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* Long baseline neutrino oscillation experiment in BEAM PARAMETERS |
the CNGS (CERN Neutrino to Gran Sasso) v, beam

e Direct detection of v, — v, oscillations in = )
APPEARANCE mode (Ve+Ve)/ Vi BEEZ f

e Full coverage of the parameter space for Vu/Vy 2.0% *
atmospheric neutrino sector

e Search for subdominant v, — v. oscillations

<Evp> (GeV) 17

* Interaction rate at LNGS
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“““““ THE PRINCIPLE
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ECC brick + DECAY RS ;
1 mm, y e | CHANNEL [
A electronic |
v - rackers T —U 17.7
T S < - I :
T —e 17.8
) — 1 |
b T —h 49.5
\ ;
emulsion layers T —3h 15.0
interface
films (CS) |
e Massive active target with micrometric space resolution |
* Detect t-lepton production and decay t
e Underground location (10° reduction of cosmic ray flux) i
e Usage of electronic detectors to provide “time resolution” to the
emulsions and preselect the interaction region }
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THE DETECTOR
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Spectrometer
RPC+Drift Tubes

Target Spectrometer Target
brick walls+ Target Tracker RPC+Drift Tubes brick walls+ Target Tracker
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THE TARGET

MADE OF ~150000 BRICKS

Brick
Emulsion Cloud Chamber e 57 emulsion films
ECC ® 56 lead plates
- passive material —3 lead ¢ 1 Changeable Sheet doublet
(massive target) ®10 Xo
- tracking device —3 nuclear emulsion *8.3 kg
(high resolution)
momentum
3w
T =3
electromagnetic shower
identification
N/

emulsion films
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NEUTRINO INTERACTIONS IN

“In” Event

VN —  nX

“Ou” Event

THE TARGET

Event: 9150054731, 30 May 2009, 10:03 (UTC), XZ projection '
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EVENT ANALYSIS

ELECTRONIC DETECTOR RECONSTRUCTION

Event: 9150054731, 30 May 2009, 10:03 (UTC), XZ projection | Event: 180718369, 7 Oct 2007, 16:18 (UTC), XZ projection '

. 20
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o =1 16 " " I
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-1000 0 1000 =550 =500 -450 =400 =350 Walls

VERTEX LOCATION IN THE BRICK

1. Scan 15 emulsion films 2. Reject passing 3. Search tracks
around stopping plate through tracks making vertex
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Events

CHARM DATA SAMPLE
PROOF OF ~ DETECTIO EFFICIENCY

e Charm decay has the same topology as thet ‘

\

e Charmed hadrons from v, CC interactions
e Muon at the primary vertex
e Used as “control sample” lry

!‘ verex m
|
|

* Good agreement between data and Monte Carlo

Observed: 50
Expected: 54 + 4

daughter p
20p n 25 w 45¢
sk charm MC % charm MC é a charm MC
- background MC Lﬁ background MC = UF background MC
16 — ® data 20+ ® data g ® data
; 45_ Kolmogorov-Smirnov test: DY, [ o— Kolmogorov-Smirnov test: : Kolmogorov-Smirnov test:
- C.L. 0.069 . C.L.0.219 - C.L.0.124
12~ 15}~ -
: r 25:_
10 —— ¢
- | 20~
8 — : 10 -
6 :’_ ‘ 15{-
- # |
4 —— 5| 10p- +_‘_ |
: | | B + : a7
2~ o 1 i 4 SE e +
% 20 40 60 80 100 120 140 160 180 % 1000 2000 3000 %o 5000 % 50 100 150 200 250 300 350 400 450 500
o(degree) EPJ C74 (2014) 2986 Decay length (um) Impact parameter (um)
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COLLECTED DATA

DATA SAMPLE
PO.T. = Number of v e 2008-2009: 15t and 2"d probable brick
(1019) Interactions . 2010-2012: 1¢t .
- : 15t probable brick
2008 1.74 1931
2009 3.53 4005 e Extension of the analysis up to 4th probable
2010 | 4.09 4515 brick in progress
2011 4.75 5131 |
18000 ? —Emm ‘w‘mm ..........................................................................................................................
2012 3.86 3923 = e it b st
16000 — Events with st least 1 CS sconneg |- “,,/ ....................... e — e
= i i 0127
TOtal 17.97 19505 14000|— _ :.::.:::.«:.m DO S /A 4 AN S v S -
:_— Onws--fhcompnm /./
80% of the 1000 gy
nominal value 10000:_ ....................................................................................................................................................................................................
8000 —
6000 :_ .........................................
4000 :_ ....................................................................
7103 located interactions jgu =
6750 decay search > 2000 0. ' ‘ | | ’
0_ .lllll.[llllilllllllllllillllllllllljlllllilllllll

08/12/31 09/12/31 10/12/31 11/12/31 12/12/31 13/12/31 14/12/31 15/12/31 16/12/31

e T v v -y .y v -y -
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= v,—V: OSCILLATION SEARCH

5 v; candidate events observed in the analysed sample

& >

[
ond candidate:
t —3h

i

CJ
4
. 1a\C" - : _: A
¢ c’éﬂ“a‘aagt "= &
1 h - . ’ A
14) 101C0: 5th candidate:
JHEP 11 (2013) 036 3rd ' PTEP 10 (20 S
Candidate;
T —U

el
p(\ﬂ‘aﬂ v

PRL 115 (2015) 121802
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2 THE STH Vr CANDIDATE EVENT
RECONSTRUCTION IN THE BRICK
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SELECTION CRITERIA MEASURED

%
7

N NN N
NN Nt
§§§§§ : §§ §§ kink > 20 mrad 90 + 2 mrad
NN \ N\
: decay length < 2600 um 634 + 30 pm
- P daughter > 2 GeV/c 11 * GeV/c
_}\\\
§ P, > 600 MeV/c 1000 21;%)%0 MeV/c
N
§ missing P, < 1 GeV/c 300 + 100 GeV/c
N N
- g
N N N n N 0 SIOOIONANANANNNNNN , o -
5 10 15 20 25 30 0 0.5 1 . ¢ > 90 151 + 1
P, (GeVic) p.” (GeVic)

- Candidate event

The event passes all the required

— MCv CC1—>1h

kinematical cuts

Excluded

L1007

. . . n 0 : LD -
02 03 04 05 0.6 4
0, (rad)

/,
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BACKGROUND SOURCES

Charmed hadron decay
with missed muon at
primary vertex

Eur. Phys.]. C74 (2014) 2986

MC tuned on CHORUS
data

Reduced by Track Follow-
down procedure

Hadronic interaction

PTEP9 (2014) 093C01

FLUKA + test beam data

Reduced by large angle
scanning and nuclear
fragment search

Large angle muon
scattering

IEEFE Transactions on

Nuclear Science
Vol. 62, 5, 2015

MC tuned on old
measurements on lead
form factor
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Vu—>V RESULTS

Exposure 17.97 x 10¥ p.o.t.

Physics Review Letters

Interactions in the target volume 19505
115 (2015) 121802
Located interactions 6932 N
Am2 = 9244 .1073 eV?2 Two statistical methods:
Decay Szl Total - : . Folsher combination of
Channel  Expectation  Background serve single channel p-values
e Profile likelihood ratio
t —h 0.52 + 0.10 0.04 + 0.01 3 , , -
Compatible with expectations in
t —~>3h 0.73+0.14 0.17+0.05 1 / standard 3-flavours neutrino model
T—N 0.61 +£0.12 0.004 + 0.001 1 ) s
T e 0.78 £ 0.16 0.03 = 0.01 0 it
Total 2.64+053 | 0.25+0.05 ( 5 o3l sum of measured
. i momenta in the
i emulsion detector
* 5 observed events with 0.25 background events o2 _— -
¢ 5.1 ¢ exclusion of the background-only hypothesis :
oi— 3] 2|54 1
0_ 1 [ m .....
0 10 20 30 40 Psum(GeV /30

- - - ladd Lol v Al e e
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2V INTERACTION WITH 3 VERTICE
Event: 11143018505, 23 May 2011, 06:59 (UTC), XZ projection | e Muonless event

e * A primary and two secondary vertices found in emulsion

2 : 1 . . o . Y o o

& F 1 e Electromagnetic activity (y’s) at the kink point

E C N

3 : Vertex ID Attached tracks 2 (um) gy (pm) 2z (pm) .

o .
o o o o W Tem I (primary) 2,4, 5 15077.0 59157.9 -33081.8 Flight lengths:
o [ Event: 11143018505, 23 May 2011, 06:59 (UTC), YZ projection | Sﬁ'f.f}ﬁdcé’.'.”k II (secondary) 1’ 3 15085.9 50149.9 -32979.2 II: 103 Mm

: r ! ok ik I1I (kink) 4,6 15073.9 59262.4 -31926.4

'i L o = Row manipulation III: 1160 !sz

E —150:— ! Ihkl i ;

é - iy Track ID p best fit (GeV/e) 68 % p range (GeV/e)
a0l . . . . 1 2.1 [1.6; 3.1]

=700 ~600 500 400 Z (cm 3 13 [3 1:71 ]
plate 31 32 33 34 35 36 37 38 39 40 41 42 43 5 0.54 [()'45:; 0_68]
¥ || 26bo s /J‘/j_/,_,, 6 (daughter) 2.7 [2.1; 3.7]
¥l L] ==
11[‘_,5-”“:’#-’-—’6# . .
g =i i i 1|  Invariant massses at both secondary vertices are larger than 1 GeV
N * Event not classified as v, interaction candidate by standard analysis
i 1N
Eﬂ C | [y * Ad hoc simulations and multivariate analysis performed to distinguish between
3| T IR possible interpretations
2} More detail in C. Sirignano’s presentation on 9" Jul
bl :
I~ € = LT 2 T
SH P 0.025 —
I 1 0.02 f—
3 o C
: p WEN_L;!Q || v1_ s 0.015 ;— :
£ 1 ~\'\~\_\_\. . %) - . gnature sources
éﬂ L T 001 - = - Signal Tau CC + charm [
2§00 - -
i N 0.005 :_ _: =8 Background Muon CC + 2 had reint
I E | 1:_ - Background Muon CC + charm + had reint E
. T
s MLP A1N?1 2L response2 =" Background NC + 2 had reint
plate 31 32 33 34 35 36 37 38 39 40 41 42 43 - -
A. Di Crescenzo, ICNFP 2016 17



Vu DISAPPEARANCE

NG-like/CC-lke ratio vs. E, e Full data sample (2008-2012)

|

|

’ g 12 energy deposited in the scintillator planes ¢ US€ Of electromc detector data 0n1Y and

i Q . . :
S % . - separation between CC and NC like events |
P = o oscillation ) ) :
L2 ——— Bestfi * To reduce systematic effects coming

g 0.8

| + from the beam uncertainty

} " h (no near detector), NC like over CC like

L o o J( ratio is used

| . Lt g + x2 in NC-like/CC-like ratio fit

| FAEE b T TT 4 4

| 0.2 #Liftjt— —$+— Jf % f

| M ) 4o

§ % 100 200 300 400 500 600 700 800 '90%' ' M130c ; N

| e o4

i .

- A fit using NC-like / CC-like ratio in which all mixing i

- parameters are fixed to the PDG values BUT Am?y il

- * Reweighting MC according to oscillation probability and 78 i
 minimizing ¥2 between MC and data o~ X /na.oc = 0.98

- * Systematics under study 74 N / i

; [ . . — 72:: \ /"{

| Preliminary measurement of Am?;3 ', \, i

' . . . 70 S|/ 0

- | Consistent with the world average and the internal OPERA | { T/

! 68;1.....1.,1....‘.1,..l‘l...“

; L appear ance I'eSllltS J 0 0001 0002 0003 0004 0005 0.006

s AmE. / eV?
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2008-2012 data sample (17.97 x 10" p.o.t.)

Observed v. events: 34
Expected ve events
from ve beam contamination
from bkg T — e + mis-id m
from 3-flavour oscillation

375
1.2+ 0.1

2.9 + 0.4 sin2(26:3) = 0.098

oscillated, 3 flavour (2.9)
beam contamination (36.7)
t->e(0.7)

n 0 (0.5)

Data (34)

Number of events / 10 GeV
~
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Work in progress to

extract exclusion limits
on sterile search
L J
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vu — v oscillation probability in presence of a sterile neutrino

[ Effective mixing
| C:QIUM;))U;?)]

Gur = Arg (UMSU;kBU;leﬂl)
Lsmz e = 4| Ua | Ura ||

V. APPEARANCE IN 3+1 MODEﬁ
1
|

1] —

CP-violating

£ 3 2
sin 26 75111*1 2371 $1in” Ayq

terms

————————

~standard oscillation exotic oscillation

N

P,,M_H, — C?sin® A3y + sin® 20, sin® Ayq

intetference

+0.5C sin 20, cos ¢, sin 2Az7 $in 274

—(C'sin 20, si m2 Asq8in 2A 41
+2C sin 20, cos ¢, sin® Asq sin® Ayq
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neglecting solar driven oscillation Am?*;~0
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Results based on 4v. candidates in [HEP, 6 (2015) 69

o
N -

SD L

BE

p -

o

o, —

.O -

10
0:Illg Alllilllillli|||i||| 102
0 0. 08 0.1 0.12 0.14 0.16 0.18 0.2
Sin2 29”,c 10
S o
=
S
107
o<
E 2
<<j 10
107
Jiminary

sin“20,,: <0.119 at 90% C.L

when integrating over ¢
(almost identical results for NH and IH)

: :\\\
= —
_ ——— OPERALH.90%C.L. E
- |~ OPERA N.H.90% C.L. &
= NOMAD 90% C.L. N
| TN
= CHORUS 90% C.L. SRR
- 1| [ 1 11 |
0* 107 102 107 1
in® 20
Si "
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=RESULTS WITH 5v. CANDIDATES
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CONCLUSIONS

® First observation of v, — v oscillation in appearance mode
* 5 v, candidate events found with 0.23 background
* No oscillation hypothesis excluded at 5.1 ¢

® v, disappearance analysis => preliminary Am?s; consistent with world average
® v, — V. oscillation search => number of events observed in agreement with
expected background + standard oscillation

® Sterile neutrino oscillation constraints from ve and v, studies

PERSPECTIVES

® re-analysis of the data with looser selection and multivariate analysis: more signal
and background but significant statistical gain

® Exploiting the unique feature of being able to identify all three neutrino flavours:
V: appearance + Ve appearance + v, disappearance data

=> Constraints on the oscillation parameters with one single experiment

A. Di Crescenzo, ICNEP 2016 22
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Am?y3 ESTIMATION ;

q
3

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 E

MINOS (normal) -
PRL 112 (2014) 191801 :
PDG 2014 A ;
I L1 1 1 I 11 1 l L1 1 1 l L1 1 1 l | I . | | ;
1 2 3 4 5 6 ;
Am,, (10°eV?) ;
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SUMMARY OF FOUR EVENTS

Visible energy of all v, events
Scalar sum of momentum and ¥ energies

/ 5th(r —h)2015
i 1st(t —h)2010
: / 1t | T—h | 243
0.3 .
i 2nd | ¢ —3h 12.7 T%;
02 3| T—p 6.8 +_82
] 4th | ¢ —h 14 .4 Jg’g
— .
3rd(t —u) ol |3 2| 5] 4 l 5th | ¥ —h 11 +14
2013 | =
i L N T R ﬁf‘ ,,,,,
% 17 20 30 0 covid
2nd(¢ —3h)2012 4vd(y —h)2014

- ladd Lol v A d

o~ -
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THE FIRST v{ CANDIDATE
AS SEEN BY ELECTRONIC DETECTORS ...

Columns (top view)

500

-500

Event: 9234119599, 22 Aug 2009, 19:27 (UTC), XZ projection I

o

|
1000

100

(5]
S

Columns (top view)

Event: 9234119599, 22 Aug 2009, 19:27 (UTC), XZ projection

bl

&
o
S

1 1 1 1
600 =500
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kink > 20 mrad

41 + 2 mrad

decay length < 2600 um

vl

1335 + 35 pm

S —

daughter P daughter > 2 GeV/c

12 7% GeV/c

P, > 300 MeV/c

470 2% MeV/c

120

missing P, < 1 GeV/c

0.57 Y932 GeV/c

0.17

) > 9()°

[
\

|

A. Di Crescenzo, ICNEP 2016

- The event passes all the kinematical cuts required




THE FIRST v CANDIDATE

Kinematical selection for T —h decay channel

LEAD LEAD LEAD LEAD _
sk :
— data - L
I L
i 0.5
0.5 L
Z ! -
llllllllllll- 0 1 ()Illllllllll Loy | e——
0.3 0.4 0.5 0 1 , : 4 0 5 10 15 GeV/ 20
8 . (rad) z,  (mm) p  (GeVic)
_ ] : —r
l | -
[ 0.5F
05F i
xm - - 1 1 1 1 | 1 1 1 1 1 1 1 1 1 1 1 I I 1 1 1 1 | 1 1 |%
1 . 1.5 0() 50 100 150 _ O() 1 2 _ 3
p” (GeVic) A¢_ (degrees) P (GeVic)
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=% THE SECOND v; CANDIDATE

AS SEEN BY ELECTRONIC DETECTORS ...

Event: 11113019758, 23 Apr 2011, 07:15 (UTC), YZ projection '
o~ e CHHH
; -100_— i
5 T [y
. — ' l
2 .l HEER
z)' C IE' : F ' a b
0 = HpE
g -200__ 1 : LI
o L
| e e e e e o
30 -700 -600 -500 -400 -3
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Interaction Vertex
| in Lead plate

With one Nuclear
fragment

- ————— o

e d

N Ve o A s

a —
L 1

vecay point
In Plastic Base
No Nuclear fragment
Flight length 1.54mm

d2

d1

d3-1

Secondary Interaction

In Emulsion
With four Nuclear fragments

R

ey d43-2

|

= THE SECOND vy CANDIDATE

ey

SELECTION CRITERIA MEASURED

kink < 500 mrad

87.4 + 1.5 mrad

0.5 GeV/c?<Inv Mass < 2 GeV/c?

0.80+0.12 GeV/c?

0.5 GeV/c*<Min Inv Mass < 2 GeV/c?

0.96+0.13 GeV/c?

P daughters > 3 GeV/c

84 + 1.7GeV/c

missing P, < 1 GeV/c

0.31 + 0.11 GeV/c

1678 £ 1.1°

- The event passes all the kinematical cuts required

=

Btcnro sy (g oo ettt o g rcamng £ g - ety g et ety g & g, (g St A P 5 ity T A Il AP < Sty TS
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THE THIRD v, CANDIDATE

AS SEEN BY ELECTRONIC DETECTORS ...

Rows (side view)

Event: 12123032048, 2 May 2012, 10:12 (UTC), YZ projection W Selected brick
-140 —— Brick in cell
— Empty cell
22 Fake brick
-160 — " Row manipulation
EL b 1 B Second predicted brick
70 - " Third predicted brick
180 22— .- UL I il
19 ! n |
| 13 " N
200 M8 'l
[ | "
17 ! [ !
= 5 6 7 8 9 10 1M 12 13 14,15 16 17 18 19 20 21 22 23 24 25 26 27 28 29

|
-700 -600 -500 -400 7
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~ Decay vertex

Primary vertex

oz muon
—ﬁ_—b- T ———— e

hadron ———————__
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= THE THIRD vy CANDIDATE

SELECTION CRITERIA MEASURED

kink > 20 mrad 245 + 5 mrad
decay length < 2600 pm 376 + 10 pm
P muon > 1 GeV/c 2.8 + 0.2 GeV/c
P, >250 MeV/c 690 + 50 MeV/c
— _——— = — = ——

- The event passes all the kinematical cuts required
! _

— —— = — = p— ————— — —— e —— = E——
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THE THIRD v, CANDIDATE

Kinematical selection for T —u decay channel

LEAD ~ LEAD  LEAD  LEAD

0.5

OIII blllltlé Ilkljl Oﬁf.‘iIS

8kink (rad)

1 1 L L | L
0 500

R B P SR TR N ST SR TR TR N SO SR SR T ) S
1000 0 50 100 150

p,zrr'v (GeV/e) A¢_ (degrees)
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... AND IN THE BRICK

A. Di Crescenzo, ICNEP 2016



== THe 4TH v_. CANDIDATE EVENT
RECONSTRUCTION IN THE BRICK

/ : Y\

| i
nie |
V] &(r“"%
T Vs i
z Y2
1090 um Q
film 39 film 40 filen 45

T—0 V,
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PARTICLE IDENTIFICATION

TRACK FOLLOW-DOWN

-250 — [ .:
B M é l
po— — 1 3 _———— "L - « |1 daughter
= | i U I [ LA ERRDEERELEE R, *
o -mo | | ' R i
" | XY
X B o
S .-2
-350—
Ly |
400
Track 2 from neutrino a 022 L puverage |JHadrons Daughter track from t decay
. . ] : D — a T
1nteraiCt91(él ‘{le/rtex 018 Rlead(p) Plead @Muons - p — 6.0 GeV/C
-p=1. eV/c 0.1 . o o
- gto ing in the first iron slab] ., - stopping in the first arm of
pping o the spectrometer
of the magnet - 00 - classified as hadron
- muon hypothesis rejected 00 D —0.18 & 0.04
0.0 7 p— T
D = O.40+8'8§ - S -
: 0.2 ?:%#ﬁsﬁ‘:'m’g 14 16 18 NE s
«. Charm background «. Hadronic decay

“hypothesis rejected # channel
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= THE 4™ v, CANDIDATE EVENT

R — - —— s g

P iagnad I

SELECTION CRITERIA MEASURED
kink > 20 mrad 137 + 4 mrad
4
3
o &/ decay length < 2600 pm 1090 + 30 um
Y
P daughter > 2 GeV/c 6.0 *22 GeV/c
P, > 600 MeV/c 820 "3 MeV/c

0.55 +0.30 G’CV/C

missing P, < 1 GeV/c 2020

@ > 90° 166 *5 °

1
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Kinematical selection for T —h decay channel

3 === Candidate event 3 :; 'j ';- 3 ; E g s
_ — MCv,CCeth 1502 100
100 '
D Excluded
-l 50
50 g
§01 02703704 05 06 1000 2000 3000 4000 O 102030 40
Kink angle (rad) Z e (LM) Daughter momentum (GeV/c)
5 150_ 5 100r 5 150_
= = I =
80
100~ I 100
i 60 A
: 40k -
50 I 50
[ 20k [
(E;L. TS B N —r O-....l_....lnl.ll.... A 0_1111-I111111111||
0.5 1 1.5 0 05 1 15 2 25 0 50 100 150
Decay Pt (GeV/c) Missing Pt at 1ry (GeV/c) A¢ (degree)
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THE 4'H v. CANDIDATE EVENT
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CHARM DATA SAMPLE
DATA/MC COMPARISON

s P— Dl S 5 A AU G S A G U oo G i W e I A i G B S 5 A e T g B A s i G O

3 25 i w 20r

c [ charm MC 'OEJ " g charm MC

u>J | background MC ﬁ - background MC
20} ® data 16 ® data

Kolmogorov-Smirnov test: Kolmogorov-Smirmnov test:
C.L.0.219 3

15:T o | 12% C.L. 0.069
Observed: 50 :
Expected: 54 + 4 or

l ++ 4 i, Z; ++++

IT‘ |
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Decay length (um)

80 100

140 160 180
o(degree)

i
n 45( [
S F charm MC charm MC
S 40f background MC background MC ;
a5 ® data data %
s Kolmogorov-Smirnov test: Kolmogorov-Smirnov test: l
a0}~ C.L.0.124 C.L.0.582
Good agreement between |
20
data and Monte Carlo
10[- -+- + i
5f *ﬁ_
0 bt » P STy
0 50 100 150 200 250 300 350 400 450 500 5 60 70 80 90 100
Impact parameter (um) Muon momentum (GeV/c)
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