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Direct observation of t decay in emulsion
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Final performances of the CNGS beam
after five years (2008 + 2012) of data taking

Year | Beam days P.O.T.
(1019) . p.f).t.(1018)

180F 201
2008 123 1.74 eof
140E 2011 r——/
2009 155 3.53 : 201y
2010 187 4.09 122 2010/~
2011 243 4.75 -/
aoF 2009/
2012 257 3.86 o 7
Total 965 17.97 200 5 80'8,12,51' B R T B e i T

date

Overall 80% of the pr0p05a| value (22.5)
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Neutrino interaction
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Rows (side view)
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v, CC Detection
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n¥ mass resolution (OPERA data)
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Efficiency control sample

 Charm decay has similar topology as tau decay
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4 tau neutrino events

1st vt

T —>{h / T->3h
Phys Lett. B691 (2010) 138-145, f JHEP 1311 (2013) 036
/1 A

p S /
Pl / /

et /)
/_//f/
/

[T P
/ VAN / e -
/ e
I ((%9 / parent ‘(dfr’_"& -
; N / e
. g LB = ﬂ/
¢ LN -
[ - - .

\\:‘ﬁf_**ﬂ_ﬁ:%lxl\':\qﬁkﬁ
) daughter
TP Ve
p>ml T

m->yy

T->u T->h
Phys.Rev. D89 (2014) 051102 PTEP 2014.101C01

st
parent




Previous paper by 4 events
published Oct 2014

Pm Prog. Theor. Exp. Phys. 2014, 101CO01 (10 pages)
DOI: 10.1093/ptep/ptul 32

Letter

Observation of tau neutrino appearance in the
CNGS beam with the OPERA experiment

OPERA Collaboration )
N. Agafonova', A. Aleksandrov?, A. Anokhina®, S. Aoki*, A. Ariga®, T. Ariga>*,
T. Asada®. D. Bender’. A. Bertolin®, C. Bozza®, R. Brugnera& 10 A. Buonaura®!!,

= Diparimento i Fisica dell Universiia i Milano-Bicocea, 1-20136 Milano, Ialy
SIIHE, Université Libre de Bruxelles, B-1050 Brussels, Belgium
*E-mail: tomoko.ariga@lhep.unibe.ch, nakatsuka(@flab.phys.nagoya-u.ac.jp

Received July 14, 2014; Revised August 23, 2014; Accepted August 23, 2014; Published October 27, 2014

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

v llations in appearance mode, i.e., via
the direct detection of t leptons i harg interactions. The evidence of v, — v,

appearance has been previously repo d® candidate events using a sub-sample of
data from the 20082012 runs. We repoft here a fourth v, candidate event, with the t decaying
into a hadron, found after adding the run events without any muon 11
data sample. Given the number of analy¥ed events and the low background}v,, — v, oscillations

are established with a significance of 4.2¢. ]

...................................... P_vaIUE= 1.24 x 10'5
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Muon charge and momentum reconstruction

Parabolic fit with p2 as quadratic term coefficient in the magnetized region
Linear fit in the non-magnetized region
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The negative muon charge rules out charm background!
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Kinematical variables. All cuts passed: T > candidate
PHYSICAL REVIEW D 89 (2014) 051102(R)
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THE FIFTH V. CANDIDATE

T

Kinematical variables
Parameter =~ Measured value  Selection Criteria ““;: s dscion
Agri (°) 151+1 >90 e <
piss (GeV/c) 0.34+0.1 <1 w
Hk:znk: (mrad) 90 :t 2 >20 086 04 02 0 02 px(()éewg'é
Zdee (M) 634 + 30 [44,2600] (Flight length  960+30 um)
p?"Y (GeV/c) 1144 >2
prY (GeV/c) 1.0753 >0.6 (no ~ attached)
= 25; = = = = = 40 —
) 20?9; :c cCt1h ® 3OT\2\E il %\\%% ) y
' W
]5:\; dddddddd 20§ \ :§
NI\
10= NN \ N
3 10¢ s \ 10§
5; \ § Vazay > Iy 24
N - N NG ~ XY
G002 0304 05 06 Q1\\\0 %o 13303530 %54A/F‘j:é§§)jjj%mjjjl\
0, (rad) P, (GeV/e) ' : é 1:% L .
3 %% ? Z_ J’ Ay —_a—K)/RIGERIESINT=,
20
3 15:—
% i 1.5 00 03 1\\\ s O 50 100 150 45
p.” (GeV/c) P (GeV/e) Ao (degree)



Sv R IR 0D 5 %

T h y 1F t>ptv, 2AERIE EFBRBRIDLGL,
25% p 21+

t>3h 15% TSRTA4YYHRTHERIE /N\FA2RKIGLELY,
T2 U 17% W [ZRRLE Ba&EZ 70 channel

T2RAT4v7HTHRE | n OBELLELY,
REGHRE P,

t>h viaL  KSEERE P, BRERDIEL,
12% T D n+v, 2{KARIE
t>h viEL  KREGERER P, BRERDIE,

12% T > n+v, 2{KARIE



Phi distribution of 4 tau neutrino candidates
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VISIBLE ENERGY OF ALL THE CANDIDATES

Sum of the momenta of charged particles and y’s measured in emulsion
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STATISTICAL CONSIDERATIONS

Channel Expected background Expected signal | Observed
Charm Had. re-interac. | Large p-scat. Total

T — 1h | 0.017+£0.003 | 0.022 £ 0.006 — 0.04 +0.01 0.52+0.10 3

T — 3h 0.17+0.03 0.003 + 0.001 — 0.17+0.03 0.73+0.14 1

T — 1 | 0.004 +0.001 — 0.0002 £+ 0.0001 | 0.004 + 0.001 0.61 £0.12 1
T—e 0.03 +£0.01 — — 0.03 40.01 0.78 £ 0.16 0
Total 0.22 £ 0.04 0.02 £ 0.01 0.0002 £ 0.0001 [("0.25+0.05)| 2.64+0.53 C 5)

T~ S

BRFRAFE2S K [TXL. 520 =a—MN)/ RIGZERH

FEMHORBELY BREBEET—FIELOEEZERIFEEZ RLI=Fisherd9 75 %

Za—h)/IRBEEREZEL-AERESHEESEEREE—FFTOIFILEEOER

#HENDRL., p-valueZkH 5,

‘pvaluelIRBEE B EERMIORTVU R TERELTRKDHS

p* R E—FDp-valueDIETEEL . EFDOPERARER D p* & B AL DN ENLEES
HERONZS

—EH=2ERCHATESHEEREIL1.1x10-7 (5.1 o significance)
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New paper with 5 events

PRL 115, 121802 (2015) PHYSICAL REVIEW LETTERS 18 SEPTEMBER 2015

B4
Discovery of 7 Neutrino Appearance in the CNGS Neutrino Beam
with the OPERA Experiment

N. Agafonova,' A. A]ek._szmdrov,2 A. Anokhina,’ S. Aoki,* A. Ariga’ T. Ariga,” D. Bender? A. Bertolin,” I. Bodnarchuk,®
C. Bozza,'R. BrugnerzL"m A. Buonaura,”"' S. Buontempo.2 B. Biittner,"> M. Chemyavsky.13 A. Chukanov,” L. Consiglio,2
N. D’Ambrosio.” G. De Lellis,”'' M. De Serio."”>'® P. Del Amo Sanchez.'” A. Di Crescenzo.” D. Di Ferdinando."®

week en

PRL 115, 121802 (2015) PHYSICAL REVIEW LETTERS 18 SEPTEMI

A e P

'“Dipum‘nwnw di Fisica dell’ Universita di Milano-Bicocca, 1-20126 Milano, Italy
P. 2IHE, Université Libre de Bruxelles, B-1050 Brussels, Bel gium
(Received 7 July 2015; published 17 September 2015)

K. The OPERA experiment was designed to search for v, — v jn appearance mode, i.e., by
detecting the 7 leptons produced in charged current v, interactio 1 data from 2008 to
L. 2012 in the CERN Neutrinos o Gran Sasso beam. The observ pearance, achieved
with four candidate events in a subsample of the data, was previoykly reported. In this Letter, a fifth v,
W. candidate event, found in an enlarged data sample, is described. ther with a further reduction of the
S expected background, the candidate events detected so far allow ¥s to assess the discovery o
p‘ oscillatons in Jappearance mode with a significance larger than 5e6. ]

DOI: 10.1103/PhysRevLett.115.121802 PACS numbers: 14.60.Pq

P_value=1.1x 10"/

Introduction.—Neutrino flavor transitions due to quan-  (POT) resulted in 19 505 neutrino interactions in tl
tum mechanical mixing between neutrino flavors (v,, vy, fiducial volume.
v.) and mass eigenstates (v,, v, V1) were proposed more The topology of the neutrino interactions 1s 1
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Scientific Background on the Nobel Prize in Physics 2015
NEUTRINO OSCILLATIONS

compiled by the Class for Physics of the Royal Swedish Academy of Sciences

on-neutrinos are
decay and

bnly muon-
4].

RO [55] and

) [58] and T2K

[59] and more recently also by the large neutrino telescopes ANTARES [60] and IceCube

CERN [62].

[61]. Appearance of tau-neutrinos in a muon-neutrino beam has been demonstrated on an
event-by-event basis by the OPERA experiment in Gran Sasso, with a neutrino beam from

Theory of neutrino oscillations
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