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The CNGS beam along its five years of
operation 2008 + 2012

Year |Beam days| P.O.T. Kl

GO ™ p.o.t. (10%) 2012/

" —

2008 123 1.74 o1/
2009 155 3.53 »
2010 187 4.09 '-919//
2011 243 4.75 ZOO/
2012 257 3.86 B
Total 965 17.97 2008 date

[_ast neutrino interaction recorded on December 37 2012
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number of bricks
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STATUS OF DATA ANALYSIS
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v, —V, ANALYSIS STRATEGY

¢ 2008-2009 runs

— No kinematical selection: get confidence on the detector
performances before applying any kinematical cut

— Slower analysis speed (signal/noise not optimal)

— Kinematical selection applied for the candidate selection,
coherently for all runs

— Good data/MC agreement shown

e 2010-2012 runs

— Pu <15 GeV/e, to suppress charm background

— Prioritise the analysis of the most probable brick in the probability
map: optimal ratio between efficiency and analysis time

— Analyse the other bricks in the probability map
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CANDIDATE
As seen by the electronic detectors ...

THE FIRST 'V,

Event: 9234119599, 22 Aug 2009, 19:27 (UTC), XZ projectio!
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THE FIRST v, CANDIDATE

... and 1n the brick

Physics Letters B691 (2010) 138



THE SECOND Vv CANDIDATE

As seen by the electronic detectors ...

| Event: 11113019758, 23 Apr 2011, 07:15 (UTC), XZ projection
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THE SECOND Vv_ CANDIDATE

... and 1n the brick

Journal of High Energy Physics 11 (2013) 036



THE THIRD v_ CANDIDATE

As seen by the electronic detectors ...

| Event: 12123032048, 2 May 2012, 10:12 (UTC), XZ projection |
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THE THIRD v_ CANDIDATE

... and 1n the brick

~ Decay vertex
Primary vertex
- on
hadron———————_,




THE FOURTH v_ CANDIDATE

As seen by the electronic detectors ...

Columns (top view)

Rows (side view)

| Event: 12254000036, 9 Sep 2012, 22:00 (UTC), XZ projection ]
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THE FORTH v, CANDIDATE

... and 1n the brick




OUTSTANDING PAPER AWARD BY THE
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THE FIFTH v, CANDIDATE

As seen by the electronic detectors ...

Event: 12227007334, 14 Aug 2012, 01:27 (UTC)
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THE FIFTH v_ CANDIDATE

... and 1n the brick
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VISIBLE ENERGY OF ALL THE CANDIDATES

Sum of the momenta of charged particles and y’s measured in emulsion
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STATISTICAL CONSIDERATIONS

Channel Expected background Expected signal | Observed
Charm Had. re-interac. Large p-scat. Total
T —1h | 0.017£0.003 | 0.022 £ 0.006 — 0.04 +0.01 0.52 £ 0.10 3
T — 3h 0.17£0.03 0.003 + 0.001 — 0.17£0.03 0.73+£0.14 1
T —p | 0.004 £0.001 — 0.0002 £+ 0.0001 | 0.004 £+ 0.001 0.61 £0.12 1
T —e 0.03 £0.01 — — 0.03 £0.01 0.78 £0.16 0
Total 0.22 +0.04 0.02 +0.01 0.0002 £ 0.0001 @.25 + 0.0Q 2.64 £ 0.53 ( 5t \
T~ S~
Two statistical methods: AmQ — 9244 . 10_3 6V2

- Fisher combination of single channel p-values
- Profile likelihood ratio

5 observed events with 0.25 background events expected
Fisher =1.10 x 10”7
Profile likelihood = 1.07 x 10”7

This corresponds to 5.1 ¢ significance of non-null observation

Pn>5|p=29)=16.6 %
PT = 6.4%

PT = probability to obtain a configuration less likely than (3, 1, 1, 0)

Probability to be explained by background{
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with the OPERA Experiment
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Scientific Background on the Nobel Prize in Physics 2015

NEUTRINO OSCILLATIONS

compiled by the Class for Physics of the Royal Swedish Academy of Sciences

Super-Kamiokande’s oscillation results were later confirmed by the detectors MACRO [55]
and Soudan [56], the long-baseline accelerator experiments K2K [57], MINOS [58] and T2K
[59] and more recently also by the large neutrino telescopes ANTARES [60] and IceCube
[61]. Appearance of tau-neutrinos in a muon-neutrino beam has been demonstrated on an
event- ent basis by the OPERA experiment in Gran Sasso, with a neutrino beam from

CERN({62].)
\PRL 115 (2015) 121802
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AN EVENT WITH THREE VERTICES

WITHOUT ANY MUON

IN THE FINAL STATE

[ Event: 11143018505, 23 May 2011, 06:59 (UTC), XZ projection |
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Interface emulsion films

%103 CONNECTED
120—
100
Hint for
80 - electromagnetic shower
60 2 v’s detected 1n the brick
Shower 1D 7 72
Starting plate 35 41

40 z (um) | 152710  14906.6

y (um) | 59647.0  60183.2
6, (rad) | 0.050  -0.011

|III|TII|IIIII]IIIII|II

20 6y (rad) | 0.122  0.085
[Py (pm) 8+8 40+ 11
IP[ (um) | 30422 40423
Opening angle (rad) 0.027 0.029
0 Energy (GeV) | 7.1 +1.7 53+2.2
0.2 rad
—_—
-20

I|III|III|III|III|III|III|III><103
0 20 40 60 80 100 120 140
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plate 31 32 33 34 35 36 37 38 39 40 41 42 43

1l . KINK TOPOLOGY
= - e .
I Flight Length = 1160 um
B S Y R S B With v attached
i IP = 8+8 um
I L 4 3D coordinates | ¢ /ndf 2214713
o I_ et N —_ Prob 0.9996
;“ HI r L b= 0 270311432
| » Z
X 5
A ]:[€ — ’ »
TSNS | |
s It 0 2 4 6 8 101214
I » L2 n 1 I\L(-I
5 S | T A R g = Track ID p best fit (GeV/e) 68 % p range (GeV/¢c)
i T—R-Uell [T 1 2.1 [1.6;3.1]
8 N T —H—L 3 4.3 [3.1;7.1]
— N 5 0.54 [0.45; 0.68]
2600 4 I 6 (daughter) 2.7 [2.1;3.7]

plate 31 32 33 34 35 36 37 38 39 40 41 42 43

ﬁkink — 90 mrad — PJ_ — 240 MeV

not passing the standard cuts to be a tau candidate
, CXXII SPSC Meeting 25



Track segments showing a double vertex topology
in the same lead plate

100 um
4 parent
top
Projections
at Z=-220 uym
bottom §
Vertex 1D Attached tracks 2 (pm) 1y (pm) 2 (pm)
Projections at I (primary) 2,4,5 15077.0 59157.9 -33081.8
Z=-330 pum IT (secondary) 1,3 15085.9 59149.9 -32979.2
II I1I (kink) 4,6 15073.9 59262.4 -31926.4
bottom N T ___Vbottom 3
2 prong vertex top * top
Flight Length = 103 pum
R - _
bottom Invariant mass = 1.9+£0.5 GeV
/I’ 2
bottom
top
1
Single Vertex IP (um) | Two vertices IP (um)
Track ID w.r.t. Vo wrt. Vi owrt Vi
y A 1 8.3 36.2 0.1
op 2 8.8 1.0 6.5
3 4.8 25.9 0.1
4 13.0 1.5 20.4
X 5 5.1 2.2 9.6




Leading Feynman diagrams

v U Ur

p, (a) h p,n (b) h
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Expected yield after topological selection

Sample Muon misidentified | Expected events (1073)
v CC + charm 45

v, CC + charm + Aipg yes 21

v, NC + cc 13

v CC + hint 9

v, CCO + 2hing yes 4

Vi NC + 2hiut 4

Total 100

Multivariate Analysis based on several kinematical features

* |]-prong vertex: Total momentum, transverse momentum, flight
length

* 2-prong vertex: Total momentum, invariant mass, flight length

* Global features: Total e.m. energy, total hadronic energy, ¢
angle between 2 parents in the transverse plane, missing
transverse momentum at Iry

20/06/16 Giovanni De Lellis, CXXIl SPSC Meeting 28



Multivariate analysis: 2- -prong decay

LN B B NN R S B SN B B B NN S B B B L R

IIIIlllllllllIII[IIIlllIIIIIIIIllIIllT‘

20 25 30 35 0.2 0.4 0.6 0.8 2
daughters momentum [GeV] daughters transverse momentum [GeV]

(a) Daughters momentum (b) Daughters transverse momentum i@{

T T T rrr o T T

0.018
0.05

0.016

0.04 0.014

0.012

0.03 0.01
0.008

0.01 0.004

0.002
0 L L P - = =
4 5 6 . 1.5 25 4
invariant mass [GeV] 2pr-like fllght Iength [mm]
(¢) Invariant Mass (d) 2pr-like flight length Signature sources

Signal Tau CC + charm

Background Muon CC + 2 had reint
Background Muon CC + charm + had reint
Background NC + 2 had reint

Background Tau CC + had reint
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Multivariate analysis: global event features

0.005 Q’ i:;

0.004

0.003

0.002

15 20 . . . 3 ﬁ
total EM energy [GeV] ¢ [rad] ({)
(a) Total EM energy (b) ¢ é\{

LI L I B B B B N B

QA
3

llIIllllIllllllllllllllIllll

1 15 2 25 3353 30 40 50 60

mis.sing transverse momentum [GeV] other hadronic momentu-lrg [Gei\;lc]
(c) Missing transverse momentum (d) Other hadronic momentum
Signature sources
- Signal Tau CC + charm
=" Background Muon CC + 2 had reint
- Background Muon CC + charm + had reint
== Background NC + 2 had reint
) ) . ) — Background Tau CC + had reint
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Neutral network result

:I T T I T T I [ T T I t
0.025 [ = .
— — Stgnature sSources
- _ - Signal Tau CC + charm
0.02 — —
— 7] =" Background Muon CC + 2 had reint
0.015 :_ _: - Background Muon CC + charm + had reint
- 7 =" Background NC + 2 had reint
0.01— — = Background Tau CC + had reint
: ] =" Background Tau CC + charm
0.005 — . = Background NC + charm pair
— 1 l L 1 1 T
0-0. 1.5 2 p&
MLP_ANN_2L response é\{
variable value Qf
Ipr-like daughter momentum | 2.7 GeV/e f
1pr-like daughter transverse momentum | 0.242 GeV /e
Kink angle | 90 mrad (74)
1pr-like flight length | 1.16 mm =
2pr-like daughters momentum | 6.17 GeV /¢
2pr-like daughters transverse momentum | 0.542 GeV /¢
2pr-like invariant mass | 1.86 GeéV/c?
2pr-like flight length 103 pm
Total EM energy 12.5 GeV
@ angle 2.41 rad
Missing transverse momentum | 0.944 GeV /¢
20/06/16 Other hadronic momentum | 0.850 GeV /e 31
ANN output 0.946




Llplz) =) ni-filz)+p) nj- fi(z)

jES
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Significance

x PDF from ANN output
n; = yield of i-th process
Background only 2 u=0

10 E
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107 ¢
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Profile Likelihood Ratio

CL=(26+02)x10"* = 3470
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OTHER OSCILLATION ANALYSES
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v, —V, ANALYSIS
one of the v, events with a ¥ as seen in the brick

WA NN

AA\\Y

/
P _—\
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Interface
films

S
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=~ SN 1 | _
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1

10 mr ECC CS

Analysis based on 2008-2009 run, 19 observed candidates (4 with E <20 GeV)
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SEARCH FOR NON-STANDARD OSCILLATIONS
AT LARGE Am? VALUES

102 [ LsND90% C.L.

% E E [ ] LSND99%C.L.
s F KARMEN 90% C.L.
L
£ f NOMAD 90% C.L.
E . U B BUGEY 90% C.L.
10 ‘ ------------ CHOOZ 90% C.L.

MiniBooNE 90% C.L.
MiniBooNE 99% C.L.
ICARUS 90% C.L. (F&C)
OPERA 90% C.L. (Bayesian)

JHEP 1307 (2013) 004

10"

Caveat: experiments
at different L/E

|| 1 1 L1111 1 -
10° 102 10"
OPERA limit at large Am?:  sin?(20,__,) <7.2 x 10~ (Bayes1an)

ICARUS limit at large Am?: sin?(20,_.) < 6.8 x 103 (F&C) EPJ C73 (2013) 2599

Current sample extended with ~twice candidates:
So far 53 observed candidates

Further selection =2 34 events
7 with E <20 GeV
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Number of events / 10 GeV
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: beam contamination (33.4)
B 1->e(0.7)
: n 0 (0.5)
88— + Data (34)
B 2
61— ‘? é\{
- a,
- {’
41— < P ).
2

0 20 40 60 80 100 120 140 160
: . E [GeV]
New paper 1n preparation



20/06/16

COSMIC-RAY ANALYSIS
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Pressure [hPa]

Cosmic-muon rate and temperature dependence

* Gran Sasso underground ~ 3800 m w.e. =2 Minimum muon
energy ~ 1.8 TeV
» Atmospheric temperature increase > density decrease = increase
the pion decay rate = muon rate increase
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Annual modulation of cosmic-muon rate
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muon rate

All data folded 1n one year
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Cross-correlation of rate and Temperature series
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Muon rate vs temperature variations
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ONGOING EVENT ANALYSIS

 Widen selection cuts to increase the statistics

* Mostly topological identification and looser
kinematical cuts (P> 100 MeV)

* Statistical gain beneficial to reduce the
uncertainty (e.g. Am? from tau appearance)

* Use likelihood approach, simulation fully
validated with data in all kinematical corners

* Exploit unique feature of identifying all three
flavours: use tau appearance, electron appearance
and muon disappearance at the same time
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OPERA DATA PRESERVATION AT CERN

First meeting with Jamie Shiers at CERN 1n Dec 2015

OPERA data < 100 TB (~10 tapes) equivalent to one
of the LEP experiments

Willing to host OPERA data at CERN

LEP support until 2030 = support OPERA for 30
years

Green light in January from new CERN management
to the OPERA data preservation

Launching the discussion with Jamie last February

Getting started with a sub-sample of data
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OPERA OPEN DATA AT CERN

* Discussion with S. Mele at CERN, willing to
include OPERA data among the open data

* Notable examples at CERN: CMS and LHCb

e Provide OPERA neutrino interactions: vertex + all
attached tracks

* ~7000 neutrino interactions fully studied up to the
decay search: data & event display (electronic +
emulsion) useful for educational purposes
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Experiments’ legacy

What’s next for OPERA’s
emulsion-detection technology?
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Developed in the late 1990s,the OPERA detector design was based
on ahybrid technology, using both real-time detectors and nuclear
emulsions. The construction of the detector at the Gran Sasso
underground laboratory in Italy started in 2003 and was completed
in 2007 — a giant detector of around 4000 tonnes, with 2000 m’
volume and nine million photographic films, arranged in around
150,000 target units, the so-called bricks. The emulsion films in
the bricks act as tracking devices with micrometric accuracy, and
are interleaved with lead plates acting as neutrino targets. The lon-
gitudinal size of a brick is around 10 radiation lengths, allowing for
the detection of electron showers and the momentum measurement
through the detection of multiple Coulomb scattering. The experi-
ment took data for five years, from June 2008 until December 2012,
integrating 1.8 x 10?° protons on target.

The aim of the experiment was to perform the direct observa-
tion of the transition from muon to tau neutrinos in the neutrino
beam from CERN. The distance from CERN to Gran Sasso and the
SPS beam energy were just appropriate for tau-neutrino detection.
In 1999, intense discussions took place between CERN manage-
ment and Council delegations about the opportunity of building
the CERN Neutrino to Gran Sasso (CNGS) beam facility and the
way to fund it. The Italian National Institute for Nuclear Physics
(INFN) was far-sighted in offering a sizable contribution. Many
delegations supported the idea, and the CNGS beam was approved
in December 1999. Commissioning was performed in 2006, when
OPERA (at that time not fully equipped yet) detected the first
muon-neutrino interactions.

With the CNGS programme, CERN was joining the global
experimental effort to observe and study neutrino oscillations.
The firstexperimental hints of neutrino oscillations were gathered
from solar neutrinos in the 1970s. According to theory, neutrino
oscillations originate from the fact that mass and weak-inter-
action eigenstates do not coincide and that neutrino masses are
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non-degenerate. Neutrino mixing and oscillations were introduced
by Pontecorvo and by the Sakata group, assuming the existence
of two sorts (flavours) of neutrinos. Neutrino oscillations with
three flavours including CP and CPT violation were discussed by
Cabibbo and by Bilenky and Pontecorvo, after the discovery of
the tau lepton in 1975. The mixing of the three flavours of neutri-
nos can be described by the 3 x 3 Pontecorvo—Maki—-Nakagawa—
Sakata matrix with three angles — that have since been measured
—and a CP-violating phase, which remains unknown at present.
Two additional parameters (mass-squared differences) are needed
to describe the oscillation probabilities.

Several experiments on solar, atmospheric, reactor and accelera-
tor neutrinos have contributed to the understanding of neutrino
oscillations. In the atmospheric sector, the strong deficit of muon
neutrinos reported by the Super-Kamiokande experiment in 1998
was the first compelling observation of neutrino oscillations. Given
that the deficit of muon neutrinos was not accompanied by an
increase of electron neutrinos, the result was interpreted in terms
of v, = v, oscillations, although in 1998 the tau neutrino had not
yet been observed. The first direct evidence for tau neutrinos was
announced by Fermilab’s DONuT experiment in 2000, with four
reported events. In 2008, the DONuT collaboration presented its
final results, reporting nine observed events and an expected back-
ground of 1.5. The Super-Kamiokande result was later confirmed
by the K2K and MINOS experiments with terrestrial beams. How-
ever, for an unambiguous confirmation of three-flavour neutrino
oscillations, the appearance of tau neutrinos in v, — v, oscillations
was required.

OPERA comes into play

OPERA reported the observation of the first tau-neutrino candi-
date in 2010. The tau neutrino was detected by the production and
decay of aT in one of the lead targets, where t~— p~v,. A second
candidate, in the T~ — 7t ww*7 v, channel, was found in 2012, fol-
lowed in 2013 by a candidate in the fully leptonic T~ —uwv v,
decay. A fourth event was found in 2014 in the T~—h"v, chan-
nel (where h- is a pion or a kaon), and a fifth one was reported a
few months ago in the same channel. Given the extremely low
expected background of 0.25+0.05 events, the direct transition
from muon to tau neutrinos has now been measured with the 50
statistical precision conventionally required to firmly establish
its observation, confirming the oscillation mechanism.

The extremely accurate detection technique provided by OPERA
relies on the micrometric resolution of its nuclear emulsions, which
are capable of resolving the neutrino-interaction point and the ver-
tex-decay location of the tau lepton, a few hundred micrometres >
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