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Content*®

* General information and history: what is special with the neutrino ?
* Neutrino oscillations: hottest topic in neutrino physics

* Examples of oscillation experiments (not exhaustive list): past, ongoing,
future

* An almost arbitrary selection is imposed...apologies....

*Thanks to many colleagues for the use of some of their excellent slide material

A. Ereditato - April 2012



“Z00” of elementary particles:
electrons, protons, neutrons, photons, quarks,...

and.... NEUTRINOS V
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The story of the neutrino begins, as for any of us,
with its birth...




Nuclear “beta” decay circa the beginning of last century
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Pauli (1930)

|
; . 7 and the “desperate remedy”

of the “neutron”




One of the most famous letters of particle physics
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Nuclear BETA Decay

Carbon-14

6 protons,
8 neutrons

Not conserving

Energy
Momentum
Angular Momentum

7 protons,
7 neutrons

Nitrogen-14 ¥

+ electron
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Nuclear BETA Decay

Carbon-14 Nitrogen-14) ‘&
6 protons, m=m=l | 7 protons,
8 neutrons 7 neutrons + electron
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Fermi (1933)

and the first theory
of the “neutrino”




Fermi: Current- Current Interaction
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Feynman Diagram for Neutron Beta Decay

n—=pte +1

Y
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A. Ereditato - April 2012

13



W+ T

Better detection method....
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Some features of the neutrino (at the time of Fermi)

» Mass-less or almost mass-less particle

* Electrically neutral

* “Fermion” (particle with “spin”): a spinner made of nothing !?
» Extremely small matter interaction probability:

can travel tens of light years in matter without interacting !!




Artificial neutrinos?
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. Neutrino Discovery
Ve+p—n+e (antineutrinos
from Nuclear Reactors

Reines e Cowan
1953-1956

Delayed neutron capture
(after thermalization of the neutron)

n+p—d+y(2.2 MeV)
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Soon after its discovery the neutrino contributed in solving a
long standing problem:

can one distinguish left from right ?

Or better: can we distinguish our “real” word from the one in the mirror ?
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Reality: neutrino left-handed Mirror image: neutrino right-handed

DOES NOT EXIST !!
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‘and how many aré they? - °
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. Where do neutrinos cometfrom? .

* one second after the Big Bang.... .

- -
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Explosion of Supernova 1987a
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22 February 1987 " ' . 23 February 1987
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A supernova emits per minute as much
energy as that irradiated by the Sun in 200
years. For several days after explosion, the
brightest object in the night sky.

And neutrinos ??

Only 0.1% of the explosion energy goes into
visible light: 99.9% goes into neutrino
energy!

On 23 February 1987 each human being was
crossed by 10000 billion of those neutrinos.
One million people had one of those
neutrinos interacting in their body!
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Masatoshi Koshiba

2002 Nobel Prize for the introduction of neutrino astronomy
(detection of SN1987A neutrinos)




Neutrino astronomy
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400000 billion.... Solar Model and neutrinos...
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Crus! )
L,. (Lahosohere)
Upper mantle ',

Low velocity zone (Asthenosphere)

LOower mantie

Outer dauad core

et 03 Core

40000 Gi—ga'watt....




Neutrinos and human beings
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Is neutrino a Dirac or a Majorana particle ?

3

VZEYV V=V

occurrence of neutrino-less double beta decay -> Majorana
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The second neutrino flavor

proton
beam target proton accelerator

pi-meson
beam

The accelerator, the neutrino
beam and the detector

Part of the circular accelerator in
Brookhaven, in which the protons
were accelerated. The pi-mesons (1),
wc:'ich were pmoced in the proton
collisions wit e target, dea* into
muons (1) and neutrinos (2.). e 13
m thick steel shield stops all the
particles except the penetrati
neutrinos. A small fraction of the
neutrinos react in the detector and
give rise to muons, which are then
observed in the spark chamber.

fased an a drawing in Sclentific American,
March 1963
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Steinberger,
Schwartz,
Lederman
Measure (1962)
Nobel -1988

steel shield

concrete
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The third neutrino flavor

DONUT experiment at FERMILAB: first detection of v_ with an ECC based detector
(K. Niwa and collaborators): 9 T events, 1.5 BG.

K. Kodama et al. (DONuT Collaboration), Phys. Lett. B 504, 218 (2001).

« Prompt Neutrino Beam Line
A

DONUT Shielding to protect Spectrometer
. . . N
emulsion from the high N

Sflux of muons. ___
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\ o= Target

Primary Target Sweeping Magnets




How Many Light Neutrinos Exist ?
Answer : 3

0 ta
/- — UV, + 7,

I'ys =166.9 MeV
Lsnvisivle = Ny L'uw
Linvisible = L'tot — L'vis = 498 ==4.2 MeV
I-Winv
FUD

= 2.994 £+ 0.012

N, =
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A series of key experiments conducted in the last three
decades with atmospheric and solar neutrinos, and
confirmed with reactor and accelerator neutrinos, has
allowed to firmly establish the first evidence of physics
beyond the Standard Model of Particles and Interactions:

neutrino oscillations
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Bruno Pontecorvo

/;}'v%o IT6 hawes oplbo

B. Pontecorvo, Zh. Eksp. Teor. Fiz. 33 (1957) 549 [Sov. Phys. JETP 6 (1957) 429];
B. Pontecorvo, Zh. Eksp. Teor. Fiz. 34 (1957), 247 [Sov. Phys. JETP 7 (1958) 172].

B. Pontecorvo, Zh. Eksp. Teor. Fiz. 53 (1967) 1717 [Sov. Phys. JETP 26 (1968) 984].
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Remarks on the Unified Model of Elementary Particles

Ziro Maki, Masami Nakagawa and Shoichi Sakata

Institute for Theoretical Physics, Nagoya University, Nagoya
(Received Jure 25, 1952)

Abstract:
A particle mixture theory of neutrino is proposed assuming the existence of two kinds of neutrinos. Based on the neutrino-
mixture theory, a possible unified model of elementary particles is constructed by generalizing the Sakata-Nagoya model.
Our scheme gives a natural explanation of smallness of leptonic decay rate of hyperons as well as the subtie difference of
G,'s between y-e and B-decay.
Starting with this scheme, the possibility of Ky3 mode with AS / AQ = -1 is also examined, and some bearings on the
dynamical role of the B-matter, a fundamental constituent of baryons in the Nagoya model, are clarified.
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3 Neutrinos states: 3 masses

States with definite masses

in general do not coincide with the "flavor" states

Ulve) 5 ) s [vn) )

{|V1> ’ |V2> ) |V3>}

Quantum mechanical mixing can take place,

as it happens for quarks
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2 Flavor case

i m
V?..
Vt m2
Vv
I
6 >V ml
1

lvy) = cosl|v) +sind |v) Am? =m2 —m?
lv;) = —sinf |vy) + cos b o)

Neutrino Propagation

v(0)) = |v,) = cos@|vy) +sind |vy)

2

. 2
‘. - mS ms
Ei:\/p2+mf:p+2—;:E+2};

Vi created att=0
with momentum P

Different mass
components
have different energy

lv(t)) = cosf e_iE]t|1/]> + sin Oe_iEzt‘y‘z) 'V state at time t
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Destance, x = ¢t
.va,mmv. [ Provabisty that v,, is atit v,
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L
P(v, = ve) = sin*2015 Sin2(1.27Am22E)

e L and E determine Am?
sensitivity

e 01, sensitivity determined
by statistics,

backgrounds, and
uncertainties

e No signal: exclusion
curve

e Signal: allowed region

Am? (eV ?)

105 <— S]ﬂz 219,“;,,:2*{3
102
90% CL
" Excluded
Region
1
10 OW¢
L Amz
min
P
7)) Y
; €/C 20
10
107 102 1072 10
sin?2%
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3 Flavor Oscillations
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Neutrino state cross-composition l
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For the special case of v, 2 v, oscillations, we have: P Vy — Ve) = Z.':' P
w Ve H € 1=1,441

2
.2 A13 -9 B iL ;
P, = sin” 0y, ——| sin atmospheric part
By 2

P = cos? foasin 20, Ap)? . gﬂ <olar vart 6,5 is the link between
2 = COS"fa3sI” 201y | — | SIn” 5 solar pal solar and atmospheric
A\ (Az AL - AL - B.L _ oscillations
P = COS sin sin interference
A\ By 2 2 2
le) [Alza) . AL . AL . B.L
Py, = — | sin sin sin
A\ Bs 2 2
where
Y 2B, In vacuum, at leading order:
A= \/§Gp'n-,;.

Am2,L

By = ‘.‘1 + .'Al:;‘ P(Vﬂ — Ve ) X Sil'l2 2013 sin2 023 Sill2 T
J = cos 91:1 s1n ‘291in 292;;

and the + signifies neutrinos or antineutrinos
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Example: v, survival probability as a function of L/E

100%

P(ve —> v, )

0%, s am
10° 10° 10° 10 10
L/E [km/MeV]
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Matter oscillations (MSW effect)

The effect of the presence of matter
along the path of a neutrino

is equivalent to

the Refractive Index for

photon propagation

in a transparent medium.

Or equivalently
to the presence

of an Effective Potential

A. Ereditato - April 2012
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Effective Potential in Ordinary Matter

e A A Ve Va A A€, p,0orn
laAY a Ve Ve VoW eV a Ve We VoW ]
W
Ve A ?e Vo A Z A€, p,0rn
— - Z _— _N2
Vuﬂe — Vure - Vyee — T 73 GF Ne

VVuP: vep = Viep = +“\é‘_2“GFNp

Vuun — Vu,-n — Vuen — _jgé GF Nn
p 2
Vie = V2, + V)V = —% Gr N, +v2Gr N,

* different potential for different flavors (there are no muons or tau in ordinary matter)
* the effective potential affects the flavor propagation in matter
* matter effective potentials have opposite signs for neutrinos and antineutrinos
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How to detect neutrino oscillations?

Source

Detector

A. Ereditato - April 2012
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Classification of neutrino oscillation experiments I

APPEARANCE experiments CDIIIIIIY i
________ _> —— - - - —————
Vv, -V, oscillations Y

oscillations

CC interaction of v, producing the charged lepton b, whose appearance is detected

NEED:
1) no v, in the initial beam (or a small fraction very well known)
2) E, sufficient to produce a b lepton
3) high efficiency in detecting the b lepton

DISAPPEARANCE experiments

v, - v, oscillations

oscillations

CC interaction of v, producing the charged lepton a, measured where oscillations do-not/do occur
NEED:

1) tiny effects: very good knowledge of the beam, and good control of detector systematics
2) useful to have ‘near’ and ‘far’ detector of the same type (mass scaling with L?)
3) look for spectrum distortions
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I  \1\iOSPHERIC NEUTRINOS

@, Air nucleus

Pions

Zenith

Up-Down Symmetric Flux
(for Ev > few GeV)
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Flux ratio
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Assume all muons decay

vV, — 1 AND
i AP 2 an important kinematical fact.
—— <= . .
Ay All 3 neutrinos in decay
c c have approximately the same
energy
9 | |
B -
7t ~— Honda flux
6 Bartol flux
5 Fluka flux
4
3 .
27 v’_+c'u/v°+x—'° 1
a s aaaul aa saaaul il
10" 1 10 10°
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A first problem: integral electron and muon distributions

900 —
L Super-Kamiokande Preliminary

800 - 1289.4 days

W I e
| Monte Carlo F
(no oscillations) |

anp®

600 [

"Ll

500 -
400 We expect
300 - about twice as

: many Vu as ve
200 |

100 |

T R )
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Number of Events

Number of Events
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11 sNo Oscillations |
W

Oscillations

(1.0, 2.4x107%\V?)
IIIIIIIIIIIIII

111l

-1 -0. .
> c(?sﬁ Ue

|
1-1 -05

. 1
C(?S@ b

MUl-Gev ke

Multi-GeV -like + PC

-4
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e
e

PO S S T T T N U N | R

cosH 1=

1-1 -

|
3 COOSG 0y 1

10 . . . ] ]
- BestFit:
| sin220 =1.02 |30
| [Aam2=2.1x103ev2 199%
> %2 = 174.9177 dof 95%
) %2 = 465/179 dof for no osc 90%
= 68%
<
10-3 N T N R B S
07 075 08 085 09 095 1
sin*26

P .. = Sin?20 sin? (Am2L/4E)

The data also indicate that the
atmospheric neutrino deficit

is due to v, v_ oscillations
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Energy Threshold for CC interactions of Vt

E(v) = m + mf/ 2m_

e

3.5 GeV

In atmospheric neutrinos most v
T

are below threshold for CC interactions and

therefore simply "disappear”.
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No v_-v, oscillations in the same parameter region as atmospheric

neutrinos: it must predominantly be v, —v,

The short-baseline reactor experiment
CHOOZ

EEEEREENEEREEREERER: ‘
~—e ve ace
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Sensitivity range of neutrino oscillation experiments l

A n? (eV3)
102 101 1 101 102 103 104 105 108 107 108 100 10-10 10-11
| | | | | | | | | | | | | |
IV, (Accelerator) I V', (Solar/MSW)
eV, (Reactor)
I V), V.. V), V, (Atmospheric) V, (Solar) IEE—
l | | | | | | | | | | | | |
102 10-1 1 10 102 103 104 10% 108 107 108 10° 1010 1011

Nyoo/2.5E (mMeV-T)

. __mE, _ 25E
occ = 127AmP ~ AmP

Following the results obtained with atmospheric neutrinos:

experiments with artificial (accelerator) neutrinos sensitive P.sc ~ Sin? (Am2 L/4E)
to the same oscillation parameters

oscillation | Am?(eV?2) | L (km) E (GeV)
solar ~10° 10-100 10-3-10-2

typical
Experiment

K2K, MINOS,

OPERA, T2K

CHOOZ,
KamLAND 58




"Reproducing atmospheric v, physics” in controlled conditions

Minnesota
Wisconsin 2%
...$
“
lowa a8
Fermilab
Hlinois

M Ta rige tale Neaw Detectors KEX
)

Super-Kamiokande =y

——
’/'
.
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Example of a v, disappearance measurement

P(v, —»v,)=1-sin’ 26sin*(1.267Am’L/ E)

1 2
v, spectrum spectrum ratio
m -c 1'4,
T 8 .f
2300- = 1.2
ul _ Unoscillated R OO
— g - K +*+*
200- Oscillatdd 5 08 ++H
206 ot
-t LIS
100- T04- 4|
: 4 L
—— e o 0'2_— 2 J'_,‘
----- B R R TN | 1 1
00 2 4 6 8 10 00 2 4 6 8 10
Visible energy (GeV) Visible energy (GeV)
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Target

120 GeV
protons

Typical accelerator neutrino beam (NUMI, Fermilab)

Target Hall

£

Decz‘ny Pipe y

From
Main Injector

+

Horns T

10m 30m

Absorber Muon Monitors

675 m

Hadron Monitor 2m 18m  300m
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Super-K
(far detector)
50 kton Water

v beam

« v beam line
. Beam monitor
« Near detectors

(various detectors)

Far/Near Ratio

v, disappearance experiment
to probe the SK atmospheric
neutrino result.

near/far detectors
comparison: event rate and
energy spectrum shape




K2K results (oscillation parameters)

June 1999 - April 2001

)

Am?(x103eV?)

Obs. No Osci. 3 iy 7
(1kton) (sin?26 =1)
FC 22.5kt AR R U e B DAL
1-ring 26 384455 223 141 131

ulike 24 349455 193 11.6 10.7

e-like 2 3RE14 29 olF ol
s ) 18 255443 193 133 100
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K2K event energy dependence

an

Reconstructed Ev  cosy kex
: ' | * Data
» Ev F.C. 225kt 1-ring \-like [ Mc o osc.
Note: Am*=3x10" eV? w -

corresponds to 600 eV Ev +‘_._,—U7
1s |
) — ¢

0 F \\pﬂ
ZaEwens] | -

+ ,

A
1 ]
s
S .
reerenifpeesened
1/
Y T
- V—

¢ 0 ; 2 .': -; ) £ +
Reconstructed Ev (GeV) + _f’_lL
0 . ;
0 1 2 3
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Am?2[eV?2

K2K-l & K2K-II

i §
gl 2
O.SOG.- %
0.006 K2K new results
0.004 |
0.002 | 909,
68%
0.0 0.2 0.4 0.6 0.8 1.0
sin226
K2K results:

1.5

I Entnes 56

Best Fit
KS prob.=52%

1.7 < Am? < 3.5 eV? for sin%20 = 1 (90% CL)

(v, disappearance plus shape distortion)

K2K confirmed SK:

1.5 < Am?2 < 3.4 eV? for sin%20 > 0.93 (90% CL)
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MINOS in the NuMi neutrino beam

Near Detector: 980 tons
Far Detector: 5400 tons

Det. 2

Soudan

Fermilab_——1 10 ko

/ Det. 1 735 km

Magnetized steel/scintillator calorimeter

* low E neutrinos (few GeV): v, disappearance experiment
* 4 x10?° pot/year - 2500 v, CClyear

- compare Det1-Det2 response vs E - sensitivity to Am?,,

 main goal: reduce errors on Am?2,; and sin?26,, as needed to measure sin?20,,

- some sensitivity to 0,5
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v, CC Event NC Event v. CC Event

v o Y v e-

vu / 0w el e ¢ ‘\.‘\- _—
W z .

<~ Hadrons

. B ,\ Hadrons N ~—_ . e )\ Hadrons

Iransverse Fosition (m)

T I T T l T T 40 L] l L) L} L} Ll L) l L) l L) LJ L] I L) Ll
Monte Carlo ' 0.5l Monte Carlo _ Monte Carlo .
- - o _pn2
- E 8 £
-" -0 £ =1 c
-" o | - . o
" s = "ag - £ r i
=" - w - I - @ 0
- . o = s 2 ' ) ‘
_an" a o 4 4 a0 * [
20 g - @ -I=5
H 5 u, | I
- - a | - = ) - )
c - 2 £ -
LU o
- m . F.0.2— -
- 0.5/~ - L -
l ' ' l ' ' et 1 l 1 1 1 1 1 l 1 l 1 1 1 l L L
1 2 3 0 0 0.5 1 0 0 0.5 1 0
Depth in Detector {m) Depth in Detector (m) Depth in Detector (m)
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T I T T T I T T T I T T T I T

>300 N —4— Far detector data

() I No oscillations

(D : Best oscillation fit
;200 — NC background

+ i

- i

S o -

ato P

MINOS Far Detector -

0 2 4 6 8

Reconstructed neutrino energy (GeV)
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B MINOS PRELIMINARY ]
. T T I*
—

I | | | |
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o —+— MINOS Far Detector Data
Prediction, Best-Fit Parameters |
l l | 1 l 1 1 |IlII|lIIlIIIl[lIlII|lIIlIIIl[|IlII|lIIl
0 5 10 20 30 40 50

Reconstructed v, Energy (GeV)
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3.5

I I | I I I I I | I I I I | I I I | I

® MINOS best fit MINOS 2008 90% |
— MINOS 90% Super-K 90% ]
— = MINOS 68%  —— Super-K L/E 90% ]

80 085 090 095 1.00

sin®(26)
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One can also look for oscillation appearance...




OPERA: first direct detection of neutrino oscillations in appearance mode

The PMNS 3-flavor oscillation formalism predicts:

P(v,2v,) ~ sin*20,;c0s%0;sin*(Am?,;L/4E)

Requirements:

1) long baseline, 2) high neutrino energy, 3) high beam intensity, 4) detect short lived t’s

g uw,
.................................. T
Vu . y
oscillation T

plus 3-prong decay modes
A. Ereditato - April 2012




THE PRINCIPLE OF THE EXPERIMENT: ECC + ELECTRONIC DETECTORS

ECC brick

electronics
trackers

emulsion layers

interface films (CS)

* Intense, high-energy muon-neutrino beam

* Massive active target with micrometric space resolution

* Detect tau-lepton production and decay

* Use electronic detectors to provide “time resolution” to the emulsions
and preselect the interaction region A. Ereditato - April 2012




CNGS beam: tuned for v_-appearance at LNGS (730 km from CERN)

Monte-Maggiorasca

)
S
S
=
S
e
o)
=
§

Monte-Prato
Monte-Giovo
Gran Sasso

17 GeV

L 730 km

Expected neutrino interactions for 22.5x10%° pot:
— - ~ 23600 vy CC+ NC
v, /v, (CC) 2.1% ~ 160 v, +V, CC

v, prompt negligible ~115v_CC (Am?=2.5x 1073 eV?)

(ve+¥2) /v, (CC) 0.87%




LNGS of INFN, the world largest underground physics laboratory:

~180000 m3 caverns’ volume, ~3100 m.w.e. overburden, ~1 cosmic u / m?x hour,
experimental infrastructure, variety of experiments. Perfectly fit to host detector and related
facilities, caverns oriented towards CERN.




Two target super-modules, each with an iron spectrometer for
muon detection (BG rejection and tau-into-muon decay channel)

’ll'~

//// // ////////,, [

//////////////I/lll"/ 7'7'/77"7”77 i :
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7 { t
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The heart of the experiment:
THE ECC TARGET BRICKS

| Hybrid target structure.

Target Tracker
; (>L1nt1]lat0r strip)

26.4mm

Changeable Shel’q |
thickness 3mm T .

The OPERA target consists of 150’000
ECC bricks.

Total 105’000 m?2 of lead surface
and 111’000 m? of film surface
(~ 8.9 million films)

Total target mass: 1.25 kton

~ ~— ~ A. Ereditato - April 2012 78
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INDUSTRIAL EMULSION FILMS BY FUJI FILM

Emulsion Layer (44 microns)

basic detector: AgBr crystal,
size = 0.2 micron
. detection eff.= 0.16/crystal

10*3 “detectors” per film

Plastic Base (205 microns)

Emulsion Layer

sensitivity 15 grains/44 microns L _
A il . intrinsic resolution: 50 nm
Mip |, Ly e memanaps  REEES "| deviation from linear-fit line. (2D)
, _ ' P EO
200 - /ndf 15.22 /17
electron ~100 keV 2 o b e st
Sal Cat A
m 2 :
. ‘\ “ 4 100 ;—
—s Tk B e m
high dE/dx tracks i / = b
from nuclear evaporation ’ fiw ERETHTITO - April 2012 ) - cONIURINIRRNNRINTRT - S



PARALLEL ANALYSIS
OF BRICKS

selected bricks sent
to scanning labs
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Located neutrino interaction

Emulsions give 3D vector data, with micrometric precision of the vertexing accuracy.

The frames correspond to the scanning area. Yellow short lines = measured tracks.
Other colored lines = interpolation or extrapolation.
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First tau-neutrino candidate event

.

dauaﬁgﬁf/
Iy

10004m
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SOLAR NEUTRINOS

Source of Energy of the SUN : Nuclear Fusion

4p + 2¢~ — *He + 2v,

Energy Released per each Cycle
Q =4m, +2m, —mpye = 26.73 MeV

1 2L :
Cv = I O =B Neutrino Flux

) 7
(\’./

bve ~ 6 x 1010 (cm? s)~!

A. Ereditato - April 2012
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PP cycles

2p —>derv. | (pp) 2pe—>dve | (pep)
99.75% 0.25%
dp—3Hevy
86% 0.00002 %

14% (hep)

23He — o 2p 3He oo — "Be y 3Hep - atet Ve
99.9% 0.01%
"Be e — "Li V. | (Be) Bep— 5By
Lip — 2« 8B — 20t e+ V.| (B)

12C+p »"3N+y

BN » 13C+et+v, (1.2 MeV)

18C+p > "“N+y

1“N+p » 5O+y

log[ (et pX?) tm’ Wkg® ]

150 » BN+ e*+v, (1.73 MeV)




d¢,/dLogo[E,] (em™ s7')

1012

T T lllllll T T Vllllll

e |

T

T lllllll

PP
aB
-Be

pep

SK SNO

|

. - | llljil

Ga %

104 — 0 ‘L
1 N ] l 1 llJl 1 1 [H_J__'__L_ULI
0.01 0.05 0.10 050 1.00

E, (MeV)
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Detection of Solar Neutrinos:

Chlorine Experiment

Ve +37Cl = 3TAr + e~

(Ray Davis)

Gallium Experiments
[Gallex, Sage]

(Super)-Kamiokande
Electron Scattering

Heavy Water [SNO]

A. Ereditato - April 2012

ve+ 1Ga— "Ge+ e

Up +€ —Up+e

Ve+d—>e +p+p

vy +d—=> vy +p+n
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' e ==-=‘ Davis experiment

4. Chlorine

[ VPN | e +%7C1I > A+ e

SNU _
(=)

615 tons C2 Cl4 T | P

| N I SN R NN N N S I SN S S S N — —
1970 1974 1978 1982 1986 1990Y 1994
oar
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<NV = B R A A B B B L I B JPPP:

’ Combined GALLEX and GNO
25| - 280

J 19 GNQ Runs -1 240

65 GALLEX Runs

- 200
-1 160
< 120

Solar Neutrino Units [SNU]

71Ge Production Rate [atoms/day]

.10_llllllllllllLll}llLillj;LllllllllLlllllll--120
1991 1982 1983 1994 1895 1996 1897 19898 1998 2000

Experiment (SNU) Prediction Data Data/Prediction
Chlorine 7.6713  256+0.23  0.34 +0.06

GALLEX + GNO i TaAT ] 0.58 £ 0.07
SAGE + 754178 0.59 +0.07
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Electron Scattering

Vit € ~—FVpT€

dT i gr, dr EI/

T = Kinetic Energy of

g7 = |
the final state electron '

do,,. 2G{m; | . " A
Vi€ _ F e (g2 4 g2 (1——) — 9. gRr

;

Cross section strongly
peaked for electron emission
in the neutrino direction
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\

\

%
(% + Sill2 OW)H
Sin4 9]1.'

Ly et 2
(—.5 + sin 0”.-)
sint By

( sint Gy

9
(Iz + Si].l'2 01@')
gin’ O
<)
| .2 -
( 5 | sin Hw)

PERT:

PERT:

2

R

12

me T
E;

0.536

0.0538
0.0719
0.0538

0.0538

0.536

0.0538 |
0.0719 .,
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+1.3 0.2
The solar R

neutrino problem .,

1.0

-1.1
-0.16

SAGE

0.47 £+ 0.02 - $ 0.54 £0.08
¢ Superk Kamiokande
2.58 +0.23 o
0.35+0.03
Homestake SNO CC
Cl H20

8B ’Be pp, pep CNO

By fitting data from all the experiments: the detected "Be flux is
consistent with 0 while the 8B flux is reduced by about one half. But

8B neutrinos are produced from "Be !
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Sudbury Neutrino
Observatory

TN

1000 tonnes D,0

12 m diameter Acrylic Vessel

18 m diameter support structure; 9500 PMTs ("'60%
photocathode coverage) '

1700 tonnes inner shielding H,O
5300 tonnes outer shielding H,0

Urylon liner radon seal

depth: 2092 m (~6010 m.w.e.) ~70 muons/day



Neutrino Reactions in SNO

’%e

= 1.445 MeV
- good measurement of v, energy spectrum
- some directional info o (1 — 1/3 cos0)

- v, only

® Vi piney,

-Q=2.22MeV
- measures total 8B v flux from the Sun
- equal cross section for all active v flavors

‘ ')}e‘% vV, T€

- low statistics
- mainly sensitive to v, some v, and v,
- strong directional sensitivity

AN

Ve O\

® 0 Cherenkov electron
neutrino deuteron \ @

@protons

Charged-Current

Neutral-Current o

v / neutrino

D

\ neutron
®

neutrino deuteron

proton

- . /1( ‘\\\
Elastic Scattering /
) / t‘:
'X /

Py P Cherenkov electron
neutrino electron\*- ®

neutrino



Events/(0.02)

,_
()
o

8
Illllllllll

o0
o

"0*

..........

e Data
Fit result
............ Neutrons

- ES

(b)

20 e e e ey . et ELAR Lo Ll LR e it '-'::-"-- ne .::-.f
- Rl LS
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0, (10°cm 2 s )

S = N W H O N N ©

l‘{lllllllll
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-
-
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Interpretation

In the "past millennium": Oscillations? Maybe, but...
- large uncertainties in the parameter space or solar model
- no unmistakable evidence for flavor transitions ("smoking gun”)

-3

E.g., in Gallium expts:

10 w T r T‘g \
10k /// ,' 1
R S —— / 1
s | [ 3
0 /] 3 > "matter” (MSW) solutions
< 10 Ll 3
~ \ -
o 19 ~J | 7
E o° - *
< "o F \;\%‘-E Y
6" F Ga === - "vacuum” solutions
1 12 - NERTITT BT R RTTTIT a f’; 1;:2 .1L )A: -
10 * 10° 10? 10" 10
tan®1® :
+ many “exotic"
R e or non-oscillatory

"small” mixing “large" mixing solutions...



-2
S

Flux in cm

...this millennium (after the SNO result of 2002):

everything points to MSW matter oscillations in the Sun

10"

=

>
Gallium > |
PE_ . Chlorine > |
- s Water |
e pep
0.1 1 10

Energy of solar neutrinos in MeV

4 100 %

80 %

{ 60 %
140 %
120 %

1 0%

Solar neutrinos produced in the Sun core with E £2 MeV only experience

averaged vacuum oscillations in the Sun with P(survival) =1 - 1/2 sin226,, 2 1/2

If E>2 MeV than P(survival) = sin?6,,
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Combining all solar neutrino results

10

A e (eV?)

10

- % °min.=70.207 at (3.98e-01, 6.46e-05)
| b8= 1.040 hep= 1.000

--90% P
--95% ( \ |

--99.73% \\ /’

SNO pure D,O d/n spectra
+ SNO salt CC & NC & ES fluxes

+ SK-I zenith spectra + Cl + Ga "B free

5
10
10

=1

1

tan’e
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6,,~ 34°

Am?,,~ 7.6x107 eV?
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Events / 0.425 MeV

60

Clarifying result: KAMLAND (2002)

no-oscillation
accidentals
13(.':(on,n)wo
best-fit oscillation + BG
KamLAND data
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Nobs/Nno-osc

1.4

1.0

0.8

0.6

0.4

0.0

KAMLAND (2002)

—_—

L RO XO%M

._&#U - —

ILL Vo lha
Savannah River v i
Bugey 1
Lo
L)

Rovno

Goesgen \J
Krasnoyarsk

Palo Verde

Chooz

Kam[LAND
| ! | |

10"

10° 10} 10* 10

Distance to Reactor (m)
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Efficiency (%)

Events / 0.425 MeV

KAMLAND results (2007)

100
80

40

Selection efficiency

1 l 1 1 1 1 l 1 1 1 1 l L1

250

200

150

100

50

=
)

3 4
E, (MeV)
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5

KamLAND data

no oscillation
best-fit osci.
accidental

C( a,n)mO
best-fit Geo V,
best-fit osci. + BG
+ best-fit Geo V,

100



Survival Probability

0.8

0.6

0.4

0.2

KAMLAND results (2007)

||J|h||

Data - BG - Geo V,
Expectation based on osci. parameters

+ determined by KamLAND

+

—

+

lllllllllllllllllllllllllllllllllllllllllIlll

20

30 40 50 60 70 80
LO/EV (km/MeV)
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KAMLAND results complementary
to solar neutrino experiments

x107
N; 0.14 — I L I L | L L I LI | UL L I LI I LI I—I—
2 = (a) % Solar -
E 0ol — 6830%CL
< 0121 [ 95.00% CL
i ——9973%CL |
0.1 =
0.08— \3--"';: e — e
I = SRR EeR e :
0.06[— —
- *+ KamLAND -
0.04 B .- 6830% CL
- del \ o/ 95.00% CL -
0.021— 2vmodel  \__~ -~ __ 99.73% CL  _
—I L1l | | | I | | 1| 1 1 1 | | I | | | | I | I | I | I | i-

0. 02 03 04 05 06 07 08 09
g&12612
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In summary, out of all these experiments....

L

e CDHS
<~ _CHORUS - =
NOMAD

"
-

10

S — - —
—

Iy

103
e KamLAND
% 95%
CO :
NO.
b 6
95% .
5 10 \ /Super-K

/ 95%

S AN Himies e at MR CLL
unless otherwise noted

12 . | .
10 104 10 2 109 102

tan29 103




flavor atmospheric cross-mixing solar mass

Ve 1 0 0 ci3 O 8136_i5 ci12 S12 0 1
VI-L =! 0 Co3 8593 0 1 0 —812 C12 0 1)
V., 0 —s93 Co3 —513¢ 0 c13 0 01 V3

where cjj=cosBj;, Sij=sinBj;

S

2 A

° Vyu, Vi

= V3
0.05 atmospheric
0.009 Vz
, solar

; Vi1
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flavor atmospheric cross-mixing solar mass

Ve 1 0 0 C13 0 8136_26 C12 812 0 1
Vp | = 0 Co3 8593 0 1 0 —S812 C192 0 Vo
Vr 0 —S8923 C923 —8136'“s 0 C13 0 0 1 V3
i ' . . w15 PPy
— Multi-GeV e-like " Multi-GeV pu-like + PC g i |
s = 500 o | |
§ 200 Super-K § No oscillation © | MINGS J[
=175 = 400 S 1 +
: 150 2 \ 8 <+ 1
2125 2 300 i -+ )
E 100 z e |
2 75 2 200 \vu_)v! 9 0.5 —— F;rtetector data
50 100 oscillation o Best oscillation fit |
25 — Stats. only decay fit
0 0 g - ‘ Stats. only decoherence fit |
1 05 0 05 1 1 05 0 05 1 GO 5 ) 5 3 10
Up-going  ¢0s©  Down-going e Reconstructed neutrino energy (GeV)
Phys.Rev.L ett.81.1562(1998) PhysRevL ett.101.131802
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atmospheric

Ve 1 0 O

cross-mixing

C13

Vy | = 0 Ca3 893 0 1
v 0 —S93 C —s13€% 0 ¢
T 23 23 13 13
{"\ .. ol o |
c-;h ---------------- 4)::15 68% C.L. 14 F “:_ 2 6MeV ® KamlAND data
5 --------- T analysis threshold —— best-fit oscillation
R e - 12 F iy | best-fit decay
E e BB ERIBEL : | - bosfdcaerence| Wit real
X [ TR ! :ﬁ_#'; | reactor
& i L VRN e cos | T % /distribution
- a0 e b e 1L r
: ....... a 06 k- B Goesgen I {
3= A Savanmah River T t .
u os | ¥ Palo Verde :_ ; ideal
N 0%: 68% CL. ‘ i - '(" oscillation
- v I A g
i B ¢ s8%CL. o2 | & ::;}m . 1 =~ pattern
e I 05 68% CL. o P Tl NV Y T T
- " 3 2 1 2 e
- - 0:; 68% C.L. 10 10 10 10 20 ) 30 . 40 50 60 70 80
0 C LAl IR T A S . | LO/E (ane\ ) L0:180k"] iS US(-,‘d 'Or Ka”]LAND
0 0.5 L L.5 2 2.5 g : 335
SNO ¢, (x 10" cm? s KamLAND
Phys.Rev.Lett.89.011301 (2002) Phys.Rev.Lett.100,221803 (2008)
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The last mixing angle: 6,

v, = Ve oscillation as a tool to measure 6,5 with accelerator neutrino experiments.

 small effect (< 5%) v, (lost)
* prompt v, contamination at % level (accelerator neutrino beams)
* main BG: =t° production in NC and CC interactions

- additional BG: low energy muons and pions can fake electrons
—

ve =2 v, oscillations (with accelerator neutrinos) can solve most of the problems but hard to
make v, beams (wait for a next generation facilities)

Ve_éTu with reactor experiments: a serious option!

accelerator:; P(v,2v,) ~sin’20 ;sin*0,;sin*(Am?,;L./4E)

reactor: P(V,2V,) ~sin’0;sin*(Am?,,L/4E)




Measurement of 0, with LBL accelerator experiments




Super-Kamiokandc s
(ICRR, Univ. Toky®)s e

£ .
o Yy oaaqa er

¢ Precise meas. of v, disappearance = 0,;, Am,,’
+ Really maximum mixing? Any symmetry? Anytihng unexpected?



The first Super-Beam: off-axis T2K, from JAERI at Tokai to SK

___________

p T L i
* low E,, (<1 GeV) Super-Beam: 102! pot/year \ﬁ@_@ ______ L i R —— §§V _____ N Ej

+ @ 2° > 3000 v, CClyear (x10 w.r.t. K2K)

* 0.2% v, contamination and x° BG , | | | « |
Om / 140m  280m ~2km _///'295 km
w monitor (beam v energy spectrum | Detect LBL events
direction and intensity) (| and intensity with SK

% = % Flux « ( 2.{‘ J
O 5 ® I+ye’
3 E .
3 B | 2.5° AmZ,_=2.0~3.0x10%V?
0.8 - £ [ Ev = 0.48~0.72GeV ]
: o | ¥
0-5 ; Naf 2 Jugres —— .g
-/ mEIs - _
0 2 4 6 Px (GeVic) 0 1 2 3 Ev

(GeV)
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v, appearance: first measurement of 0,5 in 2010

s —+— Data
O . < (] Osc.v,CC
= 3 v,+v, CC
l.‘O) [ l_l v, CC
g{ ' NC
S~
53 2 4%
)
>
@ _
“5 _
o 1] ! ' I
L0
= %
3 O o naony
Z S i AP
0 Le— : —o:m
0 1000 2000 3000

Reconstructed v energy (MeV)
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0.03(0.04) < sin%20,3,< 0.28 (0.34) for 6CP=0 and a normal (inverted)
hierarchy at 90% C.L. for 1.43x10%° p.o.t. (2.5 sigma)

PRL107,041801(2011)

112




v, disappearance with T2K

v, disappearance analysis performed with 1.43x10%%p.o.t.

31 single-ring muon-like events observed at Super-Kamiokande while
104 were expected without oscillations.

No oscillation hypothesis is excluded at 4.50.
An allowed region of sin?(20,;) and Am?2,; is obtained:

sin?(20,;) > 0.85 and 2.1x103 < Am?,;(eV?) < 3.1x10°3 at 90% C.L.



Number of events

N
o

-
O

-
o

O

T2k

—e— Data PRELIMINARY

----------- No oscillation

Best fit with oscillation
(sin?26, Am?) = (0.99,2.6x10°eV?)

:

1 . . | !

& -
Reconstructed neutrino energy(GeV)
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A m*[eV?]

PRD85,031103(2012)

—— T2K 1.43x10°°POT (W/ syst. error fitting), 90% CL
--------- T2K 1.43x10°°POT (w/o syst. error fitting), 90% CL
—— MINOS 7.25x10°°POT, 90% CL

— ——— Super-K Zenith (preliminary, Neutrino2010), 90% CL 7
L ———— Super-K LIE (preliminary, Neutrino2010), 90% CL —

PRELIMINARY

1 | l | 1 1 1 I | | 1 1

0.8 0.9 1
sin®(20)
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Measurement of 6,5 with LBL reactor experiments




Example: one “near” and one “far” detector

1.4+

Near g»i[g

Far Site

;:Z:'**FW/“

4 MeV v

Q.
5
z A \M\'\\
& * Sd\ annah River
Zo ().6 = o) Bugcy
X Rovno
0.4+ €& Goesgen
A Krasnoyark
0.2F O PaloVerde
B Chooz ® KamLAND
0.0F__4 ] ] | |
10' 10° 10’ 10" 10°

Distance to Reactor (m)

A. Ereditato - April 2012

117



Detectors and sensitivities

Expected Iifﬁifs (near + far, 3 yr):

Double CHOOZ—:;‘sinZZBB < 003
Daya Bay: sin220,; < 0.01
RENO: sin220,5 < 0.02
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Measurements of 6,5 before Daya-Bay

A AN AN AR LR LA AN R L

Palo Verde & Chooz: no signal

Sin?20,, < 0.12 @ 90%C.L.
if AM2,, = 0.0024 V2

= Palo Verde (excluded)
== CHOOZ (excluded)
- SK 90% CL (allowed)

!

\ Al :\r.apwa.p..&_-.-:

\
Y]
\/‘L

Am? (eV?)
>

T2K: 2.5 ¢ over bkg

0.03 < Sin220,, < 0.28 @ 90%C.L. for NH
0.04 < Sin220,, < 0.34 @ 90%C.L. for [H

—
o
o

O — e e

Allowed region

Minos: 1.7 O over bk 10 0 01"02"03 0.4 05 06 07 08 09 1
g in2
sin?26 5

0 <Sin?20,, <0.12 @ 90%C.L. NH
0 <Sin?20,; <0.19 @ 90%C.L. IH

Double Chooz: 1.7 ¢
sin220,,= 0.086 *+ 0.041(stat) = 0.030(sys)
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Daya-Bay: reactors and detectors

RPCs

¢ Relative measurement to cancel Corr. Syst. Err.
= 2 near sites, 1 far site

¢ Multiple AD modules at each site to reduce Uncorr. Syst. Err.
= Far: 4 modules, near: 2 modules

¢ Multiple muon detectors to reduce veto eff. uncertainties
= Water Cherenkov: 2 layers
= RPC: 4layers at the top + telescopes



Detection method

Neutrino Detection: Gd-loaded Liquid Scintillator

V.+p—>e +n

I'rom Bemporad, Gratta and Vogel

Arbitrary

Observable V. Spectrum

2012 0‘! 08

\ T~ 28 ps(0.1% Gd)
n+p 2>d +7vy(2.2MeV)

n+Gd-> Gd*+y (@8 MeV)

Neutrino Event: coincidence in time,
space and energy

Neutrino energy:

E +T +(M, -M )+m

10-40 keV 1.8 MeV: Threshold

10
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Z 1.05F Sf
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- EH1 EH2
0.95 T~
N EH3 M
09—
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Sin?20,;=0.092 + 0.016(stat) + 0.005(syst)

x*NDF = 4.26/4

3.2 o for non-zero 0,

Discovery of a non zero 6,5 angle !
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Very recent confirmation from another reactor experiment:
RENO, in South Korea

8(') 005 0.10 015 020
sr'(28,)

-

0.98
0.96
0.54 |
052 0

050 = HoCy o0
Waighted Basedine (m)

sin?20,; = 0.103 £ 0.013 (stat.) £ 0.011 (syst.)

6.3 standard deviations!
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Summary of the cross-mixing sector

flavor atmospheric cross-mixing solar mass
Ve 1 0 O ciz 0 8137 ci2 S12 0 1
VN - 0 Cao3 8593 0 . 1 0 —812 C12 0 V9
U, 0 —s93 Co3 —s13¢ 0 c13 0 01 V3
10-2 .
g. - 5
1 Z 1
i Atmospheric L/E \3 F
‘;a . - 105f
e osk :
> 't
a i :
- 0.95
i Solar L/E i
0 ..LL.1 aaaaal A PR 0_9__ l I 5 o
" ! 10 0020406 08 1 12 14 16 18 2
L/E (km/MeV) Weighted Baseline [km]

arXiv:1203.1669v1
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The final 3 flavor mixing scheme

flavor atmospheric cross-mixing solar mass
Ve 1 0 0 C13 0 8136_2(s c12 S12 0 1
Vp | = 0 Co3 593 0 . 1 0 —812 0120 Vo
U, 0 —s93 Co3 —513€? 0 ¢33 0 01 V3

where cij=cos0ij, sij=sinBij

S
2 A
@ vu Vt 2.35E-03 (eV?
.35E-03 (e
g V3 S
P— 7.58E-05 (eV?)
t heri B . :
0.05 aimospheric matter vs antimatter 0.306
'V2 i 0.42
0.009 Solar — i 0.02!
? V1
Y 3

A. Ereditato - April 2012 126



Fine, but maybe the “simple” three flavor mixing scheme is too simple?

Sterile neutrinos??

The LSND experiment observed a small excess of Ve
events in a v, beam.

Beam Excess

Data excess: 87.9 £+ 22.4 + 6.0 (3.8 0)

175
15 B
125

® Bosam Excess

0.6

0.8

1 | 1.2 1.4
L/E, (meters/MeV)

Best fit: Am?2 ~ 1 eVZ, sin?20 ~ 0.003

Phys.Rev.D 64, 112007 (2001)

S ——
LSND
V“—)Vc

Atmospheric
v oVx

Solar MSW
V.S Vy
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Sterile neutrinos ??

e LEP experiments
measured the number of
light neutrinos: 3

ALEPH

e Only two independent Am?
values for 3 neutrinos

®25X103+7.6X10°# 1

¢ (nb)

e L SND signal involves
sterile neutrinos, if it is due
to neutrino oscillation

= They do not interact via
the weak force
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e Sterile neutrinos could still mix with active neutrinos!

A simple realisation of the sterile neutrino is
a right-handed neutrino vr, which can be

mixed with active vi.

( Uel
U,
U‘rl
U811

UeZ
U,2
U1'2
U812

UeS
U,s
U‘T3
U813

Ue4
U,a
UT4
US 1 4
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MiniBooNE ve Results

e MiniBooNE recently tested the LSND signal.
e Ruled out most of LSND region in vy,— ve search.

e However, observed (small) v, — ve excess.
e Consistent with LSND??7?

T LA B = 2 [e= =1
Vu> Ve L A gl “VuVe |
— MiniBooNE 80% C.L. 1 1 ’ 3 = e Gl
"o KARMEN2 90% CL. | | 5 e { ----- :(:::::Erqz 90% CL
105— E 10 10 k\ﬁ ‘:CDK/ s BUGEY 90% CL
- ’11\\

“il E>475 MeV

IANTI (eV¥c?)
|

10" Enysﬁeymn_tgﬁ_giﬁ RELQ) -,

107E 410"
8 & D LSND 90% CL 1
[ [ Lsnooos L. D LSND 99% CL \\.&.
- [] LsND9gsC.L. .o 8 ) R
sl 10 : l ’
10 10° 10? 10" 10 107 107 10" 1
. sin“20
sin%(26)

Affaire a suivre....
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But after new results, new questions....

1) Is the mixing between v, and v, states non maximal?
is 0,5, #45°7?

2) Which is the mass hierarchy ?
isAm,;>07?

3) Since 0,5 # 0, we could hope to find CP violation in the

lepton sector.
isOp#07?

4) Is there room for sterile neutrinos?
is the mixing matrix not 3x3 ?

5) Is the neutrino a Dirac or a Majorana particle?
isv=v?

6),7), ....
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Quark vs lepton mixing

(d" (d) (v, ) (v, )

«::> V| =Uunsr | V2

\Vr V3

(3 mixing angles in V., and Upyns? )

0,,=33+3°

G v

0,;,~ 10°

Very different: need a precision study of the neutrino mixing matrix
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Why the neutrino mass is so small ?

The occurrence of neutrino oscillations implies that the neutrino has a mass
(actually 3 non-degenerate mass eigenvalues)

From oscillation experiments we cannot set the mass scale, but only a lower limit:
if m; ~0 = m; >V 3x103 eV2~ 50 meV. From cosmological and direct mass
measurements it turns out that the neutrino mass is smaller than ~1 eV.

m
3

D 9 z _ =
Am2, ~ Am?2 _~3x 1072 eV?
23

atm

A2 ao Nsnl o B 5 2
A Ami, ~2Amg,..~T7x107° eV
\J

m
2

m
1

The question is then: why the neutrino mass is so much smaller that that of the
other fermions?

Maybe because the neutrino is a Majorana particle....
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Mass (eV/c?)

10"

10°

.05

10—3
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Why the neutrino mass is so small ?
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Quarks
and
leptons

generation

J
1

2 3

mvy) ) (1
m(top quark) 3x10"

>

Minkowsky, Yanagida,
Gell-mann, Ramond, Slansky

See-saw mechanism

m = q If we input m; and m, (m,,, is used),

top

m,  wegetmy= 1015 GeV

|

This suggests that physics of neutrino mass could be

related to physics of Grand Unification!
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Measuring the CP phase

Pv.—v,) = AR, Venice (NOVE) 2003
9 .9 2 92 9 VD | 2 9 .9 9 / 2 2\ arXiV:he ~ 211OV1
ey SN DoySTy874855 + o (SIN° A 3874855 + sin” Agasty (1 = (14 s74) sf_;:{))]
-5 COS ()(-f_., Sin(26,5) 813 sin(26s3) [(-()s 2013 — 082003 — 2c0s(26,5) sin” ;\13] Ay = A'Infk L
| L , , CP-even 4E,
+§ sin 0cyy sin(2609) 13 sin( 263 ) [sin 2A 15 — sin 2A 3 + sin 2A] .
~ 012 R —
T o B am’ =3x10° eV
The phase can only pe obgerved in . 2k 3‘ = 1x10% " ]
appearance mode since disappearance is a 008 I+ . ; 05 st 0 E
T-symmetric process. ooe B B2 o AR
The effect for antineutrinos should be ' ' Sin” 26,,= 0.08 ]
opposite to neutrinos (6—-9). 004 ¢ ]
It should have the expected L/E e N A N S 8=-rU2 =730 km
dependence. VR VS~ ]
0 g ! ™ L L1l X
1 10 10”
E, (GeV)

A. Ereditato - April 2012 135



By the way, measuring CP phase might imply a new generation of neutrino beam
facilities and experiments (beyond the scopes of these lectures).

Example: the ultimate neutrino facilities:

NEUTRINO FACTORIES

Protons ~[OW €Nergy 7 = ‘_'n V. v oV u*
— ] — ( > —_— "~
collect. focus. cool.accelerate ghléldlll‘__’ W OVEs ;‘W’
decay decay Q- 4 a—  —.q
BETA-BEAMS
5 1§ 6 1 Y H
fCW%p "He or ““Ne He or SNe _ \/
focus, accelerate™ decay Shielding 47— ¢
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&

LAGUNA-LBNO study cases

N T 1

3 main pions
selected for
LAGUNA-LBNO

study

3 Prime Jcndum
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HP-SPL 5 GeV 4 MW LINAC +
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+ near detector infrastructure
Longer term: beta-beam
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© 2010 Europa Technologies - *
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Very short/long baseline concept /\

CERN-Fréjus offers a very short baseline
not considered elsewhere in the world ™
unique physics opportunities in Europe

{Prabs.in Vacuum (Magenta) and Matter (blue)}
0.025;

E, = 0.35GeV
0.02:
0.015;
0.01
/130 km
(km)

Mezzetto 50 100 150 200 250 300 350

Determine CPV by comparison of neutrinos/
antineutrinos in absence of competing matter

effects

Adequate baseline/energy for betabeam

Lagvna

CERN-Pyhasalmi offers a very long baseline not
considered elsewhere in the world "™ unique
physics opportunities in Europe
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Determine CPV and mass hierarchy by
spectrum measurement and resolve
degeneracies and so-called “n-transit” effect

Adequate baseline for neutrino factory
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Electronic crates

XXXL Liquid Argon TPC'’s
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In one sentence, the study of neutrino physics will successfully continue for
decades keeping physicists very busy...

We will combine results from oscillation experiments to direct mass
measurement experiments (with beta-decay)...

and with measurements on the neutrino-less double-beta decay...

...in addition to the (already now!) sensitive measurements of the neutrino
properties from cosmological observations...



oscillations

T
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or nightmare ??
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Maybe even better than a dream!!

m,+new physics !

Q\L

/

oscillations

T
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* The neutrino was born as a desperate remedy

* It became soon an intriguing source of mysteries, while being in
many cases also a powerful tool to assess new physics

* Combined to other results from astrophysics, cosmology and LHC
physics, neutrinos will certainly bring new “problems” to physicists,

in perfect agreement with their nature

* Neutrino oscillations:

yesterday: a (ir)realistic possibility and then an explanation;
today: a solid evidence opening a window to the unknown;
tomorrow: a unique tool to pin down new physics?




Thank you for your attention!
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