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Abstract

A new area in particle physics has begun with the start of the Large Hadron Collider (LHC) at CERN
at the end of 2009, which collides protons at energies never reached before. To detect the products of
the collisions, four main experiments are located around the LHC, among which the LHCb experiment.
LHCDb has been designed as a single-arm forward spectrometer and is dedicated to measurements of
CP violation and rare decays of B hadrons. These searches could also potentially lead to the discovery
of phenomena that cannot be described by the model used to date, called the Standard Model. The
physics beyond the Standard Model is referred to as New Physics.

A measurement of the phase of the BS—ES oscillation amplitude with respect to that of the b — ¢*W~
tree decay amplitude, called ¢°SI/W¢, is one of the key goals of the LHCb experiment with first data. In the
Standard Model, this phase equals —2;, with 8, the smallest angle of the unitary triangle of the CKM
matrix relevant to BY. The ¢=Sl/w¢ phase is hence predicted to be small, ¢>§“”¢’ =-20; = —0.0360:“8:88?2
rad. However, possible contributions of New Physics to the B(S) - Eg box diagram, such as new particles
entering into it, could modify the ¢g/w¢ value from its Standard Model expectation. Due to its very
small theoretical uncertainty in the Standard Model, ([)‘S]/Wb is therefore a very sensitive probe to detect

the presence of New Physics.

The ¢§“”‘/’ phase will be measured from a time-dependent angular analysis to B! — Jay¢ events with
tagging the initial flavor of the Bg mesons. Due to the pseudo-scalar to vector-vector particle nature
of the decay, an angular analysis is required to disentangle statistically the CP-even and CP-odd
components present in the final state. Already with 2 fb™! of data taken at the nominal luminosity
£ =2-10%2 cm2s 1, corresponding to ~ 117,000/B2 — JAy¢ signal events, the LHCb experiment is ex-
gw(l’) ~

pected to achieve a statistical uncertainty o(¢ 0.03 rad, similar to the value predicted by the

Standard Model.

On the way to this measurement, we present prospects for the time-dependent angular analysis to
B(s) — Jy ¢ events without tagging the initial flavor of the Bg mesons. This analysis is less sensitive to

‘S’/W, but it has the advantages of being independent of the tagging calibration and less stringent about
the proper time resolution, as it does not have to resolve the fast Bg—ﬁg oscillations. Consequently, it

can be applied on first data. Sensitivity results for ¢§“”"”, but also for the other parameters entering in
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the analysis are given. In particular, the amplitudes of the CP-even and CP-odd components and the
BY meson lifetime can already be measured with a better precision than the latest CDF results (June
2010) with only 0.2 fb~! of data at nominal luminosity with the untagged analysis.

To perform this analysis, the trajectories through the spectrometer of the particles coming from the
BY — J/y(utu )p(KTK™) decay, the muons and kaons, need to be reconstructed very precisely. In-
deed, from the curvature of their trajectory in the magnetic field, the momentum of the particles is
obtained, which is then used in the calculation of the angles forming the basis for the angular anal-
ysis to Bg—»J/u/(/) events. For particles flying in the innermost part of LHCb, the Inner Tracker is
the detector that provides information about the tracks. It consists of twelve detector boxes fixed on
three tracking stations located downstream of the magnet in a cross-shaped configuration around the
beam pipe. They are each filled with four layers of silicon microstrip sensors. We have assembled the
twelve Inner Tracker detector boxes in a clean environment at CERN. By summer 2008, they were all

assembled and installed in the LHCb cavern.

To reconstruct track trajectories very accurately, two ingredients are essential: a good alignment de-
scription of the detectors used for tracking and an accurate description of the magnetic field. Before
closing the Inner Tracker detector boxes, we organized with the survey team at CERN measurements
of the silicon sensor positions. Once installed in the LHCb cavern, the Inner Tracker detector boxes
were aligned as close to their nominal position as possible on the tracking stations previously adjusted.
From the final measurements, we provided to the LHCD software a first realistic geometry description
of the Inner Tracker, which was validated using particles coming from LHC injection tests of September
2008 and June 2009.

The magnetic field map used initially in the LHCb software had been generated with a model based on
finite element calculation. To obtain a better magnetic field map description, we developed a method
for parameterizing magnetic field measurements that were recorded in December 2005 in the LHCb
cavern using Hall probes. This new map replaced the former field map in the LHCb software. However,
the magnetic field measurements showed some different features compared to the simulated magnetic
field values, which needed to be validated with real data. As an example, an asymmetry of the magnetic
field between the lower and upper parts of the magnet is observed in the measurements, while simu-
lated values do not have this by design of the dipole magnet. Using reconstructed masses of Ks — 77~
A—ptn~ and A — p 7t decays coming from 2009 and early 2010 real data, we validated the magnetic
field map based on the measurements against the one based on simulated values according to several
criteria, one of which being the confirmation of the up-down asymmetry in the field. From the same
studies, we calculated a factor to correct globally for the momentum scale. As this factor should be uni-

versal, it can be calculated for one resonance and validated using the results for other resonances.
Keywords :

CERN, LHCb, Silicon Tracker, Survey Measurements, Magnetic Field Map, Momentum Calibration,
K and A Resonances, Bg — Jay¢p, CP-Violating Weak Phase ¢>;W"’, New Physics, Time Dependence,
Angular Dependence, Trigger Selection, Angular Acceptances, Untagged Analysis.



Résumé

Une nouvelle ére de la physique des particules a commencé, avec le démarrage du Grand Collisionneur
de Hadrons (LHC) au CERN a fin 2009, qui collisionne des protons a des énergies jamais atteintes au-
paravant. Pour détecter les produits des collisions, quatre expériences principales sont situées autour
du LHC, dont I'expérience LHCb. LHCb a été concue en tant que spectrometre a un seul bras et est
dédiée a des mesures de violation CP et de désintégrations rares de hadrons B. Ces recherches pour-
raient aussi potentiellement mener a la découverte de phénomeénes qui ne peuvent pas étre décrits par
le modele en date, le Modéle Standard. La physique au-dela du Modele Standard est appelée Nouvelle
Physique.

Une mesure de la phase de I'amplitude d’oscillation BQ—EQ par rapport a celle de 'amplitude de la
désintégration en arbre b — ¢c*W~, appelée (/)‘SI/W(P, est I'une des mesures clé de ’expérience LHCDb avec
les premieres données. Dans le Modele Standard, cette phase est égale a —2f;, ou B est le plus petit
angle du triangle unitaire de la matrice CKM en rapport avec B(S). La phase (/)‘SM”(P est donc petite
par prédiction, gb;’/‘”‘f’ =-20; = —0.0360f8:88§g rad. Cependant, de possible contributions de Nouvelle
Physique au diagramme en boite de Bg - Eg , telles que de nouvelles particules, pourraient modifier
la valeur de ¢>;W’ de la prédiction faite par le Modele Standard. Au vu de sa trés petite incertitude
théorique dans le Modéle Standard, (b‘swld) est donc une sonde trés sensible pour détecter la présence de

Nouvelle Physique.

La phase (,b‘sI/w(P sera mesurée a partir d'une analyse angulaire dépendante du temps appliquée a des
événements Bg — JAy ¢ pour lesquels la saveur initiale des mésons Bg est étiquetée. A cause de la na-
ture de la désintégration (particule pseudoscalaire se désintégrant en deux particules vecteur), une
analyse angulaire est requise pour séparer statistiquement les composantes paires et impaires de
CP présentes dans I’état final. Avec seulement 2 fb~! de données prises & la luminosité nominale de
% =2-10%2 ecm?s71, ce qui correspond & ~117,000 événements de signal Bg — JApp, expérience LHCb
devrait atteindre une incertitude statistique de U((P;T/WP) =~ (.03 rad, qui est de 'ordre de grandeur de la
valeur prédite par le Modele Standard.

En vue de cette mesure, nous présentons les prévisions pour ’analyse angulaire dépendante du temps

appliquée a des événements B — Jiy¢ pour lesquels la saveur initiale des mésons B? n’est pas éti-
pplq s (4 s

5



quetée. Cette analyse est moins sensible a (/)‘S]/w(/), mais elle a Pavantage d’étre indépendante de la
calibration de I'étiquetage et est moins exigeante en ce qui concerne la résolution du temps propre,
comme elle ne doit pas résoudre les oscillations rapides de Bg—ﬁg. Par conséquent, elle peut étre ap-
pliquée aux premieéres données. Des résultats de sensibilité pour ¢<SI/1//<P sont présentés, ainsi que pour
d’autres parametres entrant dans ’analyse. En particulier, les amplitudes des composantes paires et
impaires de CP et le temps de vie du méson Bg peuvent étre mesurés avec une meilleure précision que
les derniers résultats de CDF (Juin 2010) en utilisant seulement 0.2 fb~! de données enregistrées a la

luminosité nominale avec ’'analyse n’étiquetant pas la saveur initiale des mésons Bg.

Pour faire cette analyse, les trajectoires a travers le spectromeétre des particules provenant de la désin-
tégration de Bg — J/y(utu)P(KTK™), les muons et kaons, doivent étre reconstruites trés précisément.
En effet, la quantité de mouvement des particules est obtenue a partir de la courbure de leur trajec-
toire dans le champ magnétique, qui est ensuite utilisée dans le calcul des angles formant la base dans
laquelle 'analyse angulaire pour les événements Bg — Jw¢ est faite. Pour les particules volant dans
la région centrale de LHCDb, le Trajectographe Interne est le détecteur qui fournit de I'information au
sujet des traces. Il est composé de douze boites, qui entourent le tube dans lequel circulent les fais-
ceaux dans une configuration en croix sur trois stations derriére ’aimant depuis le point d’interaction.
Les boites sont chacune remplies de quatre couches de senseurs au silicium. Nous avons assemblé les
douze boites du Trajectographe Interne dans une chambre blanche au CERN. En été 2008, elles étaient
toutes assemblées et installées dans la caverne de LHCDb.

Pour reconstruire les trajectoires des traces de maniere trés précise, deux ingrédients sont essentiels:
une bonne description de I'alignement des détecteurs utilisés pour tracer la trajectoire des particules
chargées et une description précise du champ magnétique. Avant de fermer les boites composant le
Trajectographe Interne, nous avons organisé avec I’équipe de géometres du CERN des mesures des po-
sitions des senseurs au silicium. Une fois installées dans la caverne de LHCDb, les boites elles-mémes ont
été alignées aussi pres que possible de leur position nominale sur les stations préalablement alignées.
A partir des mesures de position finales, nous avons fourni au logiciel utilisé a LHCb une premiére
description réaliste de la géométrie du Trajectographe Interne, qui a été validée en utilisant des par-
ticules provenant de tests d’injections du LHC en septembre 2008 et juin 2009.

La carte du champ magnétique utilisée initialement dans le logiciel de LHCb avait été générée avec un
modele basé sur des calculs d’éléments finis. Pour obtenir une meilleure description du champ mag-
nétique, nous avons développé une méthode pour paramétriser les mesures de champ magnétique qui
avaient été enregistrées en décembre 2005 dans la caverne LHCb par des sondes Hall. Cette nouvelle
carte a remplacé ’ancienne carte dans le logiciel de LHCb. Cependant, les mesures de champ mag-
nétique ont montré quelques caractéristiques différentes comparé aux valeurs de champ magnétique
simulées, qui doivent étre validées avec des données réelles. Par exemple, une asymmétrie du champ
magnétique entre la partie inférieure et supérieure de 'aimant est observée dans les mesures, alors
que les valeurs simulées n’ont pas cela vu la géométrie prévue de 'aimant dipolaire. En reconstrui-
sant des masses provenant de désintégrations telles que Ks — ntn~, A—p™n~ et A—p n*, provenant

des données enregistrées a fin 2009 et début 2010, nous avons validé la carte du champ magnétique



basée sur les mesures aux dépens de la carte basée sur les valeurs simulées. Pour ce faire, nous avons
utilisé plusieurs critéres, comme la confirmation de ’asymmétrie du champ magnétique entre les par-
ties supérieure et inférieure de 'aimant. A partir des mémes études, nous avons calculé un facteur pour
corriger globalement 1’échelle de la quantité de mouvement. Comme ce facteur devrait étre universel,

il est calculé pour une résonance et validé en utilisant les résultats d’autres résonances.

Mots-Clés :

CERN, LHCD, détecteur de traces au silicium, mesures de position, carte de champ magnétique, cali-
bration de la quantité de mouvement, résonances Ks et A, B‘S) — Jw¢p, phase faible de violation CP
cp‘sm’”p, Nouvelle Physique, dépendance temporelle, dépendance angulaire, sélection de déclenchement,
acceptances angulaires, analyse sans étiquetage.
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Introduction

The Standard Model (SM) [1] is a relativistic quantum field theory that describes the elementary
particles composing all the matter, the quarks and leptons, and their interaction through the exchange
of gauge bosons introduced by the principle of gauge symmetries. So far, the SM has been extremely
successful, not only in describing experimental observations, but also in making predictions that have
been confirmed by experimental results. However, the SM still leaves room for open questions. For
instance, the gravitational force is not included. Its number of parameters is large (19) and it does not
explain the mass hierarchy. In the SM, the origin of mass is explained by the Higgs mechanism. It
has left the Higgs boson as the single missing piece yet to be discovered. An experimental evidence
for physics beyond the Standard Model already exists and comes from the observation of neutrino
oscillations. These enforce that at least two neutrinos are massive, whereas they are described as
massless in the SM. Therefore, physicists believe that the SM is an effective low-energy model of a
more fundamental theory called Grand Unified Theory (GUT) [2]. In this model, the coupling constants
associated to the three gauge groups, which evolve with energy, converge approximately to an energy
~ 10 GeV, suggesting a unification of the strong and electroweak interactions.

Three discrete symmetries, the charge conjugation (C),
the parity (P) and the time reversal (T) are particularly
relevant in particle physics (Figure 1) [4]. The C oper-
ator interchanges a particle with its antiparticle with-
out changing its spin nor momentum. The P operator
inverses space, such that the momentum of a particle is
reversed, but it leaves its angular momentum and spin
unchanged, hence transforming a left-handed particle
into a right-handed one. The T operator interchanges
the direction of the time. The combination of the three
operators, CPT, is an exact symmetry in any relativis-
tic quantum field theory with local interactions, while
C, P, T nor CP, CP, PT are not. As a result of the CPT
conservation, the mass and the lifetime of an elemen-
tary particle and is antiparticle must be equal. All the Figure 1: C, P and CP discrete symmetries [3].

experimental results obtained up to now agree with this statement.

While the strong and electromagnetic interactions are invariant under C, P and T transformations, the
weak interaction violates C and P. The violation of CP was discovered in 1964 by studying rare decays
of neutral kaons [4]. Since then, it has been observed in the neutral B® decays by the B-factories (Babar,
Belle) and is under study in the Bg system at Fermilab. The LHCb experiment at CERN will perform
the most precise measurements of the CP symmetry violation in the Bg system. This will allow to test
even more stringent the Standard Model, and also potentially lead to the discovery in an indirect way
of New Physics beyond the Standard Model.



At the birth of the universe, the so-called Big-Bang, large quantities of matter and antimatter were
When matter and antimatter annihilated and become photons, there

produced in equal amounts.
was some tiny asymmetry in the universe between matter and antimatter, with a 10,000,000,001

10,000,000,000 ratio, which produced our universe entirely made of matter (Figure 2). According to
Andrei Sakharov [5], this matter-antimatter asymmetry would have not been possible if the three

following conditions had not been fulfilled:

1. Baryon number non-conservation.

2. Presence of CP violation.
Lack of thermal equilibrium to ensure that the reactions creating more baryons are not compen-

sated by the reverse reactions.
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Figure 2: Evolution of the universe, from its creation at the Big-Bang (left) to the universe of today (right) [6]

The Standard Model conserves baryon number classically, but there is a global anomaly under which
this conservation could be violated. Even though they have never been observed, baryon number violat-
ing processes are possible in the SM. There is a also natural setting for interactions outside of thermal
equilibrium in the SM. However, with the current lower limit on the Higgs mass, this process would
not have taken place. As for CP violation, the SM includes it, however in quantities that are much
too small for explaining the observed asymmetries. Therefore, New Physics is searched for, which also

generate CP violation. The LHCb experiment at CERN will have a leading role in this quest



and Experiments
at CERN

ut of the embers of World War II sprang the positive wish of establishing international

organizations that would unite European citizens across several domains. In this context,

the idea emerged of creating a European collaboration dedicated to atomic physics research

with aim of unifying the European scientists, but also of coping with the rising costs of nuclear

physics instrumentation. The first proposal was made by the French Nobel prize Louis de Broglie at

the European Cultural Conference held in Lausanne in 1949. This led in 1954 to the birth of the

European Council for Nuclear Research (CERN) with the ratification of the Convention by the twelve

founding member states. Meyrin, which is located close to Geneva at the French-Swiss border on the

Swiss side, is chosen as the site that will host CERN. Nowadays, CERN is the biggest particle physics

laboratory in the World, counting twenty European member states, but also six observer states and
several non-member states collaborating from all other the World.

1.1 The LHC Accelerator

The Large Hadron Collider (LHC) [7] is a high luminosity proton-proton ring collider housed in the 27
km tunnel previously used for the LEP accelerator at 100 m underground (Figure 1.2). The protons
are created from hydrogen atoms from which the electrons are extracted. The acceleration chain is
composed of a series of particle accelerators allowing progressively higher energies to be reached (Fig-
ure 1.1). The proton bunches are first accelerated up to 50 MeV using a linear accelerator located at
the Meyrin site, called LINAC 2. They are then boosted in two circular accelerators up to 1 GeV in
the BOOSTER, before the Proton Synchrotron (PS) accelerates the beam up to 26 GeV. From the PS,
the proton bunches enter into the Super Proton Synchrotron (SPS) where they reach energies of 450

17



18 The LHC Accelerator

GeV before entering into the LHC via two tunnels (TI2 and TI8). The LHC will also provide during
dedicated runs heavy ion collisions (Pb — Pb) starting from the LINAC 3 accelerator.
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Figure 1.1: The CERN accelerator complex, comprising the LINAC 2, the BOOSTER, the PS, the SPS and finally
the LHC, used to reach energies per beam of 7 TeV [8].

The LHC has been designed to reach an energy per beam of 7 TeV, which is limited by the magnetic
field in the super-conducting dipole magnets. A magnetic field of 8.34 T is chosen to bend the 7 TeV
bunches given the radius of the LHC tunnel. With such a magnetic field, the dipole magnets deflect the
beam by 0.6 mm per meter. They are cooled down at 1.9 K (—271.3 °C) using super-fluid Helium.

In a LHC nominal beam, 3564 RF buckets are equally spaced by 7.5 m along the circumference of
27 km. The corresponding LHC frequency is 40.079 MHz, with a 24.95 ns time spacing between two
consecutive buckets. Of these, 2808 are filled with 1.1 10! protons, which are called proton bunches.

The others are empty, which allow to dump the beams on beam stoppers.

The LHC started to deliver proton-proton collisions on November 23" 2009 at the injection energy of
450 GeV. Not more than one week later, it became the most powerful collider in the world by reaching
beam energies of 1.18 TeV; the previous record being held by the Tevatron at 0.98 TeV. Collisions at
2.36 TeV were registered mid-December 2009. After the winter shutdown, the LHC broke a new record
on March 19% 2010 by raising the beam energy to 3.5 TeV, before the first collisions of two beams at
this energy were recorded on March 30" 2010.
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Seven experiments are located around the LHC machine (Figure 1.2), six of which are described below.

The LHCb experiment [9] is detailed in Chapter 2.

ATLAS [10] and CMS [11] are general-purpose experiments. They will look for
direct creation of unknowns, which could arise as extra dimensions of space or
microscopic black holes. They will investigate why the matter of the universe is
dominated by an unknown type of matter, called Dark Matter. If it is made of new
particles, ATLAS and CMS could discover them. The origin of mass will be stud-
ied by hunting for the Higgs boson, which is predicted by the SM to be responsible
for it. They will search for new forces through the discovery of new force carrier
particles (W’ or Z’). ATLAS and CMS have similar barrel-shaped designs. ATLAS,
located at Meyrin, is 45 m-long with a 25 m-diameter and weighs ~ 7000 tons. CMS,
located at Cessy (France), is 21 m-long, with a 15 m-diameter and weighs 12,500
tons.

ALICE [12] is dedicated to the physics of strongly interacting matter at extreme
energy densities, where the formation of quark-gluon plasma is expected. This new
phase of matter probably existed just after the Big-Bang, when the universe was
still extremely hot, in which the protons and neutrons would have formed. For this,
the LHC accelerator will deliver heavy ion collisions. ALICE is at St Genis-Pouilly
(France) and is 26 m-long, with a 16 m-diameter and a weight of 10,000 tons.

LHCf[13] aims at simulating cosmic rays from LHC collisions by detecting particles
produced at the extremely forward direction. This will help in calibrating the huge
detectors dedicated to cosmic rays and interpreting their results. LHCfis composed
of two 30 cm-long, 10 cm-wide and 80 cm-high detectors with a total weight of 80 kg.
It is located close to ATLAS, at Meyrin.

TOTEM [14] goal is the determination of the size of the protons by measuring the
elastic and total cross sections. This will also enable the precise evaluation of the
LHC luminosity. For this, it detects particles produced close to the LHC beams.
TOTEM is 440 m-long, 5 m-large and 5 m-high, with a weight of 20 tons. It is lo-
cated close to CMS, at Cessy.

MoEDAL [15] is the latest experiment to date that has joined the LHC. It is ded-
icated to the direct search for the magnetic monopole and other highly ionizing
(pseudo-) stable massive particles. MoEDAL is not yet fully installed in the LHCb
cavern, where it is foreseen to cover the walls and ceiling of the cavern that house

the vertex locator detector in Ferney-Voltaire (France).
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Figure 1.2: The LHC collider, its injection chain (PS + SPS) and the major experiments located around it, ALICE, ATLAS, CMS and LHCb.




The Large Hadron Collider beauty
Experiment

he Large Hadron Collider beauty experiment (LHCb) is one of the seven experiments hosted

around the LHC at CERN. The experiment consists of a spectrometer located in France

at the interaction point P8, 100 m underground (Figure 1.2). This is the place where the
DELPHI experiment was located during the years of the collider prior to LHC, the LEP.

The LHCb experiment [16] is dedicated to precise measurements of CP violating processes and rare
decays, mainly through the study of B mesons. These studies will help understand open questions in

cosmology about the matter/antimatter asymmetry.

LHCb was approved in September 1998 as the last of the four
big experiments at CERN (after ALICE, ATLAS and CMS). The
magnet was the first part assembled and fully installed in the
cavern, reaching its nominal magnetic field at the end of 2004. In
summer 2005, the electromagnetic and hadronic calorimeter walls
were erected, followed at the end of the year by the descent of the

big Cherenkov detector assembled beforehand at the surface. In
October 2007, the delicate installation of the vertex locator detec- |

tor was completed. By summer 2008, all the LHCb spectrometer My thesis director (right) and LHCb
spokesman celebrating the approval of

parts were installed in the cavern, except the first muon station, the LHCb project.

which was installed in the first half of 2009.

The LHCb detector design is described in Section 2.1. Section 2.2 is dedicated to the beam pipe. The
detection principle explained in Section 2.3 is an introduction to the tracking and particle identification
systems. These are detailed in Sections 2.5 and 2.6 respectively, after the definition of the LHCDb
coordinate system in Section 2.4. Section 2.7 gives an overview of the LHCb triggering system and
Section 2.8 of the LHCb software.
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22 The Design of the LHCb Detector

2.1 The Design of the LHCb Detector

In proton-proton collisions at the LHC high energies, two partons of the colliding protons interact at
small distances with large momentum transfer during hard scattering processes. From this interaction,
bb pairs are created through different processes explained in Subsection 7.3.1. The produced bb pairs
are boosted along the beam direction, in the direction of the parton of higher momentum. The b and b
hadrons originating from these bb pairs are hence predominantly produced at very small angles with
respect to the beam axis, in the same forward or backward cone (Figure 2.1, left). As a consequence, the
LHCD detector is designed as a forward spectrometer covering one of the two peaks (Figure 2.2).

The acceptance of the spectrometer in terms of the polar angle 6 with respect to the beam line is 10—300
mrad in the horizontal plane and 10 — 250 mrad in the vertical plane. Equivalently, this acceptance
covers pseudorapidities 1 of 2.0 <7 < 5.3, where n = —In(tan(6/2)). This was optimized for the gain in
the bb pair acceptance against the cost of the detector. The design of the spectrometer was also limited
by the size of the existing cavern, leading to a 6 m-wide, 5 m-high and 20 m-long detector.
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Figure 2.1: Correlation of the polar angles of the b and b hadrons produced in proton-proton collisions at /s =
14 TeV (PYTHIA) (left). Probability for having n=0,1,2,3 or 4 inelastic proton-proton interactions as a function of the
luminosity Z (right).

To perform precise measurements, the average number of inelastic proton-proton interactions per
bunch crossing, (nyp), has to be limited and should ideally equal one. This number is given by:

L. O.inel
(npp) = —2 (2.1)
Vbx
where £ is the luminosity and agi)el the inelastic cross-section. The parameter vy is the average
crossing frequency. From the 2808 bunches filled with protons in a LHC beam, 2622 collide at the LHCb

interaction point. This leads to an average non-empty bunch crossing frequency vy = 29.49 MHz.

To limit (npp) at LHCb, the luminosity is decreased from £ = 1034 em 257! used at ATLAS and CMS
to £ =2x10%2 cm 257! by defocusing the beams with the help of magnets. With this value of %,
collisions with one interaction happen in 30% of the bunch crossings (Figure 2.1, right).
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Figure 2.2: Schematic of the LHCb spectrometer (top) and corresponding view in the LHCb cavern (bottom).
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2.2 The Beam Pipe

The 19 m-long beam pipe [17] traverses the center of all the detectors (Figure 2.3, left), except for the
detector surrounding the interaction point, which is directly connected to it inside a vacuum vessel. Its
forward window, covering the LHCb acceptance, is visible in Figure 2.3 (right).
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Figure 2.3: View of the beam pipe inside the first Cherenkov detector and at the entrance of the dipole magnet (left)
and four-part structure of the beam pipe (right).

The beam pipe design is crucial for the LHCb experiment that is focused on the high rapidity region
where the particle density is high. The number of secondary particles has to be limited as much as pos-
sible to reduce the occupancy in the tracking stations and in the Cherenkov detectors. These secondary
particles are due to interactions of the proton-proton interaction primary particles with the beam pipe
they encounter in their paths or the material of the detectors.

The choice of the material used for the four beam pipe conical sections (Figure 2.3, right) is hence of
high importance. Beryllium (1 mm- to 2.4 mm-thick) is used for the first three sections (up to 12 m
from the interaction point), since it is virtually transparent to the particles coming from the collisions.
The conical parts are interconnected through aluminum bellows (Figure 2.3, right).

After the tracking system, stainless steel is used for the fourth conical section and for the bellows
connecting it to the third section (Figure 2.3, right), as beryllium is expensive and toxic. Interactions
with the material of this part of the beam pipe do not play a crucial role anymore, since particles are
stopped in this region by the calorimeter system and the muon chambers.

The support system of the beam pipe has also been designed with

great care, as it is mostly inside the LHCDb acceptance. It could be
an important source of background. For instance, the beam pipe
is supported in the middle of the dipole magnet by a polyimide-
i 'W'; 1 graphite ring surrounded by an aluminum collar. From it, eight

stainless steel cables or rods are mounted under tension, pulling
in both upstream and downstream directions (Figure 2.4).

Figure 2.4: Beam pipe support system.
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2.3 The Detection Principle in a Nutshell

The B mesons of interest, due to their small mean lives 7 ~ 1.5-10712 s [18], are reconstructed from their
long-lived (grand-)daughter particles flying through the LHCb spectrometer. The detectable (grand-)
daughter particles are usually electrons e*, muons u*, protons p, kaons K*, charged pions 7*, as well

0

as photons y. Neutral pions 7° are not directly detectable, since they decay instantaneously, most of

the time into two photons. Neutrinos v are not detectable.

It is essential to identify the daughter particles correctly and measure their momenta precisely to
determine the flavor of the mother B meson and to distinguish between topologically similar decay
modes. Due to their charged/neutral hadronic/leptonic nature, particles interact differently with matter
(Figure 2.5). This explains why the LHCDb spectrometer is composed of several detectors based on
different technologies. Each of them brings information about the trajectory or the identification of the
different particles, which is essential for subsequent physics analyses.

The detectors used for reconstructing the particle trajectories form together with the magnet what is
called the tracking system of the experiment. The particle identification system includes electromag-
netic and hadronic calorimeters, muon chambers and also devices based on the detection of Cherenkov
light (not shown in Figure 2.5).
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Figure 2.5: Interactions (black lines) of the detectable particles with different parts of the detector. The v do not
interact with matter. The y give a signal in the electromagnetic calorimeter only. The e* are detected in the tracking
system and in the electromagnetic calorimeter. The u* leave some information in all the detector parts. Due to their
large matter penetration power, they need a dedicated device at the end of the spectrometer to detect them. The
%, K* and p are observed in the tracking system, in the electromagnetic calorimeter and leave most of their energy
in the hadronic calorimeter. The neutrons n leave information only in the hadronic calorimeter, as they are neutral
hadrons. The 7° are not depicted as they decay instantaneously into two y >98% of the time. Their detection is
therefore performed via the search for two y in the electromagnetic calorimeter, given specific selection criteria.
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2.4 The LHCb Coordinate System

The origin of the LHCb coordinate system is the interaction point. The z axis follows the beam line
tilted by 3.601 mrad with respect to the LHCD cavern floor! in the direction of the LHCb spectrometer.
Perpendicular to it, the y axis is defined as pointing towards the ceiling of the cavern, which is inclined
by 3.601 mrad from the vertical. The x axis results from the right-handed Cartesian rule, pointing
towards the side providing access to the LHCb experimental cavern, called A-side [19].

2.5 The Tracking System

The determination of the trajectory of charged particles is of fundamental importance. Hits identified
as belonging to the same particle trajectory recorded by different detectors are connected, taking into
account magnetic field effects. The track reconstruction at LHCD is explained in Section 6.1.

To illustrate the pieces of information that can be provided by the tracking system, let’s assume a
constant magnetic field B (T)?. The tracking system allows the measurement of the radius of curvature
r (m) of a charged particle trajectory, which is bent by the magnetic field. For a given magnetic field
polarity, the electric charge g can be determined by the direction in which the particle trajectories are
bent. The momentum p (GeV/c) can then be calculated using:

p=03-B-r (2.2)

The flight distance f3 between the interaction point where the B mesons are produced, called Primary
Vertex (PV), and the position where the B mesons decay, called Secondary or Decay Vertex (SV), is also
determined. Knowing p, the lifetime 7 of the B mesons can be deduced, with ¢ the speed of light:

_fam

T=——

¢cp

The tracking system represents the first layers of the LHCb spectrometer to limit as much as possible

(2.3)

multiple scattering occurring when the particles pass through matter. For the same reason, the detec-
tors composing the tracking system are by design made of light and low-interacting materials.

The tracking system uses (Figure 2.2):

The VErtex LOcator (Subsection 2.5.1).

The Tracker Turicensis (Subsection 2.5.2).

The Dipole Magnet (Subsection 2.5.3).

The Tracking Stations T1-T3, also named T-stations, use two detectors: The Inner Tracker (Sub-
section 2.5.4) covers the innermost area and around it is the Outer Tracker (Subsection 2.5.5).

IThe detectors located upstream the magnet (included) follow the beam line, the ones downstream are vertical.
2At LHCD, the magnetic field is not homogeneous. Hence, the calculation of the momentum is performed using a
Runge-Kutta 5™-order method to propagate the tracks through the magnetic field.



2.5.1 The Vertex Locator
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Figure 2.8: Position of the 21 stations along z.

The VErtex LOcator (VELO) (Figure 2.6) [20, 17]
is used to reconstruct primary and secondary
vertices from tracks going in the forward or
backward directions. Straight track segments
reconstructed in the VELO from charged particle
trajectories are matched to hits recorded in the
tracking stations during track reconstruction
(Section 6.1). Two special modules of the VELO,
the so-called Pile-Up detector, participate in the

first level of trigger (Section 2.7).

The VELO is located around the region where
the proton-proton collisions occur, from z = —50
cm to z = 100 cm, and covers the full LHCb
acceptance. It uses a single-sided n*-on-n silicon
strip sensor technology, with the exception of one
module manufactured in n*-on-p. The sensors
are located inside a vacuum vessel (Figure 2.6),
which is separated from the machine vacuum
by an aluminum foil. This foil is made as thin
as possible, and corrugated, to limit the amount
of material crossed by charged particles before
they traverse the sensors. The foil also preserves
the LHC vacuum, shields the VELO electronics
against the radio-frequency pickup from proton
bunches and guides the beam wake-fields.

The VELO is divided into two halves that can be
retracted by 3 cm, as a bigger aperture is needed
during beam injection (Figure 2.7). In each half,
21 half-stations of sensors are spread along the
beam line (Figure 2.8), with two additional up-
stream sensors used for the detection of pile-up
events. In closed position, the half-stations are
staggered in z by gaps of 1.5 cm, to provide
overlapping regions between the sensors placed
in both VELO halves (Figure 2.9).

Two types of half-disk sensors, r- and ¢-sensors,
are placed back-to-back. In data taking position,
the first silicon strips are at 8 mm from the beam
and the silicon edges at 7 mm.
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The r-sensors contain 512 circular strips centered
around the beam axis that measure the radial co-
ordinate r (Figure 2.10). To lower the occupancy
and strip capacitance, the strips are divided into
four regions of 45° inside the half-disk. The
distance between the nominal beam axis and the
closest strip is 8.2 mm, the last strip being at
41.9 mm. Between these two extremes, the strip
pitch varies linearly from ~ 38 ym to ~ 102 pym.

left detector half

\ -
R-sensors

'\ |
Vo™
P-sensors

right detector half

\ 4
inner corrugations

Figure 2.9: Staggering in z of the two VELO halves.

The ¢-sensors have radial strips which deter-
mine the azimuthal coordinate ¢ (Figure 2.10).
The strips are divided into two regions, the inner
ones with radii ranging from 8 mm to 17.25
mm and the outer ones with radii from 17.25
mm to 41.9 mm. The 683 strips of the inner
region make an angle of +20° with respect to the
radial direction. They have pitches between 35.5
pm and 78.3 um. The 1365 strips of the outer
region make an angle of £10°. They have pitches
between 39.3 ym and 97 ym. Inside the VELO,
two consecutive ¢-sensors have opposite skew

orientation.

The VELO technical specifications are summa-
rized in Table 2.1.
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Figure 2.10: Two VELO half-disk sensors in closed po-
sition. For the ¢-sensor, the strips on two adjacent mod-
ules are drawn, which allow stereoscopic reconstruction.

Depending on the strip pitch and track angle, the
hit resolution varies between 4 and 25 ym. The
vertex reconstruction resolution is expected to be
o(x,y,2) =(12,11,57) um by design in the offline

environment.

Table 2.1: VErtex LOcator technical specifications.

Properties VErtex LOcator
Geometry and Location
Location z=[-50,100] cm
Diameter ~1m

(full LHCb acceptance)
Active area ~0.27m?

1

Cooling system [

Coolant evaporative COq

Cooling Temperature -25°C

Silicon technology

Technology n*-on-n

Strip Pitch from ~ 40 to ~ 100 ym
Silicon Thickness 300 um

Sensor Radius from 8.2 to 42 mm

Stereo Angle (¢-sensors) from 10 to 20°

Number of Sensors 84 (+4 for Pile-Up)

Readout

Readout Channels/Sensor 2048

Total Readout Channels 172,032

Signal Shaping Time 25 ns

Readout Chip Technology 0.25 yum CMOS




2.5.2 The Tracker Turicensis

Apart from providing additional information to
tracks recorded in the VELO that traverse also
the tracking stations, the Tracker Turicensis (TT)
(Figure 2.11) [22, 17] is used in the following
two cases. Firstly, it allows the reconstruction
of the trajectory of low momentum particles
which, bent out of the detector acceptance by the
magnetic field, never reach the tracking stations.
Secondly, trajectories of long-lived neutral parti-
cles decaying outside of the VELO, such as Kg,

also benefit from TT information.

Figure 2.11: TTb station from the magnet region.

The TT is located in the upstream region between
the RICH1 and the entrance of the magnet, at
z ~ 2.5 m, covering the full LHCb acceptance. It
uses a single-sided p*-on-n silicon strip sensor

technology.

TT consists of four detection layers (Figure 2.12)
grouped in two stations, TTa and TTb, with two
layers each. The two stations are separated by
27 ecm. The first and fourth layers have verti-
cal detection strips, while the second and third
layers have strips rotated by stereo angles of +5°
to allow spatial reconstruction.
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TTa
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readout -

hybrids

7.74 cm

138.6 cm

Figure 2.12: The four TT detection layers.

Seven silicon sensors are fixed on each module,

for a total of 128 modules.

The sensors are

grouped into two or three readout sectors de-

pending on proximity to the beam pipe.

The TT has a design spatial resolution ~ 50 um

with a maximal strip occupancy of a few percents.

Its technical specifications are given in Table 2.2.

Table 2.2: Tracker Turicensis technical specifications.
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Properties

Tracker Turicensis

Geometry and Location
Location of the Stations

TTa: z =[233.2,236.8] cm
TTh: z =[260.2,263.8] cm

Station Size

150 cm-wide, 130 cm-high
(full LHCD acceptance)

Active area

8.4 m?

Cooling system [21]

Coolant CeF14

Cooling Temperature -15°C

Silicon technology

Technology p*-on-n

Strip Pitch 183 um

Strip Implant Width 46 um

Silicon Thickness 500 ym

Sensor Dimensions 94.4 mm x 96.4 mm

Number of Modules 128 with 7 sensors each
Readout

Readout Channels/Sensor | 512

Total Readout Channels 143,360

Signal Shaping Time 25 ns

Readout Chip Technology | 0.25 um CMOS
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2.5.3 The Dipole Magnet

The dipole magnet is described in Section 5.1.

2.5.4 The Inner Tracker
The Inner Tracker (IT) is detailed in Chapter 3.

2.5.5 The Outer Tracker

Figure 2.13: View of OT modules.
The Outer Tracker (OT) (Figure 2.13) [23, 17] is
used to reconstruct the trajectory of charged par-

ticles. Their momenta are measured from the cur-

vature of their trajectories in the magnetic field.

The OT uses straw tubes filled with a gas mixture
containing 70% Ar, 28.5% COg and 1.5% Og. This
technology choice was driven by the low cost, the
large area to be covered (~ 29 m? per station) and
the need for a good spatial resolution.

The layout of the OT is similar to that of the In-
ner Tracker explained in Chapter 3. Each of the
three stations illustrated in Figure 2.14 contains
four detection layers. The first and fourth layers
have vertical detection modules and the second
and third layers modules rotated by stereo angles

The Tracking System

Figure 2.14: The three OT stations (blue).

ameters of 4.9 mm.

summarized in Table 2.3.

of +5°. The modules are composed of two stag-
gered layers of 64 drift tubes each with inner di-

The OT design occupancy is ~ 5% on average, go-
ing up to a maximum of 10% at nominal lumi-
nosity. The gas mixture chosen allows for a max-
imum drift time of ~ 40 ns, within the time of
two LHC bunch crossings (2-25 ns), while man-
ufacturing a good intrinsic position resolution of
~ 190 pym. The OT technical specifications are

Table 2.3: Outer Tracker technical specifications.

Properties

Outer Tracker

Geometry and Location
Location of the Stations

OT1: z=[783.8,803.8] cm
OT2: z =[852.5,872.5] cm
OT3: 2=[921.5,941.5] cm

Station Size

~ 29 m? (full acceptance)

Active area per station

5.97 x 4.85 m?

Cooling system [21]
Coolant

demineralised water

Cooling Temperature

19°C (in) / 21°C (out)

Drift-time technology
Gas Mixture

70% Ar,28.5% COg2,1.5% Oq

Drift Time <50 ns

Tubes Inner Diameter 4.9 mm
Readout

Total Readout Channels 55,000

Signal Shaping Time 25 ns

Readout Chip Technology | 0.25 yum CMOS
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2.6 The Particle Identification System

All the detectable particles (e*, u*, p, K*, 7% and y) need to be disentangled from one another. For
this, the calorimetry system is used to distinguish electrons, photons and hadrons by recording their
electromagnetic or hadronic showers. To distinguish hadrons with similar signatures in the hadronic
calorimeter, devices based on the detection of Cherenkov light rings are employed.

To detect muons that do not interact much with the material of the calorimeters, dedicated stations
are placed at the end of the LHCb spectrometer. Neutrinos interact with matter only very weakly. The
only way to measure them is to have the interaction point totally surrounded by detector parts, such
as for the ATLAS or CMS detectors at CERN, and measure the missing transverse energy E1. As such
measurements are not part of the LHCb physics program, LHCb does not need to fulfill this coverage

requirement.

Electromagnetic and Hadronic Showers

When high-energy particles interact with dense matter, they create cascades of secondary particles,
called showers [24]. By interacting, the incoming particle produces multiple new particles with lesser
energy, which at their turn interact to create other particles, and so on. Two types of showers exist,
electromagnetic and hadronic showers, which are detected in the Electromagnetic CALorimeter (ECAL)
and the Hadronic CALorimeter (HCAL) respectively (Figure 2.5).

Electromagnetic showers are produced by a particle interacting via the electromagnetic force, usually
an electron or photon. At energies above a few MeV, electrons and positrons primarily emit photons,
a process called Bremsstrahlung, while photons interact with matter predominantly via e*e™ pair pro-
duction. The shower stops when the remaining particles have energies low enough to stop further
multiplication. From this point, the shower decays slowly through ionization losses for electrons or by
Compton scattering for photons. This change is characterized by the critical energy E. in the absorber
material. For an incoming particle of energy E, the average shower depth X equals:

X ~XoIn(Ey/E,) (2.4)

where X is the radiation length of the material.

Hadronic showers are produced by hadrons and proceed mostly via the strong nuclear force. The pro-
cess is dominated by a succession of inelastic hadronic interactions. At high energy, multiple particles
are produced or emitted from nuclear decays of excited nuclei. Due to the large amount of 7° created,
hadronic showers also possess an electromagnetic component. They can be parameterized by a nuclear
interaction length, which is equivalent to the radiation length for electromagnetic showers. However,
nuclear interaction lengths in the detector material are typically much larger than interaction lengths.

Therefore larger amounts of absorber are required to stop the hadronic showers.
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The detection of different types of particles is explained in the following.

Neutral pions are detected through their decay products, which are two y more than 98% of the time,
due to their very short mean life, 7 ~ 8.4-10717 s [18]. In the ECAL, two neutral clusters or only one
are searched for [25]. Neutral clusters are selected by extrapolating all reconstructed tracks of the
event to the calorimeter and observe that no matching is possible between the clusters and the tracks.
Neutral pions reconstructed from two neutral clusters are called resolved n°. If the two clusters are
merged, only one cluster is effectively observed in the ECAL. In this case, the cluster is divided into
two sub-clusters. Each of the two sub-clusters is reconstructed as a single photon hypothesis cluster,
from which a 70 is reconstructed. Criteria based on the 7° energy, the neutral origin of the cluster and

a mass window are applied to select the neutral pions, which are in this case called merged 7°.

Photon clusters in the ECAL must not be associated with any tracks of the event reconstructed by the
tracking system.

Two layers placed in front of the ECAL, the Scintillating Pad
Detector and the Pre-Shower, bring additional information
to separate different particles with close signatures in the
a) ECAL calorimeter.

o
[
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As an example, electrons are distinguished from photons us-
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ing the Scintillating Pad Detector information, where only
‘I'I'ﬂﬂ JHF[ charged particles leave a signal through ionization.
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Charged pions are distinguished from electrons using the

' ' l L PS information, where electrons produce showers while pi-
0 200 400 600 800 1000 ons do not. This is illustrated in Figure 2.15 showing the
ADC channel

Figure 2.15: Energy deposition of 50 GeV e*
a) and n* b) in the Pre-Shower.

energy depositions of 50 GeV electrons a) and charged pions
b) in the Pre-Shower.

Cherenkov Effect

When a dielectric medium is locally polarized by the passage of a charged particle, it emits photons
when it returns to equilibrium. This polarization is symmetric as long as the speed v of the particle is
smaller than the speed of light ¢/n in the medium of refractive index n (Figure 2.16, left). In this case,
the emitted photons interfere destructively with each other. If the particle speed v is bigger than the
speed of light in that medium, the emitted photons interfere coherently and form a wavefront at a fixed
angle 6¢c with respect to the charged particle direction, resulting in a cone of light emission (Figure
2.16, right) [26].
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Figure 2.16: Medium polarization for v < ¢/n (left) and v > c¢/n (right) [26].

By measuring the angle 6¢, the speed v of the charged particle is deduced using Equation 2.5. Knowing
the momentum, its mass can then be determined, allowing for particle identification. The choice of the
medium, called radiator, depends on the required momentum range for the particle identification. A

smaller refractive index n is used to cover larger momenta values.

1
cos(@c) = — with =2 (2.5)
np c
Charged pions, kaons and protons have the same types of signature in the tracking system and the
hadronic calorimeter. To distinguish them, their masses are calculated. The mass is given as a function
of the momentum p as m = p/(yv) with y = ——L_ the Lorentz factor. The speed v is determined by
VvV 1-(v/c)?
the emission of Cherenkov light in RICH1 or RICH2 and the momentum is measured by the tracking

stations.

The detectors of the LHCb spectrometer contributing to particle identification are:
* The Ring-Imaging Cherenkov Detectors (Subsection 2.6.1)
* The Calorimeter System (Subsection 2.6.2)

¢ The Muon Chambers (Subsection 2.6.3)

2.6.1 The Ring-Imaging Cherenkov Detectors

Two Ring-Imaging Cherenkov detectors (RICH1 and RICHZ2) [27, 17] are used to discriminate between
decay channels with equal topology, such as in By — hh (h=pions, kaons, protons). A good 7-K separa-
tion is also required for flavor tagging.

RICHL1 is located just behind the VELO at z =[99,216.5] cm. RICH2 is placed after the last tracking
station at z =[950,1183.2] cm. As shown in Figure 2.17, the Cherenkov light is focused using a combi-
nation of spherical and flat mirrors (top) and is projected as a ring image (bottom) onto a plane of pixel
Hybrid Photon Detectors (HPDs) located outside of the LHCb acceptance (Figure 2.18). The opening
angle 0¢ is deduced from the ring radius.
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Figure 2.17: RICH1 (left) and RICH2 (right) detection principles (top) and typical simulated events (bottom).
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Si pixel array

The HPDs (Figure 2.18) contain 1204 pixels (1oz4 el\emezfesr)dnﬂc carrler
each, corresponding to a granularity of 2.5 x 2.5 \/ %= VACUUM

mm?, with a time resolution of 25 ns. As the /\/ Ph°<*°z°o‘f'fvh>°de

HPD performance is degraded by the magnetic N e

field, they are shielded from the fringe field of \! theled: nsEIec‘rrodes

the dipole magnet using iron plates. The de- "

sign of the shields was optimized to reduce the

magnetic field as much as possible in the HPDs, ‘ bump 3:23& e
while not degrading it elsewhere in the LHCb OP";-GI ot chip

acceptance, especially in the VELO and TT for window

the RICH]1 case.
Figure 2.18: Detection principle of a pixel HPD.

RICH1 uses two radiators, the silicon aerogel (n = 1.03) for the identification of low momentum particles
up to 10 GeV/c and C4F1¢ (n = 1.0014) for momenta between 10 and 60 GeV/c. It covers the whole LHCb
acceptance. RICH2 uses CF4 (n = 1.0005) for high momentum particles from 15 to 100 GeV/c, hence
covering only a limited angular acceptance where high momentum particles are produced (+15— 120
mrad horizontally, £100 mrad vertically). The design separation power of the different radiators is
depicted in Figure 2.19.

The resolution expected on 6 receives four different contributions. First, it depends on the assumption
made about the photon emission point, Ugmissmn. Another source of imperfect resolution is the chromatic

dispersion in the refractive index of the radiator, aghromatic. The finite pixel size and the point spread

function of the HPDs gives also a contribution, agIPD. Finally, an additional uncertainty comes from

the reconstruction of the track direction, agad‘

»0fe . B 264°2Trx . The different contributions are given in Table
i “ - T . 2.4 for the three radiators. The resolution ex-
20 ¢ K 7 pected on O¢ is 2.6 mrad for the aerogel, which
_ i is dominated by chromatic dispersion. It is 1.5
g 0 a :;" mrad and 0.7 mrad for the C4F19 and CF4 ra-
& ool diators respectively.
50 _ ' ] 53 mrad Table 2.4: Different contributions to the single de-
I , ] 32mrad sign resolution ag"tal for the three RICH radiators.
. [ [ s ik T The numbers are given in mrad.
1 10 100 Aerogel C4F1() CF4
Momentum (GeV/c) O.%Imlssmn 0.4 0.8 0.2
géhromatic | 9 7 09 | 05
Figure 2.19: 0¢ versus momentum for the three ofiPD 0.5 0.6 0.2
RICH radiators and associated particles that can be gaCk 0.4 0.4 04
distinguished. g’tal 2.6 1.5 0.7
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2.6.2 The Calorimeter System

The calorimetry system [28, 17] is used to distinguish electrons, photons and hadrons by measuring
their energies and positions. The reconstruction of neutral particles, such as photons and pions, is
also important for the LHCDb physics program. Moreover, the calorimeter system provides information
about the transverse energy of hadron, electron and photon candidates to the first-level trigger.

The calorimetry system consists of four detector parts, the Scintillating Pad Detector (SPD), the Pre-
Shower (PS), the Electromagnetic CALorimeter (ECAL) and the Hadronic CALorimeter (HCAL). The
whole system is located between the first muon station M1 and the second one M2. They absorb almost
all the particles, except for the weakly interacting muons, which will be detected in the downward
muon stations, and neutrinos that escape detection.

The four parts of the calorimeter system are based on the same detection technology. High energy
particles going through the calorimeter system will interact with different parts depending on their
nature and charge. These interactions generate in scintillating plates photons that are collected us-
ing WaveLength-Shifting fibers (WLS) and transmitted to multi-anode PhotoMultiplier Tubes (PMT)
located at the periphery of the detector.

The Scintillating Pad Detector

The SPD (Figure 2.20) is used to distinguish charged particles
from neutral ones. In the trigger, it is used to reject high-Er
7% background. It is located just after M1 and is made of 6000
15 mm-thick squared scintillator pads (Figure 2.21), in which four
turns of WLS fiber are inserted in a centered round groove. Both
ends of the fiber are used to transmit the light to the PMTs via
clear fibers.

The main background of the SPD comes from photons that have
converted into pairs before the SPD. Consequently, they are iden-
tified as charged particles.

Figure 2.20: SPD/PS system.
The Pre-Shower

A 12 mm-thick layer of lead separates the SPD from the PS (Fig-
ure 2.20). A signal in the PS indicates the electromagnetic char-
acter of charged or neutral particles. For instance, electrons can
be distinguished from charged pions, as illustrated in Figure 2.15.
The PS is composed of 6000 scintillators similar to the ones used
for the SPD (Figure 2.21). For particle momenta from 10 to 50
Figure 2.21: SPD/PS scintillator pad. GeV/c, the pion rejection factor is ~ 99.6%.
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The ECAL is used to detect electrons and photons and measure their transverse energy Er in the first-
level trigger. For an optimal Et resolution, it is important that the showers are entirely contained in
the ECAL volume, which corresponds to a depth of 25 X [29].

The ECAL (Figure 2.22, left) is located between the PS and the hadron calorimeter. It employs a Shash-
lik technology and consists of 3312 modules of alternating 4 mm-thick scintillating tiles with 2 mm-
thick lead absorber slices (Figure 2.22, right). The scintillating photons result from electromagnetic
showers created in the lead absorber by the passage of electromagnetic particles (e*,y). As particle
density variations depend on the distance to the beam pipe, three types of modules are used, contain-
ing 3x3, 2x2 or 1 readout cells for the inner, middle and outer modules (Figure 2.22, right). The size of
the cells is the same for the SPD, PS and ECAL, allowing for a combined use in e*/y separation.

Figure 2.22: Electromagnetic calorimeter (left) composed by three different readout cells (right).

Just after the ECAL is the HCAL, which detects hadrons and es-

particles
timates their energy. It consists of 6 mm-thick and 1232 mm-long w

master iron plates, which are interlaced by six 4 mm-thick spacer SoEN oy

iron plates (Figure 2.23). The scintillator tiles are placed between
the absorbers. This structure is repeated 208 times in each mod-
ule. A special characteristic of the sampling structure is that the /
scintillating tiles are parallel to the beam axis. Along the beam = © 4 fibers
axis, it represents six 202 mm-long rows with interchanging or- v/). y B

der of spacers and scintillator tiles. As the lateral extension is — light-guide

wider for hadronic showers than for electromagnetic ones, larger - PMT
cells are used. The scintillating photons are produced in showers

. . . Fi 2.23: HCAL dout cell.
created in the iron absorber by hadron particles. gure readout ce

The total depth, chosen by space limitations in the LHCb cavern, does not provide a full shower con-
tainment. However, it was shown to be sufficient for the trigger operation [30].

The design energy resolution of the ECAL (left) and HCAL (right) is given by (E in GeV):

o(EVE =10%/VE 1% o(E)/E =80%/VE & 10% (2.6)
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where the first term corresponds to the statistical fluctuations in the showers and the second one
represents the systematics induced by the inter-calibration of the cells.

2.6.3 The Muon Chambers

The muon system [31, 17] provides information about the transverse momentum pt of muon candidates
in the first-level trigger (Section 2.7). It is also used in the high-level trigger and offline reconstruction
to confirm muon candidates, by extrapolating tracks from the T-stations to the muon stations.

The muon stations (Figure 2.24, left) are mainly located at the end of the LHCDb spectrometer, after the
calorimeters, due to the large matter penetration power of the muons. They are equipped with multi-
wire proportional Chambers (MWPC) [32], except the innermost part of M1 where Gaseous Electron
Multiplier (GEM) detectors are used [33]. In this region, the fluence? is too high to achieve the required
efficiency using MWPCs.

To select the muons, three layers of 80 cm-thick iron walls are interleaved between the stations M2
to M5. Another iron wall is located after M5 to shield LHCb from potential LHC machine induced
background. The M1 station has been added in front of the SPD to improve transverse momentum
information in the first-level trigger. The whole system, including the iron filters, represents ~ 20X.
Only muons with momenta higher than 6 GeV/c will cross all five stations.

VERTICAL STRIP

HORIZONTAL
STRIP

LOGICAL
PAD

O 2 B |a—B—|-— T —

R1| R2 |-#— R3 —p»|¢4—— R4 ——— P
\sem PIPE

Figure 2.24: The muon chamber MWPCs (left) are divided in four regions of similar particle fluxes (right).

The stations are divided in four regions with approximately the same particle flux, and their granu-
larity decreases from the centre to the outer regions (Figure 2.24, right). This is due to the fact that
multiple scattering is higher in the outer regions, hence relaxing spatial resolution requirements.

A resolution of 20% is achieved on the muon candidate pr using the stations M1-M3, which have a
higher spatial resolution along the x coordinate than M4-M5.

3Fluence is the flux (particle or radiative) integrated over time. The potential radiation damage for detector
systems is expressed in I MeV neutron equivalent fluence. It corresponds to the fluence of 1 MeV neutrons producing
the same damage in a detector material as induced by an arbitrary particle fluence with a specific energy distribution.
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2.7 The LHCDb Triggering System

At the LHCb nominal luminosity of £ =2 x 1032 ecm™2s™!, inelastic proton-proton collisions take place

at a rate ag;)elf =16 MHz, where ag;)el is the inelastic proton-proton cross section?.

Visible proton-proton interactions are defined at LHCb as collisions producing at least two charged
particles with enough information in the VELO and T-stations to be reconstructible. They account for
~T79% of Ug;)elff (12.7 MHz). Out of them, only 100 kHz contain a bb pair, which are reduced to a few
Hz when requesting at least one B meson with all its decay products inside the LHCb acceptance.

The initial number of visible interactions therefore has to be sizeably reduced, to remove as early as
possible in the data acquisition process events uninteresting for physics analyses and to satisfy the
~ 2 kHz maximum rate for writing the events to permanent storage®. The reduction is achieved by the
LHCD trigger system [34]. The trigger system is optimized to be efficient at quickly rejecting background

events while preserving signal.

2.7.1 Structure of the LHCb Triggering System

The LHCD triggering is performed at two levels: A hardware first level trigger (L0) and a software High
Level Trigger (HLT) (Figure 2.25).

The first-level trigger LO is implemented in custom made electronics and reduces the visible bunch
crossing rate from 10 MHz to ~ 1 MHz, which is the maximal DAQ readout rate allowed by the TELL1
boards (Section 3.2.3). At the LO level, only single objects are triggered (except for uu) (Figure 2.26).
The global trigger decision is taken for each bunch crossing by the L0 decision unit (LODU) collecting
the information of three sub-systems: the VELO Pile-Up system, the calorimeter trigger and the muon
trigger. The time separating a proton-proton interaction and the arrival of the corresponding LO trigger
decision at the front-end electronics is 4 us, covering exactly 160 bunch crossings. 2 us are taken up by
the time-of-flight of the particles and the readout and cable delays, leaving the other 2 us for processing
the information and reaching the decision.

The HLT software trigger is a C++ application executed on an event filter farm. It reduces the rate of 1
MHz further down to 2 kHz using the full event data. It contains two sub-levels, HLT1 and HLT2.

The HLT1 trigger confirms objects selected by the LO trigger by reconstructing them partially in re-
gions of interest using information from the VELO and/or T-stations, or confirms the absence of charged
particles in the case of LO-triggered y and n° candidates. To minimize the time spent per event, re-
construction and filtering phases alternate in HLT1. The HLT1 is divided in alleys, which are streams

4The average number of interactions per bunch crossing is v ~ 0.54. This value is obtained as follows. From the
2808 bunches filled with protons in a LHC beam, 2622 collide at the LHCb interaction point. This leads to an average
non-empty bunch crossing frequency of 29.49 MHz. The v value is obtained by dividing the 16 MHz rate of inelastic
proton-proton collisions by 29.49 MHz.

5The events have a size of 35 kB. The rate for writing the events to permanent storage is ~ 2kHz-35kB = 70 MB/s.
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refining the LO trigger decision (Figure 2.26). The alleys are logically independent, such that the deci-
sion of one alley does not affect the decision of the other alleys. As the alleys run in a sequence, some
algorithms are designed to run the common tasks only once per event®. For instance, the transverse
momentum pt and the impact parameter IP of the tracks are calculated with respect to the primary
vertex by such algorithms. Inside an alley, several lines allow for a more refined classification of the L0
objects once confirmed. The HLT1 reduces the event rate to ~ 30 kHz. The bandwidth division between
the different alleys is flexible and is still being tuned with real data.

After HLT1, the event rate becomes low enough to allow for a full reconstruction of B-hadron final
states, which is performed within the HLT2 trigger framework. All the events are tested by every
available HLT2 trigger algorithm, hence no confirmation of a previous trigger is required in HLT2
(Figure 2.26). Common composite particles, such as J/y — p~u*, K = K*n~, ¢ — K*K~, D’ - hh
or Dy — K*K 77, are reconstructed from a set of tracks selected with very loose cuts, which are sub-
sequently used by the selection algorithms to avoid multiple reconstructions of the same object. The
algorithms can be inclusive or exclusive. Inclusive algorithms select partial B decays to ¢X, J/wX, Dsh,
wtX, w(h)X, hh(h),... Exclusive algorithms are developed for all physics analyses separately and are
close to the corresponding offline selections. For a given event, if the decision of at least one inclusive or
exclusive selection is positive, the event is kept. The HLT2 results in a final output rate of 2 kHz.

} b~ ~

HIT1 hadron ECAL(e) ECAL(y) muon + track

alley alley alley alley muon alley
di-muon line l
single  di- single di- y+one y+two single
hadron hadron electron electron track tracks muon ~ GH Tees L0
line line line line line line line — =

Y

Global reconstruction

\

HLT2 Inclusive / Exclusive Selections

Figure 2.26: The confirmed LO objects are directed to independent HLT1 alleys, which contain different lines. Once
the candidates have passed the different lines, a global reconstruction is performed. Inclusive and exclusive selections
are then applied at HLT2 level. [16]

In the following, the different LO objects and HLT1 alleys of Figure 2.26 are described’.

6 About 15% of the LO-triggered events pass through more than one HLT1 alley.
"The scheme presented here is applicable to the datasets used for the Monte Carlo studies of Chapter 7, but
considerable changes are now being implemented at HLT level.
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2.7.2 The First-Level Trigger and the L0 Objects

The VELO Pile-Up System. Bunch crossings with multiple visible primary interactions result in
trigger decisions that are more likely to be based on combinatorics than real B decays. Moreover,
they require disproportional amounts of bandwidth and processing during event building. They can
be vetoed using the VELO Pile-Up system, which is located upstream of the interaction point and
consequently only detects backward tracks. It is composed of two r-sensitive Silicon-planes located
perpendicular to the beam axis (Figure 2.8). The planes have special cabling and operate the front end
chip in a comparator mode, allowing full readout of the silicon at 40 MHz. The system can distinguish
single from multiple primary interactions, which allows the rejection of bunch crossings with multiple
interactions. The total multiplicity of the backward charged tracks is also determined using the Pile-Up

counter.

The Calorimeter Trigger. The clusters are formed from 2 x 2 sensitive cells, which are sufficient
to contain most of the energy of the narrow showers, while small enough to prevent shower overlaps.
Due to their relatively large mass, B mesons often decay in particles with large transverse energy E'r.
Consequently, the calorimeter trigger accepts events with at least one cluster in the HCAL with a large
ERadron (L0-hadron line), or in the ECAL with large ES, and/or E7, (L0-e* and L0-y lines).

The Global Event Cuts (GEC). These can be used to remove specific bunch crossings. To remove

bunch crossings with multiple interactions, the total track Pile-Up multiplicity, mggck, and the number

vtx
tracks’

without visible interactions, the total transverse energy, Efl?t, collected by the two calorimeters has to be

of tracks used to reconstruct a second vertex, n are requested to be low. To remove bunch crossings

large. This requirement also acts as veto on triggering on muons coming from the beam halo. Too com-

SPD

track> are also rejected.

plex events with high multiplicities in the Scintillating Pad Detector, m

The Muon Trigger. Hits aligned in the muon stations are searched for by a track finding algorithm.
The transverse momentum pt of a muon candidate is then calculated with a resolution of 20% from the
hits in the first two stations and under the hypothesis that the muon originates from the interaction
point. The muon trigger accepts single muons with a large pt regardless of whether the GEC is fired
or not (LO-u, no GEC line) or satisfying the GEC (LO-y, GEC line). It can also accept two muons with
large (| p%ll + | p#zl) regardless of the GEC decision (LO-diu line, no GEC line). Up to eight candidates
per event are sent to the LODU, with a maximum of two per quadrant with the highest pr.

2.7.3 The HLT1 Alleys

Five different alleys are implemented at HLT'1 level:

1. The Muon Alley [35]. LO-triggered muons are confirmed by extrapolating the muon tracks to
the T-stations. Windows are opened around these extrapolations, in which clusters are collected
to reconstruct the T tracks. The T-tracks are then matched to VELO tracks, which improves the
momentum resolution from ~ 20% to ~ 2%. The muon objects confirmed with a long track (see
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Section 6.1 for the definition) are then directed through the lines of the muon alley, requiring
one LO-triggered muon candidate (single muon line), two muon candidates triggered together by
the LO (di-muon from LO di-muon line) or two muons triggered separately by the LO (di-muon
from 2 LO single muon line). Cuts on the pt for the single muon line or on the invariant mass
and Distance Of Closest Approach (DOCA) for the two-muon lines, and potentially on the impact
parameter IP, are used to lower the output rate.

To improve the two-muon event efficiency, in case a LO-triggered candidate is confirmed, a search
for an extra muon in the muon stations is performed. If one is found and satisfies the cuts of the
two-muon lines, this extra track is included at this stage, allowing for a partial recovery of low

momentum muons (di-muon from 1 L0 single muon + 1 muon segment line).

. The Muon+Track Alley [36]. A LO-triggered muon is confirmed as in the muon alley case, but
the output rate is reduced in another way. Additional information from the decay is required,
which are tracks forming good vertices with the LO muon candidate. In the process, these addi-
tional tracks are not identified. They could be muons, electrons or hadrons.

. The Hadron Alley [37]. A LO-triggered hadronic cluster is confirmed as follows. A rough mo-
mentum estimate obtained from the cluster energy is used together with the kick caused by the
magnetic field to correct the slope between the LHCb origin and the cluster position. The LO can-
didate is then matched with VELO tracks by comparing their slopes. At this stage, a reduction
of the rate and number of candidates is obtained by cutting on a minimum impact parameter
value with respect to any primary vertex. Using the matched VELO tracks and clusters in the
calorimeter, regions of interests are reconstructed in the tracking stations. If tracks are found,
then the LO object is confirmed and is directed to one of the two lines of the hadron alley. The
first line requests a single hadron (single hadron line). The second line requires that there is an
extra track in the event, called companion track, forming a secondary vertex with the L0 con-
firmed track (di-hadron line). Cuts on pr, IP and track quality are used to reduce the rate, and
additionally on the distance of the displaced secondary vertex from the primary vertex for the
di-hadron line.

. The ECAL (y) Alley [38]. As photons can convert in material before reaching the ECAL, signal
photons are sometimes classified as L0 electron objects. Therefore, LO photon and electron objects
are used as input for this alley. The photon nature of a candidate is confirmed if its cluster cannot
be associated with any track segments in the T-stations. VELO tracks filtered by IP cuts are used
along with the photon as input for two lines in which one (y+one track line) or two tracks (y+two
tracks line) with high IP and pr are selected.

. The ECAL (e) Alley [38]. The LO-triggered electron is confirmed by track segments in the T-
station regions of interest pointing to the candidate. The candidate track is matched with VELO
tracks. Lines requesting a single electron (single electron line) or an electron with an additional
track (di-electron line) are filtered with cuts on IP and pr, and additionally on the goodness of a

displaced vertex for the second line.
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2.8 The LHCDb Software
2.8.1 The GRID Computing

The huge amount of collision data expected \\# SWe | ‘O ,
to be collected by the LHC experiments, ~ 15 Q ' ‘
petabytes per year corresponding to more than E

1.7 million dual-layer DVDs, exceeds by far that

of any previous high energy experiment. Consequently, it was not possible anymore to count only on
the computing resources of CERN to access and analyze the data. Therefore, a model of shared comput-
ing resources between distant computers has been developed, called the GRID. The LHC experiment
data are distributed around the globe, with a primary backup recorded on tape at CERN, known as
the Tier-0 center. After a first processing, they are distributed to eleven computing centers, the Tier-1,
where a large fraction of the data are stored. The data are accessible for specific analysis tasks through
160 Tier-2 centres linked to the Tier-1 centres. The user submits his jobs on the GRID, which are then
allocated to processing centers that have a spare capacity at that time.

2.8.2 The Monte Carlo Simulation and the LHCb Software

In order to quantify the detector performance, to test the software and develop analyses, the use of
Monte Carlo simulations is very important. A Monte Carlo method (MC) is a numerical technique that
uses random draws to calculate a statistical quantity. The generation of the random numbers is per-
formed by a generator. Their values are uniformly distributed in the [0, 1] interval. These numbers are
then used to generate another sequence of numbers representing the observable, whose distribution is
described by a Probability Density Function (PDF). The created values are called Monte Carlo data.

The LHCb software chain is depicted in Figure 2.27. Monte Carlo simulations require several steps [39].

First, proton-proton collisions | Event Model / Physics Event Model |
and successive decays are gen- * *
erated by GAUSS. The simula- Detector Description Condition Database ‘

tion phase emulates the pas- Raw Data MicroDSTs
sage of particles inside the -

spectrometer and the detector S'g'::?gsmh Dilfgig;fg " Reg;'f};'{f”

response. The simulated data
are then digitized by BOOLE \IC hits 4 Digits 4 DSTs
and given as input for the |

Analysis Objects

GAUDI

reconstruction performed by
BRUNEL. It is at this stage
that real data can also enter

Figure 2.27: The LHCb data processing applications and data flow. The event
model describes the data expected by the applications.

into the reconstruction process. From the reconstructed clusters and tracks, objects are made available
to the physics analyses using DAVINCI. The different applications are detailed in the following.
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GAUDI [40] is the framework on which the LHCb offline software is based. All the
LHCb applications are embedded in it, where they perform their tasks. These are
event generation, detector simulation, digitization, reconstruction, trigger, physics
analysis, and event and detector visualization. Initially developed for the LHCb
experiment, GAUDI has been adopted and extended by the ATLAS, GLAST and
HARP experiments.

GAUSS [41] is the simulation program of the LHCb experiment. A first generator
phase generates the proton-proton collisions using PYTHIA [42] and the decay of
the particles produced using the EVIGEN package [43]. It is followed by a detector
simulation phase, during which the particles are tracked in the detector, includ-
ing magnetic field effects and the physics processes occurring in the experimental
setup. These are simulated using the GEANT4 toolkit [44].

BOOLE [45] is the LHCb digitization application, the final stage of the detector
simulation. It applies the detector response to MC hits previously generated with
GAUSS. Additional hits are added from the spill over events and the LHC back-
ground. The digitization step includes the simulation of the detector response, the
readout electronics and the L0 trigger hardware.

BRUNEL [46] is the LHCb event reconstruction application. After a positive trig-
ger decision, it creates tracks, RICH Cherenkov rings and clusters from digitized
output data provided by the BOOLE application or from raw data recorded at LHCb
from collision events. BRUNEL contains the full pattern recognition and tracking
software. As output, it provides Data Summary Tape (DST) files, which are used as
input for further physics analyses.

DAVINCI [47] is the physics analysis software of the LHCb experiment. The
tracks and clusters reconstructed by BRUNEL are assigned to particle identifi-
cation hypotheses before the reconstruction of primary vertices. A series of algo-
rithms is then applied to combine the particles to reconstruct the decays of inter-

est. The selection of particles can be eased by using the available user-friendly
toolkit LOKI [48].

PANORAMIX [49] is the visualization application used at LHCb. It offers graphical
displays of the detector geometry and of the event data objects. As it is based on
the GAUDI framework, it can be run with any of the LHCb applications.






The Inner Tracker Assembly

t LHCDb, the Inner Tracker [22] is part of the tracking stations located downstream of the
magnet. It consists of twelve detector boxes, four on each station, which cover a cross-
shaped region around the beam pipe. To provide information about the trajectories of
charged particles and their momenta, it uses a p*-on-n single-sided silicon microstrip

sensor technology. The Inner Tracker detector boxes contain each four detection layers of seven silicon
sensor modules. The two external layers have vertical modules, while the two internal layers have
modules rotated by a stereo angle of +5° to provide three-dimensional spatial information.

The assembly of the Inner Tracker detector boxes was performed in a clean environment at CERN [50].
All individual pieces of the assembly were checked beforehand. Once this was achieved, the delicate
detector box assembly process could start.

An introduction to semiconductor detectors and their properties is given in Section 3.1. The Inner
Tracker is described in Section 3.2, with an overview of the technical requirements and design chal-
lenges. The steps for assembling an IT detector box are detailed in Section 3.3.
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3.1 Semiconductor Detectors

The most commonly used material in semiconductor detectors is Silicon (Si). Silicon is the second most
abundant element in the Earth’s crust, representing 25.7% in weight [51]. The silicon-based technology
for tracking is relatively young, with the first silicon strip detector used in the NA11l experiment at
CERN in the 1980’s [52]. Since then, the technology has developed a lot, also with the introduction of
more complex designs such as pixel detectors.

Silicon detectors present nice features that make them ideal for tracking purposes. The average energy
needed for the generation of an electron-hole pair in the silicon is low. The radiation energy is directly
converted into an electrical signal. The signal generation and readout is performed at high speed, with
a response time less than 25 ns. Silicon detectors have a high efficiency and a low dead time. The high
granularity allows the reconstruction of complex events, hence a high spatial resolution.

In the future, an alternative to silicon detectors could be diamond or GaAs detectors [53, 54]. Due to
their larger band gap compared to silicon, they offer a higher radiation hardness. At present, they are
to date still much more expensive and more difficult to manufacture. They also give less signal than
silicon for the same material thickness.

3.1.1 Semiconductor Properties

The energy band structure of a semiconductor is composed of a valence and a conduction band, sepa-

rated by a forbidden band gap. The electrical conductivity of a semiconductor depends on [55]:

® The number of charge carriers. The charge carriers responsible for the electrical conductivity are
electrons and holes. Electrons acting as carriers are located in the conduction band. Holes are
unoccupied states in the valence band. These do not propagate by themselves, but can be filled
by neighboring electrons of the valence band and thus change position. The number of carriers
increases with temperature. The more carriers in a semiconductor, the bigger is the electrical
conductivity.

* The band gap energy E,. It is the energy required for charges of a semiconductor to overcome
its band gap. The smaller E;, the bigger is the electrical conductivity. At room temperature, the
value of E; for silicon is ~ 1.2 eV!. The average energy needed to generate an electron-hole pair
is however 3.62 eV due to additional momentum transfer [56].

The probability that an electronic state is occupied by an electron of energy E at a temperature T is

given by the Fermi-Dirac function

1

F(E)= 3.1)

1+exp (i;gf)

where k3 is the Boltzmann constant and E¢ the Fermi energy at which F(E) = 0.5.

IThe band gap energy E; is 5.5 eV for diamond and 1.43 eV for GaAs.
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At room temperature, only one in every 10'? atoms in a silicon crystal is ionized [55]. To increase the
electrical conductivity for a given temperature, the number of carriers of a pure semiconductor can be

raised by adding impurities to its crystal lattice through a doping process.

The silicon possesses four valence elec- n—-type p—type
trons. If a silicon atom is substi-
tuted by an element of the group V of
the Mendeleev table (e.g., phosphorus),
four of the valence electrons form co-
valent bonds with the neighboring sil-
icon atoms. The fifth valence electron
remains weakly bonded and can move

around the silicon crystal, acting as
charge carrier. This kind of doped sil-

m N\ N
icon is of n-type (Figure 3.1, (a)). \ M\
DONOR

R
If the doping atoms are from group I 'ONS 09069

ACCEPTOR
(e.g. boron), the three valence electrons PPEPRRREOOOO® [ONS 3

form covalent bonds with three of the /
ZW/A W%
(a)

silicon neighbors. The bond with the
(b)

Figure 3.1: Bond representation of n-type (a) and p-type (b) semicon-
ductors [56, 54].

fourth neighbor remains unsatisfied
and attracts electrons from the neigh-
boring bonds. This kind of doped silicon
is of p-type (Figure 3.1, (b)).

The loosely bound electron or hole states as a result of the dopants appear as additional energy levels
in the band gap region (Figure 3.1, bottom). At room temperature, they are almost all excited in the
corresponding conduction band.

3.1.2 Principle of Particle Detection in Silicon

A p-n junction is created by placing a semiconductive layer of n-type next to a layer of p-type (Figure
3.2, (a)) [656]. The Fermi energy Er is equalized at the junction, resulting in a shift of the valence
(Ev) and conduction (E¢) bands (Figure 3.2, (b)). At the junction, a diffusive process is caused by the
difference in carrier concentration. The electrons diffuse into the p-region and holes into the n-region,
resulting in the recombination of opposite carriers and the apparition of a new zone at the junction,
called depletion zone. Because of the very small fraction of the carriers inside the depletion zone, the
electrical conductivity is strongly suppressed, making the zone non-conductive.

Inside the very thin depletion zone, space-charge zones are created from the surplus of negative charges
in the p-region and of positive charges in the n-region. These produce an electric field counteracting the
diffusion process (Figure 3.2, (b)). It is responsible for the drift of the electrons towards the n-region
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and the holes towards the p-region created in the depletion zone by the ionization of a passing charged

particle.

In practice, p*-n junctions with a highly doped p-type layer, p*, and a n-doped bulk are used instead

of p-n junctions (Figure 3.3). They offer an enlarged depletion zone matching the bulk width, which

allows better charge collection.
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Figure 3.2: A p-n diode junction in thermal equilibrium, with its parts separated (a) and brought together (b) [56].

The electric field produced by the space charges is not strong enough for good charge collection and for

depleting the whole n-bulk from its free charge carriers. Therefore, an external voltage, called Reverse

Bias, is applied. It is positive on the n-bulk with respect to the p*-side. The holes are pulled away

towards the p*-region and the electrons towards a highly n-doped layer (n*) (Figure 3.3).

N+ ohmic bulk contact (ov)

Figure 3.3: Stripped p* layer (right)
[55]

To achieve position resolution of the passing ionizing particle, the
pt-layer is segmented. The segmentation can be strips, as shown
in Figure 3.3 [57]. The distance between two readout channels,
called pitch, is typically of 20 to 200 um. Each strip is linked to
one electronic readout channel.

The charges are created by the ionization of a passing charged
particle in the depletion zone?. The movement of the electrons
and holes induces a charge on the electrodes through a capaci-
tive effect. Indeed, the movement corresponds to an elementary
work, which is provided by the variation of the potential energy
of the electrodes. Due to energy conservation, the charge of the
electrodes increases during the movement proportionally to the
charge of the carrier. The final charge induced on each electrode
is therefore proportional to the number of charge carriers, hence
to the energy of the incoming particle, as well as the current I;,
induced in the external circuit is (Figure 3.4). The current pulse

2About 80 electron-hole pairs are created per micrometer of silicon.
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is collected at the front-end electronics, where a pre-amplifier reads the number of charges integrated
on the feedback capacitor Cr and provides an output voltage V, proportional to the total integrated
input charge. To discharge Cr and thus avoid pile-up, a feed-back resistor R¢ is put in parallel to the
capacitor. The output voltage is reshaped by a shaper, which acts also as a band pass filter to reduce
the noise. The analog output signal is then redirected to a digitizer delivering a logic signal.

Resistor
detector Cr Capacitor n _I_L
Iiu([) ioi
W_’ ‘r\ |Shaper| Digital N >
— | Electronics

radiati/m\> . l Pl‘e-amp Vour(t)

Front-End Electronics

Figure 3.4: The current pulse is sent to the front-end electronics, where it is amplified and shaped. The voltage
output signal is then directed to the digital electronics.

3.2 The Inner Tracker

The Inner Tracker is used to reconstruct the trajectories of charged particles. From their curvature in
the magnetic field, the momenta of the charged particles can be measured.

The IT uses a silicon strip sensor technology and consists of four detector boxes in each of the three
IT1, IT2 and IT3 tracking stations in the downstream region (Figure 3.5). The boxes are located in the
innermost area around the beam pipe, where the track density is expected to be the highest. In each
tracking station, the detector boxes cover a cross-shaped area of 1.3% of the total acceptance around
the beam pipe. About 20% of charged particles produced at the interaction point passing through the
tracking stations are expected to go through the IT area.

Figure 3.5: View of an IT station and beam pipe in the LHCb experimental cavern.
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3.2.1 Design Requirements and Challenges

In addition to the production costs, the challenges and technical requirements in the design of the Inner
Tracker detector are listed in the following.

* Dimensions. The silicon sensor dimensions are determined by the fabrication process, which is
the float zone [58] for the Inner Tracker. The overall area covered by the Inner Tracker should
be minimal, as silicon sensors are expensive, while ensuring an average occupancy of the Outer
Tracker modules below 10% at the nominal luminosity. An overlap between the Inner Tracker
and the Outer Tracker areas is needed to prevent gaps in the LHCb acceptance. The overall
geometry of the Inner Tracker is explained in Subsection 3.2.2.

* Spatial resolution. A spatial resolution opj;=70 ym of the Inner Tracker is adequate for the
LHCDb experiment. The momentum resolution of the spectrometer is then dominated by multiple
scattering over almost the full range of particle momenta. A readout strip pitch of ~200 ym meets

this requirement.

e Active/Dead Material. At LHCDb, multiple scattering dominates the momentum resolution up to
~80 GeV/c. Therefore, the material budget of the Inner Tracker has to be minimized as much as

possible, while keeping sufficient rigidity and precision.

The amount of material of the Inner Tracker includes the mechanical supports, the electronics,
the cooling system and the silicon sensors. It is important to minimize the amount of material of
the mechanical supports, cables and cooling of the front-end electronics, as they cover the active
region of the Outer Tracker. The thickness of the silicon sensors is optimized to lower the amount
of material while keeping a good signal-to-noise ratio requested to get a good hit efficiency.

* Readout. The electronics used in the front-end should fulfill the following requirements. At the
LHC, proton-proton collisions are expected to happen with a frequency of 40 MHz. The readout
chips responsible for the amplification and shaping of the signal have to work at this frequency,
to avoid pile-up of events coming from consecutive bunch crossings3. The front-end electronics
should consume little power to limit the cooling required in a confined space and support high
levels of radiation. It must provide clear hit information, hence a low noise. As there is no charge
multiplication in silicon detectors, the amplitude of the signal is determined by the thickness of
the active material. As the thickness needs to be thin, the signal-to-noise ratio is a critical issue.
There is a huge number of electronic channels to be read out in a silicon detector. As the readout
electronics contributes considerably to the overall cost of a detector, the number of readout strips
is reduced as much as possible, while keeping the strip occupancy at a maximum of a few percent.
The readout chain is explained in Subsection 3.2.3.

3Track reconstruction is only possible if the remaining fraction of the signal amplitude at the sampling time of the
next bunch crossing is less than 30%.
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e Hit occupancy. Charged particle densities for minimum bias events of 1.5 x 1072 cm™2 are ex-
pected in the innermost region of the Inner Tracker and 2 x 1073 cm™2 in the outermost region
[16]. The chosen strip geometry, pitch and strip length, results in a maximum strip occupancy
that does not exceed a few percent. As for the spatial resolution, this is met by 200 ym pitch and
~ 20 cm-long strips.

Cooling. Leakage currents can appear from radiation damage. They tend to increase the tem-
perature of the silicon sensors. As the leakage currents increases with temperature, a thermal
runaway process takes place, at which point the sensors could not be biased anymore. To limit
the increase of temperature of the sensors and the front-end electronics, active cooling is hence
required. However, three resulting effects have to be considered. The operation at low temper-
atures requires flushing with dry gas in order to avoid condensation. The material used in the
detector required to be stable in terms of thermal expansion. Finally, a very good insulation of
the detector is required. The cooling chain of the Inner Tracker is explained in Subsection 3.2.4.

Radiation damage. At the LHC, radiation damage in silicon detectors has become an important
factor to be studied. For ten years of operation, the innermost part of the Inner Tracker is ex-
pected to have a 1 MeV neutron equivalent fluence of 9 x 102 cm 2. Damages are classified into
two types, cumulative and single event effects. In cumulative effects, the damage gets progres-
sively worse with the radiation dose. Single event effects have a discrete character, and the effect
is either reversible or permanent. The radiation damage appear at two levels, in the electronics
and in the active material. As the sensitive components of the electronics are located close to the
surface, their damage from radiation is mostly a surface damage. The 0.25 yum CMOS technology
produced with specific process rules is radiation hard [59].

Silicon sensors mainly suffer from bulk damage [60]. The displaced atoms create a distribution

of vacancies and interstices in the crystal lattice. This results in two effects :

1. Increase of leakage currents. As explained above, cooling is a good prevention against this

effect (a factor two is gained per seven degree drop).

2. Variation of the depletion voltage with fluence. The behavior of the material changes from
n-type to p-type. After inversion, the depletion grows from the n* layer instead of the p™-n
junction. If the depletion voltage becomes too high, the bulk cannot be fully depleted any-
more, resulting in a charge spread and loss. To limit this effect, the sensors are cooled down,
as the depletion voltage tends to increase if the detector is kept warm (reverse annealing),
which is illustrated in Figure 3.21.

Single hit efficiency. For each single detection layer, a detection efficiency for a Minimum Ionising
Particle (MIP) close to 100% is expected, while maintaining an acceptably low noise hit rate. The
critical parameter is the signal-to-noise ratio. The Inner Tracker is designed to have a signal-
to-noise ratio of 12, taking into account the expected deterioration from radiation damage of ten
years of operation at nominal luminosity.
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3.2.2 The Inner Tracker Geometry

The Tracking Stations

The IT1, IT2 and IT3 stations (Figure 3.6) are placed at equidistant positions along the beam line,
between the end of the magnet and the entrance window of the RICH2 Cherenkov detector. Their
positions are z =[767.3,782.8] cm, z =[836.0,851.5] cm and z =[905.0,920.5] cm, respectively.

The stations are made of 76 x 76 mm? and 3.2 mm-thick glass-carbon fiber pillars and very light
8 mm-thick honeycomb-carbon plates covered by 0.5 mm carbon fiber skins.

Each IT station consists of two vertical half-stations, one on each side of the beam pipe. The half-
frames on the cryogenic side are called I771,2,3}C, whereas the half-frames on the access side are called
IT{1,2,3}A. The half-frames allow an easy access to the IT detector components, in case of maintenance
or repair during LHC shutdown times.
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Figure 3.6: IT station with the four detector boxes surrounding the beam pipe.

The half-frames are hung on the rails of a bridge (Figure 4.14) and are guided on rails at the bottom. As
the length of the rails does not allow precise guiding of the frames, four precise guiding rails have been
added on each rail near the end position of the half-frames. When approaching their end positions, the
left and right top trolleys of each half-frame get engaged on these precision rails. The location is then
known better than 200 um in the z direction.
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Each half-station carries two detector boxes (Figure 3.7, left) on each of its plates. The cross-shaped

area covered by the four detector boxes in a tracking station is 120 cm-wide and 40 cm-high (Figure

3.7, right).
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Figure 3.7: Cross-shaped area around the beam pipe covered by four IT detector boxes of a tracking station.

The boxes above and below the beam pipe are called Top and Bottom central boxes respectively. The

boxes on the sides are called Access and Cryo side boxes, following the LHCb naming convention. Top

boxes are mounted on the frames upside down compared to the other boxes, such that readout hybrids,

cooling plate and box mechanics face away from the beam pipe (Figure 3.7).

To ensure that the IT half-stations do not touch the beam pipe during
closure or operation, an alarm system called BEam pipe Approach
Monitoring System (BEAMS) is used. It consists of two gold plated
metallic fingers glued on the detector box sides facing the beam pipe,
which are in contact with each other in their nominal position (Fig-
ure 3.8). The touching fingers are part of an electric circuit that is
closed in nominal position. If the outermost finger touches the beam
pipe, the fingers separate from each other. This opens the circuit and
raises an alarm. The detector box nominal distance to the beam pipe
is 7 mm. The fingers will trigger an alarm when the detector box is

closer than 5 mm.

Figure 3.8: BEAMS system. An
alarm is triggered by the opening of
the circuit in case the lower finger
get into contact with something.

To measure the total amount of radiation absorbed by the Inner Tracker, the Radiation Monitoring

System (RMS) is used [61]. It consists of four boxes with seven 75 mm-wide and 110 mm-high sensors

employing the Metal Foil Detector (MFD) technology [62]. These boxes are fixed on the upstream surface

of the four detector boxes of station IT2. The MFD sensors of the central boxes are displaced by 14 mm

away from the beam pipe due to space constraints, while covering almost entirely the silicon sensors.

The MFD sensors of the side boxes cover only half the height on the silicon sensors.
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The Detector Boxes

detector modules
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Figure 3.9: Schematic of an IT Detector Box.

The Inner Tracker

The detector boxes consist of a box and a cover forming
a thermally and electrically insulated system.

The box is made of a glass fiber and PIR-foam sand-
wich covered with aluminum shielding on the inside
and outside. The foam part of the walls is 8 mm-thick,
except for the walls close to the beam pipe that are
3 mm-thick.

The cover is made of foam sandwiched between
carbon-fiber sheets (Figure 3.11). The sandwich is co-
vered on both sides with 81 um-thick aluminum foils.
The cover acts as a mechanical interface between the
IT support frame (Figure 3.6) and the detector module
support structure inside the box (Figure 3.9).

A detector box consists of four layers of seven silicon sensor modules, for a total of 28 modules. To mea-

sure the three-dimensional trajectory of a particle, the IT layers are placed in a typical stereo layout.

The two external layers possess vertical readout strips and are called X1 and X2. Modules rotated by a

stereo angle of —5° and +5° are used in the internal layers, called U and V (Figure 3.9).

se®
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2

Figure 3.10: Forward and backward positions of the
modules inside the X1, U, V and X2 detection layers.
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Figure 3.11: Schematic view of a cover.

The silicon sensor modules are fixed on the complex
staggered structure of the cooling rod, which induces
a 4 mm-staggering in z between adjacent modules
and overlaps of the sensitive areas in the x direc-
tion. These overlaps ensure full acceptance cover-
age. The modules are hence placed in an alternative
"forward” (completely visible inside a layer) or "back-
ward” (partially hidden by the "forward" modules)
The X1 and V layers have

"forward" modules at their two extremities, while the

positions (Figure 3.10).

X2 and U layers have "backward" modules at their two

extremities.

The precise positioning of the sensor modules in the
detector boxes is achieved by precision pins on the
cooling rod onto which the modules with the according
positioning holes are placed (Figure 3.9).

Four Printed Circuit Boards (PCB) are embedded in
the cover (Figure 3.11). They act as a stiff skeleton for
the part of the cover between the inner PCBs.
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The Silicon Sensor Modules

Single-sided p*-on-n silicon sensors are used. They have a length of 11 cm and a width of 7.8 cm
and their strip pitch is 198 um. The dimensions are limited by the size of the wafer from which the
sensors are extracted. The total active material of the IT represents an area of 4.2 m2. The technical
specifications of the silicon sensors are summarized in Table 3.1. Thicknesses of 320 ym are used for
one-sensor modules and of 410 um for two-sensor modules*.

As shown in Figure 3.12, the silicon sensors are glued on modules made of a layer of foam sandwiched
between two sheets of high thermal conductivity carbon fiber (k=1100 W/mK) [63]. A Kapton sheet is
glued on top of this structure for insulating electrically the sensor backplane carrying the bias voltage
from the sandwich support. To protect the sensors mechanically, the supports extend by 1 mm over the
edges of all sides. The dead area between the sensors in the two-sensor modules is about 0.2 mm.

The charged particle density in the region the closest to the beam pipe covered by the IT is 1.5-10 %cm 2

and 2-10~3cm™2 in the outer regions [22]. These densities are still low enough to allow the use of longer
strips in the IT side boxes. Therefore, the modules for side boxes are designed with two-sensors bonded
together (Figure 3.12), while modules for central boxes contain only one sensor. The total number of
readout strips is hence reduced from 193’536 to 129’024 (384 readout strips per module).

Balcony Anticorodal

Figure 3.12: Layers composing the silicon sensor modules (left) and module for side boxes (right).

4These thicknesses ensure a high signal over background ratio. For the two-sensor modules, the load capacitance
is larger, which induces a larger noise. In order to get the same S/B ratio as for one-sensor modules, more signal is
needed, hence thicker silicon sensors.
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The Inner Tracker

3.2.3 The Readout Chain

When a charged particle goes through the silicon sensors, its creates charges in the depleted zone by

ionization, as explained in Subsection 3.1.1. The holes drift towards the strips (negative side) and the

electrons towards the backplane (positive side). The consecutive readout chain is explained below.

Front-End Readout Hybrid

Figure 3.13: IT readout chain and
distances between the elements.

The Front-end readout Hybrid. The silicon sensors are bonded
via a ceramic pitch adaptor to the front-end hybrid [64]. It consists of
a PCB with three readout chips, called Beetle chips (Figure 3.13, top)
[65]. The role of the pitch adapter is to match the readout sensors
pitch to the pitch of the Beetle input pads (~40.25 um).

Each Beetle receives as input 128 readout channels. The read-
out chips amplify, shape and sample the detector signals (Subsec-
tion 3.1.2). Inside them, the sampled data are stored in an analog
pipeline for a maximum duration of 4 us, until the first-level trig-
ger decision is received (Section 2.7). In the case of a positive re-
sponse, the analog signal is transmitted further through the four
output ports of the Beetles. Four ports are used to cope with the 1.1
MHz output rate of the first-level trigger (900 nanoseconds).

The Interface PCBs. The end of the front-end readout hybrid is
connected through a 89 mm-long readout tail to the interface PCBs,
which act as interface between the inside and the outside of the de-
tector boxes (Figure 3.13, middle up). Four of them are inserted ver-
tically in each cover plate, one per detection layer.

The Service Boxes. These are located outside of the LHCb ac-
ceptance (Figure 3.13, middle down). In the service boxes, there is
for each detector module a so-called Digitizer Board, on which the
analog output signals coming from the front-end electronics are dig-
itized, multiplexed and converted to optical signals [66].

One control board per service box provides the Time, Trigger and
Control (TTC) signals and slow control interface for the digitizer
boards and readout chips. The control board also monitors the tem-
perature and humidity in the detector boxes and service boxes.

The TELL1 readout Boards. The optical signals are transmit-
ted via 120 m-long twelve-fiber optical ribbon cables from the service
boxes to readout boards, called TELLI [67] (Figure 3.13, bottom),
located in a counting house shielded from radiation. Each TELL1 re-
ceives data from two optical cables, which corresponds to eight mod-

ules.



3.2.4 The Cooling Chain

The cooling is performed by liquid CgF14 at —15°C flow-
ing through the cooling pipes [21], which keeps the sen-
sors below 5°C (Figure 3.14). The cooling pipes are made
of aluminum, with an external diameter of 6 mm and a

wall thickness of 0.3 mm.

An 70 mm-wide, 15 mm-high and 1.5 mm-thick alu-
minum insert, called minibalcony, is embedded into the
module support at the location of the readout hybrid. It
provides a direct heat path between the front-end chips
and the cooling rod to evacuate the waste heat.

The box is continuously flushed with Ny to prevent con-
densation. The humidity has to be such that the dew
point remains below the temperature of the coldest ele-
ment in the box. A humidity sensor is fixed to one PCB
inside the boxes to monitor the humidity.
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Figure 3.14: CgF14 flows in the cooling pipes to
cool down the sensors fixed to the cooling rods.

Four temperature probes are placed inside the detector box in addition to the probes on each readout
hybrid. A thermo switch required by the Detector Safety System (DSS) [68] is glued to the bottom side of

each cover. Its purpose is to trigger an alarm if any over-temperature is recorded inside the boxes.

A summary of the Inner Tracker technical specifications is given in Table 3.1.

Table 3.1: Inner Tracker Technical Specifications.

Properties

Inner Tracker

Geometry and Location

Location of the Stations

IT1: 2 =[767.3,782.8] cm
IT2: 2 =[836.0,851.5] cm
IT3: z=[905.0,920.5] cm

Station Size

120 cm-wide and 40 cm-high

Active area

4.2 m?2

Operating system
Temperature

<5°C

Cooling Liquid

CgF14 at —15°C

Power Consumption

0.86 W per Beetle (72 W per box)

Silicon technology

Technology pt-on-n
Strip Pitch 198 um
Strip Implant Width 50 um

Silicon Thickness

320 um for 1-sensor modules
410 pm for 2-sensor modules

Si-Sensor Dimensions

110 mm x 78 mm

Readout

readout Strips Number/Sensor 384

Signal Shaping Time 25 ns

readout Chip Technology 0.25 um CMOS
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3.3 Inner Tracker Assembly

The assembly process is described by the following procedure:
1. Checks of the Main Components

Before using the detector box in the assembly, depth and verticality controls are performed. The depth
of the detector box is measured. The six measurement locations are defined by the position of the screw
holes on the detector box lip. Conservatively, the minimal depth is considered when assessing whether
the detector modules will fit the box. This is especially important for central boxes, as the detectors
modules are by design very close to the bottom of the box, at only ~ 0.5 mm.

As the boxes stand vertically during the sensor modules insertion, their verticality is therefore checked.
If needed, corrections are brought by applying 100 um-thick layers of Kapton tape on the appropriate
side of the detector box bottom.

The cooling rods are individually tested for leaks. The procedure consists in blocking one end of the
cooling tube and connecting the other end to a manometer. The cooling rod is filled with Argon up to
4.8 bars and the circuit is closed (Figure 3.15). After two days, the pressure is checked again. If any
significant variation of pressure corresponding to more than a few tenths of bars is noted, the test is
redone. A cooling rod is rejected if the second test fails as well. All cooling rods were accepted.

Figure 3.15: A cooling rod under pressure test.

For each detector module, the bond wires are checked visually with a magnifying glass for possible
handling damage and dust.

The positioning of the silicon sensors on their module support is determined by metrology measure-
ments. A first calibration step consists in measuring the position of positioning pins located on a
controlled x — y table using a microscope. The modules are then fixed through their positioning holes.
Metrology measurements of targets located on the silicon sensors (Figure 4.5) are performed with re-

spect to the positioning pins positions measured during the calibration.
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Bias Voltage (V) a "plateau” (black continuous line).

When a bias voltage V is applied on silicon sensors, even without signal, leakage currents I appear. The
increase of the leakage current with the bias voltage is expected to behave as a reverse biased diode: a
rapid increase at low bias voltage values converging to a plateau at higher values (Figure 3.16, black
line). No continuous increase (red dotted line) nor breakdown (blue dashed line) should be observed for
any bias value up to 500 V. Plotting the I —V curves of the silicon sensors is therefore an important
quality check to perform. At a bias voltage of 500 V, the leakage current for typical well-working IT
silicon sensors is ~ 0.4 pA for two-sensor modules and ~ 0.2 yA for one-sensor modules. The leakage
currents have rarely exceeded 1.5 pA.

A SiO; oxide layer located between the p*-implant and the aluminum readout strips has as purpose
to get rid of all direct current components before they reach the pre-amplifier, as leakage currents. If
shorts are present in the SiOq layer, called Pinholes, then leakage currents flow to the readout chips.
For non-irradiated sensors, where leakage currents are small, this is not a problem. However, after
irradiation, the leakage current rises and eventually saturates the readout channel. To detect the pres-
ence of pinholes, high currents are produced by illuminating a silicon sensor with a 25 Watt light bulb
(HV off). The noise distribution registered in the sensor is then observed. In case of leakage currents,
the noise is expected to be very small, as the leakage currents saturate the pre-amplifier.

The detection of shorted or open channels is also important as module quality check and as information
for the hit reconstruction. For this, a test-pulse is sent to the channels of a silicon sensor. The pulses are
alternately negative and positive for neighboring channels. The response of all the channels together
is observed. In the case of two shorted channels, the observed signal is hence approximately zero, as
the two signal components with different signs cancel. Open channels are identified by larger readout
signals, caused by smaller input load capacitance of the respective input channel.

The resistance of the silicon sensor modules through time is also tested by exposing them to tempera-
ture cycling, which causes an artificial ageing. The temperature varies from —5 to +40°C thirty times
in two days [69]. Once the test is achieved, the good functionality of the modules is checked.

5In practice, however, silicon sensors with a continuous increase but with leakage currents below 1 uA at 500 V
were classified as well-working sensors.
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2. Preparation of the Cover

Inner Tracker Assembly

The cover is mounted on a support, called sliding setup, which allows the cover to be moved up and

down. It is carefully cleaned with compressed air and alcohol to remove residual dust. Three columns

(Figure 3.17, (a)) are screwed to the cover together with hard-paper collars preventing damages to the

thin aluminum film, which makes the cover a Faraday cage.

Figure 3.17: (a) columns, (b) fork, (c) bar, (d) special piece to control the position of the fork while it is screwed tight.

A stesalite transverse piece (b), called fork, is
screwed to each column. The fork connects
the columns to two colonnettes (Figure 3.18),
onto which the two cooling rods will be fixed.
The forks are larger than the distance between
the two sensor module support structures and
their extremities are 0.5 mm away from the de-
tector box wall. In case of shock to the box,
the extremities of the forks will therefore stop
the movement before the sensors can touch the
detector box wall.

A thin carbon fiber bar (Figure 3.17) (c¢) is in-
serted through the holes located at the bottom
of the three columns (a) to align the three forks

Figure 3.18: Detail of the assembly of a column, a fork, and
two colonnettes. The hole in the column tube through which
the carbon fiber bar is inserted when the fork is aligned can
be seen. On this picture, the alignment was not done, thus
the hole is not centered with respect to the fork.

while they are mounted. For this, a special piece (d) is used to align the forks perpendicularly to the

carbon fiber bar, which is removed once the mounting procedure is completed.
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3. Preparation of the Detector Box

To ensure that the cover populated with modules will be aligned with the detector box during the final
insertion, the position of the empty box is first adjusted. This is done by placing the empty detector box
on the base plate of the sliding setup, on which the cover is fixed. The cover is moved down and stops
on the base plate are adjusted to maintain the detector box at the correct location®. Once the stops are
adjusted, the cover is moved up and the box is removed.

4. Preparation of the Cooling Rod

A grounding wire is screwed on each cooling rod (Figure 3.19, left). Three 35 mm-long carbon fiber
colonnettes are then screwed and secured with glue to the cooling rod (Figure 3.19, right). These allow
the cooling rod to be fixed on a dedicated setup’, which can rotate along the vertical axis to ease the
mounting of the modules on both sides of the cooling rod. A cleaning of the cooling rods is performed
using alcohol, especially on the surfaces that will be in contact with the modules.

Figure 3.19: Grounding wire (left) on the cooling rod, which is mounted on its setup (right) via the three colonnettes.

5. Preparation of the silicon sensor Modules

The modules are cleaned with air to remove residual dust on the sensors. For the X1 and X2 external
layers, there is a risk that the sensors, or the bonds, will touch the inner walls of the detector boxes. To
prevent this, 55 mm-long and 27 mm-large foam buffers are centrally glued with double-sided adhesive
tape on top of the forward sensors, at about 15 mm from the bottom of the modules (Figure 3.20, left).
To have complete spatial coverage, the modules within a layer are staggered in the z direction by 4 mm.
To prevent the back of one module from touching the sensor behind, 80 mm-long and 10 mm-large foam
buffers are glued at the rear of the forward modules at about 20 mm from the bottom of the modules
(Figure 3.20, right).

6For the side boxes, the position of the right-hand stop is set in order to have about 1 cm between the stop and the
box wall. This precaution is needed because the distance between the edge of the module and the box inner wall is
only 0.5 mm on this side. Thus, during the module insertion, this distance is increased for safety reasons.

At the final stage of the assembly, they will be fixed to the forks of the cover.
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Figure 3.20: Foam protections glued on forward sensors of the external layers to prevent them from touching the
walls of the boxes (left) and at the rear of all the forward modules to protect the backward sensors to be touched by
those (right).

Inside a box, two criteria have led to the actual distribution of the individual silicon sensor modules.
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s BN T=10°C + 4 weeks/year at 20°C groups of four modules. Therefore, mod-
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Figure 3.21: Depletion voltage variation as a function of time for g]] the modules.
different temperatures. After type inversion, the depletion voltage

increases with time. The second criterion is about the overall
quality of the sensor in terms of shorted, open or pinholed channels®. The sensor specifications demand
< 1% of faulty channels. Most of the modules installed are 100% working. The number of faulty strips
is found to be 111 out of 129,000. The modules with faults, but still meeting the specifications, are
placed where the particle density is expected to be the least.

8Depletion voltages ranging from 40 V to 160 V are found.

9As a remainder, shorted channels are two strips connected together, which is typically due to a fault on the pitch
adapter. Open channels are readout strips that are not connected to the Beetle chip, which is typically due to traces
on the pitch adapter that were interrupted or to a failed bond. Pinholed channels are shorts in the SiOg layer between
the aluminum readout strip placed above the implanted p* doped strip.
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6. Mounting of two layers of modules on each side of the first cooling rod

To maximize the heat transfer between the cooling rod and the back of the detector modules, a layer
of thermally and electrically conductive grease is spread on the contact surfaces on each side of the
cooling rod (Figure 3.22, left), as well as at the rear of each module (Figure 3.22, right).

T
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Figure 3.22: Application of thermally and electrically conductive grease on the cooling rod where the modules will
be fixed (left) and on the module balconies (right).

The modules are placed starting with the ones located behind and then with the ones located in front
(Figure 3.23). They are fixed with screws at each side of the alignment pins (Figure 3.24). An aluminum
bar with specially designed crenelated shapes on both sides can be inserted in the support setup (Figure
3.20, right). The bar acts as a stop, preventing the back of forward modules from touching the sensors
or the bonds of the backward modules during the assembly.

Figure 3.23: Fixation of the modules on the cooling rod, starting with the backward modules (left) and following
with the forward modules (right).

The bonds of each module are re-inspected with the help of a magnifying glass after the assembly
procedure.
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Figure 3.24: Fixation of a silicon sensor module using two screws located besides the alignment pins.

7. Mounting of the first cooling rod under the cover

The cooling rod, populated with modules is brought to the cover plate prepared on the sliding setup.
The long pipe extremity of the cooling rod is carefully inserted into a hole in the cover and is slid until
the three colonnettes of the cooling rod are in place to be screwed to the forks of the cover (Figure 3.25,
left).

Figure 3.25: First cooling rod mounted on the detector box cover located on the sliding setup.

8. Mounting of the second cooling rod

The second cooling rod is furnished with sensors and is fixed to the cover, as detailed for the first one.
At the end of the step, the two cooling rods are therefore fixed on their cover support. The detector
modules are then connected to the inside connectors on the interface PCBs. The ground thread of each
cooling rod is also connected to the cover and is secured to the vertical cooling pipe with Kapton tape.
Bubble wrap is inserted to prevent the Kapton tails from touching one another, which is potentially
a source of noise (Figure 3.25, right). Before closing the cooling circuit, which is a delicate procedure,
High Voltage tests are first performed, to detect possible faulty modules.
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9. HV Test of the Modules

HV problems are the ones most frequently observed during module production. In addition, the HV-
bond wires are located very close to the edges of the modules. Hence, they are prone to accidental
damage during the box assembly. For these reasons, additional HV tests are performed once the box is
assembled. The test is done by inserting the assembly into a large aluminum test box, which provides
light shielding for the modules. The HV-connectors are connected to the HV-modules as described in
the full module test (Item 13. of this Subsection). The modules are slowly (~ 3 min) ramped to 500
V and the test is passed if none of the modules show signs of a breakdown, in the form of a sudden
increase of leakage current, as previously done before the assembly (Item 1. of this Subsection).

10. Closing of the Cooling Circuit

The cooling circuit is completed by connecting the two cooling
rods. The missing piece of the circuit is a steel tube bent in a
U-shape (Figure 3.26).

11. Cooling Circuit Leak Test

The test setup consists of a bottle of argon (Ar), a pressure probe, a

valve on one side, a brass plug on the other side and an electronic
device, which has been designed to read out a pressure probe and Figure 3.26: U-shaped tube.

to display the measured pressure (Figure 3.27). The Ar bottle, pressure probe and valve are connected
to one end of the cooling circuit with a Legris connector. The air inside the circuit is flushed away with
some Ar. Then, the other end of the circuit is blocked with the brass plug via another Legris connector.
The circuit is pressurized up to about 5 bars, the valve is closed, isolating the cooling circuit, and the

Ar bottle is disconnected. Any pressure drop is then recorded!?.

The current pressure in the circuit, the temperature and pressure
of the room, and the time are recorded to compute the leak rate.
After about two days, the same physical quantities are measured
again. These data allow the computation of the leak rate of CgF14
in cubic centimeters per year. This computation and the conver-
sion from Ar leak rate to CgF14 leak rate is based on the method
documented in [70].

If leak rates are found, several actions are taken. The connectors
of the pressure setup are tightened, the setup itself is retested
and the four Legris connectors composing the cooling circuit are
changed for new ones. Eventually, all twelve detectors boxes have

passed the cooling circuit leak test. Once the cooling circuit is

validated, it is possible to circulate the coolant, which is necessary Figure 3.27: The cooling circuit leak

to power up the Beetles for full electric tests. test setup.

10This test is similar to the test of the individual cooling rods described in Item 1. of this Subsection.
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12. Survey of the Visible External Layers X1 and X2

The goal of the survey is to provide estimates of the position of the sensors. The survey procedure is
detailed in Chapter 4.

13. Full electrical tests

A full readout test of a cooling rod assembly with 28 modules is carried out before the assembly is
placed in the final detector box. This is done in the large aluminum box used for the HV test (Item
9. of this Subsection). The test uses all the final parts of the detector readout (Subsection 3.2.3).
One detector box is read out by two service boxes, each containing one control board together with 28
digitizer boards for each module inside one detector box. The service boxes are powered by low voltage
supplies. The digitizer boards are connected to the readout hybrids of the modules via 28 data readout
cables. During the test, the service box backplanes are cooled. The box is also cooled and connected to
the No supply to lower the humidity. High voltage power supplies are used to provide the 500 V bias
voltage to the silicon sensors. One ODIN board [71] provides the Clock and Timing and Fast Control
(TFC) signals, which are dispatched by an optical splitter to the TELL1 boards. The data collection
is done using the TELL1 boards, which are connected via an ethernet switch to a computer where the
data are recorded.

Additional leakage current tests are performed and raw data are recorded for all the modules, with
or without (pedestal) testpulse injection into the Beetle readout chip. The readout of the temperature

probes and the humidity sensors inside the detector box has also been checked during these tests.
14. Height of the Modules

The height of the sensor modules is checked to en-
sure that they will fit in the box without touching the
- | ARl — bottom of the box. The distance between the lower
edge of the modules and the lip of the cover l.¢ is

l,% L \ U* F_HTT T T 77 measured and compared to the depth measurement
' = oooll looo 0oo . .

l-?: TD ! of the detector box explained previously (Item 1. of

'_éb w this Subsection). For central boxes, the nominal space

between the bottom edge of the modules and the bot-
a&_ tom of the detector box is 0.5 mm. For side boxes, the

base plate space underneath the tip of the modules is not criti-

Figure 3.28: Measurement of the distance between cal in term of acceptance and hence the space is much
the cover and the tip of the sensor modules. larger, ~5 mm.

To measure /¢ (Figure 3.28), the cover supporting the modules is maintained at a distance /gesign +5.5
mm using stops of the sliding setup (Figure 3.29, left). The distance d is then estimated using calibrated
wedges and precision blades (Figure 3.29, right), from which /. is deducted (Zefr = / gesign +5.5 mm —d).
Conservatively, the minimal depth measurement of the detector box is kept, from which the maximal
Lofr value is subtracted to assess whether the modules fit into the detector box.
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Figure 3.29: Test of the height of the sensor modules, with the cover resting on the stops of the sliding setup (left).
The distance d is measured between the base plate and the bottom of the module supports using a calibrated wedge
and precision blades (right).

In case it is found that the modules will not fit into the detector box, an appropriate number of 0.2
mm-thick glass fiber frames is added between the cover and the top of the detector box to increase
artificially the depth of the detector box.

15. Final Insertion of the Silicon Sensors into the Detector Box

The detector box is placed under the cover ac-
cording to the stops set on the base plate (Item 3.
of this Subsection). The cover with the detector
modules is slowly lowered into the box manually
using a vertical screw on top of the setup (Figure
3.30). At the entry of the modules inside the box,
a visual inspection is done to ensure that bonds
do not touch the walls of the detector box.

For side boxes, one lateral wall of the box is only
at 0.5 mm from the edge of the modules. For
the delicate insertion operation, the detector box

is shifted laterally so that this distance is in-
creased to a safe value of 1 —2 cm.

Figure 3.30: Closure of a detector box.

A few centimeters before the completion of the insertion process, the temperature probes and the inner
shield ground thread are connected to one PCB. The bundle of wire is secured to one of the cooling pipes
to prevent any constraint on the connector, which could lead to a disconnection.

Just before the inside of the cover reaches the lip of the box, its position can be readjusted to allow a
smooth entry of the cover inside the detector box. For side boxes, the detector box is shifted back to its
nominal position. To maximize the air tightness of the detector boxes, a large band of Kapton tape is
glued on the cover before it is screwed to the box. The air tightness is crucial to minimize the transfer
of humidity to the inside of the box. By Summer 2008, all the IT detector boxes were assembled and
installed in the LHCD cavern.






Inner Tracker Survey Strategy and
Implementation in the LHCb Software

ince a very good momentum resolution is expected at LHCb, the alignment of the tracking

system is of prime importance. The first step in the alignment procedure consists in ad-

justing the position of the tracking system components as close by as possible to the nominal

design values using survey measurements. Once the adjustments are achieved, their final po-

sitions are measured very precisely and a first realistic description of the geometry can be derived from
the results. For the Inner Tracker, survey measurements have been performed at different levels: the
survey of the IT silicon sensor modules in a clean environment gives the position of targets printed on
the silicon sensors with respect to a target located on the detector box cover. The same target is also
visualized during the IT frame and detector box survey in the LHCb experimental cavern. The first
realistic Inner Tracker geometry description obtained from the final survey measurements has been
used as the starting point in the Inner Tracker detector alignment procedure using particles coming

from LHC synchronization tests.

The methods used for the Inner Tracker survey are explained in Section 4.1. The strategy for the sili-
con sensor survey in a clean environment is detailed in Section 4.2 and in Section 4.3 for the frame and
detector box survey in the LHCb experimental cavern. Section 4.4 summarizes the implementation of
the survey results in the LHCb software to provide a first realistic Inner Tracker geometry descrip-
tion. This description was tested during the software alignment of the Inner Tracker using secondary
particles coming from LHC injection tests (September 2008 and June 2009). Results from the LHC
injection test Inner Tracker alignment are given in Section 4.5, together with the performance of the
Inner Tracker estimated from the same data.
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72 Survey Measurement Methods
4.1 Survey Measurement Methods

Theodolite Measurements

A theodolite (Figure 4.1, top) measures horizontal and vertical
angles from the station where it is placed to the observed target
(Figure 4.1, bottom) [72]. Some theodolites, called total stations,
are additionally equipped with a distancemeter, which enables
them to measure distances between the station and the target.
The 3D coordinates of the observed target are determined:

1. By polar coordinates (Figure 4.2, left) from the station using
horizontal angle H, vertical angle V and distance D observa-
tions. In this case, there is no redundancy.

2. By triangulation (Figure 4.2, right) using only the horizontal
H1 and H2 and vertical angles V1 and V2 observed from dif-
ferent stations, a condition being that at minimum one dis-

tance between two points is known in the model to fix the

scale. This measurement is slightly redundant as four an-

gles (two horizontal and two vertical angles) are observed for
Figure 4.1: Theodolite (top)

and survey target (bottom). three unknown variables (x, y and z).

The triangulation is used in the case of the silicon sensor survey in a clean environment (Section 4.2)
and the polar coordinates for the positioning of the IT detector boxes in the cavern (Section 4.3).

Target

Target

Objective Vertical
Axis
(Gravity)

D
Distance

0
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' Horizontal
7 projection

Station2

H
Horizontal
angle

Figure 4.2: Basic principle of theodolite measurements [72].
Typically, accuracies of 0.2 to 0.5 mm are obtained for the measured point coordinates. However, the
accuracy can be improved depending on the way the theodolite is used to minimize the instrumental
errors, the quality of the targeting, the configuration and the environmental conditions. As an example,
the stability of the theodolite station and the surveyed object is very important, as the measurements
are made point by point and take time.
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Photogrammetry Measurements

Close-range photogrammetry relies on the reconstruction of an object simultaneously from at least
several images (Figure 4.3). Different and best possible perspectives ensure a suitable geometry of
intersecting rays. The photogrammetric network is reconstructed from the bundle of rays. The internal
parameters of the camera, the object coordinates and the orientation parameters of the network are
estimated simultaneously in a common process called bundle adjustment [73].

This method is applied in the LHCb cavern
to map the half-frames and determine the IT 7

detector boxes positions on them. The recon- Yy,
\  Image Space

structed objects are retroreflective targets. The
3D coordinates of the targets are determined
from a hundred pictures taken from different
points of view by a Nikon D2X digital cam-
era (Figure 4.4, left) connected via WiFi to
a portable PC. Some targets are coded (ring-
shaped sectors on Figure 4.4, middle). This cod-
ing provides to the targets a unique number and
enables the software to find them automatically
on different pictures. The coordinates of the cen- 3
tral disks (Figure 4.4, middle) are calculated. |X X. Y. 2,
Some other non-coded targets only contain the

central reference point (Figure 4.4, right). From Figure 4.3: Basic principle of photogrammetry [73].
the coded targets, the external parameters of

the camera (position, rotations, translations) in the object space are determined. This allows the match-
ing between the uncoded points on the different pictures and therefore their numbering. A final bundle

adjustment is then performed.

Accuracies of 0.03 mm to 0.5 mm are expected depending on the working conditions and on the object

size, which can be from some decimeters up to more than 20 m.

Figure 4.4: Camera (left), coded (middle) and non-coded (right) targets used for the photogrammetry measurements.
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4.2 IT Silicon Sensor Survey in a Clean Environment

Eight fiducial marks are etched on each sensor (Figure 4.5), which are crosses of 0.2 mm long branches.

For forward modules (Figure 3.10), all the tar-
gets are visible, but only the ones at the four cor-

Fiducial Mark ners are measured, as they are sufficient to ob-
Silicon Sensor tain a very good accuracy on the sensor position.
For backward modules, only the two targets in
the middle of the sensor short edges are visible,
except for the modules placed at the extremities
of the X2 layers, where two more targets at one
Pitch Adaptor edge are visible. All the fiducial marks are mea-
Readout Chip sured with respect to a target located on the box

cover (Figure 4.7).

The silicon sensor survey is performed in a
Figure 4.5: Cross-shaped fiducial marks locations (red). clean environment by two electronic theodolites
of high precision (LEICA T3000) equipped with a panfocal telescope. The instruments are installed
on tripods fixed to the floor and work simultaneously (Figure 4.6). Neon lights are used to ease the
detection of the fiducial marks without heating locally the room air to avoid pointing errors due to air
turbulences. Before surveying, the horizontality of the cover is checked with a bubble level of precision

of 0.3 mm/m (Figure 4.7).

To get the reference direction, the theodolites point at each other in order to align their optical axes.
Each fiducial mark is then observed from both theodolites and coordinates are calculated using trian-
gulation. As triangulation consists of angle measurements only, at least one distance has to be added
in the process to fix the scale, as explained in Subsection 4.1. These additional distances are given
by measurements of targets installed on four invar of carbon fiber scale bars observed simultaneously
to the sensors (Figure 4.7). The distances between the scale bar targets have been calibrated with an
accuracy better than 20 ym.

Due to the small size of the clean room, the two external layers X1 and X2 are measured independently.
A rotating frame has been designed in order to improve the accuracy of the relationship between the
two sets of measurements. This relationship is obtained after a 3D best fit transformation using six
common targets visible in the two positions of the rotating frame, which are placed on the sides of the
rotating frame (Figure 4.7). No measurement is performed on the U and V internal layers, as they are
by design hidden by the external X1 and X2 layers. The survey results can be found in [74].

As the silicon sensor survey has been performed in excellent conditions (clean room, stable tempera-
ture, good lightning), the measurement accuracy is reduced to +£0.05 mm. The target position accuracy
on the box cover is +0.1 mm and +0.2 mm for the geometrical link between the two sides.
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Figure 4.6: Survey measurements with two theodolites in a clean environment. Neon lights are used to ease the
detection of the fiducial marks on the sensors.

Figure 4.7: Six targets are placed on the rotating frame to get a redundant relationship between the measurements
of the layers X1 and X2. Scale bars are used to provide the global scale of the system. Before the survey measure-
ments, the cover is checked to be horizontal with a bubble level. The survey results are given with respect to a target
located on the cover.

Metrology measurements have also been performed in a clean environment on each individual module.
In the case of two-sensor modules, these measurements give the relative position of one sensor with
respect to the other, with a precision of a few micrometers.
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4.2.1 Silicon Sensor Survey Results

The residual distributions (6x, 0y, 6z) between the silicon sensor survey measurements (Xmeas, Ymeas,
Zmeas) Of the fiducial marks and the corresponding nominal values (Xnom, Ynom, Znom) are shown in
Figure 4.8 for central boxes (left) and side boxes (right), separately for the x (top), y (middle) and z
(bottom) coordinates.

The 6x and dy values are smaller than +1.5 mm. The largest values are often related to modules
located at the extremity of the cooling rods where these start to bend to connect to each other. Indeed,
for these modules, the position of the last pin is not constrained by the cooling rod.

Some 6z values reach +4 mm. These are caused by the "freedom" of the modules to rotate around the
x axis, as these are attached to their support by only one side. Hence, measurements of targets located
the furthest away from the cooling rods show worse agreement with the expected values than the ones
located the closest to the cooling rod.
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Figure 4.8: 6x, 6y and 6z (6, = Pmeas — Pnom) residuals for central boxes (left) and side boxes (right).
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4.3 IT Frame and Box Survey in the LHCb Cavern

A first survey of the IT frames was performed by theodolite from the magnet region to check their
verticality and vertical position. The frames were rolled in the precision rails and adjusted for their
positions along the z axis and their orientation in the x — y plane. These operations led to the discovery
of a mis-mounting of the rolling carts which had, as a consequence, an inclination of the I'T3 half-frame
plane with respect to the vertical plane. Once fixed, the measurements also allowed the adjustment of
the position along z of the frames by tuning their attachment onto the upper rolling carts.

Once the beam pipe and its protection box were installed in February 2007, it became unsafe to set up
the theodolite in the magnet region. Moreover, a sub-set of the reference points became not visible nor
accessible anymore. Therefore, to obtain a complete mapping of the half-frames including IT dummy
boxes!, the frames needed to be in an open position.

To perform these measurements, the photogrammetry
method (accuracy of 0.1 mm) is chosen (Figure 4.9), as no
stable position can be found to install theodolite stations at
different levels in front of the opened half-frames. However,
when fully opened, the rolling carts of the half-frames are
not engaged on the precision rails, resulting in possible im-
precision in the measurements, mainly in the z direction.
Therefore, a theodolite measurement of the targets that re-
main visible when the half-frames are in an almost closed
position is performed in addition. To get the mapping of the
half-frames in closed position, a best fit 3D transformation
is calculated using the full set of point coordinates measured
in opened position. The transformation parameters are cal-
culated using two best fits of the common points measured
in both open and almost closed positions by photogramme-
try and theodolite.

The photogrammetric measurements led to the discovery of
a weak positioning element of the half-frames, as their posi- Figure 4.9: Photogrammetry measurements
tioning was not accurately reproducible (~ 3 mm difference °f the IT1A half-frame.
in x of the target positions on the side box cover before/after closing IT1C) [75]. By the time this
element was replaced, the working conditions for photogrammety became not optimal in the LHCb

cavern.

At this time, it was decided to continue the survey measurements on the IT detector boxes themselves,
instead of the IT frames, which was possible using theodolite. The final determination of the IT detector
box positions could hence start.

IAs the IT detector boxes were not finished at the time when these measurements were performed, they were
substituted with dummy boxes consisting of box covers.
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4.3.1 Final Determination of the IT Detector Box Positions

Once installed on the frames, the final sur-
vey measurements of the IT detector boxes was

P made by theodolite. This was achieved from
s B both sides of the RICH1 region, with the RICH1
C Side . .

being completely opened or closed during the

CBR survey?.

In the initial design, only two targets per box
cover should have been surveyed, which corre-
spond to the ones used for the survey of the sil-
icon sensors in a clean environment (CT/BL/R
targets of Figure 4.10). However, these two tar-
gets do not provide information about a possible
¥ rotation of the box around the x axis. Moreover,
Figure 4.10: CT/R and CBL/R survey targets (red circles). part of them became impossible to measure due
to lack of visibility in the LHCb cavern. Therefore, multipoint target bars have been designed to replace
these single targets. They have also the advantage of bringing some redundancy to the results. The

original target of 20 mm is only used for one side of the Top boxes (Cryo side) (Figure 4.11).

The multipoint target bars used are equipped with retroreflective stickers, even though the precision
of distance measurement is worsened from 0.2 mm for a standard glass reflector to 0.5 mm. This was
accepted mainly for safety reasons. In fact, the use of standard glass reflectors means that an access
is needed to put and remove the target for each individual point measurement. This is not allowed
because the frames are closed around an unprotected region of the beam pipe. In addition, due to
the IT survey configuration, this change in precision influences mostly the coordinate in the beam
direction, for which the demanded accuracy is relaxed. The retro-reflective target choice makes also
the multipoint bar design easier and cheaper. The target centers are aligned on the supports. The
distances between the targets are known with an accuracy better than 0.1 mm.

Three types of bars are designed (Figure 4.11):

1. 150 mm-bars containing three retroreflecting targets at 30, 100 and 140 mm. This type of target
bar is used for the Top Boxes (placed on the Access side of the box), for the A-Side Boxes (Cryo
side), for the C-Side Boxes (Access side) and the Bottom Boxes (Cryo side).

2. 500 mm-bars containing four targets at 30, 270, 400 and 490 mm. Such targets are employed for
the A-side Boxes (Access side) and the C-side Boxes (Cryo side).

3. 600 mm-bar containing three targets at 510, 560 and 590 mm. Only one target of this design has
been used for the Bottom Boxes (Access side).

2A new beam pipe protection was designed with new supports and sliding protection covers. It was optimized to
allow IT survey from the wall in RICH1 region, in order to minimize the access inside the magnet.
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The whole station is surveyed for the first time in the final closed position (Figure 4.11). From the
method of calculation of Euler angles and offsets developed for the analysis of the survey measure-
ments (Subsection 4.4.2), corrections to be applied at the level of the brackets supporting the boxes are
calculated. The final survey measurement of the station is performed and the accuracy of the survey
measurements is +0.5 mm for the x and y coordinates, and +1 mm for the z component. The survey
results can be found in [74].

140
100

590

Figure 4.11: Multipoint target bars used for the survey of a station in the final closed position from the RICH1
region.
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4.3.2 Detector Box Survey Results

The residual distributions (6x, 6y, 6z) between the IT detector box survey measurements (Xmeas, Ymeas,
Zmeas) and the corresponding nominal positions (Xnom, Ynom, Znom) are shown in Figure 4.12 for the x
(left), y (middle) and z (right) coordinates. The distributions of residuals for each component show a
non-negligible dispersion. This could be explained by the fact that the bars supporting the retroreflect-
ing target stickers could have been tilted by a small angle relative to their nominal position during the
survey measurements in the LHCDb cavern, as illustrated in Figure 4.13. In this case, the further the
targets are located from the covers, the most affected their position determination is.

To ensure the most accurate estimate of the box position, a straight line passing through the measured
targets is determined (Figure 4.13) each time no target at 20 mm or 30 mm from the cover has been
measured. Then, the position of a virtual target, placed at a nominal position of 20 mm or 30 mm, is
computed (Figure 4.13, green star) and used together with the target measurement placed at 20 mm or
30 mm on the other bar at the other side of the box to obtain the rotation angles and offsets of the box
(Figure 4.12).
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Figure 4.12: 6x, 6y and 6z (6 = Pmeas — Pnom) residuals for real and virtual targets used in the calculation (black
area) and the targets not used (yellow area).

The precision of the measurements is +£0.5 mm for the x and y
coordinates and +1 mm for the z component.

However, this does not include the uncertainties due to the fact
that the survey measurements had to be performed with the
Outer Tracker detector in the open position (Subsection 4.3.3).
The uncertainties rising from constraints due to the cabling and
cooling are also not taken into account. For these reasons, the
final uncertainties on the survey measurements in the LHCb cav-
ern are estimated to be within 1 -2 mm.

Figure 4.13: Bending of a survey mul-
tipoint target bar.
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4.3.3 External Constraints on the IT Frames

Measurements of the Magnetic Forces applied on the Bridge

During the LHC runs, the magnet will not be kept always at full field, but the field will be reduced
to some intermediate values after each fill of the accelerator with protons and then ramp up to full
field. As the LHCb magnet is brought up to full field, some detectors close to the magnet could possibly
shift slightly [76]. It is also not excluded that some of the joints of the stainless steel bridge supporting
the IT stations (Figure 4.14) have been magnetized during assembly procedure. Moreover, in order to
give to the bridge more rigidity along the beam direction, it has been fixed to the magnet by means of
two stiffening bars. The attachment points were selected as points where the magnet structure was
measured not to move by more than 1 mm, but this has to be checked again. Survey results show that
the bridge does not move more than 1 mm, which is the survey measurement accuracy, due to magnetic
forces applied on it. Moreover, the yoke of the magnet does not move when the magnet is on.

Ml

Figure 4.14: Bridge holding the IT and OT frames.

Forces applied on the Bridge by the Outer Tracker Detector

During the final survey measurements of the IT detector boxes, the stations of the Outer Tracker were
in an open position. Once closed, it has been observed that the IT1 station went down by 0.4 — 0.5 mm
and the IT3 station by 1 mm. This is certainly related to the weight of the OT detector.
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4.4 Corrected IT Geometry Implementation in the Software

4.4.1 Geometry Description in the LHCb Software

In the GAUDI framework [40], two hierarchy trees are defined: the geometry tree and the structure tree.
The geometry tree is constructed from logical and physical volumes. Logical volumes have information
about shapes (box, sphere,...), dimensions (width x, height y, thickness z), material content and chil-
dren nodes, represented by physical volumes. Each physical volume has information about its position
inside the mother logical volume.

In the structure tree, all the logical volumes, called detector elements, are positioned relatively to their
logical volume mother. The absolute coordinate reference system is defined by the top-level logical
volume, the whole LHCDb detector, and the origin (0,0,0) is located at its center. Apart from the top-
level logical volume, no logical or physical volumes have any information about their absolute position
in space [77].

The misalignments deduced from the survey measurements can be implemented either in the Con-
dition DataBase (CondDB), which acts on the detector element positions in the structure tree or by
changing the ideal geometry database (DDDB for Detector Description DataBase). A combination of
both is also possible: including gross misalignments in the DDDB and finer in the CondDB.

The DDDB [78] stores persistent information about the description of the detector. The advantage of
using it is that it is common for real data and simulation and is applicable to any volume in the IT
detector. However, it requires that the parents of the volumes being aligned are unique.

The CondDB [79] stores time-dependent elements of the DDDB in XML files. In it, the requirements
about the IT module positions are expressed in the 321 Euler representation in terms of a rotation of
the system (¢, 0, w) around the z, y' and x” axes about a pivot point, followed by an offset (dx, dy, dz)
with respect to the nominal position. Its advantage is that it does not require that the parents of the
volumes to align are unique. Its disadvantages are that it is not common for real data and simulation
and that it works only for detector elements.

ITDetector As the IT silicon sensors survey results have not shown a com-
ITStation mon offset behavior between the IT boxes corresponding to the
ITBox same logical volume, for all central boxes for example, and as

the two internal layers were not surveyed, the offsets and ro-
ITLadder

ITSector

tation angles are introduced in the CondDB.

The detector element tree of the IT detector in the eXtensible

Markup Language representation (XML) (Figure 4.15) starts
. with the whole IT detector (ITDetector), and has as descen-

Figure 4.15: IT detector element tree . .

starting with the whole IT detector, that dants the stations (ITStation), the detector boxes (ITBox), the

has the IT stations, IT detector boxes, IT layers (ITLayer), the modules (ITLadder), the one-/two-sensor
layers, IT modules (ITLadder), IT sectors
and the IT silicon sensors as descendants.

ITSensor

systems (ITSector) and the sensors (ITSensor) [80].
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4.4.2 321 Euler Angles and Offsets Calculations

The nominal values of the silicon
sensors are corrected at four
levels (Figure 4.16):

1. the Detector Box level (ITBox)
2. the Layer level (ITLayer)

17425

3. the Module level (ITLadder)

IT Ladder IT Targets ‘3;
4. the Sensor level (ITSensor) I Sensor

Figure 4.16: Logical volumes of the IT detector at the box level.

Although the IT Stations were surveyed, as explained in Section 4.3, it has been decided not to apply
any corrections at this level. It has been observed that the relative position of the Carbon fibre plates
supporting the IT detector boxes with respect to the pillars sustaining the IT stations is not so precise.
Moreover, the final adjustments of the IT detectors boxes have been performed locally and individually
for each box, adjusting the brackets positions supporting the detector boxes.

Euler angles characterize three successive rotations into which a general rotation in the 3D Euclidean
space can be decomposed. The convention chosen by LHCDb is the xyz convention, also called Tait-Bryan
angles, for which the global rotation is a composition of a rotation around the z axis (¢ angle) followed by
a rotation around the y’ axis (6 angle) and a rotation around the x” axis (y angle) (Figure 4.17).
z=7
Z ZH 5 -

x"'=X

Figure 4.17: 321 Euler angle representation. The original system (x, y, 2) is transformed into the final coordinate
system (X, Y, Z), passing through (x', ', 2') and (x", y", 2").

The 321 Euler angles and offsets of a logical volume are calculated with respect to its center.
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In the case of the Inner Tracker, the (x, y, z) coordinates are given by the nominal coordinate system
and the X, Y and Z vectors are determined as followed:

1. At layer level. Only sensors placed in a forward position in a layer are taken into account. The
four targets placed at the extremities of the sensor modules are used only (Figure 4.5), for a total
of 16 targets in the case of X1 layers and 12 for X2 layers. The sums in absolute value of the
x and y coordinates of these targets are calculated and normalized. This provides two vectors,
namely X and Y. The Z vector is derived by inner product of X and Y. To ensure orthogonality,
the X vector is recalculated by inner product between the Y and Z.

2. At module level. The same calculation as for layer level is applied to modules in the forward
position. For modules in the backward position, only two (or four for two-sensor modules) points
positioned on a line are available. To derive a set of orthogonal vectors describing the system,
a new point, non-aligned with the measured points, has to be inserted. The measured point
the closest to the cooling rod is taken as a reference point. The z coordinate of the new point
is set at the coordinate value of the reference point, z..r. The x coordinate of the new point is
defined by the sum of the coordinate of the reference point x,..r and the x component of the vector
perpendicular to the vector passing through the measured points in the z = z,.r plane. The y
component of the new point is calculated in a similar way.

W Nominal W Metrology B Survey Analysis
3. At sensor level. Metrology measurements are used Position n CondDB

for two-sensor modules (Figure 4.18). They give the F TOE :
relative position of one sensor with respect to the w

shift and rotation of the sensor the furthest away .
from the readout hybrid (Figure 4.18, red). L |
As only the four fiducial marks located at the ex- ‘

other. Metrology results have shown a systematic “@ | ( l

tremities of the two-sensor modules were used for Jy
the calculations at layer and module levels, the po- < |
sition of the two-sensor system after rotation lies in

between the true position of each sensor separately

(Figure 4.18, blue). The corrections at sensor level
are therefore half the shifts and rotations measured Figure 4.18: The average positions of the two

by metrology. Opposite values are used for the sec- sensors after layer and module rotation (blue)
are corrected to bring the sensors to their rela-

ond sensor (Figure 4.18, green). tive positions measured by metrology (green).

4. At box level. Only two targets are used for the calculation of the X vector. As explained in
Subsection 4.3.2, these can either be real targets located at 20 mm or 30 mm from the cover or
virtual targets. For the bars containing multiple targets, vectors are obtained by subtracting the
coordinates of the target with the smallest y to the target with the largest y coordinate. If two
multiple bars are used for a given box, an average vector is computed. The Y vector is obtained
by projecting the resulting vector on the plane defined by X as the normal vector. The Z vector
is obtained by inner product of X and Y.
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The final rotation matrix of the 321 Euler representation to pass from the nominal system to the
corrected one is given by:

cosfcos¢ cosfsing —sinf

R =] sinysinfcos¢p—cosysing sinysinfsing +coswcos¢p coslsiny

coswsinfcos¢g+sinysing cosysinfsing —sinycos¢ coslcosy

with:
Xcorr Xnom
Yeorr | =R | Ynom
Zcorr Znom

The offsets and 321 Euler angle values can be found in [81]. In a detector box, the X1 and U layers are
attached to the same cooling rod, while the X2 and V layers are fixed on the other one. As it is assumed
that the rotation at layer level mainly comes from the rotation of the support cooling rods, it is decided
to apply the same offsets and rotation angles than X1 for the U layer, and than X2 for the V layer. No

correction is applied at the module level for the silicon sensors of the U and V layers.

In Figure 4.19, the dx, 6y and 6z residuals between the survey measurements and the nominal val-
ues (hatched area) are shown together with the residuals between the survey measurements and the
values obtained after the rotation and translation of the layer (double hatched area), and the residuals
between the survey measurements and the values obtained after layer and module corrections (filled
area). The mean u and o values of the distributions of the residuals after layer and module corrections
are given in Table 4.1. This table and Figure 4.19 show that the calculation of the rotation angles and
offsets for the layers and modules is precise, because the reconstructed values are located within the
window of +0.05 mm (red dashed lines) corresponding to the survey measurements precision.

In Figure 4.20, the 6x, 6y and 6z residuals between the survey measurements and the nominal values
corrected by box rotation and translation are shown, both for the targets used (filled area) and the
targets not used in the calculation (hatched area). The mean y and o values of the distributions for
the target used are given in Table 4.1. The final offsets for the used targets are in good agreement
with the survey measurement precision of +0.5 mm in x and y and =1 mm in z (red dashed lines). The
determination of the position in x of the detector box was overconstrained because two measurements
were available, but the constraint arising from the length of the covers was applied at the same time.
This explains the bigger dispersion of the dx distribution centered to zero.

Table 4.1: Mean p and o of the residual distributions of the silicon sensors targets after layer and module corrections

(left), and of the LHCb cavern targets used after box correction (right).

residual distributions of the targets
used in the calculation after box

correction (filled area, Figure 4.20)

residual distributions after layer
layer and module correction
(filled area, Figure 4.19)

¢ (mm) o (mm) u (mm) o (mm)
0, | -0.0003+0.0067 0.008+0.006 -0.0264+0.0747 0.309+0.091
0y | -0.0004+0.0110 0.013+0.009 -0.0000+0.0006 0.001+0.001
6, | -0.0005+0.0205 0.034+0.024 -0.0000+0.0009 0.001+0.001
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Figure 4.19: x (top), 0y (middle) and dz (bottom) residuals between survey measurements and nominal positions
(hatched area), nominal positions corrected by layer rotation and translation (double-hatched area) and nominal
positions corrected by layer and module rotations and translations (filled area). The fits to a Gaussian of mean pu
and width o of the final residuals (filled area) give (u = —0.0003 +0.0067 mm, ¢ = 0.008 + 0.006 mm) for 6x, (u =
—0.0004+0.0110 mm, ¢ =0.013+0.009 mm) for §y and (¢ = —0.0005 +0.0205 mm, 0 = 0.034 +0.024 mm) for §z. In all
cases, the final residuals are in good agreement with the survey measurement precision of +0.05 mm (dashed lines).
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Figure 4.20: x (top), 0y (middle) and dz (bottom) residuals between survey measurements and nominal positions
corrected by box rotation and translation for the targets not used in the calculation (yellow) and the targets used
in the calculation (black). The fits to a Gaussian of mean p and width o of the final residuals (black) give (u =
—0.0264 +0.0747 mm, ¢ = 0.309 £ 0.091 mm) for dx, (z = —0.0000 + 0.0006 mm, ¢ = 0.001 +£0.001 mm) for §y and
(t=-0.0000+0.0009 mm, o =0.001+0.001 mm) for 6z. In all cases, the final residuals of the targets used are in good
agreement with the survey measurements precisions of +0.5 mm in x and y and +1 mm in z (dashed lines).
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4.4.3 Validation of the Corrected IT Geometry Implementation

The introduction of the misalignments in the CondDB or GeomDB can lead to overlaps. These are the
result of a volume extending beyond the boundaries of its mother volume or the intersection of volumes
positioned within the mother volume [44]. A check for overlaps is performed using PANORAMIX [49]
(Figure 4.21, left). No overlap has been detected using this method.
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Figure 4.21: Zooming on the top and bottom of PANORAMIX views of the layers allows a check for overlaps between
adjacent modules inside the layers (left). Method for checking the computed Euler angles and offsets at the module,
layer and box levels using the LHCb software (right). The positions of the sensor logical volumes are obtained in
the LHCb coordinate system from the software by applying the survey database. They are compared with the values
obtained by applying the rotation angles and offsets to the nominal positions of the sensor logical volumes in the
survey coordinate system, which are then expressed in the LHCb coordinate system. The results can also be compared
with the results of the survey measurements performed in the clean room.

Since the IT detector geometry is a complex multi-level structure, the following procedure is used to
ensure that each rotation and translation is correctly applied at all levels (Figure 4.21, right).

The (x, y, z) coordinates of the sensor volume logical centers expressed in the LHCDb coordinate system
are computed by a python script in the LHCb software, applying the IT survey conditions. A second
list of coordinates is obtained by applying the module, layer and box corrections to the sensor logical
volume centers expressed in the survey coordinate system, with as origin the survey target located on
the cover. The position of this target in the LHCb cavern is obtained from the design plans. Once this
value is added, the coordinates are transformed by rotation into the LHCb coordinate system?.

The two lists are compared and the 6, 6, and 6, residual distributions are checked. The coordinates
of the second list, before adding the position of the box cover target in the cavern, are also compared to
the values quoted in the silicon sensor survey reports (Figure 4.21, right).

3The survey coordinate system is rotated with respect to the LHCb coordinate system [74]
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4.5 Inner Tracker Commissioning and Performance

4.5.1 Alignment Strategy at LHCb

The alignment strategy is defined in four steps. As the LHCb coordinate system is defined by the
VELO (Subsection 2.4), the first step naturally consists of a VELO internal alignment. It is followed
by a standalone alignment of the T-stations. The T-stations and the TT are then aligned with respect
to the VELO [82], before the RICHs, calorimeters and muon chambers are aligned with respect to the
T-stations.

A standalone alignment of the Inner Tracker is possible using tracks going through its three stations.
The alignment procedure starts with the biggest elements to align, usually the detector boxes, down
to the smallest elements, usually the modules. The IT system possesses 2016 degrees of freedom (3
stations x 4 boxes x 4 layers x 7 silicon-strip modules x 6 degrees of freedom) [82].

Alignment Procedure in the LHCDb software

The software alignment method is based on a y2 minimization [$3]. The model contains parameters for
tracking (x) and for alignment (a). The alignment procedure is performed in four steps:

1. Track Reconstruction. Alignment parameters are global, as they are common to all the tracks in
the sample. As track parameters are local, they are first determined using an initial estimate ag
for the alignment parameters. Tracks are reconstructed using pattern recognition and track fit
algorithms (Section 6.1). Optionally, track selection criteria on the track quality y2, the momen-
tum, the number of hits per detector or the number of missed hits on the tracks are applied to

obtain a cleaner sample of tracks.

2. Track Processing. A C++ algorithm allows the alignment for any of the six degrees of freedom
coming from translations T and rotations R, (Tx, Ty, T, Rx, Ry, R,), for any combination of
detector elements. This algorithm takes as input the selected tracks and the detector elements
chosen by the user to be aligned. It assigns the hits on tracks. The alignment parameters a are
calculated by minimizing the sum of the track quality X?, ¥2, with respect to a [83]:

2

dx” _ : 2_v .2 2 _ Ty-1

F =0 with x*=) %/ and yx;=r,V,'r (4.1
a t

with r = m — h(x, @) a first order linearization of the residuals between the measurements m and

the function % describing the measurements in terms of x and a, and V™! the measurement

covariance matrix.

3. Solving Phase. After processing all the tracks of the calibration sample, the corrections to the
alignment parameters, Aa = a — «, are determined by a solver tool.

4. Update Phase. The alignment parameters are updated in the LHCb geometry database.



90 Inner Tracker Commissioning and Performance

4.5.2 First IT Software Alignment from LHC Injection Tests

In Summer 2008, the IT detector boxes of Chapter 3 were installed in the experimental cavern and
commissioning began. Due to the LHCb spectrometer geometry, a commissioning procedure using
secondary particle showers from cosmic rays was not ideal. However, thanks to LHC injection tests
performed in September 2008 and June 2009, a source of horizontal particles became available.

These tests consisted in transferring bunches of 2 -5 x 10° protons at 450 GeV from the SPS towards
the LHC ring and dumping them onto a beam stopper, called TED, just before the LHC tunnel (Figure
4.22). The LHCDb experiment located 350 m downstream received huge amounts of secondary particles.
Simulation studies indicate that most of the particles reaching LHCb were 10 GeV muons coming
from decays of pions produced in the TED.

P< Beam Stopper (TED)
SPS

Beam Absorber (TDI)

" ATLAS
Figure 4.22: LHC and SPS rings with the LHCb cavern and the beam stopper (TED) located at 350 m to it.

The particles allowed a standalone alignment of the Inner Tracker in the x direction at software level
[84]. The alignment was challenging, as the particle fluxes reached ten times the flux expected in a bb

event. The occupancy was high, up to 8%, as was the number of ghost tracks (Section 6.1).

The algorithm used for the standalone IT alignment required a pair of hits in the same type of detector
box, one being in the first module layer of the IT1 station, one in the last layer of IT3. The alignment
of the other layers relative to those two layers was then extracted from residual distributions?.

Using the nominal geometry (Figure 4.23, top), only a clear peak is observed for the Top Boxes, which
corresponds to the correct combination of hits. With the survey corrections (Figure 4.23, bottom), clear
peaks are observed for each type of detector box, which validates the IT survey measurements and
their implementation in the LHCb software.

After alignment, the overall precision of the module position is on average 19 um along the x direction,
compared to a single-hit resolution of 57 um.

These particles also allowed a test of the full readout chain. For the Inner Tracker, 99.26% of the

channels were found to be operational [84].

4The residuals are calculated as the distance between the measured hit and the point of intersection of the track
on the sensitive plane. Unbiased residuals of a hit are obtained by removing the information of this particular hit
when refitting the track.
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rom a magnetic field measurement campaign performed in the LHCb experimental cav-

ern in 2005, a three-dimensional description of the magnetic field is obtained [85, 86, 87,

]. An accurate description of the magnetic field is necessary to ensure a good momen-

tum resolution of particles traversing the detector. In the LHCDb software, the description

previously used was a linear interpolation of simulated values positioned on 10 cm-cubic cells of a field

map generated by the TOSCA model based on finite element calculation. To prepare for real data,

the method could be improved by employing the measurements. Strategies to eliminate systematically

the measurements of unphysical values arising from some defective or wrongly positioned Hall probes

during the 2005 campaign have been developed. As the measurements do not cover the whole LHCb

acceptance, extrapolating techniques have been explored to obtain a complete magnetic field map. The

final magnetic field parameterization reaches a precision of ~ 1072 T for the measurements taken with

the down polarity of the dipole magnet. From the parameterization, a new magnetic field map is ob-
tained, which has been used as the default map in the LHCb software since 2008.

The LHCDb dipole magnet is introduced in Section 5.1 and the TOSCA Magnetic Field Map in Section
5.2. The 2005 measurement campaign is described in Section 5.3, together with the cleaning strategies
and comparisons between the cleaned data and the simulated values. The parameterization method is
explained theoretically in Section 5.4 and is validated on simulated values in Section 5.5. This method
is then applied in Section 5.6 to the magnetic field measurements obtained with the down polarity of
the dipole magnet, resulting in the LHCb Measured Magnetic Field Map. A recent update of this map
is explained in Section 5.7.
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5.1 The LHCDb Dipole Magnet

The LHCb dipole magnet is used for the separation of charged particles [89]. From the curvature
of their trajectories in the magnetic field, momenta can be determined. The LHCb magnet allows a
momentum resolution é p/p ~ 0.4% for momenta up to 200 GeV/c. To achieve this precision, the bending
power, characterized by the total integrated field, is [ B-dl ~ 4 Tm for 10 m-long tracks originating near
the primary interaction point. The magnetic field needs to fulfill other requirements:

* It must be as high as possible in all the regions except inside the RICH envelopes, where a
magnetic field smaller than 5 mT is required for the photosensitive detectors (Subsection 2.6.1).

* It needs a good lateral field uniformity to achieve a trigger performance independent of the posi-
tion in the muon chambers.

The precision required on the total magnetic field is a few 107 T, corresponding to a precision on the
magnetic field components of ~ 1072 T due to the anticorrelation between the components. Moreover,
the magnetic field peak position must be known as a function of z within a few millimeters to determine
precisely the trajectory of the charged particles through the magnet.

Figure 5.1: The LHCb warm dipole magnet.

The LHCDb dipole magnet (Figure 5.1) is an electromagnet using two warm saddle-shaped identical
coils. The coils are mounted mirror-symmetrically to each other at the top and bottom of a window-
frame yoke, whose sloping poles follow the LHCDb acceptance. The magnet is located between z = 270
cm and z = 770 cm and covers the LHCb acceptance. The main magnetic field component is oriented
along the y axis, with a maximal value |[B,| ~ 1.1 T at z = 470 cm. Consequently, the particles are
mostly bent in the LHCb x — z plane.

The warm coils permit a rapid ramping-up of the magnetic field as well as regular field inversions
by reversing the current going through the coils. These inversions are needed to study systematic
effects induced by possible left-right asymmetries of the detector, which are important to control the
measurements of CP asymmetries. The down polarity is defined as the one with the B, component
pointing down (Figure 5.19, bottom) and the up polarity with the B, component pointing up.
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Technical Description

The Yoke. The window-frame iron yoke is assembled
from 100 mm-thick rolled low carbon steel plates, with a
total weight of 1500 tons and outer dimensions of 11 m
x 8.0l m x 2.7 m (x,y,z) (Figure 5.2). The lateral field
quality is enhanced by pole pieces located on the upper
and lower parts of the yoke. The side parts are used to
close the flux return. The pole gap is 2.6 m to 4.2 m for
the horizontal aperture and 2.2 m to 3.5 m for the ver-
tical one. As the magnetic field is stronger on the up-
stream side of the aperture than on the one downstream,
it requires a larger amount of steel. This is provided by
the horizontal and vertical yoke parts, whose inner side-

walls follows the wedge-shape aperture while the outer

walls are rectangular and parallel to the beam. From Figure 5.2: Schematic of the LHCb magnet: The
two coils are fixed to the iron yoke by aluminum

survey measurements, the yoke is aligned to the LHCDb
clamps.

coordinate system within a few millimeters [89].

The Coils. Each coil consists of fifteen mono-layer pancakes made of hollow aluminum conductor
organized in five sub-coils, called triplets. In each pancake, the conductor is a 290 m-long piece, corre-
sponding to 15 turns. To keep the power dissipation reasonably low, a large conductor cross-section is
used, hence 50 x 50 mm?2. The coils follow the trapezoidal shape of the pole pieces (Figure 5.2). They
are bent by 45° towards the gap region along the horizontal aperture to reach good field quality. The
cooling of the pancakes is done in parallel with demineralized water going through 24 mm-diameter
channels located at the centre of the conductor, with a total water flow ¢ ~ 125 m3/h. To reach the
nominal field integral of [ Bdl =4 Tm for tracks of the length of 10 m, the current through the conduc-
tor is set to 5.85 kA, with a maximal current of 6.6 kAl. The total electrical power dissipation in the
aluminum is P, = 4.2 MW. The weight of each coil is 27 tons.

The Clamps. Cast aluminum clamps fixed on the iron yoke are used to hold the triplets together
and support the coils. During magnet operation, the coils are slightly displaced due to thermal stress
and magnetic forces on the conductor. To lower these constraints, the pancakes of the coils have some
freedom to slide upon their supports. The coil is kept fixed against the iron yoke only around x=0.

Protections Against the Magnetic Field. Due to the large magnet gap, stray fields occur in the
neighboring detectors. Local magnetic shieldings have been designed to protect the photosensitive de-
tectors of the Cherenkov counters located upstream (RICH1) and downstream (RICHZ2) of the magnet.
These consist of large steel boxes around the RICH systems and additionally for RICH1 of mu-metal
tubes around the hybrid photon detectors, attenuating the field further. Measurements have shown
that the residual field inside these shields is below the acceptable limit of 5 mT.

!The value of the current is ~ 8% higher than that is required for a [B-dl = 4 Tm, to allow a safety factor for
uncertainties due to deviations from flatness of the steel plates.
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5.2 The TOSCA Magnetic Field Map

The Vector Fields TOSCA program is an analysis package based on finite element methods [90]. At
LHCDb, TOSCA has been used to generate the initial LHCb magnetic field map, called TOSCA Magnetic
Field Map. This map contains a 3D-modeling of the dipole magnet, of the iron shielding plates of the
RICHI1 and of the iron of the hadron calorimeter and of the muon system (Figure 5.3) [89].

Figure 5.3: TOSCA model of the dipole magnet, the iron of RICH1 shields, the calorimeter and muon systems [89].

The points used for the generation are located on a 10 cm-grid inside a 4 m x4 m x21.5 m volume (x, y, z)
starting at the beginning of the VELO detector (z= -50 cm). This volume covers only one quadrant of
LHCDb (x =0, y =0) cm, called Q1, as the magnetic field components are by design (anti-)symmetric
between the different quadrants. The other quadrants are called Q2 (x<0,y>0) cm, Q3 (x>0, y<0) cm
and Q4 (x<0, y<0) cm. The vertical B, component is symmetric in all the quadrants, while B, is anti-
symmetric between y >0 ¢m and y < 0 cm and B, has diagonal symmetries (Table 5.1).

The number of values of the TOSCA Magnetic Field Map (only Q1) in the 4 m x4 m x 14.5 m volume
starting from the VELO? is given in Table 5.2 for different regions, and additionally by requesting that
they belong to the LHCb detector acceptance.

Table 5.1: Symmetries of the magnetic Table 5.2: Total number of values in the TOSCA magnetic field map

field components in each quadrant. and number inside the LHCb acceptance for different regions.
Quadrants B, | By | B, Regions Zmin (M) | Zmax (cm) Total | Inside acceptance
Q1 x=0,y=0)cm | +1 | +1 | +1 negative z -50 -10 8,405 11
Q2 (x<0,y>0)cm | -1 | +1 | +1 upstream 0 290 50,430 811
Q3 (x>0,y<0)ecm | -1 | +1 | -1 magnet 300 790 84,050 13,346
Q4 (x<0,y<0)em | +1 | +1 | -1 downstream 800 1400 | 102,541 61,166

At a given point in the LHCD space, the magnetic field components are calculated using a linear inter-
polation of the eight values located on the corners of the cube surrounding it.

2This volume is considered to be sufficient for the following magnetic field studies.
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5.3 Magnetic Field Measurements

A magnetic field measurement campaign was performed in December 2005 in the LHCb cavern [91].
Measurements were obtained for the two magnet polarities using a demagnetization cycle. The ma-
chine used for the measurements consists of two parallel planes distant by 6.4 cm oriented towards
two different directions: the Downstream and the Upstream planes. Each plane supports 30 sensor
cards (Figure 5.4) arranged in a 3 x 10 fixed grid configuration with a 8 cm-spacing (Figure 5.5, left).
The sensor cards contain three Hall probes for the independent calculation of each magnetic field com-
ponent. On each card, the probes are mounted orthogonally on a 4 mm-width glass cube (Figure 5.4,
right). The sensor cards are calibrated to a precision of 107 T on the total magnetic field.

precision hole for dowel pin—— 8

addressing

hall probes

56.5 mm
30 mm

thermistor—" |

56.5 mm

Figure 5.4: Hall probe cards used during the 2005 magnetic field measurement campaign [92].

The planes are positioned perpendicularly to the z axis (Figure 5.5). To map different regions, the
device can take four positions: above, below or on both sides of the beam pipe. The machine is moved
along the z axis in steps of 10 cm in a motor-controlled way and along the x and y axes in steps of 8 cm
in a manually adjusted way. The measuring device is aligned with respect to the experiment reference
frame within +1 mm [16]. Due to possible rotations of the probes in their supports, the precision on the
magnetic field components is estimated to be 1073 T. The total number of measurements taken with
the down polarity of the dipole magnet is ~ 212,600.
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Figure 5.5: Horizontal and vertical configurations of the measurements planes (left). The x and y coordinates of the
Hall probes are adjusted manually by moving the planes fixation points inside the beam holes. Picture of the device
during the 2005 measurement campaign (right). The machine is moved along z in a motor-controlled way.
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5.3.1 The LHCb Simulated Magnetic Field Map

After the 2005 campaign, a first compar-
ison between the TOSCA values and the

measurements® showed differences at the E 0_355 & St vaiss (x=4 cm ; y=4 cm) /
percent level in the RICH1 region (100 cm 0.35 % Measurements /
<z< 250 cm), as shown in Figure 5.6. Cal- - /’
culating the numerical integration of the 0.25¢ [
bending vector [ B x dI between the origin 0.2; / g
and z = 250 cm, the measurements gave 0‘15: {x
116.1 kG-cm instead of the 148.9 kG-cm E &
predicted by simulation [91]. 0.1 A‘xx

0.05F % .
At that time, this sizeable difference E WMM o
(O(30%)) affected the trigger strategy that 00%‘F T30 100 150 200 250 300
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Figure 5.6: Measured (blue stars) and simulated (black dots) B
field values as a function of z for x=4 cm and y=4 cm.

depended critically on the field in that re-
gion. For this reason, the TOSCA map was
corrected for this discrepancy by applying
an overall scale factor in the 0 < z < 250 cm region. This corrected description is called Simulated
Magnetic Field Map, as it still remains largely based on the TOSCA simulated values, given that the
corrected area is small compared to the LHCb acceptance.

One explanation for these differences could be that the iron embedded in the concrete of the reinforced
foundation in the upstream region is not included in the model. Simulations have indeed shown that
iron located close to the RICH1 lower shield and around it can modify the field shape on the z axis (x=0
cm, y=0 cm) by deviating the magnetic flux. However, adding it in the simulation only explains part of
the discrepancy. No explanation has been found for the remaining part.

The By, B, and B, components of the simulated magnetic field map?* are shown in Figure 5.7 requiring
that they are inside the LHCb acceptance. The distributions for different z regions are stacked onto
each other. The distribution of the total magnetic field, B = |/ B2 +B?, +B?2, is also shown.

The B, component is almost always positive. For each region in z, the peak around zero corresponds to
small x or y coordinates, resulting from its diagonal symmetries (Table 5.1). The tails on the right of
Figure 5.7 (top, left) are due to x and y coordinates that are simultaneously large. The B, component
is the weakest magnetic field component with values less than ~ 0.1 T.

The B, component is almost always negative. It is smaller in the upstream region than in the magnet
region, where it reaches its peak at around z = 470 cm. It decreases at the end of the magnet region
and in the downstream region. The B, component can reach values up to ~ —1.5 T, making it the most
important magnetic field component.

3The measurements have been expressed in the LHCb coordinate system.
4The simulated magnetic field map values correspond to coordinates inside quadrant Q1 only.
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The B, component is negative in the upstream and beginning of the magnet region and becomes posi-
tive at around z =470 cm. The largest B, values are always obtained at large y values for all possible

z coordinates, reaching maximal values at the end of the magnet region, at around z=700 cm.

The total magnetic field B is dominated by the description given for the B, component (neglecting the
sign difference), as it is the predominant component. Its maximal value ~ 1.6 T is reached in the first

half of the magnet region.
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Figure 5.7: B,, B, and B, simulated magnetic field components and total B field for different regions in z.
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5.3.2 Cleaning Strategy

Before using the measurements, unphysical values, arising from defective or wrongly positioned Hall
probes during the 2005 magnetic field campaign, must be removed. This cleaning strategy is defined
in three steps with increased refinement of the data quality control. The first step consists in removing
obvious peaks. Secondly, offsets are identified in some Hall probe measurements. Correlations between
disagreeing measurements and the corresponding Hall probe IDentification numbers (IDs) are searched
for in the last cleaning procedure. Results are presented for measurements obtained with the down
polarity of the magnet.

1. Peak Removal

Scans of the field components values as a function of x and y for different z slices show some unphysical
measurements arising as peaks. These are especially visible in the B, component due to its small
magnetic field values (Figure 5.8).
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Figure 5.8: B, as a function of x and y before (left) and after (right) the measurement clean-up at z=300.2 cm.

During the measurement campaign, some of the Hall probes had been listed as suspicious because of
their loose fixing to the board®. Part of them are indeed found responsible for unphysical peaks.

Histogramming the probe IDs correlated with the problematic probes reveals that not only the suspi-
cious probes, but most of the probes have a small fraction (o< 1%) of wrong measurements. Detailed
studies on these measurements show that they are seen in (almost) all the Hall probes at the same
time. They could therefore be the result of interaction problems between the cable providing the high
voltage to the two planes and the magnet. More details about the results of this cleaning step can be
found in [85].

5They correspond to probes with IDs 50, 110, 190 and 181 in the Downstream plane and IDs 66, 69, 74, 76, 101,
145, 163 and 185 in the Upstream plane.
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Figure 5.9 depicts the results of the peak removal cleaning step, where the measurements (blue stars)
are compared with the interpolated values (black dots), before (left) and after (right) data cleaning for

the three magnetic field components.
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Figure 5.9: Magnetic field components as a function of z, before the peak removal cleaning step (left) and after
(right). Measurements and TOSCA values are represented by blue stars and black dots, respectively.
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2. Offset Identification
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Figure 5.10: B, as a function of z for x=36 cm and y=36 cm.
The probe ID 69 is responsible for offset values (green stars).
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Once all clearly unphysical values have been
removed, offsets are observed for some Hall
probes. For this, measurements taken by dif-
ferent probes at same space coordinates are
plotted along with the interpolated values.
As an example, the measurements of the
probe with ID=69 (green star) of Figure 5.10
are off compared to the interpolated values
(black dots) and the measurements of the
probes with IDs=60, 106 and 139 (blue stars)
at x =36 cm and y =36 cm.

Most of these mismatches are due to the re-

maining suspicious Hall probes that did not show up in the first cleaning step®. The corresponding

shifted measurements are all associated to data taken in the vertical configuration of the measure-

ment planes.

3. Disagreeing Measurement - Probe ID Correlation

After the second cleaning, the 6B, and 6B, residual between the measurements of different probes

at same space coordinates are within +0.0025 T, where the residuals are computed as the differences

of each measurement to the average value of the measurements. For 6B, residuals in the magnet
region, tails extend up to +0.006 T (Figure 5.11, left). To study these tails, the probe IDs of the two
disagreeing measurements are plotted as a function of each other. As shown in Figure 5.11 (right),

some ID numbers appear more often than others. The measurements of these probes are therefore
considered invalid and discarded’. After this cleaning, the 6B, residuals are within +£0.0025 T.

1es

8000

Entr

7000
6000
5000
4000
3000
2000
1000

ST T T[T T[T [T [T

= Before 3 cleaning

% After 3" cleaning

Ptk
6 -0.004

A

-0.002

“0

(o ey
0.002 0.004 0.006

oB,(T)

z

id
oo Lo o
o

—
»
>

o o @

»4

7 ) vy 7 Y
3 L .4 ¢

50 3 *
0

50 70 90 10 130 150 170 1901D

Figure 5.11: 6B, (magnet region) before and after 3" cleaning (left) and correlation between disagreeing probe IDs

of the tails (right).

8They have IDs 110, 181 and 190 for the Downstream plane and IDs 69, 76 and 185 for the Upstream plane
"Seven probes are concerned, with IDs 52, 63, 61, 105, 106, 166 and 168. The number of removed values is ~ 2200.
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5.3.3 Space Coverage of the Measurements

The measurements have been taken from the origin to the RICH2 detector region (z ~920 cm). As
shown in Figure 5.12 (left), the measurements (black dots) do not cover the whole tracking volume
inside the LHCb acceptance (red dashed line), especially in the regions close to the acceptance bor-
ders.
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Figure 5.12: Measurements (black dots) taken at z=520 cm (before cleaning) and LHCb acceptance (dashed red line)
(left). The y coordinates covered in the LHCb acceptance by measurements after cleaning as a function of z (right).
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The y coordinates covered by the measurements inside the LHCb acceptance after cleaning are shown
as a function of z in Figure 5.12 (right). The lack of measurements for y values close to the acceptance
borders is clearly visible.

Several measurements have been taken at the same spatial position by different sensor cards after
successive repositionings of the device. This redundancy allows an estimation of the measurement

precision, which is described in Subsection 5.3.4.

The number of different coordinates covered in the LHCDb acceptance, and from which the number of
coordinates with redundant measurements are given in Table 5.3, before and after cleaning for the
three regions in z. An estimation of the number of coordinates expected to be covered in the LHCb
acceptance by the measurements is obtained by considering a grid of 8 cm x 8 cm moving every 5 cm in
z (as two planes were moved by 10 cm in z during the measurement campaign).

Table 5.3: Numbers of space coordinates expected and covered by the measurements for different regions in z, before
and after cleaning. The number of coordinates where redundant measurements exist is also given.

Expectation Before Cleaning After Cleaning
Space Coverage | Space Coverage Redundant Space Coverage Redundant
Measurements Measurements
Upstream 8,688 5,589 548 4,814 353
Magnet 158,338 105,604 32,246 90,727 21,311
Downstream 74,999 49,963 18,649 49,374 18,273
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5.3.4 Measurement Accuracy After Cleaning Procedure

Once the cleaning procedure is completed, the measurement accuracy is determined by comparing
measurements taken at same space coordinates by different Hall probes (~ 40,000 space coordinates).
At a given point, the residuals equal the difference of each measurement to their average value:

Bmeas,i,l + Bmeas,i,2
2

OB; = Bpeas,i —p Wwith pu= (5.1)

The distributions of the residuals are shown in Figure 5.13 for each magnetic field component and
for the total field. The resolutions obtained from (double-)Gaussian fits are of a few 10™* T. The tails
still present in the B, distribution could be explained by a contribution of the B, component from an
inaccurate orthogonal alignment of the Hall probes.
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Figure 5.13: Distributions of the field component differences between probes at the same measurement points. The
resolutions are 3x107* T, 4x107* T, 5x10~* T and 2x10* T for 6B,, 0B,, 6B, and 6B respectively.
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5.3.5 Agreement between Measurements and Simulated Values

The simulated values are interpolated onto the measurement space coordinates. The residuals are

calculated as the difference between the absolute values of the measurements and interpolation:

0B; = IBmeas,i| - |Bsim,i|

(5.2)

The residuals are studied as a function of x, y and z separately. For the x and y cases, the residuals

are divided into two categories, the coordinate being positive or negative. As the simulated values are

(anti-)symmetric between the quadrants, this provides a check if there is any left-right or up-down

asymmetry in the measurements. For the z case, the residuals are separated as a function of the

upstream (z < 300 cm), magnet (300 cm < z < 800 cm) and downstream (z = 800 cm) regions.
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Figure 5.14: Residuals between the measurements and interpolated values for x >0 cm and x <0 cm.

Results of Figure 5.14 show no left-right asymmetry. However, when plotting the residuals per quad-

rant instead, a left-right asymmetry is observed in the B, component only, the quadrants Q1 and Q4
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having similar distributions that slightly differ from the ones of quadrants Q2 and Q3. In Figure 5.14,
this asymmetry is compensated by the fact that quadrants Q1-Q3 (x>0) and Q2-Q4 (x<0) are combined.
No left-right asymmetry is observed for the B, nor B, components.

The average value of the total B field residuals is negative, which means that the measurements are
globally smaller than the simulated values. When the coils are switched on, they open by ~ 8 mm at the
end of the magnet region. The reduction of the magnetic field values in the measurements compared to
the simulation could therefore be explained by this coil opening, which is not taken into account in the
Simulated Magnetic Field Map.

Figure 5.15 shows an up-down asymmetry for the B, and B, components, and consequently for the
total field. The B, component does not show any significant up-down asymmetry. Measurements
coming from the lower part of the magnet have smaller discrepancies with the simulated values than
the ones coming from the upper part of the magnet.
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Figure 5.15: Residuals between the measurements and interpolated values for y >0 cm and y <0 cm.
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The residuals for all the magnetic field components are of a few 1072 T. This highlights the necessity
for correcting the Simulated Magnetic Field Map using the measurements, as the precision required
on the components is ~ 1072 T (Subsection 5.1). The discrepancies become larger as approaching the
LHCDb acceptance borders for both x and y coordinates.

Contrary to the x and y coordinates where (anti-)symmetries are expected, no symmetry in the mag-
netic field components is expected as a function of z due to the LHCb dipole magnet design. For a
better comparison, the residual distributions are stacked onto each other for the three regions in z.
From Figure 5.16, the two-peak shape of the 6B, distributions in Figures 5.14-5.15 is explained. It
is due to different regions in z (Figure 5.16, top right). The B, measurements in absolute value are
smaller than expected in the upstream and part of the magnet regions. As z increases, at the end of

the magnet and in the downstream region, they become larger than the simulated values.
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Figure 5.16: Residuals between the measurements and interpolated values for different regions in z.
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To confirm the up-down asymmetry deduced from Figure 5.15, differences between measurements
taken at same space coordinates in absolute value but in different quadrants, are studied. The residuals
are calculated following Equation 5.1 and are shown in Figure 5.17. The residuals between measure-
ments from the two up quadrants Q1 and Q2 (Q12, ~ 89,200 entries) or the two down ones Q3 and Q4
(Q34, ~ 105,900 entries) are similar. They are smaller than the residuals between one up and one down
quadrants (Q13, ~ 117,300 entries and Q24 ~ 73,800 entries), which confirms the up-down asymmetry
in the magnetic field measurements. This up-down asymmetry can be a real effect that could come from
a tilt of the magnet for example. However, it could also be a fake effect due to possible imprecisions in
the positioning of the measurement device in the LHCb cavern during the 2005 campaign, such as a

tilt of the measurement plane. This issue will be treated in Chapter 6.
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5.3.6 Comparisons Between the Two Magnet Polarities

The measurements taken with the up polarity of the dipole magnet are cleaned of the unphysical peaks.
A comparison between them and the cleaned measurements of Subsection 5.3.2 is shown in Figure 5.18
for the three field components and the total field. The residuals are calculated following Equation 5.1.
A good agreement is observed, as the average resolutions from double-Gaussian fits are of a few 1074
T for all the magnetic field components. This suggests that using one common description for both

polarities would be a reasonable assumption. This idea is pursued in Section 5.7.
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5.4 Theoretical Overview of the Parameterization Method

To derive a realistic field map, the available ingredients are: A set of TOSCA simulated values Bg;, (X;)
at positions {¥;} regularly placed on a grid, covering a space Qg and a set of measured values Bpeas(y;)

at positions {y;} that are not necessarily regularly distributed in space, covering a space Qmeas.

The fit is performed for all the dimensions simultaneously using Chebychev polynomials [93, 94]. The
fitting function is given by:

f@) =) eimiE;) (5.3)
]

where c; are coefficients to be determined in the fit and m; are functions forming the fitting basis. For

a simple polynomial basis, m;(x;, yi,2;) is of the form x} yf’zf.

Chebychev monomials are chosen, as they are known to be the best approximation polynomials for
continuous functions. In particular, they minimize the oscillation effects, called Runge’s phenomenon,
which are observed for high-order polynomial fit/interpolation [95]. The m;(x,y,z) functions are of the
form T, (x)T,(y)Tp(2), where T}(u) is the kth order Chebychev polynomial for the variable u. The

recurrence relation linking subsequent orders is recalled:

Triiw) = 2uTyw)—Th1(u) (5.4)
To(w) = 1
Ti(w) = u

The goal is to find the optimal number of terms in the development and the optimal coefficients that

minimize: L
S=y Bi — f&))” ;;(xi)) (5.5)

1

where the sum is over the X; representing the positions at which the input data are available.

The first obvious criterion to control the convergence is to set up a minimum threshold € under which
the ultimate relative error should be. One definition for this criterion is:

S

B2
_t
25

<€ (5.6)

On top of that, the order to which the development should be done can be specified, for each of the
dimensions. However, a systematic method is still missing to limit the number of terms in the analytical
representation and choose only the terms that are relevant for the minimization. As an example, if the
number of terms per dimension is set to 10, then a 103 x 103 matrix has to be inverted to solve the
least square minimization, without knowing whether all the terms in the development are relevant or
whether the order of development is sufficient to reach the accuracy. In the following, a method is set
up to decide a priori whether a term is relevant or not.
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Optimizing the Set of Basis Functions

To optimize the set of m; functions, their minimization power is estimated with respect to the least
square. To do this, it is useful to recombine these functions into a set of orthogonal functions. This
can be achieved following a Gram-Schmidt orthogonalization procedure [93, 94]. In the following, the

measurement errors are omitted to ease the notations.

Let .#;; be the matrix element defined as .#;; = m j(x;). For N measurements and M m, functions, .4
is a N x M matrix. B is defined as the N-elements data vector and ¢ as the M-elements coefficients
vector. Equation 5.5 can be rewritten as:

S=B-. c) (5.7)

The columns of .# correspond to the vectors m which components represent the values of the m;
functions at the nodes X;. There are M such vectors and they do not necessarily form a free system.
To remove the degeneracies, a new orthogonal basis w of P vectors (P < M) is built using the Gram-
Schmidt algorithm:

wi = m (5.8)
k=lmy,-w,
w, = mp— ——Ww (k>1)
k k p;l (wp)Z p

By construction, w, -w,, =0 if n # m. In other words, a given w;, is always orthogonal to the space
spanned by {w1,...,wx_1}.

The maximum order P of the w basis is determined as follows. Assuming the set of functions m1,...,mp_1
is already chosen, a criterion to decide whether it is worth adding the function m; has to be set up.
This can be done in two ways:

* m; must have a significant component perpendicular to the hyperplane spanned by {w1,...,wp_1}.
In other words, a cut is put on the angle 6 between m;, and wy,.

* The contribution of m;, to the potential reduction of the least square, which can be shown to be

o2
ASk — (wy-B)

wp? must be above a certain threshold to be tuned.

The first criterion has been found to be more powerful and is therefore the one used. With this method,
it is possible to decide about the optimal set of functions to be used before solving for the coefficients of
the development.
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Solving

After the procedure described in the previous paragraph, the set of P functions, .#" and coefficients e”
is reduced. Minimizing Equation 5.7 with respect to the ¢ coefficients leads to the solution:

e =u™ T umy L (umTB) (5.9)
The fit errors of the coefficients are the diagonal element of the P x P covariance matrix (.41 ¢#7)™!.

Adding Constraints

In absence of currents in the mapping volume, the magnetic field satisfies both V .B=0and VxB =0.
This leads for each component to AB; = 0.

This condition can be injected in the minimization by adding Lagrange multipliers. The function to be
minimized is then:
S=B-u"-c"+AT.G-c" (5.10)

Where G is the Laplacian matrix, G;; = Am;(x;) and A represents the N Lagrange multipliers vector.
Minimizing with respect to ¢” and A leads to:

MTTMT-e"+G-A=4"TB (5.11)

GT.c"=0 (5.12)

Or, in a global (P + N) x (P + N) matricial notation:

GT 0

MHTum G
A 0

r r,T
(" ) = (“” B ) (5.13)

Now, the matrix to inverse is of size (P + N) x (P + N). This immediately points out the problem of
imposing the constraint at the measurements points. If IV is big compared to P, the system is over-
constrained and singularities appear in the solving. An alternative approach to this would be to apply
the constraints to a limited number of appropriately chosen points.
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5.5 Parameterization Method Validation

Before applying the three-dimensional fitting method to the measurements, the method has first to be
validated. This is done by fitting the values coming from the Simulated Magnetic Field Map using the
method explained in Subsection 5.4.

5.5.1 Fit Region Definition

Due to the complexity of the magnetic field behavior, particularly in the magnet region, several fit
regions are defined in the LHCb active geometry. The boundary choice results from a compromise
between three requirements:

e Achieving the target precision of ~ 1072 T.

* Minimizing the number of regions to reduce the number of boundaries where discontinuities of

the magnetic field component could occur.
* Minimizing the number of terms in the parameterizations to prevent oscillating behaviors.

Moreover, the geometric delimitations of the regions are designed as simply as possible. To define ap-
propriate regions, cuts on the acceptance angles®, on the magnetic field gradients? or on the (x,y,z)
LHCD coordinates have been considered. The simplest region definition relies on cuts on the z coordi-
nate only, for the By, B, and B, components. Fifteen regions are obtained (Figure 5.19, top), five in
the upstream region (z = [-50,300] cm with boundaries at z = 100,150,200 and 240 cm), seven in the
magnet region (z = [300,800] cm with boundaries at z = 410,470,510,610,670 and 730 cm) and three
in the downstream region (z = [800,1000] cm with boundaries at z=850 and 900 cm).

Each slice in z has been defined in such a way that the largest region possible is kept and still satisfies
the target precision. This has been achieved first for the most important component B,. Then, the
same cuts have been applied for the B, and B, components, for which the relative precision has been
checked to reach the desired precision.

8Because of the design of the LHCb forward spectrometer and the particle tracks trajectories in the acceptance
region, an analytic description of the magnetic field components with respect to the acceptance angles has been
thought to be optimal. The cuttings on the acceptance angles in the bending plane (up to 300 mrad) and in the
non-bending plane (up to 250 mrad) have shown a good performance for angles up to 10 mrad. For larger angles,
additional cuts are required to achieve the target relative precision, for example on the LHCD (x,y,z) coordinates.
This creates a considerable number of regions and results in a complicate partitioning, as cuts on the acceptance
angles and on the LHCb coordinates are used simultaneously.

9The choice of the cuts is driven by the field variations. Regions where the field gradients are big will be smaller
and/or will require more terms in the parameterization than the ones where the field variations are smoother. This
method results in a very complicate partitioning. Moreover, as the behaviors of the B, B, and B, gradients are not
the same for a given region, different cuttings should be introduced for each magnetic field component.
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The locations of these cuts do not systematically correspond to physical positions of detectors. However,
the cut at z = 100 cm corresponds to the beginning of the RICH1 detector and the cut at z =470 cm
corresponds to the peak position of the B, component on the z axis (x=0 cm,y=0 cm) (Figure 5.19,
bottom).
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Figure 5.19: Set of cuts along the LHCb z coordinate (black lines at z=100, 150, 200, 240, 300, 410, 470, 510,
610, 670, 730, 800, 850 and 900 cm) delimiting fifteen regions, in which the B,, B, and B, component behaviors are
independently described by analytic parameterizations.



115

Since the magnetic field is distorted more strongly when approaching the coils, the field variations are
faster in the [ymax-30, Ymax] region (Figure 5.20) (ymax = tan(0,)-z), resulting in an increased number

of terms in the parameterizations.
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Figure 5.20: B, (left) and B, (right) variations as a function of y for z=4.8 m and x=1.3 m. The simulated values
(stars) are fitted by a polynomial function (full line). The magnetic field components corresponding to the three biggest
y values (delimited by the dashed lines) vary in a different way than the ones corresponding to smaller y values.

A detailed study has shown a considerable improvement of the goodness of the parameterizations when
the regions [0, ymax —30 em] and [ymax — 30 em, ymax] are separately fitted in the magnet region [85]
(Figure 5.21). Indeed, if the whole [0, ymax] range is fitted at once, good results are obtained on the
fitting nodes, but instabilities are observed between them. These oscillations are attributed to the
considerable number of terms in the parameterizations (= 300). Cutting finer on the z coordinate does
not really improve the mapping while splitting the region in y removes the oscillatory effects.
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Figure 5.21: The [0,ymax-30 cm] (filled) and [ymax-30 cm, ymax] (dashed) regions in the magnet, delimited by the
boundaries at z=410, 470, 510, 610, 670 and 730 cm and the acceptance boundary in the non-bending plane of 250
mrad.
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5.5.2 Results

With the simultaneous fitting technique, it has been possible to map the full LHCb acceptance with a
sensible accuracy.

The fits end up with a number of terms in the different parameterizations varying approximately from
50 to 150 and Chebychev monomials up to order 9, depending on the complexity of the magnetic field

behavior inside the regions and the size of the regions themselves [85].

The distributions of the residuals between the parameterized and the simulated values have resolu-

tions of ~ 10™* T for each magnetic field component and for the total magnetic field.

5.5.3 Validation of the Parameterization

The validation of the parameterization is performed in three steps:
1. Good Matching between the simulated and parameterized values in slices of one coordinate.
2. Check at the boundaries between the different fit regions.
3. Comparison of the [Bdl of the two maps using the LHCD software.

These are described in the following.

Simulated-Parameterized Value Matching in Slices of One Coordinate

Slices of the three magnetic field components are plotted as a function of x for combinations of the y and
z coordinates inside the LHCb acceptance. The same tests are performed for slices as a function of y
and finally as a function of z. These visual checks ensure that no significant mismatches of the param-
eterization with the input simulated values are observed, within the fit regions or at the boundaries
between regions.

As an example, Figures 5.22-5.23 show comparisons between the simulated values (black dots) and the
parameterized values (red triangles) for the B, (top), B, (middle) and B, (bottom) components on the
z axis (x=0,y=0) cm, at (x=50,y=50) cm, at (x=100,y=100) cm and (x=150,y=150) cm. The agreement is
very good for all components.

The B, and B, component values at the centre (x=0,y=0) cm are expected to be zero from the (anti-)
symmetry requirements and fluctuations related to the intrinsic precision of the fit are therefore ob-
served (Figure 5.22). These components have sizable values as soon as x and y get away from the beam
axis, in which case the fluctuations become negligible (Figure 5.23).
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(bottom) components as a function of z for (x=0, y=0) cm (left) and (x=50, y=50) cm (right).
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Figure 5.23: Comparisons between the simulated and parameterized values for the B, (top), B, (middle) and B,
(bottom) components as a function of z for (x=100, y=100) cm (left) and (x=150, y=150) cm (right).
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Check at the Boundaries between the Different Fit Regions

To tackle boundary problems, the fit regions of Figure 5.19 are extended to take into account the first
or last set of values belonging to the next or previous regions respectively, such that all the regions
used for fitting overlap. However, the continuity between adjacent regions at their boundaries need to
be checked, as the parameterizations are obtained for all the regions separately. For this, the relative

discrepancy is defined as: AB Bregion 1 — Bregion 2 5.14)

Bmean Bmean

Figure 5.24 (top, left) shows the relative discrepancies for the B, component at the z = 470 cm boundary.
In general, the relative discrepancies have been found to be of the same order of the fit precision for each
magnetic component. At the boundaries, the magnetic field values are calculated for each component
on the 10 cm-grid using the two available parameterizations. The residuals between these two values
obtained as explained in Subsection 5.3.4 and are shown in Figure 5.24 for the fourteen z boundaries
together. Resolutions of ~ 10~* T are found for the three field components.
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Figure 5.24: Relative discrepancy of the B, component as a function of x and y at the 2z=470 cm boundary (top, left)
and residual distributions between the two available parameterizations at each z boundary for each magnetic field
component (top, right and bottom).

To ameliorate further the matching at the z boundaries, the average of the values coming from the two
different parameterizations is used when producing the final magnetic field map.
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Comparison between the [Bdl of the two Maps

To estimate the goodness of the parameterization with respect to the Simulated Magnetic Field Map,
a numerical integration of the bending vector [ B x dI (mentioned as Bd! in what follows) is calculated
and compared for the two cases using the LHCb software. The integration is performed between the
LHCD origin and z = 950 cm for 100,000 values of track slopes ¢, and t,, randomly generated in the
ranges [—0.3,0.3] rad and [-0.25;0.25] rad, respectively. Since (x,z) is the bending plane, the main
component is Bd/,, the two others are expected to have a null average.

Figure 5.25 shows the distributions of the components of the bending vector. All the components remain
unchanged. Analyzing the changes as a function of the track slopes in Figure 5.26, a good agreement is
also established. The main component, Bdlx, is observed to have a quadratic dependence with respect
to the track slopes, while flat distributions of Bd/, as a function of ¢, and ¢, and Bdl/z as a function of

t, are observed. Bd/z is linearly dependent of ¢,.
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Figure 5.25: Components of the bending vector [ Bxdl. Histograms for the simulated values (black hatched with
positive slope) are compared with the one of the parameterized values (red hatched with negative slope). A good
agreement is observed.
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Figure 5.26: Components of the bending vector [ B xdl as a function of the track slopes ¢, and ¢,. Flat distributions
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variations are found for the main Bdlx component. In all cases, the parameterized values (red thin histogram) are
perfectly superimposed on the simulated values (black thick histogram).
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5.5.4 Magnetic Field Service

In the LHCD software, the default service for the magnetic field, MagneticFieldSvc, uses a linear inter-
polation to derive the field vector at any point from a regular grid of data points. At first, a new service,
called AnalyticFieldSvc, has been implemented, in which the field is computed using the three dimen-
sional Chebychev expansion. Even though this parameterization benefits from the recursive relation
between the subsequent polynomials, it raised a timing issue as an order of magnitude in speed was
lost in the track fit. Therefore, the linear interpolation picture is kept, but a corrected grid is produced
using the final parameterized description of the magnetic field. Since measurements show asymme-
tries in the (x,y) plane, the obtained grid map is four times bigger than the simulated grid map, in
which the x — y (anti-)symmetry is used to derive the field components.

Grid Size

Dedicated tests have been performed to study the effects of the grid size, hence the impact of the
interpolation error. The benchmark variables used for these tests are the momentum resolution and
the position of the extrapolated tracks at the entry of the T-stations. The principle of the test is to
generate a track sample with a given grid size and reconstruct the same sample with a different grid
size. The difference between 5 cm and 10 cm grid sizes produces no significant degradation for both the
momentum resolution and the precision of the extrapolation. Therefore, the 10 cm-grid size is kept, as
it results in a smaller field map to be supported and downloaded by the LHCb software.

Reading Magnet Conditions From Database

The field service has been upgraded to allow reading magnet conditions from database. The software
allows the reading of the current value circulating in the coils, the polarity, the field map files name as
well as scale factors. It is also possible to modify the field map calibration files in running.
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5.6 The LHCb Measured Magnetic Field Map

As the three-dimensional simultaneous fitting method has been validated in Section 5.5, it can be used
to create the LHCb Measured Magnetic Field Map based on measurements. The additional challenge
of working with measurements compared to simulated values is that they do not cover the whole LHCb
acceptance, as explained in Subsection 5.3.3. Consequently, an extrapolation method has to be devel-
oped for the regions where no measurement is available.

5.6.1 The Residual Parameterization

To prevent from high-order polynomial and stability problems, the method relies on the calculation of
the residuals 6 B; between the measurements Bpeas and the simulated values Bgjm, 0B; = Bmeas,i —Bsim,i
[871'°. Two-dimensional distributions of these residuals are shown in Figure 5.28 for the three regions
in z and for each magnetic field component. These distributions show a quite smooth behavior and are
not expected to require high-order polynomial terms to be precisely described.

The calculation of the residuals is performed at the measurements points. The parameterization of
the simulated values obtained in Section 5.5 is used to calculate the magnetic field values at the
measurement points. Using the parameterization allows a gain in precision on the values calcu-
lated compared to using the linear interpolation of the simulated values. The final map is then de-
rived using the extrapolation of the parameterizations of the residuals rexir over the full acceptance,
Bfina1(x;) = Bgim(x;) + rextr.

108everal methods were considered for the extrapolation. The first method tried consisted in parameterizing the
measurements directly, as for the simulated value in Section 5.5, and use the polynomial fit functions obtained to
calculate the magnetic field values also in the regions without measurements. This straightforward method turned
out to be not optimal for the following reason. Even though it has allowed the accuracy of 10~3 T to be reached in
the measurement region, the polynomials obtained are up to order 9. These high-order terms can be very sensitive
to oscillations or divergences and therefore need to be controlled very carefully. Therefore, it is not possible to rely
on them to extend the map to regions without measurements, as close to the LHCb acceptance boundaries where the
magnetic field varies significantly (Figure 5.20).

To control the fit behavior in the regions uncovered by the measurements, the second
method tried combined information from the measurements and the simulated values.
The principle of the method is depicted in Figure 5.27. A combined set of measurements
(circles) and simulated values (triangles) is fitted using the three-dimensional fit. Since
the final parameterization is expected to match the measurements rather than the sim-
ulation, more weight is given to measurements. In the regions without measurements,
the fit is driven by the simulated values, but is not expected to match them exactly. To
do so, the fit is applied to the combined set a first time. The simulation points are then
replaced by points obtained from this first parameterization. These are again combined
with the measurements and a new fit is performed. The fit iteration stops when most of
the residuals between the measurements and the parameterization at order & are less
than ~ 5-10"* T. While this method allows data fit and extrapolation, the matching of
data and simulation is not always stable, especially in regions where the field component
values are small.

Figure 5.27: Iterative ex-
trapolation method.
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Figure 5.28: 6B; = Byeas,i — Bsim,; residual distributions for the upstream, magnet and downstream regions.

The extrapolation of the fit function to the regions without measurements is checked as follows. The
coordinates of the simulated points are used to compute parameterized values in the whole LHCb
acceptance. The resulting distributions are checked to extend smoothly from the measurement region
to the LHCD acceptance boundaries.

5.6.2 Results

The cleaning of the measurements detailed in Section 5.3 ensures that no biases are introduced in the
fit due to unphysical values. Moreover, average values are computed in points where several measure-
ments are still available after cleaning, such that each space point entering in the fit has the same
weight, hence no points are favored due to their redundancy. Due to the simpler form of the residuals
compared to the field variations, the number of fit regions of Figure 5.19 is reduced to twelve, removing
the boundaries at 100 cm and 730 cm. The number of terms in the parameterizations is of O(10) and
the monomial are of order 3 —4.



125

Contrary to the Simulated Magnetic Field Map, where the values are (anti-)symmetric between the
different quadrants, and hence only one quadrant needed to be parameterized, the measurements
show some asymmetries between the different quadrants, as explained in Subsection 5.3.5. Therefore
the residual parameterizations are obtained in a given fit region in z for the four quadrants at one time,
resulting in asymmetric parameterization functions. The largest corrections generally occur for large x
and/or y values, which means that the simulation accounts better for the measurements in the central
region of the transverse plane than in the edges.

Figures 5.29-5.31 illustrate the residuals between the parameterized values and the measurements
(red hatched distributions). Gaussian fits to these distributions give resolutions ~ 1072 T. The differ-
ence between the interpolated simulated values and the measurements is overlaid to visualize the size

of the corrections needed (black distribution).
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Figure 5.29: 6B, residuals between the measurements and the parameterized values (red hatched histogram). A

Gaussian fit gives a resolution ~ 0.001 T. The residuals between the measurements and the simulated values are also
shown (black histogram).
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Figure 5.30: 6B, residuals between the measurements and the parameterized values (red hatched histogram). A
Gaussian fit gives a resolution ~ 0.001 T. The residuals between the measurements and the simulated values are also
shown (black histogram).
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Figure 5.31: 0B, residuals between the measurements and the parameterized values (red hatched histogram). A
Gaussian fit gives a resolution ~ 0.001 T. The residuals between the measurements and the simulated values are also
shown (black histogram).
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5.6.3 Validation of the Parameterization

The three steps of the validation procedure of Subsection 5.5.3 are applied in the following to the LHCb
Measured Magnetic Field Map.

Parameterized Value - Measurement Matching in Slices of One Coordinate

Slices as a function of z of the B, and B, measurements (blue stars), parameterized values of the mea-
surements (red triangles) and simulated values (black dots) are shown in Figure 5.32 for different x and
y values. As expected, a good agreement is observed between the measurements and the parameterized

values, which differ from the simulated values.
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Figure 5.32: Comparisons between the measurements (blue stars), the parameterized values (red triangles) and the
simulated values (black dots) for the B, component as a function of z at (x=4, y=4) cm (top, left with a zoomed view
on the z axis), (x=60, y=60) cm (top, right), (x=140, y=140) cm (bottom left) and for the B, component at (x=20, y=20)
cm (bottom, right).
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Check at the Boundaries between the Different Fit Regions

Points on a 10 cm-grid in x and y inside the LHCDb acceptance are generated for the eleven z values
located at the fit region boundaries. The magnetic field components are calculated using the two avail-
able parameterizations. Their residuals are calculated as explained in Subsection 5.3.4 and their dis-
tributions are shown in Figure 5.33 for the three magnetic field components. From (double-)Gaussian
fits, the average resolutions are ~ 0.001 T, ~ 0.0004 T and ~ 0.0006 T for B,, B, and B, respectively.
These residual distributions also contain values calculated in the extrapolating regions, where a good
matching between the two parameterizations is also observed.
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Figure 5.33: Residual distributions between values calculated every 10 cm using the two available parameteriza-
tions in all the z boundary planes.



129

Comparison between the [Bdl of the two Maps

A numerical integration of the bending vector [ Bd! is performed as explained in Subsection 5.5.3. Fig-
ure 5.34 shows the distributions of the bending vector components for values obtained using the Sim-
ulated Magnetic Field Map (black hatched histogram with positive slope) and the ones obtained using
the Measured Magnetic Field Map (red hatched histogram with negative slope). The Bdlz component
remains almost unchanged while Bdix and Bdly are affected. Bdly is shifted upwards by 8 x 1072 on
average, while Bdlx is shifted downwards by 0.6%, on average.

Analyzing the changes as a function of the track slopes (Figure 5.35), shifted distributions for Bd/x and
Bdly are observed, the Bdlx components for the values using the Measured Magnetic Field Map being
significantly lower than for the Simulated Map. A change in slope in Bdlz as a function of ¢, is also

observed. Bdlz as a function of ¢, is not significantly affected.
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Figure 5.34: Components of the bending vector [Bdl. Histograms for the simulated values (black hatched with
positive slope) are compared with the ones of the measured parameterized values (red hatched with negative slope).
Significant differences are observed for Bdlx and Bdly.
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Figure 5.35: Components of the bending vector [ Bd! as a function of the track slopes ¢, and ¢,. Shifted distributions
are found for Bdlx and Bdly and a change a slope in Bdlz as a function of ¢, between the simulated values and the
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5.7 Towards a Unique Map

The LHCb Measured Magnetic Field Map described in Section 5.6 has been obtained for the down
polarity of the LHCb magnet and has been divided in four descriptions (one for each quadrant). A
similar description has been obtained for the up polarity of the dipole magnet [88], resulting in a total
of eight different parts composing the magnetic field map in the LHCb software. The idea of simplifying
the magnetic field description has emerged from the two following observations [96]:

1. Comparison between the up and down polarity measurements (Subsection 5.3.6). Figure 5.18
shows that the magnetic field components measured for both polarities agree within ~3x 1074 T.
This brings to the conclusion that using one description for both polarities is a reasonable as-

sumption, reducing the number of maps from eight to four.

2. The x-symmetry in the measurements (Subsection 5.3.5). Figure 5.14 shows that an x-symmetry
is observed in the measurements for B, and B,. The asymmetry for the B, component explained
in Subsection 5.3.5 could be neglected for the following reasons. First, it is the weakest magnetic
field component, the total magnetic field being dominated by the B, and then the B, components.
Second, using Ks — 7" 7~ from real data, it has been observed that a negligible amount of candi-
dates are reconstructed from two pions going through two diagonal quadrants (Q1-Q4 or Q2-Q3).
In this case, the asymmetry could matter, as the bending vector integral would depend on which
diagonal they went through. Neglecting the x-asymmetry in B,, the number of maps would be
reduced to two. However, as the MagneticFieldSvc is already designed to take into account four
maps, this simplification is not yet performed and one map per quadrant is kept.

Due to the up-down asymmetry of Figure 5.15, the map cannot a priori be further simplified. However,
the origin of the up-down asymmetry needs to be understood. If it is a fake effect coming from the
measurement campaign, then the magnetic field description could be further simplified. The final
answer to this issue is given by real data and is explained in Subsection 6.6.1.
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Momentum Scale Calibration Using
2009/2010 Real Data

n order to make precision measurements of particle masses and to understand the proper

time distribution of B decays, a good calibration of the momentum scale is needed. As the
momentum is measured from the curvature of the charged particle trajectories in the mag-

netic field, the magnetic field map of Chapter 5, which is used in the reconstruction, must be
validated using real data [97]. This can be achieved by studying the reconstructed masses of known
resonances, such as Ks, A, J/w and Y. The peak positions give information on the global [B-dl and
the width on more local systematic variations. The impact on physics of the differences between the
measured and simulated magnetic field maps must be evaluated, in order to determine discriminating
criteria between the two maps. For this, various test methods are validated with Monte Carlo data
by generating events with one field and reconstructing the same events with the same or the other
field and compare the results. The methods are then applied to Ks — nt7n~, A —p*n~ and A — p ™"
decays coming from 2009 and 2010 real data. They are reconstructed using either the measured or the
simulated magnetic field maps. From a comparison of the results, the description the closest to the real
magnetic field is kept. Further improvements could be then applied to the chosen magnetic field map
for a better description. From the same studies, an additive correction factor @ to the momentum scale
is obtained. As this factor should be universal, it can be calculated for one resonance and validated

using the results for other resonances.

Track reconstruction at LHCb is described in Section 6.1. The method of calibrating the momentum
scale is presented in Section 6.2 and possible effects which could change this it are listed. Section
6.3 summarizes the selection criteria to select Ks — n*7n~, A — p*n~ and A — p~n* events from the
2009/2010 Monte Carlo and real data. The validation of the calibration method using MC data is estab-
lished in Section 6.4, together with a study of systematics due to different magnetic field descriptions.
Results for 2009 real data are given in Section 6.5 and in Section 6.6 using 2010 real data.
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6.1 Offline Track Reconstruction

Track reconstruction consists of two steps: pattern recognition and fitting. The task of pattern recog-
nition is to find all the tracks by assigning correctly hits to them. After this, track parameters are
accurately estimated by a Kalman Filter based fit. These estimates are used in the event reconstruc-
tion to match the tracks to particle identification objects, such as RICH rings, calorimeter clusters or
muon candidates. In the physics analysis, they allow the determination of the primary and secondary
vertices and to calculate invariant masses.

6.1.1 Pattern Recognition

During pattern recognition [98], track segments in the VELO and the T-stations, called seeds, are first
reconstructed. These seeds are then possibly matched to each other or to additional hits from the other
tracking systems to extend the tracks.

As the magnetic field is low in the VELO detector, VELO hits are collected along straight lines. No
momentum information is provided by these track segments, called VELO seeds. The T seeds are
reconstructed from clusters in the IT and OT stations by a standalone algorithm. As the magnetic field
is moderate in this region, the trajectory is parameterized from three hits as a parabola to take into
account the non-negligible fringe field. Then, other x hits close by are added. The confirmation of the
track candidate in the x projection is made using stereo hit information. Quality cuts are applied to
clean the T track sample.

Different types of tracks are classified according to the detectors in which they have hits (Figure 6.1) [

/Upstream track

1 T track

) _ljonglmcl-{

Velo
Velo tr;ll.'ck

Downstream track

T T2 T3
Figure 6.1: Track Types at LHCDb [99].

* Long Tracks. These traverse the entire tracking system, from the VELO to the T-stations. As
they have accurate track parameters, they are the most important tracks used in the B decay
studies. They are reconstructed using two algorithms: the forward tracking and the track match-
ing with a tracking efficiency of 95%. The two algorithms are explained in the following.

I
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The forward tracking algorithm takes VELO seeds as input. Adding one cluster of the T-stations
to the track defines the trajectory in the T-stations. Using a parameterization of this trajectory,
additional clusters are searched for in the others layers of the T-stations. The candidate is kept
if it satisfies some quality criteria. Then, TT hits in a window around the predicted position are
added. This algorithm reconstructs ~95% of the long tracks.

The track matching algorithm matches T seeds with VELO seeds that have not been used by the
forward tracking algorithm. The momentum of the T seeds is first estimated using the pp-kick
method [100]. This is used to extrapolate the T seed to a plane located behind the last VELO
5%_order Runge-Kutta method [101]. The VELO seeds

are extrapolated using a straight line to the same z. Correct matches are selected using a y2

station, at zpatch = 752 mm, using a

criterion. Once the track is built, TT hits are associated to it. This algorithm accounts for the
reconstruction of ~ 5% of the long tracks.

¢ Upstream Tracks. These only traverse the VELO and TT station, before being bent out of the
acceptance by the magnet due to their low momentum. Due to their poor momentum resolution,
6p/p ~10—20%, they are mainly used in RICH1 reconstruction.

The upstream tracking algorithm takes VELO seeds as input, which have not been used in the
forward tracking nor track matching to reconstruct long tracks. Upstream tracks are confirmed
if the seeds are matched to at least three TT hits.

* Downstream Tracks. These only traverse the TT and T-stations and have no hits in the VELO.
They are used for reconstructing particles decaying outside of the VELO acceptance, such as Kg.

The downstream tracking algorithm takes T seeds as input, which have not been used in the
forward tracking nor track matching to reconstruct long tracks. The seeds are extrapolated to TT
and hits are searched for.

e VELO Tracks. These only traverse the VELO detector and are reconstructed from VELO seeds
not used in the previous algorithms. They correspond to particles flying in the backward direction
or outside of the LHCb acceptance covered by the VELO. They are also usually emitted at large
polar angles, which allows primary vertex measurements of high accuracy.

¢ T tracks. These only leave information in the T-stations and are reconstructed from T seeds not
used in the previous algorithms. They are usually produced in secondary interactions and are
used in RICH2 reconstruction. They have a poor momentum resolution, of 6p/p ~ 10 —20%.

Tracks that share a high percentage of their hits are called clones [99]. In this case, the track with the
higher number of hits is kept only, the other being discarded by the clone-killing algorithm. If two or
more clones have the same number of hits, then the one of highest quality (y2) is retained. Ghost tracks
are tracks reconstructed from many wrong hits [99].

In a typical bb event, about 99 tracks are reconstructed, of which ~ 26 are long tracks, ~ 6 upstream
tracks, ~ 14 downstream tracks, ~ 34 VELO tracks and ~ 19 T tracks [102].
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6.1.2 Track Fit using Kalman Filter

Once the tracks are found, their trajectories are refitted to determine the optimal estimates of the track
parameters and the corresponding covariance matrix [100]. A track is modeled by a set of straight line
segments along the beam axis. At a given z value, five track parameters are sufficient for a complete

description of the track state, which are summarized in a vector %, called state vector:

X
Y
X=|ty=0x/0z (6.1)
ty =0yl0z
q/p

where x and y are two position coordinates, ¢y and ¢y are two tangent directions, and the fifth parameter
depends on the momentum p obtained from the curvature in the magnetic field and on the signed
charge of the particle ¢ = +1. The state vector X together with its covariance matrix C are referred to as
the track state. The location of the track states is chosen at the measurement planes. The combination
of a measurement and a track state is called a node.

To fit the tracks, a bi-directional Kalman filter is used [103], which is based on the y? minimization of
the measurements on the tracks. The measurements are added one-by-one in the fit, updating at each
step the track state at the current node. By forming a weighted average of the forward and backward
filters, optimal estimates of track parameters at all measurements are obtained. The starting planes
are located at both upstream and downstream extremities of the LHCb detector.

The Kalman filter offers several advantages. Due to its iterative nature, it does not require time-
consuming inversions of large matrices, which distinguishes it from global methods of fitting the whole
trajectory at once. The Kalman filter offers the possibility to correct for energy loss and multiple
scattering processes arising from the interaction of the particles with the material of the detector and
for magnetic field effects. At the end of the fit, the particle trajectory is known throughout the whole
detector, making easier the matching of the tracks with RICH rings, calorimeter clusters or muon
candidates. Three steps are defined in the Kalman fit:

1. Prediction. In the forward direction, the track state at node % is predicted using the track state
at the previous node & — 1.

2. Filter Phase. In the filter phase, the predicted track state is updated using the measurement
information at node %, providing the best estimate of the trajectory based on the measurements
included so far. The prediction and filter phases are re-iterated until all the measurements are
included in the track. At the last node (2 = n), the track state has the best estimate, as it includes
the information of all the previous nodes.

3. Smoothing. The prediction and filter phases are repeated for the reverse direction. Smoothing
is performed by averaging the results of the two filtered states at each node coming from the fit
in the forward and backward directions.
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6.2 Momentum Scale Calibration Method

6.2.1 Theoretical Overview

Given two particles d; and da of energy and momenta (Eq,, pq,) and (Eq,, pg,) respectively, their

invariant mass is given by [104]:
m3,4, = Eay + Ea,)* ~ (Bay +Bay)- (Bay + Bay) (6.2)

In the following, the two particles d; and dg are assumed to originate from the decay P — didg of a
mother particle P. Under the hypothesis that the magnetic field scale is wrong by an additive constant
a, the momentum of each daughter particle needs to be scaled by a factor (1+ a). The relation between
a and the mass difference Am between the measured mq,q, and PDG mp mother mass is established
below.

Two-body Decay with Daughter Particles of Same Masses

If the two daughters particles have the same mass, the invariant mass mgq,4, of Equation 6.2 can be
simplified after a 1%t-order Taylor expansion in (m/p), with c=1 and m? << p?:

1/2

2
m 1
mﬁldQ = 2mi +2E4,Eq, —2pq,pa,cos0 with E=p (1+ _p2 ) and (1+x)2=~1+ §x+

hence m3 4 =m3iR+2-(pa,pa, — Ba, - Pa,) (6.3)
with my the PDG mass [105] of the daughter particles and R given by:
Pa; , Pay
Pdy, Pd;

If the measured momentum is wrong by a factor a, the PDG mass of the mother particle mp is:

R=2+ (6.4)

mp=miR +2-(1+a)* - (pa,Pay — Pd, * Pas) (6.5)

Subtracting Equation 6.3 from Equation 6.5 results in:

Ifax1 (;2 =1-2a+ ), the relation between the mass difference, Am = mq,q, —mp, and a simpli-

(1+a)
fies to: ) )
de -mp

Am=a- (6.7

mp
Equation 6.7 is used for the Ky — 77~ decay, with mp = 497.7 MeV/c? and mq = 139.6 MeV/c2.

For J/w — u*u~, as m(le < m%, this reduces to [106]:

Am=a-mp (6.8)
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Another way for the momentum to be biased is a poorly tuned energy loss description. In this case,
a correction factor, p’ = p — Bion, has to be made to the momenta of the daughter particles. Under the
hypothesis that the opening angle 0 is small, that the decay is symmetric (pq, ~ pg,) and the correction
Bion 1s the same for both particles, Equation 6.3 becomes:

2
22090
2sin® g=2-7%

Pd Pd ——
m(zil(12 :m3[2+p_dj+l7_d; +2pg,pd, (1—cosB) =4m§+pd1pd262
m2 =4m? + (g, — Bion)Pd, — Pion)0> = 4m> 02 — B;n( )-62
P~ daTPq; .Blon Pads ﬁlon = md+pd1pd2 ﬁlon b4, T pa, +...
hence
m?ildQ - m% = Bion " (Dd; +pd2)'92 (6.9)

Two-body Decay with Daughter Particles of Different Masses

If the daughter particles have different masses, the miR term of Equation 6.6 is generalized to:

2 , Pa 2 , Pa 2

h=m? +m?2 +=2.m2 +==.m (6.10)
i d Py d Pay d
Equation 6.7 is rewritten as:
h- m%,
Am=aqa (6.11)
mp

Equation 6.11 is used in the case of the A — p*n~ and A — p~7* decays, with mp = 1115.7 MeV/c?2,
mg, = 938.3 MeV/c? and mq, = 139.6 MeV/c2.

6.2.2 Possible Effects Affecting the Calibration

Biases in the reconstructed momentum scale can be due to several effects: an inaccurate description of
the alignment of the LHCb detectors, the use in the track fit of an incomplete description of the particle
energy loss or an incorrect magnetic field map. In order to disentangle the contributions of each of
these effects, an understanding of how these effects depend on the decay kinematics is needed. This is
described in the following.

1. Energy Loss Description

Charged particles moving through matter lose energy by exciting or ionizing indirectly atoms through
their interaction with the electrons of the material. The mean energy loss per unit distance is described
by the Bethe-Bloch formula [107]:

dE _ 4ne* NaZp [1 (Zmeﬁzyz) gl ] 6.12)

S dx Amec2p? I 2
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where E is the energy of the particle, x the distance travelled by the particle, e the charge of the
electron, A4, the Avogadro number, Z the number of protons in the atoms constituting the surrounding
matter, p the material density, A the atomic mass of the atoms, 8 = v/c with v the velocity of the particle
and c the speed of light, m. the rest mass of the electron, y = 1/y/1— 2, I the mean excitation energy
of the material and 6 the correction for the density effect. In general, dE/dx is expressed in energy per
unit of distance per unit of density (MeV g~! cm?).

Under the assumption that the excitation energy I does not vary significantly with the material type
and that the dependence on By of the energy loss is small, then Equation 6.12 reduces to:

% = cion% (6.13)
Equation 6.13, referred to as the simple energy loss description, was used in the track fit of earlier
LHCDb software versions, because it does not require the implementation of the information related to
I and 6 for all material types present in the LHCb spectrometer. The c;o, free parameter was tuned
to minimize biases of reconstructed momenta compared to their true values. It had been estimated to
Cion ~ 354 MeV mm? mol~! for DC06 Monte Carlo sample [100]. No further tuning has been performed

since then.

If the energy loss description is poorly tuned, then low momentum tracks are mostly affected, as Am ~
v/Pd (Equation 6.9).

2. Magnetic Field Description

As detailed in Section 5.2, the magnetic field is computed by a linear interpolation of values located on
a grid of 10 cm x 10 cm x 10 cm cubic cells covering the LHCb acceptance. The TOSCA finite element
package was used to simulate a first field map. This map agrees reasonably well with measurements
made in the LHCb cavern in December 2005, apart from the region upstream of the magnet where a
correction was needed (Figure 5.6) [91]. This partially corrected map, referred to as simulated magnetic
field map (Subsection 5.3.1), was used for the generation of DC06 Monte Carlo samples.

To achieve the momentum precision of dp/p ~ 0.4% required at LHCDb, a precise description of the
magnetic field is essential. The measured magnetic field map presented in Section 5.6, which is based
on the measurements, has replaced in the LHCDb software the simulated magnetic field map and is used
for studies with 2009 real data. A newer map describing the up and down polarities together (Section
5.7) is used in the case of 2010 real data.

There are two main differences between the simulated and measured maps. First, the simulated mag-
netic field map has a [Bdl that is ~ 7 x 1073 larger than the measured map (Subsection 5.6.3). This is
attributed to the known expansion of the coils by ~ 8 mm when the magnet is powered, which is not
taken into account in the simulated description. Second, the measured map has a large asymmetry
between the up and down quadrants, the field being weaker for y > 0 (Subsection 5.3.5). This up-down
asymmetry may be a real effect coming from tilts or shifts in the positioning of the magnet or maybe
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due to imprecision in positioning the measuring device. These two differences are used to discriminate
between the two maps, together with a discriminating variable based on geometry properties of the

Ks — 7"~ decays, which is introduced in Subsection 6.4.2.

In the case the magnetic field description is off by an overall scale a, then no dependence of Am should

be seen as a function of the momentum of the mother particle pp (Equations 6.7, 6.8 and 6.11).

Both L-L and D-D mass resolutions are dominated by the opening angle measurement. Monte Carlo
studies indicate that candidates reconstructed from two downstream tracks are expected to be more
sensitive to the magnetic field. This is due to the fact that they decay in the field and hence their
opening angle measurement depends on the field components. On the other hand for candidates recon-
structed from two long tracks, the opening angle is measured by the VELO detector independently of
the magnetic field. Therefore, they are only sensitive to the field scale.

3. Alignment Description

The alignment procedure at LHCb is introduced in Section 4.5. 4z

The minimized y? of Equation 4.1 is invariant under linear P e—— P T3 x 1

combinations of the alignment parameters. This phenomenon _"“’=‘=F""“‘“" T2 x0.85
; — " T1x0.625

is called weak mode (Figure 6.2) [108]. The simplest example
of a weak mode is a global shift of the T1-T3 tracking stations
in the z direction. More complicated examples exist such as
a global rotation of the T-stations in x about the centre of the

magnet, as shown in Figure 6.2.

To remove weak modes, constraints can be applied by using

Lagrange multipliers or by cutting on the corresponding eigen- Figure 6.2: Main weak modes at LHCb:
global rotation of the T-stations in x about

. L. . the centre of the magnet [108].
strained by aligning one detector with respect to another fixed

vectors from a spectral analysis. The system can also be con-

one, or by fixing degrees of freedom.

A charged particle going through the dipole magnet will be mostly bent in the x — z plane, as the main
magnetic field component is By (Chapter 5). The change of slopes before the magnet, ¢, ;, and after it,
trf, depends on the integrated magnetic field along the trajectory [108]:

9
\/ PE+p2
q

where w = > is called the curvature and Ip = [B,dz is the integral of the By component along the

At, = fodz =wlp (6.14)

trajectory.

In the case of misalignments, a curvature wq for a default geometry is biased to a new value o' as:

o' =wy+Aw+won (6.15)
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where Aw is called the curvature bias and corresponds to an offset and the wgn term is referred to as
curvature scale bias.

In the following, the J/y — u*u~ decay is used to understand how the presence of misalignments can
be qualitatively detected. In this case, the invariant mass of Equation 6.2 simplifies to:

2 ~92p,.p_(1-cosb) (6.16)

Miny

where p, and p_ are the momenta of the two positively-charged and negatively-charged daughter
particles respectively and 6 is the opening angle. The effects of the curvature bias Aw and of the
curvature scale bias wgn of Equation 6.15 are treated separately [108].

The curvature bias Aw can be translated into a bias in the invariant mass. The corresponding bias
momentum equals:

/ +1 +1/wg , ( Aw)
= = — =~ 1-— 6.17
P= A 14bw Dy =Dz oo (6.17)
wo |Aw|<<|wg]|
Inserting Equation 6.17 in Equation 6.16, the biased invariant mass value m’ is obtained:
m?=[1+(p_-p)Awl-m?> — m'=(1+(p_2;p+)Aw)-m (6.18)

Therefore, to first order, the mass bias depends on the difference in momenta between the two daughter
particles p_ and p.. This effect corresponds to a common translation in the x direction of the tracking
stations (weak mode) [ ]. For the K and A(N) cases, such an interpretation is not valid, as the
simplification leading to Equation 6.16 does not hold. However, if a dependence is observed between
the mass bias and the difference in momenta, then the presence of misalignments is qualitatively

confirmed.

The curvature scale bias results in a bias in the momentum and mass scale. Similarly to Equation 6.17,
the corresponding biased momentum is given by:

, +1
pr=—-— (6.19)
wo +won
A similar development than for the curvature bias leads to the biased invariant mass:
m?=1-2n)-m* — m'=1-n-m (6.20)

As a second order effect, the mass is therefore affected in the same way as for a scaled magnetic field.
This effect corresponds to a common translation in the z direction of the tracking stations (weak mode)

[108].

Different versions of the alignment are used with 2009 real data (v.5, v.7 and v.7 with improvements),
corresponding to different sets of degrees of freedom aligned during the minimization procedure. With
2010 real data, only the most recent version (v.3) is used [109].
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6.3 K., A and A Samples and Selections

The 2009/2010 real data samples and the corresponding Monte Carlo samples used in the momen-
tum calibration study are described in the following, together with the pre-selection and selection cuts
applied on the Ky — n*n~, A— p*n~ and A — p~ 7" decays.

6.3.1 Data Samples

The 2009/2010 Monte Carlo and real data samples used in the momentum scale calibration are pre-
sented in what follows. Version v25r0 of the software package DaVinci is used for 2009 real data and
version v25r4pl for 2010 real data.

2009 real data

The 2009 real data were taken at a centre of mass energy /s = 900 GeV with the VELO detector
opened by 15 mm for safety reasons, as the beam was broader and had a larger crossing angle. The
magnetic field was switched on at nominal current intensity (I = 5.85 kA) using the down polarity (the
By vertical component pointing down). A minimum bias trigger based on calorimeter information was
used to collect events. The trigger criteria required a transverse energy Etr > 240 MeV for the less
energetic cluster reconstructed in the HCAL and a number of hits in the SPD higher than 2.

The information of the RICH detectors is not needed for the momentum scale calibration. Therefore,
to maximize the amount of 2009 real data that can be used in this analysis, data collected with three
different data-taking configurations of the LHCb spectrometer are merged together. The first config-
uration includes all detectors in, the second excludes the RICH1 detector and the third one excludes
additionally the RICH2 detector.

2010 real data

The 2010 real data used in this analysis have been taken at /s =7 TeV with the VELO detector closed
and all the detectors in. Sets of data have been obtained using both polarities of the dipole magnet
switched on at nominal current intensity. Only a small part of the total dataset has been used in the
following studies.

A similar trigger on the calorimeter information as for 2009 real data is used (E7 > 240 MeV, SPD hits
> 2) together with an other trigger, which consists in accepting different types of events at given rates
without any cuts applied at LO-level trigger, called micro bias trigger!.

In the LHC machine, the beam traversing the whole LHCb spectrometer before reaching the interaction point
is called beam 2, beam 1 entering into the VELO detector from the upstream part. Four different event types are
recorded: The first one corresponds to collisions of the two beams (beam-beam events), the second and third ones to
events where only one of the two beams is circulating (beam-empty or empty-beam events depending if beam 1 or
beam 2 is missing) and the fourth one to events where there are no beams (empty-empty events). For the micro-bias
trigger line, at least one track recorded in the VELO or the T-stations is required at the HLT software level.
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2009/2010 Monte Carlo Data

The Monte Carlo data samples correspond to minimum bias events produced in same experimental con-
ditions as for the 2009/2010 real data: for centre of mass energies of 0.9/7 TeV, with the VELO detector
opened by 15 mm/closed and using the down polarity/both polarities of the magnetic field.

6.3.2 Event Selection

Pre-Selection
Before the offline selection process, the events have passed both the hardware-level trigger and a soft-

ware based pre-selection. The pre-selection cuts are summarized in Table 6.1 and are the same for
2009 and 2010 real data.

Table 6.1: Pre-selection cuts for the K — n*n~, A—p*n~ and A — p n* decays.

Common Pre-Selection Cuts

Track Quality y?/ndof <25
Track Momentum p > 1.5 GeV/e
Secondary Vertex Quality y2 <25

Z position of the Secondary Vertex <2200 mm
Impact Parameter Quality y2 <100
Proper Lifetime c7 (L-L candidates) >1 mm

(D-D candidates) > 10 mm
Specific Cuts for K?

Mass Window m +100 MeV/c?
Specific Cuts for A/A
Mass Window m +50 MeV/c2

During reconstruction, the tracks are refitted. This allows profiting from improvements in alignment
and to study the energy loss and magnetic field descriptions.

Offline Selection

The offline selection is designed to optimize the purity of the selected events. The selection has been
developed on the Ky — 77~ decay, including a veto on the mass of +12 MeV/c? on the A hypothesis.
The selection is applied without further tuning to the A — p*n~ and A — p~n* decays, except for the
cuts on the mass. The selection cuts summarized in Table 6.2 are applied to 2009 and 2010 data.

The candidate types used in this study are either candidates reconstructed from two long tracks, called
L-L type, or candidates reconstructed from two downstream tracks, called D-D type (Section 6.1).
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K, A and A Samples and Selections

Table 6.2: Offline Selection Cuts for the Ks — n*n~, A—p*n~ and A — p n* decays.

Common Offline Selection Cuts

Impact Parameter Significance IPS > 3
Track Momentum p > 2 GeV
Z Position of the Secondary Vertex =[0,220] cm
Flight Distance to Primary Vertex FD > 20 mm
Direction Angle cos(6) > 0.99995

Additional Cuts for K,

Additional Cuts for A (A)

Mass window mx, € [460,540] MeV/c? Mass window m , 7, € [1100,1130] MeV/c?
Mass Veto +12 MeV/c? on A hypothesis Mass Veto +18 MeV/c? on K, hypothesis

A-A Separation using the Armenteros-Podolanski Plot

As the A and A daughter particles do not cover the same kinematical phase space, A and A are sepa-

rated for calculation of the correction factor a. In addition, the A and A have different systematics as

one has a proton and the other an antiproton, which is like flipping the magnet polarity. To distinguish

between A and A, the Armenteros-Podolanski plot is used [110]. This technique is useful to analyze

the decay of a parent particle into two tracks with opposite charges, when particle identification infor-

mation is not used. For each event, the transverse component of the positive track p,Jli is plotted versus

the quantity a:

_ py—pL

a=——2" (6.21)
pi+py

with pf: and p; the longitudinal components of the momentum of the positive and negative tracks.

The points corresponding to
different decays are located on
contours that are easily distin-
guishable. This is due to the
fact that kinematics of these
decays are different.

As an example in Figure 6.3,
offline-selected A — p*n~ de-
cays (red) from real data are
separated from A — pa*
decays (blue) requiring a > 0.

The veto cut on the A/A mass
under the K; hypothesis al-
lows the removal of the back-
ground (black).
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Figure 6.3: Armenteros-Podolanski plot to separate A and A.
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The numbers of triggered and offline selected L-L and D-D K, A and A candidates are given in Table
6.3 for 2009 and 2010 real data.

Table 6.3: Number of triggered and selected L-L and D-D K, A and A candidates from the 2009 (down polarity) and
2010 (down and up polarities) real data.

candidates / data type | L-LKy | L-L A L.LA |DDK;| DDA | DDA
2009 (down) 1,124 220 172 | 4,756 1,651 1,259
2010 (down) 55,159 | 408,535 | 425,675 | 42,288 | 189,218 | 177,081
2010 (up) 54,102 | 381,997 | 353,207 | 40,950 | 178,241 | 167,026

6.4 Monte Carlo Studies

6.4.1 Validation of the Momentum Scale Calibration Method

Before applying the method to real data, it is validated with simulation. In the following, this is shown
for 2009 Monte Carlo L-L K candidates.

The momentum calibration method is applied as explained at the beginning of Section 6.5.1 on the
triggered and offline-selected 2009 Monte Carlo candidates from Section 6.3.2. The distribution of the
R values of Equation 6.4 is shown in Figure 6.4 (left). The mean value, Ryean = 4.64, is used in the

calculation of a.

Figure 6.4 (right) shows a as a function of the average momentum values ppean of each bin. The
a =0.0001 +0.0001 value obtained from a fit of a constant to the distribution is consistent with zero.
As no bias is observed, it is safe to apply the method to real data.
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Figure 6.4: R distribution with R ean=4.64 for 2009 Monte Carlo data L-L K candidates (left) and corresponding «
factor as a function of pyean (right). The best fit to a constant, @ = 0.0001 +0.0001, is consistent with zero.
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6.4.2 Magnetic Field Systematics

The effects on physics of the differences between the symmetric simulated or asymmetric measured
field maps explained in Subsection 6.2.2 are studied with Monte Carlo data. The effect of the global
scale difference between the two descriptions on reconstructed mass peak values is first estimated.
Then, local studies about the up-down asymmetry present in the magnetic field measurements are per-
formed. The impact on mass resolutions is investigated. These results are followed by the description of
a method based on the geometrical properties of K; — 777~ decays, which can be used to discriminate
between the two maps.

1. Global Scale of the Reconstructed Mass Distributions

To study the global scale of the reconstructed mass distributions, ~ 360,000 events of MCO09 inclusive
Jy — utu~ are used. The MCO09 data are generated using the measured magnetic field map. At the
reconstruction stage, either map is used. Only a mass window cut of +300 MeV/c? is applied on the
mass of the LO-triggered candidates without any HLT cut.

To fit the reconstructed u* u~ mass distribution, the radiative tail due to the emission of photons from
J/y — u*u”y processes has to be taken into account. A Crystal Ball (CB) function is used [111]. It
consists of a Gaussian with mean pcg and width ocg, which is combined with an ncg-power law
tail starting from a value Xtransition- This value depends on ocg and on a free parameter acg, as
Xtransition = 1CB — OB - @cB. The CB function is given by?:

1 1(x-pcs)?
X=UCB—OCB XCB: CB(x) —  ex (__( ) )
g VZJI(TCB P 2 OCB
|lx — pcpl "B (6.22)

I

x<pcg—ocp-acg: CBx)

The total fit function to be applied to the u*u~ reconstructed mass distribution is detailed in Equation
6.23. To give a good fit, a second Gaussian component is needed. The means of the CB and of the
additional Gaussian are constrained to be the same u value. The background contribution is modeled
by a 1%t-order P; function with parameter p;. The parameters fg and fcp are the fractions of the
additional Gaussian and of the CB function respectively.

F;i]::w =fg-9u,0a)+ fc-CB(u,00B,acB,ncB) +(1-fg—fep) - P1(p1) (6.23)

Figure 6.5 shows the fit result to the MC09 Monte Carlo J/w — u*u~ candidates reconstructed using
the measured magnetic field map. The reconstructed J/¢ mass value is u = 3096.80 + 0.03 MeV/c2.
Using the simulated magnetic field map leads to the reconstructed mass distribution of Figure 6.6. The
fit values of all the parameters are consistent with those obtained using the measured map, except for
the mean p =3118.19+0.03 MeV/c2. Hence a scale factor S = 0.9931.

2A positive acp value results in a tail on the left of the mass peak, while a negative one would give a tail on the
right.
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Figure 6.5: Reconstructed MCO09 u*u~ mass distribution using the measured field map. The reconstructed /v
mass is p = 3096.80 +0.03 MeV/c?.
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Figure 6.6: Reconstructed MC09 u*u~ mass distribution using the simulated field map. The reconstructed J/y
mass is y=3118.19+0.03 MeV/c2.
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2. Up-Down Asymmetry

Simulated magnetic field values that are (anti-)symmetric between the four (x = 0, y = 0) cm, (x = 0,
y<0)cem, (x<0, y=0)cm and (x <0, y <0) cm quadrants inside the LHCb acceptance are naturally
expected given the shape of the magnet. However, magnetic field measurements do not reproduce
fully this (anti-)symmetries, as explained in Subsection 5.3.5. Therefore, it has to be established if the
asymmetries observed in the measurements are real or fake. The following studies using the MC09
Monte Carlo inclusive J/y — u* u~ sample show that this issue can be solved with events coming from
real data.

To study the up-down asymmetry, the selected MCO09 J/y candidates are reconstructed using the sym-
metric simulated magnetic field map. Information about the x and y coordinates of the trajectories
followed by the charged tracks is collected during the reconstruction stage at given z coordinates. Two
values of z are used, z = 250 cm and z = 850 cm, which are located at both the upstream and down-
stream sides of the magnet. The reconstructed candidates are divided into two samples, by requiring
that the two u tracks go through the upper part of the magnet (y > 0 cm at z = 250 cm and z = 850 c¢cm)
or that they both belong to the down part of the magnet (y <0 cm at z =250 cm and z = 850 cm). The
reconstructed masses for both cases are shown in Figures 6.7 and 6.8 respectively. The mean values
obtained are p,, = 3119.90 + 0.02 MeV/c? (Figure 6.7) and pgown = 3116.92 +0.06 MeV/c? (Figure 6.8),
corresponding to a ~ 3 MeV/c? difference. If this effect is seen on the real data, it would be evidence

that the simulated map is correct.

Figures 6.7-6.8 also show that magnetic field values in the upper part of the magnet are more different
between simulation and measurements than the ones from the down part, as pyp is further away from
the expected mass value mg;, = 3096.9 MeV/c?. As the simulated field is globally stronger than the
measurements (Figures 6.5-6.6), the measured field is hence weaker in the upper part of the magnet
than in the lower part.
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Figure 6.7: Reconstructed MC09 "~ mass distribution for ™ and y~ passing through the upper part of the magnet
using the simulated field map. The reconstructed J/i mass is pup =3119.90 +0.02 MeV/c2.
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Figure 6.8: Reconstructed MC09 u* 1~ mass distribution for u* and u~ passing through the down part of the magnet
using the simulated field map. The reconstructed J/y mass is figown = 3116.92 +0.06 MeV/c2.
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3. Mass Resolutions

The impact of the magnetic field description on the mass resolution is studied by reconstructing 2010
Monte Carlo Ky candidates generated using the measured field map, using for the reconstruction ei-
ther the measured or the simulated maps. The resolutions are obtained from Gaussian fits to the
reconstructed mass distributions in bins of the momentum.

As can be seen from Figure 6.9, the mass resolutions of D-D candidates (bottom) are more sensitive
to the choice of the magnetic field map than for L-L candidates (top). Indeed, a worsening of ~ 5%
is observed for D-D K candidates (bottom) when refitting with the simulated field map (red dots)
compared to reconstructing with the measured map (black triangles), which is accompanied by a loss
of ~ 1% of candidates when using the simulated map. For L-L candidates, no significant differences are
observed (top).
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Figure 6.9: Mass resolutions as a function of p for 2010 Monte Carlo L-L (top) and D-D (bottom) K candidates
reconstructed using the measured (black triangle) or the simulated (red dots) magnetic field maps.
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4. Decay Plane Dependence

The mass difference Am of Equation 6.7 is studied in bins of the angle ¢ between the normal to the
decay plane and the y axis corresponding to the direction of the main magnetic field component. No
dependence is expected between these two quantities.

The results are shown in Figure 6.10 for 2010 Monte Carlo L-L (left) and D-D (right) K candidates
using the measured (top) and simulated (bottom) magnetic field maps. A clear bias is observed in
the distribution of the D-D Ky using the simulated map, while the corresponding distribution for L-L
candidate is flat. As explained in Section 6.2.2, the D-D candidates are expected to be more sensitive
to the magnetic field description than the L-L candidates. This variable will be studied using 2010 real
data to determine whether the simulated or measured map describes the best the data.
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Figure 6.10: Mass difference Am in bins of ¢, the angle between the normal to the Ks — n*n~ decay plane and
the main magnetic field direction (y axis), for L-L (left) and D-D (right) K5 candidates using the measured (top) and
simulated (bottom) magnetic field maps.
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6.5 Results with 2009 Real Data

The L-L K; candidates coming from 2009 real data are used to quantify the effects of different energy
loss, magnetic field and alignment descriptions explained in Subsection 6.2.2. First, a calculation of

the momentum scale factor a using 2009 real data L-L K candidates is explained.

6.5.1 Momentum Scale Factor Calculation

As mentioned in Section 6.2.2, the scale factor a is expected to be independent of the momentum of
the mother particle pp. The factor a is therefore calculated in bins of pp. Each bin contains an equal
number of candidates. Once the second unknown term R of Equation 6.7 is computed, the a values are
represented as a function of the average values pmean of the momenta of a given bin. The distribution

is fitted with a constant function to obtain the average momentum scale factor a.

Am calculation

In each bin of pp, the mass distribution of the candidates is fitted using tools from the RooFit package
[112]. The fit function Fg consists in a single Gaussian ¢ of mean p and width 0 modelling the signal
contribution together with a constant function of parameter pg representing the background, as given
in Equation 6.24. The mean y is used to calculate Am. The signal fraction f is a free parameter in the
fit. As an illustration, the reconstructed mass distributions of L-L Ky candidates from 2009 real data
distributed in five bins and their fits are shown in Figure 6.11 (top, middle and bottom left).

Far=f-9u,0)+(1-1) po (6.24)

R Estimation

The mean value of the R distribution of the selected candidates is used for the calculation of the field
scale for 2009 real data. This method was validated using the Monte Carlo to lead to a correct scale
factor determination in Subsection 6.4.1. As the mean value of the R distribution is affected by the
background contribution, a sideband subtraction is performed to the selected candidates®.

3The total mass distribution is first fitted using Equation 6.24 to obtain its resolution o, as shown in Figure
6.11 (bottom right). The signal region is defined as mg_  +4-0, where mg_ is the expected mass value of the K
resonance. From the boundaries of the signal region, the background regions extend at each sides up to mg, £6-0.
The background subtraction consists in filling two histograms, one with the events belonging to the signal region
and the other with the events belonging to the background region. The R value is estimated from the remaining
candidates of the subtraction of the latter to the former histogram.
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Figure 6.11: Reconstructed mass distributions of 2009 real data L-L K candidates in five bins of pk, (top, middle,
bottom left). The mean p of the Gaussian fits is used in the calculation of Am. The resolution o of the Gaussian fit to
the total distribution (bottom right) is used in the background subtraction method.
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As shown in Figure 6.11, the mean u are all below the expected Ky mass value mppg(Ks) = 497.67
MeV/c2. The global momentum scale is expected to be corrected by a scale factor @ value such that it

becomes bigger than one. The mean value of the R distribution is Ryean = 4.72.

The result for the additive scale factor a obtained with 2009 real data L-L Ky candidates is shown in
Figure 6.12 (left). It is found to be a = —0.0014 + 0.00044.
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Figure 6.12: « as a function of the average value of p per bin for 2009 real data L-L K candidates. The best fit to
a constant gives a=-0.0014+0.0004 (left). As a check, a fit of the Am distribution as a function of the average value
of R per bin is performed using Equation 6.25 (right). The fit value obtained, -0.0012+0.0004, is in good agreement
with the value obtained for a.

To check the validity of the result, Am is plotted in bins of R instead (Figure 6.12, right). The distribu-
tion is fitted using the one-parameter function fg derived from Equation 6.7:
2

m72T-R—mKS

RR)=-a- (6.25)

mKs
The fit parameter obtained, a = —0.0012 + 0.0004, is consistent with @ = —0.0014 + 0.0004.

The a factor will be recalculated using K candidates with higher statistics coming from 2010 real data
and validated using A and A candidates in Subsection 6.6.4.

4The minus sign comes from the fact that mﬁR is smaller than m%, in Equation 6.7.
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6.5.2 Effect of Energy Loss Description

Using the simple energy loss description of Subsection 6.2.2, the result for 2009 real data L-L Ky can-
didates is shown in Figure 6.13, together with the result obtained using the full Bethe-Bloch formula,
called detailed E1yss in Figure 6.13.

A global shift of —6-107% is observed between using one or the other energy loss descriptions. The
a = —0.0020 £ 0.0004 value found using the simplified description is further away from zero than the
result « = -0.0014 +0.0004 obtained with the Bethe-Bloch formula.

The same shift is observed when using the corresponding Monte Carlo candidates. This means that the
hypotheses made to obtain the simple energy loss description are correct at a 1073-level and that this
shift could be (partially) corrected by re-tuning the c;,, parameter of Equation 6.13 on MC09 Monte
Carlo data.
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Figure 6.13: a for Monte Carlo (triangle) and 2009 real (circle) data L-L K; candidates using the simple energy loss
(a=-0.0005+0.0001, a=-0.0020+0.0004) or the Bethe-Bloch (a=+0.0001+0.0001, @=-0.0014+0.0004) descriptions.
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6.5.3 Effect of Magnetic Field Description

Results obtained using the simulated magnetic field map are compared with those obtained with
the measured map using 2009 L-L K candidates. The reconstructed mass values using the simu-
lated magnetic field map are in worse agreement with the expected mass value. The obtained factor
a =+0.0059+0.0004 is ~ 4.2 times bigger than the one obtained with the measured magnetic field map
(Figure 6.14).

This therefore shows that the global scale of the measured magnetic field map is in much better agree-
ment with the 2009 real data than the one of the simulated map.
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Figure 6.14: « as a function of the average value of p per bin for real data L-L K candidates reconstructed using
the simulated (red small dash line) or the measured (black long dash line) magnetic field maps. The fits to a constant
give a=+0.0059+0.0004 and a=-0.0014+0.0004 respectively.

To first order, the difference between the simulated and measured maps in bins of pp is a simple scaling
of 0.0073. This value is in agreement with the scale factor S = 0.9931 obtained with the tests performed
on Monte Carlo J/y candidates in Section 6.4.2.
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6.5.4 Effect of Alignment Description

The effect of the alignment description on the momentum scale calibration is tested. As explained in
Subsection 6.2.2, Am is expected to be independent of (p™ — p~), the difference in momenta between the
positive and negative daughter tracks. If a slope is found in the distribution, it means that the align-
ment description is not accurate. Such an effect cannot be explained by the magnetic field description,
as it would affect similarly p* and p~ and hence not lead to a slope feature.

No slope is found for L-L Ky candidates from 2009 real data, as shown in Figure 6.15 (left). An addi-
tional check is made by looking at the mass difference as a function of the azimuthal angle ¢ of the
VELO detector. As the reconstructed Am should not depend on the measured ¢, a flat distribution is
also expected, which is observed in Figure 6.15 (right).
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2 0.6 2 065
0.4 0.4
5 0.2F 5 0.2F
o (1)
0.2F 0.2
O —— | —— — ) 7 <, A I —— _ ]
0.6/ 0.6
-0.8F -0.8F
] ! ! [ \ ! gt Ll ! [P !
8§ 6 4 2 4 _6 8 3 2 1 0 3
(®" - P)yen (GeV/C) Prnean (Fad)

Figure 6.15: Am = p—mg, as a function of the difference in momenta between the positive and negative tracks (left)
and as a function of the ¢ polar angle in the VELO detector (right) for 2009 real data L-L K; candidates.

The alignment description is still evolving. Therefore, it is interesting to look at how the a factor value
is affected by the use of different descriptions. Figure 6.16 shows the results obtained for two versions
(v.5, v.7) prior to the one used for the result obtained in Figure 6.12 (left) for 2009 real data L-L K
candidates (v.7+improvement). The results are summarized in Table 6.4. No significant dependence on
the alignment description is observed.

Table 6.4: Fits results to a constant for 2009 real data L-L Ky candidates for different alignment descriptions.

Alignment v.5 Alignment v.7 Alignment v.7
+ Improvement

—-0.0014 +0.0004

—-0.0015+0.0004 | —0.0019 + 0.0004
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Figure 6.16: « as a function of ppyean for 2009 real data L-L Ky candidates reconstructed using the initial (red

square), the latest (blue empty circle) and an improved version of the latest (black circle) alignment descriptions.

6.5.5 Magnetic Field Systematics

Global Scale of the Reconstructed Mass Distribution

The factor @ = —0.0014 is used in the service
dedicated to the magnetic field of the LHCb soft-
ware together with the measured map (Subsec-
tion 5.5.4). An example is shown in Figure 6.17

for 2009 real data L-L K candidates.

The fitted mean p = 497.7+ 0.1 MeV/c? agrees
perfectly with the expected value mg, = 497.67

'E 400 E_ + Data
é 350 - - = Signal
300 3 — Fit Function
250 w= 497.7 +/- 0.1
o o= 3.93+-0.10
200 f= 0.958 +/- 0.008
150
100 ,
- MeV/c“.
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L el L
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540

m(w ©*) (MeV/c?)

Figure 6.17: Reconstructed #*7n~ mass distribution from
2009 real data candidates using the measured field map to-
gether with the correction factor a=-0.0014.
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6.6 Results with 2010 Real Data

From the four magnetic field systematics presented in Subsection 6.4.2, it has already been observed
using 2009 real data that the global scale of the reconstructed mass distributions using the measured
magnetic field map is in better agreement with real data than the one of the simulated map (Figure
6.14). The three other magnetic field systematics are tested in the following using L-L or D-D K,
candidates coming from 2010 real data.

6.6.1 Up-Down Asymmetry

The impact on physics of the up-down asymmetry described in Section 6.4.2 using MC09 Monte Carlo
inclusive J/v — p* i~ has been investigated using 2010 real data®. A relative effect of 0.1% is expected
in the mass distributions of Kg decays reconstructed from tracks going through the upper part or the
down part of the magnet using the measured map, in case the up-down asymmetry is a fake effect. On
the other hand, if the up-down asymmetry is real, then no shift between the two reconstructed masses
will be observed when using the measured map, but with the simulated map. In the Ky case, the 0.1%
effect expected corresponds to a ~ 0.5 MeV/c? difference between the two mass distributions.

Results obtained for L-L K candidates are shown in Figure 6.18 for 7* tracks going through the upper
part of the magnet (left) and for two tracks going through the down part (right) using the measured
magnetic field map (top) or the simulated one (bottom). The fit results are summarized in Table 6.5.

Table 6.5: Gaussian fits results for 2010 real data L-L K, candidates reconstructed from n* going through different
parts of the magnet and using different magnetic field descriptions.

Upper Part | Lower Part
Measured Map | 497.2+0.1 | 497.2+0.1
Simulated Map | 499.6+0.1 | 499.0+0.1

The two results for the measured map are consistent (Table 6.5), while a difference of 0.6 MeV/c? is
observed in the results using the simulated map, which corresponds to the ~ 0.1% effect expected®. The
up-down asymmetry is therefore a real effect.

5Due to the smaller size of the dataset, it was not possible to perform this study using 2009 real data.
6The higher value for the upper part than the lower one is expected as the residuals between the two magnetic
field descriptions are known to be larger in the top part of the magnet (Section 5.3.5).
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Figure 6.18: Mass distribution of real data L-L 7 and n~ passing through the upper part (left) or down part (right)
of the magnet reconstructed using the measured (top) or simulated (bottom) field maps.

6.6.2 Mass Resolutions

The D-D K candidates from 2010 real data are reconstructed using either the measured or simulated
maps with the down polarity of the magnet. From Monte Carlo studies, a 5% effect is expected between
the mass resolutions for the two cases, as explained in Subsection 6.4.2. This effect is not observed
in real data, as shown in Figure 6.19. This could be because it is hidden by the worse resolution
in real data, 0rec = 7.3 MeV/c2, compared to the expected resolution Oexp = 5.9 MeV/c2 for D-D Kq
candidates.
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Figure 6.19: Mass resolution ¢ in bins of ppean for 2010 real data D-D K candidates. Results using the measured
map for the down polarity (black filled dots) are compared to the ones for the simulated field map (blue empty dots).

6.6.3 Decay Plane Dependence

Results for the mass difference Am in bins of the angle ¢ between the normal to the decay plane and
the y axis direction are shown in Figure 6.20 for 2010 real data D-D Ky candidates.

A comparison of the distributions for the up (red dots) and down (black triangles) polarities show a
similar shape (top). This shape is not a simple scaling, but is the same for both polarities, however
flipped with the magnet polarity. It could be interpreted as an overcorrection of the simulated map.
The simulated map (empty blue dots, bottom) gives a shape that is similar to the one predicted from
the Monte Carlo studies of Subsection 6.4.2, hence disfavoring the simulated map.

Validation of the Measured Magnetic Field Map

From the observed decay plane dependence and the fact that the up-down asymmetry of the field is
seen in the data, the choice of the measured map is validated. It can now be used to calculate a
correction factor for the residual global scale difference between the expected mass peak values and
the reconstructed values of K, A and A resonances from early 2010 data.
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Figure 6.20: Mass difference Am in bins of ¢ for 2010 real data D-D Ky candidates. The results using the measured
map for the positive polarity (black filled triangles) are compared on the left to the ones for the negative polarity (red
filled dots) and on the right, to the ones for the simulated field map (blue empty dots).
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6.6.4 Momentum Scale Factor Calculation

The momentum scale is calculated using events of Table 6.3 coming from early 2010 runs. A comparison
between the two magnet polarities has also become possible. The method explained in Subsection 6.5.1
is used, except for the calculation of R, which is improved by using a per-event estimate instead of an
average value per bin. This is valid for the calculation of & for A and A candidates. A linear function is
used to model the background description in Equation 6.24 for the A and A cases.

As an illustration, the distribution of a as a function of the momentum for L-L K candidates recorded
with the down polarity is shown in Figure 6.21. The distribution has a slope at low momenta, while the
distribution at higher momenta is flatter. The slope feature is attributed to an alignment effect. This
assumption is supported by the following studies performed on 2010 real data: K¢ candidates recorded
in presence of a magnetic field are reconstructed using the alignment corresponding to the case where
the magnet is switched off. The same feature as in Figure 6.21 for low momenta is observed, however
with a larger slope. Using the alignment corresponding to the case where the magnet is on, the bias at
low momenta is reduced, hence illustrating the role played by the alignment description on this slope
feature [113].
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Figure 6.21: « as a function of the average value of p per bin for 2010 real data L-L K candidates (down polarity).

The results obtained for @ are shown for both polarities in Figure 6.22, for L-L (top) and D-D (bottom)
K, A and A candidates.
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Figure 6.22: « for 2010 real data L-L (top) and D-D (bottom) K, A and A candidates taken with the down (red) and

up (yellow) polarities of the magnet.
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Several observations are made:

1. The a value found for L-L candidates is smaller than the one for D-D candidates. From the results
of Figure 6.22, the weighted average value obtained for L-L candidates is @ = —0.0007 +0.0001
against @ = —0.0034 +0.0001 for D-D candidates. One reason for this is that D-D candidates are
more sensitive to the magnetic field than L-L candidates. Another possibility is that it points to
a problem in the relative alignment between the Tracker Turicensis and the VELO.

2. The L-L A (A) candidates recorded with the down (up) polarity of the dipole magnet have the
same a factor as the A (A) candidates with the reverse polarity. The two sets of a values slightly
differ, which is explained as follows. When reconstructing L-L candidates from 2010 data taken
with the down or up polarities of the dipole magnet, small differences are observed for small or
large values of the decay plane angle ¢, as shown in Figure 6.23 for K¢ candidates. At intermedi-
ate values of ¢, the decaying particles have almost no p, component, hence all the x component
of the momentum is acquired by the kick of the magnetic field. At small or large ¢ values, the
decaying particles have a significant p, component. The kick of the magnet can add or subtract
to it according to the charge of the particles, resulting in particles being kicked in or out of the
magnet. These particles are considered to be responsible for the differences observed in Figure

6.22.
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Figure 6.23: Mass difference Am in bins of ¢ for 2010 real data L-L K candidates, for the positive polarity
(black triangles) and the negative polarity (red dots).

3. Small differences are observed between the results for the K and the A/A results discussed in
point 2. It can be explained by the same effect than in point 2. It could also come from different

momentum ranges covered for the candidates, as well as possible material effects.

The a scale factor to correct the momentum scale is hence found to be of order 1073.






The Time-Dependent Angular Analysis to
Untagged B? — J/y¢ Events

ecays of BY mesons to J/y¢ either directly or through BY - BY oscillations lead to

the CP violating phase q;;W“’. In the Standard Model, this phase is predicted to be

=SI/1//<P =20 = —0.036&8:88?8 rad [105], with Bs the smallest angle of the unitary trian-

gle of the CKM matrix relevant to B(S). This phase is hence one of the CP observables

with the smallest theoretical uncertainty. A precise measurement of ([)‘SMW could therefore lead to an
indirect discovery of New Physics, in case new particles would contribute to the B? - B box diagram
and hence modify the ¢<Sl/w¢ value from its Standard Model expectation. This makes it a key measure-
ment at LHCb. On the way to this measurement, an analysis without tagging the flavor of the B(S)
at production will be first performed. In this chapter, sensitivity studies for the parameters that can
be determined at LHCb from the time-dependent angular analysis to untagged Bg — JAy¢ events are

presented, considering both Standard Model and New Physics scenarios [114].

In Section 7.1, the formalism describing the B(S) — JAy¢p decay and the angular analysis principle are
introduced. In Section 7.2, a summary of the latest measurements obtained at the Tevatron on ([)‘SVWP
is given. The Bg — JAyp offline selection developed in [115] is summarized in Section 7.3, where the
B?— JywK*? and B* — JiK* control channels are also introduced. Section 7.4 details the fit model
used in the analysis, including signal and background contributions. The angular acceptance param-
eterization developed in Section 7.6 can be used for the signal component [116]. The fit procedure of
Section 7.5 is applied to the sensitivity studies for the time-dependent angular analysis to untagged
Bg — JAy¢p events. Results are given in Section 7.7 [114]. The tagged analysis, which will bring the

ultimate measurement of ¢>;W“’, is briefly introduced in Section 7.8.

167



168 Phenomenology

7.1 Phenomenology

7.1.1 The CKM Picture

In the Standard Model, the only interaction vertices that do not conserve flavor are the couplings
between W bosons and quarks. In the Lagrangian of the SM, the part describing these couplings in
terms of the mass eigenstates is given by [117]:

dL,
fw:_g_\/g(ﬁL’EL’EL)Y#VCKM s |W), + he (7.1)
br,

with go the gauge coupling related to the gauge group SUp(2), y* the Dirac matrices, Wg) the field
describing the charged W boson and Vg the 3x 3 unitary Cabibbo-Kobayashi-Maskawa (CKM) matrix
containing the strength of the flavor-changing weak decays [18]:

Vad Vas Vb 0.97419+0.00022 0.22570+0.00100 0.00359 +0.00016
Verm = | Ved Vs Veb = 0.22560£0.00100 0.97334+0.00023  0.04150*0-05190

Via Vis Vi) IVijimagnitudes | 0.00874%0-90028  0.04070+0.00100 o.999133fg;gggggg( |

7.2

To parameterize the CKM matrix, four parameters are required. One useful parameterization shown
in Equation 7.4, called Wolfenstein parameterization, is an expansion in terms of the small parameter
A = sin(0¢), where 8¢ the Cabibbo angle!, and with three additional real parameters (p,n,A). The four
Wolfenstein parameters are to first order [18]:

A=0.8147000 p=0.135"003F 1=0.34970015 1=0.2257700009 (7.3)

The CP violation arises from the 1 parameter, while (p,A, 1) conserve CP. Veky can be approximated

as
1-212%/2 A AA3(p—in)
Verym = =) 1-A%2  AA2 [+0(Y (7.4)
AN3(1-p—-in) -AA? 1

taken terms up to A13. When considering next-to-leading order corrections in A, which are needed for
the study of the B(S) - Eg mixing phase, the CKM matrix is expanded to G(1°):

1-12/2-1%/8 A AA3(p—in)
Vorm = | -A+@—2(p +in)A%2%/2  1-2%2-(1+4A%)AY8 AA? [+6(AT) (7.5)
AA3(1-p—in) —AN?+(1-2(p—in)AAY2 1-A21%/2
with:
p=p-(1-1%/2) and 7[=n-1-1%2) (7.6)

IThis angle was introduced by Nicolas Cabibbo to preserve the universality of the weak interaction.



169

In the Standard model, the parameter measuring the strength of CP violation is called the Jarlskog
parameter Jcp. It is given by [118]:

Jep = [S(V;,V,sVisVi)|, (#j,a#p) (7.7)

CP is violated if the imaginary part of the products of the CKM matrix elements is different from zero,
hence if Jcp # 0. Using Equations 7.4 and 7.5, J¢p is rewritten as [102]:

Jop = A8A%n(1 - 22/2) +0(11%) ~ 1075 (7.8)

CP violation effects are therefore small in the Standard Model. New sources of CP violation could
potentially be brought by New Physics contributions.

The Unitary Triangles

From the unitarity condition of the CKIM matrix (arising from rotation matrix properties)
Vo Verar = Vern Ve = 1 (7.9)
CKM "CKM = YCKM " CKM .
a set of twelve equations can be extracted of the form

%Vkivk*j =0ij (7.10)

For any combination of i and j, with i different from j, a constraint on three complex numbers is
obtained, which forms in the complex plane the sides of a triangle [119]. There are six choices for i and
J, hence the six triangles shown in Figure 7.1 (not to scale), which are called unitary triangles. Their
shapes are different, but they cover the same area, which is equal to 0.5-Jcp [120]. The orthogonality
relations corresponding to each triangle are given by

(ds): VyqVas + VegVes + VigVis =0
(sb): Viys Vi + Ves Vi + Vi Vi, = 0
(db): V,qViip + VeaVer + ViaVip =0
(cw): VgV + VusVes + Vi Vi = 0
(te): VgVig + Ve Vie + Vi Vi, = 0
(tw:VaVig + VusVis + Vi Vi, = 0

(7.11)

All the triangles of Figure 7.1 are squashed, except for the (db) and (tu) triangles that have sides of
comparable size of G(13). The following four angles of the unitary triangles are of particular interest
for the CP violating processes,

vV .V vV.v: V.V: v.V*

ud " ub cd ' cb ts " tb us " ud

y=arg|-— | Barg|-oor| Bs=arg| ooy | Pr=arg|-— (7.12)
( Vchcb) ( thth) i ( VcsVCb) ( Vcchd)
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Vea Vi ~ —AN? Vi Vi ~ —AN®

Figure 7.1: The unitary triangles in the complex plane using the leading order Wolfenstein parameterization [102].

where y and f appear in the same (db) triangle, while s and Bk appear in the (sb) and (ds) triangles
respectively (Figure 7.1). All these phases can be related to the CP-violating parameter 7. For instance,

the Bs angle is expressed in terms of the Wolfenstein parameterization by:

s = arg

1
l—AZ(E—p—in)+O(A4)] =~ A%p (7.13)
Using the measurements of Equation 7.3, it is predicted to be 285 = 0.0360f8:88§2 rad [18].

The current experimental results and constraints on the (db) triangle are given in the (p,7) plane
(Figure 7.2, top) and for the (sb) triangle in the (p,,7,) plane (Figure 7.2, bottom) [121], where the (p,7)
and (pg,7,) planes are defined by:

A7 V..V

— — d’ ub — — us " ub

'O+l7]:—u—* and P +1n =TT e (714)
VchCb ’ ’ VCSVCb
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Figure 7.2: Current experimental constraints of the (db) triangle in the (p,7) plane (top) and on the (sb) triangle in
the (pg,7;) plane (bottom) [122].
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7.1.2 The CP Violating Weak Phase <p;”‘”"’ in a Nutshell

Bg mesons can decay into JAy¢ through tree and penguin processes driven by b — ¢cs quark level
transitions (Figure 7.3). The tree diagram dominates with a single weak phase ®p = arg(VV ;).

Inp

ol

BO

Figure 7.3: Decay topologies contributing to B(s) — J¢ in the Standard Model: Tree diagram (left) and Penguin
diagram (right).

Before decaying into Jay¢, Bg mesons can also first oscillate into Eg through box diagrams, as shown in
Figure 7.4. In the Standard Model, the B(S) mixing phase is @y = 2-arg(V,,V}).
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sV, @Wot Vv, b S v, W' v, b

Figure 7.4: Diagrams responsible of Bg—ﬁg mixing in the Standard Model.

The interference between the two possible paths to Jiy¢ gives rise to the CP violating phase cp;f/‘”‘l’
expressed in terms of the decay and mixing phases as:

¢ = Dy —2- Pp (7.15)
In the Standard Model, ¢<SI/1//</> = -2-arg(-V,,V;;/VsV}), which is equal to —265, with S5 introduced in
Subsection 7.1.1. The (,b‘sl/w(/’ phase is therefore predicted to be very small, ¢=SJ/1V¢ = —0.0360:“8:88%8 rad

[18]. However, new particles could contribute to the Bg - Eg box diagram and have the potential
to modify ¢;I/w¢ significantly from its expectation (by changing the value of ®y). Thanks to the high
precision of the Standard Model ¢;W‘/’ prediction, measured deviations would then easily be interpreted
as clear signs of New Physics. This is the reason why this measurement is one of the most promising
to search indirectly for New Physics at LHCb.
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7.1.3 The Angular Analysis

BY — Jiy¢ is a pseudo-scalar to vector-vector decay. Since J/y and ¢ are vector mesons, they can have
an even or odd relative orbital angular momentum ¢ in the final state (¢ =0,1,2). Due to total angular
momentum conservation, the final state is therefore an admixture of CP-even (£/=0,2) and CP-odd (¢/=1)
states. The resulting admixture tends to dilute (or cancel) the overall CP asymmetry. If the different
CP components could be separated statistically by some method, then the CP information would be
obtained without dilution. Such a method is called Angular Analysis.

It is possible to perform the angular analysis of the decay products in three different bases: the transver-
sity basis, the helicity basis or the partial wave decomposition. They are equivalent, but lead to different
physical observables. In the helicity formalism, the angular analysis is performed in terms of the spin
angular momentum S , while the orbital angular momentum L is used in the partial wave decomposi-
tion formalism. These two bases are indeed equivalent, as the total angular momentum J=L+8S is
conserved. Some advantages in using the helicity formalism will be discussed in Section 7.6.

A priori, the transversity formalism does not result from such an easy interpretation of quantum me-
chanics. It has been however developed, because it has the great advantage of leading directly to the
measurement of CP violation quantities of interest, what the helicity formalism does not offer. It is
therefore the one adopted by the LHCb experiment to perform the ([)‘Smw measurement to the tagged
B(s) — JAp¢ signal events. Consequently, it is also the one used for the sensitivity studies to the untagged
fit of Section 7.7.

In the following, the three formalisms are introduced and the passages to go from the helicity and

partial wave decomposition bases to the transversity one are given.

The Transversity Basis

In the transversity basis, the three decay product angles are given by Qg =1{0, v, ¢} (Figure 7.5) [123].
In the JAy rest frame coordinate system, the x direction is defined by the direction of the ¢ particle. The
y axis is defined by the plane of the K"K~ system, with p,(K*) > 0, so that the z axis is the normal
to that plane. The direction of the positive lepton (") in the Jiy rest frame is given by the polar and
azimuthal angles, 6 and ¢, and v is the angle between the x axis and the K" in the ¢) meson rest frame.
The angle definitions are the same for B or B? candidates.

The transversity basis leads directly to the measurement of the CP violation quantities of interest.
Indeed, the three time-dependent amplitudes associated to this basis are called Ay, A and A |, corre-
sponding to relative orbital angular momenta between the J/w and ¢ particles of /=0, =2and /=1
respectively. At ¢=0s, |Ag|? and |A) 2 represent together the CP-even quantity present in the initial
state, while |A | |2 represents the CP-odd one.
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;u‘. . K;/

“T.

Figure 7.5: Decay product angles Qrg = {0, v, ¢} in the transversity basis. 8 and ¢ are the polar and azimuthal
angles of the u* in the JAy rest frame. v is the angle between the x axis and the K* in the ¢ rest frame.

The Helicity Basis

The helicity A is defined as the projection of the spin S onto the momentum direction b,

b

A=8-p with p==
Dl

(7.16)
In the helicity basis, the three decay product angles are given by Qugr, = {6u, v, x} (Figure 7.6). Two
different z axes are defined, one in the direction of the Jiy in the B(s) rest frame, called z, and one in
the direction of the ¢, called z’. The x and x’ axes associated to the rest frames of the Jiy and the
¢ are chosen to be the same, however defined in an arbitrary manner, as they have no influence on
the definitions of the angles. The y and y’ axes result from the requirement of having right-handed

coordinate systems and are therefore pointing to opposite directions.

The polar angle of the positive lepton (u*) in the JAy rest frame is called 6y and the polar angle of the
K" in the ¢ rest frame is called v . The ¥ angle is equivalent to the one defined in the transversity
basis, hence its name. The angle between the two decay planes is called y, starting from the K* and
going towards the ™ with a rotation around the z direction, which is the direction of the B(S’ momentum
in the ¢ rest frame. The definitions of the angles are the same for B or BY candidates.

The helicity basis can easily be interpreted in quantum mechanics as a study of the spin angular
momentum. The three time-dependent amplitudes associated to this base are called H,1, Hy and H_1,
corresponding to helicities A = +1, 1 = 0 and A = —1 respectively. At ¢ =0 s, |[H,1_1)|? represents the
final state where the J/y and the ¢ particles have helicities A = +1(—1) each and |H|? of A = 0. More
details about the helicity values are given in Subsection 7.1.5.
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K b

K

Figure 7.6: Decay product angles Qugy, = {64, ¥, y} in the helicity basis. 6y is the polar angle of the positive lepton
(u™) in the JAy rest frame and v is the polar angle of the K* in the ¢ rest frame. y is the angle between the two decay
planes, starting from the K* and going towards the u* with a rotation around the z direction.

The helicity amplitudes are related to the ones of the transversity basis by
Aj+A A-A
i+AL g _Ai—4l

Ho=A¢y ; H.1= ; 1=
0=4Ao +1 NG 1 NG

(7.17)

and the angles by

cos(fy) = sin(0) - cos(¢)
cos(y) - sin(fyy) = sin(0) - sin(¢h) (7.18)
sin(y) - sin(fy1) = cos(0)

Partial Wave Decomposition

The angular analysis can be also described in terms of the S-, P- and D-wave amplitudes related to
the orbital angular momentum between the J/y and ¢ [124], linked to the transversity amplitudes
by:
1 1
S=-—(2A-A¢) ; P=A, ; D=—(A+V24y) (7.19)
V3 Il 0 L 73 I 0

Calculation for the Transversity and Helicity Angles

Each decay is evaluated in the rest frame of the mother particle, where the helicity or transversity
angles are evaluated. As the four-vector components are given in the reference system where the Bg is
moving, they have to be boosted. A first boost is performed to the rest frame of the B(S) meson. A second
boost brings the four-vectors to the rest frames of the appropriate J/w and ¢ mother particles?. The
angle calculation is performed with the help of the momentum vectors of the different particles.

2This procedure is not the equivalent to boosting directly the four-vectors in the J/i and ¢ mother rest frame [125].



176 Phenomenology

7.1.4 Derivation of the Time Evolution Equations

The derivation of the time dependence explained here follows from [126]. The neutral BY~ bs and B2~
bs mesons have definite flavors (|Bg> and |§2) flavor eigenstates) with corresponding quantum numbers
F given in Table 7.1. The |B2> and |§2> states are also eigenstates of the strong and electromagnetic
interactions. However, since flavor is not conserved in the weak interaction, mixing between B and B

mesons can occur (Figure 7.4).

Table 7.1: Flavor quantum numbers corresponding to BY and B? mesons.

Flavor Quantum Numbers F

Beauty B | Strangeness S | Charm C
BY 1 -1 0
BY -1 1 0

Due to Bg - Eg mixing, let’s consider a state |w(¢)), which is initially a superposition of the flavor
eigenstates |BY) and |B?):

1w(0)) = a(0)|BY) + 5(0)[BY) (7.20)
At t = 0 s, the relative strength between the different forces of nature suggest that only the strong

and electromagnetic interactions act between the flavor eigenstates. When evolving with time, |w(£))
additionally acquires components for possible decay final states {|f1),1f2),1f3),...} due to weak interac-

tions:
[Y(®) = a®)|BS) + b(®)[Bg)+ c1(®)If1) + c2@)lf2) + c3(DIf3) + ... (7.21)
Y cr®|fr)
k
The time evolution of the state |w(¢)) is described by the Schriodinger equation
.0
1&|1//(t)> = Hs +HW +Hem W/(t)) (7.22)
—_—
Hiot

where Hyy is the total Hamiltonian including the effects of all the present interactions: Hg for the
strong, Hy, for the weak and H,y, for the electromagnetic interactions. Assuming that the total Hamil-

tonian is Hermitian, hence Hiot = H Z ot» 1t follows that:

la®? + 6@+ lex@®)IF =1 (7.23)
k
Equation 7.22 can now be solved using the following initial conditions at # =0 s:
12(0)/? +16(0)* =1 cx(0)=0,VE (7.24)

The Dirac representation |y(t))p is introduced, as it allows the isolation of the Hy, contribution of
interest from the Hg and H,p, ones. |yw(t))p is related to the Schrodinger representation |y (t)) by:

[y (t)) = e " HstHem |y (1)) (7.25)
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and the Schrédinger Equation 7.22 consequently becomes:

0 ) .
i [W(@)p = Mt e o T et () (7.26)
V()

with V(¢) the new time-dependent Hamiltonian. |w(¢))p can be re-expressed using Equation 7.21 and
by introducing the operators a(z), b(¢) and é;(2):

[y(t)p = e HstHemllq (1) | BY) + e/ HatHem)l p(4) B )4 " el st Hemic, (1)| £,) (7.27)
N— ———— D —— N~— ———
at) b * é(0)

Inserting Equation 7.27 into Equation 7.26 leads to:

G 0. = d -
i—d(®) |B) + iab(t)|Bg>+ Lio er0If) =V(Ha® B2 + V()b(®)|BO)+ Y V()ér(®)| fr) (7.28)
; F

Operating Equation 7.28 on the left with the (B?|, <§2| and (f| states gives

ia%d(t): (By| Hy [BL)d(t)+ (BS| Hw[BS)b(t)+)_ & MB: 50! (BY| Hyg | fi)ér(®) (7.29)
k

1%3(”2 (BJ|Hy BY)d(t)+ (BY|Hy |BOb(1)+ Y. e Mb~Et(BO|H | i )ér(t) (7.30)
k

a

i Cr(®) =e' B Me (£ 1 H . IBY) a()+e Er Mot (£ | H G IBOb()+ Y e Ex Bt o |H, | fr Yer(8) (7.31)
kl

using the fact that |B2>, |§2> and | fr) are eigenstates of (Hs + Hem). E}, is the energy of the final state
fr. Mg, is the mass of the Bg or Eg meson, which are the same under CPT invariance of the strong and

electromagnetic interactions.

The computation of the exact solution for the time evolution is quite complicated due to the numerous
terms contained in Equation 7.28. However, it can be simplified when taking into consideration the
Weisskopf-Wigner approach [127]. In this approach, the weak interaction between the different final
states [, ( fk|HW| f,;), is neglected. Therefore, the integral over the time of Equation 7.31, ¢.(¢), only
depends on d(¢) and b(t), where the terms of second order in Hy, have been neglected and the initial
conditions of Equation 7.24 were used:

A ) elEr—Mg)t o . -

éx(t) = lim o Eriis ((fk |Hy, |BO)a(8)+ (3 |Hy | B )b(t)) (7.32)
The small imaginary part i¢ indicates the way to go around the pole at £, = Mp_ . Equation 7.32 can
be introduced in Equations 7.29 and 7.30 to eliminate ¢;(f). The development is done for i%d(t) in
Equation 7.34 with the help the following relation given in terms of the Dirac distribution §(x) and the
Cauchy principal value £2:

. 1
lim -
e—~+0x +1€

;@(%) —inmd(x) (7.33)
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a o
i d(t) = (BY|Hy |BYYd(t) + (BY| Hy |BOYb(2)

. (Z (B3| Hy|f1){fr|Hw |Bg>j;t) J:(;S|Hw|fk><fk|Hw|§2>5(t))
k Bg k

—im Y ((BS| Hwl i) fo | He [B) @(0) + (BS| H | £2){fi | Hw [B)b(0)| 6(M, — E)
k

0 0
e e R L LIS N CHETRS
k k

S

at)

(BY| Hy|fr){fe|Hw|B2)
Mg, —-E}

+

@B+ T2 | -in Bt b By, - ) 6
k k
(7.34)

A similar development can be done for i%l;(t). The 4(¢) and b(¢) operators are then replaced by the
coefficients a(¢) and b(¢) using the definitions introduced in Equation 7.27. The original Schrodinger

0 t t
L BN (7.35)
0t \b(2) b(t)
The complex matrix A can be expressed as the sum of a Hermitian and an anti-Hermitian part (with
1) =[B2) and |2) = [B)):

equation is reduced to :

r M1 -il'11/2 Mg —il'19/2
( 11— 12 —1l12 ) (7.36)

A=M-i-= . .
2 Mo1—il'91/2 Moo —iI'99/2

The 2 x 2 M and I' matrices are Hermitian, hence M = M" and I =I'", and are respectively referred
to as the Mass and Decay matrices. The effective potential A is no longer Hermitian (AT # A), as a
consequence of the Weisskopf-Wigner approximation.

The diagonal terms of M and I' are responsible for the flavor-conserving transitions B(S) — Bg and
BY — BY. They are given by:

BY|H,, H, |B?
M1 = Mg, +(B%|Hy, [BY)+ Y 2 (Ba| Hwl F1 )| L [ BE) (7.37)
_ _ B|H,, H,|B?
Mg = Mg, + (B H,|BY)+Y 2 (Bl | £ )i | [Be) (7.38)
T'11=27) |(BY|Hy|fr)?6(Mz, —E}) (7.39)
k
Tog =27 |(BY|Hyl|fr)I?6(Mp, —E}) (7.40)
k

The possible decays states f; in M1; and My include all the virtual and real B? or Eg decay states.
This is not the case for I'y; and I'ge, where physical (real) states only are possible due to the delta
distribution 6(Mp, — E}) ensuring energy conservation. M1 and I'1; represent the mass and width of
the Bg meson, while Moo and I'eg are the corresponding values for §(s) meson. As A is symmetric under
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the CPT operator, Bg mesons and their Eg antiparticles are enforced to have the same mass and width,
hence M11 = Mgg and rll = Fgg.

The off-diagonal terms are associated with flavor-changing transitions Bg - Eg, via off-shell interme-
diate states through Mo (dispersive part of Aj2) or via on-shell intermediate states through 0.5-I'12
(absorptive part of A1g).

(BE| Hu|fr){fr|Hw|BY)
Mg, —Ey,
T12 =21 (BY|Hu|fs)(f2|Hw|BS)6(Mp, ~ Ej) (7.42)
k

(7.41)

My = (Bg| Hy[Bg)+) 2
k

In Equations 7.41 and 7.42, the sums are taken over the final states f;, common to Bg and Eg. They can
be virtual or real for M2, while they have to be real for I';2 due to the delta distribution 6(Mp, —E})

ensuring energy conservation.

The Lambda matrix of Equation 7.36 can be rewritten as

A A r r I
A= 2| with: A=M-i=, Ap=Mp—i— and Ag =M ,—i—2 (7.43)
Ao1 2 2 2
and Equation 7.35 as
Oa(t
i gi D= Na(®)+ Aizb(®) (7.44)
ob(t
i 655 ) =Ao1a(t)+ Ab(2) (7.45)
Differenciating Equation 7.44 with respect to ¢
0%a(t) . Oa(t) ab(t)
i =A + A 7.46
o ot ot (7.46)
and inserting Equation 7.45 by replacing the b(¢) term using Equation 7.44 gives :
0%a(t) da(t) 2
+2iA +(A12A21 — A t)=0 7.47
Y in— (A12A21 Ja(t) (7.47)
The general solution of the differential Equation 7.47 is of the form
a(t)=Cre Mty C_e M-t (7.48)

with C. arbitrary constants. Inserting Equation 7.48 into 7.47 leads to the eigenvalues :

AZ—2AM: —(A1gAg1—AD =0 — Ay=A+y/Aphsr=ms—=T4 (7.49)

\V]

with
ms=R(A1) =M £R(A12Ag1)"? (7.50)
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and
Iy =-23(As) = T F23(A12A1) 2 (7.51)

The C. arbitrary constants of Equation 7.48 are defined by the initial condition. For an initially |B(S))
state, a(t) =1 and b(¢) = 0, leading to C; = C_ = 1/2. Knowing a(¢), b(¢) can be derived using Equation
7.44. If only |B?) and |§2> are considered, the solution of Equation 7.22 becomes

IB2(#)) = a(t)|BY) + b(t)|BY)= g.+(8)|BY) + {g_(2)|BY) (7.52)

1 . . A
gi(t)zg(e—wie—“—f) and c:\/A—21 (7.53)
12

For an initially pure |§2> state, the time evolution is described by :

where

_ 1 _
BY(1))= 78-® BS) +g+(0)|BY) (7.54)

The eigenstates of A, |B;) and |B_),
AIBL)=2141By) (7.55)

corresponding to the eigenvalues 1. and A_ respectively are given by
__ 1 (1poy L R0
IB.) = |Bg) £ ¢|Bg) (7.56)

V1+[(2

The complex number ¢/p is introduced as :

. . A
2 — emnc — ol 221 (7.57)
D \ Aze

where n ={0,1} parameterizes the sign of the square-root operation of the complex number. The p and
g complex coefficients satisfy the normalization condition:

Il +lql>=1 (7.58)

The physical eigenstates of the A Hamiltonian are defined as the light |BL> and heavy |BH> states
of masses and widths (M1, I't) and (Mg, ') respectively. Using Equations 7.56-7.57, they are given
by
BL)=p|BY) +q|BY) (7.59)
Bu) = p|BS) —q|BY) (7.60)

The eigenvalues of |Br,) and |By) are computed using Equations 7.49-7.51

i i i
AuL=(Mp, - §rs) + \/(Mm - §F12)(Mf2 - griz)

Amg 1 Al's
= (Mg, + S e
(Mg, 2 ) 2( sT 5 )
1
=MuL—-sTuL (7.61)

2
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by introducing MBS =05-My+My)=M11=Mo, I's=0.5-(I'y,+I'yg) =111 =T99, Ams =My — My, and
Al's =T't, - T'y. By definition, AI'y > 0.

The time evolutions of initial |Bg> and |§g> states of Equations 7.52 and 7.54 become [128]

BY®)= g.®)|BY)+ %g_(t)|§g> (7.62)
[BOt)) =§g_(t) BO)+ g.(»)[BY) (7.63)
with the Equation corresponding to Equation 7.53:
gu(t) = 1( o iML-iT1/2)t e—i(MH—iFH/2)t) (7.64)
+ 5 x

Equation 7.64 can be rewritten in terms of Mp_, I's, Amgs and Al as

gi(t) — e_iMBste_Fst/2 %(e—%te+iAanst ie+%te—iAr2ns t) (7.65)
or
: [ AT st Amgt ATt Amgt
g+ (t) = e MBstgTst/2 +cosh( ° )cos( s )—i-sinh( 5 )sin( s )] (7.66)
| 4 2 4 2
: [ AT st Amgt ATt Amgt
g_(t) = e MBstgTst/2 —sinh( 2 )cos( Ms )+i'cosh( 2 )sin( s )] (7.67)
| 4 2 4 2
with the following properties
Tt r
s AT st
g:(Dg (1) =12 5— | £eos(Am,t)+cosh =~ (7.68)
Tty
s ATst
g g =1 5— | +isin(Amt)—sinh [ =2 (7.69)
T
s AT st
g (g () =2 5— | -isin(dm;#) - sinh| == (7.70)
The light and heavy mass eigenstates have exponential evolution laws with well defined mass and
decay widths :
|BL(t)> — e—iﬂ,Lt|BL> — e—i(ML—iFL/2)t(p |B(S)> +q|§(s)>)
|Bu(t)) =e | By ) = " Mu-ilu/2t(;, 1BYY _ ¢|BYY) (7.71)
Assuming that the initial state was a B meson, the probabilities for finding a B or B? at a time ¢ is
given by:
|(BY|BY®))|* =lg+ ()12 (7.72)
— 2
|(B2BY®)|” =|g_(t>|2|%| (7.73)

Similar relations are found for an initial B
— 2
|(BO[BY(1))|? =|g_(t)|2|§| (7.74)

|(BYBD)|* =g ()1 (7.75)
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In the transversity basis introduced in Subsection 7.1.3, a Bg meson can decay into three possible
polarization final states [, with A ={0,||} for CP-even and A = {1} for CP-odd. Using Equations 7.62-
7.63, the amplitudes for the B(S) and Eg mesons decaying into the same final state f, at a time ¢ equal
to, with H¢r an effective operator of the weak interaction:

— A
AxBAD) — f2) =(f2|H 4[BAD) =g (A + %g_mm =A) (g+<t) + ;I_)A_ig'(t)) (7.76)
R — — — A
ANBY®) — 1) =(fa|Her| B =g + (DAL + ;—)g_(t)Aa =A, (g+(t) + ng_(t)) (7.77)
A

CP violation can arise in three different places: in decay, in mixing and in the interference between
decay and mixing. The latter is called mixing-induced CP violation. The amount of CP violation coming
from these three types are quantified by the following terms:

o Aj/A, quantifies the CP violation in decay. CP violation is present if A /A, # 1.
* g/p quantifies the CP violation in mixing. CP violation is present if |q/p| # 1.
. ¢g/w¢ quantifies the mixing-induced CP violation. CP violation is present if q)‘g"”“’ Z0.

In the following, it is assumed that f = f and that there is no CP violation in the decay nor in the

mixing. The A;/A; and g/p terms are discussed. They will lead to the definition of the weak phase

;W“", which is the parameter of interest to be measured in this analysis.

The A /A, Term

As A) is complex, it can be expressed as a function of its module and argument, with the argument
corresponding to the sum of a CP conserving strong interaction phase of the final state §, and a CP
violating weak phase ®,:

To compute A= ( fa |H eff|§2>-ei'(5“q’l), the CP symmetry relations for the initial |B2>, |§2> states

CP|BY) =e*¥|BY) (7.79)

CP|BY)=e|B?) (7.80)
and for the final |f}) states

CPIfay=e"PIf 1) (7.81)

are needed, with ¢ and p arbitrary phases. If |f)) is a CP-eigenstate, then

CPIfa) =nce(fVIf) (7.82)

with n¢p(f1) the CP-eigenvalue of the final state f;.
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The calculation of A gives (with £ = f and A1 =1{0, ], L}):

A) = (fa|Hege[B2)-€ O = (£, |(CP) (CP)H (CP)' (CP)|B )-¢" 01+
= nep(f1)e - (£1|(CP)H(CP)! [BY) - (01 +®0)
=ncp(f)e ™ -|A,| e @r+ew (7.83)

The b — ccs decay amplitude of Figure 7.3 has tree (Ar), electroweak and QCD penguin amplitudes
(AP,{u,c,t})Z
A(b—ccs) =V Vi (Ap+Ap ) + Vo Vi Apu + Vis Vi Ap (7.84)

Using the unitarity condition of the (sb) triangle given in Equation 7.11, the decay amplitude is re-
expressed as:

A(b—7¢c8) =V Vi (Ar+Apc— Apy) + Vo Vi (Apy — Apy) (7.85)
with:  V, Vi ~ AA%(1-1%/2)
and :  V, V5 ~AA*p—in)

The contribution of the (Ap,, — Ap;) terms is suppressed with respect to the one of (A +Ap.—Apy) by
a factor ~ A2 =~ 0.05, leading to a single weak phase ®p for the Bg — Jy¢ decay?:

Op = arg(VV,) (7.86)
Using this relation, Equations 7.78 and 7.83 are rewritten as:
Ay=1A,1-"O) oA =nep(fe™ - [Ayl- e 01D (7.87)
The A /A is hence equal to:

2A ncp(f)e@*p=) (7.88)
A)

The q/p Term
In the Standard Model, the Bg - ﬁg mixing is characterized by a mixing phase ®y:
Oy =2-arg(V Viy) (7.89)

The g/p factor is related to the mixing phase @y as:

I — gmit@n-0 (7.90)
b

3The limits of this assumptions are taken into account in the theoretical uncertainty.
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The ¢;I/1p¢ Term

Equations 7.88 and 7.90 are not observables, as they both depend on the arbitrary phase £. However,
their product is independent on the phase convention. Therefore, a new phase ¢<Sl/w¢> is introduced,

which is the CP violating observable that will be measured:

=Py —-2Pp (7.91)

]

Iy _ —arg(Z’l g

Decay Rate Calculation in the Transversity Basis

The decay rate F(B(s)(t) — f) of Bg mesons into the final state f is obtained by calculating the modulus
squared of Equation 7.76 for each possible combination of polarization states (1;,1;) using Equations
7.68-7.70:

TB{)—f)= ) Ay A (7.92)
AiAj

where the following components are obtained:

AL ®1F = 1A,y 1%e s [cosh (%t) —17)cp COS (qu"”“’) sinh (%t) +ncpsin ((P:ST/W) sin(Amst)]
(7.93)
A@®)-Ayt) = |A||||Ao|e_rstei(5“‘50) [cosh (%t) —Cos ( ;W"’) sinh (%t) +sin (¢g/w¢) sin(Amst)]
(7.94)
AL(®)-Ayt)= |A | [|Agle Tstel®L—00) [cos(Amst) —isin ((/)'S]/w(p) sinh (%t) —icos((pg/w(p)sin(Amst)]
(7.95)
A (1) -Al*l(t) =|A1llIAy le Tstei@1=01) [cos(Amst) —1isin (<p§“”"’) sinh (%t) —1icos (qu"”“’) sin(Amst)]
(7.96)

The three transversity amplitudes are not independent. They are related to each other by:
Aol +1A) 12 +1AL 17 =1 (7.97)

The time-dependent quadratic and interfering amplitude terms relevant for the transversity basis (see
Tables 7.1.5 and 7.1.5) are given in Equations 7.98-7.103 for B mesons. They are obtained by inserting
the proper n¢p values (ncp = +1 for CP-even, ncp = —1 for CP-odd) in Equation 7.93 and by calculating
the real part of Equation 7.94 and the imaginary parts of Equations 7.95 and 7.96. By an allowed phase
convention choice, the §y strong phase is set to zero.

Similar calculations for ﬁg mesons starting from Equation 7.77 show that all the terms containing
Amg change their sign (Equations 7.104-7.109). As can been seen from Equations 7.101-7.103 and
7.107-7.109, the strong phases are measured through interference terms only.
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RIALDA (D) = [AglIA e T - cosh(%) cos(¢7"*) sinh(%) +sin (") sin(ams0)] -cosGp  (7.102)

S{AF(DA LB} =|AgllA |7 s -

A2 =  |Agl2e T+ [cosh(AgSt ) cos (¢3"") smh(Agst ) + sin(¢2"?) sin(am, )| (7.98)
A= (A2 T [cosh(Agst)—cos(gb;’/’”"’)smh(Agst)+sin(<p§/“’4’)sin(Amst)] (7.99)
ALOPF= A2 T [cosh(Agst )+cos(¢§"”<")smh(Agst )—sin(¢;’/w¢)sinmmst)] (7.100)
SUAT (DA LD} =IA A Ll - —cos(5, ~5y)sin (¢2"*)sinh (%)
+ sin(6 | — &) cos(Amgt) — cos(d L — &) cos ((/)‘SW‘/’) sin(Amst)] (7.101)
|
|

Al'gt
—cos(6L)s1n((psw¢)s h( 3 )

+ sin(5 1 )cos(Amst) — cos(5 1 )cos (¢ '”4’) sin(Ams t)] (7.103)

Ao®)2= [AglZe st [cosh(Arst) cos( ;"W’)sinh(Agst) - sin(gb;’/‘“”)smmmst)] (7.104)

A 0)Z= (A2t [cosh(A st) s(¢g/w¢)sinh(Agst) - sin(gbg/w¢)sin(Amst)] (7.105)

ALD2= [AL%e [cos (Azst) s(¢g/w¢)sinh(Agst) + sin(¢;”‘”"’)sin(Amst)] (7.106)
S} (AL =[A||[A L le™" | ~cos(® 1~ 6))sin ¢ ‘”“’)smh( gt)

= sin(81 - 5)cos(Amgt) + cos(® 1 — 6))cos (97 ") sin(Ams2)] (7.107)

%{Z;(t)zn(t)}:IZoHlele’rst-[cosh(%)—cos( ‘Sw/d’)sinh(%) = sin (¢ '”"’)sin(Amst)].cos(an) (7.108)
T A T lo-Tst 1z Al'st
SAGOAL ) = AolIALle™™ [ —cos(d1)sin (") sinh | ==
— sin(8 ) cos(Amst) + cos(51)cos (¢;"‘”“’) sin(Amst)] (7.109)
The eight physics parameters to be determined in the analysis are summarized here

¢ The mass difference: Amgs =My — M,

The width difference: Al's =11, —-T'g

e The Bg meson lifetime 7 or equivalently: I's = 1/75

* The fraction of CP-odd component at t =0 s: |A 112

e The fraction of CP-even component at ¢ = 0 s corresponding to ¢ = 0: |Ag|?
* The parallel CP conserving strong phase: §) = arg(AHAS)

* The perpendicular CP conserving strong phase: 61 =arg(A | A()

¢ The CP violating weak phase (/)J/w(p
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Time-Integral of the Transversity Quadratic and Interfering Terms

The integrals over time of Equations 7.98-7.103 will be needed in the angular acceptance studies of
Section 7.6. They are equal to:

oo AT A
f Aot = Aol ——2— —cos(¢d") =2~ +sin (") = | (7.110)
0 2 - Ay~ 2(1*2_&) I+ (Amg)
s 4 S 4
o0 AT , Am
f |AH(t)|2dt= |A|\|2[ﬁ — OS( g/w¢) ﬁ +s1n( ‘SI/W(P) Z—SZ] (7111)
0 r2 - Qly” 2(1“2_@) I+ (Amg)
S 4 s 4
o T's Jhye ATy (I Amg
A @At = AP ——— +cos ¢y "?) ———— —sin — (7.112)
fo [rg— (@ry” ( ® )2(F§— (AIf)Z) ( ) )F§+(Ams)2]

AT

P xiA* _ B PSR
fo SIA] (DA L(B)dE =|A[|A ][~ cos(E 1 - 6))sin ] )2 - o]

. Am
+ s1n(6J_ _6”)TASWL)2 —COS((SJ_ - 6\|)COS (¢g/w¢) m] (7113)
S S S s
foo RIAG (DA (D)L = |AollA || ——— - cos (42" _ Al +sin(g*?) &] cos(d))  (7.114)
0 rg_% Q(Fg_%) I'2 +(Amg)?
oo AT
f SHA(DA L)AL =|AolIA 11|~ cos(6 Dsin (1) —— 22
0 2 (rg _ (Al;s) )
Am
+sind| ——>— —cos(6)cos Jye) s (7.115)
L2 (Amy)2 + ( s ) 2+ (Amg)?

7.1.5 Derivation of the Angular Dependence

The angular dependence is first established in the helicity formalism for the B? — J/y(u* u™)p(K*K"™)
decay following the development of [129], where a pseudo-scalar Bg meson decays into the two spin-
1 particles, J/w and ¢, with J/w decaying into two leptons (u*u~) and ¢ into two spin-zero particles
(K*K"). The relations obtained are then expressed in the transversity formalism.

Let’s introduce two right-handed coordinate systems, one at rest, xyz, and a moving one, XY Z, with
the Z axis brought into an arbitrary direction 7. The rotated XY Z system can be described with respect
to xyz by the angles Q= (a, B,y) of the 323 Euler representation [130], which are depicted in Figure
7.7.

A first rotation a(0 < a < 2n) is performed about the z axis. It is followed by a rotation (0 < 8 < m)
about the new location (y’) of the y axis, and by a final rotation of angle y(0 <y < 27) about the final
position (Z) of the z axis.
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Figure 7.7: The position of the XY Z coordinate system rotated with respect to the xyz coordinate system at rest
can be described by the Euler angles a, 8 and y of the 323 Euler representation [131].

The a and B angles correspond to the spherical angles ¢ and f of the new axis Z with respect to xyz:
a=¢ ; B=0 (7.116)

Let’s suppose that the wave functions vy, (m = —j,...,j) describe in the xyz coordinate system a state
with a given value j of the total angular momentum. The index m corresponds to the projection of
J on the quantization axis z, m = j,. The same state is described in the XY Z coordinate system by
the functions v, with m' the projection of j on the quantization axis Z. In quantum mechanics,
the rotation of angles Q= {a,B,y} of v, is generated by the angular momentum vector operator J

[132]:

S

ROY jm ="y, (7.117)

with Z the rotation operator. The transformation from v, to v, under this rotation is described by

the general matrix element of Equation 7.118, which defines the so-called Wigner D-matrix [130]:
D),,.(@ B,y) = (jm'|%(a, B, Yl jm) (7.118)

An important property of the Wigner D-matrix follows from the commutation of %(a,f,y) with the

anti-unitary time reversal operator T,

where the T'|jm) = (—=1Y""|j,—-m) and (~1)2/~m'=m = (_1ym'~-m properties have been used. The relation

between the Wigner D-matrix and its charge conjugate can be re-written as:

D, (a,p, )" =(D"""D’ . (a,,7) (7.120)
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The direction of the quantization axis Z is described by the two spherical angles a = ¢ and § = 6 (Figure
7.7). Hence, the y angle can be arbitrarily chosen, a convenient choice being y = 0.

D-matrix elements with the second index equal to zero can be related to spherical harmonic functions

 [129]:
¢ _ 47'[ %
D!, o(a,,0)=/ 577 Yem Br) (7.121)

Y}y = (1" (7.122)

with the following properties

f Y (DY (AR = 808 (7.123)

In the helicity formalism, the matrix element of the decay |.#|? is given by Equation 7.124 [129]. It
depends on the total angular momenta of the daughter particles, jj; and jg, on the time-dependent
helicity amplitudes H) and on the Wigner D-matrix elements Dflp .(&p,0p,0).

12 . . 2
) HDW ™ (@)D Q) (7.124)

=Y

a=+1

>

(2J'J/w+ 1)1/2 (2]'4, +1
A=0,+1

4w 47

The A represents the helicity of the spin-1 particles P = {J/y,¢}. In the B? meson rest frame, the
daughter particles J/ and ¢ are moving in opposite directions with helicities 1.4, and 1 respectively.
Along the J/w direction, the resulting total helicity is equal to ABS = Agmy —Ag. As Bg is pseudoscalar,
hence ABQ =0, then 1./, must equal to Ay. Due to the spin-1 nature of the J/y and ¢, the three possible
helicity states are (Aj;y,A¢) = (+1,+1),(0,0) or (-1,-1) (Figure 7.8), whence the sum over 1 = 0,+1
with identical symbols used for the J/i and ¢ D-matrix elements of Equation 7.124. The three H)
amplitudes are associated to each of these states, namely H,1, Hy and H_1.

A
0 ;pJ/lP — — pJ/tp> J /ll)

_><_

Ay=—1 Aypy=-1

Figure 7.8: Three possible helicity states for the J/y and ¢ particles, (Aj4y,1¢) = (+1,+1) (red), (0,0) (green) or
(-1,-1) (blue).
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As J/y and ¢ further decay into two particles each, the helicities a of the final states have to be taken
into account, which explains the sum over a of Equation 7.124. As K* particles are spinless particles,
hence Ag+ = Ax- = 0, the decay ¢ — K"K~ has only one helicity @ = 0. This explains the term a = 0
in the D-matrix element of the ¢ — K*K~ decay. On the other hand, the final state of J/y — u*u~
can have two possible helicity states, since the u* are spin-1/2 particles. In the J/y rest frame, they
are (A, +,A,-) = (+%, —%) or (-1, +%), which satisfy to the total angular momentum conservation (Fig-
ure 7.9). These two helicity states correspond to @ = +1 and @ = —1 respectively*. This explains the
dependence on «a of the D-matrix element for the J/w — u*u~ decay.

=T M=+l A\
_ Py — — Pyt "

4
\

— —
7\“-=+ 1/2 7\“+=—1/2

Figure 7.9: Two possible helicity states for the u™ and u~ particles, A, Ay) = (+%,—%) (red) or (—%,+%) (blue).
The angular dependences are defined by the polar and azimuthal angles of the positive final state

particles ™ and K* inside the rest frame of their mothers, J/y and ¢. They are given by EZJ/U/ =(6u,x,0)
for the u* and ﬁd, = (y,,0) for the K* respectively (Figure 7.10).

Figure 7.10: Decay product angles ﬁJ/u/ ={0y, 1,0} and Qp = {w,,0} in the helicity basis. 0y is the polar angle of
the p* in the JAy rest frame and v is the polar angle of the K* in the ¢ rest frame. y is the azimuthal angle between
the J/i decay plane and the x axis and ¢ the azimuthal angle between the ¢ decay plane and the x’ axis (x = x').

4In the J/y rest frame, the u* is moving a direction p with helicity Ay~ and the y~ is moving in the —p direction
with helicity A,-. The total helicity is equal to @ = A+ — A~
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Expanding and re-arranging Equation 7.124 results in [129]:
2] gy + 1) (2_]¢,+ 1)

Y Z H,H},D ““” (QJ/W)D (QJ,W)D (Q¢)D (ﬁ¢) (7.125)

a=+1 3 2'=0,+1

|42 :(
47

Using the D-matrix property of Equation 7.120 and inserting the double D summations

JitJj2 -
(Q )D’2 (92)— > 01m1,szz|13m3><J1m1,12m2IJ3m3>DJ3 g (23) (7.126)
Js=lj1—Jal
gives®
|'/%|2_(2j=]/w+1)(2j¢+1)
B 4x 4n
> HH; Y D% ) (a,1-aljr0) AL, 1-Aljr mp)D™E  (Qyp)
ALA'=0,+1 a=+1 JjL.jr=0,1,2 r
x(10,1 0ljR0) (1A, 1=A'ljr mp) D™, (@)
32 .
:4(5) Y H)H}, Z (11,1-1]j.,0) (A, 1= A" |j A — A)D M(QJ/V,)
AA'=0,+1 JL,jr=0,2

x(10,1 Oljg0) (1A,1-A|jrA - /1)D AO(Q(,,) (7.127)

Inserting Equation 7.121 leads to:

2
| = —2(3)
4n

47
Y, HyHy ) . .
A =0,+1 inine02V2jL+1v/2jr +1

(11,1 -1]2,0)¢1A,1-A|jL A - A’>%;,A,_A(QJ,W)

x(10,1 0ljr0)(14,1-A'|jRA- YT} 1, 1(Qyp)
(7.128)

Defining the moments T'j, j.m of the angular distributions with m =1 -1’ 6

Ty jpm = f f V2%, Q7)Y m(Qp)dQpd Qg with Ty jpom =T (7.129)

JLirm
the decay matrix element of Equation 7.128 becomes:
|1 = Z Z Z TjLjrm%j,, m(QJ/U/) iR m(Q¢) (7.130)
jL=0,2 jr=0,2 m=0,+1,+2
From the comparison of Equations 7.128 and 7.130, the moments T, j,—n are expressed in terms of
the helicity amplitudes H) and H as:

-9 1 1 / /
— - - X Z (11,1-11j,0)(11,1-A | jrm)(10,10[jr0){11,1-A |ij>H/lH*,
27 \/ZJL+1\/2JR+1 /1,/1’20,11 A

Tj jp-m =

(7.131)

5The JjL =1 terms cancel because of the sum over « on the Clebsch-Gordan coefficient (1a1— a|j7,0) and the jr =1
terms disappear because of the coefficient (10,10|jr0).

6In the BY meson rest frame, the z axis is defined by the direction of the J/w momentum, implying that the
projection of the J/y spin on the z axis verifies m ;= A, and mg = -1




191

Helicity Angles with Helicity Amplitudes

Using the Clebsch-Gordan coefficients, the moments of Equation 7.131 are calculated for all possible
(Jr,Jr,m) combinations [129]. They are given in Table 7.2 with the corresponding spherical harmonic

terms.

Table 7.2: Moments for the possible (j1.,jr,m) pairs and corresponding spherical harmonic functions.

i [ir | m 4y jgm Y 1.m Q1% (o)

00| 0| 2H, H +H H +HH Vi /&

0| 2|0 | 2Q@HH;-H, H},-H_ H) \/g 2-(3cos?y — 1)

2| 0| 0| L@, H+H H ~2H,H;) VB Beos?0r -1/

2| 2| 0| -L@ H +H H +4HH) |  \/5:Beos®0m-1 /32 Beosy - 1)

21 2|1 —%(HOHf1+H+1H(’)") é—isintpcostpe”“’-\/gsinHHcosﬂHe”x
2121 —%(HOH11+H71HS) - gsinwcoswe’i‘”-—\/gsinGHCOSGHe’iX
2| 2| -2 —gHHHfl \/%sin2 wet2iv. \/%sin2 Ope*2ix

2 | 2|2 ~SH_H, V2 sinye 2\ /18 sin? g2t

The coordinate system is chosen such that ¢ of Figure 7.10 is zero, hence all the azimuthal angular
dependence is concentrated in y. Using (X +e~X) = 2cos( 1) and (e —e~iX) = 2 sin( 1), the component
by component additions of Table 7.2, with calculating the real and imaginary parts for the interfering
terms, give the results of Table 7.1.5 [133]. |H.1(#)|2 and |H_1(¢)|? are observed to have the same
angular dependence f EEL(HH,I//, x1)-

Table 7.3: Angular functions f,:IEL(GH,w, x) related to the time-dependent terms A, (¢) of the helicity basis.

Ry (2) hi(t) AL Oy, v, Y)[x647/9]
|Ho(t)[? |Ho(t)[? 4cos®y -sin? 0y
|H.1(t) |H 1(2)? sin? - (1 + cos? O)
\H_1(2)|? \H_1(t)? sin?y - (1+ cos? Oy

S{H ()H_1(1)}

S{H,1(OH-1(1)}

—2sin?y - sin® Oy - sin2y

RH* (DH_1())

R(H, ,(OH_1(2)}

—2sin?-sin® O - cos 2y

S{(H1(8) —H_1(2))" -Ho}

S{(H+1(t) - H_1(t))* - Ho}

—sin2y -sin26y -siny

N (OO | W|IN| | S

RUH 1)+ H_1())* -Ho}

R{(H 41(t) + H_1(t))* - Ho}

—sin2y -sin26g - cos
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Helicity Angles with Transversity Amplitudes

In the analysis, the time-dependent terms and the angular functions factorize. Therefore, the helicity
amplitudes of Table 7.2 can be expressed in terms of the transversity amplitudes using Equation 7.17.
This change has the advantage of leading directly to CP quantities of interest, while keeping the helicity
basis for the angular analysis.

The elements of the decay matrix |.# |2 of Equation 7.130 are given in Table 7.4. The R{A 144},
R{A LA[T} and 3{A || A} terms vanish. The corresponding spherical harmonics using the helicity angles

are the same as given in Table 7.2.

Table 7.4: Moments for the possible (j1,jr,m) pairs (transversity amplitudes).
jL |Jjr | m 47T}, jem

00 2-(IA P +|A P +]Ao®)
%(—IAHP —1A117+2|A0%)
¢L5(+|A”|2 +1A 117 -2|A0%)
—(+A P +1A L2 +4|AqP)
—32(RA A5} +iSIA | ASD)
1| -32WRIA, A -iSIA AL
2 [ -B(A P -1ALP+2iS{A AT
2 | —30A P -1AL P -2iS{A A

S| O oo

NINDN N[N N O
NINNIN| N O| N
'

—

The angular functions fEEL(BH,w, x) associated to the non-vanishing time-dependent quadratic and
interfering terms of the transverse basis A (¢) (hp(¢) for Eg) are given in Table 7.1.5 [134].

Table 7.5: Angular functions fEEL(BH, ¥, x) in the helicity basis related to the time-dependent terms hj(¢) expressed
in the transversity basis.

k R (2) hi(t) FIEL Oy, v, Y)[x647/9]

1 |Ao(2)|? |Ao(t)|? 4cos?y -sin® 0y

2 |A) ()2 A ()12 sin? - (1 + cos® Oy — sin? Oy - cos 2)
3 1AL (@) 1AL (1) sin? - (1 + cos® Oy + sin? Oy - cos 2)
4 [ S(A; WAL} | S{A (VA L@ 2siny -sin® Oy -sin2y

5 | RALOAI®) | RIAGDA () | —v2sin2y -sin26y - cos y

6 | SIA; WAL | SAQWAL(®) | V2sin2y -sin20y -siny

In Table 7.1.5, |A||(t)|2 and |A | (#)|? do not have the same angular dependence kaEL(HH,w,)().

Transversity Angles with Transversity Amplitudes

The helicity angles are replaced by the transversity ones using Equation 7.18. The angular functions
ng(B,u/,(p), associated to each amplitude and interfering terms A (¢) (hi(2) for Eg) of Table 7.1.5, are
given in Table 7.1.5 [135].
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Table 7.6: Angular functions f};FR(B,w,<p) in the transversity basis related to the time-dependent terms hj(t) ex-
pressed in the transversity basis.

k Ri(2) hi(2) R0, , )[x321/9]
1 |Ao ()2 |Ao(t)|? 2cos? - (1-sin?0 -cos? )

2 A ()12 |A)(1)]1? sin? - (1—sin?@ -sin® )

3 AL ()2 1AL ()2 sin?y-  sin?0

4| SIATAL®) | SIA (WAL} | -sin’y-  sin20-sing

5| RALDOAI) | RIAGDA () %@ sin2y-  sin?6-sin2¢p

6 | SIA;DALD) | S{AGDA (1) % sin2y- sin20-cosg

In Equations 7.98-7.103 and similarly for 7.104-7.109, there exists a two-fold ambiguity under the

following simultaneous changes:
oV — - ¢ and ATy — -AT; and 6, —7n-0, and & —2-71-08,  (7.132)

Up to now, only the K*K~ P-wave amplitude in the vicinity of the ¢(1020) is taken into account. How-
ever, the K*K~ meson pair can have both a S-wave and a P-wave angular momentum states. The
S-wave contribution can be non-resonant or due to the f((980) resonance. The S-wave contribution and
its interference with the P-wave should be inserted in the fit model. From B-factory results, a S-wave
component of 5-10% may be expected [136].

When the K"K~ pair is in the S-wave state, the angular momentum conservation at the B‘S) decay vertex
implies that the system J/wK*K™ is in the P-wave state (¢ = 1). The resulting CP eigenvalue of the
system is given by CP = —1¢ = —1 and the angular distribution at the J/i decay is in (1 —sin%(0) cos?(¢p))
in the transversity basis (Table 7.1.5) and in (sin?0g) in the helicity basis (Table 7.1.5) [134].

In addition to prevent biases in the measured value of ¢>§/‘”‘/’ (up to 10%), the interference can be used to

/W(P)

solve the strong phase ambiguity by measuring the sign of cos(</)‘sJ if it is large enough [134].

7.1.6 Differential B? — J/y ¢ Decay Rates

The differential decay rates for Bg and Eg are given in Equations 7.133 and 7.134 respectively. Using
the transversity amplitudes, the f,;rR(flTR) functions are defined in Table 7.1.5 and the fEEL(ﬁHEL) in
Table 7.1.5 .

d*TB— Jwe) & .
(LN Y h @Y Qrrmrr) (7.133)
dt dQTR/HEL k=1
dirB° — Jwep) 8. — .
CIkLLN Y r @ EY Qrrmrr) (7.134)
dt dQTR/HEL k=1
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In the untagged analysis of B — Jiy¢, the differential decay rates of the B? and the Eg are equally
added and weighted by a factor 0.5 to satisfy to the value of the total decay rate (Equation 7.135). As
the angular functions, f ];I‘R(G,u/,(p) for the transversity basis or kaEL(HH,w, x) for the helicity basis, are
the same for both 2;(¢) and A(¢) (Tables 7.1.5, 7.1.5), only the time-dependent terms get modified as
ur(t)=0.5-(hy(t) + ki (1), using |A ()] = |A;(®)| with j =1{0,1], L}:

d*rBY/B? — J/ d*T(B? — JA d*rB? — J/ 6 .
(Bs/Bs ¥ o5 LB =) oo dTB ~ ) Y ur@f PN Qrrprr)  (7.135)

d¢ dQrrmEL dt dQrRmEL dt dOrpmEL k=t
1 _ ATt (ATt
ul(t):g. (le(t)|2+|A0(t)|2): |A0|26_F5t~[cosh( 2 )—cos(gbg/w¢)51nh( 2 )] (7.136)
1 _ _ ATt . [ATgt
usl)= 5 (4@ + A ©R) = 14)% Fst.[cosh( ] )—cos(gbg/w‘b)smh( ; )] (7.137)
1 — Al'st . ATlst
us(t)= 3 (|Al(t)|2+|Al(t)|2): |Al|2effst-[cosh( 5 )+cos(¢;"‘”*”)smh( 5 )] (7.138)
1 — % — AT'gt
u4(t)=5-(%{A|T(t)Al(t)}+£‘s{A”(t)Al(t)}): AylIA e T | —sin(¢§/w¢)sinh( 5 )]-cos((n—5”)
(7.139)
1 e ATt (ATt
us(®) = 5+ (RIAGOA O+ REA WA (0) = |A0||A”|e‘Fst~[cosh(T) —cos(cp;]/w(p)smh( ) )].cos«su) (7.140)
1 . ATt
us(t):5-(%{A3(t)Al(t)}+%{A0(t)Al(t)}):|A0||AL|e_rst-[ —sin(¢;’/‘”“’)sinh( 5 )]-cos(m) (7.141)

All the terms containing the Amg parameter vanish, as they have opposite signs in Equations 7.98-
7.103 and Equations 7.104-7.109. The resulting untagged analysis therefore counts seven free physical
parameters (1Aol%, |A 1|2, Ty, AT, 8y, 8., ¢3 "),

One-Angle Decay Rate in the Transversity Basis

When integrated over two angles, the differential decay rate of Equation 7.133 gives:

2
—dcisgdt = g [(1A0(®)1% + 14, (D)I?) (2-sin?0) + 2|A | (1)|*sin® 6] (7.142)
d?r 3 . ) -
deosydt =1[2|Ao(t)| cos“y + (A (DI° +|A L)) sin y] (7.143)
d’r 1 9(3 9 N )
dgdt = o [IAo(t)I (i—cos (p)+|A||(t)| (§—sm (p)+|AJ_(t)| ] (7.144)

In Equation 7.142 only, |Ao(t)|? and |A||(t)|2 have the same coefficients. As a consequence, the |Ao(t)?
parameter can be removed, simplifying the fit function by keeping only |A | (¢)|?> as CP amplitude
(1Ao@®)2+|A; ()% = 1-|A L(t)|?). This explains why Equation 7.142 is usually used in one-angle studies
compared to Equations 7.143 and 7.144.



195

7.1.7 Indirect Searches for New Physics in B? — J/y¢

The hierarchy problem of the Higgs sector in the Standard Model has initiated almost all the theoret-
ical searches for models beyond the SM. These models are however constrained by two types of data,
electroweak precision and flavor data. In flavor physics, CP violation in the B - Eg mixing is a prime
candidate for the discovery of New Physics contributions [137, 1.

The off-diagonal elements M,, = Mg, and I';, = I';; of the decay matrix of Equation 7.36 correspond to
B? - B? mixing. As I'12 is dominated by real states to which B? and B? mesons may decay with tree
diagrams, it is therefore mostly given by light particles containing u or ¢ quarks. The M9 term is
dominated by the exchange of virtual heavy states in loops. These contributions contain t quarks or
could be some of the predicted SUSY sparticles. Therefore, if there is New Physics in the B(S) - Eg mixing,
it is expected to manifest itself significantly in the mass matrix elements, not in the width matrix ones.
A new complex parameter Ag is introduced to represent New Physics contributions to M9 [139]:

M= MDA (7.145)

with
As = |Aq] €% (7.146)

where ¢. represents the New Physics contribution to the gb;W"’ phase:

;W"’ = —2B,(SM) + ¢ (7.147)

7.2 Latest Results from the Tevatron on ([);m’"”

The D@ and CDF experiments at Fermilab are working on the time-dependent angular analysis to
tagged Bg — J/y(utu)P(KTK™) events. In their analyses, the CDF collaboration uses a neural network
to select the Bg signal events while the D@ selection is cut-based. They both report two-dimensional
profile likelihoods and Confidence-Level (CL) contours in the fs — Al' plane (with —28; = ;W‘" and
Al's = AT in their notation), which account for the non-Gaussian behavior of the uncertainties. The
results on (,b‘sl/w(/’ are calculated in two different ways, CDF quoting intervals with a given confidence
level and D@ quoting a central value with asymmetric errors.

The results presented at the Rencontres de Moriond in March 2010 [140] were based on ~ 3000 and
~ 2000 Bg signal events for CDF and D@ experiments respectively, corresponding to a luminosity of
2.8 fb~! each. The results obtained for AT, 7s and (Pesl/de are summarized in Table 7.7. The Amg
parameter was constrained to 17.77 +0.12 ps~L.

To estimate the deviation of the result from the Standard Model expectation, the p-value is calculated.
It represents the chance of rejecting the SM hypothesis when it is true. The lower the p-value, the less
likely the result is if the SM hypothesis is true, and consequently the more significant the result is. The
combination of the CDF and D@ results of Table 7.7 has a p-value of 3.4% [141].
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Latest Results from the Tevatron on ¢y

Jiyd

Table 7.7: Al 75 and ¢;”W results from the CDF and D@ collaborations presented at the Rencontres de Moriond

in March 2010 [140].

Parameter | D@ Experiment CDF Experiment
AT [ps~1] 0.19+0.07 0.02+0.05
75 [ps] 1.52+0.06 1.53+0.04
7" [radl | -057°0% | [-0.56,-2.58] (68%)

Since then, the CDF experiment has updated its result on (p‘s]/w¢ using 5.2 fb~! of data [142]. The two-
dimensional profile likelihood and the 68% and the 95% CL contours are shown in Figure 7.11 (left).
The p-value is 44%, which means that the new result is in better agreement with the Standard Model
than the previous ones (Table 7.7). The two solutions arising from the two-fold ambiguity explained in
Subsection 7.1.4 are still equally probable and it is not yet possible to choose one over the other. From
the fBs scan of Figure 7.11 (right), the following solutions are obtained for two different confidence levels,
with a p-value of 31%:

* B5€[0.02,0.52]U[1.08,1.55] at 68% CL

* fBs€[-0.13,0.68]U[0.89,n/2]U[-7n/2,-1.44] at 95% CL
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Figure 7.11: Updated result on B from CDF [

Bs (rad)
]: two-dimensional profile likelihood (left) and fs scan (right).

Fixing B to zero, the Bg lifetime 75 and the amplitudes [A |2 and |Ag|? have been measured by CDF in

the tagged analysis. Constraints are given on Al's and the strong phase 6 | (Table 7.8) [142]7.

Table 7.8: Latest results (June 2010) from the CDF experiment assuming s =0 [142].

Parameter | Value | o(stat) | o(syst)
75 [ps] 1.53 | +0.025 | +0.012
AT [ps~11 | 0.075 | £0.035 | +0.010
1A 2 0.231 | +0.014 | +0.015
|Ao|2 0.524 | +0.013 | +0.015
5, [rad] | 2.95 | £0.640 | +£0.070

"The &), strong phase is floating in the fit. However, pull studies have shown non Gaussian behavior for this
parameter, explaining why no best fit value is quoted for it. The Amg parameter is constrained within its error to its
measured value in [143] using Gaussian constraints (see Subsection 7.7.2).
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7.3 Selection of B — J/w¢ and Control Channels B? — J/yK*¢
and B" — J/yK"

7.3.1 Overview of the B? — J/w¢ Events at LHCb

According to the PYTHIA event generator [42], bb are produced dominantly by the processes displayed
in Figure 7.12. The pair creation includes gluon fusion (gg — bb) and quark-antiquark annihilation
(qq — bb). Flavor excitation happens when a virtual heavy b(b) quark from the sea quarks of one
incoming proton scatters with a parton of the other proton and ends up on its mass shell (b(b)q — b(b)q,
b(b)g — b(b)g). Gluon splitting is a mechanism in which the bb pair is produced in the parton shower
from a transition g — bb [102]. The contributions of these mechanisms to the bb production at LHCb
with at least one b hadron with all its decay products in the LHCb acceptance are ~ 16% for pair
creation, ~ 57% for flavor excitation and the remaining ~ 27% for gluon splitting.

Gluon fusion qq annihilation
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e
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Figure 7.12: Dominant production mechanisms of bb at LHCb (QCD leading order) [102].

Once the b quarks are produced, the s quarks needed to form Bg mesons result from hadronization pro-
cesses. In their rest frames, Bg mesons have small lives, 7 ~ 1.5-10712 s, corresponding to ¢t ~ 450 pm.
In the laboratory, where they are detected by the LHCDb spectrometer, their flight distance f3 depends
on their mass m and momentum p as:

fdzg-c-‘r (7.148)

For momenta of ~ 50 GeV/c, flight distances are typically of ~4 mm. Then, the B(s) mesons of interest
decay weakly into J/y and ¢ particles. The J/y decay predominantly electromagnetically into two
muons and the ¢ strongly into two charged kaons, which are practically instantaneous (total widths
TJ/Ap) = 93.2 keV/c?, T(¢p) = 4.26 MeV/c? [18]). As for the muons (m(u) = 105.7 MeV/c? [18]) and kaons
(m(K*) = 493.7 MeV/c? [18]), they fly several meters through the LHCb spectrometer and are hence
the detectable particles of the decay.
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7.3.2 The B? — J/yK*® and B* — J/wK* Control Channels

The flavor specific B’ — JiyK*? and B* — JiK* channels are used as control channels in the B(S) —Jwe
angular study, with K** decaying strongly into K*z~. Their yields are 4 and 8 times more abundant
than that of Bg — Jap ¢, respectively. These channels are used as control channels to estimate the mistag
rates and check the proper time calibration.

The B® — JyK**(K*7~) channel has the same angular properties as B? — Jay¢. It will therefore be also
used to validate the angular acceptances corrections [144] and the fit procedure. The fitted values of
the amplitudes and the strong phase differences will be compared with those already obtained by other

experiments [145, , , 1.

As an illustration, the first event display of a B* — JiyK* candidate obtained at LHCb with 2010
real data at /s = 7 TeV is shown in Figure 7.13 (top). The collection of B — JyyK*? and B* — JiwK*
has therefore started. The first candidates collected from real data with an integrated luminosity of
12.8 nb~! are shown in Figure 7.13 (bottom). Of the 112 and 65 candidates obtained in the mass win-
dows of +50 MeV/c? and +60 MeV/c? for the B® and B* respectively, 4 and 8 remain after requiring
proper times ¢ > 0.15 ps and ¢ > 3 0, with o, the proper time resolution (o,=53 fs for B?, 58 fs for B¥).
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Figure 7.13: Event display of the first B* — JiK" signal candidate at LHCb (top) and distributions of the
B?— JywK*® (bottom, left) and B* — JiK* (bottom, right) candidates collected at LHCb in 12.8 nb™! of 2010 real
data at /s=7 TeV [149, 1.
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7.3.3 The B? — J/w¢ Trigger Selection

The LHCb trigger structure is detailed in Section 2.7. The trigger selection for Bg — Jw¢ should
maintain the same philosophy as for its offline selection (Subsection 7.3.4), by not biasing the proper
time and by being as similar as possible between the signal and control channels. The LO-trigger
efficiency on selected events, €1,0/€501, Which is computed from a OR of the different lines relevant to
the Bg — Jw¢ event selection at the first level of trigger, is given in Table 7.9, as well as the relative
contribution of each line to it. The L0-u, no GEC line (Section 2.7) provides alone almost 97% of the
LO-triggers [123]. The LO trigger cuts used are summarized in Table 7.10.

Table 7.9: LO-trigger efficiency (e10/€s0;) and relative contribution of each trigger line [123].

| eno/gsa (%) ] 93.9+0.1 \
LO lines Relative contribution
LO-u, no GEC 96.70+0.06
LO-u, GEC 71.7+0.2
LO-dig, no GEC 69.6+0.2
LO-hadron 45+0.7
LO-y/e* 11.5+0.5

Table 7.10: LO trigger selection for the DC06 Monte Carlo samples based on the calorimeter trigger, the Global
Event Cuts and the muon trigger [123].

Calorimeter Trigger Global Event Cuts Muon Trigger
B [ ps [ Ry i, | mi, | B | miD, | (o GEC) | b (GEC) | 75T+ Io]
(GeV) | (GeV) | (GeV) (GeV) (GeV) (GeV) (GeV)
>3.5 >35 | >3.5 | <112 <3 >5 < 280 >15 >1.3 >15

The total efficiency of the HLT1-trigger u lines is ~ 91%, with a minimum bias rate of ~ 17 kHz. It is
composed of 78% of lifetime biased single-u line, 79.4% of lifetime unbiased di-u line (81.4% adding the
lifetime unbiased single-u line) and 48.2% of lifetime biased di-u line [123].

The Inclusive J/y — py HLT2 Line:

In the B — J/y¢ angular analysis, the common part of the event that can be reconstructed in the
tracking stations at HLT level for the signal BY — J/w¢ and the BY* — J/wK*%* control channels is
the two muons coming from the J/y. The inclusive line is therefore designed to trigger on J/v — uu
candidates. A simplified Kalman track fit (Subsection 6.1.2)8 is used to fit the muon track candidates.
These are required to form a common vertex with a X\zrertex < 7 and to have a transverse momentum
pr > 500 MeV/c. A 3o0-cut around the nominal J/w mass is also applied, where the resolution o is
14 MeV/c2. No cut of the impact parameter is applied to keep the selection unbiased in proper time.
Using this line, the channels of interested are selected with an efficiency above 95% calculated on offline
selected events passing the previous trigger levels.

8As the CPU time is dominated by the location of intersections with the detector material in the Kalman track fit,
a simplification of the material service with rough geometry resolution is used in the simplified version of the fit.
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The HLT2 Exclusive Selection of B — J/y(up)X Channels

The design of the HLT2 exclusive selections for the B — JAy¢ signal and B — JK*? and B* — JwK*
control channels follows three main criteria. First, the cuts defined at the HLT2 level should follow the
same philosophy as the ones applied offline (Section 7.3.4), to prevent distortions of the proper time
and angular distributions with respect to the offline selection. Secondly, the selections should use a
set of common cuts wherever possible in order to keep similar phase spaces for calibration purposes.
Finally, the tagging performance should not be modified. Specific cuts are then added for each channel
separately to lower the minimum bias rate while attempting to respect the three criteria.

The studies are performed with the v21r0 version of the physics analysis software application DaVinci.
500,000 DC06 B? — Jay¢p B® — JK*? and B* — JayK* events and 898,876 minimum bias events
are used in the analysis. The minimum bias events are LO-stripped and correspond to a sample of
15,006,227 events for a time of 1.03 s of real data taking. Only signal events that have been L0- and
HLT1-triggered and that have been offline-selected are used.

The offline and online HLT2 signal distributions are compared to estimate the degradation of per-
formance in the online environment, resulting in a tuning (loosening or removal) of the offline cuts.
Whenever possible, identical cuts are applied on the selection variables common to the three channels.
The second step is to compare the HLT2 signal, combinatorial, and minimum bias distributions and add
more specific HLT2 cuts to each channel to achieve a minimum bias rate of a few Hz. The offline-online
and online-background comparisons are explained in Appendix A.0.1

1. Offline Signal - Online HLT2 Signal Comparisons: The distributions of the transverse momen-
tum pr are found to agree reasonably well globally. Therefore, the HLT2 cuts are set at the same
values as for the offline selections. The B-vertex y2, and especially the mass distributions, are
broader online than offline. Therefore, the cuts on these quantities are relaxed in the HLT2 en-
vironment. The track y? shows a different behavior between offline and online. This is because
the offline quantity results from a multi-pass bidirectional Kalman fit, while the online quantity

is the y2 of the forward pattern recognition.

2. Online HLT2 Signal - Combinatorial and Minimum Bias Comparisons: The cut on the transverse
momentum of the muon has been raised from 500 MeV/c offline to 800 MeV/e, to reduce the
minimum bias rate and combinatorics, and hence speed up the processing time. The cuts on
the vertex y2 for J/w, ¢ and K** do not have any significant effect on the minimum bias rate.
However, they allow the selection of only one or two candidates at each vertex instead of several
hundred, which lowers the CPU time. As they have similar distributions than offline, the HLT2

cuts are set at similar values than the offline cuts®.

9The cuts for ¢ and K*°, which are y2/ndof < 20 in ofline, are set to y2/ndof < 25 in HLT2. For J/y, the offline cut
is at y?/ndof < 6. It is set at y%/ndof < 25 in HLT2 to agree better with the cuts for the other daughter particles.
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The HLT?2 selection cuts!® are summarized in Table 7.11. They are also depicted in Figures A.1-A.58 of
Appendix A.0.1.

Table 7.11: HLT2 selection cuts for the B — J/w(up)X channels.

Common cuts

pr(w) > 800 MeV/c
p-track y?/ndof < 8
pr(J/y) > 1000 MeV/c
m(J/y) + 80 MeV/c?
J/y vertex y%/ndof < 25
m(B) + 300 MeV/c?

B vertex y%/ndof < 6

Channel specific cuts

BY— Jy ¢ BY— JwK*0 B*— JwK*
pr(p) > 1000 MeV/c pr(K*%) > 1000 MeV/c pr(K") > 1300 MeV/c
¢-vertex y2/ndof < 25 K*0-vertex y2/ndof < 25

m(¢p) < 1045 MeV/c? m(K*0) + 120 MeV/c?

pr(B%) > 2000 MeV/ec

The selection efficiency is defined as the number of offline selected generated signal events that pass
the L0, HLT1 and HTL2 selections divided by the number of generated signal event passing the L0
and HLT1 triggers and offline selections. From Table 7.12, similar selection efficiencies are observed
for the three channels. The loss of efficiency with respect to offline is mainly due to the tighter cut on

the muon transverse momentum.

Table 7.12: Selection efficiencies [%] for the B — J/y(up)X channels.
B'—Jy¢ | B'—JwK*® | Bf — JwK*
77.21 78.45 78.28

The total trigger efficiency of the HLT2 exclusive B — Jiy¢ line is lower than the one reached by the
inclusive J/y — pp line [123]:

Etrigger = €L0 X EHLT1 X EHLT2,exclusive = 93.9% x 80% x 77% ~ 57.8% (7.149)

Etrigger = €L0 X EHLT1 X EHLTZ,inclusive = 93.9% x 80% x 95% ~ 70% (7.150)

with €1 the first level trigger efficiency with respect to offline selected events, egrm the efficiency
of the HLT1 lifetime unbiased di-muon alley with respect to offline selected and LO-triggered events,
EHLT2,inclusive EHLT2,exclusive the efficiencies of the inclusive J/y — pu and exclusive B(s) — JAy ¢ lines with
respect to LO-, HLT1-triggered and offline-selected events.

10Cuts on the track-y? and on the momentum of K* and n* defined in the offline selections are not used in the
HLT2 environment, as they result in a significant drop in efficiency without rejecting much background. No particle
identification cut is applied at online level.
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The trigger rate R of minimum bias events passing LLO, HLT1 and HLT2 at an operational luminosity
of £ ~2-10%2 ecm~2s™!, and assuming a visible cross-section of 102.4 mb, is given by:

R =rpc - €MB/LO " EHLT1-HLT2 (7.151)

where rgc is the bunch crossing rate with at least one interaction (14.67 MHz), empio = 0.0599 is
the efficiency of LO trigger applied to minimum bias events, egrri.grTe is the fraction of LO-stripped
minimum bias events selected by the HLT1 and the HLT2 cuts.

The selected minimum bias candidates are classified in different categories:

* Ghost. At least one final-state particle used to form the candidate is a ghost, which is a track that
does not match to any Monte Carlo particle.

* From Primary Vertex. The candidate particle has at least one final state daughter coming directly
from the primary vertex or a short lived resonance, and the event is not a pile-up.

e All From Same Primary Vertex. The candidate particle final state daughters all come from the

same primary vertex or from short lived resonances from the same primary vertex.

e All From Different Primary Vertices. The final-state particles used to form the candidate are
matched to true particles from at least two different collisions.

* bb. At least one final-state particle used to form the candidate is matched to a true decay product
of a b-hadron, in the scenario that there is no ghost nor pile-up detected.

To achieve a rate of a few Hz in each channel, as requested by the LHCb triggering system, the cuts of
Table 7.11 are not sufficient, especially for the two control channels. The corresponding numbers are
given in brackets in Table 7.13. To lower the rates, a method relying on prescaling the sidebands is
used!!,

In the prescaling method, different regions are defined within the mass distributions to which different
Prescaling Factors (PF) are applied. In the signal region, all the events are kept, hence PF = 1, while
only a reduced fraction is retained for the side bands, 0 < PF <1.

The prescaling method is applied to the B mass distributions. In the +300 MeV/c? B mass window,
two different boxes are defined. The first one represents the region with m(B)+ 100 MeV/c? and it
called signal box. The second one contains masses m(B) + 300 MeV/c? and is called combinatorics box.
The prescaling factors PF are set to 1 for the signal box and to 0.05 for the combinatorial box. The
0.05 value is a reasonable starting point for the analysis, while being a good compromise between the
amount of events to be kept in the side bands and the final minimum bias rates to be reduced down to
a few Hz.

HThe HLT2 selection cuts could be tightened, especially the pr cuts. However, this could induce a significant
loss in the selection efficiencies, as well as potentially introduce biases. A refit of the tracks could be considered to
improve the mass resolutions and therefore allow narrower mass window cuts. However, refitting tracks is relatively
time-consuming.
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Table 7.13 shows the trigger rates using the prescaling technique. The signal categories to which the

remaining minimum bias candidates belong are also given.

When comparing the trigger rates obtained with the prescaling method with the ones obtained without
prescaling (given in brackets in Table 7.13), they are typically reduced by a factor of two, even though a
factor of 0.05 is applied on 2/3 of the B mass window, corresponding to the combinatorics boxes. This is
due to the fact that without prescaling, already half of the events have candidates in the signal boxes,
which remain when the sidebands are prescaled.

Table 7.13: Trigger rates, number of events and nature of the selected minimum bias candidates after prescaling
the B mass window.

BY— Jy¢ BY — JayK*? B — JwK*
Minbias Rate [Hz] 3.0+1.7(56.9+24) | 148 +3.8(24.6+4.9) | 8.9 +3.0(19.7 +4.4)
Total Number of Events 3(6) 15 (25) 9 (20)
Ghosts 0(0) 9 (16) 0(6)
From Primary Vertex 4 (6) 17 (47) 8 (17)
All From Same Primary Vertex 0 (0) 5(10) 4 (7)
From Different Primary Vertices 2(3) 4 (6) 1(2)
bb 0(1) 0(1) 0(1)

The trigger rates are ~ 3+2 Hz, ~ 15+4 Hz and ~ 943 Hz for the B — Jiy¢ B® — JwK*? and B* — JwK"*
channels respectively'?. The combined trigger rate is 17.7 + 4.2 Hz (32.5 + 5.7 Hz without prescaling),
which is much lower than the trigger rate of the inclusive J/y — u* u~ line of ~ 200 Hz!2.

Using the HLT2 inclusive or exclusive trigger lines hence results from a compromise between the se-
lection efficiency achieved and the trigger rate obtained. In the first years of data-taking, inclusive
selections are favored, as they are based on simpler selection cuts than exclusive lines. With an in-
creased luminosity, exclusive selections will be a good remedy to handle high trigger rates.

2These rates could be even further reduced if needed, by lowering the values of the prescaling factors PF used for
the combinatorics boxes.
13The main contribution to background comes from prompt J/y.
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7.3.4 The B? — J/w¢ Offline Selection

The following studies are based on the Bg — JAy ¢ offline selection described in [115] using Monte Carlo
events generated in the LHCb Data Challenge 2006 (DCO06). In this cut-based selection, each cut is cho-
sen sequentially, with a maximization of the number of signal event for a given reasonable background
level. This method offers the possibility of studying the impact of each single variable on the analysis.
The offline selection has been especially designed to fulfill the two following criteria:

* Minimizing the proper time and angular acceptance distortions (defined in Section 7.6). These
have to be minimized and be made as similar as possible among the signal and the control chan-
nels (angular and proper time acceptances for the B® — JaK**channel ; proper time acceptance
for the B* — JawK*channel). As a consequence, the corrections to apply for the distortions would
be lower, reducing the associated systematic errors. Using a lifetime unbiased selection has also
an advantage of using the negative tail of the proper time distribution to estimate its resolution.
Moreover, as the CP-even and CP-odd components have different proper time distributions, cut-
ting away part of the proper time spectrum would affect them differently, affecting indirectly the
angular distributions given by the superposition of the two CP-components [123].

e Selecting as similar as possible among the signal and control channels. This ensures that the
selected b-hadrons have similar total and transverse momentum distributions. This is important
to allow the tagging performance determined on the B? and B* control channels to be applied on
the B(S) channel with minimal correction'4.

The offline selection profits from the information provided by the RICHs devices, which is mostly used
to discriminate between n*, K* and p (Subsection 2.6.1). Once the Cherenkov rings are associated to
tracks of the event, a logarithmic likelihood is computed starting with the pion mass hypothesis for
all particles. A best Particle IDentification (PID) hypothesis is obtained for each track by optimizing
iteratively the log-likelihood. The Difference in Log-Likelihood (DLL) between a given PID hypothesis
and the pion hypothesis is available for physics analyses, which is given for a particle A by [27]:

k%
DLLA=AIn%s, =In %A ~1In%, = 1n§A (7.152)

/1

with £, the likelihood of the A hypothesis combined from the various identification devices. The DLL

between two particles hypotheses A and B is derived as:
AlnLag =AIn L, —AIn L, (7.153)

The J/w — u*u~ part is selected almost identically for the three channels with the cuts summarized
in Table 7.14. For the BO— J/u/K*O and B* — JiK™" channels, cuts on the PID likelihood, Aln %k, are
added to lower the amount of muons coming from decays in flight that can fake a J/y candidate!5. This
background is removed by the tight ¢ mass window cut in the B — Jiy¢ case.

14T the untagged analysis, this requirement does not hold. An optimized selection is described in [115].

15The difference between 7 and y is neglected in the RICH particle ID information, hence Aln Zx, = Aln Zx,. A
fake J/y can be made adding a real p with a 7 or K decaying in flight. If it is a pion, it cannot be detected. If it is a
kaon, it will likely pass through RICH1 before decaying, whence the usefulness of this cut.



205

This page is a parenthesis in the description of the offline selection to illustrate the J/y — u*u~ can-
didates that have been recorded in 2010 with the LHCb spectrometer. They correspond to a sample of
12.8 nb~! at a centre of mass energy of 7 TeV (June 15t 2010).

The J/w — p*u~ mass distribution is shown in Figure 7.14 (top) [151]. The candidates have been
selected by much looser cuts than the ones developed on the DC06 Monte Carlo data and given in Table
7.14.

J/w candidates coming from B-decays have been recorded in this 2010 data sample. They are observed
from the distribution of pure signal J/y pseudo proper times ¢,, which are defined by:

A
t, = 22 ) (7.154)

¥4

where p, is the projection of the J/1 momentum on the beam direction and Az is the z distance between
the primary vertex and the decay vertex. They are characterized by large values of ¢, (Figure 7.14,
bottom).
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Figure 7.14: u*u~ invariant mass distribution (top) and pseudo proper time distribution of pure signal (bottom)
corresponding to a sample of 12.8 nb~! from 2010 real data at v/s=7 TeV recorded at LHCb. B candidates are observed
at large values of ¢, [149, 1.
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Only the events that survive the J/y selection are used as input for the ¢, K** and K* selections. This
is due to the fact that the J/y act as a filter, which lowers significantly the background for the selection
of the second daughter particles of the B mesons belonging to the B — J/wX family. The selection cuts
applied for the three decay modes are summarized in Table 7.14.

To illustrate the usefulness of the cuts on the PID likelihood Aln %k, inclusive K*K~ candidates from
2009 real data at /s =900 GeV are used. Figure 7.15 shows their mass distribution, without using the
PID information (top) and after applying it (bottom), where the ¢ signal mass peak (red line) appears
clearly from the remaining background (green line).
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Figure 7.15: Inclusive KK~ invariant mass distribution from 2009 real data at \/s=900 GeV before (top) and
after (bottom) applying the PID information provided by the RICH detectors. The signal peak (red line) is clearly
distinguishable from the background component (green line) [152].
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The Bg B? and B* mesons are selected using the same criteria based on a vertex quality cut X\Z/'tx <5

and an Impact Parameter Significance (IPS) cut'®

with respect to the primary vertex, IPS < 5. If
several primary vertices are found, the one with the smallest IPS is chosen. An additional cut on the
B? transverse momentum, pp > 2 GeV/e, is used to lower the prompt background that has a lower
average pr. As the masses of the B® and B* are close, true B* — JyK" events associated with a
prompt pion from the underlying event need to be removed from the selected B® — JiK*? sample. This
is performed by removing events from B® — JiyK*® where the J/i and the K* alone have an invariant
mass compatible with the B* mass within +60 MeV/c2. The removal of this background is important,
as it populates the upper sideband of the mass spectrum, which is needed to estimate the background
properties under the B? signal peak [115]. If several B candidates are selected for one event, the one

with the smallest )(‘%tx/nDoF is kept.

Table 7.14: Offline selection cuts for the B — Jiy¢ signal and B® — JiyK*? and B* — JiyK* control channels [115].

Common cuts

J/y Selection

Aln %y, > -5
p track y2_, /mDoF < 3 (<5 for B — Jhyp)
pr(u) >500 MeV/c
Aln %k, <5 (none for B? — Jay¢p)

Jhy X?,tx/nDoF <6
pr(d/w)>1 GeV/e
IM(up) — M(Jhy)| < 30(= 42 MeV/c2)

B meson Selection
B x2, /nDoF <5
IPS(B)< 5
IM(X) - M(B)| < +300 MeV/c?

Channel specific cuts

Bs — JAp(up)d(KK) BY — J/y(upwK* (Kr) B* — J/y(uu)K*
¢ Selection K*0 Selection K* Selection
Aln L, >0 Aln L, >0 Aln Ly >0
Aln Ly, > -2 Aln gy > —2
K* track y2_,/mDoF <10  K* and 7 track 32 _,/mDoF <10  K* track y2_, /nDoF <4
p(K*)>2 GeVl/e pK*) and p(7*) > 2 GeV/e p(K*)>10 GeV/c
pr(p)>1 GeVie pr(K*%)>1 GeV/e pr(K*)>1.3 GeV/e
¢ x%, /nDoF < 20 K*0 y2,/nDoF < 20

IM(KK)—-M(p)| < 30

IM(Kx) - M(K*%)| < 20

BY Selection

pr(B?) >2 GeV/e
IM(upK) — M(B*)| > 60 MeV/c?

After the offline selection, the transverse momentum distributions are compared for the B! B® and B*

mesons to ensure that they are the same [123].

18The impact parameter significance is equal to the impact parameter (IP) divided by its error otp, where IP is the
perpendicular distance from the primary vertex to the line defined by the B(S) meson momentum vector.
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From 12.8 nb~! of 2010 real data, 23 B? can-

~ 10— .
(3] E 3
% ot LHCb < didates have been selected in the narrow mass
% 8E Fire"minary 3 window of +50 MeV/c? with looser cuts than
g 7E \s=7TeVData oo some 3 those of Table 7.14 (Figure 7.16). Only one can-
g 6 PRI 3§ didate remains after applying the cut on the
w e : H =

SE i i 3 proper time explained in Subsection 7.3.2 for B®

4F : : = +

E : : 3 and B™.
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Figure 7.16: B? — J/y¢ candidates collected at LHCb in
12.8 nb~! of 2010 real data (/s=7 TeV) [149].

Offline Selection of MC09 B? — J/w¢ Events

For the studies of Section 7.6, the full MC09 Monte Carlo Bg — JAy¢p event sample is used, on which the
cuts of Table 7.14 are applied. The number of processed events and the number of events that are LO-,
HLT1-triggered and offline-selected are given in Table 7.15. The v24r4 version of the DaVinci package

is used.

Table 7.15: MC09 B — Jiy¢ events processed and number of which are L0- HLT-triggered and offline-selected.

Events processed | Events L0-, HLT1-triggered and offline-selected
10,657,141 1,132,009

Annual Event Yield

The annual event yield S is calculated as [123]:
S = Ling % Opp % 2 x fu,d,s x BRyis X €tot (7.155)

with %in¢ the integrated luminosity (2 fo~! for one nominal year), o5 the bb production cross section
(Table 7.3.4 ; 500 mb is used for the present signal yield estimations), the factor 2 accounting for the pair
production of b quarks, f,; 4 s the B meson production fraction (Table 7.3.4), BRy;s the visible branching
fraction for the decay modes concerned (Table 7.3.4) and ¢, the total efficiency given by:

€tot = €gen X Epresel/gen X Esel/presel X €L0/sel (xenHLT/LO) (7.156)

where gy is the cut efficiency at generator level taking into account the requirement of having the two
b hadrons inside the LHCb geometrical acceptance. The &y eselsel cOmbines the acceptance efficiency
for having all the decay products inside the LHCb geometrical acceptance with the reconstruction and
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preselection cut efficiencies, where the preselection cuts are given in [115]. The &gcl/presel is the selection
efficiency compared to the pre-selected events. The £1,9/se] is the efficiency of the LO-level trigger decision
with respect to the selected events. The total selection efficiencies and the annual yields for one nominal
year of data taking are given in Table 7.3.4 for the selected and LO-triggered events without or with
applying the HLT1 trigger decision. These numbers do not account for the large uncertainty of ~ 40%
on the o3 value at 14 TeV [42] nor for the branching fraction of BY — JAy¢ which is known with an
accuracy of ~35% [18].

Table 7.16: Production cross sections at 14 TeV predicted by the DC06 Monte Carlo simulation [42, 43]. The double
arrow = indicates the existence of possible intermediate states. As an example, pp = JAX includes pp — b — J/yX.
The prompt J/y cross section is o, —.J/yX = OPr = Opp=J/yX — Opp—b=Jd/yx=0.266 mb [123].

Cross section \ Value [mb] ‘

Opp 102.9

T b 0.698
UppéJ/wX 0.286
O pp—b=>JiyX 0.0204

Table 7.17: Branching fractions for all decays and B meson production fractions. Values from PDG and from the
DCO06 Monte Carlo simulation are indicated [123].

’ Branching fraction \ PDG[18] \ DCo6
BRWJ/y — utu™) (5.93+0.06)x 102 | 5.933x 1072
BRWJ/y —e*e) (5.94+0.06)x 1072 | 5.933 x 1072
BRK*? - K*77) ~1 66.57 x 102
BR(¢ — K'K") (49.2+0.6) x 1072 49.10 x 102
BR(B? — JyyK*0) (1.33+£0.06)x 1072 | 1.291x107°
BR(BY — J/y¢) (9.3+3.3)x107% 13.5x 1074
BR(B* — JywK") (1.007£0.035)x 1072 | 1.008 x 1073
BRyis BY — J/y(u*p )pK K)) | (2.71£0.96)x10° | 3.93x10°°
BRyis (BY — J/y(e*e )P(KTK™)) | (2.72+0.96)x107° | 3.93x107°
BRyis BY = J/y(utp )K*'Kn) | (5.25+0.24)x 107 5.10x 107>
BRyis (B* — J/y(u" ™ )K") (5.9+0.2)x 107° 5.98x107°
fu (%) 39.9+1.1 40.5
fa (%) 39.9+1.1 40.5
fs (%) 11.0+1.2 10.0

For an integrated luminosity of 2 fo~1 at /s = 14 TeV, the signal yields are estimated at 156,000
(117,000) for B? — Jay¢, 650,000 (489,000) for B® — JiyK*? and 1,250,000 (942,000) for BT — JyK*
modes after applying the LO-level trigger decision (+ the HL1 trigger decision) (Table 7.3.4).

Table 7.18: Total selection efficiency eiq [%] before HLT1 (left), untagged event yield for selected and LO-triggered
events (middle), and including HLT1 (right). The event yields correspond to an integrated luminosity of 2 fb=1 [123].

Channel Etot [%] Event yield after LO | Event yield after LO+HLT1
Bg —Jy(utu )GKTK™) | 2.61+0.01 156,000 117,000
BY — J/y(u* u)K*%(Kn) | 1.54+0.01 648,000 489,000
B* — Jw(uu)K* 2.61+0.01 1,248,000 942,000
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7.3.5 Background Contributions

Two categories of backgrounds events are studied [115], prompt and long-lived.

The prompt background is due to accidental combinations of tracks produced at the primary vertex
and together with true Jiy. The invariant mass distribution of B — Jiy¢ candidates obtained from
the JAy — pp inclusive Monte Carlo sample, containing ~93% of prompt Ji and ~7% of B, 4 — J/yX
events, is shown in Figure 7.17 (left). The dark-filled histogram is the signal distribution centered on
the BS nominal mass and the white-filled histogram the prompt background contribution. The recon-
structed proper time distribution of the prompt background component only is shown in Figure 7.17
(right). The fit of a Gaussian function!” to the Monte Carlo data results in a resolution o; ~ 0.043 ps.

k3 o | 958
2 [ M Signal Entries 1338 2l Entries
% 70: O ¢ Backeround %2/ ndl 69.95/54 & 10 = 2/ ot 44.95/43
2 r Prompt Backgroun, Prob 0.07106 3 ~ Prob 0.3902
g 60— — Fit Function Norm Gauss 3402+ 439 2 - g 0.006431+ 0.001449
2 F ug 5369+ 2.1 § = O 0.04326 + 0.00127
@ 50; Og 14+4.1 = - Normalization 76.34+ 3.36
= C Norm Exp 1489+ 1279.2
40 i 0.0008133 + 0.0001605 10
30 B
20
1
10 F
oL Lol L L I P S 1 D A T A S I
5100 5200 5300 5400 5500 56 0 -0.5 -04 -03 -0.2 -0.1 0 01 02 03 04 05
wrwKK invariant mass (MeV/c2) Proper Time (ps)

Figure 7.17: Invariant mass distribution of Bg — JAy¢ candidates (signal and prompt background) in the Jy — uu
inclusive sample containing ~93% of prompt Jiy and ~7% of By g5 — J/9X events (left). Reconstructed proper time
distribution for the prompt background component only (right) [123].

The long-lived background has at least one track coming from a secondary vertex from b- or c-hadron
decay and is dominated by real J4y. The invariant mass distribution of B — Ji¢ candidates coming
from B, q5, — J/@X samples is shown in Figure 7.18 (left). The dark-filled histogram is the signal
distribution and the white-filled histogram the long-lived background. The reconstructed proper time
distribution of the long-lived background component only is given in Figure 7.18 (right). It is fitted with
a double exponential convolved with a double Gaussian function to describe the effect of the resolution.
The fit gives the two slopes to be 71 =0.18 ps and 72 = 1 ps with a relative fraction f;; ~0.72, and the
resolution for the dominant Gaussian to be g; = 0.039 ps.

17A Gaussian distribution ¢ centered at x¢ and of width o, is given as a function of the variable x as:

R
e ol 452
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Figure 7.18: Invariant mass distribution of B — Ji¢ candidates (signal and long-lived background) in the Byas —
J/wX sample (left). Reconstructed proper time distributions for the long-lived background component only (right)
[123].

The Background over Signal ratios (B/S) for the signal and control channels in a +50 MeV/c2 mass
window around the nominal B meson mass are given in Table 7.19 for both types of background!®. The
predominance of the prompt background is due to the fact that no cut on the impact parameter of any
track is made in the lifetime unbiased offline selection. The larger background contributions for the B®
channel compared to the BY and B* ones come from K*° due to its wide mass width.

Table 7.19: B/S ratio estimated in +50 MeV/c? mass window for prompt and long-lived backgrounds for the three
different channels [123].

’ Channel ‘ Bp,/S ‘ B1i/S ‘
BY — Jy(uu)p(KK) | 1.6+0.6 | 0.51+0.08
B — Jy(uwK(Kn) | 52+0.3 | 1.53+0.08
B — Jy(uuwK* 1.6+0.2 | 0.29+0.06

As the ([)‘sj/w(p phase is extracted from a fit to time-dependent decay angular distributions, the impact of
the background on the sensitivity depends not only on the total contamination in the signal region, but
also on its proper time and angular distributions. Even though the prompt background is dominant
(Table 7.19), it is expected to have a smaller impact on the (/)‘SI/”’(P sensitivity than the long-lived back-
ground, since it is concentrated in a region of a small proper time (¢ < 0.2 ps). Moreover, its proper time
distribution is well separated by the fit procedure [115].

For real data, the background will be extrapolated from the sidebands of the invariant Bg mass dis-
tribution to describe the background in the signal region. Then the proper time and decay angular
distributions for the background will be parameterized for the fit.

18A detailed explanation of how these numbers have been calculated is given in [123].
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7.4 The Fit Model

The fit model presented here is defined in [153] (version v2) as the latest available official model rec-
ommended by the LHCb s working group to be used for sensitivity studies to ¢§/W¢. It is therefore the
one used in Section 7.7. The model comprises three parts, the proper time, the angular and the mass
models, which are described in the following separately for each the signal, long-lived background and
prompt background contributions.

7.4.1 The Model for Proper Time Distribution
Signal

The time-dependent terms u(¢) of Equations 7.136-7.141 of the untagged analysis are convolved with
a proper time resolution function PRg(¢) describing the resolution of the LHCb spectrometer on the
proper time measurement. The symbol ® is used for the convolution.

uy,(t) = up(t) ® PRg(2) (7.157)
with the PRg(t) resolution function being a triple Gaussian

PRg(t) = f(t,5,1)°9 (1,8, 0,8,1)+ f,8,2) 9 (t,5,2),0¢82)+ 1= f.810— f1,52) 9 (¢8,3),0,8,3) (7.158)

Instead of using a triple Gaussian in the fit model, a single Gaussian with a mean proper time resolu-
tion (o s)) is used, which is calculated as:

Ows) = \/f @S1)" U(2t,S,1) +fues: U(zt,S,2) +(1=fusn = fus) U(Zt,S,3) (7.159)

In Monte Carlo studies only, the proper time resolution can be obtained by fitting the PRg(¢) function
to the residual distribution between the reconstructed and generated proper times of the L0O-, HLT1-
triggered and selected Monte Carlo B(S) — Jw¢ signal events. This is not possible for real data. Instead,
the proper time resolution will be estimated from a fit to the reconstructed proper time using an expo-
nential function with an average lifetime 7,4 convolved with a single Gaussian to model the resolution.
Teq can be expressed as a function of the two states composing the B(s) meson that evolve in time with

71, and 7g. In order to derive this function, Equation 7.142 is rewritten in terms of I'g

d2r ATt ATt
T deoso x (1- IALI2)e_rS't cosh(Ts) —cos( ;w/(b)-sinh(Ts) -(1+cos?0)
ATt ATt
+A | |2eTst cosh(Ts)+cos( g/‘”“’)-sinh( 5 )]-(1—cos20)-2 (7.160)

and is integrated over dcos(0):

dr
— X e_rs’t

de¢

ALZ+(1—1ALD)] -cosh(Agst)]

+e st (7.161)

[|AJ_|ZCOS( 'S]/”"/’) —(1-1A, ®)cos (¢g/w¢)] -sinh(Arst)]
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Using Al's=I',—-TI'g and I's =0.5-(I't, + I'g), and expressing the cosh(% -AI'st) and sinh(% -Al'st) in terms
of exponentials, it gives:
dr 4 Tl T,

—xe
d¢

(I L_rH) (FL—FH)t
- 2

AL+ 14,2 —( G e
1 T,-T'g) T1,-I'g)
[IA I2cos( J/W) (1-1A,] )cos( J/W)] é(e%t_e‘%t)

1
o« [IALRP+(1-1A11%)]- 5 (e7Tul 4 e7T1t)

(FL+FH)

+e~

+cos (@) (1AL - (1- 141 2] é(e-rﬂt—e-fhf) (7.162)

Teq is obtained by integrating Equation 7.162 over ¢ from 0 to oo and taking its inverse:

Teq:% = ((1 co (J/w¢))¥+(l—cos( J/w(p))lAz' +(1+co (;W’))g)rm

((1 + cos ( J/W))) 40

2 2
2' +(1+co (‘sw/(p))lAl+(1—cos( g/w¢)>M)TL. (7.163)

2 2

In the Bg — Jay¢p DCO6 Monte Carlo event generation, 71, = 1.391 ps and 7y = 1.538 ps have been used,
leading to Teq = 1.415 ps [123]. From the fit of the true and reconstructed proper time distributions, this
value has been found back within the errors [ ]. An average resolution (o g)) = 0.039 ps is obtained,
with similar results for the B® — JiK*® and B* — JiwK* control channels and from a fit of the prompt
component of the background [153].

The measurement of the proper time ¢ is the result of a combination of the distance between the primary
and Bg decay vertices and the Bg momentum. Its uncertainty is dominated by the former. The proper
time resolution model can thus be improved by taking into account the vertex position uncertainties

varying from event to event (d¢), leading to a per-event proper time resolution model [154].

However, studies indicate that for data statistics below 2 fb~1, using per event proper time uncertain-
ties instead of a constant proper time error does not significantly improve the sensitivity to ¢g ads [123].
Therefore, the constant proper time resolution (o(;s)) = 0.039 ps is used in the sensitivity studies of
Section 7.7, together with the assumption of a flat proper time acceptance [153]. This assumption is

discussed in Section 7.6.

Long-Lived Background

In Monte Carlo studies, the proper time of the long-lived background is obtained by fitting with a fit
function Pr1,(¢) the proper time distribution of events coming from the B, g4 s — J/¥X inclusive sam-
ple, after removing the signal contribution (Figure 7.18, right). Pr1,(¢) is a double exponential decay
function convolved with a single Gaussian function:

ot ot
P =|feLLn-e "D +(1-frn1))-e "Gl |®9(t,0.11) (7.164)
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Using DCO06 events, the mean lifetimes are found to be 7(;1,1,1)=0.161 ps and 7(; 1,1, 2) = 1.114 ps with a

relative fraction f; 11,1) = 0.78 and the width is found to be o 11, =0.066 ps [ 119,

Prompt Background

In Monte Carlo studies, the proper time of the prompt background is obtained by fitting with a fit
function Pp.(¢) the proper time distribution of events coming from the Jiw — uu inclusive sample, after
removing the signal contribution (Figure 7.18, right). Pp.(¢) is a single Gaussian:

Pp(¢) = 4(ws,pr), 0(1,Pr) (7.165)

Using DCO06 events, the width is found to be o pr) =0.044 ps [153] 19

7.4.2 The Model for Angular Distribution
Signal

The angular functions f,;FR(G,w,@ and f }?EL(HH,w, x) for the decay final states of the signal are defined
in Table 7.1.5 for the transversity basis and in Table 7.1.5 for the helicity basis. In principle, they must
be convolved with angular resolution functions AR s g, ) (F (QTR/MEEL,)), With Qg = {0,v, ¢} for the
transversity angles or Qugry, = {611, W, x} for the helicity ones, to take into account the effect of the LHCb

spectrometer on the angle measurements:

R0, w,0) = FIR0,y,9)  ®ARsp(cos(0)) ®ARg,(cos(y) ® ARg (@)
FEEL 6w, v, 1) = FEELOh,w, 1) ® AR gy, (cos(O)) ® ARs y(cos(y)) ® ARs () (7.166)

The angular resolutions have been estimated for the angles of the transversity basis to be 27 mrad
for 0, 27 mrad for ¢ and 20 mrad for y from triple-Gaussian fits to the residual distribution between
the reconstructed and the generated angles of L0O-, HLT1-triggered and offline-selected DC06 signal
BY — Jay¢ events [123]. These angular resolution distributions are not included in the model used for
the sensitivity studies [153].

The angular acceptance dependence for the signal is also neglected in the fit model [153]. However, a
description of the angular acceptance is developed using MC09 Monte Carlo data in Section 7.6, where
the importance of taking them eventually into account in the analysis on real data is highlighted.

9The values quoted here are nearly identical to the parameters extracted from the fits to the distributions of Fig-
ures 7.17-7.18. The small differences arise from the fact that the selection analyses kept evolving after the parameters
were frozen for the fit studies.
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Long-Lived and Prompt Background

Flat angular distribution models A11,(QTr/meL) and Ap.(Qrr/maEL) are used in the fit model for the long-
lived and prompt background components respectively [153]. No description of the angular acceptance
variations is added to the fit model. However, some acceptance variations in the decay angles have been
observed for the long-lived background, which are the result of the non-negligible fraction of partially
reconstructed signal events. For the prompt component, no acceptance variations in the decay angles

are observed, which is due to the fact that most of the events come from combinatorics [123].

7.4.3 The Model for Mass Distribution

Signal

The mass distribution for the signal is obtained by fitting the u*u~K*K™ invariant mass distribution
of the LO-, HLT1-triggered and offline-selected Bg — JAy¢ events with a triple-Gaussian Mg(m):

Ms(m) = fim,s,1)* 9 (Wim,8,1, 0 (m,8,0)+ F(m,8,2) G (Wim,8,2), 0 (m,8,2) + (1= f(m.8,1)— fm,8,2)) G (l(m,$,3), T(m,$,3))
(7.167)

The average mass resolution (o, g)) is calculated as:

(O(m,9) = \/f (m,S,1)" 0 (Zm,S,l) +fms2 0 (Zm,s,z) +(1 = fims—fims2) 0 ?m,s,3) (7.168)

For DC06 Monte Carlo data, the average mass resolution obtained is (0 (,,s)) = 16.2 MeV/c? [153].

Long-Lived Background

The mass distribution for the long-lived background is obtained by fitting the u*u K"K~ invariant
mass distribution of the B, g s — J/¥X inclusive sample with an exponential function My (m), after

removing the signal contribution (Figure 7.18, left).
Mi1(m)=e %Ll (7.169)

The slope is found to be a(; L1, =0.001 (MeV/e?)™1 [153] 19,

Prompt Background

The mass distribution for the prompt background is obtained by fitting the u*u~K*K™ invariant mass
distribution of the J/w — pu inclusive sample with an exponential function Mp,(m), after removing the
signal contribution (Figure 7.17, left).

Mpy(m) = e~ %mpom (7.170)

The slope is found to be @, pr) = 0.0006 (MeV/c?)™! [153] 19,
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7.4.4 The Full Fit Model

The Probability Density Function (PDF) for the proper time, angles and mass for the signal, S(¢, QTr/grL, M),
can be factorized between that of Equation 7.135 (corrected for taking into account the convolution with

the proper time resolution model leading to the u}g(t) terms of Equation 7.157) and that for the invari-

ant mass distribution of Equation 7.167:

6
S, QrrmrL,m) = | Y u), O ff VR QrrmgL) |- Ms(m) (7.171)
k=1

The probability density function for the proper time, angles and mass for the long-lived background,
Bp1.1.(t,QTR/HEL, M), is given by

Bi11,(t,QrrmEL, m) = PrLL() - ALL(QTrREEL) - M1,1.(Mm) (7.172)
and for the prompt background Bp,.(t, Qrr/HEL, m) by
By (¢, Qrr/HEL, M) = Ppy(t) - Ap(QrR/MEEL) - MPr (M) (7.173)

The total probability density function, Z%;, for the proper time, angles and mass for the signal, long-
lived background and prompt background is the sum of the three contributions weighted by the frac-
tions of the signal fs =0.30 and of the long-lived background f77, = 0.15 [153]:

Prot = f5 - S, Qrr/HEL, M) + fLL - BLL(t, QTREEL, M) + (1 - fs — fLL) - Bpr(¢, QTR/MHEL, M) (7.174)

The fractions and detector parameters used in the fit model are summarized in Table 7.20.

Suggestions to Improve the Fit Model
In order to improve further the fit model summarized in Table 7.20, the following items relevant to the
untagged analysis should be added:

¢ Angular acceptance dependence and angular resolutions ( f,;TR/HEL) for the signal component

* Long-lived background angular acceptance dependence

e b—b production asymmetry, if needed2’

In a longer term with high statistics (at the tagged analysis stage), the (non-)resonant contributions
to the K*K~ S-wave final state (Subsection 7.1.5) and the penguin contributions neglected in Equation
7.86 should be added [137].

20This could potentially introduce oscillations in the proper time distribution of untagged Bg — Jiy¢ events.
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7.5 Fit Procedure

The physics parameters Ayhys = {IAOIZ, |A | 12,ATg, Ty, 6 I,0 L,(pzsl/u/(p} are determined by an unbinned log
likelihood method from the measured event physics attributes X, = {¢, QrrmurL, m}. The detector pa-
rameters Aget = {0m,0+2! and the background properties are also taken into account in the probability
density function Z,+?2. Grouping together the physics and detector parameters as A = {Aphys + Adet},
the likelihood function £ of N events is expressed as:

N
Z =[] Put(Xes 1) (7.175)
e

Instead of maximizing the likelihood product £ of Equation 7.175, the negative logarithmic likelihood
%’ is minimized. The numerical instabilities arising from a large number of multiplications to be

performed are hence prevented. £’ is given by:
N
ZL'= =) In(Pyet(X; 1) (7.176)
e

Two independent fitters are used to perform the unbinned likelihood fit to the untagged Bg — Jap
events for the sensitivity studies of Section 7.7. The first fitter, called P2VV fitter, is implemented
in python language [155] and uses pre-defined functions available in the RooFit package [112]. The
minimization uses by default the MIGRAD algorithm of the MINUIT package [156], which returns
symmetric errors. The second fitter, called Heidelberg fitter, is implemented using the C++ coding
language [157]. The minimization is also performed with the MIGRAD algorithm.

Once the fit is achieved, both fitters provide displays showing the projections of the PDF on the basis
angles and proper time, together with the CP-even and CP-odd contributions determined from the
output fit values. An illustration of such displays is shown for the transversity angles in Figure 7.19,
where only the signal contribution has been used in the generation and fit.

21The proper time and angular acceptances should be included in the detector parameters.
22In the tagged analysis, there is one additional physics parameter, Amg, one additional physics attribute q (the
initial B(S) meson flavor tag) and one additional detector parameter, w the mistag rate.
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CP-even (red long-dashed line) and CP-odd (cyan short-dashed) components determined from the output fit values.
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7.6 Angular Acceptance Parameterization

Given a certain region in space, the acceptance is defined as the number of events selected in the region
divided by the number of events expected by theory. In an ideal case, the acceptance distribution
in space is one everywhere, as all the events predicted by theory are selected. In a real case, non-
flat acceptance shapes with less than one appear. To obtain unbiased estimations of the parameters
entering in the analysis, acceptances as a function of the decay angles have to be taken into account in
the fit. Neglecting them leads to significant biases, especially in the calculation of the parameters |Ag|?
and |A | |2, as will be demonstrated in Subsection 7.6.4.

Due to possible correlation between the acceptances in three decay angles, one method of implementing
the acceptance description is to define a three-dimensional histogram, where each dimension repre-
sents one angular function [123]. To smoothen the angular acceptance description, three-dimensional
parameterizations of this histogram have been developed. The parameterization uses the same multi-
dimensional fitting method detailed in Subsection 5.4, which takes into account the correlations be-
tween the angular acceptances. Parameterizations using both the transversity and helicity bases are
given in Subsection 7.6.3.

7.6.1 Origin of the Angular Acceptance Distortions

Acceptance distortions can be due to the geometrical acceptance covered by the LHCb detector, the
event reconstruction program or the event selection cuts. The total variation of the acceptance due to
these contributions is found to be ~ 11% [123, 1.

In the following, an estimation of the angular acceptance variation due to the LHCb geometrical ac-
ceptance is given. For this study, 1,000,000 Bg — Jap¢ signal events have been generated?® with and
without imposing the LHCb geometrical acceptance during the generation. The imposed constraint is:
four tracks identified as u*/~ and K*/~ are in the LHCb acceptance for an event to be reconstructed
as a B(S) — Jiy¢ decay. When one or more of those tracks leave the LHCb acceptance, the event is not
recorded, hence contributing to the angular shape of the acceptance.

In Figures 7.20-7.2224, distributions of the decay angles (cos(8),cos(1), ¢) in the transversity basis are
plotted (left) for theory (red line) and for the generated MC events (black histogram), without (top) and
with (bottom) applying the cut on the LHCb geometrical acceptance, as well as the acceptance values
(right). Similar plots for the angles in the helicity basis are shown in Figures 7.23-7.25 ?4. Before the
cut, fluctuations of order ~ 3% are observed (~ 2% for y). After the cut, acceptance variations are of
~ 4.5% for cos(0) and cos(y), ~ 6% for ¢ and ~ 10% for cos(fy). The acceptance on y is not affected by
the cut.

23The v37r5 version of the Gauss package [41] is used for the generation of B — Jiy¢ events using MC09 settings.

24Tn order to better estimate the differences between the decay angle distributions for theory and for the generated
BY — JAy¢ events and the angular acceptance variations, small boxes are inserted in the bottom right of the Figures,
which are a zoomed view on the y axis of the distributions.
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Figure 7.24: Cos(y) distribution at generation level (left) and corresponding acceptances (right), without (top) and
with (bottom) applying a cut on the LHCb geometrical acceptance.
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7.6.2 Angular Acceptance Calculation

The angular acceptances are calculated from the total sample of MC09 Bg — JAy¢ events. 8000 bins are
defined in the three-dimensional angular acceptance histogram, i.e. 20 bins evenly distributed in the
allowed interval of each angular function. Inside of one three-dimensional bin, the angular acceptance
value is obtained as follows:

* The numerator is the number of LO- and HLT1-triggered and offline-selected generated MC09
Bg — JAw¢p events without applying a tagging decision on the flavor of the B(S) meson at production
(Table 7.15). The selection cuts used are the ones presented in Section 7.3.

e The denominator is the number of events predicted by Equation 7.17725. Equation 7.177 is
obtained by integrating Equation 7.135 over the proper time using Equations 7.110-7.115.

3 d3T(B? — J d3T(B? — J/
d3T et 05 (B w¢)+0.5 B — Jpp)

X (7.177)
dQTR/HEL dQTR/HEL dQTR/MHEL

The theoretical function is scaled to have the same total number of events as the total number of
the selected events in the numerator. This has as a consequence that all the angular acceptances
are distributed around one.

Two-Dimensional Distributions of the Decay Angle Functions

Figures 7.26-7.28 show two-dimensional distributions of the decay angles integrated over one angle in
the transversity basis for the selected MCO09 events (left) and the corresponding theoretical distribu-
tions (middle). The acceptances resulting from a division of the former histogram by the latter are also
shown (right). Similar distributions are given for the helicity basis in Figures 7.29-7.31.

In the transversity basis, the variation of the acceptance in the ¢ angle is especially noticeable (Figures
7.27-7.28, right). In the helicity basis, almost no acceptance effect is observed for the y angle (Figures
7.30-7.31, right). As the total angular acceptance variation has to be the same in the two bases, the
angular acceptance variation in cos(8) and ¢ is concentrated in the helicity basis in 6y, cos(y) being
common to both bases [135].

25This relation 1 corresponds to the untagged case, as the MC09 data have been generated without any asymmetry
between B and B mesons.
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Figure 7.26: Cos(6)-cos(y) two-dimensional distribution of the selected MC09 Bg — Jiy ¢ events (left), of the corre-
sponding distribution predicted by theory (middle) and resulting acceptance (right).
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Figure 7.27: Cos(0)-¢ two-dimensional distribution of the selected MC09 B(S) — Jiy ¢ events (left), of the corresponding
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Figure 7.29: Cos(0y)-cos(y) two-dimensional distribution of the selected MC09 Bg — JAy ¢ events (left), of the corre-
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ing distribution predicted by theory (middle) and resulting acceptance (right).
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7.6.3 Angular Acceptance Parameterization

To determine multidimensional parameterizations of the acceptances, Aparam(r), in terms of the angu-
lar functions r = (cos(0),cos(y), ) for the transversity basis and r = (cos(6y1), cos(y), y) for the helicity
basis, the least square procedure explained in Subsection 5.4 is used. In this case, the quantity to be

minimized (Equation 5.5) is rewritten as:

A i -A ))?
S Z (Anisto I;aram(rz)) (7.178)
14

g
4

where Ap;sto are the values coming from the three-dimensional angular acceptance histogram. The c;
coefficients of Equation 5.3 and the orders m, n, p of the Chebychev monomials T',(r1), T(r2) and
T, (r3) obtained from the fit are given in Table 7.21 for the transversity basis and Table 7.22 for the
helicity basis?®. The number of terms for the parameterization in the helicity basis is smaller than for
the parameterization in the transversity basis, which is due to the complex acceptance variation in the
@ angle, as explained in Subsection 7.6.2.

Table 7.21: c; coefficients and combination of Chebychev monomials T,, T, T}, for the transversity basis.

List of Terms cy m (T, (cos(0)) | n(Typ(cos(y)) | p(Tp(p))
1 -0.0106925 0 0 0
2 +0.0178818 0 0 2
3 -0.044207 2 0 0
4 -0.0245174 0 2 0
5 +0.02885 0 0 4
6 -0.0237846 2 0 2
7 +0.0086622 4 0 0
8 -0.017512 0 0 6
9 -0.0457417 2 0 4
Table 7.22: c; coefficients and combination of Chebychev monomials T,, T, T} for the helicity basis.
List of Terms ¢y m (T, (cos(0n)) | n(Tplcos(y)) | p(Tp(x))
1 +0.0130731 0 0 0
2 +0.077389 2 0 0
3 -0.0277041 0 2 0
4 +0.0265217 1 1 2
5 +0.0238798 4 0 0

The results of the fit with the transversity basis show no correlation between cos(y) and the two other
angular functions. From Figure 7.32, it can indeed be observed that the variations in the cos(8) — ¢
plane, representing the correlations of cos(y) with them, are much less pronounced than in the cos(6)—
cos(y) and cos(y) — ¢ planes. One correlation term is found between y and the other angles of the
helicity basis, which is reflected in the cos(6y) — cos(y) plane of Figure 7.32.

Figures 7.33-7.35 show distributions of the decay angle acceptance integrated over one angle (left) in
the transversity basis, the parameterizations (middle) and the residuals obtained by subtracting the
latter to the former (right). Similar distributions are given for the helicity basis in Figures 7.36-7.38.
The residuals distributions show no biases for all cases, as they are centered on zero.

26Mests performed on DC06 Monte Carlo data give similar results (number of terms, coefficients and powers).
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Figure 7.34: Cos(0)-¢ two-dimensional distributions of the angular acceptance (left) for the selected MC09 B? — JAy¢p
events, of the corresponding parameterization (middle) and of the residuals obtained by subtracting the latter to the

former (right).
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Figure 7.36: Cos(6y)-cos(y) two-dimensional distributions of the angular acceptance (left) for the selected MCO09
Bg — Jy events, of the corresponding parameterization (middle) and of the residuals obtained by subtracting the

latter to the former (right).
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Figure 7.37: Cos(0y)-y two-dimensional distributions of the angular acceptance (left) for the selected MC09 Bg —
Jaw¢ events, of the corresponding parameterization (middle) and of the residuals obtained by subtracting the latter

to the former (right).
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Figure 7.38: Cos(y)-y two-dimensional distributions of the angular acceptance (left) for the selected MC09 B? — JAy¢p
events, of the corresponding parameterization (middle) and of the residuals obtained by subtracting the latter to the

former (right).
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7.6.4 Validation of the Acceptance Parameterization
1. Oscillating / Diverging behavior of the Parameterizations

A first check consists in ensuring that the parameterized acceptance does not oscillate between the
fitted points nor diverges at the edges of the three-dimensional histogram. For this, 8,000,000 equally
spaced acceptance values are calculated from the parameterization inside the space allowed by the

angular functions. No oscillation nor divergence at the edges have been observed.

2. One-Angle Distributions of the Angular Acceptance

Figures 7.39-7.44%7 (left) show the distributions of the selected MC09 Bg — Jw¢ events (black his-
togram) for each angular function of the transversity/helicity bases and the corresponding theoretical
distributions (red line). On the resulting acceptances (right, blue histogram) are superimposed the
parameterizations integrated over the two other angles (green line). A good matching between the
integrated parameterization and the integrated acceptance variations is observed for all cases.

3. Time-Dependent Angular Fit to Untagged MC09 B? — J/w¢ Events

To validate the parameterizations, three-dimensional angular fits to the selected MC09 B — Jay¢
events are performed using the P2VV package [155], first without using the acceptance corrections,
then including them as multiplicative factors e(dQrgr/aEL) to the theoretical Equation 7.177:

d3Ty, d3T(BY — J d3T(B? — J
(4 B~ WD) 05T TBs =IO 4 0mmmmn) (7.179)

=(0.5
dQTR/HEL )acceptance incl. ( dQrr/HEL dQTR/HEL

To perform the fits, the total set of selected MC09 B? — Jiy¢ events is divided into nine samples of
117,000 events each, corresponding to 2 fb~! of data at nominal energy (/s = 14 TeV). The input pa-
rameter values are set to the values used for the generation of the MC09 Monte Carlo data summarized
in Table 7.6.4 [ 1, which have to be retrieved in the output fit value distributions.

Table 7.24 shows the average parameter values obtained from untagged fits. In both bases, biases
are observed for the |Ag|2 and |A | |? parameters without acceptance corrections (highlighted in yel-
low). They cancel with the use of the three-dimensional parameterizations. This shows that even if
the acceptances are rather flat (< 10% effect), their corrections cannot be neglected in the fit [123].
Biases observed for I'y without angular acceptance corrections still remain after applying the angular
acceptance corrections (highlighted in yellow).

27In order to better estimate the differences between the decay angle distributions for theory and for the selected
MCO09 BY — JAy¢ events and the angular acceptance variations, small boxes are inserted in the bottom right of the
Figures, which are a zoomed view on the y axis of the distributions.
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Figure 7.39: Cos(0) distribution of the selected B — Jiy¢ events (black histogram) and of the theoretical distribution
(red curve) (left), and corresponding acceptance (blue histogram) with the integral of the parameterization over two
angles superimposed (green line) (right).
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Figure 7.40: Cos(y) distribution of the selected Bg — JAy¢ events (black histogram) and of the theoretical distribution
(red curve) (left), and corresponding acceptance (blue histogram) with the integral of the parameterization over two
angles superimposed (green line) (right)
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Figure 7.41: ¢ distribution of the selected B — Jiy¢» events (black histogram) and of the theoretical distribution
(red curve) (left), and corresponding acceptance (blue histogram) with the integral of the parameterization over two
angles superimposed (green line) (right)
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Figure 7.42: Cos(0p) distribution of the selected B? — Jiy¢ events (black histogram) and of the theoretical distribu-
tion (red curve) (left), and corresponding acceptance (blue histogram) with the integral of the parameterization over
two angles superimposed (green line) (right)
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Figure 7.43: Cos(y) distribution of the selected Bg — JAy¢ events (black histogram) and of the theoretical distribution
(red curve) (left), and corresponding acceptance (blue histogram) with the integral of the parameterization over two
angles superimposed (green line) (right)

‘E 35000: 5 -
g - < e et et e
= 30000 — 5 L
C ©
25000 g 08
r 9 L
C o B
20000:* < 0.6/~
150001 - : iy
F— Theory 28500 O4j 13)(?51 ‘ll ll I}H} ‘ ll
10000; —4— LO0-, HLT1-triggered 28000 B 15 [I| [t "I| | '"|']”|‘
rC and offline-selected true 27500 0.2 —+}— Selected Events / Theory 05:2 ”1“”‘ ﬂ Hi n?
50001 B,— J/y ¢ signal events 3 N Parameterization 0.985)
C eI a0 1 23 r 3 2 1 0o 1 2 3
e b b b L | O\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
x X
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(red curve) (left), and corresponding acceptance (blue histogram) with the integral of the parameterization over two
angles superimposed (green line) (right)
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Table 7.23: B parameters used in the generation of the MC09 B — Jay(uu)p(KK) sample [159]. From
the values of the Bg lifetime 7,=1.472 ps and AI's, the lifetime of the Bg mass eigenstates can be derived,

1g=1.5369 ps and 71,=1.407 ps. [ Parameter | Value |
Is=1/1s | 0.6793 ps~!

Amg 17.8 ps~!
AT 0.060 ps~T
|A)? 0.24

6” 2.5 rad
|[Aol? 0.6

do 0.0 rad
|ALI? 0.16

01 —0.17 rad

e ~0.04 rad

Table 7.24: Fitted parameters averaged over nine samples of 117,000 untagged Bg — JAp¢ signal events in the
transversity (TR) and helicity (HEL) bases without acceptance corrections (left) and with using the angular accep-
tance parameterization (right). Biases (>30) are highlighted in yellow.

No Correction Parameterization
For Acceptance
Basis | Parameters | Input Result o from Result o from
value nominal nominal
|[Agl? 0.600 | 0.572+0.003 -9.3 0.598 +0.003 -0.7
TR A2 0.160 | 0.173+0.003 +4.3 0.158 +£0.003 -0.7
Ts [ps 1] 0.679 | 0.696+0.003 +5.7 0.694+0.003 +5.0
AT [ps~ 1] 0.060 | 0.052+0.009 -0.9 0.059+0.009 -0.1
|[Aol? 0.600 | 0.572+0.003 -9.3 0.600+0.003 +0.0
HEL | |A,? 0.160 | 0.173+0.003 +4.3 0.158 +£0.003 -0.7
T [ps~1] 0.679 | 0.695+0.003 +5.3 0.694 +0.003 +5.0
AT [ps~1] 0.060 | 0.054+0.009 -0.7 \ 0.059+0.009 -0.1 \

The biases on I's are due to the unexpected non-flat variation of the proper time acceptance after
reconstruction and offline selection (Figure 7.45, bottom right) compared to the unbiased shapes at
generation level (without/with cutting on the LHCb acceptance) (Figure 7.45, top and middle).

The large proper time acceptance variation observed in Figure 7.45 (bottom right) is assumed to be
mainly uncorrelated with the angular acceptance variation?®. The proper time acceptance distribution
of Figure 7.45 (bottom right) is fitted by a second-order polynomial function f(#) =S -(1+ k1 -t + kg - t2),
with S an arbitrary scale factor, resulting in k1 = 0.0028 + 0.0012 ps~! and %3 = —0.0026 + 0.0002 ps .
If the proper time acceptance description is included in the fit, the bias on I'y of Table 7.24 disappears,
and gives I's = 0.682 +0.003 ps~! for the transversity and helicity bases.

The fact that the initial parameters used in the generation of MC09 B? — Jiy¢ events are found back
is not only a validation of the angular acceptance parameterizations, but also of the fit procedure to

untagged events that is used in the Subsection 7.7 to perform sensitivity studies.

28Correlations between angular and proper time acceptance variations can be expected if AT # 0 [160]. However,
the resulting slope in the proper time acceptance is expected to be ~ 3 times smaller than what observed [123]. The
origin of the large distortion observed in MC09 data is not yet fully understood, but possible reasons could be that the
VELO tracking efficiency may depend on the z position of the B vertex. It could also be due to the limited length of
the VELO detector that could cause the drop of B reconstruction efficiency at large proper time.
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Figure 7.45: Proper time distributions (left) at generation level without (top) or with (middle) applying a cut on
the LHCb acceptance and after reconstruction and offline selection (bottom). The small boxes inserted on the bottom
right of the distributions show the same proper time distributions in a logarithmic scale instead. The corresponding
acceptances (right) show no bias at generated level (without/with the geometrical cut on the LHCb acceptance), while
the proper time acceptance after reconstruction and offline selection is biased (bottom). This bias is hence not due to
the cut on the LHCDb acceptance at generation level.
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7.7 Time-Dependent Angular Analysis to Untagged B? — J/y ¢
Events

Compared to the time-dependent angular analysis to tagged Bg — JAy¢ events that will eventually bring
the most precise measurement of qbg/w(p, the fit to untagged B(S) — JAyp events has the advantage of being
independent of the understanding of the tagging. It is also less demanding regarding the proper time
resolution, as it does not need to resolve the fast Bg - Eg oscillations. Indeed, the Amg parameter
characterizing the frequency of the Bg - Eg mixing vanish in the untagged analysis (Equations 7.136-
7.141). The fit to untagged B? — Jiy¢ events is therefore one of the first steps that will be performed

with real data towards </>;W¢’.

The time-dependent angular analysis to untagged B(s) — JAyp events is a complicated procedure, includ-
ing a simultaneous fit to several distributions, each depending on a number of unknown parameters.
To estimate the measurement uncertainty, a Toy Monte Carlo technique is used. A simplified model
of the measurement is build and a large number of identical jobs is performed, each with a different

random number seed.

In the following studies, only the jobs for which the fit has converged are taken into account. For
each physics parameter with input value xinput, the distributions of the returned best fit value, x4, the
estimated error obtained from the covariance matrix of the fit, o, and the pull, Ax, defined in Equation

7.180 are plotted.
Xfit — Xinput

Ox

Ax = (7.180)

The sensitivity to the parameter x is defined as the width of the Gaussian fitted to the distribution of the
returned values xq¢, which is checked to be consistent with the average of the fitted o, distribution. The
pull distributions are examined to determine whether there are biases in the parameter determination.
They are fitted with a Gaussian function. If the fit is not biased, the pull distribution should be centered
to zero with a unit width.

The two P2VV [ 1 and Heidelberg [ ] fitters explained in Section 7.5 are used in the sensitivity
studies to cross-check the results®??. Whenever possible, different scenarios are studied for the inte-
grated luminosity per nominal year of data taking at /s = 14 TeV: 2 fb~1, 0.2 fb~! and 0.1 fb~!. The
numbers of generated Bg — JAw ¢ events for the three statistical scenarios are obtained from Table 7.20
by scaling the integrated luminosity. They are given in Table 7.7.

29The event generation is performed by each fitter separately.
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Table 7.25: Input from simulation used in the generation of standalone simplified Monte Carlo data and defined in
[153] (version v2). The numbers correspond to a signal mass window of +50 MeV/c?.

’ Input from Simulation \ Value ‘

Background/Signal Ratio

B prompt/ S 1.8

B long—lived/ S 0.5

Total Event Number (S+B) (/s = 14 TeV)

2.0 b1 386,100

0.2 fb1 38,600

0.1fb7! 19,305

The input values of the seven physics parameters used in the fit to untagged Bg — JAy¢ events are

summarized in Table 7.7 [153]. These are based on constraints existing on I'y and Al's. The input

values of the other physics parameters rely on measurements performed in the B® — JiK*? channel,

except for the Standard Model ¢>;W"’ input value coming from an early 2008 estimate. The New Physics

value for ¢<Sl/w¢ is based on the latest result quoted by the D@ experiment given in Table 7.

730,

Table 7.26: Physics parameters input values used in the fit to untagged B(S) — JAyp events [153] (version v2). The §g
is set to zero by an allowed convention choice. The |4 12 parameter equals |A| 2=1-1402-14,12=0.211[145].

Parameter \ Value \ Units \ Source ‘
Ts 0.680 ps T [18]
AT 0.049 ps T [18]

o) -2.93 rad [ 1
|Aol? 0.556 - [145]
A% 0.233 - [145]
0L 2.91 rad [145]

7" (SM) | —0.0368 | rad | [121]

67" (NP) | —0.6000 | rad | Table 7.7

The detector parameters are kept fixed in the following studies®!.

30This value is illustrative. It would need some re-tuning given the latest CDF result (Figure 7.11).
31The average value of the signal mass distribution, mpo, is also fixed in the fit.
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7.7.1 Standard Model Assumption

The |Agl?, |A | |2 and 'y parameters have recently been measured by the CDF experiment, as quoted in
Table 7.8. Until now, Al'y and 6, are only constrained by the measurements. The statistical uncertain-
ties associated to the [Ag|2, |A | |2 and I's CDF measurements can be lowered significantly at LHCb and
the Al's parameter can be measured assuming the Standard Model prediction for (p‘swj(p.

To perform the measurements, the (p;W"’ value is set to zero in the fit model to untagged B? — Jay¢p. As
a consequence, the terms containing the 6, strong phase in Equations 7.139 and 7.141 cancel. There
is still an access to the strong phase 6; through Equation 7.140.

From 300 Toy Monte Carlo jobs, it is observed that all the parameter input values are well retrieved
and the errors calculated correctly, except for 6. Indeed, in the distribution of the fitted §; values,
several values are found to be equal to —m, as shown in Figure 7.46 (top). According to the MINUIT

package returned message, the values at —z result from successful minimizations.

To understand the origin of the fit output values at —n, a new parameterization, a = cos(9))), is intro-
duced in the fit model. The jobs are redone using the same seeds than used previously. The distribution
of the fitted cos(9)|) values is shown in Figure 7.46 (middle), which is Gaussian-distributed. Some values
are found to be smaller than -1, which correspond to unphysical regions probed during the minimiza-
tion process. The possibility of having cosine values smaller than -1 is explained by the fact that the
fit is not constrained anymore by the bounds imposed by the cosine function itself. Looking at the cor-
relations between the §) output values at —n and the values of cos(§)) belonging to unphysical regions
(Figure 7.46, bottom), a full correlation is observed.

To estimate the parameter sensitivities, the jobs corresponding to output fit values 6, = —n can there-
fore be considered as failed fits and removed. However, the errors on the remaining §), output fit values
are not calculated properly, resulting in an asymmetric pull distribution. Hence, sensitivity results
are given using the a = cos(9||) parameter instead, for which the errors are correctly calculated. Three
statistical scenarios are studied: 2 fb™!, 0.2 fb~! and 0.1 fb~! of data. The results are given in the
upper parts of Tables 7.27, 7.28 and 7.29 respectively. In each case, 300 Toy Monte Carlo jobs are
performed.

The sensitivities to the |[Al?, |A|%, Ts and AT parameters are found to be +0.003, +0.004, +0.003
ps~! and +0.009 ps~! respectively for the 2 fb~! scenario. The sensitivity to cos(d 1) is £0.015 rad. For
the lower statistics cases, 0.2 fb~! and 0.1 fb~!, the sensitivities scale as VN, with N the number of
B(s) — Jhyp events. With only 0.1 fb~! of untagged data at /s = 14 TeV, the statistical uncertainties are
of the same order of magnitude as the latest CDF results summarized in Table 7.8 obtained with a fit
to tagged B(s) — JApp events. Moreover, the sensitivities quoted for |Aol%, |A| |2, Ts and ATs at 2 b~ ! are
of the same order than the ones obtained from the tagged fit at LHCb [123].

The angular acceptance parameterization of Section 7.6, not used by default in the fit model, is added
to check its impact on the sensitivity results. The results given in the lower part of Tables 7.27-7.29
show no differences with the sensitivity values obtained without angular acceptance description.



239

8 45 -
= s
£ 40k
L C
35
- N
30 N
- N\
- N\
25? NN
- NN
- N
20 VAR
- NN
- NN
- \\\\\\\\\\\\
. RRRRRRRRRRRRRRR
10 Nl
- \w\\\ NS
C iy
- Nl
5? NN \\\\\\\\\\\\ NN
- \\N\\\ QAN \\\\\
C R hh;h’h;hnlnmnin
- . ‘ , N\ }\&\}\&\}\\k\}\\,\\Q\\y\\}\\k\\\‘\\k |
-3.3 -3.2 -31 -3 -29 -2.8 2.7
g, (rad)
8 aF
S
s C
W C
30—
25—
20—
15—
10—
5
O - 3 N N L
-1.02 -1 -0.98 -0.96 -0.94 -0.92
cos(d)
= -2.7
©
S
N
W -2.8 H
-2.9

-31

-3.2

[
|||||||||||||||||||||||||||||

N T B S B B
-1.02 -1 -0.98 -0.96 -0.94 -0.92
cos(d,)

-3.3

Figure 7.46: | (top) and a = cos(3)) (middle) output fit value distributions obtained for the 2 fb~! statistical scenario.
The output fit values §; = —n (top) are fully correlated (bottom) with the values belonging to the unphysical region
cos(6))) < —1 (middle).



240 Time-Dependent Angular Analysis to Untagged B? — Jay¢ Events

Table 7.27: Sensitivities and pull distribution parameters obtained for 2 fb~! (Standard Model assumption).
Pull Mean ‘ Pull Width

’ Parameters \ Value and Sensitivity

|[Ag|? 0.556 +£0.003 —-0.03+0.06 | 1.03+0.04
A2 0.233+£0.004 +0.04+0.06 | 1.00+£0.04
T [ps~1] 0.680+0.003 -0.05+0.06 | 1.04+0.04
AT [ps~1] 0.049 +£0.009 —-0.02+0.06 | 0.96+0.04
a =cos(d))) -0.978+0.015 —-0.03+£0.06 | 0.99+0.04
Effect of Angular Acceptances (P2VV Fitter)
|[Ag|? 0.556 +£0.003 —-0.08+0.06 | 1.04+0.04
A2 0.233+0.004 +0.11+0.06 | 1.05+0.04
T [ps~1] 0.680+0.003 —-0.03+0.06 | 1.04+0.04
AT [ps~1] 0.049 +0.008 +0.02+0.06 | 1.00+0.04
a =cos(9))) —-0.981+0.015 -0.14+0.06 | 1.01+0.04

Table 7.28: Sensitivities and pull distribution parameters obtained for 0.2 fb~! (Standard Model assumption).
| Parameters | Value and Sensitivity | Pull Mean | Pull Width |

Result With P2VV Fitter
K 0.556 +0.009 -0.04+0.06 | 1.05+0.04
A2 0.234+0.012 +0.05+0.06 | 1.03+0.04
s [ps~1] 0.680+0.009 —-0.03+0.06 | 0.97+0.04
AT [ps~1] 0.048 +£0.025 —-0.03+0.06 | 1.00+0.04
a =cos(0))) —0.984 +£0.048 -0.10+0.06 | 1.00+0.04

Effect of Angular Acceptances (P2VV Fitter)

[AolZ 0.555+0.008 —0.09+0.06 | 1.05+0.04
A7 0.235+0.012 +0.15+0.06 | 1.02+0.04
T [ps~1] 0.680 +0.009 —0.01+0.06 | 0.99+0.04
AT [ps~1] 0.046 + 0.026 —0.09+0.06 | 1.03+0.04
a =cos(d)) —0.987 £0.048 —0.15+0.06 | 1.03+0.04

Table 7.29: Sensitivities and pull distribution parameters obtained for 0.1 fb~! (Standard Model assumption).
’ Parameters \ Value and Sensitivity \ Pull Mean \ Pull Width ‘

Result With P2VV Fitter
|Aol? 0.555+0.012 -0.06+0.06 | 1.10+0.04
A2 0.233+0.017 +0.01+0.06 | 1.08+0.04
Ts [ps~1] 0.681+0.012 +0.01+0.06 | 1.00+0.04
AT [ps~1] 0.049 +0.037 +0.03+0.06 | 1.00+0.04
a =cos(0))) -0.978 £0.070 +0.05+0.06 | 1.02+0.04

Effect of Angular Acceptances (P2VV Fitter)

[Aol? 0.556+0.011 -0.03+0.06 | 0.97+0.04
A% 0.234+0.016 +0.06+0.06 | 0.94+0.04
T [ps] 0.681+0.012 +0.00+0.06 | 0.99+0.04
AT [ps~1] 0.046 +0.036 -0.04+0.06 | 1.04+£0.04
a =cos(0))) —-0.988 £0.068 -0.10+0.06 | 1.00+0.04
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It should be noted that when the §), input value is further away from -, §;, = —2.78 rad for example, no

output fit value at — is observed in the distribution, as shown in Figure 7.47 for 2 fb~! of data.
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Figure 7.47: §); output fit value distribution using an input value §); = —2.78 rad.

The associated sensitivity values and pull distribution parameters are given in Table 7.30. The sensi-

tivity to 0 is £0.046 rad.

Table 7.30: Sensitivities and pull distribution parameters for 2 fb~! of Toy Monte Carlo data using & 1=-2.78 rad as

input value (Standard Model assumption).

] Parameters \ Value and Sensitivity \ Pull Mean \ Pull Width ‘

|[Aol? 0.556+0.003 -0.03+0.06 | 0.99+0.04
A% 0.233 +0.004 +0.10+0.06 | 1.04+0.04
T [ps] 0.680+0.003 -0.02+0.06 | 1.01+0.04
AT [ps ] 0.048 £0.008 —-0.08+0.06 | 0.99+0.04
0y [rad] —-2.783 £0.046 -0.07+0.06 | 1.00+0.04
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7.7.2 New Physics Scenario

In the Standard Model scenario, the sensitivity to ¢>§’”’ arlses from the sin(¢y W’) terms, the cos(gbs/w(p)

terms being almost insensitive due to the very small (/)S expectatlon value. Luckily, sin(¢y 1M)) terms
remain in two terms entering in the untagged formula (Equations 7.139, 7.141). However, they also
depend on the strong phases 6 and 0 that have to be determined simultaneously in the fit. In the
New Physics scenario, where the ¢g/w¢ value is set at 0.6 (Table 7.7), it is possible that the sensitivity
is enhanced by the cos(gbg/w(p) terms.

If all the physics parameters are left free in the fit, the strong and weak phases cannot be measured?2.
Indeed, the § | input value, § | =2.91 rad, cannot be retrieved from the § | output fit value distribution
shown in Figure 7.48 (left) for 2 fb~! of Toy Monte Carlo data3?. The &) output fit value distribution
is similar to the one of Figure 7.46 (top), where several §) values are found to be —n for an input
value 6 = —2.93 rad. The <p;’/”"/’ output fit value distribution is shown in Figure 7.48 (right), where the

Jyd _

input value ¢ —0.6 cannot be retrieved either. Therefore, in order to measure (/)‘SI/WP with a fit to

untagged B(S) — JAp events, the strong phases cannot be left free in the fit.
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Figure 7.48: 6, (left) and ¢;’/‘”¢ (right) output fit value distributions obtained for 2 b1 of Toy Monte Carlo data,
with all the physics parameters free in the fit. The input values of 2.91 rad for §; and -0.6 rad for gb;m’/d) cannot be
retrieved from the distributions.

The 6| and 6| strong phases have been measured by the Babar experiment in the B — JiyK*? channel
to be 6 = —2.93 £ 0.08 (stat) £ 0.04 (syst) and 6, = 2.91 £ 0.05(stat) £ 0.03 (syst) [145]. Under flavor
symmetry, it is reasonable to assume that they are similar for the B — Jiy¢ channel. They are indeed
expected to be equal within a similar precision of a few percent of 7 (or ~ 10°) [135]. Therefore, the
strong phases §; (i ={||,L}) are constrained during the fit procedure using Gaussian error distributions
to the values dmeas,; measured by Babar, which are called Gaussian constraints®*

32Small biases are also observed for I's and AT.
33This is not the case for the tagged fit, where the § | input value is retrieved without any problem [123].
34This method has been used by the D@ collaboration in the analysis to tagged B(s) — Jw¢ events [161].
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The negative logarithmic likelihood of Equation 7.176 is modified as:

(61' - 6meas,i)2
2

meas,i

N
L= =Y N(ProyXe; N+ Y (7.181)

where 0 pmeas,; are the measurement uncertainties.

The sensitivity and pull distribution fit parameters are given in Table 7.31 for 1000 Toy Monte Carlo
jobs at 2 fb~! using external Gaussian constraints on both & | and 61 . The o peas is set to 0.18 rad, which
is larger than the uncertainty on the 6 and ;| measurements, reducing the strength of the constraints
in the fit. The distributions of the §;;, 6, and (b‘swjd) output fit value are shown in Figure 7.49.

Table 7.31: Sensitivities and pull distribution parameters obtained with 2 fb~! of Toy Monte Carlo data.
’ Parameters \ Value and Sensitivity | Pull Mean | Pull Width

Ao +0.556 + 0.003 ~0.03+0.03 | 1.03+0.02
1AL 2 +0.233+0.004 +0.01£0.03 | 0.97+0.02
T, [ps 1 +0.680 +0.003 +0.08+0.03 | 1.04+0.02
AT, [ps 1 +0.050 + 0.009 +0.10+0.03 | 0.96+0.02
e ~0.609 + 0.200 ~0.04+0.03 | 1.04+0.02
5, [rad] —2.926 +0.064 +0.10+0.03 | 1.09+0.02
&, [rad] +2.910+0.177 +0.00£0.03 | 0.99+0.02

The sensitivities to the |A¢|2, |A1|?, T's and AT’y parameters are found to be +0.003, +0.004, +0.003
ps~! and +0.009 ps~! respectively, which are similar to the ones of Table 7.27.

The sensitivity to | is equal to omeas = 0.18 rad, which means that it is fully dominated by the external
constraint, whereas the sensitivity to §) of +0.06 rad is dominated by the parameter determination with
data, as being smaller than o yeas.

The sensitivity to (Pg/w¢ is £0.20 rad for 2 fb~! of data at /s = 14 TeV?3°. A comparison with the sensi-
tivity expected from the time-dependent analysis to tagged events at LHCb is made in the next Sub-
section.

35No sensitivity studies are performed for the 0.2 and 0.1 fb™! of data. Biases in ATy and underestimations of the

errors for q;;"w’ have been observed for these statistical scenarios, in the case the strong phases were fixed (Appendix
A.0.2). Similar observations are hence expected for the case discussed here in which the strong phases are Gaussian-
constrained.
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7.8 Time-Dependent Angular Analysis to Tagged B? — J/w¢
Events

In the time-dependent angular analysis to tagged Bg — Jw¢ events, two additional ingredients com-
pared to the fit to untagged Bg — JAp¢p events need to be fully understood:

1. The proper time resolution: An excellent proper time resolution is needed to resolve the fast
Bg —Eg oscillations. The precision that LHCb is expected to reach on the B meson proper time
calculation is o; ~ 0.040 ps [123].

2. The tagging: The tagging needs to have a high efficiency 44, with a low and well known wrong
tag fraction w3®. The identification of the initial flavor of the reconstructed B mesons will be
done by different dedicated algorithms based on Opposite-Side (OS) or Same-Side (SS) taggers
[162, 1.

Compared to the untagged case, an additional parameter is present, Amg, which has already been
measured precisely [18]. Before measuring (pg/w¢, Amyg in the B? — J/q/K*Odecay and sin(2p) in the
B? — J/t//Kg decay will be measured to validate the flavor tagging calibration procedure [164]. The Amg
parameter will be measured in the B? — D 7" decay to validate that the B oscillations can be resolved
adequately [165].

An expected performance for the ¢;W‘/’ mea- 0.2

surement at the LHCb experiment is shown in 0.18

_ CDF+DO, 9fb™ EACH
Figure 7.50 for different integrated luminosi- i

o(pgwe) (rad)

016 |
ties, for a LHC centre of mass energy of 14 -

0.14
TeV. The lines above and below the sensitivity i

T .. . - 042 |
curve indicate uncertainties coming from the bb - )
— Uncertainties on bb cross-section

01 [H e
[ and BRvis(Bs—J/yd)

cross-section and the visible branching ratio of F
B(S) - J/w()b' 0.08 : \\

0.08 [

The Standard Model prediction of 285, 0.0368, r
bounded by its uncertainties, is also drawn. The 0.04 ——
black line shows the combined CDF/D@ uncer- i
tainty scaled to 18 fb L.
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With an integrated luminosity of 2 fb™!, the sta-
. . . J/ .
tistical uncertainty o(¢g vy is expected to be Figure 7.50: Statistical uncertainty on ¢2"? versus the

smaller than +0.04 rad. integrated luminosity at a LHC centre of mass energy
Vs =14 TeV [123].

36The tagging efficiency €tqg 1s defined as the number of signal-selected and tagged events divided by the total
number of selected events, and the wrong tag fraction w is defined as the fraction of wrongly tagged events divided by
the total number of tagged events.






Conclusions

The measurement of the CP violating phase ¢<SI/1//<P is one of the most important measurements that will
be performed at LHCb. In the Standard Model, this phase is predicted to be (/)‘SI/W(P = —0.0360:“8:88%2
rad, which makes it one of the CP observables with the smallest theoretical uncertainty. New physics

contributions could significantly modify this prediction.

The CP-even and CP-odd components are present in the J/w¢ final state due to the pseudoscalar to
vector-vector nature of the B — Jiy¢ decay, with different relative orbital angular momentum between
the J/y and ¢. To extract the phase, (ﬁswl(b, the time dependent decay rates for initial B(S) and Eg — Jwe
are studied as a function of the decay angles of the final states. After the first level and the high
level trigger decisions, ~ 117,000 Bg — Jiyp events are expected to be selected in 2 fb~! of data at
Vs =14 TeV. The (p‘s]/w(p measurement is challenging, as it requires various experimental techniques to
be perfectly under control, such as proper time and angular resolutions, background rejection, flavor
tagging, and fit with multi parameters. Also, the variation of the acceptance in the decay angles, which
is due to the geometrical acceptance of the LHCb detector, the event reconstruction program and the
event selection cuts, need to be properly taken into account in the fit model. For this, three-dimensional
parameterizations of the angular acceptances have been developed in this thesis.

With early data, a simplified time-dependent angular analysis can be performed, which does not require
the flavor of the Bg meson at production to be known. Studies presented in this thesis show that with
2 b1 of data at /s = 14 TeV, a sensitivity to gb;’/‘”“’ of +0.20 rad is expected, in the case of a New
Physics scenario, i.e. large CP violation effect ((p;m”d’ ~0.60 rad). If the phase is small as expected by
the Standard Model, other parameters can be measured, such as the amplitudes of the CP-even and
CP-odd components, (|Ag|? + |A} 12) and |A | |2, the Bg meson lifetime 75 = 1/T'5, and the width difference
AT between the two mass eigenstates. With only 0.2 fb~! of data at /s = 14 TeV, these measurements
would become more precise statistically than the latest results quoted by the CDF experiment (June

2010).

At LHCb, the innermost area around the beam pipe of the tracking stations located after the dipole
magnet is covered by the Inner Tracker detector. It uses a p*-on-n silicon microstrip technology with
a strip pitch of 198um. In this thesis, the assembly procedure of the Inner Tracker performed in a
clean environment at CERN is described. By Summer 2008, the Inner Tracker was assembled, fully
operational and installed in the LHCb experimental cavern.

A precise alignment of the tracking system and an accurate description of the magnetic field are of
prime importance to reach a very good momentum resolution. As detailed in this thesis, the positions
of the silicon microstrip sensors of the Inner Tracker have been measured with an accuracy of +0.05
mm by theodolite. The positions of the protection boxes containing the silicon sensors in the LHCb ex-
perimental cavern have been adjusted by several iterations of survey measurements with an accuracy

of +0.5 mm in x and y and +1 mm in z.



After the magnet construction, magnetic field measurements were taken with Hall probes for both po-
larities of the magnet in December 2005 in the LHCDb experimental cavern. They are used in this thesis
to provide a description of the magnetic field for the reconstruction of real data. A multidimensional
fit method using Chebychev polynomials is used to obtain the measured magnetic field map divided in
several regions. The method was first tested with the simulated field map and a precision of ~ 1072 T
is reached to describe the three magnetic field components.

Several differences are observed between the simulated and the measured magnetic field maps. First,
the simulated field map has a [ B-dl that is ~ 7 x 1073 times larger than the measured map. This
is attributed to the known expansion of the coils by ~ 8 mm when the magnet is powered, which
is not taken into account in the simulated description. Second, an asymmetry between the up and
down parts of the dipole magnet is observed for the measured magnetic field, while the simulated
magnetic field does not have this by design. Monte Carlo studies with inclusive J/y — u*u~ decays
show that this asymmetry leads to a 0.1% difference between masses reconstructed from tracks going
through the upper or lower parts of the magnet. Using reconstructed mass distributions of Ks — n*7~,
A —p*n~ and A — p~nt decays from early 2010 data, the global scale of the measured field map is
better than that of the simulated field map. Moreover, looking at Ks candidates reconstructed from
tracks going through the upper or lower parts of the magnet, the up-down asymmetry of the magnetic
field measurements is found to be a real effect. Hence, the measured magnetic field map is used for the
reconstruction of events.

To correct for the residual global scale difference between the expected mass peak values of known
resonances and the reconstructed values using the measured field map, a momentum scale calibra-
tion is performed in this thesis using Ks, A and A candidates from early 2010 data. For instance,
the mass resolutions expected from Monte Carlo studies and reconstructed for L-L Kg candidates are
Oexp = 3.9 MeV/c2 and 0ye. = 4.2 MeV/c? and for D-D candidates Oexp=5.9 MeV/c? and 0yec = 7.3 MeV/c2.
For candidates reconstructed from two long tracks, a mean momentum scale a = —-0.0007 +0.0001 is
found. For candidates reconstructed from two downstream tracks, @ = —0.0034 +0.0001 is obtained.
The difference between the values for the two types of candidates could result from the relative align-
ment between the Tracker Turicensis (TT) and the VELO, since TT plays a significant role in the recon-

struction of downstream tracks, while it has a limited impact in the reconstruction of long tracks.
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A.0.1 HLT2 Exclusive Selections for B — J/y(upu)X Channels

In the following Figures, the HLT2 selection cuts are represented by the green dashed vertical lines
with arrows specifying whether they are lower/upper limit cuts.

Offline-Online Comparisons

In Figures A.1-A.29, HLT2 signal distributions (black hatched area) of selection variables are compared
with the offline distributions (area delimited by a blue point-dashed line). For better comparisons, the
offline selection cuts have been relaxed (only loose cuts on the masses are used), such that their signal
distributions cover the whole range of the online distributions. The offline-online comparisons show
that the transverse momentum pr (Figures A.5-A.6 for B(s) : Figures A.15-A.18 for B? ; Figures A.25-
A.27 for B*) and distributions are similar in both environments!. Therefore, the HLT2 cuts are set at
the same values as for offline.

Other distributions differ between offline and HLT2, the B-vertex y? (Figure A.4 for B(s) ; Figure A.14
for BY ; Figure A.24 for B*) and the mass distributions (Figures A.8-A.10 for Bg ; Figures A.19-A.21
for B® ; Figures A.28-A.29 for B). As these HLT2 distributions are broader online than offline, the
cuts on these quantities are relaxed in the HLT2 environment. The mass window cuts are set at about
three times the average width of the distributions, except for ¢ for which only an upper limit is defined.
The track y? (Figure A.1 for B(s) ; Figure A.11 for B? ; Figure A.22 for B*) shows a different behaviour
between offline and online. In offline, the value comes from a multi-pass bidirectional Kalman filter. In
online, the 2 of the forward pattern recognition is used instead.

HLT2 Signal, Combinatorics and Minimum Bias Comparisons

In Figures A.30-A.58, HLTZ2 signal distributions (black positive-slope hatched area) of selection vari-
ables are compared with combinatorics (area delimited by a blue point-dashed line) and minimum bias
(red negative-slope hatched area) distributions.

The HLT2 exclusive selections aim at accepting signal events with high efficiency, while rejecting min-
imum bias events. In the case of transverse momenta pr cuts (Figures A.34-A.35 for Bg ; Figures
A.44-A 47 for BY ; Figures A.54-A.56 for B*), the cuts have been kept to the offline values, except for
the muons where the pr cut has been raised from > 500 MeV/c offline to > 800 MeV/c, this to reduce
the minimum bias rate and combinatorics, and hence speed up the processing time.

Cuts on the J/v, ¢ and K*° vertex-y2 do not have any significant effect on the minimum bias rate as
shown in Figures A.31-A.32 for Bg, Figures A.41-A.42 for B? and Figure A.52 for B*. However, they
allow the selection of only one or two candidates at each vertex, which lowers the CPU time. As they
have similar distributions than offline (Figures A.2-A.3 for B(S) : Figures A.12-A.13 for B? ; Figures A.23
for B*), the HLT2 cuts are set at similar values than the offline cuts.

In Figures A.5-A.6 and A.15-A.16, loose mass cuts of £200 MeV/c? are applied on the ¢ and K*° masses compared
to the B* case, where a discrepancy is observed between the offline and online distributions (Figures A.25-A.26).
When removing the loose mass cuts on the ¢ and K*, similar discrepancies between offline and online distributions
of pr(p) and pr(J/y) are obtained for the B(s) and BY cases.
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Validation of the HLT2 Exclusive Selections

The trigger selections are designed to introduce minimal distortion to the distribution of the event
observables which are studied in the analysis. These observables include the proper time 7 and, in
the BY — J/y(upw)p(KK) and B® — J/y(uw)K*O(Kn) cases, also the decay angular distributions cos(8),
cos(y) and ¢ defined in Subsection 7.1.3. The proper time and angular acceptance histograms are
drawn, where the numerator is the distribution of generated signal events passing the L0, HLT1 and
HLT2 cuts and the denominator is the distribution of generated signal events passing the L0 and HLT1
decisions.

The acceptance histograms are shown in Figure A.59 for Bg, A.60 for B® and A.61 for B*. The histogram
flatness is tested by fitting them with a first-order polynomial function and observing that the first-
order term coefficients are compatible with zero.
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Figure A.59: Cos(0), cos(y), ¢ angular and proper time acceptance histograms.
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A.0.2 New Physics Scenario with Fixing the Strong Phases

A possibility to solve the problem in the determination of the 6, and 6, strong phases would be to
fix them. This solution is not optimal, as it requires an external knowledge. The 6, and 6, strong
phases measured by the Babar collaboration in the B® — JiK*? channel [145] would be used, as they
should be similar to the ones of the B(S) — JAp¢ channel under flavor symmetry. This assumption seems

reasonable, as they are expected to be equal within a similar precision of a few percent of 7 (or ~ 10°)

[135].

Sensitivity results are given in Table A.1 for 2 fb~! of data. The sensitivity to gb;W’ is £0.19 rad.

Table A.1: Sensitivities and pull distribution parameters obtained for 2 fb~! of Toy Monte Carlo data.

’ Parameters \ Value and Sensitivity | Pull Mean | Pull Width
Results With P2VV Fitter

|[Agl? 0.556 +0.003 -0.05+0.06 | 1.01+0.04

A2 0.233+0.003 +0.06+0.06 | 0.98+0.04

T [ps~1] 0.680+0.003 +0.10+£0.06 | 1.03+0.04

AT [ps~1] 0.049+0.008 +0.04+£0.06 | 1.02+0.04

¢ [rad] ~0.610+0.181 ~0.07+£0.06 | 0.99+0.04

Validation With Heidelberg Fitter

|[Agl? 0.556 +0.003 +0.06+0.06 | 1.02+0.04

A7 0.233 +£0.004 -0.06+0.06 | 0.95+0.04

Ts [ps~1] 0.680+0.003 -0.04+£0.06 | 1.03+0.04

AT [ps™1] 0.050+0.009 +0.12+0.06 | 0.94+0.04

¢V [rad] ~0.589+0.188 +0.06 £0.06 | 1.03+0.04
Sensitivity results are given in Table A.2 for 0.2 fb~! of Toy Monte Carlo data. No sensitivity to ¢g/w¢
is left. A bias in the ATl'g pull distribution is observed and the errors are underestimated for </);’/‘”“", as

the pull distribution widths equal ~ 1.2 (Table A.2) (highlighted in yellow).

Table A.2: Sensitivities and pull distribution parameters obtained with 0.2 fb~! of Toy Monte Carlo data (biases
highlighted in yellow).

’ Parameters \ Value and Sensitivity | Pull Mean | Pull Width
Result With P2VV Fitter
|[Ao|? 0.556 +0.008 +0.03+0.06 | 0.98+0.04
W 0.232+0.011 -0.07+0.06 | 1.00+0.04
Ts [ps~1] 0.681+0.009 +0.04+0.06 | 1.01+£0.04
AT [ps™1] +0.060 £ 0.026 +0.41+0.06 0.97+0.04
</>;’ "% [rad] —0.567 +0.566 -0.02+0.06 | 1.19+0.04
Validation With Heidelberg Fitter

|Ag|? 0.556 +0.009 +0.03+0.06 | 0.94+0.04
W 0.234+0.013 +0.04+0.06 | 0.93+0.04
Ts [ps~1] 0.682+0.010 +0.15+0.06 | 0.97+0.04
AT [ps~1] 0.057 +0.029 +0.29+0.06 0.91+0.04
</>;’ "% [rad] —-0.570+0.647 +0.04+0.06 | 1.22+0.04
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