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AbstractThe Large Hadron Collider, the proton-proton accelerator to be built at CERNwithin 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 
uxesexpected in the CMS Central Detector will demand a proven radiation hardness.Test irradiations of MOS and MNOS structures and prototype silicon microstripdetectors, with ionising and non-ionising particles, are described in this thesis, withannealing behaviours and possible dose rate e�ects. Facilities and techniques ofdosimetry are introduced.The amount of material in the Central Detector was evaluated at various stagesof the design, with realistic descriptions of the complete detector and programs tocompute the radiation length of the components of the tracking system.Several issues of physics to be investigated in CMS were studied: the capabilityof quantifying CP violation in B-meson decay channels, allowing measurement ofthe angles of the Unitary Triangle, was considered. The time-integrated and time-dependent CP violation asymmetries were considered, and means of enhancing thepotential of the CMS apparatus were investigated.
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19We 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 leadsus infallibly to the violation of the fundamental laws of human equilibrium. In thedomain of music, the consequences of this misunderstanding are these: on one handthere 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 vulgarizeit by adapting it to the requirements of an elementary utilitarianism [...]. On theother hand, since the mind itself is ailing, the music of our time, and particularly themusic that calls itself and believes itself pure, carries within it the symptoms of apathologic blemish and spreads the germs of a new original sin. The old original sinwas chie
y a sin of knowlegde; the new original sin, if I may speak in these terms,is �rst and foremost a sin of non-acknowledgement|a refusal to acknowledge thetruth 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 oncreative 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 isthus endowed with the capacity of willing. The principle of speculative volition is afact [...].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�nem di dederint, Leuconoe, nec Babyloniostemptaris numeros. Ut melius, quidquid erit, pati.Seu pluris hiemes seu tribuit Iuppiter ultimam,quae nunc oppositis debilitat pumicibus mareTyrrhenum: sapias, vina liques, et spatio brevispem longam reseces. Dum loquimur, fugerit invidaaetas: carpe diem quam minimum credula postero.Horace, Carmina, liber I no. XI (23 b.C.).
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Introduction
During the di�erent periods in the history of mankind, research in physicschanged, sometimes dramatically, sometimes smoothly, and its focus, and even themeaning of Physics itself, varied with time. But what unchanged remained was itsde�nition as a science|or discipline|of understanding nature and its laws and ofpredicting the future, i.e. calculating more or less precisely how nature would behaveif de�ned initial conditions were imposed on a system whose evolution was keptunder observation.Very di�erent domains have been investigated in this struggle for deeper anddeeper understanding: astronomy, mechanics, gravitation, dynamics, optics, ther-mology and thermodynamics, 
uidodynamics, 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 energyparticle physics of today.Methods, tools and background knowledge are now very di�erent from those ofDemocritus, Pythagoras or Aristotle, but surprisingly the focus of research todayis somehow more than ever oriented towards the nature of matter and its mostelementary laws. We still want to believe that nature behaves in a simple andsmooth way, and we want to organise coherently but as simply as possible all setsof data available to us, unifying wherever possible even rather di�erent propertiesfor the pure sake of unity and simplicity.But is nature indeed simple? Prof. Dennis Sciama, astrophysicist, mentionsthree possible explanations of the origin of the universe and of life and intelligenceas we know them today: chance, God or harmony [i.1]. Cosmology and particle21



22 Introductionphysics inevitably lead to philosophical consequences in terms of basic and simplequestions with extremely di�cult answers. Many of us would �nd it hard to believethat 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 knowit, without being perfect, seems to be a plausible explanation. Those who preferto believe in chance or in God might still de�ne harmony a `good God', or `goodluck'...Universal physical constants, as e.g. the electron charge, with its implicationsfor the elements and their stability, and also for light (photosynthesis) and vacuumproperties, may have the values they actually have for the sake of an overall, cosmicharmony, from the most elementary laws to the widest universality. Another exam-ple is the total mass of the universe, su�cient or not for gravity to stop the provencosmic 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 theintelligence of a former universe, where physics and its laws were essentially (butnot completely) identical. The theory of the natural selection of universes wouldpropose that intelligent life created (consciously? unconsciously?) universes similarto its own, some of which were favourable to the birth of a new life with a higherdegree of intelligence, and so on.This selection process �a la Darwin would explain why the values of the physicalconstants are `the right ones' for life (as we know it...): the universes where theconstants would have been less propitious came to an extinction, but the mostfavourable 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 availabledata very well, and leave questions and challenges for the deep quest beyond. Thispicture is usually called the Standard Model of elementary particles and interactions.The di�erent forces of nature, rede�ned by �eld theory in terms of fundamentalinteractions, have been reduced in number to three, thanks to recent experimentsperformed in the last decade: electroweak, strong and gravitational. There are evenhopes for further uni�cations.Each fundamental interaction has a de�ned quantum �eld and one or more vectorbosons 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, i.4]. As an example, the



The Standard Model 23relative strengths of interactions involving two protons in a nucleus are comparedin table ii [i.4].The thick dictionary of pseudo-elementary particles, compiled throughout thiscentury 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 familiesof pairs of quarks and leptons (table iii), with a total of twelve really elementaryparticles (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 o�cially added this year (1995), when the CDF and D�experiments at Fermilab observed evidence of production of the sixth, (last?) andheaviest quark, the top quark. Fig. i shows a plot for the reconstructed top massdistribution, obtained by CDF [i.5].CERN and a worldwide scienti�c community have proposed to build the LHCaccelerator 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 lastmissing brick of the Standard Model, which is at the same time the starting pointfor searches beyond: the Higgs boson, i.e. the heavy particle responsible for theprimordial spontaneous symmetry breaking.The Standard Model is practically based upon this symmetry breaking, whichgave masses to light and heavy particles, and to the vector bosons W� and Z0, whilethe photons (and the neutrinos?) remained massless.As �rst examples of Higgs search, �g. ii and �g. iii show Higgs mass plots,for di�erent precision electroweak data [i.6], and for a global �t to top and Higgsmasses [i.7].The Standard ModelThe Standard Model is nowadays believed to describe physics correctly at leastup to �200 GeV, i.e. the energy region experimentally accessible up to now. Thisis based on the fact that all experimental tests of the predictions of this model haveturned out to be positive. Of course the model is not yet completely tested, havingmany of its predictions not yet checked at all, for example those concerning theHiggs sector. Nevertheless, up to now the model is in perfect agreement with allexperimental �ndings.



24 IntroductionFrom a theoretical point of view, the Standard Model is not just based on ane�ective Lagrangian, as for example the Fermi theory of weak interactions is, butit is a renormalisable �eld theory [i.8].The Standard Model is based on the gauge groupSU(3)C � SU(2)W � U(1)Yfor 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)W�U(1)Y is the symmetry groupof the so-called Glashow-Salam-Weinberg theory [i.10], which describes accuratelyelectroweak phenomena [i.11].The gauge group for electroweak interactions contains an isovector triplet ofweak SU(2) gauge �elds, A�, and a neutral U(1)Y gauge �eld, B�: from the or-thogonal superimposition of A3 and B, one gets the photon and the Z boson,while from the combination of A1 and A2 the bosons W+ and W� are obtained:W�� = 1=p2 �A1� � iA2�� . The elementary particles are classi�ed in three gener-ations of quarks and leptons, arranged in SU(2) doublets and singlets according totheir chirality: I:  ud !L �uR �dR  �ee� !L e+RII:  cs !L �cR �sR  ���� !L �+RIII:  tb !L �tR �bR  ���� !L �+RThe requirement of a de�nite chirality is a consequence of the parity non-conser-vation of electroweak interactions: it has been found experimentally that the weakcharged currents contain only left handed spinors. For the same reason, in order toavoid the presence of right handed charged currents, the right handed componentsbelong to weak isospin singlets. The neutrino is assumed to be massless: �R isabsent.The charge of the `up' component of each quark weak isodoublet is +2/3, whileit is �1/3 for the `down' component; the electric charge is related to the weakhypercharge Y 1, the generator of the U(1) group, by the relationQ = T3 + Y ;1Some authors de�ne the weak hypercharge as Y=2, and the relation with the electric chargeand the weak isospin becomes Q = T3 + Y=2 .



The Standard Model 25where T3 is the diagonal component of the weak isospin operator. The hyperchargeis +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 (Q = �1) is paired witha chargeless neutrino, the hypercharge for every doublet is �1/2, and it is +1 forthe right-handed lepton.A conventional mechanical mass term in the Lagrangian density of matter �eldscannot be introduced, as it would violate the SU(2) gauge symmetry: therefore, inthis theory, the particle masses can arise only by means of a spontaneous symmetrybreaking of SU(2). For this purpose one introduces a doublet of complex `Higgs'scalar �elds, usually of the form � =  �+�0 !The mass term is now written in an invariant way.The �eld (�0 + ��0)=p2gives mass not only to all fermions{neutrinos excluded{but even to the gauge bosons.The charged gauge bosons receive a massMW = 12 g2 v ;one of the neutral ones receives a massMZ = 12 vqg21 + g22 ;while the other, the photon, remains massless. Here v represents the vacuum expec-tation value of the Higgs neutral �eld, and g1 and g2 are the gauge couplings relatedto the gauge �elds U(1) and SU(2): these three parameters can be experimentallydetermined by the electromagnetic coupling constant e, the Fermi coupling constantGF and a measurement of the strength of weak neutral currents.Using the Weinberg angle �W , by which the gauge �elds are orthogonalised, thefollowing relations hold: GFp2 = g228M2W = 12 v2 ; ande = g2 sin �W = g1 cos �W ;



26 Introductionby which v is determined to be of the order of 250 GeV, andMW ' 38 GeVsin �Was well as MZ ' 38 GeV1=2 sin 2�W ;from the strength of the weak neutral currents one obtainssin2 �W ' 0:22 :The consistency of the W and Z masses with this prediction is a sensitive testof the model. However, the mass of the remaining scalar �eld, the Higgs particle,remains a completely unde�ned parameter. To this point, the Standard Model doesnot make any de�nite predictions: a neutral scalar particle should exist with amass somewhere between �10 and �1200 GeV; the upper limit is claimed by therequest of unitarity conservation on the WW scattering amplitude and the validityof perturbative methods.No predictions arise from the model concerning the quark and lepton masseseither. All mass terms are provided by Yukawa couplings, and they have to beconveniently adjusted in order to obtain the measured values of the fermion masses,which thus are inserted in the model `by hand'; moreover, the wide di�erence ofmasses between the di�erent 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 di�erent generations. Themixing occurs by means of the Kobayashi-Maskawa matrix [i.12], whose detaileddescription 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 di�cultygiven by the rapid running of the coupling constant with the energy scale. In thiscase the symmetry group is SU(3)C, and by gauging it we obtain QCD, the currentlyfavoured 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�eld belongs to a triplet state of colour. Some evidence exists in favour of thepresence of this new internal degree of freedom: for instance, it helps when solvingsome technical problems like quark statistics, the �0 decay rate and the existence



Beyond the Standard Model 27of triangle anomalies (mentioned in section 6.1); experimentally, it explains thebehaviour of the ratio R R = � (e+e� ! hadrons)� (e+e� ! �+��) ;and the existence of the 
� baryon, made of three quarks s.The strong interaction is colour blind, in the sense that it is invariant under theSU(3)C group transformations which mix up colours. At present, there is no evidencethat physical hadrons are not colour singlets: this is the reason why coloured quarksand gluons are generally believed to be con�ned at low energies, but at very highenergies, i.e. at very short distances, they should behave as free particles.Beyond the Standard ModelIn spite of its success, recently con�rmed by the discovery of the top quark, theStandard Model is probably not the �nal theory of the world since, apart from gaugecouplings, it needs some twenty free parameters to adjust masses, mixing angles andYukawa couplings; the Higgs sector is still completely mysterious.It is worth adding that among the properties of the Higgs particle, it turns outthat its mass is subject to quadratic divergences in perturbation theory. The problemof quadratic divergences may be solved in the framework of supersymmetry [i.13]:according to supersymmetric �eld theories, every fermion has to be paired with abosonic superpartner, and vice-versa, so that the divergent contributions from eachparticle 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 additionto all the properties of Standard Model, it has to contain a soft mechanism for thebreakdown of supersymmetry that splits the masses of the known particles fromthose 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 isleft with three spin zero particles, two scalars and one pseudoscalar, the lighter ofwhich may be identi�ed 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 respectto the questions arisen by the Standard Model, like the origin of the fermion massesor the reason of the three generations.



28 IntroductionAnother trend of development is proposed in the framework of grand uni�edtheories, whose aim is to unify the gauge interactions SU(3)�SU(2)�U(1) in alarger group. The simplest model uni�es the gauge group in SU(5) [i.14]: thismeans essentially that the three coupling constants g3, g2 and g1 would be uni�edto a unique constant.The fact that at an energy of the order of a hundred GeV the three couplingconstants are very di�erent from each other is not a strong indication for uni�cation.At the moment this minimal model has indeed some di�culties, because of theabsence of the proton decay at the predicted rate [i.15].



Beyond the Standard Model 29interaction electromagnetic weak strong gravitationalelectric weak massproperty charge isospin colour (energy)particles all quarks quarksfeeling the charged and and allinteraction particles leptons gluonsmediators photon W�, Z0 gluons graviton (?)mass 0. 81/91 GeV/c2 0. 0.charge 0. �1, 0 0. 0.spinparity 1� 1� 1� 2+range 1 �10�18 m �10�15 m 1Table i. Fundamental interactions and vector bosons.strengthinteraction (relative toelectromagnetic)electromagnetic 1strong (residual) �20weak 10�7gravitational 10�36Table ii. Relative strengths of interactions for two protons in a nucleus. ud !  cs !  tb ! e��e !  ���� !  ���� !Table iii. Quark and lepton families.
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Chapter 1The CMS experimentThe 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 Councilin December 1994, and the beginning of operation is presently foreseen in the year2004. LHC will use the presently existing and operating accelerators, namely thePS 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, arevery wide and aimed at probing thoroughly the Standard Model, enhancing everypossibility of detecting signatures of new physics, but without forgetting that LHCwill be intrinsically a beauty- and top-factory. Heavy ion collisions are also part ofthe 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 1987at Fermilab, Batavia, Illinois (USA), with the CDF and D� experiments presentlyin the data taking phase.The LHC nominal full luminosity of 1034 cm�2s�1 (referred to as high luminosity)will be reached gradually from the start-up time, thus allowing initial data taking ata luminosity of about 1033 cm�2s�1 (referred to as low luminosity). This period ofprobably a couple of years will be used for low luminosity physics such as B-physicsand CP-violation studies among others.Typical integrated luminosities per `year' of operation are de�ned to be 104 pb�1for low luminosity LHC operation, and 105 pb�1 for high luminosity operation. A`year' of LHC operation in considered to be equal to 107 s, corresponding to about116 equivalent 24-hour days of uninterrupted operation.33



34 The CMS experimentThe basic concept of the CMS (Compact Muon Solenoid) detector for operationat 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, thusimplying a strong magnetic �eld, generated by a solenoid.Since the Evian meeting in March 1992 [1.2], where theCMS 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 completedetector:{ a long and large radius superconducting solenoid, providing a high magnetic�eld (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 themagnet;{ high quality central tracking, reconstructing all high pt charged tracks withgood e�ciency and momentum resolution;{ a �nancially a�ordable detector, to be �rst built in a staged version, if un-avoidable.The muon detection system consists of four muon stations, both in the barrel andin 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 theCMS magnet.The decision on the medium for the electromagnetic calorimeter was taken inAutumn 1994, after R&D activities and tests: CMS is now proposing to constructa high-resolution, high-granularity lead tungstate (PbWO4) totally active crystalelectromagnetic calorimeter, the strictest requirements on which are dictated by thedetection of the intermediate mass (80 GeV to 140 GeV) Higgs boson decaying intotwo 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 (LoI) was presented in October 1992 [1.3], and morerecently the open presentation of the CMS Technical Proposal (TP) took place onJanuary 19th, 1995 [1.4].
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Total Weight        :  12,000 t. 
Overall diameter :  14.00 m 
Overall length     :   20.00 m 
Magnetic field     :   4  Tesla

VERY FORWARD 
CALORIMETER

MUON CHAMBERS

INNER TRACKER

E.M. CRYSTAL CAL.

HADRON CAL.

SUPERCONDUCTING COIL

RETURN YOKEFig. 1.1. Three-dimensional view of the CMS detector.The estimated total cost of the complete CMS detector is now about 450 millionSwiss Francs (about 230 million GB Pounds).The complete CMS design, as it is described in the Technical Proposal, is shownin �g. 1.1, representing a three-dimensional view of the detector; �g. 1.2 shows thelongitudinal view of CMS, whilst in �g. 1.3 a transverse view of the detector isshown.The CMS collaboration is a worldwide collaboration of universities and researchinstitutes, both from CERN member- and non member-states; a summary is shownin 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 insimulations of the physics performance of the CMS apparatus in general and of thecentral detector in particular.
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   Fig. 1.2. Longitudinal view of the CMS detector.
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Physics expected at the LHC 37Institutions CollaboratorsCERN Member States 60 607Non-member States (excl. USA) 35 344USA 37 292Total 132 1243Table 1.1. Summary of physicists and engineers in the CMS collaboration (December 1994).Parameters protons Pb ionsCircumference 26.659 kmDipole �eld 8.386 TNumber of 14.2 m dipoles (MB) 1232Number of 3.1 m quadrupoles (MQ) 386Operational energy 14 TeV 1148 TeVEnergy per proton/nucleon 7 TeV 2.76 TeVLuminosity 1034 cm�2s�1 1027 cm�2s�1Bunch spacing 7.48 m 37.4 mBunch separation 24.95 ns 124.75 nsBunch interval 40 MHz 8 MHzParticles/ions per bunch 1011 108Particles/ions per beam 4.7 � 1014 5.2 � 1010Table 1.2. Main LHC parameters for proton and lead ion collisions [1.5].1.1 Physics expected at the LHCThe 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, suchas the Minimal Supersymmetric Standard Model (MSSM) Higgs bosons, will bedetectable, 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 willbe open at the LHC: detailed summaries can be found in [1.3, 1.4]. B-physics andCP-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



38 The CMS experimentlevels never reached before:1. very high rate operation: bunch crossing frequency for proton-protoncollisions of 40 MHz;2. high 
uxes 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 brie
y.1.1.1 LHC physics at high luminosityThe LHC will be built to generate proton-proton collisions at a luminosity of1034 cm�2s�1 and at a centre-of-mass energy of 14 TeV. Some typical cross sectionsfor proton-proton collisions, as a function of the centre-of-mass energy, are shownin �g. 1.4, where the corresponding production rates at the LHC design conditions(�109 collisions/s, i.e. about 20 interactions per bunch crossing) are also indicated.The most important physics topic during high luminosity operation of the LHCis undoubtedly the search for the mechanisms responsible for electroweak symmetrybreaking. The Standard Model (SM) Higgs boson is the �rst possibility for such amechanism, and it will be detectable in CMS over a wide mass range. Table 1.3shows some favourable �nal states for di�erent Higgs mass ranges.As an example, �g. 1.5 shows the 2
 mass plot, for an integrated luminosity of105 pb�1 (one year at high luminosity), with H ! 

 signals superimposed at mH =90, 110, 130 and 150 GeV. This possible intermediate mass SM Higgs boson channelhas been used as a benchmark for the optimisation of the CMS electromagneticcalorimeter. Fig. 1.6 shows the signal signi�cance contours for the same channel,always for 105 pb�1. Even after three years of low luminosity operation, with anintegrated luminosity of about 3 � 104 pb�1, a Higgs discovery in this �nal statewould be possible, but with a lesser signal signi�cance over a narrower Higgs massrange.The minimal extension of the Standard Model (SM) to a supersymmetric theoryis 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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40 The CMS experiment�nal states mass rangesH ! 

H ! 

 with hard jets 80 GeV � mH � 140 GeVass. product. HW, Ht�t (H ! 

 )H ! ZZ� ! 4l� 130 GeV � mH � 200 GeVH ! ZZ ! 4l� 200 GeV � mH � 650 GeVH ! ZZ ! 2l� 2� 500 GeV � mH � 1 TeVH !WW ! l� jj mH ' 1 TeVH ! ZZ ! ll jj mH ' 1 TeVTable 1.3. Favourable �nal states for di�erent Higgs mass ranges.

Fig. 1.5. H ! 

 mass plot.
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Fig. 1.6. Signal signi�cance contours for H ! 

 .Higgs boson states. Their masses and couplings can be expressed in terms of twoparameters, mA and tan� .Some of the possible channels which will be explored to detect the existence ofMSSM Higgs bosons are listed in table 1.4. Figure 1.7 shows the 5� signi�cancecontours, in the MSSM (mA , tan�) space, explorable through various SUSY Higgschannels.Finally, supersymmetric gluons { gluinos { and quarks { squarks { will besearched for in a mass region above the range to be reached by the enhanced luminos-ity Tevatron accelerator at Fermilab, i.e. for m~g;~q > 300 GeV. Other high-luminosityphysics possibilities are described elsewhere [1.3, 1.4].1.1.2 LHC physics at low luminosityThe �rst few years of operation at low luminosity will allow extensive studies ofbeauty and top physics, while preparing for high luminosity running.The large b�b production rate will in particular enable rare decay searches andCP-violation studies, with possible improvements on the precisions by then reachedelsewhere on some measurements. The main B-physics possibilities in CMS will beCP-violation studies (B0d ! J= K0s , B0d ! �+�� , etc.), control channels for CP-
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H ! ZZ�, ZZ; h ! ZZ�h, H, A ! �� ! l� + h� + Xt ! H� b ! ��bh, H, A ! �+��h, H, A in ass. product. b�bHSUSYA ! Zh ! ll b�bTable 1.4. MSSM Higgs bosons searches.
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Physics expected at the LHC 43violation, production asymmetries and dilution factors, rare decays, B0s= �B0s oscil-lations and B-baryon studies. B-physics and CP-violation will be discussed morecompletely in Chapter 6.Other important topics, such as top physics, have been discussed in [1.3]. Inaddition, prompt photon production, anomalous gauge couplings via WZ and W
production, jet production, total cross sections and multiparticle production will bestudied.Finally, Higgs boson searches in the mass range of 200 to 500 GeV, and squarkand gluino searches will also be investigated at the initial lower luminosities.1.1.3 Heavy ion physicsThe LHC machine will be also used as a heavy ion collider, with a centre-of-massenergy of about 5.5 TeV per nucleon pair, at a luminosity of about 1027 cm�2s�1 ,relative to PbPb collisions. Nuclides such as 16O, 40Ca, 97Nb and 208Pb are expectedto be used for this purpose. Unprecedented collision energy densities of 4 to 8GeV/fm3 should be above the threshold for quark-gluon plasma (QGP) formation,a new form of decon�ned hadronic matter.One of the cleanest signatures of the formation of this new state of matter wouldbe the observation of anomalies in the production rates of heavy quark bound states(c�c and b�b), J= ,  0 and the � family (�, �0, �00), with respect to those in proton-proton collisions. These resonant states would decay into muon pairs, then detectedby the CMS muon spectrometer.As an example, �gure 1.8 shows the mass distributions of opposite sign muonpairs for PbPb and CaCa collisions, after 15 days of running: the �, �0, �00 peakswould be clearly visible, and anomalies could be detected.The possibility of observing jet quenching in CMS was also studied; jets would beproduced early in the heavy ion collisions, and they would �rst propagate throughthe QGP, interacting with its constituents, before escaping, therefore carrying infor-mation about the decon�ned hadronic matter. In this study, the CMS calorimetersobviously play a crucial role.Concluding, simulations show that only a few days of heavy ion operation at theLHC would already allow CMS to investigate the nature of the QGP, thanks to itsmuon 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 detectorThe 4� CMS detector can generally be subdivided in one `barrel' region and twoidentical `forward' or `endcap' regions, also normally referred to simply as barrel andforward or endcaps.A characteristic feature of CMS is a large superconducting solenoid, 13 m longand with an inner radius of 2.95 m, which will provide a uniform magnetic �eld of 4T. The 1.8 m thick saturated iron yoke, instrumented with layers of muon stations,will return the magnetic 
ux, with a �eld of about 2 T, thus simplifying the designby using a single magnet. The large bending power of the magnet will allow bothprecise inner and muon tracking, and 
exible muon trigger thresholds.A large fraction of the soft charged tracks generated by minimum bias eventswill be bent into spirals by the high �eld, and will not reach the outer regionsof the central tracker, thus simplifying (relatively) pattern recognition and trackreconstruction.The high magnetic �eld and the iron return yoke keep the whole detector com-pact and smaller. The overall length (excluding the very forward calorimeters) anddiameter are respectively 22 m and 14.6 m; its total weight will be about 14500 tons.



Description of the CMS Detector 45The standard set of coordinates used to identify space points within the CMSdetector makes use of the z-coordinate, with axis parallel to the beam line and originat the nominal interaction point, and of the projection of the point onto the (r, �)plane|or (x, y) plane|i.e. the transverse plane.The pseudorapidity � is also used frequently,� = 12 ln p+ pzp � pz! = � ln tan #2 ; (1.1)# being the zenith angle measured from the positive z-semiaxis, p and pz beingrespectively the total momentum of a particle|with pseudorapidity �|and its pro-jection onto the z-axis (~p = ~pT + ~pz , j~pz j = j~pj cos#).It must be noted that the pseudorapidity � is often imprecisely identi�ed, prob-ably for the sake of conciseness, with the (true) rapidity y,y = 12 ln E + pzE � pz! = ln�E + pzmT � = tanh�1 �pzE � ; (1.2)where E is total energy of the particle (E2 = p2+m2) and mT is the transverse mass(m2T = m2 + p2x + p2y = E2 � p2z). This misidenti�cation is obviously more inexactthe more massive the particle in question is, the two units becoming identical formassless particles.These units, in particular the rapidity y, are used in particle physics becauserapidity distributions such as dN=dy or d�=dy are invariant for Lorentz boosts in thez-direction, i.e. y! y�tanh�1 � under such transforms, where � is, in this case, therelative velocity vz=c for the Lorentz frame considered. Therefore, transformationsto di�erent reference frames under boosts along the beam axis simply result in ashift in the origin of y [1.6, 1.7].The position uncertainty of the primary vertex of proton-proton interactions isgiven by the LHC parameters to be �x ' �y ' 20 �m in the transverse plane,but only �z ' 5.3 cm along the beam axis. This feature must be considered whendesigning the geometry of the detectors, in order to allow full coverage over a widepossible z-position of the primary vertex, which will be then reconstructed with anr� -precision of �10{15 �m and with a z-precision of �20{50 �m, thanks to thecentral detector tracking capabilities, in particular of the pixel detector.The sub-components of the CMS detector will now be brie
y described: thecentral detector (tracker), the electromagnetic and hadron calorimeters, and themuon system [1.8, 1.9]. An understanding of their expected performance is crucialfor the evaluation of the physics potential through simulations.



46 The CMS experiment1.2.1 The central detectorThe core of the CMS experiment is constituted by the central detector (or [inner]tracker), which will be composed of silicon pixel, silicon microstrip and microstripgas detectors, forming a barrel and two endcap regions and arranged in single- anddouble-sided detector layers providing on average 12{14 points per charged tracktravelling throughout its volume.The aim of the tracking system is to reconstruct charged tracks with good ef-�ciency and good momentum resolution. All tracks with pt > 2 GeV/c shouldbe reconstructed up to j�j � 2.5{2.6, and the required momentum resolution is�pt=pt � 0:1 pt (pt in TeV/c); the particle charge would be identi�able up topt � 2 TeV/c.A selective background rejection for interesting physics signals requires as gooda momentum resolution as possible. At high luminosity, 15{20 minimum bias eventswill be superimposed on the interesting signal event, giving �500 soft tracks in thetracker region. Therefore, high granularity to keep occupancies low, high precision,good pattern recognition and high track �nding e�ciency are basic requirements fora tracking detector at the LHC.Transverse momentum and impact parameter resolution, as well as secondaryvertex reconstruction in the transverse plane and in the full 3D space, are bench-marks for the evaluation of the tracker capabilities in the di�erent pt , � and lumi-nosity regimes. The simulated physics performance of the central detector will bediscussed in more detail later, when addressing the issue of B-physics studies at lowluminosity (Chapter 6).The conceptual view of the CMS central detector is shown in �g. 1.9: the linesdenote the corresponding active layers or discs, the thicker lines representing thedouble-sided readout, which is implemented on �50 % of the strip detectors.The detector modules in the barrel part of the `microstrip tracker' are distributedwith a spiral geometry, arising from the tilt and arrangement of the detectors in aspace frame structure with circular layers. A continuous structure maintains thesame number of channels and an equivalent geometrical coverage with equal averagenumber of hits per charged track|thus the equivalent discrete layers indicated in�g. 1.9. This structure provides ease of cable and services routing and access to themodules.The whole of the tracker, with the possible exception of the pixel detectors, isdivided and supported by a wheel structure: nine independent and similar wheels25 cm wide|this dimension de�ning also the detector module and strip lengths|
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Si-Pixels Si-StripsFig. 1.9. Conceptual view of the CMS central detector (tracker).form the barrel region; 14 wheels will constitute each endcap part. The whole centraldetector 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 oflayers/discs and of channels, and resolutions for each sub-detector unit. Some 800units will form the barrel and each endcap pixel detector; more than 1500 moduleswill compose the silicon microstrip sub-detector, while the whole of the MSGCtracker will be formed by some 16000 units or modules.The di�erent module components and con�gurations will be described later,when discussing the detailed evaluation of the amount of material composing thecentral detector (Chapter 5).Two main issues regarding a tracker for an experiment at the LHC arise withunprecedented importance and challenge at the same time: the design, developmentand implementation of a viable front end electronics scheme, and the realisation ofall components|detectors, electronics, cabling, support structure|in technologiesresistant to the expected radiation levels and allowing many years of operation athigh LHC luminosity, with appropriate safety margins. The environmental andphysical 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 detectorparameters (such as strip lengths for the silicon microstrips), a speed su�cient toenable a 25 ns signal bunch event timing, a power consumption limited to a fewmW per readout channel, a pipeline delay of �3 �s, to allow for level-1 trigger



48 The CMS experimentlayers element (r, �) z or rDetector or channels size/pitch res. res.discs (�m) (�m)Pixel barrel 2 5.5 � 107 125 � 125 15 11{17 �mPixel endcaps 3 2.2 � 107 50 � 300 15 90 �mSi strips{single 1 (barrel) 1.0 � 106 50 15 {2 (endcaps)Si strips{stereo 2 (barrel) 1.8 � 106 50/200 15 1 mm4 (endcaps)MSGCs{single 4 (barrel) 4.8 � 106 200 40 {14 (endcaps)MSGCs{stereo 3 (barrel) 6.5 � 106 200/400 40 2 mm14 (endcaps)Table 1.5. Size, number of layers, number of channels and resolutions of the CMS central detectorcomponents.signal arrival, and a realistically acceptable cost.The problem of the radiation tolerance demanded for LHC tracking detectorswill be addressed in detail in Chapters 2, 3 and 4.1.2.2 The CMS calorimetersThanks to the large solenoid bore, the calorimeters can be installed inside thecoil, thus avoiding degradation of their performance due to particle interactions withthe coil material before showering in the calorimeters. The central detector is thenthe major component of the material seen by particles produced in the interactionsand travelling towards the calorimeters. For this reason, the material budget of theCMS central detector has been evaluated in detail; results and discussions will bepresented in Chapter 5.Fig. 1.10 shows the layout of the barrel and forward CMS calorimeters: theprimary function of the electromagnetic calorimeter (ECAL), made of high resolu-tion lead tungstate (PbWO4) crystals, is the precise measurement of electrons andphotons; 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, theECAL extends up to j�j = 2:6, and the HCAL up to j�j = 3:0.PbWO4 crystals have been chosen for the ECAL because of the short radiationlength (X0 ' 9 mm) and of the small Moli�ere radius (�2.0 cm) of PbWO4, thusleading to a compact calorimeter. The crystals in the barrel region start at a radius
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50 The CMS experimentof �1.4 m, and in the forward at z �3.2 m, and they are 24 cm long (' 26 radiationlengths). The crystal layout is visible in �g. 1.10.The requirement of good energy resolution is dictated by the search for theintermediate mass Higgs boson, which would decay into two photons, and whosenatural 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 ashort 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 hasbeen chosen as the absorbing material, whilst the active elements will be plasticscintillators with wavelength shifting �bre readout, arranged, in the barrel and inthe forward parts, in layers alternate with the absorber to constitute the samplingtower structure. The tile tower size will be 0.09 � 0.09 in the (�, �) space, in theregion j�j < 2:0. Granularity and time resolution must allow suppression of bunchcrossing pile-up.The very forward region, from j�j = 2:7 up to j�j = 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 hermeticcoverage, the CMS capability of measuring the missing transverse energy (Emisst )with a good resolution, and of identifying very forward jets.1.2.3 The muon systemDetection of and triggering on muons at the LHC requires large rapidity coverageand good e�ciency of the CMS muon subsystem to provide full identi�cation, trig-gering and momentum measurement capabilities, both for low and high luminosityphysics. Muons will be �rst measured in the central detector (inner tracker) insidethe uniform 4 T �eld, and then they will be identi�ed and measured in the fourmuon 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 inthe barrel region is composed of drift tube detectors (DTs), and of resistive platechambers (RPCs). RPCs are fast dedicated trigger detectors with an excellent timeresolution (�2 ns) to provide unambiguous bunch crossing identi�cation.The forward muon spectrometer stations are composed of cathode strip chambers(CSCs), and of trigger dedicated RPCs, as before, up to j�j = 2:1 only, with spaceleft at higher rapidities for possible future higher rate dedicated trigger detectors,thus expanding the present CMS muon acceptance.
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RF3 RF2 RF1Fig. 1.11. Cross section of the CMS muon system, showing placement of the barrel and endcapmuon 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 transversemomentum resolution �pt=pt for the muon system alone (stand-alone mode), for0 < j�j < 2, has been estimated to be �6{10 % for a 10 GeV/c pt track, �7{20 %for a 100 GeV/c track and �15{35 % for a 1 TeV/c track. This measurement shouldbe guaranteed at any luminosity. After matching with the central detector informa-tion, now the transverse momentum resolutions, for 0 < j�j < 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 pt tracksrespectively. Correct charge assignment up to a track momentum of 7 TeV/c forthe full � coverage, and a beam crossing identi�cation e�ciency greater then 99 %complete the performance of the muon spectrometer.1.3 Trigger and data acquisitionA signi�cant 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 
ow at high luminosity) down to less than 100 Hz, currently thoughtto be a safe upper limit imposed by permanent data storage on magnetic media.



52 The CMS experimentIn ten years time technology may well have evolved and be able to provide higheron-line storage capability but a safety margin is required by uncertainties in LHCrates and detector performance.The level-1 trigger will base its decision on calorimeter and muon �rst-levelprocessors, reducing the data rate below �100 kHz using partial event information.The detector front-end electronics are synchronous with the level-1 trigger processorand pipelined, with a pipeline depth corresponding to �3 �s. The `virtual' level-2trigger also uses partial event information, making use of a high bandwidth read-out network and of a high processing power event �lter, implemented on an on-lineprocessor farm, further reducing by at least one order of magnitude the amount ofinformation to be processed by the level-3 algorithms. Following a positive decisionat level-2, the full information from the bunch crossing will be analysed in theprocessor farm for the level-3 decision, with a �nal event rate of 10-100 Hz.The CMS level-1 muon trigger will identify muons, measure their transversemomentum and identify the bunch crossing from which they originated. The fourtypes of �rst level muon trigger are:1. inclusive single muon trigger (pcutt � 20{100 GeV) at high luminosity;2. inclusive double muon trigger (pcutt � 7{10 GeV) at high luminosity;3. low pt single muon trigger (pcutt � 9{10 GeV) at low luminosity;4. low pt double muon trigger (pcutt � 3{5 GeV) at low luminosity.Energy losses in the calorimeters and the magnetic �eld set a lower bound onpossible muon pt thresholds of about 2.5 GeV/c for triggering and 2 GeV/c foridenti�cation.As an example, in the case of the inclusive single muon trigger, �gure 1.12 showsthe pt cuts necessary to keep the corresponding rate at a reference value of 3 kHz,at the luminosities of 1032, 1033 and 1034 cm�2s�1 : respectively, �4.5, �10 and�25 GeV [1.10]. The value of 3 kHz is considered to be a safe maximum rateallowable to the single muon trigger, to keep the total level-1 trigger rate at about30 kHz, with about half of the bandwidth �lled with muon triggers and half withelectromagnetic 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 (Emisst ) events, withgood e�ciency over a large pseudorapidity range. The total electron/photon triggerrate, dominated by the QCD background, should not exceed �15 kHz. Details ontrigger algorithms and typical thresholds can be found elsewhere [1.4].
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Chapter 2Introduction to radiation damagestudiesBecause of the unprecedented levels of radiation which particle detectors willhave to withstand in the LHC environment, especially in the innermost regions,radiation damage studies are crucial to prove the feasibility of devices with a lifetimecomparable to the experiment. Operation at LHC is expected to last for some tenyears.In this chapter the radiation damage studies will be introduced, describing brie
ythe radiation levels expected at the LHC and the irradiation facilities used|a few forthe �rst time|for this purpose. The techniques of dosimetry used will be described,in particular for the two gamma facilities. Finally, the RAL ISIS neutron irradiationfacility will be mentioned, as it has also been used for all the neutron test irradiationsof silicon prototypes.2.1 Radiation levels expected at the LHCThe �rst 10 years of LHC operation will provide a total integrated luminosityof 5 � 105 pb�1. All components of an LHC experiment must be built and provento be resistant to this hostile environment, providing satisfactory performance aftersuch a period of time, with safety margins.The region of the central tracking detectors will be exposed to the 
ux of primaryparticles originated from the interaction region, and to the neutron albedo emergingfrom the calorimeters. The strong magnetic �eld will bend the charged particles,so that a considerable fraction of the more damaging low energy particles will notreach the outer regions.Fig. 2.1 shows the neutron and charged (hadronic) particle 
uxes, in terms of55
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Fig. 2.1. Neutron and charged hadron 
uxes at various radii in the central detector cavity [2.1].particles per cm2 per year, at di�erent radii from the beam-pipe. Typically, theneutron 
ux is rather uniform, and of the order of 1013 cm�2 year�1. Close tothe beam-pipe, the charged particle 
ux, which decreases with the radius (at �rstapproximation as 1=r2), is dominated by low energy pions, while at larger radii theneutron albedo dominates the 
uxes [2.1].The particle 
uence is responsible for the component of the radiation damagede�ned as bulk damage. The energy deposited by charged particles mainly causesionisation: the related damage is particularly important for the thin layers at thesurface of the devices, where changes in the charge density have consequences forthe electronic characteristics and the performance of detectors, and it is thereforedescribed as surface damage.The radiation dose in the materials is measured in terms of energy deposited.The unit of dose is the gray (Gy), de�ned as 1 joule kg�1 (i.e. 6.24 � 1012 MeV kg�1).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�g. 2.2 [2.1].It must be pointed out that particle 
uxes and doses can only be estimatedwith 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 andmultiplicities. Also, realisitic detector geometry, material descriptions and localisednon-uniformities add to the uncertainties in the estimate of the neutron albedo.Uncertainties of a factor of �2 for the neutron 
ux and �1.5 for the primary chargedparticle 
ux should be considered to ensure a large safety margin [2.1].Results from systematic studies performed after the Technical Proposal showedthat the values of dose rates and 
uxes then presented were pessimistic, and that theyshould be rescaled with a factor of �0.8, keeping the same error bars of �30% [2.2],mainly because of the di�erences introduced by the new versions of the event gen-erators and by the choices of initialisation parameters.2.2 Irradiation facilities usedA few irradiation facilities have been used to perform exposures of MOS andMNOS 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 �rst time, will be now brie
y described. Table 2.1 sum-marises the type of radiation and the typical dose rates.



58 Introduction to radiation damage studiestype typicalfacility of dose rateradiation (rad/s)Strasbourg electrons � 1{6 � 104Brunel gammas � 1Imperial College gammas � 2{3 � 102Table 2.1. Typical dose rates of the electron and gamma facilities used.2.2.1 The Strasbourg AERIAL electron acceleratorA number of irradiations have been performed since May 1992 at the electronbeam facility at A.E.R.I.A.L. in Strasbourg (France). This accelerator could providea beam of 2.0{2.2 MeV electrons; the beam current could be set within the 10{100 �Arange, 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 sheetof paper, inserted on a conveyor, driven from the control room outside the shieldedarea and made to pass under the beam. The dose to be given to a sample was setwithin a certain range by changing the beam current and the speed with which thesample was moved under the beam spot.The beam at the exposure point can be approximated to a gaussian spot of 8.4cm FWHM, and it was `swept' by a periodic magnetic �eld (with a frequency of 20Hz) up to a maximum width of 20 cm in the direction perpendicular to motion ofthe samples.The dose rates delivered were high, of the order of a few tens of krad/s; the totaldose received by the irradiated samples was measured independently by means ofdosimetry �lms irradiated with each sample [2.3]. This technique of dosimetry andits precision will be described in section (2.3.2).2.2.2 The Brunel University gamma cellThe gamma cell at Brunel University (UK) was used to perform a few setsof irradiations of MOS and MNOS capacitors. It is characterised by a very lowdose rate, at most of the order of �1 rad/s. The small point-like Co60 source ismechanically moved from the shielded storage area to the inside of the cell withina thick 
exible pipe, which can be adjusted to �t in �xtures holding source andsamples [2.4].The source pro�le was evaluated by measuring the doses received during a test
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62 Introduction to radiation damage studiesFor the accuracy of the dosimetry it is important to use a diode with a guard-ring,to de�ne the active area from which the current is collected [2.7].2.3.2 Dosimeter �lmsThe dosimeter �lm 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 solidradiochromic solution deposited on a thin (50 �m) transparent nylon �lm, with asurface of 1 cm2. During exposures to electron, gamma or X-radiation, the photo-ionisation causes changes in the intensity of the blue colour of the �lm, proportionalto the absorbed dose. The �lm is then developed with a photometric measurementgiving with good reproducibility (�3 %) the value of the received dose, within the0.5{200 kGy range (50 krad{20 Mrad). The response is rather independent of thetype of radiation, from the dose rate (up to 108 Mrad/s,) and from environmentalconditions such as temperature or humidity [2.3, 2.8].The measured dose after �lm development was expressed by A.E.R.I.A.L. interms of water equivalent dose, i.e. of the dose which would have been received bywater. It has always been rescaled to the dose in silicon, with the simple approxi-mated relation DSi ' 0:82Dw . The error on the values given by this dosimetry hasbeen pessimistically assumed to be �10 %, to take into account all factors degradingits precision.2.4 The RAL ISIS neutron facilityMany neutron irradiations have been performed making use of the ISIS neutronfacility at the Rutherford Appleton Laboratory (UK). The neutrons used for theradiation damage studies are produced when the 70 MeV protons accelerated by alinac are not captured by the RF �eld of the synchrotron ISIS, into which the mainbeam is being injected. This fraction of protons is stopped by a graphite collector,which then produces spallation neutrons. An assembly above the collector holds thesamples to be irradiated with the neutrons emerging perpendicularly to the mainproton beam. The energy spectrum of such neutrons is similar to that expectedin the LHC environment, with a typical energy around �1 MeV. The total 
uence,measured in neutrons/cm2, varies with the duration of the exposure and the distanceof the sample from the collector [2.9].



Chapter 3Ionising radiation damage studiesof MOS capacitorsThe technique of exposing relatively simple MOS and MNOS capacitors to ionis-ing radiation allows studies of charge deposition in the silicon dioxide in a simpli�edway with respect to the realistic case of complex microstrip devices. Surface e�ectsstrongly in
uence interstrip behaviour and characteristics such as interstrip resis-tance and capacitance; therefore studies of surface e�ects in irradiated MOS devicesare also relevant to microstrip detector developments.The MOS and MNOS capacitors used will be described, and the di�erent expo-sures, with electrons and gammas, are commented on. The oxide charge formationunder di�erent gate conditions and di�erent radiation dose rates has been studied;annealing behaviour has been monitored.3.1 The MOS and MNOS capacitorsThe MOS capacitor and its properties have been widely described in the litera-ture (e.g. in [3.1], [3.2] and [3.3]). Brie
y, it consists of a metal-oxide-semiconductorstructure, made of an aluminium contact (gate) to a �1 �m silicon dioxide (SiO2)layer deposited on top of the silicon bulk. On the backplane an ohmic contact isalso usually realised. The device thus formed is an MOS capacitor, sometimes alsocalled MOS diode.MOS capacitors are the most common MIS (metal-insulator-semiconductor)structures, particularly useful to study surface e�ects 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 holesthe minority carriers. This type of MOS capacitor will be considered for the rest of63
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at-band voltage V0 is de�ned as the gate voltage at which no electric �eldis present across the oxide. For an ideal MOS capacitor, this condition would beful�lled with V0 = 0. V; in the case of a real MOS structure, the 
at-band voltageis not zero, because of the presence of charge in the oxide which creates an electric�eld, with bending of the energy bands in silicon as a consequence. A voltage hasthus to be applied to the gate to compensate the e�ects of the oxide charge and to
atten the bands. The 
at-band voltage therefore measures the oxide charge.The silicon-oxide interface is characterised by the presence of �xed oxide chargecentres, mainly positive, not mobile under an applied electric �eld across the oxide.This positive ionic charge in the oxide, very close to the silicon, is responsible forthe non-zero 
at-band voltage of MOS capacitors even before exposure to ionisingradiation1.1It must be said that the MOS 
at-band voltage would not be null even if no charges weretrapped in the oxide and no surface states existed, because of an additional potential originated bythe work function di�erence, representing the di�erence of the work made by an electron to leavethe gate metal and to leave the silicon substrate: Wms = Wm �Ws . This is due to the fact that
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at-bandvoltage V0, the MOS capacitor|with the substrate of n-type silicon|can be biasedto three di�erent conditions. Fig. 3.2 shows the energy-band diagrams of an idealMOS capacitor, in the band bending approximation:1. when Vg � V0 , the electron concentration in the region near to the oxideinterface increases, and this condition is de�ned as accumulation (a).The depth of the negative space charge in silicon is so small that thecapacitance at accumulation, Cacc, coincides with that due to the oxidelayer only, Cox : Cacc = Cox = �0 �ox Adox ; (3.1)where �0 is the electric permittivity of free space (�8.85 pF/m), �ox is thethe gate and the bulk are not made of the same material [3.4].



66 Radiation damage studies of MOS capacitorsrelative dielectric constant of the silicon dioxide (�3.9), A is the capacitorgate area and dox is the oxide thickness;2. when Vg � V0 , the concentration of the majority carriers (electrons)begins to diminish near the silicon-oxide interface, as free electrons arerepelled from that region as an e�ect of the negative charge on the gate.This situation is de�ned depletion (b), and the capacitance seen from thegate diminishes as an additional contribution from the depleted regionbelow the gate is added in series to Cox. The region without free chargecarriers e�ectively 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 (Vg � V0), thedepletion region extends and becomes wider in the semiconductor, untilthe point where it becomes energetically favourable for holes (i.e. theminority carriers) to concentrate at the interface instead, and the depthof the depletion layer reaches a maximum. The energy bands bend abovethe Fermi level in this situation. This condition is called inversion (c),since the charge carriers near the silicon-oxide interface are holes insteadof electrons. Many free carriers are therefore near the interface: the MOSstructure capacitance, evaluated with a quasi-static measurement, risesback to Cox, while measurements performed at high frequency give theconstant low value of full depletion, Cinv [3.3, 3.5] 2.Exposure to ionising radiation will result in an enhancement of the positive oxidecharge density, with the consequent modi�cations of the MOS electrical properties.The mobility of electrons in the oxide is much greater than that of holes: so if anelectron-hole pair generated is separated by any �eld present in the oxide and escapesrecombination, the electron will rapidly reach the positive electrode, while the holewill slowly drift towards the negative electrode, with a high chance of becomingtrapped within the oxide (but usually at the interface), thus resulting in an overallpositive charge build-up [3.2].The oxide charge density nq (charge/cm2) can be evaluated at any step of expo-sure or annealing by measuring the 
at-band voltage V0, to which the charge densityis related by the relation nq ' Cacc � V0e �A ; (3.2)2If a quick highly negative voltage pulse is applied to the gate, the condition called deep depletionis reached, where the depletion region extends beyond its normal quasi-static limits, as if the pulsehad been so fast as not to allow slower holes to collect at the interface forming the inversionlayer [3.3].



The MOS and MNOS capacitors 67where e is the electron charge. The oxide charge density increase due to ionisingradiation will be discussed in section 3.3.The 
at-band voltage is therefore an important MOS parameter, and it is evalu-ated experimentally by means of several techniques. The most precise are based onthe comparison between the experimental and the theoretical CV-curves (i.e. theslopes of the capacitance measured between the gate and the substrate as a functionof the gate voltage) of the same MOS device, also comparing quasi-static and highfrequency measurements [3.4].Approximate methods, if limited precision is satisfactory for the purpose, con-sist in considering the 
at-band voltage V0 either equal to the voltage at which thelowest value of capacitance is reached with a quasi-static measurement, or equalto 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. Thelatter is the method used here, and the error in this approximation has practicallyno consequence for this study.It is also possible to estimate the oxide thickness dox with the formuladox ' �0 � �ox �ACacc ; (3.3)derived from (3.1). The value thus obtained can be compared to the speci�cationsgiven by the manufacturers.If a thin layer (�0.1 �m) of silicon nitride (Si3N4) is added between the metal andthe 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 silicondetector production, to improve the yield of microstrip detectors by reducing thenumber of pinholes, i.e. small channels through the dioxide which would short-circuita di�usion strip to its metal read-out line. The presence of the nitride changes thebehaviour of the capacitor, as new interfaces (dioxide{nitride and nitride{metal) arecreated. The capacitors from the RD20 prototype batches are of the MNOS type, asthe nitride was deposited on some of the wafers during the production processes (seealso Chapter 4).Characteristics before exposure of the MOS and MNOS capacitors used for theirradiation tests are summarised in table 3.1, where dimensions, capacitances ataccumulation and at inversion, 
at-band voltages and estimated charge densitiesare reported, with some geometrical parameters.As an example of the measurements performed at each step of the irradiationprogramme, �g. 3.3 shows some CV-curves of MNOS capacitors, irradiated with



68 Radiation damage studies of MOS capacitorsacc. inv. 
at-band charge SiO2 Si3N4device area cap. cap. voltage density layer layer(mm2) (pF) (pF) (V) (q/cm2) (�m) (�m)SI UV1 MOS 1.0 � 1.0 42. 5. �3. � 7 � 1010 � 0.8 |RD20 TS MNOS 1.0 � 1.0 35. 4. �11. � 3 � 1011 � 0.9 � 0.1RD20 3X MNOS 1.5 � 1.5 80. 11. �11. � 3 � 1011 � 0.9 � 0.1Table 3.1. Characteristics of unirradiated MOS and MNOS capacitors.
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0 V on gatedose rate ~ 600 krad/hourFig. 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 e�ectsThe dose rates of ionising radiation delivered during the irradiation programmewere spread over �ve orders of magnitude (table 2.1); therefore, the e�ect of di�erentdose rates was observed, again more noticeably in the case of MOS capacitors thanfor the MNOS capacitors.Direct comparison of results after dose rates di�erent by an order of magnitudewas made during the second set of gamma irradiations at Imperial College, wherethe dose rate was selected by varying the distance of the samples from the source.
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at-bandvoltage 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 prototypesare much higher, for practical reasons, than in the LHC environment, where theradiation will be collected at low dose rates continuously over many years of opera-tion.Finally, to the plot of the 
at-band voltage as a function of the received electrondose of �g. 3.4 the additional point from a low dose rate gamma irradiation of asimilar MOS device has been added. The comparison, even considering the di�erentconditions 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



Annealing 77left 
oating during the exposure.The dose rate e�ect seen could be explained by the particular conditions ofexposure, with a di�erence 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 theholes to be trapped at the metal{oxide interface, while a very low dose rate wouldalmost correspond to a quasi-static situation, where short term annealing could alsoleave place for more charge to be trapped in the oxide.3.5 AnnealingAnnealing in the charge oxide has been monitored over a long period of timeafter the electron irradiations and the gamma exposure at Brunel University. After�200 days following the last exposure to electrons, the oxide charge density haddropped 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 thesame period. In the latter case, though, less charge had been accumulated duringthe exposure to the same total doses. This annealing inhibiting e�ect was alreadyobserved on integrated circuits and CCDs with the nitride layer [3.9].Similarly, �150 days after the gamma irradiation at Brunel Univ. the oxidecharge 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 
oating or at inversion duringthe exposure.Finally, practically no annealing was seen for the MNOS capacitors whose gateshad been kept grounded (i.e. at 0 V) during the exposure to the gammas.3.6 ConclusionsAfter a certain dose of ionising radiation, saturation in the oxide charge densitywas reached both for MOS and MNOS capacitors. Long-term annealing was muchmore evident for MOS than for MNOS devices, also because in the latter case lesscharge had been accumulated during the exposure to the same total doses.The gate bias condition during the exposure had a major in
uence on the quan-tity of charge accumulated in the oxide because of the irradiation. Finally, dose-ratee�ects have been observed, again more pronounced in the case of MOS devices [3.10].These results are relevant to LHC silicon microstrip detectors, when consideringe�ects related to oxide charge accumulation at surfaces, e.g. when evaluating the



78 Radiation damage studies of MOS capacitors�eld-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 interstripisolation properties of these particular MOS-strip structures. Long-term operationof such devices must be ensured (see also Chapter 4).



Chapter 4Radiation hardness studies ofsilicon microstrip detectorsIn this chapter the radiation hardness studies of silicon microstrip detectors willbe described. They consist in measurements of strip capacitances on di�erent p-side microstrip prototypes, and in exposures to ionising radiation, namely electronsand protons, and to neutrons. Some n-side microstrip prototypes have also beenevaluated 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 physicsand spectroscopy applications. Microstrip detectors have already been widely usedin recent years as subsystems of high energy physics experiments both in �xed tar-get and in collider geometries, and described in the literature ([4.1], also for anextensive bibliography on this subject). Semiconductor physics (i.e. band structure,doping, charge carriers, signal formation and collection) and technology have alsobeen extensively described ([4.2], and its bibliography).The principle of charged particle detection is simple: the detector is essentiallyconstituted of a reverse biased diode junction, at whose electrodes the pairs of elec-trons and holes generated by charged particles traversing the depleted semiconductorare collected. The typical detector thickness is �300 �m. One or both electrodes(anode and cathode) are subdivided in arrays of microstrips, i.e. thin diodes (orpseudo-diodes). Both strip width and strip pitch are normally of the order of a fewtens of microns.The diode structure, the signal collection and the bulk damage and related an-nealing e�ects are discussed brie
y. The main emphasis here is on surface e�ects,particularly the behaviour of microstrip capacitances after irradiation. Extensive de-scriptions of radiation damage e�ects can be found in the above cited bibliographies,and particularly in [4.3, 4.4, 4.5]. 79



80 Radiation hardness studies of silicon microstripsThese studies have been performed in the framework of the RD20 collabora-tion [4.6], aimed at developing high resolution silicon strip detectors and associatedfront-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, �gs. 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 detectorrelated properties and parameters, including mask layout, manufacturing with in-dustries, detector prototype evaluation and extensive performance tests. Radiationdamage studies were performed with ionising and non-ionising particles; annealingwas considered under di�erent temperature and biasing conditions.Time showed that it was necessary to perform these studies in a very systematicway, designing speci�c prototypes and measuring them carefully under every aspect.A large number of parameters, with di�erent weights, is involved in detector fabri-cation and performance, and their in
uence, more or less precisely known, had tobe 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 and100 �m pitch, designed e.g. to evaluate the detector performance as a function ofthe strip width. Both p-stop and �eld-plate techniques have been used to isolatethe 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 particularconcern; some of them will be addressed in this chapter. Both p-side and n-sidestructures were used for this purpose.A number of smaller devices surrounds the central ones on both wafers. Theyconsist mostly in diodes, photodiodes and MNOS capacitors, which have been usede.g. for the studies described in Chapter 3. Some general purpose test structures werealso included, to test in a simpli�ed way important parameters such as polysiliconresistance, diode currents and capacitances, and MOS properties on tiny devicesrealised with the same techniques as the bigger microstrip prototypes.Other issues such as metal sheet resistance, oxide breakdown voltage and wedgestrip geometries could also be addressed, thanks to these prototypes batches. E�ectof these studies was the spread of knowledge and experience among the collaboration,thanks to the prototypes available to the laboratories for the di�erent evaluations.The work presented in the following led to results included in RD20 status re-
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Fig. 4.3. Schematic cross-section of a silicon microstrip detector, single sided, DC-coupled (silicondioxide layer not shown).ports [4.9, 4.10] and in published papers about radiation tolerance studies of siliconmicrostrip detectors for the LHC [4.11, 4.12, 4.13].4.1 Silicon microstrip detectorsThe principle of operation of a silicon microstrip detector is represented in �g. 4.3,where a schematic cross-section of a single sided (i.e. with strips on the p+-n junctionside only) DC-coupled microstrip detector is shown. The layer of silicon dioxide(SiO2) has not been drawn for simplicity.If a layer of SiO2 is interposed between the aluminium read-out lines and thep+ implant strips, the capacitor coupling the strip to the front-end electronics isrealised 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 ohmicside as well, at the n-n+ pseudo-junction, two-dimensional information is providedby the same detector, now described as double-sided. Fig. 4.4 shows layouts of thep- and n-sides of a double-sided silicon microstrip detector with small angle stereostrips. In this case, the front-end electronics are located at the same end of thedetector, on the two opposite surfaces.An alternative con�guration 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 microstripdetector with small angle stereo strips.faces, with the front-end electronics located at di�erent edges of the detector as aconsequence, unless a means of reconducting the orthogonal strips to be read atthe same detector end is realised (e.g. with the technique of double-metal layersseparated by polyimide).Three important detector characteristics which are always evaluated on proto-types and which are used in the optimisation of microstrip design and manufacturingtechnology are leakage current (or dark current), interstrip isolation and interstripcapacitance.The leakage current is the current 
owing through the detector under bias, inabsence of a signal generated by a charged particle crossing the active volume of thedetector.Three di�erent components contribute to the total leakage current: generation,di�usion and surface currents. The generation current originates in the thermalcreation of electron{hole pairs within the depleted region of the detector, whilethe di�usion current is due to pairs created in the undepleted neutral region. Inthermal equilibrium charge pairs are continually generated in the crystal, and wouldrecombine in absence of an electric �eld across the semiconductor. When operatingnormally, a microstrip detector is fully depleted and therefore the measured leakagecurrent is due only to the generation term.The surface term is the least quanti�able and it can be often substantially re-duced by means of guard ring structures, realised all around the active surface of thedetectors to draw as much surface current as possible away from the active region.



Silicon microstrip detectors 85Some surface contributions, e.g. from processing conditions, are unavoidable.Because of consequences for electronic noise, leakage currents must be kept aslow as possible, with achievable values of the order of a few nA/cm2. Exposureto heavy particle 
uxes (i.e. protons, neutrons, pions) results in an increase of theleakage current per unit volume �I=V , which is commonly parameterised as�IV = �� ; (4.1)where � is the 
uence of irradiation, measured in particles per cm2, and � is aconstant of the order of �10�16{10�17 A � cm�1, depending on the particle type andenergy.The interstrip isolation is evaluated by measuring the electric resistance betweenneighbouring strips, which should ideally be as high as possible, to approximateevery single strip to an independent diode. Isolation on the ohmic side (i.e. then-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 theinterstrip resistance would not be satisfactory if microstrips were realised exactlyas on the junction side. These techniques will be mentioned when describing themeasurements 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 
uxes: the former is mainlyresponsible for surface e�ects, which modify the oxide charge density, while the lattermodi�es the e�ective doping concentration Ne� of the substrate, which eventuallyinverts (e.g. at a neutron 
uence of �1013 cm�2) and becomes similar to p-typesilicon. 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 (invertedbulk{n+ strips).The parameterisation of donor removal and acceptor creation following exposureto a particle 
uence � is normally expressed by [4.14]:Ne� ' ND e�c� � NA � � � ; (4.2)where ND and NA are respectively the donor and the acceptor concentrations beforethe irradiation, � and c are the parameters to be extracted from the �tted data.The model is based on the assumption that the donor removal rate is proportionalto the donor density, while the acceptor creation takes place at a constant rate with
uence.This parameterisation describes quite well the available data. Values of � range



86 Radiation hardness studies of silicon microstripse.g. from 0.02 to 0.08 cm�1 for fast (i.e. �1 MeV) neutrons; the parameter c is ofthe order of 10�13 cm2 [4.5].The initial donor concentration ND is of the order of 1011{1012 cm�3, to keep thefull depletion voltage acceptable (Vd � q ND d2 = 2 � � 7:7 � 10�10 V �m � ND d2;thus, for d � 300 �m and ND � 1011 [1012] cm�3, Vd � 7 [70] V). The correspondingresistivities are of the order of a few k
 � cm; thus the material currently used forsilicon microstrip detectors is high resistivity silicon [4.1].The total strip capacitance (CTOT) to the detector system, as seen by the signalat the input of the front-end electronics excluding the coupling capacitor, is usuallyconsidered as the sum of the capacitance of the strip considered towards the oppositesurface, CB, and of the contributions given by the i-th order neighbour strips, Ci :CTOT = CB + C1 + C2 + C3 + : : : : (4.3)The three main components of CTOT are the capacitance to the nearest neigh-bours C1, the capacitance to the second order neighbours C2, and the capacitance tothe backplane CB. The sum of C1 and C2 is usually called `interstrip capacitance',as the contributions of higher order neighbours become negligible.CTOT depends on the detector geometry, i.e. on the strip pitch and width, as wellas on the detector thickness (for the CB contribution). CTOT is normally measuredper 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: thecontributions (4.3) are measured separately, by excluding the unwanted ones fromthe test circuit. Fig. 4.5 shows the electrical connections, usually realised by means ofcontacts to the detector bonding pads using a probe station, for two di�erent stripmeasurement con�gurations, i.e. for the strip to backplane and for the interstripcapacitance measurements. The instrument used for all measurements presentedin the following was a Keithley high frequency CV-analyser, with a test pulse of100 kHz; the detector was normally biased at 100 V via an external electrometer{bias supply.Even though strip capacitance measurements are conceptually simple, it requirescare and experience to perform such measurements, because of the many parametersinvolved in this operation (detector conditions, quality of contacts, minimisation ofstray contributions especially), and also not to damage the detector prototype undertest 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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Bias SupplyFig. 4.5. Measurement of microstrip capacitances: measurement scheme for strip to backplanecapacitance (upper) and for interstrip capacitance (lower).limit. An aim of the irradiation programmes performed here was to investigate andoptimise this aspect of detector radiation hardness.The measured strip capacitances were also compared to their theoretical valuesobtained from a simulation program previously originally developed, which evaluatesthe di�erent microstrip capacitance contributions by means of a purely geometricalcalculation, making use of a variational method. A full description of this techniqueand results have been described in [4.15, 4.16].As an example, �g. 4.6 shows the calculated total strip capacitance as a functionof the width/pitch ratio, in the case of a 300 �m thick detector, for two di�erentpitch values. Only the �rst and second order neighbours have been considered. Thegraph shows that the strip capacitance is a fairly simple function of this ratio, whichturns out to be the most important geometrical parameter to be considered whenoptimising detector capacitances. For a strip pitch of 50 �m and a strip width of10 �m, 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 toirradiation.
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Fig. 4.6. Variational microstrip capacitance calculation [4.15, 4.16]: total strip capacitance as afunction of strip width/pitch.4.2 Exposures of microstrip test structures forstrip capacitance studiesI organised and performed a few sets of exposures of microstrip prototypes toionising radiation, to evaluate the subsequent evolution of strip capacitances andtheir behaviour with time, during annealing at room temperature.Detectors were irradiated with electrons, for the �rst time within the RD20collaboration. A set of irradiations with protons has also been performed, in collab-oration with the University of Padova. The tests have been carried out measuringbefore and after irradiation all detector parameters relevant to these studies, suchas 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 teststructures, with six groups of nine strips at a constant pitch of 50 �m. The striplength varied from 1 to 4 cm, but all capacitances have been expressed per unit ofstrip length to ease comparison.Table 4.1 shows the values of the nominal strip and metal widths for the six



Exposures of microstrip test structures 89nominal nominal nominal nominalstrip metal strip metalwidth width width width5 �m 10 �m 20 �m 15 �m10 �m 15 �m 30 �m 20 �m15 �m 20 �m 40 �m 20 �mTable 4.1. Nominal strip and metal widths for RD20 p-side microstrip prototypes, DC- and AC-coupled (50 �m pitch).

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 �m wider than designedbecause of unexpected widening of the di�usion layer during processing. Therefore,in quite a few structures the widest strips were shorted together despite a nominalseparation of 10 �m.Fig. 4.7 shows a schematic of the DC-coupled microstrip test structures, alongwith the similar AC-coupled prototypes realised on the same wafer produced at S.I.,Oslo, Norway. A common guard surrounds the strip groups and separates themfrom each other. The three outer strips on either side with respect to the centreare connected together, to facilitate probing for strip measurements. Thus, only thethree central strips had been left independent.Two important features of this wafer production have been the realisation ofan 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 di�erent contributions to the total.coupling capacitors and MOS capacitors (as already mentioned in section 3.1), anda phosphorus �eld implantation between the strips on half of the wafers, referredto as `layer 0'. The purpose of the layer 0 was to ensure strip isolation if the oxidecharge was too low [4.12], and test structures with and without this layer have beencompared under di�erent aspects.4.2.1 Electron irradiation of p-side RD20 microstripsThe 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 structureswere irradiated to di�erent doses, to enable a complete study of strip capacitancemodi�cations 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 di�erent contributions to the strip capacitances to beseparated. They are summarised in �g. 4.8, which shows the capacitances for the sixstrip groups. The nearest neighbour capacitance increases with the strip width, aspredicted, while the other neighbour and the backplane contributions are practicallya constant term of a few tenths of a pF/cm.The total strip capacitances range from �1.2 pF/cm for the 5 �m strips, upto �2.3 pF/cm for the 30 �m 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-coupledstrips (with and without layer 0).the layer 0 is present, the capacitances are on average already 10 % higher beforeirradiation, the increase showing essentially in the nearest neighbour contribution.This is an important observation as design and technology have to be optimised tominimise the strip capacitance.The plot of the interstrip capacitance as a function of electron dose, presentedin �g. 4.9, shows a saturation e�ect similar to that observed in the case of MOSand MNOS capacitors. After a total electron dose of �1 Mrad, the capacitancesessentially remained at a constant plateau, up to doses of �5.6 Mrad. The plateauvalue is about 40{50 % higher than the pre-irradiation value for the structureswithout 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 exposureto ionising radiation.It is interesting to plot the interstrip capacitance as a function of strip widthfor the devices irradiated (�g. 4.10), showing the increase with increasing (nominal)strip width for structures without layer 0. The plot also shows that after �1{2 Mradof electrons the interstrip capacitance raised from �1 pF/cm to �1.4 pF/cm for the5 �m wide strips, and from �1.5 pF/cm to �2.1 pF/cm for the 20 �m strips.The CV-behaviour of the strip capacitances after irradiation was also examinedand compared to that before: �g. 4.11 shows the interstrip capacitance as a functionof 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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Fig. 4.10. Interstrip capacitance at 100 V, 100 kHz, as a function of strip width for electronirradiated DC-coupled strips (without layer 0).

Fig. 4.11. Interstrip capacitance at 100 kHz as a function of bias voltage for electron irradiatedDC-coupled strips (without layer 0).
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Fig. 4.12. Time dependence of interstrip capacitance at 100 V, 100 kHz, for electron irradiatedDC-coupled microstrips (with layer 0).to the bias voltage of 100 V.The curves before and after irradiation are di�erent: before irradiation the stripcapacitance remained almost constant after a bias voltage of �10 V had been ap-plied, showing no further decrease with increasing bias, while the capacitance afterirradiation depends strongly on the applied bias, and decreases without yet reachinga 
at minimum in the region of 100 V.Therefore operation at high voltage appears to be necessary to minimise the stripcapacitance after ionising radiation, and even bias voltages higher than 100 V (the`standard' from past experience) could be envisaged, once the oxide has been provento withstand high �elds without break down e�ects. This may well become necessaryanyway to keep the detector over-depleted after inversion will have occurred and thedepletion voltage has substantially increased.The strip capacitances were measured a few more times to observe possible an-nealing e�ects, up to 230 days after the end of the exposure. Fig. 4.12 showsthe time dependence of the interstrip capacitance for a received electron dose of(312 � 20) krad, on structures with layer 0. Not only was no decrease seen, butthere appears to be a slight tendency towards capacitance increasing. The absenceof capacitance decrease can be explained by the presence of the silicon nitride layeron 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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Fig. 4.13. Interstrip capacitance at 100 V, 100 kHz, as a function of strip width for protonirradiated DC-coupled strips (without layer 0). Open symbols refer to the corresponding pre-irradiation values.4.2.2 Proton irradiation of p-side RD20 microstripsA set of proton irradiations of p-side RD20 microstrip test structures (withoutlayer 0) has also been performed.The irradiations were carried out at the Laboratori Nazionali di Legnaro (LegnaroNational Laboratory, Padova, Italy, making use of a 7 MV Van der Graaf protonaccelerator. The beam of (6 � 0.2) MeV protons was measured to have an areaof 1 cm2 and are known to have a penetration depth in silicon of about 300 �m,i.e. similar to the silicon sample thickness. Irradiations and dosimetry have beendescribed in [4.17]. Total doses of �100 and �500 krad have been delivered to twodi�erent samples.The dosimetry was performed by measuring the proton 
uence on the sampleswith two surface barrier silicon detectors, which counted the protons scattered backfrom two thin gold �lms located on the beam line; the dose rate was of the order ofa few krad per minute. The precision thus obtained is of �15 % [4.17].The interstrip capacitances (C1 + C2) before and after exposure are plottedagainst the nominal strip width in �g. 4.13 for the �rst four strip groups only.The observed increase was limited to �20 % of the pre-irradiation value, with acapacitance of �1.2 pF/cm for the narrowest strips (5 �m nominal width) up to�2.0 pF/cm for the widest strips considered (20 �m) after 500 krad of protons.



Exposures of microstrip test structures 95nominal actual actual nominal actual actualstrip strip strip width / strip strip strip width /width width pitch pitch width width pitch pitch(�m) (�m) (�m) ratio (�m) (�m) (�m) ratio20 24 40 0.60 40 44 100 0.4420 24 80 0.30 40 44 140 0.3120 24 120 0.20 40 44 180 0.2420 24 160 0.15 100 104 160 0.65Table 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 e�ects, because oftheir charge, and of bulk e�ects, because of their mass. Surface e�ects, as describedin section 3.3, result in oxide charge increase at the silicon-oxide interface, andtherefore in a strip capacitance increase, though more limited than in the case ofelectron irradiations.4.2.3 Neutron irradiation of p-side SI microstripsAs 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 (calledSI UV1), already mentioned in section 3.1. Neither the layer 0 nor the silicon nitridelayer were present on these structures.The microstrip prototypes used are formed by three groups of strips with di�erentwidths; their geometries are summarised in table 4.2. They were designed to studystrip parameters within a wide range of widths and gaps. As mentioned before, stripwidths can more realistically be estimated to be �4 �m wider than the design value,due to widening of the di�usion layer during processing. Strips with 20 and 40 �mnominal widths are 3.8 cm long, while the widest strips (100 �m) are only 1.45 cmlong. All capacitance values are again quoted in pF/cm.Samples with delivered neutron 
uences of �4 � 1012, �1013 and �3 � 1013 cm�2were measured; the irradiation was performed leaving the samples unbiased. Re-sults are summarised in �g. 4.14 in the form of a plot of the total strip capaci-tance (CTOT) as a function of the realistic strip width/pitch ratio. This form isparticularly 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 tothe 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 e�ect had been caused not only by the neutronsthemselves1, but also from ionising particles originating from the activation of thematerial in the neighbourhood of the sample (e.g. supports and containers) duringthe irradiation2 [4.11].Some RD20 DC-coupled microstrip prototypes, similar to those used for theelectron irradiations, were also exposed at RAL to a very high neutron 
uence of�1 � 1014 n/cm2. As this value is well beyond inversion, a very high bias voltage(>250 V) would have been necessary to deplete completely the device. But therange of the measuring instruments was already enough to show the tendency of theinterstrip capacitances to go essentially back to their pre-irradiation values, oncefull depletion would have been reached, con�rming the expectation of no majormodi�cations to the interstrip capacitances following neutron irradiation.1A systematic error in the neutron 
uence estimates was discovered at a later stage, and itmay have been such that type inversion had actually not been reached. If indeed type inversionhad occurred, the low-�eld e�ect on the p-side could have contributed to the strip capacitanceincreases, enhancing the e�ect of low oxide charge levels [4.18].2The estimated contamination of the ISIS neutron 
ux with ionising particles is e.g. of theorder of 0.1 % for protons (in 
uence) and of 10 % for gammas (in dose) [4.19]. The latter value inparticular can be consistent with the observed strip capacitance increase, which could be attributedto a few hundred krad ionising radiation, for corresponding 
uences.
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Fig. 4.15. Schematic cross-section of the n-side of a double sided microstrip detector, with (a) noisolation structures, (b) �eld plate isolation, and (c) p-stop isolation.4.3 Measurements of unirradiated p-stop n-sideRD20 microstripsThe devices on the n-side RD20 prototype wafers (�g. 4.2) are fully describedin [4.8]. The many detectors and test-structures contained were aimed at enablingfull characterisation of microstrips realised on the n-side, i.e. on the ohmic side of adouble-sided detector.The main issue was the evaluation of the two most common techniques of stripisolation on the n-side, the �eld-plate and the p-stop techniques, and a compari-son between them. Fig. 4.15 shows schematically a cross-section of the n-side ofa microstrip detector. The con�gurations without strip isolation, with �eld-plateisolation and with p-stop isolation are all represented, with some spatial chargedistributions.The �eld-plate technique consists in designing the metal read-out strips widerthan the n+-strips below, from which they are separated by the oxide (and the
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Fig. 4.16. Isolation techniques for the n-side strips of a double sided microstrip detector: striplayouts.nitride, if applicable). By applying a potential di�erence between the metal read-out lines (i.e. the �eld-plates), and the n+-strips, charge inversion at the surfaceoccurs and neighbouring n+-strips become isolated. Because of the applied �eldacross the oxide, this technique requires the oxide to withstand prolonged operationunder bias without phenomena of charge leaking, i.e. without creating, temporarilyor permanently, pinholes. Pinholes are microscopic charge channels through whichcurrent can 
ow between the n+-strips and the read-out lines. Imperfections in theoxide layer may already be present, and high electric �elds may cause the creationof conductive channels.Isolation between neighbouring n+-strips can alternatively be realised by meansof a set of p+-strips, called `p-stops', which e�ectively break the accumulation layer.These p-stops are situated in each gap between the strips and prevent currentsfrom 
owing from one strip to another. The p-stops can be all connected together(common p-stop con�guration), or else be independent from every other (individualp-stop con�guration). The p-stop strips can be left 
oating: when the detector isbiased and depleted, they will reach their operating voltage, which was also measuredduring this prototype characterisation.Fig. 4.16 shows the two isolation techniques, with the common and individual



Unirradiated p-stop n-side microstrips 99CP50 { nominal nominal CP100 { nominal nominalIP50 strip p-stop IP100 strip p-stopgroups width width groups width widthI 5 �m 5 �m I 5 �m 65 �mII 5 �m 12 �m II 25 �m 45 �mIII 5 �m 20 �m III 40 �m 30 �mIV 10 �m 10 �m IV 65 �m 5 �mTable 4.3. Nominal strip and p-stop widths for RD20 n-side microstrip prototypes CP50/IP50(50 �m pitch) and CP100/IP100 (100 �m pitch).options for the p-stops, implemented on the microstrip test-structure used, but forthe 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 tothe values after photons and neutron irradiations, and results have been presentedin [4.10] and [4.13].The geometrical characteristics (i.e. the n-strip and p-stop widths) of the devicesused for this study are summarised in table 4.3. These microstrip test-structureshave been usually referred to as CP or IP, depending if the p-stop was `common' or`independent', followed by a number (50 or 100 ) indicating the strip pitch in �m.On each there were four groups of DC-coupled and four of AC-coupled strips, withdi�erent strip widths. Only the DC-coupled strips have been considered for thestrip capacitance measurements described in the following. Seven strips formedeach group of the DC-coupled devices with 50 �m pitch, and only �ve strips eachgroup with 100 �m pitch.Three di�erent doping concentrations were used for the p-stop strips, namely1 � 1011, 9 � 1011 and 5 � 1013 cm�2. Only the highest was proven to performfully satisfactorily in terms of strip isolation under all conditions, and to thoseparticular ones the results in the following will refer, even though all of them havebeen evaluated.As an example, �gs. 4.17 and 4.18 shows the capacitance components of thecommon p-stop devices with pitches of 50 and 100 �m respectively, plotted for eachof the four strip groups.The total capacitance increases, as expected, with increasing strip width, andthe backplane contribution is essentially insensitive to the strip geometry. A totalstrip capacitance of �2.1{2.4 pF/cm was measured at 100 kHz for the 50 �m pitch



100 Radiation hardness studies of silicon microstrips3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.0

C
ap

ac
it

an
ce

 a
t 

10
0V

 (
p

F
/

cm
)

 Nominal n
+
 width/ p

+
 width (µm)

5/5 5/12 5/20 10/10

       100kHz         1MHz
 Backplane  Backplane
 Nearest neighbours  Nearest neighbours
 Other neighbours  Other neighbours
 Total  Total

Fig. 4.17. Capacitances of unirradiated common p-stop n-side strips at 100 V, 100 kHz (50 �mpitch).
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104 Radiation hardness studies of silicon microstrips4.4 Summary and conclusionsExtensive 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 microstriptest structures have been carried out. The evolution of strip capacitances followingexposure was monitored. After surface radiation damage caused by ionising radia-tion, the strip capacitances increase but remain tolerable. Neutron damage did notsubstantially change strip capacitances, even at very high 
uences.The values of strip capacitance did not decrease with time after exposure toelectrons, as the silicon nitride layer inhibits oxide charge annealing.The RD20 n-side prototypes have been evaluated before irradiation, and thep-stop isolation technique investigated. Full sets of interstrip capacitance measure-ments have been performed on these structures.



Chapter 5The material budget of the CMSCentral DetectorOptimisation of the central detector involves, among other, minimisation of theamount of material, both from the point of view of the individual modules and of theoverall mechanical and geometrical design. The total budget must be maintained aslow as possible, in order not to degrade the performance of the calorimeters becauseof energy loss by particles traversing the materials of which the central detector ismade.Various iterations of the central detector design were performed, aiming at meet-ing both technology requirements and material budget constraints, while taking intoaccount the physics implications as well.5.1 Radiation length and energy lossesThe radiation length X0 of a material is a unit particularly useful when con-sidering the energy losses of high energy electrons (and positrons) and photons.It is de�ned as the (mean) distance over which a high-energy electron loses bybremsstrahlung a fraction 1=e (�63.2 %) of its initial energy Eo [5.1]:�EX0 = �1� 1e�Eo ' 0:632Eo ; (5.1)where �EX0 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 electrontraversing a thickness dx of medium: dEdx !rad = � 1X0 E ; (5.2)105
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Fig. 5.1. Ionisation and bremsstrahlung energy loss and critical energy de�nition for electrons incopper, as a function of the electron energy (from [5.2]).whose solution for a �nite thickness x isEx = E0 exp�� xX0� ; (5.3)Ex being the average energy of the electron after a path x in the medium consid-ered [5.2, 5.3].Charged particles other than electrons lose energy mainly by ionisation whentraversing matter, the radiative e�ects becoming moderately important with increas-ing particle energies, while the electron and photon energy losses are essentially dueto bremsstrahlung and pair production, at the energy scales applicable to CMS.The energy at which the electron loss rate by bremsstrahlung becomes equal tothe loss rate by ionisation, in a given material, and beyond which the contributiongiven by bremsstrahlung becomes predominant, is the critical energy Ec; it is usuallyapproximated with the formula Ec ' (800 MeV)/(Z + 1:2) [5.2], which gives e.g.Ec � 52 MeV for silicon, �26 MeV for copper and �9.6 MeV for lead. It is clear thatin the typical energy domain of electrons and photons to be fully detected withinCMS, the loss is dominated by bremsstrahlung.The radiation length is thus an appropriate unit with which to measure thematerial thickness of a tracking system, if one considers the electron and photonenergy losses before their arrival to the electromagnetic calorimeters, where theirenergy should be measured as precisely as possible.As an example, �g. 5.1 and �g. 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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Fig. 5.2. Ionisation and bremsstrahlung fractional energy loss for electrons in lead, as a functionof the electron energy (from [5.2]).in copper, with the critical energy point at �26 MeV. Fig. 5.2 shows the fractionalenergy 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 �gures are extracted from [5.2].The situation is quite di�erent for charged particles other than electrons: thecritical energy for muons and pions is of the order of several hundred GeV (e.g. iniron). Therefore the energy loss which in most cases prevails for charged particles isionisation.The value ofX0 depends on the atomic number of the element, and was calculatedby Y. S. Tsai to be [5.2, 5.4]:1X0 = 4� r2e NAA nZ2 hLrad � f(Z)i+ Z L0rado ; (5.4)where � is the �ne structure constant (' 1/137), re is the classical electron radius(e2=4� �0 c2), NA is Avogadro's number, A and Z are respectively the atomic massand the atomic number of the element, Lrad and L0rad are tabulated numbers and�nally f(Z) is an appropriate function of Z (details in [5.2]).O. I. Dahl �tted the data to provide a functional dependence on Z [5.2]:X0 ' 716:4 g cm�2AZ (Z + 1) ln �287=pZ� ; (5.5)with results in good agreement (normally better than 2.5 %) with (5.4).



108 Material budget of the central detectorRadiation RadiationMaterial length Material length(cm) (cm)silicon 9.36 beryllia 14.3kapton 28.4 aluminium 8.9tin 1.21 copper 1.43alumina 7.2 carbon �bre 25.0quartz glass 10.2 mylar 28.6rohacel 790.0 water 36.1Table 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 applyingBragg's rule for the stopping power dE=dx [5.1]1� dEdx = Xj wj�j  dEdx !j ; (5.6)which gives for the radiation length X01X0 = Xj wjXj ; (5.7)where �j and Xj are respectively the density and the radiation length of the jthelement, expressed in mass thickness units. The wj's are the fractions by weight ofeach element in the mixture, de�ned aswj = aj AjPi aiAi ; (5.8)where Aj is the atomic weight of the jth element and aj is the number of atoms ofthe jth element in the compound [5.1].The dimensions of the radiation length X0 , obtained from (5.4), are [m � l�2], i.e.of a mass divided by a length squared; thus it is measured in g/cm2. The radiationlength is often quoted and used after having been divided by the density � of thematerial, leading to the dimensions of a length.The radiation length of some materials considered for this study are reportedin table 5.1. The material budget in radiation length units is normally plotted asa function of the absolute value of the pseudorapidity � 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 purelygeometrical property normally referred to as the 1=sin # e�ect: when a particle trav-els at a polar angle # other than 90 degrees, its path through a medium will increase



Central detector design considered 109by 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 consideredThe CMS central detector has been brie
y described in section 1.2.1, which isthe 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 allresults refer to this particular design [5.7]. The main di�erences between the twoversions 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. Thebeam-pipe gives a small contribution of �0.5 % of a radiation length at � = 0,rising to �3 % at j�j = 2:5. The pixel detector gives an additional contributionof �3 % of a radiation length for 0 � j�j � 0.5, rising to �8 % for rapidities inthe 1.5{2.0 range [5.8, 5.9], but this is the least well de�ned sub-detector system.These two additional contributions are shown in �g. 5.15 [5.8, 5.9], which will becommented on in section 5.7.The results presented in the following sections were obtained with the designversion of 1993, as that was the �rst review of the material budget of the CMS centraldetector since the LoI [5.10]. Major changes had occurred in the meantime: thespatial distribution of the detectors was reconsidered, in view of overall performanceand design optimisation, and more realistic and detailed de�nitions of the detectormodules, complete with cabling and services, were made.It is in principle possible to update the design used to any new version, changingor rewriting the geometry and module descriptions, while keeping the same mainprogram to perform the radiation length calculations.5.3 The program usedThe Fortran program GEDS was written to perform the calculation explicitly;this program was an extension of a previous version, GEDWEE, which only took intoaccount 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



110 Material budget of the central detectorlengths, seen by a particle generated in a region close to the interaction point andtravelling outwards on a straight line, throughout the detector.In order to graphically visualise the results obtained in the form of text �lesgenerated by submitting the program as a batch job, a set of macros has beenwritten, using the PAW package [5.13], which produce graphs in the form of PostScript�les.The program simultaneously evaluates the contributions to the total budget, asgiven by the di�erent materials, writing also various totals and subtotals to theoutput �le. It typically required �1 s/event of VAX -type CPU-time, with some30000{40000 events for a reliable average over the z-position of the vertex and overth azimuthal coordinate '. Steps in pseudorapidity � of 0.0375 have been used,ranging from 0. to 3. A complete analysis therefore required signi�cant amounts ofcomputing time.5.4 De�nition of detector modulesThe de�nition of detector modules represented a real challenge at that point ofthe detector design as, for the �rst time, realistic modules were required, both for thesilicon microstrips and for the microstrip gas chambers [5.14]. Some di�culties wereencountered, 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 de�ne, depended on the componentconsidered. The detector modules were de�ned in a very precise way, down to thehybrid components, particularly for the barrel section, while the biggest uncertain-ties were related to support, cabling and cooling systems. Assumptions e.g. on theposition and length of cables, on the geometrical design of the support discs andof the distribution of the elements composing the forward parts, among other, weremade.As an example, the layout of the barrel silicon module used is shown in �g. 5.3,complete with hybrids, front-end electronics, control chips, coupling capacitors, op-tical modulators, carbon �bre lateral rails and cooling system. Detailed de�nitionsof the elements have been similarly made for the other modules (silicon microstripsin 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 thebarrel silicon microstrip andmicrostrip 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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connectorFig. 5.3. Layout of the barrel silicon module.radiationelement no. material length width length thickness(cm) (mm) (mm) (mm)substrates 4 silicon 9.36 54. 62.5 0.300heat bridges 2 beryllia 14.3 54. 28. 1.54. 1. 4.multilayer 2 kapton 28.4 54. 18. 0.200hybrids aluminium 8.9 0.075front-end chips 16 silicon 9.36 6. 10. 0.350control chips 2 silicon 9.36 8. 8. 0.350front-end 16 tin 1.21 4. 4. 0.170capacitors alumina 7.2 0.680optical modulators 2 (silicon) (9.36) 1.5 5. 3.module frame 1 carbon �bre 25.0 0.250 250. 8.Table 5.2. Components of the barrel silicon microstrip module (51.2 � 250 mm2 active area, singlesided, double-ended readout).



112 Material budget of the central detectorradiationelement no. material length width length thickness(cm) (mm) (mm) (mm)substrates 2 glass (quartz) 10.2 108. 125. 0.300heat bridges 2 beryllia 14.3 100. 28. 0.300100. 0.3 4.multilayer 2 kapton 28.4 100. 18. 0.200hybrids aluminium 8.9 0.075front-end chips 8 silicon 9.36 6. 10. 0.350control chips 2 silicon 9.36 8. 8. 0.350front-end 8 tin 1.21 4. 4. 0.170capacitors alumina 7.2 0.680optical modulators 2 (silicon) (9.36) 1.5 5. 3.module frame 1 carbon �bre 25.0 0.250 250. 8.mylar foil 1 mylar 28.6 108. 250. 0.050aluminium 8.9 0.010Table 5.3. Components of the barrel microstrip gas chamber module (102.4 � 250 mm2 activearea, single sided, double-ended readout).dimensions and the radiation length of the relevant material have been indicated foreach element.The active area of the barrel silicon module is 51.2 � 250 mm2, achieved bymounting 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 � 250 mm2.Similar modules were de�ned for the forward parts of the central detector.Some assumptions to reduce the amount of material were made, in some caseswith technological implications still needing a �nal proof of feasibility:- aluminium as conductor for the kapton multilayer hybrids, instead ofstandard copper;- aluminium high voltage cables for the microstrip gas chambers, againreplacing standard copper;- thin aluminised mylar foils as gas tight drift electrodes for the microstripgas 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 cm) carbon �bre as support structure as wellas material for module frames;



Cables and services 113
Fig. 5.4. View of two adjacent barrel wheels with silicon modules.- no intermediate connectors or interconnecting cards within the trackerregion.Prototyping and advanced full scale system design should ensure that the abovelisted assumptions are achieved, otherwise alternative solutions will have to be foundto keep the total material budget within acceptable limits. Only the �rst two itemslisted above would represent a serious problem, if found not to be realistic.A view of two adjacent barrel wheels, partially �lled with silicon modules, isshown in �g. 5.4. The space frame constituting the mechanical support of the barrelof the central detector is also visible, with small overlaps of sensitive areas betweenneighbouring wheels.5.5 Cables and servicesFor the purpose of appropriate cable and service allocation to the di�erent partof the central detector, as well as to provide a conceptual design for routings towardsthe outside of the tracker volume, the detector modules within each barrel wheelcan be conceptually arranged into spirals and superlayers:i. silicon microstrip modules, located at 9 di�erent radii and formingthe �rst superlayer: 16 spirals (i.e. 16 modules at each radius), 144modules;



114 Material budget of the central detectorii. inner microstrip gas chamber modules, located at 7 di�erent radiiand forming the second superlayer: 24 spirals, 168 modules;iii. outer microstrip gas chamber modules, located at 9 di�erent radiiand forming the third superlayer: 32 spirals, 288 modules.Fig. 5.5 shows a section of a barrel wheel, with the silicon microstrip and microstripgas chamber superlayers. The resulting apparent spiral structure is visible [5.5]. Themodule disposition in this �gure is only conceptual and does not correspond exactlyto the design used in the following.Similarly, theMSGC-only forward wheels are formed by anuli of detector modulesand of rohacel spacers, realised on the two opposite faces of back-to-back discs toform a complete forward wheel. Small overlaps in r were designed, while the `openMSGC' design, with modules glued side by side { without dead areas { to forma complete anulus within a unique gas volume, does not require a sensitive areaoverlap in �.The total number of detector anuli is 10, i.e. 5 per disc; the number of modulesper 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 gaschamber forward wheel, with details of the module arrangement in overlapping discsand anuli [5.5].Forward wheels, four on each side, where silicon microstrip and gas microstripmodules were designed to be on the same discs, were considered as an appropriateextension of the MSGC-only forward wheel concept, with reasonable assumptionsregarding the silicon microstrips. That design has evolved since.I will now describe in detail the design assumptions made for cables and servicesgoing out of the tracker volume; the numbers are quoted per barrel-forward wheel:(a) optical �bres: one silica ribbon, with a section of 3 mm � 250 �m,per detector read-out module;(b) kapton cables for module low voltage power and other signals: one multi-layer strip cable, 20 mmwide, 100 �m 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 cablesper wheel,
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Fig. 5.5. Section of a barrel wheel (conceptual view): silicon microstrip and microstrip gas chambersuperlayers and apparent spiral structure (from [5.5]). This design does not correspond exactly tothe design used for the material budget evaluation.

Fig. 5.6. Section of a microstrip gas chamber forward wheel with details of the module arrangementin overlapping discs (from [5.5]).



116 Material budget of the central detector- forward wheels: two cables per anulus, i.e. 20 cables per forwardwheel;(d) MSGC gas pipes: aluminium pipes, with a square section of 3 mm� 3 mmand 500 �m thick walls, giving a total aluminium section of 5 mm2 (thegas has been neglected), thus distributed:- barrel wheels: two pipes per MSGC spiral, i.e. 64 pipes per barrelwheel,- forward wheels: two pipes per anulus, i.e. 20 pipes per forwardwheel;(e) water cooling pipes: aluminium pipes, with a square section of 4 � 4 mm2and 500 �m thick walls, with water inside, giving an equivalent aluminiumsection of �11 mm2, 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 forwardwheel.The previous are reasonable assumptions made at the time of this evaluation. Someuncertainties, due e.g. to the implicatons of the single- and double-sided readoutschemes 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 cm longmodules are read from both sides (inner superlayer, 12.5 cm long strips) or from oneside only (outer superlayer, 25 cm long strips).5.6 Evaluation of the amount of materialThe amount of material of the central detector was evaluated with the programand the design described above; an important feature of the calculation has been theaverage over the position of the vertex along the beam axis z and on the azimuthalangle '.The position of the primary interaction point at the LHC will be spread aroundthe designed collision point (i.e. around z = 0) with a gaussian distribution, char-acterised by a � of �5.3 cm [5.5]. Values typically from z = �10 cm to z = +10 cmhave been used for the calculation, with 1 cm steps and proper weights. Steps of 18or 20 degrees in ', for each value of pseudorapidity and of z, covered the full 360range.



Material budget calculation for the Technical Proposal 117The estimated total budget for the complete central detector, barrel and forward,as a function of the pseudorapidity �, is shown in �gure 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 � j�j � 1.0),and �30 % in the region �1.4 � j�j � 1.8, with a quite steep decrease in thepseudorapidity region beyond. In the same �gure are shown the totals for the barreland forward parts, splitting them also into the components given by the siliconmicrostrips, the microstrip gas chambers and the mechanical supports.The contributions given by the elements comprising modules and services aregiven in �gures 5.8 and 5.9 for the barrel parts of the silicon microstrips and ofthe microstrip gas chambers respectively. The forward parts are shown similarlyin �gures 5.10 and 5.11. Parts of the material due to services such as cabling andcooling have been attributed to the di�erent subsections of the detector.This study represented an important source of information for the optimisationof the design and the choice of materials; several iterations with di�erent designsand materials were repeated, to understand the implications of various choices. Thein
uence 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 duringthese iterations.Plots of the material budget as a function of the pseudorapidity � and of thedistance r from the beam axis z (r = px2 + y2) have been produced. Figures 5.125.13 and 5.14 show the 3-d plots for the complete detector, the barrel componentsand the forward part, respectively.The behaviour of the material budget as a function of azimuth ' has also beenstudied, and no non-uniformities have been found [5.7].5.7 Material budget calculation for the TechnicalProposalThe 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-tracingprogram [5.8, 5.9]. This method gives a faster estimate of the material budgetdistribution, as the de�nition of the subcomponents is less detailed, but it does notconsider an average on the z -position of the vertex. Both methods give results ingood agreement [5.6].
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CMS Central Detector: Material budget
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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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     Silicon Microstrips - Barrel
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)Fig. 5.8. Material budget of the central detector: barrel silicon microstrips (1993 design).
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    MSGCs - Barrel
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)Fig. 5.9. Material budget of the central detector: barrel MSGCs (1993 design).
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     Silicon Microstrips - Forward
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)Fig. 5.10. Material budget of the central detector: forward silicon microstrips (1993 design).
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    MSGCs - Forward
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)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 � 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 TechnicalProposal; the corresponding results are included here for completeness. My respon-sibility was for the �rst calculation only, and to check the agreement between themethods.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 supportstructure and services.The total material budget of the central detector only is �20 % of a radiationlength in the central part of the tracker (0.1 � j�j � 1.0), and �40 % in the region1.2 � j�j � 1.7, slowly decreasing beyond, down to �10 % for j�j � 3.0.
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Fig. 5.13. Material budget of the central detector as a function of � and r: barrel (1993 design).
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Fig. 5.14. Material budget of the central detector as a function of � and r: forward (1993 design).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 approximatedwith two plateaus at �25{30 % for 0.1 � j�j � 1.0 and 1.7 � j�j � 2.5, reaching amaximum of �50 % for 1.0 � j�j � 1.4 and a top of �60 % for 1.4 � j�j � 1.7, anddecreasing below 20 % for j�j � 2.5.The lower plot in �g. 5.15 shows the sub-components of the central detector,i.e. the barrel and the forward silicon microstrips and microstrip gas chambers, andthe inner pixel detector (with reference to �g. 1.9), also obtained with the secondmethod described above [5.8, 5.9].The material budget of the CMS central detector is bound to be subject tomodi�cations in the future, because of both more realistic de�nition of the detectormodules and, particularly, evolution of the support structure design. The wheelstructure 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 modi�cations to the present design, withobvious consequences on the amount of material. The thermal shielding betweenthe 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 possiblyrequire dedicated hybrids, and the requirement of system modularity could involvethe insertion, within the tracker volume, of `interconnecting cards' or `repeaters'between groups of detector modules, which at the present design level were notforeseen.An important issue is where it would be best to locate additional material whichin future could become necessary to add within the tracking system. Cabling, cool-ing and other services will �nd only in the next years a de�nite con�guration and



Conclusions 127material identi�cation. The regions most sensitive to any material additions appearnow to be within the rapidity range [�1, �1.8], where the total material budgetis higher already, but it must be noted that the central rapidity region [0, �1] iswhere most of the interesting events for some Higgs search channels will be con-centrated. Moreover, the innermost regions are the most delicate with respect tobremsstrahlung recovery, as mentioned in the next section (5.8), implying that ma-terial should be added as close to the electromagnetic calorimeter as possible, ideallyat a radius higher than the last sensitive layers.5.8 Conclusions on material budget studiesThe aim of this work was to provide a tool for evaluating the material budget, inunits of radiation length, of the complete CMS central detector. The main challengewas to simulate realistic modules, taking into account as many elements as possible.The novel spiral design was described using the Geant package, even though thede�nition of the barrel part was too detailed to be used e�ciently for other trackingsimulations, due to the amount of CPU-time needed to process a single event. Someassumptions had to be made for the design of the forward part, specially for thosewheels incorporating silicon microstrips and microstrip gas chambers.Cabling, optical �bres, kapton cables, microstrip gas chamber high voltage cables,cooling pipes and the overall mechanical structure were considered as realisticallyas possible, with some uncertainties in the overall technical design and in somemechanical details, which will require further optimisation and proof of feasibility.As an example of the relevance of these studies to the CMS performance, thebenchmark channel H ! 

 can be used. Supposing mH = 100 GeV, the distri-bution of the amount of material (as in the Technical Proposal [5.8]) as a functionof rapidity, convoluted with the geometrical distribution of the two decay photons,gives �27 % of a radiation length as the thickness of material traversed by eachphoton on average. This corresponds to a probability of �20 % for each photon toconvert within the tracker region, i.e. in �40 % of the H ! 

 events at least onephoton converts into an electron{positron pair [5.15].The conversion must be recovered o�-line. Recovery is easier if conversion occursin the outermost regions of the tracker, i.e. as close to the electromagnetic calorimeteras possible. Therefore, the inner regions of the central detector are in this respectthe most sensitive to photon conversion, and it should be avoided to add materialthere (�g. 5.12).



128 Material budget of the central detectorThese results have been presented in CMS Status Report and Milestones [5.6].This work is not to be considered �nished: changes in the overall design and in thedetector modules can still cause important variations to the di�erent contributionsto the total material budget of the CMS central detector.



Chapter 6B-physics and CP-violationstudies in CMSB-physics and CP-violation studies in CMS represent a very interesting subject,which will be addressed during the �rst years of CMS data taking. The main issuewill be the observation of CP-violating e�ects, leading to the measurement of theparameters of the Cabibbo-Kobayashi-Maskawa (CKM) matrix, or of the unitaritytriangle, as described in the next section.The b�b production cross-section �b�b for proton-proton interactions at the LHCis only estimated with large uncertainties arising, among other, from perturbativeQCD calculations and from the limited knowledge of the gluon structure function.Independent estimates give �b�b � 0.1{0.9 mb as overall expected range [6.1]. In thefollowing, it will be assumed �b�b (14 TeV) = 0.5 mb : (6.1)Fig. 6.1 shows the b�b relative production cross-sections for gluon splitting and gluonfusion processes [6.2], obtained with Pythia 5.6 [6.3, 6.4] supposing (6.1). Statisticsfor gluon splitting are usually much lower than that for gluon fusion because of thelonger computing time requested by Pythia to generate gluon splitting events. Thislatter process increases the b�b cross section by a factor of �3 with respect to gluonfusion only [6.2]. Fig. 6.2 and �g. 6.3 show examples of the Feynman diagrams forthe two processes.One year of low luminosity LHC operation will give about 5 � 1012 b�b events,�50 % of which will have both b-hadrons in the geometrical acceptance of the CMSdetector, i.e. j�j < �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 provenof such non-invariance. 129
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CP-violation in neutral B-meson decays 131CP is the composite operation of parity inversion P and charge conjugation C;they are both examples of discrete transformations. P is the operation correspondingto the transformation P  (~r ; t ) !  (�~r ; t ) ; (6.2)i.e. a spatial re
ection. C reverses the signs of the particle charge and magneticmoment, substituting particles with their corresponding antiparticles.Until the observation of the CP-violating decays KL ! �+�� , KL ! �0�0,KL ! �� e� � and KL ! �� �� � , all elementary processes were supposed tobe invariant under CP-conjugation [6.6].The general theorem of CPT invariance, derived from basic principles of quan-tum �eld theory, demands that all interactions be invariant under the successiveapplication of the three operations C, P and T , performed in any order [6.7]. Theconsequence of this and of CP-violation e�ects is that some kinds of interactionswill not be invariant under the time-reversal operation T :T  (~r ; t ) !  � (~r ; �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 CMSdetector 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 nextdecade will be brie
y discussed.6.1 Introduction to CP-violation studiesIn the Standard Model of electroweak interactions the contribution to the Hamil-tonian due to the charged-current weak interaction is expressed byH chwk ' g2p2 W � q l=d,s,bXq�=u,c,tV� l q� 
� (1 � 
5) q l ; (6.4)where W � is the W�-boson �eld, g is the weak coupling constant (related to theFermi coupling constant G by the relation G=p2 = g2=8m2W ; G ' 10�5 GeV�2), q�and q l represent the quark �elds, and 
� (1� 
5) is the space-time structure matrix



132 B-physics and CP-violation studies in CMSoperator, typical of weak interaction processes. The V� l are complex coe�cientswhich form the Cabibbo-Kobayashi-Maskawa quark mixing matrix VCKM. Out of thethree generations of quark doublets, the +2/3-charge quarks (u, c, t) are unmixedby convention, while the mixing of the �1/3-charge quarks (d, s, b) is expressed bythe 3 � 3 unitary CKM matrix:0B@ d0s0b0 1CA = VCKM 0B@ dsb 1CA = 0B@ Vud Vus VubVcd Vcs VcbVtd Vts Vtb 1CA 0B@ dsb 1CA : (6.5)The CKM formulation is an extension to the three quark families of Cabibbo'smixing theory [6.8], which included mixing between the �rst two families makinguse of a single real parameter, Cabibbo's angle �C : d0s0 ! = VC  ds ! =  cos �C sin �C� sin �C cos �C !  ds ! ; (6.6)VC , Cabibbo's mixing matrix, is easily recognisable to be unitary:VC V TC = V TC VC = 12 ; (6.7)V yC = V TC ; as VC is in particular real.Cabibbo's original mixing hypothesis was formulated in 1963, when three 
avoursonly (u, d, s) were known. The fourth quark (c) hypothesis was formulated byGlashow, Iliopoulos and Maiani in 1970 [6.9], to account for the absence of neutralweak currents changing the strangeness number.In 1974 the J/ resonance was discovered independently by Augustin et al., atthe �3.1 GeV SPEAR e+e� collider at SLAC [6.10], and by Aubert et al., with a�xed target experiment (28 GeV protons on beryllium) at Brookhaven [6.11]. TheJ/ resonances were explained as c�c bound states.In 1977 the � resonance was found at FNAL [6.12], and explained as a b�b boundstate. But CP-violation found in the K-sector already suggested to Kobayashi andMaskawa in 1973 that the presence of a third quark family (b, t) could be at theorigin of those e�ects [6.13].The existence of a third quark family could also be justi�ed on the ground of apossible symmetry between the lepton and the quark families: after the discoveryof the � lepton by M. Perl in 1975 [6.14], also at the SPEAR e+e� collider but at acentre-of-mass energy of �5 GeV, the number of leptonic families increased to three.



CP-violation in the B sector 133The claim for the symmetry was strengthened by the necessity to solve severetheoretical problems, like the triangle anomalies (1972). The triangle anomaliesconsist in axial-vector current contributions which would have `destroyed' the gaugeinvariance of the weak interaction `quasi-renormalisable' theory, unless the theorywas enlarged, introducing additional fermion �elds corresponding to particles stillunobserved at the time (i.e. the third quark family) [6.15]. The Feynman diagramsconcerned contain fermion (quark and/or lepton) loops coupled to axial and/orvector currents, always with an odd number of axial currents [6.16]. An examplecan be the Z ! 

 decay via a triangular fermion loop diagram.To cancel out these kinds of anomalies, the net charge of all fermions is requiredto be zero. Considering now the three lepton and quark families (table iii in theIntroduction), one obtains�3 jej + 3 � 3 �+23 jej� + 3 ��13 jej�� = 0 ;which accounts for the three negatively charged leptons (e�, ��, ��), the three+2/3-charged (u, c, t) quarks and the three �1/3-charged quarks (d, s, b). Anadditional colour factor (3) is included in the quark charge contribution [6.17]. Thechargeless 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 formJ �weak � � u; c; t � 
� (1 � 
5) VCKM 0B@ dsb 1CA : (6.8)The fact that the VCKM elements are in general complex numbers and not real, asthe elements of VC were, is at the origin of CP-violation within the Standard Model.The amplitude describing processes including weak vertices and their correspondingVCKM elements will have an overall complex phase. This phase, if interfering withother amplitudes, can cause CP-violating e�ects.6.2 CP-violation in the B sectorThe condition of unitarity of the VCKM matrix, expressed byVCKM VyCKM = VyCKM VCKM = 13 ; (6.9)



134 B-physics and CP-violation studies in CMSor equivalently13 = 0B@ V�ud V�cd V�tdV�us V�cs V�tsV�ub V�cb V�tb 1CA 0B@ Vud Vus VubVcd Vcs VcbVtd Vts Vtb 1CA = 13 ; (6.10)leads to several relations, out of whichV�ubVud + V�cbVcd + V�tbVtd = 0 (6.11)is particularly relevant to our studies.A commonly used parameterisation of VCKM has been proposed by Wolfen-stein [6.18]:VCKM ' 0B@ 1� �2=2 � A�3[�� i�(1� �2=2)]�� 1� �2=2 � i�A2�4 A�2(1 + i��2)A�3(1� �� �) �A�2 1 1CA+O(�5) :(6.12)This parameterisation makes use of the three real parameters A, � and �, and of �,related to Cabibbo's angle by the relation� = sin �c ' (0:2205 � 0:0018 ) [6.19] : (6.13)The relation (6.11) can be now rewritten asVtd + V�ub � �Vcb + O(�4) ; (6.14)making use of (6.12) up to third order in �. It is usual to consider this relation asthe equation of a triangle in the (�, �) complex plane, with VcdV�cb on the real axis,and rescaling all sides by jVcdV�cbj � � jVcbj + O(�4) :V�ub�Vcb + Vtd�Vcb = 1 : (6.15)The base of this triangle is now real and of unit length. The so-called unitaritytriangle thus formed is shown in �g. 6.4 (from [6.20]): the three vertices are in thepoints A = (�; �) B = (1; 0) C = (0; 0) ; (6.16)
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Fig. 6.5. The unitarity triangle with the 1993 experimental constraints [6.21].and the corresponding angles have values� = � � � � 
 � = � arg(Vtd) 
 = � arg(Vub) ; (6.17)always in the Wolfenstein parameterisation.Fig. 6.5 shows the unitarity triangle in the �-� space, with the experimentalconstraints as of 1993 [6.21], having supposed a top quark mass mt of 140 GeV, andthe B-meson decay factor1 fB constrained within the range [135, 240] MeV. The fullline triangle represents the best �t.1fB is the leptonic B decay constant, de�ned by h0j �d
� 
5 b �� �B0 (p)� = i p� fB [6.22]. The 1994fB value quoted by A. Ali is (180 � 50) MeV, compatible with lattice-QCD and QCD sum rulesestimates [6.23].
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Fig. 6.6. Allowed region in the �-� space from the �t to both experimental (1995) and theoreticalparameters, and unitarity triangle representing the best �t (from [6.24]).The 1995 update is shown in �g. 6.6 (from [6.24]), with a simultaneous �t toboth experimental and theoretical parameters. The solid line contains the 95 % C.L.region, and again the triangle drawn shows the best �t. The values of mt(pole)=(170 � 11) GeV, � = 0:2205, � (Bd) = (1.57 � 0.05) ps, and of fB = (180 � 50) MeV,B̂Bd = (1.0 � 0.2) and B̂K = (0.8 � 0.2) were used2.The most probable values result to be sin 2� � 0:88, sin 2� � 0:57 and sin2 
 �0:95, e.g. for B̂K =0.8, B̂Bd =1.0 and fB =180 MeV, but the full ranges at the95 % C.L. are still wide [6.24]:�1:0 � sin 2� � 1:0 (6.18)0:21 � sin 2� � 0:930:12 � sin2 
 � 1:0(sin2 
 could possibly be extracted from the decays Bs ! �K0s , Bs !D�s K� andB� !D0CP( �D0CP) K� , with D0CP! �+��; K+K�;...). If sin 2� < 0:4, one �ndssin 2� � 0:3 . sin 2� can be zero or close to it.These ranges are correlated. As an example, table 6.1 (from [6.24]) shows theallowed ranges corresponding to �ve di�erent values of fBd qB̂Bd , i.e. of the productof the coupling constants, having �xed B̂K = 0:8 .2B̂K is the `renormalisation-scale independent parameter' for the kaon system, representing thebad knowledge of the hadronic matrix element 
K0�� � �d 
� (1 � 
5) s�2 �� �K0�. B̂Bd is the analogousfor the B system [6.20].



CP-violation in the B sector 137fBdqB̂Bd (MeV) sin 2� sin 2� sin2 
130. 0.46 | 0.88 0.21 | 0.37 0.12 | 0.39155. 0.75 | 1.00 0.31 | 0.56 0.34 | 0.92180. �0.59 | 1.00 0.42 | 0.73 0.68 | 1.00205. �0.96 | 0.92 0.49 | 0.86 0.37 | 1.00230. �0.98 | 0.60 0.57 | 0.93 0.28 | 0.97Table 6.1. Allowed ranges for sin 2�, sin 2� and sin2 
, corresponding to di�erent values of thecoupling constant fBd qB̂Bd ; B̂K = 0:8 (from [6.24]).Within the Standard Model, CP-violation in the B sector would show itself ifall the three angles were di�erent from zero, and indeed compatible with a triangle.The sides of the triangle could be measured from non-CP-violating e�ects as anindependent consistency check. CP-violation would therefore imply � 6= 0.If CP is violated in a way not compatible with this description, it would be aclear sign of phenomena beyond the Standard Model.The simplest way to provide evidence for CP-violation in the B sector is tomeasure experimentally the asymmetries of B-meson decay rates into a de�nite�nal state jfi , i.e. N (B! f), N (B! f), N (B! f) and N (B! f). As alreadymentioned, to produce non zero asymmetries an interference between two weakamplitudes is needed in the decay B! f .In the following, only the (indirect) mixing-induced CP-violation will be consid-ered. This type of CP-violation originates from the interference between the pro-cesses B0 ! f and B0 ! �B0 ! f (and their CP-conjugates), due to B0= �B0 mixing.The two quark line diagrams responsible for the B0= �B0 mixing via two W� bosonsand (u, c, t) quarks are shown in �g. 6.7 (from [6.19]).There can also exist direct CP-violation if two amplitudes contribute to thesame 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, suchas B� ! �0K� , where no mixing occurs. For this B� decay channel �g. 6.8 showsexamples of quark line diagrams representing the tree and penguin contributions tothe decay.A third type of CP-violation would be induced by a di�erence �� in the widthsof the two mass eigenstates. It is usually de�ned as (purely) indirect CP-violation,and it is expected to be very small in the B-system.
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Fig. 6.7. Quark line diagrams for B0= �B0 mixing (from [6.19]).
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CP-violation in the B sector 139Af = N(B0 ! f) �N( �B0 ! �f)N(B0 ! f) +N( �B0 ! �f ) ; (6.21)and it is dependent on the proper time3 of the B-meson. The decay rates areexpressed by Nt (B0d ! f) / e� t� �1 + �CP sin 2�i sin�xd t� �� (6.22)and Nt ( �B0d ! �f) / e� t� �1 � �CP sin 2�i sin �xd t� �� ; (6.23)where �i is the angle of the unitarity triangle involved, xd is the B0d= �B0d mixingparameter xd = �m� ; (6.24)and t=� is the proper time in units of the average B0d lifetime � (� = ��1 ).Two B0d decays to CP eigenstates were considered particularly, up to now, forCP-violation studies in CMS:i. B0d= �B0d ! J= K0s (b! c quark transition), andii. B0d= �B0d ! �+�� (b! u quark transition),as they lead to the direct measurement of the angles � and �, respectively, of theunitarity triangle. They will be described in detail and commented upon in the nextsections.Fig. 6.9 shows, as an example, the decay rates for B0d ! �+�� and �B0d ! �+�� ,as a function of t=� [6.25]. The two decay rates are equal at t=� = �=xd ' 4:6 ,having considered xd ' (0.69 � 0.18). This value was quoted in [6.26], and was de-rived from the measurement of the time-integrated mixing parameter4 performedby the Argus collaboration in electron-positron scattering at the �(4S) energy(�10.6 GeV). The 1994 updated world average is xd ' (0.76 � 0.06) [6.23], andit is based both on time-integrated and time-dependent measurements [6.27]. The3The proper time (t) of a particle is de�ned in the reference frame of the particle itself at rest,while the 
ight time (t0) is de�ned in the frame of the laboratory, i.e. in the reference frame of thedetector through which the particle is identi�ed, and it corresponds to the particle lifetime as seenin the laboratory frame. The Lorentz transforms imply t0 = 
 t , where 
 = �1 � �2��1=2 and� = v=c .4The time-integrated mixing parameter �d (�s) is the total probability that a producedB0d (B0s ) decays as a �B0d ( �B0s ), or vice-versa: �d;s = R10 Pd;s(t) dt , where Pd;s(t) =12 e�t=� �1 � cos �xd;s t� �� . xd and xs are obtained with the relations xd;s = p�d;s=(0:5 � �d;s).
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Fig. 6.9. B0= �B0 ! �+�� decay rates as a function of proper time [6.25].
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142 B-physics and CP-violation studies in CMSAINT�i = Z +1t0 A� (t=� ) dt = �CP Dint(t0) sin 2�i ; (6.27)where �i stands for both � and �, and Dint (t0) is a dilution factor, smaller than 1,due to the time integrationDint (t0) = sin �xd t0� � + xd cos �xd t0� �1 + x2d ; (6.28)and obtained from the integral ratioZ +1t0 sin�xd t� � e� t� dtZ +1t0 e� t� dt = � e� t0� 11 + x2d hsin �xd t0� � + xd cos �xd t0� �i� e� t0� : (6.29)If the integration over time starts at t0 = 0, i.e. if no cuts are applied to the B0ddecay time, the integration dilution factor takes the value:Dint (t0 = 0) = xd1 + x2d ' 0:47 (xd ' 0:69) : (6.30)6.3 Measurement of the asymmetriesWhen trying to measure the asymmetries, inevitably some additional dilutionfactors have to be considered, as some phenomena interfere with the CP-violatinge�ects and `dilute' them. The measurable time-dependent asymmetry takes thenthe form: Ameas�i (t=� ) = A0 + Dtot A�i (t=� ) ; (6.31)where A�i (t=� ) is the same as in (6.25) or (6.26), depending on the channel,and A0 accounts for the B0= �B0 production asymmetry, as LHC is a proton-protonmachine [6.33], and for possible asymmetries of the apparatus. In the follow-ing, A0 ' 0 will be assumed; the B0= �B0 production asymmetry should be atthe percent level, and could be measured, making use of control channels like e.g.B0d ! J= K�0 [6.34]. Also possible axial asymmetries of the experimental appa-ratus could be estimated, with control channels such as B0s ! J= �, where noCP-violation is expected within the Standard Model [6.2].Dtot is the overall dilution factor, given by the product



Measurement of the asymmetries 143Dtot = Dm �Dt �DS=B ; (6.32)where Dm, Dt, and DS=B are the dilution factors due to the mixing of the associatedB-hadron, to its tagging and to the background events respectively.The decay of the associated B-hadron produced allows the identi�cation of thedecaying B0= �B0 , by using the semileptonic decays of the former. At the quark level,b ! W� c ! l� ��l c and (6.33)�b ! W+ �c ! l+ �l �c :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 adecaying B0 ( �B0) `on the other side'.At the beginning, only muon tagging was considered for CP-violation studieswith CMS, because of the much `cleaner' environment. Now the possibility of taggingwith electrons is also being investigated.The associated B-hadron produced, if it is aB0d or aB0s , can mix with its antistatebefore decaying, leading to a wrong identi�cation. The dilution factor due to thismixing has the formDm = 4Xi=1 pi1 + x2i = p� + p0d1 + x2d + p0s1 + x2s + p� ' 0:75 ; (6.34)where the pi's are the production rates of the B-hadrons, assumed to bep� = p (B� ) = 0:40 ; p0d = p (B0d ) = 0:40 ; (6.35)p0s = p (B0s ) = 0:12 ; p� = p (�b) = 0:08 ;and the xi's (xd , xs ) quantify the oscillations of the neutral B-mesons. xs ' 10has been assumed. �b is the B-baryon formed by the quarks udb.Independently of this e�ect, a wrong tag can be assigned to the B0= �B0 mesonbecause of other reasons, leading to the presence of a lepton which is incorrectlyrelated to the associated B-hadron, and the additional tagging dilution factor canbe expressed byDt = N(right tags) � N(wrong tags)N(right tags) + N(wrong tags) = 1 � 2W ; (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 pt (�tag ) [6.35].W = N(wrong tags)N(total) : (6.37)In the case of muon tagging, the greatest contribution to W is given by cascadedecays such as b! c! �, where the muon is of the opposite charge compared to theb! � semileptonic b -quark decay. Other sources of mistags are K and � decays,and additional b�b and c�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 pt (�tag ), for the di�erent mistag sources. Because of the hardfragmentation and of the large mass of the b -quark, the muons originating fromsemileptonic decays have a large transverse momentum. B-events were simulatedwith Pythia [6.3, 6.4], and the muons in the event were analysed: the taggingmuon is considered to be the one with the highest transverse momentum, excluding,in the case of the B0d ! J= K0s channel, the reconstructed muons coming fromthe J= decay. The fraction of wrong tags decreases if harder cuts on pt (�tag ) areapplied [6.35]. Fig. 6.13 also shows the fraction of wrong tags after having addedthe mixing e�ect, which is included in Dm.Finally, the dilution due to the contamination of the signal event sample withbackground events is expressed by the factor
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Fig. 6.14. Theoretical time-dependent asymmetry for B0= �B0 ! �+�� , undiluted and dilutedwith Dtot = 0:316, for sin 2� = 0:4 [6.25].DS=B = NSNS +NB ; (6.38)where NS and NB are the number of signal and background events, respectively.As an example, �g. 6.14 shows the theoretical time-dependent asymmetry forthe decay channel B0= �B0 ! �+�� , undiluted { A� (t=� ), full line { and diluted {Ameas� (t=� ) = Dtot A� (t=� ), dashed line { with an overall dilution factor Dtot '0:3, having supposed sin 2� = 0:4 [6.25].The measured time-integrated asymmetry has then the formAINT�i (meas) = �CP Dint(t0) Dtot sin 2�i ; (6.39)and the statistical sensitivity to the CP-violation parameters sin 2�i achievable witha time-integrated measurement can be expressed by�INT (sin 2�i) � 1(DmDtDS=B)Dint 1pNTOT = 1(DmDt)DintqDS=B 1pNS ;(6.40)having assumed Ameas � 1. NTOT represents the total number of recorded events(NTOT = NS + NB).
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Fig. 6.15. CMS momentum resolution as a function of pt for three rapidities, with (left) andwithout vertex constraint (right) [6.36].6.4 B-physics studies in CMS: detector perfor-manceThe CMS detector has been described in Chapter 1. Relevant to these studiesis the detector performance, in particular the momentum resolution, the impactparameter resolution, the secondary vertex reconstruction and theK0 reconstructione�ciency.The proposed pixel detector close to the interaction vertex will improve b-tagging, tracker momentum resolution and secondary vertex reconstruction. Itwould consist of two layers in the barrel region, at radii of 7.7 cm and 11.7 cm,and of three discs in the forward region, with 7.5 cm < r < 15 cm, and jzj =39, 54and 69 cm, ensuring a rapidity coverage up to j�j ' 2:6 .Fig. 6.15 shows the momentum resolution as a function of the track transversemomentum pt , for three rapidities (� = 0., 1.8 and 2.25, i.e. for central, intermediateand forward tracks), with and without vertex constraint [6.36].No vertex constraint is used for tracks of particles from B decays, as they arenot associated to the primary vertex because of the B0 
ight path.For low pt (pt < 10. GeV/c) tracks, the momentum resolution �p=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 forb-physics in general, i.e. also for b-tagging in hard collisions (top quark production,associated Hb�b production, search for H! b�b decays). It should be smaller than
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Fig. 6.16. CMS impact parameter resolution as a function of pt for three rapidities, in the transverseplane (left) and in the z-coordinate (right) [6.36].c � (B0) ' 450 �m to ensure high e�ciency and purity.Fig. 6.16 shows the impact parameter resolution as a function of pt for threerapidities [6.36]. The asymptotic high momentum impact parameter resolution is�23 �m in the transverse plane and �90 �m along the z-coordinate in the centralregion (j�j � 1:5), but for a 10 GeV/c (3 GeV/c) transverse momentum track itdegrades to �40 �m (�90 �m) in the transverse plane and to �110 �m (�150 �m)along the z-coordinate (central region). On top of this, the error on the primaryvertex should be folded in.The uncertainty on the position of the primary vertex has been estimated to be�x = �y � 20 �m (transverse plane) and �z � 5.3 cm (along the z-direction) [6.2,6.37].An e�cient and precise secondary vertex reconstruction is very important for B-physics. The secondary vertex resolution in the transverse plane has been estimatedto be of the order of 100 �m [6.38]. The possibility of reconstructing secondaryvertices in three dimensions is also being considered, and it could improve the presentperformance.After having been evaluated with detailed Geant [6.39] descriptions of the cen-tral detector, these resolutions have been parameterised as functions of particlepseudorapidity and transverse momentum, into fast routines for momentum andimpact parameter smearing [6.36].The K0s ! �+�� reconstruction e�ciency was estimated simulating B eventswith K0s 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 K0s ! �+�� , with combinatorial background.� (K0s ) ' 8.6 MeV/c2, �200 tracks per bunch crossing at low luminosity, p�t > 700 MeV/c2 [6.40].bias events superimposed. A track �nding algorithm optimised for low transversemomentum tracks was developed [6.40], where CMS would attempt to �nd all trackswith pt > 350 MeV/c, in the low luminosity regime.The single track �nding e�ciency was estimated to be about 95 % for trackswith pt > 600 MeV/c. Fig. 6.17 shows the reconstructed invariant mass for allpairs of tracks from a secondary vertex separated in the transverse plane from theprimary vertex by at least 2 cm, including the combinatorial background from thesame events. TheK0s peak is clearly visible, with a mass resolution of �8.6 MeV/c2,and an average signal to background ratio of about 2:1.The reconstruction e�ciency was also considered: within the CMS rapidity cov-erage and after the cuts imposed on the transverse momentum of the pion can-didates (p�t > 0.7 GeV/c) for the B0d ! J= K0s event simulation, the averageK0s ! �+�� e�ciency resulted to be about 35 %, having required at least six pointsper track [6.35, 6.37, 6.40].The CMS muon trigger has been introduced in section 1.3. For the channelsrelevant to CP-violation, the low pt single and double muon triggers will be used, asit 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 B0d ! �+�� (left) andB0d ! J= K0s (right).involve also low pt single electron or combined muon-electron triggers.6.5 Time-integrated asymmetriesThe evaluation of the achievable sensitivities to the CP-violating asymmetrieswith a time-integrated measurement will be presented �rst. In the following, themethods 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 inthe Technical Proposal [6.37]. Nevertheless, the methods developed have a generalcharacter and are applicable to di�erent initial assumptions and con�gurations.In particular, in the �rst months of 1996 it is expected that the whole of theCP-violation studies will be updated, in view of a few modi�cations of the CMSdesign and to the structure functions within Pythia [6.3, 6.4] for proton-protoninteractions, which were not yet implemented in the following.Fig. 6.18 shows a simpli�ed scheme of the particle topologies for the CP-violating
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0 0.25 0.5 0.75 1 1.25 1.5 1.75 2Fig. 6.19. Sensitivity to the angles of the unitary triangle as a function of the cut on the propertime (time-integrated analysis) [6.42].decays B0d ! �+�� and B0d ! J= K0s , in the case of muon tagging.The sensitivity, achievable with a time-integrated analysis, to the angles of theunitarity triangle, in arbitrary units, is shown in �g. 6.19 as a function of the cuton the B0 proper time [6.41, 6.42]. It presents a local minimum at tcut=� ' 0:5 .6.5.1 The B0d ( �B0d) ! �+�� channelThe events simulated contain a tagging muon and two hard tracks, giving aninvariant mass6 window around the B0d mass. The challenging task is to extract asmuch B0d ! �+�� signal as possible from the large combinatorial background.Simulations for the channel B0d ( �B0d) ! �+�� + �tag have been performed usingthe Pythia Monte Carlo event generator [6.3, 6.4], having assumed the b�b crosssection (6.1) at an LHC centre-of-mass energy (ps ) of 14 TeV.Gluon splitting, gluon fusion and 
avour excitation have been considered asmechanisms leading to the production of b�b pairs [6.42].The B-hadron branching production rates (6.35) were used, with the following6The invariant mass m, reconstructed e.g. from two decay particles, is de�ned as m2 = (E1 +E2)2 � P3i=1 (p1;i + p2;i)2, where E1, E2 and ~p1, ~p2 are the energies and the 3-momenta of thedecay particles respectively.



Time-integrated asymmetries 151decay branching ratios:(a) BR (B0d ! �+�� ) = 2 � 10�5 ;(b) BR (B0d !K�) = BR (B0s !K�) = BR (B0s !KK) = 2 � 10�5 ;(c) BR (�b! p �) = 5 � 10�5 ;(d) BR (b! �X) = 0:1 .The values of 5.2794 GeV/c2, 5.3686 GeV/c2 [6.43] and 5.64 GeV/c2 [6.44] wereused for the masses of B0d , B0s and �b , respectively.The Pythia default value of 1.31 ps for the mean lifetime has been assumed forall B-hadrons. This is an underestimation when compared to more recent measure-ments and averages, which give e.g. [6.45]�B (inclusive) = 1:48 � 0:03 ps ; (6.41)and, for the exclusive lifetimes,� (B+) = 1:62 � 0:13 ps ; � (B0d ) = 1:43 � 0:12 ps ; (6.42)� (B0s ) = 1:41 � 0:22 ps ; � (�b) = 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 ismainly due to B-hadron multi-body decays. We estimated the background in amass window of �1�B around the B0d mass, considering NB = NB2d + NBcomb andapplying the same selection criteria as for the signal event sample [6.42].The combinatorial background was estimated making use of a sample of some70 million b�b events produced earlier with a selection on the b-quark transversemomentum, i.e. requiring that pbt > 10 GeV/c [6.42].The Peterson fragmentation function was used, with the Pythia default value�b = 0.006 [6.46]. The e�ects from additional event pile-up were not considered.CMS does not provide particle identi�cation, i.e. the capability of distinguishingbetween pions, kaons and protons. This leads to a largely irreducible 2-body decaybackground, as one has to assign the pion mass to protons and kaons as well.The expected number of signal events NS is given byNS = 2Lint �b�b � BR (�b ! B0d ) � BR (B0d ! �+��) ��BR (b ! �X) � A�A� �c ; (6.43)



152 B-physics and CP-violation studies in CMSwhere Lint is the LHC integrated luminosity after one year, A� and A� are the muonand pion acceptances after the kinematical cuts, and �c is the acceptance of the cutschosen with the signal selection criteria.The aim of this analysis is the optimisation of the kinematical cuts and selectioncriteria, to maximise the number of signal events and, at the same time, the signalto background ratio.The event selection procedure applied, both to the signal and to the backgroundevent samples, has been the following [6.42]:{ kinematical selection of events with one muon with pt > 9 GeV/c and withtwo hard charged tracks with pt > 5 GeV/c; particle pseudorapidities withinj�j � 2:4 (CMS pseudorapidity coverage). The muon and pion acceptancesfor 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' �R�+�� between the pion candidates. �R is de-�ned as �R = q��2 + �'2 ; (6.44)and it is required that �R�+�� < 1 : (6.45){ selection on the `scaled' transverse impact parameter for each of the pioncandidates: �IP = T�T > 3 ; (6.46)T is the `measured' transverse impact parameter. This selection allows to startthe time-integration from a favourable value (tcut);{ reconstruction of the common vertex of the pion candidates and measurementof the B0d candidate transverse momentum;{ selection on the angle �� between the transverse momentum of the B0d can-didate and the vector formed by the primary vertex and the B0d decay vertex;it is required that �� < 100 mrad ; (6.47){ application of the isolation criterion: the isolation parameter of the B0d can-didate is de�ned as I = X�R< 1 pt (h)pt (B) ; (6.48)



Time-integrated asymmetries 153cuts signal backgroundg-fusion g-splitting�R < 1 1 1 1�IP > 3 0.48 0.44 0.03�� < 100 0.48 0.44 0.01I < 0:3 0.43 0.36 0.003�cf , �cs 0.43 0.36Table 6.2. Acceptances of the cuts applied, for signal and background events (B0d ! �+�� channel,with 4.8 GeV/c2 < M(�+��) < 5.8 GeV/c2) [6.42].where h stands for hadrons; it is required thatI < 0:3 for pt (h) > 2 GeV/c : (6.49)The acceptance factors are summarised in table 6.2, and the distributions ofthe parameters �R, �IP , �� and I are shown in �g. 6.20 for B0d ! �+�� signalevents, and in �g. 6.21 for background events other than 2-body decays. The dashedcurves in �g. 6.20 correspond to the same distributions, obtained with a previousanalysis [6.41].If one assumes that the gluon splitting mechanism contributes two times moreto the total production cross section than the gluon fusion mechanism [6.2], theaverage signal acceptance using the selection criteria becomes [6.42]�c = �cf + 2 �cs3 ' 0:38 : (6.50)Substituting now the appropriate values in (6.43), one obtains the total numberof expected signal events:NS = 2 � 104 pb�1 � 0:5 mb � (0:40 � 2 � 10�5 � 0:1) � 0:01 � 0:26 � 0:38' 7900 : (6.51)Within a ��B invariant mass window around the B0d mass, and considering theappropriate track reconstruction e�ciency, we haveNS (��B) = 7900 � 0:90 � (0:95)2 � 68 %' 4300 ; (6.52)where 0.90 and 0.95 are the average track reconstruction e�ciencies for muons andpions respectively.
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 Fig. 6.23. Contamination of B0d ! �+�� signal events around the B0d mass [6.42].yearly, and in a ��B invariant mass window centered on the B0d mass, we estimatedNBcomb ' 400 events. Fig. 6.24 shows the superimposition of all the signal andbackground events expected [6.42].Table 6.3 shows a summary for the measurement of sin 2�. The integration overtime will start at tcut=� ' 0:5 , i.e. where the local minimum is reached (�g. 6.19).This value corresponds to c tcut ' 200 �m, i.e. to the expected secondary vertexresolution; the dilution factor due to the integration over time, obtained from (6.28),is then Dint = 0:67, having considered xd ' 0:69, and the Pythia default value� = 1:31 ps.Using the appropriate dilution factors discussed above, the expected sensitivityto sin 2�, with a total number of signal and background events of �4300 and �3800respectively, within a ��B B0d mass window, and with an overall dilution factorDtot ' 0:30, results to be�(sin 2�) ' 0:057 (symmetric mass window) : (6.54)The use of an asymmetric mass window [�1:5�B; +2�B] around the B0d mass wouldincrease the number of signal and background events to �5700 and �6100 respec-
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158 B-physics and CP-violation studies in CMSsin 2� measurement pt (�tag) > 9 GeV/cN(signal) (B0d ! �+�� ) 4300N(B0d !K�) 1500N(B0s !KK) 1250N(B0s !K�) 500N(�b! p �) 150N(2-body background) 3400N(combin. background) 400N(background) 3800N(total) 8100D(mix) 0.75D(tag) 0.76pD(background) 0.73D(int) 0.67�(sin 2�) (time-int.) 0.057D(tot) 0.30�(sin 2�) (time-dep.) [sin2��0:4] 0.070Table 6.3. Measurement of sin 2�: summary (��B symmetric B0d mass window).The results presented could be improved if the number of signal events were toincrease, as �(sin 2�) / 1=pNS , accordingly to (6.40). To achieve this goal, itwould be possible to consider:{ the implementation of the secondary vertex reconstruction technique insteadof the scaled transverse impact parameter, allowing softer cuts which wouldincrease the signal sample while the combinatorial background would be keptunder control;{ the reduction of the B-hadron 2-body decay contamination by introducing ameans of particle identi�cation 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 signi�cantlythe available statistics.Finally, the possibilities of electron tagging and triggering for the semileptonicdecay of the associated b-quark produced should be investigated.
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Fig. 6.25. A b�b!B0d ( �B0d) + �tag ! J= K0s + �tag ! �+�� �+�� + �tag event [6.2].6.5.2 The B0d ( �B0d) ! J= K0s channelThe decay B0d ( �B0d) ! J= K0s is a very clean channel, with a clear signatureand a limited background; it allows the measurement of the CP-violating param-eter sin 2�, the only one which is theoretically predicted to have a non-zero lowerbound. Relatively high branching ratio and good triggering possibilities are furtheradvantages; recent results e.g. from CDF at Fermilab are already rather encouraging.Simulations for the B0d ( �B0d) ! J= K0s channel were performed similarly to thecase of the B0d ! �+�� channel. For the event tagging, it was required that theassociated B-hadron produced should have a semileptonic decay with a productionof a muon, i.e. giving the overall decayb�b ! B0d ( �B0d) + �tag ! J= K0s + �tag ! �+�� �+�� + �tag ; (6.57)an event of this kind is shown in �g. 6.25, at the particle level within the CMS detec-tor [6.2]. Two muons are required to reconstruct the J= mass, and the additionalreconstructed muon with the highest transverse momentum was considered to bethe tagging muon.The possibilities of a semileptonic decay with the production of an electron, aswell as the J= ! e+e� decay, are presently under investigation.



160 B-physics and CP-violation studies in CMSSimilarly to (6.43), the expected number of signal events NS is given byNS = 2Lint �b�b ��BR (�b ! B0d ) � BR (B0d ! J= K0s ) � BR (J= ! �+��) ��BR (K0s ! �+��) � BR (b ! �X) � Atrig �c ; (6.58)where Atrig is the overall trigger acceptance and �c is the e�ciency of the eventselection criteria. The following decay branching ratios were assumed [6.34]:(a) BR (B0d ! J= K0s ) = 3:3 � 10�4 ;(b) BR (J= ! �+�� ) = 0:0597 ;(c) BR (K0s ! �+�� ) = 0:6861 ;(d) BR (b! �X) = 0:105 .Before the trigger acceptance and the selection cuts, the number of expectedsignal events results then to be �5.7 � 106 per year. The trigger for these eventswill be provided by a combined two-muon trigger, which requires that at least twomuons have a transverse momentum p�t higher than a threshold depending on pseu-dorapidity [6.34]: p�t > 4:5 GeV/c if 0:0 � j�j � 1:5 ;p�t > 3:6 GeV/c if 1:5 < j�j � 2:0 ; (6.59)p�t > 2:6 GeV/c if 2:0 < j�j � 2:4 :The three muons will all be required to be within the rapidity acceptance region, i.e.j�j < 2.4, and the third muon is required to reach at least the �rst muon station,i.e. to be recognised.The following selection criteria are then applied to the decay muons and pions,and to the reconstructed K0s [6.34]:{ selection on the rapidity and on the transverse momentum of the two pioncandidates from the K0s decay: j��j � 2:4 and p�t � 0:7 GeV/c;{ selection on the K0s transverse 
ight path dt (K0s ): 2 cm� dt (K0s ) � 40 cm;{ invariant mass constraints applied to the reconstructed J= and K0s masses,which are required to be within a �2� window around their nominal values.The kinematical parameters of all charged particles were smeared with Gaussiandistributions, according to the parameterisations summarised above, to simulatethe detector response. No primary vertex constraint was applied.



Time-integrated asymmetries 161pt (�tag) (GeV/c)> 3.0 > 3.5 > 4.0 > 4.5 > 5.0Nsig 10300 9200 8000 6800 5500Nback 900 900 800 700 500Ntot 11200 10100 8800 7500 6000wrong tags 18.0 % 16.0 % 14.5 % 14.0 % 13.0 %D(tag) 0.64 0.68 0.71 0.72 0.74�(sin 2�) 0.047 0.046 0.048 0.051 0.055Table 6.4. Number of events, wrong tag fraction, overall dilution factor and expected sensitivityto sin 2� for di�erent cuts imposed on the tagging muon transverse momentum [6.34].The resolutions of the J= (�+��), K0s (�+��) and B0d (J= K0s ) reconstructedmasses were found to be respectively 16 MeV/c2, 8.6 MeV/c2 and 12 (22) MeV/c2,the latter with (without) having applied J= and K0s mass constraints [6.34]. Alsothe B0d reconstructed mass was then required to be within a �2� window aroundits nominal mass.A reconstruction e�ciency of 95 % for the two most energetic muons was as-sumed, along with an e�ciency of 90 % for the third muon [6.34].A �nal requirement is imposed on the transverse momentum of the tagging muon,to limit the fraction of wrong tags. The expected number of events, for di�erentpt 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 wereestimated with a technique similar to the case of the B0d ! �+�� channel. The es-timated sensitivities to sin 2�, obtained from (6.40), are also listed for the di�erentcases.The main sources of background to this channel, which would fake the �+���+��signature, are [6.34]:- inclusive J= or  0 production following B-hadron decays, which repre-sents the largest contribution;- direct J= or  0 production;- combinatorial background, giving the smallest contribution to the totalnumber of background events.For all of the above, two charged hadrons would pass the K0s selection criteria, andthe event would pass the J= and B0d mass cuts. An additional muon, e.g. from
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Fig. 6.26. The invariant mass spectrum forB0d ! J= K0s . �(B0d ) = 12 MeV with mass constraints,�(B0d ) = 22 MeV without mass contraints. �(J= ! �+��) = 16 MeV [6.34].b, c, K or � decays, would be interpreted as a tagging muon. The same selectioncriteria were applied as for the signal events. Fake K0s were greatly rejected byhaving required their transverse decay length to be dt (K0s ) � 2 cm [6.34].Fig. 6.26 shows the invariant mass spectrum for B0d ! J= K0s (�+���+��), af-ter all selection cuts, in the case of pt (�tag) > 5 GeV/c, which gives �5500 signalevents in a �2� mass window around the B0d mass, and an overall signal to back-ground ratio about 10:1.Finally, table 6.5 shows a summary of the sin 2� measurement with CMS for twoof the pt (�tag) cuts used for this analysis [6.34].Concluding, the expected sensitivity to the CP-violation parameter sin 2�, achiev-able in a time-integrated measurement, can be quoted to be [6.34]�(sin 2�) ' 0:048 (for pt (�tag ) > 4 GeV/c) (6.60)and �(sin 2�) ' 0:055 (for pt (�tag ) > 5 GeV/c) ; (6.61)using the CMS design version and the physics simulation assumptions as presented



Time-integrated asymmetries 163sin 2� measurement pt (�tag)> 4 GeV/c > 5 GeV/cN(signal) (�tag + J= ! �+�� + K0s ) 8000 5500N(background) (�tag + �+�� + �+�� ) 800 500N(total) 8800 6000D(mix) 0.75 0.75D(tag) 0.71 0.74pD(background) 0.95 0.96D(int) 0.47 0.47�(sin 2�) (time-int.) 0.048 0.055D(tot) 0.48 0.51�(sin 2�) (time-dep.) [sin2��0:6] 0.038 0.044Table 6.5. Measurement of sin 2�: summary.in [6.37]7.Two examples of the issues connected with this analysis, which I have also ad-dressed, are presented below.The �rst concerns the CMS geometrical acceptance for muons in the very forwarddetector regions, i.e. for jyj � 2.2{2.6; the importance of those regions for thenumber of geometrically acceptable events, and thus for the achievable sensitivityto sin 2�, is shown in �g. 6.27, where the normalised number of B0d ! J= K0s eventsN and the di�erential 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):p�t > 4:5 GeV/c if 0:0 � j�j � 1:5 ;p�t > 3:5 GeV/c if 1:5 < j�j � 2:0 ; (6.62)p�t > 2:5 GeV/c if 2:0 < j�j � 2:4 :The third muon was required to be at least identi�ed and reconstructed, i.e. itstransverse momentum was required to be greater than a threshold, again variable7The issues of pattern recognition and false secondary vertices, identi�ed 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 B0d ! J= K0s channel reconstruction e�ciencies of 95 % foreach of the two most energetic muons and 90 % for the third muon have been assumed, and forK0s ! �+�� a dedicated study including pattern recognition and reconstruction e�ciency was per-formed [6.35, 6.37, 6.40]; for B0d ! �+�� e�ciencies of 95 and 90 % were assumed for each pionand for the tagging muon respectively. The implications on the sensitivities should remain withinthe 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 di�erential dN=dyas a function of rapidity y for B0d ! J= K0s ! �+���+�� + �tag .with j�j, but lower than (6.62):p�t > 4:0 GeV/c if 0:0 � j�j � 1:5 ;p�t > 3:0 GeV/c if 1:5 < j�j � 2:0 ; (6.63)p�t > 2:0 GeV/c if 2:0 < j�j � 2:4 :The rapidity region 2.0{3.0 is extremely relevant to the total number of events forthis channel, and the region considered in these studies extends presently up toj�j = 2.4.As an example, if the rapidity coverage could be extended in the forward regionsup to j�j � 2.6, we could geometrically accept �15 % more events compared tothe present geometry; on the other hand, if CMS were to reduce the forward muonacceptance to j�j = 2.2, �20 % of the events would be lost.



Time-integrated asymmetries 165The rapidity region �2.0 � j�j � �2.7 corresponds to a rather 
at top in thespectrum of the di�erential number of events, causing relatively important changesin the number of accepted events with small modi�cations of the muon acceptancein the forward regions.The second example refers to the optimisation of the multiple muon trigger forlow luminosity data taking, aimed at increasing the trigger rate, and therefore thenumber of recorded events, but remaining within acceptable limits for overall eventrates and data storage. This opportunity was investigated in the barrel region,taking into account the most recent developments of the muon trigger algorithmand rate studies [6.48].Fig. 6.28 shows the normalised number of eventsN and the di�erential dN=dpcutt ,as functions of pcutt in the central region, i.e. for j�j � 1.5, again for theB0d ! J= K0schannel. The negative sign of the di�erential dN=dpcutt is due to the decrease of thenumber of signal events with increasing pcutt .A two-muon trigger was applied to the tagging muon and to one of the twomuons from the J= decay, using a variable threshold in the barrel region:2:5 GeV/c < pcutt (�) < 6:5 GeV/c if 0:0 � j�j � 1:5 ;p�t > 3:5 GeV/c if 1:5 < j�j � 2:0 ; (6.64)p�t > 2:5 GeV/c if 2:0 < j�j � 2:4 ;while the second muon from the J= decay was required to be at least identi�ed(pt > 2 GeV/c).The plot of the number of events, normalised with respect to the value corre-sponding to pcutt (�) = 4.5 GeV/c, shows the importance of lowering the transversemomentum threshold as much as possible, to increase the number of recorded eventsrelevant to this analysis. If, e.g., the threshold in the central region could be loweredfrom pcutt (�) = 4.5 GeV/c to pcutt (�) = 4.0 GeV/c or pcutt (�) = 3.5 GeV/c [6.48],the number of accepted events, within the full geometrical coverage, would increaseby �20 % and �40 % respectively, with an increase as high as �70 % if the thresholdcould be lowered e.g. to pcutt (�) = 3.0 GeV/c.The realistic possibilities of implementation of an extended very forward muoncoverage and of a lower muon transverse momentum threshold in the barrel regionhave not yet been fully investigated. These studies were performed to understand ina 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 potentialfor B-physics in general, and for the B0d ! J= K0s channel in particular.
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0 0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25Fig. 6.29. Sensitivity to the angles of the unitary triangle as a function of the cut on the propertime (time-dependent analysis) [6.25].6.6 Time-dependent asymmetriesThe evaluation of the sensitivities to the time-dependent asymmetries was per-formed making use of the same numbers of signal and background events and dilutionfactors estimated with the time-integrated analyses.An original method was developed for this purpose [6.49]. It consists in �ttingto the expected line shape, having taken into account all dilution factors, some`experimental' points. These points have been obtained by distributing, accordinglyto an exponential decay distribution convoluted with the expected time-dependentbehaviour { for a given input value of sin 2�i, { the number of relevant signal eventsas a function of the corresponding B0d proper decay time.The error of the �t, i.e. the estimated sensitivity to sin 2�i, is obviously domi-nated by the limited statistics which will be available in one year of low luminosityoperation at LHC [6.25].Fig. 6.29 shows the sensitivity to the angles of the unitary triangle as a functionof the cut on the proper time: in this case, there is no local minimum, but the curveis rather 
at between tcut=� = 0 (i.e. applying no cut to the B0 proper time) andtcut=� ' 0:5 , and no strong dependence is found up to tcut=� ' 1 .



168 B-physics and CP-violation studies in CMS� (dt) � (t=�) � (t=�)
pt (B0d )� ' 14 GeV/c 
pt (B0d )� ' 7.5 GeV/c100 �m 0.09 0.16200 �m 0.18 0.33300 �m 0.26 0.49400 �m 0.35 0.65500 �m 0.44 0.81Table 6.6. Transverse secondary vertex resolution � (dt) and B0d proper time resolution � (t=� ) forB0d ! �+�� (
pt (B0d )� ' 14 GeV/c) and B0d ! J= K0s (
pt (B0d )� ' 7.5 GeV/c).Table 6.6 shows the relation between the transverse secondary vertex resolution� (dt) and the B0d proper time resolution � (t=� ), for the two channels considered. Itdepends on the average B0d transverse momentum hpt (B0d )i, which is �14 GeV/c inthe case of the B0d ! �+�� channel, and �7.5 GeV/c in the case of B0d ! J= K0s .This di�erence is due to the di�erent event selection criteria used in conjunctionwith the initial muon trigger algorithms.From simple kinematical considerations,� (dt) = 
 h�ti c � (t) = hptim � (t) ; (6.65)where h�ti is the average B0d velocity in the transverse plane, in units of the speedof light c (h�ti = hvti =c), 
 is the corresponding Lorentz factor, m is the B0d massand � (t) is the B0d proper time resolution, in natural units. The B0d proper timeresolution � (t=� ), in units of the lifetime � , is then� � t� � = 1� mhpti � (dt) ; (6.66)where hpti is the average B0d transverse momentum. Numerically, having substitutedin (6.66) the appropriate values, one obtains�� t� � ' 181:3 � (dt) (�m)hpti (GeV/c) : (6.67)Using as an example the channel B0d ! J= K0s , a number of parameters weremade to vary, with respect to their `reference' value shown in table 6.7, to investigatethe consequences on the estimated sensitivity to sin 2� with the time-dependentanalysis. The results can be summarised as follows:1. input value of sin 2�: 0.3, 0.4, 0.6 (�g. 6.30). The absolute sensitivity is



Time-dependent asymmetries 169reference parameter valueinput value of sin 2� 0.6sec. vertex resolution in transverse plane 200 �mpoints used in �t all (t=� > 0)total dilution factor D(tot) 0.51tagging muon transverse momentum cut pt (�tag ) > 5 GeV/cnumber of signal events 5500Table 6.7. Reference values of the parameters used for the evaluation of the sensitivity to sin 2�with a time-dependent analysis.
Fig. 6.30. Time-dependent sensitivity to sin 2�: input value of sin 2� (0.3, 0.4, 0.6).essentially unchanged (0.300 � 0.043, 0.394 � 0.043, 0.586 � 0.044), butobviously the relative sensitivity varies from �14 % in the case of aninput value of sin 2� of 0.3, down to �11% and �7% for the values of 0.4and 0.6; on the other hand, the result of the �t is more accurate in the�rst case (0.300) than e.g. in the third (0.586);2. total dilution factor Dtot: 0.3, 0.5, 0.6 (�g. 6.31). Keeping the same num-ber of events, the estimated sensitivity degrades from 0.036 (for Dtot =0:6) to 0.070 (for Dtot = 0:3). This shows the importance of obtaining atotal 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 sensitivityon the total dilution factor;3. number of points included in the �t (�g. 6.32). The predicted sensitiv-
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Fig. 6.31. Time-dependent sensitivity to sin 2�: total dilution factor (0.3, 0.5, 0.6).ity, always for the same values of the reference parameters, does notchange signi�cantly if varying the limits of the �t, i.e. including all points(�t 1), excluding the �rst two points (tcut=� ' 0:6, �t 2) or consider-ing 0:6 < t=� < 4:5 (�t 3). The histogram was binned in intervals oft=� = 0.3;4. total number of events (�g. 6.33). These plots show that the expectedsensitivity varies with the number of events { signal + background {obtained from the time-integrated analysis performed. Depending on thecut on the tagging muon transverse momentum, we obtain- with pt(�tag ) > 4 GeV/c, 8800 events: sin 2� =(0.579 � 0.038),- with pt(�tag ) > 4:5 GeV/c, 7500 events: sin 2� =(0.577 � 0.040),- with pt(�tag ) > 5 GeV/c, 6000 events: sin 2� =(0.588 � 0.044),always for the reference input value sin 2� = 0:6 . They show a decreasein 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 2� evalu-ation. The reference values of the parameters used are shown in table 6.8. As anexample, because of the similarities with the previous case, only two series of plotsare presented here:1. �g. 6.34 shows the time-dependent sensitivities when the input value ofsin 2� is 0.4, 0.6 or 0.8. The �t output is respectively (0.438 � 0.069),
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Fig. 6.32. Time-dependent sensitivity to sin 2�: number of points included in the �t.

Fig. 6.33. Time-dependent sensitivity to sin 2�: number of events (signal + background), depend-ing on the cut on the tagging muon transverse momentum (pt(�tag ) > 4 GeV/c, 8800 events;pt(�tag ) > 4:5 GeV/c, 7500 events; pt(�tag ) > 5 GeV/c, 6000 events).



172 B-physics and CP-violation studies in CMSreference parameter valueinput value of sin 2� 0.4sec. vertex resolution in transverse plane 200 �mpoints used in �t t=� > 0:6total dilution factor D(tot) 0.30tagging muon transverse momentum cut pt (�tag ) > 9 GeV/cnumber of signal events 4300Table 6.8. Reference values of the parameters used for the evaluation of the sensitivity to sin 2�with a time-dependent analysis.
Fig. 6.34. Time-dependent sensitivity to sin 2�: input value of sin 2� (0.4, 0.6, 0.8).(0.620 � 0.069) and (0.831 � 0.070), showing an unchanged absolutesensitivity, but with corresponding relative sensitivities improving from�16 % to �11 % and �8 %;2. �g. 6.35 shows the sensitivities if the number of signal events could beincreased from 4000 e.g. to 5000 and 6000, keeping all the other referenceparameters unchanged. The sensitivity would improve from 0.071 to 0.063and 0.058 respectively. This case, again, does not correspond to a realisticsituation, but it shows the importance of enriching the signal sample asmuch as possible.The results of the time-dependent analyses presented in the Technical Proposalare summarised in �g. 6.36, which shows the expected time-dependent asymmetries
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Fig. 6.35. Time-dependent sensitivity to sin 2�: number of signal events (4000, 5000, 6000).
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Other B-physics studies 175following uncertainties on the{ b�b production cross section: �30 %,{ muon tagging dilution factor Dt : �10 %,{ value of xd : �0.07,{ secondary vertex reconstruction accuracy in the transverse plane: �50 %,and using also di�erent initialisations of the random number generator.The following estimated sensitivities achievable with time-dependent measure-ments were �nally obtained (tables 6.3 and 6.5):�(sin 2�) ' 0:070+0:014�0:011 (for sin 2� � 0:4) ; (6.68)�(sin 2�) ' 0:044+0:014�0:012 (for sin 2� � 0:6 ; pt (�tag ) > 5 GeV/c) ; (6.69)�(sin 2�) ' 0:038+0:012�0:010 (for sin 2� � 0:6 ; pt (�tag ) > 4 GeV/c) :6.7 Other B-physics studiesEven though I have been mainly involved in the investigation of the possibilitiesof CP-violation studies with the CMS apparatus, other possible B-physics issueswhich can be addressed at the LHC deserve a brief discussion.The observation of B0s= �B0s oscillations is an important goal in particle physics,and it becomes more di�cult to achieve the higher the value of xs . B0s 
avour bothat production and at decay must be measured; therefore, in CMS we will use theself-tagging decay modeB0s= �B0s !D�s ��! �����!K+K� ���� ; (6.70)where the potential of event reconstruction and the branching ratios are morefavourable.TheB0s 
avour at production is tagged with the semileptonic (muon) decay of theassociated b-hadron, the 
avour at decay is known by the charge of the reconstructedDs. To obtain the value of xs , the distribution in proper time of the unlike-signpairs (D�s ��) is subtracted from the distribution of the like-sign pairs (D�s ��), andthe maximum amplitude of the Fourier transform F (xs) of the di�erence plot willcorrespond to the most probable harmonic of the oscillation.



176 B-physics and CP-violation studies in CMS
0 0 5 10 15 20 25 30 35 40

0

20

40

60

80

100

120

0

10

20

30

40

50

60

70

1 2 3 4 5

D = 0.32

LIKE SIGN

Fourier transform

+bkgd

xs = 20

E
ve

nt
s 

/ 0
.1

 p
s

A
rb

itr
ar

y 
un

its
τ / γ (ps) Xs

a) b)

sFig. 6.38. Observability of B0s= �B0s oscillations in CMS [6.37].In this analysis, the resolution in proper time { or in decay length { for thereconstructed secondary vertices plays a crucial role. As a result, the performanceof 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 lowluminosity (104 pb�1) is �2400, with some �800 corresponding background events;the estimated upper limit to the observable value of xs is around xs � 30.The observability of B0s= �B0s oscillations in CMS is presented in �g. 6.38 [6.37],showing the proper time distribution of like sign pairs, and the Fourier transformF (xs) of the subtracted distribution, having supposed xs = 20.The 1995 updated measurements give 11:7 � xs � 29:7 as most probable range,having taken e.g. fBd qB̂Bs = 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 Modelwould predict large values for xs , above the ALEPH 95 % C.L. lower limit ofxs > 8:8 [6.50].The observability of oscillations being strongly dependent on the number of signalevents, other B0s decay modes could be examined to increase the signal sample [6.2,6.37].The B0s ! �+�� decay is a Flavour Changing Neutral Current (FCNC) sup-pressed decay, very sensitive to new physics beyond the Standard Model whichcould enhance the SM predicted branching ratio (2{4 � 10�9 [Ali et al.{Buras]) byan order of magnitude.Table 6.9 shows the expected number of signal and background events with104 pb�1 of data taken at low luminosity (CMS) [6.51]: the selection criteria andthe cuts and mass constraints imposed allow an extremely powerful background



Other B-physics studies 177cuts signal backgroundp�t > 4:3 GeV/c, j�j < 2:4 82.0 3.58 � 1080:4 < R�� < 1:2, p��t >12 GeV/c 45.7 3.53 � 107isolation (pcht > 1 GeV/c) 20.7 2.50 � 105vertex acceptance, j�j < 2:1 16.5 2.03 � 105vertex cuts: R > 3� �jj, �2 < 2:5, � < 0:04 12.1 1818mass constraint: M�� =MB � 1:7��� 11.0 16(< 63 at 90 % c.l.)Table 6.9. Signal and background events for B0s ! �+�� (104 pb�1) [6.51].rejection, with an expected upper limit to the branching ratio, at the 90 % con�dencelevel, supposing no signal was found in the collected data, as low as 2.4 � 10�9 afterone year and 1.4 � 10�9 after three years at low luminosity. The 1995 upper limitfrom CDF at Fermilab is 8.4 � 10�6 at the 90 % con�dence level.The main selection criteria and cuts consist of requiring that the two muonsoriginate from a common secondary vertex, and after invariant mass reconstructionthe events have B0 masses within appropriate windows. The Bs should also be wellisolated, 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-pt single- and dimuon triggers,statistics being limited only by an acceptable rate of data storage on permanentmedia.Precise measurements of the di�erential cross-section d�/dpt 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-baryonspectroscopy, measurements of polarisation and of weak decay parameters, and pos-sibly the search for CP violating e�ects in the baryonic sector.Some �2 � 105 events are expected for the channel�b ! J= � ! p��� ; (6.71)�7 � 102 events for �0b ! J= � ! p��� ; (6.72)and �8 � 103 events for ��b ! J= �� ! p���� ; (6.73)



178 B-physics and CP-violation studies in CMSExperiment Type ps [GeV] �b�b [�b] b�b pairs(Machine) (Geometry) (L h 1032cm2 si) (�b�b=�tot) per yearCDF II p�p collider 2000 50(Tevatron) (central) (0.2{0.5) (0.1 %) � 10 � 109HERA-B p-wire 40 0.01(HERA) (�xed target) (10{30) (10�4 %) � 0.1 � 109BABAR e+e� asym 10.6 0.001(PEP-II) (3.1 � 9 GeV) (30-100) (20 %) � 0.03 � 109BELLE e+e� asym 10.6 0.001(Tristan-II) (3.5 � 8 GeV) (20-100) (20 %) � 0.02 � 109CDF/D� III p�p collider 2000 50(Tevatron) (central) (0.5{2.0) (0.1 %) � 25 � 109ATLAS/CMS pp collider 14000 500(LHC) (central) (10-200) (0.8 %) � 5000 � 109LHC-B pp collider 14000 500(LHC) (forward) (0.5-8) (0.8 %) � 250 � 109Table 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 Bc meson will be copiously produced forthe �rst time at the LHC.Bound-state models and QCD e�ects in heavy quark decays will be studied;masses and lifetimes of these states could be measured [6.34, 6.37, 6.52].6.8 ConclusionsMeasurements of CP-violation in the B-sector are in preparation, with di�erentexperimental programmes worldwide. Table 6.10 attempts to summarise a few pa-rameters of the proposed CP-violation experiments with B-mesons, as of 1994, withthe expected number of b�b pairs produced per year { considered of 107 s { at thelowest of the quoted luminosities [6.27, 6.53].CDF and D� at FNAL (US), BABAR at SLAC (US), HERA-B at DESY (Ger-many), BELLE at KEK (Japan), and �nally ATLAS, CMS and LHC-B at CERN(Switzerland) will perform these studies extensively; asymmetric B-factories andp�p/pp colliders will allow both discoveries and collection of signi�cant statisticalsamples, as well as comparisons of results.



Conclusions 179The �rst measurements of CP-violating asymmetries will be probably performedby 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 enablingmeasurements impossible anywhere else.B-hadron decays, and in particolar neutral B-meson decays, will provide in thenear future a powerful test of the Standard Model description of CP-violation, asthey 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-sectorbeyond the Standard Model, or else to con�rm the model in one of the few yet notfully tested domains, thanks to precision measurements [6.27, 6.32, 6.53, 6.55].
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181[...] I have on di�erent occasions referred to the essential question that preoc-cupies the musician, just as it demands the attention of every person moved bya spiritual impulse. The question [...] always and inevitably reverts back to thepursuit of the One out of the Many.So, in concluding, I once more �nd myself before the eternal problem implied byevery inquiry of an ontological order, a problem to which every man who feels outhis way through the realm of dissimilarity|whether he be an artisan, a physicist, aphilosopher, or a theologian|is inevitably led by reason of the very structure of hisunderstanding.[...]In truth, there is no confusion possible between the monotony born of a lack ofvariety 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 uni�es."This bond of unity is never achieved without searching and hardship. But the needto create must clear away all obstacles. I think at this point of the gospel parable ofthe woman in travail who \hath sorrow, because her hour is come: but as soon asshe is delivered of the child, she remembereth no more the anguish, for joy that aman is born onto the world." How are we to keep from succumbing to the irresistibleneed of sharing with our fellow men this joy that we feel when we see come to lightsomething that has taken form through our own action?For the unity of the work has a resonance all its own. Its echo, caught by oursoul, sounds nearer and nearer. Thus the consummated work spreads abroad to becommunicated and �nally 
ows 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 fellowman|and with the Supreme Being.Igor Stravinski, Poetics of Music, lectures at Harvard College (1939-1940), transl. byA. Knodel and I. Dahl, Harvard Univ. Press (1942, 1947, 1970), epilogue, 140-142.
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