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Goals of the experiment

Sincdts discoveryhe phenomenoh
NEUTRINO OSCILLATIONS neutrinoscillatiomsbeingtudiedhosth

Super-Kamiokande’s oscillation results were later confirmed by the detectors MACRO [55] in d isappeal’an'(mie
and Soudan [56], the long-baseline accelerator experiments K2K [57], MINOS [58] and T2K ' s
[59] and more recently also by the large neutrino telescopes ANTARES [60] and IceCube Observatiofthe ofoscillate

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

@ [PRL 115, 121802 (2015)] resuliwasve r)'rm pOrtaiﬂs ue
thefirstdirecbbservatiofi nmapure —oscillatigrhysics
beanthrougthedetectiarf theshorlived leptonp en O n_study
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producath, chargezlrreffCCjnteractions L Ay g R

T —noroscillatigrhysics:
. charged par |

K e cosmic ray/p

high energytfproduction, high intensity, long baseline for oscillation at the at
high density and large target mass, micrometric resolution, low background




CNGS neutrino beam

CERN NEUTRINOS TO GRAN SASSO

Underground structures at CERN
Ny

Connection gallery
to TIB/LHC

Second muon detector %2

neutrinos /"
to Gran Sasso
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* interaction rate @ LNGS IR

The beam was optimized to maximize the number of N, CC interactions in the detector



Status of data analysis

Events reconstructed in the target

Events with at least 1 brick extracted

Events with at least 1 CS scanned

. .- /B | Events reconstructed
Events with a positive CS result / Year P.O.T.x 10" )
in the target

Events with a brick scanned

Interactions located in the bricks 4 2009 353 3500
Dacay Search Complntad : 5
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OPERA hybrid detector
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Target and Target Tracker (6.7m)?
e Target/'SM

e Target tracker : 31 XY doublets of
256 scintillator strips + WLS fibres +
multi-anodes PMT for

= Trigger

= Brick selection

= Calorimetry

: ~75000 bricks, 29 walls
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Muon spectrometer
(8x10 m?)

Instrumented dipole magnet
153 T

e 22 XY planes of RPC in both arms
e 2 XPC planes rotated by 42.6

High precision tracker
e 6 4-fold layers of drift tubes




OPERA hybrid detector
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Muon spectrometer
Target and Target Tracker (6.7m)? (8x10 m?)

e Target'SM : ~75000 bricks, 29 walls Instrumented dipole magnet
153 T
e Target tracker : 31 XY doublets of e 22 XY planes of RPC in both arms
256 scintillator strips + WLS fibres + e 2 XPC planes rotated by 42.6
multi-anodes PMT for '
= Trigger
= Brick selection
= Calorimetry

High precision tracker
e 6 4-fold layers of drift tubes




OPERA ECC brickJ

Basiaunitof the OPERAletectarvasan
EmulsiddloudChambarodule=CMrick)
sandwidis7 emulsidimsinterleavedth
leadpblates a separab®xwitharemovable
paioffilmgCSy

2 emulsion layers

(44 Mn thick)

poured on a

200 IMn plastic base

(" The OPERA target
Number of bricks150°000
Total mass: ~1.2 kton

TheECQechnigyoveds efficiencgnds goingo be Total film surfacer11°000 m?
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ocation or a neutrino Interaction verte>j

' Search for converging tracks (or tracks matching the electronic detectors hits) in emu
' Follow back of the found tracks in the upstream films of the brick until their stopping |

* Scannin@f alargevolume(~2 cn aroundthe stoppingpoint)

Reconstruction of




n O n.: main sources of background

MC simulation tuned on CHORUS data

Reduced by multi-brick tracking

FLUKA simulation + test beam data

Reduced by large angle scanning and
nuclear fragment search

Simulation modified by introducing form factors for Lead
+ dedicated test beam data

aouelodwi Buisealdap JoO IBPIo U|
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n O n.: minimal bias kinematical selection

Cuts fixed since the beqginning of the experiment
Variable T — 1A T — 3h T — MU

Zdee (ptm) [44,2600] <2600 [44,2600]
Prise (GEV/C) < 1x < 1% /

o (rad) > /2% > /2% i |
p3, (GeV/e) >0.6 (0.3)* / >0.25 ~0.1
p2ry (GeV/c) 2 >3 [1,15] [1, 15]

Orink (rad) >0.02 0.5 >0.02 >0.02

m, Mmin (GeV/c?) b (0.5, 2] / J

Cuts marked with x are not applied for Quasi-Elastic event

% p%;.y cut is 0.3 in the presence of v particles associated to the decay vertex

Transverse plane

vectorigunofthegransvensmmenta
of primarigexcegheparengnddaughters
7”"’> withrespetithebeardirection

transverseomentuat thedaughter
withrespetithgarermlirection

dec

f
Emulsion film
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Discovery of n, appearance in the CNGS beam

Expected background
Charm Had. reinterac. Large p scat. Total
T — 1h |0.017 £+ 0.003 0.022 £ 0.006 0.04 £ 0.01 0.52 £ 0.10
' 0.17£0.03  0.003 = 0.001 0.17 £ 0.03 0.73 &£ 0.14
0.004 + 0.001 0.0002 £ 0.0001 0.004 =0.001| 0.61 +=0.12
| 0.03£0.01 0.03 £ 0.01 0.78 £ 0.16
Total | 0.22 £ 0.04 0.02£0.01  0.0002 £ 0.0001 | 0.25 £ 0.05 2.64 + 0.53

Expected signal |Observed

Channel

* expectationsifon and

Observed in dagents in theh, ) and channels
Probability to be explained by hackgraumd

This correspaad®, significanoenomull observation

o J
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n.O n.: new event analysis

Newselectiagtrategyasiefinesh ordetoincreaskenumbefn, candidatEsestimatant,,; (thefirst
measuremeappearamoedenad, crossectionitiesstatisticatrar

T — 3h
PREV. NEW
< 2600
< 0.5 >0.02
>3 > 1

T — 1h
PREV.
[44, 2600]
> (.02
> 2
> 0.6 (0.3)
< 1
> ?T/Q«k

T — |
PREV. NEW
[44,2600] < 2600
> 0.02
[1,15]

> (.25

T — E
PREV. NEW
< 2600

> 0.02
[1,15]
> 0.1

Variable NEW

< 2600

Zdec {.Iu'm)
Orink (rad)
pary (GeV/e)
Py (GeV/e)
pgtiss (GEV/C)

O (rad) ‘
m. Mumin (GeV/c?)

| > 1

> 0.15 | > 0.1
< I
> /2%

0.5, 2]

Channel Expected Background Exp. Signal | Observed

Charm Had. re-interaction Large ji-scat. Total

T — 1h
T — 3h
T —
T e

0.15 £ 0.03
0.44 4+ 0.09
0.008 £ 0.002
0.035 £ 0.007

1.28 £ 0.38 —

0.09 £0.03

0.02 £ 0.008

1.43 £0.41
0.53 £0.12
0.03 £0.01
0.03 £ 0.007

2.96 £ 0.59
1.83 £0.37
1.15 = 0.23
0.84 £ 0.17

Total

0.63 £ 0.13

1.37 £0.41

0.02 £ 0.008

20+05 [ 68+14 |
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Dm?,, measurement

6 80(C 97 ), e(@a )U B(O— CO)T (0Q O

O

(assumihglmixing)

68% C.L. interval b

Feldman & Cousins n
OPERA (r appearance)

Expected  Expected Am§3

Observed v,

S
DAYA-BAY 2017 422 [Af Signal  Background (1073 eV?)
2y,
4 v

6.8 2.0 10 27+0.6 68% C.L
T2K 2017

MINOS 2016

PDG 2016

.3 3.5 4
Ams, (107 eV?) (68% C.L.)
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N, crosssection measurement

1 1 !O 0 !O

Untilnown, crossectiowasneasuredlybythe
experimemhicltoultodistinguish from [

: MG T M PN Wa0Q®

Expected  Expected
Observed v,
Signal  Background

+4
83
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n O n.: full data sample analysis

Energy spectrum of v, candidates (2008-2012 data)

- Ve, Ve from 3-flavour oscillations
- Ve, Vg from the beam contamination
- v, from 3-flavour oscillations (1 -> e decay channel)

7 0 background

Number of events / 10 GeV

| v, candidates found

l
1

=] ~ ] o 0 n = ~ (=) =

0 20 40 60 80 100 120 140 160
E,.. [GeV]

Energy cut, GeV No cut

L
=
Ve, U, from the beam contamination % : . 30.8

! ) ) . ) . 0.5

v, from 3-flavour oscillations (7 — e channel) : . . . 0.9
Total expected BG 81 5. 32.2

v,, v, from 3-flavour oscillations . 2.7
Expected spectrum in case of 3 flavour oscillations | 1. : 34.9

Data 35




Sterile neutrinos mixing searches

Resultfn, andh, searchasusetbderive LRI MRS LY
limitsonthemixingparameteta massive Bt Y SY IR Y
sterileeutrinathe . AV = Y

parametefinterestt RPRALY N

CHORUS 90% C.L.

: I| oPERA N.H. 90% C.L.
OPERA I.H. 90% C.L.

—— OPERA68%C L.
2| —— OPERA 90% C.L.
—— OPERA99%C.L.
LSND 99% C.L.
MiniBooNE 99% C.L.

Unitarity Bound
sin?26,, < 0.02 (90% C.L.)

0.2
0 [ | T [T -
0 01 02 02 04




OPERA as a cosmic ray detector

Grarbasamdergrodad 1400nofrock-3800nw.e) shielding,
cosmi@yfluxreducdyafactoof1@wir.t. surface

(O ) undergrouridg X ©Q W
(O ) surfacaoffx p® "Q d
OPERAO w ¢ ) —€"YQ o

-

CNGHeamventweredentifiethrougatimingoincidenc
withthebearpill,

= cosmieventgereollectatlirinthgohysiasins

Dipole Magnet +
Inner Tracker

OPERAlectronietectgpsovidanuocgharggndnomentu
reconstruciamdhacxcellenmingapabilitieés 0n9.

« Atmosphemeciocharg@tio [Eur. Phys. J. C (2014) 74]
* Annuahodulatiofatmosphernaons

Drifft tubes
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Annual modulation of the cosmic muon rate

Atmospheric tempeétaturegas density p and K decayYate muon rate

‘o) O 3O O |0hE ﬁ—Y(o 5)

Complete OPERA data s20120@®ly single muons are taken into account)
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Muon rate vs temperature variations

o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 09

Correlation between relative variations in Wt A R : T
the muon rate and the effective temperature: Do ()Q of 1
3’0 3"Y 0 @ow
fois 2o

' p0  -0.04127 = 0.04933
p1 0.9426 = 0.03884

Torino [21]

A muon rate / muon rate (%)

(O Minos ND [19]
: DoubleChooz [22]
A Amanda [23]
YV lce Cube [24]
Y Minos FD [11]

«F Macro [18]

Borexino [12]

¢ GERDA

1 500 1000 1500 2000 2500 3000 3500
2 3
AT A %) depth [m.w.e.]

eff * " eff
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Conclusions and outlook

 Discoveoyn, Y n,appeararindhe CNGS neutrinohbiam:

* Loose selection analyssease the nunmbeandlidates for estimation of:

Dnt,5(the first measuremeppearance Jnode
N, crossectiofthe first measurement only.

*n..Y n.oscillation searaimber of events observed in the full data sample is in ¢
with the expected background and the standard oscillation signal.

e Constraintssomvile neutroscillatiof®m, Y n, anch. Y n_ with the+Iflavoumodel

* Noroscillation physinalysistof annual modulation of the cosmic muon rate

PERSPECTIVES:

* Exploit OPERA unique feature of identfiagoalitise of disappearaand bothanc
n.appearartosconstrain neutrino oscillation parameters with one single experin

* Successful OPERA experience of nuclear emulsiectiseifogoing to be applied
experime(ifs asHIRD CERN,), antbrdirectional dewiter searstc\(/SI@LNGS






Data analysis chain in OPERA

Reconstruction of interaction events
Association of events with the CNGS beaion{saleotoits)f
Track reconstruction and muon identification

Recognition of events originated in the targed(saieettents)

V%
99]ap 2I1U0J1I3J3 Ul

Brick Finding: localization of the brick containing the neutrino ir}eré’ction verte)
7))

Confirmation of the selected brick by analysis of the interface @

Location of a neutrino interaction vertex
Decay search: analysis of event topology

Kinematic selection

mulsion films ((

\

uoIs|nwa u
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Vertex brick finding

ThanosimportatdsloftheTargekrackdil TelectronietectastolocalizeneECQrickvherthe
neutrinmiteractiamtcurred highBFefficienag needad ordetoreducteemulsigrrocessiload
andominimizdgargahas®ss

procedure of the vertex brick prediction

Hough transform,
track-following:

Robust line-fitting:

<ECOo Uction or a

: R hadronic shower axis
muon track directio

Neural network:

mevereono

parameters of parameters of
the muon (if any el probs i the axis (if any)

BrickFinder:

nte

brick position & probabilit 2




" Emulsion scanning stations

EU: ESS (European Scanning System) Japan: S-UTS (Super Ultra Track Selector)

e Scanning speed/system: 20cm~/h

e Customized commercial optics

and mechanics

* Asynchronous DAQ software

* High speed CCD camera,

Piezo-controlled objective lens

* FPGA Hard-coded algorithms
Both systems demonstrate:

~0.3 Mn spatial resolution
~2 mrad angular resolution

~95% base track detection efficiency S



Analysis in the Changeable Sheets (CS)

Changealllbee{srCXloubleisapainfemulsidimsattacheshthedownstrefawefeachrickuset
agnterfadeetwed¢heEDandECGletectors

Thepredictéxlicksapprovéardismantlirgvelopmemighnalysikatieast
6 a CS track compatible with the ED muoi Grackowithin

6 a CS track matching an isolated ED track

6 two or more CS tracks possibly converging towards a
common origin in the brick

CS
doublet

CSd alignment by Compton electrons: :
Converging pattern
~2.5 Mn found in CS doublet

Columns (top view)

Position accuracy of ED predictions:
~8 mm 38
\

36

Angular accuracy of ED predictions:
~15 mrad




Analysis in the ECC: Scarback

6 SeardbrtraclsegmemisnnectedheCIracksmthemostiownstreéiimsofthedrick

6 Follovbaclofthefoundrackstheupstreaitmsoftheorickuntilstoppingpin{signatuoéavertex
Isfound

|

[1=al]]] ¥
| [ |

N

— x

Changeable Sheet

SI9¥DeI] 1981e],
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Decay search

Detection of decay or interesting topologies on tracks attached to the prime

Short flight decay Long flight decay

IP distribution for:
v_events (MC)

NC+CC v, events (MC),

NC+CC v, events (Data)

Impact parameter (IP) evaluation

Pycs (GeVic)

Momentum measurement by
multiple Coulomb scattering (MCS)

Search for significant kink/trident topology sl
Additional track search

E.mshower detection and energy measurement

7t test beam

Detection of nuclear fragments

30



Charmed particle decays

Charmed hadrons, proay&d& ion nucleus, have similar mass, lifetime and decay mode:

==> Mairsouroafbackground

= Referensampleveriftheunderstandfigdetecti@fficiency

*F | Muon momentum [ ] cham

Good agreement between data |
Expected evéritss |
Observed eveénts:

Charm candidate event (4-prong) — Kolmogorov test > 0.99,05’3
/ Ol} 10 20 30 40 f‘; (] 70 80 90 1400 a 1 l ‘) lo tS 8 :
Muon Momentum (GeVic)
0

P i Angle in the transverse Sl
- E - s
o [ ] cham plane between p and parent
‘__...--"' - E T
— 168} -background
= £
i e
~

80 100 120 140 160

D, hypothesis: F.L.: 313.1 um, ¢ : 173.29, invariant mass: 1.7 GeV

Track multiplicity 7

100 150 200 250 300 350 400 450 500
Impact Parameter (um)

charm

® data

2f - background
-

|
12 14
Multiplicity
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n.© n.: analysis strategy

2008-2009 runs:

e No kinematical selection: get co:
before applying any kinematical cut

e Sl ower analysis speed (signal/ no
e Kinematical selection applied f o

e Good data/ MC agreement shown

2010-2012 runs:

« Ki nemat i-keadvens:<ls &ey/toisuppresocharnCb@ckground

* Prioritizae analysis of the most probable brick in the probability map:
optimal ratio between efficiency and analysis time

* Analyziine other bricks in the probability map
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)
OPERA Open Data at CERN

opendata ABOUT SEARCH EDUCATION RESEARCH

CERN

CERN Open Data Portal

The CERN Open Data portal is the access point to a growing range of data produced through the research performed at
CERN. It disseminates the preserved output from various research activities, including accompanying software and
documentation which is needed to understand and analyse the data being shared.

The portal adheres to established global standards in data preservation and Open Science: the products are shared under
open licenses; they are issued with a digital object identifier (DOI) to make them citable objects in the scientific discourse
(see details below on how to do this).

The CMS (Compact Muon Solenoia) experiment Is one of two large % ABOUT SEARCH EDUCATION RESEARCH
general-purpose detectors built on the Large Hadron Collier (LHC). Its £ 0

goal Is to Investigate a wide range of physics such as the characteristics =
of the Higgs boson, extra dimensions or aark mater.

Explore CMS >

OPERA

gesignea to sty the physics of strongly interacting matter at
extreme energy gensities, wnere a phase of matter called quark-

gluon plasma forms. More than 1000 scientists are part of the
o m

The ATLAS (A Toroigal LHC Apparatus) experiment is a general-purpose interactions where the short-lived tau lepton is produced and its decay vertex is detected. This challenging goal is achieved thanks to the
cetector exploring topics like the properties of the Higgs-like particie, Emulsion Cloud Chamber technology based on nuclear emulsion films with the unsurpassed sub-micrometric accuracy, readout by fully-
SRR e A e SRR automated and high-speed optical microscopes. The OPERA Collaboration includes about 150 physicists from 26 Institutes in 11 Countries.

evigence for cark matter canaicates in the Universe. . . . . . -

| A samplef neutrinanteractiomeconstructedthe brickss

avallabletheportabata evendisplageffectiiereducation)
The LHCD (Large Haaron Collioer ueauty) experiment aims to record
the cecay of particies camalmngn ana ant-b quarks, known as 8
lgentity. trajectory, momentum and energy of each particle.
This collection contains OPERA Electronic Detectors This collection contalns OPERA Emulsion Cloud This collection contains OPERA detector events.
(ED) ditasets. Chamber (ECC) datasets.

O P E RN S th e fi rSt n O Fi— H C Tne Oscliiation Project with Emuision-tRacking Apparatus (OPERA) Is

@
& scientific experiment for Getecting tau neutrinos from muon j

expe rm q ptnin d heeducationa reusrng cxciatons e experment 8 colaporaton oetueen

ALICE (A Large lon Collider Experiment) Is 8 heavy-ion getector -
The OPERA experiment (Oscillation Project with Emulsion-tRacking Apparatus) has been taking data from 2008 to 2012 at the Gran Sasso

CERN In Geneva, Switzerland, and the Laborator! Nazionall del Gran

andeseargrogramf theOpe
Dat@\ccesgoup




OPERA browserbased event display

OPERArowsdraseeverdisplawasmplementaghnalogyithanexistingebnterface
forvisualizatiofopedataftheCM®xperimetdvelopbgrhomas McCauley

ThalisplaynmcluddsioZDview$XZ& Y Z)ofanevenn Electroni2etectotonesimplifie8D-view
oftrackunch OPERaeemulsidarickheathgprimamgeutrinateractioertex
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Event: 10234019486 wce BN [N g

« gener@lin)zooming
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« zoomingtheareafawholevent
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https://opendata.cern.ch/visualize/events/CMS

