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The long way to appearance

- Disappearance a “leading” effect: deficit of atmospheric v, -

— 1998 discovery of v-oscillations by Super-K, MACRO, K2K ...
- Appearance on the other hand:

» At the solar scale. Reactors and solar v.
v.— Vv, "IMPOSSIBLE": p is below threshold

« At the atmospheric scale. Atmospheric-v, artificial beams.

V,— V. 'RARE" v,— Vv, "DIFFICULT"!

0,, suppression ? mass suppression, small ct
* Today's perspective *

- Reactors: no... 0 _ i1s BIG ! Confirmed difficult, but event-
« Appearance seen by T2K by-event detection achieved by
and NOVA (with few POT) OPERA & SK (with a much lower S/B)
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The OPERA road map

An experimental and technological challenge:
- Beam: O(10) more energetic (17 GeV) than any other LBL (m ). 732 km baseline

* Detector: “fine-grained” O(100) more massive (1.25 kt) than SBL precursors (CHORUS)
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CNGS RUN

T Emulsion scan
T

Verify the v, = V; oscillation
at the atmospheric scale.

VvV, appearance event-by-event

in an artificial vy beam.
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CNGS RUN
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The CNGS beam for vu—> v

<EV>

L/<E, >

17 GeV
43 km/GeV

The oscillation peak for L= 732 km
at ~ 1.5 GeV (similar to NuMI) but here
the goal is to produce t leptons

— unbalance at higher energies

N(t)~ Pr(vu—w,c) X G, cc(E) X flux
Fluxes:
VeV, ) v, 0.9 %
v, v, 2.1 %
Vv, prompt (from D ) negligible

Interaction rates (1.8 x 10%° pot ):

~ 20k v, CC+NC
66.4 v_CC (not efficiency corrected)

4

DESIGN: 4.5-10*° potlyear, 200 daysly per 5y

Vuﬂuence at Gran Sasso (pot GeV mz)']
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Threshold for t at ~ 3.5 GeV.
Slow rise.
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The v_detection challenge

u s
, ~ Detectafewv, ¢ from
— e = ‘d/,“‘.‘ ...... u G .
v, the bulk of V ‘_,_::«; Nl Kintk
= '.',',-g: .................
T = w Vrvu 17 % .H: ............
——— 06“‘“‘ kink T ey, 18% “short” decays: IP
T 2 h v_n(n° 50 % -

multi-prong T P T T T v.n(n’) 14 % /'\'\:}&_ | Pb

S r"““‘ I

Modular detector of “Emulsion Cloud Chambers” (or bricks) DH -------------------

Reconciles the need for:

 Large mass
e N_oc (Am?)2 M
« Extreme granularity

target

0%,

o ~ um
= ~-— - OPERA
OPERAFilm % 57 plates Film IBFaa':%
. Le?d x 56 platels 2016
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The OPERA detector Uyl iesolion
/V"~3° slegtronicgracks
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bricks |
31 scintill. | |

planes | | Brlc
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Hybrid detector:
Emulsions + electronic detectors

BOREXINO

Brick-finding™ + several ancillary facilities “off-site”:
. » Emulsions “refreshing” JP & Gran Sasso
- » Assembly/disassembly of bricks Gran Sasso
Ih— |  Labelling and X ray marking Gran Sasso
tﬁ\ ,  Automatised development Gran Sasso
.2 = | «Scanning of CS doublets Gran Sasso
e Scanning of bricks EU & JP
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Super Module 1

\ g
“ " -l:=i

Super Module 2

7 candidate
event

_____ iy

fﬂl”l'

h il

CS: confirmation, trlggerlng

of the scanning in the brick:
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Location efficiency:
e CC:74%
 NC: 48 %
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LNF)  Results from OPERA Lake Louise 2016




Collected
samples

The 5 year long CNGS run

has ended in 2012.

1.8 x 10%° p.o.t. collected

80% of the design (2.25 x 10%)

19505 neutrino interactions

In the emulsion targets.

Target mass (kg)

2008 123 1.74 1698
2009 155 3.53 3693
2010 187 4.09 4248
2011 243 4.75 5131
2012 257 3.86 3923
tot 965 | 17.97 19505
9
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of the emulsion films
Bricks are ordered according to their probability m—f-

Progress In the analysis

of containing the interaction vertex.

Analysis status:

« 2008-2009 completed up to 4" brick
e 2010-2012 completed up to 2™ bricks

18000

16000}
14000}

12000}
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2000

0

> 6600 fully analysed bricks

[

Events reconstructed in the target
Events with at least 1 brick extracted
Events with at least 1 CS scanned
Events with a positive CS result
Events with a brick scanned
Interactions located in the bricks
Decay Search Completed
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TOP VIEW [Horizontal projection)

0) tracks tagged in the CS films are followed upstream until a stopping poin

ﬁ_
o
EI—

SIDE VIEW [Wertical projection)

» > llpe

Leap from
20 m - 10(

(essential role
of CS films)

t is found

1) base-tracks in the 12 films of the a volume centered in the stopping point are reconstructed
2) cosmic ray tracks (from a dedicated exposure) are used for the fine alignment of films

3) passing-through tracks discarded — vertexing algorithm

1Lm

A v vertex in the emulsion
(more tipically in Lead)
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Location efficiency  sepu oo

Ou and 1u samples

Data-Monte Carlo comparison
of the location efficiency as a
function of the visible energy in
the target scintillators

—

82 -
c—% 0.92— \\ \\ AN \\\
- . o *°E \\\\ \\\\\\\ N
Hybrid detector: = 0_7; \,
a complex simulation! —> H 0_6’3} . [
Reasonable agreement. T sE T
g ¢ 2008-2009 control sample
04—
The prediction for the = oo S
. TE L ] u data
signal and backgrounds o2 0 1 MC sys.<(10-20)%
relies on the efficiencies as oiE- N 1 MC sys.=10%
measured in real data T T T T T P P PR
0 100 200 300 400 500 600 700 800 900 1000

E.r (MeV)
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-~ v_background characterisation:

Monte Carlo simulation benchmarked on control samples.

CC with charm MC tuned on CHORUS data (cross
production (all section and fragmentation functions),

channels) IF the primary v X K,  validated with measured OPERA charm

lepton is not identified and A
the daughter charge is not D

(or incorrectly) measured h+ Reduced by "track follow down",

+ events.
l B Eur. Phys.J. C74 (2014) 2986
procedure and large angle scanning

Hadronic interactions

Background for T — h vu
| Voo D FLUKA + pion test beam data
------------------------------------ Reduced by large angle scanning and
\\/ h nuclear fragment search
PTEP9 (2014) 093C01
Large angle muon w Improved knowledge bringing this
scattering % contribution to a negligible level:

GEANT4 simulation benchmarked on

\\\ real data from the literature.

IEEE Trans. Nucl. Sci. 62,5, 2216-2225
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Validation with the CNGS Charm and v decays

are topologlcally

charm events sample similar

Test for: reconstruction efficiencies, description of
kinematical variables, charm background.

54 * 4 expected -~ 50 observed

® 25 @ 20
é F charm MC ‘ 5 18 charm MC
- =
(1] - w
20(- KS / A and hadr. int. MC 16 KS/ A and hadr. int. MC

® data 14 ® data

° 1.3 mm
10 + <IDA : : 5
+ + Eur. Phst C74 (2014)8 2986

8
B +
n
sk 4 < =
i + + ++ + Q0.25 j MC vy CCint.
+ 2f E L
UU 1000 2000 3000 4000 5000 20 40 60 80 100 120 140 160 180 "6 : + e data
Decay length (um) o(degree) E 0.2 B Entries: 2648
_Q 4
£ *F £ aof £ B .
£ charm MC gt charm MC 2 [ Data-MC for the impact
o K$ /A and hadr. int. MC 25k K / A and hadr. int. MC o0.15~ parameter of tracks from
8 ()] B . ;
30f- * data ok ¢ data N 7 Y VMCC Interactions
R - 4] L
25k + : € 0.1 -+
20 ‘53‘ 2 B
15:} 10 | B 4
1o + _+_ : 0.05|- -
£ +++ 5 + L B Z<Iag |.P. (um)
% 50 100 150 200 250 300 350 400 450 5&0 % 10 20 3?“4_0' "50_'*'—5'0' 70 80 90 100 ol Vi i :—
Impact parameter (um) Muon momentum (GeV/c) 0 2 4 6 8 10 12 14 16 18 20
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OPERA v_appearance

Channel |- bacrll;;ilund - Expected signal| Observed
T —1h| 0.04x=0.01 0.52 £0.10 3
T—3h| 0.171+0.03 0.73 £0.14 1
T —p [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

5 candidates (1 leptonic+4
hadronic) fulfilling the
kinematic selection defined in
the experiment proposal

5.1 o exclusion of the
background-only hypothesis

[PRL 115 (2015) 12, 121802]

15

Signal/background ~10

N, o« (Am2,)2L2 / $(E)e(E)Z

OPERA (1 appearance)

DAYA-BAY (normal)
PRL 112 (2014) 061801

T2K (normal)
PRL 112 (2014) 181801

MINOS (normal)
PRL 112 (2014) 191801

PDG 2014

Am?_ :[2.0, 4.7] x 10 eV?

90% CL
Feldman&Cousins
full mixing.

s vv v by v v o bev v v vy pa

1

5 6
Am,, (107°eV?)

A. Longhin (INFN LNF)
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v -V : steriles? v U b -
u ’C el e2 e3 K
u. U, U, (U
How is the appearance probability is modified S L
by one possible extra (sterile) state (3+1 scheme) ? v, U, U, (U,
A i Usl Us2 Us3 Us4
2 2| .. 2831
P(Vué\’r):‘l‘ng HUT3 SIN —=  sitarncdard
(normal hierarchy) 2
A JHEP 06 (2015) 069
+4u, U, sinzf exotic [ (2015) 069]

+2R (U ,U_,U,,U,|sinAsin A,

A
~ * * . 2 31 .
-43[U,,U_ U, ,U,|sin — sin A,
) ) , A, . A, Interference
+8R|U,,U. U, U,|sin 5 sin—

~ * * o o A41 _A 1
+4\5[UM4UT4UM3U13]smA31sm7 Ay=—FF

Arich structure:
- can result in an increase or decrease of expected number of v_events

 sensitive to new CPV phases + mass hierarchy (unlike short-baseline exp.)
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vILL — V! effect of a sterile ?

v_rate only analysis

Expected v_events Long baseline, high-E:
a wide range of Am?, from 10 to 1 excluded
Normal hierarchy - AN
— Less events for sin°26,, > O(107)

—

\

L

Lo
E 'L ——— OPERALH.90%C.L. 4
~=< OPERA N.H.90% C.L. &N
107
NOMAD 90% C.L. N
10.3 W
CHORUS 90% C.L. W

107 107 10" 1
sin” 20,

N. events
=
<—DL. S

. . : With normal hierarchy a sterile
S111 QQW- = 2 | UM4 ’ |UT4| neutrino close enough to m,
would suppress v_appearance
well below the 5 observed events
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vlLt >V effect of a sterile ?

« For|Am?,,|>1 eV?

* Dependence on the new CP

violating new phase ¢
» Peculiar of long-baseline \

_ = __________________ e

¢ = Arg'(UZ?)U:SUZzL :4)

OPERA

0.8}

. 06f | %
T 04f ] * sin®26,, < 0.119 at 90% CL integrating over ¢
02 . inthe |U_|* vs |UM|2 plane: complementarity with
| disappearance experiments (MINOS) is visible
0.

3 e———— ....1.0_1 P—— ....1.00

2
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505 Ou interactions (2008-09 runs)

e
<
A candidate |
A
ele Urog p =
f.#
//
/(
///_H_: y showers
E‘.-"'Eaa |
2 Imm T \E?qu:;zf:;::f; ¥
10 mm ECC cs
E < 20 GeV
v_candidates 19 4
Background | 19.8 + 2.8 (sys.) 4.6

Number of events / 10 GeV

—_
o~

>
A
8
o C
£
<

sin®20 _ <7.2x10°(90% CL) —»

. - - oscillated v_ by 3 flavor oscillation
[ v, beam contamination >
6 | ©
— BG fromt— € : %
L D>
5(— BG from NC with z° O
E —+— Data
't Hi- [ (2013) 004]
3f- —
- 0.9% beam
2 — - - L ]
- I I contamination
1 I
0 P 1 1 I L 1 1 | 1 1 1 { 1 1 1 l 1 1 1 I 1 1 l I 1 1 1 I 1 1 1 I 1
0 20 40 60 80 100 120 140 160
. . . Reconstructed energy (GeV)
Effective 2-flavour oscillation
107 = [ LsND 90% C.L.
E = [ ] LsND99% C.L.
= = KARMEN 90% C.L.
B NOMAD 90% C.L.
SC=y 'zl BUGEY 90% C.L.
10 ‘ s CHOOZ 90% C.L.
- MiniBooNE 90% C.L.
- MiniBooNE 99% C.L.
B ICARUS 90% C.L.
U=n OPERA90% C.L. (Bayesian)
101
10-2 bl 111 I

10

3

102

10 1

sin’(28,_,)

Final analysis with the full data sample close to completion (x 2.5 increase in sample)
Will include rigorous 3+1 treatment — A. Palazzo PRD 91, 91301R (2015)

19
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Conclusions

* 5 v_candidates with a 0.25 event background discovery of
* No oscillation hypothesis excluded at 5.1 o V_appearance
T

« Search for anomalies in v, oV, and v, —v.ata unique L/E.
o First limits on |UH4|2|UT4|2 from direct measurement of v_

Outlook

= 0.4

0al Scalar sum of

momenta

 Emulsion analysis ~ complete : measured in the
+ Results v —v_ with full statistics soon °2- bricks
e Ongoing characterisation of events L L .

failing the cut-based appearance T

nalysis (marginal even Il havin
analysis (marginal events) still having - —| |||~ |— =
a significant v_purity g 10 20 3 0 Gevid?
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Image taken using OPERA emulsion film with pinhole hand made camera
courtesy by D.onato Di Ferdinando (ANFN -Bologna)
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Belgium
IIHE-ULB Brussels

Croatia
IRB Zagreb

France
LAPP Annecy
IPHC Strasbourg

Germany
Hamburg

Israel
Technion Haifa

22
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CNGS transverse-plane view

The 2" candidate (t — 3h)

) 5 parent vie
% i ok view
S 1 0.2
a” [ 0.t d 5%
Event: 11113019758, 23 Apr 2011, 07:15 (UTC), YZp [ ot
N . 0.5 02k
. . L X DI:3-| 1 1 1 1 L 1
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. - - -1 -0.5 0 0.5 1
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>
Try trk
Emulsion Plastic base Emulsion
T v,
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a.u.

The 3" candidate (t - )

| PLASTIC |

p()

FILM

38

0.1

Decay in the plastic base

0.09
0.08
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15

25

001

0010015
p, (cm™)

Phys. Rev. D 89 (2014) 051102(R)

. P,
| p, (GeV/c)
i )
[ >
: S
T =
0.5 e
of
j 155° PO
-0.5F
- Y
'1-_\ | T | l
-1 -0.5 0 0.5 1
TT upstream module empty walls RPC / iron slabs
340;_ I PT1 PT2
3205,
300 s S|
280~ RN
260 - [
240~
220 8
= Charge of daughter muon
200E" measured by bending in the . X
180 iron with RPC detectors
160 | g LILRR LSRRI IERRIEY ) (e, , | J\:“L
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PTEP 2014 (2014) 10, 101c01:~~".
The 4™ candidate (t — 1h)

Target Tracker (scintillators) Drifttubes | "¢ | RPC +iron
L4

m 3 N i 1 .
Il = h I\FFJ-\ . I 1 daughter

4

s n____ __ . e
" ! i\ il . ._._._____.;:_:_____ _____
| ' d Interaction
i pattern
N (t - h)
-
L pGUET‘GQE ..

. +0.04
= 0.40_¢ o5

N Rlea,d (p) Plead

: ‘e, Primary stops in the
D<o0.8: hadron first iron layer

Flight length

1 parent

&'Cﬂ pn 200 pm
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The 5" candidate (t - 1h)

[Phys. Rev. Lett. 115
(2015) 12, 121802]

Event: 12227007334, 14 Aug 2012, 01:27 (UTC)] s
—~ 150 — | 1
LE} _ | |
— . " !
¢ | . F |
- o
-200 —
400 500  Z(cm)
Kinematical variables
Parameter Measured value Selection Criteria
Aorm () 151+1 =90
pss (GeV/e) 0.3 £ 0.1 <1
Orink (mrad) 90 + 2 >20
Zdee (M) 634 + 30 [44, 2600]
p?"Y (GeV/c) 11+ ~9
p%fy (GeV/c) 1.0% 57 >0.6 (no « attached)
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=t MC
= data

T—=h

t—=3h

3
P (GeVic)

s [ .
® L ==gMC
?'_ = data U
Is: T—=h
“t T—=3h |
I
ﬂlj}_"v'd_,_'_,_,_
- I — Y i e e I
% 50 100 150
'U'I" (degrees)
=
= =t MC
1= — data
t—h
0.5~
i T | e ey W ey '_.‘T‘.'_.‘_.#
uO 5 110 15 20
P 1GeVic)
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v_kinematic analysis

variable T—1h T — 3h T — [ T—e€
Candidate events lepton-tag No p or e at the primary vertex
have to fullfil Zdee (pm) [44, 2600] < 2600 [44,2600] < 2600
kinematical cuts: = i (GeV/¢) < < / /
CDIH (rad) >ﬂ'/2* >?T/2* / /
defined in the experiment pr? (GeV/e) > 0.6(0.3)* / > 0.25 > 0.1
proposa| to enhance the p-‘z?"y (GeV/c) > 2 >3 >land <15 > 1and <15
S/B ratio Orini. (mrad) > 20 < 500 > 20 > 20
M, Mopin (GeV/c?) / > 0.5 and < 2 / /

29
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Hadronic background:
7 test beams

24

il

20

Kink angle (1 prong)
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Nuclear fragments: a smoking gun for the

occurrence of an & interaction instead of a decay.

Nuclear
\ / Fragments
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: Interaction rate

o CERN 1 test beam i

B % | i
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- ® data

s FLUKA simulation
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Hadronic background rate per located event: T - (3)h = (1.5)3.09 x 10°°
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The ECC

12.5cm

o ECC properties

* 56 of imm thick lead

plates interleaved with 57
emulsion films.

e 8.3kg / brick
* 10 radiation length
* 150,000 ECC bricks
* 1.25 ktons
e g million films
* Capability
* Micrometric accuracy
vertex analysis

e Kinematical analysis

« Momentum measurement
by MCS.

« EM energy measurement
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The atmospheric muon charge ratio |

* The atmospheric muon charge ratio R, = N,./N
is being studied and measured since many decades

— Depends on the chemical composition and energy spectrum of the
primary cosmic rays

— Depends on the hadronic interaction features
— At high energy, depends on the prompt component

* Possibility to check HE hadronic
interaction models (E>1TeV) in the
fragmentation region (phase space
complementary to collider’s one)

* Atmospheric muons are kinematically
related to atmospheric neutrinos (same
sources) > R provides a benchmark for
atmospheric v flux computations (e.g.
background for neutrino telescopes)

> July 2014 M. Mauri, ICHEP 2014 2
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p(primary) i
nucleus

Cosmicrays:R=N /N

(l.]\'f[\'j:
1+ bK(":“ COS 9/61\'

Highest-E region reached!

0

x Ricx
WX T g con e, K

opposite magnet polarities runs

- |lower systematics o 16
o OPERA K model
: = A L3+C e 7K + RQPM model -
Strong reduction of the charge 3 i5 Ut;h ,,,,,,,,,, K + QGSM model single
ratio for multiple muon events  § mnos 7K +VFGS model |
1.377 £ 0.006 o cMS | .

1u 1.4
Multi-w  1.098 £ 0.023

-
ay, \
., d |
- "u
’ ..
-

Results compatible with a 1.3

simple 11-K model = ,| o .

No significant contribution of 1'2:_

the prompt component up to - — +

E Cos 0 - ~ 10TV jar f=05512£0.0014 e
-~ f.,=0.705£0.014  anxvorg/abs/|403.

o o - (accepted by Eur. Phys. . C)
Validity of Feynman scaling in o T R R E Y] R R ET] B
the fragmentation region up to 10° 10° 10° . 10°
E ~ 20 TeV (E, ~ 200 TeV) e, €os 0* (GeV)
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