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OUTLINE OF THE TALK

* The OPERA experiment and its detector
* The analysis chain

* Oscillation physics

* Background studies

* Significance of the results
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PHYSICS: FROM NEUTRINO MIXING TO OSCILLATIONS

/

4 N
Ve Ue 1 Ue?., Ue3 Vl
v, ITIU, Uy Upsllv,
\ V'r UT 1 U)f;Z U'r3 V3 /
3x3 Unitary Mixing Matrix
PMNS (Pontecorvo-Maki-Nakagawa-Sakata) Matrix
Ve 1 0 0 I SE 0 sy e—mw\ c S O0)[v, \
vV, |= 0 ¢y sy 0 Ny 1 0 —S;p ¢ 0]V,
\ 0 —syp cnf|l—s,e’ 0 Ciz | 0 0 1/lv,

18/06/15

Amospheric v, SuperK,  Chooz, Daya Bay, RENO, T2K,

K2K, MINOS, T2K

OPERA

MINOS, NOvA. ...

Solar v, Borex, SuperK,
SNO, KamLAND, ...

Am?,, = (2.44 +0.06) 107 V2

0,,= (8.88 + 0.39)°

Am?2,, = (7.53 £0.18) 105 eV?

0,= (45.8 +3.2)°
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THE OPERA EXPERIMENT

First direct detection of v, = v, oscillations in appearance mode
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g ZE— DAL, _E
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Following the Super-Kamiokande (MACRO and — <5 4 %% ehed na90% ol CL Contour =
. . . . 0 3.85— —— T2K [NH] T2K [IH] _E
Soudan-2) discovery of oscillations with ¢, scvom MINOS 3-flavoratm [NH]
atmospheric neutrinos and the confirmation with E M E
solar neutrinos and accelerator beams ;57: 3E =
2.8 =i 4
. .o o . iy L =, 26F 4=
....v) An important, missing tile in the oscillation Z 2af e
plcture Ngz.z_—..ll..yllu.I.|.‘|..HI||..I|...I‘||.I‘...I‘—:m.il..ul.:ﬂuluu
g 2 03 035 04 045 O. 055 06 065 07 o1 2 3 4

sin’(8,y)  -24InL

PRL 112 (2014) 151501
The PMNS 3-flavor oscillation formalism predicts: (<014)

[ P(v, = v;) ~ sin” 2093 cos 013 sin®(Ams, L/4E) ]

Requirements: 1) Long baseline
2) High energy neutrinos

3) High intensity beam
4) Detect short lived Tt leptons
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THE PRINCIPLE:

HYBRID DETECTOR WITH MODULAR STRUCTURE

ECC brick |

............................

emulsion layers

electronic
rackers

interface
films (CS)

]

|

t DECAY

CHANNEL | BR(%)
T —u 17.7
T —¢ 17.8
T —h 49.5
T —3h 15.0

Small neutrino cross-section and beam divergence: massive active target (~ 1.2 kton)
Detect t-lepton production and decay: micrometric space resolution

Underground location (10° reduction of cosmic ray flux)

Electronic detectors to provide the“time stamp”, preselect the interaction brick and
reconstruct pu charge/momentum
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THE OPERA COLLABORATION

140 physicists, 26 institutions in 11 countries

Belgium Russia
ITHE-ULDB Brussels Italy I] INR RAS Moscow E
Bari LPI RAS Moscow
Bologna SINP MSU Moscow
Frascati, JINR Dubna
= Naples
Croatia Lo aples
IRB Zagreb - Padova
Rome
Salerno
France Switzerland
LLAPP Annecy Bern
IPHC Strasbourg
apan
Germany 5 Kobe METU, Acpuey
Hamburg Nagoya
Nihon
~ Israel 7 =
Technion Haifa | %% I%%ﬁ? ﬁ‘@

http://operaweb.Ings.infn.it
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CNGS BEAM AND LNGS SITE
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CNGS BEAM

Tuned for v_-appearance at LNGS

. BRoGA% muon detectors
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LNGS OF INFN

The world largest underground physics laboratory

e ~180 000 m? caverns’ volume

s © ~3 100 m.w.e. overburden

e ~1 cosmic u/ (m?x hour)

. | * experimental infrastructure suitable
2 5 y to host detector and related facilities

“w_ | * caverns oriented towards CERN
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2008
2009
2010
2011
2012
Total

123
155
187
243
257
965

CNGS PERFORMANCES
Along five years (2008 + 2012) of data taking

1.74
3.53
4.09
4.75
3.86
17.97

Record performances in 2011
Overall 20% less than the proposal value (22.5)
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DETECTORS AND FACILITIES
IN OPERATION:

A VERY COMPLEX EXPERIMENT...
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Two target super-modules, each with an iron spectrometer for muon detection
JINST 4 (2009) P04018
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SCINTILLATOR STRIPS TARGET TRACKER
AND BRICK TRAYS

e >5p.e. foram.ip.

* ~99% detection efficiency = trigger

* position accuracy: ~ 8§ mm

 angular accuracy: ~ 15 mrad

Wean 002971
w0 RMS 8.148
180 72 I ndf 26.37/16
Prob 0.04901
160 Constant 1879476
Mean 0.09581+ 0.23482
140 Sigma 7.7744 0.210

[ m

mechanical structure: -
brick trays, only 0.5% of target mass =

AX (mm)
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THE MAGNETIC SPECTROMETER

Precision Tracker 1.55 T magnetic field bending particles
(Drift Tubes) in the horizontal plane
— * 24 slabs of magnetized iron interleaved
with RPC planes
“llll! | * 6 drift tube stations for precision
““ measurement of the angular deflection

% ° momentum resolution:
20% below 30 GeV
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NIM A602 (2009) 631-634 p x charge (GeVic)
New Journal of Physics 13 (2011) 053051
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THE ECC TARGET BRICKS

The heart of the experiment

Emulsion Cloud Chamber / sensitivity.30 grains/100 pm \
ECC mip i memeps s R
— : / :

- passive material e lead
(massive target)

: . . : eleétron ~100 keV
- tracking deV.ICC ey nuclea}r it _ : &
(high resolution) emulsions —> p

g - 1
) .

A\

\@g,h dE/dx tracks from nuclear evaporation_ /

300 pm NIM A556 (2006) 80-86
«—>

* The OPERA target consists of
150°000 ECC bricks

e Total lead surface: 105’000 m?
e Total film surface: 110’000 m?
(~ 9 million films)

, * Total target mass ~ 1.2 kton
emulsion films
Giovanni De Lellis, LNGS Seminar 16



BRICK MANIPULATOR SYSTEM (BMS)
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Extraction of “hit” bricks in parallel with CNGS data taking (quasi-online):

* initially used to fill the brick target (two twin devices at each detector side)

* fully automatic extraction of up to 50 bricks/day (neutrino interactions)
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OPERA BRICK HANDLING
30000
2014
2011 2012| 2013 —CS X-ray marked|
«» 25000
% 2010
E 20000 =g xtracted bricks
- 2009
8 15000
@ 008 —Brick X ray
-g 10000
-
S 5000 —Sent to the
cosmic pit
0 b

O S O S GINNNNN N M A AOA E  EV EE R=ea==-O OO O )
OFTROSOETRILD =ONIT =ONIT =0T =N O
week number

26115 bricks manipulated for event analysis

Each platform run for more than 200 km vertically and 125 km horizontally
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TARGET MASS EVOLUTION DURING RUNS
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FIL.M DEVELOPMENT FACILITY

* 6 automated lines running in
parallel in a dark room
* additional facility underground for
CS films

.

ECC developed
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~12500 bricks developed




INTERFACE FILMS

for the brick validation

Target Tracker - | p— T
scintillator strip) 2 T 4 2 ! n
>1002 LE_ 1
80 l
sof !—‘_."““
N ”[|\26.4mm N I
R N 40
: , L
A 20 n |
N ' C
N or I
AN i [
Changeable Sheit[J“ N 12, “ I T T R T JNT RNV R 2 2
thickness 3mm ’ HF. X (wm) -500
h
Entries 4240
- 121 ndf 102616
1200, Constant 1488 +31.7
S g
Two interface (changeable, CS) films packed in a - EE—
. 800 —
detachable box, glued downstream of each brick -
600/
Alignment of CS films by Compton electrons: 2.5 pm //::5_
JINST 3 (2008) P0O7005 A I
wm
So far ~3°110°000 cm? of CS surface analysed |
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SCANNING OF CHANGEABLE SHEETS

Two large facilities

240 cm?

canned Area/Month

Scanning speed per facility:

N
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Improvement during the runs

AL
S
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2008/Dec 2009/Dec 2010/Dec 2012/Jan 2012/Dec 2013/Dec 2014/Dec 2016/Jan

Super-Ultra Track Selector (Japa

E— |

2!

18/06/15
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IMPROVEMENTS IN THE SCANNING SYSTEM

PERA system

400 ' | V
200 /TJ\/ a -I
Scanning speed: ~180 c¢cm?/h

~10 times faster .

18/06/15 \ 2011-2014 R&D 1-2 years




INTERFACE EMULSION FILMS

High signal/noise ratio for event trigger and scanning time reduction

VMCC Iinteraction: muon track reconstruction in interface films

| Event: 9287104709, 14 Oct 2009, 18:14 (UTC), XZ projection I
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INTERFACE EMULSION FILMS

Validation of events without a u in the final state

v, N interaction: convergence pattern in interface films

Columns (top view)
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INTERFACE EMULSION FILMS

Electron shower pre-selection

One of the electron neutrino
events reconstructed
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TRACK FOLLOW-UP AND VERTEX FINDING

emulsion lead

Track follow-up film by film:

* Brick exposure at the surface v ] |
laboratory to cosmic-rays for :{> I
alignment I
* Definition of the stopping point B
film37 film38 film39 film40 film41 film42 film43 film54  film55  film56  film57 CS

* stopping point « scan-back direction

Volume scan:

« ~2 cm? around the stopping point
180 Entries 763
. i { ndf 495425
C Constant 1543+ B1
/,/—/ 140 Mean  0.4731: 0.0690
el F ;

T 120 Sigma 1.837 + 0.068

L1 C

v 1 e 100

—> <=t :

-\~\_\~\~\ ﬂl}:— O ~2 um

T T—HAL &0 -

T — C

anf

20 f

b -15 -10 -5 [ 5 10 15 20
AX ()



. OCATED NEUTRINO INTERACTION

Volume (~2 c¢cm?®) around the stopping point




I.OCATED NEUTRINO INTERACTION

Im to film connection

F1




L. OCATED NEUTRINO INTERACTION

Event location efficiency versus energy
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DECAY SEARCH

°*Primary vertex definition

- inspection of segments on the vertex plate
- impact parameter <10 (5+0.01 Az) um,
1f Az<(>)500 pm

T

s MC v, CCint.

; + ® data

o
N
|

0.15

I‘TTII

o
-

IIYYI'

Normalized number of tracks
4

0.05 |- 5

i sl sl glasgl i iglouelese.
0 2 4 6 8 10 12 14 16 18 20
IP (um)
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DECAY SEARCH

°*Primary vertex definition

- inspection of segments on the vertex plate

- impact parameter <10 (5+0.01 Az) um,
1f Az<(>)500 pm
*Extra-track search

- selection of tracks reconstructed in the volume
but not attached to primary vertex

- identification of e*e” pairs by visual inspection

® Gamma-ray

Imicron

<+«>

A close-up of an electron pair
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DECAY SEARCH

°*Primary vertex definition

- inspection of segments on the vertex plate

- impact parameter <10 (5+0.01 Az) um,
1f Az<(>)500 pm
*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
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CHARMED HADRON PRODUCTION

control sample for the T search
to check the efficiency =2 signal expectation

!

YY
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* Charm and 1 decays have the same topology
* Similar lifetime and masses

* Charmed hadrons from v, CC interactions

* Muon at the primary vertex

* Used as “control sample”

Decay topology Events

Expected  Expected Expected  Observed
charm background  total Background from
hadronic interactions
1-prong 212 943 30+ 4 19 o
2 14+1 441 18+1 22 (87%) and strange
Prons particle decays (13%)
3-prong 441 1.0£0.3 541 5
4-prong 094+0.2 - 0.9+4+0.2
Total 40+3 1443 54+4 50 Good agreement between
data and expectations
Eur. Phys. J. C74 (2014) 2986 ~10%

18/06/15 Giovanni De Lellis, LNGS Seminar 35



KINEMATICAL VARIABLES

Fair agreement between data and Monte Carlo  Eur. Phys. J. C74 (2014) 2986

25 20— / ‘
B | charm MC oF ! charm MC )
[ background MC had - I background MC
20 ® data 16~ ® data
Kolmogorov-Smimov test: 5 3 Kolmogorov-Smirnov test: H
CL.0219 3 C.L.0.069
o 15 12
<
o
>
g \
i ¢ < D, A
b
0 1000 2000 3000 4000 5000 0 20 40 60 80 100 120 140 160 180
Decay length (um) d(degree) k
45
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40 [ background MC I background MC
a5 ® data ® data
Kolmogorov-Smirnov test: Kolmogorov-Smirnov test:
30 C.L.0.124 C.L. 0.582
1] ) -
e t T
(0] q>) 15 =
= 20 w o
15¢ o 10[-
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STATUS OF DATA ANALYSIS

1

2

III|III|III|III|III|III||II

..................................................................................................................................

Events reconstructed in the target

Events with at least 1 brick extracted

Events with at least 1 CS scanned 2012 4 ........................... ..........................

Events with a positive CS result

Events with a brick scanned /

Interactions located in the bricks 20 1

Decay Search Completed \ \\ ........................... , .......................... ,

008

.................................................................................................................................................................................

e ¢ L R . e R S
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1
L

2008112131 2009112131 201012131 20117112/31 20121231 20131231 201411231 201511231

6932 located interactions
6612 decay search
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CosMIC-RAY PHYSICS

Surface ener :
g 16 S Measurement of TeV atmospheric
© - .
5 muon charge ratio
® 15 *
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o« 1.4 . *  CMS
F rmoael Eur. Phys. J. C74 (2014) 2933
1.3
11F o Vertical surface energy
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OSCILLATION PHYSICS
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v, —V, ANALYSIS WITH 2008/2009 DATA
one of the v, events with a n° as seen in the brick

WA NN

AA\\Y

/
P _—\

\\\ A\Y
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Interface
films

S

//
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S T
— ~ ——
R N~ o S iy — - 1
=3 = . —

2 Imm] = = —

I/II

il

1

10 mr ECC CS

Analysis based on 19 observed candidates (4 with E <20 GeV)
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SEARCH FOR NON-STANDARD OSCILLATIONS
AT LARGE Am? VALUES

102 [ LsND90% C.L.

% E E [ ] LSND99%C.L.

g = KARMEN 90% C.L.

Ngg - NOMAD 90% C.L.

£ Sd - 000000 | BUGEY 90% C.L.
10 ‘ ............ CHOOZ 90% C.L.

MiniBooNE 90% C.L.
MiniBooNE 99% C.L.
ICARUS 90% C.L. (F&C)
OPERA 90% C.L. (Bayesian)

JHEP 1307 (2013) 004

10"

Caveat: experiments
at different L/E

|| 1 1 L1111 1 -
10° 102 10"
OPERA limit at large Am?:  sin?(20,__,) <7.2 x 10~ (Bayes1an)

ICARUS limit at large Am?: sin?(20,_.) < 6.8 x 103 (F&C) EPJ C73 (2013) 2599

Current sample extended with more than twice candidates:
So far 49 observed candidates
9 with E <20 GeV
New paper in preparation
18/06/15 Giovanni De Lellis, LNGS Seminar 41
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v, —V, ANALYSIS STRATEGY

¢ 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

e 2010-2012 runs

— Pu <15 GeV/e, to suppress charm background

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

— Analyse the other bricks in the probability map
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CANDIDATE
As seen by the electronic detectors ...

THE FIRST 'V,

Event: 9234119599, 22 Aug 2009, 19:27 (UTC), XZ projectio!
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THE FIRST v, CANDIDATE

Transverse plane

Primary vertex<

1mm lead

... and 1n the brick

PL19 PL20

kink
4 point



THE FIRST v, CANDIDATE

... and 1n the brick

Physics Letters B691 (2010) 138
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THE FIRST v. CANDIDATE

Kinematical selection
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THE SECOND Vv CANDIDATE

As seen by the electronic detectors ...

| Event: 11113019758, 23 Apr 2011, 07:15 (UTC), XZ projection
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THE SECOND Vv CANDIDATE

... and 1n the brick

300pum 1mm 300 um
< >« ><€ >

i

|’L |’L Try trk

: daughter 2

0 1
113 pn daughter 1
daughter 3
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THE SECOND Vv_ CANDIDATE

... and 1n the brick

Journal of High Energy Physics 11 (2013) 036



THE SECOND v, CANDIDATE

Kinematical selection
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THE THIRD v_ CANDIDATE

As seen by the electronic detectors ...

| Event: 12123032048, 2 May 2012, 10:12 (UTC), XZ projection |
; I il il
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THE THIRD v, CANDIDATE

... and 1n the brick

P, (GeV/c)

: Y

38 41
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p (GeV/c)

y

Phys. Rev. D 89 (2014) 051102(R)
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THE THIRD v_ CANDIDATE

... and 1n the brick

~ Decay vertex
Primary vertex
- on
hadron———————_,




MUON CHARGE AND MOMENTUM

| Event: 12123032048, 2 May 2012, 10:12 (UTC), XZ projection |
3 300 — I T
2 — P
> — HH -
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= = magnetic field
g 200 — /
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.004—
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Event plot vl 201414 I S TR
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x 2
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200?
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180} - 5.6 ¢ significance
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THE THIRD v_ CANDIDATE

Kinematical selection
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Phys. Rev. D 89 (2014) 051102(R)
Evidence for the v_appearance

18/06/15 55



THE FOURTH v_ CANDIDATE

As seen by the electronic detectors ...

Columns (top view)

Rows (side view)

| Event: 12254000036, 9 Sep 2012, 22:00 (UTC), XZ projection | =
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THE FOURTH v_ CANDIDATE

.. and 1n the brick
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THE FORTH v, CANDIDATE

... and 1n the brick




PARTICLE ID: TRACK FOLLOW-DOWN

A powerful tool to assess the muon-less nature of the event

- stopping in the first iron
slab of the magnet
- muon hypothesis rejected

\__D =040Tq;

Charm background
)56/1fhypothesis rejected

=
004~
002f

----------

............

A"‘/" .." i ""."‘-( e e
02 04 06 08 1 1.2 14
Giovanni De Lellis, LNGS Seminar
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- Classified as hadron
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THE FOURTH v_ CANDIDATE

Kinematical variables

D LEAD LEAD LEAD
2=

a.u.
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STERILE NEUTRINOS

3+1 model: bounds from v, appearance with profile Likelihood method

~standard oscillation  exotic oscillation
P, v, = C?sin? Az + sin® 20, sin® Ay Amil > 1eV?
% +0.5C sin 26, cos ¢, sin 2A 3 sin 2A4; Aoy masimising ovor C:
% _ —C'sin 20, sin ¢, sin? A3 sin 2A41 E . 520 )
g 5 +2C'sin 20, cos ¢+ sin? As; sin? A4y (¢“T’ st HT
1+Csin26,,, sin ¢,,, sin 2A3,; sin? Ay

9, (rad)

6_— ;9000

SN C) ‘/‘of
N L27Am3 L bo90% CL \
B £ - N Q

C=2|UnU;|, 3_ &
Sur = Arg(UyaU;3U 4 Ury) 2 § //
JHEP _074P_0315 (2015) 7 Z
ArXiv:1503.01576 b b s b o b T e S b

18/06/15 Giovanni De Lellis, LNGS Se sin®(26,,.)




STERILE NEUTRINOS
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COMPLETING THE ANALYSIS OF THE
TwWO MOST PROBABLE BRICKS
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THE FIFTH v_. CANDIDATE

As seen by the electronic detectors ...

Event: 12227007334, 14 Aug 2012, 01:27 (UTC)
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ANALYSIS OF INTERFACE EMULSION FILMS

Brick 130577

Signall of e.m. shower

120
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THE FIFTH v, CANDIDATE

... and 1n the brick

plate
e




THE FIFTH v_ CANDIDATE

... and 1n the brick
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SEARCH FOR NUCLEAR FRAGMENTS

Search for nuclear fragments in an extended

angular range [tan0|< 3

Primary vertex

6 nuclear fragments

[ found

Secondary vertex

[

None

18/06/15

film 13

dau éhter

///Vl
Vo ‘T
Y D 0

film 14

e——

Primary particje

film 15
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PARTICLE IDENTIFICATION

v

primary particle d

primary particle

BRICK 1 CS1 BRICK 2 CSs2
Primary particle -—-—) Charm hypothesis
Followed in the downstream brick discarded
Hadronic re-interaction: 1 visible particle
Daughter -3  Hadronic decay
Hadronic re-interaction in the first brick channel

18/06/15 Giovanni De Lellis, LNGS Seminar 70



MOMENTUM MEASUREMENT

MCS method in the first brick

Daughter track Primary track
X rdf 2344013 | || 0.05F—~ ¥2 I ndf 1.636/13
0.0035 F -0 '
:‘; - Prab 0.9995 - g Prob + T 10.9999
& " pO _ #10es004 2 730.5 _ pO  [829/7+4B.06
E 0.003 _— T 0.04_\/ T
— - :d)
F ooz - - T T
o H - HH
c.o02f- TT >t
0.0015 :— 0.02__
0.001F -
. 0.01—
0.0008 |~ B
:l llllllllllllllllllllllll"lllll"' llllllllllIllllllllllllllllllllllllIllllll
L S RS S [ & R 7 I (R T % 2 4 6 8 10 12 14 16 18 20
cells

18/06/15

BP,,, = 0.8 [0.6, 1.1] GeV/c
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PRIMARY PARTICLE IDENTIFICATION

Grain counting method S | brofon
- Count all grains along the track S..f .pion
- @rain density (GD) proportional to the O S +
energy deposition dE/dx é 1
N f
I -
g R S— o
EMULSION FILM E “ '
. . | (EAY) o AT
MCS method in the first brick B ~ GD
BPh.y =0.8[0.6, 1.1] GeV/c . | |
T i \ e G.D. (proton)
T \ e G.D. (pion)
P
GDlry/GDﬂ- = 1.45 £ 0.06 E' 6 \ \ — dE/dX (proton)
s — dE/dX (pion)

(AE/d)proton/(dE /dz), = 1.38 £ 0.14

Consistent with proton hypothesis

p=(1.0+£0.2) GeV/c

18/06/15 Giovanni De Lellis, LNGS Seminar
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THE FIFTH v, CANDIDATE

Measurements performed in two different laboratories for
independent cross-check

LAB1 LAB 2 Mean
ID Slopes p (GeV/c) Slopes p (GeV/c) Slopes p (GeV/c)
Iry T 0.067, 0.056 - 0.075, 0.059 - 0.071, 0.058 -
pl -0.268,-0.086 pp 0.74 -0.270, -0.081 pp 0.8 -0.269, -0.084 1.0
[0.67, 0.82] [0.6, 1.1] [0.8, 1.2]
2ry daughter | -0.018, 0.057 10.3 -0.016, 0.062 11.0 -0.017, 0.060 10.7
[6.1, 33.5] [7.1, 24.9] [6.9, 24.4]
Interaction d1 -0.096,-0.331 -0.079,-0.337
of the
d2 -0.140, 0.177 -0.125, 0.163
daughter
track d3 0.273, 0.300 0.278, 0.285
fragment | -0.600, 0.200 -0.651, 0.225
Y -0.119,-0.024 -0.106,-0.034
Compatible results
18/06/15 Giovanni De Lellis, LNGS Seminar 73




THE FIFTH v_ CANDIDATE

Kinematical variables

Parameter Measured value Selection Criteria
Adrp (°) 15141 >90
pess (GeV/c) 0.34+0.1 <1
Orink (mrad) 90 + 2 >20
Zdee (M) 634 + 30 44, 2600]
p?"Y (GeV/c) 11134 >2
Y (GeV/c) 1.0%57 >0.6 (no v attached)
< 0.6¢
Flight length E oaf
960+30 um -
02 T direction
0- 2 >
-0.2-_— <ﬁ//
: Ad = 151°
-0.4_— ™
086 04 02 0 02 (()éf\'ﬂ)
p. (GeV/c
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THE FIFTH v_. CANDIDATE

Kinematical variables
: 25~ . - — _ .
= N = o s [T sl T N =
< [ — Candidate event < 30 *\Y?\: g = 8 \"‘»\. S <

-

7510 15 20 25 30
pZW(GeV/c)

I B X % 50 100 150
po (GeV/c) A(I)T " (degree)
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VISIBLE ENERGY OF ALL THE CANDIDATES

Sum of the momenta of charged particles and y’s measured in emulsion

5 04
o] -
03—
0.2—
e Bl 2lls|4 1
0— | | I oy er—r——— .
0 10 20 30 40 D (GeV/c%
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IMPROVEMENTS ON THE BACKGROUND REJECTION

Undetected soft and large angle muons are the source of charm background
Detection of particles and nuclear fragments in hadronic interactions

large angle track detection

%

recognition efficiency (%

100

©
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®
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~
o
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CHARMED PARTICLES PRODUCTION

* Lifetimes and masses similar to the t
* Background when the primary muon 1s not identified

v, ““interactions with charm quark production o(vyN — p~CX)

= (4.38 £ 0.26)%

derived from CHORUS measurements c(WuN — p—X)
New J. Phys. 13 (2011) 093002
» 200 30 charm MC
€ - N background MC
>180_— 25 + ® data
160 C Kolmogorov-Smirnov test:
140 E— 20 F C.L. 0.582
120F- E f
100 l% lad 7 +
60— F
40;— 5 ' +
20;_ l 1 1 l | l 0 +++“‘=‘*H
% " 4000 2000 3000 4000 5000 . 6000 0 10) 2 90) A" B0 B0 W0 190) W0k 100
Density x length of the muon track (g x cm?) Muon momentum (GeV/c)
New J. Phys. 13 (2011) 053051 Eur. Phys. J. C74 (2014) 2986

Good agreement in normalization and shape for the relevant kinematical
variables in the charm detection and muon 1dentification
Constrain the background within 20%
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BACKGROUND STUDIES: HADRONIC INTERACTIONS

Comparison of large data sample (7~ beam test at CERN) with Fluka simulation
=== check the agreement and estimate the systematic uncertainty

Track length analysed in the brick:
- 2 GeV/c:8.5m 300
- 4 GeV/c:12.6m g
- 10GeV/c:385m = 2%F ;
& 200 {
2
8 1501
8
& 100} ¢
Hadron beam = 50
O T2 4 6 s 10 12
Beam Momentum (GeV/c)

Black : @~ beam data
Red : MC (FLUKA) simulation

PTEP 9 (2014) 093C01



SECONDARY TRACK EMISSION

[

\ Number of forward tracks

/Klnk angle (1-prong) |

4

)

2GeV/c ! 4GeV/c : 10GeV/c
/ |
Multlphclty : :
g 0F | 2Gevic| | 8 3F 4GeVic| |E 50 10 GeVic
2 4oF I 230F g |
o 401 l o F 12 40
9 | I« 25t 5
g ¢ l I 8 201 IE 30}
- | [ F
g 200 g 15} E 20
Z I Z I 17 20
10" I i/ I 10f
2 g | 7
Gl(l) 1 ‘,_r é 41. g I G'.J, N4 J% " | I G'j 4
I 0 1 2 3 4 s 0 2
| Number of forward tracks |

4 6 8 10
Number of forward tracks /

Error bars : Experimental data

Histogram : Simulated data

~

I
22 2Gevie || B 4GeVie| 18 [ 10 GeV/e
2 50F 2 101 0 12
o 18 | (] [ | Q s
4y 1OE 4 8 1S 10+
5 lo) I S T oo
S 12t 1 2 6 12
= %(2) g | I E 6
Z 8 24 — Z 4 |
6 | i3 77 | 1% 4 I
g? +| 1 } % '='=| I : 2 | —l _: I
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Emission angle (rad) | Emission angle (rad) I Emission angle (rad)/
| |

Good agreement within the statistical error: systematic error ~ 30%




NUCLEAR FRAGMENTS EMISSION PROBABILITY
Nuclear Additional background reduction

Fragments

el
W H hh v 9 0 O —
Tt ||

~ Association probability

0 2 4 6 8 10 12
Beam Momentum (GeV/c)

Black : experimental data
Red : simulated data (f=p/E = 0.7)

" PTEP 9(2014) 093C01
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NUCLEAR FRAGMENTS IN 1 AND 3 PRONG INTERACTIONS

2GeV/c

/ﬁdultiplicity

«@ N
5 25k
32
5 207
815
510
A

2 GeVic

00272 6 8 10

12 14

Number of nuclear fragments
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Error bars : Experimental data
Histogram : Simulated data
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Agreement within the statistical error: systematic error 1s 10%




LARGE ANGLE B SCATTERING

New estimate based on GEANT4

- Simulation modified by introducing

form factors (FF) for Lead
(Saxon-Woods parameterization)

psw(T) = po (1+6T

IEEE Transactions
on Nuclear Science

5

a.u

10!
102
103
10

103

- Proton FF

MC predictions compared to available data
7.3 GeV/c muons on Copper

g C . [ ] G4S.W.FF
2103 3 . B G4 dipole FF
8 F - [ ] FF=1
- * e data7.3GeV/c
10° * NIM A243 (1986) 518
- e
10 -

T T Illllll

T T IHI”I

N N N | Illllllllllll

lIIIl

018/06715 100 15 20

30

35 Gicanni 8%
0 (mrad)

Lellis, LN

2 GeV/c muons on Lead

500

400

(98]
=]
=]

#events with 3.38e+06 incoming w

200
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[ F
ol e e o | g g
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B G4 dipole FF
G4FF=1
e Masek et al.

Phys. Rev. 122 (1961) 937
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LARGE ANGLE [ SCATTERING

CNGS v, CC muons on Lead 1<p, <15 GeV/c

10°

10%
107

10°

weighted scattering events

10°
10*
10°
102

10

—all

0

100 200 300

LAS background estimation

(1.2

well below the values considered so far

T 0.1) X 10

IEEE Transactions

Main background in the T = decay channel
—06>0.02 when using upper limits in the past
TP 250 MeV/c
z v
.,,g V —®— Copper (90% C.L.)
§ 1 ‘i\\ \\&\\\ \:§&\\\ : CHORUS (90% C.L.)
“ l » I . g \EE \S\\ SPSC 2001-025
400 ll 500p (MeV/g?O '%h \E\zi\ —4— Masek et al.
T _310_1 :& \5& onte Carlo, this worl
= x\\ \\\\\ §
7, cCc |7 \
Jo ~-
\\\ \\\\\\\“\\i
104\\\\\1\\\\\\\\...11...11...11....
2 2.5 3 3.5 4

on Nuclear Science
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FINAL RESULTS
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Am?,, ESTIMATION

90% C.L. intervals on Am?,; by Feldman & Cousins method

[2.0-4.7] x 1073 eV?
(assuming full mixing)

OPERA (T appearance) .

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

T2K (normal) L.
PRL 112 (2014) 181801
MINOS (normal) s
PRL 112 (2014) 191801
PDG 2014 -
lll[lIlLlllllllllIllllllll
1 2 3 4

5 6
Am,, (10%eV?)
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STATISTICAL CONSIDERATIONS

Channel Expected background Expected signal | Observed
Charm Had. re-interac. Large p-scat. Total
T —1h | 0.017£0.003 | 0.022 £ 0.006 — 0.04 +0.01 0.52 £ 0.10 3
T — 3h 0.17£0.03 0.003 + 0.001 — 0.17£0.03 0.73+£0.14 1
T —p | 0.004 £0.001 — 0.0002 £+ 0.0001 | 0.004 £+ 0.001 0.61 £0.12 1
T —e 0.03 £0.01 — — 0.03 £0.01 0.78 £0.16 0
Total 0.22 +0.04 0.02 +0.01 0.0002 £ 0.0001 @.25 + 0.0Q 2.64 £ 0.53 ( 5t \
T~ S~
Two statistical methods: AmQ — 9244 . 10_3 6V2

- Fisher combination of single channel p-values
- Profile likelihood ratio

5 observed events with 0.25 background events expected
Fisher =1.10 x 10”7
Profile likelihood = 1.07 x 10”7

This corresponds to 5.1 ¢ significance of non-null observation

Pn>5|p=29)=16.6 %
PT = 6.4%

PT = probability to obtain a configuration less likely than (3, 1, 1, 0)

Probability to be explained by background{
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DISCOVERY OF v. APPEARANCE
IN THE CNGS NEUTRINO BEAM

* Detector successfully measuring v, v, andv,
* Analysis of an extended data sample

* Improved background evaluation

* Five v_candidates observed

* 5.1 o significance

OUTLOOK

* Multi-brick analysis under completion

* Re-analysis of the full data sample with a likelihood
approach and less tight (kinematical) selection criteria

e More to come!
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