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Preface
The field of High Energy Physics offers a plethora of topics on which exciting mea-

surements and analyses can be performed. Previous measurements have allowed us to
gain deep insights into the fundamental structure and laws of the Universe. Discovery of
four fundamental forces, hundreds of particles composed of different quark combinations,
the Higgs boson and CP violation in the quark sector are just a few examples. It is clear
that in order to continue exploring the world of Particle Physics further, huge colliders,
such as the LHC, need to be built. These machines are capable of unprecedented collision
energy and allowed us to explore the “Energy Frontier” of Particle Physics, creating new
heavy fundamental and composite particle states. On the other hand, new discoveries can
be made by increasing the precision of the measurements of known particle parameters,
such as coupling strengths and masses. In order to achieve this, the initial state of particle
collisions needs to be measured and controlled with extremely high accuracy. This is
referred to as the “Intensity frontier”. Naturally, both of these research directions present
new economic, engineering and computing challenges. These challenges can only be over-
come by big international collaborations and continuous accumulation of knowledge and
expertise over numerous analyses, software improvements and technological refinements.

This thesis presents a physics analysis using data from the LHCb experiment and work
done on the radiation damage of the LHCb VELO detector. The thesis is structured as
follows:
The First Chapter gives a brief theoretical overview. The Standard Model of Particle
Physics is presented with a specific focus on the CP violation. The chapter concludes with
a review of previous CP violation searches in baryonic decays.
The Second Chapter introduces the LHCb detector at the LHC, CERN. Emphasis is given
on the VELO subdetector. The chapter concludes with a brief note on the ongoing LHCb
upgrade.
The Third Chapter presents the studies of the VELO radiation damage. A brief overview
of general principles of silicon-based detectors and their radiation damage is given. This is
followed by the measurements of the VELO performance and its evolution with increasing
exposure to radiation.
The Fourth Chapter presents and compares different methods for CP violation searches.
The Fifth Chapter presents the main physics analysis of this thesis. A search for CP
violation in Λ0

b → pπ−π+π− decays is carried out and results from two different methods
used are given.
The Sixth Chapter concludes this thesis. This chapter recaps the main results of the thesis
and gives an outlook on the future work in the areas covered by this thesis.

The work presented in this thesis has been done in collaboration with colleagues
from the LHCb. In particular, the physics analysis presented in Chap. 5 has been carried
out by a number of proponents from the University of Manchester and Universitá degli
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Studi di Milano and INFN Milano, Italy. A natural split of effort occurred and work on
the Triple Product Asymmetries measurement has been done by the proponents from
Milan, while the work on the energy test method has been done by the proponents from
Manchester, including the author of this thesis. The Milan group has also worked on the
previous analysis of this channel, published in Ref. [53]. The analysis presented in Chap.
5 supersedes the previous analysis but uses the same selection for Run 1 and a similar
selection for Run 2, which was also performed by the Milan group. The details on the
data selection and Triple Product Asymmetry measurement can be found in Ref. [125].
However, for completeness and comparison, a short description of the techniques and
results of the Triple Product Asymmetries analysis are also presented here.

The radiation damage studies and the monitoring of the LHCb VELO detector is also
a team effort. Many people from the VELO group contributed to the ideas, software and
measurements of the VELO performance and its dependence on the radiation damage.
In particular, the author of this thesis belongs to a lineage of researchers who studied the
CCE Scan data throughout the years. The work on the radiation damage is documented
in the theses of A. Webber [148], J. Harrison [109] and S. Chen [22]. The analysis of the
bias voltage of VELO sensors was also performed by A. Davis [1] and W. Barter [13], who
was also responsible for the beneficial annealing of the VELO. The main contribution of
the author focused on the bad strip removal algorithms and the CFE studies, allowing
quantification of the Second Metal Layer Effect. The studies of the changes to sensor
depletion voltages and Hamburg model prediction are briefly presented for completeness.

The author of this thesis fist joined the LHCb collaboration in 2015 as a University of
Glasgow MSci student. The author worked on two projects during the two final years
of the MSci. The first project was a CP violation measurement in B0

d → π+π− decays,
focusing on the analytical expression of the normalization for the probability density
function for these decays. The second project, undertaken in the final year of the MSci,
was the first unbiased life-time measurement of Λ+

c and Ξ+
c decaying into three-body

final state, pKπ. The author has also been involved in numerous teaching, outreach and
interdisciplinary projects opportunities. These works are not described here.
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Chapter 1

Theory

Particle Physics is one of the most active and exciting fields in fundamental science.
Huge experimental apparatus, such as the LHC, allows the collection of high energy
particle collision data with ever increasing yields. This allows us to perform precision
measurements and searches for new fundamental and composite particles. The theoretical
models that describe these particle states and their interactions are becoming more and
more elaborate. In some cases, the theoretical predictions agree with the experimental
results with unprecedented accuracy. An astounding example of this is the measurement of
the electron magnetic moment (g− 2), which agrees with the theoretical prediction within
the relative uncertainty of 10−10 [108], making it the single most precise measurement of
any field of science and a testament to human ingenuity.

The state of the art paradigm of theoretical particle physics is quantum field theory
(QFT). The most popular and successful QFT description of the fundamental particle
interactions is the Standard Model of Particle Physics (SM). The SM defines a list of
fundamental particles and three fundamental forces responsible for the interaction of such
particles. The fourth known fundamental force is gravity which has proven very difficult
to be described as a QFT. However, the masses of the fundamental particles are extremely
small, hence the force of gravity between them can safely be neglected.

The SM is an extremely accurate and predictive tool. However, it is clear that the SM is
not the ultimate description of nature as it fails to explain multiple observed phenomena,
such as gravity, dark matter and neutrino oscillations that imply non-zero masses of
neutrinos. For this reason, the search for Beyond Standard Model (BSM) phenomena
defines the physics programme of the new decade.

This chapter gives a brief introduction to the Standard Model, followed by a description
of the role of symmetries in particle physics and the CPT theorem 1. Afterwards, CP
violation is discussed from both theoretical and experimental perspectives. The search for
CP violation in Λ0

b → pπ−π+π− decays is the main physics analysis of this thesis, which
is described in Chap. 5 2.

1Here CPT is a combined symmetry of Charge conjugation, Parity tranformation and Time reversal,
discussed later in the text

2Throughout this thesis the use of natural units (c = h̄ = 1) and the inclusion of charge conjugate
processes is assumed unless otherwise stated.
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1.1 Standard Model

The Standard Model is a combination of several QFTs, namely Quantum Electrodynamics
(QED) and Quantum Chromodynamics (QCD), that describe the Electroweak and Strong
interactions. The incorporation of the Higgs Mechanism completed the Standard Model
by explaining how charged leptons and massive bosons obtain their mass. The work
leading to the current formulation of the SM was finalized in mid-1970s in large part by
Sheldon Glashow [103], Steven Weinberg [149] and Abdus Salam [139], earning them the
Nobel Prize in 1979.

The main goal of a particle physics theory is to explain the building blocks of matter
and their interactions. In the Standard Model, this is achieved by grouping particles into
two categories - fermions and bosons. The fermions are matter particles with spin 1

2 that
follow Fermi-Dirac statistics (e.g. obey the Pauli exclusion principle). Bosons, on the other
hand, have integer spins, follow Bose-Einstein statistics and are the mediator particles
responsible for the fundamental interactions of fermions.

Fermions are further split into quarks and leptons. Leptons contain the three charged
massive leptons (e−, µ−, τ−), as well as three corresponding neutrinos (νe, νµ, ντ). The
charged leptons interact electromagnetically and via the weak interaction, while neutrinos
carry no electric charge and can only interact via weak decays, making them very difficult
to detect. The discovery of neutrino oscillations proved that neutrinos have very small
but non-zero mass, the origin of which is yet to be understood [86].

The quark sector is composed of 6 different quarks; three of these (u, c, t) have electric
charge of + 2

3 , while the other three (d, s, b) have − 1
3 . Quarks of the same electric charge

differ only by their mass. For this reason, the quarks with + 2
3 (− 1

3 ) charge are sometimes
called up-type (down-type) quarks. Apart from interacting electromagnetically and via
the weak interaction, quarks also carry an additional charge, called the colour charge,
hence they can interact via the strong interaction.

All 12 fermions can be split into three families (or generations). Each family contains
a charged lepton, a corresponding neutrino and a pair of up/down-type quarks. The
families only differ by their mass. The fermions of the second and third generation are
more massive and decay into less massive counterparts. For this reason, all stable baryonic
matter in the universe is only composed of the first family of quarks and fermions. The
Standard Model is agnostic on the origin of fermion family hierarchy or the number of
fermion generations. This is one of the biggest unanswered questions in physics.

The other components of the Standard model are the bosons. Most bosons have spin 1
and are thus called gauge bosons, while the Higgs boson has spin 0 and is called a scalar
boson. Bosons are force carrier particles responsible for the interactions of fermions. The
photon (γ) is a massless boson responsible for the electromagnetic interaction. Z0 and W±

bosons are massive particles that carry the weak nuclear force. Massless gluons mediate
the strong interaction. They do not have an electric charge but carry double-colour charge
of QCD, which allows for eight different charge combinations. Finally, the Higgs boson is
a massive chargeless boson, which emerges as a consequence of the Higgs mechanism
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responsible for particles acquiring their masses. The list of Standard Model particles and
their interaction graph can be seen in Figs. 1.1.

Mathematically the Standard Model is represented as a product of three unitary groups,
representing the local gauge symmetries according to which the particle fields transform,

SU(3)C ⊗ SU(2)L ⊗U(1)Y (1.1)

The SU(3)C term corresponds to the quantum chromodynamics (QCD) that describe
the strong interaction. The SU(2)L⊗U(1)Y defines the electroweak force. By the Noether’s
theorem [129], each symmetry has a corresponding conserved charge. In the SM, the
charges arising from the invariance under gauge transformations also have a correspond-
ing gauge boson field, which is in the adjoint representation of the corresponding group.

1.1.1 Quantum Chromodynamics

QCD introduces a charge with three distinct values according to the SU(3)C symmetry.
By analogy to the RGB colour scheme, this charge is called the colour charge and can have
one of three colour values: red, green or blue. The antiparticles have anti-colour charge,
which is called anti-red, anti-green and anti-blue.

The generators of the Lie algebra of the SU(3) group are the eight Gell-Mann matrices.
These matrices are traceless, hermitian and linearly independent. In nature, each Gell-
Mann matrix corresponds to a bosonic quantum field which couples to the colour charge.
The gauge bosons mediating the strong interaction are called gluons. Gluons are doubly-
colour charged and come in eight varieties, each having one unit of colour and one unit of
anti-colour.

Gluons interact with quarks and other gluons to form strongly bound states. Such
states are colour neutral and can consist of multiple bound quarks [101]. There are many
known two- and three-quark states. The two-quark states are called mesons and are made
up of quark-antiquark pairs with opposite colour charge (examples include pions, kaons,
B and D mesons). The three-quark states are made up of three quarks or three anti-quarks
in a colour neutral arrangement (for example proton, neutron and Λ0

b). More exotic states
made up of four [24, 43] or five [59, 56] quarks have been discovered. More recently,
with LHCb having made major contributions to these exotic hadrons it is also possible
that there might exist even more exotic states of more quarks, or states consisting of only
gluons, called glueballs.

Another peculiar property of QCD is the quark confinement. It is impossible to
separate bound quark states and thus observe an isolated quark. This happens because
the interaction energy in the gluon field grows with increasing distance between quarks
until it is more energetically favourable for quark-antiquark pairs to appear. This process
is called hadronisation.

QCD is a very successful field theory, describing the interactions of quarks and gluons.
The use of QCD to explain the high multiplicity of composite quark states was one of the
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Figure 1.1: (Top) A structured list of Standard Model particles. (Bottom) A
graph showing standard model couplings and self-couplings. Reproduced

from [90, 95].
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biggest triumphs in particle physics. However, there are still many unanswered questions
in QCD and much work to be done in order to obtain an even more accurate theory of the
strong interaction.

1.1.2 Electroweak Interaction

The other term of the SM - SU(2)L⊗U(1)Y corresponds to the electroweak interaction. The
SU(2)L symmetry introduces three gauge bosons W1, W2, W3 that couple to weak isospin
- T, while the U(1)Y adds another gauge boson - B, which couples to the hypercharge
- Y. However, none of these bosons actually exist in nature. Instead, a process called
spontaneous symmetry breaking occurs at low energy scales. This proceeds via the
Higgs mechanism, when a complex scalar SU(2)L doublet, the Higgs field, breaks the SM
symmetry as follows:

SU(3)C ⊗ SU(2)L ⊗U(1)Y → SU(3)C ⊗U(1)Q (1.2)

This separates the electroweak interaction into electromagnetism and the weak force.
The observable EM and weak gauge bosons are constructed as linear combinations of the
W1,2,3 and B bosons:

W± =
1√
2
(W1 ±W2) (1.3)

(
γ

Z

)
=

(
cosθW sinθW

−sinθW cosθW

)(
B

W3

)
(1.4)

where θW is the weak mixing angle proportional to the couplings of SU(2)L and U(1)Y.
The new W± and Z0 bosons couple to three out of four degrees of freedom of the

Higgs field and become massive. The photon (γ) does not interact with the Higgs field
and hence remains massless. This is due to the fact that a special linear combination of the
weak hypercharge (Y) and the third component of the weak isospin (T3),

Q = T3 +
1
2

YW (1.5)

does not couple to the Higgs field. Hence, it leaves an unbroken U(1)Q symmetry, which
corresponds to Electromagnetism and the familiar electric charge Q. Furthermore, the
fourth remaining degree of freedom of the Higgs field does not couple to other gauge
boson fields and obtains a non-zero vacuum expectation value (vev). This introduces a
new scalar boson particle - the Higgs boson. The Higgs boson is massive (125 GeV), carries
no electric or colour charge, but has a weak isospin (− 1

2 ) and weak hypercharge (+1). The
charged fermions obtain their masses through the interactions with the Higgs boson.

In 2012, the existence of the Higgs boson was experimentally confirmed by the ATLAS
[30] and CMS [38] collaborations. This has completed the Standard Model of particle
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physics. However, there are observed phenomena that the Standard Model fails to explain,
hence it can not be the complete theory of nature. One of these phenomena is the observed
universal matter-antimatter imbalance, presented in the next section.

1.2 CP Violation

It is widely accepted that the Big Bang was a very symmetric phenomenon. This means
that approximately 13.8 billion years ago [85] equal amounts of matter and antimatter
emerged from the Big Bang. In this early stage of the universe, matter and antimatter
particles annihilated. The signature of this can still be observed in the Cosmic Microwave
Background Radiation. However, a small fraction (O(10−9)) of baryon excess emerged,
which now creates all of the matter in the observable universe. The evidence for the
absence of antimatter in our universe has also been measured experimentally (e.g. by the
AMS experiment [15]).

The phenomenon creating this asymmetry between baryons and antibaryons is called
baryogenesis. It has been shown, that baryogenesis can occur if three so called Sakharov
conditions are met [138].

1. Baryon number is violated

2. C and CP symmetries are violated

3. Interactions out of thermal equilibrium

These conditions are sufficient to produce baryon asymmetry. However, no baryon
number violating decays have been observed yet and the magnitude of CP violation
within the Standard Model is orders of magnitude too small to explain the observed
universal asymmetry [84]. For this reason, studies of CP violation are essential in order to
understand the nature of this asymmetry and gain insight into alternative CP violating
processes.

1.2.1 Symmetries in Physics and CPT Theorem

Arguably, the most important concept in modern physics is the one of symmetry. This has
been formalised by Emmy Noether in her famous theorem that links the differentiable
symmetries of the action of a physical system with corresponding conservation laws
[129]. Such symmetries can be continuous, like translational or rotational symmetries,
corresponding to conservation of momentum and angular momentum respectively. Other
types of symmetries include permutation symmetry, which leads to particles of the same
type being indistinguishable, or unitary symmetries, like SU(3)C, SU(2)L and U(1)EM,
that have been described in Sec. 1.1, and lead to conservation of colour, isospin and electric
charges respectively.

Another very important type of symmetry is that of the discrete symmetries, for
example, the three symmetries that form the combined CPT symmetry. Here C stands
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for charge conjugation, which reverses the signs of electric charge, magnetic moment
and the colour charge of the particle, i.e. swaps it to its antiparticle. The electromagnetic
interactions are invariant under C transformation.

The other term of the combined CPT symmetry is the Parity (P). It transforms the right-
handed spacial coordinate system into a left-handed one and vice versa, P : (x, y, z) 7→
(−x,−y,−z). Under a parity transformation, certain physical variables change their sign,
while others do not. In the former case, the variables are said to be P-odd, while in the
latter they are said to be P-even. Examples of P-even variables include invariant mass,
angular momentum and the magnetic field B, while examples of P-odd variables include
helicity, velocity and momentum. A quantum state is described by a wave function which
can also be P-even or P-odd, or have terms that are either P-even or P-odd. Constructing
P-odd variables and subsequently measuring them might allow calculation of the P-odd
quantum mechanical amplitudes of a given quantum state. This approach is used in the
physics analysis described in the Chap. 5, where the measurement of P-odd triple-product
variable allows a search for CP violation in the P-odd amplitudes of the decay.

The final term T in the CPT stands for time reversal. This transformation reverses
the arrow of time and hence the signs of all time dependent quantities (such as velocities
and momenta). The combined CPT symmetry is believed to be an exact symmetry of the
universe. This is also required by the CPT theorem [142] which states that any Lorentz
invariant local QFT must obey it. The violation of CPT symmetry would lead to many
testable phenomena (for example the difference between the masses of particles and
antiparticles) none of which have been observed [119].

The individual terms of the CPT symmetry can be violated, as long as there is cancel-
lation conserving the CPT combination. Such violations of individual symmetries of CPT
have indeed been observed. Parity violation was first observed in the β-decays of 60Co
by C.S. Wu [152]. This experiment showed that the weak interaction maximally violates
parity. Almost at the same time, another team led by L.M. Lederman have observed the C
violation in the muon and antimuon decays [100]. It was believed that CP violation could
still be conserved until the proof of its violation was obtained in 1964 by Cronin and Fitch
when analysing kaon decays [25].

After the initial discovery of CP violation, many analyses have been performed in
different meson and baryon decay channels. The first observation of CP violation in the B0

meson system was done by the Belle and Babar collaborations in 2001 [36, 33]. Recently,
the LHCb collaboration has discovered CP violation in the D0 meson system, which is the
first observation of CP violation in charm quarks and the first in an up-type quark system
[57].

All of the mentioned discoveries of CP violating decays are potentially consistent with
the predictions of the Standard Model. The situation for the charm quark system is not
yet clear with some papers arguing that it cannot be accommodated in the SM [114], while
others claiming that it can [99]. In the SM, CP violation can arise via the CKM mechanism
(described in the following section). However, the amount of CP violation in the SM and
observed in these measurements is orders of magnitude too small to explain the observed
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universal asymmetry [84]. For this reason, the interesting and rapidly evolving terrain of
CP violation studies are paramount in understanding other possible CP violating effects
beyond the standard model.

1.2.2 CKM Mechanism

CP violation exists in the standard model due to the fact that the weak force does not
couple to the mass eigenstates of quarks but rather their linear combinations. The flavour
changing quark transitions are described by the Cabibbo-Kobayashi-Maskawa (CKM)
matrix [117]. This matrix also predicted the third generation of quarks. According to the
CKM matrix, the weak decays, mediated by the W± bosons, change the up-type quarks
into down-type quarks and vice versa. Each quark has a different probability of changing
its flavour. These probabilities are the CKM matrix elements and are represented below.

 d′

s′

b′

 = VCKM

 d
s
b

 =

 Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb


 d

s
b

 (1.6)

Here the d′, s′, b′ represent the weak eigenstates that mix into mass eigenstates d, s, b on
the right. The |Vij|2 gives the probability of quark with flavour i to transition into a quark
with flavour j. This implies that the CKM matrix has to be unitary, i.e. V†

CKMVCKM = 1,
where V†

CKM is the Hermitian conjugate of the CKM matrix and describes antiquark
transitions. Imposing the unitarity constraints, the CKM matrix is left with four degrees of
freedom - three rotation angles θ12, θ13, θ23 and a complex phase δ which is the source of
CP violation in the Standard Model. With these four parameters in mind, the CKM matrix
can be expressed as a product of three rotation matrices, which obtains the following form,

VCKM =

 c12c13 s12c13 s13e−iδ

−s12c23 − c12s23s13e−iδ c12c23 − s12s23s13e−iδ s23c13

s12s23 − c12c23s13e−iδ −c12s23 − s12c23s13e−iδ c23c13

 (1.7)

Here the sij and cij are the shorthands for sin θij and cos θij.
It is known experimentally that the rotation angles of the CKM matrix differ in magni-

tude significantly (s13 � s23 � s12 � 1). This hierarchy allows us to reparametrise the
CKM matrix in the so called Wolfenstein parametrisation [151]. In this parametrisation
s12 = λ, s23 = Aλ2, s13eiδ = Aλ3(ρ− iη). All of the new four parameters, A, λ, ρ and η,
have a magnitude O(1) and allows us to separate different orders of the CKM elements.
The CKM matrix in the Wolfenstein parametrisation up to order λ3 is given below,

VCKM =

 1− λ2

2 λ Aλ3(ρ− iη)
−λ 1− λ2

2 Aλ2

Aλ3(1− ρ− iη) −Aλ2 1

+O(λ4). (1.8)
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It can be seen that the CP-violating complex phases only appear in the terms of O(λ3).
This encodes the magnitude of CP violation in the Standard Model as being small.

The magnitudes of individual CKM matrix elements encode the probability of quark
transitions and can be obtained by combining measurements from many different decay
channels. The current values of these elements are summarised in the matrix below, taken
from Ref. [83],

|VCKM| =

 0.97446± 0.00010 0.22452± 0.00044 0.00365± 0.00012
0.22438± 0.00044 0.97359+0.00010

−0.00011 0.04214± 0.00076
0.00896+0.00024

−0.00023 0.04133± 0.00074 0.999105± 0.000032

 (1.9)

1.2.3 Unitarity Triangle

A popular graphical representation of the CKM matrix measurements are the so called
Unitarity Triangles. The unitarity of the CKM matrix implies a set of 12 constraints that
can be expressed in the form like the example below,

VudV∗ub + VcdV∗cb + VtdV∗tb = 0 (1.10)

This equation describes a triangle in the complex plane, with each of the three terms in
the equation representing a side. The sides of this triangle can be normalised by setting
the term VcdV∗cb = 1. The resulting triangle is shown in Fig. 1.2. A small area near the
angle α represents the current experimental uncertainties on the CKM matrix element
measurements. If the unitarity condition does not hold, it means that the unitarity triangle
is not closed. This would be a clear evidence of physics beyond the Standard Model.
Similarly, deviations from the SM could be found by comparing the measurements of
angles made in different particle decay modes. Some modes are sensitive primarily to SM
tree diagrams, while others involve loop diagrams and can more readily be influenced by
new physics.

1.2.4 Types of CP violation

In the Standard Model CP violation can arise in three different ways. The first is called
“Direct CP violation” which happens when the decay amplitude for a particle is different
to that of its antiparticle (Γ[M → f ] 6= Γ[M → f̄ ]). This is the only mechanism of CP
violation in the decays of charged particles. Direct CP violation was established in kaons
by the NA48 and KTEV experiments [81, 36] and has been seen in the B system. LHCb
observed direct CP violation in the Bs system [44]. The recent LHCb observation of CP in
the charm system by LHCb is also of this form [57].

The second type of CP violation is CP violation in the mixing of neutral particles. This
happens because the mass eigenstates of certain neutral mesons are superpositions of
flavour eigenstates. For example, for a neutral hadron N the two mass eigenstates N+ and
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Figure 1.2: Constraints of the unitarity triangle in the ρ̄, η̄ plane. The ρ̄ and η̄
are a commonly used unitarity triangle coordinates that can be expressed as
certain ratios and products of the CKM matrix elements. The small shaded
area at the apex of the triangle corresponds to 95% CL. Reproduced from

[83].
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N− are

|N+〉 = p|N0〉+ q|N̄0〉 (1.11)

|N−〉 = p|N0〉 − q|N̄0〉, (1.12)

where N0 and N̄0 are the flavour eigenstates with p and q being the complex amplitudes
satisfying |p|2 + |q|2 = 1. When a neutral meson propagates in space, it oscillates between
its particle and antiparticle states. If the transition probabilities to these states are different
for particle and antiparticle (i.e. | pq | 6= 1) the process will violate CP symmetry.

The final type of CP violation is the interference between direct CP violation and mixing
CP violation amplitudes. In this case, the decay amplitudes of a neutral hadron N0 into a
final state f without mixing, N0 → f , interfere with the decay amplitudes of N0 into the
same final state but with mixing, N0 → N̄0 → f . This can only happen if both N0 and N̄0

can decay into the same final state (e.g. CP eigenstate). For this type of CP violation to
occur the following condition needs to be present,

arg(λ f ) + arg(λ f̄ ) 6= 0, (1.13)

where λ f ≡ q
p

Ā f
A f

and A f is the decay amplitude.
CP violation in mixing or in the interference between direct CP violation and mixing is

sometimes called “indirect CP violation”. Indirect CP violation was the type observed first
in the kaon system [25] and B systems [32]. However, it has not yet been observed in the
charm system.

1.3 Amplitude Analysis

The decays of short-lived particles can be described by quantum mechanical amplitudes
(sometimes called “Feynman amplitudes”). These describe the probability of transition of
the physical system from an initial state to a final state and are usually denotedM(i→ f ).
Accessing the decay amplitudes is very useful as it allows calculation of particle lifetimes
and branching fractions into specific decay modes.

Let us consider a weak decayM(i → f ) and its conjugate processM(i → f ). The
decay amplitudes for these processes can be denoted A f and A f . The complex terms
appearing in the amplitudes will appear as complex conjugates in the CP-conjugate
amplitude. This means that the phases of such amplitudes will have opposite signs. In
the Standard Model, such a complex phase is precisely the phase of the CKM matrix
responsible for CP violation, hence it is called the “weak phase”. Other phases do not
change their sign under CP transformation and usually come due to strong interactions,
hence they are called “strong phases”. This allows us to expand a decay amplitude by
writing out every contribution to it. In a simple two amplitude case this would be,
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A f = |a1|ei(δ1+φ1) + |a2|ei(δ2+φ2), (1.14)

A f = |a1|ei(δ1−φ1) + |a2|ei(δ2−φ2). (1.15)

Here |ai|’s correspond to the magnitudes of individual contributions to the total decay
amplitude, φi’s are the weak phases and δi’s are the strong phases. Individual contributions
might correspond to different intermediate resonances of the decay. In the above example,
the CP asymmetry can be expressed as,

A f = −
2|a1a2| sin δ2 − δ1 sin φ2 − φ1

|a1|2 + |a2|2 + 2|a1a2| cos δ2 − δ1 cos φ2 − φ1
. (1.16)

The amplitude model of a decay can be expressed in many different conventions. One
useful convention is to split the amplitudes into terms that are P-even and P-odd. These
will also be T̂-even and T̂ − odd, where T̂ is the motion reversal operator that reverses the
momentum and spin directions [93].

CP violation can arise due to the contributions from P-even or P-odd terms in the
amplitude model and can hence be split into P-even CP violation or P-odd CP violation.
In the case of P-even CP violation, one needs to measure the asymmetry in the P-even
observables, such as the decay rates. A simple example of a measurement for P-even CP
violation is the SCP method described in Chap. 4.

In a three-body decay only the P-even amplitudes are present and hence only P-even
CP violation can occur. However, in a four-body decay, such as the case in the decays
described in Chap. 5, P-odd amplitudes can be present. In order to probe P-odd CP
violation the difference in the parity violation between different flavour particles needs to
be measured. This can be achieved by constructing asymmetry variables that are sensitive
to the P-odd (T-odd) amplitude terms. An example of such variable is a Triple Product
Asymmetry - aT̂-odd

CP , used in the physics analysis in Chap. 5, where triple products are the
products of final state momenta (i.e. CT̂ ≡ ~p1 · (~p2 × ~p3)).

aT̂−odd
CP ∝ sin (φeven − φodd) cos (δeven − δodd) (1.17)

The Triple Product Asymmetry vanishes if φeven − φodd = 0 or π. Similarly it van-
ishes if δeven − δodd = π

2 or 3π
2 . This makes it complementary to the usual ACP ∝

sin δ1 − δ2 sin θ1 − θ2, which vanishes if either (δ1 − δ2) or (θ1 − θ2) are equal to 0 or π. In
essence, these two asymmetries are probing different regions of the decay phase-space.

It is possible to construct an amplitude model with terms that modify the values of
different observables. This way, the model can be evaluated against the experimental
measurements which would allow a better understanding of the underlying decay dy-
namics. Building and testing such an amplitude model constitutes an amplitude analysis.
An example of an amplitude analysis of the Λ0

b → pπ−π+π− decay described in Chap. 5
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using angular distributions of the decay was given in Ref. [92]. The amplitude model of a
specific decay topology can contain terms arising due to the existence of certain resonances
and interference between them.

1.4 Review of CP violation in baryons

The study of CP violation is an exciting and important part of particle physics. However,
all of the experimental observations of CP violation have been made in meson decays,
while no CP violation has been observed in the decays of baryons. This leaves a wide and
unexplored field for the studies of CP violation.

Previous measurements of baryonic channels have been limited by the small number
of baryons produced in the experiments prior to the LHC. The only measurement of
direct CP violation in beauty baryons was performed by the CDF collaboration with the
statistical uncertainty ofO(0.1) [37]. The state of these measurements are rapidly changing
with the large datasets of baryonic decays provided by the LHCb detector at the LHC.
The LHCb detector has measured the CP asymmetries is a number of baryonic channels:
Λ0

b → pK0
S π− [77], Λ0

b → J/ψ pπ−, Λ0
b → J/ψ pK− [63], Λ0

b → ΛK+π−, Λ0
b → ΛK+K− [64],

Λ0
b → pK−µ+µ− [61], Λ0

b → pK− and Λ0
b → pπ− [72]. Also, a ∆ACP measurement has

been performed in the Λ+
c → ph+h− channel, where h is either a kaon or a pion [40].

An interesting family of baryonic decays are the charmless four-body beauty decays,
such as Λ0

b → pπ−π+π−, Λ0
b → pK−π+π−. These decays propagate through b → uūd

and b→ ss̄d transitions that are topologically similar to the B0 mesonic decays, where CP
violation has been established. Furthermore, the four-body final state allows for P-odd
amplitude contributions and hence, P-odd CP violation in the decays.

Firm theoretical predictions on the amount of CP asymmetry expected in a specific
hadronic decay channel are not currently possible. However, the evidence for CP violation
obtained in the previous LHCb analysis [53] has sparked some interest among the theorists.
For example, Ref. [92] claims that certain P-odd asymmetries in four-body Lb decays are
expected to vanish. While Ref. [113] predicts CP asymmetries of up to 20% in two-body
Λ0

B → pK∗− decays. The significant number of resonances in the Λ0
b → pπ−π+π− channel

mean that large local CP asymmetries might be induced. Furthermore, its comparatively
large branching ratio mean that it is arguably the best B baryon channel in which to search
for CP violation. An analogous situation in B mesons is B+ → 3h decays, where h is
either a kaon or a pion. These decays are fully hadronic with large branching ratios and
the potential for significant interfering resonances. In this case asymmetries have been
observed by LHCb reaching up to O(50%) in some regions of the decay phase space
[54, 41, 60]. This surprising result was unexpected and motivated the creation of new
theoretical models (e.g. Charm Rescattering proposed in Ref. [16]).

A previous LHCb measurement has found evidence for CP violation in the Λ0
b →

pπ−π+π− decays at just over the 3σ level [53]. The analysis presented in Chap. 5
constitutes an update on the previous measurement with a significantly larger data sample
and is published in Ref. [68]. This result supersedes the previous result.
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Chapter 2

The LHCb Experiment

The current chapter briefly describes the accelerator complex at CERN, focusing on the
Large Hadron Collider (LHC) and its four main experiments. This is followed by a
more detailed overview of the LHCb detector, which was used to collect data for the
physics analysis described in Chap. 5. Special emphasis is given to the description of the
VELO subdetector. The radiation damage studies of the VELO are desribed in Chap. 3.
Afterwards, a brief overview of LHCb Software architecture is given, followed by a note
on the currently ongoing LHCb Upgrade work.

2.1 Large Hadron Collider

The Large Hadron Collider (LHC) [97] is a 27 km synchrotron at CERN (Geneva, Switzer-
land). It produces proton-proton or heavy ion collisions, used for the particle physics
research by the four main LHC experiments: ATLAS, CMS, LHCb and ALICE [31, 39,
78, 27]. These experiments have different designs and physics applications. The ATLAS
(A Toroidal Lhc ApparatuS) [31] and CMS (Compact Muon Solenoid) [39] are general-
purpose detectors with a varied physics programme, including searches for BSM physics
and new heavy paricles. The ALICE (A Large Ion Collider Experiment) [27] is dedicated
for heavy ion (PbPb) collisions and studies of the Quark Gluon Plasma. The LHCb (LHC
beauty) [78] detector was originally designed as a heavy beauty and charm hadron factory,
which focuses on CP violation searches and rare decays, but now has a broad programme
including such topics as QCD, ion collisions, fixed-target collisions, electroweak, long-
lived particles and hadron spectroscopy. A detailed description of the LHCb detector
follows in Sec. 2.2.

The LHC is installed in the tunnel previously used by the LEP accelerator [127] and
consists of 1232 dipole and 392 quadruple magnets that keep the beams in their circular
orbits as well as focus them. These superconducting magnets operate at the temperature
of 1.9K, which is possible because of an advanced liquid-helium based cooling system.
The magnets create a field of up to 8.3 T and accelerate protons up to a centre-of-mass
energy of 14 TeV 1. In order to reach this energy, the protons go through a multi-step
acceleration chain, shown in Fig. 2.1. Each step allows for higher energy to be achieved,

1In 2011
√

s = 7 TeV was used, with an increase to 8 TeV in 2012 and to 13 TeV in 2015-2018
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Figure 2.1: The diagrammatic representation of the accelerator complex at
CERN, used to boost protons for the LHC. Reproduced from [107].

Duoplasmatron - Produces protons by
stripping electrons from hydrogen gas

LINAC2 - Linear accelerator accelerates to 50 MeV

Proton Synchrotron Booster
(PSB) - accelerates to 1.4 GeV

Proton Synchrotron (PS) - accelerates to 26 GeV

Super Proton Synchrotron
(SPS) - accelerates to 450 GeV

Large Hadron Collider
(LHC) - accelerates to 7 TeV

Figure 2.2: Different acceleration steps required to reach the LHC centre-of-
mass energy of 14 TeV.
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as shown in the diagram 2.2.
The LHC beam has the design luminosity of 1034 cm−2 s−1 and consists of 2808 bunches

with approximately 1.1× 1011 protons per bunch. Each bunch is 53 mm long and has
spacing equivalent to 24.95 ns between collisions. The rate of bunch crossings is 40.08 MHz.
This makes LHC the most powerful accelerator to date with an unprecedented luminosity,
creating interesting challenges for the detector design and especially data readout.

One way to control the number of collisions at an interaction point is luminosity
levelling. This is particularly important for the LHCb detector because it is designed to
operate at lower luminosities than the general purpose detectors. At the LHCb, luminosity
levelling is achieved by controlling the mean number of proton-proton interactions (µ).
This is done by offsetting the beams in the horizontal direction. The beam offset is then
reduced throughout the fill in order to have a constant instantaneous luminosity. This
leads to 1-2 primary vertices per bunch crossing, which is much smaller compared to 20 at
ATLAS and CMS. The instantaneous luminosity over a single LHC fill is shown in Fig. 2.3.
During the two runs of the LHC, the LHCb detector collected over 9 fb−1 of integrated
luminosity. The integrated recorded luminosity for different years of LHCb operation can
be seen in Fig. 2.3.

2.2 LHCb Experiment

The LHCb experiment is designed for heavy flavour physics analyses at the LHC. These
analyses include searches for CP violation, precision measurements of the CKM matrix
parameters, heavy hadron spectroscopy, rare decays and lepton flavour universality mea-
surements. Notable discoveries done by the LHCb collaboration include the observation
of CP violation in charm decays [18], discovery of a pentaquark state [58], discovery of the
doubly-charmed Ξ++

cc baryon [62], observation of rare B0
S → µ+µ− decay [115] and many

others.
The design of the LHCb detector is optimized for precision measurements of charm

and beauty hadrons [78]. In the proton-proton collisions, the b and c quarks are mainly
produced through gluon fusion with a large forward boost and can be detected at small
angles from the beam pipe as shown in Fig. 2.4. To provide the best coverage for these
particles, LHCb is built as a single arm forward spectrometer, covering the pseudorapidity
2 range of 2 < η < 5 (15 to 300 mrad). This geometry also has the added benefit of
reducing the material budget and allowing for the readout electronics to be placed outside
of active detector area. This in turn allows for excellent momentum resolution of the
detected particles.

2Pseudorapidity is defined as η = 1
2 log( |p|+pz

|p|−pz
)
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Figure 2.3: (Top) The change in instantaneous luminosity over a single LHC
fill for ATLAS, CMS and LHCb. The luminosity of LHCb remains constant
within 5% by changing the beam overlap, which is depicted at the bottom
of the figure. (Bottom) The integrated luminosity recorded by the LHCb

detector in different years of data taking. Reproduced from [46].
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Figure 2.4: Rapidity distribution for bb̄ production at the LHC. The red re-
gion shows the LHCb angular acceptance, which provides a good coverage

of the events. Reproduced from [96].

The LHCb detector consists of multiple subdetectors. The interaction point is sur-
rounded by the Vertex Locator (VELO), followed by the first Ring Imaging Cherenkov
Detector (RICH), first silicon tracker detector - Tracker Turicensis (TT), bending magnet,
three tracker stations, each consisting of Inner Tracker (IT) and Outer Tracker (OT), second
RICH, first muon station, Scintillating Pad Detector (SPD), PreShower (PS), electromag-
netic and hadronic calorimeters (ECAL and HCAL) and 4 more muon stations. The layout
of the LHCb detector is shown in Fig. 2.5. Further explanation of the design and functions
of the LHCb subsystems is given in the following sections.
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2.2.1 Vertex Locator (VELO)

The subdetector surrounding the proton-proton interaction region at the LHCb is the
Vertex Locator (VELO) [79]. It is designed to measure the locations of primary vertices
from proton collisions and secondary decay vertices from short lived particle decays. The
VELO is based on silicon-strip technology and has two movable halves consisting of 21
modules each, arranged along the beam axis as shown in Fig. 2.6.

Each semicircular module consists of two sensors, allowing measurement of the radial
and angular position of a particle intercept at a precision of 13µm in the transverse plane
and 71µm along the beam axis. Most of the sensors use n+ implants on n-doped silicon
while a pair of the most upstream sensors use n+ implants on p-doped silicon to test the
technology. Each sensor contains 2048 strips embedded in the 300µm-thick silicon bulk
for charge collection. The layout of these strips corresponds to either R or Φ measurement
configuration.

In an R sensor, the strips are split into four 45◦ regions (zones). Each zone contains 512
strips that are arranged as arcs of a circle and vary in pitch linearly from 38µm closest to
the beam to 102µm at the far edge of the sensor. The Φ sensors have two “fan-shaped”
regions. The inner region contains 683 strips, while the outer one contains 1365 strips.
This helps to reduce occupancy and prevents the strips from having a large pitch at the far
edge. The Φ sensor strips are not perfectly radial but have a 10◦ stereo-angle inclination
for the inner region and 20◦ for the outer region, allowing for better pattern recognition.

Due to the use of two different geometries for the VELO sensors, different solutions
for charge readout connections to the electronic system had to be implemented. The strips
that are further away from the far edge of the sensor need to be connected to the readout
chain via an additional conductive routing lines, referred to as the second metal layer. In
the Φ sensors, the routing lines are parallel to the strips while in the R sensors they are
orthogonal. The layout of strips and second metal layer is shown in Figs. 2.7.

Another unique feature of the VELO is that the two detector halves can be moved
closer to the beam or away from it. This is essential because during the proton beam
injection and ramp-up the beam is unstable and can deviate from its nominal trajectory.
For this reason, before the beam reaches required stability the VELO is kept in an “open”
configuration and the closest detector component is 35 mm from the beam. When the
beams stabilize, the VELO is closed around the precise location of the beam, which differs
from fill to fill. In the “closed” configuration the closest part of the VELO is only 7 mm
away from the beam, while the closest active part is 8.3 mm away. This made the VELO
the closest subdetector system to the proton beam at the LHC. Furthermore, when the
VELO is closed, the neighbouring sensors overlap by approximately 1.5 mm, covering the
full acceptance and allowing for better alignment.

There is no beam pipe inside the VELO and the detector is in vacuum. The VELO
modules are separated from this primary beam vacuum by a 300µm-thick aluminium box,
which prevents the RF pickup from the proton beam. For this reason, the VELO has to
be kept in a secondary vacuum. Being in a secondary vacuum also prevents any possible
contamination of the primary vacuum from outgassing of the modules. Furthermore,
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Figure 2.6: (Top) Diagram showing the positions of VELO modules along
the beam axis with interaction region highlighted in blue. (Bottom) Exam-
ple of two VELO modules in open (right) and closed (left) configurations.

Reproduced from [79].

Figure 2.7: The layout of conducting strips (left) and the routing lines,
referred to as the second metal layer (right), for R and Φ VELO sensors.

Reproduced from [78, 79].
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Figure 2.8: The layout of LHCb Tracking Stations. The TT is situated before
the magnet and the IT is situated in each of the three tracking stations after
the magnet. Together, the TT and IT form the Silicon Tracker (ST), shown in
red. The IT is surrounded by OT, shown in blue. Reproduced from [109].

the VELO modules are cooled by a CO2 system to about −10◦C during operation. The
average temperature of the VELO during Run 1 was approximately −7◦C.

Due to its close proximity to the beam, the VELO is exposed to an extreme radiation
environment. During the first two runs of the LHC, VELO sensors were under the fluence
of up to 6.5 × 1014 cm−2 1 MeV neutron equivalents ( 1 MeVneq). In this environment
significant radiation damage of the sensors is expected. The analysis of VELO radiation
damage and its effects on physics performance is described in Chap. 3.

2.2.2 Tracking Stations

The LHCb tracking system is comprised of the VELO and the tracking stations situated
downstream from the interaction point. The tracking stations contain the Tracker Turicen-
sis (TT), which is situated after the VELO and RICH, upstream from the LHCb bending
magnet. There are three more tracking stations downstream from the magnet, each con-
taining an Inner Tracker (IT) and an Outer Tracker (OT). The tracking stations are shown
in Fig. 2.8.

The TT is a silicon micro-strip detector which uses p+ implants on n-doped silicon
sensors and covers the full LHCb acceptance. It measures 157.2 cm in width and 132.4 cm
in height. The TT contains four sensor layers, each with the width of 500µm. The layers
have long silicon strips, with the longest being 37 cm. The strip pitch is 183µm. In the
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first and fourth layer the strips are vertical. The second and third layers are rotated by a
stereo-angle of −5◦ and +5◦ respectively. This allows the TT to have a hit resolution of
approximately 53µm.

The LHCb bending magnet is placed downstream from the TT. The magnet is a warm
dipole (non-superconducting) and is able to bend the trajectories of charged particles in
the x plane. This allows measurement of the particle’s momentum from the curvature of
the tracks in the magnetic field. The design of the magnet covers the full LHCb acceptance
and provides an integrated field of 4 Tm and a peak strength of 1.1 T.

The tracking system downstream from the magnet contains three tracking stations (T1,
T2, T3). Each of these have an Inner Tracker (IT), which uses similar silicon technology as
the TT. For this reason, the TT and IT collectively comprise the Silicon Tracker (ST) project
[121]. However, the IT only covers the regions closest to the beam pipe, where the particle
flux is highest. Each of the three tracking stations contain four IT boxes, which in turn
contain four layers of silicon. Similar to the TT, the second and third layers are rotated by
a stereo-angle of −5◦ and +5◦. The sensors in each layer use 320µm-thick silicon for the
top and bottom modules and 410µm-thick for the side modules.

The IT is surrounded by the Outer Tracker (OT) [66], which uses different technology
from the ST system. The OT is a straw-tube detector which allows for precise measure-
ment of particles’ momenta and provides tracking via the drift-time measurement. The
4.9 mm inner diameter straw tubes contain a mixture of Argon, CO2 and O2 gases (with
70/28.5/1.5 ratio). This allows a drift-coordinate resolution of 205µm and drift time of
50 ns. However, this time is twice as long as the minimum time between LHC bunch
crossings, hence spillover effects occur. Just like the ST system, the OT contains four layers
with second and third being rotated by ±5◦.

The tracking system is able to achieve momentum measurements with relative un-
certainty of 0.5% for low momentum particles and 1.0% for high momentum particles at
200 GeV [46].

2.2.3 Ring Imaging Cherenkov Detector (RICH)

Ring Imaging Cherenkov Detectors (RICH) [105] are placed on both sides of the LHCb
magnet. These detectors are filled with a gaseous medium which has a refractive index (η)
greater than 1. For this reason, fast particles travelling through the RICH will travel faster
than the local speed of light and emit Cherenkov radiation. The Cherenkov photons will
be emitted in a cone, with the angle proportional to the velocity of the particle 3.

Combining the information about the particle’s velocity with the information about
its momentum from the LHCb tracking system allows assignment of a mass hypothesis
for the particle (PID). Thus, it allows identification of different particle species. The most
abundant particles in the LHCb are pions, hence all detected particles are compared
against the hypothesis of them being a pion. This comparison is quantified by assigning
a difference in log-likelihood value for a specific particle ID when compared to a pion

3Cherenkov angle is calculated as θc = arccos( c
ηv ), where v is the velocity of the particle in the RICH

medium
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Figure 2.9: Reconstructed Cherenkov angle as a function of track momen-
tum in the C4F10 radiator. The different bands correspond to different

particle species and give a clear separation. Reproduced from [105].

hypothesis. The different particle species can be seen by plotting the track momentum
against the Cherenkov angle, as shown in Fig. 2.9.

In order to assign the PID hypothesis, the particle’s velocity needs to be estimated.
This depends on the particle’s momentum and the medium used in the RICH detector.
The RICH1 detector is situated between the VELO and the TT, upstream from the bending
magnet. It is filled with C4F10 gas and covers the momentum range between 2 and 40 GeV.
The RICH1 provides full coverage of the LHCb acceptance. The RICH2 is placed after the
tracking stations, downstream from the magnet. It is filled with CF4 gas, which allows it to
cover momenta between 15 and 100 GeV. Since the RICH2 is focusing on high momentum
particles, it covers a high pseudorapidity range (η < 3). This is due to the fact that high
momentum particles usually have high forward boost and travel at low angle from the
beam pipe, while some low momentum particles are bent out of the LHCb acceptance by
the magnet.

Both RICH detectors use primary spherical mirrors that reflect the Cherenkov light
onto the secondary planar mirrors. This way the emitted photons are reflected out of the
LHCb acceptance and into the Hybrid Photon Detectors (HPDs), where the circles formed
by the Cherenkov cone projected on a plane can be reconstructed. Since the detectors
are close to the LHCb magnet, the fringe magnetic field distorts these circles and further
corrections have to be applied.
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2.2.4 Calorimeters

The LHCb calorimeters are positioned downstream from the RICH2. They allow measure-
ment of the deposited energy of electrons, photons and hadrons. However, the energy of
charged particles can typically be obtained from momentum measurements, attained from
the combined output of the tracker system. For this reason, the calorimeter system is not
used in many analyses involving charged particles. Though for electrons it is used to add
the additional energy from emitted photons. The main purpose of the LHCb calorimeters
is to act as a first trigger stage (described in Sec. 2.2.6). Another use of calorimetry is the
identification and reconstruction of neutral particles, such as photons.

The LHCb calorimetry system is based on the detection of scintillating light. This
light is emitted inside a scintillator material when it is exposed to ionising radiation
i.e. intercepted by a high energy particle. The photons from the scintillation travel
through wavelength shifting fibres and are detected by Multianode Photomultiplier Tubes
(MaPMTs).

The first layer of the calorimeters is the Scintillating Pad Detector (SPD), which only
interacts with charged particles, thus distinguishing between charged and neutral particle
species. It is followed by a 15 mm-thick lead converter and the PreShower (PS) calorimeter
that discriminates between photons and neutral hadrons. The third layer is the Electro-
magnetic Calorimeter (ECAL), which measures the energy deposited by electrons, photons
and photons emitted from neutral pions. The final component of the calorimetry system is
the Hadronic Calorimeter (HCAL), which measures the energy of hadronic showers and
is mainly used for triggering, although in jet based analyses (e.g. QCD electroweak) it is
also used for neutral hadrons.

All four calorimeters have finer segmentation around the beam and courser segmen-
tation further away from it. The ECAL and HCAL are designed as “shashlik” detectors
with alternating layers of scintillating tiles and absorber material (lead for ECAL and iron
for HCAL). The ECAL is able to contain the full electromagnetic shower and has energy
resolution of σE/E = (8.2± 0.4)%/

√
E/ GeV

⊕
(0.87± 0.07)%. The HCAL is too short to

contain the full hadronic shower and and is used for triggering. The energy resolution of
the HCAL is: σ/E = (69± 5)%/

√
E
⊕
(9± 2)%.

2.2.5 Muon System

The final subdetector of the LHCb detector is the muon system [65], which contains five
stations (M1-M5). The first muon station (M1) is placed before the calorimeters, while
four remaining stations are placed after the HCAL. All muon stations use multi-wire
proportional chamber (MWPC) technology with highest granularity closest to the beam
pipe. However, due to a large particle flux, the inner-most region of the M1 station also
uses a triple gas electron multiplier (GEM) technology.

The first three muon stations allow estimation of the muon transverse momentum,
while the last two stations are used to identify penetrating muons. Iron absorber plates of
80 cm thickness are placed after each of the four stations behind the calorimeters (M2-M5),
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thus selecting the penetrating muons. The muon momentum required to reach M5 is at
least 6 GeV. The muon system is used in the first stage hardware trigger, described in Sec.
2.2.6, as well as for muon reconstruction in the offline analysis.

2.2.6 Trigger

The bunch-crossing rate at the LHC can reach up to 40 MHz. However, due to the bunch
filling scheme, the bunch-crossing at LHCb reaches 30 MHz. Out of all of the collision
events at LHCb, only a small fraction are interesting and have a clean signal. Furthermore,
it would be impossible to save all of the events to storage due to readout system and
permanent storage limitations. To filter out and save the events of interest, a three-stage
trigger system is employed [42].

In the first stage, the LHCb uses a hardware trigger, called L0 (Level 0). This trigger is
based on the output of calorimeters and the muon system and contains three inclusive
conditions. The first condition triggers on charged hadron signatures on the HCAL and
requires the transverse energy deposited to be higher than 3.5 GeV. The second condition
triggers on a muon signal in the muon system by searching for hits that are consistent
with originating from the same track. Afterwards, it applies a minimum transverse
momentum requirement, thus rejecting muons originating from pion or kaon decays. The
muon momentum can be estimated by calculating the expected energy loss of a muon
traversing the muon system. The last condition triggers on photons, neutral pions or
electrons/positrons using the ECAL.

The L0 trigger reduces the event rate to approximately 1 MHz. This rate is still too
high to be fully stored, hence the events are passed to the software based trigger. The
first software based trigger is called HLT1 (High Level Trigger) and performs partial
event reconstruction. The HLT1 reconstructs primary vertices and estimates the impact
parameter (IP - Distance between the point of closest approach of a track and primary
vertex). Events with low IP or no hits in the muon stations are discarded. This way, the
event rate is further reduced to 30 kHz in Run 1 (80 kHz in Run 2).

After the HLT1, the events are passed to the second software trigger stage, called HLT2.
The HLT2 trigger performs full event reconstruction and checks it against a list of trigger
conditions for different physics analyses. If the event matches any of the trigger lines, it is
saved to permanent storage. The event storage rate is 5 kHz in Run 1 and 12.5 kHz in Run
2. The stored events undergo finer reconstruction in centralized processing campaigns
called “stripping”, which produces output files of a size more suitable for use in offline
analysis.

2.3 LHCb Software

The software infrastructure of LHCb is modular and based on C, C++ and Python packages.
Each package contains a well defined scope of use cases and is regularly updated. The
packages are developed in a way to allow communication between different packages.
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This is achieved by assuring that the output of a specific package is readable by multiple
packages further down the chain.

All of the LHCb software packages are based on an experiment independent Gaudi
framework [11] which is specifically designed for HEP data processing. Within Gaudi,
the LHCb specific software modules are responsible for different functions. The Brunel
module is used for offline reconstruction. In Run 2 this is also done by the Moore mod-
ule, to allow for reconstruction with Turbo Trigger. After the offline reconstruction, the
data is further processed by DaVinci, which allows production of ROOT [21] tuples - a
conveniently sized and structured data for the front-end analyst.

In order to perform sensitivity studies, test different physics models or detector simu-
lations, a sophisticated Monte Carlo simulation is required. The simulated data for LHCb
applications is obtained using the Gauss module [26]. Gauss uses auxiliary modules
and libraries to perform a full simulation of the physics event. This simulation chain
includes full detector description, particles’ interactions with matter, the underlying QCD
scattering event etc. Having a fast, reliable and realistic simulation is paramount for
almost all particle physics analyses.

The LHCb software environment is constantly being updated. The big data challenges
need to be overcome by developing efficient programs that exploit all of the state of the art.
Many different options are considered, including the use of GPUs, FPGAs and Machine
Learning. Apart from the hardware upgrades mentioned here, the data acquisition and
event reconstruction software is also being improved and optimized. The software up-
grades are based on modern programming paradigms of multi-threaded data processing
and machine learning. These upgrades utilize many years of experience from the LHCb
collaboration.

2.4 LHCb Upgrade

The LHC finished its second physics run in December 2018, thus starting the Long Shut-
down 2 (LS2), which is expected to take until 2021. The LHC accelerator complex will be
upgraded, as well as all of the LHC based experiments. The currently ongoing ATLAS
[29] and CMS [123] upgrades are relatively minor compared with the full-scale of these
detectors, their major changes will happen during the LS3. The first major scale changes
to detector systems are occurring to the ALICE [28] and LHCb [134] detectors.

In the case of the LHCb detector, almost all of the subsystems will be replaced, essen-
tially creating a whole new detector. This profits from the huge improvements in detector
technology during the last decade, as well as replacements required for the ageing of the
old detector due to the radiation damage. These upgrades are required because of the
increase in instantaneous luminosity of the LHC. During Run 3 and Run 4 the LHCb
detector is expected to collected approximately 50 fb−1 of integrated luminosity, which is
five-fold the luminosity collected in all of the previous years of running.

The new LHCb design is shown in Fig. 2.10. The biggest change of the upgrade is
the 40 MHz readout ability by all of the LHCb detector electronics. The VELO will be
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Figure 2.10: The diagram showing subsystems of the upgraded LHCb
detector. Reproduced from [134].

entirely replaced with a new subdetector based on rectangular sensors that use silicon-
pixel technology with 55x55µm pixels and a low-mass micro-channel silicon substrate
[49]. The RICH 1 detector will be entirely changed. Both of the RICH detectors will use
new mirrors, optimizing the performance for higher luminosity operation [47]. The HPDs
of the RICH detectors will be replaced by Multianode Photon Multiplier Tubes (MaPMTs)
that offer higher resolution. The TT will be replaced by the Upstream Tracker (UT), which
is based on silicon-strip technology with shorter strips and finer segmentation in some
regions. The three tracking stations, containing IT and OT will be replaced by a large
scale detector SciFi using 11, 000 km of 250µm scintillating fibre. The PS, SPD and M1
subdetectors will be removed, as they are no longer needed for triggering. The front-end
of ECAL, HCAL and remaining muon stations will remain the same, but the electronics
will be upgraded to satisfy the 40 MHz readout requirement.

Apart from the detector hardware upgrades, the Data Acquisition system (DAQ) will
also be entirely replaced [48]. A major challenge for the LHCb upgrade is the ability to
select and write interesting collision events to permanent storage. This has to be achieved
without sacrificing the quality of each individual event, while maximising the output
rate at the same time. In Run 3, a “Real-Time Analysis” (RTA) paradigm will be applied.
Here “real-time” refers to the time between the physical collision event and the time the
corresponding signal is saved to permanent storage.

Furthermore, after the HLT1 processing, the data will be saved in the disk buffer (see
Fig. 2.11). This data can be used to run online alignment and calibration asynchronously
from the software trigger reconstruction. This is done at the start of each LHCb run. If the
run parameters are observed to have changed after the calibration, the new alignment and
calibration constants are saved to a conditions database. The online alignment has already
been implemented during Run 2 [42].

During Run 1 and Run 2 the data corresponding to the collision events at the LHCb
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Figure 2.11: The diagrams of different trigger stages used in Run 2 (left) and
Run 3 (right). As can be seen, the L0 hardware trigger is removed and the
trigger is fully software based after the LHCb upgrade. Reproduced from

[42].

had to be processed by the multi-stage trigger system, described in Sec. 2.2.6. The first
trigger stage was a hardware trigger called the L0. However, it was seen that the L0 trigger
would be the main bottleneck going to higher luminosity. The L0 trigger introduced a large
inefficiency in the trigger chain which was affecting the beauty and charm hadron decays,
but was small for muonic decays [42]. During Run 2 it was shown that a fully software
trigger is capable of reconstructing the events with quality on par with the offline event
reconstruction. Furthermore, with the increased instantaneous luminosity available after
the upgrade, most of the events would trigger the L0 response, hence making it useless
in the event discrimination. This motivates the major change to the trigger in the LHCb
upgrade. The hardware trigger will no longer be used during Run 3. All of the events will
be selected by a purely software trigger, which will provide a full event reconstruction
and sufficient discrimination for channels of interest. The diagrams comparing the trigger
stages in Run 2 and Run 3 are shown in Fig. 2.11.

Another major change in the event processing after the LHCb upgrade will be the
use of a different event information persistence model. Each fully reconstructed event
takes approximately 69kB of space in the permanent storage. However, most of the
information stored is not useful for physics analysis. For example, it might be enough to
have access to the momenta of the decay products of a heavy hadron decay candidate and
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the positions of all primary vertices in that particular event. This allows reconstruction
of the underlying decay and dissociation of the decay products from other vertices.
Saving only this information to storage saves almost an order of magnitude of disk space.
However, certain analyses might require more information about the decay (e.g. other
hadrons originating from the same primary vertex). A middle ground between these two
extremes is called the “selective persistence model” and is illustrated in Fig. 2.12. In Run
3, most of the events will be saved without retaining the full event information. This will
allow higher throughput and event yields, while not compromising the quality of the data
or the scope of possible physics analyses.

The above mentioned hardware and software upgrades are vital for the efficient run-
ning of the LHCb detector in Run 3. During this period, the instantaneous luminosity of
the LHC will be five times larger than that of Run 2. The detector is expected to collect
50 fb−1 of data during this period and have significant improvements in the trigger effi-
ciency for many modes, which will lead to a huge improvement in statistical uncertainties
of many important physics measurements.
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Figure 2.12: The diagram shows the same reconstructed D0 → K−π+ event
with different levels of object persistence. Objects marked with solid lines
are saved to storage after the event reconstruction. The top model saves
only the final state momenta and primary vertices of the event, which is
the minimal amount of information required to reconstruct the decay. The
middle model additionally saves the objects that can be freely selected (e.g.
charged kaons and pions originating from the same primary vertex as the
D0 candidate). The bottom model saves full information of the decay and

takes up the most space in storage. Reproduced from [2].
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Chapter 3

Radiation Damage of the VELO
Subdetector

Many particle physics analyses depend on precise particle track reconstruction and ver-
texing. This is paramount when studying heavy hadron decays (such as in the analysis
presented in Chap. 5). The hadrons created during the proton-proton collisions at the
LHC travel only up to a couple of millimetres before decaying into more stable particles.
In order to accurately measure the positions of primary and secondary decay vertices,
silicon detectors are employed. Modern silicon detectors provide high precision, while
using a minimal amount of material which particles need to traverse in order to be de-
tected. This is referred to as the “material budget” and is an important consideration when
designing a particle detector. Reducing the material budget minimises the probability of
particles scattering or interacting with the detector. The active element of a detector can be
formed from a thin, self-supporting and homogeneous silicon wafer. However, due to the
complexity and high quality requirements, silicon detector technology is expensive. For
this reason, the silicon detectors are usually only used in the regions with highest fluence
and occupancy. For example, the VELO detector at the LHCb is based on silicon-strip
technology and surrounds the interaction region. It is situated only 8.2 mm away from
the proton beam. This radiation environment causes novel challenges and requires a
continuous monitoring of the VELO in order to assess the radiation damage and its impact
on the detector’s performance.

This chapter describes studies of the VELO radiation damage. A brief review of the
principles of particle detection in silicon is given is Sec. 3.1. The mechanisms of radiation
damage in silicon are described in Sec. 3.1.1. This is followed by the description of
the VELO subdetector in Sec. 3.2 with a special emphasis on the strip layout and the
electronics readout chain. The specialized Charge Collection Efficiency (CCE) scans of the
VELO are presented in Sec. 3.3. The analysis of the data obtained from the CCE scans is
split into CCE analysis and Cluster Finding Efficiency (CFE) analysis which are presented
in sections 3.4 and 3.5 respectively.
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3.1 Operational Principles of Silicon Detectors

The most common choice of material for semiconductor detectors is silicon. This is due to
the fact that silicon is the second most abundant element on Earth (after oxygen) and a
large amount of research has been done on industrial applications of it. Natural silicon
usually exists in the form of oxides, such as sand (SiO2), but very pure silicon crystals can
be produced via a couple of different chemical processes [128, 133].

Silicon has the atomic number 14. The 14 electrons are occupying three shells with
(2,8,4) arrangement. The four electrons in the outer shell are the valence electrons. A
silicon atom can form a covalent bond with four other atoms to complete the outer shell
thus forming a crystalline lattice structure.

In a single atom electrons will occupy well defined discrete energy levels. However, in
a lattice made of many atoms the electron orbitals will overlap with a small difference in
energy. This energy split arises due to the Pauli exclusion principle, which prevents any
two electrons from having the same quantum numbers. A crystal is made of many atoms
and the energy levels are so close to each other that they can be considered a continuous
band. This band is called the energy band.

At the temperature of absolute zero the energy band occupied by the highest energy
electrons is called the valence band. However, at higher temperatures the electrons can
occupy a higher energy band, called the conduction band. The electrons in the valence
band are strongly bound to the atoms and are not mobile, while the electrons in the
conduction band can freely move in the lattice.

The energy between the valence and conduction bands is called the band gap energy -
Eg. Depending on the band gap energy, different materials can be classified into conduc-
tors, semiconductors or insulators, as shown in Fig. 3.1. The valence and conduction bands
overlap in conductors (metals) and allow free charge flow, while they are separated by a
large band gap inside insulators (e.g. glass with Eg ≈ 9 eV). At a temperature of absolute
zero silicon acts as an insulator but the band gap energy is small enough for electrons
inside a higher temperature silicon to transfer from the valence to the conduction band.
In the latter case, silicon becomes semiconducting. The band gap energy is temperature
dependent, as the thermal motion of atoms can change the interatomic spacing in the
lattice. For room temperature silicon the band gap energy is 1.12 eV [116]. However, at
−10◦C (the usual operating temperature of the VELO) the band gap energy is expected to
be 1.21 eV [23], while the measured value is closer to 1.16 eV [111].

When silicon is semiconducting, the electron that is able to transfer to the conducting
band is referred to as a negative free charge carrier. In the lattice, the absence of an
electron behaves much like a free positive charge carrier and is referred to as a “hole”. The
number of free charge carriers in the semiconductor modifies its conductive properties
and depends on temperature. Pure silicon at room temperature has conductivity which is
several orders of magnitude smaller than that of conductors. However, the number of free
charge carriers can be increased by introducing atoms of other elements into the silicon
lattice. This is called doping and can increase the conductivity significantly.
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Figure 3.1: An illustration of different classes of materials depending on the
band gap energy. The conductors (metals) have overlapping conduction
and valence bands, allowing for easy charge transfer. Insulators have a
large band gap energy, preventing free charge movement. Semiconductors
have a relatively small band gap, allowing for some electrons to transfer
to the conduction band due to thermal activity. The Fermi level, denoted
by the dashed line, is a hypothetical energy level which would have a 50%
probability of being occupied at thermal equilibrium. Reproduced from

[110].
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Figure 3.2: (Left) A diagram showing energy bands for doped silicon. The
new ED and EA bands represent the additional energy levels due to the
introduction of donor and acceptor doping respectively. (Right) The dia-
gram showing energy bands of a silicone diode p− n junction. In thermal
equilibrium, the Fermi level must be constant across the material. The Fermi
level in undoped silicon is represented by the dashed Ei band. Reproduced

from [148].

The dopant atoms have either one additional or one less electron in their outer shell.
The ones with an additional electron are called “donors” as they bond with four silicon
atoms and the extra electron can easily transfer to the conduction band. Donor dopants
increase the number of free charge carriers and the conductivity of the semiconductor.
A commonly used donor dopant is phosphorus. A silicon doped with donor dopants
forms an n-type semiconductor. The dopants with a missing electron in the outer shell are
called “acceptors”. The introduction of acceptor dopants to the silicon crystal increases
the number of holes in the lattice. Silicon doped with an acceptor dopant forms a p-type
semiconductor.

Effectively, the dopants change the structure of silicon energy levels. This happens
by either introducing additional energy levels near the valence band, when an acceptor
dopant is used, or the conduction band, when a donor dopant is used. The modified
energy band structure is shown in Fig. 3.2.

A silicon diode is a combination of p- and n-type silicon semiconductors. The interface
between these two types of semiconductors is called a p− n junction and is shown in Fig.
3.3. The free charge carriers diffuse across this junction and combine together, forming a
depletion region with no free charges. An electric field permeates the depletion region
due to the ionized dopant atoms. This creates a potential Vbi (for “built-in”) which is
opposite to the diffusion direction of the holes. Because of this potential difference, the
free charge carriers cannot diffuse further. Due to the thermal excitation of the electrons a
small reverse current flows through the junction. This current is called a “leakage current”
and can be reduced by lowering the temperature of the silicon detector. For example, the
average temperature of the VELO in Run 1 was approximately −7◦C [79]. This current
also increases with radiation damage, giving an indirect way to estimate the amount of
radiation the detector was exposed to.

The depletion region can be asymmetric and extends further to one of the sides. This
happens when one of the sides of the junction is doped more. Such an arrangement is
called “abrupt” and is used in silicon detectors, where a smaller highly-doped implant is
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Figure 3.3: An illustration of a semiconductor diode with a symmetric
p− n junction. The depletion region is formed by the diffusion of negative
and positive charge carriers (electrons and holes) which results in a small
potential difference (built in voltage). Also a small reverse leakage current
runs across the junction due to the thermal motion of electrons. Reproduced

from [110].

joined with a low-doping bulk. The band gap diagram for a p− n junction is shown in
Fig. 3.2.

The depletion region can be further extended by applying a reverse bias voltage to the
diode, as shown in Fig. 3.3. This pulls the free charges away from the edge of the depletion
region. For optimal physics performance, the silicon diode should be fully depleted. This
can be achieved by applying a required voltage, called the “depletion voltage” - Vdep. The
value of the depletion voltage is proportional to the effective doping concentration, Ne f f ,

Vdep + Vbi =
q0

2εrε0
|Ne f f |d2, (3.1)

where q0 is the electron charge, d is the depth of the depletion region and εrε0 is the
permittivity of silicon. The effective doping concentration is defined as the difference
between the doping concentrations of donor, ND, and acceptor, NA,

Ne f f = |ND − NA|. (3.2)

For a typical silicon sensor the depletion voltage is a lot higher than the built-in
voltage, which thus can be neglected. However, the depletion voltage itself depends on
the irradiation of the silicon. Usually, the depletion voltage is increased throughout the
detector operation in order to keep the sensor fully depleted over the active detector area.
This sets a natural exploitation lifetime of a silicon sensor, as at some point the depletion
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voltage is high enough to cause the “breakdown” effect. During the breakdown, the
current rapidly increases with the increasing voltage. The silicon essentially becomes
conducting, allowing the current to run across. This can damage the detector. For this
reason, silicon detectors might have to be operated without being fully depleted towards
the end of their exploitation, which will reduce their Charge Collection Efficiency (CCE).

The measurement of CCE is based on the way the signal is obtained in a silicon detector.
The electrons and holes drift to the electrodes and induce charge on them. This effect is
explained by Shockley–Ramo theorem [143]. Apart from allowing quantification of the
performance of the detector, CCE can also be used as an indirect way to monitor sensor
radiation damage. When a charged particle intercepts a silicon sensor, it deposits some of
its energy by creating electron-hole pairs. To create one electron-hole pair a particle needs
to deposit an average of 3.6 eV [6]. The mean energy loss of minimally ionizing particles
produced in LHCb, while traversing the silicon crystal lattice of the VELO sensor is about
388 eV/µm. For example, a charged particle with a perpendicular incidence on one layer
of the VELO module, which is 300µm thick, will deposit a mean of 116 keV energy, or
32300 electron-hole pairs [22]. If the sensor is not fully depleted and the particle intercepts
the sensor outside the depletion region, the electron-hole pairs will either recombine or
drift in a random path. Due to the timing constraints, such electron-hole pairs are not
useful for particle detection. This behaviour will cause a reduction in the CCE.

3.1.1 Radiation Damage in Silicon

The VELO sensors are exposed to large amounts of radiation caused by high energy
particles. The particles produced in proton-proton collisions of the LHC traverse the
silicon of the VELO sensors and create electron-hole pairs which get read out as signal.
Apart from that, they also interact with the silicon nuclei and create deformations in the
crystalline lattice through recoiling effects. Some examples of such defects are shown in
Fig. 3.4.

A nucleus displaced from its lattice position is called an interstitial. The pair of the
interstitial and the corresponding vacancy in the lattice is called a Frenkel pair. In silicon,
approximately 25 eV of energy has to be transferred to the atom to form such a pair in the
lattice [146]. These pairs usually combine due to the thermal motion of the atoms. This
happens to approximately 60% of Frenkel pairs and can happen to as many as 95% of them
in highly disordered cluster defects [141]. The remaining defects in the lattice interact
in many different ways, forming more complex defect structures, such as divacancies or
clusters of defects.

The defects in the lattice have an impact on the macroscopic electrical properties of
the silicon. This happens because they introduce additional energy levels in the silicon
band-gap. One effect is the increase in the leakage current over the silicon diode. This is
due to the presence of extra free charge carriers - electrons elevated to the conduction band
via the energy levels introduced due to the defects. Leakage current has been shown to
increase linearly with fluence, hence they are important measures of the radiation damage.
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Figure 3.4: Some of the basic defects caused by radiation in silicon. Impurity
atoms in the lattice can interact with these defects to form complex point
defects. Also basic defects can form more complicated clusters of defects.

Reproduced from [10]

After irradiation of the silicon sensor the depletion voltage of the sensor also changes.
This effect is caused by the radiation induced effects behaving similarly to doping atoms.
For example, extra energy levels introduced near the conduction band make the atoms
easy to ionize, thus introducing a positive space charge in the silicon. On the other hand, if
the new energy levels are close to the valence band, a negative space charge is introduced
similarly to the effect of acceptor doping. These effects will cause the overall depletion
voltage to change. The n-type silicon depletion voltage dependence on the fluence is
shown in Fig. 3.5. Initially, the depletion voltage is reduced. This happens due to the
inactivation of the donor dopants, which is caused by the formation of complex defects
and removal of the donor atoms from the lattice. The depletion voltage reaches a value
close to zero. At this point an effect called the “type-inversion” occurs and the n-type
silicon starts behaving as p-type. After the type-inversion, the depletion voltage starts
rising. This is caused by the introduction of the acceptor defects and the increase in
the concentration of holes. In the Fig. 3.5 this happens at the fluence of approximately
1012neqcm−2.

Another effect caused by the radiation damage is the drop in CCE. This happens when
a defect, located near valence or conduction bands, traps a free charge carrier and delays
the charge transfer. If this delay is longer than signal readout time of the detector, it might
reduce the charge collection. After irradiation the CCE of a silicon sensor, as well as the
signal to noise ratio, is reduced.

Monitoring the electric properties of the silicon sensors, such as the depletion voltage
and leakage currents, allows estimation of the sensor radiation damage. This in turn
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Figure 3.5: Depletion voltage dependence on fluence for n-type silicon.
Reproduced from [126].

allows prediction of the future performance of the sensor and informs the choice of the
optimal operation parameters, especially the bias voltage. The studies of VELO radiation
damage are given in Sec. 3.3 and the following sections.

3.1.2 Annealing

The defects in the silicon lattice will move and interact due to the thermal excitations in
an effect called “annealing”. It will initially cause the electrical properties of the silicon
sensor to revert to their previous values before the irradiation. For example, the leakage
current will decrease, and the depletion voltage of an n-type silicon will increase prior
to the type-inversion or decrease after the type-inversion. This is a beneficial effect that
can be used to boost the detector’s performance. However, after some time “reverse
annealing” starts. This happens when the initial recombination of simple defects stops
and the defects form complex defect structures. The reverse annealing causes the silicon
to become more p-type and increases its depletion voltages after the type-inversion, which
is undesirable. To stop the reverse annealing, the silicon sensors are usually operated at a
low temperature. However, a careful temperature control over the operation time of the
detector allows exploitation of the beneficial annealing. This has been done to the VELO
detector and is described in Sec. 3.4.2.
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Figure 3.6: A cross-section of an n-type VELO sensor. The aluminium strips
(first metal layer) are positioned above the n+ implant and run perpen-
dicular to the page. The readout routing lines (second metal layer) run

horizontally. Reproduced from [80].

3.2 VELO Strips and Electronics

The VELO subdetector has been described in Sec. 2.2.1. This section provides a further
overview of the microscopic properties of the VELO, such as the strip and routing line
layout. A brief explanation of the VELO readout electronics and data formats is also given.

3.2.1 VELO Strips

The 82 VELO sensors are 300µm thick silicon semicircles with an n+-on-n structure. They
are referred to as the n-type sensors. There are also two experimental n+-on-p (p-type)
sensors. The studies of n+-on-p R-type sensor are presented in Sec. 3.6. The n-type
sensors consist of n-type bulk with an n+ implant which is heavily doped. The structure
of an n-type VELO sensor is shown in Fig. 3.6. The charge readout is enabled by narrow
aluminium strips that run along the n+ implants, these are referred to as the first metal
layer. The strips collect the deposited charge from the depletion region of the silicon. The
silicon in the VELO sensors is enriched with oxygen in order to make it more radiation
hard. The oxygen concentration in VELO sensors is above 1017 cm−3.

There are two types of VELO sensors - R type and Φ type. The R-type sensors have
the strips arranged in concentric circles and allow for the measurement of radius of the
particle intercept. The Φ sensors have a “fan-like” design and measure the polar angle of
the intercept. The types of VELO sensors are further described in Sec. 2.2.1 and shown
in Fig. 2.7. For an R-type sensor, the strip-width increases from the innermost to the
outermost region in the range of 11− 38µm. The strip pitch is defined as the distance
between the centres of the neighbouring strips. It increases as a function of radius from
42µm to 102µm. The pitch for a Φ-type sensor differs for the inner and outer regions that
are separated at 17 mm radius. In the inner region, the strip pitch varies linearly from
38µm to 78µm at the radius of 17 mm. In the outer region, it increases from 39µm at the
region boundary to 97µm at the outer edge of the sensor. Some VELO parameters are
summarised in Table 3.1.

Due to the geometric constraints of the VELO sensors, the charge readout from the
R-sensor strips and the strips of the inner region of Φ sensors has to be done via conductive
routing lines, referred to as the second metal layer. These are approximately 11µm thick
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Parameter Value
Silicon thickness 300 µm
Strip pitch 40− 120 µm
Strip width 11− 38 µm
Routing line width ∼ 11 µm
Inner silicon edge to beam axis 7 mm
Radial distance of active strips from beam axis 8.2− 42 mm
Sensors position along beam-axis −300 to 750 mm
Oxygen enhancement > 1× 1017 cm3

Table 3.1: The VELO sensor design parameters. The sensor position along
the beam axis is given relative to the beam interaction region. Reproduced

from [80].

Figure 3.7: Photographs of inner (left) and outer (right) regions of the R-type
sensor. Each strip is connected to a routing line for charge readout. The
charge is transferred to the outer edge of the sensor where it is collected by

the readout electronics. Reproduced from [22].

and insulated from the strips by a 3.8± 0.3µm thick layer of SiO2. For the R-type sensors
the routing lines run perpendicular to the strips, while for the Φ-type sensors it was
possible to run them parallel to the strips. The layout of the routing lines is given in Fig.
2.7. Photographs of the VELO strips are shown in Fig. 3.7.

3.2.2 VELO Electronics

Each of the VELO sensors have 2048 strips for charge readout. The charge collected by
these strips and transmitted via the routing lines is read by 16 Beetle chips, located on
the front-end electronics. Each Beetle chip is connected to 128 strips via four analogue
links to 32 strips. The Beetle chip is an ASIC specifically designed for the VELO and the
Inner Tracker of the LHCb detector [122]. These chips store analogue signals from up to
160 events. If the first level of the hardware trigger (L0) sends a response, the analogue
data from the Beetle chips is sent to the TELL1 FPGA boards [106]. The TELL1 boards
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perform digitization of the data with their ADC converters. One ADC count in a TELL1
corresponds to approximately 440 electrons collected [130]. The output from TELL1 boards
is sent to the trigger computing farms (HLT1 and HLT2) for further processing and event
reconstruction.

The design of the electronics introduces some unavoidable offset to the signal. For
this reason, the the ADC count will be non-zero even if no charge is collected by the
sensor. Each channel is offset by a “pedestal”, which is adjusted to be in the middle of
the ADC range. This allows signal to be collected even if the common mode is negative.
The common mode noise is caused by signal fluctuations that are shared by all strips of
one 32-strip link. Both, the pedestal and the common mode need to be subtracted from
the ADC signal. This is done by the TELL1 boards. Furthermore, noise fluctuations of 2-3
ADC counts occur in each channel. All of these effects are corrected when identifying the
signal from the VELO sensors.

3.2.3 VELO DAQ Data Formats

In order to save storage space, the majority of the data read by the VELO sensors is
saved in a Zero-Suppressed (ZS) format. This format only saves the ADC values from the
channels with counts above a certain threshold, corresponding to the signal. These charge
signals are converted into VELO “clusters” that are defined as the data from one or more
adjacent strips with ADC count above a threshold. This processing step is performed by
the TELL1 boards. However, it is important to also have access to data from the strips that
do not pass the ADC threshold. A small fraction of data with the full ADC readout of
every strip is saved. This data is referred to as Non-Zero-Suppressed (NZS). This data is
especially important for noise, Charge Collection Efficiency and Cluster Finding Efficiency
studies. The CCE and CFE studies relating to the VELO radiation damage are described
in the following section.

3.3 Charge Collection Efficiency Scans

The electric parameters of the silicon will change over the course of its use due to irradia-
tion. In particular, the bias voltage needed to fully deplete the sensor will change. This
has to be taken into account for optimal performance of the detector. For this reason, the
depletion voltage, Charge Collection Efficiency (CCE), Cluster Finding Efficiency (CFE)
and the number of bad strips need to be monitored throughout the detector’s lifetime.

At LHCb the depletion voltages of the VELO sensors have been measured prior to the
installation. This has been done by using the “CV method” [145] which involves direct
measurement of the sensor capacitance at different bias voltages. A range of different
depletion voltages have been obtained as a result of testing the VELO sensors, with a
maximum at approximately 65V. However, after the installation it is no longer possible to
perform such direct measurements. Instead, the “Effective Depletion Voltage” (EDV) has
to be estimated from the proton-proton collision data and the ADC signal response of the
VELO sensors during a so called CCE scan.
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Figure 3.8: An illustration of five different track extrapolation categories.
The sensor-under-test is shown as a dashed line. The first category is a set
of hits on four down-stream sensors from the sensor-under-test. These hits
allow to extrapolate the particle intercept position on the sensor-under-test.
Other categories have differing number of neighbouring sensors left and

right of the sensor-under-test. Reproduced from [87].

During a CCE scan every fifth VELO sensor is operated at a different bias voltage and
excluded from the tracking algorithms. These are called “sensors-under-test”. The process
is repeated for different bias voltages and different sets of sensors. To measure the charge
deposited at a specific location of the sensor-under-test, one of five track extrapolation
patterns is used, as shown in Fig. 3.8. Using different patterns allows to test the corner
sensors and mitigate possible extrapolation issues in the track reconstruction algorithm.

The CCE scan is a dedicated test that has to be taken during the LHC beam time. For
this reason, the CCE scans have usually been performed during technical runs of the
LHC to minimise the loss of physics data. There were nine CCE scans performed during
the Run 1 and 16 during the Run 2 of the LHC. These are listed in Tables 3.2 and 3.3
respectively. Consequently, LHCb has one of the largest and most consistent data sets
available to study radiation damage in silicon sensors.

Due to the time constraints of the CCE scans a limited amount of data can be collected
for each set of sensors and each value of the bias voltage. For this reason, only a small
number of bias voltages have been tested. Initially this number was seven, while it later
got increased to 13. The 13 voltage steps had to be modified as the VELO sensors aged
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CCE Scan Date
√

s(TeV) Run Delivered Luminosity [ fb−1]
2010 7 77499 0
2011 7

March 87147, 87153 0.04
July 95936 0.4

September 101359 0.8
October 104107 1.2

2012 8
April 111267 1.2
July 120006, 120010 1.9

September 129494, 129519 2.7
2013 8 135605 3.4

Table 3.2: The list of CCE scans taken during Run 1. The dates of the
scans and the centre-of-mass energy of the LHC are given as well as the
approximate total delivered integrated luminosity at the time of the scan.

Reproduced from [148].

CCE Scan Date Run Delivered Luminosity [ fb−1]
2015

3rd June 153587, 153601, 153602 3.47
5th July 156887 3.47

20th October 166262 3.70
20th November 168083, 168092 (168139, 168257) 3.83

2016
24th April 173040 3.84
4th August 181247 + 181311 4.81

25th October 185508 5.71
2017

5th June 192712 5.76
23rd September 199420 6.70

27th October 201210 7.28
21st November 202688 7.63

2018
17th April 205963 7.73
26th June 210717 8.55

23rd September 215358 9.74
25th September 215591 9.77
2nd December 219089 219090 219091 219092 10.20

219093 219095 219106 219109
219113 219117 219121

Table 3.3: The list of CCE scans taken during Run 2. The dates of the
scans and the corresponding LHCb run numbers are given as well as the
approximate total delivered integrated luminosity at the time of the scan.
All of the scans have been taken with the LHC running at 13 TeV centre-of-

mass energy.
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Date Voltage steps
2010 0, 10, 30, 50, 70, 100, 150
2011 0, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 150

April 2012 0, 10, 20, 30, 40, 50, 60, 70, 80, 100, 120, 150
July 2012 10, 20, 30, 40, 50, 60, 70, 80, 100, 120, 150, 170, 200

2015 20, 40, 50, 60, 70, 80, 100, 120, 150, 170, 200, 225, 250
January 2017 20, 40, 60, 80, 100, 120, 150, 170, 200, 225, 250, 280, 320

May 2018 40, 60, 80, 100, 120, 150, 170, 225, 250, 280, 320, 360, 400

Table 3.4: List of different bias voltage steps used in CCE scans throughout
different operation periods of the VELO detector.

and accumulated more radiation damage. Some low voltage steps were skipped to save
time, while additional high voltage steps were included. The dates of these changes and
the corresponding voltage steps are given in Table 3.4. The last change in the CCE Scan
voltages was proposed by the author of this thesis, where the 20V and 200V steps were
removed and 360V and 400V steps included.

During the CCE scan, both ZS and NZS data formats are taken (described in Sec. 3.2.3).
This is particularly valuable as the NZS data allows a full study to be performed. The data
from these scans has been used in CCE studies described in the following section. Apart
from estimating the EDV (Sec. 3.4), the CCE Scan data also allows measurement of the
CFE and investigation of bad VELO strips. These studies are presented in Sec. 3.5.

3.4 Charge Collection Efficiency

The main purpose of the CCE scans is the estimation of the Effective Depletion Voltage
of the VELO sensors. This allows the operating voltage of the sensors to be kept above
the required EDV for them to be fully depleted. For example, during Run 1, the VELO
sensors were operated at 150V. However, for the n+-on-n sensors, the EDV will rise after
the type-inversion and then a higher bias voltage is required. In order to estimate the EDV,
the data from the CCE Scan is used.

A set of tracks intercepting the sensors-under-test is investigated. The clusters, con-
structed from the charge deposited on the strips nearest to the extrapolated track position,
are identified. The search window for formed clusters also include two strips on both sides
of the intercepted strip. By measuring the charge deposited in the clusters corresponding
to a large number of particle tracks, the ADC distribution for each sensor at each voltage
step can be obtained. This distribution is fitted with a Landau function convolved with a
Gaussian. The fit is used to obtain the Most Probable Value (MPV) of the ADC distribution,
as shown in Fig. 3.9. The Effective Depletion Voltage (EDV) is defined as the 80% of
the MPV of the corresponding pedestal-subtracted ADC distribution. This 80% value
is chosen as it provides the best agreement between the EDV and the measurements of
depletion voltage prior to the VELO installation and irradiation.
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Figure 3.9: (Left) The pedestal subtracted ADC distributions for an R-type
sensor at three different bias voltages. (Right) The MPV of the fit to the
ADC distribution vs. bias voltage. The dashed lines represent the ADC that
is 80% of the maximum value, and the corresponding EDV. Reproduced

from [80].

Different regions of the VELO sensors are exposed to different amounts of fluence. For
this reason, each sensor is split into five radial partitions. The fluence is approximately
proportional to r−1.75 [80]. This allows the radial partitions to be chosen in such a way that
going from inner partition to outer would amount to approximately half the fluence. The
EDV of each sensor has been measured throughout the operation of the LHCb detector.
The fluence is determined by scaling an estimated fluence for 1 fb−1. The calculation uses
GEANT simulation and the NIEL tables [80]. The scaling factors take into account the
difference in particle multiplicity between 7, 8 and 13 TeV centre-of-mass energies and
approximately corresponds to the ratio of the logarithm of the energies. A general time
trend of the EDV for different VELO sensors and their radial partition is shown in Fig.
3.10.

The EDV evolution in time for the inner region of the VELO sensors is shown in Fig.
3.11. As can be seen from the trend, the EDV of the n+-on-n VELO sensors decreased for
a short duration at the beginning of the operation. This was prior to the type-inversion,
which happened at the fluence of approximately 10 − 20 × 1012 1 MeV neq cm−2. Af-
terwards, the EDV increased, except for a short period of beneficial annealing which
happened between 2011 and 2012, when the insulation of the cooling system was changed.

3.4.1 Hamburg Model Prediction

The overall evolution of the depletion voltage of the silicon can be approximately predicted
using the Hamburg Model [126]. This model takes into account the temperature and
fluence of the sensor to estimate the depletion voltage evolution in time. The model is
based on three different effects. A constant radiation damage term increases the depletion
voltage. A beneficial annealing term reduced the voltage initially but is overtaken by
a reverse annealing component, which dominates later. The parameters used in the
Hamburg model are listed in Table 3.5. More details on the Hamburg model can be found
in Ref. [126].
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Figure 3.10: EDV evolution throughout Run 1 and Run 2 of the LHCb
operation. Each line corresponds to a specific radial partition of a single
VELO sensor. Different coloured lines correspond to different radii, as
shown in the “rainbow” illustration. Extended based on the work of the

author of Ref. [22].

Figure 3.11: EDV evolution throughout Run 1 and Run 2 of the LHCb
operation for the inner region of the VELO sensors. Each line corresponds

to a specific VELO sensor. Reproduced from [22].
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Parameter Description Value
kb Boltzmann constant 8.6174× 10−5 eV/K
qe Elementary charge 1.6022× 10−19 C
εr Relative permittivity of silicon 11.9 F/m
ε0 Permittivity of free space 8.85419× 10−14F/ cm
Ga Silicon oxygen enrichment 1.4× 10−2 cm−1

EA Activation energy of silicon 1.086 eV
k0a Frequency factor for beneficial annealing 3.6× 1013 s−1

gY Oxygen enrichment 7.4× 10−2 cm−1

Φsat Fluence factor of the reverse annealing term 2.1× 1014

Ey Activation energy 1.3252 eV
K0y Frequency factor for reverse annealing 4.9× 1015 s−1

Gc Introduction of acceptors from proton irradi-
ation

5.3× 10−3 cm−1

c The exponent factor of the stable damage
component

8.56× 10−14

d Sensor thickness 300µm

Table 3.5: A list of parameters used in the Hamburg model estimation of
the EDV dependence on fluence. Based on [126].

The CCE scan data and estimated EDV values have been compared against the Ham-
burg model prediction. An agreement is seen between the two after the type-inversion, as
shown in Fig. 3.12.

The Hamburg model prediction can be used to estimate the EDV of VELO sensors
in the future. This allows the operating voltages of the sensors to be changed to ensure
full depletion. Towards the end of Run 2 of the LHC, it has been observed that the EDV
of many VELO sensors was close to their operation voltages. In this case, the sensors
might be underdepleted and the CCE can be reduced. To avoid that, a proposal to raise
the operating voltages of the VELO sensors has been put forward. In the end, most of the
VELO sensors operated at 350V, while some have been set to as high as 400V.

3.4.2 Beneficial Annealing of the VELO Detector

One of the benefits of the accurate measurement of the VELO radiation damage effects
and continuous temperature control was the opportunity to exploit beneficial annealing
of the silicon sensors and thus reduce the EDV required to operate them. Due to almost
constant cooling of the sensors, the silicon has not reached the reverse annealing phase,
which meant that it could still be beneficially annealed by increasing its temperature in a
carefully controlled manner. This was desirable, because towards the end of Run 2, the
VELO sensors were operating with high bias voltages (320V to 350V, compared to the
maximum design voltage of 500V). Beneficially annealing the sensors provided a way to
reduce the bias voltages. To achieve this, the VELO was kept at room temperature for 2
days (starting on 18.09.2018), during a technical stop in its final year of operation. During
this time the temperature were increased from −30◦C to 25◦C. Two CCE scans were taken
approximately a month before the annealing and a week after it. A reduction in EDV
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Figure 3.12: The EDV dependence on fluence. Different colours correspond
to different radii, as shown in the “rainbow” illustration. The red dots
correspond to the inner and most irradiated parts of the sensors. Hamburg
model prediction is overlaid and shows an agreement with the observed

trend. Based on the work of the author of Ref. [22].



82 Chapter 3. Radiation Damage of the VELO Subdetector

LHCb unofficial

Figure 3.13: The EDV dependence on fluence using the data of a CCE
scan taken after the intentional beneficial annealing of the VELO. Different
colours correspond to different radii, as shown in the “rainbow” illustration.
The red dots correspond to the inner and most irradiated parts of the sensors.
Hamburg model prediction with an annealing period is shown as a solid
blue line and shows a reduction in EDV when compared to the no annealing

hypothesis (dashed line). Based on the work of the author of Ref. [13].

of 70− 80V was observed. The comparison of the Hamburg model prediction with and
without the intentional beneficial annealing can be seen in Fig. 3.13. The reverse annealing
which was supposed to start after the beneficial annealing stage was of no concern, as
the sensors would no longer be used after the Run 2. To the knowledge of this thesis
author, the intentional beneficial annealing in order to improve the detector performance
is unprecedented in an operational experiment in HEP. The proposal for the beneficial
annealing of the VELO has been put forward in Ref. [13] and presented by this thesis
author in Ref. [140].

3.5 Cluster Finding Efficiency

The VELO track reconstruction algorithm relies on finding the corresponding clusters on
the VELO sensors. A cluster is defined as one or more adjacent strips with ADC signals
above certain thresholds. In order to efficiently reconstruct the particle tracks, the Cluster
Finding Efficiency (CFE) of the VELO sensors has to be as high as possible. Prior to
installation and irradiation the mean CFE of the VELO sensors was 99.97% [79].
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It is expected that the CFE will be reduced with increasing radiation damage of the
sensors or failures in electronic channels. For this reason, the measurements of VELO
sensor CFE has been done throughout the operation of the LHCb detector. The method for
measuring the CFE is similar to the one for CCE, described in Sec. 3.4. A sensor-under-test
is removed from tracking algorithms, the track intercept is found by interpolating from
hits from neighbouring sensors and a search for a corresponding VELO cluster is carried
out on the intercepted strip and five strips on each side of it. The CFE is defined as the
ratio between the number of tracks with the corresponding clusters found and the total
number of studied tracks. Usually the CCE scan data has been used to measure the CFE.
This allows the CFE to be measured for different voltages. However, the CFE method is
not reliant on the NZS data and can be run on generic physics samples. This allows the
use of samples with much higher statistics and tracking of the CFE evolution with much
greater granularity. In particular, it is possible to measure the CFE of the whole sensor in
small 2D regions, which allows regions of inefficiency to be found.

Measuring the CFE allows study of the performance impact of the radiation damage
and identification of individual poorly performing sensor strips and electronic channels.
The analysis of the bad strips of the VELO is presented in the following section. Also,
after irradiation a notable drop in the CFE at large radius of the R-type sensors has been
observed in Run 1 [80]. This unexpected effect is described in Sec. 3.5.2.

3.5.1 Bad Strips

Each of the VELO sensors has 2048 strips for charge collection from the n+ implants.
A strip can stop producing the ADC signal or produce a poor signal. If a strip is not
producing a signal even when intercepted by a particle, it is referred to as a “dead strip”. If
a strip is producing a signal which is significantly higher than the average of neighbouring
strips, it is referred to as a “noisy strip”. Both dead and noisy strips will reduce the CFE of
a sensor. Prior to irradiation the bad strips have been identified with a couple of different
methods. A visual inspection was carried out before the installation of the VELO sensors
and physically damaged strips identified. After the installation, strips with no signal or
signal four times higher than the average of 30 neighbouring strips have been identified
as bad. With the exclusion of bad strips, the estimation of the CFE shows a sizeable
improvement, as can be seen in Fig. 3.14. The removal of bad strips from the analysis
is useful as it allows the study of additional effects that can be masked by the effect of
individual bad strips.

However, it has been noted that the bad strip finding algorithm might not be robust
in some cases. For this reason, new algorithms had to be created. A simple algorithm
is based on the normalized frequency of strip hits. With a large dataset of tracks each
strip should be able to have a large number of signal responses, corresponding to hits by
intercepting particles. However, when the hit map for a VELO sensor is plotted, areas
with low numbers of hits or without hits can be seen, as shown in Fig. 3.15.

The strip hit frequency can be used to find dead and noisy strips. To achieve this, a
large data set of tracks is used and normalized strip-hit frequencies are calculated for
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Figure 3.14: The CFE of VELO sensors prior to irradiation. Figure on the
left shows the CFE for different sensors with bad strips, while figure on the
right shows the CFE after bad strip removal. The Φ sensor on VELO module
16 has a broken Beetle chip and shows a low CFE before the malfunctioning

strips are removed from the CFE measurement. Reproduced from [148].

Figure 3.15: A 2D map of two VELO sensors (R36 and R37), showing areas
where no clusters are formed. Bad strips can be clearly identified as line
segments in the map with high inefficiency. The strips terminate at the
interface between four R zones. The coloured bar shows the number of
tracks in the region without corresponding clusters. Reproduced from [148].
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each strip. The frequency is plotted against the strip ID (unique number identifying each
strip) and fitted with line segments. The fit is motivated by the fact that in each of the four
zones of R sensors strips are situated in semicircular segments radially outwards and the
particle flux is linearly decreasing with radius. The first and fifth segments are inclined
upwards. This is because of a subtlety in the geometry of VELO R-type sensors. Each
R-type sensor has diagonal cut-outs in the innermost region. The strips in these cut-outs
vary in length and are expected to have lower hit frequency. The hit frequency is compared
to the neighbouring strip hit frequencies by calculating the residual, which is defined as
the difference between the frequency value and the value of the fitted line segment at that
point. The residuals are fitted with a Gaussian distribution and any outliers (residuals
with values at least 3σ away from the Gaussian mean) are marked as bad. The procedure
applied on two different VELO sensors can be seen in Fig. 3.16.

The “frequency method” allows the identification of the majority of bad strips. The
application of this method on the last CCE Scan taken in Run 2 has yielded 1.35% of bad
strips for R-sensors. However, due to the specifics of VELO clustering algorithms, some
dead or noisy strips can appear as functional. This happens during the Common-mode
suppression stage, where the common electrical noise of 32-strip groups is subtracted
from the individual strip ADC signal. Hence a dead strip can appear to have a non-zero
signal, or a noisy strip can have a reduced noise and not pass the threshold for detection.
To identify these strips a more fundamental approach is needed.

A complementary approach of bad strip removal was created, referred to as the “RMS
method”. The new approach is based on the underlying shape of the pedestal-subtracted
ADC distribution of each strip. This decouples the bad strip identification from the
condition of neighbouring strips and allows detection of dead or noisy strips that would
otherwise be missed by the frequency method. An example of the pedestal-subtracted
ADC distribution projections for all strips of a single VELO sensor is shown in Fig. 3.17.
As can be seen, the 32-strip groups fluctuate a lot, while the fluctuations are smaller within
the groups. This corresponds to the Beetle chip connections and the common mode.

The RMS method first requires a Gaussian convolved with a Landau to be fit to the
ADC distributions of each strip and fit parameters to be checked against a set of indicators.
The three indicators of a bad strip are that it either has the RMS < 2.25, Kurtosis < 50 or
Skewness < 0.2. These indicators allow to check whether the ADC distribution of the strip
has an expected shape, i.e. is not too sharp, has expected tails and is not too wide. The
ADC distribution of a healthy VELO strip is expected to be highly asymmetric and have a
long tail towards the large ADC values, hence the skewness of such a strip should be high.
An example of bad strips identified by the RMS method is shown in Fig. 3.18. As can
be seen, the strips are clearly showing different ADC behaviour from their neighbouring
ones.
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Figure 3.16: The frequency method applied on two VELO sensors - R11 (top)
and R20 (bottom). For sensor R11, a large region with strips not producing
signal can be seen for low strip IDs, this corresponds to a malfunctioning
Beetle chip. The sensor R20 shows healthy set of strips with a small number
of dead and noisy strips. The 2018 September CCE scan data is used for the

study.
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Figure 3.17: The projected ADC distributions of all strips for VELO sensor
R35. The fluctuations observed correspond to groups of 32 strips connected
to the same Beetle chip output and hence having the same common mode
noise. Healthy strips have a large tail towards the increasing ADC, as can
be seen in the top-half of the plot. The 2018 September CCE scan data is

used for the study.
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Figure 3.18: The RMS method applied on the VELO sensor R35. Plots show the ADC distribution of the strip identified as bad in the
center and the distributions of the neighbouring strips next to it. The last panel of the plots shows the projected ADC distribution for the

identified and neighbouring strips. The 2018 September CCE scan data is used for the study. Based on the work of [1].
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Figure 3.19: The fraction of bad strips found by the RMS method over
different years of VELO operation. Based on the work of [1].

It is useful to monitor the number of bad strips identified as a function of time as a
measure of performance. The fraction of bad strips found by the RMS method for different
years of LHCb operation is shown in Fig. 3.19. No significant degradation of the VELO
strips has been observed. It can be seen that the fraction of bad strips was relatively small
and almost constant throughout the operation of the VELO. The implementation of this
method has been done in collaboration with the author of Ref. [1].

The two methods of bad strip removal are combined and a complete bad strip list for
the VELO R-sensors is produced. Using the data from the last CCE scan of Run 2, the total
fraction of strips identified as bad in the R-type sensors is approximately 2%. In order
to further mitigate the effects not corresponding to the actual radiation damage, it was
decided to include the five innermost and outermost strips from the CFE calculation. This
prevents a fake reduction in CFE, caused by the particles being scattered out of the sensor
acceptance but the extrapolated track hit position incorrectly intercepting a VELO strip.
With the removal of edge strips, the total fraction of excluded strips reaches 2.2%.

The comparison of CFE for each VELO sensor prior to and after the bad strip removal
is shown in Fig. 3.20. As can be seen, the scatter of the points is significantly reduced after
the application of the bad strip algorithm. This allows sensitivity to additional effects as
discussed in the following section. The remaining trends in points are likely due to the
interpolation and extrapolation methods of the tracks and to the track angles covered in
particular sensors. This is discussed in the following sections.

The bad strip algorithms have been applied on data sets corresponding to the CCE
scans taken at different years of VELO operation. This allows checking of whether the bad
strip list is evolving in time. This could happen if for a specific CCE scan a group of strips
was noisy, while it performed well afterwards. An example showing the bad strip match
between different years is shown in Fig. 3.21.
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Figure 3.20: The updated measurement for the CFE of different VELO R-
sensors. The measurement uses the last CCE scan data taken at the end
of Run 2 (2018 September). Most sensors operated at 320V, while a small
subset operated at 350V bias voltages in order to be fully depleted. The CFE
prior to the bad strip removal is shown as a blue line. A clear improvement
in the CFE is seen after removing the bad strips, as shown by the orange

line.
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Figure 3.21: A comparison of five different bad strip lists for a single R19
sensor. The lists correspond to the CCE scans taken at different years. Each
row corresponds to a specific year. Lines show the strips identified as bad.
Most strips are identified as bad throughout the different years of data
taking. Some strips have been marked as bad only in one year, while others
did not meet the criteria for being bad for a specific year. This could be
caused by the calibration of VELO and different running conditions. Based

on the work of [1].

3.5.2 Second Metal Layer

The CFE calculation does not rely on the limited amounts of existing NZS data and can
use any physics data (ZS) from the LHCb. This allows measurement of the CFE of the
VELO with fine granularity (e.g. creation of 2D efficiency maps of the sensors). After
initial irradiation, an unexpected drop in CFE has been observed at large radius of the
R-sensors, as shown in Fig. 3.22. However, the reduction of the CFE does not seem to
continue proportionally with increasing irradiation and is believed to have stabilized.
Further investigation of this effect found a direct correlation between the regions with low
efficiency and the layout of the routing lines on an R-type VELO sensor, as shown in Fig.
3.23. For this reason the effect is called the “Second Metal Layer” effect.

The Second Metal Layer effect can be further investigated by looking at the CFE
dependence on the track distance to the nearest strip and routing line. As can be seen in
Fig. 3.24, the effect is strongest for tracks that hit the sensor close to a routing line and
furthest away from a strip. The results shown in Fig. 3.24 are obtained from the Run 2
(2018) CCE Scan data. For comparison, the same measurement is done using Run 1 (2013)
data and shown in Fig. 3.25. As can be seen, the trends for Run 1 and Run 2 studies are
very similar. Similar effects have been observed in the ATLAS and CMS experiments [120,
137].
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Figure 3.22: The CFE of an R-type VELO sensor as a function of radius. A
sudden drop in efficiency is visible at high radius with a small amount of
irradiation. Afterwards, the efficiency drop is slow. This is caused by the

Second Metal Layer effect. Reproduced from [148].
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Figure 3.23: (Top) The 2D CFE map of a single R-type VELO sensor. (Bottom)
The layout of the routing lines (Second Metal Layer). The regions with low

efficiency line up with the routing line layout. Reproduced from [148].
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Figure 3.24: The CFE as a function of the track intercept distance to the
routing line. Five different categories of tracks are shown, for different
distance to the edge of the nearest strip. The lowest efficiency is observed
for the tracks close to the routing line and far away from the nearest strip.
This supports the charge induction on the routing lines hypothesis. The
2018 September CCE scan data is used for the study. The results are shown

for a single sensor (R26) with the nominal operating voltage of 320V.
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Figure 3.25: The CFE as a function of the track intercept distance to the
routing line. Five different categories of tracks are shown, for different
distance to the edge of the nearest strip. The lowest efficiency is observed
for the tracks close to the routing line and far away from the nearest strip.
This supports the charge induction on the routing lines hypothesis. The
Run 1 (2013) CCE scan data is used for the study. The results are shown for

a single sensor (R26) with the nominal operating voltage of 150V.
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Figure 3.26: A 2D efficiency map of a Φ-sensor. The sensor exhibits no
efficiency drop at large radius, characteristic of the second metal layer effect.
This is due to a different routing line layout, allowing the outer section
strips to run parallel to the routing lines. A line with low efficiency at
approximately 17 mm is the interface between inner and outer regions of

the sensor. Reproduced from [110].

The findings presented above clearly show that charge pick-up is occurring to the
second-metal layer routing lines, thus decreasing the charge collected on the strips (first
metal layer). A device simulation has been performed to attempt to replicate the effect [98].
The second metal layer of the sensor are separated from the bulk-silicon by a SiO2 layer
of around 4µm. A p-isolation layer is used beneath the SiO2 to separate the n+ strips;
this layer traps holes. A negatively charged electron inversion layer consequently builds
up beneath this, acting as a conductive layer. This layer assists in the shielding of the
routing lines. However, after irradiation surface damage effects can occur leading to fewer
electrons in the layer and reduced carrier mobility in the layer, both effects potentially
causing less shielding. Consequently charge may be picked up on the metal layer of the
routing lines rather than the metal layer of the strips. The simulation was performed
using the software Synopsys TCAD [153] to simulate the electric field and induced charge
in the device. The simulation is based on realistic device parameters and uses a surface
damage model described in Ref. [132]. This model reproduces broadly the features that
are observed here.

In the R-sensors, most routing lines are intercepting strips at large radius of the sensor
(see Fig. 2.7). Hence, it explains why the CFE reduction is highest at large radii. For a
comparison, the second metal layer effect is not present in the Φ-sensors as the routing
lines from the inner region of the sensor run parallel to the strips of the outer region, as
shown in Fig. 3.26.

Another study has been performed to directly compare the efficiency in the regions
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with and without routing lines. This is possible because of an intricacy of the the VELO
R-sensor geometry. The innermost part of the sensor does not require routing lines, as the
strips within that part are already connected with routing lines that remain distant from
the region. This is best seen in two self-imaging plots in Fig. 3.27. These plots show maps
of track intercepts in the areas with and without routing lines, hence are “negatives” of
each other.

The CFE can be calculated in the regions with and without the routing lines, to see a
direct comparison of the two regions. The region not covered by the routing lines only
extends to approximately 14 mm, hence the comparison is only possible in that region. A
clear drop in efficiency is seen for the sections with routing lines in them, as shown in Fig.
3.28.

In order to quantify the Second Metal Layer effect and track its evolution in time it
has to be decoupled from other effects. For example, the CFE also decreases if a number
of strips on the sensor are malfunctioning. The removal of such strips from the CFE
measurement has been described in Sec. 3.5.1. Also, the CFE may depend on the track
category used (see Fig. 3.8). This can occur if a sensor is separated from its neighbouring
sensor by a larger distance. An example of such gap in the VELO is between sensors 31
and 32, as shown in Fig 2.6. In this case, extrapolating the hit on sensor from the hits on
the four downstream sensors (first category) will yield low CFE. This is because many
lower momentum particles may be scattered out of the five-strip search window and form
a cluster further away from the expected track intercept point. To mitigate this and similar
effects, a software package was written which allows the monitoring of different aspects
of R-sensor CFE. The software produces a panel of figures, showing the CFE vs Voltage,
CFE for different track categories, CFE for different zones (quarters) of the sensor, the
track residuals in linear and log scale (number of strips between the intercept point and
cluster) as well as a 2D plot of inefficiency. The plots comparing the mentioned properties
of a single R-sensor before and after bad strip removal are shown in Fig. 3.29.
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Figure 3.27: (Top) The heat-map of track intercepts of an R-sensor showing
the layout of the routing lines. Bottom, the inverse of the previous image,
showing the track intercept heat-map without routing lines in the region.
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Figure 3.28: The CFE vs radius in the inner part of an R-sensor for track
hitting the area with and without routing lines in it. As can be seen, the
areas without the routing lines have higher efficiency in all radial regions.
The study used the data from the final CCE Scan of 2018. The results are
averaged over all R-sensors at their nominal operating voltage of 320V

(with a small subset of sensors at 350V).
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Figure 3.29: A panel of the CFE monitoring plots for R26 sensor. The shown plots show the trends prior to the bad strip removal. Top row
of the plots show: The CFE vs radius for four different voltages, the CFE vs radius for five different categories (some trends terminate
due to low statistics). The CFE vs radius for four different zone (quarters). The first two plots in the bottom row show: distance from the
cluster to the extrapolated track intercept in number of strips on linear and log scale (the red dashed lines show the search window of the

CFE method). The bottom right plot shows a 2D inefficiency map.
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Figure 3.30: A panel of the CFE monitoring plots for R26 sensor after the bad-strip removal. As can be seen, the highly inefficient regions
(shown in yellow) disappear after the bad strip removal. The white region on the inefficiency map corresponds to a group of noisy strips

that were removed, even though they did not appear as inefficient.
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The CFE can also depend on the angle of the track. This is caused in part by the CFE
algorithm, requiring a track on 4 neighbouring sensors. There are very few tracks that are
parallel to the beam (acute incidence) at large sensor radius. For this reason, many CFE
measurements lack statistics for such angle categories. Similarly, for the sensors at the
end of the detector, the track intercepting the innermost region cannot be reconstructed as
they are outside the acceptance of the detector. For this reason, the inner region shows
low efficiency with high uncertainty (five innermost strips have been removed from the
calculation, reducing this effect).

The average CFE of all VELO R-type sensors vs the angle of incidence is shown in
Fig. 3.31. The results are separated for the regions with and without routing lines. A clear
reduction can be seen for the tracks with low angle of incidence in the routing line region
at low radius.

Taking all of the above mentioned considerations into account, one can track the
evolution of the second metal layer effect throughout different periods of LHCb operation.
The CFE dependence on integrated luminosity of the four most downstream sensors of the
VELO is shown in Fig. 3.32. The bad strip removal algorithms are applied on the dataset.
Also, only tracks belonging to a stable track category and intercepting the sensors at large
radius (r > 35 mm) and near a routing line (d < 200µm) are considered. For comparison.
The bottom plot shows the same calculation for tracks away from the routing line. Clear
improvement in the CFE can be observed. Similar plots for four central VELO sensors
(R24-27) are given in Fig. 3.33

The CFE is seen to drop with initial irradiation and then stabilize. However, the trend
for non-routing line regions does not change significantly with increased luminosity. This
is an indication, that the reduction in CFE is indeed correlated to the presence of routing
lines and caused by the Second Metal Layer effect. Also, this is compatible with the
surface damage hypothesis. After the initial reduction, the CFE was stable and did not
significantly reduce the performance of the VELO detector.
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Figure 3.31: The average of the CFE of all VELO R-sensors from the 2018
September CCE scan data. Top plot shows the CFE vs track angle for 3
different radial intervals in the region without the routing lines (No 2ML).
Bottom plot shows the same measurement in the region with routing lines
(2ML). A clear reduction in the CFE is observed for low radius and low
track angle tracks. The study used the data from the final CCE Scan of
2018. Sensors operated at their nominal voltages of 320V (350V for a small

subset).
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Figure 3.32: The CFE dependence on luminosity for VELO sensors at the
far downstream end of the VELO (R38-R41). Only the tracks intercepting
the sensors at large radius (r > 35mm) are considered. (Top) CFE measured
from the tracks intercepting near the routing lines (d < 200µm). (Bottom)
CFE measured from the tracks away from the routing line. The vertical

dashed line shows the start of Long Shutdown 1.
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Figure 3.33: The CFE dependence on luminosity for VELO sensors at the
center of the VELO (R24-R27). Only the tracks intercepting the sensors
at large radius (r > 35mm) are considered. (Top) CFE measured from
the tracks intercepting near the routing lines (d < 200µm). (Bottom) CFE
measured from the tracks away from the routing line. The vertical dashed

line shows the start of Long Shutdown 1.
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Figure 3.34: CFE vs radius for a VELO sensor R12. The blue line shows
the results with the nominal operating voltage of the sensor. The observed
reduction in CFE at high radius is believed to be due to the second metal

layer effect.

3.5.3 Final Runs of LHCb

At the end of Run 2 (2018) most VELO sensors were operating at 350V. It was suspected
that the most irradiated regions of the sensors might be under-depleted. Multiple tests (IV
and CCE scans) were performed at voltages of up to 400V. During the last two LHC fills of
Run 2 a special test has been performed. The voltage of VELO sensors was incrementally
increased up to 700V, while the design voltage was only 500V. This was an attempt to study
the thermal runaway of the sensors and allowed measurement of the CFE dependence
on the depletion voltage. This test was carried out during the last LHC fills of the VELO
operation period, which allowed measurement of the detector performance past its design
limitations. If the sensors or system were damaged during these tests it would be no loss
since they will be replaced by the Upgrade for Run 3. All sensors operated well and a
slight increase in the efficiency was observed up to 600V. Beyond that, issues were seen
in some sensors, causing efficiency drops. The CFE of a single sensor (R12) for different
voltage values is shown in Fig. 3.34. The most irradiated region (first points on the left
of the plot) clearly shows an increase in efficiency from 350V to 400V. A comparison of
the CFE for different voltages (350V, 450V and 700V) is shown in Fig. 3.35. The drop in
efficiency at higher radius is due to the second metal layer effect.
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LHCb unofficial

Figure 3.35: (Top) CFE vs radius for a VELO sensor R12. (Bottom) Difference
of CFE for different voltages. The nominal voltage of 350V exhibits the

lowest CFE in the small radius region.
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3.6 The CCE and CFE studies of the n+-on-p sensors

During the VELO construction, it became possible to produce a small number of sensors
with the n+-on-p technology. This was a novelty at the time and was utilised with some
risk as less testing had been performed on sensors with this technology. Also, not a lot
of testing has been done on the sensors with this technology. In order to investigate
the possible use of n+-on-p sensors in the future, two such sensors were installed in
a single module of VELO (R0 and Phi64). This module is the most upstream module,
and consequently would limit any negative effect if its performance was not as good as
expected. The module was fully operational throughout the running of the LHCb detector.

A simple linear least-squares fit is applied on the EDV vs Fluence distributions for
the n+-on-p and n+-on-n sensors using data obtained from the September 2018 CCE scan.
Each set of points from the three outermost regions of each sensor are fitted independently
with a straight line. As the uncertainties on the points are initially unknown the fit is
performed with arbitrary uncertainty on each point. For the n+-on-n fits are performed
on 40 sensors. The standard deviation of the distribution of gradients from these fits is
calculated, and used as the uncertainty on the single n+-on-p fit. For the n+-on-n fits the
corresponding uncertainty on the mean of the gradients is used. The result of the deter-
mination for the n+-on-n sensors is (3.10± 0.17)× 10−13 V/(1 MeV neq cm−2). For the
the n+-on-p sensor the result is (5.57± 1.08)× 10−13 V/(1 MeV neq cm−2). Consequently
the extracted gradients are compatible at the 2.3σ level, and while the n+-on-p value is
somewhat larger than the n+-on-n the rise in EDV with fluence is thus compatible at the
precision of this test.

Furthermore, the CFE of the n+-on-p R-type sensor can be measured. The CFE vs
radius of the R0 sensor for different bias voltage values is shown in the Fig. 3.37. It is
consistent with the CFE for other sensors and shows no major reduction in performance.
The Second Metal Layer effect is also visible in the n+-on-p sensor, as shown in Fig. 3.38.
However, unlike the downstream sensors (see Fig. 3.32), the decrease in the CFE for R0
sensor is more gradual and reaches a constant at approximately 2 fb−1. The CFE of the
sensor drops further by approximately 1% between 7 fb−1 and 9 fb−1 (end of Run 2). This
suggests that the n+-on-p behaviour differs from the n+-on-n sensors, however no strong
conclusions can be drawn as only one n+-on-p sensor is available for comparison.

Throughout the years of LHCb operation, the two n+-on-p sensors operated with no
issues. The sensor performance and radiation damage was compatible with the n+-on-n
sensors. The n+-on-p technology is used in a lot of the currently ongoing LHC detector
upgrades [29, 123]. In particular, the new VELO detector will use silicon-pixel sensors
with the n+-on-p design [49].
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Figure 3.36: The EDV dependence on fluence of all VELO sensors for three
radial regions. The R0 n+-on-p sensor measurements are shown with darker
squares. Simple linear fit is performed for n+-on-p and n+-on-n sensors

and shown as red lines.
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Figure 3.37: The CFE vs radius for different bias voltages of the R0 sensor
using the n+-on-p technology. The CFE trends are similar to the ones of
n+-on-n sensors. The last CCE scan of Run 2 data is used for the CFE

measurement.
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Figure 3.38: The CFE dependence on luminosity for the R0 VELO sensor
which uses the n+-on-p technology. Only the tracks intercepting the sensors
at large radius (r > 35mm) are considered. (Top) CFE measured from
the tracks intercepting near the routing lines (d < 200µm). (Bottom) CFE
measured from the tracks away from the routing line. The vertical dashed

line shows the start of Long Shutdown 1.
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3.7 Conclusions

The radiation damage of the VELO subdetector has been studied using the CCE Scan data
collected in Run 1 and 2 of the LHC. The CCE and CFE of the VELO silicon-strip sensors
have been measured in order to quantify the radiation damage and track its evolution
during different data taking periods. At the end of Run 2, most VELO sensors operated at
350V. The voltage steps used in the CCE scans have been changed accordingly, introducing
360V and 400V and removing 20V and 200V.

The agreement between the observed EDV dependence on fluence and the Hamburg
model prediction has been investigated. The data and the model are shown to be broadly
in agreement. Using guidance from the model, beneficial annealing was conducted on the
VELO towards the end of Run 2. As a consequence, the EDV of some VELO sensors is
measured to have dropped by 70-80V. To the knowledge of this thesis author, this may
be the first instance of intentional beneficial annealing for the purpose of increasing the
performance of a working silicon detector.

The CFE of the VELO sensors has been measured for different subsets of the CCE
Scan data. Two bad-strip removal algorithms have been devised and implemented to
isolate the CFE reduction effects from the actual radiation damage. An effect of charge
loss to the second metal layer routing lines is observed. The Second Metal Layer effect has
been studied and its evolution in time investigated. A special high-voltage test has been
performed at the end of the VELO operation. An increase in the CFE has been observed
with increased bias voltage. The VELO sensors have been tested with voltages beyond
their maximum design voltage. This test constituted the final stage of the VELO operation.
Afterwards, the VELO was removed in order to be replaced by the new VELO upgrade
detector.
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Chapter 4

CP Violation Search Methods

In the Standard Model of particle physics, CP violation arises from a non-vanishing
complex phase term in the CKM matrix [118]. Beyond Standard Model particles might
contribute to CP violation, thus studying it provides an indirect probe for New Physics.

A number of model independent direct CP violation search techniques exist. One of
the most commonly used methods is the binned χ2 approach, where the relative event
densities in the phase space of a particular decay are compared [17]. Another binned
method, called Triple Product Asymmetries (TPA), is based on the measurement of the
final state particles’ momenta triple products. This technique has been used in the previous
CP violation search in Λ0

b → pπ−π+π− decays [53]. Both of these methods are discussed
below. There have also been many applications of unbinned techniques, including the
nearest neighbours approach [73] and angular moments of the cosine of the helicity angle
[34]. The analysis described in Chap. 5 uses an unbinned, model independent technique
known as the energy test to search for CP violation in Λ0

b → pπ−π+π− decays. The
energy test has been used by the LHCb collaboration previously (first applications in
three-body decays [71] and four-body decays [74]). A detailed description of the energy
test technique is given in this chapter.

4.1 Binned χ2

The simplest CP violation search technique is the binned two-sample χ2 test, usually
referred to as SCP [34]. This technique is sensitive to local CP violation and neglects any
global effects. It is based on measuring the statistical significance, which is obtained by
calculating the difference in number of events in bins of samples X and X. In the case of
X and X being the particle and anti-particle samples this constitutes a test for P-even CP
violation (different types of CP violation are discussed in Chap. 1).

Si
CP =

Ni(X)− αNi(X)√
Ni(X) + α2Ni(X)

, α =
Ntot(X)

Ntot(X)
(4.1)

where Ni(X) and Ni(X) denote the numbers of X andX candidates in the ith bin. For large
Ni values, Gaussian uncertainties may be assumed. The ratio between total X andX event
yields is denoted α and introduced to account for possible global production or detection
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asymmetries. The small α2 significance correction factor in the denominator varies in
literature [34, 73]. The form given above is recommended.

In the case of no CP violation, the Si
CP follows a Gaussian distribution with µ = 0 and

σ = 1. The value of χ2 is computed from χ2 = ∑(Si
CP)

2 and together with the number of
degrees of freedom (Nbins − 1 in this case) allows direct calculation of the p-value, which
shows the compatibility of the measurement on data in comparison to the no CP violation
hypothesis.

The χ2 method is easy to implement and does not require a lot of computing resources.
The choice of binning scheme used in this method needs to be made considering the
available data yield and expected localization of CP violating effects in the phase space
of the decay under investigation. A sufficient number of events per bin is required in
order to avoid a reduction in sensitivity, yet using finer binning might be beneficial, as the
contribution from local effects will be enhanced. Different analyses have used this method
with various numbers of bins. For example, an initial application used O(103) bins [34,
17], while later analyses used O(10− 102) bins [70, 73].

This method was used to successfully observe CP violation in B+ → h+h+h− decays,
where h is either a pion or a kaon [52, 51], where O(102) bins were used with their
placement motivated by the resonant structures in this decay. Adaptive binning was used
to keep similar numbers of events in each bin.

4.2 Triple Product Asymmetries

Another approach to search for the P-odd CP violation is Triple Product Asymmetries
[94, 92] which utilises the T̂ operator, sometimes called “naive time reversal” or “motion
reversal”. This unitary operator reverses the momentum and spin three-vectors without
exchanging initial and final state particles (as done by anti-unitary T operator). A group
of measurable quantities that are T̂-odd (i.e. change sign under T̂ transformation) are
the scalar triple products of final state particle momenta or spin three-vectors: CT̂ ≡
~v1 · (~v2 ×~v3), where ~vi are measured in the rest frame of the parent particle. The triple
products are used to define AT̂ and AT̂ asymmetry variables

AT̂ =
N(CT̂ > 0)− N(CT̂ < 0)
N(CT̂ > 0) + N(CT̂ < 0)

, AT̂ =
N(−CT̂ > 0)− N(−CT̂ < 0)

N(−CT̂ > 0) + N(−CT̂ < 0)
, (4.2)

where N and N are the numbers of particle and antiparticle decays. AT̂ is constructed
form charge conjugate final state particles momenta or spins. These asymmetry variables
are both T̂-odd and P-odd, hence they allow the measurement of the P-odd contributions
to CP violation only. They also might be affected by final state interactions that could
introduce fake asymmetry. For this reason, it is necessary to to measure the difference
between AT̂ and AT̂. This factorises the weak and strong CP violating phase contributions.
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The P and CP violating observables are thus defined as

aT̂-odd
P =

1
2
(

AT̂ + AT̂

)
, aT̂-odd

CP =
1
2
(

AT̂ − AT̂

)
, (4.3)

where the 1/2 term is added to normalize the weak phase [104]. A significant deviation
from zero in these observables would imply P or CP violation. Before measuring these
asymmetries, the phase space of the decay under investigation is split into bins, thus
enhancing the contribution from local effects. By construction, this method is largely
insensitive to production and detection asymmetries [75].

The Triple Product Asymmetries technique was used in the analysis, which provided
the first evidence for CP violation in baryons [53]. The analysis of this channel with more
data and two methods (Triple Product Asymmetries and energy test) is described at length
in Chap. 5.

4.3 Energy Test

While the CP violation search techniques presented in Sec. 4.1 and Sec. 4.2 are based
on splitting the decay phase space into smaller partitions (bins) and measuring certain
variables for each subset of the data, there is also a group of methods which avoids binning
altogether. This might be preferable and in certain cases may lead to a higher sensitivity
to CP violation. One such technique, called the energy test, introduced in Refs. [7, 8] uses
the distance between points distributed in a multi-dimensional space to obtain correlation
between two samples of data.

The intrinsic design of the energy test lends itself perfectly to CP violation studies. The
first proposal to apply this technique in Dalitz plot analyses was given in Ref. [150]. This
technique was already applied in CP violation searches in three and four-body decays [69,
74]. The description of the energy test follows Refs. [12, 131], where more details can be
found.

The energy test allows for an evaluation of the probability that two samples originate
from the same underlying statistical population. This is achieved by calculating a test
statistic T, which is proportional to the average distances between points belonging to
two samples and populating a multi-dimensional space. In the context of CP violation,
the samples are the particle and anti-particle events populating the phase space of the
corresponding decay, spanned by a set of physical coordinates (the discussion of the choice
of coordinates is given in Sec. 4.3.5). The test statistic is defined as

T =
n

∑
i,j>i

ψij

n(n− 1)
+

n

∑
i,j>i

ψij

n(n− 1)
−

n,n

∑
i,j

ψij

nn
, (4.4)

where the first and second terms correspond to a weighted average distance between mat-
ter and antimatter events respectively, while the third term corresponds to the weighted
average distance between events of opposite flavours. The indices i and j refer to a pair of
events. The n and n are the corresponding matter/antimatter yields in the data and allow
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Figure 4.1: An illustration showing two distributions of oppositely charged
particles. If the distributions are identical (left), the energy test would yield
the T value close to zero. If, however, the distributions are different (right),
the T value will be larger than zero, showing that the distributions are not
consistent with coming from the same underlying population. The grid in
the illustration has no analogous meaning, as the energy test is an unbinned

technique.

the normalization of the three terms in order to remove the impact of global asymmetries
in the samples that might originate from detection or production effects. The weighting
function ψij should depend on the distance between candidates in phase space. If it is
independent of the distance between candidates, then T = 0. Furthermore, it should
decrease with increasing Euclidean distance dij between events i and j. This way the sensi-
tivity to local effects is enhanced. The distance value depends on the choice of coordinates
used to define the phase space. This choice is discussed in Sec. 4.3.5. A Gaussian function
is chosen1, defined as ψij ≡ ψ(dij) = e−d2

ij/2δ2
, where δ is a tunable parameter defining

the effective radius in phase space within which test sensitivity to local asymmetries is
enhanced. This is analogous to a the choice of bin-width (number of bins) in binned
analyses. The choice of δ and its impact on the sensitivity is described in Sec. 4.3.1. If the
two samples are identical (there is no CP violation), the T value will be close to zero, while
any significant deviation from zero would mean the existence of asymmetry in the two
sample as shown in the illustration 4.1.

The distribution of the test statistic T is not know a priori, hence the significance of the
measured value needs to be assessed by comparing it with the distribution of T values
from permutation samples. These samples are constructed by randomly assigning flavour
to each event, thus making the samples CP-symmetric. The p-value and significance can
be calculated by counting the number of T values from permutations, that are greater than

1The original suggestion was to use ψij ≡ 1/|∆~v|, in which case the expression for T obtains the form of
the electric potential of a system of particles with opposite charges, where a non-identical distribution of
charges would lead to a non-zero electrostatic energy of the system. This is the etymology of the name of the
energy test method.
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LHCb
unofficial

Figure 4.2: T value distribution, obtained from permutations of real data.
Red lines show 1σ, 2σ and 3σ significance limits. Reproduced from [14].

the T value observed in data as shown in Fig. 4.2.
In the case of a highly significant result, a large number of permutations is required

(possibly O(108)), which might lead to impractical computational time requirements,
especially if the data samples are large. A way to overcome this limitation, known as the
Scaling Method, is described in Sec. 4.3.2.

4.3.1 Sensitivity of the Energy Test

The sensitivity of the energy test method depends on several factors. First of all, it strongly
depends on the choice of coordinates that span the phase space of the decay. Choosing the
optimal set of coordinates is discussed in the Sec. 4.3.5. Secondly, the sensitivity depends
on the choice of distance parameter δ. This dependence is complex and not described
analytically. In most general terms, δ should not be smaller than the distance resolution,
but not too large to dilute local effects. The optimal value of delta might change depending
on many factors, for example: the overall size of the phase space (defined by the mass of
the parent particle), the signal yield, width of the dominant resonance contributions in the
decay channel, etc.

Multiple studies using the simulated data (see Sec. 5.4) have been performed to find
the optimal choice of δ. For example, two different toy models, where CP violation is
included in a different resonance are shown in Fig. 4.3. It can be seen that in certain
cases the sensitivity dependence has an extremal value of δ, while in others it behaves
asymptotically, motivating larger value of δ to be chosen. Since the behaviour of delta is
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Figure 4.3: The dependence of p-value on δ in two simplified simulation
models where CP violation is included via ∆+ resonance (left) and a1 reso-
nance (right). Different minima and asymptotic behaviour is observed in

these models.

strongly dependent on the way CP violation is included in the simulated sample it was
decided to adopt a more general, model-independent and data-driven approach, where
several different δ values are used to give a good coverage of the phase space. The specific
values are chosen considering the mean distance between events in the phase space as well
as mean distance between 600 nearest neighbours. This number of nearest neighbours is
chosen because in a binned analysis with local CP asymmetry of 20% one would need at
least 600 events per bin, to achieve 5σ (observation threshold) significance.

4.3.2 Scaling Method

The energy test requires running a large number of permutations in case of a significant
result. In particle physics, datasets commonly contain O(104 − 106) events, meaning that
permuting the dataset millions of times might not be feasible. To alleviate this problem,
Refs. [7, 8] suggest the use of a Generalized-Extreme-Value (GEV) function to fit the T
distribution. The corresponding p-value is then calculated from the fraction of the integral
above the observed T value. This method has been applied in [69, 74]. However, due to
concerns of overestimating the significance and incomplete understanding of the GEV
function behaviour, this method is depreciated.

A new suggestion to deal with the need for many permutations is presented in Ref.
[12] and is based on a newly discovered property of the T value distribution, allowing
the use of a small subset of the data. It has been empirically shown in Ref. [12, 102] that
in the case, where same events are not reused to calculate distances between pairs of
events increasing the sample size by a factor k will scale each of the three terms in the T
expression (eq. 4.4). This means that for sufficiently large samples, the distribution of kT is
independent of the sample size. This scaling property can be used to create T distribution
under a null hypothesis (e.g. no CP violation), by using a small fraction (O(102)) of events
and multiplying the resulting T values by the ratio between the full dataset size and the
subset size. This saves up a lot of computing time as the energy test only needs to be run
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on the full dataset once for the actual T value of the data, while for permutations it can be
run on a small subsample of the data, which can be quickly repeated millions of times.
The scaling property has been used for the first time in the analysis described in Chap. 5.

4.3.3 Visualization of Asymmetries

The energy test yields a single p-value, corresponding to the probability that the two
samples used originate from the same underlying population, i.e. the probability that
there is no CP violation in the decay under investigation. In case a significant asymmetry
is found in the samples, it is essential to understand its physical sources. This can be done
by doing a full amplitude analysis, but for a four-body decay it might be currently unob-
tainable. The construction of the energy test allows for visualisation of the contribution to
the T value from different regions of phase space. This is physically motivated, as a large
contribution to the CP violation is expected to arise from the main resonances existing in
the decay. The events corresponding to such resonances would be localized in the phase
space and could be seen in 1D or 2D projections of the multi-dimensional phase space.

In order to visualize the asymmetries one needs to calculate the contribution to the
T value from each individual event. This quantity, called Ti and Ti for different flavour
events, is the sum of all pairwise distances involving a specific event i. The Ti is expressed
as follows:

Ti =
1

2n (n− 1)

n

∑
j 6=i

ψ
(
dij
)
− 1

2nn̄

n̄

∑
j

ψ
(
dij
)

. (4.5)

T̄i =
1

2n̄ (n̄− 1)

n̄

∑
j 6=i

ψ
(
dij
)
− 1

2nn̄

n

∑
j

ψ
(
dij
)

. (4.6)

the first term in both expressions is the sum over distances from the event i to the events of
the same flavour and the second term is the sum over distances to the opposite flavoured
events. The total T value is simply T = ∑i Ti + ∑i Ti.

A unique significance can be assigned to each event by comparing its Ti value against
the distribution of all Ti values as shown in Fig. 4.4. It is advisable to only consider
positive Ti, related to the amount of asymmetry coming from particular events.

Once the contribution to total significance is assigned to each event, it is possible to
visualize these contributing regions by plotting projections of the phase space, as shown
in Fig. 4.5. It is then possible to infer which resonances contributed the most, to the result.
This is an important input, when trying to obtain a full amplitude description of the decay.
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Figure 4.4: The distribution of minimal and maximal Ti values for a particu-
lar decay. Red lines show 1σ, 2σ and 3σ significance limits.

Figure 4.5: Phase space projections showing regions of different contribution
to the overall significance using simulated data with CP violation included
in via a specific resonance. The 1D mass projection (Left) show 1σ, 2σ and
3σ regions visualized as increasingly darker shades of red. The 2D mass plot
(Right) show a cluster of event that with large contribution to the overall

significance.
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4.3.4 Background Subtraction Technique

In certain particle decays, CP violation effects might be small. In order to observe such
effects, the methods used should be sensitive to small variations across the phase space.
This also causes a complication. The method can become sensitive to the effects mimicking
CP violation. For example, the dataset might have a significant background component,
coming from partially reconstructed decays or misidentified particles. Such background
reduces the purity of the sample. Furthermore, it is possible, that the background fraction
will be different for matter and antimatter events. This can be caused by global detection
or production asymmetries. When searching for CP violation in two samples of different
purities, it is possible to overestimate the result, leading to a false claim of the discovery of
asymmetry.

The energy test also requires different sample purities to be taken into account. When
calculating CP symmetric permutations, the difference in purities is not reproduced. Hence,
the distribution of T values for the permutations will not represent the null hypothesis T
distribution of real data. To remedy this, a special background subtraction technique is
proposed in Ref. [131].

The technique uses a representative background sample (e.g. high mass side band)
to subtract background contributions to the T value. The T value expression is changed
accordingly. Compared to its original form given in eq. 4.4, the new expression obtains
terms subtracting background-background and background-signal contributions
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ψij), (4.7)

where w and w are the number of signal events in the main samples, b and b are the
number of background events in the main samples, while bs and bs denote the number of
background events in the background samples. Also terms with j < i are included, which
is balanced by an extra 1/2 factor for simplicity. If the background sample accurately
describes the background contribution to the main sample, this altered expression provides
an unbiased T value estimate regardless of the individual sample purities. More details
can be found in Ref. [131].

4.3.5 Choice of Coordinates

A decay of a pseudo-scalar particle M into n pseudo-scalar particles (A, B, C...) M →
ABC...(n) can be described by n four-vectors pµ

A, pµ
B, pµ

C..., and consequently 4n parameters.
The known masses of the identified final state particles A, B, C... remove n degrees of
freedom. E, p conservation removes an additional four degrees of freedom. The system
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Λ0
b → pπ−π+π− Two-body masses Three-body masses

Unphysical π−s π−f

Physical pπ−s , pπ−f , pπ+, π+π−s ,
π+π−f

pπ+π−s , pπ+π−f , pπ−s π−f ,
π+π−s π−f

Selected pπ+, π+π−s , pπ−s pπ+π−s , π+π−s π−f

Table 4.1: Table listing all possible two and three-body invariant mass
combinations for the Λ0

b → pπ−π+π− decay. The selected combinations
are used in the energy test as a part of the analysis set out in Chap. 5.

can be rotated freely around all spatial axes, removing a further three degrees of freedom.
Hence, 3n− 7 degrees of freedom remain. Consequently a three-body decay phase space
is fully described by the two variables conventionally used in Dalitz plot analyses. The
phase-space of a four-body decay can be fully described by five parameters [131].

A common choice of coordinates to describe the phase space of a decay are the invariant
masses of the decay-product combinations. In a three-body decay, the phase space is
fully spanned by two invariant mass pairs. Also the phase space is flat in m2, making
it a regular choice to define the distances between events. However, four-body decays
are more complicated. First of all, five variables are required to fully describe the decay
phase space. Also, the phase space is no longer flat in m2, so this choice is not necessarily
optimal.

In a four-body decay, one can construct six invariants sij for each of the decay product
pairs. These are defined as sij = (pi + pj)

2 = m2
i + m2

j + 2(pi pj). Linear combinations of
these can be used to construct three body combinations of decay products (pi + pj + pk)

2 =

sij + sik + sjk −m2
i −m2

j −m2
k . This gives a total choice of 10 invariant mass combinations.

An example of such combinations for a specific four-body decay Λ0
b → pπ−π+π− can be

seen in Table 4.1. Analysis of these decays is described in detail in Chap. 5.
Another complication common to multi-body decays is the presence of identical

particles in the final state. In the case of Λ0
b → pπ−π+π− decays, two negative pions are

in the final state. These need to be uniquely defined, otherwise the sensitivity to P-even
CP violation vanishes, while the sensitivity to P-odd CP violation might be drastically
reduced. In the CP violation search analysis outlined in Chap. 5, the same-sign pions are
ordered by their momenta in the Λb rest frame. The one with the higher momentum is
labelled “fast pion” (π−f ), while the other one is labelled “slow pion” (π−s ), as can be seen
in Table 4.1.

The non-physical combination refers to the two-body doubly-charged meson decay,
where no known resonances have this topology. The specific selection of five invariant
mass combinations is motivated by the dominant resonances in this channel. E.g. pπ+ is
the doubly-charged combination, where the peaking structure can clearly be seen in Fig.
4.6, which arises due to ∆++ resonance contribution. In a similar way pπ−s , pπ+π−s should
pick out other ∆ and N∗ resonances, while π+π−s , π+π−s π−f should contain mesonic a1
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LHCb unofficial

Figure 4.6: Two-body invariant mass distribution for pπ+ candidates re-
constructed by the LHCb detector, used as one of the coordinates to define
the phase space of Λ0

b → pπ−π+π− decay. A peak at 1232GeV/c2 can be
seen, which corresponds to the ∆++ resonance contribution [82]. This mass
combination can be used to measure distances between events in the energy

test. Reproduced from [14].

and ρ contributions.
It was decided to use the invariant mass squares of the selected combinations to

calculate the distances between events for the energy test. This is a common choice in
three-body analyses and is a familiar metric to many analysts. However, sensitivity studies
were done exploring the use of invariant masses or a combination of helicity angles and
masses. No significant change in sensitivity was observed.

4.3.6 Different Versions of Energy Test

It is possible to test the samples for CP violation by comparing the data split by the event
flavour. Using invariant masses, their squares, or a combination of masses and helicity
angles as the phase space coordinates, allows the samples to be tested for P-even CP
violation, as all of these variables are even under parity transformation. The P-even decay
amplitudes are proportional to the sine of the strong-phase difference, while P-odd decay
amplitudes are proportional to the cosine of the strong phase difference [94]. P-odd CP
violation arises due to the interference of P-even and P-odd decay amplitudes. In order to
test for P-odd CP violation, one needs to compare parity odd quantities. An example of
such a quantity is the triple product of final state momenta CT̂ ≡ ~pA · (~pB ×~pC) (the same
as used in Sec. 4.2). Here, pA,B,C are the momenta of the final state particles in the parent
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P	

C	

I 
Particle, CT>0 

II 
Particle, CT<0 

IV 
Anti-Particle, -CT<0 

III 
Anti-Particle, -CT>0 

Figure 4.7: Symmetry transformation relationships of the four data subsam-
ples. Samples [I] and [III] are related by CP transformation, so are samples

[II] and [IV]. Reproduced from [131].

particle rest frame. Applying a CP transformation on the triple product changes its sign:
CP(CT) = −C(CT) = −CT. Hence, the corresponding triple product for an antimatter
event will have the opposite sign. This allows the full dataset to be split into four subsets,
using the flavor of the event and the sign of the triple product. These subsamples are
related by C and P transformations, as shown in Fig. 4.7.

[I] Λb(CT > 0), [I I] Λb(CT < 0), [I I I] Λb(−CT > 0), [IV] Λb(−CT < 0) (4.8)

It is then possible to apply the energy test in a couple of different versions. This is
achieved by combining relevant subsamples listed in eq. 4.8. For example, combining
subsamples [I + II] and comparing against the combination [III + IV] constitutes the P-even
CP violation test as this is simply comparing all matter events versus all antimatter events.
In order to test for P-odd CP violation, one needs to compare combinations of samples
[I + IV] versus [II + III]. This compares all events with the same CT sign against opposite
signed events. In the P-odd version of the energy test, the contribution from P-even CP
violation cancels, hence these tests can be considered orthogonal and can be applied on
the same dataset.

One caveat of the P-odd energy test version is the fact that an extra step needs to be
added in the sample selection. The test statistic T (eq. 4.4) of the energy test contains
normalization terms that cancel out the overall global asymmetry in the two samples, that
might occur due to detection or production effects. However, combining data subsamples
by their CT sign mixes matter and antimatter events. This means that the global asymme-
tries might not cancel and, in the worst case, get enhanced. Such an effect would mimic
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CP violation and could lead to a false claim of discovery. In order to counteract this, before
splitting the events by CT sign the matter and antimatter subsamples are equalized by
randomly discarding events from the bigger sample, until the samples have equal yields.
Only then the events are split further by the CT sign and P-odd version of the energy test
is carried out. The P-odd energy test was applied for the first time in Ref. [74].

Finally, it is also possible to compare samples [I + III] versus [II + IV], which constitutes
a parity violation test. The subsamples I and III as well as the subsamples II and IV are
related through CP transformation. The comparisons of the subsamples [I + III] and [II
+ IV] are essentially checking two instances of parity transformation (I vs II) and (III vs
IV) and hence tests for parity violation. This version of the energy test is applied for the
first time in the analysis set out in Chap. 5 and yields an observation of parity violation in
beauty baryons.

The ability to run the energy test in different configurations is a unique property of the
test. For example, the triple product asymmetries method, described in Sec. 4.2 is only
sensitive to P-odd CP violation, while the energy test can be run in independent P-even
and P-odd versions, as well as to test for P violation.

4.4 Conclusions

Three different methods for CP violation searches have been introduced. Methods sensitive
to P-even and P-odd types of CP violation were discussed. The use of P-odd (T-odd) triple
product variables was described. A self contained description of the energy test method
was given, introducing new developments, such as the scaling property, suggestions for
the choice of distance parameter δ and the option to test for parity violation. The choice of
coordinates to define the decay phase space was discussed.
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Chapter 5

Search for CP violation in
Λ0

b → pπ−π+π− decays

This chapter describes the search for CP violation in the baryonic Λ0
b → pπ−π+π− decays.

The analysis uses two methods: the energy test and the Triple Product Asymmetries,
described in Chap. 4. This work is based on the publication in Ref. [68] and the corre-
sponding internal LHCb document [14]. Section 5.1 gives the motivation for this analysis
and discusses the previous measurement performed on this channel. Sections 5.2, 5.3 and
5.4 describe the data used for the analysis, as well as its modelling and simulation. This is
followed by Section 5.5, describing the sensitivity studies. Sections 5.6 and 5.7 describe
the estimation of uncertainties and cross-checks carried out. The results for both methods
are given in Section 5.8.

5.1 Introduction and Previous Measurements

CP violation is well established in the Kaon [25] and Beauty [9, 36] systems. Recently,
LHCb observed CP violation in the Charm system [57]. However, all of these observations
have been made in meson decays. To date, no CP violation has been observed in the
baryonic systems. Furthermore, the Standard Model predicts asymmetries of up to 20%
in certain b-baryon decays [113]. Also, CP violation in baryons is one of the Sakharov
conditions for baryogenesis [138], required to explain the matter-antimatter asymmetry
in the Universe, as described in Chap. 1. Analysis of these decays may lead to the first
observation of CP violation in baryons, thus refining the CKM mechanism further or
leading to a better understanding of other sources of CP violation.

The search for CP violation in Λ0
b → pπ−π+π− charmless beauty baryon decays is

described below. The Λ0
b → pπ−π+π− decays proceed via tree b → udū and penguin

b → duū transitions as shown in Fig. 5.1. Both of these topologies are proportional to
the Wolfenstein CKM parameter λ3. Consequently, the diagrams will contribute with a
similar magnitude, and high interference effects between them could be expected. This
may give rise to the CP violation in these decays. Furthermore, these decays have a rich
resonance structure, enhancing the sensitivity to CP violation. Finally, Beyond Standard
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Figure 5.1: Tree (left) and penguin (right) diagrams for Λ0
b → pπ−π+π−

decays. The tree and penguin diagrams have similar magnitude and
CP-violating effects can potentially arise from the interference of ampli-

tudes with different weak phases.

Model particles might contribute to the loop diagrams and give access to indirect New
Physics measurements.

A previous measurement of this channel has been performed on the LHCb Run 1 data
using Triple Product Asymmetries method [53]. It yielded the first evidence of CP violation
in baryons with 3.3σ significance. The analysis used two binning schemes: one motivated
by the presence of expected resonances in these decays (∆(1232)++ and ρ(770)0), the other
using a homogeneous binning in the angle between the decay planes - |Φ| (discussed
in Sec. 5.5.1). Using the second binning scheme a 3.5σ deviation from CP conservation
hypothesis was observed, while combining both binning schemes gives the reported result
of 3.3σ. It was dominated by the fourth angular bin, as can be seen in the Fig. 5.2.

The new analysis reported here uses a larger dataset. It repeats the previous measure-
ment using the Triple Product Asymmetries with the binning where the effect was found.
Furthermore, two new binning schemes for the Triple Product Asymmetries method are
used. In addition, the new analysis adds the use of the energy test method (described
in Sec. 4.3). This chapter describes both techniques but particularly concentrates on the
energy test. This method has not been applied on baryonic decay measurements in the
past. It allows searches of both P-even and P-odd CP violation, whereas the Triple Product
Asymmetries are only sensitive to P-odd amplitudes (different types of CP violation are
described in Sec. 1.2.4).

During Run 2 the LHCb detector was able to collect a dataset of Λ0
b → pπ−π+π−

decays which is four times larger than the Run 1 data set used in the previous analysis.
If the central value of the effect observed in Run 1 does not change, the increased signal
even yield would reduce the statistical uncertainty and lead to an expected significance of
the measurement above the 5σ discovery threshold.

Both the energy test and the Triple Product Asymmetries are “observation tools”
providing a p-value which corresponds to the probability of the measurement being
compatible with CP conservation hypothesis. In the case of a significant deviation from
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Figure 5.2: The Triple Product Asymmetries results for two binning schemes
(A and B) for the previously published LHCb Run 1 analysis. The P- and CP-
violating asymmetries are shown as boxes and circles respectively. The error
bars represent one standard deviation, calculated as the sum in quadrature
of the statistical uncertainties. The values of the χ2/nd f are quoted for the
P- and CP-conserving hypotheses for each binning scheme. Reproduced

from Ref. [53].

this hypothesis further studies would have to be performed in order to understand the
source and nature of the CP violation. For example, it would be beneficial to visualize the
phase space regions where the biggest contributions to the CP violation has been observed.
This is a natural and simple extension of the energy test method, described in Sec. 4.3.3.
Furthermore, a full amplitude analysis (described in Sec. 1.3) would be invaluable in a
complete understanding of the underlying mechanisms responsible for the CP violation in
this channel.

5.2 Data Selection

This analysis uses data collected by the LHCb detector during Run 1 (2011-2012) and
Run 2 (2015-2017) data taking periods at the centre-of-mass energies of 7 TeV (2011), 8 TeV
(2012) and 13 TeV (2015, 2016 and 2017) corresponding to 6.9 fb−1 of integrated luminosity.
In this section, various data selection requirements are listed, followed by the descriptions
of control and background datasets.

5.2.1 Online Selection

During the proton-proton collisions, the particle multiplicity inside the LHCb detector is
very high [124]. A sizeable fraction of primary vertices have more than 20 charged tracks.
Some of these tracks do not originate from the signal decay and thus constitute different
backgrounds. For this reason, the signal candidates need to be selected, which is achieved
by using the LHCb trigger system (described in Sec. 2.2.6). The signal events have to pass
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multiple trigger requirements. The hardware trigger (L0) requires the energy deposited
in the hadronic calorimeter to be above 3.5 GeV [124]. If this condition is passed, the
first software trigger (HTL1) performs minimal track reconstruction and applies further
requirements on the transverse momentum and impact parameter of the track candidate.
This ensures that high momentum tracks with good separation from the primary vertex
are selected. The selected events then undergo full reconstruction in the second software
trigger (HLT2), which adds extra constraints based on b-decay topology. The events that
pass the trigger system requirements are saved to permanent storage.

The signal candidates used in this analysis are selected from the LHCb storage using
centralised stripping campaigns 1. A set of selection criteria is applied to the data. These
criteria are optimized to pick out Λ0

b → pπ−π+π− decay candidates by assuring that a
good quality of the reconstructed primary vertex and final state particle tracks is obtained.
The requirements are listed in Table 5.2.

This analysis uses charmless four-body Λ0
b → pπ−π+π− decays. The charm reso-

nances existing in these decays need to be removed by applying veto cuts. The resonances
will appear as peaks in the the reconstructed invariant mass distributions of different
combinations of the Λ0

b decay products. These peaks are fitted with the corresponding
probability density functions and the events inside a 3σ band around the resonance peaks
are vetoed. Vetoes are applied on long-lived charmed particles: Λ+

c , D0, D+, D+
s .

Furthermore, the events are removed if the Λ0
b candidate is reconstructed under mis-ID

hypothesis of K or π (e.g. assigning K(π) mass to the p(K) track candidate). Poorly
reconstructed charmed resonances due to π → µ mis-ID, such as J/ψ are removed as well.
The cross-feed background from B0 and B0

S decays is reduced by vetoing events with φ

and K∗0(892) resonances, where the proton is misidentified as a kaon or a pion. No long
lived particles with light quarks that have the flight distance of cτ ≈ O(1cm), such as Λ or
K0

s , are reconstructed. This is done by applying a vertex cut χ2
vtx < 20 in the stripping line

selection. Strongly decaying resonances are part of the signal. The vetoed resonances are
listed in Table 5.1.

Table 5.1: List of vetoed resonances and the corresponding vetoed mass
window. The misidentified particles are highlighted. Rejection fraction for

b→ c resonances is reported. Reproduced from [14].

Resonance Veto region [GeV/c2] Rejection fraction

Λ+
c → pπ+π−slow 2.253-2.307 2.6%

Λ+
c → pπ+π−f ast 2.255-2.304

D0→ π+π−slow 1.826-1.881 2.6%
D0→ π+π−f ast 1.842-1.873

J/ψ → µ+µ− (µ→ π+, π−f ast) 3.061-3.129 2.0%
J/ψ → µ+µ− (µ→ π+, π−slow) 3.054-3.139
Λ+

c → pK−π+ (K−→ π−f ast) 2.24-2.31 3.2%
Λ+

c → pK−π+ (K−→ π−slow) 2.24-2.31
K∗0(892)→ K+π−f ast (K+→ p) 0.84-0.96 -
K∗0(892)→ K+π−slow (K+→ p) 0.84-0.96 -

1StrippingXb2phhhLine in the BHADRON stream is used
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Table 5.2: Stripping selection criteria for StrippingXb2phhhLine stripping
line. Reproduced from [14].

Selection
criteria

Variable definition Accepted values

proton

pT Transverse momentum > 250 MeV/c
p Total momentum > 1.5 GeV/c
χ2

IP (PV) Difference in the vertex-fit χ2 of a PV
reconstructed with and without the con-
sidered track

> 16

χ2/ndf Track fit quality < 3
Ghost. Prob. Probability, that the reconstructed track

does not correspond to a physical parti-
cle

< 0.4

ProbNNp Track probability being associated to a
proton based on a neural network re-
sponse of RICH data

> 0.05

π

pT Transverse momentum > 250 MeV/c
p Total momentum > 1.5 GeV/c
χ2

IP (PV) Difference in the vertex-fit χ2 of a PV
reconstructed with and without the con-
sidered track

> 16

χ2/ndf Track fit quality < 3
Ghost. Prob. Probability, that the reconstructed track

does not correspond to physical particle
< 0.4

m(pπππ) Four-body invariant mass < 6.405 GeV/c2

m(pKKK) Four-body invariant mass > 5.195 GeV/c2

Comb.
cut

∑daug. pT Sum of transverse momenta of final state
particles (daughters)

> 3.5 GeV/c

pT Transverse momenta > 1.5 GeV/c
χ2

DOCA Distance of closest approach χ2 of any
two final state particles

< 20

Λ0
b

χ2
vtx Λ0

b candidate’s vertex χ2 < 20
χ2

VD(PV) Λ0
b candidate’s flight distance χ2 w.r.t.

best PV
> 50

χ2
IP (PV) Λ0

b candidate’s impact parameter χ2 w.r.t.
best PV

< 16

cos(DIRA) Cosine of the Λ0
b candidate’s pointing

angle
> 0.9999
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5.2.2 Offline Selection

The offline selection uses data driven methods and is not reliant on simulation samples.
The Run 1 selection uses identical criteria as in the previous analysis of this channel [53].
The Run 2 selection is outlined below.

After the veto cuts (see Table 5.1) the selection procedure employs Multivariate
Analysis (MVA) techniques to obtain better signal and background separation. This
is done using the TMVA package [112]. A kinematically similar high-yield data sample
of Λ0

b → pK−π+π− decays is used for training the Boosted Decision Tree (BDT) classifier
[19]. A sample of background events is obtained from the high-mass sideband (HMSB)
region of 5.85 GeV/c2 < m(pK−π+π−) < 6.4 GeV/c2 on the Λ0

b → pK−π+π− invariant
mass spectrum and is used for background training. An additional veto cut is applied on
the B0

S masses to remove B0
(s) → h+h−h+h− background with h+ misidentified as a proton

since this background could mimic signal kinematic distributions.
A preliminary particle identification cut is applied on all tracks, PIDh > 0.2 where h

can be a proton, kaon, pion or muon. The PID variable for a proton is defined as

PIDp = ProbNNp · (1− ProbNNK) · (1− ProbNNπ) · (1− ProbNNµ), (5.1)

where ProbNNp,K,π,µ is the probability obtained from a neural network response for a
specific particle type based on the information from the RICH detectors. Equivalent
definitions exist for kaon, pion and muon. The preselected data is fitted using a fit model
described in Sec. 5.3. The signal component is estimated from the fit using the sPlot
technique [135]. The extracted signal and background distributions are used to train the
BDT.

The BDT works by taking a number of input variables and creating a list of binary
decisions (e.g. cuts on kinematic quantities). Each decision is assigned a node in a tree-
graph. The algorithm searches for a set of nodes that optimize a desired outcome. In
High Energy Physics this is usually defined by a figure-of-merit which quantifies the
separation between signal and background. Furthermore, the BDT non-trivially combines
the input variables into a single variable, referred to as the BDT response or BDT output.
The specific set of nodes (a path in the decision tree-graph) correspond to a unique value
of this BDT output variable. Hence, applying a cut on the BDT output allows optimal
signal and background separation to be obtained.

The BDT algorithm requires some input data to optimize the output. This is called BDT
training. Usually the real data is randomly split into three subsamples of equal size and
used to train the BDT classifier. The first subsample is used for training and the second
for validating the selection which is then applied on the third subsample to provide the
desired signal-background discrimination. This is repeated by changing the functions of
the three subsamples. This way the training uses real data and introduces no bias. The
variables used for the BDT training are ranked by counting the frequency of their use
in the BDT nodes and weighting each node-split by the square of the separation gain
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achieved and number of events in the node. The list of BDT input variables and their
significances is given in Table 5.3.

The BDT selection yields 90% of signal efficiency and 85% of background rejection
when optimizing for the usual figure-of-merit: S/

√
S + B. The optimal significance

is estimated by calculating the signal and background efficiency (εS, εB). The corre-
sponding yields S = εSS0 and B = εBB0 are determined using the fit results before the
BDT cuts, where S0 and B0 are estimated from the invariant mass distribution in the
[5.5− 5.7]GeV/c2 mass window. The optimal BDT cut is found: BDToutput > 0.268.

After the BDT selection, PID cuts are applied in order to suppress combinatorial and
cross-feed backgrounds Λ0

b → pK−π+π− and B0 → K+π−π+π−. These backgrounds are
kinematically similar to the Λ0

b → pπ−π+π− signal. The PID efficiencies are determined
from the vetoed resonance sample Λ0

b → Λ+
c (→ pπ+π−slow)π

−
f ast. This allows the

significance S and purity P for the signal data samples to be calculated. The relevant
expressions are given in Eq. 5.2

S =
εS(PID) · NS√

εS(PID) · NS + εB(PID)NB
, (5.2)

P =
εS(PID) · NS

εS(PID) · NS + εB(PID) · NB
,

where εS(PID) and εB(PID) are the efficiencies for signal and background respectively,
for a specific PID cut. NS and NB are the numbers of signal and background events
obtained from the signal fits after the BDT cuts. These variables are calculated in the Λ0

b

mass window of [5.5, 5.7]GeV/c2. This yields the final PID selection of PIDp > 0.3 and
PIDπ > 0.4. Further details on the data selection can be found in Refs. [125, 14].
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Table 5.3: Discriminating variables used in the BDT. Reproduced from [14].

Particle Variable Description

Λ0
b

Lb_Cone_PTAsym_1
pT Λ0

b
−∑ pT

pT Λ0
b
+∑ pT

, where pT Λ0
b

is the Λ0
b transverse

momentum and ∑ pT is the sum of all
charged long tracks pT in a cone around
the Λ0

b candidate with a radius R =√
(∆φ)2 + (∆η)2 = 1, where η is the pseu-

dorapidity and φ is the azimuthal angle
Lb_LogIPChi2 log(χ2

IP), χ2
IP is the χ2 difference between pri-

mary vertex fits when the Λ0
b candidate is

added or excluded from the fit
Lb_LogACosDIRA_OWNPV log (arccos(DIRA)), DIRA is the cosine of the

direction angle, i.e. the angle between the par-
ticle momentum and the vector from the pri-
mary to the secondary vertex

DTF_VCHI2NDOF χ2
vtx/ndf is the χ2 of the vertex fit per number

of degrees of freedom

p proton_pt transverse momentum of the proton
proton_pz momentum of the proton along the beam line

h−h+h−
Log_hm_IP_OWNPV log(IPOWNPV), IPOWNPV is the impact param-

eter of the track with respect the primary ver-
tex

Log_hm2_IP_OWNPV
Log_hp_IP_OWNPV

Variable Relevance
proton_pt 2.0× 10−1

Lb_LogACosDIRA_OWNPV 1.8× 10−1

proton_pz 1.1× 10−1

Log_hm2_IP_OWNPV 1.1× 10−1

DTF_VCHI2NDOF 9.5× 10−2

Log_hp_IP_OWNPV 9.4× 10−2

Lb_Cone_PTAsym_1 8.4× 10−2

Log_hm_IP_OWNPV 8.0× 10−2

Lb_LogIPChi2 5.8× 10−2
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5.2.3 Λ0
b → Λ+

c (→ pK−π+)π− Control Channel

A sample of Λ0
b → Λ+

c (→ pK−π+)π− decays is selected and used as a control channel
for systematic uncertainty studies and cross-checks (described in Sec. 5.6 and Sec. 5.7).
Additional selection criteria are applied on the stripping line. These are listed in Table 5.4.

Table 5.4: Additional selection criteria for the Λ0
b → Λ+

c (→ pK−π+)π−

control channel. The criteria include Neural Network (NN) responses for
different particle types. Reproduced from [14].

variables Definition values

PIDp NN response for the particle being a proton > 0.05
PIDK NN response for the particle being a kaon > 0.05
PIDπ NN response for the particle being a pion > 0.05
m(Λ+

c ) Invariant mass of Λ+
c candidate m(pK−π+) ∈ [2260, 2300]MeV

The Λ0
b → Λ+

c (→ pK−π+)π− decays proceed through subsequent b → c and c → s
transitions. Due to this double transition, the CP violation in this channel is expected to
be negligible in the Standard Model. Hence, this channel can be used to test for possible
experimental bias and in other control checks. The triple product for the cross-channel is
defined using the Λ+

c decay product momenta in the Λ0
b rest frame CT̂ ≡ ~pp · (~pK− × ~pπ−)

and analogously for CT̂.

5.2.4 Selection for the Energy Test

The presence of background dilutes the sensitivity of the energy test method. Also, in the
case of a significant background fraction and if the background distributions are different
for matter and antimatter samples a fake CP asymmetry might be measured, as described
in Sec. 4.3.4. To reduce the presence of background, only events from a tighter mass
window are considered. Different mass regions are studied and listed in Table 5.5. The
chosen mass window corresponds to a 2.5σ band around the Λ0

b mass peak and maximizes
the product of efficiency and purity.

This is tested by mixing various proportions of the simulated data, with CP violation
introduced, and HMSB background events to obtain the efficiency and purity values from
Table 5.5. The energy test is applied on these samples and the sensitivity of it is evaluated
by “scanning” through various choices of the distance parameter δ as shown in Fig. 5.3.
The background fraction in the signal region is small and consistent between matter and
antimatter samples. For this reason, the background subtraction technique, described in
Sec. 4.3.4, does not need to be employed.
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Table 5.5: The efficiency and purity associated with different mass windows,
as determined using the combined Run 1 and Run 2 datasets. The first four
rows have mass windows given in terms of the resolution of the Λ0

b mass
peak. The fit model is discussed in Sec. 5.3. Reproduced from [14].

Mass Window [ GeV/c2 ] Purity Efficiency Efficiency × Purity
5.583-5.654 (2σ) 0.851 0.909 0.774
5.574-5.662 (2.5σ) 0.820 0.947 0.776
5.565-5.671 (3σ) 0.788 0.964 0.760
5.547-5.689 (4σ) 0.731 0.979 0.712
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Figure 5.3: The dependence of p-value on the choice of the distance parame-
ter δ in different purity and efficiency scenarios. Simplified simulation data,
described in Sec. 5.4, is used. The chosen working point corresponds to the

green line.
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5.3 Fit Model

The shape of the signal decay invariant mass distribution is determined from the simu-
lation and modelled with a sum of two Crystal Ball (CB) functions [144] with the same
mean and width parameters. The signal candidates are truth-matched in the simulation
by requiring that the four reconstructed Λ0

b decay products are either directly produced
from a Λ0

b decay or via strong intermediate resonances. The obtained fit parameters are
then used to fit the real data sample. The main background arises from three different
sources, each of which is modelled separately.

• Partially reconstructed decays: produce background which is localized in the low
invariant mass region. These decays include Λ0

b → pπ+π+ρ−, with ρ− → π−π0,
and Λ0

b → pπ+π−K∗−, with K∗− → K−π0, where π0 is not reconstructed. These
candidates appear as low-mass shoulder-like shapes in the signal invariant mass
distribution.

• Cross-feed background: mainly comes from four-body decays of Λ0
b or B0, where

one of the decay products has been misidentified. In particular Λ0
b → pK−π+π−

and B0 → K+π−π+π− channels, where the kaon is misidentified as a proton or
pion, contribute to this background. This background is reduced by using PID
cuts and resonance vetoes (e.g. K∗+(892) with alternative mass hypothesis for the
proton candidate). This background could have a non-zero CP asymmetry because
it contains CP-violating B decay events and has a similar mass distribution to the
Λ0

b → pπ−π+π− signal.

• Combinatorial background: arises due to the random combinations of charged
tracks looking similar to the expected signal event. This background is reduced by
applying track quality cuts and selecting tracks that are compatible with originating
from the displaced vertex of Λ0

b decay.

The partially reconstructed background is modelled empirically using an Argus func-
tion [5] convolved with a Gaussian resolution function. Cross-feed background compo-
nents are parametrised with kernel-estimated probability density functions [89] by mod-
elling the invariant mass distributions of simulated Λ0

b → pK−π+π− and B0 → K+π−π+π−

decays under the wrong mass hypothesis of the final state particles. The systematic uncer-
tainties of modelling the simulated shapes are taken into account as a fit model systematics,
discussed in Sec. 5.6. Finally, the combinatorial background shape (Pcomb) is modelled
with an exponential function as shown in Eq. 5.3.

Pcomb = A exp (−λcomb ·m). (5.3)

where A is a normalization factor and λcomb is a shape parameter that is allowed to vary
free in the fit.
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The signal and background models are used to obtain an unbinned maximum likeli-
hood fit to the m(pπ−π+π−) invariant mass spectrum. The tail of the signal distribution
(α and n parameters of the two CB), as well as the fraction of the two CB functions, are
fixed to the values obtained from fitting the simulated data, while the µ and σ of the signal
Gaussian core are allowed to vary freely.

The B0 and Λ0
b decay cross-feed background yields are estimated from real data. The

signal invariant mass spectrum are fitted for B0 → K+π−π+π− and Λ0
b → pK−π+π− can-

didates by assigning an alternative mass hypothesis to proton or one of the negative pions.
This yields 5834± 303 events of Λ0

b → pK−π+π− and 2109± 154 of B0 → K+π−π+π−

cross-feed background events in the signal region.
The signal fits are shown in Fig. 5.4, the relevant parameters are listed in Table 5.6.

Analogous fits are performed for the Λ0
b → Λ+

c (→ pK−π+)π− control channel, yielding
425767± 1593 events. Further details on the signal and control channel fit models can be
found in Refs. [14, 125].

Table 5.6: The results for the fit to data of Λ0
b → pπ−π+π− candidates.

Signal model parameters are fixed in the fit from the simulation results ex-
cept for the mean µ and the σ value. The coefficients cPart. reco and pPart. reco
refer to the partially reconstructed background shape and control the low
mass slope and the exponent of the corresponding function respectively.

Reproduced from [14].

Variable Value

Part. reco bkg 6944± 361
Comb. bkg 23746± 617

B0→ K+π−π+π− 2108± 153
Λ0

b→ pK−π+π− 6414± 230
Λ0

b→ pπ−π+π− 27630± 209

µ(Λ0
b)(MeV/c2) 5618.1± 0.1

σ(MeV/c2) 17.7± 0.1
cPart. reco 0.8± 10.9
pPart. reco 0.26± 0.14

λcomb(c2/GeV) −4.39± 0.13

Λ0
b signal model Value (fixed from simulation)

n1 2.54
α1 1.48
n2 2.40
α2 -1.85

fCB1 0.48
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Figure 5.4: Fit to the reconstructed invariant mass distribution for Λ0
b→

pπ−π+π− signal candidates using the combined Run 1 and Run 2 data
samples. Reproduced from [14].
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Figure 5.5: The spin-1/2 initial state particle decaying into a four-body final
state with quasi-two-body topology (left) and cascade topology (right).

5.4 Simulation

The Λ0
b → pπ−π+π− decay is complex and has many contributing resonances. No ampli-

tude model exists for this decay and previous simulation does not match the invariant
mass distributions observed in the data. While neither of the methods used in the analysis
of this channel have explicit model dependence, a simplified model is developed. This
allows simulation samples for sensitivity studies to be created.

The Λ0
b baryon can decay into a four-body final state via many different intermediate

resonances. Several different decay topologies are available. One such topology is a quasi-
two-body decay, where intermediate resonances decay into pairs of final state particles
(e.g. Λ0

b → pπ−ρ(→ π+π−)). Another possible topology is a “cascade” of decays. In this
case, the initial state particle decays into a pair of stable and unstable decay products,
while the unstable resonance subsequently undergoes secondary two-body decay until the
set of final state particles emerge (e.g. Λ0

b → π−∆+(→ π−∆++(→ π+p))). This topology
is of particular interest because large contributions to P-odd CP violation are expected to
arise in the interference of different mass-degenerate spin-states of the main resonances
[92]. The examples of quasi-two-body and cascade topologies are shown in Fig. 5.5. The
list of resonances that are likely to contribute to the Λ0

b → pπ−π+π− decays is given in
Table 5.7.

The topologies outlined above were simulated using RapidSim [88] and TensorFlow
[3] packages. RapidSim allows for an easy decay phase space simulation but does not
include resonance interference. A cocktail of resonances was chosen to adequately match
the data invariant mass distributions. This allows P-even CP violation to be introduced by
changing the relative fractions of resonance contributions. The proportions of resonances
included are listed below:

• 45% Λ0
b → pπ−π+π− non-resonant decays filling the phase space uniformly

• 23% Λ0
b → π−∆+(→ π−∆++(→ π+p))

• 20% Λ0
b→ (a−1 → (ρ→ π+π−)π−)p
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Topology Dominant resonances

Λ0
b→ (N+∗→ (∆++→ pπ+)π−)π− N+∗(1520), N+∗(1535), N+∗(1650),

N+∗(1675), N+∗(1680), N+∗(1700),
N+∗(1710), N+∗(1720), N+∗(1875),
N+∗(1900), N+∗(2190), ∆++(1232)

Λ0
b→ (N+∗→ p(ρ→ π+π−))π− N+∗(1720), N+∗(1875), N+∗(1900),

ρ0(770)

Λ0
b→ (N+∗→ p( f 0→ π+π−))π− N+∗(1535), N+∗(1650), N+∗(1675),

N+∗(1680), N+∗(1700), N+∗(1875),
N+∗(1900), f 0(500)

Λ0
b→ (a−1 → (ρ→ π+π−)π−)p a−1 (1260), ρ0(770)

Λ0
b→ pπ−π+π− Non-resonant

Table 5.7: List of dominant resonances and corresponding topologies in the
existing in the Λ0

b → pπ−π+π− decay [82].

Table 5.8: Helicity amplitude decomposition for the
Λ0

b→ (N∗+→ (∆++→ pπ+)π−)π− “cascade” topology decay. Here
the φA and θA are the azimuthal and polar angles of the A particle’s
momentum. Only the A± and B± helicity amplitudes encode the weak
decay and could contain the CKM phase. The definitions of the helicity
amplitudes A±, B± and bi± can be found in Ref. [136]. Reproduced from

[14].

√
2 Re((A∗+B+ + A∗−B−)(b∗1+b3+ + b∗1−b∗3−)) (1 + 3 cos2 θp) cos θ∆++

1/2 (|B+|2 + |B−|2)(|b3+|2 + |b3−|2) (1 + 3 cos2 θp)
9/4 (|A+|2 + |A−|2)(|b2+|2 + |b2−|2) sin2 θp sin2 θ∆++

1/4 (|A+|2 + |A−|2)(|b1+|2 + |b1−|2) (1 + 3 cos2 θp) (1 + 3 cos2 θ∆++)

−3
√

2/2 Re((A∗+B+ + A∗−B−)(b∗2+b3+ + b∗2−b3−)) sin 2θp sin θ∆++ cos φp
−3/2 (|A+|2 + |A−|2)Re(b∗1+b2+ + b∗1−b2−) sin 2θp sin 2θ∆++ cos φp
3/2 (|A+|2 + |A−|2)Re(b∗1+b2− + b∗1−b2+) sin2 θp sin2 θ∆++ cos 2φp

−3
√

2/4 Im((A∗+B+ − A∗−B−)(b∗2+b3+ + b∗2−b3−)) sin 2θp sin 2θ∆++ sin φp
−3/2 (|A+|2 − |A−|2)Im(b∗1+b2+ + b∗1−b2−) sin 2θp (1− 3 cos2 θ∆++) sin θ∆++ sin φp

3
√

2/2 Im((A∗+B− − A∗−B−)(b∗2+b3− + b∗2−b3+)) sin2 θp sin2 θ∆++ sin 2φp
−9/4 (|A+|2 − |A−|2)Im(b∗1+b2− + b∗1−b2+) sin2 θp sin θ∆++ sin 2θ∆++ sin 2φp

• 12% Λ0
b → pπ−ρ(→ π+π−)

This empirical cocktail reproduces some of the main features in the data but fails to
describe finer details of the distributions, as can be seen in Fig. 5.6. While this allows to
simulate P-even CP violation it has no access to P-odd amplitudes. This simple simulation
generates only the sum of Breit-Wigner resonances, hence a more sophisticated approach is
needed. The TensorFlow package is employed as a Monte Carlo generator for simulation,
allowing explicit definition of Breit-Wigner line shapes [20] for decaying resonances and
full amplitude model of the decay. An example of an amplitude model for the “cascade”
topology is provided by the authors of Ref. [92] and given in Table 5.8.

This amplitude model is based on the Helicity formalism [136]. The terms in the model
correspond to helicity amplitudes that are connected to different angular distributions of
the decay. The model allows interference between spin-1/2 and spin-3/2 N∗+ resonances
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Figure 5.6: Invariant mass distributions for different combinations of Λ0
b

decay products. Real data is shown in black, the overlaid ad hoc resonance
cocktail is shown in blue and previous LHCb simulation is in red. The
cocktail reproduces some of the main features observed in the data allowing

it to be used in sensitivity studies.
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Figure 5.7: Diagram showing the decay products of Λ0
b with the corre-

sponding angular variables. The angle Φ is the angle between decay planes
formed by quasi-two-body decay product pairs. It is used in the definition
of binning for the Triple Product Asymmetries method. Reproduced from

[53].

to be simulated and thus introduces P-odd CP-violating effect in the simulated data. It
is particularly important for the application of the Triple Product Asymmetries method,
as the evidence presented in the previous analysis [53] was observed in the angle |Φ|
between the decay planes (Fig. 5.7), which is a P-odd variable.

5.5 Sensitivity Studies

5.5.1 Choice of Binning for the Triple Product Asymmetries

The sensitivity of the Triple Product Asymmetry measurement depends on the choice
of binning. Previous analysis of this channel [53] used two binning schemes. The first
(scheme A) was based on the invariant masses of the decay product pairs forming the
dominant resonances (e.g. m(pπ+) for ∆++(1232) resonance) and used 12 bins. The
second binning scheme (B) used 10 bins of homogeneous binning in the angle between
decay planes

|Φ| = |arccos(n̂pπ−s × n̂π+π− f
)|, (5.4)

where n̂ab is the vector normal to the plane, defined by the momenta of particles a and b
in the Λ0

b rest frame. The angle Φ is defined in the interval (−π, π) and is shown in Fig.
5.7. The deviation from the CP violation hypothesis was mainly driven by the fourth bin
of the second scheme (B), as can be seen in Fig. 5.2. When combined, the two binning
schemes yielded the reported 3.3σ deviation from the CP conservation hypothesis, which
constituted the first evidence of CP violation in the baryon sector.

One of the tasks in the current analysis is to improve the binning for the Triple Product
Asymmetries method, thus providing better sensitivity to the CP violation. Since the
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previous measurement of this channel, there have been improvements in the theoretical
understanding of charmless four-body decays. In particular, discussions with the theory
community gave insights into the nature of CP violation in the Λ0

b → pπ−π+π− decays
[91, 92].

The contributions to P-odd CP violation are expected to only arise in certain decay
topologies where there is a possibility of interference between resonances with opposite
parity. One such topology is the previously mentioned “cascade” decay Λ0

b → π−∆+(→
π−∆++(→ π+p)), where N∗+ resonances with different spins can interfere. For example,
if N∗+1/2 and N∗+3/2 states have almost equal mass, the interference between S and P waves is
possible. The amplitudes for this decay are given in Table 5.8.

Furthermore, the P-odd CP violation is expected to vanish in the Λ0
b→ (a−1 → (ρ→

π+π−)π−)p decay if it is dominant in a certain region of the phase space and is not
interfering with other resonances. Indeed, the events decaying through the a−1 resonance
are mainly localized in the high mass region of m(pπ+π−slow) invariant mass combination
with minor contributions from other resonances. For this reason, an additional cut of
this mass variable is applied to remove the a−1 resonance contribution and focus on the
region populated by various N∗+ resonances. The chosen mass cut, m(pπ+π−slow) < 2.8,
removes approximately 45% of the signal events but is expected to increase the overall
sensitivity by avoiding dilution effects. The excluded subsample is used for a cross-check,
showing that no CP violation is measured.

The use of the simplified amplitude model, described in Sec. 5.4, allows P-odd CP
violation to be introduced that resembles the effect seen in the previous analysis [53]. A
specific choice of amplitudes, given in Table 5.9, ensures that the asymmetry is introduced
in the local regions of phase space, while it cancels out if measured over all phase space.
This is illustrated in Fig. 5.8. It can be seen that using the azimuthal angle of the proton
in the ∆++ rest frame - |Φp| gives an increase in the sensitivity to CP violation when
compared to the previously used angle between the decay planes |Φ|. This is due to the
fact that |Φp| is directly related to the “cascade” topology decay amplitudes, where CP
violation is introduced, while using the angle Φ dilutes the sensitivity to such effects.

Taking these new insights into account allows new binning schemes to be defined
for the Triple Product Asymmetries method. The previous homogeneous 10-bin bin-
ning in the angle Φ is repeated for comparison (referred to as binning scheme B, to be
consistent with Ref. [53]). Two subsets of this binning are defined by applying the low
m(pπ+π−slow) < 2.8 GeV/c2 invariant mass cut to focus on N∗+ resonance contributions
and reduce possible dilution from a1 events with negligible expected CP violation. The
binning in the angle |Φ| of the subset of data passing this cut is referred to as binning
B2, while the excluded region is binning B1

2. The second binning scheme is designed to
enhance the sensitivity to CP violation coming from the specific N∗+ “cascade” topology
and uses bins of proton helicity angles. As for the first binning, it has two subsets A1

and A2, where A1 is the binning of the data excluded by the m(pπ+π−slow) < 2.8 GeV/c2

2The naming convention is chosen to reflect the existence of a1 resonance in the A1 and B1 binning
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Figure 5.8: The Triple Product Asymmetries vs angular variables measured
on simplified simulation data. (Top) CP asymmetry vs the angle between the
decay planes Φ used in previous analysis. (Bottom) An improved sensitivity
is seen if the azimuthal angle of the proton in ∆++ rest frame- |Φp| is used.

Reproduced from [14].

A+ A− B+ B− b1+/− b1− b2+/− b2− b2+/− b2−
Matter 1 0 i i 0 1 1

Antimatter 1 0 i −i 0 1 1

Table 5.9: The specific choice of amplitudes used to include CPV in the
simulated sample.

invariant mass cut, and A2 is the selected data. This binning scheme is defined in Table
5.10.

Before unblinding the data it was decided that only the results from binning schemes
A2 and B2 will be quoted as the published results of this analysis for the Triple Product
Asymmetries measurement. This is because these binning schemes are expected to have
the highest sensitivity to the CP violation.
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Table 5.10: Definition of the new binning (scheme A) based on the proton
helicity angles. Reproduced from [14].

Bin number Polar angles Azimuthal angles

1
θp ∈ [0, π/4], θ∆++ ∈ [0, π/4] |Φp| ∈ [0, π/2]

θp ∈ [π/2, 3π/4], θ∆++ ∈ [π/2, 3π/4]

2
θp ∈ [0, π/4, θ∆++ ∈ [π/4, π/2] |Φp| ∈ [0, π/2]

θp ∈ [π/2, 3π/4], θ∆++ ∈ [3π/4, π]

3
θp ∈ [0, π/4], θ∆++ ∈ [π/2, 3π/4] |Φp| ∈ [0, π/2]
θp ∈ [π/2, 3π/4], θ∆++ ∈ [0, π/4]

4
θp ∈ [0, π/4], θ∆++ ∈ [3π/4, π] |Φp| ∈ [0, π/2]

θp ∈ [π/2, 3π/4], θ∆++ ∈ [π/4, π/2]

5
θp ∈ [π/4, π/2], θ∆++ ∈ [0, π/4] |Φp| ∈ [0, π/2]

θp ∈ [3π/4, π], θ∆++ ∈ [π/2, 3π/4]

6
θp ∈ [π/4, π/2], θ∆++ ∈ [π/4, π/2] |Φp| ∈ [0, π/2]

θp ∈ [3π/4, π], θ∆++ ∈ [3π/4, π]

7
θp ∈ [π/4, π/2], θ∆++ ∈ [π/2, 3π/4] |Φp| ∈ [0, π/2]

θp ∈ [3π/4, π], θ∆++ ∈ [0, π/4]

8
θp ∈ [π/4, π/2], θ∆++ ∈ [3π/4, π] |Φp| ∈ [0, π/2]
θp ∈ [3π/4, π], θ∆++ ∈ [π/4, π/2]

9
θp ∈ [0, π/4], θ∆++ ∈ [0, π/4] |Φp| ∈ [π/2, π]

θp ∈ [π/2, 3π/4], θ∆++ ∈ [π/2, 3π/4]

10
θp ∈ [0, π/4], θ∆++ ∈ [π/4, π/2] |Φp| ∈ [π/2, π]

θp ∈ [π/2, 3π/4], θ∆++ ∈ [3π/4, π]

11
θp ∈ [0, π/4], θ∆++ ∈ [π/2, 3π/4] |Φp| ∈ [π/2, π]
θp ∈ [π/2, 3π/4], θ∆++ ∈ [0, π/4]

12
θp ∈ [0, π/4], θ∆++ ∈ [3π/4, π] |Φp| ∈ [π/2, π]

θp ∈ [π/2, 3π/4], θ∆++ ∈ [π/4, π/2]

13
θp ∈ [π/4, π/2], θ∆++ ∈ [0, π/4] |Φp| ∈ [π/2, π]

θp ∈ [3π/4, π], θ∆++ ∈ [π/2, 3π/4]

14
θp ∈ [π/4, π/2], θ∆++ ∈ [π/4, π/2] |Φp| ∈ [π/2, π]

θp ∈ [3π/4, π], θ∆++ ∈ [3π/4, π]

15
θp ∈ [π/4, π/2], θ∆++ ∈ [π/2, 3π/4] |Φp| ∈ [π/2, π]

θp ∈ [3π/4, π], θ∆++ ∈ [0, π/4]

16
θp ∈ [π/4, π/2], θ∆++ ∈ [3π/4, π] |Φp| ∈ [π/2, π]
θp ∈ [3π/4, π], θ∆++ ∈ [π/4, π/2]
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Figure 5.9: Diagram showing the χ2 sensitivity comparison of three dif-
ferent binning schemes using the data from simplified simulation. The
homogeneous angle |Φ| binning used in Run 1 analysis is shown in black
(scheme B). The new binning in proton helicity angles, scheme A, defined
in Table 5.10, is shown in red. The new binning (Scheme A2) with the
m(pπ+π−slow) < 2.8 mass cut applied is show in blue. Reproduced from

[14].

5.5.2 Assigning Significance to the Triple Product Asymmetries Results

Once the Triple Products Asymmetries method is applied on the data and the results from
either binned or integrated measurements are obtained, the significance of the results
needs to be calculated. This is done by performing a χ2 test, as in the previous analysis
[53]. First of all, each bin is fitted to extract the asymmetries. All of the individual fits
use the same fit model, outlined in Sec. 5.3, but are performed independently, since
different phase space regions might have different kinematic distributions for signal and
background. The χ2 ≡ XTV−1X variable is constructed, where X is the array of aT̂-odd

CP

values for each bin and V−1 is the covariance matrix, defined as the sum of statistical
and systematic error matrices, which are discussed in Sec. 5.6. An average systematic
uncertainty is assigned to each bin. The statistical uncertainties are not correlated among
different bins, while maximal correlation is assumed for systematic uncertainties.

Simulations show that the distribution of aT̂-odd
CP values is Gaussian. The distribution

of χ2 values is obtained from pseudo-experiments by running permutations. The fraction
of χ2 values obtained from the permutations that are higher than the χ2 value observed in
the data allows to calculate the p-value and hence the significance of the measurement.

The different binning schemes are compared by applying them on simulated data, with
CP violation introduced in the N∗+ resonance. The comparison shows an improvement in
sensitivity with this simulation of the new over the previous binning over the previous
binning, which improves further if a1 region is cut out. This comparison is shown in Fig.
5.9.



5.5. Sensitivity Studies 147

5.5.3 Energy Test Sensitivity Optimization

Multiple factors can enhance or reduce the sensitivity of the energy test, as described in
Sec. 4.3. In the Λ0

b → pπ−π+π− decays, the existence of two negative pions requires the
introduction of a pion-ordering scheme. The chosen scheme orders the negative pions
by the magnitude of their momenta in Λ0

b rest frame. This choice is also equivalent to
the ordering by m(pπ+π−) invariant mass combination. This combination contains the
N∗+ resonances, hence its use in ordering negative pions also enhances the separation of
N∗+ resonances that occupy the low m(pπ+πslow) mass range from other resonances, like
the a1, that occupy the high mass range. Alternative pion ordering schemes have been
considered but no significant improvement to the sensitivity of the test was observed.

The second factor that greatly influences the sensitivity of the energy test is the choice
of phase space coordinates. Many alternative sets of such coordinates exist. For example,
invariant mass combinations of the decay products, their squares, or a mixture of masses
and helicity angles of the decay can be used to define the decay phase space. A popular
choice of the squares of invariant mass combinations is chosen to define the phase space
as the alternatives do not give a significant increase in sensitivity. The different coordinate
choices are compared by using a simplified simulation with the CP violation introduced
in the P-odd amplitudes (see Table 5.9). Three different alternatives are investigated:
invariant masses, invariant masses squared and a combination of invariant masses and
helicity angles, with required normalization. The results of this comparison are shown in
Fig. 5.10.

The five invariant-mass-square combinations chosen are:

• m2(pπ+) - contains the ∆++(1232) resonance

• m2(π+π−slow) - contains the ρ(775) resonance

• m2(pπ+π−slow) - contains N∗+ resonances

• m2(pπ+π− f ast) - contains a−1 (1260) resonance

• m2(pπ−slow)

After the pions are ordered and phase space coordinates defined, the energy test
requires a choice of the distance parameter δ. In decay modes where a good quality
amplitude model exists, this can be used for optimising the chosen value [69]. However,
no accurate amplitude model exists for the Λ0

b → pπ−π+π− decay. For this reason the
optimal choice of δ is not known analytically, hence a more general data-driven approach
is taken. In the current analysis three different δ values are chosen based on the mean
distances between the events in the decay phase space:

1. Median distance between events in the phase space: 13 GeV2

2. Mean distance to the 600th nearest neighbour: 2.7 GeV2

3. Mean distance to the 600th nearest neighbour in the m(pπ+π−s) < 2.8 GeV: 1.6 GeV2
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Figure 5.10: The sensitivity dependence on the value of the distance param-
eter δ for different choices of phase space coordinates. A single simplified
simulation dataset is used for all of the choices of coordinates. Clear dif-
ferences in sensitivity can be seen depending on the choice of coordinate

system.

The 600 nearest neighbours are chosen because of an analogy with binned analyses.
Assuming a large magnitude of CP violation (∼ 20%) in the local regions of the phase
space, one would require 600 events in the bin to be sensitive to this amount of asymmetry
at the significance of 5σ.

Furthermore, these choices provide a good coverage of the overall size of the phase
space, as can be seen in the event-distance distributions in Fig. 5.11. The first choice
of a large value for δ = 13 GeV2 would be sensitive to CP violation if the sensitivity of
the measurement increased with higher value of δ. Such asymptotic behaviour has been
observed in some of the simplified simulations. The second and third choices focus on the
regions of phase space where events with the same resonance structures cluster together.

In the case of a significant result, the p-values need to be combined to quote a single
significance, thus avoiding a possible look-elsewhere-effect. This is due to the fact that
the test is applied on the same dataset with three different distance parameters. This can
be achieved by defining a new test statistic Q = p1 p2 p3, where pi are the p-values for
three different distance scales. The obtained Q-value is compared against Q-values from
permutations that have randomly shuffled flavours and hence contain no CP violation
by construction. The fraction of Q-values in the permutation samples above the value
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Figure 5.11: The distribution of distances between events in the Λ0
b →

pπ−π+π− decay phase space (top) and the cumulative distances between
events (bottom) in real data. This is used to choose the values of the distance
parameter δ that are shown as vertical dashed lines in the bottom plot.

Reproduced from [14].

observed in the data then defines the significance of the result. Two versions of the energy
test are performed, one searching for P-even CP violation and one for P-odd. These two
tests are independent, as they search for different effect, and are thus not combined.

5.6 Systematic Uncertainties of the Triple Product Asymme-
tries Analysis

The Triple Product Asymmetries method has multiple sources of systematic uncertainties
that can bias the result and need to be addressed. The first source of uncertainties is the
possible experimental bias, which comes from the reconstruction of the Λ0

b → pπ−π+π−

decays and detector acceptance effects. To measure the related uncertainties the Cabbibo-
favoured Λ0

b → Λ+
c (→ pK−π+)π− control mode (described in Sec. 5.2.3) is used. The
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control mode is expected to have negligible CP violation, hence any non-zero asymmetry
in this channel is considered as an experimental bias. The second source of uncertainties
is the detector resolution bias. Due to the finite detector resolution events can migrate
between the samples with opposite sign of the triple product (CT̂ and CT̂). To estimate this
effect, a simulation sample is used, which provides a good approximation of the real data.
The selection used on simulated data is identical to the one applied on the real data. Finally,
the effect of using alternative fit models is also evaluated using pseudo-experiments. All of
the Triple Product Asymmetries method systematic uncertainties are summarised in Table
5.11. More information about the treatment of the uncertainties for the Triple Product
Asymmetries measurement can be found in Refs. [125, 14].

Table 5.11: Summary of systematic uncertainties for Triple Product Asym-
metries measurements of the integrated sample. Reproduced from [14].

Bias ∆AT̂(%) ∆AT̂(%) ∆aT̂-odd
CP (%) ∆aT̂-odd

CP (%)

Experimental Bias ±0.23 ±0.23 ±0.16 ±0.16
CT̂ resolution ±0.01 ±0.01 ±0.01 ±0.01

Fit Model ±0.08 ±0.08 ±0.06 ±0.06

5.7 Checks for the Energy Test

The energy test method is by construction insensitive to global asymmetries between
the two data sets. However, local asymmetries arising due to detection, acceptance,
production, and presence of background might mimic CP violation and lead to an incorrect
claim of observation. A number of cross-checks have been carried out in order to ensure
that the energy test is not sensitive to any of these effects.

A possible source of asymmetry might arise due to the difference in the interaction
with the matter of the detector between particles and antiparticles. This can cause a
detection asymmetry which might be local if it varies with particle kinematics. This could
result in a large observed T-value of the energy test and hence mimic the CP violation.
The impact of this is estimated by analysing the Λ0

b → Λ+
c (→ pK−π+)π− control channel,

described in Sec. 5.2.3. The results of the control channel analysis are presented in Sec.
5.7.1. This analysis may be conservative, since the kaon detection asymmetries are known
to be significantly larger than pion asymmetries [147]. Yet the main source of asymmetry
will come from protons contained in both the control and signal channel final states. In the
case of such asymmetries, a large T-value would be observed when analysing the control
channel. An additional simulation study of induced detection asymmetries is performed
and described in Sec. 5.7.2.

The measurements of the control channel would also be sensitive to asymmetries due
to the possible difference in the acceptance of Λ0

b and Λ0
b candidates. This effect should

be partially cancelled out by using the data samples with both polarities of the LHCb
magnet. However, any residual effect would appear in the control channel as it has the
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same momentum requirements applied on the final state particles as the signal channels.
Similarly, the production asymmetries of Λ0

b and Λ0
b might have a kinematic dependence,

and again that would also be present in the control channel. However, no evidence of
production asymmetries dependant on Λ0

b kinematics is found [50].
Apart from detection, acceptance and production effects, the result of the energy test

might be biased by the presence of a difference in background in the two samples. This
can occur if the background fraction (purity) is different between the two samples or if the
background distributions have intrinsically different structure. In order to assess these
effects, subsamples with large background components (high mass side band of the signal
channel) are analysed. If these samples showed significant differences, this could also
apply to the background inside the signal region. The analysis of background samples is
presented in Sec. 5.7.3.

These cross-checks provide a way to validate the energy test method and data samples
by confirming that if an asymmetry is observed it had to be caused by a real CP-violating
effect. If these cross-checks are successful in the application of two sample-tests, no sys-
tematic uncertainties are assigned. This is the standard procedure in this style of method
and has been used, for example, by the LHCb collaboration in previous applications of
the energy test [71, 74] and “nearest neighbour” method [73], as well as in applications of
the SCP method by LHCb and also by the BaBar collaborations [34, 35, 70, 55, 73].

5.7.1 Control Channel Analysis with the Energy Test

The Λ0
b → Λ+

c (→ pK−π+)π− channel is described in 5.2.3 and used for various cross-
checks of the energy test method. It is kinematically similar to the signal channel, yet it
is expected to have negligible CP violation. For this reason, the analysis of this channel
using the energy test should not result in a significant T-value. The proton momentum
distributions are similar for signal and control channels, as can be seen in Fig. 5.13.
The coverage provided by the control channel is conservative, as it contains more low-
momentum protons where a higher asymmetry is expected [4].

The control channel has much higher yield than the signal channel. The combined Run
1 and Run 2 datasets of the control channel contain over 448,000 events in the signal Λ0

b

mass range (5.574− 5.662 GeV/c2) as shown in Fig. 5.12. In order to analyse the control
channel, it is subsampled 50 times to match the yields expected in the signal channel. Each
of these subsamples contain 32000 events of both flavours. The energy test is separately
applied on each of the subsamples. As described in Sec. 4.3, the P-even version of the
energy test does not require identical yields of matter and antimatter candidates as any
global effects are cancelled by the normalization in the T-value calculation. In the P-odd
test the flavours are mixed when the two samples to be tested are constructed, hence
global effects could be enhanced. This is compensated by equalizing the yields of negative
and positive CT̂ and CT̂ subsamples. The kaons in the control channel are treated as pions
with the same pion ordering applied. Both P-even and P-odd versions of the energy test
are applied with three different distance parameters δ. The distributions of the p-values
for all of these test can be found in Fig. 5.14. None of the control channel measurements
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Figure 5.12: The Λ0
b → Λ+

c (→ pK−π+)π− control channel invariant mass
distribution from real data. The mass window used for the energy test

cross-check is marked with red dashed lines.

show evidence of asymmetries and all the distributions are consistent with being flat. This
confirms that the energy test applied on the signal channel is not expected to be sensitive
to production, detection or selection effects.

5.7.2 Detection Asymmetry Analysis

An additional cross-check has been performed in order to confirm that the energy test
applied on the signal channel would not be sensitive to a detection asymmetry. As
mentioned before, the main contribution to such an asymmetry is expected to come from
protons. The proton/anti-proton asymmetries are well understood and quantified in other
studies (for example, Refs. [4, 147]).

In this study, a simplistic CP symmetric simulation sample is produced using the
RapidSim package. The simulated data contains 32 thousand events, which is the expected
combined signal yield. A detection asymmetry is introduced by randomly discarding
candidate decays, matching the asymmetry found in Ref. [4] as a function of the proton
momentum in the lab frame, as shown in Fig. 5.15. The function used to introduce this
asymmetry is A = 1 + 3e−p/10 GeV%, where p is the proton momentum in the lab frame.
This function reasonably accurately describes the asymmetry given in Ref. [4] but is
continuous.
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Figure 5.13: The comparison of the absolute value of proton momentum
between signal and control channels using the real data.

The energy test has been applied on these simulated samples in both, P-even and
P-odd configurations with three different distance scales δ. This has been repeated 30
times and the p-value distributions plotted in Fig. 5.16. No evidence of bias is found and
the distributions are consistent with being flat.

Additionally, the asymmetry in the LHCb full-detector simulation is determined as
a function of the proton momentum (shown in Fig. 5.17). A linear fit is performed:
A = 0.028 + 0.00012× p/ GeV%. This asymmetry potentially also includes additional
effects beyond the simple detection asymmetry set out above, including those associated
with the triggering and selection of events. The studies set out above are repeated with
this asymmetry: events are discarded in the custom CP-symmetric simulation samples
according to this function and the energy test is applied. The distribution of p-values can
be seen in Fig. 5.18. As previously, no evidence of bias is found and the distributions are
consistent with being flat.

5.7.3 Effects of Background

The asymmetries that might arise due to the background effects are analysed. The data
used for the background studies is obtained by taking a subsample of the Λ0

b → pπ−π+π−

decays with high invariant mass. This subsample is usually referred to as the high
mass side-band (HMSB) region and is expected to be dominated by the combinatorial
background. The mass window of 5.75− 6.1 GeV/c2 of the Λ0

b → pπ−π+π− invariant
mass spectrum is chosen. This window, shown in Fig. 5.19, contains approximately the
same yield as the expected background component in the signal region. Also the proton
momentum distribution does not vary significantly throughout the selected high mass
side band region, as shown in Fig. 5.19. This indicates that the background in the high
mass side-band should accurately represent the combinatorial background present in the
signal region. Any bias observed in the selected background sample would also exist in
the background within the signal region. The energy test is applied on the selected high
mass side-band data in both P-even and P-odd configurations with three different distance
scales δ. No significant p-values are obtained, which is consistent with the combinatorial
background being CP-symmetric.
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Table 5.12: The resulting p-values obtained by applying the different ver-
sions of the energy test on the high mass side-band background data. All

results are consistent with CP conservation.

δ 1.6 GeV2 2.7 GeV2 13 GeV2

P-even 0.8119 0.7531 0.8952
P-odd 0.3175 0.7556 0.7397

Table 5.13: The resulting p-values obtained when applying the different
versions of the energy test on small subset of the Λ0

b → pK−π+π− back-
ground, with the yield similar to that expected in the Λ0

b → pπ−π+π−

signal region. All results are consistent with CP conservation.

δ 1.6 GeV2 2.7 GeV2 13 GeV2

P-even 0.1776 0.2168 0.241
P-odd 0.3586 0.6228 0.8093

Furthermore, the signal channel has a small background component (i.e. the purity
of the data is high). This background component is consistent between the matter and
antimatter samples. For this reason, the background subtraction technique (described
in Sec. 4.3.4) does not have to be employed. The results of the background analysis are
summarised in Tab. 5.12.

Another source of background is the small contamination coming from Λ0
b → pK−π+π−

decays, which arises due to the kaon being incorrectly identified as a pion. This back-
ground makes up approximately 10% of the total number of events in the 5.574 −
5.662 GeV/c2 signal mass window. While the sensitivity to detection asymmetry in this
final state has already been discussed in Sec. 5.7.2 and proven not to be significant, the
peaking background could contain a true CP asymmetry. However, it is expected to be
negligible as the contributing tree and penguin diagrams in this decay are proportional to
different powers of the Wolfenstein parameter λ of the CKM matrix - O(λ4) for tree and
O(λ2) for penguin diagrams. Previous LHCb studies have not observed an asymmetry in
this channel [76]. However, an additional study is performed by unblinding a small frac-
tion of the Λ0

b → pK−π+π− data, which corresponds to the yield expected to contribute
in the Λ0

b → pπ−π+π− signal region. The energy test is applied on this subset and no
significant p-values are observed, showing that the test is not sensitive to asymmetries
that might be present in this background sample. The results are summarised in Tab. 5.13.
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Figure 5.14: Distributions of p-values from the energy test applied to sub-
samples of the Λ0

b → Λ+
c (→ pK−π+)π− control channel. The top row

shows δ = 1.6 GeV2/c4, the middle shows δ = 2.7 GeV2/c4 and the bottom
row shows δ = 13 GeV2/c4, for both P-even (left) and P-odd (right) versions
of the test. Uncertainties shown here provide 68.3% coverage. All distribu-

tions are consistent with Poisson fluctuations from a flat distribution.
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Figure 5.15: Asymmetry between protons and antiprotons as a function
of the the absolute value of proton momentum (from Ref. [4]) with the
function used to generate asymmetries here overlaid. Reproduced from

[14].
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Figure 5.16: Distributions of p-values from the energy test applied to a
CP symmetric simulation sample, with a detector asymmetry induced
matching that reported in Ref. [4]. The top row shows δ = 1.6 GeV2/c4, the
middle shows δ = 2.7 GeV2/c4 and the bottom row shows δ = 13 GeV2/c4,
for both P-even (left) and P-odd (right) versions of the test. Uncertainties
shown here provide 68.3% coverage. All distributions are consistent with

Poisson fluctuations from a flat distribution.
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Figure 5.17: Asymmetry between protons and antiproton as a function of
the absolute value of the proton momentum in the full LHCb simulation

with a linear fit overlaid.
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Figure 5.18: Distributions of p-values from the energy test applied to a
CP-symmetric simulation sample, with the detector asymmetry in the full
LHCb simulated data induced. The top row shows δ = 1.6 GeV2/c4, the
middle shows δ = 2.7 GeV2/c4 and the bottom row shows δ = 13 GeV2/c4,
for both P-even (left) and P-odd (right) configurations of the test. Uncer-
tainties shown here provide 68.3% coverage. All distributions are consistent
with Poisson fluctuations from a flat distribution. Reproduced from [14].
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Figure 5.19: The invariant mass distribution of the m(pπ−π+π−) data
high mass side-band region between 5.75 and 6.1 GeV used for background
studies (top). The comparison of the absolute value of proton momenta for

three subsets of this mass range (bottom).



5.8. Results 161

5.8 Results

5.8.1 Results of the Triple Product Asymmetries

The search for CP violation is carried out using the Triple Product Asymmetries method,
described in Sec. 4.2. The measurement is performed in the integrated phase space of the
Λ0

b → pπ−π+π− decays, as well as with two different binning schemes (defined in Sec.
5.5.1). The choice of two binning schemes is motivated by the sensitivity studies, described
in Sec. 5.5, and is optimized to provide better sensitivity to the simulated CP violation
sources. However, the true source of CP violation in this channel remains unknown. For
this reason, the binning scheme, where the effect from the previous analysis was seen, is
reused on the new bigger dataset [53]. This also allows direct comparison of the Run 1
result with the current measurement.

The results obtained from the Triple Product Asymmetries measurement on the in-
tegrated decay phase space show no deviation from CP conservation hypothesis. The
statistical and systematic uncertainties of the current measurement are smaller than those
of the previous result. The measured integrated asymmetry variables for the current and
previous analyses are compared in Table 5.14.

The binned phase space measurements are consistent with CP conservation at the level
of 0.5 and 2.9σ for the chosen binning schemes A2 and B2 respectively.

The compatibility between Run 1 analysis [53] and the new results is checked by using
the previous binning scheme (B). The comparison of the results is shown in Fig. 5.20.
As can be seen, the value of the fourth bin, which was driving the previous deviation,
has reduced. This reduction in the significance of the measurement is consistent with
the previous result being a statistical fluctuation. However, the new result in one of
the binning schemes (B2) is 2.9σ, which is marginally consistent with CP conservation
hypothesis. This result is not driven by a single bin, unlike in the previous analysis.

Additionally, measurement of parity violation is carried out. The integrated measure-
ment shows an asymmetry with 5.5σ significance. The binned measurements result in
a deviation from P conservation hypothesis of 5.5σ in one of the binning schemes (B1)
as well as 5.1σ in the binning used in the previous analysis (B). These results constitute
an observation of parity violation in this channel. The Λ0

b → pπ−π+π− decay is a weak

Table 5.14: Measurement of the asymmetries from the fit to the full dataset.
The first uncertainty is statistical and the second systematic. The results
from the previous analysis of this channel are given for comparison [53].

Reproduced from [14].

Asymmetry
Dataset

These results (2011-2017) Run 1 (2011-2012)

AT̂ (%) −4.68± 0.99± 0.24 −2.56± 2.05± 0.44
AT̂ (%) −3.29± 0.99± 0.24 −4.86± 2.05± 0.44

aT̂-odd
P (%) −3.98± 0.70± 0.17 −3.71± 1.45± 0.32

aT̂-odd
CP (%) −0.70± 0.70± 0.17 1.15± 1.45± 0.32
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Figure 5.20: Measured asymmetries for binning scheme B with different
datasets. The error bars represent the sum in quadrature of the statistical

and systematic uncertainties. Reproduced from [68].

decay and is expected to violate parity. However, the level of parity violation expected in
a baryon decay is not clear, so this remains an observation of some interest.

The measurements of CP and P asymmetries for all binning schemes are shown in Figs.
5.21 and summarised in Table 5.15. Further details and interpretation can be found in Refs.
[125, 14].
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Figure 5.21: Measured asymmetries for the binning schemes A1 and A2 (top)
and B1 and B2 (bottom). The error bars represent the sum in quadrature of
the statistical and systematic uncertainties. The χ2 per ndof is calculated
with respect to the null hypothesis and includes statistical and systematic

uncertainties. Reproduced from [68].
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Table 5.15: The χ2 and p-values obtained for the CP and P conserving
hypotheses for different binning schemes taking into account systematic

effects. Reproduced from [14].

Binning scheme Dominant contribution Hypothesis χ2/ndf p-value Significance

|Φ| (B) CP conserving 25.20/10 5× 10−3 2.8σ
P conserving 49.38/10 3.47× 10−7 5.1σ

|Φ| (B1 excluded)
Λ0

b→ pa1
CP conserving 18.49/10 4.72× 10−2 2.0σ

(with m(pπ+π−slow) > 2.8 GeV) P conserving 54.27/10 4.32× 10−8 5.5σ

|Φ| (B2)
Λ0

b→ N∗+π−
CP conserving 26.29/10 3.4× 10−3 2.9σ

(with m(pπ+π−slow) < 2.8 GeV) P conserving 27.91/10 1.87× 10−3 3.1σ

Helicity angles (A1 excluded)
Λ0

b→ pa1
CP conserving 23.62/16 9.81× 1003 1.7σ

(with m(pπ+π−slow) > 2.8 GeV) P conserving 50.59/16 1.84× 10−5 4.3σ

Helicity angles (A2)
Λ0

b→ N∗+π−
CP conserving 13.48/16 6.372× 10−1 0.5σ

(with m(pπ+π−slow) < 2.8 GeV) P conserving 25.34/16 6.4× 10−2 1.9σ

5.8.2 Results of the Energy Test

The energy test is applied on the full data set, described in Sec. 5.2. The CP viola-
tion measurements with three different choices of the distance parameter δ (1.6 GeV2/c4,
2.7 GeV2/c4, 13 GeV2/c4) are carried out in both P-even and P-odd configurations of the
test. The resulting six measurements are consistent with CP conservation. The measured
p-values correspond to deviations from the CP conservation hypothesis with significances
of 3σ or less, hence below the evidence threshold.

In the P-even CP violation energy test configuration, the obtained p-value is at the 3σ

observation threshold. However, three different distance scales are used for this test. For
this reason, a combined p-value needs to be calculated. This is done by defining a new test
statistic Q = p1 p2 p3, where pi corresponds to a p-value for a distance scale i. The value
of Q observed in data is then compared to the corresponding values from permutations,
considering correlations between the different distance scales. The combined p-value
for the P-even CP violation energy test configuration is 4.6× 10−3, which corresponds to
approximately 2.8σ and hence is below the evidence threshold.

The parity violation configuration of the energy test is applied for the first time. The
measurement results in an observation of P violation at a significance higher than 5σ

with two distance scales δ. The low significance observed with δ = 13 GeV2/c4 can
be interpreted as a dilution of sensitivity to the large value of delta averaging out the
contributing small phase space structures. This shows that the three distance scales are
indeed probing different phase space features.

The resulting p-values of the different test configurations are summarised in Tab. 5.16.

Table 5.16: The p-values from the energy test for different distances scales
and test configurations. Reproduced from [68].

Distance scale δ 1.6 GeV2/c4 2.7 GeV2/c4 13 GeV2/c4

p-value (CP conservation, P even) 3.1× 10−2 2.7× 10−3 1.3× 10−2

p-value (CP conservation, P odd) 1.5× 10−1 6.9× 10−2 6.5× 10−2

p-value (P conservation) 1.3× 10−7 4.0× 10−7 1.6× 10−1
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Figure 5.22: The comparison of T-values observed in data with the T-value
distribution obtained from CP-symmetric permutations for the distance
scale δ = 1.6 GeV2/c4. The P-even configuration of the energy test is shown

as a solid line, and P-odd configuration as a dashed line.

The comparison of T-values observed in data and T-value distributions obtained for
permutations for different distance scales δ and test configurations are shown in Figs. 5.22,
5.23, 5.24. A similar comparison of the P violation measurements with three different
distance scales is shown in Fig. 5.25.

The theoretical predictions of CP violating asymmetries in this channel go up to 20%
[113]. The sensitivity studies described in Sec. 5.5 used models with asymmetries ranging
from approximately 5% to 15% and had shown that the test would be sensitive to these
effects. The obtained results are consistent with the absence of the effects of similar size in
the Λ0

b → pπ−π+π− decays.
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Figure 5.23: The comparison of T-values observed in data with the T-value
distribution obtained from CP-symmetric permutations for the distance
scale δ = 2.7 GeV2/c4. The P-even configuration of the energy test is shown

as a solid line, and P-odd configuration as a dashed line.
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Figure 5.24: The comparison of T-values observed in data with the T-value
distribution obtained from CP-symmetric permutations for the distance
scale δ = 13 GeV2/c4. The P-even configuration of the energy test is shown

as a solid line, and P-odd configuration as a dashed line.
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Figure 5.26: The 2D plot showing the results of the visualisation method
on the m(π+π−π+) and m(pπ+π−slow) invariant masses (see Sec. 4.3.3 for
details). The bright red regions contribute the most to the obtained T-value.

Additionally, the visualisation technique described in Sec. 4.3.3 is employed to show
the phase space regions which contribute the most to the obtained T-values. The results
obtained from the visualisation technique is shown in Figs. 5.26, 5.27 and 5.28. It can
be seen that the regions of the decay phase space contributing the most to the obtained
T-value are the ones containing the dominant resonances in this decay. For example,
the peaking structure in Fig. 5.27 with high pseudosignificance corresponds to ∆+(1600)
and similar resonances, while the highlighted region in Fig. 5.28 contains a1 and ρ

resonances. However, since the overall result is not significant, the pseudosignificances of
the visualization technique are hard to interpret and should not be considered as a sign of
localized asymmetry. In the scenario of highly significant result this would help to identify
the regions with resonances, contributing the most to CP violation.
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Figure 5.27: The results of the visualisation method on the m(pπ+π−slow)
invariant mass (see Sec. 4.3.3 for details). The bright red regions contribute

to the obtained T-value the most.
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Figure 5.28: The results of the visualisation method on the m(π−π+π−)
invariant mass (see Sec. 4.3.3 for details). The bright red regions contribute

to the obtained T-value the most.
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Figure 5.29: The energy test significance dependence on the choice of the
distance scale δ. The P-even configuration of the energy test is applied on

real Run 1 data sample.

5.8.3 Energy Test Application on Run 1 Dataset

An additional test has been performed after unblinding the full dataset and obtaining the
results of the energy test method. As no evidence for CP violation has been obtained with
the three selected distance scale δ values, more values could be tested on a subset of the
data. This allows to “scan” the sensitivity dependence on the choice of δ. Ten δ values
were used in the range 1− 10 GeV2/c4. This method is biasing due to the look-elsewhere
effect. If any result was seen it would motivate the choice of δ for the future studies, but
they would have to use an independent data set. This is why the study is only performed
on the Run 1 sample. This sample will have to be excluded from the future measurements,
but the Run 2 sample can still be used.

The P-even and P-odd energy test configurations were applied on the Run 1 data
sample (approximately 1/6 of the total signal events). None of the results show high
significance, as can be seen in Figs. 5.29, 5.30. While a wide minimum can be seen for the
P-even δ trend and a narrow minimum for the P-odd δ trend, these are consistent with
random statistical fluctuations and should not be interpreted as real information on the
phase space structure. In the light of this, the future studies of this channel with the energy
test should be performed with the same values of the distance parameter δ as used in this
thesis.
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Figure 5.30: The energy test significance dependence on the choice of the
distance scale δ. The P-odd configuration of the energy test is applied on

real Run 1 data sample.
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5.9 Conclusions

A search for CP and P violation in the Λ0
b → pπ−π+π− baryonic decays is performed

using two methods: Triple Product Asymmetries and the energy test method. The data
used in this analysis has been collected by the LHCb detector in both Run 1 and Run 2
(2011-2017) data-taking periods and corresponds to the integrated luminosity of 6.9 fb−1.
There are approximately 36 thousand Λ0

b → pπ−π+π− decay candidates, which is a four-
fold increase when compared to the previous analysis of this channel [53]. The analysis
presented here supersedes the previously published results on Run 1 and significantly
expands the scope of the previous study. Both the energy test and the Triple Product
Asymmetries method find no significant deviation from the CP conservation hypothesis.
Furthermore, both methods observe P violation in this channel at significance higher than
5σ.

The significance of the effect seen in the previous analysis is reduced, when more
statistics are considered. However, the updated analysis shows significance close to 3σ

with both methods. This could mean that the new methodology is sensitive to a CP
violation effect not seen previously. To confirm this hypothesis, more data needs to be
taken. The analysed decay channel remains very interesting as with much higher yields to
be collected in Run 3 of the LHC it might allow the first observation of CP violation in the
baryon sector.
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Chapter 6

Summary and Outlook

This thesis presents the studies of the radiation damage in the LHCb VELO silicon-strip
detector at fluences of up to 6.5× 1014 1 MeV neq cm2. This thesis is able to present results
from the full operational period of the detector across Run 1 and 2 of the LHC. Particular
emphasis is based on the analysis of data taken from special CCE scans. This provides
a unique body of sensor performance measurements taken in more than 20 CCE scans
with 42 R-type VELO sensors. The sensors are analysed by dividing each of them into 5
different regions of fluence. Consequently approximately 4200 different measurements are
provided. The CCE Scan data is analysed in order to measure the evolution of the EDV,
which is compared with the Hamburg model predictions. An approximate agreement
between the Hamburg model and EDV of the VELO sensors dependence on fluence
is seen. The accurate estimation of the EDV dependence on increasing irradiation and
careful temperature control of the VELO detector allowed to beneficially anneal the VELO
sensors towards the end of Run 2. To the author’s knowledge, this is the first instance of
intentional beneficial annealing of silicon sensors of an operating particle detector.

Furthermore, the CCE Scan data is used to estimate the CFE of the VELO sensors.
Two methods for rejecting the bad strips are created and applied. The number of bad
strips remained relatively low and constant throughout the VELO operation. The RMS
method finds approximately 0.4% of dead or noisy strips, while the Frequency method
finds around 2% of strips that have significantly higher or lower hit frequency. Different
means of isolating separate effects that might reduce the CFE are applied, allowing to
isolate the actual radiation damage component. An effect of pick-up of charge on the
second metal layer routing lines of the sensor is observed. This leads to a drop in cluster
finding efficiency. The evolution of this effect is monitored throughout Run 1 and Run2.
For the n+-on-n sensors this effect is shown to develop quickly, within approximately
0.2 fb−1, and then remain relatively stable throughout the remaining operation over eight
years and 9 fb−1. This is consistent with a surface level effect in the silicon sensors.

The VELO detector operated throughout Run 1 and Run 2 of the LHC (2011-2018)
without changes to the sensor hardware. During this time, the VELO sensors were exposed
to the maximum fluence of approximately 6.5× 1014 1 MeV neq cm2. The ageing of the
sensors due to the radiation damage can clearly be seen in the increase of the EDV as well
as a decrease of CFE. This is a bulk radiation damage effect due to damage to the silicon
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lattice. At the end of Run 2, most VELO sensors had to be operated at 320V bias voltage
in order to remain depleted. However, the VELO detector remained highly efficient
in collecting physics data. The analysis of its radiation damage is useful input to the
upcoming VELO upgrade, which will collect data in Run 3 and beyond.

The main physics analysis described in this thesis is a search for CP violation in four-
body baryonic Λ0

b → pπ−π+π− decays. The sample of these decays is analysed by the
LHCb detector in Run 1 and Run 2 of the LHC. The size of the dataset corresponds
to approximately 6.9 fb−1 of integrated luminosity or over 36 thousand decay event
candidates. Two methods were used to probe the decay phase space for CP asymmetry:
the Triple Product Asymmetries measurement and the energy test method. The Triple
Product Asymmetries method was used in the previous analysis of this channel [53]. In
the current analysis, the method uses optimized binning and improves the statistical
uncertainty due to an almost sixfold increase in the available signal candidates. No
significant deviation from the CP conservation hypothesis is found in the phase space of
the decay.

The energy test method is applied on the same dataset and run with two different and
independent configurations corresponding to P-even and P-odd CP violation measure-
ments. For each configuration three different distance parameters are used. The result
with the highest significance is obtained for the P-even configuration of the test with
the distance parameter value of 2.7 GeV2/c4 and corresponds to a 3σ deviation from the
CP conservation hypothesis. However, when the results for the three distance scales are
combined, the total significance of the measurement is reduced to 2.8σ. While the results
are lacking significance to claim an evidence for CP violation, the tension remains high
and the prospect of discovering CP violation in baryons with an increased data sample is
very tantalising.

Furthermore, both methods are used to search for parity violation in this channel. The
Triple Product Asymmetries method find a 5.5σ deviation from the parity conservation
hypothesis in the integrated phase space measurement and one of the binned measure-
ments. The energy test is applied to probe for parity violation for the first time. The test
finds a significant deviation from the parity conservation hypothesis with two of the three
distance scales, corresponding to approximately 5.1σ and 5.3σ for the distance parameter
of 1.6 GeV2/c4 and 2.7 GeV2/c4 respectively.

The radiation damage studies presented in this thesis give important insights on
the silicon detector operation in high radiation environments. This contributes to a
plethora of ongoing hardware and software improvements that are paramount for a long
and successful physics programme of particle physics detectors. The LHCb detector is
currently being upgraded. During Runs 3 and 4, it is expected to collect a large amount of
data, corresponding to approximately 50 fb−1 of integrated luminosity. This will not only
reduce the uncertainties of many previous measurements, but will also allow to test new
decay channels, with smaller yields. For example, the physics analysis presented in this
thesis is expected to benefit from a much higher signal yield and could lead to the first
observation of CP violation in baryons. Apart from the Λ0

b → pπ−π+π− decay channel
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studied here, similar channels can be explored in the future. The methods presented here
can be trivially applied on a similar Λ0

b → pK−K+π− channel. Also, the decays of heavier
baryons can be investigated, such as Ξ0

b and Ω0
b. Apart from the CP violation studies,

the LHCb detector will likely find new heavy composite particle states, measure the
CKM matrix parameters with unprecedented precision and hopefully lead to discoveries
allowing to probe beyond Standard Model physics [67].
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