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Résumé
Ce travail de thèse présente la recherche de particules à long temps de vie issues de la désinté-

gration de bosons semblables au boson de Higgs. Les données enregistrées par l’expérience

LHCb durant l’année 2011 correspondant à 0.9 fb−1 sont analysées. Cette recherche est mo-

tivée par de nombreux développements théoriques dépassant le cadre du Modèle Standard

de physique des particules. Plusieurs de ces modèles sont présentés et utilisés comme base

pour l’analyse. Le bruit de fond est identifié comme étant issus d’évènements contenant des

pairs de quark b. Les efficacités de sélections obtenues se situent dans la fourchette 0.1 à 0.7 %

et aucun évènement 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/c2 et des particules à long temps de vie entre 5 et

50 ps et de masses entre 20 et 50 GeV/c2.

Mots clés : CERN, LHC, LHCb, Physique au delà du Modéle Standard, Particules à long temps

de vie, Vertex Déplacés
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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−1. 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/c2, for long-lived particles masses from 20 to 50 GeV/c2 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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1 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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Chapter 1. Introduction

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.
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2 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

3



Chapter 2. Standard Model and Beyond

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

gauge group is:

GSM = SU (3)c ⊗SU (2)L ⊗U (1)Y (2.1)

SU (3)c is the group representing the strong interaction, and the index c stands for color

which corresponds to the strong charge. SU (2)L ⊗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 0 and the W ±) and the strong (through the gluons) forces. For each particle it

exists a corresponding antiparticle.
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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〉 = |Fer mi on〉 Q|Fer mi on〉 = |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- 1
2 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. Supersymmetry with R-parity violation and Baryon number violation

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:

W∆B 6=0 = 1

2
λ"

i j kUi D j Dk (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(h0)≥100 GeV/c2, m(χ)≥20 GeV/c2 and lifetimes τ≥ 1 ps.
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Figure 2.2: Example of a LLP event in the Baryon Violating SUSY scenario. Here, the h0 decays
into two neutralino which are LLPs decaying into two jets containing heavy quarks b and c.
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Chapter 2. Standard Model and Beyond

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 GSM a non-abelian group Gv ,

giving birth to new particles ("v-particles") charged under Gv and neutral under GSM . SM

particles are neutral under the Gv group. Interactions between SM fields and the new parti-

cles are allowed by higher dimension operators. The v-particles assemble themselves into

Gv -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)×SU (nv ) gauge group to the SM, implying the existence of two v-quark flavors,

U and C is presented. Three v-pions are created, π±
v and π0

v . 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.

4

τ pairs may assist with triggering and event selection. If
the π0

v is light, the jet pairs may be soft, may often merge,
or be otherwise hard to identify, making triggering and
event selection subtle; displaced vertices may assist in
any discovery. If the π0

v is heavy, the jets will be harder,
but the number of b pairs may be smaller, decays will be
prompt, and both QCD and Z plus jets will be irreducible
backgrounds. However, in this case LEP constraints are
completely evaded and production cross-sections could
be much larger.

v
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v
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FIG. 3: A possible event in the two-light-flavor regime; note
π±

v is electrically neutral and invisible.

The 1LF regime, with a greater variety of v-hadrons
and final states, produces more lepton pairs. The ωv

will appear as a $+$− resonance; this will be drowned
in Drell-Yan background unless events are required to
have many bs or an unusual displaced vertex. Especially
interesting are the final states from σv and σ′

v, where
f f̄ pair emission is followed by an η′

v decay. One may
observe σ′ → µ+µ−bb̄, with mbb̄ = mη′

v
and mµ+µ− <

mσ′
v

− mη′
v
. Even more spectacular decays are possible,

with several objects emanating from a displaced vertex
(or two), if the C is unstable. One challenge is that lepton
isolation may be subtle here; another is that displaced
vertices may appear in the beampipe, the tracker, or even
the calorimeter. Moreover, a given event may produce
several v-hadrons, which can combine these distinctive
signals into a busy and unusual event (as in Fig. 4), in
which identification of jets may be challenging. As in the
2LF regime, large Λv means fewer v-hadrons per event
and fewer displaced vertices, but any jets and leptons
are harder, and the LEP constraints on the total cross-
section are weaker or absent.

_
$

%’%’

v

v

v

v

v

d

dZ’

U

Uq

q

&

b
b

b

b%’v

e+
e b

b

FIG. 4: A possible event in the one-light-flavor regime.

Let us add a few assorted remarks.
• The model we have chosen is a bit pessimistic [7], in
that the Z ′ has large couplings to leptons (increasing
LEP constraints) and small couplings to u quarks (re-
ducing Tevatron and LHC production rates.) The con-
straints quoted here are conservative; many models can
have larger cross-sections at both LHC and the Tevatron.

• The high multiplicity of v-hadrons, especially for small
Λv, has many implications. In events where most parti-
cles decay in the detector, jets and isolated leptons can be
difficult to identify. Conversely, in models where the av-
erage v-hadron decays promptly, or in models with most
decays outside the detector, the multiplicity increases the
odds of seeing a straggler that decays with a visible ver-
tex. It also enhances the possibility of detecting decays
of long-lived v-hadrons (as might occur for unstable C,
and would occur in the model mentioned below) by in-
strumenting the detector hall or a nearby cavern.
• Given (6), a GigaZ machine would likely be able to
observe Z decays to light v-hadrons. A high-luminosity
e+e− collider could also study vector v-meson resonances
and their v-hadronic decay products.
• There has been interest in Higgs decays to multiple
scalars, which in turn decay to heavy-flavor pairs [2, 4].
Our v-model may initially mimic this scenario, since the
2LF and 1LF regimes both have a (possibly light) pseu-
doscalar with Br(πv , η′

v → f f̄) ∼ m2
f .

• We have taken the Ni to be stable, but this need not
be the case. Their striking decays in usual Z ′ models [7]
would be further augmented by v-hadronic final states.

Higgs Mixing: Potentially of great importance is the

effect of the mixing of H with φ, via a |H |2|φ|2 coupling,
along the same lines as [3]. This allows gg → h → QQ̄,
which is unaffected by LEP constraints and can poten-
tially increase the v-hadron production rate at the LHC
and especially at the Tevatron. Decay modes for some
v-hadrons may be affected. Kinematics permitting, the
Higgs can even decay to v-hadrons. Though rare, these
exotic Higgs decays could be so distinctive, if they have
displaced vertices and/or leptons, as to possibly allow
the Tevatron to discover the Higgs with its present data.
This requires asking the right analysis questions, such
as [16], though in a more systematic and comprehensive
fashion. The masses, mixings and branching fractions of
the H and φ are very model-dependent; a separate study
of these phenomena will be required.

Other Models: Other regimes of this theory, models
with more v-quarks, and other Z ′ models will typically
have similar phenomenology but differ in important de-
tails. (For instance, if mU , mC $ Λv, the many sta-
ble glueballs will have longer lifetimes; many will de-
cay outside the detector, and displaced vertices will be
common.) Z ′ models with supersymmetry, a little higgs,
extra dimensions, etc., would have additional diverse v-
phenomenology that we will not discuss here. Instead, to
provide a wider perspective, we conclude with a class of
models that generate qualitatively different phenomena.

Consider adding to the SM an SU(nv) gauge group,
and particles X, X̄ charged under both color and SU(nv),
with mX ∼ 0.5−3 TeV. The v-spectrum includes several
metastable v-glueballs of mass ∼ Λv and various spins
[17]. A loop of X particles induces dimension-eight op-
erators including O8 ≡ tr G2 tr G2

v, where G (Gv) is the
field strengths for gluons g (v-gluons gv.) All v-glueball
states can decay through these operators; those that

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 π0
v decays plus missing energy from

π±
v .

As explained in [9], the Higgs boson would possibly decay through h0 →π0
vπ

0
v → 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 mπ0
v

= 35 GeV/c2, τπ0
v
= 10 ps and m0

h =120 GeV/c2.
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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/c2, 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

a very 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−1 . 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, H0, in the mass range 200 to 1000 GeV/c2, mass range being higher than the

one considered in this thesis. The H0 is decaying into a pair of χ0 in the mass range from 50 to

350 GeV/c2 which then decay into a quark-antiquark pair. The obtained results are that for a

H0 mass of 400-1000 GeV/c2, for χ0 masses of 50-350 GeV/c2 and for lifetimes of 0.1< cτ<200

cm, the upper limits are typically 0.3 to 100 fb. For H0 mass of 200 GeV/c2, the limits are in

the range 0.08 to 0.3 pb for χ0 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−1. 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 4: The 95% CL expected and observed upper limits.

Figure 2.4: The 95% CL expected and observed upper limits from [10].
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2.7. Status of exotic searches

Figure 2.5: The 95% CL lower limits from ATLAS SUSY Searches as given on the ATLAS public
results web page.
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3 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

Figure 3.2: Illustration 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 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 10−6 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.

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

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 LHCb 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 < η< 4.9 where η=−l n(t an(θ/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 L LHC b = 2 ·1032 cm−2s−1.

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 φ coordinates

17



Chapter 3. The LHC and the LHCb Experiment

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.

2008 JINST 3 S08005

Figure 5.1: Cross section in the (x,z) plane of the VELO silicon sensors, at y = 0, with the detector
in the fully closed position. The front face of the first modules is also illustrated in both the closed
and open positions. The two pile-up veto stations are located upstream of the VELO sensors.

5.1.1 Requirements and constraints

The ability to reconstruct vertices is fundamental for the LHCb experiment. The track coordinates
provided by the VELO are used to reconstruct production and decay vertices of beauty- and charm-
hadrons, to provide an accurate measurement of their decay lifetimes and to measure the impact
parameter of particles used to tag their flavour. Detached vertices play a vital role in the High Level
Trigger (HLT, see section 7.2), and are used to enrich the b-hadron content of the data written to
tape, as well as in the LHCb off-line analysis. The global performance requirements of the detector
can be characterised with the following interrelated criteria:

• Signal to noise1 ratio (S/N): in order to ensure efficient trigger performance, the VELO
aimed for an initial signal to noise ratio of greater than 14 [29].

• Efficiency: the overall channel efficiency was required to be at least 99% for a signal to noise
cut S/N> 5 (giving about 200 noise hits per event in the whole VELO detector).

1Signal S is defined as the most probable value of a cluster due to a minimum-ionizing particle and noise N as the
RMS value of an individual channel.
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Figure 5.4: Sketch illustrating the rφ geometry of the VELO sensors. For clarity, only a portion
of the strips are illustrated. In the φ -sensor, the strips on two adjacent modules are indicated, to
highlight the stereo angle. The different arrangement of the bonding pads leads to the slightly
larger radius of the R-sensor; the sensitive area is identical.

is 38 µm, increasing linearly to 101.6 µm at the outer radius of 41.9 mm. This ensures that mea-
surements along the track contribute to the impact parameter precision with roughly equal weight.

The φ -sensor is designed to readout the orthogonal coordinate to the R-sensor. In the simplest
possible design these strips would run radially from the inner to the outer radius and point at the
nominal LHC beam position with the pitch increasing linearly with radius starting with a pitch of
35.5 µm. However, this would result in unacceptably high strip occupancies and too large a strip
pitch at the outer edge of the sensor. Hence, the φ -sensor is subdivided into two regions, inner
and outer. The outer region starts at a radius of 17.25 mm and its pitch is set to be roughly half
(39.3 µm) that of the inner region (78.3 µm), which ends at the same radius. The design of the
strips in the φ -sensor is complicated by the introduction of a skew to improve pattern recognition.
At 8 mm from the beam the inner strips have an angle of approximately 20◦ to the radial whereas
the outer strips make an angle of approximately 10◦ to the radial at 17 mm. The skew of inner and
outer sections is reversed giving the strips a distinctive dog-leg design. The modules are placed so
that adjacent φ -sensors have the opposite skew with respect to the each other. This ensures that
adjacent stations are able to distinguish ghost hits from true hits through the use of a traditional
stereo view. The principal characteristics of the VELO sensors are summarized in table 5.1.

The technology utilized in both the R- and φ -sensors is otherwise identical. Both sets of
sensors are 300 µm thick. Readout of both R- and φ -sensors is at the outer radius and requires
the use of a second layer of metal (a routing layer or double metal) isolated from the AC-coupled
diode strips by approximately 3 µm of chemically vapour deposited (CVD) SiO2. The second
metal layer is connected to the first metal layer by wet etched vias. The strips are biased using
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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 < η< 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 µm.

A resolution as small as 7 µm 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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Table 5.1: Principal characteristics of VELO sensors.

R sensor φ -sensor
number of sensors 42 + 4 (VETO) 42
readout channels per sensor 2048 2048
sensor thickness 300 µm 300 µm
smallest pitch 40 µm 38 µm
largest pitch 102 µm 97 µm
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

polysilicon 1 MΩ resistors and both detectors are protected by an implanted guard ring structure.
The pitch as a function of the radius r in µm increases linearly and is given by the following

expressions:

R− sensor : 40+(101.6−40)× r−8190
41949−8190

φ − sensor : 37.7+(79.5−37.7)× r−8170
17250−8170

(r < 17250)

φ − sensor : 39.8+(96.9−39.8)× r−17250
42000−17250

(r > 17250)

The sensors were developed for high radiation tolerance. Early prototype detectors used p-
stop isolation. This was later replaced by p-spray isolated detectors which showed much higher
resistance to micro-discharges. The n+n design was compared with an almost geometrically iden-
tical p+n design and was shown to have much better radiation characteristics as measured by charge
collection as a function of voltage.

Prototype sensors were also irradiated with non-uniform fluence in order to study the effects
of cluster bias due to inhomogeneous irradiation. It was shown that the transverse electric fields
produce less than 2 µm effects on the cluster centroid.

A subset of the production sensors were exposed to a high neutron fluence (1.3×
1014 neq/cm2) representing 1 year of operation at nominal luminosity. A strong suppression of
surface breakdown effects was demonstrated. The evolution of the depletion voltage was found
to correspond to the expectation over LHC operation: with an integrated luminosity of 2 fb−1 per
year, the maximum deliverable full depletion voltage (500 V) is reached after approximately 3
years. During production the possibility arose of manufacturing full size n+p sensors. These are
expected to have similar long term radiation resistance characteristics to the n+n technology, but
feature some advantages, principally in cost of manufacture due to the fact that double sided pro-
cessing is not needed. One full size module was produced in this technology and installed in one
of the most upstream slots. It is forseen to replace all the VELO modules after damage due to
accumulated radiation or beam accidents. The replacement modules will be constructed in the n+p
technology [33].

– 22 –

Figure 3.8: Principal VELO sensor characteristics as presented in [11]
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Figure 5.2: Cross section of the VELO vacuum vessel, with the detectors in the fully closed
position. The routing of the signals via kapton cables to vacuum feedthroughs are illustrated. The
separation between the beam and detector vacua is achieved with thin walled aluminium boxes
enclosing each half.

Figure 5.3: Zoom on the inside of an RF-foil, as modelled in GEANT, with the detector halves in
the fully closed position. The edges of the box are cut away to show the overlap with the staggered
opposing half. The R- and φ -sensors are illustrated with alternate shading.

– 17 –

Figure 3.9: View of the inside of an RF-foil. The r and φ 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. It is 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 m3/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 10−4. Thanks to measurement campaigns made with

Hall probes, the precision of the field map is about 4×10−4. 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.
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Figure 4.1: Perspective view of the LHCb dipole magnet with its current and water connections
(units in mm). The interaction point lies behind the magnet.

coils with respect to the measured mechanical axis of the iron poles with tolerances of several
millimeters. As the main stress on the conductor is of thermal origin, the design choice was to
leave the pancakes of the coils free to slide upon their supports, with only one coil extremity kept
fixed on the symmetry axis, against the iron yoke, where electrical and hydraulic terminations
are located. Finite element models (TOSCA, ANSYS) have been extensively used to investigate
the coils support system with respect to the effect of the electromagnetic and thermal stresses
on the conductor, and the measured displacement of the coils during magnet operation matches
the predicted value quite well. After rolling the magnet into its nominal position, final precise
alignment of the yoke was carried out in order to follow the 3.6 mrad slope of the LHC machine
and its beam. The resolution of the alignment measurements was about 0.2 mm while the magnet
could be aligned to its nominal position with a precision of ±2 mm. Details of the measurements of
the dipole parameters are given in table 4.1. A perspective view of the magnet is given in figure 4.1.

The magnet is operated via the Magnet Control System that controls the power supply and
monitors a number of operational parameters (e.g. temperatures, voltages, water flow, mechanical
movements, etc.). A second, fully independent system, the Magnet Safety System (MSS), ensures
the safe operation and acts autonomously by enforcing a discharge of the magnet if critical param-
eters are outside the operating range. The magnet was put into operation and reached its nominal
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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 µm. 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 µm is achieved by readout strip pitches of 200 µm. A

better resolution would be dominated by multiple scattering effects and therefore be useless.

The hit occupancy is expected to reach 5 ·10−2 per cm2 in the innermost regions while it is

expected to reach 5 ·10−4 per cm2 in the outermost regions of the TT. For the IT, the occupancy

is about 1.5 ·10−2 per cm2 close to the beam region while it is expected to be of about 2 ·10−3

per cm2 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 5.23: View of the four IT detector boxes arranged around the LHC beampipe.

Figure 5.24: Layout of an x detection layer in the second IT station.

IT detector modules

An exploded view of a detector module is shown in figure 5.25. The module consists of either one
or two silicon sensors that are connected via a pitch adapter to a front-end readout hybrid. The
sensor(s) and the readout hybrid are all glued onto a flat module support plate. Bias voltage is
provided to the sensor backplane from the strip side through n+ wells that are implanted in the n-
type silicon bulk. A small aluminium insert (minibalcony) that is embedded into the support plate
at the location of the readout hybrid provides the mechanical and thermal interface of the module
to the detector box.

Silicon sensors. Two types of silicon sensors of different thickness, but otherwise identical in
design, are used in the IT.17 They are single-sided p+-on-n sensors, 7.6 cm wide and 11 cm long,
and carry 384 readout strips with a strip pitch of 198 µm. The sensors for one-sensor modules
are 320 µm thick, those for two-sensor modules are 410 µm thick. As explained in section 5.2.4
below, these thicknesses were chosen to ensure sufficiently high signal-to-noise ratios for each
module type while minimising the material budget of the detector.

17The sensors were designed and produced by Hamamatsu Photonics K.K., Hamamatsu City, Japan.
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Figure 5.23: View of the four IT detector boxes arranged around the LHC beampipe.

Figure 5.24: Layout of an x detection layer in the second IT station.

IT detector modules

An exploded view of a detector module is shown in figure 5.25. The module consists of either one
or two silicon sensors that are connected via a pitch adapter to a front-end readout hybrid. The
sensor(s) and the readout hybrid are all glued onto a flat module support plate. Bias voltage is
provided to the sensor backplane from the strip side through n+ wells that are implanted in the n-
type silicon bulk. A small aluminium insert (minibalcony) that is embedded into the support plate
at the location of the readout hybrid provides the mechanical and thermal interface of the module
to the detector box.

Silicon sensors. Two types of silicon sensors of different thickness, but otherwise identical in
design, are used in the IT.17 They are single-sided p+-on-n sensors, 7.6 cm wide and 11 cm long,
and carry 384 readout strips with a strip pitch of 198 µm. The sensors for one-sensor modules
are 320 µm thick, those for two-sensor modules are 410 µm thick. As explained in section 5.2.4
below, these thicknesses were chosen to ensure sufficiently high signal-to-noise ratios for each
module type while minimising the material budget of the detector.

17The sensors were designed and produced by Hamamatsu Photonics K.K., Hamamatsu City, Japan.
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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 5.19: Layout of the third TT detection layer. Different readout sectors are indicated by
different shadings.

volume is continuously flushed with nitrogen to avoid condensation on the cold surfaces. To aid
track reconstruction algorithms, the four detection layers are arranged in two pairs, (x,u) and (v,x),
that are separated by approximately 27 cm along the LHC beam axis.

The layout of one of the detection layers is illustrated in figure 5.19. Its basic building block
is a half module that covers half the height of the LHCb acceptance. It consists of a row of seven
silicon sensors organized into either two or three readout sectors. The readout hybrids for all read-
out sectors are mounted at one end of the module. The regions above and below the LHC beampipe
are covered by one such half module each. The regions to the sides of the beampipe are covered
by rows of seven (for the first two detection layers) or eight (for the last two detection layers) 14-
sensor long full modules. These full modules cover the full height of the LHCb acceptance and are
assembled from two half modules that are joined together end-to-end. Adjacent modules within
a detection layer are staggered by about 1 cm in z and overlap by a few millimeters in x to avoid
acceptance gaps and to facilitate the relative alignment of the modules. In the u and v detection
layers, each module is individually rotated by the respective stereo angle.

A main advantage of this detector design is that all front-end hybrids and the infrastructure
for cooling and module supports are located above and below the active area of the detector, outside
of the acceptance of the experiment.

TT detector modules

The layout of a half module is illustrated in figure 5.20. It consists of a row of seven silicon sensors
with a stack of two or three readout hybrids at one end. For half modules close to the beampipe,
where the expected particle density is highest, the seven sensors are organized into three readout
sectors (4-2-1 type half modules).

For the other half modules, the sensors are organized into two readout sectors (4-3 type half
modules). In both cases, the first readout sector (L sector) is formed by the four sensors closest to
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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 C6F14

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/c2,

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 2×1032 cm−2 s−1. A station has two retractable halves on either side of the beam pipe as

illustrated in the Figure 3.13.
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Figure 5.35: Arrangement of OT straw-tube modules in layers and stations (left) and overview
of the OT bridge carrying the C-frames (right). The C-frames on both sides of the beam pipe are
retracted.

5.3.2 Detector technology

Design

The design of the straw-tube module is based on the following requirements:

• Rigidity: the mechanical stability must guarantee the straw-tube position within a precision
of 100 (500) µm in the x (z) direction; the anode wire has to be centered with respect to the
straw tube within 50 µm over the entire straw length. The module box must be gas-tight and
must withstand an overpressure of 10 mbar. The leak rate at this pressure has to be below
8×10−4 l/s.

• Material budget: to limit multiple scattering and the material in front of the calorimeters, the
material introduced in the OT active area must not exceed few percent of a radiation length
X0 per station.

• Electrical shielding: the drift tubes must be properly shielded to avoid crosstalk and noise.
Each straw must have a firm connection to the module ground. The module envelope itself
must form a Faraday cage connected to the ground of the straw tubes and of the front-end
electronics.

• Radiation hardness: the detector should withstand 10 years of operation at the nominal lumi-
nosity without a significant degradation of its performance. During that time the anode wires
will accumulate a charge of up to 1 C/cm in the most irradiated area. As a consequence, all
detector materials have to be radiation resistant and must have low outgassing.

The layout of the straw-tube modules is shown in figure 5.36. The modules are composed
of two staggered layers (monolayers) of 64 drift tubes each. In the longest modules (type F) the
monolayers are split longitudinally in the middle into two sections composed of individual straw
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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 Ring Imaging 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

γ-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 C4F10 gas and an

aerogel as radiators. The RICH 2 covers high momenta, from 15 GeV/c to beyond 100 GeV/c

using a C F4 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 6.1: Cherenkov angle versus particle momentum for the RICH radiators.

(a) (b) (c)

Figure 6.2: (a) Side view schematic layout of the RICH 1 detector. (b) Cut-away 3D model of the
RICH 1 detector, shown attached by its gas-tight seal to the VELO tank. (c) Photo of the RICH1
gas enclosure containing the flat and spherical mirrors. Note that in (a) and (b) the interaction point
is on the left, while in (c) is on the right.

• minimizing the material budget within the particle acceptance of RICH 1 calls for lightweight
spherical mirrors with all other components of the optical system located outside the accep-
tance. The total radiation length of RICH 1, including the radiators, is ∼8% X0.

• the low angle acceptance of RICH 1 is limited by the 25 mrad section of the LHCb beryllium
beampipe (see figure 3.1) which passes through the detector. The installation of the beampipe
and the provision of access for its bakeout have motivated several features of the RICH 1
design.

• the HPDs of the RICH detectors, described in section 6.1.5, need to be shielded from the
fringe field of the LHCb dipole. Local shields of high-permeability alloy are not by them-
selves sufficient so large iron shield boxes are also used.
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Figure 3.14: Cherenkov angle versus particle momentum for different media and particle
types.

Illustrations RICH1 are given in the Figure 3.15. An example of event as seen by RICH1 is given
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Figure 6.1: Cherenkov angle versus particle momentum for the RICH radiators.

(a)

250 mrad

Track

Beam pipe

Photon
Detectors

Aerogel

VELO
exit window

Spherical
Mirror

Plane
Mirror

C4F10

0 100 200 z (cm)

Magnetic
Shield

Carbon Fiber
Exit Window

(b) (c)

Figure 6.2: (a) Side view schematic layout of the RICH 1 detector. (b) Cut-away 3D model of the
RICH 1 detector, shown attached by its gas-tight seal to the VELO tank. (c) Photo of the RICH1
gas enclosure containing the flat and spherical mirrors. Note that in (a) and (b) the interaction point
is on the left, while in (c) is on the right.

• minimizing the material budget within the particle acceptance of RICH 1 calls for lightweight
spherical mirrors with all other components of the optical system located outside the accep-
tance. The total radiation length of RICH 1, including the radiators, is ∼8% X0.

• the low angle acceptance of RICH 1 is limited by the 25 mrad section of the LHCb beryllium
beampipe (see figure 3.1) which passes through the detector. The installation of the beampipe
and the provision of access for its bakeout have motivated several features of the RICH 1
design.

• the HPDs of the RICH detectors, described in section 6.1.5, need to be shielded from the
fringe field of the LHCb dipole. Local shields of high-permeability alloy are not by them-
selves sufficient so large iron shield boxes are also used.
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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 6.20: Display of a typical LHCb event in RICH 1.

Table 6.3: Single photoelectron resolutions for the three RICH radiators. All numbers are in mrad.
Individual contributions from each source are given, together with the total.

Aerogel C4F10 CF4

Emission 0.4 0.8 0.2
Chromatic 2.1 0.9 0.5
HPD 0.5 0.6 0.2
Track 0.4 0.4 0.4
Total 2.6 1.5 0.7

6.2 Calorimeters

The calorimeter system performs several functions. It selects transverse energy hadron, electron
and photon candidates for the first trigger level (L0), which makes a decision 4µs after the inter-
action. It provides the identification of electrons, photons and hadrons as well as the measurement
of their energies and positions. The reconstruction with good accuracy of π0 and prompt photons
is essential for flavour tagging and for the study of B-meson decays and therefore is important for
the physics program.

The set of constraints resulting from these functionalities defines the general structure and
the main characteristics of the calorimeter system and its associated electronics [1, 121]. The
ultimate performance for hadron and electron identification will be obtained at the offline analysis
level. The requirement of a good background rejection and reasonable efficiency for B decays adds
demanding conditions on the detector performance in terms of resolution and shower separation.
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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.
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Figure 6.24: Energy deposition of (a) 50 GeV electrons and (b) pions in the PS.

Figure 6.25: Downstream view of the ECAL installed (but not completely closed) with the excep-
tion of some detector elements above the beam line. Outer, middle and inner type ECAL modules
(right).

effects have been studied with the prototype in both a tagged photon beam and beams of electrons
and pions of different energies, in the CERN X7 test beam area. The results were compared with
simulation. The measurements for photon energies between 20 and 50 GeV show [137] that the
probability of photon misidentification due to interactions in the SPD scintillator is (0.8±0.3)%,
when applying a threshold of 0.7 MIPs. The probability to pass this threshold due to backward
moving charged particles was measured to be (0.9±0.6)% and (1.4±0.6)% for 20 and 50 GeV
photons, respectively. All these numbers are in very good agreement with MonteCarlo simulation
study. More details on backsplash study can be found in [137].
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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 6.31: View from upstream of the HCAL detector installed behind the two retracted ECAL
halves in the LHCb cavern (left). A schematic of the internal cell structure (right). The exploded
view of two scintillator-absorber layers illustrates the elementary periodic structure of a HCAL
module.

tiles are interspersed with 1 cm of iron, whereas in the longitudinal direction the length of tiles and
iron spacers corresponds to the hadron interaction length λI in steel. The light in this structure is
collected by WLS fibres running along the detector towards the back side where photomultiplier
tubes (PMTs) are housed. As shown in figure 6.31, three scintillator tiles arranged in depth are in
optical contact with 1.2 mm diameter Kuraray20 Y-11(250)MSJ fibre [145] that run along the tile
edges. The total weight of the HCAL is about 500 tons.

The HCAL is segmented transeversely [146] into square cells of size 131.3 mm (inner section)
and 262.6 mm (outer section). Readout cells of different sizes are defined by grouping together dif-
ferent sets of fibres onto one photomultiplier tube that is fixed to the rear of the sampling structure.
The lateral dimensions of the two sections are ±2101 mm and ±4202 mm in x and ±1838 mm and
±3414 mm in y for the inner and outer section, respectively. The optics is designed such that the
two different cell sizes can be realized with an absorber structure that is identical over the whole
HCAL. The overall HCAL structure is built as a wall, positioned at a distance from the interaction
point of z=13.33 m with dimensions of 8.4 m in height, 6.8 m in width and 1.65 m in depth. The
structure is divided vertically into two symmetric parts that are positioned on movable platforms,
to allow access to the detector. Each half is built from 26 modules piled on top of each other in the
final installation phase. The assembled HCAL is shown in figure 6.31(left). The absorber structure,
shown in figure 6.31 (right), is made from laminated steel plates of only six different dimensions
that are glued together. Identical periods of 20 mm thickness are repeated 216 times in the mod-
ule. One period consists of two 6 mm thick master plates with a length of 1283 mm and a height
of 260 mm that are glued in two layers to several 4 mm thick spacers of 256.5 mm in height and
variable length. The space is filled with 3 mm scintillator.

20KURARAY Corp., 3-10, Nihonbashi, 2 chome, Chuo-ku, Tokyo, Japan.
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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.
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 Outer  section : 

 Inner section : 

 121.2 mm cells 

  2688  channels 

  40.4 mm  cells 
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  Middle section : 
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   860  channels 

Figure 6.21: Lateral segmentation of the SPD/PS and ECAL (left) and the HCAL (right). One
quarter of the detector front face is shown. In the left figure the cell dimensions are given for the
ECAL.

6.2.1 General detector structure

A classical structure of an electromagnetic calorimeter (ECAL) followed by a hadron calorimeter
(HCAL) has been adopted. The most demanding identification is that of electrons. Within the
bandwidth allocated to the electron trigger (cf. section 7.1.2) the electron Level 0 trigger is required
to reject 99% of the inelastic pp interactions while providing an enrichment factor of at least 15
in b events. This is accomplished through the selection of electrons of large transverse energy
ET . The rejection of a high background of charged pions requires longitudinal segmentation
of the electromagnetic shower detection, i.e. a preshower detector (PS) followed by the main
section of the ECAL. The choice of the lead thickness results from a compromise between
trigger performance and ultimate energy resolution [122]. The electron trigger must also reject a
background of π0’s with high ET . Such rejection is provided by the introduction, in front of the
PS, of a scintillator pad detector (SPD) plane used to select charged particles. A thin lead converter
is placed between SPD and PS detectors. At Level 0, the background to the electron trigger will
then be dominated by photon conversions in the upstream spectrometer material, which cannot
be identified at this stage. Optimal energy resolution requires the full containment of the showers
from high energy photons. For this reason, the thickness of ECAL was chosen to be 25 radiation
lengths [123]. On the other hand, the trigger requirements on the HCAL resolution do not impose
a stringent hadronic shower containment condition. Its thickness is therefore set to 5.6 interaction
lengths [124] due to space limitations.

The PS/SPD, ECAL and HCAL adopt a variable lateral segmentation (shown in figure 6.21)
since the hit density varies by two orders of magnitude over the calorimeter surface. A segmenta-
tion into three different sections has been chosen for the ECAL and projectively for the SPD/PS.
Given the dimensions of the hadronic showers, the HCAL is segmented into two zones with larger
cell sizes.

All calorimeters follow the same basic principle: scintillation light is transmitted to a Photo-
Multiplier (PMT) by wavelength-shifting (WLS) fibres. The single fibres for the SPD/PS cells are
read out using multianode photomultiplier tubes (MAPMT), while the fibre bunches in the ECAL
and HCAL modules require individual phototubes. In order to have a constant ET scale the gain in
the ECAL and HCAL phototubes is set in proportion to their distance from the beampipe. Since
the light yield delivered by the HCAL module is a factor 30 less than that of the ECAL, the HCAL
tubes operate at higher gain.
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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 ECAL is σE /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 σE /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 m2. 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 6.46: Side view of the muon system.

Appropriate programming of the L0 processing unit (see section 7.1.2) allows the muon trig-
ger to operate in the absence of one station (M1, M4 or M5) or with missing chamber parts, al-
though with degraded performance (worse pT resolution).

The layout of the muon stations is shown in figure 6.47. Each Muon Station is divided into
four regions, R1 to R4 with increasing distance from the beam axis. The linear dimensions of the
regions R1, R2, R3, R4, and their segmentations scale in the ratio 1:2:4:8. With this geometry,
the particle flux and channel occupancy are expected to be roughly the same over the four regions
of a given station. The (x,y) spatial resolution worsens far from the beam axis, where it is in any
case limited by the increase of multiple scattering at large angles. The right part of figure 6.47
shows schematically the partitioning of the station M1 into logical pads and the (x,y) granularity.
Table 6.5 gives detailed information on the geometry of the muon stations.

Simulation

A complete simulation of the muon system was performed using GEANT4. Starting from the
energy deposits of charged particles in the sensitive volumes, the detector signals were created and
digitized taking into account detector effects such as efficiency, cross-talk, and dead time as well as
effects arising from pile-up and spill-over of events occurring in previous bunch crossings [167].
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Figure 6.47: Left: front view of a quadrant of a muon station. Each rectangle represents one
chamber. Each station contains 276 chambers. Right: division into logical pads of four chambers
belonging to the four regions of station M1. In each region of stations M2-M3 (M4-M5) the number
of pad columns per chamber is double (half) the number in the corresponding region of station M1,
while the number of pad rows per chamber is the same (see table 6.5).

A realistic simulation of the detector occupancy requires the detailed description of the cav-
ern geometry and of the beam line elements and the use of very low energy thresholds in GEANT4.
The CPU time needed for such a simulation would be prohibitive for the stations M2–M5 inter-
leaved with iron filters. The strategy chosen to overcome this problem was therefore to generate
once for all a high statistics run of minimum bias events with low thresholds. The distributions of
hit multiplicities obtained were parametrized and then used to statistically add hits to the standard
LHCb simulated events. The latter were obtained by running GEANT4 at higher thresholds and
with a simplified geometry of the cavern and the beam line [168]. Simulated events have been ex-
tensively used to evaluate the rates in the various detector regions in order to establish the required
rate capabilities and ageing properties of the chambers and to evaluate the data flow through the
DAQ system [169]. At a luminosity of 2×1032 cm−2 s−1 the highest rates expected in the inner
regions of M1 and M2 are respectively 80 kHz/cm2 and 13 kHz/cm2 per detector plane. In the de-
tector design studies, a safety factor of 2 was applied to the M1 hit multiplicity and the low energy
background in stations M2-M5 has been conservatively multiplied by a factor of 5 to account for
uncertainties in the simulation.

Detector technology

The LHC bunch crossing rate of 40 MHz and the intense flux of particles in the muon system [169]
impose stringent requirements on the efficiency, time resolution, rate capability and ageing char-
acteristics of the detectors, as well as on the speed and radiation resistance of the electronics.
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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 pT 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 LHCb is a lot smaller than the

one delivered by the LHC, being 2×1032 cm−2 s−1. 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 ET hadron, electron and pho-

ton clusters in the calorimeter system and the two highest pT 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 L0

trigger system as illustrated in the Figure 3.21
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Figure 7.2: Overview of the Level-0 trigger. Every 25 ns the pile-up system receives 2048 chan-
nels from the pile-up detector, the Level-0 calorimeters 19420 channels from the scintillating pad
detector, preshower, electromagnetic and hadronic calorimeters while the Level-0 muon handles
25920 logical channels from the muon detector.

7.1 Level 0 trigger

7.1.1 Overview

As shown in figure 7.2, the Level-0 trigger is subdivided into three components: the pile-up system,
the Level-0 calorimeter trigger and the Level-0 muon trigger. Each component is connected to one
detector and to the Level-0 DU which collects all information calculated by the trigger systems to
evaluate the final decision.

The pile-up system aims at distinguishing between crossings with single and multiple visible
interactions. It uses four silicon sensors of the same type as those used in the VELO to measure
the radial position of tracks. The pile-up system provides the position of the primary vertices
candidates along the beam-line and a measure of the total backward charged track multiplicity.

The Calorimeter Trigger system looks for high ET particles: electrons, γ’s, π0’s or hadrons.
It forms clusters by adding the ET of 2×2 cells and selecting the clusters with the largest ET.
Clusters are identified as electron, γ or hadron based on the information from the SPD, PS, ECAL
and HCAL Calorimeter. The ET of all HCAL cells is summed to reject crossings without visible
interactions and to reject triggers on muon from the halo. The total number of SPD cells with a hit
are counted to provide a measure of the charged track multiplicity in the crossing.

The muon chambers allow stand-alone muon reconstruction with a pT resolution of ∼ 20%.
Track finding is performed by processing elements which combine the strip and pad data from
the five muon stations to form towers pointing towards the interaction region. The Level-0 muon
trigger selects the two muons with the highest pT for each quadrant of the muon detector.
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Figure 3.21: Overview of the L0 trigger.

The L0 trigger is full synchronous with the 40 MHz bunch crossing rate. If one or all of the

three L0 components give a positive response, the event is passed to the High Level Trigger

(HLT) sequences. Examples of typical L0 criteria are: at least one cluster in the HCAL with

E hadr on
T > 3.5 GeV or in the ECAL with Eγ,e,π0

T > 2.5 GeV or a muon candidate with pµ

T > 1.2

GeV or pµ1

T +pµ2

T > 1 GeV with µ1,2 being the two muons with the largest pT .

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 L0 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 pT 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 π0, 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 LHCb trigger system is given in Figure 3.22.

40 MHz bunch crossing rate

450 kHz
h±

400 kHz
µ/µµ

150 kHz
e/!

L0 Hardware Trigger : 1 MHz 
readout, high ET/PT signatures

Software High Level Trigger

29000 Logical CPU cores

Offline reconstruction tuned to trigger 
time constraints

Mixture of exclusive and inclusive 
selection algorithms

2 kHz 
Inclusive

Topological

5 kHz Rate to storage
2 kHz 

Inclusive/
Exclusive 

Charm

1 kHz
Muon and 
DiMuon

Figure 3.22: Flow-diagram of the LHCb 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 10.1: A schematic illustration of the various track types: long, upstream, downstream,
VELO and T tracks. For reference the main B-field component (By) is plotted above as a function
of the z coordinate.

velocities above threshold. They are therefore used to understand backgrounds in the RICH
particle identification algorithm. They may also be used for b-hadron decay reconstruction
or flavour tagging, although their momentum resolution is rather poor.

• Downstream tracks, traversing only the TT and T stations. The most relevant cases are the
decay products of K0

S and Λ that decay outside the VELO acceptance.

• VELO tracks, measured in the VELO only and are typically large angle or backward tracks,
useful for the primary vertex reconstruction.

• T tracks: are only measured in the T stations. They are typically produced in secondary
interactions, but are useful for the global pattern recognition in RICH 2.

The track reconstruction starts with a search for track seeds, the initial track candidates [222],
in the VELO region and the T stations where the magnetic field is low. After tracks have been
found, their trajectories are refitted with a Kalman filter [223] which accounts for multiple scatter-
ing and corrects for dE/dx energy loss. The quality of the reconstructed tracks is monitored by the
χ2 of the fit and the pull distribution of the track parameters.

The pattern recognition performance is evaluated in terms of efficiencies and ghost rates. The
efficiencies are normalized to the reconstructible track samples. To be considered reconstructible,
a track must have a minimum number of hits in the relevant subdetectors. To be considered as
successfully reconstructed, a track must have at least 70% of its associated hits originating from
a single MonteCarlo particle. The reconstruction efficiency is defined as the fraction of recon-
structible tracks that are successfully reconstructed, and the ghost rate is defined as the fraction of
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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 χ2

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 0 and W ± bosons analyses,

the Drell Yann process analyses, the high pT 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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4 Search for Long-Lived Particles

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 GEANT4 (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 year1. 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 ≤ η≤ 5). A

cc sample with the same requirement on the c-hadron is also analyzed.

1It 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 εg en

HV10 MC11a 64.2k Hidden valley τ=10 m(πv )=35 m(H30)=120
BV48_5 MC11a 63.3k m(χ)=48 τ=5 m(h0)=114 0.28
BV48 MC11a 64.5k m(χ)=48 τ=10 m(h0)=114 0.28
BV48_15 MC11a 62.1k m(χ)=48 τ=15 m(h0)=114 0.28
BV48_50 MC11a 64k m(χ)=48 τ=50 m(h0)=114 0.28
BV20_10 MC11a 65.4k m(χ)=20 τ=10 m(h0)=114 0.26
BV35_10 MC11a 65.4k m(χ)=35 τ=10 m(h0)=114 0.27
BV48_mh100 MC11a 64.8k m(χ)=48 τ=10 m(h0)=100 0.33
BV48_mh125 MC11a 300.2k m(χ)=48 τ=10 m(h0)=125 0.27
tt̄ MC11a 509.6k t →bb + 1 lepton(pT>10 GeV) 0.01

bb MC11a 200.6k

bb MC11a 17.1M two b in acceptance 1.5 ≤ η≤ 5 0.22
cc MC11a 9.1M two c in acceptance 1.5 ≤ η≤ 5 0.25
J/ψ MC11a 20M J/ψ(1S) → µ+ µ−

Data 2011 Reco12
∫

Ldt = 0.9 fb−1

(EW)Strip17

Table 4.1: Summary of data and full simulated MC sets of events used in this study. Mass units
are GeV/c2, lifetimes are given in ps. The last column gives the generator efficiency.

Model τ [ps] M1 M2 tanβ µ mLLP mh0

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 2.4 140 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 χ̃0

1, the π0
v for HV.

In the case of BV, M1 and M2 correspond to the Pythia parameters RMSS(1) and RMSS(2), µ is
RMSS(4) and tanβ RMSS(5). A Higgs mass of 125 GeV/c2 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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mh0 / mLLP = 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.

τLLP / mLLP = 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/c2.

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/c2 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 (η,φ) 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.
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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−χ2
I P /C 2

T )2 weight to a track according to its χ2
I P . CT 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 χ2 (typically 9) and a minimum track weight of 1×10−8.
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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 χ2 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 VELO2 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 background3 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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mardi, 3 décembre 2013

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

a region 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.

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−zsensor | < 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 φ in the VELO, the vector sum in the transverse plane is defined:

~φtot = ∑
φ hits i

(
cosφi

sinφi

)
(4.1)

where the sum runs over all hits in VELO φ-strips and φi 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:

Dφ = nφ+nR

nφ
|~φtot| (4.2)

Then, the average size of the vector φ 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).
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Figure 4.11: Distribution of Dφ 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.

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 L0 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

HLT2 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−1 of luminosity. The

recorded luminosity that corresponds to this analysis is then 0.9 fb−1.

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 Ntr ack
mi n M LLP

mi nM ass M LLP
Hi g hest M ass SumpTmi n Rmi n Matter Veto

GeV/c2 GeV/c2 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 applied4. 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 SumpTmi n 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 ztr ue . The right plot shows the true radial distance Rtr ue . 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 σR and σZ 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 σ 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 pT 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: ∆φ 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

LHCb are [20, 21]: 284±20±49 µb and 288±4±48 µb (the first uncertainty is statistical and

the second systematic). The value of 287±40 µb 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)×103 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 17.1 M 37
tt 510 k 2
cc special 9.15 M 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.
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Figure 4.19: pT distribution (left column), and invariant mass (right column) for the Higgs
candidates. Result for MC signal and bb̄ 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 ∆φ>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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4.3. 2011 data analysis

Selection Data bb 2 B-hadrons in acceptance
Generated: - 17.1 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, ∆φ> 2.8, triggered 452170 328
M LLP

mi n=4, two MV, HLT2_phys 1345942 1054
M LLP

mi n=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, ∆φ> 2.8, HLT2 Double 31107 6(21868 ± 8035)

R > 0.4mm, two MV, ∆φ> 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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N tr ack
mi n M LLP1

mi n M LLP2
mi n σmax

R σmax
Z MV Nev t s εHV 10 [%] εBV 48 [%]

1 4 3.5 4 ∞ ∞ One 72313 1.67 1.12
2 4 3.5 4 ∞ ∞ Both 31107 1.09 1.03
3 4 3.5 4 ∞ ∞ One, R < 4.8 30951 1.03 1.01
4 5 5 5 ∞ ∞ 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 tr ack
mi n and M LLP1/2

mi n (in GeV/c2),
and σmax

R , σmax
Z (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. εBV 48(εHV 10) 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 ∆φ 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 ε [%]
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 ε 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 ε [%]
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 ε 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.

L0

The L0 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

HLT1 has muons 22.8 ±0.2 30.4±11.5 20.1± 0.2 20 ± 11.5 19.6 ±0.6 -
has trackAll or hadron 95.4±0.4 91.3± 19.9 95.5 ± 0.4 86.7 ± 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 σR =0.1 mm
and σZ = 1 mm. Analysis 1 has Ntr ack

mi n =4, and M LLP
mi n=4 GeV/c2; 73kevents have been found

in data and 23 MC. Analysis 2 has Ntr ack
mi n =5, and M LLP

mi n=4 GeV/c2 52kevents data, and 15 MC.

Analysis 3 has Ntr ack
mi n =5, and M LLP

mi n=6 GeV/c2 39kevents data, and 0 MC.

MC J/ψ Data
at least one LLP 88319 3049713
and at least one selected J/ψ 27082 1736187
and two LLP 102 8606
two LLP passing the selection 63 5040
HLT2Double triggered 1 (± 1.65) 499(± 41.6)

HLT2Double efficiencies 1.6 ± 3.1 % 9.9 ± 0.83 %

Table 4.13: Number of events at different stage of the analysis for the J/ψ MC sample and
the 2011 Data. The HLT2DiMuonJPsi trigger line is used to filter the data events and a single
loose candidate with Ntr ack

mi n =4, M LLP
mi n=3 GeV/c2, RLLP

mi n=0.4 mm (and ΣpTmi n=3 GeV/c) is
reconstructed. Furthermore, the J/ψ is required to be prompt (ie to decay at a maximum radial
distance R< 0.4 mm).

HLT2

Because the TISTOS procedure5 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/ψ 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/ψ 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 χ2/ndf < 5) forming two vertices (vertex χ2 <25) and a mass window

of 120 MeV/c2 around the J/ψ mass.

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

• at least 4 charged tracks

• a minimal mass of 3 GeV/c2

• a radial distance to the beam line of at least 0.4 mm

• a minimal sum pT 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/ψ 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/ψ to be

the particle which activated ("TOS") the HLT2DiMuonJPsi trigger line as well as all the HLT1

muon lines and the L0 muon triggers. Comparisons between MC and data mass and radial

distributions of the J/ψ 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 pT, 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/ψ. The distributions have been normalized to unity. The
analysis requires an HLT2 Dimuon J/ψ positive decision.

Conditions comparable with the HLT2 double line are imposed: two LLPs satisfying Ntr ack
mi n =4,

M LLP
mi n1=4.5 GeV/c2, M LLP

mi n2=3 GeV/c2 , RLLP
mi n= 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/ψ with the requirement of
the HLT2 DiMuon J/ψ positive decision. The dots represent the data, the histogram is the MC
J/ψ 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 pT 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 pT 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 pT 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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5 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 Ntr ack
mi n MLLP

mi n ∆φmi n N data
GeV/c2 rad 2011

s1 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 onσR and σZ are not applied except for s4 that requires σR < 0.05
mm and σZ < 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 ∆φ angle between the pair of candidates have been considered. It has
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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.

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.

58



5.1. Fitting of key variables distributions

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 Ntr ack
mi n MLLP

mi n Nbb
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 ∆φ> 2 is imposed.

data bb Nd at a NBV 48
si g nal χ2/DoF

selection selection
1 s3 bb2 15176 215 (+188, -194) 1.56
2 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 ∆φ angle between the two LLPs

The ∆φ distribution for bb events does not display a significant dependence on the cuts used

in the selection. Figure 5.3 shows the comparison of ∆φ, for the bb1, bb2, bb3 selection

conditions (without the ∆φ cut).

Figure 5.3: Comparison of ∆φ 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.

Figure 5.4: The ∆φ 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 bb1, 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 83.2·10−4 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 Nd at a N BV 48
si g nal χ2/DoF

selection selection
1 s4 bb1 243 14.6 (+13.1, -13.2) 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 ∆φ 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/ΣR versus the di-LLP mass

This is an example of bi-dimensional analysis. The variables considered are the di-LLP in-

variant mass, and ΣR , the sum of the σR of the two LLP. More precisely, the inverse 1/ΣR 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.

Figure 5.5: Left: background (contour) and BV48 signal (points) in the (di-LLP mass , 1/ΣR )
plane. Right: normalized distribution of the variable which combines di-LLP mass and 1/ΣR .
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 χ2 when
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 [1/mm]RΣ1/
0 10 20 30 40

0.05

0.1

0.15

0.2

0.25

0.3

0.35
EW11 Double Line

BV48

inclusive 2B

EW11 Double Line

BV48

inclusive 2B

 [1/mm]RΣ1/
0 10 20 30 40

-310

-210

-110

EW11 Double Line

BV48

inclusive 2B

EW11 Double Line

BV48

inclusive 2B

Figure 5.6: 1/ΣR distribution in the s1 scenario. The distribution on the right-hand side is
given in logarithmic scale. Distributions have been normalized to one.

data bb Nd at a Nsi g nal BV48 χ2/DoF
selection selection

1 s2 bb2 51243 195 (+491 -502) 0.92
2 s3 bb3 15176 1282 (+545 -588) 0.84
3 s4 bb3 88 11 (+9 -9) 0.95

Table 5.5: Results of the fit of the of the variable which combines di-LLP mass and 1/ΣR . 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 63.2·10−4 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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Chapter 5. Extractions of the Signal Yield from the 2011 Selected Events

Figure 5.7: Fit of the of the variable which combines di-LLP mass and 1/ΣR , 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.
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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 pdf is presented in Figure 5.9 and the fit parameters

are given in Table 5.6.

mu1 29502±551
si g ma1 6968±287
mu2 22688±459
si g ma2 4548±237
t aum 10362±277
u 0.78±0.02

Table 5.6: Fit parameters determined from the addition of BV48 models with χ lifetimes of
5, 10, 15 and 50 ps. mu1 and mu2 are the means of the two gaussian functions, si g ma1 and
si g ma2 are their respective width, t aum 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
t au −3.80 ·10−5 ±4 ·10−6

t au2 −2.453 ·10−4 ±3 ·10−6

Table 5.7: Fit parameters determined for the data in the scenario s2. Two exponential
functions are used, t au and t au2 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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5.1. Fitting of key variables distributions

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/c2 to 120 GeV/c2 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.

mu1 23167.35±702.2
si g ma1 11893.48±922.2
t aum 10006.45±638.4
NBV 2613.0±51.1
f 0.034±0.0044
r t au 6.13±0.63
t au −4.07 ·10−5 ±4.4 ·10−6

NB ack 14609.0±120.1

NB 31.88±6.01
NS 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. mu1 and si g ma1 are the
mean and width of the signal PDF, t aum being the slope of its decay function. t au is the
slope of the first background exponential and t aur is the ratio between it and the second
exponential slope. f is the ratio between the two background exponentials. NBV is the number
of events in the fit of the signal component and NB ack is the computed number of events in the
background fit. NS and NB are respectively the extracted number of signal and background
events found in the data s4.

Model NB NS

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 ± 5.97 1.10 ± 2.21
BV48 10 ps m(h0)=100 GeV 31.74 ± 6.07 1.26 ± 2.52
BV48 10 ps m(h0)=125 GeV 32.08 ± 5.94 0.92 ± 2.04

Table 5.9: Results of the simultaneous fits for different BV MC models. NS and NB 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 1σ 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 PDF. Then, simultaneous
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Model ε [%] σmax [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(h0)=100 GeV 0.348 3.47
BV48 10 ps m(h0)=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/c2 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 distributions1 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 NGen

S number of signal events and NGen
B 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 NS 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 PDF. 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, xl and yl , 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 NA , NB , NC , ND , 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, B̄D , (the bar indicates that the

number is an estimate) is given by:

B̄D = NB NC /NA , (5.1)

and the estimate of the amount of signal in D is then S̄D = ND − B̄D .

In the case of the couple of variables (di-LLP mass, 1/ΣR ) 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 pT 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 B̄D .

The choice of the cut positions for the two variables should be made in order to maximize the

significance of the signal defined as SD /
√

SD + B̄D . The significance can be estimated by:

significance = SD /

√
SD + B̄ 2

D (
1

NA
+ 1

NB
+ 1

NC
) (5.2)
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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.

1 1

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/c2 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/c2 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 B̄D = 1.15, instead of 2, and S̄D = 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 of 0.2, 0.4, 1.3, and 3.0 events in the four regions. After subtraction, the

results for this experiment are B̄D = 1.19 and S̄D = 4.81.

Over 1000 toy experiments an average S̄D = 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 0.2 0.4 1.3 3.0
total 160.9 9.5 28.9 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 S̄D = 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 S̄D = 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 S̄D = 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 B̄D = 17.9, and added to systematics. In

conclusion the result is S̄D =−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 result is S̄D =−2.9±6.8. The results for all the signal models

are given in Table 5.13.

Model ε×104 σmax [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. ε 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/c2 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 ε×104 σmax [pb]
BV48 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:

• M1, M2: invariant mass of LLP1, LLP2

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

• PT1, PT2: their pT

• R1, R2: their radial distance

• SigR1, SigR2: vertex fit radial uncertainty

• SigZ1, SigZ2: vertex fit longitudinal uncertainty

• Dphi: |∆φ|

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.

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 N N > 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.

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/c2. 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.

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 N N > 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, withχ2/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 N N > 0.85, the fit provides the estimates of the

number of signal events as shown in Table 5.16.

Model εg en Ng en Ns3 εs3 εMC

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(h0)=100 GeV 33.41 ± 0.27 64.8k 1610 2.45 ± 0.06 0.83 ± 0.03
BV48 10 ps m(h0)=125 GeV 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 en , and selected by s3, Ns3. εg en

is the generator efficiency for the MC samples in %. εs3 is the fraction Ns3/Ng en , also in %.
Finally, εMC = εg en ×εs3.
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Model εN N
s εN N

d Ns χ2/NDoF
BV48 93.6 ± 0.4 0.95 ± 0.17 0.8 ± 7.7 1.1
BV48 5ps 94.5 ± 0.6 0.95 ± 0.18 -5.6 ± 7.8 1.3
BV48 15ps 93.6 ± 0.4 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(h0)=100 GeV 93.1 ± 0.6 1.03 ± 0.21 0.5 ± 7.9 1.3
BV48 10 ps m(h0)=125 GeV 93.6 ± 0.3 0.86 ± 0.21 6.6 ± 7.3 1.1
BV35 89.6 ± 0.7 1.06 ± 0.20 2.0 ± 7.9 1.9
BV20 83.0 ± 2.2 3.35 ± 0.36 22 ± 14 4.5
HV10 74.4 ± 2.2 1.90 ± 0.28 12 ± 11 3.4

Table 5.16: Fraction (in %) of MC signal and 2011 data events selected by a N N > 0.85 cut.
Ns is the number of signal events from the fit of the di-LLP invariant mass distribution. The
last column is the corresponding χ2/NDoF. The MC and data sets are pre-selected under s3
conditions.

5.3.3 Production cross section upper limits

From number of signal events determined by the di-LLP mass fit, the σ×B cross section times

branching ratio upper limits, 95% CL, are computed as indicated in Table 5.17.
∫

Ldt = 0.9 fb−1

and a total systematic uncertainty of 21% is assumed.

Model ε×104 Ns σmax [pb]
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(h0)=100 GeV 77.27 0.5 ± 7.9 4.04
BV48 10ps m(h0)=125 GeV 68.33 6.6 ± 7.3 5.94
BV35 68.99 2.0 ± 7.9 4.94
BV20 9.96 22.0 ± 14.0 96.17
HV10 46.13 12.0 ± 11.0 14.12

Table 5.17: Upper limits for cross section times branching fraction assuming various theoretical
models. ε is the total selection efficiency, Ns the number of signal events from the di-LLP mass
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 σ
f i t
max [pb] σABC D

max [pb] σN N
max [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(h0)=100 GeV 3.47 6.46 4.04
BV48 10ps m(h0)=125 GeV 2.45 6.09 5.94
BV35 3.35 7.18 4.94
BV20 45.98 120.99 96.17
HV10 - 19.94 14.12

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

models. σ f i t
max is the upper limit from the simultaneous fit, σABC D

max from the ABCD method and
σN N

max 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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6 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−1 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 h0 masses from 100 to 125 GeV/c2, LLP masses

from 20 to 48 GeV/c2 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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A 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.
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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 ∆φ 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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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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