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Evidence of v _appearance

ina v , beam with the OPERA experiment



Purpose: Oscillation Project with Emulsion tRacking Apparatus
Direct observation of v ,— v _neutrino oscillation in appearance mode

Motivation: § | Multi-Gel/| sK1998
Observation of v _appearance from 1t —+
v , oscillation at atmospheric scale S "*"““
(SK 1998). 0 S
Multi-GeV+P.C.
Requ"ements :_ 125 &1 CNGS neutrlno beam <> 17 Gev
1) Long baseline i e T S E—— T
: . g Y (v vy, | 087%
2) High neutrino energy PN BT T
& b it v, prompt Negligible
3) Large target mass i ;&
4) High spatial resolution i |
(t detection capability) i




Search for T decay topology on an event by event basis.

no oscillation @

............................. -

plus 3-prong decay modes

0
DONuT ¥ _ event (2001) F.L.=280um Decay mode | BR (%)
| 0,.,=0.09rad T> UV, V., 17.36
/ - P=414'}"*MeVic voe VY T 17.85
eI ST s > h(ntd) v, 49.52
b SN e P=4.6),, GeVie —
'\ N -~ > 2h-h*(nt® v _| 15.19

: S Direct observation of v _
EmuIS|on.CIoud Char‘Eber‘ > using emulsion technology

emulsion film e T Phys. Lett. B 504 (2001) 218

v . detection v, + N1 +X
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* Nuclear Emulsion is a special photographic film.
. AgBr micro crystal semiconductor

Signal is amplified by chemical process (development).

1896 (A.H.Becquerel )
' Discovery of Radioactivity
et T (C.Powell et al.)
IR e ag Discovery of ©
Recorded as silver grains _
along the particle passing through line, | ERZASGSNCEZE:1Y
‘ — SEAE Discovery of charm particle
50 4m R in cosmic-ray

2001 (K.Niwa et al.)
Resolution of 6_3 um { : & Direct observation of V T

Nuclear emulsion
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Target mass

* 1978-1983 Fermilab E531 ~ 100kg

charm physics, v ,2 v . oscillation

* 1990-2000 CERN WA95 CHORUS ~ 1 ton

v ,2 Vv ; oscillation, charm physics

¢ 1994-2001 Fermilab E872 DONuT ~ 1 ton

First v _ observation

- 2008- CERN CNGS01 OPERA 1250 ton

v ,2 Vv ; oscillation, v ,2 v, oscillation

Long history of emulsion in neutrino physics
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Event analysis — Brick finding —




Japanese Scanning System European Scanning System
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Scanning speed : 75cm?/h

|
RN

Scanning speed : 20cm?/h

1. Full area CS scan and check tracks to confirm the brick
2. Connect tracks found at CS to ECC brick

Lead plaie OPERA film TT
/'/ | Il
~
A
I
I
= e I s
E/':_—____ I o (.
~\‘\.\::'§.~.~
.\~\:::~.~.~.
\~\~\_:j:j\.~.\.
| ‘ S~
~ Event analysis - =

3. Follow up tracks to interaction vertex in the ECC brick
4. Scan 10 films around interaction vertex (blue box)

=2 JP : EU =50 : 50

Event analysis — Location —



Neutrino event reconstruction in emulsion detector
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300

v_events (MC)
NC+CC v, events (MC)
NC+CC v, events (Data)

Primary
vertex

T =87um)

-+
1mm Pb

50 60 70 80 90 100
Impact Parameter (LLm)

Event analysis — Decay search —



+— 10° Run 2008 — 2012 Run 2008 — 2012
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Events with at least 1 C5 scanned

140 Events with a positive CS result ‘ ............................... Csscan\nead

Events with a brick scanned

o Interactions Iocated in the Bricks _ ............................... |

120

= Decay Search Completed
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v int, found
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1 1 1 1 1 | 1 e .
10112731 112731 12112731 == 08231

date

||.||||||||||i|||||i||||||
09/12/31 10/12/31 1/12/31 12112131 13/12/31

Beam: Syears (965days) Event analysis completed: 2008, 2009
17.97 X 1019 protons on target 2010-12 on going with optimised strategy

Overall 80% of the Proposal value Located: 6299, Decay search: 5497
(22.5 X 10%° p.o.t.) ~67% located of expected value

Beam exposure and analysis status
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Event Kinematics

VARIABLE Measured Selection

criteria
Kink
(mrad) 41+ 2 >20
Decay length Within 2 lead
-+
(pum) 1335 £ 35 plates
P daughter o
(GeV/c) =" =
Pt daughter 470 +230 >300
(MeV/c) e (v attached)
Missing Pt +
{'Me\f?]c} 570 +320 <1000
p (deg) 173 = 2 >90

| Transverse montentun |

0.6— Hadrpns

First detection of v ,— v oscillation  =.;
in appearance mode

Reported in May 2010 A 13

Py (GelVic)

AR 'v
Decaychannel: T = 1h 47 © *¥_

F
_
"NEUTRING 2010

Phys. Lett. B 691 (2010) 138 ATHENS

7I|II\|III|I\\‘\Illlllllllll
-0.2 0.4 0.6

Px (Gelie)

The first v _“appearance” candidate




All tracks other than T were identified
as hadrons.
Decay in plastic base.

RINC 201*
Reported in June 2012

Decay channel: 7 — 3h
JHEP 11 (2013) 036

-
-

in&?

Interaction Vertex

in Lead plate
With one Muclear
fragment

-

The second v _candidate

Q IF »
\ d2
_\_‘-\—\_
Decay point Hﬁ"‘ hﬁ"‘“—h--__
In Plastic Base d3 T d1
Mo Nuclear fragment
Beam View Flight length 1.54mm o —— d3-1
O=167
Secondary Interaction
In Emulsion ~ d3.2
With four Nuclear fragments
Event Kinematics Cut | Value | Error
Phi (Tau - Hadron) [degree] =90 167.8 + 1.1
average kink angle [mrad] < 500 874 +15
Total momentum at 2ry vix [GeV/c] > 3.0 8.4 +1.7
: et T 0.5<
Min Invariant mass [GeV/c?] W 0.96 += 013
. b 05<
Invariant mass [GeV/c?] <20 0.80 =+ 0.12
Transverse Momentum at Iry vix
(GeV/c] <1.0 0.31 + 0.11





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

TQP MR

-
-

Decay vertex
Primary vertex
ot _Much

ot

hagiron

1 L L L L 1 L L L L 1
=1000 1] 1000
Event: 12123032048, 2 May 2012, 10:12 (UTC), YZ projection

SIDE

1 L L L L 1 L L L L 1
-1000 1] 1000

Event 12125032043, 2 May ZMZ, 1012 (UTC), X2 projection |

& L i11nse
E zs::: I
Decay daughter was identifiedasamuon 3 =~ . . .. . ... ... .. ... ..
~Tod L] R -4 7

because of its high penetrability. G T Dy G Wi | [ ¢ i

Reported first in March 2013 HE IL-_ | i ' S
Decay channel: T — u s o M TERRLE
Submitted to Phys. Rev. Lett. this month € | L . i .

The third v _candidate
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Kink angle (mrad) 245 £ 5
decay length (um) SR film 38 film 39 film 40 film 41 film 42
Y is attached to the primary vertex.
Pu (GeV/c) 2.84+0.2
(?Esgﬁ) (r[gfl) Meu(j::r;e)d P | IP rtlt::on!:;tion ATTACHMENT
Pt (MeV/c) 69050
1ry vertex 6 31 18.2 13.6 OK
¢ (degrees) 1545 = 1.5 2ry vertex 6 2.8 68.7 12.2 EXCLUDED

The 3rd v _cand. - event kinematics —
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KINK ANGLE | DECAY LENGTH
___LEAD ___1EAD ___LEAD

a.u.

— 1t MC

— data

[ ] r—uMC
E T — 1 candidate

0'5_ |:| excluded region

O " 01 02 03 04 05 )
O\in (rad) Z4e, (Mm)

MUON MOMENTUM | TRANSVERSE MOMENTUM AT 2RY VTX | PHI ANGLE

0.5F 0.5F
b "0 20 30 b S0 1000 b S0 10 10
P, (GeV/e) piry (GeV/c) A¢_. (degrees)

All variables passed the kinematical cuts

The 3rd v _cand. - event kinematics —
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Event plot x> I ndf
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1.55T | Spectrometer 4hits
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5 01

4 009
008
007
006
005
0.04

LLLAN LA RAR AR LALR) LA RN R

-420 -400 -380 -360 -340 -320 -300

T

The 3rd v _cand.
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Z(cm) "%

A " -A'T'—\ - L
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identification

-I'I-"‘- "
001

v . — T~ : identification of oscillated v _interaction (# v _)

Lepton number
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Expected number of Signal & BG events for 5272 analyzed sample

Signal  Background Charm  pscattering  had int
12 h 0.31 0.011 0.016
1= 3h 0.43 0.11 0.0021
T2 U 0.54 0.0044 0.017
T>e 0.46 0.020
Total 1.74 0.145 0.017 0.018

« Three v _candidates were found,
Ist:t—>h, 2nd: 1> 3h, 3rd: 1t~ > u".

* Probability explained by only background ~ 2.9 x 10

* The significance value : 3.4 ¢ of non-null observation

- This means an evidence for v , — v _neutrino oscillation
In appearance mode.

vV ,—V . oscillation search



New automatic emulsion scanning system
with wide-angle acceptance

)

Objective lens

CMOS Camera

CMOS Camera

Graphics Processing Unit (GPU)

N.ik.nn CFI _Plan x50 Mikrotron . s )
oil immersion lens Eosens MC 1362 NVIDIA Tesla C2050 SCannIng System :
Signal Hadron BG] outof acceptance | Charm BG for Hadron BG: already applied
ey Black oo > 30% BG reduction
T LN Vi n LN
S . =TT oL L h S R :C \\
N— "ﬁ: "ﬁ\\...__ for Charm BG: under study
pp, Aln \ il pp, film \
Ny
”_-_Out of acceptance_._'_

s E $ ¢ $
S 098
2t
0 0.85—'
U”;—
n_r:;— -
0.5E- tan@|=1.0
= A
0.4 [tan @ |=2.0
0.3 >
0.2E- [tan @ |=3.0
0.1 extension
u:...l.,..i....l ......... | I ¢ AP | I
0 0.5 1 1.5 2 2.5 3 3.5 4
| tan |

(01
S Q

New automatic emulsion scanning system was

developed to detect large angle tracks

which

are out of angle acceptance of a conventional

New developments & BG reduction
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19 v candidate events observed, compatible
with background hypothesis expectation of
19+2.8 (sys) events in 2008-2009 data sample.

* Applying Energy cut (E<20GeV) to increase S/N,
4 observed events wrt 4.6 expected.
sin?(2 6 13) < 0.44 (90% C.L.)

« Search for non-standard oscillations at large
A m? values. We observed 6 events below
30GeV with 9.4+1.3 expected events.

E, =15.6 GeV Upper limit : 7.2 x 10- (90% C.L.) on sin?26 ,,)

Energy distribution for 19 v, candidates

| | LSMD o0% C.L.

107
. = LSND 90% C.L.
oscillated v _ by 3 flavor oscillation '"—"; f__—* HARMEM 20% C.L
] i
v_ beam contamination E L- NOMAD 8% C.L.
) ) --- BUGEY20% CL
10

BG fromt— e —— e CHOOZ 00% C.L.
T MiniBooME 20% C.L.
R MiniBooME 29% C.L.

Tt ——— ICARUS 0% CL

BG from NC with 2°

—+— Data

o

o IIII-IIIITIIIITIIII|IIII|IIII|IIII|IIII
4T

Number of events / 10 GeV
[+]
overflow

I
I

T IIIIIII| I IIIIIIIT T IIIIIII| T T TTIT
|

4 f— OPERA 0% C.L. (Bayesian)
=, n .
L ; B
| | | | | | 1 | '
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1D-: 1 11 IIII 1 1 1 11 Ui B | 1 1 11 IIII-'
20 40 60 a0 100 120 140 160 107 . 1o

Reconstructed energy (GeV) sin:{ZEilm_}:-1

V , >V . oscillation search .uzroreos o
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* The OPERA experiment is pursuing the observation of v |, > v _
neutrino oscillations in appearance mode.

 OPERA successfully collected data from 2008 to 2012. A total number
of 17.97 x 10"° p.o.t. integrated (~80% of the nominal value).
Analysis is on-going.

- 3 v _candidate events were found with 1.74 signal and 0.18
background events expected in the analyzed sample.

 Significance of the observation is 3.4 o
> Evidence of v _ appearance in the CNGS beam.

« Effort ongoing to improve the significance by extending the analysis
and improving of background rejection.

Conclusions
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