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The OPLR )\ expetiment
2015: discovery of vy—>Vr appearance

New strategy for Vy selection

+ Final results about v—Vy appearance:

» Vyappearance significance improvement

» measurement of Am2,3; and v CC cross section on

lead

» V¢ lepton number observation
Final results about vy—>V. appearance

On-going analysis



Neutrino Oscillations

Neutrinos in the Standard Model:
- massless, electrically neutral, weakly interacting particles, spin 1/2

- 3 flavours: Ve, Vg, Vrand their antiparticles
- lepton numbers are conserved
- neutrino flavours do not change

1957, Pontecorvo: neutrinos could be a state superimposion of two
different massive neutrinos

1962, Maki, Nakagawa and Sakata: mixing between neutrinos of

different flavours
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Amospheric v
SuperK, K2K, MINOS,
K

Chooz, Daya Bay, RENO, T2K, Solar v, Borex, SuperkK,
MINOS, NOvVA ... SNO, KamLAND ...



The atmospheric neutrino anomaly

> I Kajita, Neutrino’98: Sub-GeV e-like Sub-GeV u-like
Super-Kamiokande :
discovery of oscillations
with atmospheric neutrinos
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Ref: Y. Fukuda et al. Evidence for oscillation of atmospheric

neutrinos. Phys. Rev. Lett., 81:1562—1567, 1998 i 0
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Multi-GeV u-like «+ PC

+ Results confirmed by other

experiments (SNO,
MACRO, Soudan-2)

* The missing v, must have

O SCﬂlated lntO Vi Of lntO a o @ non-oscillated expected flux
ncw ﬁ()ﬁ—iﬁteracting ——  best fit for v, — v, oscillation
+ data

‘““sterile” neutrino Vy




The OPERA experiment

+ The OPERA experiment (Oscillation Project with Emulsion tRacking

Apparatus) was designed to directly observe, for the first time in
APPEARANCE MODE, the vy,—Voscillation in a pure v, beam.

The search for direct appearance was
based on revealing the short-lived T lepton

produced in V¢ charged-current
Interactions

“ Requirements:

* High energy beam for T production

Channel

T — € Urleg

T — W Vil
| 77 — hm vy (n70)
T = 3h1/,r(n7r0)

* Long baseline for oscillation at the atmospheric scale

* High density and large target mass for statistics

* Micrometric accuracy and resolution to identify T decays and

neutrino interaction kinematics

17.7% |




CERN Neutrinos to GGran Sasso

x10°

Posc X 0:C (arbitrary units)
Am?=2.44 x 103 eV?
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+ Long baseline
(730 km from CERN to
LNGS)

+ <Ey> on target ~17 GeV

« 1L/JBE ~43 km/GeV

R} . . = 0 y
Vu contamination = 2.1% 5 taking from 2008 to

“ V. and Ve contam. <1% 2012

+ #p.o.t. = 17.97 100

“ V¢ contamination negligible



The OPERA detector

SMI .

P

. .‘

RN

f‘".?,fr |
T

.Ml ‘ﬂlfm

it

i o

il

|” i!ﬁ.'li

pl' 1A
ri
[ {l

St ' l: {1 .v » : ’ v
1 3 HE S| e ; { ! - . "
i?;”i' g I 1 ! \ A B it [ l

>
B
' P .
..__- _.—.l_-—..-— 1 ¥l .t 5.8 B ! - -
. A % . ' e s i

\!l - n\n

SESR RSN RRRNNER Y

\
L )

Tal‘get Al‘ea Spectrometer _ . .
Brick walls+Target Tracker RPC+Drift Tubes Brick Manlpulatlng System

Scintillator strip planes

Underground location: Gran Sasso Laboratory (10¢ reduction of cosmic ray flux)
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The OPERA detector
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Emulsion Cloud Chamber

0.3mm

. i

~
OPERAFilm X 57 plates OPERA Lead

Lead x 56 plates FRm plate
57 films of nuclear emulsion (300 um thick) momentum chs
measurement
56 lead plates (1mm thick) YA
5 e
10 X0

Fast tully automated optical microscopes

3D track reconstruction with micrometric
resolution




% Interface between the brick

NS

Changeable Sheets Doublet

Two emulsion films, packed in an envelope placed inside a plastic
covet, to be removed without opening the brick

and the closest
downstream TT plane

Go from Target Trackers
resolution (~cm) to the

Wm spatial resolution of
nuclear emulsions

Predictions about the area
to be scanned

v confirm the brick

v reduce scanning load

v save detector target mass
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Main background sources

Signal topology: —

Possible backgrounds:

%J

T ——

Charmed hadron
decays where muon at
Iry vtx is not identified

Hadronic re-interactions

| — -

Eur. Phys.]. C74 (2014) 2986

Reduced by Track
Follow-down procedure

PTEP9 (2014) 093C01
Reduced by large angle

scanning and nuclear
fragment search

Large angle muon
scattering

[EEE Transactions on Nuclear Science
Vol. 62, 5, 2015

R
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Track Follow Down

To separate muons from hadrons, momentum-range correlations
are characterized by the discriminating variable Drep:
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Vi Appearance kinematical selection

Variable T—1h 1T—=3h T—=U T—e ery fOI' Telh
Zdec (Hm) [44,2600] <2600 [44,2600] <2600 é e
P%z‘ss (GeV/c) < 1x < 1x / / §.25;— ! signal:z—1h _
¢ (rad) > /2% >T /2% / / N TN prazcharm = 1h and "'°’°“9““‘"e‘“‘-_—
Py, (GeV/c) >0.6 (0.3)* / >0.25 >0.1 o\
pory (GeV/e) >2 =3 [1,15] 1, 15] iy -
Okink (rad) >0.02 <0.5 >0.02 >0.02 0_13
M, Mmin (GeV/c?) / 0.5, 2] / /
Cuts marked with x are not applied for Quasi-Elastic event "
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2010: the 1st vy candidate

parent




2010: the 1st vy candidate

parent




The first 5 v candidates

300 pm 1 mm 300 um
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PTEP 10 (2014) 101C01 Phys. Rev. Lett. 115 (2015) no.12, 121802 17




Discovery of vy—Vy appearance in the CNGS neutrino beam

Channel | Expected Background | Expected Signal | Observed
T — 1h 0.04 +0.01 0.52 £ 0.10 3
T — 3h 0.17 £ 0.03 0.73£0.14 1
T — U 0.004 £ 0.001 0.61 +0.12 1
T e 0.03 £ 0.01 0.78 £ 0.16 0
Total 0.25 £+ 0.05 2.64 + 0.53 5

Probability of background fluctuation = 1.1-10-7
—> absence of signal excluded with a significance of 5.10

e - e e e e e N ——————— B ——

A5 KUNGL.
2 VETENSKAPS:
%/ AKADEMIEN

“erases

6 OCTOBER 2015

Ref: Discovery of tau neutrino appearance in the
CNGS neutrino beam with the OPERA experiment

PRL 115 (2015) 121802 NEUTRINO OSCILLATIONS

Scientific Background on the Nobel Prize in Physics 2015

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

Super-Kamiokande’s oscillation results were confirmed by the detectors MACRO [55] and
Soudan [56], by the long-baseline accelerator experiments K2K [57], MINOS [58] and T2K
[59] and more recently also by the large neutrino telescopes ANTARES [60] and IceCube
[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
CERN [62].
D T e e bdemmmmaey
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New Strategy for the vy candidate selection

Goal: estimate the oscillation parameters in appearance mode
and V; properties with reduced statistical error

Looser kinematical selection to increase the number of V¢ candidate

Multivariate analysis: Boosted Decision Tree

New Strategy applied to the final sample:

Total
p.o.t. (10'7) 17.97
Oup events 1197

1u events (p, < 15 GeV/c) 4406
Total events 5603

19



New Kinematical Selection

Decay vertex
definition

b

) T — 1h T — 3h T — W T —>e€
Variable
OLD NEW | OLD NEW OLD NEW | OLD NEW
Zdec (um) [44,2600] <2600 <2600 [44,2600] <2600 <2600
Okink (rad) >0.02 <0.5 >0.02 >0.02 >0.02
pary (GeV/c) >2 >1 >3 >1 [1,15] [1,15] >1
Pary (GeV/c) >0.6(0.3) >0.15 / >0.25  >0.1 >0.1
Pmiss (GeV/c) <1 / <1 / / /
&g (rad) >7/2 / > /2 / / /
m, Mmin (GeV/c?) / 0.5, 2] / / /
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New Kinematical Selection

Decay vertex
definition

b

) T — 1h T — 3h T — T —E€
Variable
OLD NEW | OLD NEW OLD NEW | OLD NEW
Zdec (um) [44,2600] <2600 <2600 [44,2600] <2600 <2600
Okink (rad) >0.02 <0.5 >0.02 >0.02 >0.02
pary (GeV/c) >2 >1 >3 >1 [1,15] [1,15] >1
Pary (GeV/c) >0.6(0.3) >0.15 / >0.25  >0.1 >0.1
Prmiss (GeV/c) <1 / <1 / / /
¢ (rad) >7/2 / > /2 / / /
m, Mmin (GeV/c?) / 0.5, 2] / / /

Lead
Emulsion film -7

—

Short decays now included!
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pTy, cut in T—h decay channel

Entries 19748

+ Removing the cut on pTay would lead | ¢
to an unaffordable increase of
hadronic re-interaction background

Mean 0.3218
RMS 0.2072

+ Blind study to optimise this cut 1

-

© T

+ Aim: minimize the uncertainty on the

0.2

product of the Range of Am?23 - Oyy

\
l

p%;y cut Increase & 2.2r
w 2.18F
(GeV/c)  Factor c "t
0.10 71 g 2.16p
0.15 H4 * m214_ D o o
0.20 45 S 2120 .
- . Mean x  0.2005 Best Cut:
025 38 "5 2.1¢ Meany  2.103
c ° RMS x 0.07071
0.30 31 S 208 0.15 GeV/c
— = 2.06-
Npi. 2,04
Increase factor = L e Tl :
bkg STA.NDA.RD 2-02__I 11 | | I I | | I | L1 1 1 | L1 1 1 | L1 1 1
0.05 0.1 0.15 0.2 0.25 Q.3 0.35
p! (GeV/c)

o 24
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Number of expected events

Channel Expected Background v Exp. |Observed
Charm Had. re-interaction Large u-scat. Total
T — 1h | 0.15£0.03 1.28 +0.38 — 1.43 £0.39 [2.96 4+ 0.59 6
T — 3h | 0.44 +0.09 0.09 +0.03 — 0.524+0.09 |1.83 £0.37 3
7 — u [0.008 £ 0.002 — 0.016 4+ 0.008 0.024 4+ 0.008|1.15 £ 0.23 1
T — e [0.035 £ 0.007 — — 0.035 + 0.007|0.84 £ 0.17 0
Total | 0.63 £+ 0.10 1.37 £ 0.38 0.016 =0.008 2.0+04 |6.8+0.75 10
e e $ o
10 observed events: 5 s =gk ;
5 eolden” £ bl silyier 4 ~ data

0 10

20

30

40

50

60

Visible energy (GeV)

Monte Carlo simulation normalized to the expected number of events
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5 additional v candidates

1ry-black

d3-blackl 43_plack2 : ;

parent

10734 ' Event 11143018505

Event 11172035775

track 972: elastic scattering (65 mrad),
in lead/plate between films 37 and 38

1ry-had

proton produced in the daugher2

W of track 2907

X

4
/t
/
,
.
S
£
R
P

" o rack 2926

daughter1

v ,,,'Z‘tho.336ev . “track 2933 —
T Sl deughter224GeV) e =
oo track 4112 Event 11213015702
N
film
lead
Y-projection

. Event 10123059807
Event 9190097972 23



Event 11143018505: a peculiar topology

Muon-less event with 2 decay vertices :
plate 31 32 33 34 35 36 37 38 39 40 41 42 43
Y 2600 um o

= —/‘—_‘/

¥yl

é;?—y——i

\
(A

; A s

+ _Ad hoc simulations and

1300 um
—_—

multivariate analysis to : N 2600 uy X
. . . oi' \\\ \
distinguish between 3 L u||
pOSSible interpretations \\\\ > 7 plate 31 32 33 34 35 36 37 38 39 40 41 42 43
| e i
mis- - i
Sample identified | oS nEE 1
(10-%) - -
0.02 — W ]
45 - .
0.015 —
yes 21 - (v) .
0.01— ]
13 voosF- E
) o5 i
Vi CC + 2hjn yes 4 | A2 response.
Vu NC + 2hin 4 Probability of not being v{CC + charm ~ 10-4
TOTAL 100 — Significance = 3.5 0




Examples of signal and background distributions

Signal: T—1h (DIS + QE)
6 V1 candidates Background: - charm—1h (10.5%) * '

’C—)l h |

- had relnt (89.5%)
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2ry

802

=
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B v
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bkg
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GeVic
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- Large angle
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Background validation

Monte Carlo simulation has been validated comparing its results with the measured vy
CC interactions when producing:

%+ hadron reinteractions
(HL Ishida et al., PTEP 2014, 093C01 (2014))
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* charmed hadron decays
(N. Agafonova et al., Eur. Phys. |. C (2014) 74: 2986)
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+ LAS muons
(A. Longhin et al., IEFF Trans. Nucl. Sci. 62, 2216 (2015))
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https://doi.org/10.1140/epjc/s10052-014-2986-0
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%+ hadron reinteractions

(H. Ishida et al., PTEP 2014, 093C01 (2014))

* charmed hadron decays
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Background validation

Monte Carlo simulation has been validated comparing its results with the measured vy
CC interactions when producing:

%+ hadron reinteractions
(HL Ishida et al., PTEP 2014, 093C01 (2014))
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Background validation

Monte Carlo simulation has been validated comparing its results with the measured v

CC interactions when producing:

+ hadron reinteractions

(H. Ishida et al., PTEP 2014, 093C01 (2014))
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Background validation

Monte Carlo simulation has been validated comparing its results with the measured vy
CC interactions when producing:

%+ hadron reinteractions
(HL Ishida et al., PTEP 2014, 093C01 (2014))
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Background validation

Monte Carlo simulation has been validated comparing its results with the measured vy
CC interactions when producing:

%+ hadron reinteractions
(HL Ishida et al., PTEP 2014, 093C01 (2014))
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=
(N. Agafonova et al., Eur. Phys. [. C (2014) 74: 2986) s Il
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<+ LLAS muons

(A. Longhin et al., IEFF Trans. Nucl. Sci. 62, 2216 (2015))
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Background validation

Monte Carlo simulation has been validated comparing its results with the measured vy
CC interactions when producing:

%+ hadron reinteractions
(HL Ishida et al., PTEP 2014, 093C01 (2014))
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* charmed hadron decays
(N. Agafonova et al., Eur. Phys. |. C (2014) 74: 2986)

+ LAS muons
(A. Longhin et al., IEFF Trans. Nucl. Sci. 62, 2216 (2015))
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The Boost Decision Trees method (BDT)

Multivariate machine learning
method to classity
observations

It is based on a “forest” of
trees of binary choices

Sequential series of
rectangular cuts split the data
into nodes and leaves

The BDT response 1s a value
between 1 (signal-like events)
and -1 (background-like

events)

Ref: Hoecker et al. TMVA: Toolkit for Multivariate Data
Analysis. PoS, ACAT:040, 2007
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Boosted Decision Tree analysis

+ Multivariate methods can help rejecting background

K/

+ Use also events features to evaluate Vi appearance significance

L)

+» Different multivariate 15 T B
TR Boor T
el i : ::_ ........... S e e e NN
performances for signal to 2 b e W\
background discrimination ® f ——— BT :
compared :

+ Best discrimination power R —
is given by BD'T I S R DR FUUUR FUUUR TUUUE FUUUE OO OO IO 1

0 01 02 03 04 05 06 07 08 O.
Signal efficiency
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Example: T—h: Kinematical variables

+ Input = events surviving the looser selection

+ Signal and Bkg normalized to unity

T
p2 pmiss

Zdec

o entries

.25

0.2

0.01
—1%00 -500 0 500 1000 1500 2000 2500 25 30 4
um GeV/c GeV/c
q)IH v at decay vertex
0.8;/
0.16 o ? - V’C
0.6? bkg
°-5? "golden" candidates
0.4F
' — "silver" candidates
20 40 60 80 100 120 140 160 180 8 2 2.5 3
degrees GeV/c
e — B ———
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T—h: Correlation between variables

Correlation Matrix (signal)

Linear correlation coefficients in %

pt2ry

:nmmadecvtx
phi
ptmiss
p2ry
kink

zdec

100

Correlation Matrix (background)

pt2ry

gammadecvix

phi

ptmiss

p2ry

kink

zdec

Linear correlation coefficients in %

100
80
60
40
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T—h: DBT response

+ Signal and Bkg normalized to the number of expected events

entries

BDT Response T — 1h

0.24
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-

1.
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| | ] o N
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BDT response
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BDT response for all decay channels
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Extended lLikelihood

signal

strength (ﬂoating param.) bk
I T on exp bKg

4
LuBe) =] (Pms ncmslc + Be) ch Zei ) H Ganss( bl mlb )
&

true bkg
uncertainty

=1 l
expected - expected
channels v ciena) response L
obs events
in the cth
channel
: ps Be
fo(we;) = ————PDF3® + PO
pse + Pe pse + Be
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<+ Results:

Vi appearance signiﬁcance

profiled values of the nuisance
A parameter (3,
T - L ( l s D e
+ Likelihood ratio:  A(p) = (1 ’Aﬁ CA('“ ))) maximizing £ for the given p
L(@, b))
.

value of the likelihood at its maximum

0.5
p=1.1%57

Pvalue =48 - 10_10

Significance = 6.10
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Am2,3; measurement

e, — ) — / ®(E)oy, (E)e(E)Py, v, (B)dE ~ (Am33)*L? / O(E) “”;E(QE ) (F)dE
MU X O-S;C : Pl/u—>u¢

Assumptions: maximal mixing, v CC interaction cross section as in Genie v2.6 default

2

OPERA (Tt appearance)
sin? 2923=1

% Result: {Amas ... = 2.7f8:g e
(68% C.L)

OPERA (t appearance)
PRL 115 (2015) 121802

DAYA-BAY 2017 ——

T2K 2017 ——

First measurement in appearance mode MiNoS 2016 —

PDG 2016 ro

1.1 1 1 l 1.1 1 1 l 11 1 1 l 1.1 1.1 l L1 1 1 | L1 1 1 l 1.1 1 1 l L1 11 [ L1 1 1
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
Am2, (10°eV?) (68% C.L.)

- Agreement with PDG value within 10



v CC cross section on lead

Until now, Vz+anti-Vy cross section measured only by:

DONuT (9 vi+anti-Vr) [Ref: PhysRew D78 (2008) 052002 )

Super-Kamiokande ®ef: arXiv 1711.09436 (2017))

> O

()

HRA:First measurement with negligible contamination from anti-V

_ [ 2. (B)Py, s, (B)ow, (E)E

& (D, . (F)dE

<O->meas ==

overall efficiency

~ (Nobs L NexpB)/()

f ¢VM (E)Pl/u—)VT (E)dE

number of lead
nuclei in the
fiducial volume
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Vv CC cross section on lead

+ Am?2,3; fixed to PDG wvalue
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V¢ lepton number

+ Lepton number of V¢ has never been observed
* Muon decay channel: v can be distinguished from v?

* CNGS beam: 2% contamination of Vv, which could oscillate into V¢

+ Expected vy with T+— u* with misidentified or not measured

charge = 0.0024 * 0.0005
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Vrlepton number observation

z
dec 9kink

0.4

0.3

0.2+

1500 2000 2500
um

Bl signal:t—u

<~ bkg: charm — u
bkg: LAS

<~ pbkg: antinutau
"golden"” candidate

0.2 0.4 0.6 0.8 2 4

+ BExtended likelihood function

+ Significance of having observed a T- — L~
& Assumption: lepton number 1s conserved in the neutrino interaction

First observation of Vi lepton number =




Summary of OPERA final results on vy appearance

* New strategy for the v, selection

* 5603 fully analysed v events: 10 vy candidates satistying the looser
criteria

+ Multivariate analysis to fully exploit event features

“ Vy appearance significance improved: 6.10

* The number of observed Vv candidates after bkg subtraction is a
fuﬁCti()n Of Am223 * Ovr

¢ Am2y; = 2.7 fg:g .1073eV? at 68% C.I. = first measurement in
appearance mode

> 0w GC = 5.13:3 .107%°cm?/GeV = first measurement ever

» First observation of the vy lepton number with a significance of 3.70
40



+ Paper published on PRL on 22rd May 2018 Ref: Phys. Rev. Lett. 120, 211801

PHYSICAL REVIEW LETTERS
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OPERA's Final Stamp on Neutrino Vol. 120, Iss. 21 — 25 May 2018
Oscillations
May 22, 2018

View Current Issue
The final analysis of data collected by the OPERA experiment

improves the precision of measurements of neutrinos oscillating

between muon and tau flavors.

Synopsis on: PHYSICAL REVIEW LETTERS 120, 211801 (2018)

N. Agafonova et al. (OPERA Collaboration)
Phys. Rev. Lett. 120, 211801 (2018)

Final Results of the OPERA Experiment on v, Appearance in the CNGS Neutrino Beam
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OPERA final results for vy, — Ve

oscillations search




Reconstructed energy distributions
of the observed V. candidates

No oscillation hypothesis 3 neutrino flavour mixing
10—~ —observed —beamv,(V,) 10~ —observed == Ve—Ve (Ve—Ve)
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Final results for vy, — V. oscillations search

E | IHIIIII | llllllll T Tjﬁsllllll ]lllll | lllll%
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On-going

+ Annual modulation of cosmic-muon rate

+ Exploit unique feature of identitying all three flavours: use tau

appearance, electron appearance and muon disappearance at the
same time

+ Open Data at CERN

Explore more than 1 petabyte '

of open data from particle physics! / | ALICE

IStart typing...

search examples: collision datasets, keywords:education, energy:7TeV /
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Thank you for your attention



