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Abstract

The LHCb experiment at CERN is designed for the study of b-hadrons as a

laboratory to test the Standard Model of particle physics. Studies of charmless B-

decays are an avenue for such studies. The B0 → ϕϕ decay is a highly suppressed

process that is allowed by the Standard Model that is not yet observed at LHCb

using data collected in the period 2011 - 2016 inclusive. The rare nature of this

mode makes it sensitive to beyond Standard Model physics which can manifest

itself in the form of an enhanced branching fraction. This thesis presents a

dedicated search for this decay mode in the full LHCb dataset, collected in the

period 2011 - 2018 inclusive. No significant signal is observed and a new limit is

set on the branching fraction at 1.3× 10−8 at 90% confidence level.

The topologically identical and much more abundant decays of B0
s → ϕϕ are

also studied as a probe of beyond Standard Model physics in CP violation. The

B0
s → ϕϕ mode occurs via loop-level penguin processes and give access to the

CP -violating phase, ϕss̄s
s . The B0

s → ϕϕ decays in particular are sensitive to

any beyond Standard Model physics that may manifest in the loop contributions.

This thesis presents the expected sensitivity to ϕss̄s
s with B0

s → ϕϕ decays that

may be achieved in the Upgrade I phase of LHCb, assuming 25 fb−1 of data are

collected in Run 3.

Looking beyond Upgrade I and into the future, the LHCb experiment will

begin Upgrade II; research and development is ongoing with a target to begin

installation in 2033. Studies of the acceptance of the LHCb detector are presented;

this informs the development of the Upgrade II subdetectors by setting a common

working point. The effect of reducing acceptance is presented for three modes

of complimentary topology. In addition, momentum parameterisation in fast

simulation is used to give preliminary sensitivities to flagship measurements like

the search for B0 → ϕϕ in the Upgrade II era of the experiment.
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Lay summary

One of the most precisely tested scientific theories is the Standard Model of

particle physics. The Standard Model seeks to describe the behaviour of all

the particles that exist in the Universe and how they interact with one another.

Whilst the Standard Model is capable of making extremely precise predictions

of observable physical processes, it has some shortcomings. One of the main

shortcomings is the inability of the Standard Model to explain the fact that the

Universe is dominated by matter rather than antimatter. The Universe is made

almost entirely of matter, with no antimatter to be seen. The Standard Model is

currently incapable of describing the mechanism by which this difference appears.

The Large Hadron Collider at CERN, 27 km in circumference, is a machine

designed to collide protons at incredibly high energies. These collisions provide

the perfect environment to test the most fundamental properties of particles.

The LHCb experiment is one of four detectors situated on the ring of the Large

Hadron Collider. LHCb records the properties of the particles that are produced

in these collisions and it is specifically designed to study particles containing

beauty quarks, also known as b-quarks.

This thesis presents a study of a particular subset of b-quark decays known as

charmless b-decays. These processes have the potential to highlight discrepancies

between the Standard Model and reality. Precisely studying these modes brings

us closer to understanding the Universe more completely by setting constraints

on possible new models.
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Chapter 1

Introduction

During the Big Bang at the beginning of the Universe, it is believed that matter

and antimatter were created in equal quantities [2]. It is now the case, confirmed

by astronomical observations, that the Universe is matter dominated with no

evidence of antimatter found [2]. One of the most important questions in physics

is how is this asymmetry generated? Three conditions are necessary to generate

a matter-antimatter asymmetry [3], they are the Sakharov conditions [4]: baryon

number violation; the Universe moving away from thermal equilibrium; and

violation of C and CP symmetries. Though the Standard Model of particle

physics [5] fulfils all three conditions it is not able to generate observed asymmetry.

It is this third condition that is the focus of the research presented in this thesis.

The LHCb experiment [6] is designed specifically for the study of b-hadrons. The

nature of b-hadrons and their decays allow precise studies of CP violation in the

Standard Model. The research presented in this thesis focusses on the study of

purely hadronic charmless b-decays, so named due to the lack of c-quarks in the

initial or final states. In particular, the study of B0
s → ϕϕ decays provides access

to CP violation present in decays dominated by penguin contributions. The

study of B0 → ϕϕ decays is complimentary to the study of B0
s → ϕϕ as it is a

pure penguin annihilation process that can provide further information about the

sub-leading contributions to B0
s → ϕϕ. Measurement of the branching fraction of

this decay mode also provides a test of one of the rarest Standard Model processes.

The presented studies can provide the information required to place bounds on

models of new physics that may enhance these processes.

Chapter 2 describes the theoretical background that motivates the study of
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B0
s → ϕϕ and B0 → ϕϕ. Chapter 3 describes the LHCb experiment in detail.

Both the original detector, in operation from 2011 to 2018, and the upgraded

detector, operational at the time of writing, are described. In addition to

the detector hardware, the triggering system, simulation, track reconstruction

procedure and flavour tagging procedure are also detailed.

The analysis to search for the B0 → ϕϕ decay mode is described in Chap-

ters 4, 5, 6, 7 and 8. The author of this thesis developed the multivariate

analysis techniques to target background from kaon interactions and from D+
s

meson decays. The author developed the models of the contributions to the

invariant mass spectrum, performed the fit to the data and calculated the limit

set by the analysis. This analysis is currently in collaboration review. The study

of B0
s → ϕϕ with the Upgraded LHCb detector are described in Chapter 9. This

chapter details the first study of this mode with Run 3 data and shows a study

of the projected sensitivity to CP violation with this phase of LHCb. In the

2030s, LHCb will be upgraded again for the high-luminosity phase of the LHC.

Chapter 10 describes studies of the expected performance of the detector in

several scenarios. The presented work was used to inform the decisions made

on the acceptance that LHCb Upgrade II is to cover and is included in the LHCb

Upgrade II Scoping Document. The contributions of others to these analyses are

acknowledged on page v.

Finally, Chapter 11 summarises the findings of these analyses, discusses the

implications of these studies and outlines the future prospects for the studies

of these modes.
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Chapter 2

Theory

2.1 The Standard Model

The Standard Model (SM) of particle physics is a highly successful mathematical

framework that describes matter and its interactions at a fundamental level [5].

It describes the twelve known fermions: the quarks — up, down, charm,

strange, top and bottom; the leptons — the electron, muon, tau and the three

neutrinos; and their antimatter counterparts. The particles of the SM are

summarised in Figure 2.1. The SM has internal symmetry described by the

SU(2)L ×U(1)Y ×SU(3) symmetries. It describes three of the four fundamental

forces; electromagnetic force, the weak force and the strong force. The SM does

not include a quantum description of gravity.

The electromagnetic force, mediated by the massless photon (γ), couples to

particles with electric charge. The weak force, responsible for nuclear decays,

is mediated by the massive Z0, W+ and W− bosons, first directly observed in

1983 at CERN [8, 9]. The weak force couples to all left-handed fermions and right-

handed antifermions, where ‘handedness’ refers to the chirality of the particle. It

is the only interaction that can change particle flavour.

In 1961, the electromagnetic and weak forces were unified into the electroweak

force [10]. The electroweak force has SU(2)L×U(1)Y symmetries, where subscript

L refers to the chiral nature of the weak interaction and the subscript Y refers

to hypercharge as the associated charge of the U(1) isospin symmetry. The

SU(2)L symmetry introduces the W (1), W (2) and W (3) gauge fields, and the
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Figure 2.1 The Standard Model of particle physics [7].

U(1)Y symmetry introduces the gauge field denoted by B. When the Higgs

mechanism [11] is added to the SM [12, 13], the non-zero vacuum expectation

value of the Higgs potential breaks the SU(2)L × U(1)Y symmetry, and leaves

only the U(1)em symmetry describing the electromagnetic interaction. This

spontaneous symmetry breaking gives mass to the physical W± and Z0 bosons.

The four physical bosons, W±, Z0 and γ can be written as linear combinations

of the fields of the SU(2)L × U(1) symmetries,

W+ =
1√
2
(W (1) − iW (2)) (2.1)

W− =
1√
2
(W (1) + iW (2)) (2.2)

Z0 = −B sin θW +W (3) cos θW (2.3)

γ = B cos θW +W (3) sin θW (2.4)

where the photon remains massless due to an unbroken U(1)em symmetry that

remains after spontaneous symmetry breaking, and θW is the Weinberg or weak

mixing angle [12].

The strong force is responsible for the binding of quarks into hadrons [14]. It

has SU(3) symmetry and is mediated by eight gluons and couples to the colour
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charge of the quarks. The gluons themselves carry a colour charge and the various

combinations of the red, green and blue charges yield the eight possible gluons.

As the gluons themselves carry a colour charge, they can self-interact. This self-

interaction produces a force that is so strong that individual quarks cannot be

pulled apart, known as colour confinement. No particles carrying colour exist

freely, and are found in overall colourless bound states, for example, qq̄, qqq or

q̄q̄q̄. Another feature of the strong force is asymptotic freedom, where the strength

of the coupling gets weaker at small length scales [15, 16].

The quark model, first introduced in 1964 by Gell-Mann and Zweig, originally

introduces the up (u), down (d), and strange (s), quarks [17]. Measurements

of deep-inelastic scattering at the Stanford Linear Accelerator Center (SLAC)

demonstrated the composite nature of the proton and thus provided evidence

of the quark model [18]. In 1970, the Glashow-Iliopoulos-Maiani (GIM)

mechanism [19] was suggested as a means to explain the small rate of flavour-

changing neutral currents by adding a fourth quark, the charm quark (c) as

a partner to the strange quark. The quark model was extended in 1973 to

contain three quark generations, with weak interaction described by the Cabibbo-

Kobayashi-Maskawa (CKM) matrix [20]. This description was introduced as it

was realised that the 3× 3 unitary mixing matrix would allow for CP violation,

which is not permitted in a four-quark model. The charm quark was discovered in

1974 by SLAC [21] and the Brookhaven National Laboratory (BNL) [22], followed

by the bottom (or beauty) quark in 1977 at Fermilab [23] and the final quark, the

top quark, was observed for the first time in 1995 by the CDF [24] and D0 [25]

collaborations.

The Higgs boson was the final piece missing from the SM until its discovery in

2012 by the ATLAS and CMS experiments at CERN [26, 27]. The predictions

from the SM have been tested to unprecedented precision at experiments around

the world and it stands the test of time. However, the SM cannot be the end of

the story here. There are several unexplained phenomena that exist beyond the

SM. For example: the motivation for work in this thesis, the size of the matter-

antimatter asymmetry of the Universe; and the nature of neutrinos, whether they

are Dirac or Majorana fermions [28], or the origin of their masses. The absolute

values of neutrino masses, at the time of writing, has still not been measured and

a limit is currently set at < 0.45 eV/c2 at 90% confidence level by the KATRIN

experiment [29].

Flavour physics is the study of quark and lepton flavour in the SM, in particular
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Figure 2.2 The relative sizes of the CKM elements, where the area of the square
represents the square of the CKM element. Adapted from [30].

the way particle flavours change and mix. The flavour sector of the SM has two

main puzzles; the Standard Model flavour puzzle and the new physics flavour

puzzle [31]. The SM flavour puzzle is that the matrix which describes the mixing

of quark flavours, the CKM matrix [20, 32], has an unexplained hierarchy which

hints at a deeper structure in the SM, as shown in Figure 2.2. The new physics

flavour puzzle refers to the idea that the SM is only an effective field theory

valid at the current probed energies. If this is the case, it is expected we would

see more deviation from SM predictions in suppressed processes involving flavour

such as meson mixing. We have not seen any such deviations in the flavour

observables such as meson mixing parameters which can probe new physics up

to TeV-scale [33]. The continued study of flavour physics at current and future

experiments hopes to provide some direction for development of the theory. By

making high-precision measurements and putting the SM predictions to the test,

beyond Standard Model physics (BSM) may be realised.

2.2 Mixing of neutral mesons

A detailed discussion of the following sections on meson mixing and CP violation

can be found in [3] and [34]. In the SM, the mechanism for flavour mixing is
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governed by the CKM matrix [20],



d′

s′

b′


 =



Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb






d

s

b


 , (2.5)

where the primed states represent the weak eigenstates, the unprimed states

represent mass eigenstates and Vij are the CKM elements. Mesons are bosons

consisting of a quark and antiquark (qq̄). The physical meson states are the

Hamiltonian eigenstates, |M1⟩ and |M2⟩, which propagate as superpositions of

the flavour eigenstates, |M0⟩ and |M0⟩,

|M1,2⟩ = p1,2|M0⟩ ± q1,2|M0⟩, (2.6)

these satisfy an eigenvalue equation with the Hamiltonian operator, H,

H|M1,2⟩ = λ1,2|M1,2⟩, (2.7)

with eigenvalues λ1 and λ2. Equation 2.6 can be rearranged to also find

expressions for the flavour states in terms of the Hamiltonian states,

|M0⟩ = 1

2p

(
|M1⟩+ |M2⟩

)
, (2.8)

|M0⟩ = 1

2q

(
|M1⟩ − |M2⟩

)
, (2.9)

where the CPT theorem [35] is used to fix p1 = p2 = p and q1 = q2 = q [34]. The

flavour eigenstates are defined at production and decay, but the meson propagates

as the Hamiltonian eigenstate with defined lifetime. The way the neutral meson

state changes with time can be derived. Since |M1⟩ and |M2⟩ are eigenstates of

the Hamiltonian,

iℏ
d

dt
|M1,2⟩ = λ1,2|M1,2⟩ with λ1,2 = m1,2 −

i

2
Γ1,2, (2.10)

where m1,2 and Γ1,2 are the masses and widths of the Hamiltonian eigenstates,

then,

|M1,2(t)⟩ = exp (−iλ1,2t)|M1,2(0)⟩ (2.11)
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which can then be used to describe the time evolution of the flavour state.

Considering |M0(t)⟩,

|M0(t)⟩ = 1

2p

(
|M1(t)⟩+ |M2(t)⟩

)
, (2.12)

and the time evolution of |M1⟩ and |M2⟩, one can obtain the time evolution of

this flavour state. Eq. 2.11 can be used to find,

|M0(t)⟩ = 1

2p

[
exp (−iλ1t)|M1(0)⟩+ exp (−iλ2t)|M2(0)⟩

]
. (2.13)

Eq. 2.6 can be used to rewrite |M1(0)⟩ and |M2(0)⟩. After manipulation, the

following expression is obtained for the time evolution of |M0⟩,

|M0(t)⟩ = 1

2

[
f+(t)|M0⟩+ q

p
f−|M0⟩

]
, (2.14)

where f±(t) represent the time-dependent probabilities of the meson evolving to

stay in its current state or oscillate into the conjugate state. These are defined

as follows,

f±(t) = exp
(
− im1t− Γ1

t

2

)
± exp

(
− im2t− Γ2

t

2

)
. (2.15)

Following the same derivation, one can also arrive at the following,

|M0(t)⟩ =
[p
q
f−(t)|M0⟩+ f+(t)|M0⟩

]
(2.16)

which gives the time evolution of a |M0⟩ state. Mixing is an example of a flavour

changing neutral current (FCNC) process, which means it is suppressed in the

SM. Due to this, mixing processes are particularly susceptible to new physics

contributions that involve massive new particles. Constraints from current

experiments still allow new physics contributions in mixing at the level of 20%

relative to the SM [36]. By measuring the parameters of the CKM matrix and

performing global analyses, new physics may be constrained. The Feynman

diagram of B0
s −B0

s mixing is shown in Fig. 2.3.
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Figure 2.3 Mixing box diagram showing B0
s → B0

s .

2.3 CP violation

CP violation is the violation of symmetry under the combined action of charge

conjugation (C) and parity (P ) transformations. Charge conjugation changes

particles to anti-particles (and vice-versa). The parity transformation swaps

the directions of polar vectors. These transformations are shown pictorially in

Fig. 2.4. There is also the discrete transformation of time-reversal (T ), which

reverses the order in which events happen. The CPT theorem states that the

combination of C, P and T transformations is a valid symmetry [3]. If CPT

symmetry is broken then Lorentz invariance is also broken. There is no such

requirement for CP symmetry breaking. Violation of CP symmetry is one of the

necessary Sakharov conditions required for our Universe to have evolved to be

what it is today [4].

Figure 2.4 The action of C, P and CP transformations on a particle.
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2.3.1 Types of CP Violation

In the SM, CP violation is allowed and manifests in the CKM matrix (Sec-

tion 2.2). CP violation can arise when a process and the CP conjugate process

have different decay amplitudes. This is known as direct CP violation [3]. CP

violation also arises in neutral meson mixing, known as indirect CP violation,

and in the interference of mixing and decay. Each of these types of CP violation

is described in turn. The B0
s → ϕϕ decay is one which can exhibit CP violation

in the interference between mixing and decay, as the final state of two ϕ mesons

is accessible to both B0
s and B0

s .

CP violation in decay

For CP violation in decay, one must have a difference in the amplitudes of the

process and its CP conjugate,

|Af | ≠ |Āf̄ |, (2.17)

where f represents the final state, and f̄ is the CP conjugate of the final state.

For this to occur, it is necessary for the process to have at least two contributing

amplitudes and both the strong (CP -even) and weak (CP -odd) phases to differ

between the contributing amplitudes. This can be seen by considering a state i

decaying to a state f . If there is a single contributing amplitude, then

⟨f |T |i⟩ = Aei(δ+ϕ), (2.18)

⟨f̄ |T |̄i⟩ = Aei(δ−ϕ), (2.19)

where T is the transition operator, δ is the strong phase and ϕ is the weak phase.

It is clear that, in this case,

|⟨f |T |i⟩| = |⟨f̄ |T |̄i⟩| = A (2.20)

and therefore there is no CP violation. If there are two contributing amplitudes,

⟨f |T |i⟩ = A1e
i(δ1+ϕ1) + A2e

i(δ2+ϕ2), (2.21)

⟨f̄ |T |̄i⟩ = A1e
i(δ1−ϕ1) + A2e

i(δ2−ϕ2), (2.22)
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which can be used to show (see for example [34, Ch. 5.3]) that

|⟨f |T |i⟩|2 − |⟨f̄ |T |̄i⟩|2 = −4A1A2 sin(δ1 − δ2) sin(ϕ1 − ϕ2). (2.23)

This shows that CP violation can occur here, but only if δ1 ̸= δ2 and ϕ1 ̸= ϕ2.

CP violation in mixing

CP violation in mixing can occur when the physical states are not eigenstates of

CP . Eigenstates of CP satisfy the equation

CP |M±⟩ = ±|M±⟩. (2.24)

The CP eigenstates can be constructed as combinations of the flavour eigenstates,

|M±⟩ =
1√
2

[
|M0⟩ ± |M0⟩

]
. (2.25)

Comparing these CP eigenstates to the Hamiltonian states in Eq. 2.6, it can be

seen that these are the same if the condition,

∣∣∣p
q

∣∣∣ = 1, (2.26)

is satisfied. If this condition is not satisfied, then the transition probabilities of

|M0⟩ → |M0⟩ and |M0⟩ → |M0⟩ are not equal. This is shown using Eq. 2.14 and

Eq. 2.16,

⟨M0|M0(t)⟩ = q

p
f−(t), (2.27)

⟨M0|M0(t)⟩ = p

q
f−(t), (2.28)

and therefore CP symmetry is violated in mixing if the condition is not met and

these transition probabilities differ.
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CP violation in the interference of mixing and decay

This type of CP violation can only occur if the final state, f , is accessible to both

M0 and M0. CP symmetry is violated if

Γ(M0 → (→M0) → f) ̸= Γ(M0(→M0) → f). (2.29)

CP violation in the interference of mixing and decay can still be present in

the absence of CP violation in both decay and mixing, where |p| = |q| and

|Af | = |Āf̄ |. For this discussion the parameter, λf , is introduced,

λf ≡ q

p

Āf

Af

, (2.30)

and CP symmetry requires

λf =
1

λf̄
(2.31)

where λf̄ is defined as in Eq. 2.30 replacing f → f̄ . If there is no CP violation

in mixing or decay, then it follows that |λf | = |λf̄ |−1. CP violation in this

interference can still arise due to a relative weak phase between q/p and Āf/Af ,

where

arg (λf ) + arg (λf̄ ) ̸= 0. (2.32)

This is further simplified if the final state, f , is a CP eigenstate (f = f̄), and the

condition for CP violation becomes

2 arg (λf ) ̸= 0. (2.33)

2.4 Charmless B decays

A particularly attractive area of flavour physics for probing the SM is the study

of b-hadron1 decays to a charmless final state. They are purely hadronic modes

occurring via b → s transitions. Alongside measurements of CP violation, the

angular analyses of key charmless modes highlight an interesting question known

as the polarisation puzzle, which is described in Section 2.4.1. Study of CP

violation in the mode B0
s → ϕϕ is introduced in Sections 2.4.2 and 2.4.3. The

1Hadrons containing b- or b̄-quarks.
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Figure 2.5 Possible combinations of helicities forming allowed V V polarisari-
tons in B0

s → ϕϕ decays. The pair of ϕ mesons is represented by
two circles, with the helicities of the quarks represented by pointed
arrows.

search for rare charmless modes such as B0 → ϕϕ, described in Section 2.6, may

provide an avenue to understand the polarisation puzzle.

2.4.1 The polarisation puzzle

The nature of the weak interaction means that it only couples to left-handed

fermions and right-handed anitfermions. Hence, outgoing quarks from weak

interactions mostly have negative helicity, and outgoing antiquarks have positive

helicities. A quark coming from a weak vertex in B-decays can undergo a helicity

flip, which is suppressed by a factor of ≈ mq/mb. Of the possible combinations

for the V V polarisation, it is only the longitudinal polarisation that can occur

without a helicity flip occurring. This means the longitudinal polarisation should

dominate.

For modes occurring at tree level, for example B0 → ρ+ρ−, it is observed to be

the case that the longitudinal polarisation dominates [37]. For modes that are

expected to have a sizeable penguin contribution, for example B0 → ϕK∗(892),

a large transverse polarisation is observed which suggests further understanding

of penguin modes is needed [38]. This is the polarisation puzzle [39].

In B0
s → ϕϕ decays, the first polarisation measurement was by the CDF collabora-

tion in 2011, who measured the fraction of longitudinal contributions to be 0.348±
0.041± 0.021 [40]. Using data from 2011, LHCb published a measurement of the
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polarisation amplitudes and found |A0|2 = 0.365± 0.022 (stat)± 0.012 (syst) [41].

In the latest measurement from LHCb, this fraction is measured to be 0.384 ±
0.007 (stat)± 0.003 (syst) [42]

The larger contributions from the transverse polarisation can be explained in

several ways, namely pure penguin annihilation contributions [43], rescattering

processes [44] or BSM physics [45].

2.4.2 CP violation in B0
s → ϕϕ

The B0
s → ϕϕ decay is an example of a decay which can exhibit CP violation

in interference with a final state, ϕϕ, which is a CP eigenstate. The decay

amplitudes introduce a weak phase, ϕf , and the mixing introduces a weak phase,

ϕM . The size of the CP violation in B0
s − B0

s mixing is expected to be small in

the SM [3, p. 407] and so it can be written

∣∣∣q
p

∣∣∣ ≈ 1 =⇒ q

p
= e−iϕM . (2.34)

The amplitudes Af and Āf introduce phases also. Using the λf parameter

introduced in Sec. 2.3.1, the strong phase δf cancels but the weak phase ϕf

survives. This leads to an observable CP -violating phase,

ϕss̄s
s = arg (λf ) = ϕM − 2ϕf , (2.35)

= ϕM − ϕD, (2.36)

where ϕD is the weak phase contribution from the decay amplitudes. For

B0
s → ϕϕ, ϕss̄s

s is expected to be ≈ 0 in the SM. This can be seen by considering

the CKM elements that contribute to the Feynman diagrams of the mixing and

decay processes, assuming loop contributions are dominated by top-quark loops.

These are both shown in Fig. 2.6. By considering the CKM elements contributing

to the mixing amplitude, it can be seen that the mixing phase is given by the

following,

ϕM = 2arg(VtsV
∗
tb), (2.37)
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Figure 2.6 CKM elements corresponding to the interaction vertices in B0
s −B0

s

mixing (top) and the B0
s → ϕϕ decay (bottom).

and from the decay diagram it can be seen that the amplitude is proportional to

VtsV
∗
tb. From the decay amplitude the overall decay phase, ϕD, is found as follows,

ϕD = arg

(
VtsV

∗
tb

VtbV ∗
ts

)
, (2.38)

= 2 arg(VtsV
∗
tb), (2.39)

and thus ϕss̄s
s = ϕM − ϕD ≈ 0. If ϕss̄s

s deviates significantly from zero, this would

indicate new physics is at play in the B0
s → ϕϕ decay.

2.4.3 Experimental determination of the CP violating weak

phase

The B0
s → ϕϕ decay is a P → V V decay. The B0

s meson is a pseudoscalar:

a meson with a total spin of 0 and odd parity. The ϕ meson is a vector

meson: a meson with total spin of 1 and odd parity. The ϕ mesons can satisfy

angular momentum conservation in three helicity states; parallel, transverse

and longitudinal, with corresponding helicity amplitudes A∥, A⊥ and A0. The
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Figure 2.7 Angular variables in the B0
s → ϕϕ decay in the rest frame of the B0

s

meson [1].

amplitudes A∥ and A⊥ linear combinations of the amplitudes of defined helicity,

A∥ ≡
1√
2
(A+ + A−), (2.40)

A⊥ ≡ 1√
2
(A+ − A−), (2.41)

where A+ and A− are the amplitudes corresponding to final states with overall

helicities of +1 and −1 respectively. The amplitudes A0 and A∥ are even under

CP while amplitude A⊥ is odd under CP , and hence this decay mode contains

an admixture of CP states. Thus the fraction of each of these helicity states that

contribute to the final state is required to determine ϕss̄s
s . Each of these helicity

states has a different angular distribution. The angular variables are defined

according to Fig. 2.7. The angles θ1,2 are the angles between the K+ meson

momentum in the rest frame of ϕ1,2 and the ϕ1,2 momentum in the rest frame of

the B0
s . The angle Φ here is the angle between the two ϕ decay planes [1]. The

choice of which ϕ meson is labelled with 1 or 2 is random. The CP -violating

phase, ϕss̄s
s , is extracted from a time dependent angular analysis to disentangle

the helicity amplitudes.

The CP -violating phase ϕss̄s
s was first measured by the LHCb collaboration using

1 fb−1 of data collected in 2011. This analysis restricted the value of ϕss̄s
s

to the range [−2.46,−0.76] rad [46]. With the full Run 1 sample of 3 fb−1,

ϕss̄s
s was measured to be −0.17 ± 0.15 (stat) ± 0.03 (syst) rad [47]. In 2020,

LHCb published an enhanced measurement including further data from 2015

and 2016. Now with a total 5 fb−1 of data, the measurement of ϕss̄s
s was

ϕs = −0.073 ± 0.115 (stat) ± 0.027 (syst) rad [1]. In 2023, the LHCb experiment
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Figure 2.8 The current experimental status of the value of ϕss̄ss measured in
B0

s → ϕϕ decays. Source: LHCb Collaboration [42].

published the result from 2017 and 2018 data, corresponding to 6 fb−1 and the

combination of Run 1 + Run 2 [42] which gives ϕs = −0.074± 0.069 rad, which

is consistent with zero. These measurements are summarised in Figure 2.8.

2.5 Triple product asymmetries

Another probe of CP violation in B0
s → ϕϕ decays is the study of Triple Product

Asymmetries (TPAs) [48]. TPAs are constructed as the scalar triple product of

the momenta and polarisations of particles in the final state and are odd under

time reversal.

In decays to a four-particle final state, there are three independent momenta from

which a triple product can be formed. A T -odd quantity can be formed,

A = −→p1 ×−→p2 · −→p3 , (2.42)

where the subscripts refer to different final state particles. An asymmetry in

the distribution of a T -odd triple product suggests CP violation beyond the

Standard Model. In the case of B0
s → ϕϕ, referring back to the helicity angles

defined in 2.4.2, one can construct combinations of the decay plane unit vectors,
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ˆnV1,2 and the line defined as the intersection of the two planes, ẑ,

n̂V1 · n̂V2 = cosΦ, (2.43)

n̂V1 × n̂V2 = sinΦẑ, (2.44)

which can then be combined to find scalar triple products,

(n̂V1 × n̂V2) · ẑ = sinΦ, (2.45)

(n̂V1 × n̂V2) · (n̂V1 · n̂V2) = cosΦ sinΦ. (2.46)

These define the triple product variables [49]

U ≡ sinΦ cosΦ, (2.47)

V ≡ sin±Φ with positive taken if cos θ1 cos θ2 ≥ 0, (2.48)

which can then be used to define the TPAs,

AU =
Γ(U > 0)− Γ(U < 0)

Γ(U > 0) + Γ(U < 0)
and AV =

Γ(V > 0)− Γ(V < 0)

Γ(V > 0) + Γ(V < 0)
. (2.49)

A non-zero TPA is a clear signature of new physics beyond the SM. By measuring

these asymmetries, CP violation can be probed in a time-independent analysis

without the need to know the flavour of the B0
s meson.

TPAs were first measured in B0
s → ϕϕ by the CDF collaboration at Fermilab [40].

They were later measured by the LHCb experiment using data collected in

2011 [41], corresponding to 1 fb−1 and then again with data collected in 2011,

2012, 2015 and 2016 corresponding to 5 fb−1 [1]. The results of each of these

studies is summarised in Table 2.1. The measurements of TPAs in B0
s → ϕϕ

show no sign of CP violation. The results are still statistically limited, and

further measurements with more precision may highlight any small effects.

Source AU AV

CDF [40] −0.007± 0.064± 0.018 −0.120± 0.064± 0.016
LHCb 2011 [41] −0.055± 0.036± 0.018 0.010± 0.036± 0.018
LHCb 2011-2016 [1] −0.003± 0.011± 0.004 −0.014± 0.011± 0.004

Table 2.1 Summary of measurements of TPAs AU and AV in B0
s → ϕϕ decays.

The first uncertainties are statistical, and the second systematic.
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2.6 The B0 → ϕϕ decay

The B0 → ϕϕ decay is an example of a b̄d→ ss̄ penguin annihilation. It is highly

suppressed in the SM by multiple quantum loops, Cabibbo suppression [32] and

the OZI rule[50, 51]. The latter of these states that if the Feynman diagram of

a process may be separated into two disconnected diagrams by cutting the gluon

lines then this process is suppressed. For these reasons, the B0 → ϕϕ decay is

predicted to have a very small branching fraction. A summary of theoretical

predictions for the B0 → ϕϕ branching fraction is given in Table 2.2. The table

also shows the calculation used to arrive at the prediction, either perturbative

QCD (PQCD) or QCD factorisation (QCDF). An example Feynman diagram for

this process is shown in Figure 2.9.
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Figure 2.9 An example Feynman diagram for the penguin annihilation process
that describes the decay B0 → ϕϕ.

These predictions vary by more than an order of magnitude and have large

BF (×10−8) Scheme Reference
1.2± 0.6 PQCD [52]
2.9± 0.6 PQCD [53]
1.6± 0.4 PQCD [54]
1.2± 0.3 QCDF [55]
4.4+0.9

−0.8 PQCD [56]
1.9± 0.3 PQCD [57]
< 3 QCDF [45]
0.21+0.16

−0.3 QCDF [58]

Table 2.2 Theory predictions for the B0 → ϕϕ branching fraction, and the
calculation used.

19



associated uncertainties. In models of ω − ϕ mixing and rescattering processes

the branching fraction of B0 → ϕϕ decays may be enhanced [58, 59].

In the decay of B0
s mesons, decays to ω mesons are OZI suppressed, while decays

to ϕ mesons are OZI allowed [60]. For decays of B0 mesons, the opposite is true.

The ω and ϕ mesons can be written as [61]

ϕ(1020) = ψ8 cos θV − ψ1 sin θV (2.50)

ω(782) = ψ8 sin θV + ψ1 cos θV , (2.51)

where θV is the vector mixing angle and ψ1, 8 are SU(3) wavefunctions. Since

ψ1 =
1√
3
(uū+ dd̄+ ss̄), (2.52)

ψ8 =
1√
6
(uū+ dd̄− 2ss̄), (2.53)

and the value of θV is found to be 34.6° [61], the ϕ meson is almost purely

composed of ss̄. If the ω and ϕ meson can mix, it is possible that the ω mesons

from an OZI-allowed B0 decay could undergo mixing to give ϕ mesons in the final

state.

Models of rescattering can enhance the branching fraction of rare B-decays [59].

Rescattering is a process by which the intermediate states of a favoured decay

can scatter from one another to give a different final state. It is then possible

that rescattering models could allow a B0 meson to decay to some intermediate

state where rescattering then produces the two ϕ mesons.

A particularly popular BSM theory is supersymmetry, which is introduced as

a means to explain the apparent small Higgs mass, which could have very

large contributions from loop corrections with heavy particles. In introducing

a symmetry between bosons and fermions, these higher order corrections to the

Higgs mass cancel. In the minimal supersymmetric SM (MSSM) each of the SM

particles has a supersymmetric partner. For example, the partners to the quarks

are the so-called squarks which are bosons, not fermions. When deriving models

of supersymmetry, it is useful to introduce an object called a superpotential, W ,

which is a function of the scalar fields as complex variables,

W =
1

2
M ijϕiϕj +

1

6
yijkϕiϕjϕk, (2.54)
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where M ij is the mass matrix of the fermion fields, ϕi,j,k are scalar fields and yijk

represents the Yukawa coupling of a scalar ϕk to two fermions ψi and ψj [62]. For a

MSSM, some of the terms in the superpotential lead to baryon and lepton number

violating processes which have never been observed experimentally. These terms

are

W∆L=1 =
1

2
λijkLiLj ēk + λ′ijkLiQj d̄k + µ′iLiHu and (2.55)

W∆B=1 =
1

2
λ′′ijkūid̄j d̄k, (2.56)

where the couplings λ, λ′, λ′′ and µ′ parameterise the strength of the interactions.

The terms containing λ′ and λ′′ would lead to a short proton lifetime if

unsuppressed [62]. These baryon and lepton number violating contributions can

be eliminated if a new symmetry is introduced, R-parity symmetry. R-parity, PR

is defined as

PR = (−1)3(B−L)+2s (2.57)

where s is the spin of the particle. The value of PR is +1 for SM particles, and

-1 for the SUSY partners of SM particles. If R-parity were violated, the values of

the couplings λ′ and λ′′ would need to be small. It is possible to develop models

of SUSY where R-parity is violated if an alternative discrete symmetry is used,

or if the symmetry is spontaneously broken by the vacuum expectation value of

a scalar with PR = −1, for example a MSSM neutrino [62]. Using the limits on

the B0,± → ϕπ0,± branching fraction from BaBar, limits have been set on the

values of these couplings which sets the maximum enhancement of the branching

fraction of B0 → ϕϕ at the 10−7 level [58]. With further information about the

branching fraction of B0 → ϕϕ and more up-to-date limits from Belle [63], more

stringent limits can be placed on these couplings.

The branching fraction can also be modified in extensions to the SM that

introduce a new symmetry, U(1)′, which gives a new Z ′ boson [56]. In these

models, the Z ′ can have family non-universality, meaning it couples differently

to the different fermion families. These models can allow tree-level FCNC

interactions and enhance modes such as B0 → ϕϕ, and penguin annihilation

topologies more generally [64].

In practice, due to large QCD uncertainties, it would be impossible to resolve

the cause of an enlargement from a measurement of the branching fraction if the

decay were observed. However, if no signal is observed at the 10−7 level, strict

bounds may be placed on the couplings of R-parity-violating supersymmetry. The
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study of B0 → ϕϕ also provides a test of the theory calculations used to predict

observables such as branching fractions. Since the non-factorizable contributions

to B0 → ϕϕ, shown in Figure 2.10 [58], are also higher order contributions to

the B0
s → ϕϕ decay, the study of B0 → ϕϕ can shed light on these higher order

contributions to more abundant modes.
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FIG. 2: (a) and (b) are non-factorizable diagrams for B̄0 → φφ decays. (c) and (d) are factorizable diagrams at αs order.

virtualities of gluon, b and d̄ quark propagators, respec-
tively. As in [16], we meet end point divergence when
l+ = 0. Instead of a cut-off treatment [16], we use an
effective gluon propagator [17]

1

k2
⇒ 1

k2 + M2
g (k2)

, M2
g (k2) = m2

g

⎡
⎢⎣

ln
(

k2+4m2
g

Λ2

)

ln
(

4m2
g

Λ2

)

⎤
⎥⎦

− 12
11

.

(11)
Typically mg = 500 ± 200 MeV, Λ = ΛQCD = 300 MeV.
Our use of this gluon propagator instead of imposing a
cut-off, is supported by lattice [18], and field theoretical
solutions [19] which indicate that the gluon propagator
is not divergent as fast as 1

k2 . Finally we get B(B0 →
φφ) = 2.1+1.6

−0.3 × 10−9.
Potentially, this decay may be enhanced by rescatter-

ing B → η(′)η(′) → φφ or by ω − φ through the channel
B0 → ωφ → φφ. However, η′ and η contributions are
almost completely canceled[20], and φ is nearly a pure s̄s
state, so the mixing mechanism is also negligible. Fur-
thermore in the language of QCD factorization frame-
work, such kinds of soft final state interactions are sub-
leading and suppressed by power of O(ΛQCD/mb)[21], al-
though it is hard to be calculated reliably. Lastly, strong
interaction annihilation is negligible since at least two
gluons should be exchanged. Thus, any unexpected large
branching ratio observed, will indicate new physics.

As an example for new physics, we will discuss the
effects of the trilinear λ′ and λ′′ terms in the RPV su-
perpotential W̸R [22, 23, 24] on the process b → dss̄. We
are therefore interested in

W̸R = εabδαβλ
′
ijkLiaQjbαDc

kβ +
1

2
εαβγλ′′

i[jk]U
c
iαDc

jβDc
kγ ,

(12)

where a, b are SU(2) indices, i, j, k are generation indices,
α, β, γ are SU(3) color indices and c denotes charge con-
jugation. The L (Q) are the lepton (quark) SU(2) dou-
blet superfields, and U (D) are the up- (down-) quark
SU(2) singlet superfields. Then we have

L̸R =
1

2
εαβγ

[
λ′′

ijk ũRiα

(
d̄c

jβRdkγ − {j ↔ k}
)]

+ λ′
ijk ν̃Lid̄kLdj + h.c. (13)

From L̸R , we get the effective Hamiltonian for b → dss̄

H̸R = − 2

m2
ũi

η−4/β0λ′′
i23λ

′′∗
i12

[
(s̄βγµRsβ)

(
d̄γγµRbγ

)

− (s̄βγµRsγ)
(
d̄γγµRbβ

)]

− 1

2m2
ν̃i

η−8/β0
[
λ′

i31λ
′∗
i22(s̄αγµLbβ)(d̄βγµRsα)

+ λ′∗
i13λ

′
i22(s̄αγµRbβ)(d̄βγµLsα)

+ λ′
i32λ

′∗
i12(d̄αγµLbβ)(s̄βγµRsα)

+ λ′∗
i23λ

′
i21(d̄αγµRbβ)(s̄βγµLsα)

]
, (14)

where η =
αs(mf̃i

)

αs(mb)
and β0 = 11 − 2

3nf . The coefficients

η−4/β0 and η−8/β0 are due to running from the sfermion
mass scale mf̃i

(100 GeV assumed) down to the mb scale.

We can now write down the contributions of H̸R to
B− → φπ− and B0 → φφ decays

A̸R (B− → φπ−) = − 1

8m2
ν̃i

(λ′
i21λ

′∗
i23 + λ′∗

i12λ
′
i32) η−8/β0fφFB → π(m2

φ)M2
B

[
1

Nc
+

αs

4π

CF

Nc
(−Fφ − 12)

]

− 1

2m2
ũi

λ′′
i23λ

′′∗
i12η

−4/β0fφFB→π(m2
φ)M2

B

(
2

3
− αs

4π

CF

Nc
Fφ

)
, (15)

A̸R (B0 → φφ) = − 1

2m2
ũi

λ′′
i23λ

′′∗
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−4/β0fBf2
φπαs(µh)
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∫ ∞
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Figure 2.10 Contributions to the B0 → ϕϕ amplitude. The two right diagrams
are factorizable and the two left diagrams are non-factorizable.

The first searches for this mode was made by the CLEO experiment setting the

first limits on the branching fraction at the level of 10−5 [65, 66]. Following this,

theBaBar experiment set a tighter limit at 2.0×10−7 [67]. LHCb have previously

performed two searches for this mode. The first measurement was done with data

from LHCb Run 1, corresponding to 3 fb−1 of data. The most recent measurement

was done with 2011, 2012, 2015 and 2016 data corresponding to 5 fb−1 which set a

limit on the branching fraction at < 2.7×10−8 at 90% confidence level [1]. These

previous searches at LHCb were made alongside measurements of CP violation

in B0
s → ϕϕ decays. The previous limit set and the existing branching fraction

predictions are summarised in Figure 2.11. This thesis outlines the first dedicated

search for this mode at LHCb.
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Figure 2.11 Summary of B0 → ϕϕ branching fractions and LHCb limit from
2019.
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Chapter 3

The LHCb Experiment

The LHCb experiment [6] is designed to study the properties of b-hadrons and is

one of four main collider experiments at the Large Hadron Collider. Since LHCb

started operating in 2009, it has been responsible for many discoveries in flavour

physics. To highlight a few; the first observation of CP violation in the charm

sector [68], precisely measuring b-hadron oscillation parameter, ∆ms [69], and

strides have been made in studies of exotic pentaquarks and tetraquarks [70]. Of

the 72 new hadrons discovered by experiments at the LHC, LHCb is responsible

for 64 of them at the time of writing [71]. The original LHCb detector was

operational from 2009 to 2018. The experiment was then upgraded, with LHCb

Upgrade I operating since 2022 and still operational at the time of writing [72, 73].

In Section 3.1, the Large Hadron Collider and the four main collider experiments

are introduced. Then the anatomy of the LHCb detector is described in

Section 3.2, and the individual subdetectors introduced. For the original detector,

each of these subdetectors is described in detail in the further sections of this

Chapter, roughly grouped into tracking, Sections 3.3, 3.4 and 3.5, and particle

identification, Sections 3.6, 3.7 and 3.8. The triggering of events is described in

Section 3.9. The chapter closes with Section 3.10 in which the updated technology

used for Upgrade I of LHCb is discussed. For the original LHCb detector,

the technology is largely described in the past tense since much of the original

experiment has been dismantled. For those subdetectors that are unchanged, and

for the Upgrade I which is operational at the time of writing, they are described in

the present tense. The proposed LHCb Upgrade II, currently due for installation

in 2033, is discussed in Chapter 10.
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Figure 3.1 The CERN accelerator complex. Source: CERN.

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is a synchrotron particle accelerator complex

at the European Centre for Nuclear Research (CERN) [74]. The LHC is able to

collide beams of protons or ions, such as lead, at fixed interaction points around

a 27 km ring, with collisions every 25 ns. Particles are accelerated using radio

frequency (RF) cavities, with quadrupole and dipole magnets forming particle

bunches and directing them around the ring. As of 2022, the LHC reaches a

proton-proton centre-of-mass energy of 13.6 TeV. A schematic of the accelerator

complex at CERN is shown in Figure 3.1.

Each interaction point hosts an experiment collecting data from the collisions.

There are four main experiments: ATLAS (A Toroidal LHC Apparatus) [75],

CMS (Compact Muon Solenoid) [76], ALICE (A Large Ion Collider Exper-

iment) [77] and LHCb [6]. The ATLAS and CMS experiments are general

purpose detectors and, most notably, discovered the Higgs boson in 2012 [26, 27].
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The ALICE experiment utilises lead-ion collisions to study the quark-gluon

plasma [78], the state of matter shortly after the Big Bang. Heavy ions

collisions at ALICE provide an avenue to study the conception of our Universe.

The LHCb experiment is a single-arm forward spectrometer [6], built with

the intention of reconstructing b-quark events. Despite this specific purpose,

the LHCb experiment is considered a general-purpose detector with a broad

physics programme. LHCb has excellent capability for electroweak studies, has a

heavy-ion and fixed-target programme and has recently demonstrated ability to

reconstruct helium nuclei, which has implications for understanding astrophysical

processes [79].

3.2 The anatomy of the LHCb detector

The LHCb experiment is very distinguishable from a usual collider physics

experiment due to its unusual forward arm design. While ATLAS and CMS

are 4π detectors covering central rapidities, the LHCb detector acceptance covers

the forward region 2 < η < 5 where η is the pseudorapidity of a particle trajectory,

η = − ln(tan (θ/2)), (3.1)

and θ is the angle between the trajectory and the beam axis as defined in

Figure 3.4. This is motivated by the fact that most b-hadron decays happen

in this range, as can be seen in Figure 3.2.

The schematic of the original LHCb experiment is shown in Figure 3.3. The LHCb

experiment coordinate system is right-handed, defined such that the z-axis runs

parallel to the beamline. The z-axis is shown in Figure 3.3 as running from left

to right. The x-y (or transverse) plane is defined such that the y-axis points

upwards, and the x-axis points out of the plane of Figure 3.3. The coordinate

system is further summarised in Figure 3.4.

The original detector operated from 2009 to 2018 and the Upgrade I phase

detector is currently operational at the time of writing. Despite major upgrades

to the majority of the subdetectors, the general anatomy of the experiment

has remained similar. The timeline of the original LHCb detector is shown in

Figure 3.5.

Due to the large mass of the top quark and the fact that Vtb ≈ 1, the b-quark
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Figure 3.2 The 3D plot shows the distribution of bb̄ pairs production angles
with respect to the z-axis (the beamline). The definition of the
angles is seen in the top left. In the histogram, the red regions
represent the acceptance of the LHCb experiment. This plot is made
using simulated pp collisions in Pythia8 [80]. Source: Christian
Elsasser, LHCb Collaboration [81].

has a relatively long lifetime of around 1.5 ps. The b-quark cannot decay to

top quarks due to its high mass and the other CKM elements, Vcb and Vub, are

very small which suppresses decays to the other quarks. Consequently, a hadron

containing a b-quark will travel several millimetres from the primary vertex,

where it is created in pp collisions, to the secondary vertex, where it decays.

These displaced secondary vertices distinguish b-hadron decays from those of

lighter quarks. Since LHCb is designed with b-hadrons in mind, it is clear that

a precise determination of the primary and secondary vertices is crucial to the

performance of LHCb. The Vertex Locator (VELO) subdetector is a tracking

detector surrounding the collision point, responsible for reconstructing interaction

vertices. This information is used to trigger events and reconstruct tracks.

To measure particle momenta, the trajectories of the particles through a magnetic

field need to be reconstructed. The magnetic field is provided by a large dipole

magnet [83]. To map out the paths, hits from the VELO and each of the four

tracking stations are used. A tracking station (TT) is placed upstream of the

magnet, following RICH 1 [84]. Three further stations, the T-stations, are placed

downstream of the magnet, before RICH 2 [84, 85].
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Figure 3.3 The LHCb detector is shown in the Run 1 and Run 2 era of the
experiment. Each subdetector is labelled, and the z-positions of the
detectors can be seen from the scale along the bottom of the figure.
Source: the LHCb Collaboration [6]..

y

x

z

LHC

Figure 3.4 The right-handed LHC coordinate system. Source: used with
permission from Benjamin Wynne [82].
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Figure 3.5 Timeline of the the original LHCb detector, showing the centre-of-
mass energies and integrated luminosities of the run periods.

Figure 3.6 These plots shown the π+π− invariant mass distribution from
selected B → hh decays before applying RICH PID (left) and
after applying RICH PID (right) [86]. The turquoise dotted line
represents the true B → hh decays to be studied, the solid grey
line is combinatorial background and all other lines represent some
background from misidentification.

Another key ingredient of event reconstruction is particle identification (PID)

which is required for flavour tagging, triggering and reduction of combinatorial

background [86]. At LHCb, information to identify charged hadrons (pions, kaons

and protons) is provided by the Ring Imaging Cherenkov (RICH) detectors. The

RICH detectors work on the principle of Cherenkov radiation [87]. The material

inside the RICH detectors is chosen such that speed of the charged particles will

exceed the speed of light. This leads to cones of Cherenkov light being produced.

These cones are detected as a ring of photons that are characteristic of the particle

traversing these detectors. The size and other features of the produced ring allows

the particle to be identified. There are two RICH detectors, one each side of the

magnet. The power of the RICH detectors is demonstrated in Figure 3.6, which

shows the dipion invariant mass distribution for selected B → hh decays, where h

represents any hadron, before and after applying RICH PID. The reconstructed

tracks are then combined with the particle identification information to provide

a mass hypothesis to understand the four-momentum of the particles.
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For most of the decay products in an event the final measurements are taken in the

calorimeter system, beyond the tracking stations. Stable hadrons such as kaons

and pions will typically shower in the hadronic calorimeter, while electrons and

photons will shower in the electromagnetic calorimeter. Each of these provides

a measure of the energy of the particles that shower within them and further

particle identification.

At the rear of the LHCb experiment is where the muon stations are located.

Muons are the only reconstructable particles that are able to pass through the

calorimeters unscathed, and have a lifetime long enough to make it all the way to

the very edge. These stations provide muon track trajectories to provide muon

identification.

Both the original and upgraded detector use this structure for the subdetectors.

The motivation for LHCb Upgrade I is to remove the low-level hardware trigger

that cuts harshly on track pT . By removing this trigger, the detector can be read

out at the bunch crossing rate of 40 MHz. The trigger then becomes flexible and

improves efficiencies for modes such as B0
s → ϕϕ by a factor of two [72]. The

instantaneous luminosity delivered to LHCb is increased from 4 × 1032 cm−2s−1

to 2× 1033 cm−2s−1.

3.3 Vertex Locator

The VELO detector [88] is formed of two halves on each side of the beam pipe.

Each half hosts a series of tracking layers for primary and secondary vertex

reconstruction. The halves are housed in an RF foil which protects the detector

modules from harmful beam effects and separates the VELO vacuum from that

of the beam. When beam is injected, the beams are broad and get narrowed

during the ramp up to collision energy. Because of this, the VELO halves are

mechanically retracted to protect the detector. When the beam becomes stable

and narrow, the halves are closed together.

The original VELO that operated during Run 1 and Run 2 of the LHC used

r and φ silicon microstrip detectors to reconstruct the tracks of the primary

vertices [88]. Silicon detectors are made of semiconductors, where charged tracks

liberate electron and hole pairs which generates a current. During data taking, the

modules were positioned 7 mm from the LHC beam, with the active silicon 8.2 mm
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Figure 3.7 The positions of the VELO modules are shown. The interaction
region is represented by a light blue oval. The r sensors are
represented by solid red lines and the φ sensors are represented by
dotted blue lines [6].

away [89]. There were 21 pairs of modules, 42 modules in total. The module pairs

surrounded the interaction region, with modules upstream and downstream of the

region. The positions of the modules can be seen in Figure 3.7. The modules

were formed of r and φ sensors, shown in Figure 3.8. The φ sensors had strips

that extended from the centre of the module radially towards the outer edge,

giving a measurement of the azimuthal angle of the track position. The r sensors

had strips in concentric semi-circles around the centres giving the radial distance

of the track from the beam. The combination of r and φ information allow for

the reconstruction of a 3D space point. In addition to the full modules, 4 r

sensors, 2 per half, were included upstream of the collision point to form the pile-

up system [90]. For vertices with 25 tracks, the primary vertex resolution was

13 µm in the transverse plane and 71 µm along the beam axis [89]. An important

quantity in the VELO is the impact parameter (IP) of a track. The IP of a track

is the distance of closest approach of the track to the position of the primary

vertex. The VELO is able to reconstruct the primary vertex position within

35 µm for tracks with a momentum greater than 1 GeV/c [89]. Since the tracks

in the VELO are far from the magnetic field, they are straight and therefore used

to initiate the track reconstruction as discussed further in Section 3.11.

3.4 The LHCb magnet

A large warm dipole magnet is used to deflect charged particle tracks [83].

This allows LHCb to measure the momentum of charged particles within the

acceptance of 300 mrad horizontally and 200 mrad vertically. The polarity of the
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Figure 3.8 The r (left) and φ (right) sensors that formed the modules of the
original Vertex Locator. The silicon strips are represented by the
black lines. [89]

magnet can be swapped so that the field can point up and down. The design of

LHCb requires that a track of 10 m should be subject to an integrated magnetic

field of 4 Tm. However, there is a constraint from the RICH systems that require

the field to stay below 2 mT in the region of the RICH detectors. The magnet

has saddle-shaped coils, with a ‘window-frame’ iron yoke as shown in Figure 3.9.

The yoke is formed of laminated low-carbon steel plates. These are each 100 mm

thick with a maximum weight of 25 tons each. The magnet coils are each formed

of pure Al-99.71 ‘pancakes’, which are arranged into 5 sets of triplets per magnet

coil. The total mass of the coils and iron yoke is 1600 tons.

A precise knowledge of the magnetic field is crucial to achieve the required

momentum resolution. To achieve this, it is necessary to understand the

integrated magnetic field to a precision of 0.01%, and the position of the peak

magnetic field to a few millimetres [6]. Using an array of Hall probes, the magnetic

field is mapped along the z-axis and shown in Figure 3.10. Using this method,

the relative precision of the field map is found to be 4 × 10−4 in the tracking

volume [6].

1Aluminium with a purity of at least 99.7%.
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Figure 3.9 The LHCb dipole magnet, formed of saddle-shaped coils surrounded
by a ‘window-frame’ iron yoke. Scale values in millimetres [6].

Figure 3.10 The magnetic field strength of the LHCb dipole magnet along the
beampipe direction, z. Measurements of the field strength inside
LHCb were mapped using an array of Hall probes [6].
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3.5 Tracking stations

The momenta of charged particle tracks, and their trajectories, are determined

using the tracking detectors and the VELO. The trackers are formed of many

stations, each consisting of several layers, to provide multiple particle hit positions

for reconstructing the track. During the Run 1 and Run 2 era, the tracking

detectors consisted of the Silicon Tracker (ST) [84], utilising silicon microstrip

technology, and the Outer Tracker (OT) [85], which consisted of straw tubes.

The ST comprised the Tracker Turicensis2 (TT), positioned upstream of the

magnet, and three Inner Tracker (IT) stations downstream of the magnet. The

Outer Tracker comprised three stations. The IT and OT stations are paired into

the T-stations, referred to as T1, T2 and T3.

Tracker Turicensis

The TT station, shown on the left of Figure 3.11, was formed of four layers of

silicon microstrip sensors with a strip pitch of 183 µm [91]. The layers were

arranged in a (x, u, v, x) geometry. This pertains to the angle between the strips

and the vertical axis. In the first and last layers the strips were vertical, while in

the second and third layers the modules are rotated such that the strips formed

an angle of −5° and +5° respectively to allow 3D reconstruction. The TT covered

the full LHCb acceptance with a width of 150 cm and a height of 150 cm. The

TT achieved a hit resolution of 59 µm and a hit efficiency greater that 99% [92].

The tracks between the VELO and the TT experience the fringe field from the

magnet, and hits from the VELO and TT could be quickly combined to give a

rough estimation of the track momentum. The TT was also used for measuring

longer lived particles, such as the K0
S, which decays after it leaves the VELO.

The Inner Tracker

The IT covered the inner acceptance of the T-stations using a cross shape, with

a width of 120 cm and a height of 40 cm. An IT station is shown on the right

2Originally called the Trigger Tracker, the TT was renamed after tracking information was
removed from the trigger. The renaming is an homage to the Zurich group that led the
development, as the Latin name for Zurich is Turicum.
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Figure 3.11 On the left, the layers of the TT station are shown, clearly
highlighting the (x, u, v, x) geometry. On the right, the arrangement
of the silicon modules in the inner tracker stations is shown. [91].

of Figure 3.11. As with the TT, silicon microstrip sensors were used with a pitch

of 198 µm [91]. A hit resolution of 50 µm was achieved with a hit efficiency of

greater than 98% [92].

The Outer Tracker

The OT provided complimentary acceptance to the IT at low pseudorapidity. In

these regions, tracks are physically further apart and less granularity is required.

The OT was a gaseous straw-tube drift time detector with a gas mixture of 70%

Argon, 28.5% carbon dioxide and 1.5% oxygen, giving a drift time of less than

50 ns and a position resolution of around 200 µm [93]. The tubes consisted

of a cylindrical outer cathode with a wire anode through the centre. When a

charged particle passes through a tube, the gases ionise and the liberated electrons

drift towards the anode and are collected. The distance of the track to the

wire was inferred from the measured electron drift time. This is demonstrated

schematically in Figure 3.12.

The OT consisted of 3 stations. Each station contained 4 sets of double layers in

the same (x, u, v, x) geometry as the TT. These double layers were two staggered

monolayers of straw tubes and a schematic of this is shown in Figure 3.13. A

double-layer in the station was formed of 22 modules. These were arranged with

14 long modules out to either side, each with 256 tubes, and 8 short modules

above and below the beampipe, with 128 tubes each. Each station therefore had

88 modules total, giving 264 modules and more than 55,000 straw tubes in the

full OT [6].
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Figure 3.12 Illustration showing the structure of a straw tube. Electrons from
the ionisation clusters drift to the anode to produce signal. Not to
scale.

Figure 3.13 Schematic showing how the double layers were constructed of two
monolayers of straw tubes. Four of these double layers constituted
one station of the outer tracker [93].
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Figure 3.14 The RICH detectors in LHCb. RICH 1, shown on the left, is
positioned upstream of the magnet. RICH 2, shown on the right,
is positioned downstream of the magnet. The mirrors from which
the Cherenkov light is reflected are labelled, along with the photon
detectors used to collect the light [95].

3.6 Ring Imaging Cherenkov detectors

The RICH system [94] is split into two detectors; RICH 1 upstream of the LHCb

magnet, and RICH 2 downstream of the magnet. Each RICH detector is split into

two halves, with the RICH 1 detector being split above and below the beampipe,

and the RICH 2 detector being split to the left and right. The RICH 1 detector

targets low and intermediate momentum tracks between 2 and 40 GeV/c, and

RICH 2 targets the high momentum range from 15 to 100 GeV/c [86]. Each

RICH detector is filled with a flourocarbon gases as Cherenkov radiators; C4F10

is used in RICH 1 and CF4 in RICH 2. In Run 1, there was an additional

aerogel radiator in RICH 1 to aid proton-kaon discrimination that was later

removed [86]. When charged particles pass through the RICH detectors, the

Cherenkov radiation emitted is reflected into photon detectors using a primary

circular mirror and secondary flat mirror, shown in Figure 3.14.

Hybrid photon detectors (HPDs) were used during Run 1 and 2 to collect the

Cherenkov photons. These consisted of vacuum tubes with a quartz window and

multialkali photocathode, with photons focussed onto silicon pixel arrays [86].
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RICH 1 contained 196 such tubes and RICH 2 contained 288. For the C4F10

radiator in RICH 1, a Cherenkov angle resolution of 1.688 ± 0.002 mrad was

achieved, whilst for the CF4 gas in RICH 2 the resolution was 0.68 ± 0.02

mrad [86]. In terms of efficiency, this translated to a kaon efficiency of 95%

with a 10% pion misidentification rate, or 85% kaon efficiency for 3% pion

misidentification rate, over the full momentum range accessible to the RICH.

3.7 Calorimeters

The original LHCb experiment deployed a four-piece calorimeter system [96] to

provide particle identification and a measure of energy of electrons, photons and

hadrons. The four sub-detetctors were; the Scintillating Pad Detector (SPD),

the preshower (PS), the electromagnetic calorimeter (ECAL) and the hadronic

calorimeter (HCAL). The detector layout is shown in Figure 3.15. The SPD and

PS systems were each formed of a single layer of scintillating pads, separated

from one another by a layer of lead. A wavelength-shifting (WLS) fibre was

coiled inside each cell of the scintillating pads, and the photons from these fibres

were collected with multi-anode photomultiplier tubes (MaPMTs). The purpose

of the SPD was to separate neutral particles from charged particles, and the PS

provided electron and photon PID for the low level hardware trigger. These were

removed for Upgrade I.

The ECAL, still in operation, uses alternating scintillating planes and lead plates

to detect electrons and photons. There are 67 scintillator planes and 66 lead

planes, each separated from one another by 120 µm-thick paper sheets. The

scintillation photons are collected in WLS fibres that run parallel to the beampipe.

The HCAL, still in operation, is formed of an iron-scintillator sampling structure

that is arranged such that the layers are parallel to the beam pipe. Again, WLS

fibres are used to read out the scintillation light.

3.8 Muon stations

The original LHCb muon system consisted of 5 stations, M1 - M5 [98]. Station

M1 was located before the calorimeters for the purpose of improving the pT

measurements in the L0 trigger. Stations M2 - M5, still in operation, are
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axis downstream of the interaction point (light and dark blue in Figure 1): a Scintillator
Pad Detector (SPD), a PreShower (PS), an Electromagnetic CALorimeter (ECAL) and
a Hadronic CALorimeter (HCAL), all placed perpendicular to the beam axis. A 2.5 X0

lead foil2 is interleaved between the SPD and the PS. A signal in the SPD marks the
presence of a charged particle. Energy deposited in the PS indicates the start of an
electromagnetic shower. ECAL and HCAL determine the electromagnetic or hadronic
nature of the particles reaching them. Minimum ionizing particles are also detected in all
four sub-detectors.

After briefly recalling the main characteristics of the 4 sub-detectors of the calorimetric
system, this paper describes the various methods developed to calibrate the LHCb
calorimeters and the evolution of these methods over the course of the two distinct data
taking periods (Run 1 and Run 2) at the LHC. The performance of the calorimeters is
then presented.

2 The LHCb Calorimeters

2.1 Detector layout
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Figure 2: Layout of the calorimeter system.
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Figure 3.15 The LHCb calorimeter system during Run 1 and Run 2. For
Upgrade 1, the SPD and PS detectors have been removed [97].
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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].

– 126 –

Figure 3.16 The original LHCb muon system is shown. For Upgrade I, the M1
station upstream of the calorimeters has been removed [6].

positioned after the calorimeters. The M2 - M5 stations are interleaved with

80 cm-thick iron absorbers. The muon system can be seen in Figure 3.16.

Stations M2 - M5 exclusively use multiwire proportional chambers (MWPCs) to

detect muon tracks; M1 additionally used gas electron multipliers (GEMs) in the

inner regions since it was subject to larger radiation doses [6]. In order to reach

the performance needed, a gas mixture of 40% Ar, 55% CO2 and 5% CF4 is used

in the MWPCs and 45% Ar, 15% CO2 and 40% CF4 was used in the GEMs [99].
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Figure 3.17 The original LHCb trigger chain. The central column shows the
trigger stages and the output rate of each. The left column shows
the information that was used at each of the stages, and the right
column gives the various categories that events are grouped by at
each stage. Figure adapted from those in [6].

3.9 Trigger

The LHCb trigger system [90] is used to select events of interest. The LHC

bunch-crossing rate is 40 MHz and data cannot be saved at this rate. A series of

triggers are utilised to study portions of the event and make a decision on whether

or not it should be looked at further or saved. The original trigger system had

two levels; the level-0 hardware trigger (L0) and the high-level software trigger

(HLT). The L0 trigger used information from a subset of detectors to make an

initial reduction in the rate from 40 MHz to 1 MHz. The HLT used information

from the full detector to further reduce the event rate from L0 to 2 kHz which is

the rate at which events can be saved. The HLT was subdivided into HLT1 and

HLT2. The full chain is shown in Figure 3.17.
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Level-0 trigger

The L0 trigger was employed to reduce the event rate from the bunch-crossing

rate of 40 MHz to just 1 MHz. To do this, information was taken from the

VELO pile-up system, Calorimeter system, and Muon system. The heavy mass

of b-hadrons leads to high pT and ET decay products. To select these, the L0

trigger found the highest ET hadron, photon and electron clusters and the two

highest pT muons from the muon systems [6]. The VELO pile-up system gave

a measure of the charge multiplicity in the backward direction, predicting the

number of pp interactions in the bunch crossing. The Calorimeter system looked

for high ET particles, and identified them using the SPD, PS, ECAL and HCAL

information. The number of SPD cells with hits was also used to estimate charged

track multiplicity [6]. The Muon system performed a muon track reconstruction,

with a resolution on the pT of around 20% [6]. Per quadrant, the two highest

pT muons were selected. This information was combined in the L0 Decision Unit

(DU) to give a single L0 decision. For the selection of B0
(s) → ϕϕ events, the

Hadron L0 trigger is used. This trigger imposes a restriction on the minimum

transverse energy, ET , of a cluster at around 3.5 GeV [100].

HLT1

The first layer of the HLT, HLT1, took the rate from 1 MHz to 30 kHz by refining

the L0 candidates. It can be seen in Figure 3.17 that the ‘alleys’ used in HLT1

were very closely aligned with the L0 decision parameters. For hadronic channels,

this trigger strategy was susceptible to ghost tracks, tracks with hits from multiple

particles [101]. To combat this, a single-track HLT1 trigger was developed [102].

The procedure for selection in this trigger is as follows. The VELO tracks first

were assessed, without extrapolating them to the T-stations, to find those that

are most likely to come from B-decays. This selection was based on the IP of the

VELO track, the number of hits assigned to the track, and the expected number

of hits on the track given the direction of the track and the first point on the

track. Selected VELO tracks were then extrapolated to the T-stations to find

those with a momentum greater than 8 GeV/c and a pT greater than 800 MeV/c.

The remaining tracks were fitted with a Kalman filter [103], and outliers removed

based on track fit quality information.

For the analysis of B0
(s) → ϕϕ events the HLT1 lines used are the Hlt1TrackAllL0
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line in Run 1 and the Hlt1TrackMVA and Hlt1TwoTrackMVA lines in Run 2. The

Hlt1TrackAllL0 line selects displaced secondary vertices [104]. These lines both

select good tracks that are not from the PV. The Hlt1TrackMVA line makes

selection on the track pT and displacement while the Hlt1TwoTrackMVA line uses

a classifier trained on track fit and kinematic variables to select events [100].

HLT2

Following HLT1, the second layer, HLT2, now had a rate low enough to perform

full pattern recognition on the events that survived HLT1. The HLT2 had two

types of trigger lines, inclusive and exclusive. The inclusive lines, for example the

B → µ±X line, only partially reconstructed the B decay. The exclusive lines,

for example B0
s → ϕϕ, fully reconstructed the decay. Additionally, there are

topological trigger lines, which selected events based on track fit quality, IP and

electron and muon content [104]. The topological triggers looked for 2-, 3- and

4-body candidates by considering the distance of closest approach, (DOCA), of

the track objects. To select events, cuts were made on the sum of the pT , the

minimum pT , mass, DOCA, IPχ2, flight distance χ2 and the corrected mass3 [104].

3.10 Upgrade 1

As mentioned in Section 3.2, the LHCb experiment is currently in its Upgrade I

phase. The detector is now read out fully at the nominal bunch-crossing rate of

40 MHz and the full luminosity of the LHC is delivered to the LHCb interaction

point. The upgraded detector can be seen in Figure 3.18.

3.10.1 Vertex Locator

To meet the upgrade conditions of a readout rate of 40 MHz and higher

instantaneous luminosity, the VELO is replaced with a new system utilising

hybrid silicon pixel sensors [105]. On each side of a module there are two tiles

of pixels, oriented perpendicular to one another in an ‘L’ shape. The schematic

3The corrected mass is calculated by taking into account any missing transverse momentum
as defined by the PV and decay vertex.
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Figure 3.18 The LHCb detector is shown in the Upgrade I era of the experiment.
Each subdetector is labelled, and the z-positions of the detectors
can be seen from the scale along the bottom of the figure. The most
noteworthy changes from the original detector are; the shift from
TT and T1-3 to the UT and SciFi, the removal of the M1 muon
station and the removal of the SPD and PS in the calorimeter
system. Source: the LHCb Collaboration [73].
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Figure 3.19 A rendering of a module for use in the Upgrade I Vertex Locator.
The sensitive silicone is shown by the outlined rectangles forming
an ‘L’ shape at the edge of the Kapton Hybrid [106].

shown in Figure 3.19 shows the layouts of the silicon sensors, with two tiles each

bonded to the back and front side of the readout hybrid.

In order for the VELO detector to cover the full acceptance of LHCb, over

2 < η < 5, a total of 52 modules, 26 per half, are required. This includes the

modules upstream of the interaction point. The new VELO is able to go closer

to the beam, with the inner radius of the RF foil reduced from 5.5 mm to 3.5 mm

and the inner radius of the active silicon reduced from 8.2 mm to 5.1 mm [73].

3.10.2 Upstream tracker and SciFi system

The Upstream Tracker (UT) replaces the TT detector of the original LHCb.

Similar to the TT (Figure 3.20), the UT is a silicon microstrip detector situated

between RICH 1 and the magnet. Like the TT, the UT is formed of four layers

of sensors in the (x, u, v, x) geometry. The modules that form the UT come in

four types; A, B, C and D. The A-type modules are n-substrate sensors with 512

p-type strips, each with a pitch of 187.5 µm. Conversely, The B-, C- and D-type

modules are p-substrate sensors with n-type strips. The pitch of the n-type strips

is half that of the p-type strips at 97.5 µm and so each of the B-, C- and D-type

modules has 1024 of these strips. The differences between the B-, C- and D-type

modules relates to the lengths of the strips. B-type modules have the longest

strips, with C-type and D-type having the shortest. D-type modules are also

curved to fit tightly around the beampipe.
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Figure 27: Drawing of the four UT silicon planes with indicative dimensions. Di↵erent colours
designate di↵erent types of sensors: Type-A (green), Type-B (yellow), Type-C and Type-D
(pink), as described in the text.

detector electronics and the hybrids, and patch panels that distribute the high voltage to
the silicon detectors.
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Figure 28: A 3D view of the UT system.
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Figure 3.20 The layers that form the upstream tracking station in LHCb
Upgrade I. The individually coloured squares represent individual
modules [73].

The SciFi tracker [107] replaces the downstream IT and OT trackers of the original

detector. As with the IT and OT, the SciFi tracker is composed of 3 stations, each

with 4 tracking layers in the usual (x, u, v, x) layout. This gives 12 tracking layers

in total. The principle of the SciFi tracker is that charged particles will create

scintillation light when passing through the plastic fibres. This light will internally

reflect and transmit along the fibres, to be captured by silicon photomultipliers.

The simplest unit in the SciFi is the fibre itself. They are each 250 µm in diameter

and are 2.4 m long, with the exception of those around the beam pipe. Fibres

are combined to form fibre mats, consisting of 6 staggered layers of the fibres, as

seen in Figure 3.21. Each mat is 13 cm wide and the full length of a fibre; 8 mats

combined form a module. The mats in a module are combined in 4 columns and

2 rows, with the rows separated by a mirror. Each station has two halves, one

to each the left and right of the beampipe. A schematic of the SciFi stations is

shown in Figure 3.22. The SciFi modules [108] are capable of achieving at least

99% hit efficiency and have position resolution of 70 µm.

3.10.3 Ring Imaging Cherenkov detectors

Several updates to the RICH system have been made over Upgrade I [109]. The

main challenge for RICH in Upgrade I is the increase in instantaneous luminosity
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The radiation e↵ects were taken into account in the detector design. Replacement modules are prepared for
the areas exposed to highest radiation.

Figure 4: Left: Reduction of the scintillating fibre attenuation length as function of accumulated ionizing
dose for di↵erent particle types and energies. Right: Total expected ionzing dose at the location of the SciFi
tracker, obtained from a FLUKA simulation.

2.2 Fibre mats and modules

The active elements of the detector are scintillating fibre mats composed of six fibre layers, with dimensions
width ⇥ length ⇥ height: 130.65 ⇥ 2424.0 ⇥ 1.4 mm. A mat cross-section is shown in Fig. 5.

Figure 5: Cross-section of a scintillating fibre mat.

The mats are produced on a winding wheel with threaded surface with pitch of 275 µm. Epoxy glue
is applied before each fibre layer and TiO2 powder is added to the glue to reduce the optical cross-talk
between fibres. Reference alignment pins are produced on the mats from cavities on the winding wheel
surface. These alignment pins are used later during the module assembly to ensure proper alignment of the
mats. The scintillation light is detected only on one end of the mat, and a mirror is glue on the other end
to maximize the signal amplitude.

During the module assembly 8 fibre mats are aligned and glued together with honeycomb/carbon-fibre
composite panels (see Fig. 6). Cooling enclosure, SiPMs and electronics are added later. Despite the large
dimensions (approx. 5 ⇥ 0.5 m) the construction method results into stable and sti↵ detector modules with
material budget of only 1.1% X0 per module.

2.3 Silicon Photomultipliers

The fibres are read-out by 128-channel silicon photo-multiplier (SiPM) arrays from Hamamatsu, with indi-
vidual channel size of 0.25 ⇥ 1.62 mm (see Fig. 7). Several development iterations were made to improve

3

Figure 3.21 The staggered fibres forming a SciFi mat are shown from a top-
down view, looking down into the fibres. The 6 layers that form
the mats can be seen [108].

The rest of this section provides information on the main detector components.

Figure 2: Schematic yz- and xy-view of one SciFi tracking station. It is composed out of 4 layers with
vertical (x) and rotated (u,v) fibre orientations. Each layer is made of 10 or 12 individual fibre modules.

2.1 Scintillating Fibres

The fibre type is SCSF-78MJ, produced by Kuraray, Japan. It has a diameter of 0.25 mm and is made of
polystyrene core with added dye and wavelength shifter, and two claddings with lower refraction index (see
Fig. 3).

Figure 3: Transverse (left) and longitudinal (right) section of a double cladded fibre, with a schematic
representation of the light generation and transport.

The fibre produces several thousand photons per 1 MeV deposited energy, with a capture fraction of about
5 % [3]. The decay time constant of the scintillation light signal is 2.8 ns, while the emission spectrum extends
from about 400 to 600 nm and peaks at 450 nm near the source. The attenuation length is greater than 3 m,
with small dependence on the wavelength. However, the ionizing radiation degrades the optical transparency
of the fibre. Dedicated irradiation tests with di↵erent particle types and energies were performed in order to
quantify this e↵ect. It was estimated that at the end of the detector lifetime the signal amplitude from the
innermost part of the detector will be reduced by up to 40 % (dose 35 kGy) [3], while the radiation e↵ect
becomes relatively marginal at distances of about 50 cm from the beam pipe (dose < 1 kGy), see Fig. 4.

2

Figure 3.22 The SciFi system is shown. The central module on the right is
shown as its constituent parts, with the fibres, mirror and silicon
photomultipliers labelled. It should be noted that this schematic
shows the detector in an open position, and in operation they are
not separated [108].
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and therefore larger event multiplicity. The optics of the RICH 1 subdetector

are changed by enlarging the tilted spherical mirror from 2.7 m to 3.7 m, and by

moving the focal plane. This increases the size of the Cherenkov rings, spreading

the distribution of photons more evenly. This keeps the peak occupancy of the

photon detectors below 30% [73].

The HPDs of the original LHCb detector were replaced with multi-anode

photomultiplier tubes (MaPMTs). In RICH 1 and the central region of RICH 2,

1-inch MaPMTs are used. The outer regions of RICH 2 contain 2-inch MaPMTs.

The resolution of the Cherenkov angle has improved to 0.81 mrad and 0.52 mrad

for RICH 1 and RICH 2 respectively [73].

3.10.4 Calorimeters and muon stations

The calorimeter system is largely unchanged except for two adjustments; the

replacement of the front-end electronics to read out at 40 MHz required for the

new fully-software trigger, and the removal of SPD and PS layers since the removal

of the L0 hardware trigger leaves these redundant. For the same reason the M1

muon station is also removed.

3.10.5 Trigger

The most ambitious challenge for the LHCb Upgrade I is the removal of the L0

hardware trigger and employing a fully-flexible and fully-software trigger system,

intended to read out the full detector at the 40 MHz bunch crossing rate [110]. As

in Run 1 and Run 2, the high-level trigger consists of two stages. Firstly, HLT1

uses a small number of inclusive lines to reduce the event rate to allow the full

reconstruction required by the second stage, HLT2. At HLT2, there exist of the

order of 1000 selection algorithms, each tuned for a particular channel or physics

analysis. Alongside these selections, real-time alignment and calibration is being

performed and fed back to the selection, and retained for offline analysis. The

full trigger chain is shown in Figure 3.23.

To efficiently select physics channels of interest, the HLT1 is required to:

reconstruct all tracks in the acceptance of the VELO to reconstruct primary

vertices, identify tracks as muons or not, reconstruct momenta at the percent

level, and provide accurate and a precise covariance matrix for the measured track
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Figure 3.23 The LHCb trigger chain in Upgrade I. This trigger is fully software.
Each stage is shown with their respective data rate [111].

close to the beamline [73]. This allows for the selection of long-lived particles and

τ leptons, and leptons (displaced or not) for use in studies of exotics, hadron

spectroscopy and electroweak physics [73].

In HLT2, an offline-quality reconstruction of the event is required, and the

O(1000) selection algorithms decide whether the event should be kept, and

importantly what features of the event should be stored. To do this, the

HLT2 uses the real-time alignment and calibration information to perform

reconstruction. The reconstruction uses four components; charged particle

recognition, reconstruction of the calorimeters, particle identification and a

Kalman fit of the tracks that have been reconstructed [73]. In the case where

multiple HLT2 selection algorithms have chosen to retain an event, the superset

of the requested information from each algorithm is recorded. Since only the

necessary information is kept, the rate of recorded events can increase and the

size of each event is reduced [73].

3.11 Track reconstruction

There are several categories of tracks in LHCb [112] which are shown in

Figure 3.24;

• Long track: used for physics analysis, has hits in all tracking stations,

• Downstream track: used for physics analysis of long-lived particles (e.g.

K0
S), has hits in all trackers except the VELO,
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• T track: formed from hits only in the T-stations,

• Upstream track: formed from hits in the VELO and TT from a low

momentum particle,

• VELO track: formed of hits only in the VELO from a low momentum

particle.

Tracks in the VELO are reconstructed first, and these tracks are then used by

forward tracking and track matching algorithms to form long tracks [113, 114].

It is possible that a track can be formed of an unrelated collection of hits, known

as a ghost track [115]. Ghost tracks typically arise due to a mismatch of VELO

tracks and T-station hits. To extract a measurement of the track momentum and

reject these fake tracks, reconstructed tracks are passed to a Kalman Filter [103].

The main components used to fit the track are the track state vector, the

covariance matrix of the track state parameters, and the transport matrix defining

how the track is expected to propagate through the material and interact with

the magnetic field. The track state vector is given by

−→x =




x

y

tx

ty

q/p



, (3.2)

where tx,y are the slopes of the track at the given z-position,

tx =
∂x

∂z
=
px
pz

, ty =
∂y

∂z
=
py
pz
. (3.3)

The covariance matrix is a 5 × 5 matrix with a row and column for each of the

track state parameters. The Kalman filter has two main stages, the prediction

stage and the filtering stage. At the prediction stage, the track state k at zk

is used to estimate the track state k − 1 at zk−1. At the filtering stage, the

weighted mean of the predicted and measured track state at zk−1 is calculated.

Measurements of positions x and y are added sequentially to the fitter, and then

the fitter is run in the reverse order to converge on the best track fit. Each track

is assigned a value for the probability that the track is a ghost, since the ghost

tracks typically have fewer hits and poorer track χ2 as a result.
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Figure 3.24 Types of tracks in LHCb. Source: [112]

3.12 Simulation

The majority of analyses of LHCb data require reliable simulation to model the

kinematic properties of certain processes, model detector effects such as detector

acceptances, and model specific background contributions. Simulation can be

either full Monte Carlo (MC) simulation or fast simulation, for example from

RapidSim [116]. The production of full MC begins with the Pythia8 MC

generator which simulates the particles produced in the high-energy proton-

proton collisions at the LHC [117]. In LHCb, the decays of b-hadrons are

simulated using EvtGen [118]. EvtGen is responsible for reproducing the

correct angular and decay-time distributions in b-decays, which is particularly

crucial in CP -violation analyses. Finally, the particles are propagated through

a model of the detector using Geant4 [119]. The momentum scale of the

simulation is also calibrated [120]. RapidSim simulation is generated by only

generating the decay of interest, with the kinematics of the generated particles

obtained by sampling distributions from fixed-order next-to leading-log (FONLL)

calculations [116, 121]. The momenta are smeared by user-defined smearing

functions, where the model for LHCb defines a Gausssian resolution model

with a momentum-dependent width [116], defined using studies of momentum

calibration [122, 123].
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Figure 3.25 This figure shows the same side (SS) and opposite side (OS)
techniques used for flavour tagging. Shown in the context of a
neutral B-meson [124].

3.13 Flavour tagging

A crucial component of many flavour analyses is the ability to separate the neutral

mesons into mesons or antimesons. To do this, algorithms are used to ‘tag’ the

flavour of the quarks at the point of their production, known as flavour tagging.

There is same side (SS) and opposite side (OS) tagging. The following explanation

refers to Fig. 3.25. On the same side, we see a π+. This consists of ud̄. Since this

d comes from a dd̄ pair we know the B-meson has a d quark, and therefore a b̄,

so we know this is a B0. On the opposite side, we see a K+. Since this contains

a s-quark, this could only have come from a down-type quark, in this case the

b-quark of the bb̄ pair. This shows that it is the b̄ that forms the B0 meson.
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Chapter 4

The search for B0 → ϕϕ decays

The decay of B0 → ϕϕ is not yet observed. As described in Section 2.6, the value

of the B0 → ϕϕ branching fraction has implications for the underlying physics of

the more abundant B0
s → ϕϕ decay, since the leading-order diagrams in B0 → ϕϕ

are related to the sub-leading contributions to B0
s → ϕϕ. The following chapters

discuss the analysis performed to search for this decay. This analysis makes use

of data collected during Run 1 (2011-2012) and Run 2 (2015-2018) of the LHCb

experiment, corresponding to 9 fb−1 of data. Both ϕ mesons are reconstructed

from two oppositely charged kaons, giving a final state with four charged kaons.

The B0 → ϕϕ branching fraction is extracted from an extended likelihood fit to

the four-kaon invariant mass distribution, where Run 1 and Run 2 data are fitted

simultaneously.

The search for this decay is performed relative to the more abundant B0
s → ϕϕ

decay mode. This is a convenient choice as the two modes have the same final

state and topology, allowing many sources of systematic uncertainty to cancel and

giving a ratio of selection efficiencies that is close to unity. The search involves

fitting the invariant mass distribution of the selected candidates to the B0 → ϕϕ

signal shape, the B0
s → ϕϕ normalisation mode shape and the various background

contributions. Using this fit to the invariant mass distribution, the limit on the

B0 → ϕϕ branching fraction is set using the CLs method [125, 126].

As highlighted in Table 2.2 in Section 2.6, the predicted branching fraction of the

B0 → ϕϕ decay is at the level of 10−8 which makes it more than a factor of 1000

smaller than the B0
s → ϕϕ decay mode. Accounting for the fragmentation ratio,

fs/fd, which describes how often a B0
s is formed over a B0, the yield of B0 → ϕϕ
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Decay mode Branching fraction (%)
D+

s → ϕπ 4.5± 0.4
D+

s → ϕµ+ν 1.9± 0.5
D+

s → ϕe+ν 2.39± 0.16
D+

s → ϕρ+ 5.59± 0.34
D+

s → ϕ3π 1.21± 0.16

Table 4.1 Branching fractions for decays of D+
s mesons into ϕ mesons.

to B0
s → ϕϕ events is more than a factor of 460 smaller. A branching fraction

at the 10−8 level translates to just tens of events in the full Run 1 and Run

2 sample from LHCb. In order to have sensitivity to a possible signal, events

need to be well reconstructed with good momentum resolution, and peaking

background contributions that mimic B0
s → ϕϕ and B0 → ϕϕ events should be

removed, retaining as much signal efficiency as possible. Robust models of the

four-kaon invariant mass distribution must be developed such that signal decays

are not falsified nor incorrectly absorbed into the background models, yet retain

enough flexibility to capture variations in the data.

To guard against bias, the B0 → ϕϕ signal region, defined as the mass range

5240 MeV/c2 < M(K+K−K+K−) < 5320 MeV/c2, is blinded. Any events with

a four-kaon invariant mass in this range are temporarily removed from the data.

4.1 Backgrounds

Several sources of background can contaminate the four-kaon invariant mass

spectrum when selecting B0
(s) → ϕϕ decays. There are two broad categories

of backgrounds; combinatorial background and peaking backgrounds. Combina-

torial background comes from randomly combined tracks that still satisfy the

selection criteria applied by the trigger. One particularly abundant source of

combinatorial background comes from the combination of two real ϕ mesons from

independent processes. Decays of b-hadrons in the LHC can produce copious

numbers of D+
s mesons,1 which have a relatively high branching fraction to

the ϕ meson greater than 15% [127]. The branching fractions for the largest

contributions of D+
s decays to ϕ mesons are shown in Table 4.1. It is possible to

tag combinatorial events coming from D+
s , so that the combinatorial background

can be split into two categories: D+
s -tagged and non-D+

s -tagged. Once split into

1Charge conjugation implied.
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these categories, they are treated with multivariate classifiers which are described

further in Section 6.3.

An especially challenging background to control comes from the normalisation

mode, B0
s → ϕϕ. Given the identical final state and near-identical topology to

B0 → ϕϕ, the efficiency of retaining B0
s → ϕϕ is expected to be the same as

the B0 → ϕϕ efficiency. However, the momentum resolution of LHCb is not

perfect and so the B0
s → ϕϕ and B0 → ϕϕ peaks have sizeable widths from this

momentum resolution. The distributions therefore overlap, reducing sensitivity

to B0 → ϕϕ decays. Further sensitivity can be achieved by being selective with

track quality. To do this, a novel multivariate classifier has been developed to

separate B0
s → ϕϕ and B0 → ϕϕ decays as much as possible without reducing

signal selection efficiency dramatically. This classifier is described in Chapter 5.

After B0
s → ϕϕ events, the next two most prominent peaking backgrounds come

from the Λ0
b → pK−ϕ decay (with the charge conjugated process implied) and

the B0 → ϕK∗(892) decay, where one of the final state particles is mis-identified

as a kaon and had the incorrect mass associated to the track. In the case

of Λ0
b → pK−ϕ, it is the proton that is mistaken for a kaon. In the case of

B0 → ϕK∗(892), the K∗(892) decays to a Kπ final state and the pion is mistaken

for a kaon. In each of these cases, the key to removing these backgrounds is

the use of particle identification variables. For each case, a dedicated veto is

developed and applied, with the remaining events modelled and the expected

yields estimated. The vetoes are further discussed in Section 6.2, and modelling

discussed in Section 7.2. There are also background events coming from partially

reconstructed events with excited K∗ states, where there are two final state pions

– one misidentified and one missed in reconstruction. The background from these

partially reconstructed decays is discussed further in Section 7.2.3.

A summary of the main backgrounds can be seen in Figure 4.1. A schematic

showing the full workflow is shown in Figure 4.2.
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Figure 4.1 A schematic showing several types of backgrounds that can mimic a

B0
(s) → ϕϕ signal. The solid lines represent reconstructed tracks,

with mis-identified tracks shown in pink. The dotted grey line
represents a missing track in the partially reconstructed excited K∗

background. Solid grey lines in the D+
s decays represent tracks that

are not used to reconstruct these decays as signal.
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Figure 4.2 Schematic of the analysis workflow.
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Chapter 5

Multivariate classifier approach to

backgrounds from hadronic

interactions and decays-in-flight

The resolution of the B0
(s) mass is driven by the quality of the fitted tracks for

the four charged kaons in the final state. The track Kalman fit, as described in

Section 3.11, assumes a continuous trajectory for the kaons. The hits that are

left in the tracking detectors are coupled with the magnetic field transport model

to extract the track momentum. In the case that the track has a large kink, for

example if the kaon has some hadronic interaction or decays-in-flight, then the

track will no longer be roughly smooth. There will be a breakpoint at which

the track momentum direction is changed as a result of this interaction, and

the track fitter may not properly account for this. These ‘kinked’ tracks have a

poorer momentum resolution, which increases the overlap between the B0
s → ϕϕ

and B0 → ϕϕ peaks. Identifying breakpoints or discontinuities in a track is an

established technique for discriminating between muons and hadrons that have

decayed-in-flight [128–130].

The technique developed here aims to categorise these tracks into interacted

and non-interacted with BDT classifier, trained using the TMVA toolkit [131].

This allows the poor-quality interacted tracks to be removed to improve overall

resolution and separation between the B0
s and B0 peaks. Decays-in-flight can be

identified using muon information. However, many of these decays-in-flight can

be missed in the muon identification, since the inner coverage of the muon stations
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is smaller than the tracking stations. This approach also will not select hadronic

interactions. A combination of muon ID and the developed MVA provides greater

control of the B0
s → ϕϕ tail in the B0 → ϕϕ mass region.

5.1 Studying the properties of interacted tracks

In order to develop a classifier that will separate tracks into these two categories, a

sample of each type of track is required. These are obtained from the simulation.

The approximate grouping of tracks into interacted or stable categories is based

on the true z-position of the kaon decay vertex point as there is no flag that exists

in the simulation that would indicate whether a decay-in-flight or interaction took

place.

The threshold z-position for the grouping is determined by arguing that a track

is likely to be well reconstructed, regardless of whether it interacts or is stable,

providing it has left hits in at least two of the T-stations. For this, the mid-

point of the T-stations at z = 8.5 m, approximately at the centre of T2, is

chosen. Tracks are defined as interacted if their decay vertex lies before 8.5 m.

The plots in Figure 5.1 show B0
s → ϕϕ MC simulation for the case where all

kaons are stable and where at least one of the kaons has interacted with this

criteria. The plots also show the RMS values of each distribution. Worse B0
s

mass resolution is seen in the case where there is at least one kaon interaction,

quantified by a significantly larger RMS value of the distribution. Using this

simulation, the fraction of events with interactions is found to be 3% of the

total sample and 34% of the B0
s → ϕϕ events in the B0 → ϕϕ signal region

(5240 MeV/c2 < M(K+K−K+K−) < 5320 MeV/c2). Having a handle on these

events is key to reducing the background contribution from B0
s → ϕϕ decays.

5.1.1 Discriminating variables

The multivariate classifier uses several variables to discriminate interacted tracks

from stable ones. These variables generally relate to the quality of the result of the

track fit, the kinematics of the track, the number of hits that form a track and the

probability the track is a ghost track. The LHCb Kalman filter algorithm [132]

allows to calculate the χ2 for segments of tracks up to some break point. This
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Figure 5.1 The four-kaon invariant mass distributions are shown for truth-
matched signal simulation events containing stable kaons only (left)
or at least one interacted kaon track (right) where a stable kaon is
defined as one with a decay vertex position greater than 8.5 m from
the origin of the LHCb coordinate system.

allows one to calculate

χ2
match = χ2

track − χ2
upstream − χ2

downstream (5.1)

which will follow a χ2 distribution with 5 degrees of freedom for real tracks.

This is the variable TRACK MatchCHI2. Table 5.1 lists all variables used in the

classifier and their definitions. This final list of variables is obtained following

several iterations of the classifier where the most important features that are

reasonably described by simulation are persisted.

The distributions for these variables are shown in Figure 5.2. The signal

sample, shown in solid blue, is truth-matched MC simulation for which the kaon

has a decay vertex with z > 8.5 m from the origin of the LHCb coordinate

system and is therefore defined as stable. The rest of the tracks (those that

have an interaction) are assigned to the background sample, shown in hatched

red. Clear discrimination is seen between interacted and stable tracks for these

selected variables. The linear correlations between the variables in the signal and

background samples are shown in Figure 5.3

5.2 Validation with B+ → J/ψ K+ decays

Since this classifier is trained purely on simulation, the variables are checked for

agreement with data and corrected if needed. For the validation studies, the
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Figure 5.2 Distributions of input variables used in the kaon interaction MVA,
shown for signal and background. Signal events, stable kaons, are
shown in solid blue; background events, interacted kaons, are shown
in hatched red. The plots are made with tuned Run 2 B0

s → ϕϕ
simulation.
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Figure 5.3 Linear correlations of the discriminating variables used in the kaon
interaction MVA. Shown for the signal sample (left) and background
sample (right).
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Variable name Description
logTRACK MatchCHI2 Log of the χ2 of the breakpoint between

upstream and downstream segments
logTRACK CHI2NDOF Log of the track fit χ2 per degree of

freedom
logTRACK TCHI2NDOF Log of the track fit χ2 per degree of

freedom in the T region
logTRACK GhostProb Log of the probability that the track is

a ghost as defined in Section 3.11
logP Log of the track momentum
logeta Log of the track η at production
TRACK nITHits The number of hits in the IT
2TRACK nITHits Weighted sum of IT and OT hits
+ TRACK nOTHits (2× IT hits + OT hits)
TRACK Likelihood Track likelihood method described in [115]

Table 5.1 Table of variables used in kaon decay-in-flight and hadronic
interaction MVA training. The TRACK Likelihood variable was only
available in Run 1.

mode B+ → J/ψK+ is used, where the J/ψ is reconstructed from a dimuon pair.

This mode is chosen for validation as the final state contains a pair of muons

and a charged kaon. Muons are stable within the volume of the detector and do

not typically interact or decay until the muon stations. Therefore, they should

not display any behaviour of interactions and the classifier should not identify a

background component in the sample of muon tracks. For the charged kaon track,

the behaviour of the classifier should resemble that of the kaons in B0
s → ϕϕ.

Since the muon tracks do not display the relevant interaction behaviour, the input

variables can be tuned by studying the comparisons between data and simulated

muon tracks.

These studies are performed with data taken during 2012 and 2016, and

corresponding samples of B+ → J/ψK+ simulation. The data is signal weighted

using the Custom Orthogonal Weights (COWs) procedure which is able to

account for correlations between the discriminating and control variable [133].

The fit to data that is used to extract the signal weights for 2016 is shown in

Figure 5.4. The model used to describe the B+ → J/ψK+ signal is the sum

of a wide Gaussian and a double-sided Crystal Ball function [134], with the

background modelled by an exponential.

The signal-weighted data is compared to simulation to understand the agreement

of the variables used in the classifier. The comparisons for a muon track are
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Figure 5.4 Invariant mass distribution for selected B+ → J/ψK+ candidates
in the 2016 dataset. The fit used to extract signal weights is
superimposed.

Variable Tuning in Run 1 Tuning in Run 2
TRACK MatchCHI2 ×1.12 ×1.05
TRACK CHI2NDOF Gaussian smear (0, 0.15) Gaussian smear (−0.15, 0.15)
TRACK TCHI2NDOF Gaussian smear (0.1, 0.2) Gaussian smear (−0.15, 0.1)
TRACK Likelihood Gaussian smear (−0.25, 0.75) -
TRACK GhostProb ×1.5 -

Table 5.2 Tuning applied to variables to give better agreement in data and MC.
For Gaussian smearing, the first number inside the brackets is the
mean of the Gaussian and the second is the width.

shown in Figure 5.5. The data is represented by the black points, with simulation

shown in solid yellow. To improve agreement between data and simulation, the

MC has been tuned to better match the distribution seen in data using an ad-

hoc method to choose appropriate scalings. These can be seen in Figure 5.6. A

similar series of plots are made for Run 1, using 2012 B+ → J/ψK+ data and

MC. The distributions before tuning applied are shown in Figure 5.7, and the

distributions after tuning is applied are shown in Figure 5.8. The tuning applied

to the variables in both Run 1 and Run 2 is summarised in Table 5.2. Any

remaining discrepancy between the data and simulation in the discriminating

variables is not relevant since the classifier response has good agreement which is

discussed further in Section 5.3.
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Figure 5.4 Input variables for the kaon interaction BDT shown for a 2016
B+ ! J/ K+ muon. The solid yellow histogram shows truth
matched MC, and the black markers show data weighted using COWs
to extract signal.

has been tuned to better match the distribution seen in data using an ad-hoc1021

method to choose appropriate scalings. These can be seen in Figure 5.5. A1022

similar series of plots are made for Run 1, using 2012 B+ ! J/ K+ data and1023

MC. The distributions before tuning applied are shown in Figure 5.6, and the1024

distributions after tuning is applied are shown in Figure 5.7. The tuning applied1025

to the variables in both Run 1 and Run 2 is summarised in Table 5.2.1026

The comparison of the classifier output between data and MC in B+ ! J/ K+
1027

decays is shown for Run 2 in Figure 5.8. This figure displays the expected1028

Variable Tuning in Run 1 Tuning in Run 2
TRACK MatchCHI2 ⇥1.12 ⇥1.05
TRACK CHI2NDOF Gaussian smear +(0., 0.15) Gaussian smear (�0.15, 0.15)
TRACK TCHI2NDOF Gaussian smear +(0.1, 0.2) Gaussian smear (�0.15, 0.1)
TRACK Likelihood Gaussian smear �(0.25, 0.75) -
TRACK GhostProb ⇥1.5 -

Table 5.2 Tuning applied to variables to give better agreement in data and MC.
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Figure 5.5 Input variables, prior to tuning, for the kaon interaction BDT shown
for a 2016 B+ → J/ψK+ muon. The solid yellow histogram shows
truth matched MC, and the black markers show data weighted using
COWs to extract signal. From top left to bottom right, these are;
the number of IT hits, the number of T-station hits, track match
χ2, track χ2 per number of degrees of freedom, T-station χ2 per
number of degrees of freedom, ghost probability, track momentum
and pseudorapidity.
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Figure 5.5 Tuned input variables for the kaon interaction BDT shown for a
2016 B+ ! J/ K+ muon. The solid yellow histogram shows truth
matched MC, and the black markers show data weighted using COWs
to extract signal.
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Figure 5.6 Input variables for the kaon interaction BDT shown for a 2012
B+ ! J/ K+ muon. The solid yellow histogram shows truth
matched MC, and the black markers show data weighted using COWs
to extract signal. No tuning is applied.
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Track match 𝜒! Track 𝜒!/NDOF T-station 𝜒!/NDOF

Figure 5.6 Tuned input variables for the kaon interaction BDT shown for a
2016 B+ → J/ψK+ muon. The solid yellow histogram shows truth
matched MC, and the black markers show data weighted using COWs
to extract signal. From left to right, these are; track match χ2, track
χ2 per number of degrees of freedom and T-station χ2 per number
of degrees of freedom.
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Figure 5.5 Tuned input variables for the kaon interaction BDT shown for a
2016 B+ ! J/ K+ muon. The solid yellow histogram shows truth
matched MC, and the black markers show data weighted using COWs
to extract signal.
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Figure 5.6 Input variables for the kaon interaction BDT shown for a 2012
B+ ! J/ K+ muon. The solid yellow histogram shows truth
matched MC, and the black markers show data weighted using COWs
to extract signal. No tuning is applied.
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Track 𝜒!/NDOF T-station 𝜒!/NDOF Ghost probability

P [GeV] 𝜂Track Likelihood

Figure 5.7 Input variables for the kaon interaction BDT shown for a 2012
B+ → J/ψK+ muon. The solid yellow histogram shows truth
matched MC, and the black markers show data weighted using COWs
to extract signal. From top left to bottom right, these are; the number
of IT hits, the number of T-station hits, track match χ2, track χ2

per number of degrees of freedom, T-station χ2 per number of degrees
of freedom, ghost probability, track likelihood, track momentum and
pseudorapidity. No tuning is applied.
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Figure 5.7 Tuned input variables for the kaon interaction BDT shown for a
2012 B+ ! J/ K+ muon. The solid yellow histogram shows truth
matched MC, and the black markers show data weighted using COWs
to extract signal.

behaviour; that the muons should return a classifier response consistent with1029

signal only. This figure also shows that the agreement between the data and1030

the MC is reasonable, particularly at values below zero. This is particularly1031

important since the working point to select on this classifier requires a cut at1032

�0.4.1033

5.3 Classifier performance1034

The classifier chosen to discriminate the interacted and stable tracks is a gradient-1035

boosted Boosted Decision Tree (BDTG) trained using the TMVA package [118].1036

The classifier is trained using the kaons from MC simulation, tuned according1037

to B+ ! J/ K+ data MC comparisons. The tracks are tagged as interacted or1038

stable using the procedure described in Section 5.1 and each category is further1039

split randomly into a sample for training and a sample for testing.1040

The performance of the classifier is evaluated using two criteria. The ROC curve1041

shows the signal e�ciency of a series of working points and their corresponding1042

background rejection factor. Secondly, the classifier output distribution shows1043

the response of the classifier on the testing and training samples which is used to1044

evaluate if the classifier achieves good separation between signal and background1045

and also can show if the classifier is overtrained.1046
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Track match 𝜒! Track 𝜒!/NDOF T-station 𝜒!/NDOF

Ghost probability Track Likelihood

Figure 5.8 Tuned input variables for the kaon interaction BDT shown for a
2012 B+ → J/ψK+ muon. The solid yellow histogram shows truth
matched MC, and the black markers show data weighted using COWs
to extract signal. From top left to bottom right, these are; track
match χ2, track χ2 per number of degrees of freedom, T-station
χ2 per number of degrees of freedom, ghost probability and track
likelihood.

5.3 Classifier performance

The classifier chosen to discriminate between the interacted and stable tracks

is a gradient-boosted Boosted Decision Tree (BDTG) trained using the TMVA

package [131]. The classifier is trained using the kaons from MC simulation,

tuned according to B+ → J/ψK+ data MC comparisons. The tracks are tagged

as interacted or stable using the procedure described in Section 5.1 and each

category is further split randomly into a sample for training and a sample for

testing.

The performance of the classifier is evaluated using two criteria. The ROC curve

shows the signal efficiency of a series of working points and their corresponding

background rejection factor. Secondly, the classifier output distribution shows

the response of the classifier on the testing and training samples which is used to

evaluate if the classifier achieves good separation between signal and background

and also can show if the classifier is overtrained. The classifier output also show

values from a Kolmogorov-Smirnov (KS) test [135]. These numbers represent

how likely the testing and training sets are to have originated from the same

distribution. That is, the closer the KS test value is to 1, the better the agreement
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Figure 5.9 The ROC curves for each classifier is shown. This shows the signal
efficiency versus the background rejection for each track. Run 1 is
shown on the left, and Run 2 on the right.

between the testing and training samples. This number is used to quantify the

potential overtraining of a classifier.

The ROC curves for Run 1 and Run 2 are shown in Figure 5.9. These show

a consistent performance in both Run 1 and Run 2. Since these classifiers are

trained on individual tracks, the efficiencies shown here are per-track efficiencies.

The working point is chosen to have a per-track efficiency of 95%, which gives a

background rejection of 89% in both Run 1 and Run 2. This corresponds to a

cut on the classifier output at −0.4 for each kaon track.

The classifier output distributions are shown in Figure 5.10 for each data-taking

period. These show the signal and background samples used to train the classifier,

and also those used to test the classifier output. The separation between the signal

and background shows how well the classifier is able to distinguish between stable

and interacted tracks. The agreement between the testing and training samples

is used to highlight if the classifier is overtrained. The good agreement between

the testing and training samples shows that the classifier is not overtrained.

The comparison of the classifier output between data and simulation inB+ → J/ψK+

decays is shown for Run 2 in Figure 5.11. This figure displays the expected

behaviour: that the muons should return a classifier response consistent with

signal only. This figure also shows that the agreement between the data and

the MC is reasonable, particularly at values below zero. This is particularly

important since optimal cut point is at −0.4, as discussed further in Section 6.4.
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Figure 5.10 The response of each classifier on testing and training samples
for signal and background. The testing samples are shown with
shaded histograms, and training samples are shown with circular
markers. The red distributions are the background samples, formed
of interacted kaons. The blue distributions are signal samples,
formed of uninteracted kaons. Run 1 is shown on the left, and
Run 2 on the right.
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Figure 5.11 The classifier response on a muon in data (black points) and
MC (yellow) after training samples are tuned, shown for 2016
B+ → J/ψK+ data and MC.

68



Chapter 6

Dataset and selection

The dataset used for this analysis is the full Run 1 and Run 2 dataset from

LHCb, taken between 2011 - 2012 and 2015 - 2018 respectively. Data taken

during Run 1 was collected with centre-of-mass energies of 7 and 8 TeV, with

Run 2 data collected at 13 TeV. To select B0
(s) → ϕϕ candidates, a specific set of

trigger lines are used. The trigger selection is described in Section 6.1. Following

this, events selected by the trigger are centrally streamed, known as ‘stripping’,

and a loose preselection is applied in the data tupling process. Background

from the decays Λ0
b → pK−ϕ and B0 → ϕK∗(892) are treated with dedicated

vetoes, described in Section 6.2. A two-stage multivariate classifier is deployed to

remove combinatorial background (Section 6.3). A further multivariate classifier

is trained to remove background from poorly reconstructed B0
s → ϕϕ decays with

interactions or kaon decays-in-flight, as described in the previous chapter.

6.1 Trigger, stripping and preselection

The full sequence of triggering, stripping and preselecting events is shown in

Figure 6.1. Each stage is described in turn.

6.1.1 Trigger selection

The specific trigger lines used to select B0
(s) → ϕϕ candidates are shown in

Table 6.1. Candidates are categorised as being triggered on signal (TOS) or
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L0 HLT1 HLT2 Stripping Preselection⇒ ⇒ ⇒ ⇒

Trigger

Figure 6.1 The sequence of trigger, stripping and preselection.

Level Run 1
L0 L0Hadron TOS or LOGlobal TIS

HLT1 Hlt1TrackAllL0 TOS

HLT2 HLT2Topo3BodyBBDT TOS

HLT2Topo4BodyBBDT TOS or HLT2IncPhi TOS or

Run 2
L0 L0Hadron TOS or LOGlobal TIS

HLT1 Hlt1TwoTrackMVA TOS or Hlt1TrackMVA TOS

HLT2 Hlt2Topo2Body TOS or Hlt2Topo3Body TOS or
Hlt2Topo4Body TOS or Hlt2PhiIncPhi TOS

Table 6.1 Trigger lines used to select B0
(s) → ϕϕ candidates.

triggered independently of signal (TIS). For the latter category, other parts of

the event were responsible for triggering the candidate. At the L0, it is required

that either the hadron L0 line triggered due to the candidate event or the global

L0 line triggered independently of the signal. Due to the different requirements

for the events that are TIS, the kinematics of the TIS-only events are slightly

different to that of TOS events. This is taken into consideration when training

the combinatorial MVA, described in Section 6.3. For all the HLT1 and HLT2

lines used in this analysis, the candidate must have triggered on signal.

At L0, the candidates selected are those with high transverse momentum in the

muon system or high transverse energy in the calorimeters [136]. As discussed

in Section 3.9, there are dedicated lines, for example, for hadron candidates or

muon candidates. In this analysis, candidate events are required to pass the

global L0 requirement independently of the candidate signal, or required to have

passed the hadronic line on signal. This imposes a restriction to select only

high pT tracks. TOS decisions are required on the HLT1 track lines given in

Table 6.1, which require high pT displaced tracks, either a single track or pair of

tracks, to be selected. At HLT2, TOS decisions are required on the topological

triggers or an additional trigger line to select events including at least one ϕ

meson. The topological lines (Hlt2Topo(2,3,4)Body TOS) look for 2, 3, or 4

tracks that are consistent with being from a heavy flavour hadron, and the ϕ line
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(Hlt2PhiIncPhi TOS) looks for a displaced, high pT ϕ meson.

6.1.2 Stripping selection

Following to the trigger requirements, offline data is required to pass a dedicated

B0
s → ϕϕ stripping line. The stripping introduces loose selection criteria on the

candidate events. At this stage, well-identified kaons are combined to form the

ϕ mesons. To be considered well-identified, a kaon is required to have a value of

ProbNNk greater than 0.021, a transverse momentum greater than 400 MeV/c and

the fit to the primary vertex must converge. Each ϕ candidate must then have a

mass within 25 MeV/c2 of the nominal ϕmass, and the product of their transverse

momenta must be greater than 1.2 GeV2/c2. For the B candidate, the mass must

be within 300 MeV/c2 of the known B0
s mass. Finally, the angle between the line

that joins the primary and secondary vertices and the B candidate momentum

vector is calculated. The cosine of this angle, known as the DIRA, is required to

be greater than 0.999.

6.1.3 Preselection

When creating tuples, the data and simulation is loosely preselected with the

following requirements. To reduce combinatorial background, the decay time

must be in the range 0.3 − 14 ps and the maximum DOCA of the B candidate

must be less than 50 mm. This selection on the maximum DOCA is chosen

to be loose due to the poor precision of the ϕ vertices. The vertex is fitted

with a primary vertex constraint using the DecayTreeFitter package [137]. The

decay tree fit is required to converge with a χ2 per degree of freedom less than

5. The value of the PID variable ProbNNpi must be smaller than 0.9 to veto

pion backgrounds. The PID selection is further studied and tightened in the

optimisation procedure described in Section 6.4. A selection is also made on the

error associated with the B-meson mass value at a value of 20 MeV/c2. The

distribution of the B-meson mass error is shown on the left of Figure 6.2. Using

this distribution, 1 million B-meson mass measurements can be sampled from the

pull distribution to produce the plots in the right of Figure 6.2. In this figure, the

B0
s and B0 peaks can be seen where the B0 → ϕϕ yield is scaled to a branching

1This requirement is is more than 97% efficient at retaining kaon tracks, and removes more
than 70% of pion tracks.
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Figure 6.2 The plot on the left shows the distribution of error values associated
to the B meson mass, with the plot on the right showing distributions
of the B meson masses resampled from the B meson mass error.
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Figure 6.3 The peaking backgrounds in the B0 → ϕϕ search shown before and
after applying selection. Plots are made using simulation, with
Λ0
b → pK−ϕ on the left and B0 → ϕK∗(892) on the right.

fraction of 1.2×10−8. The plots show the B0
s meson mass error and the separation

achieved applying a cut at 20 MeV/c2.

6.2 Veto of peaking backgrounds

The decays Λ0
b → pK−ϕ and B0 → ϕK∗(892) are sources of peaking background

that survive the trigger and stripping selections. To suppress these, specific

vetoes are developed. Simulated samples of the peaking backgrounds are shown

in Figure 6.3 before and after the veto is applied, with Λ0
b → pK−ϕ on the left and

B0 → ϕK∗(892) on the right. The vetoes developed for each of these backgrounds

is described in the following subsections.
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6.2.1 Λ0
b → pK−ϕ veto

The Λ0
b → pK−ϕ decay can mimic the signal if the proton in the final state

is misidentified as a kaon. A requirement is made on the reconstructed ϕ

meson mass that it must be within 15 MeV/c2 of the known value. For the

events surviving this ϕ meson mass window requirement, particle identification

is applied. Particles with p < 10 GeV/c are below the RICH proton threshold

and are not removed as there is no proton-kaon discrimination. However, if an

event has a track with a momentum greater than 10 GeV/c above the RICH

proton threshold, a tight cut is applied on the track PID. The cut is placed

on the combination ProbNNk × (1 − ProbNNp) at 0.05 for these high momentum

tracks. This selection removes 53% of the background from Λ0
b → pK−ϕ with an

efficiency of 95% on signal MC.

6.2.2 B0 → ϕK∗(892) veto

The B0 → ϕK∗(892) decay mimics the signal mode if the pion from the decay of

K∗ is misidentified as a kaon. The track with the largest value of ProbNNpi is

assigned the pion mass. With the substituted pion mass, the KKKπ and the Kπ

invariant masses are calculated. If M(KKKπ) is within 30 MeV/c2 of the nomi-

nal B0 mass orM(Kπ) is within 70 MeV/c2 of the nominalK∗(892) mass then the

particle identification is tightened to min(ProbNNK× (1− ProbNNpi)) < 0.1. This

veto removes 30% of B0 → ϕK∗(892) background with an efficiency of selecting

B0
s → ϕϕ(B0 → ϕϕ) of 96%(99%).

6.3 MVA for combinatorial background

To reduce combinatorial background, a two-stage approach is adopted. As

described in Section 4.1, the combinatorial background can come from two main

sources, tagged as D+
s or non-D+

s . Since the background from D+
s mesons will

have different properties than more general combinatorial background, a classifier

is trained specifically for D+
s backgrounds and a further, more general classifier

is trained to act on the remaining combinatorial. In order to classify events as

having come from D+
s decays or not, an algorithm to tag background events

coming from D+
s decays is developed. The algorithm designed to tag candidates
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Selection applied
Variable π µ e
ProbNNpi > 0.3 − < 0.9
ProbNNK < 0.5 < 0.9 −
ProbNNmu − > 0.2 −
ProbNNe − − > 0.9
TRGHOSTPROB − < 0.1 −
pT > 400MeV/c2 > 400MeV/c2 > 400MeV/c2

χ2
IP > 9 > 9 > 9

Table 6.2 Selections on π+, µ+ and e+ that are vertexed with the ϕ meson.
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Figure 6.4 KKπ invariant mass spectrum for candidates made by combining
selected ϕ candidates from B0

s → ϕϕ data sample with a displaced
pion candidate. Loose cuts are applied to the plot on the left and a
cut on the trained BDT is shown the right.

is described in Section 6.3.1. The first-stage classifier for removing D+
s -tagged

background is described in Section 6.3.2, and the second-stage classifier for

removing remaining non-D+
s -tagged background is described in Section 6.3.2.

6.3.1 D+
s tagger

In order to train the MVA to remove background from D+
s decays, a D+

s -tagger is

developed. Firstly, the ϕ meson candidates from the stripping selection are split

and each vertexed with a displaced track, either an electron, muon or pion. The

criteria for selecting each of these is shown in Table 6.2. In the ϕπ+ invariant

mass spectrum shown on the left of Figure 6.4, D+
s peaks are clearly seen.

In order to cleanly select D+
s candidates,2 BDTG classifiers are trained using

TMVA [131]. A total of four classifiers are trained. There is a classifier for

2Charge conjugation implied.
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Split 𝜙𝜙
candidates 

from 
stripping

Vertex single 𝜙
with displaced pion 

Use BDT classifiers to
select 𝐷!" candidates

Tag as 𝐷!# if 𝑀(𝜙𝜋) within 
18 MeV/𝑐$ of 𝐷!# mass⇒ ⇒ ⇒

Figure 6.5 Full sequence of tagging D+
s candidates.

hadronic D+
s decays where a ϕ meson can be combined with a displaced pion,

D+
s → ϕπ+, and for semileptonic D+

s decays, D+
s → ϕl+ν where l = e, µ. These

classifiers are trained separately for Run 1 and Run 2 data. These classifiers are

trained on data where the individual ϕ candidates are vertexed with a displaced

pion. The signal proxy is the signal weighted data, where s-weights have been

determined from a fit to the D+
s mass [138]. For the semi-leptonic decays, due to

the missed neutrino, the D+
s peak is not well reconstructed. In this case, the MVA

is trained on a subset of the variables used in the D+
s → ϕπ+ tagger, using the

same input data. The input variable distributions are detailed in Appendix D.

Figure 6.4, shows the ϕπ invariant mass following this selection. Most tagged

events arise from the π+ tagger with a rate of 64%, followed by the µ+ tagger

with a rate of 23%. There is a small mistag rate, around 0.3%, which likely comes

from B+
c → B0

sπ
+ events.

Tagged D+
s candidates are chosen as those passing the BDTG classifier criteria,

shown in the right of Figure 6.4, that have a ϕπ mass within 18 MeV/c2 of

the known D+
s mass. The D+

s tag is applied in two ways. Firstly, it can be

used on data to effectively veto obvious D+
s events. Secondly, D+

s tagged data is

used to train the MVAs to capture the background the tagger did not identify, for

example non-D+
s combinatorial background or D+

s decays where the missing track

was not reconstructed. The full sequence of tagging D+
s candidates is summarised

in Figure 6.5.

6.3.2 Two-stage combinatorial background classifier

First stage targetting D+
s -tagged background

The classifier trained to target D+
s -tagged background is a multilayer percep-

tron (MLP) trained with TMVA [131], with hyperparameters of the classifier
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Variable Description
dira Log. of the pointing angle
doca12 Log. of the ϕ meson DOCA
B-meson η Pseudorapidity of the B candidate
ConeIT Transverse isolation of the B for cone size of 1.8
DTF χ2 The χ2 per degree of freedom of the decay tree fit
ϕ-meson χ2

IP The impact parameter χ2 of the ϕ meson
DChi2TwoTrack Log. of the two track ∆χ2 isolation variable
DChi2OneTrack Log. of the one track ∆χ2 isolation variable

Table 6.3 Input variable descriptions for the combinatorial background MLP
classifier.

taken from previous studies. The classifier is trained using truth-matched

signal MC and data sidebands that are tagged as coming from D+
s decays.

Background sidebands are defined as M(K+K−K+K−) < 5240 MeV/c2 or

M(K+K−K+K−) > 5400 MeV/c2. The data and MC have the loose preselection

applied as described in Section 6.1.3. The discriminating variables chosen relate to

the quality of the vertex reconstruction and signal isolation, reflecting the nature

of their background. These variables were chosen using an iterative procedure

and their definitions are detailed in Table 6.3. The cone isolation variable,

ConeIT, is calculated by studying all track objects within a cone defined around

the candidate signal event. The cone has a size defined as

r =
√

∆ϕ2 +∆η2 = 1.8 (6.1)

where ϕ and η are the usual azimuthal angle and psuedorapidity of the B-

meson track candidate. The vertex isolation variables are calculated by taking

the vertexed particle and adding further tracks from the event and creating a

new vertex. The distributions of all discriminating variables in signal and in

background are shown in Figure 6.6. The input variables agree in signal-weighted

data and MC, discussed in Appendix B.1

The performance of this classifier is shown for Run 2 data and MC in Figure 6.7.

These plots show a good separation between signal and background and no

evidence of overtraining as quantified by the KS test values of 0.98 and 0.45 for

signal and background respectively. The ROC curve shows good signal efficiency

is achieved with a sizeable background rejection. The chosen working point for

this classifier is discussed further in Section 6.4.
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Figure 6.6 The input variables for the MLP trained to remove D+
s -tagged

combinatorial background. The signal distributions are shown in
solid blue and the background distributions are shown in hatched
red.
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Second stage targetting non-D+
s -tagged background

The second stage of the combinatorial background MVA is designed to target

more general combinatorial background that does not come from D+
s decays.

The classifier is a BDT trained with XGBoost [139], trained using truth-matched

MC as the signal sample and the non-D+
s -tagged data sidebands as background.

In this case the background sidebands are defined as M(K+K−K+K−) <

5100 MeV/c2 or M(K+K−K+K−) > 5650 MeV/c2. In order to reduce the

overlap between the MVAs, a loose requirement is made on the MLP classifier at

0.2 which removes around 50% of the D+
s background. As previously mentioned,

events with a TIS decision at L0 will have slightly different kinematics to those

with a TOS decision. For this reason, this stage of the MVA is split in two with

a classifier for each of the TIS and TOS categories. In order to split this way, we

require that TIS events have a positive TIS decision and a negative TOS decision,

since it is possible that an event can have both TIS and TOS decisions at L0.

Here the important criteria is that an event is triggered as TIS only, and so any

events that have both TIS and TOS decisions at L0 are labelled as TOS events.

The XBDT classifier uses the transverse momentum of the B-candidate as a

discriminating variable. Since the simulation does not describe the B-meson pT

distribution accurately the simulation is reweighted to improve agreement with

the data. This reweighting is performed seperately for TIS and TOS events. The

result of this is better agreement in the classifier response for data and MC. The

other variables used as discriminating variables are described in Appendix B.2.

The performance of these classifiers is shown by the ROC curves in Figure 6.8

and the classifier output distributions in Figure 6.9. The ROC curves shown are

for Run 2 samples, shown separately for the TIS and TOS classifier. The area

under the ROC curve is given in the plot as a measure of the performance, where

perfect performance would have a ROC curve with an area of 1. The classifier

output distributions shown are for Run 1 (top of the figure) and Run 2 (bottom

of the figure), for both TOS (left) and TIS (right) categories. These show good

separation between signal and background and do not display sign of overtraining.
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Figure 6.8 ROC curves the XBDT classifier, shown for TOS events (left) and
TIS events (right).
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Figure 6.9 Classifier output distributions for the XGBT classifier, shown for
TOS (left) and TIS (right), where the y-axis is in log scale. The
plots on the top of the figure show Run 1, with the plots on the
bottom showing Run 2. Background is shown in red and signal is
shown in blue. The samples used to train the classifier are shown
with the shaded regions and the samples used to test the classifier
are represented by the points.

6.4 Working point optimisation

The selections on the first stage MLP, the second stage XBDT, and also the

selection on particle identification are all able to remove background with some
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efficiency of retaining signal. The selection on each of these is optimised to achieve

the best possible background removal without compromising the efficiency of

retaining any B0 → ϕϕ signal. To do this, a figure of merit is chosen to quantify

the performance of each working point and to choose an optimal selection. The

chosen figure of merit is the Punzi multi-channel figure of merit [140, 141]. This

is chosen since the data is partitioned into the two TIS and TOS categories. The

figure of merit is defined as,

FOM =
A2/B

a/2 + A3/2/B
, (6.2)

where,

A =
∑

i

ϵ2i
bi

, B =
∑

i

ϵ3i
b2i

(6.3)

where ϵi is the efficiency of the selection on signal in category i, bi is the estimated

background level in the blind region in category i and a is the signal significance

that the selection is optimised for. In this case, a is set to 3 in this case to

optimise for 3σ evidence. The signal efficiency is obtained from simulation and

the expected background level is calculated by fitting the data with the full

selection applied to the complete model. Each of the shapes for the background

contributions are interpolated into the blind region and the integral calculated

to give the total estimated background. The two categories, i, are TIS and TOS

events. The scan is done separately for Run 1 and Run 2 data.

The XBDT classifier cut is scanned for both TIS and TOS events. The scans are

repeated for multiple cut points on the MLP and with multiple values of the cut

on particle identification, specifically on the minimum value of the combination

(ProbNNK(1-ProbNNpi)) for each kaon track. The choice of denominator when

calculating these efficiencies is made as the total number of events in simulation

surviving all selections except the MLP, PID and XBDT cuts. This allows a

global comparison across the scans done at various MLP and PID cut values. As

the result of the several scans, the optimal MLP cut is chosen as 0.95, and a cut

is applied on the minimum value of ProbNNK(1-ProbNNpi) at 0.05. This MLP

cut corresponds to 97.74% (97.75%) signal efficiency for a rejection of D+
s -tagged

background of 99.0% (99.2%) in Run 1 (Run 2). In the scan corresponding to

these MLP and PID selections, the optimal cut points on the XBDT are chosen

as 0.97 (0.975) for TIS events and 0.995 (0.998) for TOS events in Run 1 (Run 2)

corresponding to an overall efficiency of the XBDT selection of 92.7% (82.63%)

in Run 1 (Run 2). This is shown in the scans in Figure 6.10. The scan for Run
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Selection B0 efficiency (%) B0
s efficiency (%)

Stripping, acceptance, 4.939 ± 0.011 5.469 ± 0.007
reconstruction and preselection

ϕ mass window 91.99 ± 0.06 91.80 ± 0.03
Cut on B-meson mass error 98.79 ± 0.03 98.48 ± 0.02

ProbNNpi < 0.9 98.72 ± 0.03 98.76± 0.01
ProbNNk(1-ProbNNpi) > 0.05 93.18 ± 0.06 92.85 ±0.03

Λ0
b veto 96.56 ± 0.05 96.59 ± 0.02

Muon veto 93.21 ±0.07 93.34 ± 0.03
Kaon interaction BDTG 83.02 ± 0.10 79.67 ± 0.06

MLP 97.74 ± 0.04 97.75 ± 0.02
XBDT 87.83 ± 0.10 87.85 ± 0.05

B0 → ϕK∗(892) veto 99.39 ± 0.02 96.95 ± 0.03

All selections (not truth matched) 2.632 ± 0.008 2.712 ± 0.005

Table 6.4 Efficiency of selections calculated with Run 2 MC. All efficiencies are
calculated with respect to the previous step, except for the first step
which is calculated with respect to the number of events generated.

1 shown at the top of Figure 6.10 shows several points yielding high sensitivity.

These points are all consistent within the uncertainties and the tightest cut point

is chosen. It is also checked that a cut point for TIS XBDT < 0.95 does not give

higher values of the figure of merit. Scans at other working points of the MLP

and PID points are shown in Appendix C.

6.5 Full selection criteria and efficiencies

The efficiency of the full selection is calculated using signal MC for B0
s → ϕϕ and

B0 → ϕϕ. Table 6.4 shows the efficiency of each cut applied sequentially, with the

efficiencies calculated with respect to the previous selection in the table. For the

stripping, acceptance, reconstruction and preselection, the efficiency is calculated

with respect to the total number of events generated which has been corrected

for any differences in MC generation efficiencies.

The ratio of the selection efficiencies for B0 → ϕϕ and B0
s → ϕϕ is calculated for

Run 1 and Run 2 separately and included in the fit to data to correct the B0

yield. The ratio is found to be 1.006± 0.006 for Run 1 and 0.971± 0.003 for Run

2.
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Figure 6.10 Results of multi-channel Punzi scan with a cut on the MLP at 0.95
and a cut on the minimum value of ProbNNK(1-ProbNNpi) at 0.05.
Run 1 is shown on the top, and Run 2 on the bottom. The chosen
cut points are highlighted by black outline.
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Chapter 7

Modelling the K+K−K+K−

invariant mass distribution

In this chapter, the modelling of the contributions to the K+K−K+K− invariant

mass spectrum is described. Firstly, the modelling of the signal mode, B0 → ϕϕ,

and the normalisation mode, B0
s → ϕϕ, is described. These modes are nearly

identical so have the same treatment. This model is validated with a spurious

signal test [142]. Each background contribution is then described in turn.

7.1 Modelling B0
(s) → ϕϕ decays

The shape of the B0
(s) → ϕϕ invariant mass distributions are caused by various

effects. The tails of the distributions depend on the hadronic interactions

and decays-in-flight, discussed in Chapter 5. The remaining tail after the

full selection needs careful modelling to demonstrate clear understanding of

the contributions from B0
s → ϕϕ in the B0 → ϕϕ mass range. Another effect

is driven by the fraction of events that pass the L0 trigger with either a

TIS or TOS decision. The different requirements imposed in the trigger

leads to different kinematics and hence the mass resolution for each trigger

category. To correctly model this effect, the simulation is reweighted so that

the fraction of TIS and TOS events matches that of the data. Using data in

the mass range 5320 MeV/c2 < M(K+K−K+K−) < 5380 MeV/c2, the sample

of B0
s → ϕϕ decays is sufficiently pure to calculate the fractions of TIS and
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data MC
Run 1: TOS/TIS 0.675 0.905
Run 2: TOS/TIS 0.728 0.910

Table 7.1 Fraction of TOS/TIS events in data and MC. The MC fraction is
tuned to match the data fraction.

TOS events. Table 7.1 shows the calculated fractions of TIS and TOS events

in both data and MC. These fractions are used to correct the MC by randomly

removing TOS events. Well-reconstructed events and poorly-matched events can

be separated in simulation using the Monte Carlo truth information. A tool exists

that attempts to categorise candidates according to whether they are signal or

one of several background categories [143]. The relevant categories here are well-

reconstructed and ghosts. The latter is dominated by signal candidates that

fail the truth-matching due to missed associated hits. Ghost candidates can

contribute to the B0
s → ϕϕ signal distribution in data and so need to be modelled.

Candidates coming from kaon interactions can be in either category. The training

sample is split according to this category to develop the full model. Each sample

is fit with a Student-T for the core and a Gaussian to capture the kaon interaction

events. The results of these fits are shown in Figure 7.1, with fitted values of the

parameters shown in Table 7.2. Note that the core width of the ghost category

events is 17% larger than that of well-reconstructed events.

The models are developed using the Run 2 B0
s → ϕϕ simulation, tuned to match

the data TIS and TOS fractions. The simulation is randomly split in half to form

two samples, one for developing the model and one for testing its validity. These

are referred to as the training and testing samples respectively. After applying

the full selection, there are three shapes contributing. These shapes come from:

well-reconstructed signal, ghosts and any remaining candidates coming from kaon

interactions. Each of these categories of events contributes differently to the

overall invariant mass distribution and is therefore modelled separately. Well-

reconstructed signal, which forms 97.9% of the sample, is well modelled by a

Student-T distribution (see Appendix A.1). The events with poorly matched

tracks, contributing 1.9% to the sample, are well modelled by a Student-T

distribution with a larger width than that of the well-reconstructed events. The

final 0.2% are the remaining events with kaon interactions and decays-in-flight.

These are well described by a wide Gaussian.

These two categories are then recombined and fit to the full model, consisting

of two Student-T distributions, one for each of well-reconstructed events and
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Figure 7.1 Fit to signal MC invariant mass distribution split into categories
of well-reconstructed and ghosts. Each category is fit to a Student-
T distribution to represent the core and plus Gaussian distribution
to represent the tail events coming from kaon interactions. The
distribution of ghost events has a core width that is 17% larger than
that of the well-reconstruced events.

Parameter Well-reconstructed Ghosts
µ [MeV/c2] 5367.20 ± 0.04 5365.27 ± 0.35
sST [MeV/c2] 13.64 ± 0.03 16.01 ± 0.34
nST [MeV/c2] 14.37± 0.42 7.71 ± 1.50
f 0.9984 ± 0.0002 0.956 ± 0.007
σG [MeV/c2] 72.8 ± 4.3 102.7 ± 10.4

Table 7.2 Parameter value results for fits to well-reconstructed and ghost events
in the Run 2 MC training sample. The fraction, f , represents the
number of events in the Student-T distribution.
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Figure 7.2 Result of the fit to the full training MC sample. The sample is fit to
a sum of two Student-T distributions and a shallow Gaussian.

Parameter Value
µ [MeV/c2] 5367.17 ± 0.04
f0 0.979
s0 [MeV/c2] 13.66 ± 0.03
n0 [MeV/c2] 14.98 ± 0.52
f60 0.019
s60 [MeV/c2] 16.01
n60 [MeV/c2] 4.25 ± 2.91
σG [MeV/c2] 87.1 ± 4.4

Table 7.3 Parameter value results for fit to the full testing MC sample. The
fraction, f0, represents the number of events in the Student-T
distribution for the well-reconstructed events, and the fraction, f60,
represents the number of events in the Student-T distribution for the
ghost events. Values quoted without errors are fixed in the fit.

poorly-matched events, and a single wide Gaussian for the interactions. The full

fit model is given by

P (m) = f0ST (m|µ, s0, n0)+f60ST (m|µ, s60, n60)+(1−f0−f60)G(m|µ, σG), (7.1)

where the subscript 0 refers to well-reconstructed events and the subscript 60

refers to ghost events. The definitions for the parameters of the Student-T

distribution are detailed in Appendix A.1. The fractions f0 and f60 are fixed

to the values obtained from simulation. The fit to the full training sample is

shown in Figure 7.2, with the fitted values of the parameters given in Table 7.3.
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Figure 7.3 Result of the fit to the full testing MC sample. The sample is fit to
a sum of two Student-T distributions and a shallow Gaussian with
only the mean and a scale factor allowed to vary.

Parameter Value
µ [MeV/c2] 5367.10 ± 0.04
n0 13.66 ± 0.33

Table 7.4 Result of the fit Parameters to the full testing MC sample.

To ensure this is a good description of the signal, the testing sample is fitted to

the model. We introduce a scale factor, sF , that multiplies both width parameters

for the well-reconstructed and ghost events. This allows the model to be used on

both Run 1 and Run 2 data, and for both B0
s → ϕϕ and B0 → ϕϕ shapes. Here,

we fix its value to 1. All parameters are fixed to the values in Table 7.2, with

the n0 and µ parameters, allowed to vary. The parameter n0 controls the tails of

the Student-T distribution for well-reconstructed events. The results of this fit

to the test sample are shown in Figure 7.3 and Table 7.4.

This model is also checked for validity using the B0 → ϕϕ simulation. Here, the

scale factor and µ are allowed to vary as it is expected the result will be different.

The parameter n0 is fixed to the value from the validation fit as it is shared

between the B0
s → ϕϕ and B0 → ϕϕ shapes in the fit to data. The results of this

fit are shown in Figure 7.4 and Table 7.5, which demonstrates that the developed

model describes both the B0
s → ϕϕ and B0 → ϕϕ signal well.
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Figure 7.4 Result of the fit to the B0 → ϕϕ MC after the full selection. The
sample is fit to a sum of two Student-T distributions and a shallow
Gaussian with only the mean and a scale factor allowed to vary.

Parameter Value
µ [MeV/c2] 5279.67 ± 0.05
sF 0.996 ± 0.003

Table 7.5 Result of the fit parameters to the B0 → ϕϕ MC after the full
selection.
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7.1.1 Testing for spurious signal

Another test to validate this model to be used for the B0
s → ϕϕ signal is the

test for spurious signal as suggested in [142]. This test is used to validate that

the model describes the signal sufficiently well that it does not falsely generate

a B0 → ϕϕ signal that is not there. To test this, the signal MC for B0
s → ϕϕ is

split into 46 independent samples, where each of these samples contains roughly

the same number of events as we expect in the Run 2 data. For each independent

sample, a random sample of combinatorial background is generated from an

exponential distribution and added. This provides 46 independent mock data sets

with a B0
s → ϕϕ signal and combinatorial background. Each of these 46 samples

is then fitted to a model containing B0
s → ϕϕ decays, a combinatorial model, and

an additional component for the B0 → ϕϕ decay that is allowed to vary freely.

Since there is no added B0 → ϕϕ component in the mock data samples, the fitted

yield of B0 → ϕϕ events should centre on zero. From this test, it is found that the

model developed is unbiased and does not artificially generate a B0 → ϕϕ signal.

This is shown in Figure 7.5 which shows the distribution of the fitted B0 → ϕϕ

yields for all 46 samples. The mean of this distribution is consistent with zero,

showing that this model is robust. The RMS of the distribution is less than 5

events. As the expected number of events for claiming evidence would be much

greater than 5 events, this is not of concern.

7.2 Background modelling

The models for the Λ0
b → pK−ϕ and B0 → ϕK∗(892) modes are developed using

the full simulation after applying the full selection. For the background coming

from Ξb → pK−ϕ and partially reconstructed decays of excited K∗ mesons,

RapidSim [116] is used to generate samples to develop a model.

7.2.1 Modelling Λ0
b → pK−ϕ and Ξb → pK−ϕ

The background from Λ0
b → pK−ϕ is modelled well by a bifurcated Gaussian,

shown in Figure 7.6, with the values of the fitted parameters given in Table 7.6.

The yield of events coming from this source are estimated in a data-driven way, by

applying the full selection but inverting the Λ0
b → pK−ϕ veto and using a looser
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Figure 7.5 The distribution of fitted B0 → ϕϕ yields from 46 independent
samples of data-like B0

s → ϕϕ decays and combinatorial background.
This shows the B0

s → ϕϕ model and the combinatorial background
model do not give rise to any spurious signal.

ϕ mass window at ±25 MeV/c2. The fraction of events passing through the veto

is calculated from the simulation as 0.61± 0.13. The veto selection is inverted on

the data, which is then fitted to the KKKπ invariant mass. The data is modelled

with a shape for the Λ0
b → pK−ϕ and a shape for the Ξb → pK−ϕ decay at the

known Λ0
b−Ξb mass splitting. The shapes of these are each double Gaussians. The

yield of events failing the veto is calculated from the fit, and using the fraction

of events that pass the veto, sPF the expected yield of these background events

is then Npass = sPF ×Nfail. In Run 1, the yield is of Λ0
b → pK−ϕ is estimated to

be 6.7± 3.5 events. For Run 2, the yield is estimated to be 34.8± 10.5 events.

Events coming from Ξb → pK−ϕ appear in the high-mass sideband of the data.

The distribution of Ξb → pK−ϕ events are described by a Crystal Ball function

(see Appendix A.2), with parameters described in Table 7.7. The yield of these

events is calculated in the same way as the Λ0
b → pK−ϕ yield and is found to be

0.0± 1.0 events in Run 1 and 5.6± 3.6 events in Run 2.
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Figure 7.6 Bifurcated Gaussian fit to Λ0
b → pK−ϕ MC after applying the full

selection.

Parameter Value [MeV/c2]
µ 5456 ± 26
σ1 181 ± 30
σ2 37 ± 32

Table 7.6 Fit parameter results for the Bifurcated Gaussian shape that describes
the shape of the Λ0

b → pK−ϕ background.

Parameter Value
µ [MeV/c2] 5640.7 ± 1.2
σ [MeV/c2] 28.7 ± 0.7
n 3.22 ± 0.30
sF 0.28 ± 0.02

Table 7.7 Fit parameter results for the Crystal Ball shape that describes the
shape of the Ξb → pK−ϕ background.
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Figure 7.7 Crystal Ball fit to B0 → ϕK∗(892) MC after applying the full
selection.

Parameter Value
µ [MeV/c2] 5329 ± 4
σ [MeV/c2] 19.7 ± 2.6
n 39.9 ± 32.2
sF -0.58 ± 0.11

Table 7.8 Fit parameter results for the Crystal Ball shape that describes the
shape of the B0 → ϕK∗(892) background.

7.2.2 Modelling B0 → ϕK∗(892)

The events coming from B0 → ϕK∗(892) are modelled well by a Crystal Ball

function. The fit is shown in Figure 7.7 with parameter values described in

Table 7.8.

The fractional yield of B0 → ϕK∗(892) candidates relative to the normalisation

mode after all cuts is calculated using results from the previous LHCb measure-

ment of the B0
s → ϕϕ branching fraction [144]. The fraction is calculated as

shown,

fϕK∗ =
N2015

ϕK∗

N2015
ϕϕ

×
ε2015ϕϕ

ε2015ϕK∗
×
εgenϕK∗

εgenϕϕ

×
εselϕK∗

εselϕϕ

(7.2)

where N2015
ϕK∗ and N2015

ϕϕ are the measured yields of the B0 → ϕK∗(892) and

B0
s → ϕϕ candidates respectively and ε2015ϕK∗ and ε2015ϕϕ are the selection efficiencies

for B0 → ϕK∗(892) and B0
s → ϕϕ candidates respectively, taken from the

previous LHCb result [144]. The selection efficiencies, εselϕK∗ and εselϕϕ, are calculated
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from simulation and corrected by the generator level efficiencies, εgenϕK∗ and εgenϕϕ .

This calculation gives fϕK∗ = (24±4)×10−4 in Run 1 and fϕK∗ = (22±2)×10−4

in Run 2.

7.2.3 Partially reconstructed backgrounds from excited K∗

decays

In addition to background from B0 → ϕK∗(892) decays, decays with excited

K∗ states may also contribute to the background distribution. In particular,

K1(1270) and K
∗
2(1430) have large fractions to Kπ+π− which can contribute to

background if one of the pions is misidentified and the other is missed. Using

the decay modes Bu,d → ϕK1(1270) and Bu,d → ϕK∗
2(1430), the shape of the

partially reconstructed background and expected yield can be obtained using

RapidSim [116]. The shape of this contribution can be described with a Gaussian

kernel PDF function (see Appendix A.3). The fit result is shown in Figure 7.8.

These events are suppressed by the ϕ mass window and PID, and the yield of this

mode relative to the B0
s → ϕϕ decay is estimated to be (12± 2)× 10−4. This is

calculated using known branching fractions.
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Figure 7.8 Fit of a Gaussian kernel PDF to partially reconstructed excited K∗

simulation samples.
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Chapter 8

Results

This chapter presents the final results of the analysis, including the results of the

fit to the full dataset, toy studies to demonstrate significance, and the limit on

the branching fraction calculated using the CLs method [125, 126]. Section 8.1

describes the results of the full fit to the four-kaon invariant mass spectrum and

the studies of toy datasets, and Section 8.2 describes the CLs test and the upper

limit that is calculated for the B0 → ϕϕ branching fraction. The largest source

of systematic uncertainty is from the measurement of the B0
s → ϕϕ branching

fraction. Many sources of experimental uncertainty cancel due to the choice

of normalisation mode having the same final state as the signal mode. In the

studies of significance in Section 8.1.1 and for the limit calculation in Section 8.2,

systematic uncertainties from modelling or the use of external measurements

are accounted for by fluctuating the parameters within their uncertainty when

generating the toy datasets.

8.1 Fit to four-kaon invariant mass distribution

Two fits are performed to the data. One fit is the full signal plus background

model, shown at the top of Figure 8.1, while the other is the background-only

model where the value of the B0 → ϕϕ branching fraction is fixed to zero, shown

in the bottom of Figure 8.1. The values of the fitted parameters are shown for

each fit in Table 8.1. While the pull distributions suggest mismodelling around

the B0
s → ϕϕ peak, the model of B0

s → ϕϕ is physically well-motivated, all pulls
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Figure 8.1 Fit to data including a component for B0 → ϕϕ (top) and without
including a component for B0 → ϕϕ (bottom). The left shows Run
1 data, with Run 2 data on the right.

are within 3σ and the fit results are stable when modifications are made to the

model.

The yield of B0 → ϕϕ candidates is parameterised in terms of the yield of

B0
s → ϕϕ candidates and the B0

s → ϕϕ branching fraction. The yield of B0
s → ϕϕ

candidates is corrected by the expected S-wave contribution [144] and the ratio

of efficiencies as calculated in Section 6.5. In order to calculate the B0 → ϕϕ

branching fraction relative to B0
s → ϕϕ events, the fragmentation fraction fs/fd

must be taken into account which would lead to a large systematic uncertainty.

Since the B0
s → ϕϕ branching fraction is measured relative to B0 → ϕK∗(892)

decays, the fragmentation fraction may be cancelled out using the results from
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Parameter Status Without B0 → ϕϕ With B0 → ϕϕ
f0 fixed 0.979 0.979
f60 fixed 0.019 0.019

µB0
s
[MeV/c2] free 5366.63 ± 0.16 5366.64 ± 0.16

s0 [MeV/c2] fixed 13.66 13.66
s60 [MeV/c2] fixed 16.0097 16.0097
n0 [MeV/c2] free 12.53 ± 1.50 12.58 ± 1.49
n60 [MeV/c2] constrained 1.051 ± 0.004 1.03 ± 0.74

aRun 1 fixed 0.98 0.98
aRun 2 fixed 1 1

σG [MeV/c2] constrained 86.74 ± 4.33 86.81 ± 4.34
mB0

s
−mB0 [MeV/c2] constrained - 87.22 ± 0.16

aB0 fixed - 0.98152
aΞ0

b
fixed 0.277 0.277

µΞ0
b
[MeV/c2] fixed 5640.7 5640.7

nΞ0
b

fixed 3.22 3.22

σΞ0
b
[MeV/c2] fixed 28.7 28.7

aϕK∗ constrained -0.60 ± 0.11 -0.59 ± 0.11
µϕK∗ [MeV/c2] fixed 5329.29 5329.29

nϕK∗ fixed 39.86 39.86
σϕK∗ [MeV/c2] constrained 20.3 ± 2.4 20.0 ± 2.4
µΛ0

b
[MeV/c2] constrained 5457.63 ± 16.82 5459.61 ± 17.75

σ1
Λ0
b
[MeV/c2] constrained 184.2 ± 27.2 185.0 ± 27.9

σ2
Λ0
b
[MeV/c2] constrained 35.3 ± 8.9 34.6 ± 9.2

τRun 1
comb. free -0.00380 ± 0.00110 -0.00386 ± 0.00117
τRun 2
comb. free -0.00592 ± 0.00115 -0.00642 ± 0.00154
NRun 1

B0
s

free 1683.81 ± 41.4 1684.3 ± 41.5

NRun 1
Λ0
b

constrained 7.6 ± 3.4 7.5 ± 3.4

NRun 1
Ξ0
b

constrained 0.0 ± 2.7 0.0 ± 3.0

NRun 1
comb. free 54.8 ± 9.9 52.03 ± 10.4
fRun 1
ϕK∗ constrained 0.0025 ± 0.0005 0.0025 ± 0.0005
NRun 2

B0
s

free 7153.1 ± 85.2 7154.0 ± 86.3

NRun 2
Λ0
b

constrained 40.2 ± 9.7 38.9 ± 9.8

NRun 2
Ξ0
b

constrained 3.4 ± 3.1 3.9 ± 3.1

NRun 2
comb. free 118.9 ± 17.6 108.9 ± 21.0
fRun 2
ϕK∗ constrained 0.0022 ± 0.0002 0.0022 ± 0.0002

fpartialK∗ constrained 0.0012 ± 0.0.0002 0.0012 ± 0.0.0002
B(B0 → ϕϕ) free - 0.74 ± 0.44
Negative Log Likelihood 0 -1.66

Table 8.1 Fit results for the simultaneous fits to Run 1 and Run 2 data, both
with and without shape for the B0 → ϕϕ component. Values quoted
without uncertainty are fixed in the fit.
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this measurement [144],

B(B0
s → ϕϕ)

1/(fs/fd)
= (477± 37)× 10−8. (8.1)

The yield of B0 → ϕϕ candidates is therefore parameterised as follows,

NB0 = N corrected
B0

s
× B(B0 → ϕϕ)× 1/(fs/fd)

B(B0
s → ϕϕ)

, (8.2)

where N corrected
B0

s
is the yield of B0

s → ϕϕ candidates corrected for the potential

S-wave contribution and the ratio of selection efficiencies. The results of these

fits show no significant B0 → ϕϕ yield, with the best fit value of 12.7± 7.7 events

in the full dataset. This yield has a significance, S, of 1.8σ calculated assuming

Wilks’ theorem [145],

S =
√

2 log(Λ), (8.3)

where Λ is the ratio of the likelihoods of each fit. For the signal plus

background model, the best fit value of the branching fraction is found to be

(0.74± 0.44)× 10−8. Therefore, no significant signal is seen.

8.1.1 Studies of significance with toy data samples

A robust way of determining the significance of the result is by generating many

toys for the background-only hypothesis and fitting these toy samples to the signal

plus background model. In doing this, a distribution branching fraction values

is obtained. To find the significance, we find the fraction of generated toys that

are found to have a branching fraction greater than or equal to the best fit value,

0.74. The distribution of fitted branching fractions is shown in Figure 8.2. It is

found that of these 1500 toys, 3.73% of them fit a value of the branching fraction

greater than (0.74± 0.44)× 10−8. This is a p-value of 0.0373, corresponding to

a significance of 1.9σ(2.1σ) for a one-(two-)sided test.

8.1.2 Likelihood profile of the branching fraction

The significance of the result and the limit on the branching fraction can also

be seen by the profile likelihood of the branching fraction. The profile likelihood

is produced by calculating, for a set of given hypotheses, the likelihood ratio of
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Figure 8.2 Distribution of the fitted values of the B0 → ϕϕ branching fraction,
for 1500 background-only toy datasets. This shows how significant
the signal plus background model is on data.

Figure 8.3 The profile likelihood of the B0 → ϕϕ branching fraction.
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fitting the data to the signal plus background model with the branching fraction

value free to vary or fixed to the value of the hypothesis under test. This produces

a curve that is at a minimum around the best fit value of the branching fraction

and intercepts the y-axis at the significance of the best fit result. By finding

the branching fraction value that has a value of the likelihood ratio equivalent to

90% significance, one can obtain an estimate for the 90% limit on the branching

fraction. The likelihood profile for the branching fraction is shown in Figure 8.3.

8.2 CLs method for setting a limit on the B0 → ϕϕ

branching fraction

Since no significant signal yield is seen, a limit is set on the branching fraction

using the CLs method [125, 126]. To perform the CLs test, a series of toy data

samples are used to understand the sensitivity of this analysis to a signal and

calculate the 90% and 95% upper limits on the branching fraction. The fit to

data is used to generate toy data samples with multiple values for B(B0 → ϕϕ).

CLs is defined as follows,

CLs ≡
CLs+b

CLb

, (8.4)

where CLs+b is the probability that the value of the test statistic, t, to be as

large or larger under the signal and background hypothesis, and 1 − CLb is the

probability for the value of t to be as small as or smaller under the background

only hypothesis. The expected value of CLs for a particular branching fraction

value is calculated from the distribution of t for the toys with no signal and the

toys with signal,

CLs+b =

∫ ∞

texp

g(t; s+ b)dt (8.5)

1− CLb =

∫ texp

−∞
g(t; b)dt (8.6)

where g(t; s + b) is the distribution of the test statistic under the signal and

background hypothesis and g(t; b) is the distribution of the test statistic under

the background only hypothesis. In practice, the value of texp is found as the

median value of g(t; s + b). This gives the expected value of CLs. These values

are plotted as a function of the branching fraction hypothesis.
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Figure 8.4 Results of the CLs calculation showing the expected and observed
CLs values for various signal hypotheses. This plot shows that the
90%(95%) limit on the branching fraction is at 1.3(1.4)× 10−8.

The limit on the B0 → ϕϕ branching fraction is set using background-only

pseudexperiments and psuedoexperiments with trial branching fractions from

0.1 × 10−8 to 1.6 × 10−8 Each toy is fit to the background-only and signal plus

background models to calculate the test statistic: the likelihood ratio. These

distributions are then used to produce the plot of the CLs values for each

hypothesis. This plot is then used to find the hypothesis for which the CLs value

is either 90% or 95%. The results of the CLs calculation is shown in Figure 8.4.

The results of this calculation show that the 90% limit on the B0 → ϕϕ branching

fraction can be set at 1.3× 10−8. This is the world’s best limit on the branching

fraction of the B0 → ϕϕ branching fraction. The previous search for this mode,

published by LHCb in 2019, had an expected limit at 90% at 2 × 10−8 and an

observed limit at 2.7×10−8 [1]. The expected limit from this analysis is improved

by a factor of 2.5. There is a factor of 2 increase due to luminosity but sensitivity

is further improved with a factor of 2 reduction in the background. The number

of background candidates in the two analyses are the same, despite the dataset

being twice as large. The result of the CLs calculation shows that the observed

limit is larger than the expected limit. The previous result also saw a similar

upward fluctuation so this study, while not statistically significant, hints that the

true B0 → ϕϕ branching fraction is at the level of 1 × 10−8. This is going to
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be accessible with Run 3, providing similar background rejection performance is

achieved.

101



Chapter 9

Sensitivity to CP violation in

B0
s → ϕϕ decays in LHCb

Upgrade I

As discussed in Chapter 3, the LHCb experiment was almost entirely upgraded

during the previous long shutdown of the LHC. The new LHCb experi-

ment started taking data in 2023 at the nominal instantaneous luminosity of

2× 1033 cm−2 s−1. The Upgraded LHCb has a new VELO, upgraded RICH

systems, a new tracking system of the silicon Upstream Tracker and Scintillating

Fibre downstream tracker, and a novel, fully software triggering system [73].

The new fully software trigger is designed to increase the yield of B0
s → ϕϕ events

by a factor of two per fb−1. The B0
s → ϕϕ mode is a key physics channel of

interest, as discussed in Chapter 2. For LHCb, this mode is known as a ‘golden

channel’ as it is predicted to have a CP -violating phase ≈ 0 and it is a FCNC

occurring at penguin level. A value of ϕss̄s
s that deviates significantly from zero

is a signature of new physics beyond the SM. The value of ϕss̄s
s is measured from

a time-dependent angular analysis. In order to perform this measurement, there

are a few key components to be understood. These are the decay time resolution,

the decay time acceptance, the angular acceptance and the flavour tagging. This

Chapter presents the first studies of B0
s → ϕϕ in Upgrade I, showing the improved

yield per fb−1, the decay time acceptance, and comparisons between data and

simulation in several kinematic and angular observables. The sensitivity to ϕss̄s
s

that can be achieved in Run 3 is presented assuming similar performance in
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flavour tagging and decay time resolution.

9.1 Dataset and selection

The dataset studied was taken in 2024 and corresponds to approximately 2 fb−1

of integrated luminosity. During this period of data-taking, the UT information

was not included and the alignment of the subdetectors was preliminary. It is also

not possible to refit the tracks in this dataset. The candidates are required to pass

the Hlt1TwoTrackMVA line with a TOS decision, and are also required to pass the

Hlt2BnoC BdsToPhiPhi line. Several cuts are applied on the candidates at this

HLT2 line. The B-meson candidate is required to have a vertex χ2 per degree

of freedom less than 10, the cosine of the PV direction angle (DIRA) greater

than 0.999 and a decay time greater than 0.2 ps. The ϕ-mseon candidates are

required to have a mass in the window 990 MeV/c2 to 1050 MeV/c2 and a vertex

χ2 per degree of freedom less than 15. The product of the ϕ meson pT values,

pT (ϕ1)× pT (ϕ2), must be greater than 1.5 GeV2/c2. The kaons are each required

to have a momentum larger than 1 GeV/c, a pT greater than 400 MeV/c and a

requirement is made on the kaon PID, the difference in log likelihood of between

the kaon and pion, at −5.

Data selected by the trigger is further cleaned by tightening the cut on the B-

meson pT to 2000 MeV/c, the cut on the lifetime is tightened to 0.3 ps and the

maximum DOCA is required to be less than 5. The ϕ meson mass window is

tightened to ±15 MeV/c2, and the kaon PID tightened to 0.

9.1.1 MVA for combinatorial background

In order to reduce combinatorial background, a simple MVA classifier is

developed. The classifier is a gradient boosted decision tree (BDTG). The

background sample for training is taken as the data sidebands, defined as

5100 MeV/c2 < M(K+K−K+K−) < 5200 MeV/c2 or 5500 MeV/c2 <

M(K+K−K+K−) <5600 MeV/c2. The signal sample for training is truth-

matched signal simulation required to pass the same selections. The classifier

is trained on five variables, shown in Figure 9.1. The classifier uses the kinematic

variables η and pT of the B-meson candidate and the product of the ϕ-meson pT .

The classifier additionally uses the IP χ2 and vertex χ2 information which shows
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Figure 9.1 Input variables used in the MVA classifier used to remove the
combinatorial background from the 2024 data. The signal sample is
represented by the solid blue histogram, with background represented
by the hatched red histogram.

good separation between signal and background.

The performance of the classifier is shown by the output classifier distributions

shown on the left of Figure 9.2 and by the ROC curve on the right of Figure 9.2.

The classifier distribution shows good separation between signal and background

and a good agreement between the testing and training samples. The ROC curve

shows good background rejection for high rate of signal efficiency.

A loose working point is chosen to retain 98.5% of signal. The candidates
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Figure 9.2 The classifier output distribution (left) and the ROC curve (right)
for the MVA classifier used to remove the combinatorial background
from the 2024 data.
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Figure 9.3 The four-kaon invariant mass distribution before (hatched) and after
(solid) applying the MVA classifier.

remaining after applying this classifier are shown in Figure 9.3.

9.2 Comparing data and simulation

In order to develop sophisticated multivariate classifiers that work efficiently to

reduce background, the simulation should describe the data well. In order to check

this, signal weighted data is compared with truth-matched simulation. The signal

weighted data sample is obtained using the Custom Orthogonal Weights (COWs)

background subtraction method [133]. The signal weights are extracted from the

data after the loose MVA cut. This is to improve the signal to background ratio

without biasing the signal.

The model used for signal is the sum of a Student-T distribution and a wide

Gaussian. All parameters, except for the mean and the width, are fixed to the

values obtained from the fit to simulation, shown in Figure 9.4. The fitted values

of the model parameters taken from MC are shown in Table 9.1. The fit to data

is shown in Figure 9.5, with parameter values shown in Table 9.2. These results

show that, for this dataset, the mean of the B0
s → ϕϕ signal distribution is shifted

from the nominalB0
s mass of 5367 MeV/c2 [127]. The width of theB0

s → ϕϕ signal

peak is also significantly larger than expected from the simulation. This is due
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Figure 9.4 Fit to B0
s → ϕϕ signal simulation used in the fit to data. The

model is the sum of a Student-T distribution and a wide Gaussian.
The simulated data are shown by the data points with the fit model
overlaid.

Parameter Value
µ [MeV/c2] 5366.13 ± 0.03
σST [MeV/c2] 12.63 ± 0.03

n 8.52 ± 0.17
fST 0.9764 ± 0.0006

σG [MeV/c2] 75.2 ± 1.0

Table 9.1 Values of fitted parameters for model of B0
s → ϕϕ in 2024 simulation.

to subdetector misalignments. Despite this, it is still possible to understand the

agreement between data and simulation.

A good agreement between data and simulation improves the performance of the

MVA since simulation is used to define the signal in the training procedure. If

the agreement is poor, the simulation does not describe the real signal well and

will result in an MVA that is not as performant. It can be seen in Figure 9.6

that the transverse momentum, pT , of the B
0
s meson does not agree well with the

data, but the discrepancy is similar to what was observed in Run 2.

The value of the CP -violating phase is extracted from a 4D fit to the three helicity

angle distributions and the decay time distribution, and so the simulation should
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Figure 9.5 Fit to B0
s → ϕϕ candidates in 2024 data used to extract signal

weights. The signal model is the sum of a Student-T distribution and
a wide Gaussian and the background is modelled by an exponential.

Parameter Value
µ [MeV/c2] 5353.7 ± 0.2
σST [MeV/c2] 18.2 ± 0.2
τbackground (22.5± 6.3)× 10−5

NB0
s→ϕϕ 13963± 143

Nbackground 15395± 148

Table 9.2 Results of fit to B0
s → ϕϕ candidates in 2024 data.
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Figure 9.6 Distributions of B0
s meson pT and η for data (black points) and

simulation (solid yellow). Data has been signal weighted using the
COWs method to extract a signal-only sample.

model these distributions well. The helicity angles, defined in the rest frame

of the B0
s meson, are described in Section 2.4.2. Figure 9.7 shows reasonable

agreement is seen between data and simulation, particularly in the B0
s decay time.

Calculated from the helicity angles, good agreement is also seen in triple product

variables U and V , shown in Figure 9.8. To improve agreement, simulation

samples are to be reweighted to better match the distribution seen in data and

further work is required to control and carefully model background contributions.

9.3 Decay time acceptance

Since CP -violation in B0
s → ϕϕ is measured in a time-dependent fit, it is crucial

to understand how the acceptance of LHCb affects the measured decay time

distribution of B0
s → ϕϕ candidates. This can be understood by fitting the decay

time distribution of simulated events to a model where the usual exponential

decay time model is multiplied by an acceptance function. In these studies,

a dedicated simulation sample is generated where the difference between the

heavy and light lifetimes, ∆Γs, is fixed to zero. This simplifies the model to

a single exponential with the lifetime of 1.512 ps. The simulated events that pass

selections and are within the LHCb acceptance are modelled with the product

of an exponential, fixed to the generated lifetime, and the following acceptance

function,

f(t; β, z, γ) =
1− βt

1 + (zt)−1
, (9.1)

where β,z and γ are free parameters in the fit. The fit to simulation is shown

in Figure 9.9 alongside the fitted acceptance function. The values of the fit
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Figure 9.7 Distributions of B0
s meson helicity variables and decay time for data

(black points) and simulation (solid yellow). Data has been signal
weighted using the COWs method to extract a signal-only sample.
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Figure 9.8 Distributions of B0
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points) and simulation (solid yellow). Data has been signal weighted
using the COWs method to extract a signal-only sample.
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Figure 9.9 Simulated decay time with fit model overlaid (left) and the extracted
decay time acceptance (right).

Parameter Value
β (−7.3 ± 15.7)×10−4

z 3.16 ± 0.02
γ 3.24 ± 0.05

Table 9.3 Results of fit to B0
s → ϕϕ decay time distribution.

parameters are shown in Table 9.3.

9.4 Sensitivity to ϕss̄ss in LHCb Run 3

Using the results of the fit to data in Figure 9.5, the expected Run 3 yield of

B0
s → ϕϕ candidates can be extracted. This data corresponds to approximately

2 fb−1 and yield per fb−1 of 6485 B0
s → ϕϕ candidates is calculated from the sum

of signal weights. The analysis of Run 2 data finds a signal yield of 15840± 140

events, which corresponds to a yield per fb−1 of 2640 events [42]. The projected

data sample that LHCb could collect in Run 3 is 25 fb−1. This would correspond

to around 160,000 B0
s → ϕϕ candidates, more than a factor of 10 increase on the

Run 2 data sample. Scaled by statistics as 1/
√
N , this would give a sensitivity

of ϕss̄s
s of 23 mrad. This scaling assumes a similar performance will be achieved

in timing resolution and in tagging the flavour of the B0
s meson.
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9.5 Results and outlook

These studies show promising results for studies of B0
s → ϕϕ in Run 3 of the

LHCb experiment. The yield per fb−1 has increased in line with expectations set

when designing LHCb Upgrade I. The agreement between data and simulation

is good for the very early stages of data taking, and at a level comparable to

Run 2 in the kinematic variables. The decay time acceptance is modelled and

is close to flat. These results show a competitive measurement of TPAs may be

measured with early Run 3 data, and a full analysis of Run 3 data could yield a

sensitivity of 23 mrad on ϕss̄s
s . For the full analysis, further studies will need to be

done to improve agreement between data and simulation and take into account

contamination from peaking backgrounds. The angular acceptances will need to

be modelled and, for the full time-dependent analysis, the timing resolution and

flavour tagging will need to be carefully calculated and calibrated.
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Chapter 10

Scoping of LHCb Upgrade II

The LHCb Upgrade II is due to be installed in 2033, during LS4 of the LHC [146].

It will operate in the HL-LHC era of the LHC, where the instantaneous luminosity

delivered to LHCb will be 1.3× 1034 cm−2s−1. This is a factor of 10 larger than

the luminosity during Upgrade 1. During this phase, it is anticipated that an

integrated luminosity of ∼ 300 fb−1 will be delivered to LHCb.

The order of magnitude increase in instantaneous luminosity means the number of

visible pp interactions per bunch crossing will be around 40 [147]. Reconstruction

of the charged tracks and vertices will therefore be more challenging, and three

methods to alleviate this are proposed [148]. These are; increasing detector

granularity, reducing the detector material and exploiting precision timing [148].

Adding timing information is a crucial element, in particular for the VELO in

Figure 10.1. In the right of the image, we see the charged tracks from 42 collisions

in one bunch crossing. On the right, we see the visible interactions and tracks

in a 20 ps window. It can therefore be seen that being able to include timing

information so tracks may be separated in time as well as space will provide a

much cleaner environment to search for tracks and reconstruct primary vertices.

To perform studies of momentum resolution and acceptance in a variety of cases,

it is useful to have access to simulated decays readily. For this, the RapidSim fast

simulation package [116] is used with custom models of momentum smearing. To

smear the momentum, the covariance matrix of the Upgrade II Kalman filter

is required and so a tool has been developed that performs the Kalman fit

on full Upgrade II MC [149, 150]. By specifying the number and positions of
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Figure 3.4: Illustration of the track density generated by 42 collisions spread over a bunch
crossing. On the left the whole bunch crossing time period is considered (⇡ 1 ns). If a time cut
of 20 ps would be applied, only a few collisions and corresponding tracks remain, as shown by
the plot on the right.

e�ciency and separation.

Addition of timing

Vertex reconstruction, and the association of heavy flavour decays to the correct primary vertex,
are of prime importance for the LHCb flavour physics program. The core resolution is dominated
by the secondary vertex (SV) resolution. However, tails in the primary vertex (PV) resolution,
for instance due to merging of vertices from separate pp interactions, also have a large e↵ect
on analyses. The higher pile-up (or, in fact, the PV density along the beam line) means the
PV separation is reduced from 4.2 mm at Upgrade I to 1.5 mm at Upgrade II. This makes it
challenging to to di↵erentiate PVs, maintain the resolution, and associate the correct PV to a
heavy flavour decay.

At the high multiplicities of the Upgrade II, the impact parameter precision becomes
progressively more important, as this variable is key to associating particles with the correct PV.
A powerful new handle To ensure the correct assignment of tracks to PVs is to exploit the the
spread in time of the vertices of approximately 180 ps [104], as illustrated in Figure 3.4 which
shows how a reduced subset of vertices can be selected by applying track timestamps.

Track time-stamping can be achieved in two ways, This first is to add precise timing to
every hit, i.e. moving to full 4D-tracking. The time information also helps to reduce the
number of combinations that need to be considered for the tracking, potentially improving the
reconstruction. The second approach is to add dedicated timing planes. These two methods are
compared in Section 3.1.3. The main requirement on the temporal resolution is to achieve a
track timestamp of 20 ps or better. Due to the fact that the 4D-tracking option has multiple
measurements per track which can be combined, this target can be achieved with individual
hit resolutions of 50 ps. For the timing plane option, single measurements need at least 25 ps
resolution and multiple layers are required.

Figure 3.5 illustrates the PV reconstruction e�ciency of the VELO Upgrade I detector
operating at Upgrade II conditions compared to the VELO Upgrade I detector operating at
Upgrade I conditions. This simulation was performed using the SA layout as described in
Section 3.1.2 however similar results would be expected for SB. It can be seen that if no
timing information is added the e�ciency drops dramatically at the higher occupancies, even
with a detector of similar precision in terms of impact parameter resolution. However, the
VELO Upgrade I performance can be recovered with the addition of timing. The figure also
illustrates the dependence on the individual hit resolution, in the case of the 4D-tracking option.
The performance is a smooth function of the timing resolution obtained. For a full discussion of
the addition of temporal measurements to the VELO detector see Ref. [105].

31

Figure 10.1 Demonstration of pile-up in the VELO in Upgrade II conditions.
On the left, the plot shows the charged tracks during one bunch
crossing with 42 interactions. On the right, we see a 20 ps
window of the same bunch crossing which demonstrates the power
of precision timing in these higher pile-up bunch crossings. Source:
the LHCb Collaboration [147]

tracking layers, the pixel pitch and magnet model, a specific configuration of

LHCb Upgrade II is built and the momentum resolution of this configuration

is determined from the Kalman filter. The momentum resolution calculated for

each specification is passed as a smearing term in RapidSim to generate realistic

Upgrade II simulation for a variety of detector configurations in a reasonable

timeframe.

Once a reasonable simulation is generated for each scenario, the positions of the

particle tracks at the Mighty Tracker stations must be understood to be able to

calculate the efficiency of reconstructing all four tracks in a descoped option. To

do this, the momentum change due to the magnet is modelled as a single kick,

shown in Figure 10.2. Full simulation from Run 2 is used to parameterise the kick

of the magnet with the track slope. This is then used to calculate the momentum

of the track after it has passed through the magnet, and to calculate the position

at the downstream tracking stations.

10.1 Tracking in Upgrade II

To mitigate the larger pile-up and multiplicity expected in the HL-LHC condi-

tions, the tracking systems have been redesigned to increase granularity, include

timing information to the track hits, and reduce the material. The requirements

are that the momentum resolution is between 0.5% and 1% at 200 GeV/c, the

precision on the impact parameter is ≈ 25 µm, the material budget cannot exceed

0.5 (0.2) radiation (interaction) lengths, and the efficiency of reconstructing long

tracks much exceed 95% with a ghost rate below 10% [147]. The proposed tracking
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single-kick parameterization.

5 Momentum Resolution89

To parameterize the smearing due to the momentum resolution the estimate of the90

momentum uncertainty provided by the Kalman track fit is used since it is known to be91

reliable at the level of 10% or better.92

The LHCb spectrometer is rather complex and consequently the momentum resolution93

depends on individual track kinematics. This can be seen in Fig. 7 where the calculated94

uncertainty on the momentum from the track fit (�fit
p ) divided by p is plotted versus p95

5

Figure 10.2 The single pT kick model of the LHCb magnet. The left shows a
diagram of how the track is modelled with a single kick. On the
right the plot shows the kick in pT as a function of the track slope
ty from Run 2 simulation.

solution in LHCb Upgrade II is shown in Figure 10.3. Upstream of the magnet,

there is the VELO and UP (a pixel tracking detector replacing the current UT),

with the Mighty Tracker (composed of fibre and pixel trackers) tracking stations

downstream. There is also the inclusion of tracking stations within the magnet.

10.1.1 The VELO

The VELO is one of the most crucial instruments in LHCb as it provides primary

and secondary vertex reconstruction. In Upgrade II, it follows a similar layout as

the original and Upgrade I versions as described in Section 3.3 but the technology

is modified to withstand new HL-LHC conditions [146]. Many technologies are

being considered for the Upgrade II VELO, with a target timing resolution of

35 ps [147]. The baseline for the Upgrade II VELO, shown in Figure 10.4, uses

32 modules covering the pseudorapidity range 2.0 < η < 4.8. Each station has

a thickness of 150 µm and spatial resolution of 10 µm. The RF shielding is

redesigned to be cylindrical with a thickness of 75 µm. In light of the studies

presented in this Chapter, a Middle and a Low descoped option is chosen. In

a Middle scenario, a lower instantaneous luminosity allows for cost-saving with

fewer read-out boards. In the Low scenario, the first two and last two stations are

removed, reducing the inner acceptance to η < 4.7, a thicker and corrugated RF

foil is used, and the material budget is doubled due to a heavier cooling substrate.
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• the e�ciency to reconstruct the most important long tracks, with momentum above
5 GeV/c should be typically 95% with a corresponding fake track (or ghost) rate of below
⇠ 10%,

• the precision to reconstruct the slopes of tracks in the RICH1 and RICH2 detectors must
be better than 1 mrad to not limit the PID performance.

These requirements imply that charged particle tracking at Upgrade II must have similar
overall performance as the current detector. Further performance enhancements can be obtained
by R&D to further reduce the amount of material present in the acceptance. It is also critical
that this performance is achieved in the real-time software trigger. Reconstruction time is
therefore another important parameter and a key driver in the system design.

A sketch of the tracking part of LHCb is show in Fig. 3.2, illustrating the upstream half of
the spectrometer together with the track types that are distinguished: the long tracks travel
the full spectrometer and are most important for physics analysis, the downstream tracks decay
after the VELO and are used for long-lived particle reconstruction (eg. K0

S ), and the upstream
tracks enhance the detector acceptance for low momentum tracks (eg soft pions in D⇤ decays)
as they traverse the VELO, UT and Magnet Stations.
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Figure 3.2: Sketch of the di↵erent types of tracks within LHCb. Long tracks traverse the entire
spectrometer giving hits in the VELO, UT and Mighty Tracker. Downstream tracks have hits in
the UT and Mighty Tracker alone and typically originate from the decays of long-lived particles
such as Ks or secondary interactions. Upstream tracks are low momentum particles that are
deflected into the coils of the magnet and give hits in the VELO, UT and magnet stations.

To meet the challenge of the high track density in Upgrade II increased detector granularity
and exploitation of precision timing information are needed. The new VELO will be based, as in
Upgrade I, on high-granularity pixels operated in vacuum in close proximity to the LHC beams.
The VELO will need to cope with a dramatic increase of rate and radiation dose. Even if the
same spatial resolution as the Upgrade I detector can be achieved, this will not be su�cient to
cope with the large density of primary interaction along the beam axis expected in Upgrade II

28

Figure 10.3 Types of tracks reconstructed at LHCb and the proposed Upgrade II
tracking stations.

Figure 9: Left: VELO detector layout in Baseline scenario, guaranteeing that tracks within the
LHCb acceptance cross the sensitive region of at least five detector stations, and significant
coverage in the backwards direction, to enhance primary vertex reconstruction, in the Low
scenario the first and last two stations are removed. Right: Illustration of the VELO stations in
one half of the detector, in the Baseline scenario.

2.3.1 VELO804

The Upgrade II VELO must cope with a large increase in charged-particle multiplicity per805

bunch crossing compared to Upgrade I. This leads to unprecedented data rates, pattern806

recognition challenges, and a highly non-uniform radiation dose. These challenges will be807

met with an increase in detector granularity and the use of timing information with 50 ps808

precision to give a 4D detector.809

Following the FTDR, an optimised baseline design has evolved giving a detector that810

allows track finding with 99% e�ciency and similar impact parameter resolution and PV811

e�ciency as Upgrade I for reasonable cost. This leads to a design with 32 stations that812

covers the acceptance range 2.0 < ⌘ < 4.8 shown in Fig. 9. Each station will use 150 µm813

thick sensors with 10 µm spatial resolution. An improved RF shield design, of cylindrical814

shape and 75 µm thickness, is also assumed.815

Only minimal descoping of the VELO is possible without significant loss of performance.816

For this reason, no substantial change is made in the Middle scenario. In this case, the817

lower instantaneous luminosity gives a small saving, which is due to the reduction in818

the required number of optical links and readout boards. A more substantial saving is819

achieved in the Low scenario by removing the first two and last two stations, by adopting820

a more conservative corrugated design for the RF shield, with 150 µm thickness, and by821

using a heavier cooling substrate, increasing by a factor of two the material of the detector822

modules. This has a visible impact on the detector acceptance, which becomes limited to823

⌘ < 4.7, on the tracking e�ciency and on the impact parameter resolution, as shown in824

Sec. 3.1. More details are given in Sec. A.1825

2.3.2 Upstream Pixel826

The UP detector is located after RICH1 in the fringe-field of the dipole magnet. This827

detector plays a critical role in reducing incorrect matches of the VELO and MT track828

segments. Furthermore, it improves the momentum resolution for tracks traversing the829

full spectrometer. Since it sits in the fringe field of the magnet, it doubles the acceptance830

of the spectrometer by allowing the reconstruction of downstream tracks, in combination831

26

Figure 10.4 Layout of modules in Baseline and Middle VELO scenarios. For
the Low scenario, the first and last two modules are removed,
reducing the inner acceptance. Source: LHCb Collaboration
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Figure 12: Front view of the Mighty-Tracker detector modules and frames for the Baseline
scenario (left). For the Middle scenario the pixel area is reduced and the height of the Mighty-
SciFi reduced by ±10 cm. In addition, in the Low scenario (right) the outer Mighty-SciFi
modules are removed.

and hence the boundary between the two systems. The available knowledge at the time881

of the FTDR led to a system with six layers of silicon pixels each covering an area of882

3 m2, giving 18m2 in total. Since the FTDR, improvement in the expected performance883

of the Mighty-SciFi, driven by the gains from cryogenic cooling and improvements from884

the latest generation of SiPMs, leads to less stringent radiation damage requirements.885

Understanding of the track reconstruction performance has also deepened. Combined,886

these improvements have allowed to reduce the baseline area covered with pixels to 2.1 m2
887

per layer, 12.6 m2 in total.888

The main handle to reduce the cost and complexity of the MT system is to reduce889

further the area covered by the pixel detector. For the Middle and Low scenarios, the890

lower instantaneous luminosity means good tracking performance can be maintained when891

reducing the area of the pixel layer to 1.3 m2. The cost of the fibre part of the MT can only892

be decreased by reducing the acceptance covered. In the Middle scenario, the detector893

height is reduced by ±10 cm. This gives a modest reduction in cost at the price of a very894

small loss in yield for b-hadron decay modes. In the Low scenario, a further and more895

significant cost reduction is achieved by dropping the outermost detector modules in each896

station, as illustrated in Fig. 12 (right), which is accompanied by a higher physics loss,897

which will be discussed in Sec. 3.1. More details on the MT can be found in Sec. A.4898

2.3.5 Summary of tracking detector scenarios899

The main features of the scoping options discussed in the previous sections are summarised900

in Table 7. For all detectors, the throughput requirements are reduced by ⇠ 30% passing901

from Baseline to Middle and Low scenarios, with a consequent substantial reduction in902

the number of DAQ links.903

29

Figure 10.5 The baseline design for the Mighty Tracker. The inner region shows
the Mighty-Pixel detector, wth the blue outer region showing the
acceptance of the Mighty-SciFi fibre tracker.

10.1.2 The Mighty Tracker

The Mighty Tracker (MT) is the proposed upgrade for the downstream tracking

stations [146]. It will adopt the current Scintillating Fibre (SciFi) technology for

the outer acceptance, with the inner regions covered by HV-CMOS silicon pixel

sensor modules [151]. These are referred to as Mighty-SciFi and Mighty-Pixel

respectively. The Mighty-Pixel will provide higher granularity in the inner regions

and provide precise timing. An important consideration for the final design of the

Mighty Tracker is the size of the inner region to be covered by silicon sensors and

the outer acceptance as these drive the cost of the subdetector. Studies have been

performed to demonstrate what can be achieved in various funding scenarios. The

following sections describe the effect of the reducing outer acceptance on signal

efficiency of various key decay channels, and the effect of the silicon acceptance on

the B0
(s) meson mass resolution in the B0

(s) → ϕϕ channels. Since the Framework

Technical Design Report (FTDR) [146], studies have shown the coverage required

from the Mighty-Pixel can be reduced with no real impact on performance. The

current baseline for the detector is shown in Figure 10.5. In the Middle scenario,

the Mighty-Pixel region is reduced in size and the Mighty-SciFi modules are each

shortened by 10 cm. In the Low scenario, shown in Figure 10.6, the width of the
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Figure 12: Front view of the Mighty-Tracker detector modules and frames for the Baseline
scenario (left). For the Middle scenario the pixel area is reduced and the height of the Mighty-
SciFi reduced by ±10 cm. In addition, in the Low scenario (right) the outer Mighty-SciFi
modules are removed.

and hence the boundary between the two systems. The available knowledge at the time881

of the FTDR led to a system with six layers of silicon pixels each covering an area of882

3 m2, giving 18m2 in total. Since the FTDR, improvement in the expected performance883

of the Mighty-SciFi, driven by the gains from cryogenic cooling and improvements from884

the latest generation of SiPMs, leads to less stringent radiation damage requirements.885

Understanding of the track reconstruction performance has also deepened. Combined,886

these improvements have allowed to reduce the baseline area covered with pixels to 2.1 m2
887

per layer, 12.6 m2 in total.888

The main handle to reduce the cost and complexity of the MT system is to reduce889

further the area covered by the pixel detector. For the Middle and Low scenarios, the890

lower instantaneous luminosity means good tracking performance can be maintained when891

reducing the area of the pixel layer to 1.3 m2. The cost of the fibre part of the MT can only892

be decreased by reducing the acceptance covered. In the Middle scenario, the detector893

height is reduced by ±10 cm. This gives a modest reduction in cost at the price of a very894

small loss in yield for b-hadron decay modes. In the Low scenario, a further and more895

significant cost reduction is achieved by dropping the outermost detector modules in each896

station, as illustrated in Fig. 12 (right), which is accompanied by a higher physics loss,897

which will be discussed in Sec. 3.1. More details on the MT can be found in Sec. A.4898

2.3.5 Summary of tracking detector scenarios899

The main features of the scoping options discussed in the previous sections are summarised900

in Table 7. For all detectors, the throughput requirements are reduced by ⇠ 30% passing901

from Baseline to Middle and Low scenarios, with a consequent substantial reduction in902

the number of DAQ links.903

29

Figure 10.6 The Low design for the Mighty Tracker with reduced Mighty-Pixel
and shorter Mighty-SciFi modules as in the Middle scenario, with
a further cost saving achieved by removing Mighty-SciFi modules
from each side of the detector.

detector is reduced by removing one Mighty-SciFi module from each side.

10.2 Studies of Upgrade II acceptance

The following studies were performed to understand the impact of the changes

in acceptance in each of the Middle and Low scenarios on some key modes for

LHCb.

10.2.1 Inner acceptance

A crucial consideration for the design is the inner acceptance of the detector. This

is particularly important for the VELO which has to close very tightly around

the interaction point to be able to reach the high η coverage that makes LHCb

unique. It is important to understand the interplay of the inner acceptances of

the tracking stations upstream of the magnet and those downstream. Since there
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Baseline Middle Low

L (1034 cm−2s−1) 1.5 1.3 or 1.0 1.0
VELO nominal nominal first and last two

two modules removed
Mighty-Pixel nominal reduced coverage reduced coverage
Mighty-SciFi nominal modules shortened modules shortened and

module removed per side

Table 10.1 Summary of descoping scenarios for the instantaneous luminosity,
L, the VELO and the Mighty Tracker

are mechanical constraints and safety limits on the size of the beam pipe hole at

the tracking stations, this limits the usefulness of a tight inner acceptance at the

VELO stage.

Assuming a baseline Mighty Tracker outer acceptance and not accounting for

the VELO inner acceptance, simulated samples of B0
s → ϕϕ and B0

s → µ+µ−

are generated. To understand the effect of enlarging the hole in the centre of

the Mighty Tracker for the beam pipe, the selection efficiency is calculated by

requiring that all final state tracks lie within the detector, outside of the beam

pipe region. The denominator of this efficiency is the number of simulated events

that lie within the acceptance assuming there is no beam pipe hole,

ϵ =
Nbeampipe: x cm

Nno beampipe hole

(10.1)

where x is the width of the square region left clear for the beampipe. The values

considered for x are 20, 22, 24 and 26 cm. The efficiency is calculated in bins of

pseudorapidity at production and are shown in Figures 10.7 and 10.8 for B0
s → ϕϕ

andB0
s → µ+µ− respectively. This study shows that the Mighty-Pixel hole defines

the detector acceptance. The original VELO covered up to an η of 5, but the

construction of the Upgrade II VELO with coverage above η = 4.8 is difficult.

Figures 10.7 and 10.8 show that many of these tracks have poor efficiency due

to the MT beam pipe hole and so it does not make sense to push for coverage

greater than this. This has set the inner acceptance of the VELO in the baseline

and descoped scenarios.
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Figure 10.7 Studies of Mighty Tracker geometric acceptance efficiency in
B0

s → ϕϕ.
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Figure 10.8 Studies of Mighty Tracker geometric acceptance efficiency in B0
s →

µ+µ−.
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MT Geometry baseline VELO efficiency (%) reduced VELO efficiency (%)
nominal - 99.05 ± 0.05
short 99.40 ± 0.04 98.46 ± 0.06
narrow 92.04 ± 0.13 91.14 ± 0.13
narrow and short 91.49 ± 0.13 90.60 ± 0.14
staggered 99.59 ± 0.03 98.65 ± 0.05

Table 10.2 For B0
s → ϕϕ in nominal and reduced VELO scenarios, the coverage

with respect to the nominal arrangement (13cm beampipe) is shown
as a percentage.

10.2.2 Outer acceptance

Four scenarios were proposed to reduce the outer acceptance of the Mighty

Tracker to reduce the cost with small loss to physics performance. These options

are; removing one SciFi module from each side of the detector, reducing the

heights of the SciFi modules, manufacturing all SciFi modules to be the same

height to form a staggered detector, and the combination of a reduced height and

the removal of a module on each side. These options are shown in Figure 10.9.

To understand the effect of these changes, full simulation samples of B0
s → ϕϕ,

B0
s → µ+µ− and Ds → KSπ

+π− decays are generated in a nominal (Baseline

and Middle) VELO scenario or a reduced (Low) VELO scenario. Using the single

momentum kick model of the magnet the track positions at the tracking stations

are calculated. These track positions are then used to calculate the efficiency of

retaining tracks in each of the reduced scenarios. Tables 10.2, 10.3 and 10.4 show

the results for B0
s → ϕϕ, B0

s → µ+µ− andDs → KSπ
+π− modes respectively. It is

clear that making the Mighty Tracker narrower is the worst in terms of efficiency,

with staggered or short options providing reduced areas, and therefore cost, while

retaining high efficiency. In light of this work, the short option is chosen as the

Middle descoped option, with the narrow and short option chosen as the Low

descoped option. The staggered option gives high efficiency, but in reality this

would be mechanically very difficult to construct and so is not considered.
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Figure 10.9 The four options for descoping the outer acceptance of the MT.
The red upwards-hatched shape represents the size of the nominal
MT, and the blue downward-hatched shape represents the descoping
option. From left to right then top to bottom: removal of SciFi
modules from the sides, shortening of all SciFi modules, staggering
identical SciFi modules around the silicon, and shortening of all
SciFi modules and removal of SciFi modules from the sides.

MT Geometry baseline VELO efficiency (%) reduced VELO efficiency (%)
nominal - 98.92 ± 0.04
short 99.33 ± 0.03 98.25 ± 0.05
narrow 97.15 ± 0.07 96.09 ± 0.08
narrow and short 96.50 ± 0.07 95.44 ± 0.08
staggered 99.81 ± 0.02 98.72 ± 0.04

Table 10.3 For B0
s → µµ in nominal and reduced VELO scenarios, the coverage

with respect to the nominal arrangement (13cm beampipe) is shown
as a percentage.
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MT Geometry baseline VELO efficiency (%) reduced VELO efficiency (%)
nominal - 91.2 ± 0.6
short 99.7 ± 0.1 90.9 ± 0.5
narrow 93.2 ± 0.5 84.4 ± 0.8
narrow and short 92.9 ± 0.5 84.1 ± 0.8
staggered 99.7 ± 0.1 90.8 ± 0.6

Table 10.4 For D0 → KSπ
+π− in nominal and reduced VELO scenarios, the

coverage with respect to the nominal arrangement (13cm beampipe)
is shown as a percentage.
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Figure 10.10 B0
s → ϕϕ and B0 → ϕϕ peaks, resampled from mass error

distributions. Produced using Run 2 MC samples.

10.3 Studies of mass resolution in Upgrade II

The resolution of the B0
(s) mass in Upgrade II is of importance as a metric to

understand the LHCb detector performance, but also for the search of B0 → ϕϕ

decays. The mass splitting between B0 and B0
s mesons is measured to be

86.22 ± 0.16 MeV/c2, so improvement in the mass resolution is of importance

when resolving the individual B0
s and B0 peaks. This can be seen in Figure 10.10,

which shows B0
s → ϕϕ and B0 → ϕϕ peaks that have been resampled from the

mass error distributions of Run 2 simulation samples. Using the fast simulation,

the change in mass resolution in the upgrade scenarios is studied. One million

B0
s → ϕϕ events are generated in each of four scenarios: the Run 2 scenario, the

Run 3 Upgrade I scenario, a modest Upgrade II scenario with four UP layers,

and a nominal Upgrade II scenario with three UP layers. Kinematic selections
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Figure 10.11 Plot showing comparison of B0
s → ϕϕ mass distributions in Run 2,

Upgrade I and Upgrade II scenarios. In the Upgrade I scenario, a
Run 3 momentum smearing is assumed. The Upgrade II scenarios
are a UP with 4 layers with a modest Mighty Tracker and UP with
3 layers with a nominal Mighty Tracker.

are applied to each sample. For each kaon track, the transverse momentum must

be greater than 400 MeV/c. The four kaon tracks must have pseudorapidity in

the range 2 to 5 and must all lie within the nominal acceptance of the Mighty

Tracker, as described in Section 10.2. For the ϕ mesons, the mass must be within

25 MeV/c2 of the measured mass, and the product of the transverse momentum of

each ϕ meson must be greater than 1.5 GeV2/c2. This emulates the requirements

of the Run 3 HLT2 trigger line for B0
s → ϕϕ events. With these kinematic

selections, the four-kaon invariant mass spectrum is plotted for each sample, seen

in Figure 10.11. Each of these distributions is fit to the sum of two Gaussians to

and a value for the width, σtotal, calculated as

σtotal =
√
f1σ2

1 + f2σ2
2 (10.2)

where f1,2 are the fractions multiplying each of the two Gaussians, each with

width σ1,2. These results are shown in Table 10.5. A 23% improvement is seen

in mass resolution from the Upgrade I Run 3 scenario to a nominal MT scenario

with 3 UP layers. This is improvement reduced to a 17% improvement if a modest

MT scenario with 4 UP layers is considered. This is due to the additional UP

material.

In the context of the study of B0 → ϕϕ, the separation between the B0 and B0
s

peaks in Upgrade I and in a modest Upgrade II scenario with 4 UP layers is shown
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Sample Width (MeV/c2)
Run 2 14.54 ± 0.06
Run 3 11.86 ± 0.06

Modest MT, 4 UP layers 9.88 ± 0.10
Nominal MT, 3 UP layers 9.14 ± 0.05

Table 10.5 Mass resolutions for Run 2, Upgrade I and Upgrade II scenarios.
Calculated from a fitting the distributions shown in Figure 10.11 to
the sum of two Gaussian distributions.
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Figure 10.12 Mass distributions for B0
(s) → ϕϕ events in Upgrade I and

Upgrade II with a modest MT and 4 UP layers. The yields are
scaled to represent the anticipated data collection for each era of
LHCb. The samples are smeared to represent kaon interaction
events, with the rate of these events assumed to be the same as in
Run 1 and 2.

in Figure 10.12. To construct the B0 → ϕϕ shape, the B0
s → ϕϕ events have been

shifted down by the known B0
s − B0 mass splitting [127], normalised to the rate

expected by considering a B0 → ϕϕ branching fraction equal to 1.2 × 10−8, and

assuming the efficiency of selecting B0
(s) → ϕϕ candidates is the same in Upgrade I

and Upgrade II. The samples have been tuned to include a tail component that

arises from kaon interactions assuming the same level as Run 2. The rate of these

events and their mass resolution are taken from Run 2 simulation samples of kaon

interaction events. These samples were used for the B0 → ϕϕ study in Chapter 4.

To add the interaction component to the Upgrade I and II samples, the rate of

interaction events is assumed to remain the same as in Run 1 and 2 and it is

assumed that they can be removed with the same efficiency as in the Run 1 and

2 analysis.

From these studies, a good separation in the B0 → ϕϕ and B0
s → ϕϕ signals

is achieved, and the Upgrade II scenario has an improved overlap in these two
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distributions even in the case of a modest MT. Further studies of the rare modes

B0
(s) → µµ have been performed and are detailed in Appendix E.
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Chapter 11

Conclusions

This thesis presents a series of studies on the charmless decay modes B0 → ϕϕ

and B0
s → ϕϕ with the LHCb Experiment. Using the full Run 1 and Run 2

datasets, a search was performed to find evidence for the rare mode B0 → ϕϕ.

Using a suite of advanced background rejection techniques, the search presented

is the most sensitive search to date. No significant signal is seen, therefore a limit

is set on the branching fraction at 1.3× 10−8 and 1.4× 10−8 at 90% and 95%

confidence level respectively. This is the most stringent limit set on this mode to

date. These results agree with the SM and favour a limit at the low end of the

predictions.

This new limit has implications for models of particle physics beyond the Standard

Model, in particular models of R-parity-violating SUSY. Since the B0 → ϕϕ

branching fraction can be enhanced in R-parity-violating SUSY models, the result

of the search for B0 → ϕϕ will allow theorists to put new bounds on these models.

With this limit on the branching fraction in the range of the SM theory

predictions, it is expected that the statistics obtained by LHCb in Run 3 and

Run 4 should be enough to obtain evidence for this decay mode providing the

same sensitivity can be achieved. The sensitivity that can be achieved in Upgrade

I is dependent on quality and variety of information that is made available

to analysts about the events that are stored. It is only with a plethora of

event information that is well-described by simulation that high-level background

rejection techniques, like those presented in this thesis, may be developed.

A study of early LHCb Run 3 data is also performed. This shows the significant
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boost in trigger efficiency for B0
s → ϕϕ events gained by removing the L0 trigger.

More work is still to be done on fully understanding the detector in Run 3, but

it expected that a competitive measurement of TPAs in B0
s → ϕϕ can be made

with data collected in 2024 alone. A sensitivity of 23 mrad on the CP -violating

phase ϕss̄s
s is possible with the projected 25 fb−1 data sample from Run 3, given

that the time resolution and flavour tagging can achieve similar performance as

in Run 2. The Upgrade I era of LHCb promises to provide many world’s best

measurement of CP violation and other observables in charmless modes such as

B0
s → ϕϕ.

Further into the future, LHCb will be upgraded again for the high-luminosity

LHC. Studies are presented to show the effect of varying the acceptance of the

proposed subdetectors. The decision is made to reduce the inner acceptance of the

VELO and Mighty Tracker to save costs, while retaining good selection efficiency

for the most crucial channels for LHCb. Four options for the outer acceptance of

the Mighty Tracker have been studied to allow for varying degrees of cost saving.

The study of charmless B-decays provides an excellent laboratory to explore

the most curious puzzles in the Standard Model. There are no significant BSM

signatures yet, but by continuing the studies of B0
s → ϕϕ and B0 → ϕϕ into both

the Upgrade I and Upgrade II eras of LHCb then the Standard Model can be

further constrained. With the greater statistics and precision promised by the

future of LHCb, the effects of new physics may be realised.
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Appendix A

Mass models

A.1 The Student-T distribution

The Student-T distribution arises as a weighted mixture of an infinite number of

Gaussians, all with common mean µ. It has the form

P (x|µ, s, n) = 1

Z

1

(1 + (x− µ)2/(ns2))(n+1)/2

where the normalization parameter

Z =
√
πns2

Γ(n/2)

Γ((n+ 1)/2)
,

n is the number of degrees of freedom and Γ is the gamma function. For n > 1

the distribution has mean µ. If n > 2 then the distribution has a finite variance

given by

σ2 =
n · s2
n− 2

.

As n→ ∞ the distribution tends to the normal distribution.

A.2 The Crystal Ball function

The Crystal Ball function [134] is a model with a Gaussian core and a power-law

tail to one side. The shape is controlled by four variables:
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• µ: central value,

• σ: width,

• α: defines the transition from the power law to the Gaussian core,

• n: power-law value.

It has the functional form,

f(m;α, n, µ, σ) =





exp (− (m−µ)2

2σ2 ), for m−µ
σ

> −α
A · (B − m−µ

σ
)−n, for m−µ

σ
≤ −α

,

(A.1)

where,

A =

(
n

|α|

)
, B =

n

|α| − |α|. (A.2)

The double-sided Crystal Ball function, similarly to an ordinary Crystal Ball

function, is an asymmetric Gaussian with power law tails. The double-sided

Crystal Ball has power-law tails on either side. Its shape is controlled by six

variables:

• µ: central value,

• σ: width,

• αL,R: defines the transition from the power law to the Gaussian core on the

left and right sides,

• nL,R: left and right side power-law values.

It has the functional form:

f(m;αL,R, nL,R, µ, σ) =





AL · (BL − m−µ
σ

)−nL , m−µ
σ

< −αL

exp(−1
2
· [m−µ

σ
]2), − αL <

m−µ
σ

< αR

AR · (BR + m−µ
σ

)−nR , otherwise

(A.3)

where,

Ai = (
ni

|αi|
)ni · exp(−|αi|2

2
), Bi =

ni

|αi|
− |αi| (A.4)
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A.3 The Gaussian kernel PDF

The Gaussian Kernel PDF (RooKeysPdf in RooFit [152]) is a one-dimensional

kernel estimation PDF, constructed as the superposition of Gaussian kernels that

represent each data point. It is an unbinned and non-parametric method for

estimating the parent distribution of a dataset [153].
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Appendix B

Agreement between data and MC

in the MVAs used to remove

combinatorial background in the

search for B0 → ϕϕ decays

B.1 MVA for D+
s -tagged background

Figures B.1 and B.2 show the agreement between data and MC in the variables

used to train the MLP. These are split into TIS and TOS events respectively.

Figure B.3 shows the agrement of the MLP classifier output between data and

MC for TIS and TOS events.

B.2 MVA for non-D+
s -tagged background

Figures B.4 and B.5 show the agreement between data and MC for the input

variables of the XGBoost (XBDT) classifier, for TIS and TOS events respectively.

This classifier is used to remove non-D+
s -tagged combinatorial background.

Figure B.6 shows the data and MC comparison of the classifier output following

the full selection, excluding the cut on the XBDT itself.
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Figure B.1 Comparisons between COWs-weighted data (black points) and
truth-matched MC (solid yellow) for variables used in the MLP.
Comparisons shown for TIS events
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Figure B.2 Comparisons between COWs-weighted data (black points) and
truth-matched MC (solid yellow) for variables used in the MLP.
Comparisons shown for TOS events
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Figure B.3 Comparisons between COWs-weighted data (black points) and truth-
matched MC (solid yellow) for the output of the MLP MVA
classifier. TIS events are shown on the left, and TOS events on
the right. The chosen cut point is at 0.95.
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Figure B.4 Input variables used in XBDT. Truth matched signal MC (yellow)
and signal weighted data (black) for Run 2. Shown for TIS events
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Figure B.5 Input variables used in XBDT. Truth matched signal MC (yellow)
and signal weighted data (black) for Run 2. Shown for TOS events
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Figure B.6 Comparisons between COWs-weighted data (black points) and truth-
matched MC (solid yellow) for the output of the XBDT MVA
classifier. TIS events are shown on the left, and TOS events on the
right. Both data and MC have the full selection applied as described
in Table 6.4, excluding the XBDT cut.
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Appendix C

Punzi multichannel optimisation

scans

The Punzi figure of merit scans described in Chapter 6 were repeated for several

cuts on the MLP classifier and on the PID. This means a global scan of the four

selections: MLP, PID, TIS and TOS XBDT, can be done. Examples of the other

scans are shown in Figure C.1.
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Figure C.1 Examples of Run 2 Punzi scans at other MLP and PID working
points. Scans on the left have a cut on the minimum value
of (ProbNNK(1-ProbNNpi)) at 0.02, and on the right the cut is
tightened to 0.05. From top to bottom, the MLP cut is tightened.
The values of the cut are 0.5, 0.7 and 0.9 for the top, middle and
bottom plots respectively.
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Appendix D

Input variables and performance of

BDTG for D+
s candidates

The input training variables for the D+
s classifier are summarised in Table D.1,

and shown for the Run 2 sample in Figure D.1. The output and ROC curve of

the D+
s → ϕπ+ classifiers are shown in Figure D.2, using the Run 2 dataset as an

example. The working point of the classifiers is chosen to be 90% efficient which

removes 94% of background.

Variable D+
s → ϕπ+ D+

s → ϕl+ν
The vertex χ2 ✓ ✓
The η of the pion ✓ ✓
The minimum ProbNNk for the kaons ✓
ProbNNk for the pion ✓
ProbNNpi for the pion ✓
DOCA12 for the D+

s candidate ✓ ✓
The flight-distance χ2 ✓ ✓
The track ghost probability for the pion ✓
The η of the D+

s candidate ✓ ✓
The pt of the D

+
s candidate ✓

Table D.1 Input variable for the D+
s taggers.
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Figure D.1 Input variable for the D+
s BDT classifiers, shown for the Run 2

sample.
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the ROC curve for the Run 2 dataset.
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Appendix E

Studies of B0
(s)

→ µ+µ− in

Upgrade II

In addition to the studies presented in Chapter 10, studies of the modes B0
s →

µ+µ− and B0 → µ+µ− have also been performed. These decays provide a very

clean probe of the SM [154]. The improvement in mass resolution can be seen in

Figure E.1. The histograms of B0
s → µ+µ− in Figure E.1 are normalised to unit

area, and the histograms of B0 → µ+µ− are normalised such that the relative

yield of B0 → µ+µ− to B0
s → µ+µ− represents the ratio of the B0

(s) → µ+µ−

branching fractions. The widths of these distributions are calculated as the RMS

and are summarised in Table E.1

Mass resolution [MeV/c2]
Mode Run 3 Upgrade II

B0
s → µ+µ− 20.46 ± 0.03 15.75 ± 0.02

B0 → µ+µ− 20.05 ± 0.03 15.55 ± 0.02

Table E.1 Mass resolution for the B0
s → µ+µ− and B0 → µ+µ− decay channels

in Run 3 and Upgrade II. Values are calculated as the RMS of the
distributions.
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Figure E.1 Improvement in mass resolution in B0
s → µ+µ− and B0 → µ+µ−
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