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The OPERA Experiment
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The OPERA Experiment

The Physics Case

The OPERA experiment was mainly designed to unambiguously prove the oscillation
phenomenon through direct v_appearance

OPERA: FIRST DIRECT DETECTION OF NEUTRINO OSCILLATIONS IN APPEARANCE MODE
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The OPERA Experiment

OPERA

CNGS

CERN Neutrino to Gran Sasso beam
High energy v, beam from CERN to Gran

Sasso
GRAN SASSO

OPERA requires :

1) long baseline,

2) high neutrino energy,

3) high beam intensity

4) detection of short lived t’s
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The OPERA Experiment N,
The OPERA Detector g

Super Module 1 Super Module 2

Ermiulsiomn HAt b b ‘:1{""":‘:”‘” “ v Emulsion + 2 supermodules,

Tanget Tracker ' I‘;!I;;"f il.’l Target Tracker : 31 walls,
il fiin 150,000 bricks

Target mass:
1.2 ktons

BMS
Brick Manipulator
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The OPERA Experiment

The OPERA Brick

The target principle: the ‘brick’ v

e ECC brick= sequence of emulsion-lead layers

— High resolution and large mass in a modular way \ N
* The brick is the basic component 7.5cm =10 X, ~**
— 57 nuclear emulsion films interleaved with 1 mm thick lead plates

— a box with a removable pair of films called Changeable Sheets

Track reconstruction accuracy in
emulsions: Ax~1pum A0~ 2 mrad

0 The “BRICK” can provide:
ECC brick 0 ] .
,o| o N - neutrino vertex reconstruction
oY - search for decay topologies
T f/f - electron ID and energy measurement
8.3 Kg Glue Bo;(base

QFTHEP'2013 7



The OPERA Experiment

The Data Taking

nergyHis!
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OPERA as a real-time detector, CERN-LNGS
synchronization based on GPS. Precision 100 ns

Trigger + event selection “on time” with CNGS

Columns (top view)

Brick finding reconstruction algorithm applied to
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electronic data to select the best candidate
brick to contain the neutrino interaction vertex

Brick removed by the Brick Manipulation System (BMS) and

exposed to frontal X-rays to make an alignment reference
between CS and brick

CS detached from brick, films developed and analysed in one

of the CS Scanning Stations, in Europe (LNGS) or Japan
(Nagoya)

If a TT-predicted track is found in the CS, the brick is exposed
to lateral X-rays beam and to cosmic rays for sheets
alignment. Brick is disassembled and emulsion films
developed and sent to one of the scanning labs

Tracks found in the CS are searched for in the most
downstream film of the brick and followed

A volume scan around the neutrino interaction point is

performed and the neutrino vertex is located and studied
QFTHEP'2013




The OPERA Experiment

The Data Taking

TOP VIEW (Horizontal projection) [Event Number 5937540
& a0 E_
> E
e Scin.
3 strips
1 100 H 6
0
100 =
-200 % TT-CS
300 = 4 o
“«E- «r | Connection
500 500 500 205 3 5 s ) ) L
Changeable
Sheet (CS)

2 CS film to film
Connection
3 CS-to-ECC
Purg Brick connection
a ECC brick film-to-
film connection
QFTHEP*2013 9




The OPERA Experiment

Automated Emulsion Scanning

CS and bricks are shared among emulsion scanning labs:

Europe Japan

Scanning

Scanning
speed 20

speed up to 75

Commercial ha.rdware cm?/h Hard-coded algorithms | ¢m2/h
Software algorithms and custom mechanics




The OPERA Experiment

Emulsion
OPERA
Charged
INDUSTRIAL EMULSION FILMS BY FUJI FILM particle
top layer /
Emulsion Layer (44 microns)
AgBr crystal

Plastic Base (205 microns)

Emulsion Layer

Development N
treatment

f basic detector: AgBr crystal,

bottom layer

% size = 0.2 micron
" detection eff.= 0.16/crystal
% 1013 “detectors” per film

QFTHEP'2013 11




The OPERA Experiment

Emulsion Scanning

: Microtracks alignment Basetracks .
3D Microtracks ®e ) : 7 : Reconstruction
reconstruction %o,y ~Viatheplastic base B c?;'gg?:gr Vertex/D

: ertex/Deca
BASETRACK 7 emulsions y

o g [ Field of view
(200 pm)
2 emulsion
sheets
(45 pm) /
/ / o 300 micron. _
* 5 ok %
9
an A .
4 ®
2 e } 16 tomographic images
—
v~ . Z s 2D Image
“ 2 rr ) processing
%
1 lead sheet
(1 mm) 3D reconstruction of particle tracks

QFTHEP'2013 12




ECC Event Reconstruction

ECC Event Reconstruction

1 ® CS Scannin . Cos_mic rays I
g Field of view | fwimend ™)
] calibration . |

Manual Check

2. Event Location

Manual Check

3. Volume Scan

Manual Check
4. Decay Search

Manual Check

5. Publish

/]

1390 um x 310 um :

—y - 7 ) Cs Scintillation
emulsion film Lead plate ECC detector

Track follow-up film by film:
e alignment using cosmic ray tracks
* definition of the stopping point 1100013 13




ECC Event Reconstruction

1. Changeable Sheet Scanning

. vertex signature already
1. €S Scanning E [ evident in the CS

>.720 R o

a0l s\\‘\%\%/

al '%\“ = The scanning is performed at
. . the CS Scanning station,
o . located at the Gran Sasso
_820' 1 laboratory, and in the Nagoya

o wwww v ) scanning laboratory

gzof"’ | In the CS scanning, an || , ”
S0 | area of 4x6 cm? per | |
805_ Pl i emulsion is Scanned
Lo around the muon | | |
e d&% | prediction in case of || - E
ol /. | | CC interactions, for | . e )
-2020 ' ‘tl)' 20 ‘4‘0' 60 ‘s‘o' ' '1(‘10 ' 12‘0‘ ')('1&?;1)X103 NC .events d larger 2 ‘
area is scanned. Uity

QFTHEP'2013 14




ECC Event Reconstruction

2. Event Location e

During the Scanback procedure the extrapolations
of the CS tracks back into the brick are followed
upstream, until the tracks can not be found
anymore. To find the CS track prediction in the first
emulsion plate, an area of 3 x 3mm? is scanned.

2. Event Location

ECC brick CS

CStrack

QFTHEP'2013



ECC Event Reconstruction

3. Volume Scan

After the CS tracks were followed and the
stopping point was confirmed , the volume
scan must be performed. The scanning

3. Volume Scan volume consists of 15 consecutive plates, 10
downstream of the stopping point, 5
upstream, each scanned with an area of 1
cm?. PL 01 PL 57

D — —_

DG S—

Neutrino f
direction

' Y,

5 plates Stop 10 plates
upstream Plate downstream




ECC Event Reconstruction

Located Neutrino Interaction in ECC Brick

Scan about 10 plates around stop plate by follow up from downstream.




ECC Event Reconstruction

Located Neutrino Interaction in ECC Brick

Applying cuts to eliminate the background tracks.
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ECC Event Reconstruction

4. Decay Search

Decay search is in progress and special events have already been
found.

The Decay Search Procedure is performed to find ;

possible events, as T or charm-decays and/or v, interactions,

a topological search of decay daughters or parent tracks is
4. Decay Search  done, including a electron/gamma separation search for

showers.

a multi-prong vertex has been reconstructed

a different procedure
! . p- 5 an isolated muon or hadron has been found
is applied

QFTHEP'2013 20



ECC Event Reconstruction

4.1. Events With A Reconstucted Vertex

Decay Search

1. Vertex Definition And Analysis

O re-compute the vertex position.

O e+e- pairs can be identified

O recovery of missing segments

O Jow momentum particles are excluded

2. Extra-track Decay Search

Searching for possible daughter tracks,
O Az<3.6 mm

O the impact parameter < 300 um

O the track has at least three segments
the reconstruction.

3. In-track Decay Search
A search for possible small kinks along the
tracks attached to the neutrino interaction,

QFTHEP'2013 21




ECC Event Reconstruction

4.2. Events With An Isolated Muon Or Hadron

Decay Search o
e the most upstream segment is in any of the three

emulsion films upstream of the scan-back track
stopping point or in any of the three films downstream
of it;

e the impact parameter, computed with respect to the
extrapolation of the scan-back track to the centre of
the upstream lead plate, is smaller than 500 um;

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




ECC Event Reconstruction

Performance

4969 decay search

6067 located interactions

2010-2012 on

2008 and 2009 completed

going
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— Evants reconstructed in the target

| =™ Events with at least 1 brick extracted
= Events with at least 1 CS scanned

| = Events with a positive CS result
Events with a brick scanned

— |nteractions located in the bricks

Illllllllillill[

= Decay Search Completed

Status of data analysis
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v, --> V, Oscillation

Electromagnetic Shower Reconstruction

Electromagnetic shower reconstruction with emulsion films in the OPERA experiment

OPERA ECC
N An algorithm for electron shower reconstruction have been developed

—
Electromagnetic shower reconstfuction \

e/Tt seperation
shower energy measurement _COI_IeCt ba.se-tracks
inside a given cone

0606 < 150 mrad
Or < 150um

The total number of base-tracks and the
longitudinal and transverse profiles of the
showers can be used for particle identification.

| Average basetracks number | Longitudinale profile

= 80
EF L

Nbtk

Electrons

= nf a5t

60 :_ * Pions

O Electrons

50
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v, --> V, Oscillation

Electromagnetic Shower Reconstruction

A first reconstructed v, CC event recorded during the October 2007 run in the OPERA
detector. The 3 long straight tracks are directly attached to the primary vertex. The
colored shower in the middle is a gamma conversion coming from a n® decay and is also
well attached to the primary vertex.

Pion Contamination Energy Electron efficiency
<1% >2 GeV > 90%
~ 1% <1GeV ~ 80%




v, --> V, Oscillation

OFPERA

The identification of an electron is essentially based on the detection
of the associated electromagnetic shower.

FZE BN

» The tracks with angles similar ( AB< 150 mrad) to that of the
corresponding primary track are searched in the CS region
within 2 mm around the projected point.

» a scan-back procedure along the electromagnetic shower is

- applied.

» the presence of an electron track is confirmed at the neutrino
interaction vertex, the event is classified as a v, interaction.

cluster of

<-'$ @\\ tracks

CS

QFTHEP'2013 26




v, --> V, Oscillation

Ve
-
. % | Display of the reconstructed emulsion tracks of
P
| 7| one of the v, candidate events. The
reconstructed neutrino energy is 32.5 GeV.
elect Two tracks are observed at the neutrino
interaction vertex. One of the two generates
an electromagnetic shower and is identified as
7 an electron. In addition, two showers from Y
== . | conversions are observed
10 mm ECd CS
z 0.8_
% u.?f—
T s
0s[ +
Detection efficiency of v, events as a function ME -
of the neutrino energy, obtained from MC "2E
simulations. ”-22—[
0_13—
| T TR P BT DS PP T BTN R N
0 10 20 30 40 50 60 70 80 qum 100
E™ (GeV)
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. . i
v, --> V, Oscillation :

A v, Event i

. electran

Among the 5255 candidate neutrino interactions collected during the
2008 and 2009 runs, 19 v, candidate events were found.




Oscillation

8 L

> —
]
O] -
% ; :_ - oscillated v_ by 3 flavor oscillation |
£ = v, beam contamination i .
. S 6 ' O
Distribution of the s F BG fromv— e G
- - -
reconstructed energy g s BG from NC with x° | S
of the v, events 2 F —t— Data i
o — 4
1 - a
| |
| | | | | RN |
0 P 1 | | | | | | | | | | | | | | | | | | | | 1 |
0 20 40 60 80 100 120 140 160
Reconstructed energy (GeV)
Energy cut 20 GeV | 30 GeV | No cut ‘
BG common to BG (a) from 7" 0.2 0.2 0.2
both analyses BG (b) from 7 — e 0.2 0.3 0.3
V. beam contamination 4.2 7.7 19.4
Total expected BG in 3-flavour oscillation analysis 1.6 8.2 19.8
BG to non-standard 7. via 3-flavour oscillation 1.0 1.3 1.4
oscillation analysis only
QFTHEP'2013 Total expected BG in non-standard oscillation analysis 5.6 9.4 21.3 .
| Data | 1 | 6 | 19 |




v, --> V, Oscillation

OFPERA

Bayesian statistical method

10 . [ LSND 90% C.L.
S U E [ ] LSND99%CL
“a-; - KARMEN 90% C.L. .
4 T — NOMADS0%CL. The experiment searched for the
< N BUGEY 90% C.L. . .
10 B T B CHOOZ 90% C.L. appearance of v, in the CNGS neutrino
— - MiniBooNE 90% C L. H H
: e e beam using the data collected in 2008
oo ——— ICARUS 90% CL. and 2009, corresponding to an integrated
1= "7 | m— OPERA90% C.L. (Bayesian) . . 19
- - intensity of 5.25 x 10 pot. The
N observation of 19 v, candidate events is
0'E compatible with the non-oscillation
- expectation of 19.8+2.8 events.
qor2 L ||||3 I L1 |||-|..:-':' L |-~|h_|"|-|-|.
10 1o 10 Sil12(2ﬂnewj|
Upper limit Sensitivity
C.L. F&C Bayes F&C Bayes
Number of oscillated | 90% 3.1 4.5 6.1 6.5
Ve events 95% 4.3 5.7 7.8 7.9
99% 6.7 8.2 10.7 10.9
sin?(20,e0) at 90% | 5.0x107% | 7.2x1073 | 9.7x107% | 10.4x1073
large Am? 95% | 6.9x1073 | 9.1x1073 | 12.4x1073 | 12.7x1072
99% | 10.6x10~2 | 13.1x1073 | 17.1x1073 | 17.4x1072

QFTHEP'2013
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Conclusion

Conclusion

CNGS beam concluded: 2008 — 2012
18941 ontime target interactions

Confirmed v_candidate events :3 (See Michele's presentation)
Confirmed v, candidate events : 19 (2008 + 2009 data)
60% of the all data was analyzed

Outlook
Extraction of candidate bricks: Until ~ 2014
Scanning & analysis of candidate interactions: Until ~ 2015

QFTHEP'2013 31
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Backup Slides

OFPERA

B.R. ~ 64 % muon detectors
+ +
Ko T ut
B S O
proton beam . N et v,
(400 GeV/c) RN Tt -S> u +v
target _ H hadron st
(graphite) magnetic decay tunnel on stopper
focusing (1 Km) (C, Fe)
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Backup Slides

Final performances of the CNGS beam after five
years (2008 +2012) of data taking

(101) - ::E | p-o.t. (I 0'%)
2008 123 1.74
2009 155 3.53 ok
2010 187 4.09 .3
2011 243 475 ok
2012 257 3.86 3 372 T DU IO IO T
Total 965 17.97 2007 T e

Record performances 1n 2011
Overall 20% less than the proposal value (22.5)
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