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7IntroductionNeutrinos have been an ever growing centre of interest ever since their \invention" in 1932by W. Pauli, to explain the continuous energy spectrum of the electrons in � decay.In the Standard Model of electroweak interactions, they are considered to be massless.However, chapter I describes how massive neutrinos can arise naturally in the theory. Ifneutrinos are massive, several phenomena can occur such as a mixing between the di�er-ent mass and avour eigenstates, as it has already been observed in the quark sector. Aneutrino created in a particular avour eigenstate, could transform into another one whileit propagates.There are numerous hints that neutrinos should be massive, coming from theory, cos-mology or experimental results. Indeed, many experiments have set out to look for directneutrino mass and oscillations, which would be the direct consequence of the presence ofa mass hierarchy and mixing. They are described in chapter II.A neutrino mass of the order of a few eV/c2 was favoured by hot dark matter cosmo-logical models. The neutrinos are often expected to reproduce the same mass hierarchyas their charged partners or quark families, such that the �� would be the heaviest: themost interesting candidate for hot dark matter. The best way to produce large quantitiesof neutrinos are accelerators which produce beams mainly composed of muon neutrinos oranti-neutrinos. Experiments had already excluded this interesting mass domain down tomixing angles between �� and �� of sin2(2�) =5 10�3 [II.46]. There was a need of a newexperiment, which could accumulate enough statistics with a low background to explorethe very low sin2(2�) region, down to about 2 10�4 .The CHORUS detector described in chapter III was designed to cover that region ofparameters: is a background-free, high statistics experiment searching for �� ! �� oscil-lations. It was exposed during 4 years to the �� beam produced at the SPS Wide BandBeam facility at CERN, Geneva. The average energy of the beam of 26 GeV and the loca-tion of the detector at 600 m from the neutrino source, allow to reach the cosmologicallyinteresting mass region. The main feature of the CHORUS experiment is to insure thehigh rejection level of background thanks to its 1�m spatial resolution nuclear emulsiontarget, allowing the direct detection of the decay of the �� created in a �� charged currentinteraction. Indeed, due to its very short ( 10�13 s) lifetime, the �� lepton only leaves atrack of the order of a mm.The electronic detector downstream of the target allows to predict the events positionsin the emulsion and to discriminate between signal and background sources. One of thekey ingredients in this discrimination is the hadron spectrometer, the task of which is todetermine the charge of the particles coming from a neutrino interaction. The scintillating



8 Table of contents�bre tracking system used both for the hadron spectrometer and the prediction of eventsin the emulsion is described in chapter IV, the track �nding and momentum determinationprocedures are described in chapter V.The achieved momentum resolution allows to determine the sensitivity of the CHORUSexperiment in terms of �� ! �� oscillations, as well as the background contamination itcould su�er from. This analysis is described in chapter VI, where an upper limit on theoscillation probability is set using the data sample scanned in the emulsion up to July1998.



9Chapter I Theoretical background.This chapter introduces the neutrinos as they are described in the Standard Model ofelectroweak interactions (SM), and some of the phenomena to which a non vanishingneutrino mass can lead [I.1].A The standard model.The Standard Model of electroweak interactions rests on a gauge theory: the main forcesarise from symmetry principles. The forces are mediated by vector (spin 1) gauge bosons.The relevant symmetry group in the electroweak model is the SU(2)�U(1) group. Theelectroweak model is divided into three sectors:� The gauge sector contains the 4 gauge bosons: the two charged W� mediate thecharged current interactions while Z0 and  are responsible for the neutral currentinteractions,� the fermion sector is organised in three families of left-handed doublets and right-handed singlets under SU(2) as shown below :the quarks :  du !L dRuR  sc !L sRcR  bt !L bRtRand the leptons: e��e !L e�R  ���� !L ��R  ���� !L ��Rwhere L denotes left-handed SU(2) doublets and R right-handed SU(2) singlets. Toeach particle corresponds an antiparticle, with the same mass and opposite quantumnumbers.� the Higgs sector was introduced to give mass to the otherwise massless fermions andgauge bosons: a complex scalar (spin 0) doublet is introduced. New parametersenter the model in the shape of a Higgs potential and couplings of the Higgs tothe fermions and the gauge bosons. The Higgs doublet acquires a non-zero vacuumexpectation value which breaks the SU(2) symmetry spontaneously. After symmetrybreaking, it gives rise to the masses of the bosons and fermions and leaves one newparticle yet to be discovered: the Higgs boson.In the quark sector, the �elds entering the weak charged current are now expressed asa mixed form of the mass eigenstates. The mass eigenstates and the weak eigenstates are



10 Chapter I. Theoretical background.related via a unitary matrix called the Cabibbo-Kobayashi-Maskawa matrix [I.2].There exists no such mixing in the leptonic sector as the neutrinos are massless andthus degenerate. Indeed, the minimal version of the Standard Model does not containright-handed neutrinos such that the neutrinos do not couple to the SM Higgs doublet.As shown below, some extensions of this model allow neutrinos to acquire mass withoutintroducing right-handed neutrinos. However, these extensions require the addition of acomplex scalar Higgs triplet.B Number of fermion families.The Standard Model does not predict the number of families of fermions. Experimentalresults can constrain within the framework of the SM the number of neutrinos coupling tothe Z0. The existence of a fourth neutrino would give strong hints for the existence of acomplete fourth generation of fermions. Standard Model parameters are �tted to the dataof the four LEP experiments, such as the Z0 total width �Z , and its partial widths intocharged leptons �ee;��� and ��� (or �ll assuming lepton universality) and into hadrons�had. The number of light (m� < mZ2 ) neutrino species N� is given byN� = �inv�ll =(����ll )SM = 5:960�0:0221:991�0:001 = 2:993� 0:011 [I.3]Where �inv = �Z � �ee � ��� � ��� � �had is the invisible decay width of the Z0 and(����ll )SM is the ratio of the partial widths of the Z0 into neutrinos and charged leptonspredicted by the Standard Model.[I.3]This measurement is compatible with the less stringent bounds coming from primordialnucleosynthesis and the observed 4He abundances in various objects of our universe.C The discovery of the neutrinos.1 First observation.The \neutrino" postulated by Pauli in the 30's to explain the continuous �-decay spectrumof nuclei and restore energy-momentum conservation in these decays was discovered byReines and Cowan in 1956 [I.4]. Their experiment was located near the Savannah Rivernuclear power plant. The setup consisted of a solution of cadmium chloride as targetsandwiched with scintillation counters. The \neutrinos" arising from nuclear �ssion andfragment decay in the nuclear reactor interacted with a proton of the target producingan e+ and a neutron. The positron was detected via the gamma emission following itsannihilation with an electron and after some ight length, the neutron was absorbed by aCd nucleus, followed by gamma emission. The energy and time-delayed coincidence of thetwo gamma pulses allowed to identify neutrino events.2 Distinction between neutrino and antineutrinoIf the neutrino (�) produced with an e+ is identical to the \neutrino" (�') produced withan e� , then the 37Cl +�'! 37Ar +e� reaction should occur near nuclear reactors as the



C. The discovery of the neutrinos. 11capture reaction 37Ar +e� ! 37Cl +� is well known to occur. R. Davis investigated this�rst reaction with a negative result and gave an upper limit on the reaction cross section[I.5]. The particle producing e� in charged currents will from here on be called the neutrino(�), the one producing e+ and discovered by Reines and Cowan, the antineutrino (��).3 The di�erence between �� and �e .The absence in nature of processes of the type �� +p! e� +p or �� ! e� + pointsto the existence of di�erent types of neutrinos. In 1962, the interactions of neutrinosproduced in ��! ��+�=�� decays were observed in a spark chamber of an experiment [I.6]at Brookhaven AGS�. They compared the number of long single (muon) track and short(electron) shower events and found an excess of muon events with respect to the numberof electron events one would have expected if the neutrino produced in �-decay were thesame as the neutrino produced in � decays. They concluded to the existence of two kindsof neutrinos, the type produced with e+ is called �e , the type produced with �+ , �� .4 Indirect evidence of the existence of the �� .Direct identi�cation of the �� by its production via charged current of a �� lepton has notyet been done. The E872 experiment at Fermilab has exposed a nuclear emulsion target toa high energy neutrino ux expected to contain 5-10% �� . The tau neutrinos are producedvia the production and decay of Ds mesons into ��� followed by the decay of the � . Theinteraction of the 800GeV proton beam on a tungsten dump yields a signi�cant fraction ofDs mesons. A detailed calculation of the expected �� interaction rate in the E872 targetcan be found in [I.7]. The analysis of the collected data sample is currently going on andno result has been published, yet.Indirect evidence for the existence of the �� neutrino forming a SU(2) doublet with the� already exists:� The well measured coupling of the �L to the W requires the �L to be a member of aSU(2) doublet.� The number of light neutrinos coupling to the Z0 is measured at LEP to be 3 (cf.section B).If the �� exists, it is di�erent from the �e and �� : the E531[II.46] experiment lookingfor �� interactions in a beam of �e and �� did not �nd any candidate. They put 90% C.L.upper limits on the direct coupling of these neutrinos to the � lepton in terms of decaywidth of the �� ! l���l�e;�.�(�� ! l� ��l�� ) < 8:3� 10�13 MeV�(�� ! l� ��l�e ) < 3:0� 10�11 MeVThese upper limits have to be compared to the �� leptonic decay width:�(�� ! l� ��l�� ) = 4:8� 10�10 MeV [II.63]showing that the neutrino produced in the leptonic decays of the �� is predominantlydi�erent from �e and �� .�AGS stands for Alternate Gradient Synchrotron



12 Chapter I. Theoretical background.D Weyl, Dirac and Majorana neutrinos.In the minimal version of the Standard Model, neutrinos are massless and they are de-scribed by Weyl two components (left-handed neutrino and right-handed antineutrino)spinors. For a massless particle, the left-handed chiral �eld corresponds to a neutrino withnegative helicity.If neutrinos are massive, the left chirality �eld will describe a negative helicity state withan admixture (of order mE ) of the positive helicity state, such that neutrinos produced in adecay at rest will, in this frame, have mostly the negative helicity with a small admixtureof positive helicity. Choosing a reference frame travelling in the direction of the neutrinobut at higher speed than the particle, a dominance of the positive helicity will be observed.In the speci�c case where a lepton number can be de�ned for massive neutrinos, theywill be called \Dirac neutrinos", otherwise they are called \Majorana neutrinos".A Dirac neutrino has four di�erent possible states (left and right-handed neutrino andantineutrino states) and a Majorana neutrino only has two (left and right-handed states).In the case of the Majorana neutrino, a spin ip would change the sign of the chargedlepton that would be produced in a charged current interaction. For Dirac neutrinos,the neutrino left-handed �eld produces the associated lepton and the antineutrino right-handed �eld the corresponding antilepton, the two other �elds do not interact via chargedcurrent.The spin ip experiment is not feasible in practice. Another way of settling this issue isto look for neutrinoless double �-decay of nuclei for which the single �-decay is forbiddenas such a process is only possible for Majorana neutrinos (cf section II.C.1).E Neutrino mass terms.1 Dirac mass term.For a Dirac spinor �D , the neutrino mass term in the Lagrangian for a single neutrinospecies can be written as: LDirac = �mD h��DL ��DR + ��DR ��DL iWhere �DL � 1�52 �D and �DR � 1+52 �D are Weyl spinors of left and right chirality re-spectively. The 4�4 matrix 5 has eigen values +1 and -1, such that 1�52 are projectionoperators.2 Majorana mass term.For Majorana neutrinos, mass terms can be formed using a single Weyl spinor �ML and its\charge conjugate" (�ML )c.LMajoranaL = �mL2 h��ML �c�ML + ��ML �(�ML )ciLMajoranaR = �mR2 h��MR �c�MR + ��MR �(�MR )ci



E. Neutrino mass terms. 133 General mass term.A general mass term can be written by combining the Dirac and Majorana mass terms :Lmass = �12 hmD �(�R)�L + (�L)c(�R)c��mL(�L)c�L �mR(�R)(�R)ci + h.c.ywhich can be rewritten as Lmass = �12(nL)cMnL + h:c:where : nL =  �L(�R)c ! and M =  mL mDmD mR !The M matrix can be diagonalised to obtain the mass eigenstates and eigenvalues. As-suming CP invariance, the parametersmD; mR and mL can be chosen real and M=OT ~mOwhere O is an orthogonal matrix. The matrix O= cos� � sin�sin� cos� ! needed to diagonalisea symmetric matrix A= a cc b ! is such that tan 2� = 2ca�b . Here, tan 2� = 2mDmL�mR and~m is a diagonal matrix with eigenvalues :~m1;2 = 12 �mL +mR �q(mL �mR)2 + 4m2D�The eigenvalue ~m1 is negative such that it cannot be interpreted as the mass of a physical�eld. We can rewrite ~m as  � ~m1 00 ~m2 ! �1 00 1 !� mK, where K is the diagonalmatrix with the signs, such that M=OmKOT and m1;2 = j ~m1;2j. If we de�ne the columnvectors:  �1L�2L ! � O �L(�R)c ! =  cos� � sin�sin� cos� ! �L(�R)c ! (I.1) �1R�2R ! � KO (�L)c�R ! =  � cos� sin�sin� cos� ! (�L)c�R ! (I.2)The mass term reduces to : Lmass = �12 (m1 ��1�1 +m2 ��2�2)Where �1 = �1L + �1R = cos�(�L � (�L)c) + sin�(�R � (�R)c)�2 = �2L + �2R = sin�(�L + (�L)c) + cos�(�R + (�R)c) (I.3)We can see that in the presence of Dirac and Majorana terms, the mass eigenstates � areMajorana particles.yh.c. stands for hermitian conjugate



14 Chapter I. Theoretical background.4 The see-saw mechanism.In the limiting case where mR � mD � mL, such that mL is negligible with respectto the other masses, the diagonalisation yields two eigenstates �1 � �L and �2 � (�R)cwith eigenvalues m1 � m2DmR and m2 � mR.The assumption of a vanishing mL is reasonable : the introduction of a left-handedMajorana mass coupling of the neutrino to its charge conjugate partner implies the intro-duction of a Higgs triplet � = 0B@ �0����� 1CA�0 couples to the Z0 and W bosons, and its expectation value, necessary to yield mLmodi�es the value of �0 � M2ZM2W cos2�w . In the Standard Model �0 = 1. Standard Model �ts tothe experimental data give �0 = 1:0012�0:0012�0:0018 atMHiggs=300 GeV[II.63] wherethe �rst error is the combination of theoretical and experimental uncertainties and thesecond comes from varying the Higgs mass from 60 to 1000 GeV. This excellent agreementputs upper limits on the ratio of the vacuum expectation values of extra Higgs multipletsto the vacuum expectation of the Higgs doublet(s) of the order of a few percent. This limitdoes not, however, rule out at all the possibility of such a Higgs triplet.The assumption of this mass hierarchy produces a very light left handed neutrino anda very heavy right-handed neutrino, this process is called the see-saw mechanism.While no theoretical argument can be given for a neutrino hierarchy, common prejudiceoften takes mD � mlD and assumes a universal mR when generalising this e�ect to thethree known families of neutrinos, thus predicting a mass hierachy of the light neutrinos:the mlD (l=e,�,�) are taken similar to the masses of the quarks or charged leptons of thesame generation and mR ranges in order of magnitude from 1 TeV to 1016 GeV in GrandUni�cation theories. m�em2u;e � m��m2c;� � m��m2t;�F Neutrino oscillations.Generalising the mass terms to the case of three families,mD, mL and mR become three3 � 3 matrices. In the case of Dirac (Majorana) mass terms, if the mass matrix mD(mL,mR) is non diagonal, neutrinos mix and can therefore oscillate between the di�erentavours. Let us consider a beam of neutrinos of avour l (l=e,�,�) and �xed momentump, much larger than any of the low mass eigenvalues.j�l >=X� U�l�j�; L > and j��l >=X� Ul�j�;R >where U is a unitary matrix, j�; L > (j�;R >) is the state vector of the left-(right-)handed(anti)neutrino of mass m�, � runs from 1 to 3. (In the case of Dirac-Majorana massterms, � would run from 1 to 6 and the j�l > would also be composed of sterile left-handed antineutrino state vectors.)



F. Neutrino oscillations. 151 Neutrino oscillations in vacuum.In vacuum, the evolution in time of j�l > is described by :j�l >t= e�iH0tj�l >where H0 is the free Hamiltonian with eigenstates :H0j�; L >= E�j�; L >E� = qm2� + p2 (I.4)such that : j�l >t=X� j�; L > e�iE�tU�l�The probability that a neutrino of type l emitted at t=0 will behave as a neutrino of typel' at time t is given by the amplitude:Al;l0(t) =X� Ul0�e�iE�tU�l� (I.5)The general form for the transition probability between 2 states �l; �l0 is therefore :P�l! �l0 =X�;�Ul0�U�l�Ul�U�l0�e�i(E��E�)tor, using the unitarity of the U matrix :P�l! �l0 = �ll0 � 2ReX�>�Ul0�U�l�Ul�U�l0�(1� e�i(m2��m2� )L2E ) (I.6)where the following approximations were made: Ei � p + m2i2p , p�E and L�tz (c=1).Formula I.6 shows that the oscillation probability is a periodic function of the ratio LE anddepends both on the mixing matrix and on the di�erences m2��m2� . Neutrino oscillationscan only be observed if the ratio EL is smaller or of the order of at least one of the di�erencesof masses squared. Figure I.1 illustrates neutrino propagation in the presence or not ofneutrino oscillations.zL represents the distance from the neutrino source



16 Chapter I. Theoretical background.

Figure I.1: Examples of neutrino propagation in the absence (presence) of oscillations :top (bottom) �gure.2 Simple case: two families oscillationsFor the case of two families, it can be shown that in the framework of the Standard Modelthe elements of the matrix U can be chosen real; U is orthogonal. For two families l andl', it can thus be taken to be a simple rotation matrix :U =  cos � � sin �sin � cos � ! (I.7)� is called the mixing angle and �l = cos ��1 � sin ��2�l0 = sin ��1 + cos ��2 (I.8)where �1 and �2 are the mass eigenstates with masses m1 and m2.Writing �m2 = jm21 �m22j, the transition probability becomes :P�1! �2 = sin2 2� sin2 �m2L4E (I.9)The oscillation length in vacuum is Lv = 4�E�m2 � 2:47 E(GeV )�m2(eV 2) km. For neutrino oscilla-tions to be observable, the distance between the source and the detector has to be at least



F. Neutrino oscillations. 17of order Lv. The sensitivity of experiments to small �m2 will be greater the smaller theEL ratio. Table 1.1 shows the sensitivities in �m2 for typical neutrino sources and valuesof L.Source Energy Distance �m2(eV 2) sensitivitySun 100 keV-10 MeV 108 km 10�11Atmosphere 100 MeV-10 GeV 10 - 10000 km 10�3High Energy Accelerators 1-100 GeV 1 km 1Low energy Accelerators 10 MeV 100 m 10�1Nuclear Reactors 1 MeV 100 m-1 km 10�2 10�3Table 1.1: Experimental �m2 sensitivities for typical source energies and source-detectordistances.3 Neutrino oscillations in matter.Neutrino oscillations will be a�ected by the passage of neutrinos through matter [I.8].The presence of matter can be taken into account by adding a potential V to the freeHamiltonian H0. Since normal matter contains electrons but no muons or taus, V willact di�erently on �e for which the elastic scattering on electrons happens via both neutraland charged current and on �� or �� for which only neutral current is possible (cf �gure I.2).
Figure I.2: Possible neutrino scattering diagrams in matter.Considering the two �e and �� families, V is of the form :V j�e > = (C +p2GF�e)j�e >V j�� > = Cj�� > (I.10)where C is a constant representing the neutral current interactions of �e and �� withelectrons, protons and neutrons in the matter and GF is the Fermi coupling constant.These interactions are the same at �rst order for �e and �� and introduce a common phaseshift which does not matter for oscillation studies. �e is the density of electrons in the



18 Chapter I. Theoretical background.traversed medium. The new Hamiltonian Hm for the weak eigenstates propagating inmatter can be expressed using equations I.4,I.8 and I.10.Hm =  E1 cos2 � + E2 sin2 � + C +p2GF�e �(E2 �E1) sin � cos ��(E2 � E1) sin� cos � E2 cos2 � +E1 sin2 � + C ! (I.11)orHm = (E1 cos2 �+E2 sin2 �+C) �I+ p2GF�e �12(E2 �E1) sin 2��12(E2 � E1) sin 2� (E2 � E1) cos 2� ! (I.12)The angle �m needed to diagonaliseHm can be expressed as a function of the local density:tan 2�m = �(E2 �E1) sin 2�p2GF�e � (E2 �E1) cos2� (I.13)such that: sin2 2�m = sin2 2�1� 2 � 2p2�eGFE�m2 cos 2� + (2p2�eGFE�m2 )2 (I.14)where �m2 = m22 �m21 and the same approximations were made as for equation I.6. Theweak eigenstates are now expressed in terms of the matter propagation eigenstates.j�e > = cos �mj�1 >m � sin �mj�2 >mj�� > = sin �mj�1 >m +cos �mj�2 >m (I.15)For low electron density, �m is the vacuum mixing angle and the matter propagationeigenstates are equal to the vacuum mass eigenstates. However small the mixing angle invacuum, the oscillations can be enhanced by the presence of matter. The enhancement isthe largest for �e = �R = �m2 cos 2�2p2GFE (I.16)when �m = �4 so that the mixing between �e and �� is maximal. Equation I.16 is called theresonance condition. For neutrinos, resonance can only be reached if m2 > m1. The samecondition can be obtained for antineutrinos, with the opposite sign, such that resonantoscillations can only happen for antineutrinos if m1 > m2. Figure I.3 shows the e�ectivemass of the propagation eigenstates and the weak eigenstates as a function of the electrondensity in the case of a small vacuum mixing angle.Equation I.14 can be reformulated in terms of the oscillation length in vacuum Lv andof a parameter L0 characterising the medium traversed: L0 = 2�p2�eGF :sin2 2�m = sin2 2�1� 2 � LvL0 cos 2� + (LvL0 )2 (I.17)and the oscillation length in matter Lm is given byLm = Lvq1� 2LvL0 cos 2� + (LvL0 )2 (I.18)



F. Neutrino oscillations. 19
Figure I.3: E�ective mass of neutrinos in matter for m2 > m1 and a small vacuum mixingangle. The dashed lines are the expectation value for the weak eigenstates, the solid linesrepresent the propagation eigenstates.At resonance (sin2 2�m=1), LvL0 = cos 2� and Lm = Lvj sin2�j . The half width at half maximumof the resonance is ��R = �R tan 2�.Several experiments (cf. chapter II) measure the ux of neutrinos produced in the sun.They observe a de�cit which could be explained by matter enhanced oscillations. In thesun, if the core density is larger than the resonance density of the �e 's produced, they willgo through a region where the electron density is �R. The resonance enhancement will besizeable only if the thickness of the layer of density close to the resonance density is atleast of the order of the oscillation length in matter. Another important issue is the factthat, if the matter density of the medium changes, the propagation eigenstates have to bereevaluated at each point. If the density varies slowly enough, however, the propagationstates will remain eigenstates of Hm, their composition in �e and �� varying according to�e, this is called the adiabatic regime.The adiabatic condition can be expressed at resonance as:(d�dr )�1��R > Lm (I.19)or : d�dr < (�m2)2 sin2 2�8�p2GFE2 (I.20)When a �e is created in the core of the sun, the density is such that it is composed of�2m. If the adiabatic condition is ful�lled, �2m remains an eigenstate through to the sun'ssurface where �e � 0 such that �2m ' �2 is essentially composed of �� . This e�ect is calledthe Mikheev-Smirnov-Wolfenstein (MSW) e�ect and for the values considered leads to analmost complete disappearance of �e . The process being energy dependent, for �e energies



20 Chapter I. Theoretical background.much below resonance, no conversion occurs, for higher energies for which the adiabaticcondition ceases to be ful�lled only partial conversion occurs.Note that, as �e are created in the sun and not ��e , the MSW e�ect can only occur ifm2 > m1, and this could be used in favour of a mass hierarchy of the neutrinos as discussedin section D.4, if experimentally proven.
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23Chapter II Physics MotivationMassive neutrinos of a few eV make a good candidate for dark matter in the universe asdescribed in section A. If they also oscillate, this could be the solution to the experimen-tal puzzles described in section B. The current results of dedicated neutrino oscillationexperiments are also reviewed in that section. Several ways to probe the neutrino mass ina direct fashion are presented in section C.A Cosmological constraints.The Hot Big Bang model has become the standard cosmological model of the universe. Itpredicted among other things a relic cosmic microwave background (CMB) radiation. Thisbackground has been observed and its spectrum measured to �t a black body radiation at2.7 K. This section introduces the problem of dark matter in cosmological models of theuniverse and how the neutrino could partially solve it. It also shows how cosmology canconstrain the mass and the lifetime of neutrinos. [II.1, II.2, II.3, II.4]1 Constraint on the mass of light neutrinos.Initially, when the temperature of the universe is very high, all particles are in thermalequilibrium. As the universe expands, the temperature diminishes. Particles remain inequilibrium with the radiation as long as the temperature of the radiation is high enoughfor its energy kT to be as large as their mass. The time at which these two energies areequal, is called the decoupling time for these particles. The requirement that the totalenergy density in the universe is lower or equal than the critical density (�c) needed toclose the universe (i.e.: prevent it from reaching its present age) allows to put a limit onthe neutrino mass. �c = 3H28�Gwhere G is Newton's constant and H is the Hubble \constant" characterising the expansionrate of the universe. H0 (the subscript 0 denotes present day values) is usually expressedin terms of the normalised Hubble constant as H0=100�h0 km�s�1Mpc�1. Current obser-vations based on the most reliable methods show that 0:6 � h0 �0.8 [II.5]. So:�c ' 10:5h20 keV cm�3 (II.1)If neutrinos are stable and light (m� � 1 MeV), they are relativistic when they decouplefrom the photons (at ' 1.5-2 MeV). Let us call the temperature of the universe at thattime T� . The ratio of their number density n� to the number density of photons n wouldremain unchanged if no later process destroyed or created photons or neutrinos in numbersof the order of n . At 0.5 MeV, e+ e� annihilation is not compensated by pair creationanymore and the microwave photon background heats up.



24 Chapter II. Physics MotivationThe entropy density s of a relativistic gas is given as a function of the pressure p, theenergy density � and the temperature T by:s = p+�T = 4�3T as p = �3 for relativistic particles.If the universe expands adiabatically, one can show that the temperature of relativisticparticles falls as R�1. The fact that the energy density � = �230gT 4 (bosons) or � = 78 �230gT 4(fermions) is proportional to T 4 then implies that the entropy per comoving volume R3is conserved where g is the number of degrees of freedom (i.e: spin polarisation states).The new temperature T is given by entropy conservation. Replacing � in the expressionof entropy before (for ,e� and e+ ) and after annihilation (only ) :(2 + 78 � 2� 2)T 3� = 2� T 3where there are 2 degrees of freedom for the photons, the electron and positron.T 3� = 411T 3 (II.2)Since no later process will heat up the background radiation, the relationship II.2 betweenthe photon and the neutrino gas stays valid as the universe goes on expanding. Fermi-Diracstatistics yield the following relationship between the number density of neutrinos n� andtheir temperature : n� = 34 �(3)�2 gT 3� where �(3)=1.202 is a Riemann zeta function and gis the number of degrees of freedom. Equation II.2 and the measured CMB temperature(2.726 K [II.8]) then yield the present neutrino number density :n�0 = 34 �(3)�2 � 2� 411T 30= 113 cm�3As if neutrinos are massive, they are nowadays non relativistic and their energy densitycan be expressed as � = m � n. Equation II.1 then yields the constraint :m� = ��n� � �cn� � 92h2 eVThis argument is valid for any neutrino species, so that the constraint can be put on thesum of the neutrino masses: Pm�;i � 92h2 eVIf one considers the neutrino to be unstable, two-dimensional bounds can be set on theirlifetime versus their mass, by the same argument that their energy density must be smallenough not to close the universe.2 Dark matterAstronomical observations such as the following example point to the fact there must bematter in our universe which we cannot detect by e�ects other than gravitational becauseit does not radiate. This matter is called dark matter (DM).The velocity of stars as a function of their distance to the centre of a galaxy can beexpressed as :



A. Cosmological constraints. 25GM(r)mr2 = mv2rv = qGM(r)rwhere G is Newton's constant, v is the velocity of the star, r the distance of the star to thecentre of the galaxy, M(r) is the mass of the galaxy contained within the distance r. Forstars far away (> 10 Mpc) from the centre of the galaxy, the visible mass does not increasewith the distance anymore. One would expect the velocity of stars in that region to dropas r� 12 . However, the observed velocity distribution attens out at large radii as shown in�gure II.1. Such behaviour can be explained if M(r) increases undetected via dark matter
Figure II.1: Velocities of stars in function of their distance R to the centre of galaxies forgalaxies of di�erent magnitudes M. Ropt is called the optical radius and is a measurementof the visible radius of the galaxy.[II.6]present in the galaxy. A principle of cosmology is that the universe is homogeneous andisotropic, at least on large scales. However, this is not observed on \small" scales as we seestars, galaxies, clusters, etc... separated by large empty spaces. Primordial uctuations inthe energy density can be introduced at a very early stage in cosmological models. Theseperturbations would later form the observed structures. They can grow or get dampeddepending on which type of matter is present and interacts in the universe. The mea-surement of the age, the number and distances of galaxies, clusters, and superclusters ofgalaxies allows to determine what contributes to the DM.There are several candidates for DM. They are classi�ed as hot, warm and cold dependingon whether they were relativistic, just relativistic or already non-relativistic when theydecoupled from the photons during the �rst seconds after the big bang.The COBE satellite measurement [II.7] of the angular uctuation of the microwave back-ground radiation gives a handle on the primordial uctuations. Its data allows to test the



26 Chapter II. Physics Motivationprediction of cosmological models with di�erent DM contents and values of parameterssuch as the cosmological constant �, the Hubble constant, the fraction of energy densitycompared to the critical density.� Light neutrinos are the standard form of Hot Dark Matter (HDM). Cosmologicalmodels containing HDM only are disfavoured as the constraint on the mass of sucha light relativistic weakly interacting particle (cf. section A.1) is such that, if theyconstitute the entire dark matter, they would have washed out all structures smallerthan 15 M�, hardly leading to any structure formation at all.� Right-handed neutrinos or gravitinos could form Warm Dark Matter. Althoughthese particles are heavier and less abundant by about an order of magnitude, WDMmodels encounter the same lack of structure formation as HDM models.� Cold DM could be composed of Massive Astrophysical Halo Objects (MACHO's:brown dwarfs, neutron stars...) or Weakly Interacting Massive Particles (WIMP's:supersymmetric particles, axions...). The two detectors MACHO [II.9] and EROS[II.10] have detected 8 and 2 events of microlensing of stars in Large MagellanicCloud in 2.3 and 3 years of datataking, respectively. This number of events is inexcess with respect to the expected number of events from the known stars. Theseevents suggest as origin of this phenomenon objects of � 0:1� 0:8M� with a densityof 20-50% of the mass of the Milky Way halo in a 20 kpc radius). The CDM modelsreproduce rather well the observed universe, but when normalised to the COBEdata, they seem to overproduce clusters. Adding a non zero cosmological constant(�CDM) yields a better agreement with the data.� Another promising range of cosmological models are made out of mixed dark matter:HCDM, with a hot fraction of � 0.2 which damps the uctuations on small scales.A neutrino with a mass of a few eV would be a perfect candidate for the HDMadmixture.B Neutrino Oscillations.1 The solar neutrino problem.Electron neutrinos �e are produced in the core of the sun essentially via the processes ofthe pp cycle described in table 2.1 [II.11]. One full cycle of reactions is equivalent to thefollowing reaction :4H ! 4He + 2e+ + 2�e + 26.73 MeV <E(2�e )>=.59 MeVVarious versions of the Standard Solar Model (SSM) [II.14, II.15, II.18] predict the �e uxeswhich should reach the Earth for the di�erent neutrino energies. The versions di�er mainlyby chosen values of poorly known or unknown parameters and by the introduction or notof complex physical e�ects. Experiments were designed to measure the neutrino spectrumand ux coming from the sun, to test the sun models. Figure II.2 shows the solar neutrinospectrum and the energy threshold of several experiments [II.22]. The �rst experimentto give results was the Homestake experiment [II.21], it measured a neutrino ux lower



B. Neutrino Oscillations. 27than the SSM predictions by more than a factor two [II.12]. These controversial resultstriggered the development of new experiments sensitive to di�erent parts of the spectrum:Reaction Neutrino SensitiveEnergy (MeV) Experimentsp + p ! 2H + e+ + �e 0.0 to 0.4 (pp) SAGE, GALLEXor p + e� + p ! 2H + �e 1.4 (pep) SAGE, GALLEX2H +p ! 3He + 3He + 3He ! 4He + 2por 3He + 4He ! 7Be + e� + 7Be ! 7Li + �e 0.86 (90%), 0.38 (10%) (Be) SAGE, GALLEX,7Li + p ! 4He + 4He HOMESTAKEorp + 7Be ! 8B +  SAGE, GALLEX,8B ! 8Be + e+ + �e 0. to 14. (B) HOMESTAKE,8Be ! 4He + 4He (SUPER)KAMIOKANDETable 2.1: The principal neutrino producing reactions of the pp cycle. The reactions whichdo not involve neutrinos are included for coherence of the cycle.� The Homestake experiment captures �e via the reaction 37Cl + �e ! 37Ar + e� ,with an energy threshold of 814 keV. It is sensitive to the B,Be and pep neutrinos.The 37Ar is extracted chemically from the sample after a few weeks and analysed,and the nuclei are counted by detecting the 37Ar radioactive decay. Its latest results[II.20] show a clear de�cit in the observed ux (2.56�.25 SNU�) compared to thepredicted ux (7.7�1.2 SNU [II.14]).� The Gallex and Sage experiments capture �e via the reaction 71Ga + �e! 71Ge + e� .This reaction has a threshold of 233 keV. The 71Ge is extracted chemically fromthe sample every few weeks and analysed, and the 71Ge nuclei are counted by de-tecting their radioactive decay. They are sensitive to all four reactions consideredin table 2.1, but their signal comes mainly from the pp neutrinos. They observe77.5�6.2(stat)+4:3�4:7(syst) SNU in GALLEX [II.19] and 72�12 SNU in SAGE [II.23]compared to a predicted ux of 129�8 SNU [II.14].� The (Super-)Kamiokande detector detects the �e -e� scattering in a water tankinstrumented with photo-multipliers. Their threshold is (5) 7.6 MeV. It is sensitiveonly to the B neutrinos. The �nal result of the Kamiokande experiment yieldsa ux of 2.80�0.40 � 106 cm�2 s�1 [II.24] con�rmed by the results from theSuper-Kamiokande experiment, which after 504 days of datataking yields a ux of2.44�0.05(stat)+0:09�0:07(syst) 106 cm�2 s�1[II.25]. This last result corresponds to aData/SSM of 0.474+0:010�0:009+0:017�0:014 using the latest calculation by Bahcall [II.14].�The SNU is the solar neutrino unit, 1 SNU � 10�36 captures per target atom per second.



28 Chapter II. Physics MotivationThe current experimental results and the predictions of Bahcall and Pinsonneault [II.14]are shown in �gure II.2.
Figure II.2: Expected solar neutrino uxes and energy thresholds of the current experi-ments (Left) and the present experimental results (in SNU) (Right), beside the theoreticalpredictions from Bahcall and Pinsonneault [II.14].All four experiments show a de�cit in the solar neutrino ux compared with thatpredicted by the SSM. To address this problem, the sun models have been improved over30 years including more and more complex e�ects [II.15]. More precise measurements ofimportant parameters are included as they became available, such as the cross sections ofthe nuclear reactions, which are poorly known. Various models are available using di�erentpossible values of the parameters.Table 2.2 summarises the predictions of di�erent solar models and the experimental results.� ux BP98 [II.14] DS96 [II.15] T-CL93 [II.18] Observed��(8B ) [106cm�2s�1] 5.15 2.49 4.4�1.1 2.44�0.09 (SK)P(��)Cl [SNU] 7.7+1:2�1:0 4.1�1.2 6.4�1.4 2.56�0.25 (Hom.)P(��)Ga [SNU] 129+8�6 115�6 122�7 77�8 (Gall.)72�12 (Sage)Table 2.2: Prediction of various SSM and the results of the experiments. The models fromBahcall and Pinsonneault (BP98) and from Dar and Shaviv (DS96) include di�usion ofthe heavy elements towards the core, the model from Turck-Chi�eze and Lopes (T-CL93)does not and is not compatible with helioseismological observations.The comparison between the prediction of the 8B �e ux to be observed in the otherexperiments from the results of the Kamiokande experiment and the measurements of



B. Neutrino Oscillations. 29these experiments implies that the ux of 7Be neutrinos reaching the Earth must vanish,if all experiments are correct.Solutions to this problem can come from various sides :� Many astrophysical e�ects can still be included in the SSM which might help decreasethe expected 7Be �e ux and solve the problem: e.g. the di�erential rotation of thesun, its magnetic �eld, its mass and angular momentum losses since the beginningof its evolution.� The nuclear �e absorption cross sections at threshold in the 37Cl and 71Ga for�e might also be overestimated. Lower absorption cross sections at threshold wouldprovide room for 7Be �e in the 71Ga experiments by reducing the absorption of ppneutrinos, and reduce the expected contribution of 7Be neutrinos in the 37Cl ex-periment [II.15].
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Figure II.3: Results of the four solar neutrino experiments, in terms of possible neu-trino oscillations solutions. The shaded area is the region excluded at 99%C.L.by Super-Kamiokande non observation of day-night e�ects. The regions in the dotted lines areallowed at 99%C.L. by the rate comparison between BP98 and the Ga, Cl, and Super-Kamiokande, the solid lines is the region allowed at 99%C.L. by the rate comparison anal-ysis and the day-night e�ect analysis.� Neutrinos could oscillate in vaccuum between the Sun and the Earth and explain theobserved de�cit with a �m2 ' 10�10 and sin2(2�) '1.� Another interesting solution is resonant neutrino avour conversion in the sun (theMSW e�ect described in section I.F.3) which also requires the neutrinos to havemass and to mix. This e�ect has the interesting feature that the reduction of uxvaries with the neutrino energy and can accommodate the disappearance of the7Be neutrinos. Figure II.3 [II.26] shows the regions of parameter space �m2 -sin2(2�) which are allowed by the present experimental results.



30 Chapter II. Physics MotivationThe present data do not allow to make de�nitive statements on whether the observedde�cit is due to neutrino oscillations, to astrophysical e�ects or to both. However, Super-Kamiokande and future results from experiments such as SNO or Borexino will be able toanswer this question. SNO will be able to measure and di�erentiate neutral from chargedcurrent neutrino interactions and to infer if the ux observed in neutral current mode isconsistent with the SSM predictions, and if the ratio of neutral to charged current interac-tion points to neutrino oscillations. Borexino will be sensitive to the Be neutrino ux. TheSuper-Kamiokande experiment also measures the recoil spectrum of the electrons, allowinga direct comparison of the energy spectrum with that expected from 8B as shown in �gureII.4 The spectra agree with a probability of 4.6%, the poorness of the agreement being
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Figure II.4: Ratio of the observed electron energy spectrum and the expectation from SSM,from [II.25].due to the excess of events in the high energy bins. This excess could be interpreted interms of neutrino oscillations (in vaccum or matter enhanced), or alternatively be due toHep neutrinos [II.27], the ux of which has a large uncertainty. SuperKamiokande alsoobserves no day-night dependence of the neutrino ux [II.26].



B. Neutrino Oscillations. 312 The atmospheric neutrino problem.Neutrinos are produced in atmospheric cosmic ray showers from the decays of mesons andmuons, the main source being the decay chains :�+ ! �+ �� ; �+ ! e+ �e ����� ! �� ��� ; �� ! e� ��e �� (II.3)Such that the ratio of �� +��� to �e +��e uxes is expected to be approximately 2. There arelarge uncertainties concerning the absolute uxes of �e (��e ) and �� (��� ) to expect fromdi�erent models. However, all models yield approximately the same values for the ratioof the uxes of muon (anti-)neutrinos to electron (anti-)neutrinos. The avour content ofatmospheric neutrinos has been measured in six underground experiments, which expresstheir results in terms of a ratio of ratios Rt:Rt = (���e )DATA(���e )MC (II.4)This ratio corresponds empirically to the ratio of ratios R of non-showering to showeringevents: R = (non�showering eventsshowering events )DATA(non�showering eventsshowering events )MC (II.5)� Kamiokande [II.30], Super-Kamiokande [II.28] and IMB [II.31] are water �Cerenkovdetectors; they all measure a ratio of �� to �e charged current events lower thanwhat they expect from Monte Carlo calculations. The zenith angle distribution ofthe double ratio in the Kamiokande detector allowed to interpret this de�cit in termsof neutrino oscillations as the neutrinos traverse di�erent distances between theirproduction point and the detector in function of the angle. Their favoured values of(�m2 ,sin2(2�) ) in terms of �� ! �e and �� ! �� oscillations are (1.8 10�2 eV2,1.0)and (1.6 10�2 eV2,1.0), respectively.The ongoing Super-Kamiokande experiment also sees a zenith angle dependence ofthe �-like events as shown in �gure II.5. The zenith angle dependence of the multi-GeV e-like events is due to the fact that the parent muons do not decay beforereaching the Earth. In the mean time, the Chooz reactor based experiment (cf.next section) ruled out the �� ! �e oscillation possibility such that the only avail-able solutions in terms of oscillations are from �� into a �� or a sterile neutrino.The double ratio Data/MC of neutral current events to e-like events is close to 1(0.93�0.07(stat)�0.19(syst) [II.29]), in good agreement with the �� ! �� oscillationhypothesis. The error, however is still too large to exclude the sterile neutrino hy-pothesis. The neutral current events selected are �0 production events which arerecognized by the 2 e-like �Cerenkov rings produced by the 2 photons the �0 decaysinto. Figure II.6 shows the invariant mass reconstructed for such events.� Nusex [II.33], Macro [II.35], Soudan 2 [II.34] and Fr�ejus [II.32] are tracking ironcalorimeters. Their collected statistics is much lower than the statistics collected by



32 Chapter II. Physics Motivation
0

100

200

300

400

-1 0 1

n
u

m
b

er
 o

f 
ev

en
ts (a)

0

100

200

300

400

-1 0 1

(b)

0

20

40

60

80

100

-1 0 1
cosΘcosΘcosΘ

n
u

m
b

er
 o

f 
ev

en
ts (c)

0

50

100

150

200

-1 0 1
cosΘcosΘcosΘ

(d)

Figure II.5: Zenith angle distribution of the number of events in the Super-Kamiokandedetector (a) sub-GeV e-like (b) sub-GeV �-like (c) multi-GeV e-like and (d) multi-GeV�-like. The shaded regions is the Monte Carlo prediction without oscillations. The dottedline represents the best �t to �� ! �� oscillations with sin2(2�) =1 and �m2 =2.2 10�3 .the water �Cerenkov experiments. Nusex and Fr�ejus do not �nd signi�cant disagree-ment with unity for R, and do not support the oscillation thesis, though they do notcontradict it. The Soudan 2 and Macro experiments, however, are compatible withthe �Cerenkov experiments.Table 2.3 shows the comparison between data and Monte Carlo for all experiments.3 Reactor experiments.Nuclear reactors are an abundant source of ��e of a few MeV produced in �-decay followingthe �ssion of heavy nuclei into unstable lighter nuclei. One can investigate the possibilityof neutrino oscillations by searching for a disappearance of ��e away from the reactor. Themain uncertainties are the initial ux and spectrum of the ��e . Experiments place severaldetectors at di�erent distances from the reactor, looking for the ��e +p ! e+ +n reactionwith a threshold of 1.8 MeV. Table 2.4 summarises the results in terms of oscillation��e ! ��x of the most recent experiments, all compatible with no signal.The newer Chooz experiment, however, claims to control the ��e ux with 2% precision,such that with only one detector at 1 km, and no observed ��� signal, they managed toput a limit on the probability of ��e ! ��� oscillations an order of magnitude better insin2(2�) than the previous experiments. The new Chooz experimental results cover theatmospheric neutrino oscillation region proposed by the (Super-)Kamiokande experiments,such that the explanation of their signal cannot be �� ! �e oscillations.
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Figure II.6: Observed invariant mass spectrum (data points) for events with 2 e-like ringsand no �-decay signal, along with the Monte Carlo prediction (shaded histogram). The cutin the �0 mass region is also shown.experiment exposure (kton.yr) RKamiokande (sub-GeV) [II.30] 7.7 0:60+0:06�0:05� 0:05Kamiokande (multi-GeV) [II.30] 14.2 0:57+0:08�0:07� 0:07Super-Kamiokande [II.28] 33 0:65� 0:05� 0:08IMB [II.31] 7.7 0:54� 0:05� 0:12Macro [II.35] 0:74� 0:036� 0:046� 0:13Soudan 2 [II.34] 2.83 0:61� 0:14+0:05�0:07Fr�ejus [II.32] 2.0 1:00� 0:15� 0:08Nusex [II.33] 0.74 0:96+0:32�0:28Table 2.3: Experimental results of the atmospheric neutrino avour content. The errorsquoted are either combined or statistical and systematic in that order.Experiment Distance �m2 (eV2) sin2(2�)to reactor sin2(2�) =1 �m2 ! 1G�osgen [II.37] 36,46,65 m 1.9 10�2 0.21Krasnojarsk [II.39] 57,230 m 0.7 10�2 0.15Bugey 3 [II.38] 15,40,95 m 1.0 10�2 0.2Chooz[II.40] 1 km 0.9 10�3 0.18Table 2.4: Upper limits set by the most sensitive ��e disappearance reactor experiments.



34 Chapter II. Physics Motivation4 Accelerator experiments4.1 Low energy beamsCurrent experimental resultsThe KARMEN and LSND experiments use 800 MeV proton beams impinging onto a mas-sive target, which mainly produces pions. The pions are stopped within the target andthe �� are captured. The �+ decaying at rest produces a �+ which in turn decays at rest.Figure II.7 shows the spectra of the neutrinos produced in this decay chain.
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Figure II.7: Neutrino energy spectra from �+ ! �+ �� decay at rest followed by�+ ! ��� e+ �e decay at rest.These experiments are sensitive to ��� ! ��e oscillations as the background from prompt��e from �� decay in ight followed by �� decay in ight is at the level of 10�3 . They lookfor inverse �-decay in their detector : the signal is the detection of an e+ of a few tens ofMeV in time coincidence with a neutron capture. The LSND collaboration claims an evi-dence for an excess of ��e events, resulting in an oscillation probability of 0.31�0.09�0.05%.They interpret this excess in terms of neutrino oscillations in this channel [II.41] and havecon�rmed their signal by analysing the �� ! �e channel [II.42]. This analysis is morecomplicated due to the high prompt �e content in the beam, such that the 90% C.L. signalregion is wider. KARMEN does not con�rm this claim so far [II.43]. The present resultsof KARMEN2 and LSND are shown in �gure II.8, together with limits from other experi-ments. Although the KARMEN2 seems to exclude the LSND signal, it is only due to thefact that it did not observe the 3 background events it expected, such that as they continueaccumulating and analysing their data and eventually observe the expected backgroundevents, their limit will become less stringent. Although they upgraded their detector withbetter shielding, and resumed data taking, they will probably never be able to disprovethe LSND claim, their sensitivity being still limited by background.
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36 Chapter II. Physics MotivationExperiment K2K [II.56] I216[II.57] MiniBoone [II.58]Type water Tracking calorimeter �Cerenkov�Cerenkov and � catcher +scintillatorAccelerator KEK PS CERN PS FNAL BoosterProton energy 12 GeV 19 GeV 8 GeV�e /�� 1% 0.6% 0.3%Distance 300m/250km 130m/885m 500m(�)Timescale 1999-2002 2001-2002 2001-2002Table 2.5: Characteristics of the foreseen medium energy neutrino beams. (�): a seconddetector at another distance will be added after a year of datataking, if a signal is observed.
Figure II.9: FNAL Booster neutrino beam spectrum at 500 m from the source. The solid(dashed) line represents the �� (�e ) spectrum4.2 High Energy beamsCurrent experimental resultsHigh energy neutrino beams, such as the CERN SPS wide band beam (WBB) describedin section III.D and the FNAL WBB, allow to probe oscillation channels involving anytwo of the three neutrino species :� The neutrino energy is above threshold for both �� and �� charged current reactions.� All four avours �� ,��� ,�e ,��e are contained in the beam in proportions dependingon the details of the beam line and the initial proton beam energy. The initial �� and��� beam content is low (�3 10�6 �� at the SPS [III.16]). The neutrino spectrumproduced at the SPS can be seen in �gure III.12.Neutrino oscillations can be studied by looking for the appearance or the disappearanceof a particular neutrino species at a distance from the neutrino production point. Thecurrent experimental techniques are described below for the di�erent possible searches :



B. Neutrino Oscillations. 37� �e appearance or disappearance: Energy deposition patterns (shower shape) orelectron identi�cation are used to separate �e charged current events from �� neutralcurrent events. The observed �e rate is compared with the expectations from beamand detector simulation. This is done for instance by the NOMAD collaboration forthe �� ! �e oscillation search.� �� appearance: The signal is the detection of �� CC events followed by the �� de-cay (lifetime=2.91 10�13 s [II.63]). It can be detected either by (a) high resolutiontracking to resolve the � decay vertex, or (b) using the transverse momentum unbal-ance produced by the neutrino(s) escaping in the � decay . This latter method canbe combined with the selection of an exclusive channel as was done in CHARM IIwere they searched for quasi-elastic production of �� followed by the �� ! ����one prong decay.� �� disappearance: The �� charged current interaction rate is measured at twodistances from the source. The di�erence in uxes can be interpreted in terms of�� ! �e or �� ! �� oscillation.� Muon identi�cation: The ratio of events with and without muon allows to probe�� ! �� and �� ! �e oscillations. Events with a muon come either from �� CC orfrom �� CC events with the subsequent muonic decay of the �� . Events without amuon contain neutral current events, �e CC events and �� CC events followed by anon-muonic decay of the �� .Experiment < E� > method sin2(2�) �m2 (eV2)GeV �m2 ! 1 sin2(2�) =1�e $ ��CCFR [II.49] 140 �e appearance 0.0018 1.6NOMAD[II.53] 24 � identi�cation 0.0018 0.5E776 [II.44] 1.2 �e appearance 0.003 0.075E734 [II.45] 1.2 �e appearance 0.0034 0.43CHARM II [II.47] 20 �e appearance 0.0056 0.85�e $ ��BEBC [II.52] 53 �e disappearance 0.07 10.�� $ ��E531 [II.46] 25 �� appearance (a) 0.005 0.9NOMAD [II.54] 24 �� appearance (b) 0.0015 1CCFR [II.50] 140 � identi�cation 0.0081 1.4CDHS [II.51] 3. �� disappearance 0.053� 0.26CHARM II [II.48] 20 �� appearance 0.008 1.5Table 2.6: Accelerator results contributing to the present best limits in terms of neutrinooscillation. (*: at �m2 =2.5 eV2)



38 Chapter II. Physics MotivationTable 2.6 shows the results contributing to the best limits so far achieved in terms of thedi�erent oscillation channels. The CHORUS and NOMAD experiments took data from1994 till 1998 at the CERN SPS wide band beam, looking for �� appearance in a beamof �� . The CHORUS experiment is described in detail in chapter III. The NOMADexperiment uses a kinematical method to separate �� from �� -like events [II.55], and agood electron identi�cation identi�cation method to probe �� ! �e oscillations. FigureII.10 shows the present status of exclusion plots and oscillation claims for the �� ! �� and�� ! �e oscillation channels in terms of sin2(2�) and �m2 . For clarity, the possiblevacuum neutrino oscillation solutions of the solar neutrino problem are not drawn as theylie orders of magnitude lower in �m2 than the other experimental results. They can beseen in �gure II.3.

sin22θ

∆m
2 /e

V
2

νe-νµ

LSND

Kam.

MSW

Karmen

Kamland

K2K

Mini
Boone

I216

NoeMinos

ECC

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

1

10

10 2

10 3

10
-4

10
-3

10
-2

10
-1

1

sin22θ

νµ-ντ

ChorusNomad

Kam.

SK

Chorus final

Tosca

Noe

Opera

K2K

ECC
Minos

10
-5

10
-4

10
-3

10
-2

10
-1

1Figure II.10: Current results of accelerator and reactor neutrino oscillation experiments.The solid lines exclude the areas on their right. The dashed lines represent the sensitivitiesexpected for future experiments. The dark shaded areas represent positive results, the lightgrey area the excluded region of each plot.



B. Neutrino Oscillations. 39Future experimentsThe next generation of neutrino oscillation searches at accelerators will mainly try andprobe the parameter region pointed at by the atmospheric neutrino oscillation claim, byputting neutrino detectors a few hundred kilometres from their production source. Thetwo long-baseline beam projects are :� Neutrinos to Gran Sasso (NGS) which plan to produce a �4-20 GeV neutrino beamat CERN to serve di�erent detectors projects [II.59] to be located 730 km away atGran Sasso underground laboratory:{ OPERA: a 700ton emulsion/lead target and tracking system will be used todetect �� ! �� oscillations via the observation of the � decay in a low densitygap between emulsion layers. This technique was chosen to minimise the costsof the detector, compared to a full emulsion target. Observing the � decay ina low density material, however, reduces the background from white star kinkspresent in the current CHORUS experiment.{ NOE: a 7kton iron-scintillating �bre calorimeter interleaved with TRD modules.They plan to detect �� disappearance using the CC/NC interaction ratio andto see �� appearance using a kinematic analysis,{ ICARUS: 4 modules of 600ton liquid argon TPCwill be used to detect ��! �e and�� ! �� oscillations in the electron decay channel of the tau, using their verygood electron identi�cation capacities.{ NICE: a 10kton iron calorimeter will detect �� disappearance by measuring theratio of interaction rates CC/NC. They need a low energy beam (�4 GeV) anda near detector.{ AQUA-RICH: a 125 kton water �Cerenkov detector to detect �� disappearanceusing the same techniques as Super-kamiokande. They also hope to detect�� appearance using a kinematic analysis. They also favour a lower energybeam of 7 GeV on average.All these experiments but OPERA also plan to detect atmospheric neutrinos andcheck the Super-Kamiokande signal directly.� the Main Injector at Fermilab will send neutrinos of about 10 GeV to the SoudanMine (730 km) where the MINOS [II.60] detector will be located. The MINOSdetector is a 10kton magnetised iron target instrumented with streamer tubes. Asmall near detector will be located at Fermilab. They will use a kinematic analysis todetect �� appearance and will look for �� disappearance by looking at the CC/totalinteraction ratio and comparing the energy spectra at the close and far detectors.They also plan to add a lead/emulsion sandwich (ECC) detector of several hundredtons as the OPERA detector to the initial MINOS setup.



40 Chapter II. Physics MotivationC Direct neutrino mass measurements.1 �e mass1.1 �-decay antineutrinos.The mass of the electron antineutrino has been investigated using the end point of the�-decay of the tritium: 3H ! 3He + e� + ��e (II.6)This reaction has the advantage of a low energy transition Q of 18 keV and that the energyresolution is not degraded by screening e�ects from other electrons. Limits on the ��e massare derived from a �t of the Kurie plot near the end point, looking for departures fromlinearity of K(E) as a function of E.Two experiments are currently taking data, trying to accumulate statistics near the endpoint and face problems with unresolved systematic e�ects : bump-like structure in theenergy spectrum near the end-point [II.62] or dependence of m2��e in function of energyrange chosen for the �t [II.61]. The results presented in table 2.7 have not been included inthe 1998 Review of Particle Properties [II.5] because of these unknown systematic e�ects.The Particle Data Group states that an upper limit of m�e <10-15 eV is likely as otherwisethe two experiments would have seen an e�ect in spite of their current problems.Experiment m2��e m��e(eV2) (95% C.L.)Mainz [II.61] -22 � 17 � 14 < 5.6 eVTroitsk [II.62] 1.5 � 5.9 � 3.6 < 3.9 eVTable 2.7: Results on the ��e mass from �-decay .1.2 Neutrinos from the SN1987A supernova.Massive stars (M� 10M�) have increasing central temperatures and densities as heavierelements are burnt in the fusion process (from H to 56Fe ) and settle in the core. Whenthe mass of the core exceeds the Chandrasekar limit (� 1:4M�), gravitational collapseoccurs and the star becomes a neutron star or a black hole. The enormous gravitationalenergy released in this process is up to 95-99% in the form of neutrinos. The reactione� p ! �e n releases an initial neutrino burst which lasts a few hundred milliseconds. Asthe core collapses, (anti)neutrinos of all species are emitted in a black body fashion byprocesses such as e+ e� ! ���, n + p ! n + p+� + ��, etc. Their average energy liesbetween 10-20 MeV. This second pulse lasts 5-10 seconds. [II.68, II.1]. On February 23rd1987, a supernova was observed in the Large Magellanic Cloud. Several neutrino detectorswhich were taking data at the time, collected events from the burst. Results from fourexperiments claiming to have seen the burst are shown in table 2.8. Anti-neutrinos ��e aredetected via ��e p! e+ n and neutrinos via �e e� ! �e e� scattering. The cross section forthis latter process is 10 times smaller. The experimental data shown in table 2.8 is either



C. Direct neutrino mass measurements. 41Experiment Time of 1st duration # of Ethres < E� >� event (s) events (MeV) (MeV)Kamiokande [II.68] 7:35:35 UT (�1 min) 12.4 13 7.5 15IMB [II.70] 7:35:41 UT (� 50 ms) 6 8 � 20 32Baksan [II.69] 7:36:12 UT (+2�54 s) 9.1 5 10 182:52:33 UT (+2�54 s) - 1 10 �11LSD [II.71] 2:52:36 UT (�2 ms) 7 5 6�7 11Table 2.8: Data from neutrinos observed during the SN1987A stellar collapse.inconsistent or two pulses have been observed. This latter option is taken by LSD [II.72],interpreting the �rst pulse as the collapse into a neutron star, and the second a few hourslater from the collapse of the neutron star into a black hole. However, the LSD eventsare close to their energy threshold, and it is doubted whether these events originate fromSN1987A. Using the arrival times of the neutrinos and their energies one could deduce theneutrino mass if the emission time from the supernova had not itself a spread. The resultsfrom folding in these theoretical e�ects with the data from the second pulse yields massupper limits of [II.1]: m�e � 5-30 eV1.3 Double �-decayDouble �-decay can be observed in nuclei for which single �-decay is energetically forbid-den. The reaction can be written :AZX ! AZ+2X +2e� +2��eand is a second order process with half-lives of over 1020 years. If the neutrino isa Majorana particle (� = �� cf. chapter I section D) and is massive, neutrinoless dou-ble �-decay becomes possible through the introduction of lepton number violating massterm: �mL2 (�L)c�L+h.c.



42 Chapter II. Physics Motivation
The signature of such an e�ect is a line in the spectrum of the sum of the energies of theelectrons. The non observation of such an e�ect can therefore translate into a limit onthe neutrino mass under the assumption that the neutrino is a Majorana particle. Thebest limit so far was obtained by the Heidelberg-Moscow experiment [II.64] which uses thedouble �-decay of 76Ge : m�e � 0:65 eV (90%C.L.)2 �� massThe best limits for the �� mass are obtained from the decay at rest:�+ ! �+ + ��This is a two-body decay and the sensitivity to the �� mass depends on the precisionwith which the muon momentum and the pion mass are measured. The current bestmeasurement was done at the PSI and yields :m2�� = �0:016� 0:023 MeV 2) m�� < 170 keV 90%C:L: [II.65]3 �� massThe best limits have been obtained by the OPAL [II.67] and ALEPH [II.66] Collaborationsstudying the decay of the �� in 3 or 5 charged pions and neutral particles, using a two-dimensional analysis in the parameter space of missing hadronic mass and energy.m�� < 18:2 MeV=c2 95%C:L: ALEPH [II.66]m�� < 29:9 MeV=c2 95%C:L: OPAL [II.67]
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47Chapter III The CHORUS ExperimentThe CHORUS experiment searches for �� ! �� oscillations using a neutrino beam mainlycomposed of �� . The detector is placed at 600 m from the average neutrino productionpoint. If oscillations take place, �� neutrinos can be detected through their chargedcurrent (CC) interactions in a nuclear emulsion target, followed by the typical topology ofthe decay of the �� lepton. During run I, 120 000 CC �� interactions have been collectedin 1994 and 200 000 in 1995 after which the target was removed and developed. Run IIstarted in 1996 with new emulsion and collected about 500 000 CC events.This chapter describes the expected signal and backgrounds in sections A and B. Thedetector and the beam are described in sections C and D.A The signal.CHORUS wants to detect �� CC interactions using the speci�c topology of the subse-quent decay of the �� lepton. The �� lifetime is 2.91 10�13 s; nuclear emulsion aloneis capable of resolving the few hundred �m ight length of the �� before its decay. Thedecay channels considered are the following:�� ! 8><>: ������� BR = (17:37� 0:09)%e���e�� BR = (17:81� 0:07)%h�(n�0)�� BR = (49:52� 0:16)% [II.5]For the three decay channels, the invisibility of the �nal-state neutrino(s) gives rise to a\kink" topology in the emulsion as shown in �gure III.2. Figure III.1 shows the diagramsand the topology of �� CC and NC interactions. The undetected neutrino(s) will createan unbalance in the total measured transverse momentum with respect to the neutrinobeam direction.B The background.If oscillations take place at the level of the present limit set by the E531 experiment [II.46],we are searching for a few, at most 120 �� induced events among � 106 �� interactions.This section reviews several processes which, by their topology, could fake �� candidates.1 Prompt �� production.Ds mesons are produced in a small fraction f of the inelastic interactions of protons onberyllium (f=3.2 10�4 ) and iron (f=5.6 10�4 ) nuclei in the target and in the dump ofthe neutrino beam line, respectively [III.16]. Their decay into � leptons and the subsequentdecay of the � 's give rise to an irreducible prompt �� background. The number of �� CC
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Figure III.1: Diagrams and topologies ofthe �� CC and NC interactions. Figure III.2: Diagrams and topologies ofthe �� CC interaction with the subsequentdecay of the �� .interactions to be expected from this source in the emulsion target was estimated to be�3.3 10�6 per �� CC interactions.2 Charm decays.(Anti)charm is produced in �5 % of the (anti)neutrino CC interactions [III.1] via theprocesses involving s; �s sea quarks shown in �gure III.3. Similar processes incolving dand �d quarks also contribte with an extra factor � sin �C at the W quark vertex, �Cbeing the Cabbibo angle. About half of the produced charm quarks will give rise to acharged charmed particle. The masses and lifetimes of these particles are similar to thatof the � lepton, so that their one and three prong decays can fake a � decay. A largefraction of these events can be rejected by the detection of the primary muon or electroncoming from the CC interaction. The remaining positive charmed particles decays can befurther rejected by the identi�cation of the charge of its decay products. Negative charmedparticles are created in antineutrino CC interactions. The small (�6%) contamination ofthe SPS beam in antineutrinos, allows to keep low the background due to their decays.Further reduction of this background can be achieved using kinematical cuts: in a �� CCinteraction, the transverse momentum (Pt) of the produced �� lepton with respect to thebeam is back to back to the hadron shower Pt while this is not the case in �� CC as thecharmed particle is part of the shower.Associated charm production in neutrino or antineutrino NC(CC) interactions has beenmeasured to be < 0:12% (<3%) [III.1]. The background that would arise from their decaysis rejected by the same methods as for the single charm events where the primary leptonhas not been identi�ed. It can be further suppressed by requiring the absence of a seconddecay topology near the primary vertex.
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Figure III.3: Feynman diagrams for charm and anti-charm production in neutrino CCinteractions.3 Kaon and pion decays.Charged kaons and pions are created in abundance in neutrino interactions. Their decayscan reproduce the one-prong decay topology of a � . However, as their mean lifetime is �veorders of magnitude longer than the � 's, a cut on the decay length e�ciently rejects theseevents. Moreover, the maximum allowed transverse momentum of their decay productswith respect to the parent particle is '250 MeV/c. A minimum cut on the transversemomentum of the decay products with respect to a �� candidate eliminates the rest ofthese events.4 White kinks.Hadrons produced in neutrino interactions can scatter on a nucleus within the alloweddecay path without any visible recoil, blob or Auger electron. This process, called \whitestar kink", leaves in the emulsion a signature identical to that of a single prong hadronicdecay of the � , such that it constitutes background when the scattered pion is negative.The white star kink mean free path for pions (�WK) is poorly known [III.3] as few ex-perimental results are available. A KEK measurement using 4 GeV/c pions, yields meanfree path �WK ' 50 m for a transverse momentum pt >200 MeV/c and �WK ' 370 mfor pt >300 MeV/c. This extrapolates to less than 1 background event for 35000 located�� NC events in 4 years of CHORUS running. Further measurement will be done in theCHORUS emulsion using pion tracks coming from neutrino CC interactions. This willallow to measure the momentum dependence of this process and the pt distribution of thescattered pions.The coherent A1 production reactions �� N ! �� �0 �0 N� and �� N ! �� �� �+ N�constitute backgrounds to the �� ! �� (n�0 )�� and �� ! �� �� �+ (n�0 )�� decaysrespectively. The one-prong decay is indistinguishable from the white star kink and there-fore already accounted for in the KEK measurement. From a simulation based on themeasured A1 coherent production cross-sections on di�erent nuclei, the probability P for�� with momenta in the range 1 to 15 GeV/c to interact coherently and to produce a kinkangle >10 mrad with a pt >300 MeV/c is P'5 10�6 [III.3].



50 Chapter III. The CHORUS ExperimentC The Detector.The CHORUS detector is composed of a nuclear emulsion target, instrumented with emul-sion and �bre tracking planes, followed by a magnetic spectrometer, a calorimeter anda muon spectrometer as shown in �gure III.4. A complete description of the CHORUSdetector and of its calibration can be found in [III.4]. The reference frame of the detectoris de�ned in the following way: it is a right-handed coordinate system with its origin atthe centre of the target, the X axis is horizontal along the beam direction and the Z axisvertical with the positive direction pointing upwards.
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15 mFigure III.4: Schematic view of the CHORUS detector.1 The target area.The target is made out of 770kg of nuclear emulsion, allowing to see the decay topology ofthe �� with a spatial resolution of 1 �m. The target is divided in 2 modules each composedout of 2 stacks of emulsion separated by a set of 3 interface emulsion tracker sheets and 4�bre tracking planes, and followed by another set of interface emulsion sheets and 12 �bretracking planes. Figure III.5 shows one module of the target region.Each emulsion stack has an area of 1.44�1.44 m2 and is divided in 8 sectors of 36 �71 cm2.Each sector is composed of 36 plates, which are made of a 90 �m thick tri-acetate cellulosebacking on each side of which a 350 �m layer of nuclear emulsion is deposited. The totalthickness of a stack is 2.8 cm. The interface sheets have the same lateral dimensions asthe target, they are composed of a 0.8 mm thick acrylic plate coated on both sides witha 100 �m thick emulsion layer. They are placed one directly against the target emulsion,
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Figure III.5: Schematics of one module of the target region. The di�erent �bre orientationsare marked by Y,Z Y�,Z� and Y+,Z+. The interface sheets are marked CS and SS.called special sheet (SS) and the other two, called changeable sheets (CS) on both sides ofa 1 cm thick honeycomb panel in front of the �rst �bre tracking plane downstream of theemulsion stack �The role of the target �bre trackers is to reconstruct the neutrino events and to predict thepoints at which charged particles from a neutrino interaction exit the nearest changeablesheet. They will be described in section IV.B. The target region of the detector as well asthe magnetic spectrometer are kept at 5oC in a refrigerated box (cool-box) to avoid agingof the scintillating �bres and fading of the emulsions.2 The magnetic spectrometer.The target region is followed by a magnetic spectrometer composed of 3 �bre trackingmodules, streamer tube planes (4 in 1994, 6 in 1995 and replaced in September 1996 byHoneycomb planes) and a toroidal pulsed air-core magnet [III.5] of hexagonal shape. The�The CS were changed every 3 weeks in 1994 to minimise the background due to muons from the nearbyX7 test beam. In later years, the usage of X7 was kept lower and the CS changes less frequent.



52 Chapter III. The CHORUS Experiment�bre tracking modules are called Diamond Trackers (DT) and will be described in detailin section IV.C. One DT module is placed upstream and two downstream of the air-coremagnet, followed by the streamer tube planes (TST). The TST planes are identical to thestreamer planes used in the muon spectrometer (cf section 4). The purpose of this magneticspectrometer is to determine the charge and the momentum of charged particles upstreamof the calorimeter. The magnet, shown in �gure III.6, is divided in 6 triangles, in which auniform magnetic �eld of 0.118 Tesla is obtained, orthogonal to the beam direction, andparallel to the outer side of each triangle. There is no radial dependence of the �eld. Themagnet is pulsed according to the accelerator cycle to minimise the heat dissipation inthe cool-box from which the warmed up air is evacuated. The width of the magnet varies
1500 mm 750 mmFigure III.6: Schematic view of the air-core magnetbetween 75 and 85 cm as the front and back sides of each triangle are bulged. This shapewas chosen to minimise mechanical stress due to the pulsing of the magnetic �eld.In 1996, three emulsion trackers (ET) have been added at the level of the trigger planeT1, DT1 and DT2 as shown in �gure IV.6. Using track predictions from the �bre trackers,they will allow a more precise determination of the momentum of hadrons daughters incandidate �� decays.3 The calorimeter.The main role of the lead-scintillator calorimeter placed downstream of the magnetic spec-trometer is the measurement of the energy deposited by pions and electrons, to con�rmthe momentum measured in the magnetic spectrometer and to di�erentiate electrons, pi-ons and muons. The calorimeter is composed of 3 parts: an electromagnetic calorimeter(EM) and two hadronic calorimeter parts (HAD1 and HAD2). EM and HAD1 use theso-called \spaghetti" technique [III.6] which consists in embedding 1 mm diameter scin-tillating �bres in a lead matrix, with a volume ratio 4:1 to achieve compensation. HAD2is a lead/scintillator-strip sandwich in the same proportions. The total depth correspondsto 144 radiation lengths and 5.2 interaction lengths, such that 99% of the showers pro-duced by a 5 GeV/c pion are contained (about 90% of the hadrons produced in the target



C. The Detector. 53have a momentum less than 5 GeV/c). More details on the construction and tests of thecalorimeter can be found in [III.7]. The energy dependence of the response to electrons
Streamer planes

Beam axis

Hadron Sector 2

Hadron Sector 1

EM Sector

Isometric view of the 
       calorimeterFigure III.7: Schematic view of the calorimeter.and pions in the ranges 2.5 to 10 GeV and 3 to 20 GeV respectively was studied [III.8]using the test beam X7. The electromagnetic response is well �tted by the function :�(E)E = (13:8� 0:9)%pE(GeV ) + (�0:2� 0:4)%The energy dependence of the hadronic resolution was measured to be linear within2% and can be parametrised as:�(E)E = (32:3� 2:4)%pE(GeV ) + (1:4� 0:7)%These results agree with the Monte Carlo predictions. This test also yielded an estimateon the non-uniformity of the electromagnetic and hadronic responses, found to be of theorder of �5% and �2% respectively. More details on the performances of the calorimetercan be found in [III.9].Limited streamer tube planes are located in between the calorimeter planes to allow re-construction of the muon tracks.4 The muon spectrometer.The role of the muon spectrometer is to identify muons and to determine their trajec-tory, momentum and charge. The spectrometer is located behind the calorimeter the 5.2
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Figure III.8: Schematic view of muon spectrometer.hadronic interaction lengths of which �lter nearly all the particles produced by neutrinointeractions in the emulsion target, except muons with momentum higher than � 1.5GeV/c. As displayed in �gure III.8, the spectrometer is constructed from six magnetisediron toroid modules instrumented with scintillator planes and tracking detectors (driftchambers and limited streamer tubes). The fast signals from the scintillator planes areused for triggering and provide a measurement of the leakage of hadronic showers from theback of the calorimeter. The �eld in the magnets is nearly symmetric in azimuthal angleand varies by 25% along the radius. The �eld integral is approximately 0.85 Tesla�m permagnet [III.10]. Tracking detectors are mounted in each of the seven gaps between andaround the magnets; one drift chamber [III.12] followed by eight slightly improved limitedstreamer tube planes of the former CHARM II calorimeter [III.11]. The drift chambersare composed of 3 drift planes oriented at 60o with respect to each other, and are charac-terised by a hit resolution of about 1 mm and an e�ciency better than 99%. The streamertube planes provide track segments which resolve the 17% left-right ambiguities unresolvedby the drift chamber. The hit e�ciency and resolution are (80 � 2)% and 2.4 mm (rms)per plane, respectively. The momentum resolution of the muon spectrometer is about 19%at 71 GeV/c, as measured with test beam muons. At lower momenta it is determined withthe help of a Monte Carlo simulation and the results are shown in �gure III.9. Details onthe track �nding and �tting can be found in [III.13].5 The trigger system.The main role of the trigger system is to select neutrino interactions in the emulsiontarget and to reject background from cosmic rays, beam muons and neutrino interactionsoutside the target. Scintillator hodoscopes called E, T, H, V and A, as shown in �gure
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Figure III.9: Momentum resolution of the muon spectrometer as a function of the incidentmomentum. Full dots: Monte Carlo events, the open dot at 71 GeV/c: test beam muons.The shaded band corresponds to muons for which the momentum is measured by range asthey stop in the spectrometer.
III.10, are used for this purpose. A neutrino trigger in the target region is de�ned by ahit coincidence in E (from 1995 onwards), T and H consistent with a particle trajectorywith tan � < 0:25 with respect to the neutrino beam axis. A veto is formed by anycombination of a counter hit in the veto hodoscopes (V and A) and a hit in T, with a 2 nstiming resolution (FWHM). The good timing resolution as well as the large distance of theveto plane to the target allows to avoid vetoes due to backscattering of particles comingfrom neutrino interactions in the target. The measured neutrino interaction rate in thetarget area is 0.5 events per 1013 protons on the SPS target corresponding to an e�ectiveneutrino target mass of 1600 kg (2000 kg in 1994). The fraction of those events originatingin the emulsion target is 50% (40% in 1994). A trigger e�ciency of 99% (> 90%) wasestimated from Monte Carlo simulation for �� CC (NC) events in the emulsion target.Neutrino events also originate in the calorimeter and muon spectrometer. Typically �veof these are also selected per neutrino spill for calibration and beam measurement.
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Figure III.10: Schematic view of the trigger hodoscopesD The BeamThe West Area Neutrino Facility (WANF) [III.14] of the CERN SPS provides a beam of�� with energies mostly above threshold for �� CC interactions. Protons are acceleratedby the SPS to an energy of 450 GeV with a cycle of 14.4 s. They are extracted in two 6 mslong spills separated in time by 2.7 s, and sent onto a beryllium target, producing mainlypions and kaons. A typical spill contains between 1 to 1.5 1013 protons, the intensityimproving steadily between 1994 and 1996. Neutrinos originate from the decays in ightof these mesons, mostly in a 290 m long vacuum tunnel. The time structure of the SPScycle is shown in �gure III.11.Positive (negative) mesons are focused (defocused) by two magnetic lenses: the hornand the reector which are placed respectively at 20 and 90 m downstream of the target.The space between the horn and the reector is �lled with helium to reduce the absorptionof the mesons before they could decay. The neutrino beam has an upward slope of 42mrad. The detector parts were centred along this slope, however, every part is placedvertically. A full analysis of the beam from ux monitors in the beam line itself and fromneutrino events in the CHORUS detector is underway. The coming results of the SPYexperiment [III.17] in terms of pion and kaon multiplicities in hadronic interactions willalso be implemented in the beam analysis. Preliminary knowledge of the beam can beinferred from the CHARM II measurement [III.15], scaling the results for the CHORUSdetector position (60 m more upstream that the CHARM II detector) and width, using aMonte Carlo simulation. Table 3.1 shows the abundances and mean energies of all neutrinospecies obtained by this method. The estimated event rate in CHORUS is 2:1� 10�14 CC
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Figure III.11: The timing structure of the CERN SPS cycle and the Wide-Band NeutrinoBeam.events per proton. Figure III.12 shows the energy spectra of the di�erent components ofthe neutrino beam intercepted by the CHORUS emulsions (1.44 � 1.44 m2 area).
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eFigure III.12: Energy spectra of the di�erent neutrino components in the Wide Band neu-trino Beam at the location of the CHORUS emulsion target (transverse dimensions 1.44� 1.44 m2), derived from the neutrino beam simulations.The �� contamination of the beam, the irreducible background for the ��! �� oscilla-tion search, is expected to be at the (negligible) level of ��CC=��CC � 3:3� 10�6 [III.16],corresponding to � 0:1 background events for the 4 years of CHORUS data taking.
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neutrino species relat. abundance < E > (GeV)�� 100 % 26.9��� 5.6 % 21.7�e 0.7 % 47.9��e 0.17 % 35.3Table 3.1: The relative composition of the CERN Wide Band Neutrino Beam at the CHO-RUS experiment.
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61Chapter IV The CHORUS �bre trackersA The readout.1 Design.The full CHORUS �bre tracking system [IV.1] contains 1.2 million scintillating plastic�bres of 500 �m diameter, bundled into 8 cm wide staggered 7-layer ribbons [IV.2] asshown in �gure IV.1. Each ribbon is sputtered on one end with aluminium insuring a
Figure IV.1: View of the �bre staggering in a ribbon.reectivity of 80%. The other end of the ribbons is coupled as shown in �gure IV.3 ingroups of 16 to 58 optoelectronic chains such as the one shown in �gure IV.2.
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8.8 mm × 6.6 mmFigure IV.2: Schematic view of an optoelectronic chain and CCD (charge-coupled device)camera for the CHORUS �bre tracker readout.



62 Chapter IV. The CHORUS �bre trackersEach chain contains four image intensi�ers (II) and is readout by a CCD� camera. Thechains and the cameras are shielded from the surrounding magnetic �eld.The detection e�ciency for a photon entering the optoelectronic chain is 18%, determinedby the quantum e�ciency of the �rst demagnifying stage. The purpose of the second stageis to increase the gain before the third stage which is a gateable MCP (micro-channelplate). The length of the gate is 20 �s maximum, to minimise the background. The fourthstage demagni�es the image to the size of the CCD. The total demagni�cation factor is0.11 and the net gain for the whole optoelectronic chain is between 104 and 105 . Moredetails on the optoelectronic chains can be found in [IV.3].The CCD is equipped with a live and a memory zone. The readout of one image takes20 ms, much longer than the neutrino spill. However, the presence of the 2 zones allowsto take 2 events per 4 ms spill. The �rst event is transferred from live to memory zonein 125 �s. This con�guration is su�cient for our purpose, considering that the neutrinotrigger rate is of 0.5 event for a typical spill of 1013 protons on the beryllium target. EachCCD zone contains 550�288 pixels. In the detector space, one pixel represents 145 �m inthe transverse direction times 209 �m in the beam direction. The CCD signals are digitisedand compressed, this operation takes 1 second per event which ensures that the system isready for the next neutrino spill (at least 2.5 s later). The contribution to the dead-timeof the data acquisition is of 6%, equally due to the two event limit and the transfer time.More details on the cameras and their readout can be found in [IV.4].2 Calibration and performance.2.1 \Fiducial" dataThe electric �eld in the intensi�ers creates a distortion of the image. This distortion ismeasured to ensure correct mapping of the CCD pixels to the input window of the II. Asthe �eld con�guration in the chains may take up to a day to stabilise every time they areswitched on, the distortion is continuously monitored during data taking. To measure thedistortion, spacers have been added around and between groups of four �bre ribbons atthe input window. Each of the �ve spacers contains a row of 9 clear 100 �m diameter�bres (called \�ducials") coupled to a LED pulser module. The intensity and the lengthof the LED pulse can be regulated via the data acquisition system. Figure IV.4 showsthe CCD image of the �ducial �bres along with the approximate ribbon shapes. Theexact position and dimensions of the �bre bundles was measured by photographic contactprint before assembly with the optoelectronic chains. The parameters used to perform thedistortion correction are �tted to the following expression using the contact print data andthe measured positions of the image of the �ducial �bres on the CCD :Rccd = ARII (1 + B (RII=R0)�)where Rccd (RII) is the radial position of the �bre from the optical centre of the CCD (II),R0 (= 5 cm) is the radius of the input window and A,B and � are the �tted parameters:A (� 0.1) is the demagni�cation factor of the optoelectronic chain, B (� 0.25) and � (�2.7)describe the distortion itself. The position and the orientation of the CCD on the last II�CCD stands for charged coupled device
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81.50 mmFigure IV.3: View of the 16 �bre ribbons and the spacers containing �ducial �bres at theinput window of the �rst II.output window are additional parameters in the �t. The resolution obtained from the �tat the input window is 110 �m .Although the resolution obtained from this correction is su�cient for our tracking pur-poses, some chains have missing �ducials �bres or su�er from larger distortions near theedges than can be accounted for by the �t. This can lead to 200 �m tails, of the sameorder of magnitude as the expected tracking resolution.Such calibration events are taken during the 12 s separating two proton ejections of theSPS, once every few minutes during data taking, to monitor the performance of the sys-tem. The image intensi�er zoom, focus and MCP voltages and gate time are tuned everyyear using this data with the LED pulser tuned to give one photoelectron per pulse, andstudying the response in terms of spot size, spot displacement and e�ciency.The spot size is the width of the charge distribution on the CCD caused by a single incom-ing photoelectron on the input window of the �rst II, it depends both on the CCD pixelsize and the resolution of the II's. The latter can be optimised by tuning the operatingvoltages. The spot displacement, or displacement of a cluster representing a �ducial �brewith respect to its average position depends on the voltage focusing the electrons in the�rst II. After tuning, the standard deviations obtained on the distribution of spot sizesand displacement of the �ducial �bres are 136 �m and 89 �m , respectively.
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Figure IV.4: CCD image of the �ducial �bres. The dotted lines are the approximate ribbonshapes. Each cluster of pixel corresponds to the image of a �ducial �bre.2.2 Muon data.Muons associated to the beam or coming from cosmic rays provide a sample of minimumionising particles (MIP). The signal of a MIP passing through a �bre ribbon is called atrack element. The pixels forming a track element can be clustered into hits correspond-ing to single photoelectrons, this is done using the pulse height distribution of the CCDpixels [IV.5].The density of hits (D) can be expressed as a function of the attenuation length (� �220 cm), the distance (x) of the trajectory of the MIP with respect to the readout end ofthe ribbon and the reectivity (r�0.8) of the mirror end of the ribbons as shown in �gureIV.5: D = DL1+r he� x�L� + r e�L�x� iwhere L=230 cm is the length of a �bre, DL (5 hits per ribbon) is the density of hits atx = L. The e�ective attenuation length is 600 cm.Monitoring � and the ratio of the average number of hits far and near the readout as afunction of time, one can check for aging of the �bres. No such e�ect has been observed,after 4 years of exposure.Spurious hits were found associated to the track elements up to 1 mm away from them.This cross-talk had not been observed during a test using pion beam [IV.6] and an op-toelectronic chain identical to the CHORUS chains but for the presence of extra-muralabsorber on the input window of the �rst II stage. This e�ect is thus attributed to the ab-sence of extra-mural absorber, removed from the �nal chain design in order to increase thequantum e�ciency of the chain. This noise can be eliminated by cutting on the distanceof hit to the centre of gravity of the track element it is associated to.
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D

Figure IV.5: Density of hits from a minimum ionising particle as a function of the distancefrom the readout endB The Target Trackers.The target area is divided in two identical modules, placed downstream one another. Onemodule is composed of two sets of emulsion stack and interface sheets with a target tracker(TT) hyperplane in between and three others immediately downstream as described insection III.1. Each hyperplane is composed of four �bre planes in four di�erent projections(Y,Z and Y�,Z� inclined by �8o with respect to Y,Z). Each plane is made out of the 7-layer ribbons. The purpose of this assembly is to reconstruct neutrino interaction verticesand to predict the passage points of the charged particles in the interface emulsion sheetsas accurately as possible.1 Alignment.The position of the �bre ribbons on the planes and their sagging (so-called \banana e�ect")was measured during the construction. Muons associated to the beam and cosmic muonsdata are used to perform the relative alignment [IV.7] of the TT planes, using the MINUITsoftware package [IV.8] to minimise the sum of the squares of the residual distances of thehits to the reconstructed muon tracks over typically 10 000 tracks. The following degreesof freedom are allowed : relative translations and rotations of the planes as well as relative



66 Chapter IV. The CHORUS �bre trackerstransverse translation of the �bre ribbons. To perform this procedure, hits due to crosstalk are removed from the track elements used.2 Performance.After alignment, the resolution per plane has a � �185 �m for beam muons, in completeagreement with the test beam results [IV.6] used in the proposal of the experiment.The two track resolution, coming from the addition in quadrature of the spot size and thehit residual, has a � � 380 �m , giving a two track separation at 3.5 � of 1.3 mm forparallel tracks.The prediction accuracy into the changeable sheets was measured to have a � � 150 �m inposition and 2.5 mrad in angle using muons associated to the beam. Folding in the expectedangular resolution for the emulsion measurement of 1.5 mrad, the TT's have an angularaccuracy with a � � 2 mrad.C The Diamond Trackers.1 GeometryThe Diamond trackers are made out of 3 modules, one upstream (DT1) of the HexagonalMagnet and 2 downstream of it (DT2 and DT3) as shown in �gure IV.6. Each module ismade out of 3 sandwiches of 2 rhombus (diamond) shaped paddles. Each paddle containssixteen 8 cm wide scintillating �bre ribbons as shown in IV.7. The �bres of one paddle ofa sandwich are oriented at an angle of 120 degrees with respect to the �bres of the otherpaddle of that sandwich. The design is such that in front of each of the 6 triangles of themagnet, there is in each DT a paddle with its �bres along the magnetic �eld.The numbering scheme of the paddles is the following : DFS where D is the DT modulenumber, F is the face number (1 for the upstream paddles of a sandwich , 2 for thedownstream one), S is the sandwich number (from 1 to 3).2 Position measurements.During the construction of the paddles, 11 plastic washers were glued on each of the 16ribbons, according to a metal jig. The distance between the edge of the washers andthe middle of third �bres on each side of the ribbon was measured with a microscope.This measurement yields an accuracy of 50 �m on the transverse position of the ribbonsinside the paddles, as well as the knowledge of their exact inclination. The residual dis-tance between the middle point of the two measured �bres and the straight line �t onthese measurements for all DT paddles has a � � 30 �m . Only DT111 for which theRMS is 95 �m does not enter this distribution, the quality of its construction being poorer.Seven external metal �ducial marks were put on the honeycomb plates on each of thesandwiches, and a last mark was put at the centre of each DT. These marks were placedon the downstream face of DT1 and DT3 and on the upstream face of DT2.
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Figure IV.6: Schematic side-view of the hexagonal magnetic spectrometer. The 3 DTmodules are marked DT1, DT2 and DT3. The trigger hodoscopes are marked T1 and T2,the emulsion stacks are marked from 1 to 4. The three emulsion sheets marked ET0, 1 and2 correspond to a con�guration used in 1996 and 1997.The position of each of the �ducial marks on the DT's was measured with 2 mm accuracyalong the beam and 1 mm accuracy in the transverse direction using an optical geometricsurvey. This allowed to �t the best plane through the �ducial marks which is the input tothe start of the alignment procedure. This �rst measurement showed that the planarityof DT1 was poor. The geometers then performed a planarity measurement by measuringthe X position with 0.5 mm accuracy of a grid of points on the downstream surface ofDT1 and on the upstream faces of DT2 and DT3. The displacement in X of a �bre as afunction of the track parameters is interpolated in the tracking procedure using that gridof points.A � ray calibration was done for the paddles 111 and 113. Holes were drilled in the hon-eycomb at the positions of the plastic washers on each of the 16 ribbons of these paddles.Several runs were taken using 4 � sources per paddle, per run. Taking several runs withthe same � ray source positions, the positioning accuracy was measured to be 1.5 pixelsin the transverse direction at the level of the CCD (' 300 �m at the ribbon level). The
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Optoelectronics chain

Fiber ribbon

Diamond shaped
paddle

One DT plane made of 3 paddlesFigure IV.7: Front view of three paddles forming one DT plane. Each paddle contains 167-layers �bre ribbons and is readout by a separate optoelectronic chain.asymmetric shape of the � spots and the presence of the washers made it di�cult to mea-sure the spot centre more accurately. However, the accuracy achieved was su�cient tocheck the logic of the detector construction and the geometry used in the database.In August 1996, an optical alignment system (rasnik) [IV.9] was installed on DT1, to allowmonitoring of the position of its centre with respect to its support frame. The measure-ment showed a displacement of about 1 mm of the centre of DT1 along the beam axisbetween the measurements with the Hexagonal Magnet on and o�. The transition timebetween the 2 positions being of the order of an hour and a half (see �gure IV.8). A com-bined measurement using the rasnik, temperature probes and geometrical measurementcon�rmed the hypothesis that the movement was driven by the temperature changes, andshowed that the displacement of DT1 along the beam is linear with the distance from thecentre (the edges are �xed). This temperature e�ect, however, only marginally a�ects theneutrino data :� the neutrino data are taken with the magnet on, and the only events a�ected are theevents occurring during the rise of the temperature following a few hours beam andmagnet stop.� the standard deviation of the position in X of the impact point in DT1 of particlecoming from a neutrino interaction in the target with respect to the position cal-culated when neglecting DT1 movement is �120�m , and 28 �m in the transversedirection.The following e�ects were also noticed in the beam direction : fast vibrations with a� 10 �m RMS due to the ventilation used to cool the air-core magnet and � 50 �m move-ments at every magnet pulsation.



C. The Diamond Trackers. 69

Figure IV.8: Displacement of the centre of DT1 in one transverse direction (top) and alongthe beam axis (bottom) as a function of time. The large excursions correspond to periodswhere the magnet was o�.3 Alignment.Muons from cosmic rays and associated to the beam were used for alignment purposes.The beam muon data set was taken in full 2 hours run with the hexagonal magnet switchedo�. The e�ect due to the cooling down of the magnet area is therefore present in thesedata. However, these muons are in the beam direction and therefore have a negligiblecontribution to the longitudinal alignment of the detector, and the associated excursionsin the transverse directions were of the order of 50 �m . The cosmic ray data are takenin between two proton ejections of the SPS: the magnet is at the same temperature as forneutrino events.The tracks used as reference for alignment were chosen according to the following criteria:� sample 1:{ they are reconstructed in the last 12 planes of the TT's,



70 Chapter IV. The CHORUS �bre trackers{ they hit at least 5 out of the 6 possible DT planes,{ they do not cross the spokes of the magnet.This combination of requirements has the advantage to select tracks which are un-likely to be fake combinations of hits, but due to the geometry of the TT and DTplanes, no such track goes through the outer 4 ribbons (40 cm) of any DT1 paddle.An additional sample of tracks was added to align DT1 :� sample 2 :{ they are reconstructed in the last 12 planes of the TT's,{ they hit both DT1 planes,{ they are out of the geometrical acceptance of DT2 and DT3.Alignment was performed with respect to the last twelve TT planes which are placeddownstream of the fourth emulsion stack. The MINUIT minimisation package [IV.8] wasused to minimise the sum of the square of the residual distances of the centre of gravityof track elements to the �tted tracks.The DT's were aligned one after the other starting with DT1, the closest to the targettrackers. The aligned position of DT1 was then used to align DT2, and later the new po-sition of DT2 to align DT3. The tracks used for alignment of a speci�c DT were requirednot to have more than one candidate track element in the extrapolation road for that DT.The 1994 data sample had to be subdivided in time periods as the detector seemed tohave moved during the year: �gure IV.9 shows the average residual distance between theTT-DT1 prediction and the DT hits as a function of the run number before alignment fora DT2 paddle. One can separate two periods around run 1000.The translations and rotations were let vary for each paddle independently. At the endof the procedure, each ribbon is let vary in the transverse direction. The residual transversedisplacement to be applied to the ribbons at the end of the alignment procedure has anRMS of �40 �m , in agreement with the accuracy expected from construction. FiguresIV.10 and IV.11 show the residual distance distributions in the 6 DT1 paddles between theTT track prediction and the hits in the DT before and after alignment. The di�erenceof centring of the distributions in these 2 �gures shows the improvement of the alignmentof DT1 with respect to to the TT by the procedure. The width of the distributions isdominated by the extrapolation error due to the 50 cm distance between the TT and DT1.Figure IV.12 shows the distribution of the hit residual distances to the track �tted on allTT and DT planes after alignment. The distributions are centred on zero (within thestatistical error) in all the DT paddles.These residual distances can also be interpretedin terms of residuals per plane using the fact that a track yields typically 5 or 6 hits perplane.
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Figure IV.9: Run dependence of the average residual distance between the TT-DT1 pre-diction and the DT2 hits in paddle 213, before alignment. The width is dominated by theextrapolation error due to the distance between the centre of gravity of the TT-DT1 �t andDT24 Performance.After alignment, the residual distances of the track elements to a �tted track coming froma global straight line �t on track elements in the last 12 TT planes and the 6 DT planeshave �DT1 � 177 �m , �DT2 � 133 �m and �DT3 � 126 �m . Comparison withMonte Carlo simulated data show that this can be explained by an intrinsic resolution of180 �m per plane, the positions of the TT and DT planes along the beam direction andmultiple scattering.The results obtained for the DT resolution are compatible with the TT resolution obtainedindependently. They also agree with the value of 140 �m given for the residuals distanceof track elements with respect to pion tracks �tted on the signal in 4 �bre ribbons exposedto a test beam[IV.6]. In the proposal, the optimistic value of 140 �m has been taken asthe intrinsic resolution, and used to predict the momentum resolution achievable by thehadron spectrometer.Although this result is very promising, the sample of tracks used for alignment was avery clean one: tracks with more than one track element in the extrapolation roads wererejected, the number of planes hit was required to be nearly maximal, and the signal asso-ciated noise was cut away. However, in neutrino event reconstruction, a maximum numberof tracks have to be reconstructed. Such criteria and cleaning procedures cannot be appliedanymore due to the high hit density in such events, and the requirement that the comput-
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TT track to hit distance (cm)Figure IV.10: Residual distances in cm be-tween the TT prediction and the DT1 hits,before alignment. Each histogram corre-sponds to the paddle number indicated onthe right of the distribution. The width ofthe distributions is dominated by the errordue to the extrapolation on 50 cm distancebetween the end of the target tracker andDT1.

a.
u

.
a.

u
.

-1 0 1

a.
u

.

-1 0 1
TT track to hit distance (cm)Figure IV.11: Residual distances in cmbetween the TT prediction and the DT1hits, after alignment. Each histogram cor-responds to the paddle number indicated onthe right of the distribution. The width ofthe distribution is dominated by the errordue to the extrapolation on 50 cm distancebetween the end of the target tracker andDT1.ing time should be kept low. Some of the e�ects that contribute to the degradation of theresolution have already been mentioned such as the fact that the distortion correction canbe insu�cient at the edges of the CCD, other sources will be described in the next chapter.
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75Chapter VTracking in the Diamond Trackers.The role of the air-core magnet and of the Diamond Trackers is to provide a good mo-mentum and charge reconstruction of the charged particles orginating from a neutrinointeraction in the target. This is particularly important as it allows not only to identifypossible non-muonic �� decay candidates but also to reject background coming from thedecay of positive charmed particles produced in � CC interactions where the primary lep-ton is not identi�ed.This chapter describes the track �nding and �tting methods used as well as the problemswhich can a�ect the quality of momentum and charge reconstruction. The e�ciencies forthe �� decays search and its background rejection will be derived in the next chapter fromthe resolutions obtained here.A Track element �nding.The passage of a charged particle through a �bre ribbon leaves a signal on the CCD calleda track element which is a cluster of pixels over threshold. The position of the image of
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Figure V.1: Image of the signal left by a muon associated to the beam on a CCD. The blackdots show the reconstructed contours of the ribbon and the shaded rectangles the pixels hit.The straight line is the reconstructed track element.a ribbon on the CCD is calculated using the distortion correction parameters. The slope



76 Chapter V. Tracking in the Diamond Trackers.and the barycentre of the track elements are reconstructed on the CCD as shown in �gureV.1 by a clustering algorithm. The pixels weigh in the �t according to their pulse height.The pulse height is normalised in such a way that a minimum ionising particle (mip) givestrack elements of total pulse height on average equal to 1. In neutrino events the trackelements from shower tracks have to be disentangled when their signal is not separatedby non-hit pixels. This is done using cuts on the transverse width of track elements andthe total pulse height. The track element reconstruction e�ciency in the DT chains wascomputed to be 97 % using beam associated muon tracks. When measuring the e�ciencyof a speci�c plane, track elements were required to be found in all 5 other planes traversedby the track, to insure that the track was not a random combination of track elements.The track element �nding procedure also results into arti�cial splitting of physical track el-ements (�gure V.2) into two software track elements separated by up to 2 mm in CHORUSspace. The fraction fs of split track elements can be measured by counting the number
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Figure V.2: The shaded rectangles show the signal of muon on a CCD, the black linesrepresent the reconstructed barycentres of two software track elements.N2 of track elements for which the closest neighbour is at a distance of less than 2 mm ina sample of Ntot reconstructed track elements. A cut of 1.5 pixels on the �tted half-lengthof the neighbour track elements is made such as not to count signal associated noise asarti�cial splitting : �gure V.3 shows the half length of track elements belonging to tracksand of their closest neighbour for muons simulated using the full detector simulation.fs = N2Ntot �N2 = Calgo + Cmult (V.1)The fraction fs is the sum of two contributions : one from real track multiplicity Cmultin the event, and one from arti�cial splitting of one single physical track element in thereconstruction algorithm : Calgo. This last contribution is important to evaluate as itdeteriorates the resolution of the detector. Figure V.4 shows the fraction of split track
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Figure V.3: Half length of track elements belonging to a (simulated) muon track (top) andtheir closest neighbour (bottom). The peak in the bottom �gure is signal associated noisewhich is rejected using the shown cut.elements on the 18 DT and the module 2 TT chains for cosmic muon events. The cosmicmuon data are taken during the 12 seconds separating two neutrino bursts. During thisperiod the CCD cameras are cleared very often, producing more dead time, but yieldingless thermal noise for these events than for burst events.The fraction fs was measured both using data and the full detector simulation for neu-trino events and for single muons. The Monte Carlo simulation allows to measure Calgo;MCdirectly for single tracks by switching o� physical e�ects that give rise to secondary tracks,such as bremsstrahlung, secondary interactions and � ray production . The other numbersfor Cmult and Calgo in data and Monte Carlo can then be deduced as shown in table 5.1from the measured fs values and assuming that the full Monte Carlo simulation reproduceswell the track multiplicity of real events, and that the software contribution Calgo is thesame for all simulated events. These assumptions are reasonable as shown by the fact thatthe found value of Calgo=0.05,0.06 for real events is compatible for single muons data andfor neutrino event data. For the data, these numbers are an average on all the chainsand a large number of runs. The arti�cial splitting depends strongly on the calibrationand response of the optoelectronic chains, such that the fraction of split track elementswill vary from chain to chain and with time as shown in �gures V.4 and V.5.The track elements found on the CCD are corrected for distortion, and mapped to theCHORUS coordinates (cf. Chapter IV, section 2). The centre of gravity of each trackelement de�nes a straight line Z=�� Y + Z0 in the CHORUS coordinates and a X position.At that level the alignment translations and rotation of axis X are taken into account.
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Figure V.4: Fraction of split track ele-ments per chain for cosmic muon events.Large di�erences can be seen between thechains.
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Figure V.5: Variation of fraction of splittrack elements as a function of the runnumber for a DT chain.Data fs Cmult CalgoMonte Carlo �� , no .02 .00 ! .02physical process #Monte Carlo �� , all .04 .02  .02 &physical processes # #Data �� .07 .02 ! .05 #Monte Carlo .10 .08  .02  -neutrino events #Data neutrino events .14 .08 ! .06Table 5.1: Summary table of the measured fraction of split track elements in the DT chainsand of the contribution from physical and software e�ects. The arrows show how one valuehas been deduced from the other, always using the measured fs. The statistical error onthese numbers is typically .01.



B. Track �nding in the DT's. 79B Track �nding in the DT's.The track �nding in the DT's is done by extrapolating all tracks reconstructed in the TT'sup to the last 12 planes. The extrapolation road widths have been chosen to account forthe 3 mrad angular resolution of the track �tted on the last 3 TT hyper-planes and thebending due to the magnetic �eld for particles with momenta down to 1 GeV/c. In themodule DT1 DT2 DT3 TSTroad half width (cm) 0.5 3.5 3.8 5Table 5.2: Road half widths for extrapolation in the DT's. For DT2,3 and the targetstreamer tubes (TST) what is shown is the value for planes where the �bres or wires areparallel to the magnetic �eld. For the other projections, these values are multiplied by thecosine of the angle between the �bres or wires and the magnetic �eld, with a minimum at2.5 cm for the TST's when their wires are perpendicular to the magnetic �eld.2 DT1 planes, the track element closest to the TT track prediction is chosen within theroad. A straight line �t is then performed on the last 12 planes of the TT's and DT1together. The nonorthogonality of the paddles to the beam direction is taken into accountbefore the �t. The new track parameters are extrapolated to DT2,3 and the TST's. Alltrack elements or TST clusters within the road are collected. If 5 out of the 8 planesdownstream of the magnet are hit, the track is accepted.The air-core magnet is composed of 6 triangles. Only the tracks remaining in the samemagnet triangle as they go through the magnet are momentum �tted, as the other tracksare subject to large multiple scattering or shower as they cross the spokes of the magnet.The geometrical acceptance of the DT tracking for particles coming from neutrino inter-actions in the emulsion target is given in table 5.3. The table shows a clear stack andmodule dependence :� The average number of reconstructed tracks is lower for odd stacks. The TT trackingis performed in the 3 last hyperplanes of a module and reconstructed tracks areextrapolated to the most upstream hyperplane if possible. As the particles cross onemore radiation length than for even stack before reaching the last 3 hyperplanes, lesstracks are reconstructed for events happening in odd stacks. Reconstructed tracksare also di�cult to extrapolate upstream due to multiple scattering and secondaryinteractions in the even emulsion stack: less tracks are reconstructed in odd stacksbut, also less fake tracks and low energy particles. This con�guration of the TTmodules also yields an arti�cial shifting of the reconstructed vertices downstream oftheir real location.� As stack 1 reconstructed tracks tend to be of higher quality or more energetic thanstack 2 reconstructed tracks, their probability to extrapolate into TT module 2 ishigher.� if a TT module 1 track is successfully extrapolated to TT module 2, it is more likelyto fall inside the angular acceptance of the DT's.



80 Chapter V. Tracking in the Diamond Trackers.Track stack 1 stack 2 stack 3 stack 4<number of vertex tracks/event> 3.158 5.099 3.129 4.782Fraction not in TT module 2 0.399 0.536 |- |-Fraction outside of the DT 0.021 0.017 0.067 0.106Fraction through magnet spokes 0.086 0.071 0.177 0.189Fraction DT tracking performed 0.493 0.377 0.756 0.705Table 5.3: Geometrical distribution of TT tracks from neutrino interactions reconstructedin the emulsion stacks (1994 data). The statistical error on these numbers lies between.001 and .003C Muon tagging.After the track �nding in the DT's, the angle and impact points at the calorimeter en-trance of the �bre tracker tracks are compared to those of the tracks [V.2] and clusters[V.3] reconstructed in the calorimeter and the muon spectrometer. The maximum angledi�erence allowed between the �bre tracker tracks and the calorimeter or spectrometertracks is 140 mrad. Figure V.6 shows the e�ciency for keeping the matched muons as afunction of the angular cut for simulated �� CC events. Although the cut is clearly very
Figure V.6: white histogram : e�ciency for keeping the good matches as a function of theslope di�erence cut. The used angular cut of 140 mrad for tracks in projection is shown.Hatched histogram: percentage of \fake" matches for �� CC events.wide, it does not introduce impurities in the sample. Figure V.6 shows that the proba-bility of matching tracks to fake muons does depend very little on the angular cut. Themaximum transverse distance allowed between the �bre tracker track and the calorime-



C. Muon tagging. 81ter (spectrometer) track at the most upstream point where the latter is reconstructed is10 (20) cm. All TT tracks satisfying these criteria are associated with the downstreamtracks. The vertex �nding takes place after this step: TT tracks are associated two by twoif their most downstream plane hit do not di�er by more than 4 planes and if their pointof closest approach is not too far upstream or downstream from their �rst plane hit. Afterthis step, all tracks with a starting point close to the found vertex candidates are added toeach vertex and the vertex position is re�tted. Each reconstructed vertex gets a di�erentweight depending on how upstream it is located and on the type of tracks originating fromit: the tracks get a higher weight the more detectors they can be found in. The quality ofthe muon tagging allows to select the correct �bre vertex to search for in the emulsions,by giving it a higher weight. Tracks belonging to several vertices are only assigned to thevertex with the highest weight and the other vertices are re�tted without that track, andits weight is recalculated. Only the tracks belonging to the vertex with the highest weightwill be considered for scanning in the emulsions.The track matching allows to recognise muon tracks. A Monte Carlo study shows that89 % of the CC �� simulated events with a vertex reconstructed in the right emulsion stackhave a muon tagged at the vertex and in 99% of the cases the tagged track correspondsto a genuine muon. Only 3 % of the reconstructed NC �� simulated events have a muontagged at the vertex, 90% of which come for pion or kaon decay. The remaining 10%come from primary hadrons which reach the spectrometer. This method of muon tagginginsures purities of 99% and 68% for the CC and NC samples predicted in the emulsion[V.1]. Figure V.7 shows the e�ciency of muon matching at the vertex as a function of themuon simulated momentum. The fall o� at low energy is expected as muons lose about
Figure V.7: E�ciency for matching a muon to the vertex as a function of the simulatedmuon momentum at the vertex for �� CC events.2 GeV in the calorimeter, and only reach the muon spectrometer if they have a higher



82 Chapter V. Tracking in the Diamond Trackers.energy. For low energy muons, the identi�cation relies on clustering [V.3] and tracking[V.2] algorithms in the calorimeter, which are only e�cient for isolated muons. Moreover,low energy muons have on average a larger angle and are therefore more likely to escapethe detector to the side.D Momentum �t.The momentum �t in the DT's is performed after the vertex �nding. Only the tracksassociated to the reconstructed primary vertex are momentum �tted. If no vertex hasbeen found, as for instance for special events such as beam associated muons which do notoriginate in the target, all tracks are momentum �tted. The momentum �t is performedon every combination of track elements in DT2, DT3 and clusters in the TST's, with amaximum of 50 combinations. If more combinations are possible, the planes with thelargest amount of possible hits are temporarily removed from the �t. The combinationwith the best �t probability is chosen to be the right one. The previously withdrawn planesare reintroduced by choosing the track elements closest to the track �tted downstream ofthe magnet and re�tting.Table 5.4 summarises the behaviour of muon and non muon tracks in terms of numbermuon tracks muon tracks other tracks other tracksNcombi �100 Ncombi >100 Ncombi �100 Ncombi >100fraction of total .88 .12 .70 .30< Nfit > 4.4 20.8 4.7 14.8fraction where Nfit=0 .12 .36 .48 .54<Nfit >, Nfit >0 4.86 31.1 12.1 29.1<Nsame sign/Nfit > .96 .92 .98 .92Table 5.4: Behaviour of tracks in terms of possible hit combinations downstream of themagnet (before withdrawing planes to get down to 50 combinations maximum) for neutrinoevent data where Nfit is the number of combinations with a �t probability greater than 0.5%and Nsame sign is number of combinations giving the same sign of charge as the combinationwith the best �t probability.of combinations of hits downstream of the magnet (before reducing the number of planesto getdown to 50) for neutrino data. The absence of any �t for 50% of the non-muontracks, shows the di�culty of the tracking in the target area and the presence of randomassociations of hits to form a target track. Although the mean number of combinationsis, on average, rather large, most of them give the same sign of charge for the momentum�t, which gives some con�dence in the background rejection power of the momentumreconstruction.The �t is linear and has 5 parameters : the slope and intercept of the track in the planeparallel to the magnetic �eld (so-called non-bending plane ), and the three parameterswhich describe a parabola in the plane perpendicular to the �eld (so-called bending plane ).The following approximations have been made:



D. Momentum �t. 83� the direction of the track does not vary in the non-bending plane as this would intro-duce non-linear terms. The ratio of the slopes in the non bending plane downstreamand upstream of the magnet is r1+tan�2down1+tan�2up where � is the track angle in the bend-ing plane . Figure V.8 shows the relative variation of the slope in the non-bendingplane as a function of the slope in the bending plane and of the momentum. Thise�ect is at most of the order of the e�ect of multiple Coulomb scattering for slopesgreater than 400 mrad and becomes negligible at smaller angles.
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Figure V.8: Relative variation of the slope in the non-bending plane as a function of theslope in the bending plane and of the momentum� the circular trajectory of the charged particle in the bending plane has been approx-imated by a parabola such that the constraint equations are linear. The di�erence inthe momentum estimate coming from this approximation is ���Pparabola�PP ��� � 4 10�5in the momentum and angular ranges considered for analysis.After a �rst �t, the multiple scattering error is calculated on the basis of the reconstructedmomentum and added quadratically to the setting error on the hits. The knowledge ofthe impact of the track on both sides of the magnet allows to calculate the width of mag-net traversed (between 75 and 85 cm). A second �t is performed and hits at more than3 � away are rejected and the track is re�tted. Only the combinations with the smallestnumber of rejected hits are considered.The following sections give estimates of the obtained momentum resolution �(p)p for dif-ferent sets of data. Two e�ects contribute to the momentum resolution: the multiple



84 Chapter V. Tracking in the Diamond Trackers.scattering in the detector material which yields a constant term and the resolution of the�bre trackers which gives a term proportional to the momentum. The two contributionsbeing independant, the total resolution is given by the quadratic combination of the twoterms.1 Resolution from single tracks.1.1 Simulated events.A �rst simulation takes into account only the multiple scattering e�ects. It is referredto as the \simple simulation" hereafter. Several samples of 5000 negative tracks were sim-ulated per momentum between 2 and 20 GeV at various angles (from 0 to 400 mrad). Thesimulated e�ciency per plane was 100 % and the resolutions were 175 �m for the �breplanes and 3 mm for the TST planes.The obtained resolution is : �(p)p = 0:21� 0:026� p (V.2)where � represents the quadratic combination of the 2 terms. The mean reconstructedmomentum is well centred on the simulated value and independent of the angle of thetrack.The deterioration of the momentum resolution was estimated as a function of the per-centage of arti�cially split track elements. A Gaussian distributed displacement of thetrack elements was introduced in the simulation using the distribution of distances be-tween two reconstructed track elements corresponding to the data. Figure V.9 shows thebehaviour of the part of the momentum resolution due to the �bre tracker resolution as afunction of the percentage of split track elements introduced. The e�ect of the splitting isto introduce large tails in the 1/p distributions, as shown by the di�erence in the estimateof the resolution if one uses the RMS or the sigma of a gaussian �t on the 1/p distributionsat simulated momenta from 2 to 20 GeV/c. The �t of the resolutions obtained using theRMS as a function of the software splitting yields a parabola of equation��(p)p2 �fibres = 0:0267 + 0:255 � fs � 0:127 � f2s : (V.3)Fitting the resolution obtained from the gaussian �ts to the 1/p distributions yields aparabola of equation��(p)p2 �fibres = 0:0269+ 0:0279 � fs � 0:425 � f2s : (V.4)Samples of �� tracks in the same momentum bins were generated and passed throughthe full GEANT detector simulation. The origin of the tracks was chosen to be downstreamof the last emulsion plate to minimise the energy loss before the magnet. The resolution of�bre trackers in the simulation is 175 �m as in the simple simulation. The average fraction
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Figure V.9: Behaviour of the momentum resolution as a function of the fraction of splittrack elements. Each point corresponds to a sample of 5000 tracks with slopes followinga Gaussian distribution centred on zero with a �=200 mrad. The top curve and datacorrespond to the resolutions obtained using the RMS of the 1/p distributions, the bottomones use the sigma of the gaussian �ts to the 1/p distributions for momenta simulatedbetween 2 and 20 GeV/c. The equations of the curves are in the text.of split track elements in the GEANT simulated data was determined to be about 2 %,the average e�ciency per plane is 97 % The momentum resolution obtained is :�(p)p = (0:216� 0:003)� (0:0333� 0:0003)� p (V.5)and the reconstructed momentum deviates from the simulated value on average by 10MeV/c. This deviation is compatible with the e�ect of energy loss processes in the materialtraversed. Figures V.10 and V.11 show the fraction of particles with wrongly reconstructedsign of the charge as a function of the simulated momentum for the simple simulationwith 2% splitting and for the full GEANT simulation. The agreement between the twosimulations is good, although the simple simulation yields a slightly better resolution andsmaller fraction of wrongly assigned sign. Indeed, there are several degrading e�ects nottaken into account in the simple simulation such as energy loss processes or the non-gaussian tails of the multiple scattering angle distribution.1.2 Data: beam associated muons.A sample of beam associated muons was taken while the magnet was being pulsed. Thissample is completed by a selection of quasielastic �� CC events. A total of 2000 trackswere measured in the full detector, with a momentum smaller than 20 GeV/c, allowing thecomparison between the momentum reconstructed in the �bre trackers and the momentum
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Figure V.10: Fraction of wrongly recon-structed sign as a function of the truemomentum for muons simulated usingthe simple simulation. 0
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Figure V.11: Fraction of wrongly recon-structed sign as a function of the truemomentum for muons simulated usingthe full GEANT simulation.reconstructed in the muon spectrometer. The comparison cannot be done directly asthe muons cross the calorimeter between the two spectrometers. The energy loss in thecalorimeter is computed and the momentum from the muon spectrometer corrected forit. The energy loss is on average 1.7 GeV and has an error of 9 %. The momentumresolution in the hexagonal magnet is estimated using tracks which give a signal in all6 DT planes and for which the probability of the �t is higher than 0.005. Figure V.12shows the quadratically combined resolution of the two spectrometers as a function ofthe momentum measured in the muon spectrometer corrected for the energy loss in thecalorimeter (Pspec). For momenta below 6 GeV/c the momentum estimate is obtainedfrom the range of the muons stopping in the spectrometer as above 6 GeV/c it uses thebending of the muon trajectory in the magnets. The sign is always attributed using thebending information. As in data the reference momentum with which the �bre trackermomentum is compared is spread and the statistics is limited, the comparison is done inbins of 2 GeV/c. The obtained resolution is :�(p)p = (0:24� 0:05)� (0:037� 0:007)� p (V.6)It is in between the resolution obtained from the RMS and sigma of gaussian �ts fromthe simple simulation using a �bre tracker resolution of 180 �m in the DT's and TT'sand a fraction of track element splitting of 8.2 % (as measured in the data sample used),which is reasonable agreement, considering the low number ('130) of tracks available permomentum bin in the sample.
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Figure V.12: Momentum resolution from the �bre tracker measurement. Each dot repre-sents the sigma of gaussian �ts to Pspec�PfibrePfibre distributions as a function of the averagePspec. The plain curve shows the �t of to the combined resolutions of the two spectrometers.The vertical error bars are statistical.2 Neutrino events.For neutrino events the same comparison can be done between the muon spectrometer andthe �bre tracker momentum for �� CC events data. Although the central parts of distri-butions of Pmeasured�PsimulatedPmeasured for the muon spectrometer are Gaussian, these distributionsalso exhibit large non Gaussian tails. Worse resolution is for instance obtained near theedges of the detector and for large angle tracks. The events in the tails are eliminated usinga quality classi�cation of the �ts discussed in [V.4], taking into account among others ofthe impact point and the length of the tracks. The tracks chosen in the �bre tracker aresuch that the �t has a probability greater than .5%, the number of possible combinationsof hits downstream of the magnet is low (<20) and that the 2 DT1 paddles and at least 3out of the DT2 and DT3 paddles are hit.2.1 Simulated events.Using simulated events, we can compare the momenta reconstructed by the �bre trackersand the muon spectrometer both to the true (simulated) values and to each other as donefor data as shown in �gure V.13. The obtained resolution for the �bre tracker momentumis: �(p)p = (0:20� 0:06)� (0:033� 0:004)� p (V.7)



88 Chapter V. Tracking in the Diamond Trackers.The resolution for the muon spectrometer momentum corrected for the energy loss in thecalorimeter is: �(p)p = 0:08� 0:02 for the range measurement�(p)p = 0:13� 0:01 for the bending measurement (V.8)These resolutions are in agreement with what one would expect from the muon-spectrometer [V.4] and the resolution found in the �bre trackers for single muons.
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Figure V.13: Momentum resolution for muons coming from simulated �� interactions.Each dot represents the sigma of the distributions of Pmeasured�PreferencePmeasured in bins ofPreference. Left : The momentum measured in the air-core magnet is compared to thetrue (simulated) momentum. Centre : The muon spectrometer momentum corrected forthe energy loss in the calorimeter is compared to the true momentum. Right: The momen-tum measured in the air-core magnet is compared to the muon spectrometer momentumcorrected for the energy loss in the calorimeter. The lines show the result of a �t to thedata (left and centre plots), and the quadratic combination of the 2 �ts (the right plot).The fraction of tracks reconstructed with the wrong sign of the charge as a function ofthe true momentum is shown in �gure V.14 along with the fraction of tracks reconstructedwith the opposite sign of the charge with respect to the charge reconstructed in the muonspectrometer.2.2 DataThe �bre tracker momentum resolution is obtained comparing directly the momentumreconstructed in the muon spectrometer with the momentum reconstructed in the �bretrackers. The �bre tracker resolution is �tted for �xed values of the spectrometer rangeand bending resolutions 0.07 and 0.16 respectively (values from [V.4]):�(p)p = (0:26� 0:04)� (0:039� 0:002)� p (V.9)The data and the results of the �t are shown in �gure V.15. This result is in agreementwith what was obtained for the single muon tracks.
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Figure V.14: Fraction of muon tracks reconstructed with the opposite sign of charge inthe diamond tracker with respect to the muon spectrometer reconstructed charge (Right)and the true charge (Left) as a function of the muon momentum multiplied by the chargeattributed by the spectrometer (Right) or the true charge (Left).Using di�erent muon spectrometer resolutions (from .07 to .10 for the range measure-ment and from .14 to .19 for the bending measurement) yields �bre momentum resolution�ts within .01 for the multiple scattering contribution and within .001 for the �bre trackerresolution of the above values.Although compatible at the level of one standard deviation with the resolution of .22obtained for simulated events, the constant term in the �bre tracker momentum resolutionis systematically slightly larger in real data. Several e�ects which could cause such adeviation are listed below:� There could be more material in the detector than is accounted for in the simulation.The simple simulation shows that one needs to add 8% of a radiation length (e.g.:7.1 mm of aluminium) to increase the constant term from .22 to .26. It is, however,certain that such a large amount of extra material is not present in the detector.� A possible misalignment of the detector cannot account for this e�ect as misalignmentwould a�ect high momentum bins more than low momentum bins: the magneticdeection is larger for low momentum particles.� Another possibility lies in the fact that the resolution of the muon spectrometer canhave tails, part of which might not completely be reproduced by the simulation,such that the track quality choice would not completely reject them for real data.Since such tails would not be taken into account in the assumed muon spectrometerresolution, they would arti�cially increase the �tted constant term.The fraction of tracks with a di�erent sign attributed in the �bre trackers and in the
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Figure V.15: Momentum resolution for muons from neutrino CC interactions : the mo-mentum measured in the air-core magnet is compared to the muon spectrometer momentumcorrected for the energy loss in the calorimeter. Each dot represents the sigma of the dis-tributions of Pfibre�PspecPfibre in bins of Pspec. The curve shows the combined resolution of thetwo spectrometers, the errors are statistical.muon spectrometer as a function of the muon spectrometer momentum is shown in �gureV.16. This plot shows a worse sign of charge reconstruction e�ciency for real data muontracks than for simulated events in agreement with the respective resolutions. Figure V.17shows that the momentum reconstruction is unbiased, both for the muon spectrometerand for pions of known momentum taken during a testbeam exposure. The data show nomomentum dependence and the �t of a constant through the points at di�erent momentagives : Pfibre � PreferencePreference = �0:06� 0:06 (V.10)compatible with the absence of bias.3 Conclusion.Although the observed momentum resolution is much worse than the one predicted in theproposal: �(p)p = 0:16� 0:016� p (V.11)the discrepency can be understood by the following e�ects:� some material was added that had not been foreseen or accounted for at the timeof the proposal : this accounts for the increase in the constant term, coming frommultiple scattering to 0.21.



D. Momentum �t. 91
0

0.02

0.04

0.06

0.08

0.1

0.12

-20 -18 -16 -14 -12 -10 -8 -6
Pµ (Spec) GeV

F
ra

ct
io

n
 o

f 
d

if
fe

re
n

t 
si

g
n

Figure V.16: Fraction of tracks which get attributed a di�erent charge in the muon spec-trometer and in the �bre trackers as a funtion of the muon spectrometer momentum cor-rected for the energy loss in the calorimeter (the sign is the charge attributed in the muonspectrometer).� the intrinsic �bre tracker resolution had been estimated with a resolution per �-bre plane of 140 �m rather than the actual 180 �m . Using the correct value, acontribution of 0:027� p would have been foreseen.� the arti�cial splitting of physical track elements further degrades the intrinsic reso-lution as shown in the previous sections.The cuts for the selection of the �bre tracker tracks used to estimate the resolution reducesthe sample of tracks to about 60% of the initial sample of muon tracks with reconstructed�bre tracker momentum. Without these cuts, the obtained resolution is worse; the extratracks have less information (planes hit) and are located in a crowded part of the detector,which makes tracking more di�cult. The overall obtained resolution without any othercut than on the probability of the �t is given below:�(p)p = (0:22� 0:06)� (0:035� 0:004)� p (for simulated events) (V.12)�(p)p = (0:29� 0:05)� (0:044� 0:003)� p (for real events) (V.13)When calculating e�ciencies or background contamination for the oscillation signal, thereconstructed momenta in simulated events will need to be smeared to reproduce theresolution and e�ciency for reconstructing the correct charge as observed in the data.
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Figure V.17: Momentum bias as a function of the reference momentum. The empty squaresrepresent �� CC data, the reference momentum Pref is the momentum measured in themuon spectrometer corrected for the energy loss in the calorimeter. The black disks repre-sent pions taken during a testbeam exposure, Pref is the set momentum of the beam. Thestraight line is the result of the �t of a constant through the data:-0.06�0.06, compatiblewith the absence of bias or momentum dependence.
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95Chapter VI Neutrino oscillation searchanalysis.A IntroductionThis chapter describes the CHORUS analysis procedure to look for �� decay candidates,and then extracts a limit on the oscillation parameters as no event has been observedwithin the data sample analysed.The CHORUS analysis divides the events in 2 samples : the events with an identi�edmuon (1-� sample) and the events without a muon (0-� sample).The �rst sample is composed mainly of �� CC events with a small contamination ofNC events with a � or K decay. These events are used in the search for �� decay intoa muon. This sample was chosen to train and improve both on the electronic detectorreconstruction algorithms and on the emulsion scanning methods: the muon is the onlytrack which is needed to check whether or not the event is a possible �� interaction can-didate. It is easier to reconstruct as it is more isolated than the hadronic shower tracks,and traverses the whole detector.The 0-� sample is composed of �� NC interactions, with a contamination from CCevents with an unidenti�ed muon. It is analysed in the search for �� decay to one or threecharged hadrons and to a smaller extent to electrons, but also contributes to the sensitivityto the muonic decay of the �� .The two analyses will be described both using events from the full detector GEANTMonte Carlo simulation and the data from the electronic detector which have been scannedso far.B The Monte Carlo sample.The acceptance of the event reconstruction and prediction algorithms in the electronicdetector is one of the ingredients necessary to work out a limit on the neutrino oscillationsparameters. A full GEANT Monte Carlo simulation of the CHORUS detector is used toget a handle on these numbers. The results are compared to the data whenever possible.The following samples were used : NC �� interactions, CC �� interactions and �� CCinteractions. In addition, samples of �� and ��� interactions with production of a chargedcharm hadron were dedicated to background studies. The quasi-elastic and resonant in-teractions (QE) and deep inelastic scattering (DIS) interactions are generated using twoseparate primary event generator programs, the event samples of both types contribute tothe overall results according to the ux weighted cross-sections prescribed by S. Ricciardi



96 Chapter VI. Neutrino oscillation search analysis.in [VI.1], and of the trigger e�ciencies for each sample as shown in table 6.1.� �QE�DIS��� NC = 10:1%� �QE�DIS��� CC = 8:5% (VI.1)� �QE�DIS��� CC = 13:4%Event type �� DIS NC �� QE NC �� DIS non-muonic decay �� QE non-muonic decayTrigger e�ciency 90.1�0.3% 19.8�0.4% 99.85 �0.04% 96.3�0.3%Event type �� DIS CC �� QE CC �� DIS muonic decay �� QE muonic decayTrigger e�ciency 99.67�0.05% 99.2�0.2% 99.25�0.08% 92.5 � 0.3%Event type �� DIS CC ! �c+... �� DIS CC ! c+...Trigger e�ciency 99.91�0.02% 99.984�0.005%Table 6.1: Trigger e�ciencies for events originating in the emulsion as estimated usingsimulated events. The errors are statistical.C Event reconstruction in the electronic detector.The �rst step in the analysis is the reconstruction in the electronic detector. After thetrack �nding has been performed in all subdetectors, and the tracks have been associatedbetween the di�erent subdetectors, the vertex of the event is calculated. If several choicesare possible, the vertices are ordered according to weights attached to the tracks belongingto them. The more detectors the track is found in, the higher its weight.The e�ciency of the event reconstruction algorithms, and their ability to predict thevertex position in the emulsion stack where the interaction occurred can be estimatedusing the full GEANT Monte Carlo simulation of the CHORUS detector. The resultsof this study are shown in table 6.3(6.5) for NC (CC) �� events and in tables 6.6 (6.4)for CC �� interactions followed by a (non-)muonic decay of the tau. Tables 6.7 and 6.8give the results obtained for �� and ��� CC events in which a charged charmed hadron isproduced and decays. Vertices can sometimes be wrongly attributed to a stack furtherdownstream as shown in the tables 6.3 to 6.6: This e�ect is due to the complication of theevent due to secondary interactions and multiple scattering in the material downstreamof the interaction point. It is particularly important for events originating in the oddnumbered emulsion stacks due to the geometry of the target region. Indeed, there isanother emulsion stack between the most downstream 3 hyperplanes used by the TT track�nding algorithm and the one just downstream of the stack of the vertex, which makes thetrack extrapolation more di�cult and sometimes causes the vertex position to be predictedin the stack downstream of the correct one. The e�ect of the increasing complication of theevents as they originate more and more upstream can also be seen as non-muonic eventstend to be better reconstructed in module 2 of the TT rather than in module 1.



C. Event reconstruction in the electronic detector. 97Table 6.2 shows the fraction of events predicted in an emulsion stack which reallyoriginated there. Once more we can see that an event predicted in an upstream stackis more likely to have really originated there, as the reconstruction when failing tends toreconstruct the vertex point more downstream than its correct position.Event type Stack 1 Stack 2 Stack 3 Stack 4�� CC 88.4% 83.4% 79.8% 81.2%�� NC 90.2% 80.1% 75.0% 69.4%�� ! 1-� 88.3% 84.1% 78.6% 81.0%�� ! 0-� 90.5% 82.5% 76.6% 74.8%Table 6.2: Percentage of the events reconstructed in an emulsion stack which were simulatedthere.reconstructed in stack 1 2 3 4 outside failedsimulated instack 1 61.7 % 5.2 % 1.1 % 2.7 % 16.2 % 13.1 %stack 2 0.0% 75.8 % 1.5 % 3.2 % 6.6 % 13 %stack 3 0.0% 0.0% 61.3 % 7.4 % 11.3 % 19.9 %stack 4 0.0% 0.0% 0.0% 79 % 3.1 % 17.9 %Outside 1.2 % 3.1 % 4.7 % 5.9 % 35.8 % 49.3 %Events reconstructed in the correct stackClassi�ed as 0-� 97.6 % 97.6 % 97 % 97.1 % - -Classi�ed as 1-� 2.4 % 2.4 % 3 % 2.9 % - -Table 6.3: Percentages of �� events NC reconstructed in and outside the emulsion stacksas a function of where they were simulated. The 'outside' column (row) represents eventssimulated (reconstructed) in the �bres and support structures of the target area. Also shownis the percentage of events reconstructed in the correct emulsion stack which are classi�edas events with and without muon. The statistical error on these values is typically .5%



98 Chapter VI. Neutrino oscillation search analysis.reconstructed in stack 1 2 3 4 outside failedsimulated instack 1 64.8 % 6.2 % 1.3 % 1.2 % 22.8 % 3.7 %stack 2 0.0% 81.6 % 1.4 % 4.2 % 9.2 % 3.6 %stack 3 0.0% 0.0% 68.7 % 7.7 % 15.7 % 7.9 %stack 4 0.1 % 0.0% 0.0% 89.3 % 3.8 % 6.8 %Outside 1.1 % 3.3 % 5.4 % 6.7 % 40.2 % 43.2 %Events reconstructed in the correct stackClassi�ed as 0-� 97.0 % 96.8 % 97.4 % 96.9 % - -Classi�ed as 1-� 3.0 % 3.2 % 2.6 % 3.1 % - -Table 6.4: Percentages of �� CC events with a non muonic decay of the �� reconstructed inand outside the emulsion stacks as a function of where they were simulated. The 'outside'column (row) represents events simulated (reconstructed) in the �bres and support struc-tures of the target area. Also shown is the percentage of events reconstructed in the correctemulsion stack which are classi�ed as events with and without muon. The statistical erroron these values is typically .5%reconstructed in stack 1 2 3 4 outside failedsimulated instack 1 95.6 % 0.3 % 0.0% 0.0% 3.8 % 0.2 %stack 2 0.0% 98.9 % 0.0% 0.1 % 0.9 % 0.1 %stack 3 0.0% 0.0% 95.6 % 0.5 % 2.7 % 1.2 %stack 4 0.0% 0.0% 0.0% 97.8 % 0.8 % 1.4 %Outside 3.1 % 5 % 6.1 % 5.3 % 44.3 % 36.2 %Events reconstructed in the correct stackClassi�ed as 0-� 5.6 % 5.4 % 5.8 % 5.1 % - -Classi�ed as 1-� 94.4 % 94.6 % 94.2 % 94.9 % - -Table 6.5: Percentages of �� CC events reconstructed in and outside the emulsion stacksas a function of where they were simulated. The 'outside' column (row) represents eventssimulated (reconstructed) in the �bres and support structures of the target area. Also shownis the percentage of events reconstructed in the correct emulsion stack which are classi�edas events with and without muon. The statistical error on these values is typically .5%



C. Event reconstruction in the electronic detector. 99reconstructed in stack 1 2 3 4 outside failedsimulated instack 1 94 % 0.6 % 0.2 % 0.1 % 4.1 % 1.1 %stack 2 0.0% 97.7 % 0.2 % 0.3 % 0.9 % 0.9 %stack 3 0.0% 0.0% 92.1 % 1 % 3.3 % 3.6 %stack 4 0.0% 0.0% 0.0% 96.3 % 1.1 % 2.5 %Outside 2.8 % 4.6 % 5.9 % 5.3 % 43.7 % 37.6 %Events reconstructed in the correct stackClassi�ed as 0-� 11.6 % 12.1 % 11.9 % 11.5 % - -Classi�ed as 1-� 88.4 % 87.9 % 88.1 % 88.5 % - -Table 6.6: Percentages of �� CC events with a muonic decay of the �� reconstructed inand outside the emulsion stacks as a function of where they were simulated. The 'outside'column (row) represents events simulated (reconstructed) in the �bres and support struc-tures of the target area. Also shown is the percentage of events reconstructed in the correctemulsion stack which are classi�ed as events with and without muon. The statistical erroron these values is typically .5%reconstructed in stack 1 2 3 4 outside failedsimulated instack 1 91.7 % 0.6 % 0.0% 0.0% 7.5 % 0.2 %stack 2 0.1 % 98.4 % 0.0% 0.0% 1.4 % 0.1 %stack 3 0.0% 0.0% 92.4 % 0.9 % 6.1 % 0.6 %stack 4 0.0% 0.0% 0.1 % 98.1 % 1.5 % 0.4 %Outside 1.4 % 3.2 % 4.8 % 3.8 % 48.7 % 38 %Events reconstructed in the correct stackClassi�ed as 0-� 10.4 % 9.4 % 11 % 9.2 % - -Classi�ed as � 1-� 89.6 % 90.6 % 89 % 90.8 % - -Table 6.7: Percentages of �� DIS CC events with charged charmed hadron productionreconstructed in and outside the emulsion stacks as a function of where they were simulated.The 'outside' column (row) represents events simulated (reconstructed) in the �bres andsupport structures of the target area. Also shown is the percentage of events reconstructedin the correct emulsion stack which are classi�ed as events with and without muon. Thestatistical error on these values is typically .5%



100 Chapter VI. Neutrino oscillation search analysis.reconstructed in stack 1 2 3 4 outside failedsimulated instack 1 87.6 % 0.7 % 0.0% 0.0% 11.4 % 0.2 %stack 2 0.0% 97.5 % 0.0% 0.0% 2.3 % 0.1 %stack 3 0.0% 0.0% 89.4 % 1.2 % 9.1 % 0.4 %stack 4 0.0% 0.0% 0.1 % 96.9 % 2.8 % 0.3 %Outside 4.2 % 4 % 11.1 % 10.4 % 55.3 % 15 %Events reconstructed in the correct stackClassi�ed as 0-� 6.0 % 5.2 % 6.5 % 5.1 % - -Classi�ed as � 1-� 94.0 % 94.8 % 93.5 % 94.9 % - -Table 6.8: Percentages of ��� DIS CC events with charged charmed hadron productionreconstructed in and outside the emulsion stacks as a function of where they were simulated.The 'outside' column (row) represents events simulated (reconstructed) in the �bres andsupport structures of the target area. Also shown is the percentage of events reconstructedin the correct emulsion stack which are classi�ed as events with and without muon. Thestatistical error on these values is typically .5%D Event selection.The negatively charged tracks from the predicted events are selected for automatic scanningif their momentum is lower than 30 GeV/c� and they are identi�ed as a muon or if theirmomentum is between 1 and 20 GeV/c for hadrons and electrons.In addition, muon tracks from events containing 2 muons are scanned to cross-check withcharm decays the e�ciency to �nd �� -decay topologies.The momentum resolution for non-muon tracks in simulated events was checked to beconsistent with the resolution obtained for muons, both in the �� and �� induced eventssamples. The percentage of events reconstructed in the right stack which are selected forscanning according to the criteria described above is shown in table 6.9. For the �� inducedevents, the numbers only refer to the fraction of events in which the �� daughter is selectedas possible scan back track. For �� (��� ) charm production, the numbers only refer to thefraction of events in which the charmed hadron daughter is selected as possible scan backtrack, and the primary �� (�+ ) is not identi�ed. Even if a few percent of 0-� and1-� events are classi�ed in the wrong category, they can also be chosen for scanning ifthey satisfy the selection criterion of the other category. The Monte Carlo momentumresolution was degraded to reproduce the resolution measured in the data, as discussed inthe previous chapter. A di�erence larger than 1� could only be observed in the selectione�ciency of events classi�ed as 0-� as could be expected from the fact that most muonsare reconstructed in the muon spectrometer. This study shows that to reproduce themomentum reconstruction observed in the data, the reconstruction acceptances will have�Muons reconstructed in the muon spectrometer are selected if their measured momentum is less than28 GeV/c, as they lose slightly less than 2 GeV/c when they traverse the calorimeter.



E. Scanning. 101Monte Carlo standard smeared standard and smearedEvent type selected as 0-� selected as 1-��� CC 44�1% 50�1 % 66.0�0.3%�� NC 40 �1% 34�6%�� ! 1-� 24�1% 74.3�0.6%�� ! 0-� 40.5�0.5% 44.1�0.5% 33�2%�� c production 21�1% 0.34�0.07%��� �c production 34�2% 0.54�0.06%Table 6.9: Percentage of events reconstructed in the stack where they were simulated andclassi�ed as 0 or 1-� (in the proportions given in the tables 6.3 to 6.8) which satisfy themomentum criteria to be sent to the scanning, with or without smearing the Monte Carlo toreproduce the momentum resolution observed in the data. The columns are distinct only ifthe di�erence is larger than the 3� error.to be multiplied by the factors below :Asmeared�! 0�� = 1:09� Astandard�! 0��A�� CC smeared0�� = 1:14� A�� CC standard0�� (VI.2)(VI.3)E Scanning.Within this total sample of tracks, only the tracks with an angle less that 400 mrad fromthe beam direction and greater than 50 mrad with respect to the X7 calibration beamdirections are selected. The �rst angular cut is due to the limitations of the scanninghardware. The second angular cut is to avoid picking up in the emulsion background trackcandidates coming from the X7 test beam.Table 6.10 gives the acceptances for the di�erent event categories to be sent to the scanningprocedure. One can notice that the only e�ect of the momentum smearing is to increaseslightly the number of predicted signal events.The predicted tracks from a full data-taking period are ordered by half emulsion mod-ules, corresponding to the physical unit of emulsion scanned set on a microscope. Adata-taking period can be as short as 3 weeks when scanning the �rst interface sheet, theCS, to 2 years when scanning the target emulsion. Figure VI.1 shows the division of anemulsion plate into modules. Although each half-module has transverse dimensions of36� 36cm2, only the central 34� 34cm2 area de�nes the scanning �ducial volume.1 The Track Selector.The automatic scanning is done using a system called the Track Selector(TS) [VI.2], con-tinuously developed in Nagoya. The speed of this system has improved by a factor 10since the proposal of the experiment reaching an analysis speed of 100 events per dayper system, and another factor of 30 is expected from the new prototypes currently being



102 Chapter VI. Neutrino oscillation search analysis.Event type / Stack 1 2 3 4�� CC 0.58 0.61 0.59 0.62�� NC 0.21 0.27 0.31 0.37�� ! 1-� 0.58 0.60 0.56 0.60�� ! 0-� 0.21 (0.24) 0.29 (0.34) 0.28 (0.31) 0.40 (0.42)Table 6.10: Global reconstruction acceptances for events simulated in the 4 emulsion stacks.These numbers represent the fraction of events simulated in each stack which contain atleast one track satisfying the momentum and angular cuts. The numbers between bracketsare the ones obtained with the smeared Monte Carlo - only quoted when they are di�erentfrom the standard Monte Carlo .
Figure VI.1: Numbering scheme of the emulsion modules. Each module is 36 cm wide and72 cm high.designed. For each predicted track, the TS focuses at 16 di�erent depths in the emulsionsheet for a total depth of 100 �m and collects and digitises the image using a CCD cameraand a video processor as shown in �gure VI.2. The images are then shifted according tothe track angle and added. The signal of the predicted track can then be seen as a peakin the pulseheight distribution as depicted in �gure VI.3. A track is considered found ifa pulseheight corresponding to 12 grains is collected in the 16 layers. The TS �ndinge�ciency drops as the angle increases as shown in �gure VI.4.
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Figure VI.2: Schematic representation of the automatic microscope data-taking system inNagoya.

Figure VI.3: Schematic representation of the image processing done by the Track Selectorto �nd the signal associated to predicted tracks.
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cyFigure VI.4: Track Selector Track �nding e�ciency as a function of the track slope withrespect to the beam direction.2 The Strategy.Event locationThe predictions are searched for automatically in the CS plate. A track found in theCS plate is said to match a prediction if if its angle in the emulsion di�ers by less than15 mrad from the predicted angle and its position is within 9�9 microscope viewsy (or11�11 for data after 94, but then the scanning is done by spiralling around the predictedposition and stopping as soon as a candidate makes an angle di�erence of less than 6 mradwith the prediction. If no such match is found, all candidates in the area scanned with�� <15 mrad are considered.)A track found in the CS is then followed in the SS, using the position found in the CS.It will be found if it is within the 7�7 microscope views centred on the prediction andif its angle di�ers by less than 15 mrad from the predicted angle. Th e scanning is donespiralling outwards as described for the CS for data after 1994. The SS angle becomes thereference for the scanning of the target emulsion.The e�ciencies for CS and SS scanning have been estimated using the data themselves[VI.3], the GEANT Monte Carlo [VI.4] with no background such as X7 tracks, Comptonelectrons, cosmic rays, etc..), and a method to retrieve the background free e�ciency fromthe e�ciency observed in the data and the number of candidates found per track in thescanned area[VI.8]. The tracks are separated into 7 priority categories designed by O. Satoand described in table 6.11.The results obtained by various methods range from 50 to 85 % for the CS track �ndinge�ciency depending on the event type, the track category, the stack number and on thescanning strategy. The e�ciencies found by the di�erent methods vary for a same trackcategory by about 10%, such that it will be one of the main contributions to the systematicerror in the �nal result. The �nding e�ciency in the SS is more stable as the e�ciency doesy1 view=120�m �90�m at the magni�cation 50 used.



E. Scanning. 105Category Description angle with respect tothe X axis1 muon tracked through the whole detector � < 0:2 rad2 muon tracked through the whole detector 0:2 < � < 0:4 rad3 track measured in TT and one of the spectrometers � < 0:2 rad4 track measured in TT and one of the spectrometers 0:2 < � < 0:4 rad5 track measured in TT only � < 0:2 rad6 track measured in TT only 0:2 < � < 0:4 rad7 track from 1! 6 badly isolated in TT, with a bad �2 for the TT �t,with � > 0:4 rad or an angle with respect to X7 <80 mrad.Table 6.11: Priority classi�cation of tracks for scanning. The smaller the number, thebetter the track quality and the chance the track will be found, such that in scanning periodswhen not all the selected tracks were scanned, the track(s) scanned where the ones with thelowest category number.not depend on the quality of TT prediction (which can be better for Monte Carlo thanfor the data) but only on the scanning strategy as the prediction is based on a genuine CSemulsion track. The various estimates give values around 90(�3)%A track which has been found in the interface sheets is then followed upstream plateby plate in the target emulsion, using only the most upstream 100�m of each plate untilthe track selector looses the track for 2 successive plates as shown in �gure VI.5. Theprediction of the track position from plate n to plate n+1 is done using the found positionin plate n and the angle found in the SS. The region around the predicted point in whichthe track will be found in the plate n+1 has a radius of 15 + 50 � ��X7(rad) �m inposition and the angular tolerance is of 25 + 50 � ��X7(rad) mrad, where ��X7 is theangle di�erence with the X7 test beam direction. The plate to plate �nding e�ciency is98% , most of the ine�ciency being due to local surface defects of the emulsion plate.The �rst plate in which the track was not found is called the vertex plate nvx as it issupposed to contain the neutrino interaction vertex, or a decay (or secondary interaction)vertex if there was a large angle between the parent and daughter particle. The threemost downstream plates are only used to validate the track found in the SS, and are notconsidered for vertex analysis.The e�ciency of the complete vertex scan-back procedure is of 32% and 42% for hadronand muon tracks respectively, including the CS (main di�erence) and SS �nding e�cien-cies. This reects the worse reconstruction quality of shower particles with respect to themuons, as they have on average a lower momentumand a worse isolation from other tracks.Vertex analysis and kink �ndingOnce the vertex plate is de�ned, various methods have been tried and used to analyseautomatically the decay topology and reject non-interesting events while keeping potentialcandidates for further checks, this time done manually.The emulsion plate in which a �� decays can either be the plate where the primary
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Emulsion Emulsion

Base
  Vertex PlateFigure VI.5: Illustration of the scan-back procedure. The track is followed from the mostdownstream plate (right), looking only at the most upstream 100 �m , until it is missed intwo successive plates.interaction took place (it is then called a short decay) or a plate further downstream(so-called long decay). For all events these two possibilities have to be checked.The long decay possibility is further divided into two possibilities for which two dif-ferent search methods are adopted: either the angle of the decay was within the angularacceptance of the scan-back procedure and the vertex plate is the primary interactionplate, or the angle was larger and the vertex plate is in fact the decay plate. The threesearches applied to each event are described below:1. Short decays:(34% of the simulated �� decays) If an event contains more than onetrack, the other predicted tracks are searched for in the upstream surface of theplate n-1. The impact parameter (IP) between the scan-back track and t he vertexmade by the other tracks of the event is calculated. A cut on the maximum distancedepending on the depth of the vertex in the emulsion was chosen to select �� decaycandidates in the vertex plate and to reject �� events. It is de�ned in equation VI.4,where Xd and Xvx are the positions along the beam of the downstream surface ofthe emulsion plate and of the reconstructed vertex. This method is illustrated in�gure VI.6. IP > 2 + 0:006� (Xd �Xvx)�m (VI.4)Events satisfying equation VI.4, are checked manually for an actual decay kink. Upon�nding, the transverse momentum associated to the decay angle and the measureddaughter momentumwould have been checked to be in excess of 250 MeV/c to rejectpion and kaon decays.Events where the vertex cannot be reconstructed are analysed using the video imageanalysis described in 3.2. Long, small angle decays:(6% of the simulated �� decays) If the �� decayed in a platedownstream of the vertex plate, making a small angle with its daughter particle such
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Emulsion Emulsion

Base   Vertex PlateFigure VI.6: Illustration of the search for a �� decay in the same plate as the primary�� interaction vertex.that it was followed down within the tolerance of the TS to the primary interactionplate n-1 as shown in �gure VI.7. To test this hypothesis, the angle between thescan-back track and another track of the event is calculated at the vertex plate �vxand in TT �TT or at the SS (for the tracks used for scan-back). If the correspondingtransverse momentum :(j�vx� �TT j)� pscan�back is larger than 250 MeV/c, the scan-back track is manually followed downstream for 5 plates (3 for hadrons), to detectthe presence of a decay kink.
Emulsion Emulsion

Base
  Vertex PlateFigure VI.7: Illustration of the search for a �� decay in a plate further downstream of thevertex plate, if the �� daughter particle has a small angle with respect to the �� .3. Long, large angle decays: (60% of the simulated �� decays) In this case the anglebetween the �� and its daughter is large enough for the T.S. not to �nd the �� trackin the next plates. Since the vertex plate is not the primary interaction plate, theother predicted TT tracks will not be found in the plate as illustrated in �gure VI.8.Two di�erent methods have been applied to search for this class of decays : theVideo Image analysis and the Parent Track search.
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Emulsion Emulsion

Base
  Vertex PlateFigure VI.8: Illustration of the search for a �� decay in the vertex plate, if the �� daughterparticle makes a large enough angle with respect to the �� , for the scanning to stop in thedecay plate.� The Video Image analysis: it consists in digitising the vertex plate, by taking48 CCD images at 7�m spaced depths on each surface, centring the microscopeview on the scan-back track impact point in the base of the emulsion. Theimages are then analysed o�ine by software. This method was only used for the1994 data sample. Its main drawback is that decays occurring within 50 �m ofthe plastic base or of the downstream emulsion surface are not detected, andthat the algorithmhas a very low e�ciency for kink angles larger than 150 mrad.The tracking e�ciency of the V.I. algorithm itself is estimated to be 92% [VI.7].A manual check is done if a kink is observed with a transverse momentum largerthan 250 MeV/c, or if the track stops within the image with no visible nuclearbreakup fragment.� The Parent Track search: it consists in looking for a parent track in theupstream surface of the vertex plate, with closest approach distance to thescan-back track of �15�m . The parent candidates are extrapolated and lookedfor in plate n-1. The candidates found in plate n-1 are rejected as backgroundtracks. If a candidate remains the event is checked manually and the 250 MeV/cdecay transverse momentum cut is applied if a kink topology is observed.The overall kink �nding e�ciency varied as a function of the scanning strategy. Suchthat it will be di�erent for 1994 data where video analysis was applied and all possibledecays were searched for. For the next years, the parent track search was applied, andonly long decays with large angles were searched for, so far as they represent the largestfraction of the decays. The values estimated by Monte Carlo simulation (see table 6.12were experimentally checked using �� N! �� D+ X with a subsequent muonic decay ofthe D+. Assuming a charm yield of about 5%, one expected 22.8�3.9 events in the 1994and 1995 data sample and 25 were found.



F. Background Estimates. 109F Background Estimates.The possible sources of background were already discussed qualitatively in section III.B.The quantitative estimates are given below in terms of the number of events we wouldexpect to see at this stage of the analysis.1. Anticharm production: The anti-neutrino contamination (�5%) in the beam cangive rise to negative charm meson production whereh���CC(D�)ih��CCi = h���CC(D�)ih���CC(�c)i � h���CC(�c)ih���CCi � h���CCih��CCi = 0:30 � 0:03 � 0:44 = 0:4% (VI.5)which can fake a �� decay (BR(D�! h�) �0.31, BR(D� ! �� or e� ) �8%) ifthe primary lepton (e+ ,�+ ) escapes identi�cation (5.5%), and the decay kink isdetected (21%). Such that we expect about 0.02 events in the present sample for thenon-muonic decay channels and <0.1 events for the muonic decay channel.2. Charm production: Positive charmed mesons created in �� CC interactionh��CC (D+)ih��CCi = h��CC (D+)ih��CC(c)i h��CC(c)ih��CC i = 0:38 � 0:05 = 0:019 (VI.6)decay (BR(D+! h+) �0.31, BR(D+! �+ or e+ ) �8%) and their daughter particlecan be wrongly reconstructed as negative (10%). If the primary �� is not identi�ed(11%), it can fake a �� decay. The fact that the D+ daughter charge is wrong isstrongly correlated with the cut on the decay transverse momentum Pt >250MeV/c,such that for these events, the kink �nding e�ciency is only 0.05, a factor of about4 lower than for D+ with correctly reconstructed charge. Approximately 0.03 eventsare expected from this source of background.3. Associated charm production in neutral (0.13% [III.1]) and charged current events(<0.12%[III.1]), where the primary �� was missed and one of the charm particles isnot detected. This source of background represents less than 0.01 events with thecurrent statistics.4. White star kink: this is the main source of potential background for the non-muonicdecay channels of the �� . Indeed, a negative hadron can scatter o� a nucleusand change direction, without leaving any trace of recoil, or Auger electron in theemulsion. An analysis of the existing KEK [VI.5] data has been performed in [VI.6].The result is in agreement with the observation of 4 events with pT >250 MeV/c atlarge distance from the primary vertex in the present CHORUS data sample, alongthe �92 m of hadronic scan back track, corresponding to a background of about 0.5event within 3 plates from the primary.G Limit on �� ! �� oscillationsAs no �� decay candidate event has been found up to now, one can set a limit in the(�m2 ,sin2(2�) ) parameter space. Indeed the relation between the oscillation probability



110 Chapter VI. Neutrino oscillation search analysis.Posc, the e�ciencies and the number of observed events can be written as :N�N� = Br(�! x) R R ����A��kPoscdEdLR R ����A�dEdL (VI.7)Where the acceptances A, the kink �nding e�ciencies �k, the neutrino CC cross-section�,the uxes �, and the oscillation probability Posc depend on the neutrino energy E andall but � depend on the distance between the creation and interaction point of the neutrinos L.In the limit of large �m2 , Posc = 12 sin2 2�1, such that :N�N� = 12 sin2 2�1Br(�! x) R R ����A��kdEdLR R ����A�dEdL (VI.8)Which can be rewritten as :N�N� = 12 sin2 2�1Br(�! x) h��ih��i hA� ihA�i h�ki (VI.9)Where the h�i's are the ux-weighted CC cross-sections with h�� ih��i = 0:53, the hAi's are theux and cross-section weighted acceptances and h�ki is ux, cross-section and acceptanceweighted kink �nding e�ciency. The boundary of the complete excluded region can beparametrised [VI.9] as:sin2 2�(�m2 ) = 12 sin2 2�1 R R ����A��kdEdLR R ����A��k sin2(1:27L=E�m2 )dEdL (VI.10)Such that the knowledge of sin2 2�1 and the energy dependence of ����A��k are su�cientto determine the entire excluded region. The number of expected �� decays N�i, wherei represent the decay product (a (mis)identi�ed muon, a hadron, an electron), can beexpressed as : N�i = BR(�! i)niPosc h�� ih��i hA�iihA��i��i (VI.11)Where the branching ratios are [II.5] :BR(�� ! �� ��� �� ) = 17:37� 0:09%BR(�� ! �� ��e e� ) = 17:81� 0:07%BR(�� ! �� h�nh0) = 49:52� 0:16% (VI.12)Where ni is the number of located CC �� events N� for i=� and N� times the relativefraction of the data for which 0-� event analysis has been completed for the e� ,h�, andmisidenti�ed �� channel. The number of �� events we can observe is divided into 2 samplesfrom the start of the analysis : the CC events with a �� decay into an identi�ed muonand the sample with other �� decay channels. The results of the events with and withoutmuoncan be combined easily if we de�ne a number of muon events equivalent to the 0-�sample: N eq� = N0�� Xi=h;e;�mis hA�iihA��i h��iih���i BR(�! i)BR(�! �) (VI.13)



G. Limit on �� ! �� oscillations 111Such that the 90% con�dence level limit on the oscillation probability can be expressedas: Posc � 2:38 h�� ih��i hA��ihA��CCiBR(�! �)��� [N� +N eq� ] (VI.14)The factor 2.38 takes into account the global 17% systematic error following the prescrip-tion given in [VI.11]. The sources of systematic as evaluated in [VI.8] :� The Monte Carlo statistics (�1%) and reliability (�5%).� The ratio of cross-sections (�7%)� The momentum measurement by either spectrometers (� �5%).� The track selector pulseheight cut (+5,-10%)� The error on the impact parameter measurement (+19,-10% for the non-muonicdecay channels, +9,-6% for the muonic decay channel)The values of the acceptances and e�ciencies are listed in table 6.12 along with the numberof analysed events. No statistical errors are quoted as the overall systematic error is largerby an order of magnitude.Data taking year 1994 1995 1996Emulsion triggers 422 000 547 000 617 0001-� sample to be scanned 66 911 110 916 129 6690-� sample to be scanned 17 731 27 841 32 5481-� sample scanned up to now 42 154 49 912 129 6690-� sample scanned up to now 8 908 12 635 -1-� vertex located 18 286 20 642 30 1280-� vertex located 3 401 3 805 -hA��i = 
A��CC� 0.93 0.93 0.93hA��i 0.39 0.39 0.39hA�hi 0.18� 0.18� -hA�ei 0.010� 0.010� -DA��misE 0.028� 0.028� -h���i 0.53 0.35 0.37h��hi 0.24 0.25 -h��ei 0.12 0.13 -D���misE 0.22 0.23 -N equiv� 13 066� 13 890� -Table 6.12: Status of the analysis as of July 1998 [VI.10], values of the acceptances andthe kink �nding e�ciencies for the di�erent event types. The numbers marked with a *are modi�ed with respect to the published values to include the e�ect of the momentumresolution smearing.



112 Chapter VI. Neutrino oscillation search analysis.The overall result is thus given by:Posc � 5:8 � 10�4 at 90 % C:L: (VI.15)Such that the 90% C.L. excluded region is shown in �gure VI.9
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115ConclusionThe still unanswered questions : 'do neutrinos have a mass ?', 'do they oscillate ?' have ledto the realisation of the CHORUS experiment. After 4 years of data taking in the CERNSPSWide Band neutrino beam, the scanning and the analysis of the events is still going on.The high precision �bre tracking system allowed an accurate and fast location of theevents in the emulsion target, along with the development of the emulsion scanning tech-niques.A program for track �nding in the �bre trackers of the hadron spectrometer was de-signed. The loss of resolution due to the distortion of the signal of the �bres in the imageintensi�ers, the imperfections in the calibration of the read-out charged coupled devices(CCD's) or in the algorithms used to cluster the CCD signals into track elements, as wellas the problens due to the high occupancy of the detector due to particles showering inthe magnet have been understood corrected as far as possible.This program was then used to align the �bre trackers of the hadron spectrometer withrespect to the target �bre trackers, using cosmic ray and beam associated muons. Severalsources of misalignment and movement of the detector where discovered in this process.A momentum �tting algorithm was written and tested both on simulated and experi-mental data. It is currently used in the analysis to select tracks of the negative hadrons,the potential �� decay candidates, to be scanned in the emulsion target.The resolution of the hadron spectrometer achieved by the current momentum recon-struction algorithm contributed to the determination of the e�ciency of the CHORUSexperiment to detect �� decays, particularly in the non-muonic modes and to reject back-ground events.The detector was upgraded at the end of 1996 to include more tracking planes down-stream of the magnet to tackle the multiplicity problem uncovered. New signal analysismethods are currently being designed to improve the clustering on the CCD's.The CHORUS experiment has not, so far, found any �� decay candidates. However,the event scanning is continuing and the prediction and scanning methods are being im-proved, such that CHORUS will cover its foreseen sensitivity region in the parameter plane,down to oscillation probabilities of 10�4 .Other experiments have recently claimed to have observed neutrino oscillations, suchas Super-Kamiokande in a region of �m2 around 10�3 eV2, unreachable by CHORUS- if their signal is con�rmed to be �� ! �� oscillations. Indeed, the fact that they would



116 Referencesobserve �� ! �e oscillations is ruled out by the Chooz reactor experiment. The dark matterin the universe, is currently rather believed to be essentially cold, such that neutrinos arenot needed to contribute with masses as high as 1 eV2. These recent results tend topredict that CHORUS will not detect an oscillation signal in the low sin2(2�) , high massregion. However, to be able to test the signal seen by Super-Kamikande, long baselineexperiments such as OPERA are being designed. This new experiment could run by 2005in a new CERN neutrino beam pointing towards the underground Gran Sasso laboratory730 km further. It will take advantage of the high sensitivity emulsion techniques and theexperience gained in �� search in CHORUS.
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