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OPERA collaboration
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(11 countries. 30 Institutes. ~160 researchers)



CNGS (Baseline 732 km, <Ev>17GeV)
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Taku Nakamura(Nagoya Univ. )
R&D @ Nagoya & Fujifilm
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Event Location in the ECC
eet

Small area scan
~0.1mm*0.1Tmm

Read-out films around the
stopping point




Interaction Vertex confirmation & Decay search

Cloud of low energy tracks
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Status of the experiment

Protons SPS In-target
on target | efficiency events
2008 | 1.78x101 1698

ol

Run 2012 in progress.
Foreseen integrated intensity
at the end of the run:
18.9 x 10"° p.o.t.

(~ 84% of proposal)

Target mass evolution
[2000 [ 2010 [ 2011

1600 1800 2000
Day number from 1012007

Run 2008 — 2011

— [nteractions in the target
Events reconstructed in the target
Events with at least 1 brick extracted
= Events with at least | CS scanned
Events with a positive CS result
Event
— Interactions located in the bricks

e Deecay Search Completed

11/12/31 12/07/01

Located neutrino interactions 4611

Fully analysed events 4126

v, candidate events _

compatible with the expectations
for the analysed sample

29
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PL17 PL18

Primary vertex

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

no “black™ or “evaporation”
tracks. Support topological
hypothesis of a particle decay

N

1mm lead

PL19

kink point

PL20

PL21




:27 (UTC), XZ projection I

Physics Letters B
9599, 22 Aug 2009, 19

Phys.Lett.B691:138-145,2010

candidate event

| Event: 92341
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A first v_

Observation of a first v; candidate event in the OPERA experiment

in the CNGS beam
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Event tracks’ features

HADRON
range in Pb/
em=4.1/1.2cm

PROTON

HADRON

4 (PARENT)

HADRON:
range in Pb/
em=9.5/2.8cm

HADRON:
range in Pb/
emul=1.6/0.5 cm

From a prompt

7 neutral particle

8

(DAUGHTER) HADRON

Prob(p)=10-3

range,
scattering and
dE/dx

interaction
seen

Prob(p)=10-3

Prob(p)=10-3

interaction

0.419

-0.008

P (GeV/c)

0.77
[0.66,0.93]

0.60
[0.55,0.65]

2.16
[1.80,2.69]

1.33
[1.13,1.61]

0.34
[0.22,0.69]

12 [9,18]

P (GeV/c)

0,80 [0.65,1.05]

1,71 [1.42,2.15]

1,23 [0.98,1.64]

0,36 [0.27,0.54]

0.58 [0.39,1.16]

muonless event (favored hypothesis)
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Kinematical variables

Satisfying all selection criteria for hadronic kink =» first v_ candidate !

v1 and y2 are both assumed as attached to 2" vertex

VARIABLE AVERAGE Selection criteria
kink (mrad) 41 + 2 >20

decay length (um) 1335+ 35 within 2 lead plates

P daughter (GeV/c) 12 *6 , >2

Pt (MeV/c) 470 *230 ., >300 (y attached)

missing Pt (MeV/c) 570200 <1000

¢ (deg) 173 £ 2 >90

35



2000 pwm

2nd V. Candidate Event
reported NEUTRINO2012 by Nakamura
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Schematics of the event

Primary Traet

Interaction Vertex
in Lead plate
With one Nuclear
fragment

Decay point
In Plastic Base d3 d1
No Nuclear fragment ]
Beamn View Flight length 1.54mm d3-1
d=167°
Secondary Interaction \
In Emulsion d3-2
With four Nuclear fragments




Momentum measurement and particle
identification of event tracks

Track# Momentum Particle | Method / Comments
(1o interval) ID
[ GeV/c]

Primary 2.8 Hadron * Momentum-Range
(2.1-3.5) Consistency Check

Stops after 2 brick walls.
Imcompatible with muon
( 26~44 brick walls)

d1 6.6 Hadron « Momentum-Range
(5.2 - 8.6) Consistency Check

d2 1.3 Hadron * Momentum-Range
(1.1-1.5) Consistency Check

d3 2.0 Hadron Interaction in the Brick
(1.4 - 2.9) @ 1.3cm downstream

Independent momentum measurements were carried out in two different labs.



Columns (top view)

Rows (side view)
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Electronic detector event display

Zoom

Event: 11113019758, 23 Apr 2011, 07:15 (UTC), XZ projection
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=== sCandidate

Kinematics of the New Candidate Event —Cut

- Average kink angle _Daughter Momentum |
Phi angle Mean 136.7 + 1.664 [ 2 9] | Mean 01709+ 0.00351 . Mean 8.224+0.1617
o - E 25
241 - I 1
3 RMS 43.65+ 1.177 22 RMS 0.0955 + 0.002482 . . RMS 44101143
) 2:'- 2l ]
2 185 [ ;
185 165 : 1
1.6: 145 1.5 :
14E 12f i .
12;? 1;“ L 1
0.8’:’-—‘ f f
0.6
| Satisfying the specified .
0.2% ’—\_‘_;—-_\_J“H NPT BTN hra . W

s criteria for V — D P
[ Minimum Invariant Mass | || 3hadron decav pntum at 1ry vix |

i L] Mean 0.7198 = 0.01867
= 1 RMS 0.4523 + 0.01175 2.2F- ] RMS 0.2504 + 0.006506 -

35k u : - St RMS  0.5122=0.0132
: n : L ol
3k 1 1.8 ! 4:-'|
: ' 1.6} ' r
25¢ ! 14F ! 4
# ] : 1 31
2 ' 1.2 ' C
1.5E 1 1:' ] o |
i = [ 0.8 1 2y
1= u 0.6F- . '
: ! 0.4f JJJ ! 1!
0.5 . 1 1
L r. T 0.2 1 [

ok Mt ITTTTIRTTE S A S T s SRR NS TS S P TS P - = s I I [
05 1 15 2 25 3 35 4 % 02 04 06 08 1 12 1.4 16 1.8 2 % 3 4 5 6

Gevic? Gev/c? Gev



v, —> V. oscillation search:

summary
Number of Expected Obs:rved Expected
Run Status analysed v_ events candidate BG
events (Preliminary) events (Preliminary)

2008 - 2009 Finished

Analysis
in progress

2010 - 2011

Started

P-value =1.8%
Significance = 2.1 sigma

41



v, —> V. oscillation search:
control sample

Control sample for v_ detection efficiency:

charm production and decay
(flight length and decay topologies
similar to those of the t lepton)

Mean 136.6 + 0.9526 Mean 1389+ 37.72

RMS 39.73 + 0.6736
RMS 1117 26.67

Charmed hadron — muon angle
in the plane transverse
to v direction

[ ]
1000 2000 3000 4000 5000
Decay Length (um)

60 80 100 120 140 160 180
Phi angle (degrees)

Expected events: 51 +7.5
Observed events: 49

Mean 114.4+ 2.557

RMS 104.6 + 1.808

300 600
Impact Parameter (im)

42



Ve Search

/
Eneutrino = 15.6 GeV

!




Systematic Ve search in 2008 and 2009 located events

 Event sample:
—505 NC-like events in 2008 and 2009

 For each located event
— Extrapolate 1ry tracks to CS.

— If shower-like tracks are found on CS, open additional volume.

\

1\
||

1‘> I
* As aresult T~

— 96 are selected
— Total 19 v, confirmed .




Background from v,NC (n0—2y)

~E et
- .
.,v““”“” --------
¥ S B B B e
o _________________ n\hl“‘-‘-........-..-‘-
B e
e, \ e
/ “n.. (U I
/ \ Q-. .......
/ “~. 11 Y el
/ \
/ \ 28
/ \ .
/ \

® Gamma-ray

Imicron
<>

amnt
______
wnnt®

il
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since one electron is low energy and hard to be
recognized in the pair

A close-up of an electron pair

BG in 2008+2009 statistics : 0.16 events



Neutrino energy reconstructed by
electronic detectors

linear fit E ..(E

Calorimetric energy measurement 120

)vs EV e (all cuts applied)

-
(=]
T

2]
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H
o

Reconstructed Ev, (GeV)




Event energy distribution

¢ Distribution

. Erec < 20GeV
5 -
& B ' BEAM
2 6 8 v. OSCILLATED
8 — Data
- °Tt v = ec

uT
5

0 20 40 60 80 100 120 140
E™ (GeV)

Expected events: oscillated nue 1.5, beam neBG 19.2.
Observed nue: 19 events

After low-energy selection (Ev<20GeV)
Expected events: oscillated 1.1, beam nue BG 3.7

Observed nue: 4 events.



OPERA v ->v, oscillation result

2, (6V?)

Am

= \\f\ ——— OPERA 90% Upper Limit

- o ——— T2K 2011, best fit -

— oo ool -
N S T2K 2011, 90% CL
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1) Statistics will be Increased x 3
2) Improvement of the efficiency

Am,,=2.45E-3
5in20,,=0.51
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How to detect tau neutrino

DONUT v, event
Flight Length:280um
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OPERA: Lead 1mm > h 49 9%
Trident |t > 3h(hhh) 15 %
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s AEBEZIXMEMICHEAEDEHICIZTASTLVEL,
c 2EDVIR TRABLE-AEEEIITONE=EEFIE,
« IRIRMEZE = EBRELT gy v TERBLEAZEBEZE(Ep (T7TO0DEEEEFE,

- SEDMBER tap (v )y, EEFPE(CORBERIETHIED25%) ,

120+20+35 MeV 640 *125, #100  MeV
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HUTHSEELE: (o) HFE(E,
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Distance from IP to 1ry IP to 2ry Prob. of Prob. of Attachment
2ry vertex vertex (Lm) vertex (um) attach. to attach. to hypothesis
(mm) <resolution> <resolution> 1ry vtx* 2ry vtx*

Isty 2.2 45.0<11> 7.5 <> <103 0.32 2ry vertex

2nd y 12.6 85.6 <56> 22 <50> 0.10 0.82 2ry vertex (favored)

* probability to find an IP larger than the observed one
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RMS
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Features of the decay topology

Kink angle

red bands: values for the “interesting” event

reject < 20 mrad with uncertainties
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Tau Length for all long decays Weighted | longDecay2 el Lo e e el Entr?es om23755

Entries 23755 M 4.237

= Mean  1.123 10 R:,as" 3.64¢

= RMS 0.8665 —
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pt All Smearing

Entries 15041

Kinematical cuts to be passed — wean 04714

RMS 0.2224
Pt at decay vert

Reject hadron interactions

Blue: MC NC
Black: MC -t

Missing Pt at primary vertex

Reject NC events with
larger missing Pt (neutrino)
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Fine Grain Nuclear Emulsion
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Test exposure of600keV Krions
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Optical Microscope Image
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After expansion treatment
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Horizontal distance at crater centre (m)
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