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Abstract

Title: Study of the KK S-wave amplitude near threshold in the Dt — K~K+tK*
decay

The description of scalar mesons has been a persistent challenge in the field of light meson
spectroscopy over the past several decades. Notably, the investigation of scalar states, such
as the f,(980), has been of significant interest due to the limited understanding of their
properties. Amid these ongoing challenges, the study of three-body decays of charmed
mesons, employing Dalitz plot analysis, has emerged as a valuable tool for probing the
nature of these states.

Within this context, the doubly-Cabibbo suppressed decay D™ — K~ K+t K™ stands out
as a promising channel for conducting investigations at LHCb. This decay process offers a
unique opportunity to gain insights into the KX S-wave amplitude, a fundamental compo-
nent in determining branching fractions and couplings of scalar states to their final decay
products. Additionally, this amplitude holds relevance for measurements of C'P violation
in Bs meson decays.

The primary objective of this thesis is to explore the KK S-wave amplitude in the
Dt — K~KTKT" decay channel. The data employed in this study were collected using
the LHCb detector during the period spanning from 2016 to 2018, from proton-proton col-
lisions. This dataset corresponds to an integrated luminosity of 5.6 fb~! and was acquired
at a center-of-mass energy of 13 TeV.

Keywords: KK S-wave amplitude, scalar mesons, three-body decay, charmed mesons,
Dalitz plot, LHCb experiment, phenomenology



Resumen

Titulo: Estudio de la amplitud de la onda S en el sistema KK cerca del umbral en la
desintegraciéon D" — K- KTK™

La descripcién de mesones escalares ha sido uno de los desafios abiertos en espectro-
scopia de mesones ligeros en las ultimas decadas. En particular, el estudio de estados
escalares, tales como el f,(980), ha sido de gran interés dado el poco entendimiento que se
tiene sobre estos. En este contexto, las desintegraciones a tres cuerpos de mesones encanta-
dos, estudiados mediante el uso de los denominados analisis de los diagramas de Dalitz, se
han presentado como excelentes laboratorios para examinar la naturaleza de esos estados.
Un canal prometedor para realizar aquellas investigaciones en el LHCb es la desintegracion
DT — K~KTK™, la cual puede proveer informacién valiosa sobre la amplitud de la onda
S en el sistema K K. Esta amplitud es crucial para la estimacién de las fracciones de desin-
tegracion y de los acoplamientos de los estados escalares a los estados finales, y también es
de interés para las medidas de violacion de C'P en desintegraciones de mesones Bs.

Esta tesis tiene por objetivo el estudio de la amplitud de la onda S del sistema KK en
la desintegracién Dt — K~ KTK™. Los datos usados fueron medidos por el experimento
LHCb desde 2016 hasta 2018 en colisiones pp a una energia del centro de masa de /s = 13
TeV correspondiente a una luminosidad integrada de 5.6 fb™.

Palabras clave: Onda S en el sistema I K, mesones escalares, desintegracion a tres
cuerpos, mesones encantados, diagrama de Dalitz, experimento LHCb, fenomenologia
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Introduction

Nonleptonic weak decays of charmed mesons are excellent laboratories to study light meson
spectroscopy. In particular, the decays oD mesons into three hadrons exhibit a rich
resonant structure at low energies, belo® GeV, where such resonance states appear as
intermediate quasi-two-body processes [1]. In consequence, these decays are valuable for
the investigation of Quantum Chromodynamics (QCD) in this poorly understood regime,
and they can help to solve some of the open puzzles related to the parameters and the
internal structure of scalar mesons. Moreover, the current availability of large sets of high
quality data from experiments such as LHCbBaBar , Belle Il, BES Ill, among others, are

an additional motivation to examine the three-body decays ob mesons into kaons and
pions [1, 2].

A promising channel for the study of scalar mesons is the doubly-Cabibbo suppressed
decayD* | K K*K™, where those states emerge in th K two-body systent. This
decay can occur through a tree-level diagram, with the! dus transition, and also through
an annihilation diagram, as shown in Figure 1.1. Th&®* ! K K*K* decay has been
examined in the recent years both experimentally, where Charge-ParityCP) violation
searches and Dalitz plot analysis have been performed; and theoretically, where there are
e orts towards a description from rst principles [1 3]. It is important to point out that
these have been the rst studies for thé&K K S-wave? amplitude using aD* (cd) decay, since
all of the previous investigations had been performed usim(cu) and D] (cs) decays [4 7].
Thus, there was a lack of investigation of thisS-wave amplitude with the avour of the
D*.

Figure 1.1: Tree (left) and annihilation (right) diagrams for the resonant decays of
D! K K*K™*™ nal state.

In the latest results presented by the LHCb collaboration for theD* | K K*K*
decay, a signi cant contribution of the S-wave amplitude to the total decay amplitudeM
was estimated [1]. More precisely, a model consisting of three intermediate components:
(1020K *, fo(980)K ™ and f4(1370K *, was found to successfully describe the data. Also
models involving the ag(980)K * and non-resonant contributions were considered [1]. In

1Charge conjugate decay is implicit throughout this dissertation.
2S-wave means scalar resonance (with spis 0).
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addition, the interference between the (1020K * and the K K S-wave amplitudes was ob-
served and, in consequence, it was possible to measure for the rst time the phase variation
of the resonances in this channel, which in turn provide the strong phase di erence.

The analysis of theK K S-wave amplitude is required for the measurements of the
branching fractions and the couplings of the scalar mesons to the dierent nal states.
Moreover, the understanding of this amplitude is also of great interest for the measurement
of CP violation in Bg oscillations usingBs ! J=  decays [8, 9]. This thesis presents
results for the KK S-wave amplitude in theD* ! K K*K™*™ decay with data collected
by the LHCb detector, from 2016 to 2018, in proton-proton collisions, corresponding to an
integrated luminosity of 5:6 fbo ! at a centre-of-mass energy df3 TeV.

1.1 Outline

This thesis is organized as follows: Chapter 2 presents a review of the Dalitz plot technique
in hadron spectroscopy. The essential concepts needed to understand how Dalitz plots can
be used to extract information about the underlying dynamics of three-body decays are
discussed, with theD* | K K*K* decay used as an example throughout the chapter.

Chapter 3 provides an overview of thd.arge Hadron Collider (LHC) and the Large
Hadron Collider beauty(LHCb) experiment. The various subdetectors are explained, along
with the data acquisition system. At the end of the chapter, the key variables relevant to
the subsequent analysis are de ned.

Chapter 4 presents details on the data and simulated samples used, along with the
selection procedure employed to increase the number of sighbdl ! K K™K * candidates.
Speci cally, it outlines the criteria used to reduce various speci ¢ backgrounds, as well as
the multi-variate analysis performed to decrease the combinatorial background. The Dalitz
plot of the nal D* ! K K*K™*™ data sample is presented, along with the e ciency
variations and the background model.

Chapter 5 outlines the Dalitz plot t procedure and the various signal models used to
describe the dynamics in the data within the framework of the isobar formalism. In these
models, dierent potential S-wave components are tested, and the quality of the ts is
evaluated. Finally, the results of the Dalitz plot ts and its phenomenology are discussed.

The conclusions of this dissertation are presented in Chapter 6, with additional infor-
mation relevant to the analysis provided in the Appendices.



Dalitz plots in hadron spectroscopy

The aim of this chapter is to provide a comprehensive overview of the Dalitz plot technique
and its application in the eld of hadron spectroscopy. The primary focus is on extracting
information related to the dynamics of three-body decays. The underlying kinematics will
be also brie y discussed.

Furthermore, the chapter will delve into some of the methods, relevant to this thesis,
that are employed to describe the resonant structures observed in Dalitz plots. Throughout
the chapter, theD* ! K K*™K™ decay will be used as an illustrative example.

2.1 Introduction to Dalitz plots

Dalitz plots (DP), named after Richard Dalitz, who rstly proposed them to study the
decayK* ! * * in Ref. [10], provide a two-dimensional representation of three-body
decays. To be precise, when considering the decay of a partXlénto a nal-state composed
of three particlesabg as depicted in Fig. 2.1, the DP's coordinate axes correspond to the
squared invariant masses of two out of the three possible particle pairab( ac and bg,
which are de ned as follows:

Sap  (Pat Po)* = M3y

Sec (Pat Po)® = M (2.1)

Soc  (Po+ Pe)? = mgc:

Here, p; represents the four-momentum of theé-th particle! [11, 12]. For illustrative pur-
poses,sa, and s, will be used as the axes in the following explanations.

Figure 2.1: Representation of a three-body decayX ! abc

The region in the sy, S5c coordinate plane associated with a three-body decay, deduced
through conservation laws, can be mathematically described as the collection of pairs that
satisfy the condition:

In this context, i 2 fa;b; @
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