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Introduction

The aim of the OPERA experiment is to provide a dkmg-gun” proof of neutrino
oscillations, through the detection of the appeegasignal ofv,’s in an initially purev,
beam. The beam is produced at CERN, 732 Km far fteerdetector, which is located
underground in the Gran Sasso laboratory.

The evidence of the appearance signal will be pgexviby the detection of the daughter
particles produced in the decay of thdepton. A micro-metric spatial resolution is
needed in order to measure and study the topolbglyeo/.-induced events. With this
goal, nuclear emulsions, the highest resolutiookirey detector, were chosen to be the
core of the OPERA apparatus.

The analysis of the large amount of nuclear emassigsed in the OPERA experiment
has required the development of a new generatiofastf automatic microscopes,
featuring a scanning speed more than one order agnitude higher than in past
emulsion-based experiments. The long R&D carrigdoguhe Collaboration has given
rise to two new systems: the European Scanninge®8ydESS) and the Japanese S-UTS.

The work presented in this thesis has been cawigdin one of the laboratories
involved in the OPERA emulsion scanning, hostedhat University of Salerno, and
during a 6 month’s stay at the IPNL (Institut deyslque Nucleaire de Lyon).

As for emulsion data-taking, several bricks frora #0908, 2009 and 2010 OPERA runs
were scanned in Salerno and about £5hduced events were located. For the events
triggered in the 2008 run, a kinematical analyses werformed, by developing a new
likelihood-based software, able to estimate the sraom of the particles traversing the
emulsion sheets through multiple Coulomb scatterTig algorithm was also tested on
a set of Monte-Carlo data and a set of pion tradiiected during the 2003, 2004 and
2007 test beam campaigns at CERN. The 2008 runlsamgs used also to perform the
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hadron interaction search and the data collected weerged with those from other
laboratories to estimate the background to thedmadidecay channel.

The kinematical analysis of the>h decay channel is the subject of the second part o
this thesis, developed while staying at the IPNhe Btudy on the quantities used to
discriminate the signal and the background wasrmaptished by using simulated data.
The kinematical cuts suggested by the OPERA Propesae reviewed and the
efficiencies obtained by applying these cuts wereamputed. In addition, another set
of discriminating variables are suggested and thaskground suppression power is
explored. Such estimators are proposed to be thjectwof further work in the years to
come.



Chapter 1

Neutrino Physics overview

In 1930 Wolfgang Pauli postulated the existencéhef neutrino in order to reconcile
data on the radioactive decay of nuclei with energgservation [1]. In this decay
neutrons are transformed into slightly lighter pre with emission of electrons:

neutron— proton + electron + antineutrino

Without neutrino, the energy conservation law regpiithat electron and proton share
the neutron energy. In this case each electrondMoelproduced with a monochromatic
energy distribution, whereas experiments observeahéinuous spectrum, as would be
expected for a three-body decay.

The postulated neutrino is chargless and interaarts weakly with matter; it just serves
the purpose to balance energy and momentum in libgeareaction. In fact, Pauli

pointed out that for neutrino to do the job, it hadweigh less than one percent of
proton mass, thus establishing the first limit efitrino mass.

In the next years many efforts have been perforto@dnfirm the existence of this new
particle and to understand better its propertiesuthhos were directly observed by
Reines and Cowan in a nuclear reactor experimed®6 [2] and found to be left-

handed in 1958 [3]. Four years later Lederman, &ctanand Steinberger established
that neutrinos associated to electrons and muenditkerent particles [4].

Since then, neutrinos have been considered as santed part of the quantum
description of fundamental particles and forces, $itandard Model of Particle Physics
[5], [6], [7]. In absence of a direct observatidrtiteir masses, neutrinos are introduced
in this model as fermionic massless particles.
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The first clues that neutrino have mass came frodeep underground experiment
carried out by Davis, detecting solar neutrinogeitealed only about one-third of the
flux predicted by Solar models [8], [9]. This resauggested that the solar neutrinos
might be transforming into something else. Onlyceten neutrinos are emitted by the
Sun and they could be converting to muon and tadrines, not being detected by the
experiments. This phenomen, called “neutrino cstodhs”, was first proposed by

Pontecorvo [10].

If neutrino oscillations exist, neutrinos have ®dwonsidered, in the Standard Model, as
massive particles and their description needs t@wised.

In this chapter, an overview of Standard Model esiens is given and results of
neutrino oscillation experiments are shown.

1.1. Neutrino masses and mixing

The Standard Model of Particle Physics (SM) is acdption of strong, weak and
electromagnetic interactions. In the formulatiomvided by Glashow [5], Salam [7]
and Weinberg [6], neutrinos are massless fermioasinly neither strong nor
electromagnetic interactions. In the ‘basic’ SMerth are no RH (right-handed)
neutrinos, according with the result of Goldhabemle [11] that weakly interacting
neutrinos are always left-handed.

The non-existence of RH neutrinos is one of thesara why neutrino mass might be
vanishing. Unlike photons, no profound principleotect the neutrinos from having
mass; therefore, by adding RH neutrinos, the Higgshanism of the Standard Model
can give neutrinos the same type of mass as tleer@iemass or other charged lepton
and quarks.

1.1.1. Mass generation

In the Lagrangian density for the quantum fieldotlye the Dirac mass term can be
written as:

Lo =M@y =—my (@ +T Wp) 1.1

Such Dirac mass term appears in this form butntloa regarded, for simplicity, as an
‘coupling’ between left-handed and right-handediplar fields (as shown in Figurk1).

It is possible to add right-handed neutrinag) o the Standard Model, providing that
they do not take part in the weak interactions. ha® mass for the neutrinan(r)
would naturally arise as shown in the upper pafiglirel.2. It is also possible to give
neutrinos a new kind of mass called a Majotdtd] mass (m ) if the LH neutrinos,

! Majorana particle is a particle that is its ownijarticle.
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are coupled with its own charge and parity conjedattate, the RH antineutrina ¢)
where ‘C’ denotes the simultaneous operations afgdand parity conjugation.

RH neutrinos can also independently acquire thein dMajorana masses d¥, by
interacting with their own CP conjugates (Figurel.3).

In quantum field theory language, this is possibleew fields are added to the ‘basic’
Standard Model. An arbitrary numbarof sterile neutrinoss is added to the three
standard generations and they can be used to gonstio types of mass terms:

Ly =0, MRV, Ly =V MYV 1.2

wherev, = (v_1, v 2, v.3) are the three active neutrinos fields (only LiHY &s = (vs 1,
Vs 2... Vs ) @re RH sterile neutrino fields.

Lpis the Dirac mass term and it is generated aftentsmeous electroweak symmetry
breaking from a Yukawa-like interaction; it haseatrino field and an antineutrino field,
and conserves the total lepton numbe?.iMa complex % n matrix.

Lv is a Majorana mass term and since it involves mewotrino fields, it breaks lepton
number conservation by two units!& a symmetric matrix of dimensior n.

The most general mass terms we can writer isra combination of Dirac and Majorana
mass term:

C
L=-(7, 175)(%L ,\TLRJ(VL j+h.c 1.3
R RR VS

To find the mass states we need to diagonalisendes matrix, i.e. find its eigenvalues
and eigenstates.

€; —

-------""'--..____ ,_J_.x"f..ef;
1€, €, NV

Figure 1.1: The electron Dirac mass m. can be thought of as an interaction between a left-
handed electron e;- and a right-handed electron er. The long (blue) arrows denote the electron
momentum vector and the short (red) arrows denote the electron spin vector. For right-
handed electrons eg-the spin vector and the momentum vector are aligned, whereas for left-
handed electrons e;-they are opposite. The mass term may be regarded as interactions that
enable left-handed electrons to interact with right -handed electrons.
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V

Majorana Fﬂﬂfl"iv; nh

Figure 1.2: For neutrinos there are two types of mass that are possible. As in the case of the
electron there is the Dirac mass mygY that couples a left-handed neutrino v, to a right-handed
neutrino vg (upper part of he diagram). The role of a right handed neutrino can be played by
vi¢ obtained by transforming the left-handed neutrino v, under the operations charge and
parity conjugation, where v.¢ is a right-handed neutrino. If v interacts with v.¢ this results in
Majorana mass term my".

VR ~—__ ) Vo
(\__... MMVR R"(p
Majorana

Figure 1.3: If right-handed neutrinos vi are added to the Standard Model, than they also
acquire a Majorana mass term Mgr by coupling to their own charge and parity conjugated
states vgC.

1.1.1.a. The See-Saw Model

As anticipated in the previous section, three meotmass terms are possible. Majorana
mass terms reath, 7,v. and M7 V% the Dirac mass term reads .7,V ..

Although left-handed Majorana masseg are possible in principle, in the Standard
Model they are constrained to zero by the Higgshaesm. However there is nothing
preventing RH neutrinos from having Majorana maddgs where the magnitude of
such masses can take any value ; in particular swagses might be much larger than
those of other particles. LH neutrinos tgkat in weak interactions with the W and Z
bosons and if they were very heavy the theory wbeldlisturbed. RH neutrinos on the
other hand do not take part in weak interactiortssntheir masMrg can be large. The
heaviness oMgg cannot be motivated in the framework of the Stashddodel, but if
one believes that the Standard Model is a theaay diescribes the world only at low
energies, it is quite natural to expect that thesiMkrr is generated at ultra-high energy
by the symmetry breaking of the theory beyond ttam&ard Model.

The idea of the simplest version of See-Saw meshafil 3], [14] is to assume that the
mass termsn | are zero to begin with, but are generated effelytjafter RH neutrinos
are introduced. Another fundamental assumptiondisipated, is thatlrg >> mg. In
this hypothesis the See-Saw mass matrix is:
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0 C
L:_(VL Vsc)(rn"_rR &"L:Rj(vl; ]+hc 14

In the approximation thd¥lrg >> m g the matrix can be diagonalised to yield effective
Majorana masses of the typeg,.

M, = Mg Mg

The effective left-handed Majorana massags are naturally suppressed by the heavy
scaleMgr.

1.1.2. Neutrino mixing

Two different neutrino bases have been introdu¢egdy,, v:) being the flavour basis,
and {1, v2, va) being the neutrino mass basis.

The three flavour states are related to the theeg¢rimo mass states by an unitary matrix
U, the “lepton mixing matrix” (known as the PonteamMaki-Nakagawa-Sakata
matrix [15], [16]):

e UéL UQ Ue3 1
v 1FI1U, U, Uiy, 1.5
Vr Url Ur2 T3 l/3

This 3x3 matrix can be parameterized in terms of threeingibanglesd; and three
complex phases (one named after Dirac and the btlzeafter Majorana). Generally, a
unitary matrix has six phases but, in this caseettof them are removed by properly
choosing the eigenstates. Since the neutrino maseddajorana there is no additional
phase associated with them.

The most common parameterization of the mixing madr

1 0 O0) ¢, O0s.€%)¢c s Of&> 0 O
U=|0 c, Sx 0 1 0 |-s ¢ Ol 0 &7 0 16
0 -s; C,)l—-S:,6° 0 0O 0 1| O 0

where § and ¢ stand for, respectively, the sines and cosingeemixing angle$;, o
is the Dirac phase ard (i = 1, 2) are the Majorana phases.

The matrix U is factorized in a matrix product @uf matrices associated with the
physics of neutrinos coming from different sourcés.will be shown in sectiod.3,
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experiments with three different neutrino sources possible and they investigate
different oscillation channels.

Atmospheric neutrinos experiments suggest the piissiof havingv, — v, oscillation
(first matrix). The second matrix is associatedhwilhe physics of reactor neutrino
oscillations {e — vy, vr) and here & phase (providing a possible source of CP violation
appears [17], [18], [19]. The third matrix is probley experiments with Solar neutrinos
(commonly interpreted ag — v, oscillations). The last matrix contains the Maj@a
phases that are not involved in neutrino oscilieio

1.2. Neutrino oscillation

The history of neutrino oscillations dates backh#® work by Pontecorvo who in 1957

proposedv — 7 oscillations in analogy wittK — K oscillations, described as the
mixing of two Majorana neutrinos [16]. Pontecorvasathe first to realise that what we
call “electron neutrino”, for example, may be aekin combination of mass eigenstate
neutrinos, and that this feature could lead tonmswbscillations such ag — v,.

Neutrino oscillations in vacuum would arise if mauts are massive ad mixed. From
equation 1.5 we see that if neutrinos have massgitfenstate, (o = e,u, T) produced
in a weak interaction with energy E is, in geneealjnear combination of the mass
eigenestateg with energy | and mass m

V)= YU n) 1.7
i=1

After travelling a distance L (or, equivalentlymi t) a neutrino originally produced
with a flavora evolves as follows:

|Va(t)>:iu;|vi(t)> where |v ()= €%'|v (0)) 1.8

The probability to find stateg> after a time t, starting from a statg>| is:

2

P, - v,) =|v,0|v, ) = 1.9

zn: U,e™ U,
i=1

Remembering that U is a unitary matrix and by usitigg ultra-relativistic
approximationsE, =/ o’ + nf = p+ m/2 Eitis possible to rewrite equation 1.9 as:
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2
2
A

n . =1
P(v, - V;) =0, +> UszU e & -1] 1.10
i=2

where Any;, = nf — nf andL = ct is the distance between the source and the detecto

Equation (1.10) shows that transition probabiligpdnds on elements of the mixing
matrix, on the difference of the squares of neatmmasses and on the parameter L/E,

2
defined by the experimental setup. If U = | and?er};l;l' < 1 the neutrino oscillation

does not show up.

In the simplified scenario of two-neutrino mixingtveenv,, vg, there is only one mass-
squared difference and the mixing matrix can beupaterized in terms of one mixing
angle:

cosd sind
U= i 1.11
-sind coY
The resulting transition probability between di#fiet flavors can be written as:
2
P(v, - v;)=sin® 20 sirf AL 1.12
4E
This expression can be also cast in the shape:
2 2
P, - v,)=sim ZHsirf( 1 p48m /evV)(Y K”)j 1.13

(E/GeV)

This expression is useful because the results oifllaigons experiments are often
analysed in first approximation in a two-family see€io. An experiment is

characterized by the typical neutrino energy E bByndhe source-detector distance L.
Once these variables are fixed, different valuesrarisition probability are possible,
depending om\n¥ and sii26. The constraints on #-vp) are translated into allowed
or excluded regions in tha?, sirf26) plane by inverting expression 1.13.

In order to be sensitive to a given value/sf? , an experiment can be optimised
choosingE / L=An?(L~ L ) wherelL =E/An?. If (E/L) >> An? (L << Los) the

oscillation does not have enough time to yield @aable effect because Kiain’'L/E)
<< 1.
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If (E/L) << An? (L >> Los9, it is possible to show that the oscillation phapes
through many cycles before the detection andstriisared out to si(dn’L/E) = 1/2 by
the finite spread of the energy spectrum and obthece-detector distance.

For null results that set an upper bound on thdlaison probability P¢,—vg) < P_,
the excluded region lies always on the upper rigjtle of the 4n¥, sirf26) plane,
limited by the followed asymptotic lines (see Figir4):

« A vertical line at sif2d= 2R, for An? >> E/L (by setting sif{An*'L/E)
= 1% on average)

« For An? << E/L the oscillation phase can be replaced byiigs-order
expansion and the limiting curve  takes the  form

Am? sin 26 = 4\/3L /(L/E)

A positive result, i.e. a non-vanishing fraction axcillated neutrinos, can be used to
define a confidence region onvR6vg), which translates to equal probability contours
on the An?, sirf26) plane.

o~ 10 -
% R
. a
S o
Lo Il 1
g 1k 2 Excluded
f‘__ P<P,
%,

Fixed L and <E>

S

1ﬂ.51 1 1 L
T N I o !
sin“(248)

Figure 1.4: The characteristic form of an excluded region from a negative search with fixed
L/E and of an allowed region from a positive search with varying L/E in the two-neutrino
oscillation parameter plane

1.3. Neutrino oscillation experiments

There are a large number of experiments tryinghbgeose neutrino oscillations. Some
rely on man-made sources like nuclear reactorgcelarators; others rely on “natural”
sources such as solar neutrinos or neutrinos freemi-rays (atmospheric neutrinos).
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All of these neutrino oscillation experiments ammplementary because they involve
neutrinos of different energies travelling overfeiént distances.

The detectors are designed to be large in orderotopensate the small neutrino
interaction cross sections and are often placeéngnound to shield the cosmic muons.

The accelerator experiments can be classified #htort-baseline(SBL) and long-
baseline(LBL) depending on the source-detector distandgs fuantity spans from a
few km (in SBL experiments) to hundreds of kml{BL experiments).

1.3.1. Solar neutrinos

Solar neutrinos are produced by the nuclear fugrogess in the core of the Sun, which
yields exclusively the electron flavor. These nieals are produced with different
energies; this is reflected in the design of solemtrino experiments, each of which
probes a specific energy range (Figlrg).

The first result on detection of solar neutrinosvaanounced by Davis in 1968. In the
gold mine of Homestake [20], [21] , the solar nigats flux was measured for about 30
years and found lower by about 1/3 with respeqtrexlictions of the Standard Solar
Model (SSM). The favoured explanation for this digfis the neutrino oscillations.

The solar neutrinos flux has been measured alswth®r experiments (GALLEX [22],
[23], [24], Kamiokande [25], SuperKamiokande [2[&]{] — see Tablé&.1), all finding a
deficit, but with disagreeing quantitative resulifie most complete scenario comes
from SNO (Sudbury Neutrino Observatory) in Canallze experiment measured both
the flux of electron neutrinos (CC interactions3][and the total flux of all three types
of neutrinos (by NC interactions) [29], [30]. Thé&NS data shows that the SSM is
correct, and the Solar neutrino deficit was a tesulhe oscillation of electron neutrinos
into v, andvy, which were below the energy threshold to prodDCeinteractions. The
three-flavor oscillation picture also allows to oacile the results of almost all
experiments, by folding the neutrino production cépe with the L/E oscillation
dependence. Neutrino oscillations consistent watarsneutrino observations have been
seen using man-made neutrinos from nuclear reaatd¢amLAND [31], [32] in Japan.
KamLAND has already seen a signal of neutrino &d@ins in the so-called Solar
neutrino LMA (Large Mixing Angle) mass range.

By combining KamLAND and SNO results with otheraoheutrino data (especially
that of SuperKamiokande) it is possible to remowebiguities and estimate two
oscillation parameters:

sin? 26, = 0.314(1%% 1.14

Ame, =7.92(1+ 0.09% 10eV? 1.15

according to the most recent global fits (see EJue).
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Figure 1.5: The predicted unoscillated spectrum d®/dE v of solar neutrinos, together with the
energy thresholds of the experiments performed so far and with the best-fit oscillation survival
probability P..(E , ) (dashed line).

Experiment Flux Measured SSM Found/Theory
Homestake 2.56+ 0.16+ 0.14 7772 0.33+0.03
Gallium 775+ 62.; 1297 0.60+ 0.006
SAGE 67.2112+3 129 0.52+ 0.06
Kamiokande 2.80+0.19+ 0.33 515'%° 0.54+ 0.07
Super-Kamiokande  2.45+ 0.04+ 0.07 5157, | 0.475+ 0.008+ 0.013

Table 1.1: The solar neutrino flux measured by Homestake [21], Gallium [22], SAGE [23],
Kamiokande [25] and Super-Kamiokande [27]
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Figure 1.6: Solar and KamLAND oscillation parameter analysis

1.3.2. Atmospheric neutrinos

Atmospheric neutrinos are produced in showergergd by collision of cosmic rays
with the atmosphere of the Earth. Some of the nmeswoduced in these showers,
mostly pions and kaons, decay into electron andnmueutrinos and anti-neutrinos.

Since ve is produced mainly from the decay- wv, followed by i/ - ev v, , one

naively expects a 2:1 ratio of to ve. Absorption in the Earth is negligible in the eati
relevant energy range, and therefore a detectatddmear the surface of the Earth will
receive a neutrino flux from all directions.

Atmospheric neutrinos were first detected in 19@@ysunderground experiments in
South Africa [33] and the Kolar Gold Field [34] extpment in India. These experiments
measured the flux of vertical muons (they could distriminate between downgoing
and upgoing directions) and although the obserotal tate was not in full agreement
with theoretical predictions [35], [36], the effaeas not statistically significant.

The experiments performed in the 1970’s and 198M8 [37] and Kamiokande [25]
detected a ratio of,-induced events te-induced events smaller than the expected one
by a factor of about 0.6. Kamiokande performed s®paanalysis for both sub-GeV
neutrinos and multi-GeV neutrinos which showed #zne deficit. This was the
original formulation of the atmospheric neutrinearaly.



Neutrino physics overview -12-

Kamiokande also presented the zenith-angle deperdehthe deficit for multi-Gev
neutrinos. The zenith-angle is defined as the abgteieen the local vertical direction
and the trajectory of the reconstructed chargetbfep/ertically downgoing (upgoing)
particles have c@és= +1(-1); horizontally arriving particles come fnoco® =0 (see
Figurel.7). The Kamiokande result seemed to indicate ttitedeficit was mainly due
to neutrinos coming from below the horizon. Atmaospd neutrinos are produced
isotropically at a distance of about 15 km abowe shrface of the Earth. Therefore
neutrinos coming from the top of detector travgdragimately 15 km before interacting,
whereas neutrinos coming from the bottom of detettawverse the full diameter of the
Earth (1 km). The Kamiokande distribution suggested thatdkficit increases with
the distance between the neutrino production atgddation point.

The higher statistics available for SuperKamiokaraleng with the confirmations by
Soudan?2 [38] and MACRO [39], improved the measurgméthe deficit, thus yielding
tighter confidence regions for the oscillation alea parameter region.

Super-Kamiokande detects atmospheric neutrinofdiy interaction with the nuclei of
hydrogen and oxygen in the 22.5 kiloton centraudidl mass of a high-purity water
tank. “Fully contained" interactions are those whdmal particles stop within the
fiducial region. The neutrino flavor is tagged bstetting and identifying the lepton in
the final state (muon or electron). In Figute8 the zenith-angle distributions of
different samples are shown. Comparing the obseameldexpected (MC) distributions
we can notice that:

. ve distributions are well described by the MC whileshow a deficit. Thus the
atmospheric neutrinos deficit is due to disappeagafv, rather than appearance
of ve.

. The suppression of containgdlike events is stronger for larger €ps which
implies that the deficit grows with the source-date distance. This can be
described by in terms of up-down symmetry :

A, :B ;B =-0.316+ 0.042¢tat .3 0.005yst 1.16

At present, the most favoured interpretation o§ tresult is that muon neutrinos are
oscillating mainly to tau neutrinos, < ve is excluded with high CL both because SK
results showed that the contained events are very well predicted by then&ied
Model and because explaining the atmospheric datawv— vetransitions has direct
implications for theV, - V, transition. In particular, there should b&adeficit in the

CHOOZ [40], [41] reactor experiments (see seclidh3), which is excluded by data.

Atmospheric data support maximal mixing, with tleldwing best-fit of two-family
oscillation parameters:

sinf 28,,=1, Ami,= 2.6< 10°eV? 1.17
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The 90% C.L. range foAn%, at sirf 263= 1 is between 2.0 and 3210° e\?. The

experimental results in thin, - sirf 263 plane are shown in Figue9. The data set is

dominated by SuperKamiokande; results from the Idrageline neutrino beam
experiments K2K [42], [43] and MINOS [44](see sentl.3.3) are also shown in the

same plot.
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Figure 1.7: Schematic view of the cosmic rays arriving to the Earth
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Figure 1.8: Zenith angle distribution of SuperKamiokande 1289 days data samples. Dots,
green and red line correspond to data, MC with no oscillation and MC with best fit
oscillation parameters, respectively
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Figure 1.9: The best-fit ranges at 90% CL from SK, K2K and MINOS.
1.3.3. Laboratory experiments

Laboratory experiments to search for neutrino &gains are performed with neutrinos
produced at either accelerators or nuclear reacfkorsexperiment is characterized by
the typical neutrino energy E and by the sourcedatet distance L (usually called
“baseline”). TheAnt value for which the experiment sensitivity is atliest is tuned by

properly choosing L/E. Laboratory experiments haween set up in order to

confirm/discard results of solar and atmospherigmgos experiments.

Two different approaches are possibledisappearancexperiments, one looks for the
attenuation of a single-flavoured neutrino beang wuthe mixing with heavier flavours,
going undetected because unable to produce CC adatiemns. In appearance
experiments, one searches for CC-interactions lyrines of a flavour not originally
present in a neutrino beam.

1.3.3.a. Nuclear reactor experiments

Nuclear reactor produdg beams with energy of the order of a few MeV. Doehte

low energy, electrons are the only charged leptbascan be produced in neutrino CC
interactions. If 7, oscillates to another flavor, its CC interacti@miot not be observed
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because the neutrino has not enough energy inath@rdtory frame to produce the
associated charged lepton. Therefore oscillatiggeements performed at reactors are
disappearance experiments. They have the advatitagemaller value ofAn? can be
accessed due to the lower neutrino beam energye Tabshows the limits on.Pfrom
the null results of Gosgen [45], Krasnoyarsk [4)gey [47] and CHOOZ [40], [41].

In particular, CHOOZ is the first LBL"long baseline”) reactor experiment. With a
baseline of 1000 m and a mean energy of 3 MeV, CA@Osensitive to the lowest
value ofAn?, so that it can cross-check information from atpmesic neutrinos and the
upper sector of the LMA solutions for solar neutsnNo evidence was found for a
deficit in the neutrino flux; this null result trslates to exclusion regions in theng,
sin’ 26) plane shown in Figuré.10. The 90% CL limits includAm? < 7x10“eV? for
maximal mixing andsin? 26 < 0.1( for largeAn?. The CHOOZ results are significant
in excluding part of the region that correspondsthie LMA solution of the solar
neutrino problem. Furthermore, the CHOOZ bounds ault with high significance the
possibility thatv, — ve oscillations explain the atmospheric neutrino aefi

1
sin*(218)

Figure 1.10: Excluded regions at 90% for v. oscillations from reactors experiments and the
expected sensitivity from the KamLAND experiment.
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Experiment L Limit AMZmin (€V?)
Bugey 15.40 m >0.91 10
Gosgen 38, 48,65 m >0.9 0.02

Krasnoyarsk 57.230 m >0.93 7% 10°

CHOOZ 1 Km >0.95 7x10*

KamLAND 150-210 Km >0.85 7% 10°

Table 1.2: 90% CL lower bound on P.. and Am? sensitivity from searches at reactor
experiments.

1.3.3.b. Neutrinos from accelerators

Conventional neutrino beams from accelerators avstlynproduced byt decay, with
the pions produced by the scattering of the acatdr protons on a fixed target
(graphite, beryllium..); hadron decays produce nsuamd muonic neutrinos. The final
composition and energy spectrum of the neutrinarbesadetermined by selecting the
sign of the decaying and by stopping the muons produced in the bean lin

SBL experiments

Most oscillation experiments performed so far wigutrino beams from accelerators
have characteristic distances of the order of healof meterssport baselineor SBL
experiments). Such experiments are not sensititeedow values of\n? invoked to
explain either the solar or atmospheric neutrinb they are relevant for ¢4-mixing
schemes.

The CHORUS [53] experiment at CERN searchedvfo~ v, oscillations by looking
for © decays from charged-currentinteractions. The emulsion target of the detector,
having a resolution of about a micron, enablegditection of the decay topology of the
1. After having analyzed a sample of 126000 eveaigagning an identified muon and
7500 purely hadronic events, npcandidate has been found. This result translates i
limit on the mixing angle sfi26,. < 8 x 10" at 90% C.L. for larg&m,, ° .

The only positive signature of oscillations at &deatory comes from LSND [48]
(Liquid Scintillator Neutrino Detector) which preged the evidence far, - V, at

AP eVP. This result cannot be accommodated together sdthr and atmospheric
neutrino oscillations even in the framework of fo@utrino mixing, in which there are
three light active neutrinos and one light stemigaitrino. The region of parameter space
that is favoured by the LSND observations has kederost completely excluded by
other experiments like KARMEN [49], CCFR [50] an@dNAD [51].

The MiniBooNe [52] experiments searches fgr—ve oscillations and is specially
designed to draw a conclusive statement about 8i0_neutrino oscillation evidence.
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The first results were shown and published at thgiriming of the summer 2007. As
shown in Figurel.11 the LSND 90% CL allowed region is excludedhet 90% CL.
The MiniBooNE's results, therefore, rule out a thusterile neutrino, thereby verifying
the current Standard Model with its three low-maagtrino species. On the other hand
a new anomaly showed up: there were more electeotrino events detected at low
neutrino energies than expected; several posskplamations have been envisaged, the
energy spectrum distortion not being compatiblehvat3-flavour neutrino oscillation.
Further analysis is planned using the MiniBooNEiranitrino sample and a new
experiment, MicroBooNE, has been approved at Fabmib explore this low energy
anomaly.

In addition, another experiment, SciBooNE, waswgetduring the 2007-2008 period,
when a second fine-grained detector was placed roloder to the Booster neutrino
beam source. SciBooNE will not only allow precisicmess section measurements but
also can be used as a near detector in conjunatitmMiniBooNE to explore muon
neutrino disappearance oscillations with bettesisenty.

MiniBooNE represents the first phase for the Boodiperiment, which should use a
muon-neutrino beam to determine whether muon masgrioscillate to electron
neutrinos. In addition to neutrino oscillations. dBE is also sensitive to other
phenomena, such as supernova explosions and tag deexotic particles.

10°E
- sinz[‘i'ﬂ} upper limit
i : — MiniBooNE 80% C.L.
10 ---- MiniBooME 90% C.L. sensitiwity

— BOT analysis B0% C.L.

|Am?| (eVZic?)

107F
- [ LsnDoo% L
L[] LsnD g% CL
= L gl r||||||| 1 IIIIII| 1 ] R Ll
10
107 107 10" 1
sin°(20)

Figure 1.11: The MiniBooNE 90% CL limit and sensitivity (dashed curve) for events with 475 <
E\%E < 3000 MeV within a two neutrino oscillation model. Also shown is the limit from the
boosted decision tree analysis (thin solid curve) for events with 300 < E,%E <3000 MeV. The
shaded areas show the 90% and 99% CL allowed regions from the LSND experiment.
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LBL experiments

Smaller value ofAn? can be accessed using accelerator beams for lasglite
experiments (LBL). In such experiments an intensetnimo beam from an accelerator
is aimed at detector (usually) located undergroandeveral hundred kilometres far
away. The minimum goal of these experiments ieb the presently allowed solution
for the atmospheric neutrino problem by searchimgéitherv, disappearance or
appearance.

The first LBL experiment was K2K [54], [S5](KEK t&amiokande): a pure, beam
with mean energy of about 1.3 GeV was sent from K&lthe SK (SuperKamiokande)
detector, locatedl = 250 km away in the Kamioka mine. Since the beapuised, SK
can discriminate atmosphefsig from KEK v, The 2004 K2K results, shown Figute9,
are consistent with the expectations based on &i0siheric data and contain a 4
indication for oscillations.

The most important K2K result is the energy speotriK2K is competitive on the
determination ofAm“ym because, unlike SK, K2K can reconstruct the neoténergy
and data show a hint of the spectral distortionrattaristic of oscillations. As a
consequence K2K suggests a few different local-fiestlues of Amfam, and the
global best fit lies in the region suggested by SK.

The running MINOS [44] experiment, showing sevesiatilarities to K2K, is designed
to detect neutrinos delivered by the Main Inje@ocelerator at Fermilab (NuMI) with
average energies of about 5-15 GeV depending ofb#m configuration. Two
detectors, functionally identical, will be placed the NuMI neutrino beam: one at
Fermilab and the second one at the Soudan mineKi3Zaway. The near detector
allows predicting the non-oscillated flux; the fdetector allows to discriminate
particles from anti-particles, and to discriminBli€ from CC scatterings.

Like K2K data, those from MINOS also contain a hoft the spectral distortion
predicted by oscillations (see Figuiel?) the data disfavour no oscillations by 6.3
standard deviations. The best fit of the data [Sgere1.13), in the hypothesis of two-
flavour oscillations, give:

Am? =(3.36°%, ,, (stat)t 0.06(syst)x 10 eV 1.18

sin® 29 = 0.86- 0.1Ktat 3 0.0Kyst 1.19

Another LBL experiment is OPERA [56], which is thebject of this thesis. OPERA is
designed to search fog —v; oscillations in the Gran Sasso Laboratory. It silldy the
interactions of neutrinos with an average energye ©iGeV, produced at CERN. The
goal is to observe the appearancevgh a purev, beam.

From the beginning of 2010, the T2K experiment wéhd a beam of muon-neutrinos
from Tokai (on Japan East coast), 300km acrosdhetry to a detector at Kamioka.
The beam is designed so that it is directed ab&uti@grees away from the SK detector
(it's “off-axis” ). The primary goal of T2K is a nasurement ofo13 through ve
appearance analysis, in addition to improving aurrestimates forAm?%; and 6.3
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fromv, disappearance. In doing this, T2K is also expedtedjield an important
contribution to the current knowledge of neutringeleon scattering cross-sections.
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Figure 1.12: This plot compares the events in MINOS Far Detector (black points) to the expected
antineutrino energy distribution in the absence of (anti)neutrino disappearance (red
histogram). The data disfavour no oscillations at the 6.3 standard deviation level. [57]
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data (red) to the hypothesis of two-flavor oscillations. The solid (dashed) curves give the 90%
(68%) contours. The best fit point is Am?=(3.36*045 4,4 (stat.) +0.06 (syst.) )x10-3 eV? and
sin?(20) =0.86 #0.11 (stat.) +0.01 (syst.). Also shown are preliminary contours from the MINOS
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1.4. The global oscillation picture

As discussed in the previous sections, neutrindlasens give no information about
the absolute value of the neutrino mass squaresheidues i (being sensitive only to
differences). There are two ordering schemes fartrim® masses that are consistent
with the explanation of the atmospheric and so#da @s result of neutrino oscillations.
The normal (inverted) hierarchy is the one for wahithe neutrinos separated by
atmospheric (solar) mass splitting are heavier th@wse separated by the solar
(atmospheric) mass splitting, as shown in Figudel. As explained in sectidhl.2,
the neutrino mixing matrix contains 3 mixing angleso of them @,3 and6,3) produce
oscillations at the larger atmospheric frequencye @f them @i1,) gives rise to
oscillations at the smaller solar frequency.

In summary, evidence for neutrino oscillations cenfrem a wide variety of sources,
and the current status of all neutrino oscillatexperiments is summarized in Figure
1.15 although this picture is rather crowded, thewsed atmospheric region can be
identified by its high value oAm? = 2.4x 10°%eV? corresponding to the region labelled
“SuperK 90/99 %” in Figurd.15. The allowed solar region can be identifieahfrits
value of Am* =8x10°eV?, corresponding to the intersection of the uppe©3Mgion
with the thin upper KamLAND region in Figufiel5.

The best world estimates on neutrino masses anthgsixXrom oscillation data are
summarised in Tablg.3:.

m? m?
A - v, A
| V_u
-V
2
m3_—— _ q——mz
solar~Tx10eV- .
. —m,-
atmospheric 1
~2x1073e V2 _
atmospheric
m,2 L ~2x10-3eV?
) solar~7x1072eV? .
il s
0 0

Figure 1.14: Alternative neutrino mass patterns that are consistent with neutrino oscillation
explanation of the atmospheric and solar data. The pattern on the left (right ) is called normal
(inverted) pattern. The coloured bands represents the probability of finding a particular weak
eigenstate ve, v, v, in a particular mass eigenstate. The absolute scale of neutrino masses is
not fixed by oscillation data and the lightest neutrino mass may vary form 0.0 -0.3 eV.
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Figure 1.15: The regions of squared-mass splitting and mixing angle favored or excluded by
various experiments.

Parameter Best fit 20 30 4c
A, [10°eV? ] 7.9 7.3-8.5 7.1-8.9 6.8-9.3
A, [10°eV? | 2.6 2.2-3.0 2.0-3.2 1.8-3.5
sin’ g, 0.30 0.26-0.36 0.24-0.40 | 0.22-0.44
sin’ 8,, 0.50 0.38-0.63 0.34-0.68 0.31-0.71
sin’ 8, 0.000 <0.025 <0.040 <0.058

Table 1.3: Best-fit values, 20, 306 and 40 intervals for the three-flavour neutrino oscillation

parameters from global data including solar, atmospheric, reactor

and accelerator
experimenst.




Chapter 2
The OPERA Experiment

The OPERA (Oscillation Project with Emulsion- tRemk Apparatus) experiment [56]
was designed to perform a conclusive test to clieek, < v; oscillations hypothesis.

It was motivated by results from atmospheric neotriexperiments; hence, its
sensitivity covers than? region allowed by atmospheric neutrino data. Tt of the
experiment is to observe the appearance.of an initially pure beam of,. The
observation of even a few; events will be significant, because of the very low
expected background.

In this chapter, the experimental setup and thesiphly performance of OPERA are
briefly described.

2.1. The conceptual design of OPERA

The CNGS, a pure muonic neutrino beam [58], taé®m CERN towards the Gran
Sasso Laboratory (730 Km away — Figré where the OPERA detector is placed. If
oscillation occursy; interactions are likely to happen; kinematical gs@l is performed
to discriminate background eventg, (CC/NC interactions) from the signad,(CC
interactions). The search for appearancevpffequires the detection and identification
of the charged lepton by its decay pattern. Becafiiis short mean-life (2.8 10%°s -

ct 00 87 um), a very high resolution tracking device is needldclear emulsions
feature a sub-micron spatial resolution, therefare suitable for the purpose. This
device was used in the CHORUS experiment, whiclo asarched for neutrino
oscillations and, later, in DONUT. Unlike CHORUS3[5in which the target was made
only of emulsion plates, the OPERA design is basedhe Emulsion Cloud Chamber
(ECC), a modular structure made of passive pldésgl( in this case) interleaved with
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emulsion plates. The so-callextll, made of a thin lead plate and emulsion layer,
combines the high precision tracking capabilitiésnoclear emulsions and the large
target mass given by the lead plates. By pilinggpcells in a sandwich-like structure
one obtains drick; by assembling a large quantity of such moduteis, possible to
realise a detector optimised for the study.cdppearance.

This target is complemented with arrays of elegtromackers for the real time
determination of the event position and with mageek iron spectrometers for muon
identification and for the estimation of their cparand momentum.
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Figure 2.1: Schematic view of the neutrino beam trajectory. The beam is produced at CERN. The
detector is located in the Gran Sasso Laboratory, about 730 km away.
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2.1.1. Experimental setup
2.1.1.a. The CNGS beam

The CNGS (CERN Neutrino to Gran Sasso) beam [58esgned and optimised for
the study of v, <> v; oscillations in appearance mode by maximizing tbhemlper of
charged current; interactions at the LNGS site.

A 400 GeV proton beam is extracted from the CERI$ @Rd sent into a target made
up of several thin graphite rods. Secondary intemacproducts (pions and positive
kaons) are focused into a parallel beam by a syefemio magnetic lenses (“horn” and
“reflector”).

In a long decay pipe these particles yield muontireas and muons. The remaining
hadrons are absorbed by an iron beam stop. Muenahbesorbed further downstream in
the rock, while the neutrinos continue to traveGian Sasso (Figu2?2). Due to Earth
curvature, the neutrino beam reaches the detedtbran angle of about three degrees
with respect to the horizontal plane.

Table 2.1 summarizes some beam features. The averagenoeehergy at LNGS
location is 17 GeV. The, contamination is about 2.1 % and theprompt (coming

from Ds decay) contamination is negligible. The+V, contamination is lower than 1%

allowing to probe also the sub-dominant oscillatefrannelv, < ve, although with a
non-optimised sensitivity. In Figuiz3 the expected flux (at the LNGS site) of muonic
neutrinos is reported.

Assuming a CNGS beam intensity of 2216' p.o.t (protons on target) per 5 year,
about 23600/, CC+ NC interaction are expected and about 206V, CC interaction.
In the hypothesis of maximal mixing anxh? = 2.5 x 10° e\? , about 115v; CC

interactions should be produced. Consideringrthetection efficiency (SectioR.2.2)
about 10 of them should be detected.

v, (M?/pot) 7.45x 10°
v, CC events/pot/kton 5.44x 10"
<E,,ﬂ> (GeV) 17
Vv, 0.8%
v,lv, 2.0%
v,lv, 0.05%

Table 2.1: Nominal performance of the CNGS reference beam [58-prp]
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Figure 2.3: CNGS v - energy spectrum and oscillation probability multiplied by the v: cross
section

2.1.1.b. The detector

The OPERA apparatus is a hybrid structure madelegtrenic devices and nuclear

emulsions [59]. The former are needed to selectbtick where the interaction took

place, to identify the muon tracks and to deterntive®r charge and momentum; nuclear
emulsions are used as high-precision tracking glamehe neutrino interaction vertex

region.

The OPERA detector has two identical substructurasiedsupermodule$SMs). Each
supermodule consists of about 77350 ECC bricksnasieel in planar structures called
walls, orthogonal to the beam direction. Each wall ibofeed by the two planes of
scintillating fibers of the Target Tracker (TT) 06 amodulein OPERA terminology is
the complex of a brick wall + its two TT planés supermodule is made of 29 modules
followed by a muon spectrometer (Figwxd) [59].

Thetarget

As mentioned above, the OPERA target part is modakch wall contains about 2668
bricks for a total of 154750 bricks in the wholgagatus. The brick support structure is
designed to insert or extracte bricks from the sioethe walls by using an automated
manipulator (BMS).

Each brick has transverse dimensions of ¥Q27 cn?, a total thickness of about 7.5
cm (corresponding tal 10 X,) and a weight of 8.3 Kg [56]. Its structure igabed by
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stacking 56 lead plates (1-mm thick) interleavethwhin emulsion films. Each film has
about 44um thick emulsion layers on both sides of a p@%thick plastic bage

The dimensions of the bricks are set by differequirements:

» each brick should account for a small fractionhaf total target mass: when one
or more bricks are selected and removed the tosssnmust not decrease too
much;

» transverse dimension should to be larger than tainées in the interaction
vertex position predicted by electronic trackers;

« the brick thickness must be large enough to alldecteon identification
thorough EM showers and momentum measurement abhady multiple
Coulomb scattering. Electron identification regsirabout 3 - 4 ¥Xand the
multiple scattering requires 5+10pXwith 10 X,, for half of the events such
measurements can be done within the same brickenmner interaction took
place, without the need to follow tracks into dotweam bricks.

The Target Tracker strips help restrict the regbthe film to be scanned to locate the
interaction; they are arranged in two planes oeértlong the X and Y directions, close
to the wall.

In order to reduce the emulsion scanning load, Gbalble Sheets (shortened as CS in
the following) were introduced in OPERA [61]. CSulitets are attached to the
downstream face of each brick and can be removatbuti opening the brick. Charged
particles from a neutrino interaction in the bricloss the CS doublet and produce a
trigger in the TT scintillators. After a triggehd brick is extracted and its CS doublet is
developed and analysed in the scanning facilitiddN&S or in Japan; the information
from the CS is used for a precise prediction of gbsition of the tracks in the most
downstream films of the brick, easing track ideadifion and scanback to locate the
neutrino vertex point.

=
B

Spectromter = 4
BMS

Wall

Figure 2.4: Left: schematic drawing of the OPERA detector; Center: sketch of 2 modules; each of
them is made of a wall + two Target Tracker planes; Right: real brick picture. CSs sheet are
contained in a separate box (white in the image)

2 More details about nuclear emulsion are reportetié next chapter.



The OPERA Experiment -28-

The muon spectrometer

Muon identification, charge assignment and momentugasurement are performed by
the muon spectrometers [62]. Each spectrometeristooisa dipolar magnet made of
two vertical walls with rectangular cross sectiowhere the magnetic field is
approximately uniform. Each wall consist of iroryedas interleaved with planes of
Resistive Plates Chambers (RPCs) [63], providiagking inside the magnet, and range
measurement of stopping particles.

Drift- tubes (Precision Trackers) are located wnfrand behind the magnet as well as
between the two walls, to measure the muon momen&muh for the precise
measurement of the muon-track bending.

In order to solve ambiguities in the spatial re¢nuddion of tracks, each of the drift-
tube planes of the PT upstream of the dipole maigneimplemented by an RPC plane
with two 42.6 crossed strip-layers called XPCs. RPCs and XP€Is \akld a precise
start signal to the PTs.

2.1.2. Operation mode

With the CNGS beam on, the data rate from evengstduneutrino interactions is in
correlation with the beam spill. Because of theglodistance from the source,
synchronization with the spill is done off-line v@aPS. The detector remains sensitive
during the inter-spill time and runs in triggerlesede. Events detected out of the beam
spill are used for monitoring.

The decision on which bricks need removal aftereatmno interaction is based on
information from electronic detectors (see Fig@rb) [65]. The most likely brick is
extracted by BMS and the CS doublet is removed,ossg to X-ray to produce
references, then developed to be sent to eithesd@8ning station (at LNGS and in
Japan). The brick is stored underground waitingfSrfeedback. If the CS doublet does
not show tracks of particles produced in the irdéoa, another CS is attached to brick,
it returns to the detector and the second modylikeck is extracted.

In case of positive result of the CS doublet saagythe brick is brought to a location at
a shallow depth outside the underground hall ammbsed to the cosmic muon flux
High-energy penetrating tracks provide a patt@maiccurate alignment (sub-micron
precision) of the emulsion films within a brick. &rcomponent of electromagnetic
showers in cosmic rays and soft muons are supptrdéssa 40 cm iron shield above the
bricks [64].

In addition to the X-ray marking performed whileet@S box is still in contact with the
brick, another set of X-ray marks is added to lwitk be developed before they are
disassembled: this set provides a first coarsament (about 2Qum precision) without
the need to scan any track. The brick is unpackadh emulsion sheet is labelled with
an ID number and developed in an automatic plamul&ion films are then sent from
the Gran Sasso Laboratory to the scanning labaeattirat take care of vertex location
and study. Each of them uses one of the two autorsesnning systems, respectively
named ESS (European Scanning System) [66] and S{UiT$apan) [67], that were
developed for OPERA.
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Even when the right brick has been extracted forirdaraction, the removal of
additional bricks, downstream of the one with thiengry interaction, may be required
for a complete kinematical analysis of decay caagi¢vents.
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Figure 2.5: Electronic display of tipical v, CC -like (top) and v, NC-like (bottom) events
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2.2. Physics Performance

2.2.1. Signal and background

The signal of the occurrencewf—v; oscillations is the CC interactiogN—1X. Thet
in the final state is detected through the decpypltmgy and its decay modes to electron,
muon or single-prong hadron [56]:

™ - eV, (B R=17.8%) 2.1
I v, (B.R=17.7% 2.2
I~ - hv,n(r) (B R=49.5% 2.3

The multi-prong hadronic decay channel has beereghsded because of a higher
background from hadronic interactions The singlergr decay is characterized by a
kink topology.

The criterion used to seleckank candidate is independent of thdecay channel, but it
depends on where decays ocaudecays can be classified stsort or long depending
on the decay vertex position with respect to primaartex (Figure2.6).

Shortdecays take place in the same lead plate whengrifmary vertex is found (about
60%). In this case, there is no chance to recoctsthe parent track and an impact
parameter method is applied. The track that is idael to be a-decay daughter is
selected and if its impact parameter with respecthe measured primary vertex is
larger than a given value (10 micron}laort kinktopology has been found and a more
accurate analysis has to be performed.

Longdecays are events in which thérack is long enough to exit the lead plate where
the primary vertex occurs. In this case, at least fiim is measured also for the parent
track. The topology is considered “interesting” parent and daughter track cross
(within measurement errors), giving significkimk angle. The angular resolution of 2.1
mrad in one emulsion film implies a minimum detectaldiek angle of 3.0mrad
Events withfyink > 3 x 3.0mrad = 9.0mrad [56] are selected, and they undergo further
analysis (which may also include further scanning).

Several techniques are used to define the natudawghter track. In the electronic
channel, the daughter is identified through theted®m showering in the ECC. The main
background source are charm decays in electrormnre with an undetected primary
muon (see Figurg.7 A)

For the muonic decay mode, the presence of a @megtr(and often isolated) track
allows easy identification of the muon attachedhe decay vertex. In this case, the
background comes from large angle scattering ofmaywoduced iv,CC interactions
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and from muonic decay of charm particles in theegaswvhich the muon at the primary
vertex goes undetected and muon charge assignimenbng (Figure.7 B).

Hadronic decay modes have the largest branching, tait they are affected by high
background sources:

* One-prong decays from charm particle (with muon paimary vertex
undetected) - see Figueer C.

* Hadron reinteractions (see Figuze/ D). In av,CC event in which muon is
undetected or in a,NC event, a hadron from primary vertex may interadhe
lead plate closest to primary vertex. If the otpeyducts of this interaction are
not detected, the topology found is similar to @@ — single prong decay of the
T.

Table2.2 reports the expected background for differemiag modes normalized t0°10
DIS events.
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Figure 2.6: Different decay topologies; short decay (left-hatched region); long decays in base
(right-hatched region); long decays outside the base (shaded region); very long decays (white
region), not shown.
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Figure 2.7: Example of charmed particles decay A) electronic channel background B) muon
channel cackground C) Hadron channel decay D) Example of hadronic reinteraction in CC and

NC events

r-e |l -H|1r-5h|Total| Error
Long: charm 7.0 14 7.0 154 *15%
Long: v.CC andmp | 0.2 - - 0.2 | +10%
Long: u scatt - 5.0 - 5.0 | +50%
Long: had. reint. - - 5.0 5.0 +50%
Long total 7.2 6.4 12.0f 25.6 -
Short: charm 1.1 - (1.3 1.1 +15M0
Short: ,CC andip | 0.1 - - 0.1 | +10%
Short: had. reint. - - (6.1 (6.1) -
Short total 1.2 - - 1.2 -
Total 8.4 6.4 12.0] 26.8 -

Table 2.2: Expected background for different channels. The numbers are normalised to 106 DIS

events [56].
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2.2.2. Tau detection efficiency

The signal detection efficiency reported in thistem was estimated on the basis of
tests and simulations performed in 2000, when tRERA project was proposed [56].
Several of these numbers need to be re-determiniie ifollowing years.

Below are listed the factors involved in efficieneyaluation:
» trigger and brick finding efficiencies (relateddl®ctronic detectors only);

e geometrical acceptance and vertex location effaen (related to the
procedures to find the interaction vertex in enarsheets);

» kinematical efficiencies (cuts are studiad hocto discriminate signal and
background, depending on the decay channel andybmakd source).

Table 2.3 reports the kinematical efficiency for diffetelecay modes, topologies and
type of events.

Table 2.3: Summary of the kinematical efficiencies for different tau decay modes, topologies
(long and short) and type of events (DIS and QE). The value given in brackets does not

£L,(DIS)(%) | £5,(QE)(%) | £5,(DIS)(%)
T - € 83 84 22
T - U 78 76 -
T - h 20 28 (2.9)

contribute to the sensitivity evaluation [56].

Table 2.4: Expected number of tau and background events collected by OPERA in five years’
data taking. Signal events are computed for full mixing and for Am?= 2.5 x10-3 eVZ[56]

T decay channell B.R. (%) Signal Background
T -e 17.8 3.5 0.17
r - 17.7 2.9 0.17
r - h 49.5 3.1 0.24
r - 3h 15.0 0.9 0.17
All B.R *eff =10.6 %| 10.4 0.75
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2.2.3. Sensitivity to oscillations and discovery potential

The sensitivity of the experiment was evaluateagishe efficiency shown in Tab&3

and the background shown in TaBl2. The energy dependence of the neutrino spectra
and of the detection efficiencies is taken intocact. The conventional two-flavour
approximation is assumed.

Under the assumption of five years’ running in ®EGS beam, operated in shared
mode (with other beams) and with nominal beam B&itgn(4.5 x 10" pot/year),
OPERA is expected to collect the number of sigmal background events listed in
Table2.4. The reported values are computed assuming= 2.5x 10° eV and the
hypothesis of maximal mixing. Each channel has heeighted by its branching ratio.
In this case the background/signal ratio is aboif 2.

Figure2.8 gives, as function of background/signal rate, minimum number of events
to be observed to claim for & 8red points) or & (blue points) evidence of oscillation
in OPERA. Such values are obtained assuntin = 2.5 x 10° eV? and maximal
mixing.

In Figure 2.9 the OPERA discovery probability (in five yearsin) is shown as a

function of different values oAm?. The target mass reduction with respect to the
experiment Proposal has been taken into account.

Figure 2.10 shows the sensitivity of the OPERA experimentv,—v; oscillation
together with the region allowed by the past atrhesp neutrino experiments: the
OPERA sensitivity completely covers the allowedoag
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Figure 2.8: Number of observed event by OPERA in five years’ running vs. background/signal
ratio [68].
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Figure 2.9: OPERA discovery probability as a function of different values of Am?[68]
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Chapter 3

Searching for neutrino interactions

Neutrino interactions registered in OPERA electtaetector are recorded in emulsion
sheets, which are the sensing part of target. deroto obtain information about event
topologies and kinematics, nuclear emulsion havieeen read out. This is the goal of
scanning laboratories, where several kinds of médron about neutrino interaction are
collected.

In order to cope with the daily analysis of theglrnumber of emulsion sheets
associated with neutrino interactions, very fagbmatic scanning systems have been
developed: the European Scanning System (ESShf@bihe S-UTS in Japan [67]. The
main features of these systems are: high speedrometric precision, high tracking
efficiency and low instrumental background.

This chapter briefly describes the European Scgn8istem and the procedures to be
applied for the location of neutrino event.

3.1. Scanning system: hardware and software

An automatic scanning system has to be able toutsed| tasks usually performed by
an human operator. Human eyes are replaced by araanstalled on a microscope.
Motion on emulsion plates is accomplished by a wtation hosting a motor controller;
a dedicated software allows to recognise and reearistracks showing the particle
passage.
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3.1.1. Nuclear emulsions

Nuclear emulsions are devices able to record clapgeticles; their working principle
is similar to the one of photographic films. Theg a mixtures of silver halide micro-
crystals (typically AgBr) and a gel consisting mgiof a variable quantity of water, a
small amount of glycerol and possibly other orgaubstances.

Two emulsion layers, 4@m thick, coat both sides of a 2(& thick triacetate base (see
Figure3.1). A thin (J1 um) protective film (gelatine) protects both emuisiayers to
avoid chemical reaction between lead plates anditiier ions contained in emulsion
layer.

The energy released by ionizing particles to tlystats produces latent imagehat has

a very long lifetime. Development makes such seeslt sites grow to grains of
metallic Ag; fixing and washing remove the undepeld crystals, the gel becomes
transparent and by using a transmission opticalasoope it is possible to see the paths
of charged particles, showing up as sequences K silvers grains on a light
background.

The average diameter of developed silver grairtserOPERA emulsions [D.5um. A
minimum ionizing particle (MIP) yields about 30 gra per 100um; a sequence of
grains in an emulsion layer is usually named “ntiack”. The average residuals of the
positions of microtrack grains with respect to maight-line fit average to 55 nm; the
spatial resolution of the microtrack fit is abou8 um. Such resolution is suitable to
detect the through the observation of their kink decay topg!§69].

EMULSION LAYER : 43 pm

PLASTIC BASE: 205 pm

EMULSION LAYER : 43 pm

Figure 3.1: OPERA nuclear emulsion: two emulsion layers coat both sides of a triacetate
transparent base.

3.1.2. Particle track reconstruction

The working principle is common to the two autoroa&tanning systems (ESS and S-
UTS) used in OPERA. They both consist of:

« Computer-driven horizontal and vertical stage epet with high-speed
precision mechanics

» Custom optics providing achromatic images with $iiinelld depth

» High resolution and high frame-rate camera intexdiawith a frame-grabber and
vision processor.
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In the European Scanning System, bi-dimensionagjingaand tri-dimensional tracking
is obtained by software; the S-UTS uses algoriticoded in the hardware of custom
processors.

By adjusting the focal plane of the objective levithin an emulsion layer, a sequence
of tomographic images of each field of view is tale¢ equally spaced depth levels; it is
processed and analysed in order to recognise dligmains produced by charged
particles along their trajectories. Each 48 thick OPERA emulsion layer is spanned
by 15 tomographic images with a pitch aboyi8, accounting for the effective focal

depth of the system [70].

The reconstruction of particle tracks in OPERA ksitakes three steps: micro-tracking,
base-track reconstruction and volume tracking.

3.1.2.a. Micro-tracking

A geometrical alignments of grains detected in edéht levels within the same
emulsion layer is hamed a micro-track. Startingnfra pair of grains, more aligned
grains are appended. A lot of time is requiredxana@ne all combinations of aligned
grains in emulsion, and proper cuts are neededstwighinate random alignments from
particle trajectories. Hence, two further critesige used to selected interesting tracks.
First, only tracks with tath< 1 @ is the angle between the reconstructed micro-track
and z direction) are selected because tracks pedduncneutrino interactions are more
likely to be produced close to the neutrino beaetoad, given the sensitivity of the
OPERA emulsion (about 30 grains/1@ for m.i.p.’s), the number of grains of tracks
in a 43um thick emulsion layer is a Poisson distributiothaan average of 13; micro-
tracks with less than 6 grains are likely to be jamdom alignments, while 96% of
micro-tracks from m.i.p.’s exceed this cut. For reanicro-track, a straight-line fit
provides position and slopes.

Random alignment of grainsf¢g’) are possible because of the statistical natiire
emulsion developing process: sensitized grainsldpvaster, but the probability for an
untouched grain to develop does not vanish. Anoliaekground source comes from
tracks recorded during transport to the experimlenteepository area. A thermal cycle
calledrefreshingdeletes about 1/3 of grains sensitized before gxgoto the neutrino
beam, hence increasing the probability that suclpnttacks be discarded by the cut on
the minimum number of grains.

3.1.2.b. Base-tracks reconstruction

Minimum ionising particles have enough energy tossran OPERA plate; hence, one
expects micro-tracks to come in pairs that canirideedl the plastic support; such pairs
are called base-tracks (see Fig@r2). This significantly improves the signal to sm®i
ratio and increases the precision of track angtemnstruction by minimising distortion
effects.
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Each micro-track is extrapolated to the correspogdi level of the opposite base-
emulsion interface and position and slope tolerarar® applied to select correlated
pairs. One usually computes the following quantity:

o= (ﬁj2+£ﬂf + (A%D j2+{AS“’”jZ 3.1
SDtol %tol %tol §0|

whereAs /Asyjis the transverse/longitudinal slope differenceMeein the top/ bottom
micro-track and base-track asdy ed sy is the corresponding tolerancey, =0.04
andsy = 0.04+0.3x §). Two populations emerge from the sample (seeréigi3): one
with largec value and a number of grains clearly incompatiakh the Poissonian law
(fake base-tracks, top-left); the other one with smalle ofc and a number of grains
well within the Poissonian expectations (bottont)g The cut represented by dashed
line is applied to remove the fake base-tracks.

The resulting base-track efficiency is above 90%&rdhe angular range {700] mrad
and micro-track finding efficiency is above 95%. rf@spondingly, the instrumental
background is estimated to be about 1 fake baskitanf [66] for fog < 8 grains /

1000pm?>.
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Figure 3.2: Reconstruction of a micro-track (left) and of a base track (right).
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Figure 3.3: Rejection of fake base-track based on the slope agreement within the two micro-
tracks (sigma) and the number of grains: the cut represented by the dashed line is applied
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3.1.2.c. Volume track reconstruction

The reconstruction of particle tracks in OPERA ksicequires connecting base-tracks
in several consecutive films. The crucial point tbfs procedure is the alignment

between two consecutive plates (intercalibratidime emulsion plate intercalibration is

done by performing a pattern recognition betweesekieacks of two consecutive

emulsion films (see Figuia4).

Emulsion plates are not rigid objects; the simphapping model between two plates
that can be used over a 1 cm scale, with the poacsf a few micron, is an affine
deformation. The mechanical accuracy of film pilimgbrick assembly is indeed of
50+-100um, much worse that the achievable precision. Furtbee, emulsion films are
affected by environmental conditions (temperatureé bumidity) altering their original
geometry. The task of producing a set of alignmeatks for film alignment is
accomplished by exposing each brick to a controfled of cosmic rays before
disassembly. The cosmic ray spectrum is hardendddyon shields placed just above
the bricks, which remove soft particles, mainlycéiens from showers.

The most general affine transformation that alléevalign two consecutive films is:

axx axy 0| | x d
X,=AX,+T=layx ayy O|(J] y|+| d 3.2
0 0 1j|z dz

where X and X are, respectively, the position coordinate aftad @efore the
transformation [71].

By applying the above procedure to each pair of seoative films, relative
displacements can be reduced to the level of guewadequate to follow a track film-
by-film while avoiding ambiguities and random bakgnd (see SectioB.2.3). The
achievable precision mainly depends on the numbpepetrating tracks, and the area
of the measured zones. The density of passingdrakuld be low enough to avoid
spoiling the topological and kinematical recondiiurc of neutrino events; on the other
hands scanning time is a critical issue and neebte minimised. Typically a density of
the order of a few tracks/nfnand a scanning surface of several Trare a reasonable
compromise between these two conflicting requiremen

Once films have been aligned plate-by-plate, volduraeks are reconstructed. Volume
tracks can be built out of base tracks only, oringxoase tracks and micro-tracks (if
one micro-track is missing on one layer of a pldte,base track cannot be formed, thus
reducing the efficiency). Plate-to-plate linkingpsrformed with proper position and
slope tolerance. Scattering information can be useatkfine whether to allow wide or
tight tolerances: over the length of several plates slope difference may range from a
few mrad to 50 or more, depending on the partichenentum.
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Figure 3.4: Scheme of the alignment process: on sheet n the G area is fixed, and on sheet n+1,
the S area is moved several times around within the F area searching for the translation that

yields the maximum number of matching tracks.

3.2. Vertex Location

The event location strategy applied for the analysi the OPERA bricks can be
sketched in the following steps:

* Changeable Sheet (CS) scanning

* CS-to-brick connection

» Scan-back / Track Follow

* Volume Scan and vertex reconstruction

In this section, the vertex location procedure ésalibed. Sectio8.4.1 reports as
example the results obtained for an event analystte Salerno laboratory.

3.2.1. CS scanning

As explained in sectio2.1.1.b, the analysis of CS doublets [61] is usedadlidate
tracks recorded in electronic devices. The taskoc#ting the events in the OPERA
detector is equally shared between European anandag laboratories. CS doublet
scanning is performed, for events assigned to Eaogaboratories, in Gran Sasso
laboratories (LNGS).

In order to select the sample of tracks in the ©8btet to be matched with the TT
predictions, a wide area scan is performed: fons/eith a muon in the final state, the
area is 16 cfmaround the predicted muon; for NC events, the aseaptimised
according to the shape of the hadron shower, acanitspan the whole area of the CC
doublet.

The standard procedure requires that a CS canchdate at least 3 micro-tracks out of
4 emulsion layers. Tracks found by automatic preicgs are manually checked to
confirm their existence; on positive result, théckris developed. The positions and
slopes of candidate measured on the CS doublgbudrshed to the central OPERA
databases, OPITA/OPFRA, accessible by all laboesto
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Sometimes, no candidates are found on CS. Thibeatue to brick finding efficiency
and also to scanning or reconstruction efficiencidg neutrino interaction trigger and
the brick location are based on the informationmfrthe electronic detectors. A
probability map of bricks is built; depending orethvent position there might be an
ambiguity between adjacent bricks if the eventiagse to an edge. In this case, the first
brick extracted is sent back to the detector afiGaof the second most probable brick
is analysed. The brick finding efficiency as a fume of the number of bricks removed
per event is shown in TabBl [56].

Brick finding efficiency
Event type 1 brick removed 2 bricksremoved 3 bricksremoved
(%) (%) (%)
DISv,CC 78.3 86.2 92.2
DISv,NC 66.7 77.6 79.6

Table 3.1: Brick finding efficiency as a function of the number of bricks removed per event.

3.2.2. CS-Brick connection

Bricks developed at LNGS are sent to several sogrnaboratories to apply the second
step of the vertex location procedure.

All tracks found on the CS doublet are searchedbriok plates. The positions and
slopes of CS candidates published in central datshéDB), are downloaded to local
ones (each scanning laboratory runs its own scgnbB). Each CS candidate is
searched for in the first five emulsion sheets loé brick with 500pum position
tolerance; for each plate, base-tracks are seledtedatisfying the following
requirements:

* position difference between CS candidate extrajpoland track in brick below
300 pum.

» slope agreement between CS candidate and tracickldetter than 40 mrad.
» Sigma value (se8.1.2.b) greater than 0.8.
* Number of grain greater than 20.

Figure3.5 shows the display used to study the qualityasie-tracks found in emulsion
sheets. Tracks having at least three segmentebkretedd as to input to the next steps.
Of course, neutrino events may occur also in tse lkzad plates. Such cases demand
more visual inspection by human operators to bellean and kinematical analysis also
requires extraction of the downstream brick.
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Selections
Min grains 20 Max deltapos  |300
Max sigma 2 Max deltaslope |0.04
Accept rack Projecttaplate |57 ¥
~Accepted tiacks -
P x| PY[ SX|  SY[Plate |
Remove track |
Testvetex | X Y z Tiack# | P DIP EwpotttoSBinitfie | Enqueue TrackFolow |
Domnstiea plate Depth
Export to TS init file: IV Use track slopes
Downsteamplates [10  width [10000
Upstieamplates  [6 Height [10000

Figure 3.5: Display used to study the quality of base-tracks found in the emulsion sheets

3.2.3. Scan-Back - Track Follow

The hint for primary vertex point comes from thea&®ack procedure. CS candidates
connected to bricks are followed down, plate-bytglantil their disappearance (see
Figure 3.6 - Left). This condition is a clear signal tliabmething” happened in this
point.

Starting from track position and slopes in the mdstvnstream sheet, the track
coordinates in the next upstream plates are peatli@canning of a single microscope
view, centered at the expected point, is perforrmed the system, automatically,
searches for micro-tracks compatible with the mtedi track. Position and slope
tolerances are applied®0 pum for position and 40 mrad for slopes) and also a cut on
the number of grains (18-20, varying with the antaefrfog). The newly found track is
used to predict the position and slope at the mgstream plate, and the process is
iterated until either of the following conditionsaurs:

* No segments are found in almost five consecutiatepl This is the evidence
that a possible interaction has been found. inigassible, at this step, to obtain
information about the nature of event: it might derimary or a secondary
interaction. Of course, inefficiency yields fakeming points.

» The track exits the brick. It means that the naotinteraction did not take place
in the brick under examination, but in another amanely the upstream one or
an adjacent brick, respectively if the track exrtsm the most upstream plate
(“passing-through”) or through an edge (“edge-au&iother brick is extracted,
and its CS doublet is also scanned, searching fare ntracks related to the
event; the vertex location procedure is repeateelxptained for the first brick.
A fraction of the neutrino interactions occurs e target frame, or in the target
tracker fibers; such events cannot be used forrineutscillation search,
because the vertex region cannot undergo topologmnzdysis.
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Another strategy, named Track Follow, has beemtécdeveloped in Salerno to locate
the interaction point. It requires to scan a large¥a, on all plates of the brick, in a
volume skewed along the trajectory predicted fromn@S-brick connection results (see
Figure 3.6 - Right). After the reconstruction of all basaeks contained in the scanned
zone, volume tracks are reconstructed and trackis positions and slopes that are
compatible, within proper tolerances, with the 0oE€S candidates are selected.

The size of the scanning zone is normally set t 8w, which is enough to account
for the deviation of a 1 GeV track due to multiptattering; after reconstruction, if the
track is seen to exit the scanned area, the rei@lates are rescanned.

Although the scanning load may seem much biggeh wespect to the Scan-back
procedure, there are several advantages:

* the probability to find a fake stopping point isrydow, because all plates are
always scanned;

» the technique does not rely on visual inspectioasgess the stopping point, hence
non-expert supervision for microscope operatiofices;

* multi-prong vertices are often recognized at thiemgs, hence strengthening the
definition of the stopping point;

« data taken at this step can be merged with thdsenten the next steps, thus
increasing the scanning efficiency in the vertegioe by double data-taking;

* indeed, in Scan-back, most of the time is takemlaye setting, to the extent that,
with the above mentioned area size, the effeciime bnly increases by 10%.

——> Candidates
] on CS /1 «— 3mm —>
) CS 3 mm
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Figure 3.6: Left: Schematic representation of the Scan-back procedure. The track segments (in
purple on CS doublet and in red on the brick) are seen just on the emulsion sheet (yellow) and
not in the lead plate (white). When the track disappear for 5 consecutive plates the interaction
point is located. Right: schematic representation of the Track follow procedure . An area of
3x3mm? around the candidate is scanned for 57 plates. The volume has the same slopes, in x
and y, of the track being followed.
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3.2.4. Volume Scan and Reconstruction

Once a track disappearance point is found, thenvelscan procedure is applied in
order to confirm the interaction and study the togy. A general scan of 1 ¢nis
performed in a predefined number of plates: typycidle stopping plate (the last plate
where the scan-back track was measured) plus Bsplgistream and 10 downstream
(see Figured.7). Track segments (base-tracks and micro-traalesineasured within an
slope acceptance of 0.6.

Emulsion films are aligned, as described3id.2.c, with micrometric precision; then,
tracking and vertexing are performed. Reconstractad tracks and vertices is
accomplished by an automatic software. The output file including all information,
from micro-tracks to vertices found in the volume.

In order to perform alignment and reconstruct tsaskme parameters (tolerances in
slopes and positions, number of segments of a,tedament quantities...) are used.
A default configuration, that is the same for alabysed event, is applied. However, it is
possible to tune these quantities if the a bricbwshspecial features (high fog or no
alignment cosmic rays) or the data quality is faddd images, high distortion).

Scan-back (or Track Follow) information is useddefine the neutrino interaction

vertex between all vertices in the volume: indebé, software produces an unbiased
reconstruction, and every geometrical crossingaukis is considered a possible vertex;
because of the high background due to refreshinghaats and cosmic ray tracks,
information connected to the electronic detectoss mandatory to resolve the

ambiguities.

PLO1 PL57

e

Neutrino f
direction

N T J

5 plates Stop 10 plates
upstream Plate downstream

Figure 3.7: Schematic representation of a total scan volume. 1 cm? is scanned around the
stopping point on 10 plates downstream and 5 upstream with respect to the lead plate in
which the interaction supposed to be.
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3.3. Primary Vertex Study

A relevant point of the study of neutrino interacs is the definition and study of the
primary neutrino interaction vertex. The resulttbé location procedure needs to be
confirmed and refined. A procedure developed omp@se, thedecay searcH72], is
applied by all scanning laboratories.

3.3.1. The decay search procedure

The decay search procedure [72] allows to disciteininteresting topologies like
charm ort candidates from the majority of non-interestin@C/NC interactions. The
main vertexdefinition is the first step: other tracks, in @uboh to the ones attached
automatically at primary vertex, are searched. ppsarance of all tracks must be
validated by a human operator; micro-tracks claséhe vertex point are re-measured
by the operator, choosing a single grain in a mgignification view: this improves the
precision of measurements to the maximum qualéy #mulsion can offer, meanwhile
removing any inefficiency from software algorithms.

Decays are searchedtrack (small kinks) and by looking faxtra-tracks(short decays
with large kinks, secondary vertices). The fornseapplied to muons of primary vertex
in charged current events and to all hadrons irirakaurrent events: the slopes of the
first five segments are examined to unveil smaikkithat might have been mistaken as
the result of multiple scattering; single deviaioare compared to the downstream
scattering history of the track to check whethegyttare outliers in the scattering
distributions (angular deviation > 5 RMSExtra-track search looks for possible
daughter tracks produced in the decay of shortlparticles: high momentum tracks (p
> 1 GeV), disappearing close to the main vertex, mot attached to it (impact
parameter > 1Qum), are examined as possible decay candidatedisncase, it is
crucial to match the topological information frohetemulsion to the electronic detector,
to be sure that the track is really related toabent (it is worth to recall the background
from refreshing remnants and cosmic ray tracksy:nmomentum tracks may still show
large scattering that explains the large impacampater, and such cases are discarded.

If an interesting topology is found, the computatad kinematical quantities starts. The
event is classified like a charm oicandidate if it passes all kinematical cuts implose
by the OPERA Proposal; further studies are of eowsderway to improve the
signal/background ratio.

3.3.2. Scan-Forth and hadron interactions search

Event analysis is completed with the Scan-forth)($Focedure and hadron re-
interaction search. The practical working principle SF is the same as Scan-back;
however, tracks are followed away from the vertepto gather information about
their momenta (from multiple scattering distribuisd and to check for possible
secondary interactions (see Fig®.@&). Of course, Scan-back tracks already have this
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information, and SF is not needed for them; it nseliesting for high-momentum
hadrons attached to primary vertex, or for the mumotine few cases in which it is not
among the Scan-back tracks.

The SF process stops if track exits the brick (gide or reaching the CS doublet), if a
disappearance point is found. In the latter casghér investigation is needed to check
the nature of the interaction.

A high-momentum hadron stops in the volume onlyiiiteracts with the target (mostly
lead). Another volume is scanned around the stgppaint of the SF track, with 1 ém
area 11 consecutive films (5 upstream and 6 doeastrwith respect to the supposed
interaction point — see Figufe9). Automatic reconstruction is then used to cletiee
topology of the secondary interaction.

SF/SB data are used to compute track momentumibyg owultiple Coulomb scattering
as described in the next chapter. Hadron intenact@arch is important to estimate the
background ta decay topologies. The data collected can be usedlidate or replace
information from the Monte Carlo simulation. Thigbgect will be analysed in chapter 5.

n = PL57
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First SF Sl;‘ .
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T 1| PL 49

T
Last |
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Interaction
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PL 38
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Figure 3.8: Schematic representation of the Scan-Forth procedure. Blue line depicts the track

found during the Scan-Back or volume-scan procedure; red segments correspond to tracks
found during Scan-Forth from plate #49 to plate #57.
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SF | HI - Volume s

VTX - Volume sB | Tkl |

Figure 3.9: Schematic representation of scanning tasks in a brick. The dotted red line represent
the SB track leading to the interaction point. The blue box represents the volume scanned
around the vertex to detect more tracks, shown as solid blue lines; they are followed down
through the brick with the SF procedure (dotted blue line); one stops in the brick and another
volume scan to check for hadron interaction is performed (purple box); the daughter tracks of
the secondary interaction are also brought by SF to the end of the brick (dotted black lines).
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3.4. Sample results from the Salerno laboratory

Here the procedure explained in the previous sect® shown in its practical
application to an event located in the laboratdrthe Salerno University. An account is
given of the events located in Salerno, with tHevant quantities measured. Results
from hadron interaction search are reported in wrdp where they are also compared
to Monte Carlo simulation.

3.4.1. An example: Event #227200791

Event #227200791 was one of the first assignetddsalerno laboratory in 2008. It is a
charged current event, as shown in the displah@ftectronic detector in Figugel0.
The momentum of the fitted muon (red line) wasneated to be about 18 GeV/c by the
spectrometer. The brick in which the interactioscwoed has number 1133734. On the
CS doublets, 3 tracks were found but none of thexs flagged as the muon. In Figure
3.11the position of the tracks in the X-Y plane of #raulsion plate is reported. The
magnitude and the direction of the arrows depentherslopes of the track for which
the arrow stands.

The CS-Brick connection procedure was successadbomplished and just one track
was selected to be followed upstream in the bridle track stopped between plate 33
and 32 and a volume scan was performed as thedngatocedure requires. A track

compatible with the muon was found in the recomséd volume, but it stopped 2

plates upstream of the SB track. The decay searsbegure was applied and the
stopping points of both tracks were confirmed bynan check. A track connecting the
muon-candidate and the SB track was found, andhenemulsion sheet, a “black”

(highly ionising) track from the supposed secondatgraction point was seen. The SF
of the muon-candidate track and also of the bleagktwas performed: the former was
followed downstream to plate 57 and its presencéhenCS doublets was confirmed
upon a specific request by the LNGS Scanning Stafiie black track stopped after
three plates in the volume and it was identifiey @c/dx compatibility) as a proton

produced in the secondary interaction. FigBuE2 displays several views of the event.
SB and SF paths are also included in the plot.

The two tracks attached to the primary vertex hadhgact parameter of Ogim. The
impact parameter of the two tracks at the seconsglariex was about 9.pm. The
momenta of the SB track and of the muon-candidaesveomputed by the official
algorithm. The best estimation of the momentumhefrmuon candidate was 10 GeV/c,
to be compared to the measurement by the specegmet 18 GeV/c. The seemingly
big difference (8 GeV/c) between the two estimasgefully justified by the resolution
(actually 1/p is measured both by scattering aadktbending). The momentum of the
SB path was estimated to be 700 MeV/c.
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Figure 3.10: The electronic display for event # 227200791. The area encompassed by the red
line is zoomed in the left part of the image.
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Figure 3.11: Position of the tracks found in the CS doublet for the event 227200791. The
magnitude and the direction of the arrows depend on the slopes of the track.
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Tilted XY

Figure 3.12: Display of the reconstructed event 227200791. Four views are shown: the XZ view,
the YZ view and a tilted XY one, with a zoom on the vertex region and the secondary interaction
in the top-right panel.

3.4.2. Location summary and performance

The status of the scanning activity at the Unitgrsf Salerno is summarised in Figure
3.13, showing the number of events received, “cot@® (recall CS-Brick connection),
located and decay-searched for the 2008, 2009 @&@ funs, as a function of time
(from July 2008 until February 2011).

In Table3.2, the status of event location in Salerno i®real for each run: not only the

number of received and located events is shownalsotthe number of events in “dead
material” (i.e., where decay search cannot be agpkuch as target tracker fibres or
brick supports) or for which another brick was resfed.

These data are used to compute the efficienciestegpin Table3.3; since analysis is
completed only for the sample from 2008 run, thigciehcy estimates for 2009 and
2010 are expected to fluctuate around the presdoes in the next future.
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Figure 3.13: Scanning status of the Salerno laboratory
2008 2009 2010

Op 1p Op 1p Op 1p
Received 20 103 35 181 50
Connected 15 92 29 172 44
Interactions
located in ECC 9 69 18 133 6 36
Interactions in
the upstream O 0 0 15 0 1
brick
Interactlong in 4 8 2 7 0 1
dead material
Decay  search 4 69 16 | 107| 2 13
performed

Table 3.2: Event location summary for the Salerno laboratory - run 2008, 2009 and 2010
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2008 2009 2010

Op 1p Op Ip Op Ip
Connection 075 089 | 0.83 0.95 081 0.88
fraction
Location fraction | 0.65 0.73 0.5% 0.77 0.7 0.74
Decay ~ Searcf | 1 0.46 0.60 0.25] 0.26
fraction

Table 3.3: Overall efficiencies computed by using the Salerno statistics. Runs 2008-2009 and
2010.

3.4.3. General statistics

This section illustrates the distributions of thelervant quantities measured for the
events that underwent decay-search. The multiplafitracks at the primary vertex, the
primary vertex positions and the impact paramefepriomary prongs were computed
using the 2008 and 2009 data. Because of the staaistics, data from the 2010 run
were not used.

In Figure3.14 and Figure3.15the positions of the vertices found, respectiveiythe
2008 and 2009 run is displayed. In both case$)andft plot the vertex positions in the
X-Y plane is reported whereas, in the right sithe, lbongitudinal position of the vertices
(as number of plate) is shown.

In Figure3.16 the multiplicity distributions are shown: thed histogram displays the
multiplicity of CC events, the blue one standsNi&@ events and the black is the sum of
the two samples. The shape of the 2009 distribusiahightly different from the one of
2008: in the former, a larger amount of single-gravents was found. Although the
sizes of the two samples are comparable, thistressiill to be considered preliminary:
the primary interaction of quasi-elastic (QE) egentith a hard muon providing a tight
tagging of the brick, are indeed easier to loch#ntDIS events with big showers that
blur brick finding; hence, a trustworthy picture effficiencies is possible only when
location is complete for all events in a run, wlasreéhe first events in the location
pipeline are biased.

In Figure 3.17 the impact parameter of the tracks attachetha@oprimary vertex is
shown. The red distribution denotes muon tracksgredis the black one is obtained
using all tracks at primary vertex (excluding elentpositron pairs). The muon
distribution is contained within 10 micron, whick the maximum impact parameter
value allowed for muons by the decay search praeedihe distribution of all other
tracks has a tail for IP values exceeding the aferdgioned boundary: such tracks
correspond to low momentum particles or nucleagrfrents produced in the neutrino
interaction.

In Figure 3.18 the track angle distributions are shown. Afsahis case a difference
between the muon sample and other tracks is peeftbrithe number of tracks having a



Searching for neutrino interactions -53-

slope > 0.5 is very low, and no muons are incluiethis category. This plot justifies
why kinematical analysis is restricted to trackthwslope below 0.5.
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Figure 3.14: Left: The vertex position in the plane X-Y; Right: The longitudinal vertex positions
(as number of plate) - Run 2008
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Figure 3.15: Left: The vertex position in the plane X-Y; Right: The longitudinal vertex positions
(as number of plate) - Run 2009
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Multiplicity- run 2008
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Figure 3.16: Multiplicity distributions for the 2008 run (left) and the 2009 run (right)
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Figure 3.17: The impact parameter distributions for the 2008 run (left) and 2009 run (right)
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Figure 3.18: Track angle distributions for the 2008 run (left) and the 2009 run (right)

3.5. OPERA status and performance

The status of the OPERA analysis can be summaligéde plot shown in Figurd.19
[73]: the black line stands for the number of iat#ions triggered in the detector since
July ', 2008 until February 2011. All steps of the vertegation and decay search
procedure are accounted for. The flat regions enltlack line correspond to no-beam
periods. Scanning in laboratories runs around thelevyear, and it can be seen that the
average slope of event location and decay seaelinareasing with time, thanks to
improved know-how and scanning strategy optimisatio

The number of events located by the OPERA expetinsereported in Tabl&.4 [73].
The efficiency reported in Tablg.5 [74] are computed by considering just the data
from the 2008 run, for which the analysis is cortgle

In Table 3.6 the number of peculiar topologies found in #8698, 2009 and 2010
OPERA run is reported. The sample includes thenshavents that, as explained in
section2.2.1, constitute one of the main source of baakguo and theve - induced

events originated by the (V,) contamination of the, beam (~1%) [56].
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Figure 3.19: Scanning status of the OPERA experiment as of February 2011.

2008 2009 2010

Op Ip Op 1p Op 1p
Event Predictec
by electronic| 406 | 1292 1097 2460 | 1165 2747
detector
Found in CS 275 1058 694 2009 391 1090
Interactions
located in ECC 166 | 825 318 1304 104 384
Locat_ed in dead 26 92 16 102 i i
material
Interactlons_ln the 6 37 27 142 i i
upstream brick
Decay  search 15, | 7701 260| 1008 66| 232
performed

Table 3.4: Event location summary for the OPERA experiment - the 2008, 2009 and 2010 run
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Overall efficiency (run 2008) 1p Op All
Triggers 1698 406 1292
Interactions in the bricks 0.925
Rejected bad quality CS films 0.06
Brick identification by electronic 0.78 0.65 0.815
detectors
Location fraction 0.88 0.72 0.93

Table 3.5: Overall efficiency obtained using the 2008 statistics.

Events Decay Search Charm v. Candidates
L ocated (CC) Candidates ©
3101 2121 44 13

Table 3.6: Peculiar topologies found in the 2008, 2009 and 2010 OPERA runs.




Chapter 4

Likelihood approach to momentum measurement

In the OPERA experiment, event analysis requireslgmowledge of event kinematics.
At several analysis steps not only the track pms#ti but also the momentum
information should be available in order to sebaud classify an interesting event.

The momentum of a charged particle traversing thalgion sheets can be computed
from its multiple Coulomb scattering (MCS) in EC€@dis. Two methods are described
in the OPERA proposal [56]: one uses the tracktjpos (coordinate method), the other
one the track angles (angular method) measureakcim @mulsion film.

To compute the particle momenta, the official saeftsvuses the angular technique based
on a nonlinear fit method. [75], [76], [77]. In $hthapter an alternative approach is
described; angular measurements are used but themom estimate is performed by
software based on the likelihood concept.

4.1. Momentum measurement by MCS

The MCS of a particle in the emulsion sheets carmuated by using the angular
measurements of the track: the difference of angleasured in two emulsion films
gives a simple estimate of the scattering angle garticles cross cells made of 1mm
lead + ~300um emulsion/plastic. The distribution of the scattgrangle in a plane is

approximately Gaussian with a squared-RMS givethbyHighland formula [78]:

2 ={0.0136 GeV /c) ﬁ} 41
ps
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where:p is the particle momentum (to be estimatéggljs the particle velocity and X is
the traversed material thickness measured in ohitadiation length.

This quantity yields the “true” squared-RM&() of scattering angle distribution, not
affected by any errors; the measured squared-RiS:Z is related tosyue by the
following expression:

o’ =0g% +06? 4.2

meas true

wheredd is the angular resolution on the difference of tweasured base-track angles.
The value for this measurement error quoted inQRERA Proposal is about 2 mrad
[56].

Angular differences are computed using pairs obmstructed base tracks separated by
a fixed number of brick cells () which defines the effective lead thickness sangpli
(scattering in emulsion and plastic can be negthcteeveral techniques aim to increase
the signal/noise ratio (&, dependent method with/without offset) [75], [76]7].

4.1.1. Determination of the momentum with the official software

To understand the method used for the estimatiothe@fmomentum with the official
software it is useful to re-write the expressioh ds a function of Ny

2
meas = {o.o;sseew N5g } +06° 4.3
P .

The measured squared-RMS depends on the partialeentamp and the base-track
resolution 6. The determination of the termi¢ is crucial for the momentum
measurements accuracy.

The first step of the momentum estimation procedsit® fit the functiono, (N ..)

with a set of passing-through tracks (i.e crossafigthe brick) having the same
momentum. It allows to determid@, set as a parameter in the fit. This first stap loa
performed only with the same momentum tracks. Thisomehow an ideal case that
can be exploited either when an ECC is exposed ¢haaged particle beam of high
intensity or in a Monte-Carlo simulation.

The second step is to fif, .. (N ., track by track with knowé as a fixed parameter
andp as a free parameter, to obtain the momentum measumt of the given tracks.

In general assuming a Gaussian distribution dorthe shape of the momentum
distribution is given by a function like:

_ P _@/p)-@/pY
f(p)= ~ exp( 1 j 4.4
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where p0, pl and p2 are free parameters.

4.2. Review of the likelihood method

The Maximum Likelihood Estimation (MLE) is a stattsl method used for fitting a
statistical model to data and providing estimategtie model parameters.

MLE requires that a mathematical expression, knasmikelihood Functionof the
sample data, be defined. The likelihood of a datassthe probability of obtaining that
particular set of data given the chosen probabdiistribution model. The desired
probability distribution is the one that makes tieserved data “most likely”, which
means that one must seek the value of the parametgor that maximizes the
likelihood function.

Let us consider a set ofindependent random observables {y;} from a population
with a probability distribution functionf; (y; | q) depending on thg parameter, to be
estimated. If all data are independent, the lilagih function is defined as the joint
probability function ofyy, Vo, ¥s...Vn:

L(wq):ﬁ] £(y 0 45

If variables are correlated (not independent) joimg probability function ohh Gaussian
random variables is given by

o 1 L
L(qu)——(zﬂ)n\/ﬁexp[ 2(y a)e = (y u)} 4.6

wherey is the vector of observations apdis the vector of mean&. is the covariance
matrix. Both the means and the covariance matrix degoend or.

The method of MLE estimates tlgeparameter by finding a value that maximizes the
likelihood function:

g=argmax L ¥ [a. 4.7

If the parameteq has no physical constraints (it means that itassume all possible
values), as the sample size increases, the distnibof the MLE tends to Gaussian
distribution with mearq.

The likelihood approach can also provide a configeregion that allows to restrict the
expected values. The likely region is defined byngsthe following inequality
(likelihood ratio):



Likelihood approach to momentum measurement -61-

L@ ).,
2 In(mj < Xara) 4.8

wherelL(q) is the likelihood function for the unknown paraerevectorg, L(§) is the
likelihood function calculated at the estimatedapaeterg and )((21,1_0,) is the (1e)%

point of the chi-square distribution with 1 degm#dreedom. It means that all values of
g satisfying the relation 4.8 are included in theo]% confidence interval for the
parameter of interest.

In the case of really Gaussian variables an exaatrage is assured, otherwise it is only
approximate. The deviation of the coverage from #wpected value is also a
measurement of the quality of the model.

4.3. The MCS in the likelihood approach

In the likelihood approach to momentum estimatitre set of variables used is a
sample of angular scattering between two emulsibnsfand the parameter to be
inferred is the momentum of particle.

Since the measurement error grows with increadoygesn the longitudinal projection,
just the transverse projection having a constardrds used. The slope differences
[AB.4,....A0 4], are not averages but differences between twesorements.

If measurements are independent, the likelihoodtfan is written using the general
form

0G5

i 1
L(AB.,,...08, |p) =umezmp) 4.9

00136 | L i, is the flight length across which the i-th difface is

PB \ X,
computed. The type of material traversed (leadstiglaor emulsion) can also be taken
into account. However, each measurements appealgaat in two differences,
correlations do exist, and it is mandatory to regmthe more general formula, which in
this case reads:

where:J (p) =

1
1 e‘gzin,,-:lwuiwui g (p)

4.10
J(2m)" dets (p)

L(A8,,...08,, |p) :U

Precise evaluation of the correlations betweentamwymeasurements is reported in the
next section.
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4.3.1. The covariance matrix

To study in detail the origin of the measurementalations it is useful to “see” how
this matrix is built. The matrix rank is equal tbet number of slope differences
computed:

AHD,k = 05,k+1_05,k 4.11

The elements of the covariance matrix are conndgotadeasurements correlations. The
diagonal elements can be written as:

0 (p) = <A9k'A9k> = O-ik et 207 4.12

0.0136 / Y
whered? . =
pﬁ

The expression 4.12 has been obtained by takingaictount that each measurement is
affected by an error, with a vanishing mean anthadard deviation denoted és To
show this, let us set for example k = 1 and comthetmfl term:

k=1

oy, = <A61meas’A01.mea>

DO, eas= O3 meas 01, meas 02, medi 02, vinl2 wwls m&f1 w1
(88 reas B, o) =

< 2meas 2 true 9 91 meas+ 61 true 61, truz.ﬂZ, meélgez tr;ae 2, true 1, measg 1, trug 1, >trti
< 1meas l true 91 meas 61 tru} < 2, true_el, truﬁ 2, truggl, tr>e+ <6 2, me;sg 2, rré ,meas_gz, trug|

1meas 1 true 1 meas 01 tr <01 true_ez, truﬁl, trugez, tr>e+<0 2, megsg 2, tr@ 2, m;ag 2, >tru=e
2 _
=3 +0,+9° =

=07 e + 207

12,true

2, true

since
<61,meas (7 -8 =0
<Hl,meas - 91, true 91, true 92, tru> =0

<62,meas - 62, true 61, true” 02, trug =0

- 01, truer

2, meas 2, try
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Elements with |k-j| = 1 all have the same value:
0,2(p) =(D6,,08,) =~5" 4.13

computed, for example for k =1 and j = 2, in tbkdwing way:

0122 = <A Hlmeas’ A 92. mea>

AG, =

1,meas 2,meas_ 61, meas: 2, meat 62, trEEHZ, trUeel, mé'.-aﬁl, tr_ug 1,

AHZ,meas: 3, meas 62, meas 93, mess 53, tru_e63, trJeHZ, métlsg 2, tﬁgﬂ 2,

1,meas’ AHZ mea> =
= <62,meas+ 02,true_ 02,true_ 01, meas+ 61, true 61, truﬁ 3, meé'-sefi, tru_ee 3, trUea 2, mé'-aﬂ gue 0 fue
= <62,meas - 62, truer 62, true” 62, mea} =

_<62,meas - 02, true 62, meas 2, try =

=-92

All terms with |i-j| > 1 vanish because they hagenmeasurement in common.

4.3.2. Implementation details

The algorithm uses the formula 4.1 with a correcfior Monte Carlo data (see section
4.4.1.b). The input parameters of the implementétivare are:

* Ny value:is the step between two slope measurements. T8techeice is the
one that gives a set of difference with the maximaomber of linear
independently measurements. This value has bedn &eso as all consecutive
measurements are taken.

*  Minimum and maximum momenturthe likelihood function is computed
spanning this region with a momentum step of 50 MeWhich is known to be
well below the estimation errors.

* Required confidence levek is expressed as a percentage and represents how
often the true value lies within the confidenceemal. Usually 90% confidence
level is required.

» Geometry Configurationinformation about the geometry and material of the
brick (number of plates, missing sheets)

e Set of measurementSet of slopes and positions measured in each. plate
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4.4. Summary of test results

The implemented software was tested on two sangblstonte Carlo (MC) data and on
two samples of real data. The first set of simalatata was obtained using a
Mathematicascript as a “toy generatorThe particle scattering in lead plates has been
simulated; emulsion plates were neither includedthe simulation nor in the
configuration.

The other MC sample was generated by ORFEO [7Hinaulation tool based on
GEANT, developed for OPERA ECC. Particle interacsiowith the medium are
simulated and the main effects of the scanningieficy and resolutions are included.
This MC sample does not include any background Isitiaun of cosmic rays or fog in
emulsion. The results on simulated data are reppantsectiord.4.1.

In addition, two samples of real data have beediatli The first set comes from lead-
emulsion bricks exposed to 2, 4 and 6 Gev pion lseduming the 2003, 2004 and 2007
test beam campaigns at CERN. The bricks with 2 4rgev pions were scanned in
Naples and the 6 GeV sample in Bologna.

A set ofsoft-muongeconstructed in OPERA ECC scanned in Salernonglihe runs
of year 2008 and 2009, makes up for the secondlsamhpeal data. The results on real
data are reported in sectid.2.

4.4.1. Simulated data
4.4.1.a. Results on simulated data from Mathematica

The Mathematicasoftware was used to simulate the scattering ith pdates of particles
with a fixed momentum in the Gaussian scatteringr@adamation, as shown by
expression 4.1. This formula has been used botthéoscattering angle generation and
as a model for momentum estimation in the likeldhid@sed software; hence, in this
case the model is perfectly identified.

The multiple Coulomb scattering of 1000 tracks éach momentum value (2, 4, 6, 8
and 10 GeV) in 1 mm lead plates was simulated.méasurement error, denotedds
was set to 2 mrad and the required coverage w&. 90able4.1 reports the median,
the quantity Rin/Pmax (%) that represents the lower/upper quantile of theufadion of
estimated momenta and the coverage obtained. Thdtgeare also summarised in
Figure 4.1. The statistical coverage is compatible (witktatistical errors) with the
confidence level required.

As explained in sectiof.2, the maximum likelihood estimator is normaligtdbuted if
there are no constraints on the parameter. In asg,dhe momentum cannot assume a
negative value; the distribution of estimated motaeis not Gaussian, and is also
largely skewed because at high momentum valuessur&aent errors mask the effect
of scattering, thus reducing the resolution (sggiféi4.2): the median is used because it
it is less sensitive than the mean to asymmetries.



Likelihood approach to momentum measurement -65-

Prrue 00 Median | Pmin 68% | Pmax.68% | Pmin 90% | Pmax 90% Coverage
(GeV/ic) | (mrad) | (GeVIc) | (GeV/c) | (GeV/c) | (GeVic) | (GeVlc)
2 2 2.07 1.65 2.65 1.75 2.35 90.6 £ 3.2
4 2 4.10 3.10 6.35 3.40 5.10 91.5+3.1
6 2 6.30 4.15 12.5 4.80 8.70 87.5x3.0
8 2 8.52 5.45 23.1 6.45 12.9 87.2+3.0
10 2 11.0 6.60 50.7 7.80 17.7 87.1+£29

Table 4.1: The results obtained using a set of simulated tracks with Prr. momentum. The
median value, the lower/upper quantile of the population (at 68% and 90%) of estimated
momenta and the coverage obtained are reported.
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Figure 4.1: The results obtained using a set of simulated tracks with Pr.. momentum are
summarized in this plot. The black points mark the median value, the black line is the bisector
(where the median values should be). Blue/red lines bound the 90%/68% quantile of the
population of estimated momenta.
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Figure 4.2: The distribution of estimated momenta obtained using a sample of 6 GeV/c
simulated data. The distribution shows a long tails for high momentum tracks, which have
scattering effect smaller than the measurement error.

4.4.1.b. Results on simulated data from ORFEO

Another analysis was performed on a second seinuflated data provided by the
OPERA collaboration [79]. As explained, the simwatof scattering by particles with
momentum of 1, 4 and 6 GeV/c is done using a tQ@RKEO) based on GEANT.
GEANT [80] uses the following generation formula:

s

that is only slightly different from expression 4lh order to compute the likelihood
function, just for this data sample, formula 4.1as tbheen applied. The value of the
measurement error was set to 1.67 mrad [81] duhegsimulation and then the same
value was plugged into the likelihood-based sofewar

2
O'O;MGeV/ e/_X} 4.14
p

Tracks with bad reconstruction were excluded frbm momentum estimation sample:
at least 50 measured plates out the 57 plate®iB@C brick were required; momentum
estimation is known to be spoiled by reducing theant of available measurements.
2880 tracks were selected from the 1 GeV sampl@d &bm the 4 GeV one and 3554
from the 6 GeV sample.

Results are reported in Tabkle2 and also shown in Figude3. Unlike the previous case,
the coverage is not compatible with the expectddevaf 90%, most probably because
the formula used in the generator does not matahtigxthe one used in the momentum
fitting algorithm.
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Prrue 80 | Median | Pmingo% | Pmax90% | Pminsesw | Pmaxsesw | Coverage
(GeV/c) | (mrad) | (GeV/c) | (GeV/c) | (GeV/c) | (GeVic) | (GeVic) | (%)
1 1.67 0.9 0.6 1.25 0.75 1.1| 795+B8.4
4 1.67 3.8 2.2 6.1 2.9 49| 815+3.1
6 1.67 6.2 35 11.5 4.5 8.4 82 + 3|0

Table 4.2: The results obtained using a set of simulated tracks with Pr-,e momentum. The
media and the lower/upper bounds of the 90%/68% quantile of the population of estimated
momenta and the coverage obtained are reported.

124

104
P (GeVI) |

P .(Gevic)
Figure 4.3 The results obtained using a set of simulated tracks with Pr.. momentum are
summarised in this plot. The black points mark the median value, the black line is the bisector,
where the median points should be, blue/red lines bound the 90%/68% quantile of the
population of estimated momenta.
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4.4.2. Real data

4.4.2.a. Results on real data from pion test beams

Three different pions beam orthogonal to the plassjing a momentum of 2, 4 and 6
GeV, impinging on lead-emulsion brick were analysed order to decouple track
reconstruction effects from momentum estimatesy oracks traversing all emulsion
sheets were selected. Figdrd shows the track length distribution for thekshaving

a momentum of 2 GeV/c (left), 4 GeV/c (center) &@eV/c (righ). In all distributions,

two peaks are visible: the first one is due to Ksadaving a low number of

measurements, mostly unrelated to the beam; thendeis due to the beam tracks
traversing the brick. At least 43 segments out bfwere required for this analysis;
respectively, 3350, 4533 and 801 tracks from 2nd & GeV/c samples have been
selected.

For these real samples, the measurement error t@teras 60) is unknown; the
determination of this quantity is crucial for morh@n estimate accuracy. Real data
come from different bricks scanned using differemtroscopes; then the base-tracks
resolution should be tuned for each sample.

To estimate thé6 value the method described in sectdoh.1 was applied: th# value
for each data set is determined by extrapolatingeto the functiom\6_;(l;) computed
considering passing-through tracks in the set. T8k can be accomplished only in an
ideal case in which the tracks momentum is knowrwhen a brick is exposed to a
charged particle beam of high intensity, like irsttest beam; in the case of tracks from
real OPERA dataj0 has to be determined for each microscope usireraete plates
[81].

The method to infe66 has been tested on ORFEO data, since, in this tasé0
parameter has been fixed to 1.67 mrad, duringithalation, then it is known. The left
side of Figure4.5 shows, for example, the fit of the functiav®,; (I;) obtained
considering a set of simulated pions having a maomerof 4 GeV/c. The extrapolation
to zero of this function gives a value of 1.65 #20mrad for the error to be applied to
estimate track momenta, well in agreement with \thkie set in the simulation. A
similar result has been obtained for the other M@ @es.

The estimation of th&6 value for the real data was performed for all ssahples. The
right part of Figure4.5 shows the fit obtained for a set of reconsadidtacks with 4
GeV/c momentum. The reconstructed valde, is 1.62 + 0.02 mrad. The results
obtained for the 2 and 6 GeV/c samples are repantdcble4.3, and they are used in
the likelihood-based software to estimate the mdomarof the tracks. In the same table,
the median of the momentum distribution obtainedefach sample of tracks, and the
Pmin/Pmax ¢ %) s well as the coverage are reported. They ae, slimmarised in Figure
4.6.
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Figure 4.4: The track length distribution obtained considering the 2 GeV/c tracks (left) , the 4
GeV/c (center) and the 6 GeV/c (right )tracks. To estimate the momentum, just tracks having a
number of segments greater than 43 have been selected.
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Figure 4.5: The A0? quantity is reported as function of the AZ/1300 for a set of simulated tracks
with a momentum of 4 GeV/c (left) and for a set of tracks reconstructed in emulsion with

momentum of 4 GeV/c (right). The extrapolation to zero of this function gives an estimation of
the 860 value

Prrue 80 | Median | Pringow | Pmax90% | Pminesw | Pmaxesw | Coverage
(GeV/c) | (mrad) | (GeV/c) | (GeV/c) | (GeV/c) | (GeVic) | (GeV/c) (%)
2 1.99 1.9 1.35 2.85 1.55 2.4 8032
4 1.62 4.2 3 7.05 3.4 5.45 86 £ 3.0
6 2.2 5.8 3.5 14.7 4.3 8.7 88 3.0

Table 4.3: The results obtained using a set of tracks reconstructed in the emulsion sheets. The
median, the lower/upper quantile of the population (at 68% and 90%) of estimated momenta
and the coverage obtained are reported.
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Figure 4.6: The results obtained using a set of tracks reconstructed in a brick exposed to a Prrye
pions beam. The black points represent the median value of the momentum distribution, the
black line represents the line on which the point should be (bisector). Blue/red lines bound the
90%/68% quantile of the population of momentum estimates.

4.4.2.b. Results on reconstructed soft-muons

A set of muons with momentum below 6 GeV (“soft” omg) was selected from the
data taken during the 2008 run. Figdré shows an image of the electronic detector for
one of such events. The muon momentum was estimetied the likelihood-based
software and compared to the value measured byspeetrometer and the value
computed using the official software.

In the 2008 run, the Salerno laboratory collect@deGents with a muon at primary
vertex; out of these, 20 muons have a momentunmaistd by the spectrometer using
bending and range, below 6 GeV/c. The distribuabthe number of segments of these
tracks is shown in Figur£.8. Tracks with at least 15 segments were coreiderorder

to have a suitable number of measurements to cantpetmomentum.

16 muon tracks survive this selection, and thetmeged momenta are reported in
Table4.4, as well as the 90% confidence limitg;{Rnd the Ray). Also the momentum
estimated by the spectrometer and the one estimaitibdthe official software are
shown in the same table. In Figut® and Figuré&.10, these results are summarised: in
both plots the points mark the values obtained whth official software (Figure 4.9)
and the ones obtained with the likelihood-basedwsot (Figure 4.10). Both sets of
data are plotted versus the momentum measured ebgpectrometer; the black line
(bisector) shows where points should lie.
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Figure4.11 shows the difference between the values addawith the official software
and the ones obtained with the likelihood-basedwswé versus the momentum
measured by the spectrometer.

The values obtained with the likelihood-based saftware under-estimated with
respect to the spectrometer values. This effgmtabably due to the plate misalignment.
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Figure 4.7: Image of the electronic detector for an event with a soft muon.

Figure 4.8: Distribution of the number of segments of soft muon tracks.
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Pt (GEV/Q) Plikelinood | PL,mingo% | PLmaxgo% | Potfica | Pomingow | Pomaxgow
(GeV/ic) | (GeVic) | (GeVic) | (GeVic) | (GeVic) | (GeVlc)

1.82 4.95 2.7 10.6 4.78 3.14 10.6
2.03 1.6 0.5 7.45 2.94 1.7 10.6
3.21 1.2 0.6 2.3 1.58 0.9 6.63
4.75 4.55 1.5 62.65 141 0.77 8.71
5.95 2.7 1.2 5.75 2.65 1.42 18.8
2.80 1.85 0.5 100 5.38 2.71 336.4
3.44 1.85 0.75 3.65 0.49 0.25 13.11
3.48 5.85 1.95 100 3.69 1.93 43
3.56 0.7 0.25 1.45 2.43 1.23 151
3.66 5.8 3 14.4 3.87 2.75 6.51
5.81 3.9 3.3 4.9 7.45 3.75 465
1.77 1.25 0.4 2.8 151 0.8 13.9
5.82 0.95 0.65 1.4 1.44 11 2.09
2.99 2.65 1 6.35 1.96 1.05 14.6
3.07 0.4 0.25 0.65 2.15 1.2 10.42
3.43 1.75 0.8 3.65 1.34 0.77 5.33

Table 4.4: Some details about the soft muons found in Salerno during the 2008 run. The
momentum measured by the spectrometer, the one estimated by using the official software
and by using the likelihood-based software are reported. Also the confidence limits are shown.
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Figure 4.9: Summary of the results obtained on the sample of soft muons found in Salerno

during the 2008 run. The measured momenta are plotted as a function of the spectrometer

estimate. The points are the values estimated by the official software. The triangles bound the
90% confidence region.
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Figure 4.10: Summary of the results obtained on the sample of soft muons found in Salerno
during the 2008 run. The measured momenta are plotted as a function of the spectrometer
estimate. The points are the values estimated by using the likelihood-based software. The
triangles bound the 90% confidence region.
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Figure 4.11: Difference between the values obtained with the official software and the ones

obtained with the likelihood-based software versus the momentum measured with the
spectrometer.



Chapter 5

Evaluation of background from hadronic
interactions

The appearance of the lepton is identified in OPERA by the detection it§
characteristic decay topologies, either in one gr(glectron, muon or hadron) or in
three prongs. In this thesis the tau-to-one-hadieray channel was investigated. An
important source of background to this channelue tb hadron re-interactions; hence
understanding this background is a key to the sscobthe OPERA experiment.

To perform this task a large simulation sample @@ nillions of events was generated
by FLUKA by shooting pions, protons and kaons ohtonm-thick lead plates. All
particles produced in the interactions were reabrded this allowed to perform
dedicated calculations by applying the same topcédguts as in the single hadronic
prong tau decay channel (“signal region”) and taleate the background. The results
obtained with the FLUKA MC productions were compmhreith the one of the
experiment Proposal.

Another important task is to prove that the simatareproduces the experimental data
outside the “signal region”, so that it can betedsfor background evaluation.

5.1. Definition of the “signal region”

The main source of background to the hadronic debaynel is due to re-interactions
in lead of hadrons produced iQNC (neutral current) and in,CC (charged current)
interactions in which the primary muon is not idieed. Although the muon
identification efficiency is high, the latter clas$ events gives a background that is
comparable to that from,NC events [L0° Ncc v: interactions, where & is the total
number ofv,CC collected).
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The event topology is the same both for signal badkground: the re-interacting
hadron attached to the primary vertex might be idestified as a; botht decay and
hadron interaction have an outgoing hadron (seer€fgyl).

In order to keep the background as low as posskleral kinematical cuts are applied.
The t decays close to the primary vertex; given the lglade containing the neutrino
interaction vertex, 99% af decay before the third lead plate from the veriden, the
decay volume extends to two lead plates downstrefathe neutrino interaction lead
plate.

The kinematical cuts required to select eandidate that decays to hadronic channels
are:

* The transverse momentum of the daughter with résjge¢he parent track,
denoted as {Pmust fulfill P> 600 MeV/c if noy’s are attached to the decay
vertex and 300 MeV/c otherwise. The harder cuugifed by the relatively
small < B> ((ILO0 MeV/c) in pion interactions.

*  Pugn (the momentum of the daughter track) > 2 GeV/as Belection cuts low
energy hadrons.

*  Okink (Kink angle between the parent and daughter trad) mrad.

Signal - v.CC Background - v NC

Figure 5.1: Signal and background topologies.

5.2. Results from simulations

This section reports a comparison between the srpat Proposal estimation of
hadronic interaction background and a more recegiuation obtained by FLUKA. In
both cases the interesting background has beeruaggdl by applying the same
topological cuts as in the- h decay channel.

5.2.1. Estimation from experiment Proposal

In the experiment Proposal [56], background waduated by simulating 1xTONC
and CC events by GEANT 3.21. The results obtaimedreported in Tabl®&.1. The
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analysis was performed taking into account only ihekground from neutral current
events with high multiplicity (HMJ. The number of events expected is 2.1 that is
normalized to 19DIS events (including alse,CC events). The cross section ratio
favours CC eventsofc/occ ~ 1/3); hence the probability of having an hadronic
interaction considering just HM NC events is 8.40%.

The computed probability includes the location @dfincy, ioc5 the efficiency due to
kinematical cutsgin, and the probability for an hadron at primary ggrto be mis-
identified as a MuUOBake).

PNC,HM =& pa X - € fakdu) )X E kin X Pfak(e sigr

wherePrake(sign)is the probability for a background interactionocur within 2 mm of

lead per NC event. The Proposal gives the followasgimates for the mentioned
efficiencies:

gloca = 053
1- &g = 0.9
Ein = 0.2

By using these values the interaction probabiléy gvent is:
Prace sigy =8-75% 10°

Expected background

Events | HM | LM | Short® TOTAL

wNC | 21| 06 4.1 6.8
v,CC | 23| <<0.1| 20 4.3
TOTAL | 44 | 0.6 6.1 11.1

Table 5.1: Expected background from hadron re-interactions. The contribution as a function of
the track multiplicity at the primary vertex is also given. The numbers are normalised to 106
DIS events [56] (HM-High Multiplicity; LM- Low Multiplicity).

5.2.2. Estimation from FLUKA simulation

The FLUKA simulation was performed considering mcdmomatic beams of
pions/protons/kaons, impinging perpendicularly anrh-thick lead plate. For each type

% The High Multiplicity (HM) events are the one fahich at least another track besides the pardntljs
measured whereas in the Low Multiplicity (LM) eventnly the parent track is measured.

“ this probability decreases to 1.75 x°Her NC event if one takes into account the cutshenglobal
event kinematics (see next chapter for more détails

® See sectio®.2.1 for theshort decaydefinition
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of incoming particle, protons, pions’(and n') and kaonsK* and K°), 2 million of
events for various momenta, in the range [1,15] GeMre simulated. About 160
million of events overall were produced, equivaleni60 km of hadronic track length
[82].

By analysing the results of these interactions, phebability of having one-prong
topology was estimated. Indeed, this probabilitypetels on the incoming particle
momentum, on the daughter momentum and on theveeses momentum of the
daughter track with respect to the parent trach. (Po compute the probability
distribution, one needs to apply the same kineralktigts used to select a tau candidate
and described in the sectidnl. In Figure5.2, some distributions for kinematical
quantities obtained considering only interactionghwa single outgoing track are
reported: the hadronic spectra (left), the kinklangenter) and theFright). The
interesting region is to the right of the dotted li@e showing the cut in the experiment
Proposal [56]. The plots clearly show that the ami@atf the events exceeding the cuts is
some orders of magnitude smaller than most comroattesing events [83].

The probability of producing an interaction witheteame topology as tau decays was
parameterised as a function of the incoming particbmenta and the But used in the
analysis. A different cut is performed on depending on the presence of photons
attached to the vertex. The presence of photonsg @ additional constraint on the
event topology, allows to release thecBt by keeping a constant level of background
and improving the signal efficiency. The two sitaas related to the presence or
absence of photons were separately analysed.

In the left part of the Figurg.3 the distribution of the number of photons pietlin a

5 GeV pion interactions is shown, restricted totphe having an energy greater than
0.5 GeV [83]. The mean value of photons producethinfinal state is 0.32 x 0
However when the kinematical cuts are applied muireng a high Pand when the
emulsion constraints are reproduced (inefficiermytfacks at slope > 1.0 and for low
momentum protons) the distribution changes siganfity, since very often photons
balance the scattered particle (Figiw@ - center and right). The mean number of
photons surviving this cuts is about 2.12 (themdhs an increase of about two orders
of magnitude) and the mean energy of such phowohbb GeV [83].

By using this sample, the probability of havingiateraction was studied as a function
of the energy of the incident particles, with anidhaut photons in the final state, as
shown for ther” sample in Figur&.4. The red points stand for the probability value
obtained considering events having one visible gdtrparticle in the final state and
passing the kinematical cuts. Since no photonslerected in such interactions, events
with P, > 600 MeV/c were selected. The probability disitibn has a maximum for an
energy value of incident pion about 4 GeV and tthecreases for high energy values.

The blue points stand for the values obtained demsig single prong events passing
the kinematical cuts with photons in the final stathe Pthreshold applied in this case
is 300 GeV/c. From the plot it is evident thatsitmore likely to have in the final state a
configuration that includes photons when the enefgie incident pion increases.

The total probability, shown by the black points,obtained by combining these two
results, and this is reflected in the shape ofdis&ibution: for low energy of incident

pion, the contribute given by events with no phston the final state dominates,
whereas for high energy the contribute given by dkents with detected photons is
more significant. The same distributions are reggbetliso for the other incident particles
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considered in the simulation (see Figs® ) and in each of these cases the two
contributes are well separated.

By using these results the probability for a baokgd interaction to occur over 2 mm
of lead, the maximum decay length considered, arghtisfy the selection criteria for
the reconstruction of the kink decay topology asckinematics is 1.9 + 0.1 x T(per
evenf. This estimated value is 2.2 times larger than \hkie of the experiment
Proposal [56], but it is based on an upgraded ame meliable simulation tool. [83].
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Figure 5.2: Distributions of daughter momenta (left), kink angle (center) and transverse
momentum (right) induced by a beam of 5 GeV/c of =n*. The dotted red line shows the
experiment Proposal cuts; the shaded area is the excluded region [83]
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Figure 5.3: Multiplicity of photons produced in the interaction of a beam of 5 GeV pions with 1
mm of lead before (left) and after (center) the kinematical cuts and their energy after the cuts

(right) [83]

® This probability decreases to (3.8 + 0.2) ¥ J@r event when taking into account the cuts on the
global event kinematics (see next chapter for ndetails).



Evaluation of background from hadronic interactions -80-

Probability

14
] e Total Probability
TT Probability with no y
1.2 4 in final state (P ,>600 MeV/c)
| e Probability with y
} in final state (P, >300 MeV/c)
1.0 {
0.8 i SO } { {
0.6 - ., 5 C }
] . .
0.4 .
. Pityg
4 & . M °
0.2 . ’ .
0.0 : — — ; — .
0 4 6 8 10 12 14 16

Incident particle momentum (GeV/c)

Figure 5.4: Probabilities (as a function of incident =* momentum) to obtain the kink topology
selected for the T—h channel on simulated hadronic interactions.
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5.3. Cross-check with real data

Two experimental cross-checks of the one-prongdradhackground calculation were
performed, though with small statistics so far. Tinst implies the use of the Scan-
Forth data collected by the Collaboration and #wad is a comparison to a sample of
hadronic interactions collected in a brick expotedrt beam with 4 GeV/c momentum.

5.3.1. Comparison with Scan-Forth data

The procedure to locate and study a neutrino ioterawas described in Chapter 3. As
explained, the definition of the primary vertexthg starting point for the analysis of a
neutrino interaction. In order to complete it, omeeds to acquire more information
about the kinematics of the event. The Scan-F@##) procedure allows achieving a
more precise evaluation of the track momentum leggpter 4) and can also find hints
for a possible re-interaction of the particle folld downstream.

In the Salerno laboratory, the analysis on the 20@8has been completed whereas the
one of events from 2009 and 2010 runs is ongoingeBch primary interaction located,
the tracks to be followed down were selected usiegollowing criteria:

e Track must have almost three segments
e Track slope < 0.6

78 events from 2008 run have been located in Saland the number of the tracks
attached to that primary vertex that were followtedtheir stopping point is 185
(including muons). In 42% of cases the SF is neded: this happens for quasi-elastic
interactions in which the Scan-back (SB) track stepd there are no more tracks
attached to the primary vertex, or when the neatmteraction is enough close to the
downstream edge of the brick so that the vertenmel contains it.

The hadron sample includes 125 tracks; 37 of thenthee SB tracks used to locate the
primary interaction point. 42% of the remaining fat was discarded did not meet the
selection criteria. Then 51 hadrons needed to berded down, corresponding to 4.1 m
of track length. In 9 cases the track disappeaard,the required additional scanning
confirmed the presence of a secondary interactionfable 5.2 the values of some
kinematical quantities computed for these intecasihave been reported: the flight
length (FL), the impact parameter (IP), the kinkjlanPxink), the estimated momentum
of the parent (Rren) and the daughter {Rgnie) track as well as the, fh two cases the
information about the daughter track is missingaose the track observed in the
emulsion is black. It means that an interactiorueg@n this point but the track observed
(made of just by two or three segments) is probalgyoton with low energy.

In Figure5.6 an hadronic interaction reconstructed for Wene#23611571, located in
the brick #1124128 is shown. 4 tracks are attatcbdte primary vertex: 2 are the SB
tracks (yellow line); 1 is a large angle track (lomomentum); the last track was
followed down (red line) and it is found to stop gktes downstream of the primary
interaction point. A volume scan was performed adbthis point (5 plates upstream
and 5 plates downstream) and a single prong irtterawas found. The daughter track
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was followed down to the CS doublets (blue lineeve it was confirmed to belong to
the event (CS doublet do not have the backgroumdtaliwosmic rays that are used to
produce alignment patterns on the ECC brick).

The OPERA Scan-Forth (SF) sample, taking into agtalso the results from the other
laboratories [85], total about 8.6 m of track ldngalong which 23 single prong
hadronic interactions have been located. The Higfon on the plane R ghevs. R is
shown in Figure5.7. Since no event has been found in the signgiome this
measurement allows to set an upper limit on thek lprobability of 1.54 x 18
kinks/NC event over 2 mm of lead. This number wamputed by considering the
following expression:

Ngg " = L 8000 05 5.1
Lecay @ (M) 2% 2.88

where L is the total track lengthgdsaycorresponds to thedecay length and <m> is the
mean multiplicity at the primary vertex. The rebati 5.1 sets the correspondence
between the number of NC events and a track gfhebh. The upper limit with 90% of
confidence level of a Poissonian distribution waéro observed events is:

23 _ 2.3

__ = =1.54x 10° 5.2
Ne'jf"'ke 1493

T-h _
Npg

This limit is one order of magnitude larger thhe kink probability evaluated from the
simulation. However the size of the sample analyseabt large enough; in order to
estimate the hadronic background from data a saof@éout 100 m of hadronic track
length will be needed [86].
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I:)parent I:)daughter I:)t

Brick# | - 1P | Oink

(mm) (um) (rad) [Pmin - Pmax] | [Pmin = Pmax] | [Pmin - Pmax]
(GeV/c) (GeV/c) (GeV/c)
1.25 0.83 0.049

1051282 | 9.98| 4.7| 0.060
[0.98 —1.74] | [0.64—1.18] | [0.038 —0.060]

1.70 0.59 0.292
[1.14 —3-37] | [0.37-1.47] | [0.183 —0.728]

1071446 37.40 9.3 0.518

1.50 0.51 0.264
[0.60 —2.80] | [0.34—1.05] | [0.176 —0.543]

1073104 27.08 0.1 0.544

3.60 0.48 0.201
[2.50 — 6.47] | [0.30—1.09] | [0.126 —0.458]

1087210 43.19 6.3 0.435

0.75 0.72 0.080
1123551 | 12.79| 5.7| 0.1l

[0.53-1.10] | [0.57 1] [0.063- 0.110]

1.96 1.56 0.175

1124128 | 34.22| 3.2| 0.089
[1.10 - 2.67] | [1.31-3.91] | [0.117 —0.350]

1.00 0.43 0.174
[0.35-2.15] | [0.32-1.13] | [0.130 —0.459]

114776 14.69 2.4 0.418

1054668 9.61 9.0 0.039 BLACK TRACK

1058161 7.50 6.0 0.07y BLACK TRACK

Table 5.2: Kinematical quantities measured for the hadron interactions reconstructed in
Salerno in the 2008 run: flight length (FL), impact parameter (IP), kink angle (Okint),
momentum of the parent (Pparen)) momentum of the daughter (Paaugnter) and the transverse
momentum of the daughter (P..). The Pnin/Pmax value corresponds to the minimum/maximum
value of the momentum estimated from multiple Coulomb scattering with 90% confidence
level.
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Figure 5.6: An example of an hadron interaction reconstructed in Salerno. The yellow tracks
are the SB tracks, the red track is a SF track that stops in the brick and interacts with the lead
producing an outgoing hadron (purple). The zoom view enhances the track segments found in
the volume scan and in the SF of the parent and the daughter.
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Figure 5.7: Distribution of the transverse momentum vs. particle momentum for kink
candidates n the SF sample [87].
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5.3.2. Comparison with pion test-beam

A Dbrick exposed to the 4 GeV hadronic test-beanvideal a data sample for which

currently 20 m of track length have been scannéd. Hadronic interactions with at

least one prong greater than 20 mrad have beer founof 564 incoming pions. The

fraction of hadronic interactions is (22.1 = 1.7)¥good agreement with (22.1 = 0.4)%
expected from the FLUKA simulation. Out of the l&v@&nts, 42 (7.4 £ 1.1)% showed a
single prong topology; this has to be comparecheoMonte-Carlo expectation (7.6 +

0.3)%. For 29 out of the 42 kinks it was possildarteasure the daughter momentum
and determine the interaction kinematics. An exangbla reconstructed interaction is
reported in Figur®.8 [88]

A comparison with the FLUKA simulation is reportedFigure5.9 including several
variables, the number of backward going tracks,nthétiplicity of the daughters, the
kink angle, the momentum and the fér kink events for which the kinematical
measurements were possible, and thaf Bach single prong for multi-prong events. All
these variables are in good agreement with the latron showing the capability of
FLUKA to reproduce well the general features ofroadt interactions in ECC bricks.
These results are preliminary and the analysibesd data is still in progress in order to
increase the statistics.

0,..= 0.138 rad

P,=552MeV/c

Fragment
Daughter

Figure 5.8: An example of a hadron interaction reconstructed in a brick exposed to 4 GeV/c
hadronic beam.[88]
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Chapter 6

Kinematical study for T — h decay

In the previous chapter an important source of gemknd was evaluated for the tau to
hadronic decay channel from hadronic re-interastioh 1 decay to single hadron
features the same topology as the hadron re-intenac(see section 5.1); several cuts
are applied both at the decay vertex and at theguyi vertex to discriminate the signal
from background.

The analysis at the decay vertex has been showdetail in Chapter 5. Here the

attention is focused on the kinematical analysiplia@ to the primary vertex: the

discriminating variables suggested by the expertni¥oposal will be described and

analysed. In addition, in the sectidh5, other variables that might be used to
discriminate the signal and the background wiltddesn into account.

The analysis was performed on a set of Monte-Giata, by including a state-of-the-art
simulation of the real conditions of data takingl @mocessing.

6.1. The primary vertex analysis

In the experimental Proposal two variables are gged to perform the kinematical
analysis at the primary vertex:

* Pimiss defined as the missing transverse momentum abapyi vertex. The
standard requirement is fss< 1 GeV. It is expected that Rssin v\NC events
be larger than in,CC.

* ¢ angle, defined as the angle, in the neutrino w@nse plane, between the
parent track and the total momentum of the hadigsiesn. Thet and the
hadronic system are back-to-back in the transvelesee whereas, in the case of
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hadronic re-interactions, a hadron faking-ah decay is produced inside the
hadronic shower. Therefore, for the tau candidhte¢t angle is required to
exceedt/2. (see Figuré.24, Figureb.1)

6.2. Monte-Carlo sample description

Neutrino event generation, in the OPERA experimarges the NEGN neutrino
generator, derived from the NOMAD experiment. NE@GNbased on an intra-nuclear
cascade model (INC) in which the propagation ofrbasl produced in neutrino
interactions is taken into account [89].

Some adaptations were needed for the OPERA expatithe description of the beam,
the neutrino energy, the CNGS target and the oufipumat. Several thousands of
neutrino events were created and grouped in theakbed beam-files, separating CC
from NC interactions. For the tau and charm analgsidedicated set of beam-files
containing tau or charm events were produced. Hiéehcontains also information

about the secondary (decay) vertices.

This is the first step of the MC files productidParticle track propagation inside the
detector is done with the electronic detector satioh software named OpRelease.

The analysis performed in this thesis is donediggithe pure CC and NC interactions
collected in the beam-files; track propagatiorhi@ ECC is simulated only when needed.

Three MC samples were considered:

* 50,000v,CC interactions with a muon in the final state etd to the primary
vertex; this sample was used ageat sampleto tune the variables used to
discriminate between signal and background.

* 50,000v,CC interactions with a tau lepton attached to primeertex. For each
event analysed, information about particles produbeth at the interaction
vertex and at the decay vertex were used to contpatkinematical quantities.

* 50,000v,NC interactions with a muonic neutrino in the fissdte.

The interesting variables were computed for ea@ntewf each sample by considering
various scenarios: the starting point is an idéahson in which one assumes that the
momenta, the positions and the slopes of eaclclmdie exactly known. Then, the MC

information was degraded: in the first step, inesrb simulate the measurement errors,
particle slopes and momenta were smeared; in tt@ndestep, the effects due to the
emulsion detector performance were simulated, tslelé in the next section.

6.2.1. Sample with simulation of experimental resolutions

The kinematical variables are modified by includmgasurement errors on momenta
and slopes: the momentum of a charged particlenspated by its multiple Coulomb
scattering in the emulsion sheetsAB/p resolution of 20%, independent of the energy,
was assumed for all charged particles [56]. Neutadrons were totally neglected
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because they are undetectable in the emulsior,isannpossible to give an estimation
of their momenta. Pions, kaons and protons havingpenentum exceeding 10 GeV/c
were cut off at 10 GeV/c. This is a practical coaist imposed by the method (see
Chapter 4) used to estimate the momentum in thelsemnu the multiple Coulomb

scattering of a particle with high momentum is nemklky measurement errors. This
constraint was not applied to the muons: indeedOPERA the best momentum
estimate for muons is produced by the muon speeti@mnather than emulsion plates.

Quantities were smeared by picking a random vatoenfa Gaussian distribution
centerd on the true value and with a width corgbby the particle energy. FiguBel
shows the momentum distribution of charged pasdia#ached to the primary vertex,
produced in several,CC interactions. The distribution obtained with tien-smeared
data (right) is compared to the one of smeared (it in the latter, the peak observed
at 10 GeV/c is the consequence of the introduatica cut off on the momentum value.
Such momentum distributions were obtained for abdngarticles produced iRCC and
v,NC interactions.

Also the angular resolution has to be reproducetthenMC data. In a single emulsion
sheet, tracks are reconstructed by connecting ntiaoks on both sides of the plastic
base with a resolution of about 2.0 mrad. [56]. AuSsian smearing like the one
described for momenta was used to simulate thelangesolution.

[ Track Momentum - Not Smeared Sample ] [ Track Momentum - Smeared Sample |
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Figure 6.1: The momentum distribution of charged particles attached to primary vertex:
comparison between the non-smeared (left) and smeared (right) sample.

6.2.2. The effect of undetected particles

Since emulsions detect ionising particles, neudres cannot be (directly) detected. In
order to reproduce this constraint, neutral haden photons were disregarded in the
computation of physical quantities.

In Figure6.2 it is shown how the multiplicity at primary ¥&x changes when these
undetected particles are neglected. In the left, gae multiplicity computed with
charged and neutral hadrons is displayed, wheteaslistribution shown in the right
part is obtained considering only charged hadrofise shapes of the two distributions
are very different: the latter is more peaked tthenformer and its mean value is about
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5 whereas it is about 12 for the former. 54.9%hef total track sample is removed by
this selection.

Particles with a track slope larger than 0.5 armtgms with a kinematical energy less
than 0.3 GeV/c are also neglected. The reconstrudafficiency for such particles is
very low, and even when detected it is very difica compute their momentum with a
precision suitable for kinematical analysis. Thedestion removes 37.5% of charged
particles; the multiplicity distribution computedlg with charged patrticles surviving to
this cut is shown in Figuré.3
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Figure 6.2: The multiplicity distributions of tracks at primary vertex computed by using all
charged and neutral hadrons (left) and only charged particles (right).
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Figure 6.3: Multiplicity distribution at primary vertex computed only with detectable particles

6.2.3. Photon recovery

The contributions from photons can be “recoverediiew some circumstances occur:
pair production is the starting point of an eleotemnetic shower that can be
reconstructed in the emulsion sheets. If the shaweatetected, an evaluation of its
energy yields an estimation of the photon energiyally “recovering” the photon for
kinematical analysis.

Photons may convert far from the emission vertéyst even if the shower is
reconstructed and the photon is identified, theéexeat which is had been produced is
not obviously determined. The efficiency of “gamradachment” depends on its
energy, as shown in Figu4 [90]. This curve was used in the MC sampleejeat
photons having a low attachment efficiency. Thiddisplayed in Figures.5, which
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shows a comparison of the photon energy and migitypdistribution per event, before
and after the rejection procedure. Without rejattilhe mean photon energy is about
600 MeV and, on average, 4.5 photons per evergradgiced (within the brick), mostly
in an even number; if the samples are restrictedotorejected photons.€. the ones
with an high attachment efficiency), the mean epésgabout 2 GeV and just 1 photon
per event is produced: only photons with a highrgnesurvive this selection. This
effect is due to the dependence of photon attacheiéciency on the energy: as shown
in Figure6.4, the efficiency increases with the shower enperg

A photon with a high attachment efficiency is a g@andidate to be recovered, but just
the one that converts one in the brick can be stedily considered in the analysis.
Photon conversion in the ECC was simulaéeidhoc because this information is not
included in MC files.

The conversion probability of a photon traversirthiakness L of matter is:

pP=1-¢&/ 6.1

whereA is the mean free path, set to 7/9. Xhe average radiation length, ¥or an
ECC-like material (emulsion + lead) is about 7 mm.

The ECC structure was simulated and the photon ipdtie brick computed. By using
the conversion probability, non-converting photomere rejected. Finally, survivor
photons are considered as detected particles agdatle included in the computation of
kinematical quantities. In Figuré.6, the energy and multiplicity distribution of
converting photons are reported. These are not d#éfgrent from the ones obtained
with the only requirement of high attachment eéfiwy. In fact almost all (98%) of
photons correctly attached to primary vertex conwveside a brick.

In this analysis also the photon energy resolutvas taken into account. It is given by
formula [90]:

0o.17 6.2

. _50%
E

JE



Kinematical study for t—h decay -92-

‘ Efficiency of gamma attachment
1.2

Efficiency

T

T

0.8

T

0.6

T T T T T T T

0.2

T

—TT

0 popa by b By b b b b

1.5 2 2.5 3 3.5 4
Energy (Gev)

Figure 6.4: Efficiency of gamma attachment as a function of the energy
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Figure 6.5: Energy distributions of photons obtained using all photons (top-left) and just
photons with high efficiency of attachment (top-right). In the bottom side: multiplicity
distribution at the primary vertex computed using all photons (left) and only photons with
high attachment efficiency (right).
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Figure 6.6: Energy (left) and multiplicity (right) distributions of converting photons in an ECC.

6.3. The missing transverse momentum

The analysis was performed by considering the kateral variables described in
section 6.1. The first one is the missing transvaroomentum Ryssdefined as an
imbalance in the total momentum at the primaryeseith neutrino transverse plane.

The main source ofRissis due to undetected neutrinos in the final statev,NC
interactions, these are neutrinos produced in thegpy interaction, whereas foyCC
events (signal), the tauonic neutrino producedatdecay vertex is an indirect source
of P miss iN the latter case, in fact, it is impossibleptoduce a precise estimation of the
tau momentum (due to the small flight length, resglin few micro-tracks), and the
products of tau decay are included into thgd&tomputation.

Even for events without neutrinos in the final statuch as,CC interactions, the (Riss
sizeably differs from zero because there are atberces:

¢ Nuclear re-interaction and Fermi motion
* Measurement errors

» Undetected particles (neutral particles or parsiciet detectable in the emulsion,
like the ones with large angle or protons with lemergy)

In order to understand the contributions tg,Rgiven by each of these sources, the
v,CC interactions from MC were used as a test sanplthe next sections, the results
obtained from this study will be shown.

In addition, another scenario is proposed: weC events and the,CC events were
treated as,CC events, by considering the neutrino in the fstate be detectable and
measurable, to understand what fraction gfisPis not due to neutrinos. These two
samples and thg,CC one are compared in the next section.

Finally, the Pnisscomputed for the signal was compared to the onepoted for the
background. The results of this analysis have diré@en shown in sectidh3.2.
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6.3.1. Results from v,CC sample

Before showing the results obtained from the amalySthev,CC sample, it is useful to
understand howRisschanges as a function of the number of particlésctied at the
primary vertex. In fact, an undetected particla source of fiss

Figure6.7 is a schematic view of the particle momenttheneutrino transverse plane
for several scenarios. In this plane, the chargptbh and the hadronic system are in a
back-to-back configuration. In the case in which @drticles are detected and all
momenta are measured without any errors, regardfeb® type of interaction,; RissiS
non-zero. Fow,CC events, there are no reasons for which th@sRector should have

a privileged direction, and it is randomly orient@the sources of;Rissin this case, are
the Fermi motion, and the nuclear re-interactiohshadrons produced in neutrino-
neutron collisions.

When some patrticles of the hadronic system go et as, for example, the neutral
ones, a contribution to; Rissarises, opposite to the muon. This effect increassthe
number of undetected particles and the maximymsdis reached when also large
angle particles and proton with low energy are eeigd.

P misswas computed both for the non-smeared and smearsplas and the results are
compared in Figuré.8. The values obtained using the smeared sarapgdarger; then,
also measurement errors can be considered gssaddurce. The contribution ta Rss
given by each source is reported for both sampl&sgure6.9'.

Finally the procedure of “photon recovery” descdbe section6.2.3 was applied and
the Rmisswas computed considering firstly all photons witghhattachment efficiency,
and then selecting just the converting ones. Thelteare reported in Figu&l10 and
also the contribution to(Riss from these sources is given in Fig8dl. The latter
scenario considered is the most realistic becauseexperimental resolutions and all
“emulsion constraints” were taken into account.

The contributions to R,issnot due to the neutrino in the final state was istidlso for
the v,NC andv.CC events, by treating them like CC events. Thermeuin the final
state was considered like a muon ¥gNC events. For the oscillation signal, the tau
momentum was supposed measurable and it was usedfaute the Riss In this way,
the contribution given by the neutrino to thenR is switched off and Rss is
determined only by the hadronic systems. It is shawFigure6.12 that despite the
small differences in the hadronic systemy&in the three cases is very similar.

" The Rmissdistributions for this sample (as well as for thkews presented in this chapter), are reported
in Appendix A
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EFFECT OF UNDETECTED PARTICLES OR} miss FOR VHCC SAMPLE
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Figure 6.7: Effect of undetected particles on the value of the Pymiss. Initially, it is randomly
oriented; when particles of the hadronic system are excluded to perform its computation, its
module increases because each missing particle creates a Pymiss oriented opposite to the muon.
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RESULTS FROMV,,CC SAMPLE
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Figure 6.8: Results of Pymiss computed for the non-smeared and smeared samples by
considering: a) all particles; b) charged particles and photons; c) just charged particles; d)
detectable particles (i.e charged particles with angle less than 0.5 rad and protons with energy
larger than 0.3 GeV/c)
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Figure 6.9: Contribution at Pqmissgiven, for non-smared and smeared samples, broken up by
source: a) Fermi motion and nuclear re-interactions; b) Neutral hadrons, c) Photons;
d)Particles with slope beyond 0.5 and protons with energy less than 0.3 GeV/c.
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RESULTS FROMV,,CC SAMPLE
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Figure 6.10: Results of Pymiss obtained for the smeared sample by applying the procedure of
“photon recovery”. The value has been computed including in the primary vertex, besides the
charged particle, also: a) all photons (case “without neutral hadrons”); b) photons with high
attachment efficiency; c) photons of case (b) converting in the brick
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Figure 6.11: Contributions to Pymiss broken up by source: a) Fermi motion and nuclear re-
interactions; b) neutral hadrons; c) Photons with low attachment efficiency; d) non-converting
photons; e) Particles with a slope larger than 0.5 and protons with energy less than 0.3 GeV/c.
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CoMPARISON BETWEEN,,CC,v,NC AND v:CC SAMPLE
(NEUTRINO AND TAU AS MUON)
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Figure 6.12: Results of P.miss obtained for three smeared samples: CC is the v,CC sample, NC
(neutrino as muon) is the background sample in which the momentum of neutrino has been
considered measurable (then it is used in the computation of Pymiss); TAU (tau as muon) is the
signal sample (using the same spectrum as the one used for the v,CC and v,NC ) in which the
tau momentum is used to compute the Py miss.
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Figure 6.13: Contribution to Pymiss broken up by source: a) Fermi motion and nuclear re-
interactions; b) neutral hadrons; c) Photons with low attachment efficiency; d) non-converting
photons; e) Particles with slope beyond 0.5 and protons with energy less than 0.3 GeV/c.
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6.3.2. Results from v NC and v-CC samples

Figure6.14 shows a schematic representation of the mamewnéctors in the neutrino
transverse plane for a genevid®NC andv.CC interaction. The hadronic system is back-
to-back, respectively, to the neutrinowpaNC interactions and to the tauon, wCC
interactions.

The undetected neutrino attached to the primaryexeis the Bniss Source for the
background whereas for the signal the situatiodlifferent. Since it is difficult to
estimate the tau momentum, the momentum of therdaugarticle replaces it in the
computations. By operating in this way, the newatpnoduced at the decay vertex is not
taken into account and it is a source gfiR Then, in both cases, the initialsRsis
determined by the presence of the neutrino in tihectilon opposite to the hadronic
system.

50,000v,.CC MC events were available but the analysis wa®peed just on the high
multiplicity (HM) events in which at least anothttack besides the parent is fully
measured. 84.5 % of MC interactions are HM evdaésh event was weighted for its
oscillation probability.

For the neutral current interactions another seleawas performed. The files used for
the analysis contain only neutrino interactions andhadron reinteractions. A hadron
re-interaction is a background for the tau-to-hadcbannel only if the daughter track
produced has a momentum greater than 2 GeV/c. Theemomentum of the parent
track has to be at least 2 GeV/c. In first appration, events with all hadrons below 2
GeV/c were disregarded (they cannot have a daughiiemore than 2 GeV/c).

In Figure 6.15 the results obtained for thgNC sample are reported. The smearing
applied on charged particles generates asdback-to-back to the neutrino and so the
P.missdecreases. The same effect is given by the unddteetrticles: in fact the value of
the Rmiss decreases as a function of the number of misseitipa. Figure6.16 shows
the contribution to Ryssgiven by each source.

Figure 6.17 shows the results from thgCC sample. In this case the.Rsdue to the
“measurement smearing” and the one due to the ecigek particles are in competition.
Smearing is applied to all charged patrticles inclgdhe daughter track that is directed
back-to-back to the hadronic system. When smeaisngpplied a Bniss in both
directions arises: the contribution given by “meagient smearing” in the direction of
the neutrino is larger than the one produced inophosite direction. As a result, s
increases when smearing is introduced. (Figut® - top).

Another contribute has to be taken into accourg:dhe given by undetected particles.
When particles are removed, amRs arises back-to-back to the neutrino and this
contribution is opposite to the one given by theeasurement smearing”. The
contribution of “measurement smearing” atn& decreases with the number of
particles undetected (see Figs£0). This effect is more remarkable in the case i
which large angle particles and protons with lowergy are ignored. The related
contribution to Pniss IS larger than the one given by “measurement smgain the
opposite direction so that;Rss decreases when smearing is applied (Figul® -
bottom).
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The contribution to Ryss given by each source is reported in Fig6ré8. If one
compares these values to the ones obtained,MC events notes that the contribution
to R miss given by particles with large angle and protonhwidw energy is different in
the two cases and it is greater for th€C event. This result can be explained by
considering the difference in the hadronic systentlie two types of interaction: large
angle particles are isotropically distributed foC Nvhereas they are mostly emitted
back-to-back to the neutrino for the&CC event.

The procedure of photon recovery was applied alsaHese two samples. FoiCC
events, only photons of primary vertex were recesgeil he result obtained recovering
also photons attached to the secondary vertexowifhown in the sectidh6.

In Figure6.21 the results from thgNC andv.CC samples are compared. The values
computed using just detectable particles are differfor the two samples. Neutral
current events feature aRslarger than the one obtained for the tau sample, as
expected.

The OPERA Proposal [56] suggests, in order to bnilie tau candidate sample, to
select events with (Riss below 1 GeV. The results obtained applying this ate
reported only for the most realistic case. In Fegu23 the Prissdistribution is shown
for the background (blue line) and the signal (blie). The efficiency of the cut is
respectively 42.6% and 72.9%.
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EFFECT OF UNDETECTED PARTICLES OR miss FORV,;NC AND v.CC SAMPLES
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Figure 6.14: Effect of undetected particles on the value of Pymiss for background and signal.
Initially, due to the presence of the undetected neutrino, a non-vanishing Pgmiss oriented back-
to-back to the hadronic system is present; missing particles of the hadronic system excluded
give rise to Pymiss oriented back-to-back to the neutrino and the value of P.nmissdecreases.
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RESULTS FROMV,NC SAMPLE
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Figure 6.15: Results of Pymiss computed for the non-smeared and smeared samples by
considering: a) all particles; b) charged particles and photons; c) just charged particles; d)
charged detectable particles (i.e particles with slope below 0.5 and protons with energy larger
than 0.3 GeV/c)
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Figure 6.16: Contributions to Pymiss, for the non-smeared and smeared samples, broken up by
source: a) Fermi motion and nuclear reinteractions; b) Neutral hadrons, c) Photons; d)
Particles with slope above 0.5 and protons with energy below 0.3 GeV/c.
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RESULTS FROMV; CC SAMPLE
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Figure 6.17: Results of Pymiss computed for the non-smeared and smeared samples by
considering: a) all particles; b) charged particles and photons; c) just charged particles; d)
charged detectable particles (i.e particles with slope below 0.5 and protons with energy above
0.3 GeV/c)
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Figure 6.18: Contributions to Pymiss, for the non-smeared and smeared samples, broken up by
source: a) Fermi motion and nuclear re-interactions; b) Neutral hadrons; c) Photons; d)
Particles with slope above 0.5 and protons with energy below 0.3 GeV/c
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EFFECT OF SMEARING ON; CC SAMPLE
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Figure 6.19: Effects of the “measurement smearing” in the case in which the only undetected
particle is the neutrino (top) and in the case in which the neutrino and other particles go
undetected (bottom)
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Figure 6.20: Contribution to Pymissin the v,CC sample, given by the “measurement smearing” as
a function of the number of particles removed.
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COMPARISON BETWEEN,NC AND V;CC SAMPLE
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Figure 6.21: Comparison of Pymissvalues between signal and background in several scenarios.
Values were computed considering attached to primary vertex, besides the charged particle,
also: a) all photons (case “without neutral hadrons”); b) photons with high attachment
efficiency; c) photons of case( b) converting in the brick
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Figure 6.22: Contribution to Pymiss broken up by source: a) Fermi motion and nuclear re-
interactions; b) neutral hadrons; c) Photons with low attachment efficiency; d) non-converting
photons; e) Particles with slope above 0.5 and protons with energy below 0.3 GeV/c.
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Pt,miss - Charged particles and converting photons - Comparison
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Figure 6.23: The Pymiss distribution obtained in the more realistic case for the signal (black
line) and the background (blue line).

6.4. The ¢ angle

The second variable studied is theangle,i.e. the angle between the direction of the
parent track and the total momentum of the hadgmtes in the neutrino transverse
plane. In Figure6.24 a schematic representation is shown of tramétovs in the
neutrino transverse plane and thangle for the,,NC andv.CC samples. As explained
in section6.1, the value of this angle is expected to be tolwe background events
because the parent track is one hadron of the hadsgstem.

The g angle was computed by using both tiC andv.CC interactions, degrading the
MC information as described previously. In Figérg5 the distributions of the angle
obtained by using the,NC sample are reported, for four different scersrand the
mean values are summarised in Tablke

The number of detected particles affects the belbavwof they angle: when some
particles (for example neutral hadrons) are negtecthe hadronic momentum vector
changes its components in the neutrino transvelemeeplin particular, the modified
vector is closer to the neutrino vector and them ghangle is larger than the one
computed using the complete configuration. The darthe number of particles
neglected, the stronger the effect. The photonsvesy procedure also influences the
value of this angles. A converting photon is coased as a particle of the hadronic
system (they mostly come fromf decays) and included in the computation of the
angle; since part of the momentum of the missingraés is recovered, the total effect
is a decreasing of theangle.

The same analysis performed on theéC samples gives a different result: thangle
depends always on the number of detected partiblesthe dependence is reversed
with respect to the one obtained for the backgroimdhis case, the larger the number
of particles neglected, the smaller the value @fl@nThis behaviour is consistent and
expected: for &,CC interaction, in fact, the parent track (the tgus back-to-back to
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the hadronic system as well as the muonic neutisnm a v,NC event. Since, as
explained, the recomputed hadronic system is clwséne neutrino for an “ordinary”
event, it will be likely closer to the parent track a signal event.

Obviously the photon recovery procedure affects alghis case the value of the angle,
but in a reversed way. In Figuée26. the distributions of the angle obtained by using
the v;CC sample are reported for four different scenadnd the mean values are
summarised in Tablé.2.

Finally, the results shown in Tabtel (background) and the ones reported in Télfe
(signal) are compared. As expected, the value ctedpusing the,,CC events is larger
than the one of the NC events. The OPERA Prop@talascut atv2 rad to select the
candidates. The efficiency obtained by using thit is, for the more realistic case,
86.6 % for the signal and 34.9% for the background.

The efficiencyey,missv, Was evaluated by combining the efficiency computed?, miss
andy: the value obtained 14.8% for NC events and 63dr%%.CC.

Representation of the ¢ angle

Legenda:

— Hadron
momentum in
neutrino [
transverse plane

Parent Track ¥
Momentum

Background v,NC Signal v.CC

Figure 6.24: Schematic representation of the ¢ angle for the background and the signal.

vuNC RESULTS
@ (rad)
. @ (rad)
Detected particles -
Y Non Smeared
Smeared
All particles (without neutrino) 1.23 1.25
Without neutral hadrons 1.27 1.28
Only charged patrticles 1.30 1.31
Only detectable charged particles 1.35 1.36
Detectable charged particles and
. S - 1.26
converting photons in brick

Table 6.1: Values of the ¢ angle computed for the background using the non-smeared and

smeared samples.
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v;CC RESULTS
@ (rad)
. ¢ (rad)
Detected particles -
P Non Smeared
Ssmeared
All particles (without neutrino) 2.80 2.76
Without neutral hadrons 2.54 2.52
Only charged patrticles 2.39 2.36
Only detectable charged patrticles 2.32 2.32
Detectable charged particles and
. S - 2.44
converting photons in brick

Table 6.2: Values of the ¢ angle computed for the signal using the non-smeared and smeared
samples.

¢ ANGLE DISTRIBUTION FORV,NC AND v; CC SAMPLES

[Phy Angle - Only charged particles - Smeared]
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Figure 6.25: The ¢ angle distributions obtained for the background considering different
scenarios: (top-left) all particles detected without the neutrino; (top-right) charged particles
detected; (bottom-left) charged detectable particles detected; (bottom right) charged
detectable particles and converting photons
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Figure 6.26: The ¢ angle distributions obtained for the signal considering different scenarios:
(top-left) all particles detected without the neutrino; (top-right) charged particles detected;
(bottom-left)charged detectable particles detected; (bottom right) charged detectable
particles and converting photons

6.5. Beyond the standard analysis chain

In this section, the focus is on other variablet cansidered in the Proposal but that
might be used to discriminate between the signdlthe background: three anglés¢

andy and one transverse momentum Epr these variables the efficiency cuts has not
been yet studied.

6.5.1. The 0 angle

It is useful to recall the kinematical configuratiof vectors in the plane perpendicular
to the incoming neutrino. In the transverse plahe, following vectors (see Figure
6.27) can be identified:As the hadronic momentum; Js is the missing transverse
momentum and Fis the parent track momentum (an hadron for tekground event
and ar for the signal event} is the angle, in this plane, between the pareaktand
the Rmissvector. Because these two vectors are back-tofmeickev,NC event and not
for thev,CC, this angle is expected to be larger in the &roase. A thorough analysis
has been performed for this variable, considerihgaenarios, because it is related to
P.miss ande. The 6 angle distributions computed by using the backgdosample and
the signal sample, are respectively shown in Figu?® and in Figuré.30; the mean
values are summarised in Tabl& and in Tablé.4
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Both for the signal and the background, the sanmaweur of this variable is observed
with respect to the lack of hadronic particles: @hengle increases its value if particles
of the hadronic system are missed. This is easitietstood by looking at the change in
the configuration of vectors in the neutrino tragrse plane as the sample is degraded
by decreasing the number of particles. In Figu&8 the behaviours of background and
signal events are compared. In both cases the lilae& denote the original vector
configuration (all particles detected), while tlesl rones stand for the configuration of
vectors computed with degraded samples. For th&gbaend the Byiss vector was
computed by adding the total momentum of the hadreystem and the momentum of
the parent track The magnitude is the same for both vectors wisetiea direction is
reversed.

For the background, missing hadronic particles iesph decrease of the magnitude of
P.missand an increase of theangle. As consequence of this, alsofitengle increases
(blue in the original configuration and cyan in tiew configuration).

For the tau sample, the; J2swas computed in a similar way; the only differerséhat
the momentum of the daughter trackq(Pvector was considered instead of the one of
the parent track vector. The new configurationezd an increased Rss The same
happens for the angle. Also in this case thlteangle increases (blue in the original
configuration and cyan in the new configuration).

For both samples, then, the increaseé isfrelated to the changes inRsandy angle.

Representation of the 6 angle

Legenda:
— Missing P, 0
~— Hadron Pp

momentum in

neutrino

transverse plane

p Ph
Parent Track
Momentum
Background v NC |  Signalv.CC

Figure 6.27: Schematic representation of the 6 angle for background and signal events

 To compute Priss the momentum of daughter tracks should be usedydaronic re-interactions are not
present in the NC sample used to perform the aisalyben, in first approximation, the momentum of
the parent track has been used (see also s&c6dn
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vuNC RESULTS

6 (rad) 0 (rad)
Non-smeared Smeared

Detected particles

All particles (without neutrino) 2.3 2.28
Without neutral hadrons 2.31 2.29
Only charged particles 2.33 2.31
Only detect_able charged 241 240
particles
Detectable charged particles and
ged part i 2.36

converting photons in brick

Table 6.3: Values of the 0 angle computed for the background using the non-smeared and
smeared samples

v;CC RESULTS
0 (rad)
. 6 (rad)
Detected particles -
part Non Smeared
smear ed
All particles 0.700 0.704
Without neutral hadrons 0.965 0.968
Only charged particles 1.15 1.16
Only detectable charged particles 1.30 1.29
Detectable charged particles and
. : . - 1.15
converting photons in brick

Table 6.4: Values of the 0 angle computed for the signal using the non-smeared and smeared
samples
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BEHAVIOUR OF THE 6 ANGLE

v,NC Sample v,CC Sample
© + increases 2 | decreases
Py miss | decreases Pt,miss | decreases
0 T increases 6 T increases
Pdgn
pt,miss
pt,mis
T —r
pt,miss

Black: Original sample

Red: Degraded sample

Figure 6.28: Schematic representation in neutrino transverse plane of the behaviour of the

Pimiss, @ and 6 angles. Black vectors: all particles detected. Red vectors: some particles are
missed.
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6 ANGLE DISTRIBUTION FORV,NC AND V; CC SAMPLES
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Figure 6.29: The 6 angle distributions obtained for the background considering several
scenarios: (top-left) all particles detected without the neutrino; (top-right) charged particles
detected; (bottom-left) charged detectable particles detected; (bottom right) charged
detectable particles and converting photons
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Figure 6.30: The 0 angle distributions obtained for the signal considering different scenarios:
(top-left) all particles detected without the neutrino; (top-right) charged particles detected;
(bottom-left) charged detectable particles detected; (bottom right) charged detectable
particles and converting photons



Kinematical study for t—h decay -114-

6.5.2. The Q. variable

The Qis an isolation variable defined as the componéthhe® momentum of the visible
decay product perpendicular to the total visiblemeatum vector (Figuré.31)

Q =(p) - (P On)?/ R, 6.3

This quantity is expected smaller for backgrounednts because the hadron produced at
the interaction vertex is emitted in the hadroret. jOn the contrary, the hadron
produced at the tau decay vertex is isolated waspect to the hadronic system,
therefore the value of @ expected to be larger.

The analysis was performed considering just thet mealistic scenario in which, in
addition to detectable charged particles, also edmg photons are taken into account.
The Q distributions for the samples of simulategNC events and.CC events are
reported in Figures.32. As expected, the average value obtainedhirsignal (953
MeV) is greater than the one obtained for backgddi®33 MeV).

Background Signal
¥y = NC VH/ v, -CC
\%

Figure 6.31: Schematic representation of the Q. variable for the background and the signal

Qt - NC Sample Qt - Tau Sample Qt - Comparison
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1400}
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10005

800f

400ff
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25
Qt(GeVic)

25
Qt(GeVic)

0.035

0.03

25
Qt(GeVic)

Figure 6.32: Distributions of the Q; variable for the background (left), the signal (center) and
both superimposed (background- blue line and signal - black line)
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6.5.3. The « and y angles

Two more angles might be used to discriminate s$igmal background; they are
denoted asr andy. The former is the angle between the parent teawk the closest
particle in the neutrino transverse plane. Theetak the angle between the decaying
particle and the particle with the highest transgemomentum (with respect to the
parent track) in the neutrino transverse plane.

For both angles signal events are expected to laed@r values than background events
do. This is due, as already explained, to the gomdition of involved vectors in the
neutrino transverse plane. to the different orientation of the parent trackhwespect

to the hadronic system - see Fig6ra3.

The events on which the analysis was performed wWereones having, in addition to
parent track, at least one detectable chargedcfgagt the primary vertex. Converting
photons are not taken into account. Thengle distributions for the signal and the
background are shown in Figuée34. The ones for the angle are reported in Figure
6.35. In both cases the signal distribution hasakgor large value of the angles with a
mean value respectively of 1.88 rad for thangle and 2.28 rad for theangle. On the
contrary the background distributions are peakexbed with a mean value, respectively,
of 1.41 rad and 1.34 rad.

Representation of the ¢ angle

Legenda:

— Closest particle

P
momentum P
P, [ o

— Parent track a
momentum

Background v,NC Signal v.CC

Representation of the y angle

Legenda:

—— Momentum of

particle with P,
highest P
\ghes t Pf,MAX P
g 4
Y

= Parent track
momentum Py vax

Background v,NC Signal v.CC

Figure 6.33: Schematic representation of the @ angle (top) and yp angle (bottom) for the
background and the signal
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Figure 6.34: Distributions of the @ angle for the background (left), the signal (center) and both
superimposed (background = blue line and signal = black line)
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Figure 6.35: Distributions of the y angle for the background (left), the signal (center) and both
superimposed (background = blue line and signal = black line)

6.6. Hadron re-interactions study

The results presented in the previous sectionslatened by using an approximation in
the estimation of the background. As explained, liadron re-interactions were not
present in the MC files used for this analysis. Effect of the secondary interactions
on the kinematics was partially accounted for, Ut jconsidering events with hadrons
with momenta greater than 2 GeV/s taken as posgétent tracks (the cut in the
OPERA Proposal [56] on the momentum of the daugbt&ig, > 2 Gev/c). Then the
kinematics of the secondary interactions is pdytimiserted in the global kinematics.
The background was re-evaluated using a stateeséith FLUKA code [82], as was
described in the previous chapter. In this sectiie, details of the hadronic re-
interaction computed with high statistics FLUKA sobn are fully integrated in the
global event kinematics of the neutrino events fittwa standard simulation in order to
obtain a complete picture.
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6.6.1. Integration of FLUKA simulation in the standard MC files

The results from FLUKA simulatich were integrated in the standard MC files by
following these steps:

* From thev,NC MC samples only events having a momentum greagr 2
GeV/c were selected (as parent track)

* The daughter momentum and the transverse momentara generated by
considering the distribution of probability obtathm the FLUKA analysis (see
chapter 5 for more details). In this way the momenand the kink angle for the
daughter particle were known.

e The two values obtained in the previous step wereemough to determine
uniquely the direction of the daughter particlencei the daughter particles are
emitted randomly, a second angle was randomly géseto define the azimuth.

« The kinematical quantities were computed by usihg tlaughter particle
generated in this way.

« [Each event was weighted taking into account thebadviity distribution
obtained with the FLUKA simulation; this weight ageqs on the momentum of
incoming particles, the momentum of the daughtelr &ugn

6.6.2. Comparison of the results

The information from the FLUKA simulation allows tolug the kinematics of the
secondary interactions in the global kinematicsnefitrino events. In this way, the
interesting kinematical quantities can be re-comguasing the information on the
daughter particle and compared to the previous one.

The sample named “partial kinematics” is the ongt lmy using only the parent track

information. The one named “full kinematics” is tbee in which the information on

the daughter track was used to compute the kinealatariables. In this section these
two samples are compared to each other and aldwtsignal sample. In addition two
different values of the angular acceptance areidered: slope below 0.5 or 1.0.

6.6.2.a. Comparison between partial and full kinematics

Not all kinematical variables were influenced beg firesence of the daughter track. In
fact, theo, the @ and they angle do not change because they depend only en th
hadronic system and on the direction of parentktrdde variables for which an
approximation was used arg.RRs the6 angle and Q

For the Bmissvariable, the value computed in the partial kinecsais expected to be
overestimated. In fact, in the full kinematics tmn@mentum of the daughter tracks is

° More details about the FLUKA simulation are repdrin chapter 5.
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used to compute the(Rss. This circumstance reflects the real case in whioh t
momentum of the parent track cannot be estimatethi$ case, then, another source of
P.miss IS present, opposite to the neutrino direction tradtotal effect is a decrease of
the Rmiss In the partial kinematics, because the momentltheoparent track is used to
compute the fiss this source is not taken into account (see Figu36).

The distribution of this variable for the two saepls shown in Figuré.37. The mean
value obtained is almost the same (for the fulekmatics is 1.282 GeV/c with respect to
the value of partial kinematics that is 1.306 GgV/he same result is obtained by
setting the slope acceptance to 1.0. In this dasalistributions are reported in Figure
6.38 and the mean values are, respectively, 1.2A8cFor the partial and 1.334 GeV/c
for the full kinematics. Despite the expectatiahseems that for the; Riss variable the
approximation to use the momentum of the parerdktiastead of the one of the
daughter is good.

Another variable analysed was tAeangle (the angle, in neutrino transverse plane,
between Bniss and the parent direction). One would expect aedese for this variable
when the daughter track is used to compuigfdue to the new source of Rsarising
opposite to the neutrino. TheRsvector, computed considering also this contribiste,
closer to the parent track than theg,R vector computed using the “partial kinematics”
configuration. This behaviour is sizable as showrhe distributions of the theta angle
reported in Figure6.39 for the two samples. The partial kinematicsnga is
characterized by a distribution peaked at highglean(blue line). Obviously also the
mean values are different ( 2.36 rad for the plaatia 2.17 rad for the full kinematics).
The same result was obtained setting the slopeptaotee to 1.0, with mean value of
2.34 rad and 2.16 rad (see Fig6ré0).

The third variable considered for this comparis@en Q (the component of the
momentum of the daughter track perpendicular tatdked momentum). The use of the
daughter track instead of the parent track impdiesncrease of (because the angle
between the daughter track and the hadronic Jatger than the one between the parent
track (that is in the hadronic system) and the daidrjet.

The results for this variable are shown in Figbil in which the ¢for full kinematics

is peaked at 0.719 GeV/c whereas partial kinemgteks at 0.633 GeV/c. The same
behaviour is obtained setting the slope acceptaatcd.0; the mean values are
respectively 0.754 GeV/c and 0.666 GeV/c (see Ei§ut2).

Missing P, in the partial and full kinematics

I [,

Neutrino
Overall
Neutrino
Dauughter
Overall

i . . Contribute to
. Partla_l Pimiss Full kinematics P
kinematics

t,miss

Figure 6.36: Effect of the use of the daughter in the computation of the Pymis for the
background sample.
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MISSING PT DISTRIBUTIONS
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Figure 6.37: The Pymiss distributions for the background for the partial (left) and, full (center)
kinematics. In the right the two distributions are superimposed (partial = blue, full = red). The
slope acceptance is 0.5.
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Figure 6.38: Pymiss distribution for the background for the partial (left) and full (center)

kinematics. In the right the two distribution are superimposed (partial = blue, full = red). The
angular acceptance is 1.0.

THE 6 ANGLE DISTRIBUTIONS
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Figure 6.39: The 0 angledistribution for the background for the partial (left) and full (center)
kinematics. In the right the two distributions are superimposed (partial = blue, full = red). The
slope acceptance is 0.5.
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Figure 6.40: The 6 angledistribution for the background for the partial (left) and full (center)
kinematics. In the right the two distributions are superimposed (partial = blue, full = red). The
slope acceptance is 1.0.
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Figure 6.41: The Q, distributions for the background for the partial (left) and full (center)

kinematics. In the right the two distributions are superimposed (partial = blue, full = red). The
slope acceptance is 0.5.
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Figure 6.42: The Q. distributions for the background for the partial (left) and full (center)

kinematics. In the right the two distributions are superimposed (partial = blue, full = red). The
slope acceptance is 1.0.
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6.6.2.b. Comparison between the partial/full kinematics and the tau sample

The kinematical quantities computed in this new waye also compared to the ones of
the signal. The Rss for the tau sample was computed taking into accailso the
photons attached to the decay vertex, and congeitinthe event brick. This is a
requirement needed to perform an equal-footing @iepn between the signal and the
background. In fact the FLUKA simulations used ¢onpute the probability to have an
hadron interactions includes the possibly convgrimotons produced at secondary
vertex. Figure6.43 shows the results obtained forR, setting the slope acceptance,
respectively, to 0.5 and 1.0. In both cases, te&idution for the signal is reported in
the left side; in the center and in the right stde partial and the full kinematics
distributions are superimposed to the signal orne &fficiencies are recomputed and
summarised in Table.5 (red values) where also the previous oneseg@rted.

The results for the other two variables are repgbitieFigure6.44 for thed angle and in
Figure6.45 for Q.

Pt,miss - Tau Sample Entrios “Blﬁl [ Pt,miss - Partial Kinematics vs. Tau | [ Pt,miss - Full Kinematics vs. Tau |
Mean ).7951

45F

Angular Acceptance: 0.5 rad Angular Acceptance: 0.5 rad Angular Acceptance: 0.5 rad

40
35

30

I |
15 2 25 3

|
4 5 7 8 9 10 3.5 1.5 2 25 3 35 4
Pt,miss (GeV/c) Pt,miss (GeV/c] Pt,miss (GeV/c)
Pt,miss - Tau Sample Entries 45475 [ Pt,miss - Partial Kinematics vs.Tau | [ Pt,miss - Full Kinematics vs. Tau |
Mean a|57|

S0F Angular Acceptance: 1.0 rad|

Angular Acceptance: 1.0 rad Angular Acceptance: 1.0 rad

L
15 2 25

P7l,mi:s (GgewJ)D 2 Pt.smissa('gevm) Pt.smisssfgevlé)
Figure 6.43: The Py miss distribution for the signal (left = black line) computed considering also
converting photons from the decay vertex. This distribution has been superimposed to the one
of the background for the partial kinematics (center - tau = black line and background = blue
line) and for the full kinematics (right - tau = black line and background = red line). The
dashed area marks the excluded region corresponding to the “a priori” tau selection cuts. The

slope acceptance is 0.5 for the top plots and 1.0 for the bottom ones.
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Efficienciesfor the P; misscut

Slope Acceptance 0.5 10
BackgroundPartial Kinematics), 42.6 % 40 %
BackgroundFull Kinematics) 42.2 % 39.4 %
Signal(without photons at the 729 % 71 %
decay vertex)
Signal(with photons at the 723 705 %
decay vertex)

Table 6.5: Efficiency computed for the signal and the background - partial and full kinematics
- by applying the Proposal cut for the Pymiss variable. The red values are the re-computed ones
whereas the black ones are shown in section 6.3.2.

THE 6 ANGLE DISTRIBUTIONS
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Figure 6.44: The 0 angle distribution for the signal (left = black line) computed considering
also at the decay vertex the converting photons. This distribution has been superimposed to
the one of the background for the partial kinematics (center - tau = black line and background
= blue line) and for the full kinematics (right - tau = black line and background = red line). The

slope acceptance is 0.5 for the top plots and 1.0 for the bottom ones.
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THE Q; DISTRIBUTIONS
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Figure 6.45: In the left the Q, distribution for the signal is reported. This distribution has been
superimposed to the one for the background for the partial kinematics (center - tau = black
line and background = blue line) and for the full kinematics (right - tau = black line and
background = red line). The slope acceptance is 0.5 for the top plots and 1.0 for the bottom
ones.



Chapter 7
Observation of a first v candidate in OPERA

The topology and the kinematics of the fingt charged-current candidate event
satisfying the OPERA Proposal selection criteria @malysed in this chapter. The most
likely interpretation is that the tau produced lie fprimary neutrino interaction decays
to a single hadron.

7.1. Event topology

The decay search procedure (see chapter 3) apjalie¢de 2008-2009 data sample
yielded one candidate event fulfilling the selestwiteria defined “a priori” for the,

interaction search. The data sample amounts to E9@8ts out of which 901 are
classified as CC interactions. Taking into accadilnet event location efficiencies, this
corresponds to 1813 interactions occurring in #uget, namely about 35% of the 2008

and 2009 data sample, or, referring to the integraeam intensity, 1.840" p.o.t..
In the next section some details about the topotdghe event will be reported. It was

independently measured with the European and Jsparsganning systems.
Measurements are consistent and their average®asalered in the following. [84]

7.1.1. Event Tracks

The muonless neutrino interaction reported in tdékie occurred in a brick situated in
the wall 11 of the first supermodule and well imsttle target: 3 bricks from the top and
24 bricks from the left. This allows a compreheasstudy of the event: tracks could be
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followed over large distances and secondary veriineluding electromagnetic showers
could be searched for in large volumes.

The primary neutrino interaction consists of 7 ksgoone of which exhibits a visible
kink. Two electromagnetic showers originating frermays that are associated with the
event were reconstructed. Figutd shows a display of the event.

Track 1 exits the primary interaction brick and riet found in the brick
immediately downstream. It is left by a particleiwinomentum0.7871 GeV/c,
most likely interacting in the target tracker betwéboth walls;

Track 2 is left by a heavily ionizing particle. nats residual range 32 + 0.5 g
cm”and the value ofp = (0.32°%) GeV/c measured on the upstream half of

the track, the particle is identified as a protdhe kaon hypothesis was rejected
with a C.L. of 97%. The proton momentum resultingi the residual range is
0.60 £ 0.05 GeV/c.

Track 3 is left by a particle which generates a-pwong interaction 4 bricks
downstream of the primary vertex. Its momenturh.&775 GeV/c.

Track 5 has been followed in wall 12 and disappéargall 13 after a total
distance shorter than 174 g €mThe particle has a momentum bB0Y%
GeV/c.

Track 7 is not directly attached to primary verted points to it with an IP =
437> um. Its starting point is separated from this vergxtwo lead plates. Its
origin is likely to be a prompt neutral particlen Ithe analysis, the
momentun®.499% GeV/c has been added to the total momentum airtheary
vertex.

Track 4 exhibits a kink topology and it has beeantified as ar lepton. The
expectedy factor from the kink angle is approximately 25islthe parent track
of a secondary interaction or decay.

Track 8, the kink daughter track, is left by a mdetof a high momentum of
12 GeV/c which generates a 2-prong interactions 7lswdbwnstream its

emission vertex. Its IP with respect to the primaeytex is 55 £ 4um. All the
tracks directly attached to primary vertex matahvRrtex point within um.

Also two electromagnetic showers are reconstruictéde emulsion:

v-ray 1 has an energy of 5.6 + 190at) + 1.7 Gyst) GeV. The distance between
its conversion point and the secondary vertexds®n and the shower points to
the vertex with a probability of 32%, the impactaaeter being 7.5 £ 43m.
Its probability to be attached to primary verteseiss than 18, the IP being 45.0
+7.7um.

vy-ray 2 has an energy of 1.2 + Ogtat) = 0.4 Gyst) GeV/c. It is compatible
with either vertex, with a significantly larger fability of 82% at secondary
vertex, the IP bein@22>um compared to 10% and 85 + @8 at primary
vertex. Its distance to both vertces is about 13 mm
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4 parent {

e

T—
8 daughter

Figure 7.1: Display of the T candidate event. Top left: side view. Top right: same view zoomed on
the vertices. Bottom: longitudinal view [84]

7.2. Kinematical analysis of the candidate event

The kinematical analysis of this event was perfarmemputing all interesting physical
guantities and by comparing them to the MC simafeti The decay vertex variables
studied were the kink angle, the path length of théhe momentum of the decay
daughter and the total transverse momentuof the detected daughter particles of the
T decays with respect to the parent track. The pyimartex quantities studied were the
P.missand thep angle (see chapter 6 for more details).

The MC samples used for the comparison are the deszibed in chapter 6. Both for
the signal and the background, the distributiontaiobd using the more realistic
scenario were used. For the background, the samplkee one integrated with the
FLUKA simulation, in which the daughter particleoguced in a hadron re-interaction
was taken into account.
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7.2.1. The decay Kinematics

In Table7.1 the value of the decay kinematical quantitesguted for this event are
reported with the selection criteria used. All ahles considered pass the selection cuts
required to select a tau candidate.

These values were compared to the MC distributiothe signal. The MC data sample
includes all high multiplicity events, with the ational requirement that thedecay is
classified adong (see chapter 2). In Figuré2 the MC distribution (black line), the
variable value (red dark line) and the 68.3% donodivalues allowed for the event (red
bands) are reported.

The R value was computed by considering the most pr@babhfiguration in which
both y’s point to the secondary vertex. The MC distribatwas obtained performing
the same consideration: all convertiyig attached to the decay vertex were included in
the computation of this variable. In the low proiisb hypothesis wherey-ray 2 is
attached to primary vertex, the systematic shifPidoes not exceed 50 MeV/c. This
small effect is included in Figuiz2 (bottom left).

For the daughter particle, the smearing on the nmdune is not applied. The cut-off
(fixed to 10 GeV/c) set on the maximum momentumnegion by the multiple
Coulomb scattering was removed. In fact for pagtiahith a momentum greater than 10
GeV/c the measurement is based on the positioratiens, with a resolution that is
different from the one used in the simulation (Wiweas tuned for the angular method).
The comparison to the background distribution watsperformed. This was due to the
constraint on the simulated files on which the wsial was performed (for the
background the maximum value of the daughter moumers set to 10 GeV).

Decay kinematics value

Variable Value Selection criteria
Kink Angle (mrad) 41 +2 > 20
Decay Lengthym) 1335 + 35| within 2 lead plates
Momentum of daughter +6
(GeVic) 125 >2

Transverse momentum of
the detected daughter | 470%% | >300 ¢ attached)
particles (MeV/c)

Table 7.1: Values of the decay kinematical quantities computed for the T candidate event with
the respective selection criterion
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Figure 7.2: Monte-Carlo distribution of the kink angle for t decays (top left); path length of the
7 (top right); momentum of the decay daughter (bottom left); total transverse momentum P; of
the detected daughter particles of the T decays with respect to the parent track (bottom right).
The red band shows the 68.3% domain of values allowed for the candidate event and the dark
red line the most probable value. The grey shaded area represents the excluded region
corresponding to the "a priori” tau selection cuts.

7.2.2. The global kinematics

For the candidate event a standard kinematicalysisalvas performed, computing the
discriminating quantities (Riss and ¢ angle. The values obtained are compared to the
MC distributions for both variables. Also in thiase, for the signal, onlpng decays
were selected and the converting photons at secpnedaiex were taken into account.
The comparison to the background distributions pexformed.

The missing transverse momentum,R at primary vertex i€9.579% GeV/c. this is

lower than the upper selection cut at 1 GeV/c (Bgrre 7.3 - left). Thee angle
between the parent track and the rest of the hadstrower in the transverse plane is
equal to 3.01 £ 0.03 rad, largely above the lovedection cut set at/2 (see Figur&.3 -
right).

In addition, for this event, the value of the athevariables presented in the chapter 6
and not included in the standard analysis chairevestimated: thé, « andy angles
and Q. The computed values are reported, together vhiighsignal and background
distributions (see Figur@.4 and Tabler.2). No physical cuts were studied for this
variables and no investigation on the correlatiomoag them was performed.
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Figure 7.3: Monte-Carlo distributions of the Pymiss at primary vertex (left) and the ¢ angle
between the parent track and the rest of hadronic shower in the transverse plane at the
primary vertex (right) for v, CC interactions (black) and for the v, NC background (blue). The
red band shows the 68.3% domain of values allowed for he candidate event and the dark red
line the most probable value. The dark shaded area represent the excluded region
corresponding to the “a priori” tau selection cuts.

Other kinematics variables

Variable Value
8 angle (rad) 2(.)0(5)331
Q: (MeV/c) 710+ 12
a angle (rad) 068511
v angle (rad) 3(')101;

Table 7.2: Values for the other kinematics variables computed for the candidate event.
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Figure 7.4: Monte-Carlo distributions of the 6 angle (top - left); the Q.variable (top -right); the
@ angle (bottom - left); the y angle (bottom right) for v, CC interactions (black) and for the v,
NC background (blue). The red line shows the most probable value.

7.3. Background estimation and  statistical
significance

The secondary vertex is compatible with the dedag © to h (nn°)v., The two main
sources of background to this channel are:

« the decays to a single charged hadron of chargaangd particles produced in
v,CC interactions where the primary muon is not idieat

* the hadron reinteraction.

The charm background producedvip interactions amounts to 0.007 + 0.0GY<)
events. The background frominteractions is less than i@vents.

The dominant background from hadron re-interactiwwas estimated in chapter 5. The
probability that this background of thdluctuates to one event is 1.8% (2@&6 As the
search forr decays is extended to all four channels the tiekground becomes 0.045
* 0.023 6ys). The probability that this fluctuates to one eniet.5% (2.0L).

At AmZ, =2.5x10°eV? and full mixing, the expected number of observedvents
with the present analysed statistics is 0.54 + @s¥3) of which 0.16 £ 0.04dys) in
the one prong hadron topology, compatible withdhservation of one event.

The significance of a first candidatgCC interaction does not allow to claim the
observation ofv,—v; oscillation. Given its sensitivity, the OPERA expsent will
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require the detection of a few more candidate evémtorder to firmly establish

neutrino oscillation in direct appearance mode uglothe identification of the final
charged lepton.



Conclusions

The observation o#.CC interactions in the OPERA experiment could ke ghoof of
the v,—v; oscillation. Each event triggered in the OPERAed&ir has to be carefully
analysed: both the event topology and the everdgnkatics play an important role in
this analysis.

The definition of the event topology and the reabgn of the interesting ones is a task
accomplished in the scanning laboratories, perfdrtheough a well-defined procedure.
The working chain applied on a generic event wasiilged and the results obtained in
the Salerno scanning laboratory were reported.ld¢egion efficiencies, computed with

the events of the 2008 run collected in Salernorewestimated to be of 70%,

compatible with the one obtained by the Collaboratising all data taken during the
2008 run.

The kinematical analysis of the events (includihng momentum estimation with the
MCS method) was another important subject presanttds thesis. In particular, the
to-hadron channel was investigated by considereg\ariables uses to discriminate
between the signal and the background both atriheapy and at the decay vertex.

The main background for the considered channelues td the hadron reinteractions,
because of the similar topology with the tau decag hadron. The data collected were
used to validate the Monte-Carlo simulation andestimate the background from
hadron re-interactions. With the actual statistilss,limit on the hadron kink probability
was set to 1.54 x 10kinks/NC event over 2 mm of lead. This value i€ ander of
magnitude larger than the kink probability estindatem the simulation; however the
statistic is still growing.

The kinematical variables used for the analysithatprimary vertex were the missing
transverse momentum; &xs and thep angle. At candidate event should have @R
below 1 GeV/c and a angle abover/2. The performance of the selection was
computed by selecting the events satisfying sughirements both from a sample of
background events and from a sample of signal evéitte combined efficiency (i.e
due to both cutsgpyt miss+, Was 14.8% for the background and 62.6% for theadi
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A study was also performed on other variables toatld improve the discrimination
between the signal and background, but their backgl suppression power as well as
the correlation between them is still under stutlyis kinematical analysis was also
applied to the firstv, candidate event found during the 2009 run: thendsted
kinematical variables were computed and the evasdgs the selection criteria.



Appendix A
Missing transverse momentum distributions

A.l. v,CC sample

A.1.1. Non - smeared sample
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Figure A.1: Pymiss distributions obtained with a non-smeared v,CC sample - for details see
section 6.3.1 and Figure 6.8
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A.1.2. Smeared sample
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Figure A.2: Pymiss distributions obtained with a smeared v,CC sample - for details see section

6.3.1, Figure 6.8 and Figure 6.10
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A.2. Comparison with v,CC sample

A.2.1. vyNC sample (neutrino as muon)
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Figure A.3: Pymiss distributions obtained with a non-smeared v,NC sample - numbers not shown

in previous sectios
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A.2.1.b Smeared sample
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Figure A.4:Pniss distributions obtained with a smeared v,NC sample; the neutrino is treated as
a muon particle - for details see section 6.3.2 and Figure 6.12
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A.2.2.v.CC sample (tau as muon)
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Figure A.5: Pymiss distributions obtained with a non-smeared v.CC sample - numbers not shown
in previous sectios
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A.2.2b. Smeared sample
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Figure A.6: Pynmiss distributions obtained with a -smeared v:CC sample - the tau is treated as a
muon particle - for details see section 6.3.1 and Figure 6.12
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A.3.v,NC Sample

A.3.1.Non - smeared sample
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Figure A.7: Pymiss distributions obtained with a non-smeared v,NC sample - for details see
section6.3.2 and Figure 6.15 99
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A.3.2. Smeared sample
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Figure A.8: Py miss distributions obtained with a smeared v,NC sample

6.3.2 and Figure 6.15 andFigure 6.21-

Pt,miss (GeV/c)

- for details see section



Missing transverse momentum distributions -142-

A.4.v;CC Sample

A.4.1. Non-smeared sample
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Figure A.9: Pymiss distributions obtained with a non-smeared v.CC sample - for details see
section 6.3.2 and Figure 6.17
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A.4.2 Smeared sample
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Figure A.10: Pymiss distributions obtained with a smeared v CC sample - for details see section
6.3.2 and Figure 6.17 and Figure 6.21.
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