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Zusamenfassung

Antikerne in Kosmischen Strahlen werden seit langem als eine vielverprechende
Sonde fur indirekte Suchen nach WIMP dunker Materie betrachtet, da in diesen
Modellen WIMPs Antikerne durch Annihilation zu erzeugen. Sie gelten als so vielver-
sprechende Sonde, weil das erwartete Antikernsignal von dunkler Materie bei niedri-
gen kinetischen Energien den Hintergrund, der von anderen astrophysikalischen
Quellen erwartet wird, um mehrere GréRenordnungen Ubersteigt. Tatsachlich wird
nur eine einzige relevante Hintergrundquelle in Betracht gezogen: der Zusammen-
stol3 von Hochenergie-Kosmischen Strahlen mit dem interstellaren Medium. Exper-
imente der aktuellen Generation erreichen Emp ndlichkeiten, die optimistische
Modelle untersuchen kénnen, und Experimente der nachsten Generation werden in
der Lage sein, Signale samtlicher Modelle vollstandig aufzulosen, falls es existiert.
Um aus einem solchen Signal Information zu entschltisseln, missen alle Wirkun-
gen, die auf es einwirken, verstanden werden, und die Unsicherheiten jeder dieser
Wirkungen bekannt sein. Die relevanten Prozesse sind die Produktion, Ausbreitung
und schliesslich die Annihilation dieser Antikerne. Auf der Erde werden Antikerne
in hochenergetischen Teilchenkollisionen in Teilchenbeschleunigern produziert.
Aufgrund ihrer Seltenheit kdnnen traditionelle " xed-target" Experimente, die zur
Messung der Annihilation-Wahrscheinlichkeiten (der sogenannten inelastischen
Querschnitt) von Teilchen verwendet werden, nicht fur niedrigenergetische Antik-
erne verwendet werden. Die in dieser Dissertation vorgestellte Arbeit verwendete
eine kirzlich entwickelte neue experimentelle Methode, um erstmals die inelastis-
chen Querschnitte von 3He und 3H zu messen, und verwendete diese Messungen,
um den Ein uss der Annihilation auf den erwarteten Antikern uss in Kosmischen
Strahlen zu bestimmen. Daruber hinaus wurde der gleiche Verfahren zur Bewer-
tung des Ein usses von Antikern-Inelastischen Querschnitten auf ihre Ausbreitung
auch auf Antideuteronen angewendet. Im Verlauf dieser Arbeit wurden auch die
Unsicherheiten bezuglich der Propagation und Produktion von Antinukleonen neu
evaluiert.

Der Inhalt meiner Dissertation ist daher die erstmalige Messung des inelastischen
Wirkungsqueerschnitts der A=3 Antikerne 3He und 3H , sowie die erstmalige Bes-
timmung der experimentellen Unsicherheiten auf die  3He - und Antideuteron iisse
auf Grund der Annihilation mit dem interstellaren Medium.



Preface

Antinuclei in cosmic rays have long been considered a golden channel for indirect
WIMP dark matter searches, since WIMPs are predicted to be able to annihilate to
create antinuclei. They are considered such a promising probe because the expected
antinuclei signal from dark matter at low kinetic energies exceeds the background ex-
pected from other astrophysical sources by sever orders of magnitude. Indeed, only a
single relevant background source is considered: the collision of high energy cosmic
rays with the interstellar medium. Current generation experiments are reaching
sensitivities which can probe optimistic models, and next generation experiments
will be able to fully resolve any such signal, if it exists.
In order to decode any information from such a signal, all effects acting on it must
be understood, and the uncertainties on each of these effects must me known. The
relevant processes are the production, propagation, and nally annihilation of these
antinuclei. On earth, antinuclei are produced in high energy particle collisions at
particle colliders. Due to their rarity, traditional xed target experiments employed to
measure the annihilation probabilities (called the inelastic cross section) of particles
cannot be used for low energy antinuclei. The work presented in this thesis used a
recently developed new experimental method to measure the inelastic cross sections
of ®He and 3H for the rsttime, and used these measurements in order to infer the
effect of annihilation on the expected antinuclei ux in cosmic rays. Furthermore,
the same procedure for evaluating the effect of antinuclei inelastic cross sections on
their propagation has been applied to antideuterons. In the course of this work, the
uncertainties concerning the propagation and production of antinuclei have also
been re-evaluated.
The work carried out as part of my PhD has thus involved measuring the measure-
ment of the inelastic cross sections of the A=3 antinuclei 3He and 3H , as well as using
them in order to determine the experimental uncertaintieson  3He and antideuteron
uxes due to annihilation, both for the rsttime.
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1. Introduction

1 Introduction

1.1 The goal of this work

The main topic of this work in the annihilation of composite antinuclei in nuclear
matter. This process — by which one or all of the antinucleons interact and annihilate
with nucleons — destroys the antinucleus in the process. Because of these annihi-
lations, antinuclei are some of the rarest stable objects in our matter dominated
universe, as once produced they tend to annihilate quickly on cosmic timescales.
And only very rare process even create antinuclei in the rst place.

But this rarity is why antinuclei have received increased attention in recent years
[1, 2, 3, 4], since any process which gives a signal by producing antinuclei does not
have to contend with large backgrounds, but can be searched for with hope for a
clean signal. In particular, theories which go beyond the current standard model
of physics and can produce antinuclei, often hail them as a golden channel for de-
tection. But in order to make any inference from future antinuclei measurements
from such processes, their properties must be known, including the chance by which
they might annihilate before reaching our detectors. One theory in particular has a
vested interest in antinuclei: the weakly-interacting-massive-particle (WIMP) dark
matter model. Some versions of this model predict dark matter annihilations into
antinuclei, which could enable an indirect channel into unveiling the nature of dark
matter.

1

So this effort to aid the search for new physics thus joins two separate elds of
study: high-energy physics, which allows us to produce and study the properties
of antinuclei on earth, and the search for signals of dark matter in cosmic rays,
in particular antinuclei. The goal of the work carried out during my PhD is the
measurement of the inelastic cross sections of the A=3 antinuclei, and the effect of
the measured antinuclei inelastic cross sections on an antinuclei signal in cosmic
rays near earth.

1.2 The standard model of particle physics

In this section a brief introduction to the standard model of particle physics is given,
in order to introduce the terminology and concepts which will be used in this thesis.
The standard model of particle physics describes the forces by which elementary par-
ticles interact with each other: the strong force, as described by quantum chromody-
namics (QCD), the electromagnetic force as described by quantum electrodynamics

Lt remains of the biggest mysteries of physics why our universe is dominated by matter over
antimatter, as the Big Bang should have produced them in equal amounts.



35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

1. Introduction

(QED) and the weak force as described by electroweak theory (EWT). The standard
model has been incredibly successful in describing the three forces. The forth fun-
damental force of nature, gravity, completes the description of nature, however, it
remains unknown how to incorporate it into the standard model. Additionally, there
are phenomena which are currently inexplicable within the standard model, notably
dark matter and dark energy. This has prompted many searches for physics beyond
the standard model (BSM), in order to complete our understanding of nature. So far
however, these searches have remained without success.

In the standard model, there are 4 types of elementary particles: quarks, leptons,
gauge bosons and the higgs scalar boson, which are summarized in gure 1. There
are 3 generations of quarks and leptons, which differ from previous generations in
their mass. Quarks are splitinto up-like quarks, witha  + % electric charge 2, and down-
like quarks with a % electric charge. Leptons are split between charged leptons with
charge g = 1 and neutrinos, which carry no electric or color charge, and are very
light. There are 4 gauge bosons for the 3 fundamental forces which the standard
model describes: the gluon ( g) for the strong force, the photon () for the electro-
magnetic force, and the W and Z bosons for the weak force. The weak bosons couple
to all quarks and leptons as well as themselves, while photons couple to electrically
charged particles (quarks and charged leptons), and gluons couple to quarks, since
they carry a color charge 3. Additionally, gluons can interact with themselves, since
they also carry the color charge of the strong force. Finally, there is the scalar higgs
boson, which is responsible for the mechanism which gives particles their mass. All
guarks and leptons also have a corresponding antiparticle, with the same mass, spin
and lifetime, but with all other quantum numbers inverted according to the charge,
parity and time reversal (CPT) symmetry 4.

Quarks always form composite particles made up of either three quarks (baryons)
or a quark-antiquark pair (mesons). These two differ in the fact that baryons are
fermions (half integer value spin) and mesons are bosons (integer value spin). The
baryon number °is also conserved in all known reaction of the standard model, which
means that the relative number of baryons-antibaryons remains constant.

It is important to note why quarks are never found individually. Quarks carry color
charge, which is the charge of the strong force. The shape of the strong force does
not allow for isolated color charges to exist, a principle called color con nhement.
Unlike for example the electromagnetic force, which gets weaker as the distance

2Charges of elementary particles are given in multiples of the magnitude of the electron charge .

3Color charge is the QCD equivalent of the electric charge.

4Further information about CPT symmetry can be found in any university level physics textbook,
such as[5], and in section 1.2.1.

5The baryon number is a quantum number where baryons have 1 and antibaryons have -1.
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Figure 1. The patrticles of the standard model of particle physics. There are 3 gener-
ations of quarks and leptons, which differ from previous generations only in their
mass. Quarks are split into up-like quarks, witha + % charge, and down-like quarks
with a 1% charge. Leptons are split between charged leptons withcharge g = 1and
neutrinos, which carry no electromagnetic or color charge, and are very light. There
are 4 gauge bosons for the 3 fundametal forces which the standard model describes:
the gluon ( g) for the strong force, the photon () for the electromagnetic force, and
the W and Z bosons for the weak force. Additionally, there is the scalar higgs boson,
which is responsible for the mechanism which gives other particles their mass.

between two particles grows, the strong force remains constant. The potential of the
strong force can thus be phenomenologically described by the Cornell potential  [6],
as given in equation 1:

V)= 2+, ®
3r
where is constant. The second term of equation 1 dominates at large radii (  >1 fm),
and is thus responsible for the long distance behavior of the strong force. The energy
pgrored inthe eld between two particles can be found by E(ry rg)=V(ry) V(rp)=
rol F.d r, i.e. the path integral of the force along the separation between the patrticles.

-3
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If the force decreases enough © as the distance grows, this allows potential energy to
be stored in the eld between two particles, without this energy becoming in nitely
large at large distances. However, if the force remains constant even with larger
distances, the energy stored in the eld increases proportionally to the distance
between particles. For the strong force, this gluon eld between two particles which
are being separated is often called a string. Eventually, enough energy is stored in
the string that a new antiquark-quark pair can be created, isolating the color charges
at each end of the string, thus splitting the string in two. The mount of energy stored

in gluon strings is estimated to be roughly 1 GeV /fm [7]. This mechanism, which is
shown in gure 2, is called string fragmentation, and is an intuitive explanation for
why the color charges of the strong force cannot be isolated.

Figure 2: Color con nement by string fragmentation. As the antiquark-quark pair

moved away from each other, more and more energy is stored in the color ux tube
between them. Eventually, there is suf cient energy to create a new quark-antiquark
pair, and thus truncate the ux tube. This process continues until the (anti)quarks

run out of suf cient energy to create new quark-antiquark pairs. The quarks can
then hadronise. The gure is taken from  [8].

Rint
8fthe force decreases as 1/ r , the integral of x': I%.d ~/ In(r)willgotoin nity atin nite distances,

therefore the force simply decreasing is not suf cient. However, if the force decreasesas1 /r2—asit
does for the electromagnetic and gravitational forces — the integral is nite at in nite distances.
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1. Introduction

1.2.1 Symmetries and symmetry breaking within the standard model

Symmetries are a fundamental aspect of the standard model. A symmetry can be
de ned as a global operation under which the laws of physics remain the same, and
they can be deceptively powerful. In fact, something as fundamental as conservation

of energy can be shown to be equivalent to a symmetry to translations in time. Other
continuous symmetries such as spatial translation and spatial rotation give rise to
conservation of momentum and angular momentum, respectively ‘. But there are
also symmetries which are not continuous, but discrete 8. The standard model of
particle physics contains three important and related discrete symmetries  [5]. Under
these symmetries, the laws of physics are expected to behave the same. C-symmetry,
which stands for charge and represents replacing particles with their antiparticles.
P-symmetry, which stands for parity symmetry, which represents spatial inversion
along the 3 physical axes. And nally T-symmetry, which stands for time-inversion
symmetry, which represents inversion of the direction of time.

They are called near symmetries, because each of them is individually broken
within the standard model. A symmetry can be broken in two ways: explicitly or
spontaneously. Explicit symmetry breaking is when the Lagrangian corresponding
to an interaction does not itself respect the symmetry, while spontaneous symmetry
breaking is when the Lagrangian respects the symmetry, but its ground state solution
does not. The most famous individual violation is the breaking of P-symmetry
of the weak force, which couples only to left-handed fermions and right-handed
antifermions. In other words, a system of fermions and antifermions inverted under
P-symmetry would no longer couple to the weak force, as the fermions are now right
handed and the antifermions left handed. It is then obvious that replacing particles
by their antiparticles would restore this symmetry. This combined symmetry is called
CP-symmetry, and is thought to be respected by the strong and electromagnetic
forces, however, there is a degree of CP violation in the mixing of different quark
generations by means of the weak force, as described by the Cabbibo-Kobayashi-
Masakawa (CKM) matrix. Introducing a complex phase in the quark mixing allows
for the weak force to violate CP symmetry [10].

This can be exempli ed by the following consideration. Consider a process
a ! b, and the corresponding process with the antiparticles a! b and denote

"The relations between physical symmetries and conservation laws was established by Noether's
rsttheorem [9].

8In order to distinguish between a continous and discreet symmetry, consider the difference
between spatial translations and spatial inversions. The rstis an operation which moves a system to
a different point in space. It does not matter if the movement happens by 1m or 1km, the symmetry
should hold all the same and is thus considered continous. Meanwhile, spatial inversion inverts the
direction of the axes, similar to how a mirror inverts one axis. This is not a continuous operation,
since it is impossible to "half-mirror" an object.
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1. Introduction

the amplitudes with M and M . By CP symmetry (i.e. before the violation), these
numbers must be the same. We can separate them into a magnitude and a phase as
M=M= jMje' . Ifthere is a complex phase term introduced (for example by the
CKM matrix) the amplitudes become M =jMje! e and M =jMje' e ' . Since
measurable rates are proportional to jM j2, CP symmetry is still conserved. However,
now consider the case where the reaction can take two differentroutes, a! 1! b
anda! 2! b andthe amplitudes become: M = jM,je' e’ 1+ jM,je' 2e' 2 and
M =jMjje' 1e ' 1+jM,je’ ze | 2. This allows the calculation of the differences in
amplitudesas jM j2j Mj2= 4jM4jiM,jsin( ; ,)cos( ; ). Thus, theintroduction
of a complex phase causes a violation between matter and antimatter.

CP violation was rst observed in the decays of neutral Kaons [11] in 1964, and was
conrmed in 1999 [12]. Since then it has also been observed in the decays of B and
D mesons [13, 14]. CP violation is also necessary (but not suf cient) in order to
produce the matter-antimatter asymmetry, as is elaborated in section 1.3.3. Even
though the CP symmetry is being violated, the combined CPT symmetry is expected

to be conserved in all standard model processes [15, 16].

Lastly, let us consider what is known as the strong CP problem. The QCD La-
grangian must include a CP violating term in order to account for the difference
between the pion and  masses[17], which is characterised by a free parameter
0< < 2 . But by measurements of the neutron electric dipole moment it has
been shownthat ®10 °. This represents a ne tuning problem: there must be
a CP violating term in QCD, but it must also be set to be almost 0. So far, only one
convincing solution has been introduced: the Peccei-Quinn (PQ) model. This model
introduces a new global symmetry to the QCD Lagrangian, and a corresponding
scalar eld. This symmetry is then spontaneously broken at low energies, creat-
ing the axion °, a promising alternative dark matter model. For a more detailed
mathematical description of the axion see [18].

1.3 Matter and antimatter in the universe
1.3.1 Origin of baryonic matter

The majority of the baryonic matter we see in the universe was created within the
rst instances after the Big Bang. Initially, the universe was in a hot dense state,
with temperatures much higher than the masses of the elementary particles. In fact,
the temperature was so high that the higgs mechanism did not yet provide mass to
particles [19] (T} 150 GeV). During this time, quarks, leptons and bosons were in a
thermodynamic equilibrium. As the universe underwent in ation, it became colder
and colder, until eventually the higgs mechanism started to make particles massive

9The name axion comes from a brand of laundry detergent, and was chosen because the axion
"cleans up" the strong CP problem.
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Figure 3: Timeline of the universe, starting from the Big Bang [22].

[19] (see section 1.3.4 for more details). This phase transition of the universe is one
option for the source of the matter excess in the universe. As the universe continued

to evolve and temperatures cooled, quarks and gluons rst formed a quark-gluon
plasma — a state of matter in which color charges can move freely [20, 21] — and
eventually hadrons, which decay leaving only the most stable hadrons (protons and
neutrons) behind. At this point about 1s had passed since the Big Bang. From about
10s to 20 minutes after the Big Bang, the temperatures enabled nuclear fusion. It was
during this time that most of the deuterium, helium-4 and lithium in the universe
were formed.

The immediate period after the big bang shaped our universe in more ways than
simply creating an excess of matter over antimatter. The gravitational collapse of
dark matter during this time is thought to be responsible for the formation of galactic
structures [23]. The creation of nuclear matter determines the majority of the make
up of the universe to this day. The timeline of the evolution of the universe is shown
in gure 3.
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1.3.2 A matter dominated universe: antimatter-matter asymmetry

To the best of our knowledge our universe is entirely dominated by matter over anti-
matter. This observation is staggering, because in all the reactions we can observe
in particle physics experiments near earth, whenever new matter is produced the
same amount of antimatter is produced as well. So the a priori assumption is that
the universe houses as much antimatter as it does matter. And at rst glance, this
doesnt seem to impose any impossible constraints, as from a distance matter and
antimatter are indistinguishable 1°. So while our solar system might be made of
matter, what is to keep other solar systems, or even other galaxies from being made
of antimatter? The issue arises when we look at the surroundings of solar systems
or galaxies. Interstellar / intergalactic space is not completely empty, but populated
at very low densities by protons and helium-4 from surrounding stars  / galaxies. We
know the density of protons in these regions to be about n,, 1cm 3 forinterstellar
space[24], and ny 1 m 2 for intergalactic space [25]. And when a matter domi-
nated region and an antimatter dominated region are next to each other, then in
this vast space of low density matter, plenty of annihilations would occur. These
annihilations would produce distinctive signals in gamma ray searches, due to high
energy photons emitted from e*e annihilations or from the decay of s produced
in pp annihilations [26]. The lack of any such signals places stringent limits on any
large areas of antimatter within the observable universe, and leads us to believe that
our universe is indeed dominated by matter. The source of this matter-antimatter
asymmetry is one of the big remaining mysteries of physics.

Itisnt known exactly how the different populations of matter and antimatter came
to be. Perhaps only a minute difference between the two caused a tiny fraction more
matter to be produced than antimatter. And since the majority of both annihilated,
what we see today might by this tiny leftover fraction. For this reason, searches for
differences between matter particles and their antimatter counterparts are looking
to nd even the tiniest discrepancy between the two  [27, 28].

1.3.3 Sakharov condition

Given the a priori assumption that the same amount of matter and antimatter would
be produced, it is necessary to clarify the conditions under which this could be
altered. In [29], the necessary conditions for the creation of a baryon excess were
shown to be:
* Some interactions of elementary particles must violate baryon number con-
servation, since the net baryon number of the universe must change over

10This means to say that matter atoms would produce the same spectral lines as antimatter atoms,
and undergo the same fusion reactions we see in stars.
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time

* C and CP must be violated so that there is no equality in the forward and

backward rates of the baryon number violating processes.

* The net ux must be created in out-of-equilibrium conditions, since otherwise

CPT symmetry would assure compensation of the effect.

The rst condition is trivial. The second condition means that there must be a
reaction which differentiates between the matter and antimatter, in order to give
rise to a process which would preferably create baryons over antibaryons. The
third condition requires some more explanation. It is based on the fact that we
believe the CPT symmetry to be exact. Therefore, there must be a process which only
happens in one direction in time. This cannot occur in an equilibrium condition,
since in equilibrium all reactions occur in both the forward and backward directions.
Therefore, it must be a reaction linked to out-of-equilibrium processes.

1.3.4 Baryogenesis within the standard model

Itis possible to account for the matter-antimatter asymmetry in the universe through
standard model processes. One such process was outlined in [30]. The main argu-
ments of this paper are reproduced here, to exemplify how the Sakharov condition
above can be applied.

The main idea of the mechanism is threefold: i) the existence of a rst order phase
transition as the universe cools below the electroweak phase transition. The phase
transition satis es the out-of-equilibrium part of the Sakharov conditions. ii) quarks
and antiquarks scattering of the phase boundary in an asymmetric fashion, due to
CP-violating effects. This results in a net baryon ux through the phase boundary.
And iii), the excess antiquarks in the hot medium are removed by an effect which
does not conserve baryon number, before the phase transition is complete in the
entire universe.

In the standard model, particles get their mass by their Yukawa coupling to the
higgs vacuum expectation value [31]. The vacuum expectation value of the higgs
eld vanishes at temperatures above the electroweak phase transition, such as were
present during the early universe [19]. If this phase transition is treated as a rst
order phase transition, with bubbles of the colder phase forming out of the hot
medium, then the vacuum expectation value of the higgs will change while crossing
the phase boundary. This will change the masses of fermions as they move across
this phase boundary, which thus acts as a potential barrier. This causes both quarks
and antiquarks to scatter from this barrier. However, due to the CP-violating nature
of the weak interaction, the transmission through the barrier can be different for
quarks and antiquarks, resulting in a baryon ux through the phase boundary. Excess
antiguarks in the medium are then removed by sphalerons. A sphaleron is a solution

—9—
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to the electroweak eld equations, geometrically represented by a saddle point which
connects a 3 baryon system to a 3 antilepton system ! [32]. Sphaleron effects are
expected to be frozen out below about 10 TeV. Since the temperature is higher on one
side of the phase transition than the other, the baryon number symmetry violating
process is hypothesised to occur only on the hot side, and thus leave a net baryon
number.

While sphalerons are currently hypothetical, it is expected that the high luminos-
ity upgrade of the LHC will be able to start the experimental search for sphalerons
[33].

1.4 Antimatter-matter annihilations

The lightest quarks — u and d — make up normal nuclear matter, i.e. protons uud
and neutrons udd , which are the two lightest baryons with masses of 938 MeV /c?
and 939 MeV/ c?, respectively. Since the proton is the lightest baryon, and the baryon
number must be conserved, any reaction of the proton with other matter must leave

an intact proton at the end, thus never making the energy stored in the proton's mass
available to create new particles. When baryons interact with their antibaryons, they
annihilate, releasing their entire mass as available energy to create new particles.
This is because by de nition, the total baryon number of such a reaction is 0. The
same is true for the annihilations of leptons and lepton number conservation, and

for the conservation of electric charge in the annihilations of leptons and baryons.

In principle, if a gquantum number is antisymmetric under the C symmetry;, it will be
conserved by construction in antimatter-matter annihilation events and thus will
never limit the available phase space of reactions.

1.4.1 Annihilationof qq and Il_pairs

It is simplest to start with the Feynman diagrams for the annihilations of elementary

guarks and leptons. The lowest order diagrams are given in gure 4. Their relative

contribution is proportional to the force's interaction strength to the exponent of

the number of vertices, so  for the electromagnetic force, , for the weak force

and  for the strong force. At low energies, the three parameters have an ordering
& » , 2. Essentially, quark and leptons can annihilate with their antiparticles

through electromagnetic and weak channels, which can also convert from quarks to

IAnd equivalently 3 antibaryons to 3 leptons.

2The couplings depend on the energy scale, as all of them are running coupling constants. At high
energies, the weak force is actually stronger than the electromagnetic force. This difference is due to
the mass of the weak bosons.

—-10—
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Figure 4: First order Feynman diagrams showing the annihilations of elementary
particles. Top row: quark-antiquark annihilation through the strong (left), electro-
magnetic (middle) and weak (right) force. Bottom row: lepton-antilepton annihila-
tion through the electromagnetic (left) and weak (right) force.

leptons and vice versa. Quarks can additionally annihilate via a gluon into either
another quark-antiquark pair or into hadron jets. For quarks, annihilation through
the strong force should outweigh annihilation through the electromagnetic force by
a factor g: 2>> 1, which means that the strong channel should dominate.

1.4.2 Antiproton-proton annihilations

It is important to note at the start of this chapter that there is currently no theory or
even model which can describe the available data for antiproton-proton annihila-
tions, or offer up an explanation for the underlying mechanism  [34]. Thisis in stark
contrast to quark-antiquark annihilation, which is just a rst order QCD process.

In this section | shall attempt to give an overview of the dif culties in describing

this process, and thereby offer up a qualitative picture of the possible annihilation
mechanisms.

Itis tempting to assume that in order to scale up an annihilation event, one might
just be able to scale up the single Feynman diagrams for quark-antiquark annihi-
lation in order to get a description for antiproton-proton annihilation. However,
the picture is far more complicated. This can be intuitively understood by the fact
that (anti)protons are made up of 3 valence (anti)quarks, but in the annihilation

—-11 -
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of (anti)proton pair, some of their valence (anti)quarks may well survive. In fact,
consider the following reaction pp! 3M, where M denotes a meson. This reaction
can occur by simply rearranging the quark content of the proton and antiproton,
which is illustrated in gure 5. Such a rearranging of the quarks can happen if the
guarks can feel each others strong potential, which can be mediated through pion
exchange. This can be seen as equivalent to nucleon-nucleon interactions through
pion exchange, at distances beyond the con nes of color con nement. This effec-
tively allows the potential for quark rearranging to be felt at further distances than
the potential for quark-antiquark annihilation. The annihilation potential between

an antiproton-proton pair therefore can have alongrange ( | 1fm) and a short
range (® 1 fm) term, where the long range term is dominated by the rearrangement
of quarks and antiquarks into mesons, and the short range term is dominated by
guark-antiquark annihilation. The common notation of these processesis  An and
Rn for annihilation ( A) and rearrangement ( R) into n mesons.

Figure 5. Schematic of pp annihilation into 3 mesons, done by rearranging the
valence quarks but without annihilating any quark-antiquark pair.

One important observable to distinguish between these two different annihila-
tion mechanisms is the production of strangeness, i.e. by thereaction pp! 2K+ XM.
This reaction cannot occur with a simple rearrangement of quarks 3, as a new ss
pair has to be created. If antiproton-proton annihilation would be dominated by the
rearrangement of quarks, we would expect to see almost no produced kaons, while if

B3Neglecting quark-antiquark creation by string fragmentation.

—-12 —
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the quark annihilation channel would dominate, we would expect to produce Kaons
almost as much as pions. In fact we observe about 5% of nal states which include
kaons [34, 35], which suggests that the annihilation channel is suppressed compared
to the quark rearrangement channels.

Given these considerations, the antiproton-proton annihilation cannot easily be
described by perturbative QCD, and we are still missing an effective model capable
of explaining the data. This is why a quantitative description of this interaction
so dif cult. Instead, an empirical parameterization is commonly used to describe
the antiproton-proton inelastic cross section. A description accurately tting the
available data has been proposed by Tan etal. [36], and is reproduced in equation 2,
where T is the antiproton kinetic energy in the proton rest frame.

b =24.7(1+ 0.584T; 0.115+ 0.856T 0-585mp. (2)
Another description — which is implemented in the propagation code Geant4 —is
based on attempting to assign cross sections to each individual process which might
occur and is explained in [37]. In their model, they split the antiproton-proton anni-
hilation into the sub processes laid out in gure 6. The momentum dependence of
these processes is given by Regge theory[38, 37, 39]. This method works for deter-
mining the cross sections of particular channels, which is necessary for an accurate
description of particle propagation, as is shown in gure 7. However, this model does
not match experimental data better than within a factor two. This highlights the
dif culties in accurately predicting the inelastic cross section of antiproton-proton
annihilations.

An overview of available data on the antiproton-proton annihilation data is given
in [35, 41, 40.

1.4.3 Antiproton-nucleus annihilation: the Glauber model

In the previous section it has been established that while the antiproton-proton
inelastic cross section has been well measured, a theoretical model is still lacking. In
this section we therefore focus on the experimental results for antiproton-matter
annihilations, and how we can use them to infer the annihilation mechanism.

When moving from antiproton-proton to antiproton-nucleus annihilations, sev-
eral new effects come into play. The question is if only one nucleon in the nucleus
interacts in the initial annihilation, and then how the antinucleus acts after the anni-
hilation occurs. Thankfully, while those points certainly raise additional dif culties
in nding a theoretical description, we can bene t from measurements of antiproton

—13—
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Figure 6: Annihilation channels for antiproton-proton. The solid lines represent
quarks and the dashed lines represent a gluonic string (which can then decay via
string fragmentation, as shown in gure 2). Curled lines represent  qqg annihila-
tions. The diagrams thus represent: a) 3 antiquark-quark annihilations; b) a single
antiquark-quark annihilation into 2 mesons and a gluon string; c) corresponds to

a quark-antiquark and string annihilation, with the creation of 2 quark-antiquark
strings. Diagrams e) and f) can produce exotic mesons. Figure taken from [38].
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Figure 7: A comparison of antiproton-proton inelastic cross section data with the
model used in Geant4 [37]. Points are experimental data as described in [40], the
blue line represents the model. See text for details.

absorption. These are parameterised according to the Glauber model [42, 43, 44].
The Glauber model parameterises the inelastic cross section of antiprotons on nuclei

as a geometric scaling of the antiproton-proton cross section, according to equation

3, where R, is a free parameter which can be roughly understood as the target nu-
cleus' radius, and characterised as R, = roA=f (A). ro=1.1fm,and 0.8< f (A)< 1.1
is a correction factor as a function of A. h denotes the hadron in question, A is the
mass number of the target nucleus and |9 is the total antiproton-nucleon cross
section

A Lot
in _ 2 N
;,]nA = RAIn 1+ TAZ\ . (3)

1.4.4 Antinuclei-matter annihilations: the Glauber model and geometric scaling

Having established the details of the antiproton inelastic cross section, we can now
start to consider the process of antinuclei annihilation. All the considerations made
for the antiproton inelastic cross section still hold true, but additionally there is
also the potential between the antinucleons to consider. This means that one not
only has to consider the breakup of the matter nucleus, but also the breakup of the
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Figure 8: Antiproton-nucleus annihilation for different materials, taken from [44].

antimatter nucleus, leaving a smaller antinucleus behind. This has been observed
for antideuterons in the reaction d+ A! P+ X [45, 46]. However, it is not clear if
the antiproton which was measured survived the initial collision or if it was created
from the annihilation of the antideuteron.

In order to scale up the cross sections from antiproton-nucleus to antinucleus-
nucleus annihilations, we can also employ the Glauber model. The full mathematical
treatment can be found in [47], however, due to the computational effort required to
do real time Glauber calculations, Geant4 uses a parameterization to approximate
the result of Glauber calculations. This parameterization is based on extending
3 to light antinuclei, according to equation 4, where B is the mass number of the
antinucleus

tot

in 2 2 hN
= R;+R)IN 1+ ————- . (4)
BA A B (RK_I_ Ré)

R, isthen used as a t parameter to tune the simpli cation to the expected value of
full Glauber calculations. The form of R, is given by equation 5
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antinucleus C; C,
P 1.31] 0.9
d 1.38 | 1.55
SHe/ ®H | 1.34| 1.51
“He 1.30 | 1.05

Table 1: Constant values for determining the t parameter R, used in the Geant4
Glauber approximation for antinucleus-nucleus collisions  [44].

Ry = ;A% + ¢, A, (%)

where c; and c, are constant whose exact value depends on the antinucleus on
guestion. The values are given in table 1 for the antinucleiupto A= 4.

1.5 Antinucleiin the cosmos

1.5.1 Why producing antinuclei is so dif cult: production mechanisms of antin-
uclei

The dif culty in producing antinuclei is not just to the necessary energy to create
them, but also due to their production mechanism.

The exact production mechanism for compaosite antinuclei in high energy particle
collisions is still unknown. There are currently two models aiming to describe this
phenomenon. The rstis the statistical hadronization model, which models the
production of the nuclei as a statistical process with a characteristic temperature (at
heavy ion collisions at the LHC this temperature is 156 MeV [48]). This model has
had great success by describing particle yields over 9 orders of magnitude in yield,
asis shown in gure 9. The SHM is a grand canonical ensemble, since new particles
can be created in hard scatterings.

The problem with the statistical hadronization model is that it predicts a the
production of nuclei from a thermalized medium, when the binding energy of the
nuclei is far below the temperature given by the model. For example, the deuteron
binding energy is 2.2 MeV, compared to the temperature of 156 MeV predicted
by the model. This has been dubbed the "snowball forming in hell" problem. Ad-
ditionally, the statistical hadronisation model says nothing about the underlying
mechanism by which the nucleons form antinuclei.

The second model is the coalescence model. This model considers the relative
momenta of nucleons produced in the collision, and if they are close enough together,

—17-
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Figure 9: Statistical hadronisation model ts, with three different implementations,

to the light avour hadron yields in central (0-10%) Pb—Pb collisions at SNN=
2.76 TeV. The upper panel shows the t results together with the data, whereas the
middle panel shows the difference between model and data normalised to the model
value and the lower panel the difference between model and data normalised to the
experimental uncertainties. Figure and caption taken from  [48].
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assigns them a chance to bond together and form a nucleus. The advantage of this

is then that given a set of space and momentum coordinates 4, the coalescence
model can predict the nuclei spectra from the spectra of protons and neutrons. This
relation is then experimentally characterized by equation 6:

2 3,
Ny, AN,
BA:EA—A4 nJ lp,=pr = —A5 (6)
dpg P, dpg,vn Pp =Pn=Pa=

, Where B, is the coalescence parameter. While this model also requires ts to ex-
perimental data in order to give predictions of the yields and spectra of antinuclei,

it gives an explanation for the mechanism of how nucleons bond together. Several
versions of the coalescence model exist, which differ mostly in the criteria for when
two nucleons coalesce. The simplest form — often called "hard sphere" coalescence —
is to consider a threshold relative momentum in the pair rest frame, and any pair
below this threshold will coalesce. This model is not very predictive, since it requires

ts to data of each energy of interest in order to determine this threshold value Po-
Expanding on this approach, the wave functions of the nucleons and the resulting
nucleus can be considered. This is called "Wigner function coalescence"; it is out-
lined in [49, 50] and was recently tested against datain [51]. This approach considers
both momentum and space coordinates, and therefore can take the system size
into account. The size of the system is important, since a priori it is expected that if
particles are further apart, they are less likely to coalesce. For a more comprehensive
review of the coalescence model, see [52, 53].

What can we infer from these models on the production of antinuclei? The impor-
tant takeaway for this thesis is that their production relies on signi cant amounts of
available energy, and on producing two nucleon close in both space and momentum.
These restrictions limit the production of antinuclei to high energy collisions or
exotic production channels.

1.5.2 Why to we care: antinuclei as a golden channel for new physics

The main reason why cosmic ray antinuclei make such an interesting probe for new
physics is twofold: i) the rarity of the standard model processes which produce them
means that any signal does not have to contend with a copious background and ii)
that there are already viable theories of new physics — namely WIMP dark matter —

Traditionally coalescence models neglect the spatial correlation part, assuming that the nucleons
are close enough together in space to coalesce. And any difference between the sizes of collision
systems is then accounted for by a different coalescence parameter.

—-19—
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which predict a detectable antinuclei signal. This has led to the coining of cosmic
ray antinuclei as a "smoking gun" for new physics.

The rst discovery of antimatter in cosmic rays was also the rst discovery of
antimatter in general: the discovery of the positron in charged particle showers from
cosmic rays, in 1932 [54]. The discovery of antiprotons in cosmic rays would take
almost half a century more, nally being observed in 1979  [55, 56]. During this time,
antiprotons in cosmic rays were a probe into the matter-antimatter asymmetry of
the universe, as their abundance could give a hint to the presence of antimatter
dominated regions in our galaxy. Their discovery and study to the present day are
consistent within uncertainties with production from high energy collisions of cos-
mic rays with the interstellar medium, providing no evidence for any antimatter
dominated regions 1°. The antiproton to proton ratio in cosmic rays is roughly 10 “.

Nowadays, the focus is on the search for antinuclei as a probe of new physics. The
expected production from high energy cosmic ray collisions is very low, particularly at
low energies (see section 5 for exact values), while several dark matter models predict
an antinuclei ux within reach of current or next generation detectors [57]. The
antinuclei of interest are antideuterons ( a) and anti Helium-3 3He. ds are expectedto
be produced in greater amounts than 3He , since they only consist of 2 antinucleons
rather than 3. However, since d have the same charge as the antiproton, which
exist far more copiously, they are more dif cult to detect experimentally. This is
because the signal for ds can overlap with the tail of the antiproton signal. ~ 3He on
the other hand is much easier to detect experimentally, due to its double charge,
and the associated quadrupled speci c energy loss (see equation 12). For both,
the background in the low energy region (below a few GeV /nucleon) is expected to
several orders of magnitude below the expected signal strength. This is in strong
contrast to searches involving gamma rays [58], or antiprotons [59, 60], where the
signal to background ratio is expected to be on or below the % level. Thus, an
observation of a low energy antinuclei ux would be a sign for new physics.

1.5.3 What affects antinuclei in cosmic rays: production, propagation and anni-
hilation

As explained in the previous section, low-energy antinuclei in cosmic rays provide
a uniquely background free probe into new physics. But in order to interpret any
future observation, it is necessary to understand what affects their abundance and
spectral shape. These factors can be summed up as 3 things: their production, propa-

15Nowadays constraints on antimatter dominated regions are more stringently set by gamma ray
searches.
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gation and annihilation. While a more detailed description of each is given in section
5, this section aims to give a brief introduction on the importance of the three aspects.

The production of antinuclei in cosmic rays can be classed into two categories:
i) production in high energy collisions of cosmic rays with the interstellar medium
and ii) new, exotic sources. This is different to light nuclei in cosmic rays, whose
production is dominated by their production in the stellar cycle. Their production
in high energy cosmic ray collisions can be somewhat constrained by experiments
at accelerators, which probe fundamentally the same reactionof p+p! d=He + X.
However, the energies and rapidities at which production mostly occurs are usually
at much lower energies than the ones probed by acclerators, e.g. for antideuterons
the mogt important centre-of-mass energy for production in high energy cosmic
raysis' s 25GeV (see gure 55). For a more detailed and quantitative discussion
of the relevant energies please see section 5. Furthermore, the experiments most
capable of studying antinuclei, the ALICE (A Large lon Collider Experiment) experi-
ment at the LHC and the STAR experiment [61] at the Relativistic Heavy lon Collider,
probe their production at midrapaidity, rather than at the highly forward rapidities
relevant for production in cosmic ray collisions. This means that for much of the
relevant parameter space for production, extrapolation from experimental data is
necessary. On the other hand, production from new physical processes — such as
the annihilation of WIMP dark matter which is discussed in detail in this thesis — is
even less constrained, and has to be probed by letting Monte Carlo simulations run
from an assumed standard model state in the annihilation.

Once the antinuclei are produced, they travel through the galaxy until they even-
tually reach earth. On this journey they are affected by magnetic elds, bulk motion
(i.e. diffusion and convection effects), as well as other effects. The good thing is that
these affects are the same for all cosmic rays, and can therefore be constrained by
observations of more abundant cosmic ray species. Recent work on the topic was
donein [62, 63], and is explained in more detail in section 5.

On their journey, antinuclei do not merely travel through empty space; the space
between stars is lled with the diffuse interstellar medium (ISM), which is made up
of about 0.9 protons per cubic centimeter [24]. As antinuclei traverse this matter,
they might interact and annihilate with it. To account for this loss it is necessary
to quantify the inelastic cross section of antinuclei down to low energies. The mea-
surement of these cross sections and the quanti cation of their effect on antinuclei
losses is the topic of this thesis.
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1.6 Antinuclei on earth

On earth, we have the ability to arti cially produce antinuclei at high energy physics
facilities, like the LHC. In fact, antideuterons were rst observed in 1965 in collisions

of protons on Beryllium at the Proton Synchrotron  [64]. Since then, antinuclei
have been observed in higher energy collisions in much larger amounts, both at
CERN facilities [65, 66, 67, 68], and heavy ion facilities [69]. The ALICE experiment
in particular, has published spectra of antinucleiupto  “He [65, 66, 67, 68] in both
pp and Pb-Pb collisions. This section aims to give an overview of the studies of
antinuclei on earth.

1.6.1 Production at accelerators

Production at accelerators can be classed by energy, and by collisions system. En-
ergy affects the barychemical potential *®, while the collisions system determines
the penalty factor for producing heavier (anti)nuclei. The penalty factor — which
describes the amount by which the production of (anti)nuclei is suppressed for each
additional nucleon —is roughly 1 /300 in Pb—Pb collisions at 5.02 TeV, while being
roughly 1/1000 in pp collisions at 13 TeV [72]. The relative p; integrated yields of
nuclei are shown in gure 10.

1.6.2 Annihilation at accelerators

Traditionally, annihilations have been studied in xed target experiments [46, 45, 40].
In those experiments, a beam of antiparticles is produced and then red at a target.
The number of particles before and after the target are measured, and the resulting
disappearance probability is used to calculate the inelastic cross section. However,
this method relies on the ability to produce a clean beam of antiparticles, with suf-
cient statistics to conduct such an experiment. This comes with two challenges:
i) the dif culty of producing antinuclei due to the required energy thresholds and

i) producing the antinuclei in a focused direction, so that they can be captured
directed towards a target. These two constraints are unfortunately counterproduc-
tive. In order to compensate the dif culty of meeting the energy requirement for the
collisions, it is far more energetically favourable to collide in the particles rest frame,
however, this produces patrticles in all directions, not focused towards the beam
direction. This makes such measurements increasingly more dif cult for higher

186The baryochemical potential is a measure of how much more energy is required to produce
antibaryons to baryons. A value of 0 means that they are produced in equal amounts, and is found at
LHC energies at mid-rapidity [70, 71].
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Figure 10: Productionyield dN =dy normalised by the spin degeneracy as a function
of the mass number for inelastic pp collisions, minimum-bias p-Pb and central
Pb-Pb collisions. The empty boxes represent the total systematic uncertainty while
the statistical errors are shown by the vertical bars. The lines represent ts with an
exponential function. Figure taken from [72].

mass antinuclei.

However, since antinucleiupto A= 4 have been observed in heavy ion collisions
[48], they also have to annihilate in the detector. But it is far more dif cult to nd
an equivalent observable to the xed target experiment within such an experiment,
because it is a priori not possible to know how many particles get produced, and
therefore the "loss" of particles is not trivial to measure. The methods developed
to measure this loss are the topic of this thesis and will be explained in section 2,
So just a brief introduction is given here. The rst method is based on using the
knowledge of nuclei production and the baryochemical potential to calculate how
many antinuclei should have been produced. The second is based on measuring
the particles individually in two different detector systems, and to calculate the loss
between the two.
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1.7 Dark matter and its connection to antinuclei

In this section a brief introduction into the motivation and evidence for dark matter
is given, several prominent dark matter models are discussed, with a particular focus
on WIMP dark matter. Furthermore, the connection with WIMP dark matter and
antinuclei is discussed.

1.7.1 The evidence for dark matter

The rst evidence for dark matter was observed by Zwicky [73]in 1933, who realised
that the rotation curves in galaxy clusters could not be caused solely by the luminous
matter observed. His conclusions were not taken seriously until almost 40 years
later, when the search for missing mass caused by the advent of cosmology made
his theory of dark matter attractive. During this time, the big bang cosmology had
prevailed, but left open the question of the ultimate fate of universe. Within big bang
cosmology, there are three option. The rstis that the universe expands forever, with
the gravitational pull merely slowing down the expansion over time, never stopping

it. The second is a closed universe, where the density of matter is bigger than some
critical density, and therefore will eventually outperform the expansion, causing a
collapse of the universe back towards a hot dense medium. And nally, a atuniverse,
where the density is exactly this critical density, such that eventually the gravitational
pull of galaxies will exactly counterbalance the expansion, asymptotically reducing
the expansion to 0. From Einstein's theory of general relativity, it can be shown that
these fates correspond to the geometry of the universe, and are characterised by a
density , where the critical density leading to a at universe is given by h?=1
[74, 75]. It was expected that the geometry of the universe is at 7, but observations
from galaxy clusters showed that luminous matter only made up a fraction of this
density [75]. Cosmologist turned back to Zwicky's discovery [76, 77], claiming that
dark matter made up the missing mass.

More evidence of dark matter was soon to follow. Tracking the rotation curve
in galaxies provided evidence for dark matter bound in galaxies [78, 79, 76]. Mea-
suring the dispersion velocities of galaxies around either other galaxies (such as the

1This means that the local geometry of spacetime is euclidean, which means that all the angles in
a triangle in this space add up to 180 degrees. As a counterexample to euclidean space, consider the
surface of a sphere, like the surface of earth. It seems locally euclidean, when you lay a triangle on at
ground and add up the angles, they come out to 180 degrees within the measurement uncertainties.
But now consider an airplane which starts at the equator ying due north to the north pole. Once it
reaches there it makes a 90 degree turn, and ies due south until it once again reaches the equator. It
then turns 90 degrees again so it ies along the equator back towards its original destination. The
triangle made by the airplane consists of 3 90 degree angles, or 270 degrees. As such, the surface of a
sphere like earth is not a euclidean space.
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velocities of dwarf galaxies around a more massive one) or around galaxy clusters
provided evidence for dark matter trapped in larger gravitationally bound structures,
as did gravitational lensing [80]. For a comprehensive review of the evidence for dark
matter see the particle data group [74]. Each piece of evidence points to a type of
matter which does not interact electromagnetically (hence "dark"), and makes up
the majority of the mass found in cosmic structures.

Further evidence for dark matter can be found in structure formation in cos-
mology. From anisotropies in the cosmic microwave background (CMB), it can
be inferred that at the time of CMB decoupling the baryonic density uctuations
were of order ec= U 10 5. Since these uctuations scale linearly with the ex-
pansion of the universe, today's baryonic density anisotropies can be calculated
as  p= jwday U 10 2[74]. Since matter is highly concentrated into galaxies in the
present day universe, uctuations are b= Jobs >> 1. This discrepancy can be
solved by adding a dominant non-relativistic, collisionless component the mix,
which decoupled from thermal equilibrium well before the CMB. In other words, in
order to explain structure formation from the early universe, one needs a dominant
component of the mass to be in a form which does not interact electromagnetically,
and does not heavily self-interact, which is also what is needed in order to explain
the present-day observations of galactic motion.

Finally, it is important to discuss the difference between hot and cold dark matter.
Dark matter which was thermally produced in the early universe — called a thermal
relic — can be split into two categories: hot relics, which were still ultra-relativistic
when they decoupled from thermal equilibrium, and cold relics, which were no
longer relativistic, or cold enough to signi cantly cool from the expansion of the
universe. Due to the different velocities of these relics, hot relics are expected to
cause sharp features in the large scale structure of the universe, while cold dark
matter is expected to cause a smooth large scale structure. This can be understood
as how easily a particle is trapped in a gravitationally collapsed structure. After an
initial overdense region forms and a gravitational well builds, slow (cold) particles
will be trapped in the well rst, while fast (hot) particles will not be trapped in the
well until the gravitational well becomes much deeper. To get an idea of the order of
magnitude of velocities, consider the escape velocity of our galaxy, which lies around
600 km/ s [81], which is equivalentto  u 2 10 3. Thus, relativistic particles would
provide a counterbalance to the formation of gravitationally collapsed structures,
and thus require deeper wells for large scale structures to form. This feature can be
seenin 11, which shows that the large scale structure of our universe prefers the cold
dark matter model.
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Figure 11: Computer simulations of the distribution of galaxies within our universe,
with hot dark matter (left) and cold dark matter (right), compared to the observed
distribution (middle). Figure is taken from  [23].

1.7.2 WIMP dark matter and the WIMP miracle

WIMP dark matter is a candidate model for dark matter, which explains dark matter
as heavy particles which only interact gravitationally an through the weak force.
WIMPs are a tempting choice for dark matter, since their properties could explain all
the observed phenomena (galactic motion and structure formation). A WIMP is a
stable particle 18, with a mass from a few GeV to a few TeV. At their inception there
were several promising WIMP candidates from supersymmetric expansions to the
standard model, although since then the parameter space available for WIMPs has
been probed and become far more constrained. But the real allure of the WIMP is
the WIMP "miracle".

The WIMP miracle is well known to be the fact that when one considers a parti-
cle of the weak mass scale with a self annihilation cross section close to the weak
interaction strength (on the pb level), the present day dark matter relic density can
be obtained. Additionally, in many versions of supersymmetry, the lightest super-
symmetric particle is indeed a weakly interacting heavy patrticle, the ideal scenario
for the WIMP [82]. In the following section the derivation of the WIMP abundance
is shown, which is reproduced here from [83]. The WIMP is denoted as , and it
is assumed be in thermal equilibrium with other matter while the temperature is
T >m During this time, the WIMP density n evolves according to the Boltzmann
equation, shown in equation 7

dn
dt
18The WIMP lifetime must be greater than the current age of the universe, since otherwise most
would have decayed by now.

= 3Hn < ,v>(? nl), 7
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where H is the Hubble constant at that time, which in a radiation dominated uni-
verse'®is givenby H2= ,,=3M 2, where M is the Plank mass. While the system is
in equilibrium, the number density tracks the equilibrium density Neg- Neq IS NUM-
ber density of dark matter where it is in equilibrium with the thermalised medium.

In a radiation dominated universe, this depends dominantly on the radiation den-
sity, which scales with the expansion of space with a different dependence than the
matter density [84]. Subsequently, at some temperature T;<m , the expansion rate
will exceed the annihilation rate, and dark matter will freeze out, and their comoving
number density (i.e. the number density accounting for the volumetric expansion of

the universe) will remain constant from this point on. An approximate solution to the
Boltzmann equation at this point gives equation 8, where h 2 is the dimensionless
dark matter density in the universe ?°, s, is the present day entropy density of the
Universe, g isthe number of relativistic degrees of freedom of the particle at freeze
out,and X; = T;=m u 1=25is the freeze out temperature scaled to the dark matter
mass. The value for x; = 1=25is obtained from solving the Friedmann equation %!
numerically for the freezeout temperature (see [83] for more details). This means
that WIMPs would have still moved at relativistic speeds at freezeout, with velocities
<v> c¢=3

d <
S 45 "2 1 1
h? 2 2 ' (8)
c:h g XfMP< annV >

Plugging in the known values for the parameters [75] and setting  h? = 0.12 from
the latest Planck Collaboration results [75], one obtains equation 9

h?2 B 1 )
012 ¥tmor

Thus, setting the thermally averaged annihilation cross section to avalue of 1pb* ¢,
and using average velocities of the order one would expect from a WIMP at freeze-
out, the current dark matter abundance is recovered. A schematic representation

of this process is shown in gure 12, where the decoupling temperature  T4.. and
the freezeout temperature T; are shown separately. The decoupling temperature is
the temperature at which the dark matter and luminous matter stop being in ther-

mal equilibrium, while the freeze out temperature the point where the expansion

rate becomes the dominant term for the density change for dark matter, over the
annihilation term.

19The universe was dominated by radiation until roughly 47ky after the Big Bang, which is many
orders of magnitude longer than the dark matter decoupling time, which is at ®1s.

20 can be interpreted as the curvature of space which dark matter is responsible for.

21This is the solution to Einstein's eld equations for an open, closed or at universe.
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Figure 12: Transition of dark matter from thermal equilibrium to freeze out. Both the
decoupling temperature (where dark matter stops being in thermal equilibrium with
luminous matter) and the freeze out temperature (when the rate of expansion has
dropped the annihilation rate to negligible amounts, so that the comoving density
can be considered constant) are indicated on the schematic. Figure is based on the
gurein [83].

1.7.3 Other dark matter models

WIMP dark matter is not the only dark matter model on the market, indeed, dark
matter models span over 30 orders of magnitude in mass. A collection of models
and their mass ranges is shown in gure 13. Notable other dark matter candidates
are neutrinos, sterile neutrinos, axions and primordial black holes (not shown in
gure 13). In this section we shall brie y discuss their main concepts, advantages
and disadvantages. Promising candidates usually share the quality that they solve
not just the nature of dark matter, but also another problem in physics. As discussed
earlier, the WIMP neutralino was considered the supersymmetric extension to the
standard model at its inception.

Letus rst consider axion dark matter. Axions arise naturally in the Peccei-Quinn
(PQ) solution to the strong CP problem [85, 86] (see section 1.2.1 for more details),
by arguing that the CP violating term of the QCD Lagrangian is relaxed to 0 due to
an additional PQ symmetry. This symmetry is accompanied by a scalar eld which
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Figure 13: Collection of candidate dark matter models over a wide mass range. The
most prominent candidates are WIMP dark matter, axion dark matter and sterile
neutrinos. Primordial black hole dark matter is not shown on this plot. Figure taken
from [83].

spontaneously breaks the symmetry at low energy, giving rise to the axion. While the
initial model, which predicted axion masses of order O(100keV) has long since been
experimentally ruled out, it has been replaced by models using the same mechanism
to dynamically solve the strong CP problem. Axions of such elds are expected to
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have masses inthe eV range. As a side effect, the scalar eld would populate the
universe with axions, which — since they are produced non-thermally atrest  [1] —
would be considered cold dark matter even though they have such low masses. As
such, a dark matter theory which is not at least partially made up of axions has to
provide an alternate solution to the strong CP problem.

Out of all the standard model particles, the neutrino is the only particle which
does not interact through either the strong or electromagnetic forces. This makes it
a promising initial candidate for dark matter. However, the present-day abundance
of neutrinos would be given by equation 10 (further detailg can be found in [83)).
Current constraints on the sum of the neutrino masses m limit the amount of
dark matter in the form of neutrinos to about 0.5%-1.6% [74]. These constraints
come from neutrino mixing experiments, as well as from cosmological bounds.
This is because neutrinos — being hot dark matter — have a direct impact on large
scale structure formation. A related dark matter model is that of sterile neutrinos.
This group of models postulates that the right handed neutrinos (and left-handed
antineutrinos), are far more massive than their chiral partners. Since they interact
only gravitationally (neutrinos carry no electromagnetic or color charge, and the
weak force couples only to left-handed neutrinos and right-handed antineutrinos),
they would constitute a viable candidate for dark matter  [87]. Recent observations of
neutrino mixing [74], show that neutrinos are not massless but have a nite mass. The
higgs mechanism responsible for giving SM particles their mass requires both left-
handed and right-handed fermions, and thus suggests the existence of the neutrinos'
chiral partners. Their mass also means that their chirality is not relativistically
invariant, since their velocities are slower than the speed of light; i.e. itis possible
for an observer to travel faster than the neutrinos and thus observe them with a
different chirality. However, it is not known why the couplings to for the left- and
right-handed neutrinos would be so different

P
5 m

~ 91.5eV

(10)

The nal dark matter candidates to consider are primordial black holes. They are
discussed more closely in section 5.1.4, but a brief overview is given here for complete-
ness. Very shortly after the big bang (O( 10 2%)s), overdense regions in the universe
might have collapsed into black holes. Depending on the time of their formation,
they would have consumed most the of available mass within their observable uni-
verse at the time, i.e. within their horizon. Such black holes would have expected
masses today ranging over many orders of magnitude, well below the critical mass
for a stable black hole [88]. Black holes below this mass tend to radiate energy off
at a rate faster than their mass accretion, via Hawking radiation  [89, 88]. The rate
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at which such small black holes radiate off energy is higher the smaller they are,
meaning towards the end of their lifetime they disappear via runaway evaporation.
During such a process, new antiparticles and particles can be produced. Such pri-
mordial black holes t the required properties of dark matter, being colissionless
uncharged matter which interacts gravitationally. However, due to null observation
of the particles expected to be released from the evaporation of black holes, their
abundance can be tightly constrained. As such, they can at most make up a tiny
fraction (10 %) of the observed dark matter in our galaxy.

1.7.4 Dark matter annihilations into antinuclei

The null results from searches for direct detection of WIMPs, either from evidence
for supersymmetry at the LHC or from direct detection experiments ~ [90, 91], have
motivated other probes for WIMPs. Antinuclei observations from WIMP annihila-
tions have become one of the most promising of such probes, since many WIMP
candidates are expected to produce a detectable ux of low energy antinuclei  [4, 2].
By de nition WIMPs can couple weakly to standard model particles, and their wide
plausible mass range leaves open a large parameter space with suf cient energy to
create antinuclei. Additionally, since dark matter is expected to be cold, the produc-
tion of antinuclei occurs in the galactic rest frame, providing no boost to arti cially
increase their momentum. Thus, considering WIMP annihilations into an initial
standard model state, the production of antinuclei is plausible. In a given point

in space, the amount of antinuclei produced is then dependent on the number

of dark matter annihilations times the spectrum of produced antinuclei in such
annihilations, as given in equation 11

(~ E)—:L ) 2< v>(1+ )dN (12)
a===s dE’

where is the measured dark matter density at a given point, and (1 + ) accounts
for the contribution from other annihilation products which later decay into the
antinucleus in question. This process is discussed in more detail in section 5.

1.7.5 Majoranavs. Dirac dark matter

To current knowledge, every fermion in the standard model has an antiparticle, with
the same mass and quantum numbers, but opposite charge. This was rst predicted
by Paul Dirac, who realised that the wave equation he developed to account for spe-
cial relativity in the motion of electrons implied a second solution, corresponding to

a particle with opposite charge [92]. This particle, the positron, was subsequently
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discovered, and was the rst discovery of antimatter  [54].

However, it is mathematically possible for a particle to be its own antiparticle;
such particles are called Majorana particles. Out of the fermions in the standard
model, only the neutrino could be a majorana particle, since all other fermions have
known antiparticles. The majorana nature of the neutrino is being investigated by
searching for neutrinoless double beta decay, a process by which two beta decays
happen almost simultaneously, the produced neutrinos annihilate and thus provide
additional energy to the electrons. The GERDA experiment is currently looking for
such an effect [93], but has so far found no signal.

WIMP dark matter is often assumed to be a majorana fermion. Given the lack
of any known majorana particles, this seems somewhat unintuitive. The reason is
mainly historical, since the original motivation for the WIMP was the supersym-
metric neutralino, which is a hypothetical Majorana particle [82]. The reason this
convention is still used, is that the effects of the assumption on the Dirac or Majorana
nature of a WIMP are degenerate with the assumed WIMP self-annihilation cross
section and therefore they produce the same signal. To show this, let us consider
equation 11, which describes the source term for antinuclei from Majorana dark
matter annihilations. The Dirac nature of the WIMP enters the equation in two ways.
First, the density considered. Since the total gravitational effect of dark matter is
known, the total measured dark matter density is the sum of the densities of dark
matter and anti dark matter "=+ —Thus —assuming symmetric popula-

DM
tions of dark matter and anti-dark matter — the density term in equation would be
2

—= -B%. This is a factor of 2 lower than original density term (the symmetry
factor of 1/2 in equation 11 is due to the Majorana nature and thus falls away). How-
ever,the second effect is on the thermally averaged annihilation cross section < v >,
When predicting the value of < v > required for the currently observed abundance
(as was done in section 1.7.2) the same density alteration is required, which means
that the prediction for the thermally averaged cross section remain the same. This
is shown in gure 14. Thus, these two effects cancel, yielding the same results for
Dirac or Majorana dark matter.

The only possible difference between the two models would come from an asym-
metry in the population of dark matter and anti dark matter, and only if this was
created after decoupling. If the asymmetry was caused prior to decoupling, the
derivation for the expected WIMP cross section would account for this. Thus, such
an asymmetry would have had to be caused by a process after dark matter decou-
pled from thermal equilibrium, which suggests it would have had to form through
purely dark matter interactions. It is therefore dif cult to suggest any process which
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Figure 14: Thermally averaged annihilation cross section for WIMP dark matter
as a function of the dark matter mass as it is required to reproduce the measured
present-day abundance of dark matter. The left y-axis shows the values for Dirac dark
matter, while the right y-axis shows the values for Majorana dark matter, showing

the difference of a factor 2. Taken from [94].

would cause such an asymmetry. However, assuming an asymmetry was formed, the
number of annihilation would be reduced by the factor ~ 4x(1 x)inrespectto the
case of symmetric Dirac dark matter, where x = = ,—isthe asymmetry factor.
For further discussion of asymmetric dark matter, see section 4D in  [83].

1.7.6 The search for dark matter: the link between WIMP dark matter and antin-
uclei

Searches for dark matter can be classed into 3 categories: production searches, direct
detection experiments and astrophysical searches. Production searches look to de-
tect the production of dark matter particles in high energy collisions at accelerators.
Technically, if WIMP dark matter is weakly interacting and within a mass range which
can be produced at accelerators, it might be detectable. However, there is currently
no evidence for the production of dark matter at accelerators. Such production
searches usually constitute only a small part of the physics programs of accelerator
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experiments. The second category of experiments are direct detection experiments.
These experiments look for WIMP-nucleon interactions and the corresponding re-
coil, and include the XENON [95, 90] and LUX collaborations [91]. These will be
discussed in more detail in section 5.

The nal probes are astrophysical searches. These focus on signals produced
by potential WIMP dark matter which can be differentiated from standard model
sources. These signals can come either from annihilations or decay of WIMP dark
matter 22, and we have to chose detection channels in which we could both get a
reliable signal and differentiate it from other cosmic sources. The most promising
searches are gamma rays and antinuclei [96], both of which could be produced in
the annihilation of many WIMP candidates, and would produce signals which are
expected to be distinguishable from common astrophysical backgrounds. This thesis
focuses on measuring antinuclei inelastic cross section and their effect on such an
antinuclei signal, in order to help interpret any future antinuclei measurements in
cosmic rays.

22Technically WIMP dark matter could also scatter of baryonic matter, but this would be much
easier to observe in direct detection experiments than in space.
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a2 2 EXperimental data and experimental method

se 2.1 ALICE

g5 This section aims to highlight the capabilities of the ALICE detector, in particular
s16  in the context of identifying antinuclei and measuring their inelastic cross sections.
sz Measuring antinuclei inelastic cross section was not considered in the design of the
s1is  ALICE detector. Rather, the excellent tracking and particle identi cation capabilities
s1i9  Of the detector enable these measurements, which go beyond the scope originally
s20 envisioned for the detector. We shall therefore discuss the full chain of experimental
s21 methods, starting from the particle identi cation in each of the detectors, to the
s22 ALICE data structure and how they are used to obtain the antiparticle-to-particle
g23 ratios.

g4 2.1.1 Overview

s2s  ALICE is one of the four major experiments at the large hadron collider (LHC) near
s26 Geneva, Switzerland. It is the only dedicated heavy-ion experiment at the LHC, with
827 its main physics motivation being the study of the quark-gluon-plasma (QGP). The
s2s experiment has 19 subdetector systems [97], of which the most important for this
s20 analysis are the Time-Projection-Chamber (TPC), the Inner Tracking System (ITS)
s30 and the Time-of-Flight detector (TOF). In particular the TPC sets ALICE apart from
s the other major LHC experiments, by enabling very precise tracking of particles,
82 good particle identi cation via momentum and speci ¢ energy loss measurements,

833 and its sensitivity low momentum particles (downto  p; 0.2 GeV c). In particular
s« the TPCis special because it maintains the capability to do all this in an environment

s3s  With more than 10k charged tracks at mid-rapidity in central Pb—Pb collision. The

s3s Momentum measurement is enabled by a solenoid magnetic eld, which is usually

ss7  operated at 0.5 T23, The central detector systems are constructed in a cylindrical
sss  shape, providing full azimuthal coverage. The coverage in the forward and backward
s39 direction can conveniently be described using the measure of pseudorapidity ( ),
se0o Whichisdenedas ( )= In[tan( =2)], where is the angle which the emitted
sa1  particle has to the beam axis. This measure is anti-symmetric around = =2, i.e.
sz the angle normal to the beam axis, and is 0 at this angle. The central detectors of
a3 ALICE cover the midrapidity range of | j®1. A schematic representation of ALICE
a4« With all its subdetector systems can be found in gure 15. It is important to note

sss that the detector discussed in this section is the ALICE detector as it existed during
sss the Run 2 data taking period (2015-2018). The main limitation of this version of the
sz ALICE detector was its moderate interaction and data readout rates, the latter of
sss Which was limited to about 1kHz in Pb—Pb collisions and 200kHz in pp collisions.

ZThere are also dedicated low B eld runs, where the eld is setto only 0.2 T.
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