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Introduction

By convention sweet and by convention bitter, by convention hot, by
convention cold, by convention color; but in reality atoms and void.

Democritus of Abdera [1, 2].

The idea that all matter is made of indivisible, structureless entities is not new. It
dates from antiquity and is connected with the names of Greek philosophers Leu-
cippus (c. 500 - 450 B.C.) and Democritus (460 - 371 B.C.). However, this idea
remained just a conjecture until 1897, when the first elementary particle, the elec-
tron, was discovered by J.J. Thomson. This moment can be considered as the birth
date of particle physics - the science of the fundamental structure of matter.
Enormous progress has been made in particle physics during the last century: ex-
periments with high-energy particle beams have revealed that, besides atomic-shell
electrons, other types of leptons exist as well; it has been found that protons and
neutrons, which were at first thought to be elementary, have a complex structure
and are made of smaller objects, called quarks; the existence of a corresponding an-
tiparticle partner of each kind of quarks and leptons has been predicted and verified;
in addition to gravitation and electromagnetism, two new fundamental forces have
been discovered: the strong and the weak nuclear interaction.

At present, the fundamental constituents of matter are thought to be the quarks,
leptons and their antipartners. The interactions amongst them are governed by the
fundamental forces listed above and are well described (excluding gravity) in the
theoretical framework of particle physics: the Standard Model.

The imbalance between matter and antimatter is one of the biggest mysteries in
modern cosmology. Equal amounts of matter and antimatter must have been created
during the Big Bang, when the Universe formed 13.73+0.12 billion years ago [3].
However, today’s world is predominantly composed of matter; the antimatter is
almost absent. For example, the results from the AMS-01 experiment [4] show that
the ratio of the numbers of antihelium to helium nuclei, measured in the cosmic
rays, 400 km above the Earth surface, is smaller than one in a million. In 1967
it was realized (by A. Sakcharov [5]) that the violation of the Charge-Parity (CP)
symmetry is a necessary requirement to explain this disproportion. Therefore, the
study of CP violation is of key importance for understanding the dynamics of the
early Universe.



2 Introduction

The breaking of CP invariance by the weak interaction was for the first time ob-
served in the decay of neutral kaons in 1964 [6]. The kaon system remained the
only known system where this effect had been seen until 2002, when CP violation
was also detected in the decays of neutral B mesons (particles including the massive
b (b) quark in their composition) [7, 8]. Despite of these discoveries, CP violation
is still one of the least explored phenomena in particle physics.

Beside allowing precise tests of the reliability and consistence of the theoretical
predictions, exploring CP violation also provides an opportunity to probe "new
physics", i.e. physics beyond the Standard Model. Typically, this is connected
with searches for new! sources of CP violation.

This year in the European Laboratory for Particle Physics (CERN) in Geneva,
Switzerland, a new particle accelerator, the Large Hadron Collider (LHC), will be
put in operation. LHC will collide beams of protons at a center-of-mass energy of
/5 = 14 TeV at luminosities up to 10** cm~2s~*. Physics at the LHC requires high
performance detectors. One of the four experiments operating with LHC is LHCb,
which will perform precision measurements of CP violation in the B-meson system
and study rare B decays.

The tracking system is an essential element of the LHCb detector, providing a pre-
cise and efficient determination of the momenta of the charged particles in the final
state. In order to efficiently reconstruct the trajectories of charged particles, the
LHCb Outer Tracker (OT) is equipped with gaseous straw-tube detectors. The OT
system comprises three stations, each consisting of multiple layers of drift tubes.
The basic unit of the OT stations is the module, a self-contained detector unit filled
with a counting-gas mixture.

The OT module production was carefully monitored by a variety of tests. The over-
all performance of the OT detector as shown during the quality assurance tests and
the beam tests is one of the topics of this dissertation.

The precise measurement of the time-dependent CP asymmetry requires a high res-
olution of the proper lifetime of the B mesons. The second part of this dissertation
is a study of the resolution of the proper lifetime of the B mesons at LHCb. The
study is carried out using the decay modes B™ — J/¢K' and B — J/yY K.
Subsequently, the ratio of the lifetimes of B and B" mesons, 75+ /Tpo, is derived;
the value of this ratio can be used as an important indication for the validity of
the Heavy Quark Expansion model [10]. The sensitivity of LHCD to 7p+/7po is
investigated.

Outline
This dissertation can be divided in three main parts: theory and description of the

experiment, testing of the OT detector performance and physics analysis. Two chap-
ters are devoted to each of these parts.

'The amount of CP violation present in the Standard Model is too small to generate the observed
matter-antimatter asymmetry in the Universe [9].



Chapter 1 gives an overview of the theoretical framework of our study. A sum-
mary of the basic concepts of the Standard Model of particle physics is presented,
followed by descriptions of the characteristics of weak interaction, the properties
of B mesons, and the mechanism of CP violation in the Standard Model. The im-
portance of high resolution measurements of the B proper-time is discussed. The
Heavy Quark Expansion model is introduced.

The properties of the LHC accelerator and the design of the LHC) experiment are
discussed in Chapter 2. Special attention is given to the architecture and operational
principle of the Outer Tracker system.

Chapter 3 focuses on the quality monitoring and validation of the Outer Tracker
modules, while Chapter 4 is devoted to the beam tests of the OT modules at DESY.
Results of these tests, illustrating the detector efficiency, spatial resolution, noise
and cross-talk are presented.

Chapter 5 reports on a study of the resolution of the proper lifetime of the B
and B® mesons. The study is performed with BT — J/v(u"pu~)K™ and B® —
J/Y(ptp~)K*(K*tn~) decay modes and their conjugates. A resolution model
based on proper-time residuals and corresponding per-event errors is developed and
results are presented.

Finally, Chapter 6 illustrates a method for the determination of BT and B life-
times in the presence of backgrounds, and reports on the sensitivity of LHCb for
measuring the lifetime ratio 75+ /7Tgo.
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Chapter 1

B Mesons and Their Lifetime

Science is built of facts the way a house is built of bricks; but an accumulation
of facts is no more science than a pile of bricks is a house.

Henri Poincaré (1854-1912)

This chapter outlines the theoretical basis and the motivation of the study of B-
meson lifetimes.

In Sec. 1.1 a summary of the Standard Model (SM) of particle physics is presented.
An overview of the weak interaction and the properties of B mesons are given in
Sec. 1.2. The mechanism of the violation of the combined Charge-Parity (CP) sym-
metry in the framework of SM is described in Sec. 1.3. In Sec. 1.4, the importance
of the resolution of the B-mesons proper lifetime measurement for determining
time dependent (CP) asymmetries is substantiated. Finally, the Heavy Quark Ex-
pansion model' and its prediction for the ratio of lifetimes of B and B° mesons
are introduced in Sec. 1.5.

1.1 Standard Model

The Standard Model of particle physics [12] is a theoretical framework which de-
scribes the interactions between the fundamental constituents of matter. Within
the SM description, matter in the universe is made up of elementary (structureless)
particles, fermions, with intrinsic angular momentum, spin = % These elementary
fermions appear as two types: leptons and quarks, grouped in three generations with
increasing mass. Each fermion generation contains a quark and lepton pair as indi-
cated in Table 1.1. For every particle there is a corresponding antiparticle, with the

same mass and spin, but with opposite magnetic moment and opposite "charges'?.

'"The Heavy Quark Expansion model is a method for computation of inclusive decay rates of
heavy (B) hadrons, by using the heavy-quark limit m; > Agcp. Not to be confused with Heavy
Quark Effective Theory (HQET), which is applicable to exclusive heavy hadron decays [10, 11].

2Except the electric charge, the fermions carry also other charge-like quantum number labels,
such as color charge, flavor, lepton or baryon number.
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Fermions I 1I I El charge
u (up) ¢ (charm) t (top) 42

Quarks 1.5-3.0MeV/c? | (1.254 0.09) GeV/c? | (174.2 +3.3) GeV/c? 3
d (down) s (strange) b (bottom) 1
3.0-7.0MeV/c? | (95 £ 25) MeV/c? (4.20 £ 0.07) GeV/c? 3
e (electron) 1 (muon) 7 (tau) 1
0.511 MeV/c? 106 MeV/c? 1.78 GeV/c?

Leptons
v, (e neutrino) v, (@ neutrino) v, (T neutrino) 0
<3eV/c? <0.19 MeV/c? < 18.2 MeV/c?

Table 1.1. Three generations of fermions. The values of the masses are taken from Particle
Data Group (PDG) 2006 [13].

Interaction Mediator (bosons) Relative Strength
Strong Jo, @ = 1,...,8 (gluons) ay ~ O(1)
my, =0
Electromagnetic | ' (photon) a=1/137~ O(1072?)
m, =0
+ 0
Weak W=, Z" (weak bosons) e ~ O(1079)
my+ = 80.4 GeV/c2, myo =91.2 GeV/c2
Gravitational | graviton - if exists ag ~ 0(107%9)

Table 1.2. Fundamental interactions and their mediator particles.

The elementary particles interact with each other through four fundamental forces
(interactions): strong, electromagnetic, weak and gravitation. The weak interaction
acts on all quarks and leptons. The electromagnetic interaction acts on all electri-
cally charged particles (all quarks and charged leptons), while the strong interaction
(also called color force) acts only on the quarks. To each fundamental interaction,
a mediator (carrier) particle is associated, a boson, with spin = 1, see Table 1.2.
The Standard Model is a quantum field theory based on the principle of gauge in-
variance, with symmetry group SU(3)¢ x SU(2); x U(1)y. It describes the strong,
weak, and electromagnetic interactions.

The SU(3)c group describes the strong interaction. In addition to the electric
charge, the quarks carry a color charge, or simply color. The color can be of three
different types, normally denoted as red, green and blue. The antiquarks carry an-
ticolor. The interactions between quarks in which the color changes are subject of
the strong interaction and are connected through gluon exchange. Quarks are al-
ways bound in groups, forming colorless objects, called hadrons. These hadrons
can be subdivided into two groups: mesons, consisting of a quark-antiquark pair



1.2 Weak Interaction 7

and baryons, containing three quarks of different color.

The SU(2); x U(1)y group describes the weak and the electromagnetic interac-
tions, which, in the SM, are unified into a single electroweak interaction. How-
ever, the observations show that the carriers of the weak and the electromagnetic
interactions are of quite different nature - -, the carrier of the electromagnetic in-
teraction, is massless, while W= and Z°, the carriers of the weak interaction, are
massive. To explain this, in the SM it is postulated that, for energies below the
electro-weak scale, the electro-weak SU(2); x U(1)y symmetry is spontaneously
broken to U(1)gym. This breaking of the electro-weak symmetry is accommodated
in the SM by introducing a new scalar field, the Higgs field. The quantum of this
field, the Higgs boson particle, is so far unobserved and is the last component of
the SM to be experimentally confirmed. By interacting with the Higgs field, W=
and Z° (as well as all the elementary fermions) acquire their mass, while - remains
massless.

Although the predictions of the SM have been tested to a remarkable accuracy in
many experiments around the world, the SM is not a final theory, mainly because
it does not include gravity. In addition, the Standard model contains an arbitrary
number of fermion generations with 26 free parameters (like the masses of the par-
ticles) that do not follow from the theory. Finally, a disturbing aspect of the model
is the large difference between the Planck scale and the electroweak scale, leading
to large radiative corrections to the Higgs mass, known as the hierarchy problem.

1.2 Weak Interaction

The weak interaction is responsible for changing the flavor of the quarks and lep-
tons. Furthermore, the down-type quark mass (flavor) eigenstates differ from the
weak interaction eigenstates, resulting in the effect of quark-mixing: the weak in-
teraction couples to down-type quark states that are not flavor specific, but are a
linear combination of the latter. The Cabbibo-Kobayashi-Maskawa (CKM) matrix,
proposed in 1973 [14] describes this effect, summarizing the quark couplings to the
weak charged current. An example of a process where quark flavor changes is given
in Fig. 1.1.

Strong and electromagnetic interactions conserve three basic discrete symmetries
in Nature - parity (P), charge conjugation (C) and time reversal (T). Parity is the
discrete symmetry under which the space coordinates are inverted, ¥ — —Z. As
a result, a left-handed (with the spin direction opposite to the momentum) particle
is changed into a right-handed one. Charge conjugation is the discrete symmetry
which transforms a particle into its antiparticle. Time reversal is the discrete sym-
metry under which the time coordinate is inverted, t — —t 3.

3More precisely, the time reversal is a symmetry under the combined operation: T = 7 *, where
T is the simple time reversal operator (7 : ¢ — —t), and * is complex conjugation.
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W—i—

b = Vigd + Vigs + Vb

Figure 1.1. An example of quark flavor changing transition. A top quark changes flavor by
emitting a W boson. The final state, b', is not a pure b-quark mass state, but a superposi-
tion (mix) of b, s and d quarks states. The coefficients in the linear combination of the final
state are elements of the CKM matrix.

A distinguishable feature of the weak interaction is the violation of parity, charge
conjugation and also the combined charge-parity* (CP) symmetries. Moreover, the
P and C symmetries are maximally violated. The combined CP symmetry was
thought to be conserved by the weak interaction until a small violation (~ O(1073))
was discovered in neutral kaon decays in 1964 [6].

1.2.1 CKM Matrix

The complex, unitary 3 X 3 quark-mixing matrix Vcgy, relates the electroweak
eigenstates of the down-type quarks, (d’, s, b'), with their mass eigenstates, (d, s, b),

d Vid Vs Vb d
s 1= Va Vs Ve s | - (1.1)
v Via Vis Vi b

) Ver

The coupling constants, V;; (¢, j are generation indices) define the strength of the
flavor-changing weak decays and are fundamental SM parameters. The postulated
unitarity of Vegwm (VEKMVCKM = 1) implies nine constraints (six orthogonality and
three normalization conditions) on its complex elements,

3 3
Y ViVii =0 (i,j=1,23andi £5), > [Vi,[P=1 (j=1,23), (1.2)
k=1

k=1

orthogonality conditions normalization conditions

which reduce the 18 real parameters defining the matrix to nine, namely three mix-
ing angles and six complex phases. Redefining the quark fields allows five of the

“4Consecutive application of P and C operations.
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phases to be absorbed. Consequently, the CKM matrix is completely defined in
terms of four real parameters - three mixing angles and one phase. A non-zero
value of this phase makes the CKM matrix complex and is a necessary ingredient
for CP violation in the Standard model°.

One of the most widely used representations of the CKM matrix, allowing to ex-
press the observed hierarchy in the magnitudes of the matrix elements, is the one
suggested by Wolfenstein [15]. The Vckm is expanded in powers of A = sinfc,
where 6¢ is the Cabibbo angle,

1—1)2 A AN3(p —in)
Vekm = -\ 1— 1N AN +00\Y . (1.3)
AN (1 —p—in) —AN 1

The experimental measurements have revealed that A ~ 0.22, and A ~ 0.8 [13].
CP-violation implies that n # 0.

The orthogonality conditions (see Eq. (1.2)) can be represented graphically as trian-
gles in the complex plane, called unitarity triangles. In Fig. 1.2 the unitarity triangle
corresponding to the following orthogonality relation:

VauaVgy, + VeaVig, + ViaViy = 0 (1.4)
—— N N =
o) o) 0M)

is shown.

VidVib VidVib

-y

B

> *
VedVeb
Figure 1.2. The unitarity triangle.

This is one of the two triangles® that have sides of comparable size (since all three
terms in Eq. (1.4) are of the same order of magnitude). The other four triangles that

3The amplitude of a given decay and its CP conjugate can have different magnitudes (which
is a sign of violation of the CP symmetry), due to the opposite sign of this weak phase under CP
transformation. In addition, a relative strong phase between the two amplitudes that does not change
sign is required.

The other unitarity triangle having all sides of comparable magnitude corresponds to
VsV, + ViV, + ViaViy = 0.
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can be constructed are squashed and thus, high experimental precision is needed to
resolve them. The depicted triangle, however, has angles which are not extremely
large or small. It is often referred to as "the" unitarity triangle and can be measured
in the B-meson system. For example, the angle (3 is probed through B® — J/v¥ K,
where the phase of Vj, enters in the mixing of the B and B° (see Sec. 1.2.2), and
the angle  can be probed through B? — D K, where the phase of V,,;, enters [16].
The angles «, 3 and y of the unitarity triangle are defined as

a = arg (—%) , B =arg (—%) , Y= arg (—%) , (L.5)
ud Vb tb ca’ch

with o + 3 4+ v = 7. Under rephasing these angles remain invariant, and hence can
be measured. Using the Wolfenstein parametrization it can be seen that —v and — (3
are the phases of V,,; and V};, respectively, which means that these two quantities are
responsible for CP violation.

In the SM, all six unitarity triangles have the same area, which in the Wolfenstein
parametrization is given by

1
S = §A2>\6n =0(107%) . (1.6)

The size of this area can be interpreted as a measure of the amount of CP violation
in the SM [17, 18]; consequently, CP violation in the SM is small.

The over-constraining of the unitarity triangle through independent precision mea-
surements of its sides and angles is an important test for the internal consistency of
the Standard Model. Any observed inconsistency in these measurements would be
a sign for new physics, i.e. physics mechanisms that go beyond the Standard Model.

1.2.2 B Mesons

B mesons are pseudoscalar mesons which include a b or b quark. They can be
charged or neutral,

Bt =ub, B’=db, B’=sb, Bf =cb, Y =bb, (1.7)

plus the corresponding charge-conjugated states. The top quark is too heavy to
produce hadrons and thus B mesons are the heaviest mesons. The masses and the
lifetimes of the various B mesons are given in Table 1.3.

B mesons are characterized by a relatively long lifetime, ~ O(ps), due to the small
value of the coupling constant V;, which defines the strength of the primary decay
of the b-quark, namely b — ¢, and which happens to be ~ O(\?).

The large mass and the long lifetime of B mesons facilitate their experimental de-
tection because their decay vertex is displaced from the primary interaction vertex,
and their decay products possess high transverse momenta.
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B meson | Mass [MeV/c?] | Lifetime (75) [ps]
Bt 5279.0 £ 0.5 1.638 + 0.011
BY 5279.4 £ 0.5 1.530 £ 0.009
B 53675+ 1.8 1.466 £+ 0.059
Bt 6286 + 5 0.4670-1%

Table 1.3. B-mesons masses and lifetimes as reported by PDG 2006 [13].

Another interesting and useful property for CP-violation measurements of the neu-
tral B mesons is that they can fluctuate into their antiparticles, see Fig. 1.3. This
phenomenon, known as B oscillation (B mixing) was first experimentally con-
firmed in the B, system in 1987 [19]. These B oscillations happen as a result of the
difference between the flavor (| B°) and | BY)) and the mass eigenstates of the neutral
B meson. There are two mass eigenstates, often denoted as heavy (|By)) and light
(|Bm)), which can be expressed as a linear combination of the flavor eigenstates,

|Brp) = p|B°) ¥ q| B°) . (1.8)
The time evolution of the | By) and |By,) is given by
|Br (1)) = et a2 By 1 (0)) (1.9)

where I'y 1, and my ;. are the corresponding widths and masses. The B mesons are
typically created in the strong interaction as pure flavour eigenstates. At time ¢ the
state of a B meson produced at ¢t = 0 as a B® or BY is defined as

|BYs(8)) = g (£)] BY) + gg_@)@ . (B, (D) = g4 (1) BY) + gg_<t>|B°> ,

(1.10)
where ]
g:l:(t) _ 5 (e—(lmL+FL/2)t :t e—(lmH-i-FH/Z)t) ) (111)
_ ot Vi _ _ y WV
b tb tq q b th tq Cj
B, W, w o B t ¢
q » * b q AVAVAN b
Vig t Vipb WV

Figure 1.3. The dominant Standard Model Feynman box diagrams for Bg —Bié) oscillations.
The index q stands for d or s quarks. The phase of the Bg mixing amplitude is ¢, =
2arg(VigVip)-
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Therefore, the probabilities of finding a |B°) and a | B°) at time ¢, starting from a
pure | BY) state, are

P(B" — B t) = [(B°| By, ()" = g+ (1)

, (1.12)
= q
P(B® — B >—»<BO|1mw<>>P::\5g_u>
with
lg= (V) = i (7" + e T £ 2e7 " cos(Amt)) . (1.13)

In the above equation I" = (I'y +1'1) /2, and Am = (my —my) is the quantity that
determines the frequency of the oscillations. For the B° system Amy = 0.5 ps~*
[13], and for the B? system Am, = 17.3 ps~! [20]. This means that the B? oscil-
lates much more rapidly.
The time-dependent decay rates for the neutral B® and B° mesons to a common
final state f are given by

| Af]?
2

Ry(t) = eWum+I@LRﬂ>;§$Wuw—f@m<u®

where Ay and A_f are the instantaneous decay amplitudes for the process B® — f
and B® — f. The functions [, (t) and /_(t) are defined through

I, (t) = (14 |Af[2) cosh (%) 20{As} sinh (A;t)

(1.15)
I_(t) = (1= |As]?) cos (Amt) + 23{ A} sin (Amt)
where A" = (I'y — I'p) is the decay width difference, and the quantity
qAr
Ap = —— (1.16)
T p A

is a complex parameter. Analogous equations can be written for the time-dependent
decay rates Rj(t) and R;(t) for B° and B transiting to a common final state f.
Then, the following time-dependent decay rate asymmetries can be constructed:

Ry(t) — Ry(t Ry(t) — Ry(t
P11 e 71 NP /10 e 710
Ry(t) + Ry (t) Ry(t) + Ry(t)
where .o7;(t) and 27;(t) are CP-violating observables.
A particularly interesting case is the decay of the B to a CP final state, fop, since it

can decay both directly to fcp, B — fcp , and by first oscillating to a B and then

, (1.17)
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decay, B — B — fop. When the final state f is a CP eigenstate f = f and hence,
the time-dependent decay rate asymmetries are identical <7y (t) = @/;(t) = <cp(t).
The time-dependent CP-asymmetry, </ p(t), can be expressed as’

I_(t) _ (- IA¢]?) cos (Amt) 4+ 23{ )\ } sin (Amt)
I+(®) (14 |Af|?) cosh <%) + 2R{\;}sinh <%)

Aep(t) = (1.18)

In the BY system (B° = db, BY = db), AT is small and can be neglected, therefore

1 — | \f]?

23{ s}
App(t) = —L I
or(t) L+ [Af[?

BEEYE sin(Amt) +

cos(Amt) . (1.19)

1.3 CP Violation in B-Meson Decays

Three types of CP violation can occur in 5-meson decays:

* Direct CP violation. It is detected when the decay rate of B® — fis different
from the decay rate of B — f, with f the CP-conjugated state of f:

|Ag| # [Af] ; (1.20)

* CP violation in mixing. It is generated when

la/pl # 1, (1.21)

which means that the oscillation probability for B® — BV is different from
that for BY — B (see Eq. (1.12));

* CP violation in the interference between a decay with and without mixing.
This type of CP violation is a reflection of the fact that B can either directly
decay to a state f or first oscillate to B9 and then decay to the same state
f. An example of such a decay is given in Fig. 1.4. For this to occur, it is
necessary that:

S{A\s} #0 . (1.22)

"Under the assumption that |q/p| ~ 1, which is a good approximation for the BY and B? mesons
(as reported in Ref. [21]).
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(a) Decay without BY oscillation. B? (b) Decay with BY oscillation. B first oscillate to

directly decays. ?g and then decay.

Figure 1.4. The BY — J /v ¢ decay can proceed through both ((a) and (b)) diagrams.

1.4 Importance of Proper-Time Resolution

Whereas the B° system has been the subject of many experiments so far (BaBar,
Belle, CDF, D0), the heavier B, system is not yet fully explored. The next-generation
hadron-collider experiment LHCb (see Sec. 2) will be able to produce and study the
B, mesons in greater detail, due to the large luminosity and large cross section at
the LHC. One of main topics in the LHCb experimental program is the precise mea-
surement of the CP-violation parameters in B, decays. The precise measurement
of the time-dependent CP asymmetry (Eq. (1.18)) requires a high resolution of the
lifetime of the B meson (¢,). The importance of o, for the estimation of <7 p(t)
is much stronger in the rapidly oscillating B? system, than it is in the B° system,
as will be demonstrated next. In Fig. 1.5, @/-p(t) is plotted for two of the most
interesting decay modes of B® and BY, namely B® — J/¢ K, and B® — J/¢¢. In
the case of B — J/vyK,, the time-dependent CP-asymmetry, Eq. (1.19), can be
simplified to

AP () = S{A\s} sin(Amgt) | (1.23)

since |\s| ~ 1, because |A;/A;| = 1 and |g/p| ~ 1. The decay amplitudes A and
A are controlled by a single weak phase, ®p = arg(Vy V%) = O(A\°) ~ 0, and
thus their ratio A; JA; = —npe?®0 x~ —n; [22]. Combining the latter expression
with ¢/p = —e~%4, yields (see Eq. (1.16)) A\; ~ nye "%, where ¢ is the phase of
the BY mixing amplitude (see Fig 1.3). The factor 1), accounts for the eigenvalue of
the final CP eigenstate®. Since for B® — J/v K the final state is CP odd, n; = —1.
Then, Eq. (1.23) can be transformed into

AE(t) = sin(¢g) sin(Amgt) | (1.24)

Similarly, the time-dependent asymmetry in the BY system, Eq. (1.18), can be ap-
proximated as

*1F) = (CP)If) = nslf)-



1.4 Importance of Proper-Time Resolution 15

0 sin(¢g ]
Aop(t) = — AT g Sin(9,) Ay sin(Amt) L (1.25)
cosh < 25 ) — 1 cos(¢s) sinh ( 28 )

with ¢ the phase introduced by the B? mixing amplitude (see Fig 1.3), and 7, =
+1. The amplitude of the time-dependent CP asymmetry in Eq. (1.24) and Eq. (1.25)
is given by sin(¢4) and sin(¢y), respectively. In the Standard Model, ¢4 =~ 23 (see
Eq. (1.5)) and ¢, ~ —203,, with® 3, ~ arg(V;,) — 7. The value of sin(2/3) has been
measured and equals 0.725 + 0.037 (PDG 2006 [13]), while the value of ¢, is not
yet precisely measured. In the beginning of this year, the DO collaboration at Fermi-
lab reported ¢, = —0.57 020 (stat) T0-07 (syst) [23]. The Standard Model prediction
amounts to ¢ ~ —0.04 rad. Any established deviation from the SM value would
signal New Physics (NP) contributions to ¢, = ¢5M + ¢NF,

The rapid B, — B, oscillations and the expected small value of the amplitude of
52%03 E, (), ~ O(0.04), make the precise measurement of this amplitude difficult and
demanding. The two main factors that impede the measurement due to unavoidable
detector imperfections are flavour mistagging'® and the finite BY proper lifetime

resolution. Therefore, the actual experimentally observed CP-asymmetry will be
diluted,

0 obs o
[’Q{CBP? (t)i| = Dtag-Dreschlg (t) . (126)

The mistagging dilution factor is represented by D;,, = (1 — 2w), where w is the

wrong tag fraction. It is apparent that if for example w = 50%, D, = 0 and
obs

[%?E (t)} vanishes.

The factor D,.; = DreS(O'TBS) incorporates the smearing of the time-dependent
asymmetry due to the finite resolution of the proper-time measurement, o, . Ex-
plicitly D,..s can be expressed as [24]

D,cs = exp (—%(AmSUTBSP) ) (1.27)

Hence, knowledge on o, is needed to extract ,Qfg E, (t). Secondly, the proper time
resolution needs to be high enough to accurately resolve the fast oscillations of the
BS meson, in contrast to the B°. As can be seen from Fig. 1.5, the resolution should
be much better than the period of the oscillations. In order to have D,., — 1, from
Eq. (1.27) follows that (Am,o., )* < 1, and thus 0., < 1/Am,.

The angle f3, is the corresponding angle in the so called sb-unitarity triangle, constructed by
using the relation V,;, Vi,p + Vi Ve + Vs Vi, = 0.
0Misidentification of the initial flavour of the BY-meson.
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Figure 1.5. The predicted CP asymmetry, Acp(t), in decay channels B — J /K, and
BY — J/w@. For sin(¢s) the value predicted by the SM of -0.04 is used. For AT the
predicted value 0.088+0.017 ps—! as given in Ref. [25] is used. The values of the oscillation
frequencies are Amg = 0.5 ps—! and Am, = 17.3 ps~1, respectively.
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1.5 B Lifetimes and the Heavy Quark Expansion

The measurement of the various B-meson lifetimes is of particular significance for
some theoretical models. The simple Spectator model assumes equal lifetimes for
all B species. The more advanced Heavy Quark Expansion (HQE) model predicts
a difference in the lifetimes and also predicts the magnitude of this difference. Ac-
cordingly, measuring the B lifetimes and their ratios probes the extent to which
the naive picture of the spectator model is adequate and tests the correctness of the
HQE.

1.5.1 Spectator Model

The spectator model [26] suggests that the decay rate of B mesons is fully dom-
inated by the decay of the heavy b quark and that the lighter (u, d, s or ¢) quark
does not participate nor influence that decays; it is just a "spectator” of the b decay,
Fig. 1.6.

q q
b » L » C
Ww- [=,d,s
v,u,cC

Figure 1.6. Spectator B-decay diagram. The quark q (u,d,s,c) is the "spectator". It is
assumed passive and does not participate in the decay.

Thus, the expected lifetime of the B-meson can be reduced to the lifetime of a "free"
b-quark, which (calculated relative to the muon decay) is given by

1 1 m,\°
= —r — | = ~13ps — 1.6 1.28
B Lo N2|Vu|? (mb) G ps pe (1:2%)

where V;, = 0.039 — 0.044 [27], 7, = 2.197 us [27] is the muon lifetime, m; and
m,, are the b-quark and muon masses (see Table 1.1), and N, = 3.

However, measurements revealed that there is a non-negligible difference in the
lifetime of the various B-mesons, which follows the hierarchy (see Table 1.3)

Tpt > Tpo R Tgy > Tp, - (1.29)

To explain this hierarchy in the B lifetimes, the spectator model is modified to
include the presence of non-spectator effects. In other words, the light quark com-
ponent of the B meson can no longer be considered passive, but is also involved in
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the decay. Examples of spectator and non-spectator diagrams which contribute to
the B decay and which are responsible for the B lifetime differences are shown in
Fig. 1.7.

U o+ b . Z Do
W d Bt W 3
B¢ po 4
u u u u

(a) Spectator diagrams. BT decays through external (left) and internal (right) emission of a W boson
to the same final state. The two diagrams interfere destructively (for a formal demonstration of
this see Ref. [28]). As a result the total decay width of the BT meson, T g+, is reduced and hence
the B lifetime is prolonged. The effect is known as Pauli interference (PI).

d B W !
B b ‘ 0¢ D~ 0
d d d

(b) Spectator diagrams. B° decays through external (left) and internal (right) emission of a W boson
to different final states. Hence, there is no interference between the two diagrams. Thus, because
of the PI effect described in (a), I'go > I'g+, and Tg+ > Tgo.

b C,u 6 C
Bt O\ ! B W !
4% q q

u 5,d d * u

(c) Non-spectator diagrams. Left: Weak annihilation. The decay is dominated by V,p, which is

small. Right: Weak exchange. BC lifetime is dominated by V. Since Vo, > Vi, it follows that
TR+ > TpRo.

Figure 1.7. Spectator and non-spectator diagrams contributing to the B decay.

In spite of the fact that the spectator model can phenomenologically explain the
B-lifetimes hierarchy (see the above diagrams), it cannot make precise lifetime pre-
dictions nor scale the range of the lifetime corrections with respect to the heavy
quark mass. Presently, one of the most actual theoretical approaches for the study
of the b-flavoured hadrons is the heavy quark expansion model. It allows for calcu-
lations of the B lifetimes within the Standard Model.
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1.5.2 Heavy Quark Expansion Model

The HQE [10] is based on the operator product expansion, which is a method to
separate the non-perturbative, long-distance QCD contributions to the decay ampli-
tude from the short-distance electroweak contributions. In the HQE model, the total
decay width of the B meson is expressed as an expansion in inverse powers of the
b-quark mass (1/m}) as

A 2 A 3 A "
1+A2( ;?fD) +A3( %CD> +...+An< ;{LCD)] . (1.30)
b b b

where [’y is the free b-quark decay width, as given in the spectator model (see
Eq. (1.28)), Agep is the QCD scale parameter, and A,, are calculable coefficients.
The following conclusions can be drawn from Eq. (1.30):

I'="TYy

* At the lowest (leading) order, 1/m;, the total decay width of the B-meson is
equal to the decay width of a free b quark, ' = T'y. At this order the decay
proceeds as in the spectator model, with no interaction with the light quark;

* At order 1/m?, the first correction term appears. The effects described by
this term arise from time dilatation due to the recoil motion of the heavy b
quark, and from spin interactions between the light and heavy quarks [10].
For example, baryons, which are surrounded by two light quarks with a total
spin 0 decay faster than the mesons, which have a light quark partner with
spin 1/2. As a result, the baryon lifetime is decreased by about 2% relative to
the meson lifetime [29];

e At order 1/m3, Pauli interference in the B™ decay (see Fig. 1.7a) and spec-
tator effects, such as weak annihilation and weak exchange in both 5 meson
decays (see Fig. 1.7¢), start taking place. These effects are mainly responsible
for the lifetime difference between the B and B® mesons. Out of them, the
effect of Pauli interference is strongest and contributes most in the prolonga-
tion of the lifetime of the B relative to the B" meson [29].

The HQE prediction for the ratio of the lifetimes of B* and B mesons, together
with the experimentally measured value are listed in Table 1.4.

Lifetime ratio | Theoretical prediction | Measured Value
T+ /Tpo 1.06 £ 0.02 1.071 £ 0.009

Table 1.4. Comparison of the measured value [13] of the lifetime ratio of BT and B°
mesons with the HQE prediction [30] .
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For completeness, in Fig. 1.8, Fig. 1.9 and Fig. 1.10 comparisons of the results for
Tg+/Tpo, Tp+ and Tgo obtained from various high-energy physics experiments, are
shown.

7(B")/1(B”) ratio measurements

L3 (ACCIARRI 98S) t & 1
1.090+0.070+0.030
CDF (ABE 98Q)) —_—
1.110+0.056 (+0.033-0.030)
OPAL (ABBIENDI 99J) b & 1
1.079+0.064+0.041
ALEP (BARATE 00R) T
1.085+0.059+0.018
BABR (AUBERT 01F) —a—i
1.082+0.026+0.012
CDF (ACOSTA 02C) e
1.093+0.066+0.028
DLPH (ABDALL. 04E) ——
1.060+£0.021+0.024
BELL (ABE 05B) [
1.066+0.008+0.008
D0 (ABAZOV 05D) —e—i
1.080+0.016+0.014
CDF Run II Prelim. ——i
1.051+0.023+0.004
World Average 1.071+0.009
0.76 0.88 1 1.12 1.24
1(B*)/1(B?)

Figure 1.8. 75+ /7o, as measured from different experiments. The world average value
[13] does not include the CDF preliminary result. The plot is taken from Ref. [29].
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B lifetime measurements

SLD (ABE 97])

L3 (ACCIARRI 98S)
CDF (ABE 98Q)
OPAL (ABBIENDI 997)
ALEP (BARATE 00R)
BABR (AUBERT 01F)
CDF (ACOSTA 02C)
DLPH (ABDALL. 04E)
BELL (ABE 05B)

CDF Run II Prelim.

World Average

1.660+0.060+0.050 ps

1.660+0.060+0.030 ps

1.637+0.058 (+0.045-0.043) ps

[ — —
1.643+0.037+0.025 ps

1.648+0.049+0.035 ps

e —
1.673+0.032+0.023 ps
1.636+0.058+0.025 ps
—c—
1.624+0.014+0.018 ps

—c—
1.635+0.011+0.011 ps

—0—
1.630+£0.016+0.011 ps
1.638+0.011 ps

1.4 148

1.56 1.64 1.72

B" lifetime [ps]

Figure 1.9. B lifetime, 75+, as measured from different experiments. The world average
value [13] does not include the CDF preliminary result. The plot is taken from Ref. [29].

B’ lifetime measurements

BABR (AUBERT 01F)
BABR (AUBERT 02H)
CDF (ACOSTA 020)
BABR (AUBERT 03H)
DLPH (ABDALL. 04E)
CDF (ACOSTA 05)
BELL (ABE 05B)

D0 (ABAZOV 05W)
BABR (AUBERT 06G)
CDF Run II Prelim.

World Average

——1
1.546+0.032+0.022 ps

——
1.52940.012+0.029 ps

I ——]
1.497+0.073+0.032 ps

——
1.533+0.03440.038 ps

—a—
1.531+0.02140.031 ps

——
1.54040.050£0.020 ps

o
1.534+0.008+0.010 ps

—_——
1.530+0.043+0.023 ps

—a—i
1.504+0.013 (+0.018-0.013) ps

—0—
1.551+£0.019+0.011 ps

1.530+0.009 ps

1.2 13

1.4 1.5 1.6 1.7

B lifetime [ps]

Figure 1.10. B lifetime, Tgo, as measured from different experiments. The world average
value [13] does not include the CDF preliminary result. The plot is taken from Ref. [29].
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Chapter 2

The LHCb Experiment

..., a race of hyperintelligent pan-dimensional beings once built themselves a
gigantic supercomputer called Deep Thought to calculate once and for all the
Answer to the Ultimate Question of Life, the Universe, and Everything.

"The Restaurant at the End of the Universe", Douglas Adams
(1952-2001)

LHCb is an experiment at the proton-proton (pp) Large Hadron Collider (LHC)
accelerator in CERN, Geneva. It is designed to make precision measurements of
CP violation in the B-meson system and to study rare B-decays.

In what follows, the LHC accelerator (see Sec. 2.1), and the layout of the LHCb)
detector (see Sec. 2.2) are described. The Outer Tracker subdetector system is pre-
sented in more detail in Sec 2.3.

2.1 The Large Hadron Collider

The LHC [31] at the European Laboratory for Particle Physics (CERN) in Geneva,
Switzerland, will be the world’s most powerful particle accelerator, exceeding the
present energy limits. Placed about 100 m underground, in the 27 km tunnel of
the old LEP! accelerator, LHC will collide protons with a center-of-mass energy of
/s = 14 TeV at a maximum luminosity of the order of 1034 cm—2s~!,

LHC consists of two separate, parallel vacuum pipes in which two proton beams
will be guided and accelerated in opposite directions. To keep the rotating protons in
orbit a high magnetic field of ~ 8 T is required, provided by 1232 superconducting
dipole magnets operating at a temperature of 1.9 K. The dipoles are built into a
single 2-in-1 housing around the beam pipes, and will supply magnetic fields with

reversed directions for the oppositely moving particles.

lLarge Electron-Positron collider at CERN, closed in November, 2000.
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7 TeV + 7 TeV
27 km

SPS

450 GeV
6.9 km

v

Figure 2.1. A sketch of the LHC accelerator, together with the system of pre-accelerators.
The four LHC experiments are located at the interaction points IP1 (ATLAS), IP2 (ALICE),
IP5 (CMS) and IPS (LHCD).
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The two proton beams, each containing 2808 bunches with about 10! protons, will
be collided in the center of the detectors, after reaching their final energy of 7 TeV.
The bunch crossing rate of the pp collisions will be 40 MHz, corresponding to
a 25 ns time window between two consecutive bunch intersections. On average?
27 pp inelastic interactions per beam crossing are expected at the nominal design
luminosity of 103 cm~2s~! at ATLAS and CMS.

Before being injected in LHC, the proton beams will pass through a series of pre-
liminary accelerations. A linear proton accelerator (Linac) will ensure the initial
particle energy of 50 MeV. It is followed by the PS Booster increasing the en-
ergy to 1.4 GeV and subsequently by the Proton Synchrotron (PS) upgrading it
to 26 GeV. The pre-accelerator phase will finish with the Super Proton Synchrotron
(SPS) boosting the energy to 450 GeV, from where the protons will be transmitted
into the LHC, Fig. 2.1.

The proton-proton collisions in LHC occur at four interaction points along the ring,
namely IP1, IP2, IP5 and IPS8, as indicated in Fig. 2.1. At these locations the
LHC experiments are positioned. The main LHC parameters are summarized in
Table 2.1.

Physics at the LHC requires high performance detectors. Four large-scale experi-
ments will explore the products of the LHC collisions. Two of them - A Torroidal.
apparatAS (ATLAS) [32] and Compact Muon Solenoid (CMS) [33] are general
purpose detectors (designed to perform a broad spectrum of physics research). The
remaining two - A Large Ion Collider Experiment (ALICE) [34] and LHCbh are
specialized in heavy ion® collisions and b-quark physics, respectively.

In the next section the LHCA experiment is described in detail.

proton beam energy 7 [TeV]
ring circumference 26.66 [km]
dipole field 8.33 [T]
revolution frequency 11.2 [kHz]
bunch-crossing frequency 40  [MHz]

number of bunches per beam | 2808

number of particles per bunch | 10!

nominal luminosity 103*  [em™2s7]

Table 2.1. LHC design parameters [31].

2Under the assumption that the inelastic cross section for pp collision is g;,¢; = 80 mb.
3For ALICE, gold nuclei will be accelerated and collided at a center-of-mass energy of /s =
5 TeV.
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2.2 The LHCbH Detector

2.2.1 Design Considerations

The purpose of the LHCb detector is to study the production of B mesons and their
subsequent decays. In the proton-proton collisions at LHC, the b quarks, from which
the b-hadrons originate, will be produced in bb-pairs [35]. The correlation of the
polar angle 6 (the angle between the beam axis and the direction of moving) of
the b and the b quarks, created in a pp event at /s = 14 TeV, as simulated with
PYTHIA [36], is shown in Fig. 2.2 a). The formation of the b-hadrons (both b and
b) is concentrated at small (forward direction) or large (backward direction) angles
along the beam. On that basis LHCb has been designed as a single-arm forward
spectrometer, with an acceptance covering a large fraction of the phase-space of the
created B mesons (within the acceptance of LHCb (see Sec. 2.2.2) about one third
of the produced bb-pairs will decay [16]).

- r
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Figure 2.2. (a) PYTHIA simulation of the correlation between the polar angles of the b and
the b quarks produced simultaneously in a single pp event at \/s = 14 TeV. (b) Probability
for 0, 1, 2, 3 and 4 proton-proton inelastic interactions per bunch crossing as function of
the luminosity at \/s = 14 TeV.

Another important design aspect of LHCb is the lower luminosity than the nominal
103* cm~2s~!. The reason for this is the necessity of avoiding multiple primary in-
teractions per bunch crossing (the so called pile-up effect), which would hamper the
track reconstruction and the B-decay vertex finding. The desirable operating lumi-
nosity for LHCb is the one at which the probability of having a single pp interaction
per bunch crossing is maximal, as at the same time the probabilities of having zero
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or more than one interaction are minimized. The optimal solution is found [37] at
Lincy =2x10%? ecm™2s71, as marked in Fig. 2.2 b). This value of the luminosity
is chosen to be the LHCh working luminosity. It will be achieved by defocusing
the proton beams at IP8. At Liycs, in one nominal year of LHCH running (107 s)
10'2 bb-pairs are expected to be produced*. The maximal luminosity that LHCh
can work with is LM% =5x10%% cm~2s~!. All subdetectors of LHCb, as well its
trigger and data-acquisition systems are designed to withstand the radiation levels

and to operate properly at LMy .

2.2.2 General Structure

A cross section of the LHCb spectrometer can be seen in Fig. 2.3. The acceptance
of the detector covers a region from 15 to 300 mrad in the horizontal x-z plane (the
bending plane of the magnet) and from 15 to 250 mrad in the vertical y-z plane.

Figure 2.3. Cross section of the LHCb detector (y-z plane).

“The bb cross section oy is assumed to be 500 yb.
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LHCb contains the following detector systems:

* Tracking detectors

— Vertex locator - for precise determination of the B primary vertex;

— Trigger tracker (TT) - used in making the trigger decision and for spe-
cific particle tracks reconstruction;

— Outer Tracker (T1, T2, T3) - for reconstruction of the tracks of the
charged particles;

— Inner Tracker (IT) - embodied in the center of the T-stations; used to
reconstruct the particle tracks close to the beam pipe, where high event
occupancy is foreseen;

* Particle Identification (PID) detectors

— Ring Cherenkov detectors (RICH1 & RICH2) for achieving K*/7*
separation;

— Calorimetry system

* Scintillator pad / Preshower detector (SPD/PS) - for charged parti-
cles identification, e — ~y separation and electron-hadron discrimi-
nation;

* Electromagnetic calorimeter (ECAL) - for reconstruction of the en-
ergy and the position of the electrons (positrons);

« Hadronic calorimeter (HCAL) - for identification and reconstruc-
tion of the energy and the position of the hadrons;

— Muon system (M1, M2, M3, M4 and M5) - for identification and recon-
struction of the muon tracks.

The construction and the working principle of the LHCb) detectors listed above will
be described in the following sections.

A central element in the LHCb detector is its warm-coil dipole magnet [38], located
between the TT and T-stations. The purpose of the magnet is to deflect the paths
of the traversing charged particles. The momenta of the charged particles will be
determined from the curvatures of their reconstructed trajectories. The magnetic
field created by the dipole magnet will be oriented vertically. The total integrated
magnetic field will be [ Bdl = 4.2 Tm. A plot representing the y-component of the
magnetic field as a function of distance is presented in Fig. 2.4, with the position of
the tracking detectors indicated.
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Figure 2.4. The y-component of the magnetic field as a function of z-position.

2.2.3 Vertex Locator

The VErtex LOcator (VELO) [39] will measure the track coordinates close to the
pp interaction point. It will be used for the reconstruction of the primary interaction
vertex (PV) as well as for the reconstruction of the secondary B meson decay vertex
(SV).

The VELO contains 21 stations of silicon detectors, placed perpendicularly along
the beam axis z, encompassing the interaction region; see Fig. 2.5. One station con-
sists of 2 modules positioned on both sides of the beamline. Figure 2.6 shows that
each module is constructed of two types of 200 pm thick silicon sensors, separated
by 2 mm in z and having a half-circle shape. The r-type sensor, built of circular,
concentric silicon strips around the beam axis will measure the r-coordinate of the
particle tracks, while the ¢-type sensor, with its straight, radial silicon segments will
measure the ¢-coordinate.

Interaction region 6 = 5 cm

Figure 2.5. Top view of the VELO system. The IP has a spread o;p = 5.3 cm along
the beam axis, due to the width and the small crossing angle of the proton bunches. The
arrangement of the VELO stations ensures that 99.9% of the tracks will traverse at least 3

stations within the acceptance from 15 to 390 mrad for any IP in the range [—orp,o1p],
[40].
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Figure 2.6. Layout of the two silicon sensors that make up one VELO module, [40].

The first two stations at the VELO upstream side consist of single r-type sensors.
These 4 sensors will be used as a Pile-Up trigger detector, suppressing events with
multiple pp interactions.

Figure 2.7. A drawing of one half of the VELO stations. The aluminum container that will
encapsulate the modules is also shown. The first two sensors belong to the Pile-Up detector.

To obtain maximum resolution in the reconstruction of the primary vertex, the
VELO modules have to be put as close as possible to the interaction point. To
realize this, both the left and the right modules are set into a vacuum environment
in two separate containers of thin-walled aluminum foil, which also will act as wake
field suppressor and will protect the sensors electronics from RF pickup from the
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beams, Fig 2.7. The proton beams will be collided in the gap between the two
VELO containers. This way the two module halves can maximally approach the
beamline (up to 7 mm), while the LHC primary vacuum will be preserved.

2.2.4 'Trigger Tracker

The Trigger Tracker (TT) [40] is positioned after the RICH1, just in front of the
magnet. It incorporates four detection layers of silicon micro strip sensors, com-
bined in two stations - TTa and TTb. Each sensor has dimensions of 94.4 mm X
94.6 mm and thickness of 500 ;sm and contains 512 silicon strips arranged at a pitch
of 183 pum [41]. The silicon strips in the TT layers are oriented differently with re-
spect to the y-axis. The first and the fourth layers are equipped with vertical strips
(x-layers), while the strips in the second and in the third layers are rotated in +5°
(u-layer) and —5° (v-layer), respectively, Fig. 2.8. This stereo configuration of the
layers will allow a 3D reconstruction of the tracks. The sensitive area of the TT
covers the full LHCb acceptance.
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Figure 2.8. The layout of the TT system is shown. The strips in the sensors at a given layer
that are colored identically are connected in vertical direction. Depending on the expected
event occupancy, at maximum 4 sensors are connected (at the outer region) and read out
with a single preamplifier channel, [42].

The tasks of the TT stations are first, to supply the trigger with information about
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the transverse-momentum p; of the tracks and second, to reconstruct the trajecto-
ries of the long-lived neutral particles decaying outside the VELO (such as K, for
instance). It can also be used for reconstruction of the tracks of low-momentum
particles that are bent out of the LHCb acceptance before reaching the T-stations.
For the determination of p,, the presence of a low magnetic field between the VELO
and the TT is used (see Fig. 2.4). Together with the good spatial resolution of the TT
of ~ 50 pum [43], this field ( f B,dl = 0.15 Tm) is sufficient to achieve momentum
resolution of 20%-40% for high-momentum tracks with 0.5 < p; < 4 GeV/c [44].

2.2.5 Inner Tracker

The Inner (IT) and the Outer (OT) Trackers (a description of the OT is given in
Sec. 2.3) compose the T1, T2 and T3 tracking stations, placed after the magnet; see
Fig. 2.3.

The Inner Tracker [45] covers a 120 cm wide and 40 cm high cross-shaped region in
the center of the T stations, around the beam pipe, where the highest particle flux is
expected. Each of the 3 IT stations, consists of 4 layers of silicon micro strip sensors
with x-u-v-x stereo topology (see Sec. 2.2.4). The arrangement of the sensors and
the overall dimensions of the layers are given in Fig. 2.9. The sensors are 7.6 cm
wide and 11 cm long, with thickness of 320 um for the single sensors above and
below the beam pipe, and of 410 pm for the double sensors aside the beam pipe.
They accommodate 384 readout strips with a strip pitch of 198 um [46].

Although the IT occupies only 1% of the sensitive area of the T stations it will detect
almost 20% of all charged particles that enter the tracking system.

23.6cm
19.8cm 19.8cm
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36.35cm 52.9cm 36.35cm 36.91cm 52.09cm 36.91cm
125.6cm 125.91cm

(a) IT x-layer. The silicon sensors are oriented (b) IT u-layer. The silicon sensors are rotated
vertically. over —5° with respect to the y-axis.

Figure 2.9. View of IT x and u layers in the (x-y) plane. The circle at the center of the
cross-shaped regions corresponds to the beam pipe, [45].
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2.2.6 RICH Detectors

Two Ring Imaging CHerenkov detectors [40, 47] - RICH1 and RICH?2 will operate
in LHCbA. Their purpose is to provide particle identification, and in particular to
distinguish between different charged hadrons. The analysis of various decay chan-
nels, for instance Bg — hth™ (h* = %, K¥), strongly relies on efficient 7 — K
separation, which will be achieved with the RICH detectors. Simulations show [40]
that the kaon identification efficiency provided by the RICH system is ~90% with
a pion misidentification rate of the order of 10% for tracks with momenta up to
100 GeV/e.

The RICH detectors make use of the Cherenkov effect - a charged particle moving in
a medium emits electromagnetic radiation if its velocity v is greater than the speed
of light in that medium. If n is the refractive index of the medium and 5 = v/c,
then the Cherenkov light is emitted if n3 > 1. The light is radiated at an angle 6.
with respect to the direction of motion and satisfies the relation

1
0, = — . 2.1
COS ﬂ ( )

n

The particle’s velocity can be determined by measuring the angle 6., and when the
momentum 18 known, the mass can be extracted.

The RICHI1 is positioned between the VELO and the trigger tracker and RICH?2 is
placed between the T-stations and calorimeters, see Fig. 2.3. RICH1 will be used to
identify low momenta particles with 1 < p < 60 GeV/c, while RICH2 will cover
momenta up to 100 GeV/c. The main parameters of the radiators of the two RICH
detectors are listed in Table 2.2.

RICH1 RICH2

Silica Aerogel | C4F1g CF4
n 1.03 1.0014 | 1.0005

Ornae [mrad] 242 53 23
p range [GeV/c] 1-10 10-60 | 60 - 100

Table 2.2. Values of the refractive index n, the saturation angle 0,4, and the working
momentum range of the radiator media used in RICHI and RICH?.

The Cherenkov light emitted in the radiators will be collected on a plane of photode-
tectors. They consist of cylindrical pixellated HPD’ tubes with an overall diameter
of 83 mm.

SHybrid Photon Detectors.
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2.2.7 Calorimeters

The calorimetric system [48] of LHCb will be used to identify hadrons, electrons
and photons and to measure their energy and position. It is located between the first
and the second muon stations, as indicated in Fig. 2.3. In addition, the informa-
tion from the calorimeters will be exploited by the trigger system to select events
with high Fr (transverse energy), which are typical for the B-decays. All calorime-
ters in the system are of the sampling type, with a "sandwich"-like structure, made
of separate layers of active and passive (absorber) materials. An incident particle
looses its energy due to a cascade of interactions with the absorber material of the
calorimeter. In this process showers of secondary particles are produced. The total
energy of all showers absorbed in the active material is measured and related to the
initial energy of the particle.

A brief description of the different LHCb calorimeters, in the order of their position,
is given below.

Scintillation Pad Detector (SPD) / Preshower (PS)

Made of 15 mm thick scintillator pads the SPD will distinguish between electrons
and photons (photons will traverse the scintillator without interaction, and therefore
will not create a signal). A 12 mm lead wall, called lead converter, positioned after
the SPD and before the preshower detector induces electromagnetic showers. The
PS, also made of scintillator pads, will detect these showers, discriminating this way
between electrons and hadrons.

Electromagnetic Calorimeter (ECAL)

The ECAL has a modular design and will be used to measure the energy of the elec-
trons and photons. Each ECAL module is constructed of alternating slices of 4 mm
thick scintillator tiles and lead sheets with thickness of 2 mm. In total 66 layers of
lead/scintillator are accommodated in a module, corresponding to a total radiation
length of 25 X. The modules are installed with layers oriented perpendicularly to
the z-axis. The energy resolution of the ECAL is given by

o(E) _ 10%

E  VE

where & means summation in quadrature and E is in GeV.

®1.5% , (2.2)

Hadronic Calorimeter (HCAL)

The energy of the charged hadrons will be measured by the HCAL, which consists
of alternating 16 mm thick iron plates and 4 mm thick scintillating tiles oriented in
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parallel to the z-axis. The HCAL energy resolution (£ in GeV) is
o(E)  80%

10% . 2.3
5 \/E@ % (2.3)

2.2.8 Muon System

Muons are expected to provide clean signatures for many CP-sensitive B decays.
For example, muons are among the final states in the two "gold-plated" CP decays
BY — J/¢(utp)K?and B? — J/v (™ )é. The only particles (except the neu-
trinos) that can traverse the calorimeters are the muons. In LHCb the identification
and measurement of muons are assigned to a dedicated muon system, consisting of
five muon stations [49]. The first muon station, M1, is located before the SPD, and
the other four, M2 - M5, are placed behind the HCAL, separated by 80 cm thick
iron plates, see Fig. 2.3. The iron plates together with the calorimeters play the role
of muon filter, rejecting the background of hadrons. The muon stations are mainly
built of multi-wire proportional chambers, which are characterized by a high level
of radiation hardness and fast response (25 ns). The latter is an important feature,
since the muon system is also included at the earliest trigger level (Level-0). The
innermost region of M1 will be covered with gaseous electron multiplier detectors
(triple-GEM), which will be able to handle the higher particle flux rates expected in
that area.

2.2.9 Trigger System

Given the relatively low luminosity at LHCb of 2x 1032 cm~2s™!, only 10 MHz will
contain visible interactions, i.e. interactions producing at least two reconstructible
tracks in the detector. From these visible interactions, approximately 100 kHz will
contain bb-pairs. Moreover, the branching ratios of the B decays of interest are of
the order of 10~. Therefore, a trigger to filter out the B-decays of interest from the
background collisions is of substantial importance for the experiment.

The trigger system of LHCb [44, 50] is structured in two levels - Level-O Trigger
and High Level Trigger. They will reduce the initial event rate to the acceptable
2 kHz. The design of the two trigger levels is outlined briefly below.

Level-0 Trigger

The B-hadrons are relatively heavy and long-lived, and their decay products possess
high transverse energy, Ep. The Level-0 (LO) trigger exploits this fact and selects
particles with high £p. At the same time, LO rejects high-multiplicity events and
events with multiple pp interactions. The LO trigger is fully implemented in hard-
ware with a fixed latency of 4 us. The trigger decision generated by the LO decision
unit (LODU) is based on the dedicated trigger outputs from the calorimeter system,
the muon system and the VELO pile-up system.
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The calorimeter system supplies the LODU with information about the candidates
(h,e™,~,w°) with highest Er. It also gives to LODU the total HCAL E; and the
SPD multiplicity. The muon system sends the two highest-p; candidates from each
of the its four quadrants. Finally, the VELO pile-up system provides the number of
tracks from the second vertex and the pile-up system hit multiplicity.

The LO will reduce the initial rate of 16 MHz of inelastic pp collisions (at the nom-
inal luminosity of 2x10%? cm™2s7!) to 1 MHz.

Hadronic, electronic and muonic channels are typically selected with efficiencies of
approximately 50%, 70% and 90%, respectively.

High Level Trigger

The events accepted from LO are transmitted to the High Level Trigger (HLT). The
HLT is based on software algorithms, running on a computer farm with ~1800
CPU nodes. The HLT algorithms exploit the fact that B-mesons are characterized
by large lifetimes. First, partial event reconstruction is performed. Depending on
the LO decision, few tracks are selected based on their transverse momenta and
impact parameters. After a significant decrease of the event rate, full reconstruction
is done.

The HLT will decrease the input event rate of 1 MHz to 2 kHz, which is finally sent
for mass storage. After optimization, it is expected that the HLT efficiencies will
reach a level of 60% - 80% [51].

2.3 Outer Tracker

In this section the layout and the operation principle of the Outer Tracker is ex-
plained, which is of particular relevance for Chapters 3 and 4.

2.3.1 General Layout of the OT system

The Outer Tracker (OT) system [52] of the LHCb experiment has a modular design.
It is constructed of stand-alone, gas-tight detector units, which are built out of drift
cells with straw tube geometry. As in the IT case, the modules in the 3 OT stations
are organized in detection layers, arranged in a x-u-v-x stereo view, i.e. the drift
cells in each of the 4 detection layers of an OT station are oriented with respect to
the y-axis in 0°, -5°, +5° and 0°. In Fig. 2.10 the order of the modules in a station
is shown. Two main type of modules can be distinguished - long (F-type) ones,
situated adjacent to each side of the IT and short ones (S-type), placed above and
below the IT. Each layer contains 14 F-modules and 8 S-modules.
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Figure 2.10. Arrangement of the OT modules in a T-station (x-y plane). In the center, the
modules of the silicon Inner Tracker (IT), surrounding the beam pipe are indicated.

The overall parameters of the different OT module types are listed in Table 2.3.
The Outer Tracker is a joint project. The three major contributing sites are NIKHEF,
Heidelberg Physikalisches Institute and Warsaw University. NIKHEF is responsible
for the building of 135 F-modules out of a total of 207 (including the spares).

Module type | dimensions [mm?] | # channels | quantity
F 4900x340x31 256 168
S1 2375%x340x31 128 24
S2 2275%340x31 128 12
S3 2275x170x31 64 12

Table 2.3. Design parameters of the OT modules.
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2.3.2 OT Module Design

An OT F-module consists of two, staggered mono-layers of 64 straws, see Fig 2.12.
The channels are electrically disconnected at the center of the module to limit the
hit occupancy. The straws are glued on a panel, manufactured of 10 mm thick
polymethacrylimide rigid foam (Rohacell) sandwiched between two carbon-fiber
skins. The inside part of each panel is covered with 25 pm kapton foil to ensure gas
tightness, followed by 12 ym aluminum layer providing common grounding of the
straws. Photographs of a panel with wired straws are displayed in Fig. 2.11. The
material of the straws is composite and includes two layers, as is shown in Fig. 2.13.
The outer layer, with a thickness of 12 pm is made of aluminum-laminated kapton
foil and has shielding functions whereas the inner layer, which acts as a cathode,
is produced out of Kapton-XC foil with a 25% doping of carbon. The straw tubes
have an inner diameter of 4.9 mm, a length of ~2.4 m and are arranged with a pitch
of 5.25 mm, Fig. 2.14. The anode is centered along the straw axis and consists of
gold-plated tungsten wire with diameter of 25 yum. The wire is supported every
80 cm by small plastic wire locators, inserted in the straw tube.

Two panels with straws, packed together, form a gas-tight detector box with 256
channels, which are read out from both modules ends.

The S1 and S2 modules are designed to have 64 straw tubes per mono-layer and
are half the length of an F-module. This results in 128 channels per module. The
S3 modules are the smallest. They have half the normal width, corresponding to 32
straw tubes per mono-layer, or 64 channels in total for the module.

The baseline counting gas that will be used for the OT detector is a mixture of
Ar (70%) and CO, (30%). This assures a fast signal collection time of <50 ns
- 2 LHC bunch crossings. The gas volume of the modules will be continuously
exchanged at the rate of one module volume every two hours.

(a) Panel with straw tubes. In the middle the (b) Close view of the straw tubes with wires at the
straws are separated and the wires are elec- end of the panel.
trically disconnected.

Figure 2.11. Photographs of a panel with wired straws.
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(a) Top view drawing of mono-layer A with indications of the positions of the cathode straws and
anode wires. Two sections of long and short 64 straws can be distinguished.
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(b) Top view drawing of mono-layer B. The long and short straw tube sections are with swapped
places in comparison with mono-layer A.

Figure 2.12. Drawings of the two mono-layers (A and B) that compose an OT F-module.
Both mono-layers are built of 64 long and 64 short cathode straw tubes with corresponding
number of anode wires. Note, that the mono-layers are not identical. The difference is in
the exchanged positions of the long and short straws.
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Figure 2.13. An illustration of the winding pattern of the straw tubes. The Kapton-XC and
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Figure 2.14. Cross section view of an OT F-module, [52].
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2.3.3 OT Working Principle

In essence, the OT detector represents an array of fast drift chambers with cylin-
drical geometry, characterized by a high gas gain and good proportionality. This
section will briefly describe the operation principle of a gaseous detector (drift tube)
working in proportional mode.

gas anplificationregion

4
straw 3 particle
(cat hode) < {rack
i oni zation
clusters

Figure 2.15. A sketch of the OT drift cell in action. L is the length of the path of the
ionization particle, r is the distance of closest approach of the track to the wire and R is the
cell diameter.

Each OT straw tube is a stand-alone drift chamber (cell) with a cathode - the conduc-
tive interior of the tube itself and an anode represented by the sense wire stretched
along the tube’s axis. The cell is filled with gas and an electrical potential difference
between the cathode and the anode is created. When a charged particle traverses
the gas volume of the chamber, it interacts electromagnetically with the gas con-
stituents. As a result of these interactions, the particle will lose energy, which will
be transferred to the gas molecules. Consequently, the gas becomes ionized, liber-
ating electrons and ions, when the transferred energy is higher than the ionization
potential of the gas. The number of primary ionization encounters or clusters that
the charged particle leaves along its path, Fig 2.15, strongly depends on the nature
of the used gas. For the baseline OT gas mixture of Ar(70%)-CO5(30%) at standard
temperature and pressure (0° and 101.325 kPa), a minimum-ionizing particle would
produce every cm on average 31 clusters with, on average, 3 electron-ion pairs [53].
Because of the applied electric field, the detached electrons and the ions will start
to drift towards the anode and the cathode, respectively. Since the ions are much
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heavier than the electrons, they will drift slower®. Secondary electron-ion pairs

might be produced from the primary electrons if the latter are energetic enough.
Equation (2.4) expresses the dependence of the intensity of the electric field £ on
the distance to the anode r, for a straw tube with radius R:

U
E(r)= rln% . (2.4)
U i1s the applied voltage and r, is the diameter of the wire. It is clear that £ increases
close to the wire. This means that the energy of the electrons also will increase, and
at some distance close to the wire it will be sufficient for ionization. In turn, the
newly released electrons also will cause ionization and the process will result in
an avalanche of ionizations. The region where this avalanche starts is called gas
amplification region. The parameter that describes the gas amplification process is
called gas amplification factor, or simply gas gain and is a basic characteristic of
the gaseous detectors. It is normally defined as the ratio of the electrical charge
deposited on the anode and the primary liberated electrical charge. The gas ampli-
fication process can lead to gas gains of up to 10°.
The OT straw tubes, operating at 1550 V, will have a gas amplification region start-
ing at 50-100 xm from the anode and will reach a gas gain of 5x 10* [54].
For the full reconstruction of the charged particle trajectory, the OT straw tubes
have to provide the minimum distance of the particle track to the wire. This dis-
tance is determined simply by measuring the arrival time of the first cluster to the
anode. Therefore, the detection of precisely the first cluster is extremely important
for achieving a high spatial resolution.

2.3.4 OT Readout Electronics

The front-end electronics used for the readout of the straw tubes signals is based
on specially designed ASICs’, mounted on service boards in a modular way. It
consists of 8-channel ASDBLR amplifier chips, that amplify, shape and discrimi-
nate the charge pulses; 32-channels OTIS (Outer Tracker Time Information System)
TDC chips for the drift time measurement; Gigabit Optical Link chips for the data
serialization and optical transmission. A scheme of the OT front-end electronics is
included in Fig 2.16. An anode pulse from the OT arrives at the ASDBLR amplifier.
If the charge of the pulse is higher than a certain threshold, the signal is passed to
the OTIS, where the measurement of the drift time is performed.

The amplifier threshold expressed in mV approximately corresponds to a charge

Q(fC) _ 6—1.25+0.0033Thr(m\/)’ (25)
The above relation (Eq. (2.5)) is shown graphically in Fig. 2.17.

The drift velocity of the ions is a factor of ~ 1000 smaller than that of the electrons.
7 Application-specific integrated circuits.
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Chapter 3

Outer Tracker Quality Assurance

Quality is never an accident; it is always the result of intelligent effort.
John Ruskin (1819-1900)

The construction of a highly reliable and well functioning detector implies sys-
tematic and precise quality control. LHCb Outer Tracker modules were inspected
carefully during and after their production. The procedure of quality monitoring
and validating of the modules is subject of this chapter.

3.1 Introduction

The Outer Tracker system of the LHCb experiment consists of 168 straw-tube de-
tector F-modules (see Chapter 2). The overall performance of the system depends
on the efficacy of each single module. To ensure that all the modules will meet the
TDR [52] requirements, a special quality control program [54] is carried out in par-
allel with the production process. The program consists of a series of experiments
designed to measure any possible deviation from the target specifications.

The mass production of the 5 meter long modules (or F type modules) passes
through three major phases, as listed below (the procedure is described in detail
in Ref. [55]):

Phase I: Preparation of the straws, Fig. 3.1 a)

* Cutting the straws to the proper length
* Crimping of grounding contacts at the end of the straw tube

* Inserting and fixing wire supporters (locators)
Phase 2: Preparation of the monolayers (half-modules), Fig. 3.1 b), ¢)

* Alignment of the straw tubes with an external precision jig
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* Soldering of the straw grounding contacts to the feedthrough boards
* Gluing the panel to the straws and feedthrough boards in the jig

* Anode wiring of the straw tubes
Phase 3: Module assembly, Fig. 3.1 d)

* Gluing of two monolayers

 Sealing with sidewall strips, creating a gas-tight unit

The performance at each phase is checked with dedicated quality control tests.
When Phase 1 is completed the friction force of the wire locators with the straw
is measured (Sec. 3.3). The anode wire quality is checked optically before usage
(Sec. 3.2). After the straws are aligned and glued on the panel, the wire is placed
and soldered at the ends. The position of the wire inside the straw is measured
as explained in Sec. 3.4. The wire tension force (Sec. 3.5) and the currents under
high voltage in air (Sec. 3.6) are examined at the end of Phase 2. In case bad
wires are found, they are replaced and the process is continued in Phase 3. Gas
tightness test is performed when the module is assembled at Phase 3 (Sec. 3.7).
Finally, the module is filled with counting gas and put under high voltage (HV).
Regular monitoring of the currents (also called "High voltage training") (Sec. 3.9)
is applied, followed by scanning with radioactive source (Sec. 3.10) - for survey of
the uniformity of module’s response. An OT module is considered commissioned
only if it successfully passed all quality tests.

In Sec. 3.8 we discuss on the measurements of the water content in the module.
Summary is made and conclusions are drawn in Sec. 3.11.
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(a) Phase 1: Straw preparation. The insert (b) Phase 2: Alignment of the straws with a jig.
shows a straw with cut off grounding tongue Preparation of the panel for straws attach-
and a wire locator. ment (top-left). The panel, clasped by a han-

dling tool is glued to the straws in the jig
(top-right). A monolayer is built.

(c) Phase 2: Anode wiring and soldering of the(d) Phase 3: Coupling of the monolayers (top).
monolayer. The monolayers are coupled with two han-
dling tools. The insert shows a cross view of
the glued module halves, forming a module,

held by the handling tools.

Figure 3.1. Various phases in the module production.
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3.2 Wire Selection

The anode of each straw drift-tube within an OT module is a thin gold-plated wire.
The base material of the wire is tungsten (W), coated with 6% of gold (Au). The
diameter of the wire 1s 25.4 pym.

Tungsten is a standard material of choice for the anodes in the drift chambers be-
cause of its tensile strength that allows making wires with smallest diameters. It
also has high electrical conductivity, enhancing the signal propagation, low thermal
expansion and low outgassing - indication for strength and robustness. The last is a
perfect property for long term operation. The gold-plating is done for two reasons.
First, gold is inert, protecting the wire chemically. Second, it allows the wires to be
soldered to the feed-through boards.

The nominal amount of wire needed to build all OT modules is 170 km. The pro-
duction of the wire is assigned to California Fine Wire Company [56]. The wire
is delivered to NIKHEF rolled up in spools. Each spool has a diameter of 10 cm,
thickness of 1.7 cm and contains 1 km of wire.

Although the wire quality is guaranteed and certified by the producer, it is checked
independently at NIKHEF. Wire samples of every spool are optically inspected for
damages with the help of a microscope. Per spool, three different 10 cm long pieces
of wire from the first 10, 20 and 30 meters are checked. The spool is rejected for use
if in all three pieces consistently visible defects are found. Some of the typically
monitored wire imperfections of the rejected spools are shown in Fig. 3.2. The gold
layer is fully (Fig. 3.2 ¢) or partially (Fig. 3.2 a, b) damaged with chips, flakes, pores
or cracks.

The samples are checked for abnormal curliness too, which could hamper the final
usage. From the totally ordered 437 spools, 50 were discarded and returned for
replacement, following our inspection. A total of 387 km of wire was used in the
construction of the OT modules and 50 km was put aside as spare.

(a) Bad wire, partially destroyed gold layer: (b) Bad wire, partially destroyed gold layer.

(c) Bad wire, fully destroyed gold layer. (d) Good wire, no defects.

Figure 3.2. Microscope images (magnification look) of the anode wire.
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As already mentioned, the wire consists of W and Au, with a 94/6 mass ratio and
its mass density can thus be estimated as

p = 0.94 x 19250 + 0.06 x 19300 = 19253 [kg/m’]. (3.1)

The precise value of the wire’s diameter is of great importance, given the strong
dependence of the gas amplification on the anode wire radius. Verifying the stated
value of 0.001 inches (0.00254 cm) given by California Fine Wire, an attempt of
determining the wire’s diameter is done. The mass of a 8.62 m £ 0.01 m wire
sample, is measured with an electronic balance, resulting in a value of M = 84.2 mg
+ 0.4 mg. Using the density of the wire in Eq. (3.1), its radius » = 12.71 um
£ 0.02 pm is obtained, in agreement with the nominal value of 0.0005 inches =
12.7 pm.

3.3 Friction Force of Wire-Locators

Accurate positioning of the anode wires at the center of the straw tubes is crucial.
Small displacements of the wire from the straw axis are subject to asymmetric elec-
trical forces and lead to instabilities. In addition, the accuracy of the wire position
directly affects the position resolution of the detectors.

The alignment of the wire with design precision of 100 pm is guaranteed by three
factors:

2 small plastic supports inserted in the straw and 2 supports at the ends of the
straw;

* applied mechanical tension of 75 g on the wire (see Sec. 3.5);

 aluminum jig with 64 grooves for alignment of the straws (see Sec. 3.4).

Two types of straws - short ones and long ones, differing only in length, are used
in the building of the F-modules. To support the wire, two wire-locators, an end-
block and a middle-block are used, as indicated in Fig. 3.3. Made of radiation hard
NORYL! plastics, the wire supports have a complicated design providing minimal
disturbance of the counting gas flow, Fig. 3.4. The wire-locators support the wire
inside the straw and the end and middle blocks give support at the ends.

In the experiment the modules are installed vertically and in order to keep the wire-
locators in place they must be fixed. While the end and middle blocks are partly
larger than the straw diameter, the wire-locators should be prevented from shift-
ing. Their fixation is done by crimping to the straws through pressing and heating
the straw exterior. While the wire-locator weight is only ~ 1 g, it is chosen to
fix the locator to the straw by a much larger force (~ 200 g), in order to have a

' A modified polyphenylene oxide with excellent electrical insulating properties, light weight and
long term dimensional stability.



50 Outer Tracker Quality Assurance

large safety margin for protection from mechanical shocks during the detector con-
struction, transport and installation. In particular, wire-locators have to resist to the
vacuum pressure resulting from the wiring technique during the module construc-
tion, which is estimated to be not more than 50 g.

The friction force of the wire-locators with the straw, i.e., the measure of how well
the wire-locators are fixed, is checked regularly. During the straw preparation ses-
sion, for every batch of 64 straws, a sample is taken and the force necessary to
displace the wire-locator out of position is measured by a spring dynamometer. It
must be larger than 200 g.

In Fig. 3.5 a) the results from the friction force tests are summarized. The maximum
force that can be measured with the dynamometer is 1 kg, which explains the high
number of entries in the last bin. Figure 3.5 b) illustrates the evolving in time of the
measured value of the friction force. The purpose is to show that the test, nor the
straw crimping device, is systematically biased from some moment on.

01 End-block
02 Straw (long or short)
03 Wire-locator
04 Middle-block

798.5 mm 798 mm | A

2423 mm
2435 mm
(a) Long straw with wire supports (cross view).
— L L Lo |
785 mm 798mm A - 772mm
2383 mm
2395 mm

(b) Short straw with wire supports (cross view).

Figure 3.3. Straws for F-module.
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(a) Middle-block. The total length is
11 mm. The cylindrical part has a di-
ameter of 4.9 mm and length of 3 mm
and is inserted in the straw. Placed at
the non-grounded end of the straw.

(c) Wire-locator. The length is 9
mm, the cylinder diameter is
4.9 mm.

(b) End-block. Length: 15 mm. It is put
at the grounding edge of the straw.
The longer basement serves as a pad
for the straw grounding tongue. The
cylinder has a diameter of 4.9 mm.

(d) Wire-locator, cross view. The two
symmetrical V-shaped halves, which
support the wire, are clearly distin-
guished.

Figure 3.4. Wire supports (middle-block (a), end-block (b), wire-locator (c), (d)).
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Figure 3.5. (a) Distribution of the measured friction force of the wire-locators (for both
long and short straws). (b) Friction force of the wire-locators vs. time.

3.4 Wire Position Measurements

The momentum resolution of the LHCb tracks strongly depends on the precise
knowledge of the x-position of the anode wires in the OT modules. As explained in
the previous section, the wire is aligned to the straw axis with an accuracy of 18 um,
achieved with special wire supports and by applying mechanical tension to the wire.
The arrangement of the straws themselves in the module, by using an external tem-
plate with a pitch precision of 50 m, assures accurate positioning of the wire with
respect to the module. The straws are placed in the template before being glued to
the panel and wired. The final OT position resolution is required to be < 200 pm.
This imposes the maximum deviation of the wire position with respect to the nom-
inal to be within 100 pm, taking into account additional uncertainties from the drift
time measurement.

To check whether the position of the wire is in the admissible margins of =100 um,
it is measured at the wires soldering pads® for the first few modules. The mea-
surement is done for each module half (A and B) at four locations, named for con-
venience: Up-Up (UU), Up-Center (UC), Low-Center (LC) and Low-Low (LL).
For every location the z-wire positions are measured with respect to the first wire,
which is placed at point zero. The measurement is done with an (X,Y) micromet-
ric positioning table equipped with a camera, see Fig. 3.6. The precision of the
instrument is 1 pm. As an example we show in Fig. 3.7 the results of the measure-
ment for Module 1, side B. The left column of plots represents the deviation from
the nominal z-position versus the wire number. The dashed lines form the allowed
+100 pm band. The right column of plots show the (Z,eas — Tnominat) distributions

The reason is that only at the soldering pads the wire is visible and its position can be measured.
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for the four sections. The distributions are fitted with gauss functions, whose stan-
dard deviations (o) are in direct relation with the OT spatial resolution. In Table 3.1
the results for the measured modules are summarized. The number of wires that
are dislocated more than 100 pm and the spread of the wires digressions are given.
From the table one can see that the spread for all the measured modules is within
the desired limits.

end

g
B

PCBoard

- uc

" middie

LL-™

PCBoard

end

(a) The instrument used for precise measurement (b) A drawing of a module half. The wire posi-
of the wire position. It consists of an (X,Y) tion is measured at the soldering pads in the
micrometric positioning table equipped with middle and at the ends of the panel. The four
a camera. measured sections are labeled with UU, UC,

LC and LL.

Figure 3.6. A rool for measurement of the wire position.
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Module | Side | U/L End Middle
o [pm] | #12[>100 pm | o [pm] | # l2[>100 pm
5012 A L 46 1 29 8
5012 A U 32 2 74 6
5012 B L 53 0 51 2
5012 B U 36 4 48 1
0 A L 32 1 46 4
0 A U 41 1 64 2
0 B L 38 0 65 4
0 B U 45 1 72 5
1 A L 56 5 76 11
1 A U 59 8 27 3
1 B L o1 2 o6 4
1 B U 62 11 65 3
2 A L o7 4 68 8
2 A U 49 0 57 4
3 B L o4 3 39 3
3 B U 39 0 73 9
4 B L 67 1 39 6
4 B U 64 2 61 8

Table 3.1. Summary of the wire position measurements. The spread (o) of the distribution
of the difference between the measured wire position and the nominal one together with the
number of wires per section with |Tmeqs — Tnominal| > 100 pum are given.
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Figure 3.7. Module I, panel B. Left side: Deviation [mm] from the nominal x-position of
the wire versus the wire number. Right side: Distribution of the deviation from the nominal
position.
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3.5 Wire Tension

3.5.1 Tensioning of the Anode Wires

The anode wires inside the straw tubes have to be strung to a certain level of tension
to keep the wire in the center of the straw. The value of the tension is carefully se-
lected by finding the right balance of being sufficient to avoid gravitational sags and
electrostatic instabilities® and being not too large to avoid overloading and break-
down. The nominal magnitude of the tension is defined to be 75 £ 5 g, which is
sufficiently far from the elastic limit of 140 g [54]. All the wires are stretched to
that tension with the setup schematically shown in Fig. 3.8.

7549

T . -
VARV

N4

4

o o
@ U @

—~

2

Figure 3.8. The wiring setup. The wire is inserted in both the long and short straws and
is initially soldered at point (1). A fixed weight of 150 g connected to a system of spools
is used for applying 75 g of tension. Then the wire is soldered at points (2), (3) and (4).
Finally the connection between (2) and (3) is cut.

Before the modules are sealed all the wire tensions were measured to check if their
values were in the required acceptance window of +5 g around 75 g. A special tool
- Wire Tension Meter [57] was designed and produced to achieve this goal.

3.5.2 Wire Tension Meter

The Wire Tension Meter (WTM) is capable of detecting and displaying the reso-
nance frequency of the anode wires in a magnetic field. A short (0.8 ms) current
pulse of about 130 mA is sent by the WTM to the wire, which is placed in a perpen-
dicular magnetic field B = 0.05 Tesla. Then the Lorentz force 6 F, = [ B L, acting
on a segment ¢ L of the wire produces a mechanical oscillation y(t) = v sin(wt).
The oscillation of the wire in the magnetic field induces a current in the wire due

3Electrostatic instabilities may appear if the anode wire is displaced from its nominal position.
In such case the wire is attracted to the cathode. Discharges or short circuit may happen if the wire
is pulled too close to the straw.
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to Faraday’s law of electromagnetic induction: I(t) = Iy cos(wt). The WTM ana-
lysis the period of the induced current and determines the fundamental harmonics
fi = w/2m. Once f; is determined, the tension of the wire, I, can be derived as

F=d4pfiL? (3.2)

where L is the wire length and p is the wire mass per unit length. Taking into
account that the radius of the wire r is 12.7 x 1075 m, for the tension F expressed
in grams we obtain the following expression

2

L
fIL? = 0.3979f1L* = 0.3979ﬁ , (3.3)

where p is the mass density of the wire (see Eq. (3.1)), T = (1/f1) is in [ms] and L
in [cm]. The full technical description of the WTM can be found elsewhere [58].

B 4pmr?

F

Figure 3.9. The Wire Tension Meter in action. The magnetic field is created by a permanent
magnet put below the panel. Dedicated software automatizes and controls the measurement
process.

3.5.3 Measurement of the Wire Tension

The wire oscillation frequency is measured with the WTM and translated into a
tension (Eq. (3.3)) separately for each of the three wire segments between the wire
supports. The reason is that the wire supports act as node points forcing the wire
segments between them to oscillate independently. In general, per panel, six dif-
ferent wire sections are measured - three for each of the two staggered monolayers,



58 Outer Tracker Quality Assurance

A B

U P PCBoard U P PCBoard
|| ||
UP-UP
UP-UP
|
u UP-MI
UP-MI ]
Panel A Panel B
UP-CE
| Section | Lenght, [cm] | Lenght, [cm]
|| UP-UP 81.00 79.65
UP-CE _._ECB.uar.d
UP-MI 80.10 80.10
] LO-CE UP-CE 80.80 78.15
g oeaal LO-CE 78.15 80.80
LO-CE | LO-MI 80.10 80.10
LO-LO 79.65 81.00
u LO-MI
LO-MI
|
|
LO-LO LO-LO
|| I I
LO PCBoard LO PCBoard
e e
64 wires 64 wires

Figure 3.10. A drawing of the module halves illustrating the different wire segments for
which the tension force is measured. These segments are defined by the wire supports (the
black squares). During the wiring process the stretching weight is always put on the lower
part of the panel. The table gives the nominal lengths of the wire segments for both panels;
also see Fig. 3.3.

or in total: 2 X 64 x 3 = 384 measurements/panel were done, (see Fig. 3.10).
For the correct wire tension calculation knowledge of the precise length of the wire
segments is crucial. The two panels (A and B) that compound the module are not
symmetric in terms of the wire (straw) lengths. The nominal values of the wire
lengths used for the tensions computation given the oscillation frequency are listed
in the table given in Fig. 3.10.

Figure 3.11 shows the distribution of the wire tensions for module 30, panel B.
The central value is approximately 74 g, which is less than the applied weight of
75 g. The difference can be attributed to friction in the wire supports. The RMS is
typically less than 2 g. Wires with tension deviating more than 5 g from the nominal
(75 g) are replaced. Usually one wire per panel is substituted. The panels are wired
with homogeneous wire tension and no systematic aberrations are observed. The
slightly smaller tension measured in the sections further from the stretching weight,
compared with the one measured close to it, is attributed to the friction of the wire
in the wire supports. Notice that the tension of the sections closer to the weight is
more precise.
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Figure 3.11. The distribution of the wire tension for the three measured sections of the

upper and lower side of panel B of Module 30.
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3.5.4 Single Tension per Wire, Derivation of the Segment Lengths

In the absence of friction in the wire supports the tension must be the same for all
three wire segments of the lower or upper part of the panel. Assuming this, by
assigning a single tension per wire, the wire segment lengths can be derived.
Let 77, 15 and T3 be the measured with the WTM periods of wire oscillations and
Ly, L and L the corresponding wire segments lengths. If the tension £’ is the same
in the all three sections than we obtain the following relations,

Ly L3

L2
F=k—t=k=2=k=

— 3.4

L=1Li+Ly+ Ly, (3.5)

where L is the length of the whole wire and is very accurately known, and & =
0.3979 [g%], the factor from Eq. (3.3). Solving equations (3.4) and (3.5) with
respect to F', L, L, and L3 we obtain the following results

L 2
Fefe— 3.6
TP+ T35+ T3 (5.0)
Ty T, 15
Li=L——Y = L—"% L3 (37
v=lern oy RElran e B laanyn o 67

The lengths (Eq. 3.7) of the wire segments for module 30, panel B are shown in
Fig. 3.12. The agreement with the nominal lengths is good, and differs by no more
than 2 mm.

Summary plots showing the average wire tension (Eq. (3.6)) per panel per layer
(upper or lower) and the corresponding spread (RMS) for all modules are presented
in Fig. 3.13.

3.5.5 Variation of the Wire Tension

It is important to know how the wire tension varies with time. Does it decrease and
how much, can the wire soldering points accommodate the (> 70 g) wire tension for
10 years?

To answer all these questions two panels (123A and 14A) were kept apart and their
wire tension was monitored periodically. The results are presented in Fig. 3.14.
Panel 123A showed no trend of a decrease of the wire tension for the whole ob-
served period of ~ 1.3 years. The wire tension of Panel 14A however, decreased
slightly (with ~ 1.5 g) in the first 40 days and then remained unchanged until the
end of the monitoring.

After these tests, panel 14A was used for the construction of module 131, while
panel 123A is still available for further wire tension checks, if necessary.
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Figure 3.12. The pre-calculated lengths of the wire segments of Module 30, panel B, under

the assumption of no friction between the wire and the wire supports.
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Figure 3.13. Distributions of the pre-calculated, averaged per layer wire tension and the
corresponding RMS for all produced modules. Assumed no friction in the wire supports.
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Figure 3.14. The mean wire tension per section as a function of the time for panels 14A
and 123A. The error bars indicate the RMS values of the tension distribution per section.

3.6 Currents in Air

After passing the quality control on the wire tension, each channel is put under
high-voltage and the current (leakage current) of each wire is measured in order
to identify possible problems (shortcuts, wire defects, etc.). The measurement is
done in an air environment, with a special 64 channel current meter, developed at
NIKHEEF. The accuracy of the current meter is 0.1 nA with a maximum detectable
current of 500 nA per wire. A detailed description of the current meter is given
elsewhere [54].

Starting from 50 V, the voltage is increased to 500 V if no large currents are ob-
served, and subsequently to 1000 V, from where it is ramped up to the limit of
1600 V, in steps of 100 V. Through all this time, the current is carefully monitored
and recorded. Figure 3.15 shows the current (I) as a function of the voltage (HV),
for four example wires with different behavior, up to a HV of 1700 V.

The distribution of the wire currents at 1600 V for a typical module is presented in
Fig. 3.16.
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Figure 3.15. I - HV curves in an air environment for four wires from panel B (upper half) of
module 007. Wire 01 is subject of replacement, since it does not meet the quality criterion.

While leakage currents of the order of few hundreds of nA pose no real threat to
the detector performance, it was found by experience that wires showing no de-
fects (bad plating, dirt, surface defects, etc.) would normally not exceed few nA
of leakage current in air. A working level of 20 nA was set for the replacement of
wires [54]. If at 1600 V the current in air of a given wire exceeds 20 nA, then the
wire is not accepted and is replaced. The wire is kept however, when from multiple
measurements at 1600 V at least one is below 20 nA.

The current limit of 20 nA was changed and restricted to 10 nA after the production
of the first 40 modules. Typically one wire per panel was exchanged as a result of
the leakage current monitoring during production.

Figure 3.17 gives the values of the mean panel current and the RMS for the two
sections as a function of the module serial number. Since the modules were built
chronologically, this plot represents the mean current and the RMS evolution during
production. The visible improvement of the results over time is explained by

¢ increasing level of the experience of the operators;

¢ better wire quality; the wire-spools from the very first deliveries were proven
to be of lower quality;

¢ inspection of wire samples from each wire-spool under microscope to check
the wire quality and exclude the bad wire (see Sec. 3.2); this procedure was
applied from module 008 onwards.
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Figure 3.16. Distribution of the wire current for module 125, side B.
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Figure 3.17. The mean panel current in air and the RMS of the current per panel for all
produced modules. Note the improvement of the results with the progress of the module
production.



3.7 Gas Tightness Measurements 65

3.7 Gas Tightness Measurements

The Outer Tracker modules must be gas tight in order to reduce the risk of contam-
ination of the counting gas with impurities, which may enter the detector mostly by
diffusion through leaks [59]. Each OT module forms a self-contained gas-detector
unit. The straw tubes of the OT have an inner diameter of 4.9 mm and a length of
approximately 2500 mm, resulting in a volume of about 47.1 x 1073 1. A detector
module of type "F" consists of 256 straw tubes, which leads to a total straw-tube
volume of about 12 1. The total volume of the F-module gas box is about 18 1. Dur-
ing operation, the counting gas in the modules will be exchanged continuously. The
gas-exchange rate will be half a detector volume per hour. The level of gas tight-
ness of the OT modules must be such that the gas loss per volume exchange does
not exceed 10% of the total gas volume [59]. For the five meter long F-modules a
10% gas loss per volume exchange corresponds to a leak rate of 2.5 x 10~ I/s.

All F-modules constructed at NIKHEEF are tested for gas tightness. An initial over-
pressure [y = 7 mbar is applied to the modules; the overpressure decay and the
leak rate are measured in two separate steps:

¢ overpressure decay for a first coarse determination of the gas tightness and to
aid repair actions (Argon is used), Sec. 3.7.1;

¢ afinal direct leak rate measurement with a flow meter (N5 is used), Sec. 3.7.2.

3.7.1 Overpressure Decay Test

The aim of this first test of the gas tightness of the OT modules, is to determine if
there are large leaks and eventually seal them. The configuration of the setup used
for the test is shown in Fig. 3.18.

Flow

conmroller outer outer
—I—M—%
. A Module : : [
rgen inner inner
7 mbar
Bubbler Flaw meter <] - open
P4 -closed

Figure 3.18. Experimental setup for overpressure decay test.

After reaching an initial overpressure of 7 mbar £ 0.1 mbar, valve A is closed. If the
level change of the oil in the bubbler shows that the pressure drop exceeds 1 mbar
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per 3 min (roughly corresponding to a leak rate of 10~ 1/s), then a gas-sniffler*
sensitive to Argon is used to locate the leaks. Unfortunately, experience showed
that the gas tightness could only be improved marginally once a module is built.
Figure 3.19 gives the distribution of the

measured values of the pressure drop

per 3 minutes at 7 mbar overpressure ;ﬁ o5 Teme 13l

for all F-modules produced at NIKHEF. é ook Mean 0.3788|

One can see that there are a few mod-  * f RMS 05707 -

ules that have (dp/3min) > 1 mbar. Al- :

though the position of the gas leaks for 0k

these modules were found with the gas 2ok

sniffler, the leaks could not be closed 10%

from the outside, due to the fact that b LﬁLJ_‘— o E
0 05 1 15 2 25 3

the Rohacell and the carbon facing are
not gas-tight by construction. As will Presure drop [mbar/3min], A H
be shown in Sec. 3.8, this is not so dan-

gerous, since mo.dules Wl_th leaks of the Figure 3.19. Distribution of the pressure drop
size of 1 mbar/min can still be accepted per 3 minutes at 7T mbar overpressure for all

for use in LHCb, without the risk of g0 74165 produced at NIKHEF,
considerable in-leak.

3.7.2 Leak Rate Measurement with Flow Meter

A second gas tightness test was performed with a flow meter. The configuration of
the experimental setup used for the test is shown in Fig. 3.20.

Flow

outer
Module l : : [

inner

controller

Mitroge A

7 mbar

Bubbler Flow meter <] - open
P4 - closed

Figure 3.20. Experimental setup for leak rate test with a flow meter.

The questioned OT module is filled with N5 until reaching an overpressure of 7 mbar
=+ 0.1 mbar, with the output closed. In typically 30 min the module is inflated and
the gas flow measured with the mass flow meter directly corresponds to the module’s
leak rate.

4The used gas-sniffler model was Gas Check 8500, a product of Ion Science Ltd [60].
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The gas flow measured with the mass flow meter during the test described above is
shown in Fig. 3.21 for a leaky module (module 20) and for a gas tight module (mod-
ule 23). The gas flow is fitted with exponential function f(t) = po + p1exp(—|pz|t),
where ¢ represents the time. The leak rate of the module is represented by the pa-
rameter py, which is the value of the gas flow at ¢ — oo, or in other words, when
enough time has passed and the module is maximally inflated to its equilibrium
State.

A histogram with the measured leak rates for all NIKHEF modules is shown in
Fig. 3.22a). A graph of the leak rate versus the module number is given in Fig. 3.22b).
Up to the construction of module 20 a single layer of glue for gluing the side-walls
was used. Adding a second layer significantly decreased the leak rate and improved
the modules gas tightness.
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Figure 3.21. Leak rate measurement with a flow meter for a gas tight module, M023 and
for a leaky module, MO20. The value of the leak rate is defined by the parameter p0.

The correlation between the loss of overpressure in three minutes (see Sec. 3.7.1)
and the leak rates for all NIKHEF modules is plotted in Fig. 3.23. A detailed dis-
cussion of the relation between the overpressure decay and the leak rate can be
found in [61]; the curve in Fig. 3.23 denotes a fit to the data based on the following
approximation:

VoHy AH 1
B~ = O N s &
where P, Hy and Vj are the initial atmospheric pressure, overpressure and volume,
respectively; R is the leak rate at the initial overpressure Hy; At is the interval over
which the overpressure drop is measured. Notice the importance of the correction
factor (1 + \), accounting for the "bulging" of the module box with overpressure
[61]: the value A = 4.1 40.1 yielded by the fit (and corresponding to a deformation

(3.8)
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Figure 3.22. Measured leak rates at overpressure of 7T mbar for all NIKHEF F-modules.

of each module face of the order of 20 pm/mbar, roughly in agreement with direct
measurements) shows that neglecting this effect would lead to a large underestimate
of the leak rate deduced from the overpressure drop.

F-modules, NIKHEF

|| — A=410+008 /

Pressure drop [ mbar/3min] ,A H

Leak rate x 10[1/g], R

Figure 3.23. Correlation between the measured overpressure decays and the measured leak
rates for all NIKHEF F-modules.
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3.7.3 Gas Tightness Comparison between F and S Modules

The gas tightness of "S1", "S2" and "S3" types of modules, which will surround the
beam pipe in the experiment, was tested at NIKHEF as well. The gas volume of
the S1 and S2 modules is about 1/2 of the volume of the F-modules, and the gas
volume of the S3-modules is 1/4 of the F-modules volume. The combined® S1, S2
and S3 modules were re-tested after they were coupled in order to verify the gas
tightness of the connection.

All gas tightness measurements performed at NIKHEF are summarized in Fig. 3.24.
The curves denote fits to the data based on Eq. (3.8) (see Sec. 3.7.2). Notice that
the values of the module expansion coefficient A are comparable for the different
types of modules, with the exception of the S3 modules, that show little significant
bulging at 7 mbar of overpressure.
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Figure 3.24. Correlation between the measured overpressure decays and leak rates for
the S1-modules, S2-modules, S3-modules, combined S1-modules, combined S2-modules,
combined S3-modules and F-modules.

By design, the S1, S2 and S3 modules are installed on the experiment connected two by two,
with special, stiff, non active couplings.
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3.8 Water Content Measurements

Next, we studied the relation between the water content and the gas-tightness (see
Sec. 3.7) of the OT modules. The purpose was to estimate the amount of in-leak
and to establish a minimum requirement for the level of gas-tightness of a module.
Small amounts of H,O in the counting gas can have large implications on ageing
effects,while the presence of Ny reduces the gas gain significantly. For example,
500 ppm of HO in the OT gas mixture can cause ~ 12% drop of the gas gain due
to deposits (C,0) on the anode wire [62], while adding 1% of N5 leads to a loss of
17% of the gas gain [63].

The results and the analysis given here are based on the water content monitoring
of several OT modules for a total period of half a year.

3.8.1 Setup and Method

The test setup used for the study is shown in Fig. 3.25.

Gasin module

Gasout

|

humidity
meter

bubbler

Figure 3.25. Test setup for measuring the water content of the OT modules.

The absolute humidity is the fraction of water with respect to the total amount of
gas and is measured with a Mitchell dew point meter. The setup is closed with an oil
bubbler, creating effectively a 1 mbar overpressure inside the module and sealing
the exit of the system.

The dew point of a gas is a measure of its absolute humidity. It is defined as the
temperature at which water vapors condensate. The higher the dew point, the more
water there is in the gas. The water content of a gas is conventionally defined as the
ratio of the partial vapor pressure of water at the dew point, P (%4, ), over the total
pressure P,

Water content [ppm] = x 10°. 3.9

P<tdew)
P,

tot
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The relation between the saturation vapor pressure and the dew point, P = P (e ),
is taken from Fig. 3.26.
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Figure 3.26. Vapor pressure of water versus dew temperature [64]. The saturation vapor
pressure, P(tgey ), for a given dew point, t ey, is determined by interpolation from the data
displayed on this graph.

All the subsequent results are given in terms of water content.

3.8.2 Drying of a Newly-Built Module

After calibration of the humidity meter, the water content in the gas bottle was
measured. After 40 hours, at a gas flow of 10 I/h, the humidity meter reached a
plateau of —74° C, corresponding to 1.5 ppm of water content.

A newly built module contains a certain amount of humidity introduced by the glue,
or by absorption of water by the various components of the module. The drying
of a module has been monitored with module 045 (after it had been flushed for
approximately 200 1.) The gas flow rate was set to 13.8 1/h. The result is shown
in Fig. 3.27. After flushing with 2000 1, the water content of this module was 440
ppm. At the end of the measurement, after ~ 4000 I, the water content was 25 ppm.

3.8.3 Water Content in Gas-Tight and Leaky Modules

The absolute humidity has been measured in both a leaky (007) and a gas-tight
module (008) in order to compare the amount of in-leak of water in the two modules.
The results are shown on Fig. 3.28 and are summarized on Table 3.2. Both modules
have been flushed with Ny for 2.5 months before the test started at a flow rate of
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8.8 1/h resulting in a total flush volume of ~ 16000 1. During the measurement the
gas flow was set to 15.6 1/h for module 8, and for most of the time for module 7.
One can see that both the gas-tight and the leaky module have low absolute hu-
midities, below 10 ppm. Surprisingly, the leaky module shows a lower absolute
humidity, which is attributed to unknown systematic effects in the measurements.
The environmental conditions were equivalent for both of the modules: constant
ambient temperature of 20°C' and controlled ambient relative humidity of 50%.
The measurement is repeated for a second leaky module (015). The test was per-
formed with a flow rate of 9.6 I/h. Before this test the module was flushed for
approximately 200 hours. After 5800 1, at the end of the data taking the humidity
of module 15 was 26 ppm, which is similar to the result shown from the non-leaky
module (045) after 4000 1.

The two gas-tight modules do not show a significant lower water content than the
leaky modules, indicating that the in-leak of pollution through the leaks is limited,
see Table 3.2. Consequently, modules with leaks of the size of 1 mbar/min can still
be accepted for use in LHCh, without the risk of considerable in-leak of H,O, and
possibly other pollutants.
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(a) The water content as a functions of the time. (b) The water content as a function of the inte-
grated gas flow.

Figure 3.27. Drying of the newly built module 045.



3.9 High Voltage Training 73

i

10

Water content [ppm]

T I1IIII]

[IIPITE TP PP TN AT I

1000 2000 3000 4000 5000 6000 7000 8000

Integrated flow [1]

Figure 3.28. Water content of module 8 (gas tight one) and module 7 (leaky one). The spike
at ~1700 l in module 7 was due to a disconnected gas tube. The gaps indicate missing data,
while the modules were flushed at that time. Note that both modules were flushed already
with 16,000 [ before these measurements began.

Module Gas Tightness Int. flow [1] | Humidity [ppm]
Leak rate [10~%1/s] | dp/3min [mbar]
MO007 13.7 23 ~ 20000
MO008 0.23 0.0 ~ 20000 .
M045 0.68 0.2 4000 25.
MO15 12.30 23 6000 26.

Table 3.2. The humidity in a module does not significantly depend on the gas-tightness of
the module.

3.9 High Voltage Training

The High Voltage (HV) training [54] of the OT modules is an integrated part of
the OT quality assurance program at NIKHEF. It is performed after the modules
have passed the tests for gas tightness (see Sec. 3.7). The objective of the HV
training procedure is to achieve stable, constant in time current values in a counting
gas environment, in presence of operational high voltage. When the HV is applied
on the module initially, high wire currents are observed. With time the currents
decrease, see Fig. 3.29, because all possible dust particles and any other pollutants
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on the wire are slowly burned off.

The OT module is flushed with a counting gas mixture (Ar and CO in ratio 70 : 30)
at a gas flow rate of 10 I/h. High voltage of 1600 V is applied on the module after
one night of flushing. The currents drawn by each single wire are measured every
20 s with a current meter [54]. The HV training is continued until the measured
current of each channel is of the order of a few nA. This takes typically about 1.5 h.
Occasionally, if the currents remained high (> 10 nA) and the time allowed it, the
HYV was kept on for a longer period.

As demonstrated in Fig. 3.29, the individual channels behave differently, but gen-
erally, after ~ 1.5 h there are very few wires that have currents larger then 2 nA.
The drop of the total current (the sum of all currents in a given module section) in
~ 1.7 h for F-module 28-A, is shown in Fig. 3.30. One can see that the decrease
of the total current for the lower and the upper sections of the module is ~ 10 and
~ 25 times, respectively.

F- rodul e 28- A-Up, HvV=1600 V

lf:-wire 53

U-wire 54 lf:-wire 55 % lf:-v\'ire 56

Current (nA

] 1 I n | 1 1

lf:-wire 57 lf:-wire 59

Tinme (h)

Figure 3.29. Current drop of 8 channels from F-module 28 during the HV training proce-
dure. After about 1.7 h all channels have currents of the order of 1 — 2 nA.

The results from the HV training procedure for all the NIKHEF F-modules pro-
duced are illustrated in Fig. 3.31, where the number of wires with currents larger
than 2 nA and 10 nA per module is plotted, in the beginning and at the end of the
HV training. A significant decrease of these numbers is observed. We end up with
only ~ 60 channels with currents larger than 10 nA (out of a total of about 34000
channels), which promises a stable high voltage operation for the detector. The
modules constructed earlier®, have more wires with large currents. The reason is

The numbering of the modules followed the order of their production.
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the worse quality of the wire, as was detected when measuring the currents with
HYV in an air environment (see Sec. 3.6).

F-nodul e 28-A, Hv=1600 V
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Figure 3.30. Total current of F-module 28-A during HV training at HV=1600 V.
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Figure 3.31. HV training results. Number of wires with currents larger than 2 nA (top) and
10 nA (bottom) per module, in the beginning (left) and at the end (right) of the HV training.
The full circles correspond to side A of the module, and the empty circles to side B.
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3.10 Scanning with Radioactive Source

The scanning of the OT modules with the radioactive 3-source *°Sr is the last qual-
ity assurance test. It is used for a final validation of the performance of the detectors
during mass production. The electrons emitted by *°Sr have energies up to 2.3 MeV
and can traverse the straw tubes, causing ionization of the gas and creating a de-
tectable electrical signal on the wire. A complete map of the current response of the
modules is done by moving the source along the module’s length in steps of 1 cm
and by irradiating all the straws at the same time.

3.10.1 The Experimental Setup

A 20 mCi °Sr radioactive point source is mounted in the middle of a movable
platform, 7 cm above the module’s surface, as sketched in Fig. 3.32 a). The 3-rays
emitted from the source, irradiate the module through the 1 cm wide slit left, which
is perpendicular to the direction of the wires.

X = view: Y - view:
move
Platform Platform
905¢ 0Sr
(@] - DI
Slit L st
7cm N !
Y0.0.000000000000000000]
JO000000000000000000l
64 wires Module Module
(a) A drawing of the radioactive source carriage (b) A photograph of the *°Sr scan of a
used in the scan. module in action.

Figure 3.32. The setup used for a scan of the OT modules with a *°Sr radioactive source.

The module is flushed with a counting gas mixture Ar(70%)-CO2(30%) at a gas flow
rate of 10 1/h, as the exposed to the source module-half is put under high-voltage
of 1600 V. The platform is moved in steps of 1 cm along the length (y-axis) of the
module, started from the lower, towards the upper end of the module. The current
of each wire is measured’, when the source-carriage is at rest. Then, the module
is turned and the other module-half is scanned the same way. The full module

"The current meter used for the measurement is described in Ref. [54].
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scan lasts ~ 2 hours. A photograph of the “’Sr-source scan test setup is given in
Fig. 3.32 b).

3.10.2 Results

A typical profile of the *°Sr-source is shown in Fig. 3.33, where one can see the
measured current for each of the 64 wires at the same position along the length of
the wires. The bell-shape of the current curve is determined by the fact that wires
in the middle of the module (such as wires #31, #32, #33, etc.) are closer to the
source, and therefore draw larger currents.
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Figure 3.33. The current profile of the 0 Sr-source, measured with F-module 70-A, Up.

The %°Sr scan is a powerful tool for discovering hidden module defects or imperfec-
tions, such as

¢ shifted or missing wire locators;
o curved straws;

¢ abnormally low or high currents, which can be caused by large amounts of
glue, insufficient gas flow or instabilities that can produce high pulse rates.

For example, Fig. 3.34 demonstrates the response of two channels after their irradi-
ation with the *°Sr-source. The left plot illustrates the behavior of the current versus
the y-position of the wire. The drop of the current on every ~ 80 cm is because of
the presence of wire locators in these places and the zero current at ~ 270 cm is due
to the straw tube separation. The right plot in the same figure shows an abnormally
high current measured at y = 80 cm. The reason for this is a missing wire locator.
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Results from the %°Sr-scan for F-module 46-B are summarized in Fig. 3.35, showing
the relative® current deviation (in %) from the average response of the modules to
the ?°Sr-source. For each wire and each position along the wire, the relative current
is shown (in color code). The white strips indicate the places of the wire locators.
The wider white strip in the middle is the straw tube separation region, which is
non-active by construction. In general, as can be seen from the figure, the response
of this module over its full surface is homogeneous within 10%. The same result is
valid for most of our F-modules.
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Figure 3.34. Examples of a "good" (wire #57) and a "bad" (wire #58) channel.

8The gas gain strongly depends on the variations of the atmospheric pressure and the ambi-
ent temperature, and hence the measured wire currents depend on this factors too. Therefore, we
compare not the absolute, but the relative module response, corrected for temperature and pressure
fluctuations.
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Figure 3.35. The relative current response of F-module 46-B to the *°Sr-source as a func-
tion of wire number and position along the wire. The current is corrected according for the

908r-source profile.

3.11 Summary

The performance of the OT modules produced at NIKHEF is closely watched during
their construction. A variety of tests is carried out to verify the proper functioning
of the detectors. The results of the quality assurance tests are summarized below.

1. The quality of the anode wire is checked by optical inspection of samples of the
wire spools for damages. Fifty spools from a total of 437 are rejected for use

because of low quality of the wire.

2. The friction force of the wire locators with the straw is regularly monitored and

completely fulfill the requirement of being larger than 200 g.

3. The position of the anode wire inside the straw was initially checked. The results
show an average (minimum) accuracy of 54 ym (76 pm), which is well within

the desired limit band of +100 pm.
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4. The wire tension is measured systematically for each wire to check if it is in the
required acceptance window of +5 g around 75 g. The measurements reveal that
the averaged wire tension of the 64 wires per panel per layer (upper or lower)
varies between 70 and 78 g with a spread between 0.3 and 2.8 g.

5. The current of each wire is measured in an air environment. No deviations from
the required limit are allowed.

6. All modules are tested for gas tightness. Most of them suit the chosen gas tight-
ness criterion.

7. HV training of the channels in a counting gas is performed in order to stabilize
the measured currents in constant values of the order of a few nA.

8. Final validation of the modules with ?°Sr radioactive source is undertaken in a
presence of a counting gas mixture and an operational high voltage. The scan-
ning with °Sr show homogeneous current response of the OT modules over their
active surface within £10%.

Based on the results of the quality assurance tests it is possible to conclude that the
OT detectors show a satisfactory performance, which will guarantee their successful
operation in the LHCb experiment.



Chapter 4

Beam Tests of OT Modules

It is a capital mistake to theorize before one has data.

Arthur Conan Doyle (1859-1930)

In the beginning of 2005, four LHCA Outer Tracker modules have been tested with
a particle beam [65]. The purpose was to study the performance of the final mass-
production modules, equipped with the final version of the frontend electronics, in
the presence of a beam of minimum ionizing particles, and to determine the main
detector performance parameters, such as efficiency, spatial resolution and noise.
This chapter is devoted to these beam tests. In Sec. 4.1 the setup is described. The
analysis of the collected data is explained in Sec. 4.2. The results are presented in
Sec. 4.3. Conclusions are drawn in Sec. 4.4.

4.1 Beam Test Setup

4.1.1 The Test Setup

The beam tests were done in February-March 2005 in the experimental area 22
of DESY, Hamburg, at the DESY II testbeam facility, which provided an electron
beam with energies from 1 to 6 GeV. The beam was obtained after two conversions
from the main DESY II electron beam, as sketched in Fig 4.1.

The test setup configuration is shown in Fig. 4.2. It consisted of four OT modules
of type S1U (see Chapter 2), a silicon strip telescope and trigger scintillators. The
modules were installed vertically, perpendicular to the beam (z) direction. Since
each OT chamber contained two straw layers, the beam irradiated in total eight straw
layers. The modules are referred according to their z-position, starting from 1, i.e
module 1 - 4 (or M1 - M4). The straw layers inside the modules are named layer
1 and layer 2 (or L1 and L2), where layer 1 is the one with smaller z. All modules
were equipped with a frontend box (FEB) containing final readout electronics.
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Figure 4.1. The DESY II electron beam is intercepted with a 10 pum thick carbon-fiber
target, producing bremsstrahlung. The bremsstrahlung beam is converted into electron-
positron pairs through a copper target with a radiation length of 0.1 g/em™2. A bending
magnet and a collimator slit are used to filter the energy of the particles (from 1 to 6 GeV)
and to deliver the electron test beam into the experimental hall [66].

Si-telescope OT modules
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Figure 4.2. Schematic drawing of the beam test setup. The trigger signal is an AND-
product of the signals from S1, §2, §3, S4 and S5 scintillators. The time reference, t,.y, for
measuring the OT drift times is provided by S4 and S5.
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Module 2 was positioned upside-down with respect to the other modules, with the
FEB close to the beam, in order to get results also for particles passing the detector
close to the readout electronics. As counting gas, a mixture of 70% Ar and 30%
CO4 was used.

The trigger signal was produced by coincidence of all five scintillator counters S1,
S2, S3, S4 and S5.

The first two scintillators S1 and S2 with thickness of 2 mm and width of 9 mm were
put perpendicularly to each other and defined the beam spot area in the xy plane
(9 x 9 mm?). The S3 counter was found to cause significant multiple scattering of
the beam particles and was excluded from the setup for most part of the data taking.
Except for trigger input, the signals from the S4 and S5 counters were used also as a
time reference for measuring the OT drift times. This was necessary, since the beam
and the OTIS chip were not synchronized (the beam particles arrived randomly with
respect to the OTIS 40 MHz clock). The drift time was obtained by subtraction of
the average arrival time of the scintillator signals from the OT arrival time, both
measured by the OTIS TDCs,

Larifc = traw TDC — Tref (4.1)

with ¢ = (ts4 + tss)/2. The precision of the time reference, given by the width of
the distribution of At = (tgs — ts4)/2, shown in Fig. 4.3 a), was about 0.4 ns. The
distribution of the OT raw times at HV=1600 V is shown in Fig. 4.3 b). It can be
seen that the OTIS time window of 75 ns comprises the full width of OT raw times.
Finally, the OT drift time spectrum on a random background at HV=1600 V can be
seen in Fig. 4.3 ¢) after subtraction per event of ¢, the average S4 and S5 raw time.

A drawing of the OT readout system used in the beam tests is presented in Fig. 4.4.

At=(t(S5)-t(H4))/2 OT rawtime, M3, L2 OT drift time, M3, L2
1 6000~ » : . : » : . :
z @ if- = 3 D 3 2000F -
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Figure 4.3. a) Precision of the time reference; b) OT raw time distribution; c) OT drift time
distribution. HV=1600 V.
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Figure 4.4. Scheme of the beam test readout. The FE-Box is modified for the purpose of
this beam test with three external timing inputs (S4, S5 and trigger) in order to obtain a
time reference. Both fast (TFC) and slow (I2C) control systems were used to distribute the
LHC 40 MHz clock together with the trigger decision and to manage the bunch and event
counters.

4.1.2 The Silicon Strip Telescope

A silicon strip telescope [66, 67, 68] was used as an instrument providing an inde-
pendent measurement of the beam tracks coordinates. It consisted of three pairs of
single-sided silicon strip planes, put orthogonally to each other, with a strip pitch of
25 pm and a readout pitch of 50 m, measuring the vertical (y) and the horizontal
(x) position (see Fig. 4.2). The high resolution (< 3 pm) silicon strips sensors had
a size of 32 x 32 mm? and thickness of 0.3 mm. Each of the three detector pairs
was mounted in a metal box with thin (30 pum thick) aluminum windows. A photo-
graph of the Si-telescope system is displayed in Fig. 4.5. Distributions of the beam
x-coordinates and slopes, measured with the Si-telescope, are shown in Fig. 4.6.

£ e~ beam

Figure 4.5. Photograph of the testbeam telescope setup (P1, P2, P3). The electron beam
enters from the right. At the left-side of the picture, the lower half with gas tube connections
of the first OT module (M1) is visible.



4.2 Analysis of the OT Beam Tests Data 85

c 400_ < F T
% a) : %1500-_b) ......... .............. ...............

%’ 300 o %’ I : :

Z i < I
[ 1000_ .............. ...............

200-_ .............. ........ :
100:_ .............. — ....... 500:_ .............. , .............. , ...............

-10 -5 0 5 10 -10 -5 5 10

Cluster position, [mm] Horizontal slope, [mrad]

Figure 4.6. a) Distribution of x-coordinates of the triggered beam tracks measured with the
Si-telescope; b) Horizontal slopes of the beam tracks measured with the Si-telescope.

4.2 Analysis of the OT Beam Tests Data

Next, we will review the data analysis. We determined the detector efficiency, spa-
tial resolution, noise and cross talk. Most of the data were taken with a beam energy
of 6 GeV, and unless otherwise noted, this beam energy value is considered through-
out the analysis.

4.2.1 Si-telescope track reconstruction

During the beam tests, the two external OT modules (M1 and M4), were kept under
constant conditions of high-voltage (HV) and amplifier threshold (Thr), while the
operational mode of the internal modules (M2 and M3) was varied. Thus, M1 and
M4 were acting as a reference of the two test chambers M2 and M3 (see Fig 4.7).
The beam area of 9 x 9 mm?, pre-defined by the S1xS2 scintillators, results in two
or three illuminated straws per layer.

The OT hit map for the two straw layers of the two test modules is shown in Fig. 4.8.
In the analysis of the data, a single track in the Si-telescope per event was required.
The events were selected according to the number of clusters reconstructed in the
Si-telescope planes (P1, P2 and P3). The total number of clusters had to be 5 or 6.
One and only one cluster in each of the three planes measuring the x-coordinate was
demanded, and O or 1 in the planes measuring the y-coordinate. This cut reduced
the number of events with 44%. A second cut concerning the track slopes ¢, and t,,
was applied in addition: —3 < ¢, < 3mrad and —3 < t,, < 3 mrad. As aresult, the
number of events was reduced with another 3%.
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Figure 4.7. Top view of the layout of the tested OT modules. M1 and M4 were used as a
reference for the test of M2 and M3. The counting of the channels is different for M2 and
M3, since M2 is turned upside-down with respect to the other chambers.
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Figure 4.8. The hit pattern for the OT test modules M2 and M3 for HV=1600 V. The two
peaks correspond to hits in the two layers.

As a measure of the accuracy of the tracks reconstructed in the Si-telescope, the
distribution of the track residuals is plotted in Fig 4.9. The track residual is the
difference between the coordinate of the track (x;.4.x) and the coordinate of the
cluster (x4 p;) measured at a given Si-telescope plane (Pi,i = 1,2, 3). The track
residuals are not unbiased, since the clusters were also used for the reconstruction
of the track. As can be seen from Fig 4.9, the width of the x-residuals distribution
is 5 pm for P1, 16 pm for P2 and 11 pm for P3. The two outer planes have smaller
residuals by construction, because the clusters themselves are used in the straight
line fit. The residuals of P1 and P3 differ, since P2 is closer to P3 than to P1.
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Figure 4.9. Distributions of the track residuals in the Si-telescope X planes.

4.2.2 Space - Drift Time Relation

An OT drift tube allows the measurement of the time between the trigger and the
arrival of the first electrons of a nearby ionization cluster at the wire. The main con-
tribution to this time is the drift time inside the straw tube. However, to reconstruct
the trajectory of the particle, the shortest distance to the wire at which the charged
particle has passed needs to be known [35]. This means, that the drift time has to
be converted into a distance of closest approach of the particle to the wire. The
conversion, also known as space-drift time relation, or simply r(t)-relation, is non
trivial, and depends on many factors, such as the cell geometry, the gas mixture and
the HV applied.
In our analysis, the r(¢)-relation is determined by using the information provided by
the Si-telescope. The tracks reconstructed in the Si-telescope are extrapolated to the
OT layers, predicting the particles path within the straw. The predicted x-position
in the OT is calculated by using the Si-telescope track parameters (the horizontal
position of the track at P3 - z;; p3, and the horizontal slope of the track at the
xz-plane - t,),

Tor = Tter,p3 + tz(207 — Zte1,P3) - (4.2)

Figure 4.10 shows the correlation between the measured drift time and the distance
between the extrapolated Si-telescope track and the wire, for both layers of the test
modules. The characteristic V-shapes patterns, expected for a cell with a drift tube
geometry are clearly outlined.

The r(t)-relation was obtained with the following procedure.

1. The three distinct V-shapes, observed in each straw layer (see Fig 4.10) were
superimposed into a single two dimensional t(r) histogram, Fig 4.12, in such
a way, that the wire position is set at 7 = 0.

2. The resulting V-shape, was sliced in bins of the predicted track position. The
mean drift time of each bin is determined with a Gaussian fit limited to drift
times within 20 from the peak time.
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Figure 4.10. Drift time versus distance between the wire and extrapolated track coordinate
from the Si-telescope for OT HV=1600 V and Thr=700 mV.

3. The #(r)-relation was determined with a quadratic fit through the mean drift
times per slice. The fitting function was parametrized as (see Fig 4.11)

t(r) = po + p1(r — p2)2 forr >0 4.3)
t(r) =po+ pi(r — p3)*> forr <0,

representing two parabolas, left and right of the wire position.
4. The parameters pg, p1, p2 and ps were extracted from the fit (see Fig. 4.12).

5. Finally, solving Eq. (4.3) with respect to r, the r(¢)-relation was obtained,

t_
r(t) = po+ 1) —22 forr >0 (4.4)
0

b1
t—p
D1

forr < 0.

r(t) = ps —

The above described procedure, provided a well defined, single r(?)-relation for each
layer of the test OT modules, allowing to fully map the drift time hits onto space
coordinates. The next step is then the determination of the OT spatial resolution.
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Figure 4.11. The t(r) fitting function (the curve surrounding the non-shaded region). It is
built from two parabolas, cut at r = 0.
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Figure 4.12. The t(r)-relation for HV=1600 V and Thr=700 mV.

4.2.3 Spatial Resolution

The OT coordinate resolution can be obtained from the comparison of the predicted
track position z;.;, and the position zop, determined via the measured drift time,
converted into distance to the wire with the help of the developed r(#)-relation (see
Sec. 4.2.2). Thus, the resolution is defined as the width o, of the residual distribu-
tion, where the residual is the difference x,,; — xor, assuming high accuracy for
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Figure 4.13 represents the residual distributions for three values (1450 V, 1550 V,
1650 V) of the applied high voltage setting. The resolution (407 pm, 240 pm,
207 pm) in all three cases is overestimated, since the multiple scattering in the Si-
telescope planes and for some of the runs, in the S3 scintillator counter, was not
taken into account. The evaluation of the effect of multiple scattering is discussed
in the next section.

HV = 1450 V HV = 1550 V HV = 1650V
< 300 Py = G=240um £ 0=207um
3 " 5 600 3 o0 "
8 3 | 3
z 200 z L z
4007 ( \ 200 ﬂ \
) ka 2007 J \m ;
ol ol 0 J k
-2000 0 2000 -2000 0 2000 -2000 0 2000
residual [ pm] residual [ um] residual [ pm]

Figure 4.13. Residual distributions for HV=1450 V, 1550 V and 1650 V and with
Thr=700 mV. The coordinate resolution is represented by the width o of the Gaussian fit.

4.2.4 Multiple Scattering

Of particular importance for a correct estimate of the OT coordinate resolution
(see Sec. 4.2.3) is to ensure that multiple scattering of the beam particles in the
Si-telescope planes and in the S3 scintillator is properly taken into account.

The effect of multiple scattering was studied by taking runs at different beam en-
ergies and measuring the resolution with and without the S3 counter'. Figure 4.14
shows the obtained spatial resolution o, as a function of the electron energy, .
The multiple scattering contribution, oy s = /02, — 05, to the total observed
resolution, was extracted by fitting the data with

Gt = \J 7% + (Onsaev [E)? | (4.5)

with o015 1Ge.v and the intrinsic OT spatial resolution oo being free parameters of
the fit. The multiple scattering contribution at 6 GeV was retrieved by using

OMS6GeV = OMS1Gev /6 (4.6)
The results for the multiple scattering contribution to the residuals for both OT
modules are listed in Table 4.1. The values of the corresponding scattering-angle
width oy are consistent for both layers M2 and M3.
The final resolution, corrected for multiple scattering is given in Sec. 4.3.1.

Note that S3 was positioned between the Si-telescope and the OT modules, (see Fig 4.2).
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Figure 4.14. Resolution versus beam energy for HV=1600 V and Thr=700 mV. The data
are fitted with the function in Eq. (4.5). The data point at 1 GeV is not used in the fit because
of the relatively large multiple scattering compared to the OT cell size.

without S3 with S3
OT Module | owms, 6Gev [#m] | g [mrad] | oms, 6gev [pm] | og [mrad]
M2 (L1,L2) 143 0.253 195 0.345
M3 (L1,L2) 176 0.249 246 0.348

Table 4.1. Multiple scattering contribution to the residual at 6 GeV and the angular width
og are given for both OT test modules, in both cases with and without S3 scintillator.

4.2.5 Efficiency
Plateau Efficiency

In our analysis the efficiency was defined by its plateau value in the center of the
straw, in a range of [—1.6, +1.6] mm around the anode wire.

The straw efficiency profile, shown in Fig. 4.15 c) is obtained by dividing the
distribution of "accepted" OT hits (Fig. 4.15 b)), to the one of the predicted hits
(Fig. 4.15 a)). An OT hit is accepted if its xor position is within a 2 mm window
around the extrapolated z,.; position. The quoted plateau efficiency in Sec. 4.3.2 is
the ratio of the two histogram integrals over a range of 3.2 mm.
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Figure 4.15. a) Distribution of the predicted x.; positions in M3, L1. b) Distribution of
the accepted xy¢ positions in M3, L1 at HV=1600 V and Thr=700 mV. c) Straw efficiency
profile obtained through division of the histograms in b) and a).

Plateau Efficiency Modeling

The probability P(n;[) to observe n primary ionizations (clusters), when a charge
particle traverses an OT straw tube, is given by Poisson statistics,

Pln:1) &) e (F) 4.7)

n! ’

where [ is the traversed path within the cell, and ) is the average ionization cluster
length. In a gas mixture of Ar/CO, - 70/30, A\ = 325 pum [53]. Assuming ideal
detector response (fully efficient readout, and no loss of primary electrons), the
single drift cell efficiency is given by

€(l)=1—P(0;1) =1 —exp(—=I/N) . (4.8)

For X being the shortest distance to the wire, and R the straw internal diameter,
[ =2+ R? — X2, and Eq. (4.8) is transformed to

€(2) = €ptatean(l — exp(—2V R2 — 22/X)) |, (4.9)

expressing the drift cell efficiency as a function of the distance to the wire. The
coefficient €qcq, TEpresents the plateau efficiency. The straw efficiency profile,
Fig. 4.16 a), is deformed at the edges due to the smearing of the predicted x-position
by multiple scattering. In the same figure the theoretical curves of the predicted
efficiency (Eq. (4.9), with €p4t¢q, = 1) are shown, under the assumption of zero and
finite (with 0 = 200 pxm) multiple scattering contributions. In Fig. 4.16 b) a zoom-
in of the plateau region is shown, from which it is clear that the plateau efficiency
is greater than 99% (for x € [—1.6, 1.6] mm, HV=1600 V and Thr=700 mV).
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Figure 4.16. a) Straw efficiency profile, averaged for M2 and M3, with superimposed curves
of the predicted efficiency (Eq. (4.9)) with infinite and finite (c = 200 um) spacial resolu-
tions. b) A zoom-in of the plateau region.

4.2.6 Noise

Another important OT quantity that has been studied in the presence of the beam
was the amount of electronic noise. For its estimation, the number of the OT hits in
the channels remaining outside the beam coverage was monitored. More precisely,
as Fig. 4.17 shows, 33 wires per straw layer outside the beam region were taken into
account in the study?. The number of hits per channel is shown, for a total number
of ~ 14000 events, revealing uniform and modest level of noise. Assuming that
none of these hits originated from the beam, the average noise occupancy per wire,
O, is defined as

o = [(Eahit) /33] (4.10)

N, Si tracks

with Ng; racks the total number of tracks reconstructed in the Si-telescope and ex-
trapolated to the given OT layer.

Knowing the average noise occupancy per wire O (Eq. (4.10)), one can estimate the
noise hit rate per wire, f, as follows

O

- 4.11
75ns ( )

f

In Sec. 4.3.4, the results for O and f are given for different settings of high voltage
and amplifier threshold.

2 Although, only about 2 — 3 straws were directly exposed to the beam, for the noise study we
excluded not only them, but yet another 15 channels from their both sides, which might be affected
from scattered secondary particles.
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Figure 4.17. Noise maps of M2, L2 and M3, L1, representing the number of noise hits for
the channels outside the beam region. The empty (beam) region is excluded from the noise
study. The noise occupancy, O, is of the order of 0.3% - 0.5%.

4.2.7 Cross Talk

Cross talk 1s a parameter that characterizes the signal coupling between adjacent
channels (anode wires). Production of undesirable signals due to cross talk between
the channels has to be minimized in order to ensure optimal performance of the
detector. The cross talk per wire P, 1S the sum of the probabilities that when a
straw ¢ produces a hit caused by a beam particle, either of the two adjacent straws
in the layer also produces a hit,

Ni_1 4+ Nit1

Pcross,i - N
7

(4.12)

Figure 4.18 shows the hit distribution of M3, L2, in the case that wire 104 has
encountered a particle hit>. It is visible that the amount of hits collected by the
two neighboring wires is an order of magnitude higher than the rest. This effect is
attributed to cross talk.

The cross talk per layer was obtained by averaging the cross talk values of all the
channels in the layer.

Results for the cross talk per layer as a function of the HV and amplifier threshold
(Thr) are presented in Sec. 4.3.4 .

3The straw was considered hit by a particle, when in addition, a track reconstructed in the Si-
telescope pointed to it.
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Figure 4.18. The straw hit map of M3, L2, for Si-telescope tracks pointing to wire 104,
for HV=1600 V and Thr=700 mV. The two neighboring channels are subject to cross talk,
resulting in an enhanced amount of encountered hits.

4.3 Results of the Beam Tests

Here, we present the beam test results for the OT coordinate resolution, efficiency,
noise and cross talk as a function of the applied high voltage (HV) and ASDBLR
amplifier threshold setting (Thr).

4.3.1 Resolution

The coordinate resolution of the test OT modules, corrected for multiple scattering
(see Sec. 4.2.4) is shown in Fig. 4.19a as a function of the HV. The resolution
was obtained by fitting the residuals with a Gaussian function. At HV=1400 V,
the resolution is large, due to large tails in the distribution, (see Fig. 4.13). This
can be understood since the use of a single Gaussian function is not appropriate
for fitting the residuals. The presence of these tails is probably due to the fact of
forming the hit not from the first electron cluster, arriving to the anode. In Fig. 4.19b
the resolution curves are shown, when using alternative fitting functions, namely, a
single Gaussian fitted around the core of the residual within +1.50 and a double
Gaussian with o4ouble Ganssian = % (with ¢; 2 and o o, the heights and the
widths of the constituent single Gaussians).

At high voltages (HV>1550 V) the OT coordinate resolution is better than the re-
quired value of 200 m [52], independently of the choice of residual fitting function.

Figure 4.20 shows the coordinate resolution as a function of amplifier threshold in
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the working region 600 mV - 900 mV, roughly corresponding to 2.0 fC - 5.5 {C.
The moderate worsening of the resolution (< 50 pm) is of negligible consequence
for the physics performance.
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Figure 4.19. OT coordinate resolution versus applied high-voltage, HV, at an amplifier
threshold value of Thr=700 mV.
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Figure 4.20. OT coordinate resolution versus amplifier threshold, Thr, for high-voltage
setting of HV=1550 V.
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4.3.2 Efficiency

The plateau efficiency of the OT test modules is shown in Fig. 4.21 as a function
of HV and Thr. As expected, the efficiency slightly drops with increasing amplifier
threshold. Full efficiency is reached at 1550 V and remains higher than 97% for
threshold settings up to 900 mV.
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(a) OT efficiency versus HV at Thr=700 mV. (b) OT efficiency versus Thr for HV=1550 V.

Figure 4.21. OT efficiency as a function of the applied high-voltage, HV, and as a function
of the amplifier threshold, Thr.

4.3.3 Noise

The average noise frequency per wire f, as a function of the applied high voltage is
shown in Fig. 4.22a. The scale of the noise occupancy O, is given at the right side
of the plot. Both O and f are constant and do not depend on HV. Module 2, L1
showed higher noise levels than the other straw layers.

Figure 4.22b shows f and O values depending on the ASDBLR threshold setting.
The observed dependence is exponential. At thresholds higher than 700 mV the
noise level is acceptable [69].

4.3.4 Cross Talk

The cross talk measured for different values of high voltage and amplifier threshold
setting is presented in Fig. 4.23. According to the specifications [52], the acceptable
cross talk level is below 10%. From the plots it is visible that this value is achieved
at voltages below 1630 V and thresholds higher than 600 mV.



98 Beam Tests of OT Modules

x10°

g [| & M2(L1,L2 i g g » M2(LL,L2) g
= N i =
E 801 M3 (L1, L2 70-6§ E 1051 M3 (L1, L2) 410 g
- S - g S
8 60 I Ll 8 8 : .8
=] 1 Lo £10490 £ q5L 119
8 | s 8 |8
2 40[ } 1z 20 | 2
L ] 104: 3 7;10
L 10.2 E ]
201 E
L L L T R R - | [ k2
1200 1400 1600 600 700 800
HV [V] Thr [mV]

(a) Average noise frequency per wire (left axis)(b) Average noise frequency per wire (left axis)
and noise occupancy (right axis) versus HV  and noise occupancy (right axis) versus Thr
at Thr=700 mV. for HV=1550 V.

Figure 4.22. OT average noise frequency per wire, f, and noise occupancy, O, as a function
of applied high-voltage and amplifier threshold.
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Figure 4.23. OT crosstalk as a function of applied high-voltage and amplifier threshold.
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4.4 Summary

OT beam tests were carried out in the beginning of 2005 at DESY laboratory, with
an electron beam of 6 GeV. OT modules of type S1U were used, equipped with the
final version of the front-end electronics. Four basic detector macro parameters,
namely the spatial resolution, the efficiency, the noise level and the cross talk were
measured for different values of the applied high voltage and amplifier threshold
settings. The examined OT modules showed satisfactory performance, as the values
of the measured parameters were within the desired specifications limits.

1. Coordinate resolution better than 200 pm for HV > 1550 V and Thr = 700 mV;
2. High efficiency ~ 98%, reached at HV > 1550 V for Thr € [550, 800] mV;

3. Admissible noise level < 10 kHz/wire for Thr > 750 mV, independent of the
HV;

4. Acceptable cross talk < 10% for HV < 1630 V and Thr > 600 mV.

The reported results evidence that the OT performance is optimal, and meets the
design criteria, when the applied high voltage is in the range 1550 — 1650 V and the
ASDBLR threshold setting is in the range 700 — 800 mV.

An alternative analysis performed on the same beam test data (see Ref. [65, 70])
confirmed the results exposed here.
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Chapter 5

Proper-Time Resolution Modeling

All models are wrong. Some are useful.

George E. P. Box (1919)

This chapter reports on a study [71] of the resolution of the proper-time of the B°
and BT mesons. The decay modes used are Bt — J/¢(uTp " )KT and B® —
J/(ptp)K*(K*tn~) and their conjugates. A resolution model based on the
proper-time residuals and the corresponding per-event error is proposed and results
are presented on the two decay modes studied.

5.1 Introduction

The main goal of the study presented here is to derive a reliable resolution model,
which is able to describe with sufficient precision the distribution of the decay time
residuals: ¢!, — ¢! ., taking into account the B mesons proper-time per-event-
errors, o; , measured with the LHCb experiment. The resolution of the proper-
time is an important ingredient in the measurement of time-dependent (CP) asym-
metries, especially in the decay of the rapidly oscillating B, meson. Thereby, we
need to model its behavior as good as possible.

The parameters of our model are first determined with "Monte-Carlo truth" infor-
mation for ¢’ — ... Then, later in this chapter, the parameters are determined in
a manner that can be applied to real data by using t... and o} .

Two b-flavored mesons (B and B°) are chosen to be analyzed. The B™ is selected
and reconstructed in the mode B* — J/¢(1S)K*, where J/1(1S) decays into p*
and 1~ . The B® meson is reconstructed in the mode B — J/v¢(15)K*(892), with
J/W(S) — ptp~, and K*(892) — K7~ . The complex conjugated modes are

also considered!. Both B mesons decay through a tree-level diagram, as is shown

'B= — J/¢(18)K~ with J/4(1S) — ptp~ and BY — J/+(1S)K*(892) with .J/4(18) —
ptp~, K*(892) — K~m™; Unless otherwise noted, charge conjugated modes are implicitly con-
sidered throughout this chapter.
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Figure 5.1. Feynman diagrams for the BY — J /¢ K™* and B® — J/{K* decays.

in Fig.5.1. The reason to explore these particular channels is two-fold:

¢ Among the interesting B meson decay channels, these channels have the
highest expected annual signal yield [40]. The high event statistics ensures
fast data collection. Therefore, the two decay modes will be among the first
ones to be reconstructed once the LHCb detector is operational.

¢ The di-muon pair in the final state allows these channels to be efficiently
triggered and selected. Accordingly, there is no need for impact parameter
cuts, which distort the proper-time distribution.

As a result, these channels are expected to be excellent control channels to study
the detector response, and to obtain a resolution model which, hopefully, can also
be used for other B meson decay modes.

The chapter is organized as follows:

Section 5.2 contains a brief description of the software framework and the data
set used. In Sec. 5.3 the method to select BT — J/¢K* and B® — J/¢YK*
is discussed. In Sec. 5.4 the construction of a resolution model is presented and
applied to the data. The determination of the resolution model parameters on real
data is described in Sec. 5.5 and results are presented. Section 5.6 focuses on the
dependence of the resolution model on the true proper-time t;.,,.. An explanation
of this discovered effect is given and a way to resolve it is proposed. The solution
is based on a redefinition of the primary vertex (PV) position by exclusion of the B
decay products from the PV reconstruction. The chapter finishes in Sec. 5.7 with
summary and conclusions.

5.2 Software and Data

The data used for the analysis are produced at the CERN’s computer cluster Ixplus,
as a part of the so called Data Challenge 2004, also known as the DC’04 dataset.
This dataset includes various event types, generated under the same conditions (de-
tector geometry description, reconstruction algorithms, etc.). For the production of
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the data GAUSS [72] v15r8, BOOLE [73] v5r8 and BRUNEL [74] v23r7 are used,
while DAVINCI [75] v12r18 is used for the selection and analysis. The files with
the reconstructed data are stored at CERN in the form of DST? files. These files
are the input for the DAVINCI program. For the current study, only B™ — J/¢ K™
and B — J/¢K* signal samples are used. This implies that each event contains
one B meson which decays into the signal modes. The effect of the inclusion of
background is part of a follow-up study, presented in Chapter 6.

About 2 x 10° signal events were subject to selection and analysis.

5.3 Event Selection

The topologies of BT — J/¢K* and B® — J/v%K*, shown in Fig. 5.2 are similar,
with one distinguishable secondary vertex - the B meson decay vertex.

- u_]up B’ HJW
K* K K

Figure 5.2. Topologies for BT — J/ K™+ and B® — J/¢K* decays.

The J/1) and K* resonances have extremely short life-times (~ 10723 seconds) and
hence do not generate displaced vertices with respect to their production point.
The events are selected and reconstructed by first reconstructing the J/¢(15) —
p ™, then the K*(892) — K7, and finally the BT — J/4(15)K™ and B® —
J/1v¥ K* mesons. This is accomplished with the following procedure:

o The J/1(1S5) selection and reconstruction is identical for both channels. The
J/1(1S) candidates are reconstructed by combining two oppositely charged
muons with pr > 1000 MeV/c and requiring their invariant mass to be within
a £50 MeV/c? window around the nominal J/¢(15) mass. A quality crite-
rion of x? < 9 for the .J/1) vertex fit is applied.

Bt — J/¢(1S)K™* decay:

o The BT candidates are reconstructed from the selected .J/¢ candidates and
the charged kaons. The B* candidate invariant mass is required to be within
a =50 MeV/c? mass window around the nominal BT mass, see Fig. 5.3. A
quality criterion of x? < 20 for the B* vertex fit is applied.



104 Proper-Time Resolution Modeling
B* o Jy+K* Entries 92311 B* - Juy+K* Entries 92311
ki i : : : | Mean  3006| 8 I 5 : | Mean 5278
b - b 6000 _ ........... . B P
5 8000 FTUTE T IRMS 11e8| (G - ; ; 158
6%0-_ ................................................... 4000 _ ........... ~ ..................
4000 N R —
: : : 2000_ ...................
2000 -_,, R o
150 5200 5250 5300 5350 5400

9950 3000 3050 3100 3150 3200

J/ P invariant mass [MeV/c?] B" invariant mass [MeV/c?]

Figure 5.3. Reconstructed invariant mass distribution for J/(1S8) — u*p~ and for
BY — JJK*.

B — J/¢(1S)K*(892) decay:

o The K*(892) candidates are reconstructed from the identified K+ and 7~.
The K*(892) candidate must have a py > 1000 MeV/c, and its invariant
mass is required to be within a +150 MeV/c? window around the K*(892)
mass. A quality criterion of x? < 9 for the vertex fit is applied.

o The B° candidates are reconstructed based on the selected .J/1) and K* can-
didates. The invariant mass of the B candidate is required to be within £+50
MeV/c? of the expected B mass; see Fig. 5.4. A quality criterion of x? < 27
for the B vertex fit is applied.

CRSNITES Entries 57825 B~ Jy+K Entries 57825 B~ dy+K Entries 57825
8 i [Mean 3006 Mean goo| 8 5278
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I RMS 118 RMS 4005 © 16.78
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1200

800
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2%50 3000 3050 3100 3150 3200 1000

J/ g invariant mass [MeV/c?] BC invariant mass [MeV/c?]

Figure 5.4. Reconstructed invariant mass distribution for J/y(1S) — u*u~, for K* —
K*m~ and for B® — J/(15)K*(892).

’Data Summary Tapes.
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Given that the signal yield is expected to be a limiting factor, we decided to keep
the selection procedure simple and only accept those events which contain a single
reconstructed B candidate. At the price of losing data by rejecting higher multiplic-
ity events, better selection stability and a decreased number of mis-reconstructed
B candidates are achieved. The results from the event selection are summarized in
Table 5.1.

channel # Generated Events | # Selected Events
Bt — JJpKT 684000 92311
B — J/pK* 960000 57825

Table 5.1. Event Selection - Results.

To check whether the selection introduces a bias on the proper-time distribution, we
have plotted the Monte-Carlo true proper decay time for both channels and fitted
these with the expected exponential distribution el 2%t as shown in Fig. 5.5 and
Fig. 5.6. It is apparent that no large bias is present and the proper-time acceptance is
flat to a good approximation. The values of the mean B lifetimes 75 = —1/I'g are
extracted from the fits and should match those of the input MC values, see Table 5.2.

MC inputs Fit outputs
THe =1.671 [ps] | 7p+ = 1.695 & 0.006 [ps]
M =1.536 [ps] | 7o = 1.523 £ 0.006 [ps]

Table 5.2. Bt and B° mean lifetimes.

The small discrepancy observed is not completely understood, but could be a hint of
a small bias in either the event selection itself or in its inputs, e.g. the reconstruction
efficiencies.

To indicate the quality of the exponential fit of the true proper-times in Fig. 5.5 and
Fig. 5.6, the fit Residuals and the fit Pulls are given. The Residual and Pull from
the fit are defined as

Residual (ty.) = data(tyrye) — fit(tyue) (5.1)

. data(ttrue> - ﬁt(tﬂ'ue)

Pull(tirye) = data(t;yye) -
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Figure 5.5. The MC true proper decay times fitted with an exponential function, the corre-
sponding fit residuals and pulls for channel B* — J/y(1S)K ™.
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Figure 5.6. The MC true proper decay times fitted with an exponential function, the corre-
sponding fit residuals and pulls for channel B® — J/(18)K*.
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5.4 Resolution Model

The aim of this section is to describe in detail the ingredients of the resolution
model. In Sec. 5.4.1 the reconstruction of the proper-time is presented. The basic
resolution model is derived in Sec. 5.4.2. Section 5.4.3 shows how the proper-time
per-event errors are included in this model. Next, the determination of how the
parameters of the model depend on these per-event errors is explained in Sec. 5.4.4.
Section 5.4.5 describes how the parameters of the resolution model are obtained
with an unbinned maximum likelihood fit.

The main software packages used in the analysis are ROOFIT [76] - a tool for mod-
eling the expected distribution of events in a physics analysis and ROOT [77] - a
data analysis framework.

5.4.1 Proper-Time Reconstruction

The reconstructed proper-time t,.. of a B candidate, together with the estimated
error, is obtained from a constrained y? fit described in Ref. [78]. Ingredients of the
fit are the measured primary vertex position ' (the production point), the measured
decay vertex position ¢ and the measured momentum p of the B meson. These nine
observables, O = (¥, p, ¥), are the input for the fit and, in the absence of detector
resolution effects, are related by the following constraint,

rT=0—-t

, (5.3)

3 |y

where ¢ is the B proper-time.

As a result, seven parameters P are needed to describe the system: the three com-
ponents of the reconstructed decay point 7, the reconstructed momentum [; and the
reconstructed proper-time t,.., thus P = (5, P, trec). It is assumed that the primary
vertex and the particle are independent (i.e. that none of the daughters of the par-
ticle were used in the determination of the primary production vertex). The seven
parameters P are determined by minimizing the following x?,

Y:(P) =R"WoR |, (5.4)

where R are the residuals between the measurements O and their prediction based
on the parameters P, and W is the weight matrix corresponding to the observables
0. Wy takes into account the correlation between v and p provided the vertex
algorithm that determined ¢ and p has computed this correlation. It is assumed that
there is no correlation between ¢ and p on the one hand, and Z on the other. The
errors on P are given by the second order derivatives of the x? with respect to P at
the minimum.

As the proper-time ¢, 1s one of the parameters P, the fit, by construction, computes
an error oy, for each reconstructed B decay time - ¢,... As a result of this proce-
dure, this error takes into account the specified correlations amongst the inputs.
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This error is called the proper-time per-event-error or simply the per-event-error.
The distributions of the per-event-errors for the channels of interest are shown in
Fig. 5.7. The B° decay mode has a smaller mean o;,,_ than the B mode, which
is due to the fact that the B° vertex is reconstructed with four tracks, while the B™
vertex is reconstructed with only three (see Fig. 5.2). As a result the position of the
B vertex is determined more precisely, hence the decay length is better defined and
thus the proper-time uncertainty is smaller.

B* o Jy+K* BOL Jy+K
Eﬁ Entries 92311 @ Entries 57825
-E 3000/ Mean 0.02963 E 20007 Mean  0.02871
w I RMS  0.008424 w RMS  0.008194
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Figure 5.7. Proper-time per-event-error distributions.

In Sec. 5.6.3 we will refit the primary vertex, explicitly excluding the tracks origi-
nating from the B 3.

5.4.2 Resolution Model

A proper-time resolution model R(x) is a mathematical construction which de-
scribes the distribution of the decay time residuals: z* = t, . — t;.., taking into

rec

account the per-event-errors. Ideally, with a perfectly described detector response,
R(x) is represented by a Gaussian,

_1 ( trec—ttrue ) 2
(& 2 trec
V2moy,,,

3The tracks from the tagging B, or any other long-lived resonances, cannot explicitly be excluded
as they are not fully reconstructed. However, the bias introduced by the possible inclusion of these
tracks is modeled and determined implicitly, and as a result does not bias the measurements. This
is fundamentally different from the case where tracks from the signal are (re)used in the primary
vertex, an effect that is more likely for short-lived B mesons. In this case, the bias depends on
the true proper-time t;,,¢, and this is not modeled as it is at this point unknown how one would
determine such a bias without knowledge of t;..,.e, i.e. for real data.

R(trec - ttruea O-trec) - (55)
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However, in real life, the function R(x) typically takes a more complicated form. In
order to understand the detector response, () needs to be determined. Knowledge
of R(z), in combination with sufficiently good resolution, is a necessary ingredient
for time-dependent CP asymmetry measurements given that the oscillation ampli-
tude decreases when the resolution degrades.

A natural suggestion for a realistic R(z) function is a sum of Gaussians with differ-
ent fractions,

N S Y
R(:C = trec - ttrue) = \/_2—7_(_ [(1 - fl)e Sl + fle S2 ) (56)

where M;, M, represent biases to the reconstructed time.
Our first try was based on an analysis with the model described in Eq. (5.6). In due
process we modified R(x) into

R(z = tree — tirue) = \/% [(1 —f- fZ)e—%(ZEM)Z + f2e‘5<sffm>2
o (M ®6—<:>)] |

which provides a better description of the observed residuals.

Now, R(z) consists of three terms with different fractions defined by the fraction
parameters f; and f>. The first term is a Gaussian of mean M and width S. The
second term is a Gaussian of mean zero and width S¢;;c4, where Syizeq is not a free
parameter but a fixed number, set to 10 ps, to describe the wide tails of the distri-
bution. The third term is a Gaussian with mean 0 and sigma S convolved* with an
exponent with a base of —7~!. This term is added to allow for a modified expo-
nential decay time distribution. It describes the fact that there is a non negligible
chance that the primary vertex position is biased in the downstream direction due
to the inclusion of tracks from long(er) lived resonances, which causes a bias in
the reconstructed proper-time towards smaller values. There are five free parame-
ters in this model - (M, S, f1, f2, 7) = p. The question is how to determine these
parameters.

5.4.3 The Per-Event-Errors

So far, constructing the resolution model we did not take into account the observed
per-event-errors. In a perfect detector the width of the resolution function, for a
given event, is expected to be determined by this per-event error. Accordingly, we

“The convolution, C(z, a, b), of two functions f(z, a) and g(z, b) is written as f(x,a) ® g(z, b).

+o0
By definition, C(z,a,b) = [ f(y,a)g9(z — y,b)dy.
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make our model conditional on the per-event-error by substituting the width by the
observed per-event error and by weighing it with a pdf describing the per-event-
errors - P(oy,..) [71],

R(trec - ttruea O'trec> = R<trec - ttrue | O'tmc) X P(Utmc) . (58)

The P(oy,,,) is constructed through a technique called kernel estimation, "KEYS".
The best possible probability density function that aims to describe the oy, . parent
distribution is obtained via a superposition of Gaussians, centered on the observed
values. Note that this pdf does not have any free parameters. For more details see
Ref. [79]. The implementation of this algorithm in a C++ program has been realized
with the help of the ROOKEYSPDF class, which is a part of ROOFIT package.

The oy, distributions are given in Fig. 5.8, superimposed with the pdf’s P(oy, ),
as obtained with ROOKEYSPDF.
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Figure 5.8. The oy, distributions for both channels, as in Fig. 5.7, but now with superim-
posed RooKeysPdf’s.

5.4.4 Determination of the Resolution Model Parameters

The method used for extracting the resolution model parameters is characterized by
the following:

¢ 1) The per-event-error distribution [0y ], shown in Fig. 5.7, is sliced into
N bins. The bin interval is chosen such that an equal amount of entries fall
inside each bin. For each slice & the average (o, (k)) is calculated.

© 2) For each o] € given bin k, the residual 2" = t!_. — i, is calculated,
plotted and fitted with the function R(x;p) given by Eq. (5.7). From the fits
we get back 5 x N different parameters, describing the residual distribution
in each oy, slice, as is shown in Fig. 5.9.
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¢ 3) The N sets of parameters py, extracted from the local slice fit, are expressed
as a function of (oy,_ (k)), p = p({o%,..(k))) and fitted in turn, see Fig 5.10.
The fitting functions are chosen to be f(z) = py and f(x) = po + p1z °

M({o,..)) = 1 (0t,..) (5.9)
S{0t,00)) = PV {Otee) (5.10)
fillon.) =pl (5.11)
f2((o0,.) = vl (5.12)
T((Otrec)) = P1{0tree) - (5.13)

At the end of this step the parameters p | py, pgl , p£2 ,p] are determined (for
example, we observe, as expected, that the Gaussian width S increases lin-
early with increasing (o, )).

© 4) Since p'depends on o, (more precisely on {0y, )), Eq. (5.7) can be rewrit-

ten as
N 1 (2= M(ote0))?
R(z) = oL [(1 — fi(or,..) — fa(oy,..))e 2( 5otrec) )

+ fz(fftrec)e_§<sfied> (5.14)
+ fi(ow,..) <6§(S’((’fwc>)2 ® e(ﬂoiea))

Next, we use relations Eq. (5 9) - Eq. (5.13), and find that R(z) depends
only on pM, p?, pgl, po?, p7 ®, which were determined in the previous step.
That means that we now have a resolution model with a limited number of

parameters.

¢ 5) Now that the dependence on o0, _, is chosen and included into the model, the
remaining few parameters can be determined in one single, two-dimensional,
unbinned maximum likelihood fit to

(tiec t%rue? Ut}«ec>> (trec t?ruev mc)7 """ (trj‘vec tguw ON ) ) (515)

rec

where the suffix 1,2, ... NV represents the i-th event, by maximizing:

log.¥ = ZlogR e =t 0u | GM,GS,F1,F2, TAU) . (5.16)
=1

The parameters thus extracted are compared to the ones defined from the vari-
ation of the parameters determined on the various slices in the next section.

SNote that f; and f, were fitted with a function f(x) = po, while M, S and 7 are fitted with
f(z) = po+ p1x. In the latter case, the parameter py was neglected in the subsequent analysis, since
it was found to be close to 0.

SFurther on, we use the notation p) = GM, p$ = GS, pl' = F1, pl*> = F2 and p] = TAU.
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Figure 5.9. The R(x)-fitted residual distributions for different slices of o,,,. For each slice
a different set of parameters is produced. The fit is based on Eq. (5.7), i.e. without using a
ot,., dependence of the fit parameters. The decay channel is BY — J/{)K™.
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5.4.5 Validation of the Model

To validate the resolution model, an unbinned maximum likelihood fit to the data
points in accordance with Eq. (5.15) is done. Plots in 2D and 3D revealing the
(e — ti,ye) versus oy dependence are displayed in Fig. 5.11.

The projection of the fit on the (t,c. — t4¢) axis can be expressed with

7?f(trec - ttrue)proj == / do—tmcR(trec - ttrue ‘ O-trec) X P(O't,«ec> . (517)
0

The results from the unbinned, global fit are presented in Fig. 5.12 and Fig. 5.13,
where the fit projections on the (t,.. — tye) axis are shown by the curve. The
extracted values of the fit parameters are displayed in the statistics box. Note that
the fractions F'1 and F'2 are relatively small, indicating that the resolution is mainly
determined by the first term in Eq. (5.14), i.e. the simple Gaussian.

To see whether the unbinned fit correctly describes the time residual distributions
in the various ranges of oy, we have also projected R(x) in individual slices of
o,.. and have examined the quality of the fit. These projections of the global fit on
the residual distribution are shown in Fig. 5.14 for the different o, ranges, for the
channel BT — J/¥ K. Note that the fit parameters are the same for all the slices,
since the curves shown are projections over different intervals of oy, of the same
global likelihood’.

Figure 5.15 and Fig. 5.16 illustrate the residuals and the pulls for the fits given in
Fig. 5.14. Figure 5.17 shows that the pulls are nicely spread around zero.

"The curves do depend on the selected slice, as the projections differ because the interval over
which oy, _, is integrated in Eq. (5.17) varies. This is one of the reasons we have explicitly included
the conditional pdf for o, in our likelihood.
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Figure 5.11. 2D and 3D plots of [trec — tirue| versus [oy,,.] for both channels.
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Figure 5.12. Projections of the global, unbinned fit onto the [t,cc — tirue] axis for channel
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Figure 5.13. Projections of the global, unbinned fit onto the [t,ec — tirue) axis for channel
B — J/yK*.



5.4 Resolution Model

117

0.0100<0, <0.0156
- F1= 0,039 +/- 0.0044]
F2= 0.00214 +/- 0.000]
| &M = -0.11590 +/- 0.00]
GS= 1.1820+/- 00041}
TAU= 1.86+/-0.12

g x?/n_: 0.205754

-0.2 0 02 04
trer:'ttrue (pS)

0.0184<0, <0.0191

b
R

Events/ (0.01ps)
L = 5

-04

F1= 0.0399 +/- 0.0044]
~
%) F2= 000214 +/- 0.000
o | M = -0.11590 +/- 0.00§
— GS= 1.1820+/- 0.0041]
o. TAU = 1.86+/-0.12
© Lx%n = 0.169976
N H
=~ :
% i/
> l §
w s
10'1 :
-0.4 -0.2 0 02 04
trec-ttrue (pS)
0.0205<0, <0.0212
—_ F1= 00399 +/- 0.0044|
%) : b F2= 000214 +/- 0.000]
Q2o Y- { o= 011500+ 000
o) : : GS= 1.1820 +/- 0.0041
8 TAU= 186+/-0.12
— 10 ...........
-~
2] H
- B /
8 1 “‘
>
I}

-0.2 0 02 04
trec'tm e (ps)

0.0226<0, <0.0233

F1= 0.0399+/- 0.0044|
~—~

F2= 0.00214 +/- 0.000f
2]
Q. ol | 6M=-0.11500 +/- 0.00§
= 10 GS= 11820 +/- 0.0041]
8 TAU = 1.86+/-0.12
N
~
2]
5
u>J

-0.2 0 02 04
trec'ttrue (pS)

0.0156<0, <0.0170

FL= 0,039 +/- 00044,
F2= 0,00214+/- 0.000;
| oM = -0.11590 +/- 0.00§
GS= 11820 +/- 0.0041|
TAU= 186+/-0.12
X ?ln_: 0111583

Events/ (0.01ps)

I
T

-0. 2 0 04
trec'ttrue (pS)

0.0191<0, <0.0198

-04

F1= 0.0399 +/- 0.0044
F2=0.00214 +/- 0.000:
GM = -0.11590 +/- O
GS= 1.1820 +/- 0.0041]
TAU = 1.86+/-012

Events/ ( 0.01 ps)

X?n = 0.203423

-0.2 0 0.2 0.4
trec-ttrue (pS)

0.0212<0, <0.0219

1004

F1= 0.0399 +/- 0.0044
F2= 000214 +/- 0,000
GM = -0.11590 +/- 0.00%
GS= 11820 +/- 0.0041]
TAU= 1.86+/-0.12
Lx%n= 0351482

=
(=}

Events/ ( 0.01 ps)
= B

-0.2 0 02 04
tra:'tm 1] (ps)

10-0 o

0.0233<0, <0.0240
- F1= 0.0399+/-0.0044
F2= 0.00214-+/- 0,000
.| om=-011500+/-0.008
GS= 1.1820 +/- 0.0041|
TAU = 1.86+/-0.12

n\||F i
-0.2 0 0.4

trec'ttrue (pS)

Events/ ( 0.01 ps)
=
[=]

1004

0.0170<0, <0.0184

F1= 0,039 +/- 0,004
F2= 0,00214 +/- 0.000%
..{ GM = -0.11500 +/- 0.004
GS= 1.1820+/-0.0041]
TAU= 186+/-012
. Lx%n= 0228663

B

Events/ (0.01 ps)
e 5

-0.2 0 04
trec'ttrue (pS)

0.0198<0, <0.0205

-04

F1= 0.0399 +/- 0.0044
F2=0.00214 +/- 0.000:
GM = -0.11590 +/- 0.00%
GS= 1.1820 +/- 0.0041,
TAU = 1.86+/-0.12

[y

Events/ (0.01 ps)

-0.2 0 02 04
tre(:'ttrue (pS)

0.0219<0, <0.0226
- F1= 00399 +/- 0.0044
F2= 0.00214 +/- 0.000:
..]GM=-0.11590+/- 0.00
GS= 11820 +/- 0.0041]
TAU = 1.86+/-012

8|

H’

Events/ (0.01 ps)
5

-0 2 0 02 04
trec'tmu: (ps)

0.0240<0, <0.0247

F1= 0.0399 +/- 0.0044

i F2= 000214 +/- 0.000:
8 GM = -0.11590 +/- 0.0
— GS= 1.1820+/- 0.0041]
Q TAU= 186+/-0.12
o x¥n= 0288774
~
~
[2]
5 ]
B ||
u 10l \||‘||| i

-0.4 02 0 04

trec'ttrue (pS)

Figure 5.14. Projections of the global unbinned maximum likelihood fit, using Eq. (5.17),
onto the [tyec — tirye| axis in intervals of oy,,, for the channel BT — J/YK™.
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Figure 5.15. Fit residuals for the various projections of the global unbinned maximum

likelihood fit onto [tyec — tirue| axis in different intervals of oy, for the channel Bt —
J/WKT.
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Figure 5.16. Pulls for the various projections of the global unbinned maximum likelihood
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Figure 5.17. Distribution of the pulls for the projection of the global unbinned maximum
likelihood fit onto the [trec — tirue) axis for BT — J/WK™. Only the pulls for bins that
contain more than 3 entries (Fig. 5.12) are plotted. The histogram is fitted with a Gaussian
function.

5.5 Determination of the Parameters on Real Data

5.5.1 Method

At this point, we have obtained a resolution model with 5 parameters that attempts
to describe the decay time residuals ¢%_, — ¢ _for all values of oy, .

In reality, we will not have access to ;... The only two available observables are
trec and its uncertainty o, .. Here, we shall try to determine the resolution model
parameters by using only these two observables. To do this, we must build an
appropriate pdf describing the ¢,.. distribution. We know that for an ideal detector
the distribution of the observed decay times ¢, is a falling exponential distribution

of type

Elt)=¢7 | (5.18)

where 7 is the mean lifetime of the B meson. Then, the reconstructed proper-time
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pdf F(t,ec, 0v,..) is a falling exponent too, but smeared with the detector resolution.
We can write F'(t,., 0t,..) as a convolution between E(t,..) and R(t,e. | 0v...) as
[71]

F(tT‘BC7 Utrec) = E(tTeC)®R(treC ’ Utrec) - [/dt/eiR(t_t, ’ Utrec) XP<Jtrec) .

(5.19)
By performing an unbinned maximum likelihood fit with this pdf to the observed
[t.., 0%, ] pairs, we are able to determine the resolution model parameters. Note
that now, we have six fit parameters - five from the resolution model plus the B
lifetime 75, which is a free parameter and will be extracted from the global fit. Take
into consideration that most information on the decay time resolution is obtained
from the events with ¢,.. ~ 0, since in this region the distortion of the sharp rising
edge of the exponential at £ = 0 by the resolution is most pronounced. As a result
it is important to test whether the resolution obtained from these events is repre-
sentative of the entire sample, i.e. whether the resolution does not depend on the
proper-time itself.
In the next subsection we will compare the resolution model parameters retrieved
using t,e. — tirue, to the ones obtained with only ?,...

5.5.2 Results

Figures 5.18 and 5.19 show the projection of the unbinned fit to the ¢,... axis for both
investigated decay modes. The corresponding fit residual and pull distributions are
also given, indicating the quality of the fit.

The resolution model parameters extracted through a global fit (Eq. (5.19)) to the
reconstructed simulation data are given in Table 5.3 (for Bt — J/¢) K ™) and Table
5.4 (for B — J/1 K*) together with the parameter values obtained from the global
fit to the time residuals by using t;e.

Comparing the two sets of values we come to the following conclusions:

* The mean lifetimes 75+/0 of the BT and B respectively, are determined to a
precision of 6 fs. The 75 values match remarkably well with the ones received
from the fit to ¢, (the fit outputs in Table 5.2).

* The fraction parameter F'1, the fraction that allows for a modified decay time
distribution, differs by a factor 0.1 and 4 for BY — J/¢YK* and B —
J /1 K*, respectively.

x The scale factor for the bias, GM, for both channels, indicates that a larger
bias in the decay time is observed in the data.

* A smaller resolution scale factor G.S, is seen in the data for both channels,
compared to what is expected from Monte-Carlo simulation truth.
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« The values of TAU are not determined accurately from the data, which in the
case of Bt — J/1¢ K™ can be attributed to the very small fraction F'1.

Parameter | Fitto (¢,ec — tyrue) | Error | Fittot... | Error | Global Correlation
TB+ 1.6997 0.0057 0.1791
F1 0.0399 0.0042 | 0.0034 | 0.0009 0.8333
F2 0.0021 0.0003 | 0.0005 | 0.0003 0.6963
GM -0.1159 0.0056 | -0.4422 | 0.0289 0.4797
GS 1.1820 0.0039 | 0.8807 | 0.0280 0.5308
TAU 1.8561 0.1170 | 16.9820 | 4.7000 0.8849

Table 5.3. Resolution model parameters for channel Bt — J/{ K.

Parameter | Fitto (t,ec — tyrue) | Error | Fitto ... | Error | Global Correlation
TRO 1.5233 0.0065 0.1581
F1 0.0700 0.0048 | 0.2808 | 0.1480 0.9858
F2 0.0038 0.0005 | 0.0014 | 0.0003 0.1918
GM -0.1157 0.0074 | -0.4935 | 0.0559 0.7554
GS 1.2048 0.0051 | 0.4594 | 0.0761 0.8902
TAU 2.2831 0.1110 1.1098 0.2230 0.9759

Table 5.4. Resolution model parameters for channel B® — J /) K*.

Note that the difference between the decay channels can be explained by the fact
that F'1 and G S are correlated, given that a larger fraction F'1 can be compensated
by a smaller width G'S.
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Figure 5.18. Projection of the global-unbinned fit 10 t,. for channel Bt — J/4(1S)K*
Fit residuals and pulls are given also.
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Figure 5.19. Projection of the global-unbinned fit to t,. for channel B® — J/4(1S)K*
Fit residuals and pulls are given also.
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5.6 Dependence on t;,,,

5.6.1 Test for Dependence on %,

By construction, the resolution model does not explicitly depend on the true proper-
time ¢4, of the B meson. It does depend on the difference (¢, — t;-4) but not on
tirue- Any dependence on ¢y, is a sign of a bias.

To see whether there is a correlation between the true proper-time and the proper-
time resolution, we sliced the ¢4, distributions, shown in Fig. 5.20, into bins and
applied the resolution model (see Sec. 5.4) to the decay time residuals (¢,¢c — tiue)
falling into each bin of ;..

B* - Jy+K" BOL Jy+K
@ 10000 Entries 92311 & Entries 57825
= Mean 1.696 = Mean 1526
c L

L RMS  1.662 LICJ 6000 RMS 1518
5000 4000
2000

o L m Lo T O n TR L

0 5 10 15 20 0 5 10 15 20
ttrue [pS] ttrue [pS]

Figure 5.20. Distribution of tyye for BY — J/Y K+ and B® — J/K*.

The t44. slicing is done as follows:

* The true proper-time distribution t;.,., shown in Fig. 5.20, is sliced into N
bins. The bin interval is chosen such that an equal amount of entries falls in
each bin.

+ Foreach ., € given bin k, the residual z* = ¢’ —¢! ., is calculated, plotted

and fitted with the function R(z; p) given in Eq. (5.7).

In Fig. 5.21 and Fig. 5.22 the residual distributions are presented in slices of ¢,.¢
fitted with R(x) in each slice separately, for both studied channels.

Following the procedure described in Sec. 5.4.4, subsequently we include the per-
event-error in the fit and perform an unbinned maximum likelihood fit for each ¢;,.¢

slice.
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Eq. (5.7). The decay channel is Bt — J/{)K™.
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Figure 5.22. The R(x)-fitted residual distributions for different slices of tirye, using
Eq. (5.7). The decay channel is B — J/{yK*.
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For each t,,,. interval, the o errors are plotted with their pdf, obtained via the
ROOKEYSPDF method [79]. Results are shown in Fig. 5.24.

The decay time residuals can be fitted with the unbinned maximum likelihood fit
(Eq. (5.16)) separately, in each given 4., bin. The projections of that fit onto the
(trec — tirue) axis for the slices of ¢4, for both channels is shown in Fig. 5.25 and
Fig. 5.26. From these figures one can easily see that the behaviour of the residual
distributions varies with the slices. The parameters of the global fit for each slice
vary too. These parameters are quite different for the first several slices in com-
parison with the others (see GS and TAU for example). The conclusion is that we
observe a clear evidence for a dependence of the resolution on the true proper-time.

5.6.2 Explanation of the ¢;,.,. Dependence

A possible explanation for the resolution dependence on ;.. is the hypothesis that
the reconstruction of the primary vertex (PV) is biased. The PV could be biased
when some of the B decay products are used in the PV reconstruction. If this is the
case, then we would have a smaller reconstructed B meson travel path d,..., which
would lead to smaller reconstructed proper-time t,.. and hence to an abnormally
smaller decay time residual (¢,¢. — t44¢ ). This mechanism is illustrated in Fig. 5.23.
According to that picture the primary vertex is attracted to the secondary (decay)
vertex (SV).

Since the channel B — J/¢K* has

more associated tracks, the probability

that one of them is used for the PV re-

construction is higher, and therefore the

effect on the dependence of the resolu-

tion on ¢, would be stronger. Indeed, SV

e.g. S varies between 1.15 and 1.22 y

for Bt — J/¢K™* and between 1.13 PV Py
and 1.25 for B® — J/YK*. The tyrye :
dependence is slightly stronger in the
B° decay mode.

Again, note that the bias on the recon-
structed proper-time due to other long-

. . o Figure 5.23. lllustrati hanism,
lived resonances is absorbed implicitly '8t ustration of a mechanism

. . which could lead to a bias in the reconstruc-
in the resolution model. As a result, as tion of the primary vertex. One of the B
long as the bias is u.Ilcorr.eI?lted to the daughters is used in the definition of the PV.
value of the proper-time, it is properly  7pere is a PV to SV "attraction”.

taken into account.
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for the corresponding slices of tiyye for Bt — J/WK™ using Eq. (5.17).
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Figure 5.26. Projections of the unbinned maximum likelihood fits to the [tye.
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5.6.3 Primary Vertex Re-Definition

To check the hypothesis that the wrong reconstruction of the primary vertex is
the cause for the dependence of the resolution on the true proper-time, we per-
formed a separate study, in which we tried to re-define the PV position. The
study was done with separate samples of BT — J/¢(15)(u*pu—)K* and B® —
J/W(S)(uTpu—)K*(K*n~) events. The selection procedure and the cuts applied
were the same as those given in Sec. 5.3. The only difference is in the number of the
processed evens, which is now reduced (50000 selected B candidates, and 29000
selected B candidates).

We re-defined the primary vertex position in the following way®:

+ All tracks associated with the B particle are removed from the PV reconstruc-
tion list.

x The PV is refitted.

In this manner, the reconstruction of the B particle is not affected, but the PV posi-
tion is updated. We ran our event selections for the three possible cases, in order to
be able to compare:

1. Original PV - The PV is nominally reconstructed.
2. Refitted PV - The PV is only refitted with an alternative approach.

3. Removed B’s and Refitted PV - The B associates are removed from the tracks
used for PV reconstruction and then the PV is refitted and updated.

In Fig. 5.27 the distributions of the primary vertex coordinates X, Y and Z are
shown for the three cases that we considered. The mean Z coordinate of the PV is
slightly shifted from 1.271 mm to 1.263 mm, once the PV is refitted with removed
B associates. The "attraction" towards the secondary vertex is reduced. This can be
seen more clear in Fig. 5.28, where the differences in X, Y and Z are plotted for:
[PVorig — PViemgrefit] (1st row on the graph); [PV,,.;; — PV,ez:] (2nd row) and
[PVyemgrefit — PViegi] (3rd row). The distribution of the Z differences now shows
a clear shift to higher values, since Z,,; 4 is bigger than Z,cp,grefir by ~ 8 pum on
average.

We will now repeat the procedure as described in Sec. 5.6.1, to verify an improved
tye dependence. Applying slicing in 4., and then fitting each slice with an un-
binned maximum likelihood (Eq. (5.17)) we get the results presented in Fig. 5.29 for
the three cases of the PV position for BT — .J/#) K" channel. For B® — J/¢K*
channel the analogous plots are given in Fig. 5.30. Only the first four slices in ¢4
with the largest true proper-time dependence are shown. Comparing the figures
one can see that there is an improvement, although a dependence on %, is still

8The PVREFITTER DaVinci algorithm was used.
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present. Both GM and the resolution scale factor G'S, improve with improved PV

reconstruction.
The projection of the global-unbinned fit to ¢,.., the fit residuals and the fit pulls for

both channels, when PV is updated, can be seen in Fig. 5.31 and Fig. 5.32.
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Figure 5.27. Distributions of the coordinates of the Primary Vertex, X, Y and Z for the
3 considered cases: Non-updated PV, Only refitted PV and Updated PV (removed B’s and
refitted). The decay channel is BT — J/¢{ K.
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Figure 5.31. Projection of the global-unbinned fit to t,. for channel Bt — J/1)(1S)K™*
with updated PV. Fit residuals and pulls are given also.
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Figure 5.32. Projection of the global-unbinned fit to t,c. for channel B® — J/y(1S)K*
with updated PV. Fit residuals and pulls are given also.
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The Resolution Model Parameters After the Update of the PV

In Table 5.5 and Table 5.6 the resolution model parameters are listed from the global
unbinned maximum likelihood fits to the decay time residuals and to .., given oy,
for a non-updated nominally reconstructed PV and for a re-defined PV with the B
particles removed for the B — J/¢ K™ decay mode. Note that Table 5.5 (5.7)
gives similar results as Table 5.3 (5.4), with the only difference that the data set

used in Table 5.5 (5.7) is a factor 2 smaller.

Parameter | Fit to (tyec — tirue) | Error | Fitto t,e. Error | Global Correlation

[Dresid] [Dtec) Factor

TR+ 1.6945 0.0072 0.1761
F1 0.0434 0.0058 | 0.2537 0.3180 0.9978
F2 0.0015 0.0003 | 0.0015 0.0004 0.3920
GM -0.1007 0.0076 | -0.1509 | 0.1680 0.9683
GS 1.1700 0.0051 0.5988 0.0937 0.9024
TAU 1.7785 0.1390 1.0071 13.2000 0.9968

Table 5.5. Resolution model parameters with nominally reconstructed, original, PV for

Bt — JJYK*.
Parameter | Fit to (tyec — tyrue) | Error | Fitto t,.. | Error | Global Correlation

[Presid] i Factor

TB+ 1.6897 0.0077 0.2172

F1 0.0381 0.0073 0.0617 0.0503 0.9714

F2 0.0015 0.0003 | 0.0017 | 0.0004 0.1201

GM -0.0517 0.0082 0.0094 0.0620 0.7364

GS 1.1598 0.0054 | 1.0536 | 0.0827 0.8524
TAU 1.5330 0.1540 | 1.5117 | 0.0456 0.9453

Table 5.6. Resolution model parameters with updated PV for BT — J/{ K™,

When the PV is updated, removing the B tracks from its reconstruction (Table 5.6),
then the matching of the two sets of parameters (from the fit to (¢,¢c — tue) and
from the fit to ¢,..) is significantly better in comparison with the case of using the
nominal PV (Table 5.5). In fact all the parameters are in good agreement, with the
exception of GM. A reason for this could be that the ;... dependence effect is not
fully overcome and still partially present.

The results for the global parameters for a non-updated and updated primary vertex
for channel B® — J/1K* are summarized in Table 5.7 and Table 5.8. Here, we
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do not observe as clear an improvement of the parameters values. The values of the
most important parameters GS and TAU agree within the errors, but GM, F1 and F2

are not improved.

Parameter | Fitto (tyec — tyrue) | Error | Fitto ... | Error | Global Correlation

[Presid] [Pty cc] Factor

TRO 1.5224 | 0.0088 0.1709
F1 0.0575 0.0059 | 0.0305 | 0.0162 0.9326
F2 0.0032 0.0006 | 0.0007 | 0.0004 0.2907
GM -0.1237 0.0094 | -0.4398 | 0.0465 0.4703
GS 1.2054 0.0067 0.7214 | 0.0541 0.6637
TAU 2.5331 0.1700 3.1721 0.8970 0.9164

Table 5.7. Resolution model parameters with nominally reconstructed, original PV for

B — J/yK*.
Parameter | Fit to (tyec — tirue) | Error | Fitto ... | Error | Global Correlation

[Dresid] (Dt e.) Factor

TRO 1.5224 | 0.0088 0.1869

F1 0.0458 0.0043 | 0.0183 | 0.0101 0.9148

F2 0.0031 0.0006 | 0.0007 | 0.0003 0.2363

GM -0.0744 0.0087 | -0.2981 | 0.0515 0.4859

GS 1.1942 0.0063 | 0.9261 | 0.0579 0.6438

TAU 2.6206 0.1870 | 3.9468 1.1900 0.8989

Table 5.8. Resolution model parameters with updated PV for B — J /) K*

To quantify the matching of the two sets of parameters (p,.s;q and py, . ), one can

compute

where

with Covy;, ., and Covy,  the covariance matrices of s and py, .. respectively.

—

XQ((Y) = &T(Cova)_la

& = Dresid = Ptrec s

COVO? = COVﬁresid + Covﬁtr(zc ?
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channel Nominal PV Updated PV
x2/n.d.of. | probability | x*/n.d.o.f. | probability
Bt — J/YyK* 128/5 0 5.67/5 0.34
BY — J/pK* 173/5 0 69/5 210713

Table 5.9. x? values, Eq. (5.20) and the corresponding probabilities, characterizing the
goodness of matching of Presiq and py,., for nominal and updated PV for both channels.

Table 5.9 presents the calculated values of x?/n.d.o.f. and the corresponding prob-
abilities, for nominal and updated PV for both channels.

It is clear that the level of consistency of the parameters p,..s;q and py,,, is strongly
increased when the PV is updated. In particular, for the B* decay mode, we achieve
a x?/n.d.o.f. = 1.1 corresponding to a x2-probability of 34%.

For the B° channel the agreement between the determined parameter values is also
improved. However, the agreement obtained is still not at the desired level.

5.7 Summary and Conclusions

A proper time resolution model was derived with simulated data. The parameters
of this model have been extracted in two ways: by using the known residuals in
the simulated data, and with the reconstructed proper time only. The latter can be
used to determine the parameters of the model in real data. The parameter values
obtained in both scenarios were compared.

A discrepancy was found in the values of the resolution model parameters obtained
from these two techniques. This is explained as the result of a bias on the recon-
structed proper-time which depends on the true proper-time. This bias can be de-
creased considerably when all final state tracks from the B meson under considera-
tion are explicity removed from the primary vertex. However, the issue is not fully
resolved.

The method demonstrated here has two potential applications in LHCh: firstly, it
could be used for tuning the Monte-Carlo itself; and secondly, for its principal in-
tended purpose, of determining the proper-time resolution parameters on real data.
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Chapter 6

Extraction of the Lifetime Ratio

TB+/TBO

Somewhere, something incredible is waiting to be known.
Carl Sagan (1934-1996)

The lifetime ratio, 7+ /7o, of BT and B° mesons can be used as a probe for
validating of the Heavy Quark Expansion model (see Chapter 1).

In the previous chapter, a method for the precise determination of the proper lifetime
resolutions of BT and B° mesons was described and applied. Here, the values of
the lifetimes will be extracted, in the presence of backgrounds. The decay modes
used are again BT — J/¢(1S)K* and B — J/1(15)K*(892), with J/¢(1S5) —
putp, and K*(892) — KTn~ 1. Subsequently, the ratio 7+ /7po is derived.

The outline of this chapter is as follows. The event selection is explained in Sec. 6.1.
The modeling of the background, the signal and the total background plus signal
data is discussed in Sec. 6.2. The extraction of the resolution model parameters
is shown in Sec. 6.3. Finally, the results for the lifetime ratio, obtained from the
maximum-likelihood fit, are presented and discussed in Sec. 6.4.

6.1 Event Selection

For the decays of interest, the .J/1)(1.5) resonance is reconstructed by its decay into
two muons. Given the expected performance of the LHCh muon system [40], we
assume that the dominant source of background will due to candidates containing
the actual decay of a J/1(15) into muons. As a result, this study focuses on this
type of background?.

!Charge-conjugate decays B~ — J/¢(utp~)K~ and BO — J/(utp )K*(K~—nt) are
always implied throughout the chapter unless mentioned otherwise.

2The non-.J /1 (15) background can be treated in just the same way as the .J/1)(15) background
and in practice it is basically the level of background that will deteriorate.
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The inclusive J/¢(1S) — u™u~ events are generated with BRUNEL v23r7 [74],
BOOLE v519 [73] and GAUSS v15rl1 [72], as a part of the LHC) Data Challenge
2004 Monte Carlo dataset.

The background samples for the two B-decay modes are obtained by applying the
selection procedure given in Sec. 5.3, but with ten times enlarged B (B°) invariant
mass window, i.e. 500 MeV/c?. The larger mass window is used to ensure a suffi-
cient level of background events in the sidebands around the signal peak to properly
describe the amount of background in the signal region.

To suppress the total level of background, an additional cut of 2000 MeV/c to the
transverse momenta (p;) of the K and K* particles is applied. Hence, for the
Bt — J/¢ K™ channel only those events with p,(K ™) > 2000 MeV/c are accepted
and for B* — J /1) K* only those events with p,(K*) > 2000 MeV/c.

6.1.1 Background Scaling

Experimentally, the background and the signal event rates scale with the corre-
sponding cross sections. In the simulation however, background and signal events
are produced separately, with different corresponding "generation luminosities",
LS, # Ly, Therefore, the background events must be scaled by

e
K= Eg—g . (6.1)
Bkg
The integrated generation luminosities for the signal and the background can be
calculated from the total number of generated events and the corresponding cross-
sections for the processes to occur within a cone of 400 mrad?® as

GBI KT g 3y x 2 x BR(BY — J/pK )
XBR(J/¢ — pTp7)

GBI (KT TT) = g @ % fp x 2 X BR(BY — J/YK*)  (6.2)
xBR(J/1) — ptp”) x BR(K* — K*x7)

acc 7

where o is the bb inclusive cross-section, ey is the angular cut efficiency for b (b)
to be produced within 400 mrad, f5 is the probability for a b (b) to hadronize into
B* (B~) or B® (BY) meson, 0, is the J/v-inclusive cross section and €57y s
the angular cut efficiency for J/1 to be produced within the acceptance window of

400 mrad. The factor 2 accounts for the production of both b and b hadrons. From

3In the Monte-Carlo event generator a cut of 400 mrad is applied to the polar angle of the gener-

ated b (b) quarks.
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Eq. (6.2), Table 6.1 and Table 6.2 it follows that

gB =Wt RT - — 1951 b |
g Bl /T KK ) — 10,93 nb | (6.3)
oIVt — 7T b

The invariant mass spectra of the inclusive J/¢) — u*p~ events that pass the se-
lection criteria for BT — J/¢(u"p~)KT and B* — J/Y(utp)K*(K*n~) are
shown in Figures 6.1 and 6.2. The peak around the BT, respectively B® mass, in
these distributions is due to the presence of true signal decays and demonstrates
that the selection can obtain a clear signal amongst the background. The two mass
spectra are fitted with function

F(m)=(1-f) [exp(am) +f

IR SN (PR
O'MB\/%GXP< (m—Mp) /2UMB>] , (6.4)

with exponential and Gaussian terms for the background and signal components.
The coefficient f stands for the fraction of signal events in the sample. The values
of f obtained from the fit are 7.1% + 1.2% for the B* decay and 5.6% + 1.2% for
the B° decay. Combined with the fact that the total number of selected inclusive
J/ — ptu~ events is 948, respectively 971, the estimated signal yield within
these samples is

NEZS I RS (7190 41.2%) x 948 = 67.31 £ 11.37 |

signal

NI =IOt nR (5.6% + 1.2%) x 971 = 54.38 £ 11.65 . (6.5)

signal

The values of the integrated generation luminosities for the signal and background
events for both channels of interest, together with the background scaling factor
are listed in Table 6.3. Finally, in Tables 6.4 and 6.5 the event selection results are
presented for the full (500 MeV/c?) and reduced (30 MeV/c?) invariant mass
ranges. Note, that the number of selected background events is corrected for the
estimated number of signal decays in the sample, see Eq. (6.5).

bb Bt — JJUK+ BY — JjK*
o | 0.627mb || BR(B* — J/bKT) | 1.00%0 || BR(B® — J/0K*) | 1.31%
€ | 43.4% BR(J/v — ptp~) | 5.88% || BR(J/v — utu™) | 5.88%
fs | 39.1% BR(K* — Ktn) | 66.67%

Table 6.1. Values of the quantities used to calculate the cross-sections for signal events
+_ VK 0_, VK (K . .
within a 400 mrad cone, aﬁc Tt K and 0'5;(; Tt pm ) K (K ), as given in

Eq. (6.2) [27].
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BY — J [t ) K (K ),
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inclusive J/v — ptp~

e 38.9%

BR(J/¢p — ptu™) 5.88%

Table 6.2. Values of the quantities used to calculate the cross-section for background events

within a 400 mrad cone, 5ol " " | as given in Eq. (6.2) [27].

# Gen. events (N&") | L& = N&" /g, [pb] !

channel K
Signal Backgr. Signal Backer.
Bt — J/WK™T | 524000 | 1404000 | 41.8865 0.1821 230
BY — J/yK* | 644000 | 1448000 | 58.9204 0.1878 314

Table 6.3. Generated events in the full invariant mass window of £500 MeV/c?, the corre-
sponding integrated generation luminosities and the background scaling factors (k).

# Sel. events (N*) Sel. eff. [%]
channel
Signal | Backgr. | Backgr. (scaled) | Signal, €5 | Backgr.
BT — J/WK™T | 25514 881 202558 4.87 0.06
BY — J/WK* | 20259 917 287818 3.15 0.06

Table 6.4. Results of the event selection in the full invariant mass window of 500 MeV/c?.

sel
channel # Sel. events (N°%) B/S
Signal | Backgr. (scaled)
BT — J/yK™T | 23951 5274 0.22
BY — J/pK* | 18954 7221 0.38

Table 6.5. Results of the event selection in the signal invariant mass window of 30 MeV/c?.
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6.2 Background and Signal Modeling

6.2.1 Modeling the Background

The background model, PB¢(m, t,., 0;,..), is the probability density function (pdf)
which describes how background events are distributed as a function of the invariant
mass m, the reconstructed lifetime ¢,.. and the error of the reconstructed lifetime
oy,... 1t is constructed from the following components:

o MB%(m) - pdf describing the background mass distribution;

e SBX (g, |m) - pdf describing the background proper-time per-event error
distribution, given a value of the mass.

o TB%(t,..) - pdf describing the background proper-time distribution;

The pdf that describes the mass distribution is represented by a falling exponential
function and has the following form,

MP(m) = exp(em) ,em <0 , (6.6)

with €,,, a parameter to be determined from the sidebands.

For the description of the proper-time per-event-error distribution for the back-
ground, a Landau function, L(oy,, ,mp,wr), is chosen with mean mj, and width
wr,

SBkg ( oy

where the Landau mean is chosen to vary with the mass as

m) = L(oy,..,mr(m, mro,mr1),wr) , (6.7)

rec

mp =mpo+ (m—mpg)mpy (6.8)

with mpo, my; and wy, free parameters.
Finally, to construct the pdf that describes the proper-time distribution of the back-
ground, the reconstructed invariant mass is divided into three ranges:

signal
min °

¢ left sideband, with m;, < m <m

signal
'min

signal
max

¢ signal mass-range, with m <m<m

signal
max

¢ right sideband, with m < m < Mpax,

SEnaly and Mgy (M€ the minimal and the maximal value of the

with mpin (M5, b

invariant mass window of 500 (100) MeV/c? around mp+ = 5279 MeV/c? and

mpo = 5279.4 MeV/c?, respectively. Then, the t,.. distribution for background
events is determined from the events in the sidebands, and is modeled by a ROOKEYSPDF

(a functional form explained in Sec. 5.4.3), RKpdf,
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T%(t,c.) = RKpdf™® () - (6.9)

With these three ingredients, the model of the background events becomes

PEE(m, oy tree) = MP*(m)SB (g, |m)TP*e(t,..) . (6.10)

Tec

6.2.2 Modeling the Signal

The probability density function of the signal events will be modeled from similar
components,

PSig (m’ atrec? trec) = MSig(m>SSig<Jtrec)TSig (trec‘gtrec) : (6'1 1)

In analogy to the background case, M5€(m) describes the signal mass distribution,
S5ie(g, ) the signal oy, distribution and T (t,..|o;,..) the signal ¢, distribution
given a value of oy, ..

The pdf that describes the mass distribution is now chosen to have a Gaussian func-
tional form,

1
OMpV 2T

The parameters Mp and o, represent the value of the mass of the B (B°) meson
and its resolution respectively, and will be extracted from the fit.
The S5¢(0y,.,) p.d.f. is characterized with ROOKEYSPDF,

M5%€(m) = exp(—(m — Mgp)*/20%,.) (6.12)

5%¢(0y,..) = RKpdf*¥(oy,.) . (6.13)

The function T5%(t,...) has the form

TSig(t"'eC|Utrec) = E(t"'ec) ® R(tTeC ‘ O-trec) - \/dt/eTtBR(t - t, | O-trec) ’ (6'14)

and depends on the five resolution model parameters plus the average lifetime
Tp+(poy Of the BT (B°) mesons, as described in the previous chapter; see Eq. (5.18)
and Eq. (5.7).

6.2.3 Modeling the Signal and Background Simultaneously

The total pdf, P™, describes the signal and background distributions together, and
is composed from PS¢ (see Eq. (6.11)) and PB*e (see Eq. (6.10)) as follows

PTOt<m7 Otrecs treC) = fsigPSig(ma Otrecs treC>+(1_fsig>PBkg<m7 Otrecs tr‘GC) . (6.15)
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Here, f, is the fraction of the signal events over the sum of signal and background
events in the entire mass interval, i.e. =500 MeV/c?.

During the maximum-likelihood-fitting procedure that will be described in Sec. 6.4.1,
we will determine €,,,, Mp, o, and f, solely based on the invariant mass distri-
bution,

M™(m) = faeM¥(m) + (1 — fg) M®¥(m) | (6.16)

after which these four parameters will be fixed for the remaining fitting steps.

6.3 Determination of Lifetime with Signal Only

Ideally, looking only at the selected signal events (see Sec. 6.1) one can extract the
resolution model parameters, P4, from Monte-Carlo (MC) truth, as described in
the previous chapter, by applying the developed resolution model for the time resid-
vals (tec—tyye); see Fig. 6.3 (6.5) and Table 6.6 (6.7). (Note the difference between
Fig. 6.3 (6.5) and Fig. 5.12 (5.13), expressed in reduced tails in the (¢, — t4ye) dis-
tribution. The tails are reduced because of the K+ (K™*) p; cut (p; > 2000 MeV/c)
applied during the event selection (see Sec. 6.1) that decreases the selected event
yield.) The same parameters, p;, ., can be obtained from "real" data, i.e. without us-
ing t4,..c, but using solely the reconstructed signal BT (B°) proper-time information,
trec; see the 3™ column of Table 6.6 (6.7). Fitting t,.. only, results in a decreased
sensitivity to the resolution function parameters with respect to fitting (¢,¢c — t¢rue)s
because only events at short lifetimes can contribute. It is therefore important that
these events are sufficiently representative for the entire sample.

Comparing the values of the two sets of parameters, p,..sq and py,._, a mismatch is
observed, specially in F'1 and T AU for Bt — J/vK* * The large uncertainty
of F'1 and T AU shows that the sensitivity to these parameters is limited due to the
limited amount of available data.

To investigate the dependence of the fit on the parameters, the ¢,.. distribution is
now fitted in two ways, once with a model with fixed resolution model parameters,
determined from MC, and only 75 left free (the solid curve), and once with the
nominal resolution model with free resolution model parameters (the dashed curve);
see Fig. 6.4 (6.6). The result obtained from the maximum-likelihood fit with fixed
parameters is

Tp+ = 1.705 £0.011 ps, 7po =1.565 £0.011 ps. (6.17)

The bottom plots of Fig. 6.4 (6.6) show the fit residuals (Eq. (5.1)) with fixed pa-
rameters, superimposed with the curves representing the differences if the fit param-
eters are left free. As expected, the largest difference between the fits is seen around

“Recall that the parameter F'1 is the fraction of the pdf (see Eq. (5.14)) that describes the asym-
metric form of the residual distribution, (¢,c. — tirue), and T AU is the parameter that describes the
size of this asymmetry.
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trec = 0, which is the region where the resolution parameters are determined. How-
ever, the region of large ¢,.. is described equally well, which is the region where 75
is determined. The value for 75 obtained with free parameters, see the 4" column
of Table 6.6 is indeed well within the error of Eq. (6.17).

Another aspect is that F'1 and T'AU are strongly correlated, because they are both
related to the description of the asymmetry of the residual distribution (¢,c. — tipue)-
If FF1 = 0, then the likelihood does not depend on T'AU. Hence, if there is no
evidence for an asymmetric tail (as in the case with BT — J/¢ K ™) in the data, F'1
goes to 0 and T'AU is undetermined. This is the reason to fix both F'1 and TAU
(F1 =0, TAU = 1) during the fit for the channel Bt — J/¢¥ K. The resulting
values for the rest of parameters are shown in the last two columns of Table 6.6.
It can be seen that now (with fixed F'1 and T AU), the error on 7+ is of the same
order of magnitude as the one obtained with the fit with all parameters fixed but 75+
(see Eq. (6.17)).

With B — J/¢K* it is not necessary to fix any of the parameters. Given that
there are more negative t,.. events available in this mode, there is an evidence for
an asymmetric tail, which can be fitted by the model.
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Figure 6.3. Projection of the unbinned maximum-likelihood fit to (tyec —tirye ) for the signal
Bt — J/YK™ events. Parameters of the fit are displayed in Table 6.6.
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Figure 6.4. Top: Solid curve (cl) - projection of the unbinned maximum-likelihood fit with
fixed F1, F2, GM, GS and TAU 10 t,¢. of the signal Bt — J/1{K™ events. Dashed curve
(c2) - projection of the fit with free resolution model parameters to t,... The parameter val-
ues obtained with c2 are listed in Table 6.6. Bottom: Fit residuals of cl, with superimposed
curves (cl-cl) and (cl-c2).
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Figure 6.5. Projection of the unbinned maximum-likelihood fit to (tyec —tirye ) for the signal
B* — J /KO events. Parameters of the fit are displayed in Table 6.7.
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Figure 6.6. Top: Solid curve (cl) - projection of the unbinned maximum-likelihood fit with
fixed F1, F2, GM, GS and TAU to t,. of the signal B® — J /1) K* events. Dashed curve (c2)
- projection of the fit with free resolution model parameters to t ... The parameter values
obtained with c2 are listed in Table 6.7. Bottom: Fit residuals of cl, with superimposed
curves (cl-cl) and (cI-c2).
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Parameter | Fitto (tycc — typue) | Error | Fitto t,.. | Error | Fittot,... | Error
[Dresid] [pt,..] fixed F'1 and TAU
T+ 1.6927 0.0011 1.6930 0.011
F1 0.0403 0.0092 0.0000 0.1200
F2 0.0003 0.0002 0.0017 0.0001 0.0017 0.0005
GM -0.0301 0.0110 0.2919 0.0061 0.3170 0.0830
GS 1.1601 0.0070 1.3277 0.0057 1.2560 0.0790
TAU 1.0000 0.2700 1.0000 91169

Table 6.6. Resolution model parameters obtained with fit to time residuals (tye. —

and with fit to t. for the signal BT — J/{ K™ events.

Parameter | Fitto (¢;ec — typue) | Error | Fitto t,e. | Error
[ﬁresid] [ﬁtrcc]

TB+ 1.5640 | 0.0110
F1 0.0259 0.0078 0.0043 0.0031
F2 0.0018 0.0005 0.0000 0.0001
GM -0.0554 0.0110 0.1000 | 0.0790
GS 1.1901 0.0079 1.2150 | 0.0840
TAU 1.6900 0.2700 7.6000 3.1000

ttrue)

Table 6.7. Resolution model parameters obtained with fit to time residuals (trec — tirue)
and with fit t0 t,.e. for the signal B® — J/{K* events.



6.4 Results 153

6.4 Results

6.4.1 Maximum-Likelihood Fit including Background

As was stated in Sec. 6.1.1, the selected background events have to be scaled with a
factor x, given in Table 6.3, in order to get a coherent signal-plus-background pic-
ture. This scaling is performed by generating the estimated number of background
events (see Table 6.4) according to the background model, PBX¢(m, oy, , t,c.) (see
Eq. (6.10)), determined on the basis of the original, selected background sample.
The ROOFIT toolkit for data modeling [76] is used to accomplish both the event
generation and the subsequent maximum-likelihood fitting.

To create a realistic data sample, the selected signal events and the selected, scaled
background events are merged, forming one data set containing the values for m,
tyec and oy, . This data set is then subject to the maximum-likelihood fit with
the composite model given in Eq. (6.15). Since this is a 3-dimensional likelihood
fit with 12 free parameters and because of the large amount of data (~300 000
events), a large amount of CPU is required. In order to minimize the required CPU
power, the fit is performed in three consecutive steps, listed below. In addition, the
parameters mro, my; and wy, of the Landau function describing the background
proper-time per-event-errors, remain fixed to their nominal values during the fit.
Their values are defined separately in a preliminary stage, and are set to myy =
0.03 ps, mp; = —0.01 ps/[MeV/c2] and wy = 0.004 ps.

Maximum-likelihood-fitting steps

1. The mass pdf M ™ (see Eq. (6.16)) is fitted to the data.
2. The parameters Mp, 0y, €, and fo, obtained from the M Tot fit are fixed.

3. The total pdf P™ is fitted to the data with only 6 free parameters - 75, F'1, F2,
GM, GS and TAU (in the case of BT — J/¢ K™, F1 and TAU are also fixed
(see Sec. 6.3)).

The projections of the P maximum-likelihood fit (the solid curves) on the m, t,.
and o, distributions for both decay channels, are shown in Fig. 6.7 and Fig. 6.9.
The dashed curves in the same figures represent the background and the signal
components of the model, respectively. In Fig. 6.8 and Fig 6.10 the same pro-
jections are shown in the signal mass-range and in the two sideband mass-ranges
(see Sec. 6.2.1).

The parameters extracted from the fit are listed in Tables 6.8 and 6.9.
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Mg+ | 5278.7000 £ 0.1190 [MeV/c?]
o, | 149500 +0.1080 [MeV/c’]
€m -0.0050 & 0.0000 [MeV/c?]™!
Fie 0.1114 + 0.0008

T+ 1.6913 = 0.0109 [ps]

2 0.0017 4 0.0005

GM 0.2935 =+ 0.1660

GS 1.4434 + 0.1970

Table 6.8. Values of the parameters obtained with maximum-likelihood fit to the total signal
plus background data for the BT — J/1 K™ decay channel.

Mpo | 5278.5000 4+ 0.1400 [MeV/c?]

O M0 14.1230 4 0.1350 [MeV/c?]
€m -0.0050 + 0.0000 [MeV/c*]™!
fsie 0.0642 +£ 0.0006

TRo 1.5622 £0.0116 [ps]

F1 0.0039 £ 0.0040

F?2 0.0000 £ 0.0001

GM 0.3090 £ 0.1600

GS 1.5518 £ 0.1800

TAU 7.9454 £ 3.9700

Table 6.9. Values of the parameters obtained with maximum-likelihood fit to the total signal
plus background data for the B — J /1) K* decay channel.
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Figure 6.7. Projections of the P™" maximum-likelihood fit (the solid curves) on m, oy,,,
and t,e. in the full invariant mass-range. The dashed curves represent the signal and back-
ground contributions to P™'. The decay channel is BY — J/¢y K™,
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Figure 6.8. Projections of the P™" maximum-likelihood fit (the solid curves) on m, oy,,,
and tyec in the signal and in the sidebands mass-ranges. The dashed curves represent the
signal and background contributions to P™'. The decay channel is BT — J/{K™.
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Projections of the P™" maximum-likelihood fit (the solid curves) on m, oy,..

and tycc in the full invariant mass-range. The dashed curves represent the signal and back-
ground contributions to P™'. The decay channel is B® — J/{)K*.



Extraction of the Lifetime Ratio 7 p+ / TBO

4779.4<masﬂa<5179.4 5179.4<maSEn<5379.£ 5379.4<ma$BD<5779.4

~10° ~10° Entries= 45158 ~10° Entries= 12349
Ny . x%/n = 0.855085 Ny X%/n = 2.12469 N H ?/n = 0.919155
L ; kS : L :
= : > > :
[} [} (]
= 10°F: s 10° s 10°F
< i o~ <
: 102 i : 2 : oL
g 0% 2 10 g 10°F:
g | : g |
@ 10f o 10p W 10f

: : i i i i

%400 5500 5600 5700

%1800 4900 5000 5100
mass,, (MeV/c?)
4779.4<massB(,<5179.4

| Entries= 250570
X?/n = 0.828477

Events/ ( 0.0007 ps)

i i
0.04 0.06

0.02 0.08
o, (9
4779.4<mass,,<5179.4
—_ 105 Entries= 250570
8_ o | X%/n = 0.748263
Vi3 &% .
g{ 10 :
o
: 103 .....
2]
= 102 e T
g
LW Qi b

[

05 1
trec (P9)

05 0

=
Q
L
N

5200 5250 5300 5350
mass,, (MeV/c?)

5179.4<mass, <5379.4

5 Entries= 45158
’@ 10 ¥2In = 1.21961
5
3
9
g
w
b i i
10" 002 004 006 008
o, (P9
5179.4<ma$3.,<5379.4

Entries= 45158
2/n = 0.674969

Events/ (0.02 ps)

05 0 05 1
trec (PS)

mass,, (MeV/c?)

5379.4<mass, ,<5779.4

Entries= 12349
X2In = 0.767922

10°

Events/ ( 0.0007 ps)

Entries= 12349
%/n = 0.70479

Events/ (0.02 ps)

05 0 05 1
trec (PS)

Figure 6.10. Projections of the P™" maximum-likelihood fit (the solid curves) on m, oy,,,
and tyec in the signal and in the sidebands mass-ranges. The dashed curves represent the
signal and background contributions to P™'. The decay channel is B® — J /) K*.
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6.4.2 Dependence of the Resolution Model Parameters on the
Background

The dependence of the resolution model parameters on the amount of background
events has been studied. The results are shown in Fig. 6.11 and Fig. 6.12, where
the parameters are plotted as a function of the fraction of the total amount of back-
ground. It can be seen that decreasing the background does not change the parame-
ters values significantly. Their variation remains within their statistical error and no
specific trend is observed.
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Figure 6.11. Resolution model parameters versus the background fraction for channel
Bt — J/YyKT.
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Figure 6.12. Resolution model parameters versus the background fraction for channel

B — J/WwK*.

64.3 TB+ /TBO

Based on the results reported in Table 6.8 and Table 6.9, the ratio of lifetimes of B
and B° mesons is evaluated, leading to the value

TR+

= 1.0826 £ 0.0106 . (6.18)
TRO

This result roughly corresponds to about only 9 days of LHCb data taking. Note also
that within its accuracy the result matches with the ratio of the input MC simulation
values (see Table 5.2), which is 1.0879.

It is important to stress that the purpose of our study is mainly to obtain an estima-
tion of the precision, A(75+/7po), of the lifetime ratio at LHCb. The central value
of the ratio will be interesting once LHCb takes real data.

In order to acquire an estimate of the resolution of (7p+/7po), equal amounts of
data (integrated luminosity) for both decay channels are needed. Since the amounts
differ in this study, the behavior of the 75 error, o,,, as a function of the number of
events is investigated. By extrapolation, o, is predicted for an integrated luminos-
ity of 2 [fb]~! (1 year of LHCb data-taking at nominal luminosity) for both decays.
In Fig. 6.13 and Fig. 6.14 the dependence of Or, .0 ON the number of signal events
is presented.
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Figure 6.13. B lifetime resolution as a function of the number of signal events. The data
points are fitted with function p0/+/N,,.
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Figure 6.14. B lifetime resolution as a function of the number of signal events. The data
points are fitted with function p0/+/N,,.
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The data points are fitted with the following function

o, = p0//Ney (6.19)

where p0 is a parameter often referred to as a single event sensitivity, and is defined
from the fit.

The number of signal events in 1 year of LHCb operation for both channels is cal-
culated using the relation

Nel\y = Z[fb]il X Ogcc X €sel s (6.20)

with the cross-section o, and the selection efficiency ¢y, taken from Eq (6.3)
and Table (6.4). Thus, using Eq. (6.20) and the p0 fit, the values o, . (NY) and
-0 (VYY) are derived and listed in Table 6.10.

channel N p0 [ps] a7y (N, o ) [fs]
BT — J/'l/)(;fr,u*)ffJr 1.22 x 108 | 1.889 + 0.030 1.71 £0.03
B — J/p(ut ) K (K ) | 6.89 x 10° | 1.595+0.009 | 1.92 % 0.01

Table 6.10. Number of selected signal events NZ, single event error p0, and lifetime error
Org (Nelvy ) in 1 year of LHCD operation, for both decay channels.

This demonstrates that in 1 year of data-taking at nominal luminosity, LHC) will
improve the precision of the current experimental world-average B*(BY) lifetime
measurement significantly. The improvement of the measurement will be 7 (5)
times (see Table 1.3 for comparison) neglecting the contribution of any possible
systematics effects. However, it is quite possible that the measurement of B*(B°)
lifetime is systematics limited. Given that the LHCh B proper-time resolution is
intrinsically so good, one can expect the systematic errors due to this to be smaller
than what can be achieved in the current experiments.

Taking into account the obtained o, , (N3Y) and o7, (NyY), the resolution on (75+ /7p0)
in 1 year of LHCb data-taking amounts to a ‘statistical reach‘ > of

A(TB*> — 0.0017 . 6.21)

TBo
The above result shows, that in 1 year of operation LHC) will achieve a sensitivity
on T+ /Tpo, which is significantly better than the current sensitivity, or neglecting
the systematics, factor of 5.3 better.
This shows that LHCb experiment will be able to contribute significantly to scruti-
nize the Heavy Quark Effective model.

3 Again, note that this result does not include the contribution of possible systematic effects.
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6.4.4 Conclusion

A method for the determination of B and B lifetimes, and the corresponding
resolution model parameters has been established. The method is applied on a data-
set including signal and background events.

The results (that do not include the influence of possible systematic deviations)
show that in 1 year of data-taking at nominal luminosity, the LHCb experiment will
measure the lifetimes of the B and B° mesons with a resolution of 1.71 £ 0.03 [fs]
and 1.92 £ 0.01 [fs] respectively. This is an improvement of 7 (5) times over the
present resolution on the B+ (BY) lifetime. Consequently, in 1 year of data-taking
LHCb) will measure the ratio 75+ /750 with a precision of 0.0017, improving the
current experimental 75+ /750 precision with a factor of 5.3.
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Summary

The Large Hadron Collider (LHC), scheduled to start operations this year at CERN,
will accelerate and collide proton beams at 14 TeV center-of-mass energy at lumi-
nosities up to 103 cm=2s~!. In these collisions the heavy B mesons (bound states
of a b quark and a light antiquark) will be produced at high rate, thus allowing pre-
cise measurements of the violation of the combined Charge-Parity (CP) symmetry
in the B system and the study of rare B decays. A dedicated experiment, LHCb,
will operate with LHC to exploit this possibility.

The research in this dissertation addresses two issues: the overall performance of
the LHC)H Outer Tracker (OT) detectors as shown during quality checks and beam
tests; the study of the lifetimes of B and B° mesons at LHCb.

The OT system of LHCh comprises three stations consisting of layers of straw tubes
in vertical and non-vertical (5 deg) orientation. The basic element of the OT
stations is the module, a self-contained gas-detector unit, built of arrays of straw-
tube drift cells and filled with a mixture of Ar (70%) and CO5 (30%).

The quality of the OT modules was strictly checked during their construction (Chap-
ter 3). To make sure that no deviations from the design specifications [52] were
present, a variety of quality assurance tests were carried out: inspection of the an-
ode wire quality, control of the friction force of the wire locators with the straw,
control of the position of the wire inside the straw, systematic measurement of the
wire tension, systematic measurement of the current of each wire in air at high volt-
age (HV), systematic measurement of the gas tightness of each OT module, HV
training of the channels of the module in a counting gas and final validation of the
module with a radioactive source with counting gas. The results of these tests, pre-
sented in this dissertation, showed that the performance of the OT detector fulfills
the requirements. The final validation of the OT modules with a °Sr radioactive
source showed homogeneous responses of the modules over their active surface
within +10%.

In 2005, beam tests of the OT modules were performed at the DESY laboratory.
Four OT modules, equipped with front-end electronics, were irradiated with an elec-
tron beam of 6 GeV. The analysis of the beam test data (Chapter 4), showed a high
detector efficiency (~ 98%), a coordinate resolution better than 200 pm, acceptable
noise level < 10 kHz/wire and modest cross talk (< 5%).
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To perform the studies described in the second part of this dissertation simulated
data, produced as part of LHCb 2004 data challenge, were used.

The first part of these studies (Chapter 5) was devoted to the modeling of the be-
havior of the resolution of the B-mesons proper time. This resolution is an im-
portant ingredient in the measurement of the time-dependent (CP) asymmetries.
The study was performed with B+ and B® mesons, using the decay modes Bt —
J/Y(putp~)K+ and BY — J/¢(ptp~ ) K*(K "7~ ) and their conjugates. The reso-
lution model is based on the proper-time residuals and the corresponding per-event
errors. The parameters of the model were extracted in two ways: by using the
known residuals from the simulated data and by using the proper time only (i.e.
data that will be experimentally accessible). In addition to the precise determina-
tion of the resolution-model parameters, the method can be used to tune the LHCb)
Monte-Carlo (MC) algorithms.

The measurement of the B-meson lifetimes is a crucial element for the test of the
theory. In particular, the Heavy Quark Expansion model (HQE) predicts a differ-
ence in the B and B lifetimes. According to the HQE 75+ /750 = 1.06 & 0.02
[30]. The final chapter of the dissertation (Chapter 6) focused on the extraction
of the lifetime ratio 7+ /70 in the presence of backgrounds. The same B™ and
B? decay modes were used and the developed resolution model was applied. The
ratio 7+ /7o = 1.0826 £ 0.0106 has been determined, in good agreement with
the input MC simulation value of 1.0879. It has also been found that in 1 year of
data-taking at nominal luminosity and in the absence of other systematic errors, the
LHCb experiment will measure the lifetimes of B+ and B° mesons with a resolu-
tion of 1.71 + 0.03 fs and 1.92 + 0.01 fs, respectively, resulting in a sensitivity to
T+ /TBO of 0.0017.



Samenvatting

Studie van de B5-meson levensduur en van de eigenschappen van
de LHCb Outer Tracker

De "Large Hadron Collider" (LHC) proton versneller, gebaseerd in CERN, zal
dit jaar naar verwachting voor het eerst proton-proton botsingen produceren met
een energie van 14 TeV in het zwaartepuntssysteem en met een luminositeit van
103 cm~2s7!. In deze botsingen zullen met hoge frequentie zware B-mesonen
(gebonden toestanden van een b-quark en een licht antiquark) geproduceerd wor-
den. Dit staat toe met hoge precisie metingen te doen van lading-pariteitsschending
("charge-parity", CP) in B toestanden, alsmede zeldzame vervallen van B-mesonen
te bestuderen. Het LHCb experiment is specifiek ontworpen om deze mogelijkheid
te exploiteren.

Het onderzoek in dit proefschrift behandeld twee vraagstukken: de overall perfor-
mance van de LHCb buitenste sporen-detectoren ("Outer Tracker", OT), bepaald in
kwaliteitscontroles en tijdens test bundel metingen; de studie van de levensduur van
B* en BY mesonen in LHCb.

Het OT detectorsysteem van LHCb bestaat uit drie stations, die op hun beurt zijn
opgebouwd uit lagen strootjes detectoren ("straw-tubes") met verticale en niet-verti-
cale (&5 graden) oriéntatie. Het basisonderdeel van de OT stations is de module,
een onafthankelijke gas-detectoreenheid, opgebouwd uit een reeks straw-tube drift
cellen, gevuld met een mengsel van Ar (70%) en CO, (30%).

De kwaliteit van de OT modules werd tijdens de productie strikt gecontroleerd
(Hoofdstuk 3). Om te garanderen dat er geen afwijkingen van de ontwerpspeci-
ficaties waren [52], werden verschillende kwaliteitscontroles uitgevoerd: inspectie
van de anodedraadkwaliteit, controle van de wrijvingsparameters van de draad fi-
xaties in de straw-tube, controle van de positie van de draad in de straw-tube, sys-
tematische meting van de draadspanning, systematische meting van de stroom in
elke draad in lucht onder hoogspanning (HV), systematische meting van de gas-
dichtheid van elke OT module, HV training van alle kanalen van de module in
een telgas ("counting gas") en de uiteindelijke validatie van de module met een ra-
dioactieve bron en met telgas. De resultaten van deze tests, gepresenteerd in deze
dissertatie, demonstreerden dat de performance van de OT detector aan de vereisten
voldoet. De uiteindelijke validatie van de OT modules met een *°Sr radioactieve
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bron demonstreerden een homogene respons binnen £10% van de modules over
het gehele actieve oppervlak.

In 2005 werden de OT modules getest in de bundelfaciliteit aan het DESY labora-
torium. Vier OT modules, uitgerust met uitleeselektronica, werden met een elektro-
nenbundel van 6 GeV bestraald. De analyse van de bundeltest data (Hoofdstuk 4),
toonde een hoge detector efficiéntie (~ 98%), een codrdinaat resolutie beter dan
200 pm, aanvaardbare hoeveelheden detector ruis < 10 kHz/draad en een beschei-
den signaal overspraak ("cross talk") (< 5%).

Ter verrichting van de studies beschreven in het tweede deel van deze dissertatie
werden gesimuleerde data gebruikt. De laatste werden geproduceerd als onderdeel
van de LHCb) 2004 data uvitdaging ("data challenge").

Het eerste deel van deze studies (Hoofdstuk 5) werd gewijd aan het modeleren van
het gedrag van de resolutie van de "proper time" van de B-mesonen. Deze resolutie
is een belangrijk ingrediént in de meting van de tijd-afthankelijke (CP) asymme-
trieén. De studie werd verricht met B+ en B® mesonen en maakte gebruik van de
Bt — J/Y(ptpm)Kt, de B — J/u(ptp)K*(Ktr~), zowel als de corres-
ponderende geconjugeerde vervalskanalen. Het resolutiemodel is gebaseerd op de
"proper-time" residuen en de corresponderende "per-event" fouten. De parameters
van het model werden op twee manieren bepaald: met gebruik van de kennis van
de residuen in de gesimuleerde data en met enkel het gebruik van de "proper-time"
(m.a.w. met enkel het gebruik van experimenteel toegankelijke data). Naast de
nauwkeurige bepaling van de parameters van het resolutiemodel, kan de methode
tevens gebruikt worden voor de optimalisatie van de LHCh Monte-Carlo (MC) al-
goritmen.

De meting van B-meson levensduren is een cruciaal onderdeel in het testen van
de theorie. Het Zware Quark Uitbreidingsmodel (Heavy Quark Expansion model,
HQE) met name, voorspelt een verschil in de B™ en B levensduren. Volgens
het HQE model 75+ /750 = 1.06 £+ 0.02 [30]. Het laatste hoofdstuk van deze
dissertatie (Hoofdstuk 6) concentreerde zich op de bepaling van de verhouding
Tp+/Tpo met aanwezigheid van achtergronds processen. Dezelfde B+ en B° ver-
valskanalen werden gebruikt, zowel als het ontwikkelde resolutiemodel. De ver-
houding 75+ /750 = 1.0826 £ 0.0106 werd bepaald, in goede overeenkomst met de
invoerwaarde van 1.0879, gebruikt in de simulatie. Er werd tevens gedemonstreerd
dat met de data genomen in 1 jaar, bij nominale luminositeit en in de afwezigheid
van andere systematische fouten, het LHCb experiment de levensduur van B en
B° mesonen kan bepalen met een resolutie van 1.71 4+ 0.03 fs en 1.92 £ 0.01 fs,
respectievelijk. Dit resulteert in een gevoeligheid van 0.0017 in de meting van de
verhouding 73+ /7po.
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