Universita degli Studi di Napoli ” Federico II”
Facolta di Scienza Matematiche Fisiche e Naturali

SEARCH FOR v, = v OSCILLATIONS
IN THE OPERA EXPERIMENT

ANTONIA DI CRESCENZO

Ph.D. in Physics
Dottorato di Ricerca in Fisica Fondamentale ed Applicata

XXV Ciclo
Tutors: Coordinator:
Prof. Paolo Strolin Prof. Raffaele Velotta

Prof. Giovanni De Lellis






ABSTRACT

The OPERA neutrino experiment in the underground Gran Sasso Lab-
oratory (LNGS) was designed to perform the first detection of neutrino
oscillations in the v, — v channel in appearance mode. The v. sig-
nature is provided by the direct observation of the T lepton produced
in v, interaction and decaying with a flight length of few hundred
microns. The detection of both the T production and decay vertices
is achieved thanks to the micrometric accuracy of nuclear emulsions .
The apparatus is hybrid: it consists of a 1.25 kton emulsion/lead tar-
get complemented by electronic detectors. The detector is placed in the
high energy long-baseline CERN to LNGS neutrino beam (CNGS), 730
km away from the neutrino source.

Three candidates have been observed in the current analysed statistics,
satisfying the kinematical selection criteria. Their topology and kine-
matics has been fully studied and described here in detail.

The efficiency of the v, event selection has been evaluated for the dif-
ferent T decay channels. The background yield has been evaluated and
the kinematical selection optimized in order to have a better discrimi-
nation.

The statistical significance of the v, — v, observation is 3.50.
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INTRODUCTION

Neutrino oscillations were first introduced in 1957 by B. Pontecorvo.
This phenomenon occurs if neutrinos have non-degenerate masses and
if mass and flavor eigenstates do not coincide. In the last 30 years some
unexpected experimental observations of the solar and atmospheric
neutrinos were interpreted as hints in favour of neutrino oscillation.
There is now a clear evidence of neutrino oscillations: experimental
proofs come from systematic studies of solar and atmospheric neutri-
nos and also from studies on neutrinos produced by accelerators and
reactors.

Despite the neutrino v,, — v oscillations in the atmospheric sector
are well established, the direct evidence of the v, appearance is still
missing. It requires a detector capable of identifying the short-lived T
lepton produced in v Charged Current interactions.

The OPERA (Oscillation Project with Emulsion-tRacking Apparatus)
detector in Gran Sasso National Laboratory (LNGS) is designed to ac-
complish this task, aiming at the detection of v in an almost pure v,
beam (CNGS, Cern Neutrino beam to Gran Sasso) produced at CERN
SPS, 730 km far from the detector. The experiment has taken data for
five years, from 2008 to 2012, collecting more than 15000 neutrino in-
teractions.

The OPERA detector uses nuclear emulsions as a high resolution track-
ing device to search for neutrino interactions. The target has a modu-
lar structure. It is made of a sequence of walls of elementary units,
called bricks, and planes of electronic detectors. Each brick is made
of a sandwich of lead plates and emulsion films according to the so
called Emulsion Cloud Chamber technique (ECC). The usage of lead
allows to get a high mass in a relatively compact detector (1.25 kton
with 150000 bricks), thus increasing the neutrino interaction probabil-
ity. The emulsions, with a micrometric spatial resolution, are used for
a high precision reconstruction of tracks of particles produced in neu-
trino interactions.

Significant part of the work was devoted to the event analysis, includ-
ing a trough study of the three v, candidates. Their topology was
defined from the emulsion data and the kinematical analysis was per-
formed in order to asses T hypothesis.

In this thesis a full revision of the efficiencies was performed for the
different T decay channels. All the steps of the analysis chain of a neu-



trino event in the OPERA detector have been simulated and the cor-
responding efficiencies evaluated: from the electron detector trigger to
the event location inside the brick and the search for T decays. The
kinematical selection has also been studied and optimized, aiming to
a better discrimination of signal and background.

A detailed analysis of all the background sources was performed. It
mainly consists of three components: the decay of charmed hadrons,
the hadrons interaction without visible signs of the nucleus recoil in
emulsion and the muon scattering. To enhance the sensitivity to the T
detection, more background reduction criteria were studied and pre-
cise measurements in emulsions were performed.

Combining the efficiencies and the background evaluation, the number
of expected events with the current statistics was estimated. The back-
ground expectation, together with the observed candidates, allowed to
calculate the significance of the v,, — v observation.

Chapter 1 contains a short summary of neutrino oscillations and a
review of recent experimental results. An overview of the OPERA ex-
periment is also given.

In Chapter 2 the location procedure of a neutrino interaction in the
OPERA detector is described, together with the simulation chain used
to evaluate the detection efficiencies. The kinematical selection applied
to the different decay channels is also presented.

Chapter 3 describes the analysis of the observed v, candidates. The
description of their decay topologies and the kinematical analysis is
reported.

In Chapter 4 signal and background expectations are reported and the
significance of the observation is presented.



NEUTRINO OSCILLATIONS AND
THE OPERA EXPERIMENT

1.1 INTRODUCTION

The study of neutrinos began in 1930 when Wolfgang Pauli postulated
the existence of a neutral particle with a very small mass in order to
explain the continuous electron energy spectrum found in 3 decays [1].
Since then, the field has been driven by vast theoretical literature and
exciting experimental results. The neutrino has been the target of ex-
perimental studies for approximately 60 years and new results are still
being released and future experiments are in their early design phases.
Current and future experiments have taken neutrino physics beyond
the discovery stage and into the era of precision measurements.
Neutrinos are electrically-neutral spin-1/2 leptons which only undergo
weak interactions. In the standard model (SM) of particle physics, neu-
trinos are massless and come in three flavors, electron (ve), muon (v,)
and tau (v.), analogous to the charged leptons. They are also experi-
mentally known to exist only as left-handed neutrinos or right-handed
antineutrinos [2].

Though existing copiously throughout the universe, they are experi-
mentally very difficult to detect as they can pass through tremendous
amounts of matter without interacting. Soon after their initial theo-
retical proposal by Pauli in 1930, Fermi generated a point-like the-
ory for neutrino interactions [3]. The currently verified unified elec-
troweak theory which describes neutrino interactions would have not
been fully developed until the 1960s [4, 5, 6] and the weak interaction
mediating bosons, the W+ and Z° were eventually discovered in 1983
[7]. The large masses of these vector bosons (M = 80.6 GeV/ c?, Mz
= 91.2 GeV/c?) result in a weak interaction range of only about 10718
m. The neutrino itself was first definitively detected in 1956 by Cowan
and Reines using the inverse 3 decay reaction V+p — et +n tak-
ing place in a liquid scintillator surrounded by photomultiplier tubes
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[8]. The source of the electron antineutrinos in this experiment was a
nearby nuclear reactor facility.

Since then neutrinos have been detected from natural sources such as
the Sun [9], cosmic rays and the Earth’s atmosphere [10], the core of
the Earth [11], man-made accelerator beamlines [12] and a Supernova
event in 1987 [13]. In addition to electron flavor neutrinos, muon [14]
and tau flavor neutrinos [15] have also been detected, and experiments
studying weak boson decays (in particular, the Z° boson which medi-
ates NC weak interactions) currently limit the number of light species
which participate in weak interactions to these three [16].

1.2 NEUTRINO OSCILLATIONS AND THEIR FORMAL-
ISM

Neutrinos are massless in the Standard Model (SM). Experimentally,
all direct measurements of the neutrino mass have produced so far
only upper limits. The absolute mass of the electron neutrino can be
measured by observing (3 decays. The best limit on electron neutrino
mass, obtained by measuring the end-point of the electron spectrum
in Tritium decay;, is [17]

my, <23 eV (95%C.L.) (1)

The mass of the muon neutrino can be determined from momentum
analysis of pion decay " — ptv,.. The mass of tau neutrino is derived
by fitting the visible energy vs invariant mass in tau decays T~ —
3 4+ 21t 4+ v (+7°). The upper limit on the mass of v, [18] and v+
[19] are

my, < 0.17 MeV (90%C.L.) (2)
my. < 182 MeV (95%C.L.) (3)

Massive neutrinos play an important role in the evolution of the uni-
verse and consequently constraints on absolute neutrino masses can be
derived from cosmology. The latest analysis [20] of WMAP and SDSS
data yields the limit on the sum of neutrino masses:

> my <044 eV (95%C.L.). (1)

However, compelling evidences for massive neutrinos have been found
via flavor transformations (oscillations) in neutrinos produced from the
Sun [21], hadronic decays in the atmosphere [22], accelerator beam-
lines [23] and nuclear reactors [24, 25, 26].
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Neutrinos being massive means that there exists a spectrum of neu-
trino mass eigenstates vi, each with mass mi(i = 1,2,3). The flavor
eigenstates vy (x = e, 1, T) do not necessarily coincide with the mass
eigenstates and can be possibly expressed as a superposition of them

3
| ch> = Z ucxi | Vi>- (5)
i=1

The transformation can be fully written out in terms of a unitary ma-
trix transforming the two sets of eigenstates into each other. It has the
general form

Ve Ueq U,z Ues Vi
v = [Uum  Upz  Ups | | V2 (6)
YVt u'c] UTZ uT3 V3

It then takes the form

Ve 1 0 0
vo| =10 cos 073 sin 073 (7)
Vo 0 —sinBy3 cos 073
cos 013 0 sinByze '
X 0 1 0
—sinB0ze" 1 0 cos 013
cos 01> sin 01> 0 V1
X | —sinB7> cos 017 0 %) (8)
0 0 1 V3

where the so-called mixing angles 01;, 013, 0,3 and the CP-violating
phase & are the four parameters of the matrix which can be experi-
mentally constrained. The separation of the sub-matrices roughly rep-
resent different areas of experimental research in neutrino oscillations.
In particular, atmospheric and long baseline accelerator experiments
have measured 0,3, reactor and accelerator experiments have recently
measured 613, and solar experiments have measured 01,. There has
been no measurement of 6 yet.

The experiments involve transformations of one neutrino flavor, v,
into another, vg, after propagation along a baseline L. It is useful to
express this mathematically via the oscillation probability P(vy — v ).
If x = 3 the oscillation probability becomes a survival probability.
The massive neutrino states v; are eigenstates of the free Hamiltonian
and the time evolution is simply

| vi(t)) = e 1t [ vy). )

7
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From Equation (5), the time evolution of the flavor state v is then
[ valt Z Uhge 1Bt [ vy). (10)

The amplitude of finding the neutrino at the time t in a flavor state vg
is

Avgorvs () = (Vg [ Valt ZU TR v | ve)
_ZZU* Upje (v [ vi) (11)
i

The transition probability is given by

Pv‘x—wﬁ(t) =| Av(x—wﬁ(t) |2

Y Y UUptgUyye 5O (@2
i
For relativistic neutrinos,
Ei =4/p?+m? ~p+m{/2p ~p+mi{/2E (13)
Thus, the transition probability can be approximated by
AmAZA
* —i-—r)
va—rva(t Z Z UgiUpilagUpje 28, (14)
where Aml] = mi2 — mjz. In neutrino oscillation experiments, the mea-

sured quantity is usually the distance L travelled by neutrinos instead
of the time t. For relativistic neutrinos, t ~ L (in units where h = c = 1)
and one finds

2

_Ami.
Pracvg () =) ) UsUpiUggUpze 28 "

L

. a2 [ A
=8ap —4 ) _Re(UgUpillaUp;)sin® [ ==L | (1)

i>j

. e [ A
+ 2Im(Ug; UpiUqiUpg;) sin 7E L|.
To simplify the discussion, we shall consider a special case of two
flavor oscillation v,, — v.. The two-neutrino description is an ade-
quate approximation in treating data from a number of neutrino os-
cillation experiments, e.g. when the L/E value is such that one Am?
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value dominates. In this case, there is only one squared-mass differ-

ence Am? = m5 —m? and the mixing matrix U takes the form
u~ [ cos 0 sin 0 (16)
—sin®  cos©

From Equation(15), it follows that the transition probability of v, — v+
is simply

Am?L
Py, v, = sin’ 20 sin? (m)

4E (17)
Am?(eV2)L(m) 7
E(MeV) >

It is clear from Equation (17) that the neutrino oscillation can take
place only if both the mass splitting Am? and the mixing angle 0 are
nonzero. Indeed, it is the observation of neutrino oscillations that leads
to the conclusion that neutrinos are massive and they mix, i.e. mass
eigenstates are not identical to flavor eigenstates.

— sin? 20 sin? (1.27

1.3 NEUTRINO OSCILLATION EXPERIMENTS

The experimental observations of neutrino oscillations can be divided
in two groups, according to the measured parameters:

» experiments on solar and nuclear reactor neutrinos, measuring
Am3, and 01,

o experiments on atmospheric and accelerator neutrinos, measur-
ing Am3; and 0,3

* experiments measuring 013.

1.3.1  Solar and reactor neutrino experiments

The first hint for flavor change came with the observation of an anomaly
in the solar electron neutrino flux. In 1970, the Homestake [28] exper-
iment observed a deficit of electron neutrinos from predictions made

by the standard solar model (S5SM). This anomaly was later confirmed

by the SAGE [29] and GALLEX [30] experiments.

In 2002 the Sudbury Neutrino Observatory was the first experiment

to show direct evidence for neutrino flavor transformation [31]. Us-
ing the charged current (CC) reaction ve +d — p +p + e, they con-
firmed the electron neutrino solar flux deficit for 8B neutrinos. Simul-
taneously, using the neutral current (NC) reaction vy +d — p +n + vy

9
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which is equally sensitive to all active neutrino flavors (ve, v, V1), they
showed conservation of the total 8B solar neutrino flux in agreement
with the SSM prediction, thus showing that some electron neutrinos
had changed to one of the other two flavors.

The results from SNO’s CC, NC and elastic scattering (ES) measure-
ments together with the Super-Kamiokande data are shown in Figures
1 and 2. In combination with the reactor (V.) data from KamLAND,
the so-called large mixing angle (LMA) solution is preferred with a
confidence level of more than 50 [32, 33].

BS05

Oy 68% C.L.

—— 0" 68%,95%,99% CLL.

e (X 10%cm2 s

I occ 68% CL.
I o 68% CL.
[ oox° 68% CL.
I =5 68% CL.
B I B 2 25 E
0. (x 10

—

o
SrTTTT

35
p)

cm? s

Figure 1: Combined results from SNO and Super-Kamiokande 8B neutrino flux mea-
surements for the different interaction channels (coloured bands) and the
expectation from the standard solar model (SSM) for the total flux (dashed
contour lines), shown as the flux of v,, and v vs. the flux of ve. The allowed
region from all measurements (solid lines) clearly indicates a non-zero flux
of v, and v and therefore provides a strong evidence for neutrino oscilla-
tions. [32, 33]

The KamLAND reactor experiment demonstrated that this flavor change
was the consequence of neutrino oscillation by observing distortion of
reactor V. energy spectrum [34] as a function of the distance from the
reactor. Figure 3 plots the ratio between the background-subtracted v,
candidate events, including the subtraction of geoneutrinos, and the
expectation in absence of oscillations [35].
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Figure 2: Allowed parameter region from global solar data without (left) and with
(right) KamLAND, at 68%, 95%, and 99% CL as well as the best fit (star).

351
1=

2 08 f

< - |

< 0 6 b H = eedescs
£%F T —
- L

= B

T 04

3

«n -

02 | — 3-v best-fit oscillation —— Data - BG - Geo ¥,
[ e 2-v best-fit oscillation

Figure 3: Ratio of the background and geoneutrino-subtracted V. spectrum to the
expectation for no-oscillation as a function of Ly/E. Ly is the effective base-
line taken as a flux-weighted average (Lyp = 180 km) [35]. This shows the
evidence for oscillations.
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1.3.2  Atmospheric and accelerator neutrino experiments

Similarly, atmospheric neutrinos, produced as decay products in hadronic
showers resulting from collisions of cosmic rays with nuclei in the up-
per atmosphere, were studied by the Super-Kamiokande water Cherenkov
detector [36], MACRO [37] and SOUDAN?2 [38]. Super-Kamiokande
was the first to report the evidence for oscillations through a zenith
angle dependent deficit of muon neutrinos (Figure 4). Long baseline
terrestrial neutrino experiments K2K [39] and MINOS [40] observed v,
disappearance consistent with the Super-K results. Figure 5 presents
68% and 90% contours for the MINOS oscillation fit and 90% contours
for the Super-K experiment.

Sub-GeV e-like Sub-GeV p-like

Number of Events

.§" T .§. ™ .g.. §

g

.o

88228388383

Number of Events
Number of Events

o2 EZEBREY

Figure 4: Zenith angle distribution of fully contained 1-ring e-like and p-like events
with visible energy below or above 1.33 GeV, corresponding to the Sub-GeV
and Multi-GeV samples in the Super-Kamiokande detector. Multi-GeV p-
like events distribution partially include also contained events. The dashed
curves show non-oscillated expected flux and solid curves show the best fit
for v,, — v oscillation.

1.3.3 Search for 013

For a long period, an upper limit for the value of 613 was only avail-
able. Until recently the best upper limit had been measured by the
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Figure 5: Allowed region of the (0,3-Am3;) parameter space as published by the
MINOS collaboration in 2011. Results from Super-Kamiokande are also in-
cluded. [49]

CHOOZ experiment [41], in which V. produced at a nuclear power
plant were measured at a detector situated at roughly 1km far from
the nuclear reactors.

The new generation of experiments built to measure 073 are usually
divided in two categories. The first one intends to measure disappear-
ance of Ve from the V. produced in reactors, such as Double-CHOOZ
[42], RENO [43] and Daya Bay [44]. The second one intends to mea-
sure the appearance of v, from a v, beam produced in an accelerator
complex, such as T2K [45] and Nova [46].

In 2011, T2K was the first experiment to directly measure a non-zero
value of 013[48]. The precision on this value has then strengthened
by subsequent results from MINOS [50] and Double-CHOOZ [51], cul-
minating in the recent announcement of a 5.2 ¢ and 4.9 o by Daya
Bay [52] and RENO [53] respectively. Thanks to these experiments the
value of 013 is now known at the same level of precision as the other
mixing angles.

The latest results from the different experiments are shown in Figure 6.

13
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Figure 6: Results from three experiments measuring 013.Top: measured prompt en-
ergy spectrum of the far detector compared with the no-oscillation predic-
tion from the measurements of the two near detectors. Spectra were back-
ground subtracted in (a) and (b), while include background for (c). Bottom:
the ratio of the measured spectrum of far detector to the no-oscillation pre-
diction.
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1.3.4 Summary of neutrino oscillation parameters

Neutrino oscillation experiments are measuring the squared mass dif-
ferences (Am?, and Am3;) instead of the absolute mass, therefore the
mass ordering is not yet known. Figure 7 shows the conceptual dia-
gram for the two orderings. With mz > m; > m;, it is defined as
normal hierarchy, while with m3 < m; < my, it is defined as inverted

hierarchy.
normal inverted
ms me
s m: X N ] C gy
e —
m ms B

Figure 7: Three-neutrino mass-squared spectrum, for the two mass hierarchies.

The global best fit results of neutrino oscillation parameters are sum-
marized in Table 1, for normal hierarchy (NH) and inverted hierarchy

(IH).
H Parameter ‘ Hierarchy ‘ Best fit ‘ 1o range H
Am%z (x1075 eV?) NH or IH 7.54 7.32 - 7.80
sin® 07,(10~ 1) NH or IH 3.06 2.91 - 3.25
| Am3; | (x1073 eV?) NH 2.43 2.33 - 2.49
| Am2; | (x1073 eV?) H 2.42 2.31 - 2.49
sin? 073(1072) NH 2.41 2.16 - 2.66
sin 013(1072) IH 2.44 2.19 - 2.67
sin® 0,3(107 1) NH 3.86 3.65 - 4.10
sin? 6,3(1072) IH 3.92 3.70 - 4.31

Table 1: Summary of global best fit of neutrino oscillation parameters, taken from [54]



16

| NEUTRINO OSCILLATIONS AND THE OPERA EXPERIMENT

1.4 THE OPERA EXPERIMENT

As discussed in the previous section, the disappearance of atmospheric
vy is now well established. The direct and unambiguous detection of
its oscillation in a different neutrino flavor is, however, still an impor-
tant missing tile in the oscillation scenario.

The OPERA (Oscillation Project with Emulsion-tRacking Apparatus)
experiment [55, 56] at Gran Sasso Laboratory (LNGS) was designed
to accomplish this task. Its aim is to perform the first direct detec-
tion of neutrino oscillations in appearance mode through the study of
v — Ve oscillations.

The direct appearance search is based on the detection of T leptons
produced in the charged current interactions (CC) of v.. The neutrino
beam is an almost pure v,, beam produced by the protons accelerated
in the CERN SPS and injected in the CNGS beam line, 730 km away
from the detector location. The OPERA experiment [57, 58] is installed
in Hall C of the underground Gran Sasso Laboratory (LNGS), aligned
with the CNGS baseline, under 1400 meters of rock.

The detector concept is based on the Emulsion Cloud Chamber (ECC)
technique, combined with real-time detection techniques (electronic
detectors): OPERA is a hybrid apparatus with a modular structure.
The ECC basic unit in OPERA is a brick made of 56 lead plates (ab-
sorbers), providing the necessary mass, interleaved with 57 nuclear
emulsion films, providing the necessary spatial and angular resolution.
The electronic detectors are used to trigger the neutrino interactions, to
locate the brick in which the interaction took place, to identify muons
and measure their momentum and charge. The analysis of the emul-
sion is performed in the OPERA emulsion scanning laboratories all
over the world by automatic scanning systems developed to measure
the large amount of emulsions involved in the analysis.

1.41  The CNGS beam

The CNGS neutrino beam [59] was designed and optimized for the
study of v, — v oscillations in appearance mode. It is produced by
a 400 GeV/c proton beam extracted from the CERN SPS accelerator;
during a nominal CNGS cycle there are two SPS extractions (10.5 us
each, separated by 50 ms) of ~ 2.0 x 10'3 protons. Each CNGS cycle in
the SPS is 6 s long.

The proton beam is transported through the transfer line TT41 to the
CNGS target T40. The target consists of a series of thin graphite rods.
Secondary pions and kaons of positive charge produced in the target
are focused into a parallel beam by a system of two magnetic lenses,
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called horn and reflector (Fig. 8).

Target Horn

e
Proton -
beam

Helium bags

Reflector

43.35m

100m._|

Decay tube Hadron stop Muon detectors
W2/ /7777777 n/K - decay
—
/) _Muon T TFel |
- (Neutrino? I Tt
|  Gran
H | |~ Sasso

1092m_ 182m _5m .  67m | 5m

A 1000 m long decay-pipe allows most of the pions and kaons to de-
cay into muon-neutrinos and muons. The remaining hadrons (protons,
pions, kaons, ...) are absorbed in a hadron stopper (a 18 m long block
of graphite and iron). The muons are monitored by two sets of detec-
tors downstream of the stopper; they measure the muon intensity, the
beam profile and its centre, and they allow the fine tuning of the beam
(steering of the proton beam on target, horn and reflector alignment,
etc.). Further downstream, the muons are absorbed in the rock, while

Figure 8: Main components of the CNGS beam line.

neutrinos continue to travel towards Gran Sasso.

The average neutrino energy at LNGS is ~17 GeV (Fig. 9); the average

L/E, ratio is 43 km GeV—'.

Figure 9: CNGS v, energy spectrum and oscillation probability multiplied by the v

x1f)9

0.4
0.35
0.3

0.25

vy, fluence at Gran Sasso (pot GeV m~J'

0.2
0.15
0.1
0.05

00 5 10

cross section.

The ¥,, contamination is ~4% (2% as interaction rate, given the V,, cross
T K

Rt Opias (arbitrary units)

osC T CC

2

vuﬂuence

15 20 25 30 35 40 45 50
E (GeV)

17



18

section), the v, and V. contamination is lower than 1%, while the num-
ber of prompt v from D production and decay are negligible.

The integrated protons on target collected in all the OPERA run are
reported in Table 2.

H run ‘ p.o.t x 10'7 H
2008 1.74
2009 3-53
2010 4.09
2011 4.75
2012 3.86
Total 17.97

Table 2: Integrated protons on target in the OPERA runs, from 2008 to 2012.

1.4.2 Detector performances

The detector is composed of two identical parts, called supermodules
(SM1 and SM2), each consisting of a target section followed by a mag-
netic spectrometer. In the target, bricks are arranged in 31 vertical
planar structures (walls), transverse to the beam direction, interleaved
with Target Tracker (TT) walls. Each TT wall consists of a double lay-
ered plane of long scintillator strips. The TTs trigger the data acquisi-
tion and locate the brick in which the interaction occurred. The target
section is followed by a magnetic spectrometer, a large dipolar iron
magnet instrumented with Resistive Plate Chambers (RPC). The mag-
netic field intensity is 1.55 T, directed along the vertical axis, transverse
to the neutrino beam axis. The RPC planes are inserted between the
iron slabs. They provide the tracking inside the magnet and the range
measurement for stopping muons. The deflection of charged particles
in the magnet is measured by six stations of vertical drift tubes, the Pre-
cision Trackers (PT). In order to remove ambiguities in the reconstruc-
tion of particle trajectories, each spectrometer is instrumented with
additional RPCs with two crossed strip planes tilted with respect to
the horizontal and vertical planes, called XPC. Two glass RPC layers
(VETO) are placed in front of the detector, acting as a veto for charged
particles originating from the upstream material (mainly muons from
interactions in the rock or in the Borexino experiment).

The OPERA detector, shown in Fig. 10, has a length of 20 m (z coordi-



1.4 THE OPERA EXPERIMENT \

nate), is 10 m high (y coordinate) and 10 m wide (x coordinate), for a
total weight of about 3 kton.

D ————] 1 >« SM2

|

L ==

i 1 ) m il

VETO BMS Targetarea  Magnet HPT PT+XPC
and RPCs

Figure 10: View of the OPERA detector. The upper red horizontal lines indicate the
position of the two identical supermodules (SM1 and SM2). Arrows show
the position of the target area (ECC brick walls interleaved with planes
of plastic scintillators), the VETO planes, the drift tubes (PT) surrounded
by the XPC, the magnets and the RPC installed between the magnet iron
slabs. The Brick Manipulator System (BMS) is also visible.

Target Tracker

Each brick wall is followed by a Target Tracker (TT) wall [65]. The TT
provides real-time detection of the outgoing charged particles, provid-
ing the time stamp of neutrino interactions.

Its main task is to locate the brick in which the neutrino interaction
took place. It also provides a rough calorimetric measurement of the
hadronic shower energy. A TT wall consists of two scintillator planes,
one providing the vertical and the other one providing the horizontal
coordinates. Each plane is composed by 256 plastic scintillator strips
6.86 m long, thus covering the 6.7 x6.7 m? surface defined by the brick
wall, with a cross section of 2.63x1.06 cm?. Along the strip, a 1 mm
diameter Wavelength Shifting fiber (WLS) is read on both sides by a
multi-anode photomultiplier (PMT), giving a position resolution of ~1
cm (Fig. 11). The strips are grouped in four modules, each module is
read out with a 64-channel Hamamatsu PMT; 16 PMTs per TT wall are
used.
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A signal is measured at each end of the scintillator strips in terms of
ADC counts and then converted into energy deposit (in MeV) (see [66]
for details). Figure 12 shows the reconstructed energy in the TT for
events where a muon track was reconstructed in the electronic detec-
tors.
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Figure 11: Schematic view of a scintillator strip with the WLS fiber (left) and of a strip
module end-cap with the front-end electronics and DAQ board (right).
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Figure 12: Energy deposit in the TT for events with at least one reconstructed muon.
Dots with error bars correspond to data and solid lines to MC.

Spectrometer

Muon spectrometers [67] are conceived to perform muon identifica-
tion and charge measurement which are needed for the study of the
muonic t-decay channel and for the suppression of the background
from the decay of charmed particles, featuring the same topology.

Each muon spectrometer (Fig. 13) consists of a dipolar magnet made
of two iron arms for a total weight of 9gg9o ton. The measured magnetic
field intensity is 1.55 T. The two arms are interleaved with vertical, 8 m
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long drift-tube planes (PT) for the precise measurement of the muon-
track bending. Planes of Resistive Plates Chambers (RPCs) are inserted
between the iron plates of the arms, providing a coarse tracking inside
the magnet, range measurement of the stopping particles and a calori-
metric analysis of hadrons.

Dipole Magnet +
!/ XPC \‘ Inner Tracker
— — — RPC — —

1
S~ ///

P

8.75m
AT
\
\
\
/

L |
B=155T| [Top view " | /,’6/2
0.5m | |:§\ I m | 0.82 mjx T~
Drift Tubes

Figure 13: Top view of one muon spectrometer (x-z plane), showing the PT and the
dipole magnet instrumented with RPC layers (2x11). The drift tube sta-
tions are grouped in 3 pairs per magnet arm.

In order to measure the muon momenta and determine their charge
with high accuracy, the Precision Tracker (PT) is made of thin walled
aluminum tubes with 38 mm outer diameter and 8 m length [68]. Each
of the ~10000 tubes has a central sense wire of 45 pm diameter. They
can provide a spatial resolution better than 300 um. Each spectrometer
is equipped with six fourfold layers of tubes.

RPCs [69] identify penetrating muons and measure their charge and
momentum in an independent way with respect to the PT. They con-
sist of electrode plates made of 2 mm thick plastic laminate of high
resistivity painted with graphite. Induced pulses are collected on two
pickup strip planes made of copper strips glued on plastic foils placed
on each side of the detector. The number of individual RPCs is 924 for
a total detector area of 3080 m?. The total number of digital channels
is about 25000, one for each of the 2.6 cm (vertical) and 3.5 cm (hori-
zontal) wide strips.

In order to solve ambiguities in the track spatial-reconstruction each
of the two drift-tube planes of the PT upstream of the dipole magnet
is complemented by an RPC plane with two 42.6° crossed strip-layers
called XPCs. RPCs and XPCs give a precise timing signal to the PTs.
Figure 14 shows the momentum times charge distribution for data and
MC.
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Figure 14: Muon momentum x charge comparison between data (black dots with
error bars) and MC (solid line).

Veto

Before reaching the OPERA target, CNGS neutrinos may interact in
the rock, in the mechanical structures and in the Borexino detector,
producing secondary particles able to induce false triggers. In order to
reject these events, a VETO system is placed upstream of the detector.
The VETO is made of two planes of glass Resistive Plate Chambers
(GRPC) of 9.6x9.2 m?, each one with 32 GRPC units. Each plane is
equipped with horizontal and vertical copper strips with a pitch of 2.5
cm.

Target

The target has a modular structure and it is based on the ECC tech-
nique, fulfilling the requirements of high granularity and micromet-
ric resolution, necessary to distinguish the T decay vertex from the
primary v. interaction. The excellent emulsion spatial (~1 pm) and
angular (~2 mrad) resolutions are ideal for detection of short-lived
particles [60]. The use of passive material, combined with high accu-
racy tracking devices, allows for momentum measurement of charged
particles via multiple Coulomb scattering (MCS), for electromagnetic
shower and particle identification [61, 62]. Thus the target unit, the
so called brick, acts as a standalone detector, that can be selectively
removed from the target, developed and analyzed soon after the in-
teraction took place (quasi-online experiment). The brick is made of 57
emulsion films (industrially produced by Fuji) interleaved with 56 lead
plates, 1 mm thick. The transverse area is 128 x 102 mm?, while the
longitudinal size is 79 mm, corresponding to 10 Xy, for a total weight



of 8.3 kg. In total, 150000 of such target units were assembled for a
total mass of 1.25 kton.

EMULSION LAYER : 43 pm

PLASTIC BASE: 205 pm

EMULSION LAYER : 43 pm

Figure 15: OPERA nuclear emulsion: two emulsion layers coat both sides of a tri-
acetylcellulose transparent base.

Each emulsion film is made of two active layers 43 pm thick poured on
a 205 pm plastic base (Fig. 15). The nuclear emulsions consist of AgBr
crystals suspended in a gelatin binder. The passage of charged parti-
cles creates perturbations at atomic scale (latent image), amplified by
a chemical-physical process called development. The resulting grains
of silver atoms of about 0.6 pm diameter are visible with an optical
microscope. About 30 grains every 100 um are left by a minimum ion-
izing particle. The lead contains a low percentage of Calcium (~0.03%)
to improve mechanical characteristics, without increasing surface ra-
dioactivity [63].

The brick is selected by the electronic on-line detectors, with an ac-
curacy at the cm level. To validate the brick identification result and
to facilitate the search for event tracks in the brick with higher accu-
racy, two interface emulsion films called Changeable Sheets (CS) are
attached downstream of the brick in a separate plastic box [64] (Fig.
16). The CS doublet acts as a confirmation of the trigger provided by
the Target Tracker. The brick is developed only if the prediction is con-
firmed, otherwise the CS is replaced and the brick is put back into the
target.

The bricks were produced by a dedicated fabrication line, the Brick
Assembly Machine (BAM), located underground near the OPERA de-
tector to shield emulsions from cosmic ray background. The bricks are
mounted into a wall structure: an ultra-light stainless-steel matrix of
52x64 trays. Each target section in SM1 and SM2 consists of 31 walls
and can host up to 103000 bricks. The 150000 bricks produced for the
experiment are arranged in 53 walls, 27 in SM1 and 26 in SM2, for a
total mass of about 1.25 kton.

The bricks are moved in and out of the walls using an automated sys-
tem called Brick Manipulator System (BMS). The BMS filled the target
walls with the bricks produced by the BAM and extracts the bricks
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Neutrino
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Figure 16: Schematic view of the brick with the Changeable Sheets (CS) in the target.

tagged by TT in real-time mode.

This modular and hybrid structure of the target allows to extract only
the bricks actually hit by neutrinos, minimizing the ECC mass reduc-
tion during the run and achieving a quasi on-line analysis flow. In
one day of data taking, about 20 neutrino interactions are recorded by
OPERA and the related bricks are selected.

1.4.3 Automated scanning system

To analyze the large number of emulsions, two different systems, with
comparable performances, were developed within the Collaboration:
the S-UTS (Super-Ultra Track Selector) [70], in Japan, and the ESS
(European Scanning System) from a joint effort of several european
laboratories. The ESS [71, 72, 73], which can work at a speed of 20
cm?/h/ layer, consists of a Cartesian robot, holding the emulsion film
on a horizontal stage movable in X-Y coordinates, with a CMOS cam-
era, with resolution of 1280x1024 pixels, mounted on the optical axis
(Z) of a microscope, along which it can be moved to change the focal
plane with a step roughly equal to the focal depth of about 3 pm (Fig.
17).

The emulsion is held on a glass window of the stage by a vacuum
pumping system; the illumination group, composed by a lamp and a
condenser, focusing the light in the zone observed by the microscope
objective, is placed under the scanning table. The control workstation
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Figure 17: A photograph of the ESS microscope (left); a schematic view of the optical
system of the microscope (right).

hosts a motion control unit that directs the stage to span the area to
be scanned and drives the camera along the Z axis to produce optical
tomographic image sequences (with the X-Y stage holding steady). Ar-
eas larger than a single field of view (~300 x 400 um?) are scanned by
repeating the data acquisition sequence on a grid of adjacent fields of
view. The stage is moved to the desired position and the images are
grabbed after it stops, with a stop-and-go algorithm.

The images, grabbed by the camera at the speed of 376 frames per
second while the camera is moving in the Z direction, are sent to a
vision processing board hosted in the control workstation to suppress
the noise; this process enhances the image of developed grains, thus
reducing the effect of residual optical aberrations for far-off-axis ob-
jects. Three dimensional sequences of aligned clusters (digitized im-
ages of the grains) are then reconstructed on the fly by the CPUs of
the host workstation: a reconstructed cluster in an emulsion layer is
called micro-track (Fig. 18). The position assigned to a micro-track is
its intercept with the nearest plastic base surface. The linking of two
matching micro-tracks of an emulsion plate (Fig. 18) produces the so
called base-track. The full-volume wide reconstruction of particle tracks
requires connecting base-tracks in several consecutive films. In order
to define a global reference system a set of affine transformations re-
lating track coordinates have to be computed to account for scanning
data taken plate by plate in different reference frames, relative mis-
alignments and deformations.
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Figure 18: Micro-track reconstruction in one emulsion layer by combining clusters be-
longing to images at different levels; (right) micro-track connections across
the plastic base to form base-tracks.

1.4.4 Tau signal

For the sake of completeness some considerations on the physics per-
formances and background will be reported. This will be treated in
detail in the following chapters.

The signal of the occurrence of v,, — v is the charged current in-
teraction of v, in the detector target (v.N — 1 X). The reaction is
identified by the detection of the T lepton. The T channels investigated
by OPERA are the electron, muon and hadron channels, as reported in
Table 3.

Channel Branching ratio
T — e ViVe 17.8 %
T — U ViV 17.7 %
T = h™v(nn®) 49.5 %
T = h h h v (nn°) 15.0 %

Table 3: Branching ratio for T decay.

The T decays inside the ECC are classified in two categories: long and
short decays (Fig. 19). In long T decays, decay occurs in the first or
second downstream lead plate. T candidates are selected on the basis
of the detection of a reasonably large kink angle between the T and
the daughter tracks. Short decays correspond to the case where the t
decays in the same lead plate where the neutrino interaction occurred.
The T candidates are selected on the basis of the impact parameter (IP)
of the T daughter track with respect to the interaction vertex. It is there-
fore impossible to identify a short decay in case of quasi-elastic (QE)
interactions, where only the T is produced at primary vertex.



1.4 THE OPERA EXPERIMENT \

Decay volum em—s

=

N\l

Figure 19: Different decay topologies; short decay (left-hatched region); long decay

in base (right-hatched region) and long decay outside the base (shaded
region).

1.4.5 Background

The main components of the physics background for the T detection

o Charmed particles decays

Charmed hadron production (D*,D¥, Al and D°) is the main
background in the v search, since their flight length is similar to
the 1. Selection criteria have thus similar efficiencies to detect the
decay topology. Charm production in 1u sample shows a muon
originating from primary vertex and therefore does not mimic v
interactions with T — p decay. On the contrary, when the muon
is misidentified, charm production shows the same topology as
v interactions.

Hadronic re-interactions

A source of background to the T =+ h and T — 3h channel is
due to re-interactions of hadrons in lead from v,, NC and v,, CC
events where the primary muon is not identified.

Large angle muon scattering

Muons produced in v,, CC events and undergoing a scattering in
the lead plate following the vertex plate could mimic a muonic t
decay.

Prompt v from CNGS target

The CNGS beam has a small contamination of Dy mesons. A
fraction of the D decays into the T channel. The decay of the
T then produces a v.. Taking into account the cross section, the
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branching ratio, the features of the beam and the distance of the
detector to the source, the expected contribution is of the order

of O(10~7) v, CC interactions per v, CC event and therefore
negligible.
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The analysis of a neutrino interaction in the OPERA target consists
of different phases: the electronic detector trigger, the event classifica-
tion in either Tp or Op channel, the brick identification procedure, the
changeable sheet analysis, the event location in emulsion, the vertex
reconstruction, the decay search and the kinematical selection. In this
chapter all these steps are described together with their Monte Carlo
simulation.

The efficiencies of all the steps of the analysis have been evaluated for
the different T decay modes, either with a short or a long topology,
for deep-inelastic interactions (DIS) and quasi-elastics plus resonances
(QE).

During the OPERA runs, two different selections have been defined:

e SELECTION A (2008-2009 data)
In order to gain confidence on our data, for the first two runs no
kinematical cut was applied. High probable and second probable
bricks per event have been analysed.

e SELECTION B (2010-+2012 data)
Once a good description of the data was achieved, a kinematical
selection for Tu events (| p,, [< 15 GeV/c) was applied in order
to speed-up the analysis without reducing the T signal. Only the
high probable brick for Op events has been analyzed, being it
more efficient for the T search.

2.1 MONTE CARLO SIMULATION

The software framework used in the OPERA experiment is called OpRe-
lease. It is written in C++ code and based on ROOT classes. It is
managed by the Concurrent Versions System (CVS) and stored on the
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OPERA CVS repository at CERN. The OpRelease software has been
built within the CMT environment, the Configuration Management
Tool, that handles system configuration, dependencies and compila-
tion. It has been conceived as a tool for both data and MC analysis
and it is structured in several sub-packages which take care of differ-
ent steps in the simulation chain:

OpNegn is the neutrino event generator in the OPERA experiment.
It is based on the NEGN neutrino generator that profits from
the experience of the NOMAD experiment, from which it is de-
rived, where a large sample of v interactions with their final
states was accumulated. The adaptations needed for the OPERA
experiment include the description of the beamline, the neutrino
energy and the CNGS target.

OpRData describes the data format.

OpGeom describes the geometry of the detector (size, positions and
material features). A description of Borexino, the experiment lo-
cated in the same hall C just upstream of OPERA, is also taken
into account.

OpSim reproduces the particle propagation inside the detector with
the concurrent creation of track hits in the various sub-detectors.
OpSim is based on the ROOT Virtual Monte Carlo (VMC): a gen-
eralized Monte Carlo allows the user to choose the transport gen-
erator between GEANT 3.21 and Geanty, for the whole detector,
or FLUKA, only for the bricks.

OpDigit simulates the detector response. It takes into account the
attenuation of the signal amplitude due to the propagation on
the cables and optical fibers and converts the energy deposit on
RPC gas and on emulsion respectively in the detected electric
signal on the end of the strip and on the recorded segment in the
emulsion.

OpRec performs many tasks, such as: cross-talk removal, tagging of
events on time with the beam, reconstruction of the tracks with
electronic detectors, muon identification and event energy evalu-
ation.

OpCarac classifies the events into several classes: events with a muon
coming from outside the detector, events originated in the iron
of the spectrometer, border events or contained events.



OpBrickFinding is the package predicting the brick where the neu-
trino interaction occurred. It produces a probability map and
evaluate for each brick the probability to contain the event.

OpEmulO simulates the scanning system and produces the micro-
tracks. It applies the scanning system efficiencies and applies a
Gaussian smearing on position and slope of the micro-tracks ac-
cording to the measurement errors.

OpEmuRec is the package for the emulsion data analysis.

2.2 ELECTRONIC DETECTOR TRIGGER

The data acquisition trigger selects only events on time with the beam:
a coincidence with the two 10.5 us wide, 50 ms separated CNGS spills
is required. The electronic detector trigger is then defined as the pres-
ence of hits in the X and Y projections in at least two TT planes or a
TT plane with the sum of the photomultiplier signals exceeding 1500
ADC counts and the presence of at least 10 hits.

The trigger efficiency for all the T decay channels is >98%.

2.3 EVENT CLASSIFICATION

Triggered events are then classified as being 1y or Op, according to
electronic detector response.

The event is classified as 1u if one of the following conditions is satis-
fied:

a three-dimensional track with a length x density value larger
than 660 g/cm? is reconstructed

the number of TT or RPC planes having at least one hit is larger
than 20.

The complementary sample is defined as Op.

The momentum of the tracks is calculated from their curvature in the
spectrometer magnetic field. The muon momentum (p,) is defined as
the momentum of the longest 3D track.

The reliability of the electronic detector simulation was studied by com-
paring located data with a Monte Carlo sample including v,, simulated
interactions. The muon momentum distribution for events classified
as Tp interactions in the target is shown in the left panel of Figure 20,
while in the right panel the visible energy in the Target Tracker for Op
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events is reported. The simulation is in good agreement with data.
The event classification efficiency has been evaluated for all the T decay
channels. The results are reported in Table 4.
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Figure 20: Length x density comparison for data (dots with error bars) and MC (solid
line) for events classified as CC (i.e. length x density > 660 g x cm—2).

€ep (%)
LONG DIS | SHORT DIS | LONG QE
T—h 78.8+0.8 82.6+0.8 87.2+0.5
T—3h| 69.94+0.7 74.7 £0.7 784 +£0.7
T—u | 825+07 794+£1.0 84.1+04
T—e 89.8+0.8 88.1+0.9 85.2+0.6

Table 4: Summary of the electronic detector classification efficiency for different T
decay modes, topologies (long and short) and type of events (DIS and QE).

2.4 EVENT CONTAINMENT

Subsequently the OpRec algorithm is applied and the OpCarac result
is checked to know if the event is classified as contained in the target.
Only events that are marked as contained (i.e. the interaction point lies
within the target area) or bordersoftnc (i.e. NC-like neutrino interaction
in the target area close to its border) by the package OpCarac [75] of
the OPERA software are retained. The results are shown in Table 5.



€opCarac(%)
LONG DIS | SHORT DIS | LONG QE
T—h 96.6 0.5 95.2+0.5 93.1+0.3
T—3h| 95.7+04 95.5+04 96.7 +0.3
T— U 96.9+0.4 98.3+04 96.0+0.3
T—e 93.8 +0.7 925+0.9 86.6 +1.0

Table 5: Summary of the event containment efficiency for different T decay modes,
topologies (long and short) and type of events (DIS and QE).

2.5 BRICK IDENTIFICATION

When a trigger of the electronic detector is compatible with a neutrino
interaction in the detector, a reconstruction algorithm analyses the elec-
tronic detector data to build a probability map of the bricks, where
probably the neutrino interaction occurred. The bricks are ranked ac-
cording to the decreasing probability (Po for the highest probable brick,
P; for the second probable brick, etc.). Moreover, for events with a
muon in the final state (1u), a prediction for the slope of the muon and
its position in the Changeable Sheets (CS) is also given; for Ou events,
the averaged center of TT hits provides the impact point of the hadron
shower on the CS.

In order to create the brick response in the Monte Carlo, the OpE-
mulO algorithm is applied and for each event an array of 3x3x3 bricks,
around the brick where the interaction occurred, is created. Then the
brick identification algorithm is applied. The results for the two de-
scribed selections are shown in Tables 6 and 7, respectively.

The lowest efficiencies are obtained for QE events with a single track
(QE T — h events). The highest efficiencies are for QE T — p and DIS
T — u events, where the brick identification is facilitated by the pres-
ence the muon track penetrating the electronic detectors.

The values of Table 6 are larger by a factor of about 1.3 (up to 1.5 for
some channels) than those reported in the 7. This factor provides the
increase of efficiency given by the analysis of two bricks.

2.0 CHANGEABLE SHEET ANALYSIS

The emulsion scanning of the event starts from the interface emulsion
films, the Changeable Sheets attached downstream of the brick, accord-
ing to the slope and position reconstructed by the Target Tracker. The
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epr(%) - SELECTION A -

LONG DIS | SHORT DIS | LONG QE
T—oh | 785+£1.0 | 77.8+£1.0 | 61.7£0.8
T—>3h| 809+08 | 814+08 | 73.1+0.8
T | 845+1.0 | 838+£1.1 | 91.5+04
Te | 681+£14 | 718+15 | 53.9+15

Table 6: Brick selection efficiency for selection A.

epr(%) - SELECTION B -
LONG DIS | SHORT DIS | LONG QE

T—h | 6l.6£1.0 60.7 £ 1.0 47.5+£0.8
T—3h | 634£1.0 64.1+1.0 55.5+0.8
T—un | 67013 68.6+14 60.4 +£0.7
T—e | 53.8+15 548+1.7 364+1.6

Table 7: Brick selection efficiency for selection B.

scanning area is defined according to the event classification: in case
of i events a rectangular area of 4x3 cm? around the predictions pro-
vided by the electronic detector is scanned; in case Op the area is 8x6
cm?.

The following step is the reconstruction of all the base-tracks in the
selected area of both changeable sheets. After base-track reconstruc-
tion a first alignment between the two CS films is performed using the
X-ray spots printed soon after the brick extraction and tracks crossing
both CS films are searched for. A coincidence of base-tracks in the two
different films is called double base-track. Moreover, to recover intrinsic
inefficiencies affecting the microtracks reconstruction, coincidences of
a micro-track and a base-track (3/4 tracks) belonging to different films
are also taken into account. This can be done only if a micrometric
alignment of the films, not available with the X-rays spots, is achieved.
This micrometric alignment is obtained exploiting the low energy elec-
trons originating from radioactive isotopes present in the emulsion, as
shown in Figure 21 [64].

Once a track crossing both CS films is found (double base-track or
3/4 track), the match with tracks reconstructed by electronic detector
is searched for according a x? method based on the slope and posi-
tion residual between electronic prediction and emulsion double base-
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Figure 21: Schematic diagram of the alignment with low energy electrons.

tracks. The base-tracks belonging to muon originating from the neu-
trino interactions in the rock in front of detector (rock muon) or from
secondary cosmic rays are rejected and the base-tracks belonging to
the muon of the 1 event are tagged (muon candidate). Finally for the
event validation, one of these three conditions has to be satisfied:

e a pattern of at least two converging tracks is found;

e a muon candidate is found;

e a track compatible with an isolated three dimensional track re-
constructed by the electronic detector is found.

The CS efficiency is reported in Table 8 for the different T decay chan-

nels.
ecs(%)
LONG DIS | SHORT DIS | LONG QE
T—h | 887+1.0 86.2+1.1 244+1.0
T—3h | 95.6+£0.5 95.5+0.5 84.2+0.9
T—un | 80.6+0.9 754 +1.2 49.0+0.8
T—e | 83.7+15 794+1.8 373+1.9

Table 8: Summary of the changeable sheet efficiency for different T decay modes,
topologies (long and short) and type of events (DIS and QE).
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2.7 TRACK FOLLOW-UP

The procedure to localize the neutrino interaction point inside the brick
is called scan-back procedure. CS candidates connected to bricks are fol-
lowed up, plate-by-plate until their disappearance. An automatic scan-
ning system searches for base-tracks compatible with the predicted
tracks by scanning a single microscope view centered at the expected
position. The scan-back track stops if the track is missing in three con-
secutive plates, the most downstream of which is defined as vertex
plate (Figure 22).

The scan-back efficiency is defined as the percentage of cases where at
least one scan-back track stops within five plates from the true primary
vertex. The results are reported in Table 9.

———> Candidates
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/ reconstructed
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consecutive
plates

\ o Q
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Figure 22: Schematic representation of the scan-back procedure. The track segments
(in red) are reconstructed in the emulsion sheets (yellow). When the track
disappears for three consecutive plates the interaction point is located.

2.8 VOLUME-SCAN AND LOCATION

Once the stopping plate has been identified, additional scanning is per-
formed to confirm the interaction and study its topology.

A sketch of volume-scan is reported in Figure 23. It is 1cm wide in
each transverse direction and 19.5 mm along the beam direction, cor-
responding to fifteen emulsion plates. It contains the vertex plate in
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esp (%)
LONG DIS | SHORT DIS | LONG QE
T—h 90.7 £ 0.8 91.7+0.8 80.7+t14
T—3h | 98.0+£0.3 97.3+04 95.8£0.5
T— U 96.9+ 0.5 96.5+ 0.6 98.3+0.2
T—e 85.3+1.5 87.0+1.6 57.6+1.8

Table 9: Summary of the scan-back efficiency for different T decay modes, topologies
(long and short) and type of events (DIS and QE).

the fifth upstream plate. The most upstream plates act as a veto for
passing through tracks. The ten plates downstream of the vertex plate
are meant for the particle tracking.

PLO1 PL 57
L

,,,,,,,,,,,,,,,,,, >

Neutrino 7
direction 1cm

[
1

5plates  Stop
upstream Plate

.

10 plates
downstream

2

Figure 23: 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.

The scanning area is centered around the predicted position of the in-
teraction vertex. The angular acceptance of the scanning is 600 mrad
with respect to the beam direction.

As an example, in Figures 24 and 25 we show a CC and a NC event,
respectively, fully reconstructed in the brick.

In order for an event to be classified as located, a geometrical cut is de-
fined: the volume-scan must be sufficiently large to perform the decay
search. This corresponds to having the primary vertex at least three
emulsion films upstream of the border of ECC brick, i.e. within the
range of films 1-54, out of the 57 films the brick is made of. The results
of the location efficiency are reported in Table 10.

The relevant kinematical variables at the primary vertex for 1 events
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are reported in Figure 26, both for data and Monte Carlo simulation:
the slopes of the tracks attached to the primary vertex, the ¢ angle be-
tween the muon and the hadron jet in the plane transverse to neutrino
direction, the momentum of the tracks. A good agreement is found,
thus validating the reliability of the simulation.

[l

Figure 24: Top panels: online display of one CC event seen by the OPERA electronic
detectors. Bottom panels: the emulsion reconstruction is shown in top view
(bottom left), side view (bottom center), front view (bottom right).

eLoc(%)
LONG DIS | SHORT DIS | LONG QE
T—h 96.3+0.6 96.5+0.6 875+1.3
T—3h | 95.54+0.5 96.8 £0.4 94.8 +£0.5
T— U 95.44+0.6 94.8 0.8 87.8+0.7
T—e 9434+1.0 95.7 £ 0.9 85.9+1.9

Table 10: Summary of the location efficiency for different T decay modes, topologies
(long and short) and type of events (DIS and QE).

2.9

DECAY SEARCH

The decay search procedure is meant to search for short lived particle
decays, such as T and charmed particles. It consists of several steps,
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Figure 25: Top panels: online display of one NC event seen by the OPERA electronic
detectors. Bottom panels: the emulsion reconstruction is shown in top view
(bottom left), side view (bottom center), front view (bottom right).
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Comparison between data (black cross) and Monte Carlo simulation (red
shaded area) for the relevant kinematical variables at the primary vertex.
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described in the following. The results of the procedure for all the T
decay channels are then reported in Table 11.

2.9.1  Primary vertex definition

In order to improve the resolution in the determination of the position
of the primary vertex, the track information in the film immediately
downstream of the primary vertex is required. Track segments in the
vertex film could be missing in the reconstruction because of tracking
inefficiency. Moreover, electron-positron pairs coming from the conver-
sion of y produced in 7° decays and pointing to the vertex can spoil
its accuracy.

By visually inspecting the vertex film, the parameters of the track seg-
ments recognised by eye are measured and used to re-compute the
vertex position. The visual inspection also allows the identification of
et e pairs, that are removed in the determination of the primary ver-
tex.

If a track is found to have an impact parameter larger than 1oum,
it has to be further studied in order to investigate whether the rea-
son for such an anomaly can be the scattering of the particle in the
traversed lead thickness. An estimation of its momentum is thus per-
formed with the multiple Coulomb scattering (MCS) algorithm [76]. A
cut p <1GeV/c defines the low momentum particles to be disconnected
from the vertex for a more accurate determination of its position. Once
the primary vertex has been defined, any track with an anomalous im-
pact parameter that cannot be explained in terms of scattering has to
be carefully investigated to check for the presence of a possible decay.
The impact parameter distribution of the tracks in 1p neutrino interac-
tions with respect to the reconstructed vertex position and the event
track multiplicity distribution are shown in Figure 27, for data and
Monte Carlo. More than 95% of the tracks have impact parameter
smaller than 1opm. The tail of the distribution is due to low-energy
particles.

2.9.2 Extra-track search

The decay of a short-lived particle can also be detected by searching for
possible daughter tracks (extra-tracks) reconstructed in the total scan
but not associated to the primary vertex.

An extra-track is selected if the following criteria are satisfied:
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Figure 27: Impact parameter distribution of the primary tracks in 1yt events with re-
spect to the reconstructed vertex, after the decay search procedure. The
average value is 3.3um. The entries are normalized to unity.

o the longitudinal distance between the vertex and the most up-
stream segment of the track (Az) is smaller than 3.6 mm;

e the impact parameter with respect to the vertex is smaller than
3ooum if Az <1mm, or smaller than sooum otherwise;

o the track has at least three segments in the reconstruction.

Extra-tracks are then inspected to filter out e™e™ pairs from y conver-
sion, particles not originating in the measured volume (typically, low
momentum particles reconstructed as shorter tracks due to multiple
Coulomb scattering) and fake tracks due to the impurity of the recon-
struction program.

2.9.3 Parent search

A dedicated parent search procedure is applied to extra-tracks start-
ing downstream of the vertex film to detect long decays. It consists in
searching for a track connecting the selected extra-track to the recon-
structed vertex, with an impact parameter with respect to the vertex
smaller than 10um and a minimum distance from the daughter track
smaller than 20um. A cut on the kink angle, defined as the difference
in slope between the parent and the daughter tracks, larger the 20
mrad is also defined (Figure 28). Any candidate parent track selected
according to these criteria is validated by visual inspection.
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Figure 28: The parent search procedure consists in searching for segments connecting
an extra track to the primary vertex.

2.9.4 In-track search

A search for possible small kinks along the tracks attached to the neu-
trino interaction, not automatically detected in the reconstruction of
total-scan data, is performed in a fiducial volume of 4 films down-
stream of the vertex, relevant for short-lived particles. The procedure
is applied to all tracks for Ou events. As for interactions with a recon-
structed p in the electronic detectors, the method is applied only to the
track matching the muon prediction.

Track by track, the largest angular difference is computed in the 4 most
upstream films. If it exceeds the angular resolution of the track and the
kink angle is larger than 0.015 rad, the momentum of the track is mea-
sured, as described is section 2.9.2.

eps(%)
LONG DIS | SHORT DIS | LONG QE
T—h | 55.8£15 36.7+1.5 55.9+2.1
T—3h | 575£1.2 37.5+1.1 18.8£0.9
T—un | 522416 275+17 52.6 £1.1
T—e | 454+£23 333+23 289+£24

Table 11: Summary of the decay search efficiency for different T decay modes, topolo-
gies (long and short) and type of events (DIS and QE).

210 CHARM PRODUCTION AS CONTROL SAMPLE
Charmed hadrons have lifetimes similar to those of the T lepton (10~ '3s)
and share analogous decay topologies. The finding efficiency of the
decay vertices is therefore also similar for both types of particles. Com-
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paring the observed charm event sample in size and decay topologies
with expectations from simulations constitutes a straightforward way

to verify that T decay selection criteria and their corresponding effi-
ciencies are well understood.

By using the results recently published by the CHORUS experiment
[77], it is possible to estimate the ratio between the neutrino induced
charm-production cross-section and the inclusive neutrino charged current-
cross section at the OPERA energies:

o(vpN = u=X)
= (4.38 £ 0.26)%.
o(vyN — u=CX) ( )%
In particular, the neutral charm component is oP%/6CC = (1.91 +

0.13)% and the charged charm component € /o6CC = (247 £0.22)%.
The decay search procedure described above has been applied to a
Monte Carlo sample of v,,CC interactions with charm production.

In addition to the selection criteria that have been described, a charm
event has to satisfy the following conditions:

e in case of one prong decay, the kink angle (Oxinik) between the
charmed meson and the daughter particle is larger than 20 mrad;

e in case of one prong decay, the momentum of the daughter par-
ticle is larger than 1 GeV/c.

The decay search efficiency was estimated to be 59£9% for long charm
decays and 184+2% for short charm decays. The efficiency was used to
calculate the number of expected charm events in the OPERA experi-
ment for 2884 v, CC interactions analyzed in the 2008, 2009 and 2010
runs.

The main sources of background in the charm sample are the hadronic
re-interactions and the non-charmed short lived particles decays, as
K? and A. Both contributions have been studied with a detailed Monte
Carlo simulation. The background component is mainly due to hadronic
re-interactions, amounting to 85% of the total background.

In the sample of 2884 v,,CC interactions analyzed, a total of 50 charm
candidate events were observed, while 41+7 charm and 14+3 back-
ground events were expected. The observed fractions of the different
decay topologies are reported in Table 12. The number of observed
charm events in the different decay topologies are statistically compat-
ible with MC expectation.

The comparison between data and Monte Carlo simulation is shown in
Figure 29 for the most relevant variables: the track multiplicity at pri-
mary vertex (Fig. 29a), the impact parameter of daughter tracks with
respect to the primary vertex (Fig. 29b), the decay length of charmed
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hadrons (Fig. 29c), the ¢ angle between the charmed hadron and the
primary muon in the plane transverse to the beam direction (Fig. 29d).
There is a good agreement between experimental and simulated data
both in the number of expected charm events and in the quoted distri-
butions. For all the listed variables a very good agreement is observed,
with a value of the Kolmogorov test larger than 0.99.

EXPECTED EVENTS |
TOPOLOGY | CHARM | BACKGROUND | TOTAL | OBSERVED
1 prong 20+5 9+3 29+6 19
2 prong 15+4 44+1 19+£4 22
3 prong 5+2 1.0+0.3 6+2 5
4 prong 0.8+0.4 < 0.01 0.8+0.4
| ToTAL 4147 1443 | 5547 | 50 |

Table 12: Comparison between charm event topologies observed and expected from
simulations including background.

2.11  KINEMATICAL SELECTION

If an event has been located and a decay topology has been detected by
the procedure described above, a high resolution scanning is applied
on the primary and daughter tracks in order to determine their energy.
A kinematical selection is then applied to discriminate between signal
and background. Several cuts have been defined on kinematical vari-
ables evaluated at primary and secondary vertices, depending on the
tau decay channel.

21411 T—h

The hadronic single-prong decays of the T lepton are selected among
the events with no detected muon or electron daughter. Severe cuts
are applied both at the decay and at the primary vertex in order to
suppress the background.

A cut on the transverse momentum at the secondary vertex (pr) is
applied. pt must fulfill the condition pt >600 MeV/c if no y’s are at-
tached to the decay vertex and pt >300 MeV/c otherwise. The stronger
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Figure 29: Comparison between data and Monte Carlo for the charm control sample.
Data are shown as black dots, while the Monte Carlo distributions as his-
tograms both for charm signal (light yellow) and background (dark green).
A good agreement is observed for all the variables.

45



46

| TAU SEARCH

cut is justified by the relatively small (p)(<100 MeV/c) in elastic or
inelastic pion interactions, while the average pt in hadronic T decays
is ~550 MeV/c. The daughter particle is required to have a momen-
tum larger than 2 GeV/c in order to suppress the low energy hadrons
which are produced in v, NC interactions.

The kinematical analysis at the primary vertex uses the p™iss and
the dmoa angle. The p?iss is defined as the missing transverse mo-
mentum at the primary vertex. The ¢pmoq angle is defined as the an-
gle in the transverse plane between the parent track and the primary
hadronic shower direction. The hadron with largest angle with respect
to the parent is discarded unless it is classified as a hadron (Figure 30).
In NC interactions piss is expected to be larger due to the unob-
served outgoing neutrino. Conversely, it is expected to be small in CC
interactions. For T candidates the measured pT*'*S is required to be
lower than 1 GeV/c. The ¢moq angle is expected to peak at 71, because
the T and the hadronic shower tend to be back-to-back in the trans-
verse plane. Conversely, in NC interactions, the hadron faking the T
decay is produced inside the hadronic shower and ¢ o4 peaks near
zero. For 1 candidates the ¢moq angle is required to be larger than
/2.

The Az variable is defined as the distance (z-axis) between the sec-
ondary vertex and the edge of the first lead plate immediately down-
stream of the primary vertex (Figure 31). According to this definition,
short decays have Az < 0. A cut on the Az smaller than 260oum and
on the angle between the parent and the daughter track (Oxini) larger
than 20 mrad is also applied.

The distributions of the pt and the Oyink are reported in Figure 32.

q)mOd hadronic jet

/ ®v beam

largest q) track

Figure 30: Definition of the ¢,,4 variable. The primary track, farest to the T in
the neutrino transverse plane, is discarded from the hadron jet unless it is
classified as a hadron.
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Figure 32: Distribution of kinematical variables for DIS T — h decays. The grey area
represents the excluded region corresponding to the selection cuts.
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2112 T— 3h

As for the decay in one hadron, the T decay in three hadrons has to
satisfy the cut at p?isssmaller than 1 GeV/c and ¢moq angle larger
than 7t/2. Az is required to be smaller than 2600 um and the average
of the three daughters kink angles with respect to the parent track
({(Bkink)) should be smaller than 500 mrad.

To suppress the hadronic background, the scalar sum of the daughters
momenta (ptoT)is required to be larger than 3 GeV/c.

The invariant mass and the minimum invariant mass [78] of the three
daughters’ system are also evaluated: both variables have to lie in the
range 0.5-2 GeV/c?.

The distributions of the proT and the (6xinik) are reported in Figure

33-

2113 T— U

The muonic decays of the T lepton are selected among the events where
daughter is identified as a muon by electronic detectors.

It is required that the momentum of the muon lies in the range 1-15
GeV/c. The lower cut allows to reject events for which the p identi-
fication is poor and to reduce possible background from low energy
hadrons. The upper cut reduces v, CC events by about 30% with a
small loss of the signal. This selection reduces the background from
scattering of a prompt muon in the lead.

The pr at decay vertex must fulfill the condition pt >250 MeV/c.
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Figure 34: Distribution of kinematical variables for DIS T — p decays. The grey area
represents the excluded region corresponding to the selection cuts.

A cut on Az smaller than 2600 pm and on the angle between the parent
and the daughter track (Oxini) larger than 20 mrad is also applied.
The distributions of the pt and the ¢4 are reported in Figure 34.

211.4 T—e

The T decay in electron has to satisfy the cut at pt larger than 100
MeV /c in order to suppress the contamination from v.CC.

To reduce the background from low energy electrons (y — e*e™) the
T daughter is required to have an energy higher than 1 GeV. This cut
also allows to have a better electron identification. In addition, an up-
per cut (15 GeV) on the electron energy reduces the background from
prompt electrons produced in v, CC interactions.

A cut on Az smaller than 2600 pm and on the angle between the parent
and the daughter track (Oxini) larger than 20 mrad is also applied.

The kinematical efficiencies for all the channels are summarized in
Table 13.

212 TRACK FOLLOW-DOWN

In order to further reduce the muon identification inefficiency, all tracks
at the primary vertex of a candidate event are followed within the brick
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exiN (%)
LONG DIS | SHORT DIS | LONG QE
T—h | 46.2+24 445+ 2.1 31.0£2.7
T—3h | 49.1+1.8 48.6+ 1.6 643 +2.5
T— U 9.16+2.8 77.7+29 797+15
T—e 83.0+24 82.0+ 2.1 22.1+27

Table 13: Summary of the kinematical efficiencies for different T decay modes, topolo-
gies (long and short) and type of events (DIS and QE).

in which the event occurs and then in all the downstream bricks until
the tracks stops or interacts. This procedure, called track follow-down,
allows to recover muons not identified by electronic detectors through
range-momentum correlation and the topology of their end-point.

If the stopping point occurs inside a brick, a volume of about 2 cm
is scanned and analysed in order to reconstruct the products of the
particle decay or interaction.

The track is classified as hadron if an interaction vertex with one or
more prongs is detected. If this is not the case, the connection between
its range and momentum is evaluated. A discriminating variable is
defined

3

L Plead
Rlead(p) Paverage

Drrp = (18)
where L is the track length, Rieqq(p) is the range in lead of a muon
with a momentum p, paverage is the average density along the path
and pieqq is the lead density.

The distribution of the Dtfp variable for hadrons and muons is re-
ported in Figure 35.

If D1p > 0.8 the track is classified as a muon, as a hadron otherwise.
The efficiency of this cut is 63%.

Muons may be identified also if the electron from its decay is seen in
the emulsions.

In a small fraction of cases, the track follow-down procedure can wrongly
identify a primary hadron as a muon, thus affecting the selection of the
T signal.

The track follow-down efficiencies for all the channels are summarized
in Table 14. Being applied only to tracks attached to the primary ver-
tex, this procedure affects only DIS interactions.
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eTrD (%)
LONG DIS | SHORT DIS | LONG QE
Toh | 93+ 93+ 1 100
T3h| 9441 94 + 1 100
T | 9741 97 + 1 100
T—e 93 +1 93 +1 100

Table 14: Summary of the track follow-down efficiencies for different T decay modes,
topologies (long and short) and type of events (DIS and QE).
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213 DETECTION EFFICIENCY

For a given channel the overall detection efficiency for the selection i
can be schematically written as:

€ETOT = €trigger X €ED X €0pCarac X €BF; X €CS X €SB

X €ELOC X €DS X €EKIN X €TFD;,

where the only step depending on the adopted selection is the brick
identification.

By multiplying all factors, the efficiencies for the two different selec-
tions have been evaluated. Results are reported in Tables 15 and 16.
Due to the less favourable signal to noise ratio, short decays for T — h
decay channel are not used for in the T search.

e107(%) - SELECTION A -
LONG DIS | SHORT DIS | LONG QE

T—h | 11.4+0.8 (7.0£0.8) 1.5+£0.2

T—3h | 128£0.6 8.9+0.6 51+0.2
T—p | 234+£08 94+£0.8 13.1£0.2
T—e 13.5£0.5 9.8+0.5 0.5+0.1

Table 15: Summary of the T detection efficiency for different T decay modes, topolo-
gies (long and short) and type of events (DIS and QE). Hadronic short decay

efficiencies (in bracket) are not taken into account.

eTOT(O/O) - SELECTION B -

LONG DIS | SHORT DIS | LONG QE

Toh | 89+08 | (55+08) | 1.2+02
T3h| 10.1+06 | 70+06 | 3.9+02
T | 186408 | 77408 | 86+02
Tse | 106+05 | 75405 | 03+0.1

Table 16: Summary of the T detection efficiency for different T decay modes, topolo-
gies (long and short) and type of events (DIS and QE). Hadronic short decay
efficiencies (in bracket) are not taken into account for the significance eval-
uation.



v CANDIDATES

3.1 SEARCH FOR V. CANDIDATES IN DATA

The search for v, — v oscillations in the OPERA experiments has
been performed with different strategies.

In the first two years of run (2008-2009) all the neutrino interactions
occurring in the detector have been analyzed. Despite a lower analysis
speed, this conservative approach was adopted in order to get confi-
dence on the detector performances before applying any kinematical
cut. From the analysis of all the data sample, 505 O and 2268 11 events
went through all the analysis steps, including the decay search. One
event in the Op sample passed all the selections to be a v, candidate
in the T — h decay channel.

Since a good agreement between data and Monte Carlo simulation was
achieved, starting from the 2010 run, a cut on the muon momentum
Pu < 15 GeV/c for 1u events was applied. This cut does not affect the
T signal since it corresponds to the kinematical cut applied to T — n
candidates (as described in Section 2.11.3).

In order to further speed up the analysis in view of 2012 Summer
conferences, the priority was given to Ou events and only the most
probable brick was analysed for each event. The analysis of the second
brick increases the efficiency by less than 50 % but doubles the analysis
time. This is the reason why it was postponed.

From the analysis of this the data sample, 486 Ou (2010 and 2011 runs)
and 818 Tu (2010 run) events went through all the analysis steps, in-
cluding the decay search. One event in the Opu sample passed all the
selections to be a v candidate in the T — 3h decay channel.

After Summer 2012, the analysis was extended also to Tu events of
2011 and 2012 and a third v, candidate was found in the T — p decay
channel.

The three candidates have been independently measured in a Euro-
pean and Japanese scanning laboratory. Measurements are consistent
and their averages are considered in the following.
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3.2 THE FIRST CANDIDATE: T — h

The neutrino interaction that will be described in the following oc-
curred on 22 August 2009 in a brick situated in the wall 11 of the first
supermodule. Figures 36 and 37 show the electronic detector pictures
of the event. No muon was identified by electronic detector reconstruc-
tion.

The scanning of the CS of the interaction brick was performed around
the electronic detector prediction and five tracks were reconstructed.
The result of the CS analysis is summarized in the display shown in
Figure 38: the tracks found are shown as black arrows, where the ap-
plication point is the position of their impact on the CS and the length
is proportional to their slope. A converging pattern was found, satis-
fying the conditions for event validation, as described in the previous
chapter. The corresponding brick was extracted and developed.
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Figure 36: Electronic detector display of the first v; candidate event

3.2.1  Topological event reconstruction

The CS tracks were followed in the brick with the scan-back procedure
and a total-scan around their stopping point was performed. The neu-
trino interaction occurred in the lead plate between film 18 and 19, 6.5
Xo far from the downstream edge of the brick.

The interaction has been fully reconstructed in the brick, looking for
tracks within an angular acceptance of 1 rad. The complete picture of
the event at the emulsion level is shown in Figures 39 and 4o0.
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Figure 37: Electronic detector display of the first v candidate event: zoom on the
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Figure 38: Display of the tracks found in the analysis of the CS related to the first v
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10mm
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Figure 39: Display of the first v; candidate event, as reconstructed in the emulsion
films. Top left: view transverse to the neutrino direction. Top right: zoomed
on the vertices for the same view. Bottom: longitudinal view.
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Figure 40: Schematic picture of the first v, candidate event. Zoom on the primary
and secondary vertices. Tracks 1, 2, 3, 4, 5, 6 and 7 come from the primary
vertex; track 4 is the T candidate decaying in the lead plate between film 19
and film 20, track 8 is the decay daughter. The starting point of the shower
originating from vy is also visible in the film 21.

The primary neutrino interaction consists of 7 tracks of which one ex-
hibits a visible kink. Two electromagnetic showers caused by y-rays
have been located. In detail:

Track 1 found on CS and attached to the primary vertex. It exits from
the primary interaction brick. Being not found in the brick im-
mediately downstream, it undergoes the range-momentum cor-
relation study. The variable associated to the track follow-down
(see Section 2.12) has been evaluated: the measured value of
Drep =o0.1 allows to identify the track as a hadron;

Track 2 high ionizing particle, attached to primary vertex and stop-
ping inside the brick. From its residual range (32.040.5) g-cm™—?
and the value of pp= (0.32f8:? }) GeV/c measured on the up-
stream half of the track, the particle is identified as a proton, the

kaon hypothesis being rejected with a C.L. of 97%;

Track 3 found on CS and attached to the primary vertex, it generates
a two-prong interaction four bricks downstream of the primary
vertex;

Track 4 exhibits a kink topology with Oyink = 4142 mrad after a path
length of 1335435 um;
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Track 5 found on CS and attached to the primary vertex. It has been
followed in wall 12 (one wall downstream) and disappears in
wall 13 after a total distance of 174 g-cm~2. It is classified as a
hadron, having Dt¢p =0.27;

Track 6 stopping inside the brick and attached to primary vertex. It
is classified as a hadron, having Dyfp =o0.15;

Track 7 not directly attached to the primary vertex, pointing to it
with an impact parameter of 43733 pum. Its origin is likely to be

a prompt neutral particle and it stops in the interaction brick;

Track 8 the kink daughter, found on CS level and not directly attached
to the primary vertex, pointing to it with an impact parameter of
5544 pm. It generates a 2-prong interaction seven walls down-
stream its emission vertex;

Shower 1 originating from v, starts 2.2 mm from the secondary ver-
tex and it is compatible with pointing to it with a probability of
32%, the impact parameter being 7.5+4.3 um. Its probability to
be attached to the primary vertex is less than 1073, the impact
parameter being 45.0+7.7 um. Track 10 coming from the CS was
associated to the last part of this electromagnetic shower;

Shower 2 originating from vy, is compatible with pointing to either
vertex, with a significantly larger probability of 82% at the sec-
ondary vertex, the impact parameter being 221%3 um, compared
to 10% probability and 85+38 pum IP at the primary vertex. Its

distance from both vertices is about 13 mm.

None of the charged particles emitted at either vertex is compatible
with being that of an electron. The application of track follow-down
allowed to classify all the tracks as hadrons: the complete picture is
shown in Figure 56.

A scanning with an angular acceptance up to tan(0) =3 has also been
performed and no additional track was found.

3.2.2 Kinematical analysis

The momentum of charged particles can be determined from the an-
gular deviations produced by Multiple Coulomb Scattering (MCS) of
tracks in the lead plates [76]. This method gives a momentum resolu-
tion better than 22% for charged particles with momenta lower than
6 GeV/c, passing through the entire brick and 10% if lower than 4
GeV/c. For higher momentum particles, the momentum is based on
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Figure 41: Electronic detector display of the first candidate event with all penetrating
tracks superimposed, down to their stopping or re-interaction point.

the position deviations. The resolution is better than 33% on 1/p up to
12 GeV/c for particles passing through the entire brick.

The y-ray energy is estimated by a Neural Network algorithm that uses
the combination of the number of segments, the shape of the electro-
magnetic shower and the Multiple Coulomb Scattering of the tracks.
The measured values of the particles” momenta and of the showers’
energy are reported in Table 17.

The transverse momentum at the secondary vertex (Pt) was computed
by considering the most probable configuration where both showers
(v1 and 7y2) are emitted at the secondary vertex. The measured value
is Py=470"%39 MeV/c. The missing transverse momentum at the pri-
mary vertex is Pmiss —57o+?§8 MeV/c.

Since all the tracks at the primary have been identified as hadrons, no
track is the discarded for the ¢4 evaluation. Its value is (173+2)°.
The sum of the modulus of the momenta of all the particles in the
event is 24.375) GeV/c.

The invariant mass of y; and v, is 120420(stat.)+35(syst.) MeV/c?,
supporting the hypothesis that they originate from a 7® decay. Sim-
ilarly the invariant mass of the charged decay product assumed to
be a 7~ and of the two y-rays amounts to 640733 (stat.) 753 (syst.)
MeV /c?, which is compatible with the p(770) mass. The branching ra-
tio of the decay mode T~ — p~ v, is about 25%.

In Table 18 the value of the decay topological and kinematical quan-
tities computed for this event are reported with the selection criteria
defined for the T — h channel. All variables considered pass the se-
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H Charged track Momentum (GeV /c) H

Track 1 0.78f8:}g

Track 2 0.60 £ 0.05

Track 3 1.977932

Track 5 1.30f8:%é

Track 6 0.3675:48

Track 7 0.49i8ﬁ§

Track 8 12+§

H Shower ‘ Energy (GeV) H

Y1 5.6 +1.0(stat.) + 1.8(syst.)
Y2 1.2+ 0.4(stat.) £ 0.4(syst.)

Table 17: Momentum of charged tracks and energy of the showers for the first v
candidate.

lection cuts required to select a tau candidate, as shown in Figure 42.

H Variable ‘ Selection (T — h) ‘ Measurement H
Orink (mrad) > 20 41+2
Az (wm) < 2600 435435
Paaugnter (GeV/c) >2 1245
Pt (MeV /<) > 300 (y attached) 4707239
PIiss (MeV/c) <1000 5704729
$Pmoal®) > 90 17342

Table 18: Selection criteria for v, candidate events in the T — h decay channel and
corresponding measured values for the first observed candidate.

3.3 THE SECOND CANDIDATE: T — 3h

The neutrino interaction occurred on 23 April 2011 in a brick situated
in the wall 4 of the first supermodule. Figures 43 and 44 show the
electronic detector displays of the event. As for the first candidate, no
muon track was reconstructed by electronic detectors.

The electronic detector prediction was used to define the area to be
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Figure 42: Monte Carlo distribution of the kinematical variables for the T — h decay
channel. Red bands show the measured value and its error, the grey area
represents the excluded region corresponding to the selection cut.
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scanned on the CS: three converging tracks were reconstructed, as
shown in Figure 45. The corresponding brick was extracted and de-
veloped.
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Figure 43: Electronic detector display of the second v, candidate event

3.3.1  Topological event reconstruction

The scan-back procedure was applied to the tracks found on CS and
the scanning of a volume around their stopping point was performed.
The neutrino interaction occurred in the lead plate between film 22
and film 23, 6.1 Xy far from the downstream edge of the brick.

The complete picture of the event at the emulsion level is shown in
Figure 46.

The primary vertex consists of 2 tracks: the T lepton candidate and
an hadronic track. A nuclear fragment associated to the primary ver-
tex has also been detected with an impact parameter of 15um. The T
lepton decay occurs in the plastic base, as can be seen in Figure 47.
This reduce by more than one order of magnitude the probability of
hadronic interactions. Moreover highly ionizing nuclear fragments can
be seen with higher efficiency if the interaction vertex is in the plastic
base.

The secondary vertex generated by the T decay consists of three charged
tracks.

The details about the reconstructed tracks are reported in the follow-
ing:

Track 1 found on CS and attached to the primary vertex. It has been
followed in the downstream wall where it is found to exit from
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Figure 44: Electronic detector display of the second v candidate event: zoom on the
interaction region. The brick containing the interaction is highlighted.
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Figure 45: Display of the tracks found in the analysis of the CS related to the second
v candidate interaction brick.
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Figure 46: Display of the second v, candidate event, as reconstructed in the emulsion

films.
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Figure 47: Schematic picture of the second v, candidate event. Zoom on the primary
and secondary vertices. Tracks 1, 2 come from the primary vertex; track 2
is the T candidate decaying in the plastic base of film 24, tracks 3,4 and 5
are the decay daughters.
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the brick side. Being not found in the adjacent brick, it under-
goes the range-momentum correlation study. It is classified as a
hadron, having Dtrp =0.05;

Track 2 T candidate. It exhibits a decay topology in three prongs after
a path length of 1559 + 10 pm;

Track 3 T decay daughter, with a kink angle of 46 mrad and an impact
parameter of 70+ 5 um w.r.t. the primary vertex. Found on the
CS it generates a two-prong interaction four bricks downstream
of the primary;

Track 4 T decay daughter, with a kink angle of 111 mrad and an
impact parameter of 61+ 5 pm w.r.t. the primary vertex. Found
on the CS it stops two walls downstream, with Dtfp =0.25 and
it is therefore identified as an hadron;

Track 5 T decay daughter, with a kink angle of 115 mrad and an
impact parameter of 170+ 5 um w.r.t. the primary vertex. It in-
teracts in the same brick containing the neutrino vertex, after
11 lead plates i.e. about 1.3 cm downstream. The interaction oc-
curs inside the emulsion allowing an extremely clear signature.
The final state is composed of two charged tracks and four back-
scattered nuclear fragments.

The application of track follow-down allowed to classify all the tracks
as hadrons.

A systematic search for y conversions has been performed by doing
a general search in the emulsions up to an angle of tan(0) =1 in the
vertex brick for the 35 downstream plates yielding no candidates. A
scanning with an angular acceptance up to tan(6) =3 has also been
performed and no additional track was found attached to the primary
vertex.

3.3.2 Kinematical analysis

The momenta of the particles have been measured and the results are
reported in Table 19.
The average kink angle of the three daughters is (Oxinx) = 87.4 £ 1.5

mrad while the sum of the momenta at secondary vertexis Pqaughters =

8.4 £ 1.7. The missing transverse momentum at the primary vertex is
pPmiss —3104+110 MeV /c.

Since all the tracks at the primary have been identified as hadrons, no
track is the discarded for the ¢, o4 evaluation. Its value is (167.8+£1.1)°.
The invariant mass of the three daughters is M =0.80+ 0.12 GeV/c?
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H Charged track | Momentum (GeV/c) H

Track 1 2.8f8:;
Track 3 6.6779
Track 4 1 .3f8§
Track 5 2.0f8:Z

Table 19: Momentum of charged tracks for the second v candidate.

and the minimum invariant mass M i, =0.9340.13 GeV/c?.

The sum of the modulus of the momenta of all the particles in the
event is 12.7773 GeV/c.

In Table 20 the value of the decay topological and kinematical quan-
tities computed for this event are reported with the selection criteria
defined for the T — 3h channel. All variables considered pass the se-

lection cuts required to select a tau candidate, as shown in Figure 48.

H Variable ‘ Selection (T — 3h) ‘ Measurement H

(Okink)(mrad) < 500 87.4+1.5

Az (um) < 2600 1446 + 10
Paaughters (GeV/c) >3 844+17
pmiss (MeV/c) < 1000 310+ 110
$moal®) > 90 167.8 + 1.1

M (GeV/c?) [0.5—2] 0.80 £0.12
Mmin (GeV/c?) [0.5—2] 0.96+0.13

Table 20: Selection criteria for v candidate events in the T — 3h decay channel and
corresponding measured values for the second observed candidate.

3.4 THE THIRD CANDIDATE: T — U

The neutrino interaction that will be described in the following oc-
curred on 2 May 2012 in a brick situated in the wall 8 of the first
supermodule. Figures 49 and 50 show the electronic detector pictures
of the event. A muon track was reconstructed by electronic detectors.

The scanning of the CS of the interaction brick was performed around
the electronic detector prediction and six tracks were reconstructed.
The result of the CS analysis is summarized in the display shown in
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Figure 48: Monte Carlo distribution of the kinematical variables for the T — 3h decay
channel. Red bands show the measured value and its error, the grey area
represents the excluded region corresponding to the selection cut.
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Figure 51: the muon track was found as well as a converging pattern,
satisfying the conditions for event validation, as described in the pre-
vious chapter. The corresponding brick was extracted and developed.
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Figure 49: Electronic detector display of the third v candidate event
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Figure 50: Electronic detector display of the third v candidate event: zoom on the
interaction region. The brick containing the interaction is highlighted.

3.4.1  Muon momentum and charge measurement

The muon track stops in the first spectrometer, after having crossed 21
walls of the target and 6 iron slabs of the magnet (Figure 52).

The momentum has been estimated from the range of the particle in
the detector. The measured value is p,, = 2.8+0.2. In order to perform
an independent measurement, the brick immediately downstream of



N
- L%ﬁ i

20 x10°

-20\ Il 1 o 1 Il Il 20 1 L 1 40 Il 1 1 60 Il Il Il 80 L 1 \1 00l 1 \1 20\ Il I1 40\
X (um)

Figure 51: Display of the tracks found in the analysis of the CS related to the third v
candidate interaction brick.

the one containing the neutrino interaction was extracted. The muon
track was measured in all the emulsion films, allowing a momentum
estimation with the Multiple Coulomb Scattering algorithm. The mea-
sured value pp’\flcS :3.1f8:§ is compatible with the one estimated
from the range.

The charge measurement is performed with the Target Tracker and
RPC hits. A fit is performed (as shown in Figure 53) with a straight
line in the not magnetized region (TT hits) and with a parabola in the
magnetized region (RPC hits). The parabolic part is meant to approxi-
mate the circular trajectory. The fit gives a parabola with the concavity
towards the bottom, corresponding to a radius of ~ 85 cm. Given the
direction of the magnetic field this corresponds to a negative charge
with a significance of 5.60.

3.4.2 Topological event reconstruction

CS tracks were followed in the brick with the scan-back procedure and
the standard volume was analysed around their stopping point.

The neutrino interaction occurred in the lead plate between film 38
and film 39, 3.3 Xo far from the downstream edge of the brick. The
interaction has been fully reconstructed in the brick, looking for tracks
within an angular acceptance of 1 rad.
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Figure 52: The muon track of the third v, candidate crosses 21 walls of the target and
stops in the first spectrometer.
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Figure 53: The Target Tracker and RPC hits are used to perform the muon charge
measurement. A fit is performed with a straight line in the not magnetized
region (TT hits) and with a parabola in the magnetized region (RPC hits).



The primary vertex consists of 2 tracks: the T lepton candidate and an
hadronic track. the T lepton decays in plastic base of the first film im-
mediately downstream of the primary vertex.

The complete picture of the event at the emulsion level is shown in
Figures 54 and 55.
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2 parent ™
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Figure 54: Display of the third v, candidate event.

The primary vertex consists of 2 tracks: the T lepton candidate and an
hadronic track. The T lepton decay occurs in the plastic base of the
plate immediately downstream of the primary vertex. The decay par-
ticle is compatible with the muon track reconstructed in the electronic
detectors.

The details about the reconstructed tracks are reported in the follow-
ing:

Track 1 found on CS and attached to the primary vertex. It has been
followed in the downstream wall where its interaction was recon-
structed. It is classified as a hadron, having Dtrp =o0.1;

Track 2 T candidate. It exhibits a decay topology in one prong after a
path length of 376+10 um;

Track 3 T decay daughter, with a kink angle of 245+5 mrad and an
impact parameter of 7745 pm w.r.t. the primary vertex. Found
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Figure 55: Schematic picture of the third v candidate event. Zoom on the primary
and secondary vertices. Tracks 1 and 1 come from the primary vertex; track
2 is the T candidate decaying in the plastic base of film 39, track 3 is the
muon decay daughter. The starting point of the shower generated from y

is visible in film 41.

on the CS, it is in agreement with the muon track reconstructed

in the electronic detectors;

Shower originating from vy, starts 2.1 mm from the primary vertex
and it is compatible with pointing to it with an the impact pa-
rameter being 18+13 pm. Its probability to be attached to the
secondary vertex is less than 103, the impact parameter being

69+12 um.

The application of track follow-down allowed to classify all the tracks

as hadrons. The complete picture is shown in Figure 56.

‘ Event: 12123032048, 2 May 2012, 10:12 (UTC), XZ projection I
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Figure 56: Electronic detector display of the third candidate event with all penetrating
tracks superimposed. The re-interaction point of the track 1 is visible.

A scanning with an angular acceptance up to tan(0) = 3 has also been

performed and no additional track was found.
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3.4.3 Kinematical analysis

The measured values of the particles” momenta and of the showers’
energy are reported in Table 21.

H Charged track | Momentum (GeV/c¢) H

Track 1 0.9+0.2
Track 3 28+0.2
Shower Energy (GeV)

[ y 29403 |

Table 21: Momentum of charged tracks and energy of the shower for the first v
candidate.

The transverse momentum at the secondary vertex (pt) is 690 £ 50
MeV /c. The muon momentum has been estimated from its range in
the detector P, = 2.8 0.2 GeV/c.

The sum of the modulus of the momenta of all the particles in the
event is 6.6+0.4 GeV/c.

In Table 22 the value of the decay topological and kinematical quan-
tities computed for this event are reported with the selection criteria
defined for the T — p channel. All variables considered pass the se-
lection cuts required to select a tau candidate, as shown in Figure 57.

H Variable ‘ Selection (T — n) ‘ Measurement H
(Oxink)(mrad) < 500 245 +£5
Az (um) < 2600 151+ 10
P, (GeV/c) [1—15] 2.8+0.2
T (MeV/c) > 250 690 + 50

Table 22: Selection criteria for v candidate events in the T — p decay channel and
corresponding measured values for the third observed candidate.
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Figure 57: Monte Carlo distribution of the kinematical variables for the T — p decay
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represents the excluded region corresponding to the selection cut.
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4.1  SIGNAL EXPECTATION

The number of expected T can be expressed as:

T 9
NZ,., =10 MNAL<e>J@(E)GT(E)PVﬁVT(E)dE, (15
= ML(e)N2.

where

e M is the mass of the detector (in units of kton)

L is the value of integrated p.o.t. (in units of 10'7)

N A is the Avogadro number

e O(E) is the v, flux (in units of em™2 x (10"p.o.t).7 )

and (e) the average location efficiency for v interactions

(e~ JOIEIoxPy, v e (E)E
ch Jo<Py, v, dE

(20)

Consequently, N9 is the number of v interactions per kton and per
107 p-o.t.
We can define Ng/pcc (NSuNC) as the number of v ,cc (vunc) in-

teractions per kton and per 10'? p.o.t.

NSO, cc = JCD(E)UVHCC(E)dE <NSuNC :JCD(E)GVHNC(E)dE> .

(21)
C,bs) can be ex-
(NC))and CC

The number of events localized in the Op channel (N
pressed as the sum of NC events classified as Op (N 2%5
(CC)):

(NC)

events classified as Op (NO¥
0 0
NO!;S NO!;S
= MLJ@(E) (G\/ucce(éuc - GquCeON“C> dE
0 0
= ML ((e2EINS o+ (eNONS o)

= MLN? ((e%%)—l—oc(eoN”C))

obs

(CC)+ N

obs

(22)

vucc
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where « = N? /NS ~0.32.

VuNC Vucc
It is then p0551ble to write the normalization factor as

0
ML _ NOI;S

NOuCC <<€CC> + 0‘<€1€1uc>)
Bo
0

vucc

(23)

NOw

obs”

where 3o = 1/ ((e%%) + oc(eON”C>) = 7.5+ 1.1 is evaluated from
Monte Carlo simulations
(e2 cc)and (e Nc) are, respectively, the average location efficiencies of
vucc and v cc events classified as Op.
The number of expected T in the Op sample can be written as
NOu
NI = — °bs - (e)NS
NS e (<€CC> + (x<€NC>)

NO

0
- BONOE5< >N0 -

vucc

(24)

The number of expected T in the decay channel T — i(i = h,3h,e)
is than:
T—=1(0p) N 2 .
Nexp - E’ Nobs<€T—>i>N07Br(T_>l)/ (25)
Yucc
0

where (er_,i) is the average efficiency for the particular decay chan-
nel.

Similarly, the number of expected T in the decay channel T — u is:

NO
NeH" = [51Nlbs<eT_m>NO7TBr(TH w, (26)
vucc

where B = 1/ (( ‘o) +oo(e “C>) = 1.3+ 0.2 is evaluated from
Monte Carlo simulatlons

(e 1C”C> and (€] enc) are, respectively, the average location efficiencies of
vycc and v N events classified as 1.

The average location efficiency are reported Tables 15 and 16 for the
two different selections.

The expected number of events for the fraction of the runs analyzed so
far is 2.22, divided in the different decay channels as reported in Table
23. For the total collected beam intensity of 17.97 x 10'? p.o.t., 4.30
signal event are expected. Full mixing and Am3; = 2.5x10 3eV? are
assumed.
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[ | SIGNAL EXPECTED EVENTS ||
T h 0.66
T 3h 0.51
T— W 0.56
T—e 0.49
| ToTaL | 2.22 |

Table 23: Expected number of observed signal events in the different decay channels,
for the data sample analyzed so far.

4.2 BACKGROUND EVALUATION

The background evaluation has been performed by means of a full
Monte Carlo simulation. The main sources of background have been
studied, depending on the decay channel.

4.2.1 Charm production and decay

The charm production is the main components of background in the
v search, since the mass and the flight length of charmed hadrons
are similar to the T, so selection criteria have similar efficiencies to de-
tect the decay topology. Charmed hadron production may constitute a
background to v signal if the primary muon is not identified (Figure
58). In order to evaluate the background contamination from charm,

Figure 58: Decay topology of T and charm.

v, CC interactions with charm production were simulated with the
full Monte Carlo simulation. All the steps of the location chain were
applied: from the electronic detector trigger to the decay search and
the kinematical selection, as described in Chapter 2.
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Figure 59: ¢,04 angle distribution for signal (white area) and charm background
(red shaded area). The straight line represents the selection cut.

The background in the T — h and T — 3h decay channels is made up
of charm events where the primary muon is not identified and that are,
consequently, classified as O by the electronic detectors. The selection
criteria defined for Op events are therefore applied. The muon iden-
tification, amounting to 97% after the application of the track follow-
down, suppresses the background.

The background in this channels is mainly due to the decay of charged
charmed particles D*,D¢ and A{ in the (e, h, u) channels. The back-
ground coming from the C* — p* decay channel is negligible given
the daughter muon identification from electronic detectors which pro-
vides a further reduction of a factor 10.

Since the muon at primary vertex is not identified, the decay of T and
charm in either one or three hadronic prongs share similar behavior.
The most discriminant kinematical variable between these two cate-
gories is the ¢moq angle, (see Section 2.11.1). In the charm case, the
not-identified primary muon track is often the particle with largest an-
gle with respect to the charm in the neutrino transverse plane. If this
track is not identified as hadron, it is excluded from the hadron jet for
the ¢moq evaluation. In the signal case, instead, the track farest to the
T in the neutrino transverse plane is often identified as hadron (see Sec-
tion 2.12) and then not discarded from the hadron jet. The ¢ 04 angle
distribution for the T signal and charm background in either Th and
3h decay channels are reported in Figure 59. The cut at ¢moa >90°
selects 81% of the signal and 37% of the charm background.
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The overall location efficiencies for charm decays with one or three
hadrons in the final state are:

el2 =(73+£01)x1074

2
elO%n = (125+01) x 1074 @7)
The background in the T — p is made up by charm events decaying
in only one muon. The charm background in this channel is largely
suppressed by the following additional requirements:

p-matching Only one muon track is reconstructed by the electronic
detectors and it is in agreement within 60 mrad with the slopes
of the decay daughter.

u-charge The daughter track is measured with a negative charge. The
T daughter has always negative charge. On the contrary, charged
charmed particles have a positive charge, so their one-prong de-
cay products have positive charge as well.

The efficiency of the selection for this channel is

eOL =(73£0.1)x107% (28)

Overall charm background

The number of expected background charm events in the T — i(i =
h, 3h, e) decay channel is

. . o
Nop O = £ Br(C = DBoNOE (e ) (—Sharm,y (29)

Yucc

The number of expected background charm events in the T — u decay
channel is

NEZRH)

(o)
exp = fc+BT(C — H)B] Nl%5<€c—>u><M>

Ove (30)
where fc+ is the fraction of charged charms, amounting to 56% and
Br(C — i) are the charged charm branching ratios in the different
decay topologies (Table 24).

The background in the C — p decay channel is suppressed by the
small branching ratio of charm in a single muon.

4.2.2 Hadron re-interactions

The second source of background to the hadronic decay channels is
due to re-interactions in the lead of hadrons produced in v, NC and

79
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| | DECAY MODE | Br (%) |

C* = 1-prong | CT — p* 53+27
65+6)% | CH—et 51426
Ct - ht 53.5+9.2

Ct—3prong | C" - pt+2h | 22418
(5+6)% | Ct—et+2n | 20418
Ct —3n 30.8+54

Table 24: Branching ratios of charged charmed particles in leptonic and hadronic
decay modes.

v CC interactions where the primary muon is not identified.

The dominant background from hadron re-interactions has been evalu-
ated with a FLUKA based Monte Carlo code [79]. About 3 x 10° events
were simulated where 1+ 15 GeV ©~ are impinging on 1 mm of lead.
The probability for a background interaction to occur over 2 mm of
lead downstream and to satisfy the T selection criteria is 6.3 x 107>
per Ou located event in T — h decay channel and 1.3 x 107> per Op
located event in T — 3h decay channel.

OPERA-like bricks exposed to 2,4 and 10 GeV/c m~ beams have been
analyzed to validate the description of hadronic interactions by FLUKA
simulation. A total hadronic track length of 59.6 m has been analyzed,
corresponding to 318 interactions in the brick, out of which 88 are
single-prong and 46 are three-prongs.

A good agreement is found between experimental and simulated data
both in normalization and shape. Figure 60 shows the hadronic interac-
tion length for different 7~ energies, while in Figure 61 the number of
produced tracks at the interaction vertex and the kink angle of single-
prongs interactions are reported.

The hadron interactions background can be further reduced by increas-
ing the detection efficiency of highly ionizing particles, low energy
protons and nuclear fragments, emitted in the cascade of intra-nuclear
interactions initiated by the primary particles and in the nuclear evap-
oration process. In order to detect a significant fraction of nuclear
fragments emitted at large angle, an image analysis tool was devel-
oped. High resolution microscope tomographic images in 24 layers
of 25 mm x 2.1 mm size are analyzed in the upstream and down-
stream films of an interaction vertex, with an angular acceptance up
to tan(0) = 3. This technique was applied to all the hadronic interac-
tions reconstructed in the test beam bricks. In 2 GeV (4 GeV, 10 GeV)
7t_exposure, at least one highly ionising particle was associated to
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Figure 60: Hadronic interaction length as a function of the beam energy for experi-
mental data (white crosses) and simulated data (red dots).
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Figure 61: Topological variables of the tracks emitted in 4 GeV/c (a) and 2 GeV/c (b)
7~ interactions in an OPERA-like brick for experimental data (dots with
error bars) and simulated data (histogram).
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Figure 62: Topological variables of highly ionising particles emitted in 4 GeV/c n—
interactions in an OPERA-like brick for experimental data (dots with error
bars) and simulated data (histogram).

31.372:5% (58.178:1%, 63.672:9%) of the events while 23.4713% (58.4752%,
64.372:2%) are expected from simulations. Figure 62 shows a good
agreement between experimental and simulated data in number of
detected fragments and in the polar angle distribution of the highly
ionising particles.

The technique allows detecting more highly ionising particles associ-
ated to secondary vertices, providing an additional background reduc-
tion of about 40%. No such particles were found to be associated to
the decay vertex of all the three v, candidate events.

Assuming decay search efficiencies similar to those of the T, the prob-
ability for an hadronic interaction be detected as background is 1.6 x
107> per Op located event in T — h decay channel and 0.3 x 10~ per
Ou located event in T — 3h decay channel.

4.2.3 Muon scattering

Muons produced in v, CC events and undergoing a large angle scatter-
ing in the two lead/emulsion plates following the vertex plate could
mimic a muonic T decay.

The evaluation of the corresponding background have been performed
with a FLUKA based Monte Carlo simulation.

The probability for a muon scattering to occur over 2 mm of lead and
to satisfy the selection criteria for the reconstruction of the T — p decay
topology and its kinematics is 1.5 x 107® per CC event. The probabil-
ity to have a scattering in the emulsion or in the plastic base, given the
lower density and smaller thickness, is 2.5 x 10-8 per CC event.
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Figure 63: Monte Carlo distribution of kinematical variables for muon scattering in
lead (green), plastic base (blu) and emulsion (red).

A test beam exposure has been planned in order to confirm the above
results.

With a conservative approach, we will use, as the background from
muon scattering, the upper limit of 1072 per located 1u event reported
in [80].

An additional reduction of 40% has been considered in order to take
into account the decay search inefficiencies.

4.2.4 Background expectation

All the background sources in the different T decay channels are sum-
marized in Table 25. For the data sample analyzed so far, a total num-
ber of 0.23 events is expected. The background in the Tp sample has
been evaluated assuming that all the first brick have been analysed.
The background expectation becomes 0.35 if we consider the total col-
lected beam intensity of 17.97 x 10'7 p.o.t..

4.3 STATISTICAL SIGNIFICANCE

Given the background expectation in the different channels, it is pos-
sible to evaluate the significance of the observation by a counting-olny
analysis.
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BACKGROUND EXPECTED EVENTS
Charm ‘ Hadron ‘ Muon ‘ Total

T—h | 0.029 0.0T6 - 0.045
T—3h | 0.087 0.003 - 0.090
T—pn | 0.0084 - 0.018 0.026
T—e 0.065 - - 0.065
TOTAL | 0.19 0.019 0.018 0.226

Table 25: Expected numbers of background events from different sources and for the
different decay channels, for the data sample analyzed so far.
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Figure 64: Signal and background PDFs for ¢4 in the different T decay channels.
Black lines represent the values assumed for these variables by the candi-
dates.

The probability for the three events not to be due to a background fluc-
tuations and thus the statistical significance is 3.20.

The statistical significance of the observation has also been evaluated
by likelihood ratio method [8].

A probability density function (PDF) has been created, based on the
®moa Vvariable, the z coordinate of the decay point ( Az) and the vecto-
rial sum of transverse momenta of secondary tracks with respect to the
parent direction (pT) for signal (fs) and background (fg). By definition
PDFs are unit-normalized. They are shown in Figures 64, 65 and 66.
If s is the expected number of signal events and b the expected number
of background events, a global PDF(fsg(s,b)) is built by combining



4.3 STATISTICAL SIGNIFICANCE | 85

Sion

7 N2 TGP e ST s
P00 500 0 500 1000 1500 . 2000 2500

Figure 65: Signal and background PDFs for Az in the different T decay channels. Black
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Figure 67: The (s, b) space is sampled and the three events are evaluated on the cor-
responding PDF.

the signal and background PDFs, fs and fg, with the coefficients s and
b in the following way:

sfs(x) + bfg(x)

fS-O-B b,
(5,6,%) — G1)
such that they are always unit normalised.
The likelihood function is defined as
4 ne n
(s +b)he(s+b) ¢ T
L(s,b) = — 1_11 H HfHB s,b,xy)  (32)
c i=0v

n is the total number of candidates, n. is the number of candidates for
channel ¢ and v denotes a variable. 1-dimensional PDFs are multiplied,
thus neglecting possible correlations.

The resulting quantity —21In £(s, b) is shown in Figure 67 as a function
of s and b. The minimum is observed at s = 2.4, b = 0.6 and amounts
to 47.1. The minimum of —21n £L(s, b) evaluated for s = 0 (null hypoth-
esis) occurs at b = 3 and amounts to 53.9.

The likelihood ratio (LR) is defined

B £(0,b)
LR = —2In 26.0) (33)
[R = —2In£L(0,b)+2InL(s,b) (34)
IR = x*(0,b) —x(s,b) = AX® (35)

The observed value is

LRyps = 6.8. (36)
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Figure 68: Distribution of LR for background pseudo-experiments sample.

To assess the significance of this test variable pseudo-experiments have

been generated, sampling background-like events from the input Monte
Carlo PDFs. The number of cases where a LR larger than the one ob-
served in the data has been evaluated.

The distribution of LR for background pseudo-experiments is shown

in Figure 68.

On 10° pseudo experiments 262 have a LR above the observed one

corresponding to a p-value of 2.62 x 10~* which corresponds to 3.5

one-sided o for the exclusion of the null hypothesis.






CONCLUSIONS

The OPERA experiment searches for v,, — v oscillations in appear-
ance mode. The detector consists of almost 150000 unit cells, called
bricks, arranged in walls and interspaced with electronic detectors, for
a total mass of about 1.25 kton. The Emulsion Cloud Chamber tech-
nique uses lead as neutrino target and emulsion films as high precision
trackers, capable of observing the T decay with a space granularity
better than 1 um. The electronic detectors provide the time stamp of
neutrino interactions, identifying the brick where the interaction took
place and measuring the muon charge and momentum.

In five years of run, from 2008 to 2012, the CNGS beam has provided a
neutrino flux equivalent to 18x10'? protons on target and the OPERA
experiment has collected more than 15000 neutrino interactions.

The analysis chain of neutrino interactions in the OPERA target has
been fully simulated and the efficiencies for all the T decay channels
obtained. The kinematical selection of the events in the different decay
channels has been studied and new variables have been defined in or-
der to enhance the 7 signal.

The comparison between data and Monte Carlo shows a good agree-
ment, thus validating the simulation used to describe the event analy-
sis.

A detailed analysis of all the background sources has been performed.
In particular, the background from charmed hadron production and
decay has been studied. Charmed hadrons produced in v,, CC inter-
actions have masses and lifetimes similar to those of the t. They can
therefore mimic v interactions if the primary muon is not identified.
In order to reduce this source of background the kinematical selection
has been improved and a technique aiming at the reduction of the
muon mis-identification has been developed.

The search for v interactions in the statistics so far analysed lead to
the observation of three candidates, compatible with the expectation
of 2.23 signal events. The three candidates come from the 2009, 2011
and 2012 runs and show different decay modes: T — h, T — 3h and
T — W, respectively. They have been fully analysed and the results of
the topological reconstruction as well as the kinematical analysis have
been reported.

The statistical significance of the observation of three candidates has
been evaluated with a simple counting method based on the back-
ground yield in the different channels. The result gives a significance
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of 3.20. A method based on the likelihood ratio was also attempted.
This analysis provides a significance of 3.50.
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