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Abstract

LHCDb is the dedicated flavour physics experiment of the LHC. The experiment is
designed for probing new physics through measurements of CP violation and rare
decays. This thesis includes simulation studies of the By — K*u*u~ decay. The
LHCD vertex locator (VELO) is the highest precision tracking detector at the LHC and
is used to identify primary and secondary vertices for the identification of the b and ¢
hadrons. The VELO modules contain silicon strip detectors which must be operated
under reverse bias voltage. This thesis presents the work performed on the design,
production and characterisation of the VELO high voltage system. The VELO operates
only 8 mm from the LHC beam in a high radiation environment. A future upgrade
will require operation at up to 10'° n.,/cm?. This thesis presents a characterisation of
p-type silicon sensors before and after heavy irradiations.

The design of the HV system and the substantial programme of quality assurance
tests performed on both the hardware and software parts of the VELO high voltage
system are described. The tests cover normal operation and consideration of a range
of failure scenarios. The hardware and software limits were tested. The stability of
the output over time and the noise of the system were assessed. The performance
is found to meet the specification, although problems at low voltage and low current
operation are seen. An analysis of the current-voltage data during module production,
and commissioning up to first LHC operation is given. No obvious signs of sensor
degradation are seen. The VELO high voltage system complies with the safety and
performance requirements in the environment where it is used and has been successfully
operated throughout the first period of the LHC operations.

With its current design, LHCb expects to collect ~ 10 fb~! of data, running beyond
this will require an upgrade of LHCb requiring more radiation hard silicon strip detec-
tors. P-type silicon strip detectors are one possible candidate for the upgraded LHC.
Tests performed on p-type detectors with four types of isolation techniques are detailed.
The breakdown voltages and the full depletion voltage before irradiation are measured.
Breakdown voltages above 1000 V are found from each type of isolation technique,

except for an isolation scheme with individual p-stops. The average depletion voltage



is approximately 170 V. The current-voltage characteristics, breakdown voltage and
the charge collection measurements of five irradiated p-type detectors are measured.
Approximately 30% of the maximum charge is collected at a fluence of 10'° ne,/cm? for
a bias voltage of 1000 V. At a fluence of 2x10" n.,/cm?, the detector with p-spray
could be biased at a higher voltage before breakdown than the detector with common
p-stops. This follows the expectation that the p-spray technology gives better results
under irradiation. The n-on-p detectors are found to be promising candidates at the
fluences expected at the high luminosity upgrade of the LHC (SLHC), albeit that at
the highest fluences the charge collection efficiency is significantly reduced and they
must be operated at high voltages and low temperatures.

The By — K*utp~ decay is a rare Flavour Changing Neutral Current decay which
proceeds via the b—s transition. This decay is one of the golden modes in LHCb due
to its sensitivity to New Physics contributions beyond the Standard Model of particle
physics from the measurement of observables, such as the forward backward asymmetry
(App) and its zero crossing point (Sp). The By — K*pu™ ™ event selection is described
and is used to evaluate the signal and background yields. The estimated signal yield
from the simulation is 436017350 events/2 fb~!. The background rate is estimated to
be 5300 £ 1800 events/2 fb~!. A binned and unbinned method of extraction of App
and Sy are discussed. The unbinned method gives direct access to the value of Sy,
while the binned method may introduce a small bias to the mean value of Sy due
to assumptions of fitting the data close to the crossing point. It is estimated that
the Sy can be obtained with an accuracy of £ 1.1 GeV?/c*, + 0.38 GeV?/c* and +
0.17 GeV?/c* with data samples of 0.2 fb~' 2 fb~! and 10 fb~!, respectively. The
effect of the VELO (and other tracking detectors) misalignments on the analysis is
also studied. It is found that significant misalignments can have a large effect on event
selection efficiency. However, at the current level of alignment obtained from the first
LHC data the effect is already expected to give a less than 10% change. A method to

study the effects of misalignments directly on Arp is also demonstrated.
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Preface

The LHCb experiment, is one of the four main experiments of the Large Hadron Collider
at the European Laboratory for Particle Physics (CERN) and started data taking at
the end of 2009. LHCD is designed for precise measurements of CP violation and rare
decays. The work presented in this thesis consists of three main topics: the high voltage
system of the VELO; the qualification of p-type sensors for the LHC upgrade; and the
analysis of the By — K*u*u~ decay.

Chapter 1 presents a theoretical review of the Standard Model of particle physics
which is relevant to the physics programme of the LHCb experiment. Particular
emphasis is placed on the physics involved in b — s transitions, and the rare decay
By — K*utp~ . New Physics (NP) models, their sensitivity to the b — s transitions,
and the current experimental constraints based on recent measurements are discussed.

Chapter 2 gives a description of the LHCb experiment and an overview of the other
experiments of the Large Hadron Collider. A description of each sub-detector of LHCb
is given. Particular emphasis is placed on the VELO, as part of the work in this
thesis is focused in this sub-detector. The VELO is one of the tracking detectors of
LHCDb and provides the tracking coordinates close to the interaction point as well as
the determination of primary and secondary vertices. The VELO silicon strip sensors
must be operated under reversed bias.

The VELO high voltage system is responsible for supplying the bias voltage to the
88 silicon sensors which comprise the LHCb VELO. Chapter 3 details the design,
the production and the quality assurance tests performed on both the hardware and
software parts of the VELO high voltage system. Connectivity and stability tests,
tests under failure modes as well as noise spectra measurements are presented. The
reliability of the high voltage crate uninterruptible power supply (UPS), the hardware
voltage and current limits are demonstrated. Current-voltage data taken during the
module production and during the commissioning in December 2008, in June 2009 and

in October 2009 are analysed.
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With its current design, LHCb expects to collect approximately 10 fb~! of data.
Continuation of data taking beyond 10 fb~! will require an upgrade of LHCb. More
radiation hard silicon strip detectors are needed. Chapter 4 presents the studies of p-
type silicon microstrip detectors, with different types of isolation techniques, relevant to
the proposed upgrade of LHCb and of other LHC experiments. The aims and concept of
the LHCDb upgrade are briefly discussed. The results obtained from the characterisation
of these p-type detectors before and after irradiation with neutrons and protons are
presented. The general theory of silicon detectors, including the effects of radiation
damage to silicon detectors, is also discussed. The current-voltage and capacitance-
voltage characteristics of the unirradiated detectors allow the identification of their
breakdown and full depletion voltages, respectively. Charge collection measurements
are additionally performed on the detectors irradiated at fluences of 5x10 ng,/cm?,
2x10% ng /em?, 5x10% ng,/cm? and 10 ng,/cm?.

The By — K*u™ ™ decay is one of the golden modes in LHCD due to its sensitivity to
New Physics contributions beyond the Standard Model of particle physics. The align-
ment of the tracking detectors is of crucial importance for the physics performance of
the LHCD experiment. Chapter 5 is dedicated to the study of the B; — K*u™p~ decay
and the impact of the detector misalignment on this decay. The By — K*u*tp~ event
selection is described as well as the simulated data employed to evaluate the signal and
background yields. The binned and unbinned methods to extract the forward back-
ward asymmetry App and its zero crossing point Sy are presented. The value of .S is
estimated using data samples of 0.2 fb=!, 2 fb~!, 10 fb~! and 45.3 fb~!. The effects
of VELO misalignments, T-station misalignments and combined VELO and T-station
misalignments on pattern recognition, event selection, and the By mass resolution are
discussed. Their effects on Arpp and Sy are also presented.

Chapter 6 gives a summary of the studies presented in this thesis and the corre-
sponding results, with future prospects for continuation of the work presented in this

thesis also outlined.
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1 Theory Review

This chapter presents a theoretical review of the Standard Model (SM) which is relevant
to the physics programme of the LHCb experiment. Particular emphasis is placed
on the physics involved in b — s transitions, and the rare decay By — K*utu~ .
New Physics (NP) models, their sensitivity to the b — s transitions, and the current
experimental constraints based on recent measurements are also discussed.

After an introduction to the SM in section 1.1, section 1.2 develops the theory
of electroweak interactions. Section 1.3 introduces Charge-Parity (CP) violation and
section 1.4 presents the theory of Quantum ChromoDynamics (QQCD). Finally, section
1.5 is dedicated to the rare semi-leptonic B decays with particular emphasis given to
By — K*utu~ .

1.1 General Standard Model Theory

The SM [1-4] is the theory that provides an accurate description of elementary par-
ticles and their interactions. Extensively and successfully tested in the past decades,
the SM still leaves important unanswered questions in high energy physics. Amongst
these questions are the reason for the existence of three generations of quarks, the
understanding of CP violation (see section 1.3), and the origin of the dark matter in
the universe. The LHC experiments are designed to further our understanding of these
issues by providing precise measurements of CP violation and rare decays in b-hadron
decays, and searching for directly produced new physics particles. The LHC also aims
to discover the final missing particle of the SM, the Higgs boson.

Within the SM description, matter is made of elementary particles which are in two
types: fermions and bosons. The fermions are in two categories: quarks and leptons.
They are half integer spin particles and obey the Pauli exclusion principle. Fermions
are grouped in three generations with increasing mass '. As represented in Table 1.1,

a generation of fermions contains a pair of leptons and quarks. The particles that

! This is true for the quarks and leptons. The masses, and mass ordering of the neutrinos are not yet
known.
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comprise the leptons are the electron e, the muon p and the tau 7. Respectively, their
corresponding neutrinos are denoted v., v, and v;. The quarks come in six flavours:
up (u) , down (d), charm (c), strange (s), top (¢) and bottom (b). They are confined
as constituents of the observed particles.

The quarks carry a type of charge called colour which can be of three different types:
red, green and blue. Quarks are always bound in groups which constitue colourless
objects, called hadrons. Hadrons which are composed of three quarks of different
colour are called baryons, and those composed of a quark and antiquark are called
mesons.

The bosons are the second type of elementary particles. They are integer spin parti-
cles and obey Bose-Einstein statistics. Bosons are the mediators of interactions between
particles. These mediators are respectively the photon v for the electromagnetic inter-
actions, the gluons (A% a=1,...,8) for the strong interactions, and the W=* and Z for
the weak interactions

The SM is a quantum field theory based on the gauge theory of group SU(3)c X
SU(2), x U(1)y [5]. This group is described as follows.

e SU(3)¢c group is the gauge group of the strong interactions which are described
theoretically with QCD (see section 1.4). Proton-proton collisions at the LHC

involve QCD processes.

e SU(2),xU(1)y is the group that describes the weak and electromagnetic inter-
actions. In the SM, they are unified into the electroweak interaction (see section
1.2) with the corresponding boson energies below the electroweak unification
scale, giving rise to the SU(2);xU(1)y symmetry. This breaking of the elec-
troweak symmetry is explained by the introduction of a new scalar field, the
Higgs field. The elementary particle’s mass originates from its interaction with
the Higgs field. However, the quantum of this field, the Higgs boson particle has
not been observed yet. The main LHC physics programmes reside in the elec-
troweak model such as studies of the Higgs mechanism, New Physics searches (eg.
SUSY), CP violation and Flavour Changing Neutral Currents (FCNC) processes.

1.2 The Electroweak Interactions

The electroweak interaction theory developed by Glashow, Weinberg and Salam [1,2,7]

unifies the electromagnetic and weak interactions. The weak interactions violate parity.
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| Generation
‘ Fermions ‘ 1 11 ‘ IT1 Q ‘
u (up) ¢ (charm) t (top) 42
Quarks 1.5-3.3 MeV/c? | (1.277097 ) GeV/c? | (171.34£1.141.2) GeV/c? | '3
d (down) s (strange) b (bottom) 1
3.5-6.0 MeV/c? | (105722 ) MeV/c? (4.20 T337) GeV/c? | 3
e (electron) 4 (muon) 7 (tau) 1
0.5100 MeV/c? | 105.658 MeV/c? | (1776.8420.17) MeV /c?
Leptons - - -

Ve (e neutrino) v, (p neutrino) v, (7 neutrino) 0

<2eV/c? < 0.19 MeV /c? < 18.2 MeV/c?

Table 1.1: The three generations of fermions and their corresponding leptons and
quarks pairs. Reproduced from [6].

The interactions for fermions can then be constructed by assigning different interactions

for the left-handed and right-handed components. The Dirac field ¢) which represents

a fermion can be expressed as a sum of a left-handed part, ¢;, and a right-handed part

VR,

where

VL

YR
Vs

Y =Y + g,

P[ﬂﬁ with PL:

PR@Z) with PR:

Y0123,

(1 —1)
2 )

(14 s)
2 )

(1.1)

Py, and Pg are projection operators and v, are the Dirac matrices [8]. Likewise the

kinetic term of the Dirac Lagrangian and the interaction term of a fermion with the

vector field are also expressed as the sum of two terms each involving only one helicity.

However, the mass term mixes the two helicities. The origin of the mass term will be

discussed in more detail in sections 1.2.1 and 1.2.2.

1.2.1 Leptonic Sector

In the Standard Model, the left-handed lepton states L are expressed by

L:Ml,
2

(1.5)
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where | = e, v., u,v,,7,v; and the right-handed states R are denoted by eg, jir, Tr.

The left-handed charged leptons and left-handed neutrino are organized in doublets

O 00 e
€ L K L T L

that correspond to the three generations of leptons. Each doublet transforms in the
spinor representation (1" = 1) of the weak isospin SU(2) gauge symmetry. Hence, 14 and
1 1

[ are eigenstates of the isospin projection T, with eigenvalues 5 and —3

5 respectively.

The right-handed charged leptons do not participate in the weak interaction, while
there is no right-handed neutrino in the SM. Experimental evidence has shown that
neutrinos possess mass and there are oscillations between families [9], and hence the

SM is known to require adaptation.

The gauge fields of the weak isospin SU(2) and the weak hypercharge U(1) symme-
tries are combined by means of the Higgs mechanism [10] to form the three massive
vector bosons (W™, W™, Z%) mediating the weak interaction, and one massless vector
boson, the photon 7, responsible for the electromagnetic interaction. The gauge bosons

introduced are

Wy W2 W2 for SU(Q2)yL, (1.7)
B, for U(l)y. (1.8)

The lepton electric charge (Q can be calculated by

1

where T, and Y are the weak isospin projection and weak hypercharge respectively.
The left-handed weak isospin doublets have Y = —1 and Y = —2 for the right-handed

weak isospin singlet.

The Lagrangian that describes the interactions of the leptons, the vector bosons and

the scalar boson (see below) can be written as
L= Eleptons + »Cgauge‘ (].]_0)

The first term of the Lagrangian Liepons is given by

- 1 1 . _
Lieptons = Lin* (@ — iig'BM + iigTjo> L+ Ry" (i0, — ¢'B,) R, (1.11)
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where g and 7; are the coupling and generators of the gauge group SU(2), respectively.
/
The coupling of the gauge group U(1)y is given by %i.

The second term of the Lagrangian, £y, is given by

. . 1
Loage = =W, W — 2B B", (1.12)
where
Wi, = oW —9,W)+ ge"Wiw], (1.13)
B = 0,B,—0,B,. (1.14)

The Lagrangian in equation 1.10 is incomplete as the mass term is not included. As
previously stated, there are three massive bosons and one massless boson that mediate
the electroweak interaction and the mass originates from the Higgs mechanism [10].
The latter uses a symmetry breaking mechanism that keeps the gauge invariance of
the group. One needs a doublet of complex scalar fields with hypercharge Y = 1, called
the Higgs fields ¢. The following interaction terms are added to the Lagrangian in eq.
1.10:

e The interaction of the Higgs field with fermions
EYuk:awa = _Ge[(l_/gb)R - R(ngL)]v (115)
where (G, is the Fermi constant.

e The interaction of the Higgs field with bosons

DWD¢:’GL+%WW%q+%mT&J¢2, (1.16)

where [ is the identity matrix.

e The Higgs field self-interaction
Ly = V() =1¢'o+Ao'e), (1.17)

<Pp>, = ( 0 ) (1.18)
0o — U/\/§ .

1
IThe factor 3 has been chosen for simplicity.
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with p? < 0 to allow the spontaneous symmetry breaking from which originates

the masses. < ¢ > is the vacuum expectation value of ¢.

By taking into account the Higgs field interactions, the mass of the fermions is

obtained from the Yukawa interaction term as

_ G
\/57

and the neutral gauge bosons are redefined as

B, B cos by  sin Oy A, (1.20)
wi sinfy,  —cosby ) \ Z, 7 '

where 0y is the Weinberg angle, to ensure that photons remain massless. A, and Z,

my (1.19)

represent the massless photon and the neutral massive boson respectively.

The weak couplings g and ¢’ are expressed in terms of elementary charge e and Oy,
by

e , e
= = 1.21
g sin Oy’ g cos Oy’ (1.21)
which gives
g/
= = tan Oy . (1.22)
g
Hence,
—g' By + gW; 9B, + g W}
4, = ———" = (1.23)

“w ) “w ’
/92 + 912 /92 + 912
and their masses are given by

gu

= 7~ = 0. 1.24
2 cos Oy’ ma (1.24)

mz,

Similarly, the charged gauge bosons, Wj and Wi are rewritten as

w1 (1 =i\ (W (1.25)
wo)oove\a o) \w2)’ '
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where Wj[ are the massive charge bosons. Hence,

W W2
W = MRy (1.26)
V2

and their masses are given by

I %. (1.27)

Therefore, the Lagrangian in equation 1.10 can be rewritten in terms of the new
vector bosons let, Z, and A, by substituting the gauge bosons defined in equation

1.7 and 1.8 with their new expressions deduced from eq. 1.20 and 1.25.

The fermionic currents are

Ji = £LyteL, (1.28)

Jy = LymL, (1.29)
_ 1_

Jom = BB —gLly(1-m)L, (1.30)

where 7. = % (11 £ im).

1.2.2 Quark Sector

Similar to the leptons, the quarks are organized in left-handed doublets

(), 0, 6, s

and right-handed singlets ug, dg, cgr, bgr, tg and sg. Note that unlike the SM lepton
sector all quarks have right-handed components. Each doublet corresponds to one
family of quarks so that there are six quarks organized in three families. The three
previously denoted doublets are the first, second and third family of quarks respectively.
All quarks are massive and they acquire their mass through the spontaneous symmetry
breaking of their couplings with the scalar fields. This procedure is called the Higgs
mechanism (see section 1.2.1). More precisely, as quarks are fermions, their masses
originate from the Yukawa interaction term. Unlike the neutrinos which are massless

in the SM, the down-type quarks have masses. The complex conjugate of the field ¢ is
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then included in the interaction Lagrangian where

¢ = ioag™, (1.32)

which is a field of SU(2), with hypercharge Y; = —1.

Since the quark mass eigenstates are not the same as the weak eigenstates, mixing

terms between the quarks are added in the interaction Lagrangian. Hence, the quark

000

where d, b, § are the interaction eigenstate.

doublets are rewritten as

To conveniently take into account these mixing terms, the mass matrix is assumed
to be diagonal and the interaction states are taken as mixtures of the mass states. In
addition, to allow transitions between different families of quarks the Cabibbo angle
0. [11] was introduced. Considering the mixing between the first and second generations

of quarks, the mass eigenstates are

d d cosf.+ s sinf.
= , (1.34)
S —d sinf. + s cosf,

whereas by adding the mixing with the third generation, the mass eigenstates are

d d
5| =Veckm | s, (1.35)
b b
with
Vud Vus Vub
Vexkm = | Ve Vs Vi | (1.36)
Vie Vis Vi

where Vi is the Cabibbo-Kobayashi-Maskawa unitary matrix and V;; represents
the matrix coupling elements between up-type quarks (i) and down-type quarks (7).

Recent experimental values of all the CKM matrix elements V;; can be found in [6].
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1.3 CP Violation

CP violation is one of the requirements for the matter and anti-matter asymmetry in the
universe [12]|. Occurring via Electroweak interactions (see section 1.2), CP violation is
included through the elements of the CKM matrix [11,13-15] in the SM. These elements
parametrize the weak charged current interactions. The accurate determination of the
CKM matrix elements is currently a central goal of particle physics, and is particularly
addressed by the LHCb experiment. Measurements related to the CKM matrix provide
sensitivity to the effects of new physics beyond the SM.

As introduced in section 1.2.1, the CKM matrix is a 3x3 unitary complex matrix.

The postulated unitarity of Vog s
Ve gnVorn = VoruVign = 1, (1.37)

implies six orthogonality conditions
3
S ViVii =0 (i,j=1,2,3 and i # j), (1.38)
k=1
and three normalization conditions
3
d Vil =1 (j=1,23), (1.39)
k=1

on its complex elements, which reduces to nine the number of free parameters defining
the matrix. By global phase rotations of the quark fields [16], five of these free param-
eters can be removed. Hence, the CKM matrix is completely defined in terms of four
independent parameters, three mixing angles and one complex phase, where the latter

accounts for CP violation.

The six orthogonality relations deduced from equation 1.38, which parametrize the
CKM matrix can be represented as triangles in the complex plane. The most commonly

used unitarity triangle, sketched in figure 1.1, arises from

VaudVy + VeaViy + ViaVig, = 0, (1.40)
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(p.n)

Via
Vea Vi

(0,0) (1,0)

Figure 1.1: The unitarity triangle. Reproduced from [6]

Measurements of the angles of this triangle will be major elements of the LHCb
programme, notably the angle v which is the least well known. However, this thesis
will concentrate on rare decay measurements and this is not discussed further. More

details on LHCb ~ prospects are given in [17,18].

1.4 Quantum Chromodynamics

QCD is the theory of strong interactions. It is based on the gauge symmetry SU(3)c,
which is a non-Abelian Lie group, where the subscript C' stands for colour. Local
transformations of this group keep the Lagrangian invariant. The strong colour charge
interactions are mediated by 8 gauge bosons called gluons such that there are 8 gener-
ators in SU(3)c¢.

By applying the gauge principle, the QCD Lagrangian is written as

Laen =3 a(x) (il) — my) ale) — 1G5, CL" (1.42)

q

where G7), denotes the QCD strength tensor with

G, = 0,47 (z) — 0, A5 () + 9sfP A A,,, (1.43)

and f?7 are the structure constants, A7 are the gluon fields with a=1,...,8.

The coupling of the strong interactions «, written as

2

gs
= 1.44
as = (1.44)

10
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depends on the energy scale by means of the effective coupling such that

das(@?) . (02
o) = P (@), (145)

where () denotes the momenta scale and ( the expansion in « with
Bla) = —Ba* + O(a®) + ... (1.46)

The renormalisation in equation 1.45 includes corrections of higher order, which add

loop diagrams in the calculation. The QCD calculation is divided into two categories:

e The perturbative QCD regime which characterizes the short distance processes

and energies above the QCD scale characteristic [19].

e The non-perturbative QCD regime which characterizes the long distance pro-

cesses and low energy scales [20].

QCD is of great importance in the physics of LHC as it describes the production mecha-
nism and the decays of hadrons. While LHCb extracts mainly results on the processes
which occur via weak interactions, one has to consider also the strong interactions

which occur in between the hadron’s components.

1.5 Rare Semi-leptonic B Decays

Rare decays of b-hadrons provide another avenue to study new physics effects. b —
s quark transitions are not allowed in the SM Lagrangian and are induced by the GIM?
amplitudes [21] at the loop level. Hence, these decays are relatively rare, and can be
affected by the presence of new physics in loops.

Rare B decays occur via flavour changing neutral currents (FCNC). The rare B decays
of interest in this thesis are those which proceed via b — s and b — d transitions such
as By — K*utu~, By — K*e¢te” , Bt - Ktutu~, Bt — Ktete
By, — ¢outp~ . A particular emphasis is placed on B; — K*pu™ ™ in this section, which
is the decay studied in this thesis.

After motivating the study of FCNC rare decays in section 1.5.1 and the search of
NP in section 1.5.2, section 1.5.3 presents the Operator Product Expansion, which is
necessary to understand the combined effects of the strong and weak interactions. The

remaining sections are then more focussed on By — K*u™p~ . Section 1.5.4 provides

2GIM stands for Glashow, Iliopoulos, and Maiani.

11
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the relevant operators and the Wilson coefficients. Section 1.5.5 presents a number of
observables with significant NP sensitivity, which are experimentally accessible with
the much higher statistics available at LHCb. Finally in section 1.5.6, the results of

the Babar, Belle and CDF experiments are discussed.

1.5.1 Motivation

The study of FCNC in particle physics has played a key role in high energy physics
since the experimental discovery of the weak neutral current in 1973 by the Gargamelle
experiment at CERN [22], the direct observation of the neutral charge carrier, the Z
boson, by the UA1 and UA2 collaborations at CERN in 1983 [23] and its precise
measurement at LEP in 1989 [24].

In the SM, FCNC are forbidden at tree level and only occur at higher orders, via box
or penguin diagrams. New particles can form the same loop diagram and may modify
the SM amplitude. FCNC are of two types classified based on the number of quark
transitions in the event. FONC with AF = 2 are observed in K° — K°, B’ — B0 and
D° — D° mixings [25-27]. Those with AF = 1, like b — s transition, are observed in
By — K*utp~ , which is the decay studied in this thesis.

The By — K*utp~ [28-30] is a promising decay to search for new physics in LHCb.
The four body final state, as K* — K*7~, provides full angular information that is
complementary to that obtained from studying b — sy decays [31]. New particles
can form the same loop diagram and may modify the SM amplitude. Hence, the
angular distribution of the decay may be affected. B; — K*utpu~ offers a number of
observables that are sensitive to additional new physics parameters beyond the SM,
such as the forward backward asymmetry and its zero crossing point as well as the

Wilson coefficients (see section 1.5.4).

1.5.2 New Physics Searches

Although the SM describes successfully most of the elementary particle interactions, it
is not a complete theory. Astrophysical evidence has shown that the SM is incomplete,
for instance it does not contain a theoretical explanation of the existence of dark matter
in the universe, and as discussed in section 1.1 many unanswered questions remain.
The SM is interpreted as an effective theory valid at low energies. Therefore one needs
to go to higher energies, which are only achievable in particle accelerators. The energy

expected to be reached at the LHC could potentially reveal some hidden processes that

12
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have not been observed previously. Thus, the LHC experiments are good probes for
new physics phenomena [32].

Many theoretical extensions of the SM have been proposed. The most promising
prediction is Supersymmetry (SUSY) [33], which introduces a number of new particles.
So far, no direct evidences of any new particles have been observed in any experiment.

The By — K*utu~ decay is a good place to look for indirect observation of new
physics. As FCNC occur via penguin and box diagrams in the SM, any new particles
would add additional loop diagrams at the same level as the SM. The presence of new
particles inside the loops would affect observables as discussed in section 1.5.5. NP
effects can be detected at mass scales well above those which can be probed directly.

Its contribution can be introduced in different ways:

e Modification of the Wilson coefficient values due to the existence of new particles

contributing with new loop diagrams.
e Appearance of new complex phases which arise from Wilson coefficients.
e Creation of new operators.

e New FCNC transitions would affect the CKM unitarity triangles.

1.5.3 The Operator Product Expansion

Since the quarks are bound in hadron states, the effects of QCD and the weak in-
teraction are inextricably linked. The Operator Product Expansion (OPE) [34] was
proposed to understand the effects of the weak and strong interactions together. It
allows the factorization of the electroweak and perturbative QCD effects from the non-
perturbative QCD. By applying the OPE formalism, the amplitude of a process from

an initial state I to a final state F' can be written as

A(I — F) = (F|Hepf|I) = Zc W(F|O; ()| 1), (1.47)

where H.ss is the effective Hamiltonian. C; are the Wilson coefficients and they encode
the short distance part of the interaction. O; are the Wilson operators and they describe
the long distance part of the interaction. The renormalization scale yu is chosen to be
of O(1GeV) for B-decays.

The Effective Hamiltonian of a semi-leptonic b — sll decay is written as

GV [Cov (1) Qo (1) + Croaly) Quoa(w)] . (1.48)

Heff(b — Sll) = Heff(b — S’)/) — \/§

13
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where the effective Hamiltonian of the b — s7 is given by [35]

Heff(b - S”Y) V;:th

(Z Ciu > + Cry (1) Q7 (1) + Cs(11) Qs (1)

(1.49)

By considering the amplitude A of the weak decay, the expression in equation 1.47

1s rewritten as

Al — F) = VCKMZC W(F|O; ()| 1), (1.50)

which gives a general parametrisation of new physics in a model independent way, and

can constrain some parameters with measurements as discussed in the next section.

1.5.4 Wilson Coefficients and Operators

As defined in section 1.5.3, the Wilson coefficients, C;, are process independent cou-
pling constants in the basis of effective vertices described by the local operator O;.
The coefficients C; encode the short distance physics and have been calculated pertur-
batively to Next-to-Next-to-Leading Order [36,37]. The Wilson coefficients relevant

to this study are C7, Cy and (g, and the relevant operators are Oy, Ogy and Oipa,

where
O, = T6m 2SCYOW(mbPR)baFW,
e _
Ogv = 16 Q(Sa’}/uPLba)(l’}/ﬂl), (151)
e _
Oroa = (Sa’7 Prb, )(l%%l)a

1672

The mixing is taken into account by the effective Wilson coefficients, C¢// and C§//.
In the SM, C¢/¥ and C¢/7 are defined as linear combinations of the original coefficients;

at leading order they are given by [38]

Cell = ¢ — Cy)3 — 4C4 /9 — 20C5 /3 — 80C /9,

(1.52)
Cs!l = Co+Y(q?),

where Y (¢*) represents the perturbative corrections to the Wilson operators O; - O.

Detailed expressions for the Wilson operators can be found in [39].
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Figure 1.2: Feynman diagrams for By — K*u*u~ in the SM. Reproduced from [{0].

1.5.5 Observables in B; — K*u ™

The By — K*p*p~ decay is a rare Flavour-Changing Neutral Current (FCNC) decay
which proceeds via b — s quark transitions at the loop level. It has a branching ratio
of 1.1070:52 x 1079 [6] and is sensitive to NP contributions through additional particles
that may occur in the loop. Figure 1.2 shows the dominant SM Feynman diagrams
for By — K*u™p~ . The middle and left diagrams are loop diagrams; both present a
v and Z emission going into two muons. The right diagram is a box diagram, which
presents double W exchange and the emission of two muons.

The By — K*utu~ decay provides a significant number of observables such as the
forward backward asymmetry, the dimuon invariant mass as well as the Wilson coeffi-
cients, which can be used to test the SM and to find any signs of new physics phenom-
ena. This section reviews the observables that are experimentally easy to measure. The
differential branching ratio is defined in section 1.5.5.1, the forward backward asym-
metry in section 1.5.5.3, and the K™ longitudinal polarization F}, and the observable
Sy in section 1.5.5.4.

1.5.5.1 Differential Branching Ratio

The differential branching ratio is given by

d’T 3 2 2 2 .9 2
didcosd, =3 [(1 + cos” 0))Hr(q°) + 2 cos 0, Ha(q”) + 2sin” 0,H (q )] , (1.53)
where ¢ is the dimuon invariant mass, 6; is the angle between the By (By) and the
pt(p™) vectors in the dimuon rest frame, as illustrated in figure 1.3.

The functions Hy,H 4 and Hj, are quadratic combinations of transversity amplitudes
which are given in terms of Wilson coefficients and hadronic form factors [41]. The

latter contain information from the non-perturbative part of the Hamiltonian. The
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u\?gw \‘Q _

P

Figure 1.3: Representation of the angles 0;, O~ and ¢ for By — K*utpu~. Repro-
duced from [40].

expression of the differential branching ratio in equation 1.53 is written such that the

Wilson coefficients can be extracted independently of ¢.

1.5.5.2 Dimuon Distribution

Figure 1.4 shows the differential branching ratio as a function of the squared dimuon
mass distribution for the SM and various Supersymmetry models. The shaded area
represents the SM prediction and the hadronic uncertainties. The solid and shaded lines
represent respectively the Supergravity (SUGRA) and Mass Insertion Approximation
(MIA)-SUSY models [42]. The two peaks are due to the J/¥ and ¥(2S) resonances.

As shown in figure 1.4 the curve representing the SM is clearly separated from those
of the Supersymmetry models, which reflects the overall rate differences between the
models. In LHCb the absolute branching ratio is difficult to measure due to the signifi-
cant uncertainties on the luminosity measurement. However, these uncertainties cancel
out by using instead the ratios between the distributions, like the forward backward

asymmetry distribution (see next section).

1.5.5.3 Forward Backward Asymmetry

The forward backward asymmetry (FBA) App is of great interest in the By — K*u*u~ decay.
It is a powerful tool to test the SM and search for NP. App is defined as the difference

between the number of forward-going events (6, < 7/2) and backward-going events
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Figure 1.4: Differential branching ratio as a function of the squared dimuon mass
distribution for the SM and various Supersymmetry models. The solid
line is the SM, the dotted and dashed lines corresponds respectively to
SUGRA and MIA-SUSY models. The purple line represents short dis-
tance contributions and the shaded area represents form factor related
uncertainties. Reproduced from [}3].

(6, > 7/2) divided by the total number of events:

L 0
d2F d2F
Ofdcosezm - fldcos@W
. b
Ars(a?) = : ' 50
427
fldcosﬁlm

The point where the value of Arp is zero, is referred to as the zero crossing point. The
measurement of the zero-crossing point s, of the FBA provides a clean measurement
of the ratio of the Wilson coefficients Cy and C7. At leading-Log approximation within
the Large-Energy- Effective-Theory the zero-crossing is predicted from [42]

2, 1— 3
R{CI = _Z2cel! . 1.55
e So 1 1+ ME. — 5 (1.55)

where 5) = qg/]\/[%d and 1, = my/Mp,. Measurement of this is discussed further in

chapter 5.
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1.5.5.4 F; and S;

In addition several other observables with NP sensitivity have been suggested for this
channel, notably F, and S5. The K* longitudinal polarization Fj, is defined as the
asymmetry between longitudinal decaying K* with respect to the total decaying K*:

1/2

Fr(¢?) = dcos @ dcost 1.
u(q) / o8 qu2dcosé’K// cos qu2dcos Ok (1.56)
21

—-1/2

where 0k is the angle between the kaon and the B in the rest frame of the K™ (see

figure 1.3). Fy, is also written as [44]

1/2

FL(q2)zé 16 / dcos Ok F(C+1) /d(F+F) —111. (1.57)

dg?d cos Ok dg?
~1/2

S5 is a double asymmetry, being a forward backward asymmetry for the K decay with

respect to K* and an asymmetry in the angle between the K-7m and dimuon planes:

w/2 3r/2
[ d¢ FBr-(¢*,¢) — [ d¢ FBk-(¢*,9)
—7/2 w/2
55((]2) = 27 1 ) (]‘58)
3
.({‘_{dCOSQKdedqui)isl;ﬁ{d(ﬁ
with
) d*T / d*T
F By (q? = [ dcosly———— — [ dcoslg——— 1.
(", 9) / COSUK 142 d cos O do COSUK 142 d cos O do (1.59)
-1 0

where ¢ is the angle between the normal to the K — 7 plane and the normal to the

dimuon plane (see figure 1.3). S5 can be expressed as [44]

N S [T B -T) /dI+71)
= +
~° - - 1.
Ss 3 /+/ / do / / dCOSOKdQQdCOSQKd¢/ . (1.60)
0 —1

0 3r/2 7/2

New physics can enter through the Wilson coefficients (see section 1.5.4). Similarly

to the zero crossing point $g of the App distribution, the zero crossing point of Ss,
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q2(S5) is also sensitive to NP contribution and is given by

_ —mme(Cﬁff + C;eff)
Ogeff + mb(C;ff + C«;eff)’

¢ (S5) (1.61)
where mp and m, are respectively the B meson and bottom quark masses. The primed
coefficients C’;ef ! have opposite chirality to the unprimed ones C;f 7. As discussed
in [44], App, F, and S5 may be extracted by counting signal events as a function of
only one or two decay angles. This makes them accessible with relatively small data

samples. Further detailed definitions of other observables are given in [41].

1.5.6 Recent Experimental Results

The By — K*u*tp~ decay is one of the most important modes that will be measured
in LHCb. It was first detected by Belle [45] and thereafter by the Babar [46] and
CDF [47] experiments. This section reviews recent experimental results from the Babar
[48, 49], Belle [50] and CDF [51] experiments. The number of B-B events produced
and the estimated branching ratios related to By — K*u*™p~ from these experiments

are presented in Table 1.2.

| Experiment | B-B events | B — K*u 'y events |  BR(By— K*'pfp~) |

Babar 384 million 64.4 (1.357539 £ 0.10)x107©
Belle 657 million 246.7 (10.7715 £0.9)x10~7
CDF ¢ 101 (1.06 +0.14 £ 0.09)x10~©

¢This was obtained with 4.4 fb~!from pp collisions at Tevatron.

Table 1.2: Number of B-B and By — K*utp~ events collected and measured
branching ratios for Bg — K*utpu~ .

From these experiments, the following backgrounds have been identified:

e The main source of background arises from random combinations of leptons from
semileptonic B and D decays. These decays were suppressed by the use of so-

phisticated selections using neutral networks [49].

e From B — J/¢YK* and B — ¢(25)K* decays. Cuts on the dimuon invariant
mass around the J/v¢ and ¥(2S) were applied to avoid contaminations from these

decays.

e From B—D(— K*r) 7 decays, where both pions are misidentified as leptons.

These events were vetoed by assigning the pion mass to a muon candidate, and
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requiring the invariant mass of the hypothetical K*)7 system to be outside the
range 1.84-1.90 GeV/c?,

e From ete™ — ¢g, with ¢ = u, d, ¢, s, which were estimated using mass side bands

and were subtracted.

The Babar Collaboration has made measurements of B — K*I*1~ decays [48], where
[ is either muons or electrons. The branching fractions (see table 1.2), the direct CP
asymmetry Agl(:), the ratio of rates to dimuon and dielectron final states Ry), and
the isospin asymmetry AX “ were measured. AK “is the isospin asymmetry between
the neutral B decays and the charged B decays, which are related by changing the d
to u quark, and is given by
['(B° — KO~y —¢T(B* — KWH*])

A = 1.62
! [(B° — K®0[+]=) + r[(B* — K®*[+])’ (1.62)

where 7 is the ratio of the B® and BT lifetimes. The measurements were made within
two ranges of ¢%: the low and high ¢? regions, which are respectively defined as 0.1 <
@ < 7.02 GeVZ/ch and ¢2 > 10.24 GeV2/ct. The measured A%, and Ry are
both in agreement with the SM prediction for the low and high ¢2 regions. For AX"
no significant asymmetry was found for the high and combined ¢? regions. However,
in the low ¢ region asymmetry of AN 7#"" ~ —0.2670%0 1+ 0.05 and AKX ~
—0.6670 72 4 0.02 were measured. Combining these two results, the value is found to
differ from the negigible asymmetry of the SM at 2.70.

Babar have also measured the App and F, [49]. The results are only quoted with
two bins of ¢? and have no significant tension with the SM. However, the Arp spectrum
is shifted towards the positive side of the SM expectation.

The Belle Collaboration has reported the highest statistics measurements of B —
K*I*1~ decays [50]. The branching fractions (see table 1.2), the differential branching
fractions, the isospin asymmetries, the K* longitudinal polarisation were measured
and are in agreement with the SM. The Collaboration has also measured the forward
backward asymmetry. The App(¢®) spectrum was found to be shifted towards the
positive side of the SM expectation, exceeding the SM by 2.70. The statistically less
significant shift seen in Babar is in the same sense.

The CDF Collaboration has also recently presented measurements of B — Kyt~
and first observation of the B — ¢u™p~ decays [51]. Measurements of the differential
branching ratio and the forward backward asymmetry as a function of ¢?, and the K*

longitudinal polarization from the kaon angle in the K*° rest frame are presented. These
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Figure 1.5: Forward backward asymmetry distribution of the By — K*utu~ from
the Belle (middle left) and CDF (right) experiments. The two shaded
regions correspond to the two veto regions of the J/v and ¢ (2S) reso-
nances. The K* longitudinal polarization F, (top left) and the isospin
asymmetry Ay (bottom left) distributions are also shown. Reproduced
from [50,51].

are the first measurements at a hadron collider. All these measurements including the
App are consistent with the SM and the B-factories measurements.

Figure 1.5 presents recent distributions obtained from the Belle and CDF experi-
ments. The forward backward asymmetry distributions are shown from both exper-
iments. Note that they both use the opposite sign convention of that used in this
thesis and defined in equation 1.54. In addition, from the Belle experiment, the K*
longitudinal polarization F} and the isospin asymmetry distributions are also shown.
As previously stated and within the error of the measurements, the App distributions

from CDF and Belle are in agreement.

1.5.7 Summary

This chapter provided an introduction to the SM theory of elementary particles dis-
cussing the electroweak and QQCD components of the theory. Particular emphasis was
placed on the rare B decay B; — K*utpu~, which is one of the golden modes in
the LHCb experiment. The By — K*utu~ decay is an important channel for indi-
rect measurement of any new physics phenomena, and observables that will be mea-
sured at LHCb were discussed. Recent experimental results from the B-factories and
the Tevatron on the measurements of various observables, which are significant for

By — K*u*pu~ were also presented.
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2 The LHCb detector

The Large Hadron Collider (LHC) is the main project of the European Organization for
Nuclear Research (CERN). The LHC restarted in November 2009. The LHCb detector
is one of the four main experiments of the LHC. LHCb is primarily designed to search
for signs of new physics through b-hadron decays.

This chapter gives a description of the LHCb detector. Section 2.1 presents the LHC
project. The LHCb experiment and each of its sub-detectors are described in section
2.2.

2.1 The LHC Accelerator

The Large Hadron Collider (LHC) [52, 53] is a proton-proton collider built at the
European Organization for Nuclear Research (CERN) [54]. The LHC has a circular
shape with a 27 km circumference and is placed approximately 100 m underground
across the French-Swiss border near Geneva. The LHC ring is installed in the tunnel
where the Large Electron Positron (LEP) [55] collider was placed previously. The
accelerator will collide protons with a centre of mass energy of up to 14 TeV and a
bunch-crossing! frequency of 40 MHz at a maximum luminosity? of 10** em=2s~!. This
section gives an overview of the LHC and its four main experiments.

The LHC infrastructure has a pre-accelerating system, injection system and a main
ring (see figure 2.1). First, protons are produced from hydrogen atoms and then injected
into the Linear Accelerator (LINAC2) [56], which gives them an energy of 50 MeV. The
second accelerating process happens in the Proton Synchrotron Booster (PSB) [57]
where the protons reach an energy of 1.4 GeV. Then the protons pass into the Proton
Synchrotron (PS) [58] to gain an energy of 26 GeV. Before entering the LHC, the
protons are accelerated to an energy of 450 GeV by the Super Proton Synchrotron

LA bunch refers to the distribution of particles during the accelerating process.

2The luminosity is the measure of particle flux. It is given by the product of the number of particles
in each bunch divided by the beam cross-sectional area and divided by the time interval between
collisions.
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(SPS) [59]. Finally, the protons are injected in the LHC where they reach an energy
of 7 TeV.

CERN Accelerators

(not to scale)

ALICE © %

— PIOIONG.
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Figure 2.1: Schematic overview of the accelerator system at CERN. Reproduced
from [52].

The LHC is made with two beam pipes in order to circulate protons in both di-
rections. Furthermore, its superconducting dipole magnets provide 8.4 T to keep the
protons trajectory inside the beam pipe. The LHC parameters are given in Table 2.1.

The proton-proton collisions take place in four interaction regions along the LHC,
where the four experiments are located (see figure 2.2). The LHC detectors aim to

make precision measurements of known standard model physics and search for new
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‘ Parameter ‘ Value ‘ Unit ‘
Circumference of the Ring 27 km
Proton energy at injection 0.450 TeV
Proton energy at collision 7 TeV

Center of mass energy 14 TeV
Circulating beam current 0.582 A
Luminosity 10%* cm 2571
Number of Bunches 2808
Number of particles per bunch 1.5x10"
Time between beam crossings 25 ns
Beam size at [P8% 70.9 pm
Crossing angle at TP8 200 prad
Bunch length 7.55 cm

2TP8 is the LHCD collision point

Table 2.1: The main parameters of the LHC accelerators. Information taken from

[52].

Overall view of the LHC exeriments.

-

=

Figure 2.2: Querview of the four main experiments ot the LHC. Reproduced from

[52].

physics. The primary aims of the Toroidal LHC ApparatuS (ATLAS) [60] and the
Compact Muon Solenoid (CMS) [61] detectors are to search for Higgs boson(s), Super-
symmetry particles (SUSY) and signs of other directly produced phenomena that can

be directly or indirectly inferred from data (e.g. extra dimensions). A Lead Ion Col-
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lider Experiment (ALICE) |62] is focused on analyzing heavy-ion® (Pb-Pb) collisions to
study the quark-gluon plasma. Finally, the Large Hadron Collider beauty experiment
(LHCD) [63], which is the topic of this thesis, is designed for new physics searches
through the study of b-physics.

2.2 The LHCb Experiment

The Large Hadron Collider beauty experiment (LHCb) is designed for precise mea-
surements of CP violation and rare decays of hadrons containing b-quarks. It will also
have significant research capabilities in other areas, notably in charm physics.

The LHCb detector, as shown in figure 2.3, is a forward-arm spectrometer and has
an angular acceptance of £250 mrad in the yz plane* and £300 mrad in the zz plane
and measures 20 m long in the beam direction (z). Figure 2.4 presents the production
angles of the b mesons at the LHC. Both the b and the b are produced in the same
hemisphere. The LHCb detector covers 34 % of the produced b-quarks in the proton-
proton collisions.

The LHCb experiment will be operated at an instantaneous luminosity of 2 x
1032 em~2s™!, which is a factor of 50 lower than the maximum luminosity of the LHC.
At this luminosity there is most probably only one proton-proton collision per crossing.
This has been chosen so that the trigger can accurately identify the primary produc-
tion vertex and the decay vertex of the b-hadrons. Running at this reduced luminosity
also reduces the radiation damage in the detector. This is an important issue for the
Vertex Locator which is only 7 mm from the LHC beam. This reduced luminosity has
been obtained by having a relatively defocused beam at the LHCDb interaction point
compared with ATLAS and CMS.

In the following sections each of the sub-detectors in the LHCb experiment is de-
scribed. Section 2.2.1 describes the Vertex Locator in more detail, as much of the
work in this thesis relates to this detector. Sections 2.2.2 to 2.2.6 are dedicated re-
spectively to the Ring Imaging Cherenkov detector, the Magnet, the Tracking System,
the Calorimeters and the Muon System. Section 2.2.7 and section 2.2.8 describe the
experiment’s Trigger System and Online System. The software and offline processing

of the experiment is outlined in section 2.2.9.

3The LHC will collide lead nuclei at centre of mass energies of 5.5 TeV per colliding nucleon pair for
a short period each year. [52]

4The LHCD coordinate system is a right handed system with positive z running along the beam-line
away from the interaction point and positive y 'upward’. Positive x points toward the cavern
access and away from the LHC cryogenics.
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Figure 2.3: The LHCb detector showing all sub-detectors. From left to right: the
VErter LOcator (VELO), the first Ring-Imaging Cherenkov Detector
(RICH1), the Trigger Tracker (TT), the Magnet, three Tracking Sta-
tions (T1 - T3), RICH2, the Silicon Pad Detector and Pre-Shower
(SPD/PS), the first Muon Station (M1), the Electron and Hadron
CALorimeters (ECAL, HCAL) and finally the Muon Stations (M2 -
M5). Reproduced from [63].

Figure 2.4: Polar angle distribution of bb quarks produced in p-p collisions at the
LHC. Reproduced from [64].
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2.2.1 The Vertex Locator

The Vertex Locator is the first tracking system of the LHCb detector. It is designed
to provide precise measurements of track coordinates close to the interaction point,
obtaining the position of the primary proton-proton collision vertex and the secondary
decay vertices of b-hadrons. The determination of the position of the displaced sec-
ondary vertices with great precision is crucial in b and c-hadron decays both for their
identification in triggering and for time dependent analyses.

The VELO, as shown in figure 2.5 left, is divided in two halves and the active elements
are arranged in 21 stations along the beam direction. The first 2 stations located
upstream of the VELO are the pile-up system. The pile-up veto system distinguishes
between crossings with single and multiple visible interactions, thus only events with
a single interaction are selected.

The VELO silicon sensors in each of the 21 stations have an inner radius of 7 mm.
This distance is smaller than the aperture required during the LHC injection, hence
the two VELO halves have been designed to be retractable. Therefore, as represented
in figure 2.6, the VELO can be moved between open and closed positions. In the open
position, as shown in figure 2.6 left, the halves are retracted by 30 mm each side. This
position is necessary to prevent damage to the detectors during the LHC injection.
Once stable beam collisions are obtained in the LHC, the VELO is moved to the closed
position, as shown in figure 2.6 right. In this position the modules on each half overlap
slightly which allow a complete coverage of azimuth angle and eases the alignment of
the VELO [65]. Each VELO module has two different types of strip sensors placed
back to back, R and ¢ sensors (see section 2.2.1.2).

In order to reduce the material traversed by a charged particle before it crosses the
sensors, the VELO detectors are not placed outside a beam pipe but rather inside a
vacuum. The detectors are located in a secondary vacuum separated from the LHC
primary vacuum by a 300 pgm thin aluminium sheet with a corrugated surface. This
aluminium foil both protects the integrity of the LHC vacuum from outgassing by the

modules and prevents electronic pickup from the beam on the sensors.

2.2.1.1 Requirements

Primary and secondary vertex reconstruction is fundamental to the b-physics aims
of LHCb. The determination of these parameters provides an accurate measurement
of the particle lifetime. This is used in the High Level Trigger for the selection of
events with enriched b-hadron content and in the LHCb offline physics analysis. To
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Figure 2.5: (Left) Schematic of the LHCb Vertex Locator. Reproduced from [66].
(Right) Schematic comparison of the R and ¢ VELO Sensor layout.
Reproduced from [67].

Figure 2.6: Schematic view of the VELO detectors in (Left) the open position
(Right) in the closed position. Reproduced from [66].

fulfil efficiently its primary role during LHCb operation, the VELO is required to meet

several conditions:

e The VELO aims for a Signal to Noise ratio greater than 14 to ensure an efficient
trigger performance. The signal to noise value is equal to the most probable
signal value from a cluster of strips when an ionizing particle traverses the sensor

divided by the root mean square of the noise value of an individual channel.

e An accurate cluster spatial resolution is required. The achieved value is about

10 pm for perpendicular tracks and improves to 4 um at the optimal track angle
of ~ 10°.

e The VELO has to measure at least three space points for particles with pseudo-
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rapidities in the range 1.6 < 1 < 4.9 and primary vertex position in the range
|z| < 10.6 cm. Hence, the angular acceptance of the downstream detector is

covered.

e The VELO modules are designed to operate in an extreme radiation environment
with non-uniform particle fluences. The expected fluence after an integrated
luminosity of 2 fb~!T in the innermost region of the silicon sensor is 1.3 x 10
1 MeV neutron equivalents (ne)/cm?. The irradiation is highly non-uniform and

decreases to 5 x 10" ngq/cm?

at the outer edge of the silicon. The modules are
required to be able to be fully depleted for at least 3 years of nominal LHCb

operation.

e The VELO uses a cooling system to remove the heat generated in the readout
chips and to maintain the sensor temperature between -10°C and 0°C which limits

the effects due to radiation damage.

2.2.1.2 The VELO Sensors and Modules
2.2.1.2.1 The Sensors

The VELO sensors are located as close as 7 mm from the LHC beam axis. The severe
radiation induced damage at this region required the development of radiation tolerant
technology. The VELO sensors® are silicon strip sensors made with n*-implants in n-
bulk technology with p-spray for strip isolation (see figure 2.7). Alternative techniques
of strip isolation are described in more details in chapter 4.

The fabrication process of this type of sensor requires double sided processing [68]
with guard-rings on the back to prevent high electric field strengths at the edge of the
sensors which lead to avalanche breakdown. After type inversion® [69], the junction
grows from the front n* side where the signal is picked up. The nt-on-n detector does
not guarantee that it will be fully depleted but it is more beneficial when operated
under depleted after type inversion. An explanation of the theory of silicon detectors
is presented in chapter 4.

The VELO sensors use (r,¢) geometric coordinates, with R and ¢ type measuring

sensors. The two types of sensors have the same semi-circular shape and are both

2 fb~!corresponds to one nominal year of running in LHCb

5The LHCD sensors were manufactured by Micron Semiconductors Ltd.

6The type inversion occurs such that irradiated at a certain dose, an n-type bulk material effectively
turns into p-type.
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Figure 2.7: Illustration of an unbiased n™-on-n silicon detector.

300 pm thick. Each one has 2048 strips. Figure 2.5 right, shows a schematic com-
parison between the R and ¢ VELO sensor layout. Their principal characteristics are

summarized in Table 2.2.

The R sensor, as illustrated in figure 2.8, has strips arranged radially. Hence, It
provides information on the radial distance from the beam axis of a traversing particle.
As shown in figure 2.8 left, the R sensor is divided in four regions such that an angle of

45° in ¢ is covered by each strip. The strip pitch” varies between 40 ym and 101.6 pm.

The other type of sensor, called ¢ sensors, has strips arranged approximately az-
imuthally. It provides information on the azimuthal coordinate around the beam axis.
The ¢ sensor strips are divided into inner and outer regions. This division reduces the
overall strip length, hence, the strip occupancy as well as its capacitance. The strip
pitch in the inner region varies between 35.5 ym and 78.3 pum, while in the outer region
it varies between 39.3 ym and 96.6 ym. The inner and the outer strips make a small
angle with respect to the radial line, called a stereo angle. The inner strips make a
20° angle with respect to a radial line at the start of the strip (8 mm from the beam).
The outer strips are -10° from the radial line at the start of the strip (17 mm from the

beam).

The modules are arranged so that the ¢ sensor on the subsequent module is flipped
by 180°. Hence, two subsequent ¢ sensors have strips with opposite stereo angles.

These angles improve the pattern recognition for tracking.

"The strip pitch corresponds to the distance between the current strip implant to its neighbouring
strip.
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‘ ‘ R-sensor ‘ ¢-sensor
Number of sensors 42+4(VETO) 42
Readout channels per sensor 2048 2048
Sensor thickness 300 pm 300 pm
Smallest pitch 40 pm 38 pm
Length of shortest strip 3.8 mm 5.9 mm
Length of longest strip 33.8 mm 24.9 mm
Inner radius of active area 8.2 mm 8.2 mm
Outer radius of active area 42 mm 42 mm
Angular coverage 182° 182°
Stereo angle - 10°-20°
Double metal layer yes yes
Average occupancy 1.1 % 1.1/0.7 % inner/outer
Table 2.2: The main characteristics of the VELO sensors. Information taken from
[66]
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Figure 2.8: (Left) Schematic illustrating the r-¢ geometry used for the VELO sen-
sors and their main characteristics. (Right) Photograph of a VELO
module. Reproduced from [66].

2.2.1.2.2 The Modules

A VELO module consists of an R and ¢ sensor, glued back-to-back, mounted together

on an electronics hybrid. This is supported on a carbon-fibre paddle [70]. Figure 2.8

right shows an annotated picture of a VELO module. The front-end electronics on

each module consist of 32 Beetle readout chips [71]. The sensors are connected to the

electronics on the hybrid with wire bonds. Various readout circuit components are

also mounted on the hybrid. Kapton cables are connected onto the hybrid to route

signals in and out of the modules. These cables are also used to supply low voltage
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power, control signals to the electronics and high voltage to bias the sensors. The
hybrid is equipped with cooling blocks in order to compensate the heat generated from
the electronics and to maintain the sensor temperature below -5°C. Four Negative
Coefficient Thermistors (NTCs) mounted on the hybrid are used to monitor the sensor

and module temperatures.

2.2.1.2.3 Electrical Readout Chain

A charged particle traversing the sensor produces electron-hole pairs in the silicon.
These are drifted under the bias voltage and the electrons are collected on the nt-
strips implants. This signal is read out from the strips by Beetle front-end chips. Each
single chip reads out 128 channels using four readout ports with 32 readout channels
per port. Hence, each R or ¢ sensor is equipped with 16 Beetle front-end chips.

The VELO electrical readout chain is illustrated in figure 2.9. The analogue signal,
which has been collected from the strips, is integrated through a pre-amplifier. The
integrated signal is then transferred to a shaper which formats the pulse in order to
obtain the appropriate response. The signal then passes into an analogue pipeline to
match the trigger latency (see section 2.2.7). The data is brought off the chip at a
frequency of 40 MHz.

After being collected by the Beetle chip, the signals are routed out to the repeater
boards via two sets of kapton cables. Then they are driven by line drivers to the TELL1
boards [72] via 60 m analogue cables. The repeater boards also host other signals: the
clock and fast command signals supplied by the control boards, configuration signals
from control boards and temperature monitoring signals to the temperature boards.
The TELL1 is an FPGA® based acquisition system. Within the TELL1, the signals
that arrive from the analogue cables are digitised and then undergo different stages
of processing such as pedestal subtraction, common mode subtraction and clustering.
The output of the TELL1 processing is the raw VELO data. The analysis of these
data for the VELO performance and monitoring is performed using a software package
called VETRA [73].

2.2.1.3 The Vacuum System

The LHC beam circulates inside a beam pipe at very low pressure, of the order of

107® mbar. In the VELO the primary vacuum is at this pressure and the secondary

8FPGA stands for Field Programmable Gate Array. It is an integrated circuit containing a large
number of logic blocks that one can program.
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Figure 2.9: Schematic of the VELO electrical readout chain. Reproduced from [66].

vacuum containing the detector has a pressure below 10~ mbar. The use of a secondary
vacuum prevents any contamination to the primary vacuum from outgassing of the
modules.

Operating the VELO under vacuum implies that the primary and secondary vacuum
are kept at pressure close to each other. A pressure difference of 20 mbar between
the primary and secondary vacuum can cause a considerable damage to the RF-foil.
Hence, during venting and evacuation of the VELO vacuum system a special procedure
is followed so that the pressure difference between the beam and detector vacuum will
never exceed 5 mbar overpressure in the detector vacuum and 2 mbar overpressure in

the beam vacuum.

2.2.1.4 The Cooling System

The operation of the VELO requires the use of an active cooling system in order to
transfer the heat generated by the front-end electronics outside the system. More-
over, the silicon sensors must be operated at low temperatures to reduce the radiation
damage. A power of approximately 20 W is consumed by one VELO module during
operation. Under vacuum, this power would raise the temperature and damage the
electronic components. The cooling system ensures that the heat generated by the
electronics is extracted and keeps the silicon sensor temperature below -5°C. The cool-
ing system uses a COs liquid coolant. The cooling liquid is dissipated through 5 cooling
blocks attached to each VELO module.
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2.2.1.5 The Motion System

During the beam injection and damping, the VELO modules have to be moved away
from the interaction region by 30 mm. After stable beam conditions are obtained,
the detectors will be placed into an optimized position. The motion system can be
adjusted within 5 mm in z and y to that position, as the beam position may change
from fill to fill. The VELO has a motion mechanism that is used to bring the detector
to its required position with a precision of approximately 10 ym. The motion system is
remotely controlled by a Programmable Logic Controller (PLC). The VELO modules
can be moved independently in z, and together in y. The motion system has a series

of stops that prevents the system from moving beyond mechanical limits.

2.2.1.6 The Low Voltage and High Voltage Supplies

In order to operate the VELO modules, low voltage and high voltage systems were
developed. They are installed in a radiation and magnetic field free zone in the LHCb
cavern, called the counting house. The counting house is separated from the LHCb
experimental zone by a thick concrete wall. Both high voltage and low voltage systems
have hardware interlocks to prevent damage and provide safety in case of malfunctions.

The high voltage system supplies reverse bias to the VELO silicon sensors. The
sensors are supplied a reverse bias voltage between 100 V and 500 V. As the sensor is
irradiated, the voltage supplied will have to increase. The LHCb VELO high voltage
system is described in detail in chapter 3.

The low voltage system supplies voltage to the analogue and digital part of the front-
end chips, to the line drivers and to the digital circuitry of the control boards for the

control signals (see section 2.2.1.2.3). Further details can be found in [66,67].

2.2.2 The Ring Imaging Cherenkov Detector

The Ring Imaging Cherenkov (RICH) detector is designed to provide good particle
identification [63,64| between pions, kaons and protons. Particle identification is nec-
essary to differentiate between CP-violating decays with identical topologies. The
RICH system is composed of two detectors, RICH1 and RICH2 [66, 74]. Schematic
views of RICH1 and RICH2 are presented in figure 2.10.

Cherenkov detectors are used to distinguish charged hadrons with different mass.
Electromagnetic (Cherenkov) radiation is emitted when charged particles traverse a

material with velocity v exceeding the local phase velocity of light in that material.

34



2 The LHCbD detector

RICH1 RICH2

Aerogel | C4Fy | CFy
n 1.03 1.0014 | 1.0005

Omax (mrad) 242 53 23
p range (mrad) | 1-15 10-60 | 50-150

Table 2.3: The values of the radiator characteristics used in RICH1 and RICH2. n
is the refractive index, Opqy 1s the saturation angle (when f=1) and p
the working momentum range. Information taken from [66].

The radiation is emitted in a cone with an angle . The relation between the angle

of emission O and the particle velocity v is as follows

1

T’ (2.1)

cosfo =
where n is the refractive index of the material transversed and 3 = v/c. The velocity
of the particle can be determined by measuring the angle 6, and when the momentum
is known from the tracking system, the particle mass can be extracted. The RICH
system uses three different materials with different refractive indices to cover the whole
spectrum. The main parameters of the RICH radiator materials are listed in Table 2.3.

The RICH1 detector is placed between the VELO and the trigger tracker. It is
designed to identify low momenta particles with Aerogel and C4F, radiators. Aerogel
facilitates the identification of pions and kaons with a momentum range 1 < p <
15 GeV/c, whereas the C4F19 gas allows the identification of pions and kaons with
momentum range 10 < p < 60 GeV/c.

The RICH2 detector is placed between the T-stations and calorimeters. It uses CFy
gas as a radiator material. CF, gas allows the detector to identify pions and kaons
with momentum in the range 50 < p < 150 GeV /c.

The Cherenkov light emitted in the radiators will be collected on a plane of photode-
tectors. They consist of Hybrid Photon Detectors (HPD), which combine a vacuum

photo-cathode and a pixel sensor [75] to have single photon resolution.

2.2.3 The Magnet

The LHCb detector has a dipole magnet which bends charged particles. The analysis of
particle tracks before and after the magnet provides the measurement of their momenta.
The measured momentum values up to 200 GeV/c are obtained with a resolution of

op/p ~ 0.4 %. An integrated magnetic field of 4 Tm is provided to achieve this
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Figure 2.10: Schematic view of the RICH detectors. (Left) RICHI detector. (Right)
RICH? detector. Reproduced from [66].

precision. Moreover, the field has to be uniform along the transverse direction. The
magnet, as shown in figure 2.11, is a conventional (non-superconducting) warm dipole.
During LHCb data taking, the magnetic field can be reversed regularly in order to

study systematic asymmetries that could fake CP violation effects.

2.2.4 The Tracking System

The LHCb tracking system [66, 76, 77| will determine particle tracks in the region
between the two RICH detectors and will measure particle momenta. It is composed
of 4 stations arranged along the beam direction, the Tracker Turicensis (TT) stations
and the 3 T stations (T1, T2, T3). The information from the 4 tracking stations
are combined with those obtained from the VELO and the RICH system in order to

perform a complete reconstruction of a particle trajectory and track association.

2.2.4.1 Tracker Turicensis

The TT stations are located between RICH1 and the Magnet. It consists of 4 silicon
detector layers arranged in two pairs, (z,u) and (v,z). Figure 2.12 left illustrates the

layout of a silicon detector layer on the T'T stations. Each pair is composed of one layer
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Figure 2.11: Schematic view of the LHCb detector magnet. Reproduced from [66].
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equipped with vertical readout strips (z) and one layer equipped with readout strips

rotated by a stereo angle £5° with respect to the vertical direction. The u direction

corresponds to a positive rotation (+5°) and v corresponds to a negative rotation (-5°).

This arrangement prevents ambiguities between the measured hits in order to measure

the transverse component of the particle momenta.

readout

hybrids
L sectors
M sectors —# IS
o
K sectors Tt S e § g
Lo rrrr -
half- |
module
readout __| —
hybrids
145.8 cm
168.8 cm

132.8 cm

Figure 2.12: Schematic view of a v Tracker Turicensis layer (left) and an x IT layer

readout hybrids —

p—

-

detector

module

readout hybri

(right). Reproduced from [63].

37

19.8 cm

125.6 cm

414 cm
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2.2.4.2 Inner and Quter Tracker

The Tracker stations consist of T1, T2 and T3 stations. Each station is divided into
the Inner Tracker (IT), closest to the beam pipe and the Outer Tracker (OT).

The IT [76], as shown in figure 2.12 right, is constructed with silicon micro-strip
detectors. It is designed to perform measurements in the inner region of the tracking
system. Each station design is similar to that of the TT stations (see section 2.2.4.1).
The spatial resolution of the IT is approximately 50 pym with 1 % occupancy per
channel.

The OT [77] is composed of straw drift-tube modules with diameter of 5 mm and
pitch of 6 mm each. The OT uses a mixture of Argon (70 %) and CO, (30 %) to ensure

fast drift time (approximately 50 ns) and spatial resolution of approximately 200 pm.

2.2.5 The Calorimeters

The calorimetric system in LHCD is designed to identify hadrons, electrons and pho-
tons [66, 78]. Their energy and position are also measured by the calorimeters. This
information is used by the first level trigger system to select events with high trans-
verse energy, which are typical for B-decays, as well as for energy reconstruction used
in further analyses. The calorimetric system is located between the first and second
muon system. It is made of separate layers of active and passive (absorber) materials.

The energy of an incident particle is lost after a cascade of interactions with the ab-
sorber material of the calorimeter. During this process, showers of secondary particles
are produced. The total energy of all showers absorbed in the active material is mea-
sured, which corresponds to the initial energy of the incident particle. The calorimetry
system consists of the Scintillator Pad Detector (SPD), Pre-shower (PS), Electromag-
netic Calorimeter (ECAL) and Hadronic Calorimeter (HCAL). The following sections

give a brief description of this system.

2.2.5.1 Scintillator Pad Detector and Pre-shower

The SPD is made of 15 mm thick scintillator pads. It will distinguish between electrons
and photons®. The PS is positioned after the SPD. They are separated by a 12 mm lead
wall, called the lead converter that induces electromagnetic showers. The PS is also
made of scintillator pads. It will measure the position of the induced showers in order

to separate electrons and hadrons.

9The photon will traverse the scintillator without creating any signal.
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2.2.5.2 Electromagnetic Calorimeter

The ECAL will be used to measure the energy of the electrons and photons. It has
a modular design and is composed of alternating layers of 2 mm of lead and 4 mm of
scintillator. Each ECAL module is constructed with 66 layers of lead and 66 layers of
scintillator that corresponds to a total radiation length of 25 X,. The energy resolution
of the ECAL is given by

o(E) 10%

S/ 1 2.2
5 \/E@ %, (2.2)

where E is the energy in GeV.

2.2.5.3 Hadronic Calorimeter

The HCAL is designed to measure the energy of the charged hadrons. Its structure
alternates 16 mm thick of iron plates and 4 mm thick of scintillator tiles. The energy
resolution of HCAL is

o(E) 80%

B S/, 10 2.3
5 \/E@ %, (2.3)

where E is the energy in GeV.

2.2.6 The Muon System

Muons with high transverse momentum (p7) are present in the final states of a number
of important B-decay channels. The penetrative power of these muons makes them
simple to use in the trigger system.

The LHCb muon system is composed of 5 detector stations [66,79]. The first muon
station, M1, is placed before the SPD. M1 provides the transverse momentum for
the first level trigger system. The other four, M2-Mb5, are located behind the HCAL,
separated by 80 cm thick iron plates. The iron plates prevent any electron or hadron
contamination, such that only muons with an energy above 6 GeV reach the M5 station.

Each muon station is built from multi-wire proportional chambers (MWPCs). The
MWPCs provide a full response within the bunch crossing period of 25 ns. There-
fore, hits are assigned unambiguously to their corresponding bunch. Since the particle
flux is inversely proportional to the distance from the beam pipe, the muon stations
are divided into regions of different granularity. The innermost region of M1 exceeds

the capabilities of MWPCs detectors. Hence, gas-filled pad detectors using electron
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multiplier (GEM) foils are employed in that region of the detector [80]. The MWPC
and GEM chambers are arranged such that a projective geometry with respect to the

interaction point is kept throughout the stations.

2.2.7 The Trigger System

The event rate of visible interactions is 10 MHz at a luminosity of 2x 1032 cm=2s~!. This
frequency is 4 times lower than that of the nominal LHC bunch crossing (40 MHz) due
to the bunch structure and the LHCb luminosity. The trigger system [66,81] reduces
this event rate to 2 kHz. This reduction is performed in two trigger levels: level 0
trigger (LO) and high level trigger (HLT).

2.2.7.1 Level O Trigger

The LO trigger is designed to reduce the event rate to 1 MHz. The frequency of
1 MHz allows an entire read out of the LHCb detector while retaining as many inter-
esting events with b-hadrons as possible.

The LO examines the overall event multiplicity from the pile-up detectors and the
event’s energy from the calorimeters and momentum from the muon system. A fast re-
construction is performed of the highest transverse energy (E7) clusters in the calorime-
ters typical of hadrons, electrons and photons, and of the two muon candidates with
the highest transverse momentum (p7) in the muon chambers. This event processing
is illustrated in figure 2.13.

The LO is typically at least 80 % efficient for events containing a muon from a B-
decay, 50 % efficient for events containing a hadron from a B-decay, and 30 % efficient

with electrons from a B-decay.

2.2.7.2 High Level Trigger

The High Level Trigger consists of C++ programs that run on every CPU of the Event
Filter Farm (EFF). The EFF is expected to have up to 2000 computing nodes (CPUs).
The HLT can in principle have access to information from all sub-detectors to perform
the event selection. Thus, it could execute off-line selection algorithms. The HLT is
subdivided in two stages, HLT1 and HLT2.

The HLT1 is the first stage of the HLT. It aims to refine the L0 decision by recon-
struction of particles in the VELO and T-stations that correspond to L0 objects. HLT1
is composed of ‘alley’ algorithms in order to reduce the event rate to approximately
30 kHz. Each alley addresses one of the trigger types of the LO trigger. About 15 % of
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Figure 2.13: Schematic of the Level 0 trigger system. Reproduced from [66].

events are accepted by multiple LO triggers, hence they will be passed through multiple
HLT alleys.

The HLT?2 executes exclusive and inclusive triggers. The exclusive trigger will re-
construct specific B final states, whereas the inclusive trigger will reconstruct partial
B decays such as ¢ X, J/¥X, D*X, p=X, p*hX, u*pu~ X, where h indicates a charged
hadron and X any additional tracks. The final trigger operates the logical OR of the
exclusive and inclusive selections. The HTL2 output rate will be approximately 2 kHz,

the rate at which events will be written to disk.

2.2.8 The Online System

The Online system [66,82,83] is composed of three main sub-systems, Data Acquisition
(DAQ), Timing Fast Control (TFC) and Experiment Control System (ECS). It ensures
the data is transferred from the front-end electronics to permanent storage under known
and controlled conditions. It includes also configuration and monitoring of operational

parameters such as temperatures or pressures.

2.2.8.1 Data Acquisition System

The DAQ system will deliver the data that has events selected by the trigger system
to the Event Filter Farm. The data is primarily collected, then transported from the
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front-end electronics to permanent storage. The DAQ system is designed such that
it can cope with high event rates, various data rates and different event sizes. The

average event size in LHCb is approximately 150 kB.

LHCb uses two types of motherboards for data collection, digitization and pre-
processing. The UKL1 boards are utilized on the RICH DAQ system, whereas the
TELL1 boards [83] are employed on all the other sub-detectors of LHCb.

The two motherboards, UKL1 and TELL1, are controlled by a readout supervisor.
The readout supervisor transmits the trigger signal and [P address to which the boards
have to send the data. The IP address corresponds to a specific machine in the EFF
which runs a software algorithm that reconstructs events based on the data received.
The events are then processed by the HLT system. Only events that pass the trigger

system selection are recorded.

2.2.8.2 Timing and Fast Control System

The TFC system drives the data acquisition system. It provides the clock signals to
the DAQ boards and front-end electronics. In addition, the LO trigger decision to the
boards originates from the TFC system.

The TFC system organizes the addresses to where the data is sent to the EFF. The
events are transferred in multiple packs in LHCb which reduces the used bandwidth.

The size of these packs are defined by the TFC system.

2.2.8.3 Experimental Control System

The ECS is in charge of the control and monitoring of LHCb experiment. It is used to
configure different parts of the experiment. The performance of various components of
LHCDb is monitored by the ECS, such as in the VELO case the current drawn by the
silicon sensors, the temperature of the hybrid and the vacuum pressure. The ECS has
the capability to react in case of emergencies in the global system.

The ECS software has been built using PVSS II. PVSS is a commercial Supervisory
Control And Data Acquisition (SCADA) system. It provides the infrastructure re-
quired to construct the ECS, such as graphical libraries. This toolkit is used to create
operational panels, and alarm components. Figure 2.14 presents an overview of the
structure of the LHCb ECS system. The use of this system for the VELO HV system

is discussed in chapter 3.
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Figure 2.14: Overview of the ECS architecture. Reproduced from [66].

2.2.9 Software and Offline Processing

The LHCD software is based on the Gaudi framework [84]. It is structured as a set
of various projects in order to produce simulated data, reconstructed real data, and
to perform offline analysis. The production of simulated data and data reconstruction
is mainly performed by projects called Gauss, Boole and Brunel. A project called,

DaVinci provides tools necessary to perform offline analysis.

e Gauss performs the event generation for Monte Carlo simulation. There are two
phases of processing: the generator and simulation phases. During the generator
phase, proton-proton collisions are created and the decays of the particles pro-
duced (e.g. using EvtGen [85] for B-decays). The simulation phase makes use of
the GEANT4 [86] toolkit to track the particles in the detector and simulates the

physics processes occurring through the detector.

e Boole is responsible for the digitisation of simulated events. The digitisation

consists of transforming the energy deposits calculated by GAUSS into signals.

e Brunel is used for event reconstruction from real data from the LHCb Data
acquisition [66] system or from the simulated data output of Boole. During
this phase, information from all sub-detectors is regrouped. Detector hits or
calorimeter clusters are combined by the pattern recognition algorithms. A first

particle identification is performed.
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e DaVinci is the physics analysis software used in LHCb. DaVinci combines sev-
eral packages of algorithms that perform various analysis tasks such as vertex
and particle reconstruction, and event selections of specific decays. It uses the
data output of Brunel, then reconstructs particles to their ‘mother’ particle and
applies selections to separate signal and background. DaVinci is used for the se-
lection of By — K*utp~ which is the channel studied in this thesis (see chapter
5).

2.3 Summary

This chapter provided a description of the LHCb detector and its six sub-detectors.
Since part of the work on this thesis, presented in chapter 4, is on the VELO high
voltage system, the VELO system was extensively described. The trigger and the online
system were also presented. The main projects that comprise the LHCb software were
described as they were used for the production and analysis of the By — K*utu~ events

discussed in chapter 5.
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3 The High Voltage System of the
LHCb Vertex Locator

3.1 Introduction

The High Voltage system (HV) supplies the bias voltage to the 88 silicon sensors which
comprise the LHCb Vertex Locator (VELO) and pile-up systems. The requirements of
the high voltage system are presented in section 3.2. Section 3.3 describes the design
and construction details of the high voltage system. Section 3.4 is dedicated to the
characterisation tests that were performed on the high voltage system. In section 3.5
the commissioning of the system is described and current and voltage measurements
mode with the system are used to characterise the VELO modules. A summary is

provided in section 3.6.

3.2 System Requirements

The VELO high voltage system has been designed to provide a fail-safe, simple to use
and secure system that complies with the requirements of the silicon modules. The

high voltage system requirements are as follows:

e Supply sufficient voltage to fully deplete the VELO when it is irradiated to the
expected dose and in the expected annealing scenario. The VELO system is
specified for 500 V operation at a few mA. The high voltage power supply
module chosen supplies up to 700 V at 4 mA. All components of the system have
been tested to 500 V.

e Ensure the safety of the VELO modules and its operators. The system imple-
ments a current trip limit in both hardware and software. The operation of the

system can also be inhibited through an interlock system [87].
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e Provide a low noise level in order to maintain the high signal to noise ratio
obtained from the VELO silicon modules.

e Protect the VELO against high voltage discharges in the vacuum. The electronics
hybrid of the VELO sensors implements guard traces around the high voltage bias
line to prevent discharges. The high voltage system also provides the voltage for

these guard traces.

e The system must be remotely controllable and integrated in to the LHCb online

software control system.

e No components requiring regular maintenance can be in the radiation zone of the

experiment, and spare components must already be installed or easily swappable.

3.3 Design of the High Voltage System

This section describes the design and construction details of the HV system. The
hardware components of the HV system are described in section 3.3.1, and the HV

system control software in section 3.3.2.

3.3.1 Hardware

The high voltage system is the part of the VELO which is responsible for providing
the bias voltage to the 84 VELO sensors and 4 Pile-Up sensors. As depicted in figure
3.1, the main hardware components of the VELO high voltage system are: the power
supply crate, the high voltage modules, the counting house patch panels, the detector
patch panels, and all connecting cables. This section describes each one in detail.
The high voltage system hardware design results from various considerations. To
minimize the volume of routed cables, multicore cables are used to bridge long dis-
tances. However the final sensor locations means one needs individual cables for each
sensor. Hence, patch panels are required to provide the correct connectivity between
power supplies and cables, and between single core cables and multicore cables. Two
types of patch panels are used. The first type called the counting house patch panel is
placed in the electronics counting house. It connects the HV guard lines (see section
3.3.1.4) and maps the channels from the power supplies output to the long distance
cables. The second type is called the detector patch panel and is located close to the
VELO tank. It distributes HV channels onto the individual detector cables. The short

cables that connect the power supplies to the counting house patch panels will be the
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Counting house ) Long distance Detector cable
Power supply cable (6 units) Counting house cable (8 units) Detector (88 units)

6 Modules 37 core patch panel (2 units) 56 core patch panel (6 units) 44 nits: L=6.6m
L=1.5m; D=12.4mm L=60m; D=15.3mm 44 units: L=8.1m
C:Q Ccd | | Cd

P:d N
51 contacts 3 contacts 3 contacts
C.=1 | C,=1

:51 pin SLG.H51.LLZG T=6
Cd': male connector

BENE

:51pin SLG.H51.LLZG ~ T=14 C%: female connector
C,: number of connectors per unit
: 51 pin SLG.H51.LLZG T=12 P,: number of pins per unit
L: length
: 51 pin SLG.H51.LLZG T=14 D: diameter
T: total number
: 51 pin SLG.H51.LLZG T=96 PJ: male pin FFA.05.403.ZLA1

P¢: female pin ERA.05.403.ZZL1

: 51 pin SLG.H51.LLZG T=176

Figure 3.1: Summary of cabling scheme for the high wvoltage system. The cables
lengthes, the types of connectors and the pins employed are shown for
each part of the high voltage sytem.

most frequently manipulated. Hence, they have to be easy to replace. The spare long
distance cables and detector cables were installed, for ease of exchange, as they are

very difficult to replace during an experimental maintenance shutdown.

3.3.1.1 Power Supply

The VELO sensors are silicon micro-strip detectors based on n*-on-n technology. To be
efficiently operated, the sensors have to be sufficiently depleted. Test beam results [88]
have shown that the nt-on-n VELO sensors remain 99 % efficient in cluster finding
as long as they are biased at 60 % of the full depletion voltage at fluences up to 2.5
x10' ng,/cm?. The depletion is provided by supplying reverse bias to the sensors. The
full depletion voltage increases proportionally with the irradiation [69]. A description
of silicon strip detector behaviour under irradiation can be found in chapter 4. The
VELO sensors are required to be operated at up to 500 V and a few mA. These
requirements are justified in the following sections 3.3.1.1.1 and 3.3.1.1.2. The Iseg
EHQ F607n-F power supply which supplies up to 700 V at 4 mA, was chosen.
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3.3.1.1.1 Expected Leakage Current from a VELO Sensor

As detailed in chapter 4, the leakage current drawn from a silicon detector, such as
the VELO sensors, ideally consists mainly of a diffusion current before irradiation.
Additional radiation induced leakage current Al has to be taken into account once the
sensors are irradiated. This is composed of the bulk generation current and the surface
generation current. As demonstrated in [89], this radiation induced leakage current is

proportional to the fluence and is independent of the type of sensor. It is given by
Al = ad.,V, (3.1)

where « is the damage rate, @, is the fluence in 1 MeV n,,/cm? and V is the volume of
a sensor. The value of the damage rate a depends on the sensor’s temperature and the
annealing time. In the VELO, the radiation across each sensor changes as a function of
the distance from the beam. ®., has the same value at each point at the same radius
R and is inversely proportional to R?, there is also a weak dependence on z position of

the sensor [67] which we neglect here. ®., is then rewritten as

Bey(R) = (%)QF, (3.2)

where F' is the fluence at the inner radius R;. The radiation induced leakage current

for a VELO sensor Al is then given by integrating over the radial distance from the

beam
Ro Ro Ro dR
NG / dI(R) = / ad,,(R)dV — / a2 (3.3)
RI R[ RI R
Al = aK (InRy—InRy), (3.4)

where R; is the inner radius of the VELO sensor (8.2 mm), Ro is the outer radius of

the VELO sensor (42 mm). K is a constant given by
K = 1tFR?, (3.5)

where ¢ is the thickness of the sensors of 300 pm.

As stated in chapter 2, the expected fluence after 2 fb~!, a nominal year of running
in LHCD, is & 1.3 x 10 1 MeV ne,/cm?. For the following calculation, a maximal
fluence F of 10"x 1 MeV ng,/cm? is used, as seen in section 3.3.1.1.2, this is above

what can be withstood from voltage consideration. Since LHCb will have a shutdown
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Figure 3.2: FEzxpected radiation induced leakage currents as a function of the fluence
at the inner radius of the sensor.

each year, four weeks of annealing at 20°C has been assumed. This annealing period
is needed as the current significantly reduces as a result. The corresponding damage
rate is a ~ 4 x 10717 A /cm at 20°C [89]. The corresponding current at 20°C is given,
by using equation 3.4, as

Al = 3.92 mA. (3.6)

Since the VELO will be operated at a temperature of approximately -10°C, one has
to apply a temperature correction to obtain the current at the operating temperature
AT j9o¢. By applying the temperature correction function (equation 3.18 in section

3.5.1) at -10°C, the value of the radiation induced leakage current is
AI,looC ~ 0.251 mA (37)

This calculation is valid at the maximum fluence of LHCb. However, at high fluences
(> 10" 1 MeV neq/cm?), recent literature [90] suggests the current behaviour with
fluence deviates from the simple linear proportionality.

Figure 3.2 shows the expected radiation induced leakage current for a VELO sensor
for fluences at the inner radius of up to 10* 1 MeV ny,/cm?. Since the Iseg power supply
provides a maximum of 4 mA and the expected radiation induced leakage current at

this high fluence is approximately 0.251 mA, it is clear that the Iseg power supplies
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Figure 3.3: The highest expected fluence in the VELO (blue line) and the sensors’
temperature (red line) as a function of time.

fulfill the current requirement of the VELO sensors.

3.3.1.1.2 Bias Voltage Required for a VELO Sensor

The choice of bias voltage is essential to fully deplete the sensors. The depletion voltage

Viep 1s given by

_ [ Negrld?qo
2€€q

Vdep (38)

where qg,€p and € are respectively the elementary charge, the vacuum permittivity and
the relative permittivity of the silicon. d is the thickness of the depletion region of the
sensors. At full depletion, d corresponds to the thickness W of the sensors of 300 pm.
Neyy is the effective doping concentration, the difference in density of the donors and
acceptors.

Before irradiation, the resistivity of the silicon p is inversely proportional to the
doping concentration and the full depletion of the sensors is easily reached at relatively
low voltages (=~ 100V).

In contrast, radiation induces changes to the effective doping concentration and in-
troduces defects into the bulk material of the sensors. As the radiation increases, fully

depleting the sensors requires higher bias voltages. As shown in equation 3.8, the de-
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pletion voltage will proportionally change with the change of the doping concentration

ANsy. For a given temperature T, AN, ;s can be expressed by [91]

ANesf(beqst) = Na(Peg, 1) + Ne(deq) + Ny (deqs 1), (3.9)

where t is the time. N, and Ny are respectively the short term and the reverse annealing

terms. N, is the stable damage component.

The short term annealing, also called beneficial annealing, induces an increase of the
acceptors concentration. Thus, for the VELO sensors, it implies a reduction of their
effective doping concentration, and hence the depletion voltage, until type inversion is

reached. N, can be modelled by

_ Gabeq

Na((beq:t) - L (1 - e:z:p(—kat)) ) (310)
with P
1 a

ke = o= koa €xp <_]€B ) , (3.11)

where g, is the average acceptor introduction rate. E, and 7, are respectively the

activation energy and the time constant. kg, is the frequency factor.

The stable damage component N, is independent of annealing. It is given by

N(t) = Neo (1 — exp(—ceqt)) + geegt, (3.12)

where N,y is the final value of the ‘incomplete donor removal’. c is the number of

donors removed per unit volume per unit flux.

The reverse annealing Ny has a behaviour opposite to the short term annealing. It
corresponds to the exponential increase of the effective doping concentration in long
term operation of the sensors, until saturation is reached. The reverse annealing term
is difficult to describe mathematically since it is a complicated process. Its expression
is obtained by fitting experimental data. The following approximation of the reverse
annealing term is denoted the ‘first order process’ [92]. This is used for the following

calculation of the reverse annealing term, in which the expression of Ny is given by

Ny () = gy gt — 2202 (1 — eap(hy 1)), (3.13)
Y
with . 5
Y
1 _ By 14
ky - koy exp( kBT)’ (3.14)
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Parameters Value
g4 1.4x1072 cm™!
E, 1.086 eV
Koq 2.38x1013 s71

Neff,O 1.26x10"2 ¢cm™3

Neo Nerro

ge 5.30x107% cm™!
gy 7.50x1072 cm™!
koy 7.40x101" s71
Ey 0.662 eV

Table 3.1: The values of the parameters used for the calculation of the required de-
pletion voltage for the VELO sensor.

where gy is the average acceptor introduction rate. Ey and 7y are respectively the
activation energy and the time constant. kgy is the frequency factor. The amplitude

of the reverse annealing Ny is given by
NYO - gY¢eq' (315)

For the following calculation, the VELO sensors are considered to have an operating
temperature of -10°C, and an LHCDb shut down period of approximately four weeks per
year is assumed at which the sensors will be brought up to 20°C. The values of the
other parameters employed for this calculation are summarised in table 3.1.

By using the equation 3.8 and 3.9, and the expressions of N,, N. and Ny in equation
3.10, 3.12 and 3.13 respectively, the estimated depletion voltage Vg, for the VELO
sensors as a function of time can be determined. The first five years of operation
of LHCb are considered, and plausible assumptions made on the delivered integrated

luminosity. In 2010, the first year of operation, an integrated luminosity of 0.2 fb~1,
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Figure 3.4: Predicted depletion wvoltage (blue line) and sensor’s temperature (red
line) as a function of time.

one tenth of a nomimal year is assumed. For the following year 1 fb~! is assumed, with
all subsequent years having 2 fb~! of data. The equivalent maximal fluences are shown

in figure 3.3.

As shown in figure 3.4, Vg, decreases due to type inversion during the first year
of running. Vg, also decreases during each shutdown due to the beneficial annealing

given by equation 3.10.

After = 4.5 years of running (see figure 3.4) fully depleting the VELO sensors requires
a bias voltage above the Iseg power supplies maximal bias voltage of 700 V. Due to the
vacuum feedthrough, the sensors’ bias voltages are actually limited to 500 V. Hence,
during the last part of the third year and fourth year of running the sensors will be
operated partially depleted (above a total fluence of ~ 3.6 x 10 1 MeV ng,/cm?).
Test beam results [88] have shown that the VELO sensors remain 99 % efficient in
cluster finding as long as they are biased at 60 % of the full depletion voltage. After
6-8 fb~! data the sensors will be replaced.

Since the VELO sensors will be operated with bias voltages up to 500 V and the
Iseg power supplies provide a maximum bias voltage of 700 V, the Iseg power supplies

fulfill the bias voltage requirement of the VELO sensors.
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Characteristics ‘ Values ‘
Maximum voltage 700 V
Maximum current 4 mA
Ripple and noise < 20 mV at max load and V' > 50 V
Voltage setting resolution 14 mV
Current setting resolution 80 mA
Voltage measurement resolution 14 mV
Current measurement resolution 80 mA
Range dV,,/dt 0.28 V/s to 70 V/s
Resolution of dV,,,/dt 0.5 V/s

Table 3.2: Performance of the Iseg EHQ F607-nF channel.

3.3.1.1.3 The ISEG EHQ F607n-F

Each ISEG! EHQ F607n-F has 16 channels. A single channel is used for each sensor.
This allows the voltage to be set separately and the current to be monitored for each
sensor, and prevents any noise coupling between sensors. To completely supply voltage
to 88 VELO sensors, six of these power supplies are required. From the power supply
output, each HV channel consists of a HV bias and a HV return line. The specified
channel performance is given in Table 3.2. Physically each unit fits within the 6U Eu-
rocard format. On the front of each unit, there is a green LED and two potentiometers.
The green LED indicates the status of the HV module, staying lit if no error occurs
in any of the channels of that HV module. The potentiometers are used to control the
maximum output current and voltage of the HV module. They have to be adjusted
manually in order to set the desired values. The set value can be measured directly
using the socket located below the potentiometer. To be operated, the HV modules
require +24 V which is supplied by the crate (see section 3.3.1.1.4) and an external
inhibit signal (see section 3.4.3.3) of +5 V. The inhibit signal is supplied individually
to each channel, and provides a protection of the VELO sensors (as described in [93]).
Within the module, each channel is floating with respect to each other and ground.
Hence, the output voltage can be either positive or negative. The Iseg power supplies
are remotely controllable through a CAN interface. A USB-CAN cable interconnects

the control computer and the power supplies.

ISEG Spezialelektronik GmbH, Bautzner LandstraBe 23 D-01454 Radeberg, OT Rossendorf, Ger-

many.
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3.3.1.1.4 The Crate ISEG ECH 238 UPS

The ISEG ECH 238 UPS is used to house and power the ISEG EHQ HV modules. It
can accommodate up to eight 6U modules with a built in power supply of 700 W. The
CAN controller of the crate allows the monitoring and the control of the HV modules.
The Uninterruptible Power Supply (UPS) is a power reserve that is used when the
normal power to the crate would be interrupted (see section 3.4.3.1). The UPS is
required to prevent any sudden ramp down of the voltage in case of power cut. Such
scenario can damage the front-end electronics of the VELO hybrid. When there is a
power failure, the UPS sends a signal to the HV modules which will ramp down the
voltages of all the channels in a controlled way. The ECH 238 crate UPS can last for

at least one minute.

3.3.1.2 Grounding

The HV system grounding scheme follows the VELO grounding scheme. In the VELO,
a local grounding point is defined to make its surrounding environment as stable as
possible, to ensure low noise performance.

The VELO common grounding point is defined as the hybrid ground plane. Since the
high voltage and low voltage power supplies are floating power supplies their respective
return lines are linked together at this common grounding point. The HV return and
hybrid ground are connected together, without a resistor, at the point R5 in figure 3.5.
The hybrid ground is then connected to the LHCb grounding network via a kapton
cable (at SAM2 in figure 3.5). The kapton cable is connected to the module base which
is linked to the LHCb grounding network. The RF-foil is located at a distance of less
than 1 mm from the sensors, hence it has to be at a potential as close as possible to the
hybrid ground. The kapton cable provides the shortest possible path to the RF-foil.

The VELO mechanics are connected to the LHCb grounding network. The shields
of the HV cables are connected to this grounding network at both ends of the cables.
All crates and racks in the counting house are also connected to the LHCb grounding

network.

3.3.1.3 Counting House Cable

This cable connects the Lemo Redel connector on the power supply to the counting
house patch panel. The counting house cable input corresponds to the power supply
output which consists of a HV bias and a HV return line for each HV channel (see

section 3.3.1.1.3). The counting house cable just transfers the power supply channel
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bias to the counting house patch panel. Hence, the number of cores required is 32 for
each counting house cable. The high voltage system requires 6 units of the counting
house cable of about 2 m in length each. Figure 3.9 details the wiring and pinning

diagram of the counting house cable.

3.3.1.4 Counting House Patch Panel

To protect the VELO against high voltage discharges in the vacuum, the electronics
hybrid of the VELO sensors implement guard traces around the high voltage bias line
as shown in figure 3.5. Discharges on the HV line will induce noise which would feed
into the front-end chip. The guard lines originate from the PCBs (see figure 3.6) that
are housed within the counting house patch panels and are transmitted to the long
distance cables.

Each counting house patch panel has three individual PCBs. In the current config-
uration of the HV system, the HV guard and the HV Bias are connected. Hence, at
partial vacuum, any discharge will occur from the HV guard to the HV return line. The
induced noise from the discharge between HV guard and HV bias has to travel all the
way to the counting house patch panel where they are connected and then travels back
to the hybrid. By the time the noise reaches the front-end chip, it would be attenuated
as it is difficult to transmit high frequency signals through long distance cable.

Within the counting house PCBs, the HV guard can either be connected to HV
bias or HV return or left floating. The connection is done via a jumper that provides
the possibility of changing the configuration if system aspects would require so. Two
counting house patch panels arrange and distribute the high voltage channels from the
multi channel power supply to the 56 core long distance cables (see section 3.3.1.5).
The wiring and pinning diagram from the counting house patch panel are depicted in
figure 3.10 and 3.11.

3.3.1.5 Long Distance Cable

The long distance cable is used to connect the 51 pin connector of the two patch panels,
48 of these pins are used in the system. This is the longest cable since it has to breach
the distance between the barracks and the experiment. Each channel in this cable is
composed of a triplet: HV Bias, HV Guard and HV Return. The high voltage system
requires 6 units of the long distance cable. In addition two spare long distance cables
are installed as explained at the start of section 3.3.1. Figure 3.12 describes the wiring

and pinning diagram of the long distance cable.
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Figure 3.5: Drawing of part of the hybrid showing the HV bias, the HV gquard and
the HV return. The resistance R5 and the connector SAM2 are also
indicated. Reproduced from [9]]

3.3.1.6 Detector Patch Panel

The detector patch panels arrange and distribute the high voltage channels to each
individual Repeater Board. They are located near the VELO tank. Figure 3.8 is a
photo taken near the VELO tank. It shows where half of the detector patch panels
and half of the detector cables are installed. The High Voltage system requires 6 units
of the detector patch panel. Each detector patch panel possesses 16 outputs and is
thus capable of providing HV to 16 repeater boards as depicted in figure 3.13. The
detector patch panel housing is a modified cast iron box purchased from FARNELLZ.
The modifications consist of cutaways for the body of the connectors, as shown in figure

3.7. They are screwed to the wall close to the VELO using the flanges on the box.

2FARNELL, LS12 2TU Canal Road Leeds, United Kingdom.
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Figure 3.6: Connector labels and pin numbers for PCB mounted in the counting
house patch panel. Reproduced from [95].

3.3.1.7 Detector Cable

The detector cable distributes each individual triplet (HV bias, HV guard and ground)
from the detector patch panel output to its corresponding repeater board. The repeater
board will then provide the HV guard line (see section 3.3.1.4) for the hybrid as well as
the HV bias and the HV return to bias each sensor. The high voltage system requires
88 detectors cables units. The units come in two different lengths, one for the repeater
board pointing upwards and one for the repeater boards pointing downwards. There
are 44 of each unit required, which are installed near the VELO tank as shown in figure

3.8.
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Figure 3.8: Photograph of the area where half of the detector patch panels and half
of the detector cables are installed. The long distance cable outputs to
the detector patch panels are also indicated.

60



3 The High Voltage System of the LHCb Vertex Locator

HV channel
0
CABLE-CH_RET 0
1
CABLE-CH_RET 1
2
.5_ 2
CABLE-CH_RET 2 °
[
£ 3
CABLE-CH_RET 3 =
=
S 4
CABLE-CH_RET 4 S
(8]
()
c 5
CABLE-CH_RET 5 5
o
2 6
CABLE-CH_RET 6 £
")
o 7
CABLE-CH_RET 7 2
=}
2 8
CABLE-CH_RET 15 2
£
(8]
‘J:-’ 9
CABLE-CH_RET 14 <
o
2 10
CABLE-CH_RET 13 =z
o
5 11
CABLE-CH_RET 12 5-
[<}]
c
< 12
CABLE-CH_RET 11 S
£
o 13
CABLE-CH_RET 10 o
14
CABLE-CH_RET 9
15
CABLE-CH_RET 8
Legend:

51 pin connector on the connecting to the PP-CH, female connector with male pins

Figure 3.9: Wiring and pinning diagram for the cable from the ISEG power supply
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Figure 3.11: Cabling scheme from PCB output to rear panel connector.
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Figure 3.12: Wiring and pinning diagram for the long distance cable between the
counting house patch panel and the detector patch panel.
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3.3.1.8 Conclusion

The description of the hardware components of the VELO high voltage system was
presented in this section. The role of each one of them was also discussed. It has been
shown that the VELO high voltage system complies with the safety and the perfor-
mance of the VELO as well as the environment where it is used. The HV components
were assembled and tested with a substantial programme of quality assurance at the
University of Glasgow. Then they were shipped and installed at CERN where they
were verified in situ and approved to fulfill the specification. The results of these tests
are presented in section 3.4. The high voltage system is now operational and used
during the operation of the VELO.

3.3.2 Software

The high voltage system requires powerful, flexible and reliable software that is easy to
maintain. Moreover, LHCb uses a distributed control system which allows inter-process
communication between processes running on several different PCs. The software that
was chosen to control the VELO high voltage system is PVSS [97]. The PVSS architec-
ture for the HV system is presented in section 3.3.2.2. It has the following advantages:

e Powerful commercial product which supports distributed systems and includes
tools for object-like device description, archiving, alarms, user-created panels and

scripts.

e It is a Supervisory Control and Data Acquisition [98] (SCADA) framework and is
used to connect to hardware (or software) devices, acquire the data they produce
and use it for their supervision, i.e. to monitor their behaviour and to initialize,
configure and operate them. Data structures have very flexible formats that can
be exchanged between servers and clients; data can be sent on request or by

subscription.

e Provides an object-like data structure called ‘data points’ created to model the
complexity of devices and data structures in the experiments. Data points are
instances of these objects and can easily be created in large numbers as needed
by the application. One can create an object of data points type that can be
instantiated for each hardware item (an example is an actual online value of the

voltage in one channel).
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e A PVSS ‘manager’ is available which permits exchange of data by a very simple
mechanism between data points in PVSS and other processes running on different
PCs.

e PVSS is the control system chosen for the LHC experiments. The Joint Controls
Project [99] (JCOP) is part of the CERN IT/CO group and is a collaboration
between the experiments and CERN support groups. JCOP has developed many
commonly needed tools: a framework, interfaces to hardware devices, configura-
tion tools, etc. PVSS 3.8 is used with the JCOP framework to control the ISEG
high voltage power supply modules and crate. An ISEG Object linking and
embedding Process Control (OPC) server provides interface between the high
voltage power supplies and PVSS. An overview of the HV control system is given
in section 3.3.2.1. Section 3.3.2.3 provides a description of the structure of the

HV control software.

The LHC experiments will be operated as Finite State Machines (FSM) [100]. The
FSM will then ensure that, for example, the high voltage state of a sub-detector is
appropriate depending on operational mode. The crate and each high voltage channel
will therefore be part of the VELO FSM architecture (see section 3.3.2.4). The HV

errors and alarms (see section 3.3.2.5) are handled at the FSM level.

3.3.2.1 Overview of the High Voltage Control System

As shown in figure 3.14, the control of the high voltage system starts from a PC where
PVSS is installed and on which the ISEG power supplies and crate are connected. Then,
the ISEG modules command their individual channels to supply the desired voltage.
Each bias voltage will pass through the counting house cable, then the counting house
patch panels. The long distance cables distribute it to the detector patch panels, from
which individual detector cables provide the voltage to the corresponding repeater
board. Each repeater board then supplies the bias voltage to the corresponding VELO

hybrid, hence to the corresponding sensor.

3.3.2.2 PVSS Architecture

The control systems that are built with PVSS are composed of communicating and
independent processes. These processes are called ‘Managers’. As shown in figure
3.15, the main PVSS managers are as follows. The central part is called the Event

Manager (EM). It retains all data in a volatile memory, responds to notification of
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Figure 3.14: Qverview of the high voltage system control.

data change and computes alarm conditions. Their values are held in structures called
Data Points. The event manager of the VELO HV sytem is called the VELO Detector
Control System High Voltage, also known as ‘VEDCSHYV project’. The database where
non-volatile data such as system definitions, alert occurrences and latest values are
stored, is managed by the Data Manager (DM). An Oracle database is used for the
long term storage of data point values. The visualization of the data points values are
ensured by User Interface (UI) managers such as synoptic panels, alarm screen (AES)
and trend graphs (Trnd). The interconnection between individual PVSS systems that
forms a distributed system is conducted by the Distribution Manager (DIM). The list
of PVSS managers provided previously is not exhaustive. Managers could be created
depending on its specific task (e.g. the ISEG HV Manager is an interface to the HV

modules and crate).

3.3.2.3 Structure of the High Voltage Control Software

This section describes the structure of the HV control software (see figure 3.16). The
VELO high voltage system is controlled remotely via PVSS. The PVSS VELO high
voltage project VEDCSHV runs on an online*> PC which is located in the counting
house. The high voltage control software is able to control individual high voltage
channels. Since the VELO has two halves, the part with +x coordinates is referred
to as the A-side and the one with —z coordinates to as the C-side, based on the
LHCD coordinate system (see chapter 2). The VEDCSHYV project is divided into three
sub-systems called ‘VELO _HYV’ for controlling the whole VELO, ‘VELOA HYV’ for

30nline refers to the private network which is used at the LHCb experiment area. The network is
protected behind a strong firewall.
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Figure 3.15: Representation of the architecture of PVSS.

controlling the A-side of the VELO, and ‘VELOC _HV’ for controlling the C-side of the
VELO. The PVSS ‘VEDCSHV FSM’ was developed specifically for the VELO. This
communicates to the PVSS ISEG framework. The PVSS ISEG framework is developed
for all CERN users of ISEG power supplies. The PVSS ISEG framework communicates
with the ISEG OPC Client?. The ISEG OPC Server is provided by the ISEG company.
The version of the OPC Server used is 5.00.016°. The OPC server communicates with
the power supply module via a USB hardware adapter. This USB hardware adapter is
a USB-CAN interface produced by SYSTEC®.

3.3.2.4 The VELO High Voltage Finite State Machine

The VELO FSM is constructed as a series of panels which are hierarchical and reactive.
These panels allow the user to monitor and control the state of the system. The top
level panel allows the control of all channels in the VELO. There are also panels one
level down that permit control of the channels on the A-side or C-side. A number

of the functionalities of the HV system can be applied to sets of 8 channels, known

4The OPC Client is the application which is interactively connected to the OPC server. It ensures
the communication between PVSS and the OPC server.

5This version of the OPC server may change for future performance improvement.

6Systec Automation d.o.o. Katuri 17 52220 Labin, Croatia.
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Figure 3.16: Overview of the high voltage control software structure.

as a ‘board’. This is a natural division of the system as each power supply module
controls two sets of 8 channels. Panels are also available which monitor and control
individual channels. This section provides a brief overview of the functionalities of
the system. The configuration of all channels (e.g. the voltages set, ramping speeds,
software current limit) is known as a ‘recipe’. The voltages and current limits can be set
individually for each channel. The ramping speed can only be set per board. Applying
this recipe starts this configuration, ramping up all channels. The recipes can only be
edited from the top level panel. The recipe for all channels can be applied from the
top level panel. The recipe can also be applied for A-side (or C-side), a single board
or for a single channel. It is also possible to configure individual channels or whole
boards by setting the individual parameters rather than applying a recipe. There are

three default recipes, that all LHCb subdetectors must provide, that can be set:

e GO STANDBY1: This is a first level for turning on all the channels. The
voltage supplied to the VELO sensor at this level is 10 V.

e GO_STANDBY?2: This is a second (higher) level for turning on all the chan-
nels. The voltage supplied to the VELO sensor at this level is 50 V.

e GO READY: Thisis the standard physics setting for the detector. The voltage
supplied to the VELO sensor at this level is 100 V. This is significantly above
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Figure 3.17: Layout of the VELOA HYV panel. The VELOC HYV panel layout is
similar to this panel.

the depletion voltage of all sensors. Depending on the irradiation of the VELO

sensors, this voltage may be increased.

There are four types of particularly important panels in the VELO HV FSM. The
top level panel is called VELO HYV which provides control and monitoring of all HV
channels in the VELO. The panels (see figure 3.17) that allow overall monitoring and
control of all channels on the A-side (or C-side) are VELOA_HV (or VELOC_HYV).
These panels are accessible from the top level panel. The main panels for access-
ing information on one board (see figure 3.18) are ‘VELO A HV_ BOARDXY’ or
‘VELO A HV_ BOARDXY’ (where XY is the number of the board 00-05). The pan-
els for individual channels (see figure 3.19) are ‘VELO A HV BOARDXY CHVW’
or ‘VELO A HV BOARDXY CHVW?’ (where XY is the number of the board and
VW is the number of the channel 00-07). These panels can either be accessed from the
top level, the A-side (or C-side) panels or the main board panel. The organigram in
figure 3.20 summarises the information and functionalities which have been discussed
here, and provides a guide to determine at which level of the FSM they are available.

An IV scan can also be performed. This is obtained from the top level panel, and
can be performed for either the whole VELO, A-side (or C-side), the whole board or

an individual channel. This information can then be saved.
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Figure 3.18: Layout of the VELOA HVBOARDO1 panel. This board corresponds
to the channels 8-15 of the Iseg module EHQ F607-nF Serial Number
474187 07/2006. All board panel layouts are similar to this panel.
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3.3.2.5 Alarm and Error Conditions

During the operation of the VELO, nominal operation boundary conditions have been
defined to prevent any unexpected human mistake and to identify any abnormal be-

haviour of the sub-systems. For the VELO HV system, the main conditions are:

e Implementation of the current and voltage hardware limits (see section 3.4.3.5.1
and section 3.4.3.5.2). Their current values are currently set to 240 pA and

217 V respectively.

e Implementation of the current software limit (see section 3.4.3.5.3 and section
3.4.3.5.4) for all HV channels. The value is currently set to 105 pA.

e Implementation of a nominal ramping speed. The chosen value is approximately
1 V/s due to the behaviour of the HV modules at low currents (see section
3.4.3.5.4). The nominal ramping speed may be increased to 7 V/s once the

sensors will draw higher current.

Furthermore, the HV FSM provides alarm monitoring of the general status of all HV
channels, modules and crate. Any problem or error in the HV system will trigger an
alarm which will be displayed on the HV PVSS panels. The main error conditions are

as follows.
e ITrip error occurs when the current drawn reaches the current software limit.

e ILimit error occurs when one changes the current hardware limit while using

the module.

e VLimit error occurs when one changes the voltage hardware limit while using

the module.
e Inhibit error occurs when the interlock signal (see section 3.4.3.3)is interrupted.

e Emergency off error occurs when processes are interrupted. It causes channels

to ramp down and then be switched off.
e AC — line power error is caused by an interruption of the normal crate power.

e OPC server crash is caused by a crash of the Iseg OPC server. The server will

not respond and the process has to be restarted.

The error conditions cited above may prevent the HV system to restart if uncleared.
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3.3.2.6 Conclusion

The description of the VELO high voltage control software was presented in this section.
The implementation of its structure as a PVSS Finite State Machine was emphasized.

The main error conditions that may occur during operation were also discussed. The
VELO HV software conforms to the specification of the VELO.

3.4 Characterisation of the High Voltage System

This section presents the tests which were performed to the high voltage system hard-
ware. Section 3.4.1 describes the tests of the high voltage modules under normal
operation such as voltage ramping, and tests of the software and hardware limits. The
tests dedicated to demonstrating the stability of the high voltage modules with time
and assessing the noise of the system are detailed in Section 3.4.2. Section 3.4.3 shows
the behaviour of the high voltage modules and crate under failure modes and includes a
description of the two possible modes of operation of the high voltage module: current
control mode, and current trip mode. The tests performed to the cables and patch pan-
els are detailed in Section 3.4.4. Section 3.4.5 describes the tests which were performed

at low voltages.

3.4.1 Normal Operation

This section describes the tests performed to verify the operation of the high voltage
module under standard operating conditions. The tests verify that the voltage can be

set correctly and can be ramped up or down on every channel.

3.4.1.1 Voltage Ramping up and Ramping down

The first test verifies that the full range of voltage can be applied to each channel of
each high voltage module. Initially the voltage was ramped from 0 V to -500 V and
then from -500 V back to 0 V. The control was performed through software and a
ramping speed of 7 V/s was used. The voltage produced by the high voltage module
was measured as a function of time with an oscilloscope. Two plots were produced for
each channel: one for ramping up and one for ramping down, see figure 3.21. These
two plots were produced for each channel of all 9 high voltage modules. No problems

were observed.
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Figure 3.21: Voltage measured on an oscilloscope during ramping of channel 15 of
the high voltage module with serial number 474185 07/2006. The per-
formance when ramping from 0V to -500V (left) and from -500 V to
0V (right) is shown.

3.4.1.2 Comparison of Channel Ramping up and down Gradients

Using the data from the previous test, the consistency of the ramping speeds in each
channel of each module can be tested. Each power supply module has 16 channels. The
gradient of ramping, up and down, is calculated for all 16 channels of each module.
The nominal ramping speed set through the software is 7 V/s. The results of this
check are shown in figure 3.22. The ramping speeds calculated during ramping up
from 0 V to 500 V are slightly higher than the ramping speed set through software,
while those for ramping down back to 0 V are mostly slightly less than the ramping
speed set through software. The variance of the ramping speeds from channels of
different modules is larger than that inside a single module. All channels of all modules

performed acceptably and were within 1 % of the set value.

3.4.1.3 Firmware Error for Ramping down

The stress tests that were performed on the Iseg Modules revealed a bug in the
firmware” that was installed in the modules. This error can cause a channel to ‘in-
stantaneously’ change its voltage, rather than ramping at the required speed. The
resulting voltage spike could potentially damage the VELO modules.

The error occurs if one (or more) channel(s) are being ramped and another channel
is turned on. In this case the first channel(s) immediately jumps to its/their target
voltage when the second channel is turned on, rather than continuing to ramp. The

problem occurs for any channels in the same board of a power supply module: there

"The firmware version used was 2.04 for the modules.
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Figure 3.22: Variation of the ramping speeds measured on each individual module by
applying voltage (left) from 0V to -500 Vand (right) from -500 V to
0V. One colour represents the group of 16 channels of one high voltage
module, all 9 modules are shown but are not clearly visible as the plots
are superimposed.

are two boards in each power supply module, one for the first eight channels and one
for the second eight. The problem occurs as a result of issuing the command to turn
on a channel, i.e. it occurs even if that channel is already turned on. The problem only
occurs if the channels are being ramped towards 0 V (e.g. from -500 V to -400 V), not
if the channels are being ramped away from 0 V (e.g. from -400 V to -500 V).

The problem is caused by a firmware error and hence occurs whatever the method
used to control the modules (standalone Iseg software or PVSS). After discussion with
the company a new patch was released for the high voltage module firmware® which can
be flashed into the FPGAs using the HV standalone control software. This firmware
contains fixes for the previously stated problem and was tested. An upgrade of the

firmware in all HV modules was performed in the 2008-2009 shutdown.

3.4.2 Stability of Operation

This section reports on tests to ensure that the output of the module is stable over
time and does not have voltage spikes, and to measure the noise level at the output
of the power supply and in the final setup. Significant voltage spikes could potentially
damage the sensors, or at lower values would contribute to the noise thus degrading
the performance of the VELO.

8The firmware version is 2.26.
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3.4.2.1 Voltage Spikes

Two methods were used to check for any voltage spikes in the output of the power
supply. The methods were applied both for constant output voltages over significant

times and when ramping the voltage on the power supply.

3.4.2.1.1 First Method for Static Operation - Oscilloscope in Trigger Mode

The output of a channel was connected to an oscilloscope through a voltage divider
which attenuates the input voltage by a factor of 20. The oscilloscope was set to
trigger if a voltage spike occurred. During each test, a voltage of -100 V was applied
which corresponds to -5 V displayed on the oscilloscope. The oscilloscope was put in
the single trigger mode and the trigger level was set at -5.12 V so that if there was
a voltage above -102.4 V the trace would be saved during the acquisition time. The
oscilloscope was left armed for at least 12 hours. No spikes were observed during any
of the tests.

3.4.2.1.2 Second Method for Static Operation - Oscilloscope in Persistency
Mode

The oscilloscope was also used to test for voltage spikes using AC coupling and in
persistency mode. The power supply channel output was connected directly to the
oscilloscope and a voltage of -140 V was applied. The oscilloscope was in persistency
mode, AC coupling was used, and the trigger level was set at 52 mV. The operation was
performed for 12 hours. Figure 3.23 shows that the biggest spike observed is around
500 mV.

3.4.2.1.3 First Method during Ramping - Oscilloscope in Trigger Mode

In addition to checking for spikes during constant voltage operation, it is important to
check that no significant spikes are obtained when turning the bias voltage on or off.
Hence the previous tests were repeated while ramping the voltage. The power supply
channel output was connected directly to the oscilloscope. During the test, the system
was ramped from 0 V to 60 V, and repeated from 60 V to 120 V. The oscilloscope was
put in DC mode and the trigger level was adjusted to find the minimum value such
that a trace was not acquired.

The minimum value which did not provoke a trace acquisition was

Vset + 09 V. (3.16)
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Figure 3.23: Oscilloscope trace showing a test for woltage spikes. The trace was
taken in persistency mode for 12 hours with -140 V applied. The volt-
age scale is 500 mV /div. The time scale is 500 ns/div.

Hence, we conclude that the power supply overshoots the set voltage and does not

produce spikes at more than a 1 V level.

3.4.2.1.4 Second Method during Ramping - Oscilloscope in Persistency Mode

A check for voltage spikes was also performed using the oscilloscope in persistency
mode. The power supply channel output was connected directly to the oscilloscope
and the system was ramped in voltage from 0 V to -200 V. The oscilloscope was in
persistency mode, AC coupling was used, and the trigger level was set at 100 mV.
Figure 3.24A shows the oscilloscope trace when the voltage ramps up from 0 V to
-200 V and figure 3.24B when it ramps down from -200 V to 0 V in persistency mode.

The two figures show that there are no obvious significant spikes during ramping.

3.4.2.2 Noise Measurement

The tests in this section are intended to characterise the noise of the power supply
module and of the full system. The first two tests characterise the noise and potential
common mode noise in the power supply. The last two tests use the full assembled sys-
tem and include a measurement of the bias voltage noise with a dummy load equivalent

to connecting a module.

3.4.2.2.1 Noise at the Module Output

The oscilloscope was used to measure the power supply module noise. The power supply

channel output was connected directly to the oscilloscope and the voltage applied was
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Figure 3.24: Oscilloscope traces showing a test for voltage spikes during ramping of
the voltage. The trace was taken in persistency mode. A- (left) The
voltage was ramped from 0V to -200 V. B- (right) The voltage was
ramped from -200 V to 0 V. The voltage scale is 200 mV /div. The
time scale is 10 ps/div.

-100 V. The oscilloscope was used to measure the peak to peak voltage, RMS voltage
and determine the frequency spectrum of the noise at the same time. The frequency

spectrum was obtained by performing a Fast Fourier Transform of the output.

Figure 3.25: Oscilloscope trace of the noise spectrum at the module output. (a)
Indicates the noise level scan, the voltage scale is 100 mV /div. (b)
Shows the Fast Fourier Transform scan from 0 Hz to 100 MHz with
(¢) indicating a frequency range (50 MHz-80 MHz) in which a slight
noise excess is observed.

Figure 3.25 shows the oscilloscope traces obtained. The peak-to-peak voltage mea-
sured was approximately 100 mV and the RMS voltage is approximately 5 mV. The
excess noise indicated by (c) in figure 3.25 from the Fast Fourier Transform is in the
frequency range of 50 MHz to 80 MHz. While the noise levels are relatively low the
frequency range does correspond to that of the VELO system, since the LHC beam
crossing and front-end chip clocking frequency is 40 MHz.
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Figure 3.26: Schematic of the common mode noise measurement setup.

3.4.2.2.2 Common Mode Noise Measurement

A test was performed to measure the noise level produced by the potential difference
between the ground of the power supply crate and the HV return of the channel. Figure
3.26 shows the schematic of the setup used to measure this common mode noise.

The channel HV return was connected directly to channel 1 of the oscilloscope and
the ground of the crate to channel 2 of the same oscilloscope. The noise was dis-
played and measured on the oscilloscope by subtracting channel 2 from channel 1. The
measurements on the oscilloscope have been performed at 0 V and -140 V on all chan-
nels. The peak-to-peak voltage has been measured as well as the RMS voltage and the
frequency response by performing a Fast Fourier Transform at the same time.

Figure 3.27A is an oscilloscope screen image showing an example noise distribution.
The peak-to-peak voltage measured was approximately equal to 63 mV and the RMS
voltage approximately equal to 4.8 mV. The main excess noise peak indicated in figure
3.27A is at the frequency 54 MHz. The common mode noise measured between the
crate ground and the HV return contains a non Gaussian component which is shown
in figure 3.27B. The ‘ringing’ after the noise spike could be due to either the power

supply module or the response of the oscilloscope.

3.4.2.2.3 Noise Measurement in the LHCb Pit without a Filter

A test was performed on the full high voltage system in the LHCb pit to measure the
noise level at the end of the detector cable between the HV guard and the ground. This
measurement was performed without any filter and hence corresponds to the noise that

will be seen on the HV guard line under normal operation.
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Figure 3.27: Oscilloscope traces of the common mode noise measurement. A- (left)
Fast Fourier Transform of the common mode noise. The frequency
domain was from 0 Hz to 100 MHz. B- (right) The oscilloscope trace
which shows the non Gaussian component of the noise. The time scale
was 200 ns/div and voltage scale 4 mV /div.

The guard line was connected directly to the oscilloscope and and the voltage applied
was -100 V. The oscilloscope was used to measure the peak to peak voltage, RMS

voltage and a Fast Fourier transform at the same time.

X2= 4435MHz 1/aX= -1167ns

Figure 3.28: Oscilloscope trace showing the noise measured at the detector cable
output between HV guard and ground. The time scale was 5 ps/div.
The frequency domain was from 0 Hz to 100 MHz.

Figure 3.28 is a screen image from the oscilloscope. The Peak to peak voltage
measured was approximately 11.3 mV and the RMS voltage was approximately 2.3 mV.
The excess noise peaks indicated in figure 3.28 are at the frequencies of 44 MHz and
53 MHz.
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3.4.2.2.4 Noise Measurement in the LHCDb Pit with a Filter

A measurement was performed of the noise level between the HV bias and ground in
the LHCb pit under near realistic conditions. The hybrid of the VELO silicon module
contains a low pass filter. A load emulating the hybrid was connected at the detector

cable output. Figure 3.29 shows the schematic of the emulated hybrid.

5kQ

Det-Cable O L OHV bias out
HV bias out

5kQ

—__10nF
10nF
Det-Cable

Ground out © 0 HV Ground

Figure 3.29: Schematic of the load emulating the hybrid with HV filter.

The bias line was connected directly to the oscilloscope and the Voltage applied was
-100 V. The oscilloscope was used to measure the peak-to-peak voltage, RMS voltage

and perform a Fast Fourier Transform at the same time.
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Figure 3.30: Oscilloscope trace showing the frequency spectrum of the noise mea-
sured between HV bias and ground. The noise was measured at the
output of an emulated hybrid which was connected to the detector ca-
ble. The frequency domain was from 0 Hz to 100 MHz.

Figure 3.30 is a screen image from the oscilloscope. The peak to peak voltage mea-
sured was approximately 6.9 mV and the RMS voltage was approximately 1.2 mV. No

significant excess noise was seen in the frequency spectrum (see figure 3.30)

3.4.3 Failure Modes

The previous section has reported on the behaviour of the system under normal op-

eration. This section concentrates on the behaviour under failure modes. The system
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response to a power failure or if the interlock signals are fired during operation is dis-
cussed. Tests of the current and voltage limits that can be set on the module (both in

hardware and software) are reported.

3.4.3.1 Power Off

A test was performed to understand the behaviour of the system under a power cut.
The high voltage module crate was purchased equipped with an uninterruptible power
supply (UPS) which should initially maintain power to the system and then ramp down
the channels.

A crate containing two high voltage modules was used for this test and a voltage
of -500 V was applied to all channels. One of the channels was connected to the
oscilloscope, through a voltage divider. The main power to the power supply crate was

then turned off to simulate a power cut.

cleca mEEEEN " EEETETE 0| oSEN"

Figure 3.31: Oscilloscope trace shows the output voltage of the module when a power
cut occurs. The time scale is 5 s/div.

The voltage of -500 V is maintained on the channels for approximately 10 s, as seen
in figure 3.31. It then takes approximately 40 s to ramp down from -500 V to 0 V.
After a further 10 s the modules switch off completely. This behaviour of the UPS
system provides a safer operation of the system than the sudden cut of voltage that

would otherwise occur.

3.4.3.2 Brown-Out

Another potential failure mode of the system is a temporary interruption of the power
supply or ‘Brown-out’. Measurements were made to determine the HV power supply

module response with short interruptions.
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A crate containing seven high voltage modules and with a voltage of -140 V applied
to all channels was used. One of the channels was connected directly to the oscilloscope

which was in the single trigger mode and AC coupling. The trigger level was set at
40 mV.

Figure 3.32: Oscilloscope trace of the output voltage during o brown-out when it is
in persistency mode. The voltage scale is 500 mV /div. The time scale
is 500 ns/div.

The main power to the crate was switched off and on again to simulate a brown-out
of short duration, for example 2 s. Figure 3.32 shows that a brown-out causes a spike
in the voltage observed, but that the highest spike observed was approximately 1V.

If the brown-out duration exceeds 10 s the power supply module will already have
started to ramp down the voltages on the channels. In this case, the channels continue

to ramp to 0 V and are turned off, as in the case of a longer term power cut.

3.4.3.3 Interlock Signals

The VELO interlock system is a safety system that takes a number of inputs and will
inhibit the operation of the VELO if a problem occurs, e.g. if a temperature alarm
occurs from the temperature sensors on the modules. The interlock system provides
an input signal to the power supply modules, if these signals are fired the power supply
operation should be inhibited. A separate interlock signal is required for every channel
of the power supply module. The measurements made in this section test the behaviour
of the system when the interlock signals are fired.

In order to test the interlock system for the high voltage modules a box was con-
structed which supplies the required DC voltage of 5 V. The box has 8 switches allowing

control of the individual interlock signal to a set of 8 channels of one module.
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3.4.3.3.1 Interlock Signals Fired

The response of the system was investigated when all the interlock signals are fired. A
crate containing 9 high voltage modules with the voltage set to -500 V on all channels
was used for this test. When all the interlock signals are fired the voltages are shut
down, without ramping, and an inhibit error alarm occurs via software. Applying
the interlock signal again to all channels and clearing the error alarm via the PVSS
software, the inhibit behaviour was reset and all channels were operational again and
could be ramped up on demand as required.

In addition it is important to verify that the interlock works for each individual
channel of the system. Using the interlock test box the check was performed and a
voltage of -500 V was applied to all channels. The HV interlock signals were removed
one by one to individual channels. The corresponding channel was checked to see that
the voltage was interrupted. The checks were performed to verify all the other channels
in the module were still on and had -500 V' measured.

This test has shown that each channel can be inhibited individually without affecting

the remaining channels.

3.4.3.3.2 Voltage Spikes when Interlock Signals Fired

The behaviour of the system was investigated when the interlock signals were fired for
only some of the channels on a power supply module. The aim was to investigate if
voltage spikes could occur on other channels on the module. The interlock signals are
provided to the 16 channels on a power supply module via two 9 D-sub connectors in
the rear panel of the module. Each connector controls 8 channels.

A crate containing 9 high voltage modules was used and -140 V was applied to all
channels. The voltage and current hardware limits were set respectively to 700 V and
4 mA. A channel was chosen for monitoring and the interlock of other channels was
fired. The channel for which the interlock was fired was connected directly to one
channel of an oscilloscope and used as the trigger, with the trigger level set at -138 V.
The monitored channel was connected to another channel of the same oscilloscope.

The interlock signals for one half of the power supply module were then fired (eight
channels), while a channel on the other eight was monitored. Figure 3.33 shows that
the behaviour of the monitored channel is not affected by firing half of the interlock
signals.

This test was repeated interrupting the interlock signal for one channel and monitor-

ing the behaviour of its neighbour. Again, this test has shown that firing the interlock
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Figure 3.33: Oscilloscope trace of a test for voltage spikes when the interlock signals
are disabled. Half of the interlock signals of one HV module were fired
and another channel monitored. The Voltage scale is 500 mV /div.
The time scale is 500 ns/div.

signal to one channel does not affect the voltage supplied to its neighbouring channel.

3.4.3.4 Speed of Voltage Cut

Measurements were made to determine the time taken for the voltage to be cut after
the interlock signal was fired. During this measurement the channel was connected
to the oscilloscope, through a voltage divider and a voltage of -500 V was applied.
The oscilloscope was in single trigger mode. The trigger level was set at -24 V which

corresponds to -485 V after compensation for the voltage divider.
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Figure 3.34: Oscilloscope trace of the output voltage when the interlock signals were
removed. The time scale is 10 ms/div.

The interlock signals were then fired. Figure 3.34 shows that it takes approximately
90 ms for the module to ramp from -500 V to 0 V when the HV inhibit is fired.
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This sudden interruption of bias voltage to the sensors could cause a voltage spike
at the input of the AC-coupled front-end chips. Accidental power interruptions have
occurred during test beam operation from voltages of over 100 V and no damage has

been observed. However, a test has not been performed from 500 V.

3.4.3.5 Voltage and Current Limits

Limits on the maximum voltage and current that can be applied can be set for the
power supply module. This section discusses the testing of these limits.

The power supply module can supply up to 500 V but its maximum voltage can
be restricted through altering a potentiometer. The initial operation of the VELO
sensors will be at around 100 V, but after radiation damage this voltage is expected
to be increased up to a maximum of 500 V(see section 3.3.1.1). Hence, for safety, this
potentiometer will be adjusted to limit the applied voltage.

Similarly, the power supply module can supply up to 4 mA. However, these current
levels will only be required when the sensors are heavily irradiated. Hence, in early
operation the current limit should, for safety, be set considerably lower. The power
supply can be set in modes to either ‘trip’ when the maximum current is reached or to
limit the supplied current in ‘control’ mode.

The maximum voltage and current are adjusted by the potentiometers, labeled Vmax
and Imax, next to the two LEMO connectors on the front panel of the module [101].
The potentiometers affect the setting values in the module’s microprocessor. The values
set by the potentiometers are converted via an ADC-converter and are processed by this
microprocessor. The microprocessor limits the maximum value of current or voltage
that will be applied. The potentiometer position limits the voltage or current for all
channels on the module.

It is possible to measure the hardware current or voltage limit that has been set on
the potentiometer through the LEMO connector: the maximal value of Imax (4 mA)
and Vmax (700 V) corresponds to 2.5 V. measured from the LEMO connector. The
linearity of the measured 0 - 2.5 V signal to the current and voltage limits set are
discussed below.

In addition to the ‘hardware’ limit on the current a software limit can be applied to
each channel individually. This is an additional safety feature. As the current-voltage
characteristics of the sensors differ significantly ( see section 3.5.2) the variability for
each channel is also a useful feature.

The power supply module can be operated in two modes: current control or current
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trip. In the current control mode the maximum current delivered by the system is
limited to the value that has been set. In the current trip mode, a maximum safe
current is set and the voltage is cut if this value is reached. For the VELO system we
recommend using the current trip mode, using this limit as a safety system. The trip
value should be set to a value above that which would be reached in normal operation.
The mode of operation is controlled through the software by the ‘kill enable’ bit that
can be configured to the values 0 and 1. If the kill enable is set to 0 the mode of
operation is current control and if it is 1 the mode is current trip. The choice of mode
applies to both ‘hardware’ and ‘software’ current limits. The following tests aim to

check that the limits function and the accuracy with which the hardware can be set.

3.4.3.5.1 Voltage ‘Hardware’ Limit

The performance of the voltage limit was tested over the full voltage range of the power
supply and was found to function correctly.

The linearity between the voltage measured on the LEMO connector (0 to 2.5 V)
and the voltage limit applied (0 to 700 V) was tested. The potentiometer was changed
over the full range and thus the voltage measured from the LEMO connector changed
accordingly. For each setting the hardware voltage limit was measured. The measured
hardware limits as a function of the voltage measured on the LEMO connector are
shown in figure 3.35A as the blue line. The pink line in figure 3.35A is given by
assuming a linear relationship, where 2.5 V corresponds to 700 V. The deviation of
the measured behaviour from linear is shown in figure 3.35. The hardware limit has
been tested from 84 V up to 700 V. The discrepancy from linear behaviour should be

considered when determining the maximum voltage to set.

3.4.3.5.2 Current ‘Hardware’ Limit

The corresponding tests considered in the previous section for the voltage limit were also
applied to the current limit. The current limit was provoked by connecting a resistance
of 100 k€2 to the output of the power supply module and ramping the applied voltage.
The hardware current limit has been tested from 120 A up to 4 mA.

Figure 3.36A shows the measured current limits as a function of the measured voltage
on the Imax LEMO connector as the blue line. The pink line in figure 3.36A is obtained
by assuming a linear relationship where 2.5 V corresponds to 4 mA output on the power

supply. Figure 3.36B shows that the discrepancy from the linear behaviour is small.
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Figure 3.35: A- (left) Hardware voltage limits as a function of voltages measured
from the LEMO connector. B- (right) Discrepancy between the mea-
sured hardware voltage limits and linear behaviour for the voltages mea-
sured from the LEMO connector.

F < F

4 Ep08

| [ E

| Q E
35F $0.07

P ] E

F £0.06 1

3 - =

: §oost
25— 30.04

oF 0.03)

E 0.02—
15— E

r 0.01;

= of i
P N Y E N B 001 Lo L 1
’ 0.5 1 1.5 2 2.5 0.5 1 1.5 2 2.5

LEMO Connector Voltage (V) LEMO Connector Voltage (V)

Figure 3.36: A- (left) Hardware current limits as a function of voltages measured
from the LEMO connector. B- (right) Discrepancy between the mea-
sured hardware current limits and linear behaviour for the voltages
measured from the LEMO connector.
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3.4.3.5.3 Current Software Limit up to 4 mA

In addition to the ‘hardware’ limit that can be set through the potentiometer, software
limits on the current can also be set. This test aims to verify that the current software
limit of the individual channel works.

The current limit was provoked by applying various voltages to a resistance of 100 kf2.
The software limit was tested from 120 uA up to 4 mA. The test were performed both
in current control mode and in current trip mode. When the software current limit
is reached a trip error alarm is displayed in the software, and the current is either
limited to the limit value (control mode) or the voltage to this channel turned off
(trip mode). The HV power supplies are always used in trip mode to maximize the
VELO modules protection. After repairing the error, the alarm can be cleared and the
channel returned to normal operation. All channels have been tested and for each one

the current software limits work correctly.

3.4.3.5.4 Current Limit below 120 pA

In the sections above the current limit was only considered above 120pA. Tests were
also performed at lower values. Again the current limit was provoked by applying
various voltages to a resistance of 100 k(2. The results show that a ramping speed of
7V/s (i.e. 1 % of full output per second) always provokes a trip for a current software
limit below 40 pA even if nothing is connected to the module. If the ramping speed
is reduced, e.g. to 1 V/s, or the current software limit is set higher this problem is
prevented. While it is not expected that the hardware limit would be set below 40 pA,

one need to be aware of this behaviour for setting the software limits.

3.4.3.5.5 Voltage Cut in Current Trip Mode

The current trip was designed to shut off the module immediately if activated. The
firmware of the modules does not offer the possibility to ‘ramp down’ the channels in
the case of trips. This ramp down period would have to be short for safety purposes
but could be longer than the current behaviour which is equivalent to that reported in
section 3.4.3.4, where the potential danger of a sudden voltage cut to the modules is
considered. An upgrade of the modules’ firmware? was performed during the 2008-2009

shutdown.

9The firmware 2.26 was flashed on the HV modules during the 2008-2009 shutdown
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3.4.4 Cables and Patch Panels Testing

The cables and patch panels of the high voltage system have been tested, including all
spare components. Connectivity tests were performed by the Glasgow team prior to in-
stallation on the following components: the counting house cable which links the power
supply modules to the patch panel in the counting house; the counting house patch
panels; the patch panel close to the detector. A full chain test of these components
was then performed up to 500 V, using a prototype long distance cable. The leakage
current measured was consistent to zero within the resolution of the measurement.

The connectivity of the long distance cables that link the counting house and detector
patch panels were tested after the in-situ installation of the connectors. One of the
connectors was subsequently damaged during the installation of the low voltage system
and this connector was replaced and retested.

The detector cables that link the detector patch panels and the HV connectors on
the VELO repeater boards were assembled in the two required lengths and tested by
LEMO S.A.10,

The connectivity and leakage current at 500 V was tested on all channels of the full
assembled HV system in the pit, including the spare detector and long distance cables.

The description of these tests is given in [102].

3.4.5 Low Voltage Behaviour and Current Fluctuations
3.4.5.1 Low Voltage Behaviour

The high voltage system of the VELO will typically be operated at voltages in excess of
100 V. However, during tests it can be useful to apply low voltages to the system, for
example, when testing connectivity. During these tests of the system it was observed
that the behaviour of the power supply modules at low voltages (below 10 V) was not
as expected. This behaviour is reported in this section.

The requested value of the high voltage was compared with the voltage obtained
as read back from the system and displayed in the software and cross-checked with
a DVM. Figure 3.37TA shows the result obtained when setting voltages from 0 V to
28 V via the PVSS software in steps of 0.5 V. The PVSS measurements (blue points)
and the DVM measurements (pink points) are all averages over several measurements.
Both measurements are consistent (indeed the blue points are largely obscured by the

pink points on this scale) and their differences are presented in figure 3.37B.

I0LEMO S.A., CH-1024 Ecublens, Switzerland
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Figure 3.37: Comparison of the requested and measured voltages at low wvoltages.
A- (left) Voltage measured as a function of the set voltage. The blue
points, largely obscured, are for PVSS software measurements and the
pink points are for DVM measurements. B- (right) Difference between
the PVSS and DVM measurements as a function of the requested volt-

age. These results are for channel 5 of the module with serial number:
474189 07/2006.

It is clear from figure 3.37 that the behaviour above 9 V is as expected, the measured
voltage in software and through the DVM both agree with the voltage that has been
requested. This confirms the normal operating behaviour that was reported in section
3.4.1.

However, below 9 V the voltage applied does not correspond to the voltage that has
been set. Further measurements have been taken from channels of several high voltage
modules to understand its behaviour in this non linear part of the graph. Figure 3.38
reports the behaviour of four channels. These results are representative of the larger

sample of measurements that were made. The following conclusions are drawn:
e The high voltage module operates correctly for voltage settings above 9 V.
e Setting a voltage below 5 V|, results in no voltage being applied.

e For requested voltages between 5 V and 6.5 V the voltage applied is less than
the voltage set.

e For requested voltages between 6.5 V and 9 V the voltage applied is typically
higher than that which has been set. The highest voltage set is approximately
10 V.

The behaviour of all channels on a single module is not the same, see figure 3.38C and

3.38D. It was not clear that the variation in behaviour between channels on different
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Figure 3.38: Measured voltage as a function of set voltage for low voltages. A- (top
left) channel 1 of the module with SN: 474195 07/2006 B- (top right)
channel 10 of the module with SN: 474193 07/2006 C- (bottom left)
channel 15 of the module with SN: 474191 07/2006 D- (bottom right)
channel 2 of the module with SN: 474191 07/2006

modules (e.g. figure 3.38A, 3.38B, 3.38C) is any larger than between channels on the
same module.

The difference between the values set and the voltage measured in this low voltage
region are thought to be due to the noise of the ADC and of the voltage dividers in the
power supply module in this region. In discussion with the power supply company, the
modules were claimed to typically be calibrated above 1 % of the maximum voltage, i.e.
above 7 V. However, the company has seen problems with the calibration and suggest
that the true calibration may be only achieved above 1.5 % (11 V) to 2 % (14 V).

From the test results stated previously, only using the system above 10 V is advised.

3.4.5.2 Current Reading Fluctuation

The accuracy of the current reading of the ISEG module has been tested. The ISEG
manual [101] states that the current measurement resolution is 80 nA and the accuracy

of the measurement is given as
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0.005% I + 0.01% Imax, (3.17)

where I is the supplied current and I'max is 4 mA (the maximum current the power
supply can produce), so for low currents the precision is 0.4 pA r.m.s. The fluctuations
in measured current values with stable loads have been observed. This was tested for
all channels of the high voltage system without any load applied at 100 V. The test
was repeated for a few number of channels per module with a 100 Mf2 resistance and
operated at 100 V. The results of both tests are in agreement.

Fluctuations of 4 A peak-to-peak amplitude were observed on power supply module
474187 07/2006. This is considerably worse than observed on the other modules, which
all showed similar behaviour and similar to that expected from the manual. The peak-
to-peak amplitude of the fluctuation observed is always less than 1 pA, for all the
modules used in the VELO system. The fluctuations are caused by a measurement
error, they are not actual variations in the supplied current this has been checked
with an oscilloscope and a DVM. The voltage was set and measured using the Iseg
standalone control software IsegHVControl version 1.57. In addition, a comparison has
been made by using PVSS, using the Iseg OPC server 5.00.006.

As typical currents drawn by the unirradiated modules are less than 5 A at 250 V,
a fluctuation of 1 pA is of relevance for early operation: the currents after irradiation
will be considerably higher. Indeed, the current reading provides useful information
on the level of irradiation. The level of the observed fluctuations has been reported to
Iseg. The accuracy of the measurement of ‘current-voltage’ (IV) curves on the VELO
modules has been improved by implementing an averaging procedure in the PVSS
FSM. The current values are recorded ten times and the average value used in the IV

plots produced.

3.4.6 Conclusion

The tests that were performed to characterise the HV system were presented in this
section. The HV system was tested under normal operation, during voltage ramps
and under failure modes. Noise spectra were measured and quantified. The tests were
performed both in the laboratory and at the LHCb Pit. The tests have given the
following main results.

The HV system will not add extra noise to the front-end electronics. There was a
small excess of noise observed in the range of 50 MHz to 80 MHz at the module output
and also at 44 MHz and 53 MHz at the end of the detector cable installed in the LHCb
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Pit. When connecting a load emulating the hybrid, this excess of noise is suppressed
to a negligible level.

The HV power supplies are stable and supply accurate voltages. The voltages mea-
sured at the channel outputs are approximately within 1 % of the set values for all
channels. No spikes were observed during long term test of the HV power supply at
a defined voltage. No spikes were seen when the interlock signals were fired individu-
ally and globally. No noise spikes were observed during ramping and stable operation.
However, spikes up to 1 V. were observed during short power glitches (brown-out). In
case of a power-cut, the crate UPS will temporary power the modules while all channels
will be ramped down to 0 V with a ramping speed of 12 V/s. Once triggered the ramp
down will continue even if the normal power is back. The crate UPS power can last at
most 1 minute.

The HV power supplies will always be operated in current trip mode. Under this
mode, the channel that triggers a trip alarm shuts off directly.

The HV system has a reliable protection both in hardware and software for the
VELO modules. All HV channels can be inhibited individually or globally by firing
the interlock signal of corresponding channel(s). The interlock signals may be fired if
the temperature of the module would be out of range or the cooling system would fail
or the beam condition monitored would be unsatisfactory. Firing the interlock signal
causes the corresponding channel(s) to ramp down at a ramping speed of approximately
5 kV/s. The hardware voltage and current limits of the modules can be changed as
desired. Furthermore, current trip limits can also be set at the HV software level which
cannot exceed the hardware current limits.

Despite the fact that the HV system has generally shown good performance, two
points have to be considered when operating the HV system. The tests have revealed
current reading fluctuations. The highest fluctuation observed was 4 uA peak-to-peak
amplitude. This was only observed in one of the modules. Upon the observation, that
module was replaced by one of the spare modules. The other modules current reading
fluctuations were always less than 1 uA peak-to-peak amplitude. Investigations have
indicated that the fluctuations are caused by a measurement error as they are not actual
variation in the supplied current. The tests have also shown that the HV modules do
not supply the correct voltages below 9 V. Hence, using the HV system above 10 V is

advised.
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3.5 Commissioning Experience and Current-Voltage

Performance of the VELO Sensors in-situ

The commissioning of the high voltage system has passed through several stages. The
components of the HV system were characterised individually at the University of
Glasgow. A full chain test was done at the University of Glasgow using a 1.5 m cable
of the same type as the long distance cables.

The 60 m long distance cables were installed in the LHCb Pit then had their connec-
tors fitted, and were then tested. After all components were installed, characterisation
tests were repeated to ensure no degradation of their performance had occurred. The
results of all the tests were presented in section 3.4.

It is important to regularly retest the system and this will be done annually during
shutdowns. Due to the limited space where all the components were installed, a long
distance cable connector was broken during the installation of the low voltage system.
This was repaired and retested. There were also problems in the software. The OPC
server version that was used to operate the HV modules and crate was not compatible
with the Windows 2003 server used in the LHCb Pit. At Glasgow the tests have been
performed with Windows XP, where the OPC server was working properly. A new
OPC server version was released by the Iseg company that solved this incompatibility.

The system was tested and complies with the electrical safety regulations at the
LHCb Pit. Current-Voltage data were taken at different periods of the commissioning
to monitor the behaviour of each sensor. The resulting characteristics are presented
in section 3.5.2. Since the data were not taken at the same temperature, temperature

corrections (see section 3.5.1) were applied to the measured current values.

3.5.1 Temperature Correction

To investigate if there was any degradation in the current voltage behaviour of the
VELO sensors, current-voltage data were compared. The comparison was made on
current-voltage data that were taken at the time of module production, during their
commissioning and around the time of the beam absorber collision data!!, and up to
the start of the LHC run in autumn 2009. Since measurements of the same module were
made at different temperatures, one has to consider the leakage current dependence

on the sensor’s temperature. The leakage current measured from the detector is a

1Data were taken from the collision of a beam of protons with a beam absorber during LHC syn-
chronisation test of the anti-clockwise beam. [103]
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combination of the bulk and the surface currents. The bonding scheme of the VELO
modules makes it impossible to distinguish these two current contributions. Moreover,
their temperature dependences are different. The bulk leakage current is due to thermal
excitation from the valence band to the conduction band (see chapter 4) under an
electric field at the p-n junction of the sensor. If the bulk current would be dominant,

the following equation can be used to scale the measured leakage current values:

I (Tyy) = I(T). (%)2 eap (—2%; [Trlef _ %D | (3.18)

where T' is the measurement temperature in K, 7,.; is the reference temperature and

kp is the Boltzmann constant. Ej is the silicon band gap of 1.12 eV. In practice this
corresponds to approximately a doubling of current every 8°C. No such simple scaling

occurs for the surface current, so this adjustment will not work in all cases.

3.5.2 Current-Voltage Characteristics

The high voltage system has been used to study the stability of the VELO sensors
by studying the current-voltage characteristics. The comparison was made between
the current-voltage characteristics taken during the module production (= 20°C) and
during commissioning in December 2008 (~ 25°C for most of the A-side sensors'? and
~ 10°C for C-side sensors), in June 2009 (=~ 20°C) and in October 2009 (=~ -25°C).
Since these measurements were taken at different temperatures, the leakage current
values were scaled to 20°C. The temperature correction was applied using equation
3.18 in section 3.5.1. The comparison was made at the nominal operating voltage
of 100 V. As explained in section 3.4.5.2, the Iseg power supply suffers from reading

fluctuations at low current. Hence differences below 1 A may be due to reading errors.

The high leakage current sensors were identified for each data. Their comparisons
are provided in section 3.5.2.1. Section 3.5.2.2 presents the change of sensors’ leak-
age currents when cooling. The evolution of the sensors’ leakage currents at room

temperature is given in section 3.5.2.3.

12The temperatures of the pile-up sensors PO2R and PO3R in December 2008 were ~ 10°C.
I3The June 2009 data does not contain data for the pile-up sensors.
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Percentage of high leakage current sensors
Data (1-5puA)
Without temperature correction | With temperature correction
Production 19 % 19 %
December 2008 20 % 25 %
June 2009 23 % 15 %
October 2009 15 % -

Table 3.3: Comparison of the percentages of high leakage current sensors from the
measurement ot the module production, and the measurements during
commissioning in December 2008, in June 2009, and in October 2009.

3.5.2.1 Comparison of the Observed High Leakage Current Sensors from all
Data

To perform the sensors’ leakage currents comparison over time, the sensors are grouped
in two categories: those below 5 A leakage current and those above. The high leakage
current sensors are then divided in three sub-categories in table 3.4.

Figure 3.39 shows the comparison of the R and ¢ sensors’ leakage currents between
the production data, the December 2008 data, the June 2009 data, and the October
2009 data. No temperature scaling was applied to any of the data.

Table 3.3 summarises the comparison of the percentages of high leakage current
sensors from each of these four measurements with and without temperature correction.
The October 2009 data was not scaled, hence this entry is not included in table 3.3.
Furthermore, the measured leakage currents are close to the resolution of the Iseg power
supply and there might be surface current contribution which cannot be scaled. The
scaling of the current with temperature cannot be done to the -25°C data because it
is likely that the measured current has a surface current component that dominates at
low temperature. It is clear from figure 3.39 and table 3.3 there is no significant change
in the fraction of high leakage current sensors.

Table 3.4 provides the full list of the observed high leakage current sensors, without
applying any temperature correction to any of the data and by scaling both December
2008 and June 2009 data to 20°C. The high leakage current sensors are broadly in
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agreement with that observed at production, there are more ¢ sensors with high leakage

currents than R.

3.5.2.2 Change of Leakage Current When Cooling

Since the October data (= -25°C) cannot be scaled to 20°C, to identify the change
of leakage current when cooling, all data were compared without temperature scaling.
The sensors’ leakage currents are expected to decrease exponentially with temperature.
Hence, an increase of leakage current on cooling would indicate an abnormal behaviour
of the sensor.

As shown in figure 3.39, six sensors have an increase in current when cooling. These
sensors are M23P, M24P, M26P, M36P, and the two pile-up sensors POOR and P0O2R
which correspond to 54% of the high leakage current sensors.

These sensors are worrying and their future behaviour will have to be particularly
followed. Their high leakage current behaviour might be due to stress in the modules
as materials of different coefficients of expansion are cooled to lower temperature. The
VELO modules are made with R and ¢ sensors glued back to back (see figure 2.8) on
the carbon fibre supports and these materials may contract different amounts leading
to stress in the module.

The pile-up modules contain only single sided R sensors, and required stiffening
carbon fibre structures glued between the modules. Cooling could induce stress in
these structures and the carbon fibre support, which may cause an increase of the

sensors’ leakage currents.

3.5.2.3 Evolution of the Sensors’ Leakage Currents at Room Temperature

To identify the evolution of the sensors’ leakage currents, the December 2008 data and
the June 2009 data were scaled to 20°C and compared with the Production data (see
figure 3.40). No clear trend was observed as a function of time at 20°C. Some sensors
have increased their scaled current in December 2008, but this seems to be due to the
temperature scaling behaviour. Hence for the following, no temperature scaling was
applied to the data, this data was already shown in figure 3.39.

Since some changes of the classification of the high leakage current sensors were
observed after applying the temperature correction to the December 2008 data and the
June 2009 data (see table 3.4), three detailed comparisons were performed to estimate
their leakage current increases (or decreases): the comparison between the Production
data and the December 2008 data, the Production data and the June 2009 data, and
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the December 2008 data and the June 2009 data.

Figure 3.41 shows the amount of leakage current increase (or decrease) between
Production, December 2008 and June 2009. Only sensors with leakage currents and
current increase (or decrease) above 5 puA were shown in these graphs.

From Production until June 2009, seven sensors present significant leakage current
increases at room temperature with an average of ~ 10 A which correspond to 8% of
the VELO sensors. Note that this increase is small compared with that expected from

radiation damage (see section 3.3.1.1.1).

3.5.3 Conclusion

A detailed comparison of the current-voltage characteristics of the VELO sensors was
presented in this section. The high leakage current sensors were identified for each
dataset.

It was observed that the temperature correction function used to scale the sensors’
leakage current cannot always be used due the measured current resolution of the Iseg
power supply and the surface current contribution.

Cooling down has increased the leakage currents of some sensors. This behaviour
could be due to the stress induced effects on cooling.

The evolution as a function of time for all data have shown no strong increase in
the number of high leakage current sensors. No clear trend was observed as a function
of time at 20°C. However, approximately 8% of the sensors (primarily ¢ sensors) do
show non negligible leakage current increase compared to production. The increases

are small enough not to affect their performance.
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Figure 3.39: Comparison of the sensors’ leakage currents at 100V between the data
taken at the module production (pink rings) and data taken during
commissioning in December 2008 (green crosses), in June 2009 (blue
squares) and in October 2009 (red triangles). No temperature scaling
was applied to any of the data. A-(top) R sensors. B-(bottom) ¢
Sensors.
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Sensors Data SPA <I <15 pA | 15 pA < I <25 pA | T> 25 A
M29R, M61R,
Production P0O3R, POOR, PO2R, M24R,
M23R
M61R, PO3R,
December 08 M23R M24R POOR, PO2R
December 08 | M27R, M30R, M23R, M24R
scaled to 20°C | M32R, M45R PO3R POOR, PO1R
M29R, M55R
R M29R, M55R,
June 09 M27R, M30R M23R, M24R
M61R
June 09 M61R, M23R,
scaled to 20°C | M24R
October 09 PO3R, M23R M24R POOR, PO2R
M24P, M35P,
Production M32P M45P, M75P M53P, M23P,
M36P, M26P
MO7P, M32P, M60P, M75P, Mb53P, M24P,
December 08 | M62P M45P M35P, M23P,
M36P, M26P
December 08 | M30P, M60P, M53P, M32P, M45P, M24P,
scaled to 20°C | M75P M26P M35P, M23P,
M36P
¢ MO7P, M62P, M45P, M24P,
June 09 M32P, M60P M75P, M53P M26P, M36P,
M23P, M35P
June 09 M32P, M60P, Mb53P, M45P M23P, M36P,
scaled to 20°C | M75P M24P, M26P M35P
M35P, M24P,
October 09 M45P, M53P M75P M23P, M36P,
M26P

Table 3.4: Comparison of the observed high leakage current sensors without applying
any temperature scaling to any of the data and by scaling the December

2008 and the June 2009 data to 20°C. The order of the module numbers

represents lowest to highest currents in that category.
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Figure 3.40: Comparison of the sensors’ leakage currents at 100V between the data
taken at the module production (pink rings) and data taken during
commissioning in December 2008 (green crosses), and in June 2009
(blue squares). Both December 2008 data and June 2009 data were
scaled to 20°C. A-(top) R sensors. B-(bottom) ¢ sensors.
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Figure 3.41: The amount of leakage current increase (or decrease) for the sensors
that have shown significant leakage current difference from the three
comparisons performed without temperature scaling. Only sensors with
leakage currents above 5 pA in any of the data. A-(top) R sensors.
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3.6 Summary

This chapter has provided a detailed description of the VELO high voltage system,
both the hardware and the software part have been presented. The hardware includes
power supply modules, patch panels and cabling. The software is based on the PVSS
control architecture. The designed system meets the LHCb VELO requirements.

The characterisation tests of the high voltage system were also presented and the
high voltage system performance was demonstrated. The system noise is found to
be sufficiently low, and a range of failure modes have been successfully tested. The
tests revealed both hardware and software problems, which have been rectified, and
the system is fully operational.

Comparisons of current-voltage characteristics of the VELO sensors were also pre-
sented. The leakage current of a number of sensors was found to increase on cooling to
-25°C, contrary to expectation. This could be a consequence of stress in the modules
and will be monitored. No significant degradation in sensor currents was observed over

time.
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4 Qualification of p-Type Silicon
Strip Sensors for the LHC
Upgrades

This chapter presents the qualification of p-type silicon microstrip sensors, with differ-
ent types of isolation techniques, towards the proposed upgrades of LHCb and other
LHC experiments. Characterisations of these detectors were performed before and
after irradiations with neutrons and protons. The results obtained are presented in
this chapter. Section 4.1 briefly introduces the concept of the LHCb upgrade. Section
4.2 provides the general theory of semiconductors relevant to silicon detectors which
includes the effects of radiation on silicon detectors. The characterisation of the p-
type silicon detectors studied is given in section 4.3, and their characterisation after

irradiation in section 4.4.

4.1 Concept of LHCb Upgrade

LHCD is a heavy flavour physics experiment designed to make precision measurements
of CP-violation and rare decays of B-hadrons. In five years of nominal operation
LHCDb expects to collect an accumulated data sample of 10 fb~! which will allow LHCb
to collect a much larger B meson sample than previously available. As presented
in [104], continuing running LHCb beyond 10 fb~! without an upgrade will not be
overly profitable, since the statistical precision achieved will only increase slowly by
running at constant peak luminosity.

LHCD is designed to operate at a LHC luminosity of 2x103? cm~2s~!. The LHCb
upgrade design luminosity would increase this by a factor of 10 to 2x10%3 cm=2s~t. To
fully profit from the increased luminosity in hadronic channels, the full detector has to
be read out at 40 MHz event rate, as a displaced vertex trigger is needed. This will
require replacement of most front end electronics and a more radiation hard vertex

detector.
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After five years of operation, either new physics beyond the standard model will have
been discovered at the LHC experiments or new physics will be at a higher mass scale. If
new particles are discovered, their flavour structure has to be studied to reveal their true
nature. If no discoveries are made, precision measurements, sensitive to loop diagrams,
are the only probe one has above the direct new particle production TeV scale. For
Flavour Changing Neutral Current (FCNC) decays, like By — K*u™ ™ (see chapter 5),
with an upgrade of LHCb, one could perform measurements that are highly sensitive
to new physics effects. With its current design and luminosity LHCb expects to collect
7200 B; — K*utu~ events per 2 fb~!. However, with an upgraded LHCb, one expects
to collect 360k B; — K*u*tpu~ events with 100 fb=1L.

The LHC has a design luminosity of 10** cm~2s~! and hence no upgrade is required
to operate the LHCb upgrade. In the longer term, an upgrade to LHC, the SLHC,
is also planned. This will upgrade the luminosity of the LHC by around a factor of
10. The VELO, at a distance of only 8 mm from the beam, will receive a fluence of
10" neq/cm? per year, and must withstand 10® n.,/cm? over the full lifetime. The
ATLAS and CMS inner layers at the SLHC will operate at a higher luminosity but be

further from the beam. They must also withstand around 10'® ne,/cm?.

As part of the research and development towards LHC upgrades, n-on-p microstrip
detectors with six different types of isolation techniques have been manufactured for
ATLAS by Hamamatsu'!. This thesis work is focused on characterisation of these detec-
tors before irradiation with Current-Voltage and Capacitance-Voltage characteristics,
and after neutron and proton irradiation at different fluences up to 10'® ne/cm? by
Current-Voltage characteristics and Charge Collection measurements. The aim is to
find the most radiation hard isolation technique that would suit the LHC upgrade

vertex detectors without degrading the detector performances.

The results in this section are also valuable for estimating the lifetime of the current
VELO sensor (primarily n-on-n sensors) and the spare replacement sensors (primarily
n-on-p). The current detectors will be replaced by the spare system if an accident

occurs or after significant radiation damage.

1Solid State Division, 1126-1, Ichino-cho, Higashi-ku, Hamamatsu City, Shizuoka Pref., 430-8587,
Japan.
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Figure 4.1: Representation of the atomic structure of silicon. A-(left) The tetrahe-
dral bonding structure. B-(right) The covalent bonding structure. Re-
produced from [105].

4.2 Silicon Detector Theory

4.2.1 General Theory of Semiconductors

Semiconductors are used in many applications especially in microelectronics. They
are used for the production of many electronic components such as integrated circuits,
diodes and transistors, as well as for tracking detectors for charge particles in high
energy physics experiments.

Semiconductors have either a diamond structure like Silicon (Si) and Germanium
(Ge), or Zinc blende structure like GaAs. As illustrated in figure 4.1, semiconductors
have a tetrahedral bonding structure in which each atom shares its outermost electron,
called a valence electron, with its four neighbours to form covalent bonds.

Both insulators and semiconductors have a bandgap structure which is the energy
difference between the top of the valence band and the bottom of the conduction band.
There is no bandgap in a conductor. As shown in figure 4.2, the bandgap E, in an
insulator is ~ 9 eV and is &~ 1 eV in a semiconductor ( E;, ~ 1.12 eV in silicon).

With thermal excitation, an electron in the valence band may gain enough energy
to jump to the conduction band leaving behind a hole. In an intrinsic semiconductor,
i.e. one that contains almost no impurity, the electron concentration n and the hole
concentration p are equal with

n=p=n,, (4.1)
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Figure 4.2: Schematic of the band structures of the three types of materials. (a)
Insulator, (b) semiconductor and (c) conductor.

where n; is the intrinsic carrier concentration. The value of n; at a defined temperature
can be found by considering the density of states available in the conduction band, and
the Fermi-Dirac distribution f(E) which is the probability of a level at energy E to be
occupied by an electron. The probability of occupation is 0.5 at the Fermi level Ep.
For intrinsic silicon Eg is in the middle of the band gap.

Impurities with five valence electrons like Phosphorus are referred to as donors. Each
donor adds an extra free electron that is not involved in the covalent bonds and becomes

positively charged. If one has a concentration of N, donors, such that Ny > n;, then
Nd = n, (42)

where n is the concentration of free electrons. This material is referred to as n-type

material and the donors act as positive space charges.

Likewise, impurities with three valence electrons such as Boron are referred to as
acceptors. Each acceptor creates an electron vacancy, i.e. hole, in the covalent bonds.
This hole is virtually free as it may be filled by an electron from a neighbouring atom
and the corresponding acceptor becomes negatively charged. For a concentration of N,
acceptors, and N, > n;, then

N, = p, (4.3)

where p is the concentration of free holes. The corresponding material is referred to as

p-type material and the dopants act as negative space charges. The concentration of
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Figure 4.3: Representation of a p-n junction at thermal equilibrium. The charge
distribution and the electric field at the depletion region are shown.

impurities introduced in a semiconductor material indicates its doping concentration.
For p-type doped material, the doping concentration corresponds to the concentration

of acceptors introduced to the material.

4.2.1.1 The p-n Junction

Joining a n-type material with a p-type material creates a ‘p-n junction’, the basic
element of almost all electronic devices and tracking detectors in high energy physics.
There is diffusion of holes from the p-type side into the n-type and electrons from the
n-type to the p-type, driven by the difference in concentration. The recombination of
these electrons and holes creates a depleted region with no free carrier concentration
as illustrated in figure 4.3. The fixed space charges, indicated in figure 4.3, in the
depleted region originate from dopants that have been compensated with the diffused
electrons and holes. Hence, an electric field comes from the fixed space charges with the
maximum strength being at the p-n junction. The field generates a built-in potential
Vii across the depletion region and causes carrier drift in the direction opposite to the
diffusion. At thermal equilibrium and without external bias, the net current flow is
Zero.

Applying an external reverse bias Vz to the p-n junction, where a positive bias is

applied to the n-type region and a negative bias to the p-type increases the width
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of the depletion region. Since Vj; and Vx have the same polarity, electrons in the n-
type region and holes in the p-type region will be attracted away from the edges of the
depletion region, increasing the width of the region with uncompensated space charges.
The total potential difference across the junction will be (Vj; + V). The width of the
depleted region x4 is given by [106]

2€s(Na+Nd)
=4/ —— (Vi + Vr), 4.4
Tyq \/ NN, (Vi + VRr) (4.4)
with, "
T NgN,
Vi = —In—272, (4.5)
q n;

where q is the elementary charge and €, the permittivity of the semiconductor material.

Since there are equal concentrations of positive and negative space charges at the
depletion region, respectively () and —@), if the doping concentrations are different
the depletion region will grow further into the lightly-doped region. For example, if
Ny > N,, under reverse bias the depletion will extend from the p-type into the n-type
region, and the width of the depletion region is proportional to \/m with Vg > Vj,
(Vi = 0.6 V for silicon). Since C' = dQ/dV, the capacitance C' of the depleted p-n

junction per unit area depends on the width of the depletion region with

C=A%, (4.6)

Zq

where A is the area of the semiconductor material.

Silicon detectors are operated in reverse bias mode. The depletion region corresponds
to its active region. Hence, to deplete the full volume of the detector, a minimum
reverse bias voltage Vpp has to be applied at the p-n junction. Vgp is called the ‘full
depletion voltage’ and in this case x4 of equation 4.4 corresponds to the thickness of
the detector.

Replacing the expression of z; in equation 4.4 into equation 4.6, the capacitance-

voltage characteristic CV or 1/C? versus voltages is given by

1 2(N, + Ny
_ 2WNa ¥ Na) o,y 4,
C? qA2QDQD@( i+ Vr); (47

which is the standard relation used to determine the full depletion voltage Vrp. Results

obtained by using this relation are presented in section 4.3.3.
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4.2.1.2 Signal Generation

The generation of signal in silicon tracking detectors is discussed in this section. More
details of the description of semiconductors and their application can be found in many
text books such as [106] and [89].

Silicon detectors use the properties of the p-n junction (see section 4.2.1.1). Consider
a p-on-n silicon strip detector, also called an n-type detector, as illustrated in figure 4.4,
with heavily doped p-type implants (p™) and an n-type lightly doped bulk. Typical

3 and

doping concentrations for bulk and implants are respectively of order 102 cm™
10'® cm™3. Under reverse bias, the depletion region grows from the p* side to the
n-type side. When high energy particles traverse the detectors, they deposit energy
that can excite electrons from the valence band to the conduction band, creating free
electron-hole pairs. Charges created in the depletion region can be collected. There is
no field in the non-depleted region. Hence, no signal is generated in that region.

Due to the electric field the electrons created at the depletion region are drifted to
the n™ implants and the holes to the p™ implants. Since they are charged, as they drift
through the detector their field will induce a measurable signal. The carriers generated
may often be shared between multiple implants. Charge spread between several strips
increases the resolution but decreases the signal to noise ratio. Charge sharing increases

in thicker detectors and decreases with bias voltage. The integrated collected charges

correspond to the energy deposited by the particles.

4.2.1.3 Electrical Breakdown

Electrical breakdown occurs when the field at the p-n junction is high enough to al-
low the creation of new electron-hole pairs from collisions between the free electron
(hole) with the lattice atoms. The produced charge carriers then repeat this process.
This phenomenon is known as avalanche multiplication or ‘hard breakdown’ and is
characterised by a sudden transition to high leakage current under reverse-bias in sili-
con detectors. The reverse-bias voltage at which the avalanche multiplication starts is
called the ‘Breakdown Voltage’

The breakdown effect is temperature dependent since scattering occurs due to the
thermal displacement of the atoms from the ideal lattice. It depends also on crystal
defects, for instance lattice distortion near the surface. The breakdown effect is there-
fore dependent both on the design of the detector and the environment in which the
detector is operated. It differs also from one detector to another since it depends on

defects and imperfection within the detector. In particular, the exposure of the de-
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Figure 4.4: Illlustration of a fully depleted p-on-n microstrip detector traversed by
high energy particles.

tector to intense radiation may change both the surface and bulk material properties
drastically. The breakdown voltages were identified for each detector characterised in
this thesis (see section 4.3.2 and 4.4.2).

4.2.1.4 SiO, Protection and AC Coupling

Silicon micro strip detectors require a passivating layer to protect the silicon detector
surface. SiOy is mostly used for this purpose as it establishes a well-controlled termi-
nation of the dangling bonds where the crystal lattice is truncated during fabrication.

Another layer of SiO, is grown between the implant and the aluminium strip which
decouples the implant from the front-end electronics, called AC-coupling. This shield-
ing of the readout electronics is a protection against leakage current from the sensor

which can, for instance, lead to a pedestal® shift.

4.2.2 Radiation Damage

For the application of silicon detectors in high energy physics as position sensitive

detectors, one has to take into account radiation damage due to high charged particle

2The pedestal refers to the level of the zero signal of each readout chip channel. Since the electronics
on each readout chip channel are not perfectly identical, the pedestals may vary between channels.
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Figure 4.5: Representation of different types of defects in the lattice.

fluxes passing through the detectors. Radiation induces changes to the properties of
the detector that manifest in changes of the sensor parameters like leakage current,
depletion voltage and charge collection efficiency.

More specifically, macroscopic changes are due to microscopic changes within the
silicon itself, which are dependent on the type of radiation. In this section, the radiation
induced damage in both the bulk and the surface of a detector will be considered. A

detailed description of radiation damage effects can be found in [89,107].

4.2.2.1 Radiation Damage in the Bulk Material

When high energy particles traverse the detector, they excite electron-hole pairs and
interact with the atoms via the electromagnetic and strong forces. The displaced
atoms create interstitials and vacancies as shown in figure 4.5. These deviations from
the crystal symmetry are called ‘defects’. A localised empty site in the atom lattice
is known as a ‘point defect’, whereas a group of a few adjacent point defects forms a
‘defect cluster’.

By diffusion, they move and can then combine with impurity atoms like oxygen,
phosphorus or carbon to create new levels, which change the initial silicon properties.
The induced macroscopic effects are an increase of leakage current, change of depletion
voltage and a decrease of charge collection efficiency.

Defects close to the Fermi level are constantly produced during radiation. At mid-
bandgap their presence induces the creation of electron-hole pairs that increase the

leakage currents. The leakage current is the radiation induced leakage current presented
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in section 3.3.1.1.1, and its proportionality to the fluence is given by equation 3.1.

Defects can act as acceptors or donors and hence change the effective doping con-
centration. Radiation induces changes to the effective doping concentration. The full
depletion voltage is proportional to the effective doping concentration. The change in
effective doping concentration is due to the introduction of acceptor levels by radiation
damage. Microscopic defects interact with each other, which can enhance or suppress
this effect over time. This is called annealing. The annealing is highly temperature
dependent and has two components, the short time (beneficial) annealing and the re-
verse annealing (see section 3.3.1.1.2). Therefore, with increasing radiation, an n-type
bulk silicon becomes p-type after type inversion, whereas a p-type bulk silicon will
become more p-type. Before type inversion the effective doping concentration of the
n-type bulk silicon decreases due to the introduction of acceptor levels, hence the full
depletion voltage decreases. It goes through the point of intrinsic silicon and the n-type
becomes p-type and the depletion voltage goes up again. Further details can be found
in [108]. On the other hand, for the p-type bulk the effective doping concentration
increases with radiation which induces a full depletion voltage increase.

Due to radiation, defects may combine with impurities which create vacancies that
act as traps for mobile charge carriers. Since electron-hole pairs are created when high
energy particles traverse the detectors, part of the produced mobile charge carriers may
be trapped and will not arrive to the collecting electrodes. Thus, radiation induced

trapping causes a degradation of charge collection efficiency.

4.2.2.2 Strip Isolation

In general, a grown oxide contains charge which is left from manufacturing. In SiO,,
the charge is usually positive and is due to holes trapped in defect sites. The defect
concentration is higher in the vicinity of the Si - SiO, interface which gives rise to the
presence of more positive space charges at that region. Hence, the Si - SiO, interface
is intrinsically positively charged. This will attract electrons to form an accumulation
layer that will short the strips without isolation.

For n* read out detectors, specifically for n-on-p detectors, strip isolation is therefore
needed. It prevents short-circuits between neighbouring strips due to the electron
accumulation layer.

The isolation is achieved by depositing a p™ layer surrounding each n*-strip called
‘p-stops’. The p™ implants are necessary to break the electron accumulation layer at

the Si - SiO5 boundary. Another method of isolation, called ‘p-spray’, consists of an
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uniform layer of p-dopants spread over the full detector area.

Combinations of the p-stop and p-spray technologies were used as isolation tech-
niques and were manufactured in six types [109]. In this thesis, only p-type detectors
manufactured with four of them were studied. Figure 4.6 presents the configuration
of the four types of isolation techniques that were studied. Type 1 has no p-stop
technology, in this case the mask was processed with p-spray technology to achieve
the isolation. Type 3 has ‘common p-stops’, Type 4 ‘individual p-stops with DC field
plate’ and Type 6 has ‘AC-field plate’.

Electrical characterisation of silicon pixel detectors has shown that detectors with
p-spray isolation are more radiation hard than those with p-stops at a fluence of
4.3x10™ neq/cm? [110], which is equivalent to approximately three nominal years of
operation of LHCb. Alternative isolation techniques utilize field plates made of polysil-
icon either integrated within the p-stop implant (DC field plate) or deposited on top
of the insulator oxide (AC field plate) [111|. The p-stop with DC field plate was found
to be more resistant against microdischarges at the p-stop edges [112]. For a detector
with AC field plates, the polysilicon potential can be controlled externally to remove
the electron accumulation by employing the Metal Oxide Semiconductor (MOS) ef-
fect [111]. In this study the AC field plates were left floating.

Two different layouts of p-stop isolation were used: individual and common p-stops.
For the individual p-stops there is a p™-implant around each n™* strip. For the common
p-stop, there is a continuous p*-implant in between the strips. The common p-stop
has the advantage of being compact and simple. However, the existence of the single
electrically floating conductor around the detector could change the potentials at dif-
ferent points leading to high leakage currents or earlier breakdown. On the other hand
the individual p-stop is more protected against such behaviour but requires further

processing which increases the cost of the detector.

4.2.2.3 Radiation Damage in the Detector Surface

Radiation damage at the surface of the detector is caused by ionisation of penetrat-
ing particles in the SiO,. Macroscopically, it manifests itself in several ways such as
increases of the surface leakage current, the full depletion voltage and interstrip capac-
itance.

As discussed in section 4.2.2.2, SiO5 has built-in positive space charges. The induced
radiation damage to the surface leads to the creation of additional positive charges in

the SiOy layer and the introduction of surface generation centres, which are respon-
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Figure 4.6: Illustration of the four types of isolation studied.

sible for the increase of the surface current. The accumulated positive oxide charges
underneath the implants increases and attracts more free electrons. The space charge
region extends and prevents the electric field from penetrating the detector bulk unless
higher bias voltages are applied. Hence, the full depletion voltage increases. Another
effect due to radiation damage is the increase of interstrip capacitances, and hence the
detector noise, which also depends on the strip geometry and diminishes for narrower
strips or wider pitches.

Radiation induced by ionising particles in silicon microstrip detectors depends cru-
cially on the material properties such as the silicon orientation and the oxide quality.
Since the oxide charge buildup saturates once the semi-permanent traps in the oxide are
filled, it has been observed [113| that the initially increased surface current saturates
at around 3-5 MRad with a value of Al,,/area ~ 2 pA/cm?.

4.3 Study of Non-Irradiated p-Type Silicon Strip

Sensors

4.3.1 The Sensors Tested

Each detector tested was a p-type silicon strip sensor, which has one of the four isolation
techniques defined in section 4.2.2.2 labelled Type 1, Type 3, Type 4 and Type 6. As
illustrated in figure 4.7, a p-type strip detector consists of p-type bulk and backplane,

and n* readout strips with strip isolation (p-spray in that figure).
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Figure 4.7: Schematic of a p-type strip detector. Only the p-spray technology is
shown in this figure to illustrate the presence of strip isolation.

Ten non-irradiated detectors were tested in Glasgow by the author and a further
nineteen non-irradiated p-type detectors tested at the University of Liverpool labora-

tory, were included in the analysis.

4.3.2 Pre-lrradiated Current-Voltage Characteristics and
Breakdown Voltages

Before irradiation the current drawn by each p-type microstrip detector under different
reverse bias voltages was measured, giving their Current-Voltage (IV) characteristics.
The IV characteristic is a probe of any abnormal behaviour of the detector, and allows
to determine its breakdown voltage (see section 4.2.1.3).

A Cascade Microtech probe station was used to take the IV characteristics of all
detectors. Two needles of the probe station were used to make contact with the metal
pads on the detector’s surface. One needle made contact to the guard ring and another
the strips via the bias rail so that all strips were at the same potential. Both needles
were connected to the HV Ground of the HV power supply.

A metal chuck provided a contact to the backplane of the detector, which was con-
nected to the HV bias of the power supply. Hence the measured current corresponds
to the current drawn between the strips and the backplane. The required reverse bias
voltage was supplied by a Keithley 237, which measured also the current flow for every

applied voltage. Reverse-bias voltages up to 1000 V were applied to the detectors.
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The combined Glasgow and Liverpool results were divided per type of isolation
technique, and the breakdown voltages were identified for each of them. The detectors
tested in Glasgow and Liverpool are labelled in Table 4.1.

Figures 4.8A, 4.9A, 4.10A and 4.11A present respectively the IV characteristics of the
Type 1, Type 3, Type 4 and Type 6 detectors. No abnormal behaviour was observed
on any of the detectors. Their IV characteristics show the rapid increase of current
as the detectors deplete, and the curves flattened off after full depletion. Then, an
exponential increase of current occurs when the detectors breakdown.

Table 4.1 presents the observed breakdown voltages and the calculated full depletion
voltages (see section 4.3.3) of all detectors. The breakdown voltages were found as the
voltage where the leakage current increased by 30 %. The nominal current increase
before breakdown was in the order of 5%. A summary of the breakdown characteristics
per type are presented in Table 4.2. For each Type the fraction of the detectors
with breakdown voltage above 1000 V, the average breakdown voltage and the lowest
breakdown voltage are shown.

All types present detectors with breakdown voltages above 1000 V except Type 4
which only consisted of two detectors. No significant difference between the four types
was observed with the available statistics. Hence, the recommendation would be to go

for Type 1 as it has the simplest design and lowest production cost.

4.3.3 Pre-Irradiated Current-Capacitance Measurements and

Full Depletion Voltages

Like the IV measurements, the Capacitance-Voltage (CV) measurements were per-
formed using the probe station needles in order to make contact to the metal pads of
the detectors, and the chuck to the backplane contact. The needles position (see sec-
tion 4.3.2) remained unchanged. The capacitances were therefore measured from the
strips to the backplane. The Keithley 237 was again used to supply bias voltages to the
detectors. An Agilent 4284 LCR meter was used for the capacitance measurements.
To protect the LCR meter the bias voltages were limited up to 350 V in Glasgow. The
frequency used for the capacitance measurement was 10 kHz.

For strip detectors the variation of the depletion behaviour is indicated by the change
in the capacitance as a function of bias voltages. As indicated from equation 4.7, the
relation between the capacitance and the bias voltage allows to determine the full
depletion voltages, by plotting 1/C? as a function of the applied voltages. The full

depletion behaviour corresponds to the plateau in the capacitance curve.
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Type Detectors Breakdown voltage | Full depletion voltage Site
BZ1-P07-0 960 V ~ 174V Glasgow
BZ1-P07-1 980 V ~ 171V

WO01-BZ1-P07 800 V ~ 168 V
Type 1 W03-BZ1-P07 > 1000 V ~ 166 V
W06-BZ1-P07 > 1000 V ~ 170 V Liverpool
W24-BZ1-P19 200 V ~ 168 V
W27-BZ1-P19 640 V ~ 156 V
W29-BZ1-P19 > 1000 V ~ 152V
BZ3-P09-0 > 1000 V ~ 163 V
BZ3-P09-1 > 1000 V ~ 164V Glasgow
BZ3-P15-0 > 1000 V ~ 182V
BZ3-P01-0 850 V ~ 175V
WO01-BZ3-P03 670 V ~ 173V
Type 3 | W06-BZ3-P06 > 1000 V ~ 180 V
W09-BZ3-P03 570 V ~ 177V
W11-BZ3-P09 > 1000 V ~ 180 V Liverpool
W23-BZ3-P03 530 V ~ 162V
W24-BZ3-P21 290 V ~ 163 V
W26-BZ3-P15 580 V ~ 175V
Type 4 BZ4-P10-1 580 V ~ 162V Glasgow
BZ4-P10-0 470 V ~ 176 V
BZ6-P24-0 970 V ~ 175V Glasgow
BZ6-P12-0 580 V ~ 209 V
WO01-BZ6-P12 20V ~ 195V
W06-BZ6-P12 400 V ~ 201V
Type 6
W09-BZ6-P12 20V ~ 203V Liverpool
W23-BZ6-P24 > 1000 V ~ 168 V
W24-BZ6-P24 950 V ~ 174V
W26-BZ6-P24 > 1000 V ~ 172V

Table 4.1: Comparison of the breakdown voltages and full depletion voltages per type
and per non-irradiated detector.

Breakdown Voltage | Average Breakdown | Lowest Breakdown
above 1000 V Voltage Voltage
Type 1 3/8 820 V 200 V
Type 3 5/11 712V 290 V
Type 4 0/2 525V 470 V
Type 6 2/8 792V 400 V
Table 4.2: Breakdown characteristics per Type: fraction of the detectors with break-

down higher than 1000 Vand average breakdown wvoltage.
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As from the IV characteristics, all detectors CV measurements were combined and
separated by their type of isolation. Figure 4.8B, 4.9B, 4.10B, 4.11B show respectively
the CV characteristics of the Type 1, Type 3, Type 4 and Type 6 detectors. All
detectors present the expected full depletion behaviour, which was limited by their
breakdown voltages (or 350 V in the Glasgow setup).

The full depletion voltage of each detector was computed by determining the inter-
section of two linear fits of the data, before the full depletion behaviour and under
full depletion. Based on the common observed behaviour of the CV characteristics of
all detectors, two bias voltages intervals were chosen. The first bias voltage interval,
before full depletion, was between 80 V and 150 V. The second bias interval, under
full depletion, was between 200 V and 300 V. Table 4.1 presents the computed full
depletion voltages of all detectors, which were classified by type. To illustrate this
method, the linear fits of the CV characteristics of the two Type 4 detectors are shown
in Figure 4.10B. The two blue lines correspond to the fits for BZ4-P10-1 and the black
lines for that of BZ4-P10-0.

No depletion voltage dependence on the isolation technique was observed before
irradiation, as expected. As discussed in section 3.3.1.1.2, the depletion voltage is
proportional to the effective doping concentration which is inversely proportional to
the resistivity of the silicon before irradiation. Hence, it depends on the quality of the
wafer. The average full depletion voltages were approximately 165V, 172 V, 169 V and
187 V for Type 1, Type 3, Type 4 and Type 6 respectively. Type 6 detectors have
shown the highest full depletion voltage of 200 V which was not so much larger than
the lowest full depletion voltage of 152 V for Type 1 detectors.
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Figure 4.8: Characteristics of the Type 1 detectors before irradiation. A-(top)
Current-Voltage characteristics. B-(bottom) Capacitance-Voltage char-

acteristics.
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Figure 4.9: Characteristics of the Type 3 detectors before irradiation. A-(top)
Current-Voltage characteristics. B-(bottom) Capacitance-Voltage char-
acteristics.
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Figure 4.10: Characteristics of the Type 4 detectors before irradiation. A-(top)
Current-Voltage characteristics. B-(bottom) Capacitance-Voltage
characteristics. The linear fits for the extraction of the full depletion
voltages are shown. The blue and black lines correspond respectively to
the fit of the C'V characteristics of BZ4-P10-1 and BZ}-P10-0.
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Figure 4.11: Characteristics of the Type 6 detectors before irradiation. A-(top)
Current-Voltage characteristics. B-(bottom) Capacitance-Voltage
characteristics.
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4.3.4 Conclusion

This section has presented the IV and CV characterisation of the ten detectors tested in
Glasgow. Additional IV-CV characteristics from 19 detectors tested in Liverpool were
added in order to increase the statistics per isolation technique category. All detectors
have shown normal behaviour and their breakdown voltages and full depletion voltages
were identified for each of them. Breakdown voltages above 1000 V were observed from
each type of isolation apart from the Type 4. As expected no dependence on the type
of isolation technique was observed from the computed full depletion voltages of the
detectors. The depletion voltage had an average of approximately 170 V.

From this we conclude that no significant difference in behaviour was observed be-
tween isolation technique for the unirradiated detectors. Hence, at this point, there
would be a preference for Type 1 which has the simplest design and hence lowest pro-
duction cost. Before irradiation, previous research and development studies investigat-
ing p-type wafers [114-117] have not observed any significant difference in performance
of the detectors regardless of the type of isolation employed. The largest difference in
isolation would only appear after irradiation, which changes the electrical properties of
the detectors as discussed in section 4.2.2. The latter will be discussed further in the

next section.

4.4 Study of Irradiated p-Type Silicon Strip

Detectors

In addition to the characterisation of the p-type silicon strip detectors before irradi-
ation, their characterisation after different doses of irradiation was performed. Five
detectors were characterised after irradiation with either high energy protons or neu-
trons. The detectors were irradiated with neutrons at the Nuclear Research reactor of
neutrons in Ljubljana and with protons in KEK Japan. Table 4.3 provides informa-
tion on each of these five detectors, it includes their type of isolation, their respective
fluence as well as the corresponding irradiated particle.

Their characterisation consisted of taking IV characteristics to determine their high
voltage behaviour and their breakdown voltages after a certain dose of irradiation (see
section 4.4.2), and measuring their charge collection efficiency by gradually increasing
the supplied bias voltage (see section 4.4.4). For these purposes, an experimental
setup was built at the detector development laboratory in Glasgow which is described

in detail in section 4.4.1.
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Fl“enci Type of isolation Detector Irradiated Particles
[ Deq/cm” ]
5x10M Type 3 W06-BZ3-P06 proton
9510 Type 1 W13-BZ1-P07 neutron
Type 3 W13-BZ3-P01 neutron
5x10% Type 4 WO06-BZ4-P10 neutron
1016 Type 3 W09-BZ3-P15 neutron

Table 4.3: The five irradiated detectors characterised.

4.4.1 Experimental Setup

To measure the charge collected by individual irradiated p-type microstrip detectors,
an experimental setup was installed in the laboratory. As shown in figure 4.12, the
setup used an Alibava system [118] as data acquisition system, a freezer to keep the
detectors at low temperature (= -20°C) and a data acquisition PC.

The Alibava system is a portable data acquisition system which consists of a mother
board and a daughter board interlinked with a multicore data cable. The daughter
board contains two Beetle chips [71], with 128 channels each and a sampling frequency
of 40 MHz. It also holds the detector to be tested. The mother board processes the
external trigger signal and the analogue data from the Beetle chips by means of an
FPGA. It establishes the communication with the data acquisition PC via an USB
port.

The setup was organised as follows. The p-type detector to be tested was mounted
on the Alibava daughter board, as shown in figure 4.13. Each of its 104 strips are
bonded to pitch adapters, which are also bonded to channels of the Beetle chip. The
14 remaining channels of the Beetle chip were left unbonded and were masked out
during the data analysis. The whole daughter board is placed inside a freezer. The
zoom of the installation is shown in the bottom left photograph of figure 4.12. As
viewed from that photograph, a source of Beta particles, Strontium 90 (°°Sr), was
placed perpendicularly to the daughter board so that the flux of Beta particles will
traverse the detector under test. A scintillator connected to a photomultiplier tube
(PMT) was placed underneath the detector to generate a trigger signal when Beta
particles reach the scintillator.

The system composed of the scintillator connected to the photomultiplier tube, the
9Sr source and the detector, provides the lower threshold of the Beta energy that will
reach the scintillator. In addition, to avoid external photons biasing the results, the

whole setup was properly protected against external light.
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Figure 4.12: Photographs of the experimental setup installed at the detector devel-
opment laboratory for charge collection measurements.

The high voltage was supplied by a Keithley 2410 through cables to the daughter
board input by a LEMO connector. The multicore data cable connected between the
Alibava daughter board and mother board transmits the data and supplies the required
low voltage to the Beetle circuitry. An external low voltage power supply provides the
11.5 V required for the PMT.

The P°Sr source was used as it produces Beta particles with a spectrum of energies up
to 2.83 MeV. The high energy part of the spectrum approximates Minimum Ionising
Particles (MIPs) [119]. These Beta particles generate on average 80 electron-pairs per
micron along their path in the detector. Low energy particles emitted by the *°Sr are
stopped by the detector and do not generate a signal in the scintillator. In order to
obtain a narrower beam of Beta particles, a collimator was placed between the °Sr and
the detector. To ensure a good trigger signal and a flux of Beta particles traversing the

detector, both the ®°Sr and the detector were properly aligned with the scintillator.
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Figure 4.13: Photograph of a daughter board part of the Alibava system which con-
tains two Beetle chips. Two p-type detectors are shown but only one
was connected to a Beetle chip.

4.4.2 Post-Irradiated Current-Voltage Characteristics and

Breakdown Voltages

To measure the IV characteristics of the five irradiated detectors, only part of the
experimental setup described in section 4.4.1 was employed. It consisted of the Keithley
2410 to supply bias voltages and to measure the drawn current, the daughter board
which holds the detector and provides the HV connection to the detector, and finally
the freezer which has kept the detector at ~ -20°C during measurements.

Figure 4.14 presents the IV characteristics of the five irradiated detectors tested.
The current measurements were stopped once the breakdown voltages were reached.
Since the IV measurement temperatures were not identical, the measured currents were
scaled to -20°C using the temperature correction function of equation 3.18.

Table 4.4 presents the leakage current measurements at 500 V from these detectors
before and after their respective irradiation dose. Before irradiation the currents were
taken at ~20°C. The measured current values after the irradiation of the detectors were
scaled to -20°C instead of 20°C. These difficulties in scaling over large temperature
difference was discussed in section 3.5.2.2 when studying the IV characteristics of the
VELO sensors. As expected irradiation has induced an increase of leakage current on
all five detectors, regardless of their type of isolation, which increases as a function
of fluence (see section 3.3.1.1). Although the leakage currents were not scaled to the

same temperature, the increases are obvious from the current of the order of nA before
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W06-BZ3-P06 at 5 x 10" n,cm2

W13-BZ3-P01 at 2x 10'° n.,cm?
W13-BZ1-P07 at 2x 10'° n_,cm?

W06-BZ4-P10 at 5 x 10'° n,,cm

W09-BZ3-P15 at 1x 10'° n,,cm
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Figure 4.14: Current-Voltage characteristics of the irradiated detectors of different
Types. All data were scaled to -20°C.

irradiation to the order of pA after irradiation. Using the theory described in section
3.3.1.1.1 and assuming a damage rate of ~ 6x107'7 A/cm, which corresponds to one
day of annealing at 20°C and fluences within the sample fluences, the estimated currents
were of the order of pA as observed in Table 4.4.

Table 4.5 is a summary of the breakdown voltages of each detector before and after
being irradiated. Three of the five detectors have shown either unchanged or improved
breakdown behaviour after irradiation. Radiation damage introduces additional ac-
ceptor levels in the bulk material and increases the oxide charge (see section 4.2.2).
Since the maximum field decreases with the increase of the oxide charge density, the
increase of the breakdown voltages can be explained by the compensation of the ac-
ceptor dopants by the oxide charge. For the two Type 3 detectors which have shown
degraded breakdown behaviour, the bulk damage has predominantly led to this effect.
The extra protection provided by the DC field plates (see section 4.2.2.2) seems to have

no effect in these detectors.

4.4.3 Gain

The gain is defined as the ratio of the output to the input signal. In this case it relates

the output in ADC units to the input in generated electron-hole pairs in the silicon.
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Fluences Lo fter (-20°C) Lpe fore (20°C)
Types [ neq/cm2 ] Detectors ! [ A f[ nA |
Type 1 2x10% W13-BZ1-P07 12.10 6.97
5x 10 WO06-BZ3-P06 4.74 10.5
Type 3 2x10P W13-BZ3-P01 5.74 7.37
106 W09-BZ3-P15 16.42 7.59
Type 4 5% 105 W06-BZ4-P10 15.38 7.31

Table 4.4: Leakage current measurements at 500V before (Iyefore) and after (Iofier)

wrradiation.

Fluences VBDa ter VBDbe ore

Types [ neq/cm2 ] Detectors [ Vf] [ Vf]

Type 1 2x 101 W13-BZ1-P07 980 960
5x 10 W06-BZ3-P06 700 > 1000

Type 3 2x10% W13-BZ3-P01 700 850
106 W09-BZ3-P15 | > 1000 >1000

Type 4 5x10% W06-BZ4-P10 960 080

Table 4.5: Breakdown voltages before (Vpp,,,,.) and after (Vgp,,,.,) irradiation
of the detectors tested.

It was used to normalise the charge collected from each detector at a defined bias
voltage. As a reference, a p-type non irradiated detector was tested and the charges
collected were measured at nine bias voltages from 100 V to 500 V in steps of 50 V.
Measurements were also performed at room temperature.

At each bias voltage, a charge distribution was obtained whose peak corresponds to
the amount of charge deposited into the silicon detector. The peak value was extracted
by fitting a Landau convoluted with a Gaussian function to that distribution. The
obtained peak values were then plotted as a function of the applied bias voltages to
determine the amount of charge collected at full depletion. The green interlinked
circles in figure 4.20 is the curve obtained for the p-type non-irradiated detector. As
shown in that figure, at voltages above 300 V the peak ADC value is constant at ~
80 ADCs within the measurement precision.

Since characterisation of the irradiated detectors was performed at low temperature
(= -15°C), further comparison measurements of the collected charge were performed
with the p-type non-irradiated detector at 400 V and at two different temperatures,
-16°C and +24°C. It was found that the gain had increased by ~ 6% from +24°C to
-16°C. The gain variation introduces a small error, due to the temperature variations
of £3°C between the measured detectors. The peak ADC of ~ 87.6 ADCs at -16°C,
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was considered as 100% charge collection efficiency, and used to normalise the results

presented in section 4.4.4.

4.4.4 Charge Collection Efficiency

The charge collected from each of the five irradiated detectors was measured using
the experimental setup described in section 4.4.1. Various bias voltages were applied
to each irradiated detector. Their minimum operating bias voltages were identified
which correspond to the minimum voltage below which the Signal to Noise ratio would
become too small so that one cannot separate the signal from noise.

Figure 4.15, 4.16, 4.17, 4.18 and 4.19 present the charge collected from the irra-
diated detectors. The results are given for detectors irradiated at 5x10' ng,/cm?,
2x10% ngq/cm?, 5x10% ne /cm? and 10'° ne,/cm?. The detectors were biased at up
to their breakdown voltages or a maximum of 1000 V. P-type Type 1, Type 3 and
Type 4 detectors were analysed.

As expected, the charge collected increases as a function of the applied bias voltage.
Conversely, at the same bias voltage the amount of charge collected decreases with
increasing fluence. The reduction of collected charge is due to increasing radiation
induced defects into the silicon bulk, which act as trapping centres for mobile charge
carriers as discussed in section 4.2.2.1. Moreover, with increasing fluence, the shape of
the charge distribution may diverge from the expected Landau distribution. The most
irradiated detectors are operated under-depleted. This reduces the signal and hence
increases the relative contribution of the noise. The large current in these detectors
after irradiation also gives rise to a high noise. Good Landau fits could not be obtained
at 100 V at 2x10" ne/cm?, at 300 V and below at 5x10% ne,/cm? and under
1000 V at 10'® ne,/cm?.

Each of the collected charge distributions was fitted with a Landau convoluted with a
Gaussian function in order to extract the signal height which corresponds to the peak?
of the fitted distribution. For each detector, the obtained signal height was plotted as
a function of the bias voltages and combined in the same graph for comparison (see
figure 4.20). Unlike the charge collection curve of the non-irradiated detector, those of
the irradiated detectors do not plateau under any bias voltage, which indicates that
the irradiated detectors were not operated fully depleted. The supplied bias voltages
were limited by the breakdown of the detectors.

3The peak of the fitted distribution corresponds to the most probable value (MPV) of the Landau
distribution.
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The charge collection efficiency (CCE) of each of the five irradiated detectors was
obtained by dividing the peak of each measurable signal as shown in figure 4.20 by
the peak ADCs of 87.6 (see section 4.4.3) which corresponds to a charge collection
efficiency of 100 %. The obtained CCE as a function of bias voltages CCE(V) are
presented in figure 4.21. The highest signals collected are respectively ~ 70 % and
~ 55 % at fluences of 5x10'" n./cm? and 2x10% ne,/cm?  For both fluences of
5x10% ng,/cm? and 10'° n.,/cm?, the highest signal collected was ~ 30%. When
considering the maximal bias voltages that were able to be applied to the detectors,
these results are in agreements within the experimental errors with those obtained
in [120,121]. The latter were similar studies of the charge collection efficiency of the
same batches of p-type detectors irradiated at fluences up to 10 ne,/cm?.

By comparing the Type 1 and Type 3 detectors, both irradiated at 2x 10 ng,/cm?,
one observes &~ 15 % more charge collected from the Type 1 p-type detector. The
difference is explained by the higher breakdown voltage of the Type 1 detector (980 V)
compared to that of the Type 3 detector (700 V). This follows the expectation that the
p-spray technology presents better resistance against radiation damage, hence better
performance, as discussed in section 4.2.2.2.

At higher fluences CCE of up to 30 % has been shown, which is consistent with the
results observed in [121] for bias voltages of up to 1000 V. However, in that reference,
bias voltages up to 1700 V were able to be applied to the detectors, which has resulted
in higher CCE of & 55 % for a fluence of 10 n.,/cm?.

4.4.5 Conclusion

This section has presented the characterisation of the five irradiated p-type detectors.
The IV characteristics were shown and the breakdown voltages were identified for each
of them. The experimental setup used for charge collection measurements was described
as well as the technique to analyse the obtained data. The results have shown that the
minimum required operating bias voltage increases as a function of the fluence. Only
30 % of the charge was collected for fluences of 5x10% ne,/cm? and 10'° n.,/cm? for
bias voltages up to 900 V and 1000 V respectively. At a fluence of 2x10'® n.,/cm?,
a Type 1 detector could be biased at a higher voltage before breakdown than a Type
3 detector. As a result, the collected charge at the highest applied voltages was 15
% higher in the Type 1 than the Type 3 detector. This difference may be due to the
variation of breakdown behaviour between the detectors due to the isolation technique.

The n-on-p detectors are promising candidates at SLHC fluences, albeit that at the
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Figure 4.15: Charge collected from the p-type Type 3 detector W06-BZ3-P06 irradi-
ated at 5x 10" neq/cm2 under bias voltages of 100V, 300V, 500V and
600 V.
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Figure 4.16: Charge collected from the p-type Type 3 detector W13-BZ3-P01 irradi-
ated at 2x 10" neq/cm2 under bias voltages of 100V, 300V, 500V and
600 V.
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#Entries

Figure 4.17: Charge collected from the p-type Type 1 detector W13-BZ1-P07 irradi-
ated at 2x 10" neq/cm2 under bias voltages of 300V, 400V, 500V,

600V, 700 V, 800 Vand 900 V.

Figure 4.18: Charge collected from the p-type Type 4 detector W06-BZ4-P10 irradi-
ated at 5x 10" neq/cm2 under bias voltages of 300V, 500V, 700 V,

and 900 V.
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Figure 4.19: Charge collected from the p-type Type 3 detector W09-BZ3-P15 irra-
diated at 10" Jrleq/cm2 under bias voltages of 500 V, 600 V, 700 V,
900 Vand 1000 V.
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Figure 4.20: Comparison of the charges collected from the irradiated p-type detectors
and the non-irradiated p-type detector as function of bias voltages.

137



4 Qualification of p-Type Silicon Strip Sensors for the LHC Upgrades

—A— WO06-BZ3-P06 at 5x10'*n,.cm2

100 ; ; ; W13-BZ3-P01 at 2x10'°n,,cm™

W13-BZ1-P07 at 2x10'°n,,cm™

W06-BZ4-P10 at 5x10'°n,,cm

W09-BZ3-P15 at 10x1015neqcm'2|

Charge Collection Efficiency ( %)

0 200 400 600 800 1000
Voltage (V)

Figure 4.21: Comparison of the Charge Collection Efficiencies of the irradiated p-
type detectors as function of bias voltages.

highest fluences the CCE is significantly reduced and they must be operated at high

voltages and low temperatures.

4.5 Summary

This chapter has presented the characterisation of p-type detectors with four different
isolation techniques before and after irradiation up to 10'® n,,/cm?. Before irradiation,
their IV and CV characteristics were taken and analysed to identify their breakdown
and full depletion voltages. In total results from 29 detectors were shown. No abnormal
behaviour was observed in any of the detectors regardless of the isolation technique
employed. A breakdown voltage above 1000 V was observed within three of the four
categories of isolation employed. The full depletion voltages of the detectors were not
significantly different between isolation techniques with an average of 170 V.

After irradiation, five detectors were characterised. Their IV characteristics were
taken and the breakdown voltages as well as the radiation damage rate were identi-
fied. The charges collected were measured and the charge collection efficiencies were
compared. It has been shown that ~ 30 % of charge was collected at a fluence of
10" ny,/cm? for a bias voltage of 1000 V. At a fluence of 2x10% n.,/cm? the Type 1
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detector could be biased to a higher voltage than the Type 3 detector, potentially due
to the p-spray isolation technique, as a result it collected ~ 15 % more charge.

We have shown that the n-on-p detectors are a promising candidate for the LHCb
upgrade as they provide a reasonable collected charge at fluences up to 10 n.,/cm?.
Moreover they can be operated not fully depleted.

As discussed in section 3.3.1.1.2, the current VELO sensors will be replaced after
approximately 6-8 fb~!, which could be expected after around five years of operation.
The current modules are n-on-n with one n-on-p module. The replacement modules,
currently finishing production, are n-on-p. The results here show that after 7 fb~! and
a fluence of 5x10'" ne,/cm?, a collected charge of &~ 65% could be expected from
n-on-p sensors. The simulation of the required full depletion of the VELO sensors,
presented in section 3.3.1.1.2, under these conditions has demonstrated that they will
be operated under-depleted. The full depletion voltage was estimated to be of the order
of 800 V. Although the CCE is reduced, as the n-on-p detectors have n*-type readout

their resolution should be maintained.
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5 Analysis of By — K*u ™

This chapter is dedicated to the study of the By — K*u*p~ decay in LHCb. The
By — K*u" = event selection and the extraction of the Forward Backward Asymmetry
are presented in section 5.1 and 5.2 respectively. The impact of detector misalignments

on the analysis of this channel is given in section 5.3.

5.1 B;— K*u*u~ Selection

This section presents the By — K*utpu~ cut-based event selection. The Monte Carlo
data samples and their simulation are briefly discussed in section 5.1.1, followed by
the presentation of the description of the event selection processes in section 5.1.2.
The expected signal and background yields are discussed in section 5.1.3. Finally,
section 5.1.4 summarises the development of this selection algorithm using the Python

scripting language.

5.1.1 Data Samples Simulation

The studies of the B; — K*u™ p~ channel presented in this thesis are based on Monte
Carlo simulations. The MC simulation aims to provide a realistic description of the
detector performance and physics processes, which permit an evaluation of the ability
of the experiment to measure this decay. As discussed in chapter 2, the production of
MC data is performed by three LHCb software packages based on the Gaudi framework
called, Gauss [122], Boole [123] and Brunel [124].

As part of the Gauss package, PYTHIA [125] generates the particles produced
in proton-proton collisions and EvtGen [85] simulates the b-hadron decays. Then
GEANT4 [86] simulates the energy deposition from the passage of the particles through
the detector material.

The Boole package models the detector response which consists of simulating both
the signal produced by the energy deposited by the particles in the sensitive parts of

the detectors and the response of the readout electronics to these signals. At the output
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of Boole the simulation and real data are stored in the same format.

At this stage, the next step is the reconstruction, which is performed by the Brunel
package. This stage is the same for simulation and data. It consists of the reconstruc-
tion of the charged particle tracks, the Cherenkov rings and the calorimeter clusters,
using the raw data acquired by the DAQ system or simulated by Boole. The output of
the reconstruction is saved in data summary tape files (DST) which will be the input
of the offline analysis. The analysis software is called DaVinci [126] and is discussed
further in the next section.

In this study, the data samples correspond to By — K*putu~ simulated data using
this complete LHCb data simulation. As the simulation software is always developing
in order to achieve improved descriptions of the detectors, two MC reconstructed data
versions were employed. The first version called ‘DC06’ was simulated using Gauss
v25r7, and reconstructed using Boole v12r0 and Brunel v32r2. The DC06 reconstructed
data were employed for the study of the impact of detector misalignments to the B; —
K*u"p~ decay (see section 5.3). The second data set called ‘MC09’ was simulated
using a more recent version of the LHCb simulation software: Gauss v37r2, Boole
v18rl and Brunel v34r7. The MCO09 reconstructed data were used for the extraction

of the Forward Backward Asymmetry distribution (see section 5.2).

5.1.2 Event Selection

The By — K*u*p~ event selection was performed using the DaVinci LHCb software
package. DaVinci provides the necessary tools in order to perform vertex reconstruction
from primary and secondary vertices and allows selection cuts to be applied. ‘Mother’
particles can be reconstructed by combining the information from the measured charged
particles. For B; — K*pu* ™ , the final state particles consist of two muons of opposite
charges, with the presence of K™ and 7~ from the K* decay. The information from
the K™ and 7~ was combined to ensure that their invariant mass was consistent with
a K*. Subsequently, the By was reconstructed from the K* and the two muons p*u~.
The reconstructed By mass value was required to be close to the expected B; mass.
Similarly in the By — K*u*pu~ , the K* decays into K~ and 7+ and the B, is obtained
from the K* and the two muons.

The selection of the By — K*u™ ™~ events comprises a set of selection criteria, also
known as cuts, which are applied in sequence to the information obtained from the final
state reconstructed four charged particles as well as to the reconstructed B; and K*.

The four charged particle tracks K=, 7% and p* were identified using the LHCb particle
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identification information. For a given particle hypothesis, an overall log-likelihood
(InL) value is obtained from different sub-detectors, which is to be compared with the
7 hypothesis with the difference in likelihood Aln/L for its identification. For example,

the muon tracks were identified by imposing
AlnL,x =InL, —InL, > =5, (5.1)

Where the log-likelihood uses information on hits in the muon chambers; the K and
7 separation relies on the RICH detectors. Details on the particle identification algo-
rithms are available in [127]. Cuts on the track x?/ndof of these four reconstructed
charged tracks are used to ensure fake tracks are removed.

Tracks from B-decays typically have high momentum compared with tracks produced
at the primary vertex and hence track p, pr cuts are applied. Tracks from the primary
vertex are rejected by requiring that the K*, 7% and u* tracks have significant impact
parameter! (IP) x2. As the By flies a few mm before decaying, the tracks from the
B-decay should have significant IP y2. As some events have more than one primary
vertex (PV), the check was performed with respect to all PVs found in the event.

Selection cuts were also applied to the reconstructed K* and di-muon pair. The
reconstructed K* and di-muon decay vertices were required to be well separated (Flight
Distance FD?) from the PV, by FD and FD x? cuts. The tracks were required to make
a good quality vertex through a vertex y? cut. As already mentioned in section 1.5.6,
cuts on the di-muon invariant mass around the J/¢ and ¥ (2S) resonances were applied
to reject the background from B — J/¢YK* and B — ¢(25)K*.

The By is reconstructed from the K* and di-muon pair, and a vertex-y? applied.
Flight distance and Flight distance x? cuts are applied to the By decay vertex separation
from the PV, and the B, origin is checked to be compatible with the PV through an
impact parameter selection. In order to reduce fake reconstructed By, a cut on the By
pointing angle 6 was applied. The angle # is defined as the angle between the flight
direction and the momentum vector direction of the Bjy.

The list of the selection cuts applied to all particles in the B; — K*u™ = decay and
their respective values are presented in Table 5.1. The B; — K*u*u~ selection had
already been designed within the LHCb collaboration prior to this study [128] and was
used by the author. However, the author translated the selection to the new Python

format and tested and determined the performance of this (see section 5.1.4). In the

IThe impact parameter of a track is the closest approach between the track’s trajectory and the
primary vertex. The IP x?2 is obtained by the square of the ratio between the IP and its error.
2The FD is positive if the secondary vertex is at a greater z than the primary vertex.
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following section, the selection efficiency, the signal and background yields are given.

5.1.3 Selection Efficiency, Signal and Background Yields

The selection efficiency eg,; is computed using [40]

N electe
€ser = 0.87 x <M> x 0.1747, (5.2)

Total

where 87 % is the trigger efficiency measured on simulation for selected events, Ngejected
and Nrp. are, respectively, the number of events that have passed the selection and
the total number of simulated data. 0.1747 is the fraction of generated B hadrons
decaying within the angular acceptance of LHCb.

A total of 60000 By — K*putp~ DCO6 (see section 5.1.1) signal events were primarily
used for the study. The selection cuts employed to evaluate the selection efficiency are
those listed in Table 5.1. In total 2708 events have passed the selection. Using equation
5.2, the selection efficiency is ego; = 0.69 £ 0.02 %, which is broadly in agreement with
the selection efficiency of 0.71 4 0.02 % quoted in [40] using the same selection criteria.
The difference may be due to the difference of software versions employed.

The signal yield is computed with
Syield = Nbl; X 2 X f(b - B_d) X BR(Bd - K*M+M_) X BR(K* - Kiﬂ-:‘:) X €3el, (53)

where Ny is the number of bb pairs produced per 2 fb='. f(b — B,) is the production
fraction of By from b quarks. BR(B; — K*utp~) and BR(K* — K*7F) are, respec-
tively, the branching ratios of B; — K*uTu~ and K* — K*xT. The values of the
parameters used for the calculation of the signal yield are listed in Table 5.2. These
give a signal yield of 4060752° events/2 fb~!, which is in agreement with the obtained
yield of 42001500 events/2 fb~! [40].  Figure 5.1 shows the reconstructed B, and
K* mass distributions. The B; mass distribution was fitted with a Gaussian function.
The B; mass obtained was mip7 = 5279.0 + 0.3 MeV /c? with a resolution of ¢ = 15.5
+ 0.3 MeV/c?. The K* mass distribution, however, was fitted with a Breit-Wigner
function and the K* mass obtained was m}¢¢ = 895.4 & 0.6 MeV/c? with a full width
at half maximum I' = 45 4+ 1 MeV/c?. Both mass values are in good agreement with
their input values in the simulation, which are mlgf “ = 5279.5 MeV /c? and mj?" =

896 MeV/c? for B,y and K* respectively.
98788 events were selected from the 2006744 events in the MCO09 data, by using the
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By — K*p* i selection parameter | Cut value |
|Am| ( MeV/c? ) < 50
Flight Distance ( mm ) >0

B Flight Distance-y? > 900

¢ | Impact Parameter-y?2 <9
cosf > 0.99995
Vertex-y? <16
|Am|( MeV/c?) < 100
Flight Distance ( mm ) > -1.0
Flight Distance-y? > 1

K* | Impact Parameter-y? > 0.25
Vertex-y> < 25
pr ( GeV/ce) > 0.5
Vertex-y> < 25

it J /v mass rejection ( MeV/c? ) | 2900 - 3200

¥ (2S) mass rejection ( MeV/c? ) | 3650 - 3725
p (GeV/e) > 1
pr ( GeV/e) > 0.2

K AInL g > -1.0
AIILCKP > -1.0
Track-x?/ndof <2
Impact Parameter-y? > 16
p (GeV/c) > 1

o | pr (GeV/e) > 0.2
AInL g < 25
Track-x?/ndof <2
Impact Parameter-y? > 16

+ | p(GeV/e) > 3

H pr ( GeV/c) >0
AlnL, . > -5.0
Track-x?/ndof <2
Impact Parameter-y? > 9

Table 5.1: Selection cuts applied to the By — K*u™p~ decay.
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‘ Parameter ‘ Values
Nbi) B 1012
f(b— By) 0.399 + 0.011

BR(By — K*putu™)
BR(K* — K*n%)

1.107530x 1076
0.67

Table 5.2: Values of the parameters employed for the calculation of the signal yield.
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Figure 5.1: Reconstructed By (left) and K* (right) mass distributions from the
DCO06 data. A Gaussian fit for the By and Breit Weigner fit for the
K* are shown.
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same By — K*putpu~ selection as used with the DC06 data. Using equation 5.2, the
corresponding selection efficiency is e€g, = 0.74 £ 0.01 %, which gives a signal yield of
43607155 events/2 fb~!. This is in agreement with the numbers given above for DC06
data.

The main source of background for B; — K*pu*u~ originates from events where
both b and b quarks decay directly to two muons (b — p~, b — u*). The background
estimate presented in this thesis is from b — p~, b — p* MCO09 simulated events.
Contributions from other sources of background were studied in detail in [129]. In
total 12 b — u~, b — put events have passed the B; — K*utu~ selection from the
10226662 b — =, b — ut events.

The background yield was estimated with

NSelected

Byicta = 0.87 X Nyy x BR(b — = ,b — ™) x 0.434, (5.4)

Total

where 87% is the trigger efficiency for events that have passed the selection. This is the
same trigger efficiency as for signal events as the rare background events passing the
selection have characteristics very similar to the signal. BR(b — p~,b — u*) of 0.012
is the branching ratio of the b — ~,b — u* events and 0.434 is the fraction of b —
p=,b — put events decaying within the angular acceptance of LHCb. The estimated
background yield from b — p~,b — p* events is 5300 & 1800 events/2 fb~! for this
MC09 sample to be compared with 7900 4 810 events/2 fb~! estimation for the DC06
sample [129]. The detector is more realistically described in MC09.

5.1.4 Cut-based B; — K*utu~ Selection using Python

The LHCb simulation software was recently improved to be more flexible and more user-
friendly. It has required changes to the interface from which the selection algorithms
are called. The interfaces have all been changed to a Gaudi Python style, which are
written using the Python scripting language. A set of option files were previously
employed to select events using the DaVinci framework. These were rewritten using
the Python language, by the author, to comply with the most recent LHCb analysis
conventions.

In this section the technical details of the design of the algorithm in Python will
not be discussed. Instead, a comparison between the distributions obtained using the
previous DaVinci options and the new Python based options will be shown. Detailed

information on Python based physics analyses can be found in [130]. The B; —
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Figure 5.2: Comparison of By distributions obtained with the Bg ——
K*utp~™ DaVinci options (red dashed lines) and the Python (blue
solid lines) selections processing the DCO06 data. A-(top left): The
By mass distribution. B-(top right): The By momentum distribution.
C-(bottom): The By transverse momentum distribution.

K*putp~ selection criteria remained the same as those presented in Table 5.1, with

minor differences required by the implementation.

Figure 5.2 and 5.3 present comparisons of distributions obtained with the By —
K*ptpu~ previous DaVinci options and the new Python selections used to process the
DCO06 data. The mass, momentum, and transverse momentum distribution are shown
for both B; and K*. The invariant mass distribution is also shown for the p™p~. While,
in general, the agreement is very good, small discrepancies were observed between the
distributions obtained with the DaVinci options file and the Python selection. The
Python version selects 6 &= 2 % less events than the DaVinci options. From this statistic,
it is not clear if this difference is significant or not. However, the small change may be
due to the implementation of the cuts or changes in the software between the options

based release and the Python based release.
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Figure 5.3: Comparison of distributions obtained with the By — K*u*u~ DaVinci
options file (red dashed lines) and the Python (blue solid lines) selections
processing the DCO6 data for K* and ptu~. A-(top left): The K*
mass distribution. B-(top right): The K* momentum distribution. C-
(bottom left): The K* transverse momentum distribution. D-(bottom
right): The up~ invariant mass distribution.
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5.2 Extraction of the Forward Backward Asymmetry

As defined in section 1.5.5.3, the Forward Backward Asymmetry (Agg) is the difference
between the number of forward and backward events as a function of the dimuon mass
squared. Two methods were employed to extract the App distribution.

The first method, described in section 5.2.1, is a binned counting analysis. This
method is a simple and easy method for the early extraction of the App. It requires
an interpolation in order to extract the zero crossing point Sy of the Agp distribution.
Hence, the value of the chosen bin size is likely to bias Sy.

The second method, reported in section 5.2.2, is an unbinned non-parametric count-
ing analysis. It provides a better access to the shape of the Arg distribution. Further-
more the Appg is directly given without any fit. However, it relies on the values of the

smoothing parameters which act equivalently to the bin size for this method.

5.2.1 Binned Method

The binned method to extract the Forward Backward Asymmetry Agp,,,,, consists

of dividing the di-muon mass squared in bins and computing the Forward Back-

ward Asymmetry distributions for By — K*u*p~ and By — K*utp~ decays denoted
and App .

FBBdHK*,u,J",u,f BdHIe*u+u7

in section 1.5.5.3 using equation 1.54. Then App, ., is given by

respectively in each bin, according to the definitions

AFBTotal(q2) = AFBBd—rl(*u"Fu— (q2) + AFBBQ—»K’*H-&-H— (q2)’ (55)

This method was employed by the Babar and Belle experiments as well as in previous
LHCb studies [129,131].

As already mentioned at the start of this section, the binned method is distinct for
its simplicity. The bin sizes can be varied to adapt to statistics but it is relatively
insensitive to the shape of the Arp distribution. One needs to make an interpolation

to extract the zero crossing point of the App.

5.2.2 Unbinned Method

An alternative to the binned method discussed in section 5.2.1 is an unbinned non-
parametric method to obtain the App distribution in the B; — K*u™p~ analysis.
This method has already been used and tuned to extract the App from simplified toy

Monte Carlo By — K*u*u~ data generated by smearing simulated variables without
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taking into account the full detector simulation (see section 5.1.1) [28]. In this study,

the unbinned method was employed on fully reconstructed simulation events.

To evaluate App, the B; — K*ut ™ events were separated into forward and back-
ward events according to the definition given in section 1.5.5.3. For each category of
event the dimuon mass squared distribution was evaluated using a probability density
function denoted f/(f°) for a forward (backward) event with

FI(g? nhz (qz —d ) (5.6)

where K (z) are the Kernel functions and h the smoothness parameters [132].

The Kernel functions are taken as Gaussians. Hence this method is equivalent to
replacing each event ¢ with a Gaussian centred on the measured ¢? of that event, and
with the Gaussian having a sigma of h. In this method, each event, which would be a

single entry of the binned method, is replaced with the normalised Gaussian function
(@)

The smoothing parameters h are equivalent to the bin width of the histograms. With
histograms, as the number of events increases the bin width is decreased. Similarly,
the h values are decreased as the number of events increases. Too high values (too low
values) of h would overestimate (underestimate) the true distribution. Appropriate
values of h are then required depending on the number of events. A detailed description
of the method can be found in [133].

In the previous study of By — K*u™u~ to extract App [28], the optimisation of the
smoothing parameters h have already been performed with Ngcterence = 7000 By —
K*putpu~ events and a general method was proposed. The values of h are a function of
¢*. In this thesis, the previously optimised values of h were used but they were scaled

according to

1/2

B (a?) = h(a? M / 5.7

() = h(q”) N , (5.7)
Selected

where Nggjecteq 18 the number of selected By — K*utpu~ events from which the App dis-
tribution is extracted. The scaled smoothing parameters h’ were used for the extraction

of the App distribution using the unbinned method throughout this thesis.

The App distribution with the unbinned method is then obtained with

Nforward frlzf(q2) - Nbackward f;lb(q2)
Nforward fT/Lf(q2) + Nbackward fT/Lb(QZ) ’

App(q®) = (5.8)
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with

1£/b _ L - qu — C]2
I (qQ)—nh,ZK( - ) (5.9)

i=1
where Nforward(Noackward) 15 the total number of forward (backward) events.

The main advantages of the unbinned method is that one does not need to bin the
sample, it allows the shape of the distribution to be extracted more easily and that
one does not need to interpolate to extract the zero crossing point Sy of Apg. Sy is

directly extracted from the obtained App distribution.

5.2.3 Forward Backward Asymmetry Distribution and The Zero

Crossing Point

The binned and unbinned methods to extract the A g distributions defined in section
5.2.1 and 5.2.2 were employed on the MCO09 reconstructed simulation data (see section
5.1.1). The zero crossing point of the App was also extracted with both methods
and the obtained results were compared. Assuming an expected signal annual yield of
4360 events/2 fb~!(see section 5.1.3), the MC09 By — K*u™u~ sample corresponds to
45.3 fb~! of data.

Figure 5.4A presents the App distributions obtained with the MC09 sample. The
results shown as crosses were obtained with the binned method. The vertical size of
the cross representing the App statistical error and the horizontal size the ¢ bin width.
The continuous lines represent the unbinned method. Omne observes good agreement
between the binned and unbinned methods on this full MC09 data sample.

From the App distribution obtained with the unbinned method, the zero crossing
point Sy, was directly obtained from the curve. The extracted value of Sy using the
unbinned method is Sy = 4.19 & 0.08 GeV?/c*, for the full MC09 data sample.

Figure 5.4B is the App distribution obtained with the MC09 sample using the binned
method. As shown in that figure, a linear fit was performed between the ¢* range 2
to 6 GeVZ/c! to extract the zero crossing point. The value obtained of Sy is 4.12
+ 0.07 GeV?/ct. The two methods produce slightly different values for Sy, using the
same data set. The theoretical prediction for Sy from the Standard Model is Sy =
4.2 GeV?/c* [134]. Tt seems that the binned method is introducing a small bias due to
assumptions in the fit close to the zero crossing point. Hence, the unbinned method
is more adequate to extract App and So. However, the bias introduced by the binned
method is small, so it could be used for the earlier extraction of Arp from the real
data obtained with the LHCb detector, due to its simplicity.
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Figure 5.4:

Using the unbinned method, the App distribution and its zero crossing point were
extracted from MC09 simulation samples of 0.2 fb=%, 2 fb~! and 10 fb=!. The obtained
App distributions are presented in figure 5.5A, 5.5B and 5.5C, respectively. For the

0.2 fb~! and 2 fb~! results, the error bands were obtained from analysing 20 data sets,

each of 0.2 fb~!

Lo error (green band) corresponds to the RMS of the entries of the 20 A g distributions.
In addition the 20 error (yellow band) is also presented. For the 10 fb~! data, the error
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A- (top): App distributions extracted using the binned (crosses) and
unbinned (continuous line) methods from the 45.8 fb=' MC09 simu-
lated sample. B- (bottom): App distribution extracted using the binned
method from the 45.8 fb=' MCO09 simulated sample. As shown, a linear
fit was performed in the range of ¢* between 2 - 6 GeV?/c*to extract the
zero crossing point Sy of Arp.

or 2 fb~!. From each data set, an Aprp distribution was extracted. The
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Data sample [ Ge{jg/& ]
10 fb~! 419 £+ 0.17
2 fb~! 4.19 £ 0.38
0.2 fb T 4.0 178

Table 5.3: The values of Sy extracted from MC09 samples of 0.2 b=, 2 fb~land
10 b= using the unbinned method.

band was obtained by scaling the 1o error computed with the 2 fb=! data sample by the
ratio of the square root of the number of events in both samples. The extracted values
of the zero crossing point Sy of App are summarised in Table 5.3. The uncertainties
given are the estimate for that data size. The central values are that for the full data
sample (10 fb~!) or the average of those for the 20 data samples (2 fb™! or 0.2 fb™!).

5.3 Detector Misalignments and their Impacts on
By — K '~

The alignment of the tracking detectors is of crucial importance for the physics per-
formance of the LHCb experiment. Since the VELO is retracted and reinserted for
each fill, and has a very high resolution, particular attention must be paid to its align-
ment [65,135]. Furthermore, the B-field will be regularly reversed in the detector which
may misalign the ST and OT tracking detectors.

This section presents the impact of the tracking detector misalignments on B; —
K*ptp~ . The implementation of the misalignments on the VELO and T (IT and OT)
stations is given in section 5.3.1. Section 5.3.2 presents the impact of these detector
misalignments on pattern recognition, event selection, the By mass resolution, the

Forward Backward Asymmetry and its zero crossing point.

5.3.1 Implementation of Detector Misalignments

In this section the strategy of implementation of the misalignments on the VELO
and T-stations are presented. This study was first developed for the analysis of the
two body decays BY(s) — h*h'~ [136], and is extended here to the four body decay
By — K*utu~ .
in [136]. Section 5.3.1.1 describes the misalignment scales employed. Section 5.3.1.2

The implementation of the misalignments follows those presented

presents the misalignment data samples.
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Figure 5.5: App distributions obtained from the MC09 simulated samples using the
unbinned method. A- (top): A data sample of 10 tb=1. B- (middle): A
data sample of 2 tb=1. C- (bottom): A data sample of 0.2 fb='. The
error bands £1o (green) and £20 (yellow) are shown. The calculation
of these error bands is detailed in the text.

154



5 Analysis of By — K*utu~

Detector Translations (um) || Rotations (mrad)
A& A | R | B | R
VELO modules || 3 3 10 1.00 | 1.00 | 0.20
VELO sensors 313 10 1.00 | 1.00 | 0.20
IT boxes 15 | 15 20 0.10 | 0.10 | 0.10
OT layers 50 | 0 100 0.05 | 0.05 | 0.05

Table 5.4: Misalignment “Io” scales for the VELO modules and sensors, the IT
boxzes and OT layers.

5.3.1.1 Misalignment Scales

The misalignment effects were implemented as a function of a ‘misalignment scale’.
The scales were chosen to be approximately 1/3 of the detector single-hit resolution
denoted ‘1¢’. The misalignments were then applied to each VELO module and sensor,
each IT box and OT layer following a Gaussian distribution with a standard deviation
corresponding to the 1o values. Table 5.4 summarises the list of the 1o misalignment

scales employed.

For each sub-detector, ten sets of such 1o misalignments were generated, to ensure
sets of random misalignments. Similarly, this procedure was repeated with the creation
of ten similar sets of the so-called ‘30" and ‘50’ misalignment scales for the VELO, IT
and OT, which were obtained by increasing the 1o misalignment scale by a factor of 3

and 5 respectively.

Each of these ten misalignment sets were implemented and stored in dedicated (con-
ditions) databases. In total nine databases were produced which correspond to the 1o,
30 and 50 misalignments for the VELO, T (IT and OT) detectors and for both VELO
and T detectors.

Since LHCb has been running for almost nine month at the time of writing, an
estimation of the detector misalignments has now been obtained. The preliminary
VELO resolution is close to that expected. Recent alignment results [137] have shown
that the VELO module and sensor alignment are known better than 5 pum and the
relative variation of two VELO halves from fill to fill are +5 ym and +3 pum along x
and y, respectively. The I'T and OT hit resolution are currently 54 pm and 250 pm,
respectively. The IT is aligned to an accuracy of 16 ym in z and y. The OT alignment
is at the 80 pum level in x and y. Hence, the current level of alignment of LHCb is at

around 1.5¢0 of the scale shown in Table 5.4.
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5.3.1.2 Data Samples

The study was performed with a 60k sample of B; — K*u*pu~ DCO6 events. Three
different scenarios are considered VELO misalignments, T-station misalignments, and
combined VELO and T-station misalignments. From the 60k By — K*utu~ events,
0o (perfect alignment), 1o, 30 and 5o of misaligned data were produced for each
of these three scenarios. Each 60k misaligned sample consists in reality of ten sub-
samples of 6k events, each of which was processed with a different one of the ten
sets of a particular misalignment scenarios. This process of using ten different sets of
misalignments was used in order to prevent the results being unrepresentative due to
a particularly favourable (or unfavourable) sample misalignment scenario being used.

The B; — K*u™p~ events were generated and digitized with a perfect geome-
try (Gauss generation program version v25r8 and Boole digitization program version
v12r10). Starting always from the same digitized data samples, the misalignments
were only introduced at reconstruction level, where pattern recognition, track fitting,
primary vertexing and particle identification are performed. The version v32r2 of the
Brunel reconstruction software was used. Physics analysis was later performed with

the DaVinci program version v20r3.

5.3.2 Impact of Misalignments

In this section the effect of misalignments on the selection of the By — K*u™ ™ decays
is presented. After providing the effect on pattern recognition in section 5.3.2.1, the
effect on event selection and on the B, mass resolution are presented in section 5.3.2.2
and 5.3.2.3 respectively. Finally in section 5.3.2.4 the effect on the Forward Backward

Asymmetry and its zero crossing point are given.

5.3.2.1 Effect on Pattern Recognition

The effects on pattern recognition are considered in this section. As misalignments were
introduced at the reconstruction level, one has to quantify the ability of the pattern
recognition algorithms in finding tracks. These algorithms are summarised in terms of

the type of tracks they reconstruct:

e Those that find tracks in the VELO in the » — z projection and in three dimen-
sional space are called VeloR and VeloSpace, respectively [138].

e Those that find the long tracks®, which are the so-called Forward and Matching

3Long tracks refer to the tracks that traverse the whole LHCb detector.
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algorithms [139]. The Forward tracking algorithm extrapolates and combines
tracks from the VELO up to the T-stations. On the other hand, the Matching
tracking algorithm starts with seed tracks in the VELO and T-station, extrap-
olates them to the magnet region and then looks for matching in the tracks

parameter space (xy position and slopes).

Table 5.5 presents the efficiencies* for the VeloR, VeloSpace, Forward and Matching
pattern recognition with Oc, 1o, 30 and 50 misalignments of the VELO, the T-stations
and both the VELO and T-stations. These results are, as expected, compatible with
those reported in [136], as this study will be relatively independent of the physics data

type used since the majority of tracks will be from the underlying event.

Misalignment VeloR VeloSpace Forward Matching
scenario efficiency (%) | efficiency (%) | efficiency (%) | efficiency (%)

z 0o 98.1£0.1 97.1+0.1 86.2 £0.2 81.5£0.2
% lo 98.1£0.1 96.8 £0.1 85.9£0.2 81.3£0.2
) 30 98.0 £ 0.1 93.9+0.8 83.3+£0.6 787+ 0.6
- oo 97.7+£0.2 912+ 1.7 80.4+1.6 75.8 £ 1.5
@ Oc 98.1£0.1 97.1+£0.1 86.2 £0.2 81.5£0.2
= lo - - 86.2 £0.2 81.4+£0.2
= 30 - - 86.0 4 0.2 80.2 4 0.4
o0 - - 85.7+0.3 77T +£1.3

e 0o 98.1£0.1 97.1+0.1 86.2 £0.2 81.5£0.2
= lo 98.1£0.1 96.9£0.1 85.9 £0.2 81.1£0.2
& 30 981401 | 944404 | 837405 | 77.7+07
;3 o0 97.9+£0.2 90.1 £ 1.7 78.7+1.8 70.8£1.9

Table 5.5: VeloR, VeloSpace, Forward and Matching pattern recognition efficiencies
for a perfectly aligned detector (0o) and various misalignment scenarios

(1o, 30 and 50) of the VELO, the T-stations, and both the VELO and

T-stations.

VELO Misalignments

One observes a degradation of 6.1 % for the VeloSpace track finding algorithm in the

50 scenario. Moreover, there is a similar deterioration of the Forward and Matching

4 All efficiencies quoted for these algorithms are averages obtained from the 10 sub-samples employed
(see section 5.3.1.2).
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efficiencies which are due to the worsening of the VELO part of the algorithm. These

are indirect effects of the VELO misalignments.

T-station Misalignment

In the case of T misalignment, the only tracking algorithms that would be affected
are the Forward and Matching. No significant efficiency degradation was observed for
lo and 30. However a deterioration was observed for the 50 scenario with these two
long track finding algorithms: a loss of 4 % for the Matching, and only of 0.5 % for
the Forward. This higher degradation of the Matching efficiency compared to that
of the Forward is expected. As discussed at the start of this section, the Matching
tracking algorithm uses the tracks parameter space (zy position and slopes) to confirm
matching to long tracks. Since misalignments induce changes to the track parameter
space, the Matching algorithm is more sensitive to T-station misalignments than the

Forward algorithm.

VELO and T-station Misalignments

In the case of combined VELO and T-station misalignments, relative efficiency losses
of 7% and 11 % were observed for the long tracking algorithms Forward and Matching,
respectively. These losses match the combined loss of efficiency due to the VELO and
T-station misalignments independently, which indicates the effects of the VELO and

T-station misalignments are uncorrelated, as previously observed in [136].

5.3.2.2 Effect on Event Selection

In this section the effects on event selection efficiencies and on the cut variables are
analysed. Table 5.6 presents the number of By — K*utu~ events that pass the cut
based selection (see section 5.1.2) and the set of selection cuts shown in Table 5.1. The
loss caused by VELO misalignment is more important than those caused by T-station
misalignments. At the worst misalignment scenario of the 50 combined VELO and T-
station misalignments 99 % of the selected events are lost. This clearly demonstrates
the importance of an accurate alignment. However, as discussed in section 5.3.1.1,
this level of misalignment is not representative of the alignment performance obtained.
Furthermore, this analysis is pessimistic as the uncertainties used are not retuned for
the worse resolutions, hence y? cuts become tighter than they would be in practice.
These effects are more important than those observed for the study of the impact

of detector misalignments on the selection of two body decays B°(s) — h*h'~ [136],
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which presents event losses up to 80% for the worst misalignment case. Similarly to
the study of the effect of misalignments on the pattern recognition in section 5.3.2.1,
the corresponding effect from the VELO, T-stations, and the combined VELO and

T-station misalignments were also studied.

The effects of detector misalignments on all selection cuts presented in Table 5.1 have
been studied. Each of them has been studied separately. However, the same procedure
was adopted for all. It consisted of implementing a very loose cut value on the selection
variable to be studied while leaving all other cuts unchanged. The modified selection
was then applied on each of the nine misaligned data samples (see section 5.3.1.2) and
the non-misaligned one. From each of them the acceptance distribution Fcceptance(X)
was extracted, which is defined as

Facceptance(X) = —————= Ni(X J=12,..,n), 5.10

Pl ( ) NTOtal (X) ; ( ) ( ) ( )

where X represents the selection cut variable to be studied and j is the bin number
of the acceptance distribution. Npue(X) is the total number of events selected with a
very loose cut value of X initially applied. N;(X) is the number of events within the
bin 7 of the distribution of X with the very loose cut value and n is the total number

of bins in that distribution.

For each cut a graph of the acceptance distribution was produced. A vertical dashed
line is also shown on these plots to indicate the value of the standard cut used. The
intersection of the graph and cut line corresponds to the efficiency of the selection

variable.

In total four of the selection cuts presented in Table 5.1 have shown significant
sensitivity to detector misalignments. Table 5.7 presents the list of these four selection
cuts. Figure 5.6 presents the distributions obtained from studying the effect of the
different misalignment scenarios on the B; Impact Parameter-x? cut. The distributions
from the VELO misaligned data, the T-station misaligned data and the combined
VELO and T-station misaligned data are shown. For each of them 0o, 10, 30 and 50
misalignments were considered. Similarly figures 5.7, 5.8 and 5.9 are the distributions
obtained by studying the effects of the detector misalignments on the other significantly

affected variables.

The most sensitive variable to VELO misalignment is the By Impact Parameter-y>2.
The acceptance decreases down to 60 % at the standard cut value with 50 misalign-

ments, which gives a relative loss of ~ 30 %.
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On the other hand the Kaon, Pion and Muon Track-y?/ndof are sensitive to T-
station misalignments. Each of these variables encounters a relative loss of efficiency

of ~ 30 % from 50 misalignments at the standard cut value.

Misalignment Number of selected events
SCCNATo TVELO Mis. | T Mis. | VELO | T Mis.
Oc 2708 (100%) | 2708 (100%) | 2708 (100%)
lo 2589 (95%) | 2657 (98%) 2527 (93%)
30 1259 (46%) | 2083 (77%) 660 (24%)
So 381 (14%) 1068 (40%) 30 (1%)

Table 5.6: Number of selected events after running the By — K*u™p~ selection for
the different misalignment scenarios.

5.3.2.3 Effect on the B; Mass Resolution

In addition, the effects of detector misalignments on the B; mass resolution have also
been studied. For each of the misaligned data defined in section 5.3.1.2 the By mass
resolution was extracted by means of a Gaussian fit of the obtained B; mass distribu-
tion. The resulting B, mass resolution from the misaligned data is presented in Table
5.8. Only a small degradation is seen. As the current knowledge of alignment is around

the 1o scenario no significant effect is expected on the By mass resolution.
5.3.2.4 Effect on the Forward Backward Asymmetry Distribution and the Zero
Crossing Point

The effects of detector misalignments on the Forward Backward Asymmetry distribu-

tion have also been analysed. The misaligned data defined in section 5.3.1.2 were again

‘ | Cut variable ‘

By | Impact Parameter-y?

K | Track-x?/ndof
7 | Track-x?/ndof
p* | Track-x?/ndof

Table 5.7: The most sensitive variables to tracking detector misalignments.
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Figure 5.6: Misalignment effects on the By Impact Parameter-x? cut. The By Im-
pact Parameter-x? distributions are presented on the right-hand side
and those on the left-hand side are the corresponding acceptance distri-
butions. The top row is for the VELO misalignments, the middle row
for T-station misalignments, and the bottom row for both combined. The
chosen cut is a vertical dashed line.
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Figure 5.7: Misalignment effects on the Kaon Track-x? /ndof cut. The Kaon Track-

X2 /ndof distributions are presented on the right-hand side and those on
the left-hand side are the corresponding acceptance distributions. The
top row is for the VELO misalignments, the middle row for T-station
misalignments, and the bottom row for both combined. The chosen cut
is a vertical dashed line.
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Figure 5.8: Misalignment effects on the Pion Track-x?/ndof cut. The Pion Track-

X2 /ndof distributions are presented on the right-hand side and those on
the left-hand side are the corresponding acceptance distributions. The
top row is for the VELO misalignments, the middle row for T-station
misalignments, and the bottom row for both combined. The chosen cut
is a vertical dashed line.
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Figure 5.9: Misalignment effects on the Muon Track-x?/ndof cut. The Muon Track-
X2 /ndof distributions are presented on the right-hand side and those on
the left-hand side are the corresponding acceptance distributions. The
top row is for the VELO misalignments, the middle row for T-station
misalignments, and the bottom row for both combined. The chosen cut

1s a vertical dashed line.
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Misalignment Mass resolution
scenario [ MeV/c? |
VELO Mis. ‘ T Mis. ‘ VELO+T Mis.
0o 15.5 £ 0.3 | 15.5 = 0.3 15.5 £ 0.3
lo 15.7 £ 0.3 | 15.6 &= 0.3 15.6 £ 0.3
30 16.7 £ 0.4 | 15.8 £ 0.3 16.0 £ 0.5
So 16.6 £ 0.7 | 15.7 = 0.4 -

Table 5.8: Misalignment effects on the By mass resolution. The available statistics
are insufficient to perform the 50 VELO+T misalignment mass fit.

employed. The App distributions were extracted using the unbinned method discussed
in section 5.2.2. For the VELO misalignment, the T-station misalignment and the
combined VELO and T-station misalignment cases 0o, 1o, 30 and 50 scenario were
studied.

Since each of these misalignment scenarios consists of ten sub-samples of 6k generated
events, ten A pp distributions were extracted for each scenario. In order to increase the
statistics only a very loose selection was applied. Table 5.9 presents the average number
of selected events for each misalignment scenario obtained under these conditions,
which corresponds to approximately 1 fb~! each.

Figures 5.10, 5.11 and 5.12 are, respectively, the Arp distributions obtained from
the VELO, the T-station and the combined VELO and T-station misaligned data.
Similarly to the method employed to extract the 1o error presented in section 5.2.3,
the 1o error (green band) corresponds to the RMS of the entries of the ten App
distributions for each misalignment case. As shown in these figures any effect of detector
misalignments on the App distributions is not significant compared to the statistical
error on these small samples.

The effects of the detector misalignments on the zero crossing point was quantified.
From each of the App distributions extracted from the misaligned data, their corre-
sponding zero crossing point was directly obtained from the curve. Table 5.10 presents
the values of the zero crossing point Sy from all misalignment scenarios. The results
obtained on these samples are given. The mean values all agree within the statistical
errors. However, the different misalignments were all applied to the same sample and
hence are correlated samples. At this point, it is not possible to judge if the difference
in mean value is significant or not. Table 5.10 also contains the values scaled to 2 fb~1,
as the statistics vary between misalignment samples. These scaled values allow to see

if a trend is observed on the Sy uncertainty. No clear trend is observed. However, the

165



5 Analysis of By — K*utu~

statistics are very limited in this study. Hence, further study with higher statistics is
necessary to reduce the statistical error to a minimum and allow to extract the values

of the systematic errors due to detector misalignments.

Misalignment Number of selected events
SN YELO Mis. | T Mis. | VELOLT Mis.
Oc 1858 + 34 | 1858 + 34 1858 + 34
lo 1840 + 36 | 1856 + 33 1844 + 37
3o 1632 + 82 | 1860 + 32 1672 + 56
o0 1430 + 122 | 1882 + 41 1356 + 122

Table 5.9: Average number of selected events from the ten sub-samples on each mis-
alignment scenario by applying very loose cuts and no Particle Identifi-
cation requirements in the By — K*u*u~ selection.

5.4 Conclusion

This chapter has presented the analysis of the B; — K*utu~ decay. The B; —
K*put ™ event selection was described as well as the simulated data employed and was
used to evaluate the signal and background yields. The estimated signal yields from
the DC06 and the MC09 data samples were, respectively, 40603%0 events/2 fb~! and
43607105 events/2 fb~!. The background yield was estimated from (b — p=, b —
pt) MCO09 events, which is the main source of background for By — K*u*u~ . The
obtained background yield is 5300 + 1800 events/2 fb~!. Both the estimated signal
and background yields are in agreement with the values obtained in previous studies.

The binned and unbinned methods of extraction of the forward backward asymmetry
were defined. Both methods were employed to extract the A pg distribution and its zero
crossing point Sy. Using a data sample of 45.3 fb~!, the extracted values of Sy are 4.19
+0.08 GeV?/ct and 4.12 4 0.07 GeV?/c? using the unbinned and the binned methods,
respectively. The unbinned method gives direct access to the value of Sy, while the
binned method may introduce a bias to the mean value of Sy due to assumptions of
fitting the data close to the crossing point. However, the bias is small and with its
simplicity the binned method could be used for the earlier extraction of App with real
data obtained with the LHCDb detector. The unbinned method was used to estimate
the values of Sy and its uncertainty, with data samples of 0.2 fb=%, 2 fb~! and 10 fb~1.
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Figure 5.10: App distributions extracted from the VELO misaligned data of ap-
provimately 1 fb~! using the unbinned method. A- (top): The 1o
misalignment. B- (middle): The 3o misalignment. C- (bottom): The

50 misalignment. The average misaligned App distribution is pre-

sented (red dashed line). The error band +1o (green) and the average

App distribution obtained without misalignment (continuous line) are
also shown.
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Figure 5.11: App distributions extracted from the T-station misaligned data of ap-
provimately 1 fb~! using the unbinned method. A- (top): The 1o
misalignment. B- (middle): The 3o misalignment. C- (bottom): The
50 misalignment. The average misaligned App distribution is pre-
sented (red dashed line). The error band +1o (green) and the average
App distribution obtained without misalignment (continuous line) are
also shown.
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Figure 5.12: App distributions extracted from the combined VELO and T-station
misaligned data of approzimately 1 fb~' using the unbinned method.
A- (top): The 1o misalignment. B- (middle): The 30 misalignment.
C- (bottom): The 50 misalignment. The average misaligned App dis-
tribution is presented (red dashed line). The error band +1o (green)
and the average App distribution obtained without misalignment (con-

tinuous line) are also shown.
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So | GeV?/ct |
Mis. Scenarios Type VELO Mis. T Mis. VELO+T Mis.

0o (no mis.) Result 4.19 0% | 419 709 4.19 *53
Scaled to 2 fb T | 419 + 0.53 | 4.19 £ 0.53 | 4.19 £ 0.53

lo Result, 4.25 709 | 413 8 4.31 7559
Scaled to 2 fb T | 4.25 £ 0.51 | 4.13 £ 0.57 | 4.31 £ 0.55

30 Result 413407 1 4134075 | 4.25 F07°
Scaled to 2 fb~ 1 | 413 £ 0.53 | 413 £ 0.50 | 4.25 £ 0.58

50 Result 4.06 *81 | 413 F55 4.0 T9-5
Scaled to 2 fb~ 1 | 4.06 £ 0.50 | 4.13 £ 0.49 | 4.00 £ 0.58

Table 5.10: Values of the App zero crossing point Sy from the detector misaligned
data. Their values scaled to 2 fb~1 are presented.

The obtained values of Sy are, respectively, 4.0 704 GeV?/c?, 4.19 4 0.38 GeV?/c* and
4.19 + 0.17 GeV?/c?.

In addition, the effects of detector misalignments on the By — K*u™p~ decay were
quantified. The effects of the VELO misalignments, the T-station misalignments and
the combined VELO and T-station misalignments were analysed. Their effects on the
pattern recognition, the event selection, the B; mass resolution and on the forward
backward asymmetry and its zero crossing point were studied.

On the selection, it was found that the selection cut on the B; Impact Parameter-y?,
the Kaon, Pion and Muon Track-x? are the most affected variables. The effects on the
Impact Parameter-y? are more driven by the VELO misalignment than the T-stations,
which drive the effects on the Track-y?. As the current knowledge of misalignment
obtained from data is = 1.50, no significant effect is expected on the selection of
By — K*putu~ events as well as the B; mass resolution.

The effect of misalignments on the Aprp distribution was also considered, but the
statistics used do not allow conclusions to be drawn on whether this will be significant
in the LHCb data. Repeating the study with much higher statistics and more realistic
misalignments is proposed in order to reduce the statistical error to a minimum and
allow the extraction of the systematic errors due to detector misalignments for the first

publication.
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6.1 Summary

This thesis began by introducing the Standard Model (SM) theory of elementary parti-
cles with discussion on the electroweak and QCD components of the theory. Particular
emphasis was placed on the rare B decay By — K*pu™p~ , which is one of the golden
modes in the LHCb experiment.

The LHCb experiment, which started data taking at the end of 2009, will make
precise measurements of CP violation and rare decays. The By — K*u™p~ decay
is an important channel for indirect measurements of new physics phenomena, and
observables that can be measured at LHCb were discussed. Recent experimental results
from the B-factories and the Tevatron on the measurements of various observables,
which are significant for B; — K*u™ ™~ were also presented.

The LHCb detector and its six sub-detectors were described. The VELO is one of the
tracking detectors of LHCb, provides the tracking coordinates close to the interaction
point and is used to define the primary and secondary vertices. The VELO system was
extensively described, since the work presented in this thesis was mainly focused on
the VELO. The trigger and the online system were also presented. The main projects
that comprise the LHCb software were described as they were used for the production
and analysis of the By — K*u™ ™ events.

The VELO silicon strip sensors must be operated under reversed bias. A reliable
and secure high voltage system that can operate up to 500 V is therefore required
for the VELO. A substantial programme of quality assurance tests were performed on
both the hardware and software parts of the high voltage system. The noise spectra
were measured at the module output and at the end of the detector cable installed in
the Pit. A small excess of noise was observed in the range of 50 MHz to 80 MHz at
the module output and also at 44 MHz and 53 MHz at the end of the detector cable
installed in the LHCDb Pit. This excess of noise is found to be suppressed to a negligible
level when connecting a load emulating the hybrid.

Long term tests of the high voltage power supply at the defined voltage level, during
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ramping and when the interlock signals are fired individually and globally did not
show any spikes. Spikes up to 1 V were observed during short power glitches. In
case of a power-cut, an uninterruptible power supply (UPS) is provided, and this was
tested. The crate powers the modules temporarily and all channels are ramped down
to 0 V with a ramping speed of 12 V/s.

The VELO high voltage has a reliable protection system both in hardware and in
software for the VELO modules. All high voltage channels can be inhibited individually
or globally by firing the interlock signal of the corresponding channel(s), which causes
the corresponding channel(s) to power down at a speed of approximately 5 kV/s. The
high voltage hardware and current limits of the modules can be changed as desired.
The VELO power supplies are always operated in current trip mode. Under this mode,
the channel that triggers a trip alarm shuts off directly.

The current-voltage characteristics of the VELO sensors taken during the module
production and during the commissioning in December 2008, in June 2009 and in Oc-
tober 2009 were analysed. The leakage current of a number of sensors was found to
increase on cooling to -25°C, contrary to expectation. This could be a consequence of
stress in the modules and will be monitored. The evolution of currents over time for
all data has shown no obvious increase in the number of high leakage current sensors.
Approximately 8% of the sensors showed non-negligible leakage current increases com-
pared to production. The increases are small enough not to affect their performance.
The VELO high voltage system complies with the safety and the performance of the
VELO sensors and is currently employed to bias the VELO sensors.

The upgrade of the LHC will require silicon strip detectors that are more radiation
hard. P-type silicon sensors are one possible candidate for the upgraded LHC detectors.
P-type detectors with four different isolation techniques before and after irradiation up
to 10' ne,/cm? were characterised.

Before irradiation, the current-voltage and capacitance-voltage characteristics of ten
detectors tested in Glasgow and 19 other detectors tested in Liverpool were analysed.
The breakdown and full depletion voltages of each detector were identified. A break-
down voltage above 1000 V was observed within all categories of isolation employed,
apart from Type 47, which includes individual p-stops. The full depletion voltage of the
detectors was not significantly different between isolation techniques, with an average
of approximately 170 V.

After irradiation, five detectors were characterised. Their IV characteristics were

taken and the breakdown voltages were identified. The charge collected was mea-

TSee details in section 4.2.2.2, for the definition of the different types of isolation.
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sured and the charge collection efficiency was compared. Approximately 30% of charge

2 and 10 n.,/cm?, for bias volt-

was collected for both fluences of 5x10'° ne,/cm
ages of 900 V and 1000 V respectively. At a fluence of 2x10' ne,/cm? the Type 1
detector, with p-spray, could be biased to a higher voltage than the Type 3 detec-
tor, with common p-stops, potentially due to the p-spray isolation technique and as a
result it collected ~ 15% more charge. The n-on-p detectors are a promising candi-
date for the LHCDb upgrade as they provide a reasonable collected charge at fluences
up to 10 ng,/cm?  Moreover, they can be operated not fully depleted. As the re-
placement of the VELO sensors will be n-on-p detectors, operating the n-on-p VELO
sensors at the maximum voltage of the current system of 500 V, after a fluence of ~
5x10™ ng,/cm? corresponding to approximately 7 fb~!, will ensure a collected charge
of ~ 65 %.

The analysis of the B; — K*utu~ decay was presented. The By — K*u™p~ event
selection was described as well as the simulated data employed, which was used to
evaluate the signal and background yields. The estimated signal yields from the DC06
and the MC09 data samples were, respectively, 406073250 events/2 fb=! and 436071350
events/2 fb~'. The background yield was estimated from (b — p=, b — p¥) MC09
events, which is the main source of background for B; — K*u*u~ . The obtained back-
ground yield is 5300 + 1800 events/2 fb~!. Both the estimated signal and background
yields are in agreement with the values obtained in previous studies.

The forward backward asymmetry (App) is a particularly sensitive observable to
New Physics contributions. The binned and unbinned method of extraction of the
forward backward asymmetry were discussed. Both methods were employed to extract
the App distribution and its zero crossing point Sy. The unbinned method gives direct
access to the value of Sy, while the binned method may introduce a bias to the mean
value of Sy due to assumptions of fitting the data close to the crossing point. However,
the bias is small compared to the statistical error and, due to its simplicity, the binned
method could be used for the earlier extraction of Arp with real data obtained with the
LHCDb detector. The unbinned method was used to estimate the values of Sy and its
uncertainty, with data samples of 0.2 fb=!, 2 fb=! and 10 fb~!. The obtained values of
Sy are, respectively, 4.0 0% GeV?/c*, 4.19 £ 0.38 GeV?/c* and 4.19 £ 0.17 GeV?/c*.

The effects of detector misalignments on the B; — K*u™ ™ decay were quantified.
The effects of the VELO misalignments, the T-station misalignments and the com-
bined VELO and T-station misalignments were analysed as a function of expected
misalignment levels of 1o, 30 and 50. Their effects on the pattern recognition, the

event selection, the B; mass resolution and on the forward backward asymmetry and
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its zero crossing point were studied.

On the selection, it was found that the selection cut on the B; Impact Parameter-x?,
the Kaon, Pion and Muon Track-x? are the most affected variables. The effects on the
Impact Parameter-y? are more driven by the VELO misalignment than the T-stations,
which drive the effects on the Track-x2. At the current knowledge of detector alignment
a reduction of less than 10% from perfect alignment can be expected for the selection
of By — K*ut ™ events.

The effect of misalignments on the App distribution was also considered, but the
statistics used do not allow conclusions to be drawn on whether this effect will be
significant in the LHCb data. Repeating the study with much higher statistics and
more realistic misalignments is proposed in order to reduce the statistical error to a level
that will allow the extraction of the systematic errors due to detector misalignments
for the first publication.

In summary this thesis has presented work in three areas. The design and charac-
terisation of the high voltage system of the VELO has been shown. The qualification
studies of p-type silicon sensors before and after proton and neutron irradiations have
shown that they are promising candidates for the proposed upgrade of the LHC. Fi-
nally, the analysis of B; — K*utpu~ simulation events has permitted the extraction
of the forward backward asymmetry from fully reconstructed simulated data as well
as its zero crossing points using the binned and unbinned methods. The VELO high
voltage system has successfully supplied bias voltages to the VELO sensors and has
made possible the reconstruction of the first tracks from data recorded with the LHCb
VELO detector, as presented in figure 6.1.

6.2 Outlook

LHCDb started regular data taking at the end of 2009, the LHCb collaboration has
already started to analyse the data and is trying to fully understand the detector. In
future years, as more data will be obtained, radiation damage to the VELO sensors
will be an issue and will need to be monitored. Current-voltage characteristics are
regularly taken in order to monitor the radiation effects on the sensors. Charge collec-
tion measurements at different voltages are an alternative method of monitoring this
induced non-uniform radiation damage to the VELO sensors, which is also being used.

Radiation damage induces changes to the properties of the sensors. The replacement
of the VELO sensors, with identical geometry to the current VELO, is foreseen with

n-on-p silicon strip sensors. These sensors have already been shown to be a good
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6 Conclusion

Figure 6.1: Panoramiz picture of the first tracks reconstructed from data recorded

with the LHCb VELO detector. Reproduced from [140].

candidate for a future luminosity upgrade of the LHC experiments (SLHC). Other
alternative solutions are also possible for the upgrade, such as 3D detectors or Diamond
which have shown good radiation hardness performance with the SLHC fluences of the
order of 10'® n.,/cm?.

As more data is collected, LHCb will be able to make measurements of the forward
backward asymmetry Arp and its zero crossing point Sy using the By — K*u™ ™ decay.
The two methods presented in this thesis could both be used to extract App and Sy,
and have their respective advantages. The binned method, with its simplicity, could
be used for the earlier extraction of the Arp and Sy. On the other hand, the unbinned
method, a more complex method, gives direct access to Sy and might be more appro-
priate at higher integrated luminosities. Other variables sensitive to the contribution
of New Physics phenomena, such as F;, and S;, can also be extracted. In the longer
term use of the full angular information in B; — K*utpu~ can be made to maximise

the sensitivity to a New Physics discovery.
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