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In recent years, the Large Hadron Collider beauty (LHCb) collaboration at CERN has made significant breakthroughs in the field
of exotic hadrons, most notably with the discovery of a pair of open charm tetraquarks and a strange pentaquark in 2022. These
discoveries challenge the conventional understanding of hadron structures as described by the Standard Model (SM), offering a
glimpse into the complexities of quantum chromodynamics (QCD) beyond the well-established mesons and baryons. This review
provides a comprehensive overview of the groundbreaking discoveries of the strange pentaquark and the pair of open charm
tetraquarks, delving into the essential background of the Standard Model, the experimental setups, and methodologies employed in
collider experiments like those at the Large Hadron Collider (LHC), along with details of the data analysis techniques that led to
the identification of these exotic states. Additionally, we discuss the implications of these findings, and the next generation of

experiments they may inspire.
1 Introduction

Particle physics is a domain of science that provides us with
knowledge about the fundamental building blocks of the uni-
verse and their interactions and decays.

Many groundbreaking discoveries in particle physics have
contributed to our profound understanding of the world. It
started with Thomson’s misguided theory of the structure of an
atom resembling a plum pudding model, where the electrons
were the “chips” embedded in the positively charged “cookie
dough™. It was proven to be wrong by Rutherford’s gold foil
experiment, which discovered the positively charged nucleus
made up of positively charged protons and neutral neutrons?.
This helped us understand the basic structure of an atom.

The long-awaited discovery of the Higgs Boson particle was
achieved in 2012, The existence of this fundamental particle
provided us with insights into how matter around us acquires
mass—that is, through the Higgs field associated with the Higgs
Boson. It remains as one of the greatest discoveries in particle
physics and is a sign of how far we have come to understand the
fundamental building blocks of matter and their interactions.

The continual development of the technological equipment,
such as the particle accelerators and detectors, drives the surges
in new discoveries and the domain of particle physics.

Recent discoveries of new particles and their properties have
contributed to our understanding of the Standard Model*.

One such discovery occurred at the LHCb experiment in 2022,
where researchers discovered a new pair of tetraquarks and the
first ever strange pentaquark: a major scientific breakthrough
for our understanding of the quantum model of particles>

Made up of four and five quarks, respectively, the tetraquarks
and pentaquarks are called ‘exotic hadrons’ that depart from
the traditional pairs and triplets found in mesons and baryons.
These findings provide valuable insight into the strong nuclear
force and the Standard Model.

A thorough discussion of these discoveries is instrumental
in understanding how far we have come and how far we can
go. This Literature Review will discuss the discovery of the
pentaquark and the pair of tetraquarks at the LHCb at CERN,
Geneva, and what it means for the future of particle physics.

2 Methodology

The primary methodologies for this literature review will include
analyzing various sources and criteria essential for understand-
ing the details of the discovery and summarizing its key points.
Specifically, a range of sources, including CERN’s official press
announcement regarding the discovery, peer-reviewed academic
papers, CERN documents, and other relevant research materials,
will be analyzed to provide a comprehensive perspective.

3 Theoretical Background

3.1 Particle Physics

3.1.1 The Standard Model

The Standard Model (SM) of particle physics, as shown in
Figure. 1., is a theoretical framework proposed to describe
the particles and interactions within our universe. It has been
tremendously successful in predicting many of the discoveries of
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Fig. 1 Standard Model of Elementary Particles’ .

the modern physics. It includes the quarks and leptons, together
with the Higgs Boson and the three existing fundamental interac-
tions: the weak force, the strong force, and the electromagnetic
force.

Introduced more than 100 years, after the discovery of the
electron in 18979, the complete Standard Model of particle
physics took a long time to build. Fueled by the discovery of
quarks in the 1970s, and subsequently by the top quark in 19957,
tau neutrino in 20008, and the Higgs Boson in 20122, SM has
only increased in terms of its credibility.

It is widely regarded as one of the most accurate representa-
tions of the subatomic world to date. An interactive model of it
can be seen in Ref. 10

3.1.2 The Standard Model in Lagragian Form

The Lagrangian form of the Standard Model is an equation
that describes all possible interactions and the forces mediating
the particles within the SM. It offers a mathematical frame-
work for the quantum field theory by describing particles and
their interactions through underlying fields. The Lagragian is
one of the simplest and most concise representations, despite
appearances

The entire Lagragian form can be seen in Figure. 2. and has
been divided into 5 sections, each explaining different aspects
of the model. It introduces the three fundamental interaction
forces—the strong, weak, and electromagnetic forces—and their
corresponding mediating particles—the gluons, the W and Z
bosons, and photons respectively.

Section 1 of the equation focuses on particles known as glu-
ons, that have been represented by the letter ‘g’ and are massless.
They carry the strong force, which is an interaction force that
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Fig. 2 The Standard Model written in Lagragian form. 12
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mediates the hadrons, particles made up of quarks such as pro-
tons and neutrons, by interacting amongst themselves. They
have a property called color charge which is a quantum number
analogous to the electric charge but with three possible “colors”,
red, green, and blue, and their anticolors, antired, antigreen,
antiblue. The color property has no relation to the colors we see
in the usual sense and is just a classification used to differentiate
between particles. It is a property fundamental to the theory
Quantum Chromodynamics (QCD) and can be read more about
in Ref13.

Section 2, which is almost half of this equation, explains
interactions between particles known as bosons, particularly,
the W and Z bosons. They carry the weak force and mediate
all particle interactions. They help massive matter particles de-
cay into less massive matter particles. The recently discovered
Higgs boson, represented by the letter ‘H,” interacts differently
and is discussed in Section 3. Also, photons, massless particles
denoted by the letter ‘A’ carry the electromagnetic force, medi-
ating all electromagnetic interactions between charged particles.
Unlike the gluons, the W and Z bosons have a mass, which is
equivalent of 80 and 90 times the mass of a proton. Their mass
originates from the interaction with the Higgs field, which has
its minimum at a non-zero value. When particles like the W
and Z bosons interact with it, they gain mass because they must
align with this energy state to remain stable. This process is
a fundamental example of spontaneous symmetry breaking'%.
Since the Higgs does not have an electric or color charge, it
does not interact with the gluons and photons, thus leaving them
massless.

Section 3 describes the interaction of elementary particles via
the weak force. This equation indicates how matter particles
come in three generations with different masses, the lightest
ones being first generation, and heaviest being the third. It
also includes the basic interactions between the Higgs field that
contributes to the mass of elementary particles.

Section 4 and 5, include the virtual particles known as ‘ghosts’
which help simplify the mathematical framework. In a path in-
tegral formalism, a standard method in modern quantum field
theory, ghosts allow for a mathematically consistent computa-
tions within QCD.The ghost particles are never part of the initial
or final states of an interaction and are used to streamline the
formulation in the Lagragian model.

The Lagragian model represents particular symmetry groups,
fundamental interactions, and describe particle properties, such
as mass, charge and spin. The relationships described in the
model have no fundamental explanation for their interactions;
they are simply presented as mathematical expressions that have
been justified through experiments, but research is still ongoing
to resolve any contradictions. For example, in section 3, it
is assumed that neutrinos, weak, neutral, subatomic particles,
are massless. There is no consistent way to introduce mass
for neutrinos into the equations due to symmetry constraints.

Therefore, they are assumed to be massless, as most interactions
satisfy these constraints.

However, recent discoveries suggest that neutrinos do have a
small mass that may require new considerations for their inter-
actions and modifications beyond the Standard Model.

3.1.3 Introducing Quarks

Scientists discovered quarks while trying to understand the
structure of an atom. After the initial discovery of electrons
and the nucleus, came the subsequent recognition of the nuclear
building blocks: protons and neutrons.

Eventually, scientists realised that nucleons are further subdi-
vided into quarks. Quarks are elementary particles, or in other
words, the smallest building blocks of the universe. Two physi-
cists, Murray Gell-Mann and George Zweig first proposed their
existence in 196412

Quarks contain fractional negative and positive charges in
terms of electron charge measured in a unit called electron-Volt
(eV). They are classified in terms of flavors: up, down, top,
bottom, strange, and charm. The up, top, and charm quarks have
a charge of %ze , whereas the down, strange, and bottom quarks
have a charge of Tle.

Additionally, quarks are also characterized according to their
mass. Lighter quarks include the up, down, and strange quarks;
heavier ones include the top, bottom, and charm quarks. As can
be seen in Table.1., the top quark has the largest mass and is
almost 175 times heavier than a proton.

The quarks’ masses are measured in units of N?zv (Mega-
electron Volts per the square of the speed of light) through
Einstein’s famous equation, the conservation of mass and energy
equation, E = mc?, where E is the energy in MeV, c is the speed
of light, and m is the mass. Since energy and mass are related by
this equation, quark mass can be expressed in terms of energy.

To remain consistent with standard physics notation, mass
is typically given in MCZV However, it’s important to note that
using MeV as a unit of mass is also acceptable, as it is a conven-
tion in official research papers and other calculations to keep the
unit of ¢ implicit. Therefore, even when the mass of a particle
is given in MeV, it essentially implies Mcezv.

Table.1., gives a visual structure of the properties of quarks
including their symbol, mass, and charge.

To maintain consistency with the established conventions, this
paper will use the symbols for the quarks instead of their full
names, such as u for the up quark, d for the down quark, and so
on.

The mass of quarks is a fundamental feature that contributes
to various phenomena, including particle decays, which will be
further discussed.

Quarks, as the building blocks, combine to form particles
such as protons and neutrons, which are made up of three quarks
each. Specifically, protons are made of two up and one down
quarks (uud), and neutrons are made of one up and two down
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Table 1 A classification of quarks according to their symbol, charge,
and mass. Mass is measured in

MeV=c?; where 1MeV=c?=10%eV=c?.
Quarks Symbol Charge Mass (fo;V
Up u %2e 5
Down d Tle 5
Top t e 173000
Bottom b Tle 4500
Strange S Tle 100
Charm c e 1300

quarks (udd). Quarks usually combine in groups of twos and
threes to form particles such as these, known as hadrons.

3.1.4 Antiparticles

Every particle in this universe has its antiparticle.

When a particle meets an antiparticle, they annihilate each
other, which is consistent with the conservation of energy and
mass, E = mc2. It means that the object’s mass can be measured
as a form of its energy. For example, electrons and positrons
annihilate each other to form photons which is essentially a
quantum of energy.

Antiparticles share many of the same properties as their cor-
responding particle, such as mass; however, the one difference
remains that antiparticles have an opposite charge than their
partner particles.

For example, an electron is a particle with a -1 charge. Its
antiparticle, however, the positron, has the same mass but an
opposite charge of +1.

These antiparticles also include antiquarks. Apart from the
six flavors of quarks, another six flavors of antiquarks also exist
with the same mass but opposite charge. For example, an up
quark (u), which has a charge of %2 has an antiparticle called
an antiup quark (0), which has an opposite charge of Tz An
overbar notation is used to indicate an antiparticle, so an antiup
quark which is written as U (u-bar).

One of the unsolved mysteries of modern physics is the imbal-
ance between matter and antimatter in our universe. Although an
equal number of both should have been produced from the Big
Bang energy, our very existence is evidence that more matter
than antimatter exists in the universe.

3.1.5 Hadrons

Hadrons are particles built from a combination of quarks.
They are subdivided into two categories: baryons and mesons.
Baryons are composed of three quarks, the protons (uud)
and neutrons (udd) being the two most well-known examples.
Mesons are composed of a quark and an antiquark, such as
the pion (ud) and kaon (u$). In addition to these mesons and
baryons, other exotic hadrons, such as tetraquarks and pen-
taquarks, exist. We will be discussing these particles in further

detail later in the paper.

Hadrons interact through the three fundamental forces, the
strong, the weak, and the electromagnetic. The strong nuclear
force mediated through gluons is of particular interest for this
paper. Gluons interact both with the quarks and with them-
selves by the exchange of the “color” property. It confines the
quarks into hadron and makes them temporarily stable. This
is explained by the concept of asymptotic freedom, a property
of QCD!®. At small distances (high energies), the strong force
weakens, and gluons and quarks have little to no interaction
between them. However, when the quarks in a hadron are pulled
apart, the distance between them increases (lower energies),
causing the strong force to strengthen. The gluons, which medi-
ate the strong force, then push the quarks closer together at these
larger distances, thus confining them within the hadron. This
behavior allows physicists to make more precise predictions
about particle interactions at small distances, where calculations
are simpler, compared to the more complex calculations at larger
distances. Baryons generally experience stronger interactions
due to the presence of more quarks and a more complex color
charge distribution compared to mesons.

The strong force is, as the name suggests, stronger than the
weak force. In the context of hadrons, the two forces are part of
very different processes. The strong force, as mentioned, keeps
the hadron temporarily stable through confinement, whereas
the weak force mediates its decay processes. In other words,
the strong force maintains hadron stability, and the weak force
triggers their decay.

3.1.6 Leptons

In contrast to hadrons, leptons are particles that are not made
of quarks. They are so-called fundamental particles, like the
quarks, meaning they are indivisible into smaller components.
A few examples include electrons (e) and muons (m). These
particles do not undergo decay processes.

Unlike hadrons, the leptons are not affected by the strong
force; rather, they interact only via the weak and electromagnetic
force. Since leptons do not have a color property, they aren’t
affected by this force Gluons and photons are massless, whereas
the W and Z bosons mediate have masses of 80 and 90 times
the mass of a proton, respectively. Leptons can be both charged
and neutral. A few examples of charged leptons include the
electrons, muons'?, and taus®, while the neutral leptons include
neutrinos.

Figure. 3. provides a visual summary of the classifications
of hadrons and leptons, alongside their interactions and their
categorization in terms of spin. The fermions include baryons
from the hadron family and leptons, while bosons include the
mesons from the hadron family as well as photons, gluons, Higgs
Boson, and the W and Z bosons. Further details regarding spin,
and distinction between fermions and bosons, are discussed in
later sections
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Fig. 3 Classification of the elementary subatomic particles and their
interactions' 2.

3.1.7 Differences Between Hadrons and Leptons

Here are the key differences between hadrons and leptons:
Hadrons are composed of quarks that can be in combination of
threes (baryon) or twos (mesons), whereas leptons are particles
that are indivisible into smaller components. Hadrons are medi-
ated by the three fundamental forces, the strong, the weak, and
the electromagnetic, whereas leptons only interact through the
weak and electromagnetic force.

Electromagnetic force is stronger in its interaction with the
hadrons as opposed to the leptons. This is because the leptons
can carry either one unit of electric charge, or remain neutral,
whereas hadronic particles can have higher electric charges. the
stronger the charge of a particle, the greater the electromagnetic
force it experiences.

The weak force interacts differently with the hadrons as op-
posed to the leptons. This is because the weak force mediates
the unstable hadron decays, whereas leptons act as the decay
products.

To sum it up, particles exist either as fundamental building
blocks (leptons, interaction bosons) or as composite particles
which are bound states of quarks (hadrons). Apart from the
hadrons and leptons, there is another way to classify these parti-
cles: in terms of their isospin and hypercharge.

3.1.8 Isospin and Hypercharge Multiplets

All particles are characterized by their isospin and hyper-
charge, approximate symmetries relating them to one another.
For example, the proton has a mass of 938:27M¢V.and the neu-

c2
tron has a mass of 939:47 Mciv. This similarity in their masses
suggest that there is an underlying fundamental connection be-

tween these two particles. In fact, proton and neutron share

=—(ssd)

=0(ssu)

Fig. 4 An example of a multiplet where the x-axis is the isospin and
the y-axis the hypercharge?’.

the same hypercharge but have different isospins. Particles con-
nected via restricted values of the isospin and hypercharge are
grouped into so-called multiplets. An example of a multiplet is
shown in Figure. 4.

As shown in the Figure. 4., protons and neutrons belong to
the same multiplet as the sigma, lambda and xi baryons.

Members of the same multiplet can transform into each other
under a symmetry transformation. For example, the proton has
an isospin number % , and the neutron has an isospin number
71 . They can thus transform into one another by a rotation in
isospin space.

The theory was first suggested along with the discovery of
quarks by Physicist George Zweig?. He proposed a model in
which hadrons (like protons and neutrons) were composed of
fundamental particles, which he called “aces” which were later
renamed as “quarks”. He discussed how the strong interaction
force has a symmetry- the isospin symmetry.

3.1.9 Fermions and bosons

Particles can also be categorized based on another internal
symmetry- the spin. Although the analogy is not exact, the
spin behaves in many ways like the more commonly observed
angular momentum in classical mechanics. The two categories
include the fermions and bosons.

Fermions are particles with % integer spin values. Among
them are baryons, such as protons and neutrons, and leptons.
Bosons are particles with whole integer spins. These include the
Higgs Boson (0 spin) and the photons, gluons, mesons, W and
Z bosons (1 spin).

More about the properties of individual fermions and bosons
can be read in section 2.2 of Ref.*2.

3.1.10 Decays
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The most important step in understanding a particle's quark
composition and formation process is analyzing its decay prod-
ucts.

Particles such as hadrons disintegrate into smaller compo-
nents when they become unstable. This instability arises from
the presence of heavier quarks or too great overall mass of the
hadron. Above a certain mass threshold, hadrons lack the nec-
essary energy to remain stable and hold all their constituents
together. For example, the top quark is 175 times heavier than a
proton, and accordingly has a much shorter predicted lifetime
of about5 10 ?°second.

For this reason, it is also impossible for us to observe particles
such as pentaquarks and tetraquarks naturally in our surround-
ings. They require huge amounts of energy to create, which
can only be achieved under experimental conditions provided or
under cosmological conditions, such as the Big Bang.

Decay processes are imperative to get an insight into a par-
ticle's nature. In the case of the discovery of the pentaquarlf,'ﬁ'
decay of the B meson particle helped con rm its presence.

5 Collider rings and detectors at the L&

3.1.11 Unusual properties of the strange and charm ern particle colliders help us research the properties of these
quarks particles’®.
To understand LHCb's 2022 discovery, it is essential to un-

derstand its unusual nature, related to the presence of stranic?lzbz MOdltle.rr.] ng: Energytlir?rtmletColl|fders CM) f
and charm quarks. eam collisions happen at the center-of-mass (CM) frame,

Exotic hadrons, especially pentaquarks, are only ever for Iaere the total momentum of the colliding particles is zero.

through a combination of the lighter quarks, which require le s means that no energy is lost to the surroundings during

energy to remain stable and allow detection. However, LH 7 |e>:)pfer|ment£ In&thertr\:voLQShthet: M f_rszmes comufde V\ctrll
discovered its rst-ever pentaquark with a strange (s) qu ab frames 1o obtain the highest possible energy of particie

content. These formations are rare and require a lot of energ ? isions and ensure the kinetic energy of these particles is fully

develop. A formation of not only a heavy con guration, wit vailable for new particle creation and the study of interactions.

ve quarks, but also with one of these quarks being heavy itsé{?rious types of colliders, such as the ring and linear colliders,
’ g used for experiments.

pushes forward the boundaries of experimental particle phys‘%
Additionally, the pair of tetraquarks observed were so-called3.2.3 Ring Colliders

‘open-charm’. Charm quarks usually form hadrons witita  Ring colliders, as the name suggests, are in the shape of aring.
combination- the charm quark always has its anti-charm partheey have two beams circulating in opposing directions around
However, the quark content of these newly found tetraquagkgoughly circular pipe. The places where the two beams meet
included a charm quark without its corresponding charm anfiow for collisions that can be observed through the detectors.
quark and hence are referred to as “open-charm’ tetraquarks. Ag structure of the ring collider can be seen in Figure. 5. Itis
itis a rst ever tetraquark with such a property, it is important ig schematic view of the LHC ring at CERN, Geneva along with
understanding the unusual properties of how the heavier quagkfivision of all the experiment groups such as ATLAS, CMS,

interact in forming exotic hadrons. LHCb.
Ring colliders allow for multiple collision points in an exper-
3.2 Collider Physics iment and are relatively compact. However, the energy of the

charge particles they accelerate is limited, due to severe energy
loss to radiation. For this reason, linear colliders are used in
%try high energy electron-positron collisions.

3.2.1 General Information About Colliders

All the particles discussed so far were discovered by differ
types of particle accelerators.

Particle accelerators use electromagnetic elds to move parti3.2.4 Large Hadron Collider (LHC)
cles at very high speeds and energies while containing them iiThe focus of this research paper is the LHC as compared to
beams that are later used for collider experiments. other colliders since that is where the tetraquark and pentaquark

Collider experiments are where the particle decays and thdiscovery took place. It is a type of ring collider as seen in
intermediate byproducts can be detected and analyzed. Megure. 5. previously.
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Fig. 7 Side (left) and cross-sectional (right) views of a typical particle
detector®.

Fig. 6 The CMS detector at CERK. o o _
« Scintillator Counters - Scintillators are instruments that

measure the photons emitted by the ionized tracks left by a
The LHC is used for proton-proton collisions and allows fora  charged particle.
study of composite particles such as hadrons as their byproduct.
A picture of the CMS detector at CERN, a general-purpose detec-
tor, can be seen in Figure. 6. CMS measurements played a key
role in informing the analysis of the pentaquark and tetraquarks
discovery at LHCD.

Cherenkov Detectors- They measure the Cherenkov radi-

ation. When a particle moves through a material at a speed
faster than light speed in this medium, the energy it de-
posits ionises the atoms of the medium. Their deionisation
produces a characteristic blue glow called the Cherenkov

NP
3.2.5 Identifying the Presence of a Particle radiatior?®.

Detectors are the components used in colliders to identify asiithese detectors together combine to help understand parti-
observe the presence of a particle. Sensitive particle detecttsollisions and products formed in the collider experiments.
are used where the beams in a particle collider meet to m&&ewn in Figure. 7. is a cartoon model of a typical modern
sure the product of these collisions and understand the partigiggicle detector. It is roughly cylindrical around the beam. Its

present. side view (on the left) and cross- section (on the right) visualize
The beams are surrounded by detectors in the following ordleeir relative placements. To further understand the complete
starting from the inside towards the outside. process of the consecutive particle interactions and decays, a

full reconstruction of particle decay processes must be done via
+ VX (vertexing) and TR (tracking) - These detectors meathe analysis of the data gathered.
sure the tracks of charged particles passing through the

(VX allows identi cation of b and sometimes ¢ quarks) .26 Identi cation of Particles at LHC

The data from particle detectors requires graphical analysis

* ECAL (electromagnetic calorimeter) - It captures and in?.goa;hfgaé'gaolé?gizlgng' Qded'stgjcnoar:(;r::)rn(;'ggaocr:;zolylgrt'ﬁe
measures the energies of electrons and particles whic ﬂ{-' : ! y M !

cintillator counters and Cherenkov detectors that help under-

teract primarily electromagnetically. Usually made fro . . 0 .
a dense material, it forces the passing particle to dep(%ﬂnd properties of the particles and narrow down their identity.

its energy in a form of a so-called shower. A shower is a3.2.7 Invariant Mass ldenti cation

chain reaction that occurs which in the case of electromag©ne way to identify a particle is through the concept of in-

netic showers produces secondary electrons, positrons eauiant mass.

photons by their interaction with the dense matérial The invariant mass is a property that remains the same no
matter how fast or in what direction a particle is moving.

» HCAL (hadronic calorimeter) - Following a similar prin-  If a particle were to decay into several other particles, the
ciple as ECAL, it captures and measure the energiesntdiss of the initial particle could be calculated as a sum of its
hadronic particles. It is optimised towards particles intefecay particles’ masses. This is provided that there are no
acting via the strong forcé. other background particles or massless particles such as photons

released in the process.

 MC (muon chamber) - They measure the passage of For instance, the Z boson is a particle that decays into a
muons, which are very dif cult to capture in other depair of muons- i+ ; m). The mass of the two muons can be
tectors. MC detects muons by measuring their momentaadculated via the detectors from their energies and momenta.
through the track's curvature (matched to VX and ¥R) When plotting their masses, the peak indicates the invariant

i7



Fig. 8 Distribution of m+ m events with respect to the dimuon

invariant mas$3. . o )
Fig. 9 Distribution ofW ! mnevents with the transverse ma3s

mass. In the case of a Z boson, it is about 92GeV, as see iH :
where lepton, transverse energy and b-tagged jets are present),

Figure. 8. d dilepton channels (two lepton channels are analysed).
t

This process is called the Drell-Yan Process and can be use%%]ore about the reconstruction and identi cation of top quarks
identify other particles, such as the Higgs Boson. The invarian Pq

. ) ) oo e O Can be read in Ret?
mass is hence an important concept in particle identi cation.

. . 3.2.10 Dalitz Plot

3'2'8_ Transverse Mass Identi cation . . . __The Dalitz Plot is a technique created to study complex par-

I_n\{arlant mass cannot always be used to identify particlgs, decays with many constituents. It involves plotting the
Th'S_ IS becal_Jse during a decay process_there_may be mas Sres of the invariant masses of two pairs of decay products
partlgles which are not taken into consideration through t a graph. These decay products are formed as a result of
invariant mass. Hence, we use another concept- the transvg{é%ecay of an unstable particle, such as a negatively charged
mass. . B meson, into its lighter constituents, such asikg (J-psi)

' The transver;e mass is a concept used to calculate the “missson. The speci ¢ decay products depend on the nature of
ing energy” which is present due to the massless or undetegigdintial particle and the forces involved and can be used to
particle in a decay. understand the intermediate states formed in the decay process.

_For example, W bosons are produced through proton colligach point in the plot corresponds to a speci ¢ combination
sions and decay instantaneously. Common decay productyjghe invariant masses of the decay products, providing insights
the W boson includes a charged lepton (like a muon or electrgii), the dynamics of the decay process and the resonances in-
and a neutrino. volved.

Neutrinos do not interact with most particle detectors andUsuaIIy, the plot would show a uniform spread, which corre-
cannot be measured in experiments. Hence, the energy &thq to no resonance, which is not necessarily a typical feature
momentum of the charged lepton are compared with the missjpg,| decays. When intermediate particles brie y form during
neutrino to identify if the initial particle was the W boson.  {he decay, non-uniform features like vertical or horizontal bands

The transverse mass is plotted in a similar way to the invarigft indicated as their intermediate resonances. They indicate
mass. Here, the mass of the W boson is found via identifyijgich pairs of particles undergo an intermediate "resonance”
the steepest ascent of the transverse mass of its decay prody&fisre further decaying or interacting with the detector.
as shown in Figure. 9. Crucial for the formation of the pentaquark was the process

. of the negative charged B meson decay. In this case, the nega-

3.2.9 Identifying top quarks . ) tively charged B mesorb(l) decays into d=y meson ¢c), an

The top quarks are very heavy particles and require spegigfinroton b, and aL baryon (uds). In this case, a Dalitz plot
attention during the particle detection. can be made by the squares of invariant masses aEh@ and

The top quarks are mainly producedtinpairs during the tne =y L. As seen in Figure. 10., a Dalitz plot of this decay
high energy proton collisions. Subsequently, they decay Wgygests that there is in fact the presence of an intermediate state

the weak interaction, producing W bosons and bottom quagindicated by the presence of the horizontal and vertical bands.
The reconstruction of top quarks takes place through hadronic

channels (W bosons are identi ed), leptons + jets channels3.2.11 Phase Space Analysis (phsp)
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