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Why neutrino physics?

T e T T T T

The simplest
guestions are

often the deepest y

Neutrinos might help us answer the philosophical
question: WHY ARE WE HERE ?



1] The neutrino flavor

v, =V,




Intense high energy neutrino sources (=1960)

It was realized that high energy accelerators could be
used to produce intense high-energy neutrino beams!

Pontecorvo, JETP 37 (1959) 1751
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While the technique has been perfected (in particular with the help of
magnetic focalizing systems), the basic principle is still the same
used today in modern neutrino accelerator experiments
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The first accelerator neutrino beam (1962)

In 1962 at the Brookhaven AGS accelerator
proton energy : 15 GeV
proton intensity: 400°000°000°000 protons/pulse

3000 pulses/day
neutrinos: energy=1 GeV, mostly v, ?

Be target QQQ \-e |
Sh'e'd i 1 neutrino
il ‘ W&\\\\\\\\\\W: i interaction per
' . - 1000 kg per day!
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Need a detector with large mass able
to distinguish electrons from muons !



BNL-Columbia experiment (1962)

10 ton “spark chamber” detector
einhgrger, Schwartz, Phys. Rev. “ngtt, 9 962] 36
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1 ton spark chambers //
9 Aluminum plates :
110x110x2.5 cm
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Neutrino-nucleon charged current interactions

Showering track
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One “muon-like” event in spark chamber
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1 ton spark chambers &
9 Aluminum plates
110x110x2.5 cm

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ




Results from BNL-Columbia experiment

400 MeV electron test
beam

Number of events

z ” 'H x| Single tracks 34
¥ BE l i Multi tracks 22
- “Showers” 8

Only 2 are

compatible

with electrons

=) v, =,
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Alias “search for neutrino oscillations at short baseline”
FNAL E531, CHARM-II, CCFR, eftc..
Recently CHORUS, NOMAD



The SPS neutrino beam

Mean distance from v source (&, K decays): NOMAD ~ 620m, CHORUS ~600m.

BCT1 SEM= Al Collimanor Eeflector NMuon Pits CHORLS
recay
Horn Tunnel Earth

===

450 GeV/ic protons DX collimator Irom Shield SO MNLAL

B2

] Wide Band Beam: broad energy spectra.

Fldusial arem 2.85rm x Z.82m

Main component average energy ~25 GeV

Antineutrino contamination <6%, v_~1%

Nautrines /3 ot/ 1 el p.o.t,

Prompt v_ negligible

_ Assuming individual lepton flavor
o conservation at production vertex

Meutrimo Eneargy [(Gev)
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The detectors

77N\

&2 Hybrid detector Electronic detector

Active emulsion target High resolution tracking

— locate interaction and decay = momentum resolution 3.5% (p<10 GeV)
vertices Fine grained calorimetry
Electronic detector = AE/E=3.2%/NE ® 1%

= predict tracks in emulsion + Particle id
kinematics — pion rej 103 with electron eff >90%
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Neutrino-nucleon charged current interactions

Showering track

Hadrons

minimum amount of energy

Penetrating track
«_for
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Hadrons

Short-lived, decaying track

Neutrino(s) in final state
e ,u,m,...

Hadrons

mg = 0.5 MeV, - my, = 106 MeV - m_=1770 MeV



Data samples

M‘(f)‘ Chorus (94-97) 1” Nomad (95-98)
2,305k emulsion triggers 1,354k v, CC interactions
Phase I: 167k events located in 100% of data analysed
emulsion

Phase IT: ~60k new events located +
full event analysis at vertex

“Bubble chamber"” quality

3-dimensional visual nstruction very high resolution in
mensiona Harreconsiructio momentum and energy

sub-micron resolution at vertex particle Id

Giuliana Fiorillo
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Results of the v, — v, oscillation search

\\—/\3 . Total bkgd N max Data Total bkgd N max Data %
7018 15226
(=15% syst) (£10% syst)

:> No excess of t-like events found !

Unofficial combined CHORUS+NOMAD result (G. Fiorillo, Neutrino 2002)
can be reinterpreted as LFV limit:

== Br((w /K)" —u'v,) <=5x10°  (90%C.L.)

o Br(nt— u'v,)<8x107  LF
Compare with (90%C.L., PDG2000)

Briz* = u'v,)<1.5x10° L



Neutrino properties

Ve vy v,
Electric charge 0
Angular momentum (“spin’”) 1/2
Chirality Only left-handed coupling
Interactions Only weak
Rest mass (95%C.L.) <z5eV <160 KeV <18.2 MeV
Lifetime (90%C.L.) >300 s/leV  >15.4 s/eV ?
Anomalous magnetic moment (u/ug) <1.8x10-10 <7.4x10-10 <5.4x10-7
Intrinsic nature Dirac particle ? Majorana ?

(from PDG98)

LEP electroweak fit: N, = 2.99410.011
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The “generic” neutrino flavor experiment

Lepton usually not measured
Lepton measured to tag

l+
Target=usually nucleon "
Parent or nucleus -
V Or Vv
Production Propagation in Detection
vertex space: distance=L vertex

In a typical experiment, we can control (or predict) the parent. A decay occurs in which a
neutral particle (neutrino or antineutrino) is produced. This particle is detected and tagged
via the charged lepton flavor and charge I’=. In general, the charged leptons could have

different flavors I*# I’* and their charges could be the same or opposite !
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In the Standard Model

SM gauge invariance implies an (accidential) global symmetry

= U(1)gx U(1)e x U(1),x U(1),

= The total lepton number and the individual lepton flavors are exactly

conserved

e u ( T

( Ve ) ( VM ) Vt }

L= 1 0 0
L= 0 1 0
L= 0 0 1

Lepton-Number L, + L + L, = const.

conservation:

Lepton-Flavors .
conservation:
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rLe = const.
L, = const.

L, = const.




Lepton flavor conservation
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[[] <1.7x107°, CL = 95%
[[] <9.8x107°, CL=095%
[[] <1.2x 1072, CL = 95%

<7x 10711 CL = 90%

<43 % 10712 CL = 90%

<46 x 10" CL =00%

] [<1.2% 1072, cL = go%l

<1.2x 10711 cL = 90%

<1.0x 10712 CL = 90%

<72 x 10711 CcL = 90%
<27 %1070 CL = 90%
<1.1x 107°, CL = 90%
<3.7x 107%, CL = 90%
<4.0x 107%, CL = 90%




Total lepton nhumber conservation
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<1.8x 1070 CL = 95%
<1.8x 1070 CL = 95%

<9 x 10710 cL = 90%

<3x 10710 CL = 90%
<3.6 x 10~ CL = 90%

<1.9x 1076, CL = 90%
<3.4x107° CcL = 90%
<2.1x 1079, CL = 90%
<3.8x107° CL = 90%
<7.0x 106, CL = 90%



Today’s understanding

= Direct lepton flavor or lepton number violation is strongly constrained, mostly in reactions
involving charged leptons at the level of 10-% or below.

= Note that experimental limits involving neutrino flavors are at the level of 10-3.

= Lepton flavor violation is believed to occur via mixing in the leptonic sector (neutrino flavor

oscillations).
Lepton usually not measured
+ Lepton measured to tag
Parent ’-
— pe

Neutrino oscillation :::, W

" " 4\\

Production Propagation in /\

vertex space: distance=L .

Detection

vertex
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Dirac mass term (l)

_ _ 1 5
Electron mass: -L,=m_eee = (eLeR + h.c.) where ¢, = 5(11 4 )e
Natural mass term for neutrino: -L=m,, (VLVR + h.c.)

All experiments are consistent with (i.e. the V-A weak CC couples
to these only):

= The state of neutrinos is fully v,

w The state of antineutrinos is fully v¢; where C is the charge conjugation

Do the chiral states vg and v¢, exist as independent eigenstates ?
In other words, can the neutrino and the antineutrino possess two
helicity states ? 40081 (unless m=01)

L=+1: VvV —@——p 13<—-—\{|_?

L=—1: 17+_q_,,3 pe—mm—V_

A Dirac mass term requires 4 independent helicity states !

It can be generated by the standard Higgs mechanism.



Dirac mass term (ll)

- But adding these neutrino states is NOT trivial !

= Sterile:

= The new states are singlet states of the fundamental symmetry
SU2)xU(1),of the SM: =0, I;,=0, Y=0

= No interaction with known gauge fields (v )
L

eR ’ VeR

e

= Lepton number

= A term T/LC V. Is gauge invariant, but violates lepton number by
two units ! —c
vL vR

N

| =—1 L=+1



Majorana mass

- The neutrinos are electrically neutral, hence they could be invariant
under charge conjugation, e.g. v=v, +v, =v=(v)

L=+1: ——@— D
L =—1: ——— @) ]

- At the cost of lepton number conservation, a mass term (Majorana
mass term) can be introduced with these two states only:

-_—
L pajorana = M (VLVR + h.c.) AL|= 2

15009

Majorana mass terms require a new mechanism of mass
generation that is beyond the SM. 1

- They could come from terms of the type 77 “:??Vr where ¢ is the SM
Higgs doublet, suppressed by a cutoff M (=SM is an effective

André Rubbia, ETH/ZUriX)S/OZ, ZUuoz



The scale of New Physics : Ayp

If SM is an effective low energy theory, for £ <= Ayp
— The same particle content as the SM and same pattern of symmetry breaking

— n-renormalizable ! . ”
But there can be non-renormalizable i LH.‘\]"‘Z __0,
(dim>> 4) operators w NP
First NP effect = dim=5 operator ¢ Zi; 10
: i DOl Lqg
There is only one! T Anp i
ZU IQ

which after symmetry breaking (M), — h
induces a » Majorana mass i A e

(5 breaks total lepton and lepton flavour numbers

Implications:

— It is natural that »» mass is the first evidence of NP

— Naturally m, < other fermions masses ~ A\ v

“my > /AmZ ~0.05eV = Axp < 1015 Gev  INew Physics Scale

—IfZ}; 21071 = 10" < Axp < 10%° GeV close to GUT scale

— Lepton flavour violation and CP violation expected

Theory of ¥ masses and mixing ICHEPO2 Concha Gonzalez-Garcia
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Form of the weak charged current

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

Quarks charged current: /
[y owo (A

(LT C ZT)L)/MUQ S // \\\,//\ LS'J = UQLSJ
b), d \b b

Weak eigenstates Flavor eigenstates

Leptons charged current:

{VI\ W c /Ve\ /Vl\
(e m f)LYMUlLVZJ //“\\/, LVMJ = UZLVQJ
V3 L Ve Va V3

Weak eigenstates Mass eigenstates

However, in the Standard Model, neutrinos are massless (degenerate)
=U =1 (V.
= (E u T’)Ly“ V“J
V. L
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Mixing in the lepton sector

le neutrinos are massive ya'rticfes, then the mass eigenstates and the weak eigenstates do not have to be the

/Ve\ /Uel UeZ Ue3\/vl\
V.| = UM1 UM2 UM3 Vv,

|4 Url U12 U 3 V3

T T

!

Weak eigenstates
.flavor eigenstates"”

Y %o Ve
Mass eigenstates

o O

m; m, ms
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W
7\

e-

Ve=Ugqvi+ Ugovot Uggva

W

VM=UM1 V-| + UM2V2+ UM3V3

T

V15= U1:1 V1 + U152V2+ U153V3



Useful parameterization of the mixing matrix

Writing unitary mixing matrix U for three fami(ies (N=3) as the ]orocfuct of three rotations

plus one com]at?zx pﬁase:
N(N—-1)/2=3 independent angles 0,,, 0,3, 0,5, (N—1)(N-2)/2=1 complex phase

(1 0 O\/ Ci3 0 S13€_i6\/612 s, 0)
U=[0 ¢, 8y 0 1 0 -85, ¢, 0

\0 =5y Cp/ \_513€_i6 O ¢ /N0 0 1)
—id

( C12€13 512C13 §13€
» S = “\}- 4 u . = .‘5 ¥ =
= | —812023 — €12813523C"°  C12C23 — 812513823€° 13523

6 0
| S12823 — C12813C23€"0  —Cl2S23 — S12813C2€"°  Cl3Cas

NB. In the case of Majorana neutrinos there are additional N-1=2 phases that are not observable in
neutrino oscillation experiments

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ



NEUTRINO OSCIWLATION N VACULH
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1) Evidence for
atmospheric muon neutrino disappearance

v, =V,

with

Am2 ~ 0(1()_3eV2) and large mixing



-
Primary cosmic rays Isotropic source (small
SR R I I B B H
: . ) ] anisotropy comes from
- Differential flux 1 .
L erential iiu i ... geomagnetic effects)
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Altitude (km)
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Absolute charged current event rates

[ IIIIII|| I II||||I| IR II|||||| I III|||I| 1T T
100 = - . ~
— @ o =
= o, vV, +V, o VM + VM =
- T A -
— 10 = \ —= ® —
% u - 1 o N
oL L _
|s.. E —&- EE E
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= 0l e = E
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0.01 = — -
: T2 -
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Neutrino interaction rate is small: =150 CC events/kton/year
Alverage energy: ~400 MeU
Spectrum = €7 above 1 GeU
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KGF- The 1 reported Atmospheric v

Several detectors in KGF

mine at various depths.

3 v published 15 Aug 65

DETECTION OF MUONS PRODUCED BY COSMIC RAY NEUTRINO
DEEF UNDERGROUND

C. V. ACHAR, M. G, K. MENON, V.5, NARASIMHAM, P.V. RAMANA MURTHY
and B, V. SREEKANTAN,

Tala Ingtitule of Fundamental Regearch, Colabe, Bombay

K. HINQTANI and 8. MITAKE,
Deaka City University, Osaka, Japax

D.R. CREED, J.L.OSBORNE, J. BB FATTSON and A. W. WOLFENDALE
UniversityOf Durkam, Durkarh, U 5

Recelved 12 Jily 1865

Event Type of Projected
number coincidence  zenith angle Date Time
1 TEL.2Ng+Sy4 379  30.3 20,04

2  TEL.1N;+8; 48%1° 27,4 18,26

3 TEL.2 NG"'SG 75 £10° 25.5 20.03

——

'RATE 7 SEC/5° INTERVAL

Armaspheric muons

Vi, Yy

! | | I

¥, induced muons

(upward ond downward
moving )

7600 MWE

—
-

o

9] 20 0 40
ZENITH ANGLE

sod 60 70 80 0
(D GREES)

Most neutrinos cross the Earth! Look for upward muons!
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Suppressing cosmic muons + backgrounds

Flux of vertlcal muons

- Rany BERL — Depth of underground exps.
E % c 8 | Tt L |
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5 ¢ EREY Fréjus - |
>0 E E th Mt-Blanc - -
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E_ _E 0 0 - ‘10‘00I — I20|00I — I30|00‘ — ‘40|00I — I50|00
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| 10 100

Depth (km water equivalent)
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Detectors in KGF mine (1965-1991)

DuMeont 63464
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2.5cm lead

flash tubes

v Telescope

[ron, flash tubes & scintillator
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Proportional Tube element of proton decay
detector and Monopole detector
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Ratio of muon to electron neutrinos

Dominant decays

hadronic cascade + decays

™ =t (7)) (100 %)

= eFu (7)), (1) (100 %)

K= — p~v,(p,) (63.5 %) \

— mErf (21.2 %) ST e

% — rErtr (5.6 %) b N
3 A (3.2 %) (Ksu,) %
= — ety () (4.8 %) (Kse) v +v
S —y 00 (1.73 %) R=-£ 2
s K& —rntr (68.6 %) 1
E Predicted ratio of .
5 _ muon to electron >
: K} —r I?T U ) (12.37 %) neutrinos
N — Tty (7,) (27 %) (Ks3.,)

— Ty (7,) (38.6 %) (Kse)




Results from detailed simulations of atmosphere

- Complicated calculations confirm naive expectations (as usual?)

Flux Ratio

‘—a', g | Ip-l U] T T 7
Iz "'h-m L o =~ . .
°© 8 | — Fluka-3D > - — S —_— .
- | _| - |
N Honda-3D 18 | V / V 1 18 V / V 1
= 7t - Bartol-1D i e e i i u u i
::L ----- Honda-1D ._..-" 1.6 N ] 1.6 O 7
14 - 4
-...j.._ 1.2 C
1F 41
0.8 [ 1 08 |- .
0.6 4 06 .
0.4 -— Fluka-3D 4 04 .
i Honda-3D ] i ]
0.2 I Bartol-1D 7 0.2 u 7
Il 1 1 1 | I | I‘ 1 1 1 1 | I II 1 Il 1 1 1 : ----- Honda-1D - = -
-1 0 1 IIIIIII‘ 1 IIIII\Il 1 1 1 a1l 0 Il III\IIII 1 IIIII\I| Il L 11l
10 1 10 A 2 A 2
E (G
L 10 1 1(]% (Gevyo 10 1 1OEV (Ge\AO

Neutrino ene rg y (G eV) So far experiments could not distinguish neutrinos from

antineutrinos on an event-by-event basis
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Atmospheric neutrino detection

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

minimum amount of energy

mg = 0.5 MeV, - my, = 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

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ



Past and present atmospheric v experiments

Table 1.1: Summary of atmospheric neutrino experiments.

Experiment Detector Location Mass
IMB Water Cherenkov | Cleveland, Ohio, USA 3.3 kton
Kamiokande Water Cherenkov | Kamioka, Gifu, Japan 0.88 kton
Super-Kamiokande | Water Cherenkov | Kamioka, Gifu, Japan 22.5 kton
Nusex Iron Calorimeter | Mont B lanc, France 0.15 kton
Fréjus Iron Calorimeter | Fréjus, Alps, France 1.56 kton
Soudan 2 Calorimeter Soudan, Minnesota, USA | 3.9 kton
MACRO streamer tubes Gran Sasso, Italy

4.

They all stopped data taking

SuperK had an accident and is under repair. It is the only experiment that will

resume data taking in the future.

In addition, only one new experiment ICARUS is under construction and will

start data taking next year. It is the only approved new experiment.

Other bigger experiments are being discussed (HyperK, MONOLITH, ...)

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ




RE(M/e)data/(‘u/e)MC

Measured double ratio

Detector

Exposure | Domble Ratio Ref,
IMB sub-GeV T 004 £ 0,05 £ 0,012 4]
multi-GeV 2.1 | L4204 403 L0
Kamiokande sub-Ge\’ T T | 0.60Z4:08 £+ 0.05 11]
multi-Ge\’ 0,57 e £ 0,07 11]
super-lkamiokande sub-Gel 2000 | OGL £ 0,05 £ 0,00 8]
multi-Ge'V 2o | 0006 4 0,06 £ 0,08 a]
Nusex 074 | 00612 12
Fréjus Loo6 | 100 20,15 £ 0,08 13]
Soudan 2 30 [ 0064 £ 0011 £ 0,06 16]
MACRO 1122 evts | O.T2 £ 0,026 £ 00043 £ 0,12 | [17]

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ




SOUDAN-2 detector (1989-2000)

Soudan II detector was 960 ton tracking
calorimeter composed 224 modules of steel sheets
shaped as honeycombs to host drift tubes.

Soudan II detector is located in an underground
laboratory in the Tower-Soudan Iron Mine 1/2
mile (2,090 metres of water equivalent) beneath
Soudan, Minnesota, USA

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ




Atmospheric neutrino events in SOUDAN

w
AT
p,n,,K,...
J,""_ ] = -
/ >
/1 LT
/ &
w -
The entire calorimeter is comprised of 224
modules ' - "
Each module contained a tightly packed i i I |
honeycomb array of 15,120 drift tubes | | = —
The drift tube array provides 3-dimensional hit ,,-?., H"‘.'H.. ‘
reconstruction, with an r.m.s. accuracy of 1.12cm | > a’_"’ _‘; ' ' e
in the drift direction and 3.5mm in the orthogonal Pe i ) F - | N
plane, together with dE/dX sampling. - ™~

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ



Gran Sasso Underground Laboratory (LNGS)

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

M.Aquila
2370m a.s.l.
Core of

EAS-TOP
array

2370m a.s.1.

Three experimental -
halls, each 100m External Earth shielding of
long, 18m height, buildings 3800 meters of
18m wide water equivalent
1038 m a.s.l.
*Access through highway (tunnel) e oo 263 m a.s.1.

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ Laboratories



MACRO experiment (until 2001)

e 4 y MACRO was built to
search for monopoles,
but is also sensitive to
C.R. muons and
atmospheric neutrinos

29896

Altico
Superstructure

,  Track-Elch
"‘ﬁ- Plastics

o -
e
arizontal
Scintillalors

MACRO was composed of 6
supermodules, each consisting of
streamer tubes planes and scintillators
for precise timing

=¥\, Horizontal Streamer
Tube Planes

o
o
) \ A\ Vertical Scintillators and

Uertical Streamer Tube Planes

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ



Detection of Atmospheric v’s MACRO

» Interaction in Detector Wity s
[ i

Fully Contained Events <
Partially Contained Events

3 . 3
. . = | D Abmarber =
» Interaction Outside Detector ﬂ " J— E
' : ’ H B " O scintuator H
l hroughgoulg !"l S E R H'\,L\ B trock—Eten E
Up-stopping W’s S H
£ : :
=8 = =
27t s fe- (21 slopping 5
el g 3
it 3 g 5
s 4 T W :
E ] ]
E e E_ = I'—' \ = = 1=
= '
—1F | s \
qlﬂ ! - ""«-,_.'Illl \H '\,}"\.ﬂ
;hli T h a

May 26, 2002
Maury Goodman, Neutrino 2002
“Other Atmospheric v Experiments”
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SuperKamiokande Detector

Very large Water Cerenkov detector: Fiducial mass 22.5 kton
SOkt Water___ﬁ -

Inner detector
1146 of 20” PMT

= . .u-?
T -
._',__'.' [ _':.i_ ¥ o
41.4m T?{ 1 =
il 0 o
| W - g T
I s <4 % H *
_-. ! ,.-I_ ,.: -! .- -
i | - LB 1] 11
ISE ey
- B IR E T
i H — - s,
N -'.“ [y i_r;.i'_ #h‘ E
=Y. S
. -I ; - e
N | e
= L e g
. i
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I a4 K P = !
O e R o
-\._“:H-:‘ \.:__\-.::_ Tl e ;,..'f:,__ '__.'. L _'_:.-_
i e = o e __'_'__-"'

~~Mozumi

Operation from Apr|I 1996 till November 2001 (currently under repair)
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Cerenkov rings

Particle traversing medium at speed faster than the speed of light in
that medium emits light.

|
cosO = % n(H,0) =1.33

vV

‘Muon 120 MeV/c
‘Pion 159 MeV/c
-Kaon 568 MeV/c
‘Proton 1070 MeV/c




Event classification of atmospheric v

Contained event

(sub-GeV, multi-GeV sample) Upward through-going u.
A
ﬁly Contained (FC) Partially Contained (F?) u
< N - /P )
U d st '
e/u N ward stopping u
N
.\ /l \ /I
E,~1GeV E,~ 10 GeV

E, ~ 10 GeV (stop u)
100 GeV (through w)



Electron and muon events in SuperK

* Showering ring
(e-like)

* Electron or photon
(e.c. from 1t¥)

* Non-Showering
ring (UL-like) 5 50n s

* Sometimesdecay | > . N lh‘l
clectron Y o i

Michael Smy, UC Irvine Times. e}

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ



in SuperK

22. It was reconstructed as a muon with momentum of 603 MeV

QD
=
4¢)
©

5o

L
R T
O RN S

35

A muon cand

1998-04-04 08

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ



An electron candidate in SuperK

1998-04-04 21:26:08. It was reconstructed as an electron with momentum of 492 MeV

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ



e+n? final state candidate

1997-09-24 12:02:48

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ



Sub-GeV, Multi-GeV
= Event Summary

Sub-GeV event Summary
Evis < 1.33GeV
P e
DATA  MC(Honda) MC(Bartol)
R 4363 52192 50950
oie2185 20818 20491
e 2178 31374 3459
R 1144 13591 13372
R 48 6524 6510
TOTAL 6000 72307 70832

| (We) 0.020
%ﬁ;ﬂpa_ :bw »gm?&

= 0671 + 091 + 0,063 (Barto)
stat. 5.

K. Nakamura, NUFACTO0O0, Monterey (USA), May 2000

Multi-GeV event Summary

(1) FC s> 1.306e0)

DATA  MCiHonda) MC{Bartol)
1R 3 1213 11393

ele 492 4813 4992
e 421 640.0 640.1
R 368 4908 5024

Y ™0 8175

| OTOTAL 1o 2MS1 24582
OPC o uoent) W)
TOTAL 580 8189 8842

| A overts e assumed o be ke
“Fraction of CC v, v, ovents in e PC sample i estimated 1o be (579675
Welun
e
e oam + 99 o e
FC+PC - "
= 0884 £ 508 10079 (Baro)
- L
= 084 + 200 40084 (Honda)
Fooy . =
= 0867 + D08 +0.088 (Baro)
= "

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ



Zenith angle distribution

L=25Kkm
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Dotted curve: 20% smearing on angle

P(Vl~l — VM)

P(v, = V)

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ

1
0.8 [t
0.6 |
0.4 |

0.2 |

Zenith angle dependence: effect of resolution

E, = 2 GeV

£, = 10 GeV|

10 GeV




Super-Kamiokande data

1489day FC+PC data + 1678day upward going muon data
- Whole SK-1 data have been analyzed.

1-ring e-like 1-ring u-like multi-ring u-like up-going u
2450 §ub-GeV e-like @ §ub-GeV p-like » 50 P Upward Stopping
5400 | 5500 |- — § 45| (512 | :

2350 L 5400 g 5 40 | o stopping
5300 | s M Bl g 1|
ot = St - = af) . —
2250 8300 L u 2%t s 08 __.—|—_+_
£200 | g - €20 = 0.6 -
Zz150 - < 1.3GeV Z200 |- Z 15 | 50.4 -
100 . 10 - o % l
E 100 | E i
50 g 51 0.2 |
0:JJJJJJJ\\‘\\\\‘\\MI 07\\\\\\\\\||\\\‘\\\\ O:wax\\\\\\\J|\\\\\‘ 07\\\‘\\\‘\\\‘\\\\|\\

-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 -1 -08 -0.6 -04 -0.2 0

cosO cos cos0O cos0O

Multi-GeV e-like 350 I - -like + " Multi-GeV Multi-ring p-like =~ 4 Upward Through Going i

5| =100 | e |
[ B @35 |-
> | -
= 3 | Th_rough
= 525 | 00ING
E = 2
E : = 1c
W - 1.3GeV 50 |- 05 |
-1 -0.5 0 0.5 1 -0.5 0 0.5 - -0.8 -0.6 -04 -0.
cos0 - cos0 ,., cosb
Up-going Down-going

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ




Parameters and mode determination

- Fit of muon disappearance 1290 days data taking
Vo=V
data and no apparent electron ot e
appearance 3 b o
: o [ Am =(0.5+4)x107eV",
a L_Jses FC,tPC,up mu and multi- £ [ o 20, >0.88
rnng evenits '
J 5 0L at 90% C.L. i
- Very good %2 (175.0/190) : ;
- Consistent with maximal I =
mixing 0,,=45° _ 'E\C
10k o
Mode Best fit Ay2 | o [
Ve sin?20=1.00; Am*=2.5x103eV? | 0.0 | 0.0 [
VaVe §in226=0.97; Am?=5.0x10-3¢V2 | 79.3 | 8.9 ' — gﬁg E:E:
Vv, §in226=0.96; Am?=3.6x10-3¢V2 | 19.0 4.4 ' o
LxE $in°26=0.90; 0=5.3x 10" 67.1/82 10 _‘u' - IU!1I - lu!zl - 'uial - 'u.|4' B ::|st - 'u!s' - ul'.-' - Inl.sL - u‘s N
v, Decay c0s20=0.47; 0=3.0x103eV2 | 81.1 | 9.0 sin20
v, Decay tov, | c0s?0=0.33; o=1.1x10%eV?> 14.1 | 3.8 ‘ V~Vz indirectly favored mode

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ



Neutrino oscillations through matter

e If 1/ cross matter regions (Sun Earth...) it interacts coherent]y

— But Different flavours
have different interactions :

Ve, Vyu, VUt yVe
- 2
S, _ sin" 26
sin” 20 (D) = D A =1Lx Vsin229+ (i —cosZH)

sin20 +; + —cos26\ "
\" Am? )

+ for neutrinos
— for antineutrinos

E
where  p(E )=2v2G,n E, =7.56x107° eVz( 2 _3)/ \
gcm

Resonance: D=~ Am’ cos2( mmmm) sin’ 20 (D) =1

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ



Matter effects in 1-mass approximation

Must consider mixing with electron-neutrino = 3 neutrino mixing
P(ve—>vu)

(Am?=0.003eV?,sin%6,,=0.5,sin’6,,=0.026)

Mvs

2

cos@v

2
A M12=0

2 2
AMiz= AM2a=AM

. B
Ant, 013, 0 23

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ



Allowed parameter region

(3 flavor, 1 mass scale dominance, normal mass hierarchy)

0.5

] Super-K
2 999%CL
Pure, maximal
Vu—>V
- 0%CL
__(')' — D02 04 o0& 0’ 1
SII"?923

10

F ' ' ' | -
-2
- ~—
3 N
- =
' —  SK90%C.L.
- —  SK99%C.L.
| CHOOZ 90% CL exclude
4| 1 PALOVERDE 90% CL exclude
‘I— 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 —|'
0 0.1 0.2 0.3 0.4 0.5
= 2
sin“0,,

No evidence for non-zero 6 13. Consistent with reactor exp.

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ




Oscillation to sterile neutrinos?

Pure V uw— V soscillation: (1) NC deficit & (2) Matter effect

| :
(1) NC deficit o High E. PC superk (2) Matter effect
) ) . &0
NC enriched multi- £ o
- =
ring events o 40 Vertical / Horizontal ratio
Super-K 79ktyr | .
. S (through going )
‘Em MACRO
EIE o 25 IIHI‘ | III\II| I III\II| OB
- P . Sterie neutrino ___.__
% “: g R T neutrino ﬁ
E 21 _E__ L T, +_ ______________ -
g c\é 1.0 |- -
- 05| 1
&
0 N I Y Y O 1 N Y
10 104 1073 1072 0.1
U 1 — L Ty T Am* (8V4)
H—VS cosid

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ V M % V S i S d i Sfa VO re d > 9 9 0/0 L]




Oscillation into something non-interacting?

Limit on Sterile Content

0.007 .
0.006 v, = (COsSEV, +sIngv,)
0.005 .
0.004 . Bﬁ.sthlth2171.6f190(P=83%)
f‘l} \.‘ Slnz(::().o
o \ sin’20=1
g 0.003 i Am’=3.2x10" eV~
4 2
* Best fit very close to
0.002 ; maximal mixing and
K pure V],L_V’c
« Consistent Am?
U-ﬂﬂl1rr||rr||||||1||||r|
0 0.2 0.4 0,6 0.8 |
v,V v, —(cosgv, + sinkv,) VoV,
Michael Smy, UC Irvine Sln

sinE controlled by (1) size of matter effects (2) NC disappearance

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ




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, 9/26/02, ZUOZ



2) Confirming the
atmospheric neutrinos effect

v, =V,

with

an independent, second-generation technique, offering
an improved detection of atmospheric events



LNGS physics program

1. Solar neutrinos

2. Atmospheric
neutrinos

3. Neutrinos from star
collapses
(Supernova)

4. Majorana Mass

5. Dark Matter search

6. Nuclear cross
section
measurements

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ

« 1400 m rock overburden
«Cosmic ray flux attenuation ~ 106

Space available in 2001

IVD BOREXIN

B

LENS?

GENIUS? ICARUS

OPERA?
MONOLITH?

RESST.2?
CUORE?

GNO

UORICINO

HW A, Bettini 2000 3




ICARUS detector

Novel liquid Argon |mag|ng TPC technique: Initial mass 0.6 kton

1. Solar neutrinos

2. Atmospheric neutrinos
3. Supernova neutrinos
R 4. CERN-NGS neutrinos
& ™ 5. Proton decay

Planned start data taking in 2003

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ



Liquid Argon

Um:mé\ u k Q\qu

Radiation length 14 cm

Interaction length 80 cm

dE/dx = 2.1 MeV/cm
=88K @ 1 bar

rich, 9/26/02, ZUOZ

André Rubbia, ETH/ZU




Principle of readout s

lonizing Track

Wire plane

(Induction)
wire pitch

A

d| E, Wire plane
(Induction)

V

A

d E; Wire plane

\% (CO“QC‘HO“)

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ

v"When charges drift,
they induce a signal on
the wires

v'Since the mobility of
electrons is much higher
than that of ions, only
electrons contribute to
the observed signal.

v'Electrons can drift over
macroscopic distances if
argon very pure

(e.g. = meter drift
requires purity of <1 in
1070 atoms)

v'Multiple non-
destructing readout wire
plans can be assembled
for multi-views
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half‘
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Electronic bubble chamber ()

Shower

176 cm

85 cm

L 142 em

i, i
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v
Run 960, Event 4 Collection Left
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Run 308, Event 160 Collection Left
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Run 939 Event 46

dE/dx (MeV/cm)
)

Range (cm)

AP B BN EPEPIPE B B PRI P
6 8§ 10 12 14 16 18 20

K+

u+




Reconstruction in 3-D

= Since the detector has three views 60° apart, it is possible to reconstruct
the events in space, using the redundancy of coordinates

Induction 2 view ; ST » Collection

by = 1

= .

Run 939 Event 51

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ



A H AU Droto NE

The developed
technology allows
(relatively)
easy transportability

'. .

’9 The ICARUS T600
T '_r N module (cryostat & internal
A \ ' R detector) can be fully

\ T assembled and then
§ T T — shipped to the
defined experimental
beam site

]

Ext. insulation,
Electronic & DAQ
installation

1L

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ LAr ﬁlling ) RUN




LNGS Hall B is getting ready to receive ICARUS... (MACRO dismantled)

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ




ICARUS T3000

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)

Future extension >

/mproved StatIStICS fOI‘.’ ~ 70 Metl'eS 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

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ



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 ktonxvear

Solar minimum

Solair maxiinum

Noosc, Ami, =25 x 1077 eV? Noose. Am3i, = 2.0 x 1077 eV?
Muon-like 266 + 16 182 + 13 249 + 16 171+ 13
o+ p 50+ & 30+6 71+8 3 +6
Fiepton < 100 MeV 111 £ 11 60 £ 8 98 4 10 63 L8
4 32+ 2 20 L+ 4 28 4+ 5 18 44
Electron-like 1h £ 12 150 £ 12 138 £ 12 138+ 12
¢+ p 3516 35 L6 40 1L 6 4016
Diepton, < 400 MV 74+ 9 T4+ G 66 £+ 8 66+ &
¢+ p 20+ 41 20 + 1 18+ 1 18 +41
NC-like 162 4 14 192 4+ 14 175 £ 13 175 £ 13
TOTAL 608 £+ 25 H24 + 23 362 £+ 24 484 + 22

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ



Simulated atmospheric events in ICARUS

Muon event Electron event

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

E, =370 MeV E, =450 MeV

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

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ



\4
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v,N—u A+ —upm?

Simulated atmospheric events in ICARUS

v

Quasi-elastic

’Mu[ﬁ’ymng
v ,N—=u X




Rates for upward/downward events

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

2 Ko < vear

A, (V)

Noosci ox 1070 1 x 1079 353 x 109 5 x 107

Myon-like 270E 16 200 14 198404 188414 082 13
Pownward 102 2100 102410 1022 10 98 - 1 Yoo 1
Upward G410 46 -7 30 4 17 &7 4947

Electron-like 15212 1562412 1b24£12 152472 i52-¢ 12

Downward 563 7 Aty sk 7 H6 A 7 56 4 7 50 0+ 7
U pward A8 7 A8 T A% AT 487 48 3T

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ



Atmospheric up-down asymmetry

Asymmetry (U-D)/(U+D)

U-D

]

0.2
L sin® 20 = 1
0.1
o [ 20 effect for 2 kton x year
0.1 L 4o effect for 5 kton x year
0.2 |
[ . —
-0.3 [ T
-0.4 |-
05 F —Am=30x10"eV
F e +- 1o (2 kion x vear exposure )
-06 +— 10 (5 kton x vear exposure)
i ]
-0.7 el — :
-4 -3 -2
10 10 10

All particles

Am? (eV?)

—0.228 £ 0.100 (2 kton x year)

U+ D

U-D

—-0.228 £ 0.060 (5 kton x year)

U+ D

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ

Asymmetry (U-D)/(U+D)

Lepton only

0.2
2
i sin” 20 = 1 « e s e
0.1 No discrimination
Q [ /——v\
-0.1 |
-0.2 -
-0.3
-0.4 |
05 F —Am=30x10"eV
- +- 1o (2 kion x vear exposure )
06 - +— 10 (5 kton x vear exposure)
i —
-0.7 — : — L
] 3 2
10 10 10 .
Am? (eV?)

U-D

~_~

—0.057 +£0.100 (2 kton x year)

U+ D

U-D

—0.057 £0.060 (5 kton x year)

U+ D



New issues with atmospheric neutrinos

Explicit observation of the oscillation pattern in v,
disappearance
» Test of the disappearance dynamics (proof of oscillations)
» Precision measurement of Am?., and sin¢260.,

Search for subdominant effects

» Matter effects in scenarios with three (or more) neutrinos
+ sin“0,,, sign of Am?, ...

* Non statndard interactions (FCNC, VLI, VEP, ...)
Explicit detection of v_appearance



Overview future detectors

Mass

Reference

Super-K 50/22 kt
Large Water Cherenkov

UNO 650/450 kt,

Hyper-K 1.0 Mt

Aqua-RICH 1.0 Mt
Magnetised Iron Neutrino Detectors

Minos 5.4/3.3 kt

MONOLITH 34/27 kt

Generic 50 kt ?/50 kt
Liquid Argon TPC

ICARUS T600 0.6/0.5 kt

ICARUS T3000 3.0/2.5 kt

Status
idle

discussed

discussed
R&D

construction
not approved by INFN
discussed for v-

factories

approved
proposed for CNGS

Physics start

2003 (restart)

2017

2017
77

2003
29

2017

2003
2006



Explicit detection of oscillations
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o
cost

as

Neutrino i
nic
Poor L/E resolution T.T.F

 Limited acceptance to high
energy s (E., < 10 GeV)

Disappearance occurs about
the horizon (G, /L =tané& G )

Limited precision on Am?

Direct proof of oscillation still
outstanding

The up/down asymmetry of multi-
eV muons fixes the mixing with
little systematic uncertainty

Precision on sin?20,, + (exposure)”



L/E resolution requirements

The oscillation pattern is
smeared by the finite
detector resolution on L/E

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ
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0.8

0.6

0.4

0.2

P. Antonioli
Now2000

M SK v, data/MC
----- oscillation (perfect reselution — Am*=3.2 1

decoherence model (hep—ph/0002053)
decay model {hep—ph/9907421)
oscillation with 50% FWHM L/E resolution
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ICARUS L/E distribution (2003—)

W 400 2] 800
= L = =
S e L Fully Ea® 186V 5 o0 0 Partiolly Ea™ 1 GaY
L i = - .
E an0 Contained E gop b Contgined
2 00 =
— — 400
0 &
T 150 G 00
> = E
W oo w200 -
50 100
0 i ! | L1l | 1: 41 I 1 i 0 i 8 -
-1 -0.5 ] 05 1 -1 -0.5 o 0.5 1
(LE e (LE ) pass M (LE Jye (LE )y (LE) paas ILE )y

A(L/E),, ~30%

= Oscillation parameters:
= AmZ,, = 3.5 x 103 eV?
- sin2 20,, = 0.9
- sin220,, = 0.1

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

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ

Events for 25 kton x year

Events for 25 kton x year
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MONOLITH| (>202?)

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 op/p ~ 20% from track curvature for outgoing u
~ 6% from range for stopping muons
Hadron E resolution oy, /E; ~90%/ E,® 30%

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

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

14.5

13.1m

2.2 cm

8 cm

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ



avents in four years

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ
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MONOLITH sensitivity — 4 years

1 T T 1 | T T T | T 1 | | | T T

o 1 E I B IR o = 5
= - - % - 90% C.L., 4 years ——> ]
e C  90% C.L. allowed regions ] e - 99% C.L., 4 years ]
3 i ] g | 99% C.L., 1 year |
—1 —1
10 & 10
E Kamiokande E .
—2 -2
10 & el 10 &
i Super—=Kamickande 3 .
—3 -3
10 & 10 &
- MONOLITH -
10_4 | | | | | | | | | | | | | 10_4 | | | | | | | | | | | | |
0.6 0.7 0.8 0.2 1 0 0.2 0.4 0.6 0.8 1
sin*(20) sin*(20)

= Comparison of MONOLITH sensitivity to oscillations with Kamiokande and
SuperKamiokande

= 90% C.L. allowed regions after 4 years for different Am?2 (left)
= Exclusion regions if no effect is found (right)

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ



Hyperkamiokande (>2010)

| Hyper-Kamiokande(48 x 50 x 500 m3 ~1Mt H,0)

Liner

Plat form

Opaque Sheet

Quter Detector

Inner Detector

Photomultipliers
1\_\\

2

rift

Lower Access D

g
0
n
'_'_;EO Plat form
(5]
a5 Access Drift
g Liner
o)
|fg]
= Outer Detector
&
ﬁ Inner Detector
Lower Access Drift
1
. Dia.#43m
Width 48m

A further extrapolation from Kamiokande, SuperKamiokande

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ




F. Sergiampietri
“On the possibility to extrapolate Liquid Argon Technology
to a super massive detector for a future Neutrino Factory”

LANNDD
Liquid Argon Neutrino and Nucleon Decay Detector
in Magnetic Field

70 kton LAr
M® OF WIRE CHAMBERS ... i 4
WIRE CHAMBER .CH1,CH4 ... W=268m..H=40m

CH2,CH3 ... W=32m. _H=4Im

READOUT PLANES / CHAMBER ... [2atlF, 2at90°).... ... 4
SCREEN-GRID PLANES fCHAMBER ... 3
TOTAL N® OF WIRES (CHANMNELS)........ ... 194643
ACTIVENMOLUME .. e 43000 m*
A TIVEMA S 67 KT
M®OF CATHODE PLANES. ..., 3
MAIMUM DRIFT e, am
MAKIMUM HIGH VOLTAGE ... 250 kY
RECQUIRED ELECTROMN LIFETIME (FURITY).............. 15+ 20ms

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ



Simulated v, CCeventin B=0.1T

1t

it

_U 10 OQ :

(B out of slide)

~400um for m

1.p

Space point resolution in drift direction

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ



Measuring the electron charge

2.5 GeV

Hard bremsstrahlung

a) Primary electron momentum ... curvature radius obtained by the calorimetric energy measurement
b)  Soft bremsstrahlung Y ’s ... the primary electron remembers its original direction — long effective x for bending

C) Hard initial bremsstrahlung Y ’s ... the energy is reduced — low P — small curvature radius

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ



Cryogenic storage tanks from LNG (USA)

=200 kton tanks on surface, no magnet K. McDonald

Very ambitious but conceivable on the timescale >2015



New generation very large detectors

- These very large detectors are conceivable only because
they will in fact provide simultaneously the study of
= Atmospheric neutrinos
= Solar neutrinos
= Supernova watch
= | ong-baseline neutrinos
= Proton decay searches!

- The construction and operation of such detectors will be
the real challenges of the future underground physics.

= The cost of one of these experiments is at the scale of an
LHC detector.
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beam line

1 —pit floor

Magnetic focusing
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- 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,)

Amé = 2.5 10-3 eV?

. 8

L/E, ~ 500 km/GeV

fo maximize
oscillation probability !

Emilia-Romagna




2) Independent test of
muon neutrino disappearance

v, =V,

with

Am’ =(1-4)x107eV>  sin" 20 =1



The First Long Baseline (250km)
K2K EXperiment Neutrino Oscillation Experiment

Far Detector: SK
SOkt Wa‘_te_r C Detector

Ry =

2 = e ; pbecay
it &8 e : ; o ==y & 4" section
< A ey i .7 S | e <) = A (M—PVy)
&%y Super-Kamiokande '

¥
CR

g 0
*  Mt.Tsukuba

B %y

~—
5 |

.
\-‘\\
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K2K (KEK-to-Kamioka)

i 0 100 m
\.

[ [Neutrino Beam Line
To SK and
- ) Experimental Hall
o 1\\\‘“;\:“;\% T-Station
Front / —
Detector Decay =
Volume ==
I
" f Straight Section
=/ (Extended EP1-A)
2nd Horn / / R
(Reflector) i ul\»?/
Production Target & LoV
1st Horn(Collector) el
N-Hall

KEK 12 GeV PS \\

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ

= 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: 102° protons on target



Near detectors: neutrinos

Beam steering and beam
pred/ct/on at far detector /

ct Same el S

v X

SCIFI/Water

Lead target
Muon Chamber G/2 = \ ;_ TE ":“I_ LL __a
™ 1 1 kt Water (,hf.r(.ﬂkov
_ ] Detector i
d : §1“-
E '”i "N trino Beam
\ 7 . )i i
1KIWCD: Same Type Seieaior s S i
MRD and SciFi: Fine Grained Precise Detector - Lesperceseod

MRD: Massive and Large Solid Angle Detector

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ



Delivered Protons on Target (POT)
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Neutrino Profile: Centroid Stability

(Muon Range Detector)
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e-like and p-like events in Super-Kamiokande

¥ SUFer Kamiokande # _
NUM

=
80
-

!

(o)

S

(¥n )

T 9
[T 2 B 6 BN H Wy Fa T S LN |

LD = O Ty

* Su[[:uer Kamiokande #
NUM

EUN 9955
SUBRUN 443

EVENT 72736724
DATE Z001-Apr-12
TIME 2:57:57
TOT PE: 20436,?
MAY PE: 117.7
NMHIT : 3507
ANT-PE: 14.0
ANT-MX: 1.3
25

NMHITA -

Comnt ;

Total rate with low threshold (>30MeV)
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_5;":5,}-.&.5? = A

EunMODE : NORMAL

TRG ID 00000111
T diff.:0.487E+05u
FEVEK :81002B803

i C

noD YK/IW: 1/ 1
EAD ch.: masked
SUB EV : 0/ 1
Dec-e: 1( 0/ 1/
COTIGE *dkdkkrhhkkkEma] D
EN;: 55945P: 372
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~100% efficient for CC

K. Nishikawa, Neutrino 2002



K2K event

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ



T. Ishii, LaThuile 2002
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5 multi ring 24

Atmospheric neutrino background reduced by 10° by precise timing



Observed SK events

4.8x10"%pot (Jun99-Jul01)

FF of observed events and expected events
1999 /06-2001 /07

Observe muon disappearance !

A2 <10 3eV 2)

Obs. No Ocsi. 3 o [
FC 225kt 56 80.6 T1-5 524 346 29.2
1 ring 32 484467 281 17.8 16.6
p-like 30 44068 244 146 135
e like 2  44+1.7 3.7 3.2 3.0
e i 24 322453 243 168 126
Cf. MRD: 874 54 SciFi: 87377

No disappearance hypothesis is disfavoured at 97 % CL.

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ



Expected SK events
= at 1020 POT

172 interactions in 22.5ktons
88 U candidates

Reconstructed Neutrino Energy (MC)

MC 1ring p-like | MC 1fing p-like
—null B L —null 1
“WO 7 i. - . w_:NM@"._ m wo I - .....u:._NVﬁHA |
AmM?=0.01] | | |JAm®=0.005
20 ]

20

ST
1 2

E.(GeV) E (GeV)
MC 1ring p-like MC 1fing p-like |
| |
L null B M null |
> | sirf26=1 30 7  -sirf20=1 |
7 | [Am?=0.0028 | _, W [Am?=0.0015]
]
— |
-

(HAXENNIRAAXANS

\— A L.....,..l.Mn._... -
E(GeV)

With sufficient statistics and a good reconstruction of
the event energy, the disappearance as a function of
Evis will be studied (so far not too convincing)

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

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ



K2K preliminary shape result

Events

K. Nishikawa, Neutrino 2002

10

o

Normalized by area

Comparison with SK atm v observation

Allowed Region - Total Number + Shape

(
[
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o \
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— 68%
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- Consistent values between SK atmospheric and K2K results
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NUMI-MINOS program

Near Detector: 980

\ Far Detector: 5400 ton

Fermilab

10 km

tons

h

730 km

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ

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

Aalf of the MINOS Far Detector

beam



Topology oi Neutrino Events

Identified by a relatively Vy €€
long track in an event. At |
very low energies, there can S TR —
be some BG from NC 1. '
Vv, cC
Identified by lack of a long .
track and a relatively concentrated 'I!E:"- B
EM shower in the core. Main i e
BG comes from NC ¥ events
From higher energy v’s. Vv, nc

Identified by lack of a long track -i'l:_'-:i:- i
and lack of strong EM core. Some TR
high y CC events are BG.

D. Michael, Neutrino 2002

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ



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

T T | | L I

Low Energy Beam 200 F i l High Energy Event Totals -

- Medium Energy -8 ey (l_l"!:(fo;?igar)

. 7= b b J ME: 1270

Magnetic focusing - ol vt ~y LE:. 4%0 ]

Target 2nd Horn - -4 . e i

z=034 m z=100m %150 - . i E —
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-?__‘125 B =1 E : 1-.! —

= i - - -

= Z - N 5 ]

2 5100 -Low Energy , .

Target 2nd Horn 5 ; '._i : -E ;

z=130 m z=220m © 75 [ : . i 1

High Energy Beam - : i ]

50 |- : .

— == B - : ]

25 |- .

Target 2nd Horn i o
z=396 m z=40.0m 0k

M. Mezzetto, NBI 2002
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With high statistics and good event

efficiencies mn the energy region of

interest MINOS will give substantially

improved oscillation parameter

measurements 1n a

2-year run

CC energy distributions — Ph2le, 10 kt.yr., sin®(2¥)

-l . e
o OTEDO026V w0035 e |, Ami=0005 eV
200 - [ ~ 200 | 4 200 -]
1 | o L
150 i- f |!]j -‘ 150 -l_ — 150 -[ l -
100 A" § - too | ST
3, | 16 ) ] [l _
50 It [ - : =0 Etl‘..' ﬂt‘q'.j: : ] o0 Th 4 S
b T TRl T ey m = a0 20
B (GeV) E (GeV} E e (GEY)
W - ey iz N - , :
= il H ‘E i & e -"E i | : -
G Pl s ol y
il TIPS o h LU Jrir 4
o8 It rd 1 sy MR ee HT .,4,_};;,1»"-1
0.4 | |‘+ _| 04 _1 **"‘ = o4 " *{r' =
oz -1 N A et 1 oz -
B (G&V) Enco (GeV} Erece (GEV)

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ

ha

fficiency

3
> o ©
= Leg] L]

C.00¢

Lm? (V')

0.O0S

0004

0.003

c.o02

0.001

CC—like selection efficiencies

L RS R L L ]
[ ] #.cC [ e
T e A i ]

o 6 A8 A8 B 35 /30
Ph2le, 10 kt. yr., 907 C.L.

T | T I T T I T | T
!Stn-tlﬂi:nl and s;-a‘t-amat'u: -arrnrsl

. Super—Ik, 1144 doys
MR TN 0 O ] e oIy o]

D 1 1 1 1 1 | | 1 1 1
0.9 0,55 0.6 0.65 0.7 0,75 0.8 0.8B5 0.2 0.85 |

gin I8
R.C. Webb, LaThuile 2002



MINOS schedule

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

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ

Far detector at SOUDAN

4 e

. July 2001

R.C. Webb, LaThuile 2002



The First MINGS Neutrino Event!
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André Rubbia, ETH/Zurich, 9/26/02, ZUOZ

* The first neutrino-induced event has recently been observed!

* Upgoing muon passing through about 3.5 m of the detector. (p, > 1.9 GeV/c)
* Magnetic field not on yet so no measurement of the momentum.

' ndi 18 BE L 20
po -002838 = 4.204
- g1 1373 = 2734

PETT: | 1550 20
po 2651 = 1.008
ol P 6.861 +1.345

_|_
g
=

L] L 20 =

D. Michael, Neutrino 2002



3) Search for
tau neutrino appearance

V, = Vy =V, =V !
with

Am’ =(1-4)x107eV>  sin" 20 =1



Atmospheric tau appearance in SuperK (l)
Three Different Analyses

M. Smy, Moriond 2002

Different event
reconstruction v,

{Eﬂergy ﬂﬂwj JEt Energy Threshold:
' 3.5 GeV

variables),
Likelihood-

function
Standard ring
reconstruction,
Likelihood-
function scrmes
Standard ring [ Atm. v MC
. dau-like — tau-|ik .
reconstruction, oo e L
nonlinear L
function

Neural Net

[ ]
Hadrons

Tau MC

Yy OO

ymn
=

@ i i i i
o [+ 4] o2 (% } a4 [ 1] LIl or (=1 }
Taw Meuran Outpul

input variables

Michasl Smy. UC Irvine

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ



Search for CC v. events

CC v t events < -

Only ~1.0CC v z FC
events/kton - yr

o

Vot e b (BG (other v events)

“““““““ - hadrons |~ 130 ev./kton - yr)
@ Many hadrons . . . (But no big difference with other
events . )

k T - likelihood analysis
@ Upward going only

k Zenith angle
André Rubbia, ETH/Zurich, 9/26/02, ZUOZ




Tau likelihood analysis

Selection Criteria

« multi-GeV, multi-ring

» most energetic ring is e-like

« log(likelihood) > 0 (multi-ring)
> 1 (single-ring)

A40 [ Multi-ring | 140
=20 Down-ward |20
@
ol 00
G 80 |
560 | o ‘
Q | "t -like

40
c 20 | | =

0 ' . 0

-2 0 2
~ log(likelihood)

/o total energy
« number of rings
- hnumber of decay electrons
- max(Ei)/ Z Ei

< « distance between v interaction

point and decay-e point
n maX(Puz
= P/Evis3/
= PID likelihood of most energetic ring

o

Multi-ring

Up-ward | BG MC

t+BG MC

-2 0 2
log(likelihood)



Atmospheric tau appearance in SuperK (ll)

M. Smy, Moriond 2002

Zenith Angle Plot of enriched Sample

B T with v, appearance
a0 W MC without v, appearance
* Dala
&0

-1 -08 -0& -04 02 0 02 04 06

Ring Counting Likelihood

number of events .,
5 8 8 8 8 &

=

Energy tflow jnalysis

Fit of Zenith Angle

Distribution 1s used
to extract the T signal

Michazl Smy, UC Irvine

o

:

]
-1 -0.8 -0.6 -0.4 -0.2

QE Neural Net
e B i

”Tl
—

*\ L

Only two bins!!!

- L ik i
-1 -8 06 04 -0F 0 a? 04 06 03

Cast




Atmospheric tau appearance in SuperK (lll)

M. Smy, Moriond 2002

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ

T-type Appearance Summary

(Sys)

Analysis Number t-events in  |Eff1 | Signifi | Expect
fit cien | cance |signiti-
Cy E cance
Energy-flow x 1.806 11.96
Likelihood- |79 " (stat+sys) 32%
function
Ring-Counting 1.56 12.00
Likelithood- 66\9041{8tﬂ lg 43%
function (sys)
Ring-Counting | 9~ 35.3(stat 8 226 12.06
Neutral Net e -iz DG '

Michazl Smy. UC Irvine

~80 ktxyr exposure mmE) A very tough job !




Simulated atmospheric T appearance in ICARUS

*Compare NC(top) to
NC(bottom) at high energy
*EKxploit precise kinematical
measurement of all final state
particles provided by ICARUS
imaging

—Improved discrimination by

a study of the event
kinematical properties

m) Still a tough job !

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ

>30 effect

after 40 kt x year exposure

Statistical Significance (o)
N w P
4+ [4)] L7 (%] = (%]

ury
[4]

-

[5]
T

L L 4

Yy

[ Appearance

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

With Kinematical
Selection

Without Kinematical
Selection




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, 9/26/02, ZUOZ



a{pb)

0./0,

CNGS Optimization for v. Appearance

P(v, = v;)=sin’ 295in2(1.27Am2

0,/0, CC increases with energy

(kin. suppr. due to T mass)

0.6
0.4
0.2 |
Omjnﬂfm"h||l
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Neutrino energy (GeV)
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Lo
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-
e
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0.4 F [ .
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—————————
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André Rubbia, ETH/Zurich, 9/26/02, ZUOZ

o 25 50
Neutrino energy (GeV)

75

) ¢ g £

400 GeV protons

/

—
(@)

Ideal V. rate

Can be matched
by a focusing system
with two magnetic lenses
(Horn + Reflector)

—h

v_rate (GeV kt year)!
o

o

7 = 24 GeV
E,.~20+50 GeV

P ™ o, (arb. units)

E (GeV)

Neutrino energy (GeV)



CERN NEUTRINOS TO GRAN SASSO
Underground structures at CERN

LHC/TI8 tunnel

B CNGs Works

chamber

Access shaft
PGCN
SPS/ECA4

Decay tunnel

Hadron stop

LY
Eions
aons

—~

and first muon detector

muons /¥
neutrinos zf;
Second muon detector

LAY
I

neutrinos  ;/.
to Gran Sasso /-

.'.

CNGS-OuvragesSouterrains-2001/06 CERN AC/DI/MM
André Rubbia, ETH/Zurich, 9/26/02, ZUOZ

Connection gallery
to TI8/LHC

‘New extraction line

*Target chamber

‘Decay tunnel (1 km)
-Connection to LHC for
auxilliary instrumentation
*Access & services galleries







Aiming at LNGS...

Site BA4
) of SPS Temporary shaft
Altitude —
(m)
450
Geneve-Cointrin
Airport
=]
400
sPs - 4 March 11:00  MORAINES

|
350 .

l MOLASSE

: IS

: S * r &8
300 — S

(9]
S @
LT ¥
LS o
TS
S
250 5D
N

200

0,5 1 1,5 2 2,5 2,5 3 3,5 Km

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ



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 pIaB+ water cooling

Install decay tube

lower decay tube sleeves, weld together, pour concrete

close civil engineering pit

t and install equipment

action 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, 9/26/02, ZUOZ

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

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ



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, 9/26/02, ZUOZ



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 10 and 10 relative to
the main v, component

V,—> V.

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ

Golden channel

[I@VV 18%

>T - o uvv 18%

Charged current (CC) R b kY 14%
v.+Ar—e+jet

Charged current (CC)




t—e search: 3D likelihood

- Analysis based on 3

dimensional likelihood =
= E isibler P75, p=P'eP/(Plep* %
pThad+meiss) %
= Exploit correlation between @
variables
= Two functions built:
- L ([Evisible, P;Miss, p ]) (signal)
— Lg ([Evisible, P;™miss, p)]) (v, CC
background)

= Discrimination given by

4% T600 modules, 5 years CNGS (4.5 x 10" p.o.t./vear)
L L L L L L L D

InA =L([Evisible, Py™iss, p,]) = L,/ Lg

as [ ® v CC+v_CC
30 | B v _CC .
25 — V. CC,t— e -
20 Vertex cuts .
applied
15 n
10 *E
5 -
Overflow - ]

0 =t 1)

2 1] 2 4 5] ) 10

InA

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ



v,—>V, appearance search summary

ICARUS T3000 detector

(2.35 kton active LAr)

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

Signal Signal Signal Signal
r decay mode Am? = Am? = Am? = Am? = BG
16 x 1073 V2 [ 23 x 1072 V2 [ 3.0 x 107 ¢V2 | 4.0 x 1073 ¢V?
T =€ 3.7 9 1; 23 0.7
7 — p DIS 0.6 1.5 2.2 3.9 < 0,1
7+ p QE 0.6 14 2.0 3.6 < 0,1
Total 4.9 11.9 17.2 30.5 0.7

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ

Super-Kamiokande: 1.6 < Am” < 4.0 at 90% C.L.




The OPERA detector structure

] ... %
U spectrometer

Magnetised Iron Dipoles
Drift tubes and RPCs ...

............... 8 om
r— module ...................... (1°Xo}, ..............
v target and T decay detector |
Each “supermodule” is i “" :
13 ) e 4o |4l brick wall

a sequence of 24 “modules” consisting of --\ H| & |
- a “wall” of Pb/emulsion “bricks” SN SCISr'lttrllll})";tor..:’f
- two planes of orthogonal scintillator strips ™ 235,000

...................................................... bricks



Target U spectrometer

Trackers
Pb/Em.
target
LLLILL .
A “hybrid”
v S experiment
....... . e e at work
| % Basic “cell” V‘IZ
astl ;“m o uﬂ (DONTD)

L ',
Extract selected \ F’? 7L ‘ ‘ ‘

brick ’ Pb Emulsion

Emulsion analysis
— vertex search

— decay search
— u ID, charge and p — e/y ID, kinematics

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ

Electronic detectors

— select v interaction brick




Expected nurmber 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 long 0.7 2.9 14.5 0.29
T h long 0.9 3.4 16.8 0.24
T = e short 0.2 0.9 4.5 0.03
T W short 0.1 0.5 2.3 0.04
Total 2.7 10.8 53.5 0.75
Lons decavs emulsion layers
kink | | | |
y ir; -
g OLini f ey
. — ~NJd | e ) .........................
. S U EL‘D .........................
o \~ .............. o
(1 mm) Wi >

André Rubbia, ETH/Zirich, 9/26/02, ZUOZ Short decays g plastic base



Neutrino oscillation parameters

107 10° 107 w7 10° 0" w0t 17
Am

Solar parameters (1o interval)

= | Am2,, | =(4+12)x107° eV?
= tan20,, = 0.32+0.51 = 30°<06,,<36°

Atmospheric parameters (90% C.L.)

= |[AmZ,,|=(1.6+3.9)x107° eV?
= Sin%20,, > 0.92= 37°<0,,<45°

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ

1 5
— T

— FCG+PC+UPMU combined
— FCHPC
Upgolng through ;.
. Upgolng stop pilpgoing through

1 1 1
01 02 03 A4 D5 D8 OF 0B O 1

Eln

v, © v oscillations

Best fit(Am?=2.5x10-,5in?26=1.0
Pmin=163.21170 d.o.f)

No oscillation
(y2 =456.5M172 d.o.f)

Am2= (1.6~3.9)x103e\2
sin?26 > 0.92 @ 90%CL

Bl 2
Am, >0 Am.,, <0
7
F m3 2
m | v A
: 2
Am,
L 2
" 0:2eV? 2
L !Hl AL m3
“Normal™ “Inverted”




So what’s next ?

= Solving the solar neutrino problem
= Assume KAMLAND confirms LMA

= Solving the atmospheric neutrino anomaly
= Assume LBL experiments MINOS, ICARUS, OPERA, ...confirm oscillation into tau neutrino

= Solving the LSND excess
= Assume MiniBOONE refutes LSND excess

= Simple 3 neutrino emerging scenario:
- | Am2,, | =(4+12)x1075 V2
= tan20,, = 0.32+0.51 = 30°<0,,<36°
- |Am2,,1=(1.6+3.9)x1073 eV?2
= 5iN220,5 > 0.92= 37°<0,,<45°
- Is this all ? Absolutely not ! At least three things: 6,,, 6 and sign Am?,,

(1 0 0\ ¢ 0 513‘{1.(S Vi ep 5 O)
U=|0 c¢,; 35, 0 1 0 -5, ¢, 0
0 —-s,; c,3/\—s5€ 0 Ci3 0O 0 1

atm solar

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ



Solar + Atmospheric 317 Oscillations

0.73 —0.89 0.44 — 0.66 < .24
The emerging: [y pp = | 0.23 — 060 024 — 075 0450 — 087
0.06 —0.57 0.40 — 0.82 0.48 — (.85
with structure %{1 e %{1 eyt E
Uipp| > | =31 -0\ +¢) 5(L+0N) —¢) 5 |A~02
%(1 —O(\) —€) _%(1 + O()\) —¢) \% e < 0.25

1 00 00
very different from quark’s (7o) ~ [ O()) 1 O(A?) N ~02
O3 002 1

f Is 13 = 07

Is there CP violation in the leptons (is o == 0, m)?
* Are neutrino masses:

Still open questions . . .

e hierarchical: m; — mj; ~m; +m; ?

degenecrated: m; — my < my; +m; ?

\ Dirac or Majorana? what about the Majorana Phases?

Theory of ir masses and mixing ICHEPO2 Concha Gonzaler-Garcia
André



Future experimental program

- Mass scheme
=Normal or inverted?
= Test via matter effects at very long baselines
- Value of 0,5 angle
=|CARUS will reach sin?26,, < 0.04 (limited by statistics)

=Need new very intense v, beams with low backgrounds
— Superbeams: JHF, ...

- CP&T violation
=>Need solar LMA solution and 6,5 not too small

= Most likely need a neutrino factory (neutrinos from decays of
muons in storage rings)

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ



Mass hierarchy determination

—
Q
Q

T |
.| = 0.0035 eV °
|Am2,,| =5x 10-5eV
sin220,, = 0.004

|
|Am2,

—h
o
T

o
—h
|

N(ve — Vl_l) / N(Ve — Vu)

=

o

—h
|

.........

|Am

|Am

atm

’

atm

’

Am__ |

sol

Error bars —» 2 x 10
decays / yr for 5 years

1 |
2000 4000
Baseline (km)

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ
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Looking at the 0,; term

( (12013 $12013 s13€79 )
[ . g ") “\}- 4 4 1 ) .‘5 ¥ =
U= —s12023 — C12513523¢"  C1aC23 — 812513523€"  C13523
\ S12823 — C12813C23€"  —Cla823 — S12813C€"°  C13Ca3 /

for Am?,, (L/4E, )<<, e.g. LBL experiment neglecting solar

P(Ve — V,u) ~ 8in?20,, sin’0,, sin’(Am?;, L/4E,)

In contrast,

4 . 2 2
P(v, — v, )=cos 0;sin" 20,,A"»



(10 0| ey 0 s3e
U=10 «c, 523J 0o 1 0
0 -5y Cp _Slse_ia 0 Ci3

‘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 !!!

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ
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5) Search for
subleading electron neutrino appearance
V‘u —V,

Am” =(1-4)x107eV>  sin’26,, = 0
P(ve — VM) ~ sin%20,, sin’(Am?;, L/4E,)

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



Three neutrino mixing
\

10

< ICARUS

X 5 years running

E 2.35 kton fid. mass
1073

Two beam focusing
optimizations

T SUPER e~ N L
= - \ S
CSOTSSTS

VOaNT TN
) \;‘v““ ‘\\

> &
NSNS

et
N \\\\\ | AmZ,,=3x10-3 eVZ; sin?20,, = 1
AN X

t optimized beam:

% B3 Sin‘2615 ve CC Yy — Ve
7/# Ve (degrees) E, <4 GeV|E, <30 GeV|E, <4 GeV|E, < 50 GeV
0 0.095 1.5 150 4 42
MlNOS’ 10 kt@ﬂ—yegrs 8 0.076 1.5 150 3.1 34
7 0.059 1.5 150 2.4 26
) 0.030 1.5 150 1.2 14
ICARUS, 2.35 kton, 5 years CNGS, szﬁﬁﬁf.@ s oo | 1s 150 01
2 0.005 1.5 150 0.2 2.2
1 0.001 1.5 150 0.1 0.5

JHF+SK, 22.5 kton, 5 years
| |
1072 107
Note: LOG-scale !!

- 2 . 2 2
P(v, —v,) =sin" 20;sm" 0,,A’»

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ
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Tleutring factories

The knowledge of 0,5 is crucial to know if the d phase
(CP/T violation) could be observable !

D]

Kama %' JAERI Off-axis beams
r X -
Karmiokande’ JLdokaimura) 0| &
o — Tokai) ] On=0
Hyper-K: 1000 kt 30 v| =~ 7
iV 1

H////ﬂ),wzlmr

v, energy, GeV

aotid) 7/ ;

- Hagoye |

g?& TN /fj(" 4MW 50 GeV PS
:' E Q;I::-j:‘.——‘i—a—--f 6 ..::I

\
|

n
o
@
J
w
3

o = 10mr
& ( conventional v beam)
{n]-Elll[l,E'él'lI o - 4200 mi /675.8 kmn acraos

Phase-1 (0.77MW + Super-K) 7 momentum, GeV

043p,
~ Phase-1 x 200 ; £, =

v
1+(v,0,.F
André Rubbia, ETH/Zurich, 9/26/02, ZUOZ
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(“Super-beam”) LBL experiments

JHF-SK 50 | 0.75 OA |07 295 22.5 ~3,000 | 0.2%
JHF-HK 50 | 4 OA |07 295 1,000 | ~600,000| 0.2%
OA-NuMI 120 | 0.3 OA |~2 7307 20ki? | ~1,0007| 0.5%
OA-NuMI2 120 | 1.2 OA |~2 7307 20ki? | ~4,0007| 0.5%
AGS>?? 28 [ 1.3 WB/OA | ~1 2,500? | 1,000?| ~1,000?

SPL-Frejus 22 |4 WB |0.26 130 |  40(400) 650(0) |  0.4%
OA-CNGS 400 | 0.3 OA |08 ~1200 |  1,0007 ~400 |  0.2%

The plans are in very different phases. Most are in optimization phase.

JHF-SK most advanced.

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ




v, appearance in JHF-Kamioka (phase 1)

Signal
123.2 events @ sin?2013=0.1, Am2=3 X 10-3eV?



Ve appearance
Background rejection against NC nt” is improved.

SiN?20ue=0.05 (sin?20e = 0.58in%2613)

mrm i T E— e ey

30 o 90% C.L. sensitivities
26 . = |
20 £ i e
15 - CHOOZ
10 10 fS g
: A HRprovement
0 05 1 15 2 25 3 35 4 45 § g@-—; C L
2cleg, off axls Sysar  8CONETUICted Ev (GeV) i E&"x:"“%}\-&
5O ) 4  mxpacind algnul+byg (Am*=dd 0 Ve 0 JHF!’V%; “x“‘;‘aﬂ
of T o mme U = o~
- OAB B a2 ~E]
- J e
20 e .,,. 107 10" I
1: . X 1073 Sil‘lzzeuc

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

== sin’26,, > 6x10”

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ

Ph2me. Ph2 hcl 13 rom right
A Para, hep-ph/0005012)

Nakaya, NUFACTO01




Neutrino factory (>2015)

w—e*v,v, = 50% v, ,50% v,

w—>e vy, — 50%v,,50%v,

- Bunch 2.2 GeV Superconducting H™ Linac
 compressor :
-L'"':;:.Eir!g" ‘:_:‘ Accumulator ring e

44/88 MHz capture, —
cooling, acceleration ... - g

-7 10-50 GeV
recirculator

- Muon decay ring o~
- _~ Bow-tie on inchined plane .
- i -~
i - e "
vV i Meutrino Factory schematic (isometric view) A% p cdj

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ



The oscillation physics program at the NF

- —e- Vv,

Ideal detector should be able
Vi Ve Zg;earea;;ice ‘ to measure 12 different
z“;v app::rance processes as a function of
u T
Vo disappearance Land E,

VeV, appearance
Vo—> V. appearance
Plus their charge conjugates with u* {W N — 0~ + hadrons {w N — v, + hadrons

beam
V,N — Vv, + hadrons

v,N — (" + hadrons
1. Particle ID: charged lepton tags incoming neutrino flavor

2. Charge ID: sign of lepton charge tags helicity of incoming
neutrino

3. Energy resolution: Reconstructed event energy is £ =L +E, ,

4. Various baselines L could help for detector systematics

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ



The same interaction three different ways...

Calorimeter

Hadrons

Liquio[ argon ﬂmaging

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ

Water Cerenkov



Over-constraining the parameters (l)

E. = 30GeV, L = 7400 km, 107" decays E, =30 GeV, L= 7400 km, 10°' n" decays
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Combining all classes=> (over-constrained) sensitivity to all oscillations!

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ A. Bueno et.al. P Nucl.Phys.B589 (2000) 577



v.—>V, oscillation probability

Following the conventional formalism for leptonic mixing, CP-/T-
violating effects are observed in appearance transitions involving the
first family. Therefore, transitions between electron and muon flavors
are clearly favored.

These probabilities are composed of three terms:
Independent of 0

P(v,—v )=P(v,—V,)=
2 Tein2 2 2 402 (Gm2A. <2 <2 4 cin2A Q2 2 )2
4c=5[81n% Ayz871,5713+C7,(SIN“A 3873573 +SIN"A 87, (1-(148%5)8%3))]
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Beat of frequencies

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ
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How to experimentally observe the 6-phase?

*Ao= P(v,—V,;0=1/2)- P(v,—>V ;0=0)

Compares oscillation probabilities as a function of E,, measured with wrong-sign muon event spectra, to
MonteCarlo predictions of the spectrum in absence of CP violation

*ACP(0)= P(v,—V,;;0)— P(V,—V,;0)

Compares oscillation probabilities measured using the appearance of v, and v,,, running the storage ring with a
beam of stored u* and u-, respectively. Matter effects are dominant at large distances

*AT(0)= P(v.—v,; 0)— P(v,—>V,; 0)

Compares the appearance of v, and v, in a beam of stored u™ and w. As opposite to the previous case, matter
effects are the same, thus cancel out in the difference

'AT(d)= P(v.—v,; 0)- P(V,—V,; 0)

Same as previous case, but with antineutrinos. This effect is usually matter-suppressed with respect to the
neutrino case.

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ




Leptogenesis

— Majorana m, = [, = Baryon asymmetry can be generated

— How?” In the Early Universe via decay of heavy vp

Fukugita and Yanagida

VR

IfCP:T(vgp — ¢l1) #T(vp — ¢l1)

And decay is out of equilibrium: A L is generated

(I'v, < Universe expansion rate)

At the electroweak transition sphaleron processes
= A L is transformed in AB ~ —AT
Buchmiiler, Plumacher...
. but
Talk by Zing

Mp ~ 10! GeV = OK to explain observed 13 /7,

— Details are model dependent (

Theory of » masses and mixing ICHEPO2 Concha Gonzalez-Garcia

André Rubbia, ETH/Zurich, 9/26/02, ZUOZ



So finally, Why neutrino physics?

If we take
1. neutrino masses for an indication that new physics at a large

energy scale exists and
2. neutrino oscillations for a hint that CP-violation is occurring in

the lepton sector (hope that 6+0)
then this could have implications for the observed matter-

antimatter asymmetry in the Universe !

WE ARE HERE'!



