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Introduction

In the last decades several experiments provided evidence for neutrino
oscillations (disappearance mode).

PMNS (Pontecorvo-Maki-Nakagawa-Sakata) Matrix

¢, =cosb,, s. =sinb,

-CHOOZ (1997): The main oscillation channel responsible for atmospheric
neutrino disappearance is not v, = V. ;

-SK (1998): The main oscillation channel responsible for atmospheric
neutrino anomaly is not v, = v, and can be interpreted as v,, = v,

oscillations.
-(2004-2009) K2K, MINOS precision measurments of v, disappearance



The OPERA experiment

Oscillation Project with Emulsion-tRacking Apparatus

Vv, appearance from an initially pure v, high energy artificial beam through the v, CC

interaction with the target mass.

Oscillation parameters in the atmospheric neutrino sector

Full mixing and Am?2,,~ 2.4 x 103 eV

The light blue band indicates
the OPERA allowed region (90% CL)
for the above parameter values for

22.5 x 10" pot
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Requirements

The challenge is to identify v,interactions from v, interactions.

decay “kink™,

e

//\Il- =5 l-l_? €

Intense high-energy long baseline muon-neutrino beam;
Masstve active target with a spatial resolution of the order of um
Detection capability of the tau-lepton production and decay

Underground location (low backgroud)
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The CNGS neutrino beam

GRAN SASSO

100m : 1000m . 26m ., 67m Protons from SPS: 400 GeV/c

| | ' | Cycle length: 6 s

2 extractions separated by 50 ms
Pulse length: 10.5 ms

Beam intensity: 2.4 10!

Helium bags Decay tube IHadron stop§ Muon d:etectors

/ Reflector . i m/K-decay /i

Aicon proton/extt.
vacuum
<Ev,> 17 GeV Nominal Intesity:
— — 4.5 10" pot/year
(Vetvo/v, 0.8% (%) 5 years (nominal pot):
p— ~ 23600 v, CC + NC
0 £'3 He
Vu/ Vu 2100 () ~ 160 v_+Vv_CC
V. prompt Negligible (*) ~ 110 v, CC (Am? = 2.5107 eV?)

~ 10 7 decays are expected to be

o :
(*) interaction rate at LNGS sl (BE = 1) -




CNGS performaces

Year Proton On Target Events in Run

the brick
2006 0.076x10" no bricks Commissioning
2007 0.082x10" 38 ev. Commissioning
2008 1.78x10% 1698 ev. First physics run
2009 3.52x10" 3693 ew. Physics run
2010 4.04x10% pot 4248 ev. Physics run

9639 events collected

(within 10 in agreement with what expected
on the basis of pots)

2010 close to nominal year

2.1 nominal year in 3 years

Aim at high-intensity runs in 2011 and 2012



The OPERA detector

Detector elements:
-Electronic detectots
-Muon spectrometers
-Emulsion Cloud Chamber

Target and Sp
electronic Drift Tubes H:Spectmee

(Magnet
and RPC’s)

1 SuperModule:

-31 walls;
- ~77000 bricks;
- ~620 ton.

RY substructures
Upper return L y 2640

Driving coil
v

yoke (RY)
~

Lower L
return yokew. | v A
Iron slab RPC,

—_ > Driving coil

Strip granularity: 2.6 x 2.6 cm? Measured magnetic field: 1.52°T



Emulsion Cloud Chamber (ECC)

ECC: series of emulsions sheets interspaced with lead plates.

- Provide high resolution and large mass in a modular way

e

i M.I.P. Track

Emulsion resolution:

dx =1 um
dO = 2 mrad

. \Fog

Campton Electron

100wm

Brick: i1s the target basic component
- 57 nuclear emulsion films interleaved with 1 mm thick lead plates

- a box with a removable pair of films (Changeable Sheets) interface to the electronic detectors

125111

i
g
3
5

100min
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Detector working principle
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\ J
TT : identifies Elgbrick b e Spectrometer: The Brick Manipulator System
eradbdle neeton 1 identification , measurement of  extracts the candidate brick from
charge and momentum the wall

Carton
paper

- CS developed 1n the cavern;

- CS measured half at LNGS half in JP (area depending on event type);
- If CS-TT tracks found = Brick expose to Cosmic rays (12 h);

- Brick assigned to a lab for locating the neutrino interaction = see next
slides
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Interaction location in ECC brick

1. Follow back in brick tracks found in CS until they disappear: vertex plate

neutrinag
>




2. Search for all track segments in volume of 1 X1 cm? X 15 films
around plate where scanned back tracks disappear.

1 cnm
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he whole volume.

3. Reject all track segments that do not form tracks or that form tracks
traversing t
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4. Keep only tracks converging to a vertex — micrometric precision around the vertex.
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Frames correspond to the scanning area in successive films.
Yellow short lines = measured tracks.

Other colored lines = interpolation or extrapolation
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Electronic Detector Performances

m  Energy deposit in the Target Tracker

b"“ !‘.&i.' - -t

[T

1] 200 400 600 800 1000 1200 1400 1600 1800 200
Visible energy in the TT (MeV)

Good agreement for E>200 MeV
— Under investigation the energy deposition in the low energy region.

m  Opverall efficiency (Trigger + reconstruction) for CC events > 97.5%
m  Charge id efficiency > 96% (2.5 GeV/c < |P| <45 GeV/¢)
® Momentum resolution (MC computation): 10% at 2.5GeV/c

20% at 25 Gev/c

m ‘Transverse spatial resolution < 1 mm 16



Changeable Sheets
interface between ED and ECC

Kalman Fit | Entries 252 | [_KalmanFit | Entries 252 |

Mean 0.8229 Mean -1.133
RMS 14 RMS 12.45
2 I ndf 26.03/9 ¥2 | ndf 16.71/8
Constant 97.56 + 9.89 Constant  98.49+ 9.31
Mean -0.05032 + 0.58095 Mean -1.525 + 0.621

8.663 + 0.663 Sigma 9.531+ 0.652

150 - - - 1 1
APredX (mm) APredY (mm)

Entries Kalman Fit | Entries

Mean 0.005883 Mean -0.004846
RMS 0.02212 RMS 0.03067
72 I ndf 6.041/5 ¥ I ndf 9.894/8
Constant 106.4:89 Constant 99.87 « 8.51
Mean 0.005433 + 0.001349 Mean -0.005298 + 0.001510
Sigma 0.02109 + 0.00113 | Sigma 0.02211+ 0.00124

-CS used to validate the brick selected by electronic detector;
-Allows to go from a “scale” of the order of cm to one of the order of um
—> see next slide




CS — Brick connection

| B A A | 4 BTSN
%7 008 0.06 004 002 ©

e
100

hx

_| Entries 89

Mean 22.65
RMS 74.82
72 | ndf 467819
Constant 21.07 + 3.11
Mean 19.28 + 7.15
Sigma 64.21+ 6.68

N ». @ v Pl R P P
200 300 400 500
AX (um)

| Entries ‘ 89

L

Mean 0.003483
RMS 0.01135
#* | ndf 5631/5
Constant 25.65 + 3.86
Mean 0.00495 + 0.00115
Sigma  0.01039 + 0.00109

P e (e
"0.02 004 006 008 0.1

ASX (rad)

| DY {ORDER==1&&CHI2<
{ Entries
Mean
RMS
%2 I ndf
Constant
Mean
Sigma

[ Entries
Mean
RMS
22 I ndf
Constant
Mean
Sigma

I hV=

5.867/5
24.28 +3.29
-23.23 + 8.29
68.65 + 5.76

hsy
89
-0.000664
0.01192
1.25917
19.34 + 2.61

-0.000982 = 0.001333

0.01214 = 0.00105

e L s AT EPETRI SPUTETS B, S SR :
$.1 -0.08 -0.06 -0.04 002 0 0.02 004 006 008 0.1

Tracks connected are not only muons.

ASY (rad)

18



ECC performances

P =1GeVic
P=2GeVic
P=3GeVic
P =4 GeVic
P =6 GeVic
P =8 GeVic

B pAC data
& real data
— Y'=x

I.{{-)\" I/r'l__.-l'l T ‘ TTTT

T test beam ‘

-—--_-;'_':_'_'---.. i —
T

track span (Npi)

8
Picar (GEV)
Momentum resolution dependece on Linearity of momentum center

number of emulsion plate transversed Pion Test Beam — MC comparison

Impact parameter measurements
300

o= (22+4)%

IP distribution for:

Pucs(GeVic)

— v, events (MC)
—NC+ v, CCevents (MC)
* NC+ v, CCevents (Data)

= N W AR o O N

o

SO ErTT
A A A A A
o N B 0o N AR O

N [ T e

Pep (GeVic) Impact Parameter (..m)

Soft muons momentum measured inside the brick and Detection of decay topologies triggered by large IP
compared with one measured by electronic detector wrt primary vertex or by kink/trident topologies




Physics Results

Analysis released on 2008-2009 subsample of 1088 (187 NC)
events corrisponding to 1.85 101 POT

= Expected charm events 16.0 £ 2.9

= Expected tau events ~ 0.5

New data will be released soon

20



Charm Candidate events
Proof of T efficiency

m 20 charm events selected

(3 events with 1-prong kink topology)
m ~ 2 BG events expected

ct 2008, 15:34 (UTC), XZ projection

vent
Brick 85405

VERTEX 1

All units are in microns!

- Impact Parameter

:
Pﬂmary
— vertex

VERTEX 2

- Impact Parameter

Decay
vertex
X 10

21



The first v_ candidate

Physics Letters B 591 (2010) 138-145

Contents lists available at ScienceDirect

Physics Letters B

www.elsevier.com/locate/physletb

Observation of a first v, candidate event in the OPERA experiment
in the CNGS beam

Event number: 9234119599 taken
on 227 of August, 19:27 (UTC)

22



v, event recorded by the
Electronic Detector

9234119599, 22 Aug 2009, 19:27 (UTC), XZ projection |
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9234119589, 22 Aug 2009, 19:27 (UTC), YZ projection Selected brick
Brick in cell

Empty cell
Fake brick
Row manipulation
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The first v, candidate




Event topology and kinematics
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T/ cand)

1608 unn K 6
Track

HADRON
range in Pb/emul=4.1/1.2 Prob(u
cm

- I)R(i)’r(i)N ‘1 ‘V ;' _U'(JU l

HADRON interaction seen 0.105 2.16 [1.80,2.69]

HADRON:
range in Pb/emul=9.5/2.8 Prob(w)=10- 0.165 1.33 [1.13,1.61]
cm
02

HADRON:
range in Pb/emul=1.6/0.5 Prob(p)=1
cm
From a prompt neutral 0.430 0.34 [0.22,0.69]
particle

HADRON interaction seen

v 5.6 2.7 GeV/e
v,: 1.2 +0.8 GeV/c

Vertex tracks followed down
(through several bricks) to assess
the muon-less nature of the event.

= MC residual probabilty to be v, CC
event ~ 1% (undetected very large
angle muon), 5% assumed
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Kinematical variables

Transverse momentum

Kink
(mrad)
Decay
length 133535
(wm)

P daughter
(GeV/c)

>20

Within
2 plates

1246 >2

Parent

>300
470 *2% ;55 (v
attached)

Pt daughter
(MeV/c)

02 0.4 .6
Px (GeVic)

Missing Pt

570320 _ <1000

(MeV/c)
Y, and Y, are both attached to 2% vertex

@ (deg) 173%2 >90

26



Event nature and invariant mass
reconstruction

* The event passes all cuts, with the presence of at least 1 gamma pointing to the
secondary vertex, and is therefore a candidate to the T — 1-prong hadron decay mode.

* The invariant mass of the two detected gammas is consistent with the ¥ mass value
(see table below).

* The invariant mass of the 7 Yy system has a value (see below) compatible with that
of the p(770). The p appears in about 25% of the tau decays: T — p (m 1) v._.

120 + 20 + 35 MeV | 640 *125_ +100  MeV

27



Background sources

m Promptv.:~ 107 / CC
m  Decay of charmed particles produced in v, interactions: ~ 10 / CC
m  Double charm production: ~ 10° / CC

Main sources:
m  Decay of charmed particle produced in v, interactions (CC & NC): ~ 10> / CC
m  Hadronic interactions (CC & NC) ~ 10~ / CC

28



Statistical significance

We observe 1 event in the 1-prong hadron T decay channel,
with a background expectation (~ 50% error for each component) of:

0.011 events (reinteractions)
0.007 events (charm)

4

0.018 £ 0.007 (syst) events 1-prong hadron
all decay modes: 1-prong hadron, 3-prongs + 1-prong u + 1-prong e :

0.045 %+ 0.020 (syst) events total BG
(here we add up the errors linearly)

By considering the 1-prong hadron channel only, the probability to observe 1 event
due to a background fluctuation is 1.8%, for a statistical significance of 2.36 ¢ on the
measurement of a first v_ candidate event in OPERA.

If one considers all T decay modes which were included in the search, the probability
to observe 1 event for a background fluctuation is 4.5% correspondig to a significance of 2.01 .

29



ol

V. observation

m 13 v,_candidate events have been observed

O
q@®
N
-Electron momentum:
= = 9.5 a2V G
e S -Missing momentum at
SINMRIRRE R se = 8 o i T primary vertex:
T L +14.6
I -L.Lq_‘___\ 1.1 0.8 GCV/C
AR L -Total energy of the event:
| 18.9 4, "% GeV
B S D L s oe s et e s o

Compatible with v, from
beam contamination

30



Conclusions

m The OPERA experiment is aimed at the discovery of neutrino
oscillations in appearance mode through the study of v, =V,
channel;

® Analyzing a subsample of 2008-2009 data taking (1.85 10 pot):

® Decay topologies due to charmed particles observed 1n good
agreement with expectation;

= Events induced by v, due to the beam contamination has been
observed

®= | muon-less event candidate for T — 1-prong hadron decay topology

has been detected

31
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Charm background

Primary lepton not
identified

-Since the muon 1D ~ 96% this background can be suppressed
identifying the primary lepton;

- For 1-prong hadronic channel 0.007 £ 0.004 (syst.) BG events are
expected for the analyzed statistics

33



Hadronic interactions

m  Simulation: 160 millions event (0.5 — 15 GeV) of w'n K' K p (impinging 1
mm of lead) equivalento to 160 km of hadronic track lenght produced with
FLUKA

Typical Monte Carlo scattering distributions for 5 GeV &t*

Pion angular "I Ptof secondary
deflection | pion Kink probability integrated ove the v, NC
ot |

. 20 mrad H 300 MeV/c hadronic spectrum after 2 mmPb and taking
N . | into account the cuts on the event global

kinematics (3.8 £ 0.2) 10~ kink/NC

Hadronic interaction, 1-prong |

g™ Signal region
Search for “decay-like” interactions track far from the

1.2 q "
No events in the reference sample

= 8 times track length of tau search primary vertex

No background-like interactions has been found in the
signal region
- 90% CL upper limit of 1.54 10~ kinks/NC event

9 10
Daughter P (GeVic) 34




t® mass reconstruction

7t° mass reconstruction (data)

x| ndf 1.954/6
Constant 7.388 +1.757
Mean 142.2 + 13.2
Sigma 65.76 £ 11.56

35 gamma pairs

250

0/

O~ 45 /0

Sl]l]_ﬁl] 400 450 500
Reconstructed mass (MeV)
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Y pointing

1sty 45.0 <11> 7.5 <7> <103 0.32 2ry vertex
2nd y 12.6 85.6 <56> 22 <50> 0.10 0.82 2ry vertex
(favored)
S _. , * probability to find an IP larger than the observed one
Pointing resolution (1c) for a given gamma:
function qf scattering and distance from vertex ‘
2 (1.2%£0.4£0.4) GeV 1

2ry
1ry vertex ""ﬁs +1.0+1.7) GeV ~ : : '
vertex//;,\‘ - v
* Invariant mass y1 y2 . 120 £ 20 £ 35 MeV
=» consistent with nt? :
* Invariant mass T *y1 y2 640 *125  +100  MeV

=» consistent with p(770)
(Branching ratio T 2 p\(n~ n%) v, ~ 25%)



Sensitivity to O,

full mixing, 5 years run @ 4.5x10'? pot / year

Simultaneous fit on: Background

0, |Sgml
"'."!J._:""."Ie ru W NC

LY

v.CC

E., missing pr and visible energy (deg)

beam

9.3 45 : 5.2 18

QTS 58 | 45 | 10 | 52
Preliminary

3.0 45 : 5.2

Limits at 90% CL for
2.5x107 eVt Am? = 2.5x10- eV2 full mixing

sin?20 |, G

— Nominal intensity
-~ High intersity (+50%) CNGS

<0.14

0,061 <0.06




Phi angle charm muon |

Charm in data

copl_data
Entries 18
Mean 121.5
RMS 52.79

120 140 160 180
Phi in degree

Decaylength of charm

1000

2000

3000

decay_data

Entries
Mean
RMS

!
4000 5000
Decay in micron

20
1120
1096
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