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Résumé

Ce travail de these présente la recherche de particules a long temps de vie issues de la désinté-
gration de bosons semblables au boson de Higgs. Les données enregistrées par I'expérience
LHCb durant I'année 2011 correspondant 4 0.9 fb~! sont analysées. Cette recherche est mo-
tivée par de nombreux développements théoriques dépassant le cadre du Modele Standard
de physique des particules. Plusieurs de ces modeles sont présentés et utilisés comme base
pour I'analyse. Le bruit de fond est identifié comme étant issus d’événements contenant des
pairs de quark b. Les efficacités de sélections obtenues se situent dans la fourchette 0.1 2 0.7 %
et aucun événement ayant la topologie attendue n’a été mesuré. Des limites supérieures de
sections efficaces de productions comprises entre 1 et 100 pb sont obtenues pour des masses
de bosons comprises entre 100 et 125 GeV/c? et des particules 4 long temps de vie entre 5 et
50 ps et de masses entre 20 et 50 GeV/c?.

Mots clés : CERN, LHC, LHCb, Physique au dela du Modéle Standard, Particules a long temps
de vie, Vertex Déplacés






Abstract

This thesis work presents a search for pairs of long-lived exotic particles originating from the
decay of Higgs-like bosons. The search is performed using LHCb data corresponding to an
integrated luminosity of 0.9 fb™!. This study is motivated by many theoretical developments,
beyond the Standard Model of particles physics, that predict the existence of non-yet dis-
covered particles with lifetimes larger than those of B-hadrons. An analysis based on several
theoretical models is presented and the background contribution is identified to originate
from b quarks events. Total selection efficiencies in the range 0.1 to 0.7 % are obtained. No
evidence for an event with the expected topology is found. For Higgs-like bosons masses in the
range 100 to 125 GeV/c?, for long-lived particles masses from 20 to 50 GeV/c? and for lifetimes
from 5 to 50 ps, upper limits on production cross sections from 1 to 100 pb are obtained.

Keywords : CERN, LHC, LHCb, Physics beyond the Standard Model, Long-Lived Particles,
Displaced Vertices
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|§ Introduction

This work presents the search for pairs of exotic Long-Lived Particles (LLP) produced by the
decay of Higgs-like bosons, using data collected by the LHCb experiment in 2011. Various
theoretical models beyond the Standard Model of particle physics predict the existence of new
exotic particles with lifetimes larger than those of B-hadrons.

Chapter 2 presents an overview of different classes of models along with a very brief descrip-
tion of the Standard Model. References towards previous works addressing those theoretical
developments are given with a summary of recent searches performed by other CERN experi-
ments.

Chapter 3 describes the CERN organization and the LHC complex hosting the world biggest
particles physics experiments. The LHCb experiment is described in details: its sub-detectors,
the trigger system and the software tools that have been developed for the analysis are pre-
sented.

Chapter 4 describes the theoretical models considered as well as the strategy developed to
separate interesting events with LLP candidates from the expected background. A study of
the main characteristics of the expected topologies is made based on simulated Monte Carlo
events. A full description of the selection procedure and of the algorithms used to reconstruct
displaced vertices corresponding to the decay positions of the expected LLP are given. Dif-
ferent selections with their respective efficiencies are presented as well as the background
estimate.

Chapter 5 regroups a collection of statistical methods used to extract physical informations
from the previously selected events. Among those approaches, different fitting procedures
of the key variables distributions are discussed. Then, an attempt to quantify the signal and
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background yields is made using an "ABCD" method. Finally, an example of an event classifier
based on a neural network is made. Those different methods give results that are used to
compute upper limits on production cross sections for different set of theoretical models.

This thesis work is directly related to the work of Dr. Neal Gauvin, presented in [1] which set
up the path towards exotic particles searches at LHCb.



y4 Standard Model and Beyond

An introduction to the Standard Model of particle physics (SM) is given in this chapter. Its limi-
tations are the motivation that leads to new theories including exotic particles with significant
lifetimes. Two classes of models beyond the SM are presented. Finally, the current status of
the search for long-lived particles is addressed.

2.1 The Standard Model of Particle Physics: From Quantum Field
Theory to Particles

During the 20th century, the developments of quantum physics and of special and general
relativity lead the way to the understanding of the structure of matter as well as the interaction
between the microscopic constituents of the Universe. The combination of quantum me-
chanics and special relativity gives rise to a complete and elegant mathematical description of
space-time, called quantum field theory. This description is based on symmetry principles
that drive the Lagrangian formulation of the theory. Its formulation should respect the special
relativity postulate of invariance of the speed of light and the four-dimensional nature of
space-time. It is therefore implied that the theory must respect the Poincaré symmetry. Then,
by quantization, it is possible to write down the equations of motion of the large variety of
fields/particles known to this day.

In parallel to these theoretical considerations, numerous experiments showed the existence of
a wide panel of atoms (over 90) as well as the existence of many other particles, like electrons
and photons. Noting a certain regularity in the relative weight of these atoms, the discovery
of the electron by Thomson, of X-rays by Rontgen as well as the discovery of radioactivity, an
unified description had to be formulated, taking into account the discovery of the positron,
the antiparticle of the electron.

Born from this context, the Standard Model of particle physics is a relativistic quantum
field theory which describes three of the four fundamental interactions of Nature and the
elementary particles that undergo these interactions. This model is a gauge theory which is in



Chapter 2. Standard Model and Beyond

extremely good agreement with the present (beginning of 2014) experimental results. The SM
gauge group is:

Gspm =SU®B) @ SUR).e Uy 2.1)

SU@3). is the group representing the strong interaction, and the index ¢ stands for color
which corresponds to the strong charge. SU(2); ® U(1)y is the group corresponding to the
electroweak interaction, which unifies the weak and the electromagnetic forces.

Two different groups of particles can be found; the fermions divided into quarks and leptons
and the bosons that mediates the electromagnetic (through the photon), the weak (through
the boson Z° and the W*) and the strong (through the gluons) forces. For each particle it
exists a corresponding antiparticle.
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e 0.511
" Ve <3.10°
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9 L
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Figure 2.1: Particle content of the Standard Model. Left-hand side: Fermions. Right-hand side:
Bosons.

Details on the mass and properties of those fundamental constituents can be found in [2].

In addition to the particles and interactions aforementioned, a new type a field (and particle)
to produce mass terms for the three gauge bosons, and also to fermions has to be introduced.
This Higgs mechanism is on the verge to be confirmed thanks to the recent (4th of july 2012)
discovery of a potential candidate for the Higgs boson, at CERN by both ATLAS and CMS
experiments. For an overview of the SM, see [3].

2.2 Current shortfalls of the Standard Model

The SM has been able to explain, with a unbelievable level of accuracy, all the results obtained
in experimental particle physics during the last century and also recently by the LHC. Never-
theless, it contains a certain number of limitations, some of these being of theoretical matter
but also coming from observations. The principal issues are discussed in the following.
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2.2. Current shortfalls of the Standard Model

Hierarchy problem and Fine-Tuning

The hierarchy problem arises when comparing the strength and scale between interactions.
One should better consider that there exists many hierarchy problems. For example, the weak
interaction is 1032 times stronger than gravity. This can be translated into the question of
the Higgs boson mass being much lighter than the Planck scale, due to cancellation between
quadratic radiative corrections and bare mass. These quantum contributions must be very
well adjusted. These kinds of improbable adjustments are called fine-tuning.

Fine-tuning is a problem in the sense that it seems unnatural that some fundamental parame-
ters of the SM must acquire a very precise value that can only be deduced from experimental
evidence and not computed from the fundamental principles of the theory. Extensions of
the SM such as Supersymmetry bring mechanisms that allow to understand those precise
cancellations rather than by an had-hoc experimental tuning. In that context, these extensions
appear as being more fundamental.

Dark Matter and Dark Energy

Only taking into account luminous matter cannot explain the observed rotational speed of the
galaxies, when assuming that the laws of General Relativity are correct. To explain the data, a
large amount of "invisible" matter must have a gravitational effect on galaxies. This so-called
"dark" matter was first postulated in 1932 by Jan Oort and in 1933 by Fritz Zwicky to account for
evidence of "missing mass" in the orbital velocities of galaxies in clusters. Cosmologists think
that dark matter is composed primarily of a non-yet characterized type of subatomic particles
missing from the SM zoo. It is believed that this type of matter makes up to 21.4% of the total
energy of the Universe. Supersymmetric or Hidden Valley theories, for instance, introduce
potential dark matter candidates. Those candidates undergo gravitational interaction while
being "transparent” to the other type of interactions, making them difficult to detect.

On the other hand, cosmological data indicates that, from supernovae observations, the Uni-
verse is presently undergoing an accelerated expansion postulated to be due to the existence
of a "dark" energy making up 74.2% of the total energy density of the Universe. These con-
siderations show that the baryonic matter described by the SM constitutes only 4.4% of the
energy content of the Universe.

Incapacity to include gravitation

Numerous efforts have been made to try to include the gravitational interaction to the Stan-
dard Model. Nevertheless, no one has been able to formulate a quantum field theory that
consistently includes the four fundamental forces of Nature. The Standard Model does not
provide a complete description of all known physical phenomena, neither explains the early
universe, close to the Big Bang, when gravity plays a dominant role with respect to the other
interactions.
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The most famous theory that bounds General Relativity with quantum field theory is String
Theory, whose formulation lies also on Supersymmetric principles.

2.3 Beyond the Standard Model

In an attempt to complete and take into account the current limitations of the Standard Model
of particle physics, theoreticians have developed numerous models. Some of the most popular
are based on the generalization of the Poincarré group called Supersymmety (abbreviated
SUSY). A certain class of SUSY models are described here, because the phenomenology they
imply leads to the existence of new particles with lifetimes compatible with decays inside the
Vertex detector of the LHCb experiment. Another class of popular models that theoreticians
have developed are Hidden Valley models. This name comes from analogy with a valley hid-
den from another by a mountain, a barrier of potential in the theory. The phenomenology
predicted is quite comparable to the one aforementioned.

2.4 Supersymmetry with R-parity violation and Baryon number vi-
olation

Supersymmetry is a very popular class of models based on a symmetry relating fermions and
bosons, through a new operator (or more) Q:

Q|Boson) = |Fermion) Q|Fermion) = |Boson) (2.2)

In the supersymmetric extensions of the SM, each known fundamental particle fits into
a supermultiplet and has a superpartner with a spin different by a half unit. The spin-0
superpartner names correspond to their SM partner names plus a "s" prefixe: selectron,
squark, slepton, ... Spin-% superpartners have SM names plus a "ino" suffix: higgsino, zino,

wino, ...

This principle gives birth to a large number of phenomenologies depending on the chosen
mechanism of symmetry breaking. Numerous references towards the main principles of SUSY
are available, see for example [4] for a nice review of its fundaments. A new symmetry, named
R-parity, is introduced forbidding all of the baryon and lepton number violating terms. But
this symmetry is not imposed by the data and models as the one presented hereafter exploit
this opportunity. Moreover, baryon number and lepton number violations are required by
baryogenesis (together with C and CP violations) ([5]).
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2.4.1 Bilinear R-parity Violation

The simplest implementation of SUSY is the Minimal Supersymmetric Standard Model (MSSM)
(for details see for example [6]). It constitutes the minimal declination of the SUSY princi-
ple while still incorporating its attractive features, such as gauge coupling unification. This
framework has nevertheless taken a large draw-back from recent measurements at the LHC.
But its R-parity violating extension is still valid when taking into account the past year results.
The possibility for the lightest superparticle to decay into SM particles, de facto violating the
R-parity symmetry through baryon or lepton number violation gives birth to a new interest-
ing phenomenology. While this R-parity violation leaves the theory without a dark matter
candidate (except when lifetimes of the Lightest SuperParticle are sufficiently long) , it helps
the theory explain some features of the baryogenesis(see for example [5]). R-parity violation
must be introduced with care, to still insure the stability of the proton. Following the simple
description presented in [7], it is possible to introduce the Lagrangian term:

1.
Wasz0 = 5 A; 3 UiD;Di 2.3)

where the indices i, j, k run over the three generations of fermions. This term is responsible
for the baryon number violation (a similar term can be added for the lepton number violation).
To prevent proton decay, lepton or baryon violation terms must be added without one another.
The simplest model of this kind is called bilinear R-parity violation (BRPV or simply BV in
the following). This model implies that R-parity violating processes will dominantly involve
fermions of the third generation, in particular the bottom quark ([7]).

In the context of BV, neutralinos are the Long-Lived Particles (LLPs). An event topology is
shown in Figure 2.2, with an Higgs decaying into two LLPs. The LLPs decay into six jets. Typical
values in BV are m(h®)>100 GeV/c?, m(y)=20 GeV/ c? and lifetimes 7= 1 ps.

Susy example : h® — )2?)"(? — 6 jets

h.

Figure 2.2: Example of a LLP event in the Baryon Violating SUSY scenario. Here, the h® decays
into two neutralino which are LLPs decaying into two jets containing heavy quarks b and c.
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2.5 Hidden Valley

Arising from many top-down theories, for example string-theory, the hidden-valley scenario
is well motivated and consistent with most methods for solving the hierarchy problem. Still
consistent with data, its complex phenomenology usually predicts the existence of massive
particles with lifetimes that can be in the range 1 to 100 ps. Reviews of its generic properties
can be found in [8] and [9].

These models are created by adding to the SM gauge group Gsys a non-abelian group G,,
giving birth to new particles ("v-particles") charged under G, and neutral under Ggp;. SM
particles are neutral under the G, group. Interactions between SM fields and the new parti-
cles are allowed by higher dimension operators. The v-particles assemble themselves into
Gy-neutral "v-hadrons" that can decay into gauge invariant combinations of SM particles with
observable lifetimes.

A generic signal model including several long-lived v-hadrons that can generate displaced
vertices through heavy flavor decay channels is proposed in [8]. A simple v-model obtained by
adding a U(1) x SU(n,) gauge group to the SM, implying the existence of two v-quark flavors,
U and C is presented. Three v-pions are created, 7 and 79. The later can decay, for example
into a bb pair if its mass is below the ZZ mass threshold and produce a displaced vertex as
illustrated in Figure 2.3.

Figure 2.3: Example of a possible event in the two-light flavor regime (from [8]).

The dominant signal exhibits multiple pairs of b-jets from 7% decays plus missing energy from
i,

As explained in [9], the Higgs boson would possibly decay through h° — 7979 — bbbb with a
significant branching ratio.

To include these phenomenologies in the present study, an example of Hidden Valley model,
named HV10, has been considered with m_;o =35 GeV/c?, 7,0= 10 ps and m) =120 GeV/c?.

8
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2.6 More long-lived particles

Many other models imply the existence of non-yet discovered exotic long-lived particles. The
interested reader is referred to [1] to find more informations and more references towards this
thriving subject.

2.7 Status of exotic searches

Before summarizing the recent results published by ATLAS and CMS, it is worth pointing out
their different sensitivities. ATLAS is focussing on models predicting LLPs with low masses,
around 20 GeV/c?, a high number of tracks (many jets) and a lot of muons. The consid-
ered high lifetimes imply displaced vertices at meter-long distances. CMS is more suited for
searches of LLPs with low lifetimes and high masses, involving displaced lepton pairs and jet
pairs with transverse momentum greater than 60 GeV/c. Those two experiments encounter
avery hard triggering problem for low energy processes. Multiple clustered vertices appear
confusing for them.

The CMS experiment has performed several searches for heavy long-lived particles. One
recent example can be found in [10]. A search for long-lived particles has been performed
with the 2012 proton-proton collisions at 8 TeV corresponding to an integrated luminosity of
18.6 fb™! . In the considered models, the long-lived particles decay to quark-antiquark pairs.
The presented results are consistent with the SM expectations and the CMS collaboration has
been able to set upper limits on the product of cross section times branching fraction for a
scalar particle, H, in the mass range 200 to 1000 GeV/c?, mass range being higher than the
one considered in this thesis. The H is decaying into a pair of §° in the mass range from 50 to
350 GeV/c? which then decay into a quark-antiquark pair. The obtained results are that for a
H° mass of 400-1000 GeV/c?, for ¥° masses of 50-350 GeV/c? and for lifetimes of 0.1< ¢t <200
cm, the upper limits are typically 0.3 to 100 fb. For H? mass of 200 GeV/c?, the limits are in
the range 0.08 to 0.3 pb for y° lifetimes of 0.2 to 10 cm (which is roughly compatible with the
parameters considered in this thesis). These results are illustrated in Figure 2.4.

The ATLAS experiment also produced interesting results on the subject from collisions at 7
and 8 TeV, using an integrated luminosity of 4.6 to 22.9 fb~!. Those results are summarized on
Figure 2.5.

The LHCb experiment has as crucial role to play on setting upper limits on a complementary
range of low masses and especially lifetimes from 1 to 100 ps. Thanks to its very unique vertex
detector and to its trigger system interesting results can help physicists to complete their
search of new fundamental processes. The results obtained with the 2010 data are presented
in Chapter 4.
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Figure 2.4: The 95% CL expected and observed upper limits from [10].
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8] The LHC and the LHCb Experiment

This chapter presents a description of the Large Hadron Collider (LHC) as well as the four main
experiments hosted by the European Organization for Nuclear Research (CERN) in Geneva,
Switzerland. More details are given on the LHCb experiment which is the detector used within
this thesis. Descriptions of its sub-detectors, the data acquisition and trigger systems are
presented.

3.1 CERN and Large Hadron Collider

The European Organization for Nuclear Research (CERN) was founded in 1954 to be a world-
class fundamental physics research organization in Europe. The laboratory site is located
across the Franco-Swiss border in Meyrin, near Geneva in Switzerland. In 2014, the organiza-
tion is constituted of twenty european states and 7 non-european observer states. About 2’400
full-time employees and 1’500 part-time employees are directly working for the organization
while more than 10’000 visiting scientists are taking part in the different research projects that
are conducted to investigate the fundamental Nature of the Universe. This represents about
113 different nationalities and about 608 different universities.

The major part of the CERN activities are devoted to the Large Hadron Collider (LHC). Today,
the LHC is the highest energy particle collider in the world producing collisions between
bunches of 115 billion of protons. Up to the year 2013, the energy reached is 8 TeV in the center
of mass (13 TeV are expected in 2015). The LHC is a synchrotron of 27 km of circumference
located in a tunnel, more than 100 m underground.

Eight points of interaction are distributed around the LHC ring and four of them are occu-
pied by big detectors: ATLAS, CMS, ALICE and LHCb. LHCf and TOTEM are located near,
respectively, ATLAS and CMS.

LHCf (Large Hadron Collider forward) uses forward generated particles to simulate and study
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Figure 3.1: Artistic representation of the LHC
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Figure 3.2: Tllustration of the different facilities (LINAC, PS, SPS) and of the different experi-
ments around the LHC ring.

interactions between cosmic particles and matter. TOTEM (TOTal Elastic and diffractive cross
section Measurement) is devoted to the study of diffractive events to evaluate the luminosity
delivered by the LHC.
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3.2 The main experiments: ALICE, ATLAS, CMS and LHCb

3.2.1 ALICE

A Large Ion Collider Experiment (ALICE) is dedicated to the study of the quark and gluon
plasma, which is a state of matter believed to have existed at the very beginning of the Universe,
between 107 second and 1 second after the Big Bang. This experiment requires the LHC to
accelerate and collide ions of lead instead of protons at a centre of mass energy of 2.76 TeV per
nucleon pair. More details and characteristics about ALICE are given in Figure 3.3.

THE ALICE DETECTOR a. ITS SPD Pixel
B b. ITS SDD Drift

~ c. ITS SSD Strip

d. V0 and TO

e. FMD

1.1

2. FMD, TO, VO

3.TPC

4. TRD

5. TOF

6. HMPID

7. EMCAL oy

8. PHOS CPV

9. MAGNET o

10. ACORDE

11. ABSORBER

12. MUON TRACKING

13. MUON WALL

14. MUON TRIGGER

15. DIPOLE

16. PMD

17.2DC

Figure 3.3: The ALICE experiment

3.2.2 ATLAS

A Toroidal LHC Apparatus (ATLAS) is the biggest of all the LHC detectors with its 45 m in
length, its 25 m in diameter and its 7000 tons. It is a general-purpose detector dedicated to the
search of the Higgs boson as well as the quest for new particles predicted by physics models
beyond the Standard Model, for instance Supersymmetric particles . Moreover, some of the
ATLAS measurements imply improvements on our knowledge of the Standard Model. Details
on the ATLAS structure are given in Figure 3.4.

3.2.3 CMS

The Compact Muon Solenoid is also a general-purpose detector which main goals are the
searches for Higgs bosons as well as new physics. It is the heavier LHC detector with its 12’500
tons. Along with ATLAS, CMS announced the discovery of a new boson in July 2012. This new
particle is very likely believed to be the Standard Model Higgs boson. More details on the CMS
experiment are given in Figure 3.5.
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Figure 3.4: Details on the ATLAS experiment
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Figure 3.5: Details on the CMS experiment

3.2.4 LHCb

The Large Hadron Collider beauty experiment is a single arm forward spectrometer which
main goal is the study of CP violation through B-hadrons decays. This detector is described in
section 3.3.
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3.3 LHCDb Experiment

The LHCb detector is illustrated in Figure 3.6 and technical details can be found in [11]. Its
angular coverage (acceptance) goes from 15 mrad to 250 mrad vertically and 300 mrad hori-
zontally, corresponding to a pseudo rapidity range of 1.8 <1 <4.9 where n = —In(tan(0/2)).
Its geometrical design is motivated by the fact that B-hadrons have a transverse momentum
smaller than their longitudinal momentum. The detector is optimized to exploit the large
number of b quarks produced in the forward region. The LHCb luminosity is lower than the
luminosity potential of the LHC and of the order of £*H7¢? =2.10%2 ecm™2s71.

ECAL HCAL

/ SPD/PS M3

,"/ / Magnet RICH2 M1 M2
T3

Figure 3.6: The LHCb experiment with its different sub systems: The VELO (Vertex Locator),
the RICH1 (Ring Imaging Cherenkov), the TT (Tracker Turicensis), the Magnet, the Inner
and Outer Trackers, the RICH2, the first Muon Chamber, the Scintillating Pad Detector, the
PreShower, the Electromagnetic CALorimeter, the Hadronic CALorimeter and the four last
Muon Chambers.

The next sections describe the different sub detectors mentioned in Figure 3.6 starting from
the interaction point on the left. Technical details as well as general descriptions of the sub
systems are strongly inspired by [11] and [12].

3.3.1 The Vertex Locator

The Vertex Locator (VELO) is the detector that surrounds the interaction point. Its role is to
provide precise measurements of charged particle track coordinates close to the interaction
point. To achieve this ambitious mission, the VELO is constituted of a series of silicon sensors
arranged along the beam axis and providing precise measurement of the r and ¢ coordinates
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of a crossing charged particle. The third spatial coordinate is simply given by the position of
each sensor plane within the experiment. A high precision is required to reconstruct decay
and production vertices of beauty and charmed hadrons in order to measure their lifetimes
and tag their flavor. The VELO is a crucial element on which the search for LLPs strongly relies.

As illustrated on the right plot of Figure 3.7, a module is made of azimuthal and quasi-radial de-
tection strips. Those strips are located from 8 to 41.9 mm in radial distance and the azimuthal
strips are thiner as the radial distance gets smaller.

R sensors 1m
4 sensors

: S
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o
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0 B ] 7
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X .
Phi Sensor /
/4
///
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(stable beam)

Figure 3.7: Illustration of the VELO in the (x,z) planes at y = 0 and (x,y). Notice the character-
istics of the open and closed VELO positions. Dimensions of a VELO sensor are given.

The geometrical acceptance of the detector covers a pseudorapidity region of 1.6 < n < 4.9 and
each track should at least intersect with three VELO modules to be reconstructed. Due to the
evolution of occupancy in this region, the width of each strip decreases from 101.6 to 38 um.
A resolution as small as 7 um can be reached. The temperature of the sensors is controlled
between -10 to 0 °C by a cooling system. Details on the modules can be found in Figure 3.8.

During beam injection into the LHC, the VELO must be kept into the shadow of the LHCb
Beryllium beam pipe to protect it from damage. Therefore the detector halves can be retracted
by 3 cm, into an open position. This is achieved thanks to a remote controllable positioning
system. It is also important to notice that the detector is isolated from the interaction region
by a thin foil of aluminum (referred as RF-foil) to protect it against RF pickup and the RMS
spread of the beam just after the injection. This RF-foil structure is represented as modeled in
the software simulation tool in Figure 3.9.

3.3.2 The Magnet

A dipole magnet is needed to produce a strong magnetic field in order to bend the charged
particles trajectories to measure their momentum. The integrated magnetic field generated by
the LHCb magnet has a magnitude of 4 Tm for tracks of 10 m length. The measurement covers
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R sensor ¢-sensor
number of sensors 42 + 4 (VETO) 42
readout channels per sensor 2048 2048
sensor thickness 300 um 300 um
smallest pitch 40 um 38 um
largest pitch 102 um 97 um
length of shortest strip 3.8 mm 5.9 mm
length of longest strip 33.8 mm 24.9 mm
inner radius of active area 8.2 mm 8.2 mm
outer radius of active area 42 mm 42 mm
angular coverage 182 deg ~ 182 deg
stereo angle - 10-20 deg
double metal layer yes yes
average occupancy 1.1% 1.1/0.7% inner/outer

Figure 3.8: Principal VELO sensor characteristics as presented in [11]

left detector half

I"& T .

R-sensorsf /

right detector half  4-sercors

nner corrugations

Figure 3.9: View of the inside of an RF-foil. The r and ¢ sensors are illustrated with different
colors. The VELO is here in the fully-closed postion.

an acceptance of +250 mrad vertically and +300 mrad horizontally. The magnet is situated
between the first (TT) and the second tracking station (T1) at about 5 m of the interaction
point. Itis 11 m wide, 8 m high and 5 m thick and weights about 1600 tons. The temperature
of the magnet is kept at 20 °C by a water cooling system at a pressure of 11 bar with an output
of 150 m®/h.

To obtain the required resolution on the momentum measurements, the magnetic field integral
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must be known with a precision of about 107*. Thanks to measurement campaigns made with
Hall probes, the precision of the field map is about 4 x 1074, It is also important to notice that
measurements of CP violation need an important control of systematic effects of the detector.
This is achieved by changing periodically the direction of the magnetic field by inverting the

magnet polarity.

=

1

7

Al

Figure 3.10: Representation of the LHCb magnet. Units are given in mm.

3.3.3 The Silicon Trackers

The Tracker Turicensis (TT) and the Inner Tracker (IT) are two detectors that uses silicon
microstrip sensors with a strip pitch of about 200 um. The TT is located upstream of the
magnet and is a 150 cm wide and 130 cm high planar tracking station. Meanwhile, the IT is 120
cm wide and 40 cm high, cross shaped, and located in the center of the three tracking stations.
The IT is made of four individual detectors boxes arranged along the beam pipe. Figure 3.11
and 3.12 illustrate IT and TT geometries.

The four detection layers are arranged in a (x-u-v-x) configuration with vertical strips in the
x region while the strips are rotated by a stereo angle of +5°in respectively the u/v region.
The single hit spatial resolution of 50 ym is achieved by readout strip pitches of 200 ym. A
better resolution would be dominated by multiple scattering effects and therefore be useless.
The hit occupancy is expected to reach 5- 1072 per cm? in the innermost regions while it is
expected to reach 5-10~* per cm? in the outermost regions of the TT. For the IT, the occupancy
is about 1.5-10~2 per cm? close to the beam region while it is expected to be of about 2-1073
per cm? in the outer regions. Therefore, the strip geometry is adapted to keep a maximum
strip occupancy that does not exceed a few percent.
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Figure 3.11: The top picture displays a perspective view of one of the four boxes of the three
IT stations arranged around the beam pipe. The bottom picture is a view in the (x,y) plane of
the second IT station.
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Figure 3.12: Third layer of the TT sub detector.

The TT temperature is maintained below 5°C to limit radiation damage and the TT volume
is constantly flushed with nitrogen to avoid condensation. The IT is equipped with a CsFy4
cooling system to keep its temperature at -15°C.

3.3.4 The Outer Tracker

The Outer tracker (OT) is a drift detector providing the excellent momentum measurement
resolution needed for the determination of the invariant mass of B-hadrons. At 10 MeV/c?,

the relative resolution reaches about 0.4%.
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The OT is basically an array of individual gas-tight straw-tube modules, each of them con-
taining two staggered monolayers of drift tubes of 4.9 mm in diameter. The tubes contain a
mixture of 70% of Argon and 30% of Carbon dioxide insuring a fast drift time of less than 50 ns.
The modules are arranged into three stations of four layers in a (x-u-v-x) configuration similar
to the IT/TT configurations. The acceptance of the detector is 300 mrad in the horizontal plane
and 250 mrad in the vertical plane to ensure a maximal occupancy of 10% at a luminosity
of 2x 1032 cm™2 s™!. A station has two retractable halves on either side of the beam pipe as
illustrated in the Figure 3.13.

f
Bl

Figure 3.13: The left plot illustrates the arrangement of the three OT stations. The right plot
represents the third OT station carried by its bridge into the open position.

3.3.5 The RingImaging Cherenkov 1 & 2

The Particle IDentification (PID) system consists on two Ring Imaging CHerenkov (RICH 1
and 2) detectors situated between the VELO and the TT for the first one and between the last
tracking station and the first muon station for the later.

When a particle goes through a medium with a velocity greater than the speed of light in
this particular medium, it emits a cone of light which emission angle directly depends of the
y-factor of the crossing particle. This is illustrated in Figure 3.14.

The RICH 1 covers a low momentum range from 1 GeV/c to 60 GeV/c using a C4Fy gas and an
aerogel as radiators. The RICH 2 covers high momenta, from 15 GeV/c to beyond 100 GeV/c
using a CF, radiator. The RICH 1 acceptance covers the full LHCb acceptance while RICH
2 has a limited acceptance of about +15 mrad to +120 mrad horizontally and +100 mrad
vertically (which matches the region where high momentum particles are produced).

To detected the emitted Cherenkov photons, Hybrid Photon Detectors (HPDs) covering the
wavelength range 200 to 600 mm are used. They are located outside the LHCb acceptance
along with the spherical and planar mirrors used to reflect and focalize the emitted light.
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Figure 3.14: Cherenkov angle versus particle momentum for different media and particle

types.

[lustrations RICH1 are given in the Figure 3.15. An example of event as seen by RICH1 is given

Photon
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Figure 3.15: (a) Schematic view of the side of RICH1. 3D model (b) and picture (c) of the
detector.

in Figure 3.16.

3.3.6 The Electromagnetic and Hadronic Calorimeters

The calorimeter system collects and analyses identification informations of electrons and
hadrons and measures photons and neutral pions energies. It provides measurements of the
energy and position of the incoming particles. Unlike the tracking system, the calorimeter
system objective is to collect the energy of a particle and so has to stop it completely. It is tuned
to give good background rejection and reasonable efficiency for B decays through resolution
and shower separation. The separation between pions and electrons for momentum of 10,
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Figure 3.16: Example of a LHCb event as seen by the RICH1 detector.

20 and 50 GeV/c translates in pions rejection factors of 99.6%, 99.6% and 99.7% while the
retention rates of electrons are respectively of 91%, 92% and 97%. The basic principle of
a calorimeter is that the scintillating light produced within the shower is transmitted to a
photomultiplier (PMT) by wavelength-shifting (WLS) fibers. The calorimeter system is made
of Scintillating Pad Detectors (SPD)/PreShower (PS), the Electromagnetic Calorimeter (ECAL)
and the Hadronic Calorimeter (HCAL) arranged in this order from the interaction point.
Figure 3.17 and 3.18 give an illustration of, respectively, the ECAL and the HCAL.

Figure 3.17: View of the ECAL not completely closed and outer, middle and inner type of
ECAL modules on the right-hand side.

The SPD/PS is useful for the selection of charged particles and the distinction between elec-
trons and photons taking advantage of the different longitudinal profiles of the electromag-
netic and hadronic showers. The PS is located beyond a thin layer of lead.

The ECAL is designed to contain a whole electromagnetic shower and therefore, measures 25
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Figure 3.18: HCAL detector and, on the right-hand side, a schematic view of its internal cell
structure.

radiation lengths while the HCAL being mainly used by the trigger system measures only 5.6
interaction lengths to meet with space saving purposes. To keep a constant occupancy of the
cells, three regions for the ECAL and two regions for the HCAL of different sections have been
designed in function of their distance to the beam line. The sections are therefore smaller for
the inner part and larger for the outer part of the detector as illustrated by Figure 3.19.

Outer section : Outer section :

121.2 mm cells 262.6 mm cells

2688 ch. 1 608 channels

Middle section :

60.6 mm cells

1792 channels

Figure 3.19: (x,y) view of the SPD/PS and ECAL on the left and of the HCAL on the right. Only
one fourth of the detector is depicted. Dimensions of the cells are given on the right-hand side
of the pictures.

The energy resolution of the ECALis 0g/E = 10% ®1% (E in GeV) and its acceptance is +25
mrad to +300 mrad horizontally and +250 mrad vertically. A saturation of the cells appears
when the transverse momentum of the particle initiating the shower is greater or equal to 10
GeV/c.

The HCAL energy resolution is og/E = (69.5 £ 5%) (9 +2)% (E in GeV) and its geometrical
acceptance is the same as the one of the ECAL.
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3.3.7 The Muon System

Five plans of muon chambers are installed, one of them is inserted before the calorimeters (to
improve the transverse momentum measurements in the trigger system) while the four other
chambers are located in the most upstream part of the detector because the muons are the
most penetrating detectable particles. The muon system includes 1380 muon chambers and
cover a total surface of 435 m?. Its acceptance goes from 16 mrad to 258 mrad vertically and
20 mrad to 306 mrad horizontally. An illustration is presented in Figure 3.20.
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Figure 3.20: (y,z) view of the four last muon chambers on the left-hand side. The right-hand
side illustrates a face view of one of the muon stations, each of them containing 276 muon
chambers.

To stop the hadrons punching through the hadronic calorimeter and select only penetrating
muons, an iron absorber of 80 cm in thickness is inserted between each muon stations. The
minimum momentum that a muon should possess to cross each station is 6 GeV/c since
the total absorber thickness is about 20 interaction lengths. The pr resolution is about 20%
while the efficiency of detection is greater than 95%. A station is divided into four regions with
dimension designed to ensure a constant particle flux and occupancy. The technology used by
this detector is based on multi-wire proportional chambers except for the first station where
the expected particle rate impose the use of triple-GEM detectors. The temporal resolution of
the detector is 25 ns.

3.3.8 The Trigger Systems

As previously stated, the designed instantaneous luminosity of LHCD is a lot smaller than the
one delivered by the LHC, being 2 x 1032 cm~2 s~!. The bunch crossing rate is 40 MHz. It is
impossible to store all produced events into disk at this frequency. Moreover, only a small
fraction of the events is relevant for b physics analyses. Therefore, a drastic rate reduction is
needed, which is the role of the three levels of the trigger system.
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The Level-0 trigger (L0) achieves a rate reduction from 40 to 1 MHz. At this rate, the entire
detector can be read-out. The L0 trigger reconstructs the highest Er hadron, electron and pho-
ton clusters in the calorimeter system and the two highest pr muons in the muon chambers
with a ~20% resolution. In addition, the pile-up system in the VELO estimates the number
of pp interactions in each bunch crossing. This constitutes the three components of the LO
trigger system as illustrated in the Figure 3.21

VELO SPD/PS MUON —m
ECAL+HCAL -

\
T |
2048 %wuoﬁ 25920

Pile-Up Calorimeters Muon
System Triggers Trigger
Decision
Unit

Figure 3.21: Overview of the LO trigger.

The L0 trigger is full synchronous with the 40 MHz bunch crossing rate. If one or all of the
three LO components give a positive response, the event is passed to the High Level Trigger
(HLT) sequences. Examples of typical LO criteria are: at least one cluster in the HCAL with
Ehadron 5 3.5 GeV or in the ECAL with E’}’e’ﬂo > 2.5 GeV or a muon candidate with p/. > 1.2
GeV or p' + pl? > 1 GeV with p1 » being the two muons with the largest pr.

To further reduce the rate from 1 MHz to 5 KHz, the HLT uses the full event information. High
level triggers are C++ applications running on every CPU of up to 2000 computing nodes.
The HLT is divided into "alleys" to refine the LO candidates. The selections are made based
on confirmation of the precedent trigger stage by requiring tracks in the VELO or T-stations,
with a combination of high pr or large impact parameters. By doing so, the rate is already
lowered to 30 KHz. Then, interesting final states are selected using inclusive or exclusive
criteria. Those criteria are of course less constraining then those of the offline analyses to let
space for adjustments and refinements.

The HLT1, given the 1 MHz rate of L0 and CPU power limitations, uses only part of the full
event data. Its aim is to reconstruct particles corresponding to L0 objects in the VELO and in
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the T1, T2 and T3 stations. For photons and 7°, HLT1 must confirm that no charged particles
can be associated to their signature in the calorimeters.

Then, the HLT2 combines inclusive algorithms where B and C-hadrons are reconstructed
partially and exclusive algorithms in which final states of B-hadron and C-hadron decays as
well as LLPs are fully reconstructed. Therefore, the rate is lowered to 5 KHz and the event
is stored on disk for further off-line analysis. Finally, it must be noted that a fraction of the

bandwidth is devoted to calibration and monitoring.

A summary of the LHCDb trigger system is given in Figure 3.22.
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Figure 3.22: Flow-diagram of the LHCDb trigger system with the rate reduction given after each
trigger stage.

3.3.9 Track Reconstruction

To reconstruct the tracks of charged particles, the software combines the hits in the VELO,
TT and T1, T2, T3 tracking stations. There exists different types of tracks in function of their
trajectories inside the detector as represented in Figure 3.23:

* Long tracks traversing the full tracking system, from the VELO to the T stations. Natu-
rally those are the tracks giving the most accurate momentum measurement.

¢ Upstream tracks reconstructed only by hits in the VELO and the TT, this type is in
general of lower momentum but may generate Cherenkov photons passing through the
RICH1. However their momentum resolution is rather poor.
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* Downstream tracks traversing only the TT and the T stations most probably due to
decays of particles outside the VELO acceptance.

* VELO tracks useful for primary vertex reconstruction, they are typically large angle or
backward tracks.

* T tracks are only measured in the T stations
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Figure 3.23: Magnetic field amplitude in function of the z-coordinate (up) and different track
types (bottom)

To reconstruct a track, the software start with seeds that are the initial track candidates in the
VELO and the T stations where the magnetic field is low. Then the trajectories are refined
using Kalman filters (see for example [13]). The quality of the reconstruction is given by the y?
of the fit and the pull distribution of the track parameters. The performance of the pattern
recognition is evaluated in terms of efficiencies and ghost rates.

3.3.10 Stripping

In order to save computing time and avoid treating a too large amount of irrelevant events, the
data are classified and organized according to stripping lines. Each of those lines are dedicated
to specific physics analyses. For instance, the search for new long lived exotic particles has
dedicated stripping lines that selects relevant events for further studies. The stripping lines
are grouped onto "streams" in function of their overlaps. The streams are named Bhadron,
semileptonic, leptonic, PID, dimuon, calibration, radiative, CharmCompleteEvent, charm,
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MinBias and electroweak. The latter contains lines dedicated to Z° and W* bosons analyses,
the Drell Yann process analyses, the high pr jets analyses and the displaced vertices analyses.
These lines change and develop over time and new versions of the stripping are frequently
released (results presented in this thesis are obtained working with the stripping version 17).
The stripping process uses the same framework than HLT but incorporates all the offline
available tools and resources. The data directly coming from specific stripping lines are often
called "preselected" data. The stripping efficiency strongly depends on the available storage
and bandwidth capacities associated to it and therefore implies that a part of the considered
signal is inevitably lost compared with the HLT2 output.

3.3.11 Monte Carlo Simulation and Analysis Softwares

To produce Monte Carlo simulated data, many different softwares are used one after another
to reproduce the physics but also the detector response to the generated processes. Those
software are named Gauss, Boole, Moore, Brunel and DaVinci.

Gauss is the project regrouping every aspects of the event generation, from the physical
process generation by Pythia or Alpgen from Feynman diagrams and matrix elements, to the
simulation of the interaction of the generated particle with the detector by GEANT 4.

Then, Boole is the software producing the digitalization of the event. It simulates the electrical
response of each detector while crossed by a particle. This step concludes the simulation part
of the physical processes of Monte Carlo events. Brunel is the software responsible for the
reconstruction of the tracks from Boole data and for the clustering of calorimeter signals.

The next step is performed by Moore that reproduces the trigger decision for each event.

To conclude, DaVinci is the software used for the stripping and the analysis of the data, offering
a wide range of mathematical functions to combine, study and understand the physical
content of a LHCb event, real or simulated.
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This chapter presents the selection of events relevant for the search of a pair of long-lived
exotic particles produced by the decay of a Higgs-like boson.

First, a study of Monte Carlo data samples corresponding to the models described in Chapter 2
with some parameters chosen as benchmark values is presented. A four vector analysis is
performed to characterize such events. Then, on this basis, the strategy for the selection of
events is described. Finally, the corresponding efficiencies are estimated.

4.1 Monte Carlo event samples generation and descriptions of data
sets

Following the description of different theoretical models given in Chapter 2, a large variety of
MC samples corresponding to a various range of lifetimes and masses of LSP and Higgs-like
boson have been produced with Pythia 6423 (see [14]) and GEANTA4 (see [15]). Those models
along with background samples are listed in Table 4.1. The parameters used for the signal
events generation are given in Table 4.2. It is worth noting that it is possible to extrapolate the
expected results for other points in the parameter space. Moreover, the search is performed
only for LLPs produced by the decay of a Higgs-like boson.

The data sample corresponds to the events recorded by the LHCb experiment from June 2011
to the end of the year!. Its integrated luminosity corresponds to 0.9 fb™1.

The background MC set includes two kinds of bb processes, "inclusive” but also biased by the
requirement of two b-hadrons decaying in the detector "enlarged" acceptance (1.5 <1 <5). A
cc sample with the same requirement on the c-hadron is also analyzed.

11t has been processed by the 12th version of the reconstruction software and by the version 17 of the electroweak
stripping.
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Set Type N events €gen
HV10 MClla 64.2k Hidden valley 7=10 m(,)=35 m(Hsz)=120
BV48_5 MClla 63.3k m(y)=48 7=5m(h’)=114 0.28
BV48 MCl1a 64.5k m(y)=48 7=10 m(h%)=114 0.28
BV48_15 MClla 62.1k m(y)=48 7=15 m(h%)=114 0.28
BV48_50 MClla 64k m(y)=48 7=50 m(h®)=114 0.28
BV20_10 MClla 65.4k m(y)=20 =10 m(h%=114 0.26
BV35_10 MClla 65.4k m(y)=3571=10 m(h®)=114 0.27
BV48_mh100 MClla 64.8k m(y)=48 7=10 m(h®)=100 0.33
BV48_mh125 MClla 300.2k m(y)=48 7=10 m(h®)=125 0.27
tt MClla 509.6k t —bb + 1 lepton(pT>10 GeV) 0.01
bb MClla 200.6k
bb MClla 17.1M two b in acceptance 1.5<1n<5 0.22
cc MCl1la 9.1M two cin acceptance 1.5=n<5 0.25
Ty MClla 20M J/Ip(QS) — ut u”
Data 2011 Recol2 S Ldt=0.9fb~"

(EW)Strip17

Table 4.1: Summary of data and full simulated MC sets of events used in this study. Mass units
are GeV/c?, lifetimes are given in ps. The last column gives the generator efficiency.

Model T[ps] M1 M2 tanff u mpyp My
BV48 10 62 250 5 140 48 114
BV48-5 5 62 250 5 140 48 114
BV48-15 15 62 250 5 140 48 114
BV48-50 50 62 250 5 140 48 114
BV20-10 10 28 250 5 140 20 114
BV35-10 10 46 250 5 140 35 114
BV48-mh100 10 71 250 24 140 48 100
BV48_mh125 10 60 250 8 140 48 125
HV10 10 35 120

Table 4.2: Parameters of the models considered in this study: B violating processes (BV), and
Hidden Valley (HV). Mass units are GeV/ c2. The LLP of the BV model is the 55?, the n?, for HV.
In the case of BV, M1 and M2 correspond to the Pythia parameters RMSS(1) and RMSS(2), p is
RMSS(4) and tan § RMSS(5). A Higgs mass of 125 GeV/ c? requires also RMSS(16) = 2300. The
lifetime of the LLP is fixed by hand. HV masses and lifetimes are free, and then set by hand.

Table 4.3 and Table 4.4 give the cross-section upper limits obtained from the analysis made
using the data taken by LHCb in 2010 and presented in [16]. From the 32 pb upper limit of
2010, a maximal number of 7820 events with two LLPs in the LHCb acceptance is expected for
the BV48 model in 2011(if we assume a branching ratio equal to one for the decay of the Higgs
boson to a pair of neutralino).
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my /mup=| 20 25 30 35 40 48 55
100 371 189 101 58 44 58
105 585 210 100 75 44 39
110 618 265 132 75 56 34
114 618 237 128 91 47 32 46
120 556 359 148 93 58 34 31
125 618 301 179 90 61 41 29

Table 4.3: Cross section upper limits, in pb, valid for a LLP lifetime of 10 ps. Results as they are
presented in [16], from the 2010 data set analysis.

Trp !/ Myppp = 20 25 30 35 40 48 55
3 1183 362 210 156 136 168 410
5 588 278 145 101 68 58 137
10 636 238 129 91 47 32 46
15 687 260 155 90 49 31 33
20 687 260 131 93 63 32 31
25 824 298 142 100 61 34 25
30 752 309 150 100 56 35 24
50 919 417 200 108 72 40 29

Table 4.4: Cross section upper limits in pb inferred from the results of the 2010 analysis
presented in [16] with a Higgs-boson mass of 114 GeV/c?.

In [16], the two LLP candidates are required to be reconstructed from at least six charged
tracks. The six tracks must have a total invariant mass of at least 6 GeV/c? and the vertices
must have a radial distance R from the beam line of at least 0.4 mm.
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4.2 Signal model analysis at four-vector level

This section aims at giving a general idea of the properties of the theoretical models using only
the 4-vector informations provided by the event generator. An early generator level analysis is
available in [17]. Results are mostly identical to the ones shown in [16] and [18] from the 2010
data analysis , but some of them have been updated to match the conditions of 2011.

In the BV48 case, the generated quark composition is around 18.5% for the combinations with
a b quark, (udb, usb, cdb, csb) and 13% for udq and cdq, where q is not a b quark. This means
that about 70% of the LLPs have a b quark in the decay.

Some kinematical properties of the Higgs bosons and of the LLP can be found in the Figures 4.1
to 4.6, for the BV48 and HV10 models but also for other BV models when significant differences
appear between them. The observed differences are essentially due to the choice of the LLP
masses and lifetimes.

The distributions of the Figures 4.1 to 4.3 have been calculated with the unique requirement
that the two LLP particles are flying with a pseudorapidity larger than 1.8. This requirement
selects 19.8 % of the events.

Figure 4.1 shows the transverse momentum and pseudorapidity distributions of the mother
boson, when the two daughters satisfy the above condition. The boson is produced in the
forward direction with a transverse momentum which is in general quite low: below 10 GeV/c.
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Figure 4.1: Some properties of the Higgs boson determined at generator level: the transverse
momentum (left) and the pseudorapidity distributions (right). Plots are normalized to unity.

Figure 4.2 displays the pseudorapidity, the transverse momentum and the flight length of the
LLP.

Figure 4.3 gives the generated decay coordinates of the LLP in z and r. The radial decay position
is a crucial observable to select LLPs.

In order to get closer to the experimental conditions, the transverse momentum distributions
of the reconstructed LLP in Figure 4.4 is obtained using only charged tracks in acceptance, and
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Figure 4.2: Properties of the LLP determined at generator level: the pseudorapidity distribu-
tions (top, from [18]) (the cut at 1.8 indicated by a vertical line is not active for this plot), the
transverse momentum (bottom left), and the flight length (bottom right). Distributions are
normalized to unity.

compatible with the displaced vertices. For this, the selected tracks are those passing within
2 mm from the (true) decay position of the LLP. The other plots are the mass distribution
obtained from this set of charged particles, and the number of charged particles selected by
the procedure. Because the LLP is neutral, when all the charged particles from the decay are
properly considered, only the even bins are expectd to be filled in. The counts in the odd bins
happen when an odd number of tracks is lost because falling outside acceptance or when
produced from tertiary vertices falling outside the 2 mm window.

Figure 4.5 shows the Higgs mass reconstructed using the LLP candidates of Figure 4.4.

Finally, Figure 4.6 is an attempt to reconstruct the LLP mass by gathering all the stable particles
(except neutrinos) falling in a cone of radius R=1 in (1, ¢) around the LLP momentum direction.
In practice, the LLP is considered to be a broad jet. The resolution is much worse than what
has been obtained before, using charged particles from the decay. This is due to the relatively
large mass of the LLP, and its decay into several partons.

35



Chapter 4. Search for Long-Lived Particles

0.12 - r 1 r 1T

r — BV48 ]

01 r HV10 1

r — BV20 ]

L | — BV48 50ps ]

0.08 |- \ -

0.06 |- .

0.04 | .

0.02 | .

0 : PR BT - PRSI R TR :
-200 0 200 400 600 800

LLP z decay position [mm]

: C T Bwas ] C T Bwas ;
06 F HV10 E . HV10 .
o5 b — BV20 E 107 E — BV20 3

- —— BV48 50ps B F —— BV48 50ps 3
04 |- B 102 | =
03[ 3 i ]
] 3 —
02f 1
i ] s ]
0: h T E . . 1 e |
0 20 40 60 80 0 20 40 60 80
LLPradial distance Rto z axis[mm)] LLPradial distance Rto z axis[mm)]

Figure 4.3: Top: decay position of the LLP on the z axis. Bottom: radial position, linear and log
scales. Distributions are normalized to unity.

4.3 2011 data analysis

Inferred from the 4-vector analysis of MC generated events, the selection technique is based
on the identification of massive secondary vertices. The document [19] describes in details
the vertex reconstruction both at trigger and stripping levels.

4.3.1 Vertex reconstruction using PatPV algorithms

The main difference between the trigger and stripping contexts comes from the fact that,
online, the algorithms rely on the tracks found by the VELO while the whole reconstructed
tracks are used offline. In practice, the same sequence of algorithm is used for primary and
secondary vertex reconstruction. Two subsequent steps are executed. First an algorithm
(PVSeed3DTool) creates seeds by looking for points at which a sufficient number of tracks
pass close to each others. It starts from a track, called base track, and determines the number
of close tracks. Close means a distance of closest approach (DOCA) smaller than 0.3 mm.
Then, if the number of close tracks is too small ( in general smaller than 4), another base track
is considered. Then, for every track pair, the average point of closest approach (POCA) is
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Figure 4.4: Distributions of the transverse momentum (top left) and of the mass (top right).
For the calculation, charged stable particles produced in the acceptance are selected when
passing at less than 2 mm from the position of true decay point of the LLP. The number of
particles selected by the procedure is given in the last plot. Distributions are normalized to
unity (from [18]).

calculated and an average is made in a two-steps procedure. POCA with distance larger than 3
mm to the mean are removed and the calculation is done again. A weight is then associated
to each POCA entry, taking typical track parameter errors and opening angle of the track
into account. When the number of close tracks with maximal z spread distance exceeds the
minimal number of close tracks required, the seed is accepted. The tuning of this procedure is
designed to maximize the seeding efficiency, allowing for some fake seeds. This have been
proven not to affect much the performance of the PV reconstruction (see [19]).

The second step consists on an adaptive least square fit (performed by the LSAdaptPVFit-
ter algorithm) from the combination of seeds. The procedure has been developed to avoid
systematic shifts of the PV due to a fraction of badly measured tracks (ghosts and multiple
scattering effects). An adaptive weight least square method, the Tukey biweight method, is
used to assign a (1 — y5,/C%)* weight to a track according to its y4,. Cr is the Tukey constant.
The procedure requires a minimum number of tracks (generally 5 for primary and 4 for dis-
placed vertices) with a maximum y? (typically 9) and a minimum track weight of 1 x 1078,
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Figure 4.5: Mass of Higgs parent, obtained by combining the two LLP candidates reconstructed
from charged particles, as seen in Figure 4.4. Distributions are normalized to unity (from [18]).
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Figure 4.6: The LLP mass reconstructed using the particles falling in a R=1 cone around
the LLP direction. All the stable particles have been used with the exception of neutrinos.
Distributions are normalized to unity (from [18]).

Afterwards, tracks that have a maximum y? larger than 25 are removed from the list used for
further vertex searches. It has to be noticed that the displaced vertex stripping uses a slightly
different algorithm (LSAdaptPV3DFitter) mainly for its reduced CPU time consumption. This
algorithm is the online version of the fitter described before. The main difference between
those algorithms is that the online version relies on straight-line extrapolation of tracks and
makes less use of estimate tracks uncertainties. This results on a poor efficiency for vertices
further than 200 mm of the interaction point, very weakly affecting the detection efficiency for
the models considered in this work (as illustrated in Figure 4.2).

In this analysis, the position of the LLP is compared to the beam line position, based on the
position of the VELO? and stored for each event. Primary vertices positions for the 2011 data

2The VELO is centered around the beam at the beginning of each run.
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are illustrated in Figure 4.7, showing an average radial offset of about 0.4 mm with respect to
the nominal zero.
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Figure 4.7: Radial position of the reconstructed primary vertices for the 2011 data.

4.3.2 Interaction with detector material

One of the major sources of background® when reconstructing displaced vertices comes from
particles produced by interactions with detector material. To deal with this, a matter veto
procedure has been developed. The idea is to use a map of the detector material in order to
discard vertices reconstructed inside or in the immediate vicinity of parts of detector where
particles can interact with the matterial. Most vertices found above approximately 5 mm from
the beam pipe come from matter interactions. They can clearly be identified by their position,
has illustrated in Figure 4.8.
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Figure 4.8: From preselected 2011 data, the longitudinal (left plot) and radial (right plot)
coordinates (lab frame) of the reconstructed secondary vertices with at least four forward
tracks, no backward tracks, and an invariant mass larger than 3.5 GeV/ c2. The structure is due
to the production of vertices in the detector material.

3The other main sources of background originate from Primary Vertices and from beam-gas interactions. They
can be suppressed by a cut on the radial position R of the vertex candidate.
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Figure 4.9: Like Figure 4.8, position of the reconstructed vertices in coordinates (x,z) (lab
frame). The data without global event cut are shown in the left plot, and with the cut in the
right one.

Figure 4.8 shows that the region beyond R ~ 5 mm is heavily polluted by interactions with
matter.

Matter Veto description

A matter veto has been developed to remove such background by discarding vertices falling in
aregion with material. The detector structure is determined from real data (see [18]).

As explained in Chapter 3 section 3.3.1, the RF-shield separates the halves of the VELO from
the interaction region with two aluminum foils. The geometry of the Rf-shield changes (at
z ~ 400 mm) from the central to the forward regions. Hence the mater veto procedure is
different in those two regions.

X (mm)

Figure 4.10: Matter distribution inside the VELO for a 1 mm slice in y, for the central (left) and
forward (right) regions. The allowed area are colored in green (from [18]).

¢ Interactions with side corrugations are rejected by discarding vertices in the VELO region
with |x] < 5.5 mm (8.5 mm) and |y| > 10 mm for z < 440 mm (z > 440 mm).

¢ Interactions with VELO sensors are rejected by discarding vertices with | z—zgepsor| < 1.75
mm and a radial position bigger than 6 mm.
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* In the central region, vertices with a radial displacement of less the 5 mm (4.3 mm) for
z <370 mm (z > 370 mm) are accepted while those in between 5 mm (4.3 mm) and 12.5
mm (8.5 mm) are rejected. Nonetheless, some exceptions are made to follow the inner
corrugations for z <~ 380 mm.

* In between sensors, the volumes defined by two cylinders centered on the beam line
distant from the sensors by 8 mm and 11 mm, and of radii of 7 mm and 9 mm are allowed
if x >4 mm (< —4 mm) for the left side (right side) sensors.

The total volume allowed by this set of cut is illustrated in Figure 4.10 by the green area. This
cut has been optimized on data to reject the full RF-shield and sensor structures. Results of
this procedure can be seen in Figure 4.12.

Global Event Cuts

In 2011, a large background contribution comes from events polluted by material interactions
of beam-halo upstream or downstream of the VELO, called "beam-splash". It induces near-
parallel charged tracks on one side of the VELO. This affects the number of fake reconstructed
vertices at large distance to the beam, as can be seen in the left plot of Figure 4.9. Therefore
some global event cuts have been set to remove such events. The first condition is that the
number of VELO tracks does not exceed one-tenth of the number of VELO clusters. This re-
quirement allows to avoid too much near-parallel tracks reconstructed from the large number
of hits in the polluted region. In addition, noticing that the hits associated to beam-splash
particles are all close in ¢ in the VELO, the vector sum in the transverse plane is defined:

(ﬁtot = Z ( cos¢i ) (4.1)

phitsi \ SINP;

where the sum runs over all hits in VELO ¢-strips and ¢; is the direction of the strip. Since
beam-splash events are also characterized by many hits in R strips, the quantity illustrated in
Figure 4.11 is also defined:

ng+Nr -
Dy = 22 ol 4.2)

Then, the average size of the vector ¢ times the number of clusters is required smaller than
250. The combined effect of those requirements can be seen on the right plot of Figure 4.9.
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The global event cuts leave the signal efficiency quasi unmodified (less than 1% of signal event
loss).

e
0 200 400 600 800 1000
D

¢

Figure 4.11: Distribution of Dy in simulated events (black) and 2011 data selected for the
displaced vertex analysis (red and blue). The vertical line corresponds to the cut applied in the
analysis (courtesy from Pieter David).

After carrying out the matter veto procedure, the scatter plots of Figure 4.12 show that most of
the structure has disappeared but not completely, most likely because of reconstruction errors.
For the present study the matter veto is applied for at least one candidate at the preselection
stage (to keep some matter interactions for further tests). In parallel a control analysis is
carried out, selecting only reconstructed vertices in the vacuum region by cutting at R< 4.8
mm. In addition, a lower cut at R> 0.4 mm is applied to stay away from the PV region.
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Figure 4.12: Like Figure 4.9, after the matter veto.

4.3.3 Event preselection

Events that have passed the triggers and the "double displaced vertices" stripping algo-
rithms are called "preselected" events. No dedicated LO or HLT1 triggers are implemented.
Therefore, all events leading to a positive decision for any physical triggers (only events
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accepted by calibrations or "non-physical" lines are rejected) are analyzed. A dedicated
HLT?2 trigger, "HLT2DisplVerticesDouble", exists and its configuration is given in Table 4.5.
Only data starting from June 2011 are analyzed. This choice is motivated by the fact that
the Hlt2DisplVerticesDouble trigger line has only been correctly set from that period (run
number> 92821). This requirement implies the loss of about 0.1 fb~! of luminosity. The
recorded luminosity that corresponds to this analysis is then 0.9 fb ™.

Eight triggers configurations were used in the period considered (named TCK 0x710035, TCK
0x6D0032, TCK 0x730035, TCK 0x740036, TCK 0x760037, TCK 0x790037, TCK 0x790038 and
TCK 0x561710). A comparative analysis between events filtered by these different configura-
tions has shown no significant change on the BV48 MC sample.

The event preselection is implemented in the "ElectroWeak stripping" stream and performed
by the "DoubleDisplacedVertices" stripping line.

Line name Nfrrl?,‘; kM anszz vass M I%g hestMass  SUMPTmin  Rmin ~ Matter Veto
GeV/c? GeV/c? GeV/c mm
HLT2 Double 4 3 4.5 3 0.4 one candidate
Strip Double 4 3.5 4 3 0.4  one candidate

Table 4.5: HLT2 and stripping configurations in 2011 for the selection of couples of LLPs. At
least one candidate must be found outside the detector material.

Two LLP candidates are requested with conditions summarized in Table 4.5. In the stripping
sequences, the input tracks have quality cuts applied*. Primary and secondary vertices are
found. At least one Primary Vertex reconstructed with more than 10 tracks and at least 1
backward and 1 forward tracks is requested. Its radial position should be at a maximum of
0.3 mm from the beam line position. While the number of tracks required to reconstruct
both candidates is the same for HLT2 and stripping, the conditions applied on the masses
are rather different for both contexts. It has been found that to respect the retention rate
constraint of HLT2, the cut on the mass of the heaviest vertex had to be pushed to 4.5 GeV/ c2.
The SumpT,,;, cut is applied to the scalar sum of transverse momenta of the LLP tracks. The
candidate with the highest mass has to be found outside the detector material. The response
of the Matter Veto for the second candidate is stored and can be used later on to perform cross
checks, whenever a set of vertices coming from matter interactions is needed.

Figure 4.13 illustrates the effect of the Matter Veto procedure on preselected MC events. True
MC values are used to define the coordinates of the PV and of the LLP vertices and it is
necessary that the decay leaves at least 6 charged particles in the acceptance. The efficiency
is defined as the number of reconstructed vertices divided by the number of vertices from
MC truth. Small differences in the efficiencies can be observed out of the matter region when

4These tracks are all the reconstructed tracks from the /Rec/Track/Best list.
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the reconstructed position of the vertex is different from the true MC position. To get rid
of this effect while preserving enough statistics, the reconstructed radial position must lie
at a maximum of 0.05 mm from the MC true radial position of the corresponding LLP. The
reconstructed vertex is declared detected when reconstructed with at least four forward tracks
and no backward track (the cuts on the mass and the distance to the beam are not active). The
plots of Figure 4.13 are made from the addition of four BV48 models with respectively 5, 10, 15
and 50 ps LLP’s lifetimes.
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Figure 4.13: Efficiency to find a (MC-true) LLP secondary vertex as a function of its distance
from the PV. The left figure gives the efficiency as a function of the (true) longitudinal PV-RV
distance z'"“¢, The right plot shows the true radial distance R'"“¢. The red points have the
"matter veto" activated, to discard vertices produced by interactions of particles with the
detector material. Here at least 6 charged particles to form the vertex are requested.

Analysis of preselected events
In the following, events with two LLPs both falling outside the matter region are selected.

Figure 4.14 presents the number of tracks that have been used to reconstruct the vertex
candidate, the reconstructed transverse momentum of the LLP, the reconstructed mass of
the candidate and the radial distance to the beam line of the reconstructed vertex. The data
(selected by all the physics trigger lines) are compared to BV48 and HV10 models and to bb
inclusive MC. The distributions are normalized to unity. The form of the inclusive b sample
matches well the data as already observed in[18]. Notice the effect of the Matter Veto procedure
in the R plot.

The variables o r and oz of Figure 4.15 correspond to the position uncertainties provided by
the vertex algorithm. Those are two variables of crucial importance to distinguish signal from
background events. It appears that the error on the position is smaller for signal than for bb
events. This effect may be proportional to the mass of the LLP that decays producing less
parallel tracks creating a better reconstructed vertex. Again, the shapes of data and beauty
events match well. The value of the vertex error is related to the number of tracks, as can be
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Figure 4.14: MC events compared to data results. Distributions of (top left) the number of
tracks of the LLP candidate, (top right) the transverse momentum, (bottom left) the invariant
mass, and (bottom right) the radial distance to the beam line in logarithmic scale are shown.
Data and MC distributions are shown with unit normalization. The plots contain 121 103
events from data analysis, and about 1600 events of the special bb MC sample. Each plot has
two LLPs per event.

seen in the profiles of Figure 4.16. In general, the two o decrease with the number of tracks
but, in the data, the dependency is inverted after 10 tracks. This is an highlight that a displaced
vertex can be made of wrongly associated tracks. A track from the PV can be amalgamated to
the displaced vertex when passing close to it, increasing the error on the position by worsening
the vertex fit.

The angle between the two LLP candidates is considered in Figure 4.17. The difference between
background and signal is clearly shown and the beauty events match well the data. This angle
is computed from the associated PV to the LLP vertices rather than from the momenta. In case
of multiple PVs, the momentum vectors of the two candidates is extrapolated in order to find
their point of closest approach. Then, this point is compared to the list of primary vertices
and the closest PV is chosen.
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Figure 4.15: Radial and longitudinal errors on the LLP vertex, provided by the vertex algorithm,
for data and MC events.
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Figure 4.16: Average error in Z (left) and R (right) versus number of tracks in the vertex. The
difference between HV and BV seems associated with the quark composition of the decay of
the LLP: HV contains only b quarks, while BV produces also light quarks.

Figure 4.18 presents the distance of flight of the LLP candidates with respect to the associated
PV. Again, the distribution of bb events is well compatible with what is observed in the data.

4.3.4 Higgs-like boson reconstruction

To reconstruct the mother Higgs-like boson, two LLP are combined. 2035034 events have at
least one Higgs candidate. A fraction (0.6%) of events has more than two LLP candidates. The
mass and pr distributions for the combination of two LLPs are shown in Figure 4.19. In the
case where more than two LLP candidates are found in the event, the combination is made
with the two candidates having the largest reconstructed transverse momentum.

The same procedure is applied to the signal and background MC samples.The situation at this
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Figure 4.17: A¢ angle between the two LLP candidates for data and MC distributions normal-
ized to unity. Black points are the data, bb MC events in red and BV and HV signal MC events
in blue and green respectively.
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Figure 4.18: Linear and log distributions of the distance of flight of the LLP candidates. Data in
black, bb MC events in red and the BV signal in blue. Data and MC distributions normalized
to unity.

stage of the analysis is presented in Table 4.6 for bb inclusive events, special bb production, tt
and special cc. The MC information can be used to estimate the detection efficiency and to
predict the number of bb. The experimental inclusive bb cross section values measured by
LHCD are [20, 21]: 284 +20 +49 ub and 288 + 4 + 48 ub (the first uncertainty is statistical and
the second systematic). The value of 287 + 40 ub is adopted for the tests.

If we consider only events passing our dedicated HLT2 trigger line, 132129 events are selected.
This additional requirement selects 37 MC bb events allowing us to predict (121 +20) x 10° data
events. The events selected in the cc sample all contain b decays and are therefore a subset of
inclusive b events. The same applies for the two events selected from the tt sample. Compared
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with the number actually measured, it appears that mainly beauty events are selected in this
particular region of phase space. This conclusion was also made for the 2010 data analysis,
with a larger MC statistics available at that time.

MC kind Generated | Selected
bb inclusive 200.6 k 0
bb special 171 M 37
tt 510k 2
cc special 9.15M 3

Table 4.6: Statistics at the input of the procedure for Higgs selection for the MC background
sets. A positive decision from the HLT2 double trigger is required.

0.25

EW11 Double Line

EW11 Double Line
% BV4g

0.2

0.15

01

0.05

x10°
100 150
M(LLPL, LLP2) [MeV/c]

o

L x10° 0
60 80
PH(LLPL, LLP2) [MeV/

© TITT[TTTT[TITT[TTTTTITT|

Ol
8

10"

EW11 Double Line EW11 Double Line
] BV48

liitny B

100 150
M(LLPL, LLP2) [MeV/c?]

—

10

10°

10*

-
Y
T YTTIT
B
S}
&

x10°
60 80 100
PH(LLPL, LLP2) [MeV/c]

10°

° LU L L AL R
[

Figure 4.19: pr distribution (left column), and invariant mass (right column) for the Higgs
candidates. Result for MC signal and bb events are shown with unit normalization. Plots at the
bottom have log scale. Black dots are data, red: bb distributions, blue: BV signal, and green:
HV.

Different set of cuts have been tested to purify the data sample while preserving an acceptable
efficiency for the considered signals. Table 4.7 shows the evolution of the selected number
of events for increasingly stronger cuts and Table 4.8 gives a comparison with the predicted
background assuming pure bb.

The Higgs is produced with rather small transverse momentum (as shown in Figure 4.1) and
therefore its decay products are almost produced back to back as illustrated in Figure 4.17.
This allows to purify the signal by a selection of A¢ >2.8.

The HLT2 double trigger line is rather efficient to suppress the bb background, see Appendix A
for a discussion of this point. Also notice that the predictions given in Table 4.8 for events that
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Selection Data | bb 2 B-hadrons in acceptance
Generated: - 171 M

R > 0.4mm, one MV, triggered 3211815 2237

R > 0.4mm, two MV, triggered 2035034 1659

R > 1mm, two MV, triggered 1227807 959

0.4 < R <4mm, one MV, triggered 1740597 1442

1 <R <4mm, one MV, triggered 1001702 804

R > 0.4mm, two MV, A¢p > 2.8, triggered | 452170 328

MEEP =4, two MV, HLT2_phys 1345942 1054

M}LP=4, two MV, HLT2 Double 94654 30

Table 4.7: Number of events at different selection stages for data and MC background. MV
stands for the matter veto. For the MC sample, the number of generated events is also given.
Triggered means that one of the HLT2 physical lines must give a physical decision. The bottom
part of the table is specifically for HLT2 comparison. Only the more restrictive conditions are
presented here.

Selection Data | bb 2 B-hadrons in acceptance
R > 0.4mm, one MV, HLT2 Double 371207 75 (246008+ 28407)

R > 0.4mm, two MV, HLT2 Double 132129 37 (121364+ 19952)

0.4 < R <4mm, two MV, HLT2 Double 110635 29 (95124+ 17664)

R >0.4mm, two MV, A¢ > 2.8, HLT2 Double | 31107 6(21868 + 8035)

R > 0.4mm, two MV, A¢ > 2.8, HLT2_phys 452170 328 (1075879+ 59405) ‘

Table 4.8: Number of events at different selection stages of the analysis (see Table 4.7),
compared to MC predictions between brackets, assuming a pure bb background.

pass any of the HLT2 physical lines is unsatisfactory. This is probably due to differences in the
emulation of some of the trigger lines in the Monte Carlo samples, compared to data.

Table 4.9 gives the total selection efficiencies for the HV10 and BV48 models for various
combinations of cuts in addition to a R cut set at 0.4 mm and considering only events passing
the HLT2 double trigger line. The selection presented in line 6 will be used in Chapter 5 as the
most restrictive selection.
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Ngﬁ;k anLll:ll anI;Ir’lZ agmx o.anax MV Neuts €HV10 (%] €BV48 (%]

1 4 3.5 4 0o 00 One 72313 1.67 1.12

2 4 3.5 4 00 00 Both 31107 1.09 1.03

3 4 3.5 4 0o oo |One, R<4.8|30951 1.03 1.01

4 5 5 5 0o (oo} Both 15159 0.798 0.906
5 8 7.5 7.5 0.1 | 1.0 Both 57 0.274 0.549
6 6 6 6 0.05 | 0.25 Both 65 0.143 0.626
7 6 6 6 0.05 | 0.25 |One, R<4.8| 65 0.132 0.617
8 6 6 6 0.06 | 0.25 Both 86 0.168 0.647
9 6 6 6 0.04 | 0.25 Both 30 0.09 0.535
10 6 6 6 0.05 | 0.26 Both 78 0.150 0.634
11 6 6 6 0.05 | 0.24 Both 51 0.139 0.603

Table 4.9: Number of data events selected for some values of N ,’Z l.“an and M,I;ZI;Z 12 (in GeV/c?),

and o, 0’7%* (in mm). The 7th column (MV) says that the material veto was active for

only one or both candidate. Alternatively, the restriction applied on the radial position of the
second vertices (in mm) is indicated. For each set of cuts, the LLP candidates have a minimum
radial distance of 0.4 mm. eBV48(¢/1V19) is the efficiency in percent estimated from the analysis
of BV48 (HV10) events. The events are requested to pass the HLT2 double trigger line and a cut
of 2.8 radians is made on the angle A¢ formed by the pair of LLPs.

4.4 Contribution to the detection efficiency and systematics effects

An estimate of the efficiencies and related systematic uncertainties is presented in this section,
following and re-interpreting the work presented in [18]. Similar results are obtained, the
situation being very close in 2010 and 2011.

The determination of the detection efficiency is based on the analysis of MC events and,
therefore, it is important to estimate the discrepancy that can exist between MC simulation
and data. The main point is the vertex reconstruction, for which the efficiency has to be
determined in a region which is beyond the average b-hadron decay.

Source €[%]

1 | one LLP in acceptance (generator cut) | 28.4

2 | LLP preselection (Stripping Double) | 14.16
3 Matter veto on the second LLP 88

4 Trigger (L0, HLT1 and HLT2 double) 49.5

5 LLP final selection 35.7

Total 0.626

Total w/o trigger 0.876

Table 4.10: Contributions to € at different stages of the event selection, based on MC BV48
events and with the cuts given on line 6 of Table 4.9.

Table 4.10 presents the contributions to the detection efficiency of different items, computed
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from the BV48 model and with the selection detailed on line 6 of Table 4.9. Table 4.11 gives
the total detection efficiency for various signal models. One can see, compared to the 2010
analysis, an increase of efficiency by a factor 1.6, essentially due to an improvement of the
trigger selection (about 15 to 20%) and a better vertex reconstruction.

Model Total € [%)]
BV48 0.626 + 0.017
BV48-5 0.356 + 0.013
BV48-15 0.661 + 0.018
BV48-50 0.307 £ 0.012
BV20-10 0.023 £+ 0.003
BV35-10 0.343 +£ 0.012
BV48-mh100 | 0.372 + 0.014
BV48_mh125 | 0.399 + 0.007
HV10 0.143 + 0.015

Table 4.11: Total detection efficiency € for MC BV and HV models with selection cuts corre-
sponding to line 6 of Table 4.9 given with statistical uncertainties.

4.4.1 Trigger efficiency studies

The goal is to validate the MC trigger simulation by comparing its behavior for event kinematics
which are similar to the expected signal. The method is comparable to the one presented
in [18]. Again the main sources of events will be bb events. The background from interaction
with the detector material is suppressed by switching on the matter veto procedure for both
candidates.

LO

The LO trigger has been found to be about 95% efficient on BV48 events with the criteria of
line 6 of Table 4.9 .

HLT1

In the case of HLT1, the relative consistency of different categories of lines for data and MC
events is tested. Several analysis in which events have a positive decision from e.m. triggers
(photon or electron), or muonic triggers, or the addition of hadronic lines and the "trackAll"
line have been made. Results are shown in Table 4.12 for three sets of increasingly restrictive
analysis conditions. Data and MC bb events populations in the different sectors are very close,
within 10-20%. Unfortunately, the statistical error is large due to a lack of beauty MC events.
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analysis 1 [%] analysis 2 [%] analysis 3 [%]
data MC data MC data MC
HIT1 has muons 22.8+0.2 30.4+11.5|20.1+£0.220+11.5/19.6 +0.6 -

has trackAll or hadron || 95.4+0.4 91.3+19.9|95.5+0.486.7 +24|96.9+ 1.2 -

has photon or electron || 9.7+0.1 4.35+4.35| 10+0.1 6.7+6.7|9.8+0.4 -

Table 4.12: Comparison between data and MC fraction of events which are selected by
categories of HLT1 lines, for different analysis conditions. The three analysis have or=0.1 mm
and oz = 1 mm. Analysis 1 has NZ%" =4, and MﬁlLl.Z:4 GeV/c?; 73kevents have been found
in data and 23 MC. Analysis 2 has Nzl.“rfk =5, and M,Lnlgfl=4 GeV/c? 52kevents data, and 15 MC.
Analysis 3 has Nirack _5 and M anLl.I;:G GeV/c? 39kevents data, and 0 MC.

min
MCJ/y Data

at least one LLP 88319 3049713
and at least one selected J /v 27082 1736187
and two LLP 102 8606

two LLP passing the selection 63 5040
HLT2Double triggered 1 (£ 1.65) 499(+ 41.6)
HLT2Double efficiencies [16+31% | 9.9+0.83% |

Table 4.13: Number of events at different stage of the analysis for the J/y MC sample and
the 2011 Data. The HLT2DiMuon]Psi trigger line is used to filter the data events and a single
loose candidate with N7%k=4 MLLP_3 GeV/c?, RLLP=0.4 mm (and ZpTmin=3 GeV/c) is

min min min
reconstructed. Furthermore, the ]/ is required to be prompt (ie to decay at a maximum radial
distance R< 0.4 mm).

HLT2

Because the TISTOS procedure® is not implemented for our type of signal candidate, the
idea is to use an independent trigger as a sampling tool. The ideal trigger is the J/v prompt
algorithm. Given the fact that the amount of such events is scarce in the bb MC sample, a large
set of MC inclusive J/v is analyzed. First, events triggering the "HLT2DiMuonJPsi" trigger are
selected([23] for details on this specific trigger). This trigger is prescaled by 20 %, it requires
two good muons (track )(2/ ndf < 5) forming two vertices (vertex )(2 <25) and a mass window
of 120 MeV/c? around the ]/ mass.

Then, a dedicated stripping algorithm looks for candidate vertices with quite loose conditions:

at least 4 charged tracks

e a minimal mass of 3 GeV/c?

aradial distance to the beam line of at least 0.4 mm

e aminimal sum pr of the combined tracks of 3 GeV/c

5For a standard example of trigger systematics study see [22].
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To ensure that the sampling of events is independent from a typical displaced vertices sample,
the J/vy is required to be prompt. Hence, its decay must happen at a radial distance smaller
than 0.4 mm from the beam line, see Figure 4.21. It is also possible to ask for the J/y to be
the particle which activated ("TOS") the HLT2DiMuon]JPsi trigger line as well as all the HL.T1
muon lines and the LO muon triggers. Comparisons between MC and data mass and radial
distributions of the J/y are made and distributions of the reconstructed LLP are given in
Figure 4.20.
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Figure 4.20: Reconstructed invariant mass M, transverse momentum pr, number of tracks,
and pseudorapidity of the single loose LLP candidates. The dots represent the data, the
histogram is the result for the MC J/. The distributions have been normalized to unity. The
analysis requires an HLT2 Dimuon ]/ positive decision.

Conditions comparable with the HLT2 double line are imposed: two LLPs satisfying N/"4ck=4,

min

M,I;ZLZZI—4 5GeV/c?, M aninz_?’ GeV/c? R%Z 0.4 mm, and the first LLP must be found outside
of the detector material. The number of events at each stage of the analysis is given in
Table 4.13. Unfortunately, only one event survives in the MC sample, and this does not allow
to draw significant conclusion. Nevertheless, in the more favorable analysis of 2010, the result
was that MC and data were in agreement within a statistical precision of 15 %. There is no
reason to believe, looking at the overall good agreement between MC and data distributions,
that the situation is different in 2011. The same 15% systematics as in 2010 is therefore

assumed. Considering that the trigger is now 70% efficient, compared to the 40% of 2010, a
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Figure 4.21: Radial distance to the beam line of the reconstructed J/v with the requirement of

the HLT2 DiMuon J/vy positive decision. The dots represent the data, the histogram is the MC
J/w prediction. The distributions have been normalized to unity.

15% systematics can be considered as a conservative estimate.

4.4.2 Systematic uncertainties

Table 4.14 summarizes the contributions of the systematics uncertainties to the detection
efficiencies.

Source %
1 | Integrated Luminosity | 3.5
2 Trigger 15
3 Track reconstruction 5
4 VELO tracks 5
5 Vertex reconstruction 9.5
6 | pr and mass calibration | 6
7 Matter veto 4
8 Beam line position 1.5
Total 21

Table 4.14: Contributions to the error on the efficiency, assuming the BV48 model.

The different contributions are :

¢ The discrepancy between the simulation and the implementation of the trigger selection
is assumed to be at most 15%.

¢ By comparing the distributions presented in Figure 4.14 for the number of tracks be-
tween MC bb and the data, the observed difference in track reconstruction is assumed
to contribute at most by 5% to the uncertainties.
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When VELO tracks with no momentum information are used, a default pr value of 400
MeV/c is assigned. A difference in the number of VELO tracks between data and MC
might introduce a bias. This has been evaluated at 5%.

Figure 4.15 shows that the calibrations in the vertex reconstruction errors are in good
agreement (+ 0.01 mm) when comparing data and MC bb. Taking half the difference
between lines 8 and 9 of Table 4.9 gives a 9% contribution and half the difference
between lines 10 and 11 gives a 2.5% contribution. By adding them quadratically, a 9.5%
systematics uncertainty is assigned.

A maximal mismatch of 10% in pr and mass calibration is inferred from Figure 4.14. By
moving the cuts by this amount, the difference in efficiency is of 6%.

A study has been made for the 2010 data in which the matter veto has been switched off
and a control region, 1< R < 4 mm, has been set. The corresponding uncertainty has
been found to be 4%. Because it is impossible to totally de-activate the Matter Veto in
2011 and by looking at the results presented in Table 4.7 showing that the Matter Veto
description is very close to the 2010 description, the 4% value is kept.

Assuming a 1% inaccuracy in the position of the beam line, a 1.5% systematic is added
by estimating its effect on the radial cut of the LLP.
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Extractions of the Signal Yield from
the 2011 Selected Events

Extracting physical results from the 2011 data is a delicate operation. Indeed, no satisfactory
background model exists despite the fact that it is strongly reasonable to believe that the
main Standard Model component comes from bb events. Unfortunately, the production of bb
events corresponding to 2011 data is of only 17 M events, while in 2010 there existed 100M
events along with trigger conditions that were much less restrictive. To partially cope with this
fact, specially biased events were produced to foster the MC LLP candidates yield.

The following chapter presents some attempts to extract the signal component from the
2011 data based on fitting variables distributions, on an ABCD statistical method and on
a multivariate analysis using a Neural-Network(NN) events classifier. Finally, examples of
calculations of upper limits on the production cross-sections of long-lived particles are given.

Four different selections have been implemented, dubbed s1, s2, s3 and s4. The selection s1
corresponds to the stripping output. Details of the selections criteria are given in Table 5.1.

selection NZ?HC k anLl}:l A¢min Ndata
GeV/c>  rad 2011

sl presel presel presel 131129

s2 4 4 2 51243

s3 5 5 2 15159

s4 6 6 2.8 65

Table 5.1: Different scenarii of cuts for the selection of events. In addition R > 0.4 mm
is imposed on both candidates and the requirement of a HLT2Double trigger line positive
decision can be added. Cuts on o and o 7 are not applied except for s4 that requires o < 0.05
mm and 0 7 < 0.25 mm.

5.1 Fitting of key variables distributions

Different distributions have been fitted and are presented in the following. The di-LLP invari-
ant mass as well as the A¢ angle between the pair of candidates have been considered. It has
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Chapter 5. Extractions of the Signal Yield from the 2011 Selected Events

also been noticed that combining the di-LLP invariant mass and the vertex fit uncertainties of
the two LLPs is a good way to distinguish signal from background events.

The fitting procedure consists on adjusting to the data distribution a theoretical shape which
contains a signal component and a background component. The total number of events is
constrained to the data. Because the number of events in the MC bb sample is limited, the
cuts are kept open and the requirement of the HLT2 Double line selection is not requested. Of
course, this implies a risk of biasing the theoretical shape but produce a statistically significant
background model.

5.1.1 The mass of the di-LLP

The distribution of the di-LLP mass is clearly cut dependents, as can be seen in Figure 5.1. The
figure was obtained with the sets of cuts of the Table 5.2. The low masses are suppressed by
increasingly stronger cuts which move the center of gravity toward higher mass values.
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Figure 5.1: Comparison of di-LLP invariant mass distributions for bb MC events selected
by increasingly stronger cuts. The grey (1 sigma) band corresponds to condition bb1, blue
dots to bb2, and red squares to bb3. The distributions are normalized to one. The statistical
uncertainties are correlated.

An attempt to compensate for the bias that appears when using different cuts conditions for
data and the bb selection is to leave free the position along the mass of the background pdf. The
resulting shift which gives the best fit results is found in the range of 0 and 2 channels. Results
of this procedure with 2011 data are given in Figure 5.2 and the corresponding numerical
results are given in Table 5.3.
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Figure 5.2: Results of the fit of the di-LLP invariant mass distribution for the data events selec-
tions given in Table 5.3, linear scale on the left, log scale on the right. The signal component
is BV48, the background events are bb MC events selected by the sets of cuts described in
the text. The purple error rectangles are the statistical uncertainties propagated from of the
original bb events sample and the green rectangles represent the fit uncertainty.
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selection name N’rack  MILP N
bb1 presel presel 877
bb2 4 4 554
bb3 5 5 93
bb4 6 6 0

Table 5.2: Details of the different selections for bb MC events. All HLT2 physical trigger lines
have been activated, and A¢ > 2 is imposed.

data bb  Naara N x?/DoF
selection selection
1 s3 bb2 15176 215 (+188, -194) 1.56
s3 bb3 15176 45 (+385, -403) 0.50
3 s4 bb2 54 0.7 (+3.4, -3.3) 0.95

Table 5.3: Results of the fit of the di-LLP invariant mass.

5.1.2 A¢ angle between the two LLPs

The A¢ distribution for bb events does not display a significant dependence on the cuts used

in the selection. Figure 5.3 shows the comparison of A¢, for the bbl, bb2, bb3 selection

conditions (without the A¢ cut).
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0.02
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Figure 5.3: Comparison of A¢ distributions for bb events selected by three different analysis
conditions. The grey (1 sigma) band corresponds to condition bb1, condition bb2 is shown by
blue dots, and bb3 by red squares. The distributions are normalized to one. The errors of the

three distributions are correlated.

Assuming negligible the dependence on the chosen selection, the three distributions can be
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5.1. Fitting of key variables distributions

taken as background models in the fitting procedure, independently from the data selection.
The results of the fits are shown in the three plots of Figure 5.4, for the three bb models
obtained under the conditions presented above. The signal model corresponds to BV48, and
the normalization is constrained to the 243 events found in the data sample.
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Figure 5.4: The A¢ data distribution is fitted by a BV48 shape plus a background shape
modeled from bb MC events. The data points are shown in black, and the fitted signal
component is the histogram in blue. The green and purple rectangles are the total fitted
distribution. The purple is the statistical uncertainties propagated from the original bb sample,
the green portion is from the fit uncertainty. The three plots assume the background models
corresponding to the bb MC selections bbl, bb2, bb3, as described in the text.

The results are all compatible with zero BV48 signal event, as shown in Table 5.4. The BV48
detection efficiency is of 83.2- 10~* for BV48 events. From the result of the last line of Table 5.4,
with a 21% total systematic uncertainty, the cross section times branching ratio 95 % CL upper
limit is of 7.28 pb.
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data bb Naata Nﬁ‘gflil x2/DoF
selection selection
1 s4 bb1l 243 14.6 (+13.1, -13.2) 2.2
s4 bb2 243 12.6 (+13.7, -13.9) 2.1
3 s4 bb3 243 -5.4 (+18.5, -20.1) 1.2

Table 5.4: Results of the fit of the A¢ distribution of 243 data events with a signal component
for BV48, and a background from bb MC events, selected by the three sets of cuts described in
the text.

5.1.3 1/Zy versus the di-LLP mass

This is an example of bi-dimensional analysis. The variables considered are the di-LLP in-
variant mass, and X, the sum of the o of the two LLP. More precisely, the inverse 1/Zg is
used in the bi-parametric representation of Figure 5.5, left. This variable is also illustrated in
Figure 5.6. The background is from bb MC events, and the signal sample is BV48,
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Figure 5.5: Left: background (contour) and BV48 signal (points) in the (di-LLP mass, 1/2Zg)
plane. Right: normalized distribution of the variable which combines di-LLP mass and 1/Z.
The red squares are from bb MC events, the histogram in blue from BV48.

A correlation is visible in the signal distribution, with a major axis with a slope of about 45
degrees in the plot. The position of the projection of each point on that major axis of the
distribution provides a new variable which exploits the correlation. This combined variable
has a better separation power than the original observables taken individually. This can be
seen in Figure 5.5, right (to be compared with Figure 5.6).

The results of the fits with the analysis conditions of Table 5.5 are shown in Figure 5.7. Like
it was the case for the fit of the di-LLP mass alone, when the background sample has been
selected with different criteria as compared to the data and signal, the position of the bb
distribution is left free to float. A shift of 2.5 units toward the right provides the best y> when
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Figure 5.6: 1/XZp distribution in the sl scenario. The distribution on the right-hand side is
given in logarithmic scale. Distributions have been normalized to one.

data bb Ndata  Nsigna BVA8  x*/DoF
selection selection
1 s2 bb2 51243 195 (+491 -502) 0.92
s3 bb3 15176 1282 (+545 -588) 0.84
3 s4 bb3 88 11 (+9-9) 0.95

Table 5.5: Res_ults of the fit of the of the variable which combines di-LLP mass and 1/X. For
the fit 3, the bb background was shifted by 2 channels, to compensate for the difference in the
selection criteria.

bb3 is used to fit s4 selected data. The detection efficiency is of 63.2:10™ for BV48 events.
From the result of the last line of Table 5.5, with a 21% total systematic uncertainty, the cross
section times branching ratio 95 % CL upper limit is of 8.8 pb.
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Figure 5.7: Fl_t of the of the variable which combines di-LLP mass and 1/Xp, for the three data
events and bb events selections as given in Table 5.5. The signal component is from BV48.
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5.1. Fitting of key variables distributions

5.1.4 Analytical PDF fit of the mass of the di-LLP

The goal of this section is to fit the di-LLP candidate mass using two analytical PDFs deter-
mined from the histograms of the signal models and of the background sample. First, the
di-LLP mass of the BV48 models is fitted with two phenomenological analytical functions, a
decay function and a resolution function, see Figure 5.8. The fits are obtain with the set of cuts
s3 and asking for a positive decision of the HLT2 double trigger line.

€ 200 - = T 10 = =
3 E 3 3 o 1
3 180 F E =10 3
160 - o ]
g E E g ¢ ]
g 140 E- E A =
g 120 - E 2 o ]
5100 E 3 5 60 [ 3
Yo B 3 u wk ]
60 - 3 o 1
40 E LS = 20 3
E g E N
20 E o = F iq ]
o E Pk Jx10° o k& + A PR i) Ax10°
50 100 50 100

Reconstructed Mass(LLPL, LLP2) [MeV/c] Reconstructed Mass(LLPL, LLP2) [MeV/c?]

~220 T T E ~ F T T 3
Lo B {, + E ~<§‘120 E + E
] E E ] F ]
s 180 3 =100 - 3
160 - i = o ]

% 10 - \ } 3 % - 3
3120 11 = 3 ]
5 100 B \ = b 60 | =
I E 3 > 3
ol 3 ik%‘ 3 @ ﬂ E
60 - ﬂ} 3 o L H' 1

0 E W 3 20 | kK {'4.% 3

0 E ", i, 3 E . 3

o E I P, L Jx10° o k& 1 P L e JX10°
100 50 100
Reconstructed Mass(LLP1, LLP2) [MeV/c?] Reconstructed Mass(LLP1, LLP2) [MeV/c?]

Figure 5.8: Fit of the of the di-LLP mass for different BV48 model. Top right: BV48 10ps, top
left: BV48 5ps, bottom right: BV48 15ps, bottom left: BV48 50ps.

Because the parameters of these different fits are very close (within 5% variation), the signal pdf
is reconstructed by adding the BV48 signal samples with 5, 10, 15, 50 ps neutralino lifetimes to
benefit from a larger statistics. The signal pdfis presented in Figure 5.9 and the fit parameters
are given in Table 5.6.

mul 29502 + 551
sigmal 6968 + 287
mu2 22688 + 459

sigma2 4548 +£237
taum 10362 £ 277
u 0.78+0.02

Table 5.6: Fit parameters determined from the addition of BV48 models with y lifetimes of
5, 10, 15 and 50 ps. mul and mu?2 are the means of the two gaussian functions, sigmal and
sigmaz? are their respective width, taum is the decay function slope and, finally, u is the
fraction between the red and green curves drawn in Figure 5.9
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Figure 5.9: Signal PDF from the addition of BV48 models with 5ps, 10ps, 15ps and 50ps
neutralio lifetimes.

In order to get a satisfactory model of the background, it is not possible to use the set of
MC bb events because the number of event is again too small, especially in the queue of the
distribution, where it is important to have a sufficient statistics for the fit to work efficiently.
To cope with that, the data with selection cuts s2 are used. Indeed, it is reasonable to assume
that the fraction of signal events is negligible at this stage. Going from s2 to s4, the number
of bb drops of about a factor 1000 while the efficiency for signal events is reduced by roughly
20%. The obtained fit is given in Figure 5.10 and its parameters are given in Table 5.7.
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Figure 5.10: Fit of the data in the s2 scenario, used for background modeling. Two exponential
functions are used.

f 0.037 +0.005
tau -3.80-107°+4-1076
tau2 —2.453-1074+3-1076

Table 5.7: Fit parameters determined for the data in the scenario s2. Two exponential
functions are used, tau and tau?2 being their respective slopes. f is the fraction between the
two functions.

The background PDF is obtained by the combination of two exponential functions, which is
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coherent when fitting the MC bb sample as illustrated on the Figure 5.11.
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Figure 5.11: Fit of the MC bb sample with the scenario bb1. Two exponentials are used and
a signal component has been added to test the coherence of the method. NB and NS are
respectively the number of background and signal events determined by the fit.

Then, data events selected by the final selection (s4) from 20 GeV/ c? to 120 GeV/c? are fitted by
combining the signal and background distributions aforementioned, keeping their respective
parameters fixed to the values obtained from their respective data sets. The results of the fit

are presented in Figure 5.12.
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Figure 5.12: Result of the fit of the data after s4 selection using the distributions obtained in
Figure 5.9 and 5.10. NB and NS are respectively the number of background and signal events
determined by the fit.

Again, the signal component is compatible with zero. It has to be noticed that the given
errors are rough estimations. To improve their calculations, variations of the fixed parameters
in between their relative error must be done keeping trace of the correlation between the
parameters. An alternative way of doing so is presented in the next section and consists in
simultaneously fitting the three distributions.
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5.1.5 Simultaneous fit of the mass of the di-LLP

The simultaneous fit of signal models, background models and data using the same set of
functions as in 5.1.4 allows to infer the total uncertainty. Here, only one signal sample is
considered at the time. The fits are made using the unbinned extended likelihood method
(see [24]).
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Figure 5.13: Fit of the BV48 MC signal model di-LLP mass (up) and of the data (down) with the
selection s2 used as background model.
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Figure 5.14: Fit of the di-LLP mass for the data in the scenario s4. This is obtained simultane-
ously with the fits of Figure 5.13.
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Table 5.8 gives the detailed lists of fit parameters obtained for the BV48 10ps signal model.

mul 23167.35+702.2
sigmal 11893.48 +922.2
taum 10006.45 + 638.4
Ngy 2613.0+51.1
f 0.034 +0.0044
rtau 6.13+0.63
tau —4.07-107°+4.4-107%
Npack 14609.0 +120.1
Nz 31.88+6.01
Ny 1.12+2.34

Table 5.8: Fit parameters determined by the simultaneous fit of the BV48 signal sample in
scenario s3, the background model from data s2 and the data s4. mul and sigmal are the
mean and width of the signal PDE taum being the slope of its decay function. tau is the
slope of the first background exponential and taur is the ratio between it and the second
exponential slope. f is the ratio between the two background exponentials. Ny is the number
of events in the fit of the signal component and Np, is the computed number of events in the
background fit. Ng and Np are respectively the extracted number of signal and background
events found in the data s4.

Model Np Ng

BV48 31.88+6.01 | 1.12+2.34
BV48 5 ps 31.97+£5.99 | 1.04 +£2.23
BV48 15 ps 31.81 £6.02 | 1.19 + 2.37
BV48 50 ps 31.68+6.04 | 1.32 +2.49
BV35 31.84 £6.02 | 1.16 + 2.37
BV20 31.90+597 | 1.10 £ 2.21
BV48 10 ps m(*h®)=100GeV | 31.74 + 6.07 | 1.26 + 2.52
BV48 10 ps m(h%)=125GeV | 32.08 +5.94 | 0.92 +2.04

Table 5.9: Results of the simultaneous fits for different BV MC models. Ns and Np are respec-
tively the extracted number of signal and background events found in the data s4.

Table 5.9 gives the results of the simultaneous fits for various BV models with 1o errors. All
results are compatible with 0 observed signal event.

Upper limits on production cross sections at 95% CL, assuming 21% total systematic uncer-
tainties, are given along with total efficiencies for the set of MC BV samples in Table 5.10.

In order to test this method, a toy experiment study has been made. 2000 experiments are
generated in which 1, 3, 5 and 10 signal events are randomly drown from the BV48 PDF while
the rest of the 33 events are randomly drown from the background PDE Then, simultaneous
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Model € [%] | Omax [pb]
BV48 0.606 1.83
BV48 5 ps 0.339 3.11
BV48 15 ps 0.635 1.79
BV48 50 ps 0.296 4.08
BV35 0.337 3.35
BV20 0.023 45.98
BV48 10 ps m(h®)=100 GeV | 0.348 3.47
BV48 10 ps m(h®)=125 GeV | 0.391 2.45

Table 5.10: Total selection efficiency (in [%]) for different BV MC models, with s4 selections and
for a di-LLP mass between 20 and 120 GeV/c? and upper limits on production cross sections
at 95 % CL from the results of the simultaneous fits.

fits are performed for each of those experiments. The number of extracted signal events is
compared to the generated one. Results of this procedure are illustrated on Figure 5.15 and
pull distributions! have been calculated and are illustrated in Figure 5.16.
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Figure 5.16: Gaussian fits of the pull distributions obtained from the simultaneous fits of 2000
toy experiments with Nge" number of signal events and Nge" number of background events.

These results demonstrate that it is possible to recover the correct amount of signal events,
with a bias smaller than 1% for Ng greater or equal to 5 . In addition, the same toy experiment
procedure as been made, but this time adding to the s4 data sample a fixed number of signal
events from the BV48 PDE Again, the method guesses, in average, the correct number of signal
events.
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5.2 ABCD Method

Two variables, X, y, are chosen to define a bi-dimensional region (x, y) displaying a separation of
the signal and background as large as possible. Two cuts, x; and y;, are selected to separate the
data bi-dimensional distribution into four regions, named A, B, C, and D (see a toy experiment
example in Figure 5.20), D being the region where the signal yield will be extracted. The
four regions contain a number of events N4, Np, Nc, Np, respectively. The goal of the ABCD
method is to estimate the amount of background events in the region D. Assuming that the
background events are uncorrelated in x and y, and that a negligible amount of signal falls in
the regions A, B, and C, then the estimate of background in D, Bp, (the bar indicates that the
number is an estimate) is given by:

BDZNBN(;/NA, (5.1)

and the estimate of the amount of signal in D is then Sp = Np — Bp.

In the case of the couple of variables (di-LLP mass, 1/Xg) seen above (in 5.1.3), the background
region could be isolated quite efficiently. Unfortunately, the two variables are not uncorrelated.
Therefore, a correction should be introduced to mitigate the systematic effect due to the
correlation.

Two almost uncorrelated variables are the mass of one of the LLP and the number of tracks
of the other LLP. The bi-parametric distributions for the BV48 signal and bb MC events are
compared in Figure 5.17. The events selection is s2 (see Table 5.1). Some level of correla-
tion unavoidably subsists because of the pr ordering of the two LLPs. This amount can be
estimated by comparing the mass distributions for different number of tracks intervals, as
shown for the bb MC events and for 2011 data in Figure 5.18. The distributions coincide within
statistical fluctuations, which demonstrates a low level of correlation.

On the other hand, for this couple of variables, the second criterion for the validity of the
ABCD method is not well satisfied, as the BV48 signal penetrates the background region, and
there is no possibility to isolate a background region totally signal free. When an hypothesis
can be made on the amount of signal and its distribution, an average value can be subtracted
from the counts in the A, B, and C regions, before the calculation of Bp.

The choice of the cut positions for the two variables should be made in order to maximize the
significance of the signal defined as Sp/+/Sp + Bp. The significance can be estimated by:

_ 1 1 1
significance = SD/\/SD + B]%(N— + N + N—) (5.2)
A B c
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Figure 5.17: Bi-dimensional distribution of the signal BV48 (blue boxes) and bb MC back-
ground (curves) in the (mass of LLP1, number of tracks in LLP2) plane.
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Figure 5.18: Distributions of the invariant mass of the LLP1 for different selections on the
number of tracks in LLP2. Left: MC events, right is data. The distributions are normalized to
one.

which indicates that the signal has to be maximized, and the background minimized as usual,
and, in addition, the counting in A, B, and C should be roughly equal and maximized. The
best choice of cuts depends on the signal hypothesis. The results of Figure 5.19 are given for
200 background events and assuming 5 BV48 signal events. A wide region with a maximum
significance of 1.7 is found in correspondence of 7-8 GeV/c? for the mass, and 7-8 tracks. In
general, for increasing signal hypothesis, the optimal cuts move toward harder values.

A toy MC method has been used to optimize the choice of cuts, and to determine the un-
certainties on the number of signal events. A series of 1000 experiments are generated and
analyzed as a function of the positions of the cuts which are varied over the background region.
For illustration, the situation of a particular toy experiment is shown in Figure 5.20. Five signal
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Figure 5.19: Computed significance values for 200 background events and 5 signal events,
as a function of the cuts on the mass of LLP1 and number of tracks of LLP2. The values are
multiplied by 10.

A B C D

background | 164 7 27 2
signal 0 1 0 4
total 164 8 27 6

Table 5.11: Number of events in the four regions for the toy experiment of Figure 5.20.

events were generated based on the BV48 bi-parametric distribution, and the 200 background
events, assuming the bb MC bi-parametric distribution.

For the toy experiment of Figure 5.20, with a mass cut placed at 7 GeV/c? and 8 tracks, four of
the five signal events sit in region D, while one event is found in region B, and two background
events are found in D. See Table 5.11.

If no correction is applied to take into account the possible contamination of A, B and C by the
signal, the method estimates Bp =1.15, instead of 2, and Sp = 4.85 instead of 4.

As previously said, if the amount of signal is assumed known, a correction could be done by
subtracting the average expected values. If the hypothesis of a total of 5 signal events is made,
for BV48, the average is 0f 0.2, 0.4, 1.3, and 3.0 events in the four regions. After subtraction, the
results for this experiment are Bp = 1.19 and Sp = 4.81.

Over 1000 toy experiments an average Sp = 4.1 + 2.0 is found which is 1.1 larger than the true
value of 3, see Table 5.12. The uncertainty is the r.m.s. of the deviations of the computed
values with respect to the average obtained. A small reduction of the bias can be obtained by
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Figure 5.20: Situation of one toy experiment, with 200 background events (black points) and 5
BV48 events (red rectangles). 4 signal events lie in the D region, and one signal event falls in B.

A B C D
background | 160.7 9.1 27.6 2.7
signal 02 04 13 3.0
total 1609 9.5 289 5.7

Table 5.12: Number of events in the four regions, averaged over 1000 toy experiments.

the subtraction of the average signal from A, B, and C: the result is Sp = 4.0. A large portion of
the bias is due to the poor statistics of the background model used to generate the events, in
particular in the regions B and C. Another contribution comes from some correlations of the
two variables.

A first check of the method is performed by using as background model the two distributions
for the mass and for the number of tracks (i.e. the projections of the bi-parametric distribution
on the two axis). The statistical fluctuations are strongly reduced, and the correlation is lost.
In this case the computed average signal is Sp = 2.9 + 2.1, with a very small bias.

A second check is made by using the data itself as a high statistics background model. With
loose cuts the signal level is certainly negligible, while keeping track of the correlations. Under
the same conditions as before, the result is Sp = 3.3 + 2.5, a bias of 0.3 events is found. Again
using the data, but removing the correlations by using the two projections, the bias disappears.
We should conclude that the correlation between the two variables is responsible for an
underestimate of 0.3 events in the determination of the background.

Applied to the 172 events of the data sample s4 (cuts on the mass of LLP1, and number of
tracks of LLP2 removed), with ABCD boundaries placed at (7, 8), the number of events in A, B,
C,and D is 80, 47, 30, and 15 respectively. Without subtraction of signal, the extrapolation to
the D region gives 17.6 events. As seen before, a bias of 0.3 events comes from the variable
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correlation. This value is used for a correction, giving Bp = 17.9, and added to systematics. In
conclusion the result is Sp = —2.9. The statistical uncertainties coming from the number of
events on the regions A, B, C and D is 5.45 events. From toy MC, with 172 data events, we have
an average statistical uncertainty of 6.5 events on the estimates. After adding the systematic
contribution from the bias, the resultis Sp = —2.9 + 6.8. The results for all the signal models
are given in Table 5.13.

Model ex10* 04 [pb]
BV48 53.78 3.81
BV48 5ps 29.16 7.03
BV48 15ps 56.24 3.64
BV48 50ps 26.09 7.86
BV48 mH100 | 31.71 6.46
BV48 mH125 | 33.68 6.09
BV35 28.57 7.18
BV20 1.69 120.99
HV10 10.28 19.94

Table 5.13: Upper limits for cross section times branching fraction assuming various theoretical
models. € is the total selection efficiency. Upper limits are computed at 95 % CL with 21% total
systematic uncertainty.

An identical procedure is applied to the complementary couple of variables, the mass of the
second LLP and the number of tracks of the first LLP. 261 events are found in the s4 data set
with relaxed cuts on the two variables. In this case, the optimization suggests a boundary
at 6 GeV/c? and 8 tracks, selecting 115, 60, 58, and 28 events in the four regions. Neglecting
the contamination from signal events in the A, B, and C regions, the amount of signal in D is
estimated at -2.2 events and then at -2.5 after correction for the bias. The toy MC provides the
statistical error +8.3 events, and +8.6, after adding the bias uncertainty. The results are given
in Table 5.14 and are consistent with the previous results, but less stringent, due to a larger
statistical error.

Model ex10* 04 [pb]
BVv48 56.08 5.02
BV48 5ps 30.60 9.20
BV48 15ps 58.21 4.84
BV48 50ps 28.00 10.06
BV48 mH100 | 33.00 8.53
BV48 mH125 | 36.03 7.82
BV35 30.78 9.15
BV20 2.14 131.73
HV10 12.15 23.18

Table 5.14: Same as in Table 5.13 for the complementary couple of variables.
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5.3 The Neural Net method

The Neural Net (NN) classifier (for reference, see [25]) has been implemented based on the
following 13 input variables:

e M1, M2: invariant mass of LLP1, LLP2

NT1,NT2: number of tracks associated to LLP1, LLP2

PT1, PT2: their pr
e R1, R2: their radial distance

» SigR1, SigR2: vertex fit radial uncertainty

SigZ1, SigZ2: vertex fit longitudinal uncertainty

Dphi: [A¢|

Note that the di-LLP invariant mass is not used in the NN, to keep it as a control variable. The
distributions of the 13 variables after the s2 selection are shown in Figure 5.21. The variables
are used in the NN after a normalization procedure to bring them close to an average value of
zero, and to get a width distribution of the order of one, giving the results of Figure 5.22.

0 e 50 0 e 50 0 25 0 25
M1 M2 NT1 NT2
{\\ | | | | | | | K | K | |
(1] 80 0 80 0 10 [1] 10
PT1 PT2 R1 R2
/\ | | A | | /\ | | N
0 0.2 0 0.2 0 2 0 2
SigR1 SigR2 Sigz1 Sigz2
E | | | |
0 3.15

Dphi

Figure 5.21: Input variables of the NN event classifier.
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Figure 5.22: Input variables of the NN classifier after normalization.

The recurrent problem is the absence of a model for the background. To cope with that,
considering that the amount of signal is small in the data, the technique adopted is to use a
portion of the data itself to play the role of background set. This is illustrated in the following
example in which the set s1 with a very large amount of data is used. Given that the signal set
(BV48) has a about 5 thousand events, the same number is chosen in the data and used as
background sample. The average NN error evolution during the training is given in Figure 5.23.
Overtraining happens after ~ 150 cycles. The chosen value for this configuration is then 130.
The NN answers after training are shown in Figures 5.24, and 5.25. The NN response to the
BV48 test set, to the data (the few thousand events used for the training were removed), and
also the results for the bb events of the bb1 set are found in the figure. The figure also presents
the results for the bb events of the bb1 set showing that they reproduce the data. Figure 5.25
on the left-hand side shows the fraction of events selected by a given NNcut.

In order to estimate the bias introduced by the presence of some signal in the data set used as
a background sample, the training is redone with 5% of signal events added to the background
sample. The results are compared to the previous one in Figure 5.25 right, demonstrating that
the bias is in general small, even for a relatively large "contamination".

The effect of a tight selection NN > 0.95 on the mass and number of tracks of the LLP1, and
on the di-LLP mass, is shown in Figure 5.26, for BV48 events. As one can expect, the NN is
selecting higher mass candidates.
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Figure 5.23: Average error evolution during the NN training.
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Figure 5.24: NN answer to the BV48 test sample (blue histogram), to the bb sample (red
dashed) and to the data 2011 (dots) distributions. The distributions are normalized to unity.

The analysis using conditions s3 must be slightly changed as only 4908 are found in the data.
This set is split in two parts, the NN is first trained on the first set and the second half analyzed,
then the roles are exchanged, in such a way that the full statistics is preserved. After training, a
cut NN>0.85 selects (92.2 +0.5)% of the BV48 events, while the s3 data sample is reduced to 35
events.

5.3.1 Di-LLP mass after NN selection

The di-LLP mass plot is fitted to estimate the number of events. In the case of s3, in order to
have a background model, the bb2 sample is considered with a NN cut which lives 200 events.
The corresponding histogram is fitted by a double exponential, only on its right slope, i. e. for
a di-LLP mass larger than 20 GeV/c?. The result is shown in Figure 5.27, left. The parameters
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Figure 5.25: Fraction of events selected above a given cut on the NN variable. The left plot
shows the BV48 selection efficiencies indicated with blue triangles (use the right scale); the
red open circles are the bb MC events, and the black points correspond to the data (use the
left scale). On the right figure, the results for BV48 and bb as before, and also obtained with
a NN trained with a background polluted by 4% signal events (dots slightly displaced on the
right) are shown.
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Figure 5.26: Mass and number of tracks of the LLP1 and di-LLP mass for BV48 events, after
pre-selection (in black) and after a NN > 0.95 cut (red dashed).

of the two exponentials are then kept fixed and used in the fit of the 35 data events, in which
the amounts of BV48 signal and of the parametrized background are left free. The fit suggests
a signal contribution of 0.8 + 7.7 events, withy?/NDoF = 1.1.
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Figure 5.27: Left: bb MC di-LLP mass is fitted by a double exponential. Right: the fit of the NN
selected di-LLP candidates (dots with error bars). The result of the fit is shown by the purple
curve, and the fitted signal by the 0.8 events contained in the blue histogram.

5.3.2 NN applied to other signal models

A similar procedure as the one illustrated in the previous section has been applied to the
available full simulated MC samples. The pre-selection s3 gives the statistics summarized
in Table 5.15. After training the selection by NN > 0.85, the fit provides the estimates of the
number of signal events as shown in Table 5.16.

Model €gen Ngen N3 €53 €EMmc
BV48 28.44 +0.24 64.2k 2619 4.08+0.08 1.16+0.03
BV48 5ps 28.44+0.24 63.3k 1445 2.28+0.06 0.65+0.02
BV48 15ps 28.44 +0.24 62.1k 2597 4.18+0.08 1.19+0.03
BV48 50ps 28.44+0.24 64.0k 1299 2.03+0.06 0.58+0.02
BV48 10 ps m(h®)=100GeV | 33.41 +0.27 64.8k 1610 2.45+0.06 0.83 +0.03
BV48 10 ps m(h®)=125GeV | 26.52 +0.23 300.2k 8271 2.76+0.03 0.73 +0.01
BV35 10ps 26.81 £0.23 65.4k 1890 2.89+0.06 0.77 +0.02
BV20 10ps 26.38+0.23 65.4k 289 0.44+0.02 0.12+0.01
HV10 100. 64.2k 396 0.62+0.03 0.62+0.03
Data 2011 4908

Table 5.15: Number of events used in the different samples, Ng.,, and selected by 3, Ng3. €gen
is the generator efficiency for the MC samples in %. €3 is the fraction Ng3/Ngep, also in %.
Finally, eprc = €gen % €3.
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Table 5.16: Fraction (in %) of MC signal and 2011 data events selected by a NN > 0.85 cut.
Nj is the number of signal events from the fit of the di-LLP invariant mass distribution. The
last column is the corresponding y?/NDoE The MC and data sets are pre-selected under s3

Model eNN eg N N x?/NDoF
BV48 93.6+04 095+0.17 08+£77 1.1
BV48 5ps 945+06 095+0.18 -56+7.8 1.3
BV48 15ps 93.6+04 0.79+0.17 8.7+10.3 3.3
BV48 50ps 95.8+0.6 0.75+0.17 10.0+8.7 0.7
BV48 10 ps m(h®)=100GeV | 93.1+0.6 1.03+0.21 05+7.9 1.3
BV48 10 ps m(h®)=125GeV | 93.6 £0.3 0.86+0.21 6.6+ 7.3 1.1
BV35 89.6+0.7 1.06+0.20 20x£7.9 1.9
BV20 83.0+22 335+036 22+14 4.5
HV10 744+22 190+028 12+11 34

conditions.

5.3.3 Production cross section upper limits

From number of signal events determined by the di-LLP mass fit, the o x 28 cross section times
branching ratio upper limits, 95% CL, are computed as indicated in Table 5.17. [ Ldt=0.9fb™!

and a total systematic uncertainty of 21% is assumed.

Table 5.17: Upper limits for cross section times branching fraction assuming various theoretical
models. € is the total selection efficiency, N the number of signal events from the di-LLP mass

Model ex10* N O max [pbl
BV48 108.57 0.8+7.7 2.86
BV48 5ps 61.43 -5.6 +7.8 3.12
BV48 15ps 111.38 8.7+10.3 4.93
BV48 50ps 60.54 10.0 +8.7 8.67
BV48 10ps m(h®)=100 GeV | 77.27 05+79 4.04
BV48 10ps m(h?)=125 GeV | 68.33 6.6 +7.3 5.94
BV35 68.99 20+7.9 4.94
BV20 9.96 22.0+14.0 96.17
HV10 46.13 12.0+11.0 14.12

fit. A 21% total systematic uncertainty is assumed.
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5.4 Summary of the 2011 results

Different methods have been presented throughout this chapter. Upper limits on the produc-
tion cross sections of Higgs-like bosons decaying into a pair of LLPs have been computed and
are summarized in Table 5.18.

Model O hnax IPD] 0 4ECP [pb] 0NN, [pb]
BV48 1.83 3.81 2.86
BV48 5ps 3.11 7.03 3.12
BV48 15ps 1.79 3.64 4.93
BV48 50ps 4.08 7.86 8.67
BV48 10ps m(h®)=100 GeV 3.47 6.46 4.04
BV48 10ps m(h®)=125 GeV 2.45 6.09 5.94
BV35 3.35 7.18 4.94
BV20 45.98 120.99 96.17
HVI10 - 19.94 14.12

Table 5.18: Upper limits for cross section times branching fraction assuming various theoretical

models. U{,f 2 . is the upper limit from the simultaneous fit, 0 23¢P from the ABCD method and

max
oV from the neural network, computed at 95% CL.

The fitting procedure with MC inspired PDFs is affected by the lack of statistics for the back-
ground model. The ABCD method, in principle, can avoid this problem. On the other hand,
this method is quite complex to handle, because of potential correlations between the chosen
variables and because of signal contamination in the A, B and C regions. A Neural Network
filtering procedure has also been tested providing a clear distinction between signal and
background. Nevertheless, the extraction of physical results still requires the fit of the di-LLP
mass spectrum.
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Conclusion

During the last few years, a lot of exciting results have been published thanks to the thousand
of people working in the CERN community. A turning point has been reached with the discov-
ery of the Higgs boson, announced on the 4th of July 2012 and confirmed on the 15th of March
2013. Nevertheless, as discussed on Chapter 2, various problems still cry out for solutions.
With exclusion limits being more and more stringent for "traditional" simple extensions of
the SM, for example Supersymmetry with R-parity conservation and its simplest minimal
declination, attention has been attracted by models with long-lived particles as discussed in
this work. The LHCb experiment has an important role to play in the quest for long-lived exotic
particles, its strength residing in the vertex detector and the trigger system that ultimately
compensate for limited angular coverage and integrated luminosity. These features allow to
be complementary to general purpose detectors.

In Chapter 4, the analysis of the 0.9 fb™! of data collected at 7 TeV by LHCb in 2011 has been
exposed. The selection of events with LLPs is intended to be as inclusive as possible in terms
of lifetimes and masses. Various SUSY and Hidden Valley models have been chosen as guiding
points in the very large phase space of theoretical scenario. Total selection efficiencies have
been determined at the level of 0.02 to 0.7 % for h° masses from 100 to 125 GeV/c?, LLP masses
from 20 to 48 GeV/c? and lifetimes from 5 to 50 ps. The main source of background has been
identified to be bb events.

Different methods for background and signal yield estimations have been presented in Chap-
ter 5. Different fitting procedures have been presented for key variables distributions. An
"ABCD" method has been implemented to extract the signal yield in a phase space region
chosen to maximize the signal significance. An event classifier based on a neural network algo-
rithm has also been developed. These methods have allowed to set upper limits on production
cross sections at the level of 1 to 100 pb for various signal models.

In conclusion, it must be noted that the obtained results are complementary to those given
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by ATLAS and CMS and that LHCb has proven to be an important actor in the search for new
physics. Pushing further those limits with the 2012 data set, and maybe discovering long-lived
particles after the shutdown that will lead the LHC towards collisions at a center of mass
energy of 13 TeV is totally in the reach of the LHCb experiment. New physics is potentially
hiding just behind the corner.
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.\ Appendix

A.1 HLT2 Double line discussion

As illustrated in Chapter 4 section 4.4.1, the behavior of the Hlt2DisplVerticesDouble trigger
line is not well understood. It seems that the stripping double selection is looser than the
HLT2 cuts and it is quite impossible to reproduce the effect of the online cuts in the offline
(stripping) context. The cuts in mass are higher in HLT2 as shown by Table 4.5, but implement-
ing them offline gives inconsistent results. On one hand, HLT2 has a ~ 55% acceptance to
BV48 reconstructible events. Stripping without HLT2 is nearly 100% efficient. On the other
hand the stripped bb MC events are suppressed by a factor 0.98 by the HLT2 double trigger
line. Distributions shown in Figure A.1 to A.7 illustrate this effect. BV48 signal sample, MC
special bb and 2011 data are shown with and without the requirement of being selected by the
HLT2 double trigger line.

There is a rather clear difference in the distribution of the number of tracks. It seems that
events with a small number of tracks are less likely to be selected by the double trigger line. A
study has been made to also directly compare online and offline candidates and it seems that
offline candidates are often reconstructed with less tracks than the online ones. This can be
due to different settings of track quality cuts or by differences in clone cuts. It is clear that the
track definitions are rather different in both contexts.

A strategy to better understand this unusual behavior would be to re-run the trigger software to
bring light on the cut(s) responsible for this discrepancy. The effect of the rather complicated
trigger selection cannot be revealed by a single simple explanation. For example, it has not
be possible to explain this issue by simply looking at the track with the smallest transverse
momentum used by the vertex reconstruction to see if, for example, this track is absent in
the trigger context, or gives insufficient transverse momentum to the vertex for it to be selected.

On the bright side, it has been found that the double displaced vertices trigger selection is
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efficient to significantly reduce the bb background while keeping a good signal rate. Moreover,
the normalization of events, based on the hypothesis of pure bb background is coherent with
what is observed in the data, as show in Table 4.8.

—— EW11 HLT2_phys r —— BV48 HLT2_phys

0.4 ;_ EW11 HLT2Double L —— BV48 HLT2Double

o :_._._._.A“‘ Taassesevegshssssapissececespsirgecosensly

Reconstructed Mass [MeV/c?] Reconstructed Mass [MeV/c?]

—— 2Bincl HLT2_phys

—— 2Bincl HLT2Double

70000 20000 30000 40000 50000
Reconstructed Mass [MeV/cz]

Figure A.1: Mass of the reconstructed LLP for (top left) 2011 data events, (top right) BV48
events and (bottom left) special MC bb. Difference between events selected by any HLT2
physical trigger line (HLT2_phys) and events selected by the HLT2 double lines are illustrated.
The distributions contain events selected by the double displaced vertex stripping line and are
normalized to unity.
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Figure A.2: Same as in Figure A.1 for the number of tracks of the reconstructed LLP for (top
left) 2011 data events, (top right) BV48 events and (bottom left) special MC bb.
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Figure A.3: Same as in Figure A.1 for the radial distance to the beam line of the reconstructed
LLP for (top left) 2011 data events, (top right) BV48 events and (bottom left) special MC bb.
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Figure A.4: Same as in Figure A.1 for the transverse momentum of the reconstructed LLP for
(top left) 2011 data events, (top right) BV48 events and (bottom left) special MC bb.
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Figure A.5: Same as in Figure A.1 for the A¢ angle between the pair of reconstructed LLPs for
(top left) 2011 data events, (top right) BV48 events and (bottom left) special MC bb.
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A.1. HLT2 Double line discussion
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Figure A.6: Same as in Figure A.1 for the vertex position error in r of the reconstructed LLP for
(top left) 2011 data events, (top right) BV48 events and (bottom left) special MC bb.
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Figure A.7: Same as in Figure A.1 for the vertex position error in z of the reconstructed LLP for
(top left) 2011 data events, (top right) BV48 events and (bottom left) special MC bb.
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