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Final performances of the CNGS beam after five

years (2008 + 2012) of data taking

Year |Beam PO.T. Kl
days (10%9) al
2008 123 174w

2009 155 3.53 100k

2010 187 4.09

B0 [

2011 243 4.75 E S
2012 257 3.86 O S o o
Total 965 17.97 20067 T T 12{12}31date
Record performances in 2011
Overall 20% less than the proposal value (22.5)
Last neutrino interaction recorded on December 3" 2012
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STATUS OF DATA ANALYSIS
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vy— Ve ANALYSIS WITH 2008/2009 DATA
one of the v, events with a n°as seen in the brick
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Analysis based on 19 observed candidates (4 with E < 20 GeV)
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SEARCH FOR NON-STANDARD OSCILLATIONS
AT LARGE AmZVALUEs

102 [ LsND90% C.L.
[ ] LSND99%C.L.

KARMEN 90% C.L.
—— NOMAD 90% C.L.
BUGEY 90% C.L.
CHOOZ 90% C.L.
MiniBooNE 90% C.L.
MiniBooNE 99% C.L.
ICARUS 90% C.L. (F&C)
OPERA 90% C.L. (Bayesian)

2
Amz,, (eV?

10

JHEP 1307 (2013) 004

10"

Caveat: experiments
at different L/E L

102

| I | | | IIJ—’
10° 10? 10"
OPERA limit at large Am?:  sin?(26,,) < 7.2 x 103 (Baye5|an$) e

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 50 observed candidates
10 with E < 20 GeV
New paper in preparation
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Vy—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/c, 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 ...
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THE FIRST v_. CANDIDATE

Transverse plane

Primary vertex<
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THE FIRST v_. CANDIDATE

... and 1n the brick
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THE FIRST v_ CANDIDATE

Kinematical selection

D LEAD LEAD LEAD

1

1 1 1 1 1 1 . . I [ ST T YN N T T T T TN TN T T s | i [ Loy by oy
0.5 1 s 705 1 15 2 25 % 50 100 150
p_2rw (GeV/c) Py (GeV/e) A¢_ (degrees)

23/06/2015 Physics Letters B691 (2010) 138 1



THE SECOND v_ CANDIDATE

As seen by the electronic detectors ...

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

... and 1n the brick

P, (GeV/c)

CNGS transverse-plane view
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THE SECOND v_ 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 |
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THE THIRD v_ CANDIDATE

... and 1n the brick

p, (GeV/c)
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THE THIRD v_ CANDIDATE

... and 1n the brick

~ Decay vertex
Primary vertex
— muon

T e —




MUON CHARGE AND MOMENTUM

]_Event: 12123032048, 2 May 2012, 10:12 (UTC), XZ projection |

£} 300 — T

29 L i

> — ' -

g = Bending by

= - magnetic field

c 200 —

E L S |/

=] — .

©° 150 — Theta vs cell (3D) | Bindf  3.425/13

O — . . ) . ! . . . ! Prob 0.9959

-800 -600 -400 -200 FA~ po 3080+ 91.3

r.ma;'g

Momentum measurement HE

- by range in the electronic detector 2.8+0.2 GeV/c e

- MCS in the brick consistent 3.1*2-2GeV/c W
Cells

Event plot 2 I ndf 2614/ 4 R T e

_ | PO 189.5 + 0.5518

£ 1 ,3453 + 0

20\ - Parabolic fit with p, as quadratic term

220:Target+rac® coefficient in the magnetized region

210

200!

190

180

170 RPC hits/

420 -400 -380 -360 -340 -320 -300 -280 -260 -240 -220

p,<0 => negative charge
5.6 ¢ significance
R~85cm

ellis, 118th SPSC Meeting

Z (cm)

- Linear fit in the non-magnetized region

19




THE THIRD v, CANDIDATE

Kinematical selection

LEAD _ LEAD _ LEAD __ LEAD

30
P, (GeV/ic)

%0200 3040

S (GeV!/C)

| L | _ L
1000 00 50 100 150
p_zr'“ﬁ’ (MeV/c) A (j)‘E " (degrees)

Phys. Rev. D 89 (2014) 051102(R)
Evidence for the v_appearance
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THE FOURTH v_ CANDIDATE

As seen by the electronic detectors ...

Columns (top view)

Rows (side view)
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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
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- stopping in the first iron
slab of the magnet

6aughter track from t
decay
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- stopping in the first arm

o of the spectrometer
- muon hypothesis rejected _ Classified as hadron

\_ D =0.40"73 \ D = 0.18 £ 0.04
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6/2fnypothesis rejected Giovanni De Lellis, 118th SPSC Meeting O ' channel 24

L pauruqn UHadrons
RlLud(p Plead .Mh"ons




THE FOURTH v_ CANDIDATE

Kinematical variables
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BY PRODUCT ANALYSIS
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STERILE NEUTRINOS

3+1 model: bounds from v_appearance with profile Likelihood method

~standard oscillation  exotic oscillation
P —GE'}A in% 26, sin® A Am> 2
v, —v, = 07 8In" Agy +8In" 20, sin” Ay my, > leV
o +0.5C'sin 26, cos @, sin 2A3; sin 2A 44
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STERILE NEUTRINOS

90% CL

— — sin’(20,,)=0.116

:_Unitarity Bound

Effective mixing:

$in® 20,, = 4 | U [?| Urg >

23/06/2015

JHEP 6 (2015) 069
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COMPLETING THE ANALYSIS OF THE
TwoO MoST PROBABLE BRICKS
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THE FIFTH v. CANDIDATE

T .
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

Signal of e.m. shower
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THE FIFTH v_ CANDIDATE

... and 1n the brick

plate
B R




THE FIFTH v_ CANDIDATE

... and 1n the brick




SEARCH FOR NUCLEAR FRAGMENTS

Search for nuclear fragments in an extended

angular range |tan0|< 3

Primary vertex

[ 6 nuclear fragments

found

Secondary vertex

[

None

23/06/2015
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Primary particje

film 15

34



PARTICLE IDENTIFICATION

_ daughte? s

primary particle

/|

primary particle

BRICK 1 CS1

Primary particle
Followed in the downstream brick
Hadronic re-interaction: 1 visible particle

Daughter
Hadronic re-interaction in the first brick

23/06/2015 Giovanni De Lellis, 118th SPSC Meeting

BRICK 2 CS2

Charm hypothesis
discarded

Hadronic decay
channel
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MOMENTUM MEASUREMENT

MCS method In the first brick
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{BPW = 0.8 [0.6, 1.1] GeV/c J
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PRIMARY PARTICLE IDENTIFICATION

Grain counting method

- Count all grains along the track

- Grain density (GD) proportional to the
energy deposition dE/dx

45 pm

EMULSION FILM

MCS method in the first brick
BPlry =0.8[0.6, 1.1] GeV/c

GD1yy/GD, = 1.45 +0.06
(AE/d) proton/(AE/dx)x = 1.38 £ 0.14

02.75

Consistent with proton hypothesis

23/06/201p = (1Oi02) GeV/c

Giovanni De Lellis, 118th SPSC Meeting

dE/dX (MeV g'lem?)

R 1,
proton pion

. G.D

\ e G.D. (proton)
\ e G.D. (pion)

\ — dE/dX (proton)
\ — dE/dX (pion)

Momentum(GeV/c)




THE FIFTH v_ CANDIDATE

Kinematical variables

Parameter Measured value Selection Criteria
Adrg (9) 15141 >90

pss (GeV/c) 0.34+0.1 <1

Okink (mrad) 90 42 >20
Zdee (M) 634 + 30 (44, 2600]

p?"Y (GeV/c) 11+ >2

Y (GeV/c) 1.0752 >0.6 (no ~ attached)

Flight length: (960=%=30) um

23/06/2015 Giovanni De Lellis, 118th SPSC Meeting
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a.u.
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THE FIFTH v. CANDIDATE

Kinematical variables

= Candidate event
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VISIBLE ENERGY OF ALL THE CANDIDATES

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

 Lifetimes and masses similar to the t
« Background when the primary muon is not identified

v, SCinteractions with charm quark production
derived from CHORUS measurements
New J. Phys. 13 (2011) 093002
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New J. Phys. 13 (2011) 053051

o(vyN — p~CX)

= (4.38 £ 0.26
oc(vyN = u—X) ( %

04 charm MC
r background MC
25 |—@— ® data
L f Kolmogorov-Smirnov test:
20[ 1 C.L.0.582
ﬂ -
c i
Q 15}
w
10
F |
|

0
0O 10 20 30 40 50 60 70 80 90 100
Muon momentum (GeV/c)

Eur. Phys. J. C74 (2014) 2986

Good agreement in normalization and shape for the relevant kinematical
variables in the charm detection and muon identification

Constrain the background within 20%
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BACKGROUND STUDIES: HADRONIC INTERACTIONS

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

Track length analysed in the brick:

- 2 GeV/c:85m 300 :
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Black : m- beam data
Red : MC (FLUKA) simulation
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SECONDARY TRACK EMISSION
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Good agreement within the statistical error: systematic error ~ 30%




NUCLEAR FRAGMENTS EMISSION PROBABILITY
Nuclear Additional background reduction

Fragments

h o8 9 o © ~

sociation probability
o O o O O

Highly ionizing fragments e

-, | o il 7 g oP:N0 o0 e . . - . - i : i i :
B2 -43..::“:'\’.-'. NG SRt oy a2 . = : f 5 f :

ool C I, T s e s es e B %O ?- PESIY, T AT, O 1
2 = e . .. e . S o e B 5w Wt ot g Y -

- 9 - % o +%° ew S ® R .

2 o B T WEeme T PN e e So NV, T . ey

&0 a2 e-. P -.'.-'.,; £~ o B P f.__ .. . 4 ] ) L1 ! !
e - - & B AT T O ool g ohe, 5

- ave i A sy B

—

IIIIlI IIEIIIIIIII

6 8 10 12
Beam Momentum (GeV/c)

. ':.-‘. : ‘:'.' ':. :
e . ':':'_\'"‘ _“.
3
N -
Ny .

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

S RN

* PTEP 9 (2014) 093C01

Giovanni De Lellis, 118th SPSC Meeting 46




NUCLEAR FRAGMENTS IN 1 AND 3 PRONG INTERACTIONS
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| ARGE ANGLE

New estimate based on GEANT4

- Simulation modified by introducing

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

.

r—b

psw (1) = po (1 +ea

IEEE Transactions
on Nuclear Science

7.3 GeV/c muons on Copper
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LARGE ANGLE 1 SCATTERING

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

weighted scattering events

10°

10* —all ] _

. Main background in the t = u decay channel
. —6>0.02 when using upper limits in the past

10’ ~—p,>250 MeV/c
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10° —
= - v —®— Copper (90% C.L.)
10 B F \ 4 o
1 g ]g\\ \ & . CHORUS (90% C.L.)
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P, (MeV/ic) S0 Monte Carlo, this work
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<
LAS background estimation % &
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-7 ,..CC ~
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'u 1073
well below the values considered so far
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AMm?,, ESTIMATION

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

[2.0-4.7] x 103 eV?
(assuming full mixing)

OPERA (Tt appearance) .

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

T2K (normal) L.
PRI 112 (2014) 181801
MINOS (normal) -
PRL 112 (2014) 191801
PDG 2014 |
I | I I | | | I I | | | | I | I | | | I I | |
1 2 3 4 5 6

Am,, (107eV?)
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STATISTICAL CONSIDERATIONS

Channel Expected background Expected signal | Observed
Charm Had. re-interac. Large p-scat. Total
7 —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
7 —p | 0.004 £0.001 - 0.0002 £+ 0.0001 | 0.004 4 0.001 0.61 +0.12 1
T—e 0.03 +£0.01 - - 0.03 £0.01 0.78 +0.16 0
Total 0.224+0.04 0.02 £0.01 0.0002 £ 0.0001 @.25 + 0.05) 2.64 +£0.53 ( 51 3
O ——— —_—
Two statistical methods: Am? =92.44-1072° eV?

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

5 observed events with 0.25 background events expected

Fisher =1.10 x 10/
rofile likelihood = 1.07 x 10/
This corresponds to 5.1 ¢ significance of non-null observation

Pn>5|pu=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

23/06/2015 Giovanni De Lellis, 118th SPSC Meeting 51




DISCOVERY OF v_. APPEARANCE
IN THE CNGS NEUTRINO BEAM

» Detector successfully measuring v, v, and v,
« Analysis of an extended data sample (+15%)
* Improved background evaluation

* Five v_candidates observed

* 5.1 o significance

« Mission accomplished

OUTLOOK

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

« Extend further the scanning (multi-brick)

» Constrain the oscillation parameters with v, v, and v,
simultaneous measurements
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Know-how and technologies for SHIP

Coils
Upper Return yoke

Magnetic
Specrometer

Goliath Magnet

Target structure

ECC brick Compact Emulsion Spectrometer

73 cm 3.1 cm

Neutrino Target
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High Precision Trackers

High Precision Trackers @ @
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Lead plate  Emulsion Film Rohacell plate N Emulsion Film
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