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Bruno Pontecorvo (1913-1993)
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A father of the experimental neutrino physics

Created several brilliant ideas in neutrino physics
and a possibility of neutrino oscillations among them.

In 1998 the neutrino oscillations phenomena was confirmed by SK experiment.
But the mechanism of the oscillations was not obvious.



15 years ago our understanding of
neutrino oscillations was rather different

Confusing experimental results
On atmospheric and solar neutrinos
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OPERA proposal in 1998

* First direct detection of v, . v, neutrino

oscillations in appearance mode following the Super-
Kamiokande discovery of oscillations with atmospheric
neutrinos and the confirmation obtained with solar
neutrinos and accelerator beams.

Important, missing tile in the oscillation picture.

» Study of subdominant oscillation mode v, - v,
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<E "> 17 GeV

L 730 km

( v;r VAFA'S 0.87%
v, /v
- 4%
v, prompt

Expected produced interactions (22.5x10%°):
~25400 v, CC+ NC

~170v_+v, CC
~125v,CC (Am?=2.5x 103 eV?)

~10 tau decays are expected
to be observed
Less than 1 background
after 5 years running

50km



~100’000 m3 caverns’ volume, ~3’100 m.w.e. overburden




How to detect tau neutrino

DONUT v_ event

Kodama et al. (DONUT Collaboration) (2001).
"Observation of tau neutrino interactions".
Phys.Lett.B 504 (3): 218.

V B
T , ‘."".. colBl - _ NTTPRTPRRE
BN NN NSNS EEEEEEEEEEEEEEEEEEES » a:"". ..... "'i"ln::..l,l,:: "il,
e 000 -
¢,':" ...... e - l
\.:" "'.,." Werrn,,
..
L
: “, N,
<—1mm—>\:__ y N .
Emulsion
Kink T>e 18 %
OPERA : Lead 1mn 2 17 %
: mm
=° T>h 49 %
Trident T = 3h (hhh) 15 04




—=="0OPERA ECC brick - main detector

“Emulsion Cloud Chambr”

The OPERA target consists of
150’000 ECC bricks.

Total 105000 m? of lead surface
and 111°000 m? of film surface 2 emulsion layers

(~ 8.9 million films) (44 pm thick) poured
Total target mass: 1.25 kton a 200 pm plastic base




Emulsion Layer (44 microns)

Plastic Base (205 microns)

Emulsion Layer

sensifivity 15 grains/44 microns
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basic detector
size = 0.2 mic

, detection €

= 1013 “d

intrinsic resolution: 50 nm







S Emulsion scanning stations

extract 3-D tracking information from emulsions

EU: ESS Japan: SUTS
(European Scanning System) (Super Ultra Track Selector) ‘

\
\

e Scanning speed/system: e Scanning speed/system:
20cm?/k, 75cm?/h

e Customized commercial e High speed CCD camera (3
optics kHz2),
and mechanics Piezo-controlled objective

e Acuimecrhramane RDRAN lens



g OPERA hybrid detector:
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Target and Target Tracker (6.7m)?

e Target : 77500 bricks, 29 walls

Muon spectrometer (8x10 m2)
Instrumented dipole magnet
©153T

e Target tracker : 31 XY doublets of 256 scintillator strips
+ WLS fibres + multi-anodes PMT for JINST 4 (2009) P04018 e 22 XY planes in both arms

* Vertex brick identification

High precision tracker
* Calorimetry

6 4-fold layers of drift tubes
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Brick finding efficiency

V interaction brick identification

‘Target Tracker

provides information for
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Brick Finding

Event trigger and reconstruction Brick identification

| Event: 9151034867, 31 May 2009, 05:44 (UTC), XZ projection I \ | Event: 9151034867, 31 May 2009, 05:44 (UTC), XZ projection I
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Event: 9151034867, 31 May 2009, 05:44 (UTC), YZ projection = Selected brick [ EnergyHist | Event: 9151034367, 31 May 2009, 05:44 (UTC), YZ projection | = Selected brick
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Brick finding information: Super module 1 Muon track parameters: Mu+ Brick finding information: Super module 1 Muon track parameters: Mu+
BrickId Wall Side Column Row Prob CS x CS y Momentum: 9.051 GeV/c BrickId Wall Side Column Row Prob CS x CS y Momentum: 9.051 GeV/c
brick 1: 1005281 8 1 17 4 0.91 21.6 62.2 BAngle XZ (rad): -0.018+/-0.006 brick 1: 1005281 8 1 17 4 0.91 21.6 62.2 BAngle XZ (rad): -0.018+/-0.006
brick 2: 1025547 8 1 18 4 0.07 149.6 62.2 BAngle YZ (rad): 0.138+/-0.006 brick 2: 1025547 8 1 18 4 0.07 149.6 62.2 Angle YZ (rad): 0.138+/-0.006
brick 3: 1069021 7 1 17 4 0.01 24.8 42.8 brick 3: 1069021 7 1 17 4 0.01 24.8 42.8

Selection of a brick most probably containing the neutrino interaction
— Reduce scanning load

— Minimize the target mass loss






OF BRICKS

selected bricks sent to
scanning labs (presently
12)
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OPERA brick handling
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Proton on Target

(POT 10%9)

17.97 10 pot  80%

Analysis status

Number of neutrino

interactions

# of decay
searched events
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BRICK VALIDATION BY THE

N

Target Tracker
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200;
Scanning effort/event:  CHORUS 1x1 mm? S

DONUT 5x5 mm?
OPERA 100x100 mm?

wm

So far, 640°000 cm? of CS surface have been scanned in OPERA



Large area scanning
Full reconstruction of vertices and gammas




Short flight decay

. Decay point
v ey
e Bl -
Primary .y
wvertex - . .
. ®_
.“. .
“«—
1mm Pb

Long flight decay
A Tl B Decay point
sl L=
Primary il T-e
vertex .. __. -
.- . .
‘ -
..
1mm Pb L
.

|Mean 104.3 41m

800 1 300
700 P t
IP distribution of decay product 250

goof for v_ events (MC)

200}
i
_"'——'=——____::____:L-_ -;

TTTo0 200 300 400 S00 600 70O 800 900 1000

Impact Parameter ([Lm)

v_ events (MC)
NC+CC v  events (MC)

NC+CC v, events (Data)

expanded scale

B, e e
20 30 40 50 &0 70 8O 8D 100
Impa??ramqtur (lLm)




1 prong

2 prong

3 prong

4 prong

All

charm
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0.8+0.1

40.8+9.8

background
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data
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Prompt v, ~107/CC
Decay of charmed particles produced in v, interactions ~ 10/CC

Double charm production

Decay of charmed particles produced in v, interactions ~ 10°/CC

Hadronic interactions

~105/CC

~10%/CC

VARIABLE Measured

Kink
(mrad) 412
Decay

length (1m) 13356+ 35

P daughter +6
(GeVic) 125,

Pt daughter +23
MeVic) 470 ™

R 50

¢ (deg) 173 * 2

yi+y2
T+yl+)y2

24

Selt_acti_on
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>20

Within 2
plates

>2

>300
(y attached)

<1000

>90
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=i Second v, candidate kinematic analysis

Reported at Neutrino-2012 conference

o | e | e |
T——

All track were identified as hadron.
e B R R

Event satisfies the specified criteria for
B T it satisfies the'sp
BT ERTT |

Transverse Momentum at 1ry vix

RHS 4365+ 1.177 RMS 4.4+ 01143

[PRiangle] Average kink angl
[Phiangle] m an 136.7 + 1.664 e T Mean 0.1709 + 0.00351 L —L Mean 8.224 + 0.1617
RMS 0.0955 + 0.002482

RMS 0.2504 + 0.006506




Ever.. 7127 02.,48, 2 May 2012, 10:12 (UTC), XZ projection i
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Signal Backgrou Charm w had int
n

scattering
12> h 0.66 0.029 0.016
12> 3h 0.61 0.087 0.003
T2 U 0.56 0.0084 0.018
T>¢ 0.49 0.065
total 2.32 0.19 0.018 0.019

in the T hand t=> 3h and =2 channels
Pvalue =P0=1.125 x 10-4
Probability to be explained by background = 7.29 10-4
This corresponds to significance of non-null obsci+ation

Combining different channels: Likelihood based method,
see e.g. G. Cowan et al., Eur. Phys. J. C71 (2011) 1554



Columns (top view)

Rows (side view)
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For each located event: ! ‘
Extrapolate primary tracks to CS v, baam contamination
Search for cluster of shower on CS : B oscillated v, by 3 flavor oscillaton
if shower hints found on CS, open an > BG from - e

additional volume. BG from NC with °
—+— Data

overflow

As a result 19 v, event observed, compatible

with background-only hypothesis expectation
of 19.8+2.8(syst).

Preliminary

Applying cut on reconstructed energy in order
to increase signal to background ratio, we
observe 4 events with an expectation of 4.6
events. Gives an upper limit sin2(20,,) < 0.44 at

90% C.L.




We have used the
probability as

We observe 6 events below
30GeV cut on reconstructed
energy with an expectation of
9.4+1.3 events. This result yields
an upper limit of 7.2 103 on
sin?(20_..) at 90% C.L.

new)

I LSND 8% C.L.
[ ] LsND9g%C.L.

KARMEN cL
——— NOMAD 9

MiniBoohE 93% C.L
ICARUS 90% C.L. (F&C)
OPERA 80% C.L. (Bayesian)




Summary:

* Three events reported 1in an extended sample

* Conservative background evaluation

* Significance of 3.2c with simple counting
method

* With a first likelihood approach, 3.5c level

* 46 observation within reach in 2013

* Non-standard oscillations restriction obtained

via analysis



Energy distribution of the 19 ve candidates

> -
(O]
0] :
= I oscillated v, by 3 flavor oscillation |
2 — v, beam contamination >
S ~
> 6 O
Bt - BG fromt— e L
o L D
8 sF BG from NC with x° . O
S — l
z C —+— Data |
T i f
3 :_ — |
2 —— e
1 % 1 |
| | | | | B |
0 P 1 1 | 1 1 1 | | 1 | 1 | | | 1 | | | 1 | 1 | |
0 20 40 60 80 100 120 140 160
Reconstructed energy (GeV)
Energy cut 20 GeV | 30 GeV | No cut | Observation compatible with
= background-only hypothesis:
BG common to BG (a) from 7 0.2 0.2 0.2 19 842 & ( t) nt
both analyses BG (b) from 7 — e 0.2 0.3 0.3 ) -6 (Syst) events
v, beam contamination 4.2 7.7 19.4 .
Total expected BG in 3-flavour oscillation analysis 4.6 8.2 19.8 3 flavour analySIS
BG to non-standard ve via 3-flavour oscillation 1.0 1.3 1.4 .
oscillation analysis only Energy cut to increase the S/N
Total expected BG in non-standard oscillation analysis 5.6 9.4 21.3
Data 1 6 19 | 4 observed events

4.6 expected
27.03.13 Giovanni De Lellis, LNGS Seminar = sin2(2013)<0.44 at 90% C.L.



Kinematical variables

* Kinematical variables are computed by
averaging the two independent sets of
measurements

* vl and Vy2 both attached to 2ry vertex

| Transverse momentum |

=
=3

Hadrpns

Py (GeVie)

=
Ha

=
I|III|III|III|III|III|III|I

f.2

172.6°

-0.2

-0.4
Parent

-0.6

0.6 04 0.2 0 02 04 06
Px (GelVie)
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Strategy for the 2010+2012 runs

* Apply kinematical selection

* 15 GeV u momentum cut (upper bound)

* Anticipate the analysis of the most probable brick for
all the events before moving to the second (and further
ones): optimal ratio between efficiency and analysis
time

* Anticipate the analysis of Ou events (events without
any U in the final state)

* In view of 2012 Summer conferences: 1p sample for
2010 run, for 2011 run stick to Ou sample only, 2012
not yet analysed

27.3.13 Giovanni De Lellis, LNGS Seminar 37



Charge determination of the muon

Charge measurement based on TT and RPC hits when no hits in drift tubes
Fit function:
X(z) =p0 +pl x (z-20) + p2 x (z-z0)2 for z>z0, start of magnetized region

X(z)=p0 + pl x (z-z0 for z<z0
Event plot ( ) p p ( ) ¥ I ndf 2614/ 4
— p0 189.5 + 0.5518
= ~ p1 -0.3453 + 0.005458
L 240 —
< - p2 -0.003892 + 0.0006894
230 ‘\
220—
Target Tracker hits
210— X P2<0 -> negative charge
- B 56 o significance
200 — R|~ 85 cm
190
180 /
1702— RPC hits 1
:I | L1 1 | | | [ ‘ L[ 1 ‘ [ | [ | L1 1 | L 1]l | [ | || ‘ |

-420 -400 -380 -360 -340 -320 -300 -280 -260 -240 -220
Z (cm
P-value = 0.063% (probability to reconstruct a i+ stopping in the 7th iron layer with p2 < —O(.003g9 cm-1)

27.3.13 Giovanni De Lellis, LNGS Seminar 38



Track follow down to assess the nature of track 2

Event: 12123032048, 2 May 2012, 10:42 (UTC), XZ plojeetion | M ieracting in thet
U

N visible charged particles
——
; 320 —
2
> 12
Q —
0 n
e 13
g 300
c L
£ [ [
: 14 | momRangeHad5 | momRangeHad5
] L Entries 382
° -~ track value -
QO 20— 50:
- 7| B 9 10 | 1 - / Hadrons and muon
40_ . . .
Momentum/range incoffistent with L hypoth@ﬁs —L SICpRInRIHEIONEE
0.9 GeV/4cm Lead 08
L = track length 2of— cut value
Rlead = range -
_ L P tead paverage = average density 10;_
Ripsi (D) P ovurage Plead=leaddensity — qfilig
p = momentum in emulsion bl L)

D variable



Kinematical variables

PHIANGLE
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T-u MC ]
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Background studies
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Improvements on the background rejection: large angle track detection
Undetected soft and large angle muons are the source of charm background

Detection of particles and nuclear fragments in hadronic interactions
Tracking efficiency 05 Camers
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Interaction length (mm)

Background studies: hadronic interactions

Comparison of large data sample (7= beam test at CERN) with Fluka simulation:
check the agreement and estimate the systematic error of simulation

Track length analysed in the brick: 2 GeV/c: 8.5 m, 4 GeV/c:12.6 m, 10 GeV/c: 38.5 m

i Interaction-rate
i 111ItviduV Vil 1Aty
: ; ?
r & f
150~ :
s0(—
L 1 1 L | L 1 L ‘ 1 L L I L L L I L 1 L I L 1 1
% 2 4 6 8 10 12

Beam Momentum (GeV/c).

| Black : = beam data
Red : MC (FLUKA) simulation
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Good agreement within the statistical error: systematic error reduced to 30%
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Nuclear fragments emission probability

Nuclear

/ Fragments
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Nuclear fragments associated probability
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\ f ¢ | Black : experimental data
\ | !;, / Red : simulated data (B = p/E = 0.7)

It provides additional background reduction.
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