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Abstract

The ratio of the Λ0
b baryon lifetime to that of the B0 meson is measured

using data corresponding to an integrated luminosity of 3.0 fb−1 collected

with the LHCb detector using pp collisions at the LHC. The Λ0
b baryon is

observed in the decay mode Λ0
b → J/ψpK−, while the B0 meson decay used

is the well known B0 → J/ψπ+K− mode, where the π+K− mass is consistent

with that of the K∗0(892) meson. The ratio of lifetimes is measured to be

0.971 ± 0.007 ± 0.005, in agreement with theoretical expectations based on

the heavy quark expansion. Using previous determinations of the B0 meson

lifetime, the Λ0
b lifetime is found to be 1.476±0.010±0.010 ps. In both cases

the first uncertainty is statistical and the second systematic.
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Chapter 1

Introduction

Evaluations from experimental data of fundamental parameters, such as

Cabibbo-Kobayashi-Maskawa (CKM) [1] matrix elements, and limits on

physics beyond that described by the standard model, often rely on theo-

retical input [2]. One of the most useful models, the heavy quark expansion

(HQE) [3–5], is used, for example, to extract values for |Vub| and |Vcb| from

measurements of inclusive semileptonic B meson decays [6]. An early pre-

diction from this model was that the Λ0
b lifetime was almost equal to that of

the B0 meson, but shorter by few percent [7–9]. Measurements from CERN’s

Large Electron-Positron (LEP) collider, however, indicated that τΛ0
b
/τB0 was

lower. This caused concern over the applicability of HQE and various at-

tempts were made to explain the observations. Recent measurements have

indicated higher values but with relatively large uncertainties [10]. A most

precise measurement of the Λ0
b baryon lifetime has recently been reported

by LHCb [11] using a data sample corresponding to 1.0 fb−1 of integrated

luminosity and lends substantial support to the HQE theory.
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In this dissertation, we present the experimental determination of τΛ0
b
/τB0

with three times larger data than used previously. The Λ0
b baryon is detected

in the J/ψpK− decay mode, while the B0 meson is found in J/ψK∗0(892) de-

cays, with K∗0(892)→ π+K−. Mention of a particular decay channel implies

the additional use of the charge-conjugate mode. The tree-level Feynman di-

agrams for the processes are shown in Fig. 1.1. These decays have the same

decay topology into four charged tracks, thus facilitating the cancellation of

systematic uncertainties in ratio. Here we present a precision measurement

that demonstrates, in fact, that τΛ0
b

is quite similar to the B0 meson lifetimes.

Figure 1.1: Leading order Feynman diagrams for (a) Λ0
b → J/ψpK− and (b)

B0 → J/ψπ+K− decay modes.

This dissertation is organized as follows: the theoretical framework and

motivation for measuring the Λ0
b baryon lifetime are described in Chapter 2.

Chapter 3 describes the summary of the LHCb experiment, used to collect

the data analyzed for this measurement. Chapter 4 describes the reconstruc-

tion and selection of the desired events, while Chapter 5 introduces the fitting

mechanism and describes the lifetime measurement. Possible systematic un-

certainties on the measurement are investigated in Chapter 6. Finally, the

results are presented in Chapter 7.
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Chapter 2

Theoretical Overview

This chapter outlines the theoretical basis and the motivation of the study

of Λ0
b lifetime. An overview of the “spectator model” of b hadron decays and

the effects which lead to differences between the lifetimes of these particles

are given. Then, a brief description of the heavy quark expansion (HQE)

model and its prediction for the ratio of lifetimes are introduced.

2.1 Spectator model

A simple theoretical way to consider the decays of hadrons containing a heavy

quark is the “spectator model”, which states that only the heavy quark par-

ticipates in the transition, while the light degrees of freedom are unaffected

by the decay process. As a result, the model predicts that all the hadrons

with the same heavy quark should have the same lifetime, regardless of the

flavor of the accompanying quarks. The heavier the quark, the more valid

the approximation. Under this assumption there is then a simple relation-
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Figure 2.1: Feynman diagrams of (a) muon decay and (b) b quark decay.

ship between the decay width of b-flavored hadron and that of muon decay,

illustrated in Fig. 2.1. For muon decay

Γµ =
G2
Fm

5
µ

192π3
, (2.1)

where mµ is the mass of the muon and GF is Fermi coupling constant, whilst

for the decay of b-flavored hadron

Γb =
9|Vcb|2G2

Fm
5
b

192π3
, (2.2)

where mb is the b-quark mass and Vcb is the CKM matrix element [1] for

quark coupling (there is also a term with |Vub|2, which is small and has

been neglected). In muon decay, the virtual W -boson decays to eνe, as it

is the only kinematically allowed channel, whereas in b decays, W -boson

can decay to any of the three lepton generations (eνe, µνµ, τντ ) and the two

quark generations (ud, cs), with three color combinations for the last two

possibilities. Therefore, the phase space for the b decay is nine times larger

than that of the muon decay. Furthermore, the quark-quark couplings and

the mass of the decaying particle must be adjusted when starting from the

muon decay formula. This gives

τb =
1

Γb
≈ 1.3− 1.7 ps, (2.3)
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with mb = 4.18 ± 0.03 GeV and |Vcb| = (40.9 ± 1.1) × 10−3 [1], which is of

the order of the observed b hadron lifetimes.

The spectator model predicts the equal lifetimes for all b hadron species.

However, this assumption is too näıve, since effects of other quarks in the

hadron are not taken into account. Therefore, a great deal of additional effort

is needed to relate the b hadron lifetimes to the basic theory we have just

outlined. In particular, the effects arising in the presence of a lighter quark

must be taken into account.

The “spectator effects” involve the participation of the light constituents

in the decay and thus contribute to the differences in the decay widths and

lifetimes of different species of b-flavored hadrons. The main sources of such

effects are Pauli Interference (PI), weak annihilation (WA) for mesons, and

weak exchange (WE) for baryons [12].

2.2 Heavy Quark Expansion

The spectator effects can phenomenologically explain the origin of lifetime

differences of different b-flavored hadrons. But it cannot make precise lifetime

predictions. At present, one of the most useful theoretical approach for the

study of the b hadron lifetimes is the Heavy Quark Expansion (HQE) [3–5].

Its technical foundation is the operator product expansion (OPE) [13].

HQE is a method to separate the non-perturbative, long-distance quan-

tum chromodynamics (QCD) contributions to the decay amplitude from the

short-distance electroweak contributions. In the framework of HQE, the to-

tal decay width of a b-flavored hadron can be expressed as an expansion in

5



inverse power of the b quark mass, (1/mn
b ), as

Γ = Γ0

[
a0 + a2

(
ΛQCD

mb

)2

+ a3

(
ΛQCD

mb

)3

+ · · · · · · · · ·

]
, (2.4)

where Γ0 is the term which describes the spectator model, ΛQCD ≈ 200 MeV

is the QCD scale. The coefficients an are calculable coefficients.

The leading term of this expansion corresponds to the decay of a free b

quark. This term is universal, contributing equally to the lifetimes of all b

hadron species. No O(1/mb) contributions can arise in OPE. At this order

the decay proceeds as in the spectator model, with no interaction with the

light spectator quark. The first correction to this expansion is of the order of

(1/m2
b) [3–5]. At this order the Fermi motion of the b quark and interactions

between its spin and that of the light degrees of freedom enter. This term is

sensitive to lifetime differences between mesons and baryons. The difference

is mainly driven by the fact that light quarks in Λ0
b baryon appear in a spin

zero quantum state, decay more quickly than mesons that interact with a

spin half antiquark cloud, which causes a shift of (1− 2)% [8,9] in the ratio

of Λ0
b and B0 lifetimes. This leads to the theoretical [9] predictions of

τB−

τB0

= 1 +O
(
1/m3

b

)
(2.5)

τB0
s

τB0

= (1.00± 0.01) +O
(
1/m3

b

)
τΛ0

b

τB0

= 0.98 +O
(
1/m3

b

)
The term of O(1/m3

b) reflects the spectator effects, whose contribution is

additionally enhanced due to a factor 16π2 with respect to the leading free

heavy quark. However, the effects of O(1/m3
b) is estimated to be small [14].
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In the past, experimental results, particularly for τΛ0
b
/τB0 , have been

in disagreement with the theoretical expectations. In 2003 one widely

quoted average of all data gave 0.798 ± 0.052 [15], while another gave

0.786± 0.034 [16]. Some authors sought to explain the small value of the ra-

tio by including additional operators or other modifications [17], while some

thought that the HQE could be pushed to provide a ratio of ∼0.9 [18]. Recent

measurements have shown indications that a higher value is possible [10],

although the uncertainties are still large. This situation has recently been

clarified by a precise LHCb measurement [11]. This dissertation reports even

more precise measurement of the Λ0
b baryon lifetime than the previously pub-

lished “precision measurement of the Λ0
b baryon lifetime” [11], where I also

contributed too.
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Chapter 3

The LHCb Experiment

This chapter begins with a brief description of the Large Hadron Collider and

its various detectors. An explanation of the LHCb detector and its various

hardware components and data acquisition system is then discussed. More

detailed description of the LHCb detector can be found in Ref. [19].

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC), located at the European Organization for

Nuclear Research (CERN) is the world’s highest energy particle accelerator.

It is designed to collide two beams of protons at a center-of-mass energy,
√
s,

up to 14 TeV, with a maximum instantaneous luminosity, L, of 1034 cm−2 s−1.

The LHC occupies the same tunnel as its predecessor. It consists of a 27-

kilometre ring of superconducting magnets with a number of accelerating

structures to boost the energy of the particles along the way. The protons

are injected from the Super Proton Synchrotron (SPS) into the main rings

8



Figure 3.1: An overview of the LHC, showing the geographical location of the

four main experiments.

with an energy of 450 MeV. To accelerate the beams to its design energy

whilst keeping them in a stable orbit, a magnetic field strength of 8.3 teslas

(T) is required. Proton beams are not continuous, but spaced in “bunches” of

about 1011 protons each. The time separation between two adjacent bunches

is a multiple of 25 ns, which corresponds to a bunch-crossing rate of 40 MHz.

Collisions between the two beams occur in four distinct points along the

ring, where the detectors of the four major LHC experiments are installed.

The ATLAS [20] and CMS [21] are general purpose experiments, mainly de-
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signed to search for the Higgs boson and for direct evidence of physics beyond

the Standard Model (SM). The ALICE [22] experiment is dedicated to the

reconstruction of heavy ions collisions in order to study the formation of the

quark-gluon plasma, a state of matter in which quarks and gluons are de-

confined. Finally, the LHCb [19] experiment, in which this work took place,

is designed for precision measurement of beauty and charm physics, specially

the measurement of CP violation in this sector. A pictorial representation

of the LHC is shown in Fig. 3.1.

3.2 The LHCb detector

The LHCb detector [19] is a single-arm spectrometer with forward angular

momentum coverage from 10 mrad to 300 mrad in the bending plane and

10 mrad to 250 mrad in the non-bending plane. This corresponds to a pseu-

dorapidity range of 1.8 < η < 4.9, where η = −ln[tan(θ/2)], with θ being

the polar angle with respect to the beam direction. This forward geome-

try utilises the fact that at LHC energies, the b-hadrons are predominantly

produced in narrow angular cones in the forward and backward directions.

A schematic of the LHCb detector is shown in Fig. 3.2. The collisions take

place in the far left in the VELO (VEtex LOcator). The interaction point

of LHCb is displaced by 11.25 m from the center of the LHC optics to make

optimal use of cavern space. Moving to the right there are the tracking sys-

tems (TT, T1, T2, and T3), two ring image Cherenkov detectors (RICH1 and

RICH2), a dipole magnet, electromagnetic and hadronic calorimeters (ECAL

and HCAL) and a muon detection system (M1-M5). These components are

10



now described in turn.

Figure 3.2: A schematic of the LHCb detector layout.

3.3 Luminosity levelling

LHCb is designed to run at a luminosity of 2× 1032 cm−2s−1, which is below

the luminosity at which ATLAS and CMS operate. To meet LHCb’s require-

ments, a technique known as “luminosity levelling” is used. A machine setup

is chosen that would give a peak luminosity well above the required maxi-

mum if the beams are collided head-on at LHCb’s interaction point. This

peak luminosity is then reduced to the required maximum by moving the two

beams transversely apart at the interaction point. As the beam current goes
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down during a fill,1 the beams can be moved together in small increments to

keep the collision rate constant throughout the fill.

Figure 3.3: Example of a fill with luminosity levelling in LHCb. The observed

near constant luminosity at LHCb is obtained through luminosity levelling.

Example of a fill with luminosity levelling in LHCb is shown in Fig. 3.3.

The LHCb has an almost constant instantaneous luminosity, whereas the

luminosity drops exponentially for ATLAS and CMS while the beams are

being collided. Note also that, the maximum luminosity provided in 2012

has been around 4× 1032 cm−2s−1, above its design luminosity.

1A fill is the name given to the time where the beams are colliding without being

reinjected.
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3.4 Tracking

The LHCb tracking system consists of the VELO, the dipole magnet, and

four tracking stations; the TT, T1, T2 and T3. The TT is located between

the VELO and the magnet, while the other trackers are found downstream of

the magnet. The VELO and TT use silicon microstrip detectors. In T1−T3,

the detectors are comprised of two distinct sections: the Inner Tracker (IT)

in the region close to the beam pipe, and the Outer Tracker (OT) in the

outer region of the trackers. Silicon microstrips are used in the IT, while

straw-tubes are used in the OT.

3.4.1 VELO

The VELO [23] provides precise measurements of track coordinates close to

the interaction region, which are used to identify the displaced secondary

vertices that are a distinctive feature of b and c-flavored hadron decays. The

VELO detector consists of 21 modules, positioned along the beam direction

(see Fig. 3.4). In physics running conditions, the two modules are displaced

from the beam pipe by 8 mm. In this position, the geometry is such that

it allows the two halves of the VELO to overlap. This is to ensure that the

sensors cover the full angular acceptance. The VELO sensors are placed at a

radial distance of 3 cm from the beam, required by the LHC during injection

in order to minimize radiation damage due to the unfocused beam.

Each module comprises two silicon strip sensors: the R-sensors and the

φ-sensors. The R-sensors consists of a series of silicon strips oriented in

concentric semi-circles with their centre at the nominal LHC beam position,
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Figure 3.4: (above) Cross-section of the VELO in the magnet bending plane at

y = 0. The modules are shown in the fully closed position. The two pile-up veto

stations are indicated on the far left of the diagram. (below) The front face of the

first module in both the closed and open positions.

allowing detection of the radial component of the tracks. On the other hand,

the φ-sensors are distributed radially around the module in order to measure

the position of the track in the φ direction. The z coordinate is obtained

from the position of the module. The VELO uses a cylindrical coordinate

system (R, φ, z), because it gives fast reconstruction of vertices and tracks in

the LHCb trigger. Two planes perpendicular to the beam line and located

upstream of the VELO sensors are called the “pile-up veto system” and are
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used to determine the multiplicity of collisions.

The detectors are mounted in a vessel that maintains vacuum around

the sensors and is separated from the machine vacuum by a thin walled

corrugated aluminium sheet. This is done to minimize the material traversed

by a charged particle before it crosses the sensors. The track definition within

the LHCb acceptance (1.8 < η < 4.9) requires hits in at least three VELO

modules.

3.4.2 Silicon Tracker

The Silicon Tracker (ST) comprises two detectors: the Tracker Turicensis

(TT)2 [24] and the Inner Tracker (IT) [25]. Both TT and IT use silicon

microstrip sensors with active surface areas of 8.4 m2 and 4.0 m2, respectively.

The TT is located upstream of the LHCb dipole magnet and covers the full

acceptance of the experiment. The IT covers a 120 cm wide and 40 cm high

cross shaped region in the centre of the three tracking stations downstream

of the magnet.

Each of the four ST stations has four detection layers in an (x−u−v−x)

arrangement with vertical strips in the first and the last layer and strips

rotated by a stereo angle of −5◦ and +5◦ in the second and the third layer,

respectively. This is illustrated in Fig. 3.5. The TT aims at reconstructing

low momentum tracks that are swept out of the detector acceptance by the

magnet and tracks that come from the decay of very long lived particles. The

IT reconstructs tracks that passed through the magnetic field region and lie

near the beam axis. Although IT covers only 1.3% of the region covered by

2The Tracker Turicensis was formerly known as the Trigger Tracker.
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Figure 3.5: Schematic of the TT showing TTa at the front and TTb behind.

Each layer is rotated slightly relative to its adjacent layer, known as x− u− v− x

geometry.

the tracking stations, approximately 20% of charged particles produced have

their tracks in the IT region.

3.4.3 Outer Tracker

The LHCb Outer Tracker (OT) [26] is a drift time detector, for the tracking

of charged particles and the measurement of their momentum over a large

acceptance area. Excellent momentum resolution is necessary for a precise

determination of the invariant mass of the reconstructed b hadrons: a mass
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resolution of 10 MeV for the decay B0
s → D−s π

+ translates into a required

momentum resolution of δp/p ≈ 0.4%. The reconstruction of high multi-

plicity B decays demands a high tracking efficiency and at the same time a

low fraction of wrongly reconstructed tracks: a track efficiency of 95% would

result, for the decay B0
s → D−s π

+, in an overall reconstruction efficiency of

80%.

The OT is designed as an array of individual, gas-tight straw-tube mod-

ules. Each module contains two staggered layers (monolayers) of drift tubes

with inner diameters of 4.9 mm. A mixture of Argon (70%) and CO2 (30%)

is used in order to guarantee a fast drift time (< 50 ns), and a sufficient drift

coordinate resolution of 200 µm. The detector modules are arranged in three

stations. Each station consists of four layers, arranged in an x − u − v − x

geometry, similar to IT. The outer boundary corresponds to an acceptance

of 300 mrad in the magnet bending plane and 250mrad in the non-bending

plane. The inner cross-shaped boundary of the OT acceptance was deter-

mined by the requirement that occupancies should not exceed 10% at nominal

LHCb luminosity.

3.4.4 Magnet

In common with almost all high energy experiments, a dipole magnet [27] is

used in the LHCb experiment to measure the momentum of charged particles.

The magnetic field is vertically orientated and the integrated magnetic field

of the magnet is 4 Tm which gives a resolution of 0.4% for momenta up to

200 GeV. The polarity of the magnet is able to be reversed allowing studies

of detector asymmetry, which could impact CP violation measurements.
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3.5 Particle identification

Particle identification (PID) is a fundamental requirement for LHCb. It uses

the combined outputs of the calorimeters, muon chambers and Ring Imaging

Cherenkov Detectors (RICH) to assign a likelihood to be either a muon,

electron, proton, pion, or kaon to each track.

3.5.1 RICH

It is essential for the goals of the experiment to separate pions from kaons

in selected B hadron decays, in order to separate similar decays such as

B0
(s) → π+π−, K±π∓, K+K−. The RICH detectors [28] use the Cherenkov

effect to identify charged particles. The Cherenkov effect is the fact that

photons are emitted by a charged particle moving in a dielectric medium

with a speed greater than the speed of light in that medium. The photons

are emitted in a cone around the direction of the charged particle. The cone

opening angle depends on the speed of the particle. Knowing the momentum

(measured by the tracking system) and the speed of a particle, one has access

to its mass and can then identify it. LHCb has two such detectors, RICH1

and RICH2. RICH1 is located upstream of the magnet in the region between

the VELO and the TT. It uses silica aereogel and C4F10 and allows charged

particle identification for momenta between 1 and 60 GeV. It covers polar

angles from 25 to 300 mrad in the bending plane and to 250 mrad in the non

bending plane. RICH2 is situated downstream of the magnet, after T3, and

covers polar angles from 15 mrad to 120 mrad in the bending plane and to

100 mrad in the non bending plane. It uses CF4 as dielectric medium and its
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Figure 3.6: Schematic diagrams of (left) RICH1 and (right) RICH2 detectors.

momentum coverage goes from 15 GeV to 100 GeV. The schematic diagrams

of both RICH detectors are shown in Fig. 3.6.

In both RICH detectors the focusing of the Cherenkov light is accom-

plished using a combination of spherical and flat mirrors to reflect the image

out of the spectrometer acceptance. In the RICH1 the optical layout is ver-

tical, whereas in RICH2, it is horizontal. Hybrid Photon Detectors (HPDs)

are used to detect the Cherenkov photons in the wavelength range 200-600

nm. The HPDs are surrounded by external iron shields and are placed in

MuMetal cylinders to permit operation in magnetic fields up to 50 mT.
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3.5.2 Calorimeters

The calorimeter system performs multiple functions in LHCb. It selects

transverse energy hadron, electron and photon candidates for the first trigger

level (L0), which makes a decision 4 µs after the interaction. 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 flavor tagging and for the study of B

meson decays.

The LHCb calorimeter [29] system is located between the first and the

second muon stations. The detectors which make up the calorimeters are all

comprised of cells which increase in size with distance from the beam and

reduction in particle flux. The calorimeter has four main parts: a scintillat-

ing pad detector (SPD); a pre-shower (PS); an electromagnetic calorimeter

(ECAL); and a hadronic calorimeter (HCAL).

All calorimeters follow the same basic principle: scintillation light is trans-

mitted to a Photo-Multiplier (PMT) by wavelength-shifting (WLS) fibres.

The single fibres for the SPD/PS cells are read out using multianode photo-

multiplier tubes (MAPMT), while the fibre bunches in the ECAL and HCAL

modules require individual phototubes.

The SPD/PS detector consists of a 15 mm, 2.5 radiation length thick,

lead converter sandwiched between two almost identical planes of rectangular

scintillator pads of high granularity. As no shower is initiated before the SPD,

it will only detect charged tracks, while an electromagnetic shower can be

initiated in the lead converter and subsequently detected in the PS. Thus

the background from neutral pions can be suppressed by searching for hits
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in the SPD, while the PS also suppresses the background of charged pions

by requiring a shower profile at two segmented points along the beam axis.

The ECAL and HCAL, both are sampling calorimeters. The ECAL is

located directly behind the SPD/PS system and records the rest of the elec-

tromagnetic shower. Layers of 4 mm thick scintillator and 2 mm lead are

alternated over 42 cm, so that an electromagnetic shower is contained within

the ECAL. The HCAL is located behind the ECAL detector. It utilises much

thicker absorber layers (16 mm iron). The energy resolution given for each

of the calorimeters is:

σE
E
|ECAL =

10%√
E
⊕ 1% and

σE
E
|HCAL =

(69± 5)%√
E

⊕ (9± 2)%, (3.1)

where energy is expressed in GeV.

3.5.3 Muon system

Muon triggering and offline muon identification are fundamental require-

ments of the LHCb experiment. Muons are present in the final states

of many CP -sensitive B decays, in particular the two gold-plated decays,

B0 → J/ψ (→ µ+µ−)K0
S and B0

s → J/ψ (→ µ+µ−)φ. These decay modes play

an important role in CP asymmetry and oscillation measurements, since

muon from semileptonic b decays provide a tag of the initial state falvor of

the accompanying neutral b mesons. In addition, the study of rare b decays

such as the falvor changing neutral current decay, B0
s → µ+µ−, may reveal

new physics beyond the Standard Model.

Muons are extremely penetrating and therefore muon chambers are in-

stalled at the end of the detector, where all other possible charged particles
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Figure 3.7: A schematic diagram of the muon system, with five stations indicated.

have been filtered. The muon system [30], shown in Fig. 3.7, is composed

of five stations (M1-M5) of rectangular shape, placed along the beam axis,

with a total of 1380 chambers covering a total area of 435 m2. The inner

and outer angular acceptances of the muon system are 20 (16) mrad and 306

(258) mrad in the bending (non-bending) plane, respectively, which roughly

corresponds to a 20% acceptance of muons from semileptonic b decays. Sta-

tion M1 is placed in front of the calorimeters and is used to improve the
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pT measurement in the trigger. The stations M2-M5 are placed downstream

of the calorimeters and and are interleaved with 80 cm thick iron absorbers

that select penetrating muons. The minimum momentum of a muon to cross

the five stations is approximately 6 GeV since the total absorber thickness,

including the calorimeters, is approximately 20 interaction lengths.

The muon trigger is based on stand-alone muon track reconstruction and

pT measurement and requires aligned hits in all five stations. Stations M1-

M3 have a high spatial resolution in the bending plane and are used to define

the track direction and calculate the pT of the muon with a resolution of 20%.

Stations M4 and M5 have a limited spatial resolution, their main purpose

being the identification of penetrating particles.

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.

Multi-wire proportional chambers (MWPC) are used for all regions except

the inner region of station M1 where the expected particle rate exceeds safety

limits for ageing. The innermost region of M1 station comprises a series of

three Gas Electron Multiplier (GEM) foils sandwiched between anode and

cathode planes. MWPC and GEM both consist of a series of gas chambers

across which a potential difference of several kV is applied. As particle

traverses each chamber the gas is ionized and the subsequent charge avalanche

is proportional to the signal.
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Figure 3.8: A flow diagram of the LHCb trigger sequences. The various stages

and associated triggers are indicated, as well as the approximate event rate at each

stage.

3.6 Trigger system

The LHCb experiment is designed to operate at an average luminosity of

2 × 1032 cm−2 s−1, much lower than the maximum design luminosity of the

LHC, reducing the radiation damage to the detectors and front-end elec-

tronics. At this luminosity the number of interactions per bunch crossing is

dominated by single interactions, which facilitates the triggering and recon-

struction by assuming low channel occupancy. With the LHC running under

design conditions, the initial visible interactions in the LHCb are at a rate

of 10 MHz. This is then reduced by a two stage trigger to about 2-3 kHz, at

which rate the events are written to storage for further offline analysis. This

reduction is achieved initially by the Level-0 (L0) hardware trigger, followed

by the High Level Trigger (HLT). The schematic of the overall LHCb trigger

scheme is shown in the Fig. 3.8 [31].

The purpose of the L0 trigger is to reduce the LHC beam crossing rate
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of 40 MHz to the rate of 1 MHz with which the entire detector can be read

out. The L0 information is coming from the pile-up sensors of the VELO,

the calorimeters and the muon system. It is then sent to the Level-0 Decision

Unit (L0DU), where the L0 selection algorithms are run.

The pile-up system has been implemented to reject events with a high

number of primary vertices. The calorimeter trigger system looks for high

transverse energy (ET) leptons, hadrons and photons. It forms cluster by

adding the ET of 2 × 2 cells and selecting the clusters with the largest ET.

Clusters are identified as lepton, photon or hadron based on the information

from the SPD, PS, ECAL and HCAL. 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 hits in the SPD cells are counted to

provide a measure of the charged track multiplicity in the crossing.

The muon chambers allow a 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 muon stations are divided into

quadrants and there is no exchange of information between the quadrants.

In each quadrant, the two muon candidates with highest pT are selected.

The HLT is the second level of LHCb trigger, running on events passing

the L0 trigger. It consists of a C++ application which runs in several copies

on every CPU of the Event Filter Farm (EFF), which consists of approxima-

tively 1000 multi-core computing nodes. Currently there are 26110 copies of

the application running in the EFF. The HLT application has access to all

data in one event and thus, in principle, could execute the offline selection
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algorithms. The HLT reduces the 1 MHz rate from the L0 to 2-3 kHz. The

HLT is divided into two stages, HLT1 and HLT2.

HLT1 reduces the rate from the 1 MHz output of L0 to ∼ 50 kHz. HLT1

reconstructs particles in the VELO and determines the position of the pri-

mary vertices (PV) in the event. To limit the CPU consumption, a selection

of VELO tracks is made based on their smallest impact parameter (IP) to any

PV, and their quality. For these selected VELO tracks their track-segment

in the T-stations are sought to determine their momentum (p), so-called for-

ward tracking. HLT1 selects events with at least one track which satisfies

minimum requirements in IP, p, pT and track quality. It reduces the rate to

a sufficiently low level to allow forward tracking of all VELO tracks.

HLT2 searches for secondary vertices, and applies decay length and mass

cuts to reduce the rate to the level at which the events can be written to

storage and processed offline. Currently this is ∼ 3 kHz. It first performs

a complete pattern recognition to find all particle tracks in the event, using

VELO tracks as seeds. Then, a set of different selections are applied. HLT2

runs exclusive and inclusive selections. The aim of the inclusive selection is

to search for generic B decay features such as displaced vertices or dilep-

ton pairs, while the exclusive selection aims to provide the highest possible

efficiency on specific B decay channels.

3.7 LHCb computing

The LHCb core software is based in the Gaudi framework [32]. This frame-

work is a well-structured C++ object-oriented architecture providing the
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general needs of the LHCb software components. The simulation package

is called Gauss [33]. Pythia [34] with a configuration specific to LHCb

detector is used to generate the proton-proton collisions [35]. The decays

of hadronic particle are described by the EvtGen package [36] in which

Photos [37] is used to generate final state radiations. Gauss then commu-

nicates the output of Pythia as input of Geant4 [38] which implements the

interaction of the particles with the detector and the response of the active

materials. The simulation of the digitization of the signals produced in the

active materials is performed by the Boole package. It includes simulation

of the readout electronics as well as of the L0 hardware trigger. The sim-

ulation output is digitized data that mimics the real data coming from the

detector.

The event reconstruction is performed by the Brunel package. The

Moore application can be used to run the HLT selection on reconstructed

events. This is especially useful to emulate the HLT response on the sim-

ulated data. The final stage of reconstruction is performed by the physics

analysis software package DaVinci. DaVinci comprises the analysis and

selection tools, such as particle identification algorithms, vertex fitting func-

tions. It is also responsible of the administration and running of the stripping,

a process in which events are further selected for physical analyses.
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Chapter 4

Event selection and b hadron

reconstruction

This chapter describes the selection and reconstruction of the data samples

used in this analysis. The signal yields are then obtained by fitting the

reconstructed b hadrons.

4.1 Event selection

The data sample contains 3.0 fb−1 of integrated luminosity collected with

the LHCb detector [19] using pp collisions. One third of the data was

acquired at a center-of-mass energy of 7 TeV, and the remainder at 8

TeV. Events are stored only if they satisfy certain criteria called collec-

tively “the trigger”. Events selected for this analysis are triggered by a

J/ψ → µ+µ− decay, where the J/ψ is required at the software level to be

consistent with coming from the decay of a b hadron by use either of IP
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requirements or detachment of the J/ψ from the associated primary ver-

tex. In particular, we select the events using the sample provided by the

triggers J psi 1SHlt1Global TOS and J psi 1SHlt2Global TOS. Events

used for this analysis are those from Reco 14 stripping 20r1 Data for

2011 data and Reco 14 stripping 20 Data for 2012 data and pass the

StrippingFullDSTDiMuonJpsi2MuMuDetachedLine stripping line. The list

of selections in this stripping line are given in Table 4.1.

Table 4.1: Selection requirements for the stripping line.

# Selection variable Requirement

1 pT of muon > 550 MeV

2 Muon PID DLL(µ− π) > 0

3 Muon tracks χ2/ndf < 5

4 Muon χ2
IP > 4

5 J/ψ vertex χ2 < 20

6 J/ψ mass window |m(µ+µ−)−m(J/ψ )| < 100 MeV

7 J/ψ Flight distance significance > 3

Event pre-selection requirements are based on previous Monte Carlo sim-

ulation as reported in Ref. [39]. We first implement the pre-selection that

preserves a large fraction of the signal events. Table 4.2 summarizes the

individual pre-selection requirements. Note that, the pre-selections are de-

veloped without applying cuts that can bias the b hadron lifetime, i.e., no

cuts are applied on χ2
IP of proton and kaon and flight distance and pointing

angle of Λ0
b .

Events satisfying this pre-selection are then further filtered using a mul-
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Table 4.2: Analysis pre-selection requirements

# Selection variables Requirements

1 All tracks χ2/ndf < 4

2 pT of muon > 550 MeV

3 pT of p and K− > 250 MeV

4 J/ψ vertex χ2 < 16

5 J/ψ mass window −48 to +43 MeV

6 Kaon PID DLL(K − π) > 4 & DLL(K − p) > −3

7 Proton PID DLL(p− π) > 10 & DLL(p−K) > −3

8 pK− vertex χ2 < 10

9 pT of pK− > 1 GeV

10 Λ0
b χ

2
IP < 25

11 Λ0
b Vertex χ2 < 50

12 Λ0
b Decay time > 0.2 ps

13 Ghost probability of kaon and proton < 0.2

14 Trigger Global Hlt1 & Hlt2 TOS on J/ψ

15 Clone track rejection CloneDist≤ 0
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tivariate analyzer based on a Boosted Decision Tree (BDT) technique [40].

The BDT uses seven variables that are chosen not to introduce an asymmetry

between the two muons and provides a separation of signal and background.

The BDT variables are the minimum DLL(µ − π) of the µ+ and µ− candi-

dates (mmPIDmu); the pT of p (pPT), K− (KPT), pK− combination (RPT)

and Λ0
b (LPT); the Λ0

b vertex χ2 (LCHI2) and the IP χ2 of Λ0
b (LipCHI2).

These variables are chosen with the aim of having the selection efficiency be

independent of decay time.

The BDT technique involves a “training”procedure for event selection.

A simulated signal and sideband data background samples are first used

to train the selection. Then separate samples are used to test the BDT

performance. We use 5 × 106 Λ0
b → J/ψpK− events that are generated

uniformly in phase space with J/ψ → µ+µ− in the LHCb acceptance, using

Pythia [34] with special LHCb parameter tune [35], and the LHCb detector

simulation based on Geant4 [38] described in Ref. [33]. A similar number

of B0 → J/ψK
∗0

(892) events are also generated for other purposes.

To implement the BDT analysis technique, the simulated sample after

the pre-selection is divided into two nearly equal parts, even and odd number

of events that are grouped into sample A and sample B, respectively. We

use sample A for the BDT training and then sample B to test the BDT

performance. Half of the sideband events with m(J/ψpK−) in the interval

between 100 to 200 MeV below the Λ0
b mass in the 2012 data are used as a

training sample, while the test sample uses the remaining half.1 Signal and

1We choose not to use the upper sideband as it contains a higher fraction of reflections

from B0
s and B0 decays (see Fig. 4.6)
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background distributions for each of the variables used in the BDT are shown

in Fig. 4.1. There is discrimination power between signal and background in

all of these variables.

The distributions of the BDT classifier output for signal and background

is shown in Fig. 4.2. The b hadron candidates are further required to have a

decay time higher than 0.4 ps to remove the large combinatorial background

due to prompt J/ψ production. Final selections are determined by optimizing

the detection sensitivities (Signal/
√

Signal + Background), by requiring BDT

classifier output greater than 0.02. The numbers of signal and background

events for BDT optimization are determined by fitting the J/ψpK− mass

spectrum in data for different values of the BDT cut.

4.2 The Λ0
b → J/ψpK− signal

The Λ0
b candidate invariant mass distribution is shown in Fig. 4.3. Candidate

µ+µ− combinations are constrained to the J/ψ mass for subsequent use in

event selection; for determination of the lifetime, this procedure is not used.

The vertical lines indicate the signal and sideband regions, where the signal

region extends to ±20 MeV around the Λ0
b mass peak and the sidebands

extend from 60 MeV to 200 MeV on either side of the peak.

The Λ0
b candidate mass distribution can be polluted by reflections from

other B meson decays where the particle identification fails. In particu-

lar, we need to estimate the size of the reflections from B0
s → J/ψK+K−

where a kaon is misidentified as a proton and from B0 → J/ψK∗0(892) with

K∗0(892) → π+K− where the pion is misidentified as a proton. We proceed
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by examining mass combinations in the sideband regions 60 − 200 MeV on

either side of the Λ0
b mass peak. Specifically, we take each of the candidates

in the J/ψpK− sideband regions, reassign proton to kaon and pion mass hy-

potheses, respectively and plot them separately. In doing so, the J/ψ mass

is constrained to its nominal value [1]. The resulting distributions are shown

in Fig. 4.4.

The m(J/ψK+K−) distribution shows a large peak at the B0
s mass. There

is also a small contribution from the B0 final state where the π+ is misiden-

tified as a K+ and the K− as a p, and then final state is interpreted as

J/ψK+K−. The positions and shapes of the different contributions are de-

termined by the simulation. We find the number of B0
s events in the Λ0

b side-

band by fitting the m(J/ψK+K−) distribution in Fig. 4.4(a) with Gaussian

signal function centered at the B0
s mass, a polynomial background function

and a shape imported from the simulation for the B0 double misidentifica-

tion. There are 18 039 ± 183 B0
s and 5121 ± 277 B0 candidates in the Λ0

b

sideband region. The m(J/ψπ+K−) distribution, on the other hand, shows a

peak at the B0 mass with a large contribution from the B0
s final state where

the K+ is misidentified as a π+ and the K− as a p. The number of B0 events

in the Λ0
b sideband are found by fitting the m(J/ψπ+K−) distribution in

Fig. 4.4(b) with a signal Gaussian function at the B0 mass, a shape studied

from simulation to describe the B0
s double misidentification reflection (see

also Section 4.4), and a polynomial function for the remaining background.

We find 5474± 234 B0 candidates together with 18 477± 296 B0
s candidates.

These numbers, in principle, should be the same as they are studied from the

same sample of events. We use the average of the numbers obtained from
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the two fits for the subsequent analysis.

We use simulations of the B0
s → J/ψK+K− and B0 → J/ψK−π+ decays

to find the shape and normalization of these reflected backgrounds. The

simulation of B0
s → J/ψK+K− is weighted to conform the results of our

Dalitz plot analysis [41] in both decay angles and K+K− mass. For the

simulation of B0 → J/ψK−π+, we use the dominant K∗0(892) component.

(In the previous analysis [11], it has been checked by adding a K
∗
2(1430)

component and found no discernible difference.) Using the event yields found

in data and the simulation shapes, we derive 5293± 86 J/ψK+K− reflection

candidates within ±20 MeV of Λ0
b peak. Similarly, 1087 ± 57 J/ψπ+K−

reflection candidates are calculated within ±20 MeV of Λ0
b peak. These

numbers are calculated as,

Expected number in ± 20 MeV =(
Number of events within ± 20 MeV of Λ0

b from simulation

Number of events in Λ0
b sideband regions from simulation

)
×

(average number of events obtained from the B0
s and B0 signal

peaks shown in Fig. 4.4(a) and 4.4(b), respectively). (4.1)

Similarly, the expected numbers in the Λ0
b fit region ([5500,5750] MeV) are

calculated as,

Expected number in the fit region =(
Number of events in the fit region of Λ0

b from simulation

Number of events in Λ0
b sideband regions from simulation

)
×

(average number of events obtained from the B0
s and B0 signal

peaks shown in Fig. 4.4(a) and 4.4(b), respectively), (4.2)

and are used as Gaussian constraints in the mass fit described below with the
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central values as the Gaussian means and the uncertainties as the widths.

In addition, we have checked the possibility of double misidentification of

Λ0
b → J/ψpK− with the proton and kaon mass swapped, and then interpreted

as J/ψK+p. The resulting distribution is shown in Fig. 4.5. The distribution

shows a peak at the Λ0
b mass. The resulting peak has 3194± 138 candidates,

determined by the fit. Using the simulation of Λ0
b → J/ψpK− with the

proton and kaon mass swapped, we calculate 1073± 46 double misidentified

Λ0
b candidates under the Λ0

b peak. This number is also used as a Gaussian

constraint in the mass fit.

To determine the number of Λ0
b signal candidates we perform an unbinned

maximum likelihood fit to the candidate J/ψpK− invariant mass spectrum

shown in Fig. 4.6 (linear plot) and Fig. 4.7 (log plot). The fit function

is the sum of the Λ0
b signal component, combinatorial background, the con-

tributions from the B0
s → J/ψK+K− and B0 → J/ψπ+K− reflections and

the double misidentified J/ψK+p, where the kaon and proton masses are

swapped. The signal is modeled by a triple-Gaussian function with common

mean. The fraction and the width ratio for the third Gaussian are fixed to

that obtained in the fit B0 → J/ψK∗0(892), found in Refs. [11]. The effective

r.m.s. width is 4.8 MeV. The combinatorial background is described by an

exponential function. The shapes of the reflections and double misidentified

contributions are described by histograms imported from the simulations.

The mass fit gives 50 379± 335 signal and 17 126± 103 combinatorial back-

ground candidates together with 5350± 85 B0
s → J/ψK+K− and 1105± 57

B0 → J/ψπ+K− reflection candidates and 1039± 47 double misidentified Λ0
b

candidates within ±20 MeV of the Λ0
b mass peak. The fitted mass peak is at
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5620.93± 0.04 MeV.

To view the pK− mass spectrum, we perform fits, as described above, to

the m(J/ψpK−) distributions in bins of m(pK−) and extract the signal yields

within±20 MeV of Λ0
b mass peak. The resulting pK− mass spectrum is shown

in Fig. 4.8. A distinct peak is observed in the pK− invariant mass distribution

near 1520 MeV, together with the other resonant and non-resonant structures

over the entire kinematical region. The peak corresponds to Λ(1520), PDG

mass and width of which are 1519.5 ± 1.0 MeV and 15.6 ± 1.0 MeV [1],

respectively.

4.3 The B0 → J/ψK∗0(892) signal

In this analysis we measure the Λ0
b lifetime with respect to the lifetime of

B0 in the decay B0 → J/ψK∗0(892). The same stripping line, trigger and

BDT are used to select the J/ψπ+K− candidates. Similar pre-selections are

used except for the hadron identification, which are DLL(π − µ) > −10 and

DLL(π−K) > −10 for pion and DLL(K−π) > 0 for kaon. Further selection

of ±100 MeV around the K∗0(892) mass is applied.

Figure 4.9 shows the J/ψπ+K− distribution. The vertical lines indicate

the signal and sideband regions, where the signal region extends to ±20 MeV

around the B0 mass peak and the sidebands extend from 60 MeV to 200 MeV

below the B0 and above the B0
s mass peaks, respectively. The small peak

near 5366 MeV results from B0
s decays.

The B0 candidate mass distribution can also be polluted by the reflections

from Λ0
b → J/ψpK− and B0

s → J/ψK+K− decays. To determine the size of
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the Λ0
b and B0

s reflections under the B0 signal region we select the mass

combinations in the sideband regions and reassign the pion to a proton and

a kaon mass hypothesis, respectively. The resulting distributions are shown

in Fig. 4.10.

The m(J/ψpK−) distribution shows a peak at the Λ0
b mass. The

m(J/ψK+K−) distribution, on the other hand, shows no peak at B0
s mass

and hence not considered further in the analysis. In principle, the reflections

from B0
s → J/ψK+K− decays should be small, because the production rate

times branching fraction is much smaller than B0 → J/ψK∗0(892) and is

suppressed by a further factor of ∼30 from use of the particle ID. We fit the

m(J/ψpK−) distribution with a Gaussian function for signal and polynomial

background. The resulting peak has 1677± 78 candidates determined by the

fit. Using the simulation of misidentified Λ0
b → J/ψpK− decays we calcu-

late 545 ± 25 Λ0
b → J/ψpK− reflection candidates under the B0 peak. This

number is used as a Gaussian constraint in the mass fit described below.

Figures 4.11 and 4.12 show a fit to the J/ψπ+K− distribution in linear

and log scales, respectively. There are signal peaks at both B0 and B0
s masses

on top of the background. A triple-Gaussian function with common mean

is used to fit each signal peak. The fraction and width ratio for the third

Gaussian are fixed to that obtained previously in Ref. [11]. The shape of the

B0
s → J/ψπ+K− mass distribution is taken to be the same as that of the sig-

nal B0 decay. The effective r.m.s. width is 6.4 MeV. An exponential function

is used to fit the combinatorial background. The shape of the Λ0
b → J/ψpK−

reflection is taken from simulation, with the yield is Gaussian constrained in

the global fit to the expected values. The mass fit gives 330 787± 626 signal
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and 12 682±85 background candidates together with 544±25 Λ0
b → J/ψpK−

reflection candidates within ±20 MeV of the B0 mass peak. The fitted mass

peaks are at 5281.30 ± 0.01 MeV, and 5368.08 ± 0.37 MeV, for B0 and B0
s,

respectively. The correlation matrix element between the two mass peaks is

0.007.

4.4 Reflections under Λ0
b mass peak studied

from simulation

To understand the reflections under the J/ψpK− mass peak, we perform

simulations of misidentified B0
s → J/ψK+K− and B0 → J/ψπ+K− decays

where the K+ in the former and π+ in the latter are misidentified as p. We

analyze both cases by interpreting the events as J/ψpK−. Then we take each

of the candidates in the J/ψpK− sideband regions and reassign the proton

back to a kaon and a pion mass hypotheses, respectively.

Figure 4.13(a) shows the effect of the misidentification of a K+ as a p,

selected in the Λ0
b sideband regions, and then reinterpreted as a K+. The

events appear at the B0
s mass as expected. Similarly, Fig. 4.13(b) shows the

effect of the misidentification of a π+ as a p, selected in the Λ0
b sideband

regions, and then reinterpreted as a π+. It shows a peak at B0 mass as ex-

pected. In addition, we start with the B0
s → J/ψK+K− final state, interpret

the K+ as a π+ and the π− as a p. Then the events in the Λ0
b sideband regions

are plotted, as shown in Fig. 4.13(c). The distribution shows a large peak

near 5230 MeV which is also visible in the misidentified data distribution

shown in Fig. 4.4(b). There is a small peak near 5300 MeV. Figure 4.13(d)
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shows the distribution from a simulation of B0
s → J/ψK∗(892) treated as

Λ0
b , being within the sideband region, and then interpreted as µ+µ−K+K−.

The resulting distribution shows double peaks, one at 5350 MeV and another

around 5410 MeV, also visible in Fig. 4.4(a).
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Figure 4.1: Distributions of variables used in BDT.
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Figure 4.3: The invariant mass spectrum of J/ψpK− combinations. The vertical

lines indicate the signal (blue long-dashed) and sideband (red dashed) extending

from 60 MeV from the peak to the ends of the plot at 200 MeV from the peak.
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Figure 4.4: The distributions of (a) m(J/ψK+K−) and (b) m(J/ψπ+K−) for

J/ψpK− data candidates in the sideband regions 60 − 200 MeV on either side of

the Λ0
b mass peak, reinterpreted as misidentified (a) B0

s → J/ψK+K− and (b)

B0 → J/ψπ+K− combinations, respectively. The (red) dashed curves show the

B0 contributions and the (green) dot-dashed curves show B0
s contributions. The

(black) dotted curves represent the polynomial background and the (blue) solid

curves the total. 43
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Figure 4.5: The distribution of double misidentification Λ0
b → J/ψpK− with the

proton and kaon mass swapped. The (red) dashed curve shows the Λ0
b candi-

dates with proton and kaon mass swapped, (black) dotted curve is the polynomial

background and (blue) solid curve represents the total.
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Figure 4.6: Fit to the invariant mass spectrum of J/ψpK− combinations. The

Λ0
b signal is shown by the (magenta) solid curve. The (blue) solid curve shows the

total, the (black) dotted line is the combinatorial background, B0
s → J/ψK+K−

and B0 → J/ψπ+K− reflections are shown with the (violet) dot-dot-dashed and

(red) dot-dashed shapes, respectively and the (green) dashed shape represents the

double misidentified J/ψK+p, where the kaon and proton masses are swapped. The

normalized residuals (pull) in each bin are shown below, defined as the differences

between the data and the fit divided by the uncertainties on the data. The χ2/ndf

of the fit is 77/53.

45



)  [MeV]-pKψm(J/
5500 5600 5700

C
an

di
da

te
s 

/ (
4 

M
eV

)

10

210

310

410

Preliminary
LHCb

5500 5600 5700

Pu
ll

-4

-2

0

2

4

Figure 4.7: Fit to the invariant mass spectrum of J/ψpK− combinations (log

plot). The Λ0
b signal is shown by the (magenta) solid curve. The (blue) solid

curve shows the total, the (black) dotted line is the combinatorial background,

B0
s → J/ψK+K− and B0 → J/ψπ+K− reflections are shown with the (violet)

dot-dot-dashed and (red) dot-dashed shapes, respectively and the (green) dashed

shape represents the double misidentified J/ψK+p, where the kaon and proton

masses are swapped. The normalized residuals (pull) in each bin are shown below,

defined as the differences between the data and the fit divided by the uncertainties

on the data. The χ2/ndf of the fit is 77/53.
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Figure 4.8: Background subtracted m(pK−) distribution, obtained by fitting the

m(J/ψpK−) distribution in bins of m(pK−).
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Figure 4.9: The invariant mass spectrum of J/ψπ+K− combinations. The vertical

lines indicate the signal (blue long-dashed) and sidebands (red dashed) extending

from 60 MeV to 200 MeV below the B0 and above the B0
s mass peaks, respectively.
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Figure 4.10: The distributions of (a) m(J/ψpK−) and (b) m(J/ψK+K−) for

J/ψK∗0(892) data candidates in the sideband regions, reinterpreted as misidenti-

fied Λ0
b → J/ψpK− and B0

s → J/ψK+K− candidates, respectively. In (a) Λ0
b shape

is shown by (red) dashed curve, and the background shapes are shown by (black)

dotted curve and the (blue) solid curves represent the total.
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Figure 4.11: Fit to the invariant mass spectrum of J/ψπ+K− combinations. The

B0 signal is shown by the (magenta) solid curve. The (blue) solid curve is the

total, the (black) dotted line is the combinatorial background, B0
s → J/ψπ+K−

signal is shown by the (red) dashed curve and (green) dot-dashed shape represents

the Λ0
b → J/ψpK− reflection. The normalized residuals (pull) in each bin are

shown below, defined as the differences between the data and the fit divided by

the uncertainties on the data. The χ2/ndf of the fit is 88/45.
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Figure 4.12: Fit to the invariant mass spectrum of J/ψπ+K− combinations (log

plot). The B0 signal is shown by the (magenta) solid curve. The (blue) solid

curve is the total, the (black) dotted line is the combinatorial background, B0
s →

J/ψπ+K− signal is shown by the (red) dashed curve and (green) dot-dashed shape

represents the Λ0
b → J/ψpK− reflection. The normalized residuals (pull) in each

bin are shown below, defined as the differences between the data and the fit divided

by the uncertainties on the data. The χ2/ndf of the fit is 88/45.
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Figure 4.13: (a) For B0
s → µ+µ−K+K− events in the J/ψ region, we show the

resulting B0
s candidate mass spectrum by misidentifying the K+ as a p, seeing

if the event appears in the Λ0
b sideband, and then viewing the µ+µ−K+K−

mass spectrum. (b) For B0 → µ+µ−π+K− events in the J/ψ region, we

show the resulting B0 candidate mass spectrum by misidentifying the π+ as

a p seeing if the event appears in the Λ0
b sideband, and then viewing the

J/ψπ+K− mass spectra from B0 decay. (c) Again for B0
s → µ+µ−K+K−

events in the J/ψ region, we show the resulting B0 candidate mass spectrum

by misidentifying both the K− as a π− and the K+ as a p, checking if

the event appears in the Λ0
b sideband and plotting the µ+µ−π+K− mass.

(d) Simulated B0
s → J/ψK∗(892) treated as Λ0

b , required to appear in the

sideband regions 60 − 200 MeV from the Λ0
b mass peak, and interpreted as

µ+µ−K+K−, where the two muons are consistent with the J/ψ mass.
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Chapter 5

Measurement of the Λ0b baryon

lifetime

This chapter describes the methodology we used and the details of the mea-

surement of the Λ0
b baryon lifetime.

5.1 Analysis method

The decay time, t, is defined as

t = m ·
~d · ~p
|~p|2

, (5.1)

wherem is the reconstructed invariant mass, ~p the momentum and ~d the flight

distance vector of the particle between the production and decay vertices.

These quantities are obtained from decay tree fitter [42] using the constraint

that the direction from the primary vertex to the decay vertex aligns with

the B momentum vector. Here, we do not constrain the two muons to the

53



J/ψ mass in order to avoid systematic biases.

The decay time distribution of Λ0
b → J/ψpK− can be described by an ex-

ponential function convolved with a resolution function, G(t, σΛ0
b
), multiplied

by an acceptance, AΛ0
b
:

FΛ0
b
(t) = AΛ0

b
(t)× [e

−t/τ
Λ0
b ⊗G(t, σΛ0

b
)], (5.2)

where τΛ0
b

is the Λ0
b lifetime. The ratio of the decay time distributions of

Λ0
b → J/ψpK− and B0 → J/ψK∗0(892) can then be written as

R(t) =
AΛ0

b
(t)× [e

−t/τ
Λ0
b ⊗G(t, σΛ0

b
)]

AB0(t)× [e−t/τB0 ⊗G(t, σB0)]
. (5.3)

The advantage of the method used in the analysis is that the decay time

acceptances introduced by the trigger, selection and reconstruction almost

cancel in the ratio of the decay time distributions of Λ0
b → J/ψpK− and

B0 → J/ψK∗0(892). In case the acceptances are not equal, a correction can

be implemented. Assuming that resolution effects cancels, we are left with a

ratio of two exponentials:

R(t) = R(0)e
−t(1/τ

Λ0
b
−1/τB0 )

= R(0)e−t∆ΛB , (5.4)

where ∆ΛB = 1/τΛ0
b
− 1/τB0 is the width difference and R(0) is the normal-

ization parameter. The effect of the different decay time resolutions in the

two modes are negligible. First order corrections for a decay time dependent

acceptance ratio can be taken into account by modifying Eq. (5.4) with a

linear function

R(t) = R(0)[1 + a · t]e−t∆ΛB , (5.5)

where a represents the slope of the acceptance ratio as a function of decay

time.

54



Small modifications can result if the decay time resolutions of the two

modes are significantly different. It has been checked in the previous anal-

ysis [11] that the effective decay time resolution is 40 fs for Λ0
b → J/ψpK−

and 37 fs for B0 → J/ψK∗0(892), which are small enough not to affect the

result, as the decay time bin width, used in this analysis is 300 fs.

5.2 The decay time acceptance

The decay time acceptance is defined as the ratio between the reconstructed

decay time distribution for selected events and the generated decay time dis-

tribution using the generated lifetime (1.424 ps for Λ0
b → J/ψpK− decay and

1.517 ps for B0 → J/ψK∗0(892) decay) convolved with the triple-Gaussian

decay time resolutions obtained from the simulations. In order to ensure that

p and pT distributions of the generated b hadrons are correct, we weight the

simulated samples to match the distributions with the corresponding data.

The simulations do not model the hadron (pion, kaon and proton) identi-

fication efficiencies with sufficient accuracy for our purposes. Therefore we

further weight the samples according to the hadron identification efficiencies

obtained from D∗+ → π+(D0 → K−π+) events for pions and kaons, and

Λ→ pπ− for protons, selected without hadron identification with respect to

the simulation [43]. The identification efficiencies are measured in bins of pT

and η. Finally, Λ0
b → J/ψpK− sample is weighted using signal yields in bins

of m (pK−).

We test the cancellation of acceptance effects using simulated Λ0
b →

J/ψpK− and B0 → J/ψK∗0(892) events. The decay time acceptances ob-
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Figure 5.1: The decay time acceptances in simulation for (green points) Λ0
b →

J/ψpK−, and (red boxes) B0 → J/ψK∗0(892) decays.

tained from the simulations are shown in Fig. 5.1. The individual acceptances

in both cases exhibit the same behaviour. We choose an upper limit cut of

7.0 ps, because the acceptance is poorly determined beyond this value.

The ratio of the decay time acceptances is shown in Fig. 5.2. The accep-

tance ratio is fitted with a function of the form C(1+at) between 0.4 and 7 ps,

with a slope a = 0.0017± 0.0027 ps−1 and an intercept C = 1.0050± 0.0061.

Any slope could result from slightly different kinematics between the two

decay modes. We use the value of the slope in Eq. 5.5 when fitting the

measured decay time ratio.
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Figure 5.2: Ratio of the decay time acceptances between Λ0
b → J/ψpK− and

B0 → J/ψK∗0(892) decays obtained from simulation. The (blue) line shows the

result of the linear fit. The χ2/ndf of the fit is 91/64.

5.3 Lifetime measurement

In order to determine the Λ0
b → J/ψpK− lifetime, we determine the yield

of b hadrons for both decay modes using unbinned maximum likelihood fits

described in Chapter 4 to the b hadron mass distributions in 22 bins of

decay time of equal width between 0.4 and 7 ps. The signal and background

parameters are held static, obtained by fitting the time-integrated dataset.

The resulting distributions are shown in Fig. 5.3. (see also Section 5.4 for the

fits in 22 bins of decay time.) The subsequent decay time ratio distribution

fitted with the function given in Eq. 5.5 is shown in Fig. 5.4. A χ2 fit is used

with the slope a = 0.0017± 0.0027 ps−1 fixed, the normalization parameter

R(0), and ∆ΛB are allowed to vary in the fit. The fitted value of the reciprocal
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Figure 5.3: Decay time distributions for Λ0
b → J/ψpK− shown as (blue) circles,

and B0 → J/ψK∗0(892) shown as (green) squares. For most entries the error bars

are smaller than the points.

lifetime difference is

∆ΛB = 19.4± 4.7± 3.4 ns−1.

Whenever two uncertainties are quoted, the first is the statistical and the

second systematic. The latter will be discussed in Chapter 6. The χ2/ndf of

the fit is 26/20, with a p-value of 16%. Numerically, the ratio of lifetimes is

τΛ0
b

τB0

=
1

1 + τB0∆ΛB

= 0.971± 0.007± 0.005,

where we use the world average value 1.519±0.007 ps [1] for the B0 lifetime.

Multiplying the lifetime ratio by this value, the lifetime of Λ0
b is determined

to be

τΛ0
b

= 1.476± 0.010± 0.010 ps.
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Figure 5.4: Decay time ratio between Λ0
b → J/ψpK− and B0 → J/ψK∗0(892)

decays, and the fit for ∆ΛB to measure the Λ0
b lifetime.

5.4 Mass fits in 22 bins of decay time

The lifetime of Λ0
b is measured by fitting the distributions of ratios of signal

yields of the decay modes Λ0
b → J/ψpK− and B0 → J/ψK∗0(892) in 22

bins of decay time. The signal yields are obtained from unbinned maximum

likelihood fit described in Chapter 4. Figures 5.5 and 5.6 show the fits to the

Λ0
b → J/ψpK− and B0 → J/ψK∗0(892) mass distributions in the 22 bins of

decay time.
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Figure 5.5: Invariant mass distributions of J/ψpK− events in the 22 bins of decay

time from 0.4 to 7 ps. The lowest decay time bin on the top left and the highest

decay time bin is on the bottom right. In each plot, the Λ0
b → J/ψpK− signal

is shown by the (magenta) solid curve. The (blue) solid curve shows the total,

the (black) dotted line is the combinatorial background, B0
s → J/ψK+K− and

B0 → J/ψπ+K− reflections are shown with the (violet) dot-dot-dashed and (red)

dot-dashed shapes, respectively and the (green) dashed shape represents the double

misidentified J/ψK+p, where the kaon and proton masses are swapped. Here the

normalizations on the reflections and double misidentification are allowed to vary.
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Figure 5.6: Invariant mass distributions of J/ψπ+K− events in the 22 bins of

decay time from 0.4 to 7 ps. The lowest decay time bin on the top left and the

highest decay time bin is on the bottom right. In each plot, the B0 → J/ψK∗0(892)

signal is shown by the (magenta) solid curve. The (blue) solid curve is the total,

the (black) dotted line is the combinatorial background, B0
s → J/ψπ+K− signal

is shown by the (red) dashed curve and (green) dot-dashed shape represents the

Λ0
b → J/ψpK− reflection. Here the normalizations on the reflections are allowed

to vary. 61



Chapter 6

Systematic Uncertainties

This chapter discusses the systematic uncertainties in the measurement of

∆ΛB, τΛ0
b
/τB0 , and τΛ0

b
.

6.1 Systematic uncertainties

Sources of the absolute systematic uncertainties on the ∆ΛB, the lifetimes

ratio τΛ0
b
/τB0 and the Λ0

b lifetime are summarized in Table 6.1.

The systematic uncertainty due to the signal model are estimated by

comparing the results between the default fit with triple-Gaussian func-

tion and the fit with double-Gaussian function, which yields for a value

∆ΛB = 20.7 ± 4.8 ns−1, with a change of 1.3 ns−1, that we assign as the

uncertainty. Our signal model shapes are taken independent of lifetime. To

assess a systematic uncertainty due to the assumption that the signal func-

tion parameters are static in decay time we recalculate the number of data

events in each time bin allowing the signal function parameters to vary in
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Table 6.1: Absolute systematic uncertainties on the ∆ΛB, the lifetimes ratio

τΛ0
b
/τB0 and the Λ0

b lifetime. ∆ΛB is independent of B0 lifetime.

Item ∆ΛB (ns−1) τΛ0
b
/τB0 τΛ0

b
(ps)

Signal shape 1.3 0.0019 0.0029

Background model 0.6 0.0009 0.0014

Acceptance slope 2.7 0.0039 0.0059

Acceptance function 0.1 0.0001 0.0001

Decay time fit range 1.1 0.0016 0.0025

pK helicity 1.0 0.0015 0.0022

B0 lifetime - 0.0001 0.0068

Total 3.4 0.0050 0.0101

each time bin and then redetermine ∆ΛB. The change in ∆ΛB is found to

be 1.0 ns−1, smaller than the assigned uncertainty due to signal shape and

hence no additional uncertainty is assigned.

The uncertainties due to the background parametrization are estimated

by replacing the exponential background with a linear function and compar-

ing the difference in the final results. The difference of magnitude 0.6 ns−1

for ∆ΛB.

The systematic uncertainties due to the acceptance slope are estimated

by varying the slope, a, according to its statistical uncertainty. An alter-

native choice of the acceptance function is also investigated. The system-

atic uncertainties due to the choice of acceptance function are estimated by

comparing the default result with the fit where a second-order polynomial

is used to parametrize the acceptance ratio between Λ0
b → J/ψpK− and
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B0 → J/ψK∗0(892).

There is an uncertainty due to the decay time range used because of the

possible change of the acceptance ratio at short decay times. This uncertainty

is ascertained by changing the fit range to be 0.7 − 7.0 ps and using the

difference with the baseline fit.

In order to correctly model the acceptance, which can depend on the

kinematics of the decay, the Λ0
b → J/ψpK− simulation is weighted according

to the m(pK−) distribution. As a cross-check, we weight the simulation

according to the two-dimensional distribution of m(pK−) and pK− helicity

angle and assign the difference as a systematic uncertainty. Using the PDG

value for the B0 lifetime, τB0 = 1.519±0.007 ps [1], as input for the lifetimes

ratio and the absolute Λ0
b lifetime measurements, requires the propagation

of its error as a systematic uncertainty. The total systematic uncertainty is

obtained by adding all of the elements in quadrature.
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Chapter 7

Conclusions

We determine the ratio of lifetimes of Λ0
b and B0 as

τΛ0
b

τB0

= 0.971± 0.007± 0.005.

This is the most precise measurement to date and consistent with our pre-

viously published result [11], with one third of the total dataset used in the

current analysis. It shows that the Λ0
b and B0 lifetimes are indeed equal to

within a few percent, as the original advocates of the HQE claimed [3,4,7,9],

without any need to find additional corrections. Adding both uncertainties

in quadrature, the lifetimes are consistent with being equal at the level of

3.4 standard deviations. Using the world average measured value for the B0

lifetime we determine

τΛ0
b

= 1.476± 0.010± 0.010 ps,

which agrees very well with our previous measurement [11]. Figure. 7.1 shows

the current experimental status of the Λ0
b baryon lifetime.
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Figure 7.1: Current experimental status of τΛ0
b
. The error bars show the

statistical and systematic uncertainties added in quadrature. The band shows

the current world average (PDG) [1]. Values above the dashed (blue) line

are not included in the world average.
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Appendix

Toy simulation

We test our lifetime fitting method in order to insure that there is no fit-

ting biases. To do so, we generate 500 experiments containing signal and

combinatorial background with the resolution and acceptance functions in-

cluded. Triple-Gaussian resolution functions are used, obtained by fitting the

simulated decay time resolutions of Λ0
b → J/ψpK− and B0 → J/ψK∗0(892)

decays, respectively. The acceptance functions are linear, obtained by fitting

the acceptances with the first order polynomial. Each of these has the same

number of signal and combinatorial background events as the data published

previously [11] (approximately one third of the data used in the current anal-

ysis). The input lifetimes are taken to same as the previous PDG lifetime [1],

i.e., 1.425 ps for Λ0
b and 1.519 ps for B0. The results are shown in Fig. 2.

The fitting method extracts the correct value of Λ0
b lifetime without any bias

and accurately estimates the statistical uncertainty.
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Figure 2: Results of the toy simulation: (a) extracted lifetime distribution, (b)

pull distribution and (c) distribution of statistical uncertainty.
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