Dissertation
submitted to the
Combined Faculties of the Natural Sciences and Mathematics
of the Ruperto-Carola-University of Heidelberg. Germany
for the degree of
Doctor of Natural Sciences

Put forward by
Marian Stahl
born in: Wetzlar
Oral examination: 11.07.2018






First observation of the decay A? — AXDUIOK-
in preparation of a pentaquark search
in the A7 D)0 system at the LHCb experiment

Referees:

Prof. Dr. Stephanie Hansmann-Menzemer
Prof. Dr. Klaus Reygers



Abstract/Kurzfassung

Abstract
This thesis reports the first observation of the decays Ag — AC+50K_ and Ag — A:’D_*(2007)0K ~ using

data corresponding to an integrated luminosity of 3 fb™ collected at 7 and 8 TéV center-of-mass energies
in proton-proton collisions with the LHCb detector. A future amplitude analysis of these Ag decays

allows to search the A:D_(*)O system for resonant contributions from P pentaquarks. Two of which
have been discovered in 2015 by the LHCb experiment in the J/2) p system. Observing P pentaquarks
in the A:’E(*)O system would allow for further insight to the nature of these resonances.

In addition, the measurement of the A) — A*D°K~ and A9 — A¥D*(2007)°K~ branching fractions
relative to the decay Ag - A:“Ds_ is made, resulting in

B(A) - ATDOK™)
0 _
B(AY — AFD;)
B(AQ — AFD°(2007)°K ™)
B(A) - AFD,)

=(14.04+£0.58+£0.33+£0.45) %

=(435+1.4%2+£1.4)%.

The first uncertainty is statistical, the second systematic and the third is due to the knowledge of the
branching fractions of D;” — K~K*n~ and D° — K*n~. It is shown that the obtained result agrees with
previously measured B — DD®)°K~ branching fractions, as expected from the lowest order approxima-
tion of QCD factorisation.

The developed methods are integral components of the future amplitude analysis of Ag — Ajﬁ(*)OK .
These and further algorithms presented here were developed in a modularised way to be applied to a
variety of analyses at LHCb, in particular pentaquark searches.

Kurzfassung

Diese Arbeit dokumentiert die erste Endeckung der Zerféille A) — A7D°K~ und A) — AFD*(2007)°K ™~
unter Verwendung von Daten die mithilfe des LHCb Detektors bei Schwerpunktsenergien von 7 und
8 TeV in proton-proton Kollisionen aufgezeichnet wurden und einer integrierten Luminositit von 3 fb™*
entsprechen. Eine zukiinftige Amplitudenanalyse dieser Zerfille erlaubt die Untersuchung des A:’D_(*)0
Systems auf resonante Beitrdge von PCJr Pentaquarks. Zwei solcher Resonanzen wurden 2015 beim LHCb
Experiment im J/4y p System entdeckt. Eine mogliche Beobachtung der PCJr Pentaquarks im AZFD_("‘)0
System erlaubt Riickschliisse auf die Natur dieser Resonanzen.

Zusitzlich wurden die A) — A7D°K~ und A) — A¥D*(2007)°K~ Verzweigungsverhéltnisse relativ
zum Zerfall Ag — ATD_” gemessen. Diese betragen

B(A) - ATDOK™)
B(A) — AFD)
B(AO — AFD*(2007)°K ")
B(A) — AFD)

=(14.04+£0.58 £0.33+0.45) %

=(43.5+1.47)2+1.4) %,

wobei die erste Unsicherheit statistisch, die zweite systematisch und die dritte aufgrund der gemessenen
Unsicherheiten der D] — K~K*n~ und D° — Kt~ Verzweigungsverhiltnisse ist. Die Messung stimmt
mit bereits gemessenen B — DD"°K~ Verzweigungsverhiltnissen iiberein, wie von QCD-Faktorisierung
in niedrigster Ordnung erwartet.

Die hier entwickelten Methoden zur Signalselektion und Effizienzkorrektur sind ein integraler Be-
standteil der Ag — Ajﬁ(*)OK_ Amplitudenanalyse. Diese und weitere der hier vorgestellten Algorith-
men wurden modular entwickelt und sind auf andere Analysen in LHCb iibertragbar, insbesondere
Pentaquark-Suchen.
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Introduction

Introduction

Protons and neutrons can be thought of as consisting of three quarks, bound by the strong interaction.
Such strongly interacting particles are called hadrons, which the quark model allowed to classify into
baryons, such as protons and neutrons, and mesons, which are bound states of quark- and antiquark.
However, further combinations like a system made of four quarks and one antiquark were anticipated,
known today as pentaquark. Pentaquarks have a loaded history with inconclusive experimental hints
from the 70s and 80s, hyped evidence from about a dozen experiments in the 2000s which were then
overwhelmed by contradicting findings, leaving strong scepticism about the existence of pentaquarks.
That scepticism dictated a cautious analysis of an unusual structure in Ag — J/ap pK~ decays' observed
by the LHCb experiment during a Ag mass measurement. It turned out that the structure is due to two
pentaquark-resonances, named P, (4380) and P (4450), in the subsystem of J/3 (cc) and p (uud).

Former studies of the cc system already established another type of hadron that differed from mesons
and baryons, called tetraquark and made of two quarks and two antiquarks. Both, tetra- and pen-
taquarks, allow to probe the quark model and the underlying theory of strong interactions from a new
perspective, since their production, decay and binding mechanism is expected to differ from that of
conventional hadrons. Yet all hadrons eventually have to be described in a coherent framework that
allows to project the phenomenological picture to the fundamental theory of QCD.

The LHCb experiment provides a unique dataset for hadron spectroscopy, in particular pentaquarks.
The discovered PCJr (ccuud) pentaquarks are expected to decay to A:r (cud) D)o (uc) as well, but the
nature of their binding will affect the decay rate to this system. The A:rD_(*)0 system can be studied in
Ag — A:E(*)OK_ decays, providing access to the full kinematic information. It is thus an important step

to discover the Ag — A:D_(*)OK ~ decay, and establish methods for selection and efficiency correction for
a subsequent amplitude analysis.

This step, together with a measurement of the Ag - AZFD_(*)OK ~ branching fraction relative to the
known Ag — A:“Ds_ decay is presented here. The branching fraction is of interest in its own right, since
the comparison to B — DD®°K~ branching fractions allows to probe the lowest order approximation of
QCD factorisation. Further, the branching fraction contributes to the total inclusive b — ccs rate, which
is an important ingredient in model-independent searches for physics beyond the standard model in
B meson decays. On the experimental side, their high yield suggests their presence as background in
other b-hadron decays, which can be estimated with the branching fraction measurement. The decay
A) — ATDUMOK™ and the reference AY — AYD[ decay are reconstructed with the same final state
particles. This choice ensures that many systematic uncertainties cancel, in particular in the correction
for efficiencies due to reconstruction and selection.

This thesis is structured as follows: The first section introduces basic concepts of QCD, assess and
motives pentaquark searches. The LHCb experiment is subject to the second section, introducing the
detector components and outlining the flow from raw data to data for offline analyses. The analysis
strategy is defined in section three, followed by a discussion on software development tools and sta-
tistical methods. Section five describes the development and calibration of classification variables for
non-prompt A}, D° and D} hadrons. The selection of A) — ATDUOK™ and A) — ATD; decays and
fits to their invariant mass spectra follow. The fits are used for statistical unfolding of the signal com-
ponents, which are input to the efficiency correction detailed in section eight. Systematic uncertainties
are assessed in section nine; all of which are combined to the results of section ten and subject to a
closing discussion.

An additional bibliography for referencing online documentation and code is used. Such references
begin with a C. Further, some of the references are internal to LHCb members. These begin with an I.

IThe use of charge conjugation and natural units (i = ¢ = 1) is implied unless otherwise stated.
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1 Motivation and theoretical background

1 Motivation and theoretical background

This section starts with a “folkloristic”! view of the standard model of particle physics with a focus on the

quark model. A more formal view on the topic is presented afterwards. The section closes by discussing
exotic hadron spectroscopy and its impact on the understanding of quantum chromodynamics (QCD).

1.1 Historical introduction

A cornerstone of hadron physics was set in 1909 by Rutherford, Geiger and Mardsen, who conducted
scattering experiments of a particles incident on gold-foil to discover the nuclear structure within
atoms [2]. That nuclei themselves are composite objects was determined in 1917 using the nuclear reac-
tion of pure Nitrogen with a-particles, where Rutherford found hydrogen-like particles. He postulated
that the hydrogen nucleus is a fundamental particle [3], today known as proton (p). To compensate for
the electric repulsion force of protons in nuclei neutrons (n) were hypothesised.

The existence of neutrons was established by Chadwick in 1932 [4], who re-examined and re-
interpreted the known reaction of Beryllium with a-particles. Shortly after, Heisenberg proposed a
new quantum number to explain the observed symmetries between protons and neutrons, like their
mass and interaction strength [5]. This was termed isospin, which marked an important step towards
the quark model.

Until this point, only ordinary matter was experimentally established, and the antimatter solutions
that emerged from the Dirac-equation were considered a theoretical artifact [6]. Surprisingly, antimatter
could be observed in a cloud chamber experiment which detected cosmic rays in 1932. The antimatter
particles left an ionisation trail with a curvature matching the mass to charge ratio of an electron, but
which deflected in the opposite direction [7]. Consequently, antiprotons (p) and antineutrons (1) were
anticipated. It took another 20 years, until they were discovered in fixed target experiments at the
Bevatron — one of the first proton synchrotrons [8, 9].

Another postulated particle was similarly approached with scepticism; the (electron) neutrino (v,).
Pauli postulated its existence in 1930 to solve the conundrum of the radioactive beta decay. In that decay,
the energy spectrum of the electron, emitted by a decaying neutron, is measured to be continuous. This
stood in contrast to the expectation of a two body decay to the visible system of proton and electron.
However, the neutrino, which Pauli claimed to be undetectable, was discovered in a reactor experiment
in 1956; antineutrinos from beta-decays scattered off protons to produce neutrons and positrons [10].

Even though nuclear matter had been established, little was known about the interaction of protons
and neutrons. In a model formulated by Yukawa in 1935, internuclear interactions are described by
the exchange of massive bosons, known as mesons [11]. The first particles consistent with Yukawas
description were discovered in 1947 in cosmic radiation [12]; those were the charged pions (7).

This set of hadrons and leptons could have completed the picture of (elementary) particle physics,
but there were unforeseen discoveries in the meantime. First, the muon (u) had been discovered in cos-
mic radiation in 1936 [13]. Because of its mass, it was thought to be the meson predicted by Yukawa,
But later studies with “u-mesons” showed that they did not interact via the (strong) nuclear force. A
different approach to probe Yukawa’s theory was to study nuclear interaction at short distances, i.e.
higher energies. The attraction between nucleons was larger than expected, which led to the prediction
of further mesons: an iso-scalar scalar(fO(SOO))2 and iso-scalar and iso-vector vector mesons (w and
p™9). The zoo of elementary particle began to grow further with the observation of unstable particles.

!That term, and the general idea of the historical introduction, are taken from Ref. [1].
2The nature of the f,(500) (or o) is still elusive, see e.g. the review on scalar mesons in [14] and references therein.



1 Motivation and theoretical background

These were identified by their V-shaped (A or Kso) or kinked (K*) decay patterns in cloud chamber pho-
tographies [15, 16]. Further studies have shown that these particles were produced in pairs following
certain rules: e.g. a A was produced together with a K™, but never with a K. To explain this behaviour,
a new quantum number was introduced, termed strangeness. Strangeness is conserved in the produc-
tion processes of the strong interaction, but violated in the weak decay. It was realised that such weak
processes are similar to 3-decays, where isospin and parity conservation is violated.

More discoveries followed, namely an iso-quadruplet originating from 7N interactions, known as
A-resonances, a strange iso-triplet, known as X-baryons, and a doubly strange iso-doublet, known as =-
baryons along with excitations of these states. The number of elementary particles appeared to explode,
as shown in Fig. 1.1. In attempts to find a scheme for all the particles, the ancient concept of elementary
particles eventually led to a breakthrough. In a first model, Sakata extended the isospin formalism by
strangeness, such that the proton, neutron and A appeared as building blocks of matter [17]. Five years
later, in 1961, Gell-Mann and independently Ne’eman recycled the ideas of Sakata and formulated an
abstract approach where elementary baryons and mesons did not exist [18, 19]. In his paper, Gell-
Mann established the term “eightfold way” for the group theoretical octet representation of baryons,
along with the term gluon to describe the coupling of the strong force. In addition, he anticipated the
existence of the Q™ baryon — a particle with strangeness —3 and a mass ~ 1685 MeV which was needed
to complete the spin 3/2 decuplet of baryons [20].

That missing piece, the Q~, was discovered in 1964 [22]. However, the question why baryons and
mesons fit into the multiplets of the “eightfold way” had still not been answered. From the perspective of
group theory, the fundamental representation of the observed multiplets is a unitary triplet (3). Hence,
Gell-Mann and Zweig independently postulated three new particles: quarks or aces [23, 24, 25].

Despite the elegant description of hadrons by the quark model, the existence of quarks was doubted
by many physicists until the mid 1970s. One objection was that individual isolated quarks could not
be discovered, a phenomenon known as the confinement. The consequences of confinement are now
well understood, but its origin remains elusive (for a comprehensive summary, see Ref. [26]). A second
problem was identified in the “edges” of the baryon decuplet, which seemingly violated the Pauli exclu-
sion principle. To solve this, Greenberg proposed colour charge [27], initially perceived as a technical
sleight.
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Figure 1.1: Number of particles considered elementary through time. Taken from Ref. [21] with modifications.



1.1 Historical introduction

During this time of uncertainty regarding the quark model, high energy experiments at the Stanford
Linear Accelerator Center (SLAC) indicated that protons have substructure [28, 29]. This substructure
has been described by the parton model [30, 31, 32], which avoided to introduce any hypothesis about
the nature of the constituents, e.g. that they are quarks. This was further motivated by the measured fact
that electrically charged partons only contribute about half of the total fraction of the proton momen-
tum. This meant that the remaining half is carried by neutral constituents, and was first circumstantial
evidence for gluons. About ten years later, gluons were established by the observation of exclusive
planar three-jet events in electron-positron collisions at all four experiments of the PETRA electron-
positron collider at DESY [33, 34, 35, 36]. A Feynman diagram and event display of such a process is
shown in Fig. 1.2. Today, quarks and gluons have been identified as the constituents that were found
in experiments by the principle of asymptotic freedom [37, 38].

Even before the discovery of the gluon the quark model had been successfully used to predict a
fourth type of quark, called charm quark. It was needed to explain the observed suppression of flavour-
changing neutral currents in loop diagrams, called the GIM mechanism [40]. Experimental confirmation
came with the discovery of the J/3) meson in 1974 [41, 42]. The quark model was thus commonly
accepted going forward.

A third generation of quarks was first proposed in 1973 (before the J/3) discovery). The concept
was one of a few possible solutions by Kobayashi and Maskawa [43] who extended the GIM mechanism
to explain the observed CP violation in kaon decays [44]. Only two years later, in 1975, observation of
the 7 lepton [45] marked the first sighting of a member of the third generation of elementary particles.

Just another two years later, owing to ever larger collider experiments, particles consisting of a
third generation down-type quarks, named bottom or beauty (b) quarks, were discovered [46]. The
up-type equivalent, the top quark (t) and the missing T-neutrino (v.), were expected to be just around
the corner, but it took more than 20 years to complete the family: with the top quark discovery in
1995 [47, 48] and the first observation of v, interactions in 2000 [49]. It is known today that there
are three, and only three, light generations of particles due to precision measurements on the Z boson
resonance [50].
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Figure 1.2: A leading order Feynman diagram of gluon bremsstrahlung (left), which is experimentally seen as a planar
three-jet event. Such an event is shown in an event display from the JADE experiment (right). Taken from Ref. [39]



1 Motivation and theoretical background

The Z boson, together with the W* bosons, are the mediators of the weak interaction. They were
discovered in 1983 at the UA1 and UA2 experiments of the proton-antiproton collider at CERN [51,
52, 53, 54]. The UA1 and UA2 experiments were designed for this discovery, since properties of W=*
and Z were firmly predicted by a unified theory of electromagnetic and weak interactions. The theory
developed from the attempt to write down a self-consistent gauge theory for weak interactions, in
analogy with quantum electrodynamics (QED). It was realised that this is only possible if the theory
includes QED [55, 56, 57].

Due to the short range of weak interactions, the weak exchange bosons were expected to be massive.
Thus, a unified electroweak theory required a mechanism such that the bosons acquired mass and the
photon remained massless, a mechanism now known as electroweak symmetry breaking [58, 59, 60].
This involves an additional interaction with a new fundamental scalar particle known as the Higgs boson
(H°). The long anticipated discovery of the Higgs boson was announced in 2012 by the ATLAS and CMS
collaborations at the Large Hadron Collider (LHC) experiment at CERN [61, 62].

The mechanism of electroweak symmetry breaking allows for Yukawa-like couplings of chiral fermion-
antifermion pairs to the Higgs field. This coupling gives mass to elementary fermions. However, ele-
mentary quarks are confined in hadrons, and there is another mechanism that drives the generation of
mass at low energies. That mechanism is known since the early 1960s as dynamical chiral symmetry
breaking (DCSB) [63, 64, 65, 66] and is at the core of QCD. As a consequence almost all of the mass in
the visible universe, that is, light baryonic matter — protons and neutrons — does not originate from the
coupling to the Higgs field. DCSB is a nonperturbative feature of QCD, generating mass from nothing,
i.e. from QCD itself. Still, QCD is linked to the Higgs sector by the fact that pions have mass. The pion
would be massless in the absence of a mechanism that can generate a current-mass for at least one
light-quark, as e.g. explained in Ref. [67]. In the following, the underlying theoretical framework of
QCD is sketched out.

1.2 QCD and the quark model

QCD shall briefly be introduced in a more formal setting. Its Lagrangian is derived from Yang-Mills
theory, a gauge theory with a non-Abelian symmetry group. Fundamental degrees of freedom of the
QCD Lagrangian are identified and phenomenological concepts are outlined. As an example of the
latter, flavour symmetry is discussed which allows to group hadrons into flavour-multiplets. Such phe-
nomenological tools provide a basic formalism in the description of (exotic) hadrons.

1.2.1 Yang-Mills theory

In 1954, Yang and Mills formulated a gauge theory based on the non-Abelian SU(2) isospin-symmetry
group to explain strong interactions [68]. The formalism can be extended to any compact semi-simple
Lie group, such as SU(N). The theory describes transformation properties of field operators as follows:
let {¢,.(x)|r =1,...f } be a set field operators, denoted as f-dimensional vector ¢ (x), which transforms
under a N2 — 1-dimensional gauge group SU(N) like

N2-1

$(x) > exp |i . 0T, | ¢(x), (1.1)
a=1

with the generators of the gauge group T,. Note that the gauge shift 6¢(x) in a local symmetry depends
on space-time, which is not the case in global symmetries. In order to construct a gauge invariant

4



1.2 QCD and the quark model

Lagrangian, the derivatives of the field operators must transform like the field operators themselves.
Using Einstein-summation convention henceforth, the gauge covariant derivative transforms like

Py (x) = exp[i0°(x)T,1[ 2,9 (x)] - (1.2)

It is known from differential geometry that this condition is fulfilled by

Db (x) =8, +igA% ()T, | $(x) . (1.3)

Thus the condition of local gauge invariance of the Lagrangian naturally introduces a coupling of ¢ (x)
to A, (x) with strength g and N 2 — 1 gauge vector fields A‘:L(x), whose quanta are the gauge bosons of
the theory. These gauge fields transform like

AZ(x)Ta —>AZ(x) [eigb(xm Tae_ieb(xm] + é [8Hei9b(x)Tb]e_i9b(x)Tb . (1.4)

To arrive at a locally gauge invariant Lagrangian, the gauge fields are set in relation to the field strength
tensor Fsv(x). In a Yang-Mills theory, the field strength tensor is defined by the commutator of the
gauge covariant derivatives

(94, 9,] = —ig T Fy,(x) . (1.5)
To solve this equation for F sv(x), the property
[T, Tyl =1ifp T, (1.6)

of the Lie-algebra is used, where f,;,° are the groups structure constants. With the help of Eq. (1.3), the
field strength tensor is written as

F2(x) = G,A%(x) — 8,A% (x) + g f 5 AL (x)A,(x) . (1.7)

It transforms as a gauge vector — is thereby no observable quantity — but the product is the demanded
gauge invariant quantity known as the gauge field Lagrangian:

1
Lot(x) = —ZFC‘I“’(X)Fﬁv(x) . (1.8)
In the presence of a Dirac field ¢ (x) the Lagrangian is given by
L(x) = Lar(x) + Lp(x) = Loe(x) + a(x) (P —M)p(x), (1.9)

i.e. the gauge field Lagrangian plus the Lagrangian for a free Dirac fermion. In Eq. (1.9) ¢ (x) = ¢ (x)y°
is the Pauli adjoint spinor and 9, is the gauge covariant derivative, using the Feynman slash notation
% = y"9,,. The derivation so far is valid for any N 2 _ 1-dimensional gauge group SU(N). QCD will be
discussed the following.

1.2.2 QCD in the context of a Yang-Mills theory

QCD is described by a Yang-Mills theory with an underlying SU(3), colour charge group. Experiments
verified the colour charge hypothesis and determined that the number of colours is N, = 3. The only
compact semi-simple Lie group having 3-dimensional irreducible real and complex representations is
SU(3). The complex representations are needed to account for anticolour, carried by antiquarks and
gluons.



1 Motivation and theoretical background

By applying the SU(3), colour charge group of QCD to the Lagrangian of Yang-Mills theory, Eq. (1.9),
the Lagrangian of QCD can be written as

Locp(x) =— % (8,6%(x)— 8,64(x)) (8#G(x) — 8 G1(x)) + 7% (id — My ) ¢

_ 2
+8q; ¢ (x) (?a)aﬁ ¢’

8 (1.10)
+ 264 (8,650 - 8,6500) 6, ()6 ()

2
— S g GG (M (0GC0)

Here, a, 3 are the colour indices, a are the 8 gauge field indices, q; denotes a quark field of flavour f and
u, v the Dirac indices. Those were omitted on the fermion spinors for readability. Further, a notation is
chosen in which the flavour quantum number is explicitly conserved. The generators T, = % of SU(3)
are given by the Gell-Mann matrices A, [18]. To link the formal gauge field A and the field operator ¢
to QCD, the notation G for the gluon field and q for the quark field was chosen.

The coupling g, is the strong gauge coupling. In the quark mass term —G?M qu‘} the “bare” quark
masses enter. These are the ones generated by the Higgs mechanism. Moreover, it is seen that a term
~ m2GY GZ does not appear, since it would violate gauge invariance (cf Eq. (1.4)). Thus, gluons, as
any gauge vector bosons in a Yang-Mills theory, must be massless.

The first line in Eq. (1.10) contains the kinetic terms for quark and gluon fields; the second line
describes the colour interaction between quarks and gluons and line 3 and 4 give rise to self-interaction
of 3™ and 4™ order of the gluons. These terms come from the non-vanishing commutator of the Lie-
algebra in Eq. (1.7) and appear even in the absence of other fields.

This is in contrast to QED, described by a U(1) Abelian gauge theory, where the force-carrier, the
photon, is not charged and no self-interaction occurs at leading order. The gluon self interaction in QCD
has fundamental consequences: the property of asymptotic freedom at small distances/high energies;
and confinement of colour charges at large distances/low energies. An analytic solution at all distances
is strived for. However, several methods exist that allow to describe observations effectively. Some of
their basic consequences are discussed in the following.

1.2.3 Quark Properties

The description of quantised quark- and gluon fields from first principles is highly non-trivial. The usage
of perturbative methods similar to QED breaks down at low energies. That is because the coupling
strength as(,ufz{) is a function of an (unphysical) renormalisation scale uﬁ, which is needed to apply
perturbative methods. Below a scale of ,uﬁ = AéCD, called the Landau pole, the perturbative expansion
diverges and QCD becomes a strongly coupled gauge theory. The value of this scale depends on several
parameters and methods, and ranges from Agcp ~ 300 — 1100 MeV [69].

It is conventional to call quarks heavy if their masses are above Agcp, and light below that. But
unlike leptons, quarks are confined inside hadrons and are not observed as physical particles. Their
masses can therefore not be measured directly, such that any quantitative statement must make careful
reference to the particular theoretical framework that is used to define it. Commonly used frameworks
rely on perturbative approaches to calculate quark masses, such as the ones shown in Tab. 1.1.

The table also shows flavour quantum numbers, which were the key to establish the quark model,
as discussed earlier. These quantum numbers are the third component of the isospin I5, strangeness
S, charm C, bottomness/beauty B’ and topness/truth T, and are eigenstates of the strong interaction.

6



1.2 QCD and the quark model

They are rotated in flavour-space for electroweak interactions, so that transitions from up-type (u,c, t)
to down-type (d,s, b) quarks and vice versa are allowed.

Because QCD conserves the flavour quantum number (flavour-blindness), hadrons can be labelled
by their minimum (valence) quark content, but are dynamically “dressed” with quarks and gluons. QCD,
in the picture of the quark model, does not states to be ggg-baryons or gg-mesons. So combinations like
tetraquarks (qq)(qq), mesonic molecules (qq)(qq), pentaquarks gqqqq, hybrid mesons qgq, glueballs
ggg, etc. are not forbidden.

I 1I 111

up charm top

u I3=+1 C C=+1 t T=+41
2.270 MeV 1.28 £0.03 GeV 173.1+0.6 GeV
down strange bottom

d I, =-1 S S=-1 b B =—1
4.7+0> MeV 9613 MeV 4.18700% Gev

Table 1.1: Quark Properties. The generation number is given on top. Name, flavour quantum number and the quark
mass are given next to the symbol of the quark. The up-type (u,c,t) quarks carry an electric charge of +§e and the
down-type (d,s, b) quarks —%e. The masses were taken from ref. [14] and obtained by calculations using the modified

minimal subtraction (MS) renormalisation scheme [70]

1.2.4 A phenomenological approach to QCD: flavour SU(3) and the quark
model

Historically, QCD was approached in a simpler fashion. There, hadrons were grouped into multiplets,
relying on the approximate mass-degeneration of observed states, and treating quark fields as flavour
symmetric. The flavour group of up, down and strange quarks, SU(3);, has two independent funda-
mental representations 3 and 3. These representations can be displayed as weight diagrams in the
(I3, Y)-plane (fig. 1.3), where I5 is the third component of the isospin and Y, the sum of strangeness
and baryon number, is the (strong) hypercharge. The nodes in the 3 (3) diagram correspond to the
three quark flavours u,d and s (H,E and 5). The black solid lines between the nodes correspond to the
lowering and raising operators which move between the different weight vectors, each forming a SU(2)
subalgebra.

The laws of representation theory are then used to construct hadron multiplets. The hadronic flavour
wave functions are obtained by performing the direct sum decomposition of the tensor product of ir-
reducible representations. This is commonly referred to as coupling the quark flavours. For SU(3);-
symmetric qq states, this is

33=8a1, (1.11)

for qqq states the decomposition reads:
303®3=(6503,)®3=103687 @1, . (1.12)

Here, the subscripts A, S and M denote antisymmetric, symmetric and mixed symmetric flavour repre-
sentations respectively, and the superscript denotes the multiplicity of a multiplet. The weight diagrams
of the decomposed irreducible representations are shown in Fig. 1.4.
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Figure 1.3: Weight diagram of quarks and antiquarks. (a) The fundamental 3 representation of the SU(3); group. (b)
Weight diagram for the 3 representation of SU(3);.

To relate observed states of mesons and baryons to the SU(3)¢-multiplets, their flavour wave function
needs to be coupled to possible spin, spatial and colour wave functions which define the quantum
numbers of the system. In addition, radial excitations emerge when treating hadrons as (effective)
two-body systems in a spatially dependent potential. Due to confinement, the colour wave function
has to be an antisymmetric singlet. Since colour and flavour posses the same group structure, the
decompositions (1.11) and (1.12) apply to colour as well, but only the 1, representation is realised
in nature. The spatial wave function depends on the orbital angular momentum ¢ € N°, and is either
symmetric (positive parity P = (—1)!) or antisymmetric (negative P). Quark spin has a SU(2) group
structure and needs to be coupled to the flavour state according to representation theory. Since baryons
are fermions, they need to obey Fermi-Dirac statistics, which requires an antisymmetric wave function.

With similar arguments, flavour symmetry can be extended to all quark flavours — apart from the top
quark, which decays before it can form a hadron due to its mass — and the lowest lying states follow the
(qualitative) expectations from the quark model. However, the quark model predicts a large number of
excited states, which are not seen in experiments, cf. the review on the quark model in [14]. Especially
if four- and five-quark configurations are taken into account, the number of expected states seems to
explode.

On the other hand, only relatively few candidates for these states exist. Thus, understanding the
underlying mechanisms which allow or forbid the existence of these hadrons will provide valuable in-
sights to QCD phenomenology. Of course hadronic properties which are derived from flavour symmetry
only treat valence quarks, and any predictive model needs to account for the descriptions of underlying
dynamic processes, either through models or directly from QCD itself.
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Figure 1.4: Multiplets of SU(3),-symmetric combinations of qg (a) and gqq (b). These are the weight diagrams corre-
sponding to the flavour wave functions of the states.

1.3 Pentaquarks

This section sketches the field of exotic hadron spectroscopy with a focus on experimental efforts, no-
tably pentaquark searches. Eventually, implications in the search for uudcc pentaquarks in the AY (udc)
D™ (cw) subsystem of the decay Ag - A:IS(*)OK_ are discussed.

The search for hadrons that manifestly contain more than three quarks is as old as the quark model
itself — both Gell-Mann and Zweig anticipated the existence of tetra- penta- and even higher multi-quark
states in their ground-breaking publications [23, 24, 25]. First searches for pentaquarks — called Z* or
Z° baryons at the time — were carried out in kaon nucleon scattering experiments, where resonant struc-
tures in partial waves with exotic quantum numbers, i.e. baryon number +1 and positive strangeness,
were searched for. Even though six candidates with weak evidence have been listed in the 1986 edition
of the review of particle physics [71], the claims were seen with scepticism: “the standards of proof must
simply be much more severe here than in a channel in which many resonances are already known to exist.”.

The subject disappeared off the radar until 2002, when the LEPS collaboration claimed evidence for a
light and narrow uudds resonance, called ©* [72]. The search was motivated by the prediction of a light
(1530 MeV) and narrow (< 15MeV) pentaquark in the framework of a chiral quark soliton model five
years earlier [73]. The LEPS paper triggered an avalanche of phenomenological studies, most of which
required considerable fine-tuning to accommodate the ®*, but it also triggered many experimental
searches. About a dozen of experiments found evidence for the ©, while an overwhelming majority
did not see the resonance. In retrospective, the claimed ©7 signals are commonly assumed to be caused
by either statistical fluctuations, kinematic cuts, reflections, experimental artefacts, or a combination
thereof. The history and fate of the ©" is comprehensively summarised in Ref. [74].

As pentaquarks were about to disappear a second time, the Belle collaboration observed a puz-
zling state in the study of B* — J/3 n™n~K* decays [75], termed X (3872). It is a narrow resonance,
consistent with the experimental resolution, in the J/ap 7+~ channel, directly at the D*°D° threshold.
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Figure 1.5: Fit projections for the (a) pK~ and (b) J/3 p invariant mass systems of a six-dimensional helicity amplitude
analysis including the two P states. The uncertainties on the fit results are due to simulation statistics.

Due to this peculiar mass and the narrow width, the state did not fit into the conventional spectrum
of charmonium (cc) resonances. In the following years, the Belle observation has been confirmed, and
further charmonium-like resonances, that are incompatible with quark model expectations have been
observed. Among them, charged resonances with a cc component — an unambiguous indication of a
state consisting of at least four quarks.

Even though tetraquarks were more or less established, pentaquarks were still approached with
scepticism. Hence, the observation of two resonances in the J/1y p system by LHCb in 2015 came as
a big surprise [76]. The resonances, denoted as P.(4380)" and P.(4450)*%, have been discovered in
the exclusive Ag — JAp pK~ decay by a six-dimensional helicity amplitude analysis, describing the full
kinematics and the angular structure of the Ag decay. The analysis used efficiency corrected and back-
ground subtracted data, to which the helicity amplitude model was fit. The fit parameters of the model
are the helicity couplings of the resonances, which were at first only A* resonances in the pK~ subsys-
tem. They were described by relativistic Breit-Wigner shapes with fixed masses and widths. However,
fits with only A* resonances did not describe the data well. Also a fit with a single exotic component
was not satisfactory. Eventually, a fit with two exotic components in the J/v) p subsystem lead to a good
result, for which the pK™ and J/4 p mass projections are shown in Fig. 1.5.

The extracted parameters from the helicitly amplitude analysis were the following: The P.(4380)"
has a mass of 4380 + 8 + 29 MéV and a width of 205 + 18 & 86 MeV, while the P.(4450)" is narrower,
with a mass of 4449.8 + 1.7 £ 2.5MeV and a width of 39 £+ 5 £ 19 MeV. The preferred spin-parity (J*)
assignments are of opposite parity, with one state having spin 3/2 and the other 5/2. The fit fractions
were measured to be 8.4 + 0.7 +4.2% for the P.(4380)" and 4.1 £ 0.5 + 1.1 % for the P,(4450)".

Further, a model independent analysis of the Ag — J/1p pK~ decay was carried out [77]. The study
supports the need for at least one exotic component to describe the data, and measured the significance
of that component, consistent with the narrow P.(4450)*, to be grater than 9 0. The P,(4380)", due to
it’s large width, could not be confirmed by the model independent approach. A result consistent with the
A% — J/) pK~ helicity amplitude analysis has been obtained in it’s Cabibbo suppressed analogue, the
A§ — J/Jp pr~ channel [78]. However, due to fewer statistics, the P components could not be singled
out. Still, evidence was found for exotic contributions: either the PCJr s or the Z(4200)™ in J/yp ™, or
both. The Z(4200)~ is one of the charged charmonium-like resonances mentioned earlier and has been
discovered by Belle in B® — J/4) KT~ decays. [79].
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(a) )

Figure 1.6: Illustration of a pentaquark as meson-baryon molecule (a) or as bound system of diquark and triquark (b).
The colour charges are taken literally, such that quarks are red, green and blue, their corresponding antiquarks cyan,
magenta and yellow. Gluons carry both, colour and anti-colour. The pentaquark as observable colour-neutral object is
represented by the surrounding bag. Substructures in this bag, like baryon, meson and dynamical (exchange-)meson (a)
or coloured diquark/triquark bags (b) are illustrated in the same literal colour scheme.

In summary, the PCJr ’s decay channel, measured masses, widths and fit fractions clearly indicate that the
states have a minimal quark content of uudcc in the quark model.

The community responded lively to the observation of the Pc+s. In contrast to the light and narrow
©7, the P states fit into the models in a natural way. The most vividly discussed interpretation of the
P’s nature are baryon-meson molecules or strongly bound systems, like genuine pentaquarks, diquark-
diquark antiquark or diquark-triquark combinations. Two of these interpretations are illustrated in
Fig. 1.6. The quark content suggests a decay to A (udc)D™P (cu) if they are in fact real resonances
and not be due to kinematic effects like cusps or anomalous triangle singularities, as e.g. hypothesised
in Ref. [80]. Firm predictions whether the P states are expected to decay into AZFD_(*)0 exist for the
molecular interpretation, depending on the molecular composition as shown in Tab. 1.2. The molecular
compositions have characteristically different decay patterns, so that the observation of PCJr states in
different channels is crucial to distinguish them.

P.(4380)* decays/partial widths (MeV) P.(4450)" decays/partial widths (MeV)
Mode \ Composition  ,(2520)D  T.D*  J/ N(1440) XeiP %.D* A(2595)D  J/yp N(1520)
A.D [(X] 1.2 13.7 X v [X] 149 [v] X
A.D* v/ 1104 28.6 v v v/ 163 [v] v
JYN v 2.7 19.8 v v v 2.6 v v
%.(2455)D [X] 0.01 0.09 X v X 0.2 v X
ADT v/ 7.5 - X v v 0.5 [X] v/
n.N X 0.2 0.05 X X X 0.02 v X
n.A v — - X X v - X X
Jp A X - - X X VA X X
JYNT v - — v X v — X v
wp - 6.1 1.3 - - - 0.4 _ _

Table 1.2: (Qualitative) predictions of decay widths for a hypothesised molecular composition of the P}s. Composed
from Refs. [81] and [82]. Particle charges are omitted to retain compatibility with the publications, which anticipate
isospin parters of the P"s. Hence, D* means D*(2007)° or D*(2010)".
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Apart from the decay to A:ﬁ(*)o the P pentaquarks can be searched for in further decays including
the J/) p subsystem, such as Bs0 — J/Y pp, 52 — J/yp pK~ or Z," — J/Jp pK K~ . To probe properties of
the P states, decays to different final states, e.g. A) — x.;pK—, AY = n,pK~, AY —» ZF*D"K™ are of
interest. And even more: the discovery implies a tower of pentaquarks with different quark content. All
of these searches are feasible with the LHCb experiment and will be carried out in a broad programme
of exotic hadron spectroscopy.

Recent reviews put the observed P pentaquarks into context of exotic hadron spectroscopy by
discussing experimental findings, theoretical techniques and possible interpretations [83, 84]. Some of
the striking open questions that have been identified in these reviews are the following:

e No picture/model is able to explain all observed exotic hadrons. Does it exist!?

e All unambiguously identified exotic hadrons contain c¢ or bb. Do light, or open flavour exotic
hadrons exist? If not, why are they forbidden?

e [s it a coincidence that most states are observed close to thresholds?

A community white paper has been set up in order to approach these and many other open questions
systematically from both, experimental and theoretical side [86].

1.4 Pentaquark searches in a broader context

Fitting pentaquarks into the hadronic spectrum is a major challenge. It eventually requires a common
understanding of mesons, baryons and QCD exotica in a framework that connects the effective pictures
described above to the pure Yang-Mills sector of QCD. Finding this connection is an outstanding theoret-
ical challenge for which the extension of the hadronic spectrum to exotic states can be valuable input.
The essential questions that need to answered in this process will be those of confinement, dynamical
chiral symmetry breaking (DCSB), and their relation [67]. If these concepts are understood, QCD could
be a self-contained true theory, i.e. a theory that is valid over all scales by confinement and asymptotic
freedom, and which naturally generates a mass scale by DCSB. This paradigm could also be applied to
beyond standard model physics, in which the electroweak sector is generated dynamically; an example
of such a model is extended technicolor [87].

Back to the hadronic spectrum: The best understood part of it is certainly the heavy quarkonium
spectrum — bb and cc. It is well described by non-relativistic quarks in a static potential [88]; usually
pictured as a flux-tube forming colour field between quark and antiquark. However, the picture of flux
tubes and linear potentials in the light meson spectrum, e.g. in the form of Regge trajectories [89], breaks
down [90]. It is however debatable how to interpret Regge trajectories in the light spectrum, since they
work for the majority of the spectrum; see e.g. Ref. [91]. Finding a coherent picture for light mesons
is challenging; a possibility is that quark and antiquark are dynamically dressed by gluons and the
Goldstone modes of the chiral quark condensate. In any case, light quarks move at relativistic velocities
and can therefore not act as static sources of potentials. Moreover would light-particle creation and
annihilation effects disturb the propagation of gluonic fields, such that a flux-tube would dissolve well
within a hadron’s interior.

If the simple constituent quark picture of light mesons does not hold true, which impact does it
have on baryons? In the constituent quark plus flux-tube picture, baryons may be bound by a Y-shaped
flux-tube as shown in Fig. 1.7(a). The illustration also shows a static diquark, a coloured, but confined
qq constituent for which evidence has been found in lattice QCD simulations [92, 93].

1Gell-Mann’s totalitarian principle states: “Everything not forbidden is compulsory.”, i.e. models are expected to mix. Such
hybrid models are e.g. currently discussed for the X(3872) [84] or the Roper resonance [85].
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Figure 1.7: Illustration of baryons composed of a static diquark and a single quark (a) and an entangled set of dynamic
diquarks (b) in the fashion of Borromean rings. Diquarks are continuously broken up and recreated, and so contributing
to binding. The colour scheme of Fig. 1.6 is adopted.

The static diquark is shown to distinguish it from a modern notion of dynamic diquarks, which are
to be seen as extended objects with internal structure [94]. Recently the picture of the nucleon as a
Borromean bound-state (cf. Fig. 1.7(b)) has been proposed [95]. Whichever picture prevails in the end,
it has to be embedded into the searched for framework linking to the Yang-Mills sector of QCD.

In that regard, tetraquarks and pentaquarks with both, heavy and light constituents bridge the gap
between effective theories of the charmonium regime and the approaches to nonperturbative continuum
QCD. For instance, diquark correlations and flux tubes both play a key role in a picture in which exotic
hadrons are described as composed of dynamically produced diquarks [96, 97]. It seems natural that
such a model predicts a different production cross-section compared to a molecular picture. Can such
models be used to explain why resonances like the Z.(3900)" — J/3)nt [98] or the Z.(4055)" —
YP(2S)nt™ [99] were only be observed in eTe™ production and not in b decays, where they should have
been seen in high statistics analyses of B® — J/p K~n+ [79] or B® — p(2S)K~n* [100]? Will the pr
pentaquarks be seen in the proposed photoproduction experiment at JLab [101]?

The main points are briefly summarised. Exotic hadrons allow to study the effective degrees of free-
dom in hadrons from a new perspective. This will in first instance lead to a better effective description
of the hadronic spectrum and consequently QCD. This is desirable by itself, since understanding QCD
effects often limits measurements in which they are a nuisance. The more fundamental points, such as
confinement and DCSB, can however only be addressed with advances in the non-perturbative regime
of QCD from theoretical side. A better understanding of this regime, and eventually the link to the pure
Yang-Mills sector, might be gained from effective models. From the experimental side, it is thus