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Abstract

This work proposes a method to measure the photon polarisation in BT — K+tr—xt

Y
decays and prepares the necessary elements for this measurement using the data sets
collected by the LHCb experiment at CERN in 2011, 2012, 2016 and 2017.

In the Standard Model of particle physics, the photon emitted in b — sy transitions is
predicted to be mostly left-handed. Additional couplings that enhance the right-handed
photon component could be introduced by some new physics models. A direct and precise
experimental test of the photon handedness is still missing. Thanks to the interference
between various hadronic resonances in the K7~ 7" system, BT — K™n 7"~ decays
give access to a photon polarisation parameter )., which is predicted to be +1 in the
Standard Model up to small corrections of the order of m?/m?. The value of this
parameter has never been measured in these decays and could help constrain new physics
effects.

This thesis presents a method to measure the photon polarisation parameter using a
Ty
decays. The performed studies demonstrate that, in the ideal case of a background-free

complex amplitude analysis in the five-dimensional phase-space of BT — Ktn ™7

sample without distortions due to experimental effects, and ignoring the differences
between non-factorisable hadronic parameters between the resonances in the Kn~ 7"
system, this amplitude analysis allows the measurement of the photon polarisation with a
statistical uncertainty of around 0.018 with a sample of 14000 BT — K7~ 7~ decays,
corresponding to the signal statistics for LHCb in 2011 and 2012.

The second part of this work consists in the selection and mass fit of BT — KTr 7ty
decay candidates using a total of 6.6 fb~! of data collected by LHCb at centre-of-mass
energies of 7, 8 and 13 TeV, in order to prepare for an amplitude analysis of these decays.
After the selection and mass fit, a total of 47 449 + 321 signal candidates are found, and
a background-subtraction method is applied in order to obtain signal-like data sets that
will be used in the amplitude fit.

A roadmap for the amplitude analysis of BT — K7~ 7"~ decays using LHCb data is
also presented, and the main sources of systematic uncertainties that are expected to
affect the measurement of A\, are described, as well as suggested methods to evaluate
them. Finally, the sensitivity of the measurement in the presence of background is
evaluated and the resulting uncertainty on A, is of the order of 0.028, indicating good
prospects for the future amplitude analysis.



Keywords: LHC, LHCb, particle physics, flavour physics, amplitude analysis, radiative
decays, photon polarisation.

vi



Resume

Ce travail propose une méthode pour mesurer la polarisation du photon dans les désinté-
grations BT — K7~ 7m"~ et met en place les éléments nécessaires & une telle mesure sur
les données prises par le détecteur LHCb au CERN en 2011, 2012, 2016 et 2017.

Le Modele Standard de la physique des particules prédit que les photon émis dans la
transition b — sy sont principalement gauchers. Cependant, certains modeéles de nouvelle
physique pourraient introduire de nouveaux couplages et augmenter la proportion de
photons droitiers. A ce jour, il n’existe pas de test experimental direct et précis sur la chi-
ralité de ces photons. Grace aux interférences entre les différents modes de désintégration
qui contribuent & I’état final K7~ 7", les désintégrations BT — K Tn~ 7"~ permettent
d’accéder & un parametre de polarisation du photon noté A, dont la valeur est +1 (&
quelques corrections de Pordre de m?2/mj prés) dans le cadre du Modéle Standard. La
valeur de ce parameétre n’a jamais été mesurée et pourrait permettre de contraindre les
modeles de nouvelle physique.

Dans cette these, une méthode permettant de mesurer la polarisation du photon grace
a une analyse d’amplitude utilisant les cinq dimensions de ’espace de phase des dés-
intégrations BT — K7~ 7n Ty est présentée. Les études effectuées avec cette méthode
montrent que dans le cas idéal d’échantillons sans bruits de fond et sans distorsions
inhérentes au détecteur, et en négligeant les différences entre les parametres hadroniques
non factorisables des résonances du systéme K7~ 7T, I'analyse d’amplitude permet de
mesurer la polarisation du photon avec une incertitude statistique d’environ 0,018 sur
un échantillon de 14 000 désintégrations BT — K7~ 7"+ qui correspondent au signal
observé & LHCb en 2011 et 2012.

La seconde partie de ce travail consiste a préparer ’analyse d’amplitude des désintégrations
BT — KTn~ 7" en développant la sélection et le fit de masse sur les candidats de signal
dans les 6,6 fb™! de données enregistrées par LHCb & des énergies dans le centre de
masse de 7, 8 et 13 TeV. A lissue de cette étape, 47449 + 321 candidats ont été identifiés,
et une méthode de soustraction de bruit de fond est appliquée afin d’obtenir un set de
données équivalent & un échantillon de signal pur en vue de 'analyse d’amplitude.

Un plan du déroulement de cette future analyse de données est présenté, et les principales
sources d’incertitude systématique affectant la mesure de A, sont décrites, ainsi que
les méthodes proposées pour évaluer ces incertitudes. Enfin, la sensibilité de la mesure
qui pourrait étre obtenue en présence de bruits de fond est évaluée, et il en résulte une
incertitude sur la valeur de A, de 'ordre de 0,028, ce qui ouvre de belles perspectives
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pour l'analyse d’amplitude & venir.

Mots clés : LHC, LHCb, physique des particules, physique des saveurs, analyse d’am-
plitude, désintégrations radiatives, polarisation du photon.

viii



Acknowledgements

First of all, I am immensely grateful to my thesis director Olivier Schneider for his
patience and dedication, and for the time he spent on this analysis despite his countless
other commitments. All along these five years, he gave me his support while granting
me complete freedom to organize my research. His rigorous mind, his well balanced
leadership and his deep respect for people — students, collaborators and colleagues alike
— have been truly inspiring.

My thanks extend to Fred Blanc, who helped a lot in the writing process and has always
been keen on discussing every aspect of the analysis. He provided me with wise advice
and always made me feel comfortable in this lab. I also had a great time being a tutor
in his course of General Physics, and I learnt a lot from his (very appreciated) way of
teaching.

I am grateful to Tatsuya Nakada, Aurelio Bay and Guido Haefeli for giving me the
opportunity to work at the High Energy Physics Laboratory (LPHE), first as a summer
student and then as a PhD student.

I would like to thank Olivier Deschamps, Sébastien Descotes-Genon, Mauro Donega and
Fabrizio Carbone for accepting to be part of the jury, for their sharp comments about
the thesis and for being so responsive when it came to organise one of the first online
thesis defenses at EPFL. It felt good to forget about the COVID-19 crisis for a moment
and to dive deep into the majestic waters of particle physics...

I also thank Emi Kou and Borys Knysh for the comparisons between generators and
fitters and the discussions about the phenomenology of B* — KTr~ 7"~ decays.

An interesting coincidence brought me to LPHE at the same time as Karim Trabelsi, as
he was taking a little break between Belle and Belle II. Instead, he had to deal with a
Bellée. On my side, I was provided with a very demanding Master thesis advisor and
a relentless mentor. I will never forget the joke about the student, the post-doc and
the professor who find a genie in a bottle while walking on a beach (though I seriously
wonder what they were doing there in the first place). And you were right, physics is a
fight.

Working with Albert Puig on a short project during my Master’s degree at EPFL was a
game changer, and not just because he came one day with the concept of a new recipe
called “ceuf brouillard”. He introduced me to the analysis of radiative decays, to the
Starterkit workshops which I ended up organizing, and he played a significant role in

ix



Acknowledgements

my decision to stay in Lausanne for my PhD thesis. Thank you so much for all the
opportunities you gave me.

I have had the great pleasure to be paired with Preema Pais to conduct this research
work, and I am deeply grateful for her help and guidance in professional as well as
personal matters, even when she was swamped with her responsibilities at CERN. I
will keep a very sweet memory of our whisky tastings, of our trip to Mexico and of the
crunchy grilled insects that ended up in our plates by accident. Maria Vieites Diaz also
deserve warm thanks. On top of being smart and fun colleagues, Preema and her are
simply good persons. Working, bouldering or having a brunch together has always been
awesome.

Thanks also to Giovanni Veneziano, whom I witnessed finishing his own PhD thesis. He
told me to run away. But as I'm French, I didn’t listen.

Warm thanks go to Marie Bachmayer for being an incredible team mate and for managing
to stay super relaxed in every situation.

I would like to express special thanks to Julian Wishahi for his precious support when
we were working on the SciFi simulation, for the photography tips, the philosophical
discussions and for all the fun we had during the shifts in the LHCb control room.

I also wish to thank the colleagues who were unlucky enough to have to share the office
with me: Matthieu Marinangelli, Pavol Stefko, Veronica Kirsebom and Sebastian Schulte.
Being around you guaranteed a new surprise everyday.

I would like to express my deepest gratitude to Esther Hoffmann, Erika Liithi and
Corinne Craman for being the heart and soul of this lab and for always providing me
with valuable assistance, even when I was dealing with some very subtle administrative
loopholes. I'm impressed by your professionalism, but also by the effort and skill you
bring to the organization of most of the social events that make us a real team.

All my colleagues at LPHE have also brought their own contribution to the nice atmo-
sphere that makes this place unique. The birthday and candidacy cakes, the public thesis
defenses, the ski outings, the BSP barbecues, the mythical “sorties fromage”, and the
Christmas dinners are some of the events that traditionally bind us together, but we
added many more with the Cully Jazz Festival, the improv’ show, the Caves Ouvertes,
the Friday beers at Satellite or Zelig, the PhD & Post-doc lunches, the concerts with the
“Who cares?” (the best music band in the world), the awesome dinners and parties at
home, the board games and Soccer Physics challenges, the climbing and running, the
bouldering at Cube and Totem... And I'm sure I'm forgetting a hundred other occasions
in which we had fun together and found ourselves in the most absurd situations. I thank
you all for this.

I would also like to thank my former colleagues Rita, Vincenzo, Zhirui and Jessica for
the good moments we spent together inside and outside of the lab.

Thanks to my inspiring CERN colleagues from LHCb and CMS: Carla, Paula, Chris,
Giovanni, Daniel and Daniela.

My friend Chiara has shared all the joy and pain with me since our first day in Lausanne.



Acknowledgements

I am glad we could support each other and I knew I could always count on you.

Mes colocataires du “33”, Marine, Julien, Céline, David, Léonore, Anaélle, Anne-
Charlotte, Timo, Erik, Joséphine et Robin méritent aussi de chaleureux remerciements
pour les bons repas partagés et les Mardi Pardi.

Merci & Augustin pour les ramen et les voyages en train depuis Geneve.

Merci & mes amis du lycée, et en particulier a Hélene, Marine, Maxime et Mélina, pour
avoir su garder le contact.

Merci aux fous du 2A et de I'Ecole Centrale : Sophie, Alexandre, Antoine et Solange.
Merci a Mohammad, Ghafoor et Sediqa, dont le courage restera toujours une source
d’inspiration.

J’éprouve une reconnaissance toute particuliere a 1’égard de Frédéric Bruneau, extraordi-
naire prof de classe préparatoire & ’humour décapant qui a cru en moi dans une période
difficile, qui m’a poussée au dela de ce que je pensais réalisable et qui m’a transmis le
virus de la physique des particules.

Merci aux nombreux membres de mes familles, celles de sang et celles de coeur (les unes
n’excluant pas les autres), qui se sont inquiétés pour moi, qui m’ont fait rire, qui m’ont
soutenue et ont été aux petits soins. Citer tous vos noms aurait probablement rempli un
chapitre entier de cette these, aussi vais-je devoir les garder pour moi, mais cela n’atténue
en rien ma gratitude a votre égard.

Merci & mon pére, amoureux de montagnes, de physique et de métaphysique, pour ne
s’étre jamais lassé de ma curiosité insatiable.

Merci a ma meére, femme de science et sportive invétérée, pour m’avoir appris ’obstination
et I'indépendence.

Merci a ma sceur adorée pour étre restée si proche de moi, méme en étant au loin.

Il n’y a pas de mot assez doux et assez intense pour exprimer & lan I’ampleur de la
plénitude que j’éprouve quand je pense aux quelques huit années que nous avons passées
ensemble. Alors, tout simplement, merci a toi. Pour étre toi.

Lausanne, Février 2020 Violaine

Xi



Contents

Abstract (English/Francais) v
Acknowledgements ix
Introduction 1
1 Photon polarisation in the Standard Model and beyond 3
1.1 The Standard Model of particle physics . . . .. ... ... ... ..... 4
1.1.1 Fields and interactions of the Standard Model . . . . . . . . . . .. 4

1.1.2  Flavour structure and CKM matrix . . ... ... ... ... ... 9

1.1.3 Flavour puzzle and limitations of the Standard Model . . . . . . . 11

1.2 Radiative b decays as a probe for New Physics . . . ... ... ... ... 14
1.2.1 Effective hamiltonian for the b — s7v transition . . . ... ... .. 16

1.2.2  Different ways to measure Crand C% . . . . . .. .. ... ... .. 17

1.3 The photon polarisation in B — K77y decays . . . .. ... ... .... 21

1.4 Previous studies of BT — KTr 7wty decays . . . . .. .. ... .. .... 26
1.4.1 Measurement of the up-down asymmetry . . ... ... ... ... 27

1.4.2 Knowledge of the K7m system . . . . ... ... ... ... .... 29

1.4.3 Limits of the up-down asymmetry measurement . . . . . . . .. .. 33

2 Proof-of-concept for the measurement of the photon polarisation us-

ing an amplitude analysis 35
2.1 Formalism . . . . . .. . e 35
2.1.1  Description of the strong decay processes . . . . ... ... . ... 37
2.1.2  Description of the weak decay process . . . . ... ... ... ... 40
2.1.3 Spin factors for the full decay chains . . . . . . . ... .. ... .. 41
2.1.4 Lineshapes . . . . . . . . . . . e 42
2.2 Generator validation . . . . . . . .. ... 43
2.3 Method for an amplitude fit . . . . . . ... ... L0 43
2.3.1 Probability distribution function . . . . ... ... ... ... ... 44
2.3.2 Treatment of B* and B~ decays . . . . . ... ... ... ..... 45
2.3.3 Numerical integration . . . . .. .. .. ... ... ... .. ... 46
2.4 Sensitivity studies . . . . .. L 46
2.4.1 Proof of concept with simplified models . . . . . ... .. ... .. 46

xii



Contents

2.4.2 Prospects using realisticmodels . . . . . ... ... ... ... 50
2.4.3 Implications of a measurement of A\, . . . .. ... ... ... ... 55
2.4.4 Conclusions, limits and foreseen improvements . . .. ... .. .. 58

3 Experimental setup 61
3.1 The CERN LHC . . .. .. .. .. e 61
3.2 The LHCb detector . . . . . . . . . . . . .. 62
3.3 The tracking system . . . . . .. . L oL Lo 64
3.3.1 The Vertex Locator (VELO) . . . ... ... .. ... ....... 65
3.3.2 Thedipolemagnet . . . . .. .. ... ... ... ... 66
3.3.3 Thesilicon tracker . . . . .. ... oL 66
3.3.4 Theouter tracker . . . . . . . ... ... L 68
3.3.5 Track reconstruction . . . . . . ... ... L oL 69

3.4 The particle identification system . . . . . . .. .. ... Lo 71
3.4.1 The Ring Imaging Cherenkov detectors . . . . .. ... ... ... 71
3.4.2 The calorimeter system . . . .. ... ... ... ... ... .. 72
3.4.3 Themuon system . . .. .. .. ... .. ... .. .. ... ... 74
3.4.4 Particle identification . . . . .. ... ... ... L. 75

3.5 The LHCb trigger . . . . . . . . . . . 7
3.5.1 Run ltrigger . . . . . .. . . L 78
3.5.2 Run2trigger . . . . . .. . L 80

3.6 The LHCb software . . . . . . . . . . .. ... . . . 80
3.7 Datasamples . . . . . . ... 81
3.8 The detector upgrade . . . . . . ... L 81
4 Signal selection and mass fit 85
4.1 Data and simulation samples . . . . . ... ... oo 85
4.2  General strategy of the event selection . . . . . .. ... ... ... ..., 86
4.3 Trigger selection . . . . . . . .. 87
4.4 Stripping selection . . . . ... L 88
4.5 Offline selection . . . . . . . . . .. 90
4.5.1 Cut-based pre-selection . . . ... ... ... ... ... ... ... 90
4.5.2  Multivariate selection against combinatorial background . . . . . . 91

4.6 Signal and background studies . . . . ... ... ... L. 99
4.6.1 Signalmodel . . . .. .. oo 99
4.6.2 Double mis-identification of same-sign K and = . . . . . . .. ... 101
4.6.3 Specific background studies . . . . . .. ... 101
4.6.4 Generic background models . . . . . .. ... oL 107

4.7 Massfit . . . .. 109
4.7.1 Description of the fit . . . . . .. ... ... ... . 109
472 Results . . . .. o 111

4.8 Background subtraction . . . .. ... ... o oL 111
4.8.1 sPlot technique . . . . . . . .. ... ... .. o 111



Contents

4.8.2 Description of the fit . . . . . . .. .. ... oL 114

483 Results . ... . .. e 115

5 Towards an amplitude analysis of BT — KTn~nT~ decays 119
5.1 A roadmap for the measurement of the photon polarisation in Bt —

KtrmnTydecays. . . o o o oo i 119

5.2 Momentum resolution . . . . . . . ... ... 120

5.3 Background subtraction in the fit function . . . . . ... ... 122

5.4 Monte Carlo integration samples . . . . . . . . .. .. ... ... ..... 123

5.5 Improvements to the signal model . . . . .. ... ... ... 123

5.6 Nominal model construction . . . . . . . . .. ... 125

5.6.1 Fit quality assessment . . . . .. .. ... L 125

5.6.2 Model building . . . . . .. ... 126

5.7 Sensitivity including the background subtraction . . . . ... ... .. .. 127

5.8 Systematic uncertainties . . . . . . . . ... ... oL o 129

5.8.1 Uncertainties from the Bmass fit. . . . . . . ... ... ... ... 129

5.8.2 Uncertainties from the amplitude model . . . . . . ... ... ... 130

5.8.3  Uncertainties from the size of the MC integration sample . . . . . 130

5.8.4 Uncertainties from the resolution on the momenta . . .. .. ... 131

5.9 Cross-checks . . . . . . ... 131

5.9.1 Comparing background subtraction and upper side of the signal peak131

5.9.2 Fit separately Bt and B~ . . . . . ... ... ... ... ...... 132

5.9.3 Fit separately the data-taking years and magnet polarities . . . . . 132

594 Fitinbinsofthe Kmmrmass. . . . . . ... ... ... ....... 132

6 Conclusion 133

References . . . . . . . . . L 135

Curriculum Vitae 143

Xiv



Introduction

Our current understanding of the fundamental constituents of matter and of their
interactions is described in the Standard Model of particle physics (SM), a mathematical
framework that has been developed throughout the second half of the twentieth century.
While the theoretical construction of the SM was achieved in the late 1970’s, the
experimental proof of the existence of all its pieces took forty more years. In 2012, the
discovery of its last unobserved particle, the Higgs boson [1,2], confirmed the surprising
success of the SM as a predictive theory. Not only has this last component been found to
behave exactly as predicted — its quantum numbers and couplings are found to be mostly
consistent with the SM [3,4] — but no additional fundamental component of matter has
been observed since then.

In spite of this success, intriguing observations, mainly astrophysical, are not explained
by the SM in its current form. In particular, it cannot account for the overwhelming
predominance of matter over antimatter, and some gravitational anomalies seem to point
in the direction of the existence of a new kind of matter, called dark matter, for which
the SM does not provide any candidate.

As of today, the SM is still subject to rigorous testing in particle colliders in order to pin
down its possible flaws and understand which sectors of particle physics may need a new
theoretical description. If new physics is present, it is already severely constrained by
all the measurements that have been performed up to now. Therefore, it is expected to
manifest itself in processes that are either rare or forbidden in the SM. A class of such
processes consists of the b — s transitions, where a beauty (b) quark decays to a strange
(s) quark and a photon (). These flavour-changing neutral currents are rare in the
SM, with branching ratios of the order of 10~ or below, and provide many observables
sensitive to new physics effects. In particular, the polarisation of the emitted photon,
which is predicted to be mostly left-handed in the SM, could be significantly affected.
Thanks to their four-body final state that enables the construction of observables directly
proportional to the photon polarisation parameter, B* — K7~ 7"~ decays are an ideal
playground to study the polarisation of the photon in b — s transitions. Despite being
rare, these decays are recorded in significant numbers by the LHCb experiment at CERN,
where about 10'? BT mesons have been produced in pp collisions delivered by the Large



Contents

Hadron Collider (LHC) in 2011-2012 (Run 1) and 2015-2018 (Run 2).

This thesis focuses on the phenomenology and data analysis of BT — KT7~ 7"y decays.
The two main achievements of the present work are the development of a method to
measure the photon polarisation using an amplitude analysis of these decays, and the
preparation for such a measurement using data sets collected by the LHCb experiment
in 2011, 2012, 2016 and 2017.

In Chapter 1, the Standard Model of particle physics is presented, followed by a description
of the the theoretical framework used in the description of radiative B meson decays. The
method proposed to measure the photon polarisation in B— K#nmy decays is explained
in Chapter 2. The LHC and the LHCb experiment at CERN, which allow the production
and detection of B meson decays, are described in Chapter 3. The selection of B— Knmy
decays in the data collected at LHCb in Run 1 and Run 2 is presented in Chapter 4,
while the prospects for a measurement of the photon polarisation parameter using LHCb
data are presented in Chapter 5. Finally, conclusions are drawn in Chapter 6.



1 Photon polarisation in the Standard
Model and beyond

If bees can orient themselves and indicate the position of the most delightful flowers
to other bees even in cloudy days, it is because they can detect a property of sunlight
when it crosses the atmosphere: its polarisation [5,6]. The principle of the so-called 3D
movies, which only emulate an impression of depth, is also based on the polarisation of
light. It consists in recording two movies with lenses placed side by side (to reproduce
the difference of point of view between our eyes) and in projecting them simultaneously
on the same screen using two beamers with different light polarisation. The 3D glasses
act as filters that select one polarisation for the left eye and another one for the right eye,
allowing each of them to see the image corresponding to its own point of view, which
can then be interpreted as a single 3D image by our brain.

The polarisation of light is a property of the electromagnetic field carried by light waves.
By convention, it refers to the movements of the electric field in the plane perpendicular
to the direction of propagation of light. In circular polarisations, the field rotates at
constant rate in this plane, either clockwise with respect to an observer placed in front
of the direction of motion, which is referred to as a left-handed circular polarisation, or
anticlockwise, which is called a right-handed circular polarisation, as shown in Fig. 1.1.

In particle physics, the electromagnetic fields are carried by particles of light, the photons.
At this level, the rotation of the field is represented by a vector called spin. A right-handed
photon has its spin along its direction of motion while for a left-handed photon the spin
and direction of motion are opposite. The helicity h of the photon refers to the value of
the projection of the spin vector § onto the direction of motion, h = §- p/|p’|, where p'is
the momentum of the particle. In the case of a photon, the helicity can take only two
values, + h and — h, which in natural units (where the speed of light ¢ and the reduced
Planck constant / are set to 1) translate to +1 for the right-handed photon and —1 for
the left-handed.

In the current efforts to search for new physics phenomena beyond our current description
of particle physics, two main strategies are explored. Direct searches consist in looking
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R) _s.=-+h
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\

Figure 1.1 — Sketch of an electromagnetic wave with right-handed circular polarisation (top left)
and left-handed circular polarisation (bottom left), where the rotating electric field is shown in
red and the direction of motion in green [7]. The equivalent polarisation states for the photon
are shown on the right, with the spin in pink.

for signatures of the decays or interactions of new particles, while in indirect searches the
goal is to measure very precisely the values of some observables that are well predicted by
the Standard Model of particle physics, and to look for deviations that could be explained
by new physics phenomena. The observable chosen in this thesis is the polarisation
of the photons emitted in B™ — KTn~ 7Ty decays, which are expected to be mostly
right-handed in the Standard Model.

In this chapter, an overview of the Standard Model will be given first, as well as a summary
of its limitations that justify the searches for new physics phenomena. Section 1.2 will
show why and how radiative B decays are used as probes for new physics, while Section 1.3
will introduce the BT — K"~ 7"~ decays and the photon polarisation parameter A .

11 The Standard Model of particle physics

121  Fields and interactions of the Standard Model

Overview The Standard Model (SM) is a unified theory that describes the basic
particles of matter (the fermions) and three of their possible interactions:

o the electromagnetic force (responsible for electric current),

o the weak force (involved in the production of energy in the Sun),

o the strong force (that holds the nuclei together).

These interactions are modeled as exchanges of force carriers with spin 1: the gluons for
the strong force, the photon for the electromagnetic force and the Z°, W+ and W~ bosons
for the weak force. The SM also includes the mechanism that gives rise to the masses of

4



11. The Standard Model of particle physics

fermions and Z°, W+ and W~ bosons, which is referred to as the Higgs mechanism and

involves interactions with a spin 0 neutral particle: the Higgs boson.

Contrary to the aforementioned bosons (force carriers and Higgs boson) that are char-
acterized by integer spins, the fermions have a spin of 1/2. They are grouped in three
families, or generations, each of them being a heavier version of the previous one. Most
of the matter on Earth consists of particles from the first family while the two other
generations are basic components of the so-called exotic matter. Each family is made
out of an up-type and a down-type quark with respective electric charges of +2/3 and
—1/3, of a charged lepton (such as the electron in the lightest family) and of a neutrino,
a neutral lepton with an extremely small mass. The fermions and bosons of the SM are
shown in Fig. 1.2. Each particle has an anti-particle counterpart, which has the same
mass and spin but opposite quantum numbers, except for the neutral bosons which are
their own antiparticles.

____Fermions Bosons

Generation: 1St 2nd 3rd

171.2G 2/3 Mass Electric D \
(in eV) charge o % _
c E Color g 5 0 3
o B charge «Q y g ° s
— ® 9 3 s
: charm 1/2 Name Spin 3 % g Q %
= 3| s¢| 8
; 104M (2973 % S f__D'_
) 5 5
* 8 possible
strange 1/2 color chargi
r
(1)
©
o
=
o | 7 B2
neutrino 1/2 Jll neutrino 1/2 )

Figure 1.2 — Summary of the Standard Model particles. Absence of information about colour
charge or electric charge implies that the particle is not affected by the strong or electromagnetic
interaction. All 12 fermions and the W boson also have an antimatter counterpart which has the
same spin and mass, and opposite values of all quantum numbers.

Quarks The quarks are particles of matter affected by all three interactions: strong,
electromagnetic and weak. There are six flavours of quarks: the positively charged are
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the up, charm and top quarks, while the negatively charged are the down, strange and
bottom quarks. The masses of the different flavours cover five orders of magnitudes
between the mass of the down quark, my = 4.8 MeV/c?, and that of the top quark,
my = 173.5 GeV/c?. In addition to their electric charge, quarks carry a colour charge (red,
green or blue) which defines their interaction under the strong force. With the exception
of the top quark, which decays immediately after being produced, quarks are always
found in groups of strongly bound states with zero net colour charge: the hadrons. This
phenomenon is know as colour confinement. The most common hadrons are the baryons,
three-quark systems in which each of the quarks carries a different colour, and the mesons,
quark-antiquark systems where the quark and anti-quark have opposite colour charges
(for example, blue-antiblue). Some well known baryons are the components of the nuclei:
the protons (two up-quarks and one down quark) and the neutrons (two down-quarks and
one up-quark). At particle physics colliders, some very common mesons are the charged
pions 77 and 7~ which are respectively up-antidown and down-antiup quark systems,
and the charged kaons K™ and K~ (respectively up-antistrange and strange-antiup
systems). These are characterized by long lifetimes: 2.6 x 1078 s for the charged pions,
and 1.2 x 1078 s for the charged kaons. Mesons with a b or a ¢ quark such as the Bt
meson (up-antibottom system) are also relatively long-lived, with lifetimes of the order of
10~'2 s which allow them to fly at measurable distances in the detectors before decaying.
This feature enables precise selection and studies, as described in Chapter 3.

Leptons The leptons can be divided into two categories: the charged leptons are
sensitive to the electromagnetic and weak interactions, while the neutral ones, the
neutrinos, interact only through weak interactions, which makes them very difficult to
detect. There are three flavours associated to each of the families: the electron (m. =
511keV/c?) and electronic neutrino for the first family, the muon (m, = 106 MeV/c?)
and muonic neutrino for the second family, and the tau (m, = 1777 MeV/c?) and tauonic
neutrino for the third family.

The neutrinos were originally described without mass in the SM, but the observation of
neutrino oscillations [8,9] indicated that at least two of the neutrino flavours must have a
non-zero mass, though possibly very small. Two types of descriptions could accomodate
neutral massive neutrinos: these particles could be Dirac fermions or Majorana particles.
The first case would imply the conservation of a lepton charge carried by the neutrinos
during their interactions, and would result in the neutrinos and antineutrinos being two
distinct entities characterized with different quantum numbers. If the neutrinos were
Majorana particles, no lepton flavour number would be conserved in the interactions and
the neutrinos and antineutrinos would be exactly the same particle. At the moment, no
experimental data determines which scenario describes the massive neutrinos. However,
current observations indicate that neutrinos of all flavours are produced in a left-handed
state (and the antineutrinos are produced right-handedly), so they are described in the
SM by chiral left-handed fields.

6
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A gauge invariant theory As it deals with phenomena characterized by small
scales and relatively high energies, the SM is a mathematical construction based on both
quantum field theory and special relativity. In this theory, the particles are described
as quantum excitations of fields that are entitled with local degrees of freedom (which
describe the internal properties of the particles) and whose dynamics are obtained by
minimizing the action & = [ Ld*z, where z is a four-vector indicating the space-time
position, and £ is the Lagrangian of the system.

The SM is a gauge-invariant theory, which means that the Lagrangian is required to
be invariant under a Lie Group of local transformations G called gauge transformations.
The transformations are called local because they are dependent on the space-time
coordinate x. A gauge-invariant field theory is entirely defined by its gauge group, and
the generators of the Lie Group are interpreted as the mediators of the interactions
between the fields. In the particular case of the SM, the Lagrangian of the system is
required to be invariant under SU(3). x SU(2)r x U(1)y. SU(3). describes the strong
interaction which is mediated by 8 massless bosons, the gluons, while SU(2); x U(1)y
encodes the electroweak (EW) interaction mediated by the massive W+, W~ and Z
bosons and the massless v boson. The supplementary requirement of Lorentz invariance
implies that all these mediators have spin 1; they are referred to as gauge bosons. All the
particles in the SM are classified according to their quantum numbers which encode their
behaviour under the gauge symmetries. When requiring the Lagrangian to be invariant
under SU(2)r, x U(1)y, the generators of the electroweak interaction arise without mass.
This symmetry needs to be spontaneously broken by the non-zero vacuum expectation of
a scalar field, the Higgs field, in order to add mass terms for the gauge bosons in the
Lagrangian. In turn, new mass terms for the fermions are obtained through interactions
between the Higgs field and the fermionic fields, called Yukawa couplings, which result
in mixing between the different quark flavours (see Sec. 1.1.2).

The strong interaction and SU(3). The gauge field theory that formalizes the
strong interaction linked to SU(3). is referred to as Quantum Chromodynamics (QCD).
It includes the description of the six quarks and the eight kinds of gluons that all carry
a colour charge. The peculiarity of the strong force is that its associated coupling
constant ay is very large at small energy scales and decreases asymptotically at high
energy scales. This phenomenon is called asymptotic freedom and has been proven
analytically within QCD [10,11]. When trying to make predictions for processes governed
by QCD, the fact that oy is small enough in some regimes allows for simplifications in the
computations which can be done perturbatively. However, below a scale Aqcp ~ 250 MeV,
the interactions between quarks and gluons are very strong (colour confinement), and
the dynamics of the system cannot be described in the context of a perturbative theory.
Some results at low energy scales can be obtained theoretically using lattice computations
for example, but most of the time predictions for processes below Aqcp are obtained
using phenomenological models.
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The electroweak interaction and SU(2); X U(1)y The electroweak interac-
tions are described by the spontaneously broken SU(2);, x U(1)y symmetry. The SU(2)
invariance is linked to the conservation of the weak isospin number T3, a quantum number
that describes the behaviour under weak interactions. The most striking aspect of this
symmetry is that it acts differently on the fermionic fields depending on their chirality:
the generators of SU(2) (the W+, W% and W~ bosons) couple only to the fermionic
fields of negative chirality (called left-handed fermions) which have T3 = +1/2, while
the fermionic fields of positive chirality (and antifermionic fields of negative chirality)
are SU(2) singlets (they do not interact through weak interactions) with 75 = 0. The
U(1)y invariance relates to the conservation of the weak hypercharge number Yy and
its generator is the B boson. Under spontaneous symmetry breaking, the number that is
actually conserved in electroweak interactions is the total electric charge (in elementary
charge units) which is given by the sum of the weak hypercharge and the weak isospin
number Q) = T3+ %YW. The interactions with the Higgs field cause the B and W° bosons
to mix, giving rise to the photon and the Z° boson.

Discrete symmetries of the Standard Model of particle physics On top
of the continuous symmetries presented before, the various interactions are characterized
by their behaviour under the three following discrete transformations:

o Time reversal (T') changes the sign of the time coordinate.

o Parity (P) simultaneously changes the sign of the three spatial coordinates. Under
this transformation, fermionic fields change chirality.

o Charge conjugation (C) transforms all particles into their antiparticles.

In the SM, the strong and electromagnetic interactions are invariant under each of these
transformations (they are said to conserve C, P and T' symmetries). However, the weak
interaction violates P maximally (it couples only to left-handed fermions and not to
right-handed fermions). For some time, this interaction was thought to conserve CP,
but small amounts of CP violation were actually observed in weakly interacting kaon
systems [12], B systems [13,14], and more recently in D meson systems [15].

The conservation of CPT however is considered to be a fundamental law of physics and
is implied in all quantum field theories with a Hermitian Hamiltonian (CPT theorem).
One of its most important consequences is that particles and antiparticles must have the
same masses and lifetimes.
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11.2 Flavour structure and CKM matrix

After the introduction of the spontaneous symmetry breaking terms in the SM Lagrangian,
the term describing the weak interactions between the quarks and the W bosons reads

d u
ﬁ:\% (@B, Y WiVoxm | s | +(d,50), Y¥" Wy Vieu | ¢ (1)
b t
L L

Here, g is a coupling constant, v* are Dirac matrices and Vg is the Cabibbo-Kobayashi-
Maskawa (CKM) matrix which by convention transforms the mass eigenstates of the left-
handed down-type quarks (d’, s, ") into the flavour eigenstates (d, s, b) of the electroweak

interaction:
d d Vid Vus Vb d
s =Vokm | ¢ = Vea Ves Ve s’ . (1.2)
b v Via Vis Va v

L L L

The CKM matrix elements V;; connect up-type and down-type quark flavours of the
three families. The transition probability from a quark of flavour ¢ to a quark of flavour
j is given by |V;;]? indicating that flavour-changing transitions can happen through the
exchange of a charged W+ boson.

Making use of the CKM matrix unitarity and of the freedom of choice of the relative
phases in the six quark fields, the number of free parameters of this complex 3 x 3 matrix
is reduced from 18 to 4. A standard exact parametrization of the CKM matrix, called the
Chau-Keung parametrization [16], consists in expressing all the elements as a function of
three real mixing angles 019, 013, 023 and an imaginary phase d,

C12€13 512€13 sige "
Vekm = —512€23 — C12823813€i6 C12€23 — 8125238136“S 523C13 ) (1.3)

1)

. s
512523 — C12C23513€"°  —C12523 — 512€23513€"°  €23C13

where ¢;; = cos0;; and s;; = sin 0;;.

However, in order to highlight the hierarchy of the various elements of the CKM matrix,
the approximate Wolfenstein parametrization [17] is more commonly used. It consists in
expanding the CKM matrix in terms of orders of the parameter A defined by A = sy9.
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Figure 1.3 — Sketch of the relative importance of the various elements of the CKM matrix, where
the area of each square is proportionnal to the square of the corresponding matrix element [18].

The Wolfenstein parametrization of the CKM matrix at order 3 reads

1—)‘72 A i AX3(p — in)
Vekm = -\ -2 AN? + 0\, (1.4)
AN (1 — p—in) —AN? 1

where A, p and 7 are defined by s1o = A, 593 = AN? and s13¢ = AN3(p + in).

The measured values of the parameters are A ~ 0.23, A ~ 0.82, p ~ 0.13 and 1 ~ 0.26.
The expressions of the matrix elements highlight the existence of a hierarchy between
the probabilities of the various transitions, as illustrated on Fig. 1.3. The most probable
transitions are between quarks of the same family, followed by transitions between the
first and second family, between the second and the third family, and finally between the
first and third family.

The unitarity of Vokwum (VCKMVCTKM = 1) translates into six relations between the matrix
elements, amongst which the most relevant is

VudVay + VeaVey + ViaVip = 0. (1.5)

Introducing p and 7 such that

VadViiy
VeaV,

p+in=— (1.6)

Eq. 1.5, divided by V.4V, is that of a triangle in the complex plane (called unitary
triangle) represented in Fig. 1.4. Experiments can measure the angles defined by the

10
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(0,0) (1,0)

Figure 1.4 — The CKM unitary triangle [19].

relations

ViaViy

p— = — 1.7

o ¢2 Vudv,:b ) ( )
VoaVii

= = — e 5 1'8

B = ViV (1.8)
VaudVi,

= = — u . 1'9

Y= ¢3 VeVt (1.9)

The precise measurement of the sides and of the angles of this triangle is a validity test
of the Standard Model, which predicts the shape to be closed. Figure 1.5 shows the most
recent constraints on the unitarity triangle from experimental data and lattice QCD,
which form a consistent set within the SM.

11.3 Flavour puzzle and limitations of the Standard Model

In the flavour sector, the SM is endowed with 13 parameters that are not constrained by
theory (the 6 quark masses, the 3 charged lepton masses and the 4 parameters of the
CKM matrix). This large number of free parameters limits the predictive power of the
SM, and it is all the more intriguing as the relations between the CKM coefficients do
not appear as random. There seems to be a hierarchy between the various elements of
the CKM matrix, and also between the masses of the particles of the three generations,
which is not at all described by the SM. This might be a hint for a more fundamental
theory of which the SM would be an effective theory, i.e. an approximate theory valid
only in a certain range of energies and couplings.

The flavour sector is not the only one with unexplained phenomena. For example,
the Standard Model with its three generations does not provide an explanation for
the observed quantisation of electric charges [21]. Also, from the point of view of the
theory, C'P violation is allowed in strong interactions, whereas there has never been

11
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Figure 1.5 — Combined constraints on the unitary triangle from experimental data, as of 2018 [20].

any evidence of a violation of this symmetry in experimental data [22]. Additionally,
several cosmological observations are not explained by the SM. The first one is the
matter-antimatter asymmetry [23]. Although early universe scenarios predict that matter
and antimatter should have been produced in equal amounts, observations show that
today’s universe is mainly filled with matter while antimatter is very rare. One of the
necessary conditions for a model to explain this asymmetry is to allow for a rather
large amount of CP violation. In the SM, this type of violation happens only in the
weak sector, and it has been measured to be insufficient to explain the disappearance of
antimatter. The second set of observations which is not explained in the SM is referred to
as Dark Matter. Several phenomena, including high rotational velocity of stars around the
galaxies but also spectral studies of the cosmic microwave background and gravitational
lensing studies of the Bullet Cluster seem to indicate that some astrophysical objects
are submitted to an additional gravitational field compatible with matter, but invisible.
None of the particles of the Standard Model is a good candidate to explain Dark Matter,
either because they are not massive enough or because they interact too much with the
other known particles.

12
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For these reasons, hints of new phenomena beyond the Standard Model are actively
looked for in order to feed the development of new theories of particle physics. Recently,
results of lepton-flavour universality tests performed by the Belle, BaBar and LHCb
collaborations have raised a new interest in indirect searches for new physics in the
flavour sector. The goal of these tests is to check the validity of the Standard Model
which predicts lepton universality: the three types of leptons (electronic, muonic and
tauonic) should couple exactly in the same way through electroweak interaction because
the photon, W and Z bosons do not “see” any difference between the three generations.
The studies conducted by the three experiments consist in measuring ratios of decay
rates involving leptons from different families. They have focused on two main kinds of
transitions:

e b — slTl™ transitions are studied using the b-hadron decays H, — Hg "1~ (for
example BT — KT~ or BT — K**I"]~ ). In this case, the observables are

defined as ratios of differential decay rates,

2. dU(Hy — Hoptp™)

dq2
qr2nin dq2
Ry = 1.10
He e dU(H, — Heete ) 7 (1.10)
qr2nin dq2 dq

where ¢? is the dilepton invariant mass squared while ¢2; and ¢, define the
interval chosen for the study.

e b — cl” vy transitions are studied in H, — H.l 7, decays (for example BY —
D**1~ ), where the observables are the ratios of branching fractions:
B(Hb — HCT_DT)

— . 111
R, B(H, — Hlop) (1.11)

The lepton !’ is a muon or an electron in Belle and BaBar measurements, and a
muon in LHCb measurements.

The results of these measurements are summarized in Fig. 1.6, which shows that the
combined values of Rp and Rp+ exceed the SM predictions by 2.3 o and 3 o respectively,
while the LHCb measurements of Rx and Rg~ are in agreement with the predictions at
the level of 2.6 o and 2.1-2.5 ¢ respectively.

Though insufficient yet to determine whether lepton flavour universality is violated,
these tests are very powerful probes for NP because the SM predictions are relatively
clean (most of the theoretical uncertainties cancel in the ratios) and deviations from the
predicted value would be a clear sign of New Physics (NP). However, in order to better
constrain NP effects, the results of these tests are combined with many other observables
in the flavour sector, and another type of decays also provides excellent probes for these

13
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Figure 1.6 — Results of lepton flavour universality tests using b — ¢l~; transitions (top) and
b — sl*l~ transitions (bottom) as of summer 2018 [24].

effects: radiative b decays.

1.2 Radiative b decays as a probe for New Physics

Radiative b decays are flavour-changing neutral currents forbidden at tree level in the
SM. Indeed, while flavour-changing charged transitions (with the exchange of a charged
W boson such as s — uW ™) are allowed in the SM and defined by the CKM matrix, no
term in the SM Lagrangian allows the coupling of quarks of different flavours to a Z
boson. Therefore, flavour-changing neutral transitions can occur only through loops such
as the so-called penguin diagram and boz diagram shown in Fig. 1.7.
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Figure 1.7 — Feynman representation of the penguin diagram of a b — s+ transition (left) and of
the box diagram of a K — pu*pu~ decay (right) [25].

In the present work and in most of the radiative decays studied at LHCb, the main
transition at stake is b — s7v, which is very sensitive to NP effects due to two of its
properties:

o It is rare in the SM. Because of the Glashow—Iliopoulos—Maiani (GIM) mechanism,
the penguin loop shown in Fig. 1.7 is very suppressed. Inside the loop, an up-type
quark (u,c or t) is exchanged, so the amplitude associated with this process is the
sum of three contributions. Using the Feynman rules, each of these contributions
is the product of the CKM matrix elements V;;V;s (where i = u, ¢, t) and of a term
which depends on the mass of the exchanged quark F'(m;). If the masses of the
up-type quarks are degenerate (m, = m. = m;), then the mass term factorizes and
the amplitude of the b — s+ transition is proportional to Zi:u, et VipVis, which is
equal to 0 because of the unitarity of the CKM matrix. The fact that the quark
masses are different (which is especially true in the up-quark sector) allows the
process to exist despite this suppression, and also implies that the main contribution
to b — sy comes from the exchange of a t quark in the loop.

o As the top quark dominates in the loop, this transition is sensitive to physics
at high mass scales. The exchange of a new heavy particle in the electroweak
loop could change the phenomenology of this process with respect to the Standard
Model prediction.

In the b — s transition, the W boson in the loop couples to an s quark of negative
chirality. As a result, the emitted photon is predicted to be almost completely left-
handed in the SM. In some NP models, new couplings with fields of positive chirality
could be introduced and enhance the right-handed photon component. In the minimal
supersymmetric model (MSSM) for example, left-right quark mixing causes a chirality
flip along the gluino line in the electroweak penguin loop [26], while the right-handed
neutrinos of some Grand Unification models could couple to right-handed quarks [27],
causing the emission of right-handed photons. Left-right symmetry models would also
allow a chirality flip of the top quark in the loop, resulting in mixings of right- and
left-handed W bosons and changing the amount of right- and left-handed photons [28-30)].

Because of strong confinement, the quarks involved in the b — s transition hadronize,

15



Chapter 1. Photon polarisation in the Standard Model and beyond

which makes theoretical predictions complicated, especially for the branching ratios
of exclusive decays. From a theoretical point of view, the cleanest observable is the
inclusive B — X4v branching fraction, where X refers to all the hadrons arising from
the hadronization of the s quark. In this case, most of the contributions can be computed
perturbatively [31], allowing for reliable comparisons with experimental results. The
measurements of this branching fraction by BaBar and Belle [32,33] result in strong
constraints on NP scenarios in radiative decays [34], but still leave space for effects
affecting the polarisation of the photon.

1.2 Effective hamiltonian for the b — s+ transition

The constraints on NP obtained through the measurements of various observables are
very often expressed on Wilson coefficients, allowing for combinations of results across
different decays and measured quantities.

These coefficients arise when a full theory is approximated (up to a given energy scale p)
as an effective field theory. The high energy degrees of freedom are integrated out in
some coefficients called Wilson coefficients, and the operators encode only effects below
the chosen energy scale. The effective hamiltonian of b — sy transitions reads [34]

8
Hort = —“jgvtbv;; (Z Cil1)Qi(p) + ZCMQ;(M)) , (1.12)

=1 =7

where G is the Fermi constant linked to the strength of the weak decay process,
Q1-¢ are the SM four-quark operators, and Q(7l) and Qg) are the electromagnetic and
chromomagnetic dipole operators respectively, expressed as

e

le) = 167T2mb(3L(R)UquR(L))FuV (1.13)
and
O = I (s Tobp 1)) G (1.14)
8 167T2mb(5L(R)UNV R(L) : :

The Wilson coefficients C’i(,) (1) indicate the relative importance of the local operators. In
particular, the C7(u) and C%(u) coefficients encode the couplings to left- and right-handed
photons, respectively. In the SM, they are related by

C%, ms
—t=—~0.02. 1.15
i (1.15)

It is then usual to redefine a regularisation- and renormalisation-scheme independent
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C<f(p) coefficient as

6
C5 (1) = Cr(p) + Y wiCil) , (1.16)

i=1

where y = (0,0, —%, —%, —?, —%0) [35]. In the Standard Model, the value of this
coefficient, which encodes the couplings to left-handed photons, is C$(1) = —0.2915 at
a scale p1 = my, = 4.8 GeV [36]. From now on C¢ will be referred to as Cf.

1.2.2 Different ways to measure C; and C}

The very first observation of a non-zero photon polarisation in a radiative b — sy
transition was obtained using B* — K Tn~ 7~ decays recorded by the LHCb experiment
in 2011 and 2012 [37]. It consisted in measuring an observable called the up-down
asymmetry in several bins of the K7~ 7" invariant mass, and concluded that C7 and C%
were different from each other, but no other constraint could be set on these parameters.
The method used in this measurement, described in detail in Sec. 1.4.1, is the base of
the present work.

However, several other methods have provided constraints on the C7 and C% coefficients:

e As pointed out previously, one of the strongest constraints on the Wilson coefficients
comes from the measurement of the inclusive B — X, branching fraction by Belle
and BaBar [32,33]. This observable is proportional to |C7|? + |C4|? and (along with
additional branching fraction measurements of exclusive radiative decays) results
in the constraints indicated in blue in Fig. 1.8.

e Another method consists in exploiting the time-dependent decay rates of BOS —
fepy and B?S) — fopy where feop is a CP eigenstate. They are expressed as [38]

AT (gt AT (ot
—Dgt (s) A (s)
FB?S)—n”cpv(t) xe [cosh( 5 ) — Afsinh( 5 )
+ Crep cos(Amgyt) — Syep sin(Amgt) | (1.17)
ATt AT ()t _
T, s A . (s)
FB&)%fcpv(t) xe Tt [cosh( ) — Af.sinh( )
— CfCP COS(Am(S)t) + SfCP sin(Am(S)t) , (1.18)

where Cy,,, is the direct CP asymmetry, Sy, is the asymmetry associated with
B?S) — B?S) mixing, while Al'(,) and Amy,) are the differences of decay widths and
masses of the mass eigenstates of the B?S) — B?S) system. The dependence on the

Wilson coefficients arises in the AJ%CP and Sy, coefficients which can be expressed
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as

2736[9(@70; + C;c;*)}
A?CP = 2 p‘ 2 112 12 (1-19)
|C712 + |Cr ]2 + |C7 | + | O]
zzm[g(@c; + C*;c;*)}

Siep = = —,
Jer = Ch2 + |Cr2 + |CL2 + [ O

(1.20)

where ¢ and p are the mixing parameters of the B?S) — B?S) system. This technique
has been used with several decays, in particular B? — ¢v decays at LHCb, and
BY — 1Ky decays at Belle and BaBar. As the separation of the BY from the BY
mesons (referred to as flavour-tagging) is very challenging at LHCD, a first analysis
was performed using an untagged technique [39] on Run 1 data: no difference
is made between BY and BY, so the two above decay rates are summed and the
dependence in C7 and C% comes only from Aﬁ, resulting in the constraint shown in
green in Fig. 1.8. The time-dependent tagged analysis has been performed later [40]
using the same data set, and resulted in the first measurements of Sy and Cy, both
compatible with the Standard Model, and in a new measurement of Aﬁ which is
compatible with both the value obtained in the untagged analysis and the SM value.
Time-dependent analyses of B® — 7°K{y and B® — 7%K2v have been performed
by the Belle [41] and BaBar [42] collaborations, leading to the constraint shown in
orange in Fig. 1.8.

Useful constraints on C7 and C% are also obtained by measuring angular distributions
in B — K*%¢te™ decays at low invariant dilepton mass squared ¢? [43]. The flavour
changing transition in this decay is b — seTe™, whose effective hamiltonian receives
contributions from all above mentioned operators, but also from supplementary
local operators Qg) and leg which encode the couplings to leptons,

2

Q5 = 1o smu(r/rbeyr) (71) (1.21)
and
0 _ € -
Qi = m?mb(gL/R'YubL/R)(l'Y“'%l)- (1.22)

However, in the region close to the photon pole (for very small values of ¢2), the
contributions from the Q;,) operators dominate and the angular distributions of
the decay products (KT, 7, e™ and e™) are sensitive to C7 and C%. The decay
can be described in terms of the dilepton invariant mass squared and three angles,
01, O and ¢ as defined in Ref. [43]. The differential decay rate for B® — K*0ete~
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Re(C7YF)

and B? — K*%¢te™ reads

1 d4T +7T) B
d(I' +T)/dg? dg? dcost, dcosOx do
9 3

167[1(1 — FL)sin29K + Fpcos®0x+

1
(4(1 — FL)sin29K — FL00829K> c0s20,+

(1-— FL)ASI?)SiHQQKSiHQQlCOSQQE—F
— 1) AR®sin®0 g cosf;+

(1 — F1,) Asin0 i sin?0;sin2¢)] , (1.23)

N~ T N

where F1, is the longitudinal asymmetry, A%e is proportional to the forward-
backward asymmetry, while AITm and A(T2 ) are related to the Wilson coefficients Cy
and C% by

2 Re(CrCY)

AP (¢ —0)= 2T 1.24

T O ok 1 120
2Im(C7C%)

A2 5 0)= T2 1.25

0= Gp o 129

The four observables have been extracted from a fit of 124 events obtained in Run 1
data in the ¢2 range [0.002,1.120] GeV?/c*. Despite the challenging poor resolution
which affects the photon, this measurement resulted in the best individual constraint
on C7 and C%, indicated in yellow (for A%*) and purple (for A(T2 ), also denoted as

Pp) in Fig. 1.8.
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Figure 1.8 — Constraints on the Wilson coefficients C7 and C% from various measurements (for
which 1o contours are shown), and from a global fit (where constraints at 1o and 20 level are
drawn). CNF and CINF refer to the NP contributions (as opposed to SM) to the C; and C%
coefficients [34].
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In addition to these measurements, other techniques have been proposed:

20

o Two ways of exploiting the B® — KJ7" 7+ decays (depending on the available

number of events) have been proposed in Ref. [44]. The main idea is to exploit the
CP asymmetry in one of the possible decay channels: B — p? K9y, where p? K9
is a CP eigenstate, which means that S KOy relates to the Wilson coefficients as
in Eq. 1.20. The difficulty here is to isolate B — p°K2v from the plethora of
possible decay chains in BY — K97+ 7~ v decays, so two ideas have been proposed
to enable this measurement. The first option, better suited in case of low statistics,
is to measure the time-dependent CP asymmetry of the entire system, & KOn—m+s
by exploiting the time-dependent decay rates of B® — K977~ decays, which can
be written as in Eqgs. 1.17 and 1.18. This asymmetry is expected to be proportional
to S0 KOy with a proportionality coefficient D = S KQp0g /S KOty called dilution
factor. This ratio can then be written as a function of the amplitudes of each of the
decay channels involved in the B — K27 7w~ decays, which allows the evaluation
of this dilution factor separately using the amplitude parameters obtained from an
amplitude analysis of BT — K7~ n"~ decays, assuming isospin conservation.

The other method, suitable for a larger number of events, consists in increasing the
sensitivity of the measurement by performing it in various regions of the Dalitz plane
(mi n K(S),mfr, Kg). A suggested partition includes two regions I and I characterized
by mi KD < mfr, KO and mfr +KQ _< mi, KQ respectively. The corresponding CP
asymmetries are SII(QW*W oy and Ségw,ﬂ . Their sum gives the usual asymmetry
SK0n—r+~, Which yields very similar constraints as S o in the (Re(CNP), Im(CY))
plane (corresponding to the diagonal orange band from bottom left to up right
in Fig. 1.8). A new observable, defined as ‘S‘I_(gf7r+7 = 811<g7r—7r+7 — Sll(gw—ﬁw
has been shown to give complementary sensitivity to the Wilson coefficients, with
a lo contour appearing as a diagonal band from up left to bottom right in the
(Re(CNF), Im(CY)) plane.

The photon polarisation in b — sy transition can also be accessed through the
angular distributions in baryonic decays, as described in Ref. [45]. In the case of
Ag — A%y decays, where A subsequently decays to a proton p and a 7~ , a unit
vector n normal to the Ag production plane is defined as

ﬁp X ﬁAb

n=-—- 0>,
|pp Xp/\b|

(1.26)
where p), is the anticlockwise proton beam direction, and pj, is the Ag momentum.
Then, two angles are introduced: @, is the angle between the A momentum and 7
in the Ag rest frame, while 6, is defined as the angle between the A flight direction
and the momentum of the proton in the A rest frame. The differential decay rate
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expressed as a function of these angles is

dar

—— x 1 —ap Py, cost,cosfp — aAg%on(aAcosﬁ — Py, cos0y), (1.27)
dcosfdcosb), b P 7 P b ’
where P,, is the initial Ag polarisation, ay is the A? weak decay parameter and

AV — A0 | . . . .
avb% 7 is the photon polarisation in Ag — A% decays. For a generic H, — H~y

decay where Hy is a hadron containing a b quark and H is a hadronic system, the

—H~ .

photon polarisation oz{,{ b is defined as

U(Hy, —» Hy,) —T'(Hy — Hyr)
U(H, — Hy) +T(Hy, — Hyr)

afl Y = (1.28)

In the specific case of Ag — A% decays where AY is a well defined resonance,
A)—AO . .
ozfyb_> 7 depends on the Wilson coefficients as
Ag—A%y |7 — |G

= — 1.2
‘” CrE T [CL2 (1.29)

Here, the knowledge of ap, measured independently [46], would allow the extraction

AV A0 .
of Py, and 047”—> 7 through an angular analysis.

Another baryonic decay that can be exploited is E,” — =7 v, where =~ — A7~
and A — pr~. Due to the cascade of decays, the angular distributions for this
decay are more complicated (details can be found in Ref. [45]), but it has been
demonstrated that an angular analysis is sensitive to the initial ;" polarisation

P=, and to the parameter as;—E*'y’ which also has the dependency in C7 and C%
indicated in Eq. 1.28 for a single =~ resonance.

In the present work, a new method to measure the photon polarisation using an amplitude

analysis of BT — K7~ 7T~ decays is presented and will be developed in the next section.

1.3 The photon polarisation in B — K7wmy decays

B — Knry decays give a handle on photon chirality thanks to the presence of three

hadrons in the final state. This makes it possible to build a parity-odd triple product that

changes sign when the photon chirality is flipped. Furthermore, and very importantly,

the existence of interferences in the hadronic system allows this triple-product not to

cancel in the differential decay rate.

Four types of B — Knny decays are discussed here:

e« BT Ktnnty
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e B~ K% —nTy (isospin partner of BT — KTn~7t7)
e BY— Ktr nly

e Bt — K% tr% (isospin partner of B® — K+t7~70~)

All these decays are assumed to proceed through two consecutive steps. First, the B

meson decays weakly into a heavy kaonic resonance K/, followed by the strong decay

es)?

K. — Knr. The phenomenology of B — Krmy decays is very complicated as many

heavy kaonic resonances K

L are accessible and characterized by different values of

spin J; and parity F;, which can interfere with each other. Some of the known heavy
resonances include K;(1270) with spin-parity J© = 17, K7(1410) with J© = 17, and
K5(1430) with JP = 27+,

All integer values of J are allowed except J = 0, which is forbidden because of the
conservation of angular momentum. In the rest frame of the B with the z axis opposite
to the photon direction, the two children particles have opposite momenta, p,, = —pk,...
Therefore, the total angular momentum of the two particles L = Ty X Py 4 TKyes X DKo
(where 77, and 7k, are the position vectors) can be written L= (Ty — TKyes ) X Dy, Which
implies that Lis orthogonal to p., and the projection of L on the z axis is zero. Using
the fact that the B meson has spin 0, the conservation of angular momentum projected
on the z axis then results in opposite spin projections for the photon and the kaonic
resonance. As the spin projection of the photon can only take the values +1 or —1, that
of the kaonic resonance is constrained to be —1 or +1, giving only two possibilities for
the spin projections along the z axis, as shown in Fig. 1.9, which is possible only if J
takes strictly positive integer values.

Furthermore, a wide variety of decay channels are observed in K., — K7 decays, offering

€S

many more possibilities for interference, which can be classified in three categories:

o Interferences between amplitudes with different intermediate states, for example
K1(1270)" — K07t — K*r—7t and K;(1270)" — Ktp® — Ktr—nt.

o Interferences between different possible waves in the decay, for example the S and
D waves in the decay K1(1270)" — K*°7% where two values of the total orbital
angular momentum, L = 0 and L = 2, are allowed.

o Interferences between K*m intermediate states characterized by different charges, for
example K1(1270)° — K**7~ and K;(1270)" — K*O7%. This kind of interference
is only possible in B - K7~ 7% and Bt — K%+ 7% decays, resulting in a richer
interference set with respect to BT — K+tn~nt~ and B — K%~ 7T~ decays.

B — Krnmy decays can be described in terms of five independent variables. The four-
vectors associated with each of the four final state particles make up for 16 variables. All

22



1.3. The photon polarisation in B — Kmmy decays

Figure 1.9 — Sketch of the projection of a B — K sy decay on the z axis defined as opposite to
the photon momentum in the rest frame of the B meson. The momenta of the photon and the
kaonic resonance are shown in green, the spin of the photon in pink, and the z-component of the
spin of the K, in orange.

these particles are stable, giving rise to four mass constraints. As they all come from
a common B meson, the energy-momentum conservation adds four more constraints.
Finally, because the B meson has spin 0, the system is invariant under any rotation of
space, which removes three variables, leaving only five independent kinematic variables:
these can be chosen to be two angles (cos@ and x) describing the direction of the
photon in the rest frame of the kaonic resonance K, and three squared invariant masses
(s123, S12, S23). Here, following the conventions in Ref. [47], the indices 1, 2 and 3 refer
respectively to the final-state 77, 7~ and Kt for Bt - Ktn 7%+, 7+, 7~ and K°
for B® - KOr—nty, 7=, ¥ and K+ for B" - Ktn 7%y, and 7+, 70 and K° for
Bt — K% t7% decays.

As illustrated in Fig. 1.10 for Bt — K+t7~ 7"y decays, in the rest frame of the kaonic
resonance K,es, the normal to the hadronic decay plane is denoted by 1 = (p1 x p2)/|p1 X
P2|. The polar angle 6 is the angle between n and the opposite of the photon momentum,
so that cos = —n - p., /|py|.! The angle y is then defined from

cosy = — 1.30
A x Al % 7, (130
5 s 50 X (R X B
sinx:—(nA pl_). A(n _‘py) A (1.31)
[ x P |7 x Py |

!This definition of the polar angle corresponds to the one used in Ref. [47] and does not match the
one in Ref. [37].
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Figure 1.10 — Definitions of the angular variables used to describe the Kn7y system
in the Knm center of mass. The indices 1, 2 and 3 refer respectively to the final-state
hadrons 77, 7~ and K+ for Bt = KTr—nty, nt, 7~ and K° for B® - K%~ nt~, 7,
70 and Kt for B+ K+t7n~ 7%, and 7T, 7° and K° for Bt — K%t 7% decays.

The differential decay rate for B — Knny decays (where by convention B stands for
a meson of the type bg and K stands for a sg meson) that proceed through a set of

resonances K*

s can be written as [47]

2 2

dl'(B — K7my) _ (132)

ds123

+

S ek T (s120) A

D e T (s128) Af,

where s123 is the invariant mass squared of the K7m system, ciR and ci are the right- and
left-handed weak radiative decay amplitudes, 7%(s123) is the propagator associated with

resonance K},

and A’ﬁ and Ai are the strong decay amplitudes for Kfes R/L Krr.
The right- and left-handed amplitudes do not interfere since the photon polarisation is
an observable quantity.

In the case of a single resonance K

vess the decay rate simplifies as

dI'(B = Kl (— Krm)y)

= |ch T (s123) AR|? + | T (s123) AL %, (1.33)

dsi23

For this resonance, a photon polarisation parameter )\g is defined in terms of the weak
radiative decay amplitudes,

[k |* — I I?

A= R L
B

(1.34)

The generalized expression of the polarized weak decay amplitude associated with a
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1
resonance K’

ch _4Gr (C% g'(0) + hy) Sk
. pr— . . . 9 ].-35
() Wi <<c7gz<o> +hi) S 3

where G is the Fermi constant, Vj; and V;s are CKM matrix elements, gi(O) is a common
B — K!

res

in decays of a B~ or BY meson can be written as [34]

form-factor at ¢ = 0, C7 and C% are the effective radiative Wilson coefficients
(which include effective linear contributions from the other coefficients C_g in order
to make them regularisation- and renormalisation-scheme independent as discussed in
Sec. 1.2.1), and the quantities h R/L encode remaining contributions from the @)1_¢ and
Qs hadronic operators (see Ref. [48] for more details). The factors S; and S} are called
spin-factors and encode the angular distributions of the decay. Their expressions depend
on the spin J; and parity P; of the kaonic resonance involved, and they can be related to
each other by [47]

Si = Py(-1)771 Sk . (1.36)

Assumlng that the hR L terms are small enough to be neglected in the expressions of cﬁ

and cL, the photon polarisation parameter for a B~ or B meson reduces to

_|C4P —|CaP
No= T T -y 1.37
PTG ICRE T 30

i.e., the photon polarisation in the weak decay B — K*

sy is the same for all kaonic

resonances K’ and it can be expressed only as a function of Wilson coefficients.? For

res
decays of a BT or B? meson, the right- and left-handed weak radiative decay amplitudes

Eﬁ and Eﬁ are given by

ch\ _ 4G C5 g'(0) + hi) Si

L - FV}ths (C79°(0) + hy) S ) (1.38)

a, V2 (CF g'(0) + hy) S,
Note that hiR and hi are in general complex but enter in the above expressions without
a conjugate because their phases are C'P-even. Assuming once again that these terms
can be neglected, the photon polarisation parameter for a B meson can be expressed as
SO L5 Yl (5 1 O (& el (%4

)\ = L — = A\~ 1.39
PTG r e (1.39)

In the SM, the value of the photon polarisation parameter is expected to be +1 (up to
corrections of the order of m2/m?) for decays of a B™ or B® meson while it is expected

2Tt is sufficient to assume that the ratios hﬁ/L/gi (0) are process independent to enable the definition
of a photon polarisation parameter that does not depend on the kaonic resonance Klo. It is however
far from clear that the differences in g*(0) and hi 1. for different kaonic resonances should be small.
These corrections would need to be taken into account when translating the measurement of the photon
polarisation to constraints on the Wilson coefficients.
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to be —1 for decays of a B~ or B” meson.

The differential decay rate for B — Knny decays can then be written explicitely as a
function of A,:

dI'(B — Knmy)

dsi23
g < (Y C )
where
Mg, = Z 9'(0)Sk /L T" (s123) AR 1 - (1.41)

Here, it is useful to note that for B — Kmmy the photon polarisation parameter A,

is different from the usual definition of the photon polarisation in B — K7y decays
B—Knmy 3
fo% defined as

o BETTy _ I'(B - Krmyr) — I'(B — Knmyr,) .
K I'(B = Knnyr) + I'(B — Krmy)

(1.42)

In Ref. [47], it is shown that the equality af Ry A, is obtained only in the case of a
single heavy kaonic resonance. As many kaonic resonances have been found to populate
the K7m system, these two parameters are different and ), is the parameter that retains
the most simple dependence on the Wilson coefficients.

1.4 Previous studies of BT — K™m~ "+ decays

In LHCb, the easiest of the B — K7y decay modes from an experimental point of
view is BT — K7~ 7"+, whose three charged tracks allow for a better reconstruction
efficiency and a better resolution.

This decay mode has been previously studied by the Belle collaboration [51] as a normal-
ization mode for their studies of B® — pY K2y decays and by the BaBar collaboration [52].
However, with only 1500 and 2500 signal candidates respectively, the limited size of the
data sets prevented them to exploit all the degrees of freedom of the K7~ 7T system.
Belle performed a 2D fit on the invariant masses squared m%(ﬂr, and mfrﬁr, while BaBar
used only mfﬁr to perform a fit.

3Note that the definition chosen here is the opposite of the definition given in Eq. 1.28. This is caused
by different conventions adopted in the study of baryonic decays in Ref. [45] with respect to the studies
of B — Kmny decays in Refs. [47,49,50]. In the former, the photon polarisation is close to +1 for decays
involving a b quark, while in the later the photon polarisation parameter is close to +1 when a b quark is
involved. For the present study, we kept the latter.
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1.4. Previous studies of BT — KTr~ 7T+ decays

With 14000 BT — K+tn 7'~ signal decays available from the 2011 and 2012 data-
taking years, LHCDb could study these decays in more depth by measuring the up-down
72T+7r_ and mi+ﬂ_
distributions [53], paving the way for the development of a full amplitude analysis using

asymmetry and by performing a three dimensional fit of m%ﬁﬂ_, m

all five degrees of freedom of these decays.

141 Measurement of the up-down asymmetry

Due to the complexity of the K7 system which was very poorly known at the time, the
first study of photon polarisation in BT — K7~ relied on a simplified approach:
the measurement of the up-down asymmetry [37].

The main idea behind this simplification is that the B— Kmmy differential branching
fraction has the following dependence on cos 6 [47]:

dI'(Bt — Kfy— Ktn 7nty)

d8123 d812 d823 dX dcos 6
= Z a;i(s123, $12, 523, X) cos’ 0 + A, Z a;(s123, 512, 523, X) cos’ . (1.43)
i=0,2,4 =13

After integration of Eq. 1.43 over the squared invariant masses and Y, the up-down
asymmetry (A,q) is defined as [47,49]

1 dr 0 dr
A= fO dcosedcose B f,1 dcosedcosQ
ffl dcos edcose

where the terms in even powers of cos 6 disappear, and the resulting asymmetry is directly
proportional to A\, with a proportionality coefficient that depends on the resonance content
of the Knw system. Hence, if this up-down asymmetry is measured to be different from
0, the photon polarisation parameter must also be different from 0.

The measurement of the up-down asymmetry was conducted on a sample of 14000 BT —
K7~ 7Ty decays collected by the LHCb detector in 2011 and 2012. The background
was removed using the sPlot technique [54] and the K7 invariant mass distribution
was obtained (see Fig. 1.11), showing a mixture of several K7m resonances. As the
value of the up-down asymmetry is expected to depend on the content of the system,
its value has been measured separately in four different K7m mass intervals. The first
one, [1.1,1.3] GeV/c?, is expected to be dominated by the K1(1270)" resonance while the
[1.4,1.6] GeV/c? interval has been chosen in order to receive its main contributions from
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the K1(1400)", K7(1410)" and K3(1430)" resonances. In the interval [1.3,1.4] GeV/c?,
all these resonances overlap, while the highest interval [1.6,1.9] GeV/c? receives also
contributions of higher spin resonances.

A
+# t
#+

|
|
b
|
|
|

|
I
250

|
|
| LHCb
|
200 i
|

150

100

Candidates / ( 8 MeV/c?)

| iH it

T *F*Hﬁm#*& g
I |

12100‘ l 1400| — 1600‘ — 18100

M(Knr) [MeV/c?]

S T T T T[T T T T[T T[T T[T TTTT]

| w

50

_ugn'%u||I.|.1I....I....I....I....I<

[}
)
-

Figure 1.11 — Background-subtracted Kmm mass distribution of the B* — K+tx~ 7% signal [53].
The boundaries of the four intervals of interest are shown by dashed lines.

In the study, two different definitions of the angle # have been considered: the default one
is computed with 7 defined as the normalized P siow X Pr fast Vector (where pi gow and
D fast are respectively the momenta of the lower and higher momentum pions), while the
second one uses 7 defined as the normalized p,.— x p,+ vector?. Then, as the up-down
asymmetry is expected to be opposite for B and B~ candidates, a new angular variable
is defined as cosf = charge(B)cosf.

In each of the mass intervals, the background-subtracted cosf distribution is obtained,
corrected for the selection acceptance, and is fitted with a normalized fourth-order
Legendre polynomial function:

4
f(cosé; co = 0.5,¢c1,¢2,c3,¢4) chLl cosG (1.45)
=0

where L;(x) is the Legendre polynomial function of order i, and ¢; is the corresponding
coefficient. The up-down asymmetry is obtained as

Awt =1 — %3. (1.46)
The fitted distributions of the default cosf variable in the four K7m mass intervals are
shown in Fig. 1.12. Superimposed is a dashed red line showing the function f (cosé; co =
0.5,c1 =0, ¢2,¢c3 = 0,¢4) that would be obtained if A, were 0. The resulting value of the
up-down asymmetry in each bin is represented in Fig. 1.13 for the two angle definitions.

These results allowed the rejection of the hypothesis A, = 0 with a significance of 5.20

4Note that this definition is opposite to the one used in the present work.
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using the default definition of cosf, and with a significance of 4.60 using the alternative

definition.
1~ =
lan) I <D
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Figure 1.12 — Distributions of cosf (using the default definition) for BT — K7~ 7t~ signal in
four intervals of K7~ 7t mass [53]. The solid blue (dashed red) curves show the results of the
fits allowing all (only even) Legendre components up to the fourth order.

Unfortunately, this result could not be translated into a measurement of A\, because
the knowledge of the K7nm system was not sufficient to determine the value of the

proportionality coefficient between A, and A,q.

1.4.2 Knowledge of the Kmm system

In order to gain knowledge on the resonant structure of the Knm mass system, a Dalitz
analysis has been performed on the signal candidates obtained for the measurement of
Aua [63]. The principle of this analysis is to use information from three of the five degrees
of freedom of the system, namely the invariant mass squared m%(ﬂr,ﬁ, mzﬁﬂ, and
m72r+7r,, and to perform an unbinned maximum likelihood fit to separate the resonances
and interferences that populate the K7~ mass range [1.1,1.9] GeV/c?. For this fit, an
integration is done on the angular variables of the photon (6 and ¢), which simplifies the
description of the various decay chains and allows for a first exploration of the system.
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Figure 1.13 — Values of the up-down asymmetry A,q obtained in four K7~ 7+ mass intervals,
using the default definition (“flip” scenario, on the left) and the alternative definition (“no-flip”,
on the right) of cosf [53].

The probability distribution function used to describe this system is defined as

§(m)Ps (1m]Q) @3 (1)
[ E(m)Ps (11| Q) 3 (171)drm |

PDF(m|Q2) = (1.47)
where m contains the three invariant masses of the hadronic system, ¢ is the efficiency,
®3(m) is the three-body phase-space element, and €2 is the set of fit parameters { fx, fur}
explained below. The signal function Pg(m|Q2) is computed as a sum of decay amplitudes
Dg, each of them corresponding to the BT — K y— KTn 7y decay mode k with
an intermediate kaonic resonance K, of spin J. After integration on cosf and ¢, the
amplitudes with different values of J do not interfere, which gives the following expression
for the signal function:

Ps(mi|Q) = ‘ Zfzﬂ?i’g + | fur D] - (1.48)
J k

The complex coefficient fi accounts for the magnitude and phase with respect to the
reference amplitude of the category (defined by the spin J), for which ff is set to 1.
The description of the amplitude for each decay mode, D,‘g’ , is detailed in Ref. [53]. The
amplitude Dy, accounts for a uniform non-resonant component that does not interfere
with the other amplitudes. The three-dimensional efficiency function £(7) is obtained
by performing a 3D fit on simulated signal events, using a product of three polynomials
(one for each of the dimensions) of order 3.

The result of the fit is shown in Fig. 1.14 with all the components superimposed. As they
do not take into account different normalizations between the amplitudes, nor efficiency
effects, the fi coefficients cannot be used to describe the abundance of each decay mode.
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Figure 1.14 — Background-subtracted distributions of m%., _ ., m7., __ and mZ, _ for

Bt — Ktn~nT~ decays. The results of a simultaneous unbinned maximum likelihood
fit is superimposed. Plots from Ref. [53].

Instead, a fit fraction is defined as

\fk|2ngD;§*<D3(ﬁi)dﬁi
FF. = . 1.49
b P I B () (1.49)

A fit fraction is also introduced for the interference terms defined for interfering amplitudes

and for | > k as

FF,, — 2Re[fif; | DD ®3(m)dmi] (1.50)
’ [ Ps(m|Q)@z(ni)dn 7 '

such that the sum of all fit fractions for individual amplitudes and interference systems
is equal to 1.
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Table 1.1 — Result of the Dalitz analysis of BT — K7~ 7ty decays [53] with fit fraction
uncertainties obtained from simulation.

Jr Amplitude & Fit fraction (%)

K1(127O) — K*(892)%7+  16.84+0.9
— Ktp(770)°  39.9%55

+ K (1270)* .
1 K1(1270) — K+w(782)0  0.06870:928
K1 (1270)" — K*(1430)°7+  0.6970:22
K1(1400)T — K*(892)°7"  7.840.8
K*(1410)* — K*(892)07+ 847 §§
1- K*(1680)T — K*(892)0x+  3.5t17
K*(1680)* — KT p(770)° 24+ 0.4
ot K3(1430)" — K*(892)%7F  4.8+1.0
K3(1430)T — K*p(770)° 9.0+0.8
K3(1430)" — KTw(782)°  0.30%0 50
K5(1580)" — K*(892)07t  4.4799
K>(1580)* — K*p(770)°  3.33703]
2~ Ky(1770)" — K*(892)07+  3.0708
2<1770> — KTp(770)°  0.2370%9
Ky(1770)" — K3(1430)°7+  0.6770.10
F(1770)T — K+ f(1270)°  1.30+0-12
Non resonant 41405

The fit fractions are detailed in Table 1.1. This study used the largest statistics available
at the time, and its results give an idea of the content of the Kt~ 7t system. Two am-
plitudes are largely dominant, K;(1270)" — KT p(770)" and K;(1270)" — K*(892)07 "
with fit fractions of 40% and 17% respectively, accounting for more than half of the entire
spectrum. This is compatible with a previous observation by the Belle collaboration [55]
but contradicts previous theory estimates. In the rest of the spectrum, and especially at
higher masses, many different amplitudes overlap with relatively similar fit fractions. As
they are related to broad resonances, little discrimination is expected from using the mass
distributions, and the use of angular information could help significantly in separating
the resonances characterized by different spins. Moreover, this fit does not take into
account any photon angular variables, which results mainly in a loss of sensitivity on the
measurement of the complex phases between the amplitudes, which would be essential to
determine the photon polarisation parameter A, from a A,q measurement as discussed
in the following.
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Figure 1.15 — Up-down asymmetry A,q for simulated samples of Bt — K;(1270)%y
decays governed by two amplitudes only, K7(1270)" — K p(770)° and K;(1270)" —
K*(892)°7F, shown as a function of the generated ratio of fractions (radial coordinate,
from 0.1 to 9.0) and phase difference between the two amplitudes (polar coordinate).

1.4.3 Limits of the up-down asymmetry measurement

The effects of the resonant structure of the K#m system on A,q can be illustrated using
a simplified BT — K.ty model containing only two amplitudes corresponding to the two
most abundant decays Ki(1270)* — KT p(770)" and K;(1270)" — K*(892)%7* with
p(770)° — 7F 7~ and K*(892)° — KTn~. Simulated samples of decays containing only
right-handed photons are generated (using the formalism presented in the next chapter)
with different relative fractions and phase differences between these amplitudes, and the
up-down asymmetry is computed for each of them. The results in Fig. 1.15 show that
the up-down asymmetry varies widely depending on the phase difference between the
amplitudes, while it is less dependent on the relative fraction. This implies that, even in
this simple model, the proportionality coefficient that relates the up-down asymmetry
to the photon polarisation parameter depends strongly on the phase difference between
the amplitudes, making the knowledge of this phase essential to measure the value of
Ay; additionally, for some values of the relative phase, the proportionality coefficient
vanishes, indicating that the measurement of the up-down asymmetry is not sensitive to
A in such configurations.

To overcome these difficulties and measure the photon polarisation, all the information
from the angular variables and from the squared invariant-mass distributions must be
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combined in order to characterise the interferences between decay processes and their
effect on \,.
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2 Proof-of-conceptforthe measurement
of the photon polarisation using an
amplitude analysis

In this chapter, a method to measure the photon polarisation parameter in Bt —
K*Tn~ 7%~ decays is presented and the statistical uncertainty that can be obtained from
this measurement is estimated.

21 Formalism

To develop our formalism, decays of B mesons to K7y are assumed to proceed through
a cascade of quasi-independent two-body decays, an approximation known as the isobar
model [56,57]. In this study, decay topologies of the form B — R;y, R; — R;P;, and
Rj — P, P3 are considered, where R; is a K7m intermediate state, R; is either a K7 or
7w resonant state and P, is a final-state kaon or pion.

The expression of the differential decay rate in Eq. 1.40 can then be used to define a
signal function for the B— Knn~y decays:

1+ A 1—A
PSZ(ZV)MR]2+(27)|ML\2, (2.1)
where Mp 1, are now expressed as
Mg1, = Z kak,R/L(w>v (2.2)
k

with f, = aze’®. The decay amplitude Apr/L(x) corresponds to a B— Kmmy process
k involving resonances R; and R; and a right- or left-handed photon, and x is the set of
four-vectors associated with the final-state particles in the rest frame of the B meson.
The complex coefficient fi, = aie’®* accounts for the magnitude a;, and phase ¢y, of decay
amplitude k£ and is assumed to be the same for decays with right- or left-handed photons.
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The amplitude for a given decay mode k is the product of resonance propagators 7 for
each intermediate two-body decay with relative angular momentum L, a normalised
Blatt-Weisskopf coefficient By, (given in Table 2.2) for the two-body decay of the B
characterised by relative angular momentum Lp and breakup momentum ¢p, and a spin
factor Sfj’R L that encodes the dependence of the amplitude on angular momenta,

Ak 1 (@) = Br,y (g5(2), 00T (2) T} (@)Sh g 0 (@)-

The coefficient ¢g*(0) present in the expressions of in Eq. 1.41 is now included in the
coefficient fr, which also contains the respective strength and phase between the strong
decay amplitudes, while the coefficient Sﬁ L is now included in the expression for Sfj,R L
in a way that will be detailed in Section 2.1.2.

Before showing the details of the computations, a convention is adopted concerning the
polarisation states of the photon. In order to define them, we chose to work in the
reference frame of the B meson, with the z axis opposite to the photon direction. In this
case, the polarisation vectors associated to a right- or left-handed photon correspond

respectively to the spin projections m. = —1 and +1, and can be written
0
e(m, = +1) = \}5 jj . (2.3)
0
In the expressions that follow, we will consider equivalent the notations SfJ-,R = 857m7:_1

and Sfj’L =Sk

1j,m~=+1"

The spin factors Sikj’R /1, can now be computed using the covariant formalism developed
in Refs. [58,59]. In general, they can be expressed as

Stim, = Y (PP MIR;(my))(R;(m;) PrIM|R;(my)) (Ri(my)y(my)| M| B), (2.4)

m;,m;

where m; and m; are the spin projections of resonance R; and R;, respectively, and
M is the appropriate matrix element for each decay. Each of the terms (AB|M|R)
describe the two-body process R — AB, and are computed as contractions of polarisation
operators, projection tensors and angular momentum tensors as described in the two
following sections. Here, the terms (P> P3| M|R;(m;)) and (R;j(m;)Pi|M]|R;(m;)), which
involve strong decays of massive particles, are to be treated separately from the term
(Ri(m;)y(my)|M|B) which describes a specific weak decay with a massless particle. The
rules to build the terms describing strong decays are explained in details in Ref. [60], and
are summarized in Sec. 2.1.1. Section 2.1.2 shows how the weak decay term is computed
for the sensitivity study shown in this chapter.
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211 Description of the strong decay processes

In order to build the expression for a term (AB|M|R) describing a strong decay, three
types of tensors are needed: polarisation operators, projection tensors and angular
momentum tensors.

Polarisation operators In the case of a particle of spin 0, which is invariant under
space rotation, the polarisation tensor is of rank 0 and it is set to 1. For massive
particles of mass M and spin projection m, three polarisation vectors associated with

three different spin projections m = —1,0,1 can be defined in their rest frame as
0 0
1 1
m = 1) = - Tl emm=0)= 8 (2.5)
0 1

In the computation of the spin factors, these polarisation vectors are needed in an
arbitrary frame (in which the massive particle of mass M has a four-momentum p and
energy E). Their expression is obtained using a Lorentz transformation:

Pz T ipy
. .
ipm==2)= —— [ M R AR (2.6)
V2M | £iM + py(p: +ipy)/(E + M)

pz(pz £ ipy)/(E + M)

and

Pz

i psz/(E+M)

M| ppy/(E+ M)
M +p*/(E+ M)

€*(p,m =0) = (2.7)

Generalized spin-2 polarisation tensors are then obtained by coupling spin-1 polarisation
vectors,

€M (p,m) = Z (1my, Ima|2m)e™ (p, my)e’” (p, ma), (2.8)

my,ma2

where (1mj, 1mg|2m) are Clebsch-Gordan coefficients. By construction, the polarisation
tensors satisfy the Rarita-Schwinger conditions: they are traceless, symmetric and
orthogonal to p.
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Projection tensors Spin projectors are used to project any tensor on the subspace
spanned by a set of polarisation tensors. The spin-1 projection tensor associated with a
massive particle is defined as

Y

v * 174

PR (p) =Y " (p,m)e™ (p,m) = —g" + =5, (2.9)
m

where g = diag(+1, —1, —1, —1) is the Minkowski metric. The projection tensor P(l)( P)

satisfies the relation:

1Y () = =Pl (D) P35 (). (2.10)

The spin-2 projection operator can then be obtained from the spin-1 projection operator
as

Py (p) = Z € (p,m)e"** (p,m)

(P{i‘i‘< VL) + P WP () — 3 P ()P (). (2.11)

Angular-momentum tensors The angular momentum tensor that describes a two-
particle state of pure angular momentum L is obtained from the total four-momentum
PR = p1 + p2 and the relative four-momentum gr = p1 — p2, where p; and ps are the
final-state four-momenta. The angular momentum tensor is built by projecting the

rank-L tensor of relative momenta ¢ ¢ .. g r on the spin-L subspace

L(L)ulpz...pL(pquPu)
= (_1)LP( L)pipe...ppvive.. VL(pR>q}/%1qllj%2 qR? (2'12)

where the spin projection tensor reduces the number of degrees of freedom from 4 to
2L+ 1.

Conservation laws in the strong interaction In general, a decay process
(AB|M|R) where R, A and B are massive particles with spin Sg, S4 and Sp can
be separated in different states characterized by the value of the angular momentum
between the two daughters EAB and total intrinsic spin §AB = §A + §B. As the total
angular momentum is conserved, the values of L 4p must satisfy the condition

Sr=Lag+San, (2.13)

which reduces the possible number of spin-orbit combinations (Lag, Sag). In the case
of strong interactions, the number of possible combinations is further reduced because of
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the conservation of parity, which imposes
Pr = PoPg(—1)las (2.14)
where Pr, P4 and Pp are the intrinsic parities of R, A and B.

For example, in the decay of an axial vector (of spin parity S = 17) to a vector
(S =17) and a pseudo-scalar particle (S¥ = 07), such as K;(1270)" — K*(892)°7 7,
we have

Sup=84+S5=14+0=1 and Sp=1=Lag+Sap=Lap+1, (2.15)

which implies Lap = 0,1 or 2. Parity conservation then limits Lap to even values, so 0
or 2. This process allows for two different spin-orbit configurations (Lap =0, Sap = 1)
and (Lap = 2, Sap = 1) which are referred to as S and D-waves and will be described
by different spin factors.

Rules to build spin factors For a two-body process R — AB with a spin-orbit
configuration (Lapg, Sap), the term (AB, Lap, Sag| M |R) is computed as

(AB,Lap, Sap| M |R) = €(s)(R) X (Sk, Lan, SaB)L(L 1) (R)®(5 1) » (2.16)
where

P (5,5) = Plsap) (R)X(Sa, Sa, SB)e(s,)(A)e(s,)(B)- (2.17)

The term €(g,,)(R) is a polarisation tensor assigned to the decaying particle and GTSA)(A)
and e’(‘SB)(B) are conjugated polarisation tensors assigned to the children particles. The
spin projector P(g, ,)(?) and the angular momentum tensor Lz, .y(R) describe the spin
and angular momentum coupling, respectively. All tensors must be contracted to give a
scalar in Eq. 2.16, requiring in some cases the inclusion of the tensor eagvgp(sR through

1 for jo + jp + je even,

X (Jas by Je) = { (2.18)

€apysPy  for jo + ju + je odd,
where pg is the momentum of resonance R.

To obtain the spin factor associated with a given decay chain, the various two-body
processes are combined and all the allowed spin projections that are not distinguishable
are summed.

An example using only strong decays As an example, let us consider the decay
chain K;(1270)T — K*(892)°(— K*7~)nt. As seen previously, the first two-body
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decay K1(1270)" — K*(892)°7" has an S- and a D-wave. In an analogous way, it can be
shown that the only possible spin-orbit configuration for the decay K*(892)° — K+7n~
is a P-wave (Lap =1, Sap = 0). In the following, the spin factor of the full decay chain
including the S-wave of the K;(1270)T — K*(892)%7* is computed. For convenience,
as the expressions of the spin factors depend only on the spin-parities of the particles
involved, the particles K1(1270)%, K*(892)°, 7+, K+ and 7~ are referred to as 4, V, Py,
Py and P3 (where the letters A, V and P stand for axial-vector, vector and pseudo-scalar
particles, respectively).

Following the rules described above, the term describing the S-wave of the K7(1270)" —
K*(892)°(— K7~ )rT decay can be expressed as

(VP Lag = 0, S5 = 1 M]A) = e, (AP (A)es (V) (2.19)
and similarly, the term for the decay K*(892)" — K+ 7~ is obtained:
<P2P3,LAB = 17SAB ZO‘M’V> :EU(V)L((TU(V). (220)

As the spin projections m; of K1(1270)* and m; of K*(892)" are not observable, the
spin factor for the decay chain is computed as the following sum:

Sij= Y (PP3, 1,0l M|V)(VP1,0,1| M|A) (2.21)
= Y P (A (Ve (V)LE (V). (2.22)

Using Eq. 2.9, the sum over the spin projections m; is performed, so

Sij=Y_ eu(A) P (A) Puo (V) LG (V) - (2.23)
m;

Finally, the relation of Eq. 2.10 and the expression of the angular momentum tensor of

Eq. 2.12 are used to simplify this expression:

Sig =Y (AP ALy (V). (2.24)

m;

21.2 Description of the weak decay process

Due to its specific V — A structure and the fact that it involves a massless particle,
the B — R;7v transition is modelled separately from the strong decays. The term
that describes the transition to a right-handed photon, (R;(m;)y(my = —1)|M|B),
corresponds to Si of Eq. 1.41, and (R;(m;)y(m., = +1)|M|B) corresponds to S}, so
these terms are related by Eq. 1.36.
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As decays with a photon cannot be described in terms of spin-orbit couplings, the rules
established in the previous section do not hold anymore. The terms Sf{ L used to describe
these decays must be built in a covariant way, and in such that they obey the relation of
Eq. 1.36.

For the sensitivity study shown in the next sections, these terms were expressed as

JPizlJr:Sﬁ/L:e*“( Je (R
TP =171 8h = e (y)e
Jft=2% Sy = £L{ (B

P, _ o5— . _
Jit =2 R/L_LéLl)(B)

i)
(Ri) ,
€ (Bi)e™ (7)
W(Bi)e™(7)

€L
)e

such that they are covariant and the relation of Eq. 1.36 applies. In the computation of
SR L the use of the spin projection m. = F1 for the polarisation vector of the photon is
implied.

21.3  Spin factors for the full decay chains

The spin factors for the entire decay chains are obtained using Eq. 2.4. Note that in
this equation, the sum is performed on the spin projections m; of the resonance R; as
explained above. However, the spin projections of the photon m., are not summed over
because they are distinguishable. The resulting expressions for the spin factors used in
this sensitivity study are shown in Table. 2.1.

Table 2.1 — Spin factors for different decay chains leading to B — Py P> P3y. The letters
S, P, V., A refer to scalar, pseudoscalar, vector and axial-vector particles, respectively.
T, and T_ are tensor particles with positive and negative parity, respectively. By default,
the lowest total angular momentum L 45 accessible in each of the two-body decays is used.
The symbol [D] refers to decay chains where L p is set to 2. The + sign is introduced
for spin factors with a right-handed (resp. left-handed) photon.

Decay chain Spin factor

B— Ay,A— VP,V — P,P;s (NP (A)Lys(V)

B — Ay, A[D] = VP,V — P,Ps e*( )Ly (A) Lys(V)

B— Ay,A— SP,S — P,Ps ( )L(l)a(A)

B = Viv,V1 = VaP, Vo — P P3 o (NPT V1)€rnu L )(Vl)Pvl (1)(V1) we(V2)

BT ~T_ VP,V = PP L(l)a(B)GB(V aﬁ/\#( To) Laya (=) Py (T-) LG (V)
B =T v, T- = 5P, = PP Laya(B)ej(y L?ﬁ( -)

B =Ty, Ty - VPLV = PPy deonwp, Laya(B)eg(v) é)Ag(THL’é)g(TH PS(T) Ly, (V)

\/\/
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Table 2.2 — Normalised Blatt-Weisskopf centrifugal barrier factors for angular momentum
L. The meson radial parameter R is set to 1.5 (GeV/c)~! following a measurement by
Belle [62].

L Br.(g,90)
0 1

1 1+ R%q3
1+ R2¢?

) 9+3R%*¢ + Riq}
9+ 3R%¢? + Rig¢?

21.4 Lineshapes

For the needs of this sensitivity study, the lineshapes for the various resonances are
assumed to be described by the product of a Blatt-Weisskopf normalised coefficient
and a relativistic Breit-Wigner, which is mainly valid for narrow and non-overlapping
resonances, so this assumption will be revisited for the amplitude analysis performed on
data. The expression for the lineshapes used in this study is [61]

Ve Br(g,0)

Tew(s,q, L) = . , 2.29
Bw(s:q, L) m%—s—zmgf(s,q,L) ( )

where mg is the nominal mass of the resonance, s is the two-body invariant mass squared,
L is the two-body relative angular momentum, ¢ denotes the breakup momentum of
the outgoing particle pair in the rest frame of the resonance and I'(s, ¢, L) is its energy-
dependent width. The normalisation constant

T
c= M,With Y0 = moy/mé + I3, (2.30)
vV mg =+ 7o

is meant to reduce the correlations between the coupling to the decay channel and the
mass and width of the resonance. The width of the resonance for a decay into two
particles is parametrised as

. B mo q 2L+1 )
(s,q,L)—Fo$ «© Br(q,9)7, (2.31)

where ¢ is the value of the breakup momentum at the resonance pole s = mg?, and
Br.(q,qo) is the normalised Blatt-Weisskopf barrier factor, listed in Table 2.2.
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2.2 Generator validation

The amplitude formalism described in Sect. 2.1 is implemented in a generator and
fitter software framework called Mint, which was developed for the amplitude analysis
of D° - K*K~ntn~ decays at CLEO [63,64]. In the context of the present work,
several tests have been performed to validate the implementation of the lineshapes. A
comparison between Mint and EVTGEN [65] has been conducted by generating BT —
KT rm~ 7"~ decays with a model in which only one single process was involved (for example
K1(1270)" — K*(892)°(— KTn~)m™), resulting in very similar distributions in mass and
angles. However, interferences between the different decay processes cannot be generated
with EVTGEN, so in order to check that the interferences between different decay processes
were parametrized properly, up-down asymmetries were compared between theoretical
predictions and simulated samples obtained with Mint. These samples were generated
with a simple model involving two decay processes: K;(1400)* — K*(892)7* S-wave,
and D-wave. For this process, theoretical predictions of the up-down asymmetry (in the
“flip” scenario) are available in Ref. [50] for different values of the relative phase ¢pg
between these amplitudes, and a relative abundance (expressed as the ratio of fractions as
defined in Eq. 2.35) of 4% between the D and the S waves. The theoretical computation
also assume a null width for the K7(1400)" resonance, and no barrier factors. Samples
containing the same mixture of decay processes were generated with A\, = +1 using
the formalism described above but with some modifications: no barrier factors were
used, and the width of the K;(1400) Breit-Wigner was set to small but non-zero values
(30 MeV and 10 MeV) because arbitrarily small values of the width can not be handled
by the accept-reject method used in the generation process. The corresponding up-down
asymmetries were computed from a fit using Legendre polynomials as in Eq. 1.45, and
are reported in Table 2.3. The predicted and simulated values follow the same trend with
maximal, minimal and zero values at the same points. However, the absolute value of
the simulated up-down asymmetries are smaller than the predicted value, getting closer
to the later as the width of the simulated resonance decreases. The remaining differences
are attributed to the non-zero width, which could not be decreased further.

2.3 Method for an amplitude fit

The proposed method to determine the photon polarisation parameter A, in B— Knrmry
decays exploits all the degrees of freedom of the system to perform a maximum likelihood
fit to the data using a probability density function (PDF) that depends explicitly on
Ay. This amplitude fit allows the direct measurement of )\, as well as of the relative
magnitudes and phases of the different decay-chain amplitudes included in the model.
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Table 2.3 — Up-down asymmetry in the “flip” scenario for B — K1(1400)"y decays
governed by two amplitudes only, K1(1400)" — K*(892)°7+ S-wave and D-wave (where
the ratio of fractions between the D and S waves is 4%), shown as a function of the phase
difference ¢pg between these amplitudes. The predicted up-down asymmetries are from
Ref. [50] and the fitted asymmetries correspond to different values of the generated width
of the K;(1400) resonance.

¢ps |degrees]  Predicted Ayuq [%] Fitted Auq[%)] Fitted Auq[%)]
Lk, (1400) = 0 MeV/c? L'k, (1400) = 10 MeV/c? L'k, (1400) = 30 MeV/c?

0 0 —0.13£0.29 0.27 +0.29

45 -7 —5.31£0.29 —4.06 + 0.29

90 — 10 —7.254+0.29 —5.62 £0.29

135 -7 —6.13 £0.29 —4.48 +0.29

180 0 —0.04 £ 0.29 —0.714+£0.29

225 7 5.62 +0.29 4.40 +0.29

270 10 7.44 £+ 0.29 5.724+0.29

315 7 5.64 £ 0.29 3.86 = 0.29

2.31 Probability distribution function

The PDF is computed using the function Ps given in Eq. 2.1 as

)Pl i)
F@ID) = T ()P B () da (2:52)

where Q = (A, {ar}, {¢r}) is the set of fit parameters, x is the set of four-vectors
associated with the final-state particles in the rest frame of the B meson, ®4(x) is the
four-body phase-space density, and () is the total signal efficiency, which accounts for
detector acceptance, reconstruction, and event selection. The magnitude and phase of
each amplitude k (ar and ¢y) are measured with respect to those of amplitude 1, for
which a1 and ¢, are fixed to 1 and 0, respectively.

A large sample of simulated events, generated according to an approximate model Py, is
used to compute numerically the normalisation integral in the denominator of Eq. 2.32.
The efficiency () is inherently taken into account by applying the event selection used
in data to the simulated events. The normalisation integral can then be estimated as

Nsel

/f(m)Ps(m\Q)<I>4(m) de — Tgen Ps(x4|Q2)

2.33
Nsel F Pgen(mj) ( )
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with
Igen = /f(m)Pgen(m)CI)4(a:) de, (2.34)

where Ny is the total number of generated events that pass the selection criteria. The
integral Isen does not depend on the parameters of the fit, and therefore does not need
to be evaluated to perform the maximisation.

For the studies presented in this chapter, the effect of the application of a selection is
not considered, so £(x) = 1.

The fraction of a decay mode k is defined as the ratio of the phase-space integral of the
sum of right- and left-handed contributions over the phase-space integral of the function
Ps,

J 1 feArr () @4(z) d
2 [ Ps(x|Q)Py(x) da

S 1 frAr (@) ®y(x) dae
2 [ Py(x]Q)Py(x) der

Fr=(1+)\) +(1-)\) (2.35)

Because of the interferences between the decay modes, the sum of these fractions may
not be equal to unity. The interference term between the decay modes k and [, where
k > [ is defined as

S Re { fiAun(@) i A (@)} @a(w) da
[ Ps(z]Q)Ps(x) dx

S Re{ A (@) i Ay (@)} @a(w) da
J Ps(x]|Q) @y () d

Fr = (14 X)

A

(2.36)

The sum of all the fractions and interference terms is equal to unity:

ZFk+ZFkl =1. (2.37)
k

k>l

2.3.2 Treatment of BT and B~ decays

In order to fit both the BT and B~ decays with the same PDF, we apply the CP
transformation on the B~ candidates and then treat all candidates as BT decays.
The PDF can then be interpreted as that of a “CP-averaged” model. In case of CP
conservation, this model would describe both the B* decays and the CP-transformed
B~ decays. In the Bt — KTn~mty decays, direct CP asymmetry is expected to be
small and the value of the photon polarisation parameter is expected to be the same
for both B™ and CP-transformed B~ decays. In the data samples, CP is applied by
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replacing the three-momenta of all the particles in the decay by their opposite value, and
by conjugating the charge of all particles in the decay. A flag allows to keep track of the
BT and B~ candidates.

2.3.3 Numerical integration

The number of simulated events needed to reach a sufficient precision for the numerical
integration depends on the number of events in the fitted data set, on the model to
be fitted and on the approximate model used to generate these events. The closer the
approximate model to the fitted model, the less events need to be generated. For the
studies presented in this chapter, the integration samples typically contained 25% of
phase-space events in order to cover all available phase-space, and 75% of events generated
according to an approximate model based on the decay chains present in the fit model.
In order to estimate the number of events needed to perform the numerical integration
for a given data-set size and fit model, 100 different integration samples containing N
events each are generated with the same approximate model but a different random seed.
The data-set is then fitted 100 times, using each time a different integration sample. The
number N is chosen so that the standard deviation of the distribution of fitted values of
A is less than a tenth of the average statistical uncertainty on this parameter from the
fit. In this way, the bias on the measured value of A, caused by the size of the integration
sample can be neglected. For example, in the study involving a more realistic model
of B— Krmvy decays shown in Sec. 2.4.2, the size of the integration sample was of 6.4
million events.

2.4 Sensitivity studies

The performance of the amplitude fitter is first studied by generating and subsequently
fitting simulated data sets of B— Knny decays using models containing two or three
decay processes. Once the methodology is validated, more realistic models of the Knn
system are used in order to obtain prospects for measurements of the photon polarisation
parameter in B-physics experiments.

2.4 Proof of concept with simplified models

As illustrated in Fig. 1.15, the sensitivity to the photon polarisation parameter obtained
from the up-down asymmetry depends primarily on the relative phase between amplitudes.
The goal of this first study is mainly to explore the parameters that could influence
the sensitivity of the measurement of A\, when it is performed with an amplitude
analysis. The results presented in this section have been published in Ref. [66]. They
have been obtained with an approximate parametrisation of the spin factor for the
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Figure 2.1 — Uncertainty on A, obtained from amplitude fits of simulated samples of
B — K1(1270)*y decays governed by two amplitudes only, K;(1270)" — K+ p(770)°
and K;(1270)* — K*(892)°7", shown as a function of the relative fraction (radial
coordinate, from 0.1 to 9.0) and phase (polar coordinate) of the two amplitudes. Each
bin contains the average uncertainty of 10 amplitude fits performed on samples generated
with the same model.

B — Ry~ transition (which is detailed in the publication), and still apply for the exact
parametrisation because the decay processes considered involve a single kaonic resonance:
K1(1270)*. The two decay processes considered for this study, K1(1270)" — K+ p(770)°
and K1(1270)" — K*(892)°71", are the same as the ones used for Fig. 1.15. This simplified
model of the K7 system is used to test the performance of the full amplitude fit, as well
as its stability and the accuracy of the obtained uncertainties. The free parameters of the
fit are the photon polarisation parameter )., and the magnitude and phase associated
with the K1(1270)" — K p(770)° channel, the K;(1270)" — K*(892)°7" channel being
chosen as a reference.

For each pair of relative fraction (as defined in Eq. 2.35) and phase considered, 10
simulated data sets of 8000 events are generated with A, = +1 (close to the SM value)
and fitted independently. The average uncertainty on A, as a function of relative fraction
and phase is shown in Fig. 2.1, where areas of higher colour saturation indicate regions
with higher sensitivity to Ay: unlike Ayq, the amplitude analysis is sensitive to A, for all
values of relative fractions and phases, with statistical uncertainties ranging from 0.01 to
0.05. A higher average uncertainty on ), is seen for models in which the fraction of one
amplitude is much larger than the other, and the maximum sensitivity is obtained for a
phase difference of around 37 /2 and a relative fraction of 1.5.

To evaluate the performance of the fit as a function of the photon polarisation parameter,
the study is repeated for various generated values of \,, and the results are shown
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Figure 2.2 — Uncertainty on A\, obtained from amplitude fits of simulated samples of
B — K1(1270)*y decays governed by two amplitudes only, K;(1270)* — KT p(770)°
and K7(1270)" — K*(892)7T, shown as a function of the generated A, value and the
relative fraction (left) or phase difference (right) of the two amplitudes. Each bin contains
the average uncertainty of 10 amplitude fits performed on samples generated with the
same model.

in Fig. 2.2. The highest sensitivities to A, are obtained for A\, = %1, with increasing
uncertainties observed as the generated absolute value of A, decreases.

To study the fit accuracy and error estimation, 100 simulated data sets are generated
and fitted for selected values of the model parameters (relative magnitude, relative
phase and \,). As asymmetric uncertainties are used in these fits, the quality of the
parameter estimation is evaluated by checking that the distribution of the pull variable g
is compatible with a standard normal distribution, where g is defined as [67]

t lue) — (fit It
= (true va ue) — ( 1Tesu )7 (2.38)
|positive uncertainty|

if (fit result) < (true value), and

t lue) — (fit 1t
g (true vaf ue) — ( r'esu )7 (2.39)
|negative uncertainty|

otherwise.

The mean values and standard deviations of the fitted parameters and the associated pull
parameters can be found in Table 2.4. For all models, each fit parameter has a Gaussian
distribution centered on the generated value with a pull distribution of width consistent
with unity, resulting in an unbiased measurement and correct error estimation.

As a final test, we study decays of B mesons to K7my with a 70 in the final state,
which can have an additional source of interference from intermediate states that in-
clude a K*(892) resonance. It has been claimed that the presence of these additional
interference terms results in a higher maximum possible up-down asymmetry [47], and
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Table 2.4 — Results of unbinned maximum likelihood fits for 100 pseudo-experiments, for
simplified two-amplitude models generated with various values of A, relative magnitudes
and phases. The parameters a and ¢ stand respectively for the relative magnitude and
phase between the decay with K1(1270)* — K p(770)° and the decay with K;(1270)* —
K*(892)%7F. The value ¢ = —0.91 corresponds to a region of high up-down asymmetry
while the values 0.82 and —2.32 correspond to a region of low up-down asymmetry. The
magnitudes a = 1.01, 2.02 and 3.03 correspond to ratios of fractions between the two
amplitudes of 0.62, 2.47 and 5.57, respectively.

Parameter True value Mean value Std deviation Hpull Opull
a 2.02 2.017 0.03 0.10 £ 0.10 1.04 £0.07
¢ —-0.91 —0.909 0.02 —0.09£0.10 1.0540.07
Ay 1 1.002 0.04 —0.14 +£0.10 1.09 4 0.07
a 2.02 2.017 0.03 0.10£0.10 1.03 £0.07
10) —-0.91 —0.911 0.03 0.034+0.11 1.144+0.08
Ay 0.875 0.873 0.04 0.034+£0.10 1.21 £0.08
a 2.02 2.019 0.03 0.06 £0.10 1.05+0.07
¢ —-0.91 —0.911 0.02 0.03£0.10 0.99 £0.07
Ay 0.75 0.751 0.04 —0.05+0.11 1.254+0.08
a 2.02 2.020 0.04 0.01 +0.11 1.144+0.07
¢ 0.82 0.823 0.02 —0.09+£0.09 0.94+0.07
Ay 1 1.001 0.04 —0.09+0.12 1.174+0.08
a 2.02 2.023 0.04 —0.06 +£0.11 1.1740.07
¢ 0.82 0.823 0.03 —0.13£0.09 0.97 +0.06
Ay 0.875 0.870 0.04 0.114+0.11 1.17+£0.08
a 2.02 2.022 0.04 —0.03+0.09 1.03+0.07
¢ 0.82 0.822 0.03 —0.07£0.09 0.92 4+0.06
Ay 0.75 0.741 0.04 0.20£0.09 1.03+£0.07
a 2.02 2.021 0.03 —0.03£0.10 0.98 £0.07
10) —2.32 —2.318 0.02 —0.11 +£0.10 1.07+£0.07
Ay 1 1.001 0.02 —0.08+£0.11 1.1140.07
a 1.01 1.011 0.02 —0.06 +£0.11 1.16 +=0.08
¢ —-0.91 —0.908 0.03 —0.09+0.11 1.14 4+0.07
Ay 1 1.002 0.04 —0.11+0.11 1.1240.07
a 3.03 3.028 0.06 0.06 £0.10 1.03 £0.07
¢ —0.91 —0.907 0.03 —0.09+0.10 1.02+0.07
Ay 1 1.006 0.03 —0.36 £0.10 1.08 £0.07
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Figure 2.3 — Uncertainty on A\, obtained from amplitude fits of simulated samples of
B — K7(1270)°y decays, shown as a function of the phase differences of the K;(1270)° —
K*p(770)~ and K;(1270)° — K*(892)7° decay modes relative to the K;(1270)° —
K*(892)" 7~ decay mode, denoted as ¢ and ¢y respectively. Each bin contains the
average uncertainty of 10 amplitude fits performed on samples generated with the same
model.

thus that the analysis of B — K+t7n 7% decays could be potentially more sensi-
tive to the photon polarisation than that of BT — KTn 7Ty decays. The effect of
an additional decay amplitude (and therefore additional interference terms) is stud-
ied using a B® — K;(1270)%y model with three different K;(1270)° decay channels,
K1(1270)° — K*p(770)~, K1(1270)° — K*(892)*7~, and K;(1270)° — K*(892)°7C.
Ten simulated data sets, each containing 8000 events, are generated for different values
of the phase differences of the K1(1270)° — K*p(770)~ and K;(1270)° — K*(892)%7°
amplitudes relative to the K1(1270)° — K*(892)*7~ amplitude; all samples are gener-
ated with A, = 41, with the decay rate for all amplitudes being equal. The uncertainty
on the photon polarisation parameter for all models studied, shown in Fig. 2.3, is within
the same range as seen in the two-amplitude BT — K7~ 7"+ model, showing that the
amplitude analysis is not very sensitive to the number of interference terms in the Knnw
system. We conclude that this amplitude analysis is sensitive to the photon polarisation
parameter for all simplified models studied, for both charged and neutral decay modes.

2.4.2 Prospects using realistic models
BT — KTm~mty decays

In light of the results of the proof-of-concept model, the most promising measurement of
the photon polarisation parameter is expected to come from BT — K7~ 7T~ decays,
which are the most abundantly reconstructed at LHCb and Belle II.

An estimate of the statistical sensitivity of a measurement of the photon polarisation from
an amplitude analysis of BT — KTr~ 7T+ decays is obtained using the model described
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in Table 2.5, which provides a good approximation to the Km, 77 and K77 invariant
mass spectra observed in a data sample of 3 fb™! collected by LHCb during Run 1 of the
LHC [37,53]. A total of 100 data sets of 14 000 events each, corresponding to the LHCb
signal yield of Run 1 [37], are generated with A, = +1. The fits of these samples yield a
mean statistical uncertainty on A, of 0.015. Figure 2.4 shows the distributions for the five
variables for one of these simulated data sets along with the corresponding projections
of the fit PDF. The pull means (fpu1) and widths (opun) of the complex coefficients
ar and ¢y, listed in Table 2.6, show that the uncertainties are mostly well estimated.
The pull distribution associated with A, has a mean of —0.38 4 0.11 and a width of
1.18 £ 0.08, indicating that the obtained uncertainty on A, is underestimated by about
20%, and that there is an evidence for a bias in the fitted value of A, which amounts
to around 40% of the statistical uncertainty. This bias cannot be linked to a specific
fit parameter as the magnitude of the correlation coefficients between A, and the other
fit parameters typically lie below 20%. Taking into account a corrected uncertainty of
0.018, the comparison of this result with the simplified models discussed in the previous
section suggests that the model complexity does not have a large effect on the statistical
sensitivity to )\,y.l This fact can be used to evaluate the gain in sensitivity that could be
obtained by exploiting the additional 6 fb~! of data that have been recorded by LHCb
at a pp energy of 13TeV in Run 2, where the B production cross-section is almost twice
that at the Run 1 energy of 7 — 8 TeV: assuming that a total of 50000 signal decays are
selected using the LHCb Run 1 and Run 2 data sets, the resulting corrected statistical
uncertainty on the measurement of the photon polarisation parameter could reach 0.010.
The bias in the value of A\, would have to be corrected for or accounted as a systematic
uncertainty.

B — K+t~ 7Yy decays

B? — K+n~ 7% decays can also be used to measure the photon polarisation parameter.
The main difference with the BT — K7~ 7"~ decays used above is that the hadronic
part of the decays is a priori more complex due to an additional source of interference
involving K*(892)%7 and K*(892)" 7~ intermediate states in the decays of the heavy
kaonic resonances Kyes — Ktm—7Y.

Samples of 10 000 simulated signal events (corresponding to the number of expected BY —
K+7r~ 7% decays to be reconstructed by Belle II with 5 ab™! of integrated luminosity)
are used to evaluate the sensitivity of a measurement of the photon polarisation parameter.
As little is known about the hadronic system in such decays, a model of the K7 system
is obtained from the model used for the charged modes, assuming the relative magnitudes
and phases of all allowed decay modes without a K*(892)r to be identical to those
of the charged mode. In the case of modes with intermediate states that include a

1t is worth noting that more complex models typically entail larger systematic uncertainties, so this
conclusion is valid only in what regards the statistical uncertainty obtained from the fit.
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Table 2.5 — Model [53] used to describe the Ky — K Tn~ 7T hadronic system in the
BT — KTn~ 7T sensitivity study. The table is divided in sections according to the spin-
parity J of the Ko resonance. The mentions [S] and [D] refer to the wave of the heavy
kaonic resonance decay. The amplitude with the S-wave decay K1 (1270)" — K*(892)07
is chosen as a reference for the magnitudes and phases.

JP  Amplitude k ay Ok Fraction (%)
K1(1270)" — K*(892)°7F [S] 1 (fixed) 0 (fixed) 15.3
1+ K1(1270)" — K*(892)°7* [D] 1.00 —1.74 0.6
K1(1270)* — K+ p(770)° 2.02 —-0.91 37.9
K1(1400)" — K*(892)%7* 0.59 —0.76 7.4
K*(1410)T — K*(892)07 0.11 0.00 7.9
1= K*(1680)T — K*(892)07 0.05 0.44 3.4
K*(1680)T — K1 p(770)° 0.04 1.40 2.3
ot K3(1430)" — K*(892)07F 0.28 0.00 4.5
K3(1430)T — K1 p(770)° 0.47 1.80 8.9
K5(1580)" — K*(892)%7+ 0.49 2.88 4.2
K5(1580)" — K+ p(770)° 0.38 2.44 3.2
27 Ko(1770)* — K*(892)z+ 0.35 0.00 2.8
K5(1770) — K+ p(770)° 0.08 2.53 0.2
Ko(1770)" — K3(1430)°7+ 0.07 —2.06 0.6

kaonic resonance and a pion, the branching fraction is divided equally between the
K1(1270)% — K*(892)°(— K*77)n® and K;(1270)° — K*(892)*(— K™7%) 7~ modes
assuming isospin conservation. The unknown phase differences are set to the same
values for both modes, which is satisfactory in the absence of a strong dependence of the
sensitivity of the measurement on the phase difference. The resulting model, containing
23 amplitudes, is presented in Table 2.7 and distributions from a single simulated data
set are shown in Fig. 2.5, along with the corresponding fit PDF projections.

Using the same procedure as for the charged mode, the pull means and widths of the
complex coefficients ay and ¢y are computed and shown in Table 2.8, and an uncertainty
on the measurement of the photon polarisation of 0.016 is obtained from simulated
signal samples. The pull mean of —0.64 4+ 0.11 corresponds to the observation of a bias
in the fitted value of A\, which amounts to around 60% of the statistical uncertainty
obtained from the fit, where the magnitude of the correlation coefficients with the other
fit parameters typically lies below 20%. This bias would have to be corrected for in
the final result of the fit, or to be taken into account as a systematic uncertainty. The
associated pull width of 1.19 4+ 0.08 indicates that this uncertainty is also underestimated
by around 20%; the corrected value of 0.019 is comparable to the one obtained with
the charged mode, confirming that the additional interference patterns and the higher
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Table 2.6 — Pull parameters of the fit to BT — KT7 7"~ samples for all magnitudes
and phases relative to the amplitude with the S-wave decay K;(1270)" — K*(892)x+.

Amplitude k Magnitude ay, Phase ¢y,
Hpull Opull Hpull Opull

K1(1270)" — K*(892)° [D] —0.04+0.09 0.9440.06 0.13+0.10 0.980.06
K1(1270)+ — K+p(770)0 0.044+0.09 0954+0.06 0.40+0.10 1.0440.07
K1(1400)+ — K~ (892)07T+ —0.424+0.10 1.06 £0.07 0.144+0.09 0.90+£0.06
K*(1410)+ — K*(892)07T+ —0.444+0.10 0.95+0.06 0.214+0.10 1.06£0.07
I(*(1680)+ — [(*(892)07T+ 0.204+£0.11 1.094+0.08 0.07+0.09 0.92+0.06
K*(1680)" — K+p(770)0 0.00£0.09 0.94+0.06 0.074+0.10 0.96 +0.06
K§(1430)+ — K*(892)07T+ 0.52+0.10 1.034+0.06 0.03+0.09 0.92+0.06
K5(1430)+ — K+p(770>0 0.14 +£0.09 0.994+0.07 0.07+0.09 0.99+0.07
Ka(1580)" — K*(892)°xF  —0.38+0.10 0.98+0.06 0.10+0.10 1.010.06
K2(1580)+ — K+p(770)0 0.01+0.10 0.99+0.06 0.01 £0.10 1.03+0.07
K2(1770)+ — K* (892)07T+ 0.094+0.09 0954+0.06 0.21 £0.11 1.014£0.07
K2(1770)+ — K+p(770)0 —0.09£0.09 0.924+0.06 0.16+0.09 1.00=+0.06
Ko (1770)" — K§(1430)07T+ 0.29+£0.10 0.88+0.07 0.134+0.09 0.93 +0.06

complexity of the K7 system do not provide a significant improvement on the precision
of the measurement. As a larger number of signal events is expected for the charged
mode, our method would perform better using these decays, but the amplitude analysis
of the neutral mode would provide a very interesting independent measurement of the
A, parameter.

2.4.3 Implications of a measurement of A,

Using Eq. 1.37, the uncertainty on the measurement of the photon polarisation A, can be
translated in terms of constraints on the Wilson coefficients C7 and C%. An expression in
terms of C7 and C} would also be possible if the corrections hi 1, were such that e I /g%(0)
could be considered process independent, provided some theoretical input on these
corrections is given. This potential presence of process-dependent corrections makes A,
less interesting to assess the size of NP effects with respect to other cleaner observables such

AD—A0
as oy

7 (which is discussed in Sec. 1.2.2), but its high statistical power, demonstrated
in this study, compensates for that limitation, and the new constraints could compare to
those already set by the BY — K*%¢te™ angular observables, or the inclusive B — X v
branching fraction shown in Fig. 1.8. Another interesting feature of A, is that its
dependence in C7 and C7 is complementary to previously cited measurements and it

could provide crucial information to solve some ambiguities (such as the one on Re(CY%))
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Table 2.7 — Model used to describe the Ko — K7~ 7" hadronic system in the BY —
K*n~ 70 sensitivity study. The table is divided in sections according to the spin-parity
JP of the K, resonance. The mentions [S] and [D] refer to the wave of the heavy
kaonic resonance decay. The amplitude with the S-wave decay K;(1270)" — K*(892)%7°
is chosen as a reference for the magnitudes and phases.

JP  Amplitude k ag Ok Fraction (%)
K1(1270 — K*(892)%70 [S]  1(fixed) 0 (fixed) 8.0
K1(1270)° — K*(892)*7~ [9] 1.01 0.00 8.0
K1(1270)° — K*(892)*7— [D]  0.98 —1.74 0.3
1t K1(1270)° — K*(892)°7° [D] 0.99 —1.74 0.3
K1(1270)° — K+ p(770)~ 2.86 —-0.91 39.7
K1(1400)° — K*(892)* 7~ 0.60 —0.76 3.8
K1(1400)° — K*(892)°7° 0.59 —0.76 3.8
K*(1410)° — K*(892)* 7~ 0.11 0.00 3.9
K*(1410)° — K*(892)°7° 0.11 0.00 3.9
1= K*(1680)° — K*(892)*7~ 0.05 0.44 1.7
K*(1680)% — K*(892)°7" 0.05 0.44 1.7
K*(1680)° — K*p(770)~ 0.06 1.40 2.4
K3(1430)° — K*(892) T 7~ 0.27 0.00 2.3
2t K3(1430)° — K*(892)°7° 0.27 0.00 2.3
K3(1430)° — KT p(770)~ 0.63 1.80 8.9
K5(1580)° — K*(892) "7~ 0.49 2.88 2.2
K5(1580)" — K*(892)°7 0.49 2.88 2.2
K5(1580)° — K+ p(770)~ 0.54 2.44 3.2
o 2(1770) — K*(892)tn~ 0.35 0.00 1.5
K5(1770)° — K*(892)°7Y 0.35 0.00 1.5
K5(1770)° — K+ p(770)~ 0.11 2.53 0.2
K5(1770)° — K3(1430) 7~ 0.07 —2.06 0.3
K5(1770)° — K3(1430)°7° 0.07 —2.06 0.3
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Table 2.8 — Pull parameters of the fit to B — K7~ 7%y samples for all magnitudes and
phases relative to the amplitude with the S-wave decay K;(1270)" — K*(892)°7°.

Amplitude k Magnitude ay, Phase ¢,
Hpull Opull Hpull Opull
K1(1270)° — K*(892)*7~ [S] —0.024+0.10 1.104+0.10 —0.18£0.09 0.95 4 0.06
K1(1270)° — K*(892)*7~ [D] —0.134£0.09 0.994+0.06 —0.14+0.09 0.97 4 0.06
(1270)0—> K*(892)°7Y [D] 0.01+0.11 1.12+0.08  0.054+0.11 1.14+0.08
K1(1270)° — K+ p(770)° 0.314+0.10 1.074+0.07 —0.16+£0.09 0.96 4 0.06
K1(1400)° — K*(892) T 7~ 0.27+0.10 1.03+£0.07 —0.234+0.10 1.04+0.07
K1(1400)° — K*(892)°7° 0.20 £0.09 0.96+0.06 —0.31+0.09 0.95=+0.06
K*(1410)° — K*(892)* 7~ 0.01+0.09 1.014+0.07 —0.09=+0.09 0.950.06
K*(1410)° — K*(892)7Y 0.194+0.10 1.03+£0.07 —0.0940.08 0.89 + 0.06
K*(1680)° — K*(892)* 7~ 0.32+0.11 1.154+0.08 —0.19+0.10 1.06+0.07
K*(1680)% — K*(892)7Y 0.094+0.11 1.10+£0.07 —0.2140.09 0.97 +0.06
K*(1680)° — KT p(770)~ 0.154+0.10 1.0940.07 —0.23+0.09 1.0140.07
K3(1430)° — K*(892) 7~ 0244010 1.054+0.07 —0.33+0.09 0.9540.06
K3(1430)° — K*(892)7Y 0.08 £0.08 0.90+0.06 —0.27+0.09 0.89=+0.06
K3(1430)° — K*p(770)~ 0254011 1.094+0.07 —0.24+0.08 0.9340.06
K5(1580)° — K*(892) T 7~ 0.05+0.10 1.0340.07 —0.07+0.08 0.91=+0.06
K5(1580)° — K*(892)°7° 0.12+£0.09 0.98+0.06 —0.25+0.09 0.96 & 0.06
K5(1580)° — K+ p(770)~ 0.05+0.10 1.06+0.07  0.09+0.08 0.90 & 0.06
Ko(1770)° — K*(892)* 7~ 0.07+0.10 1.054+0.07  0.04+0.09 0.99+0.07
Ko(1770)° — K*(892)°7° 0.184+0.09 0.914+0.06 —0.13+0.09 0.9240.06
K5(1770)° — K+ p(770)~ 0.07£0.09 0.97+0.06 —0.03+0.09 0.98+0.06
Ko(1770)° — K3(1430) 7~ —0.10+£0.10 1.03+0.07 —0.07+0.10 0.98+0.07
K5(1770)° — K3(1430)°7° 0.104+0.09 0.98+0.06 —0.124+0.10 1.0340.07
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Chapter 2. Proof-of-concept for the measurement of the photon polarisation using an
amplitude analysis

that result from the combination of all previous constraints. In all cases, the contributions
from hiR L will have to be studied theoretically in order to size these contributions and
estimate how much they depend on the handedness of the photon, and on the process
considered. In case these contributions were found to be small but not negligible, they
would have to be taken into account as nuisance parameters.

A more precise measurement of C7 could help understand the long-range contributions
from cc loops. By identification, this would place better constraints on the long-range cc
contributions adding up to the Cy Wilson coefficient which is involved in the hamiltonian
of b — sl™I~ transitions, and help for example with the interpretation of Ry, ratios.

2.4.4, Conclusions, limits and foreseen improvements

The performed studies demonstrate that, in the ideal case of a background-free sample
without distortions due to experimental effects, and ignoring the differences between
non-factorisable hadronic parameters between the resonances in the K77 system, this
amplitude analysis allows the measurement of the photon polarisation with a statistical
uncertainty of around 0.010 on a sample of 50000 B* — K Tn~ 7"~ decays corresponding
to the signal statistics assumed for LHCDb in Runs 1 and 2. Belle II is assumed to
reconstruct about 10000 B° — K7~ 7%y decays with a data set corresponding to
an integrated luminosity of 5ab™!. The analysis of these data could also determine
independently the photon polarisation with a statistical uncertainty of the order of 0.019,
again ignoring background and experimental effects, as well as non factorisable hadronic
uncertainties.

It has to be stressed that the presence of background and the resolution of the detector
might degrade the measurement. These effects, which depend heavily on the detector and
data-taking conditions, will have to be estimated carefully when applying the method on
real data.

Additionally, in the fit to real events, the signal model will have to be improved in order
to best describe the data, and the study presented in Sec. 2.4.2 will have to be repeated
with the final model to check for intrinsic biases. For example, the changes will include
using more realistic lineshapes to describe some of the decay processes, which are not
well modeled by Breit-Wigner distributions. This will be developped in Chapter 5. The
description of the spin factor for the weak decay B — R;y will also be improved by using
the expressions given in Ref. [68], in which all the possible covariant terms have been
properly taken into account. For a photon with a polarisation vector ¢ and a resonance
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R; with spin J;, parity P; and polarisation vector €, these expressions read as:

JZPI' =1%:
Skt = Ficupo€ ™ PPg7 4 ((€" - *)(P - q) = (¢ - P)(¢" - q)), (2.40)
JZ-Pi =1":
ShyL = ~i€upo€ M PPqT £ (€ €7)(P - q) — (€ P)(€" - q)), (2.41)
Jh =2t

R/ = —ieupe€ M TNPAPPGT £ ey Lo (P a) = (Puc,d) P (2.42)

with P = pg +p’ and ¢ = pg — p/, where pg and p’ refer to the four-momenta of the B
meson and of the resonance R;, respectively. Here, the “F” (“£”) sign means “—" (“+”)
for index R and “+4” (“—") for index L. The expression for a resonance of spin-parity
27 is not given in this reference, but it can be obtained by taking the same covariant
expressions as in Eq. 2.42 and imposing the relation of Eq. 1.36, which gives:

Jhi =9

()

Sk/L = Fi€urpo€ € PAPPG" + € (e )1 1 (P - @) — (Puegyd”) P (2.43)

These new expressions will change the interference pattern between different resonances,
and will add a dependence in P and ¢ that was not present in the study shown in
this chapter. However, the angular and invariant mass squared distributions for single
resonances are not strongly affected by these changes. The sensitivity, which appeared
to depend loosely on the signal model, is not expected to change.
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3 Experimental setup

The Bt mesons studied in this thesis come from the hadronization of bb pairs produced
in proton-proton (pp) collisions at the Large Hadron Collider, and their decays are
recorded using a detector optimized for the study of b- and c-flavoured hadrons: the
LHCDb experiment.

31 The CERN LHC

Hosted at the European Laboratory for Particle Physics (CERN), the Large Hadron
Collider (LHC) is a particle accelerator and collider consisting of two 27 km long rings in
which bunches of protons or heavy ions circulate in opposite directions and collide in
four interaction points.

The LHC has been designed to produce pp collisions at a centre-of-mass energy of 14 TeV
with an instantaneous luminosity of 104 cm™2s~!. Starting from 2010, the LHC actually
delivered pp collisions at a lower centre-of-mass energy of 7 TeV up until the end of 2011,
and then operated at 8 TeV in 2012. During this first data-taking period (Run 1), the
consecutive proton bunch crossings were separated by 50ns. At the end of 2012, the
machine underwent a long technical stop before resuming in 2015 with proton bunches
separated by 25ns at a centre-of-mass energy of 13 TeV, which was kept constant during
the entire Run 2 until the end of 2018. After a new long technical stop, the collider is
expected to reach its design centre-of-mass energy of 14 TeV for the duration of Run 3,
from 2021 to 2024.

The LHC is the last piece of an accelerator complex made of several machines in which
the protons or heavy ions are accelerated at successively higher energies. The different
steps of the proton cycle, shown in Fig. 3.1, are the following:

e lonization of the hydrogen contained in a simple gas bottle by stripping away the
electrons of hydrogen atoms thanks to an electric field.

o First acceleration in the Linear Accelerator 2 (LINAC 2) up to an energy of 50 MeV.
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Figure 3.1 — Scheme of the LHC accelerator complex dedicated to the pp collisions in LHC Runs
1 and 2. The direction of travel of the protons is indicated by red arrows.

e Acceleration in the Booster, a small synchrotron which boosts the protons to 1 GeV.
o Acceleration in the Proton Synchrotron (PS) in which the protons reach 26 GeV.

o Acceleration in the Super Proton Synchrotron (SPS) up to an energy of 450 GeV,
and separation into two beams that are injected separately in the LHC, in opposite
directions.

o Acceleration in the LHC where the protons acquire their final energy and are
collided in the interaction points.

Each of the four LHC interaction points hosts one of the large CERN experiments: ALICE,
which exploits mainly heavy ion collisions, ATLAS and CMS, which are general purpose
experiments, and LHCb, which is dedicated to the indirect searches of NP in heavy
flavour physics phenomena, especially CP violation and measurements of observables in
rare decays of hadrons with a b or a ¢ quark.

3.2 The LHCb detector

The LHCb experiment is a single-arm forward spectrometer which has been designed to
exploit the specific features of the b-hadron decays in the conditions of pp collisions [69].

At the LHC, the main production mechanism of bb pairs in pp collisions is gluon fusion.
This production mode is characterized by a high momentum exchange between partons,
resulting in the bb pairs to be emitted mainly in the direction of the higher momentum
parton, at a small angle with respect to the beam. In order the exploit this particular
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3.2. The LHCb detector

topology efficiently, the LHCb detector was built to cover the region of most likely emission
of these pairs in a pseudorapidity (1) range between 2 and 5, where n = —In[tan(6/2)]
and 6 is the angle with respect to the direction of the beam. This corresponds to an
angular coverage of 15 to 300 (250) mrad in the bending (non-bending) plane of the
magnet. However, at the centre-of-mass energies delivered by the LHC, the fraction of
inelastic pp collisions leading to the production of a b-hadron is only 1% or less, meaning
that a strong discrimination must be achieved to separate the decays of interest from
backgrounds coming from the pp collisions.

A specificity of the b and ¢ hadrons is that they have relatively long lifetimes (of the
order of 1.5ps for the BT, BY, BY and A hadrons, 1ps for the D™ meson, 0.5ps for
the Dy meson and 0.4 ps for the D meson), so the point where they are produced (the
primary vertex) is well separated from the point where they decay (the secondary vertex).
In the LHC conditions, the BT mesons for example typically travel a distance of the
order of one centimeter before decaying, whereas most of the other pp collision products
are stable or decay promptly. The main feature of an experimental setup dedicated to
the study of b-hadron decays is therefore an excellent vertex resolution which allows the
separation of the secondary from the primary vertices.

In this context, operating directly at the luminosity delivered by the LHC to ATLAS
and CMS would be very challenging because it would imply multiple pp collisions in the
same event (pile-up), resulting in a large number of decay products in the detector which
would make the separation of vertices very difficult. Additionally, this high multiplicity
would create severe radiation damage in the detector and degrade the capabilities of its
components. Therefore, a specific beam focusing method is used in order to operate at
an instantaneous luminosity of L = 4 x 1032 ecm™?s~! at the LHCD interaction point, so
that the most probable number of pp interactions per bunch crossing is close to one [70].
At 13 TeV of centre-of-mass energy, the cross-section for bb pair production is around
600 ub [71], so the luminosity delivered to LHCD still allows the production of 10'? bb
pairs per year at this energy.

Essential features for the study of b and ¢ hadrons include:

e A high vertex resolution as explained above.

o A good particle identification to enable the precise characterization of the daughter
particles.

e An excellent momentum resolution to measure masses accurately and reject back-
grounds coming from wrong combinations of reconstructed objects (combinatorial
background).

e A performant trigger system to reject background and select the decays of interest.
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Figure 3.2 — Schematic layout of the LHCb detector and its system of coordinates [72].

The layout of the LHCb experiment, which is optimized to comply with these constraints,
is shown in Fig. 3.2. The LHCb coordinate system has its origin at the nominal pp
interaction point. The z axis is oriented in the direction of the detector, from the origin
to the muon stations [72]. The vertical y axis points upwards and the horizontal x axis
points outside of the LHC rings.

LHCb is made of two main subsystems:
e The tracking system, described in Sec. 3.3, provides precise information about

the trajectory of the charged particles. It comprises the Vertex Locator (VELO),
the magnet, the silicon tracker (ST) and the outer tracker (OT).

e The particle identification system, discussed in Sec. 3.4, is composed of the
Ring Imaging Cherenkov detectors, the calorimeter systems and the muon systems.

3.3 The tracking system

The tracking system is dedicated to the reconstruction of charged particles and provides
precise information about their charge and momentum. It allows a high momentum
and vertex resolution for ¢ and b hadrons. Charged particles are reconstructed as tracks
from the hits in several sub-detectors before and after a dipole magnet that bends their
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3.3. The tracking system

trajectory according to their momentum-to-charge ratio.

Upstream of this magnet, the tracking system is composed of the Vertex Locator (VELO)
and the Tracker Turicensis (TT), both using silicon technology. The tracker placed
downstream of the magnet consists of three tracking stations, each of them with an inner
and an outer part. The Inner Tracker, situated at low angle with respect to the beam
pipe, is in a zone of high occupancy for which a high resolution is needed. The Outer
Tracker which surrounds the inner part is in a lower occupancy region, which makes a
lower resolution acceptable.

During Run 1, the LHCD tracking system achieved a relative momentum resolution dp/p
of 0.4% for tracks of 5 GeV/c and of 0.6% for tracks of 100 GeV/c.

3.31 The Vertex Locator (VELO)

The main objective of the VELO (Fig. 3.3) is to separate the b- or c-hadron vertices
(secondary vertices) from the pp collision vertex (primary vertex, PV), which are typically
0.01 to 1 cm away from each other. As the positions of the primary vertices are spread
along the z axis, the VELO has been designed to cover the region |z| < 10.6 cm around
the nominal interaction point. The information from the backward region z < 0 is also
used to identify high multiplicity events due to pile-up.

The VELO is made of two sets of 21 half-circular silicon stations which provide radial r
and azimuthal ¢ coordinates of the hits. These stations are assembled in order to be
as close as possible to the beam, inside a vacuum vessel in which they are mounted on
two movable supports. In this way, the VELO can be opened during LHC injection and
dumping phases such that the detector is 4 cm away from the beam, and it can be closed
for data-taking with sensors only 8 mm away from the beam. When the VELO is closed,
there is a small overlap between the stations on each side of the beam which is useful for
alignment.

Fach 300 pum thick silicon sensor measures either the radial or azimuthal coordinate. The
r and ¢ coordinates, as well as the z coordinate of the station, give the 3D localisation
of a hit with a resolution that ranges from 5 to 25 um, depending on the track angle
and the width of the silicon strips (which are finer towards the central region) at the hit
position.

This results in an offline-reconstructed PV resolution of the order of 40 wm in the
transverse (z,y) plane.
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Figure 3.3 — Sketch of individual r and ¢ stations, and of their arrangement inside the vertex
locator (VELO).

3.3.2 The dipole magnet

The role of the magnet is to produce the magnetic field allowing a precise determination
of the momentum of the charged particles. The polarity of the dipole magnet can be
inverted during data taking in order to cancel detection asymmetry in tracking which
could affect the C'P asymmetry measurements.

The magnet is made of two conical shaped non super-conducting coils of 27 tons each,
mounted on a 1450-ton iron frame.

The integrated magnetic field of 4 Tm in the region 0 < z < 10 m has been chosen in order
to allow a good momentum resolution of the tracking system. To ensure a good tracking
performance, this field has to be known precisely and has therefore been measured by an
array of Hall probes and parametrized in the whole volume of the detector.

3.3.3 The silicon tracker

The silicon tracker is dedicated to the detection of hits of charged particles in the
regions of high occupancy after the vertex locator. It is composed of two parts situated
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respectively upstream and downstream of the magnet: the Tracker Turicensis (TT) and
the Inner Tracker (IT). These two sub-detectors make use of silicon microstrip sensors
which fulfill three critical requirements:

o An excellent spatial resolution (of the order of 50 um for sensors with a pitch of
200 pm).

o A good signal-to-noise ratio, which reduces the probability of reconstructing ghost
tracks (tracks that are not originating from a true particle).

e A high radiation tolerance, which is essential in the regions covered by the TT
(where the occupancy in minimum bias events is of 5 x 1072) and the IT (where
this occupancy is 1.5 x 1072).

In order to avoid the superposition of consecutive events, a fast shaping time of 25ns
has been chosen for both silicon trackers.

The tracker turicensis The TT is placed before the magnet and has been optimized
for the detection of low momentum tracks deflected outside of acceptance by the magnet.
It is made of two pairs of two 150 x 130 cm? layers in the plane transverse to the beam
axis with parallel silicon microstrips. In order to allow a 2D measurement of the hit
position, the two outside planes have vertical microstrips while the strips in the two
middle planes are inclined by a stereo angle of +5° and —5° with respect to the vertical
axis, as shown in Fig. 3.4. It covers a total active area of 8.4m?.

The inner tracker Situated at the centre of the outer tracker, the IT covers only 2%
of the surface of the tracking system after the magnet, but it detects 20% of the tracks
because of the larger density close to the beam pipe. This area corresponds to regions in
which the cheaper straw-tube technology used for the outer tracker cannot cope with
the high occupancy. The IT is made of three stations along the beam direction, each of
them being a replica of a structure of 4 detector boxes placed in a cross shape around
the beam pipe, as illustrated in Fig. 3.5. Each of these detector boxes has four detection
layers (two vertical and two tilted as for the TT) with 7 detector modules each.

To avoid secondary interactions which increase the number of tracks and hence reduce the
performance of the tracking system, the material budget in the inner region is reduced to
a minimum. Hence, 320 pm-thick silicon sensors are used in the top and bottom layers
while 410 pm-thick sensors are placed in the side boxes.
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Figure 3.4 — Layout of the Tracker Turicensis [73].

19.8 cm

21.8 cm
414 cm

125.6 cm

Figure 3.5 — Layout of an Inner Tracker station [73].

3.3.4 The outer tracker

The OT is a gaseous straw-tube detector which measures the hits outside of the IT. The
position of the hit is obtained from the drift time of the ions which are freed when a

charged particle goes through the tube.

The OT is also made of three stations which consist of 6 x 5m? pannels surrounding
the IT stations. Each of the OT stations has 72 modules composed of two layers of
4.9mm diameter tubes as indicated on Fig. 3.6. All these tubes (around 55000 in total)
have an inner gold-plated tungsten wire which acts as a cathode to collect the positively
charged ions, while the outer region allows fast signal transmission and provides shielding.
The tubes are filled with a mixture of argon (70%) and COz2 (30%) in order to ensure a
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Figure 3.6 — Layout of the Outer Tracker [73]. The cross-shape around the beam pipe leaves
space for the Inner Tracker.

drift-time below 50 ns, a spatial resolution of 200 pm and resistance against ageing. This
lower resolution with respect to that of the IT is compensated by the fact that straw
tubes are cheaper and easier to handle, and provides sufficient tracking performance in
the region of low occupancy.

3.3.5 Track reconstruction

Several types of tracks (illustrated in Fig. 3.7) can be distinguished depending on the
sub-detectors in which they are reconstructed:

— The VELO tracks are seen only in the VELO by both r and ¢ sensors. These
tracks can have a large polar angle and are used mainly for the reconstruction of
primary vertices.

— The T tracks are only in T stations (each of them made of an OT station and its
inner IT station) and correspond mostly to the decays of very long-lived particles
or to secondary interactions in the detector.

— The upstream tracks, reconstructed in the VELO and TT only, have a low
momentum and fly out of acceptance. They are rarely used because of poor
momentum resolution.
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Figure 3.7 — Sketch showing the different categories of tracks reconstructed in the LHCb
detector [74].

— The downstream tracks, in TT and T stations, correspond mostly to decay
products of long-lived particles such as K9 or A.

— The long tracks are seen in all the sub-detectors of the tracking system and are
the most commonly used in data analyses.

The track reconstruction algorithm depends on the type of tracks [75]. In Run 1, the
reconstruction of long tracks in LHCb was done in three steps:

— First, a search for VELO hits that are compatible with a straight line is performed
and VELO tracks are formed.

— These tracks are associated with hits from the T stations (IT or OT) and then
from the TT using an extrapolation approach. This matching is time consuming
but avoids the use of tracking stations inside the magnet, which would be difficult
to operate due to a high occupancy caused by the low-momentum particles from
secondary interactions trapped in the magnetic field. Limiting the number of
tracking stations also keeps the material budget low.

— The VELO tracks and selected hits in the T stations are fitted together with
compatible TT hits and their parameters are estimated with a y? minimization.

In Run 2, the timing of the track reconstruction has been improved significantly by
reconstructing track segments using both the VELO and TT information, and then by
extrapolating these tracks (whose direction is better defined) to the T stations for the
hit search.
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3.4 The particle identification system

Several crucial measurements in flavour physics rely on the precise knowledge of the
identity of particles. For example, in certain signal decays involving charged kaons,
protons or muons, charged pions constitute a major background. In radiative B decays,
it is also of foremost importance to separate photons from electrons and 7° in order
to avoid contaminations by charmless decays or decays with a converted photon (to
an ete™ pair). Assigning an identity to the measured particles is the main goal of the
particle identification system, which consists of three parts: the Ring Imaging Cherenkov
detectors (RICH) which identify the different charged hadrons species, the calorimeters
which differentiate the hadrons from photons and electrons, and the muon system which
detects the muons.

3.41 The Ring Imaging Cherenkov detectors

Two RICH detectors are used in LHCb in order to identify the charged particles. Their
main objective is to discriminate between pions, kaons and protons in a large momentum
range, using a technology based on the Cherenkov effect. When a charged particle
traverses a medium characterized by a refraction index n with a speed v > ¢/n, where ¢
is the speed of light in vacuum, it emits electromagnetic radiation at an angle # with
respect to its flight direction:

c
=, 1
cosf . (3.1)

These Cherenkov photons are reflected by a combination of flat and spherical mirrors
out of LHCD acceptance where they are captured by Hybrid Photon Detectors (HPDs),
which are protected from the residual magnetic field by iron screens. The information
from the HPDs is then used to reconstruct the Cherenkov light emission angles, which
are given as an input to the particle identification algorithms.

The momentum spectrum is softer at large angles with respect to the beam, and harder
at small angles. In order to cover the full momentum range, two RICH detectors are
used with radiators characterized by different refraction indices.

The RICH1 detector, upstream of the magnet, covers the full LHCb acceptance, in the
low momentum range (1 — 60GeV/c). It uses C4F ;¢ as radiator. In Run 1, aerogel
was also used in RICHI1 to improve the very low momentum identification, but it was
removed in Run 2 because its contribution was worse than expected and it was difficult
to integrate in the Run 2 trigger scheme due to the large rings produced and the large
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number of Cherenkov photons which were consuming too much CPU time [76].

The RICH2 detector is placed downstream of the magnet, between the tracking stations
and the calorimeters. Its coverage is limited to the inner regions, with an acceptance
going from 4 15 mrad to +200mrad in the bending plane, and to 4+ 100 mrad in the
non-bending plane. Its design has been optimized for particles with higher momenta,
between 15 and 100 GeV/c. The CF, radiator has a tunable refraction index.
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Figure 3.8 — Layout of the RICH1 (left) and RICH2 (right) subdetectors [73].

3.4.2 The calorimeter system

The identification of electrons, photons and hadrons is performed by the calorimeter
system which provides energy and position measurements, as well as information for the
trigger. The calorimeter system is composed of four subdetectors following the layout in
Fig. 3.9:

- The electromagnetic and hadronic calorimeters (ECAL and HCAL) are used to get
the energy and position of the electromagnetic and hadronic showers.

- A preshower detector (PS) in front of the ECAL after a lead converter allows the
separation of electromagnetic from hadronic showers using the longitudinal profile
of electromagnetic showers.

- A scintillating pad detector (SPD) in front of the lead converter and PS is used to
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separate charged from neutral particles and to estimate the number of tracks for
the first trigger stage.

As the hit density in the subdetectors varies by two orders of magnitudes in the plane
orthogonal to the beam, the SPD, PS, ECAL and HCAL have a variable segmentation.
The ECAL, PS and SPD are divided in three sections with different cell sizes, while
the HCAL has two sections and bigger cell size because of the larger lateral extension
of hadronic showers. In order to get a fast evaluation of the energy and position of
the trigger candidates, the segmentation of the various subdetectors is approximately
projective in the direction of the interaction point.

All the elements of the calorimeter are based on a similar technology: scintillation light
is brought by wavelength shifting fibres to photo-multiplier tubes (PMTs). The single
fibres in SPD and PS cells are read by multi-anode PMTs while the fibre bundles in the
ECAL and HCAL are read by individual photo-tubes.

The calorimeter system achieves a 95% photon detection efficiency while rejecting 45%
of the 7 background.

The pad and preshower detectors The SPD/PS system is composed of a 15 mm
lead converter (which amounts to 2.5 radiation lengths) between two identical planes
of rectangular scintillator pads with high granularity. The SPD is situated before the
converter and the PS after. Each subdetector is divided into inner, middle and outer
cells with sizes 4 x 4, 6 x 6 and 12 x 12cm?. The SPD cells are smaller by 0.45%. The
SPD is used to separate photons from electrons in the first trigger stage. It gives binary
information which allows a very fast response. The charged particles deposit energy in it
while the neutrals don’t. Potential misidentification comes from photon conversion in
the upstream material and backwards moving charged particles generated in the lead
converter.

The electromagnetic calorimeter In order to fully contain the electromagnetic
showers and to ensure an optimal energy resolution, the thickness of the ECAL has
been chosen to be 25 radiation lengths. The design is based on the Shashlik calorimeter
technology: scintillator planes interleaved with lead plates are read out by wavelength
shifting fibres perpendicular to the scintillators. This allows a good compromise between
cost and energy resolution, fast response, good radiation resistance and reliability. The
design energy resolution is

op 10%

E - VE

®1% (Ein GeV), (3.2)
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where the first term is due to the statistical fluctuation of the shower and the second
term is the systematic uncertainty of the calibration. The maximum transverse energy
is limited by the maximum possible gain of the PMTs. For the LHCb calorimeter, the
threshold has been optimized for b physics, 0 < Et < 10GeV. Beyond this limit, the
detector saturates. As the effect of ageing and the performance vary from cell to cell, a
calibration has to be performed regularly to obtain calibration coefficients per cell.

Outer section :

121.2 mm cells

Outer section :

2688 cl
Middle section :
60.6 mm cells

262.6 mm cells

608 channels

Figure 3.9 — Layout of the PS/SPD/ECAL systems (left) and the HCAL system (right) [77].

1792 channels

The hadronic calorimeter The hadronic calorimeter is used for the trigger and
the particle identification. It uses tiles of scintillating material alternating with iron
absorber plates for a total weight of about 500 tons. The structure is a bit special as
the scintillating tiles are placed parallel to the beam axis and alternate with 1cm thick
plates of iron. The length of the tiles in the longitudinal direction is chosen to match the
hadron interaction length in steel. Due to the limited space in the cavern, the HCAL
is only 5.6 radiation lengths thick. This introduces a leakage for the most energetic
particles, but the measured energy using the HCAL alone has been shown to be wrong
by less than 3% for 80 GeV pions [78]. The design resolution is

@_80%
E - VB

$10% (Ein GeV). (3.3)

The HCAL is also divided in two different sections (instead of three for the rest of the
calorimeter system): the inner one has square cells of 131.3 mm, and the outer one has
cells of 262.6 mm.

3.4.3 The muon system

The muon system is specialized in the detection and identification of muons, and is used to
provide information for the high-momentum muon trigger. As muons have a long lifetime,
T, = 2.2us, so ¢, = 659m, and a very low interaction probability, they traverse the

74



3.4. The particle identification system

M1 M2 M3 M4 M5
[ 1
——— 8
— o ®
P = Z = § 3
c
2 S o 5 o] |8

- = > =] S =]

o % - = - =

3 = = = =

™) r_r'1 @ @ ® @

;‘ a —_ N w N
‘‘‘‘‘‘‘‘‘ R1
------ R2

T —- R3
S
\~
\~
R4
y
L» Z \\I\

Figure 3.10 — Layout of the muon systems [79].

entire detector while the other charged particles are filtered out. Consequently, the muon
systems are placed at the very end of the detector. They consist of five stations M; — Mjs
of rectangular shape which cover an acceptance from 20 to 306 mrad in the bending
plane, and from 16 to 258 mrad in the non-bending plane, as indicated in Fig. 3.10. An
efficiency of around 20% is reached for muons from inclusive semileptonic b decays. The
five stations are made of multi-wire proportional chambers (MWPC) orthogonal to the
beam axis. M is placed in front of the calorimeters and is used to improve the transverse
momentum measurement in the trigger. Downstream of the calorimeter, Mo — My are
interleaved with 80 cm thick iron absorbers to select the penetrating muons.

3.4.4 Particle identification

Each type of particle is characterized by a different signature (Fig. 3.11). The charged
particles (electrons, muons, pions, protons and kaons) are identified using input from the
RICH, the muon system and the calorimeters, while the identification of neutral objects
(e.g. photons and 7¥) use only information from the calorimeters.
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Muon

Electron

Photon

Charged Hadron
Neutral Hadron

Figure 3.11 — Schematic representation of the signatures of the muons, electrons, photons,
charged and neutral hadrons in the LHCb detector. The hits in the various sub-detectors,
calorimeter showers and RICH rings are shown for each type of particle [25].

Identification of charged particles A pattern recognition algorithm matches the
observed patterns of Cherenkov rings in the RICH detector with the ones that would
be produced by the reconstructed tracks under a certain set of mass hypotheses. As a
first step, all tracks are assumed to be pions (the most probable type of charged particle
in LHCb) and a global likelihood that compares the observed and expected patterns
under that hypothesis is computed. Then, for each track successively, other identification
hypotheses (electron, muon, proton or kaon) are tested and a new global likelihood is
computed. In the end, the set of mass hypotheses assigned to the tracks is the one that
maximizes the global likelihood [80].

The values of the likelihood for various identification hypotheses are also combined with
information from the other sub-detectors and used by neural networks in order to predict
the probability ProbNNx of a given track to be of a certain type X.

Muon identification The muon identification takes information from the RICH,
the calorimeter and the muon systems [81]. First, a loose selection of potential muons is
performed using hits found in the muon chambers within a field of interest around the
extrapolation of a given track from the tracking system. Then, a likelihood comparing
the muon and non-muon hypotheses is computed using the distance between the hits
in the muon stations and the extrapolated track. This likelihood is then combined
with information from the RICH and the calorimeters to assign a muon identification
probability.
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3.5. The LHCb trigger

Electron identification The electron identification is mainly built from calorimeter
and RICH information. Electrons are seen as ECAL clusters (groups of 3 x 3 adjacent
cells around a local maximum of energy) associated with tracks. In order to match
clusters with tracks, a X% variable is defined based on the distance between the clusters
and the extrapolated tracks. Small values of X% are typical of clusters from charged
particles while high values identify neutral clusters. Additionally, electrons are separated
from hadrons using the fact that they radiate more photons through Bremsstrahlung
and they deposit most of their energy inside the PS and ECAL while they do not reach
the HCAL.

Identification of neutral particles As it uses only input from the calorimeter
systems, the identification of neutral particles is far more challenging than that of
the charged particles, which typically reaches 90% of efficiency and below 5% of mis-
identification probability. The photon candidates are reconstructed as neutral clusters in
the ECAL, so clusters associated with high values of X,zy. A separation is made between
the converted photons (which created an electron-positron pair before the lead absorber)
and the unconverted ones by using the number of hits in the SPD. Neutral pions decay
into two photons, which are well separated when the 7° transverse momentum lies
below 2.5 GeV/c. These resolved 7° are reconstructed by finding pairs of calorimeter
clusters with a total invariant mass compatible with the 7° mass hypothesis. However,
for transverse momenta over 2.5 GeV/c, the angle between the two emitted photons can
be so small that they are seen as a single cluster in the calorimeter. To reconstruct these
merged ¥, each cluster is split into two superimposed subclusters and their respective
energy is iteratively recomputed using the expected energy distribution from photon
showers. The cluster is then identified as a merged 7" if the distance between the two
photons is kinematically allowed and if their invariant mass is compatible with that of a
7Y, The reconstruction and identification efficiency has been evaluated on a sample of 7°
coming from B — 7~ 770 decays and is shown in Fig. 3.12.

3.5 The LHCb trigger

At the interaction point, the bunch crossing rate delivered by the LHC is close to 40 MHz,
which is impossible to record with present resources. The role of the trigger is to reduce
the rate of recorded events down to a few kHz by operating a first data selection in
two stages: the hardware-based stage (called L0) which uses raw information from the
detector to operate a very fast selection, and a software based stage divided in two steps
(HLT1 and HLT?2) in which the events are fully reconstructed and further selected. The
trigger schemes used during Run 1 and Run 2 are described in Fig. 3.13 and explained in
the following paragraphs.
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Figure 3.12 — Reconstruction and identification efficiencies of resolved (plain blue histogram)
and merged (dashed red histogram) 7° together with their sum (black points) as a function of
the transverse momentum of the 7%, estimated on a sample of B — =770 decays [82].

3.51 Run 1trigger

Hardware-based level The main objective of LO is to reduce the event rate in
order to allow a readout of 1 MHz, currently limited by the front-end electronics [83].
To perform this task at a high rate, only the information from the fast systems can be
used. Input from the muon systems is used to trigger on one or two high-momentum
muons, while the electrons, photons and hadrons are triggered by the calorimeters. The
number of hits in the SPD also gives information used to veto events with high occupancy.
The total 1 MHz bandwidth is shared between different specific selections (trigger lines)
according to their physics reach. The main categories of trigger lines are the following:

e In the muon trigger (400 kHz), muon track segments are reconstructed only in
the muon systems by searching for hits aligned in straight lines pointing to the
interaction point. One or two muon candidates are required at this stage.

o In the hadron trigger (450kHz), a cluster with high transverse energy is looked
for in the hadronic calorimeter and is required to match with a cluster in the

electromagnetic calorimeter.

e The photon trigger uses the cluster of highest transverse energy in the electromag-
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LHCb 2012 Trigger Diagram LHCb 2015 Trigger Diagram
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Figure 3.13 — Trigger schemes used in Run 1 (left) and Run 2 (right) [83,84].
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Buffer events to disk, perform online

detector calibration and alignment

netic calorimeter, which is required to match with hits in the PS but not in the
SPD.

o The electron trigger uses the same ECAL cluster but requires matching hits in the
SPD. The photon and electron trigger lines share a bandwidth of 150 kHz.

Around 10% of the events are selected by several trigger lines.

Software-based level The software-based level runs on about 29000 CPU cores
and performs a further selection using reconstructed tracks and vertices and particle
identification. In HLT1, the rate is reduced from 1 MHz to 70 kHz by performing a first
reconstruction using the full detector information and by operating inclusive selections
(not specific to a given decay channel). Typical requirements include high transverse-
momentum tracks, high transverse energy ECAL clusters, tracks with large impact
parameters with respect to the primary vertex or muon pairs with high invariant mass.
In HLT?2, all the tracks with a transverse momentum above 300 MeV/c are reconstructed
and the rate is brought down to 5kHz using both inclusive and exclusive selections.
The main inclusive lines, the topo lines, are based on the selection of systems with 2, 3
or 4 tracks forming a vertex displaced from the primary vertex thanks to multivariate
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classifiers.

3.5.2 Run2trigger

In Run 2, the trigger has been modified for a better optimization and data quality [84].
The LO bandwidth division has been optimized but the structure remained the same.
The main changes concern the software-based trigger. During Run 1, the time-consuming
HLT?2 stage was applied directly after HLT1, and events were stored only after the two
operations, making the process inefficient. In Run 2, the data flow has been changed so
that the events are buffered to disk after HLT1 and are processed later on by HLT2. This
intermediate buffer also allows the online alignment and calibration to be performed,
hence improving the quality of the data obtained as an output of the trigger. These
improvements also lead to the creation of a dedicated trigger stream (the Turbo stream)
in which only the information from the signal candidates is stored, and whose goal is to
allow for certain physics analyses directly on the data coming out of the trigger [85]. All
these improvements led to a rate of recorded events of 12.5 kHz.

3.6 The LHCb software

The LHCDb software is based on the assumption that events can be treated nearly
independently of each other. This idea is encoded in the GAUDI framework [86] which
relies on loops over events, each of them containing information on which GAUDI tools
and algorithms can be run. This framework is flexible enough to be able to treat simulated
events and real data alike. Several software packages allow to handle different parts of
the data flow:

e GAUSS allows the simulation of the particles and their interactions with the
detector [87,88]. It is divided in several applications dedicated to specific tasks.
PYTHIA [89] is used to simulate the pp collisions while the decays of particles
are in general handled by EVTGEN [65]. The final state radiations are generated
using PHOTOS [90], and the interactions between the generated particles and the
detectors are simulated using the GEANT4 package [91,92].

« BOOLE performs the digitization. The electronic response as well as the hardware
stage of the trigger are simulated in this package which gives an output in the same
format as the real data.

e MOORE runs the software trigger on both real data and simulated events.

« BRUNEL performs the full track reconstruction and particle identification on
real and simulated data.
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LHCb Integrated Recorded Luminosity in pp, 2010-2018
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Figure 3.14 — Integrated luminosity recorded by the LHCb experiment in pp collisions from 2010
to 2018 [93].

e DAVINCI is an offline analysis tool which allows the construction and selection
of signal decays using combinations of objects and requirements on kinematics,

topology and particle identification.

3.7 Data samples

The good performance of LHCb in Run 1 and Run 2 has allowed the recording of large pp
collision data sets at various centre-of-mass energies. During Run 1, the LHC delivered
collisions at /s = 7TeV, and an integrated luminosity of 0.04 fb~! has been recorded
in 2010 and 1.1fb~! in 2011. In 2012, the centre-of-mass energy has been increased to
Vs = 8TeV and 2.1 fb~! of data were recorded, as shown in Fig. 3.14. In Run 2, at
Vs = 13 TeV, the integrated luminosity was 0.3 fb~! in 2015, 1.7fb~! in 2016, 1.7fb~!
in 2017 and 2.2fb~! in 2018.

3.8 The detector upgrade

The upgrade of the LHCb detector [94], in 2019-2020, will extend the physics reach
of the experiment by allowing it to run at higher luminosity in order to take maximal
advantage from the next two runs of the LHC, currently scheduled in 2021-2024 (Run 3)
and 2028-2030 (Run 4). First, the recent developments in hardware and software will
allow to multiply by five the instantaneous luminosity and operate the detector at
L =2 x10%cm?s™!, which will result in a collected integrated luminosity of around
50fb~! at the end of Run 4. This implies five times more collisions per bunch-crossing
(pile-up) in the LHCD detector, and hence much higher radiation damage. In addition,
the current limitations of the LHCb trigger scheme will be overcome by removing the
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hardware stage and operating a full event reconstruction at the inelastic pp collision rate
(~ 30 MHz). To summarize, the design of the upgraded experiment is driven by three
main constraints:

1. Higher occupancy (five times more pile-up than in Run 2),
2. Higher fluence (so higher radiation damage),

3. 30 MHz event reconstruction.

In order to cope with these new conditions, the LHCb detector will be nearly totally
renewed.

In the upgraded trigger scheme, the main differences with respect to Run 2 trigger is
that the LO hardware-based level will be removed, which implies that all the front-end
electronics need to be changed to run at 40 MHz. A full event reconstruction will be
performed and the events will be streamed in different inclusive and exclusive selections.
The events will then be buffered to disk in order to calibrate and align the detector online.
In a second stage, high precision particle identification information as well as track quality
information will be added to the events. A further selection will be performed and the
events will be saved to disk at a rate of 2-5 GBs~!. Following the ideas behind the Turbo
stream, disk space will be optimized by storing only the triggered signal candidates of
the inclusive selections, while the exclusive selections will save full event information.

The RICH will be kept with some modifications, as well as the ECAL and HCAL. The
SPD/PS system will be removed as it is no longer needed in the trigger [95]. The M1
station will be removed and a shield will be installed between the calorimeters and the
muon system in order to reduce the occupancy in the other muon stations.

The tracking system will undergo major changes as all tracking stations will be replaced,
in order to maintain the performance of the detector in terms of tracking efficiency and
vertex resolution in a much more difficult environment [96]. The VELO is replaced with
a pixel-based vertex locator (the VELOpix) which has a finer granularity (the pixels
area is only 55 x 55 um?) and is placed closer to the beam (the closest pixels are only
5.1mm from the beam, to be compared with 7.8 mm in the VELO [97]). Upstream of
the magnet, the TT is replaced with the Upstream Tracker (UT) which is based on the
same technology but with a finer granularity and closer to the beam. Downstream of the
magnet, a scintillating fibre tracker (SciFi), submitted to a lower fluence than the UT,
will replace the I'T and OT which cannot cope with the upgrade luminosity. Scintillating
fibres have been chosen as the base technology for this tracker because they offer a good
compromise between price and radiation hardness. The 11 000 km of 250 um diameter
fibres organised in 2.5 m long mats convert the energy deposited by charged particles into
light, which is then transported along the fibres and detected by silicon photomultiplier
(SiPM) arrays.
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The implementation of the digitization process in the SciFi tracker was an important
part of the work performed during this PhD thesis. I contributed mainly to the effective
simulation of the photon production and propagation in the fibres, to the optimization
of the digitization step in terms of timing, and to the code that allowed comparisons
between simulated SciFi module response and real module response coming from test
beam campaigns. This work is documented in an LHCD internal note [98] and the
corresponding code has been added to the BOOLE package in the official LHCb software.

83






4 Signal selection and mass fit

The BT — K+tn~ 7"y decays are selected in data sets collected by the LHCb detector
in 2011 and 2012 (Run 1), and 2016 and 2017 (partial Run 2). They correspond to
integrated luminosities of 1.1, 2.1, 1.7 and 1.7fb~! at centre-of-mass energies of 7, 8, 13
and 13TeV, respectively. The data collected in 2015 are discarded due to the lack of
calorimeter calibration for this year.

This chapter describes the selection of signal candidates. The data samples and the
simulated data sets used in this analysis are listed. The trigger selection is presented,
followed by the stripping selection and the offline selection. Then, the various components
of the mass fit to the BT — K7~ 7"~ candidates are described and several sources of
background are studied. Finally, the results of the mass fit are presented, as well as the
background subtraction procedure used to obtain the distribution of the variables on
which the amplitude analysis is to be performed.

41 Data and simulation samples

Two different selections are devised following the same strategy : one selection for
Run 1 data and one for 2016-2017 data. Due to the low statistics of the 2011 data
set, the selection of Run 1 data is optimized using only 2012 data and Monte Carlo
(MC) simulation and is applied to both the 2011 and 2012 data sets. As the data-taking
conditions are very similar for the data sets collected in 2016 and 2017, the same selection
is applied on both data sets and is optimized using the Run 2 MC simulation samples
available at the time of this work, which are generally simulated in the 2016 data-taking
conditions.

The MC simulated data sets used to study the signal and background contributions are
generated with the 2012 (MC12), 2016 (MC16) and 2017 (MC17) data-taking conditions.
In all these samples, the pp collisions are simulated using the GAUSS application described
in Sec.3.6. The interactions of the simulated particles with the detector are implemented in
the GEANT4 toolkit [91,92]. The set of samples used in the analysis of Run 1 are simulated
in the 2012 data-taking conditions while the samples used in the analysis of Run 2 are
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Table 4.1 — List of samples of fully simulated B decay events used for the analysis of 2011 and

2012 data.

MC production Number of events

BT — K1(1270)*y sim06b MC12 2.034 x 10°
Bt — K1(1400) T sim06b MC12 2.005 x 106
BT — K*(1410)*y sim06b MC12 2.027 x 109
BY — K0~ sim08d MC12 6.053 x 10°
Bt — K71ty sim08c MC12 1.523 x 106
BT — D(— Ktr=a0)xt sim08f MC12 2.091 x 106
BT — DY(— Kt~ m)pt(— 7T7%)  sim08e MC12 2.119 x 106
BT — D*9(— D%(— K*tr=)y)r™ sim08e MC12 1.032 x 106
Bt — D%(— D°(— K*ta)r%)nt  sim08e MC12 1.008 x 10°
BT — K**(— Ktr%)ntn~ sim08e MC12 2.012 x 108
BY — K1(1270)% sim06b MC12 1.843 x 106
BT — K(1270)n sim08c MC12 1.522 x 106
BT — af (= ntr )y sim06b MC12 2.027 x 106

generally simulated in the 2016 data-taking conditions. For B* — D%(— K*tnx 70+
decays in Run 2, the sample generated in the 2016 data-taking conditions is not large
enough, so a sample with the 2017 data-taking conditions is used instead. These
samples are shown in Tables 4.1 and 4.2. The large simulated data samples intended for
the amplitude analysis and referred to as “cocktail” contain an incoherent mixture of
BT — KTn~mty decays simulated using the EVTGEN generator and involving several
resonances and decay chains without interferences, as listed in Table 4.3. The motivation
for this specific composition is explained in Sec. 5.4.

4.2 General strategy of the event selection

The selection of signal candidates is performed in three steps:

o The trigger filters events at data-taking time and decides which events are recorded.
The others are definitively lost.

e In the stripping step, the fully reconstructed events undergo a first loose selection
of B candidates decaying to three charged tracks and a neutral object in the
calorimeter.

e The BT — Ktn~ mty candidates are further selected in two steps: a cut-based
selection followed by a multivariate selection.
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Table 4.2 — List of samples of fully simulated B decay events used for the analysis of 2016 and
2017 data. The composition of the “cocktail” samples is given in Table 4.3.

MC production Number of events

Bt — K1(1270) Ty sim09b MC16 3.007 x 106
BT — KLy (cocktail) sim09f MC16 5.745 x 10°
Bt — K v (cocktail) sim09f MC17 8.061 x 10°
Bt — K*Tn~n"vy (phase-space) sim09f MC16 1.252 x 106
Bt — Ktn~nT~ (phase-space) sim09f MC17 0.568 x 109
BY — K*0y sim09c¢ MC16 4.068 x 108
Bt — K071ty sim09b MC16 2.012 x 106
BT — D= Ktn—n0)n+ sim09b MC16 0.208 x 10°
Bt = D(— Kt a%)r ™t sim09h MC17 1.016 x 106
Bt — D'(— Kt~ a%pT (= 777%)  sim09d MC16 1.007 x 106
Bt — D*%(— D(— K*tr=)y)r* sim09¢ MC16 1.317 x 106
Bt — D*(— D%(— KTn7)7%)at  sim09c MC16 2.603 x 106
Bt — K*t(— K+tr%)ntn~ sim09d MC16 1.034 x 106
BY — K1(1270)% sim09b MC16 0.518 x 10°
BT — K;(1270)*n sim09b MC16 0.514 x 10°
BT — K(1270) " 7Y sim09h MC16 2.529 x 10°
Bt = af (= nta—at)y sim09d MC16 0.511 x 10°

4.3 Trigger selection

The trigger filters the events at data-taking time in order to reduce their rate from
40 MHz down to 5kHz. The first level of trigger (LO) uses the information coming from
the calorimeters and the muon systems in order to take a fast decision on whether or not
to keep the event. It is meant to reduce the event rate to 1 MHz, at which the detector
can be read out. The second level is based on software and is divided into two stages
(H1t1 and H1t2) in order to optimize the computing resources. H1t1 performs a partial
reconstruction of the event and a selection. In H1t2, the events are fully reconstructed
and selected further. The requirements on each signal candidate are the following:

e At LO: As the decay products of the B meson are expected to have a high
transverse energy or momentum, the event is selected if one of the objects used
to build the signal candidate leaves a high energy deposit in the electromagnetic.
This corresponds to requiring the signal candidate to pass either the LOPhoton or
LOElectron decision line.

o At Hlt:

— In Run 1: A single detached track with high momentum is searched for,
depending on the LO line that has been triggered. Therefore, the events are
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Table 4.3 — Composition of the “cocktail” samples of fully simulated BT — Ky —
KTn~ 7t~ signal events. The table is divided in sections according to the spin-parity
JT of the K, resonance.

JP K, decay Fraction (%)
K1(1270)" — K*(892)%7* 16.62
K1(1270)" — K+ p(770)° 39.61

17 K1(1270)" — KTw(782)° 0.09
K1(1270)* — K (1430)07 " 0.68
K1(1400)T — K*(892)7 " 8.00
K*(1410)T — K*(892)07 " 8.50

1 K*(1680)T — K*(892)07 7.08
K*(1680)T — KT p(770)° 4.92
K3(1430)T — K*(892)07 5.07

2t K3(1430)" — KT p(770)° 9.14
K3(1430)T — Kt w(782)° 0.29

required to pass one of the following lines in H1t1: B_H1t1TrackAl1lLO or
B_Hlt1TrackPhoton. At H1t2, the events are required to pass one of the
following sets of trigger lines:

* the radiative topological H1t2 lines (B_H1t2RadiativeTopoTrackT0S and
B_H1t2RadiativeTopoPhotonLO in 2011, B_H1t2RadiativeTopo-
Track and B_H1t2RadiativeTopoPhoton in 2012) which select inclusively
the B candidates with at least two tracks and a high transverse energy
photon;

* the general topological line selecting B decays to three tracks (B_H1t2-
Topo3BodyBBDT).

— In Run 2: At H1t1, a single detached track or a combination of two tracks is
looked for by requiring the signal candidate to pass either the B_H1t1TrackMVA
or the B_H1t1TwoTrackMVA line. At H1t2, a combination of three tracks is
performed and selected by the B_Hl1t2RadiativeIncHHHGamma line.

At each level, the event is required to be triggered on signal (T0S), which means that the
particles of the signal candidate are sufficient to fire the trigger line.

4.4 Stripping selection

The stripping configurations used for the data obtained in 2011, 2012, 2016 and 2017
are S21r1, S21, S28r1pl and S29r2, respectively. In all cases, the stripping line used
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to select the event is the Beauty2XGamma3pi line, in which three tracks without particle

identification requirements are combined to form the vertex of a heavy kaonic resonance,

which is then combined with a high-energy photon to form the B meson candidate. The

cuts applied at this stage, listed in Table 4.4, are slightly different for the two data-taking

periods to adapt to the evolving data-taking conditions. The main requirements applied

at this step are the following;:

Requirements on track p and pr are aimed at removing the soft tracks contributing
mainly to combinatorial background.

The tracks accidentally reconstructed from random hits in the tracking systems
are removed based on their probability to be fake tracks (“ghost probability”).

The three-track system is required to form a good quality vertex with a small
enough 2, value.

Soft photons from radiation are removed by requiring a minimum transverse energy.

The photon identification confidence level is used to remove calorimeter clusters
caused by hadrons. This variable is the output of a Neural Network classifier using
information from the calorimeter system such as the energy deposits and the shower
shapes in the PS and ECAL, the ratio of energies deposited in the ECAL and the
HCAL in the region of the cluster, the multiplicity of hits in the SPD in front of
the cluster, and a variable that quantifies the compatibility of the cluster with the
closest reconstructed track [99].

The DIRA is the cosine of the angle between the momentum of the reconstructed B
meson and the direction from the best primary vertex (PV) and the decay vertex.

As the B meson comes from the PV, the value of the DIRA should be 1 for the
signal. A cut on this variable is used to remove random combinations of tracks.

Another variable that measures the compatibility of the reconstructed B candidate
with the PV is x%, which is computed as the difference of the fit x* of the PV with
and without the B candidate. If the B actually comes from the PV, this difference
is expected to be small.

The decay vertex of the B is required to be of good quality, with a small enough
2 /ndf value.

In the Run 2 data sets, additional variables related to the isolation of tracks have been

saved in the stripping stage, in contrast to Run 1 data sets in which these variables are

not available.
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Chapter 4. Signal selection and mass fit

Table 4.4 — Requirements applied for the stripping selection.

Variable 20112012 20162017 Unit
Track pr > 300 > 300 MeV/e
Track p > 1000 > 1000 MeV/c
Track x?/ndf <3 <3

Track X%P > 16 > 20

Track ghost probability <04 <04

Three-track pr > 1500 > 1000 MeV/e
Three-track x2, <10 <9

Three-track invariant mass € [0, 7900] € [0,7900] MeV/c?
Photon Et > 2000 > 2000 MeV
~ confidence level >0 >0

Photon and tracks ) pr > 5000 > 3000 MeV/e
B meson DIRA >0 >0

B meson 2, <9 <9

B meson X%P <9 <9

B meson invariant mass € [2900,9000] € [2400,6500] MeV/c?

4.5 Offline selection

The first step of the offline selection is cut-based and aims at removing mainly combinato-
rial background. In a second step, the data are further filtered by applying a multivariate
selection.

4.51 Cut-based pre-selection

Before applying the offline selection, the energy of the photon is calibrated again in
data and MC samples with more precise calibration constants. In order to get rid of
potential border effects due to this so-called post-calibration, a tighter cut on the photon
transverse energy is introduced.

In order to clean up the samples before the multivariate selection, requirements are
imposed on the following set of variables:

e A harder cut is imposed on the v confidence level.

o The /7 separation variable is a multivariate discriminator built from the ECAL
and PS information and meant at separating the photons from the so-called merged
70, At pr > 4 GeV/e, a photon pair coming from the 7 decay is merged: it forms
a single calorimeter cluster that can fake a photon. The algorithm takes advantage
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4.5. Offline selection

of the more elliptical shape of the clusters from merged 7°, and of their energy
distribution focused on two points instead of one, in order to discriminate between
~ and 70.

 Particle identification variables (ProbNN) using information from the RICH are
combined together in order to better discriminate between the tracks associated
with a pion and those associated with a kaon.

« A b-hadron isolation Ax? is meant at discriminating signal from partially recon-
structed backgrounds for which one charged track is not reconstructed. In order to
compute it, a track of the event is combined with the decay vertex of the B meson
candidate and the latter is refitted to obtain its new x? value. The isolation Ax?
is obtained as the opposite of the difference between the y? of the original vertex
and the minimum of the y? values obtained when testing each track in the rest of
the event.

o The K7m mass is chosen to be between 1100 and 1900 MeV/c? in order to improve
the signal-to-background ratio and avoid the peak corresponding to the decay
D} — K*nx~, as can be seen in Fig. 4.1.

Due to the large branching fraction of the decay BT — D%y, a potentially dangerous
background arises from Bt — D°(— K+7~7%)p*(— 77 7") decays where one of the 7°
mesons is reconstructed as a v and the other one escapes selection.

In case the 7¥ that escapes the selection is the one coming from the D°, then the ~ in
the Bt — K+tn~ 7T~ candidate is actually a 7°
of the 71 with the neutral particle for which the 7% mass is now assumed should peak

coming from a pT. So the combination

at the p mass. As shown in Fig. 4.2, this background can be removed by requiring the
7+ 70 mass to be larger than 1100 MeV/c?, without effect on the signal.

Another possibility is that the 7° from the p* resonance escapes selection, and the one
from the D° is mis-identified as a . In this case it is expected that the mass of the
K*m~~ system where the v mass hypothesis is replaced by that of a 70 peaks at the D°
mass. Hence, requiring that the K7~ 70 mass is above 2200 MeV/c? efficiently gets rid
of this background, as shown in Fig. 4.3.

All the preselection requirements are summarized in Table 4.5.

4.5.2 Multivariate selection against combinatorial background

A further reduction of the amount of background coming from random combinations of
tracks is performed using a multivariate classifier which takes as input a set of variables
and predicts the probability of the candidate to be either signal or background. The
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Figure 4.1 — 2D joint distribution of the K7~ 7"y and K*7~ 7" masses in 2016 and
2012 data. The peak corresponding to the D mass is visible in the K77 mass spectrum
around 1968 MeV/c?. Credits to Ref. [100].
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4.5. Offline selection

Table 4.5 — Requirements applied for the offline preselection.

Variable 2011-2012 20162017 Unit
Photon Et > 3000 > 3000 MeV
B meson pr > 5000 > 4000 MeV/c
B meson isolation Ax? >5 > 5

/7Y separation > 0.7 > 0.7

~ confidence level > 0.2 > 0.2

ProbNNg (K™) x (1 — ProbNN,(K™)) > 0.2 > 0.2

ProbNN,(7T) x (1 — ProbNNg (7)) > 0.2 > 0.2

ProbNN (77) x (1 — ProbNNg(7—)) > 0.2 > 0.2

Krm mass € [1100,1900] € [1100,1900] MeV/c?
K*+7r~ 7% mass > 2200 > 2200 MeV/c?
770 mass > 1100 > 1100 MeV/c?

classifier chosen for this task is described in details in Ref. [100], and is based on a set
of decision trees (simple and weak predictive models) subject to gradient boosting: the
trees are weighted and combined together to form a more accurate predictive model
by iterations in which a loss function is minimized. The X GBoost [101] library offers
an optimized implementation of such gradient boosting algorithms, which are known
to be fast and accurate with two main drawbacks: sensitivity to noise and over-fitting.
The latter effect happens when the model is so complex that it predicts perfectly the
classification of the data set on which it is trained, but fails to generalize to a new data
set. In order to reduce this dangerous over-fitting, some hyper-parameters of the classifier
can be tuned:

o The learning rate n, ranging from 0 to 1, is a shrinkage parameter applied on the
weight given to a new tree in order to reduce its influence on the updated model.
A low value of  makes the algorithm more conservative.

e The L' regularisation parameter a penalizes model complexity by adding to the
loss function a term proportional to a times the sum of absolute values of the
weights.

e The subsample fraction indicates the proportion of the data picked at random on
which trees will be built at each boosting iteration.

In order to limit the training time, the number of trees at each iteration is fixed to 1000,
and the depth of each tree, which is the longest path from the root to a leaf, is set to 2.

For the purpose of separating signal events from combinatorial background, two gradient
boosting algorithms are trained for the selection of candidates in 2011-2012 (2016-2017)
data sets. Offline selected BT — K7(1270)"y MC events generated in the 2012 (2016)
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running conditions are used as a proxy for the signal, while the proxy for background

consists of events in the upper mass sideband of the signal peak, defined as Mgy >
5620 MeV/c?, in the offline-selected data sets collected in 2011 and 2012 (2016 and 2017).

Feature selection The features given as input to the classification algorithm are

chosen to be independent of the reconstructed B mass and well reproduced in MC (so
the PID variables are excluded):

the vertex x? of the three charged tracks;
the x% (defined in Sec. 4.4) of the B meson;

the minimum X%P for the three charged tracks, which reflects the displacement of
these tracks with respect to the PV;

the flight distance x2, which is the x? of a fit where the B candidate and the PV are
fitted as a single vertex; if the B meson is far from the PV, this value is expected
to be large;

the DIRA variable which is the cosine of the angle between the B momentum and
the direction from the PV to the decay vertex of the B meson (see Sec. 4.4);

the B meson isolation Ay? defined in Sec. 4.5.1.

In addition, the following features, which were not available in Run 1, are used for Run 2:
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e a B meson isolation variable built with two tracks added to the B vertex instead

of a single one;

a X%P of the B computed using the next best primary vertex instead of the best
one;

cone isolation variables for the B meson, the photon and the kaonic resonance K.
These variables give information about the charged tracks contained in cones drawn
around the trajectory of a particle of interest X. In this study, three values of the
cone radius R are used, R = 1, 1.35 or 1.7, which means that all the charged tracks
entering the computation of the isolation variables are such that their difference
in pseudo-rapidity dn and azimuthal angle d¢ with respect to the trajectory of
the particle of interest obey the relation /(dn)? + (§¢)? < R. Within this cone,
the track multiplicity (not including any track forming the particle of interest)
is computed, as well as the sum of p and sum of pr over this set of tracks. Two
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additional variables defined within this cone are the p asymmetry

p(X) = > p(track)
trackEcone (41>

p(X)+ > p(track)

track€cone

Cone p asymmetry =

and the analogous pr asymmetry. The two asymmetries are expected to be close
to 1 for well isolated particles.

Considering the large number of variables available in Run 2 for the training of the

classifier, a selection of the most interesting ones is performed. A first classifier with a

reasonable set of hyper-parameters is hence trained on one third of the 2016-2017 data

set and associated MC. A test data sample which amounts to one sixth of the data is

used to assess the quality of the training and the absence of over-fitting. Using this

classifier, it is possible to evaluate the relative importance of each variable in the final

prediction, and the 15 most discriminant ones are selected for the classifier optimization
described below.

Classifier training and optimization The following sequence is used to train

and optimize the classifier:

e In order to avoid applying the classification to events that have been used to train

the classifier, the full sample consisting of the signal MC events and data events
from the upper BT mass sideband is randomly divided into two data sets of equal
size A0 and Al.

Each of these two subsamples is then divided into a training and a testing data set
that amount to 2/3 and 1/3 of the subsample, respectively.

Two separate classifiers sharing the same set of hyper-parameters are trained on
the training subsamples of A0 and A1l. Their individual performance is evaluated
by computing the area under the ROC curve. The over-fitting is estimated by
plotting for each classifier the distributions of the classifier output for the signal
and background in the training and testing data sets, as shown in Fig. 4.4 in the
case of A0. A Kolmogorov-Smirnov test is performed to check the compatibility of
the distributions for the background events in the training and testing data sets,
and the same is done for the signal events. If the p-value of these two tests is above
0.1, the distributions are compatible and there is no over-fitting.

This procedure is repeated several times for different sets of hyper-parameters,
and the optimal configuration is chosen as the one where the largest value of the
minimum performance of the two classifiers is obtained with no over-fitting.
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Figure 4.4 — Distribution of the output variable of the optimized classifier A0 for
the background and signal of the testing and training data sets. The p-value of the
Kolmogorov-Smirnov tests performed in order to assess the compatibility between the
distributions obtained for the testing and training data sets are shown at the top for the
signal and background events. Credits to Cyrille Praz for the figure.

e Once the two classifiers are chosen and trained, a cut is performed on each of the
two output variables in order to maximize the sensitivity defined as S/v/S + B
where S and B are respectively the number of expected signal and background
events in a signal region of £200 MeV/c? around the BT mass: [5080, 5480] MeV/c?.
For the classifier trained on A0, the cut is optimized using the associated testing
sample in A0, and the same goes for the Al sample.

o Finally, the classifier trained and tested on A0 is applied on Al, as well as the
corresponding cut on the output variable, and vice-versa. For each of the other
events in the samples, one of the classifiers is chosen randomly, its output is
computed and the associated cut is applied.

Results For the two classifiers aimed at selecting signal candidates in the 2011-2012
data sets, the optimized set of hyper-parameters is shown in Table 4.6 and results in
areas under the ROC curve of 0.93 and 0.94. The optimal selection for each of these two
classifiers is to require the output variable to be above 0.15.

For the selection of the candidates in the 2016-2017 data sets, the 15 most important
features are found to be the X% of the BT candidate and of the three charged tracks of
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Table 4.6 — Optimized set of hyper-parameters found for the classifiers used for the selection of
signal candidates in the 2011-2012 and the 2016-2017 data sets.

Variable 2011-2012 2016-2017
Learning rate 0.05 0.05
Regularization parameter 5 )
Subsample fraction 0.1 0.1

the daughter particles, the vertex x? of the three charged tracks, the DIRA variable and
the one-track vertex isolation of the BT, the X%P of the BT with respect to the second
best primary vertex, the pr asymmetry in a cone around the B direction with R = 1,
1.35 and 1.7, the pr asymmetry in a cone of R = 1 around the - direction, the sum of p
in a cone of R = 1 around the BT and around the 7, and finally the B vertex y2. Using
these variables, the hyper-parameters are optimized following the procedure described
above and the resulting parameters are listed in Table 4.6. The area under the ROC
curve for the best configuration is 0.95 for both classifiers. The optimal cut is also found
to be the same (0.15) for both classifiers.

Additionally to this study, other classifiers have been trained in order to reduce the amount
of partially reconstructed background, using data events from the lower mass sideband
(MErry < 5080MeV/c?) as a proxy for background. The same input variables were
provided to these classifiers, but none of them resulted in a satisfactory discrimination,
so only the multivariate classifiers trained against combinatorial background are kept for
this study.

4.6 Signal and background studies

4.61 Signal model

The K7~ 7"~ mass distributions are studied using the BT — K™n~ 7T~ signal MC
samples listed in Tables 4.1 and 4.2. As the data-taking conditions were similar throughout
each of the runs, 2012 (2016) MC is used to describe the signal events in the 2011-2012
(2016-2017) data sets. The 2016 MC samples used for this study contain only K (1270)
decays, while the 2012 MC samples contain K;(1270), K;(1400) and K*(1410) decays.

After applying the selection, the K7~ 7~ mass distribution is fitted using a double-tail
Crystal Ball PDF,

AL(BL - %)_NL for =B < —|aL|

(e
fe(w; pp,0,an, ar,np,ngp) = Nx{ Ag(Bg — ©E2) ™" for T=HE > |ap :

(o
_ 2 _
oxp(—Z1BL) for — |ag| < TEE < |ag]
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Figure 4.5 — Mass distribution of BT — K+7~ 7"y candidates selected in 2012 (left) and
2016 (right) B* — K;(1270)*y MC samples. The result of a fit to a double-tail Crystal
Ball PDF is superimposed.

Table 4.7 — Fitted values of the double-tail Crystal Ball function parameters in 2012 and 2016
signal MC.

Parameter 2012 2012 2012 2016 Unit

K1(1270)~ K1(1400)~ K*(1410)~ K1(1270)y
1752, 5276.5 1.4 52782 +1.3 5278.14+1.2 5276.6+0.9 Me\/'/c2
o 85.4+1.3 89.4+1.2 7.0+1.1 87.2+0.9 Me\//c2
or, 246 4+0.10 2.42+0.15 2.4540.10 2.29 4 0.08
QaR 1.39 +£0.10 1.73 +£0.10 1.79 £0.12 1.37 +£0.07
nr, 0.70 £0.21 0.70£0.30 0.76+£0.23 0.94+0.18
nR 10.6 4.1 46+1.1 42411 13.6 4.3

(4.2)
where N is a normalisation factor and
nr 2
AL = (nL> exp <_aL> ) = nfL - ’OﬁL‘ )
oz | 2 g |

All parameters are left free in the fits to simulated signal events shown in Figs. 4.5 and 4.6,
and their fitted values are shown in Table 4.7. These values show a reasonable agreement
between the various resonances, with the largest deviations seen in the parameters
describing the right tail, ag and ng. As the K;(1270) resonance is the most abundant
in data [53], the shape parameters from Bt — K;(1270)*y MC will be used to describe
the signal in the mass fit to data.
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Figure 4.6 — Mass distribution of B* — K7~ 7T~ candidates selected in 2012 BT —
K1(1400)*y (left) and BY — K*(1410)"~ (right) MC samples. The result of a fit to a
double-tail Crystal Ball PDF is superimposed.

4.6.2 Double mis-identification of same-sign K and 7

In the stripping, all three tracks of the signal decay are assumed to be pions, so a
BT — mta 7wy candidate is formed. In a subsequent step, two BT — Ktn 7Ty
candidates are derived by replacing in turn the mass hypothesis of one of the two
positively charged pions by that of a kaon. Then, the offline selection is applied and,
in most of the cases, the particle identification requirement eliminates one of these two
candidates. The fraction of events for which two candidates are kept after offline selection
is 0.3%, 0.4%, 0.8% and 0.7% in 2011, 2012, 2016 and 2017, respectively. Considering
their low abundance, these multiple candidates are kept in order to avoid introducing
biases in the selection.

4.6.3 Specific background studies

Several exclusive B decays with very similar final states can contaminate the BT —
K7~ 7n%~ mass spectrum:
e Bt — af(—) 7tm~ 7))y decays where a pion is mis-identified as a kaon;

e B-hadron decays to a KTn~nTn" final state, where the ¥ is either resolved
(and one of the daughter photons escapes selection) or merged (and is seen as a
single calorimeter cluster), such as B¥ — D%(— K+t7~7%) 7+ and Bt — K**(—
K+o)atr—;

e« Bt = D% — Ktn 79 pt(— 7t7%) decays, which have been discussed in Sec. 4.5.1;

e B decays involving a D* with a neutral object in its decay products, such as
Bt — D*%(— D°(— K77 )y)rt or Bt — D*(— D%(— K*n)n0)x™;
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o BY — K;(1270)%y decays where the 7° from K;(1270)°— K*7~ 7Y is ignored and
a w~ from the rest of the event is wrongly associated with the decay;

e Bt Ktn rntn(— vy) or Bt - K7~ n77%— ~v) decays, where one v is not
used to form the candidate.

The contamination associated with each of the exclusive decays mentioned above is
computed from simulation using the formula

_ Mg 2Lo(pp— bb) fokg Bokg €bke _ Jokg Bbkg €bke (4.3)
Nsig 2L U(pp - bg) fsig Bsig Esig fsig Bsig €sig ’

Chikg

where N is the number of events expected in the full fitting mass range, £ is the total
integrated luminosity, o(pp — bb) is the bb production cross-section in pp collisions, f is
the fragmentation fraction, B is the branching fraction product of the full decay chain
given in Table 4.8, and € is the total reconstruction and selection efficiency given in
Table 4.9. The mass interval considered for the efficiencies is also the full fitting mass
range 4300-6500 MeV/c2.

The estimation of the unknown branching fractions of Bt — KTn~7n"n and BT —
K*tn~7nt 70 decays is explained in the paragraphs dedicated to these backgrounds. The
branching ratio of B* — a (= nt7~n")y decays can be estimated by noting that they
involve a b — d transition while BT — K7~ 7"y decays imply a b — s transition. This
allows to write the ratio of branching fractions as a function of the CKM matrix elements
Viq and Vi as

B(BY » ntnnty) | Vi 2
B(BT— Ktn—nty) | Vi

~ 0.04. (4.4)

These decays are hence very suppressed with respect to BT — K7~ 7"~ decays.

Table 4.8 — List of potential peaking backgrounds and their branching fraction products obtained
from PDG [19] or estimated (when no uncertainty is quoted). The branching fraction of the
Bt — K*tr~rt signal is taken as Bsz = (2.58 £ 0.15) x 107° [19)].

Decay chain Bhg

Bt —waf (= atn 7wty 1.03 x 1076
Bt = D(— Ktr—a%)r ™t (6.6 +£0.3) x 1074
BT — K**(— Ktn0)ntr~ (2.54+0.3) x 107°
Bt = D(— Ktr=a%pT (= 7t7%  (1.940.3) x 1073
Bt — D*9(—= D%(— K*n~)y)nt (6.7+£0.3) x 107°

Bt — D*(— D°(— K*r )%zt  (1.2340.05) x 10~*

BY — Ktn— 70y (4.1+£0.4) x 107°
Bt = KTr—ntn(— vy) 5.0 x 1076
Bt —» Ktn—ntq0 4.5 x 1076
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Table 4.9 — List of potential peaking backgrounds, together with their efficiency and contamination
in the full BT mass range in 2012 and 2016 MC. When less than 10 candidates pass the selection,
a 90% confidence level upper limit is quoted. The efficiencies of the BT — K;(1270) % signal
are 2012 = (3.61 £ 0.04) x 1073 and €22!6 = (6.44 4 0.05) x 1073.

sig sig

Decay chain Year €bkg Chkg

BT —waf (= ntnnt)y 2012 (1.1340.08) x 107* (0.13£0.01) %
2016 (3.1340.27) x 107*  (0.19 £0.02) %

Bt - D%(— Ktn=70%)nt 2012 <3.7x1076 < 2.6%
2017 <29x1076 <1.2%

BT - K*t(— K79 rtn~ 2012 <1.5x1076 < 0.04%
2016 <6.1x107° < 0.09%

BT = D= Ktn=7%)pt(— nt7%) 2012 (85+£3.9)x107¢ (174+£83)%
2016 (1.1940.45) x 107> (13.6 £5.6) %

BT — D*(— D%(— Ktn7)r%) 7t 2012 <3.0x 1076 < 0.39%
2016 <1.8x1076 < 0.14%
BT — D*(— D%(— K*tn=)y)r™ 2012 <4.6x 1076 < 0.33%
2016 <23x1076 < 0.09%
BY — Ktr—n0 2012 <31x10°6 < 0.14%
2016 <23 x107° < 0.56%
Bt — Ktn—ntn(— ) 2012 (1.584+0.03) x 1073 (85+1.1)%
2016 (2.6240.07) x 1073 (7.9+£1.0)%
BT — KTn=ntr0 2016 (3.054+0.04) x 1073 (8.2+1.4)%

As seen from Table 4.9, the only potentially significant contaminations are those from
Bt — Ktr—rtn, Bt - Kt~ at7% and Bt — D%— KTa 7%)p"(— 7t7%) decays.
These decays are accounted for in the mass fit with dedicated background components.
We describe below studies to determine the shapes of these components.

BT — KT~ mtn(— 4+) decays

The BT — Kt7~ 71 decays, where n decays into v and one ~ is not used to form the
candidate, is a potentially dangerous background because it lies very close to the signal
peak.

A simple calculation assuming perfect resolution shows that for BT — K™r~ 71 decays
proceeding through the intermediate resonance K7(1270) and reconstructed as BT —
KTn~n%~, the KT™n~mT invariant mass distribution has its upper end-point at the
mass of the BT minus 30 MeV/c2. For heavier resonances, this distance tends to increase.
When including the mass resolution, this distribution enters largely the signal region.

The contamination from this background is estimated with simulated events, assuming
that the ratio between the branching fractions for Bt — K*n~ntpand BT — Ktn 7Ty
decays is the same as for BT — K*™n and BT — K*Tv decays. From the latest
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Figure 4.7 — Distribution of the reconstructed Figure 4.8 — Mass distribution of BT —
minus generated mass (without the missing pho- K7~ 75 decays reconstructed as BT —
ton) for truth-matched BY — K+n— 7ty events K7~ 7ty in 2016 MC. The result of a fit to
reconstructed as Bt — K+n~n+~ in 2016 MC. an Argus of fixed end-point 30 MeV/c? below

The result of a fit to a double-tail Crystal Ball the BT mass and convolved with a double-tail
PDF is superimposed. Crystal Ball PDF fixed from the 2016 signal MC
is superimposed.

measurements [19], the value of this ratio is 0.49 £ 0.05. Using the ratio of efficiencies
between this background and the signal, the contamination in the full fitting range is
estimated to be 8.5% in Run 1 and 7.9% in Run 2.

This background is modelled with a shape describing the true mass distribution of
BT — KTn~mtn decays reconstructed as BT — K+tn~ 7"+, convolved with a function
accounting for the resolution of the detector. The shape of the true mass distribution is
studied with simulated events and is modelled by an Argus PDF,

22\ P 22
fargus (T3 Mo, ¢, p) = Nm(l - 2) exp {c(l — 2)} for 0 < z < myg,
my my
where N is a normalization factor and the parameters mg, ¢ and p are called the end-point,
curvature and power, respectively.

For the BT — K7~ 7t~ candidates coming from B* — K7~ 7"y decays, the resolution
function is studied by plotting the difference between the reconstructed K7~ 7w+~ mass
and the invariant mass computed using the true momenta of the reconstructed K+, =,
7 and ~. This distribution is shown in Fig. 4.7 in truth-matched 2016 MC and is fitted
with a double-tail Crystal Ball PDF whose parameters (except pp) are found to be

reasonably compatible with those of the signal.

Finally, the K7~ 7w %~ invariant mass distribution in B* — K7~ "5 decays recon-
structed as BT — K7 7"~ is modelled by an Argus PDF with its end-point fixed
30 MeV/c? below the BT mass, and convolved with a double-tail Crystal Ball PDF whose
parameters are fixed from the fit to BT — K;(1270) "~ signal MC reported in Table 4.7.
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4.6. Signal and background studies

Only the ¢ and p parameters of the Argus PDF are left free. The resulting fit is shown
in Fig. 4.8.

Bt — Ktn~ 7t 7% (— «v) decays

Other potentially dangerous backgrounds are B* — K+tn =770 decays, where the 7°
decays into two photons. Contrary to the photons coming from an 7 meson, which
are always well separated in the calorimeter, those coming from a 7° (which is much
lighter than the 1) are in general very close to each other or even merged, as explained
Ty
candidate carries all or part of the energy of the two photons coming from the B™ meson,

in Sec. 4.5.1. For this reason, the neutral object in the reconstructed B* — K*n 7

which means that the distribution of the K ™7~ 7T+ mass is much more peaked around
the BT mass.

The contamination from this background is estimated with a sample of simulated BT —
K1(1270)T 70 decays, assuming that the ratio between the branching fractions of B —
Ktn=nt7% and BT — K*n 7ty decays is the same as for BT — K*T7° and Bt —
K**~ decays. Using the measurements reported in Ref. [19], the value of this ratio is
0.17 £0.02. This results in a contamination in the full fitting range of 8.2% in Run 2. As
no simulated sample with BT — K1(1270)" 7% decays is available for Run 1, the same
contamination of 8.2% is assumed in Run 1.

As the two photons coming from the 7° tend to merge in a single cluster, the reconstructed
~ candidate carries all or part of the energy of the photon pair, so the PDF for this
background component cannot be described by the signal resolution function convolved
with an Argus function. Instead, this background is modeled by a double-tail Crystal
Ball with parameters obtained from a fit to BT — K7(1270)* 7" simulated events as
shown in Fig. 4.9.

In the fit to data, all the parameters of the double-tail Crystal Ball for this background
are fixed to their value in 2016 MC, except for the mean of the distribution, which
is set to up — A(M%[C,M%C), where pp is the mean of the signal distribution in data,
and A(ugc,uﬂMOC) is the difference between the means of the mass distributions in
Bt — K1(1270)Ty and Bt — K;(1270)*7° 2016 MC. This allows to take into account
possible calibration effects that would shift the mean of the signal mass peak between

the different years.

Partially reconstructed background with one missing pion

The invariant mass spectrum in the full fit range also receives contributions from partially
reconstructed B decays where one more pion is emitted but not used in the detector.
One example are the BT — D%(— KTn~7%)p*(— 7t7%) decays discussed above, but
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Figure 4.9 — Mass distribution of B* — K1(1270)" 7" decays reconstructed as B* —
KTn~ 7Ty in 2016 MC. The result of a fit to a double-tail Crystal Ball PDF is superim-
posed.

there may be many others.

This background is modeled with an Argus function convolved with a double-tail Crystal
Ball function that encodes the resolution of the detector. Due to the lack of a sizable
MC sample for BT — K7~ 7t~ decays, a MC sample of BY — K*0v decays is used
as a proxy for the signal and a MC sample of B¥ — K*1%y decays reconstructed
as BY— K*Y~ is used as a proxy for the partially reconstructed background with one
missing pion. In order to study the resolution function to be used for this background,
the distribution of the reconstructed minus generated K7~ ~ mass for truth-matched
Bt — K*97%~ candidates has been obtained (as shown in Fig. 4.10) and compared with
the resolution in the signal proxy B° — K*%y (as shown in Fig. 4.11). The parameters of
the double-tail Crystal Ball functions used to describe these two distributions are found
to be compatible except for the width, which is significantly smaller in the case of the
partially reconstructed background. The ratio between the widths of the former and the
latter distributions is found to be r = 0.88 +0.03 in 2012 and r = 0.91 4+ 0.02 in 2016.

Several checks have been performed concerning these resolution functions. As shown
in Fig. 4.12, the width of the resolution function is comparable between the several
heavy kaonic resonances involved in the Bt — K*97T+ decay. Additionnally, it can
be noted in the same figure that when the decays are fully reconstructed, the width
of the resolution function is always wider than the width of the resolution of partially
reconstructed decays, indicating that the photon, even if it dominates the resolution
function, cannot be assumed to be the only contributor.
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Figure 4.10 — Distribution of the recon- Figure 4.11 — Distribution of the K7~ in-
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truth-matched BT — K*%7t~y candidates in in 2016 MC simulation. The result of a fit to a
2016 MC simulation. The result of a fit to a double-tail Crystal Ball PDF is superimposed.
double-tail Crystal Ball PDF is superimposed.

Finally, the parameters of the mass shape used to describe the background where one
pion is missing are obtained as follows: the parameters of the double-tail Crystal Ball
function are fixed to be the same as for the signal, except for the width which is set to r
times the width of the signal function, and the end-point of the Argus is constrained to be
equal to the mass of the B meson minus one neutral pion mass. The ¢ and p parameters
of the Argus are obtained from a fit to simulated B* — K*97 T~ events reconstructed as
B — K*0v, where the resolution function is that of simulated B® — K*%v decays with
the width multiplied by r, and the end-point is fixed to the mass of the B meson minus
that of a charged pion (as a charged pion is missing in this case). The result of this fit is
shown in Fig. 4.13.

4.6.4, Generic background models

Partially reconstructed background with two or more missing pions

In the remaining partially reconstructed decays considered as a background component
in the mass fit, two or more pions are not used to form the candidates. This background
component encompasses many types of decays and is hence modeled with a generic shape
for partially reconstructed backgrounds called RooPhysBkg [102], the expression of which

is
+o0 12 1, z—a 2
/ T no—epr! L —5(%5) 5
Jonys (@, mp, 0p, ) = N/ z <1 - m?> O(mp —')e” \/2—76 2er Dda
—00 D 7T0'p

where m,,, ¢, and o), are the end-point, the curvature and the width of the distribution,
N is a normalisation factor and © is the step function. In the fit to data, the end-point
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Figure 4.12 — Top: Distributions of the reconstructed minus generated K7~ mass
for truth-matched 2016 BT — K (— K*97%)y MC where the K is required to

res

be a K1(1400)" (left) or a K;(1680)" (right). The result of a fit to a double-tail
Crystal Ball PDF is superimposed and shows a good agreement between the two cases.
Bottom: Distributions of the reconstructed K7~ 7"+ mass in truth-matched 2016
BT — K (— K1)y MC where the K, is required to be a K;(1400)" (left) or a

res

K*(1680)" (right). The superimposed result of a fit to a double-tail Crystal Ball PDF
also shows a good agreement between the two cases.

of this function is fixed to the B meson mass minus two times the neutral pion mass. All
the other parameters are left free.

Combinatorial background

As many tracks and calorimeter clusters are produced in each proton-proton collision, it
is likely that objects unrelated to the signal decay are combined to form a candidate, the
invariant mass of which lies within the fitting range. In the nominal fit, this combinatorial
background is described with an exponential function.
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Figure 4.13 — Distribution of the K7~ invariant mass for selected B* — K*0nty
candidates in 2016 MC simulation. The result of a fit to an Argus function convolved
with the double-tail Crystal Ball PDF fixed from the 2016 B® — K*%y MC, but with a
width fixed to that of the distribution in Fig. 4.10, is superimposed.

4.7 Mass fit

471 Description of the fit
The PDF used to fit the data is a sum of all the relevant components listed above.

The signal function is modeled with a double-tail Crystal Ball PDF whose tail parameters
agyr, and ng/y, are obtained from Bt — K1(1270)*~ MC:

fsig(x; KB, U) = fCB(:I;; KB, 0, = Oél[\//lca R = al\é[cynL = nll\,/[cvnR == n%[C) . (45)

The background model features five components:

e The B* - Ktn~7nt70 background is modelled with a double-tail Crystal Ball

PDF whose parameters are obtained from MC, except the mean of the distribution

w that is set to pup — A(ugc,uﬂMoc) as explained in Sec. 4.6.3:

0 0 0

MC , MC
, O, :O‘Z 705R:O[7]r%a
(4.6

fro(x;uB) =fc(x;p = up — Alug s py0 ), 0 =0

™

0 0
nL=n} , MR =Np ).

)

e The BT — KTn~7n"n background is modelled with an Argus PDF convolved with
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a resolution function fixed to be the same as for the signal,

fn(‘T;,U/B)O') = fArgus(x§m0 = HUB—Moy,C=Cy,P :pn)®fsig($§ﬂ = 0)0') > (47)

where mq,, is set to 30 MeV/ c? as explained in Sec. 4.6.3. The parameters ¢y and
py of the Argus PDF are obtained from the BT — K*n~ 7"y MC by fitting the
distribution of Bt — K7~ 71 decays reconstructed as BT — KTn~ 7t~ using
an Argus of free ¢ and p convolved with a double-tail Crystal Ball function whose
tail and width parameters are set from BT — K;(1270)Ty MC, and whose mean
parameter is set to 0.

The background with one missing pion is also modelled with an Argus PDF

convolved with the signal resolution:

flmissw(x; ,UBaU) :fArgus(w; mo = pHB — Mz0,C = Clmissmr) P = plmiss7r)
®fsig($?N:07TU)a (4.8)

where the end-point my is set to up — m 0. The resolution function is also fixed to
be that of the signal except for the width, which is multiplied by r. The parameters
7, C1miss« and P1miss~ are fixed as explained in Sec. 4.6.3.

The background with two or more missing pions is modelled with a RooPhysBkg
PDF, where the end-point m,, is set to up — 2mo:

f2miss7r(x; UB, 0, Cp) = fphyS(m; mp = UB — 2m7r0>UP =0, Cp) . (49)

The parameter ¢, is left free in the fit.

The combinatorial background is modelled with a decaying exponential PDF,

feomb(z;7) = Nexp(rTx), (4.10)

where N is a normalization factor and 7 is left free in the fit.

The total fit function is the sum of all these components,

110

Jftot (T3 Nsigs N1 miss 7> N2 miss ) Neombs LB, T, ¢p, T) = Nsig fsig(2; 1B, 0)
+ Nsig Cro fro(@; up)
+ Nsig Cp fo(2; g 0)
+ Nimiss7 f1miss« (75 1B, 0)
+ Nomissw f2miss« (T3 1B, 0, ¢p)

+ Neomb fcomb(l'; 7—) ’



4.8. Background subtraction

where the yields Ngig, N1missn> N2miss7 and Neomp, are left free, while the yield of the
BT — KTn~ 7% and BT — K7~ 7Ty backgrounds are set to Ngg Cro and Ngg Cy,
respectively. The contamination in the full fit range C o is estimated to 8.2% in 2016 MC
and is considered constant throughout all the years. The contamination C,, is considered
constant throughout Run 1 (Run 2), and is fixed to its value of 8.5% (7.9%) reported in
Table 4.9.

In an ideal case, the yields of the B* = K*r~7nt7% and BT — K+tn~ 71 backgrounds
should have been left free in the fit, but the large number of degrees of freedom and the
high correlation between their shapes and that of the signal does not allow for a good

convergence.

Due to different data-taking conditions, the fractions of the various backgrounds is
expected to be slightly different from year to year. The calorimeter calibration, which
has a direct effect on the parameters up and o, also varies from a year to another. For
these reasons, the fit is performed separately for the 2011, 2012, 2016 and 2017 data sets.

4.7.2 Results

The results of the fit are shown for the each of the data-taking years in Figs. 4.14 (linear
scale) and 4.15 (log scale). The fitted parameters are reported in Table 4.10. The
combinatorial background seems to behave differently for various data-taking years, with
a smaller absolute value of 7 in 2011. The resolution of the signal remains constant
throughout 2012, 2016 and 2017, but it is worse in 2011, because of a different calorimeter
calibration and trigger configuration. A total of 47449 + 321 signal decays are observed
combining all data-taking years. The number of events observed in Run 1, 12437 £ 157,
is smaller than the one reported in the previous analysis of BT — K7~ 7t~ [53]. This
difference can be explained by the fact that the Bt — K+t7~nt7% and Bt — Ktn 7Ty
backgrounds were neglected in the previous analysis while they are now accounted for,
and by changes in selection efficiency.

4.8 Background subtraction

4.81 sPlot technique

In order to perform the amplitude analysis of BT — K7~ 71~ decays, two options can be
considered. The first one consists in modeling the background and the signal distributions
in all degrees of freedom of the system, and subsequently perform the amplitude analysis
with a PDF for each of these components. However, as the backgrounds contaminating
the BT — KTn~ 7"~ mass spectrum are poorly known, their distributions cannot be

modeled via simulations. These distributions cannot be extrapolated from the K tn— 7T~
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Figure 4.14 — Invariant mass distribution of the BT — K7~ 7"+ candidates selected
in the 2011 (upper left), 2012 (upper right), 2016 (lower left) and 2017 (lower right)
data sets. The total fit function is shown as the solid blue curve. It is the sum of the
following components shown as dashed curves: Bt — K*n~ 7"y signal (blue), BT —
K*7r~ 7w n background (green), BT — K*n~7"7" background (orange), background
with one missing pion (cyan), background with at least two missing pions (magenta) and
combinatorial background (red).

mass sidebands either because of the multiple overlapping background components.
In the end, the second method is used, which consists in statistically subtracting the
background distributions from the data set. This background subtraction procedure,
usually referred to as the sPlot technique [54], consists in using the information from a
discriminating variable z, here the K7~ 7 + ~ invariant mass, to assign to each event a
set of weights (called sWeights) that allow the distribution of any other variable y (which
has to be uncorrelated to ) to be obtained for each of the species present in the data
set. This is done by means of an extended maximum likelihood fit to the discriminant
variable distribution x (in our case, the K7~ 7" invariant mass), in which for each fit
component (or species) i, the shape of the associated PDF f; is fixed, and the yield N; is
left free to vary.
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Figure 4.15 — Invariant mass distribution of the B* — K7~ 7"~ candidates selected in
the 2011 (upper left), 2012 (upper right), 2016 (lower left) and 2017 (lower right) data
sets, in logarithmic scale. The total fit function is shown as the solid blue curve. It is
the sum of the following components shown as dashed curves: Bt — KTr~ 7T~ signal
(blue), Bt — K*n~7ntn background (green), BT — K7~ nt7? background (orange),
background with one missing pion (cyan), background with at least two missing pions
(magenta) and combinatorial background (red).

In this case, the log likelihood reads:

N Ne Ne
£(N1,..,Nnc):Zln{ZNifi(xe)} - N, (4.11)
e=1 =1 =1

where f;(x.) is the value of the PDF component f; evaluated for event e, N is the total
number of events in the data sample and n. is the number of components in the mass fit.

The sWeight s; that allows to recover the distribution of the y variable for the species ¢
is then

2% Vigli(xe)

e Nifi(we) (4.12)

si(xe)
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Table 4.10 — Fit parameters obtained from the mass fit of the B — K7y candidates selected
in the 2011, 2012, 2016 and 2017 data sets.

Fit parameter 2011 2012 2016 2017
Nsig 2057+ 71 94804140 17481 4£200 17531 4+ 196
N1 miss 2480 £ 131 8297 +295 148844402 14073 £ 383
N2 miss 36944139 127214582 26618 £976 24605 + 1097
Neomb 490 £ 161 49144840 10054 + 1359 11406 + 1491
wp [MeV/c?] 5276.8 £2.7 5276.7+1.3 5276.0+1.0 5282.74+0.9
o [MeV/c?] 92.7+2.5 83.5+1.3 81.5+1.0 81.1+1.0
cp[1074c2/MeV] —59+1.7 —-52+1.0 —4.740.7 —3.240.6
7[107% %/ MeV] —444+37 124416 142412 —-149+1.2

where V;; is the covariance matrix defined as

(L) N fulwe) fi(xe)
Vi ONaN, ~ 2 TS Muh (e 413)

4.8.2 Description of the fit

In principle, the background subtraction is applied by allowing the yields of each inde-
pendent component (or species) to vary in the fit. In the present case, even with the
shape parameters upg, o, ¢, and 7 fixed, it is not possible to free both the yields for the
Bt — Ktn~ 7ty and the BT — K+tn~ 770 backgrounds because the fit does not con-
verge. In order to be able to perform the background subtraction, these two components
are combined as a single contribution, which is valid only if they have similar distributions
in the variables y of interest (which are the ones used in the amplitude fit). As both 7
and 7° mesons have a spin-parity 0~, the angular distributions of BT — K+t7~ 71 and
Bt — Ktn~ 70 decays are expected to be sufficiently similar to justify the merging of
the two components. Their common PDF is defined as:

Coo
(Cn + CWO)

fo(@) = o) +

(Cy+ Co) fro(z), (4.14)

where C,, and C 0 are the fixed contamination values used in the previous fit.
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Table 4.11 — Fit parameters obtained in the background subtraction method from a fit of the
BT — Ktr~ 7Ty candidates selected in the 2011, 2012, 2016 and 2017 data sets.

Fit parameter 2011 2012 2016 2017
Nsig 2893 £+ 157 9284 £ 262 17485+379 17310+ 378
Nz 643 £ 339 2054 + 569 2806 £ 838 3353 + 837
N1 miss = 2374 £+ 260 7927 £ 457 14891 £633 13703 £ 634
Nomiss 3715+£99 12792 £203 26617 £ 285 24664 + 296
Neomb 492 4+ 43 4919 £ 185 10054 £ 287 11407 £+ 318

The total fit function used at this stage is then

ftot (%5 Nsig, Nppr0, N1miss s V2 miss s Neomb) = Nsig fsig()
+ Nyro fymo ()
+ N1 miss 7 f1 miss = ()
+ Nomiss 7 f2 miss = ()
+ Neomb feomb(T) -

4.8.3 Results

The results of the likelihood maximization are shown in Fig. 4.16 and the fitted yields
are listed in Table 4.11. A good agreement is found between these yields and those
reported in Table 4.10, but the uncertainties from the fit are different. For example,
the parameter N.omp, has now lower uncertainties because the 7 parameter, to which
it is correlated, is now fixed. However, the uncertainty on the signal yields from the
background-subtraction fit is now higher, mainly because of the similarity between the
signal mass shape and the PDF f, o(x) which induces a correlation between Nz and
Ny r0. This uncertainty impacts directly the sensitivity of the measurement of the photon
polarisation parameter, as shown in next chapter. A way to reduce it would be to add the
Bt — K+tn~ 7Ty and the Bt — KT7~ 779 PDF to another contribution, for example
the background with one missing pion, in order to obtain a single PDF for these three
species. Inside this PDF, the relative fraction of each of these three components would
be fixed to the value found in the previous mass fit. In this case, the yield of this new
background component would be less correlated with the signal yield, and the uncertainty
on the signal yield would be significantly reduced. But it would introduce a new source of
systematic uncertainty, potentially difficult to estimate: because the m%ﬁrﬁv miﬁﬂ,,
mfr,ﬁ, cos 6 and y distributions of the background with one missing pion are a priori
different from those of the backgrounds with Bt — K*tn~7n*tn and Bt - Ktn—ntx0
decays, the background subtraction could alter these distributions and introduce biases
on the subsequent measurement of the photon polarisation.
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Figure 4.16 — Invariant mass distribution of the BT — K7~ 7"~ candidates selected in
the 2011 (upper left), 2012 (upper right), 2016 (lower left) and 2017 (lower right) data
sets. The total fit function used to compute sWeights is shown as the solid blue curve. It
is the sum of the following components shown as dashed curves: Bt — K7~ 7"~ signal
(blue), Bt — KTn~ 7ty background (green), BT — K*r~ 7% background (orange),
background with one missing pion (cyan), background with at least two missing pions
(magenta) and combinatorial background (red).

Using the expression of Eq. 4.12, sWeights are computed and background subtracted
distributions are obtained. For illustration purposes, the background-subtracted dis-
tributions of all data-taking years are added together and CP-conjugated as explained
in Sec. 2.3.2. The weighted signal distributions of the variables m%ﬁrﬁ’ mgﬁﬂ,,
mfr,ﬁ, cosf and x are shown in Fig. 4.17. Figure 4.18 shows the background-subtracted
K+tr~ 7" mass spectrum as well as the definition of the four K7~ 7+ mass bins used in
Ref. [53]. Figure 4.19 shows the background-subtracted cos @ distribution obtained in
these four bins, and asymmetries indicating a non-zero polarisation for the photon are
already visible. These figures do not account for the effects of acceptance, which is not

expected to introduce asymmetries.
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Figure 4.17 — Squared invariant-mass (m%ﬁrﬁ’ m%(hr, , mi,WJr) and angular (cos# and
x) distributions for background subtracted data samples corresponding to the 2011, 2012,
2016 and 2017 data-taking years added together.
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5 Towards an amplitude analysis of
BT — KTn~ 7wty decays

In this chapter, several aspects of the Bt — K+t7~ 7"~ amplitude analysis are explored
in order to prepare for the measurement of the photon polarisation parameter using the
data recorded in 2011, 2012, 2016 and 2017. The strategy of the proposed measurement
is shown first, while the following sections concentrate on identifying the aspects that
need to be taken into account in the method proposed in Chapter 2 in order to deal with
real data.

51 A roadmap for the measurement of the photon polari-
sation in Bt — KTm~ 7w decays

The measurement of the polarisation of the photon using an amplitude analysis of
BT — KTn~mty decays can be separated in four main stages:

e The selection of BT — K7~ 7t~ candidates in the LHCb data sets is performed
in three steps: the trigger, stripping and offline selections that have been explained
in Secs. 4.3, 4.4 and 4.5.

e The mass fits allow the separation of the Bt — Ktm~ 7Ty decays from the
backgrounds that populate the mass range 4300-6500 MeV/c?, as described in
Secs. 4.7 and 4.8. A first fit is used to fix the shape parameters, while a subsequent
one provides the basis for the background subtraction. In these fits, it appears
that two sources of background are particularly dangerous because they have
a reconstructed K Tm~ 7T+ mass distribution similar to that of the signal: the
backgrounds coming from BT — K+tn~ntn and Bt — K+tn~ 770 decays.

o The amplitude analysis step consists in performing a maximum likelihood fit using
a likelihood based on the probability distribution function determined in Eq. 2.32
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of Chapter 2,

_ (=)Ps(x]Q)Pa(2)
T [E(@)Pu(@]|Q)04(x) dz (5.1)

F(x[Q)

where the integral at the denominator is computed numerically. However, as data
are now used instead of noise-free simulations, several modifications are introduced.
First, the input «, the set of four-vectors associated with the final-state particles,
is now affected by the resolution of the detector. This effect is discussed in Sec. 5.2.
Then, the weights from the background subtraction method have to be taken
into account in the likelihood, as explained in Sec. 5.3. Section 5.4 describes the
samples to be used for the numerical integration. To take maximal advantage of
the statistical power of the available data set, the fit is performed simultaneously
in all data-taking years: the likelihoods are computed for each year with their own
integration samples but a shared set of fit parameters €2, and are multiplied before
the maximization.

The amplitude analysis itself will be performed in two steps:

¢ The model building consists in determining which decay processes contribute
to the K7~ 7T~ final state and how they can be best described. First, the
lineshapes for some of these decay processes are improved with respect to
those shown in the sensitivity study of Chapter 2, as described in Sec. 5.5. The
contributing decay processes are chosen using an iterative procedure explained
in Sec. 5.6, in which the value of the photon polarisation parameter is hidden.

¢ The measurement of the photon polarisation parameter will be per-
formed once the nominal model for the K7~ 7 system is determined. The
statistical sensitivity of this measurement using the background-subtracted
data sets for 2011, 2012, 2016 and 2017 is estimated in Sec. 5.7.

o Finally, a plan to evaluate the main systematic uncertainties is presented in Sec. 5.8,
and several cross-checks proposed in order to test the hypotheses made in the
measurement are described in Sec. 5.9.

5.2 Momentum resolution

An effect that was neglected in the toy studies shown in Chapter 2 is the detector
resolution, which affects the measurement of the components of the four-momenta of the
children particles and modifies their values with respect to the true values. This effect
is stronger for the photons, which are reconstructed only as clusters in the calorimeter,
while the charged hadrons are measured more precisely in the tracking system thanks to
the reconstruction of their trajectories and their good identification. The values of each
of the components of the four-momenta of the children particles are obtained from the
measured quantities via a fit that uses a “bottom-up” approach: at each decay vertex,
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5.2. Momentum resolution

Table 5.1 — Resolution on the five variables describing the K w7y system estimated as the standard
deviation of the distribution of the difference between the reconstructed and the generated values
in truth-matched simulated signal events from the 2016 ”cocktail” MC samples.

Variable Resolution Resolution after B-mass constraint
X 0.4022 4 0.0007 0.3561 + 0.0006

cos 0 0.0577 4 0.0001 0.0549 4 0.0001
m%.[MeV?/cl] 168627 & 299 167757 £ 297

m3. [MeV?/c!] 66453 + 118 66425 + 118
m2_[MeV?/c] 68948 4 122 68957 4 122

the parameters of a parent particle are determined with a least-squares fit to its children
particles, adding the constraint that those originate from a common point. As a result,
the constraints upstream of a decay vertex do not contribute to the knowledge of the
parameters of this decay, which means in particular that the accuracy of the measurement
of the photon momentum is dominated by the resolution of the calorimeter. As they
are expressed as a function of the momenta of the children particles, the five degrees of
freedom of the Kmmy system, and in particular those related to the photon momentum,
cos 6 and x, are also expected to be affected by this resolution effect.

In order to improve the momentum resolution of all children particles in the signal
candidates, it is actually possible to re-fit all momenta using an approach in which all the
parameters in a decay chain are obtained simultaneously, under the constraints that the
children come from a common vertex and that the mass of the common parent particle
is mpt+ = 5279.33MeV/c?. In our case, this approach called “decay tree fit” [103] is
expected to result primarily in a better measurement of the momentum of the photon. The
momenta of the children particles obtained from this fit are called “ B-mass constrained”
and can be used to recompute the variables m%(m, m%(ﬂ, m2.., cos® and .

The 2016 “cocktail” signal MC is used to estimate the resolution of the detector on
these five variables. For this purpose, each variable is computed from the reconstructed,
B-mass-constrained or generated children-particle momenta, and the resolution is then
approximated as the standard deviation of the distribution of the difference between
these two values. Table 5.1 shows that the B-mass constraint helps mainly in improving
the measurement of cos and y while the resolutions on the purely hadronic variables
m2. . m%and mZ_ remain mostly unimproved.

In the signal PDF, the numerator of F(x|2) of Eq. 2.32 is evaluated using the B-mass-
constrained variables x, while in the normalisation integral of Eq. 2.33,

Nsel

/f(x)Ps(:B|Q)<I)4(:c)dzc = Tgen Ps(@;12) (5.2)

Nsel 5 7Dgen(mj)’
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the numerator Py(x;|(2) is evaluated using the B-mass-constrained values of «;, and the
denominator Pgen(;) is computed using the generated values of the variables.

Although the effects of resolution are mitigated by the use of the B-mass constraint,
the values of the input momenta are changed with respect to their true values, which
also modifies the value of the PDF estimated in @. This could introduce a bias in the
measurement, which will have to be estimated and taken into account as a systematic
uncertainty as described in Sec. 5.8.4.

5.3 Background subtraction in the fit function

The background subtraction in the amplitude fit is performed by introducing the s-
weights in the function to be minimized, W(2), which now depends on the signal function
described in Eq. 2.32 as

Naata

() =28 Y sag(es) In(F(]Q)), (5.3)

i=1

where Ngata is the number of candidates in the data sample and S is a normalisation
constant given by

Ndata . .
S = ZiZI SSlg(ml) ) (54)

SN (s (24))?

which accounts for the statistical uncertainties coming from the s-weight procedure [104].

The fit is performed simultaneously in all data-taking years by adding the functions
U(Q) computed for each year with their own integration samples but a shared set of fit
parameters {2, before the minimization.

In order for the background subtraction not to bias the amplitude fit, the correlations

between the invariant mass of the BT — K7~ 7"y candidates (from which the s-weights
72r*7r+’
cosf and x, must be small. These correlations have been studied on the signal “cocktail”

are obtained) and the variables that describe the system, m%ﬁw,ﬁ, m%(+7r,, m

MC, as seen in Figs. 5.1 and 5.2 for the B-mass constrained variables. The correlations
are already low for the variables before the B-mass constraint as they range between 0.1%
and 0.5%, the highest value being reached for m%ﬁﬂ_ﬁ. After the B-mass constraint,
these correlations are all at the 0.1% or lower, and are hence considered negligible.
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Figure 5.1 — Correlations between the K7~ 7T+ invariant mass and the angular variables
of the photon, x (left) and cos (right) after B-mass constraint in 2016 “cocktail” MC.

5.4 Monte Carlo integration samples

As stated earlier, simulated MC events are used in order to perform the numerical
integration of the signal PDF F(«;|{2) and to take into account the efficiency of the
data selection. The model used to generate this integration sample needs to cover all
phase-space and to be as close as possible to the signal model so that the numerical
integration needs less simulated events. For the needs of this analysis, different MC
integration samples have been generated using the EVTGEN generator in the conditions
of each data-taking year. For each year, one sample is generated with a phase-space
distribution, and another one, the “cocktail” MC, with an incoherent mixture of decay
chains adapted from the model obtained in the Dalitz analysis of Bt — Ktr 7Ty
decays shown in Table 1.1, but without interferences and simplified due to the absence
of some resonances in this generator. In particular, the proportions of decays with a
K*(1680)" resonance have been enhanced to compensate for the absence of K5(1580)"
and K5(1770)". The resulting composition is shown in Table 4.3. In order to save CPU
time, a fast simulation technique called ReDecay [105] is used. It consists in reusing
several times (100 by default) the same signal B meson and the same underlying event,
and decay this B meson differently for each simulated event, which allows the computing
time to be divided by two orders of magnitude.

5.5 Improvements to the signal model

Before fitting the value of the photon polarisation parameter in data, a nominal signal
model Ps(x|?) has to be determined. The first point to note is that some of the decay
processes involved in the BT — KTn~nt~ decays are not well described by the Breit-
Wigner lineshapes used in Sec. 2.1.4. The main improvements to the lineshapes in the
signal model used to fit data include the following changes:

o The decay of the p(770)° broad resonance to 7~ 7+ will be described by a Gounaris-
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Figure 5.2 — Correlations between the K7~ 7"~ invariant mass and the three variables
miﬁrﬁ, miﬁﬂ_ and mfr_ﬂ+ after B-mass constraint in 2016 “cocktail” MC. Sub-figures
on the right-hand side show zooms in the most densely populated regions.

Sakurai distribution [106].

o A common lineshape will be used to describe the p(770)? and w(782) resonances,
which lie very close to each other and hence overlap significantly [107],

1+ ABT,(s,q,L)

7;)_w(87q,L) = 7;)(87(]7[4) 1 _ A27—p(87Q7 L)%(S,q,L)

(5.5)

where T,(s,q, L) is the Gounaris-Sakurai lineshape used to describe the p(770)°,
Tw(s,q,L) is a Breit-Wigner lineshape describing the w(782) resonance, B is a
complex parameter which is left free in the fit, and A = 0.002MeV is a fixed
parameter describing the amplitude of the isospin breaking effect that allows the
w(782) state to decay into two pions.
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5.6. Nominal model construction

Additionally, alternative lineshapes will be considered where appropriate, i.e. if the fit can
be sensitive to their free parameters. In particular, the Km S-wave, which contains the
pole K*(1430)°, can be described using the K-matrix formalism [108]. This formalism,
which has been originally designed to describe scattering processes, can be modified to
model production processes and it is particularly well suited to describe broad overlapping
resonances.

5.6 Nominal model construction

As many decay modes can be involved a priori in the K7~ 7" system, and as very
little is known about them, the first step of the amplitude fit will consist in selecting the
most relevant contributions independently of the value of the photon polarisation. To
this end, the value of the photon polarisation is hidden (or “blinded”) in the fit so as
not to introduce a bias at this stage. In all the minimizer outputs and logs, an unknown
“blinding offset” is added to the value of the photon polarisation parameter, while its
error is left unchanged. It is only once the signal model is chosen that the value of the
photon polarisation is unblinded by uncovering the blinding offset. The selection of the
contributing decay modes is done by means of an iterative procedure described in the
following, which requires a way to assess the quality of the amplitude fit.

5.61 Fit quality assessment

The quality of the fit is assessed by means of a x? estimator, which is defined using
an adaptative binning scheme. This scheme consists in recursively dividing each input
variable range into two ranges containing approximately the same number of data
candidates. The procedure stops when each bin contains between 5 and 9 events. The
x? estimator makes use of the observed event yield in a given bin j defined as

Ndata,j

Nobs,j = E S;iga Oobs,j — (56)
=1

and of the expected number of events in this bin, computed from the MC integration
events using the signal function,

Nme,j
Nexp,j = A Z Whie Texp,j = A Z (Ware)?- (5.7)
i=1 i=1
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where Ngata,; and Ny ; are the number of data and MC events falling in bin j. The
weights WK/{C and normalisation A are defined respectively as

Ndata k
; ; Ps(wz) k=1 ssig
Who = wyjo—=——~ and A= , 5.8
MC MC Pgen(a:z> ;CVN[C w]ﬂ;/lc PS (xk) ( )
=1
Pgen<wk)

where the MC weights wy;c account for possible reweighting of the MC sample (for cali-
bration of PID variables for example), while Py and Pgen are the probability distribution
functions associated to the signal candidates and the simulated MC events, respectively.
The x? estimator associated with the fit of a sample from a single data-taking year is
then computed as

Nbins 2
X2 — Z (NO;SJ' — Ngxpnj) . (5‘9)
Uobs,j + Uexp,j

The quality of the simultaneous fit is assessed by summing the values of the x? estimators
for each year, and by dividing the result by the number of degrees of freedom, which
is equal to the sum of the Npijns — 1 in each data samples, minus the number of fit
parameters in 2.

5.6.2 Model building

An accurate model of the KTn~ 7y system will be essential to describe properly the
complicated interference patterns in the B* — K7~ 7"~ decays. The signal model is
built recursively, starting from a base model containing the 11 dominant decay modes
found in the Dalitz analysis, and shown in Table 5.2. The data samples are first fitted
using the base model, and the value of the x? per degree of freedom is computed. Then
each of the decay processes from the list in Table 5.3 is added in turns to the model, a
new fit is performed and a new value of the fit quality is obtained. The decay process that
brings the best improvement to the fit x2 per degrees of freedom is kept. The process is
repeated up until the x? per degree of freedom does not improve significantly anymore,
under the condition that the fit converges and that errors on the fitted parameters remain
reasonable.

Alternative lineshapes, in particular the use of K-matrices in order to better describe the
S-wave amplitudes, will be tried once the model is built, and they will be kept if the fit
is sensitive to their internal parameters. It is only after the signal model is fixed that the
value of the photon polarisation parameter will be unblinded.
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Table 5.2 — Decay processes used in the base model for the amplitude analysis of
BT — KTn~ 7"y decays. When the wave number is not specified, the lowest accessible
wave is implied.

Jr Amplitude k
K1(1270)" — K*(892)%7 "

1t K1(1270)" — K+ p(770)° — w(782)°
K1(1400)* — K*(892)x "

- K*(1410)T — K*(892)07 "
K*(1680)T — K*(892)07

ot K3(1430)T — K*(892)07 "
K3(1430)t — K+ p(770)° — w(782)°
K5(1580)% — K*(892)%7+

2- K5(1580)T — K+ p(770)° — w(782)°
Ko(1770)t — K*(892)°x

Non resonant Knm

5.7 Sensitivity including the background subtraction

The effects from the detector resolution and choice of a signal model could result in a
bias on the value of the photon polarisation parameter. These biases will have to be
estimated and their size assigned as a systematic uncertainty. However, the effect from
the presence of backgrounds can already be taken into account in order to estimate a
more realistic number for the statistical sensitivity that can be reached by a measurement
using the 2011, 2012, 2016 and 2017 LHCb data sets.

In Sec. 2.4.2, the statistical uncertainty on a measurement of A, has been shown to be
0, = 0.018 when using 14 000 signal events without backgrounds.

For S pure signal events, one can then extrapolate the formula:

/14000

0y = 0018 =

(5.10)

In the presence of backgrounds, we actually obtain a sample of Ngpg signal events
determined with an uncertainty oy, (which, if backgrounds are present, should be
larger than v/Ngps). In order for a sample of S pure signal events to have an equivalent
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Table 5.3 — Additional decay processes used in the model building for the amplitude
analysis of BT — K*n~m"v decays. When the wave number is not specified, the lowest
accessible wave is implied.

JP  Amplitude k
K1(1270)" — K*(892)°7" [D]

1t Kq(1270)" — K+ p(770)° — w(782)° [D]
K1(1400)" — K*(892)°7 " [D]
K1(1270)" — K*(1430)°7 "

K1(1400)T — K+ p(770)° — w(782)° [S,D]
K1(1400)" — K*(1430)°7 "

- K*(1410)t — K+ p(770)° — w(782)°
K*(1680)T — KT p(770)° — w(782)°

2t K3(1430)" — K+ f,(1270)°
K5(1580)T — K*(892)°x [F]
K5(1580)" — K+ p(770)° — w(782)" [F]

o Ko(1770)" — K*(892)°7" [F]
K5(1580)T — K+ p(770)° — w(782)° [P,F]
Ko(1580)" — K3 (1430)°7
K5(1580)" — K f5(1270)° [S,D]
Ko(1770)" — K+ p(770)° — w(782)° [P,F]
K5(1770)" — K3(1430)°7 "

K5(1770)T — K+ f5(1270)° [S,D]

“statistical power”, it needs to have the same signal significance, i.e.

Nobs S \F
=—=VS. 5.11
JNobs \/§ ( )
So the uncertainty on A\, can be approximated as
ONobs
o, = 0.018 V14000 —=>= . (5.12)
Nobs

In the fits used to obtain the background subtracted distributions in the previous
chapter, the total signal yield is 46972 &+ 616, which leads to an uncertainty o, =
0.028. This uncertainty is larger than the one obtained using 14 000 events in an ideal
situation, showing that the presence of backgrounds impacts significantly the quality of
the measurement of \,. However, as explained in Sec. 4.8.3, the high uncertainty on the
signal yield is dominated by the correlations between the signal shape and the shape
that models BT — K+tn~ 7ty and BY — K+tn~ 770 backgrounds. It is likely, in this
case, that our formula overestimates the degradation of the measurement caused by the
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presence of backgrounds.

A lower bound on the uncertainty in the presence of backgrounds can be obtained by using
the resulting signal yield of the fit used to obtain the shape parameters : 47449 + 321. In
this case, the uncertainty on M, is 0., = 0.014, which represents a small loss of sensitivity
with respect to the case of a sample of pure signal, but does not take into account the
uncertainties coming from the background-subtraction procedure.

The numbers estimated above show that in spite of the presence of backgrounds, the
measurement of A\, would remain very precise with an uncertainty between 0.014 and
0.028. For a proper evaluation of the uncertainty coming from the background subtraction
procedure, dedicated studies based on toy simulations or boot-strapping will be necessary,
as highlighted in Ref. [109].

5.8 Systematic uncertainties

Four main categories of uncertainties affecting the fitted value of the photon polarisation
parameters have been identified: the uncertainties coming from the B mass fit, those
coming from the signal model in the amplitude fit, from the size of the MC integration
sample and from the resolution on the momenta. The following sections give a non-
exhaustive list of the identified uncertainties and the proposed methods to estimate
them.

5.81 Uncertainties from the B mass fit

Several sources of uncertainties arise from the B mass fit. They can generally be estimated
by changing the values of the fixed parameters in this B mass fit and repeating the
measurement of \:

 The uncertainty from the contaminations of BY - K+tn~ntnand BT — KTr— 770
decays is obtained by varying the value of the contamination from each of these
backgrounds by +1c, where o is the uncertainty on the estimated contamination.

e The uncertainty coming from the assumption that the ratio of branching fractions
for Bt - Ktn~nt70 and Bt — KTn~ 7t~ decays is the same as for BT — K** 70
and BT — K*T decays is evaluated by using instead the ratio of branching fractions
for B — K*O7% and B — K*y decays in order to compute the contaminations.

e The uncertainty from each of the fixed shape parameters for these backgrounds are
also obtained by variying their values by +10, where ¢ is the uncertainty on the
considered shape parameter from the fit on simulated data.
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Chapter 5. Towards an amplitude analysis of BT — KT~ 7ty decays

e The uncertainty from the width of the resolution function used in the partially
reconstructed background with one missing pion is computed by varying the ratio r
by +1o, where o is the uncertainty on r obtained from the fit on simulated events.

e The uncertainty from the choice of a fitting range is obtained by changing the
upper mass limit or the lower mass limit of this range by around 100 MeV/c? (in
order to keep a good handle on all the background components).

5.8.2 Uncertainties from the amplitude model

The uncertainties on A, coming from the amplitude model will be estimated as follows:

e The uncertainty from the choice of the parametrization of the p-w mixing is
evaluated by parametrizing the p and w decay chains independently, the first with
a Gounaris-Sakurai distribution and the second with a relativistic Breit-Wigner
distribution.

o The uncertainty from the fixed parameters in the fit (resonance widths, masses and
radii) is obtained by varying each of these parameters by +10 around its nominal
value and repeating the fit.

e The uncertainty from the choice of decay processes used in the fit model is obtained
by adding the decay chain with the highest significance amongst those which have
been excluded in the model building method, and by repeating the fit. The same
procedure is repeated by removing the last amplitude that has been added to the
signal model.

¢ The uncertainty from the intrinsic bias of the fit model is estimated very similarly
to what has been done is Sec. 2.4.2. A hundred pseudo-experiments are generated
using the final signal model and are subsequently fitted with the same model. The
difference between the mean of the fitted values and the generated value is assigned
as the uncertainty.

5.8.3 Uncertainties from the size of the MC integration sample

If the MC integration sample is too small and does not cover properly all the regions
populated by the signal model, the value of A, could be biased.

The uncertainty resulting from this limited sample size is estimated by generating a
sample of fully simulated signal candidates using the final signal model and with the
number of pure signal events that corresponds to the statistical power of the data set.
Then, 100 different MC integration samples are generated with EVTGEN with the same
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model and the same number of events than the candidates surviving the selection in
the integration sample used in the fit to the LHCb data. The sample of simulated
signal candidates is fitted using each time a different MC integration sample, and the
standard deviation of the distribution of the fitted A, value in these fits is assigned as
the systematic uncertainty.

5.8.4 Uncertainties from the resolution on the momenta

In the signal PDF used in the amplitude analysis, the reconstructed momenta of the
daughter particles are used as input in two places: in the numerator of the signal
PDF, and in the numerator of the normalisation integral. In order to estimate how
the resolution of the detector affects the measurement of ), 100 samples of simulated
events are generated using the signal model, with a number of events corresponding to
the statistical power of the fitted data set. These samples will include a full simulation
of the LHCb detector and each of them will be fitted twice (always using the set of
normalization events used in the fit to data). In the first fit, the generated (true) values
of the momenta will be used in the numerators of the PDF and of the normalization
integral, while in the second fit, the B-mass constrained values of the momenta will be
used instead. The mean difference between the central values obtained in these fits will
be assigned as a systematic uncertainty.

5.9 Cross-checks

Several cross-checks will be performed in order to validate the use of the background
subtraction method and to confirm hypotheses adopted in the fit procedure.

5.91 Comparing background subtraction and upper side of the signal
peak

The background subtraction method will be cross-checked by performing a new amplitude
fit without sWeights using only the upper part of the signal B mass peak, in the range
(B, B + 20] MeV/c? (where o is the width of the B peak corresponding to this data-
taking year), after implementing a tight cut on the BDT variable so as to drastically
reduce the amount of combinatorial background. In this case, the only background that
contaminates the signal comes from BT — KT7~ 7770 decays and accounts for less than
5% of the total yield. As the five variables that describe the BT — K+tn~ 7wty system
are expected to be nearly uncorrelated to the reconstructed B mass, the fit obtained
using the upper mass of the signal peak and the one using s-weighted distributions are
expected to give compatible A, values.
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5.9.2 Fitseparately B" and B~

The assumption of negligible amount of direct CP asymmetry is cross-checked by
separating the fitted sample in two sub-samples, one containing only BT decays, and the
other one containing only C'P-conjugated B~ decays as explained in Sec. 2.3.2. The two
data sets are fitted independently using the final signal model and are expected to give
the same value of \,.

5.9.3 Fit separately the data-taking years and magnet polarities

The data sets for different years and magnet polarities are fitted separately and are
expected to give the same value of A,.

5.9.4 Fitin bins of the K7 mass

Another central assumption made when constructing the signal function is that the
A, parameter does not depend on the kaonic resonance considered. If possible, this
assumption will be checked by performing the fit separately in several bins of the K7
invariant mass, which contain different mixtures of the aforementioned kaonic resonances.
Depending on the chosen bins, these fits can be made very difficult due to the fact that
some of the resonances will appear only as tails and might end-up being very loosely
constraint. However, the presence of differences, if observed, would have very interesting
implications for the phenomenology of B— K7y decays because they would suggest
that the hadronic contributions h% L of Eq. 1.35 can not be neglected in the expression
of the weak radiative amplitudes, and would need to be evaluated.
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6 Conclusion

In the Standard Model, the photons produced in b — sy transitions are expected
to be mostly left-handed, but several new physics scenarios could introduce additional
couplings allowing for a right-handed component. Thanks to the rich interference patterns
between resonant modes in the K ™7 ~7" hadronic final state, Bt — K7~ 7" decays
are sensitive to the photon polarisation. If hadronic uncertainties can be controlled, a
measurement of the photon polarisation parameter A, in these decays would allow to set
new constraints on the Wilson coefficients C7 and C? which parametrize the SM and new
physics contributions to the radiative penguin operator involved in b — s+ transitions.

A previous study based on the measurement of up-down asymmetries using 14000
BT — KTn~ 7y decays selected in the data collected by the LHCb experiment in 2011
and 2012 has shown that the photon polarisation parameter A, is significantly different
from zero [37,53]. However, the actual value of A\, cannot be determined from this
measurement due to the lack of knowledge of the KT7~ 7" system.

Two main goals were pursued in this thesis. The first one consisted in showing how the
limitations of the up-down asymmetry measurement could be overcome by means of
an amplitude analysis using simultaneously all 5 degrees of freedom of the KTn~ 7T
system. A complete method for this amplitude analysis has been proposed, implemented
with all technical details and tested. Simulations of signal samples generated according to
a simplified model have demonstrated that the sensitivity achieved with this method does
Ty
decays derived from Ref. [53], it has been shown that a measurement of A, with a sample

not depend strongly on the signal model. Using a more realistic model of BT — Ktn 7

of 14000 signal events can reach a promising statistical uncertainty as small as 0.018,
which means that the method itself offers a high statistical sensitivity to this parameter
in the absence of backgrounds and detector effects. A similar study performed with
B° - Kt7~ 7% decays has also shown that a good sensitivity could be achieved using 5
ab~! of data collected at Belle II.

The second goal of this thesis was to prepare for a measurement of A, in BT — Ktr~ 7t~y

decays using a total of 6.6fb~! of data collected by the LHCb experiment in 2011,
2012, 2016 and 2017 at centre-of-mass energies of 7, 8 and 13TeV. A selection of
BT — Ktn 7"+ decay candidates has been developed and the contaminations from
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several sources of background have been estimated. Backgrounds from BT — K*r— 7t

n
and BT — K7~ 7t 70 decays, which are not well constrained by current measurements
and were neglected in the previous analysis, have been shown to contaminate significantly
the signal region and need to be accounted for in the mass fit. A background subtraction
method has been applied in order to obtain the data sets to be used in the amplitude
analysis. A sample containing about 47000 BT — Kt~ 7"+ decay candidates has been
obtained. Finally, a road-map for the amplitude analysis of Bt — K7~ 7~ decays has
been proposed, and a list of potential sources of systematic uncertainties identified. An
estimation of the sensitivity on A\, taking into account the background contaminations

indicates that the uncertainty on this parameter could reach a value of 0.028.

To conclude, this work paves the way for a measurement of the photon polarisation
parameter \,, which is an important test of the Standard Model. It demonstrates the
feasibility of an amplitude analysis of BT — K7~ 7"y decays, and identifies the main
sources of potential biases that could affect the measurement. The high sensitivity of
the measurement of A\, even in the presence of background, establishes the excellent
potential of an amplitude analysis using LHCb data, making it one of the best avenues
to test the handedness of the photon in radiative B decays.

One of the main limitations of this analysis comes from the unknown contaminations of
Bt — Ktrn~ntpand Bt — KTn~nT7% decays in the signal region. A measurement of
the branching ratios of these decays, currently limited by the size of the collected data
set, could improve significantly the sensitivity of the amplitude analysis. In this respect,
the data collected by the upgraded LHCb detector in Run 3 (2021-2024), where the
instantaneous luminosity is expected to be multiplied by 5, should allow to study these
decays and evaluate their branching ratios, opening new prospects for this amplitude
analysis.
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