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Introduction: Experimental facts (EPS-Aachen 2003):

rayon cosmique primaire

Atmospheric results: clear v, disappearance
(SK, Soudan II, MACRO)

Super-K: Atmospheric vV zenith angle distribution
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Best fit: Am? =2.0 103 eV2 and sin?20= 1.0
1.3<Am?<3.0x103 eV? at 90% CL




Solar results:

SNO: deficit of solar v, + strong Bec =P, Pye= P+ CDM
evidence of flavour change D= P, +1/6 @,
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No flavor transformation hypothesis (¢ . = 0) rejected at 5.3 ©

Compatible with oscillation hypothesis favouring LMA solution
Phys.Rev.Lett. 89 (2002) 011301; Phys.Rev.Lett. 89 (2002) 011302



log(Am ZeV 2)

Global Solar v Analysis

Inputs: ¢ 37Cl, latest Gallex/GNO, new SAGE, SK 1258-day day & night spectra
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Reactor result: KAMLAND deficit of
anti-v, observed compatible with LMA  *|
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— No doubt that neutrinos undergo a flavour changing mechanism
and that m, >0

MNSP matrix and 3 Vv oscillations
(MNSP: Maki-Nakagawa-Sakata-Pontecorvo)

3
Va = Z Uaj Vj Uy 1s the mixing matrix
j=1

cosf, sinf, O0})1 0 0 1 0 0 )\ cosf; 0 sing,
U, =|-sinf, cosf, 0|0 cosf,; sinb,; |0 1 O 0 1 0
0 0 1)00 -sind, cosf, \O 0 e™ |-sinf, 0 cosé,

6 parameters to determine:
* 3 angles, 2 mass differences,
1 CP violation phase



15t generation of Long Base-line Vv projects:
* confirm the atmospheric v result and the oscillation hypothesis
» verify the nature of these oscillations (v -V,)
* measure more precisely Am,;? and 0,,
* observe v, — V_and constrain 0,3

3 projects using “home-made” v,
K2K and NUMI/MINOS looking primarily at v, disappearance

and CNGS:

searching for v,
appearance at Gran
Sasso laboratory

(732 km from CERN)
in a vV, beam produced
at CERN

GRAN SASSO




CNGS main characteristics

Helium bags Decay tube Hadron stop Muon detectors
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Underground structures at CERN

Beam Intensity increase:
(approved and financed)
expect 1.5x original design

LEP/LHC tunnel

7.0 x 103 pot/spill
200 days/year ; €=55%
6.76 x 10'° pot/year

(shared mode) . =

06 /2003
CERN-AC-DI-MM,




Beam optimized for v, appearance
For 1 year of CNGS operation with the expected intensity upgrade:

> x107 P..* 0. .. (arbitrary units)
v, (m2/pot 7.78x107° 5 - 0sC “Tcc
u poY) 3 O Am2= 3 10-3eV?
v, CC /kton 4000 2 03B
3 03
v,NC /kton 1240 !
. 025
<E>, (GeV) 17 c,; 4%
v 0 0.15|
Ver Vo /Yy, 0.8 % | v fuencs
— 0.1
Vu / v, 2.1 % ;
0.05
V. prompt negligible
0 5 10 15 20 25 30 35 40 45 50
V|, per m? at Gran Sasso 5.25 x 1011 E (GeV)

For Am*=2.5x10-3 and maximal mixing

expect 25 v, CC/kton/year at Gran Sasso




Status of the project:

= Civil engineering 1s completed (june 2003)
» Upgrade of the beam intensity (factor 1.5) 1s well under way
“» Start the installation of hadron stopper and decay tube

Inner Conductor of the Horn

g

Target chamber: june 20th 2003

P
= il N

Conductor by end 2003

B First beam to Gran Sasso in spring 2006



Experimental signature for V. appearance:

T decay modes:

TRRVERVH BR 17.4 %
h- v nTP 49.5 %
e Vr Ve 17.8 %

TU T 1T V: nTv 15.2 %

The detectors should be able to detect and 1dentify the v, CC events

*Two massive detectors are under preparation

OPERA: direct observation of T decay topology
requires nuclear emulsions: ~ PUm granularity
needs large target mass: Emulsion Cloud Chamber technique

ICARUS: v, CC events identified through kinematic criteria
requires particle-ID, momentum and angular resolution
large electronic bubble chamber capabilities: ~ mm granularity



Gran Sasso National Laboratory: (Italy, 120 km from Rome)
Underground laboratory: . Aquila

2370m a.s.1l.

good cosmic ray shielding

1 cosmic/m?/hr S N
3 large experimental halls External S
buildings <t
(100m x 18m x 18m) —
directed towards CERN s m o ast asa c63 m a1
Ur ergroun
Hall B E?‘ﬁ Laboratories

ICARUS
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OPERA: approved CERN experiment CNGSI1

Principle: direct observation of T decay topologies in v, CC events
— requires Um resolution: use photographic emulsions
— needs large target mass: alternate emulsion films with lead

sheets (ECC concept) plastic base 200 pum thick
Modular detector: basic unit brick

10X,

56 Pb sheets (1mm) emulsion layers (50 pm thick)

57 FUJI emulsion films
1 changeable sheet

206 336 bricks are needed — target mass: 1.8 ktons



1.8 kton detector at Gran Sasso (Hall C)
- M spectrometer: Dipolar magnet + RPC chambers

Precision tracker: Drift tubes

e

B=1.6T
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Target Trackers
Pb/Em. target

* 2 SuperModules

* 31 walls/SuperModule

* 52x64 bricks/wall

« 206 336 bricks




Muon spectrometer

Full scale prototype magnet
Constructed and tested at Frascati

i Sk i . :
T [P e e - =
I | R - .

¢ | Precision tracker
I

*Tube : vertical , @ = 38
mm, length 8 m , wire @ =
50 ym

* Plane: 4 staggered
layers, each with 168 tubes

full size prototype
(Hamburg)

* Iron slabs, Yokes, coils, supplies ordered
« installation started: may 2003

eqiss . =(0.1+0.3)% uld > 95%
Ap/p < 20% for p<50 GeV  (with Target Tracker)



Hall C in Gran Sasso:




Target tracker:

* Plastic scintillator strips: 6.7 mx 2.5 cm x 1 cm
*AMCRYS-H (Kharkov) readout by Kuraray WLS

optical fibres + Hamamatsu PMT 64 channels <

e X and Y planes of 256 strips

*Target Tracker tasks :

- trigger (€=99%)
- select bricks efficiently
- initiate muon tagging E,I
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Selected bricks
are extracted daily
using robots

O =15cm CC
3.0 cm NC

€. = 70-80%
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Scintillator signals::
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"il Yanpy,

Target tracker Wall 0 construction at Strasbourg

' production: 8 modules / week
| Delivery and installation at LNGS:
starts february 2004




Fuj1 Emulsion Films

«  Mass production started April 2003 (~150 000 m?)
rate: 8000 m?>/month

« Refreshing done in the Tono Mine in Japan to erase A
cosmic ray tracks before transportation
100mm
*  One batch sent to LNGS every 2 months starting & /,
august 2003
125mm

Lead
Low radioactivity lead (Boliden) Pb +0.7 % Ca

*No surface treatment needed : emulsion compatible
with lubricant traces

*Thickness control: 1030 um +— 10m)

ready for prototype mass production in Goslar
(Germany)

(~107 plates to be produced for OPERA)




L’analyse des briques et des émulsions:

Pb/Em. brick
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Pb Emulsion 1 mm

50um couches emulsion

200um base plastique




L. INARAUTOUINAZOYA ULV,

F] '. Im Rea d -out Principle e

CcCD | 3D digitised Emulsion layer image
: S Resolution (16 two-dimensional images
VllCFOSCF)pe | SLZXILTplels of different focal positions.)
Z axis Field of View i

150x120pm?

Objective Lens x50
~3um focal depth

/| Emulsion

[| ./ Layer
=
= Plastic base
5 200 pm ) :
B4 Search for aligned grains
2 e
L ( straight-lines) .

./ _ ~ J Emsulion JPLoutput

\ Layer Track info: Position and Angle
44m

Slide from M. Nakamura (@ NOON2003



Principe: déplace le plan focal jusqu’au vertex d’interaction v

Les particules produites dans les
interactions V sortent de I’image

Les traces intéressantes
apparaissent comme des points

-
-
.
A

Le deplacement du
plan focal a travers
[’épaisseur de
[’émulsion donne la 4+— 0.1 mm ——»

3eme dimension.

“tranches tomographiques”
de profondeur focale ~ 0.005 mm



Automatic Scanning: Nagoya and Europe R&D efforts

Bari, Bern, Bologna, Lyon, Miinster, Napoli, Roma, Salerno

Europe prototype

(Lyon example)

— ke b

Dedicated hardware

Hard coded algorithms Commercial products

Software algorithms

Actual speed = 5 cm?/hr; Near future = 20 cm?/hr



Emulsion bricks: 3-d tracker with sub-micron accuracy

Flow: Brick removal - cosmic exposure — development — scanning
vertex search — decay search — e/yID, kinematics

—analysis:

Tracking resolution:
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intrinsic tracking accuracy: ¢ =0.06 pim
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S50micron emulsion layer

\
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emulsion film { ~ az"‘-‘_k—ff base track

h §

( connected track segment )

O (angle) = 2.1 mrad

O (position) = 0.3 m

(limited by digitisation error in image processing)

Momentum measurement:

Ap/p < 0.2 after 5X,up to 4 GeV

Angle difference




Emulsion bricks: TEST experiment at CERN PS

Electron Identification N
8GelVic

* Method based on shower
1dentification and on MCS of the
track (e and Ttlosses different)

* £.~90 %,

5 cm

«— 5X, ( ~ ¥ brick) —>

Energy measurement

« count the number of track segments into a cone of 50 mrad
along the electron track

« Resolution E = 43%’ @ few GeV

— Excellent capabilities for T — € decays and search
for v, — V, appearance



V, — V. search

Exploited T decay channels

Io e ¢ long decays ” kink angle
5 1 d ., . eklnk> 20
T- M ong decays mrad
T > h “longdecays”
€.BR =2.8-3.5%
T— e “shortdecays” impact
e s = ter
T - short decays parame
H . Y I.LP.> Sto
Expected number of background events after 5 years:
T-¢ |T-u |Tt-h [total
Charm background 313 017 243 S73
Large angle p scattering 174 174
Hadronic background 139 174 313
Total per channel 313 330 417 1.060




V, — V. search

full mixing, 5 years run @ 6.76x10' pot / year

channel Signal (Am” (eV?)) e.BR |Background
1.3107/2.0 10°/3.0 10~

e 1.8 4.1 9.2 | 3.4% 0.31

U 1.4 3.4 7.6 2.8% 0.33

h 1.5 3.5 7.8 | 2.9% 0.42
total 4.7 11.0 | 24.6 | 9.1% 1.06
No significance probability asa _
function of Am?
Possible future improvements: g
» Changeable sheet: increase L
efficiency by 10-15% I A VAR (8 S N R
 improve Tt/id. (low p) using
dE/dx vs range: reduce the charm = [ __________________ _________ SK90° ______________________________________________________
background by 40% O v v



V, — V, search:

Assuming Am,? << Am,;> = Am;>= Am?, in the 3 flavour Vv oscillation framework
P(v, -> V)= cos'0,; sin"20,; sin*(1.27 Am?* L/E)
P(v, ->V, )= sin’0,, sin’20 ; sin’(1.27 Am> L/E) <4 subleading transition

*look for an excess of v, CC events

*take into account electron event from v, — V;, T - evV,

. = v, beam
67
I _Vu—)Ve

0 s}
. . ~
Both oscillations S
distort E. .. at low : > = V., beam
e 5’__VIJ_)VT ml'_ = Vy — Ve

energy o ' — Vv, -V
% T — NC
Fit oscillation L

2 b [
o -
components 0 '

0 15 20 25 30 0 02 44 08 Qs 1 12 14

simultaneously Vlslble Energy (Ge\ Missing pr (GeV)
\ sin?20, ; use E ., Pmiss E

VIS? el

Events

—




V, — V. expected signal and background 5 years: 2.25x1020 pot

63 | sin® 283 | Signal | v —>vr, v, CC|v,NC|v, CC
(deg) V=V, [T —>ev,V,

9 | 0.095 | 93 4.5 1.0 | 52 | 18
7 | 0058 | 58 4.6 1.0 | 52 | 18
5 | 0030 | 3.0 4.6 1.0 | 52 | 18

OPERA sensitivity to 0,

N

>

L
™
N

Am?

10 |

10

10

~ — 4.50 10% pot/yr
- T 6.76 109 pot/yr

OPERA
Preliminary

syst. on the v, contamination up to 10%

Limits at 90% CL for
Am? = 2.5x1073 e¢V? full mixing

sin?

Sill2 2913 913
CHOOZ | <0.14 11°
OPERA <0.06 7.1°
Improve the CHOOZ limit



The ICARUS Collaboration

S. Amoruso, P. Aprili, F. Arneodo, B. Babussinov, B. Badelek, A. Badertscher, M. Baldo-Ceolin, G.
Battistoni, B. Bekman, P. Benetti, A. Borio di Tigliole, M. Bischofberger,
R. Brunetti, R. Bruzzese, A. Bueno, E. Calligarich,D. Cavalli, F. Cavanna, F. Carbonara,
P. Cennini, S. Centro, A. Cesana, C. Chen, Y. Chen, D. Cline, P. Crivelli,A.G. Cocco,
A. Dabrowska, Z. Dai, M. Daszkiewicz, A. Di Cicco, R. Dolfini, A. Ereditato, M. Felcini,
A. Ferrari, F. Ferri, G. Fiorillo, S. Galli, Y. Ge, D. Gibin, A. Gigli Berzolari, I. Gil-Botella,
A. Guglielmi, K. Graczyk, L. Grandi, X. He, J. Holeczek, C. Juszczak, D. Kielczewska,
J. Kisiel, L. Knecht, T. Kozlowski, H. Kuna-Ciskal, M. Laffranchi, J. Lagoda, B. Lisowski,
F. Lu, G. Mangano, G. Mannocchi, M. Markiewicz, F. Mauri, C. Matthey, G. Meng,
M. Messina, C. Montanari, S. Muraro, G. Natterer, S. Navas-Concha, M. Nicoletto,
S. Otwinowski, Q. Ouyang, O. Palamara, D. Pascoli, L. Periale, G. Piano Mortari,
A. Piazzoli, P. Picchi, F. Pietropaolo, W. Polchlopek, T. Rancati, A. Rappoldi, G.L. Raselli, J. Rico, E.
Rondio, M. Rossella, A. Rubbia, C. Rubbia, P. Sala, R. Santorelli,
D. Scannicchio, E. Segreto, Y. Seo, F. Sergiampietri, J. Sobczyk, N. Spinelli, J. Stepaniak, M. Stodulski,
M. Szarska, M. Szeptycka, M. Terrani, R. Velotta, S. Ventura, C. Vignoli,
H. Wang, X. Wang, M. Wojcik, X. Yang, A. Zalewska, J. Zalipska, P. Zhao, W. Zipper.

ITALY: L'Aquila, LNF, LNGS, Milano, Napoli, Padova, Pavia, Pisa, CNR Torino, Pol. Milano.
SWITZERLAND: ETHZ Zirich.

CHINA: Academia Sinica Beijing.

POLAND: Univ. of Silesia Katowice, Univ. of Mining and Metallurgy Krakow, Inst. of Nucl.
Phys. Krakow, Jagellonian Univ. Krakow, Univ. of Technology Krakow, A.Soltan Inst. for
Nucl. Studies Warszawa, Warsaw Univ., Wroclaw Univ.

USA: UCLA Los Angeles

SPAIN: Univ. of Granada




ICARUS:

Principle: 3D 1maging in a large volume Liquid Argon TPC

e very pure LAr (<0.1ppb) — electrons can drift over large distances (>1.5 m)

» scintillation light for t,

* 3 wire planes at 0,+60,-60° with 3mm pitch

* — 3D reconstruction with high resolution

: Electric Field  pmT
: Tonizing Track UV Lig

Druf‘rmg.'

/////

A plifi
$F" CO”ZCTIOT\ et

Plane

0,=150pm
O,,~1mm

Energy deposition

measured for each point |

(400 ns sampling)

T600 test ¥

85 cm

uon decay

Run 960, Event 4 Collection Left



ICARUS design: multi kton
device in modular structure

Smallest detector unit: 300 tons
(T600 half-module)

Cryostat (half-module) = |

A1l |

» - 4n
ey

15t half T600 succesfully
tested during 2001 1n Pavia

Validate the technology for
these large scales

ICARUS T

Wires of the TPC

Vi

—

Al. S Drift Length (1.5 m).
g | Sl

1||I|Il|1|||':|!||'_|||||‘ii| !

lnnmt|+|+|||¢|||1|pum|t§.r NS

| Wire Chamber

Field m’frodes
T(during‘installation)




ICARUS T3000 1n Gran Sasso (Hall B)

Cloning T600 module to reach a sensitive mass of 2.35ktons

First Unit T600 + | T1200 Unit T1200 Unit
Auxiliary (two T600 (two T600
Equipment superimposed) superimposed)

't I
e iy (A A W

= " =1!tlw s Hazw 1* =

N
| 51"'.&'!... AT F""

:Hiiﬁiszjj,%“

=95m  oradual mass increase

Complete setup should be

collect atmospheric and solar v operational by summer 2006

starting from 2004
Physics program: CNGS, solar and atm. v,

(2.35 kton active, 1.5 kton fiducial) Supernova v, proton decay



Detector performance:

EM and hadronic showers are
identified and fully sampled

Total energy obtained from
charge integration

Pictures from T600 technical run:

Excellent calorimeter with
very good E resolution

EM showers:

o(E) _ 3% 4 10
T _xEOHA)

Hadronic showers:

6(E) _17% 4 10
= _@um

Shower

W—Iadronlc mtenachon

Run 308, Event 160 Collectlon Left

142 cm

176 cm



Detector performance:

L momentum measurement by MCS
Ap/p=20% at 10 GeV

R}Jn 975_, Event 61 Collection Left A
""._'l"- 262 cm
Very long track
) I78m " Run 939 Event 46 .
: : : : g un ven
Particle 1dentification: 0
by means of dE/dx vs range S |
T 8
K'[AB] - i'[B( - €'[CD] ]
D ; :
TR | -
C -‘:1_# cind X 25 ’ “_|_
i :
! 0 M vl s aal, 1 1 1

_F

sol e s lownlvasloaalin,
6 8 10 12 14 16 18 20

range from end point (cm)



CNGS studies 420 cm CNGS v, interaction, E,=26 GeV

280cm  CNGS v, interaction, E =18.7 GeV




ICARUS: v, — v, search

golden channel: T - ev Vv,
Kinematical suppression of the background: v_CC from beam

* Analysis based on 3 g
dimensional likelithood §°r ® v.CC+v CC
Evisible9 E ao F [ ] Vo CcC
P, miss 4
T Y ogs — v CC,1>»e

plEPTlep /(PTlep+ PThad+PTmiss) cut

. . 20 Vertex cuts
Exploit correlation between applied

variables 15

Two functions built:
* Lg ([Evisible, P ™iss, p,]) (signal)

10

4g T600 modules, 5 years CNGS (4.5 x 10'° p.o.t/vear)
L D L L L B

* Lg ([Evisible, P miss, p,1) s Overflow-,
(v, CC background) . . A Ny
. . . . . 2 4] 2 4 6 8 10
Discrimination given by
InA

InA =L([Evisible, Pp™ss, p,]) = L./ Lg




ICARUS: v, - v, search
other channel: T - pv, with p~ - TTTP

main background: v, NC — missing p, use 1solation criteria:

u/// T/’ TU
Yo v .
B
—
Prot
ptot

T3000 detector (2.35 kton active LAr)

S years: 2.25x10%0 pot

channel|  Signal (Am’ (eV°)) e.BR |Background
1.6107/2.51074.0 10
e 3.7 9.0 23 | 4.4% 0.7
pDIS | 0.6 1.5 3.9 | 0.8% <0.1
PpQE | 0.6 1.4 3.9 | 0.7% <0.1
total | 4.9 11.9 | 30.5 | 5.9% 0.7

SIMILAR SENSITIVITY AS OPERA




V, — V, search:

*look for an excess of v, CC events

*take into account electron event from v, - v, T -

L= 72 KmAm = 35 10 eV B, = dF 8, = 7

;l To
Both oscillations g =
distort E , at low E )

id

Fit 2 oscillation

ICARUS at CHGS
& v OO + oscillated Yo
— v OC
Oscillated v [1v,
Orscillased v, v,
— v, CC + Ose n'n'u.'r.u"-r W

MHH

COmponents B TaaaT T

a5 &0

simultaneously ~ in220
sin“20,;

ev.V

T°¢

2

S

Evenis/20kion x year

L=7I2KmAm = 355107 eV B =458, =7

=

éﬂ

ICARUS at CHGS
® V, CC + oscillated v
— v o
-"J".'-:'.l'.f.l':rre.'d viv,
Crscillared v, 0w
— VOO + Cher n'n'u.l.-.db Ow

. 20 GeV and E‘I =1 GaW

2.5 3
Missing P_{GeV)

PTmiss, PTel

i 1
1.5 2



Expected sensitivity to 9,

S5 years: 2.25x10%0 pot

ICARUS T3000
~ pr e ey | O13 | 81072853 | V. CC | v —>v1, | Signal
Ol < | | (deg) T->evV, | V=V,
E Laiondl %30 {179 [ 0095 | 50 24 27

0k CHOOZ _ 7 0.058 50 24 16

: i 5 ] 0030 | 50 25 8.4

*LS years dedicatéd SP

[ v, =V, included, 0, =7/4

i +46

4 praal I oy s aaasl i g gl 1 1
-2 -1
1

10 3
10 10 10
. 2

sin 2913

Preliminary studies from OPERA

' Limits at 90% CL for
; Am? = 2.5x103 eV?2 full mixing

sin” 20,3 | O3
ICARUS | <0.04 | 5.8
OPERA | <0.06 | 7.1°
CHOOZ | <0.14 11°

Improve the CHOOZ limit




LNGS Hall B: where 1s ICARUS ?




Conclusions
CNGS beam: on schedule — expect to start in june 2006

OPERA: work 1n progress to be ready by 2006

ICARUS: successful demonstration of the principle withT600
T3000 version estimated for 2006

Physics with CNGS:
Vy = Vgt
e unambiguous appearance signal after a few years
 expect 20-25 T events after 5 years with very small background
at Am?~ 2.0 103 eV?
* precision on Am? of the order of 10%

V, - V..
! e
* high detector capabilities to explore this channel

e 8,5 limit down to 6%-7°
* best sensitivity until the JHF-SK turns on



Detector Characteristics

* High density fully imaged target

Reconstructed event

« Completely homogeneous
* High granularity
— Wire pitch =» few mm
— Time sampling =» few hundreds ns
* Self-triggering with no dead time
* Very good calorimetry
— Local energy deposition detection
— Very good energy resolution

« Oo(E)E = 7% / VE(MeV) low energy el.
« Oo(E)/E = 3% / VE(GeV) e.m. showers
« O(E)E = 16% / VE(GeV) + 1% hadr. show.

< 40em— > Lo Particle ID capability
Density | dE/dx Radiation | Nucl. Coll. | Boiling El W.on Won
(g/cm3) | (MeV/em Length Length Point Mobility (eV) (eV)
) (cm) (cm) (°O) (cm?/Vs)
Argon | 1.394 2.10 14.0 54.8 -185.7 500 23.6 19.5
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