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Chapter 1

The B physics at LHC

The exploration of physics with b flavoured hadrons offers a very fertile test-
ing ground for the Standard Model (SM) description of electroweak inter-
actions. Ome of the key problems to be studied is the phenomenon of CP
violation which was first discovered in 1964 by Christenson et al. in the
neutral kaon system [1].

Of particular interest is the study of rare b decays induced by the flavour
changing neutral current transition b — s, d which are loop suppressed in the
SM and thus very sensitive to new-physics effects.

During the past few years, B physics has received a great deal of attention,
both from theorists and experimentalists, and data are being accumulated
at several B factories (BaBar at SLAC and BELLE at KEK). Although the
physics potential of these experiments is very promising, it may be that the
“definite” answer in the search for new physics in B decays will be given by
the LHC experiments ATLAS, CMS and particularly LHCb.

1.1 CP violation and CKM matrix

The violation of the CP symmetry is one of the most interesting aspects and
unsolved mysteries of modern particle physics. Studies on this subject are
particularly exciting, as they may open a window to physics beyond the SM.
There are many different ways to explore CP violation, for instance through
the study of certain rare decays of K mesons. However, for testing the SM
description of CP violation in a quantitative way, the B system appears to
be most promising [2, 3].



1.1.1 The SM description of CP violation

Within the framework of the SM, CP violation is closely related to the
Cabibbo-Kobayashi-Maskawa matrix [4, 5], connecting the electroweak eigen-
states (d',s',b') of the down, strange and bottom quarks with their mass
eigenstates (d, s,b) through the following unitary tranformation:

d, Vud V;Ls Vub d d
s’ = Vea Ves Va : S =Vokwm - S (1.1)
v Via Vis Vi b b

The elements of the CKM matrix describe charged-current couplings, as
can be easily seen by expressing the non-leptonic charged-current interaction
Lagrangian in terms of electroweak eigenstates:

d
1§ = -2 (@, e, t) V" Vernm | s | W5+ hee (1.2)
b

int \/5

In the case of three generations, three generalized Cabibbo-type angles [4]
and a single complex phase [5] are needed in order to parametrize the CKM
matrix. This complex phase allows to accommodate CP violation in the SM.
Among various parametrizations, the most convenient is the one proposed
by Wolfenstein [6], which corresponds to a phenomenological expansion up
to the third order of the small quantity A = |V,s| = sin ¢ ~ 0.22 where
Oc is the Cabibbo angle:

1—)%/2 A AN} (p + i)
-A 1—\2/2 AN? (1.3)
AN(1—p—in) —AN 1

Higher order terms can be taken into account systematically for particular
applications.

1.2 The unitarity triangles of the CKM
matrix

To test the SM picture of the violation of CP, the unitarity triangles derived
from the unitarity of the CKM mixing matrix are typically used. The rela-
tion VCJIK v - Voram = 1 leads to a set of twelve equations, consisting of six
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normalization and six orthogonality relations. The latter can be represented
as six triangles in the complex plane, all having the same area [7]. However,
in only two of them all sides are of comparable magnitude O(\?), while in the
remaining, one side is suppressed relatively to the others by O(A?) or O(A\%).
The orthogonality relations describing the triangles with sides of comparable
length, are:

VudVJb + Vch’;, + Via JE =0 (1.4)

C

Vi t:; + Vuthz + Vi {£ =0 (1-5)

As it can easily seen from the CKM matrix in equation (1.3), these two tri-
angles are identical up to order O(\?). In the LHC era, the high experimental
accuracy achievable will allow to distinguish between the two triangles (as
illustrated in Fig. 1.1) and for this reason the higer orders have to be taken
into account.

o o o
Im VygVup + VedVep + VidVin = 0
|
i

NA-A%2) - K-

n

P (1-NZ12+pA?)

Figure 1.1: Two unitarity triangles in the Wolfenstein parametrization with up
to the order O(\%).

The physics of bottom hadrons will provide a wide possibility to study
and measure the parameters of the unitarity triangles. The angles can be
extracted either indirectly by measuring the lengths of the sides, or, within
the Standard Model, directly from CP asymmetries. If the angles extracted
by two different methods disagree, this would be an indication of new physics.
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1.3 General formalism for B physics

Given a neutral B® meson (which can be B} = bd or B? = bs) and its
antiparticle B°, an arbitrary neutral B-meson state,

CL|B0 > —|—b|Bo >

is governed by the time dipendent Schrodinger equation:

. d a M — 1L Mo — 1F12 a
—_ = 2 2 1.6
Zdt(b) (M;z—é% M -3 b 0

The diagonal terms describe the decay of neutral B meson with M being
the mass of the flavour eigenstates B° and B® and T' their width. The off-
diagonal terms are responsible for BO-BO transitions. Mj, and I';5 can be
determined from the theory by evaluating the box-diagrams in Fig. 1.2:

Figure 1.2: Box diagrams responsible for B — B mixing.

e M, corresponds to virtual B'-BO transitions:

e [}, describes the real transitions due to decay modes common to both
states, such as, #t7~ or DYD .

These common decay modes are Cabibbo suppressed and therefore represent
only a very small fraction of the total B decay rate. The term Iy in the
BY-B0 system can therefore be neglected.

The mass eigenstates will be:
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B, = pB"+¢B° )
B, = pB’—¢B" (1.8)
My — 517,

T I

i

, (1.9)
My — 5112

where ¢ # p would indicate the presence of the so called indirect CP violation.
In fact, there are two ways to give rise to CP violation:

o direct: B, = (1/v2)(B° + B°) and B, = (1/v2) (B® — B°), CP
eigenstates, decay without conserving the CP symmetry;

o indirect: the By (B;) part of B; (By,) decays conserving CP and the CP
violation resides in the fact that the electroweak eigenstates By, and B;
are compounds of By, and B,.

It is possible to define the parameters AMp = Mp, — Mp, and Al'p =
I'p, — I'p, related to the mixing matrix elements by:

(AMB)Q—i(AFBV = A[Myp]? — |Tpf? (1.10)
(AMp)(ATp) = 4Re(Mi,) (1.11)

The mass difference AMp was measured, through B® and B° oscillations (see
following sections) to be:

0.467 £+ 0.017 (ps) ' = (3.07 + 0.11) x 107* eV

From the equation (1.11), once AMp is known, I'1s < Mjs implies that
|AT'g| < AMpg. The lifetime difference Al'p was found to be tiny and
impossible to measure. Therefore B), and B; have almost the same lifetime:

o ~ (1.549 + 0.020) ps
From I'j; < M5 it also follows:

= ~ 1——-Im|—= 1.12
(p) |M12| 2 Mo ( )

'%‘ ~ 1-0(107% (1.13)

Therefore, indirect CP violation in the AB = 2 transition through B°-5°
mixing must be a very small effect, as in the K system.




1.3.1 The system time-evolution

Once the neutral B mesons are produced in pairs, their semileptonic decays
(inclusive and exclusive) provide an excellent method to measure the B? - B°
mixing. Because of their respective quark contents, B® decays into a positive
charged lepton [T while B° goes into a negative [~. If B® and B° do not mix,
a produced pair B + B° would have a distinctive signature of a dilepton
with opposite signs. Therefore, a fully reconstructed u™ + p* event would
unambiguously demonstrate the conversion of a BY into a B?. This event
was found [8] and shows that mixing must exist.

The mass difference is a measurement of the oscillation frequency from B°
into a BY or viceversa. This process is reflected either in the time-dependent
oscillations or in the time integrated rates corresponding to the dilepton
events having the same sign.

The time evolutions of the mass eigenstates By, (t) and B,(t) are given by

|Bh(t) > = [e—tFB/2j| (e—i]\/[Bt) e—itA]\fB/2|Bh(0) > (114)
|Bl(t> > = [e—tFB/2i| (e—’iMBt) e+itA]\43/2|Bl(O> > (115)

The equations (1.14) and (1.15) when combined with the equations (1.8) and
(1.9) give the time evolutions of B°(t) and B°(t):

IB'(t) > = h+(t)]B°(0)>+%h_(t)|B°(0)> (1.16)

1B°(t) > — gh(t)\BO(0)>+h+(t)|BO(0)> (1.17)
where

he(t) = [eT8/%] (e ™M5!) cos(tAMp/2) (1.18)

ho(t) = ile ™8/2] (e7™5") sin(tAMp/2) (1.19)

Therefore, starting at time ¢ = 0 with an initially pure BY state the proba-
bility to find a B® (BY) at time ¢ # 0 is given by |h, (¢)|* (|h_()|?). Taking
from the equation (1.13) |¢/p| = 1, one obtains:

|hil? = %e—rBtu + cos(AMpt)] (1.20)
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1.3.2 CP asymmetries in neutral B meson decays

The most promising method of measuring CP violation is to look for an
asymmetry between the T'(B® — f.,) and I'(B® — f.,) where f,, is a final
hadronic state having a well-defined CP eigenvalue £1. Some example of CP
eigenstates are the two-particles systems as: ¢ + Kg (CP =-1), 7t + 7~
(CP =+1) and p + Kg (CP = -1). If one defines:

_ ~ _ A
A=< f |Hw|B® >, A=< f,|Hw|B'>, ¢= ;%Z (1.21)
the time evolution of the decays can be written as:
< JolH|BY(W) > = Alho(t) +Eh_(2) (1.22)
< Tl BO() > = CAIb () + €4 (0) (1.23)
The time-dipendent CP asymmetry defined as:
(B ) —T(B°— f.

(B — fo) + F(BO - fqﬂ)

can be derived from the eqauation (1.17). From the equation (1.13), if |A/A]
= 1 so that |£] = 1, the asymmetry a(t) simplifies considerably:

a(t) = —Im(€) sin(AMpt) (1.25)

In general the amplitudes of BY and BY decaying into an arbitrary final state
can be written as the sum of various contributions:

A= Z Ape e and A = Z Apeke ik (1.26)
k k

where:
e ¢ is the weak interaction CKM phase which represents CP violation;

e 0 is the strong interaction phase-shift due to rescattering effects among
the hadrons in the final state and enters A and A without changing sign
since strong interactions conserve CP.



Thus, |A| = |A] if the various contributions Az have the same CKM phase,
or in particular, if there is only one dominant contribution.

Generally |A|/|A] # 1 since non-leptonic decays in the equation (1.26)
receive contributions from both the “tree” and “penguin” amplitudes which
in general have different CKM phases as the example in fig 1.3.

T: treediagram - d .
w (—> u T

b - ‘< u
BO d > > d T

Figure 1.3: The tree and penguin (gluonic) diagram generating B — wtr~.

Fortunately, few cases where |A|/|A| = 1 exist. An example is the channel
b — s+ c+ ¢ responsible for the decay B — J/1 + K. The final state is
a CP eigenstate and it is generated dominantly by the b — ¢ tree diagram.
The decay B — J/v + K is governed at the quark level by b — ¢+ s + ¢
for which the amplitude of the tree diagram is proportional to V., V. The
penguin amplitude for the same reaction has the ViV, factor which has the
same phase as the tree amplitude. So even with the sum of tree and penguin
amplitudes, in equation (1.26) one has:

Y 1.27

and in particular the CP asymmetry is given by:

ay/pig(t) = —sin28sin AMt (1.28)

which allows to extract the angle § of the unitarity triangle. The interesting
B — J/1{ + K, free from hadronic uncertainties in the evaluation of decay
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amplitude, is often called gold plated channel. Its experimental study can be
used as a consistency check of the CKM mechanism.

1.4 The CKM parameter measurements

The value of A = sinfo is known to be 0.2196 = 0.0023 from the kaon and
hyperons decays [10]. Thus, the two triangles are completely determined
by p and 7, which can be derived from |V |, |Vu| and |Vig|, as seen from
Fig. 1.1 %

Values of |Vgp,| and |V, | are extracted from various B-meson decays, based
on b — clv and b — ulv processes, and are currently known to be 0.0402 +
0.0019 and 0.0033£0.0009 [10], respectively. The value of |V;q4] is determined
from the frequency of B — BY oscillations.

The situation can be improved once |Vi4| is extracted from the frequency
of BY-BY? oscillations and |V;q/ V| is used instead of |Vi4], since the Standard
Model calculation of this ratio has a much reduced hadronic uncertainty:.

Once p and 7 are derived from |V |, |Vin| and |Vi4], the angles a, 3, v
can be indirectly calculated.

In the Standard Model, direct measurements can be made of the angles
a, (3, v and 07, or their combinations, from CP asymmetries in different final
states of B-meson decays. Examples are [15]:

+

1. a from B — 77 ;

[\

. B from By — J/YKsg;

w

. v — 20y from B? — DEKF;

W

. & from BY — J/v¢;
5. v from BY — pKj;
6. v+ 20 from B} — D*r.

By studying the channels 2, 3 and 5 very precise measurements of the angles
can be performed due to the little theoretical uncertainties. New physics
would introduce additional flavour changing neutral currents which would
effect the BY — BY and BY — B? oscillations. For such a case, the values
of [Viq| and |Vi| experimentally extracted from B — B oscillations no longer
correspond to their real values. The angles 5+, 3, v—20v and §v, extracted

!The parameter A is extracted from measurements of [Vep,| and \.
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from the decay channels 1-6, are also affected. These angles, measured in
the two ways explained above, will no longer agree.

New physics could be detected from precise measurements of CP violation
in various B-meson decays, combined with p and 1 determined from other
B-meson decays.

Another way to search for physics beyond the Standard Model is to study
B-meson decays that are rare or even forbidden in the Standard Model as
B — KK or B — KI*l~. There are many ways to look for a sign of new
physics. In all cases, large numbers of both B? and B} mesons are required,
and many different decay modes have to be reconstructed. Thus, experiments
measuring different CP asimmetries with high precision are needed so that a
real consinstency check can be done.

1.5 Current experimental situation

Today the B physics is investigated in many experiments. Two B-mesons
factories are running: KEK-B at Tsukuba (Japan) and PEP-II at Stanford
(USA). Two beams (e™ and e”) with moderately different energies collide
in both machines producing a boosted Y (4S) which decays in a B® — B°
pair. Only B, and By mesons can be produced. At these energies the ratio
043/ Tiner. is about 0.2. The boost is crucial for CP violation study highlighting
the presence of secondary vertices and allowing to measure the difference in
the decay-time of the two B-mesons.

The main results achieved by these two experiment is the measure of the
3 angle with a high accuracy. After more than 80-10° BB reconstructed
pairs the results are:

e Babar: sin(23) = 0.75 + 0.09(stat.) & 0.04(syst.) [12]
e BELLE: sin(23) = 0.82 £ 0.12(stat.) £ 0.05(syst.) [13]

On the other hand, measurements of o show very large uncertainties and
do not allow any conclusion.

CDF and DO experiments are working on the Tevatron accelerator: a p—p
machine, with an 1.8 TeV centre of mass energy with all kind of B-mesons
produced: B,, By, B; and B.. The measure of the g angle performed by
CDF gives:

sin(20) = 0.91 £ 0.32(stat.) £+ 0.18(syst.) [14]
Taking into account these results, the latest world average is:

sin(24) = 0.78 £ 0.08.
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Although a good precision in the measurement of 3 is achieved, nothing
can be concluded, up to now, on a and . In order to make precise mea-
surements of these two parameters, high performance experiments studying
a huge number of B-meson decays are needed.

1.6 B production at LHC

Compared to other operating or under-construction machines, the Large
Hadron Collider will be the most copious source of B mesons. It will be
a p — p collider with a centre of mass energy of 14 TeV, a bunch crossing
frequency of 40 MHz and a project Luminosity of 1 x 103 ecm=2 s=. The
main cross section values expected for p — p reaction at such /s are shown
in table 1.1.

Ctot. 100 mb
Oinel. 80 mb
Oinel. — Odiffr. 55 mb
Opp 500 /Lb
Oce 1.5 ub

Table 1.1: Expected cross section calculated with Pythia.

With a large bottom production cross-section (o, = 500 ub), also at
moderate Luminosity = 2 x 10%? ecm™2s™! a huge number of bb pairs
will be produced in one year (10'? pairs/10” s). All the B hadrons will be
produced: B, (40%), By (10%), Bs (10%) and B, and other (10%).

The b-quark production will be peaked in forward region and b and b will
fly in the same direction (Fig. 1.4). The B-hadrons produced in the forward
direction have an average momentum of 80 GeV/c. This corresponds to a
mean decay length of about 7 mm. Therefore, LHC represents a very useful
machine to study in details the B physics.

The b events will be a small part of the total production:

T 0.6%

Oinel.

Therefore, in order to study the b physics at LHC, a very fast and robust
trigger system is required for an efficient selection of the interesting events
(pp — bb) among the huge number of the ones produced.
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Figure 1.4: Polar angles of the b and b-hadrons calculated by the PYTHIA event
generator.

1.7 The LHCb experiment

The LHCbD experiment is a single-arm spectrometer (Fig 1.5) which proposes
to study the b physics at LHC. With an angular coverage from 10 mrad
to 300 mrad it will detect the decay products of both b-hadrons for about
20 % of the bb events. Because of the high rapidity coverage, LHCb plans to
operate with an average Luminosity = 2 x 10% cm 25! reduced with
respect to the other experiments in LHC for several reasons:

e low detector occupancys;
e reduced radiation damage;

e events dominated by single pp interactions and easier to analyze.

1.8 The LHCb apparatus

The experimental apparatus consists of 5 main subsystems:

e Vertex locator detector;
e Precision tracking system;

e Ring Imaging Cherencov detectors;
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Bending Plane Muon Detector

Shield Magnet HCAL
CAL ||
RICH28pD/P —
Tracker
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Vertex .
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L T8 ‘
TS;\\
S = |
M1
M2 M3 ||

Figure 1.5: Cross section of the LHCb spectrometer (bending plane).

e Electromagnetic and Hadronic calorimeters;

e Muon system.

A magnet providing a dipole magnetic field will be present along the
beam line (see Fig. 1.5) down stream of the vertex locator and the first RICH
detector. The bending power will be of 4 Tm with a non-uniformity below
+5 % on an acceptance of + 300 mrad in the bending plane and + 250 mrad
in the non-bending plane. Studies are now undergoing in order to optimize
some parts of the LHCb apparatus with respect to the Technical Proposal
design, in order to achieve a better physics performance. In this chapter I
will describe the experiment in the so called “classical design”. The physics
requirements and performance of the subsystems will be briefly described in
the latter part of this chapter. The muon system will be widely studied in
the chapter 2.
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1.8.1 The vertex locator

A fundamental requirement for the experiment is a good vertex reconstruc-
tion in order to individuate secondary vertices due to b-hadron decays. A
very good vertex resolution is needed to study the By meson oscillations and
their CP asymmetries. In LHCb a VErtex LOcator (VELO) made of 25 sta-
tions, each one containing two discs of silicon detector with circular (r) and
radial (¢) strips will be used. A silicon thikness of 150 pm is used to reduces
multiple scattering. The read-out pitch varies from 40 to 90 pm.

The system provides a resolution on the impact parameter of 40 pym for
high-momentum tracks.

Two dedicated planes of silicon detectors act as a pile-up veto available
for the level-0 trigger. These planes will be placed upstream of the main
vertex detector, opposite to the spectrometer arm. Simulations show that
80% of double interactions will be rejected while retaining 95% of the single
ones [20].

1.8.2 The tracking system

Charged particle precision tracking will be performed with a system of trak-
ing stations. In the original project, 9 stations were planned. Studies are
now under way in order to reduce the material budget without spoiling the
tracking performance. A different granularity will be used between the inner
part where the particle flux is higher and the outer one. The main purposes
for the tracking system are:

e High precision particle momentum measurements in order to have a
high accuracy in the reconstructed mass of the decaing B-mesons.

e Precise measurements of the direction of the track segments in the two
RICH detectors.

e A full track recontruction from the vertex detector down to the calorime-
ters and muon system.

For the outer regions (98% of the total area) the use of honeycomb-like
drift chamber made with straw tubes is planed. This technology will ensure a
single hit position resolution of about 200 pm. For the inner part full silicon
technology will be used because of the higher fluxes (up to 3.5 MHz/cm?).
From the tracking system a resolution on the B invariant mass measurements
of 10+20 MeV is expected from the simulation [21].
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1.8.3 RICH detectors

For the study of the channel B; — 77~ the separation of kaons from pions
will be crucial in order to reduce the background given by B; — K* 7T,
B, — K* 7T and By — K* KT. Also other channels, important for
CP asimmetries studies, would be dominated by large background without
a reliable K /71 separation. To achieve this goal a system consisting of two
Ring Imaging Cherenkov has been designed.

The first RICH (RICH 1) is placed upstream of the magnet to detect low
momentum particles. The RICH 1 is made of a 5 cm thick aerogel and 95 cm
long CF, radiators with an expected number of respectively about 15 and 55
photoelectrons detected per track with S=1.

The second RICH (RICH 2) is situated downstream of the magnet and
the tracking system and will detect the high momentum particles. It is
made of a 180 cm long CFy filled radiator with approximately 30 detected
photoelectrons per track with f=1. From the simulation, efficiency and
purity of the RICH system are expected to be higher than 90 % and a 3o
separation of pions from kaons is expected in a 1+150 GeV/c momentum
range [22].

1.8.4 The calorimeter system

The calorimeter system has three main purposes in the LHCb experiment:

e to provide high transverse energy hadron, electron and photon candi-
dates for level 0 trigger;

e to identify electrons for flavour tagging in semileptonic B decays;

e to reconstruct 7 and prompt photons with good accuracy.

The system will be composed of an electromagnetic calorimeter (ECAL)
and a hadron calorimeter (HCAL).

The ECAL will be made of 2 X, preshower (PS) detector needed to
separate charged pions and electrons and a 25 X, of sampling structure with
2 mm lead sheets interspersed with 4 mm thick scintillator plates. To reduce
the background given by high E; 7° a scintillator pad detetctor (SPD) will
be introduced in front of the PS. The expected energy resolution is:

o(E)  10%

E  VE

®1.5% (Ein GeV)
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The HCAL is an iron/scintillator tile calorimeter with plates parallel to
the beam. There will be an average of 4 mm scintillator thickness every 16
mm of iron [23]. The energy resolution will be:

a(E)  80%

E VE

®10% (Ein GeV)

1.8.5 The muon system

The muon system will consist of five detector stations: the first one is placed
up-stream of the calorimeters and the others down-stream. Longitudinally
segmented shield will be used to attenuate hadrons, photons and electrons.
The shield comprises the electromagnetic and hadronic calorimeter and four
layers of steel. To reach the fifth station, penetrating the shield, a muon
must have an energy of at least 5 GeV.

The detectors chosen for equipping the muon stations are mainly based
on Multi-Wire Proportional Chamber technology.

The main purpose of the muon system is a fast measurement of the muon
transverse momentum p; (information used by the level-0 trigger) and a
muon track identification for the off-line track reconstruction. The resolution
achieved in the p; measurement is 20 %.

With a moderate value of the p; threshold (1+1.5 GeV/c¢) the minimum
bias retention is expected to be about 2 % while the efficiency on b — pX
events should be about 55 % [24].

1.8.6 The trigger system

Given the ratio oy5/ 0,0, = 0.6 % and the limits on DAQ and storage capacity,
a very efficient trigger system is crucial for the experiment performance. The
trigger has to select only the interesting fraction of the bb channels. The
LHCb trigger consists of four levels of event selection.

Level-0

The level-0 trigger has an imput rate of about 10 MHz and an output rate
of about 1 MHz. It is a hardware trigger, based on calorimeter and muon
system information. The latency time is 4 ps. A selection of events with
leptons, hadrons and photons with a high p; combined with a pile-up veto
is performed. The pile-up veto identifies bunch-crossings having more than
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The level-0 output rate is mainly composed of events having single high
p; particle: 20 % of muons, 10 % of electrons, 60 % of hadrons and 10 % of
photons or multi-leptons.

Level-1

The output trigger rate of the level-1 is about 40 kHz with a maximum
latency time of 256 pus. It exploits the presence of displaced secondary vertices
of the b events using the vertex locator. After reconstruction of the primary
vertex, events showing pairs of tracks with a significant impact parameter to
this vertex are selected.

A fraction of events passing the high p; filter of the level-0 is due to muons
produced by particles decaying in flight, electrons from photon-conversion
and overlapping showers. The tracking system is used to refine the level-0
trigger. Events are rejected if, in the tracking system, no correspondence is
found to the tracks reconstructed by the level-0 trigger.

Levels 2 and 3

The trigger levels 2 and 3 are based on algorithms running on processor
farms. Level-2 reduces the rate of events to 5 kHz refining the vertex trigger
and rejecting fake secondary vertices due to track multiple scattering.

The level-3 trigger reduces data rate to about 200 Hz. A complete recon-
struction of b-hadron decays is performed, using all sub-detectors.

1.8.7 Physics performance

Exploiting the huge number and the variety of B-meson produced at LHC
and the layout described above, LHCb will be able to study the B physics
with very unique statistics and precision. After one year of data taking, a
large number of interesting events are expected (see table 1.2).

In the forward region, parent particle momenta are mainly carried by the
longitudinal components of the daughter particle momenta. Therefore, the
threshold value for p; can be kept low. We have seen, for example, that for
the muon threshold a value of about 1.5 GeV/c¢ will be used. This allows
to acquire a large number of B} — J/1Kg resulting, after one year, in an
accuracy on the § measurement 5+ 10 times better than the current one.

The presence of a RICH detector will allow to study channels with K-
meson or 7 in the final state, providing a good measurement of the o and
values.
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Decay O ine Physics Error

Modes Reconstr. Observable

B — /YK  tag 40 k I6; 0.6

B D7 tag 530 k y 10

B DK tag 2.4k 0% 10

B — rfr~  tag 4.9 k o (5+10)

B — 7 tag 1.3k a (5+10)

B — /¢  tag 370 k 0l 2

BY — pup 5 rare event with B.R. 2.0 -10~
Table 1.2:  pected numbers of events reconstructed o ine in one year (s of
data ta ing) ith an average luminosity of 32 em~2 s7! for some interesting

channels

The high energy in the centre of mass will produce a large number of By
mesons whose decay channels will be useful to evaluate the ~ value and to
study rare processes.

1.9 Other LHC experiments

We can briefly summarize the performance expected in the B physics sector
by the two general purpose experiments operating on LHC: ATLAS and CMS
which will operate at a maximal Luminosity of 10** cm=2 s71.

As ATLAS and CMS are designed to look for particles produced in very
hard collisions, the detectors have a pseudo-rapidity coverage up to an | |
of 2.4 + 2.5. The first level trigger, in both experiments, is based on the
identification of events with high p, muons or electrons. The threshold value
will be set to 5 + 6 GeV /c resulting in a low efficiency for bb events.

These experiments can reconstruct B-meson final states containing lepton
pairs, such as J/Y K, or J/1¢. By exploiting these channels, after one year,
(G will be measured with an accuracy of about 1 .

The absence of a good m/K separation will not allow to achieve a good
efficiency in reconstructing some important channels:

e B — 7w w. This channel is used for the a angle value extraction.
Therefore, in one year, a resolution of about 0.01 <+ 0.02 on the sin(2a)
will be achieved which could be of the same order as the measurement
itself.
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e B— KorB — 7. These channels cannot be studied and therefore
the v angle will not be measured.

We can conclude that ATLAS and CMS will provide some accurate mea-
surements in the B physics sector for a and, in particular, 8 angle, but they
cannot provide some fundamental measurements on v and 7.
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Chapter 2

The LHCb muon system

Muons can give very interesting informations on the pp — bb events at LHCb:

e A high transverse-momentum muon can indicate the heavy flavour con-
tents of the initial state;

e Muons from semileptonic b decays provide a flavour tag for the
b-hadrons parent;

e Muons are present in the final state of many CP sensitive B decays
and, in particular, in the two “gold plated” ones: B — J/ (u*u™)K,
and BY — J/ (11t p~):

e Rare and forbidden decays, such as the flavour changing neutral current
process BY — ™, have muons in the final state.

For these reasons an efficient and fast muon system has been designed for
LHCb.

2.1 System requirements

The main purposes of the muon system are to provide a fast selection of
events having a high p, muon for the level-0 trigger and a high efficiency
in muon track identification. As we have seen in the previous chapter, the
effective level-0 trigger input rate will be about 10 MHz which has to be
reduced to 1 MHz with a latency of 4.0 us.

Between 10 % + 20 % of the global level 0 output rate will be allocated
to the muon trigger which has to ensure:

e A fast track identification and reconstruction;

21
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e A reliable muon p; estimate;

e A high efficiency in a 25 ns time window in order to unambiguosly
identify the bunch crossing the muons come from;

This imposes very severe requirements on the system layout and on the de-
tectors used.

2.2 Muon system layout

The muon system consists of five stations (M1 M5) placed along the beam
line interspersed with iron shields as shown in Fig. 2.1. Each station is

Muon Detector sideview
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Figure 2.1: ide vie of the muon system. The ve stations and the iron shield
are visible.

composed by two layers of detectors which are readout by separate front-end
electronics for redundancy reason. The analog signals coming out from the
chambers are discriminated and the logical OR of the digital signals from the
two layers is sent to the trigger system.

Because of the large variation in the particle flux between the central and
the external parts, each station is subdivided into four regions of different
granularity. The detector granularity as seen by the trigger system is called

i and the logical pads may not coincide with the physical ones.
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The logical layout of M2 is shown in Fig 2.2 and the different logical pad
dimensions are summarized, for the five stations, in Tab. 2.1. The dimension

4804

2002

Logical channel

Region 4

50mm x 250mm

AN

<— Logical channel

1001

Region 3

25mm x
125mm

Region 2

Reg 1| 12.5mm x63mm

5 x
6.3mm x
31mm
j 300 300 600

Logical pad

4003

1200

2402

Beam Pipe Sheilding

Figure 2.2: Logical layout of the

station.

of the logical pads in the bending plane ( dimension in Fig. 1.5) was mainly
chosen for the space infomation accuracy required to obtain a good p; reso-
lution. The y dimension is determined by the rejection of background events
which do not point to the interaction region. The logical layout in the five
muon stations is projective in y to the interaction point.

ad ens nsa 1 (cm?)
MI [ M2 | M3 [ M4 | B
R1 || 1x2.5 | 0.5x2.5 | 0.5x2.5 | 2x2.5 | 2x2.5
R2 | 2x5 1x5 1x5 4x5 | 4 %5
R3 || 4x10 | 2x10 2x10 8x10 | 8x10
R4 || 8x20 | 4x20 4x20 | 16x20 | 16x20

Table 2.1: The logical pad si e (scaled as
ectivity in  bet een stations and the doubling of si e in both directions bet een

regions.

i). This indicates the e act pro-
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2.3 The background

In the muon system a high particle flux (mainly not muons) is expected. This
determines strong requirements on the chamber rate capability, ageing char-
acteristics and on the system redundancy. Four main classes of background
are expected:

e Muons coming from in-flight decays of the large number of 7 /K mesons
produced in the p — p collisions which represent the bulk of the level 0
muon trigger;

e Photons from 7° decays interacting in the area around the beam pipe
creating electromagnetic showers. Hadrons interacting late in the calorime-
ters creating shower muons or hadrons punch through;

e Charged particles (mainly low-energy electrons) generated in neutron
reactions which in general affect only one detector layer. The hits due
to this background can arrive with a maximum delay of few 100 ms
after the event;

e muons coming in the beam halo which could cross the muon system
simulating a particle coming from the interaction point and cause a
muon trigger.

2.3.1 ackground simulation

Proton-proton interactions at the centre-of-mass energy of 14 TeV are gen-
erated with Pythia 6.1 [25]. The model parameters were tuned to reproduce
results for proton-antiproton collision with a centre-of-mass energy in the
studied range 50 GeV — 1.8 TeV. The LHCb apparatus is described in the
context of GEA T 3.21 [26]. Inside the muon shields, in order to keep the
event simulation time acceptable, the muons are tracked down to an energy
of 10 MeV and other particles to an energy of 500 MeV. In stations M2
and M5, the relatively high tracking thresholds suppress hits that would re-
sult from shower generation or photon conversion in the shields. The loss is
corrected by adding a parameterised background obtained by a detailed sim-
ulation perfomed with GCALOR [27]. With the parameterised background
added, the standard simulation for M2-M5 reproduces the GCALOR results
to better than 10 %. o parameterised background is added for station M.
In this station, the distribution from standard simulation disagrees from the
GCALOR results less than the intrinsic GCALOR uncertainties. Possible
inaccuracies in the simulation at high and low energies are accomodated by
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using two sets of safety factors to increase the number of hits in all five

muon stations. A factor 1 for each station is taken to simulate the so called
. Factors 2 for M1 and 5 for M2-M5 define the

. A smaller safety factor for M1 is used because of a lower contri-

bution from the low-energy processes. The nominal and maximal rates for

each region are summarized in table 2.2.

| M1 M2 M3 M4 M5
R1[230-10° | 7.5-10° | 2-10° [23-10° | 880
460 -10° | 37.5 -10% | 10 -10% | 6.5 -10° | 4.4 -10°
R2| 93-10° | 53-10° | 650 430 350
186 -10° | 26.5 -10° | 3.3 -10° | 2.2 -10% | 1.8 -10°
R3[| 40-10° | 1.3-10° | 200 150 130
80 -10° | 6.5-10® | 1.0 -10* | 750 650
R4 | 12.510° | 230 83 50 45
25-10° | 1.2-10° | 415 250 225

Table 2.2: Particle rates (in H cm?) in the muon system the rstro gives the

calculated rate at a 32 em~2s~ !  the second ro the rate

including the safety factors.

2.4 The level 0 -trigger scheme

In order to provide a fast and efficient level-0 trigger the scheme shown in
Fig. 2.4 was adopted. A hit in station M3 is called a . Starting
from each track seed a straight-line is extrapolated forward to the interaction
point and backward up to the station M5. In M2, M4 and M5, hits are looked
for in regions (field of interest “FOI”) centred in the intersections between
the station and the straight-line. If at least one hit is found in M2, M4,
and M5 FOlIs, the track is flagged as a muon candidate. A second straight-
line passing through the hit in M2 and the track seed, is extrapolated to
M1 to define the centre of the FOI. If at least one hit is found in the M1
FOI the track is definitively flagged as a muon. In M1, the hit closest to
the extrapolation point is used, together with the hit in M2, to evaluate
the track transverse momentum p;. Because of the high distance between
M1 and M2 (3.1 m) and the high granularity of M1 (see table 2.1) a good
resolution on the p; measurement is obtained. In Fig. 2.3 (a) the p; resolution
as expected from the system simulation is shown. In the whole momentum
range 10 — 60 GeV/c a p; resolution of about 20 % can be achieved.
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A first consequence of this scheme is that a muon to trigger must give a
hit in all stations and this results in a muon-momentum threshold of 5 GeV.

A threshold in the p; value will be set to cut the low interesting events.
If overthreshold the event is declared interesting (“triggered”) and passed to
higher selection levels. The value of this threshold is chosen by optimizing
the system performance.

In Fig. 2.3 (b) the efficiencies in selecting b — pX events and in rejecting
the minimum bias events are shown in a muon p; cut range of 0 — 3 GeV for
nominal background. A p; cut of 1.5 GeV would ensure a b — uX efficiency
of 44 % and a minimum bias retention of 1.1 % (i. e. a muon trigger rate of
about 110 kHz). This performance would be extremely spoiled without the
presence of M1. With a muon p; evaluated using the hits in stations M2 and
M3 (instead of M1 M2), with a total muon trigger output rate of 1.1 kHz,
the b — pX efficiency would be about 26 %.
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Figure 2.3: The muon system performance (a) The ; resolution of the muon

system as e pected from the simulation. (b)
minimum bias retention as a function of the muon

The b

+ cut.

2.5 Detector performance requirements

e ciency and the

The combination of the experiment physics goal and the background condi-
tions has determined the choice of the detectors used in the system. The
chamber requirements are summarized in the following:

. The particle flux increases by a factor 2000

from the outer region of M5 to the inner region of M1. This imposes
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M2

Muon stations

Figure 2.4: Trac  nding by the muon trigger.

differents requirements on the rate capability and detector ageing ac-
cording to the chamber position in the system.

° . In order to have unambiguous bunch-crossing identi-
fication a high detection efficiency (99 %) within 25 ns for each station
is required. Thus all the chambers should provide very good time per-
formance.

° . A good spatial resolution is required, especially in
M1 and M2, in order to obtain an accurate p; evaluation. It is then
important to reduce as much as possible the probability of having more
than one pad fired by a crossing track. The average number of pad
fired is called . Since two detector layers are present in
each station, inclined tracks could hit more than one logical pad giving
an effect called “geometrical pad-cluster size” which, in some regions,
could reach the value of 1.3 as shown from the simulation. In order
to minimise any additional deterioration of the spatial resolution the
detector “intrinsic pad-cluster size” has to be kept below 1.2.

2.6 The study on M1 performance

In the muon system, the M1 station plays a very special role. As we have
seen, in order to ensure a good p; resolution the M1 station shows two main
differences with respect to the other stations:
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1. . In order to provide a good lever arm and reduce the
multiple scattering effect, M1 is placed upstream of the calorimeters.
This results in a very high particle flux on the station. In the inner part
the particle flux reaches values as high as 500 kHz/cm? which is more
than 10 times higher than the maximum rate in M2. This imposes very
severe requirements on the detector choice and has a large influence on
the trigger performance.

2. . In the bending plane, the logical pad size in M1
are the smallest of the muon system. A detector ensuring a quite good
spatial resolution is then needed.

In order to evaluate the impact of the M1 performance on the trigger system
we performed a detailed Monte Carlo study. The method developed and the
results obtained will be discussed in the following sections.

2.6.1 ata sample and I optimisation

In these studies two different sets of data were used:

e a sample of 13466 b — pX events with nominal background;

e a sample of 40322 minimum bias (anelastic, diffractive and elastic)
events with nominal background. 8820 events had a real muon in the
final state.

A minimum bias retenction of 1 % was required which traslates into a level
0 muon-trigger rate of about 100 kHz. First of all, a procedure to determine
the trigger FOIs and p; threshold so as to maximise the trigger efficiency was
performed. Afterward, the optimized FOI shown in table 2.3 have been used
in the whole simulations. The p, threshold was set to 1.5 GeV/c.

‘ ‘ Station 1 ‘ Station 2 ‘ Station 4 ‘ Station 5 ‘

x FOI 5 7 2 2
y FOI 1 1 1 3

Table 2.3:  ptimised I (e pressed in pad units) for a minimum bias retention
of anda ;cutof . e c.
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2.6.2 Trigger acceptance and 1 e ciency

If for the M1 M5 stations an efficiency of 95 % per layer in 25 ns is achieved
this would ensure a station efficiency (two OR-ed layers) larger than 99 % in a
bunch crossing time window. The trigger requires one hit in all the stations
and thus the whole system would have an efficiency in reconstructing the
muon tracks larger than 95 %. A loss of efficiency in one station is expected
to influence linearly the whole system performance.

Several studies on the system performance were done by simulating dif-
ferent efficiencies for M1. We studied the station efficiency in the range:
90 % — 99.75% which means a single layer efficiency 68.4 % — 95 %.
The results on the system efficiency for b — pX events and for minimum
bias events are shown in Fig. 2.5. The trigger acceptance for both types of
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Figure 2.5: Trigger acceptance as a function of the e ciency of the station.

events is found to drop less than the M1 efficiency. For example, when in
M1 the efficiency is 90 % the system efficiency on b — puX events is 94 %.
This phenomenon could be understood by studying the hit multiplicities in
the M1 FOI (Fig. 2.6). Because of the high M1 occupancy it is often possible
to have more than one hit within the FOI. In Fig. 2.6 the FOI multiplicities
in M1 for b — pX and for minimum bias events are shown. In both cases
the average number of hits is higher than 1. In fact, the study shows that
only 50 % of the hits in M1 come from a true muon, while for M2 the “muon
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Figure 2.6:  ultiplicity in the T of . (a) b events. (b) minimum
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purity” is 95 %. If the detector is inefficient and the “true” hit a of muon
track is lost, the system can often find another hit for triggering recovering
the efficiency loss of MI.

The second result to outline is that the trigger rate for b — pX drops
faster than the minimum bias event one. This could been explained by the
highest FOI multiplicity for the minimum bias events with respect to the
b— uX (Fig. 2.6 (a)).

2.6.3 Trigger acceptance and 1 cluster si e

The intrinsic pad-cluster size impact on the system performance is a very
important parameter to study for MI1.

An intrinsic pad-cluster size of values from 1.0 to 2.0 was simulated. The
results on the trigger rate are shown in Fig. 2.7. Two main observations can
be done:

e Both the b — pX and the minimum bias rates increase for high pad-
cluster sizes;

e The increase in the minimum bias events rate is steeper than the b —
pX one.
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This could be explained by a deterioration in the spatial resolution and thus
in the p; resolution due to the large pad-cluster size. This deterioration leads
to a lowering in the effective p; threshold.

The p, distribution of b — pX and minimum bias events are shown in
Fig. 2.8. Around the threshold value used in this study (1.5 GeV) the p,
distributions are very different:

e the b — pX events have a quite flat p; distribution;
e the minimum bias event p; distribution increases rapidly at low p;.

Therefore, a lower effective threshold provides a increse larger for minimum
bias events then for the b — puX ones.

In Fig. 2.9 the p; true distributions of events triggered with a p, cut of
1.5 GeV/c are reported. Comparing these distributions with the total p; true
distributions (Fig. 2.8), one can see how the p; threshold cut rejects muons
with low momenta.
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We also studied the events which are “triggered” if the pad-cluster size
is 2.0 and are not “triggered” if it is 1.0. In Fig. 2.10 the true p; spectra
of muons coming from these events are shown. The nominal p; cut was set
to 1.5 GeV/c. The mean values of about 1.2 GeV/c confirms how a high
pad-cluster size lowers the effective p; threshold.

2.64 ect comparison and conclusions

To conclude this study we compared the results obtained. The relevant
parameter is the ratio between the b — pX (“signal”) and minimum bias
(“noise”) trigger rates. In Fig. 2.11 the normalized ratio as a function of the
M1 efficiency and intrinsic pad-cluster size is shown.

Since the minimum bias acceptance increases rapidly for high detector
cluster size, the level-0 muon trigger performance deteriorates less for an M1
effeciency of 90 % than for a intrinsic pad-cluster size of 2.0. In particular
an M1 efficiency of 90 % would mean a loss in the signal to noise ratio
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comparable with the loss corresponding to an instrumental cluster size of
1.25. A small detector pad-cluster size of 1.10, corresponds, from the point
of view of the signal to noise ratio loss to an M1 efficiency of 96 % and thus
to a layer efficiency of 80 %.

The official requirements of a maximum pad-cluster size of 1.2 and a
minimum efficiency in 25 ns of 99 % seems not to be optimized for M1. Our
idea is that the pad-cluster size should be kept as low as possible, while a
little inefficiency (up to 2+3 %) does not have big impact on the muon system
performance.

2.7 Muon system technologies

The chamber technologies for equipping the muon system were chosen taking
into account the above considerations.
For all regions except the inner part (R1 and R2) of M1

technology was adopted. A geometry of two gaps in
OR for each chamber with wire spacing of 1.5 mm and a gas gap 5 mm
wide was chosen (Fig. 2.12). The use of a fast gas mixture (Ar/CO,/CF,
(40/50/10)) results in a time resolution of 3 ns. A good rate capability was
found up to few hundreds of kHz/cm?. For these chambers the main cross-
talk source is represented by the direct induction by particle crossing the
detector between the edge of two pads. To keep below 20 % the rate this
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of kind of cross-talk, (which means a cluster size of 1.2) the cathode pad
dimensions should be kept larger than 2.2 cm. This explain why this kind
of detector cannot be used in R1 and R2 of M1 where the pad dimensions
are 1 cm and 2 cm respectively (table 2.1).

2.71 The 1R1 and 1R2 technology

Because of the high particle rate and the detector requirements for the two
inner regions of M1 (especially a moderate pad-cluster size) the technology
for equipping these regions has not yet be decided.

Although the area of the inner region of M1R1 and M1R2 is 2.9 m? (the
6 % of the M1 and less than 1 % of the total), half of the muons will hit
these regions.

It is then crucial to find a detector ensuring the good perfomance needed.
Two main alternatives were considered:

1. :
The direct pad-cluster size can be kept low by placing the anode wires
asimmetrically in the gas gap at 1 mm from the cathode pads (

). This also would allow to operate at reduced gain
which means less ageing effects. The ageing problem can be also re-
duced by reading signal simultaneously on the two cathode plane (

). The two planes are segmented in pads
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and the signal of two facing pads are analogically added. In this way
the chamber can work in a configuration with a reduced gain. These
two kinds of detector have been built and tested in September 2002.
They show two main problems:

e The pad-cluster size reaches the value of 1.32 and 1.39 in the
Asymmetric and Double cathode readout respectively;

e Because of the low rate capability (less than 1 MHz/cm?) the
ageing due to 10 years in LHCb cannot be studied in accelerated
test and results cannot be achieved in reasonable time.

2.

For my PhD thesis I worked in the LHCb group of “ niversita degli
Studi di Cagliari”, together with a group from “Laboratori azionali
di Frascati”, to design and develop a triple-GEM based technology for
equipping M1R1 and M1R2. Several detector prototypes were built and
tested. Very interesting and encouraging results for chamber effiency,
cluster size, rate capability and ageing were found.

In the following chapters a detailed description of the work performed will
be shown together with the results obtained.
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Chapter 3

The (Gas Electron Multiplier

In the last ten years substantial efforts have been made in studying and de-
veloping (see for example [29]). Due to their good
performance (i.e. high rate capability, excellent time and position resolution)
and low production costs (their construction is based on photolithographic
methods used for industrial fabrication of printed circuit boards) micropat-
tern gas detectors have been proposed for many different applications in as-
trophysics and high energy physics experiments and medical imaging. In this
framework one of the latest development was the GEM:

. Proposed in 1997 [30] they have seen a growing interest in -ray and
charged-particle detection. They have shown the same level of performance
as the other micropattern gas detectors, together a very stable operation and
robustness.

3.1 Principle of operation

A GEM is a 50 pum thick kapton foil, clad on each side with a thin copper
layer (5 um) and perforated with a high surface density of channels as shown
in Fig. 3.1. By applying a voltage difference of the order of 500 V between the
two copper sides, an electric field as high as 100 kV/cm is produced within
the channels. Primary electrons created in a gas by an ionizing particle can
be led towards the GEM by a suitable external electric field. The high field
inside the channels induces an avalanche process making them working as
multiplication channels. Another electric field in the region below the GEM
can extract secondary electrons resulting in an effective gain of the order
10 <+ 100.

37
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Figure 3.1: foil as seen at the electron microscope.

3.1.1 The drift eld

The electric field above the GEM is called (Eq). Its main purpose
is to drift the electrons created by ionising particles towards the GEM. In a
region a few hundreds microns above the GEM the drift field lines connect
with the GEM channel field lines which collect electrons into the holes (field
lines focusing). A too high drift field would make a large fraction of electrons
hit the upper GEM copper side and the electron transparency would reach
to the optical one. On the other hand E; has to be high enough to avoid
charge losses in the gas through secondary effects as the recombination.

3.1.2 The channel electric eld

The electric field into the GEM channel (E ) is mainly created by the po-
tential difference applied between the two copper sides (V . ). The main
effect of E is to allow the avalanche to develop. The number of secondaries
created by primary electrons increases while increasing E .

A secondary effect of E is connected with the GEM electron transparency.
A high E helps electrons entering into the GEM holes, but on the other hand
it reduces the extraction of the secondaries produced.
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3.1.3 The transfer eld

The transfer of secondary electrons from the GEM channel to another charge
amplifier (e. g. GEM or MSGC) is performed by the electric field below
the GEM: the (E¢). The higher is E;, the more efficient the
secondary electron extraction is. In the case when the secondary electrons
are drifted towards the readout strips or pads, the field is called

(Ei).

3.14 eometrical parameters

Different kinds of GEM have been built and tested [33]. The GEM foil layout
has a large influence on the GEM performance:

e The electric field inside the channels is inversely proportional to the
channel width;

e The GEM electron transparency is directly proportional to the channel
width and the channel surface density;

e The channel shape has a large impact on the detector performance.
The conical shape gives rise to a high electron capture in the kapton
resulting in a high GEM charging-up. The charging-up gives causes
time variations of the GEM gain (top of Fig. 3.2). On the other hand,
the reversed conical shape causes ion capture. Thus, the cylindrical
shaped channel is expected to ensure a better GEM operation with
respect to the conical or reversed conical ones (bottom of Fig. 3.2).

The current technologies do not allow construction of perfect cylindrical chan-
nels. A bi-conical shape results to be the best approximation to a cylindrical
one. For charged particle detection, the highest perfomance is provided by
the so called GEM: bi-conical holes (Fig. 3.3) with an external
diameter of 70 pm, an internal of 50 ym and a pitch of 140 pm, resulting in
an optical transparency of the order of 20 %.

3.2 Single GEM studies

To achieve a better understanding of the standard-GEM properties we per-
formed several studies. First of all we made a complete and detailed sim-
ulation of the microscopic processes occuring in a GEM by means of the
Maxwell [31] and Garfield [32] packages. We did not expect accurate quan-
titative results from the simulation, whose main aim was to gave us an idea
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Figure 3.2:  ain time-dependence for several hole shapes under a * H mm?

-ray rate

Figure 3.3: hole cross-section as seen at the electron microscope.

of the GEM behavior in different electric configurations. We then wrote a
macroscopic analytical model of the charge flows in a single-GEM detector
as a function of the electric fields. Then, we performed a set of experimen-
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tal measurements using an -ray tube, in order to check the validity of our
model. In all these studies we used an Ar/CO,/CF, (60/20/20) gas mixture.

3.2.1 The simulation
e as e

The gas mixture properties were calculated by using the following simulation
tools:

e Magboltz [35] was used to compute the electron drift velocity and the
longitudinal and transverse diffusion coefficients;

e Heed [36] calculates the energy loss through ionization of a particle
crossing the gas and allows to simulate the cluster production process;

e To compute the Townsend and attachment coefficient Imonte 4.5 was
used [37].

We report two examples of the gas mixture properties computed. The elec-
tron drift velocity calculated as a function of the electric field is compared
in Fig. 3.4 (a) with experimental data. The probability distribution of the
number of primary clusters produced by a minimum ionizing particle in a
3 mm gap, shown in Fig. 3.4 (b) gives an average value of about 15.
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Figure 3.4: Ar C 2 C 4 ( ) gas mi ture properties. (a) rift velocity
obtained from e perimental measurements and from the agbolt simulation.
(b)  umber of primary clusters created by a minimum ioni ing particle in a mm
gap obtained from the Heed simulation.



42

e ele eld n a n

To calculate the map of the electric field resulting by applying a potential
difference on the two copper sides of a GEM immersed in an external electric
field a 3D-model was built in the Maxwell framework. This model is based on
an elementary “cell” with dimension of 400x121x70 pm? shown in Fig. 3.5.
A 50 pm thick kapton foil clad on each side (b and  in the figure) with a 5 ym
thick copper layer contained in a box is simulated. By setting appropriate

Figure 3.5: foil elementary module layout used in a  ell.

boundary-conditions on the surfaces b and it is possible to reproduce
the electrostatic configuration of a GEM foil between two external electric
fields. An entire GEM foil can be obtained by periodically replicating this
elementary module, when only the electric-field-components tangential to
the lateral faces of the box are taken into account. The Maxwell program
calculates, by the finite elements method, the electric field map. About
31,000 thetraedrons have been used, resulting in an error on the system
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electrostatic energy smaller than 0.04%.

With the model described above we evaluated the electric field in a region
around the channel. In Fig. 3.6 the equipotential lines (top) and the electron
drift lines without the diffusion effect (bottom) are shown. Since at the
channel opening the equipotential lines are bended, the electrons are forced
to enter into the hole. The value of E as a function of the position along
the channel axis and the channel diameter is shown in Fig. 3.7. For a .
of 450 V a maximum electric field value of 65 kV /cm is obtained.

3.2.2 electron transparency study

The single-GEM electron transparency has been simulated as a function of
the external electric fields and V . . Electrons were produced in a uniformly
random position on a surface 150 pm above the GEM (where the equipo-
tential surfaces are almost flat) and then a process of Monte Carlo drift is
generated:

e Due to the diffusion effect and to a partial field lines defocusing, some
electrons hit the upper GEM electrode (Fig. 3.8 (a)). The ratio be-
tween the number of electrons entering the channel and the number
of electrons generated above the GEM will be indicated as

el
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3.3 Single GEM experimental measurements
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Chapter 4

The triple-GEM based detector

4.1 The triple-GEM detector layout
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4.2 Detector prototypes layout
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4.3 Test and measurements with X-rays
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4.4 Chamber efficiency and time performance
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4.5 Detector charge spectra



4.6 Discharge studies
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4.7 The pad-cluster size
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4.8 Conclusions






Chapter 5

The triple-GEM detector for
LHCDb

5.1 The final detector layout






5.2 The time performance
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5.3 The working region
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5.4 The pad-cluster size



Ar/CO,/CF, 45/15/40

A kL A F K

100 ¢

OR eff. in 25 ns

Lo T I Lo L
1200 12550 1300 1350 1400 1450

th<v>

5.5 Study of the chamber uniformity
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