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The OPERA experiment

Goals

» The observation of the v, — v, oscillations in the appearance mode
through the detection of the r-lepton PRL 120, 211801 (2018)

» The tracking capabilities of the emulsion allow to identify electrons
produced in CC interactions of v, and, hence, to study v,, — ve
oscillations in appearance mode JHEP06(2018)151
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Experimental requirements:

» long baseline

high energy neutrinos
high intensity beam

low background

large active target mass

vV V. VvV VY

um space resolution
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Goals
» The observation of the v, — v, oscillations in the appearance mode
through the detection of the r-lepton PRL 120, 211801 (2018)

» The tracking capabilities of the emulsion allow to identify electrons
produced in CC interactions of v, and, hence, to study v,, — ve
oscillations in appearance mode JHEP06(2018)151

LNGS

: i , T 3800 mw.e.
Experimental requirements: Ry

. ~1 cosmic muon per

> |long baseline (m x h)
> high energy neutrinos
> high intensity beam CNGS beam
» low background <E,, > (GeV) 17

. (Ve + &) /v, 0.87%
» large active target mass TV 21%

5 v, prompt Negligible

» um space resolution baseline ~ 732 km

interactions rates at LNGS site

Svetlana Vasina | The OPERA experiment: search for v, — ve



The OPERA experiment

0.63 kton

Muo
Target and Target Tracker Spectrometer Target and Target Tracker Manioulator
(6.7mx6.7m)  (@m x 10m) (6.7m x 6.7m) ’

~75000 bricks ~75000 bricks Yt
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The OPERA experiment

Emulsion Cloud Chamber technique provides large target mass and
high spatial resolution:

» ~150 000 ECC, 56 lead plates and 57 emulsions each

» ~ 9 million films in total (sensitivity 30 grains per 100 pm)

» ~ 1.25 kton total target mass

Campton Electron
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Collected data sample

Target mass (kg)

2008-2012 CNGS run

» 17.97 x 10" p.o.t.
» 1.18 kt average detector mass

» 19505 on-time interactions in
detector

0 5000 10000 15000 20000 25000 30000 35000 40000 °

» 6785 decay searched events” . hove e 0402008

v

* Decay searched events:

» vertex is located in the
lead/emulsion target

» event topology is
reconstructed
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Search for v, CC interactions

4400 N

Search for v, candidates JHEP 1307 (2013) 004

» The electron identification is based on the search of associated
electromagnetic shower. Primary tracks extrapolated to the
changeable emulsion doublets. The tracks with angles and
positions similar to projection ones are searched
(A6 < 150mrad, 2 mm).

» If 3 or more tracks found, an additional volume along the
candidate track is scanned.
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Search for v, CC interactions
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Search for v, CC interactions
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Analysed data
sample
_l-‘l' » 17.97 x 10" p.o.t.

» 19505 on-time

+ events

» 5868 vertexes in
1st or 2nd most
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v candidate efficiency
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b A T T T T I T prObabIebriCk
0 20 40 60 80 100 120 140 160 180 200
B (Ge » 1281 events tagged
The ve CC candidates selection efficiency as a as O

function of neutrino energy (red error bars — MC
statistical errors; grey area represents the
systematical error.)

» 35 v, candidates
were found
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Background and v, beam contamination

» Intrinsic ve(7e) beam components
» v, CC with the decay of 7 — e
» 0 — v — e + e in v interaction without a reconstructed s
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Background and v, beam contamination

» Intrinsic ve(7e) beam components
» v, CC with the decay of 7 — e
» 0 — v — e + e in v interaction without a reconstructed s

Neutrino fluxes at Gran Sasso JHEP 1307

(2013) 004

neutrino flux ( n/cm?/GeV/10"pot )
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Background and v, beam contamination

» Intrinsic ve(7e) beam components
» v, CC with the decay of 7 — e
» 0 — v — e + e in v interaction without a reconstructed s

Neutrino fluxes at Gran Sasso JHEP 1307 » 7 — einthe same lead
(2013) 004 plate as the primary
o vertex with IP<10 um

(an impact parameter
of the e to the 1ry

neutrino flux ( n/cm?/GeV/10"pot )
2

vertex ).
i — - » An undetected kink
: T Hkv';&h\ (Okink<20 mrad) from a
1o — T — 7 — ein further

— _
B — downstream material.

F T |||m|'_]| T T T
/

]
0.7 + 0.2(syst.) bg events
1 | NI EVENAETE AN ETAVATErE ATV ETSA AT AT
10 20 30 40 50 60 70 80 90 100
E, (GeV)

Svetlana Vasina | The OPERA experiment: search for v, — vg



Background and v, beam contamination

s~y —oet+e

_~| ©Only this case corresponds to BG -

Q Gamma-ray h

L]
since one electron is low energy and hard to be

recognized in the pair

Imicron
-

> eTe~ can not be distinguished from a single
particle in the first 2 emulsion films after the
vertex

» one pair component undetected

emulsion plastic base emulsion

-

/ Y

J"" 10 um

100 pm

Side view of et e~ pair detected in
the emulsion film

JHEP 1307 (2013) 004

BG evaluated from the data:

0.5 4+ 0.5(stat.) events
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v, — Ve analysis

10~ — observed

~—beamv,(v,)
expected ,

No oscillation scenario

> v, beam contamination 8
30.7 4 0.9(stat.) + 3.1(syst.) §

» other background :
1.2 + 0.5(stat.) = 0.2(syst.)

3-flavour oscillation scenario

» 34.3 + 1.0(stat.) = 3.4(syst.) (including BG)

2008-2012 data (17.97 x 10'° p.o.t.)
» 35 v, candidates found

I I I I
0-10 '10-20 120 30 '30 40 40 50 '0 - 400
E e (Ge)

Result: sin?(20;3) < 0.43 (90% C.L.) JHEPOG(2018)151



v, — Ve @analysis

Sterile neutrino search

RN R IR | (Rl

The excess of v and v, reported by fomeoL B
LSND and MiniBooNE can be o] — nowo ]
interpreted as due to the presence of [ nosans

DayaBay/Bugey-3

light sterile neutrino. I 5 \

3+1 model bounds from v,

appearance with profile Likelihood 310 {3
method. s
An upper limit on sin?(26,,¢) = 0.021 i
is set for Am2, > 0.1 eVZ. oo

10'3;— LsnD E
Moreover, OPERA contributes to limit . ]
the effective mixing for |OW Am‘211 and 10;4075\ Ll ;I‘o“—él \mlwg"l H”:ﬂ‘l—i‘ \Illl\ﬂ ?I \HI:I(\J‘ {\ L Hm1
excludes Am3, > 4 x 1073 V2 for s,

maximal mixing.
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Summary

» Search for ve in full data set analysis is completed (17.97 x 10'°
p.o.t.)

» Number of observed v, candidates is in agreement with the
expected background and the standard oscillation signal

» Constraint on sterile neutrinos in the 3+1 flavour model

» Combined v,, — v and v, — v, appearance analysis in
progress...
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Beam contamination

Npeam Was obtained using a data-driven approach from the number of
observed events with no charged leptons:

_ Hzgec<5léec(”e)>
Npeam = No; S R£,<E?/(Vi)>’ (1)

i=p,e j=CC,NC

where

/ ue ol dE / / ¢,0l, dE, )

while R, are the interaction rates of neutrino and antineutrino:

AL, = [ 6.0, dE. @)
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3+1 analysis
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arXiv:1805.12028 [hep-ex]
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3+1 analysis

~standard oscillation ~ Exotic oscillation
P, v, ‘ ,
+ 0.5 C sin26,,, cos@,. sin2Ag; sin2Ay
— (' sin26,, sing,e sin® Az sin2A4,
+ 2 C sin20,. cos oy sin? Ag; sin? Ay
+ C sin26,, sing,. sin2Ag, sin? Ay,

term

Interference

C =2|UUg|

1.27AmL
P —
Aj = £

bue = Arg(U,3UzU,uUL,)
$in?20,6 = 4|U,.4 2| Uea|?

—\2
N 2 2 (amg, —am,)
—2InL=-2% " (minp— Nw)+> 5+ - . (4)
i =1 7 Tam,
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Event location procedure
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» TT data is used for a prediction of the bricks which contain the

neutrino interactions

» A large area of the corresponding changeable film is scanned (so

far 2’500°000 ¢ of CS surface analysed)

x10°

0
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Event location procedure

Scanning of Changeable Sheets: two large facilities

Scanning speed per facility: improvement
during the run

35000
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» LNGS: 10 microscopes, 200 cm?/h
» Nagoya: 5 S-UTS, 220 cm?/h
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Event location procedure

;kLocation efficiency
.:-JHEP 11 (2013) 036 _

€, With MB analysis

> 4 2008.2000 conrl sample
o o
03 :—E ® ludata
02F 041 MC sys.=(10-20)%
o TuNCsysto%
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| | |
o050 e H e T ko0 600 oo
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brick exposure at the surface
laboratory to collect cosmic-rays for
alignment

scan-back: CS-tracks are followed
upstream from film to film to find the
v-interaction vertex

total-scan: scanning of the 1 cm?
around the vertex in 15 plates is
performed

scan-forth: improvement of the
momentum measurement of the
reaction products New J. of Phys. 4
(2012) 013026

decay search Eur.Phys.J. C74(2014)
2986




Decay search procedure

>

Primary vertex definition

» visual inspection of segments on the vertex plate
> impact parameter < 10(5 + 0.01Az)um, ifAz < 500pum

Extra-track search
» selection of tracks reconstructed in the volume but not attached to
primary vertex
» identification of e™ e~ pairs by visual inspection
In-track search

» search for small kinks along the tracks attached to the primary
vertex

Parent search

» search for a track connecting the selected extra-track and the
primary vertex

v

v

v

(more details: arXiv:1404.4357 [hep-ex])
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