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First detected in 1956 by Reines & Cowan

W. Pauli (1900-1958)

Neutrinos are only sensitive to the weak (and gravitational) forces
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The neutrino Intrinsic properties

Neutrino is hard to detect

still mostly a mystery!

Electric charge 0

Angular momentum ( spin ) 1/2

Helicity Appears 100% left-handed
Interactions Only weak

Rest mass ?

Lifetime ?

Anomalous magnetic moment ?

Intrinsic nature Dirac-Majorana ?

| will concentrate on the quest for neutrino oscillations [J



Weak charged currents

By symmetry arguments, one would expect quark and lepton weak

currents to have similar structure:
Quarks charged current:
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Leptons charged current: Weak eigenstates Flavor eigenstates
] [ ][ | [
Weak eigenstates Mass eigenstates
However, in the Standard Model, neutrinos are massless (degenerate)
0ou=1 Ve
] e ur )Ly“ E{/MD

u
.0



Neutrino flavor oscillations (in vacuum)

In vacuum: Time evolution of a neutrino mass eigenstate v;

(=stationary state of the free Hamiltonian)

B. Pontecorvo (1957) e— | E| t E. = energy of state
E, = \/ _pz T mz
Neutrino state produced in weak decay: ‘ V(t — O)> = ‘V a> (a=e,u,1)

v(t=0))=v,) =5 Uylv,) ﬂv(t» =y Uq€ v
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Neutrino flavor oscillation probability: Pa = ‘<Va ‘ V (t)>‘



Oscillation probability

* The case with two neutrinos:

o cosf sif
—A mixing angle: 0 @j % u 1%
-»A mass difference: B Siné  codV,

Amz — — (eVZ)
* The oscillation probablllty IS:

P(v, - v;)=sin"20 sirf %l 27Am’ :;

where L = distance between source and detector (km)
E = neutrino energy (GeV)



Neutrino oscillation phenomenology

* In interesting cases, the oscillations decouple so that they are approximated by a two-
neutrino oscillation

[V, [jcosf

E{/BE:E—sinH coY 25
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Survival probability P(vgq — Vvq)
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Oscillation map - “allowed regions”

Two-neutrino oscillation
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Where do we stand with the models?

* The three-flavor mixing cannot accommodate all experiments
= Only two independent Am? with three neutrinos

= 3 distinct Am? regions Am?,, << AmZ2_, << Am? ¢ required to
accommodate solar, atmospheric and LSND data requires

= transitions involving “sterile” states could be occurring as well
Smirnov, hep-ph/9907296
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The “challenging” sources of neutrinos

Apart from the artificial sources, Nature has provided us with natural sources of
neutrinos

Artificial sources

Accelerators yix
~ =« Reactors

Supernovae BigBang, SN relic, UHE

Atmospherlc

These have all been detected!
Except these!

André Rubbia, ETH/Zurich, 17/2/01, SITGES



Neutrino and rare process physics

+ The performance of a neutrino detector is proportional
to its total mass and also to its geometrical
granularity with which the events can be reconstructed.

What we get for 5 ktons of target:

® Atmospheric neutrinos:
—=1000atm CC events / year

—-=5v_ CC /year from oscillations
@ Solar neutrinos:

— 17500(f45 solar neutrinos / year @ E > 5 MeV
®Neutrinos from CERN (CNGS):

-13600v, CC per 4.810' pots @ L = 730 km
®Neutrino factory:

- 1200v, CC per 1&°p @ L = 7400 km ‘
®Number of targets for nucleon stability:

-3x 10 nucleons 0 T1,(10*years) >6x T(yr) Xxeé @ 90C.L.
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Discovery of neutral currents (1973)

Excellent elctron .
identification vV +e LV +e
p=1.5g/cm3 H H
Radiation length=11cm_§

i T = : .'-r

E_=385+100MeV
0,=1.4+1.4°

Gargamelle, Phys. Lett. B46 (1973) 121



Oscillation map - “allowed regions”

Two-neutrino oscillation

V, > vx>

Electron deficit
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Solar neutrinos

Stellar energy comes from NUCLEAR FUSION in core

pp cycle:

=proton

=neutron

—>

— @\ N\ Y

— .+ &8

n/e
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0
— e

p+p- D+€e +v

p+ Do He+y

*He+°He- “He+2 p

Stars are strong neutrino sources!

4
4H - “He '/l'/y+ V\

light,heat neutrinos

Q=26.73 MeV; <Ev_> = 0.265 MeV



PP chain

ptp—?H+tet +uv. ptpte =+ 2H+w
# 100% # 0.4%
h 100%
H+p—3He+~y
85% Y 15% 2 x 107%%
umn+umnlva.ﬂn+wu_ h SHe+*He —+ "Be++ SHe+p—*He+ v
« 15% @ 0.02%

TBe+e~ — "Li+ ve
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Predicted solar neutrino spectrum
SuperK, BNO  Experimental
Chlorine ~ s
(Celliym _ jChiorine | ! threshold

Neutrino Flux

Neutrino Energy (MeV) Bahcall

httpz:/www.sns.ias.edu/~jnb



The solar neutrino problems

Total Rates: Standard Model vs. Experiment
Bahcall-Pinsonneault 2000
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Fitted Be & B rates versus predictions
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Chlorine experiment— Homestake Mine

-' v.+°'Cl - °Ar +e

Ev> 814 Rel
Expected rate: 9.5-1.4 SNU

1 SNU=T evitls per 10 target atoms

Expected production:
1.5 Ar nucleilday

Measured rate: 2.56—0.22 SNU
average over 30 years!!!!




Solar deficit global solutions
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® VACUUM OSCILLATIoNS
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NEUTRINO OSCILLATION TN HATIER
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MSW REGENERATION INEATY &

Raheal, Krasfev , may 4%

(Night - Day)/(Night + Day) (%)
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Day/Night Flux difference
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Solar neutrino survival probabilities
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The SNO Detector

A 2039 m to surface
10" m to Sun

- | Vectran
__+— support
| ropes
— Urylon liner
12 m diameter .
acrylic vessel
Norite rock
Support
structure for
9500 PMTs,
concentrators

5300 tonnes 1000 tonnes 1700 tonnes
light water heavy water light water

* Location: 6800 ft. level of INCO’s Creighton mine near
Sudbury, ON, Canada (~70 muons / day)

* SNO Detector: 9438, ,...a * 91outwara Hamamatsu 8” PMTs
+ concentrators = 59% coverage @
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SNO Measurements

Charged Current Reaction (D,0O):

ve*rdo>p+pte Ey.=14MeV | (onlyv,)

* v, energy spectrum (distortion MSW effect)
* Some directional sensitivity (1 - 1/3 cos 0,)

Neutral Current Reaction (D,0O):

wtd-o>v, +p+n E; =22 MeV (ALL v types)

e Total solar 8B :m_._i_._o _a_:x (active neutrinos)

mﬁ_o Oo

?L _“_:M_ |

ZOA

+.¢. +¢wz=x

Elastic Scattering Wmmnﬁoﬁ AUNO\IMOVH

v,te > v, +e

ngﬂmm = O MeV Aaﬂm_nu.uw {mv

* Low counting rate
* Directional sensitivity (very forward peaked)

_Nﬂu_o ﬁﬁ

ES |o|m|_m ve + 0.14(v, % é flux

?mu =:x
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SNO preliminary data

Comparison of Data and Scaled S5M
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Real time experiment based on v—e SRR,
scattering - a5 X/
Interest focused in the "Be

monochromatic line (863 KeV) and
its time (day-night, seasonal)

variation i
Detection threshold 250 KeV = —
46 evts/day in the 100 tons fiducial T e I R e e

volume expected according to SSM | 300 tonnes of ultra-pure

. - : scintillator viewed by 2200 PMT
Extremely sensitive to radio

impurites 2 Background level: | Outer ultra-pure water shield

i : (2400 tonnes) viewed by 200
aim at 107'° g of 2%U/g PMT
SMA = LAl su ppession 3 veridiTon - \
LN = k-.-.'at Suppression NO =7 Seayna) vad .\“?rlm[ y
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Solar neutrinos detection in ICARUS

*»* Two reactions can be measured independently:

—

Elastic scattering on V absorption on
atomic electron Argon nuclei

V. +te - V., Ve+4OAr — 4OK *

+* Signature:
*** Primary electron track
*»» Absorption: surrounded by low energy secondary tracks (*°K*de-
excitation).
*»* Prototype setup: electron track visible down to kinetic T=150 KeV

*»» Electron track threshold =5 MeV (needed to reduce background
contribution and to establish the e~ direction in elastic scattering).

+»» Sensitive to 8B component of the solar spectrum.




Radioactive source: 6 MeV Vy's
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Typical Montecario Gamow -Teller digitised event

i e (140 keV)

Sl Y140 keV)

.__‘n‘ e " (6700 keV)
I.
= 6788 kel

E mEin FeclneEy |

Associated complon energy = 2148 kel i

d
Multiplicity -3 Jr ¥ (800 kel)

i
i e (0keV)
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Solar neutrino rates and sensitivity

470 ton fiducial, all
cuts imposed Eve nts/year

ES=elastic scattering

NE> /NS 2 Y
_ theor V. + SV +
Elastic channel| 212 R= e ABSy x 7€ x T€
Background 6 N / Ntheory ABS=absorption events

vV +*Ar 5 K +e

Absorption channels| 759 107
Background| 26 :

Events per year for a 640 <
ton detector —
=
Te (MeV) | Neutrons 2
0.0 7400 ' %
1.0 3404 g
2.0 1554 z
3.0 696

4.0 318 §
5.0 144 3
7.0 30 10 10° 107 10t 10°

8.0 13 sin®20

AR/ R=7%(1ktx yn, 5%(2ktx yn), 4%(4ktx yr)
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Oscillation map - “allowed regions”

Two-neutrino oscillation

V, > vx>

Electron deficit
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Medium Energy Accelerator

ﬁ ..... V
Proton Beam - geamswop. | |
800 MeV (Y Shield Detector
Detector LSND KARMEN
(U.S.A) (U.K)
Accelerator LAMPF ISIS
Proton Current 1 mA 0.2 mA
Beam Pulse 500 us 2 x 100us
8.3 ms pause 20 ms pause
Mass 180 tons 56 tons
Distance 17 m 30m
179 900

Angle with beam



Neutrinos produced from 1tand p decays

VH
1y N
(97% decay at rest) N €
o Ve
Stopped
decay at rest VH ESSTEHITENETY RV

Stopped, captured by nucleus

TT Stopped,
captured

Decay in flight (5%) —p M

— Decay in
b vV, flight (129%)

Tl
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Search for oscillations at medium energy

Neutrinos mainly produced
from decay at resDAR) of

mandu

Also from decay In flight
(DIF) of these particles

—VdVv, (DAR) = 4x 10

s AtISIS, timeseparationof

rrand u decays

ISIS Source

relative Rate

relative Rate

Zeit [ns]

Time (us)

0 20 30 40 50
Energie E [MeV]

Energy (MeV)




Cylindrical Tank 8.3 m long, 5.7 m in diameter
1220 8-inches PMT Filled with mineral o1l (C_H,_.5)

+

small admixture of b -PBD &

Dectects scintillation

and Cerenkov light

Energy resolution ~ 7%

at ~50 MeV
Angular resolution ~12"

Position resolution ~30 ¢cm
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V, - Ve searchin LSND
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Signature:
Vo +p - e"+n
prompt positron signal, energy range

n+p- d+y2.2 MeV)

delayed correlated photon

OParticle identification (PID):
(Cerenkov light)

€ ~ 80%; neutron rejection ~ 10 3

ASignature discrimination:
From the p.d.f., build
likelihood function:

L = P(At)xP(Ar)xP(hits)




LSND DAR Oscillation Search

;. [ 1%
36 < Ee <60 MeV, R>30: § L, = i:iggiz:ggj;
(R>3O: Scorrelated=23%’ Saccidental=0'6%)§
L
L ] |_ |

¥Signal: 22 events 5 = * @

¥Beam unrelated: 2.5-04 i . I

¥Beam related: 2.1-0.4 i

¥Excess: 17.4—4.7 events i ol

¥Proh stat. ~ 4x10—38 ; ' L;'—L' ‘

— EIDI — IEIDI — I4IDI — IEIDI — IE:IDI

positron energy (e



Preliminary 96 - 97 &

Total

Lo o L b e

I W L N S e e

Selection BeamOn  Beam Off v Background Total Excess
R>30 61 15.6+1.0 115%£1.5 33.9+8.0
20<E, <60
R>30 29 - 52+06 3.0+0.6 208+54
36<E <60
Data Fitted Excess Total Excess Oscillation

Sample Probability %
1993 - 1995 63.5+20.0 51.0+20.2 0.31 £0.12+0.05
1995 - 1997 35.1114.7 30.3+14.8 0.32 £0.15 £ 0.05
1993 - 1897 100.1 £23.4 82.8 +23.7 0.31 £0.09 £0.05

André Rubbia, ETH/Zirich, 17/2/01, SITGES
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6 x 3.5 x 3.2 meters

André Rubbia, ETH/Zirich, 17/2/01, SITGES

178 cm

Filled with 65000 | of
liquid scintillator

2048 3-inches PMT
Detects scintillation light

neutron capture in Gd

Energy resolution
~ 11.5% /YE(MeV)

Time resolution ~ 2 ns

Position resolution ~ 6 ¢cm



André Rubbia, ETH/Zirich, 17/2/01, SITGES

Pnsﬂron Energy Photon Energy

by -

events).2SMeV
uEEEéES&EE
eveats'(L IMeV
aEEUEEEE
pubpnbie bnb il

=]
[
(=]

TRURU S BT R T R s o o . .
(4] 2.5 5 TS 1y Ead 1)
e’ [us] Ar(ye) [1s]

Time correlation

Event time
between e and vy



Neutrino Oscillation Search: Sequential Signatures
final step: velo information is used, optimised cuts

2 4 6 8 10 0 100 200 300 400 500
prampt §me | ps] ime differenca |ps]

B8 events measured

(7.8 + 0.5) events expected
m cosmic background 1.9+ 0.1 events
o seq. ._._.__.En reactions : 26 + 0.3 events
m rand.v, G 4 backgr. : 2.3 + 0.3 events
m intrins. contamination 1.1 £ 0.1 events



Likelihood Analysis

prompt event . visible energy 16 - 50 MeV
time 06-106ps
delayed event : visible energy 0-8 MeV
time difference 5 -300 us

position correlation  Ax <80 cm
+ no activity in any of 3 velo systems

data taking Feb. 97 - Feb. 99
protons on target 4670 C
total background 7.82+£074

measured sequences 8

signal excluded by LH analysis > 3.4 (80% CL)
expect oscillations (max. mixing)  1604+176

KARMENZ2 Oscillation Limit

sin? 20 <2.1x 10 (90% CL.)
large Ant




am’ieVf)

KARMEN?2Z oscillation limit
2 years data taking 2/97-2/99

sin“2@

[ sin220 <2.1x 103 (90% CL.)

unified approach : R. D. Cousing G.J. Feldman
Phys Rev D 57 (1998) 3873




KARMEN?2Z2 oscillation analysis :
new evenl based likelihood method

correlated E(e*) t(e*) E(y) At(y) Arfy)
+ poisson distrib. background (Ngy)
— null result (Nyg, =0!)

12
11

i
i
y | .

‘ nnm.__.lnn sagral
from KARMEN2

| | '] i l-_.-.—.
10 10"

Am? [eV2]
limit for small Am? limit for large Am?

Noge € 4.0 events Noge < 3.4 events

(90% confidence interval in unified approach)



Two-neutrino oscillation

Electron deficit

André Rubbia, ETH/Zirich, 17/2/01, SITGES
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Oscillation map - “allowed regions”

Solar MSW

Ve—>VX

ﬁAmZLSND =] e\

sir’20 = 0.003

Am?,.,= 10° eV?

sir’20 = 0.8 or 0.00§

Vacuum

Matter enhanced (MSW effect)

-10
L
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sin?2¢¥
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Uacuum oscillation




Atmospheric neutrinos

Earthis a spl’endid neutrino beam line!  pate-~200 events/kton [year _ ( l'l / e) measured
Use “double ratio”: RR= /
(,U e) predicted
Experiment Kt.year RR
SuperK subGeV 52.0 0.68-0.02-0.05
SuperK multiGeV 52.0 0.68-0.04-0.08
IMB 7.7 0.54-0.05-0.11
Kam subGeV 6.1 0.60-0.06-0.05
Kam multiGeV 6.1 0.57-0.08-0.07
Soudan-li 4.6 0.68-0.11-0.06
NUSEX 0.4 0.96+0.32—0.28
Frjus 2.0 1.00-0.15-0.08

1.4 =

RR = <VM/Ve>DATA / <Vu/Ve>MC
Anomaly! |

1.2 —

1

e W os |
: . + % +
0.6 [
vV, +V Z % %
R — l‘l l‘l —~ 2 04 -
- _ -~ I SuperK  SuperK IMB Kam Kam Soudan—II Frejus  NUSEX
+ o L SubGeV  MultiGeV SubGeV  MultiGeV
Ve Ve Predicted ratio of muon to

- «——— Water Cerenkov ——» «— Calorimeters —p-

0 1 2 3 4 5 6 7 8 9

electron neutrinos 0

André Rubbia, ETH/Zirich, 17/2/01, SITGES



<+ Super-Kamiokande

SUPERKAMIOKANDE  1mmir | 107 j008C Ba¥ RENAMHLNISRNT™ OF Tivys

m Giant water Cherenkov detector
> Total mass: 50,000 tons
> Fiducial mass: 22,500 tons
> Location: 1,000 m underground
> Inner detector: 11,146 PMTs (50-cm¢ )
> Outer detector: 1,885 PMTs (20-cm¢ )

m Operation since April 1996

K. Nakamura, NUFACTO00, Monterey (USA), May 2000

André Rubbia, ETH/Zurich, 17/2/01, SITGES



Electron and muon events in Superkamiokande

Note: at high energy, the direction & energy of outgoing e/ is ~that o fincoming neutrino



Sub-GeV, Multi-GeV
= Event Summary

Sub-GeV event Summary Mutti-GeV event Summary
mﬁ.ﬂﬁh (1) FC v 1.30GaW
P> DATA  MCHonda) MC{Bartol
Py > 200MeVc R 83 13 1183
elie 492 @3 e
ATA :Eﬁ& C{Baro) L ke 421 MO0 B0
iR 4363 52192 50950 R 008 5024
eie2i85 20818 20401 T
wike 2178 31374 30459 o) PC
DATA
R 1144 13591 13372 oL J_aﬁ WGl
23H __Em. mmmn 651.0 *Al vents v axssumed i be ke
aﬂ._.t. EE -...mg..... EM Enﬂf#itl!l-iu'!’
Welyry
EE_HTPE_ "_”E_.E_._ + 0,052 (Honda) Wehe npﬂuﬁ £ 0.078 (Honda)
A._._h__mu.._n FC+PC - "
.__Ed = T = 0884 £ 008 10079 (Barol)
e = 0643 + IO 5 0084 (Honca)
ooy .
= 0867 + 080 009 (Baril)

K. Nakamura, NUFACTO00, Monterey (USA), May 2000



Zenith angle distribution

By looking in different zenith angle directions, one can select the neutrino “baseline” L...

Super-Kamiokande 45 kt-yr Preliminary

150 — 150

T ‘ T ‘ T ‘ T T '
multi-GeV p-like + PC Am2= 005 e\? cos6=.8, |

T ‘ T ‘ T
multi-GeV e-like =
L= 25 km L= 25km
cos6=0 P
® Data 0 L= 500 km
Monte Carlo (no osc.)
100 — —— BestFitv,-v, — 100 ol
L= 500 km

De

- 50

L= 10000 kn
cosb= .8,
L= 10000 km:

Neutrino Energy (GeV)

cos@ cos0O

1.27AmPL
\

p(v R Vu) =1-sin? 20 sirt ) (Am2 in eV2, L in km, E in GeV)

O v, - v, oscillations?

1

m- N0 apparent effect with v, Ups =Ups = 2

-V, deficit increases with L

André Rubbia, ETH/Z(rich, 17/2/01, SITGES Maximal mixing



Allowed region for
% FC + PC + up-going n

Allowed region

(FC, PC, up-going L)
vu—Vvr 90% C.L.
MJ - T T T " _ T
10711 i
- Kam
102]
Super-K
o3 (26x10%V31.0) |
L- | 1 | |
Vo 02 04 08 08 1
sin?29
AE:...A». - 5)x107eV?>
sin’26 > 0.88

(SK 90%C.L. preliminary)

K. Nakamura, NUFACTO00, Monterey (USA), May 2000

André Rubbia, ETH/Zurich, 17/2/01, SITGES



Comparison of
= allowed regions

Allowed regions

Vu— V1 90% C.L.

vﬂl:.— F B T T T I
>
)
E |
10" 3 E
: SOUDAN2 Kamiokande
102,
103 ! m:um_.._n
10 _

K. Nakamura, NUFACTO00, Monterey (USA), May 2000

André Rubbia, ETH/Zurich, 17/2/01, SITGES



Oscillation map - “allowed regions”

Two-neutrino oscillation

V, > vx>

Electron deficit

André Rubbia, ETH/Zirich, 17/2/01, SITGES
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Uacuum oscillation



By =8in’ 20 ol 121 Am” L

Ev

Complementary Properties of fsb

Reactor and Accelerator S & ‘&
Q}
[E‘U = fEWMG_E] [ E, = few Geﬂ
- Probe small Am? - Good mass sensitivity
- Disappearance only requires very large L

(fair sin? 20 sensitivity) - Appearence possible

- 4 1t source (detector mass (produce . and T )

grows with L? ) - (More) collimated beam

5:
G. Gratta, Neutrino2000 -




Signal consists of 2 triples, separated by n-capture time
Gd-loading: - fast capture ( ~:30 s instead of ~200 L.s on p)
- 8 MeV (total) high mult. ¥ cascade at capture

v {capmre)x( W (n spallation)
Ly R A e

Veto <1 . 3\ L L=

Water Buffer

i - [ CaMIr & ’
g -lﬂ_m;..‘- . Y, ey |

Target
. _Ir pe—rn ok Pk Pk N b

E, ~Eg + (M, +Mp + Mgt ) + Mgt

G. Gratta, Neutrino2000

@

¢
g |



*
,m i Palo Verde
g {m|v€x
-1
10 k-
- :.__oxm:nm"
: atmospher
” v, >V,
2 *
10
-3 —
w ok Chooz
: Ve — Vx
dnlh______._p_______._____h_.“_._u_. | _F__._F__,_..

G. Gratta, Neutrino2000
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André Rubbia, ETH/Zirich, 17/2/01, SITGES



Oscillation map - “allowed regions”

Two-neutrino oscillation

N

> 10
o

~r N
~N

£

<J

lectron excess

- LSND ]

sir’20 = 0.003

A

_4_
10 :
: Solar MSW -, Amzsolar: 105 e\
B V_->V
Ve = Vi oL ° X sir?26 = 0.8 or 0.009
S ‘ Matter enhanced (MSW effect)
. - Vacuum
Electron deficit i 10- 10 5 "
10_6 Coa ot 3, Ll 2, .......Y1 Y Am Solar: 10 9\/2
10°* 10” 107 10” 1 : _

Uacuum oscillation

André Rubbia, ETH/Zirich, 17/2/01, SITGES



Three flavor mixing

:Ve — :Uel Ue2 Ue3 Vl -~ Mass eigenstates
%’u:_ %Jul Uu2 Uu3 2 .
/]/T : JJT]. UT2 UT3 3: /Vu
Weak eigenstates

P, ~ V) = Re(V, V) £ R (7 - V) ~/

B Ve
«— CP-conserving \ o vy
CP-violating
Pp = 0,5 = 4; ReJ,;, Sif A, \

P, = 42 ImJ,;, SiNA;, cosh

/

1.27 AmiL Am2, in eVZ, L in km,
E E in GeV
Oscillatory pattern

J :UUUU

Mixing strength A ik —

apjk

In general, the oscillation pattern may be complicated and ingotwenbination of transitionsto
V. V,, V. and by symmetry with quark sectors natural to expect CP violationat some level

André Rubbia, ETH/Zirich, 17/2/01, SITGES
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A

Three family oscillations

= Parameterization a la CKM: - U,
s
C12C13 512C13 513€
_ 5 %
U = | —s12C23 — C12513523€"  C19Co3 — 512513523€"°  C13S93
| 5
$12893 — C12513C23€""  —C12S93 — S12513C23€""  C13Ca3

®» Current standard mass and mixing assignment:

‘Atmospheric anomaly: V, - V, Am?5, = AM?3,=3x107 eV?,  8,;=45°
\
Solar deficit: V, -V, Am?p,, 015, 8,3

<
P(v, - vB) z PV, - vB) 0#07?

André Rubbia, ETH/Zirich, 17/2/01, SITGES



3 flavor mixing analysis of atmospheric

PRELIMINARY Ve &2V,

_______
“m
........

CHOOZ (exclude) |
Bugey (exclude) —  SK90%CL.
Gdsgen (exclude) —  SK99%CL

02 04 06 08 1

sin’20, = sin®20,,
Atm osp heric t?eutrmos K. Nakamura, NUFACTO0O0, Monterey
analysis (USA), May 2000

André Rubbia, ETH/Zirich, 17/2/01, SITGES



Solar neutrinos

Survival Probabilities’ VeV

Sl o] |
Tan | 0.67< cosél < 0 84 g, 10 N 45 2 £ £ aF 4 4 3
4 i"“--.__ I .- (7
gt J . Super-K Range : : = i
" ¥ B B i 1z 14 1" i EH:I .
Enargy (Ma\|
LA Baiufian {snfRp0=0.71 Am®=1 51 05w
& 1 1 — - - - - - -1 i _5 1
T om | = 10 - . 5
£ o i I ‘ .
o | . ; .
a2 - EL‘E’-H Rﬂn¥ i 10 1 N B
b T U S '1:“.' F Eil'u |Mj$.l':|l - % .
| - -
| EMA Solution (sn"20=0 0053 A’ =5 10%0V i 10" Ga Flux : 5
e p
e |  Ci Flux
N o ! 10 ¢ - i B
o | P Super K Pange 99% C.L. (Vo)
S o oo e o ® Zenith Spectrum and SK Flux 3
LOW Satution (s Pi-0 88 :n.rn':'l:l“'mr
™ 1 [E—— e R R S R S o s
T'ﬂ'l | { i
& om | 1 0 W
o4 I
‘_E 1 dl ..- — ——————— - _._._._._.-_-... S -..... - —— S—
i T _E___.i._.E"F'.'_IfEE".’.'%E_._ﬁ_ i 0™ 10~ 1n* 1" gl
Eneray (MaV] sin- {28}
VAL Soltion fsirf28-0 72 Am =7 Bx 0" B MR
= i M.B. Smy, NOONZ2000, Tokyo
No smoking gun ? (Japan), Dec 2000

André Rubbia, ETH/Zirich, 17/2/01, SITGES



Oscillation map - “allowed regions”

Two-neutrino oscillation

V, > vx>

Electron deficit

André Rubbia, ETH/Zirich, 17/2/01, SITGES
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K2K (KEK-to-Kamioka)

. «Accelerator: 12 GeV proton synchrotron
§ Super Kamiokande «Beam intensity : 6x10'2 protons / pulse

Water Cherenkov detector -Repetition: | pulse / 2.2 sec
Toll st - S0 Pulse width: 1.1 us (9 bunches)
Inner mass: 32 kion H Suised widi hand b
Fiducial mass: 22.5 kton EREOMIREG WIGe-0SDG DO S

«Average neutrino energy: 1.4 GeV =» ,-V; dilamearane
*Near detector: 300 m from the target :
Far detector (Super-Kamiokande): 250 km from the target
*Goal: 10% protons on target

FronFdelectar “
i |_!‘:t‘;_t3, pglor "'{;y
i

=il or

" North

coCounter ¥
Hall

~EVEpN

K. Nakamura, Neutrino 2000

André Rubbia, ETH/Zurich, 17/2/01, SITGES



K2K experiment

* EXxperiment started in March 1999
—» Some initial problems with optics = , gg:?.};‘;oa’;‘i“ﬁame
system now apparently solved Vet |
— Beam intensity : 5.5 x 1012 ppp

- Total integrated (Apr99-Mar 00):
16.64 x 1018 pots (goal: 10%° pots)

+ Beam measured with near
detectors (FD)

- 3 different detectors: 1kt H,O, SCIFI
tracker+water, MUC (Fe [ ranger)

L =250 km
E,=1GeV

-» Event rate & energy spectrum under

study Expected@SK: 29.2+3.5
Events seen: 17 events

* Extrapolation at far detector (SK)
[0 Disfavors no oscillations at 2o level!

André Rubbia, ETH/Zirich, 17/2/01, SITGES



SK W_gvent category

d \\\ - - o /L
v e
T et e
/ s
Vertex in rock Vertex in OD Vertex in 1D

—— FC (Fully Contained; Light in ID only)
® Vertex inside the 22.5 kion fiducial volume
® Vertex outside the fiducial volume

- 0D contained (Light in OD only)

el Crossing (Light in both ID and OD)

LI - =Byepn

K. Nakamura, Neutrino 2000

André Rubbia, ETH/Zirich, 17/2/01, SITGES



SK observed vs. expected

I

AL
rans

Expecite d

5;‘,.,3 ad= 1

Am?(x1073eV?)
Obs. Null Osc. 3 ) 7
+3.5 2.5 +1.8 +1.4
FC 22.5kt 17 0318 193115 499 18 g4 +I4
1-ring 10 1764305 10417 08%].1 6.24+1.0
p-like 9 158+26 9.0%+1.5 5.410.9 4.9+0.8
e-like 1 1.73038 1.5+£0.3 1.410.3 1.34+0.3
. 7 116420 88+16 6.1+1.1  4.6+0.8
FC Outof FV $ 124435  B.1%ki7T 5.5#41.1 4.8+1.0
OD contained B 21883 145 9.5 1.7
Crossing 10 104238 79 5.2 3.6

André Rubbia, ETH/Zirich, 17/2/01, SITGES

K. Nakamura, Neutrino 2000
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_ Protons delivered to the target

! F l ] E E i J%muar]f ~ March PO
2x10"° — Accumulated POT |-+ - e e

107 Tone 99 j s

B0 - ~BEYepn

K. Nakamura, NéutrinoZOOO

André Rubbia, ETH/Zirich, 17/2/01, SITGES



Expected SK events
= at 1020 POT

172 interactions in 22.5ktons

88 1L candidates

Reconstructed Neutrino Energy (MC)

MC 1ring p-liké MC 1fing p-like
—null —null
30 - n - 30 - -
- sirf2e=1 - sirf2a=1
| [Am?=0.01 | lAm?=0.005
m 120 - -
W ,
— = | B =
| e ]
, | I—— y 53 ..%.,.&. S——
.0 SO NN h AW,MM%,”.% . 00
2 3 0 1 2
(GeV) E (GeV)
MC 1ring p-like " MC 1fing p-like
- null B null B
30 | ---sinf20=1 - sirf20=1

X &.i.vﬂm

5

} -- lAm*=0.001

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

K. Nakamura, NUFACTO00, Monterey (USA), May 2000

André Rubbia, ETH/Zirich, 17/2/01, SITGES



K2K sensitivity

10-1 Yy — v oscilation sensiivity 1. Will provide first confirmation of

' 225 kon 1 muon disappearance with artificial
- wiike 1 beam!
| E, >500 MeV 1
s v Vi = W
10 - .
Tl 1 2. Measurement of Am? & sin?20
§ T onek - Limited by statistics
107 F E
K2K 1 3. No unambiguous flavor oscillation
I 1020 pots (3-5 years) : SlgnatUI’ 97
104 | | | | )
0 0.2 0.4 0.6 0.8 1 \V BN \V ><'l' +X
sin228 u. 1

Neutrino energy is below production threshold

4. Subdominantvu — Vg sensitivity?

André Rubbia, ETH/Zirich, 17/2/01, SITGES

Poor (statistics, ,, © contamination)



NUMI-MINOS program (U.S.A.)

Near Detector: 980 tons

Far Detector: 5400 tons

<

110

Fermilab
- l'_'L :

730 km

km Soudan
12 km

1. Will provide second
confirmation of muon
disappearance with artificial beam
(near-far comparison)!

2. Precise measurement
(£10%) of Am? & sin226

3. No unambiguous flavor
oscillation signature
Limited by detector granularity

4. SubdominantvH — Vg
sensitivity?

Poor (T° contamination)



Neutrino 2000
June 17, 2000
Page 9

MINOS Far Detector

» 8m Octagonal Tracking Calorimeter

*» 486 layers of 2.54cm Fe

» 2 sections, each 15m long

* 4. 1cm wide solid scintillator
strips with WLS fiber readout

» 25,800 m? active detector
planes

* Magnet coil provides
<B>=1.3T

e 5.4kt total mass

Half of the MINOS Far Detector

ppofom

0

S

S. Wojcicki, Neutrino2

André Rubbia, ETH/Zurich, 17/2/01, SITGES



#by

Tuning Neutrino Spectra iy
Horn/Target Reconfiguration

() PH2he High Energg |

¥
&

(b) PH2me Med. Energy

[

ﬁE 1ln

(c) PHZIe Low E gy

—

E 4

if

André Rubbia, ETH/Zirich, 17/2/01, SITGES

¥, CC evants / kion / yeor / GeV

50N

"l Perfect Focusing

&0 largel plle + 675 m decoy pene

] 4

:_IF‘H?{h-gh]

o

S. Wojcicki, Neutrino2000




Neutrino 2000
June 17, 2000

MINOS Energy Spectra

200 b T : ey e . T r-:> oo

i 1 Ph2(low) beam

1 IT Am’=0.002 ]
e sin’(20)=1.0
10 kt-yr Exposure
2
CC reconst. Evis (GeV)

200 2 T T T T T T -y

: Ph2(low) beam e
150} (low) 284 Solid lines - energy spectrum
100 f without oscillations
50 .

1 Dashed histogram - spectrum

%o in presence of oscillations
CC reconst. Evis (GeV)
a0E T =T T — M s i oy G et
150 Ph2(low) beam ]
AM?=0.005
100 |- Sin(20¥=1.0)
50
00

CC reconst. Evis (GeV)

- Biaalop

I

S. Wojcicki, Neutrino2000

André Rubbia, ETH/Zirich, 17/2/01, SITGES



MLkl

aﬂ
- Comparison of Different Beams

AM*=0.002 eV AM*=0.003 eV’
0.003 = \ 0.004 \
0.002 | 0.003 %5 |
‘ CC Energy Spectrui
o.001 o ':i.liﬁ _'::]JE. — e , o002 n-.lﬂ' - n.ln - 68% Cﬂntﬂurﬁ
AM*=0.005 eV* AmM*=0.01 eV* 10kt-yr exposure
0.006 p— — D011 SEARERE s oS

|
0005 |- % A @

— i —TE —

o0 =1 ) mee T P . M P i
- Q.86 o e o.9 1 n'mpﬂ.ﬁ a.7 0.8 o8 L

A

al = IS0,

S. Wojcicki, Neutrino2000'

André Rubbia, ETH/Zirich, 17/2/01, SITGES




FeLIMl

ﬁ Schedule o

MINDS

September, 2000 — Soudan Cavern Excavation Complete
October, 2000 — Start of Scintillator Module Production
March, 2001 - Start of Far Detector Installation

September, 2002 — Completion of 19 MINOS SuperModule

October, 2002 —Start of Installation of Beam Components
and Near Detector

June, 2003 — Start of System Commissioning
July, 2003 — Completion of Detector Installation
October, 2003 — Start of Physics Data Taking

S. Wojcicki, Neutrino2000




Oscillation map - “allowed regions”

Two-neutrino oscillation

V, > VX>

Electron deficit

André Rubbia, ETH/Zirich, 17/2/01, SITGES
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Detecting flavor oscillations by “appearance”

[PV 18%
. _ 0y, 18%
il T VN - T+Het;, 1- Fhy 50%

Charged current (CC) chh'hnhty  14%

1. High energy neutrinos
[ Sufficient energy to produce heavy tau (m, = 1777 MeV)

2. Detector capable of identifying tau lepton
[J Detect the decay products and missing momentum from neutrinos
I or look for tau track (=1 mm length) to see “kink”

Vu — Ve VG+N — e+Jet
Charged current (CC)
1. Excellent electron identification

I high granularity for e/m° separation
[] in general, difficult tasks for large detectors!




CNGS neutrino beam

The expected v, and v, contamination of the CNGS beam are of the

order of 102 and 10’ respect to the dominant v,

Planned beam commissioning: May 2005

André Rubbia, ETH/Zirich, 17/2/01, SITGES

CERN 98-02 - INFN-AE/98-05
CERN-SL/99-034(DI) - INFN/AE-99/05

CERN Neutrino Beam in the Direction of Gran Sasso
. Distance = 732 Km
CERN

‘ Gran Sasso
A \ A
; . elo und :

earth

Earth radius = 6380 Km



CNGS event rates

+ Primary protons: 400 GeV; 4x2.3x1013 p/cycle; 26.4 s/cycle
+ Pots per year: 4.5x101° pots “shargod”; 200x0.75 days/year

Process

Rates (events/kton/year)

v, CC
v, CC
ve CC
ve CC
v NC
v NC

2450
49
20
1.2

823
17

No oscillations

* Optimized for NTDJ'@H(E)< g, (E)E™dE

Am? (eV?) | Rates (events/kton/year)
1x1073 2.4 =
2.5 x 1073 15.1 g
3.5x 1073 29.4 ¢
5x 1073 98.6 3
1 x 102 209.0 >

* 7.6x101° pots/yr “dedicated”

CERN 98-02 - INFN-AE/98-05; CERN-SL/99-034(DlI) - INFN/AE-99/05

André Rubbia, ETH/Zirich, 17/2/01, SITGES
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OPERA baseline design
N

Supporting
“roof”

RPC+drift tubes

Modules
K spectrometer dipoles

OPERA design is “LNGS Hall independent”

André Rubbia, ETH/Zirich, 17/2/01, SITGES



OPERA ECC elementary cell

Direct detection ofts by decay topology yct ~ Imm)

Baseline ¢

option: d R

‘compact” = __mm
V [—

Basic ECC (Emulsion Cloud Chamber) concept:

Passive target material and  emulsion tracking

| |

largemass high space resolution

Prototype: Measured angular and position resolution Igthum

segments=2 mradin angle and-0.6um Iin position



Target L spectrometer
» Irackers
It)g:‘ gg: oL J_.l.x.-ﬂ;.
LILIL
e s 199
A “hybrid
v Pb/Em. brick experiment
....... >
.’::h__:: 1| Basic “cell” Vo
iR (DONUT)
4 \
Extract selected : | | |
: a1 x| F RS b
brick R, A ’ Pb Emulsion 1 mm

Emulsion scanning

Electronic detectors

— vertex search

—> decay search
—> p 1D, charge and p —> e/y ID, kinematics

— select v interaction brick

André Rubbia, ETH/Zirich, 17/2/01, SITGES A. Ereditato, Now2000



Expected numbers of events

v, events
t decay Ai: {18288 =) b.g.
1.2 32 5.0 =
e 1.7 77 185 T R
L 1.3 57 13 8 013 * 5 years with shared SPS operation
h 1.1 49 118 0.25 | (2:25x10% pot)
Total 4.1 18.3 44.1 0.57 » Average target mass = 1.8 kton

(accounting for mass reduction with
time, due to brick remowval for analvsis)

* Uncertainties on background and

efficiencies accounted for in the

following

J years
(log scale)

events
expectedin

AP (eV2)

André Rubbia, ETH/Ziirich, 17/2/01, SITGES A. Ereditato, Now2000



Wires

40 cm

Jidl j_-'.-_--g iy, {1l "Bubble" size
R § =3x3x02mm3
gy A B — Energy deposition
ek s N : ; ' measured for each
N R {5\ A i . point
S .- | ﬁh- ICARUS 5kt (proposed)
TR i i, 4
Hi 2 j { LIQUID ARGON
1t 7 g . { {i\ 5 IMAGING MODULE LIQUID ARGON
\ A LR ; \ IMAGINGMODULE |\ oo
: ] B > IMAGING MCDULE

LIQUID ARGON

40 cm Drift
: IMAGING MODULE

ICARUS T600 (approved)

MAGNETIZED
IRON

MAGNETIZED
IRON

AlR LIQUIDE
A

600 ton detector

: . Two possible options:
|
First test run in March 2001! A) =8 x T600

In LNGS Tunnel in 2002 B) 4 x T1400 (better for physics)

André Rubbia, ETH/Zirich, 17/2/01, SITGES




ICARUS liquid argon imaging TPC (1)

The LAr TPC technigue is based on the fact that ionization electrons can drift
over large distances (meters) in a volume of purified liquid Argon under a strong
electric field. If a proper readout system is realized (i.e. a set of fine pitch wire

grids) it is possible to realize a massive "electronic bubble chamber”, with superb
3-D imaging.

*

A [RE by G e ' )
9 - A / ﬁ R0, : "Bubble" size
= Tk o o : ._ r A4 /=3X3x0.2 mm 3
et ! REDE i '
; 4 _
S .
< R :,“-f \ Energy deposition
L i o ; measured for each
s i I:f;\ /.li point
S R g fﬂ
i ... ] I I

André Rubbia, ETH/Zurich, 17/2/01, SITGES 40 Cm Drlft



ICARUS liquid argon imaging TPC (lI)

+ Detect electrons produced by ionizing tracks crossing the LAr

lonizing track

Signals induced

Charge

lonizing track B
‘s

>

~ 15t Induction K
|E Véﬁ l //'/ wire / Screen grid 2 : >
v / C  Drift time

E =500 V/cm

Electron-ion pairs are produced
Electrons give the main contribution to
the induced current due to the much

larger mobility

l, = e(v* + v)/d

André Rubbia, ETH/Zirich, 17/2/01, SITGES

Charge
(@]

Collection wire S
+p grid (y view) S

d//// 2nd |nduction wire
grid (x view)
dI

A B Drift time

A set of wires at the end of the drift give a sampling of the track
No charge multiplication occurs near the wires E electrons can
be used to induce signals on subsequent wires planes with

different orientations O 3D imagi“g
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André Rubbia, ETH/Zurich, 17/2/01, SITGES



Neutrino event in 50 liter LAr TPC (1998)

ICARUS-CERN-Milano

> !
time (400 nS/Sample) In a pre-monolithic phase
46 cm max. drift distance

128 readout wires
2.54 mm wire pitch

CERN v-beam

(Chamber located in front of NOMAD detector)

André Rubbia, ETH/Ztrrich, 17/2/01, SITGES



The MONOLITH proposal

Large mass ~35kton

Magnetized Fe spectrometer B=1.3Tesla

Space resolution ~1 cm(rms on X-Y coordinates)
Time resolution ~1 ns (for up/down discrimination)

Momentum resolution ap/p ~20%from track curvature for outgoing
~ 6%from range for stopping muons

Hadron E resolutionog, /E, ~90%NE,[ 30%
8.0 x 3000 x 1500 ctnx 7.87 g/crhi=285ton/plane 120 planes

~54000rmy of detector :Glass Spark Counters
~1500m? for external vetoScintillator Counters

2.2Ccm

8cm




Oscillations?

Bin data as a function of L/E,

P, = sin?26sin?(1.27Am?L/E, )

rn] I‘[I I [ |[£|ll T | ERET
+5 -
° i + |
o S S . S
U "---+---=.- - -
E 1 E—— vq—l%ﬂnz-ﬁ“ * ? * —
=
g 2.
= = 4’ _
®
& g
0317 o edike
3.2x107%eV?
a pike
G 1 [ I}lll IIIIII 1 1 ll].l.lll_ L1 ||l|l|| 1 14 bhil
1 16 10° 1¢° 10° 16°
LE, (km/GeV} H.Sobel

Neutrino2000

André Rubbia, ETH/Zirich, 17/2/01, SITGES

P(v, - vﬁ) sin 265|r125127Am2:;g

+ The L/E resolution of

SuperKamiokande isot good
enough to deteot ations.

SuperKamiokande only sees a
“deficit” with increasing L/E

“There is as yet no direct evidenceanf
oscillation pattern”
(J. Ellis, summary of Neutrino 2000)




Atmospheric neutrinos selection

Estimators:  6,=06, E,=E, +E,

Y view X view

v Minimal requirements: p, > 1.5 GeV, Range(l,,) >4 m

v Selection on combinations of the observables E , 6, E, to
ensure the required L/E resolution

mv" Cuts on visible vertex coordinates and muon direction to
reject cosmic muons background



ICARUS event imaging

Estimators: complete final state event reconstruction
[] Incoming neutrino direction & energy reconstructed
(dominated by Fermi motion at low E)




NOII

Efficiencies and resolutions

T T T | T T T T T T T T T T T T T T T T
1 = 1 1 = _] P. Antonioli
_\Q-_< . - 5 Now2000
B up S down disc. T B T
0.8 = ﬂgi{ourid, 7 0.8 = ]
L global efficiency _ L _
L eff. to FC events _| L _|
o8 /E-ff. to PC events | o6 — LAE res. {FWHRM) |
.4 = 0.4 — —
B i B energy res. i
0.2 — — 0.2 — —
B i B angular res. {rad) 7
O B 1 1 | 1 1 1 | 1 1 1 | 1 1 1 ] O L | 1 1 1 | ]
o 20 40 B0 51 0] 20 407
E, {Gev) E. {Gev)

( Selected v, CC (downgoing only!) after 4 years of data taking: )

i Fully contained: 931
e Partially contained: 259
i Total: 1190

André Rubbia, ETH/Zurich, 17/2/01, SITGES



-1 -0.5 0 0.5 1

_ Fully E. > 1GeV

__ Contained

(L/E)ye~(L/E) 10 (L/E) e

\l
o
o

600

o0 B 1
1 -0.5 0 0.5

;_ Partially E. > 1 GeV

f_ Contained

] 1
(L/E)yo~(L/E) 10 (L/E) e

A(L/E) 4 = 30%
( Selected v, CC after 4 years of data taking: )
A All muon-like events: 2700
e Evis>1 GeV: 1080 (to suppress Fermi motion effect)
b Total: 1080
_ Y,

It is not only a question of mass, but mass x efficiency!

André Rubbia, ETH/Zirich, 18/2/01, SITGES




Reference sample

Excellent electron Ei 0 F v, +J Electrons
identification & § % %
measurement § o + | |
% 10 :ﬁ !
Electron sample can be used o EX e
as a reference for no oscillation oo R GeUE)
case ot
+ Oscillation parameters (3 family x = ™" ﬁ Muons
mixing): % 1:2 - +
- A.m232 =3.5x 103 eV2 E E + - +++
- sin220,, = 0.9 2 wb 4+t +
- sin220,,=0.1 g j e,
0 0 I0?5I Z:. 1|5I - ; | 2|5 1|3 3|5 4

André Rubbia, ETH/Zirich, 17/2/01, SITGES



Image method

P MONOLITH can only see muons; it must do with them...

The disappearance probability can be
. measured with aingle detector and two
equal sources:

(equal source hypothesis only when geomagnetic effects
are neglected [J high energy)

L(eup) = ZRCOSeup) L (edowr) = L(T[ _edowr)
N (L/E)

= Pu - vy L/E)
N down(L,/E)
=1 - sirf (20) sir¢ (1.27Am? L/E)

An oscillation patternshould appear in the
experimental ratio of up to down fluxes




TNTONOLITI
...after four years! R G

Am® = 0.0035 eV* sin®(28)

—
B

E B I T T TTTH I LA 1 T TTTL q I III.IIl I IIIIIIII 1T 1rry —- 1D l_ I I 1 1 I I ]
o ! 1= i 1= - -
o = i 12t -
Yioo = . . - i
" i Z 1.2 - K n
S 0 i 1 E
o - z _ i - @
L | = B . !
= BD | 2 1 —
= - = [ i - .
5 i T u i
ﬁ B o 08 - —
60 = B 7 -3
B al o . 10 —
= . . - .
- ne _ - .
a0 - I i
i 04 - - Fitted parameters?
a0 |- [ ] sin“(28)1=1
N 0,2 - - 3 -
. | il Amf=0.34%107F ay*
i Bgc % R = _
= 1}*""‘"“*‘." N 4
EI -i'a.-l'.l':"gﬁ.-r‘r *xﬁ "n:‘. v Cate® S 4 H D L1 1111 I|| | 11111 III 11 1111 ‘I D_q- I | | 1 I 1 | |
107 s 10t 10° 10° 0.6 D8 1
L/E (km/Gev) L/E (km /Gev) sin (25]

André Rubbia, ETH/Ziirich, 17/2/01, SITGES



...after ten years!

+V CC)*/ (v, +v CC)™®

v,

André Rubbia, ETH/Zirich, 17/2/01, SITGES

1.6

H
N

=
N

U

[ -

0.8

0.6

0.4

0.2

Neutrino Oscillation (sin®28 = 1, Am? = 3.5 x 107 eV?)
Neutrino Oscillation (sin®28 = 1, Am* = 2.5 x 107% eV?)
Neutrino Oscillation (sin®29 = 1, Am® = 1.0 x 107> eV?)
Neutrino Oscillation (sin®28 = 1, Am’ = 0.6 x 107° eV?)

o o 49 b

50 kton x year exposure

0.5 1 15 2 2.5 3 3.5 4
log(L/E (km/GeV))




MONOLITH sensitivity — 4 years

5“"\ 1 F | | T | = P 1 F T 1 | T T T | T T T | T T T | T T I
= - : % - 90% C.L., 4 years —> .
e - 90% C.L. allowed regions ] e - 99% C.L., 4years ]
<J i | g | 99% C.L., 1 year |
10 — 10
- Kamiokande -
T aeentT 31072 ev? Y Y e
-2 - -2
’]0 :_ . _ 10 :_ .......
- 5x107 &2 -
I Super—Kamickande 2x107° eV? .
-3 -3
10 10 = =
E 7107 ev? = 3
i MONOLIT i i
w | | | - | | |
']0 1 1 1 1 1 1 1 1 | 1 1 1 10 11 | L1 1 1 | I
0.6 0.7 0.8 0.9 1 0 0.2 0.4 0.6 0.8 1
sin*(20) 5in*(20)

+ Comparison of MONOLITH sensitivity to oscillations with Kamiokande and
SuperKamiokande

* 90% C.L. allowed regions after 4 years for different Am? (left)
*  Exclusion regions if no effect is found (right)

André Rubbia, ETH/Zirich, 17/2/01, SITGES



Oscillation map - “allowed regions”

Two-neutrino oscillation

N

> 10
o
~r

~N

£

<J

\7 —)ve> 1 ;

1 |
° S Solar MSW
i V_ -V
i e X
Ve — Vx> 10—5:_ ‘
Electron deficit - VaCuumlO
-6 10-
10 Lol C ol |||||Y1| Ll
10 10°° 1072 10
sin?29¥

André Rubbia, ETH/Zirich, 17/2/01, SITGES

ﬁAmZLSND =1 e\
sinf26 = 0.003

Am?,.,= 10° eV?

Sir26 = 0.8 or 0.00§
Matter enhanced (MSW effect)

Am? ., = 1010 e\?
sinf20 = 0.8

Uacuum oscillation




ICARUS physics potential (1)

>Atmospheric neutrinos

klmprovements over existing detection technique
—Detection down to production thresholds 3
—Complete event final state reconstruction Am?5;, By
—Identification all neutrino flavors
—Ildentification of neutral currents

2
Am<,,

¥Excellent resolution on L/E reconstruction

s%Direct T appearancesearch

Neutrinos from CERN
%Search forv, — v, AM2,,, 6,,, O,

*Search forv, - v,
=Solar neutrinos

s%Energy threshold: 5 MeV Am?z,, B,
skLarge statistics, high precision measurements
*Experimental signal v+ Ar - e+®K" v, +te -V te

Absorption Elastic



ICARUS physics potential (I1)

>Proton decay

Physics at Unification

skLarge variety of decay modes accessible scales?

[ study branching ratios free of systematics >

—— m

#Background free searches m =

O linear gain in sensitivity with exposure heavy

>Neutrinos “factory”

sPrecise measurement aAm?,;, ©,,, O, AmMZ,, 6,5, 0,
sMatter effects, sign ofAm2,, Am2,,>0 or Am2,,<0 ?
* First observation ofv, - v, Unitarity of mixing matrix

#*CP violation 520 ?




ICARUS: a graded strategy

v After several years of R&D and prototyping, the ICARUS collaboration is now
realizing the first 600 ton module, which will be installed at Gran Sasso in the
year 2001.

Lab activities:

T600 , 11400 (?)

Small-scale‘
15ton EEP 2x300 ton £3 =4x300 ton
prototypes ? > or 1x1400 ton

1

We are here!

— Air Liquide for Cryostat and Argon purification
— BREME Tecnica for internal detector mechanics

— CAEN for readout electronics

André Rubbia, ETH/Zurich, ICARUS Collaboration, 17/2/01



ICARUS 15 ton (10m 3) prototype (1999-2000)

T15 installati LNGS (Hall di Montaggi
+ A major step of the R&D program has installation © : Sl Gl el efto)

been the construction and operation of
a 10m3 prototype

@ Test of the cryostat technology

@ Test of the “variable-geometry " wire

chamber

@ Test of the liquid phase purification

system
@ Test of trigger via scintillation light

® Large scale test of final readout

electronics

=» First operation of a 15 ton LAr mass
as an actual “detector”

André Rubbia, ETH/Zurich, ICARUS Collaboration, 17/2/01
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Cooling 15 ton prototype March ‘99

Temperature / Wire stretching

N
e \\\\ LN2 pump
0225 AN N
=] ™ DR
S 200
[} -
2175 = %LArﬂng
[0}
150 B

1
125 & car fifling
N

L1l Ll L1l L1 Ll L1 Ll Ll I |
0 25 50 75 100 125 150 175 200 225 250
time (hr)

Spring movement

5

1 1 1 1 ‘ L1
75 100 125 150 175

L L L ‘ I
200 225 250
time (hr)

(@]
N
@]
&)}
(@]

% Confirmation of the
functionality of the variable
geometry mechanics

André Rubbia, ETH/Zurich, ICARUS Collaboration, 17/2/01

LAr purity

Lifetime evolution

9 J Pump OFF
~ [ ]
£ *
[ ]
= [ ]
3 N
= o e o
[ Y ° °
s . Pump ON
8 o LY . ump
LY CJ |
1000 ., Teot o, .
P
...
o ° e °
o ® °
[ ] ° Y
® [ ]
[ ]
[ ]
L °
Y Y
100
-50 0 50 100 150 200 250

Elapsed Time (hours)

¥ The electrons lifetime, after
about 4 days of recirculation, was
between 2 ms to 3 ms.



Internal Volumes Layout Top View

2 cathode
B B~ N M [ oo e T
ST H |7‘ wires
_..n-—_'_-__-r--.- L | / —-
: Lateral View
L eer——"T"| “ —
-
1

Imaging region (35 cm drift)
External trigger

André Rubbia, ETH/Zurich, ICARUS Collaboration, 17/2/01



Electron Lifetime Measurements
e Just after LAr filling:t~ 10Qus, according to expectations based on residual leak

rates ( 10 mbar/s).
* In a few days of LAr pump operation> 2 ms

10m3@INGS: Electrons lifetime vs time
1| LAr Pump ON 5

André Rubbia, ETH/Zurich, ICARUS Collaboration, 17/2/01



10m? Module
at LNGS

Cosmic Ray tracks
recorded during the
10 n? operation

André Rubbia, ETH/Zurich, ICARUS Collaboration, 17/2/01

Tracks in 15 ton prototype

Wires

Wires #

ICARUS -10m3@LNGS - Run 360 evt 0
R

40 cm

ey
A

76 cm

Drift Time {us)

Drift Drift



The ICARUS T600 module

Under construction

Number of independent containers = 2
Single container Internal Dimensions: Length = 19.6 m , Width = 3.9 m , Height =4.2 m

Total (cold) Internal Volume =534 m 3
Sensitive LAr mass = 476 ton

Signal feedthroughs

Number of wires chambers = 4
Readout planes / chamber =3 at0 °, £ 60° from horizontal
Maximum drift = 1.5 m

Operating field =500 V/ cm
Maximum drift time =1 ms
Wires pitch = 3 mm

Total number of channels = 58368

HV feedthroughs

3

2 independent aluminum containers
each one transportable inside the GS
Laboratory LN2 cooling circuit

External insulation layer (400 mm)

André Rubbia, ETH/Zurich, ICARUS Collaboration, 17/2/01



T600 assembly schedule

Completed site preparation in Pavia for the T600 cryostat (Nov 1999)
= “clean room”, “assembly island”, floor, ...

Delivery of the 15t cryostat by AirLiquide (Feb 2000)
= Successful vacuum tightness and mechanical stress tests

Beginning of assembly of the internal detector mechanics (Mar 2000)
Completion of assembly and positioning of inner detector frames (Jul 2000)
Installation of 30000 wires + signal cables (Jul 2000-Oct 2000 )

Delivery of the 2" cryostat of AirLiquide (Aug 2000)
= Successful vacuum tightness and mechanical stress tests

Installation of scintillation light and all slow control devices (Jul 2000-Dec
2000)

H.V. and field electrodes system installation (Oct 2000- Jan 2001 )
Installation of the 48 electronic racks on top of dewar (Dec 2000-ongoing )

Installation of external heat insulation (for both dewars) and LAr and LN ,
cryogenic circuits (Dec 2000-Jan 2001)

Semi-module now ready to be sealed.

André Rubbia, ETH/Zurich, ICARUS Collaboration, 17/2/01



First half-module delivery in Pavia (Feb 29, 2000)




Assembly of the T600 internal detector (Mar-Jul 2000)
|

:. Cryostat Internal

detector

Clean

orkers
Dirty v

observer




Second half-module during the vacuum test (Jul 2000)

André Rubbia, ETH/Zurich, ICARUS Collaboration, 17/2/01




Vacuum Tests - Second half-module

Vacuum curve

1.00E+04

!
Primary Vacuum (speed = 72 m %/ hr)
1.00E+03 >—

——

1.00E+02

1.00E+01

1.00E+00

Absolit press#Uk (mbaiifl)

1.00E-01

1.00E-02

1.00E-03

1.00E-04

Turbomolecular pumping (speed = 2000 It/sec) >
1.00E-05 | | |
0.01000 0.10000 1.00000 10.00000 100.00000

Pumping Time (hr )

André Rubbia, ETH/Zurich, ICARUS Collaboration, 17/2/01



Dewar behaviour under inner pressure change

Walls Displacement

15
10 g vacuum i
.
5 oI
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L J °
0 L
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Second half-module (delivered Aug 2000)

Thermal floor




Nomex honeycomb

Readout d ]
w panels (heat msulatlon

electronics S~

A




Installation slow control devices (Jul 2000)

Wire st
sensor

André Rubbia, ETH/Zurich, ICARUS Collaboration, 17/2/01
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The three wire planes at 0°,£60° (wire pitch = 3mm)
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T600 - Completed Internal Detector view
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Drift H.V. and field electrodes system
Race-track
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Slow control system and scintillation light detection

.

% Several instrumentation , most of it custom designed to work at LAr temperature in high
purity environment, has been built tested and installed:

= LAr Purity monitors
=» High precision LAr level meters
= Position meters for the wires tensioning springs and for the container walls

- Temperature probes

+ Detection of LAr scintillation light  (VUV A=128 nm, attenuation length in LAr =90cm,
1+2x10% y per MeV deposited)

= Provide help for triggering and T, measurement .
- Bare PMT’s immersed in LAr with wavelength shifter deposited on the glass window

— Test and qualification of PMT at LAr temperature:8 inches EMI PMTs with special treated
bialkali photocathode to work at cryogenic temperature.

— Choice of most efficient wavelength shifter (TPB = TetraPhenylButadiene), deposition
method (spray), aging properties, pollution of LAr, etc.

André Rubbia, ETH/Zirich, ICARUS Collaboration, 17/2/01



Slow control sensor (behind wire planes)

ff‘ ’i 5 N .

\| Wires before tensioning

AR
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Scintillation light collection
(in total 20 PMTs on detector walls)

8" PMT coa

=

André Rubbia, ETH/Zurich, ICARUS Collaboration, 17
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Coating density Imicrog/cm21



Readout electronic installation on top of dewar (Dec 2000-now)

Electronic
rack

chimneys




Readout electronic installation on top of dewar (Dec 2000-now)




Man-hole (after sealing, the only way to get inside!)
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Perspectives of ICARUS

+ The ICARUS T600 detector

= has a physics program of its own, immediately relevant for neutrino oscillation
physics: solar+SN neutrinos, atmospheric neutrinos

= Though with limited statistics, due its relatively small mass, compared to the standard
for underground detectors set by the operating SuperKamiokande.

* However, the T600 should also be considered as one more step towards larger
detector masses.

=» solving technical issues associated with actual operation of a large mass LAr device
in an underground site (LNGS Tunnel).

= fully establish the imaging, PID, calorimetric energy reconstruction capabilities of
REAL events, during steady detector operations

= In situ proof of actual physics performance of this novel detector technique, in
particular measurement of backgrounds, extrapolable to larger mass detectors

* Physics issues for both present and future LAr detectors: ( Atmospheric v
Solar+SN v
CNGS+Nufactory v

_ p decay

AL

André Rubbia, ETH/Zurich, ICARUS Collaboration, 17/2/01



Proposed setup ICARUS 5kt in LNGS Hall B

LIQUID ARGON

IMAGING MODULE
LIQUID ARGON

IMAGING MODULE | | )iD ARGON

IMAGING MODULE

LIQUID ARGON
IMAGING MODULE

MAGNETIZED

-I“‘WE&%é“
% Two possible options:
el A) =8 x T600
ICARUS T600 B) 4 x T1400 (better for physics)

André Rubbia, ETH/Zurich, ICARUS Collaboration, 17/2/01
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Muon bending measurement

* We consider a design in which the muon escaping the
liguid Argon is bent by a magnetized piece of iron

B=2.0T, L, =25m

16 m

<>
L

The bending angle 0 is measured with

the tracks observed in two
subsequent liquid argon module

Ap/p = 25%

Charge confusion: ~10

André Rubbia, ETH/Zurich, ICARUS Collaboration, 17/2/01

Angle (mrad)

N
o
o

175

150

125

100

75

50

25

LI L

. Bending in field

u]

u]

B=2Tesla, L=25m

e Angle due to bending in magnetic field
0 Angle due to multiple scattering

u]

u]
u]
DDDDDD

| oooo
111111111111111111111111111111?1111?

o
DDDDDDDDDDDDDDDD

5

10

15

20 25 30 35 40
1 momentum (GeV)



Atmospheric neutrino rates (

NUXo,/E, , isoscalar ( n u X)

oy
A

10 10" 1 10 10°
Ev (GeV)

o/E

E—
. —
‘:,,_L
.: 4

Nuclear effects
fully embedded ifFLUKA
nuclear model
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5 Kkt x year)

Am3, (eV?)

Noosci 5x10% 1x10% 35x103% 5x 103

Muon-like 67526 515423 495422 470422 455+ 21

Contained 41820 319+18 307418 291 +17 282417

Partially-Contained 257 +16 196+ 14 188 +14 179+13 173+13

No proton 260 +£16 190+14 1854+14 170+13 165+13

One proton 205+14 160+£13 1504+12 145412 140+ 12

Multi-prong 210+ 14 165+£13 160+13 15512 150+ 12

Prepton < 400 MeV 285 +£17 205+14 2004+14 185414 175+13

Piepton > 400 McV 390 +£20 310418 295417 285+ 17 280+ 17

Electron-like 380+19 380+19 3804+19 380+19 380419

No proton 160+13 160+13 160+13 160+13 160413

One proton 120411 120411 120+£11 120411 120411

Multi-prong 100+10 100+10 100+10 100+10 100410

Piepton < 400 MeV 1854+ 14 185414 185+14 185414 185+ 14

Prepton > 400 MeV 195+14 195+14 195+14 195+14 195+ 14

NC 480 £ 22 480+£22 480422 480+ 22 480 & 22
TOTAL 1535 + 39

Events/year



CNGS events in 5 kton, 4 years running

20 kton xyear (4 years running)

Ami, (eV?)

Noosci 1x1072% 3.5 x107% 5 x 1073
v, CC 54300 H3820 49330 44910
v, CC 1090 1088 1070 1057
v, CC 437 437 437 436
v, CC 29 29 29 29
v NC 17550
v NC 410
v — v, OC - 7 74 143
v, = v, OC - 52 620 1250
v, — U, CC - <1 <1 1
7, 7. OC - <1 6 13

André Rubbia, ETH/Zurich, ICARUS Collaboration, 17/2/01



v, -V, oscillations (1)

* Analysis of the electron sample

- Exploit the small intrinsic v, contamination of the beam
(0.8% of v, CC)
— Exploit the unique e/ separation

Vu— Vi | VN THeEL 1 ew
Charged current (CC) Br=18%

am=35x10%V 0 110 events

Background: Ve+N - e_|_j et Charged current (CC)
- 470 vCC

Statistical excess visible before cuts  [J this is the main reason for performing
this experiment at long baseline !

André Rubbia, ETH/Zurich, ICARUS Collaboration, 17/2/01



Vu -V, osclillations

g ® . Am? = 3.5 x 107 eV?
*+ Reconstructed visible 57t e e
energy spectrum of electron + ***** Ve CC
events clearly evidences
excess from oscillations into +
tau neutrino sp
Signa ——
0 0 5 10 15 20 25 3(-) Evisijf ((L3eV‘;0
Reconstructed energy
Cuts v, Eff. | v, | D, v, CC v, CC v, CC v, CC
(%) | CC|CC| Am?* = Am? = Am? = Am? =
1073 eV? | 2.8 x 1073 eV? | 3.5 x 1073 eV? | 1072 eV?
Initial 100 437 | 29 9.3 71 111 779
Fiducial volume 88 383 | 25 8.2 64 97 686
One candidate with
momentum > 1 GeV 72 365 | 25 6.7 50 80 561
E,is <18 GeV 67 64 5} 6.2 46 75 522




Vv, -V, osclllations  (lll)

Kinematical selection in order to enhance

S/B ratio

Can be tuned “a posteriori”

depending on the actual Am?

For example, with cuts listed below,
reduction of background by factor 100 for

a signal efficiency 33%
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Am® = 3.5x 107°eV?
e v +v CC

B4 v,CC

v. CC

K KOS RK KX
< KKK
AR

1 15

Y
Transverse missing P;

Cuts v, Eff. | v, | D, v, CC v, CC v, CC v, CC |
(%) | CC|CC| Am?* = Am? = Am? = Am? =
1073 eV2 | 2.8 x 1073 eV? | 3.5 x 1073 eV? | 1072 eV?
Initial 100 | 437 | 29 9.3 71 111 779
Fiducial volume 88 383 | 25 8.2 64 97 686
One candidate with
momentum > 1 GeV 72 365 | 25 6.7 50 80 561
E,is <18 GeV 67 64 | 5 6.2 46 75 522
P < 0.9 GeV 54 31 3 5.0 38 60 421
PP > 0.3 GeV 51 | 29 | 2 4.7 35 56 397
Priss > 0.6 GeV 33 4 104 3.1 23 37 257
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e/T® discrimination

0.0025

- )eieétré n‘

GeV

0.0015 |

0.001

0.0005 -

Single m.i.p.

I
25 30 35 40 45 50

Wire number

300

N
[oa)
?

N
o
T

Entries/0.02 MeV (arbitrary normalization)
&
T

01—

Single electrons vs Dalitz pairs
20 wires

single electrons
91.4% with Edep < 1MeV

Dalitz pairs
>99% with Edep > 1MeV

André Rubbia, ETH/Zurich, ICARUS Collaboration, 17/2/01

B A e e e w  w
00 02 04 06 08 10 12 14 16 18 20

Energy deposited (MeV)

e
_____________ ﬂe

0.0025 T T
0.002 A A
0.0015
0.001
0.0005 E
-
Double m.i.p.
0 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50

Wire number
Wire pitch =3 mm ~ 0.02 X,

Combined rejection: dE/dx +
photon converted within 3 cm
of vertex: > 500



v, CC versus v NC discrimination (I)

y converting within3 cm (10 samples) from primary vertex
considered as electron candidate

L =732 KmAn? = 3.5 x 10°eV? O, = 45° @, = 7° L =732 KmAn’ = 3.5 x 10° eV 0,,= 45°Q,,= 7°
: ol ICANOE at CNGS 5 | ICANOE at CNGS
= ‘_ e Al S 1034 ® Al
g 10% — v.CC £ — V.CC
z [ e Oscillatedv,, - v, gz P Oscillatedv,, - v,
% ----- Oscillatedv, — v, % 2" ----- Oscillatedv, - v,
- NC e NC
, —0— — v, CC + Oscillatedv,, - v, - — V. CC + Oscillatedv, - v,
10 % - ‘o-
T o Eus<20GeV + -+ E.is <20 GeV
S - i
"y +_+__+_ o T T $+
IIIIIIII | &
o Tty i T
--------------- _l_ _L
A R R DT i AUV S [ 20 Lo vt A I R P B
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
JE/d e (V) dE/dx information used "+ ©*Y
~ NO dE/dx Single vs double m.i.p.
iInformation used algorithm provides>500

rejection factor

André Rubbia, ETH/Zurich, ICARUS Collaboration, 17/2/01



v, CC versus v NC discrimination (I1)

Events/20kton x year

10 %

10 %

10 %

NC

rejection

L =732 KmAn’ = 35x 10’ eV @,,=45°0,,= 7°

ICANOE at CNGS

® Al
v, CC
Oscillatedvuq Ve

Oscillatedv,, — v,
NC
Vv, CC + Oscillatedv,, — v,

<20 GeV and E.,>1GeV
> 0.3 GeV

| 11 1|

25 3
Missing P ; (GeV)

NO dE/dx information used

André Rubbia, ETH/Zirich, ICARUS Collaboration, 17/2/01

Additional discrimination power

provided by event kinematics

Events/20kton x year

[y
o

[y
o

10

10

L =732 KmAn’ = 35x 10’ eV @,,=45°0,,= 7°

I ICANOE at CNGS
3 e All
E — vy,CC
----- Oscillatedvuq Ve
] Oscillatedv,, — v,
S NC
> — V,CC + Oscillatedv, — v,
- * E,. <20 GeV and E_>1 GeV
_: > 0.3 GeV
P | ! .| L |. A
0 0.5 1 1.5 2 2.5 3

Missing P | (GeV)

dE/dx information used



Search for 6,5;#0

| ICANOE
Am?,,=3.5x103 eV?; sin?20,,= 1 4 years

Cuts: Fiducial, £, > 1 GeV, E,;, < 20 GeV

Am%?) = 3.5 X 10_3 eVQ, 923 = 45°

013 sin® 26,3 | v, CC v, — Vr | v, — UV || Total | Statistical
(degrees) T —e€ significance
9 0.095 79 74 384 237 6.80
8 0.076 79 75 67 221 b.40
7 0.008 79 76 51 206 4.10
D 0.030 79 7 26 182 2.10
3 0.011 79 7 10 166 0.80

Lo\

P(v, — v.) =cos 0,, sirf 20,
(Vy = vr) = oo 3 P(v, - Vv,) =sin’ 20, Sirt 0,,/\s>

André Rubbia, ETH/Zurich, ICARUS Collaboration, 17/2/01




Events/20kton x year

~
o

(o2}
o

50

40

30

20

10

Am?,,=3.5x103 eV?; sin?20,,= 1 ; sirt20,,= 0.05

Total visible energy

® v, CC + oscillatedv
- w=d v, CC
----- Oscillatedvu—» Vo
L Oscillatedvu - V.
+ _____ v, CC + Oscillatedv,, — v,
! L S

P(v, - v,)= cos' 6, sirf 20,z
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Events/20kton x year

70
60
50

40

Transverse missing P+

ICANOE at CNGS

o v CC+ oscillatedv“

v, CC

Oscillatedvuq V,
Oscillatedvu -V

— V,CC + Oscillatedv,, - v,

E,. <20GeV and E_>1 GeV

2.5 3
Missing P ; (GeV)

P(v, - Vv,) = sin’ 20, Sirt 6,,A%s



Am? (eVz)

23

10

10

10

10

Sensitivity to 0,5 in three family-mixing

VHHVE

| 90% allowed

v, - Vv included, ©,, =14

André Rubbia, ETH/Zurich, ICARUS Collaboration, 17/2/01

O Sensitivity to v, - V,
oscillations in
presence of v, -

(three family mixing)

o Factor 5 improvement
on sin?20,; at Am? =
3x10-3 eV?

o Almost two-orders of
magnitude
Improvement over
existing limit at high
Am?



Nucleon decay search

p - VK* decay n - VvKO2decay p - et TP decay
Py B £ s Ij_.LT:I'IEJ-L nhre p_hai-:r?' 2y
-
F" - r._ ,,.r’;:. e’
Y
-, _
e
— H+
K ;
- 0.6 m - 0.7 m - oy

Extremely efficient

background rejection
Thanks tcexcellent

tracking and particle LAr unique High detection efficiency
Id capabilities

tool for

Bias-free, fully exclusive
channel searches!
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p - e* TP decay kinematics

Nuclear effectspion absorption and rescattering included

p — e*n® (FLUKA)
|—-2-|r 2 T CTTT T T ] 3 L R ]
> "m0 detected - 2 500 @ 1P detected —
g 100 ;D t' absorbed 7: 8 ;EI © absorbed ;
2 N 4 ey ]
#”P et 60 é 300 [ f;
¥ 40 é 200 —f
i . ¥ 20 — 100 [ —
, r ] . ]
0 0.2 0.4 0.6 0.8 0.4 0.6 0.8 1
Total Momentum (GeV) Measured Energy (GeV)
2m .
A =45%T1P absorbed in Ar nucleus
Exclusive Channel Cuts p—oen|v CC|p CC |y, CC|p, CC|vNC|rvNC
One 70 54.00% 6599 2136 15221 5789 8058 3095
One electron 54.00% 6567 2126 19 0 0 0
Tproton < 100 MeV 52.65% 2715 1448 4 0 0 0
0.93 GeV < Total E < 0.97 GeV 38.30% 28 17 0 0 0 0
Total Momentum < 0.46 GeV 37.50% 2 0 0 0 0 0

André Rubbia, ETH/Zurich, ICARUS Collaboration, 17/2/01

Exposure: 1000 kton x year




p - K*v decay kinematics

Pp—v K
At least we see the kaon!
s
o H*
1} 0.6 m N
Cuts p—>Kv|v.CC|v CC |y, CC|p, CC|vNC]|vNC
One Kaon 97.30% 310 59 921 214 370 104
No 7 97.15% 161 30 462 107 197 51
No electrons 97.15% 0 0 455 107 197 51
No muons 97.15% 0 0 0 0 197 51
No charged pions 97.15% 0 0 0 0 109 22
Total Energy < 0.8 GeV 97.15% 0 0 0 0 0 0

André Rubbia, ETH/Zurich, ICARUS Collaboration, 17/2/01

Exposure: 1000 kton x year




Proton decay: expected backgrounds vs channel

Expected Backgrounds (# events)

108

ICARUS Proton Decay: Expected Backgrounds

RN . T T L LTI LTI p Ll ). L]
" Channel #BKkg. events TR )
[ :' (1kTon xyear)
g p-er 0.002
i o poe@ 2009 GG bbniino
i p-K'v 0.001
DopopmK' 0.001
| p-€mm 0025
Fiop - el () 1.257
Liop e @mm) 5.945
i poTV 0.552
I T 0.015 T A
T o p -t 5.820 T

0 pekty
A

1 10 10° 10°

ne—PoEX

Extremely good exclusive
signal signatures

[1 Excellent background
rejection

Discovery with a single
event!

__poeTl

p i K “—p- K*v

Exposure (kTons year)

f
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1 Mton x yr

Nuclear effects in backgroundsily
embedded i-L UKA nuclear model



Sensitivity vs exposure

ICARUS: Limits on Proton Decay

[E=N

o
w
(&)

[EEN
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w
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w
w

Tp/B upper limit at 90% CL (years)

[y

o
w
N

R -

el
l
]
=

R

Efficiency (%) # Bkg. events
( 1kTon x year )|

Channel

p-er 375 0.002
p - €& @ 14.15 2.099 -

O g P p-K'v 97.15 0.001
3L i o L popmK' 99.2 0.001 |
10 s : o . o +o - 4
Fe— . : Lo : Lo - €T 22.4 0.025
I P P et () 29.15 1.257
B o e () 14.45 5.945 |
L poTyV 39.75 0552 |
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3
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f
10 kton x yr
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Exposure (kTons year)

— p->K*

— p- et

Extremely good exclusive
signal signatures

[1 Excellent background
rejection

Discovery with a single
event!

Nuclear effects in signaiully embedded
in FLUKA nuclear model



Exposure needed to reach PDG limit

Efficiency | Background PDG limit | Needed Exposure
Channel (%) (1 ktonxyear) || (10%° years) | (in ktonsxyear)
p— et 0 37.5 <0.1 1600 36.6
p— KT D 97.1 <0.1 670 6.0
p—u- wt KT 99.2 <0.1 245 2.2
p—etmt 22.4 <0.1 82 3.2
p—atD 39.7 0.6 25 0.6
p— pt ol 40.9 <0.1 473 9.9
n—e KT 96.9 <0.1 32 0.3
n—et 47.9 <0.1 158 2.3
n—pu- m 48.2 <0.1 100 1.5
n— v 44.8 0.5 112 2.4

Given our poor knowledge of the physics at the GUT scale, we
need to look for all possible channels, in unbiased, free of

André Rubbia, ETH/Zurich, ICARUS Collaboration, 17/2/01

background searches.




Neutrino factory

L —-€ \TGVlJ
V- Ve— € appearance
v, disappearance
V-V > T appearance
V, disappearance
Ve— V- Ut appearance
Vo— V T+ appearance

|deal detector should be able to
measurd 2 different processes

= Detect:p*, U7, e, NC,1

Plus their charge conjugates with p*

beam

= Various baselines

= Various muon energies

O(1C?Y) u required

André Rubbia, ETH/Zurich, ICARUS Collaboration, 17/2/01

Baseline — | L=732 km L=2900 km L=7400 km
Muon Energy — | £, =5 GeV | £, = 30 GeV | E, = 30 GeV
v, CC 6150 72000 11300
0o v, NC 1590 20600 3400
> 1021 decays v, CC 2150 27600 4370
v, NC 630 9950 1500
v, CC 2450 31900 5000
pwt v, NC 750 11200 1750
10%! decays v, CC 5550 64500 9900
v, NC 1350 18300 2900




Event classes

E, =30 GeV, L = 7400 km, f@p' decays E, =30GeV, L = 7400 km, fﬁp* decays
. R 180
60 [ Am2, = 3.5 x 10 V2 Right Sign u Wrong Sign u
sin® @, = 0.5 — v, + v, CC + background 160 — v, + v, CC + background
50 |- sin®20,=0.| & = - vcc 8 |0 v, cc
v, CC 40 - o Lo e v, CC
-- Background (a0 L | Background

i
N
o

Am3s = 3.5x 107 eV
sin® @,; = 0.5

[
(=]
o

CC events/1.6GeV per 10 kton)

w
o

dN/dE, (vu CC events/1.6GeV per 10 kton)
D
o

) Right signp  ¢.
1° Wrong sign

|
0 5 10 15 20 25 30 35 40

0
30 35 40
Elisibie (GeV) E.isinie (GeV)
E, =30 GeV, L = 7400 km, By decays E, =30 GeV, L = 7400 km, By decays
120
— 2 _ -3 = I
z L Arn:, 3.5x 107 eV E_Iectrons 5 I No lepton
= I sin® @5 = 0.5 — Anti-v+v +v CC =1 —  VUNC +v.CC
=] r sin’20,=005 [ L, - Anti-v, CC 9100 v v
o0~ 1 | v, CC g ----- v NC
st v, CC S v, CC
% L [
2 r 3 80
< 80 2
2 I £ Amis = 3.5 x 107° eV?
§ i % L sin® @, = 0.5
8 L > 60 [ sin® 20,5 = 0.
L)m 60 w
= [ S
g | :
Y L
ol Electrons
© -
L .
o NC-like
el L L o - L |
0 il 0 5 10 15 20 25 30 35 40
0 5 10 15 20 25 30 35 40
Evisibie (GeV)

Elisibie (GeV)

Combining all class€s (over-constrained) sensitivity to all oscillations!
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Conclusion

4
1 -
0 E Solar MSW
-5: Ve—>VX
10 E
: ‘ Vacuum
[ -10
10-6 s wal s PR ||||||Y1|0 T
107 1072 1072 10" 1
sin?29 ‘
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