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Abstract

The Large Hadron Collider, the proton-proton accelerator to be built at CERN
within the next decade, will start a new generation of High Energy Physics experi-
ments.

The CMS collaboration proposes to build a complex apparatus, described here,
to detect signatures of new physics, namely Higgs bosons and SUSY particles, and,
at the initial lower luminosities, to investigate B-physics issues. The particle fluxes
expected in the CMS Central Detector will demand a proven radiation hardness.
Test irradiations of MOS and MNOS structures and prototype silicon microstrip
detectors, with ionising and non-ionising particles, are described in this thesis, with
annealing behaviours and possible dose rate effects. Facilities and techniques of
dosimetry are introduced.

The amount of material in the Central Detector was evaluated at various stages
of the design, with realistic descriptions of the complete detector and programs to
compute the radiation length of the components of the tracking system.

Several issues of physics to be investigated in CMS were studied: the capability
of quantifying CP violation in B-meson decay channels, allowing measurement of
the angles of the Unitary Triangle, was considered. The time-integrated and time-
dependent CP violation asymmetries were considered, and means of enhancing the

potential of the CMS apparatus were investigated.
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We are living at a time when the status of man is undergoing profound upheavals.
Modern man is progressively losing his understanding of values and his sense of pro-
portions. This failure to understand essential realities is extremely serious. It leads
us infallibly to the violation of the fundamental laws of human equilibrium. In the
domain of music, the consequences of this misunderstanding are these: on one hand
there is a tendency to turn the mind away from what I shall call the higher mathe-
matics of music in order to degrade music to servile employment, and to vulgarize
it by adapting it to the requirements of an elementary utilitarianism [...]. On the
other hand, since the mind itself is ailing, the music of our time, and particularly the
music that calls itself and believes itself pure, carries within it the symptoms of a
pathologic blemish and spreads the germs of a new original sin. The old original sin
was chiefly a sin of knowlegde; the new original sin, if I may speak in these terms,
is first and foremost a sin of non-acknowledgement—a refusal to acknowledge the
truth and the laws the proceed therefrom, laws that we have called fundamental.
What then is this truth in the domain of music? And what are its repercussions on
creative activity?

Let us not forget that it is written: “Spiritus ubi vult spirat” (St. John, 3: 8).
What we must retain in this proposition is above all the word WILL. The Spirit is

thus endowed with the capacity of willing. The principle of speculative volition is a

fact [...].

Igor Stravinski, Poetics of Music, lectures at Harvard College (1939-1940), transl.
by A. Knodel and I. Dahl, Harvard Univ. Press (1942, 1947, 1970), lect. 3, 47-48.

Tu ne quaesieris, scire nefas, quem mihi, quem tibi
finem di dederint, Leuconoe, nec Babylonios
temptaris numeros. Ut melius, quidquid erit, pati.
Seu pluris hiemes seu tribuit Iuppiter ultimam,
quae nunc oppositis debilitat pumicibus mare
Tyrrhenum: sapias, vina liques, et spatio brevi
spem longam reseces. Dum loquimur, fugerit invida

aetas: carpe diem quam minimum credula postero.

Horace, Carmina, liber I no. XI (23 b.C.).
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Introduction

During the different periods in the history of mankind, research in physics
changed, sometimes dramatically, sometimes smoothly, and its focus, and even the
meaning of Physics itself, varied with time. But what unchanged remained was its
definition as a science—or discipline—of understanding nature and its laws and of
predicting the future, i.e. calculating more or less precisely how nature would behave
if defined initial conditions were imposed on a system whose evolution was kept

under observation.

Very different domains have been investigated in this struggle for deeper and
deeper understanding: astronomy, mechanics, gravitation, dynamics, optics, ther-
mology and thermodynamics, fluidodynamics, material sciences, electricity and mag-
netism, atomic physics and radioactivity amongst many others, and eventually quan-
tum mechanics and relativity, which opened wide the doors towards the high energy
particle physics of today.

Methods, tools and background knowledge are now very different from those of
Democritus, Pythagoras or Aristotle, but surprisingly the focus of research today
is somehow more than ever oriented towards the nature of matter and its most
elementary laws. We still want to believe that nature behaves in a simple and
smooth way, and we want to organise coherently but as simply as possible all sets
of data available to us, unifying wherever possible even rather different properties

for the pure sake of unity and simplicity.

But is nature indeed simplel’ Prof. Dennis Sciama, astrophysicist, mentions
three possible explanations of the origin of the universe and of life and intelligence

as we know them today: chance, God or harmony [i.1]. Cosmology and particle
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22 Introduction

physics inevitably lead to philosophical consequences in terms of basic and simple
questions with extremely difficult answers. Many of us would find it hard to believe
that everything which exists originated completely randomly or, on the contrary,
was made and prepared in every detail for us. The harmony of nature as we know
it, without being perfect, seems to be a plausible explanation. Those who prefer
to believe in chance or in God might still define harmony a ‘good God’, or ‘good
luck’...

Universal physical constants, as e.g. the electron charge, with its implications
for the elements and their stability, and also for light (photosynthesis) and vacuum
properties, may have the values they actually have for the sake of an overall, cosmic
harmony, from the most elementary laws to the widest universality. Another exam-
ple is the total mass of the universe, sufficient or not for gravity to stop the proven

cosmic expansion.

It is worth mentioning the theory put forward by the astrophysicist and cos-
mologist Edward Harrison, according to which our universe was created by the
intelligence of a former universe, where physics and its laws were essentially (but
not completely) identical. The theory of the natural selection of universes would
propose that intelligent life created (consciouslyl' unconsciouslyl) universes similar
to its own, some of which were favourable to the birth of a new life with a higher
degree of intelligence, and so on.

This selection process a la Darwin would explain why the values of the physical
constants are ‘the right ones’ for life (as we know it...): the universes where the
constants would have been less propitious came to an extinction, but the most

favourable universes propagated the ‘species’ and made it evolve [i.2].

Particle physics today seems to be the core of both high energy physics and cos-
mology, and the general picture we now have can at the same time explain available
data very well, and leave questions and challenges for the deep quest beyond. This
picture is usually called the Standard Model of elementary particles and interactions.

The different forces of nature, redefined by field theory in terms of fundamental
interactions, have been reduced in number to three, thanks to recent experiments
performed in the last decade: electroweak, strong and gravitational. There are even
hopes for further unifications.

Each fundamental interaction has a defined quantum field and one or more vector
bosons responsible for the exchange of the interaction.

These fundamental interactions and the corresponding vector bosons are sum-

marised in table i, along with some related properties [i.3, 1.4]. As an example, the
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relative strengths of interactions involving two protons in a nucleus are compared
in table ii [i.4].

The thick dictionary of pseudo-elementary particles, compiled throughout this
century and containing as many as a few hundred items, i.e. far too many to be con-
sidered elementary, has been ordered very elegantly, making use of only three families
of pairs of quarks and leptons (table iii), with a total of twelve really elementary

particles (and their C-symmetric companions, i.e. the corresponding antiparticles).

Precision LEP data exclude further lepton families, and the ‘next-to-last’ build-
ing block of this model was officially added this year (1995), when the CDF and DO
experiments at Fermilab observed evidence of production of the sixth, (lastI) and

heaviest quark, the fop quark. Fig. i shows a plot for the reconstructed top mass

distribution, obtained by CDF [i.5].

CERN and a worldwide scientific community have proposed to build the LHC
accelerator and its experiments because proton-proton collisions at the TeV centre-
of-mass energy scale will allow, by the year 2005, an extensive search for the last
missing brick of the Standard Model, which is at the same time the starting point
for searches beyond: the Higgs boson, i.e. the heavy particle responsible for the

primordial spontaneous symmetry breaking.

The Standard Model is practically based upon this symmetry breaking, which
gave masses to light and heavy particles, and to the vector bosons W* and Z°, while
the photons (and the neutrinosI') remained massless.

As first examples of Higgs search, fig. ii and fig. iii show Higgs mass plots,
for different precision electroweak data [i.6], and for a global fit to top and Higgs

masses [1.7].

The Standard Model

The Standard Model is nowadays believed to describe physics correctly at least
up to ~200 GeV, i.e. the energy region experimentally accessible up to now. This
is based on the fact that all experimental tests of the predictions of this model have
turned out to be positive. Of course the model is not yet completely tested, having
many of its predictions not yet checked at all, for example those concerning the
Higgs sector. Nevertheless, up to now the model is in perfect agreement with all

experimental findings.
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From a theoretical point of view, the Standard Model is not just based on an
effective Lagrangian, as for example the Ferm: theory of weak interactions is, but
it is a renormalisable field theory [i.8].

The Standard Model is based on the gauge group

SU(3)e % SU2)yw x U(l)y

for the strong, electromagnetic and weak interaction between elementary particles:
SU(3)c¢ is the symmetry group at the basis of the theory of strong interactions be-
tween coloured quarks and gluons [i.9], while SU(2)y, xU(1)y is the symmetry group
of the so-called Glashow-Salam-Weinberg theory [i.10], which describes accurately

electroweak phenomena [i.11].

The gauge group for electroweak interactions contains an isovector triplet of
weak SU(2) gauge fields, A,, and a neutral U(1l)y gauge field, B,: from the or-
thogonal superimposition of A; and B, one gets the photon and the Z boson,
while from the combination of A; and A, the bosons W and W~ are obtained:
W;t = 1/V2 (Alll + zAi) . The elementary particles are classified in three gener-

ations of quarks and leptons, arranged in SU(2) doublets and singlets according to

I. (u) ’l_l,R JR ( Vf ) 61-;
d L € L

¢ =z Yy +

o () wn (2)

t s 7 Vr +

II1. b tr br - TR
L T L

The requirement of a definite chirality is a consequence of the parity non-conser-

their chirality:

vation of electroweak interactions: it has been found experimentally that the weak
charged currents contain only left handed spinors. For the same reason, in order to
avoid the presence of right handed charged currents, the right handed components
belong to weak isospin singlets. The neutrino is assumed to be massless: vg is
absent.

The charge of the ‘up’ component of each quark weak isodoublet is +2/3, while
it is —1/3 for the ‘down’ component; the electric charge is related to the weak

hypercharge Y, the generator of the U(1) group, by the relation

Q=T+Y,

1Some authors define the weak hypercharge as Y/2, and the relation with the electric charge
and the weak isospin becomes Q = T3 + Y/2.
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where T3 is the diagonal component of the weak isospin operator. The hypercharge
is +1/6 for each quark belonging to isodoublets (T3 = +1/2), while it is respec-
tively —2/3 for the right-handed ‘up’-like antiquarks, and +1/3 for the right-handed
‘down’-like antiquarks, both belonging to weak isospin singlets. On the contrary,
since in every leptonic SU(2) doublet each charged lepton (@ = —1) is paired with
a chargeless neutrino, the hypercharge for every doublet is —1/2, and it is +1 for
the right-handed lepton.

A conventional mechanical mass term in the Lagrangian density of matter fields
cannot be introduced, as it would violate the SU(2) gauge symmetry: therefore, in
this theory, the particle masses can arise only by means of a spontaneous symmetry
breaking of SU(2). For this purpose one introduces a doublet of complex ‘Higgs’

scalar fields, usually of the form

The mass term is now written in an invariant way.

The field
(6° + 6°)/v2

gives mass not only to all fermions—neutrinos excluded—but even to the gauge bosons.

The charged gauge bosons receive a mass

My = 5921)7

one of the neutral ones receives a mass

1
Mz = §v\/g% + 935,

while the other, the photon, remains massless. Here v represents the vacuum expec-
tation value of the Higgs neutral field, and ¢g; and g, are the gauge couplings related
to the gauge fields U(1) and SU(2): these three parameters can be experimentally
determined by the electromagnetic coupling constant e, the Fermi coupling constant
Gr and a measurement of the strength of weak neutral currents.

Using the Weinberg angle 6y, by which the gauge fields are orthogonalised, the

following relations hold:

Gr _ o

V2 8ME

e = go sinfy = g; cos by,

v, and

M| —
[\
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by which v is determined to be of the order of 250 GeV, and

My ~ 35? GeV
sin O

as well as
38 GeV

My ~-——2%
Z 7 1/2 sin 26y

from the strength of the weak neutral currents one obtains
sin? Oy ~ 0.22 .

The consistency of the W and Z masses with this prediction is a sensitive test
of the model. However, the mass of the remaining scalar field, the Higgs particle,
remains a completely undefined parameter. To this point, the Standard Model does
not make any definite predictions: a neutral scalar particle should exist with a
mass somewhere between ~10 and ~1200 GeV; the upper limit is claimed by the
request of unitarity conservation on the WW scattering amplitude and the validity

of perturbative methods.

No predictions arise from the model concerning the quark and lepton masses
either. All mass terms are provided by Yukawa couplings, and they have to be
conveniently adjusted in order to obtain the measured values of the fermion masses,
which thus are inserted in the model ‘by hand’; moreover, the wide difference of
masses between the different generations is not completely understood yet.

In addition to this, the quark mass matrix is not diagonal in the weak basis:
the mass eigenvalues are obtained by a mixing between different generations. The
mixing occurs by means of the Kobayashi-Maskawa matrix [i.12], whose detailed
description will be given later.

Anyway, the electroweak sector is now considered to be fairly well understood;
conversely, the strong part of the model is less consolidated, due to a major difficulty
given by the rapid running of the coupling constant with the energy scale. In this
case the symmetry group is SU(3)¢, and by gauging it we obtain QCD, the currently

favoured model for strong interactions.

The gauge bosons of QCD are eight massless gluons of spin 1; each of them,
as well as each quark is given a ‘colour’ quantum number: more precisely, each
field belongs to a triplet state of colour. Some evidence exists in favour of the
presence of this new internal degree of freedom: for instance, it helps when solving

some technical problems like quark statistics, the 7° decay rate and the existence
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of triangle anomalies (mentioned in section 6.1); experimentally, it explains the
behaviour of the ratio R

o(ete” — hadrons)

R =

o(ete” — ptp=) ’

and the existence of the 2~ baryon, made of three quarks s.

The strong interaction is colour blind, in the sense that it is invariant under the
SU(3)c¢ group transformations which mix up colours. At present, there is no evidence
that physical hadrons are not colour singlets: this is the reason why coloured quarks
and gluons are generally believed to be confined at low energies, but at very high

energies, i.e. at very short distances, they should behave as free particles.

Beyond the Standard Model

In spite of its success, recently confirmed by the discovery of the top quark, the
Standard Model is probably not the final theory of the world since, apart from gauge
couplings, it needs some twenty free parameters to adjust masses, mixing angles and
Yukawa couplings; the Higgs sector is still completely mysterious.

It is worth adding that among the properties of the Higgs particle, it turns out
that its mass is subject to quadratic divergences in perturbation theory. The problem
of quadratic divergences may be solved in the framework of supersymmetry [i.13]:
according to supersymmetric field theories, every fermion has to be paired with a
bosonic superpartner, and vice-versa, so that the divergent contributions from each

particle cancel out at the end.

The SUSY extension of the Standard Model with the minimum number of par-
ticles is known as Minimal Supersymmetric Standard Model (MSSM): in addition
to all the properties of Standard Model, it has to contain a soft mechanism for the
breakdown of supersymmetry that splits the masses of the known particles from
those of their SUSY partners. The particle content is more than doubled: for exam-
ple, in order to respect all gauge invariances and to give masses to all the fermions,
one has to introduce at least two Higgs doublets; after symmetry breaking, one is
left with three spin zero particles, two scalars and one pseudoscalar, the lighter of
which may be identified with the Standard Model Higgs.

So, apart from a real improvement in the convergence properties of the model,
SUSY theories essentially do not add anything new to our knowledge with respect
to the questions arisen by the Standard Model, like the origin of the fermion masses

or the reason of the three generations.
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Another trend of development is proposed in the framework of grand unified
theories, whose aim is to unify the gauge interactions SU(3) x SU(2) x U(1) in a
larger group. The simplest model unifies the gauge group in SU(5) [i.14]: this
means essentially that the three coupling constants gs, g» and ¢g; would be unified
to a unique constant.

The fact that at an energy of the order of a hundred GeV the three coupling
constants are very different from each other is not a strong indication for unification.
At the moment this minimal model has indeed some difficulties, because of the

absence of the proton decay at the predicted rate [i.15].
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H interaction ‘ electromagnetic weak strong H gravitational H
electric weak mass
property charge isospin colour (energy)
particles all quarks quarks
feeling the charged and and all
interaction particles leptons gluons
mediators photon W+, Z° gluons graviton (?)
mass 0. 81/91 GeV/c? 0. 0.
charge 0. +1,0 0. 0.
spinP2rity 1~ 1+ 1- 2+
range o0 ~1071% m ~1071° m o
Table i. Fundamental interactions and vector bosons.
strength
interaction (relative to
electromagnetic)
electromagnetic 1
strong (residual) ~20
weak 107
gravitational 10738
Table 1ii. Relative strengths of interactions for two protons in a nucleus.

€ K T
Table iii. Quark and lepton families.
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Fig. iii.
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Chapter 1

The CMS experiment

The next generation of High Energy Physics experiments will start with the con-
struction and operation of the next collider to be built at CERN, Geneva, Switzer-
land: the Large Hadron Collider, or LHC. Construction of this 14 TeV center-of-
mass symmetric proton-proton collider has been approved by the CERN Council
in December 1994, and the beginning of operation is presently foreseen in the year
2004. LHC will use the presently existing and operating accelerators, namely the
PS Booster, the PS and the SPS proton synchrotrons, as injectors.

The prospects for possible physics studies, particularly in the Standard Model
(SM) and Minimal Supersymmetric Standard Model (MSSM) Higgs searches, are
very wide and aimed at probing thoroughly the Standard Model, enhancing every
possibility of detecting signatures of new physics, but without forgetting that LHC
will be intrinsically a beauty- and top-factory. Heavy ion collisions are also part of
the already planned LHC experimental programme.

LHC will be the biggest hadron collider ever built and operated since the Teva-
tron collider, a 2 TeV center-of-mass proton-antiproton collider, operating since 1987
at Fermilab, Batavia, Illinois (USA), with the CDF and D@ experiments presently
in the data taking phase.

The LHC nominal full luminosity of 10** cm™2s™! (referred to as high luminosity)
will be reached gradually from the start-up time, thus allowing initial data taking at
a luminosity of about 10** cm™2s™! (referred to as low luminosity). This period of
probably a couple of years will be used for low luminosity physics such as B-physics
and CP-violation studies among others.

Typical integrated luminosities per ‘year’ of operation are defined to be 10 pb~!
for low luminosity LHC operation, and 10° pb~! for high luminosity operation. A
‘year’ of LHC operation in considered to be equal to 107 s, corresponding to about

116 equivalent 24-hour days of uninterrupted operation.

33



34 The CMS experiment

The basic concept of the CMS (Compact Muon Solenoid) detector for operation
at the LHC was presented at the LHC Workshop in Aachen in October 1990 [1.1],
and consisted of a compact detector with an optimised muon detection system, thus
implying a strong magnetic field, generated by a solenoid.

Since the Evian meeting in March 1992 [1.2], where the CMS proto-collaboration,
constituted of 49 institutions, presented an Expression of Interest, the following ob-
jectives were already forming the basis of the conceptual design of the complete

detector:

— a long and large radius superconducting solenoid, providing a high magnetic

field (4 T) and containing in its bore the central tracking and the calorimeters;
— a very good, redundant and compact muon detection system:;

— the best possible electromagnetic calorimeter, consistent with the choice of the

magnet;

— high quality central tracking, reconstructing all high p; charged tracks with

good efficiency and momentum resolution;

a financially affordable detector, to be first built in a staged version, if un-

avoidable.

The muon detection system consists of four muon stations, both in the barrel and
in the endcaps of the detector, also containing detectors dedicated to the trigger.
Between each station one or more layers of iron constitute the return yoke of the
CMS magnet.

The decision on the medium for the electromagnetic calorimeter was taken in
Autumn 1994, after R&D activities and tests: CMS is now proposing to construct
a high-resolution, high-granularity lead tungstate (PbWO,) totally active crystal
electromagnetic calorimeter, the strictest requirements on which are dictated by the
detection of the intermediate mass (80 GeV to 140 GeV) Higgs boson decaying into
two photons.

The central detector, composed of silicon pixel detectors, silicon microstrip de-
tectors and microstrip gas chambers, provides tracking with secondary vertex recon-
struction and good momentum and impact parameter resolution.

The CMS Letter of Intent (Lol) was presented in October 1992 [1.3], and more
recently the open presentation of the CMS Technical Proposal (TP) took place on
January 19th, 1995 [1.4].
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Fig. 1.1. Three-dimensional view of the CMS detector.

The estimated total cost of the complete CMS detector is now about 450 million
Swiss Francs (about 230 million GB Pounds).

The complete CMS design, as it is described in the Technical Proposal, is shown
in fig. 1.1, representing a three-dimensional view of the detector; fig. 1.2 shows the
longitudinal view of CMS, whilst in fig. 1.3 a transverse view of the detector is

shown.

The CMS collaboration is a worldwide collaboration of universities and research
institutes, both from CERN member- and non member-states; a summary is shown
in table 1.1. The Imperial College group is involved in detector and front-end elec-
tronics developments for the CMS central detector, in software developments and in
simulations of the physics performance of the CMS apparatus in general and of the

central detector in particular.
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Fig. 1.2. Longitudinal view of the CMS detector.
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Fig. 1.3. Transverse view of the CMS detector.
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H ‘ Institutions ‘ Collaborators H
CERN Member States 60 607
Non-member States (excl. USA) 35 344
USA 37 292
Total 132 1243

37

Table 1.1. Summary of physicists and engineers in the CMS collaboration (December 1994).

Parameters protons Pb ions
Circumference 26.659 km

Dipole field 8.386 T

Number of 14.2 m dipoles (MB) 1232

Number of 3.1 m quadrupoles (MQ) 386

Operational energy 14 TeV 1148 TeV
Energy per proton/nucleon 7 TeV 2.76 TeV
Luminosity 10%* em~%s7! 1027 cm 257!
Bunch spacing 748 m 374 m
Bunch separation 24.95 ns 124.75 ns
Bunch interval 40 MHz 8 MHz
Particles/ions per bunch 10! 108
Particles/ions per beam 4.7 x 104 5.2 x 1010

Table 1.2. Main LHC parameters for proton and lead ion collisions [1.5].

1.1 Physics expected at the LHC

The CMS proton-proton collider experiment is a general purpose detector de-
signed and optimised for the discovery and the thorough investigation of the Stan-
dard Model (SM) Higgs boson, over a wide mass range.

Signatures of other possible electroweak symmetry breaking mechanisms, such
as the Minimal Supersymmetric Standard Model (MSSM) Higgs bosons, will be
detectable, and a broad programme of top, beauty and tau physics will be possible.
Heavy ion LHC operation has also been considered and simulated.

It is not possible to describe here all the new physics possibilities which will
be open at the LHC: detailed summaries can be found in [1.3, 1.4]. B-physics and
CP-violation will be addressed again later in detail (Chapter 6).

The main LHC parameters are summarised in table 1.2 [1.5]. It is obvious that,

in this new colliding particle environment, some experimental issues will arise, at
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levels never reached before:

1. very high rate operation: bunch crossing frequency for proton-proton

collisions of 40 MHz;
2. high fluxes of charged and neutral particles: high radiation environment;

3. ~20 proton-proton interactions occur per bunch crossing, at the full de-

sign luminosity;

4. high detector granularity, thus unprecedented numbers of read-out chan-

nels, to keep the occupancies acceptable;

5. complex multiple-level trigger algorithms.

The physics programme will now be outlined briefly.

1.1.1 LHC physics at high luminosity

The LHC will be built to generate proton-proton collisions at a luminosity of
10** cm™ 257! and at a centre-of-mass energy of 14 TeV. Some typical cross sections
for proton-proton collisions, as a function of the centre-of-mass energy, are shown
in fig. 1.4, where the corresponding production rates at the LHC design conditions
(~10? collisions/s, i.e. about 20 interactions per bunch crossing) are also indicated.

The most important physics topic during high luminosity operation of the LHC
is undoubtedly the search for the mechanisms responsible for electroweak symmetry
breaking. The Standard Model (SM) Higgs boson is the first possibility for such a
mechanism, and it will be detectable in CMS over a wide mass range. Table 1.3
shows some favourable final states for different Higgs mass ranges.

As an example, fig. 1.5 shows the 29 mass plot, for an integrated luminosity of
10° pb~! (one year at high luminosity), with H — v signals superimposed at mg =
90, 110, 130 and 150 GeV. This possible intermediate mass SM Higgs boson channel
has been used as a benchmark for the optimisation of the CMS electromagnetic
calorimeter. Fig. 1.6 shows the signal significance contours for the same channel,
always for 10° pb™!. Even after three years of low luminosity operation, with an
integrated luminosity of about 3 x 10* pb~!, a Higgs discovery in this final state
would be possible, but with a lesser signal significance over a narrower Higgs mass

range.

The minimal extension of the Standard Model (SM) to a supersymmetric theory
is the Minimal Supersymmetric Standard Model (MSSM), whose Higgs sector con-
tains one charged (H* ), two CP-even (h, H) and one CP-odd (A) light elementary
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final states

mass ranges

H —1v7
H — 4+ with hard jets
ass. product. HW, Htt (H — vy)

80 GeV < mpyg < 140 GeV

H — 727 —4* 130 GeV < mg < 200 GeV
H — 77 — 4lF 200 GeV < mp < 650 GeV
H — 77 — 201 2v 500 GeV < mpg < 1 TeV
H—-WW —lvjj mg ~ 1 TeV
H — 77 — 1} mg ~ 1 TeV

Table 1.3. Favourable final states for different Higgs mass ranges.
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Fig. 1.5. H — ¥ mass plot.
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Higgs boson states. Their masses and couplings can be expressed in terms of two
parameters, m4 and tang .

Some of the possible channels which will be explored to detect the existence of
MSSM Higgs bosons are listed in table 1.4. Figure 1.7 shows the 5o significance
contours, in the MSSM (m, , tanf) space, explorable through various SUSY Higgs
channels.

Finally, supersymmetric gluons — gluinos — and quarks — squarks — will be
searched for in a mass region above the range to be reached by the enhanced luminos-
ity Tevatron accelerator at Fermilab, i.e. for mz 4 > 300 GeV. Other high-luminosity
physics possibilities are described elsewhere [1.3, 1.4].

1.1.2 LHC physics at low luminosity

The first few years of operation at low luminosity will allow extensive studies of
beauty and top physics, while preparing for high luminosity running.

The large bb production rate will in particular enable rare decay searches and
CP-violation studies, with possible improvements on the precisions by then reached
elsewhere on some measurements. The main B-physics possibilities in CMS will be

CP-violation studies (B — J/¢ K2, B} — ntx~, etc.), control channels for CP-
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MSSM Higgs boson searches

yH — 7y

—77*, 77; h — 77~
HA—7r —F4+ht+X
—H*b —1vb

H, A —pFp”

-

bl

, H, A in ass. product. bbHgysy
A —Zh — 1lbb

h
h
t
h
h

Table 1.4. MSSM Higgs bosons searches.
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Fig. 1.7. 50 significance contours in the MSSM (m,4 , tanf) space.
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violation, production asymmetries and dilution factors, rare decays, B°/B? oscil-
lations and B-baryon studies. B-physics and CP-violation will be discussed more

completely in Chapter 6.

Other important topics, such as top physics, have been discussed in [1.3]. In
addition, prompt photon production, anomalous gauge couplings via WZ and W~
production, jet production, total cross sections and multiparticle production will be

studied.

Finally, Higgs boson searches in the mass range of 200 to 500 GeV, and squark

and gluino searches will also be investigated at the initial lower luminosities.

1.1.3 Heavy ion physics

The LHC machine will be also used as a heavy ion collider, with a centre-of-mass

energy of about 5.5 TeV per nucleon pair, at a luminosity of about 10%” cm~2s !,

relative to PbPb collisions. Nuclides such as 10, *°Ca, °’Nb and 2°®Pb are expected
to be used for this purpose. Unprecedented collision energy densities of 4 to 8

GeV /fm® should be above the threshold for quark-gluon plasma (QGP) formation,

a new form of deconfined hadronic matter.

One of the cleanest signatures of the formation of this new state of matter would
be the observation of anomalies in the production rates of heavy quark bound states
(cc and bb), J/v, ' and the T family (T, T/, T”), with respect to those in proton-
proton collisions. These resonant states would decay into muon pairs, then detected

by the CMS muon spectrometer.

As an example, figure 1.8 shows the mass distributions of opposite sign muon
pairs for PbPb and CaCa collisions, after 15 days of running: the T, T', T” peaks

would be clearly visible, and anomalies could be detected.

The possibility of observing jet quenching in CMS was also studied; jets would be
produced early in the heavy ion collisions, and they would first propagate through
the QGP, interacting with its constituents, before escaping, therefore carrying infor-
mation about the deconfined hadronic matter. In this study, the CMS calorimeters

obviously play a crucial role.

Concluding, simulations show that only a few days of heavy ion operation at the
LHC would already allow CMS to investigate the nature of the QGP, thanks to its

muon spectrometer and calorimeter performance.
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Fig. 1.8. Mass distributions of opposite sign muon pairs for PbPb and CaCa collisions.

1.2 Description of the CMS detector

The 47 CMS detector can generally be subdivided in one ‘barrel’ region and two
identical ‘forward’ or ‘endcap’ regions, also normally referred to simply as barrel and
forward or endcaps.

A characteristic feature of CMS is a large superconducting solenoid, 13 m long
and with an inner radius of 2.95 m, which will provide a uniform magnetic field of 4
T. The 1.8 m thick saturated iron yoke, instrumented with layers of muon stations,
will return the magnetic flux, with a field of about 2 T, thus simplifying the design
by using a single magnet. The large bending power of the magnet will allow both
precise inner and muon tracking, and flexible muon trigger thresholds.

A large fraction of the soft charged tracks generated by minimum bias events
will be bent into spirals by the high field, and will not reach the outer regions
of the central tracker, thus simplifying (relatively) pattern recognition and track
reconstruction.

The high magnetic field and the iron return yoke keep the whole detector com-
pact and smaller. The overall length (excluding the very forward calorimeters) and

diameter are respectively 22 m and 14.6 m; its total weight will be about 14500 tons.
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The standard set of coordinates used to identify space points within the CMS
detector makes use of the z-coordinate, with axis parallel to the beam line and origin
at the nominal interaction point, and of the projection of the point onto the (r, ¢)
plane—or (, y) plane—i.e. the transverse plane.

The pseudorapidity n is also used frequently,

1 } 0
n:—ln(p+p):—lntan—, (1.1)
2 P—D 2

¥ being the zenith angle measured from the positive z-semiaxis, p and p, being
respectively the total momentum of a particle—with pseudorapidity n—and its pro-
jection onto the z-axis (p' = pr + p., |p.| = |p] cos?).

It must be noted that the pseudorapidity 7 is often imprecisely identified, prob-
ably for the sake of conciseness, with the (true) rapidity y,

1 E +p. <E+pz> 1 <pz>
— 21 —1 —tanh ' (Z 1.2
y=3 n(E—pz) "\ o E)’ (12)

where FE is total energy of the particle (E? = p*4+m?) and m7 is the transverse mass
(m% =m? + p2 + pfj = E? — p?). This misidentification is obviously more inexact
the more massive the particle in question is, the two units becoming identical for
massless particles.

These units, in particular the rapidity y, are used in particle physics because
rapidity distributions such as dN/dy or do/dy are invariant for Lorentz boosts in the
z-direction, i.e. y — y—tanh™' 8 under such transforms, where £ is, in this case, the
relative velocity v, /c for the Lorentz frame considered. Therefore, transformations
to different reference frames under boosts along the beam axis simply result in a

shift in the origin of y [1.6, 1.7].

The position uncertainty of the primary vertex of proton-proton interactions is
given by the LHC parameters to be o, ~ o, ~ 20 pym in the transverse plane,
but only o, ~ 5.3 cm along the beam axis. This feature must be considered when
designing the geometry of the detectors, in order to allow full coverage over a wide
possible z-position of the primary vertex, which will be then reconstructed with an
r¢ -precision of ~10-15 pm and with a z-precision of ~20-50 pm, thanks to the

central detector tracking capabilities, in particular of the pixel detector.

The sub-components of the CMS detector will now be briefly described: the
central detector (tracker), the electromagnetic and hadron calorimeters, and the
muon system [1.8, 1.9]. An understanding of their expected performance is crucial

for the evaluation of the physics potential through simulations.
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1.2.1 The central detector

The core of the CMS experiment is constituted by the central detector (or [inner/
tracker), which will be composed of silicon pixel, silicon microstrip and microstrip
gas detectors, forming a barrel and two endcap regions and arranged in single- and
double-sided detector layers providing on average 12-14 points per charged track
travelling throughout its volume.

The aim of the tracking system is to reconstruct charged tracks with good ef-
ficiency and good momentum resolution. All tracks with p, > 2 GeV/c should
be reconstructed up to |n| ~ 2.5-2.6, and the required momentum resolution is
Api/pr ~ 0.1p, (prin TeV/c); the particle charge would be identifiable up to
pe ~ 2 TeV/e.

A selective background rejection for interesting physics signals requires as good
a momentum resolution as possible. At high luminosity, 15-20 minimum bias events
will be superimposed on the interesting signal event, giving ~500 soft tracks in the
tracker region. Therefore, high granularity to keep occupancies low, high precision,
good pattern recognition and high track finding efficiency are basic requirements for
a tracking detector at the LHC.

Transverse momentum and impact parameter resolution, as well as secondary
vertex reconstruction in the transverse plane and in the full 3D space, are bench-
marks for the evaluation of the tracker capabilities in the different p, , n and lumi-
nosity regimes. The simulated physics performance of the central detector will be
discussed in more detail later, when addressing the issue of B-physics studies at low
luminosity (Chapter 6).

The conceptual view of the CMS central detector is shown in fig. 1.9: the lines
denote the corresponding active layers or discs, the thicker lines representing the
double-sided readout, which is implemented on ~50 % of the strip detectors.

The detector modules in the barrel part of the ‘microstrip tracker’ are distributed
with a spiral geometry, arising from the tilt and arrangement of the detectors in a
space frame structure with circular layers. A continuous structure maintains the
same number of channels and an equivalent geometrical coverage with equal average
number of hits per charged track—thus the equivalent discrete layers indicated in
fig. 1.9. This structure provides ease of cable and services routing and access to the
modules.

The whole of the tracker, with the possible exception of the pixel detectors, is
divided and supported by a wheel structure: nine independent and similar wheels

25 cm wide—this dimension defining also the detector module and strip lengths—
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Fig. 1.9. Conceptual view of the CMS central detector (tracker).

form the barrel region; 14 wheels will constitute each endcap part. The whole central
detector is contained in a cylinder 6 m long and with a diameter of 2.6 m.

Table 1.5 shows in some detail the components of the tracker, with number of
layers/discs and of channels, and resolutions for each sub-detector unit. Some 800
units will form the barrel and each endcap pixel detector; more than 1500 modules
will compose the silicon microstrip sub-detector, while the whole of the MSGC
tracker will be formed by some 16000 units or modules.

The different module components and configurations will be described later,
when discussing the detailed evaluation of the amount of material composing the

central detector (Chapter 5).

Two main issues regarding a tracker for an experiment at the LHC arise with
unprecedented importance and challenge at the same time: the design, development
and implementation of a viable front end electronics scheme, and the realisation of
all components—detectors, electronics, cabling, support structure—in technologies
resistant to the expected radiation levels and allowing many years of operation at
high LHC luminosity, with appropriate safety margins. The environmental and
physical conditions which will have to be faced will be extreme.

Basic requirements for an LHC tracking electronics system are an acceptable sig-
nal to noise performance, with implications for both the electronics and the detector
parameters (such as strip lengths for the silicon microstrips), a speed sufficient to
enable a 25 ns signal bunch event timing, a power consumption limited to a few

mW per readout channel, a pipeline delay of ~3 us, to allow for level-1 trigger
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layers element (ry @) zorr
Detector or channels | size/pitch res. res.
discs (pm) (pm)
Pixel barrel 2 5.5 x 107 125 x 125 15 11-17 pm
Pixel endcaps 3 2.2 x 107 50 x 300 15 90 pm
Si strips—single 1 (barrel) 1.0 x 108 50 15 -
2 (endcaps)
Si strips—stereo 2 (barrel) 1.8 x 108 50/200 15 1 mm
4 (endcaps)
MSGCs-single 4 (barrel) 4.8 x 108 200 40 -
14 (endcaps)
MSGCs—stereo 3 (barrel) 6.5 x 10° 200/400 40 2 mm
14 (endcaps)

Table 1.5. Size, number of layers, number of channels and resolutions of the CMS central detector
components.

signal arrival, and a realistically acceptable cost.
The problem of the radiation tolerance demanded for LHC tracking detectors
will be addressed in detail in Chapters 2, 3 and 4.

1.2.2 The CMS calorimeters

Thanks to the large solenoid bore, the calorimeters can be installed inside the
coil, thus avoiding degradation of their performance due to particle interactions with
the coil material before showering in the calorimeters. The central detector is then
the major component of the material seen by particles produced in the interactions
and travelling towards the calorimeters. For this reason, the material budget of the
CMS central detector has been evaluated in detail; results and discussions will be
presented in Chapter 5.

Fig. 1.10 shows the layout of the barrel and forward CMS calorimeters: the
primary function of the electromagnetic calorimeter (ECAL), made of high resolu-
tion lead tungstate (PbWO,) crystals, is the precise measurement of electrons and
photons; employed jointly with the hadron calorimeter (HCAL), it allows the mea-
surement of the energy and the direction of particle jets. In the forward regions, the
ECAL extends up to |n| = 2.6, and the HCAL up to |n| = 3.0.

PbWO, crystals have been chosen for the ECAL because of the short radiation
length (Xo ~ 9 mm) and of the small Moliére radius (~2.0 cm) of PbWOy,, thus

leading to a compact calorimeter. The crystals in the barrel region start at a radius
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of ~1.4 m, and in the forward at z ~3.2 m, and they are 24 cm long (~ 26 radiation
lengths). The crystal layout is visible in fig. 1.10.

The requirement of good energy resolution is dictated by the search for the
intermediate mass Higgs boson, which would decay into two photons, and whose

natural width in this 80-140 GeV mass range would be rather small (< 1 GeV).

Because of space constraints inside the coil, the HCAL absorber must have a
short radiation length and a low atomic number Z, not to degrade muon momen-
tum resolution just behind the coil, and it should be non-magnetic. Copper has
been chosen as the absorbing material, whilst the active elements will be plastic
scintillators with wavelength shifting fibre readout, arranged, in the barrel and in
the forward parts, in layers alternate with the absorber to constitute the sampling
tower structure. The tile tower size will be 0.09 x 0.09 in the (5, ¢) space, in the
region |p| < 2.0. Granularity and time resolution must allow suppression of bunch

crossing pile-up.

The very forward region, from |n| = 2.7 up to || = 5.0, is covered by com-
plementary fast and radiation hard very forward calorimeters (VFCAL), located at
+11 m from the interaction point. They improve, thanks to the extended hermetic
coverage, the CMS capability of measuring the missing transverse energy (FE™* )

with a good resolution, and of identifying very forward jets.

1.2.3 The muon system

Detection of and triggering on muons at the LHC requires large rapidity coverage
and good efficiency of the CMS muon subsystem to provide full identification, trig-
gering and momentum measurement capabilities, both for low and high luminosity
physics. Muons will be first measured in the central detector (inner tracker) inside
the uniform 4 T field, and then they will be identified and measured in the four
muon stations which compose the barrel (MS1-MS4) and the forward (MF1-MF4)
CMS muon spectrometer.

Fig. 1.11 shows the cross section of the CMS muon system: each station in
the barrel region is composed of drift tube detectors (DTs), and of resistive plate
chambers (RPCs). RPCs are fast dedicated trigger detectors with an excellent time
resolution (~2 ns) to provide unambiguous bunch crossing identification.

The forward muon spectrometer stations are composed of cathode strip chambers
(CSCs), and of trigger dedicated RPCs, as before, up to || = 2.1 only, with space
left at higher rapidities for possible future higher rate dedicated trigger detectors,

thus expanding the present CMS muon acceptance.
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Fig. 1.11. Cross section of the CMS muon system, showing placement of the barrel and endcap
muon stations.

The CMS muon system provides altogether an excellent muon trigger perfor-
mance over the full rapidity and momentum ranges, as well as identifying and mea-
suring muons from high- and low luminosity physics interactions. The transverse
momentum resolution Ap;/p; for the muon system alone (stand-alone mode), for
0 < || < 2, has been estimated to be ~6-10 % for a 10 GeV/c p; track, ~7-20 %
for a 100 GeV/c track and ~15-35 % for a 1 TeV/c track. This measurement should
be guaranteed at any luminosity. After matching with the central detector informa-
tion, now the transverse momentum resolutions, for 0 < || < 2.4, would become
~0.5-1.0 %, ~1.5-5 % and ~5-20 % for 10 GeV/c, 100 GeV/c and 1 TeV/c p; tracks
respectively. Correct charge assignment up to a track momentum of 7 TeV/c for
the full n coverage, and a beam crossing identification efficiency greater then 99 %

complete the performance of the muon spectrometer.

1.3 Trigger and data acquisition

A significant problem which the LHC experiments are confronting is the imple-
mentation of complex on-line triggering systems able to reduce the event rate from
~1 GHz (data flow at high luminosity) down to less than 100 Hz, currently thought

to be a safe upper limit imposed by permanent data storage on magnetic media.
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In ten years time technology may well have evolved and be able to provide higher
on-line storage capability but a safety margin is required by uncertainties in LHC
rates and detector performance.

The level-1 trigger will base its decision on calorimeter and muon first-level
processors, reducing the data rate below ~100 kHz using partial event information.
The detector front-end electronics are synchronous with the level-1 trigger processor
and pipelined, with a pipeline depth corresponding to ~3 ps. The ‘virtual’ level-2
trigger also uses partial event information, making use of a high bandwidth read-
out network and of a high processing power event filter, implemented on an on-line
processor farm, further reducing by at least one order of magnitude the amount of
information to be processed by the level-3 algorithms. Following a positive decision
at level-2, the full information from the bunch crossing will be analysed in the
processor farm for the level-3 decision, with a final event rate of 10-100 Hz.

The CMS level-1 muon trigger will identify muons, measure their transverse
momentum and identify the bunch crossing from which they originated. The four

types of first level muon trigger are:

1. inclusive single muon trigger (pf™* ~ 20-100 GeV) at high luminosity;

cut

2. inclusive double muon trigger (pf** ~ 7-10 GeV) at high luminosity;

3. low p; single muon trigger (pf** ~ 9-10 GeV) at low luminosity;
4. low p; double muon trigger (pf™ ~ 3-5 GeV) at low luminosity.

Energy losses in the calorimeters and the magnetic field set a lower bound on
possible muon p; thresholds of about 2.5 GeV/c for triggering and 2 GeV/c for
identification.

As an example, in the case of the inclusive single muon trigger, figure 1.12 shows
the p; cuts necessary to keep the corresponding rate at a reference value of 3 kHz,
at the luminosities of 1032, 10*® and 10** cm™2s7': respectively, ~4.5, ~10 and
~25 GeV [1.10]. The value of 3 kHz is considered to be a safe maximum rate
allowable to the single muon trigger, to keep the total level-1 trigger rate at about
30 kHz, with about half of the bandwidth filled with muon triggers and half with
electromagnetic triggers.

The level-1 calorimeter trigger should select single- and multi-electron and pho-
ton events, as well as jet and large missing transverse energy (E™**) events, with
good efficiency over a large pseudorapidity range. The total electron/photon trigger
rate, dominated by the QCD background, should not exceed ~15 kHz. Details on
trigger algorithms and typical thresholds can be found elsewhere [1.4].
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Fig. 1.12. Inclusive single muon level-1 trigger rates and corresponding trigger cuts for a 3 kHz
rate at different luminosities.

Figure 1.13 shows the level-1 single electron/photon trigger rates at high lumi-
nosity as a function of the FE; threshold, for the sliding window algorithm, with
and without isolation requirements (QCD jet production background and minimum
bias included). For instance, an E{™ of 30 GeV for a single electron/photon would
correspond to a rate of about 5 kHz, after the isolation requirements.

Studies of single electron and dielectron trigger rates are also important at low
luminosity, namely for B-physics studies. As an example, a 5 kHz total rate would
correspond to an imposed E; threshold of about 15 GeV for an isolated single electron

at low luminosity [1.11, 1.12].
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Fig. 1.13. Level-1 single electron/photon trigger rates at high luminosity (QCD background and
minimum bias included) as a function of E; threshold, with and without isolation requirements
(sliding window algorithm).



Chapter 2

Introduction to radiation damage
studies

Because of the unprecedented levels of radiation which particle detectors will
have to withstand in the LHC environment, especially in the innermost regions,
radiation damage studies are crucial to prove the feasibility of devices with a lifetime
comparable to the experiment. Operation at LHC is expected to last for some ten
years.

In this chapter the radiation damage studies will be introduced, describing briefly
the radiation levels expected at the LHC and the irradiation facilities used—a few for
the first time—for this purpose. The techniques of dosimetry used will be described,
in particular for the two gamma facilities. Finally, the RAL ISIS neutron irradiation
facility will be mentioned, as it has also been used for all the neutron test irradiations

of silicon prototypes.

2.1 Radiation levels expected at the LHC

The first 10 years of LHC operation will provide a total integrated luminosity
of 5 x 10° pb~!. All components of an LHC experiment must be built and proven
to be resistant to this hostile environment, providing satisfactory performance after
such a period of time, with safety margins.

The region of the central tracking detectors will be exposed to the flux of primary
particles originated from the interaction region, and to the neutron albedo emerging
from the calorimeters. The strong magnetic field will bend the charged particles,
so that a considerable fraction of the more damaging low energy particles will not
reach the outer regions.

Fig. 2.1 shows the neutron and charged (hadronic) particle fluxes, in terms of

95
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Fig. 2.1. Neutron and charged hadron fluxes at various radii in the central detector cavity [2.1].

particles per cm® per year, at different radii from the beam-pipe. Typically, the
neutron flux is rather uniform, and of the order of 10'®* cm™2 year™!. Close to
the beam-pipe, the charged particle flux, which decreases with the radius (at first
approximation as 1/r?), is dominated by low energy pions, while at larger radii the

neutron albedo dominates the fluxes [2.1].

The particle fluence is responsible for the component of the radiation damage
defined as bulk damage. The energy deposited by charged particles mainly causes
ionisation: the related damage is particularly important for the thin layers at the
surface of the devices, where changes in the charge density have consequences for
the electronic characteristics and the performance of detectors, and it is therefore

described as surface damage.

The radiation dose in the materials is measured in terms of energy deposited.
The unit of dose is the gray (Gy), defined as 1 joule kg™ (i.e. 6.24 x 10'> MeV kg™').
Also commonly used is the rad; 1 Gy corresponds to 100 rad. The estimated radi-
ation dose at various radial positions within the CMS central detector is shown in
fig. 2.2 [2.1].

It must be pointed out that particle fluxes and doses can only be estimated

with uncertainties, due, among other reasons, to the lack of the precise proton-
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Fig. 2.2. Radiation dose at various radii in the central detector (1 kGy = 100 krad) [2.1].

proton inelastic cross-section at the LHC energy, and of particle distributions and
multiplicities. Also, realisitic detector geometry, material descriptions and localised
non-uniformities add to the uncertainties in the estimate of the neutron albedo.
Uncertainties of a factor of ~2 for the neutron flux and ~1.5 for the primary charged
particle flux should be considered to ensure a large safety margin [2.1].

Results from systematic studies performed after the Technical Proposal showed
that the values of dose rates and fluxes then presented were pessimistic, and that they
should be rescaled with a factor of ~0.8, keeping the same error bars of ~30% [2.2],
mainly because of the differences introduced by the new versions of the event gen-

erators and by the choices of initialisation parameters.

2.2 Irradiation facilities used

A few irradiation facilities have been used to perform exposures of MOS and
MNOS capacitors (described in Chapter 3) and of silicon microstrip detector pro-
totypes (described in Chapter 4). The test exposures of the three facilities, char-
acterised and used for the first time, will be now briefly described. Table 2.1 sum-

marises the type of radiation and the typical dose rates.
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type typical
facility of dose rate
radiation (rad/s)
Strasbourg electrons ~ 1-6 x 10*
Brunel gammas ~ 1
Imperial College gammas ~ 2-3 x 102

Table 2.1. Typical dose rates of the electron and gamma facilities used.

2.2.1 The Strasbourg AERIAL electron accelerator

A number of irradiations have been performed since May 1992 at the electron
beam facility at A.E.R.I.A.L.in Strasbourg (France). This accelerator could provide
a beam of 2.0-2.2 MeV electrons; the beam current could be set within the 10-100 pA
range, and it was measured by dumping the beam into a Faraday cup.

The samples to be irradiated were positioned in an aluminium box, on a sheet
of paper, inserted on a conveyor, driven from the control room outside the shielded
area and made to pass under the beam. The dose to be given to a sample was set
within a certain range by changing the beam current and the speed with which the
sample was moved under the beam spot.

The beam at the exposure point can be approximated to a gaussian spot of 8.4
cm FWHM, and it was ‘swept’ by a periodic magnetic field (with a frequency of 20
Hz) up to a maximum width of 20 cm in the direction perpendicular to motion of
the samples.

The dose rates delivered were high, of the order of a few tens of krad/s; the total
dose received by the irradiated samples was measured independently by means of
dosimetry films irradiated with each sample [2.3]. This technique of dosimetry and

its precision will be described in section (2.3.2).

2.2.2 The Brunel University gamma cell

The gamma cell at Brunel University (UK) was used to perform a few sets
of irradiations of MOS and MNOS capacitors. It is characterised by a very low
dose tate, at most of the order of ~1 rad/s. The small point-like Co®® source is
mechanically moved from the shielded storage area to the inside of the cell within
a thick flexible pipe, which can be adjusted to fit in fixtures holding source and
samples [2.4].

The source profile was evaluated by measuring the doses received during a test
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Fig. 2.3. Source profile of the gamma facility at Brunel University: measured doses as a function
of the distance after 48.5 hours of exposure.

exposure of 48.5 hours, as a function of the distance from the source, i.e. from the end
window of the pipe, and it is shown in fig. 2.3. Two different dosimetry techniques
were used, namely the dosimeter film and the diode photocurrent, as described in
section (2.3). Results from both methods agree and fit well a 1/d? behaviour, as

expected.

2.2.3 The Imperial College gamma cell

The Imperial College gamma cell was used for the first time for test irradiations
of silicon devices for HEP. Built in the department of Chemical Engineering, it has
been used for tests of materials, for radiation studies of chemical compounds, and
also for sterilisation of biological samples with long exposures.

This irradiation facility consists of six independent Co® sources, which can be
lowered from the shielded storage area down to the exposure cell through metal
pipes, reaching at the end six aluminium rods. When all are exposed, the sources
occupy the vertices of an hexagon, in the middle of which a circular chuck, with
a diameter of ~10 cm, is located; samples to be irradiated can be left on this
chuck [2.5].

It is possible to select, from the control room, any combination of the six sources
to obtain different dose rates, but a symmetric geometry must be chosen to maintain

uniformity of dose rate throughout the whole of the volume exposed. Fig. 2.4 shows
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Fig. 2.4. Height profile of the gamma facility at Imperial College.

the height profile of the gamma source when the samples were positioned at its
centre. It was then possible to understand where the dose rate was higher and more
uniform. This dosimetry has been carried out making use of two different silicon
diodes.

Exposures can also be made leaving the samples at some distance from the central
chuck and at about the same height, therefore approximating the six sources to a
unique point-like source. For such a configuration, fig. 2.5 shows the source profile
in terms of dose rate as a function of the distance in cm from the centre of the chuck;
also in this case, the relative dose rates measured with a silicon diode fit well a 1/d?

behaviour. Both profiles have been estimated with all sources exposed.

2.3 Techniques of dosimetry

Two independent techniques of dosimetry have been used to measure the dose re-
ceived by each sample irradiated: the measurement of the dark current through
a silicon diode, and irradiation of the dosimetry film FWT 60.00. This also rep-
resented an important consistency check on the estimated dose rates delivered by
the facilities: more precision than that achievable by estimation was needed for the
irradiation studies. Table 2.2 compares results of dose measurements taken during

three different test irradiations.
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photo- | exposure | diode | total received dose (krad)
irradiation current time Vhias diode FWT 60.00
Imperial College (1) | ~ 2 pA 10 min 0V | 150 £15 150 £+ 15
Imperial College (2) | ~ 2 pA 99 min 0V | 1390 + 20 1210 £ 120
50 V| 1230 + 20
Brunel ~ 7nA 48.5 h 0V | 155 £+ 25 (see fig. 2.3)

Table 2.2. Diode and film dosimetries compared (2 x 2 mm? diodes with guard 1ing—FWT 60.00
films).

2.3.1 Silicon diodes

The total dose received during an exposure can be measured considering the
change in the dark current (or leakage current) of a reverse biased silicon diode,
which represents the photocurrent induced by the ionising radiation. An estimate
of the dose received can be thus made with the relation

3.6 eV/[e-h]

d kg) ~ AI
ose (eV/kg) L e .

° Texp 3 (2.1)

where Aly is the difference between the diode dark current measured before and
after the beginning of the exposure, 3.6 eV is the energy required to create an
electron-hole pair [2.6], e is the electron charge, M, is the active mass of the diode
and Texp is the total duration of the exposure. The dose thus expressed in eV /kg is

then rescaled to rad.
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For the accuracy of the dosimetry it is important to use a diode with a guard-ring,

to define the active area from which the current is collected [2.7].

2.3.2 Dosimeter filis

The dosimeter film FWT 60.00, provided by A.E.R.I.A.L. in Strasbourg (F),
has been used to measure the doses received by the samples. It consists of a solid
radiochromic solution deposited on a thin (50 gm) transparent nylon film, with a
surface of 1 cm?. During exposures to electron, gamma or X-radiation, the photo-
ionisation causes changes in the intensity of the blue colour of the film, proportional
to the absorbed dose. The film is then developed with a photometric measurement
giving with good reproducibility (+3 %) the value of the received dose, within the
0.5-200 kGy range (50 krad—20 Mrad). The response is rather independent of the
type of radiation, from the dose rate (up to 10* Mrad/s,) and from environmental
conditions such as temperature or humidity [2.3, 2.8].

The measured dose after film development was expressed by A.E.R.I.LA.L. in
terms of water equivalent dose, i.e. of the dose which would have been received by
water. It has always been rescaled to the dose in silicon, with the simple approxi-
mated relation Dg; ~ 0.82 Dy . The error on the values given by this dosimetry has
been pessimistically assumed to be £10 %, to take into account all factors degrading

its precision.

2.4 The RAL ISIS neutron facility

Many neutron irradiations have been performed making use of the ISIS neutron
facility at the Rutherford Appleton Laboratory (UK). The neutrons used for the
radiation damage studies are produced when the 70 MeV protons accelerated by a
linac are not captured by the RF field of the synchrotron ISIS, into which the main
beam is being injected. This fraction of protons is stopped by a graphite collector,
which then produces spallation neutrons. An assembly above the collector holds the
samples to be irradiated with the neutrons emerging perpendicularly to the main
proton beam. The energy spectrum of such neutrons is similar to that expected
in the LHC environment, with a typical energy around ~1 MeV. The total fluence,
measured in neutrons/cm?, varies with the duration of the exposure and the distance

of the sample from the collector [2.9].



Chapter 3

Ionising radiation damage studies
of MOS capacitors

The technique of exposing relatively simple MOS and MNOS capacitors to ionis-
ing radiation allows studies of charge deposition in the silicon dioxide in a simplified
way with respect to the realistic case of complex microstrip devices. Surface effects
strongly influence interstrip behaviour and characteristics such as interstrip resis-
tance and capacitance; therefore studies of surface effects in irradiated MOS devices
are also relevant to microstrip detector developments.

The MOS and MNOS capacitors used will be described, and the different expo-
sures, with electrons and gammas, are commented on. The oxide charge formation
under different gate conditions and different radiation dose rates has been studied;

annealing behaviour has been monitored.

3.1 The MOS and MNOS capacitors

The MOS capacitor and its properties have been widely described in the litera-
ture (e.g. in [3.1], [3.2] and [3.3]). Briefly, it consists of a metal-oxide-semiconductor
structure, made of an aluminium contact (gate) to a ~1 pm silicon dioxide (SiO»)
layer deposited on top of the silicon bulk. On the backplane an ohmic contact is
also usually realised. The device thus formed is an MOS capacitor, sometimes also
called MOS diode.

MOS capacitors are the most common MIS (metal-insulator-semiconductor)
structures, particularly useful to study surface effects in semiconductor technology,
as their behaviour depends on the accumulated and induced charges in the dioxide.

If the silicon substrate is n-type, electrons will be the majority carriers and holes

the minority carriers. This type of MOS capacitor will be considered for the rest of
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Fig. 3.1. Energy-band diagram of an ideal MOS capacitor on n-type silicon substrate at V;, =0 V.

this section, as devices of this type were used for the studies described here. Fig. 3.1
shows energy-band diagram of an ideal MOS capacitor when V, = 0 V. EF is the
Fermi level, E¢ is the lower bound of the conduction band and Ey is the upper
bound of the valence band. F; represents the intrinsic energy level in silicon.

The situation would be analogous for an MOS capacitor on a substrate of p-type
silicon, with the appropriate modifications. The behaviour with respect to gate

polarisation would be symmetrical.

The flat-band voltage V4 is defined as the gate voltage at which no electric field
is present across the oxide. For an ideal MOS capacitor, this condition would be
fulfilled with V45 = 0. V; in the case of a real MOS structure, the flat-band voltage
is not zero, because of the presence of charge in the oxide which creates an electric
field, with bending of the energy bands in silicon as a consequence. A voltage has
thus to be applied to the gate to compensate the effects of the oxide charge and to
flatten the bands. The flat-band voltage therefore measures the oxide charge.

The silicon-oxide interface is characterised by the presence of fixed oxide charge
centres, mainly positive, not mobile under an applied electric field across the oxide.
This positive ionic charge in the oxide, very close to the silicon, is responsible for
the non-zero flat-band voltage of MOS capacitors even before exposure to ionising

radiation?®.

Tt must be said that the MOS flat-band voltage would not be null even if no charges were
trapped in the oxide and no surface states existed, because of an additional potential originated by
the work function difference, representing the difference of the work made by an electron to leave
the gate metal and to leave the silicon substrate: W,,, = W,,, — W, . This is due to the fact that
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Fig. 3.2. Energy-band diagrams of an ideal MOS capacitor on n-type silicon substrate when
Vg # 0 V: (a) accumulation [V > 0 V], (b) depletion [V, < 0 V], (¢) inversion [V; < 0 V].

There are also active interface states, constituted by traps with energy levels

within the silicon bandgap, whose occupancy varies with the gate bias [3.4].

Depending on the voltage V, applied to the gate with respect to the flat-band
voltage Vy, the MOS capacitor—with the substrate of n-type silicon—can be biased
to three different conditions. Fig. 3.2 shows the energy-band diagrams of an ideal

MOS capacitor, in the band bending approximation:

1. when V, > V4, the electron concentration in the region near to the oxide
interface increases, and this condition is defined as accumulation (a).
The depth of the negative space charge in silicon is so small that the
capacitance at accumulation, Cacc, coincides with that due to the oxide

layer only, Cox :
A
Cace = Cox = €0 €ox 5 (3'1)

?
dOX

where ¢ is the electric permittivity of free space (~8.85 pF/m), €ox is the

the gate and the bulk are not made of the same material [3.4].
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relative dielectric constant of the silicon dioxide (~3.9), A is the capacitor

gate area and dox is the oxide thickness;

2. when V; < V4, the concentration of the majority carriers (electrons)
begins to diminish near the silicon-oxide interface, as free electrons are
repelled from that region as an effect of the negative charge on the gate.
This situation is defined depletion (b), and the capacitance seen from the
gate diminishes as an additional contribution from the depleted region
below the gate is added in series to Cox. The region without free charge
carriers effectively increases the separation between the MOS capacitor

‘plates’, i.e. the metal gate and the undepleted semiconductor;

3. increasing further the negative potential on the gate (V, < V4), the
depletion region extends and becomes wider in the semiconductor, until
the point where it becomes energetically favourable for holes (i.e. the
minority carriers) to concentrate at the interface instead, and the depth
of the depletion layer reaches a maximum. The energy bands bend above
the Fermi level in this situation. This condition is called inversion (c),
since the charge carriers near the silicon-oxide interface are holes instead
of electrons. Many free carriers are therefore near the interface: the MOS
structure capacitance, evaluated with a quasi-static measurement, rises
back to Cox, while measurements performed at high frequency give the

constant low value of full depletion, C},, [3.3, 3.5] 2.

Exposure to ionising radiation will result in an enhancement of the positive oxide
charge density, with the consequent modifications of the MOS electrical properties.
The mobility of electrons in the oxide is much greater than that of holes: so if an
electron-hole pair generated is separated by any field present in the oxide and escapes
recombination, the electron will rapidly reach the positive electrode, while the hole
will slowly drift towards the negative electrode, with a high chance of becoming
trapped within the oxide (but usually at the interface), thus resulting in an overall
positive charge build-up [3.2].

The oxide charge density n, (charge/cm?) can be evaluated at any step of expo-
sure or annealing by measuring the flat-band voltage V5, to which the charge density

is related by the relation
~ Oa.cc . %

n, ~
e e-A

%If a quick highly negative voltage pulse is applied to the gate, the condition called deep depletion

(3.2)

is reached, where the depletion region extends beyond its normal quasi-static limits, as if the pulse
had been so fast as not to allow slower holes to collect at the interface forming the inversion
layer [3.3].
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where e is the electron charge. The oxide charge density increase due to ionising
radiation will be discussed in section 3.3.

The flat-band voltage is therefore an important MOS parameter, and it is evalu-
ated experimentally by means of several techniques. The most precise are based on
the comparison between the experimental and the theoretical C'V-curves (i.e. the
slopes of the capacitance measured between the gate and the substrate as a function
of the gate voltage) of the same MOS device, also comparing quasi-static and high
frequency measurements [3.4].

Approximate methods, if limited precision is satisfactory for the purpose, con-
sist in considering the flat-band voltage V;, either equal to the voltage at which the
lowest value of capacitance is reached with a quasi-static measurement, or equal
to the voltage at which a capacitance intermediate between its inversion and accu-
mulation values is reached in a high frequency (e.g. 100 kHz) measurement. The
latter is the method used here, and the error in this approximation has practically

no consequence for this study.

It is also possible to estimate the oxide thickness dox with the formula

dox ~ % , (3.3)
derived from (3.1). The value thus obtained can be compared to the specifications
given by the manufacturers.

If a thin layer (~0.1 pm) of silicon nitride (Si3Ny4) is added between the metal and
the oxide layers, the structure thus formed can be described as a MNOS capacitor.
The deposition of this additional layer is a technique now frequently used in silicon
detector production, to improve the yield of microstrip detectors by reducing the
number of pinholes, i.e. small channels through the dioxide which would short-circuit
a diffusion strip to its metal read-out line. The presence of the nitride changes the
behaviour of the capacitor, as new interfaces (dioxide—nitride and nitride-metal) are
created. The capacitors from the RD20 prototype batches are of the MNOS type, as
the nitride was deposited on some of the wafers during the production processes (see
also Chapter 4).

Characteristics before exposure of the MOS and MNOS capacitors used for the
irradiation tests are summarised in table 3.1, where dimensions, capacitances at
accumulation and at inversion, flat-band voltages and estimated charge densities
are reported, with some geometrical parameters.

As an example of the measurements performed at each step of the irradiation

programme, fig. 3.3 shows some CV-curves of MNOS capacitors, irradiated with
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acc. | inv. | flat-band charge SiO, | SizsNyg
device area cap. | cap. | voltage density | layer | layer
(mm?) | F) | @F) | (V) | (a/emd) | (um) | (4m)

SI UV1 MOS 1.0 x 1.0 | 42. 5. -3. ~ T x 10% | ~ 0.8 —
RD20 TS MNOS | 1.0 x 1.0 | 35. 4. —11. ~3x 10" [ ~09]|~0.1
RD20 3X MNOS | 1.5 x 1.5 | 80. | 11. —11. ~3x 10" [ ~09]|~0.1

Table 3.1. Characteristics of unirradiated MOS and MNOS capacitors.
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Fig. 3.3. CV-curves of electron-irradiated MNOS capacitors (high-frequency measurement).

different doses of electrons, after room temperature annealing of 35 days: the flat-
band voltage shifts have been caused by the charge deposited in the oxide by the
ionising radiation. With reference to the MOS properties described before, e.g. for
the case of the capacitor irradiated with (352 + 13) krad, it is possible to identify

along the CV-curve the accumulation (V;, > —30 V), depletion (V, ~ —40 V) and
inversion (V, < —50 V) regions.

All measurements were taken with high frequency CV-meters, and the MOS
capacitor impedance was extracted at 100 kHz using a Cs—Rg model, in which the
device was approximated to a capacitance in series with a resistance. This model
best fits the MOS structure, where the capacitance represents the MOS capacitor

itself and the resistance represents the silicon bulk.
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Fig. 3.4. Electron-irradiated MOS capacitors: flat-band voltage as a function of received dose.

3.2 Irradiations performed

The various sets of irradiations performed at the electron irradiation facility at
A.E.R.I.LA.L. in Strasbourg, and at the gamma cells at Brunel University and at
Imperial College, will now be described. The measurements taken at the various
steps of the exposure programmes will be summarised by means of plots, and all

results will be compared and commented in sections 3.3, 3.4 and 3.5.

Three sets of irradiations were performed using the electron facility in Strasbourg,
up to a total dose of ~6 Mrad; figs. 3.4 and 3.5 show the plots of the flat-band voltage
as a function of the received dose, for the irradiated MOS and MNOS capacitors.
The plotted flat-band voltages are the first measured after the exposure (actually
1-2 days after). The evolution of the measured oxide charge density following the
last irradiation are reported in figs. 3.6 and 3.7; the last measurements were taken
after room temperature annealing for more than 200 days. The capacitors had been
left unconnected (i.e. floating) during the exposures, because of the configuration of

the irradiation facility.

The first irradiation made using the gamma cell at Brunel University delivered
~160 krad of gammas to MOS and MNOS capacitors, with the gate either biased
at —100 V (i.e. with the capacitor in inversion) or left floating during the exposure.
Figs. 3.8 and 3.9 show the oxide charge density annealing following this exposure
and up to ~150 days after, with the different gate conditions.

The second irradiation consisted of ~150 krad of electrons given to sets of capac-

itors, with the gate biased at +100 V,0 V and —100 V, to complete the study of the
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Fig. 3.5. Electron-irradiated MNOS capacitors: flat-band voltage as a function of received dose.

different gate conditions. The flat-band voltage V, after irradiation was no longer
measurable in the case of the capacitors kept in accumulation during the exposure,
being beyond the range of the measuring instruments (V5 < —100 V). The flat-band
voltage shift, as measured immediately after the exposure, and the annealing of the
oxide charge density up to ~60 days after the irradiation are both shown in figs. 3.10
and 3.11.

The series of exposures made at the gamma cell at Imperial College delivered
doses of ~300, ~600 and ~900 krad, with two different dose rates (~60 krad/hour
and ~600 krad/hour), to sets of MOS and MNOS capacitors, with the gate biased
at —30 V and at 0 V with respect to the bulk: the flat-band voltage shifts after the
exposure are shown in figs. 3.12 and 3.13.

Finally, figs. 3.14 and 3.15 show the beginning of the annealing of the flat-band
voltage shift after that exposure, for both dose rates: measurements were taken only
until 20 days after the irradiation, enough to show consistency with the previous

data.

3.3 Oxide charge density increase

Exposure to ionising radiation of MOS devices results mainly in two effects:

1. positive space-charge build-up within the silicon dioxide, larger if the gate

is biased to a non-zero potential with respect to the silicon substrate;
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Fig. 3.6. Electron-irradiated MOS capacitors: oxide charge density annealing.

2. increase in the surface state density at the interface between silicon and

oxide.

The effect of positive charge creation on the flat-band voltage shift is larger if the gate
voltage is kept positive during the irradiation, compared to the situation when the
gate is negatively biased; this happens because a positive space-charge layer closer
to the silicon-oxide interface will have a greater effect on energy band bending than
in the case of the positive charge being accumulated near to the oxide-metal gate

interface [3.6].

A model explaining qualitatively the positive oxide charge buildup and its be-
haviour with gate bias was proposed by Zaininger [3.7] and by Grove and Snow [3.8]:
some of the electron-hole pairs generated in the oxide by the ionising radiation recom-
bine, but most are driven towards the electrodes following the electric field applied
across the oxide. Very few electrons are trapped in the oxide as their drift velocity
is high, while holes are much slower and have a greater probability of becoming
trapped.

The permanent hole traps are mainly located near the metal-oxide interface. If a
positive voltage is applied to the MOS gate, the holes will drift towards this interface
with a high chance of becoming trapped, thus sensibly increasing the positive oxide
charge. If, on the other hand, a negative voltage is applied to the gate, only the
small fraction of holes belonging to the charge pairs produced near the metal-oxide
interface will be trapped there, before drifting towards the metal gate, with a lower

chance of becoming trapped [3.4].
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Fig. 3.7. Electron-irradiated MNOS capacitors: oxide charge density annealing.
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Fig. 3.8. Gamma-irradiated MOS capacitors at Brunel Univ.: oxide charge density annealing.
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Fig. 3.11. Gamma-irradiated MOS and MNOS capacitors at Brunel Univ. under different gate
conditions: oxide charge density annealing.

The oxide charge build-up in the irradiated MOS and MNOS capacitors was
measured through the flat-band voltage; the range of electron doses showed a satu-
ration effect, which occurred after ~1 Mrad for the MOS device, whilst in the case
of the MNOS capacitor the further increase was less than 20-30 % after ~2 Mrad.

The irradiations with gammas of MOS and MNOS capacitors showed the impor-
tant influence of the different gate bias on the quantity of oxide charge accumulated:
the flat-band voltage (negative) increase was more pronounced when the gate was
left unconnected than when it was biased at —100 V; when biased at +100 V, it
increased beyond the available measurement range, showing a bigger effect, as ex-
plained above.

The saturation effect experimentally seen can be explained using the model de-
scribed above. After a certain radiation dose, most of the hole traps at the metal-
oxide interface will have become occupied, therefore the probability for a hole to
become trapped will decrease and most of the charge pairs produced by further

radiation will drift and reach the electrodes without becoming trapped.

With the irradiations at Imperial College, a smaller difference was seen between
biasing the gate at 0 V and at —30 V; because of the flat-band voltage shift induced
during the irradiation, these two gate conditions became equivalent soon after the
beginning of the exposure, i.e. V5 < V, in both cases.

The behaviour of the MNOS capacitors after irradiation was similar to that of
the MOS capacitors, with the exception that the effect of the exposure seemed to
have been moderated by the presence of the nitride, resulting in a less pronounced

increase in the (negative) MNOS flat-band voltage V,. The saturated charge density



Dose rate effects 75

S 80
< MOS
< 60 £
% MOS MNOS
£ 0V on gate -30 V on gate
o 40
—g .‘4 """"""" '2'""""":' '''' 22T
- R B R SR
- 20 ([ S
= T MNOS
= 0 dose rate ~ 60 krad /hour 0V on gate
i i

0 200 400 600 800 1000
Gamma dose (krad)

Fig. 3.12. Gamma-irradiated MOS and MNOS capacitors at Imperial College: lower dose rate.

—~ 80
Z MOS
= -30Vongate 4
% 60 /,/é ................. §_€|

qb)D MOS \‘E/ ..........

s 0Vongate A" MNOS

S 40 30Vongate
>

: PO G

£ 2 e

= ———— MNOS

= 0 dose rate ~ 600 krad/hour 0V on gate

i i
0 200 400 600 800 1000

Gamma dose (krad)

Fig. 3.13. Gamma-irradiated MOS and MNOS capacitors at Imperial College: higher dose rate.

is therefore lower for the MNOS capacitors.

3.4 Dose rate effects

The dose rates of ionising radiation delivered during the irradiation programme
were spread over five orders of magnitude (table 2.1); therefore, the effect of different
dose rates was observed, again more noticeably in the case of MOS capacitors than
for the MNOS capacitors.

Direct comparison of results after dose rates different by an order of magnitude
was made during the second set of gamma irradiations at Imperial College, where

the dose rate was selected by varying the distance of the samples from the source.
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Fig. 3.15. Flat-band voltage shift annealing after gamma irradiations at Imperial College: higher
dose rate.

Particularly at lower doses (i.e. at ~300 krad), a bigger effect in the flat-band
voltage shift occurred at the lower dose rate. This observation is particularly impor-
tant as the dose rates normally used for the radiation studies of silicon prototypes
are much higher, for practical reasons, than in the LHC environment, where the
radiation will be collected at low dose rates continuously over many years of opera-
tion.

Finally, to the plot of the flat-band voltage as a function of the received electron
dose of fig. 3.4 the additional point from a low dose rate gamma irradiation of a
similar MOS device has been added. The comparison, even considering the different
conditions of exposure, shows that more oxide damage (in terms of charge deposi-

tion) occurred at the much lower gamma dose rate. In both cases the gate had been
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left floating during the exposure.

The dose rate effect seen could be explained by the particular conditions of
exposure, with a difference in the dose rates of more than four orders of magnitude.
A very fast delivery of ionising radiation could not have left time enough for the
holes to be trapped at the metal-oxide interface, while a very low dose rate would
almost correspond to a quasi-static situation, where short term annealing could also

leave place for more charge to be trapped in the oxide.

3.5 Annealing

Annealing in the charge oxide has been monitored over a long period of time
after the electron irradiations and the gamma exposure at Brunel University. After
~200 days following the last exposure to electrons, the oxide charge density had
dropped steadily by ~60 % for all received doses in the case of the MOS capaci-
tors; the maximum drop for the MNOS capacitors was of ~10 % only, during the
same period. In the latter case, though, less charge had been accumulated during
the exposure to the same total doses. This annealing inhibiting effect was already
observed on integrated circuits and CCDs with the nitride layer [3.9].

Similarly, ~150 days after the gamma irradiation at Brunel Univ. the oxide
charge density had dropped by ~50 % in the case of the MOS devices and by ~30 %
for the MNOS, both when the capacitors had been left floating or at inversion during
the exposure.

Finally, practically no annealing was seen for the MNOS capacitors whose gates

had been kept grounded (i.e. at 0 V) during the exposure to the gammas.

3.6 Conclusions

After a certain dose of ionising radiation, saturation in the oxide charge density
was reached both for MOS and MNOS capacitors. Long-term annealing was much
more evident for MOS than for MNOS devices, also because in the latter case less
charge had been accumulated during the exposure to the same total doses.

The gate bias condition during the exposure had a major influence on the quan-
tity of charge accumulated in the oxide because of the irradiation. Finally, dose-rate

effects have been observed, again more pronounced in the case of MOS devices [3.10].

These results are relevant to LHC silicon microstrip detectors, when considering

effects related to oxide charge accumulation at surfaces, e.g. when evaluating the
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field-plate technique used to ensure strip isolation on the ohmic side (i.e. the n-side)
of a microstrip detector [3.11]. If this technique is implemented, the ionising radia-
tion, to which the detectors would be exposed, will cause changes in the interstrip
isolation properties of these particular MOS-strip structures. Long-term operation

of such devices must be ensured (see also Chapter 4).



Chapter 4

Radiation hardness studies of
silicon microstrip detectors

In this chapter the radiation hardness studies of silicon microstrip detectors will
be described. They consist in measurements of strip capacitances on different p-
side microstrip prototypes, and in exposures to ionising radiation, namely electrons
and protons, and to neutrons. Some n-side microstrip prototypes have also been
evaluated before irradiation, and their measured capacitances will be presented.

Silicon detectors will not be discussed in detail here. This type of particle detec-
tor has been produced and developed for a few decades, originally for nuclear physics
and spectroscopy applications. Microstrip detectors have already been widely used
in recent years as subsystems of high energy physics experiments both in fixed tar-
get and in collider geometries, and described in the literature ([4.1], also for an
extensive bibliography on this subject). Semiconductor physics (i.e. band structure,
doping, charge carriers, signal formation and collection) and technology have also
been extensively described ([4.2], and its bibliography).

The principle of charged particle detection is simple: the detector is essentially
constituted of a reverse biased diode junction, at whose electrodes the pairs of elec-
trons and holes generated by charged particles traversing the depleted semiconductor
are collected. The typical detector thickness is ~300 pgm. One or both electrodes
(anode and cathode) are subdivided in arrays of microstrips, i.e. thin diodes (or
pseudo-diodes). Both strip width and strip pitch are normally of the order of a few
tens of microns.

The diode structure, the signal collection and the bulk damage and related an-
nealing effects are discussed briefly. The main emphasis here is on surface effects,
particularly the behaviour of microstrip capacitances after irradiation. Extensive de-
scriptions of radiation damage effects can be found in the above cited bibliographies,

and particularly in [4.3, 4.4, 4.5].
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These studies have been performed in the framework of the RD20 collabora-
tion [4.6], aimed at developing high resolution silicon strip detectors and associated
front-end electronics for experiments at high luminosity at the LHC. In particular,
the microstrip prototypes were designed, produced and evaluated by RD20.

As an example, figs. 4.1 and 4.2 show two wafer layouts of silicon prototypes pro-
duced in 1992 at S.I. (Senter for Industriforskning [now SINTEF], Oslo, Norway),
the RD20 p-side and n-side test structures [4.7, 4.8]. These wafers had been de-
signed and prototyped to enable complete and extensive investigations of all detector
related properties and parameters, including mask layout, manufacturing with in-
dustries, detector prototype evaluation and extensive performance tests. Radiation
damage studies were performed with ionising and non-ionising particles; annealing
was considered under different temperature and biasing conditions.

Time showed that it was necessary to perform these studies in a very systematic
way, designing specific prototypes and measuring them carefully under every aspect.
A large number of parameters, with different weights, is involved in detector fabri-
cation and performance, and their influence, more or less precisely known, had to
be consistently and thoroughly investigated.

The various test structures and detector prototypes are visible; the largest pro-
totypes are DC- and AC-coupled microstrip devices, 4 and 2 cm long, with 50 and
100 pm pitch, designed e.g. to evaluate the detector performance as a function of
the strip width. Both p-stop and field-plate techniques have been used to isolate
the strip on the n-side structures, as described in section 4.3.

The issues of leakage current, depletion voltage, strip isolation, strip capacitance,
oxide properties and bulk and surface radiation damage have been of particular
concern; some of them will be addressed in this chapter. Both p-side and n-side
structures were used for this purpose.

A number of smaller devices surrounds the central ones on both wafers. They
consist mostly in diodes, photodiodes and MNOS capacitors, which have been used
e.g. for the studies described in Chapter 3. Some general purpose test structures were
also included, to test in a simplified way important parameters such as polysilicon
resistance, diode currents and capacitances, and MOS properties on tiny devices
realised with the same techniques as the bigger microstrip prototypes.

Other issues such as metal sheet resistance, oxide breakdown voltage and wedge
strip geometries could also be addressed, thanks to these prototypes batches. Effect
of these studies was the spread of knowledge and experience among the collaboration,

thanks to the prototypes available to the laboratories for the different evaluations.

The work presented in the following led to results included in RD20 status re-
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Fig. 4.1. Wafer layout of the p-side silicon prototypes for RD20.
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Fig. 4.2. Wafer layout of the n-side silicon prototypes for RD20.
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Fig. 4.3. Schematic cross-section of a silicon microstrip detector, single sided, DC-coupled (silicon
dioxide layer not shown).

ports [4.9, 4.10] and in published papers about radiation tolerance studies of silicon

microstrip detectors for the LHC [4.11, 4.12, 4.13].

4.1 Silicon microstrip detectors

The principle of operation of a silicon microstrip detector is represented in fig. 4.3,
where a schematic cross-section of a single sided (i.e. with strips on the p*-n junction
side only) DC-coupled microstrip detector is shown. The layer of silicon dioxide
(SiOs) has not been drawn for simplicity.

If a layer of SiO, is interposed between the aluminium read-out lines and the

* implant strips, the capacitor coupling the strip to the front-end electronics is

p
realised on the detector itself. Such a detector is usually described as AC-coupled.
When microstrips are realised on both sides of the detector, i.e. on the ohmic
side as well, at the n-n™ pseudo-junction, two-dimensional information is provided
by the same detector, now described as double-sided. Fig. 4.4 shows layouts of the
p- and n-sides of a double-sided silicon microstrip detector with small angle stereo
strips. In this case, the front-end electronics are located at the same end of the

detector, on the two opposite surfaces.

An alternative configuration would consist in orthogonal strips on the two sur-
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Fig. 4.4. Schematics of the p-side (left) and of the n-side (right) of a double-sided silicon microstrip
detector with small angle stereo strips.

faces, with the front-end electronics located at different edges of the detector as a
consequence, unless a means of reconducting the orthogonal strips to be read at
the same detector end is realised (e.g. with the technique of double-metal layers

separated by polyimide).

Three important detector characteristics which are always evaluated on proto-
types and which are used in the optimisation of microstrip design and manufacturing
technology are leakage current (or dark current), interstrip isolation and interstrip

capacitance.

The leakage current is the current flowing through the detector under bias, in
absence of a signal generated by a charged particle crossing the active volume of the
detector.

Three different components contribute to the total leakage current: generation,
diffusion and surface currents. The generation current originates in the thermal
creation of electron-hole pairs within the depleted region of the detector, while
the diffusion current is due to pairs created in the undepleted neutral region. In
thermal equilibrium charge pairs are continually generated in the crystal, and would
recombine in absence of an electric field across the semiconductor. When operating
normally, a microstrip detector is fully depleted and therefore the measured leakage
current is due only to the generation term.

The surface term is the least quantifiable and it can be often substantially re-
duced by means of guard ring structures, realised all around the active surface of the

detectors to draw as much surface current as possible away from the active region.
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Some surface contributions, e.g. from processing conditions, are unavoidable.
Because of consequences for electronic noise, leakage currents must be kept as

2, Exposure

low as possible, with achievable values of the order of a few nA/cm
to heavy particle fluxes (i.e. protons, neutrons, pions) results in an increase of the

leakage current per unit volume AI/V, which is commonly parameterised as

7 = Oé¢>, (41)

where ¢ is the fluence of irradiation, measured in particles per cm?, and a is a
constant of the order of ~1071%-10717 A - cm™!, depending on the particle type and

energy.

The interstrip isolation is evaluated by measuring the electric resistance between
neighbouring strips, which should ideally be as high as possible, to approximate
every single strip to an independent diode. Isolation on the ohmic side (i.e. the
n-side) of a double-sided detector must be achieved by means of special techniques,
as there is no junction between the n™-strips and the n-type bulk, and therefore the
interstrip resistance would not be satisfactory if microstrips were realised exactly
as on the junction side. These techniques will be mentioned when describing the
measurements performed on n-side microstrip prototypes (section 4.3).

The strip isolation must remain acceptable also after the detector has been ex-
posed both to ionising radiation and to heavy particle fluxes: the former is mainly
responsible for surface effects, which modify the oxide charge density, while the latter
modifies the effective doping concentration N.g of the substrate, which eventually
inverts (e.g. at a neutron fluence of ~10'® ¢cm™2) and becomes similar to p-type
silicon. The junction side (n bulk—p* strips) becomes pseudo-ohmic (inverted bulk-
p" strips), and the ohmic side (n bulk-n" strips) becomes a pseudo-diode (inverted
bulk—n™ strips).

The parameterisation of donor removal and acceptor creation following exposure

to a particle fluence ¢ is normally expressed by [4.14]:
Nug ~ Npe™® — Ny — B¢, (4.2)

where Np and N4 are respectively the donor and the acceptor concentrations before
the irradiation, 8 and ¢ are the parameters to be extracted from the fitted data.
The model is based on the assumption that the donor removal rate is proportional
to the donor density, while the acceptor creation takes place at a constant rate with
fluence.

This parameterisation describes quite well the available data. Values of 8 range
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e.g. from 0.02 to 0.08 cm™* for fast (i.e. ~1 MeV) neutrons; the parameter c is of
the order of 107** cm? [4.5].

The initial donor concentration Np is of the order of 10''-10'2 cm ™2, to keep the
full depletion voltage acceptable (V; ~ ¢Npd?/2e ~ 7.7 x 107 V. m - Npd?
thus, for d ~ 300 gm and Np ~ 10'* [10'%] cm™3, V; ~ 7 [70] V). The corresponding
resistivities are of the order of a few k{} - cm; thus the material currently used for

silicon microstrip detectors is high resistivity silicon [4.1].

The total strip capacitance (Cror) to the detector system, as seen by the signal
at the input of the front-end electronics excluding the coupling capacitor, is usually
considered as the sum of the capacitance of the strip considered towards the opposite

surface, Cp, and of the contributions given by the i-th order neighbour strips, C;:
Cror = Cg+C1+Cy+Cs+.... (43)

The three main components of Cror are the capacitance to the nearest neigh-
bours (', the capacitance to the second order neighbours (s, and the capacitance to
the backplane Cg. The sum of C; and C; is usually called ‘interstrip capacitance’,
as the contributions of higher order neighbours become negligible.

Cror depends on the detector geometry, i.e. on the strip pitch and width, as well
as on the detector thickness (for the Cp contribution). Cror is normally measured
per unit of strip length, and is of the order of ~1 pF/cm for the detectors used.

The technique of measurement of strip capacitances is rather complicated: the
contributions (4.3) are measured separately, by excluding the unwanted ones from
the test circuit. Fig. 4.5 shows the electrical connections, usually realised by means of
contacts to the detector bonding pads using a probe station, for two different strip
measurement configurations, i.e. for the strip to backplane and for the interstrip
capacitance measurements. The instrument used for all measurements presented
in the following was a Keithley high frequency CV-analyser, with a test pulse of
100 kHz; the detector was normally biased at 100 V via an external electrometer—
bias supply.

Even though strip capacitance measurements are conceptually simple, it requires
care and experience to perform such measurements, because of the many parameters
involved in this operation (detector conditions, quality of contacts, minimisation of
stray contributions especially), and also not to damage the detector prototype under
test when making probe contacts.

Again, the detector must be designed to withstand extended exposure to dam-

aging radiation without an increase of its strip capacitances beyond an acceptable
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Fig. 4.5. Measurement of microstrip capacitances: measurement scheme for strip to backplane
capacitance (upper) and for interstrip capacitance (lower).

limit. An aim of the irradiation programmes performed here was to investigate and
optimise this aspect of detector radiation hardness.

The measured strip capacitances were also compared to their theoretical values
obtained from a simulation program previously originally developed, which evaluates
the different microstrip capacitance contributions by means of a purely geometrical
calculation, making use of a variational method. A full description of this technique
and results have been described in [4.15, 4.16].

As an example, fig. 4.6 shows the calculated total strip capacitance as a function
of the width/pitch ratio, in the case of a 300 pm thick detector, for two different
pitch values. Only the first and second order neighbours have been considered. The
graph shows that the strip capacitance is a fairly simple function of this ratio, which
turns out to be the most important geometrical parameter to be considered when
optimising detector capacitances. For a strip pitch of 50 pm and a strip width of
10 pm, the calculated total strip capacitance would be of the order of ~1 pF/cm.
The strip capacitances are dominated by geometry, at least prior to exposure to

irradiation.
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Fig. 4.6. Variational microstrip capacitance calculation [4.15, 4.16]: total strip capacitance as a
function of strip width/pitch.

4.2 Exposures of microstrip test structures for
strip capacitance studies

I organised and performed a few sets of exposures of microstrip prototypes to
ionising radiation, to evaluate the subsequent evolution of strip capacitances and
their behaviour with time, during annealing at room temperature.

Detectors were irradiated with electrons, for the first time within the RD20
collaboration. A set of irradiations with protons has also been performed, in collab-
oration with the University of Padova. The tests have been carried out measuring
before and after irradiation all detector parameters relevant to these studies, such

as depletion voltage, interstrip capacitance and interstrip resistance.

The RD20 devices irradiated with electrons (section 4.2.1) and protons (sec-
tion 4.2.2) have been described in [4.7]: they consist in DC-coupled microstrip test
structures, with six groups of nine strips at a constant pitch of 50 gm. The strip
length varied from 1 to 4 cm, but all capacitances have been expressed per unit of
strip length to ease comparison.

Table 4.1 shows the values of the nominal strip and metal widths for the six
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nominal  nominal nominal  nominal
strip metal strip metal

width width width width

5 pm 10 pm 20 pm 15 pm

10 pm 15 pm 30 pm 20 pm

15 pm 20 pm 40 pm 20 pm

Table 4.1. Nominal strip and metal widths for RD20 p-side microstrip prototypes, DC- and AC-
coupled (50 pm pitch).

Biasline mmm mm m

Palysilica:
resistors

a) DC-coupled strips b) AC-coupled strips

Fig. 4.7. Schematic of DC-coupled (a) and AC-coupled (b) RD20 microstrip test structures.

strip groups. In reality, the strips turned out to be 2-4 pm wider than designed
because of unexpected widening of the diffusion layer during processing. Therefore,
in quite a few structures the widest strips were shorted together despite a nominal
separation of 10 pm.

Fig. 4.7 shows a schematic of the DC-coupled microstrip test structures, along
with the similar AC-coupled prototypes realised on the same wafer produced at S.1.,
Oslo, Norway. A common guard surrounds the strip groups and separates them
from each other. The three outer strips on either side with respect to the centre
are connected together, to facilitate probing for strip measurements. Thus, only the
three central strips had been left independent.

Two important features of this wafer production have been the realisation of

an additional silicon nitride layer on top of the silicon oxide as dielectric for strip
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Fig. 4.8. Microstrip capacitances of unirradiated DC-coupled test structures at 100 V, 100 kHz,
showing a breakdown of the different contributions to the total.

coupling capacitors and MOS capacitors (as already mentioned in section 3.1), and
a phosphorus field implantation between the strips on half of the wafers, referred
to as ‘layer 0’. The purpose of the layer 0 was to ensure strip isolation if the oxide
charge was too low [4.12], and test structures with and without this layer have been

compared under different aspects.

4.2.1 Electron irradiation of p-side RD20 microstrips

The electron irradiations were performed at A.E.R.I.A.L., as described in sec-
tion 2.2.1, up to a total dose of (5.6 + 0.2) Mrad. Four microstrip test structures
were irradiated to different doses, to enable a complete study of strip capacitance
modifications after exposure over a wide dose range, and of subsequent annealing.

Measurements of the test structures were taken before the irradiation, as de-
scribed before, allowing the different contributions to the strip capacitances to be
separated. They are summarised in fig. 4.8, which shows the capacitances for the six
strip groups. The nearest neighbour capacitance increases with the strip width, as
predicted, while the other neighbour and the backplane contributions are practically
a constant term of a few tenths of a pF/cm.

The total strip capacitances range from ~1.2 pF/cm for the 5 pym strips, up
to ~2.3 pF/cm for the 30 pum strips, for the structures without layer 0. When
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Fig. 4.9. Interstrip capacitance at 100 V, 100 kHz, as a function of electron dose for DC-coupled
strips (with and without layer 0).

the layer 0 is present, the capacitances are on average already 10 % higher before
irradiation, the increase showing essentially in the nearest neighbour contribution.
This is an important observation as design and technology have to be optimised to

minimise the strip capacitance.

The plot of the interstrip capacitance as a function of electron dose, presented
in fig. 4.9, shows a saturation effect similar to that observed in the case of MOS
and MNOS capacitors. After a total electron dose of ~1 Mrad, the capacitances
essentially remained at a constant plateau, up to doses of ~5.6 Mrad. The plateau
value is about 40-50 % higher than the pre-irradiation value for the structures
without layer 0, and about 50-70 % higher for the structures with layer 0. Thus,
the presence of the layer 0 enhanced the strip capacitance increase following exposure
to ionising radiation.

It is interesting to plot the interstrip capacitance as a function of strip width
for the devices irradiated (fig. 4.10), showing the increase with increasing (nominal)
strip width for structures without layer 0. The plot also shows that after ~1-2 Mrad
of electrons the interstrip capacitance raised from ~1 pF/cm to ~1.4 pF/cm for the
5 pm wide strips, and from ~1.5 pF/cm to ~2.1 pF/cm for the 20 ym strips.

The CV-behaviour of the strip capacitances after irradiation was also examined
and compared to that before: fig. 4.11 shows the interstrip capacitance as a function
of the applied bias voltage, for the case of strips without layer 0 exposed to a dose of

(2.1 £+ 0.2) Mrad. The values quoted in results and comparisons always correspond
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to the bias voltage of 100 V.

The curves before and after irradiation are different: before irradiation the strip
capacitance remained almost constant after a bias voltage of ~10 V had been ap-
plied, showing no further decrease with increasing bias, while the capacitance after
irradiation depends strongly on the applied bias, and decreases without yet reaching

a flat minimum in the region of 100 V.

Therefore operation at high voltage appears to be necessary to minimise the strip
capacitance after ionising radiation, and even bias voltages higher than 100 V (the
‘standard’ from past experience) could be envisaged, once the oxide has been proven
to withstand high fields without break down effects. This may well become necessary
anyway to keep the detector over-depleted after inversion will have occurred and the

depletion voltage has substantially increased.

The strip capacitances were measured a few more times to observe possible an-

Fig. 4.12 shows

the time dependence of the interstrip capacitance for a received electron dose of

nealing effects, up to 230 days after the end of the exposure.

(312 + 20) krad, on structures with layer 0. Not only was no decrease seen, but
there appears to be a slight tendency towards capacitance increasing. The absence
of capacitance decrease can be explained by the presence of the silicon nitride layer
on top of the silicon dioxide, which was already shown to limit, if not to inhibit,

oxide charge annealing (section 3.5).
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4.2.2 Proton irradiation of p-side RD20 microstrips

A set of proton irradiations of p-side RD20 microstrip test structures (without
layer 0) has also been performed.

The irradiations were carried out at the Laboratori Nazionali di Legnaro (Legnaro
National Laboratory, Padova, Italy, making use of a 7 MV Van der Graaf proton
accelerator. The beam of (6 + 0.2) MeV protons was measured to have an area
of 1 cm? and are known to have a penetration depth in silicon of about 300 um,
i.e. similar to the silicon sample thickness. Irradiations and dosimetry have been
described in [4.17]. Total doses of ~100 and ~500 krad have been delivered to two
different samples.

The dosimetry was performed by measuring the proton fluence on the samples
with two surface barrier silicon detectors, which counted the protons scattered back
from two thin gold films located on the beam line; the dose rate was of the order of
a few krad per minute. The precision thus obtained is of ~15 % [4.17].

The interstrip capacitances (C; + C3) before and after exposure are plotted
against the nominal strip width in fig. 4.13 for the first four strip groups only.
The observed increase was limited to ~20 % of the pre-irradiation value, with a
capacitance of ~1.2 pF/cm for the narrowest strips (5 gm nominal width) up to

~2.0 pF/cm for the widest strips considered (20 pm) after 500 krad of protons.
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nominal actual actual nominal actual actual
strip strip strip width / strip strip strip | width /
width width  pitch pitch width width  pitch pitch
(pm)  (pm) (pm) | ratio (pm)  (pm) (pm) | ratio
20 24 40 0.60 40 44 100 0.44
20 24 80 0.30 40 44 140 0.31
20 24 120 0.20 40 44 180 0.24
20 24 160 0.15 100 104 160 0.65

Table 4.2. Strip geometries of the neutron irradiated SI UV1 p-side microstrip prototypes.

It must be noted that protons are a cause of both surface effects, because of
their charge, and of bulk effects, because of their mass. Surface effects, as described
in section 3.3, result in oxide charge increase at the silicon-oxide interface, and
therefore in a strip capacitance increase, though more limited than in the case of

electron irradiations.

4.2.3 Neutron irradiation of p-side SI microstrips

As a part of the strip capacitances studies, I measured some microstrip proto-
types which had been irradiated with neutrons at the ISIS facility at RAL (sec-
tion 2.4). These test-structures belonged to a previous prototype production (called
SI UV1), already mentioned in section 3.1. Neither the layer 0 nor the silicon nitride
layer were present on these structures.

The microstrip prototypes used are formed by three groups of strips with different
widths; their geometries are summarised in table 4.2. They were designed to study
strip parameters within a wide range of widths and gaps. As mentioned before, strip
widths can more realistically be estimated to be ~4 ym wider than the design value,
due to widening of the diffusion layer during processing. Strips with 20 and 40 pm
nominal widths are 3.8 cm long, while the widest strips (100 pm) are only 1.45 cm
long. All capacitance values are again quoted in pF/cm.

Samples with delivered neutron fluences of ~4 x 102, ~10'® and ~3 x 10'® cm ™2
were measured; the irradiation was performed leaving the samples unbiased. Re-
sults are summarised in fig. 4.14 in the form of a plot of the total strip capaci-
tance (Cror) as a function of the realistic strip width/pitch ratio. This form is
particularly convenient to ease comparison. Values after irradiation range from
~1.2 pF/cm to ~2 pF/cm, and show a limited increase of ~10-15 % with respect to

the pre-irradiation values. This increase comes mainly from the nearest neighbour
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Fig. 4.14. Total strip capacitance for the neutron irradiated DC-coupled microstrips at 100 V,
100 kHz.

contribution.

As one would not expect neutron exposure to modify strip capacitances signif-
icantly, it is probable that this effect had been caused not only by the neutrons
themselves', but also from ionising particles originating from the activation of the
material in the neighbourhood of the sample (e.g. supports and containers) during

the irradiation? [4.11].

Some RD20 DC-coupled microstrip prototypes, similar to those used for the
electron irradiations, were also exposed at RAL to a very high neutron fluence of
~1 x 10" n/cm?. As this value is well beyond inversion, a very high bias voltage
(>250 V) would have been necessary to deplete completely the device. But the
range of the measuring instruments was already enough to show the tendency of the
interstrip capacitances to go essentially back to their pre-irradiation values, once
full depletion would have been reached, confirming the expectation of no major

modifications to the interstrip capacitances following neutron irradiation.

LA systematic error in the neutron fluence estimates was discovered at a later stage, and it
may have been such that type inversion had actually not been reached. If indeed type inversion
had occurred, the low-field effect on the p-side could have contributed to the strip capacitance
increases, enhancing the effect of low oxide charge levels [4.18].

2The estimated contamination of the ISIS neutron flux with ionising particles is e.g. of the
order of 0.1 % for protons (in fluence) and of 10 % for gammas (in dose) [4.19]. The latter value in
particular can be consistent with the observed strip capacitance increase, which could be attributed
to a few hundred krad ionising radiation, for corresponding fluences.



F++++++++ f++++++++r++ F++++++++

n+ n+

Strips shorted together via accumulation layer
a) No isolation

f++++++++ ++++++++++++ +++++++++
--------- e

n+ n+

. . . Surface inversion caused by potential difference
b) Field Plate isolation between readout metal and n+ strip

f+r+++++++ +++++Ftt++++ f++++r++++

p+ n+ p+ p+

Fig. 4.15. Schematic cross-section of the n-side of & doible sided microstrip detector, with (a) no

isolation structures, (b) field plate isqlatigns prdatchRstARIsQlt iR or
c) P-stop isolation P oy

4.3 Measurements of unirradiated p-stop n-side
RD20 microstrips

The devices on the n-side RD20 prototype wafers (fig. 4.2) are fully described
in [4.8]. The many detectors and test-structures contained were aimed at enabling

full characterisation of microstrips realised on the n-side, i.e. on the ohmic side of a

double-sided detector.

The main issue was the evaluation of the two most common techniques of strip
isolation on the n-side, the field-plate and the p-stop techniques, and a compari-
son between them. Fig. 4.15 shows schematically a cross-section of the n-side of
a microstrip detector. The configurations without strip isolation, with field-plate
isolation and with p-stop isolation are all represented, with some spatial charge
distributions.

The field-plate technique consists in designing the metal read-out strips wider

than the n*-strips below, from which they are separated by the oxide (and the
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from flowing from one strip to another. The p-stops can be all connected together
(common p-stop configuration), or else be independent from every other (individual
p-stop configuration). The p-stop strips can be left floating: when the detector is

biased and depleted, they will reach their operating voltage, which was also measured

_| H_t_h_m_cfr;nc
; [=StF1PS

s. Pinholes are

under bias &ithout phenomena of charge leaking, i.e. without creating, temporarily

==y

be present, and,

may _canse the ereation

[

during this prototype characterisation.

Fig. 4.16 shows the two isolation techniques, with the common and individual

: .
tTips can alternativ

L, . »
ety be realised by means

c) Individual p-stop isolation

b) Common p-stop isolation

a) Field plate isolation



Unirradiated p-stop n-side microstrips

CP50 — | nominal  nominal CP100 — | nominal  nominal
TP50 strip p-stop TP100 strip p-stop
groups width width groups width width
1 5 pm 5 pm 1 5 pm 65 pm
I 5 pm 12 pm I 25 pm 45 pm
11 5 pm 20 pm 11 40 pm 30 pm
v 10 pm 10 pm v 65 pm 5 pm

99

Table 4.3. Nominal strip and p-stop widths for RD20 n-side microstrip prototypes CP50/IP50
(50 pm pitch) and CP100/IP100 (100 wm pitch).

options for the p-stops, implemented on the microstrip test-structure used, but for

the corresponding AC-coupled devices.

I performed a complete evaluation of the strip capacitances of the p-stop n-
side microstrips, before irradiation. The results were subsequently compared to

the values after photons and neutron irradiations, and results have been presented

in [4.10] and [4.13].

The geometrical characteristics (i.e. the n-strip and p-stop widths) of the devices
used for this study are summarised in table 4.3. These microstrip test-structures
have been usually referred to as C'P or IP, depending if the p-stop was ‘common’ or
‘independent’, followed by a number (50 or 100) indicating the strip pitch in pm.
On each there were four groups of DC-coupled and four of AC-coupled strips, with
different strip widths. Only the DC-coupled strips have been considered for the
strip capacitance measurements described in the following. Seven strips formed
each group of the DC-coupled devices with 50 ym pitch, and only five strips each
group with 100 gm pitch.

Three different doping concentrations were used for the p-stop strips, namely
1 x 10,9 x 10" and 5 x 10" cm 2. Only the highest was proven to perform
fully satisfactorily in terms of strip isolation under all conditions, and to those
particular ones the results in the following will refer, even though all of them have

been evaluated.

As an example, figs. 4.17 and 4.18 shows the capacitance components of the
common p-stop devices with pitches of 50 and 100 pum respectively, plotted for each
of the four strip groups.

The total capacitance increases, as expected, with increasing strip width, and
the backplane contribution is essentially insensitive to the strip geometry. A total

strip capacitance of ~2.1-2.4 pF/cm was measured at 100 kHz for the 50 um pitch



W
G

=
o

e
Q1
Z
N

NAA

R 4 X

100kHz 1MHz
X Backplane X Backplane
’é\ 3.0 A Nearest neighbours A Nearest neighbours| O
Q M Other neighbours M Other neighbours
& g
E 25 O Total ® Total
Q, 2.
g O A
S 20 o
S : ° A
+ s
«© | i
g 15 O 1
= g ‘
©
o
O
)
o
()
O

o
o

5/65 25/45 40/30 65/5
Nominal n* width/ pJr width (um)

Fig. 4.18. Capacitances of unirradiated common p-stop n-side strips at 100 V, 100 kHz (100 pm
pitch).



Capacitance at 100V (pF/cm)

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.0

100kHz 1MHz
X Backplane X Backplane
A Nearest neighbours A Nearest neighbours| ... .
X  Other neighbours M Other neighbours
O Total ® Total

A ® * =

5/65 25/45 40/30 65/5
Nominal n* width/ pJr width (um)
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common p-stop devices, but measurements at 1 MHz gave a lower total capacitance,
of ~1.5-1.8 pF/cm, as the nearest neighbour and also the other neighbour contri-
butions turned out to be dependent on the frequency. All values refer to an applied
bias voltage of 100 V.

The frequency dependence issue has been addressed in [4.13]; this effect can be
explained taking into consideration the behaviour of the interstrip capacitance as a
function of the p-stop voltage. In the case of measurements taken at 1 MHz, the
capacitances are already close to their lower limit for the p-stop voltage correspond-
ing to the operating point, while values taken at 100 kHz have not yet reached their

lower plateau values, always at the operating p-stop voltage.

An important difference was found between common and individual p-stops: the
total strip capacitance of the individual p-stop devices was on average lower and
practically did not change with frequency compared to the case of the common p-
stop devices. Fig. 4.19 summarises the strip capacitance of the individual p-stop
strips with 100 gm pitch before irradiation, measured at 100 V and 100 kHz. Values
ranging from ~1.3 to ~2.3 pF/cm, depending on the strip widths, were measured on
the individual p-stop 100 gm pitch devices. These values are to be compared with
those found in the corresponding common p-stop configurations (~1.5-3.1 pF/cm

at 100 kHz, ~1.4-2.5 pF/cm at 1 MHz).

The common p-stop network was shown to couple the higher order neighbours
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in a stronger way between themselves, probably with some signal sharing between
the strips. A contribution higher than the one given by the same components in
the individual p-stop configuration was found for the non-adjacent neighbours. This
contribution to the strip capacitance is plotted in fig. 4.20, where the non-adjacent
neighbour capacitances for common and individual p-stop n-side strips with 100 gm
pitch are compared. They were measured before irradiation, at 100 V, and at

100 kHz and 1 MHz frequencies.

My responsibility was for the measurement of the strip capacitances prior to
irradiation only. For completeness, two plots showing the changes in the microstrip
capacitance following exposure to photons and neutrons will be presented. The
radiation damage studies were performed on the same structures measured before
the irradiation tests, and are fully described in [4.13].

Fig. 4.21 shows the nearest neighbour capacitance for common p-stop n-side
strips with 50 gm pitch, as a function of the received photon dose. The capacitances
were measured at 100 V, 1 MHz. The irradiation was carried out making use of the
Imperial College gamma facility. Saturation was found after ~1 Mrad.

Fig. 4.22 shows the nearest neighbour capacitance for common p-stop n-side
100 pwm pitch strips, measured at 100 V, 1 MHz, before and after neutron and
photon irradiations. While essentially no increase is seen following neutron damage,
a limited nearest neighbour capacitance increase was found, e.g. of ~15 % for the

widest strips, after 6 Mrad of Co® photons.
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4.4 Summary and conclusions

Extensive studies of the strip capacitances of silicon detector prototypes for ap-
plication at the LHC have been performed.

Irradiations with ionising and non-ionising particles of several p-side microstrip
test structures have been carried out. The evolution of strip capacitances following
exposure was monitored. After surface radiation damage caused by ionising radia-
tion, the strip capacitances increase but remain tolerable. Neutron damage did not
substantially change strip capacitances, even at very high fluences.

The values of strip capacitance did not decrease with time after exposure to
electrons, as the silicon nitride layer inhibits oxide charge annealing.

The RD20 n-side prototypes have been evaluated before irradiation, and the
p-stop isolation technique investigated. Full sets of interstrip capacitance measure-

ments have been performed on these structures.



Chapter 5

The material budget of the CMS
Central Detector

Optimisation of the central detector involves, among other, minimisation of the
amount of material, both from the point of view of the individual modules and of the
overall mechanical and geometrical design. The total budget must be maintained as
low as possible, in order not to degrade the performance of the calorimeters because
of energy loss by particles traversing the materials of which the central detector is
made.

Various iterations of the central detector design were performed, aiming at meet-
ing both technology requirements and material budget constraints, while taking into

account the physics implications as well.

5.1 Radiation length and energy losses

The radiation length X, of a material is a unit particularly useful when con-
sidering the energy losses of high energy electrons (and positrons) and photons.
It is defined as the (mean) distance over which a high-energy electron loses by

bremsstrahlung a fraction 1/e (~63.2 %) of its initial energy E, [5.1]:

1
AEx, = <1 —~ —> E, ~ 0.632E, , (5.1)

€

where AFEx, is the energy lost after a path corresponding to one radiation length.
This relation follows from the expression of the total radiation loss of an electron

traversing a thickness dz of medium:

(dE) o 652)
dz rad Xo ,

105
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Fig. 5.1. Tonisation and bremsstrahlung energy loss and critical energy definition for electrons in
copper, as a function of the electron energy (from [5.2]).

whose solution for a finite thickness z is

€T

E, = Fy exp <f> , (5.3)
0

E, being the average energy of the electron after a path z in the medium consid-

ered [5.2, 5.3].

Charged particles other than electrons lose energy mainly by ionisation when
traversing matter, the radiative effects becoming moderately important with increas-
ing particle energies, while the electron and photon energy losses are essentially due
to bremsstrahlung and pair production, at the energy scales applicable to CMS.

The energy at which the electron loss rate by bremsstrahlung becomes equal to
the loss rate by ionisation, in a given material, and beyond which the contribution
given by bremsstrahlung becomes predominant, is the critical energy E.; it is usually
approximated with the formula F. ~ (800 MeV)/(Z + 1.2) [5.2], which gives e.g.
E. ~ 52 MeV for silicon, ~26 MeV for copper and ~9.6 MeV for lead. It is clear that
in the typical energy domain of electrons and photons to be fully detected within
CMS, the loss is dominated by bremsstrahlung.

The radiation length is thus an appropriate unit with which to measure the
material thickness of a tracking system, if one considers the electron and photon
energy losses before their arrival to the electromagnetic calorimeters, where their
energy should be measured as precisely as possible.

As an example, fig. 5.1 and fig. 5.2 show the ionisation and bremsstrahlung en-

ergy loss for electrons. Fig. 5.1 shows the total energy loss and its two components
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in copper, with the critical energy point at ~26 MeV. Fig. 5.2 shows the fractional
energy loss in lead, per unit of radiation length, as a function of the electron en-
ergy; it can be seen that bremsstrahlung dominates for electron energies bigger than
~10 MeV. Both figures are extracted from [5.2].

The situation is quite different for charged particles other than electrons: the
critical energy for muons and pions is of the order of several hundred GeV (e.g. in
iron). Therefore the energy loss which in most cases prevails for charged particles is

ionisation.

The value of Xy depends on the atomic number of the element, and was calculated

by Y. S. Tsai to be [5.2, 5.4]:

Xio = Ao, % {2 [Leaa — F(2) + 21,4} (5.4)

where « is the fine structure constant (~ 1/137), r. is the classical electron radius
(e?/4m o c®), N4 is Avogadro’s number, A and Z are respectively the atomic mass
and the atomic number of the element, L ,4 and L!_; are tabulated numbers and
finally f(Z) is an appropriate function of Z (details in [5.2]).

O. 1. Dahl fitted the data to provide a functional dependence on Z [5.2]:

716.4 gcm 2 A
Z(Z+1)n (287/VZ)

Xo ~

with results in good agreement (normally better than 2.5 %) with (5.4).
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Radiation Radiation

Material length Material length
(cm) (cm)
silicon 9.36 beryllia 14.3
kapton 28.4 aluminium 8.9

tin 1.21 copper 1.43
alumina 7.2 carbon fibre 25.0
quartz glass 10.2 mylar 28.6
rohacel 790.0 water 36.1

Table 5.1. Radiation length (in cm) of some materials considered for the central detector.

The radiation length of a compound or a mixture can be computed by applying

Bragg’s rule for the stopping power dE/dz [5.1]
VdBE _ ~wi (dE) 5.6
p dzx XJ: p; \dez i (5-6)

which gives for the radiation length X,
w;
=3 2 5.7
= X; (5.7)

where p; and X; are respectively the density and the radiation length of the jth
element, expressed in mass thickness units. The w;’s are the fractions by weight of
each element in the mixture, defined as
o a; A
I VOV P

where A; is the atomic weight of the jth element and a; is the number of atoms of

(5.8)

the jth element in the compound [5.1].

The dimensions of the radiation length X, , obtained from (5.4), are [m - 17 2], i.e.
of a mass divided by a length squared; thus it is measured in g/cm?®. The radiation
length is often quoted and used after having been divided by the density p of the

material, leading to the dimensions of a length.

The radiation length of some materials considered for this study are reported
in table 5.1. The material budget in radiation length units is normally plotted as
a function of the absolute value of the pseudorapidity n rather than of the angle ¥

(see equation (1.1) in section 1.2).

An important feature of the material budget of a tracking system is the purely
geometrical property normally referred to as the 1/sin ¥ effect: when a particle trav-

els at a polar angle ¢ other than 90 degrees, its path through a medium will increase
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by a factor of 1/sin ¥ with respect to the path seen at ¥ = 90 degrees. Therefore,

an increase in the material budget is usually seen with increasing pseudorapidities.

5.2 CMS central detector design considered

The CMS central detector has been briefly described in section 1.2.1, which is
the design included in the Technical Proposal [5.5].

In the following, a former version of the central detector design will be used,
described in CMS Status Report and Milestones (15 October 1993) [5.6], and all
results refer to this particular design [5.7]. The main differences between the two
versions are the presence in the more recent of a silicon pixel microvertex detector,
and the explicit analysis of the beam pipe and outer service contributions. The
beam-pipe gives a small contribution of ~0.5 % of a radiation length at n = 0,
rising to ~3 % at |p| = 2.5. The pixel detector gives an additional contribution
of ~3 % of a radiation length for 0 < |p| < 0.5, rising to ~8 % for rapidities in
the 1.5-2.0 range [5.8, 5.9], but this is the least well defined sub-detector system.
These two additional contributions are shown in fig. 5.15 [5.8, 5.9], which will be

commented on in section 5.7.

The results presented in the following sections were obtained with the design
version of 1993, as that was the first review of the material budget of the CMS central
detector since the Lol [5.10]. Major changes had occurred in the meantime: the
spatial distribution of the detectors was reconsidered, in view of overall performance
and design optimisation, and more realistic and detailed definitions of the detector
modules, complete with cabling and services, were made.

It is in principle possible to update the design used to any new version, changing
or rewriting the geometry and module descriptions, while keeping the same main

program to perform the radiation length calculations.

5.3 The program used

The FORTRAN program GEDS was written to perform the calculation explicitly;
this program was an extension of a previous version, GEDWEE, which only took into
account the silicon microstrip modules in the barrel [5.11].

The program makes use of the GEANT detector simulation package [5.12] to de-

scribe the geometry of the central detector and to evaluate the material, in radiation
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lengths, seen by a particle generated in a region close to the interaction point and
travelling outwards on a straight line, throughout the detector.

In order to graphically visualise the results obtained in the form of text files
generated by submitting the program as a batch job, a set of macros has been
written, using the PAW package [5.13], which produce graphs in the form of PostScript
files.

The program simultaneously evaluates the contributions to the total budget, as
given by the different materials, writing also various totals and subtotals to the
output file. Tt typically required ~1 s/event of VAX-type CPU-time, with some
30000-40000 events for a reliable average over the z-position of the vertex and over
th azimuthal coordinate . Steps in pseudorapidity n of 0.0375 have been used,
ranging from 0. to 3. A complete analysis therefore required significant amounts of

computing time.

5.4 Definition of detector modules

The definition of detector modules represented a real challenge at that point of
the detector design as, for the first time, realistic modules were required, both for the
silicon microstrips and for the microstrip gas chambers [5.14]. Some difficulties were
encountered, particularly where detailed information was unavailable or uncertain;
in those cases, reasonable assumptions and approximations had to be made.

The level of detail which it was possible to define, depended on the component
considered. The detector modules were defined in a very precise way, down to the
hybrid components, particularly for the barrel section, while the biggest uncertain-
ties were related to support, cabling and cooling systems. Assumptions e.g. on the
position and length of cables, on the geometrical design of the support discs and
of the distribution of the elements composing the forward parts, among other, were

made.

As an example, the layout of the barrel silicon module used is shown in fig. 5.3,
complete with hybrids, front-end electronics, control chips, coupling capacitors, op-
tical modulators, carbon fibre lateral rails and cooling system. Detailed definitions
of the elements have been similarly made for the other modules (silicon microstrips
in the forward part; microstrip gas chambers in the barrel and in the forward parts).

Descriptions of the modules can be found in [5.6, 5.7]. The components of the
barrel silicon microstrip and microstrip gas chamber single sided, double-ended read-

out modules are summarised in tables 5.2 and 5.3 respectively. The geometrical
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Fig. 5.3. Layout of the barrel silicon module.
radiation

element no. || material length width | length | thickness

(em) (mm) (mm) (mm)
substrates 4 silicon 9.36 54. 62.5 0.300
heat bridges 2 beryllia 14.3 54. 28. 1.

54. 1. 4.

multilayer 2 kapton 28.4 54. 18. 0.200
hybrids aluminium 8.9 0.075
front-end chips 16 || silicon 9.36 6. 10. 0.350
control chips 2 silicon 9.36 8. 8. 0.350
front-end 16 tin 1.21 4. 4. 0.170
capacitors alumina 7.2 0.680
optical modulators | 2 (silicon) (9.36) 1.5 5. 3.
module frame 1 carbon fibre 25.0 0.250 250. 8.

Table 5.2. Components of the barrel silicon microstrip module (51.2 x 250 mm? active area, single

sided, double-ended readout).
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radiation
element no. || material length width | length | thickness
(em) (mm) (mm) (mm)
substrates 2 glass (quartz) 10.2 108. 125. 0.300
heat bridges 2 beryllia 14.3 100. 28. 0.300
100. 0.3 4.
multilayer 2 kapton 28.4 100. 18. 0.200
hybrids aluminium 8.9 0.075
front-end chips 8 silicon 9.36 6. 10. 0.350
control chips 2 silicon 9.36 8. 8. 0.350
front-end 8 tin 1.21 4. 4. 0.170
capacitors alumina 7.2 0.680
optical modulators | 2 (silicon) (9.36) 1.5 5. 3.
module frame 1 carbon fibre 25.0 0.250 250. 8.
mylar foil 1 mylar 28.6 108. 250. 0.050
aluminium 8.9 0.010

Table 5.3. Components of the barrel microstrip gas chamber module (102.4 x 250 mm? active
area, single sided, double-ended readout).

dimensions and the radiation length of the relevant material have been indicated for
each element.

The active area of the barrel silicon module is 51.2 x 250 mm?, achieved by
mounting and daisy-chaining in pairs four detectors, each with 62.5 mm long strips.
The active area of the barrel microstrip gas chamber module is 102.4 x 250 mm?.
Similar modules were defined for the forward parts of the central detector.

Some assumptions to reduce the amount of material were made, in some cases

with technological implications still needing a final proof of feasibility:

aluminium as conductor for the kapton multilayer hybrids, instead of

standard copper;

- aluminium high voltage cables for the microstrip gas chambers, again

replacing standard copper;

- thin aluminised mylar foils as gas tight drift electrodes for the microstrip

gas chambers, excluding additional glass plates;

- small size optical modulators, with material dominated by the package,

assumed to be predominantly silicon;

- realisation of double-sided detectors using the same substrates, thus ex-

cluding a back-to-back technique;

- high radiation length (25 c¢m) carbon fibre as support structure as well

as material for module frames;
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Fig. 5.4. View of two adjacent barrel wheels with silicon modules.

- no intermediate connectors or interconnecting cards within the tracker

region.

Prototyping and advanced full scale system design should ensure that the above
listed assumptions are achieved, otherwise alternative solutions will have to be found
to keep the total material budget within acceptable limits. Only the first two items

listed above would represent a serious problem, if found not to be realistic.

A view of two adjacent barrel wheels, partially filled with silicon modules, is
shown in fig. 5.4. The space frame constituting the mechanical support of the barrel
of the central detector is also visible, with small overlaps of sensitive areas between

neighbouring wheels.

5.5 Cables and services

For the purpose of appropriate cable and service allocation to the different part
of the central detector, as well as to provide a conceptual design for routings towards
the outside of the tracker volume, the detector modules within each barrel wheel

can be conceptually arranged into spirals and superlayers:

i. silicon microstrip modules, located at 9 different radii and forming
the first superlayer: 16 spirals (i.e. 16 modules at each radius), 144

modules;
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ii. inner microstrip gas chamber modules, located at 7 different radii

and forming the second superlayer: 24 spirals, 168 modules;

iii. outer microstrip gas chamber modules, located at 9 different radii

and forming the third superlayer: 32 spirals, 288 modules.

Fig. 5.5 shows a section of a barrel wheel, with the silicon microstrip and microstrip
gas chamber superlayers. The resulting apparent spiral structure is visible [5.5]. The
module disposition in this figure is only conceptual and does not correspond exactly
to the design used in the following.

Similarly, the MSGC-only forward wheels are formed by anuli of detector modules
and of rohacel spacers, realised on the two opposite faces of back-to-back discs to
form a complete forward wheel. Small overlaps in r were designed, while the ‘open
MSGC’ design, with modules glued side by side — without dead areas — to form
a complete anulus within a unique gas volume, does not require a sensitive area
overlap in ¢.

The total number of detector anuli is 10, i.e. 5 per disc; the number of modules
per anulus increases from 26, for the innermost anulus, to 76 for the outermost,
always for the particular design used. Fig. 5.6 shows the section of a microstrip gas
chamber forward wheel, with details of the module arrangement in overlapping discs
and anuli [5.5].

Forward wheels, four on each side, where silicon microstrip and gas microstrip
modules were designed to be on the same discs, were considered as an appropriate
extension of the MSGC-only forward wheel concept, with reasonable assumptions

regarding the silicon microstrips. That design has evolved since.

I will now describe in detail the design assumptions made for cables and services

going out of the tracker volume; the numbers are quoted per barrel-forward wheel:

(a) optical fibres: one silica ribbon, with a section of 3 mm x 250 pm,

per detector read-out module;

(b) kapton cables for module low voltage power and other signals: one multi-

layer strip cable, 20 mm wide, 100 gm thick, per detector read-out module,

with 50 % of kapton and 50% of aluminium on average;

(c) MSGC high voltage cables: aluminium cables, with a diameter of 1 mm,
thus distributed:

- barrel wheels: two cables per spiral per superlayer, i.e. 112 cables

per wheel,
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Fig. 5.5. Section of a barrel wheel (conceptual view): silicon microstrip and microstrip gas chamber
superlayers and apparent spiral structure (from [5.5]). This design does not correspond exactly to
the design used for the material budget evaluation.

Honeycomb Plate
Back Chamber
) Front Chamber
4) Cooling Tube
5) Gas supply

)
2

)
3

Fig. 5.6. Section of a microstrip gas chamber forward wheel with details of the module arrangement
in overlapping discs (from [5.5]).
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- forward wheels: two cables per anulus, i.e. 20 cables per forward

wheel;

(d) MSGC gas pipes: aluminium pipes, with a square section of 3 mm x 3 mm
and 500 pum thick walls, giving a total aluminium section of 5 mm? (the

gas has been neglected), thus distributed:

- barrel wheels: two pipes per MSGC spiral, i.e. 64 pipes per barrel

wheel,

- forward wheels: two pipes per anulus, i.e. 20 pipes per forward
wheel;

(e) water cooling pipes: aluminium pipes, with a square section of 4 x 4 mm?

and 500 pgm thick walls, with water inside, giving an equivalent aluminium

section of ~11 mm?, thus distributed:
- barrel wheels: two pipes per spiral, i.e. 64 pipes per barrel wheel,

- forward wheels: two pipes per anulus, i.e. 20 pipes per forward

wheel.

The previous are reasonable assumptions made at the time of this evaluation. Some
uncertainties, due e.g. to the implicatons of the single- and double-sided readout
schemes for both types of strip detectors, were handled considering the most pes-
simistic scenario. Some additional factors depend on the exact service routings,
particularly for the two microstrip gas chamber superlayers, where the 25 c¢m long
modules are read from both sides (inner superlayer, 12.5 cm long strips) or from one

side only (outer superlayer, 25 cm long strips).

5.6 Evaluation of the amount of material

The amount of material of the central detector was evaluated with the program
and the design described above; an important feature of the calculation has been the
average over the position of the vertex along the beam axis z and on the azimuthal
angle .

The position of the primary interaction point at the LHC will be spread around
the designed collision point (i.e. around z = 0) with a gaussian distribution, char-
acterised by a o of ~5.3 cm [5.5]. Values typically from z = —10 ¢cm to z = +10 c¢cm
have been used for the calculation, with 1 ¢m steps and proper weights. Steps of 18
or 20 degrees in ¢, for each value of pseudorapidity and of z, covered the full 360

range.
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The estimated total budget for the complete central detector, barrel and forward,
as a function of the pseudorapidity 7, is shown in figure 5.7. With the design used
(i.e. excluding pixels, beam pipe and outer services), the total material budget was
~15 % of a radiation length in the central part of the tracker (0.0 < |p| < 1.0),
and ~30 % in the region ~1.4 < |p| < 1.8, with a quite steep decrease in the
pseudorapidity region beyond. In the same figure are shown the totals for the barrel
and forward parts, splitting them also into the components given by the silicon
microstrips, the microstrip gas chambers and the mechanical supports.

The contributions given by the elements comprising modules and services are
given in figures 5.8 and 5.9 for the barrel parts of the silicon microstrips and of
the microstrip gas chambers respectively. The forward parts are shown similarly
in figures 5.10 and 5.11. Parts of the material due to services such as cabling and

cooling have been attributed to the different subsections of the detector.

This study represented an important source of information for the optimisation
of the design and the choice of materials; several iterations with different designs
and materials were repeated, to understand the implications of various choices. The
influence of the various elements composing the detector sub-modules was partic-
ularly considered: detector substrates, hybrids and complete front-end electronics.
Cabling, cooling, services and support structure played also a major role during

these iterations.

Plots of the material budget as a function of the pseudorapidity n and of the
distance r from the beam axis z (r = \/z? 4+ y?) have been produced. Figures 5.12
5.13 and 5.14 show the 3-d plots for the complete detector, the barrel components

and the forward part, respectively.

The behaviour of the material budget as a function of azimuth ¢ has also been

studied, and no non-uniformities have been found [5.7].

5.7 Material budget calculation for the Technical
Proposal

The material budget has also been evaluated by means of a second method,
which makes use of AutoCAD drawings of the detector and a FORTRAN ray-tracing
program [5.8, 5.9]. This method gives a faster estimate of the material budget
distribution, as the definition of the subcomponents is less detailed, but it does not
consider an average on the z-position of the vertex. Both methods give results in

good agreement [5.6].
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Fig. 5.7. Material budget of the central detector: totals (1993 design; beam pipe, silicon pixels,
outer services not included).
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Fig. 5.9. Material budget of the central detector: barrel MSGCs (1993 design).
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Fig. 5.10. Material budget of the central detector: forward silicon microstrips (1993 design).



122 Material budget of the central detector

MSGCs- Forward

Substrates (glass) Rohacel Multilayer hybrids
~ 6 r ‘ : ~ 6 : : — ; ;
X e X = P
S 4N D B S <
s, /5. s
-c-é O :\\\ ‘\\\\‘\\\\ -c.é O :\ L1 \\\\‘\\\ ?
0 1 2 3 0 1 2 3
pseudor ap. pseudor ap.

Front—end chips Front—end capacitors
1

Qo8- o8
: 0.6 & : 0.6 =
504 = 504 =
5 0.2 gt 5 0.2 et
-C'iS O:\H -"3 O:H\‘HH‘HH
0 1 2 3 0 1 2 3
pseudor ap. pseudor ap.
Optical modulators Optical fibres Kapton foils
(o) 1 E ~ 1 E —~
Sos Sos: g
: E : 0.6 &= :
Bo4r o4 - 5
0.2 £ 0.0 F o N :
-‘3 = -C.é O:\H‘HH‘\ I ? vl b
0 1 2 3 0 1 2 3
pseudor ap. pseudor ap.
Kapton cables H. V. cables
s 2E ° S 2E
S 15F S S 15
& TF 5 & &
s 0.5 & ; : 0.5 & :
-(Ss O:\H‘HH‘\ -f-é ? OEH\ HH‘H\
0 0 1 2 3
pseudor ap.

Fig. 5.11. Material budget of the central detector: forward MSGCs (1993 design).
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Fig. 5.12. Material budget of the central detector as a function of 7 and r: total (1993 design;
beam pipe, silicon pixels, outer services not included).

This last method has been used to give the estimate for the 1995 Technical
Proposal; the corresponding results are included here for completeness. My respon-

sibility was for the first calculation only, and to check the agreement between the

methods.

Figure 5.15 shows the material budget of the CMS central detector [5.8, 5.9]:
the upper plot shows the total up to the ECAL preshower, with the separate con-
tributions from the beam-pipe, the central detector itself, and the outer support

structure and services.

The total material budget of the central detector only is ~20 % of a radiation
length in the central part of the tracker (0.1 < |n| < 1.0), and ~40 % in the region
1.2 < |p| < 1.7, slowly decreasing beyond, down to ~10 % for |p| ~ 3.0.
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Fig. 5.13. Material budget of the central detector as a function of 7 and r: barrel (1993 design).



Material budget calculation for the Technical Proposal 125

’I
6 " o
: 4 i”m };i:‘::z{;":,'!,,;,‘ q‘oil;\"‘;’\
b ‘”S&W‘ m MWM‘;‘\Q‘&\
= u W'MM il M."m,m\‘\%
I ~ l," ' QM w‘ W“ “\‘“\
""W 00‘0?’0’0 W M‘
el 'N'i""l W:‘Mn w‘m “{M{\‘ “\!‘\\\‘

Forward (Total)
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The shape of the total amount of material as a function of pseudorapidity, ex-
cluding the ECAL preshower and including the beam-pipe, can be approximated
with two plateaus at ~25-30 % for 0.1 < || < 1.0 and 1.7 < |p| < 2.5, reaching a
maximum of ~50 % for 1.0 < || < 1.4 and a top of ~60 % for 1.4 < |p| < 1.7, and
decreasing below 20 % for |n| > 2.5.

The lower plot in fig. 5.15 shows the sub-components of the central detector,
i.e. the barrel and the forward silicon microstrips and microstrip gas chambers, and

the inner pixel detector (with reference to fig. 1.9), also obtained with the second
method described above [5.8, 5.9].

The material budget of the CMS central detector is bound to be subject to
modifications in the future, because of both more realistic definition of the detector
modules and, particularly, evolution of the support structure design. The wheel
structure and the spiral/disc concept will be revisited and optimised, also to accom-

modate the inner pixel microvertex in a more integrated way.
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Fig. 5.15. Material budget of the CMS central detector: 1995 Technical Proposal design [5.8, 5.9].

There is the possibility of more drastic modifications to the present design, with
obvious consequences on the amount of material. The thermal shielding between
the silicon tracker and the rest will involve, for instance, an additional contribution,
as the connections between the front-ends and the outside of the detector will do.
High voltage supplies to the microstrip gas chambers, for instance, could possibly
require dedicated hybrids, and the requirement of system modularity could involve
the insertion, within the tracker volume, of ‘interconnecting cards’ or ‘repeaters’
between groups of detector modules, which at the present design level were not
foreseen.

An important issue is where it would be best to locate additional material which
in future could become necessary to add within the tracking system. Cabling, cool-

ing and other services will find only in the next years a definite configuration and
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material identification. The regions most sensitive to any material additions appear
now to be within the rapidity range [~1, ~1.8], where the total material budget
is higher already, but it must be noted that the central rapidity region [0, ~1] is
where most of the interesting events for some Higgs search channels will be con-
centrated. Moreover, the innermost regions are the most delicate with respect to
bremsstrahlung recovery, as mentioned in the next section (5.8), implying that ma-
terial should be added as close to the electromagnetic calorimeter as possible, ideally

at a radius higher than the last sensitive layers.

5.8 Conclusions on material budget studies

The aim of this work was to provide a tool for evaluating the material budget, in
units of radiation length, of the complete CMS central detector. The main challenge
was to simulate realistic modules, taking into account as many elements as possible.
The novel spiral design was described using the GEANT package, even though the
definition of the barrel part was too detailed to be used efliciently for other tracking
simulations, due to the amount of CPU-time needed to process a single event. Some
assumptions had to be made for the design of the forward part, specially for those
wheels incorporating silicon microstrips and microstrip gas chambers.

Cabling, optical fibres, kapton cables, microstrip gas chamber high voltage cables,
cooling pipes and the overall mechanical structure were considered as realistically
as possible, with some uncertainties in the overall technical design and in some

mechanical details, which will require further optimisation and proof of feasibility.

As an example of the relevance of these studies to the CMS performance, the
benchmark channel H — ~+ can be used. Supposing mgyg = 100 GeV, the distri-
bution of the amount of material (as in the Technical Proposal [5.8]) as a function
of rapidity, convoluted with the geometrical distribution of the two decay photons,
gives ~27 % of a radiation length as the thickness of material traversed by each
photon on average. This corresponds to a probability of ~20 % for each photon to
convert within the tracker region, i.e. in ~40 % of the H — 44 events at least one
photon converts into an electron—positron pair [5.15].

The conversion must be recovered off-line. Recovery is easier if conversion occurs
in the outermost regions of the tracker, i.e. as close to the electromagnetic calorimeter
as possible. Therefore, the inner regions of the central detector are in this respect

the most sensitive to photon conversion, and it should be avoided to add material

there (fig. 5.12).
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These results have been presented in CMS Status Report and Milestones [5.6].
This work is not to be considered finished: changes in the overall design and in the
detector modules can still cause important variations to the different contributions

to the total material budget of the CMS central detector.



Chapter 6

B-physics and CP-violation
studies in CMS

B-physics and CP-violation studies in CMS represent a very interesting subject,
which will be addressed during the first years of CMS data taking. The main issue
will be the observation of CP-violating effects, leading to the measurement of the
parameters of the Cabibbo-Kobayashi-Maskawa (CKM) matrix, or of the unitarity
triangle, as described in the next section.

The bb production cross-section oy for proton-proton interactions at the LHC
is only estimated with large uncertainties arising, among other, from perturbative
QCD calculations and from the limited knowledge of the gluon structure function.
Independent estimates give o,z ~ 0.1-0.9 mb as overall expected range [6.1]. In the

following, it will be assumed
opp (14 TeV) = 0.5 mb . (6.1)

Fig. 6.1 shows the bb relative production cross-sections for gluon splitting and gluon
fusion processes [6.2], obtained with PYTHIA 5.6 [6.3, 6.4] supposing (6.1). Statistics
for gluon splitting are usually much lower than that for gluon fusion because of the
longer computing time requested by PYTHIA to generate gluon splitting events. This
latter process increases the bb cross section by a factor of ~3 with respect to gluon
fusion only [6.2]. Fig. 6.2 and fig. 6.3 show examples of the Feynman diagrams for
the two processes.

One year of low luminosity LHC operation will give about 5 x 10'2 bb events,
~50 % of which will have both b-hadrons in the geometrical acceptance of the CMS
detector, i.e. || < ~2.5.

Violation of CP-conservation was discovered in 1964 by Christenson et al. [6.5]
in neutral kaon decays, and up to now remains the only case experimentally proven

of such non-invariance.
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Fig. 6.1. bb production cross-sections for gluon splitting (markers) and gluon fusion processes
(dashed line) from PyTHIA 5.6 [6.2], supposing Lp (14 TeV) = 0.5 mb.
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Fig. 6.2. Two possible bb production diagrams with gluon fusion processes.
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Fig. 6.3. A possible bb production diagram with a gluon splitting process.
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C P is the composite operation of parity inversion P and charge conjugation C
they are both examples of discrete transformations. P is the operation corresponding
to the transformation

P, t) — b 71, (62
i.e. a spatial reflection. C reverses the signs of the particle charge and magnetic
moment, substituting particles with their corresponding antiparticles.

Until the observation of the CP-violating decays K — wn*n , K — =°x°,

* eT v and K; — 7«1 4T v, all elementary processes were supposed to

Ky — =«
be invariant under CP-conjugation [6.6].

The general theorem of CPT invariance, derived from basic principles of quan-
tum field theory, demands that all interactions be invariant under the successive
application of the three operations C', P and T, performed in any order [6.7]. The

consequence of this and of CP-violation effects is that some kinds of interactions

will not be invariant under the time-reversal operation T':

Ty((F,t) — ¢ (7, —t) . (6.3)

Therefore tests of T-symmetry breaking and also of the general CPT theorem be-

come very important for today’s particle physics and cosmology.

In this chapter, the theory behind CP-violation in the B-sector will be introduced,
and the experimental evaluation of CP-asymmetries will be described. The CMS
detector performance relevant to these studies will be mentioned.

The estimates of sensitivities to the time-dependent and time-integrated asym-
metries will be presented. After a mention of other studies, B-physics in the next

decade will be briefly discussed.

6.1 Introduction to CP-violation studies

In the Standard Model of electroweak interactions the contribution to the Hamil-

tonian due to the charged-current weak interaction is expressed by

q;=d,s,b

g _
Ho ~——=W* > Vudh 7(l—%) q, (6.4)
2\/§ g)=u,c,t

where W* is the W*-boson field, g is the weak coupling constant (related to the
Fermi coupling constant G by the relation G/v/2 = ¢2/8m2, ; G ~ 107° GeV?), G,

and g; represent the quark fields, and v, (1 — 75) is the space-time structure matrix
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operator, typical of weak interaction processes. The V,; are complex coeflicients
which form the Cabibbo-Kobayashi-Maskawa quark mizing matriz Vogm. Out of the
three generations of quark doublets, the +2/3-charge quarks (u, c, t) are unmixed
by convention, while the mixing of the —1/3-charge quarks (d, s, b) is expressed by
the 3 x 3 unitary CKM matrix:

dl d Vud Vus Vub d
SI = VCKM s = Vcd VCS Vcb S . (65)
bl b th Vts th b

The CKM formulation is an extension to the three quark families of Cabibbo’s
mixing theory [6.8], which included mixing between the first two families making

use of a single real parameter, Cabibbo’s angle 65:

d’ B dy) cosfs sinfc d\
(S')VC(S)(sinGC cosﬂc)(s)’ (6.6)

V5, Cabibbo’s mixing matrix, is easily recognisable to be unitary:
V. VE = VIV, = 1,; (6.7)

VCJr = VT, as V,, is in particular real.

Cabibbo’s original mixing hypothesis was formulated in 1963, when three flavours
only (u, d, s) were known. The fourth quark (c) hypothesis was formulated by
Glashow, Tliopoulos and Maiani in 1970 [6.9], to account for the absence of neutral
weak currents changing the strangeness number.

In 1974 the J/%¢ resonance was discovered independently by Augustin et al., at
the ~3.1 GeV SPEAR e*e™ collider at SLAC [6.10], and by Aubert et al., with a
fixed target experiment (28 GeV protons on beryllium) at Brookhaven [6.11]. The
J /1) resonances were explained as cc bound states.

In 1977 the T resonance was found at FNAT, [6.12], and explained as a bb bound
state. But CP-violation found in the K-sector already suggested to Kobayashi and
Maskawa in 1973 that the presence of a third quark family (b, t) could be at the
origin of those effects [6.13].

The existence of a third quark family could also be justified on the ground of a
possible symmetry between the lepton and the quark families: after the discovery
of the 7 lepton by M. Perl in 1975 [6.14], also at the SPEAR e*e™ collider but at a

centre-of-mass energy of ~5 GeV, the number of leptonic families increased to three.
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The claim for the symmetry was strengthened by the necessity to solve severe
theoretical problems, like the triangle anomalies (1972). The triangle anomalies
consist in axial-vector current contributions which would have ‘destroyed’ the gauge
invariance of the weak interaction ‘quasi-renormalisable’ theory, unless the theory
was enlarged, introducing additional fermion fields corresponding to particles still
unobserved at the time (i.e. the third quark family) [6.15]. The Feynman diagrams
concerned contain fermion (quark and/or lepton) loops coupled to axial and/or
vector currents, always with an odd number of axial currents [6.16]. An example
can be the Z — 4~ decay via a triangular fermion loop diagram.

To cancel out these kinds of anomalies, the net charge of all fermions is required
to be zero. Considering now the three lepton and quark families (table iii in the

Introduction), one obtains

s [p (2 s ()] <o

which accounts for the three negatively charged leptons (e, u=, 77), the three
+2/3-charged (u, c, t) quarks and the three —1/3-charged quarks (d, s, b). An
additional colour factor (3) is included in the quark charge contribution [6.17]. The

chargeless neutrinos do not give any contribution, obviously.

The expression of the weak charged current from (6.4), making use of the Ca-

bibbo-Kobayashi-Maskawa matrix, is of the form

d

weak ™ ( u, c, f) Yo (1 —75) Vogm | s . (6.8)
b

The fact that the Vogy elements are in general complex numbers and not real, as
the elements of Vi were, is at the origin of CP-violation within the Standard Model.
The amplitude describing processes including weak vertices and their corresponding
Vekum elements will have an overall complex phase. This phase, if interfering with

other amplitudes, can cause CP-violating effects.

6.2 CP-violation in the B sector

The condition of unitarity of the Vogym matrix, expressed by

VCKM VEKM = VEKM VCKM = 1;, (6-9)
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or equivalently

Vrld V:d Vrd Vud Vus Vub
13 = st V:s V:;Ks Vcd Vcs Vcb == 13, (610)
Ve Vo Vi Via Vie Vi

leads to several relations, out of which
VibVud + Vb Ved + VipVia = 0 (6.11)

is particularly relevant to our studies.

A commonly used parameterisation of Vgxy has been proposed by Wolfen-
stein [6.18]:

1 2%/2 A AX3[p —ap(1 — X?/2)]
Veokm =~ - 1 22/2 —anA®)* AN’(1 +in)?) +0(N®).
AN(1—p—1) —AMN? 1

(6.12)

This parameterisation makes use of the three real parameters A, n and p, and of A,

related to Cabibbo’s angle by the relation
A = sinf, ~ (0.2205 + 0.0018) [6.19] . (6.13)
The relation (6.11) can be now rewritten as
Vig + Vip & AV, + 00, (6.14)

making use of (6.12) up to third order in A. It is usual to consider this relation as

the equation of a triangle in the (p, ) complex plane, with V_4 V7; on the real axis,
and rescaling all sides by |V 4 Vip| &~ A V4| + O(A*):

* AY
ub td
= 1. 6.15
MWV AV, (6.15)

The base of this triangle is now real and of unit length. The so-called unitarity
triangle thus formed is shown in fig. 6.4 (from [6.20]): the three vertices are in the

points

A=(p,n) B=(,0 C=(0,0 |, (6.16)
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Fig. 6.4. The unitarity triangle (from [6.20]).
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Fig. 6.5. The unitarity triangle with the 1993 experimental constraints [6.21].

and the corresponding angles have values

a=71-B-v [=ag(Viag) 7= ag(Vup) , (6.17)

always in the Wolfenstein parameterisation.

Fig. 6.5 shows the unitarity triangle in the p-n space, with the experimental
constraints as of 1993 [6.21], having supposed a top quark mass m; of 140 GeV, and
the B-meson decay factor' fp constrained within the range [135, 240] MeV. The full

line triangle represents the best fit.

! g is the leptonic B decay constant, defined by (0|d~, vs b |BO (p)> = ip, fB [6.22]. The 1994
fB value quoted by A. Ali is (180 + 50) MeV, compatible with lattice-QCD and QCD sum rules
estimates [6.23].
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Fig. 6.6. Allowed region in the p-7 space from the fit to both experimental (1995) and theoretical
parameters, and unitarity triangle representing the best fit (from [6.24]).

The 1995 update is shown in fig. 6.6 (from [6.24]), with a simultaneous fit to
both experimental and theoretical parameters. The solid line contains the 95 % C.L.
region, and again the triangle drawn shows the best fit. The values of m;(pole) =
(170 +11) GeV, A = 0.2205, 7(B;) = (1.57 £ 0.05) ps, and of fg = (180 + 50) MeV,
Bp, = (1.0 + 0.2) and Bx = (0.8 + 0.2) were used?.

The most probable values result to be sin 2a ~ 0.88, sin 28 ~ 0.57 and sin”~y ~
0.95, e.g. for Bx =0.8, BBd =1.0 and fg =180 MeV, but the full ranges at the
95 % C.L. are still wide [6.24]:

—1.0 < sin2a < 1.0 (6.18)
0.21 < sin28 < 0.93

0.12 < sin’y < 1.0

(sin? 4 could possibly be extracted from the decays B, — pK?, B, — DT KT and
B — D, (D%) K* | with D, — atr~, KYK,...). If sin2a < 0.4, one finds

sin 23 > 0.3. sin 2a can be zero or close to it.

These ranges are correlated. As an example, table 6.1 (from [6.24]) shows the
allowed ranges corresponding to five different values of fg, 4/ BBd ,1.e. of the product
of the coupling constants, having fixed Bk = 0.8.

2Bk is the ‘renormalisation-scale independent parameter’ for the kaon system, representing the

bad knowledge of the hadronic matrix element <K0| (J Y (1 — 4s5) 5)2 |K0>. EBd is the analogous
for the B system [6.20].
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fB, \/BBd (MeV) sin 2« sin 23 sin? 5
130. 0.46 — 0.88 0.21 — 0.37 0.12 — 0.39
155. 0.75 — 1.00 0.31 — 0.56 0.34 — 0.92
180. —0.569 — 1.00 0.42 — 0.73 0.68 — 1.00
205. —0.96 — 0.92 0.49 — 0.86 0.37 — 1.00
230. —0.98 — 0.60 0.57 — 0.93 0.28 — 0.97

Table 6.1. Allowed ranges for sin 2a, sin 28 and sin? 4, corresponding to different values of the

coupling constant fg, 1/Bg, ; Bx = 0.8 (from [6.24]).

Within the Standard Model, CP-violation in the B sector would show itself if
all the three angles were different from zero, and indeed compatible with a triangle.
The sides of the triangle could be measured from non-CP-violating effects as an
independent consistency check. CP-violation would therefore imply n # 0.

If CP is violated in a way not compatible with this description, it would be a

clear sign of phenomena beyond the Standard Model.

The simplest way to provide evidence for CP-violation in the B sector is to
measure experimentally the asymmetries of B-meson decay rates into a definite
final state |f),i.e. N(B— f), N(B— f), N(B — f) and N (B — f). As already
mentioned, to produce non zero asymmetries an interference between two weak

amplitudes is needed in the decay B — f.

In the following, only the (indirect) mizing-induced CP-violation will be consid-
ered. This type of CP-violation originates from the interference between the pro-
cesses B® — fand B — B° — f (and their CP-conjugates), due to B®/ B mixing.
The two quark line diagrams responsible for the B°/B° mixing via two W* bosons
and (u, c, t) quarks are shown in fig. 6.7 (from [6.19]).

There can also exist direct CP-violation if two amplitudes contribute to the
same B-meson decay, e.g. via a tree and a penguin diagram at the same time.
Direct CP-violation could be searched for cleanly in charged B-meson decays, such
as B — 7% K* , where no mixing occurs. For this B* decay channel fig. 6.8 shows
examples of quark line diagrams representing the tree and penguin contributions to
the decay.

A third type of CP-violation would be induced by a difference AT in the widths
of the two mass eigenstates. It is usually defined as (purely) indirect CP-violation,

and it is expected to be very small in the B-system.
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Fig. 6.8. Examples of quark line diagrams representing the B* — 7% K+ decay: tree (left) and
penguin diagram (right).

Considering selected B decay modes, where only one weak amplitude contributes
and therefore CP-violation is purely induced by mixing, it is possible experimentally
to obtain direct information about the CKM phase. The four decay rates should be

measured, taking into account the time evolution of the BY due to mixing:
. . A A _
B () — e i (m—i3) [cos <Tmt> IBY) + iwsin <Tmt> |Bg>] (6.19)

(and similarly for |BY (¢))), where m is the BY/BY average mass, Am the mass
difference, T' the common width, and w a mixing phase factor.

If the final state f is a CP eigenstate

1 f) = neelf), (6.20)

the CP-asymmetry takes the form
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N(B° — N(B° f

A = ( 0_>f) (,Oﬁf,), (6.21)
N(B° — f)+ N(B° — f)

and it is dependent on the proper time® of the B-meson. The decay rates are

expressed by

_t t
N:(B) —f) xe [1 + nop sin 2¢; sin <md —>] (6.22)
T
and
_ - _t t
N:(By = f) xe = [1 — nop sin 2¢; sin <md —>] , (6.23)
T

where ¢; is the angle of the unitarity triangle involved, z; is the BS/BY mixing

parameter
Am
and t/7 is the proper time in units of the average BY lifetime 7 (r = T'"'1).

Two BY decays to CP eigenstates were considered particularly, up to now, for
d y g P Y) P )

CP-violation studies in CMS:

i. BY/BS — J/¢ K? (b— c quark transition), and

ii. BY/BY — wtn~ (b — u quark transition),

as they lead to the direct measurement of the angles 3 and «, respectively, of the
unitarity triangle. They will be described in detail and commented upon in the next

sections.

+ +

Fig. 6.9 shows, as an example, the decay rates for B — 7+7~ and B — ntn—,

as a function of ¢/7 [6.25]. The two decay rates are equal at t/7 = w/zg ~ 4.6,
having considered z; ~ (0.69 + 0.18). This value was quoted in [6.26], and was de-
rived from the measurement of the time-integrated mixing parameter® performed
by the Argus collaboration in electron-positron scattering at the YT(4S) energy
(~10.6 GeV). The 1994 updated world average is z4 ~ (0.76 + 0.06) [6.23], and

it is based both on time-integrated and time-dependent measurements [6.27]. The

3The proper time (t) of a particle is defined in the reference frame of the particle itself at rest,
while the flight time (t') is defined in the frame of the laboratory, i.e. in the reference frame of the
detector through which the particle is identified, and it corresponds to the particle lifetime as seen
in the laboratory frame. The Lorentz transforms imply # = ~vt, where v = (1 — ,82)71/2 and
8 = v/c.

“The time-integrated mixing parameter x4 () is the total probability that a produced
BY (B?) decays as a B (B?), or vice-versa: x4, = fom P;,(t)dt, where Pg,(t) =
%e*t/" [1 — cos (mdysf)] . ¢4 and z, are obtained with the relations 4, = \/Xd,s/(0-5 — Xd,s)-
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Fig. 6.9. B°/B° — ntx~ decay rates as a function of proper time [6.25].
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Fig. 6.10. Tree quark line diagram representing the B3/B9 — J/+4 K? decay.

latter measure Am directly, and x4 is obtained using the measured BY lifetime® and
(6.24).

The tree quark line diagram for the BS/BY — J/¢ K? decay channel is shown
in fig. 6.10, while fig. 6.11 and fig. 6.12 show, respectively, the tree and penguin

+

quark line diagram contributions to the B — 777~ decay.

The theoretical time-dependent asymmetries for these two channels take respec-

tively the forms

N (B — J/$K®) — N (BY — J/yK?)

. . t
Ag (t/T) = N(BS = J/0K®) + N (Bg —>J/1/)Kf) = —sin 203 sin <md ;)

(6.25)

5The 1994 average for the B® lifetime quoted by [6.19] is (1.50 4 0.11) ps; the 1994 value from
CDF is (1.57 + 0.18 + 0.08) ps [6.28].
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Fig. 6.11. Tree quark line diagram representing the B — nTn~ decay.

Fig. 6.12. Example of penguin quark line diagram contributing to the B — 777~ decay.

and

N(BY - xtn~) — N(BY - ntn~
A, (t/1) = (Bs ) <d T ; = +sin 2 sin<md£> )

- N(Bg —>7r+7r7) + N(Bg — atr~ T
(6.26)
The different signs of (6.25) and (6.26) are due to the fact that ngp = +1 for
atn” (CP|ntn ) = + |vt7 )),and nep = —1 for J/Y K? (CP |J/¢Y K?) =
— /Y KT)).

The expression (6.26) is derived neglecting any penguin diagram contribution to
the decay amplitude, which in this case might reach ~20 %, even though theoretical
uncertainties are still large [6.21, 6.29, 6.30]. In this channel, the tree and penguin
diagrams have different weak phases which will then interfere, producing direct
CP-violation along with the indirect CP-violation, thus polluting the cleanliness
of the measurement. Some recovery is possible by means of a compared isospin
analysis [6.31] of the processes B — ntn~, B} — n%°2° and Bt — n*x° [6.32].
In the case of the B} — J/1 K° channel, the tree and penguin diagrams have the

same weak phases and therefore do not interfere [6.32].

It is also possible to consider the corresponding time-integrated asymmetries,
performing an integration over the proper decay time, starting in general from a

time £q:
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+oo
fbth = /t Ay (t/7)dt = nep Ding(to) sin2é; , (6.27)

where ¢; stands for both a and 8, and Djy (o) is a dilution factor, smaller than 1,

due to the time integration

sin (md t?‘)) + x4 cos (md t?‘))

Dint (t0) = 6.28
1nt( 0) 1+ m?i ’ ( )
and obtained from the integral ratio
+oo : t _1 775_0 1 . to t()
/to sin <md —T> e Tdt _ Te T 3 T2l [sm (md —7_) + x4 cos (md —7_)] (6 29)

+o0 i [
/ e Tdt Te T
to

If the integration over time starts at £y = 0, i.e. if no cuts are applied to the BY

decay time, the integration dilution factor takes the value:

T4

Ding (to = 0) = 1+ 2
d

~ 047 (zq ~ 0.69). (6.30)

6.3 Measurement of the asymmetries

When trying to measure the asymmetries, inevitably some additional dilution
factors have to be considered, as some phenomena interfere with the CP-violating
effects and ‘dilute’ them. The measurable time-dependent asymmetry takes then

the form:

A (t/1) = Ao + Doy Ag, (/7)) (6.31)

where Ay, (t/7) is the same as in (6.25) or (6.26), depending on the channel,
and Ay accounts for the B°/B° production asymmetry, as LHC is a proton-proton
machine [6.33], and for possible asymmetries of the apparatus. In the follow-
ing, Ag ~ 0 will be assumed; the B°/B° production asymmetry should be at
the percent level, and could be measured, making use of control channels like e.g.
BY — J/v¥ K*® [6.34]. Also possible axial asymmetries of the experimental appa-
ratus could be estimated, with control channels such as B? — J/v ¢, where no

CP-violation is expected within the Standard Model [6.2].

Dyyt is the overall dilution factor, given by the product
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Diot = Dm - Dy - Dgsp , (6.32)

where D,,, D;, and Dg/g are the dilution factors due to the mizing of the associated
B-hadron, to its tagging and to the background events respectively.

The decay of the associated B-hadron produced allows the identification of the
decaying B°/B°, by using the semileptonic decays of the former. At the quark level,

b — W ¢ — [ pye and (6.33)
b - Wre — ITye.
The charge of the lepton allows the tagging at production of the B meson. There-
fore, the presence of a negative (positive) lepton tag will indicate the presence of a
decaying B° (B°) ‘on the other side’.

At the beginning, only muon tagging was considered for CP-violation studies
with CMS, because of the much ‘cleaner’ environment. Now the possibility of tagging

with electrons is also being investigated.

The associated B-hadron produced, ifit is a BY or a B?, can mix with its antistate
before decaying, leading to a wrong identification. The dilution factor due to this

mixing has the form

Dm:i Py Pi P s, (6.34)
izll—l—m? 1+ 232 1 4+ x2

where the p;’s are the production rates of the B-hadrons, assumed to be

p* = p(B*) =040, pj = p(B}) =040, (6.35)
pg = p(Bg) = 0127 PA = p(Ab) = 0087

and the z;’s (z4, z, ) quantify the oscillations of the neutral B-mesons. z, ~ 10

has been assumed. A, is the B-baryon formed by the quarks udb.

Independently of this effect, a wrong tag can be assigned to the B°/B° meson
because of other reasons, leading to the presence of a lepton which is incorrectly
related to the associated B-hadron, and the additional tagging dilution factor can
be expressed by

N(right tags) — N(wrong tags)

D, = =1-2W 6.36
! N(right tags) + N(wrong tags) ’ (6-36)

where W is the fraction of wrong tags
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Fig. 6.13. Fraction of wrong muon tags W as a function of the cut on p; (ttag ) [6.35].

N(wrong tags)

W —
N(total)

(6.37)

In the case of muon tagging, the greatest contribution to W is given by cascade
decays such as b — ¢ — p, where the muon is of the opposite charge compared to the
b — u semileptonic b-quark decay. Other sources of mistags are K and 7 decays,
and additional bb and c¢ pairs in the same event.

Fig. 6.13 from ref. [6.35] shows the fraction W of wrong muon tags, as a func-
tion of the cut on p; (fsag ), for the different mistag sources. Because of the hard
fragmentation and of the large mass of the b-quark, the muons originating from
semileptonic decays have a large transverse momentum. B-events were simulated
with PYTHIA [6.3, 6.4], and the muons in the event were analysed: the tagging
muon is considered to be the one with the highest transverse momentum, excluding,
in the case of the B — J/v K? channel, the reconstructed muons coming from
the J/v decay. The fraction of wrong tags decreases if harder cuts on p; (¢tag ) are
applied [6.35]. Fig. 6.13 also shows the fraction of wrong tags after having added

the mixing effect, which is included in D,,.

Finally, the dilution due to the contamination of the signal event sample with

background events is expressed by the factor
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Time—dependent asymmetry in B°%/B%, — n'n decay
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Fig. 6.14. Theoretical time-dependent asymmetry for B®/B® — 7t~ | undiluted and diluted
with Dj,¢ = 0.316, for sin 2a = 0.4 [6.25].

Ng

, 6.38
Ns + Np ( )

Dgg =

where Ng and Np are the number of signal and background events, respectively.

As an example, fig. 6.14 shows the theoretical time-dependent asymmetry for
the decay channel B°/B® — n*x~ | undiluted — Ag (¢/7), full line — and diluted —
A (t/7) = Diot Ag(t/7), dashed line — with an overall dilution factor Dot ~
0.3, having supposed sin 2a = 0.4 [6.25].

The measured time-integrated asymmetry has then the form

Ag, T (meas) = nop Ding(to) Diot sin 245 , (6.39)

and the statistical sensitivity to the CP-violation parameters sin 2¢; achievable with

a time-integrated measurement can be expressed by

) 1 1 1 1
5T (sin 26;) ~ - ,
(Dm D: Dg;g) Diny /Nrot (D, Di) Ding «/Ds/g V' Ns
(6.40)

having assumed Ameas < 1. Nror represents the total number of recorded events

(Ntor = Ns + Np).
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Fig. 6.15. CMS momentum resolution as a function of p; for three rapidities, with (left) and
without vertex constraint (right) [6.36].

6.4 B-physics studies in CMS: detector perfor-
mance

The CMS detector has been described in Chapter 1. Relevant to these studies
is the detector performance, in particular the momentum resolution, the impact
parameter resolution, the secondary vertex reconstruction and the K° reconstruction
efficiency.

The proposed pixel detector close to the interaction vertex will improve b-
tagging, tracker momentum resolution and secondary vertex reconstruction. Tt
would consist of two layers in the barrel region, at radii of 7.7 ¢m and 11.7 cm,
and of three discs in the forward region, with 7.5 cm < r < 15 c¢m, and |z| =39, 54

and 69 cm, ensuring a rapidity coverage up to |p| ~ 2.6.

Fig. 6.15 shows the momentum resolution as a function of the track transverse
momentum p; , for three rapidities (n = 0., 1.8 and 2.25, i.e. for central, intermediate
and forward tracks), with and without vertex constraint [6.36].

No vertex constraint is used for tracks of particles from B decays, as they are
not associated to the primary vertex because of the B® flight path.

For low p; (p: < 10. GeV/c) tracks, the momentum resolution Ap/p is ~0.5 %,
~0.7 % and ~0.9 % at the three rapidities mentioned above, respectively.

The impact parameter resolution for a single track is an important quantity for
b-physics in general, i.e. also for b-tagging in hard collisions (top quark production,

associated Hbb production, search for H — bb decays). It should be smaller than
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Fig. 6.16. CMS impact parameter resolution as a function of p; for three rapidities, in the transverse
plane (left) and in the z-coordinate (right) [6.36].

c 7(B%) ~ 450 um to ensure high efficiency and purity.

Fig. 6.16 shows the impact parameter resolution as a function of p; for three
rapidities [6.36]. The asymptotic high momentum impact parameter resolution is
~23 pm in the transverse plane and ~90 pgm along the z-coordinate in the central
region (|n| < 1.5), but for a 10 GeV/c (3 GeV/c) transverse momentum track it
degrades to ~40 ym (~90 pm) in the transverse plane and to ~110 gm (~150 gm)
along the z-coordinate (central region). On top of this, the error on the primary
vertex should be folded in.

The uncertainty on the position of the primary vertex has been estimated to be

o, — o0, ~ 20 pm (transverse plane) and o, ~ 5.3 cm (along the z-direction) [6.2
v pm ( P g ;

6.37).

An efficient and precise secondary vertex reconstruction is very important for B-
physics. The secondary vertex resolution in the transverse plane has been estimated
to be of the order of 100 um [6.38]. The possibility of reconstructing secondary
vertices in three dimensions is also being considered, and it could improve the present

performance.

After having been evaluated with detailed GEANT [6.39] descriptions of the cen-
tral detector, these resolutions have been parameterised as functions of particle
pseudorapidity and transverse momentum, into fast routines for momentum and

impact parameter smearing [6.36].

The K? — n™n~ reconstruction efficiency was estimated simulating B events

with K? decays and about 200 tracks per bunch crossing, i.e. with a few minimum
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Fig. 6.17. The reconstructed invariant mass for K0 — n+x~ , with combinatorial background.
o (K2)~ 8.6 MeV/c?, ~200 tracks per bunch crossing at low luminosity, pf > 700 MeV /c? [6.40].

bias events superimposed. A track finding algorithm optimised for low transverse
momentum tracks was developed [6.40], where CMS would attempt to find all tracks
with p; > 350 MeV/c, in the low luminosity regime.

The single track finding efficiency was estimated to be about 95 % for tracks
with p; > 600 MeV/c. Fig. 6.17 shows the reconstructed invariant mass for all
pairs of tracks from a secondary vertex separated in the transverse plane from the
primary vertex by at least 2 ¢m, including the combinatorial background from the
same events. The K? peak is clearly visible, with a mass resolution of ~8.6 MeV/c?,
and an average signal to background ratio of about 2:1.

The reconstruction efficiency was also considered: within the CMS rapidity cov-
erage and after the cuts imposed on the transverse momentum of the pion can-
didates (pf > 0.7 GeV/c) for the BY — J/¢ K? event simulation, the average
K? — ntn~ efficiency resulted to be about 35 %, having required at least six points

per track [6.35, 6.37, 6.40].

The CMS muon trigger has been introduced in section 1.3. For the channels
relevant to CP-violation, the low p; single and double muon triggers will be used, as
it will be explained in the following.

Presently, the possibility of electron tagging is under investigation; this would
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Fig. 6.18. Schematics of particle topology for the CP-violating decays B} — n¥x~ (left) and
BY — J/¢ K? (right).

involve also low p; single electron or combined muon-electron triggers.

6.5 Time-integrated asymmetries

The evaluation of the achievable sensitivities to the CP-violating asymmetries
with a time-integrated measurement will be presented first. In the following, the
methods used will be described in detail. The results presented will refer explic-
itly to the CMS design version and to the simulation assumptions as presented in
the Technical Proposal [6.37]. Nevertheless, the methods developed have a general
character and are applicable to different initial assumptions and configurations.

In particular, in the first months of 1996 it is expected that the whole of the
CP-violation studies will be updated, in view of a few modifications of the CMS
design and to the structure functions within PYTHIA [6.3, 6.4] for proton-proton

interactions, which were not yet implemented in the following.

Fig. 6.18 shows a simplified scheme of the particle topologies for the CP-violating
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Fig. 6.19. Sensitivity to the angles of the unitary triangle as a function of the cut on the proper
time (time-integrated analysis) [6.42].

tr~ and BY — J/v K?,in the case of muon tagging.

decays B — 7
The sensitivity, achievable with a time-integrated analysis, to the angles of the
unitarity triangle, in arbitrary units, is shown in fig. 6.19 as a function of the cut

on the B° proper time [6.41, 6.42]. Tt presents a local minimum at ¢, /7 ~ 0.5.

6.5.1 The BY (B}) — a7 channel

The events simulated contain a tagging muon and two hard tracks, giving an

invariant mass®

+

window around the B mass. The challenging task is to extract as
much B — n7n~ signal as possible from the large combinatorial background.
Simulations for the channel B (B}) — 7%~ + pi.g have been performed using
the PYTHIA Monte Carlo event generator [6.3, 6.4], having assumed the bb cross
section (6.1) at an LHC centre-of-mass energy (1/s) of 14 TeV.
Gluon splitting, gluon fusion and flavour excitation have been considered as

mechanisms leading to the production of bb pairs [6.42].
The B-hadron branching production rates (6.35) were used, with the following

6The invariant mass m, reconstructed e.g. from two decay particles, is defined as m? = (E; +
E»)? — Z?:1 (p1; + p2,)?, where Eyi, E; and p1, p» are the energies and the 3-momenta of the
decay particles respectively.
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decay branching ratios:

BY— Kr) = BR(B? - Kr) = BR (B - KK) =2-10";

The values of 5.2794 GeV/c?, 5.3686 GeV/c? [6.43] and 5.64 GeV/c? [6.44] were
used for the masses of B, B? and A, , respectively.

The PYTHIA default value of 1.31 ps for the mean lifetime has been assumed for
all B-hadrons. This is an underestimation when compared to more recent measure-

ments and averages, which give e.g. [6.45]
75 (inclusive) = 1.48 + 0.03 ps, (6.41)
and, for the exclusive lifetimes,

7 (BY) = 1.62 + 0.13 ps, 7 (B2) — 143 + 0.12 ps, (6.42)
7(B?) = 141 +£0.22 ps, 7 (Ay) = 1.07 + 0.15 ps.

Two main sources of background contribute to the total background event num-
ber: the most important comes from B-hadron 2-body decays, while the other is
mainly due to B-hadron multi-body decays. We estimated the background in a
mass window of +-1op around the BS mass, considering Ng = Ngsg + Npeoms and

applying the same selection criteria as for the signal event sample [6.42].

The combinatorial background was estimated making use of a sample of some
70 million bb events produced earlier with a selection on the b-quark transverse
momentum, i.e. requiring that p > 10 GeV/c [6.42].

The Peterson fragmentation function was used, with the PYTHIA default value

es = 0.006 [6.46]. The effects from additional event pile-up were not considered.

CMS does not provide particle identification, i.e. the capability of distinguishing
between pions, kaons and protons. This leads to a largely irreducible 2-body decay

background, as one has to assign the pion mass to protons and kaons as well.

The expected number of signal events Ng is given by

Ns = 2Ly,05 X BR (i) — B}) x BR(BY — ntn) x
XxBR (b — pX) x A¥ A" €, (6.43)
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where L;,; is the LHC integrated luminosity after one year, A* and A™ are the muon
and pion acceptances after the kinematical cuts, and €° is the acceptance of the cuts
chosen with the signal selection criteria.

The aim of this analysis is the optimisation of the kinematical cuts and selection
criteria, to maximise the number of signal events and, at the same time, the signal

to background ratio.

The event selection procedure applied, both to the signal and to the background
event samples, has been the following [6.42]:

— kinematical selection of events with one muon with p; > 9 GeV/c and with
two hard charged tracks with p; > 5 GeV/c; particle pseudorapidities within
In] < 2.4 (CMS pseudorapidity coverage). The muon and pion acceptances
for the signal sample become respectively A* ~ 0.01 and A™ ~ 0.26;

— assignment of the pion mass to the two hard charged tracks;

+ —
— selection on the ‘distance’ AR™ ™ between the pion candidates. AR is de-

fined as
AR = JAn? + Ap?, (6.44)

ART'™ < 1. (6.45)

and it is required that

— selection on the ‘scaled’ transverse impact parameter for each of the pion

candidates:

ofp — — > 3, (646)

or
T is the ‘measured’ transverse impact parameter. This selection allows to start

the time-integration from a favourable value (t..: );

— reconstruction of the common vertex of the pion candidates and measurement

of the BY candidate transverse momentum;

— selection on the angle Aa between the transverse momentum of the B} can-
didate and the vector formed by the primary vertex and the BY decay vertex;

it is required that
Aa < 100 mrad ; (6.47)

— application of the isolation criterion: the isolation parameter of the B} can-

didate is defined as

= pi(h) (6.48)

AR<1 pt(B) ’
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cuts signal background

g-fusion g-splitting

AR < 1 1 1 1

orp > 3 0.48 0.44 0.03

Aa < 100 0.48 0.44 0.01
I <03 0.43 0.36 0.003
€55 € 0.43 0.36

Table 6.2. Acceptances of the cuts applied, for signal and background events (B — =¥ =~ channel,
with 4.8 GeV/c? < M(ntn7) < 5.8 GeV/c?) [6.42].

where h stands for hadrons; it is required that

I <03 for p(h) > 2GeV/ec. (6.49)

The acceptance factors are summarised in table 6.2, and the distributions of

the parameters AR, orp, Aa and I are shown in fig. 6.20 for B} — =+

7w~ signal
events, and in fig. 6.21 for background events other than 2-body decays. The dashed
curves in fig. 6.20 correspond to the same distributions, obtained with a previous
analysis [6.41].

If one assumes that the gluon splitting mechanism contributes two times more

to the total production cross section than the gluon fusion mechanism [6.2], the

average signal acceptance using the selection criteria becomes [6.42]

€& + 2¢€°
¢ = % ~ 0.38. (6.50)

Substituting now the appropriate values in (6.43), one obtains the total number

of expected signal events:

Ns = 2x10*pb ™" - 0.5mb x (0.40 - 2-107° - 0.1) x 0.01 x 0.26 x 0.38
~ 7900 . (6.51)

2

Within a +op invariant mass window around the BY mass, and considering the

appropriate track reconstruction efficiency, we have

Ng(+og) = 7900 x 0.90 - (0.95)% x 68 %
~ 4300, (6.52)

where 0.90 and 0.95 are the average track reconstruction efliciencies for muons and

pions respectively.
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Fig. 6.20. Distributions of relevant variables for B — n+n~ signal events [6.42].

10°8
103

102

EVENTS / 0.05
EVENTS / 0.5

=
o

© T

H\‘\H\‘\H\‘\H\‘HH 10 5\\\‘\\\\‘\\\\‘\\\\‘\\\\

1 2 3 4 5 0 5 10 15 20 25
—1v+

AR™ Op

103

10

EVENTS / 0.015
EVENTS / 0.01

10

1
0.5 1 15 0 02 04 06 08 1

Ao (rad) ISOLATION

0

Fig.  6.21. Distributions of relevant variables for B — n*r~ combinatorial background
events [6.42].



Time-integrated asymmetries 155

>
S0 = 5o > bb —> uB+ X
o [ p#>9CeV/c
( I p~>5GeV/c
F o< 2.4

D g0 | 0 =27.5MeV
z |
Z

600 —

400 |~

200 —

0 I NI WS NN AN NN EN NN EEEE SN
48 49 5 51 52 53 54 55 56 57 58

M,_.. GeV

Fig. 6.22. B — "1~ mass resolution [6.42].

The expected B} — 7tn~ mass resolution with the chosen kinematical event
selection is given by the fitted value of o5, 27.5 MeV/c? (fig. 6.22). The mass reso-
lution is the main criterion to reduce the B-hadron 2-body decay background. About
half of this background comes from BY — K= decays, which peak at 5.24 GeV/c?,
i.e. just below the B} mass (5.28 GeV/c?). The rest is mainly due to B? — K,
B? — KK and A, — pm decays. The smaller B? production probability makes the
first two background contributions less important, and A, — p7 has an asymmetric

+

contribution. Fig. 6.23 [6.42] shows the overall contamination of the B — #*7~ events

around the BS mass, given by these decays.

‘Quasi-2-body’ decays, such as B — pr, B® — K*r, B? — Kp and A; — Kp,
have been neglected as they are thought to contribute less than 1 % to the back-
ground [6.42].

We suppose that the acceptances for the 2-body decay background events are
the same as for signal events. Taking a symmetric window [—op;+0g] around the

BY mass, we obtain Npyy ~ 3400 events, and a 2-body contamination

~ 45 % . (6.53)

To evaluate the number of combinatorial background events, the same selection
criteria were applied to the 70 million bb event sample, and ~50 combinatorial back-

ground events passed the selection. Rescaling to the number of bb events expected
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Fig. 6.23. Contamination of B — n* 7~ signal events around the B mass [6.42].

yearly, and in a op invariant mass window centered on the BY mass, we estimated
NBeomy ~ 400 events. Fig. 6.24 shows the superimposition of all the signal and
background events expected [6.42].

Table 6.3 shows a summary for the measurement of sin 2. The integration over
time will start at tc,/7 ~ 0.5, i.e. where the local minimum is reached (fig. 6.19).
This value corresponds to cteyy ~ 200 pm, i.e. to the expected secondary vertex
resolution; the dilution factor due to the integration over time, obtained from (6.28),
is then D;,4 = 0.67, having considered z4 ~ 0.69, and the PYTHIA default value
T = 1.31 ps.

Using the appropriate dilution factors discussed above, the expected sensitivity
to sin 2a, with a total number of signal and background events of ~4300 and ~3800
respectively, within a +op BY mass window, and with an overall dilution factor

Diot ~ 0.30, results to be
8(sin 2a) ~ 0.057 (symmetric mass window) . (6.54)

The use of an asymmetric mass window [—1.505; +205] around the BY mass would

increase the number of signal and background events to ~5700 and ~6100 respec-
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Fig. 6.24. Invariant mass spectrum for B — =¥ n~ . o(B9) = 27.5 MeV [6.42].

tively, with an overall dilution factor of ~0.28. The sensitivity to sin 2a would then

be
5(sin 2a) ~ 0.050 (asymmetric mass window) . (6.55)

The following uncertainties were used to estimate a systematic error:
— bb production cross section for p? > 10 GeV/c: +30 %,
— relative BY / B? production probability: +30 %,
— BR(Bj — n*r~ )/BR(Bj — Kr) ratio: +30 %,
— overall dilution factor Dioi: +10 %,
leading to an expected sensitivity to sin 2a of
§(sin 2a) ~ 0.050 7%  (asymmetric mass window) (6.56)

for an asymmetric mass window. It should be noted that all of the above listed

parameters will be known more precisely by the time of LHC operation.
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sin 2a measurement Pt (,utag) > 9 GeV/e

| N(signal) (B —nFr ) \ 4300 |
N(BS — Kr) 1500
N(B® — KK) 1250
N(B® — Kr) 500
N(Ap — pm) 150
N(2-body background) 3400
N(combin. background) 400

H N(background) ‘ 3800 H
N(total) 8100
D(mix) 0.75
D(tag) 0.76
v/D(background) 0.73
D(int) 0.67
8(sin 2a) (time-int.) 0.057
D(tot) 0.30
4(sin 2ax) (time-dep.) [sin2a~0.4] 0.070

Table 6.3. Measurement of sin 2a: summary (+0p symmetric B) mass window).

The results presented could be improved if the number of signal events were to
increase, as §(sin2a) o 1/y/Ns , accordingly to (6.40). To achieve this goal, it

would be possible to consider:

— the implementation of the secondary vertex reconstruction technique instead
of the scaled transverse impact parameter, allowing softer cuts which would
increase the signal sample while the combinatorial background would be kept

under control;

— the reduction of the B-hadron 2-body decay contamination by introducing a

means of particle identification for hadrons [6.47];

— an increase in the single muon trigger rate, which would enable softer kinemat-
ical cuts to be applied to the tagging muon, and would increase significantly

the available statistics.

Finally, the possibilities of electron tagging and triggering for the semileptonic
decay of the associated b-quark produced should be investigated.



Time-integrated asymmetries 159

Fig. 6.25. A bb— BS (BY) + ptag — J/Y KO + ptag — uTp™ 711 + ptag  event [6.2].

6.5.2 The BY (B}) — J/¢ K? channel

The decay B9 (BY) — J/¢ K? is a very clean channel, with a clear signature
and a limited background; it allows the measurement of the CP-violating param-
eter sin 23, the only one which is theoretically predicted to have a non-zero lower
bound. Relatively high branching ratio and good triggering possibilities are further
advantages; recent results e.g. from CDF at Fermilab are already rather encouraging.

Simulations for the BS (BY) — J/v K° channel were performed similarly to the

*tx~ channel. For the event tagging, it was required that the

case of the B} —
associated B-hadron produced should have a semileptonic decay with a production

of a muon, i.e. giving the overall decay
bb — B} (BY) + fitag — J/V K] + prrag — ptp” 770 4 prag 5 (6.57)

an event of this kind is shown in fig. 6.25, at the particle level within the CMS detec-
tor [6.2]. Two muons are required to reconstruct the J/¢ mass, and the additional
reconstructed muon with the highest transverse momentum was considered to be
the tagging muon.

The possibilities of a semileptonic decay with the production of an electron, as

well as the J/1) — ete” decay, are presently under investigation.
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Similarly to (6.43), the expected number of signal events Ng is given by

NS = 2Lint0'bg X
xBR (b — BY) x BR (B} — J/# K°) x BR (J/¢b — pTp~) x
xBR (K® — 7tz ) x BR (b — pX) x A™8 &, (6.58)

where A'™8 is the overall trigger acceptance and €° is the efficiency of the event

selection criteria. The following decay branching ratios were assumed [6.34]:
(a) BR(BY — J/¢ K°) = 3.3 -10°*%;
(b) BR (J/q/;—>,u p ) = 0.0597 ;
(c) BR (K? —»xtm ) = 0.6861 ;
(d) BR (b— puX) = 0.105 .
Before the trigger acceptance and the selection cuts, the number of expected
signal events results then to be ~5.7 - 10® per year. The trigger for these events

will be provided by a combined two-muon trigger, which requires that at least two

muons have a transverse momentum p; higher than a threshold depending on pseu-

dorapidity [6.34]:

py > 4.5GeV/c if 0.0 < |pl < 1.5;
P> 3.6GeVie if 1.5 < |n| < 2.0; (6.59)

p > 2.6 GeV/c if 2.0 < |n] < 24.

The three muons will all be required to be within the rapidity acceptance region, i.e.

|n| < 2.4, and the third muon is required to reach at least the first muon station,

i.e. to be recognised.

The following selection criteria are then applied to the decay muons and pions,

and to the reconstructed K? [6.34]:

— selection on the rapidity and on the transverse momentum of the two pion

candidates from the K? decay: |p™| < 2.4 and p] > 0.7 GeV/c;
— selection on the K? transverse flight path d; (K?): 2 cm < d; (K?) <40 cm;

— invariant mass constraints applied to the reconstructed J/v) and K? masses,

which are required to be within a +2¢ window around their nominal values.

The kinematical parameters of all charged particles were smeared with Gaussian
distributions, according to the parameterisations summarised above, to simulate

the detector response. No primary vertex constraint was applied.



Time-integrated asymmetries 161

Pt (Htag) (GeV/c)

> 3.0 >35 | >40 | >45 | >50
Ngig 10300 9200 8000 6300 5500
Npack 900 900 800 700 500
Niot 11200 10100 8800 7500 6000
wrong tags 18.0 % 16.0 % 14.5 % 14.0 % 13.0 %
D(tag) 0.64 0.68 0.71 0.72 0.74

| 6(sin28) || 0.047 | 0.046 | 0.048 | 0.051 [ 0.055 |

Table 6.4. Number of events, wrong tag fraction, overall dilution factor and expected sensitivity
to sin 283 for different cuts imposed on the tagging muon transverse momentum [6.34].

The resolutions of the J/¢¥(u*p ), K? (x*n~) and BY (J/¢ K?) reconstructed
masses were found to be respectively 16 MeV/c?, 8.6 MeV/c? and 12 (22) MeV/c?,
the latter with (without) having applied J/v and K? mass constraints [6.34]. Also
the B reconstructed mass was then required to be within a +2¢ window around
its nominal mass.

A reconstruction efficiency of 95 % for the two most energetic muons was as-

sumed, along with an efficiency of 90 % for the third muon [6.34].

A final requirement is imposed on the transverse momentum of the tagging muon,
to limit the fraction of wrong tags. The expected number of events, for different
p: cuts of the tagging muon, is shown in table 6.4 along with the wrong tag frac-
tion and the corresponding overall dilution factor [6.34]. The dilution factors were
estimated with a technique similar to the case of the B — 77~ channel. The es-
timated sensitivities to sin 23, obtained from (6.40), are also listed for the different

Cases.

The main sources of background to this channel, which would fake the uy*p 7t~

signature, are [6.34]:

- inclusive J/v or ¢’ production following B-hadron decays, which repre-

sents the largest contribution;
- direct J/% or ¢’ production;

- combinatorial background, giving the smallest contribution to the total

number of background events.

For all of the above, two charged hadrons would pass the K? selection criteria, and

the event would pass the J/v and B} mass cuts. An additional muon, e.g. from
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Fig. 6.26. The invariant mass spectrum for B — J/¢ K2 . o(B}) = 12 MeV with mass constraints,
o(BY) = 22 MeV without mass contraints. o(J/¢¥ — utp~) = 16 MeV [6.34].

b, ¢, K or w decays, would be interpreted as a tagging muon. The same selection
criteria were applied as for the signal events. Fake K? were greatly rejected by

having required their transverse decay length to be d; (K?) > 2 cm [6.34].

Fig. 6.26 shows the invariant mass spectrum for B} — J/v K? (utpu 7t ), af-
ter all selection cuts, in the case of p; (f1ag) > 5 GeV/c, which gives ~5500 signal
events in a +20 mass window around the B} mass, and an overall signal to back-
ground ratio about 10:1.

Finally, table 6.5 shows a summary of the sin 23 measurement with CMS for two

of the p; (fiag) cuts used for this analysis [6.34].

Concluding, the expected sensitivity to the CP-violation parameter sin 23, achiev-

able in a time-integrated measurement, can be quoted to be [6.34]
8(sin28) ~ 0.048 (for p; (ptag ) > 4 GeV/c) (6.60)

and

8(sin2B) ~ 0.055 (for p; (pag ) > 5 GeV/e), (6.61)

using the CMS design version and the physics simulation assumptions as presented
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sin 28 measurement Dt (Ktag)
>4 GeV/e | >5GeV/e
N(signal) (ptag + J/¥ — pTp + K?2) 8000 5500
N(background) (gag + ptp + 77 ) 800 500
N(total) 8300 6000
D(mix) 0.75 0.75
D(tag) 0.71 0.74
v/D(background) 0.95 0.96
D(int) 0.47 0.47
8(sin 243) (time-int.) 0.048 0.055
D(tot) 0.43 0.51
8(sin24) (time-dep.) [sin28~0.6] 0.038 0.044

Table 6.5. Measurement of sin 23: summary.

in [6.37]".

Two examples of the issues connected with this analysis, which T have also ad-
dressed, are presented below.

The first concerns the CMS geometrical acceptance for muons in the very forward
detector regions, i.e. for |y| ~ 2.2-2.6; the importance of those regions for the
number of geometrically acceptable events, and thus for the achievable sensitivity
to sin 23, is shown in fig. 6.27, where the normalised number of B} — J/i K? events
N and the differential dN/dy are plotted as functions of the rapidity y.

A two-muon trigger was imposed to select events, simulated at the particle level,

using variable transverse momentum thresholds improved with respect to (6.59):

pi > 45GeV/c if 0.0 < |p| < 1.5;
Py > 3.5GeV/e if 1.5 < | < 2.0; (6.62)
pi > 25GeV/c if 2.0 < |p] < 24.

VARVAN

The third muon was required to be at least identified and reconstructed, i.e. its

transverse momentum was required to be greater than a threshold, again variable

"The issues of pattern recognition and false secondary vertices, identified because of mismea-
sured tracks, has only been partially considered for the physics channels relevant to CP-violation.
As it has been described, for the BY — J/v K? channel reconstruction efficiencies of 95 % for
each of the two most energetic muons and 90 % for the third muon have been assumed, and for
K9 — rt 7~ a dedicated study including pattern recognition and reconstruction efficiency was per-
formed [6.35, 6.37, 6.40]; for B — n+n~ efficiencies of 95 and 90 % were assumed for each pion
and for the tagging muon respectively. The implications on the sensitivities should remain within
the quoted systematic errors, but more detailed studies are still needed.
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Fig. 6.27. CMS forward muon acceptance: normalised number of events N and differential dN/dy

as a function of rapidity y for B — J/¢Y K? — ptp nta~

with |n|, but lower than (6.62):

py > 4.0 GeV/c
P> 3.0 GeV/c
py > 2.0 GeV/c

+ﬂtag-
if 0.0 < |p <1.5;
if 1.5 < |n <2.0; (6.63)
if 2.0 < g < 24.

The rapidity region 2.0-3.0 is extremely relevant to the total number of events for

this channel, and the region considered in these studies extends presently up to

In| = 2.4.

As an example, if the rapidity coverage could be extended in the forward regions

up to || < 2.6, we could geometrically accept ~15 % more events compared to

the present geometry; on the other hand, if CMS were to reduce the forward muon

acceptance to |n| = 2.2, ~20 % of the events would be lost.
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The rapidity region ~2.0 < |p| < ~2.7 corresponds to a rather flat top in the
spectrum of the differential number of events, causing relatively important changes
in the number of accepted events with small modifications of the muon acceptance

in the forward regions.

The second example refers to the optimisation of the multiple muon trigger for
low luminosity data taking, aimed at increasing the trigger rate, and therefore the
number of recorded events, but remaining within acceptable limits for overall event
rates and data storage. This opportunity was investigated in the barrel region,
taking into account the most recent developments of the muon trigger algorithm
and rate studies [6.48].

Fig. 6.28 shows the normalised number of events N and the differential dN/dp™t,
as functions of p{™* in the central region, i.e. for || < 1.5, again for the B§ — J/¢ K?
channel. The negative sign of the differential dN/dpS™ is due to the decrease of the
number of signal events with increasing p{™*

A two-muon trigger was applied to the tagging muon and to one of the two

muons from the J/1¢ decay, using a variable threshold in the barrel region:

2.5 GeV/e < pi™ () < 6.5 GeV/c if 0.0 < |p| < 1.5;
P> 35GeV/e if 15 < g <20;  (6.64)
Py > 25GeV/je if 20 < |p <24,

IA

R

while the second muon from the J/i decay was required to be at least identified
(pr > 2 GeV/e).

The plot of the number of events, normalised with respect to the value corre-
sponding to p{™* (u) = 4.5 GeV/c, shows the importance of lowering the transverse
momentum threshold as much as possible, to increase the number of recorded events
relevant to this analysis. If, e.g., the threshold in the central region could be lowered
from pf™ (u) = 4.5 GeV/c to p™ (p) = 4.0 GeV/c or pi™ (u) = 3.5 GeV/c [6.48],
the number of accepted events, within the full geometrical coverage, would increase

by ~20 % and ~40 % respectively, with an increase as high as ~70 % if the threshold
could be lowered e.g. to p{™ (1) = 3.0 GeV/c.

The realistic possibilities of implementation of an extended very forward muon
coverage and of a lower muon transverse momentum threshold in the barrel region
have not yet been fully investigated. These studies were performed to understand in
a preliminary way their relevance to the overall physics performance of the experi-
ment as a whole, and both were shown to be very important to the CMS potential

for B-physics in general, and for the B} — J/v K? channel in particular.
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6.6 Time-dependent asymmetries

The evaluation of the sensitivities to the time-dependent asymmetries was per-
formed making use of the same numbers of signal and background events and dilution
factors estimated with the time-integrated analyses.

An original method was developed for this purpose [6.49]. It consists in fitting
to the expected line shape, having taken into account all dilution factors, some
‘experimental’ points. These points have been obtained by distributing, accordingly
to an exponential decay distribution convoluted with the expected time-dependent
behaviour — for a given input value of sin 2¢;, — the number of relevant signal events
as a function of the corresponding BY proper decay time.

The error of the fit, i.e. the estimated sensitivity to sin 2¢;, is obviously domi-
nated by the limited statistics which will be available in one year of low luminosity

operation at LHC [6.25].

Fig. 6.29 shows the sensitivity to the angles of the unitary triangle as a function
of the cut on the proper time: in this case, there is no local minimum, but the curve
is rather flat between t.,./7 = 0 (i.e. applying no cut to the B° proper time) and

tewt/T =~ 0.5, and no strong dependence is found up to ten /7 ~ 1.
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o (d:) o(t/T) o(t/T)
{p: (BY)) ~ 14 GeV/c {p: (BY)) ~ 7.5 GeV/e
100 pm 0.09 0.16
200 pm 0.18 0.33
300 pm 0.26 0.49
400 pm 0.35 0.65
500 pm 0.44 0.81

Table 6.6. Transverse secondary vertex resolution o (d;) and B proper time resolution o (¢/7) for
B —atx™ ((p:(By)) ~ 14 GeV/c) and By — J /9 K? ({p: (BY)) ~ 7.5 GeV/c).

Table 6.6 shows the relation between the transverse secondary vertex resolution
o (d;) and the B proper time resolution o (¢/7), for the two channels considered. Tt
depends on the average BY transverse momentum (p; (B9 )), which is ~14 GeV/c in
the case of the B} — 7*7~ channel, and ~7.5 GeV/c in the case of B — J/¢ K° .
This difference is due to the different event selection criteria used in conjunction
with the initial muon trigger algorithms.

From simple kinematical considerations,

7(d) = 7 (Bhea(t) = PLo), (6.65)

where ((3;) is the average B velocity in the transverse plane, in units of the speed
of light ¢ ((8:) = (v:) /¢), v is the corresponding Lorentz factor, m is the B mass
and o (t) is the B} proper time resolution, in natural units. The B} proper time

resolution o (¢/7), in units of the lifetime 7, is then

o G) - % % o (dy), (6.66)

where (p;) is the average BY transverse momentum. Numerically, having substituted

in (6.66) the appropriate values, one obtains

0 1 o(d) (sm)
U(?) " 813 (p,) (GeV/c) (6.67)

0

., a number of parameters were

Using as an example the channel BY — J/¢ K
made to vary, with respect to their ‘reference’ value shown in table 6.7, to investigate
the consequences on the estimated sensitivity to sin 23 with the time-dependent

analysis. The results can be summarised as follows:

1. input value of sin 23: 0.3, 0.4, 0.6 (fig. 6.30). The absolute sensitivity is
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reference parameter value

input value of sin 23 0.6

sec. vertex resolution in transverse plane 200 pm
points used in fit all (¢/7 > 0)
total dilution factor D(tot) 0.51

tagging muon transverse momentum cut Dt (Hrag ) > 5 GeV/c
number of signal events 5500

Table 6.7. Reference values of the parameters used for the evaluation of the sensitivity to sin 23
with a time-dependent analysis.
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sensitivity to sin 23: input value of sin 23 (0.3, 0.4, 0.6).

essentially unchanged (0.300 + 0.043, 0.394 + 0.043, 0.586 + 0.044), but

obviously the relative sensitivity varies from ~14 % in the case of an

input value of sin 23 of 0.3, down to ~11% and ~7% for the values of 0.4

and 0.6; on the other hand, the result of the fit is more accurate in the
first case (0.300) than e.g. in the third (0.586);

total dilution factor Diot: 0.3, 0.5, 0.6 (fig. 6.31). Keeping the same num-

ber of events, the estimated sensitivity degrades from 0.036 (for Dy =
0.6) to 0.070 (for Dyoy = 0.3). This shows the importance of obtaining a

total dilution factor as high as possible. This case does not refer to a real-

istic physical situation, but it does show the dependence of the sensitivity

on the total dilution factor;

3. number of points included in the fit (fig. 6.32). The predicted sensitiv-
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Fig. 6.31. Time-dependent sensitivity to sin 23: total dilution factor (0.3, 0.5, 0.6).

ity, always for the same values of the reference parameters, does not
change significantly if varying the limits of the fit, i.e. including all points
(fit 1), excluding the first two points (teu/7 ~ 0.6, fit 2) or consider-
ing 0.6 < t/r < 4.5 (fit 3). The histogram was binned in intervals of
t/r = 0.3;

4. total number of events (fig. 6.33). These plots show that the expected

sensitivity varies with the number of events — signal 4+ background —
obtained from the time-integrated analysis performed. Depending on the

cut on the tagging muon transverse momentum, we obtain
- with p;(peag ) > 4 GeV/c, 8800 events: sin 28 = (0.579 + 0.038),
- with p;(peag ) > 4.5 GeV/c, 7500 events: sin 28 = (0.577 + 0.040),
- with p;(peag ) > 5 GeV/c, 6000 events: sin 28 = (0.588 + 0.044),
always for the reference input value sin 23 = 0.6. They show a decrease

in sensitivity, due to the increase in the corresponding total dilution fac-

tors.

A similar analysis of the parameters was made in the case of the sin 2a evalu-
ation. The reference values of the parameters used are shown in table 6.8. As an
example, because of the similarities with the previous case, only two series of plots

are presented here:

1. fig. 6.34 shows the time-dependent sensitivities when the input value of

sin 2a is 0.4, 0.6 or 0.8. The fit output is respectively (0.438 + 0.069),
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Pt (Htag ) > 4.5 GeV /e, T500 events; p;(ptag ) > 5 GeV/c, 6000 events).
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reference parameter value

input value of sin 2« 0.4

sec. vertex resolution in transverse plane 200 pm
points used in fit t/T > 0.6
total dilution factor D(tot) 0.30
tagging muon transverse momentum cut Dt (Hrag ) > 9 GeV/c
number of signal events 4300

Table 6.8. Reference values of the parameters used for the evaluation
with a time-dependent analysis.

of the sensitivity to sin 2«
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Fig. 6.34. Time-dependent sensitivity to sin 2a: input value of sin 2« (0.4, 0.6, 0.8).

(0.620 + 0.069) and (0.831 + 0.070), showing an unchanged absolute
sensitivity, but with corresponding relative sensitivities improving from

~16 % to ~11 % and ~8 %;

. fig. 6.35 shows the sensitivities if the number of signal events could be
increased from 4000 e.g. to 5000 and 6000, keeping all the other reference
parameters unchanged. The sensitivity would improve from 0.071 to 0.063
and 0.058 respectively. This case, again, does not correspond to a realistic
situation, but it shows the importance of enriching the signal sample as

much as possible.

The results of the time-dependent analyses presented in the Technical Proposal

are summarised in fig. 6.36, which shows the expected time-dependent asymmetries
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Fig. 6.37. Lowest measurable values of sin 2a and sin 23 as functions of the secondary vertex
resolution (time-dependent analysis).

for BY — n*r~ (symmetric mass window) and BY — J/¢ K?. §(sin2a) is ~0.072
and §(sin 20) is ~0.046, for input values of sin2a = 0.4 and sin28 = 0.6 respec-
tively.

For the time-dependent analysis of the B® decays, an appropriate secondary ver-
tex reconstruction is needed. We considered the capability of measuring the CP
violating parameters as a function of the secondary vertex resolution in the trans-
verse plane. The lowest value of sin 2¢;, measurable with a 3o significance, was
estimated as a function of the experimental resolution, and the behaviour is sum-
marised in fig. 6.37 for the two channels used, with linear fits also shown. In both

cases there is a quasi-linear dependence, with a more pronounced slope obtained for

BY — J/¢ K? because of the smaller average p; of the B} selected (~7.5 GeV/c)

with respect to the case of the B — «™

7w~ channel, where the average p; of the
BY is ~14 GeV/c. Therefore, the measurement of sin 23 is more sensitive to the
secondary vertex resolution.

From the same figure it can be inferred that CMS would be sensitive to (time-
dependent) CP violation down to sin 2a ~ 0.2 and sin 28 ~ 0.1, having taken into

account the dilution factors discussed above.

A simplified estimate of the systematic error was also made, assuming e.g. the
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following uncertainties on the
— bb production cross section: +30 %,
— muon tagging dilution factor D;: +10 %,
— value of z5: +0.07,
— secondary vertex reconstruction accuracy in the transverse plane: +50 %,

and using also different initialisations of the random number generator.
The following estimated sensitivities achievable with time-dependent measure-

ments were finally obtained (tables 6.3 and 6.5):

§(sin 2a) ~ 0.070 10911 (for sin2a ~ 0.4), (6.68)

§(sin28) ~ 0.044190%  (for sin28 ~ 0.6, p; (g ) > 5 GeV/e), (6.69)
§(sin2B) ~ 0.0387391%  (for sin28 ~ 0.6, p;: (fitag ) > 4 GeV/c).

6.7 Other B-physics studies

Even though T have been mainly involved in the investigation of the possibilities
of CP-violation studies with the CMS apparatus, other possible B-physics issues

which can be addressed at the LHC deserve a brief discussion.

The observation of B?/B° oscillations is an important goal in particle physics,
and it becomes more difficult to achieve the higher the value of z, . B? flavour both
at production and at decay must be measured; therefore, in CMS we will use the

self-tagging decay mode
B°/B° — D¥r* - ¢nTnt - KK nFrnt | (6.70)

where the potential of event reconstruction and the branching ratios are more
favourable.

The B? flavour at production is tagged with the semileptonic (muon) decay of the
associated b-hadron, the flavour at decay is known by the charge of the reconstructed
D,. To obtain the value of z,, the distribution in proper time of the unlike-sign
pairs (DEpu¥) is subtracted from the distribution of the like-sign pairs (DEpu*), and
the maximum amplitude of the Fourier transform F(z,) of the difference plot will

correspond to the most probable harmonic of the oscillation.



176 B-physics and CP-violation studies in CMS

H 70 )
120 [ D =0.32 a) e Fourier transform b)
D100 [ LIKE SIGN 0
= 5
c
= 80 +bkgd 5,
P
=~ j
2 90 S 3
0
Ij>j40 2 20
20 : 10
0:' L L 1 0:||||I||||I||||||||I||||I||||I||||I||||
0 1 2 3 4 5 0 5 10 15 20 25 30 35 40
T/ (ps) N

S

Fig. 6.38. Observability of B9/B? oscillations in CMS [6.37].

In this analysis, the resolution in proper time — or in decay length — for the
reconstructed secondary vertices plays a crucial role. As a result, the performance
of the innermost tracking layers is critical. After having applied trigger and selec-
tion cuts, the expected numbers of signal events after one year of operation at low
luminosity (10* pb~') is ~2400, with some ~800 corresponding background events;
the estimated upper limit to the observable value of z, is around z, ~ 30.

The observability of B®/B? oscillations in CMS is presented in fig. 6.38 [6.37],
showing the proper time distribution of like sign pairs, and the Fourier transform
F(z,) of the subtracted distribution, having supposed z, = 20.

The 1995 updated measurements give 11.7 < z, < 29.7 as most probable range,
having taken e.g. fg, \/37]3s = 230 MeV, i.e. the central value of lattice-QCD es-
timates, but no reliable C.L. can be assigned to it [6.24]. The Standard Model
would predict large values for z,, above the ALEPH 95 % C.L. lower limit of
z, > 8.8 [6.50].

The observability of oscillations being strongly dependent on the number of signal
events, other B? decay modes could be examined to increase the signal sample [6.2,

6.37).

The B? — p*u~ decay is a Flavour Changing Neutral Current (FCNC) sup-
pressed decay, very sensitive to new physics beyond the Standard Model which
could enhance the SM predicted branching ratio (2-4 x 10® [Ali et al.-Buras]) by
an order of magnitude.

Table 6.9 shows the expected number of signal and background events with
10* pb~! of data taken at low luminosity (CMS) [6.51]: the selection criteria and

the cuts and mass constraints imposed allow an extremely powerful background
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cuts signal background
pt > 4.3 GeV/e, |n| < 2.4 82.0 3.58 x 108
0.4 < R,, < 1.2,pi* >12 GeV/c 45.7 3.53 x 107
isolation (p® > 1 GeV/c) 20.7 2.50 x 10°
vertex acceptance, |n| < 2.1 16.5 2.03 x 105
vertex cuts: R > 3 X oy, x? < 2.5, a < 0.04 12.1 1818
mass constraint: M, = Mg +1.70,, 11.0 16
(< 63 at 90 % c.l.)

Table 6.9. Signal and background events for BY — u+u~ (10* pb™1) [6.51].

rejection, with an expected upper limit to the branching ratio, at the 90 % confidence
level, supposing no signal was found in the collected data, as low as 2.4 x 10~? after
one year and 1.4 x 10? after three years at low luminosity. The 1995 upper limit
from CDF at Fermilab is 8.4 x 107% at the 90 % confidence level.

The main selection criteria and cuts consist of requiring that the two muons
originate from a common secondary vertex, and after invariant mass reconstruction
the events have B® masses within appropriate windows. The Bs should also be well

isolated, no B-jet being created in such purely leptonic decays [6.2, 6.37, 6.51].

Other possible B-physics studies have been considered and evaluated: large sam-
ples of B events will be collected using inclusive low-p; single- and dimuon triggers,
statistics being limited only by an acceptable rate of data storage on permanent
media.

Precise measurements of the differential cross-section do/dp; for b-quark pro-
duction will provide a test of QCD and add data to existing results.

A large number of beauty baryons will be produced, allowing studies of B-baryon
spectroscopy, measurements of polarisation and of weak decay parameters, and pos-
sibly the search for CP violating effects in the baryonic sector.

Some ~2 x 10° events are expected for the channel
Ay — J/Yp A — prpp, (6.71)

~'T x 10% events for
=0~ J/ A — prup, (6.72)

and ~8 x 10% events for

=, — JYE — prmup, (6.73)
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Experiment Type Vs [GeV] opp [1b] bb pairs
(Machine) (Geometry) | (L [Cln(:;:]) (U'bj)/o'tot) per year
CDF II pp collider 2000 50
(Tevatron) (central) (0.2-0.5) (0.1 %) ~ 10 - 10°
HERA-B p-wire 40 0.01
(HERA) (fixed target) (10-30) (10°* %) | ~0.1-10°
BABAR ete” asym 10.6 0.001
(PEP-IT) || (3.1 x 9 GeV) (30-100) (20 %) | ~ 0.03 - 10°
BELLE ete” asym 10.6 0.001
(Tristan-II) | (3.5 x 8 GeV) (20-100) (20 %) | ~ 0.02 - 10°
CDF/D0 111 pp collider 2000 50
(Tevatron) (central) (0.5-2.0) (0.1 %) ~ 25 - 10°
ATLAS/CMS pp collider 14000 500
(LHC) (central) (10-200) (0.8 %) | ~ 5000 - 10°
LHC-B pp collider 14000 500
(LHC) (forward) (0.5-8) (0.8 %) | ~ 250 -10°

Table 6.10. Parameters of the proposed CP-violation experiments with B-mesons [6.27, 6.53].

with signal to background ratios of ~20, ~0.07 and ~2 respectively.

Finally, heavy B-hadrons such as the B, meson will be copiously produced for
the first time at the LHC.

Bound-state models and QCD effects in heavy quark decays will be studied;
masses and lifetimes of these states could be measured [6.34, 6.37, 6.52].

6.8 Conclusions

Measurements of CP-violation in the B-sector are in preparation, with different
experimental programmes worldwide. Table 6.10 attempts to summarise a few pa-
rameters of the proposed CP-violation experiments with B-mesons, as of 1994, with
the expected number of bb pairs produced per year — considered of 107 s — at the
lowest of the quoted luminosities [6.27, 6.53].

CDF and DO at FNAL (US), BABAR at SLAC (US), HERA-B at DESY (Ger-
many), BELLE at KEK (Japan), and finally ATLAS, CMS and LHC-B at CERN
(Switzerland) will perform these studies extensively; asymmetric B-factories and
pp/pp colliders will allow both discoveries and collection of significant statistical

samples, as well as comparisons of results.
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The first measurements of CP-violating asymmetries will be probably performed
by the end of this decade, and B-physics at the LHC will be an important com-
plement to this research programme, allowing to improve results but also enabling

measurements impossible anywhere else.

B-hadron decays, and in particolar neutral B-meson decays, will provide in the
near future a powerful test of the Standard Model description of CP-violation, as
they will give experimental information on the phases of the CKM matrix elements.

It will be soon possible to search for any manifestation of physics in the B-sector
beyond the Standard Model, or else to confirm the model in one of the few yet not
fully tested domains, thanks to precision measurements [6.27, 6.32, 6.53, 6.55].
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[...] T have on different occasions referred to the essential question that preoc-
cupies the musician, just as it demands the attention of every person moved by
a spiritual impulse. The question |[...] always and inevitably reverts back to the
pursuit of the One out of the Many.

So, in concluding, I once more find myself before the eternal problem implied by
every inquiry of an ontological order, a problem to which every man who feels out
his way through the realm of dissimilarity—whether he be an artisan, a physicist, a
philosopher, or a theologian—is inevitably led by reason of the very structure of his
understanding.

]

In truth, there is no confusion possible between the monotony born of a lack of
variety and the unity which is a harmony of varietes, an ordering of the Many.

“Music,” says the Chinese sage Seu-ma-tsen in his memoirs, “is what unifies.”
This bond of unity is never achieved without searching and hardship. But the need
to create must clear away all obstacles. I think at this point of the gospel parable of
the woman in travail who “hath sorrow, because her hour is come: but as soon as
she is delivered of the child, she remembereth no more the anguish, for joy that a
man is born onto the world.” How are we to keep from succumbing to the irresistible
need of sharing with our fellow men this joy that we feel when we see come to light
something that has taken form through our own action?

For the unity of the work has a resonance all its own. Its echo, caught by our
soul, sounds nearer and nearer. Thus the consummated work spreads abroad to be
communicated and finally flows back towards its source. The cycle, then, is closed.
And that is how music comes to reveal itself as a form of communion with our fellow

man—and with the Supreme Being.

Igor Stravinski, Poetics of Music, lectures at Harvard College (1939-1940), transl. by
A. Knodel and I. Dahl, Harvard Univ. Press (1942, 1947, 1970), epilogue, 140-142.
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