3 Supersymmetry

We have seen, using as examples the problem of dark matter and the BAU, that the
SM must be incomplete. This section will discuss an additional challenge for the
SM that arises when the theory is embedded into another quantum field theory,
the so-called hierarchy problem. As all fundamental scalars, the Higgs receives
loop corrections that are proportional to the square of any cut-off scale, Ayy, of
loop-integrals and to the square of the mass of the heaviest particle that the Higgs
couples to,
As

A
Amj = 2% [A%JV — 2m% log (mlsv) ¥ } , (1.14)

where we chose the example of a new scalar field, .S, with coupling Ag to the Higgs.
Even when a direct coupling between the Higgs and the new state is absent, two
loop contributions would result in a similar expression, compare to [69]. Hence,
it is hard to imagine a situation in which the Higgs receives no corrections at all
once new physics is postulated. We are then left with the puzzle why its mass is

relatively small, at only 125 GeV.
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An elegant solution, at least in an idealistic application, is Supersymmetry (SUSY).
Supersymmetry is a new symmetry that relates bosons and fermions. As a space-
time symmetry it is a loophole to the Coleman-Mandula theorem [70], which quotes
that the symmetries of any 4-dimensional quantum field theory can only be the di-
rect product of internal symmetries and the Poincaré group. This theorem was
extended into the Haag-Lopuszanski-Sohnius theorem [71] allowing also for the Su-
persymmetry algebra, and thus, Supersymmetry is the only known way to extend

the Poincaré group.

In unbroken Supersymmetry each particle has a superpartner with the same mass.
Therefore any loop contribution to the Higgs would get cancelled due to the relative
signs of boson and fermion loops. As there has been no observation of any super-
partner so far, we know that if SUSY exists it must be broken and the solution of

the hierarchy problem is not perfect.

In the following section we will introduce the simplest, consistent supersymmetric

version of the SM, the Minimal Supersymmetric Standard Model.

1.3.1 The Minimal Supersymmetric Standard Model

In this section we will discuss the particle content of the MSSM. Each fermion
obtains a superpartner, called a sfermion. The scalar superpartners are squarks like
the stop, and sleptons like the smuon. In shorthand notation, the superpartners
obtain a tilde over their symbols. Because SM fermions have different quantum
numbers depending on their handedness, it is common, and we will follow this
notation here, to denote the scalar superpartners with a handedness as well. For

example, the superpartner of the left-handed muon is denoted as fiy,.

For the Higgs boson it turns out that in order to guarantee anomaly cancellation and
that the superpotential is holomorphic two doublets have to be introduced, such

that the MSSM falls into the class of two Higgs doublet models. The fermionic
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Names spin 0 spin 1/2 | SU3)¢, SU(2), U(1)y

squarks, quarks | Q | (@, dp) | (ur dy) (3,2, %)
(x3 families) u ur, ul, (3,1, -2)
d dy d; (3,1, 1)

sleptons, leptons | L (v er) (v er) (1,2, -3)
(x3 families) e €x ely (1,1, 1)

Higgs, higgsinos | H, | (H H°) | (H} HO) (1,2, +3)

Hy | (HY Hy) | (H] Hy) (1,2, 1)

TABLE 1.1: Chiral supermultiplets in the Minimal Supersymmetric Standard
Model as presented in [69].

superpartners are called higgsinos. We summarise these chiral supermultiplets in

table 1.1.

The superpartners of SM gauge bosons are called gauginos. For the gluon we have
the gluinos, for the W+ W= and W° of the SU(2) symmetry there are the winos
and the superpartner of the U(1) gauge boson B is the bino. We summarise their

quantum numbers in table 1.2.

Since we have two Higgs doublets with overall eight degrees of freedom (dof) of
which three get eaten by the gauge bosons five Higgs scalars remain after elec-
troweak symmetry is broken. Two of them are neutral and CP even, one is neutral
and CP odd and the other two carry electromagnetic charge. One of the two neu-

tral, CP even states must be the Higgs boson of the SM with a mass of 125 GeV.

The neutral higgsinos will mix with the neutral gauginos to form neutralinos and
the charged higgsinos will mix with the charged gauginos to form charginos. We
will denote their lightest states with ¥ and Y7, respectively. The neutralino mixing

matrix is [69],
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Names spin 1/2 | spinl | SU(3)¢, SU(2)L, U(l)y
gluino, gluon g g (8,1,0)
winos, W bosons | W WO | W= Wwo° (1,3,0)
bino, B boson BO B° (1,1,0)

TABLE 1.2: Gauge supermultiplets in the Minimal Supersymmetric Standard
Model as presented in [69].

M1 0 —Cg Ssw My Sgsw Mz
0 My cgCw My  —SgCw My
My = ’ g . (1.15)
—CcgSwmz  CgCw Mg 0 —
SgSw My  —SgCw My —u 0

where M is the bino mass parameter, M, the wino mass parameter, y the higgsino
mass parameter, my the Z boson mass, and sy and ¢y are the sine and cosine of
the weak mixing angle, respectively. We define tan 8 as the ratio of the up- and
down-type Higgs vacuum expectation values, tan 5 = v, /vg, and have accordingly
sg = sin 8 and cg = cos8. To obtain the mass eigenvalues, the matrix can be

diagonalised by a unitary matrix, IN, such that we have as the lightest neutralino,
X1 :N11§0+N12W0+N13f[3+N14ﬁ3, (1.16)

where N;; are elements of the neutralino mixing matrix. We call x{ “bino-like” if
N1p is much greater than any other element (this is true if M; < My, ). This rule
generalises to terms like “wino-like” or “higgsino-like” for all four neutralinos and

both charginos.

Similarly, in the stop sector we have a mass matrix that mixes the left and right

handed stops. In the basis,

d = (tz,1r) , (1.17)
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and,
LD o m? ", (1.18)

we have [69],

[ mé,+mi+ A, w(agsin — py; cos §) (1.19)
v(aysin f — p*y; cos B) m%3 +mi + Ay

N

In this matrix, méS is the explicit soft-SUSY breaking mass term for the scalar su-
perpartner of the left-handed top quark and m%s is the corresponding term for the
superpartner of the right-handed top quark. The terms proportional to m? origi-
nate from quartic scalar interactions of two stops and two Higgs particles that are

proportional to the Yukawa couplings. The terms A arise from requiring that

ur,uR
the gauge sector is invariant under supersymmetric transformations and are fixed
by the gauge couplings, A; = (Ts 7 g* —Y; ¢'*)(v3—v2). Here, ¢ denotes the squark,
T5 and Y are the third component of the weak isospin and weak hypercharge, re-
spectively, and g and ¢' are the SU(2) and U(1) gauge coupling strengths. The
off-diagonal elements come from triple scalar couplings proportional to the Yukawa

coupling and the Higgsino mass parameter or, alternatively, to the supersymmetry

breaking, tri-linear couplings, a;.

In the sbottom sector a very similar matrix exists:

m2. + A v(af cos B — sin
m2 — Qs T dp (4} cos § = pugs sin ) (1.20)

v(apcos f — prypsin 5) m%g + A, -

2

Here, we have m;

, as the soft-SUSY breaking mass term for scalar superpartner
of the right-handed bottom quark and the bottom Yukawa coupling, v, appears

alongside the tri-linear couplings a; in the off-diagonal elements.

The lightest stop (sbottom) may be purely left handed if més is much smaller than

m2, (m%g). Mixing plays a role if the off-diagonal terms are not negligible and will
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reduce the mass of the lightest stop (sbottom). Choices of these parameters will
play an important role in Chapter 2, where we will discuss how they influence the

decay chains.

To avoid proton decay, the MSSM is equipped with an additional symmetry called
R-parity, effectively a Zs symmetry under which SM particles and SUSY particles
transform with opposite sign. This has immediate consequences. At a particle
accelerator SUSY particles can only be produced in pairs and the lightest SUSY
particle (LSP) is stable and, therefore, forms an ideal dark matter candidate. Be-
cause the DM particle has to be neutral there are two options in the MSSM, either
the lightest neutralino or the lightest sneutrino. From these two options the sneu-
trino is ruled out by direct detection searches due to its rather strong coupling with
the Z-boson. Neutralino dark matter is a vast area of research and realisations con-
sistent with the relic abundance, direct dark matter searches, indirect and collider

searches exist on a wide range of masses.

The quest to find SUSY has so far been unsuccessful and the elegance of the
original solution to the hierarchy problem is under question. However, because of
the numerous parameters in the MSSM it is too early to discard the theory already.
It is especially important to note that published limits on the superpartner masses
are highly model dependent and should be recast for each realisation separately.
We will present one such approach in chapter 2 in the context of interpreting an

observed dilepton excess in CMS in terms of the MSSM.

1.4 Thesis outline

In this chapter we have given an overview over three problems that the SM is
currently facing. These were the question of what dark matter is, how the baryon
asymmetry is generated dynamically and why the Higgs mass is so light. For each
of these problems we described ideas that can solve them. These included the

weakly interacting massive particle as a dark matter candidate that freezes out
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in the early Universe, electroweak baryogenesis that strengthens the electroweak
phase transition such that sphaleron processes are switched off inside the bubbles to
prevent washout and Supersymmetry that may cancel loop corrections to masses of
fundamental scalars. This thesis will incorporate these ideas and relations among

them in the following way:

In Chapter 2 we will suggest SUSY models to fit an observed dilepton excess as
observed by the CMS experiment. We will take this excess as an example to
show how limits from complementary collider searches can be recast onto a specific
SUSY model such that a solid statement about its validity can be made. In this
way we will test whether it is possible to explain this excess in terms of SUSY and
whether valid spectra are consistent with dark matter searches. This chapter is

based on [72].

Chapter 3, based on [73], will focus on relations between dark matter and baryogen-
esis. We will prove that both phenomena can be explained simultaneously by adding
vector-like fermions to the SM and will confront the model with constraints arising
from dark matter experiments, electroweak precision tests and collider searches.
We will also address an enhancement of the Higgs decay rate to two photons that

was observed by ATLAS and CMS.

In Chapter 4 we will propose the use of directional information to overcome the
neutrino bound that will limit future direct dark matter searches. We will show how
coherent neutrino-nucleus elastic scattering leads to this bound, compare the scal-
ing behaviour of directional and non-directional searches and calculate necessary

exposures to surpass this limit. This chapter is based on [74].

We conclude in chapter 5.



Chapter 2

Deviations in SUSY searches

One major goal of the Large Hadron Collider is to search for Supersymmetry which
is one of the most popular frameworks of physics beyond the Standard Model. If
SUSY is realised in nature, the minimal supersymmetric Standard Model forms the
most basic application of this framework to the SM. Many dedicated searches for
the MSSM are being carried out, but no definite evidence has been found up to
date putting pressure on low-energy SUSY. However, it is too early to write the

MSSM off quite yet, as we discuss in this chapter.

The constraints published by the LHC experiments are highly model dependent
as production cross-sections and branching ratios depend strongly on the MSSM
parameters. For example, in the left panel of figure 2.1 we show limits on elec-
troweak chargino-neutralino pair production. Depending on the decay mode of
the electroweakinos the limits can be more or less stringent. For wino-like light
electroweakinos that decay via left-handed sleptons current limits can reach up to
700 GeV for charginos and 400 GeV for the lightest neutralino [75]. If they decay
via W or Z bosons, the limits are weakened to approximately 400 GeV for charginos
and only 160 GeV for the LSP [76]. The situation is similar for stop production

that is shown in the right panel of the same figure.
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FIGURE 2.1: Exclusion limits on electroweak chargino-neutralino and direct stop
pair production in the left and right panel, respectively. These summary plots
were taken from the ATLAS collaboration [77].

Applying published limits to the MSSM is therefore not straight forward. Ideally,
each search should be reinterpreted for each given realisation of the MSSM to get
a trustworthy statement about its validity. This is a complex undertaking and not

possible in every study, however, we will present one such approach in this chapter.

Despite the lack of convincing evidence there are slight excesses that, while sta-
tistically non-significant, could form the first hint of SUSY or the MSSM. It is
interesting to investigate these excesses to see what can be learned from them
about the MSSM spectrum and which other channels could form complementary
tests. In this chapter we will investigate an excess found by the CMS (Compact
Muon Solenoid) collaboration in a final state consisting of two leptons, jets and
missing energy. An excess in the invariant mass distribution of the opposite-sign

same-flavour (OSSF') lepton pair has been observed at a significance of 2.60 [78, 79)].

It should be mentioned that it is statistically expected that some LHC studies
deviate from the expected results simply by the mere number of performed searches.
However, slight deviations always trigger detailed phenomenological studies and
serve as a source of creativity. Ultimately, each possible signal will start as a non-

significant excess, such that detailed investigations are interesting and important.
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We will start with defining relevant quantities used in LHC searches and presenting
the CMS and ATLAS (A Toroidal LHC Apparatus) detectors. Then, we outline
SUSY production at the LHC.

2.1 Introduction

The ATLAS and CMS detectors are general purpose detectors that are designed to
detect a wide range of new particles. The identification of particles in such a particle
detector occurs in many layers. Around the interaction point vertex detectors try
to find secondary vertices, i.e. the decays of particles that were produced at the
initial proton-proton interaction. Tracking systems around this layer record the
track of charged particles and, together with the magnetic field B, the ratio of
charge, (), to momentum, p can be measured by the curvature, r, of the track
via 7 o« QB/p. To identify the particle the energy loss, dE/dx is helpful which
possesses a proportionality as dE/dz o (Q/8)?, where 8 = v/c. The combined
measurement of § from the energy loss and of p from the curvature can then be

used to determine the mass of a particle with unit charge.

The following two layers, the electromagnetic and hadronic calorimeters measure
the total energy of particles. In an ideal situation the particle will be stopped
completely in the corresponding calorimeter such that its total energy is measured.
In the electromagnetic calorimeter electrons and photons are stopped that lose
their energy mainly via Bremsstrahlung and pair production, respectively. Hadrons
are measured in the hadronic calorimeter where they mainly ionise the material.
Particles that have only small energy losses in the detector and pass through all

these layers, like muons, can leave traces in the outer “muon chambers”.

In this section we will define basic quantities used in LHC analysis and present

both the ATLAS and CMS detectors.
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2.1.1 Collider basics

In both detectors the origin of the coordinate system is the interaction point. The
x-coordinate points towards the centre of the LHC, the y-axis is directed upwards
and the z-axis follows the direction of the anti-clockwise running (proton) beam

such that a right-handed coordinate system is defined.

The polar angle 6 is defined as the angle measured from the positive z-axis in the z-
y-plane. The pseudorapidity is then given by n = —log (tan(6/2)). The azimuthal

angle ¢ is measured around the beam axis in the x-y-plane. Then, a distance in the

angle space may be defined as AR = /(An)? + (A¢)2. Transverse quantities, like
transverse momentum pr or energy Ep and missing transverse energy P, relate

to the x-y-plane.

The invariant mass is defined as the squared sum of the momentum four vectors of

the final state particles,
n 2
i=1
and is generally used when looking for a s-channel resonance.

The invariant mass of a new resonance cannot be reconstructed if some final state
particles are invisible, e.g. in the semi-invisibly decay of the W boson, W — r.e.

In such a case missing transverse momentum can be defined as,

Pp=—  Priobs- (2.2)

A better way to find the mass of such a resonance is the transverse mass [80],

m(p1, 2) = (Bir + Eox)® — (Pir + Do)’ (2.3)
In the case of the leptonically decaying W boson p; and p, are the lepton and
missing momentum vector, respectively. Then, the distribution of m2 is cut off

sharply at the mass of the W which can be used to infer its mass.
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In this chapter, another mass variable will play a role, the so-called stransverse
mass, mro [81, 82]. It is a generalisation of the transverse mass when a pair of
semi-invisibly decaying particles is produced and defined as,

mTz(ﬁT,bﬁT,z, (TT) = min Hlax[mT(ﬁb (Tl)amT<ﬁ27 (72)] : (2-4)

q1,7+@,7=qr

In the case of a leptonically decaying W boson pair, ¢r would be the missing
momentum vector and p; r and ps r the momenta of the final state leptons. In this

case the distribution of mps is again bounded by the mass of the decaying particle.

After defining relevant quantities, we will present the ATLAS and CMS detectors

in the next section.

2.1.2 The ATLAS detector

The ATLAS detector [83] is the largest detector at the LHC. Its dimensions, that
measure 44m in length and 25m in height, are determined by the large muon
chambers. The muon chambers consist of 3 layers of tracking chambers with two
end-cap and one long barrel toroidal magnetic systems generating a strong magnetic
field of around 4T for track bending. The muon spectrometer has a coverage of

In| <2.7.

The inner part of the detector contains pixel detectors as well as transition radia-
tion and semiconductor trackers that are surrounded by a superconducting solenoid
magnet with a field strength of 2.6T. Tracking of charged particles occurs in these
inner regions for |n| < 2.5. The electromagnetic calorimeter uses liquid argon (LAr)
technology and covers a pseudorapidity range of |n| < 3.2. Hadronic calorimetry
is performed in a scintillator-tile calorimeter with a range |n| < 1.7. Addition-
ally there are end-cap LAr calorimeters that extend the range of electromagnetic
and hadronic energy measurements. A sketch of the ATLAS detector is shown in

figure 2.2.
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FIGURE 2.2: Schematic view of the ATLAS detector as shown in [83]

2.1.3 The CMS detector

The central superconducting magnet in the CMS experiment [84] is a 13m long
solenoid establishing a 4T field. In its interior there are pixel detectors and sil-
icon trackers that allow for charged particle tracking in a range |n| < 2.5. The
electromagnetic and hadronic calorimeter are placed inside this solenoid. In the
electromagnetic calorimeter lead tungstate (PbWWOy) crystals are used whose scin-
tillation light is detected by avalanche photodiodes. The covered range is |n| < 3.0.

There are pre-shower silicon detectors with lead absorbers.

The surrounding hadronic calorimeter (including end-cap) is made out of alter-
nating layers of brass and plastic scintillators covering a range |n| < 3.0. The
scintillation light passes through wavelength shifters to photo diodes for read-out.
An additional very-forward calorimeter is attached to extend coverage to |n| < 5.0.
Its layers are alternating iron and quartz-fibre. The latter ones emit Cherenkov

radiation that is detected in photomultipliers.

The muon detectors, placed around the solenoid, are a collection of drift tubes,
cathode strip chambers and plate chambers that altogether cover a range |n| < 2.4.
They are embedded with a steel yoke that guides the outer magnetic field lines of
the solenoid. We show a sketch of the CMS detector in figure 2.3.
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FIGURE 2.3: Schematic view of the CMS detector as shown in [84].

Having presented both general purpose detectors, we will give an introduction of

SUSY production at the LHC in the next section.

2.1.4 SUSY production at the LHC

In this section we discuss the production of SUSY particles at the LHC. The analysis
in this chapter will be mainly focused on squark/squark or squark/anti-squark

production such that we focus on these production channels here.

Squark/anti-squark pairs can be produced via gluon fusion processes either through
an s-channel gluon or a t-channel squark exchange, or through a four point inter-
action between two gluons and a squark anti-squark pair. Another possibility is
quark/anti-quark annihilation via a s-channel gluon or t-channel gluino exchange.
Squark/squark production proceeds via t-channel gluino exchange of an incoming

quark/quark pair.

Production of light squarks has to be treated separately from stop or sbottom

production. With light squarks we refer to the superpartners of the four lightest
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quarks. These superpartners are not necessarily lighter than sbottoms or stops.
Left-right mixing, that is proportional to the Yukawa coupling, can be neglected in
the light squark sector, whereas significant mixing can occur in the heavy squark
sector. Furthermore, it is usually assumed that the six soft SUSY breaking mass
parameters of the light squarks are degenerate. Hence, the production cross sec-
tion of the light squarks can usually be combined. In the heavy squark sector, on
the other hand, large Yukawa couplings may introduce large mixing effects (espe-
cially for the stop sector) and lead to substantial mass gaps between both mass

eigenstates.

Another difference between light and heavy squark flavours comes from the parton
distribution function (pdf), which describes how much of the proton’s momentum
is carried by a given parton depending on the energy scale of the scattering process.
Even though the LHC is mainly colliding gluons at these high energies, the final
SUSY production cross section will be a combination of all possible processes. Since
there are no top or bottom valence quarks in the proton, all t-channel production
processes with quark/(anti)quark pairs as initial state are suppressed for third

generation squarks.

We show in figure 2.4 the total cross section for pair production of strongly interact-
ing SUSY particles in picobarns. It is visible that stop-quark production is smaller
because of the pdf suppression. Since the LHC is a hadron collider, the production
of electroweak particles like charginos or neutralinos, is usually much smaller and
we will neglect it in our analyses. Note that this ultimately depends on the masses
of the charginos/neutralinos and should be considered separately in each spectrum.
We will point to electroweak production when it may be of importance throughout

this chapter.

The calculation of SUSY production cross sections contains uncertainties due to
the finite number of loops that are calculated and the resulting dependence on the
chosen factorisation scale, pp, and renormalisation scale, ugr. Renormalisation is a

prescription to ensure finiteness of observable quantities in a quantum field theory.
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FIGURE 2.4: Production cross section of strongly interacting SUSY particles at
the LHC at /s = 8 TeV as presented by the LHC SUSY Cross Section Working
Group [85].

The energy point at which this prescription is applied has to be chosen by hand and
introduces a renormalisation scale dependence. Factorisation is a method in QCD
calculations that separates short distance physics (i.e. parton interactions) from
long distance phenomena (i.e. hadronisation). A complete cross section calculation
has to include both processes and thus introduces the matching scale pr. The
dependence of the parton distribution functions on this energy scale is described
by the DGLAP (Dokshitzer-Gribov-Lipatov—Altarelli-Parisi) equations [86-88].
As only a finite number of loops is calculated these scale dependences remain and
theoretical uncertainties on cross sections are introduced. One expects this scale
dependence to become smaller when higher loops are evaluated. The uncertainties

from scale variations are typically of the order 10% [89].

Next to these theoretical difficulties, there are experimental errors on the pdf mea-
surements, such as deep inelastic scattering. Uncertainties in the pdfs can range

from around 5% for squark production to 15-30% for gluino production [89].

In this chapter, we will focus on the production of third generation squarks, stops
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and sbottoms, with decoupled light squarks and gluinos. For the cross section we
use calculations of the LHC SUSY Cross Section Working Group [85] that are based
on NLL-fast [90-92].

Having presented the ATLAS and CMS detectors and outlined SUSY production
at the LHC, in the next section we will present a CMS analysis that observed an
excess in the dilepton plus jets and missing energy topology. We will also suggest

MSSM models that could explain such an excess.

2.2 The dilepton edge

In the last section we have defined relevant quantities of LHC analyses and de-
scribed the ATLAS and CMS detectors. We have also explained SUSY production
cross sections and their uncertainties. In the following chapter we will present a
CMS analysis that measured an excess in the dilepton invariant mass distribution

and propose simplified MSSM models that can give such a signal.

2.2.1 CMS dilepton analysis

CMS has reported an excess of events in the dilepton plus missing energy chan-
nel [78, 79] in the 8 TeV, 19.4 fb~! data. The analysis requires an opposite-sign
same-flavour (OSSF) lepton pair with pr > 20 GeV. It also requires two or more
jets with pp > 40 GeV and ' > 150 GeV or three or more jets with pp > 40
GeV and F > 100 GeV. The excess is observed in the central region where both
leptons satisfy |nep| < 1.4. It exhibits an edge in the dilepton invariant mass dis-
tribution around my, = 78 GeV. The counting experiment in the my € [20,70]
GeV region shows an excess of ~ 130 events over the Standard Model expectation,

which corresponds to a standard deviation of 2.60.

The excess of the signal is fitted kinematically as a triangular-shape edge at my =

78.7+ 1.4 GeV. Such a kinematic edge is a characteristic signal of SUSY, where a
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SUSY particle undergoes a two-stage two-body decay. The kinematic edge formed
by a pair of leptons can be interpreted as the cascade decay of a neutralino: Y3 —

(E0F — (=073 (on-shell slepton decay) [93]. The edge would appear at [94-97]

2 2
_ _ mg . % ) Vi (EPFRO

It is also possible to interpret the edge as a three-body decay signal of a neutralino,
X9 — (F£7XY, where the lepton pair is produced via an off-shell Z (off-shell Z
decay). The shape of the edge would be more rounded compared to the two-stage
two-body decay, but as shown in the original CMS analysis, the three-body decay
still provides a good fit. It appears simply at

Medge = Mgy — M0 X5 = RN (2.6)

In order to have two or more high pr jets as required in the event selection, and to
boost the direct production of Y we consider production of coloured SUSY parti-
cles, which subsequently decay into 3. The final CMS analysis [79] reported that
most of the excessive events are associated with at least one b-jet. This information
rules out light squark scenarios and disfavours pure electroweak production. Thus,

we will concentrate on an explanation in terms of bottom squark production.

The ATLAS experiment also released an analysis of the jets plus OSSF dilepton
channel [98]. They explicitly looked at the signal region employed in the CMS
dilepton analysis but did not find any significant excess. This casts a doubt that the
observed dilepton excess is merely due to the statistical fluctuation or background
mismodeling. The next run of the LHC will provide a definitive answer to this
question. It should be noted, that the ATLAS team did not constrain the leptons

to be central which may be important for a signal.

We take a bottom-up approach by considering simplified SUSY models with mini-

mal particle content at low energy to reproduce the excess optimally. Some SUSY
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models have already been studied in earlier works [93, 99], but a detailed collider
study is still missing.! We will fill this gap here. In the next section we present the

considered sbottom models.

2.2.2 Sbottom scenarios

One way to interpret the CMS dilepton excess that we presented in the previous
section is to assume that the observed dileptons in the excessive events come from
cascade decays of bottom squarks. The decay mode to charginos, b; — tXE, is
kinematically forbidden if my < m; + My, which we consider here because the
emergence of top quarks would increase constraints. We will look at two possible
scenarios, the on-shell slepton and the off-shell Z models that differ in the Y9 decay

mode.

In the on-shell slepton scenario the X3 may decay either via a right-handed charged
slepton or a left-handed charged slepton and sneutrino. We will treat these two

cases separately in our analysis.

If the mediating slepton is right-handed, Y9 predominantly decays into two charged
leptons and ¥! via its higgsino component, and the events tend to have more than
two leptons in the final state. Such models are severely constrained by the multi-
lepton plus missing energy searches. To avoid these constraints, we assume 70 % of
sbottoms decay into a bottom quark and a Y and the rest of shottoms decay into
a bottom quark and a 9. This situation can be achieved if 9 is wino-like and b,
has a large component of br. We have the following decay chains in the sbottom

with on-shell slepton model.

by — bX9 — bOEIT — bOEFY - 30%,

by = by - T0%.

1See [100] for a non-SUSY interpretation of the observed excess.



Chapter 2. Dewiations in SUSY searches 50

BR(b; — b+ X5/%%) = 50/50% BR(by — b+ X5/X%) = 30/70%
""""""" 51 """""""51
l\b/b l\b
-------------- X5 R LR
l\ng/V . l\gﬂF
::::::::::::::{L .............. l%
NI L N,
= /v t
-------------- % cmmemmemeee

FIGURE 2.5: Decay chains of on-shell slepton mediated sbottom scenarios (left:
left-handed slepton model, right: right-handed slepton model).

In the case where the mediating slepton is left-handed, sneutrinos are introduced
as SU(2) partners of charged sleptons. We assume that sneutrinos and charged
sleptons are mass degenerate and Y9 decays democratically into charged sleptons

and sneutrinos.

by — bX9 — bOECT — bOEOFRY - 25%,
by — by — b — bovx? - 25%,
by = bx) - 50%.

The schematic picture of these cases is shown in Fig. 2.5.

We will now discuss the off-shell Z model for the sbottom scenario, in which the x5
undergoes a 3-body decay via an off-shell Z. Because of the small branching ratio
of the Z into leptons (about 7% into electron and muon pairs), we need sbottoms to
have a sizeable decay branching ratio to 3. Otherwise the dilepton event rate would
be too small. One way to realise this situation is to have a higgsino-like Y3, a mostly
right-handed by and to assume a large sbottom-bottom-higgsino coupling due to a
large tang. It is shown in [99] that for tan3 = 50, m; ~ 330 GeV and a higgsino
mass parameter p ~ 290 GeV around 44% of sbottoms decay to the roughly mass-

degenerate Y9 and x3. This model point predicts about 1o less events than the
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FIGURE 2.6: Decay chains of off-shell Z mediated sbottom scenarios (left: right-
handed sbottom model, right: left-handed sbottom model).

central fit without being excluded. In order to explore the parameter region that
could possibly contribute to the excess in more detail, we expand the study of this
scenario by varying the parameters M, p and my , while fixing tanf = 50. The
mass spectrum and particle decay branching ratios of this simplified model are

calculated using SPheno [101, 102].

Alternatively one can obtain a large branching ratio of sbottom decaying to Y9 by
assuming that by is left-handed and 9 is wino-like. Due to SU(2) gauge invariance
a left-handed top squark, #;, is necessarily included in the low energy spectrum.
For simplicity, we assume my = mj . We consider the following decay chains for

the left-handed sbottom with off-shell Z model.

by — bX9 — bf X0 (via Z%) : 100%,

t—= b5 = bf XY (viaW*) © 100%.

A schematic picture of the off-shell Z sbottom scenarios is shown in Fig. 2.6.

The sbottom scenarios are the priorities of this work, but let us also touch on the
possibilities of explaining the dilepton excess with the remaining coloured sparticles
in SUSY, namely gluino and stop. Gluinos can decay into Y3 via an intermediate

squark and will thus not be very much different from the sbottom scenario other
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than a larger jet multiplicity. Stops decay into a top quark and would lead to an
extra lepton that plays no role in explaining the dilepton excess. It is not clear how
gluinos or stops could explain the dilepton excess without inducing additional jet
or leptonic constraints, and hence we are not going to study these scenarios further

in this analysis.

We will confront the suggested sbottom scenarios with a comprehensive list of
other LHC constraints originating from ATLAS and CMS direct SUSY searches.
In order to accurately estimate the LHC constraints and simulate many analyses
systematically, we use the automated simulation tool Atom [103]. In the following

section we describe that simulation in greater detail.

2.3 The simulation setup

After presenting the CMS analysis and suggesting sbottom scenarios that can ex-
plain the excess, in this section we will describe our procedure to calculate the
contribution to the CMS dilepton excess and the constraints from other ATLAS
and CMS SUSY searches.

For the stop and sbottom production cross sections, opoq, We use results from the
LHC SUSY Cross Section Working Group based on [85]. We create SUSY Les
Houches Accord (SLHA) files of our simplified models for the event generation and
pass them to Pythia 6.4 [104] to generate 10 - oppoq - £ events with a maximum
of 5-10°, where £ = 19.4 fb~! is the integrated luminosity at the CMS dilepton
analysis. We then run Atom [103] on the generated event files in HepMC format to
estimate the efficiencies, ¢, of the signal regions defined in all the ATLAS and CMS
analyses that will be used in this work. Application examples and validation of
Atom can be found in [105-107]. We have implemented the CMS dilepton analysis
in Atom and validated it using the cut-flow tables given by the CMS collaboration

based on the b; — bxd — b4~ simplified model. The comparison in the number
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channel search for arXiv or CONF-ID refs
2—6j+00+FEp |G, g ATLAS-CONF-2013-047 | [109]

1405.7875 [110]
264 00 + P £,b 1308.2631 [111]
4j+ 14+ Er t ATLAS-CONF-2013-037 | [112]
>2j+>1U+Fr | §g (1or20) ATLAS-CONF-2013-062 | [113]
25 + 20+ Fr dilepton edge CMS-PAS-SUS-12-019 | [78, 79]
2] + 0=+ Fr | G,§,1,b (SS lepton) | ATLAS-CONF-2013-007 | [114]
2§+ 20+ Fr t(2¢) ATLAS-CONF-2013-048 | [115]

1403.4853 [116]
2,30+ Er =, %0, 0 1404.2500 [117]

1405.7570 [118]
30+ P =, %° 1402.7029 [75]
>30+ Fr 1+, X0 CMS-PAS-SUS-13-002 [119]

TABLE 2.1: Complementary LHC searches used to test the viability of the sim-
plified models.

of expected signal events calculated by Atom and CMS is shown in Appendix A.
We also cross-checked some of the analyses with CheckMATE [108].

From the obtained cross section and efficiency, the SUSY contribution to the CMS
dilepton excess is calculated as Ny = oo - L, where the effective cross section,
Oeff, 15 defined as the cross section after the event selection: oy = € - Oproa. For
the other ATLAS and CMS analyses the 95% CL upper limit on o.¢, our, is
reported for each signal region by the collaborations. We define a useful measure
for exclusion as R = oeg/oyr. The model is likely to be excluded if R > 1 is found
for one of the signal regions. To draw a definite conclusion one should combine all
signal regions statistically. Non-trivial correlations among them originating from
the uncertainties on, e.g., the jet energy scale or the lepton efficiencies, do not allow
us to combine the signal regions correctly. Instead, we will look at the exclusion
measure R of each signal region individually to understand which searches are most

sensitive to the model points.

In Table 2.1 we list the ATLAS and CMS analyses we consider in this work. We
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include the multi-jet [109, 110] and di-b jet [111] analyses, jets plus single [112] or
two lepton [78, 79, 114] (including same-sign (SS) dilepton [114]) analyses [113] and
multi-lepton analyses [75, 117-119].

In the next section we investigate whether the suggested SUSY models can fit the
CMS dilepton excess and at the same time avoid constraints arising from these

analyses.

2.4 Results

We have presented the simulation setup in the last section and explained the re-
casting of SUSY limits via an estimation of the efficiencies of the different signal
regions. In this section we present the results for the sbottom scenarios. We start

with the on-shell left-handed slepton model.

2.4.1 On-shell slepton models

In Fig. 2.7 we show Ny /130 and R of the most constraining signal regions as
functions of my . As discussed previously, we assume mgy < my, — my to avoid
tops in the decay chains which would lead to more stringent constraints. Within
this condition we examine four different mass gaps: Am = m; — mygy = 50, 90,
130 and 170 GeV. The left-handed slepton mass is fixed at m;, = my — 40 GeV,
which we found to maximise the contribution to the dilepton edge, and Mmgo 18
set for each combination of Mgy and mg, such that meqqe in Eq. (2.5) is 78 GeV.
The intermediate slepton can either be a sneutrino or a charged slepton and the

branching ratio of Y3 into these states is assumed to be equal. Therefore, only half

of the produced x5 decay into an OSSF dilepton pair and a 3.

In Fig. 2.7 we see that a good fit can be obtained for sbottom masses between
420 and 520 GeV, depending on Am. However, these model points are strongly
disfavoured by the L100 and L110 signal regions of the ATLAS stop search [116].
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FIGURE 2.7: Signal rate and R-values for the on-shell left-handed slepton medi-

ated sbottom models. The black line indicates the contribution to the dilepton

signal region, the red and blue solid lines represent the exclusion limits from the

L100 and L110 signal region of the ATLAS stop search [116], respectively. The

green shaded area is the 1o region around the best fit to the excess, whereas the
grey shaded areas are disfavoured by the complementary searches.

The L110 signal region requires the same final state (25 + 2¢ + Er) as the CMS
dilepton analysis, in particular an OS lepton pair with pr > 25 GeV and at least
two jets with pr > 20 GeV. The condition mps > 110 GeV is also imposed, which
is very effective in reducing the tf and W + jets backgrounds. The event selection
in the L.100 signal region is very similar to the L.110 signal region. The difference is
that the lepton pr requirement is raised to (p%, p%?) > (100, 50) GeV and myy > 100
GeV is imposed. As the lepton pr requirement is raised with respect to L110, L100

is especially sensitive to larger mass gaps.

In Fig. 2.8 we show the contribution to the excess and the constraints from other



Chapter 2. Dewviations in SUSY searches 56
my, =m;—50 GeV , m;, =my, —40 GeV my, =m;—90 GeV , m; =my —40 GeV 30
— Lhv: 1403.4853 Sriv
arXiv: . arXiv: 1403.4853
__ L100 2.5 L100 2.5
arXiv: 1403.4853 " arXiv: 1403.4853
— Central m,, €[20,70] GeV || 5 — Central m, €[20,70] GeV || 5
CMS-PAS-5US-12-019 || CMS-PAS-5US-12-019 ||

%400 550 600 650

m[GeV]

450 500

L110
arXiv: 1403.4853
L100
arXiv: 1403.4853

Central m, €[20,70] GeV
CMS-PAS-5US-12-019

02?00

450 500 550

m;[GeV]

600 650

76%0

my, =m;—130 GeV , my =my,—40 GeV 30

70%' 0

%400

450 76%0

500 550

m;[GeV]
my, =m;—170 GeV , m; =my, —40 GeV 3

600 650

L110
arXiv: 1403.4853
L100
arXiv: 1403.4853
Central m,, €[20,70] GeV
CMS-PAS-5US-12-019

%050

450 76%0

500 550

mi[GeV]

600 650

FIGURE 2.8: Signal rate and R-values for the on-shell right-handed slepton
mediated sbottom models. Coloured lines and shaded regions are the same as

before.

searches in the on-shell right-handed slepton model for the four different Am, sim-

ilarly to Fig. 2.7. In this scenario Y9 decays into an OSSF dilepton and a X! with

the branching ratio of 100 %. The results are similar to the left-handed slepton case

and the region where the model gives a good fit is strongly disfavoured by the L110

and L100 signal regions of the ATLAS stop search. The similarity of the results

amongst the left- and right-handed slepton scenarios can be understood because

the kinematics of the dilepton events are similar for these scenarios. Our choice

of branching ratios within the slepton models was ad hoc when we proposed the

models. Since the strongest constraints on these models arise from the stop search

that has the same topology as the CMS dilepton analysis, this choice is however

irrelevant to our conclusions. Changing the branching ratios of the sbottom decays

would affect the dilepton signal region and L100/1.110 from the stop search in the

same way. We conclude that it is difficult to attribute the CMS dilepton excess to



Chapter 2. Dewiations in SUSY searches 57

the sbottom with on-shell slepton models if the constraint from the ATLAS stop

search [116] is taken into account.

2.4.2 Off-shell 7 models

We now turn to the sbottom with off-shell Z models. The first model we investigate
is the right-handed sbottom model where x5 and x5 are mostly higgsino-like and
X! is mostly bino-like. In this model the masses of three lightest neutralinos are
calculated from the parameters, p, M, and tan g3, fixing M, at 3.5 TeV. Since we
assume > M, we have mgg ~ mgg ~ p and mge ~ M; and both Y3 and X3
can contribute to the excess through their decays into an off-shell Z boson and
a x}. The decay rate of the sbottom into the higgsino states is dictated by the
sbottom-bottom-higgsino coupling which is proportional to tan . In order to have
a large signal rate, we take tan 8 = 50 in our numerical scan. We again examine
four different mass gaps Am = 50, 90, 130, and 170 GeV between the sbottom
and Y9. To this end we vary u such that \9 takes the desired mass set by Am.
M is chosen such that mgg — mg = 70 GeV. The mass of the lightest sbottom is
calculated from given parameters fixing the left-handed third generation squarks
mass, mg,, at 1.5 TeV. A table with parameter values for each model point can be

found in the Appendix B.

In Fig. 2.9 we show our results again in terms of Ny /130 and R. First we note that
the strong constraint from L100 and L110 observed in the on-shell slepton models
is relaxed. To understand this we compare the distributions of mry between the
on-shell right-handed slepton (blue) and off-shell Z models (red) in Fig. 2.10 at
similar mass spectra. We take (mj ,mgg) = (400,230) GeV and fix mg such
that megge > 78 GeV for both models, and for the on-shell slepton model we take
m; = 190 GeV. In Fig. 2.10 we see that the off-shell Z model tends to give smaller

mro compared to the on-shell slepton model. The solid (dashed) vertical black line

represents the event selection cut on the mpy variable employed in the L100 (L110)
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FIGURE 2.9: Signal rate and R-values for the off-shell Z-mediated right-handed

sbottom-higgsino models.

The purple line indicates the exclusion limit from

the SRA mCT150 signal region of the ATLAS di-bottom analysis [111]. Other

coloured lines and shaded areas are the same as before.

signal region. As can be seen, the off-shell Z model is less sensitive to the the L100

and L110 signal regions than the on-shell slepton model.

Figure 2.9 also shows that for Am > 90 GeV the SRA mCT150 signal region in the

ATLAS di-bottom analysis [111] is the most constraining and much of the preferred

region of the dilepton excess is indeed disfavoured by this signal region. This search

looks for two energetic b-jets with pr > 130 and 50 GeV in events with mcr > 150

GeV 2 and F; > 150. Events containing an electron (pr > 7 GeV) or a muon

(pr > 6 GeV) are rejected in this analysis. This signal region is more constraining

for larger Am because the event selection requires two energetic b-jets.

2 mer = \/ (E%1 + E;’?)Z — (pg} — ng)Q, where Er and pr are the transverse energy and the

transverse momentum vector, respectively.
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FiGURE 2.10: Histogram of mgps-distribution for sbottom production for both

the off-shell Z and on-shell RH-slepton mediated case. The sbottom mass is

400 GeV and mgo = 230 GeV. For the off-shell slepton mediated case we have

mp, = 190 GeV and mg = 151 GeV. The black solid (dashed) vertical line

indicates the cut on mzy from the L100 (L110) signal regions of the ATLAS stop
search [116].

For Am = 50 and 90 GeV we find the regions where the observed excess can be
explained at 1-o level without R > 1 from other searches. This result is consistent
with the findings reported in [99]. The authors also discuss in their paper that the
presence of light higgsinos allow for a large enough dark matter annihilation cross
section to get the correct relic abundance. However the valid regions are already
in tension with other searches. In particular the ATLAS stop [116] and ATLAS
di-bottom searches [111] that were neglected in previous studies give values of R

only slightly smaller than unity in these regions.

In Fig. 2.11 we show Ny /130 and R as functions of my, in the left-handed sbottom
model where 9 ()ﬁ) is assumed to be wino-like and decays predominantly to an
off-shell Z (W) and a bino-like xJ. We again show the results for four different
mass gaps and fix mg = myy — 70 GeV to fit the central value of the counting
experiment. As we have mentioned in section 2.2, we assume the presence of the

top squark, 1, with mg, = my . The solid curves in Fig. 2.11 represent the results

with both 515’{ and #,#} production processes. To see the impact of £;£* production
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FIGURE 2.11: Signal rate and R-values for the off-shell Z-mediated left-handed
sbottom model. Pure sbottom production is indicated by dashed lines and com-
bined sbottom and stop production by solid lines.

on the result, we also plot the contribution to Ny /130 and R solely from 5113’{ using

dashed curves.

One can see from Fig. 2.11 that for Am = 50 and 90 GeV the model is strongly
constrained by the SL5j signal region in the ATLAS jets plus 1-2 lepton analysis
[113]. This signal region requires a soft single electron (muon) with py € [10, 25]
([6,25]) GeV and veto additional electron (muon) with pr > 10 (6) GeV. It also
requires > 5 jets with pr > (180, 25,25,25,25) GeV. The SL5j signal region is
more sensitive to the #;% topology where one of the stops decays hadronically
t, — bxi — WYY — bgg'x? and the other decays leptonically #; — by —
bIW*XY — blrxY, because the event selection requires a single lepton. We also note
that the SL5j signal region becomes less sensitive for larger Am because the leptons

from the stop cascade decay chain are boosted in this case and do not pass the low



Chapter 2. Dewiations in SUSY searches 61

pr requirement (< 25 GeV) efficiently. However, for larger Am the SRA mCT150
signal region becomes more constraining. In particular the preferred region for the

dilepton excess is disfavoured by this signal region at Am = 170 GeV.

As a result we find a good fit to the dilepton excess at Am = 130 GeV and
my € [350,400] GeV, although this region is already in tension with the SL5;
signal region in the ATLAS jets plus 1-2 lepton analysis. In addition, there is an
additional constraint on the Y — #; mass plane from CMS single-lepton analysis
[120], which is not included in our analysis. This analysis does not use the cut-
and-count method but instead uses a multivariate Boosted Decision Tree method,
which prevents us from implementing this analysis. While recasting this analysis
is out of the scope of this work, it is worthwhile to deduce its constraint on our
models. Specifically, the exclusion contour on the Y9 —#; mass plane with chargino
mass fixed at mgz = 0.25 mg +0.75 my in the CMS analysis is most relevant to
the allowed parameter space in our study (mﬁ ~ 0.3 mg +0.7 m;(?). At mj, ~ 380
GeV the CMS analysis excludes mgo < 200 GeV, while we find the best fit to the
excess at values around mg = 180 GeV and m; = 380 GeV, as can be seen in the

bottom left plot (Am = 130 GeV) in Fig 2.11.

One might wonder whether electroweak production rules out this possible fit. As
we mentioned earlier the mass limit for the LSP is about 160 GeV when the lightest
chargino and second lightest neutralino decay via off-shell W or Z bosons. To fit
the central value of the excess we would have here mgo ~ 170 GeV and Mg gt R
240 GeV, which is not yet excluded. Note again that electroweak production cannot

contribute to the excess because of the presence of bottom quarks.

We will now investigate whether this set of parameters allows the neutralino to set
the correct dark matter relic abundance. One way to achieve this for a bino-like
LSP is the so-called A-funnel, where the CP-odd Higgs, A, serves as a s-channel
resonance. For the mass spectrum that gives a good fit to the dilepton excess we
have a LSP mass of around 160 GeV, such that A should weigh around 320 GeV.

To obtain a good relic abundance we find that a large tan 8 is needed, which is
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FIGURE 2.12: Variation of b, branching ratio into X3 for off-shell Z mediated
left-handed sbottom scenario with no stop production. The colour indicates
Ny /130 and the black curves are lines of constant Ryax.

excluded by searches for heavy Higgs bosons, see e.g. [121]. A second option would
be to give a sizeable higgsino coupling to the LSP through a small x4 parameter.
To get a large enough annihilation cross section, we find that the higgsino, X9, is
introduced into the spectrum and alters the decay channels of stop and sbottom.
Hence, our simplified model is not representative and the dilepton excess is not
fitted any longer. We conclude that a consistent dark matter relic density is not

possible in the spectra that we considered.

It is interesting to see that the difference between the black solid and black dashed
curves are small, whereas the difference is large amongst the blue solid and blue
dashed curves in the bottom left plot (Am = 130 GeV) in Fig 2.11. This means that
the 51~I production gives the main contribution to the dilepton excess, while the
model is disfavoured mainly by the additional ¢;#; production. Before concluding
our study, in figure 2.12 we show the contribution to the dilepton excess and the
constraint from other searches in the mj versus BR(b; — bx9) plane concerning

only the byb* production. In this study we assume BR(b; — bx?) = 1 — BR(b; —
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bx3). The region is divided into 3 colours, (red, green and blue) which correspond
to an under, good or over fit of the dilepton excess respectively. The R value of the
most constraining signal region is shown in the black contours. One can see that a
good fit is found for m;, € [340,380] GeV and BR(b — bY3) 2 0.8 without having
R > 1 from other searches. Within our exploration we did not find models where
the sbottom is mostly right-handed and BR(b — bx9) = 0.8 and it is difficult to
achieve such a situation within the MSSM. This indicates that models that have a
large cross section of the topology equivalent to b; — bx5 — bZ*x{ can in principle
explain the CMS dilepton excess avoiding constraints from other ATLAS and CMS
direct SUSY searches.

2.5 Conclusions

The search for Supersymmetry is still ongoing and, if realised in nature, a first hint
will eventually be observed at the LHC. We have investigated one such possibility
here in the example of an observed dilepton excess that forms an edge in the dilepton
invariant mass distribution [78, 79]. Such an edge is a characteristic SUSY signal if
a particle undergoes a two-stage two-body or a three body decay. As there are b-jets
associated with the excessive events we considered the decay of bottom squarks into
neutralinos that then either undergo a cascade decay via an intermediate, on-shell

slepton or an off-shell Z decay.

Constraints on the MSSM from collider searches at the LHC are model dependent
and should ideally be reinterpreted for each given realisation of the parameters.
One such an approach using the automated simulation tool Atom [103] and recast-
ing existing limits onto our specific models to obtain solid statements about their
viability has been chosen here. We selected a comprehensive list of LHC SUSY

searches that constrain the relevant topologies.

The considered models are already in strong tension with the experimental data

once we demand a good fit to the dilepton excess. In particular, strong limits
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arise from an ATLAS stop search [116] with identical final state topology that has
been neglected in other attempts to fit this excess. This analysis alone rules out the
interpretation of the excess in terms of an intermediate left- or right-handed on-shell
slepton, see Fig. 2.7 and Fig. 2.8, respectively. We confirmed the result reported in
[99] and showed that the right-handed sbottom model with higgsino-like ¥ and 9
decaying predominantly into an off-shell Z can explain the dilepton excess at 1o
level, although the model is already in tension with the ATLAS di-bottom search
and the ATLAS stop search, as can be seen in Fig. 2.9.

This tension can be ameliorated if the left-handed sbottom model with wino-like
X3 is considered. However, the left-handed stop must be introduced in this model
and creates tension with the ATLAS jets plus 1-2 lepton analysis as can be seen
in Fig. 2.11. We have also shown that the neutralino cannot generate the correct

dark matter relic abundance.

These results indicate that a more complex SUSY scenario should be considered to
explain the CMS dilepton excess. It is also of general interest to further develop

the automation tools for the recasting of limits.
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Deviations in the Higgs sector

One big problem of particle physics was that mass terms of gauge boson could not
be constructed in a gauge invariant way. Hence, there was a problem of explain-
ing boson masses that were highly expected ever since the formulation of Fermi’s
interaction in 1933 [122]. A possible way out was presented by Nambu [123] and
Anderson [124] using the method of spontaneous symmetry breaking to preserve
gauge invariance and generate a mass term dynamically for scalar particles. How-
ever, these theories always predicted the existence of massless “Nambu-Goldstone”

bosons that were not observed in nature.

It was then shown by Brout and Englert [125], Higgs [126], and Guralnik, Hagen
and Kibble [127] in 1964 that in a local gauge theory, the degrees of freedoms that
formed the massless states disappeared from the theory. They instead form longi-
tudinal modes of the gauge bosons that acquire a mass, a theory now simply known
as the “Higgs mechanism”. This breakthrough culminated in the formulation of
the Standard Model by Weinberg [128] and Salam [129] who applied the concept
to the unification of electromagnetic and weak forces as had been suggested by
Glashow [130]. After the discovery of the top quark by the CDF and D) group in
1995 [131, 132] the Higgs was then the last missing piece of the Standard Model.

65
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The construction of the LHC was additionally motivated by the fact that the scat-
tering amplitude of the longitudinal components of W bosons will violate unitarity
at high energies if the Higgs is excluded from the SM. This formed the “No-Fail
theorem” for the construction of the LHC. New physics had to show up to restore

unitarity and the Higgs formed possibly the simplest realisation.

At last, the Higgs particle was found by the ATLAS and CMS experiments in
2012 [1, 2], a discovery that forms a great success for particle physics and fin-
ishes a quest that began more than forty years ago. The new resonance not only
completed the SM, but at the same time opened up possibilities to look for new,
beyond the Standard Model physics. Any deviation of the Higgs properties from
expectations would be interpreted as a hint of new physics. Global fits of the
Higgs data have shown that the new resonance indeed behaves like the expected
SM Higgs boson [133-135]. Nevertheless, at that time the observed decay rate to
two photons showed an excess in both experiments, ATLAS and CMS [136, 137].
We will take this as an example to discuss how deviations in the Higgs sector can
hint at new physics. In this chapter we will address possible implications of an
enhanced diphoton rate for dark matter and baryogenesis. We begin by reviewing

Higgs production and decays at the LHC.

3.1 Introduction

3.1.1 Higgs production and decays

In this section we will summarise the main production and decay channels of the
Higgs boson at the LHC. As the Higgs coupling to other SM particles is proportional
to their masses, these channels mainly include the top and bottom quark and the
W and Z bosons. The dominant production channel is gluon-gluon fusion via a
virtual top quark loop, followed by vector boson fusion where the Higgs is produced

together with two quarks. Associated production of the Higgs with a W or Z
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Fi1cure 3.1: Dependence of Higgs production cross section and decay branching
ratios on its mass as presented by the LHC Cross Section Working Group [138].

boson or a heavy quark pair forms another important production mode. Di-Higgs
production is suppressed relative to these processes due to an additional weak
coupling appearing in the Feynman graph. In the left panel of figure 3.1 we show
the dependence of the different production cross sections on the Higgs mass for a
centre of mass energy /s = 8 TeV, as presented by the LHC Higgs Cross Section
Working Group [138].

Similarly, the Higgs decay into the heaviest, kinematically accessible particle will
have the largest branching ratio. Hence, the dominant decay into quarks will
produce bottom quarks and the dominant leptonic decay will have a tau pair in
the final state. At the measured Higgs mass of 125 GeV the Higgs can only decay
into two gauge bosons if one of them is virtual. Nevertheless, the branching ratio

into WW* is only slightly smaller than the branching ratio into bb.

Decays to massless particles such as gluons or photons are induced via loops. The
Higgs to di-gluon decay is the reverse of the gluon-gluon fusion production mode
where a heavy quark runs in a loop. Decays into Z~ are induced via W bosons

running in the loop. The same process also allows for a Higgs to diphoton decay,
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which gets an additional contribution from fermion loops. The right panel of fig-
ure 3.1 summarises the dependence of branching ratios of possible Higgs decays on
the Higgs mass, again taken from the LHC Cross Section Working Group. Since
we are interested in the enhanced Higgs to diphoton rate, we will discuss this decay

channel in greater detail in the next section.

3.1.2 Diphoton excess

Both CMS and ATLAS experiments measured an enhancement of the Higgs decay
into two photons. In terms of the signal strength, u = o/ogy, the excess in the
diphoton channel was measured to be 1.6 £ 0.4 in the CMS and 1.8 £ 0.5 in the
ATLAS experiment [1, 2]. Here, o is the inferred cross section from the data and
osm the cross section expected from the SM for a fixed Higgs boson mass. These
were later refined to 1.56 + 0.43 [137] and 1.65 £ 0.24 [136], respectively. Even
though these measurements do not form a statistically significant deviation from
the expectations, it was intriguing at that time that both independent experiments

measured a slight excess.

New data has moved the signal strengths into regions that are consistent with
the SM predictions. The most recent ATLAS and CMS analysis find values of
1.17 £ 0.27 and 1.14 4 0.21, respectively, [139, 140]. Nevertheless, we will use this
as an example to show how deviations in the Higgs sector could point to models
beyond the SM. In this chapter we suggest possible relations to dark matter and,
simultaneously, to baryogenesis. Let us review the Higgs decay into two photons

first.

As discussed in the last section this loop-induced decay mode has two main contri-
butions coming from W bosons and top quarks running inside the loop. The decay
rate is given by [141, 142]

L(h — vy) o< [Ai(Tw) + %Al/g(n) : (3.1)
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where A; and A,y are loop functions for bosons and fermions, respectively, and
mj,
am2 -

Te = The factor 4/3 in front of the top contribution originates from N, - Q?
with N, = 3 as the number of colours and @) = 2/3 as the electric charge. The loop

functions are

20+ (r =1 f (7))

A1/2(T) = -2 ) (32)
3 3(27-1 T
A(r)=-2——-— ( Z)f( ), (3.3)
T T
for fermions and bosons, respectively, where the function f(7) is given by
arcsin® /7 forv <1,
(3.4)

FO=9 1/ L+vVI—r T\’
_Z (—m—i—log l:ﬁ]) forT > 1.

Being boson and fermion, the amplitudes of W and top quark have opposite signs
such that destructive interference occurs. Their single contributions are A; (1w ) =
—8.32 and 4/3 Ay /5(1;) = 1.84 showing that the W contribution dominates. In
order to enhance the decay rate into two photons, we either have to mimic the
bosonic contribution or overcompensate with a larger fermionic contribution. We
will chose the first way here and mimic bosons using vector-like leptons. As we shall
see such a model will provide a valid dark matter candidate and has interesting
consequences for the strength of the electroweak phase transition. In the next

section we present the Lagrangian.

3.2 Vector-like leptons

Vector-like leptons are leptons whose left and right handed components transform
in the same way under the standard model gauge groups. Past works have demon-
strated that not only can vector-like fermions enhance the diphoton rate [143-149],
but also that there are possible connections to other phenomena such as dark mat-
ter [150-153] or baryogenesis [154]. We take this as a motivation to examine these

connections in greater detail - in particular we aim to explore the compatibility of
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Field L ‘R e, el | Vg, VL

SU(3) x SU(2) x U(1) | (1,2,-1/2) | (1,1,-1) | (1,1,0)

TABLE 3.1: SU(3) x SU(2) x U(1) quantum numbers of the new fermion fields.

an explanation of both dark matter and baryogenesis within one single setup of

vector-like fermions and see what its implications for the Higgs diphoton rate are.

In this chapter we investigate the model proposed in reference [150]. We will use
the exact same notation here in order to avoid unnecessary confusion and present
the Lagrangian and resulting mass matrices. Note that such a model may arise by

gauging lepton number, as explained in references [153, 155, 156].

The model consists of a SU(2) doublet ¢, with standard model type couplings as
well as corresponding singlets e, and v}, plus, to make it vector-like, mirrored fields
with opposite chirality. See also table 3.1 for clarification of the different fields and

their quantum numbers. The Lagrangian is given by,

_ 1 1
! ol —~/l ! =/ /.1 Cc. ] " nc. 1
L = Lsu —melily —meeleg —m,v vy — MR VR~ 5T LL (3.5)

V!l H) e — V(O H Y — YL (B H) el — Y, (Gar HYf + ..

Here, the symbol 7 represents the antisymmetric 2 x 2 matrix in SU(2) space
with non zero components 7o = 1 and 7 = —1. There are therefore nine free
parameters of the model - five masses and four Yukawa couplings. With v =

246 GeV one obtains the following mass matrices for the charged sector

Y'v
L ¢! = my
<e/L eg) M, Bl Lne with M. = V2 v ; (3.6)
eR me
e \/5

and for the neutral sector,
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/c Y v
v, 0 VoL 0
/ Y,,;U /
1 VR = m 0 m,
- . S
5 v VRS vRS v M., +h.c. with M, = V2
1" Y, v
VR my 0 0 s
e Y v "
1z 0 m, Uy m

(3.7)

These matrices are diagonalised such that we obtain the masses and mixing ele-
ments of the physical states. This is done with a Singular Value Decomposition in
the charged fermion sector that requires two independent unitary matrices Uy, and
Ug, whereas one unitary matrix V is sufficient for the Takagi decomposition that
is applied in the neutral sector, where Majorana states are present [157]. In the
following we will use the symbols N; 234 and E; o for the mass eigenstates of the
neutral and charged fermions, respectively. Their masses will be written as My, , ,,
and Mp, , and their couplings to the Higgs boson as, e.g., CMN" or CF1E" Note
that there is no mixing between the new vector-like and the SM fermions, such that

the lightest, neutral new state will be stable and forms a dark matter candidate.

In the following analysis we will examine whether this dark matter candidate can
give rise to the correct relic abundance while avoiding constraints arising from direct
detection searches. It will be of further interest to us how the Higgs diphoton rate
is altered and if the strength of the EWPT can be increased such that the third
Sakharov condition is fulfilled. Electroweak precision measurements and collider
constraints have to be respected. We will explain our scanning procedure of the

nine dimensional parameter space in the next section.
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3.3 Methodology

After presenting the model in the last section, we will now present how we ex-
amine the complete accessible nine dimensional parameter space. We restrict the

parameter ranges are as follows:

m’ € [0,4000] GeV,  m” € [0,4000] GeV,  my € [0,4000] GeV,
m,, € [0,4000] GeV,  m. € [0,4000] GeV, Y! €[0,3.6],

Y" €10,3.6] Y! €[0,3.6] , Y €10,3.6].

The upper limits on the mass parameters are set to 4 TeV because we would enter
the decoupling regime for larger masses. We implement perturbativity by setting

an upper limit on the Yukawa couplings of v/4m ~ 3.6.

For the mass matrix diagonalisations we rely on the routines from the SLHAplus
package [158]. As we expect the expressions for the masses and mixing elements to
be too complicated to be illuminating, we perform the complete analysis without
considering analytic expressions. We demonstrate the impact of these new fermions

on the Higgs to diphoton decay in the next section.

3.3.1 Diphoton rate

In the last section we have introduced our model of vector-like fermions and pointed
out that a dark matter candidate exists. We will now outline how the charged
fermions alter the Higgs diphoton rate. Since our vector-like fermions are colour
singlets they do not change the production cross sections of the Higgs boson. Hence,
the excess in the Higgs diphoton channel is characterised by the ratio of the decay
rates only:

olpp—=h) T(h—=) I'(h—7)

R — — . 3.8
7 osmlpp = B)T(h—=y7)sm T(h = y7)sm (3:8)
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The extended version of the diphoton decay rate that we presented earlier is [143,

144, 150]

CE1Bihy, (E2B2hy, 2

I'h — Asm + ——A )+ —A N
( 77Y) o | Asm \/§ME1 1/2(7'E) \/§ME2 1/2(7'E)

(3.9)

This form of the adapted diphoton rate suggests that the new fermions behave
just like the SM top quark. However, the couplings CFifi" behave differently
if the masses of the vector-like fermions decrease during electroweak symmetry
breaking [143, 144]. This can be understood more clearly when we look at a different
formulation of the Higgs-v-v coupling. Using an effective QED Lagrangian in the

presence of heavy fermions the coupling may be written as [143],

« bl 2 8
Chyy = 167? e log (det M}Mf)
2
ab <m%1%m§2 + m§2%mf1 - % |mf2 >
— 161/2 - , (3.10)
T <m%1m22 |m%2 )

where o is the QED coupling constant, by /o = 4/3 for a colour singlet fermion with

unit charge and a fermion mass matrix, ./\/l}./\/l £, as

mi,  m?
Mimy=| 0 T (3.11)
miy m,
If there is no mixing between the new fermions (|m?,] = 0) the coupling will

be positive and the top-quark contribution will be copied. If the mixing is non-
zero and independent of the vev the coupling will again be positive, because the
determinant of /\/l}./\/l ¢ appearing in the denominator of equation 3.10 has to be
positive definite. If, on the other hand, the mixing has a dependence on the vev the
Higgs-v-v coupling may be negative. This is the case for our model of vector-like
fermions. This behaviour is incorporated in equation 3.9 because the couplings

CFiFih depend on the mixing elements.
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FicUre 3.2: Diphoton rate and its dependence on the doublet mass parameter
my and the Yukawa coupling y.. m. and y! are fixed to 482 GeV and 2.82,

C
respectively. The lines indicate an enhanced branching ratio from 1.1 to 1.9.

To show the general dependence of the diphoton rate on the parameters, we show
for completeness in figure 3.2 how R, behaves under a variation of m, and . For
a fixed my the diphoton rate becomes stronger with an increasing Yukawa coupling,
and for a fixed Yukawa coupling R, decreases while m, increases. These are the
expected general trends which have been discussed in the literature, see e.g. [143—
150, 159, 160]. In everything that follows all accepted scenarios have an enhanced
Higgs diphoton branching ratio between 1 and 2.

Not only can the new fermions change the Higgs decays, they may also affect the
self-energies of the weak gauge bosons that are strongly constrained by electroweak

precision test. We will discuss these obliqgue parameters in the next section.

3.3.2 Oblique parameters

New particles that are too heavy to be produced at a particle collider might leave
traces if their quantum corrections show large effects on well studied phenomena.

Heavy new fermions, as we are considering here, couple to the weak gauge bosons
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and contribute to their self-energies via loop effects. These oblique corrections, of-
ten described in terms of the Peskin-Takeuchi parameters S, T', and U, are strongly

constrained by electroweak precision measurements.

Contributions to U are generally suppressed by a factor (myz/A)? compared to S

or T, where A is the scale of new physics. We therefore neglect U in our analysis.

S and T are defined as [161]:

d

S = 167Td—q [Hgg(qz) — HgQ(qz)} |q2:0 s (312)
47

T = 222 [11;1(0) — II33(0)] , (3.13)

where I35, I139 and I1;; denote gauge boson self energies. The expressions for the S
and T parameters for our model have been derived in [150], see also [162, 163]. The
allowed ranges for a Higgs mass of 125 GeV are S = 0.044+0.09 and 7" = 0.074+0.08
where the errors are correlated with a coefficient of 0.88 [164], forming a diagonally

oriented error ellipse in the S-T' plane.

To get a qualitative understanding of these parameters, let us review some limiting
cases. For vanishing Yukawa couplings the new fermions do not affect .S or T. The
same is true when transitioning into the decoupling regime by increasing the explicit
mass terms. Because T’ is sensitive to isospin violation, it receives corrections pro-
portional to the square of the mass difference between partners in a doublet [161].
The larger the explicit mass terms are, the larger the mass splitting may be. The
parameter S may, for small mass splittings, be interpreted as a measure of the size
of the new sector. As shown in [161], a single fermion doublet gives a contribution
of 1/(6m) to S up to logarithmic corrections arising from mass differences. For a
set of two degenerate fermion doublets a contribution to S of approximately 0.106

is expected, which we can confirm with our numerical implementation.

In our analysis we evaluate S and T for each model point and veto if it falls out of

the 95% confidence region. We show the distribution of our models in figure 3.3.
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FIGURE 3.3: 95% confidence region of the S and T parameters. Grey models
which lie outside this region are rejected before any subsequent analysis.

The coloured region is part of the ellipse which represents the error on S and T

and the correlation between those errors.

Besides creating oblique corrections the new fermions could be produced directly
at particle accelerators. In the next section we will summarise current collider

constraints.

3.3.3 Collider constraints

After the presentation of corrections to oblique parameters in the last section, we
will now discuss constraints from collider physics. Since we do not assume any
mixing of the new fermions with the SM fermions, constraints from flavour physics
do not apply to our model. However, electroweak production at colliders could
give signals. At the LHC the production would proceed vis s-channel Z, W or v

exchange with subsequent decays as follows:

B — N+ W (3.14)

Ny — Ni+Z (3.15)
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These decays are similar to wino-like chargino/neutralino decays (like the left-
handed sbottom model with off-shell Z decay in chapter 2) and their mass limits
can give indications. Note, however, that the mass limits that are given in figure 2.1
assume mass degenerate Y3 and i which would translate into degenerate N, and
E4 here, which is not the case. Hence, simply applying the chargino/neutralino
mass limits would be too constraining. We decide to apply the LEP limit of 103.5

GeV for any chargino [51] to the new charged fermions here as a first estimate.

A detailed collider study that applies to our model is missing in the literature. One
could think of recasting existing limits on charginos and neutralinos to apply them
to this model, similarly to our investigations in chapter 2, but such an approach is
beyond the scope of this analysis. Similar assumptions on mass limits were taken

in [144, 150].

In the next section we will present additional constraints on our model that arise

when we demand the lightest neutral state to be a valid dark matter candidate.

3.3.4 Dark matter

Having outlined general collider constraints in the last section, we will now review

the constraints that apply specifically to the dark matter candidate.

Results from LEP constrain the mass of an additional Majorana neutrino to be
above 39 GeV [51, 165]. Whereas this limit might in some cases be avoided due to
the mixing of the DM candidate with singlet fields, which results in a suppressed
coupling to the Z-boson, it still serves as a good first estimate. This is because
in the low dark matter mass region a sizeable DM-Z coupling must be present for
consistent relic abundance. Hence, we show this limit as a dotted, vertical black

line at 39 GeV in following plots.

Constraints arising from the dark matter sector include the relic abundance, direct
searches and the invisible branching ratio of the Higgs BRj,,. The Lagrangian is
expressed in the language of LanHEP [166] such that we can use micrOMEGAs [167]
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to calculate the relic abundance, h?, and the spin-independent WIMP-Nucleon
cross section 0. We demand the relic density to lie in the range [0.1134,0.1258]
as has been measured by the Planck collaboration [22] and apply the strong limits
on ¢ by the XENON100 collaboration [168]. These were the strongest constraints
on the model when this analysis was first conducted. Recently, Planck has made
their measurement on the relic density more precise using the full data set [23] and

St come from the LUX collaboration [44]. However, these

more stringent limits on o
updated limits do not change our qualitative conclusions and we do not apply them

here.

If the Higgs boson is kinematically allowed to decay into two dark matter particles, a
significant contribution to BRy,, may arise, which is constrained by the Higgs data.
We will apply a rather strong limit in this analysis by demanding BR;,, < 0.2,
following the global fits performed in references [133-135]. The invisible branching
ratio was calculated using CalcHEP [169].

As we have remarked before we will not only investigate the dark matter candidate
of the model, but also the possibility of altering the strength of the electroweak
phase transition with the new fermions. We will describe this in more detail in the

next section.

3.3.5 Baryogenesis

To find out whether the model can achieve a strong first order phase transition, we
evaluate the full free energy density F up to first loop order numerically. It can be

decomposed as
F(o,T) = Vam (¢) £ Z g9V (mi()) +T* Z gils [mi (¢) /T) /27%, (3.16)

where the first term Vg (¢) = —%/ﬂng + }1/\@‘l is the tree level Higgs potential, the
second term contains one-loop contributions with a plus for bosons and a minus

sign for fermions, and the last term represents the thermal corrections with the
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integrals I defined below. T'is the temperature, g; the degrees of freedom and
m(¢) the field dependent masses. Both sums run over all Standard Model particles
and the new vector-like fermions. We neglect SM leptons and quarks other than
the top, because they have negligible effects due to their small couplings to the
Higgs.

The one-loop contributions can be expressed as [170-172]

1

Vm?(6)) = gy (@) logm?(6) + P(0), (317

with the polynomial P(¢) that depends on the renormalisation conditions.

1

P(9) = gad? + 166" (318)

Here we chose renormalisation conditions that do not change the tree level vacuum
expectation value and the Higgs mass (which we fix to 125 GeV) such that the

parameters in the polynomial are fixed to [173]

1 ! Jww 3 1
a = o { (—3 w;u +uw'? 4+ ww”) logw — §w1c)u + §w'2 + iww"} ,
1 ww, 12 1 ww, 12 "
g = 38207 {2 ( W —ww logw + ” — 3w —ww" b, (3.19)
with
w = m*(v),
L dm(g)
do |,
d*m?*(¢)
"= — . 3.20
w @ |, (3.20)

For the vector-like fermions, we evaluate these derivatives numerically by fitting a
polynomial to m?(¢) paying attention to possible points where the function may

not be differentiable.
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The last part of equation (3.16), the thermal corrections, include the integrals [174]
I (z) = i/ dy* log (1 ¥ e—vygﬂﬂ) , (3.21)
0

where I_ is the contribution from bosons and I, from fermions.

The goal is that the new fermions induce a barrier in the Higgs potential at finite
temperatures such that a second minimum arises. The EWPT is then first order
and the third Sakharov condition can be fulfilled if the order parameter, the ratio of
the vev of the second minima at the critical temperature to the critical temperature,
ve/T,, is greater than unity. The critical temperature is defined as the temperature
when both minima are degenerate. In this case sphaleron processes are sufficiently

suppressed in the broken phase and a baryon asymmetry can be generated.

The effect that strengthens the phase transition in this model is described in [154].
Temperature corrections can drive the effective quartic coupling Aeg negative while
e becomes positive, resulting in a barrier at finite temperature. A positive ¢°
term stabilises the potential up to some energy scale. In [154] the effect was dis-
cussed in a model with a doublet and a singlet fermion. When the heavier state is
integrated out and the high temperature expansion of the full potential is consid-
ered, logarithmic terms in the effective quartic coupling and 72 terms in pg create

the desired temperature dependence.

Large Yukawa couplings necessary for the barrier intuitively stand in conflict with
the oblique parameters and the dark matter sector, because large Yukawa couplings
may quickly lead to an underproduction of dark matter and to a WIMP-Nucleon
cross section above current exclusion limits. A detailed discussion of the model
is thus necessary and we investigate in the following the compatibility of those

constraints all together.

Let us mention another way to obtain a first order phase transition with fermions.
The mechanism in [173] relies on decoupling of heavy fermions from the plasma

when they enter the broken phase resulting in a delay of the phase transition



Chapter 3. Dewviations in the Higgs sector 81

towards cooler temperatures and enhancing its strength in this way. Since we want
to enhance the diphoton rate, some of our particles become lighter when they enter

the broken phase. Hence, this effect is not the driving force behind our barrier.

We used existing works in the literature and Mathematica to cross-check our numer-
ical results for the mass diagonalisations, Higgs diphoton rate, electroweak precision
tests and the Higgs potential and conclude our presentation of the methodology. In
the next section we present our numerical results. First we examine the viability
of the dark matter candidate on its own and then investigate the compatibility
of successful baryogenesis and dark matter simultaneously. We will relate both

phenomena to the diphoton rate.

3.4 Results

Here we will present the results of the applied procedures outlined in the previous

section and show how the different criteria affect the parameter space of our model.

To explore the parameter space we initially used a naive Monte Carlo scanning
technique but we then moved on to a basic version of a Metropolis Hastings Monte
Carlo Markov chain (MCMC) to search for good parameters more efficiently, espe-

cially to find regions with a strong first order phase transition.

There are some plots which are the result of naive parameter scans where we vary
the parameters randomly. Such plots (e.g. figure 3.5) will have, for example, very
few points which are not excluded by the XENON-100 bound on the WIMP-nucleon
cross section. This told us that we had to scan the parameter space more intelli-
gently such that we implemented the MCMC technique. Including the XENON-100
bound as a fitness criteria, the Markov chain hence concentrated on acceptable re-

gions and the shape of the plots changed significantly (see, e.g. figure 3.9).

We do not claim to have made a completely comprehensive scan of the parameter

space, but we have gone to some effort within the ranges described above to look
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FicURE 3.4: Relic density and the dominant annihilation channel responsible

for relic abundance. Red points represent annihilation into quark pairs, light

blue points into gauge boson final states and dark blue points into a pair of

Higgs bosons while light and dark green points denote co-annihilation with the

lightest charged or next-to-lightest neutral fermion, respectively. In this and all

following plots, the dotted vertical line shows the LEP exclusion for an additional
Majorana neutrino.

for parameter combinations which satisfy all of our requirements (dark matter,
baryogenesis, not too large S and T parameters) which also have Yukawa couplings

as small as possible, in order to retain perturbativity.

One relic of our slightly incomplete scanning procedure is that the careful reader
may be able to spot some lines on the scatter plots which are not due to any
physical mechanism, but rather due to the behaviour of one of the MCMC chains
as it explores the parameter range. We have tried to identify which features are
physical and which are random and hopefully made this distinction clear through
drawing attention to real features using colour coding and careful wording in the
figure captions. We start with the presentation of the results related to the dark

matter candidate.
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FIGURE 3.5: WIMP-Nucleon cross section ¢! and the dark matter mass. All

points give the correct dark matter relic abundance and are colour coded by the

dominant annihilation channel responsible for relic abundance. Colour coding

as in figure 3.4. In this and all following plots the solid black line shows the
XENON100 (2012) exclusion limit.

3.4.1 Dark matter

We extend existing discussions about dark matter in this model [150] by presenting
results from an investigation of the complete parameter space performing a simple
Monte Carlo scanning. In figure 3.4 we show the relic abundance and the different
annihilation mechanisms that dominate during the freeze-out process. The shape

is characterised by different resonances and thresholds.

At a dark matter mass of about 45 GeV and at approximately 65 GeV the Z- and
h-resonances appear with a dominant decay into quark/antiquark pairs (mainly bb),
represented by the red points. The red scenarios at masses above 170 GeV denote
tt final states. Above mpy ~ 80 GeV the possible annihilation into two W-bosons
(and later also Z-bosons) comes along with another decrease in the relic abundance
(light blue points). A similar feature is observed at the Higgs threshold at 125 GeV
(dark blue points). Coannihilations with the lightest charged vector-like fermion
E, (light green) set in at approximately 100 GeV while coannihilations with the

second lightest neutral state Ny (dark green) can be present at any mass range. In
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FIGURE 3.6: WIMP-Nucleon cross section o' and the dark matter mass of a
general scan. The blue colour indicates an enhanced Higgs to diphoton branching
fraction. Grey points are excluded due to invisible Higgs decays.

this and all following plots the dotted, vertical black line indicates the mass limit

from LEP for an additional Majorana neutrino of 39 GeV.

We note here, that this picture can and will change when we concentrate on certain
regions of the parameter space, as we will do when we discuss baryogenesis. Coan-
nihilations, which seem to under-produce dark matter here, will become important

as the dominant mechanism to set the relic abundance.

In figure 3.5 we present the mapping of those scenarios that fulfil the relic density
condition (i.e. QA% € [0.1134,0.1258]) into the direct detection plane. We have
again colour coded the diagram so that it is easy to see the different sections of the
diagram where different mechanisms dominate the relic abundance calculation. It
is visible that direct detection limits can be avoided in the complete mass range.
Since the scattering process for the WIMP-nucleon cross section is mediated by the
Higgs, o™ indicates the coupling of our dark matter particle to the Higgs. This
is best seen at the h-resonance itself: To obtain the correct relic abundance, the
resonantly enhanced annihilation rate asks for a a suppressed dark matter Higgs

coupling, which translates into a suppressed o'
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The dark matter discussion is to some extent independent of an enhanced diphoton
rate, since the latter one is solely fixed by the charged sector. However, we note
that the vector mass parameter for the doublet fields, m,, relates both sectors and

can give rise to some correlations.

In figure 3.6 we show the diphoton rate in the direct detection plane with a blue
colour coding and can observe a general trend of a decreasing excess in the diphoton
channel towards larger dark matter masses. This is because the charged states must
become heavier and their contribution to the diphoton rate gets suppressed as the

dark matter mass increases.

In this plot we also apply the constraint from the invisible branching ratio of the
Higgs boson. Every scenario with BRy,, > 0.2 is coloured grey and therefore
excluded. As expected, these scenarios populate light dark matter masses with a
large WIMP-Nucleon cross section. If the LHC achieves a higher sensitivity for the
invisible branching ratio, we can expect this constraint to become more important

for light dark matter masses and eventually be stronger than direct searches.

Additionally, we cross-checked the predictions of the spin-dependent WIMP-Nucleon
cross section o5 with the current limits from the XENON100 collaboration [175],
but found them to be not constraining yet. Hence, we see that we find consistent

realisations of the model at every accessible dark matter mass.

A complimentary approach to detect dark matter are indirect searches that look for
annihilation products in dark matter dominated regions. The light end of the dark
matter spectrum here annihilates preferably into bb final states that are strongly
constrained by measurements of the gamma ray flux of dwarf spheroidal galaxies by
FERMI-LAT [30]. Annihilation cross-sections below the one of a canonical WIMP
are currently tested for dark matter masses below around 100 GeV. For Majorana
dark matter it is known that the velocity independent part of the annihilation pro-
cess suffers a helicity suppression. For annihilations away from resonances one can
approximate (ov) ~ a + bv? and for Majorana dark matter b > a. Note in this

context that today’s dark matter velocity is around v ~ 10~3 whereas at freeze out
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it is around v = /7y ~ 0.3. Hence, even though the correct annihilation cross
section existed in the early Universe to create the correct relic abundance, by now
it might have dropped by several orders of magnitude, such that the experiments

do not probe the annihilation yet. We found that for the light candidates in this

3q—1

model today’s annihilation cross section is around 10~?cm3s~!, calculated by mi-
crOMEGAs [25], which is far below the probed region of parameter space. Note
that the velocity independent part suppression may be enhanced via gauge boson

and Higgs Bremsstrahlung [176, 177].

In this section we have proved that the lightest neutral state is a valid dark matter
candidate over a wide mass range and calculated its direct detection cross section.
In the next section we will demonstrate that the EWPT can be enhanced such that

sufficient deviation from thermal equilibrium is given for successful baryogenesis.

3.4.2 Baryogenesis

We have seen in the last section that this model has a viable dark matter candi-
date. In this section we will test whether the model can create large deviations
from thermal equilibrium for baryogenesis. In order to work out if a given set of
parameters leads to a strong first order phase transition, we look at the free energy
equation (3.16) and iteratively vary the temperature until we get a phase transition.
We then look for first order phase transitions and quantify the order parameter,
ve/T., to see if sphaleron processes are suppressed at and below the temperature
of the phase transition, preventing washout of any baryon asymmetry. We have
analysed all the points we have found with good relic abundances in order to see
which parameter sets give rise to a strong first order phase transition. In figure 3.7
we colour code models with a smooth cross-over or a weak phase transition light-
grey, and those with v./T. > 1 dark-grey or in a red colour scale. Dark-grey points
are excluded by the invisible branching ratio of the Higgs boson, whereas the red

points fulfil all constraints considered in this analysis.
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FIGURE 3.7: WIMP-nucleon cross section ¢! and the dark matter mass of mod-
els that respect dark matter and electroweak constraints. Light-grey coloured
scenarios only have a cross-over or a weak first order phase transition, while red
and dark-grey scenarios give a strong first order phase transition. Dark-grey
points are, however, ruled out due to the invisible Higgs decay width.

We can observe interesting behaviour at low dark matter masses. There are two dips
surrounding the Z-resonance and a thin band along the h-resonance. This pattern
is closely related to the constraints on the mixing of the dark matter candidate
arising from demanding that we can get a strong first order phase transition. In
figure 3.8 we show how strongly constrained the mixing becomes once we apply
the baryogenesis condition v./T, > 1. We show as an example the second mixing
element V5, and note that similar plots exist for the other three elements. Again,
grey points satisfy electroweak and dark matter constraints and the red points

additionally the baryogenesis condition.

At the Z- resonance and at a mass around 70 GeV, one can observe that [V5;]? is
always non-zero if we want to get a first order phase transition. As this holds for
all the other mixing elements as well!, we can understand why no suppression of
o3 occurs. Since the direct detection process proceeds via Higgs exchange, o> will

be proportional to the Higgs coupling of the dark matter candidate, C™"** which

LOf course unitarity requests some of them to be small, but around the Z-resonance they are
still significantly further away from zero than in other regions.
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FI1GURE 3.8: Second mixing element of the dark matter candidate and the dark
matter mass. Grey points fulfil electroweak and dark matter constraints, while
red points additionally give a strong first order phase transition.

is given by:

/ 1!
ot = (Vi1Var + Vi Var) oo (Va1 Vih + Vai Vi)

_|_ =
V2 V2
= V2 ¢, Re(Vi1Var) + V2 o/ Re(Va1 Vi) . (3.22)

For a suppressed direct detection rate, we generally need one of the mixing elements
in each product to be suppressed which cannot be achieved around the Z-resonance

if we demand that the vector-like fermions are important for baryogenesis.

A second thing to note in figure 3.7 is the tendency of smaller order parameters
towards larger dark matter masses. This is again explained through approaching
the decoupling limit. As all masses increase, the behaviour of the free energy
becomes more and more Standard Model like and the first order phase transition

gets weaker and weaker. This puts an upper limit on the dark matter candidate of

around 300 GeV.

In figure 3.9 we look at the same data as in figure 3.7 but this time we colour code

the annihilation channels. With this plot we can now understand the sharp edge
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FIGURE 3.9: WIMP-Nucleon cross section ¢! and the dark matter mass. All

scenarios produce the correct dark matter relic abundance and give a strong

first order phase transition. They are colour coded by the dominant annihilation
channel responsible for relic abundance. Colour coding as in figure 3.4.

setting in slightly below 80 GeV in figure 3.7. There, coannihilations of the dark
matter particle with the second lightest neutral state into two 1W-bosons set in. The
following dip at 125 GeV can now be understood with the possible annihilations
processes into two Higgs bosons. We note here again, that we do expect paradoxes
with figure 3.4 and 3.5 where coannihilations seemed to be unimportant for the
relic abundance, because we changed our scanning procedure in such a way that

we find interesting regions where baryogenesis is possible.

It is clear that we can obtain strong first order phase transitions and good dark
matter abundance whilst avoiding the XENON100 bound. There are regions at
particular masses below 125 GeV and for a range of masses above 125 GeV. We
would like to learn more about the characteristics of the parameters which satisfy
these criteria, but with nine free parameters there are many combinations which
can lead to good results. There is however one feature of the parameter sets which
gives rise to strong first order phase transitions, and that is that they usually
require large Yukawa couplings between the Higgs and the additional fermions. In

order to show this behaviour we look at a first benchmark point (BM1), which
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FiGURE 3.10: The order parameter and its dependence on the primed charged

and neutral Yukawa couplings. The black points have an order parameter of one

and indicate the switchover from a weak to a strong first order phase transition.

All other parameter of our benchmark point BM1 have been fixed. Note that as

we vary the Yukawa couplings from the benchmark point, the other constraints (S

and T parameters, dark matter relic abundance, XENON100 limit and diphoton
bound) may be violated.

has been chosen because it satisfies all the requirements we have in terms of dark
matter and baryogenesis with relatively small Yukawa couplings (relative to other
parameter sets that give us baryogenesis). See table 3.2 for the numerical values
of the parameters. We then vary the Yukawa couplings to see the effect upon the

strength of the phase transition.

Figure 3.10 shows the order of the phase transition as a function of the primed
charged and neutral Yukawa couplings. While both Yukawa couplings increase the
order of the phase transition, it seems that for the benchmark point the neutral
Yukawa takes the lead role in realising baryogenesis. It becomes clear that a large

ratio v./T, only appears for large Yukawa couplings.

Related to this need for large Yukawa couplings, we point out that an enhanced
diphoton rate is unavoidable if the fermions should cause the phase transition to
be strongly first order. All simulated scenarios with v./T. > 1 have a minimal

enhancement of R, of 1.1. As we mentioned in section 3.1, both experiments now
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FIGURE 3.11: WIMP-Nucleon cross section ¢! and the dark matter mass. The

solid red line is the XENON100 (2012) limit. All scenarios give the correct

relic abundance and respect electroweak precision tests. Dark grey points are,

however, excluded by the invisible branching ratio of the Higgs. Blue models

additionally give a strong first order phase transition. The three blue tones

indicate different upper limits on the diphoton excess .. From dark to light,
the corresponding upper limits on R, are 1.5, 1.3 and 1.2.

measure a diphoton decay rate that is consistent with the SM and it is doubtful
whether vector-like fermions are responsible for baryogenesis. At the current state,
however, the diphoton signal strengths are also compatible with a slight enhance-
ment such that this model is still valid at this level of precision. Future runs of the

LHC and a detailed collider study would help to clarify the situation.

New data coming from the current LHC run will clarify the Higgs to diphoton rate
which will place tight constraints upon this set of models. It will be interesting to
discover which regions of the parameter space will still be available if the constraints

on this rate are increased.

To explore this further, we show in figure 3.11 regions of models that explain both
dark matter and baryogenesis, colour coded according to the value of the excess in
the diphoton channel. As in the rest of the chapter, we show a background of light-
grey points that give a dark matter candidate fulfilling the relic density condition

and electroweak constraints with an excess in the diphoton channel between 1 and
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2. Dark grey points are, however, ruled out by the upper limit on the invisible
branching ratio of the Higgs. All blue points additionally give a strong first order
electroweak phase transition and form the scenarios consistent with all our applied
constraints. The different shades of blue indicate different upper limits on R,
ranking from 1.5 (darkest blue) via 1.3 (middle tone) to 1.2 (lightest blue). We can
see that if in the future the excess in the diphoton channel consistently decreases
in both experiments, scenarios at high dark matter masses will be ruled out. In
those regions, all new vector-like fermions are relatively heavy and for successful
baryogenesis the charged Yukawa couplings need to be close to their largest possible
value still consistent with perturbativity, which comes along with a relatively large
enhancement in the diphoton decay channel. Related to this we note again that all
scenarios with a strong first order phase transition show an enhancement of R, of
at least 10%. This demonstrates how a better limit from the LHC in that channel

can rule out electroweak baryogenesis within this model.

3.4.3 Vacuum stability

It is known that adding fermions to the SM may create a problem of vacuum
(in)stability. If the SM alone is extrapolated to higher energies, it seems as if
we live in a metastable Universe, i.e. a Universe that will eventually tunnel into
the lower energetic, second minimum, but with a lifetime in the current state of
more than its age [178-180]. This occurs due to the negative contribution of the
top quark. Adding new fermions will shift the second minimum (which may be
unbounded from below) to smaller energies and make the problem more severe.

We estimate in this section at which energy scale this instability appears.

We define the instability scale A as the scale for which the potential takes a value
smaller than the current minimum. For clarity, we set V(v) = 0. We plot in
figure 3.12 potentials of our two benchmark points and indicate the largest fermion
mass with a vertical red line. The second benchmark point is chosen with Yukawa

couplings close to the perturbativity limit because one would expect the instability



Chapter 3. Dewviations in the Higgs sector 93

100 1000 3500 %60 1000 3500

¢ [GeV] ¢ [GeV]
FIGURE 3.12: Zero temperature Higgs potential for benchmark point 1 (left
panel) and 2 (right panel). The scale of instability occurs above the largest
fermion mass eigenvalue (red vertical line).

problem to be worse for larger couplings. For consistency the instability scale has
to be larger than the heaviest fermion. In figure 3.12 we see that this is the case
for both benchmark points. In table 3.2 we give their specific parameters and in
table 3.3 the mass eigenvalues as well as the instability scale. We checked that all

our model points fulfil this consistency condition.

Even though our approach is consistent, the problem of vacuum instability is severe
and shows that the model needs extra particle states to stabilise the vacuum. We
did not investigate this in more detail in this analysis, however, let us briefly discuss
a possible solution. In contrast to fermions, new bosonic states contribute positively
to the running of A.g. Hence, we could think of introducing, e.g., an additional

scalar. Of course, if this scalar has a mass comparable to the light fermions in our

/ " / " / "
m m my my Me Ye Ye Yn Yn

BM1 | 97.70 | 90.90 | 2172.0 | 124.50 | 482.80 | 2.73 | 2.82 | 2.98 | 2.99

BM2 | 869.53 | 236.57 | 2514.70 | 215.13 | 445.66 | 3.59 | 3.48 | 3.06 | 2.88

TABLE 3.2: Parameters of two benchmark points considered in the model. Mass
parameters are given in GeV.
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le mN2 mN3 mN4 mEl mE2 A
BM1 | 85.96 | 92.42 | 2291.24 | 2301.45 | 354.62 | 2300.23 | 2833.23
BM2 | 210.11 | 841.35 | 2605.85 | 2660.49 | 276.74 | 2683.68 | 2857.79

TABLE 3.3: Masses and instability scale in GeV for both benchmark points.

model, it would influence electroweak physics as well and strongly influence our
results. Hence, for our approach to be valid we must demand these new states to
be below the instability scale, but around the mass of the heaviest fermion. Also, a

solution would be supersymmetric versions of vector-like fermions, as investigated

in for example [149, 181, 182].

3.5 Conclusions

The measurement of the Higgs boson has given us a new tool to look for physics
beyond the Standard Model. In this chapter we have shown one such example
using the excessive Higgs to diphoton decay rate as had formerly been measured
by ATLAS and CMS. We introduced vector-like fermions to mimic the bosonic
contribution for enhancement of the diphoton decay rate. These new fermions not
only include a viable dark matter candidate, but also have the possibility to alter
the Higgs potential such that the electroweak phase transition becomes strongly

first order.

In section 3.4.1 we saw that this WIMP can give rise to the correct DM relic
abundance in the Universe in the complete mass range that we investigated. We
showed in figure 3.4 which mechanisms are the most important ones for effective
annihilation in the early Universe and looked at their mapping into the direct
detection plane in figure 3.5. We saw that the invisible branching ratio of the
Higgs can cut into the parameter space, but is not yet sensitive enough to be more

important than direct detection limits on the WIMP-Nucleon cross section o',
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We have investigated the effect upon electroweak baryogenesis of these extensions
to the Standard Model detailed in section 3.4.2 and showed that one can obtain a
strong first order electroweak phase transition if the diphoton channel is enhanced
by at least 10%. Therefore this type of model enables the kind of out-of-equilibrium
physics required to fulfil the third Sakharov condition. We have noted that in order
to obtain successful baryogenesis, one requires relatively large Yukawa couplings
between the new states and the Higgs, compare to figure 3.10. These Yukawa

couplings can potentially serve as a possible new source of CP-violation.

If we demand that this extra sector provides both our dark matter and a strong first
order electroweak phase transition simultaneously, there are quite large ranges of
possible dark matter masses between 39 GeV and 300 GeV with notable absences
of models where the dark matter mass is around 45 GeV or 70 GeV, as can be seen
in figure 3.7 and 3.11. We hence find that both these problems of modern particle

physics can be addressed within this single setup of vector-like fermions.

The best fitting values of the top quark mass and the Higgs mass suggest that our
current electroweak vacuum is metastable [178-180]. The addition of fermions will
generically worsen this situation, such that the quartic coupling becomes negative
at lower energies (as pointed out by the authors of [144]). In section 3.4.3 we
argued that if the scenario set out in this chapter turned out to be true, it would
be a strong indication of additional particles at higher energies. These would cure
this vacuum stability issue by adding positive contributions to the beta function

for the quartic coupling.

It would be interesting to investigate the impact that these heavier states can have
on the electroweak phase transition. Additionally, a detailed collider study on this

kind of vector-like fermions is of high interest.



Chapter 4

Direct searches and the neutrino

background

Within the WIMP paradigm there is dark matter scattering off baryonic matter.
Great effort is undertaken to directly detect dark matter via these scattering pro-

cesses in Earth-based, low-background direct search experiments.

The need for an almost background-free search environment originates from the ex-
tremely small dark matter event rates. Whereas experiments have managed with
great success to keep reducible backgrounds to a minimum, non-reducible back-
grounds coming from neutrino-nucleus scattering will create a problem for future
searches. It has been shown that neutrinos from the Sun, from supernovae and
from cosmic ray collisions with atoms in the atmosphere will lead to a saturation
regime of direct searches, meaning that the experiment’s sensitivity will no longer
increase with exposure [42]. This is, of course, a problem because it would limit

the reach of direct searches in terms of the dark matter-nucleus cross section.

In this chapter we will suggest a solution to this problem using technologies that
not only measure the recoil energy and event time, but also the direction of the
recoiling nucleus. Necessary exposures of such directional dark matter detectors in

order to bypass the neutrino barrier will be estimated.

96
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4.1 Introduction

4.1.1 Dark matter event rate

In this section we will introduce the ingredients to calculate the dark matter event
rate in a direct detection experiment. We will especially address the dark matter

velocity distribution that governs the annual modulation of the event rate.

The differential event rate can be expressed as [183],

dRDM 00'0 /
= My, dt 4.1
dFE, det 2mDMuT dv (4.1)

VUmin

where My is the detector mass, py the local dark matter energ density, oy the
WIMP-nucleus cross section at zero momentum transfer, ur = mpyms/(mpy +
my) the dark matter-target nucleus reduced mass, F'(¢) the form factor, vy, the
minimal velocity needed for a scattering event of recoil energy FE, and f(v,t) the
dark matter velocity distribution. We have v, = \/m with Fo =
E.(mpym + mr)?/(4mpymer) as the minimal energy to obtain a recoil with energy
E.. An integration over the exposure time has to be performed. We will now

discuss some of these parameters and our assumptions in more detail.

For py we assume the standard value of 0.3 GeV ecm ™ which is in agreement with
current N-body simulations [184], whereas a Bayesian analysis of astrophysical data
seems to suggest a slightly larger value of around 0.39 GeV ¢cm—3 [185]. Changing

po will simply scale any derived limits.

We assume that WIMPs have a Maxwellian distribution f(¥/) with a cut-off at the
halo escape velocity vese = 544 km/s, as quoted by the Radial Velocity Project
(RAVE) [186] and used as standard value throughout the literature. A new data
release [187] shifted the best fit value to ves. = 53375 km/s, such that the value

used here is well within the 1-sigma range. If |#] < Ve, the distribution in the halo
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rest frame is

3/2 2
f(ﬁ)halo = Nl ( 5 ) exp [_3;;2 ] ) (42)

2
2mo;

with N = erf(z) — 2z exp(—z%)/y/7 accounting for the truncation. We have
2 = Uese /U and © = 220 km/s as the most probable WIMP velocity, which is related
to the width of the distribution via o, = \/m 0. For |U] > ves. we assume that
f(?) vanishes. It is well known that limits on the dark matter-nucleon cross section
for light dark matter strongly depend on astrophysical uncertainties, see e.g. [188-
191] for a non-comprehensive list, but it is beyond the scope of this analysis to

include these.

The most general dark matter-nucleus cross section at zero-momentum transfer is

parametrised as [192; 193]

2

YT zf 4 (A- D)L (4.3)

oyg = —
T

where f, and f, are the couplings of the dark matter particle to the proton and
neutron, respectively, ur is the dark matter-nucleus reduced mass, A the atomic
number and Z the number of protons in the target nucleus. Under the assump-
tion of an isospin conserving interaction f, and f, are equal such that oy o fg
holds.! Then, we can cast o into the dark matter-proton cross-section o, via
0o = 0, (pr/py)? A? and direct searches can use the event rate to constrain o,.
This is a model independent way to constrain the interaction strength, because the
model dependent quantity f, is absorbed in o,. The differential event rate will

then be proportional to A2.

When the momentum transfer, ¢, becomes sizeable and the finite size of the nucleus
and its substructure play a role, a form factor, F'(q), has to be introduced that

describes the distribution of electroweak hypercharge within the nucleus. In our

IThis assumption is broken in isospin-violating dark matter models that are not considered
here [194].
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FIGURE 4.1: WIMP wind and its annual modulation due to the Earth’s move-
ment around the Sun. [196]

analysis we use the standard Helm form factors, see e.g. [183] or [195]:

F(qry,) = 3[sin(qr,) — qry cos(qrn)]/(qrn)?’ . el99)?/2 , (4.4)
2 =ct+ §7T2a2 —5s% . (4.5)

For the parameters we adapt the standard choices ¢ = 1.234Y3—0.6 fm, a = 0.52 fm
and s = 0.9fm [183].

The calculation of the event rate has to be performed in the laboratory frame.
Hence, we need to take into account the Earth’s overall velocity vector to perform
a correct transformation of frames. The Earth’s velocity vector has contributions
from the Sun’s movement around the Galactic centre, the peculiar movement of the
Sun relative to the local standard of rest and the Earth’s velocity vector relative
to the Sun. The dark matter velocity distribution viewed from Earth therefore
has a complicated time dependence. Reference [197] describes in detail the Earth’s

overall velocity vector and we use it in this work.

Since the Sun moves around the Galactic centre, the isotropy of the WIMP velocity
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distribution is broken in the laboratory frame. Dark matter particles moving anti-
parallel to the Sun’s velocity vector have, on average, a larger velocity when viewed
from Earth than dark matter particles that try to “overtake” the Sun. This so-
called “WIMP wind “ is illustrated in figure 4.1.

On top of this, the Earth’s velocity vector relative to the Sun changes throughout
the year. In December it has a large component parallel to the Sun’s velocity
vector, in June a large anti-parallel component. Hence, the WIMP wind as seen
from Earth undergoes an annual modulation with the largest WIMP velocities

appearing in December.

The WIMP wind directly impacts the differential event rate because there will be
more dark matter particles with a velocity larger than vy, in December than in
June, increasing the differential event rate. This annual modulation of dark matter
is a typical characteristic that any direct detection signal should ultimately possess.

We now understand why we need a time integration in equation 4.1.

The total number of dark matter events is calculated by integrating the differential
event rate over the recoil energy window [Ey,, Eyp] of the detector weighted by an

energy-dependent detection efficiency e(E,):

B dRpm
= E B, . 4.
° /E ), (46)

Specification of the target material and detector exposure, the dark matter mass

and cross-section translates via 4.6 into an expected event rate.

In figure 4.2 we present expected event rates s of a 100 GeV WIMP with a DM-
nucleus cross section of 107%6 cm? for a range of target materials depending on the
chosen threshold energy. For small thresholds, heavy targets will observe more
events, because the event rate scales with A%, However, as heavier targets will in
general give smaller recoil energies, the event rate drops faster when the threshold
is increased. We assumed here a perfect energy efficiency and an upper threshold

of 100 keV. For the rest of the analysis we will consider more realistic setups.
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FIGURE 4.2: Dark matter event rate per ton per year for different target ma-
terials and energy thresholds but fixed dark matter mass and cross section.

We will now present the technology that is currently capable of testing the smallest

DM-nucleus cross sections, two-phase noble element detectors.

4.1.2 Two phase noble element detectors

Noble elements carry many properties that are useful for dark matter direct searches.
Their scintillation with fast de-excitation (order of nano seconds) after being struck
by a passing particle allows for a quick detector response. Electrons that are ex-
tracted in a collision may travel freely over large distances in the dense medium
as noble gases carry no electronegativity. In two phase noble element detectors,
these electrons may then additionally ionise atoms in a gas phase, which is help-
ful to infer the position of the collision within the detector. Several experiments
have been running or are proposed. A not comprehensive list is XENON100 [168],
XENONIT [198] or LZ [199] as two-phase detectors and DEAP-3600 [200] as a

single phase detector using liquid Argon as target material.

Currently most experiments are using Xenon as target material. The reason is the

scaling behaviour of the event rate as A2, such that smaller cross sections may be
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FIGURE 4.3: The LUX liquid noble gas detector, as shown in [201].

tested. For this reason, we will explain the method of a two phase noble element

detector following the setup of the LUX experiment.

In figure 4.3 we show a schematic construction of the detector. The inner part is
filled with the liquid noble element and, in the upper part, with its gaseous phase.
The top and bottom end of the container are covered with photomultiplier tubes
(PMT). If a passing particle interacts with a target atom, primary scintillation light,
S1, is released and ionisation of the atom leads to free electrons. An applied electric
field accelerates these free electrons towards the gas phase, where they further ionise
target atoms and more scintillation light, S5 is produced. Both signals are recorded
by the PMTs and the difference in arrival time is an indicator of the depth of the
event. The position in the horizontal plane can be inferred by the distribution of

signals on the PMTs. In this way, the event can be located within the detector.

This localization plays an important role in background subtraction. The detector
components, even though purified and screened before construction, will always

carry a trace of long-lived radioactive elements, like Uranium or Thorium. These
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will undergo o and/or 5 decays that can contribute to nuclear recoil backgrounds.
The mean free path of a particles is generally very short such that recoils from «
particles will take place close to the detector surfaces. Dark matter nuclear recoils,
on the other hand, will happen homogeneously within the detector volume. An
efficient background rejection of « particles is therefore detector volume fiducial-
isation, meaning that only the innermost part is an acceptable region to look for

dark matter events.

Electronic recoil events (of electrons or neutrinos) can be distinguished from nuclear
recoils due to the different interaction type. In general an electronic recoil event will
create less scintillation light and more free electrons, such that their S2/S51 ratio is
larger than for nuclear recoils. Another tool to reject electronic recoils is pulse shape
discrimination. This relies on the fact that the time when delayed fluorescence
appears after a collision depends on the type of interacting particle. For Xenon,
e.g., the effective decay constants are approximately 32 ns and 18 ns for electronic or
nuclear recoil, respectively [202]. Both techniques are applied in modern detectors
reaching a background rejection rate of electronic recoils of about 99.6 % [44], but

it has been shown that detectors can achieve better discrimination [203].

Other technologies that are currently under development are detectors that not
only measure the recoil energy and event time, but additionally the direction of
the recoiling nucleus. In this chapter we will compare how these two technologies,
non-directional and directional detectors, perform in the presence of the irreducible
neutrino background. Before talking more about the origin and characteristic of this
background, we will present the working procedure of such directional experiments

in the next section.

4.1.3 Directional dark matter detectors

Directional dark matter detectors have the capability to measure additionally to
recoil energy and event time the recoil direction of a target nucleus that can be used

to infer the arrival direction of the incoming particle. Dark matter has an expected
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FIGURE 4.4: The dark matter time projection chamber (DMTPC) as an exam-
ple for a directional dark matter experiment, as shown in [209].

daily modulation of its arrival direction due to the Earth’s rotation around an
axis that spans a 48° angle with the dark matter wind. This modulation forms a
distinct characteristic of dark matter and an observation would strongly contribute
to identify a signal as dark matter. As identifying a direction in one day is very
difficult because of the count rates, it is more feasible to translate the recoil direction
into galactic coordinates and measure the expected dipole feature pointing back
towards Cygnus A [204, 205]. Further applications of directional experiments are
to discover ring features [206], to infer parameters of the velocity distribution [207],

or to distinguish different kind of interactions between DM and the SM [208].

In figure 4.4 we show as an example for a characteristic setup of a directional
dark matter search the DMTPC (dark matter time projection chamber) experi-
ment [209]. Generally, these types of experiments use a gas as target material
and operate at low-pressure (around 50 Torr) such that the mean free path of a
recoiling nucleus extends to a few millimetres. The DMTPC collaboration uses
Tetrafluoromethane, CF,, as target to be specifically sensitive to spin-dependent
dark matter-proton interactions, but also because of its good scintillation properties
that allow for easy optical readout. Electrons from ionising collisions are acceler-
ated by an electric field towards the anode. There, an amplification region leads to

an electron avalanche that is read out. The produced photons of this avalanche are
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recorded by a CCD camera situated above the cathode operated at long exposure
(order of seconds) such that a 2 dimensional image of the nuclear recoil is obtained.
PMT’s help to measure the depth of the event for background rejection and the
recoil length perpendicular to that plane by recording time measurements. Finally,
the recoil direction is inferred from the change in energy loss along the path of the

recoiling nucleus.

The combination of track length and recoil energy serves as a background rejec-
tion tool. Dark matter particles are expected to give smaller track lengths for a
given recoil energy compared to electronic recoils [210]. The typical track length
is about 1 mm for a 50 keV nuclear recoil [210, 211]. Other technologies that can
be used to conduct directional dark matter experiments are, e.g., arrays of carbon

nanotubes [212], nuclear emulsion plates [213] or anisotropic crystals [214].

Having presented both non-directional and directional technologies, we will now
take a more detailed look on the neutrino background that will penetrate any

direct dark matter search and lead to scattering events.

4.1.4 Neutrino background

Ambient neutrinos are produced in the Sun, by cosmic ray collisions in the atmo-
sphere, in supernovae, in beta decays of natural occurring elements in the Earth
(geoneutrinos) and man-made neutrinos in, e.g., nuclear power stations (reac-
tor neutrinos). All of these can potentially form a background to dark matter

searches [42, 215, 216]. We will discuss each type individually.

The flux of reactor neutrinos can be kept small by ensuring that the dark matter
experiment is far away from any such source and we therefore neglect this neutrino
type. Geoneutrinos have energies smaller than about 4.5 MeV (most energetic
neutrino from #®U decay) and give events with small recoil energies that will lie
below the energy thresholds of the detectors that we will consider in this analysis,

compare to [215]. We are then left with three possible neutrino backgrounds: solar,
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FI1GURE 4.5: Neutrino fluxes considered in this work. Grey coloured fluxes will

not give events above thresholds considered in this analysis. Fluxes that will act

as background originate from solar neutrinos (red), atmospheric neutrinos (blue)
and diffuse supernovae neutrinos (green).

atmospheric and supernovae neutrinos. In figure 4.5 we show the energy dependence

of their fluxes.

Neutrinos from the Sun with energies large enough to give recoil events above
thresholds are coloured in red. The largest solar neutrino flux comes from a ®B beta-
decay: ®B —®Be + et +1,. The second most important solar neutrino contribution
is due to *He-proton interactions in the reaction *He + p* —*He + et + v, the
so-called hep neutrinos. Whereas the flux is smaller by a factor of around 1074,
the neutrinos can be more energetic. As we argued for the geoneutrinos, neutrino
energies below approximately 10 MeV will not give any large recoil in the detector
and can thus be neglected as a background. Solar models by Bahcall et al [217]
have made precise predictions on the solar neutrino fluxes that are in agreement
with recent measurements of the neutrino flux at the Homestake mine [218] or by
the SNO collaboration [219]. The theoretical uncertainties are around 16% on the

8B and hep fluxes.
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The largest neutrino energies originate from cosmic ray collision with the atmo-
sphere, shown as blue lines in figure 4.5. Decay products of these collisions con-
tain electron and muon (anti-)neutrinos with energies up to 1 GeV. Their flux
is the smallest of all contributions. We will use results of theoretical calcula-
tions, see e.g. [220]. The atmospheric neutrino flux has recently been measured
by Super-Kamiokande [221], the MINOS collaboration [222] and the IceCube col-
laboration [223].

The background of diffuse supernovae neutrinos is the integrated flux from all
supernovae that occurred in the Universe and shown as green solid, dashed and
dotted lines in figure 4.5. The neutrino energy spectrum of a single supernovae is
assumed to be similar to a Fermi-Dirac spectrum with temperatures of 3 MeV for
electron neutrinos, 5 MeV for electron antineutrino and 8 MeV for the other four

flavors. For more details on diffuse supernovae neutrinos see for example [224].

Neutrinos may interact in two distinct ways with the target atoms in the detectors.
The first possibility is neutral current elastic scattering between neutrinos and
electrons. These events can have a recoil energy of a few hundred keV with a cross

sections of about 1074 cm?

. It has been suggested to use this process to detect
solar neutrinos [225]. The second way is neutral current coherent elastic scattering
of a neutrino interacting with the target nucleus. As the nuclear recoil energies are
rather small (a few tens of keV) this process has not yet been observed, although
their cross section is of order 1073 cm? [226, 227]. The latter process could be used
to conduct precision weak interaction measurements at the SNS [228], to search for
supernova neutrinos [229] or to measure solar neutrinos [230]. Coherent neutrino-

nucleus elastic scattering was already anticipated as a background before direct

dark matter searches existed [231].

As we have argued earlier, electronic recoil events can be vetoed with about 99.6%
accuracy. Even though their rate is much larger than nuclear recoils we will neglect

them here, because future experiments are expected to increase the veto-accuracy
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even more by applying stronger electric fields. In this analysis we therefore focus

exclusively on coherent v-A scattering.

We will now calculate the background rates caused by v-A coherent scattering
in target materials relevant to current dark matter searches, following approaches

taken in [42, 215, 216].
The maximum recoil kinetic energy in v-A coherent scattering is

22

Ermax = T ap-
’ my + 2F,

(4.7)

where FE, is the incident neutrino energy, and mr is the mass of the target nucleus.
Because the recoil energies of these processes are quite small, the neutrino scatters

off the weak charge of the entire nucleus coherently. The weak charge is given by,
Qw = N — (1 —4sin’0y)Z , (4.8)

where N and Z are the number of target neutrons and protons respectively, and
Ow is the weak mixing angle. Through the dependence on @y the scattering cross

section scales approximately as N?2.
The differential v-A coherent scattering cross section is given by [226, 227, 232]

do G%

deosd] = B Q3 B2 (1+cosb) F*(q) , (4.9)

where G is the Fermi coupling constant, QQy is the weak charge of the target
nucleus, F, is the incoming neutrino energy, cosf is the scattering angle in the
lab frame of the outgoing neutrino direction with respect to the incoming neu-
trino direction, and F(q) is the nuclear form factor. Via the momentum transfer,
2mrE, = ¢* = 2E2(1 — cosf), the scattering angle cosf is related to incoming

neutrino energy and recoil energy through

Eg - mTET

= (4.10)

cosf =
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We can then express the differential cross section as

do
dE.

mr Er
22

= T Qg mi (1 T2 ) (411)

The theoretical uncertainty on the coherent v-A scattering cross section comes from
uncertainty in the form factor; for neutrino energies of 10 MeV the uncertainty is

expected to be less than 10% [229].

The differential rate of coherent neutrino-nucleus elastic scattering is

R, b AN(E) do(E,, E)
- dE, dt | 4.12
dg, 7T /t / o dB,  dE, (4.12)

with np the number of target nuclei in the detector, the flux dé\];(t) and the dif-

do(E, E,)

pT The dependence on time, ¢, in the flux is due to

ferential cross section
the change of distance between the Sun and the Earth over the year. We hence
integrate over the exposure time of a given experiment to calculate rates. Note
that the only thing that changes with time is the normalization in the solar neu-
trino flux, not the shape of the spectrum. As a first approximation, we take the
flux of atmospheric and supernovae neutrinos to be time independent, although
there is a time variation in the atmospheric flux due to temperature changes in
the Earth’s atmosphere [233]. This change in the event rate is, however, smaller
than the annual modulation of the dark matter rate or the modulation of the solar
neutrino rate. As we found that both of these are not contributing significantly to

the sensitivity of the simulated directional detectors we neglect the variation of the

atmospheric neutrino flux here.

In equation 4.12 the integral over the neutrino energy starts at the minimal neutrino
energy E, necessary to get a recoil event over threshold and is given by E™® =
mqE, /2. The total neutrino event rate is then, similarly to the dark matter event

rate, given by an integral over the differential recoil rate and the energy efficiency,

Fap dR
b= E. VdE’]r . 4.13
/E e g (4.13)



Chapter 4. Neutrino background in direct searches 110

10*

TBags — e v e 5 MV
.- p — 7 Be. --- 2 3 MeV — 8 MeV
N
10 B — pep

10° 107 10°  10°  10'  10°
Ethr[keﬂ

FIGURE 4.6: Neutrino event rate in a CFy detector. Here, a perfect energy
efficiency and an upper threshold of 100 keV were assumed. For the rest of the
analysis we take a more realistic energy efficiency.

In figure 4.6 we show the event rate for a CF, detector. For the threshold that we
will consider in this work (5 keV), only ® B and hep neutrinos from the Sun as well

as all atmospheric and supernovae neutrinos are important.

4.1.5 Systematic uncertainties

The neutrino background consists of three different populations - solar, diffuse su-
pernovae and atmospheric neutrinos. Their flux normalisations carry uncertainties
and we will try here to estimate roughly by how much these uncertainties will

decrease in the future.

In the energy range important for our analysis, the dominant contributions to the
solar neutrino flux are ®B and hep neutrinos. Both these fluxes strongly dependent
on the iron abundance in the Sun which changes the opacity inside the core [234].
Currently there is a mismatch between solar compositions derived from surface
observations [235] and helioseismology [236], such that the iron abundance is not

well understood. The solar flux uncertainties, however, can potentially be reduced
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by the SNO-+ experiment, which will perform detailed measurements on the Boron-
8 and Beryllium-7 neutrinos that are both sensitive to the iron abundance. This will
additionally put an indirect constraint on the hep flux [237]. If Hyper-Kamiokande
will be approved, it might detect hundreds of 8B neutrinos per day and look for
time variations in the flux [238]. With such high statistics a significant drop of
the uncertainties seems possible. Data from future dark matter searches could also

help to test solar models [239].

Understanding the diffuse supernova background is even more challenging, because
the neutrino spectrum of a single supernovae is not well known. Using dissolved
gadolinium, the sensitivity of Super-Kamiokande to detect DSNB neutrinos may
be improved and a direct measurement could become possible. Then, the flux nor-
malisation between 10 and 20 MeV could be constrained [240]. Hyper-Kamiokande
has a much better perspective to measure the DSNB and could reduce uncertainties

even more.

The atmospheric neutrino flux is affected by the cosmic ray flux, the geomagnetic
field, nuclear propagation models as well as the solar wind. Measurements of the
muon flux with balloon experiments and observing interactions of protons hitting
thin targets (O2 and Ns) at the HARP experiment can reduce theoretical errors
in shower development and increase the accuracy of neutrino flux predictions by
models like DPMJET-IIT and JAM [241]. Measuring the atmospheric neutrino flux
with an upgraded Super-Kamiokande or Hyper-Kamiokande could help greatly in

reducing the uncertainties.

For our analysis we make a semi-optimistic estimation that the flux uncertainties
will reduce by a factor of two until the detectors that we simulate here will be built.
We assume an uncertainty of 8% for the solar neutrino fluxes (note that only ®B
and hep neutrinos can give events above threshold in this work), and 10% for the

atmospheric and supernovae neutrino fluxes.
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4.2 Methodology

We have seen that both dark matter and neutrinos will give signals in dark matter
direct detection experiments and calculated their event rates per ton per year. Our
final goal is to estimate sensitivities of future dark matter detectors in the presence
of the neutrino background. In this chapter we will present our methodology to
achieve this goal and present our detector assumptions, explain the simulation of

dark matter and neutrino events and describe the statistical test.

As we discussed in the previous chapter directional techniques already exist with
CF, [211, 242] as target material which we will choose as one of the targets that
we consider. Also we have mentioned that the most stringent limits currently
come from Xenon based experiments, for which, on the other hand, no directional
techniques have been developed or demonstrated to work. However, for comparison
purposes we will nevertheless choose Xenon as the second target material, also to

see the influence of directionality on heavy targets.

We will continue with discussing our detector assumptions for our simulations.

4.2.1 Detector performance assumptions

In the event rate calculation we introduced the energy efficiency, €, of the detector.

A reasonable parametrisation for a CF, detector is

B o (1t [ == i

C

We choose ¢; = 0.5, ¢y as the energy threshold Ei,, = 5 keV and c3 = 15 keV.
The 5 keV energy threshold we assume is optimistic relative to current searches,
but regarding that a number of directional detectors use 5.9 keV *°Fe sources for
calibration and that track images with directionality at this energy have been mea-
sured in small prototypes [243], we believe it to be achievable in the future, compare

to [205).
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Large direct dark matter searches based on Xenon have been carried out in the past
already [44, 168], so we use the efficiency curve published by the LUX experiment
and shift it to a smaller energy threshold of 2 keV, because of possible technological
advances. For the Xenon detectors we assume an upper energy cutoff of 40 keV,

for the CF, detectors we take 100 keV.

No detector will be able to measure the recoil energy or the direction of the recoiling

nucleus perfectly. Hence, we model the energy resolution as

oz =0.1+/E/keV (4.15)

and the angular resolution as

30°

o BV

There is also an efficiency connected to angular detection, which is, however, driven

(4.16)

by energy response. Hence, as a first approximation we take the angular efficiency
to be included in the energy efficiency. These values are improvements to current
directional searches [244], but again we take the optimistic approach and believe
them to be achievable in the future. With the fixed detector setup we are now
in a position to make predictions on how dark matter and neutrino events should
be observed within the directional detector based on our assumptions on the dark

matter mass and its velocity distribution.

4.2.2 Dark matter signal distribution

Here we will present the expected dark matter signal distribution in terms of recoil
energy and recoil direction in the detector. Our ultimate goal is to best distinguish
dark matter events from the neutrino backgrounds making use of the recoil direc-
tion. We are, therefore, left with the problem to define the event direction in a

useful way.
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In the Introduction, we have mentioned that the dark matter arrival direction is
expected to have a daily modulation due to Earth’s rotation. The same, however,
is true for the solar neutrino background and in the end the opening angle between
solar neutrino and dark matter arrival direction will determine how well both can
be distinguished. Therefore, we introduce the event angle as the angle between the
direction of the recoiling nucleus and the Earth-Sun direction. In this way, solar
neutrino events will have the largest possible event angles and we remove any daily
modulation. We are now ready to create the expected signal distribution based on

our model assumptions.

When a dark matter particle with kinetic energy Epy scatters off a target nucleus
with scattering angle # with respect to its incoming direction, the resulting recoil
energy is

E, = Epur(l —cosf)/2 (4.17)

with r = dmpymer/(mpy + mr)?. In this work we assume isotropic scattering in
cos f, which ultimately depends on the interaction type. The scattering angle 6’
of the recoiling nucleus with respect to the incoming dark matter velocity is then
given by momentum conservation to be

p’ sin 6

V2mpmEpy — pl cosf

tan ' =

(4.18)

with p’ = v/2mpmEpym — 2mr E, as the dark matter momentum after the scattering

event.

To simulate dark matter events we use the rest frame of the static, spherically
symmetric dark matter halo and draw a random velocity magnitude v from the
velocity distribution according to equation 4.2 and, to fix the dark matter direction,
additionally two angles (6,¢) in a spherically symmetric way. We then transform the
dark matter velocity vector, ¥, into galactic coordinates. We draw a random event
time ¢ from a uniform distribution between ty and ¢; and obtain the Earth’s overall
velocity vector in galactic coordinates from reference [197]. After a coordinate

transformation into the rest frame of the Earth, we have the incoming WIMP
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FiGURE 4.7: Two dimensional dark matter probability distribution p of recoil
energy and event angle for a 9 GeV dark matter particle in a CF4 detector with
5 keV energy threshold in September.

velocity vector. As we assume isotropic scattering, we draw a uniform scattering
angle # and calculate the recoil energy E, of the event from equation 4.17. The
annual modulation is thus included as those event times t for which the dark matter
velocity in the laboratory frame is largest are more likely to give events above

threshold and in this way more likely to contribute to the distribution.

The nucleus will recoil in a direction with angle 6’ according to equation 4.18
relative to the dark matter velocity. Rotational symmetry around the incoming
dark matter direction leads us to choose a random angle ¢’ € [0,27) to completely
fix the recoil track. We calculate the event angle 6y, by projecting this track
of the recoiling nucleus onto the Earth-Sun direction, which at any given time is
fixed, and perform the energy and angular Gaussian smearing. To take the energy
efficiency into account, we only accept the corresponding fraction of events at each
recoil energy and apply the energy thresholds as hard cutoffs. In this way we create
ten dark matter probability distributions distributed evenly throughout the year
for each dark matter mass. We simulate 6 - 10° events and bin the data into 60

energy and 30 angular bins.

Figure 4.7 presents the obtained two dimensional probability distribution of event
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angle and recoil energy in a CF, detector with 5 keV energy threshold for a 9 GeV
dark matter particle in September. Two distinct features should be noted. First,
the event angles of dark matter scattering events preferably lie at large cos Osu,
(small event angles) because of the inclination of the ecliptic with the galactic disk.
Second, the probability distribution drops to zero above the largest possible recoil

energy for the given dark matter mass and escape velocity.

A third feature that is not directly visible in figure 4.7, but is important nonetheless,
is a variation of the peak of the dark matter probability distribution in time. The
direction of the Earth’s overall velocity vector will point approximately towards the
radio galaxy Cygnus A2, such that the incoming dark matter particles in the lab
frame will have a preferred direction coming from Cygnus A. The angle between
the Earth-Sun and Earth-Cygnus A direction changes over the year, such that the
peak in the dark matter probability distribution will follow a similar pattern. We

will discuss this in some more detail now in the example of light dark matter.

The annual modulation in the event rate of light dark matter has a maximum in
June because at this time the velocity vector of the Earth and the Sun are parallel
to each other [246]. Both vectors approximately point into the direction of Cygnus
A. In December, these two vectors are antiparallel resulting in a minimum of the
event rate. The angle between the Earth-Sun direction and the Earth-Cygnus A
direction, Osyn—cygna, is expected to be the same in June and December, because
the Earth has simply moved to the other side of the Sun. However, in September
the Earth is between the Sun and Cygnus A, such that Osyn—cyena is at its largest
value. The two objects appear on opposite directions in the sky. Analogously, in
March when the Earth is behind the Sun relative to Cygnus, Osun—cygna is at its
smallest value. These situations were studied to test the coordinate system of our

simulations.

The time evolution of the peak in the two dimensional dark matter probability

distribution arises because of this modulation in the relative angle between the

2 As the direction of Cygnus A we take a right ascension of 19"59™"28 4% and a declination of
40°44'1.0" [245]
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FI1GURE 4.8: Distribution of the angle between the incoming dark matter veloc-

ity and the Earth-Sun direction over the year for events above a 5 keV threshold

in a CF4 detector. For each month 1 x 10* dark matter events have been sim-

ulated. The maximum of the distribution follows the expected annual pattern.
Day zero corresponds to the first of January.

incoming dark matter velocity vector and the Earth-Sun direction, Opy_gun- Since
in September the Sun and Cygnus A appear in different directions on the sky, the
velocities of the incoming WIMPs that can produce an event above a detector’s
fixed energy threshold therefore preferentially point along the Earth-Sun direction.
In March, however, the incoming dark matter velocities will point away from the
Sun, resulting in a large Opy_sun. When simulating light dark matter events for
each month of the year and producing a histogram for Opy_gun, We expect the
peaks of these histograms to show a modulation that follows exactly this pattern.
In figure 4.8 we color code the number of events in each angular bin. It is visible
that the distribution in fpy_gun follows the expected pattern with a maximum in

March and a minimum in September.

Having presented the dark matter event rate as a function of energy, time and

direction, we now turn to the neutrinos.
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4.2.3 Neutrino signal distribution

The scattering angle of the nucleus with respect to the incoming neutrino direction

can be found from scattering kinematics to be

EV + mr Er

. 4.1
EV 2mT ( 9)

cosf =

To create the two dimensional probability distribution function for neutrinos, we
perform the event rate calculation, equation 4.13, for each neutrino type separately
to know the exact ratio of events of each type for a given detector configuration.
This is important because every neutrino type has different energies and may there-

fore give different recoil energies.

To simulate neutrino events, we draw a random neutrino energy according to the
energy dependent flux. We use the differential cross section, equation 4.11, to
create a probability distribution for each given neutrino energy F, to give an event

of recoil energy FE,,
Jp (do/dE})dE,

PvE, = . 4.20
T e dEy B, 2

From this we draw a random FE, and obtain the recoil angle of the nucleus via
equation 4.19. For a solar neutrino the direction is known. When simulating the
atmospheric and supernovae neutrinos we assume an isotropic incoming neutrino
direction. Again, the outgoing nucleus has an angle ¢ with respect to the incoming
neutrino direction and a spherically symmetric distribution around that direction
in ¢’ € [0,27). We thus obtained the complete outgoing direction which we project

onto the Earth-Sun direction.

These real event values are smeared according to the detector resolutions as ex-
plained in section 4.2.1 and the energy efficiency and thresholds are applied. The
event time is drawn uniformly for the atmospheric and supernovae neutrinos, but

from a non uniform distribution for the solar neutrinos that follows the annual
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FiGURrE 4.9: Two dimensional probability distribution p of recoil energy and
event angle of neutrino events in a CF4 detector with 5 keV threshold.

modulation of the event rate. For the neutrino probability distribution we simulate

4.5 x 10% neutrino events and bin them into 60 energy and 30 angular bins.

Figure 4.9 shows the two dimensional probability distribution of recoil energy and
event angle for neutrinos in a CF, detector with a 5 keV energy threshold. The
significant difference to the dark matter probability distribution is the clear peak
at cos by, = —1 and small recoil energies due to the solar neutrino events. At-
mospheric and supernovae neutrinos contribute as a smooth, isotropic background.
For a 5 keV CF, detector we can see in figure 4.6 that the non-solar neutrinos have
only a small contribution such that in this example the probability distribution
function falls off steeply away from the solar peak. The ratio of the solar peak to
the smooth background of non-solar neutrinos depends on the target material and

the energy threshold.

The power of directionality can now be seen when the neutrino and dark matter
distributions are compared. For dark matter masses that create an energy spectrum
very similar to the neutrino background, both collisions can easily be distinguished

when the event angle is taken into account, as dark matter and neutrinos have very
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different event angles. For light dark matter a strong gain in sensitivity compared

to non-directional detectors is therefore expected.

In different detector configurations the dominance of the solar peak over the non-

solar background is not necessarily this significant.

4.2.4 Statistical test

Having obtained detailed spectra for dark matter and neutrino events as a function
of energy, direction and time, we need a statistic to quantify how well these signal

and background distributions can be distinguished in a given experiment.

The presence of backgrounds in direct searches of any kind implies that a given set
of observed events is either pure background or contains background plus a hidden
signal. One way to distinguish between these two cases statistically is to perform a
hypothesis test. Such a test can be carried out by looking at the ratio between the

probability densities of the measured data X being either signal plus background

or background only, @ = % [247]. We take this as the definition of our test
statistic: ©
n 8S¢(t;)+bBe(t;) 5, p(05,E;)+bBo g(0;,E;)
@ = Po+s(n) Hj:l : ]s+b — B Js+b — . (4.21)
po(n) [Tj=1 Bi(t;) Bo,p(0;, Ej)

Here s is the number of expected dark matter events given by equation 4.6, b the
number of expected neutrino events given by equation 4.13 and n the total number
of observed events in an experiment. py(n) is the Poisson distribution centred at
A, where \ is either b or b+ s. The functions with capital letters B or S denote
different normalised probability distribution functions for the neutrino and dark
matter events, respectively. The variables t;, E;, 0; denote the time, recoil energy
and event angle of the j-th event. B, and S; describes the annual modulation of

the neutrino and dark matter event rate, respectively.

Sg}; is the two dimensional probability distribution of the recoil energy and the

event angle for dark matter events and By g the corresponding one for neutrino
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events. Visualized examples of these distributions are the figures 4.7 and 4.9,
respectively. The dark matter distribution carries an additional index for time
because of the variation of its peak over the year as described in section 4.2.2.
To include this time variation, we choose ten equally distributed days over one
year and create one probability distribution function for each of these days. A
given event will then interpolate linearly between the two probability distribution

functions closest to the signal event time.
We can further simplify equation 4.21 to:

Q=c (S+b>nﬁ( 2; )(H%). (4.22)

Jj=1

In the following we will discuss the log-ratio ) = —2log @

For every dark matter mass and cross section we want to find out whether a fixed
detector setup (target material, energy threshold, exposure, energy and angular
resolution) is capable of distinguishing whether the observed events are pure back-
ground or contain a dark matter signal. To do so, Q has to be evaluated twice:
First we simulate pseudo-experiments with only neutrino events and obtain a dis-
tribution pg(@p) for the background only hypothesis using equation 4.22. As, in
this case, the pseudo-data is more consistent with the background expectations,
pe(Qp) will peak at positive Q values. We then repeat the exercise and simulate
pseudo-experiments with dark matter and neutrino events to get a distribution
pse(Qsp), again with equation 4.22. This distribution will, in contrast, peak at
negative QQ values. Note that for both evaluations the dark matter mass and cross
section is fixed, such that s is the same for both cases, even if the background only

hypothesis is simulated.

To account for the flux uncertainties we vary the expectation of each pseudo ex-

periment, that is b in equation 4.22. Hence, for each pseudo experiment we draw a



Chapter 4. Neutrino background in direct searches 122

0.25

0.25

FIGURE 4.10: Normalised background only distribution pp(Qp) (blue) and

signal plus background distribution psp(Qsp) (red) including angular informa-

tion (top) and excluding angular information (bottom) for s=10 and b=500 for

a 6 GeV dark matter particle in a CFy detector. The gain in sensitivity when

using directionality is clearly visible in the separation of the two distribution in
the upper plot.

random flux value for each neutrino flux type from a Gaussian with 1o correspond-
ing to the uncertainties. This results in a different expected background rate b for

each pseudo-experiment and widens the () distributions.

The number of observed events n in a pseudo experiment is drawn from a Poisson
distribution centred at a value A which is either equal to by for the background
only or by + s for the signal plus background simulation. Here by is the background
rate assuming the incoming fluxes have their nominal measured value such that we
obtain a central value result. We can then repeat the procedure shifting by up and
down by one sigma to obtain a 1 sigma band for estimated exclusion limits. For
each pseudo experiment we simulate these n events as discussed in section 4.2. To
decide how many of the n events are dark matter or neutrino events, we draw for
each event a random number r. If r is greater than s/(s + b) this event will be

simulated as a neutrino, otherwise as dark matter.

This procedure allows us to decide whether the detector setup is sensitive to that
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chosen mpy and oy, if we look at the separation between the two obtained distri-
butions Qg and (Qsg. The clearer this separation, the easier it is for the chosen
detector configuration to distinguish between the two hypotheses and the more
sensitive the detector. The lower the signal rate and the more similar the signal
expectations are to the background expectations, the closer the distributions will
be until they start to overlap. If the overlap becomes too large, the experiment will

lose its sensitivity completely. See figure 4.10 for a visualization.

To quantify the sensitivity of a given dark matter experiment for a specific dark
matter mass and cross section we calculate the overlap of these two distributions

as follows. We integrate both,

Bsp :/ psp(Qsp) dQsp , (4.23)
Bp Z/_ pe(Q@B) dQs , (4.24)

up to a ¢ value for which
1-Bsp=Pp=a. (4.25)

We take the confidence level at which the signal plus background hypothesis can be
distinguished from the background-only hypothesis to be (1—a/). In this work we are
interested in separations of both hypotheses at 90% confidence level, corresponding

to a equal to 0.1, and in 30 separations (a = 0.00135).

An advantage of this procedure is that experimental uncertainties can easily be
incorporated by smearing the probability distributions. Dark matter searches have
imperfect energy and angular resolution leading to a smearing of By p and 5(529
The background of non-solar neutrinos ensures a non-zero value for By g for all

values of 6 and E such that () is well behaved.

The statistical approach has uncertainties due to a finite sample size of pseudo-
experiments, a finite number of events to create the two-dimensional probability

distributions, as well as a finite bin width when creating the histograms of the test
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statistics. We estimate this numerical error to be 5% in the overlap and add it to

the error due to the systematic uncertainties.

This completes the discussion of the methodology. We are now in a position to
first show the arising of the neutrino bound in non-directional searches, then com-
pare exclusion limits for a given detector setup and at last investigate the scaling

behaviour of these exclusion limits with detector exposure.

4.3 Results

After presenting our methodology, we will now show the results of our analysis.
We begin by explaining how a saturation regime arises in non-directional searches.
Then we compare exclusion limits obtained with and without directional informa-
tion for an otherwise fixed detector setup and, at the end, investigate their scaling
behaviour with detector exposure. In the following discussion we will focus on the
CF, detector as an example and make a comparison to a heavier target material
when we discuss the scaling behaviour. We will comment on the dependence on

angular and energy resolution as well as the impact of the annual modulation.

4.3.1 The bound in non-directional searches

To show how the neutrino bound appears, we chose a non-directional CF, detector
according to our assumptions in section 4.2.1 and scale up the exposure such that
background rates from 5 to 5-10% are expected. For each dark matter mass we then
find the cross section that separates signal plus background hypothesis from the
background only hypothesis at 90% confidence level. The results of the scan are
presented in figure 4.11.

One can observe that the experiment’s reach at low dark matter masses scales much
worse than at masses above around 20 GeV. The reason for this is that the energy

spectra of a 9 GeV dark matter particle and the ®B neutrinos are identical in CFj.
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FIGURE 4.11: Estimated exclusion limits of a CF4 non-directional detector for
different number of neutrino events. A saturation regime at low dark matter
masses appears.

Hence, around this mass region there is no information to be gained from measuring
the energies of the collisions and the only possibility to distinguish dark matter
from neutrinos is the counting of events. In a pure Poisson dominated regime, the
discovery limit would evolve proportional to v N /N according to the statistical
uncertainties. Here, we need to add the systematics which are proportional to the

background rate, we call the proportionality factor .. In total we then have:

VN + a2N? 1+ a2N
o X i = N (4.26)

For o®?N > 1, we have o oc o and the discovery limit becomes constant at a value

set by the systematics. This is the discovery limit of non-directional direct searches,
which was presented in this form in [42]. Note that specific assumptions on the
dark matter velocity distribution were made which is not known either. Including
the uncertainty on the dark matter velocity distribution will widen the neutrino

floor, as discussed in reference [248].

We discussed here the origin of the solar neutrino discovery limit. Heavy dark

matter particles have an energy spectrum sufficiently different to solar neutrinos
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such that their occurrence only has a small influence on the scaling behaviour
for heavy WIMPs. In fact, one could imagine a situation in which the energy
threshold of the detector is so large that all solar neutrinos are cut, such that the
experiment is effectively background-free. For large exposures, however, the non-
solar neutrinos will be observed and a similar argument can be given. Again, there
will be a saturation regime which limits future searches, however at much smaller
cross sections. Because the exposures needed to reach this limit are so large (about
10® ton-years [42, 249]) we will focus on the solar neutrino background in this

analysis.

Note here that the discovery limit is slightly target material dependent. For a
Xenon detector, e.g., the energy spectra of ®B neutrinos is identical with a 6 GeV
WIMP instead and the discovery limit would shift to the left. Also, the discovery
limit only strictly exists for a perfect match of the energy spectra of dark matter
and neutrino. If the dark matter particles can give a slightly larger recoil energy
than the neutrinos, a few of these higher energetic events could clearly tell apart
signal from background. The probability for such an event to occur is, however,
quite small such that in the mass region close to the strict discovery limit the
scaling behaviour is still strongly affected by the background contamination. Also

the energy resolution of a detector will make such a distinction difficult.

A more recent analysis with a finer energy grid than the one used here showed that
differences in the tail of neutrino and dark matter energy spectrum may be used to
overcome the saturation regime, but very large background rates of ~ 10* need to
be present for this effect to be measurable [249]. Because these large exposures are
very difficult to achieve, other ways to go beyond the bound should be examined.
In the next section, we will prove that one such possibility is the use of directional

information.
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4.3.2 Estimation of detector sensitivities

We have seen that the neutrino background limits the reach of non-directional
searches. Here we will fix the detector set-up and then compare directly the sen-
sitivities of searches with and without directional information. We will look at
sensitivity limits at the 90% confidence level and 3o level. The detector exposure
is scaled such that each simulated experiment will observe 500 neutrino events, i.e.
the background contribution is sizeable. Again we use CF, as target material and

choose the detector setup as discussed in section 4.2.1.

Figure 4.12 shows the obtained sensitivity bands for a 36.6 ton-year CF4 experiment
with a 5 keV energy threshold. The 500 neutrino events consist of 499.8 expected
solar and 0.2 expected non-solar neutrinos. The red (green) band represents limits
that can be obtained with a non-directional (directional) detector at a 3o level.
The fainter colours show corresponding limits at 90% C.L, the grey curve is the
discovery limit derived in reference [42]. The separation of the green band from the

red band represents the impact of directional information.

The non-directional detector cannot test the parameter space beyond the neutrino
background at 90% confidence level. However, we see that cross sections below the
solar neutrino bound can be probed at the 3¢ level when directional information

is taken into account.

Directional information is more useful the smaller the dark matter mass as can be
seen by the increasing separation of the lines when moving from heavy to light dark
matter. This can be understood by the significant separation of the neutrino and
dark matter peak in the combined two dimensional probability distribution func-
tion. For a light dark matter event to be above threshold, the track of the recoiling
nucleus has to lie closer along the incoming dark matter direction in order to pro-
duce a large enough recoil energy. Hence, the dark matter signal also has a strong
directional character. As the event angle for neutrinos has a distribution pointing

back to the Sun, directional information impacts the sensitivity significantly.
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FIGURE 4.12: Estimated sensitivity limits at 3o level for a non-directional (red

band) and directional (green band) CF, detector with 36 t-yrs exposure and

5 keV energy threshold resulting in 500 expected neutrino events. The fainter

bands indicate corresponding sensitivity limits at 90% CL, the grey curve is the
neutrino bound.

Towards heavier dark matter masses, we see that the sensitivity curves approach
each other and directionality plays a subdominant role. For heavy dark matter, the
distinction of signal and solar neutrino background is already easy when the energy
spectrum is considered on its own, because the recoil energies of solar neutrinos
are much smaller compared to heavy dark matter. Besides, the dark matter events
lose their clear directional character. The kinetic energy of heavy dark matter
particles is, in contrast to light dark matter, also large for smaller dark matter
velocities. Hence, the incoming dark matter direction becomes less constrained and
more isotropic the heavier the WIMP. Directionality still adds to the sensitivity,
because heavy dark matter particles may give recoil events with energies that fall
into the solar neutrino region. In that case, only the direction can tell the two
apart. Hence, also for heavy dark matter, an increase in sensitivity is found. Note
that track resolution improves for larger recoil energies and thus for heavier dark

matter the recoil track is less smeared and has a better defined direction.

In this section we have presented results from detector simulations for which we

fixed the number of expected neutrino events to 500 in order to estimate possible
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sensitivity limits in the presence of neutrino backgrounds. It was shown that cross
sections beyond the discovery limit can be probed when directional information is
taken into account. Directional detectors have significantly larger sensitivities for
light dark matter masses and adds to the sensitivity for heavy dark matter. We

will now move on and discuss how these limits behave as a function of exposure.

4.3.3 Projected sensitivities

In the previous section we have seen that directionality can increase the sensitivity
of direct searches significantly. Now we will investigate the scaling behaviour of this
sensitivity to find out which exposure is necessary to cross the neutrino discovery
limit. For dark matter masses we choose 9 GeV to see how directionality helps
when the energy spectrum of solar ®B neutrinos and dark matter are identical,
1000 GeV as a heavy dark matter mass and 30 GeV as an intermediate. For each

dark matter mass and cross section we simulate 15 - 10? pseudo-experiments.

Again, we look at a CF, detector and present the results in figure 4.13. The
projected sensitivity limits for directional detectors are presented as solid, for non-
directional detectors as dashed-dotted lines in dependence on the dark matter mass.
We colour code the three different masses in blue (9 GeV), red (30 GeV) and black
(1000 GeV). The discovery limits for each dark matter mass of [42] are indicated
as horizontal dashed lines, which were derived for Xenon as target material. To
compensate for the dependence on target material that we discussed in section 4.3.1,
we show the limit of a 6 GeV WIMP derived for Xenon here for the 9 GeV WIMP
in CFy. This should be a reasonable choice because the energy spectra are the
important factors for the discovery limit. We expect the projected non-directional
sensitivity limits to flatten out below the limits from reference [42] by a factor of 2

because we assume half their neutrino flux uncertainties.

We will first discuss the scaling behaviour for a 9 GeV WIMP. Looking at the non-
directional limit, we observe that it flattens out just below the discovery limit as we

expect because of the different assumptions on the neutrino flux uncertainties. The
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FIGURE 4.13: Estimated sensitivity limits for a directional CF4 detector with a

5 keV energy threshold for a 9 GeV (blue), 30 GeV (red) and 1000 GeV (black)

dark matter particle. The solid lines show directional detectors, the dash-dotted

lines show non-directional detectors. The horizontal dashed lines indicate the

discovery limit of [42] for each dark matter mass. The vertical grey line indicates
a background rate of 500 events.

directional detector will test cross sections beyond the discovery limits even with
imperfect flux knowledge and we estimate the necessary exposure to be around
2 ton-years. The slope of the directional sensitivity line is constant, such that no
discovery limit exists once directional information is used. Also for the heavier dark
matter masses we see that directionality contributes significantly and can help more
than an order of magnitude in the cross section for the intermediate mass. The
heavier the dark matter mass, the less significant is the impact of the direction, as
we explained in the previous section. However, we can also see that the discovery
limits for the heavier WIMP masses may only be reached for an unreasonably
large exposure (more than 10 ton-years). We note again that directional detectors
operate with low-pressure gas such that very large exposures quickly lead to very

large detector volumes.

At the moment, the strongest constraints on the WIMP-nucleon cross section are
set by experiments that use Xenon as a target material. It is not clear how a Xenon

detector might be made directional, however, it is still interesting to ask which cross
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section experiments with heavy target materials would be able to probe if they used
directional information. There has been recent interest in developing a direction-
sensitive Xenon detector technology based on recombination dependence on the
recoil angle relative to the detector E field [250]. This may perhaps be a possibility

for the future.

An additional motivation to pursue directionality is that ultimately very large
Xenon detectors would be limited by the background of solar neutrino-electron
elastic scattering events. It is important to note that we do not take this back-
ground source into account in our simulations, although it is expected to become
significant at the 10748 cm? level [251]. Additionally, the electron discrimination in
Xenon detectors is less efficient than in other detectors, for example liquid argon.
Directionality could aid in that discrimination considerably, because these events
have a direction that points back to the Sun, allowing deeper cross sections to be
probed. Hence, directional detectors could also be used to detect neutrino-electron
recoil events, and one could ask whether CNO neutrinos could be measured. How-
ever, the electronic recoil spectrum in the energy window of these detectors (below
100 keV) is dominated by solar pp-neutrinos with an event rate that is about 100
times larger than the CNO neutrino event rate, see e.g. [252]. Keeping in mind
that their recoil spectra at these recoil energies are very similar, namely rather
flat, [42, 225], detecting CNO neutrinos is very challenging. Of course it is im-
portant to note that such large detectors would cost a great deal of money since
Xenon is ~$1000 per kg at today’s prices and only 25 tons are obtained from the
air annually. It would be interesting to investigate in more detail how directionality

could help to further reduce this background.

We look at a hypothetical directional Xenon detector in figure 4.14. As expected,
for mpy = 6 GeV the sensitivity of non-directional Xenon detector flattens out just
below the discovery limit. Again it is important to observe the strong increase in
sensitivity for light dark matter once directional information is used. This is shown
by the large gap between the dotted and solid blue lines. The necessary exposure to

go beyond the neutrino bound is about 10 ton-years. For larger dark matter masses
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FIGURE 4.14: Estimated sensitivity limits for a directional Xenon detector with

a 2 keV energy threshold for a 6 GeV (blue), 30 GeV (red) and 1000 GeV (black)

dark matter particle. The solid lines show directional detectors, the dash-dotted

lines show non-directional detectors. The horizontal dashed lines indicate the

discovery limit of [42] for each dark matter mass. The vertical grey line indicates
a background rate of 500 events.

one can observe that directional and non-directional limits are close to identical for
the heavier target. For Xenon the possible recoil energies of solar neutrinos are,
taking our chosen threshold energy into account, between 2 and 5 keV. This is only
a small range compared to the total considered energy window of the detector (2
to 40 keV). Hence, the region where only the direction can tell apart a neutrino
from a dark matter particle is rather small and for large dark matter masses recoil
energy alone is sufficient. The projected sensitivities reach a boundary close to the
discovery limit. The boundary of the 1000 GeV WIMP candidate is slightly below
the discovery limit as expected from the reduced flux uncertainties. We note that
the discovery limits in [42] were obtained with a 4 keV energy threshold, compared
to a 2 keV threshold here. This explains why the 30 GeV sensitivity line stays
just above the neutrino bound. The number and type of neutrinos present in the
detector show a strong dependence on the chosen energy threshold in this dark

matter mass region.

We find that the sensitivities for directional and non-directional detectors are close
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FI1GURE 4.15: Dependence of sensitivity on angular resolution for fixed exposure
and dark matter mass. The blue dashed line indicates the discovery limit.

to identical for heavy dark matter and a distinction between atmospheric neutrino
and dark matter recoils is not possible for our chosen exposure, energy threshold as
well as energy and angular resolution. In [253] it was shown that with a lower en-
ergy threshold and better energy and angular resolutions the atmospheric neutrino

bound can be surpassed, but only for exposures of around 10* ton-years.

In figures 4.14 and 4.13 the improvement in sensitivity is visible when directional
information is included additionally to event time and recoil energy. In our analysis
we find that time information adds only little to the sensitivity of a pure spectral
analysis. For a 9 GeV dark matter particle in a CF,4 detector, e.g., we can find
an improving effect of 10% on the sensitivity when measuring annual modulation
only if there are about 10% background events. We see that annual modulation
becomes important for large background rates and that the impact of directional

information is much larger.

Reference [248] presents the different modulation phases of neutrino and dark mat-
ter signals and then estimates detector exposures necessary to go beyond the neu-
trino floor if only annual modulation is considered on top of event counting and
recoil energies. It is shown that it is possible to circumvent the neutrino floor,

however, with the same conclusion that large event rates are crucial. To show the
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effect a 10 ton Xenon detector with 0.1 keV threshold was chosen, which will give
about 10* events per year. A clear increase in sensitivity is observed for exposures
above 96 days which corresponds to about 10% events and is in agreement with our

results.

The estimated sensitivities of directional detectors also depend on the chosen angu-
lar and energy resolutions. We find the angular resolution to be the more important
one. In figure 4.15 we show the maximal testable cross section of a CF, detector
for a 9 GeV dark matter candidate and an exposure of 5000 background events. It
is visible that the sensitivity varies over two orders of magnitude and approaches

the discovery limit if the angular resolution vanishes.

In this section we have proved that, in principle, there is no solar discovery limit
for directional direct dark matter searches. Going beyond the discovery limit for a
9 GeV dark matter particle is possible for an exposure of approximately 2 ton-years
for a directional CF4 and around 10 ton-years for a directional Xenon detector. For
this dark matter mass, a directional experiment can reach the discovery limit with
an exposure which is smaller by about an order of magnitude compared to the
non-directional case. Directionality has more impact the lighter the dark matter
particle is. For events to be above the energy threshold, the incoming light dark
matter particles need a large velocity and, hence, have a clear arrival direction from
Cygnus A, clearly distinct from the arrival direction of neutrinos. For a light target
material directional information also adds to the sensitivity of heavy dark matter

candidates.

4.4 Conclusions

Coherent neutrino-nucleus elastic scattering will become an irreducible background
for future generations of direct dark matter experiments. The scaling of sensitivity
with exposure will greatly suffer and a neutrino bound arises. We investigated

how directional information can help additionally to time and recoil information to



Chapter 4. Neutrino background in direct searches 135

distinguish dark matter signal from neutrino background. To do so, we performed a
hypotheses test and demanded separations of the two hypotheses at 90% confidence

or three sigma level.

For the simulated detectors we assumed moderately optimistic energy thresholds
and energy efficiencies as well as smearing due to imperfect energy and angular
resolution. In order to see how the target mass influences the searches, we looked
at Tetrafluoromethane, CFy, as a light and Xenon as a heavy target material. For
CF, there are detector technologies that measure the recoil track of the nucleus,

whereas they have not yet been developed for Xenon.

In section 4.2 we calculated two dimensional probability distributions in recoil
energy and event angle, fg.,, of neutrino and dark matter events. In figure 4.7 we
showed the distribution of light dark matter and pointed out that it peaks at large
values of cos fg,,. We presented how the position of this peak evolves over the year
due to the motion of the Earth around the Sun in figure 4.8. We remarked that the
lightest dark matter particles that a detector is sensitive to, need to have a large

incoming velocity such that their arrival direction points back to Cygnus A.

In the same section we presented in figure 4.9 the corresponding distribution of the
neutrino events. The way we defined the event angle removes any time dependence
of this distribution. Compared to dark matter, we noted that the solar neutrinos
peak at small recoil energies and at cosfy,, ~ —1. The non-solar neutrinos were
assumed to have an isotropic distribution in the detector frame and act as a smooth

background for the distribution.

In section 4.3.2 we simulated a CF, detector and fixed the exposure such that
there are 500 expected neutrino events. We found that with directional information
cross sections beyond the neutrino discovery limit may be probed. The directional
detectors can test more than an order of magnitude smaller cross sections compared

to non-directional detectors for light dark matter masses.
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We projected possible sensitivities as a function of exposure in section 4.3.3. We
saw that directional information removes the solar neutrino discovery limits and
is especially useful for light dark matter. For a 9 GeV dark matter particle an
exposure of approximately 2 ton-years for a directional CF, and around 10 ton-
years for a directional Xenon detector is needed to go beyond the discovery limit
of non-directional detectors. The limit is reached with an exposure that is about

an order of magnitude smaller compared to the non-directional case.



Chapter 5

Conclusions

The evidence for dark matter is overwhelming. We have outlined in the introduction
that the dynamics of galaxies and clusters of galaxies suggest that there must be
more gravitating mass than simply the visible matter. Measurements from Big
Bang nucleosynthesis and from the Cosmic Microwave Background have confirmed
that a great part of the matter in the Universe is not only dark, but also non-

baryonic.

One popular framework for this new kind of matter is the weakly interacting mas-
sive particle (WIMP) that can provide the correct relic abundance via a freeze-out
process in the early Universe. Its weak interactions have initiated a series of ex-
periments that try to identify the exact particle properties. A dark matter particle
may be produced at particle accelerators, may collide with ordinary atoms in ter-
restrial experiments or it may annihilate in dark matter rich regions such that the

annihilation products can be detected.

Up to this point no conclusive signal has been observed by any experiment. Whereas
one typical collider signal of dark matter would be a mono-jet event with large
missing energy, it may be that the first hint of dark matter is of a more indirect
kind. Excesses in other searches could lead the way to pin down the dark matter

properties.
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As an example, we discussed in Chapter 2 how a deviation in a dilepton search
by CMS can be interpreted within the Minimal Supersymmetric Standard Model
(MSSM) that contains a popular dark matter candidate, the lightest neutralino. We
suggested simplified supersymmetric models in which the second lightest neutralino,
X3, either decays via an on-shell slepton or an off-shell Z to a final state with two
leptons. Strong production of sbottoms that subsequently decay into Y5 boosts
the production of dilepton pairs. To test the validity of these models, we recast a

comprehensive list of complementary searches using the automation tool Atom.

We found that on-shell slepton scenarios are disfavoured by an ATLAS stop search
such that the only possible way to explain the excess within the MSSM are the off-
shell Z scenarios. A fit within the 1o uncertainty around the best fit value can be
achieved in a scenario with right-handed sbottoms and higgsino-like x3 that weigh
around 280(330) GeV and 230(240) GeV, respectively. For left-handed sbottoms
a fit to the central value can be obtained for 370 GeV shottoms and 240 GeV,
wino-like x3, but the correct dark matter relic abundance cannot be accounted for.
Tensions between these two explanations and other searches already exist, such
that the next run of the LHC will clarify the situation in this channel, especially

given that a similar ATLAS search did not show any deviation.

The recasting of existing limits that we performed in Chapter 2 is essential for
obtaining solid statements about the validity of a given SUSY model, because pro-
duction cross sections and decay modes in the MSSM are highly model dependent.

Developing such an automated machinery further is an important goal to interpret

future SUSY searches.

A tremendous success of the LHC was the measurement of the Higgs mass at
125 GeV. It not only completed the Standard Model, but also created opportunities
to look for new physics, e.g. through deviations in its production or decay rates.
Interestingly, an enhancement in the Higgs to diphoton decay rate was initially

observed by both independent experiments, ATLAS and CMS. Although this excess
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has now vanished, we investigated in Chapter 3 what could be learned from such

an anomaly using the example of vector-like leptons.

We explained how the Higgs to diphoton decay is altered by the new fermions
and that a dark matter candidate is present in the model. Even though strong
constraints from dark matter and collider searches as well as electroweak preci-
sion tests were taken into account, we have shown that the correct dark matter
relic abundance can be provided. We further proposed and examined a possible
relation to the formation of the baryon asymmetry of the Universe, which cannot
be generated within the Standard Model with the Higgs mass at 125 GeV. The
new fermions can alter the strength of the electroweak phase transition sufficiently
to ensure strong enough deviations from thermal equilibrium for successful elec-
troweak baryogenesis. Simultaneously, the dark matter candidate stays valid and
the diphoton rate stays slightly enhanced offering the possibility to test this scenario
at future colliders. We also argued that the new fermions intensify the problem
of vacuum (in)stability and indicated that a solution would be to add additional

bosonic degrees of freedom to the theory.

While the search for signals at the LHC goes into the next round, the wait for
a dark matter signal at direct detection experiments continues. These searches
constrain the WIMP-nucleon scattering cross section by looking for dark matter

collisions in low background, terrestrial experiments.

From the dark matter model building perspective, however, it is not uncommon that
this cross section is suppressed. Mixing in the dark sector or destructive interference
between multiple contributions may decrease the cross section far below currently

tested values.

There will then be the need to scale up these detectors and an irreducible back-
ground from coherent neutrino-nucleus elastic scattering will begin to introduce
contaminations. Ultimately, this results in a saturation regime, the so-called “neu-
trino bound”. Ways to overcome this limit must be developed and we proposed

one idea in Chapter 4.
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To surpass the neutrino bound, we suggested using the direction of the recoiling nu-
cleus as additional information, which can be measured in directional dark matter
experiments. As most of the background neutrinos will arrive from the Sun, neu-
trino and dark matter collisions will in general lead to different recoil directions of
the atomic nucleus. We derived two dimensional probability distributions of recoil
energy and event angle for neutrino and dark matter scattering events and proved
that they are a powerful tool to distinguish signal from background. A hypothesis

test was performed to quantify the sensitivity of a given experiment.

We analysed the scaling behaviour of directional and non-directional searches in
the presence of the neutrino background and showed that the saturation regime
can be overcome with directional information. With Tetrafluoromethane as target
material the necessary exposure is 2 ton-years at a WIMP mass of 9 GeV. For a
hypothetical directional Xenon detector we find a necessary exposure of around 10

ton-years for a 6 GeV WIMP.

In this thesis we investigated how excesses at colliders can be interpreted in dark
matter models and suggested relations to other problems of the Standard Model,
such as baryogenesis. One solution to the future challenge to direct searches of
neutrino backgrounds has been proposed using directional information of recoil
events. We hope that this thesis contributes to the quest for dark matter that

continues on many fronts and will face challenges in the future.



Appendix A

Validation tables

Here we show the validation results of our implementation of the CMS dilepton

search [78, 79] and the ATLAS stop search with two lepton final state [116].

(mg, myg) = (400, 150) GeV Central Atom/Exp | Forward | Atom/Exp
Niets > 2(no By cond.) 242.7+ 2.8 | 1.04 342+ 11| 0.77

Niets > 3(no Fp cond.) 186.2 £2.5 | 1.09 25.6 +£0.9 | 0.76

P > 100 GeV(no Nies cond.) | 152.5 £2.1 | 1.03 19.8 £0.8 | 0.98

Fr > 150 GeV(no Njes cond.) | 85.0+ 1.5 | 0.93 104 £0.5 | 0.87
Signal region 132.44+£2.0 | 1.031 17.0£0.7 | 0.937

TABLE A.1: Validation table for our implementation of the CMS dilepton anal-
ysis [78, 79] in Atom.

The benchmark point considered in the CMS analysis has a sbottom of mass 400

GeV decaying via b— X9b with 100%. The second lightest neutralino then under-

goes an off-shell Z decay with SM branching ratios. We show the good agreement

between the CMS results and our implemented analysis in Atom in table A.1. There,

we give the event numbers in the central and forward signal regions as quoted by

the CMS collaboration and their ratio to our results obtained with Atom.
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(mi, mgs, mgo) = (400, 390,195) GeV | SF Atom/Exp | DF Atom/Exp
Ap > 1 1834.9 | 1.09 2390.1 | 1.06

Aoy, 1402.8 | 1.07 1800.5 | 1.07

mrpe > 90 GeV 396.5 | 1.02 500.0 | 1.09

mrpo > 120 GeV 211.8 | 1.01 2844 | 1.1

mre > 100 GeV, prje > 100 GeV 21.7 1.4 35.0 0.99

mro > 110 GeV, prje > 20 GeV 86.0 0.95 116.1 | 0.89

TABLE A.2: Validation table for our implementation of the ATLAS stop search
with two leptons [116] in Atom.

Additionally, we provide validation results for the stop search because of the strong
constraints that we derive from this analysis. The ATLAS benchmark scenario
consists of a stop decaying to Y + b with 100% probability followed by a decay
of ¥{ via a W into ¥V and Standard Model particles. We show our validation in
table A.2. In this table we present event numbers for the same-flavour (SF) and
different-flavour (DF) case as given by ATLAS and their ratio to our results in the

column Atom/Exp.



Appendix B

Parameter values for pMSSM scan

In table B.1 we give additional pMSSM input parameters as well as the sum of the
branching ratio of b to X9, X5. These points were used to scan the right-handed
sbottom-higgsino model. Calculation of the physical SUSY masses and branching
ratios was performed using SPheno [101, 102].

Am(b, X9) =50 | Am(b,x3) =90 | Am(b,X9) =130 | Am(b, X9) =170
my =280 | (229,157,0.48) | (183,157,0.63) | (140,157,0.69) | (96,157,0.63)
my =320 | (270,215,0.48) | (228,215,0.63) | (183,215,0.69) | (140,215,0.67)
my =360 | (307,263,0.46) | (269,263,0.63) | (228,263,0.69) | (183,263,0.7)
m; =400 | (345,310,0.46) | (307,310,0.63) | (269,310,0.7) (228,310,0.71)

TABLE B.1: Additional information about the right-handed sbottom-higgsino
model. We give values for (u, mj_,> ;53 BR(b — bN;)) for each model point.
All masses and mass differences are given in GeV.
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