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Sinceits discovery,thephenomenonof
neutrinooscillationsis beingstudiedmostly
indisappearancemode.

Observationoftheappearanceofoscillated
neutrinosconsistentwiththedisappearance
resultswasaveryimportantissue.

Requirements

for nbeam:high energy for tproduction, high intensity, long baseline for oscillation at the atmospheric scale

for detector:high density and large target mass, micrometric resolution, low background (underground location)
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Goals of  the experiment

Expanded physics program

–oscillationphysics:

• nmᴼnestudy

• sterile neutrino analysis

–non-oscillation physics:

• charged particle multiplicity analysis

• cosmic ray physics

The main goal

thefirstdirectobservationofntappearanceinapurenm
beamthroughthedetectionof theshort-livedtleptons
producedinntcharged-current(CC)interactions.



The beam was optimized to maximize the number of ntCC interactions in the detector

* interaction rate @ LNGS
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CNGS neutrino beam
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Status of  data analysis

* Nominal value: 22.5 1019 pot

7132locatedninteractions

6785fullyanalyzedevents
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OPERA hybrid detector
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OPERA hybrid detector



The OPERA target
Number of bricks:      ~150’000
Total mass:                 ~1.2 kton
Total film surface:     ~111’000 m2

Basicunitof theOPERAdetectorwasan
EmulsionCloudChambermodule(ECCbrick):
sandwichof57 emulsionfilmsinterleavedwith
leadplates+ a separateboxwitha removable
pairoffilms(CSd)
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OPERA ECC brick

TheECCtechniqueproveditsefficiencyandis goingtobe

usedinfutureexperimentsforntregistration(DsTau,SHiP,…)
andevenfordirectionaldarkmattersearch(NEWSdm).
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track segments reconstructed tracks vertex pattern

1 cm

1 cm

ʾSearch for converging tracks (or tracks matching the electronic detectors hits) in emulsion films

ʾFollow back of  the found tracks in the upstream films of  the brick until their stopping point

ʾScanningof alargevolume(~2 cm3 aroundthestoppingpoint)

Location of  a neutrino interaction vertex



Charmed hadron decay with missed muon at the primary vertex:

MC simulation tuned on CHORUS data

Reduced by multi-brick tracking
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Hadronic re-interaction:

FLUKA simulation + test beam data

Reduced by large angle scanning and 
nuclear fragment search

Large-angle muon scattering:

Simulation modified by introducing form factors for Lead 
+ dedicated test beam data
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[IEEE Trans. Nucl. Sci. Vol.62 (2015) No.5, 2216]

[Eur. Phys. J C74 (2014), 2986]

[PTEP9 (2014) 093C01]

nmO nt: main sources of  background



11

Cuts fixed since the beginning of the experiment

pmiss
T: vectorialsumofthetransversemomenta

of primaries(excepttheparent)anddaughters
withrespecttothebeamdirection.

p2ry
T: transversemomentumof thedaughter

withrespecttotheparentdirection.

nmO nt: minimal bias kinematical selection
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5 ògoldenó ntcandidates

Phys. Lett. B (2010) 138

JHEP 11 (2013) 036

PRL 115 (2015) 121802
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Discovery of  ntappearance in the CNGS beam

* expectations for full mixingand Dm2
32= 2.44x10-3eV2

Observed in data: 5 events in the tŸh, tŸ3h, and tŸmchannels

Probability to be explained by background: ρȢρ ρπ

This corresponds to υȢρ„significance of non-null observation
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Newselectionstrategywasdefinedin ordertoincreasethenumberofntcandidatestoestimateDm2
23(thefirst

measurementinappearancemode)andntcross-sectionwithlessstatisticalerror:

•looserkinematicalcuts

•multivariateanalysis(BoostedDecisionTree)

nmO nt: new event analysis



15

5 òsilveró ntcandidates
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Dm2
23 measurement

AgreementwithPDG2016valueand
withtheresultsfoundindisappearance
modebyotherexperimentswithin1s

ὔ ᶿὖ’ᴼ’ „ ḙ ɝά ὒ ɮὉ
„ Ὁ

Ὁ
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(assumingfullmixing)

68% C.L. interval by
Feldman & Cousins method
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ntcross-section measurement

Agreement with the SM value φȢχ ρπ ὧάὋὩὠwithin 1s

„ „ ὉὑὉ

Untilnow,ntcross-sectionwasmeasuredonlybytheDONuT
experimentwhichcouldnotdistinguish’ fromӶ’:

„ πȢχς πȢςτ πȢσφρπ ὧάὋὩὠ

OPERA: thefirstmeasurementwithntonly



18

nmO ne: full data sample analysis

ne event with a p0

as seen in the brick

Numberofobservedeventsis in agreementwiththe
expectedbackgroundand3flavouroscillationsignal
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Sterile neutrinos mixing searches

Resultsofntandnesearchesareusedtoderive
limitson themixingparametersof a massive
sterileneutrinointhe3+1flavourmodel.
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parametersofinterest

ntappearance

(5 ntcandidate events)
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(35 necandidate events)
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OPERA as a cosmic ray detector

OPERAelectronicdetectorsprovidedmuonchargeandmomentum
reconstructionandhadexcellenttimingcapabilities(~10ns).

GranSassoundergroundlab: 1400mofrock(~3800mw.e.) shielding,
cosmicrayfluxreducedbyafactorof106w.r.t.surface.

CNGSbeameventswereidentifiedthroughatimingcoincidence
withthebeamspill,

cosmiceventswerecollectedduringthephysicsruns.

•Atmosphericmuonchargeratio

•Annualmodulationofatmosphericmuons

Ὁ underground: ςͯχπὋὩὠ

Ὁ surfacecut-off: ρͯȢυὝὩὠ

OPERA: Ὁὧέί—ςὝὩὠ

1.
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km

[Eur. Phys. J. C (2014) 74]
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Annual modulation of  the cosmic muon rate
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Temperaturedataprovided
by the EuropeanCenter
forMedium-rangeWeather
Forecasts(ECMWF)

Complete OPERA data set: 2008-2012 (only single muons are taken into account)

muon rate
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Muon rate vs temperature variations

InagreementwithpredictionsforLNGSsite
andwithotherexperiments
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•Discovery of nmŸntappearancein the CNGS neutrino beam: 5.1s.

•Loose selection analysisto increase the number of ntcandidates for estimation of:

Dm2
23(the first measurement in appearance mode);

ntcross-section(the first measurement with ntonly).

•nmŸneoscillation search: number of events observed in the full data sample is in agreement
with the expected background and the standard oscillation signal.

•Constraints on sterile neutrinooscillationsfrom nmŸntand nmŸnewith the 3+1 flavourmodel.

•Non-oscillation physics: analysis of the annual modulation of the cosmic muon rate.

PERSPECTIVES:

•Exploit OPERA unique feature of identifying all three flavours: use of nmdisappearanceand both ntand
neappearanceto constrain neutrino oscillation parameters with one single experiment.

•Successful OPERA experience of nuclear emulsion use for ntdetection is going to be applied in future 
experiments (DsTau, SHiP@CERN, …), and for directional dark matter search  (NEWSdm@LNGS).
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Conclusions and outlook
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Backup slides



Reconstruction of interaction events

Association of events with the CNGS beam (selection of on-timeevents)

Track reconstruction and muon identification

Recognition of events originated in the target (selection of containedevents)

Brick Finding: localization of the brick containing the neutrino interaction vertex

Confirmation of the selected brick by analysis of the interface emulsion films (CS)

Location of a neutrino interaction vertex

Decay search: analysis of event topology

Kinematic selection
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Data analysis chain in OPERA



ThemostimportanttaskoftheTargetTracker(TT)electronicdetectoristolocalizetheECCbrickwherethe
neutrinointeractionoccurred. A highBFefficiencyisneededinordertoreducetheemulsionprocessingload
andtominimizethetargetmassloss.

26

procedure of the vertex brick prediction

Vertex brick finding



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

• Scanning speed/system: 75cm2/h

• High speed CCD camera,
Piezo-controlled objective lens

• FPGA Hard-coded algorithms

• Scanning speed/system: 20cm2/h

• Customized commercial optics
and mechanics

• Asynchronous DAQ software
Both systems demonstrate:

•  ~0.3 mm spatial resolution

•  ~2 mrad angular resolution

•  ~95% base track detection efficiency 27

Emulsion scanning stations



Thepredictedbrickisapprovedfordismantling,development,andanalysisif atleast:

ǒa CS track compatible with the ED muon track within 60 mrad

ǒa CS track matching an isolated ED track

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

ChangeableSheets(orCSdoublet) isapairofemulsionfilmsattachedonthedownstreamfaceofeachbrickused
asinterfacebetweentheEDandECCdetectors.

CSd alignment by Compton electrons:
~2.5 mm

Position accuracy of ED predictions:
~8 mm

Angular accuracy of ED predictions:
~15 mrad

Converging pattern
found in CS doublet
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Analysis in the Changeable Sheets (CS)



ǒSearchfortracksegmentsconnectedtotheCStracksinthemostdownstreamfilmsofthebrick.

ǒFollowbackofthefoundtracksintheupstreamfilmsofthebrickuntilstoppingpoint(signatureofavertex)
isfound.

CSd-ECC alignment by X-ray marks:
~10 mm

ECC films alignment by cosmic rays:

~2 mm
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Analysis in the ECC: Scan-back



Detection of decay or interesting topologies on tracks attached to the primary vertex

Impact parameter (IP) evaluation

Momentum measurement by
multiple Coulomb scattering (MCS)

Search for significant kink/trident topology

Additional track search

E.m. shower detection and energy measurement

Detection of nuclear fragments

30

Decay search



Charmed hadrons, produced in nmDIS on nucleus, have similar mass, lifetime and decay modes as t:

Good agreement between data & MC:

Expected events: 54 ±5

Observed events: 50

31

Mainsourceofbackground

Referencesampletoverifytheunderstandingoftdetectionefficiency

Charmed particle decays



2008-2009 runs:

• No kinematical selection: get confidence on the detector performances
before applying any kinematical cut

• Slower analysis speed (signal/noise not optimal!)

• Kinematical selection applied for the candidate selection, coherently for all runs

• Good data/MC agreement shown

2010-2012 runs:

• Kinematical selection of CC-like events: Pm< 15 GeV/c, to suppress charm background

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

• Analyze the other bricks in the probability map
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nmO nt: analysis strategy
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OPERA Open Data at CERN

OPERAis the first non-LHC
experimentjoiningtheeducational
andresearchprogramof theOpen
DataAccessgroup.

A sampleof neutrinointeractionsreconstructedin thebricksis
availableintheportal: data& eventdisplay(effectiveforeducation).
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OPERA browser-based event display

OPERAbrowser-basedeventdisplaywasimplementedbyanalogywithanexistingweb-interface

forvisualizationofopendataoftheCMSexperimentdevelopedbyThomas McCauley
https://opendata.cern.ch/visualize/events/CMS

Thedisplayincludestwo2D-views(XZ& YZ)ofaneventinElectronicDetectors+onesimplified3D-view
oftracksfoundinOPERAlead-emulsionbrickneartheprimaryneutrinointeractionvertex.

Basic functionality of the 2D-display
•browsingthroughtheeventlist
•movingofacameraviews
•general(un)zooming
•zoomingtotheareaofthebeginningofanevent
•zoomingtotheareaofawholeevent

Basic functionality of the 3D-display
•browsingthroughtheeventlist
•animatedrotationoftheECCtracksaroundthevertex

https://opendata.cern.ch/visualize/events/CMS

