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IntrodutionAt the end of the 19th entury radioativity was disovered by H. Bequerelin 1897. From that disovery, sientists knew that radiation was emitted from spei�nulei. J. Chadwik in 1914 measured the energy spetrum of the β-deay of tritium nuleiaording to the reation 3H −→ 3He+ e− + νe and showed that it was ontinuous. Inorder to reover the β-deay theory, one has to assume that another neutral partileof spin 1
2
was emitted with the eletron : W. Pauli did postulate the existene of the"neutronen" as he alled it to save the energy onservation priniple. J. Chadwik in1932 observed a neutral partile as heavy as the proton that he alled "neutron". WhenE. Fermi developed his theory of weak interation [1℄ inluding the β-deay as a 3-bodyproess, he deided to all the famous Pauli neutral partile "neutrino" ; it was in 1934.On the same year, H. Bethe and R. Peierls showed the peuliar nature of the neutrinobeause they alulated its ross setion [2℄ and predited the neutrinos were not easyto be deteted. The observation of this partile has been atually waiting for 22 years.F. Reines and C.L. Cowan built a detetor in South Carolina (USA) and through theinverse β-deay reation ν+p→ n+e+, they aptured three neutrinos per hour produedby the nulear power plant of Savannah River [3℄. By measuring this low rate with respetto the huge number of neutrinos produed in a reator ore, they on�rmed the elusiveharater of the neutrino. In addition, preise measurements of the energy spetrum of the

β-deay proess [4℄ gave hints of the smallness of the neutrino mass implying a masslessneutrino in most of theoretial alulations inluding the Standard Model (SM).Later, in 1962, L. Lederman et al. [5℄ observed neutrinos in the pion deay whihmainly produed muons when interating. With the two known leptons, eletron andmuon, the assoiation of eah to a orresponding neutrino ould be made. A third lepton τwas disovered at Stanford Linear Aelerator Center (SLAC) [6℄. The assumption wasthus to expet a third neutrino. It was �nally observed, in year 2000 by Diret Observationof NU Tau (DONUT) experiment [7℄. Three families of leptons have been observed and,experimentally, LEP experiments evaluated the deay width of Z boson [8℄ showing thatthree families of leptons are expeted and on�rmed that there are three di�erent ativelight neutrinos : νe, νµ and ντ at the Z boson energy sale.An additional unusual property of this partile is the heliity whih has beeninvestigated in 1958. M. Goldhaber et al. [9℄ by studying the onservation of theangular momentum in the inverse β-deay proess on Europium nulei demonstratedthat neutrinos an only have a left-handed heliity and right-handed for antineutrinos,respetively. 1



2 IntrodutionAnother important brik of the neutrino piture is the osillation phenomenonformalized by B. Ponteorvo in 1957 [10℄ then by Z. Maki et al. in 1962 [11℄. Starting in1964 and data analysis having �nished 20 years ago, the Homestake hlorine experimentdeteted νe produed by the Sun and aptured by hlorine nulei in the detetor by inverse
β-deay proess. The neutrino rate measured was muh lower than the one expeted fromthe Standard Solar Model (SSM) omputation [12℄ suggesting that some of νe hanged intoanother �avour travelling from the Sun to the Homestake mine. In the following years,this result has been on�rmed by Soviet-Amerian Gallium Experiment (SAGE) in Russia[13℄ and GALLium EXperiment (GALLEX)/Gallium Neutrino Observatory (GNO) inthe Laboratori Nazionali del Gran Sasso (LNGS) [14℄. The osillation was a possibleexplanation of these measurements but all these experiments were designed to measureonly one spei� neutrino �avor ontribution to the total solar neutrino spetrum.One of the most exiting osillation result was given by SuperKamiokande in 1998on atmospheri neutrinos when the experiment measured an unexpeted ratio between theupward and the downward going muon neutrinos [15℄. This e�et is the �rst experimentalproof of neutrino osillation and of the existene of a non-zero neutrino mass as well.Indeed, downward going muon neutrinos produed in the terrestrial atmosphere traveleda longer distane inside the Earth before entering in the detetor. Assuming osillationdepends on the baseline length, there should be a dependane of atmospheri neutrinorate on zenith angle. From this result, neutrino osillation seemed to be a valid theory andan experimental quest started to haraterize this phenomenon by measuring the di�erentassoiated parameters : two squared masses di�erenes and three mixing angles. Lateron, water Cerenkov detetors ame up to perform estimations of the total solar neutrino�ux and, as the Sudbury Neutrino Observatory (SNO) experiment did in 2000 in Canada,validate the neutrino osillation hypothesis in the solar setor [16℄. These importantresults were ompleted with other soures of neutrinos, for instane the nulear powerplant experiment KamLAND in Japan observed the osillations in 2005 ; furthermore,experiments like K2K in Japan with neutrinos produed in aelerators also on�rmedthe neutrino osillation. All these experiments allow physiists to build a global pitureof the neutrino osillation and in 2009, when I started this work, four out of the �veabove-named parameters were determined. The mixing angle alled θ13 remained notmeasured and the sign of ∆m2

23 unknown. Moreover the Charge onjugation Parity (CP)violation phase, possibly existing if θ13 has a non-zero value, was also undetermined. Theknowledge of θ13 is thus ruial and in 2009 the best limit was the result of the Choozexperiment [17℄ published in 1999 : sin2(2θ13) < 0.14 at 90% Con�dene Level (C.L.)with ∆m2
13 = 2.5 × 10−3eV2. In this ontext, several experiments were being built inorder to push down this limit and possibly to measure the atual value of θ13 : some ofthem with nulear power plant neutrinos as Daya Bay, Reator Experiment for NeutrinoOsillations (RENO) and Double Chooz, some others with aelerator neutrinos as MainInjetor Neutrino Osillation Searh (MINOS) or Tokai to Kamioka (T2K). The �rst onesare reator νe disappearane experiments and measure a di�erene between the neutrinorate in a near detetor lose to the nulear power plant (a few hundred meters) and anotherplaed at a far position (≈ 1 km). MINOS and T2K are in the other hand νe appearaneexperiments in a νµ beam and have a double goal : measure θ13 and validate the osillationphenomenon by observing an appearane of a new �avour instead of measuring a de�itof a ertain �avour.



3Osillation Projet with Emulsion-tRaking Apparatus (OPERA) is also anexperiment designed to measure osillations in the atmospheri setor in the appearanemode νµ → ντ . Although the νµ beam is optimized for ντ appearane, OPERA remainssensitive to the νµ → νe osillation. This thesis work aims to evaluate the potentialsensitivity of OPERA to this osillation and to θ13 measurement. First a brief theoretialand experimental review of neutrino osillation will be done. Then a desription of theOPERA experiment, of the DAQ system and the analysis framework will be given. Iwill then ome to the work I have done on the the reonstrution and the analysis ofeletromagneti showers in OPERA briks using MC studies of both τ → e appearanehannel and the νµ → νe osillation.



4 Introdution



Chapter 1Neutrino PhysisFrom the theoretial point of view [18℄, in an extension of the SM, the neutrinoan aquire a mass through oupling with a Higgs doublet whih is rather natural for whatis expeted from partile mass generation. In addition, di�erent kind of experiments anput a limit on the neutrino mass and some future ones are dediated to the measurement ofthe atual value of this mass. In this unertain ontext, the best proof of the existene ofa massive neutrino is de�nitely the neutrino osillation phenomenon. In this hapter,the formalism of neutrino osillations will be desribed and a review of the presentexperimental piture of neutrino osillation will be drawn.1.1 Neutrino Osillation1.1.1 Mixing and osillationThe idea that a partile an osillate between di�erent states goes bak to 1950'sand to the studies of kaons, partiles that were disovered in osmi rays interation inthe late 1940's [19℄. In 1953, in a sheme for lassifying the newly found partiles, theoristM. Gell-Mann represented the neutral kaon K0 and its antipartile K0 as two distintpartiles. Both of them should be deaying into two or three harged pions with di�erentlifetimes. So the problem was to determine whih partile, K0 or K0, has originated a�nal state with two or three harged pions. The key to this problem is in realising thatwhat we observe must be an admixture of the two states K0 and K0. M. Gell-Mann madethe link with quantum mehanis and the superposition priniple : the neutral kaons aretwo quantum states with �nite and distint lifetime, short and long, thus di�erent waysto deay into two or three pions1, as shown in equation 1.1.B. Ponteorvo used the same priniple for another neutral partile : the neutrino.In 1957, he disussed the idea of neutrino-antineutrino mixing but 10 years later he turnedto the idea, that through the mixing, a νe ould osillate into a νµ and vie & versa [10℄.Z. Maki et al. also made that same hypothesis in 1962 [11℄.1Note that in ase of a small CP violating e�et, K0
L
→ π+π− is allowed with a branhing ratio oforder 10−3. 5



6 1 Neutrino Physis
|K0

S〉 =
|K0〉+ |K0〉√

2
[CP = +1] K0

S → 2π (1.1)
|K0

L〉 =
|K0〉 − |K0〉√

2
[CP = −1] K0

L → 3π1.1.2 Osillation prinipleThe basi idea behind neutrino mixing is that the states that partiipate inweak interations are not exatly the same as the states of spei� mass ; instead theweak interation states are mixtures of states of spei� mass. For instane, wheneletron-neutrinos are emitted at a ertain energy, the di�erent mass states propagatethrough spae at di�erent veloities, i.e. the mass states beome out of phase with eahother so that mixture will evolve with time. In this way, the mixture orrespondingto eletron-neutrino will hange into another mixture orresponding to a muon-neutrinoor a tau-neutrino. The matries used to diagonalize the Yukawa oupling matries ofharged leptons and neutrinos are mixed in the harged urrent Lagrangian to yield theMaki Nakagawa Sakata Ponteorvo (MNSP) neutrino mixing matrix UMNSP = U [20℄.The neutrino lepton �avour states |να〉 are thereby related to the mass states |νk〉 by Uthrough :
|να〉 =

n
∑

k=1

U∗
αk |νk〉 (1.2)The lepton �avour state of a neutrino with an energy Ek and a momentum pktravelling for a time t is given by :

|να(t)〉 =
n
∑

k=1

U∗
αk e

−iEkt |νk〉 (1.3)By inverting relation 1.2, we obtain the following relation showing that after itsprodution, a neutrino is a linear superposition of the existing �avour states :
|να(t)〉 =

∑

β=e,µ,τ

(

n
∑

k=1

U∗
αk e

−iEkt Uβk

)

|νβ〉 (1.4)Neutrinos produed in a �avour state α have a probability to be in a �avour state
β as a funtion of time t written below :

Pνα→νβ(t) = |〈νβ|να(t, L)〉|2 =
∣

∣

∣

∣

∣

n
∑

k=1

U∗
αk e

−iEkt Uβk

∣

∣

∣

∣

∣

2 (1.5)



1.1 Neutrino Osillation 7From the De Broglie dispersion relation E2 = p2+m2 and the fat that neutrinosare ultrarelativisti, the dispersion relation an be approximated by :
Ek ≈ E +

mk

2E
⇒ Ek −Ej ≈

∆m2
kj

2E
(1.6)Hene, in neutrino experiments, the propagation time t is not measured and as faras ultrarelativisti neutrinos travel at the speed of light : t = L, with L the propagationdistane.The osillation probability is �nally given by :

Pνα→νβ(L,E) = δαβ + 2ℜ
∑

k>j

U∗
αkUβkUαjU

∗
βje

−i
∆m2

jk
L

2E (1.7)with the squared mass states di�erene ∆m2
jk = m2

k −m2
j .and where δαβ = 1 if α = β, 0 otherwise.As it is presented in setion 1.2.2.4, the upper bound on the neutrino mass iswithin the eV and, in experimental partile physis, the neutrinos have an energy abovethe MeV. Therefore, they are onsidered as relativisti. In addition, in the osillationformalism, neutrinos have been desribed by plane waves for simpliity while it shouldhave been wave pakets. The treatment with wave pakets leads to the same formulabut adds the possibility of deoherene due to di�erent group veloities. The latter anhappen only for very large travel distanes what is not the ase in the urrent neutrinoosillation experiments.Only the seond term in expression 1.7 desribes the osillation as a funtion of thedistane L between the soure and the detetor and the neutrino energy E. Furthermore,the dependene on the mass di�erene between the mass states allows to establish thatan observation of the osillation phenomenon implies that neutrinos are massive. It isimportant to notie that, in absene of CP violation, the osillation probabilities Pνα→νβdo not depend on possible phases of the UMNSP matrix. Moreover, in the ase of invarianeunder Charge onjugation Parity Time (CPT), we obtain:

Pνα→νβ = Pνα→νβ (1.8)1.1.3 Two �avours osillation in vauumFor the establishment of the neutrino osillation probability in vauum used inthe past experiments, let us onsider the simplest ase where only two neutrino �avoursare involved : να and νβ linked by a rotation matrix depending only on a mixing angle θ :
(

να
νβ

)

=

(

cosθ sinθ
−sinθ cosθ

)(

ν1
ν2

) (1.9)



8 1 Neutrino PhysisFrom equation 1.7 the resulting osillation probability is :
Pνα→νβ(L) = sin22θ sin2

(

∆m2L

4E

) (1.10)where ∆m2 is the squared masses di�erene between the mass states ν1 and ν2, and sin22θontrols the amplitude of the osillations whereas sin2
(

∆m2L
4E

) is the osillating term withthe phase ∆m2L
4E

.To obtain appreiable osillation, there should be a large mixing angle θ but alsoa phase so that :
∆m2L

4E
≈ 1 (1.11)When the phase is very large ompared to one, the �nite energy resolution and/orthe �nite detetor size lead to an averaged osillation probability of about half theamplitude fator. Past osillation experiments have largely used the following formulawhere the h and  onstants have been restored :

Pνα→νβ(L) = sin22θ sin2

(

1.27
∆m2[eV2] L[km]

E[GeV] ) (1.12)1.1.4 Three neutrino �avours osillationsIn the ase of three involved neutrino �avours in the osillation, the UPMNS matrixdepends on three mixing angles: θ12 , θ23 and θ13 and a CP violation phase δ. This phaseintrodues a possible asymmetry between the osillation probabilities of neutrinos Pνα→νβand antineutrinos Pνα→νβ . If the neutrino is a Majorana partile, see setion 1.2.2.2,there are two additional phases α2 and α3 that have no impat on the neutrino osillationprobabilities. U an be parametrized by the produt of three rotation matries and adiagonal matrix arrying the two Majorana phases :
U =





1 0 0
0 c23 s23
0 −s23 c23



×





c13 0 s13e
−iδ

0 1 0
−s13e−iδ 0 c13



×





c12 s12 0
−s12 c12 0
0 0 1



×





1 0 0
0 eiα2 0
0 0 eiα3





=





c12c13 s12c13 s13e
−iδ

−s12c23 − c12s23s13e
+iδ c12c23 − s12s23s13e

−iδ s23c13
s12s23 − c12c23s13e

+iδ −c12s23 − s12c23s13e
+iδ c23c13



×





1 0 0
0 eiα2 0
0 0 eiα3



(1.13)with cij = cos(θij) and sij = sin(θij), i, j = 1, 2, 3.



1.1 Neutrino Osillation 9When onsidering osillation probabilities, there are three additional parametersoming from the squared masses di�erenes between the mass states (m1, m2, m3): ∆m2
12,

∆m2
23 and ∆m2

31. However, only two of these parameters are independent sine :
∆m2

12 +∆m2
23 +∆m2

31 = 0 (1.14)and onsequently neutrino osillations depends on six parameters. As it is desribed insetion 1.3, (θ12, ∆m2
12) were �rst determined in the solar neutrino experiments and alled(θsol, ∆m2sol) while (θ32, ∆m2

32) were determined in atmospheri neutrino experiments andso-alled (θatm, ∆m2atm).Given the fat that this thesis is about the study of neutrino osillation inthe νµ → νe hannel with the OPERA experiment, the omputation of the relatedprobability of osillation in this hannel an be obtained from the equation 1.7 and usingthe parametrization of UPMNS in equation 1.13 and the result is :
P (νµ → νe) = 4c213s

2
13s

2
23sin

2∆m
2
13L

4E
×
[

1± 2a

∆m2
13

(1− 2s213)

] (1.15)
+ 8c213s12s13s23(c12c23cosδ − s12s13s23)cos

∆m2
23L

4E
sin

∆m2
13L

4E
sin

∆m2
12L

4E

± 8c213c12c23s12s13s23sinδsin
∆m2

23L

4E
sin

∆m2
13L

4E
sin

∆m2
12L

4E

+ 4s212c
2
13(c

2
13c

2
23 + s212s

2
23s

2
13 − 2c12c23s12s23s13cosδ)sin

2∆m
2
12L

4E

∓ 8c212s
2
13s

2
23cos

∆m2
23L

4E
sin

∆m2
13L

4E

aL

4E
(1− 2s213)1.1.5 Osillations in matterNeutrinos travelling through matter may be oherently forward sattered byinterating with eletrons and nuleons omposing the medium. This modi�es the mixingbetween �avour states and propagation states and the eigenvalues of the Hamiltonian,leading to a di�erent osillation probability with respet to vauum. To simplify theformalism, only the 2-�avour osillation will be onsidered in this setion.1.1.5.1 Matter with onstant densityIn the SM, fermions an interat with matter through di�erent types of proesses :absorption, inelasti and elasti satterings. For pratial purposes and beause neutrinointerations are weak, absorption proesses are negligible. Inelasti sattering going as

G2F, with GF the Fermi oupling onstant2, is typially negligible as well with respet tooherent sattering going as GF. Neutrinos undergo thus forward elasti sattering, inwhih they do not hange momentum.2The most preise experimental determination of the Fermi onstant omes from measurements of themuon lifetime, whih is inversely proportional to the square of GF, GF = 1.16637× 10
−5GeV−2 [21℄.



10 1 Neutrino PhysisNeutrinos interat with matter via Neutral Current (NC) interations, regardlessof their �avour. This interation reates an overall phase fator whih has no physiale�et on osillations [22℄. However, beause of the natural presene of eletrons in matter,we must inlude the Charged Current (CC) sattering of νe's whih do a�et the osillationby adding a phase shift. This interation is at the origin of the addition of a potential tothe free Hamiltonian alled matter potential :
VCC =

√
2GFNe (1.16)where Ne the eletron density in the medium. VCC is the potential indued by the CC.In the two �avours ase, whih is a good theoretial exerise to understand thepriniple of osillation in matter with onstant density, the diagonal basis and the �avourbasis are related by a unitary matrix with angle in matter [23℄ :

tan(2θM) = ∆m2

2E
sin(2θ)

∆m2

2E
cos(2θ)−

√
2GFNe

(1.17)Here, three interesting limits are arising :
√
2GFNe ≪ ∆m2

2E
cos(2θ) : the vauum ase is reovered and θM = θ.

√
2GFNe ≫ ∆m2

2E
cos(2θ) : matter e�ets dominate and osillations are suppressed.

√
2GFNe =

∆m2

2E
cos(2θ) : there is a resonane implying a maximal mixing θM = π

4for the resonane density NR = Ne.The resonane ondition an be satis�ed for neutrinos, if ∆m2 > 0, andantineutrinos, if ∆m2 < 0. If there is an enhanement in one of the two hannels, itis possible to dedue the sign of ∆m2 as will be desribed in setion 1.2.2.4.1.1.5.2 Varying density and Mikheyev-Smirnov-Wolfenstein (MSW) e�etNeutrino osillations in the matter were investigated by Mikheyev and Smirnovwho pointed out the appearane of a resonane region : at a given neutrino energy, theprobability for osillation will be enhaned to large values, even when the mixing anglesin vauum are small. This mehanism is alled the MSW e�et [24℄. Let us onsider thease in whih Ne is not uniform. This happens in the Sun where neutrinos are produedand then propagate through a medium of varying density. In this ase the evolution of�avour eigenstates are not deoupled and in general, it is very di�ult to �nd analytialsolution to this problem. However some assumptions an be made : if density is notvarying too fast, adiabati transformation an be onsidered. This adiabaity onditionis available in the Sun for a ertain energy range.



1.2 Other Properties 11Below this energy range, about a few MeV, the vauum osillations are reovered.If energy and density onditions are ful�lled, an interesting ase of the adiabati matterresonane appears. A neutrino produed in the enter of the Sun in the �avour eigenstate
νe will be guided to the surfae by that resonant adiabiity ondition whih modi�es theosillation to a propagation eigenstate ν1, or ν2, with the probability cos2θM, or sin2θM.The osillation wavelength has to be small with respet to the propagation length i.e.the Sun radius. Detailed alulation an be found in referene [25℄. In the extreme aseof a matter e�et dominane sin2θM ≈ 1, νe's will leave the Sun in the ν2 eigenstatewhih is omposed by the 3 �avours of neutrinos approximately in equal frations asshown in the �gure 1.1 : the νe quantity on Earth is suppressed without onsidering theosillation in vauum between the Sun and the Earth. In a realisti ase, solar neutrinoswill reah the Earth in the propagation states ν1 and ν2. The measured νe �ux on Earthould be a�eted by this MSW e�et and both solar neutrino experiments sensitive to all�avours and aelerator experiments produing high energy neutrinos ould investigatethis phenomenon.1.2 Other Properties1.2.1 HeliityFirst, if one assumes a fermion, i.e. a neutrino, it an be desribed by the Diraequation :

Hψ = (−→α · −→p + βm)ψ (1.18)Considering neutrino has a zero mass, it gives two deoupled equations fortwo-omponent spinors χ(p) and Φ(p) :
Eχ = −−→σ · −→p χ (1.19)
EΦ = +−→σ · −→p Φwhere σ are 2 × 2 Pauli matries. Eah of these equations has respetively asolution whih desribe a partile with a positive energy and a negative heliity λ = −1

2for the �rst one : a left-handed neutrino νL and an antipartile with a negative energy anda positive heliity λ = +1
2
for the seond one : a right-handed antineutrino νR. As far asneutrino interats only by weak urrent exhange and that urrent is of the Vetor - Axialvetor (V-A) form, only left-handed neutrino and right-handed antineutrino respetivelyan exist. If neutrino mass is not stritly zero, a Lorentz transformation would turn a νLinto a νR and the assertion that only νL exists in nature annot be made.



12 1 Neutrino Physis1.2.2 Neutrino massPrevious setion showed that the neutrino osillation are a well-establishedphenomenon and proves experimentally that neutrinos are massive. It beomes interestingto look how theory will give a mass to the neutrino. The osillation formalism desribedin setion 1.1.2 and the heliity onsiderations presented in setion 1.2.1 showed thatleft-handed �avour eigenstates an be expressed as left-handed mass eigenstates :
|νLα〉 = n

∑

k=1

U∗
αk |νLk 〉 (1.20)Di�erent mass generation mehanisms an be onsidered [18℄ as shown in thefollowing setions.1.2.2.1 Dira mass termAs it has been already disussed, the SM does not predit the neutrino mass.Expressing the Lagrangian, the mass generation of the neutrino has to be formulated byintroduing a new term alled the Dira mass term :

LDira = −mDνLνR + h.. (1.21)where νL and νR are triplets of left-handed and right-handed neutrino mass eigenstatesrespetively.Note that this term onnets right and left parts then it is invariant under U(1)symmetry : νL → eiανL whih implies that the total lepton number is onserved.1.2.2.2 Majorana mass termAs neutrino is a neutral partile, it ould be a Majorana partile i.e. neutrinoould be its own antipartile. Aording to that assumption, the SM Lagrangian shouldbe modi�ed by adding :
LLMajorana = −1

2
mLνTLCνL + h.. (1.22)where C is the harge onjugation operator.Considering this Majorana mass term, it is not anymore invariant under U(1)symmetry and the total lepton number is onsequently violated by |∆L| = 2. Proesseslike double-β deay are therefore allowed.



1.2 Other Properties 13If the neutrino is a truly Majorana partile whih means νCM = νM, where νMstands for Majorana neutrino, and in general νCM = eiανM, one an express in terms ofhiral omponents :
νM = νL + e−iανCL (1.23)From equation 1.22 the Majorana Lagrangian term beomes :

LLMajorana = −1

2
mMνMνM (1.24)where the Majorana phase has just been attahed to the mass.The previous setion explained that a right omponent an exist through theDira mass term, one an introdue Majorana mass terms ating on the right-handedneutrino :

LRMajorana = −1

2
MRνTRCνR + h.. (1.25)It is interesting to notie that eletroweak symmetry is not broken sine thismass term links two right-handed neutrinos. Same as for the Majorana mass term forleft-handed neutrinos, the lepton �avour symmetry is broken |∆L| = 2 with the sameonsequenes of the previous ase.1.2.2.3 Dira + MajoranaConsidering all these di�erent Lagrangians and that both right and left heliitiesexist for the neutrino, one an write a general mass Lagrangian with the mass termexpressed in the (νL, νCR) basis :

Lmass = LDira + LLMajorana + LRMajorana (1.26)
= −1

2
ν

(

mL mD
mTD MR) νC + h..In onlusion, the neutrino mass is hereby generally expressed. However theneutrino nature, Majorana or Dira, is not yet determined. Observation of a double-βdeay with neutrinos emission ould stand for the Dira nature. On the ontrary, double-βdeay without neutrinos emission ould stand for the Majorana nature. Moreover thiswould be also the �rst proof of lepton �avour symmetry breaking. Apart from theseonsiderations, the form of the mass term matrix is not yet known, several limits anhowever be srutinized :- mL = MR = 0 orresponds to a Dira neutrino whih is strangely omparable totwo Majorana neutrinos with equal masses of opposite sign.- (mL =MR) ≪ mD orresponds to a pseudo-Dira neutrino.- MR ≫ mD orresponds to the see-saw mehanism desribes in appendix C.2



14 1 Neutrino Physis1.2.2.4 Experimental onstraints on the neutrino massThere are di�erent soures of experimental onstraints on the neutrino mass :from osmology, from astrophysis, from aelerator physis and from neutrino physis.� Cosmology onstraintsIn the early universe, neutrinos were in equilibrium with the primordialplasma. As the universe expanded, the rate of interations dereased leading to thedeoupling, �rst, of neutrinos followed by photons. The temperature of neutrinos atthat time an be inferred from the photon temperature determined preisely thanksto the Cosmologial Mirowave Bakground (CMB). From their temperature, onean derive the present ontribution to the universe energy density that is onstrainedby astronomial data. This onstraint is transformed into a bound on the sum ofthe neutrino masses. Furthermore, sine neutrinos were relativisti at the timeof deoupling, they must have suppressed the formation of small sale struturesbut partiipated to lustering on large sales resulting in hanges in the matterpower spetrum. The heavier the neutrino masses, the more pronouned the e�et.Consequently, a onstraint on the neutrinos masses an be derived from the surveyof the angular matter power distribution and partiularly of large sale strutures,i.e. the galaxy distribution. The ombination of WMAP, CBI, ACBAR (CMBexperiments) and 2dFGRS (galaxy survey) yields at 95% C.L. [26℄ :
∑

mν < 0.24 eV for a single massive neutrino. (1.27)
∑

mν < 0.71 eV for 3 degenerate massive neutrinos.This limit is de�nitely low with respet to the others but the early universedesription is strongly model dependant.� Astrophysis onstraintThe famous supernova SN1987A o�ered the opportunity to detet supernovaneutrinos and given the tremendous baseline and measuring the time of �ight from :
∆t[ms] = 5.15

(mν

1eV)2(10MeV
E2

)

D

10 kp (1.28)it allows to put a onstraint on the neutrino mass at 95% C.L. :
mν < 5.8 eV (1.29)� Aelerator physis onstraintsOne an evaluate an upper limit on the neutrino mass for eah �avour by knowingthe kinematis of di�erent partile deays :

mνe < 2× 10−6 MeV from the tritium deay (1.30)
mνµ < 0.19 MeV from the pion deay
mντ < 18.2 MeV from the tau deay



1.2 Other Properties 15� Neutrino physisFinally, neutrino physis experiments probing the osillation parameters measurethe squared masses di�erenes and one of the lastest �t [27℄ gives :
|∆m2| = 2.43+0.23

−0.28 × 10−3 eV2 (1.31)
δm2 = 7.54+0.64

−0.55 × 10−5 eV2A simple observation on this experimental result is that only the solar mass di�erene
δm2 = m2

1 −m2
2 = ∆m2sol is fully known, the sign has been determined thanks toMSW e�et on solar neutrinos.The atmospheri mass di�erene, de�ned by ∆m2 = m2

1 −m2
3 = ∆m2atm, has beenmeasured without a hint about the sign. So the ordering of mass eigenstates onan absolute mass sale is not yet de�ned : this is the problem of mass hierarhy.Nevertheless, the situation an be summarized by stating on the lightest neutrinowhih lets only 2 possibilities summarized on �gure 1.1 the Normal Hierarhy (NH)or the Inverse Hierarhy (IH) :

Figure 1.1: Mass splitting in the neutrino setor. Left : NH. Right : IH. [28℄
In the future, several experiments will try to lower this limit on the neutrinomass and may �nd the atual value of this mass. Among these experiments, onean distinguish the β-deay experiments like KATRIN [29℄ and the neutrinoless double

β-deay experiments like SuperNemo [30℄. Their priniples are desribed in appendiesC.3 and C.4.



16 1 Neutrino Physis1.3 Experimental Status Of Neutrino OsillationAn important part of the neutrino physis, in whih the OPERA experiment takespart, onsists in measuring all parameters driving the osillation phenomenon desribedin setion 1.1.4. We quikly determined the mixing angles, and onsequently squaredmasses di�erenes, in the solar and in the atmospheri setors beause of the abundaneof neutrino soures and beause of the relatively large value of these parameters. In 2009,
θ13 whih is the oupling between the two osillation regimes, was not measured and thelimit put by nulear reator experiments desribed in the following was ompatible witha zero value meaning that a two �avours osillation sheme was a possibility. In addition,the measurement of CP phase and the other parameters would be signi�antly a�eteddepending on the large, small or zero value of θ13.The best limit was put by the CHOOZ experiment at 90% C.L. [17℄ :

sin22θ13 < 0.1 (1.32)CHOOZ measured the νe �ux produed by the nulear power plant with a liquidsintillator detetor at 1km from the reator trying to observe a de�it in this neutrinorate with respet to the expeted �ux produed by the nulear reator.Meanwhile, the other mixing angles and squared masses di�erenes were quitewell �tted. Aording to the global analysis [31℄, the solar and reator parameters, θ12and δm2 were �tted with data from GALLEX, SNO, KamLAND and Borexino :
δm2 = 7.67+0.52

−0.53 × 10−5 eV2 (1.33)
sin2θ12 = 0.312+0.063

−0.049GALLEX was a Homestake-like experiment but using gallium instead of hlorinein the LNGS from 1991 to 1997. SNO was a water Cerenkov detetor �lled with heavywater instead of normal water and was sensitive to all �avours of solar neutrinos and toneutral urrent interations as well ; data aquisition started in 1999 and ended in 2006.KamLAND is an experiment whih was deteting νe from several nulear reators but sinethe baseline was long, for neutrinos at higher energies, the solar setor was also probedby KamLAND using a liquid sintillator detetor. Note these data are ompatible withneutrino osillation preditions orreted by the MSW e�et mentioned in setion 1.1.5.2.Finally, Borexino is a liquid sintillator detetor loated in the LNGS and measuringsub-MeV solar neutrinos ; it started to aquire data sine 2007 and is still on going.



1.3 Experimental Status Of Neutrino Osillation 17Similarly the atmospheri setor is driven by ∆m2 and sin2θ23 and theseparameters were determined in 2009 [31℄ within 1σ :
∆m2 = 2.39+0.11

−0.08 × 10−3 eV2 (1.34)
sin2θ23 = 0.466+0.073

−0.058with data from atmospheri neutrinos experiments like SuperKamiokande (SK) and fromLong BaseLine (LBL) experiments like KEK To Kamioka (K2K) and MINOS. Note thatthe squared masses di�erene is muh larger than in the solar setor whih indiates twodi�erent osillation regimes.This piture being inomplete, several experiments dediated to measurethe undetermined mixing angle θ13 were to be built in 2009. On the one hand,LBL experiments like T2K in Japan whih aims to measure the appearane of νe intoa beam of νµ with the SuperKamiokande detetor plaed 295km away from the neutrinosoure. On the other hand, nulear power plant experiments like Double Chooz in Frane,Daya Bay in China and Reno in Korea based on the same priniple of the CHOOZexperiment but adding a detetor to ompare �uxes at near position and far position toredue the neutrino �ux predition unertainties.At the beginning of summer 2012, these experiments published their results andompleted the osillation piture by measuring the value of θ13 :
sin22θ13 = 0.092± 0.016(stat)± 0.005(syst) Daya Bay [32℄ (1.35)
sin22θ13 = 0.113± 0.013(stat)± 0.019(syst) RENO [33℄
sin22θ13 = 0.086± 0.041(stat)± 0.030(syst) Double Chooz [34℄
sin22θ13 = 0.104+0.060

−0.045 T2K [35℄First, Daya Bay and RENO exlude the zero value of θ13 with a large signi�ane.The di�erent results of these experiments are ompatible with eah others. But theseexperiments are only sensitive to the reator setor whereas some others will be sensitiveto the solar or atmospheri ones. A global analysis [27℄ is required to ombine allexperimental results to probe the full parameters spae drawn by (δm2, ±∆m2, θ12, θ13,
θ23, δ). However, experiments have to be grouped with respet to their impat on theparameters of the UMNSP matrix.First group orresponds to LBL plus solar plus KamLAND data.LBL experiments are dominantly driven by ∆m2 with an amplitude
cos2θ13sin

2θ23(1− cos2θ13sin
2θ23) for the νµ → νµ disappearane hannel and withan amplitude cos2θ13sin2θ13sin

2θ23 for the νµ → νe appearane hannel. LBL dataused ome from experiments already desribed earlier in the previous global analysisand adding new results of MINOS in νµ (and νµ) disappearane as well as updates inappearane mode. Reent T2K results disappearane and appearane in its νe beamare also added. These hannels will be analyzed in the same time in a 3ν osillationframework with solar and KamLAND data in addition to onstrain independantly (δm2,
θ12, θ13).



18 1 Neutrino PhysisThe seond group adds to the �rst one the Short BaseLine (SBL) data of CHOOZ,Double Chooz, Daya Bay and RENO desribed earlier in this setion whih are dominantlydriven by ∆m2 with an amplitude sin2θ13cos
2θ13.The third group adds to the seond one atmospheri neutrino data from SK whihare dominantly driven by ∆m2 and θ23.The mixing parameters thus �tted by this global analysis are summarized belowwith their 1σ error in table 1.1.Parameter Best �t ± 1σ error

δm2/10−5 eV2(NH or IH) 7.54+0.26
−0.22

sin2θ12(NH or IH) 0.307+0.018
−0.016

∆m2/10−3 eV2 (NH) 2.43+0.06
−0.10

∆m2/10−3 eV2 (IH) 2.42+0.07
−0.11

sin2θ13/10
−2 (NH) 2.41± 0.25

sin2θ13/10
−2 (IH) 2.44+0.23

−0.25

sin2θ23 (NH) 0.386+0.024
−0.021

sin2θ23 (IH) 0.392+0.039
−0.022

δ/π (NH) 1.08+0.28
−0.31

δ/π (IH) 1.09+0.38
−0.26Table 1.1: Result of the global 3ν osillation analysis for the 3ν mass-mixing parametersin the NH or IH piture.It is now lear that the piture is a 3-�avours osillation sine θ13 is notompatible with zero anymore. Atually its value is large and allows to put a limiton the CP violation phase whih seems more likely about π as shown on �gure 1.2. TheLBL+solar+KamLAND data �t allows large range of θ13 value, SBL experiments resultsstrongly narrow the allowed region and �nally the addition of atmospheri data makesthe δ value π emerge within 1σ error. In the 2σ ontour, all δ values are allowed. Thesituation is approximately similar in IH as in NH.
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Figure 1.2: Results of the global analysis of neutrino masses, mixings and phases in theplane harted by (sin2θ13 , δ ), all other parameters being marginalizedaway. From left to right, the regions allowed at 1, 2 and 3σ refer toinreasingly rih datasets: LBL+solar+KamLAND data (left panels), plusSBL reator data (middle panels), plus SK atmospheri data (right panels).A preferene emerges for δ values around π in both normal hierarhy (NH,upper panels) and inverted hierarhy (IH, lower panels)[27℄.In �gure 1.3, the �rst group of data shows a degeneray for θ23 between the �rst(0 ≤ θ ≤ π
4
) or the seond otant (π

4
≤ θ ≤ π

2
) value. The SBL data lift the degeneray,at least within 1σ, by onstraining θ13. In IH, T2K and MINOS allow larger values of θ13and so the degeneray is not lifted. SK data validate the preferene to the �rst otantfor θ23. The value of θ23 within 1σ whih was 43.1◦ +4.2◦

−3.4◦ in the former global analysis andis now down to 38.4◦ +1.4◦

−1.2◦ . This modi�ation between the previous and present value of
θ23 is important sine it a�ets the osillation probability and the expeted neutrino ratesby about 20% in the νµ → νe osillation study in OPERA.
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Figure 1.3: Results of the global analysis of neutrino masses, mixings and phases in theplane harted by (sin2θ13 , sin2θ23 ), all other parameters beingmarginalized away. From left to right, the regions allowed at 1, 2 and 3σrefer to inreasingly rih datasets: LBL+solar+KamLAND data (leftpanels), plus SBL reator data (middle panels), plus SK atmospheri data(right panels). Best �ts are marked by dots. A preferene emerges for θ23 inthe �rst otant [0,π
4
℄ in both normal hierarhy (NH, upper panels) andinverted hierarhy (IH, lower panels)[27℄.Finally, there is a summary of all mixing parameters determined by this newglobal analysis illustrated by the �gure 1.4. The distributions of squared massesdi�erenes, sin2θ12 and sin2θ13 are linear and symmetrial whih means their distributionsare Gaussian, moreover there is none or small variations between NH and IH. sin2θ23 isskewed towards the �rst otant and δ is highly non Gaussian and gives no onstrainabove 2σ.
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Chapter 2The OPERA ExperimentOPERA [36℄ is a long-baseline neutrino experiment loated at the Gran SassoLaboratory in Italy, 730 km from Centre Européen pour la Reherhe Nuléaire (CERN),downstream in the CERN Neutrinos to Gran Sasso (CNGS) neutrino beam. The OPERAexperiment is designed and optimised for a diret appearane searh of νµ → ντ osillationsin the parameter region indiated by Super-Kamiokande [15℄ to explain the zenithal angledependene of the atmospheri neutrino de�it. It detets the ντ Charged Current (CC)interations in an almost pure muon neutrino beam produed at the CNGS. In addition to
νµ → ντ osillations, the OPERA detetor will also be searhing for νµ → νe osillationsthanks to its eletron identi�ation apability. OPERA is a large detetor made of aVETO plane followed by two idential Super-Module (SMod) eah onsisting of a targetsetion and a muon spetrometer. The Emulsion Cloud Chamber (ECC), a part of thetarget setion, is made of a modular struture alled the "brik" : a sandwih of passivematerial plates of lead interspaed with emulsion layers. By assembling a large quantityof suh modules, it has been possible to oneive and realize 1.25 kt �ne-grained vertexdetetor optimized for the study of ντ appearane. The walls of briks are alternatedwith sintillator detetors alled Target Traker (TT) for event loation. The targetpart is ompleted with magnetised iron spetrometers for muon harge and momentummeasurements. Finally, two automated systems alled Brik Manipulating System (BMS)have been built in order to insert briks during the onstrution phase of the detetorand extrat them one a neutrino interation is loated during the physis runs. Eahpart desribed above will be detailed in the following setions starting with the CNGSbeam. In addition, the desription of the neutrino interation and the expeted rates inthe OPERA target will be given. The detetion of the interations in a brik, the sanningand the analysis proess will be desribed and the e�ieny of eah step will be assessed.2.1 The CNGS Beamline DesriptionThe CNGS [37℄ neutrino beam was optimized for ντ appearane in the parameterregion indiated by the atmospheri neutrino experiments. A topologial desription ofthe OPERA experiment inluding the CNGS beam is given in the �gure 2.1.23
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0 50kmFigure 2.1: The OPERA baseline [38℄.The CNGS beamline starts with the Lina whih aelerates protons to an energyof 50 MeV. These protons are injeted to the Booster aquiring an energy of 1.5 GeV.Then, they are sent to the Proton Synhrotron (PS) where they reah an energy of 14 GeVbefore they are transferred to the Super Proton Synhrotron (SPS). Finally, the protonsreah their �nal energy of 400 GeV. The shemati view of the aelerator omplex ofCERN is shown in �gure 2.2.
Figure 2.2: The CERN proton aelerators used for the CNGS [38℄.Two bunhes of 400 GeV protons are extrated from the CERN SPS in a 6 s yle.Eah bunh is obtained in a 10.5µs short pulse with nominal intensity of 2.4 × 1013protons on target (p.o.t.) per pulse. The proton beam is transported through the transferline TT41 to the CNGS target T40 [38℄. The target onsists of series of thin graphiterods ooled with helium. Seondary pions and kaons of positive harge produed in thetarget are foused into a parallel beam by a system of two magneti lenses, alled hornand re�etor. A 1000 m long deay tunnel allows the pions and kaons to deay intomuon-neutrinos and muons. The remaining hadrons are absorbed by an iron beamdump.The muons are monitored by two sets of detetors downstream of the dump, where themuon intensity, the beam pro�le and its entre are measured. Further downstream, themuons are absorbed in the rok while neutrinos ontinue to travel towards the LNGS.



2.2 The Experimental Setup 25Regarding to the beam parameters, the average neutrino energy at the LNGSloation is about 17 GeV. The νµ ontamination is about 2.1%. The νe and νeontaminations are lower than 1% while the number of prompt ντ from DS deay isnegligible. The average L
Eν

ratio is 43 km.GeV−1. Due to the Earth's urvature, neutrinosfrom CERN enter the LNGS halls with an angle of 0.0585 rad with respet to the vertialplane. The diameter of the beam in the LNGS is about 2 km [39℄ and the beam intensityis uniform along X and Y axis of the detetor.The CNGS beamline setup is shown in �gure 2.3 and the main features of the beam aresummarized in table 2.1.

Figure 2.3: Main omponents of the CNGS beamline [38℄.L 730 km
〈E〉 17 GeVL/〈Eν〉 43 GeV/km

νe + νe/νµ 0.87%
νµ/νµ 2.1%

ντ prompt negligibleTable 2.1: The CNGS neutrino beam features [36℄.
2.2 The Experimental SetupThe OPERA detetor loated in hall C of the LNGS in Italy, beneath 1400m ofrok whih redues the muon �ux by a fator 10−7 to 1µ/m2/h [36℄, ombines EmulsionCloud Chambers (ECC) with eletroni detetors. This ombination is also alled the"hybrid" struture. VETO planes are loated at the upstream part of the detetor andaim to identify muons inoming the detetor. The target part is omposed of 31 wallsper SMod, beause of emulsion shortage only 27 walls are �lled. Eah wall ontains onelayer of ECC briks and a seond layer of TT sintillators. Eah brik wall is omposedof 64 rows and 52 olumns and only 56 rows are �lled with 52 briks.



26 2 The OPERA ExperimentThese briks are omposed of a stak of 56 layers of lead with a thikness of 1mm,interleaved with 43µm thik emulsion layers on both sides of a 205µm thik plasti base.These briks are inserted into brik walls with the help of the BMS robots. A ChangeableSheet doublet (CSd) [40℄ is independently paked and plaed downstream of eah brik.In addition, SMod is equipped with a spetrometer to measure the harge and momentumof harged partiles. Detailed desription of these parts is given in the following setionsand an be seen in �gure 2.4.

Figure 2.4: A piture of the OPERA detetor. The Super-Module (SMod)s areomposed of a lead target ombined with a sintillator target traker and aneletroni muon spetrometer.
2.2.1 The OPERA �lmsIn order to produe emulsion plates in large-sale appliations, an R&D projetwas arried out between the Fuji-Film ompany and Nagoya University in Japan [41℄. Atarget mass of 1 kt requires an area of emulsion sheets having the order of 100 000m2.Beause the prodution of this amount of �lms by hand is not possible, Fuji Film ompanyhas used some ommerial mahines in order to avoid time onsuming prodution. Theross setion view of the OPERA emulsion �lm is shown in �gure 2.5.
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Figure 2.5: A ross setion view of the mahine-oated OPERA �lm [41℄.The emulsion sheet has been proessed by pouring emulsion gel, ontainingembedded silver halide rystals, on plasti plates and drying them in limate-ontrolledroom. The thikness of the plasti base is 205µm. Emulsion gel has been spread out onboth sides of the base material. The blak lines, displayed in �gure 2.5 in the middle ofthe emulsion layers, are protetion oats with thikness of 1µm. The OPERA emulsionlayers are 43µm thik.With the usage of the mahine oating system, a layer was generatedautomatially on the emulsion �lm surfae. The aim of that layer is to protet theative layer of the oated gel from any kind of mehanial e�ets. It also allows to avoidextra leaning proedure for the emulsion �lms being exposed to lead radioativity insideECC. The emulsion �lms get some spots after being in ontat with lead. More detailedinformation about the lead indued e�ets inside the ECC brik is given by referene [42℄.These spots are alled fog. They an be erased with a refreshing proedure. The OPERAemulsions are refreshed by applying high humidity and high temperature for 6 days. Theremaining fog level for the �lms after refreshing proess is 5 grains/1000µm3.2.2.2 The Emulsion Cloud ChamberThe main omponents of the ECC are lead, 1mm thik, and emulsion �lms. Thehoie of lead has been driven by its high density and its short radiation length allowingan optimization of the neutrino interation rates and the momentum measurement byMultiple Coulomb Sattering (MCS) respetively. The ECC brik has been made by theBrik Assembling Mahine (BAM). The BAM assembled and produed the ECC briks,weighting 8.3 kg, as a stak of 56 lead plates interleaved with 57 nulear emulsion �lms.The transverse dimension of an ECC brik is 10.2 m× 12.7 m ; the thikness is 7.5 m.This dimension orresponds to about 10X0 radiation lengths, enough to allow eletronidenti�ation and to estimate the energy with a resolution of about 30% reported in setion4.3.2 via eletromagneti shower reonstrution in ECC and momentum measurementsby Multiple Coulomb Sattering (MCS) with a resolution of about 30% reported inreferene [43℄. After the BAM produes the ECC brik, two additional emulsion �lmsalled Changeable Sheet doublet (CSd) are assembled and attahed to the downstreamfae of eah ECC brik. The CSd provides information when developed to on�rm the�nding of the ECC brik whih ontains the neutrino interation vertex. The aim is toavoid wasted �lm handling and proessing of the misidenti�ed briks. It is importantbeause of the sanning overload of the ECC briks [40℄.



28 2 The OPERA Experiment2.2.3 The Changeable SheetSine the onnetion riteria between Target Traker (TT) and the ECC brikswith respet to providing vertex loalization inside the ECC is an important subjet forthe νµ → ντ osillations, the CSd is used as an interfae between TT detetors and theECC briks. The Changeable Sheet (CS) is omposed of two nulear emulsions pakedin polyethylene-aluminium laminated envelope and installed inside a plasti box. TheCSd are taped to the downstream side of the ECC brik. A sketh of the CSd loalizedbetween TT and the ECC brik is shown in �gure 2.6.

Figure 2.6: Sketh of ECC briks assoiated with TT plane. The CSd in the blue box isattahed to the downstream side of the ECC brik, so plaed between theTT wall and the brik.There are two goals of the CSd attahed to the ECC briks. The �rst one isto on�rm the neutrino interation signals obtained from TT detetor, the other one isto �nd neutrino-related interations for the ECC brik SanBak (SB) analysis : CSdimprove the loation e�ieny by 50%, in the 2009 data sample, 1.5 briks are extratedper event.2.2.4 The Target TrakerThe eletroni TT following the brik walls are omposed of two planes orientedalong the X and Y axis respetively. These two planes are onstituted by 4 modules of
6.7× 6.7m2 sensitive edge-to-edge surfae. A sketh of a target traker plane is shown onthe Left Hand Side (LHS) of �gure 2.7.
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Shemati view of an end-ap ofa sintillator strip module.Figure 2.7: Main omponents of a TT wall of the OPERA detetor [44℄.A basi unit of the module onsists of 64 strips, 26.3mm wide and 10.6mm thik,readout by Wave-Length Shifting (WLS) �bres oupled to two 64-pixels photodetetors.The two end-aps of eah target traker module play an important role ; they protetthe WLS �bres emerging from the sintillating strips that are guided towards the inputwindow of the multi-anode photomultipliers. In addition, they host the PhotoMultiplier(PM) tubes as well as the monitoring light injetion system, the front-end eletroni ardsand the High Voltage (HV) power supplies. They also provide the mehanial strutureby whih the modules will be suspended on the OPERA detetor. A sketh of the end-apof a sintillator strip module an be seen on the Right Hand Side (RHS) of �gure 2.7.2.2.5 The Brik Manipulating System and brik handlingAs already mentioned, the OPERA detetor is loated underground at the LNGS.Composed of about 150 000 ECC briks, handling these briks to di�erent analysis sitesneeds several infrastrutures : the Brik Manipulating System (BMS) to insert andextrat the ECC from the detetor, an X-ray marking mahine to align the CSd withthe ECC �lms, one underground �lm development laboratory for the CS to avoid theirontamination with osmi ray traks, another �lm development laboratory on the surfaelevel of the lab for the briks. To handle the about 150 000 ECC briks needed to reahan initial target mass of 1.25 kt two dediated manipulators were developed and built toautomatize the insertion and extration of briks to and from the detetor : the BMS [45℄.They are installed on eah side of the detetor, one BMS automaton takes are of theinsertion and extration in both SMod. It onsists of the arousel part and the loadingstation. To keep trak of the various ativities of the insertion during the target �lling,and the later extration and reinsertion during the run of the experiment, a database isassoiated to trak every brik and its history from the assembly until it is disassembledand sanned.



30 2 The OPERA ExperimentOn the BMS platform where brik insertion and extration take plae, a arouselserves as an intermediate storage for 26 briks, orresponding to the amount of briksneeded to �ll one half-row of the OPERA target. It pushes the briks inside the detetorand to extrat them, a small sution-vehile an drive inside the target rows to aththe briks. There is one loading station at eah side of the detetor. On this station abrik drum an be plaed, hosting up to 234 briks in nine rows. The brik drum an bequikly replaed to allow a ontinuous operation during the target �lling and extrationof briks with a possible neutrino interation. The use of that drum avoids too manymanipulations of the briks to keep good alignment between plates, so that submironresolution an be ahieved. Eah above mentioned part of the BMS an be seen on �gure2.8.

Figure 2.8: Overview over the BMS. On the left, the arousel is shown. On the right,the loading station with a half �lled drum.2.2.6 The SpetrometerThe two OPERA SMod are both equipped with a spetrometer. Eah of those isomposed of :� A dipolar magnet : 2 iron layers with a gap of 1.0m in between. They are omposedof 12 iron slabs eah and 2 oils delivering a magneti �eld of 1.55T.� A High Preision Traker (HPT) : 3 groups of 4 planes of 8m-long vertial drifttubes (×2 SMod) plaed in front, behind and in between the iron layers of themagnet. They measure the urvature of the harged partile trajetories from whihthe momentum is inferred. The spatial resolution of 0.5mm of the HPT allows amomentum measurement with a resolution of about 20% for momenta < 50 GeV/for harged partiles oming from the CNGS diretion [46℄.� 22 Resistive Plate Chambers (RPC) planes per SMod are embedded in the magnetiron slabs : one RPC plane is made of 21 RPC units, arranged in a 3 × 7 matrix.Eah RPC unit is sandwihed between two polypropilene layers with pikup opperstrips with horizontal (35mm pith) and vertial orientation (26mm pith) [36℄.RPC planes allow to generate the prompt signal to trigger the HPT. Apart of that,



2.3 The Sanning System 31another RPC plane is loated between the target and the spetrometer just beforethe �rst drift tube plane. It is tilted by 45◦ to improve the resolution along theY axis and resolve ambiguities in the trak spatial reonstrution : this RPC planeis alled XPC.High energy harged partiles produed in neutrino interations an reah thespetrometers. The RPC planes inside the magnets will provide the spatial resolutionneessary to use MCS together with the bending of the trak in the magneti �eld tomeasure the momentum with high preision. The deviation of the harged partiles inthe magneti �eld will also de�ne their harge. Figure 2.9 shows the ross setion of aspetrometer.

Figure 2.9: The OPERA spetrometer showing the HPT and the dipole magnetequipped with RPC layers. The HPT planes are aligned in 3 parts permagnet arm. The two additional RPC planes shown on the left are the XPC[47℄.
2.3 The Sanning SystemOne an event is triggered by Eletroni Detetors (EDs) and the interationpoint is found using the TT, a andidate brik is extrated and, if validated by CSd,is sanned. The emulsion sanning load in the OPERA experiment is shared equallybetween Europe and Japan. The san area required to loate a neutrino interation in theOPERA experiment ranges from 5×5 m2 to 12.5×10 m2 i.e. the entire emulsion surfae.In order to san these large areas, new sanning systems of high speed automatizationwere developed, both in Japan and in Europe. To inrease the image aquisition rate, twodi�erent designs were followed : in Japan the speed of the previouly used in CERN HybridOsillation Researh apparatUS (CHORUS) system was inreased into a Super-UltraTrak Seletor (S-UTS) [48, 49℄, while in Europe a large number of high-speed mirosopeswith standard omponents, European Sanning System (ESS), was hosen.



32 2 The OPERA Experiment2.3.1 The European Sanning SystemThe design goal of the European laboratories was to develop an automatimirosope stage with a sanning speed of 20 m2/hour, shown in �gure 2.10, anddesribed in detail in [50, 51, 52, 53℄.

Figure 2.10: ESS mirosope setup [53℄.To ahieve the sanning speed required by the OPERA experiment, manymirosopes are used. The main design idea is the software-based approah for dataproessing. Thus, new algorithms an be easily tested and by the integration ofommerially available omponents to build the mirosope, upgrades due to tehnologialimprovements are possible. The ESS mirosope onsists of a mehanial stage movingalong X and Y axis where the emulsion is set for the sanning and an optial partmounted on a vertial stage moving along Z axis inluding an objetive immerged inoil or in dry ondition. The images are taken in 16 views along the Z axis of eahemulsion layer, with a ontinuous movement along Z. The depth of �eld in one view isabout 3µm. These tomographi images are aptured with a Complementary Metal OxideSemiondutor (CMOS) amera.2.3.2 The CS sanningEveryday about 30 single Changeable Sheet (CS) emulsion sheets are sanned atthe LNGS sanning laboratory equipped with 12 mirosopes where the CSd attributedto Europe are analysed ; the other CS sanning lab is loated in Japan. To on�rmthe result of the Brik Finding (BF) of the EDs, the CS is detahed from the preditedbrik and developed underground and sanned, the ECC is taken outside the undergroundarea only in the ase of a CS on�rmation. With the CS sanning the muon angle of aCC interation an be reonstruted with an error of about 10mrad, onstraining thetrak andidate preditions from the CS for the SanBak (SB) proedure of the ECC[40℄. Both SB and BF proesses will be desribed later in setion 2.4.



2.3 The Sanning System 332.3.3 The ECC sanning in EuropeIn the various sanning laboratories in Europe, Russia, Turkey and Japan up to57 emulsion �lms per brik have to be sanned. Bern, Bari, Bologna, Napoli, Padovaand Salerno have automatized the hanging of emulsion plates working for dry objetivesas well as with oil. For instane, about one day is needed to san and loate a neutrinointeration with one mirosope of the Bern sanning laboratory equipped with automatiplate hangers.The Data AQuisition (DAQ) of the emulsion is divided into many steps, the �rstis the online proessing of tomographi images aquired from the emulsion �lms to onvertgrains, reated by harged partiles, into groups of dark pixels alled lusters. Afterwards,the lusters are onverted into reonstruted traks, MiroTraks (MTs) for eah emulsionlayer and BaseTraks (BTs) onneting two MiroTraks as shown in �gure 2.11. Afterthe reonstrution of the MiroTraks and BaseTraks, other software pakages are usedto do an o�ine reonstrution, �rst to align the emulsion plates, and then to reonstrutthe traks and verties. The software for these steps will be desribed later in setion 3.1.4.

Figure 2.11: On the Left Hand Side (LHS), the MiroTraks reonstrution in oneemulsion layer by ombining lusters belonging to images at di�erent levels[53℄. On the Right Hand Side (RHS), MiroTrak onnetions aross theplasti base to form BaseTraks [53℄.The sanning software used to reonstrut MiroTraks and BaseTraks from theaquired images is alled Systema di Salerno (SySal) and is desribed in [51℄. The imagesare transferred into a omputer, where an algorithm is exeuted to �nd the lusters.About 1 000 − 2 000 lusters are found per view, mostly due to random bakground.Using quality uts on the shape and size, their number an be redued by 60%, beforetraking. A MiroTrak onsists of a straight line, along whih the lusters are plaed inthe di�erent tomographi views, about 20 000 lusters have to be heked.



34 2 The OPERA ExperimentTo avoid that every ombination is used, thus inreasing the time required, twoheks are used for �ltering good hints for a MiroTrak (MT) :

Figure 2.12: Trakoordinatessystem

� Only physially interesting trak slopes are aepted,with an angular aeptane of tanθ < 1with tanθx,y = dx,dy

dz
= TX, TY and the dx,dy on thedistanes in X,Y diretions between top and bottomX,Y position of the MT in the emulsion layer anddz : thikness of the emulsion layer. The trakoordinates system is desribed on �gure 2.12.� The emulsion sensitivity for Minimum IonizingPartile (mip) is 31 grains/100µm, thus the averagenumber of grains per emulsion is 13. For eahgrain-pair internal trigger layers are de�ned, onlywhen another grain is found in one of these layers,the MT searh for this ombination ontinues. Theminimum number of lusters for a MT is 6.If after the MiroTrak (MT) searh a luster belongs to more than one MT,only the MT with the highest number of lusters is kept. The �nal traking step isthe ombination of MTs to BaseTraks (BTs)s, where eah MT's stopping Z position isextrapolated towards the orresponding Z level of the plasti support, and if two MTsagree within ertain position and slope toleranes, they are onsidered as orrelated, i.e.a BT is reonstruted. The angular resolution of a BT is related to the auray in themeasurement of the mirotrak interept positions in the plasti base ∆X,∆Y ∼ 0.3µmand ∆Z ∼ 3µm [52℄. Both MTs and BTs will be saved in the database, the lusters, i.e.the raw data will not be stored, reduing the need of the data storage. A desription oflusters, MTs and BTs in the OPERA �lms is shown in �gure 2.11.

2.3.4 The Sanning e�ienySanning e�ienies depending on hardware and software parameters of themirosopes have been assessed with a global survey ompiling briks sanned andanalysed by di�erent laboratories. These briks have been exposed to osmi rays andthen the e�ienies are omputed with the number of missing MTs or BTs in eah layeror emulsion expeted to ontain a MT or a BT. Of ourse these e�ienies will dependstrongly on the trak angle and are shown in �gure 2.13. Note that BT e�ienies derivefrom the MT ones sine a BT is the ombination of two MTs : ǫBT = ǫ2MT .
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Figure 2.13: MT sanning e�ieny as a funtion of the MT angle. Aronyms in thelegend mean : F for Fedra and S for SySal telling whih reonstrutionsoftware has been used, D for Dry and O for Oil showing the mirosopeobjetive type used, L for Low and H for High distinguishing variability inthe sanning e�ienies among di�erent laboratories. BernMC is asanning e�ieny evaluated in the Bern sanning laboratory. Fedra andSySal softwares are desribed in setion 3.1.4.The BernMC e�ieny is the one implemented and used to train the Arti�ialNeural Network (ANN) to identify and estimate the energy of eletromagneti showersdesribed in setions 4.3 and 4.4. The others have been implemented in the analysisframework OpEmuRe and are usually used by the ollaboration to apply on MC samples.In the performane study of the eletromagneti shower tools detailed in hapter 4, I hosethe losest o�ial e�ieny to the BernMC one. The di�erene is taken as the systematiunertainty on the e�ieny as shown in table 2.2.MiroTrakangle (rad) 0.0 0.1 0.2 0.3 0.4 0.5Sanninge�ieny(%) 82.5± 1.4 81.6± 4.2 75.6± 4.7 71.1± 3.5 69.8± 2.6 68.7± 2.2Table 2.2: MiroTrak sanning e�ieny (OpEmuRe_FOH) applied to the MCsamples desribed in setion 3.1.5.1 and used for this thesis work.
2.4 The Analysis ChainThe trigger signal indiating the vertex loation is obtained by EletroniDetetors (EDs), i.e. the hit TT planes and the hit RPC planes in the spetrometer,and is used to extrat the andidate brik where a neutrino interation has taken plae :this proess is alled Brik Finding (BF).



36 2 The OPERA ExperimentAn event reorded by the EDs has to be on time with the CNGS : the protonextration is tagged in CERN with a lok synhronized with the OPERA lok with atime window of 20µs [54℄.In addition, the onsidered event must not be tagged by the VETO as externalevent.The Brik FindingThe TT provides information to �nd seondary partiles obtained from theneutrino interation and determines the related brik to be extrated for reonstrutionand analysis. It is not easy to �nd in whih brik exatly the interation happened.Sophistiated Brik Finding (BF) algorithms are applied to extrat the right brik fromthe wall. Only, when the neutrino interation left enough visible energy in the EDs, theevent an be reonstruted.The detetion of a muon with the EDs, orretly reonstruted with an energyof at least 1 GeV, allows the lassi�ation of suh events as 1µ, whih are mainlyCC interations. Otherwise, if no muons are reonstruted, the events are identi�edas 0µ, whih are mainly NC interations [55℄. Note that CC and NC interations aredi�erent beause of the harge of the boson exhanged during the proess : W± for CCand Z0 for NC as explained in setion 2.5.1.The BF proedure is based on the trak reonstrution in the EDs to detet themost probable brik ; the trak reonstrution in EDs will be explained in setion 3.1.3.The hits inside the TT are �ltered, to inrease the e�ieny and to redue ross talk ofthe PhotoMultiplier Tube (PMT) hannels, degrading the resolution. The most probablebriks are then extrated with the BMS. The BF performane has been studied withMC samples simulating neutrino interations and the various ED response [56, 57℄. Adisplay of the BF result on a MC neutrino interation in the OPERA detetor is shownin �gure 2.14.

Figure 2.14: MC event in the OPERA detetor. BF gives probabilities and theandidate whih has the highest probability is the one whih is extrated�rst and its CSd developed - here the brik B. The brik C is probablyindiated by baksattering traks. Brik A has been seleted beause thereis a strong ativity in the TT lose to the interfae of briks A and B [56℄.



2.4 The Analysis Chain 37The e�ieny performane of the BF algorithm evaluated on 2008-2009 dataare summarized in table 2.3. A MC sample simulating 3000 νµ CC interations and3000 νµ NC interations in the entire OPERA detetor has been proessed through thesame eletroni reonstrution software as data. The e�ieny is alulated looking forthe number of events found by the BF algorithm out of the number of generated events.The BF e�ieny on data has been estimated by dividing the number of events where anatual neutrino interation has been found in one of the extrated brik by the numberof events triggered by the Eletroni Detetors.0mu 1mu2008-2009 data 35.2% 61.9%MC 49.4% 76.3%Table 2.3: BF e�ienies evaluated on the 2008-2009 data sample [58℄ and on 2 MCsamples : MC_numuCC_1k_marh2011 and MC_numuNC_1k_marh2011desribed in setion 3.1.5.1.The positive e�et of the existene of a long �tted eletroni trak of the νµ CCinterations on the result of the BF predition is lear.The MC/data disrepany an be explained by two arguments. First, the preseneof external bakground (interation in the rok and strutures surrounding the detetor)in the data and not in the o�ial MC simulation whih represents an e�et of about1% for CC and 23% for NC events evaluated with a dediated MC study [59℄. Thenthe OPERA simulation is not desribing exatly the numerous proedures of the dataanalysis, espeially the relassi�ation of CC events as NC and NC events as CC. In fat,if data are an admixture of CC and NC events, MC samples are made of pure CC or NCinterations. The e�et of the external bakground will be enlightened in setion 3.1.3and the one of the relassi�ation of events will be assessed properly in setion 3.2.2. Inaddition, in 2009, the lassi�ation (0µ, 1µ) algorithm desribed later in setion 3.1.3 hasbeen improved by tuning the seletions with MC simulation in order to rejet the externalbakground. 2008-2009 data sample should be reproessed with this new version of thelassi�ation algorithm to better ontrol this bakground.The loalised brik with the highest probability is extrated. Its CSd is developedand sanned to on�rm the onnetion between TT and the ECC brik or to rejet theandidate and extrat the seond brik seleted by the BF.The Changeable Sheet in the BF proessBefore detahing the CS box from the brik for sanning, the X-ray marking of theECC done underground [40℄ is used to give a �rst referene frame for the sanning. TheX-ray mahine prints four alibration marks in the orner of the CSd and the �rst emulsionplate, before the X-rays are absorbed by the �rst lead plate, as shown in �gure 2.15. Thisalignment allows already a resolution of a few mirons between the CSd and the last ECCplate.
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Figure 2.15: On the LHS, a shemati view of the X-ray marking system [60℄. On theRHS, one X-ray spot of about 100µm of diameter in an emulsion [60℄.Then, CSd is developed underground and is moved to the surfae to theCS sanning lab while the brik is stored in a shielded area next to the detetor. TheCS sanning proess has been already explained in setion 2.3.2. One the CSd aresanned and traks are onneted with TT result, these traks have to be followed downto the ECC brik and this proess will require a few µm alignment between CSd and themost downstream �lm in the brik, i.e. the �rst to be sanned.Other lateral X-ray marks are printed on the brik to allow an ordering of theemulsion �lms, and a �rst oarse alignment of about 5 µm from one ECC plate to anotherin ase the osmi ray exposure of the ECC is not done, for instane the blak CS ase,where the CS annot be analysed due to failure of CS development or a too high fog level.As already mentioned, in order to reprodue the alignment of the �lms of one brikone it is disassembled, the briks are exposed to osmi rays before development. Thereis a osmi pit in the basement of the OPERA building of the LNGS surfae site. Thebriks are exposed for about 8 to 12 hours to aumulate high energeti straight osmiray traks with a density of about few muon per mm2 [61℄, whih are needed for theemulsion plate to plate alignment with a preision of a few µm. Above the ellar room, ashaft with a 40 m thik iron shielding was put to �lter low energeti osmi ray eletrons.To shield the ECC briks from ambient radioativity, they are stored in lead ontainers.Then, ECC briks are moved to the development laboratory next door and �nally aresent to one of the sanning laboratories where the reonstrution and analysis proesseswill be done and the result uploaded into the database.2.5 Physis PerformaneAfter having desribed the OPERA experimental setup and the analysis hainof the EDs as well as the emulsion �lms, this setion will assess the physis performaneof the OPERA detetor in the searh for νµ osillations. The neutrino interations andross setions used to ompute the neutrino �uxes and rates expeted in the detetor aredesribed. Then, a summary of signal and bakground event rates is given.



2.5 Physis Performane 392.5.1 Neutrino interations and neutrino ross setionsIn the neutrino interation with matter, one an list : lepton and nuleus, ChargedCurrent (CC) and Neutral Current (NC), and aording to the depth of the interationwith respet to the energy involved : Deep Inelasti Sattering (DIS), Quasi-Elasti (QE)and Resonant (RES).CC and NC interations are di�erent beause of the harge of the weak interationboson exhanged during the proess : W± for CC and Z0 for NC. All these interationsare summarized in �gure 2.16.
Figure 2.16: Feynman diagrams of the possible interations of a neutrino with matter.From the left to the right, CC interation with a nuleus then with a leptonand then with a lepton in s-hannel and NC interation with a nuleus andwith a lepton at the most right of the �gure.DIS, QE and RES interations ould happen through CC with a harged leptonoutoming or through NC without the emission of a harged lepton or any �avour hangefor the neutrino.In QE-CC interation , a neutrino interats with a nuleon (neutron n or proton p) andhanges its nature as desribed by equation 2.1 :

νl + n→ l− + p (2.1)
νl + p→ l+ + nA QE proess is also possible through NC interation with a neutrino esaping with thesame �avour as the inoming one. These proesses depend on the nulear form fator andthe typial transfer energy is about 10MeV.The RES proess is haraterized by the presene of pions in the �nal state. The inomingneutrino turns the nuleon in an exited state and, if the exitation energy is su�ient,one an reate a ∆ resonane. The energy transfer for suh proess to our should begreater than 300MeV, orresponding to the mass di�erene between a ∆ resonane anda nuleon.



40 2 The OPERA ExperimentThis type of interation is desribed in the CC ase by equation 2.2 :
νl + p→ l− +∆++ followed by ∆++ → π+ + p (2.2)The NC ase gives :
νl + p→ νl +∆+ → π0 + p+ νlor aording to another de-exitation mode of the ∆+

νl + p→ νl +∆+ → π+ + n+ νl

The DIS proess is haraterized by the presene of hadroni showers in the �nal stateas shown by equation 2.3 :
νl + nuleon → l− + hadrons (CC) (2.3)
νl + nuleon → νl + hadrons (NC)

The energy transfer for the DIS proess is muh greater than the QE or RESproesses. The nuleon goes through the fragmentation proess, its omponents, thequarks and gluons, reombine to give hadrons and mostly pions in the �nal state.Inlusive ross setions of CC interation have been measured by severalexperiments and are ompiled by the Partile Data Group (PDG) into the plot of�gure 2.17. NC proesses are muh less measured espeially at energies higher than
1GeV. Note also that the number of experimental measurements is quite small evenat low energy. In the Glashow Weinberg Salam (GWS) theory well desribed in thereview [62℄, the σCC

ν

σNC
ν

ratio is near 3 beause of eletroweak oupling ; its ratio is alsoinferred from experimental data and on�rm this value :
σCC
ν

σNC
ν

≈ 3 (2.4)
This means for OPERA that CC interations will represent 75% of the totalnumber of interations while NC will represent 25%.
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Figure 2.17: σν/Eν are represented for the muon neutrino and anti-neutrino-nuleonharged-urrent interation total ross setion as a funtion of the neutrinoenergy. The error bars inlude both statistial and systemati errors. Thestraight lines are the isosalar-orreted total ross-setion values averagedover 30− 200GeV : σIso
ν /Eν = (0.677± 0.014)× 10−38m2.GeV−1;

σIso
ν /Eν = (0.334± 0.008)× 10−38m2.GeV−1. The average ratio of theanti-neutrino to neutrino ross setion in the energy range 30-200 GeV is
σIso
ν /σIso

ν = 0.504± 0.003. Note that there is a hange in the energy saleat 30GeV [63℄.As explained above, the CC interations are dominant and the followingonsideration about neutrino �uxes and rates in the OPERA experiment will be restrainedto this type of neutrino interation. Nevertheless, the NC interations are important forthe study of νµ → νe osillation sine a signi�ant bakground to the eletron searhwill be neutral pions in the νµ NC interations. NC event loation e�ieny, presentedin setion 3.2, is about 50%, implying an expeted rate about 50 events per 1019 p.o.t.with respet to 500 νµ CC per 1019 p.o.t.. Despite this non negligible rate of νµ NCinterations, it will be shown in hapter 5 that this bakground is well rejeted by a lowerut on the eletron energy. Moreover, there is no experimental absolute measurement ofthe NC interation ross setion ; only the σCC
ν

σNC
ν

is determined.



42 2 The OPERA ExperimentOn the other hand, the di�erent ontributions of DIS, QE and RES proesses tothe total neutrino ross setion are shown on �gure 2.18.

Figure 2.18: Neutrino CC interation on nuleon ross setions divided by the neutrinoenergy of the DIS, QE and RES proesses as a funtion of the neutrinoenergy [64℄.Looking at the �gure 2.18, below 30 GeV QE and RES proesses ontributessigni�antly to the total ross-setion. Above, they are negligible and only DIS proessesdominate. Hene looking at �gure 2.17, the parametrization omputed by the PDGbetween 30 and 200 GeV is desribing well the neutrino CC interation throughDIS proess and will be used in the alulation of neutrino rates.For QE and RES proesses, ross setions are given for neutron and proton targetsand are assumed onstant as a funtion of the energy [65℄ :
νµ + n −→ µ− + p : σνµn→µ−p = 0.891× 10−38 m2 QE
νµ + n −→ µ− + p+ π0 : σνµn→µ−pπ0 = 0.537× 10−38 m2 RES
νµ + n −→ µ− + n + π+ : σνµn→µ−nπ+ = 0.276× 10−38 m2 RES (2.5)
νµ + p −→ µ− + p+ π+ : σνµp→µ−pπ+ = 0.330× 10−38 m2 RES



2.5 Physis Performane 43The last issue in the ross setion ontribution to the neutrino rates is thenon-isosalarity of the target. Indeed, all ross setion measurements have been doneon isosalar targets. In the OPERA ase, the �duial mass is represented by the lead
208
82 Pb. The rate alulation with the QE and RES proesses is straight forward, butDIS proess is ourring on protons as well as on neutrons. However, several experimentsompiled by the Kuzmin, LyubushkIn and Naumov (KLiN) projet [66℄ have determinedthat total ross setions on neutron and on proton are di�erent. Compiling these data,the R = σn/σp ratio and one parametrization are shown on �gure 2.19. Note this ratioonerns the total ross setion and it is applied only to DIS proesses assuming thatQE and RES interations are negligible in the energy region where DIS proesses aresigni�ant aording to �gure 2.18.
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Figure 2.19: On the LHS, the ratio of neutrino interation ross setion on neutrondivided by the proton one. The parametrization gives R = 2.81± 0.13 for
Eν ≤ 1.3GeV and R = 1.92± 0.06 for Eν > 1.3GeV. On the RHS, is shownthe same ratio for antineutrino interation ross setion. Theparametrisation gives R = (0.036± 0.015)× E + (0.19± 0.05) for
Eν ≤ 10GeV and R = 0.50± 0.03 for Eν > 10GeV.Finally, we an alulate the total neutrino CC interation on nulei non-isosalarross setion with the equation :

σnon-isoν (E) = σRES, QE
ν + σDIS, non-isoν (E) (2.6)where σRES, QE

ν =
Z

A
× σRESνµp→µ−pπ+ +

N

A
(σQE

νµn→µ−p
+ σRESνµn→µ−pπ0 + σRESνµn→µ−nπ+)and σDIS,non-isoν (E) = σDIS, isoν (E)× fnon-iso = 0.677×E × 2

R(E)× (A− Z) + Z

(1 +R(E))×Awith N,Z and A numbers of neutrons, protons and nuleons of the target nuleus,and R(E) given in �gure 2.19.



44 2 The OPERA ExperimentConsidering antineutrino rates, DIS ross setion are shown in �gure 2.17. Notethat for neutrino rates, QE and RES ontribute 10% with the mean neutrino energy ofthe CNGS 17 GeV and note also that antineutrino interation ross setion is twie lessthan neutrino interation ross setion for DIS proesses. Moreover, the νµ and νe �uxesdelivered by the CNGS and quoted in table 2.1 orrespond to 2% of the νµ �ux and 10% ofthe νe �ux, respetively. All these onsiderations imply that I will neglet the ontributionof the QE and RES proesses in the antineutrino rates alulation.
2.5.2 CNGS performaneThe CNGS beam started in 2006 by two years of ommissioning. The physisrun started in 2008 and is still on going. The status of the CNGS in terms of number ofprotons on target (p.o.t.) is summarized in table 2.4.

Year Number of p.o.t. Integrated p.o.t. / Expeted p.o.t. over 5 years
2006 0.076× 1019 -
2007 0.082× 1019 -
2008 1.74× 1019 7.7%
2009 3.53× 1019 23.4%
2010 4.09× 1019 41.6%
2011 4.75× 1019 62.7%
2012 3.86× 1019 79.9%Table 2.4: The CNGS neutrino beam status in 2012 [67, 68, 36℄.
The muon-neutrino and eletron-neutrino �uxes Φ, delivered by the CNGS aregiven in referene [38℄. Two more piees of information are needed, the OPERA targetmass and the neutrino interation ross-setion, in order to ompute the expeted neutrinorates in the OPERA detetor for the di�erent �avours omposing the CNGS beam : νµ,

νµ, νe and νe whih all an be seen in �gure 2.20. The 3 last omponents are of a smallfration and onstitute to what is ommonly onsidered as "νµ beam ontamination" asshown in table 2.1.The event rate Nν is the onvolution of the ν �ux Φν(E), the neutrino interationross setion σCC
ν (E) and the νµ → νe osillation probability Pνµ→νe(E). Figure 2.21shows the superimposition of the osillation probability onvolved with the ντ DIS CCinteration ross setion on the νµ �ux delivered by the CNGS.
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46 2 The OPERA ExperimentFrom the CNGS �uxes, the ross setions, the non-isosalarity orretion and theosillation probability quoted in setion 1.1.4 if it is needed, neutrino rates per 1019 p.o.t.an be omputed and are shown in �gure 2.22 and summarized for di�erent on�gurationsin table 2.5.
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Figure 2.22: Expeted neutrino CC interation rates in the LNGS. On the top LHS, the
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2.5 Physis Performane 47From the plots in �gure 2.22, expeted neutrino rates, integrated up to 30 GeV,for these di�erent ontributions are summarized in table 2.5.Channel Expeted rate by 1019p.o.t. Expeted rate for2008-2009 runs Expeted ratesfor 5 nominalyears(22.5× 1019p.o.t.)Integrationrange(GeV) [0,30℄ [0,100℄ [0,30℄ [0,100℄ [0,30℄ [0,100℄
νµ CC 567± 58 667± 68 3010± 310 3540± 360

12800±
1300

16300±
1700

νµ CCQE+RES 56± 6 59± 10 297± 32 313± 53
1260±
135

1330±
225Prompt νeCC 2.56± 0.18 5.95± 0.45 13.6± 1.0 31.5± 2.4 57.6±4.1 134± 10Prompt νeCCQE+RES 0.28± 0.02 0.39± 0.10 1.5± 0.1 2.1± 0.5 6.3± 0.5 8.8± 2.2

ντ CC 2.96± 0.30 3.10± 0.32 15.7± 1.6 16.4± 1.7 67± 7 70± 7

ντ CCQE+RES 0.52± 0.05 0.52± 0.05 2.76± 0.27 2.76± 0.27 11.7±1.1 11.7±1.1Osillated
νe CC 0.86± 0.06 0.87± 0.07 4.56± 0.32 4.61± 0.37 19.4±1.4 19.6±1.6Osillated
νe CCQE+RES 0.18± 0.01 0.18± 0.01 0.95± 0.05 0.95± 0.05 4.1± 0.2 4.1± 0.2

νµ CC 6.04± 1.80 13.6± 3.0 32.0± 9.5 71.9± 11.0 136± 41 306± 47
νe CC 0.12± 0.04 0.32± 0.07 0.66± 0.23 1.7± 0.4 2.8± 1.0 7.3± 1.7Table 2.5: The expeted neutrino rates in the OPERA detetor with a target mass of

1.21 kt integrated up to 30GeV and up to 100GeV.Note that the target mass of 1.21 kt is the mean value obtained by integratingthe number of briks in the detetor as a funtion of the CNGS beam intensity from 2008up to 2010. This kind of omputation is neessary beause the OPERA target was not yet�lled in 2008 and beause the CNGS integrated luminosity summarized in table 2.4 variedbetween 2008 and 2010. In addition, the OPERA target mass dereases as a funtion oftime sine briks are onstantly extrated from the detetor.



48 2 The OPERA ExperimentThe unertainties have been derived from the unertainty on the ross setion(about 10%) given by the parametrisation in �gure 2.17 and by the non-isosalarityorretion, the unertainty of about 4% on the CNGS �uxes reported by the work [69℄and the unertainty on osillation probability summarized in table 2.6 and estimatedby varying mixing parameters in the �t unertainty of the global analysis [27℄. Eahosillation probability is mainly driven by a set of parameters whih are used to de�nethe unertainty on the onsidered probability. The osillation probability is omputedwith eah parameter whih is given by the outome in a Gaussian funtion (mean valueis the best �t parameter value and the standard deviation is the 1σ error on the �t). Thisproess is applied iteratively 10 000 times and gives the unertainty for eah osillationprobability type summarized in table 2.6.
∆P/P at 6GeV (%) ∆P/P at 17GeV (%)

νµ → νe 12.3 12.8
νµ → ντ 6.2 6.8
νe → νe 0.14 0.012 � 21 GeVTable 2.6: Osillation probabilities unertainty used in the neutrino event ratesalulation. 17GeV and 21GeV are mean value of the energy spetrum of the

νµ �ux and the νe �ux respetively. 6GeV is the mean value of the neutrinoenergy spetrum for the ντ (τ → e) hannel.This method overestimates the unertainties sine it onsiders that all parametersare unorrelated, but this �rst order is a good approximation.2.5.3 Physis performane in τ detetion in the OPERAexperiment
ντ CC interation are identi�ed by deteting the τ -lepton. This detetion madein the brik part will show the ourrene of νµ → ντ osillation.The τ deay hannels searhed in ECC briks are the eletron, muon, singleharged hadron and multiple harged hadrons hannels. The τ -lepton deay hannels andthe respetive Branhing Ratio (BR) are [70℄ :

τ− → e−ντνe (17.83± 0.04)% (2.7)
τ− → µ−ντνµ (17.41± 0.04)%

τ− → h−ντ (+nπ
0) (49.16± 0.12)%

τ− → h−h+h−ντ (+nπ
0) (15.2± 0.08)%



2.5 Physis Performane 49There are two types of deays, short and long deays, depending on the loation ofthe deay vertex. In the short deay ondition, the daughter is produed by the neutrinointeration in the lead plate inside the brik, and then the deay ours in the same leadplate. In the long deay ondition, the τ deay is in a lead plate di�erent from the onewhere it has been produed. The seletion of the long deay events are based on theexistene of a kink angle between the parent and the daughter traks : θkink > 20mrad.A sketh of the long deay topology in a brik and the emulsion �lm design is shown in�gure 2.23.

Figure 2.23: Shemati piture of the τ detetion tehnique in the ECC brik for long onthe top and short on the bottom deays [50℄.
The seletion of the short deay events are based on the Impat Parameter (IP)of the daughter trak with respet to the interation vertex : IP > 5 − 20µm. TheIP is de�ned as the minimal distane of approah in 3D as desribed in the work ofE. Barbuto et al. [71℄. The main bakground soures to the di�erent hannels onsist ofharm deays for 54% of bakground events, then hadron interations orrespond to 30%and �nally large angle muon sattering represents 16%. The main bakground for the

τ → µ hannel omes from harm prodution in the νµ CC interations. The topologialuts on the kink angle and on the transverse momentum of the muon help to redue thatbakground. The τ → e hannel is also a�eted by the harm bakground in the eletronimode as far as the deay topology is deteted. The searh of the τ deay hannel intohadrons is favoured due to its high branhing ratio. But the hadroni reinterations a�etthis hadroni deay mode negatively as a high bakground. The summary of the OPERAdetetor performane after 5 years of running is illustrated in table 2.7 [59℄.



50 2 The OPERA ExperimentDeayhannel Number of signal events expeted Number of bakgroundevents expeted
22.5× 1019p.o.t. 4.88× 1019 p.o.t. 22.5× 1019p.o.t. 4.88× 1019 p.o.t.

τ → µ 1.79 0.39 0.09±0.04 0.02±0.01
τ → e 2.89 0.63 0.22±0.05 0.05±0.01
τ → h 2.25 0.49 0.24±0.06 0.05±0.01
τ → 3h 0.71 0.15 0.18±0.04 0.04±0.01Total 7.63 1.65 0.73±0.15 0.16±0.03Table 2.7: Expeted numbers of observed signal events for the design intensity of

22.5× 1019p.o.t. and for the 2008 and 2009 analysed data sampleorresponding to 4.88× 1019p.o.t. The fourth and the last olumns show theexpeted numbers of observed bakground events from soures desribedabove for the design intensity and for the 2008-2009 analysed data sample.Errors quoted are systemati : 25% on harm bakground and 50% onhadron and muon bakgrounds are assumed, these errors are ombinedlinearly if they arise from the same soure, in quadrature otherwise [59℄.
2.6 νµ → νe Osillation Channel : detetion of eletronsand photons in the OPERA experimentThis important subjet will be the aim of this thesis showing the performaneand the ontribution of OPERA to the neutrino physis in the investigation ofthe νµ → νe neutrino osillation. Suh study needs a dediated tool to detet eletrons :a reonstrution tool for eletromagneti showers ompleted by an identi�ation algorithmand an energy estimation tool in order to perform kinematial analysis. As an example,an eletron shower generated in an OPERA brik is shown in �gure 2.24.
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Figure 2.24: A 6.5 GeV eletron shower spreading into an OPERA brik.



2.6 νµ → νe Osillation Channel : detetion of eletrons and photons in theOPERA experiment 51This eletron reonstrution and its analysis will be a ruial point in order toperform the νµ → νe osillation study as well as the τ → e mode in the νµ → ντ hannel: they will be detailed in hapter 4.Looking for osillated νe from the νµ produed by the CNGS beam is a hallengingtask sine only a few events are expeted. Any hannel having an eletron in the �nalstate will be a soure of bakground. In addition, hannels with photon and no other hintidentifying learly the interation type, e.g. a muon trak in a νµ CC interation, willbe also a bakground to the osillated νe searh. The di�erent soures of bakground arethus :� νe from the ontamination of the beam, this bakground is the most statistiallysigni�ant, moreover the two energy spetra are overlapping within [0,30℄ GeV whihmeans this bakground is irreduible in this range. An exess of νe events will bethus looked for.� The τ → e deay hannel, whih beomes a bakground in this ontext.� NC neutrino interations, are produing hadrons and photons in the �nal state.� CC neutrino interations where the muon trak is missed.The summary of the number of expeted signal and bakground rates for the
νe detetion in the OPERA detetor is illustrated in table 2.8. Chapter 5 of this thesisshows the results of this osillation study.Signal Bakground hannelsOsillated

νe
τ → e νNC

µ

prompt
νe

prompt
νeQE+RES νCC

µ

mis−−→ νNC
µNevtexp. in2008-2009 4.61±0.37 2.92±0.30

1180± 120(*) 31.5±2.4 2.1± 0.5 138± 14 (**)Nevt �
22.5×

1019p.o.t. 19.6± 1.6 12.4± 1.3
5010± 510(*) 134± 10 8.9± 2.1 586± 59 (**)Table 2.8: Expeted numbers of νe signal events in OPERA for the design intensity of

22.5× 1019p.o.t. and for the 2008 and 2009 analysed data sampleorresponding to 5.3× 1019p.o.t. (*) and (**) hannels will be drastiallyredued by putting a lower ut on the energy of the eletron shower asdesribed in setion 5.1.3.This hapter has presented the OPERA experiment whih is running from 2008.The CNGS beam has been desribed and its performane in terms of neutrino �uxes hasbeen assessed. Apart from that, a desription of the OPERA detetor has been givenand the analysis hain has been explained. The expeted neutrino rates in the detetortaking into aount the features of the CNGS beam and the phenomenology of neutrinointerations have been omputed and the performane of OPERA in τ detetion as wellas in νe detetion have been reported.
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Chapter 3Analysis Framework And E�ienyAssessmentIn this hapter, the analysis software of the OPERA experiment, as well as theMonte Carlo (MC) simulation framework will be presented. The reonstrution andanalysis software OpRelease using CERN ROOT 5.24 is installed on a 64-bit luster atthe Lyon omputing enter. Assoiated with the OpEmuRe pakage, the software allowsa full detetor reonstrution for the �rst time in OPERA, from the eletroni neutrinoevent trigger up to the vertex reonstrution in the ECC. Previously, the eletronireonstrution and the ECC reonstrution were dissoiated. In addition, proedures tomake the link between these two detetions, i.e. the Brik Finding (BF), the ChangeableSheet (CS) sanning and the SanBak (SB), were not simulated, and the data sanningand the MC sanning simulation were not performed with the same software. Theimplementation of the shower reonstrution algorithm, developed before in the workof Y. Ca�ari et al. [72, 73℄, into the reonstrution pakage OpEmuRe is a part ofthis thesis work. Event loation e�ienies will be assessed in the desribed analysisframework using MC simulations. The statistial methods used in the next hapters willbe also desribed here.
3.1 Analysis FrameworkTo test the detetor response and the data analysis software thoroughly,MC simulations are used in partile physis. For the OPERA experiment, there areseveral steps that are detailed in the following.� The neutrino event generation by OpNEGN desribed in setion 3.1.1.� The partile trak propagation inside the detetor is performed with OpRelease,desribed in setion 3.1.2, and is omposed of the eletroni detetor simulation,alled OpRe, and the ECC simulation, alled OpEmuRe. To analyse the MCsamples, the ombination OpRelease/OpEmuRe provides a omplete simulation ofthe detetor. 53



54 3 Analysis Framework And E�ieny Assessment3.1.1 MC event generationThe neutrino event generation is the �rst step of MC studies. In the OPERAexperiment, it has been performed using the OpNEGN neutrino generator [74, 56, 39℄.The OpNEGN generator is derived from the Neutrino Osillation MAgneti Detetor(NOMAD) experiment and is needed to generate a large sample of neutrino interations.The modi�ations neessary to the OPERA experiment inluded the CNGS target andthe beam �uxes. The Deep Inelasti Sattering (DIS) neutrino interations are basedon a modi�ed version of the LEPTO 6.1 generator, while the fragmentation proess isdesribed with a modi�ed version of JETSET 7.4 . Ourring nulear re-interationsfrom hadrons produed in the fragmentation proess are desribed with the FormationZone Intra-nulear Casade (FZIC) ode (extrated from the DPMJET II.4 generator)and reinserted in the JETSET simulation. The Quasi-Elasti (QE) and Resonant (RES)neutrino interations as well as the Fermi momenta generation of the target nuleons aredesribed in more detail in [39℄. Several thousands of neutrino events were generated,grouped in beam�les with pure CC or NC neutrino interations.3.1.2 Partile propagation in the detetorThe software framework OpRelease is the main software of the OPERAexperiment, used for the data analysis as well as for the MC simulations. It is designed toallow the running of di�erent MC programs as Geant3 or Geant4 [75℄ and Fluka [76℄ forpartile propagation. OpRelease is a software arhiteture omposed of di�erent pakagesto simulate spei� proesses of partile propagation in the OPERA detetor. Eahpakage of the OpRelease is a single shared library libOp*.so ; thus, it an be dynamiallyloaded by the software. It is managed by the Conurrent Version System (CVS) andstored on the OPERA CVS repository at a 64-bit luster, the Computing Centre ofIN2P3 (CCIN2P3) in Lyon. This allows to keep trak of hanges in the software.The internal organization and the external interation with other OpRelease pakages isperformed through the Con�guration Management Tool (CMT). Apart from the pakages,the OpRelease needs external kits distributed freely on the web : CERNLIB 2006 release[77℄, Class Library for High Energy Physis (CLHEP) 2.0.3.2 release [78℄, ROOT 5.24.00release [79℄, Pythia 6 [80℄, ROOT Virtual Monte Carlo (VMC) [81℄, Geant3 1.11 release[75℄ and ORACLE, the orale library and lient to aess the database [82℄. The oordinatesystem used for the experiment is de�ned in �gure 3.1. The urrent version of theOpRelease is 4.1, however that one has been released reently and thus has not beenused in this work. The OpRelease 4.0 was the up-to-date version at the beginning of thisstudy. In order to run, the MC simulation uses the di�erent pakages of the OpReleasementioned above. The geometry of the detetor is desribed in the OpGeom pakage.It takes into aount the fat that the geometry of the OPERA target is hanging overthe time of the experiment due to the insertion and extration of the ECC briks. Thegeometry used for the simulation inludes the full layout of the hall B and surroundingrok to simulate also "rok muons" oming from upstream interations. Those are notrelated to the neutrino interations in OPERA but are registered in the detetor.



3.1 Analysis Framework 55

Figure 3.1: OpRelease oordinates system [83℄.The full detetor MC simulation in the OPERA experiment is based on the OpSimpakage of the OpRelease framework. OpSim is based on the ROOT VMC kit [81℄. Byde�ning the geometry in aordane with ROOT lasses, the VMC allows a free hoie ofthe transport engine to propagate the partiles.The output of OpSim is handled with another pakage alled OpDigit, to onvertphysial hits, i.e. the energy deposits, into the �nal data format also alled "digit" byapplying the detetor response. Before it an be analysed, one an hoose to eitherignore the ECC hits and use the eletroni detetor only, or to propagate the traks ina 3 × 3 matrix of briks surrounding the neutrino interation. In this ase, it is possibleto simulate the full proessing hain of Eletroni Detetor (ED) trak reonstrutionand BF (OpRe), CS sanning and vertex loalization with the OpEmuRe pakage. Anoverview of the relevant pakages of the OpRelease framework is shown in �gure 3.2.

Figure 3.2: Overview of the OpRelease framework and its pakages [83℄.



56 3 Analysis Framework And E�ieny Assessment3.1.3 Analysis of the Eletroni DetetorsThe OpRe reonstrution pakage performs many tasks, eah one issued by asubpakage : for instane a subpakage to take into aount rosstalk in the PMT, anothersubpakage to hek the time oinidene between CNGS and the OPERA event, a thirdone to reonstrut 3D traks and so on. Important tasks with respet to the eletronneutrino analysis are :� Event lassi�ation : OpCara is the pakage whih lassi�es whether events are"CONTAINED" in the OPERA detetor. If they are not, and depending on thepresene of hits in the VETO plane or in the TT on the edge of the detetor,events an be lassi�ed as "FRONT MUON" or "SIDE MUON", whih omposethe major part of the external bakground. The other ontribution to the externalbakground omes from another lassi�ation whih is "BORDER SOFT NC" andwhih represents NC events without 3D traks ourring in the regions where theexternal bakground is more important. However, these events are analysed toinrease the NC event loation e�ieny sine some of them are atual NC neutrinointerations oming from the CNGS beam. Neutrino interations an eventuallyour in the iron of a spetrometer due to its high density and present a lowativity in the TT planes. Finally, the lass "NO DECISION" is an option ifnone of the properties of lassi�ation desribed above is ful�lled by the urrentevent. To onlude, only "CONTAINED" and "BORDERSOFTNC" events willbe analysed and ompose the seleted OPERA data. Studies about the OpCaraalgorithm inluding a detailed desription of these lasses an be found in the workof A. Bertolin et al. [84, 85℄.� MuonID pakage : does the identi�ation of the muon aording to two pieesof information. The number of TT and RPC wall ontaining hits has to begreater or equal to 14, and the eletroni 3D trak to be reonstruted in the twolongitudinal planes by a pattern reognition algorithm. The two longitudinal traksthus reonstruted are ombined to give a 3D trak in order to rejet hits whih arenot present in the two planes and are probably instrumental bakground. This 3Dtrak is proessed by a Kalman Filter (KF) in order to alulate the momentumtaking into aount the MCS. The produt length× density is omputed and usedto identify the trak : it is taken as a muon if its value is greater than 660 g.m−2.A omplete desription of the muon identi�ation proedure is given in the OPERAollaboration paper [86℄.� Energy pakage : estimates the visible energy left in the TT and omputes thereonstruted neutrino energy. The energy deposited in the TT is alulated strip bystrip using the result of the PMT gain measurement and the alibration parameters :the TT visible energy is de�ned as the sum of all strips energy. An energy alibrationhas been made with osmi ray traks as a funtion of the number of photoeletronsmeasured on the left and the right side of the �bres and of four free parameters.The visible energy deposited in the TT will be used later in the analysis of hapter5. The reonstruted neutrino energy has been parametrised with MC simulationas a funtion of the MC true hadroni energy and the visible energy in the TT. Thework of C. Jollet et al. [87℄ details these features.



3.1 Analysis Framework 57� BF pakage : the OpRe pakage alls the OpBrikFinder pakage routines usedto �nd the brik where the neutrino interation ourred. The priniple of thisalgorithm has been already desribed in setion 2.4.3.1.4 Analysis of the nulear emulsions3.1.4.1 Emulsion reonstrution softwareAt the level of the ECC, several pakages exist to analyse data obtained fromthe sanning of the emulsions and simulate neutrino interations in the brik. Thesanned data in the OPERA experiment are stored in a entral database, from whihthe reonstrution of events is performed. The OpEmuRe analysis pakage has beendesigned to handle sanned events extrated from the database as well as MC simulationsamples. Before proessing with OpEmuRe, it is neessary to onvert the data or theMC simulation to the relevant input format. This is aomplished with the OpEmuIOpakage. The latter is thus the onvergene pakage for data and MC, it allows to :� download and extrat an event from the database, opying it into a ROOT �le. Thestruture of suh a �le is named the "emulsion data model" and is de�ned by theOpRData lass.� read a MC �le ontaining digits and onvert it to the emulsion data model format,produing a new ROOT �le for eah MC event.The arhiteture of the ECC reonstrution software is summarized in �gure 3.3a.While data go through the CS �nding and the SanBak (SB) proedure beforelooking for a vertex in the ECC brik, the MC samples at the OpEmuIO level do notinlude yet these two proesses (CS and SB). It appeared neessary to add the simulationof the CS and the SB in the MC OpEmuRe framework. Eah proess in the OpEmuReframework is oded into an algorithm, as a routine alled by OpEmuRe if hosen by theuser. These routines are interfaed with the external kits Framework for Emulsion DataReonstrution and Analysis (FEDRA) or SySal. These are needed for their set of lassesand methods related to the trak reonstrution in the ECC brik. Both of the externalkits FEDRA and SySal have been developed in parallel in order to reonstrut traksand verties. SySal has already been mentioned in setion 2.3.3 beause of its use inthe sanning proess to reonstrut lusters, MiroTraks and BaseTraks. Its developerdeided to extend its abilities up to the trak reonstrution inside the entire ECC inaddition of the BaseTrak reonstrution ; FEDRA, is aimed from the start to performthe trak reonstrution inside the brik. In general, SySal follows a MiroTrak-basedreonstrution whih aims to enhane the trak reonstrution e�ieny whereas FEDRAuses a BaseTrak-based reonstrution. Details about the two external kits an be found in[51℄ for SySal and in [88℄ for FEDRA. Other OpEmuRe algorithms have been developedto perform analysis on reonstruted data as the Deay Searh Proedure (DSP) desribedlater in setion 5.5.1 or the shower reonstrution algorithm whih is thoroughly desribedin hapter 4. All these algorithms are listed in �gure 3.3b.Sanning labs use either FEDRA or SySal in their standalone versions toreonstrut events in the sanning proess. OpEmuRe is not used systematially on data,



58 3 Analysis Framework And E�ieny Assessmentnevertheless a sub-dataset has been reonstruted with OpEmuRe and released in theollaboration as a test of this framework. The di�erent steps of the event reonstrutionwill be desribed in the following. From the BaseTrak reonstrution during the sanningproedure up to the vertex reonstrution.

Overview of the OpEmuRe framework. Algorithms of the OpEmuRe pakage.Figure 3.3: OpEmuRe arhiteture and its algorithms [89℄.3.1.4.2 Emulsion sanning and event reonstrutionDi�erent sanning steps are de�ned for the OPERA experiment, four automatisteps and the visual inspetion. In order to assess the total e�ieny of the eventreonstrution in OPERA, these steps are reprodued in the OpEmuRe framework withdi�erent algorithms :� CS sanning algorithm : is the �rst sanning step. A large area of several m2 ofthe two CS emulsion layers attahed to the brik are sanned in Nagoya or in theLNGS to look for the preditions from the ED.� SB trak sanning algorithm : is used to follow the traks predited in the CSupstream inside the ECC to �nd the neutrino vertex. This is performed in thevarious sanning laboratories in Europe or in Japan. The sanning area is small forthe predition san, when the X-Ray grid is used for alignment. For higher preision,an area of about 1 m2 has to be sanned to allow an alignment with osmi raytraks.� Total volume sanning : After the on�rmation of the stopping point of the SBtrak, an area of 1 m2 of emulsion �lm is sanned for �ve plates up, and ten platesdownstream the stopping point de�ning the analysed volume in the ECC. Thestopping point will be de�ned in the following. During this total san, severalalgorithms are sequentially proessed in the volume : a) Linking algorithm whih



3.1 Analysis Framework 59reonstruts the BaseTraks as desribed in setion 2.3.3 ; b) Alignment algorithmwhih de�nes an a�ne transformation from one plate to another by aligning osmiray traks ; ) Traking algorithm whih assoiates BaseTraks plate by plate toreonstrut traks through the volume and d) Vertexing algorithm whih ombinesreonstruted traks into a vertex.� SanForth trak sanning : When the vertex is found, the traks are followeddownstream to searh for possible hadroni re-interations or deays and to measurethe momentum of the traks with the MCS method [43℄.� Manual hek : Visual inspetion of the traks, inluding the stopping pointson�rmation and eletron-pair heks.CS sanningWhen a possible neutrino interation is loalized by the BF algorithm in oneECC, the brik is extrated and the X-ray marking is performed. The CS is thendetahed and developed to be sanned, while the ECC remains underground awaitingfor the CS sanning result. In the CS sanning, an area of 4 × 6 m2 per emulsion issanned around the muon predition in ase of CC interations while for NC events, alarger area is sanned ; this sanning is alled general san. Inside the sanning areaof 24 m2 only a few traks related to the event are expeted, and will be on�rmed byvisual inspetion afterwards. A pair of CS traks inside the emulsion is shown in �gure3.4 ; only traks with four visually on�rmed MiroTraks are seleted as CS traks. TheMiroTrak objet is desribed in setion 2.3.3.

Figure 3.4: A shemati view of two traks in a CSd [56, 57℄.To math the two CS sheets, the position marks of the X-ray grid are used. Aneven better mathing an be ahieved by the alignment of the Compton eletron traksfound in both CS.This seond alignment is done if no CS trak andidate was found afterthe �rst sanning, and sine it is only a omputational task, no additional general sanningof the CS is needed. Afterwards a "3-out-of-4" searh an be performed i.e. the visualinspetion for a fourth MiroTrak in the ase of a probable CS trak with only three



60 3 Analysis Framework And E�ieny Assessmentautomatially found MiroTraks. If after the Compton alignment and the "3-out-of-4"proedure, no CS trak andidate was found, the CS will be re-sanned at least one, withan improved predition of the Eletroni Detetors. If the sanning result stays negative,a new CSd is attahed to the extrated brik whih is reinserted in the OPERA target.The next probable brik is extrated and its CS sanned. This proedure improves theloation e�ieny by 50% ; in the 2009 data sample, 1.5 briks are extrated per event.This proedure, up to the "3-out-of-4" searh is reonstituted with an algorithm whihruns as an OpEmuRe pakage.SB proedureAfter a positive result of the CS sanning, the ECC is disassembled and theemulsions are developed and sent to one of the various sanning laboratories in Europeor in Japan. During the SanBak (SB) proedure the extrapolations of the CS traksbak into the brik are followed upstream, until no trak an be found anymore during5 plates, whih de�nes the "stopping point". To �nd the CS trak predition in the�rst emulsion plate, an area of 3 × 3mm2 is sanned, as the preision of the mehanialalignment between brik and CS is about 1mm. During the SB proedure, two sansare performed : an inter-alibration area san to align the emulsion plates with osmiray traks over an area of a typial size of 0.25 up to 1 m2 , and the predition sanwith an area of one view of 390 × 310µm2, whih is de�ned by the predition from theprevious plate. The extrapolation from the previous plate has an auray of 10-20 µm,due to the inter-alibration. The absene of a MiroTrak in the predited area de�nesthe stopping point, whih is on�rmed by a visual inspetion of the predited position inthe four onseutive planes upstream. If more than one CS predition exists, as shown in�gure 3.5, a vertex an be de�ned.

Figure 3.5: If a CS trak was found in the CS, the predition is followed upstream in thebrik until a stopping point or vertex is found. The following up inside thebrik is performed by point-like sanning [56, 57℄.The neutrino interations are randomly distributed inside the brik, so on averageabout 30 plates per event have to be sanned for the loalization of the interation.This proedure is reprodued by the SB OpEmuRe algorithm, with the exeption thatthe total surfae of eah plate is used instead of restriting to the area where the preditionis searhed.



3.1 Analysis Framework 61The Total San volumeAfter the CS traks were on�rmed as a stopping point, the Total San (TS)is performed. The san volume onsists of 15 onseutive plates sanned over an areaof about 1 m2 eah, 10 downstream of the stopping point and 5 upstream. If theinter-alibration volume, sanned during the SB, was large enough, it an be used as theTS volume. Inside this volume the trak reonstrution is performed after the BaseTrakreonstrution and the plate alignment on possible traks not followed by the SB.The Linking and alignment pakages : The linking as a part of the sanningproedure, has been already desribed in setion 2.3.3. The linking and alignmentproesses are simulated as OpEmuRe pakages. Nevertheless the alignment proess isskipped in MC simulations sine plate misalignment is not taken into aount.The Traking pakage : The trak reonstrution proedure forms hains ofBaseTraks without missing �lms. These hains serve as a trigger to start the KalmanFilter (KF) [90℄ proedure for trak �tting and following. Traks are reonstruted witha minimum of two BaseTraks and a maximum of three onseutive missing ones. The�nal result are long traks onsisting of an array of BaseTraks aompanied by the �tfuntion provided by the KF proedure. To improve the traking auray smoothing isused. In addition, apparatus resolution, provided as an input parameter, and multiplesattering e�ets are taken into aount for the probability and �t alulation. The mainriteria for traks BaseTraks aeptane is the probability given by the KF.This proedure is reonstituted with an OpEmuRe algorithm alled "Traking".The vertexing pakage : The vertexing reonstrution tries to �nd a onvergeneof traks into the interation point. Two methods are used in OPERA. The FEDRAone omputes the minimum distane between a ouple of traks ; this is a pair-basedapproah and it is explained in more detail in the work of V. Tioukov [88℄. The otherone is implemented in the SySal software and is based on a global vertexing approah. Itlooks for an interept of a group of traks by extrapolating them in the transverse planewith a ertain resolution. This proess is desribed in the work of E. Barbuto [71℄.This proedure is reonstituted with an OpEmuRe algorithm alled "Vertexing".The Deay Searh Proedure (DSP) : In addition, the DSP is performed toreonstrut the neutrino interation, either as a vertex or a single trak. To �nd possibleinteresting events, suh as τ or harm deays and/or νe interations, a topologial searhof deay daughters or parent traks is done, inluding an eletron/gamma separationsearh for showers. The topologial analysis of the event is �nalized with the momentummeasurement of the traks found, thus a reonstrution of the neutrino interation, theevent energy and the type of the interation an be performed.The Sanforth sanningDuring the SanForth (SF) sanning, traks that were found at the vertex anddo not have a math in the CS trak preditions, are followed downstream the brik to�nd their stopping point or a possible re-interation. Thus, the SF methods allow todistinguish muons (isolated stop) from hadroni traks (re-interation).



62 3 Analysis Framework And E�ieny Assessment3.1.5 Monte Carlo simulation and testbeam dataThe analyses in partile physis are arried out on MC samples to test the detetorperformane and the analysis framework and then, is applied on physis data ; it isimportant to hek if MC samples are ompatible with data to validate suh study. Thissetion desribes various MC and data samples used in this work.3.1.5.1 Monte Carlo simulation samplesNumerous analyses in this thesis use extensively MC samples to estimate eventloation e�ieny, eletron identi�ation e�ieny and eletromagneti showers toolperformane. All these samples are de�ned in table 3.2 and have been proessedthrough the entire OpRelease 4.0 reonstrution. They ontain interations that haveourred randomly in an ECC brik hosen randomly in the whole detetor exept if the"Observation olumn" mentions something else.3.1.5.2 OPERA dataOPERA datasets used in this work are alled data_eletron_TB_4GeV anddata_eletron_TB_2GeV. To alibrate the energy and identi�ation of eletromagnetishowers as well as to ompare to MC performane of these tools, two ECC briks havebeen exposed to an eletron enrihed pion beam (2 and 4 GeV) at CERN on summer2011. The T9 beamline, desribed in the work of L. Durieu et al. [91℄, is omposed oftwo �erenkov detetors to measure eletron density in the beam, two wire hambers, forthe beam pro�le monitoring, alternated with two sintillator planes for trigger and �nallythe ECC briks plaed downstream of all these detetors.The �erenkov ounters will be used to separate eletrons from pions. First,the eletron ratio has been measured with �erenkov detetors. But unfortunately, thee�ieny of the �erenkov detetors is about 10%. So it has been deided to rely on thesintillator ounts. Then, the number of needed sintillator ounts has been omputed toobtained the aimed density. Knowing that the sintillator is the same transverse area sizeas the ECC and the beam pro�le is almost �at on the entire ECC transverse area, theexpeted number of eletrons in an exposed ECC an be inferred. All these results aresummarized in table 3.1.Eletron density(# of eletron perm2) Eletron ratio (%) Expeted numberof eletrons in eahECC2 GeV 2.5 23 804 GeV 1.4 5.2 50Table 3.1: The pion ontamination and eletron density measurements. The expetednumber of eletrons in eah ECC brik is given and omputed aording themethod desribed hereafter.



3.1 Analysis Framework 63Name Channel Stat. ObservationMC_nue_1k νe from thebeamontamination 1000 -MC_nueqe_1k νe from thebeamontamination 1000 Contains only QEand RES proessesMC_osillated_nue_1k Osillated νe 1000 Mixing parametersare taken from theanalysis [31℄ and
sin22θ13 = 0.11 isgiven by the T2Kollaboration [92℄.MC_osillated_nue_3k Osillated νegeneratedwith νµenergyspetrum 3000 The osillationprobability has to beapplied a posteriori.The low energyomponent will notbe highly populated.MC_taue_3k Osillated ντwith τ deayin eletronimode 3000 The osillationprobability has to beapplied a posteriori.MC_numun_3k νµ NCinterations 3000 -MC_numu_3k νµ CCinterations 3000 -

MC_eletronPion_4GeV_1k Mixture ofeletrons andpions 1000 Monohromati (4GeV) partilesgenerated in the �rstlead plate of arandom ECC in thedetetor.MC_eletronPion_2GeV_1k Mixture ofeletrons andpions 1000 Monohromati (2GeV) partilesgenerated in the �rstlead plate of arandom ECC in thedetetor.
MC_eletron_10k Eletrons 10000 Energies in the range[0,30℄ GeV andinoming angles inthe range [-0.6,+0.6℄rad. Partilesgenerated randomlyin an ECC of thedetetor.Table 3.2: Desription of all MC samples used in the analyses of this work.



64 3 Analysis Framework And E�ieny Assessment3.2 Event Loation E�ieny Assessment3.2.1 E�ieny assessment on Monte CarloThe analysis framework and MC samples available have been de�ned insetion 3.1. Thus, it is now possible to ompute event loation e�ieny in the OPERAexperiment for all relevant hannels for this work and listed in setion 2.6 : osillated νe,
τ → e, νNCµ , prompt νe, prompt νe QE+RES and (νCCµ

mis−−→ νNCµ ). The strategy toassess these e�ienies is to reprodue as losely as possible the data analysis desribedin setions 3.1.3 and 3.1.4. The MC samples have been proessed with the OpReleaseombined to the OpEmuRe pakage in order to reprodue the event loation proedureby applying the riteria listed below :� OpCara and muon trak rejetion : the event lassi�ation by OpCara as"CONTAINED" in the OPERA detetor or "BORDER SOFT NC" is required.As desribed in setion 3.1.3, the muon identi�ation is based on two riteria butthe number of hit TT planes auses a signi�ant ontamination of the CC samplewith energeti NC events. This wrong lassi�ation would rejet these NC eventswhih represents an important ontribution for a νe searh study. Moreover, theseenergeti NC events an be manually relassi�ed as NC in data during the analysisof the CSd. This peuliar proess is not simulated and would ause an additionalsystemati unertainty to this study. That is why only the rejetion of events witha reonstruted trak identi�ed as a muon one is used. This seletion will be alled"Muon Id" in the following.� BF : the standard Brik Finding (BF) algorithm is applied on our MC samples andthe result of a positive BF with one and two briks is used, positive meaning that thebrik where the MC true neutrino interation ourred is the one indiated by theBF algorithm as the most probable and the seond most probable ones. However,the OpRelease 4.0 does not allow the proess of the seond most probable brikthrough the reonstrution.� CS : a Changeable Sheet (CS) traking algorithm similar to the one applied on datahas been implemented in the software. A positive result in this step is the preseneof at least two traks whih would point out a onvergene to a vertex in the brik.� SB : the suess of this proess is validated by a stopping point found within5 plates with respet to the true position of the simulated vertex and at leastfurther upstream to plate 55. Indeed, the TS volume is opened 5 plates upstreamas desribed in setion 3.1.4.2, whih is the limit to �nd the real vertex position.Applying these riteria on MC samples related to this study, will give the eventloation e�ieny one the SanBak (SB) proedure has on�rmed the presene of aneutrino interation in the analysed brik.These event loation e�ienies will depend on the neutrino energy and the vertexdepth in the brik. An illustration of these variations is shown in �gure 3.6 for theosillated νe sample, in �gure 3.7 for the prompt νe sample, in �gure 3.8 for the prompt
νe QE+RES sample, in �gure 3.9 for the νµ → ντ (τ → e) sample and in �gure 3.10 forthe νµ NC sample.
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Figure 3.6: On the LHS, loation e�ieny as a funtion of the MC true vertex depth inthe brik. On the RHS, loation e�ieny as a funtion of the MC trueneutrino energy. Both of these plots have been obtained with MC simulationof the νµ → νe osillation hannel.
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Figure 3.7: On the LHS, loation e�ieny as a funtion of the MC true vertex depth inthe brik. On the RHS, loation e�ieny as a funtion of the MC trueneutrino energy. Both of these plots have been obtained with MC simulationof the prompt νe hannel.
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Figure 3.8: On the LHS, loation e�ieny as a funtion of the MC true vertex depth inthe brik. On the RHS, loation e�ieny as a funtion of the MC trueneutrino energy. Both of these plots have been obtained with MC simulationof the prompt νe QE+RES hannel.
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Figure 3.9: On the LHS, loation e�ieny as a funtion of the MC true vertex depth inthe brik. On the RHS, loation e�ieny as a funtion of the MC trueneutrino energy. Both of these plots have been obtained with MC simulationof the νµ → ντ with the τ lepton into its eletron deay hannel.
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Figure 3.10: On the LHS, loation e�ieny as a funtion of the MC true vertex depthin the brik. On the RHS, loation e�ieny as a funtion of the MC trueneutrino energy. Both of these plots have been obtained with MCsimulation of the νµ NC hannel.
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Figure 3.11: Loation e�ieny as a funtion of the MC true vertex depth in the brikon the RHS and as a funtion of the MC true neutrino energy on the LHS.The neutrino events with energy less or equal to 20 GeV on the top panelsand the neutrino events with energy greater than 20 GeV on the bottompanels. All these plots have been obtained with MC simulation of theprompt νe hannel.



68 3 Analysis Framework And E�ieny AssessmentThe �rst observation on these plots, looking at the error bars, is that the statistisis not su�ient due to the MC prodution proess of OPERA. The vertex depth dereasessigni�antly in the last 5 plates for all hannels beause of the small multipliity in theCSd and in the TT wall downstream of the brik. The event loation in the �rst half-brikis lower, about 40%, than in the seond half-brik, about 60%. This e�et is due to thelow energy neutrino event as we an see for instane with the prompt νe MC sample in�gure 3.11 where the population has been split in two bins : neutrino energy less or equalto 20 GeV and neutrino energy greater than 20 GeV. Note that these "splitting" methodshave been applied to all hannels and orresponding plots an be found in appendix F.Finally the event loation e�ieny inreases with the energy up to 20GeV.Events with neutrino energies above 30 GeV are not inluded in this study sine anupper energy ut of 20 GeV will be applied.A summary of the event loation e�ieny step-by-step for eah hannel is givenin table 3.3 exept for the νCCµ

mis−−→ νNCµ hannel whih is given in table 3.4.osillated νe τ → e νNCµ prompt νe prompt νeQE+RESMuon Id 0.897±0.010 0.852±0.009 0.731±0.008 0.752±0.014 0.943±0.007BF 0.784±0.011 0.727±0.015 0.537±0.009 0.669±0.015 0.841±0.010CS 0.715±0.026 0.612±0.036 0.376±0.016 0.660±0.024 0.807±0.022SB 0.642±0.033 0.524±0.054 0.340±0.018 0.636±0.028 0.730±0.029Table 3.3: Summary of event loation e�ieny for eah reonstrution step up to theloation of the neutrino interation by the SB proedure. The e�ieny ofeah step is umulative with respet to previous steps. The unertaintiesquoted are statistial. It is important to note that numbers from the BF upto the loation are extrapolated from the 1-brik BF, CS and SB e�ieniessine the OpRelease 4.0 annot proess the seond brik ; that is also why theunertainties are higher than for other numbers.
νCCµ

mis−−→ νNCµMuon Id 0.073± 0.005BF 0.060± 0.025CS 0.053± 0.007SB 0.052± 0.007Table 3.4: Event loation e�ieny for the νCCµ

mis−−→ νNCµ hannel. It inludes themisidenti�ation of the muon trak. The e�ieny of eah step is umulativewith respet to previous steps. The unertainties quoted are statistial. It isimportant to note that numbers from the BF up to the loation areextrapolated from the 1-brik BF, CS and SB e�ienies sine the OpRelease4.0 annot proess the seond brik ; that is also why the unertainties arehigher than for other numbers.



3.2 Event Loation E�ieny Assessment 69Table 3.3 shows that hannels with an eletron in the �nal state have a loatione�ieny higher than 50%. The νµ NC hannel is signi�antly lower and the di�ereneis in the muon identi�ation. Indeed, energeti NC events present long hadroni trakswhih an be misidenti�ed by the ED and the muon identi�ation algorithm as muons.This e�et means a redution of this bakground for the osillation studies in hapter 5.Table 3.4 shows that the νCCµ

mis−−→ νNCµ loation e�ieny is small thanks to the muonidenti�ation whih is fortunate sine the νµ CC rate quoted in table 2.8 is high.These loation e�ienies have to be heked with the OPERA data, espeiallyas the data reonstrution is not exatly the same as the MC reonstrution proess. Thisis performed in the next setion.3.2.2 Comparison of the Monte Carlo simulation with data andsystemati unertaintyIt will be explained in setion 5.3.1 that analysed data in this thesis will be the2008 and 2009 data samples. At that time, the muon identi�ation was not as e�ientas it is now. Muon identi�ation has to be reproessed with the last developments of thisalgorithm. Meanwhile, the present knowledge of the lassi�ation of the events in 2008and 2009 data is summarized in table 3.5.2008 2009
0µ 1µ 0µ 1µEvents foundwith the ED 406 1292 1097 2460Events loated inECC 169 834 360 1490DATA loatione�ieny 0.416± 0.024 0.646± 0.013 0.328± 0.014 0.605± 0.010MC loatione�ieny withtwo CS traks 0.340± 0.018 0.579± 0.029 0.340± 0.018 0.579± 0.029MC loatione�ieny withone CS trak - 0.775± 0.026 - 0.775± 0.026Systematiunertainty 0.038 0.065 0.006 0.085Table 3.5: Summary of event loation in 2008 and 2009 data. 1µ numbers are quoted asa referene sample. 0µ represents the sample in whih we look foreletrons [58℄. The MC loation e�ieny omputed in setion 3.2.1 is addedfor 0µ (νµ NC) and the event loation e�ieny for the 1µ events is omputedas for the νµ CC events in setion 3.2.1 but aepting events with areonstruted muon trak in the EDs instead of rejeting them. The last linepresents the systemati unertainty inferred from the MC/data omparison.



70 3 Analysis Framework And E�ieny AssessmentOn the one hand, two types of MC event loation e�ieny are quoted, one usingthe CS seletion of two traks as desribed in setion 3.1.4.2 and the other one with onlyone CS trak. For 0µ events, the 2 CS traks are well suited to determine roughly whetherthe vertex is in the brik. For 1µ events, if only one CS trak is found and is onneted withthe ED 3D trak identi�ed as muon, the deision proess an ome up to validate the eventas loated in the onsidered brik aording to the information of TT hits and possibly aneighbour brik. The true CS seletion e�ieny of 1µ events is most probably betweenthe two values quoted in table 3.5. There is room for improvements by implementing thestate-of-the-art of the deision proess in the CS sanning in the MC simulation. Thesystemati unertainty for 1µ events kept in this study will be the larger one in orderto be onservative. Taking the event loation e�ieny di�erene between MC and datais motivated by the fat that the main error on this proess is the lassi�ation of theevents as 0µ or 1µ. In data, after the systemati lassi�ation, the sample are puri�ed byrelassifying misidenti�ed 0µ events as 1µ (∼ 15% of loated 0µ events) or misidenti�ed1µ events as 0µ (∼ 1% of loated 1µ events). The di�erene between event loationin data and in a pure sample of NC events assesses the systemati unertainty on theremaining muon misidenti�ation after relassi�ation. Finally, to take into aount thisdisrepany between the MC and data, the half of the di�erene will be onsidered as thesystemati unertainty of the loation e�ieny within 2σ. The systemati unertaintiesquoted in table 3.5 are di�erent between 2008 and 2009. Beause of the presene ofexternal bakground in 2008 data sample, the event loation e�ieny are larger. Giventhe relatively large variability of the loation e�ieny with the number of CS traks, itseems reasonable to take as the systemati unertainty on the event loation e�ienythe average value, weighted by the beam luminosity in 2008 and 2009, inferred from theomparison of 2008 and 2009 data with MC simulations : 0.340±0.017 for NC events and0.775±0.078 for CC events.
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Figure 3.12: On the LHS, the loation e�ieny as a funtion of the MC true vertexdepth in the brik. On the RHS, the loation e�ieny as a funtion of theMC true neutrino energy. Both of these plots have been obtained with MCsimulation of the νµ → νe osillation hannel by using only the OpCara"CONTAINED" or "BORDERSOFTNC" lassi�ation.



3.3 Statistial Methods 71To estimate the impat of the muon misidenti�ation on the di�erent hannelsused in this work, the event loation e�ieny by using the ED tags "CONTAINED" and"BORDERSOFTNC" assoiated to the absene of a muon trak (de�ned as the standardproedure) is ompared at the same sample using only the ED tags, for instane on theosillated νe MC sample. The standard proedure has been already shown in �gure 3.6and the simpli�ed seletion is shown in �gure 3.12. The same plots for the other hannelsan be found in appendix F.The event loation e�ieny is globally enhaned of about 10%. Indeed, some0µ events, mislassi�ed as 1µ beause of the misidenti�ation of an energeti hadron trakas a muon one, are reovered and in addition are easy to loalize sine those are energeti.In fat, �gure 3.12 shows a more important enhanement at high energy than �gure 3.6.Table 3.6 summarizes the di�erene between the two types of event lassi�ationfor eah hannel studied in this thesis work.osillated νe τ → e νNCµ prompt νe prompt νeQE+RESStandardeventloation 0.642±0.033 0.524±0.054 0.340± 0.018 0.636±0.028 0.730±0.029Simpli�edeventloation 0.695±0.031 0.585±0.054 0.430± 0.019 0.805±0.024 0.732±0.029E�ienyloss 0.053 0.061 0.09 0.169 0.002Table 3.6: Summary of event loation e�ieny for eah event lassi�ation proedure.The possible misidenti�ation of the muon trak is irrelevant for the
νCCµ

mis−−→ νNCµ hannel.The muon misidenti�ation implies a drop of 5% of the event loation e�ienyfor the signal. However, the drop for the prompt νe events is muh more important. Theirreduible bakground represented by this hannel is thus redued.3.3 Statistial MethodsStatistial methods in the analysis tools are used for several purposes inthis thesis : eletron/pion separation, eletromagneti shower energy estimation andbakground rejetion for an osillation study. In all these studies, there is a largenumber of disriminating variables and orrelations among them. Hene a ombinationof independent uts on eah variable would not be suitable. Moreover, in the osillationstudy, the number of signal events expeted is about one order of magnitude below thenumber of bakground events. We hose to use multivariate analysis to optimize theseparation power of eah variable. Two methods have been used : Fisher disriminantand ANN.



72 3 Analysis Framework And E�ieny AssessmentThese two methods are naturally di�erent and ahieve also di�erent performanes.Di�erenes inlude robustness, linear or non-linear orrelations, overtraining and so on.For the shower analysis purpose, independent C++ programs based on a ROOT lassTMultilayerPereptron have been used. For the osillation study, the method has beenimplemented in an analysis software alled Toolkit for MultiVariate Analysis with ROOT(TMVA) [93℄. For a lassi�ation study, typially signal and bakground, distributions ofdisriminating variables fed the analysis tool whih gives a unique lassi�ation outputvariable. This method has to be previously trained on a spei� sample to determine theoe�ients used afterwards to optimize the bakground rejetion on another sample. Thetwo methods are desribed in detail in appendix E.



Chapter 4Eletromagneti Shower ReonstrutionIn Nulear EmulsionsEletron detetion in the OPERA experiment is a ruial goal to theneutrino osillation physis in the νµ → ντ (τ → e) as well as in the
νµ → νe (νe → e+ hadroni shower) hannels. To this end, the geometrial reonstrutionof the eletromagneti showers whih spread in the OPERA brik, the identi�ation of theshowers as eletrons (or pions) and the estimation of the energy are performed. In thissetion, I will desribe the shower reonstrution algorithm in the OPERA frameworkfollowed by the identi�ation and energy estimation performane. A omparison withtest beam data to alibrate these analysis tools will be also shown. Finally, I willreport on the systemati unertainties and the new features of the eletromagneti showerreonstrution tool.4.1 Phenomenology Of Eletromagneti ShowerPassage of harged partiles through matter has been extensively studied in the1950's. A good summary is given in the referene [21℄. However, a brief reminder ofwhat is important for our purpose is given hereafter. From the Bethe-Bloh formula, it isassumed that the energy loss by the inident partile in a single interation is negligiblewith respet to its total kineti energy. This hypothesis is true only if the mass of theinident partile is muh greater than the eletron mass. Sine eletrons and positrons donot satisfy this hypothesis, the formula that desribes their energy losses is di�erent. As weshall see, in the energy range of our interest [1-20 GeV℄ eletromagneti proesses, whihare responsible for the eletron-positron shower development, dominate. The integratedenergy losses of an eletron of energy E traversing a material of thikness t dereaseexponentially with t and are proportional to the inident energy E0 as δEe(t) = E0 e

− tX0where X0 is the radiation length of the material. For a pion, δEe(t) = onstant. Thisdi�erene will be used to distinguish eletrons from pions deteted in the OPERA briks.
73



74 4 Eletromagneti Shower Reonstrution In Nulear EmulsionsHigh energy eletrons predominantly loose energy in matter by bremsstrahlungand high energy photons by e+e− pair prodution ; the ionization is negligible at highenergy. The harateristi amount of matter whih is signi�ant for these interations isalled the radiation length X0. Aording to the previous statement about the integratedaverage energy losses, the radiation length is the mean distane over whih a high energyeletron looses 1
e
of its energy by bremsstrahlung and also 7

9
of the mean free pathfor pair prodution by a high energy photon. Consequently, X0 orresponds also toan appropriate sale to desribe eletromagneti shower and an be parametrized as inequation 4.1 [94, 21℄. X0 =

716.4 [g/m2]AZ(Z+ 1) ln(287/
√Z) (4.1)with Z and A the atomi number and the atomi mass of the absorber, respetively.The ritial energy E an be de�ned as the energy at whih the eletron energyloss rate by bremsstrahlung is equal to ionization loss rate :

(
dE

dx
)brem = (

dE

dx
)ionization (4.2)A �t of experimental measurements of the ritial energy for di�erent hemialompounds gives two omputations [21℄ :

E(liquids, solids) = 610MeVZ+ 1.24
(4.3)

E(gases) = 710MeVZ+ 0.96
(4.4)When seondary partiles in the eletromagneti shower reah this ritial energy,the development of the shower is onsidered as stopped. In OPERA, the �duial mass isomposed of lead whih means : E ≈ 7MeV and X0 = 5.6mm.A possible parametrization of an eletromagneti shower is given by the workof C.W. Fabjan et al. [95℄. The longitudinal pro�le an be desribed by a gammadistribution :

dE

dt
= E0 b

(bt)a−1e−bt

Γ(a)
(4.5)with the sale variable t = xX0

and where a and b are free parameters. "x axis" is de�nedby the diretion of the inoming eletron whih generates the shower.The various possibilities to use suh information in the algorithms for thepartile identi�ation and energy estimation will be disussed in the following. Thetransverse development of the shower has been extensively studied e.g. in the work ofW.R. Nelson et al. [96℄ and the work of G. Bathow et al. [97℄. These examples use thesum of exponential funtions or Gaussian funtions alibrated aording to the detetorresponse for eah ase. On the average, only 10% (1%) of the energy lies outside the



4.2 Eletromagneti Shower Reonstrution Algorithm 75ylinder with radius RM (3.5 RM) alled Moliere radius and is used as the sale variableto desribe the transverse pro�le :
RM = X0

Es
E where Es ≈ 21 MeV. (4.6)

RM = 1.7 m in the OPERA ase.4.2 Eletromagneti Shower Reonstrution Algorithm4.2.1 PrinipleIn order to reonstrut an eletromagneti shower as it develops in an OPERAbrik, an algorithm has been elaborated in 1998 [72℄. The mehanism of eletron andphoton interations in matter has been previously desribed in setion 4.1 and has shownthat many traks are expeted in the emulsions. A simpli�ed representation of thoseshowers stands in two steps :1. The shower initiation with reonstruted traks : a shower needs to be initiated witha seed. A reonstruted trak orresponds more likely to a physial objet insteadof a single BaseTrak (BT) whih ould be bakground.2. The shower reonstrution onneting BTs from a �lm to the next one is based ongeometrial riteria and desribes the development inside the material.4.2.2 Shower initiation with reonstruted traksFirst, the algorithm is going to reonstrut traks. A omplete desription andthe parameter set used for that proess is given in setion 3.1.4.2. BTs are seletedaording to the angular and position aeptanes to build traks. From many possibleonnetions, the traks are seleted based on a χ2 ut. These olletions of BTs serve asa trigger for starting the trak �tting with the Kalman Filter (KF) [47℄ in order to get aomplete objet. Finally, the reonstruted traks are propagated to hek whether theyare fragments of traks or they orrespond to a real physial trak. One more the KF isused a posteriori for smoothing.Eah trak reonstruted by this proedure is onsidered as a andidate for theshower reonstrution.4.2.3 Shower reonstrutionShower propagation is applied �lm by �lm starting with the most upstream one.For eah andidate trak, the most upstream BT is onsidered as an initiator.Then, this BT is projeted in the next �lm downstream where the algorithm will look fora BT to attah to that initiator with geometrial onsiderations summarized in table 4.1.



76 4 Eletromagneti Shower Reonstrution In Nulear EmulsionsVariables used for theseletions Values of the seletionsBasetrak in atransverse area of2500x2500 µm2around the initiator abs(xBT − xinitiator) ≤ 1250 AND abs(yBT − yinitiator) ≤ 1250Cut on the angle ofthe BT abs(θX) < 0.5 rad AND abs(θY) < 0.5 radAngle di�erenebetween the BT andthe projetion of theinitiator abs(θ3DBT − θ3Dinit) < 0.150 radPosition di�erenebetween the BT andthe projetion of theinitiator abs(rBT − rinit) < 0.150mmThe BT has to beinside aone+ylinder shownon the rightTable 4.1: Summary of the seletions in the BT olletion proess.The algorithm will proeed iteratively from a �lm to another up to the last �lmof the volume used in the analysis and de�ned in setion 3.1.4.2. Usually, only showerswhih spread over at least four �lms are kept as physial eletromagneti showers.One a shower is reonstruted, it has to be identi�ed and its energy has to beestimated. As we note in setion 4.1, the identi�ation whih is mainly a separationbetween eletrons and pions an be performed by using Multiple Coulomb Sattering(MCS) of traks ; it was also shown that it an be used to estimate the energy. Bothanalyses will use ANN whih has been used extensively in many high energy physisexperiments for the same goals. A desription of the ANNs analysis tool is given inappendix E.2.4.3 Eletron Identi�ationMCS implies a behaviour that is not the same between eletron and piontraks, espeially in terms of angular di�erene between several fragments of the trak.Moreover, this sattering behaviour assoiated with a di�erent phenomenology of hadroni



4.3 Eletron Identi�ation 77showers [98℄1 and eletromagneti showers infers a disrepany between pion and eletronshower shapes. These two piees of information will be used to feed an ANN inorder to separate eletrons from pions. MC samples used for this purpose will beMC_eletronPion_4GeV_1k and MC_eletronPion_2GeV_1k, while data samples willbe data_eletron_TB_4GeV and data_eletron_TB_2GeV ; all these samples aredesribed in setion 3.1.5. Note that the eletron-pion proportion is the same for MCas for data. First the priniple of the algorithm will be desribed. Then, the performaneof that tool will be presented ; the e�ieny of the eletron identi�ation for the νe and
ντ (τ → e) hannels have been heked in setion 4.3.3 ; simulation samples dediated tothis study are MC_osillated_nue_1k and MC_taue_3k.4.3.1 Priniple of the algorithmAs it is shown in �gure 4.1, the longitudinal pro�le of eletrons and pions isvery di�erent as well as the number of BTs in the reonstruted shower. These piees ofinformation are used as input values to feed the ANN.
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Figure 4.1: Mean longitudinal pro�les for eletrons and pions, both with an energy of4 GeV.
Table 4.2 shows all the variables given as inputs for the ANN.The ANN struture is omposed by two hidden layers with 63 and 21 neurons,appendix E.2 desribes in more detail the ANN struture. The training is stopped after120 epohs when the prede�ned sampling error, omputed on the validation sample,reahes a plateau before starting to inrease.1This referene gives a desription of the phenomenology of hadroni showers and ompares theharateristi properties of hadroni and eletromagneti showers.



78 4 Eletromagneti Shower Reonstrution In Nulear EmulsionsDesription of the variables Physial meaningof the variables Typial value foreletrons at 4GeV Typial value forpions at 4 GeVMultipliity of BTs in theshower This observableis expetedapproximatelyproportional tothe energy 21.3± 1.8 12.8± 0.2The mean value of theangular di�erene betweenan initiator and one BT inthe shower distribution An e�etivemethod to takeinto aount thesattering ofpartiles in theshower
35.9± 0.2 mrad 3.97± 0.01 mradThe Root MeanSquare (RMS) value of theangular di�erene betweenan initiator and one BT inthe shower distribution 24.9± 0.1 mrad 2.87± 0.01 mradThe mean value of theposition di�erene betweenan initiator and one BT inthe shower distribution 40.1± 0.2µm 10.64± 0.03µmThe RMS value of theposition di�erene betweenan initiator and one BT inthe shower distribution 27.1± 0.1µm 7.93± 0.03µmThe ontent of eah bin ofthe shower longitudinalpro�le i.e. the number ofBTs per �lm. This pro�le isphysiallyparametrizedwith the energy see �gure 4.1 see �gure 4.1Table 4.2: Summary of the ANN inputs of the eletron identi�ation algorithm. Thetypial values are atually the mean value of the distributions of thesevariables alulated with the MC sample MC_eletronPion_4GeV_1kdesribed in setion 3.1.5.1.

The ANN gives an output variable lose to 1 for eletrons and to 0 for pions. Anappropriate ut on this variable depending on the number of �lms used to identify theshower an give an e�ieny-based approah, for whih the probability of the shower tobe eletron-indued is higher than 90% or a purity-based approah, where the probabilityof the shower to be pion-indued is less than 1%.data_eletron_TB_4GeV and data_eletron_TB_2GeV are the data samplesused to alibrate the energy and the identi�ation of eletromagneti showers as well asto ompare to MC performane of these tools. Two ECC briks have been exposed to aneletron enrihed pion beam (2 and 4 GeV) at CERN on summer 2011.



4.3 Eletron Identi�ation 79Figure 4.2 displays a lassial identi�ation result of pion-eletron separation ina 4 GeV pion beam enrihed with eletrons. Figure 4.3 displays the same for the 2 GeVase.
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Figure 4.2: Output variable of the identi�ation ANN for testbeam data at 4 GeV on theRHS [99℄ and for a MC sample testbeam-like on the LHS showing the ANNoutput value for MC true eletrons in red and for MC true pions in blak.
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Figure 4.3: Output variable of the identi�ation ANN for testbeam data at 2 GeV on theRHS [99℄ and for a MC sample testbeam-like on the LHS showing the ANNoutput value for MC true eletrons in red and for MC true pions in blak.



80 4 Eletromagneti Shower Reonstrution In Nulear EmulsionsFigure 4.2 shows the good separation apability of the identi�ation tool with theMC simulations : only one pion is identi�ed as an eletron and almost all eletrons arewell identi�ed. On the plot orresponding to data, the ANN gives for some showers anoutput value below 0. This an be explained by the fat that the Neural Network (NN)has been trained with MC simulations where the instrumental bakground is missing.In data, due to the presene of bakground traks, unexpeted inputs feed the NN andthe output an be out of the "normal" range [0,1℄. However the proportion of identi�edeletrons and pions in data are in agreement with the MC results.Figure 4.3 shows the same behaviour but none pion is identi�ed as eletron. Thereare more misidenti�ed eletrons beause of a smaller development of showers at low energywhih redues the performane of the identi�ation algorithm.4.3.2 PerformaneAs stated earlier, the ANN output values vary from 0 to 1, around 0 for pionsand 1 for eletrons. An appropriate ut on this value to ensure an eletron identi�atione�ieny of more than 90% is determined. However, it varies depending on the number of�lms used for the shower reonstrution. In this ase, less than 1% of the seleted showersare from pion ontamination. Figure 4.4 shows the performane of the algorithm with aMC simulation of pure eletrons within the entire brik. This allows to de�ne a ut on theoutput variable distribution at a value of 0.78 beyond whih the shower is identi�ed as aneletron. Figure 4.5 displays the performane of the algorithm with a MC simulation ofosillated νµ → νe. On the LHS of this �gure, the distribution shows the result when thefull brik available volume is onsidered whilst on the RHS, the distribution is omputedfor showers reonstruted in the OPERA standard volume for whih 10 emulsion �lmsare onsidered for the sanning. Figure 4.6 shows the performane of the algorithm whenthe νµ → ντ sample is used in the MC simulation with the τ lepton reonstruted into itseletron deay hannel. Evenly, the left distribution orresponds to the ANN output usingthe full brik available volume whilst the right one onsiders the standard 10 emulsion�lms volume.
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82 4 Eletromagneti Shower Reonstrution In Nulear EmulsionsECC as explained in setion 3.1.5.2. Pions have been reonstruted as eletron showersbeause of the presene of a large amount of bakground traks (instrumental) alongthe pion trak. This e�et is not reproduible in MC simulations sine the instrumentalbakground is not yet inluded. In the data proessing, a spei� quality ut on BTs hasbeen applied in order to rejet this bakground and avoid the misidenti�ation of pionsas eletrons to purify the sample before reproessing shower identi�ation. The identi�edeletrons are then visually inspeted to determine if they looks like eletron showers orpions assoiated to bakground traks. The result of this proessing is summarized intable 4.3.E (GeV) "Beam" traks Expeted eletrons Seleted traks Eletron trakson�rmed2 350 80 69 494 960 50 52 43Table 4.3: Result of the eletron testbeam data reproessing aording to the seletionsdesribed above.The identi�ation e�ienies with the testbeam data and with theMC simulations are summarized in table 4.4. Note that I estimated these identi�atione�ienies up to 4 GeV beause of the existene of the testbeam data up to that energy.Identi�ation performane for eletromagneti showers up to 16 GeV an be found in thework of F. Juget and F.Meisel [73℄ as well as in the work of L. Arrabito et al. [100℄.E (GeV) MC DATA
ǫe→e (%) ǫπ→e (%) seletedexpeted (%) on�rmedseleted (%) on�rmedexpeted (%)2 60.2±4.5 0.14±0.14 86± 4 71± 5 61± 54 76±8 0.14±0.14 100±3 83± 5 86± 5Table 4.4: Summary of the eletron identi�ation algorithm performane with

ǫα→β = Number of MC true β identi�ed as αTotal number of MC true β
and ηα = Number of partile identi�ed as αNumber of expeted α partiles .Comparing the results with the MC simulations and with the testbeamdata obtained with a systemati identi�ation algorithm use shows that identi�atione�ienies are di�erent for MC and for data mainly due to a di�erent analysis proessdesribed above. The pion ontamination in data is not reproduible in the MC simulationsine the instrumental bakground is not inluded in the latter. However, if we onsiderthe visual inspetion as a proess whih makes the pion ontamination in data going to 0,the �rst and the last olumn of table 4.4 beome omparable and ould show an agreementbetween MC and data.An on-going development with the same algorithm onsist in a separation ofeletron showers from gamma showers based on the priniple that shower developmentis slightly di�erent due to the �rst proess whih initiates the interation, i.e.bremsstrahlung or pair prodution.



4.3 Eletron Identi�ation 834.3.3 Identi�ation e�ieny results4.3.3.1 νµ → νe (e) hannelShower reonstrution and eletron identi�ation proesses thus established areapplied to MC simulation of OPERA eletron neutrino events, both from beam andfrom the osillation proess νµ → νe. The identi�ation e�ieny has been evaluated as afuntion of a variable number of �lms. The results are shown in �gure 4.7 and summarizedin table 4.5.
 

 0
.6

2

 0
.8

1  0
.8

8

 0
.9

3

 0
.9

4

 0
.9

5

 0
.9

8

 0
.9

4

 1
.0

0

 1
.0

0

 1
.0

0

Number of plates
0 10 20 30 40 50 60

-1
E

ffi
ci

en
cy

.(
5 

pl
at

es
)

0

0.2

0.4

0.6

0.8

1

1.2

 

 0
.4

0

 0
.6

4  0
.7

7  0
.8

6

 0
.8

7  0
.9

5

 0
.9

8

 0
.9

2  1
.0

0

 1
.0

0

 1
.0

0

Number of plates
0 10 20 30 40 50 60

-1
E

ffi
ci

en
cy

.(
5 

pl
at

es
)

0

0.2

0.4

0.6

0.8

1

1.2

Figure 4.7: Eletron identi�ation e�ieny as a funtion of the shower extension interms of number of �lms obtained with MC simulation of the νµ → νeosillation hannel on the LHS. The same e�ieny but only for MC trueeletron showers on the RHS. The di�erene gives the systematiunertainty on identi�ation of showers.On the LHS of �gure 4.7, the plot shows the result given by the identi�ationtool. The right plot shows the e�ieny only for the true eletrons. The di�erenebetween the two plots omes from the gamma ontamination produed by neutral pions.These two ases orrespond to the limits of the e�et of the gamma ontamination onthe eletron identi�ation. The mean value of the di�erene between the two histogramsis taken as the systemati unertainty of the identi�ation proess. If the di�erene iszero, the statistial error orresponding to 1 event out of the bin population is taken asthe systemati unertainty. The purity of the eletron identi�ation proess is given bydividing the left histogram by the right one.The MC true identi�ation of reonstruted showers is done by omputing theratio of BaseTraks linked to a hit of the primary eletron divided by the total number ofBaseTraks in the shower. This ratio is illustrated by �gure 4.8. The 0-value of that ratiois mostly omposed by π0 and stress the importane of a gamma-eletron separation tool.
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Figure 4.8: Ratio of BaseTraks linked to a hit of the primary eletron divided by thetotal number of BaseTraks in the shower with all events on the LHS andwith only showers whih have an extension of 10 plates at maximum on theRHS. Both of these plots are obtained with MC simulation of the νµ → νeosillation hannel. A ut to 0.5 is used to evaluate the misidenti�ation ofeletron showers.
Number of �lms Identi�atione�ieny Identi�atione�ienysystematiunertainty Identi�ation purity7.5 0.62 0.11 0.6512.5 0.81 0.09 0.7917.5 0.88 0.06 0.8822.5 0.93 0.04 0.9227.5 0.94 0.04 0.9332.5 0.95 0.02 1.0037.5 0.98 0.01 1.0042.5 0.94 0.01 0.9847.5 1.00 0.01 1.0052.5 1.00 0.03 1.0057.5 1.00 0.03 1.00Table 4.5: Eletron identi�ation e�ieny and purity for the νµ → νe osillationhannel.It is shown with the values of table 4.5 that showers reonstruted with anextension of 10 �lms have an eletron identi�ation e�ieny value of (81± 9)%. If more�lms are used, the mean eletron identi�ation e�ieny is about (95 ± 4)%. Thus, tosearh for and identify an eletron and therefore a νe andidate event in the OPERA ECC,



4.3 Eletron Identi�ation 85within the OPERA nominal sanning proedure, a minimal number of 10 sanned �lms isrequired. In whih ase, the �nal shower reonstrution and identi�ation mean e�ienyombined to the loation one is (47± 10)% for the osillation hannel νµ → νe using thee�ienies and their systemati error mentioned above for the eletron identi�ation andquoted in table 3.6 for the event loation.However, one the event is identi�ed as an eletron event, the volume sannedis extended to the entire brik. Sine the systemati unertainty depends on the numberof �lms as illustrated in table 4.5, one an improve the systemati unertainty by usingall emulsions available in the event and thus give a more realisti unertainty on theidenti�ation proedure. In our 2008-2009 data sample, the νe andidate events span over20 plates in average. The �nal shower reonstrution and identi�ation mean e�ienyombined to the loation one is therefore (47± 8)%.
4.3.3.2 νµ → ντ (τ → e) hannelThe same shower reonstrution and eletron identi�ation proedures are appliedto MC simulation of OPERA tau neutrino events, from the osillation proess νµ → ντwith the τ lepton into its eletron deay hannel. The identi�ation e�ieny has beenevaluated for a di�erent number of �lms. The results are shown in �gure 4.9 andsummarized in table 4.6. The ratio used to assess the identi�ation systemati unertaintyis illustrated by �gure 4.10.
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Figure 4.9: Eletron Identi�ation e�ieny as a funtion of the shower extension interms of number of �lms obtained with MC simulation of the νµ → ντ withthe τ lepton into its eletron deay hannel on the LHS. The same e�ienybut only for MC true eletron showers on the RHS. The di�erene gives thesystemati unertainty on identi�ation of showers.
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Figure 4.10: Ratio of BaseTraks linked to a hit of the primary eletron divided by thetotal number of BaseTraks in the shower with all events on the LHS andwith only showers whih have an extension of 10 plates at maximum on theRHS. Both of these plots are obtained with MC simulation of the νµ → ντwith the τ lepton into its eletron deay hannel.
Number of �lms Identi�atione�ieny Identi�atione�ienysystematiunertainty Identi�ation purity7.5 0.67 0.13 0.6112.5 0.87 0.13 0.7017.5 0.84 0.06 0.8622.5 0.92 0.08 0.8427.5 0.87 0.02 0.9532.5 0.97 0.07 0.8737.5 0.98 0.05 0.9142.5 0.97 0.04 0.9347.5 1.00 0.08 0.8552.5 0.94 0.02 1.00Table 4.6: Eletron identi�ation e�ieny and purity for the νµ → ντ with the τ leptonreonstruted into its eletron deay hannel.It is shown with the values of table 4.6 that showers reonstruted with anextension of 10 �lms have an eletron identi�ation e�ieny value of (87 ± 13)%. Ifmore �lms are used, the mean eletron identi�ation e�ieny is about (92± 7)%.Thus, to searh for and identify an eletron and therefore a τ lepton andidateevent in the OPERA ECC, within the OPERA nominal sanning proedure, a minimalnumber of 10 sanned �lms is required. In whih ase, the �nal shower reonstrution and



4.3 Eletron Identi�ation 87identi�ation mean e�ieny ombined to the loation one is (28±6)% for the osillationhannel νµ → ντ with the τ lepton reonstruted into its eletron deay hannel usingthe e�ienies and their systemati error mentioned above for the eletron identi�ationand quoted in table 3.6 for the event loation. By using the maximum number of platesavailable in the event one it has been loated and identi�ed as an eletron event, the �nalshower reonstrution and identi�ation mean e�ieny ombined to the loation one is
(28± 5)%.4.3.3.3 Energy and vertex depth dependeniesThe performane of the eletron identi�ation proedure is also studied as afuntion of eletron energy as well as of the vertex position (the position of the ourreneof the neutrino interation) in the ECC brik. Figure 4.11 shows the variation of theeletron identi�ation e�ieny as a funtion of the eletron energy obtained with theMC simulation when the νµ → νe osillation hannel is onsidered. Figure 4.12 shows theorresponding results for the νµ → ντ osillation with the τ lepton into its eletron deayhannel. The e�ienies are given for both �gures as a funtion of the MC true valueof the energy (the shower energy estimation will be desribed in the next setion). Theeletron identi�ation is omputed onsidering the full available volume in the brik. Forboth osillation hannels, the eletron identi�ation is quite high, around 80% at energiesbelow 20 GeV. At low energy, below 5 GeV, the identi�ation e�ieny drops beauseof the small trak multipliity whih do not allow to reonstrut showers. If now, weonsider the realisti ase where the event loation e�ieny is onsidered as well as ashower reonstrution over the OPERA standard volume of 10 �lms extension, the �nalomputed e�ieny of the eletron identi�ation is displayed in �gure 4.13 and �gure 4.14and shows a value around 65% for energies below 20 GeV.
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Figure 4.11: Eletron identi�ation e�ieny as a funtion of the eletron MC trueenergy on the RHS and eletron identi�ation e�ieny as a funtion of theMC true vertex depth on the LHS, both obtained with MC simulation ofthe νµ → νe osillation hannel.
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Figure 4.12: Eletron identi�ation e�ieny as a funtion of the eletron MC trueenergy on the RHS and eletron identi�ation e�ieny as a funtion of theMC true vertex depth on the LHS, both obtained with the MC simulationfor νµ → ντ osillation hannel with the τ lepton into its eletron deayhannel.
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Figure 4.13: Loated eletron identi�ation e�ieny using the OPERA standardvolume as a funtion of the eletron MC true energy obtained with the MCsimulation for νµ → ντ osillation hannel with the τ lepton into itseletron deay hannel.
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Figure 4.14: Loated eletron identi�ation e�ieny using the OPERA standardvolume as a funtion of the eletron MC true energy on the RHS andeletron identi�ation e�ieny as a funtion of the MC true vertex depthon the LHS, both obtained with MC simulation of the νµ → νe osillationhannel.As mentioned above, the performane of the eletron identi�ation proedure isalso studied as a funtion of the vertex position (the position of the ourrene of theneutrino interation) in the ECC brik. This vertex position is expressed as the plate(�lm) number. Figure 4.11 shows the variation of the eletron identi�ation e�ienyas a funtion of the �lm number obtained with the MC simulation when the νµ → νeosillation hannel is onsidered. Figure 4.12 shows the orresponding results for the
νµ → ντ osillation with the τ lepton into its eletron deay hannel. The e�ieniesare given for both �gures as a funtion of the MC reonstruted vertex position. Theeletron identi�ation is omputed onsidering the full available volume in the brik. Forboth osillation hannels, the eletron identi�ation is quite high, around 90%. There is,nevertheless, a signi�ant drop of the identi�ation e�ieny in the last 7 plates beauseof the too small number of plates available for the proper work of the ANN analysis.



90 4 Eletromagneti Shower Reonstrution In Nulear Emulsions4.4 Energy EstimationThe energy estimation is one of ruial issues for OPERA physis. This algorithmhas been developed using the same ANN as for the identi�ation but for that di�erentpurpose. From the same input variables desribed above, this analysis will give in thisase, the energy of the shower as the output. The priniple of the algorithm will be �rstpresented. Then the performane will be evaluated both on MC samples and on data.Finally, a systemati error study will be shown. MC samples used to alibrate this tool willbe MC_eletronPion_4GeV_1k, MC_eletronPion_2GeV_1k and MC_eletron_10kwhile data samples will be data_eletron_TB_4GeV and data_eletron_TB_2GeV.Simulation samples used to test the energy estimation tool are MC_osillated_nue_1kand MC_taue_3k. All these samples are desribed in setion 3.1.5.1.4.4.1 Priniple of the algorithmThe algorithm is based on the same Arti�ial Neural Network (ANN) as for theidenti�ation algorithm. However, an important disrepany is on the parameters of theBaseTrak (BT) seletion. The identi�ation algorithm has been developed before theenergy estimation and has shown good performane. Later on, the energy estimation wasbeing revealed more sensitive to bakground than the identi�ation algorithm. So it hasbeen deided to use more restritive uts in order to suppress most of bakground traks.The modi�ed parameters an be found in table 4.7.Variables used for theseletions Values of the seletionsAngle di�erenebetween the BT andthe projetion of theinitiator abs(θ3DBT − θ3Dinit) < 0.130 radThe BT has to beinside aone+ylinder shownon the rightTable 4.7: Summary of the seletions spei� to the energy estimation algorithm in theBT olletion proess.These parameters are handed over as input variables for di�erent types of ANN.For the training of the ANN, two sets of MC sample events have been used ; one ofeletrons with ontinuous energies in the range of 0 GeV to 30 GeV and with ontinuousinoming angles θx and θy in the range [0, 0.4] rad and another one with ontinuous



4.4 Energy Estimation 91energies in the range of 0 GeV to 100 GeV and with ontinuous inoming angles θx and
θy in the range [0, 0.6] rad. Both sets have an energy spetrum lose to the one fromthe τ → e hannel. The output of the ANN is taken as energy value to be observed.The ANN has been trained for 200 epohs, using the stohasti learning method andonsisting of a struture with N input neurons, N+1 and N neurons in the two hiddenlayers. Di�erent parametrizations for harateristis of an eletromagneti shower in theECC have been systematially studied. The meaning of the ANN parameters mentionedabove is desribed in appendix E.2.
4.4.2 PerformanePerformane of this energy estimation algorithm has been evaluated on theMC sample of 10 000 eletrons produed in an energy ontinuum from 0 to 30 GeVwith a �at spetrum and with inoming angles θx and θy in the range 0 to 0.6 rad. The�rst step of the analysis has been to de�ne a pure sample of eletrons to assess the bestperformane in energy estimation of this tool. The pure sample has been de�ned aordingto the following seletions summarized in table 4.8.Variables used for theseletions Values of the seletionsInoming angle of theeletron abs(θ3D) < 0.1 radContained shower :multipliity ofMiroTraks (MTs) At least 50% of MTs inside one brikTable 4.8: Summary of seletions de�ning a pure eletron sample.

Showers have been reonstruted over the full volume available for the event.Figure 4.15 shows a satter plot of the MC true energy as a funtion of the reonstrutedenergy and its assoiated pro�le.The reonstruted energy is linear up to 20 GeV with the MC true energy as wean see on the RHS of �gure 4.15. For our purpose, 20 GeV is good enough sine an upperut on the neutrino energy at 20 GeV will be used in the analysis reported in hapter 5.The e�et of the "ontained" showers seletion is illustrated by �gure 4.16 wherethis seletion has been removed : the spread of the reonstruted energy values in thehigh energy region is enhaned as well as the error of the �t whih inreases above 10%.
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Figure 4.15: On the LHS, a satter plot of the reonstruted energy as a funtion of theMC true energy. On the RHS, the �tted pro�le of the satter plot shownon the left. The parametrization showed on the pro�le gives :
EREC = (0.92± 0.01) ∗ EMC. The error quoted here is the error on the �t.
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Figure 4.16: On the LHS, a satter plot of the reonstruted energy as a funtion of theMC true energy. On the RHS, the �tted pro�le of the satter plot shownon the left. The parametrization showed on the pro�le gives :
EREC = (0.80± 0.01) ∗ EMC.The orretion to the reonstruted energy thus de�ned above is :

EREC = (0.92± 0.01) ∗ EMC (4.7)



4.4 Energy Estimation 93The parametrization of the reonstruted energy is de�ned in the linear region[0,20℄ GeV. Figure 4.17 shows plots of the Reonstruted-MC true energy ratio andresiduals of the reonstruted energy below 20 GeV and for "ontained" showers. Residualsare de�ned as : residual = EREC − EMC
EMC =

∆E

E
(4.8)
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Figure 4.17: On the LHS, the ratio distribution of the reonstruted energy over MCtrue energy and on the RHS, the distribution of the reonstruted energyresiduals are presented for the MC simulation of single eletrons. Here, theshowers are reonstruted over the full volume available for the event andseleted aording to table 4.8. The gaussian �t of the energy ratio gives
σ(EREC/EMC) = 0.28± 0.01 ; for the residuals, σ(∆E/E) = 0.29± 0.01 andthe mean gaussian value is −0.08± 0.01.The shower reonstrution tool on the pure sample an ahieve a mean resolutionof 29% with a bias of 8%. Computing the resolution of the reonstruted energy dividedby the MC true energy as a funtion of the latter gives �gure 4.18.
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Figure 4.18: Resolution on the shower energy as a funtion of the MC true energy. The�t of the energy resolution gives σ(E)
E

= 0.34±0.05√
E

+ 11% with E in GeV.The resolution parametrization of the OPERA alorimeter is therefore :
σE
E

=
(34± 5)%√

E
+ (11± 2)% with E in GeV (4.9)However these performanes have been assessed in an "idealisti" ase on the pureMC sample beause of the variation of the energy estimation with the inoming angle ofthe eletron and with the vertex depth in the brik. These dependenies are studied in thefollowing. Moreover, the existene of eletron testbeam data desribed in setion 3.1.5.2allows to ompare data with MC simulations.

4.4.3 Energy alibration and omparison of the MC simulationwith data4.4.3.1 Energy alibrationThe variations of the shower energy estimation with the eletron inoming angleand with the vertex depth are illustrated in �gure 4.19 where the total MC sample ofsingle eletrons is analysed. The latter represents the information leakage outside onebrik onstrained in the pure sample with the "ontained" seletion.
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Figure 4.19: In the top panels, the satter plot of the residuals as a funtion of thevertex depth and its assoiated pro�le. In the middle panel, the energyresiduals as a funtion of the shower axis angle. The parametrization ofthis dependeny gives : ∆E
E

= −0.206− 1.48 θ3D(eletron). In the bottompanel, the energy residuals as a funtion of the shower extension in numberof plates. All plots presented are obtained with the MC simulation of singleeletrons.



96 4 Eletromagneti Shower Reonstrution In Nulear EmulsionsThe energy residuals are stable with the vertex depth up to the plate 40 ; thedeviation above this value is visible but not so important up to plate 47. This plateis the last one to onsider if the eletron is to be identi�ed within one brik proedure.Otherwise, the energy residuals vary strongly with the shower axis angle whih degradesthe resolution and implies a bias in the energy estimation whih ould be orretedaording to the parametrization. Therefore, the resolution in energy is investigatedinluding this orretion. The shower extension has to be 20 plates at least to reah thestability region in shower extension.Figure 4.20 shows a satter plot of the MC true energy as a funtion of thereonstruted energy and its assoiated pro�le taking into aount the orretion of theenergy as a funtion of the shower axis angle. Only showers "ontained" are onsidered.Figure 4.21 shows plots of the Reonstruted-MC true energy ratio and residuals of thereonstruted energy below 20 GeV and for "ontained" showers.In this more realisti approah, the orretion has improved thereonstruted/MC energy ratio and the bias on the energy is also improved. TheGaussian �t of the residuals in �gure 4.21 shows a bias of 12%, but given the asymmetrishape of this distribution, the �tted mean value is not signi�ant. However, the resolutionon the energy has been enhaned. A multivariate orretion (shower axis angle, showerextension and vertex depth) would be suited to improve that resolution.
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Figure 4.20: On the LHS, a satter plot of the reonstruted orreted energy as afuntion of the MC true energy. On the RHS, the �tted pro�le of thesatter plot shown on the left. The parametrization showed on the pro�legives : EREC = (1.05± 0.01) ∗ EMC. The error quoted here is the error onthe �t.
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Figure 4.21: On the LHS, the ratio distribution of the reonstruted orreted energyover MC true energy and on the RHS, the distribution of the reonstrutedorreted energy residuals are presented for the MC simulation of singleeletrons. Here, the showers are reonstruted over the full volumeavailable for the event and are ontained in the brik. The Gaussian �t ofthe residuals, σ(∆E/E) = 0.49± 0.01 and the mean Gaussian value is
0.12± 0.02.The �nal resolution of the OPERA alorimeter is therefore onstant with theenergy and is about 50%. It does not �t with the usual stohasti behaviour in 1/

√
Ebeause of a too low sampling with 10 X0 in one brik.
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Figure 4.22: Resolution on the shower energy orreted as a funtion of the MC trueenergy.



98 4 Eletromagneti Shower Reonstrution In Nulear Emulsions4.4.3.2 Test beam data analysis and omparison with the MC simulationThe prodution of these data are desribed in setion 3.1.5.2. The analysisproedure and the identi�ation of eletrons inside this dataset has been detailed in setion4.3.2. The result in terms of energy estimation of the eletron testbeam data at 2 and4 GeV are presented in �gure 4.23.

Figure 4.23: Reonstruted energy on the seleted eletrons in testbeam data for 4 GeVon the LHS and 2 GeV on the RHS.From the parametrization de�ned in �gure 4.20 with MC simulations, MCenergies at 2 and 4 GeV an be omputed with their assoiated statistial unertainty.The MC/data omparison is shown in table 4.9 and estimate the ompatibility betweenMC and data. MC Energy (GeV) 2.10±0.03 4.20±0.05Data Energy (GeV) 1.8±0.1 4.2±0.2
∆E/E (%) 14 0Table 4.9: Summary of the eletron energy estimation with testbeam data and MCsimulation. The unertainties on the MC values derive from the errors on theparametrization. The unertainties on the data values are statistial.The di�erene on the energy estimation between the MC simulation and datahave to be ompared to the resolution shown in �gure 4.18 of 34%. The value obtainedin data are ompatible with the energy given by the MC simulation.Furthermore, if the shower energy estimation is limited on the low energy eletronsbeause of a small trak multipliity, it would be interesting to perform other testbeamswith eletrons from 4 up to 20 GeV to be ompared at the MC simulations performane.



4.4 Energy Estimation 994.4.4 Energy estimation resultsThe performane of the energy estimation algorithm has also been studied withthe MC samples from the simulation of OPERA eletron neutrino events, both from beamand from the osillation proess νµ → νe as well as from the simulation of OPERA tauneutrino events, from the osillation proess νµ → ντ with the τ lepton reonstruted intoits eletron deay hannel.Figures 4.24, 4.25, 4.26 and 4.27 show a satter plot of the MC true energy as afuntion of the reonstruted energy and its assoiated pro�le - the error bars represent thespread of the EREC values - below whih the distributions of Reonstruted Energy overMC true energy ratio and of the reonstruted energy residuals (residual = EREC−EMC
EMC )are presented. In �gures 4.24 and 4.27, the showers are reonstruted over the OPERAstandard volume of 10 plates while in �gures 4.25 and 4.26, the full available volumeis used. For �gures 4.26 and 4.27 the reonstruted shower energy after applying theorretion on the energy de�ned in setion 4.4.3 is used. All �gures 4.24, 4.25, 4.26 and4.27 are obtained from the MC simulation of the osillation proess νµ → νe.
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Figure 4.24: A satter plot of the MC true energy as a funtion of the reonstrutedenergy and its assoiated pro�le are shown in the top plot, below whih theratio distribution of the reonstruted energy over MC true energy and onthe bottom, the distribution of the reonstruted energy residuals arepresented for the MC simulation of the osillation proess νµ → νe. Herethe showers are reonstruted over the OPERA standard volume.
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Figure 4.25: Idem with showers reonstruted over the full volume.
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Figure 4.26: Idem with the orreted energy in the full volume.
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Figure 4.27: Idem with the orreted energy in the OPERA standard volume.
By omparing �gure 4.25 with �gure 4.24, the e�et of the inreased size of theanalysis volume to reonstrut a shower is lear : the bias on the energy is improvedwhile the resolution is kept under ontrol. On the other hand, by omparing �gure 4.25with �gure 4.26, the parametrization on the energy orrets the bias almost ompletelyand degrades the resolution as it has been already shown with the MC study in setion4.4.3.1 with pure eletrons. Both the full volume and the energy orretion are neessaryto estimate the energy of the eletromagneti showers unbiased.Both �gure 4.28 and �gure 4.29 are obtained from the MC simulation of theosillation proess νµ → ντ with the τ lepton reonstruted into its eletron deayhannel. Similarly to the previous proess, �gure 4.28 shows a satter plot of the MCtrue energy as a funtion of the reonstruted energy, below whih the distributions ofReonstruted Energy over MC true energy ratio and of the reonstruted energy residuals(residual = EREC−EMC

EMC ) are presented. Here (�gure 4.28), the showers are reonstrutedover the full volume available for the event. The same plots and distributions have beenomputed onsidering the OPERA standard volume and are shown in �gure 4.29.
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Figure 4.28: A satter plot of the MC true energy as a funtion of the reonstrutedenergy is shown in the top plot, below whih the ratio energy distributionand on the bottom, the distribution of the reonstruted energy residualsare presented for the MC simulation of the osillation proess
νµ → ντ (τ → e). The showers are reonstruted over the full volume.
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Figure 4.29: Idem with showers reonstruted over the full volume.



4.4 Energy Estimation 103The importane to use all the emulsion �lms available for an event to estimatethe energy of the eletron showers is one more stressed by omparing �gures 4.29 and4.28. In onlusion, the OPERA standard volume is shown not to be su�ient forthe energy estimation. The latter is nevertheless orretly performed when the showerreonstrution is onsidered with the full available volume in the brik. Moreover theorreted energy is muh loser to the MC truth but the resolution is learly degraded.



104 4 Eletromagneti Shower Reonstrution In Nulear Emulsions4.5 Improvements of the Shower ReonstrutionAlgorithm4.5.1 Eletromagneti shower reonstrution within two OPERAbriksThe standard analysis to estimate the energy of eletromagneti showers isperformed by using 20 �lms for νe andidates and by using an entire brik for τ andidates.However, aording to the eletromagneti shower model desribed in setion 4.1, aneletron an produe a shower with a transverse extension parametrized by the well knownMoliere radius and a longitudinal extension parametrized by a omplex funtion desribedby equation 4.5. From equation 4.6, the Moliere radius is about 1.7 m in our ECC whihis of the order of magnitude of a brik dimension. In addition, from a parametrizationdesribed in [21℄, the longitudinal spread of a 4 GeV eletron shower is about 23 m. Suhan eletron shower an hene spread over more than one brik. Moreover, our searh anddetetion of νCC
τ interation favours the downstream part of the brik as quoted in setion3.2, where the number of plates available to the interation is smaller and thus the energyestimation ould be biased for suh events. The aim of this study is to estimate thenumber of andidates with a signi�ant biased estimation of the energy, the error on theenergy by using the standard proedure and to de�ne a strategy to estimate the energyof eletromagneti showers within two briks. The MC samples used in this study areMC_νe_1k_marh2011 and MC_τ → e_1k_marh2011 and are desribed in setion3.1.5.4.5.1.1 Motivation of reonstruting showers over two briksThe natural approah to ahieve the energy estimation for showers whih spreadover two briks would be the use of the ANN trained in these onditions ; but suhapproah is a heavy proedure. Therefore, I just aimed to estimate the fration of eventsonerned by the seond brik, their topology, and the relevane of this estimation interms of energy resolution of the OPERA alorimeter. Thus, a �rst approah has been to�nd a riterion to determine if an eletromagneti shower has a signi�ant fration insidethe seond brik. Regarding the large number of low energy BaseTraks (BTs), it hasbeen deided that only the primary eletron trak extension is relevant to estimate thispopulation. The eletromagneti shower reonstrution has shown a non-linear behaviouras a funtion of the BT multipliity for the showers with energies lower than 1 Gev andgreater than 14 GeV as shown on �gure 4.30. Then, the algorithm an ahieve a bestresolution with a ertain number of plates and area in the transverse plane, olletingmore information does not neessary mean improve the energy estimation.Considering the ντ (τ → e) sample, I estimated the fration of events where asigni�ant part of the eletron shower deaying from the tau goes into the seond brikin terms of extension of the eletron seondary trak. Then I estimated the fration ofevents where a signi�ant part of the eletron shower outgoing from a νCC

e interationgoes into the seond brik in terms of extension of the eletron primary trak. The results



4.5 Improvements of the Shower Reonstrution Algorithm 105are respetively 26% for the τ → e hannel and 44% for the νe hannel as shown in �gure4.31, it remains to quantify the error on the estimation of the energy on these events.
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Figure 4.30: On the RHS, the BT multipliity in the shower as a funtion of thereonstruted eletron energy. On the LHS, a zoomed version of the plot onthe RHS for energies between 0 and 5 GeV.
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Figure 4.31: MC true vertex Z position of all events (blak) and with the seondaryeletron in the next downstream brik (red) for a sample of 1 000 νCC
τinterations with primary τ whih deays into an eletron on the LHS.Thesame plot for a sample of 1 000 νCC

e interations of the beam on the RHS.As a seond step in this analysis, I looked at the fration of MiroTraks (MTs)in the seond brik with respet to the total number of MTs in the event for the twosamples. This seond idea seems more simple and able to deliver a more quantitativeinformation than the �rst one based on the span of the primary eletron trak. The resultis shown in �gure 4.32.
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νe orrespond to events with more than 50% of the BTs in the seond brik. The formerestimation was atually �ne. Conerning the τ → e ase, the former estimation of 26%seems underestimated sine the plot on the LHS of �gure 4.32 shows a MT fration of 40%for 50% of events. Nevertheless, at this level of the study, the MTs orrespond to MC trueinformation without any detetor e�ieny. The reality is muh probably between thesetwo estimations of 26% and 40%. We expet a smaller fration of τ → e events goingto the seond brik beause of a lower energy spetrum than in the νe ase. The pointof a reonstrution within two briks is to be able to estimate the most aurate energyestimation of an eletron shower as possible for the τ → e andidates in OPERA knowingthat only a few are expeted as mentioned in setion 5.2.3.4.5.1.2 Determination of the missing part of the energy in the seond brikfor the τ → e and νe hannelsThe strategy to determine this missing part of the energy is to reate twosubsamples of events, the one with the shower spreading over the seond brik and anotherone with showers ompletely ontained in the �rst brik. In addition, we impose a ertainextension, i.e. 29 plates, of the shower to make mathing longitudinal pro�les with theshowers of the �rst group as you an see in �gure 4.33. Note that on the plot, the blakpro�le is shifted by 28 plates to superimpose the two pro�les.The point of reating these two groups is to use the energy estimation on thisseond group reonstruting showers with a full pro�le and then, with a pro�le trunatedin the same way as the pro�le of the �rst group is. A omparison between these twoenergy estimations gives a mean error of 20% whih is done on the energy estimation ofthe events with a signi�ant part of the eletromagneti shower in the seond brik.
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Figure 4.33: Eletron trak longitudinal pro�le over two onseutive briks for1 000 events with respet to that seletion : Group Ib whih are eventswith the ντ interation in the �rst half-brik and within MTs beyond plate29, Group II whih are events whih go up to the seond brik and with theinteration in the seond half-brik.In onlusion of this hapter, for the purpose of the analysis of the OPERAeletron neutrino events, from the osillation proess νµ → νe as well as the OPERAtau neutrino events, from the osillation proess νµ → ντ with the τ lepton reonstrutedinto its eletron deay hannel, we have elaborated, and validated the reonstrutionproedure of the eletromagneti showers using a MC simulation in the ANN approahwithin the OPERA emulsion omputing framework, OpEmuRe.The eletron identi�ation performane of the eletromagneti showers withthe shower reonstrution tool of the OPERA ollaboration has been assessed withMC simulations on single eletrons as well as physis hannels (νµ → νe and
νµ → ντ (τ → e)). The systemati unertainty of the identi�ation proess of about 20%has been also evaluated by using the MC true information on the physis hannels. Aomparison with testbeam data of this eletron identi�ation has been also performed.We onlude that the OPERA standard volume of 10 emulsion sanned �lms is well suitedfor the eletron identi�ation.The performane of OPERA as an eletromagneti alorimeter has been thenassessed. In one OPERA brik, the expeted resolution on a eletron shower is about50% in a realisti ase. Some improvements on this resolution ould be done by orretingthe reonstruted energy with a multivariate study (shower extension, vertex depth)in addition of the presented orretion with the shower axis angle. The energy ofeletron showers have been also heked on the physis hannels and a omparison ofthe MC simulation with data from the testbeam have shown a ompatibility between thetwo estimations. We onlude that the full available volume and at least 3 to 4 radiationlength (about 20 lead plates) are neessary for better results when the energy estimationis aimed.
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Chapter 5Analysis Of Eletron Channels :Eletron Neutrino And τ → eThe νµ → νe osillation study onsists in the searh of eletron neutrino inthe muon neutrino beam. This appearane will be explored in the CC interations andDIS proesses. The expeted rates for the signal and all bakground hannels will beevaluated with MC simulations. Then, based on the MC study, a signal will be searhedin analysed data and the sensitivity of the OPERA experiment to the νµ → νe osillationwill be presented. A signal of the νµ → ντ osillation in the eletroni deay of the tauwith the OPERA detetor is performed and its results are reported in this hapter.5.1 Outline Of The AnalysisThe OPERA sensitivity to the νµ → νe osillation is limited by the preseneof νe in the CNGS beam, i.e. 0.87% of the νµ �ux. These eletron neutrinos are anirreduible bakground alled in the following setions prompt νe. However, the energyspetra are di�erent for prompt νe and for osillated νe as shown in �gure 2.22. Indeed,the energy distribution of osillated νe's has its maximum below 20 GeV and is negligibleabove 30 GeV while prompt νe energy distribution has a long tail above 30 GeV : the(osillated νe)/(prompt νe) ratio will be maximal below 20 GeV. Looking for the osillationsignal will depend on the energy of the eletron shower. The neutrino energy is noteasily alulated from eletroni detetors sine the eletromagneti omponent of theneutrino interation is not well measured in the Target Traker (TT) ; however, it wouldbe possible to use the TT information to assess the eletromagneti energy leakage outsidethe brik. That is why the performane in energy evaluation of eletron showers in theECC has been studied arefully in setion 4.4 giving an energy resolution of 50% for theOPERA alorimeter. The searh for the νµ → νe osillation signal will be improved byapplying other kinematial seletions to redue the other bakground soures desribedin setion 2.6. The analysis presented in this hapter requires :� A νe searh proedure to selet eletron neutrino interations in the data and applyin a similar way the proedure to the MC samples.� The estimation of the beam omponents, the neutrino interation ross setions and109



110 5 Analysis Of Eletron Channels : Eletron Neutrino And τ → ethe di�erent e�ienies of the seletions to weigh eah hannel properly.� The estimation of the expeted neutrino rates for eah hannel after seletions to seeif a signi�ant exess in the νe events an be extrated and the statistis needed toreah this result if not. The onstraints to the mixing angle θ13 and to the squaredmass di�erene ∆m2 given by the OPERA result will be also evaluated.The eletron detetion tools and the knowledge of the νµ → νe osillation studyallow to perform also the researh of the τ → e events as an osillation signal in the
νµ → ντ hannel.The MNSP matrix parameters used in the analysis detailed in this hapter omefrom the global analysis of G.L. Fogli et al.[27℄ and are summarized in table 5.1.Parameter Best �t ± 1σ error

δm2/10−5 eV2(NH or IH) 7.54+0.26
−0.22

sin2θ12(NH or IH) 0.307+0.018
−0.016

∆m2/10−3 eV2 (NH) 2.43+0.06
−0.10

∆m2/10−3 eV2 (IH) 2.42+0.07
−0.11

sin2θ13/10
−2 (NH) 2.41± 0.25

sin2θ13/10
−2 (IH) 2.44+0.23

−0.25

sin2θ23 (NH) 0.386+0.024
−0.021

sin2θ23 (IH) 0.392+0.039
−0.022

δ/π (NH) 1.08+0.28
−0.31

δ/π (IH) 1.09+0.38
−0.26Table 5.1: Result of the global 3ν osillation analysis for the 3ν mass-mixing parametersin the NH or IH piture.

5.1.1 Event ratesThe expeted neutrino rates in the OPERA detetor will be alulated for signaland bakground at generation level and after reonstrution. The signal event rate S isthe onvolution of the νµ �ux Φνµ(E), the neutrino interation ross setion σCCν (E), the
νµ → νe osillation probability Pνµ→νe(E) and the signal e�ieny εsignal where A is anormalisation fator to take into aount the target mass :

S = A

∫

Φνµ(E)× σCCν (E)× Pνµ→νe(E)× εsignal dE (5.1)The bakground event rate B is the sum of eah di�erent bakground hannelevent rate Bprompt, Bτ→e, BνµNC and BνµCC→νµNC.
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Bprompt = A

∫

Φνe(E)× σCCν (E)× Pνe→νe(E)× εprompt dE (5.2)where Pνe→νe is the νe disappearane probability.
Bτ→e = A

∫

Φνµ(E)× σCCν (E)× Pνµ→ντ (E)× BR(τ → e)× ετ→e dE (5.3)where BR(τ → e) is the branhing ratio of the eletroni mode of the tau deay.
BνµNC = A

∫

Φνµ(E)×Rσν
(NC/CC)× σCCν (E)× Pνµ→νµ(E)× ενµNC dE (5.4)where Rσν

(NC/CC) ≈ 3 is an experimental value of the NC/CC neutrino ross setionratio as presented in setion 2.5.1.
BνµCC→νµNC = A

∫

Φνµ(E)× σCCν (E)× (1− εµ)× Pνµ→νµ(E)× ενµCC→νµNC dE (5.5)where εµ is the e�ieny of identifying a muon in the eletroni detetors and will beevaluated on MC νµ CC sample named MC_numu_3k and desribed in setion 3.1.5.1.All the εx e�ienies will inlude all event loation e�ienies as well as eletronidenti�ation e�ienies quoted in setions 3.2 and 4.3, respetively.5.1.2 Estimation of minor bakgroundsSome other hannels than those desribed above will partiipate, positively ornegatively, to the eletron searh. However, all of them are expeted to have a lowontribution. An estimation of their rates is thus presented hereafter to motivate whetherwe should proeed further than event loation proess with a preise evaluation. Thesehannels are :� QE and RES interations : νe and τ → e represent additional signaland bakground with di�erent event loation e�ieny, whih are quoted insetion 2.5.2, and kinematial seletion strategy whih will be desribed later insetion 5.1.3.Otherwise, the rates for these interations are given in setion 3.2.� harm → e : harm partiles D+, D+
S , D0 and Λ+

c produed in DIS interationshave eletroni deay modes. The expeted harm to eletron rate Nc is given byequation :
Nc = Nνµ × σνµCC harm × fc × BR(Charm partile → e+semileptoni) (5.6)



112 5 Analysis Of Eletron Channels : Eletron Neutrino And τ → ewhere Nνµ is the expeted number of νµ CC interations in the detetor per
1019 p.o.t., σνµCC harm is the harm ross setion and, at OPERA energies, is equalto 4.38± 0.26% of the νµ CC one, aording to the work of N. Agafonova et al.[59℄.
fc represents the harm frations given by the thesis of M. Besnier [39℄ and BR,the branhing ratios of inlusive eletroni modes for eah harm partile, takenfrom [70℄, both are summarized in table 5.2.Charm partile fc BR(Charm partile → e+semileptoni)

Λ+
c 0.253± 0.049 0.045± 0.017

D+
s 0.092± 0.038 0.065± 0.004

D+ 0.217± 0.034 0.161± 0.003
D0 0.438± 0.030 0.065± 0.0011Table 5.2: Charm to eletron frations produed in νµ CC interations in the OPERAexperiment.After omputation, the number of harm events Nc per 1019 p.o.t. giving an eletronin the �nal state is :

Nc = 2.2± 0.4 (1019p.o.t.)−1 (5.7)For these two ontributions, QE+RES interations and harm → e, loatione�ieny given by setion 3.2 will be applied and to the harm hannel, the e�ieny ofmisidentifying a muon trak as well. Table 5.3 reports these rates at the event loationlevel for harm → e, νe for QE+RES and for DIS and τ → e for QE+RES and for DISand, �nally, also for osillated νe for the sake of omparison.These rates are to be ompared at the τ → e hannel ones. νNCµ and νCCµ

mis−−→ νNCµhannels are not in the table, indeed their high rate expeted in the detetor is not agood referene sine they ontribute poorly to bakground after seletion beause of gooddisriminating apability of the eletron energy of these two bakground soures.The τ → e hannel represents the less ontributing bakground soure in terms ofexpeted rate before seletion whih makes it a good referene to estimate the importaneof the minor bakground soures studied here. Aording to the results of table 5.3, thefollowing ontributions to the signal of bakground soures will be negleted :� harm → e is at 21% level of the τ → e bakground, the smallest bakgroundhannel.� τ → e QE+RES represents about 12% of the τ → e events and in 2008 and 2009data (5.3× 1019p.o.t.) where 1.5± 0.2 loated τ → e events are expeted.� osillated νe QE+RES : 12.6 ± 1.2 osillated νe events are expeted for
22.5× 1019p.o.t. and QE+RES events orrespond to 21% of those. This additionalsignal will not be proessed.
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harm → e
prompt νeQE+RES prompt νe τ → eQE+RES τ → e

osillated νeQE+RES osillated νeRate(ν.(1019p.o.t.)−1) 2.2± 0.40 0.39± 0.10 5.95± 0.45 0.093± 0.009 0.55± 0.06 0.18± 0.01 0.87± 0.07

µmisidenti�ation 0.052± 0.007 - - - - - -Event loation 0.524± 0.026 0.730± 0.037 0.636± 0.032 0.374± 0.019 0.524± 0.026 0.691± 0.035 0.642± 0.032Expetedloated rate(ν.(1019p.o.t.)−1) 0.060± 0.011 0.28± 0.07 3.78± 0.34 0.034± 0.004 0.288± 0.035 0.12± 0.01 0.559± 0.053Table 5.3: QE+RES interations and harm → e hannel rates with their assoiated systemati unertainties in the OPERAdetetor at the event loation level.



114 5 Analysis Of Eletron Channels : Eletron Neutrino And τ → eIn general, QE and RES interation rates at the vertexing level are small beauseof the small vertex reonstrution e�ieny due to the absene of hadroni traks.Moreover, the osillated νe QE+RES simulation is absent from the o�ial MC prodution.Nevertheless, 1.5± 0.4 prompt νe QE+RES are expeted in 2008-2009 data andare therefore interesting to take into aount.5.1.3 Kinematial variablesIn 2009, I arried out a simpli�ed analysis at the generation level with thefollowing kinematial variables : the eletron energy, the neutrino energy, the transversemomentum of the eletron and the missing transverse momentum at the interationvertex. A Gaussian smearing of these variables has been applied aording to a 20%resolution of the momentum and a 40% resolution of the energy as quoted in the thesisof M. Besnier [39℄. A signi�ane analysis has been performed and a set of optimal utslisted in table 5.4 has been obtained.Variables Values of the utEletron energy Ee < 20GeVNeutrino energy Eν < 25GeVEletron transverse momentum peT < 1.8GeV/Missing transverse momentum at interation vertex pmisT < 1.6GeV/Table 5.4: Set of uts de�ned by a signi�ane study on MC samples of eah hannel.This analysis, and another one based on a likelihood ratio seletion giving similarresults and desribed in the work of F. Brunet [101℄ de�ned the following neutrino ratesin the OPERA experiment summarized in table 5.5.signal τ → e νNCµ νCCe beam
ξ 0.53 0.53 0.48 0.53
ε 0.75 0.68 7× 10−4 0.30

ε× ξ 0.40 0.36 3.4× 10−4 0.16N5 ansevt 10.3 4.3 2.3 26.2Table 5.5: E�ienies and neutrino rates expeted in the OPERA experiment for �venominal years, i.e. 22.5× 1019p.o.t. ξ e�ieny inluded BF, vertex �ndingand ED trigger e�ienies and a �duial volume ut quoted in the work of M.Komatsu et al. [102℄. ε e�ieny orresponded to the uts on the kinematialvariables mentioned above. The MNSP parameters value was extrated fromthe global analysis of G.L. Fogli et al. [31℄. Sine the νNCµ MC sample hadnot been proessed at that time, result for this hannel had been taken fromthe work of M. Komatsu et al. [102℄.



5.1 Outline Of The Analysis 115This analysis arried out in 2009 has been performed with di�erent input rates asthe ones used in this thesis work whih explains that the numbers in table 5.5 are slightlydi�erent from those given in the next setions.As expeted the number of prompt νe is higher than the signal by a fator 2.5.The two bakground soures were equivalent but all these numbers were overestimatedbeause of a rough treatment of the detetion e�ienies. Another di�erene with the newstudy oming in the next setions is the osillation probability sine the measurement ofthe mixing angles have reently hanged aording to the results presented in setion 1.3.Finally, the analysis at the generation level has been a good opportunity to test thedisriminating apability of the variables and de�ne them for the �nal analysis.To optimize the appearane of osillated νe in our analysis, all bakground soureshave to be kept as low as possible. A set of kinematial uts will be applied and has tobe de�ned by a MultiVariate Analysis (MVA), method desribed in appendix E.2, onrelevant variables listed in the following :� Eletron energy EeAs mentioned above, an eletron energy upper ut is neessary. In addition a lowerut would be useful to suppress the NC bakground produing photon showers atlower energies than eletrons of the signal. The performane of the eletron energyestimation tool has been ompletely desribed in hapter 4 whih explained theagreement between data and MC, and the alulation of the systemati errors whihare used in this study.� TT visible energy EvisTTThe neutrino energy is not easily dedued from the eletroni response of thedetetor sine the latter ontributes to only 2-3% of the total energy [87℄. However,the output of the TT will give a useful information about the visible energy whihan be inluded in the MVA. A brief desription of this measurement is given insetion 3.1.3.

Figure 5.1: Sketh showing the de�nition of the Φhad angle.� Event topology pmisT and ΦhadThe position resolution of nulear emulsions an also be used to measure theangle of eah harged trak with an auray of about 1 mrad. This allowsmomentum measurement by using the MCS with a resolution of about 20% andthe reonstrution of kinematial variables haraterising the event, i.e. the missing



116 5 Analysis Of Eletron Channels : Eletron Neutrino And τ → etransverse momentum at the interation vertex and the transverse momentum of atrak with respet to hadroni shower diretion alled Φhad angle as shown in �gure5.1. These variables are built with the momentum measured of eah harged trak.Unfortunately, the MCS algorithm [43℄ has not been yet implemented in the newOpEmuRe framework. A parametrisation as a funtion of 1/p and depending onthe number plates used has been omputed and will be applied on the MC truevalue of the momentum. Note that these variables are useless for νe QE interationssine there is no hadroni shower.� Rejeted variables Σtrk, peT and θPMThese variables, i.e. the trak multipliity at primary vertex Σtrk, the eletrontransverse momentum peT and the angle between a primary trak and its mother
θPM have been inluded in this study and showed a low disriminating power whihan ause overtraining e�ets of the MVA method if they would be inluded asexplained in appendix E.2.A new study to evaluate the osillated νe and its assoiated bakground souresrates an be arried out taking into aount all detetor e�ienies and resolutions. Theosillation study at the generation level has seleted relevant kinematial variables andthe eletron reonstrution tool allows to estimate the eletron showers energy. It is alsoused to take into aount the eletron identi�ation e�ieny. Finally, the TT visibleenergy estimation and the trak reonstrution with the MCS algorithm reonstrut theremaining kinematial variables.5.2 Osillated νe Rate Calulation And MeasurementThe aim of this study is to estimate with MC simulations the number of eventsexpeted for the osillation signal and all bakground hannels desribed in setion 2.6.The MC samples used for this study represent eah hannel and have been proessed in theOpEmuRe framework from the generation up to the event loation, the reonstrutionof the eletromagneti shower and their identi�ation. These samples are desribed insetion 3.1.5.1 and listed below.� MC_nue_1k : νe from the beam ontamination.� MC_nueqe_1k : νe QE+RES interations from the beam ontamination.� MC_osillated_nue_1k : osillated νe.� MC_osillated_nue_3k : osillated νe generated with νµ energy spetrum.� MC_taue_3k : osillated ντ with τ deay in eletroni mode.� MC_numun_3k : νµ NC interations.� MC_numu_3k : νµ CC interations.5.2.1 Input variablesRelevant variables for this study are de�ned in setion 5.1.3 at the generation level,applying a Gaussian smearing. To go further, this study will use reonstruted variableswith the reonstrution proess whih is applied through the OpRelease software. The



5.2 Osillated νe Rate Calulation And Measurement 117disriminating power of these inputs for any bakground soures has thus to be heked.Figure 5.2 shows their distributions for the signal and eah bakground soure.
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Figure 5.2: Distribution of the input variables of the MVA : the visible energy EvisTT, theeletron energy Ee, the missing transverse momentum at primary vertex pmisTand the phi angle Φhad for the signal and eah MC bakground hannelsuperimposed. The blak thik line represent the signal, i.e. the νµ → νe(e)osillation hannel. The red, yellow and green histograms orrespond to theprompt νe, the νµ → ντ (τ → e) and the νµ NC hannels, respetively.The mean value of eah of these variables for eah bakground soure has beenomputed and is summarized in table 5.6.
νe

Prompt
νe

τ → e νµNC
〈EvisTT〉 (MeV) 462 943 850 635
〈Ee〉 (GeV) 8.7 12.9 8.5 3.4
〈Φhad〉 (rad) 1.8 1.8 1.7 1.4

〈pmisT 〉 (GeV/) 1.3 1.9 1.9 1.7Table 5.6: Mean value of the input variables for eah bakground and for the signal.



118 5 Analysis Of Eletron Channels : Eletron Neutrino And τ → e

EvisTT has a disriminating power for prompt νe events sine their energydistribution has a long tail above 1 000MeV whereas osillated νe do not exeed thisvalue. Ee presents also a disrepany between prompt and osillated νe but also with
νµNC beause of the lower energy spetra of the photons in these proesses. pmisT for νµNC and τ → e hannels peak to a lower value than the signal beause of the presene ofmissed π0 in NC events and beause of the two esaping neutrinos in the eletroni deayof the tau lepton in the τ → e hannel. The prompt νe hannel presents a pmisT of the sameshape as the signal. For the same reason, pmisT should be a good disriminating variablefor the τ → e bakground and νµ NC. However, the Deay Searh Proedure (DSP) isnot yet implemented in the MC simulation, implying that the topology is not ompletelydesribed in the τ → e hannel. The vertexing simulation used in this study presents apoor e�ieny and some systemati e�et in the attahment of traks to the reonstrutedvertex. That is why the rate of the events used in this MVA, method desribed in setionE.2, is low with respet to the number of loated events espeially for the NC hannel.The input variables distributions show that the τ → e bakground is the mostdi�ult to disriminate from the signal. Given the mirometri spatial resolution of theOPERA detetor, one an use the kink topology of these events to rejet them. Later insetion 5.5.1, a detailed explanation is given to justify the use the Impat Parameter (IP),de�ned as the minimal distane of approah of the eletron trak to the vertex, asan additional input to the MVA ; �gure 5.3 shows its distribution for signal and eahbakground soure.
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5.2 Osillated νe Rate Calulation And Measurement 119Figure 5.2 shows that a pre-seletion an be performed on the visible energy inthe Eletroni Detetors EvisTT as well as the missing transverse momentum at the primaryvertex pmisT to redue the bakground ontribution while the signal e�ieny is kept at100% ; these uts are summarized in table 5.7 and the e�ets of these uts on the signaland the bakground soures are detailed in table 5.8. Then, the kinematial variablesfeed the MVA to optimize the bakground rejetion where signal/bakground separationis less obvious. Cut value
EvisTT (MeV) 1000
pmisT (GeV/) 3.4Table 5.7: Pre-seletion set of uts to disriminate the signal from the bakgroundsoures signal prompt νe τ → e νNCµ νCCµ

mis−−→ νNCµE�ieny of the ut
EvisTT < 1 000 MeV (%) 100 65.3 71.6 90.5 90.5E�ieny of the ut
pmisT < 3.4 GeV/ (%) 100 93.2 90.1 90.5 90.5E�ieny of the two utsombined (%) 100 63.1 66.7 85.7 85.7Table 5.8: E�ienies of the pre-seletion uts on the signal and the various bakgroundsoures.The ut e�ienies are not taken into aount in the following MVA ; they willbe added to the MVA result afterwards to alulate the �nal expeted rates in table 5.11.5.2.2 Disrimination of the νe signal with respet to bakgroundhannelsLoation e�ieny as well as eletron identi�ation e�ieny have been estimatedwith their statistial and systemati unertainties in setion 3.2 and 4.3. A set ofdisriminating variables is also desribed in setion 5.1.3 and their ontribution to eahhannel has been studied in setion 5.2.1. Typial method to optimize uts on variables tomaximize the νe signal appearane while the bakground is minimized is the use of MVAand, espeially, the omputation of Fisher's oe�ients or the use of ANN to omputea lassi�er separating the νe signal from the bakground. Both of these tehniques areformally desribed in setion 3.3 and the signi�ane as de�ned in equation 5.8 will belooked at to estimate the performane of these methods.



120 5 Analysis Of Eletron Channels : Eletron Neutrino And τ → e

S =
NS√NS + NB (5.8)where NS and NB are the number of signal and bakground events respetively.Figure 5.4 shows the distribution of lassi�ers omputed in the two analysismethods and their separation apability is illustrated in table 5.9.

Fisher response
-0.6 -0.4 -0.2 0 0.2 0.4

dx / 
(1

/N
) 

dN

0

2

4

6

8

10 Signal
Background

Fisher response
-0.6 -0.4 -0.2 0 0.2 0.4

dx / 
(1

/N
) 

dN

0

2

4

6

8

10

U
/O

-f
lo

w
 (

S
,B

):
 (

0.
0,

 0
.0

)%
 / 

(0
.0

, 0
.0

)%

TMVA response for classifier: Fisher

MLP response
-1.2 -1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4

dx / 
(1

/N
) 

dN

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5 Signal
Background

MLP response
-1.2 -1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4

dx / 
(1

/N
) 

dN

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

U
/O

-f
lo

w
 (

S
,B

):
 (

0.
0,

 0
.0

)%
 / 

(0
.0

, 0
.0

)%

TMVA response for classifier: MLP

Figure 5.4: Distribution of lassi�ers for the Fisher method on the LHS and for theANN method on the RHS for the νe signal and for all bakground ombined.Classi�er Optimal ut Signi�ane νe Signal e�ieny Bakground e�ienyFisher -0.1336 25.4 0.947 0.448ANN -0.7803 23.3 0.907 0.604Table 5.9: Optimal ut on lassi�ers and their assoiated signi�ane, νe signal andbakground e�ienies.MVA method νe Signal e�ieny withbakground at 10% νe Signal e�ieny withbakground at 30%Fisher 0.239 0.731ANN 0.369 0.555Table 5.10: Signal e�ienies for both methods Fisher and MLP for di�erent values ofthe bakground ontamination.These two methods have been preliminary seleted for their best performane inlassi�ation. They gave similar optimization of the lassi�ation on the MC true studyshown in setion 5.1.3. Here, as it is shown on �gure 5.4 and in table 5.9, the MultiLayerPereptron (MLP) method is less e�ient to separate signal from bakground souresbeause of the limited statistis to train properly the ANN. Fortunately, the Fisher's



5.2 Osillated νe Rate Calulation And Measurement 121method is able to optimize the ut on the lassi�er to deliver a 95% e�ieny on signalwith respet to 45% bakground ontamination.In general, more statistis would be helpful for both methods to improve theSignal-to-Noise Ratio (SNR) ; for the MLP method to ensure the onsisteny betweenthe training and the test samples, for the Fisher's method to obtain reliable ProbabilityDensity Funtion (PDF) of the distributions of the input variables.The νe signal e�ieny versus the purity is plotted and shown in �gure 5.5 anda summary of the νe signal e�ieny as a funtion of the bakground rejetion is given intable 5.10.
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Figure 5.5: E�ieny versus purity for the νe signal with respet to the bakgroundsoures for the two methods Fisher and ANN.The prompt νe hannel is an irreduible bakground below 30 GeV and de�nitelythe most important in terms of rate whih means the signal e�ieny has to be taken ashigher as possible to detet an exess of events. If we want to ahieve a low bakgroundat 10% level for instane, the signal e�ieny will drop to 25-35%. The Fisher's methodwill be used to evaluate the expeted rates in the following.5.2.3 Expeted event ratesSeletion e�ieny has been obtained from setion 5.2.2, inluding event loationand eletron identi�ation. One an ompute the �nal optimized expeted number ofevents in the OPERA experiment as in table 5.11. The unertainties on the rates aresystemati and are omputed with the quadrati sum of the systemati unertaintieson the �uxes quoted in table 2.5, on the event loation quoted in table 3.6 and on the



122 5 Analysis Of Eletron Channels : Eletron Neutrino And τ → eeletron identi�ation quoted in setion 4.3.3. In fat, those unertainties are onsideredas unorrelated sine we simply ount event numbers to estimate these rates withoututting on a in�uene parameter of this study, for instane the energy of eletrons.signal prompt νe τ → e νNCµ νCCµ

mis−−→ νNCµExpeted neutrinoevents in 2008-2009 4.6±0.3 31.5±2.4 2.9±0.3 1180±120 3530±360Event loation +eletronidenti�atione�ieny 0.323±0.023 0.51±0.04 0.21±0.02 (5.0±0.3)
×10−3

(7.7±0.6)
×10−4Nevt expeted in2008-2009 1.49± 0.15 16.1± 1.7 0.61± 0.09 5.9± 0.7 2.7± 0.3Nevt expeted �

22.5× 1019p.o.t. 6.3± 0.6 68± 7 2.6± 0.4 25± 3 11.5± 1.3Nevt expeted in2008-2009 afterMVA 1.41± 0.15 4.6± 0.5 0.28± 0.04 1.1± 0.1 0.5± 0.1

Nevt expeted �
22.5× 1019p.o.t.after MVA 6.0± 0.6 20± 2 1.2± 0.2 4.7± 0.4 2.2± 0.4Table 5.11: Neutrino rates expeted in the OPERA experiment for 2008-2009 data(5.3×1019 p.o.t.) and �ve nominal years, i.e. 22.5× 1019 p.o.t.. The MNSPparameters value was extrated from the global analysis ofG.L. Fogli et al.[27℄.The prompt νe hannel being an irreduible bakground, the number of eventsis greater than the signal one ; however, the signi�ane has been improved thanksto the MVA analysis. The SNR of the signal with respet to all bakground souresbefore MVA is 0.059. The SNR of the signal with respet to all bakground souresafter MVA is 0.22. The other bakground soures whih were higher or equivalent tothe osillated νe have been drastially redued. The signi�ane of the signal withrespet to all bakground soures is in 2008-2009 : 0.5 σ and with a luminosity of

22.5× 1019p.o.t. : 1.0 σ. These signi�anes are inferred from 6.0 signal events divided bythe square root of (6+20+1.2+4.7+2.2) bakground events. The main limits to that studyare the ontamination of the beam, the poor loation e�ieny at low energy where theSNR is maximal, as shown in �gure 3.6 and the π0 ontamination represented by the νNCµand the νCCµ

mis−−→ νNCµ hannels whih ould be redued with a spei� photon/eletronseparation algorithm as already disussed in setion 4.3.2.This study has de�ned the expetations in terms of event rates on MC samplewith a full detetor simulation.



5.3 OPERA Data Analysis 1235.3 OPERA Data AnalysisOPERA is an on going experiment still analysing data. This means that a datasample has to be determined to be used in this analysis. Data taking starts with "simple"events, whih are published earlier in the year, the "ompliated" ones whih need severalsanning and reonstrution proedure to quote a result arrive later. That is why, I onlyanalysed data of a whole year.5.3.1 Data seletionThe analysis hain, desribed in setion 2.4, represents a strong workload implyingat least one year delay between the real-time data taking and the publiation of thereonstruted event in the database. The fully analysed sample available for this thesiswork is 2008 and 2009 data. The 2010 year data has been ompletely sanned but thedeay searh and νe searh proedures are not �nished yet. 2008-2009 data summary isgiven in table 5.12. 2008 2009
0µ 1µ 0µ 1µEvents found by the ED 406 1292 1097 2460Events loated in ECC 169 834 360 1490Events analysed for νesearh 505Table 5.12: Summary of the event loation in 2008 and 2009 data. 1µ numbers arequoted as a referene sample. 0µ represents the sample in whih we look foreletrons [58℄.In the 0µ data olletion, a spei� proedure has been applied in order to �ndeletrons desribed hereafter.5.3.2 Eletron hannels searh proedureThis νe searh proess has been systematially applied on the loalized eventssummarized in table 5.12 and it onsists of a strategy based on two algorithms :the CS shower hint desribed in OPERA study [103℄ and the eletromagneti showerreonstrution and identi�ation thoroughly studied in setion 4.3.� CS shower hint : �rst an algorithm looks for lusters of traks in the CSorresponding to a shower. An eletron hint is validated if the luster is formedof at least three traks or more and if the position di�erene and angular di�erenebetween the luster and the other CS traks are stritly less than 2mm and 150mradrespetively.� Eletron identi�ation : it is applied on a standard 10 plates volume if the formerCS shower hint did not reognize the event as an eletron and on the entire brik if



124 5 Analysis Of Eletron Channels : Eletron Neutrino And τ → ethe CS shower hint algorithm did validate the event as an eletron andidate. Theresult of the shower identi�ation algorithm �nally distinguishes events ontainingan eletron from those without an eletron.The interest of the CS shower hint algorithm is to trigger events in the ine�ienyof the eletron identi�ation algorithm in a 10 plates volume whih an be reovered witha larger number of plates. If the vertex of the event is loated downstream the brik,less than 10 plates ould be available for analysis whih represents a di�ulty not only toidentify eletrons but also to estimate their energy and to measure the momentum of othertraks. In this ase, a two-briks analysis an be disussed as it is done in setion 4.5.1.Moreover, additional pattern reognition algorithms are used to improve theeletron identi�ation e�ieny. Those are CS to vertex hint, SB shower hint and gammahint, they are desribed in the work of U. Kose[103℄.5.3.3 Seleted eletron eventsVertex platenumber CorretedEletronenergy(GeV) EvisTT (MeV) pmisT (GeV/) Φhad (◦ ) IP (µm)43 9.1 1032.34 0.6 150 2.412 18.7 332.415 1.4 102 0.145 3.4 1106.35 1.4 140 0.428 27.8 668.387 1.5 159 1.653 3.0 487.298 0.2 - -35 4.0 339.42 0.7 65 0.649 2.5 387.681 0.4 111 3.04 23.3 855.084 1.6 153 3.537 6.5 1137.96 0.9 170 0.335 16.4 1131.8 0.7 134 0.943 11.1 406.227 0.2 174 1.047 5.4 413.25 0.3 153 1.131 25.1 950.462 0.9 62 0.241 13.6 2107.54 0.5 128 1.632 10.8 513.544 0.7 72 2.315 15.6 2108.2 1.1 130 3.646 8.3 1967.98 1.7 9 0.945 5.1 1821.45 2.6 153 0.431 24.7 1967.5 1.0 123 0.3Table 5.13: 2008 and 2009 eletron data summary with their assoiated kinematialvariables needed by the analysis.CS shower hint have triggered 86 events out of 505 events of the 2008-2009 dataampaign and the eletron identi�ation algorithm has on�rmed 19 of these. These



5.4 OPERA Performane On νµ → νe Osillation 125former νe events onstitute the data olletion given in table 5.13. For eah event, theeletron shower energy estimation has been proessed to measure the eletron energy.Other kinematial variables measurements have been also arried out : visible energy inthe TT EvisTT, the missing transverse momentum at primary vertex pmisT and the transversemomentum of a trak with respet to hadroni shower diretion Φhad.5.4 OPERA Performane On νµ → νe OsillationTable 5.13 gives all the information needed by the analysis proedure de�ned insetion 5.2.2 to optimize the SNR for a searh of a νe osillation signal in this dataset.First, one has to hek if these data are ompatible with the MC simulations used in theprevious analysis.5.4.1 Comparison of MC simulations with dataFigures 5.6 and 5.7 show plots of the input variables of the MC simulationssuperimposed with the distribution of these variables from the dataset.
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Figure 5.6: Comparison of the MC with data distributions of variables de�ned as inputsof the disriminating analysis : : EvisTT, Ee, pmisT and Φhad. Blak dotsrepresent the data. Yellow and green histograms orrespond respetively toMC simulation of all bakground soures and the signal normalised to data.
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Figure 5.7: Comparison of the MC with data distributions of the IP de�ned as an inputof the disriminating analysis. Blak dots represent the data. Yellow andgreen histograms orrespond respetively to MC simulation of allbakground soures and the signal normalised to data. The last bin showsthe over�ow of eah distribution.First, these MC distributions have been normalised to data sine this omparisonstudies the reliability of the OPERA simulation to separate the signal from the bakgroundhannels. In deed, the absolute normalisation of the MC does not ontribute to theseparation power of the kinematial variables.The IP distribution of the MC simulation has a long tail beyond 3.5µm whihis not ompatible with data. On the one hand, the IP ontribution in the signale�ieny with respet to the bakground rejetion in the disrimination study presentedin setion 5.2.2 is small (few perent). On the other hand, the vertexing algorithm usedin this study is basi and introdues some systemati e�ets on the IP omputation. Infat, the use of this vertexing algorithm is not straightforward with the data. The IP asan input variable to the MVA will be onsequently removed from the following analysis.Note that the DSP properly applied will provide a uniform algorithm for MC simulationsand data in the future.The agreement between MC and data is good for all other variables and espeiallyfor the eletron energy Ee. For the visible energy in the TT EvisTT, disrepanies areobserved but we know that eletromagneti omponent of the neutrino interation is poorin the EDs. If the agreement on the eletron energy is good, one an not forget that,as it has been presented in hapter 4, the systemati unertainty on the energy of theeletron showers is important espeially in the downstream half-brik where informationleakage beomes signi�ant : indeed our data are mainly loalized in this part. The energyestimation within two briks reported in setion 4.5.1 would improve this situation.



5.5 τ → e Searh 127The phi angle Φhad and the missing transverse momentum at the primary vertex
pmisT would be also a�eted sine they use the eletron energy to determine the momentumof the eletron trak.These distributions, showed in �gure 5.6, are given as inputs to the MVA forthe νe searh analysis whih lassi�es the data as signal or bakground with a ut on theFisher lassi�er de�ned in setion 5.2.2. In addition, from table 5.11, the MC expetationsin terms of event rates in the signal and in the bakground regions an be omputed withtheir assoiated systemati unertainties. The resulting numbers are given in table 5.14.MC expetations Signal 7.9± 2.7MC expetations Bakgrounds 18.9± 4.8Data seleted as signal 6±2Data seleted as bakground 13±4Table 5.14: Signal and bakground MC expetations versus data. MC expetationsunertainties are systemati. Data unertainties are statistial.Note that 9 events in the data have been lassi�ed as bakground by thepreliminary uts on the visible energy in the TT EvisTT and on the missing transversemomentum at the primary vertex pmisT .Table 5.14 shows learly an agreement between MC expetations and the dataproessed in the MVA taking into aount the unertainties.5.5 τ → e SearhOn the same priniple as the νe searh analysis, the performane of OPERA in
τ → e detetion an be studied based on the knowledge of the eletron detetion given inhapter 4 and of the event loation given by setion 3.2. A spei� proedure to searhfor τ -deay topology alled Deay Searh Proedure (DSP) is �rst presented as well as itsimplementation in this study. Then, the analysis presented in setion 5.2 is started oversearhing for τ → e detetion.5.5.1 The DSPAfter a neutrino interation is loalized in a sanning laboratory, the DSP,desribed in detail in the thesis of T. Strauss [56℄ has to be performed to �nd possibledeays downstream the primary vertex, as explained in setion 3.1.4. The DSP wasimplemented in the FEDRA framework and was hene applied to the MC generatedevents. With studies done in Bern, the need of a ommon proedure for event analysiswas shown and the DSP was optimized using these results, espeially taking into aount ahigher number of emulsion �lms to be sanned to reover e�ieny losses of reonstrutedtraks due to bad emulsion quality. However, this proedure has not been yet fullyimplemented in the OpEmuRe framework whih delays its use for the τ → e searhstudy.



128 5 Analysis Of Eletron Channels : Eletron Neutrino And τ → eThe working group in harge of the development of the DSP algorithm hasnevertheless omputed e�ienies, summarized in table 5.15, for the τ → e hannel.But they annot be used further in this work sine the DSP e�ieny of misidentifyingbakground hannels as a deay topology is unknown. The kinematial and topologialseletions will be applied in the exat same way as for the νe searh and, as a �rstapproah to the DSP e�et on the event rates, the most disriminant riterion of theDSP, the IP ut - IP < 10µm - will be applied.
τ → e DIS τ → e QELong deays Short deays Long deays

58.4± 2.2 % 54.8± 2.2 % 22.1± 1.7 %Table 5.15: The DSP e�ienies for di�erent topologies long and short deay for τ → ehannels QE and DIS proesses [104℄.5.5.2 Disrimination of the τ → e signal with respet tobakground hannelsThe loation e�ieny as well as the eletron identi�ation e�ieny have beenestimated with their statistial and systemati unertainties in setion 3.2 and 4.3. A setof disriminating variables is also desribed in setion 5.1.3 and their ontribution to eahhannel has been studied in setion 5.2.1. Figure 5.2 shows that none preliminary ut anbe performed before the MVA in order to redue the bakground ontribution withouta�eting the signal e�ieny. The same statistial tools as those desribed in setion 5.2.2will be used. The signi�ane as de�ned in equation 5.8 will be looked at to estimate theperformane of these analyses.Figure 5.8 shows the distribution of lassi�ers omputed in the two analysismethods and their separation apability is illustrated in table 5.9.
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Figure 5.8: Distribution of lassi�ers for the Fisher method on the LHS and the ANNone on the RHS for the νµ → ντ (τ → e) signal and for all bakgroundombined.



5.5 τ → e Searh 129Figure 5.8 shows that the lassi�ers distributions for signal and bakground aresuperimposed. It is thus di�ult to set a ut to separate them e�iently.Classi�er Optimal ut Signi�ane Signal e�ieny Bakground e�ienyFisher 0.53 22.4 1 1ANN -0.011 22.6 1 0.95Table 5.16: Optimal ut on lassi�ers and their assoiated signi�ane, signal τ → eand bakground e�ienies.The τ → e signal e�ieny versus the purity is plotted and shown in �gure 5.9and a summary of the τ → e signal e�ieny as a funtion of the bakground rejetion isgiven in table 5.17.
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Figure 5.9: E�ieny versus purity for the τ → e signal with respet to the bakgroundsoures for the two methods Fisher and ANN.
MVA method τ → e Signal e�ienywith bakground at 10% τ → e Signal e�ienywith bakground at 30%Fisher 0.05 0.14ANN 0.21 0.45Table 5.17: Signal e�ienies for both methods Fisher and MLP for di�erent values ofthe bakground ontamination.



130 5 Analysis Of Eletron Channels : Eletron Neutrino And τ → eThe onlusion to this study is that is too di�ult to separate the τ → e signalfrom the bakground soures, espeially from the νe without taking into aount properlythe kink topology using the DSP proedure.5.5.3 Expeted event ratesSeletion e�ienies have been obtained from the MVA reported in setion 5.5.2,inluding event loation and eletron identi�ation, one an ompute the �nal optimizedexpeted number of events in the OPERA experiment in table 5.18. The unertaintieson the rates are systemati and are omputed with the quadrati sum of the systematiunertainties on the �uxes quoted in table 2.5, on the event loation quoted in table 3.6and on the eletron identi�ation quoted in setion 4.3.3. In fat, those unertaintiesare onsidered as unorrelated sine we simply ount event numbers to estimate theserates without utting on a in�uene parameter of this study, for instane the energy ofeletrons.
τ → e signal osillated νe prompt νe νNCµ νCCµ

mis−−→ νNCµExpeted neutrinoevents in 2008-2009 2.9±0.3 4.6±0.3 31.5±2.4 1180±120 3530±360Event loation +eletronidenti�atione�ieny 0.21±0.02 0.323±0.023 0.51±0.04 (5.0±0.3)
×10−3

(7.7±0.6)
×10−4Nevt expeted in2008-2009 0.61±0.09 1.49±0.15 16.1±1.7 5.9±0.7 2.7±0.3Nevt expeted �

22.5× 1019p.o.t. 2.6±0.4 6.3±0.6 68±7 25±3 11.5±1.3Nevt expeted �
22.5× 1019p.o.t.after MVA 2.6±0.4 5.3±0.5 62±6 24±3 10.9±1.2Table 5.18: Neutrino rates expeted in the OPERA experiment for �ve nominal years,i.e. 22.5× 1019p.o.t.. The MNSP parameters value was extrated from theglobal analysis of G.L. Fogli et al.[27℄.The expeted number of τ → e events in 2008-2009 is ompatible with our datasine there is still no suh event. Here, the MVA gives poor results beause of the abseneof a proper estimation of the event topology. The observation of a νµ → ντ (τ → e)osillation signal is possible with a signi�ane of 0.3σ inferred from 2.6 signal eventsdivided by the square root of (2.6+5.3+62+24+10.9) bakground events.With an IP ut, the observation would be somehow not too limited by variousbakground soures thanks to the good rejetion apability of this future study as a globalanalysis whih would be run on OPERA data sample to see if a τ → e andidate ouldemerge.



131In onlusion, this hapter has shown a alulation of the event rates expeted inthe OPERA experiment based on a full MC simulation of the detetor for the νµ → νeosillation study. A MVA has been set and has shown a good apability to rejet llthe bakground soures to let an osillation signal emerge with a signi�ane of 1.0 σomputed with MC simulations for the nominal luminosity.A MC/data omparison has been given for this analysis and has shown a goodagreement. It also stressed that a dediated study of the π0 bakground onduted onboth MC simulations and OPERA data is ruial as well as a dediated photon/eletronseparation algorithm.Finally, another osillation study in the νµ → ντ (τ → e) hannel has been arriedout and has shown a limited potential without a proper DSP. Nevertheless, the systematistudy performed for the νµ → νe osillation study will be useful for the study of the τ → emode.



132 Conlusion



ConlusionThe OPERA experiment is designed to measure the νµ → ντ osillation inappearane mode in the muon neutrino CNGS beam. The signature of this signal issearhed with the tau detetion through its deay hannels, among them the eletronione. Thanks to a sensitivity to eletrons, OPERA an also investigate the osillation inthe νµ → νe hannel through the detetion of eletrons esaping the eletron neutrinointerations. This thesis work has allowed to develop analysis tools to optimize andestimate the OPERA apability in measuring the νµ → νe osillation and eventually,setting a onstrain on the mixing angle θ13. It also gives the performane in the νµ → ντosillation detetion in the eletroni deay of the tau lepton.We present a alulation of the neutrino expeted rates and their assoiatedunertainties in the OPERA detetor based on the present knowledge of the beamomposition, neutrino ross setions and status of the OPERA detetor. In the2008-2009 data sample, without taking into aount any detetor and seletion e�ienies,4.6±0.3 osillated νe events are expeted in the detetor while all assoiated bakgroundsoures ontributes to 2.9±0.3 events for the τ → e hannel, 1180±120 events forthe νµ NC hannel, 31.5±2.4 events for the prompt νe hannel, 2.1±0.5 for theprompt νe QE+RES hannel and 138±14 for the νµCC mis−−→ νµNC hannel ; for the nominalluminosity aumulated for the total duration of the experiment, a multipliation fatorof 4.25 is applied. These rates are not only neessary to estimate the OPERA sensitivityto the νµ → νe osillation but are also used as inputs in the MC simulation of the detetor.The result of the analysis of this simulation and its omparison to data in terms of eventloation is also reported. It gives event loation e�ienies of (64± 5)% for the osillated
νe hannel and (52± 6)% for the νµ → ντ (τ → e) hannel.The purpose of this thesis work, using the eletron detetion, the reonstrutionand analysis of eletromagneti showers is ruial. The identi�ation of eletron showerand its energy estimation are based on the use of an Arti�ial Neural Network tool inthe ROOT framework. The performane of the eletron identi�ation and the energyestimation are assessed with MC simulations. The eletron identi�ation requires thestandard volume of 10 plates (1.8X0) to ahieve e�ienies of (80±17)% for the νµ → νe(e)hannel and (87±26)% for the νµ → ντ (τ → e) hannel. The energy estimation has tobe used with at least 20 plates (3.5X0) to reah the best performane. A orretion hasbeen de�ned to the energy of eletrons as a funtion of the shower axis angle to ome toa alorimetri resolution of σE

E
= 50%.Finally, the results of this study are ombined to searh for the osillation signalsin the two studied hannels. A MultiVariate Analysis (MVA) in the TMVA software is run133



134 Conlusionwith MC simulations in order to determine the apability of our experiment to isolate theosillation signals among all bakground soures. The relevant kinematial variables toseparate the di�erent ontributions are the visible energy in the Eletroni Detetors, theeletron energy, the missing transverse momentum at the primary vertex and the anglebetween the eletron and the transverse momentum of the hadroni shower. A dediatedproedure to searh for νe events in data has been proessed on the 2008-2009 data sampleand implemented in the simulation. The omparison between the MC expetations andthe 2008-2009 data gives a good agreement. For the nominal luminosity aumulated forthe total duration of the experiment, the result of the MVA analysis shows a possibilityto measure the νµ → νe osillation in the OPERA experiment with a signi�ane of 1.0σ.The νµ → ντ (τ → e) osillation signal is expeted to be measured with a signi�ane of
0.3σ. Nowadays, nulear reator experiments have measured θ13 and on�rmed the3ν osillation piture. These latest results lead the present neutrino experiments toinvestigate the remaining undetermined parameter : the CP violation phase δ. In additionthe �rst or seond otant value of the atmospheri mixing angle θ23 is still to determine.
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Appendix ANeutrinos And The Standard Model
A.1 The Standard ModelThe Standard Model (SM) desribes the strong, eletromagneti and weakinterations of the known elementary partiles where interations are represented by theexhange of mediator elementary partiles.The strong interation is the fore responsible of the binding between protons andneutrons in an atom nuleus and also of the ohesion of quarks omposing these partiles.This interation is very peuliar sine its oupling onstant inreases as a funtion of thedistane between the two interating partiles but shows an asymptoti freedom whenthe distane is of the order of the atom radius. The mediator of the strong interation isoloured, i.e. harged with respet to the strong interation, and therefore an interatwith itself. This self oupling of the mediator is responsible of the inreasing ouplingonstant with the distane.The eletromagneti interation is the fore responsible of the binding of eletronsto the nuleus in an atom. It orresponds to the exhange of photons between hargedpartiles.All partiles are sensitive to the weak interation but its oupling onstant issmall ompared to the previous fores beause its mediators are massive implying a shortrange interation.The SM is a renormalizable gauge theory based on the quantum �eld theorythat merges the quantum mehani and the speial relativity. The symmetry groupthat desribes the interations is SU(3)C × SU(2)L × U(1)Y with U stands for a unitarymatrix, S means that the determinant of the matrix is equal to 1, the number N betweenbrakets is the dimension of the matrix N× N. The indies rely eah group on aninteration : C means olor and stands for the strong harge, L means left-handed andstands for the weak interation sine it violates parity and Y means weak hyperharge,together with the isospin I3, the weak harge, it gives the eletri harge through theGell-Mann-Nishijima relation: Q = I3 + Y

2
. The SU(3)C term is the gauge group ofthe strong interation mediated by 8 massless gluons (g). The theory behind is alledQuantum ChromoDynamis (QCD) and it an be deoupled from the other interations.141



142 A Neutrinos And The Standard ModelThe SU(2)L and U(1)Y terms orrespond to the weak and eletromagneti interationsrespetively. The uni�ation of these two interations leads to the eletroweak interationmediated by bosons, partiles with spin 1 : three massive ones for the weak fore (W±, Z0 )and a massless one (the photon γ) for the eletromagneti fore.The elementary partiles are divided into two ategories fermions, partiles withspin 1
2
, and bosons, partiles with spin 0 or 1. On the one hand, fermions are separatedinto quarks and leptons. Quarks are sensitive to all interations unlike leptons that aresensitive only to the eletroweak interation. Among the leptons, it should be remarkedthat neutrinos are neutral and thereby only subjet to the weak fore resulting in a smallross-setion responsible of their elusive nature. Their interations are through hargeurrent with the exhange of a harged weak boson W± or through neutral urrent andthe exhange of the weak neutral boson Z0. There are three generations where the twolast generations are replia of the �rst one with a higher mass. In the ase of neutrinos,it is the eletron neutrino νe assoiated to the eletron (e−), muon neutrino νµ assoiatedto the muon (µ−) and tau neutrino ντ assoiated to the tau (τ−). Table A.1 summarizesthe partiles of the SM and their properties.Generation First Seond Third

νe Q = 0 νµ Q = 0 ντ Q = 0Leptons mass< 2 × 10−6 MeV mass< 0.19 MeV mass< 18.2 MeVspin=1

2 e Q = −1 µ Q = −1 τ Q = −1mass= 0.511 MeV mass= 105.7 MeV mass= 1.777 GeV
u Q = 2

3 c Q = 2

3 t Q = 2

3Quarks mass= 1.7 − 3.3 MeV mass= 1.27 GeV mass= 171.2 GeVspin=1

2 d Q = − 2

3 s Q = − 2

3 b Q = − 2

3mass= 4.1 − 5.8 MeV mass= 101 MeV mass= 4.2 GeVInteration Eletromagneti Weak Strong
W±

Q = ±1Bosons γ Q = 0 mass= 80.399 MeV g Q = 0spin=1 mass= 0 MeV Z0
Q = 0 mass= 0 MeVmass= 91.1876 MeVTable A.1: Summary of the elementary partiles of the SM, the interation mediators.Mass and harge of eah omponent are given. Quarks do not exist as freepartiles, the indiated masses are the input parameters of the QCD. Theneutrino masses are derived from weak deays kinematis. Theorresponding elementary antipartiles of the elementary partiles have thesame mass and opposite harge. Note that the Higgs boson, mediator of themass generation, is absent of this table.[21℄



A.1 The Standard Model 143This panorama has to be ompleted by the Higgs boson of spin 0 that givesrise to mass terms for the elementary partiles and massive bosons through the Higgsmehanism. The disovery of this partile is one of the main purpose of the experimentstaking plae at the Large Hadron Collider (LHC) at CERN in Geneva (Switzerland). AtM. Goldhaber et al. experiment's time [9℄, neutrinos were thought massless until neutrinoosillation was disovered. The SM desribes aurately the experimental observationsbut it is nevertheless believed to be an e�etive theory at low energy sine the strong andeletroweak interations are not yet merged and the gravitation is not aounted for. Fornow, tests have been performed to look for new physis unsuessfully.
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Appendix BNeutrino Properties
B.1 The Disovery Of NeutrinosThe neutrino1 was �rst postulated by W. Pauli in 1930 in an attempt to save thepriniple of energy onservation. β-deay was believed to be a 2-body deay orrespondingto disrete values of the energy for the emitted eletron but the β-deay spetrum of thetritium 3H → 3He+ + e− + νe was found to be ontinuous what mathed a situation withanother partile in the �nal state. When E. Fermi developed his theory of weak interation[1℄ inluding the β-deay as a 3-body proess, he deided to all the famous Pauli neutralpartile "neutrino" ; it was in 1934. On the same year, H. Bethe and R. Peierls showed thepeuliar nature of the neutrino beause they alulated its ross setion [2℄ and preditedthe neutrinos were not easy to be deteted. However the inverse β-deay : ν+p→ n+e+reation was used by F. Reines and C.L. Cowan in 1956 to detet neutrinos for the �rsttime. They used 2 tanks of 200 litres of a mixture of water and admium hloride eahas a �duial target and 3 tanks of 1400 litres of liquid sintillator eah as detetors ofharged partiles plaed in the viinity of the Savannah River nulear power plant in SouthCarolina (USA) and found an event rate ompatible with 3 per hour. By measuring thislow rate with respet to the huge number of neutrinos produed in a reator ore, theyon�rmed the elusive harater of the neutrino. In addition, preise measurements of theenergy spetrum of the β-deay proess [4℄ gave hints of the smallness of the neutrinomass implying a massless neutrino in most of theoretial alulations inluding the SM.Later, in 1962, L. Lederman et al. [5℄ observed neutrinos in the pion deay whihmainly produed muons when interating. This neutrino was identi�ed to be of muontype νµ.

1The neutrino was �rst alled neutron but was renamed in 1933 to neutrino by E. Fermi after thedisovery of the neutron in 1932 by J. Chadwik. 145



146 B Neutrino PropertiesB.2 Parity Non-ConservationIn 1956, T.D. Lee and C.N. Yang made a review of the latest experimentalresults and showed that there was no evidene for parity onservation in the weakinteration [105℄. To hek if parity is onserved, in 1957, C.S. Wu and her olleaguesdeided to look at the β-deay of polarized 60Co nulei [106℄. A 60Co sample was ooled(0.003 K) and plaed in a solenoid (2.3 T) so that the 60Co total angular momentumis aligned with the magneti �eld diretion. The parity operator reverses the partilesmomenta while leaving the spin unhanged. Thus, if parity is onserved, eletrons shouldbe emitted isotropially in the 60Co sample rest frame. A detetor was plaed abovethe 60Co sample to detet eletrons. As an be seen on �gure B.1, it was found thatthe eletrons were preferentially emitted in the opposite diretion of the magneti �eld,even when it was reversed. It was a strong indiation that parity is violated by theweak interation leading to the V-A struture of the weak interation where V stands forvetor and A for axial vetor, with A remaining una�eted under the parity operator onthe ontrary of the V part.

Figure B.1: Counting rate over ounting rate mean value when the 60Co sample is warmas a funtion of time. One an see that eletrons are preferentially emittedin the opposite diretion of the magneti �eld indiating parityviolation [106℄.C.S. Wu et al. later on�rmed these observations on β+ emitters and even morebeautifully demonstrated by M. Goldhaber et al. in 1958 that moreover determined theneutrino heliity. The heliity being de�ned as the projetion of the angular momentum
~S on the momentum ~P : h =

~S · ~P
|~S| |~P| (B.1)



B.3 Measurement Of The Neutrino Heliity 147The parity operator reverses the momentum but not the angular momentum andthus the sign of the heliity should hange under the appliation of the parity operator.B.3 Measurement Of The Neutrino HeliityThe Goldhaber experiment proved that neutrinos have negative heliity and thatthe parity is maximally violated by the weak interation. M. Goldhaber et al.[9℄ used
152Eu that, after apturing an orbital eletron, deays into a neutrino and 152Sm∗ whihsubsequently deays to 152Sm and a γ :

e− + 152Eu (J = 0) −→ 152Sm∗ (J = 1) + νe (B.2)
152Sm∗ (J = 1) −→ 152Sm (J = 0) + γSine 152Eu has an angular momentum (J) equal to zero, the neutrino spin andthe 152Sm∗ angular momentum should have opposite orientations following the eletronspin orientation. Furthermore, the 152Sm∗ deays into 152Sm that has J=0 and a γ thatshould thus have a spin aligned with the angular momentum of 152Sm∗. The heliityof the γ is the same as the 152Sm∗ that should then be the same as the neutrino sinethey have both opposite momenta and angular momenta. Hene measuring the γ heliitygives the neutrino heliity. As shown in equation B.1, to measure the heliity, one hasto determine the partile momentum and its polarization. It was respetively ahievedthrough resonane and the use of a magnet. The resonane is ahieved when the emitted γan be reabsorbed on 152Sm∗. However, some energy is lost in the reoil during the deayand in the possible re-absorption proess. The Doppler shift an reover this energy lossonly if the neutrino is emitted in a preise diretion allowing the neutrino momentumdetermination [107℄. It has been found that the neutrino has only a negative heliityleading to a neutrino mass set to zero in the SM. A similar experiment for antineutrinoshas been arried out involving the emission of a photon following the positron deay ofthe 203Hg nuleus. The polarization is onsistent with the earlier statement that onlyright-handed antineutrinos take part in weak interations.B.4 The Seond Generation Of NeutrinosIn the 1960's, two leptons, the eletron and the muon, were known and only oneneutrino without knowing if it should be assoiated to one lepton or to both of them. In1962, L. Lederman, M. Shwartz and J. Steinberger found that neutrinos from pion deaysare related to muons showing the existene of two generations: (e, νe) and (µ, νµ). Pionswere aelerated towards a detetor at Brookhaven National Laboratory (USA) made ofspark hambers. From the pion deay in �ight arose a muon and a neutrino with themuon being stopped by a beam dump before deay. Measurements of harged urrentneutrino interations in oinidene with the beam yielded 29 muons and 6 eletrons withthe 6 eletrons being ompatible with the bakground expetations [5℄. It was thereforethe disovery of the νµ.



148 B Neutrino PropertiesB.5 Disovery And Study Of Eletroweak Currents AtCERNFrom the observations, theorists attempted to build a satisfatory theory of theweak interation. Several problems arose and were solved leading around 1973 to a viablerenormalizable gauge theory prediting, in addition to the mediators of harged urrent,the harged bosons W, the existene of neutral urrent mediated by a massive boson alledZ. The Gargamelle experiment was a large bubble hamber ylinder operated under a 2Tmagneti �eld loated at CERN in Geneva (Switzerland). Alternatively, neutrinos andantineutrinos were produed using the SPS to be deteted through interations eitheron eletrons or nulei. In the ase of neutral urrent, the signature would be a uniquesattered eletron or hadrons respetively. The exitement for neutral urrent beganwith the observation of an isolated sattered eletron in an antineutrino run. In 1973,the experiment laimed the observation of 102 neutral urrent events. In 1974, it wasshown that they have a �at spatial distribution ompared to the bakground one givingstrong on�dene in the result and thereby in the reently elaborated theory of the weakinteration [108℄. In addition, the W and Z bosons were disovered in 1983 by UA1 (andsubsequently UA2) experiment [109, 110℄ at the SPS aelerator, a protons-antiprotonsollider at CERN. In the 1990's, the Large Eletron Positron (LEP) ollider studied theproperties of Z and W with high statisti positron-eletron ollisions allowing preiseknowledge of the energy in the enter of mass. The W resonane was �rst found inthe neutrino hannel thanks to the missing energy and the Z resonane allowed thedetermination of the number of neutrino generations.B.6 Number Of Neutrino GenerationsThe neutral Z boson deays into a fermion and the assoiated antifermion.Hadrons and leptons are deteted while neutrinos are not. However, they ontributeto the total Z boson width. The number of neutrino speies Nν is inferred through [8℄ :Nν =
Γinv
Γl ( Γl

Γν

)SM = 2.9840± 0.0082 (B.3)where Γinv is determined from the measurements of the deay widths to all visible�nal states and the total width, Γl is a lepton �avour ontribution to the width and Γνis the theoretial ontribution of one neutrino �avour. The ratio Γl
Γν

is used to redue theunertainty.As an be observed on �gure B.2, the Z width was found to be best �tted bythree neutrino �avours. It has however to be notied that it is a proof of the existene ofonly three speies that are ative with a mass lower than 45.5 GeV orresponding to theZ mass divided by two. There is a possibility of sterile neutrinos that do not ouple tothe Z boson from some osillation experiments [111℄.



B.7 The ντ Disovery 149

Figure B.2: Measurements of the hadron prodution ross-setion around the Z0resonane. It is best �tted by the existene of three neutrino speies [8℄B.7 The ντ DisoveryThe τ lepton was disovered at SLAC in the USA in 1975 leading to the hypothesisof the ντ existene. The τ lepton was found to be heavy with 1.8 GeV/2, implying atravel distane of a few mm before its deay. It was therefore very di�ult to reveala ντ CC interation. The �rst on�rmation of its existene ame from the Z width atLEP and its diret detetion was brought only in 2000 by the DONUT experiment atFermiLAB (Chiago, USA) [7℄. This experiment was using emulsions for a satisfatoryspatial resolution and an aurate determination of the kink pattern of τ deays that isdue to the high mass di�erene between the τ and its daughter partiles.
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Appendix CAddendum To Neutrino Properties
C.1 A Left-Handed Neutrino ?First, if one assumes a fermion, i.e. a neutrino, it an be desribed by the Diraequation : Hψ = (−→α · −→p + βm)ψ (C.1)Considering neutrino has a zero mass, it gives two deoupled equations fortwo-omponent spinors χ(p) and Φ(p) :Eχ = −−→σ · −→p χ (C.2)EΦ = +−→σ · −→p Φwhere σ are 2x2 Pauli matries.Then, eah of these equations has respetively a solution whih desribes a partilewith a positive energy and a negative heliity λ = −1

2
for the �rst one : a left-handedneutrino νL and an antipartile with a negative energy and a positive heliity λ = +1

2for the seond one : a right-handed antineutrino νR. At this point, a useful reminderabout weak interations is needed : the weak urrent Jµ for an eletron and its neutrinois de�ned by : Jµ = ψeγ
µ1

2
(1− γ5)ψν (C.3)where this form is alled the V-A form and ψe stands for the eletron wave-funtion,

ψν stands for the neutrino wave-funtion and γµ and γ5 stand for Dira operators. The
1
2
(1− γ5) term ensure the V-A form and that parity will be maximally violated through :

1

2
(1− γ5)uν =

(I 0
0 0

)(

χ
Φ

)

=

(

χ
0

) (C.4)151



152 C Addendum To Neutrino PropertiesAs far as the neutrino interats only by the weak urrent, it beomesstraightforward from equation C.4 that only a left-handed neutrino and a right-handedantineutrino, respetively an exist. Of ourse, this statement an only be made if theneutrino mass is stritly zero. Otherwise, the development is the same as for a standardmassive lepton whih an have both negative or positive heliities.C.2 See-saw MehanismSine di�erent experiments bring the evidene of a massive neutrino, espeiallyabout neutrino osillation as shown in setion 1.1, it is needed to look beyond a modelwhere the neutrino is massless and �nd the theoretial origin of the neutrino mass. Themehanisms of neutrino mass generation are not really understood ; in fat, mehanismsof the eletron mass generation is not yet understood as well, but several possibleexplanations an be disussed. Neutrino mass should be onsidered in the general ontextof all fermion masses. Two topis an be distinguished : origins of the smallness of neutrinomass ompared to masses of harged leptons and quarks and origins of the di�erene ofmixing pattern between leptons and quarks. Both of them are disussed in the leture ofA. Smirnov[18℄.Setion 1.2.2 set the di�erent mass terms, nevertheless setion 1.2.2.2 explainedthat mL annot break the eletroweak symmetry whih leads to exlude this term fromthe mass matrix sine the mass generation ours through oupling to a Higgs doublet.Consequently, the mass matrix turns to :
M =

(

0 mD
mTD MR) (C.5)After diagonalisation of that matrix, the mass eigenstates are :

|m±| =
1

2
(MR ±

√

M2R + 4mDmTD) (C.6)The See-saw limit assumption is MR ≫ mD whih allows to distinguish twoneutrinos with two masses at di�erent order : mheavy ∝ MR and mlight ∝ mDmTD
MR . Theword see-saw beomes meaningful sine the produt mheavymlight = mDmTD having to beonstant. IfMR tends to be large,mlight will be small whilemheavy will be large. Typially,

MR ould onverge to the MGUT sale whih means a large value and a window openedon the new physis.



C.3 β-Deay Experiments 153The mass eigenstates aording to the See-saw mehanism are :
νLlight = νL +√ mlight

mheavy νCR (C.7)
νLheavy = νR +

√

mlight
mheavy νCL

νRlight = νCL +

√

mlight
mheavy νR

νRheavy = νCR +

√

mlight
mheavy νLFinally, the left-handed neutrino desribed in the weak interation is a mixtureof the left-handed light neutrino and the right-handed heavy neutrino.C.3 β-Deay Experiments

β-deay is a three body deay with the emission of an eletron and a νe :AZY → AZ+1X+ e− + νe (C.8)The mass di�erene between the initial and �nal states gives the exess energyQ (end point) that is shared between the νe and the e− by negleting the X atom reoil.Hene, if the neutrino is massive, it a�ets the Q value but also the di�erential deay rate
dN
dT given by :

dN
dT ∝ (Q− T)√(Q− T)2 −m2

νe
(C.9)where T is the eletron kineti energy and mνe the neutrino mass.One an see on �gure C.1 and from equation C.9 that the e�et of the neutrinomass is the most pronouned lose to the end point. Consequently, the β-deaying isotopehas to be hosen in order to have as muh deays as possible in this region. This is ahievedwith an atom showing a small Q-value (18.57 keV) and a short half-life time (12.3 years)as tritium (3H). Experimentally, eletrons of the Q-value region are seleted thanks tothe ombination of magneti and eletri �elds. The past experiments Mainz [112℄ andTroitzk [113℄ measured respetively at 95% C.L.:

mνe < 2.3 eV (C.10)
mνe < 2.5 eV
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2 x 10-13   

 mν = 1 eV

a)
b)

mν = 0 eV

Figure C.1: The eletron energy spetrum of tritium β-deay: the omplete spetrum onthe LHS and the narrow region around the end point E on the RHS. The
β-spetrum is shown for neutrino masses of 0 and 1 eV [114℄.The two ollaborations have merged in an experiment with an improvedsensitivity alled KArlsruhe TRItium Neutrino experiment (KATRIN) that will soon startand try to lower the sensitivity down to 0.2 eV [29℄.C.4 Neutrinoless Double β-Deay ExperimentsIn the SM, the double β-deay is a seond order eletroweak transitionoverwhelmed by the lassial β-deay unless the latter is forbidden. This happens forinstane to the 76Ge where the β-deay daughter nuleus 76As has a higher energy levelon the ontrary of 76Se allowing the double β-deay to be viewed through the spetrumof the two eletrons. An interesting ase is the possibility to see the neutrino emitted atthe �rst β-deay vertex being reabsorbed at the seond β-deay vertex : the neutrinolessdouble β-deay as illustrated on �gure C.2. Let us take for instane the ase of 2e2νe.The antineutrino emitted at the �rst vertex has positive heliity while to be absorbed atthe seond vertex, it should be a neutrino of negative heliity. Thereby, this reation isuniquely possible for massive Majorana neutrinos. Note that a Dira partile has the twoheliities only if it is massive. Furthermore, only Majorana neutrino exhibits the equalitypartile-antipartile. The neutrinoless double β-deay half-life of a nuleus N , T 1

2
(N) isgiven by : T−1

1
2

(N) = F(Qββ,Z)|M2|〈mν〉 (C.11)where M2 and F(Qββ,Z) are the nulear matrix element and the phase spae fator,respetively, and mν is the e�etive Majorana mass.



C.4 Neutrinoless Double β-Deay Experiments 155

Figure C.2: Feynman diagram of the neutrinoless double β-deay [115℄One should look for the highest phase spae fator element orresponding tothe highest end point nuleus out of the 35 double β-deay emitters in the perioditable. Several experiments have been arried out with di�erent tehniques (germaniumrystals, bolometers, traking detetors) and di�erent nulei (germanium, tellure dioxide,molybdene, selenium, xenon) reahing a sensitivity for instane for one of them, Nemo3, of
〈mν〉 < 0.3−1.3 eV. No signal has been yet observed but future generations of experimentare in development inreasing the mass of double β-deay emitter and will expet asensitivity of 〈mν〉 < 0.04− 0.4 eV depending on the tehniques employed.
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Appendix DPhenomenology Of EletromagnetiShowers
D.1 Passage Of Charged Partiles Through MatterCharged partiles, like pions, muons, kaons or protons, having an energy lowerthan 100GeV, loose energy in matter primarily by ionization and atomi exitation.Nulear di�usion are, usually, negligible in the alulation of the energy loss. The meanrate of energy loss (or stopping power) is given by the Bethe-Bloh equation D.1 :

−dE
dx

= Kz2 ZA 1

β2

[

1

2
ln

2mec
2β2γ2TmaxI2 − β2 − δ

2

] (D.1)
where z is the harge of the inident partile, Z and A are the atomi number and theatomi mass of the absorber respetively, Tmax is the maximum kineti energy whihan be imparted to a free eletron in a single ollision, I is the mean exitation energymeasured in eV and K = 4πNAr

2
emec

2 measured in MeV.mol−1.m2. The average energyloss has a very harateristi dependene on the veloity of the inident partiles as shownfor a muon going through opper on �gure D.1. The funtion is haraterized by a broadminimumwhih position drops from βγ = 3.5 to 3.0 as Z goes from 7 to 100. In this energyregion, the inident partile are alled Minimum Ionizing Partile (mip) and, expressingthe absorber thikness in unit of x = ρ∗d, where ρ is the density of the absorber (g.m−3)and d is the thikness (m), it is found that for a mip the average energy loss varies from avalue of 2MeV.g−1.m2 for low-Z materials to 1.1MeV.g−1.m2 for high-Z materials, suhas lead. For lower βγ-values than in the mip region energy loss inrease as 1/β2 while forgreater βγ-values, as in eletron showers energy range in OPERA, energy loss inreasesapproximately logarithmially. 157
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Figure D.1: Stopping power (= 〈−dE/dx〉) for positive muons in opper as a funtion of
βγ = p/Mc [70℄.

D.2 Multiple Coulomb SatteringA harged partile traversing a medium is de�eted by many small anglesatterings. Most of these de�etions are due to Coulomb sattering from nulei, andhene the e�et is alled Multiple Coulomb Sattering (MCS). For hadroni projetiles,the strong interations also ontribute to multiple sattering. The Coulomb satteringdistribution is well desribed by the theory of Moliere. It is roughly Gaussian for smallde�etion angles, but at larger angles, greater than a few θ0 de�ned in D.2, it behaveslike Rutherford sattering, having larger tails than does a Gaussian distribution. It issu�ient for many appliations to use a Gaussian approximation for the entral 98% ofthe projeted angular distribution, with a width given by D.2.
θ0 =

13.6 MeV
βcp

z√ xX0

[

1 + 0.038 ln

(

xX0

)] (D.2)where p, βc and z are the momentum, the veloity and the harge of the inomingpartile, respetively and xX0
is the absorber thikness in term of radiation length expressedin 4.1. Sine this formula is depending on the momentum of the passing through partile,it an be used for partile identi�ation.



Appendix EStatistial Methods
E.1 Linear Method : The Fisher DisriminantThe Fisher disriminant has been introdued by the genetiist Sir Ronald Fisherin 1936 [116℄ in order to lassify iris aording to their physial properties. This methodombines linearly the input variables to reate an output variable optimized to separatetwo populations. The oe�ients of that linear ombination are alled Fisher's oe�ients.This output variable determines an axis in the input variables spae where lassesprojetions (signal and bakground) are well separated keeping populations of eah lassas on�ned as possible.Let us onsider a sample exlusively omposed by events to lassify in twoategories signal and bakground and a vetor X of n variables X = (x1, x2, . . . , xn).Xs and Xb are the vetors orresponding to signal and bakground respetively.The mean distributions vetors are de�ned as 〈Xs〉 = (〈xs1〉, 〈xs2〉, . . . , 〈xsn〉) and
〈Xb〉 = (〈xb1〉, 〈xb2〉, . . . , 〈xbn〉). The event lassi�ation of the two populations will dependon :� the mean value of the distributions for eah sample, signal and bakground merged� the mean value of the distributions for eah sample and for eah variable, signal andbakground separated� the ovariane matrix C given by the relation C = B +W where B and W are twoovariane matries desribing the spread with respet to the mean value of thewhole sample for B (Between) and with respet to the mean value of the properlass W (Within).The Fisher's oe�ients Fk are given by [117℄ :Fk =

√NsNbNs + Nb n
∑

l=1

W−1
kl (x

s
l − xbl ) (E.1)where Ns and Nb are the number of signal and bakground events respetively.159



160 E Statistial MethodsThe Fisher's disriminant for event i is then given by the relation :F(i) = F0 +
n
∑

k=1

Fkxk(i) (E.2)where F0 is the o�set whih entres the disriminant value about 0 for all the lasses of thesample. An example of a Fisher's disriminant distribution is shown below in �gure E.1,details of the analysis whih inferred this plot is given in the setion 5.2.
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Figure E.1: Example of a Fisher's disriminant distribution. The signal is in blue andthe bakground in red.
E.2 Non-Linear Method : The Arti�ial NeuralNetworkAn Arti�ial Neural Network (ANN) is an analysis tool whih the priniple derivesfrom the biologial neural network. A neuron is formally a non-linear parametrizedfuntion of several variables alled inputs whih an give one or several output variables.A neural network is thus a ombination of parametrized funtions whih an be simpli�edwith respet to a biologial neural network by only allowing one-way onnexions from alayer to another one, i.e. neurons of a layer n are fed with inputs oming from neurons ofthe layer n−1 and feed neurons of the layer n+1. Note that there is no onnexion betweenneurons belonging to the same layer. This kind of network is known as a MultiLayerPereptron (MLP) omposed at least of one input layer of neurons and one output layerof neurons, then hidden layers an be inserted in between as shown on �gure E.2.



E.2 Non-Linear Method : The Arti�ial Neural Network 161

Figure E.2: Example of a simple neural net struture.A weight is assoiated to a onnexion between two neurons meaning that theoutput of a neuron is multiplied and then given as an input for the following neuron. Ifthere are multiple inputs for one neuron, they are linearly ombined to feed this neuron.The typial response of a neuron is a non-linear funtion ombining all inputs. Thisfuntion is usually a sigmoid whih is a realisti binary response :f(x) = 1

1 + e−kx (E.3)The arhiteture of the ANN, number of layers and number of neurons per layer,is hosen empirially aording to the performane of the analysis. Nevertheless, theWeierstrass theorem whih, if applied to neural nets, tells that for a MLP, a single hiddenlayer is su�ient to approximate a given ontinuous orrelation funtion to any preision,as far as the number of neurons is su�ient. One usually hooses more than one hiddenlayer to keep the number of neurons relatively low, the robustness and the training timeare thus signi�antly better.One the ANN struture is determined, the ANN has to be trained. This phase aims tomodify the network to teah it the desired behaviour. In other words, the training adjuststhe weights to get the expeted output value. We ommonly use MC samples to train theANN. For eah event of the sample, the output is ompared to the expeted value andweights are adjusted iteratively to minimize the error funtion E :E =
1

2

(

N
∑

a=1

ya − ŷa) (E.4)



162 E Statistial MethodsThis method prevents that the net response is a di�erential funtion of theweights. The error funtion values are going bak from a layer to the previous one :the bak-propagation training method. Due to the fundamental properties of the ANN,this analysis tool takes into aount linear and non-linear orrelations. However, theneural nets are sensitive to overtraining e�ets if low disriminating variables are givenas inputs.The output of an ANN goes to -1 for the bakground events and +1 for the signal events ;in between we an �nd bakground events whih look like signal and vie and versa.Figure E.3 shows an example of a neural net output.
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Figure E.3: Example of a neural net output distribution. The signal is in blue and thebakground in red.A probability to look like signal is assigned to eah event.
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Figure F.6: In the top panel, loation e�ieny as a funtion of the MC true vertexdepth in the brik. In the bottom panel, loation e�ieny as a funtion ofthe MC true neutrino energy. Both of these plots have been obtained withMC simulation of the prompt νe hannel by using only the OpCara"CONTAINED" or "BORDERSOFTNC" lassi�ation.
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Figure F.7: In the top panel, loation e�ieny as a funtion of the MC true vertexdepth in the brik. In the bottom panel, loation e�ieny as a funtion ofthe MC true neutrino energy. Both of these plots have been obtained withMC simulation of the prompt νe QE+RES hannel by using only theOpCara "CONTAINED" or "BORDERSOFTNC" lassi�ation.
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Figure F.8: In the top panel, loation e�ieny as a funtion of the MC true vertexdepth in the brik. In the bottom panel, loation e�ieny as a funtion ofthe MC true neutrino energy. Both of these plots have been obtained withMC simulation of the νµ → ντ with the τ lepton into its eletron deayhannel by using only the OpCara "CONTAINED" or"BORDERSOFTNC" lassi�ation.

 0
.1

7

 0
.1

3

 0
.2

7

 0
.3

0

 0
.3

1

 0
.3

1

 0
.3

4

 0
.3

5

 0
.3

9

 0
.3

5  0
.4

4

 0
.4

5

 0
.4

2

 0
.3

3

 0
.2

1

Plate Number
0 10 20 30 40 50 60

-1
E

ffi
ci

en
cy

.(
4 

pl
at

es
)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

  

 0
.0

5  0
.1

4

 0
.1

4

 0
.1

6

 0
.1

7

 0
.3

1

 0
.2

3  0
.2

9  0
.3

9

 0
.4

0

 0
.3

3

 0
.3

3  0
.4

0

E (GeV)
0 5 10 15 20 25 30

-1
E

ffi
ci

en
cy

.(
2G

eV
)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

    

Figure F.9: In the top panel, loation e�ieny as a funtion of the MC true vertexdepth in the brik. In the bottom panel, loation e�ieny as a funtion ofthe MC true neutrino energy. Both of these plots have been obtained withMC simulation of the νµ NC hannel by using only the OpCara"CONTAINED" or "BORDERSOFTNC" lassi�ation.
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Figure F.10: In the top panel, loation e�ieny as a funtion of the MC true vertexdepth in the brik. In the bottom panel, loation e�ieny as a funtion ofthe MC true neutrino energy. Both of these plots have been obtained withMC simulation of the νCCµ

mis−−→ νNCµ hannel by using only the OpCara"CONTAINED" or "BORDERSOFTNC" lassi�ation.
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xxiiiRésumé : Un vaste programme international est en ours pour déterminer les paramètresdu phénomène d'osillation des neutrinos et approfondir la onnaissane de la matrie demélange des neutrinos (MNSP). Le déteteur OPERA, qui est installé dans le laboratoiresouterrain du Gran Sasso en Italie, a pour but prinipal de mettre en évidene l'apparitionde neutrinos de type tau dans un faiseau de neutrinos initialement de type muon,produit au CERN (CNGS) 730 km en amont. Il est aussi en mesure de déteter lesosillations des neutrinos muon en neutrinos életron, donnant aès au paramètre demélange sin(2θ13)2, où θ13 est le dernier angle de la matrie MNSP �nalement déterminéen 2012 onjointement par Daya Bay, RENO et Double Chooz. Pour déterminer laprésene des ντ dans le faiseau, le déteteur OPERA est omposé de ibles alorimétriquesutilisant une alternane de plaques de plomb et de �lms d'émulsion. Ceux-i permettrontde reonstruire les traes des partiules hargées résultant des interations neutrinoave une préision inégalable (de l'ordre du miron). La reherhe des événementsde signal d'osillation νµ → νe sera basée sur l'aptitude à identi�er les életrons, àrejeter les événements de fond où un π0 est produit et à soustraire le fond dominantintrinsèque provenant du faiseau. Ce travail de thèse a pour objetif l'élaborationde méthodes d'analyse pour améliorer les performanes du déteteur OPERA dans lareherhe d'osillations νµ → νe.Mots-Clefs : neutrino, osillation, angle de mélange, gerbe életromagnétique,simulation Monte-Carlo, OPERA.Abstrat : An international program is ongoing to measure the neutrino osillationphenomenon and to determine the neutrino mixing matrix (MNSP) parameters. OPERAis a long-baseline neutrino experiment loated at the Gran Sasso Laboratory in Italy,730 km from CERN, downstream in the CNGS neutrino beam. The OPERA experimentis designed and optimised for a diret appearane searh of νµ → ντ osillations. It analso detet the νµ → νe osillation driven by sin(2θ13)
2, where θ13 is the last mixingangle �nally measured by the Daya Bay, RENO, and Double Chooz experiments in 2012.To observe the presene of ντ interations in the beam, the OPERA detetor is omposedof alorimetri targets made of a modular struture alled the "brik": a sandwih of leadplates interspaed with emulsion layers. The latter allows reonstruting traks of hargedpartiles produed in the neutrino interations with a mirometri resolution. The searhfor the νµ → νe osillation signal is based on the apability of identifying the eletrons,rejeting bakground events where neutral pions are produed and keeping under ontrolthe intrinsi and dominant bakground soure from the beam ontamination. This workaims to elaborate analysis methods to improve the OPERA detetor performane in the

νµ → νe osillation searh.Keywords : neutrino, osillation, mixing angle, eletromagneti shower, Monte-Carlosimulation, OPERA.


