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The renaissance of neutrinos (l)

- The evidence for neutrino masses and neutrino mixing (two
surprises) has triggered an enormous excitement and activity
around the subject

= Solar neutrino experiments (see J. Bouchez’s talk)

Atmospheric neutrino experiments I In this talk
Accelerator neutrino experiments
= Double beta decay experiments

= It was not obvious ! It came with some reluctance !
= Theory:

— First “breaking” of the Standard Model since it was founded in 1967 (which
otherwise dramatically confirmed by all experiments to very high precision) !!
— Cosmological (HDM) v_?
— Large mixing angles?
= Experiment:
— Misunderstood backgrounds? Statistical treatments? etc...

= In fact, the issue is NOT solved: neutrino is hot topic !
= E.g. LSND, double-beta decay signals, etc..
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Renaissance of neutrino physics (ll)

Some selected top cited papers in the QSPIRES data base doitations

._ A MODEL OF LEPTONS mOQN
) By S. Weinberg (MIT, LNS). Phys.Rev.Lett.19:1264-1266,1967

EVIDENCE FOR OSCILLATION OF ATMOSPHERIC NEUTRINOS. ._ N mm
By Super-Kamiokande Collaboration (Y. Fukuda ef al.), Jul 1998. 9pp. Phys.Rev.Lett.81:1562-1567,1998

OBSERVATION OF TOP QUARK PRODUCTION IN ANTI-P P COLLISIONS. mQO
By CDF Collaboration (F. Abe et al.), Mar 1995. 18pp. Phys.Rev.Lett.74:2626-2631,1995

OBSERVATION OF THE TOP QUARK. m mO
By DO Collaboration (S. Abachi et al.), Mar 1995. 12pp. Phys.Rev.Lett.74:2632-2637,1995

SRS

EXPERIMENTAL OBSERVATION OF ISOLATED LARGE TRANSVERSE ENERGY ELECTRONS WITH NN A.
ASSOCIATED MISSING ENERGY AT S**(1/2) = 540-GeV.

By UA1 Collaboration (G. Arnison et al.), 1983. 31pp. Phys.Lett.B122:103-116,1983

@ EXPERIMENTAL OBSERVATION OF LEPTON PAIRS OF INVARIANT MASS AROUND 95-GeV/c**2 AT THE N h.ﬂ
’ CERN SPS COLLIDER.

By UA1 Collaboration, Phys.Lett.B126:398-410,1983

N EVIDENCE FOR ANTI-MUON-NEUTRINO ---> ANTI-ELECTRON-NEUTRINO OSCILLATIONS FROM THE mOO
’ LSND EXPERIMENT AT LAMPF.

By LSND Collaboration (C. Athanassopoulos ef al.). May 1996. 4pp. Phys.Rev.Lett.77:3082-3085,1996

m MEASUREMENT OF THE SOLAR ELECTRON NEUTRINO FLUX WITH THE HOMESTAKE CHLORINE wm @
’ DETECTOR.

By Bruce T. Cleveland, Timothy Daily, Raymond Davis, Jr., James R. Distel, Kenneth Lande, C.K. Lee, Paul S. Wildenhain
(Pennsylvania U.), Jack Ullman (City Coll., N.Y.). 1998. Astrophys.J.496:505-526,1998

@ MEASUREMENT OF THE RATE OF NUE+ D --> P + P + E- INTERACTIONS PRODUCED BY B-8 SOLAR N m N
’ NEUTRINOS AT THE SUDBURY NEUTRINO OBSERVATORY.

By SNO Collaboration (Q.R. Ahmad et al.), Jun 2001. 6pp., Phys.Rev.Lett.87:071301,2001

._ O OBSERVATION OF AN EXCESS IN THE SEARCH FOR THE STANDARD MODEL HIGGS BOSON AT ALEPH. ._ O m
) By ALEPH Collaboration (R. Barate et al.), Nov 2000. 20pp. Phys.Lett.B495:1-17,2000
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Neutrino mass is NEW physics...

From point of view of theory, electrically neutral neutrinos can
possess two types of mass terms:

Dirac-Mass term Majorana-Mass term

Experimentally it appears that:
= The state of neutrinos is fully v,
= The state of antineutrinos is fully v°q

Dirac mass term: If vp and v¢, exist in Nature, new physics beyond
SM to describe their interactions (sterile in SM other than due to
mass)

Majorana mass term: vp and v¢, do not need to exist, but then
coupling between neutrino and antineutrino: Lepton number L not

conserved. Cannot be generated by standard Higgs-mechanism.
Dim-5 operator L,’4,L ¢¢/M = SM is an effective theory = new

physics beyond m_<_w.
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Neutrino flavor oscillation probability

- The case with three neutrinos: (c,=cos6,, s;=sino,)

(1 0 0\ ¢ 0 u_wmé/\ ¢, S 0)
U=10 c¢yy sy 0 1 0 -S, ¢, O
0 -5, cp/\-s.° 0 ¢, 0 0 1
- Solar and atmospheric data are compatible with 6,,~0 and
present limit from CHOOZ is sin?26,; < 0.1:
= experimentally decouple two 2x2 mixing matrices U,(0,,) and U,(6,5)

= And |Am?,,|<< |Am?,5| where Am? = mass squared difference

- The two-flavor oscillation probabilities are then essentially:
. . L(km)

~sin-20 mENT.Nqb 2 (eV? v or solar
) 12 my ( ) E(GeV) f
L(km)
E(GeV)
where L = distance between source and detector

E = neutrino energy
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Two-neutrino oscillation
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1) Evidence for
atmospheric muon neutrino disappearance

Phys.Rev.Lett.81:1562-1567,1998

v, =V,

DSN ~ QCO|wm<Nv and large mixing
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AtmioSPhETIC ,

hadronic cascade + decays
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Interaction rate:
Predicted ratio of muon to ~150 CC events/kton/year
electron neutrinos

flverage energy:
~400 MeU

€Earth is a splendid neutrino beam line!
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Neutrino detection

Neutrinos interact VERY rarely with matter - when they do, they
often produce a charged lepton of their “own character’:

e _

p,n,m,K,...

p,n,m,K,...

minimum amount of energy

Mg = 0.5 MeV, - 3: = 106 MeV - m. = 1770 MeV

*Tau neutrino not expected in atmospheric flux (if no oscillations)
In any case, atmospheric tau neutrinos are very difficult to detect
because (1) energy threshold (i.e. very low rate) (2) hard to distinguish

from v, or v interactions
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SuperKamiokande Detector

Very large Water Cerenkov detector: Fiducial mass 22.5 kton
S0kt water
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Operation from April 1996 till November 2001 (currently under repair)
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Electron and muon events in SuperK

Super-Kamiokande

* Showering ring
(e-like)

* Electron or photon

+ 1 (e.g. from )

Times inis)

* Non-Showering
ring (U-like)

 Sometimesdecay | _»
electron

Michael Smy, UC Irvine

k.

Timess [ms)
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Am2= .005 eV2

Zenith angle distribution

L=25km
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Data and Oscillation Best Fit (v,—v.)
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Parameters and mode determination

- Fit of muon disappearance 1290 days data taking
data and no apparent electron ., W'
appearance > 0 ) o

: . | Amm=(05+4)x107eV",

: Cmmm _uo,ﬁ_uoucn mu and multi- £ [ o 20, >0.88
ring events -

7 ) ) at90%C.L. -

- Very good %2 (175.0/190) m :

- Consistent with maximal : =
mixing 0,,=45° ” ( m

g Uy N, ~
10 L p

Mode Best fit A2 | o

V-V, sin?20=1.00; Am>=2.5x103e¢V? | 0.0 | 0.0 I

VvV, $in’20=0.97; Am’=5.0x10-%eV? | 79.3 | 8.9 - — mww ¢

i 99% C.L.

v,V sin?20=0.96; Am?>=3.6x103eV? [19.0 | 4.4

LxE 5in*26=0.90; 0=5.3x 104 67.1/8.2 10 ..*a_ B _a_l__ - _c_.q.. - _c_m._ - _=r. N .aw. N a_m - _a_..... N _a_.mr N ,L.u_ N

v, Decay c0s20=0.47; 0=3.0x10%V2 | 81.1 | 9.0 sin“20

v, Decay tov, | ¢c0s?6=0.33; o=1.1x10%eV?>  14.1 3.8 1 Vi Ve _DQ__.QO:V\ favored mode
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Oscillation into something non-interacting?

Limit on Sterile Content

0.007 .
0006 v, = (COs§V, +singv)
0.005 :
L 0.004 WO..,WHM_U:HrH_q_.@_.ED (P=83%)
T_V i—ﬂmﬁ”@.o
z sin~20=1
. 0.003 Am*=3.2x10" eV?
b
* Best fit very close to
0.002 maximal mixing and
pure <tl<a
» Consistent Am?
_:.E_:___________________
0 0.2 0.4 0,6 0.8 _
VoV, ﬁzLAnommcﬁ + singv ) v,V
. 2
Michael Smy, UC Irvine mH: m

sing controlled by (1) size of matter effects (2) NC disappearance
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Broken PMTs
Inner : ~60%

Outer: ~50%

Accident on Nov. 12

Most possible cause

One PMT broken

and chain reaction occurred

by shock waves.

http://www-sk.icrr.u-tokyo.ac.jp/doc/news/appeal.html

André Rubbia, ETH/Zurich, 4/18/02, Four Seas Conference



Appeal from Director

Dear colleague,

As a director of the Kamioka Observatory, which owns and is responsible to operate and maintain the Super-Kamiokande detector, it is
really sad that | have to announce the severe accident that occurred on November 12 and damaged the significant part of the
detector. We would like to express our deep regret to Japanese, US and Korean people who have generously supported the Super-
Kamiokande experiment. The cause and how to deal with the loss in future will be discussed by newly founded committees.
However, even before discussing with my colleagues of the Super-K and K2K collaborations, | have decided to express my intention
on behalf of the staff of the Kamioka Observatory.

We will rebuild the detector. There is no question. The strategy may be the following two steps, which will be proposed and discussed
among my colleagues.

1. Quick restart of the K2K experiment.

(1) We will clear the safety measures which may be suggested by the committees, (2) reduce the number density of the
photomultiplier tubes by about a half, (3) use the existing resources, (4) resume the K2K experiment as soon as possible; the
goal may be within one year.

2. Preparation for the JHF-Kamioka experiment.

(1) Restore the full Super-Kamiokande detector armed with the state-of-the-art techniques. (2) The detector will be ready by the
time of the commissioning of the JHF machine.

Needless to say, we will be able to study atmospheric neutrinos and search for proton decay with the step-1 detector. We will be able to
maintain our watch for supernova with a somewhat higher-energy threshold.

To achieve our objective is formidable but we are determined to do so. We certainly need your encouragement, advice and help. |
should appreciate it very much if you could support our effort as you have kindly done so before.

Best regards,

Yoji Totsuka

director, Kamioka Observatory

On behalf of the Kamioka Observatory staff
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2) Confirming the
atmospheric neutrinos effect

v, =V,

with

an independent, second-generation technique,
offering an improved detection of atmospheric events
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Gran Sasso Underground Laboratory (LNGS)

http://www.Ings.infn.it/

Three experimental
halls, each 100m
long, 18m height,
18m wide

*Access through highway (tunnel)
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M.Aquila
2370m a.s.1l.

External
buildings

1038 m a.s.l.

Core of
ELAS-TOP
array

2370 m a.s.1.

Earth shielding of
3800 meters of
water equivalent

963 m a.s.l.

Underground

Laboratorieas



LNGS physics program

1. Solar neutrinos

2. Atmospheric
neutrinos

3. Neutrinos from star
collapses
(Supernova)

4. Majorana Mass

Dark Matter search

6. Nuclear cross
section
measurements

=
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* 1400 m rock overburden
«Cosmic ray flux attenuation ~ 10°

Space available in 2001
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ICARUS detector

Novel liquid Argon imaging TPC technique: Initial mass 0.6 kton
— N 1. Solar neutrinos
2. Atmospheric neutrinos
3. Supernova neutrinos

4. CERN-NGS neutrinos

Planned start data taking in 2003
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ICARUS T300 cryostat
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ICARUS T3000 (proposed)

T3000 Detector in Hall B of LNGS (cloning of T600)

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

2 ERCETCECHT NEEFE 1 NN S
| e rmm e o gym | I

I
o

s Ak (e o o
A Ny A ot X T b .
Y ¥ 4 ‘ ]
! i B g (i AL LS
5 by e i
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Future extension

\Sbﬁg_\mQ .WNNN\WQQM \O\ ~ Q@ Z@Hm.@m to additional modules >
1. Solar neutrinos

2. Atmospheric neutrinos T600: installed in LNGS early 2003

3. Supernova neutrinos

4. CERN-NGS neutrinos T3000: operational by summer 2006

5. Proton decay
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Particle identification

- —

Run 939 Event 95
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Atmospheric neutrinos in ICARUS

- The atmospheric neutrino analysis will be characterized by

= Unbiased, systematic-free observation of atmospheric events

= Precise prediction of neutrino flux (MC developed within the Collab.)

2 ktonxyvear

Solar minimm

Solar maxiinuim

Noosc, Ami, =25 x 1077 eV Noose. Amg, =2.0 x 1077 eV?
Muon-like 260 + 16 1824+ 13 249 + 16 171+ 13
i+ p 50 £ 8 30+ 6 71+8 35+6
Prepton, < 100 MeV  111£11 6O 1+ 8 98 £+ 10 63+ 8
=+ 32£2 204+ 4 28 £ 5 18 £ 4
Electron-like 150 £ 12 150 £ 12 13812 138 £ 12
¢+ p 3o L6 35 1L 6 40 1L 6 4016
Diepton, < 400 MeV 74+ 9 T4+ G 66 + 8 60+ 8
c+p 204+ 41 20+ 41 18 4+ 1 18 £ 1
NC-like 192 £+ 14 192 £ 14 176 £ 13 175 £ 13
TOTAL 608 £+ 25 524 4 23 262 424 484 + 22
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Simulated atmospheric events in ICARUS

Muon event Electron event

v, quasi-elastic interaction v, quasi-elastic interaction

E, =370 MeV
P, =250 MeV T, =90 MeV P, =200 MeV T, =240 MeV

E, = 450 MeV
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Simulated atmospheric events in ICARUS
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Rates for upward/downward events

For a 2 kton x year exposure,
significant deficit of upward-going muon-like events

2 Kton < vear

N S0
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Muon-like 270416 200+ 14 JOR 404 188414 iRZ: 13
Dovnward 102 210 102410 1022 10 9% - 10 Yh o 1
Upward G410 46 7 30 4 47 &7 =40 s

Electron-like 122212 1562412 152412 1524702  152-¢ 12
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Upward

o
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Atmospheric up-down asymmetry

All particles

m+.. 0.2
> I sin® 20 = 1
W 0.1
mm o [ 20 effect for 2 kton x year
m L 40 effect for 5 kton x year
=3 -0.1 W ....................................................................
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U+ D
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= -0.228 £ 0.100 (2 kton x year)

Asymmetry (U-D){U+D)

Lepton only

No discrimination
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Reconstructed L/E distribution
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2) Independent test of
muon neutrino disappearance

v, =V,

with

Am’ =~(1-4)x107eV>  sin° 20 =1
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Motivation

- Long-baseline neutrino experiment with accelerators aim
to establish the neutrino oscillation in

= A well defined neutrino flight path length (L)
= A well understood flux of pure (mainly v,) beam

= An priori “tunable” neutrino energy spectrum (E,)

Am? = 2.5 103 eV?

. 8

L/E, ~ 500 km/GeV

Monte-Giovo

Emilia-Romagna
Monte-Maggiorasca

Piemonte
Alessandria

o fo maximize
1.4kem - oscillation probability !
732%km

— ~— T 7 neutrino beam ——»
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The First Long Baseline (250km)
K2K mx_um_.mq:ms._” Neutrino Oscillation Experiment

Far Detector: SK
5

 #becay
¢ section
(M—=PVy)

.4

Vg

Yyt

- RS

=" Mt.Tsukuba

{ ? L4 - —
¥ - - bk > i g 3 R :
AT R £3.0. 1T R KEK
T =5 .y . = E 9 R 7 = ’ 9 f
3 - 1 * .\ ¥ o . . Y .
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K2K (KEK-to-Kamioka)

\chg.:o Beam Line
\ To SK .
Muon Monitor and
= () Beam Dump Experimental Hall
\~ T-Station
Front
Detector Decay .
Volume Arc Section
\mmma Dump
Straight Section
(Extended EP1-A)
2nd Horn /
(Reflector) i
Production Target & {
1st Horn(Collector) k
N-Hal
R KEK 12 GeV PS
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= Accelerator: 12 GeV proton
synchrotron
= |ntensity 6x10'2 protons/pulse

= Repetition rate: 1 pulse/ 2.2
sec

= Pulse width: 1.1 us
- Horn-focused wide-band
beam

= Average neutrino energy:
1.4 GeV = below t-threshold

- Near detector: 300 m from
target

- Far detector: SuperK@
250km from the target
= L/E = 180 km/GeV

- Goal: 10%° protons on target



Near detectors: neutrinos

Beam steering and beam
prediction at far detector !

. . -

SCIFl/Water
target

Lead

Muon Chamber mam‘m

u."..". s s,_hs,_: 2 ke ke

N \ \ 1 kt Water Cherenkovit
LEENGANEE bi Detector
1 ] Ll B B \ “

13

i
3| (#Neutrino Beam

MRD and SciFi: Fine Grained Precise Detector
MRD: Massive and Large Solid Angle Detector
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Delivered Protons on Target (POT)
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Goal:10% POT (for Analysis)



Neutrino Profile: Centroid Stability

(Muon'Bange Detector)
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Neutrino Beam Profile (MRD)
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T. Ishii, LaThuile 2002

<5

L oin
—0Z2=AT =T — Ty — TOF <1.3psec
E._D no pre.act
EQMV\ , \\\\ >200p.e
\\
-mm: m.n_n__

I mc” 22.5kto
g 15 56 observed
B 1-ringp 30

mm. 1__; 1-ringe 2

059 "5 multi ring 24

AT{(ps)
Atmospheric neutrino background reduced by 10° by precise timing



Observed SK events

4.8x10"°pot (Jun99-Jul01)

F* of observed events and expected events
1999 /06-2001 /07

Observe muon disappearance !
Am2( <10 3eV 2)

Obs. No Ocsi. 3 i i
FC 22.5kt 56 80.6 I3 524 346 29.2
1-ring 32 48.4+6.7 281 17.8 16.6
p-like 30 44.0+6.8 244 146 13.5
e-like 2 4.44+1.7 3.7 3.2 3.0
e 24 322453 243 168 12.6

12.7
Cf. MRD: 87.4 Hw.o SciFi: &7.3 Hﬂ%

No disappearance hypothesis is disfavoured at 972 CL.

André Rubbia, ETH/Zurich, 4/18/02, Four Seas Conference
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NUMIEMINOS program

Two detector Neutrino Oscillation Experiment
(Start 2004)

» 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
¢ 5.4kt total mass

Near Detector: 980 tons
Far Detector: 5400 ton

Aalf of the MINOS Far Detector

Fermilab

Soudan

beam

André Rubbia, ETH/Zurich, 4/18/02, Four Seas Conference



NUMI neutrino beam

“Sacrifice neutrino flux to fit the expected energy of oscillated events”

Energy of the max. of oscillation

according to SK 90% allowed region

NEEREREREY IR R LA B
Low Energy Beam 200 - High Energy  Event Totals -
I Medium Energy =i =y A_.—:M. .EN: .MMM.J -
== s F J ME: 1270 1
Magnetic focusing - o vt =y _lm“. Ama ]
Target 2nd Horn - - ey e i
z=034 m z=10.0m W~m= - " n ; -
: o i ' ' : i
Medium Energy Beam < - T : ]
2l Z125 [ CU A L, ]
R m :
= ] Z H T m g
$100 -Low Energy . .
F] - m 1 m..lw _
Target 2nd Horn o - et : : ]
z=130 m z=220m Cu. 75 F . . i .
High Energy Beam - _ : ]
50 - B " " .
— B= ﬁ - "|“ “.i“ ]
25 ¢ i LT by g
Target 2nd Horn C T e -
z=396 m z=400m 0k T T i |_..-.._.q tud
0 5 10 15
E. (GeV)
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With high statistics and good event

efficiencies in the energy region of
mterest MINOS will give substantially
improved oscillation parameter

measurements 1n a

2-year run

CC energy distributions — Ph2le, 10 kt.yr., sin®(24¥)

- - r 1P
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MINOS schedule

Far detector at SOUDAN

- 146 planes mounted as of 1
March 2002 (1.6 kt mass)

= 2% of detector per day at present
rate of assembly
« Finish installation of far
detector (2001-2003)

- Near detector assembly
(2001-2003)

- Beam line commissioning
(2004-2005)

= Plan to start with cosmic ray
data-taking with half detector
and B-field in summer 2002

July 2001

R.C. Webb, LaThuile 2002

\
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3) Search for
tau neutrino appearance

vV, = Vy =V, =V !
with

Am’ =~(1-4)x107eV>  sin° 20 =1



Atmospheric tau appearance in SuperK (l)

M. Smy, Moriond 2002

Three Different Analyses

¥ |
* Different event
reconstruction v, Vv, ‘
(energy flow, jet Energy Threshold:
variables), e
Likelihood-

function

* Standard ring
reconstruction,

Likelihood-
function —

* Standard ring |
reconstruction,
i the | e

Hadrons

Tau MC

: ,
non-tau-like «— tau? — tau-like mw\wﬁa.__. MC

nonlinear

function Vi €C

"
b e
] .Il.
- i (PN u .
) il P
] L i i i 1
i} 1 {15~ oy LE] e [iL4 or =1 ] LB ]

Michael Smy. UC Irvine input variables Taws Meuran Quipul
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Atmospheric tau appearance in SuperK (Il)

M. Smy, Moriond 2002

Zenith Angle Plot of enriched Sample

B MC with v, appearance
80 M MC withoul v, appearance

Ring Counting Likelihood

&« Data
&8O _"T
140
70 h
60 I S 1
] T
an - = 00
0 HT T% + m Neural Net
— ] ~ ® Dala
a0 m " o Tow ﬁﬁﬁﬁﬂ o
2 §o g "
10 £
= 40
0 =
-1 -08 -06 -04 02 0 02 04 08
crus H 20
Energy flow Analysis .
-1 0.8 -0.6 -0.4 0.2

Fit of Zenith Angle
Distribution is used
to extract the T signal

Michasl Smy, UC Invine
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Atmospheric tau appearance in SuperK (lll)

M. Smy, Moriond 2002

T-type Appearance Summary

Analysis Number t-events in  [Effi | Signifi | Expect
fit cien | cance |signifi-
Cy € cance
Energy-flow 1.80 11.96
Likelihood- |79 5 (stat+sys) 32%
function
Ring-Counting 1.56 2.0
Likelihood- mmdoh:ﬂm 0 43%
function (sys) A
Ring-Counting |97 ¥}, 35 3(stat}} 2.26 |12.00
Neutral Net (sys) =y | o

Michael Smy, UC Irvine

André Rubbia, ETH/Zurich, 4/18/02, Four Seas Conference

~80 ktxyr exposure mmm) A very tough job !




Simulated atmospheric T appearance in ICARUS

*Compare NC(top) to
ZOAUOQOBV at THMT CNergy after A@MWM MMMMnMx?UmE.m
eExploit precise kinematical
measurement of all final state
particles provided by ICARUS § .
imaging < L M aaetton
—Improved discrimination by m : >
a study of the event M Y
kinematical properties il .
=) Still a tough job | ARG

Exposure (kton x year)

André Rubbia, ETH/Zurich, 4/18/02, Four Seas Conference



Goal of the CNGS project

GRAN SASSO

"Long Base-Line" oscillation experiments

* build an intense high energy v, beam at CERN-SPS
* optimized for v_appearance search at Gran Sasso laboratory
(730 km from CERN)

André Rubbia, ETH/Zurich, 4/18/02, Four Seas Conference



CNGS Optimization for v. Appearance

» L

P(v, =v;)= sin” Nmmwcwﬁ.wu?\: Mv __l vomnh m<>-y

0,/0, CC increases with energy -
(kin. suppr. due to T mass) S 400 GeV protons
& 06 >
© 0.4} <16 : \ Ideal V_rate
0.2 f > |
™ ) m Can be matched
°0 25 50 75 100 w12 | by a focusing system
Neutrine energy (GeV) 5 m with two magnetic lenses
Pr n (Horn + Reflector)
< o | Tprod. th — 8|
* 0.8 F T prod. 1.nt..........ﬁ.....i lllllll B
3 o Pt I | E,~ 7+246GeV
02 | [ w E,. ~ 20 + 50 GeV
O H._.._ P S S S S S S E S S| L. H\
0 25 50 75 100 i
Neutrino energy (GeV) -
P, * o, (arb. units) A

0 20 40 60 80 100
E (GeV)

I

o 25 5 75 100
Neutrino energy (GeV)
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CERN NEUTRINOS TO GRAN SASSO
Underground structures at CERN P 8

PGCN
SPS :
B CNGS Works nnel

LHC/TI8 tunnel

SPS/ECA4

Decay tunnel

Connection gallery
muons A .ﬁo Aﬂ_m.\_lIm

neutrinos #f;

-
_wmo:m
aons
Hadron stop
and first muon detector

‘New extraction line
*Target chamber
neutrinos /. *Decay tunnel (1 km)
SASCliS Connection to LHC for
auxilliary instrumentation
*Access & services galleries

Second muon detector

CNGS-OuvragesSouterrains-2001/06 CERN AC/DI/MM
André Rubbia, ETH/Zurich, 4/18/02, Four Seas Conference







Aiming at LNGS...

Site BA4

Altitude
(m) \

450

Geneve-Cointrin
Airport

- 4 March 11:00 | MORAINES

250 __

200

0,5 1 1,5 2 2,5 2,5 3 3,5 Km
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Present CNGS Schedule

“foday”

2000

2001

02

2003

2004

2005

Civil Engineering
excavate civil engineering pit, tunnels and caverns;
concrete / shot-crete tunnels and caverns

Install hadron sto

iron + graphite blocks, aluminum U_mm+ water cooling

Install decay tube

lower decay tube sleeves, weld together, pour concrete

close civil engineering pit

SLI(*): design, build, test and install equipment

proton beam extraction in point 4 of SPS
LTI(*): install general services in point 4 of SPS
and TT40 / TJ8 areas shared with CNGS

CNGS: design, build and construct proton beam magnets
(German contribution, work done in BINP Novosibirsk
CNGS: design, build and contstruct hor+reflector

(French contribution, work done by IN2P3 Paris)

Install general services

electrical services, ventilation, cooling water, etc.

Install equipment

proton beam line, target, horn+reflector, shielding

Commissioning

First beam to Gran Sasso:

André Rubbia, ETH/Zurich, 4/18/02, Four Seas Conference

May 2005

CNGS is on schedule!
But... SPS will stop from

Oct.2004 to Apr.2006, due

to the critical financial
situation of CERN




LNGS Laboratory and the CNGS beam

Two planned experiments to study neutrinos from CERN
Hall A Hall 5

André Rubbia, ETH/Zurich, 4/18/02, Four Seas Conference



ICARUS T3000 proposal

GSSC March 2002: « (...) the proposed experiment is to be considered
only if the detector volume is not reduced and the starting time is around
2006. »

T600: installed in LNGS early 2003
T3000: operational by summer 2006

André Rubbia, ETH/Zurich, 4/18/02, Four Seas Conference



Direct detection of flavor oscillation

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

in absence of oscillations is in the order of 102 and 107 relative to
the main v, component

vV, ™V

André Rubbia, ETH/Zurich, 4/18/02, Four Seas Conference

Golden channel

__ma\a\ H%Q@

*nte uvv 18%

vV A+Ar—=>t+jet; t—i . 7

Charged current (CC) ety 14%
v.+Ar—e+jet

Charged current (CC)




t—e search: 3D likelihood

___m T600 modules, 5 years CNGS (4.5 x 10" p.o.t./vear)
L A . N AL R R B R N B B B BB

- Analysis based on 3

dimensional likelihood = .1 . ceas e
= E isibles PT™SS, p=P'eP/(Pler+ m i ) ,ﬁ
_U._._..mn_+_u._.3_mmv M 30 B v . CC ]

= Exploit correlation between e — v.CC,1—e .
variables . :

. . 20 It t .

= Two functions built: M@Mwm : :
- L ([Evisible, P;Miss, p|]) (signal) ® .

— Lg ([Evisible, Pymiss p])  (v,CC ;
background)

= Discrimination given by ° Overflow , ]

InA =L([Evisible, P;™ss, p,]) = L,/ Lg InA

André Rubbia, ETH/Zurich, 4/18/02, Four Seas Conference



V.~ V. appearance search summary

ICARUS T3000 detector

(2.35 kton active LAr)

S year CNGS ‘‘shared” running
(2.25 x 10?0 p.o.t.)

Signal Signal Signal Signal
r decay mode Am? = Am? = Am? = Am? = BG
1.6 x 1073 V2 | 2.5 x 1073 eV2 [ 3.0 x 1077 ¢V2 | 4.0 x 1073 o2
T e 3.7 9 1; 23 0.7
7 — p DIS 0.6 1.5 2.2 3.9 < 0.1
- 5o QF 0.6 14 2.0 3.6 <01
Total 4.9 11.9 17.2 30.5 0.7

Super-Kamiokande:

André Rubbia, ETH/Zurich, 4/18/02, Four Seas Conference

1.6 < Am?

<4.0 at 90% C.L.




The OPERA detector structure

;] .. 0
u spectrometer

Magnetised Iron Dipoles
Drift tubes and RPCs ...

" brick
(56 Pb/Em. “cells™)
.s.mmm .Mmg.mm =. m
8 cm
............... (10Xy) .o
v target and T decay detector = -/ Al
Each “supermodule” is il brick wall
a sequence of 24 “modules” consisting of L i Hek wa
AN | | .
- a “wall” of Pb/emulsion “bricks” | ~— mo_mw__%ﬂoﬁ
- two planes of orthogonal scintillator strips e N%m.,c_wc
......................... ek



Vv

Illllllv

Target
Trackers

Pb/Em.

Extract selected

u spectrometer

A “hybrid”

brick

Pb/Em. brick

experiment
at work

V1

(DONUT)

Basic “cell”

L

Pb Emulsion

<>

Electronic detectors

— select v interaction brick
— u ID, charge and p

Emulsion analysis

André Rubbia, ETH/Zurich, 4/18/02, Four Seas Conference

—> vertex search

— decay search
— e/y ID, kinematics




Expected number of events

5 year run with 1.8 kton average target mass, nominal v flux
Full mixing, Super-Kamiokande best fit and 90% CL limits
as presented at the 2001 Lepton Photon Conference

Decay mode Signal Signal Signal
1.2*10-3 2.4*10-3 5.4%10-3
T = ¢ long 0.8 3.1 15.4 0.15
T U NQ&% 0.7 2.9 14.5 0.29
T = h long 0.9 34 16.8 0.24
T — e short 0.2 0.9 4.5 0.03
T— U short 0.1 0.5 2.3 0.04
Total 2.7 10.8 53.5 0.75
~ Long decays aE:_%cJ\_w%a;
Kink . e
v 1| i =
Lo - o @E-; \ ~ ()
L ﬂ <~ 4dy |0 e Y .........................
s 0 0
I .......... ~- _U ...... _u
o Ee ~0 . e
AH EEV >~
< N

>
André Rubbia, ETH/Zurich, 4/18/02, Four Seas Conference mrcﬁﬂ Q@G”%m Hwﬂmwﬂmn w”m@



OPERA Status

> Achieved

e Studies, construction of full scale prototypes

* Detector design finalised

* Construction started, but “moratorium” following the CERN crisis
* Progress in automatic scanning in Europe and Japan

1 detection efficiency improved since CNGS approval

* Collaboration funded and organised for construction

> Detector construction and installation

* Large and complex detector, with a “challenging” schedule
* Prompt reaction to overcome problems arising from CERN crisis
 Aim: detector ready at beam start-up in 2006

André Rubbia, ETH/Zurich, 4/18/02, Four Seas Conference



4) Evidence for
electronmn neutrino
appearance

mmmmmmmmmmmmmmmmmmmmmmmmmmm

with

PEN =~ Qﬁma\mv and small mixing



Medium Energy Accelerator

>

Proton Beam
800 MeV

Detector

Accelerator
Proton Current
Beam Pulse

Mass
Distance
Angle with beam

André Rubbia, ETH/Zurich, 4/18/02, Four Seas Conference

Y%
Beam Stop .
(T W) Shield Detector
LSND KARMEN
(U.S.A) (U.K)
LAMPF ISIS
1 mA 0.2 mA
500 us 2 x 100us
8.3 ms pause 20 ms pause
180 tons 56 tons
17 m 30 m
179 909



Neutrinos produced from = and n decays

<t
+
JT ot
(97% decay at rest) N
w Ve
Stopped - . -
decay at rest <t E Vo
Stopped, captured by nucleus
T Stopped,
captured
Decay in flight (5%) —p W A
/ — Decay in
Vu flight (12%)

w- —e v, v, <

André Rubbia, ETH/Zurich, 4/18/02, Four Seas Conference




LSND DAR Oscillation Result

- Data collected at Los Alamos
800 MeV proton accelerator

® Boam Excess

BEEE p, Ve
T pegeln

e other

ol

- Data collected 1993-1998 7 :
- Signal reaction (DAR): g o
= v_p — e*n followed by n-capture EE )
on protons np —d+y(2.2MeV) S .50
- Observed excess: ol
w 87.9+22.4+6 events .”
= 3.60 statistical significance 75|
= 4 times the expected rate from beam 5
anti-v, :
= Could be explained in terms of 2.5|
neutrino flavor oscillation 0f
= Probability: SR
(0.264+0.067+0.045)% 0.4 0.6

= Apparently in contrast with solar
and atmospheric data which favor
large mixing angles!
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LSND and KARMEN Results

A small window of opportunity ...
- KARMEN limits T A —

= Solid curve - ¥ £ : BUGEY -
calculated with l S5 =5 m -
the Feldman & o L i i ]
Cousins F KARMEN |22 : E
approach — - -
= Dashed curve is o q
experiment’s = E
sensitivity < 0 .
- LSND signal region o l
= - 90% F
Lmax-L <23 i
[ e _
- @@o\o ﬂo-m [ I Ll RN .w__ _ __ﬂ._.._,
Lmax -L <4.6 10” 10” 10” 10" 1

sin® 20
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LSND Implications

1. If we believe all experimental results are due to neutrino
flavor oscillations

= What we know from other experiments
— Atmospheric v,’s oscillate at Am2 ~ 103 eV2with maximal mixing: v, — v, favored
— Solar v.’s oscillate at Am2 < 10*eV2 ( see J. Bouchez’s talk ): v, — v, favored
= LSND results has Am? ~ 1 eV=forv, — v,
— hence require = 4 neutrino mass states

= Only 3 active flavors ( LEP precision data )
— hence sterile v's are required

OR
— neutrino = antineutrino

2. Or we believe all experiments but not all effects are due to
neutrino flavor oscillations (new LFV contact interaction, exotic
decays, ...)

3. Or we do not believe some experiments..
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The MiniBoone Neutrino Beam

- 8 GeV proton from FNAL
Booster

—_
—
=]

= Repetition rate: 5 Hz

= Average neutrino energy
1MGeV

- L/E, ., ~L/E op~1 km/GeV

= Intrinsic v, contamination
can be ..

—_
[
a3

boone

FLUX (ARBITRARY UNITS)

w |nferred from v, events

w Simulated using I
hadroproduction
measurements :

_ﬁ;_g_ﬁwqﬁg _j_ﬁWJ
1.5 2

. ENERGY (GeV
= Measured using muon Jarget (GeV)

counters in and around the & &
. -\ . 01rn AL
decay pipe Fermilab %&o
_ 450 m of dirt

. ey B decay pipe
w Checked by comparing 50m  Booster . f
[

and 25m absorber results

25 or 50 m
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The MiniBoone Detector

= The detector is a 40ft (12.2m) diameter sphere filled with
800 tons of pure mineral oil and instrumented with
~1500 8" PMTs.

An inner sphere with 1280 PMTs viewing a 445 ton
fiducial volume ( 10% photocathode coverage)

An outer veto shell 35cm thick monitored by 240 PMTs.
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MiniBoone at FNAL

Within two years of running, should

w confirm or refute whether LSND
excess is due to neutrino flavor
oscillations (if it refutes LSND, it will
still not explain the LSND excess !)

Start physics data taking in June
2002:

= All civil construction projects for
MiniBooNE are essentially complete.

= The detector instrumentation is
complete and the oil fill is well under
way.

= MiniBooNE is on schedule for taking
first data later this summer.

A fundamental result for the overall
understanding of the neutrino data in
terms of neutrino oscillations !!!

In case of positive result from
MiniBOONE the roadmap for the
future neutrino physics would have to
be re-thought !
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Event Reconstruction

- MiniBooNE will reconstruct quasi-elastic v, interactions by

identifying the characteristic Cerenkov rings produced by the
electrons ...

From side Rirg
I.lll-.-
ghort track, ﬁ & .._-n Sharp
I o multiple H e E1
Pions,... o e Y m g .
.i.l.ll.-_il.l € = |
B gane _.-l.- :
a1 B i
elections: w0 * e Fuzzy i sy
short track, .ﬁ * - * . Eirg - z
Electrons: mut. scar 3.8 1] et
brems. Agp @ T I_Fr“a..
o g
pa]italpl-h -Huuummﬂﬂﬁ Sharp Outer
_/\_CODm long track, % at o5 ] Ring with
slow s down ._.-._.Mn.:. h.--__- Fuzzy
.._-HH_-# e Inner
Eegion
a B g
.”l_ lliill‘l L
[ B & &
0. neutial pions: 3 .....:...._...-l *  Two
™. ? election-like _.,M J.!__... & qﬂ Fuzzy
tracks __-___-_ & 8" Eings
- l.lll.l a a
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Approximate # of Events after 2 Years

Reaction # of Events
v, C —> - N* 500,000
v, C—v, ¥ N* 50,000
vpe—=>v,e 100

v.C —» e~ N*

LSND-based v,—>v, 1,000 Signal!
“Intrinsic v, background 1,500

“u~ mis-ID background 500 Backgrounds!
*n” mis-ID background 500

* we will measure the backgrounds! P. —Amm_um_\, NBI 2002
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5) Search for
subleading electron neutrino appearance
<: —V,

Am” =(1-4)x107eV>  sin’26,, = 0

P(v, = v,) = sin?26,;5in0, sin¥(Am’,, L/4E,)

for Am?,, (L/4E )<<1



(1 0 0V ¢, O s,

0 ¢, i 0o 1 0

%
— 856 0 Ci3

0 -5, cCy

‘Knowledge dominated
by CHOOZ reactor
disappearance
experiment

‘Knowledge from
atmospheric neutrinos
limited due to accidental

cancellation (flux muon =

2x flux electron)
- 0,5 IS crucial to prove

the existence of the 3x3
mixing matrix !!!
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e i ICARUS
PACE %30 1 5years dedicated SPS
4 | 2.35 kton fid. mass
10k CHOOZ  _
Sensitivity assuming
} both v,— v and v, — v,
10 F 7 at the same Am?
1 (three family mixing)
10"k
v, > v_included, ©,, = /4
HHF.-..P.Q |
.__ﬂ!___. ...._J_u L L .....+miH . 1 ,..J.._.u
10 10 10 1

Note: LOG-scale !! sin” 26,4
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Search for 6,;>0

Am?;,=3.5x10-3 eV?; sin’20,; =1

5 years dedicated SPS
2.35 kton fid. mass

Chuta: ﬁi:ﬁ&

H D_&. , Eus < MD GeV

B sin 2613 | ve CC | vy — v | vy — v || Tolal | Statistical
(degrees) T —e€ significance
9 0.095 79 74 &4 237 .80
8 0.076 79 75 67 221 5.40
7 0,058 79 76 5l 206 110
5 0,030 79 T 26 182 2,10
3 0,011 79 fil 10 166 .80
2
Am,,0,5,0,5
4 . 2 2
P(v, = v,)=cos 6,;sin" 26,,A 3 P(v, —v,) - sin? 20, sin® 6, A2
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g 1G0T
cupestieal ITinge ,
Ieutrino factories

The knowledge of 6,5 is crucial to know if the 6 phase
(CP/T violation) could be observable !

ng

AN

WNEE%W T Off-axis beams
y A P :
S e cdiokaimura) ol x \
v \ 0, =0
Hyper-K: 1000 kt g v —
P +] T e \ \\\\fla_,
Fﬁ&(ﬂkfmjﬂm_ S . 2 \\
& Nagoye | . : O S 20
Amll% _ L i ) a .m 4MW 50 GeV PS Mu \ 0., = 3mr
.,._I sk PM\,%FW @ ..u 10 i 0., = 10mr ]
e s ( conventional v beam) B —
(o) 2000 £8N 5 - 4300 mi /6758 km acrooe %, . 0 ‘o % 100
Phase-1 (0.77MW + Super-K) m momentum, GeV 0.43p
~ Phase-1 x 200 ; £ =
1+(1,0,,F
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Ve Appearance
Background rejection against NC nt” is improved.

SinN%20,.=0.03 _f___-Jx_,_ = (). Jf_:.Ji_

30 4 90% C.L. sensitivities
26 : |
E ._..,_._w _W.p "m
15 3 "CHOOZ
10 2 A
5 : T
. S-ZAFHRprovement

0 05 1 15 2 25 3 35 4 45 5 T.._.n., >

Raconstructad Ev (Ga £ T
2deg. oif axis Sysar ' (@ el TR
= ; Sye BT . ¥
5O + mxpocimd signal+bg (Am*=210*=V") 10 R —s
5 |_| =BG (romv, +v) H.”Imw_w, T —
= nn...__a_._:__L I o a3t ;.a.ff;,
/ L | CHOOZ axchudod N
E A..vhl_f- mw m .r.f.rrr} .r.”;,...“.: ]
30 : BN
4 = sy

._Eu e ) 10~ 10" .
0 3 o
0 X 1073 m_s.wN@__,E

0 65 1 15 2 25 3 35 4 45 5
Reconstructed Ev (GeV)

= sin’20, >6x107
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Conclusions: The roadmap

= The 80-90’s have seen a renaissance of neutrino
physics.
= Two0 surprises: neutrino masses and neutrino mixing
= This is “new physics beyond the SM”

- A broad experimental has been triggered by those hints
In order to

= Cross-check the evidences, certify the neutrino flavor patterns
and to measure the oscillation parameters more precisely

= After the current round of running or planned
experiments, two very important parameters of the
neutrino mixing will still have to be measured !

= 0,5 and the o6-phase
= A program for >2010’s and beyond

- In case of positive result from MiniBOONE the roadmap
for the future would have to be re-thought !
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