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Preface

Relativistic heavy-ion collisions provide a unique tool to study nuclear matter at
extreme conditions. During such collisions, huge amounts of energy are released,
from which many forms of matter and antimatter are born. From investigation
of heavy-ion collisions, we can acquire knowledge of a new state of matter —
the quark-gluon plasma. The quark-gluon plasma is is a state of matter where
quarks and gluons, normally confined inside nucleons, are deconfined. Such state
is predicted to be reached at high energies and densities. Since such extreme
conditions existed in the brief period of time shortly after the Big Bang, study
of properties of quark-gluon plasma can tell us more about the early history of
the Universe.

The antimatter was predicted by P. A. M. Dirac in 1931. Its existence was
confirmed two years later with discovery of antielectron — the positron. Since
then, many new forms of antimatter were observed. High-energy antiparticles
are commonly observed and used in experiments these days, positrons are even
used regularly in medicine — in the technique of positron emission therapy.

This thesis discusses several topics related to recent discovery of antihelium
and antihypertriton in heavy-ion collisions at the Relativistic Heavy-Ion Collider
at Brookhaven National Laboratory, USA. The first chapter presents a general
overview of particle physics and introduces topics related to antimatter. The
first discoveries of antiparticles (namely positron, antiproton and antineutron)
as well as discovery of antihydrogen are discussed in Chapter 2. The following
part contains basic information about hypernuclei. Hypernucleus is a nucleus
which contains one or more strange baryons — hyperons. Hyperons are baryons
composed of at least one strange quark. Since RHIC is not the only facility to
inspect antimatter, experiments with antihydrogen ALPHA and AEgIS carried
at CERN are presented in Chapter 4, ALPHA inspects the spectrum of anti-
hydrogen atom. It is expected that the spectra of hydrogen and antihydrogen
are identical. AEgIS will investigate impact of Earth’s local gravitational field
on antimatter. In the last chapter, the STAR detector at RHIC is presented.
Recently, STAR reported evidence of production of the *He antihelium, the
heaviest antinuclei so far observed. Another significant discovery is that of the
f’—\ﬁ antihypertriton. The chapter is concluded with future outlook for STAR.



Chapter 1

Introduction to elementary
particles

The aim of this chapter is to introduce the reader to elementary particle physics.
Particle physics studies structure of the world on the finest level — smaller than
atoms, even smaller than protons and neutrons that form nuclei. Main sources
for this chapter are books [1] and [2].

1.1 Particle classification

There are two common ways to classify elementary particles. The first groups
the particles with respect to their spin to and classifies them as bosons or
fermions. The other one divides them into two groups, quarks and leptons,
according to interactions the particles are subjected to.

1.1.1 Spin-statistic theorem

Elementary particles can be divided into two main groups according to their
intrinsic spin: bosons, with an integer spin, and fermions, bearing a half-integer
spin. Spin of a particle is usually given in units of hE] This classification is
particularly useful when describing a system of identical particles. The system
of identical bosons can be described with a symmetric wave function. When two
particles of the system (particle 1 and 2) are interchanged, the wave function
does not change sign:

P(152) = 9(21) (L.1)

On the other hand, the system of identical fermions would be described by an
antisymmetrical wave function. The wave function then changes sign when two

IThe reduced Planck constant % is related to Planck constant h by h = 27h. The Planck
constant reflects the size of energy quantum, / = 6.582-10~22 MeVs = 1.054-10—3% Js. Value
taken from [IJ.



CHAPTER 1. INTRODUCTION TO ELEMENTARY PARTICLES 3

particles are switched:
P(1;2) = —(21) (1.2)

As a result, fermions do obey Pauli’s exclusion principle, while bosons do
not [3]. According to Pauli’s exclusion principle, two fermions cannot occupy
the same state simultaneously.

Let ¢ of each particle be a function of coordinates and projection of spin
to the z-axis: ¥(n;) = ¥(7;s.);4 = 1,2. Suppose the two particles are in the
same state: 71 = no. Then according to (1.1)), by changing the particles in the
system described by 1(n1;11) we obtain again 1 (n1;71). On the other hand, for
m =z gives

Y(m;m) =0

Therefore one state can be occupied only and only by one fermion.

1.1.2 Quarks and leptons

All the matter that we know is constituted from quarks and leptons. However,
astrophysical observations indicate that all these particles represent only 4% of
all the matter in the Universe. Both quarks and leptons are truly elementary
particles, since they are both considered to be point-like. Both carry spin of
1/2h which means they are fermions.

Leptons interact only electro-weakly. They can be either charged or neutral.
There are three possible types, flavours, of charged leptons: electron, muon y
and tauon 7.

The neutral leptons, neutrinos, can be grouped with charged leptons of equal
flavour, e. g. the neutrino emitted with electron in SB-decay is the electron-
neutrino v.

All charged leptons can exist in two forms: left-handed, with spin projec-
tion to the momentum axis s, = —1/2A, and right-handed, with s, = +1/2%.
Neutrino, on the other hand, occurs only in the left-handed form while the
antineutrino is always right-handed.

Quarks do interact electro-weakly. In addition, they are subjected to the
strong interaction. Quarks also do have an additional degree of freedom, which
is, as in the case of leptons, flavour. Altogether, there are six quark flavours,
which again can be arranged to three doublets. The doublets (c, s) and (t, b)
are heavier analogies of the doublet (u, d).

Since no free quarks were ever observed, it is assumed, that, at normal
energies, they do always form bound states. Such quark complexes are called
hadrons and we distinguish two different kinds: baryons, consisting of three
quarks or three antiquarks, and mesons, formed by quark-antiquark pair. Few
examples can be found in Table However, at sufficiently high energies,
hadrons should undergo a phase transition into a state at which quarks and
gluons are free. This state is called quark-gluon plasma (QGP).
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particle charge [e] mass [GeV/c?] particle charge [e] mass [GeV/c?

e -1 0.511 -1073 u +2/3 2.4 1073
Ve 0 <3-107° d -1/3 4.8 1073
m -1 0.10566 c +2/3 1.27
v 0 <0.19-1073 s -1/3 0.104
T -1 1.784 t +2/3 171.2
v, 0 <18-1073 b -1/3 4.2

Table 1.1: List of leptons and quarks, each with respective charge and mass.
Both groups are divided into three subgroups called generations. Taken from
Ref. [1].

Baryons Mesons
particle quark composition particle quark composition
proton uud T ud
neutron udd i dii
A uds 70 (vt — dd)//2
ATt uuu K° ds

Table 1.2: Examples of hadrons and their quark composition [4].

Nowadays, common matter on Earth is formed solely of u and d quarks.
Heavier quarks are produced only in collisions at accelerators or from interac-
tions of cosmic rays with the atmosphere. Once formed, they tend to decay
quickly into uw or d quark. Even though heavier quarks may also form bound
states, these are highly unstable due to short lifetime of their quarks.

1.2 Fundamental interactions

There are four fundamental interactions through which elementary particles can
interact : electromagnetic, strong, weak and gravitational. During all of these
processes, momentum is exchanged between the particle via the exchange of
boson mediators. These are photon, gluon, bosons W=+ and Z° and graviton
respectively.

Electromagnetic interaction occurs between all electrically charged parti-
cles, even at long distances. The corresponding field particle is a photon,
with zero mass and spin 14. The electromagnetic force bounds electrons
with nuclei to form atoms, bounds atoms within molecules and single
molecules in matter.
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Weak interaction takes place between all quarks and leptons. It is brought
about by exchange of weak bosons W+ and Z° of mass 80 GeV/c? and
90 GeV/c? respectively. Both carry spin 1h. The range of the weak
interaction is limited to 107!® m due to the relatively huge mass of its
field particles. The weak interaction can change flavours of quarks and
leptons.

Strong interaction occurs only between quarks. It is the strongest of all four
interactions, hence its name (for details, please see Table[1.3]). The range is
limited up to 10715 m. The quarks carry colour charge (red, green or blue).
The interaction is mediated by gluons. Gluons are massless, with spin 1A
and they carry both colour and anticolour. There are 8 gluons in total:
RB, RG, BG, BR, GR, GB, 1/v/2(RR—BB) and 1/v6(RR+BB—2GGq),
where R, G, B denotes red, green and blue charge respectively. Strong
interaction is responsible for binding quarks in hadrons and for binding
nucleons in nuclei. The hadrons are always white - meaning any baryon
must contain one quark or antiquark of each colour, mesons contain the
quark-antiquark pair of the same colour. Quarks have an extra degree
of freedom due to the colour charge. Existence of baryons composed of
three quarks of same colour would be otherwise impossible due to Pauli’s
exclusion principle. However, such baryons have been observed. As an
example we can list AT (uuw).

Gravitational interaction affects all matter and radiation. Its predicted field
particle is graviton, of zero mass and spin 2A. Gravitation is usually ne-
glected on subatomic scale - it’s relative magnitude compared to other
interactions is more than thirty times smaller (see Table [1.3)).

Examples of strong, weak and electromagnetic forces are shown in Fig.
Characteristics of all four fundamental interactions are summed up in Table

interaction electromagnetic weak strong  gravitational
range [m)] 00 10°% <1071 00
mean life-time [s] 10-20 10710 10723 —
relative strength 102 1077 1 10739
boson intermediator photon W+, 70 gluon graviton
spin [A] 1 1 1 2
mass [GeV/c?] 0 80.2, 91 0 0

Table 1.3: Characteristics of fundamental interactions. The relative strength
of each interaction compares its magnitude to the magnitude of the strong in-
teraction. Gravitation is usually neglected on subatomic scale, since it is more
than 30 times weaker than the three other forces. The spin of field particles is
given in units of A. Taken from [IJ.
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e e P s e
virtual photan W-
e n
Electromagnetic Weak
green P n
green-
green antiblue blue P n
gluon
between quarks between nucleons

Strong Interaction

Figure 1.1: Examples of electromagnetic, weak and strong interaction. They
represent interaction of two electrons, beta-decay of a neutron, interaction of

a blue quark with a green quark and interaction of two nucleons respectively.
Taken from Ref. [5].

The mean life-time of every interaction can be determined from Heisenberg’

s uncertainty principle

AEAt ~ g (1.3)

It is then possible to calculate the range of the interaction, since it is proportional
to its duration
Ar = cAt.

Interaction is characterised by the square of interchanged momentum ¢>
Real bosons are massless, implying ¢ = 0. On contrary, in interactions ¢% # 0,
which has no physical meaning. Hence the particles interchanged during inter-
actions are necessarily virtual. The conservation laws can be violated during
such processes for a time period given by (L.3).
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1.3 Parity and charge conjugation

Parity operation characterises the transformation of wave function v caused by
inversion of spatial coordinates ¥ — —7. Momentum is also changed during such
processes as p — —p, while the angular momentum I_:, the spin &, and the total
angular momentum J are preserved. The electromagnetic field is transformed
as follows: A — —A and B — B. Here A stands for magnetic vector potential,
B denotes magnetic field. The two quantities are linked through the following
equation:

A=V xB. (1.4)

The parity operation can be written as

PU() = (-7

Parity is conserved in both strong and electromagnetic interactions, yet it
is violated in weak processes. Parity operation over left-handed neutrino would
produce a right-handed state. However, such a particle has never been observed.
Hence the maximal violation of parity in neutrino interactions.

Strong and electromagnetic interactions are invariant under another opera-
tion - charge conjugation. Such operation reverses the sign of the electric charge
and magnetic momentum of a particle. In other words, the charge conjugation
operation changes a particle into its antiparticle:

Clp) = Ip)

On the other hand, charge conjugation invariance is violated in weak inter-
actions. Analogically to parity operation, a left-handed neutrino subjected to
charge conjugation operation would be transformed into a left-handed antineu-
trino, which again is excluded by the Standard Model.

1.3.1 CP symmetry

The combined operation CP transforms a left-handed neutrino into a right-
handed antineutrino. For some time, CP was really thought to be invariant
in weak interactions. Nevertheless, it was observed to be violated in decay of
neutral kaons [2 [6].

Neutral Kaon Decay

Kaons are the lightest mesons containing a strange quark or antiquark. Neutral
kaons are K° (ds) and its antiparticle K (sd). However, they do not exist
on their own. The particles we actually observe are superpositions of the two
states. We do distinguish two varieties according to their life time: K9 (as for
short), with 7¢ = 0.089 ns, and K¢ (as for long), with 7, = 51.7 ns. If we



CHAPTER 1. INTRODUCTION TO ELEMENTARY PARTICLES 8

denote K and K9 the kaon CP eigenstates, their respective forms would be as
follows:

KO = \/g(KMKO) OP=+1

K§ =/} (K°-F") cP=-1
Since we assume that K¢ and K9 are CP eigenstates, we can write

KY = KY
(1.5)
K9 = K9,

The K2 would therefore decay into two pions with CP = +1 while K? would
decay into three pions with CP = -1.

However, small portion of K? was observed to decay into two pions. Rather
than by the observed neutral kaons would be represented by

0 _ 1 0 _ 70
K¢ = firel? (K7 —eK3)
(1.6)
KY = L2 —_(K? +eK)).

Vitlel?

where € ~ 2.3 - 1073 is a parameter describing the magnitude of CP violation.

The above described phenomenon is called indirect CP wviolation and is
caused by mixing of the two kaon states KY and K9 [I]. The mixing itself
arise from the oscillation of neutral kaons. This means that mesons from an
originally pure K° beam will turn into their antimatter counterparts and vicev-
ersa. Examples of such transitions can be found in Fig. The figure shows
also transitions of DY and B® mesons. Oscillation is a characteristic feature of
neutral mesons.

Another significant feature of K can be seen in its leptonic decay modes
[2]. First of the modes is K? — et + v, + 77, its rate is denoted as R while
the second decay writes as K? — e~ + 7, + 7", with rate R™.

The K9 is more likely to decay into a positron since

A= m =(3.3£0.1)-1073. (1.7)

Such a violation, which occurs in the actual decay of neutral kaons, is referred
to as direct CP wiolation.

D’ - D’ and B~ B’ mixing

. . =0 . .
As we saw in previous text, the K and K particles can turn one into the
other. This quality is known as oscillation and explains the observed mixing of
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neutral kaons. Moreover, the D°(cu), B°(db) and B2(sb) mesons are believed
to possess the same quality. Transitions of neutral mesons into corresponding
antimesons are displayed in Fig.

(a) (b) ()

d w” s u w” ¢ b w*
—_— e — —_— - B
1K? ‘}' uct A R° D vy d,s,b D°® B° Y u.ct
b —l - ——l -

s w* d c w* u d W~

Figure 1.2: Mixing of neutral mesons. Observed mesons are superpositions
of the two states - particle and its antiparticle. The two state oscillate — the
particle turns into the antiparticle and viceversa. Transitions a) K — K b)
D® — D ¢) B® — BY. Taken from Ref. [I].

B~ B’ mixing was measured with the BABAR detector at the SLAC labo-
ratory and with the Belle device at KEKB, Japan. The measurements indicated
mixing in neutral B mesons, thus providing a clear evidence for CP violation in
B system [8, [9].

Moreover, mixing of neutral D mesons was reported by Belle [10] and BABAR
[11I]. The LHCb experiment at CERN also observed evidence for CP violation
in the charm sector [I3].

Belle investigated the quantities yop, the deviation from unity of the ratio
of effective lifetimes in the decay modes D° — K+K~ and D° — K~ n™*

7(DY — K—7t)
Yop = 0 -
7(D° - K+K~)

-1,

and Ar, the asymmetry of effective lifetimes measured in decays of D® and D’
to KTK~ e
A (D" -+ KtK~)—7(D° - KtK™)
r = —— .
(D" = K+K-) +7(D% — K+K~-)
In other words, ycp and Ar give magnitude of the indirect and direct CP

violation respectively.
The results are as follows [10]:

Yycprp = (131 =+ 3-28tat =+ 2~5syst) : 10_3 (18)

Ar = (0.1 £ 3.050¢ £ 1.55y5¢) - 10772, (1.9)

|

@D
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The parameter yop is different from zero by more than 30. The neutral D
mesons do mix, the indirect CP violation was truly observed. However, the
value of Ar is consistent with zero, the direct CP violation was not observed.
Similar results were achieved by BABAR [I1]:

yop = (11.6 £2.2 +1.8) - 10753, (1.10)

The indirect CP violation was observed. The no-mixing hypothesis was in this
case excluded at 4.10 [11]. The direct CP violation was not measured. No sign
of direct CP violation was found in previous measurements [12].

The LHCb gives values of the mixing parameter yop and Ar [13]

Yor = (55 +6.35tat = 4-lsyst) : 1073 (1.11)
Ar = (5.9 £ 59540t £ 2.15y5) - 1073, (1.12)

The value of yop is consistent with and . The value of Ar is consis-
tent with and with zero. Note that the value of is also consistent
with zero. Nevertheless, future updates and new data will precise values of yop
and Ar and reduce errors.

As a conclusion, we can say that observation of the indirect CP violation in

—0
D° — D" system was proved.

CP violation and the Standard Model

Standard Model makes some predictions about the level of direct CP viola-
tion [2]. For the quarks, weak and strong eigenstates are not identical. Weak
eigenstates are rather mixture of strong eigenstates. The flavour states are
transformed into the weak states by the following transformation:

d/ Vud Vus Vub d
d =1 Vea Ves Va c (1.13)
b/ V;fd ‘/ts ‘/tb b

The above matrix is called CKM matriz (after its proponents Cabbibo, Kobayashi
and Maskawa). Module of each element |V;;|? gives probability that quark 4 de-
cays into quark j. Absolute values for V;; in (1.13) are [2]:

Ve Vus Vup 0.972 0.221 0.004
Vea Ves Ve | = 0.221 0.975 0.039
Via Vis Vi 0.008 0.038 0.999

The CKM matrix V is unitary, hence for the elements in right top corner of
V*V matrix we can write [2]:

ViaVub + VegVey + VigVip = 0.

This can be plotted in the complex plane as a wunitarity triangle as in Fig.
The three angles of the triangle (denoted «, § and ) can be determined
from decays of neutral B-mesons. Objective of these measurements is to find out
whether the observed CP violation is consistent with predictions of the Standard
Model.
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+

B =
™
s Veb Ve By— YK,

3
<

Figure 1.3: Unitarity triangle from CKM matrix. Each element V;; determine
probability of quark transition ¢ — j. Values of the three angles can be derived
from decays of neutral B-mesons. Taken from Ref. [2].

1.3.2 CPT theorem

Both CP and T violation were observed [2]. However, once combined, the
resulting CPT operation should be an exact symmetry. The CPT theorem
predicts such a symmetry. As a result, particles and antiparticles would have
exactly the same mass, spin and lifetime. Their magnetic moment and charge
would be of the same value, yet of different sign. Therefore it should be also
possible to combine antiparticles and form bound states in the same way as with
particles.

1.4 Parton model

It was known for some time that hadrons are not point-like particles, but are of
finite size. It was only natural to expect they would have some internal structure
[1]. Study of deep inelastic scattering (DIS) of electrons on protons showed that
hadrons are indeed constituted of so called partons, later identified as quarks
and gluons. Moreover, partons are point-like and therefore truly elementary as
was demonstrated by DIS at higher energies.

As was demonstrated in Section electromagnetic interaction ep takes
place via exchange of virtual photon of value of momentum transfer squared
Q? = |¢%|. Q2 is inversely proportional to the wavelength of the interchanged
photon [I]. At sufficiently high Q2 (therefore at high energies), the photon has
wavelength short enough to interact rather with composing particle than with
the proton as a whole. The spin of interacting partons was determined as 1/2h,
they were identified as quarks.
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Figure 1.4: Deep inelastic scattering of an electron on a proton. Taken from
Ref. [14].

The exact number of quarks in proton was yet to be determined. Proton
composition uud provides a satisfactory explanation of its quantum numbers.
Such quarks are called valence quarks. Nevertheless, nucleon could also contain
a non-specified number of sea quarks, more precisely a quark-antiquark pairs.
Its quantum numbers would remain unchanged. Existence of sea quarks was
also proved experimentally [I].

Still, gluons were yet to be discovered. It is only natural to expect that
the total momentum shared by quarks should be equal to the momentum of
proton. However, only about a half is carried by quarks - the other half seems
to have mysteriously vanished. Therefore the missing portion of momentum
have to be bore by particles that cannot be detected in electromagnetic and
weak interactions. These particles were identified as gluons.

Gluons are electric-neutral, which means they cannot be directly measured
in deep inelastic scattering. On the other hand, they bear colour charge both in
form of colour and anti-colour and can thus interact with each other. The colour
charge increases with distance, while at short distances it has much smaller
impact. Partons then seem to be free particles with small coupling constant,
this quality being known as asymptotic freedom. As the coupling constant grows
with distance between particles, at certain distance the force becomes too strong
and quarks can move no further. The partons are thus confined within hadrons.
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1.5 Antiparticles

To every particle, there is a corresponding antiparticle - an antimatter coun-
terpart of identical mass and lifetime yet of opposite charge and other additive
quantum numbers. When a particle collides with its antimatter doppleganger,
they both annihilate. However, they do not really disappear, since the total
energy and momentum of the system (the particle-antiparticle pair) must be
conserved. Thus the pair is transformed into other particles and their respec-
tive antiparticles.

The idea of antimatter was first proposed by Paul Dirac. He noticed that the
wave equation describing an electron had four possible solutions. Yet only two of
them actually described the electron. The other two solutions were attributed to
the so-called antiparticle of exactly the same properties but of opposite charge.

In quantum mechanics, the stream of electrons of energy E and momentum
p can be represented by following wave function:

Y= A e HEPD/R (1.14)
From the relativistic term
E? = p*c? + m*c? (1.15)

the energy can be principally of both positive and negative value which means
might as well represent stream of particles of negative energy —F and
momentum —p not only in the opposite direction —Z but also backwards in
time. Hence the term Et — p'- & becomes (—F)(—t) — (—p) - (—Z) and the two
terms equal.

Negatively charged electrons with E < 0 streaming backwards in time are
equivalent to a flow of positively charged electrons moving forwards, their energy
being positive. The negative energy state thus corresponds to an antiparticle,
positron, with £ > 0. Such an antiparticle was really discovered shortly after
Dirac postulated its existence.

Dirac’s equation was originally written to explain the behaviour of an elec-
tron. Since electron is a fermion, one can easily conclude that other fermions
would also obey this rule. Thus to every fermion, there should be an antifermion.
Furthermore, one should expect the existence of antiproton and antineutron,
whose existence was proved experimentally (further details are given in Chap-
ter 2). Few examples of particles and their antiparticles can be found in Table

L4
1.6 Matter - antimatter asymmetry
All the visible Universe is most likely built uniquely of matter. Even though

several theories assume that amount of matter and antimatter are even, no
observation supporting this idea have so far been reported.
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Quarks and leptons

particle charge antiparticle charge

electron -1 positron +1

e-neutrino 0 e-antineutrino 0

up-quark +2/3 up-antiquark —2/3

down-quark -1/3 down-antiquark +1/3

strange-quark -1/3 strange-antiquark +1/3
Hadrons

particle quark content antiparticle quark content

proton uud antiproton aud

neutron udd antineutron add

A uds A uds

KO ds KO sd

Tt di T ud

70 (utt — dd)/v2 7° (utt — dd) /2

Table 1.4: Examples of particle-antiparticle pairs. Fermions are listed in the
upper part (with respective charges). The bottom part shows hadrons together
with their quark contents [4].

However, we assume that equal amount of matter and antimatter were cre-
ated after the Big Bang. But then all the matter should have annihilated long
ago. Indeed, there are evidences that shortly after the Big Bang, a huge amounts
of particles and antiparticles had vanished in what we call the Great Annihi-
lation, yet had there been a small surplus of matter, it would have survived.
Processes causing the baryon and lepton number violation had to take place
shortly after the Big Bang.

Several conditions had to be fulfilled to create baryon-antibaryon asymmetry
we observe [2]. These are known as Sakharov criteria. The three conditions are:

e baryon number violating interactions,
e non-equilibrum situation,
e CP and C violation.

The first condition is obvious, assuming there were originally the same number
of baryons and antibaryons. However, there is still no direct evidence for these
reactions. As for the second criterion: in equilibrum, any reaction destroying
baryon number is counterbalanced by a reaction that creates it. The third re-
quirement serves to distinguish unambiguously between matter and antimatter,
as pointed out in Section [1.3.1

There are various theories trying to explain the observed predominance of
matter over antimatter. One of the most likely models suggests that such an
asymmetry might have arisen from decay of massive Majorana neutrinos [2, [7].
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1.6.1 Massive Neutrinos

Neutrino is a neutral lepton of very small mass, m, ~ 0.1 GeV/c2. Neutrino
exists only in left-handed form while antineutrion is always right-handed (see
1.1.2)).

However, the above classification assumes neutrinos are so-called Dirac par-
ticles. This means particle and antiparticle are quite distinct (e.g. quark-
antiquark). Since the only observed difference between neutrino and antineu-
trino is their handedness, we can as well consider them as two forms of one
particle. Particles that are at once their own antiparticles are called Majorana
particles.

Existence of massive neutrinos might provide an explanation to the fact that
the ordinary neutrino is so light. Its mass would be suppressed by the mass of
the heavy neutrino [2].

Massive neutrinos could have existed shortly after the Big Bang and could
have died out due to the decay into light neutrinos:

N-—H+v (1.16)

where N and v denotes massive and ordinary neutrino respectively and H rep-
resents a Higgs boson emitted during the decay.

There is no reason to assume that massive neutrinos would have decayed into
neutrinos and antineutrinos equally. They could have preferred one form to the
other. Such a disbalance between leptons and antileptons could provoke an
asymmetry between quarks and antiquarks through simultaneous interactions.
These would produce new quarks or antiquarks, their numbers being uneven.



Chapter 2

Discovering antimatter

During the 20" century, announcements of observations of new particles were
the order of the day. The following text reviews discoveries of positron, antipro-
ton, antineutron and of antihydrogen atom.

2.1 Positron

The positron was discovered by C. D. Anderson in 1932, just shortly after its
theoretical prediction [I5]. This was undoubtedly a big event at that time, since
the original idea of antimatter used to be mainly considered as a theoretical tool
created to explain the seemingly paradoxical electron state with negative energy.
The first positrons were actually observed much earlier by D. Skobeltzyn
in 1923 [7]. He sought for evidence of gamma rays in cosmic rays, using a
cloud chamber situated in uniform magnetic field. Each particle could be thus
identified according to the curvature of its track, and from the total energy-loss.
The radius of the track depends on the charge of the particle ¢, its velocity v
(and therefore its energy) and on the magnitude of applied magnetic field B:
qu
-~ mB
Skobeltzyn noticed that some of the particles seemed to turn the wrong way.
However, no explanation was found at time.

During the measurements carried by Anderson, both positive and negative
particles occurred in likewise abundances, most of them bearing a unit electric
charge. The negatively charged particles were interpreted as electrons. However,
the positively charged particles could not be protons, as was first suggested, as
their tracks at measured energies would be much shorter. Furthermore, these
particles exerted the same specific ionisation as electrons.

To see whether the track was induced by an electron, with negative charge,
moving downwards or a positive particle of the same mass as the electron, mov-
ing upwards, a lead plate was installed in the chamber. Particles would suffer

16
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from a greater energy-loss when crossing the plate. Therefore the corresponding
part of the track would be more curved. This is illustrated in Fig. showing
a positron moving upwards.

Figure 2.1: Positron, moving upwards, crossing a lead plate. The track is bent
more significantly in the upper part of the chamber (upper part of the picture),
since the particle lost a great portion of energy while crossing the lead plate.
Magnetic field points into the paper. Taken from Ref. [I5].

2.2 Antiproton

Once the positron was discovered, scientists started to inquire whether other el-
ementary particles, such as proton, have their antimatter doppelgangers. Even-
tually, the antiproton was discovered in 1955 by O. Chamberlain [16].

The measurements were carried at the Bevatron facility at Berkeley National
Laboratory. Actually, one of the main purposes of Bevatron was to investigate
existence of antiproton.
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Figure 2.2: Number of particles versus ratio of mass to proton mass. The solid
curve represents the mass resolution of the apparatus as obtained with protons.
Taken from Ref. [16].

In the original article [16], detection of 60 antiprotons was reported. Proton
beam hitting the Cu target produced secondary particles. Negative ones were
separated and deflected into a separate beam. Their masses were determined
from their momenta and velocities. A peak of negative particles around the
proper mass for proton was observed (see Fig. . Furthermore, no particles
were known at time to have sufficiently long lifetime to get from the place of
collision to the counters (time-of-flight about 1078 s).

Observation of negatively charged hydrogen ions was excluded - by the time
the ions would get to the counters, they would have been already stripped of
their electrons [16].
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2.3 Antineutron

The first antiproton was also observed at the Bevatron facility. The first report
was written by B. Cork and others in 1956. The main interest of studying
antineutron was that the charge conjugation has less visible impact on neutral
particles [I7].

The aim of the experiment was to detect events of annihilation of antineu-
trons. These were produced from antiprotons, by charge-exchange. Protons of
energy of 6.2 GeV were let to collide with beryllium target. With a system
of deflecting magnets, a 1.4 GeV/c beam of negative particles was obtained.
Antiprotons were distinguished from negative mesons by comparison of their
times of flight. Set of six scintillators was used to detect the particles along the
line. The antiproton beam was then shot to a thick converter X, see Fig.
Products of the interaction passed through the pair of scintillators (S; and Ss)
and subsequently to the Cerenkov counter C. Antineutrons would not interact
with the scintillators, however, they would provoke a large pulse of light in the
Cerenkov counter.

PLASTIC SCINTILLATORS
12" x 13"

9-;* CUBE

INCIDENT
amerotons [O O
::>|] X
4"x 4"
FIO 0O
PHOTOMULTIPLIERS ~—&FH——
LEAD
BEx 12" B EI
L |

EAD GLASS I
ERENKOV COUNTER —
12" % 14" % 13"

LIQUID SCINTILLATOR7 Si,/S;

- " _ 4

Figure 2.3: Antineutron detecting system. X is the charge converter, S; and S
are scintillation counters, C' is a lead-glass Cerenkov counter. Antiproton beam
hits into X. Antiprotons are either converted into antineutrons or annihilate
with nucleons in the converter. Neutral particles produced from such a reaction
continue to C, where they provoke signal. Antineutrons, originating in charge-
exchange, would provoke Cerenkov light in C. Yet corresponding impulse in
X would be much weaker compared to impulse from annihilation of protons.
Taken from Ref. [I7].
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Both high-energy gamma rays and neutral particles such as mesons or neu-
trons could have been misinterpreted as antineutrons. To prevent so, a thick
lead plate was installed between the two scintillators. To distinguish antineu-
trons from other neutral events observed by counter C, the charge converter
was made of scintillating solution. Neutral events could be thus separated from
those originating in an annihilation of antiproton, which would be indicated
by a large pulse in X. The less violent process of charge-exchange would be
indicated by a significantly weaker pulse.

2.4 Antihydrogen

The very first detection of antihydrogen was done at the Low Energy Antiproton
Ring in CERN (LEAR) by the PS210 experiment. Production of 11 antihydro-
gen atoms was reported in 1995 [I§].

There are two possible variants of producing antihydrogen - either in flight
or at rest. The PS210 choose the in-flight option.

An antiproton and a positron were brought close together both in momen-
tum space and energy. While passing a nucleus with charge Z, antiproton will
interact with its Coulomb field and produce ete~ pair. The positron is then
captured by the antiproton. Fast moving antihydrogen is produced this way.
The two-photon mechanism of lepton-pair production was estimated:

pZ — pyyZ — pete”Z — He  Z (2.1)

A schematic view of mechanism (2.1)) is shown in Fig.
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Figure 2.4: A schematic view of the two-photon mechanism for eTe™ and H
production at LEAR. The antiproton passing nearby nucleus of charge Z. The
two particles interact through Coulomb interaction, thus producing ete™ pair.
The positron is subsequently captured by antiproton. Taken from Ref. [L§].
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Once the neutral atom was formed, it exited the ring. The H was stripped
into the silicon counter in the LEAR vacuum system. Positron was detected
through annihilation into two back-to-back photons, each of energy 511 keV.
The antiproton detection was somewhat less straightforward. The energy loss
dE/dz of the antiproton was measured by series of three silicon counters. The
antiproton then passed through a set of scintillator detectors. Deflection of
charged particles was also registered - observed events were compared to the
expected deflection for p from antihydrogen.



Chapter 3

Hypernuclei

Hyperons are baryons containing at least one strange quark. They can inter-
act with nucleons within nuclei and result in a new, exotic form of matter —
hypernuclei.

The interest of studying hypernuclei lies in the possibility of expanding our
knowledge into an exotic region. The strangeness gives new dimension to the
chart of nuclides, such a chart can be found in Fig. [3.] Hyperons have a
short lifetime — of order of 10719 s. This means that the path they travel is
about the order of ¢r &~ 10 cm after which they decay weakly. Hypernuclei
serve as a ”femto-laboratories” to investigate YN and Y'Y interaction. Direct
measurement of YN and Y'Y cross-sections is far too difficult due to the very
short lifetime of hyperons. In general, Y N and Y'Y interactions are weaker than
NN.

Three-body interactions are also allowed. Actually, the ANN three-body
interaction is essential tool for investigation of the structure of the A-hypernuclei
[19.

3.1 The A Hyperon

The very first hyperon ever observed was the hyperon A in 1952 by M. Danysz
and J. Pniewski. During investigation of cosmic rays at 26 km above ground
with a meteorological balloon carrying a photographic emulsion, they observed
collision of an energetic proton with a nucleon in the emulsion. All the particles
produced during the collision stopped soon, leaving a short track in the emulsion.
One of them, however, decayed into two lighter particles. The observed event
is shown in Fig. The characteristic decay pattern is called VO decay (the
name was derived from its shape).

The characteristics of the A are as follows: its mass being m(A) = 1115.684+
0.006 MeV /c?, strangeness quantum number S = —1 and lifetime 7 = 2634-2 ps
[4].

22
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Figure 3.1: A nuclide chart extended into the strangeness sector. Normal nuclei
lie in the (N, Z) plane. The negative sector of the chart is occupied with
antinuclei. Hypernuclei lie in the octant above the positive part of the plane
(N, Z). Antihypernuclei lie in the octant below the negative part of the (N, Z)
plane. Taken from Ref. [41].

A list of hyperons can be found in Table.

m [MeV/c?] S I JPn T [ps]
A%(uds) 1115.683 +£0.006 -1 0  1/2% 263.1 +2.0
Yt (uus)  1189.37+0.07 -1 1 1/2F 80.18 +0.26
YO0(uds) 1192.642+0.024 -1 1  1/2F (7.4+£0.7) x 107!
Y7 (dds) 1197.449+0.030 -1 1  1/2% 147.9 +0.011
E0(uss)  1314.86+0.20 -2 1/2 1/2F 0.29 £ 0.009
E7(dss) 1321.71+£0.07 -2 1/2 1/2°F 0.1639 & 0.0015
Q0 (sss) 1672.45+0.29 -3 0  3/2* 0.0821 £ 0.0011

Table 3.1: List of hyperons [4].

3.1.1 Structure of A-hypernuclei

The 4 Z nuclei is composed of Z protons, (A — Z — 1) nucleons and of one A. In
its ground states, all the nucleons are spread as in the ground state of (A=1Z,
while the A is in the lowest energy state. Since the hyperon is distinguishable
from the nucleons (it carries strange quantum number), it is not subjected to
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Figure 3.2: The first observed decay of a hypernucleus. The decay was produced
by a cosmic ray particle (track p, direction of the track is indicated by the
arrow) interacting with a nucleus in the emulsion located at A. The ejected
hypernucleus (indicated by track f) decayed at B. Taken from Ref. [20].

the Pauli exclusion principle. Hence it can occupy all quantum states already
filled with the nucleons. An example of structure of '2C hypernucleus can be
found in Fig. A neutron from the p-shell changed into a A hyperon. The
A would occupy the lowest free energy state. If there is more than one hyperon
in the nucleus, the hyperons have to obey the exclusion principle [19].

As was mentioned at the beginning of the chapter, the ANN interaction is
essential for further study of the structure of the A-hypernuclei, such as hyper-
triton 3H. The hypertriton is the lightest hypernuclei, it is a weakly bound
state formed of (pnA). The A binding energy is [19)]

Bo(RH) = M (3H) — M(*H) — m(A)] ~ —130 keV. (3.1)

Both neutron and A are unstable in free space and decay through weak
channels [19]. The energy released in free decay of the neutron is QJ¢¢ ~
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1p — shell

Figure 3.3: A simple model for the '2C hypernucleus. The figure shows a
transition which changes a neutron into a A. The nucleus remains in its ground
state. The structures of nucleons in single shells are independent. States with
lowest energies are occupied as first. Taken from Ref. [21].

0.72 MeV, while the binding energy of the neutron in the nucleus is B, =~
—8 MeV. Hence the neutron bound in a nucleus is generally stable. On the
other hand, the energy released by A decay is Qf\ree ~ 40 MeV. Its binding
energy in a nucleus is |[Ba| < 27 MeV, which means the hyperon is unstable
even when bound in a nuclear system.

3.2 Observation of {H hypernucleus at DAFNE

DAFNE (sometimes written as DA®NE) stands for Double Annihilation ring
for Nice Experiments. It is a electron-positron collider located at the INFNE|
Frascati National Laboratory, Italy. DAFNE started its operation in 1999. The
accelerator consists of two circular rings, one for electrons and one for positrons,
which overlap at two intersection points. Energy of each beam is set to 510
MeV. The unstable ¢(1020)E| particle is produced, which decays into neutral
and charged K mesons [22]. DAFNE aims to study CP and CPT symmetries in
neutral kaon systems, however, the charged kaons K~ can be used to produce
hypernuclei.

The FINUDA (Fisica Nucleare a DAFNE) detector studies the spectra and
non-mesonic decays of A-hypernuclei. The hypernuclei are produced via bom-
barding a thin target by K~ beam. Recently, FINUDA claimed having observed
the neutron-rich § H hypernucleus [23]. The § H nuclei are produced in following
reaction:

K 45Li —SH+7". (3.2)

Hstituto Nazionale di Fisica Nucleare ~
2Quark content of ¢ mesons is ¢ (ui + dd) + c2(s5), from [4].
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The hypernucleus then decays through the channel
CH —SHe+4 7. (3.3)

The data collected during the period of 2003 — 2007 were analysed. To reduce
background, coincidence of pions 7+ from with 7~ from was required.

Both production and decay occur at rest since the {H stops in the target
in a time shorter than its lifetime [23]. Single events are characterised by their
total kinetic energy Tsym = T(nT) + T(77):

Tyum = [M(K ™)+ M(p) = M(n) —2M ()} — B(°Li) + B(°He) — T (°H) — T(} H)
(3.4)
where M denote corresponding masses, B denote binding energies and 7T stands
for kinetic energies. Both T'(§H) and T'(°H) depend on binding energy B ($H).
FINUDA collaboration focused on events with Tg,,, = 203 £+ 1 MeV and
with pion momenta of p .+ ~ 250 MeV/c and p,- =~ 130 MeV/c. Distribution
of raw total kinetic energy for 7% coincidence events is shown in Fig. while
Fig. gives momenta of detected pions.
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Figure 3.4: Distribution of raw total kinetic energy T, for 7% coincidence

events. Red dots represent measured data. The vertical red bars represent
the cut Tyyum = 202 — 204 MeV. Blue and violet histograms originate from of
background simulations. Taken from Ref. [23].

In total three  H candidates were observed [23]. The candidates are listed in
Table together with values of mass derived from production (3.2]) and from
their decay (3.3). The mean value for the {H mass is

m(§H) = 5801.4 + 1.1 MeV/c?. (3.5)
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Figure 3.5: 77 momentum vs 7~ momentum for events with ty,, = 202 —
204 MeV. Red square highlights events with p,+ = 250 — 255 MeV /¢ and with
Pr— = 130 — 137 MeV/c. Taken from Ref. [23)].

The values of the mass associated with the Q H production are slightly higher
than those associated with its decay. However, the difference between the two
values is within 1o for all three candidates.

Tsumm, [MCV] Pr+ [MCV/C] Pr— [MCV/C] m(?\H)pmd [MCV/CQ] m(?\H)prod [MCV/C2]

2026 £1.3 251.3+1.1 135.1£1.2 5802.33 £ 0.96 5801.41 £ 0.84
202.7+1.3 250.1+1.1 136.9£1.2 5803.45 £ 0.96 5802.73 £ 0.84
202.1+1.3 253.8+ 1.1 131.2+£1.2 5799.97 £ 0.96 5798.66 £+ 0.84

Table 3.2: Values of summed kinetic energy Tsymm = T(n7) +T(77), momenta
pr+ and pr— and of mass for the three { H candidates from production and from
decay respectively. Taken from Ref. [23].



Chapter 4
Antihydrogen

All nature’ s laws should be the same under the combined operation of charge
conjugation, parity and time reversal - the CPT operation. Thus any experiment
carried on antihydrogen should give exactly the same results as for hydrogen.

So far, experiments with positronium and specially prepared helium atoms,
which had one electron replaced by an antiproton, showed no signs of violation of
CPT symmetry. The antihydrogen would be therefore the first pure antimatter
system to be probed.

The very first antihydrogen produced in an experiment was recorded in 1995
at the Low Energy Antiproton Ring (LEAR) at CERN (for more details, please
see Section . The first study reported 11 antihydrogen atoms of relativis-
tic energies [I§]. Low energy antihydrogen was first observed only in 2002 at
ATHENA and ATRAP devices at Antiproton Decelerator at CERN, which was
installed in place of LEAR. Research group working at ALPHA, ATHENA’s
very successor, recently announced having probed antihydrogen spectrum [32].

4.1 Antiproton Decelerator

Antiproton Decelerator (AD) started its operation in 2000. It replaced the
previous device used to decelerate antiprotons, LEAR, which had to be closed
down in order to free resources for LHC. A schema of the AD ring is shown in
Fig. ]

Antiprotons are obtained through collisions of protons of energy of 26 GeV
with a fixed iridium target [28]. Some of the antiprotons are collected and sent
into the AD ring, where they are cooled through stochastic and electron cooling
to 5.3 MeV [29].

The stochastic cooling reduces transverse momenta of individual particles in
a bunch. Fluctuations (i. e. particles moving away from the bunch) are detected
and corrected. The correction is usually done by a device called ‘kicker‘, which
‘kicks‘ the bunch. The particles thus loose a part of their energy - they are
‘cooled‘. The electron cooling is done by letting the particles to interact with

28
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Figure 4.1: Schematic view of the Proton Synchrotron and of the Antiproton
Decelerator at CERN. Taken from Ref. [26].

cold (low-energy) electrons.

The current experiments installed at the AD ring are ALPHA, ATHENA,
ATRAP, ASACUSA, ACE and AEgIS. ATHENA, ALPHA’ s predecessor, com-
pleted its programme in 2004.

4.2 Trapping of charged and neutral particles

First we will discuss the production of antihydrogen. The formation of anti-
hydrogen takes place in a device called Penning-Malmberg trap. However, the
modification of the trap at AEgIS is different to the one used by ALPHA.
General description of the Penning-Malmberg trap can be found in the text
bellow.

The Penning-Malmberg trap is a device used to confine charged particles.
A schema of such a trap is shown in Fig The trap consists of a solenoidal
magnet, which creates a uniform magnetic field, and of a series of hollow cylin-
drical electrodes, creating spatially inhomogeneous electric field. The magnetic
field confines the particles radially while the electric field confines them axially.

However, once the positrons and antiprotons are mixed, the resulting anti-
hydrogen atoms are neutral. Since they have no charge, they cannot be confined
the same way. Nevertheless, neutral particles can be confined through interac-
tion of a magnetic field B with their magnetic moment u. According to the
sign of the magnetic moment, atoms can be either attracted to regions, where
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Figure 4.2: A schema of a Penning-Malmberg trap. The solenoidal magnet
creates a uniform magnetic field. The electric field created by the electrodes
has a saddle point in the centre. Taken from Ref. [27].

B has its maximum (”high-field seeking atoms” with p > 0), or to regions with
minimal B ("low-field seeking atoms” with p < 0). Half of the antihydrogen
atoms will have their spin oriented parallel to the field (x > 0, these atoms
will be lost). The other half will have an antiparallel orientation (1 < 0), these
atoms will get trapped [24].

In order to trap the atom through interaction of its magnetic dipole moment,
magnet of higher order has to be used, i. e. quadrupole or octupole (although
the higher the order, the weaker is the field at the centre of the trap). Magnets
of order higher than octupole are too weak at the centre of the trap. The
confinement is not significant until the atoms move far away from the trap axis.
On the other hand, the quadrupole magnet creates an elliptically shaped plasma,
which is very unstable [25]. The octupole magnet seems to be the most efficient
one. Compared to quadrupole magnet of the same trap depth, the octupole
field not only is conveniently low at the centre [3I], but it also greatly reduces
perturbations on charged plasma[25].

4.3 Probing of antihydrogen spectrum at AL-
PHA

4.3.1 Antihydrogen production and detection
Trapping of antiprotons and positrons

Antiprotons provided by AD are cooled to the energy of 5.3 MeV. However, such
energetic antiprotons cannot be used for antihydrogen formation. Additional
deceleration is therefore required [29]. The antiprotons are let to pass through
a foil called degrader. Huge portion of collected antiprotons annihilates with
nucleons in foil. However, this process is very cheap and the number of surviving
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antiparticles is sufficient. The particles are slowed down to few keV and are
trapped in a Penning-Malmberg trap, pictured in Fig. [.3h.
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Figure 4.3: (a)The annihilation detector and Penning-Malmberg trap installed
at the ALPHA device. The electrodes create a spatially inhomogeneous field
which confines the charged particles axially. The solenoidal magnet produce a
homogeneous magnetic field that confines the charged particles radially. Once
formed, the neutral particles are confined by the magnetic field created by
solenoid and the mirror-coils. The drawing is not to scale. (b) Merging of
positrons and antiprotons in nested Penning trap. The z coordinate is mea-
sured with respect to the centre of the trap. Taken from Ref. [30].

The trap used by ALPHA consists of a superconducting octupole magnet and
two axially separated short solenoid mirror-coils, which create strong uniform
magnetic field and of series of hollow cylindrical electrodes, creating an electric
field. The trapping field created by the mirror coils can be seen in Fig. The
trapping area is surrounded by a three-layer silicon detector. As the magnetic
field is generated by superconducting magnets, enabling a brief shutdown (with
reaction time of 9 ms [31]) necessary for successful antihydrogen detection, the
apparatus has to be cooled to 4.2 K with liquid helium.
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Figure 4.4: Magnetic field inside of a Penning-Malmberg trap. Neutral atoms
are confined at the centre. Taken from Ref. [30].

Antiprotons are injected into the trap, which has been pre-filled with elec-
trons. As a consequence, antiprotons are indirectly cooled by interactions with
electrons, which are in equilibrum with the cryogenically cooled trap. Cooled
antiprotons can be thus stored or used for experiments. Positrons are gained
from a radioactive source 22Na [29].

Antihydrogen formation

Antiprotons and positrons are injected into the Penning-Malmberg trap (see Fig.
). The two species are placed into their respective potential wells [30]. The
antiprotons are excited into the positron plasma by an oscillating electric field.
The two clouds are merged at the lowest possible relative velocity. Positrons and
antiprotons are let to interact for the period of 1 s. After that, all remaining
charged particles are disposed of. To ensure no antiprotons will get ”mirror-
trapped” by the magnetic gradients, four pulses of ”clearing” axial electric field
of up to 500 V™! are applied [31]. The first measurements of antihydrogen
annihilation proved no charged particles remained in the trap after the clearing
pulses [30]. These measurements were recorded with three variations of clearing
electric field. The three variations are: left bias, when any remaining antiprotons
would be deflected into the left side of the apparatus at the trap shutdown;
right bias with antiprotons deflected to the right side of the trap and no-bias.
During the no-bias measurements, all electrodes are at ground and no deflection
occurs. Distribution of released antihydrogen atoms and antiprotons is shown
in Fig. [£.5 Fig[4.5h compares measured annihilation to data from numerical
simulation of antihydrogen behaviour and annihilation after the shutdown. Fig.
compares measured data to predictions for mirror-trapped antiprotons,
data were simulated for all three variations of clearing field.
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Figure 4.5: Distribution of released antihydrogen and antiprotons. (a) Measured
t — z distribution for annihilation obtained with three variations of clearing elec-
tric field: left bias (blue triangles), when antiprotons trapped would be deflected
to the left, right bias (red triangles), when any remaining antiprotons would be
deflected to right and no bias (green circles), when all electrodes are at ground
during the shut-down of the trap, thus no deflection occurs. The grey dots are
from numerical simulation of antihydrogen released during shutdown. (b) Ex-
perimental ¢ — z distribution, as above, shown along with results of numerical
simulations of mirror-trapped antiprotons released from trap. Again green dots
for no-bias, blue dots for left bias and red dots for right bias. Taken from Ref.

[30].

Detection of antihydrogen

The detection of antihydrogen is very straightforward [29]. The antihydrogen
atoms are released from the trap and let to collide with the detector. ALPHA
looks for events with corresponding annihilation detected.

The antiprotons can interact with both protons and neutrons in the matter.
Such reaction generally results with production of several charged pions. These
are detected by a three layer silicon detector — track of each pion can be thus
reconstructed. The vertex lies on the intersection of detected tracks. Positrons,
on the other hand, will annihilate with the electrons in the detector. Two
back-to-back photons, each with energy of 511 keV, are usually released.

Hence ALPHA searches for events with two photons of the right energy on
a line passing through the antiproton annihilation vertex. An example of such
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Figure 4.6: Detection of antihydrogen annihilation in ATHENA. The H atom
annihilates with the matter of the trap. The antiproton can annihilate both
with protons and neutrons, such an interaction produces several charged pions.
These are registered by the three-layer silicon detector, position of the anni-
hilation vertex is determined from intersection of their tracks. Annihilation of
positron with electron from the magnet results in production of two back-to-back
photons, each of 511 keV. Both annihilation events has to be time-coincident
and originate in the same place. Taken from Ref. [29].

an event is shown in Fig.

Events time-correlated with trap shutdown (release of antihydrogen) are
observed in case of successful trapping. The maximal recorded confinement
time was 2000 s with o = 2.5, the 1000 s time was measured with significance
o = 8.0 [3I]. Summary of time measurements is listed in Table Sufficiently
long confinement time is crucial to carry further experiments on antihydrogen,
necessary time to perform planned microwave transitions is of order ~ 100 s.

Avents with annihilation of antimatter from cosmic rays can also be recorded.
However, these can be easily recognised from their track topologies which are
much different from those caused by antihydrogen. The tracks of cosmic rays
are very energetic and pass straight through the detector. Track topologies for
both types of event are shown in Fig. [4.7]
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Figure 4.7: Track topology of (a) antiproton annihilation and (b) cosmic rays.
Taken from Ref. [30].

Confinement time (s) 0.4 104 504 180 600 1000 2000
Number of attempts 119 6 13 32 12 16 3
Detected events 76 6 4 14 4 7 1
Estimated background 0.17 0.01 0.02 0.05 0.02 0.02 0.004
Statistical significance >20 8.0 5.7 11.0 5.8 8.0 2.6

Table 4.1: Summary of antihydrogen time confinement measurement by AL-
PHA. Antihydrogen atoms were detected by characteristic annihilation after
the trap shutdown. Taken from Ref. [31].

4.3.2 Probing the antihydrogen spectrum

ALPHA plans to measure resonant quantum transitions of the H electron in-
duced by microwaves of given frequency f [32]. In presence of magnetic field,
the energy levels of the electrons in the atom are split into two sub-levels with
different projections of the spin (see Fig. . The two possible energy states
are separated by energy

AE = |u|B (4.1)

where y is the magnetic dipole moment of the H atom and B is magnitude of
the used magnetic field. To excite the atom from the state with lower energy to
the state with higher energy, we need to apply electromagnetic radiation of the
right frequency f, obeying

hf=AE = |u|B. (4.2)

The trapped antihydrogen is proved to be in its ground state [3I]. However,
once it is excited, it is no longer trapped. Hence the atom escapes from the
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centre of the trap, hits the wall of the magnet and annihilates. The annihilation
process was described in previous section.

20F
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Figure 4.8: The relative hyperfine energy levels of the ground states of the hydro-
gen (antihydrogen) atom in presence of magnetic field. The possible transitions
are |¢) — |b) and |d) — |a). The single arrow indicates the electron (positron)
spin of each state vector, the double arrow represents the proton (antiproton)
spin. Taken from Ref. [32].

ALPHA investigates transition of antihydrogen from the ground state (1s)
to its first excited state (2s) [32]. The 2s state is very long-lived (with lifetime
7 =122 ms [29]). Hence the energy between the two states is well-defined (from
(1.3)). Only microwaves of the right energy can induce such transition. In
case of different energy of microwaves, all trapped atoms should remain in the
trap until the shutdown.

All together six series of measurements were recorded [32]. Series 1 mea-
sured the on-resonance mode for some minimum value of magnetic field B4 and
resonant microwave field of frequency f4. For series 2, the minimum of mag-
netic field was shifted to BZ > B4 (by increasing the current in mirror-coils)
while the frequency remained the same. This is called the off-resonance mode.
For series 3, the magnetic field was kept at value BZ and the frequency was
tuned to f? so that the microwaves were in resonance again. Configuration for
series 4 measurement was somewhat similar to the one in series 2. Two addi-
tional series of measurements in no-microwave mode (5 and 6) were carried to
cross-check results for on- and off-resonance mode. Apart from changes in the
minimal value of the magnetic field and the frequency of applied microwaves,
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Mode (series) Number of attempts Detected atoms Trapping rate

on-resonance (1) 79 1 0.01+0.01
off-resonance (2) 88 16 0.18 +0.05
on-resonance (3) 24 1 0.04 £ 0.04
off-resonance (4) 22 7 0.32+0.12
no-microwave (5) 52 17 0.33 +£0.08
no-microwave (6) 48 23 0.48 £0.10

Table 4.2: Series summaries for the disappearance mode analysis. The numbers
of surviving atoms were counted after the application of the microwaves. Six
series of measurements were carried, two for on-resonance mode, two for off-
resonance mode and two for no-microwave mode. Taken from Ref. [32].

the experimental procedure was identical for all six series.

Two distinct, complementary type of data were collected - the so called
disappearance (summed up in Table and appearance mode (see Fig. [4.9).
During the disappearance mode, annihilation were counted after the shutdown
in a 30-ms window. Effective trapping rate for each mode could be thus deter-
mined. Trapping rate for the on-resonance mode should have been reduced due
to escape of confined atoms. The three rates were then compared. The appear-
ance mode data came from monitoring the antihydrogen annihilation through-
out the entire time the trap is turned on, events were counted for on-resonance,
off-resonance and no-microwave mode.

The off-resonance and no-microwave data in Table [1.2] give approximately
the same trapping rate of H atoms. The on-resonance data show that only few
percent of trapped H survived. The interpretation is that the trapped atoms
were excited by the resonant microwave field, which allowed them to escape.

The number of annihilation events for on-resonance mode in Fig. [£.9]is much
greater for the first 30 s than for the time ¢ = 30 — 180 s. These annihilation
(during the first 30 s) are therefore interpreted as originating from released
antihydrogen. The annihilation for off-resonance and no-microwave mode are
considered as background.

Thus we can conclude both from Table[d.2and Fig. [1.9]that projection of the
spin of the trapped atom can indeed be reversed by resonant microwave field.
The measurement described above is a proof-of-principle experiment. Precise
localisation of resonance and the spectral line-shape are to be determined in
future [32].

4.4 AFEglS

AEgIS stands for Antihydrogen Experiment Gravity Interferometry Spectroscopy
and represents another experiment studying antimatter at CERN. Its main goal
is the direct measurement of the Earth’s local gravitational acceleration g on
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Figure 4.9: The number of appearance mode annihilation as a function of time
between the end of antihydrogen production and the trap shutdown. Microwaves
are first applied at ¢ = 0. The number of annihilating antihydrogen during
application of microwaves is much greater for on-resonance mode. This implies
that the trapped atoms were excited by microwaves. Taken from Ref. [32].

antihydrogen and how it is different to the effects g has on matter [33].
The antihydrogen is produced according to the following equation:

Ps+p—s H* +e” (4.3)

where Ps denotes highly excited positronium state — such state is referred to
as Rydberg state and is significant for its high principal quantum number n.
In case of AEgGIS, n varies from 25 to 35. The reaction is illustrated in Fig.
The advantages of this reaction is its large cross-section and the fact that
antihydrogen thus created comes in a narrow well-defined band of final states

[33].

The mechanism of H production is as follows: laser-excited positronia are
sent across a Penning-Malmberg trap region containing antiprotons cooled to
~ 100 mK. Such low temperatures allow formation of antihydrogen atoms with
low velocity compared to the velocity they will achieve after acceleration (v ~
102 ms™1). H is created at velocities of 25 — 80 ms™?.
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Figure 4.10: Antihydrogen formation and acceleration at AEgIS. Positronia are
laser excited to Rydberg state and loaded into a Penning?Malmberg trap. The
trap as been pre-filled with cold antiprotons. The two plasmas merge and form
H atoms. These are no longer trapped and are carried away by the electric field.
Taken from Ref. [33].

4.4.1 Measurement of the Antihydrogen Fall

Produced H atoms are accelerated by exposing their electric dipole momenta
to an electric-field gradient. Rydberg atoms are very sensitive to changes in
electric field since their dipole momenta ~ n? [33]. The H is intended to be
accelerated to the velocity of about 400 ms~!. The trap does not have to be
modified to confine neutral particles as the produced antiatoms will be swept
by the electric field, which will prevent their annihilation with the trap.

The beam then travels to a Moiré deflectometer, shown in Fig. [£12] The
deflectometer consists of two identical parallel gratings of the same fringe spacing
d,placed at equal distances L, coupled to a position-sensitive detector. The
distance between the second grating and the detector is again L. The first two
gratings create a shadow pattern, which is displayed onto the third grating.
Under the influence of gravity, the beam falls. The shadow pattern is thus
vertically displaced by a distance

bx = —gT?% = —2— (4.4)

where g denotes the Earth’s local gravitational acceleration, T" and L is the
transit time and distance between two consecutive gratings respectively and v
is the velocity of the beam. Therefore by measuring dx and T we can determine
the value of g for antimatter. As the distance L between the second grating
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Figure 4.11: Schema of the Penning-Malmberg trap, which serves to merge the
antiproton and positron plasma, together with the Moiré deflectometer. The
Moiré deflectometer enables the device to measure vertical displacement of the
beam. Taken from Ref. [34].

and the detector is constant, the transit time T depends solely on the velocity
of the beam v, which can be controlled by the electric field gradient.

The assumed vertical displacement of an antihydrogen beam travelling a
distance of L = 1 m at the velocity v ~ 400 ms~!, subjected to the gravitational
field g ~ 10 ms™2, is 6z = 20um. However, displacement of single particles
due to the divergence of the beam can be up to 10 cm. This problem can be
prevented by the use of the Moiré deflectometer, where the first two gratings
select propagation direction of the originally divergent beam [35].

The experiment started its operation in spring 2012. Currently, the possibil-
ity to produce the antihydrogen atoms is tested. No gravitation measurements
are yet scheduled.
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Figure 4.12: Schema of a Moiré deflectometer consisting of two gratings coupled
to a position-sensitive detector. The beam, coming from left, is divergent. The
gratings select its direction of propagation. The displacement is registered by
the position-sensitive detector. Taken from Ref. [33].



Chapter 5

Antinuclel in
nucleus-nucleus collisions

High-energy nuclear collisions recreate conditions in the primordial Universe.
The hot medium produced during the collisions contains equal numbers of
quarks and antiquarks. The relatively short-lived expansion of the hot and
dense matter allows the matter to decouple quickly from antimatter, thus pre-
venting annihilation.

In this chapter, we shall focus on observation of antimatter helium-4 nu-
cleus “He and of antihypertriton f’—\ﬁ with the STAR detector at the Relativistic
Heavy-Ion Collider.

5.1 The Solenoidal Tracker at RHIC

5.1.1 The Relativistic Heavy-Ion Collider

The Relativistic Heavy-Ion Collider (RHIC), located at the Brookhaven Na-
tional Laboratory in USA, started its operation in 2000. Its main objective is
study of the quark gluon-plasma, the state at which all the matter is believed
to have existed few seconds after the Big Bang [36]. In this state, quarks and
gluons are no longer confined within nucleons.

The whole complex is shown in Fig. The RHIC is an intersection
ring with circumference of 3834 m, composed of two independent rings con-
nected through six intersection points where particles collide. The experi-
ments are therefore placed at these points. Currently, there are four experi-
ments installed at RHIC: STAR, PHENIX, BRAHMS and PHOBOS. However,
BRAHMS and PHOBOS had already completed their program. The RHIC per-
forms both proton-proton and ion-ion collisions. Heavy- ions (d4+Au, Cu+Cu,
Au+Au, Cu+Au, U+U) are collided at centre-of-mass energies up to 200 GeV
per nucleon-nucleon pair while the maximum centre-of-mass energy for proton-
proton collisions is \/syny = 500 GeV. The fact that the two rings are inde-

42
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pendent enables the RHIC to collide quite easily asymmetric systems such as
d+Au or Cu+Au.

FHOEOS

.:"’ BOOS
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A

Figure 5.1: Schema of the RHIC accelerator complex. Taken from Ref. [30].

5.1.2 The STAR

The main physics goal of The Solenoidal Tracker at RHIC (STAR) is study of
physical effects which occur under extreme conditions, namely production of
quark gluon plasma [36, 7). However, it is also able to study antinuclei [40,
[41). Undoubtedly the most important feature of the STAR is its full azimuthal
coverage. Study of the azimuthal particle correlation is therefore possible. The
coverage of rapidity is |n| < 1.8 .

The Time Projection Chamber

The primary tracking device is the Time Projection Chamber (TPC). The TPC
records tracks of produced particles, measures their momenta and their ionisa-
tion energy loss dF/dx to identify the particles. TPC has the ability to measure
wide range of particle momenta - from 100 MeV/c to over 30 GeV/c. Particles
are identified up to 1 GeV/c.

The TPC is a cylindrical unit surrounding the beam-pipe (please see Fig.
the TPC itself is depicted in Fig. [5.3). The outer diameter is 4 m, the
inner is 1 m. It has 4.2 m in length and is divided into two parts by a thin
conductive Central Membrane (CM). The detector is seated in a large solenoidal
magnet that operates at 0.5 T. The inner electric field is = 135 V/cm. The CM
is operated at 28 kV while the read-out caps are at ground. The volume is
filled with a P10 gas (90 % argon, 10 % methane) regulated at 2 mbar above
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Figure 5.2: Schematic view of the STAR detector.

atmospheric pressure. The P10 gas has remarkably fast drift velocity which
peaks at low electric field. The reason to operate at the peak of the velocity is
that in such case the drift velocity remains stable even when subjected to small
variations in temperature and pressure. Some of the basic parameters of the
TPC are listed in Table. Bl

While passing the chamber filled with gas, particles ionise the gas. The
ionisation produces secondary electrons. These then drift to the read-out caps.
The read-out caps are split into 12 sectors. Each sector constitutes of several
pad planes. The z and y coordinates of the track are reconstructed from the
pad signal of drifting electrons hitting the cap. The z coordinate is calculated
from the drift time of the electron cluster, travelling from its origin to the caps,
combined with the average drift velocity.

The ionisation energy loss dE/dz is given by the Bethe-Bloch formula

dE drnez?e* 1 2mec? 3> 2
@ = e | (T5 ) ) 5

where m, is the electron mass, z is the atomic number of the target, [ is
the velocity of the incident electron, I is the mean excitation potential, n. is
the electron density in the target. Note that the energy loss per unit length is
independent of the mass of the particle. Hence the velocity of the particle can be
calculated without previous identification of the particle, e. i. without knowing
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Figure 5.3: Schema of the TPC at STAR. Taken from Ref. [37].

its mass. However, momenta are used to identify particles rather than their
velocities. A typical plot of dE/dz versus momentum is shown in Fig. The
black curves show expected values of (dF/dx) calculated from for each
particle. Coloured points give energy-loss distribution for given momentum.
Data for protons, kaons and pions are plotted. Protons can be clearly identified
for momenta up to 1 GeV/c. Pions and kaons cannot be distinguished one from
another for momenta greater than 0.7 GeV/c.
The momentum can be found from cyclotron equation

p=gBR (5.2)

where p is the momentum of the particle with charge ¢, B is the magnitude
of external magnetic field and R is the radius of particle’ s curvature. The
uniform magnetic field within the TPC is |B| < 0.5 T The charge is assumed
to be g = *le.

The Time of Flight

The capability of STAR to identify particles can be enhanced by combined use
of the TPC and of the ToF. The ToF measures particles velocity 5. When used
together with particle’ s momentum p from TPC, both pieces of information
serve to calculate particle’ s mass m as

m=py/1/6%—1 (5.3)
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Length of the TPC 420 cm
Outer Diameter of the Drift Volume 400 cm
Inner Diameter of the Drift Volume 100 cm
Distance: Cathode to Ground Plane 209.3 cm
Cathode Diameter 400 cm
Cathode Potential 28 kV
Drift Gas 90% Argon + 10% methane
Pressure 2 mbar above atmospheric
Drift Velocity 5.45 cm/ s
Signal to Noise Ratio 20:1
Magnetic Field +£05T

Table 5.1: Basic parameters of the STAR TPC. Taken from Ref. [37].

The ToF measures start times and stop times of the tracks. The velocity S
is found by dividing the particle’s path length from the event vertex to the ToF,
s, by the time necessary to traverse this path length At

8= i (5.4)

5.2 Observation of antinuclei in high-energy nu-
clear collisions

5.2.1 Antimatter Helium-4

The *He consists of two antiprotons and of two antineutrons. So far, it is the
heaviest antinucleus ever observed. The STAR detected 18 “He in Au-Au
collisions of centre-of-mass energy of 200 GeV and 62 GeV [40].

Figure represents energy loss per track (dE/dx) versus the magnitude of
magnetic rigidity p/|Z|. The black curves show expected values for each particle.
Only data for *He (®He) and “He (*He) are included. In the left part of the
figure, four *He particle are distinctly visible in the area of p/|Z| < 1.4 GeV/c.
On the right side, the bands of particles centering around the expected values
indicate the detector is well-calibrated.

Figure shows (dE/dx) versus mass of the particle m = p/cy/t?c?/L? — 1,

where t and L are the time of flight and path length respectively and ¢ denotes
the speed of light. The ionisation energy is given in n,,, ,,, multiples of the
standard deviation o4p/4,. In the second panel, a cluster of particles can be
seen around the values of n,,, . = 0and m = 3.73 GeV/c?, which is the proper

mass for “He. Similar cluster is displayed in the first panel for “He. The bottom
panel shows mass distributions for measured data. There is a visible separation
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Figure 5.4: A typical plot of dE/dx versus momentum from data from TPC.
The black curves show expected values of (dF/dz) for each particle. Coloured
points give energy-loss distribution for given momentum. Data for protons,
kaons and pions are plotted. Particles can be identified for momenta up to 1
GeV/c. Taken from Ref. [30].

between *He and *He peaks, which means one can be clearly distinguished from
the other.

The antimatter yield is calculated from the observed counts and compared
to the theoretical predictions. Various uncertainties can be avoided through
calculation of yield ratios of *He/3He and *He/3He, their values being

“He/?He = (3.0 £ 1.35401 & 0.55,) - 1073

He/*He = (3.2 + 2350t = 0.74y) - 1073 (5:5)
for central Au-Au collisions at /syy = 200 GeV, which is consistent with
theoretical expectations (*He/?He = 2.4 - 1072 and *He/*He = 3.1-1073).

The differential yield for *He (*He) is then obtained by multiplying the
“He/*He (*He/3He) ratio with 3He (*He) yield. Invariant yields as a function of
baryon number are displayed in Figure The production rate reduces by a
factor of (1.641.0) - 102 for each antinucleon added to the antinucleus, and by a
factor of (1.140.3) - 103 for each nucleon added to the nucleus. In other words,
the rate of antinucleus (nucleus) production in high-energy collisions decreases
by about factor 1000 with every single antinucleon (nucleon) added. Antinuclei

104
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Figure 5.5: (dE/dz) versus p/|Z| for antiparticles (left) and particles (right).
Only data for *He (3He) and “He (*He) are included — represented by colour
bands. Taken from Ref. [40].

with B < —1 are therefore rare product of such interactions.

The above conclusion can tell us more about nuclei (antinuclei) forma-
tion mechanism. Production through coalescence mechanism is thus favoured.
Therefore nucleons (or hyperons) with low relative momenta and in proximity
in phase space, i. e. both in position and momentum, can form bound states
through simultaneous interaction.

Knowledge of antinuclei production mechanism can be very useful in looking
for antimatter in far Universe. The Alpha Magnetic Spectrometer (AMS), in-
stalled at the International Space Station (ISS), is a cosmic ray detector which
searches for distant galaxies made entirely of antimatter. The differential in-
variant yield for antihelium are *He ~ 1076 and *He ~ 10~ [40]. Production of
antihelium in collisions of cosmic rays is therefore negligible. Any He detected by
AMS would be a strong evidence of antimatter sources in the Universe [38, B9)].

5.2.2 Antihypertriton

Antihypertriton is a nucleus composed of antiproton, antineutron and antil-
ambda hyperon. Recently, the STAR collaboration reported observation of
about 70 antihypertritons 3 H [41].

The %ﬁ nucleus, created in primary vertex, cannot be directly measured.
Therefore STAR seeks for its decay products. One of the possible decay channels
is

3H s 9o 4 1+
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Figure 5.6: (dE/dz) (in units of multiples of CMS width of the energy loss
per track distribution o4g/dz, Noys, ..) as a function of mass of the particle
m measured by the ToF system. The first (second) panel shows negatively
(positively) charged particles, the bottom panel shows mass distribution for all
entries. The masses of *He (*He) and *He (*He) are indicated by vertical lines
at m = 2.81 GeV/c? and m = 3.73 GeV/c? respectively. The horizontal line
marks the position of zero deviation from the expected dE/dx for “He (*He).
We see that most of the *He (*He) entries are in the +30 window, indicated by
rectangular boxes. Taken from Ref. [40].

Such decay is pictured in Figure [5.8] The invariant mass of the candidate par-
ticle is calculated from the momenta of the two daughter particles. Obtained
spectra can be found in Figure (hypertriton) and Figure (antihyper-
triton). The background is obtained from a track rotation method. Track of one
of the daughter particles (in this case *He and 2He) is rotated by 7 in azimuthal
direction with respect to the event primary vertex. The rotated invariant mass
distribution is then fit. Numbers of counts are determined by subtracting the
rotated fit from the fit of all signal candidates. The observed amounts total
70+17 for 3H and 157 £ 30 for 3H. Fig. shows (dE/dx) versus rigidity
p/|Z| for negative tracks. Expected lines for *He and 7 are highlighted. Fig.
gives distributions for new variable z

z =In((dE/dx)/(dE/dx) )
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Figure 5.7: Differential invariant yields as a function of baryon number B,
evaluated at pr/|B| = 0.875 GeV /¢, in central 200 GeV Au-Au collisions. Taken
from Ref. [40].

where (dE/dx) 5 is the expected value for the Bethe-Bloch formula for the given
particle. Most of the *He and *He candidates are of |z| < 0.2. This implies the
3He and 3He are cleanly identified.

A B
50 cm
Fom
v z
/ Tt+
‘He e

Figure 5.8: Visualisation of an event containing the decay %ﬁ — 3He + 7t
recorded by STAR. Taken from Ref. [41].

Fitting the invariant mass distribution for %H and 3 H gives values of their
mass

m(3H) = 2.991 £ 0.00144¢ £ 0.0025,5 GeV/c?

3

A , (5.6)
m(3H) = 2.989 £ 0.001 501 + 0.002,,, GeV/c
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The values are consistent not only one with another, but both are in good
agreement with the best value from the literature

m(3H) = 2.99131 4 0.00005 GeV/c?,

published in [42] (according to [41]).

However, the decay products need to be properly identified. Figure [5.9C
shows (dE/dx) versus magnetic rigidity p/|Z| for negative particles. The mea-
sured energy loss (dE/dz) is then compared with the expected value for the
given particle species and momentum, (dE/dx),. New variable z is defined,
z = In((dE/dz) / (dE/dz) ). Figure gives z(*He) distribution for 3He
and *He. The 3He and 3He were clearly identifiable. Furthermore, distinct
band of particles centering around the expected value for He can be seen in
graph [5.9C.

The production ratio 3H /3H is proportional to product of ratios for single
composite antiparticles (% X % X %), which is consistent with the expectation

that (anti)nuclei are formed through coalescence mechanism.

SH /AH = 0.45£0.184q¢ £+ 0.074y,
(i x g x Z) = 0.45 + 0.0840¢ & 0.10,5 (57)
The %ﬁ lifetime 7 is measured via the equation
N(t) = N(0)e™¥/T (5.8)

where t = Im/p, | is the measured decay distance, p is the particle momentum
and m its mass. In [4I], the 3H and 3H samples were combined for better
statistic, as the lifetimes of a particle and its antiparticle should equal. However,
separate measurements were done, showing no difference within errors. The
observed lifetime was

T = 182 £ 89440t £ 27,y PS (5.9)

The A hyperon lifetime was determined as an additional cross-check for the
A — p+ 7w decay channel. Same data set and identical approach were used.
The result is 7 = 267 & 5444¢ ps, Which is consistent with the PDG value 7 =
263 £2 ps [].

5.3 Future perspectives on STAR

In the future, STAR will continue to look for exotics forms of matter and anti-
matter in several directions. To list a few fields of current and future research
[43], STAR will look for possible heavier antimatter, such as *He*, *Li and 5Li,
or for (anti)hypertriton with strangeness S = 2V 3 (pn=~ and pnQ2~). The
knowledge of SM can be pushed further by research in the field of strange par-
ticles. This involves search for H’-dibaryon, either in form of strangelet - a
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3He and 3He candidates. Taken from Ref. [41].

quark-bag bound state (uuddss) - or as a bound state made by coalescence of

two strange baryons.



Summary

The recent discoveries of exotic forms of antimatter at RHIC was discussed in
this work with related subjects of antimatter, CP-violation, hypernuclei pro-
duction.

Two experiments investigating properties of antihydrogen, AEgIS and AL-
PHA at CERN, were discussed. Finally the details of the STAR experiment
and observations of antihelium *He, the heaviest antinucleus ever observed, as
well as first observation of antihypernucleus %ﬁ were presented. In the future,
STAR will pursue its search for exotic matter. It will focus on heavier antinuclei
and continue its search for other forms of strange nuclei.
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