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- Results
- Cosmic events
Muon charge ration
Electron neutrinos
Tau neutrinos
Neutrino induced charm events

- Brief history of emulsion



History of neutrino physics

1930 Pauli: hypothesis of the neutrino to explain the b decay

1934 Fermi: theory of the b decay
Bethe & Peierls: cross section ~ 104 cm2at 1 MeV

1956  Cowan and Reines: discovery of n,
Davis:V #V

1958 Pontecorvo: hypothesis of V <>V oscillation

1962 Ledermann, Schwartz and Steinberger: discovery of n_

from 1962 Maki, Nakagawa, Sakata and Pontecorvo: noscillations between
flavors

1998 SuperKamiokande collaboration: measured atmospheric oscillation

2000 DONUT collaboration: discovery of n, with nuclear emulsions
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Motivation and Concept

SuperKamiokande 1998:
Disappearance of atmospheric
neutrinos

Look for appearance mode using
v,—V; by tau identification

7 Multi-GelV/
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L

0 ERTRrTE B
Requirements: ™ %° % %o

. Multi-GeV+P.C.
* long baseline
* high energy neutrinos
* large mass
* tidentification capability

DONUT v, event

(W/€) gyl (1/E)y

o
o

Flight Length:280um

I,
Emulsion

e . ¥
oscillation

Rl =1 mm—

No other lepton at primary,
plus 3-prong decay modes

- Event-by-event identification
of tau neutrino interaction

- Detection of t decay topology
to identify v,

- High spatial resolution required
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CNGS target and decay tunnel
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The OPERA detector iS40
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Target Super-Module

Muon Spectrometer

Extract Brick and CS, scan CS.
Confirm the event in the ECC brick.
; Develop brick and send to scanning
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Targe

L

\

nlllk! b

Target Tracker
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Electronic detector

- Spectrometer (m moment
- Resistive plate chambers

- Drift tubes

Dipole Magnet +
Inner Tracker

XPC

875m

Target Tracker
scintillator strip)

- Target tracker
- Select the interaction brick

7?02

Changeable Sheet*
thickness 3mm




The OPERA brick

Emulsion Cloud Chamber

Lead-emulsion sandwich (56/57), with an

attached changeable sheet to confirm interaction
before opening the brick

8.3 kg, about 150.000 pieces build by an automatic assembly line
at LNGS, total mass 1.25 kton (3 fully loaded Airbus A380)

Emulsion surface 112.500 m? (17.5 european soccer fields)
10 radiation length for electrons

7-5¢cm

10 Xo

| Emulsion

——_—[ layer 44pm |

Base 205um

12.5cm

| Emulsion
layer 44um
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womm The OPERA brlck

AgBr Crystals

Emulsion Cloud Chamber (ECC)

~30 developed silver gralns 1,100 mm M 1.P. track

BN MP e

’ 1OGeV m

" 8 ’ : '
The first automatically poured - s )
nuclear emulsion (FUJIFILM) 20um J
(107 films) . 5 3 ‘s\




125mm x 100mm OPERA CS scan for events without Muon
Intensity Frontier Seminar,

S50mm x S0mm OPERA CS scan for events with Muon

Emulsion scanning

16+2 tomographic pictures per
layer (3 um focal depth)

\ Top emulsion layer

|“ \ microtracks
\ 7
% ’

3
\ v )
\ i ‘ 44 um
average residuals of grains : \\ "=\ ;_ f ’ o ,
from a straight line fit: 0.066 3 = N \ Wiy NN V.
m | X L L ’ Y i

p | ; é?\\\ éicrotracks 'I,’ N

i .-\:-k o % ______________ s d \ / ‘ 44 um

¢ k et \ # Bottom emulsion layer

Plate-to-plate alignment by high-

A basetrack is the result of the connection of two energetic passing-through jcracks from

microtracks on opposite sides of the plastic base CosSmic muons /
Precisision of 0.3x0.7 ym for reconstructed tracks AQ /
Topological analysis of interactons | =7 /
Top view -
/ Side view

<«

dt, dl*



Japanese Scanning System (SUTS) European Scannlng System(ESS)

Scanning speed: 75cm?/h Scanning speed: 20cm2/h

High speed CCD camera (3 kHz) Customized commercial optics and
mechanics

Piezo-controlled objective lens

asynchronous DAQ software
FPGA Hard-coded algorithms
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Emulsion Scanning — how it Iooks Ilke

- This is a view along the top and bottom
emulsion layer of a located neutrino
interaction

- Still images on the right, red circles
indicate the grain location in the
tomographic views




Scanning strategy

ECC G5 1T ECC G TT
SR A i B - l
H H il i L TT hits | - I8
Selected | © || B — ' ] I Found CS tragk |
ECC < —+ | | I I c |- e 1y |
il - ol - - I
o o A ' N I |
i JIRI | Sl I
o O O | [ ]
l u 4 u | Scanned CS B
Prediction by electronic detector CS scanning and results
ECC B CStrack

neutrino interaction I,.llm
vertex Il 4

Ny

“Scanback” from emulsion to
emulsion to locate interaction

Located Event



n, CC detection

Impact Parameter distribution

300

2s0f n.events (MC)
NC+CC n_ events (MC)
I NC+CC n_ events (Datz

150

100

50/-4

(Mean 104.3
(m)

L
'

0-90%20 30 40 50 60 70':'80 20 100

¢ Impact Parameter (1m)

10 Mm o« .
decay mode
Kink t — e 17.8 %
t - 17.4 %
tt — h 49.5 %
Trident tt — h hh* 15.2 %

Short flight decay

Short : Long ~ 2:8

Long flight decay

Without muon
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Background sources of n, events

Background components:

Signal Background
o H
¥ ] & |,
Production of - Lt i1 A
charmed particles in e Nk
CC interactions D* he 0
(all decay channels)  primary from CC
lepton Very short decays
unidentified
Hadronic
Coulombian large angle interactions in
scattering of muons in lead: ¥

lead Bck. to t[#] h 4
Bck. to t[¥] m g l\xh/

(if hadron misid. as
muon)
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T - decay \l

1;y vertex, . ///’/T
— | > hadrons

N T S S

osc. v, from CNGS

charm decay

ufromv,
1ry vertex / L
/_
) I
\ — — | > hadrons
charm deca T ‘Z
y ‘\_\\

non osc. v, from CNGS
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Decay Search

- Unification of the work in the 10 scanning laboratories
- Implementation of a common Decay Search Procedure

- Location of the primary interaction and search for daughter particle
tracks depending on IP, kink-angle and Fangle

lead emulsion

IP7

Phi angle

Kink angle

Decay products
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year POT
2008 1.74 x
1019
2009 3.53 x
1019
2010 4.09 x
1019
2011 4.75 x
1019
2012 3.86 x
1019
Total 17.97 x

1019

18000

16000

14000

12000

10000

8000

6000

4000

2000

Run 2008 — 2012

| — Events reconstructed in the target

Events with at least 1 brick extracted

Events with at least 1 CS scanned

event
|

Events with a posiﬁve CS result . e fieceninnnane ‘\ ........

Events with a brick scanned

Interactions located in the bricks

Decay Search Completed

S T T TT TT T T TP TTTTIS SORRRR S T LT T TP I PP TS (LT R R

.......................

resecceccrccrteasdesesseestcecrstrtsstasessrcctsestorsassesseanany

S T TT TE T T T TP S A S eeterersesesaseterdierstsasacatetetetetstsasasasasesesdensanes

08/12/31 09/12/31 10/12/31 11/12/31 12/12/31 13/12/31

Completed: 2008, 2009
2010-12 on going with optimised strategy

Located: 6299, Decay search: 5497

extracted

CS scanned

CS track found
ECC scanned

vint. found
Decay searched
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Cosmic flux
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Muon Charqe rat|0 Old results: Eur.Phys.J. C67 (2010) 25-37

Physics Run Events Bundles Exposure (days) Single u Bundle u
2008 403038 14576 113.3(SP) Ny‘ Ny . NP‘ N‘1
2009 434214 17138 121.1 (SP) sp 143628 105278 5252 4533
2010 616805 22427 1726(SP)  p pegese preetd — 28
2011 766554 28545 218.0(SP)
2012 823670 30976 2348 (IP) Table 2 Final statistics for the muon charge ratio measurement; the

Table 1 Data sets with magnet configuration in standard polarity (SP)
and inverted polarity (IP). For each Run the number of cosmic muon
events, the number of muon bundles therein and the live time after the
pre-selection of good quality running periods are reported.

number of muons surviving the cuts is quoted for both magnet polar-
ity configurations. For muon bundles we provide the total number of
muons and not the number of events.

New results: arXiv:1403.0244v1 [hep-ex] 2 Mar 2014

8 1.6 1.6
[ * OPERA 2K model § -
‘g - A L3sc 0 Tttt 2K + RQPM model t [ ® OPERA
® 45 - an #K + QGSM model F A
5 - e 2K + VFGS model e L °  Utah
>k z::sos ' :; - MINOS
N - “ CMS
1-4'__ 4‘;- - - T"::..-. 1-4._— — =K model ) ~ | - v‘
[~ & ' " . [~ .
1.3.'__ - . ‘Q... 1 3:-_l i
1.2 1.2~
11— : 1.1
1— A A lllllll A llllAAl I Illllll A I Ll 1- i = lllllll - & lllllll - il lllllll
102 10° 10? 10° 10°

The muon charge ratio measured by OPERA as a function

10* 10
¢, cos 6" (GeV)

of the vertical surface energy Em cos q (black points)

surface energy Em (black points)

10°
e, (GeV)

Measurement of the muon charge ratio as a function of the
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ECC features
Momentum measurement

Measurement of the position or angular displacement given by Multiple
Coulomb Scattering (MCS) Ref: New Journal of Physics 14(2012)013026

Coordinate Method

Soft muon data sample

Muon momenta measured by The relative difference between
MCS as a function of the the two measurements with
momenta obtained from the respect to the electronic detector

electronic detectors. measurement.
8 B

s
= :2'._ o= (22=8)%
14}
12}
10}
8

8
d
5

N LS
T

X - -1:5 -1 -0.5 0 05 1 15 2
. ¢) Ap/p

cf".\...-,‘.,

pep X,

Particle ID is possible in ECC by detecting secondary interactions (Hadron),
cascade showers (Electron) and dE/dX measurement.




n,—>n, 0scillation analysis in OPERA

JHEP07(2013)004
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n,,~>n, Oscillation analysis in OPERA

« prompt n, contamination of CNGS neutrino
beam is ~1%
—> prompt n, is the main background for
oscillation analysis
—>0optimize energy region

oﬂ’
TTIT

2 19
[n/cm /G_;VH 0 pot_l
o

Py
°A
TT T

neutrino flux
- -t
=) o,

T

e
- o N
T T T TTTT T

* CNGS neutrino beam is wide-band spectrum
—>sensitive to high Dm2 region

IIII|IIII|IIII|IIII|IIII|IIII|IlIIIIIIIlIIIIlIIII
0 10 20 30 40 50 60 70 80 90 100
GeV

Search for n, events in the 505 located events without muon

identified by the electronic detector (Om events) of 2008-2009
data set

JHEP07(2013)004



Electron Identification in ECC

hadron

electron

Microscopic image from |
the view of the beam axis — Pt =

\\\ g_>e+é'
electron gto ete- hadron ™~

Electromagnetic shower

* Primary electron track observed as an isolated track,

not pair tracks
fine position resolution of nuclear emulsion and fine segmentation (track reconstruction
each 1mm lead plate (0.18X;)) in ECC
—> separate electron from g—>e+e-

* Electromagnetic shower developed in ECC
—> separate electron from pion

JHEP07(2013)004
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Background estimation
(misidentified as n,)
« p0 decay

g conversion nearby the vertex and e+e- are not observed pair track

- Estimate from the data sample

g converting in the second and third lead plates
after the interaction vertex were searched
in the 1106 n interactions

0.2+0.2 (inclusive)

o t—>€e decay
the electron track has small impact parameter
(IP<10mm) to the primary vertex

- Estimate from MC simulation
0.3£0.1 (inclusive)

One track is low momentum | .-

.".
.....

.
l"‘-u“::‘-‘--
.
--------------------------------------------
-----

g

.........
........
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----------
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Analysis of 2008-2009 data sample (5.27x10 POT)

19 n, events observed out of 505 Om events

g 7 - oscillated v _ by 3 flavor oscillation .
2 FE v, beam contamination | z
@ — 1
5 °F BG f =
< n I:] romt— e i '§
8 s 1 8G from NCwith ° 1 O
£ - : (-
Z - —+— Data 1

E W

3 ::— —

2 —

1 }

o S| 1 1 1 I 1 1 1 I 1 1 1 I 1 ; 1 I 1 1 1 I n 1 1 l 1 1 1 1

0 20 40 60 80 100 120 140 160

Reconstructed energy (GeV)

Systematic Uncertainty

1:Beam flux 10%
2:Detection efficiency
10%(En>=10GeV)
20%(En<10GeV)

Expected number of background n, events :19.8+2.8(sys)

(prompt n,, NC with p?, t—>e)

—> Observation agrees with background expectation

JHEP07(2013)004
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OPERA n,—n, oscillation results
(in 2008+2009 data set)

3 flavor mixing model for standard oscillation

1

o =
«g‘-” : ————— T2K 2011, bestnt
B [ ] mx2om.s0mce
107 = > T2K 2012, 68% CL @Am-2.4x10” |3 101
E —— CHOOZ 90% E
B < B 225258007 :
- . —&— Dayabay 2012 : 102
10° 4103
10°¢ Piiid i AR 104
102 10" l —

Upper limit (90%C.L.) @Dm2,;=2.32 x 10-3(eV/2)
sin2(2q45) = 0.44

Nexpsg = 4.6£0.7(sys), Nops = 4 (E,_rec<20GeV)
Observation is compatible with non-oscillation hypothesis
JHEPO07(2013)004
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OPERA n,—n, oscillation results
(in 2008+2009 data set)

2 flavor mixing model for non-standard oscillation
with a dominant mass scale

P e [ LsnDoo%CL.
S FE [ LsnDeeskCL.
9, - — - KARMEN 90% C.L.
'g B NOMAD 80% C.L.
------ BUGEY 20% C.L.
0 ——==""1 | CHOOZ 90% C.L.
= MiniBooNE 90% C.L
— MiniBooNE 98% C.L.
B —— ICARUS 20% C.L.
1= m— OPERA 80% C.L. (Bayesian)
= T
10™ =
2 11
10° = |
v
NexpBG = 0.4+1 .3(sys) Upper limit (90%C.L.) @largeDm?
Nops =6 sin2(2q) = 7.2 x 10-3

(En_rec<30GeV) JHEP07(2013)004



Reported in May 2010

nt event - ONne Decay channel: T — 1h

(T—pv,, p—omlm md— 2y)

daughter

Phys. Lett. B 691 (2010) 138
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Muonless event 9234119599, taken on 22" August 2009

tion

t: 9234119599, 22 Aug 2009, 19:27 (UTC), XZ projec

| Eve

(as seen by the electronic detectors)

-300

-400

-500

-600

-700

8 8 =
8

(mala doj) suwnjon

-800

Selected brick
Brick in cell

Row manipulation

Empty cell
Fake brick

rojection

UTC), YZ p

22 Aug 2009, 19:27 (

| Event: 9234119599

e e ————————

______________ B
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-800

Phys. Lett. B 691 (2010) 138



PL17 PL18 PL19 PL20 PL21

Primary vertex
kink point

careful visual inspection of the
films behind/in front of the
secondary vertex: 2

no “black” or “evaporation”
tracks. Support topological

hypothesis of a particle decay
=

N
iImmlead ~ 6

Phys. Lett. B 691 (2010) 138



Side view

PLB| 691 (2010) 138

| Transverse momentum
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100C um
B The viewer of scintillation Target Tracker VARIABLE AVERAGE Selection criteria
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o R
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Reported in June 2012

nt eve nt - tWO Decay channel: T — 3h

2000 mm

JHEP 1311 (2013) 036
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Second neutrino tau candidate event taken on 23 April 2011
I_Event 11113019758, 23 Apr 2011, 07:15 (UTC), XZ projection

Columns (top view)

-500 [E S S S— D S S : R R
-2000 +1000 0 1000 2000
|_Event 11113019758, 23 Apr 2011, 07:15 (UTC), YZ projection B Selected brick
500 % Brick in cell
? r Empty cell
) L % Fake brick
'; r 5 Row manipulation
o) L B Second predicted brick
S 0 — Third predicted brick
!!_ L
w —
3 L
0 L
m .soo N | L L L L L L | 1 1 1 1 1 | 1
-2000 1000 0 1000 2000

JHEP 1311 (2013) 036



Topology of the event

Beam View

O=167°

300 pm

Cut Value

¢ (Tau - Hadron) [degree]

>90 167.8+1.1

average kink angle [mrad]

<500 87.4%1.5

Total momentum at 2ry vtx [GeV/c] > 3.0 8.4%1.7
Min Invariant mass [GeV/c?] ><°'250& 0.960.13
Invariant mass [GeV/c?] ><025 0& 0.80%0.12

Transverse Momentum at 1ry vix [GeV/c]

<1.0 0.31£0.11

1 mm

300 pm

> >

Iry trk

Decay point

In Plastic Base

No Nuclear fragment
Flight length 1.54mm

daughter 2

daughter 1

daughter 3




Reported in March 2013

nt eve nt - th ree Decay channel: T — m
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Electronic detector

" "Event: 12123032048, 2 May 2012, 10:12 (UTC), XZ projection

Event: 12123032048, 2 May 2012, 10:12 (UTC), YZ projection

TOP

.S

'
i
[]

DE

—

2

>

Q.

g 1 1

» 1000 0 1000 _.10'00 — 5000

g T T

2 ARl R NI AR nnnnn

o 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29,

260 700 600 500 200 7
[ Event: 12123032048, 2 May 2012, 10:12 (UTC), YZ projection | ®  Selected brick

- 140 — ) - ———— —— “  Brick in cell

B = .;‘ n T 0 ' i - Empy cell

(] 22 b i f f i f i L] ake bric

‘s -160 — i f i f i i f
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& ool Gk | B B[ OE R Rl Bl il |

— 5 7 14,15 16 17 18 19 20 21 26
600

35
=]
=]

Brick finding information: Super module 1

brick 1:
brick 2:
brick 3:

BrickId Wall Side Column Row Prob

1023543
1020158
1023544

1
1
1

3
3
2

20 0.42
21 0.26
20 0.17

Cs x
-1.0
-1.0
-1.0

Cs y
-1.0
-1.0
-1.0

Muon track parameters:

Momentum: 2.810 GeV/c
Tangent angle XZ: N/A
Tangent angle YZ: N/A

Mu-
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Topology of the T— decay event

Kink angle (mrad) 245 £ 5
decay length (um) 376 = 10
Pu (GeV/c) 2.8+0.2
film 38 film 39 film 40 film 41 film 42
Pt (MeV/c) 69050
¢ (degrees) 1545 £ 1.5

« All variables passed the
kinematical cuts of OPERA
* v is attached to the primary vertex
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Main background source

Signal: t > m / \

BG Mmlarge angle
scattering

Pb

BG® charm decay

S
/




Intensity Frontier Seminar, Thomas Strauss, Bern

Track 2 interacting in the

downstream brick without

visible charged particles

Event: 12123032048, 2 May 2012, 10:1

TC), XZ projection
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viuon C arqe danNd momentum reconstruction

|_Event 12123032048, 2 May 2012, 10:12 (UTC), XZ projection |
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Summary of n_—>n, search status

- Three n, candidates have been found, 1st:t->h, 2nd : t—>3h, 3rd : t
—>m.

- The 3rd n, event is pure t—>m channel with low background and
tagged as n, by its muon sign.

- Probability explained by only background ~ 7.29 x 104

- The singnificance value : counting method : 3.2 sof non-null
observation, likelihood approach: 3.5 s

Signal Background Charm  mscattering had int

t=>h 0.66 0.045 0.029 0.016
t 2 3h 0.51 0.090 0.087 0.003
t2>m 0.56 0.026 0.0084 0.018

t>e 0.49 0.065 0.065

total 2.22 0.226 0.19 0.018 0.019
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Decay Search

- Check the distribution of IP, #tracks at primary vertex

g ’ ,gzs
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T
Charm production in the OPERA experiment

Charmed particles have similar decay topologies as the [¥] decay

Particle mass (MeV) C.(mm)
DO 1864.6 £0.5 122.9
D+ 1869.3 £0.5 311.8
D.* 1968.5 +0.6 149.9
L.* 2284.9 £0.6 59.9

t 1776.8 £0.2 87.11

Charm branching ratio and fraction extrapolated from CHORUS

d‘2 O.V,,T—) - cX

d20-V,‘T—>u_X

= (4.38 £0.26)%

» Understanding charm production & detection:
 Detection of short lived particle decays ¥} charm efficiency
» Background to charm decays itself

» Charm control sample to show that eff & bg for t search are understood

Good understanding of charm production
is mandatory for n, measurements
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DiI-muon event

flight length: 1330 microns
kink angle: 209 mrad

IP of daughter: 262 microns
daughter muon: 2.2 GeV/c
decay P,: 0.46 GeV/c

Di muon candidate
m* and m" in spectrometer
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Charm Decay Event Candidates

Charm vield from the analysis of 2008+2010 data

257 charm background | expected | data
charm
201~ Il b=cground lprong | 205+48 9+3 |295+£58]| 19
i ® data 7
18- 2 prong 149+39 3.8+1.1 |18.7+43| 22
100~ + 3 prong 4.6+2.1 1.0£03 | 56+2.1 5
4 prong 0.8+0.9 - 0.8+0.9 4
| All 40.8=6.6 13.8£3.2 | 54.6+£7.3 50
% 1000 2000 3000 4000 5000 _

Decay Length (um)
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Charm events from n_ CC interaction

22 9 45 .
2 i chamMe 8 40 Y chamme
()] : -
20 K2/A and hadr.int. MC 35F] K2/ A and hadr.int. MC
Z
: * daa 30k e data
15k -
6 SR : 6
AN (b RN i (b
e <§ 20
S I W 155
R N LT NI 1

0)"50 100 150 200 250 300 350 400 4507500
Flight Length (um) Impact Parameter (um)

Figure 5. Shape comparison of the distributions of the flight length (left) and the tracks’ impact
parameters with respect to the primary vertex (right) for the charm data sample of 50 events,
described in Sect. 3.4.1, (bullets) and the MC simulation of 40 + 3 expected charm events (green

hatched histogram) and 14 + 3 expected hadronic interactions and strange meson decays (vellow
hatched histograms).
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Summary of all interesting events

- 19 electron neutrinos — compatible with no oscillation
- 3 tau neutrino candidates 3.4 sigma significance

- 50 charm decay candidates
- Thousands of muon neutrino interactions
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Neutrino velocity measurement

- Just a brief description of technics and conceptTOF: Time
of flight TOF = tg —ty —t4eiay
- t, — prodcution time
- 13 - detection time

- Distance: between source (CNGS) and detector (Opera)

- Velocity: distance / TOF

- Statistical analysis on neutrino events collected
2009-2012

- Special bunched beam mode end of 2011 and in may
2012 for direct comparison event by event



Previous measurements

1979: FNAL (Phys. Rev. Lett. 43 (1979) 1361)

short distance, 30 GeV v, comparison of v, and py TOF
lv-c|/c < 4x10°5

1988: SN1987A (Phys. Lett. B 201 (1988) 353)

very long distance (168.000 light years), 10 MeV anti-ve,
comparison of v and photon arrival time (not SN mod.-dep.)
lv-c|/c < 2x10°

2007: MINOS (Phys. Rev. D 76 (2007) 072005)

730km distance, ~3 GeV v, near detector comparison
(v-c)/lc = (5.1 £ 2.9)x10°°

2011: OPERA

730km distance, ~17 GeV V,, proton — BCT comparison
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Time link at CERN

CERN General
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CERN production timestamp creation t,

event 9160067590

extraction 1 4 .
9.6.2009,13:50:26 5ns spacing
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Time link at LNGS

LNGS

UTC "
(ESAT2000)

PolaRx2e
(high accuracy)

40996+ 1 ns

8.3 km fibre

OPERA

Master Clock tphotocathode
50.2%+2.3ns

22-107 cm

4263+ 1ns

last TT sensor WLS
(FPGA)
25+1ns t‘ I <59.6 + 3.8 ns>
T waik tevent

th
(FPGA latency) (from MC) (1 hit)



OPERA detection time tg (LNGS)

B use plastic scintillators only sy
B first hit in target trackers is the s “ 7]
stop 5|gnal

64 strips per PMKI'( AT
= /

1 Strip

64ch. PMT
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\What do we measure

CERN common view LNGS
EUTC o !

time shift by TOF,
waveforms
p /K Y,
-
BCT target decay tunnel

baseline = (TOF,)

L

8t=TOF_-TOF,

60



Events/150 ns

Statistical anlysis

Build a likelihood from the sum of the waveforms
- All waveforms/ only waveform of events which were selected

measurement of delay dt for Opera

First extraction

160
140
120
100
80
60
40
20

ot=0ns

Events/150 ns

-1 I_Lll_l I I LI ll:
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L, (8¢ ) = nwk (t i+ 01 ) k =1,2 extractions

160
140
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100
80
60
40
20

Red curve only visualization v

First extraction
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Bunched beam delivery
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So theresult is...

The final result of the measurement is then:

6t = TOF, — TOF, = (6.5 + 7.4 (stat.) 783 (sys.)) ns

The relative difference of the muon neutrino velocity with respect to the speed of light
is:

(v —c)/c = 6t/(TOF! — 6t) = (2.7 £ 3.1 (stat.) 733 (sys.)) x 107°
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Summary

- Opera is a 1.2kton emulsion hybrid target (with a 1kt magnet)
- Data collection from 2008-2012, analysis still ongoing
- Charm results coming soon

- Emulsion scanning is though business

- Alot of information in the emulsion, and a lot of area to scan
- We learned a lot about neutrinos

- Electron, tau apperance and neutrino induced charm events

- We learned a lot about GPS — and theoretical ideas

- Do we still have time?!
- Future ideas from WNTE workshop summary
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Thanks ©

- Q/A
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Directional Dark Matter Search

Fine grain crystals produced in Nagoya University

With Ultra Fine Grain Nuclear Emulsion

WIMP:WL';‘d Nuclear emulsion

0 @) OQ o
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with nuclear track emulsion (Becquerel)
2C¥)3M], 3.65A GeV

‘Be—20.

(1.2 A GeV)

NC—2a+2p

(1.2 A GeV)

"Be—a+*He (2°He)
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Some data/model (CHIPS)
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Reactor Vessel
(radius 2m)

Liquid sodium
(0.9g/cm?)

Future prospects of production speed

Emulsion gel production
"\ ] " S

Threefold scale emulsion
gel production machine

:"> edesign was fixed

eoperation test will be
started December, 2013

Speed ~ 1m?/batch

Automated emulsion
pouring machine

eunder designing

Speed ~ 10m?/day
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Data subtracted from MC
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Backup slides



Brick production and handling
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Brick building




| Event: 231012915, 27 Sep 2008, 18:56 (UTC), XZ projection |
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Brick finding information: Super module 1 Muon track parameters: Mu-
BrickId Wall Side Column Row Prob CS x CS y Momentum: 17.181 GeV/c
brick 1: 1072853 29 1 23 52 0.43 -1.0 -1.0 Angle XZ (rad): N/A
brick 2: 1071956 29 1 23 51 0.32 -1.0 -1.0 Angle YZ (rad): 0.040+/-0.009
brick 3: 1019729 28 1 23 51 0.13 -1.0 -1.0
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