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— v, disappearance: a “leading” effect: deficit of atmospheric v (1998)
» Discovery of v-oscillations Super-KAMIOKANDE, MACRO

— On the other hand ... appearance:

At the solar scale. Reactors and solar v.

Ve—> V,, L is below threshold!

At the atmospheric scale. Atmospheric-v, artificial beams.
V,— V. "RARE"... 0,3 suppression ?

V,— V. “‘DIFFICULT” I (mass suppression, small ct)

Today's perspective (after the ... “2013 appearance revolution”)
Vu—)Ve
- Disappearence of anti-v_at reactors (2012, Daya-Bay, RENO, DCHOOZ). 613 is indeed BIG !
» Appearance seen by T2K at the JPARC beam (— talk by Y. Petrov)

V.oV Event-by-event detection: achieved by OPERA

An experimental and technological challenge. 732 km baseline. Beam O(10) more
energetic (17 GeV) than any other LBL (m(t)). A “fine-grained” detector O(100) more
massive (1.25 kt) than the precursors SBL (i.e. CHORUS)
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Verify the v —v_oscillation at =
the atmospheric scale _. .
v, appearance event-by-event [E=L7, km
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IHENGIN G SHIEANTINOIRVEEAN,

<E > 17 GeV
L/<E > 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:
(Vetv,) Iv, 0.9 %
v, v, 2.1 %
V. prompt (from D ) negligible

Interaction rates (1.8 x 10%° pot ):

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

4

v

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

x 107
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I vufluence } T
0.1}

0.05/
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E (GeV)
Threshold for t at ~ 3.5 GeV.

Slow rise.

A. Longhin (INFN LNF)  Results from OPERA DISCRETE 2014



‘0
!
CC
B w Detect a few v =~ from
v the bulk of v

T
17 %

T AUV,
____<\ kink {T-)evtve 18 %
# T 2 h'v n(rn) 50 %
multi-prong T 2 T’ T v.n(n°) 14 %

Modular detector of “Emulsion Cloud Chambers” (or bricks)
Reconciles the needs for:

10

« Large mass
* N.< (Am?)?2 M
 Extreme granularity

target

o ~ um
v
OPERAFilm % 57 plates
5 Lead x 56 plates
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.
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Film

Lead
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bricks
31 scintill.

@)
Z
>
Ll
14
O
m

Hybrid detector:
Emulsions + electronic detectors

f
+ several ancillary facilities “off-site”: /

“Brick-finding"
.  Emulsions “refreshing” (JP e LNGS)
g « Assembly/disassembly of bricks (LNGS)
i— 1  Labelling and X ray marking (LNGS)
t’;\\  « Automatised development (LNGS)
*~2 = «Scanning of CS doublets (LNGS)

« Scanning bricks (Europe + JP)
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Target area U spectrometer

~ 150.000 bricks in total.
1.25 kt mass




Super Module 1

Super Module 2

7 candidate
event

"|I g

cs: confirmation, trlggerlng -

of the scanning in the brick:
© 100}
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Accuracy of predictions from
the electronic detectors:

e position: 1 cm
. slope' 23 mrad

e
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Location efficiency:
e CC:74%
* NC: 48 %

Changeable
Sheet (CS)
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Target mass (kg)
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.25 x 10%)
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- . i Y ' ) g 008 Brick probability data/MC  —
EIOUIESSHIRHENIEI/STSHE g
5 - * 1%data
".'I| ~ N '--\-I y -'.-I » —a § 061 A nd
gf irg 2tlsion illgs e 2 sta
0.05 — _ ~»nd
Bricks are ordered according to their probability =—- - 2me
of containing the interaction vertex. il
0.03
Analysis status: oozl
« 2008-09 1° and 2" bricks completed i
e 2010-12 1* bricks completed M
00 - IOI.1I 0.2 - :{)SI - l04I - 05 06 07 08 09 1

Probability

> 6000 fully analysed brlcks

18000 — Events reconslructed inthe target !
16000 i Events with at least 1 brick extracted
— Events with at least 1 CS scanned
- Events with a positive CS result
14000 — . .
— Events with a brick scanned
|| s |nteractions located in the bricks
12000 — D
— ecay Search Completed
10000 |- '
8000 - e 2010
6000 —
4000 —
2008
U L ; ‘ | | | L 1 | | | | | | | | | | | | 1 | ‘ | l | | | | | | | |

2008/12/31 200011251 0101205 2011/12/31 0122 2013/12/31 : —
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0) all tracks tagged in the CS films are followed upstream until a stopping point 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 are discarded and the vertexing algorithm reconstructs the vertex.
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41

20

200

TOP VIEW [Horizontal projection)

iz m Ih
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SIDE VIEW (Vertlcal projection)

1 1 1
1000
Z jomjy

L Il 1
S04

» > llpe

20 m-100

(essential role
of CS films)
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A v vertex in the emulsion
(more tipically in Lead)
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Ou and 1u samples

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

|

—

824 =
c_g‘f 0.9 ;_ N \\i\\\\\\\ \\\k \\’ \\
_ o 08 \\\\ R
Hybrid detector: = B \\\\ \ \ SR : l |
a complex simulation! = 3 GENNCN o s |
Reasonable agreement. o E I
g ¢ 2008-2009 control sample
04—
The prediction for the = 0sEl S
5 c TE L ] u data
signal and backgrounds is N 01 MC sys.(10-20)%
based on efficiencies oiE- L 1 MC sys.<10%
derived from the observed ST P T P T PR T PO P
0 100 200 300 400 500 600 700 800 900 1000
Ou and 1u samples E,r (MeV)
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L
Monte Carlo simulation benchmarked on control samples.

CC with charm MC tuned on CHORUS data (cross
roduction (all - section and_ fragmentation functions),
fhannelS) IF théaprimary \ X H.e validated with measured OPERA charm

lepton is not identified and l ut events.

,e

the daughter charge is not Ny/

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

procedure and large angle scanning

Hadronic interactions

Background for T — h \Y

m FLUKA + pion test beam data

A%
1}
Reduced by large angle scanning and
\\/ h nuclear fragment search
)

Large angle muon

scattering \Y
Background fort — L Measurements in the literature (Lead
form factor), simulations and dedicated

test-beams (in progress)
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ok | E =2 GeV

MNumber of events
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Emisstion angle (rad)

%

Nuclear fragments: a smoking gun for the

occurrence of an & interaction instead of a decay.

Nuclear LR
\ / Fragments -
. /

Hadronic background rate per located event:

15

300

E L Interaction rate
B F CERN 7 test beam I
i zm: % : ' 1
B i |

s 7 data

sof - FLUKA simulation

Beam Momentum (GeV/c)

BRI = SRR R IR Sia, = DRBER - S BB i e St
N'.;J-huc\-loo\o.—

Nuclear fragments associated probability
<

E— P-robablhty of assomated
UCiear fl’agments ___________ ____________________________
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Beam Momentum (GeV/c)

T - (3)h = (1.5)3.09 x 10°
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V. anRIVSISHESUITS

variable T — 1h
lepton-tag No v or e at the primary vertex

T — 3h T = i T—e

Zdec (Hm) (44, 2600 < 2600 44, 2600] < 2600
pmiss (GeV/c) <1* <1* / /
gbgH (I‘El.d) > ?T/Q* > 71./2* / /
pr? (GeV/e) > 0.6(0.3)* / > 0.25 > 0.1
p?v (GeV/c) > 2 > 3 >land <15 >1land <15
Orink (mrad) > 20 < 500 > 20 > 20
M, Moin (GeV/c?) / > 0.5 and < 2 / /

Decay Expected signal Total Observed é 1'85 [t t(final sample)
channel Am,;?=2.32meV2?  background 3 1'65_ ;‘:::‘(::;"""' ¢s.)
t—h 0.41 +0.08 0.033 + 0.006 2 :‘ hadronc (o)
t—3h ESEED T 0.155 £0.030 1 1_ S/IB ~ 10
Y1 0.52 £0.10 0.018 £ 0.007 1 0sk
T3 0.62 £0.12 0.027 £ 0.005 0 0.6E
2.11 +0.42 0.233 +0.041 4 |




Phys. Lett. B691
(2010) 138

daughter

primary
vertex

r—p+v. (B.R. ~25%)

p-— T + 1 640* _ (stat.)"™ (sys.) MeV/c?

daughter

n’ — yy 120+ 20(stat) * 35(sys.) MeV/c?
I
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p_ (GeV/c)

x

Emulsion

parent view
0302010 010203

Plastic base

CNGS transverse-plane view
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PLASTIC

* |Decay in the plastic base

p. (GeV/c)

y
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Charge of daughter muon
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hedacandidateNa=adii

Target Tracker (scintillators)

) PTEP 2014 (2014) 10, 101C01

Drift tubes | o RPC + iron

- ®
n 3 m n . | | .
= L : '
] _!—'—-—-—!. .
4 "“1“—!'\&_4%_. i R I 1 daughter
il ' " Interaction
u pattern
ol T- h
L Paverage +0.04 O ( )
— — 0040_0.05
Rlead(p) Plead
®.. Primary stops in the
D<o0.8: hadron first iron layer

Flight length

1 parent

Em pm 200 pm
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: (L/<E>) _ ~ 500 km/GeV
x (Am2,)?L? / $(E)e(E) "](;f ) ip .
“"Steep" Am*dependence
— Counting based OPERA Preliminary (tau appearance) ®
measurement ANTARES (atm. neutrino) °
_ MINOS (anti-neutrino) ®
Feldman & Cousins MINOS (anti-nu atmospheric) - —
Am232 N [18’ 5] A 103 ev2 MINOS (nu atmospheric) : P
MINOS (atmospheric) o
Bayesian T2K o
Am232 =[1.9, 5] x 10° €V®  yiNos (2v, maximal mixing) e PDG
B T S S R S
@ 90 % C.L. Am3; (107eV?)
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e 5 :_ - oscillated v by 3 flavor oscillation
% E v, beam contamination >
[3] — 1
> 61— + O
.,g = - BG fromt— e E
8 s BG from NC with P o
€ — !
zZ Data ;
f e M- ;
; = JHEP 1307 (2013) 004,
: g = B arXiv:1303.3953 ;
A candidate 1 - |
- 2 | 0.9% beam 1
1 l contamination
T ] |
L 1
~ / = 1 1 1 | 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 L 1 I 1
clegtron) &= % 20 40 60 80 100 120 140 160
- Reconstructed energy (GeV
P (GeV)
|1
e
/ //// T ] LSND 90% C.L.
e 1 v showers > F [ ] LSND99% C.L.
. L OPERA |  KARMEN90%CL.
L] T L ——— NOMAD 90% C.L.
s = < | Sd=y89 W BUGEY 90% C.L.
e =1 | CHOOZ 90% C.L.
Cs - < ———— MiniBooNE 90% C.L.
B S— ———— MiniBooNE 99% C.L.
E <20 GeV T T | = ——— ICARUS 90% C.L.
I 4 1 T - OPERA90% C.L. (Bayesian)
/ .6 : \{
o Effective 2-flavour
—oscillation formula
10—2 1 L1111 I 1 1 1 | I T | 1 1 | L1 1 11 | ‘. 1 1 1 1 -I‘ 1-1
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How is the appearance probability is
modified by one possible extra
(sterile) state (3+1 scheme) ?
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* Rich structure. Can result in an increase or
decrease of expected number of v_events.

C,

~r

- Profile likelohood using v_rate only.

- Resultsinthe |U_|*- |UM|2 plane show
complementarity with disappearance experiments.
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p (primary) i

-l

SOSTNICHCYSHEI=N I,

e U— m
Highest-E region reached! b+ o Ar [t + Ry ap fr+
_ B 1+ brE cosb)er T+ b€, cost/eg
opposite magnet polarities runs ' '
— |lower systematics g 1.6
L OPERA nK model
. g -~ A L3+C "t nK + RQPM model sinale
Strong reduc_tlon of the charge 3 150 R K + QGSM model gie u
ratio for multiple muon events 5§ - mnos 7K + VFGS model
A 1.377 £ 0.006 < L R S
H 1.4
Multi-i 1.098 £ 0.023 -
Results compatible with a 13
simple 1t-K model =
- . 12
No significant contribution of -
the prompt component up to - — +
[ A . f.=0.5512 + 0.0014 .
u = fr,=0.705 + 0.014
Validity of Feynman scaling in o) I Y B A AT RS T AR
B . 2 3 4 5
the fragmentation region up to 10 10 10 L. 10
E” ~ 20 TeV (E, ~ 200 TeV) e, COS 6* (GeV)
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Conelisions

1.8 x 10*° pot by CNGS from 2008-12 (80% of design)
4 v_candidates so far with a 0.23 event background

* No oscillation hypothesis excluded at 4.2 o

Observation of v_appearance !

e Search for anomalies in

v »v andv -v ata
v e u T

peculiar L/E. First limits on
|UH4|2|UT4|2 from direct

measurement of v

* Interesting cosmic ray
physics results (muon
charge ratio)

25

Am? =[1.8, 5.0]

5 |
S
l.

0.5]

|—

3 (t—>p’) 2013 |

-

%

~

x 10° eV2 (90% CL)

4

N

2nd (t—=3h) 2012 4t (—h) 2014

20
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15t (t—h) 2010

vt t—h 24.3%%3
2 ¢ 3k 12.7%23
34 T 6.813:2

4t t—>h 14.4%33
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~Image taken using OPERA emulsion film with pinhole hand made camera
courtesy by D.onato Di Ferdinando (INFN -Bologna)
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| %

' Y
I=CC
o ECC properties

* 56 of imm thick lead
plates interleaved with 57
emulsion films.

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

e Kinematical analysis

» Momentum measurement
by MCS.

« EM energy measurement
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The atmospheric muon charge ratio

29

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)
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