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History

π µ ν± ±→ + µ ν ν± ±→ + +e
π– µ–ν µ–ν

ν
e–

n p e→ + +− ν

Neutrinos are only sensitive to the weak (and gravitational) forces

W. Pauli (1900-1958)
First detected in 1956 by Reines & Cowan

Neutrino postulate: 
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The neutrino intrinsic properties
Neutrino is hard to detect

Electric charge

Angular momentum ( spin )

Interactions

Rest mass

Lifetime

Anomalous magnetic moment

Intrinsic nature Dirac-Majorana

Helicity

0

1/2

Appears 100% left-handed

Only weak

?

?

?

?

still mostly a mystery!

 I will concentrate on the quest for neutrino oscillations  ⇒
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Weak charged currents
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Weak eigenstates Flavor eigenstates

Weak eigenstates Mass eigenstates

Leptons charged current:

Quarks charged current:

By symmetry arguments, one would expect quark and lepton weak
currents to have similar structure:

However, in the Standard Model, neutrinos are massless (degenerate)
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Neutrino flavor oscillations (in vacuum)

In vacuum: Time evolution of a neutrino mass eigenstate ννννi

(=stationary state of the free Hamiltonian)

e iE ti− Ei ≡≡≡≡ energy of state

Neutrino state produced in weak decay: ν να( )t = ≡0 (αααα ≡≡≡≡ e,µ,ττττ)

ν ν να α( )t U j
j

j= ≡ =∑0 ν να( )t U ej
j

iE t

j
j= ∑ −

{

phase

Neutrino flavor oscillation probability: P tα αν ν≡ | ( )
2

B. Pontecorvo (1957)

E p mi i= +
r 2 2



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

Oscillation probability

✯ The case with two neutrinos:
➜A mixing angle:
➜A mass difference:

✯ The oscillation probability is:
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where  L = distance between source and detector (km)
 E = neutrino energy (GeV)

eV2( )
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Neutrino oscillation phenomenology

✯ In interesting cases, the oscillations decouple so that they are approximated by a two-
neutrino oscillation  :
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Oscillation map - “allowed regions”
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Where do we stand with the models?

✯ The three-flavor mixing cannot accommodate all experiments
➜Only two independent ∆m2 with three neutrinos

➜ 3 distinct ∆m2 regions ∆m2
solar << ∆m2

atm<< ∆m2
LSND required to

accommodate solar, atmospheric and LSND data requires

➜ transitions involving “sterile” states  could be occurring as well
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Accelerators
Reactors

Solar Atmospheric BigBang, SN relic, UHESupernovae

Natural sources

Artificial sources

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

These have all been detected!
Except these!

The “challenging” sources of neutrinos
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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.

�Atmospheric neutrinos:
− ≈1000 atm CC events / year

− ≈≈≈≈5 ντ CC /year from oscillations

�Solar neutrinos:

− 17500××××f8B solar neutrinos / year  @ E > 5 MeV

�Neutrinos from CERN (CNGS):

−13600 νµ CC per 4.5×1019 pots @ L = 730 km

�Neutrino factory:

− 1200 νµ CC per 1020 µ @ L = 7400 km

�Number of targets for nucleon stability:

− 3 × 1033 nucleons   ⇒   ττττp (1032 years) > 6 ×××× T(yr) ×××× εεεε    @    90 C.L.

What we get for 5 ktons of target:What we get for 5 ktons of target:

γγγγ
νννν

A bonus!
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Discovery of neutral currents (1973)

e—

ν νµ µ+ → +− −e e

Gargamelle, Phys. Lett. B46 (1973) 121

Ee=385±100MeV
θθθθe=1.4±1.4°

Excellent electron
identification
ρρρρ=1.5g/cm3

Radiation length=11cm
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Oscillation map - “allowed regions”

LSND�
νµ→νe

Atmospheric�
νµ→νx

Solar MSW�
νe→νx

Vacuum
10-10

∆m2
solar ≈ 10-5 eV2

sin22θ ≈ 0.8 or 0.008
Matter enhanced (MSW effect)

∆m2
solar ≈ 10-10 eV2

sin22θ ≈ 0.8
Vacuum oscillation

∆m2
atm ≈ 10–3–10–2 eV2

sin22θ ≈ 1

∆m2
LSND ≈ 1 eV2

sin22θ ≈ 0.003
νµ→νe

νµ→νx

νe→νx

Electron excess

Muon deficit

Electron deficit

Two-neutrino oscillation



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

Solar neutrinos
Stellar energy comes from NUCLEAR FUSION in core

γγγγ
νννν

p p D e+ → + ++ ν

p D He+ → +3 γ
3 3 4 2He He He p+ → +

e+

ν

γγγγ
≡proton

≡neutron

pp  cycle:

light,heat neutrinos

4H →→→→ 4He + γγγγ + νννν

Q=26.73 MeV; <Eνe> = 0.265 MeV
Stars are strong neutrino sources!

φ νEarth cm s≈1011 2 / / Day & night!
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Predicted solar neutrino spectrum

Bahcall
http::/www.sns.ias.edu/~jnb

pp

7Be

8B

Experimental
threshold
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The solar neutrino problems

H
om

es
ta

ke

Bahcall
http::/www.sns.ias.edu/~jnb
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Chlorine experiment– Homestake Mine

νe Cl Ar e+ → + −37 37

Eν > 814 KeV

Expected rate: 9.5–1.4 SNU

1 SNU≡1 evt/s per 1036 target atoms

390 m3 of C2Cl4

R. Davis et al.

Expected production:
1.5 Ar nuclei/day

Measured rate: 2.56–0.22 SNU
average over 30 years!!!!
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Solar deficit global solutions

Bahcall
http::/www.sns.ias.edu/~jnb
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Solar neutrino survival probabilities

Bahcall
http::/www.sns.ias.edu/~jnb
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SNO preliminary data



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



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

Solar neutrinos detection in ICARUS

❖ Two reactions can be measured independently:

ν νx xe e+ → +− − νe Ar K e+ → + −40 40 *

Elastic scattering on
atomic electron

νννν absorption on
Argon nuclei

❖ Signature:
❖ Primary electron track
❖ Absorption: surrounded by low energy secondary tracks (40K*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.
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Radioactive source: 6 MeV γγγγ’s
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Solar neutrino rates and sensitivity

Events per year for a 600
ton detector

Te (MeV) Neutrons

0.0 7400

1.0 3404

2.0 1554

3.0 696

4.0 318

5.0 144

6.0 66

7.0 30

8.0 13

Events/year

Elastic channel
    Background

212
6

Absorption channels
    Background

759
   26

470 ton fiducial, all
cuts imposed

R
N N

N N
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theory
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ABS
theory
ABS≡

/

/

ES=elastic scattering

ABS=absorption events

ν νx xe e+ → +− −
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Oscillation map - “allowed regions”
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Beam Stop

(π  µ)

Proton Beam
800 MeV Shield Detector

ν

                                LSND                     KARMEN
                                 (U.S.A.)                                 (U.K.)
   Accelerator               LAMPF                            ISIS
   Proton Current            1 mA                              0.2 mA
   Beam Pulse                  500 µs                          2 x 100µs
                                   8.3 ms pause                   20 ms pause
   Mass                          180 tons                         56 tons
   Distance                       17 m                              30 m
   Angle with beam           170                                900

DetectorDetector

Medium Energy Accelerator
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Neutrinos Neutrinos produced fromproduced from  ππ  andand  µµ  decaysdecays

µ+
(97% decay at rest)

Stopped
decay at rest

νµ

νe

π+
e+

νµ

νµ

Stopped, captured by nucleus

Stopped,
captured

Decay in flight (5%)
Decay in
flight (12%)

π−

µ−

µ −   → e − νµ νe Small contaminationSmall contamination

searching for νe
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Energy (MeV)

Time (ns)

Time (µs)

IS
IS

 S
ou

rc
e

IS
IS

 S
ou

rc
e

Neutrinos mainly produced
from decay at rest (DAR) of

π and µ
Also from decay in flight
(DIF) of these particles

Mainly looking for νe 
appearance

νe/ νµ (DAR) = 4 x 10−4

At At ISIS, time ISIS, time separation separation of of 

ππ  and and µµ  decaysdecays

Search for oscillations at medium energy
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(c) L = P(∆t)xP(∆r)xP(hits)

R= L(correlated)
L(accidental)

∆∆∆∆t

hits

∆∆∆∆r

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

�Signature discrimination:

�Particle identification (PID):
    (Cerenkov light)

ε ¯ 80%; neutron rejection ¯ 10 3

ννννµµµµ    →→→→    ννννe search in LSND

Signature:
νe + p → e+ + n

n + p → d + γ(2.2 MeV)

prompt positron signal, energy range

delayed correlated photon
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36 < Ee < 60 MeV, R>30:

¥Signal: 22 events
¥Beam unrelated: 2.5–0.4
¥Beam related: 2.1–0.4
¥Excess: 17.4–4.7 events
¥Prob. stat. ¯ 4x10 —8

(R>30: εcorrelated=23%, εaccidental=0.6%)

LSND DAR Oscillation Search
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Oscillation map - “allowed regions”
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Atmospheric neutrinos

π,K
µ

e

R
e e

=
+
+

≈
ν ν
ν ν

µ µ 2

Earth

µ�

µ�

p,He,...

p,He,...

νµ

νµ

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-II 4.6 0.68–0.11–0.06
NUSEX 0.4 0.96+0.32—0.28
Fr jus 2.0 1.00–0.15–0.08

RR
e

e
measured

predicted

≡ ( / )
( / )
µ
µ

hadronic cascade + decays

Water Cerenkov Calorimeters

Earth is a splendid neutrino beam line!

almost isotropic source
(geomagnetic effects)

Predicted ratio of muon to
electron neutrinos

Use “double ratio”:
Rate:≈200 events/kton/year

Anomaly!
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Electron and muon events in Superkamiokande

Electron-like event Muon-like event

e— —

Note: at high energy, the direction & energy of outgoing e/  is ¯ that o f incoming neutrino
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Zenith angle distribution
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⇒⇒⇒⇒  ννννµµµµ    →→→→    ννννττττ oscillations?

By looking in different zenith angle directions, one can select the  neutrino “baseline” L...
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Oscillation map - “allowed regions”
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G. Gratta, Neutrino2000



André Rubbia, ETH/Zürich, 17/2/01, SITGES
G. Gratta, Neutrino2000
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Oscillation map - “allowed regions”
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Three flavor mixing
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In general, the oscillation pattern may be complicated and involve a combination of transitions to

ννννe, ννννµµµµ, ννννττττ and by symmetry with quark sector it is natural to expect CP violation at some level.
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Three family oscillations

Ue3➨ Parameterization à la CKM:

∆m2
32 ≈ ∆m2

31≈3x10–3 eV2,   θ23≈45°Atmospheric anomaly:

Solar deficit: ∆m2
12,   θ12 ,   θ23

➨ Current standard  mass and mixing assignment:

P P( )    ( )
?

ν ν ν να β α β→ ≠ →
}

δ≠0?

θ13 (small)

ν νµ τ→

ν νµ τe → /

ν νµ → e ν ντe →
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3 flavor mixing analysis of atmospheric

K. Nakamura, NUFACT00, Monterey
(USA), May 2000

PRELIMINARY

Atmospheric neutrinos
analysis
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Solar neutrinos

M.B. Smy, NOON2000, Tokyo
(Japan), Dec 2000No smoking gun  ?
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Oscillation map - “allowed regions”
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∆m2
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sin22θ ≈ 0.8
Vacuum oscillation

∆m2
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∆m2
LSND ≈ 1 eV2
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νµ→νe
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νe→νx

Electron excess

Muon deficit

Electron deficit

Two-neutrino oscillation
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K2K experiment

✯ Experiment started in March 1999
➜ Some initial problems with optics

system now apparently solved

➜ Beam intensity : 5.5 x 1012 ppp

➜ Total integrated (Apr99-Mar 00):

16.64 x 1018 pots  (goal: 1020 pots)

✯ Beam measured with near
detectors  (FD)

➜ 3 different detectors: 1kt H2O, SCIFI

tracker+water, MUC (Fe µ ranger)

➜ Event rate & energy spectrum under

study

✯ Extrapolation at far detector  (SK)

L = 250 km
Eνννν ≈≈≈≈ 1 GeV

Expected@SK: 29.2±3.5
Events seen:  17 events

⇒⇒⇒⇒ Disfavors no oscillations at 2σσσσ  level!
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K2K sensitivity

10–1

10–2

10–3

10–4

22.5 kton�
1 ring�
µ-like�
Eν > 500 MeV

νµ → ντ oscillation sensitivity

∆m
2  

(e
V

2 )

0 0.2
�
0.4 0.6 0.8 1

sin22θ

90%C.L.

K2K
1020 pots (3-5 years)

1. Will provide first confirmation of
muon disappearance with artificial
beam!

νµ → νx

νµ → ντ → τ + X

✔

Limited by statistics
2. Measurement of ∆m2 & sin22θ

3. No unambiguous flavor oscillation
signature?

?

Neutrino energy is below production threshold

4. Subdominant νµ → νe sensitivity?
Poor (statistics, „ 0 contamination)
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NUMI-MINOS program (U.S.A.)

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

2. Precise measurement
(±10%) of ∆m2 & sin22θ

3. No unambiguous flavor
oscillation signature

4. Subdominant νµ → νe
sensitivity?

Limited by detector granularity

Poor (π0 contamination)
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S. Wojcicki, Neutrino2000
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Oscillation map - “allowed regions”
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18%
18%
50%
14%

ττττ→→→→

⇒  high granularity for e/π0 separation

1. High energy neutrinos
⇒  Sufficient energy to produce heavy tau (mτ = 1777 MeV)

2. Detector capable of identifying tau lepton
⇒  Detect the decay products and missing momentum from neutrinos

⇒  or look for tau track (≈1 mm length) to see “kink”

ννννµµµµ→→→→    ννννττττ
Charged current (CC)

ννννττττ++++N→→→→ττττ+jet;

ννννµµµµ→→→→    ννννe

1. Excellent electron identification
Charged current (CC)

ννννe++++N→→→→e+jet

Detecting flavor oscillations by “appearance”

⇒⇒⇒⇒  in general, difficult tasks for large detectors!
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CNGS neutrino beam

 

CERN Gran Sasso

CERN Neutrino Beam in the Direction of Gran Sasso

earth

Distance = 732 Km

Ea
rth

 ra
di

us
 =

 6
38

0 
Km 10.5 km below ground Planned beam commissioning: May 2005

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

The expected νe and ντ contamination of the CNGS beam are of the

order of 10–2 and 10–7 respect to the dominant νµ.

ννννττττ? ννννe?

ννννµµµµ
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✯ Primary protons: 400 GeV; 4x2.3x10 13 p/cycle; 26.4 s/cycle
✯ Pots per year: 4.5x1019 pots  “shared”; 200x0.75 days/year

✯ Optimized for

✯ 7.6x1019 pots/yr “dedicated”
CERN 98-02 - INFN-AE/98-05; CERN-SL/99-034(DI) - INFN/AE-99/05

CNGS event rates

νµ CC events events spectrum
@LNGS

νννν ττττ C
C

 e
ve

n
t 

ra
te

s

N E E E dECC
τ ν νφ σ

µ τ
∝ × −∫ ( ) ( ) 2
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OPERA baseline design

µ spectrometer dipoles

RPC+drift tubes

Supporting
“roof”

Modules

OPERA design is “LNGS Hall independent”
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Baseline
option:
“compact”

ννννττττ

ττττ
1mm

PbES

Basic ECC (Emulsion Cloud Chamber) concept:

   Passive target material     and      emulsion tracking

         large mass                           high space resolution

OPERA ECC elementary cell
Direct detection of ττττs  by decay topology (γγγγcττττ ~ 1mm)

Prototype: Measured angular and position resolution with 100 µm

segments: ~2 mrad in angle and ~0.6 µm in position
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The ICARUS experiment

40 cm

40
 c

m
W

ire
s

Drift

"Bubble" size �
≈ 3 x 3 x 0.2 mm 3

Energy deposition �
measured for each
point

ICARUS T600 (approved)

600 ton detector

First test run in March 2001!
In LNGS Tunnel in 2002

ICARUS 5kt (proposed)

Two possible options:
A) ≈8 x T600
B) 4 x T1400 (better for physics)
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ICARUS liquid argon imaging TPC (I)
✯ The LAr TPC technique 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.

40 cm

40
 c

m
W

ire
s

Drift

"Bubble" size �
≈ 3 x 3 x 0.2 mm 3

Energy deposition �
measured for each
point
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✯ Detect electrons produced by ionizing tracks crossing the LAr

v–

v+

+

–

Ionizing track 

V

i0

E
d

d

d

p

Ionizing track

1st Induction 
wire / Screen grid

2nd Induction wire 
grid (x view)

Collection wire 
grid (y view)

e-

Ch
ar

ge

Drift timeA

B

C

Signals induced

Ch
ar

ge

Drift timeA B

C

Drift

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

I0 = e(v+ + v-)/d

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

different orientations ⇒  3D imaging

E = 500 V/cm

ICARUS liquid argon imaging TPC (II)
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ICARUS liquid argon imaging TPC (III)
Detector is continuously sensitive, thus allowing to easily

simultaneously collect atmospheric, CNGS and other rare events...

Time -- drift

R
ea

l e
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 fr
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 1

5 
to

n
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CERN ν-beam

νµ + n → µ − + p

12
8 

re
ad

ou
t w

ire
s

2.
54

 m
m

 w
ire

 p
itc

h

ICARUS-CERN-Milano

(Chamber located in front of NOMAD detector)

collection view time (400 ns/sample)
46 cm max. drift distance

Neutrino event in 50 liter LAr TPC (1998)

In a pre-monolithic phase
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The MONOLITH proposal

Large mass       ~ 35 kton
Magnetized Fe spectrometer B = 1.3 Tesla
Space resolution    ~ 1 cm (rms on X-Y coordinates)
Time resolution           ~ 1 ns  (for up/down discrimination)
Momentum resolution    σp/p ~ 20% from track curvature for outgoing µ
                                            ~   6% from range for stopping muons

Hadron E resolution   σEh /Eh ~ 90%/√Eh⊕  30%

~54000 m2 of detector :  Glass Spark Counters
~1500 m2 for external veto: Scintillator Counters

30 m

13.1 m

14.5 m

8 cm

2.2 cm

Fe

8.0 x 3000 x 1500 cm3  x 7.87 g/cm3 = 285 ton/plane     120 planes

Fe

B B
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Oscillations?

✯ The L/E resolution of
SuperKamiokande is not good
enough to detect oscillations.

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

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

H.Sobel
Neutrino2000

P m
L

E
( ) sin sin .ν ν θα β→ = 





2 2 22 1 27∆
?
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Atmospheric neutrinos selection

ννννµµµµ candidate

Y viewY view X viewX view

�� Minimal requirements: pµ > 1.5 GeV, Range(µout) > 4 m

�� Selection on combinations of the observables Eµ, θµ, Eh  to
ensure the required L/E resolution

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

Estimators: θν = θµ  Eν = Eµ + Eh

ννννµµµµ candidate
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ICARUS event imaging

90 cm

90
 c

m

µ
p e

(simulated event)

100 cm

90
 c

m

p
e

(simulated event)

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

νµ + n → µ − + p νe n e p+ → +−
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Efficiencies and resolutions

✯ Selected  νµ CC (downgoing only!) after 4 years of data taking:

✯ Fully contained:   931
✯ Partially contained:   259

✯ Total: 1190

P. Antonioli
Now2000
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ICARUS L/E selection
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✯ Selected  νµ CC after 4 years of data taking:

✯ All muon-like events: 2700

✯ Evis>1 GeV:   1080 (to suppress Fermi motion effect)

✯ Total: 1080

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

∆( / ) %L E RMS ≈ 30
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Reference sample

✯ Oscillation parameters (3 family
mixing):
➜ ∆∆∆∆m2

32 = 3.5 x 10-3 eV2

➜ sin 2 2ΘΘΘΘ23 = 0.9

➜ sin 2 2ΘΘΘΘ13 = 0.1
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25 kt x year

Electron sample can be used
as a reference for no oscillation
case

Excellent electron
identification &
measurement
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The disappearance probability can be
measured with a single detector and two
equal sources:

=   P(νµ → νµ; L/E)  
N up(L/E)

N down(L’/E)

L ’

L

θ

θ

L(θup) = 2Rcos(θup) L’ (θdown) = L(π –θdown)

= 1 - sin2 (2Θ) sin2 (1.27 ∆m2 L/E)

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

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

(equal source hypothesis only when geomagnetic effects
are neglected ⇒  high energy)
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…after four years!
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MONOLITH sensitivity – 4 years

✯ Comparison of MONOLITH sensitivity to oscillations with Kamiokande and
SuperKamiokande

✯  90% C.L. allowed regions after 4 years for different ∆m2 (left)

✯  Exclusion regions if no effect is found (right)
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Oscillation map - “allowed regions”
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�Atmospheric neutrinos
�Improvements over existing detection technique

—Detection down to production thresholds
—Complete event final state reconstruction
—Identification all neutrino flavors
—Identification of neutral currents

�Excellent resolution on L/E reconstruction

�Direct ττττ    appearance search

�Neutrinos from CERN
�Search for ννννµ →→→→ ννννττττ

�Search for ννννµ →→→→ ννννe

�Solar neutrinos
�Energy threshold: 5 MeV
�Large statistics, high precision measurements
�Experimental signal ν νe ee e+ → +νe Ar e K+ → +40 40 *

Absorption Elastic

ICARUS physics potential (I)

∆m2
32,   θ23

∆m2
12

∆m2
32,   θ23 ,   θ13

∆m2
12,   θ12
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�Proton decay
�Large variety of decay modes accessible

⇒⇒⇒⇒  study branching ratios free of systematics

�Background free searches
⇒⇒⇒⇒  linear gain in sensitivity with exposure

�Neutrinos “factory”
�Precise measurement of ∆∆∆∆m2

23, ΘΘΘΘ23, ΘΘΘΘ13

�Matter effects, sign of ∆∆∆∆m2
23

� First observation of ννννe →→→→ ννννττττ

�CP violation

ICARUS physics potential (II)

∆m2
32,   θ23 ,   θ13

∆m2
32>0 or ∆m2

32<0 ?

Unitarity of mixing matrix

δ≠0 ?

m
m

Mheavy
ν   

?

=
}

Physics at Unification
scales?
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ICARUS: a graded strategy

✔ 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.

Small-scale
prototypes 15 ton

T600

→  Air Liquide for Cryostat and Argon purification

→ BREME Tecnica for internal detector mechanics

→ CAEN for readout electronics

Cooperation with specialized industries:

We are here!

Lab activities:

2x300 ton
T1400 (?)

≈≈≈≈4x300 ton
or 1x1400 ton
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ICARUS 15 ton (10m 3) prototype (1999-2000)

✯ A major step of the R&D program has
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

T15 installation @ LNGS (Hall di Montaggio)

➜ First operation of a 15 ton LAr mass
as an actual “detector”
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Cryostat

Cryo. pump

LN2 exchanger

Control
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Cooling 15 ton prototype March ‘99

✖Confirmation of the
functionality of the variable
geometry mechanics

100

1000

-50 0 50 100 150 200 250

Lifetime evolution

Li
fe

tim
e 

(
µµµµ s

)

Elapsed Time (hours)

Pump OFF

Pump ON

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

LAr purityTemperature / Wire stretching
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Top View

Lateral View

Internal Volumes Layout

Imaging region (35 cm drift)

External trigger

cathode

wires
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• Just after LAr filling: τ ~ 100µs, according to expectations based on   residual leak

rates ( 10-5 mbar/s).

• In a few days of LAr pump operation: τ > 2 ms

Slow ττττ degradation (GAr recirculation off)

Electron Lifetime Measurements
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Tracks in 15 ton prototype

Drift

W
ire

s

40 cm

76
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m

Drift
W

ire
s

10m3 Module
at LNGS

Cosmic Ray tracks
recorded during the
10 m3 operation
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The ICARUS T600 module
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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 
Sensitive LAr mass = 476 ton

Number of wires chambers = 4
Readout planes / chamber = 3 at 0 ° , ± 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

2 independent aluminum containers
each one transportable inside the GS 
Laboratory

External insulation layer (400 mm)

LN2 cooling circuit

Signal feedthroughs

HV feedthroughs

Under construction
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T600 assembly schedule

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

✯ Delivery of the 1st 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 2nd 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 2

cryogenic circuits  (Dec 2000-Jan 2001 )

✯ Semi-module now ready to be sealed.
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First half-module delivery in Pavia (Feb 29, 2000)
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Cryostat

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

Dirty
observer

Clean
workers

Internal
detector
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Second half-module during the vacuum test (Jul 2000)
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Vacuum curve
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Vacuum Tests - Second half-module
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Second half-module (delivered Aug 2000)

Thermal floor

Thermal insulation panels
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Nomex honeycomb
panels (heat insulation)

Dewar

Readout
electronics
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Installation slow control devices (Jul 2000)

Wire stretching
sensor
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W
ire installation in T

600 internal
detector (Jul-O

ct 2000)
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and one PMT

The three wire planes at 0°,±60° (wire pitch = 3mm)
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Wires crossing the spacers (wire pitch = 3mm)
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Wire Chamber
Side A

Wire Chamber
Side B

Drift distance
1.5 m

T600 - Completed Internal Detector view
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Drift distance
1.5 m

H
or

iz
on

ta
l w

ire
s 

re
ad

ou
t c

ab
le

s
–75kVRace-track

E

Drift H.V. and field electrodes system
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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 λ=128 nm, attenuation length in LAr ≈90cm,

1÷2×104 γ per MeV deposited)

➜ Provide help for triggering  and T0 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.
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Position meter PMT

Purity Monitors

Wires before tensioning

Slow control sensor (behind wire planes)
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8” PMT coated with TPB

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

Electronic
rack

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

Digital

Analog
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Man-hole (after sealing, the only way to get inside!)
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✯ 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 νννν
Solar+SN νννν
CNGS+Nufactory νννν
p decay

Perspectives of ICARUS
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Proposed setup ICARUS 5kt in LNGS Hall B

ICARUS T600

Two possible options:
A) ≈8 x T600
B) 4 x T1400 (better for physics)



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

Muon bending measurement

L

8 
m

µ

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

B=2.0 T,  L�iron� = 2.5 m�

0�

25�

50�

75�

100�

125�

150�

175�

200�

5� 10� 15� 20� 25� 30� 35� 40�
µ momentum (GeV) �

A
ng

le
 (

m
ra

d)
�

Angle due to bending in magnetic field�

Angle due to multiple scattering�

B = 2 Tesla,   L = 2.5 m

B
θ
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Multiple scattering

16 m

∆∆∆∆p/p ≈≈≈≈ 25%

Charge confusion: ~10-4
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NUX �σν/E�ν , isoscalar�

0�

0.2�

0.4�

0.6�

0.8�

1�

1.2�

10�
-2�

10�
-1�

1� 10� 10�
2�

E�ν (GeV)�

σ/
E

�

Total
QE
DIS
Charm

Atmospheric neutrino rates (5 kt x year)
(nux)

Nuclear effects
fully embedded in FLUKA
nuclear model



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

CNGS events in 5 kton, 4 years running

θθθθ23 = 45°, θθθθ13 = 7°
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eνν
Br ≈ 18%

ττττ→→→→ννννµµµµ→→→→    ννννττττ
Charged current (CC)

ννννττττ++++N→→→→ττττ+jet;

Charged current (CC)ννννe++++N→→→→e+jet

ννννµµµµ    →→→→ννννττττ oscillations (I)

Background:

✯ Analysis of the electron sample

➜ Exploit the small intrinsic νe contamination of the beam

(0.8% of νµ CC)

➜ Exploit the unique e/π0 separation

470  νeCC

∆m eV2 3 23 5 10= × −. 110  events

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

⇒
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ννννµµµµ    →→→→ννννττττ oscillations (II)
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signal

✯ Reconstructed visible
energy spectrum of electron
events clearly evidences
excess from oscillations into
tau neutrino
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ννννµµµµ    →→→→ννννττττ oscillations (III)
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✯ Kinematical selection in order to enhance
S/B ratio

✯ Can be tuned “a posteriori”
depending on the actual ∆m2

✯ For example, with cuts listed below,
reduction of background by factor 100 for
a signal efficiency 33%
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e/ππππ0 discrimination

electron ππππ0
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algorithm  provides >500
rejection factor
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∆∆∆∆m2
32=3.5x10–3 eV2; sin22θθθθ23 = 1

Search for θθθθ13≠≠≠≠0

ICANOE
4 years

P e( ) sin sinν ν θ θµ → = 2
13
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P( ) cos sinν ν θ θµ τ→ = 4
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2
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Nucleon decay search

Thanks to excellent
tracking and particle

id capabilities

LAr unique 
tool for

Extremely efficient
background rejection

High detection efficiency

Bias-free, fully exclusive
channel searches!

p→→→→e+ ππππ0000    decayp→→→→ννννK+    decay n→→→→ννννK0    decay
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p→→→→e+ ππππ0 decay kinematics
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≈45% π0 absorbed in Ar nucleus

Nuclear effects: pion absorption and rescattering included
(FLUKA)
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p→→→→K+νννν  decay kinematics

At least we see the kaon! 
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Proton decay: expected backgrounds vs channel

ICARUS Proton Decay: Expected Backgrounds
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p → µ+ π0 0.015

p → µ+ (π0) 5.829

p→e+π0

p→K+ν

p→e+X

1 Mton x yr

Extremely good exclusive
signal signatures

⇒  Excellent background
rejection

Discovery with a single
event!

Nuclear effects in backgrounds: fully
embedded in FLUKA nuclear model
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Sensitivity vs exposure
ICARUS: Limits on Proton Decay
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Exposure needed to reach PDG limit

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

background searches.
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              µ− →e− νeνµ
νµ→νe→e−      appearance

νµ                      disappearance

νµ→ντ→τ−      appearance

νe     disappearance

νe→ νµ→µ+     appearance

νe→ ντ→τ+     appearance

Plus their charge conjugates with µ+

beam

Neutrino factory

Ideal detector should be able to
measure 12 different processes

�Detect: µ+, µ−, e, NC, τ

�Various baselines

�Various muon energies

O(1021) µ required
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Combining all classes⇒  (over-constrained) sensitivity to all oscillations!
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Conclusion
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Solar MSW�
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Vacuum
10-10


