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> B decay: (A,Z) - ;A,Z+1) e-jQ

Q=M,

A
n(Eg) ! n(Ep)

Expected:

Monochromatic
spectrum

>

Q K
» Niels Bohr puts forward
IS not conserved In nucl

A desperate

Pauli postulates the existence of a new neutral particle, wi{}rs]pin
4, extremely penetrating emitted glong with the electron: e

neutrino
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Inverse (3 decay

d = 1.5 x10% km

““...no one will be ever able to detecta V”’
Bethe & Peierls, 1934
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 Reines and Cowan (1956)
— Savannah River Nuclear Plant (EE.UU.)

V.p->en

 Lederman, Schwartz, Steinberger (1962)
— AGL Acelerator (Brookhaven, EE.UU.)

VN - 1 X

Q « DONUT Collaboration (2000 |

— Booster (Fermilab, EE.UU.)
VN T X T - UV,
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DELPHI

Data

88 89 90 9I 92 93 94 95
Energy, GeV

Only three families of

Light neutrinos
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Mass

Lifetime

Iagnetic Homent

Nature: Dirac, Jllajorana?

Yt seems 100% /e/~
handed

Weak only
ok
97 o
Unknona
Unkaown

70 later we still know few things about neutrinos
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e m,.<2.2eV (95% C.L.)
- End point of tritium beta decay

- Transition energy E, = E_ + Ev (+ recoil corrections)

—theoretical 3 spectrum near endpoint

rel. rate [a.u
TR TR

¢ m,,<170 KeV (90% C.L.)
— From "> p* v decays

¢ m,,<18.2 MeV (95% C.L.)
— From 1 - hadrons + v_ decays
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* An osclillation takes place when in a detector
we observe flavour eigenstates different from
the ones originally created = neutrinos have

Mass
Flavour Eigenstates —» |V 0 >= E - Ua'z |Vi > <« Mass Eigenstates
Unitary Mixing Matrix

* V, produced at time t; and spatial location x,
oy means of a weak mteractlon

% = ZUa'k Vio P >
k o
Y, (x)>=<x|y, >= ZUak <x|p, >V, >= ZUakelpk(x ? v, >
k k
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.d (e
ZE |¢/§(X, t) >>=H | wg(x, t) >= ;Uakelpk(x x”)Ek | V, >  Free Neutrino Propagation
P _ ip (x—x,,)=iE; (—t,)) )
|¢Ia (X, t) >= ZUake | Vk >
k

Schrédinger’s equation
>' solution

_ ip, (x—x,)—-iE, (t—t,)y +*
|[/Iap(x,t) >—Z (ZUakepk p )T (7T, Uﬂcj|vﬂ>
k

A _

‘Probability to detect a Vg in a beam initially
composed of V only
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—_ i(py—p;)L=i(E,~E;)T
By (1) = 2| Us P |Ug [ 42Re D UUpUpUge™

k>j

2
m

El?:p1§+m1§ Py >>m py DEk__k

2F L :
k II Assume relativistic neutrinos
2
"

2 - 2 2 —_
Ey=p;+m; p;>>m; p;LE, E

J

Oscillation Probability

47

Oscillation Length === Ly =
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I v Mix

| Va' >:2:1Um | Vi >
Mixing Matrix

A

) [T 0 0] ¢ 0 se™[c, s, 0V
V, 1710 ¢y 8y 0 1 0 |-s, ¢, 0|V,
i0
v, ) 0 -5, Cys | ~S1€ 0 ¢, L 0 0 1y
FlavorLigenstates Mass Eigenstates

Three mixing angles (8, 6,5 6,9, a complex phase O
Two mass differences: Am?,,, Am?,,
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AH — *He + 2e%+2veé@
=26. TMelV < E\2v)>=0.52MeV
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99.6% 0.4%
E,<0. 423 MeV E, =1.445 MeV

©0.0-0 -

e_l_@ E,= 0. 863 MeV

+@ E,=0. 385 MeV

+0-:Q
+(y)
E,< 14.06 MeV

‘0 -
= 3+Q + O
E,< 18.8 MeV
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Detection Technique

(Gallium :I:h.tuﬂnu : Supert, SR
10 S —
Bahcall
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e Sun Luminosity = 3.86 x 102° joules/s
« Each reaction frees 4 x 1012 joules (26.7 MeV)

@ =2x10°v /s

e Each second 7 x 1048 v traverse Earth’s surface

e =2 cm?

S
=

ans®
_____
aes®
----
L
ans®
......
.....
st
ans
L
ws®
st
.s
L

Impossible to
see neutrinos?
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==W
Ve +37CZ —)37A]/' + e_ B. Pontecorvo, 1949

2 ”@ R Daws
1965 1966 Stamless Steel Contamer
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e Homestake Gold
Mine
» 1500 m depth (4200 m w.e.)
jo 14.6 m long

g ‘

e 6.1 m diameter
615 tons (380 000 I)
de C.Cl,

e Detector surrounded
Oy water to suppress
packground

A
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Ip Capture energy
threshold
0.86 MeV

l Lifetime: ~__

SuperK, SNO

. .  Superk, SNO_
35 da S Gallium (Chlorine
y 1012 | . . ,
R Bahcall-Pinsonneault 98
. 101 E/’_Pa
101 |
»
2 1ok
=
o 108 k
5 Be pep
g 107 |
=
5 o)
g 108
- -
104 /1/
109
102 | -
%1 —os - 4 i

Neutrino Energy (MeV)

Expected rate

1.5 3’Ar atoms/day

A. Bueno, U.

(aranada



|
a ‘.. ‘. ' ..
@, J \

SNU= Solar Neutrino Unit = gsapture .p‘erpefond per 1036 atoms of 37Cl

10 F
7
I RS R A Expected
theoretical value
& - . - + .
*» [ ]
4 - i i .
.u . ® * LIS
»
2 It L hillhg L ‘
il Hﬂl R
oL LR TR T
I??Dl l ||9|?4| l lwl?al l IM:rlazI l lwlaal l lwlgol l |1994—> More than 20
Year years of data
taking

In total they found about 2000 37 Ar atoms

Only one third of the expected neutrinos is measured
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/// I///////Ilig‘” M. Koshiba

NN NNEY, 1
ST th-__-:: l IE
rrrrrT I in .
bt sl= 18 Walls covered with
T TR T ,%j : 1000 PMTs
— | [F—= :
J P rsse I
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1987: first demonstration that neutrinos come from the S un
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50 ktons of
pure water

Eiffel Tower:
10 ktons

SLIFER

M SRR
TOEHET FEY RESTARH LM R R ST A TN drhldo
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11146 internal
PMT

(20 inches)

1885 external
PMT
(8 inches)
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Blt p I

¢/n = radiation vélocity

n = refraction index

Cerenkov
-aeos (7
©® = arccos | —

Radiation 0

\_famolande 4 @) » Direction:

““““““““ — Ring axis
 Energy:

M — Light intensity
Time:

— Signal arrival time

Diffuse light ring
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= 1 INNER

"Elects 01'1_; 400 Me\df

Super-Kamiokande

Run 1742 Event 567835
96-05-31:19:27:14
Inner: 118 hits, 157 pE

E=7.76 MeV

c0s Ogyn = 0.986
Residins)
. > 182

=91- -68
-114- -91
-137--114

<=137

PR

Typical
solar
neutrino

100

500 1000 1500 2000
Hit Times (ns)

=}
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—____fromthe Sun

0.3
E . Super-K Solar Neutrinos - 825 days

detector S |

O < I

A \/ e é 0.z i
“ U)

N\ o |
g e LN,
O

< B N T Solar
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As in Homestake, SuperK measured less

neutrinos than expected
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V.+d - e +p+p(CC)
Vytd - Vy+p+n(NC)
n+d H+y,y+e - y+e

V,+e -V, +e1(ES)

In absence of oscillations CDCC =@ NC — () £S
Y P .=PWV,)=176£0.10 D =DV,)+ 0.154CD(I/M) =2.39+0.26
P =DWV,)+ (D(I/W) =5.09+0.62

—T\ 8 N N
‘T'm 7 q);SO ¢2CO
=
A o 6k Measured flux
L T i equal to
© b predicted one
1 ton of D,O i3
9600 PMTs 3 V. seem to
IE transform
0O 1 2 3 | ‘4\‘ | 5 6 lnto V ] VT
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- SNO

Total Rates: Standard Model vs. Experiment
Bahcall-Pinsonneault 2000

+0.20 +0.20
I'U—D.LB I‘D—D.lﬁ

g 1.01+£0.12

+0.20
1 '{]—D.lﬂ

0.55+0.08
TS 1+86
0.48+0.02
2.56x0.23 P —
srs
SAGE GALLEX
+
SuperK Kamioka GNO ShE
Al v
cl H,0 2H,0 2H,0
Theory ™ "Be mm P~P. PEP Experiments gm
B B CNO Uncertainties
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*Neutrinos from several reactor sources
*Disappearance of anti-v,

 1Kton liquid scintillator

u | 1. T (134% photocathode coverage

e QG(E)E ~ 6.2 at | MeV

 766.3 tons x years accumulated so far

1325174 2F
+ B54K201 U F A EFIBMES

258 Observed, |I Agreement with solar
365 £ 64 expected neutrino experiments

04 »FNEFIEEE
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Events / 0.425 MeV

: —— no-oscillation
_|_|— —— best-fit oscillation
[ accidentals

I spallation
—»— KamLAND data

Best KamLAND fit to oscillations | Am2=8.3-10- eV2, sin220=0.83
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ATMOSDNE Neultrinc
C ic R, o o
‘ Event Classification

-l
Ll Fully Contained Partially Contained
Pions

Upward Through-
Going Muons

Upward Stopping
Muons

il
=0 L

And there also...

>Sub-GeV (P,,,,<1.33 GeV), Multi-GeV
(Prepton>1.33 GeV)

»Single-ring, multi-ring

A. Bueno, U.
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: 1.5010-2 &V2 < Am? < 3.4 x 103 aV2
I gind26 = 092 &t 80% CL
- Besat Fit
V,—- V
i . u T
sind26 = 1.02 EE% .ll t. .
o | Am2=2.1 x 102 a¥2 i
T e 0; oscillations is
— 2 = 465 T2 dof fo o
i o ose - most plausible
E oa%
< C explanation
'1|:::|-‘:i 1 1 1 1 1 1 1 1 1 1 1 ;
o7 0¥ 08 0B 08 085 1 [
sin“28 J
10 a 3
i s 5
E [ —%F_‘_H‘“ ] LUipward muons
= | 90% CL contours _‘___prwid!_m'nng
= = CombiEd constraint on
10 L o sup-Gev jow t ] minimum Am?
: Sub-GeV high
Muitl-GeV e
P
Muitiring
Upward-going muon
T
A. Bueno, U. sin®28
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:E 1.8
- E 18
w4
50
i g 13 +
g e 5
T £ 1
100 s 08 +
st T 08 b
-
ﬂ1 10 1w ow B 0.4
LIE {kmiGev) i 0.2 4
a n PR | FEEPECEIETT | :. PR | :. PRI | ‘
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L/E {kmiGeV)

Two Family Oscillation Probability

oscillation dip seen
at ~500 km/Cel
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e Accelerator neutrinos

<E>=1.4 GeV
. *Disappearance of v,
Prefecture %, T A
(Tsukmba City) o e
&, AEEAED)

Ng#P=150.9+11.6-10.0 Ng*»=108

With 8.9x10"POT, K2K has
confirmed has confirmed neutrino
oscillations at 3.9c.

A. Bueno, U.
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_ K2KResults

0 K2K-l & K2K-l| NSI{GbS= 108
a: N, & (best fit)=104.8
— o = T [ Entries 55
E [ % 1af .
<ol % i Best Fit
== T
mﬂ— a;
68% "
99%% |
e N T R
sin2?2e T B N R ¢.[5’|-3EU]4
Based on AlInL Evrec[GeV] )

m sSin2260=1.00
m Am?Z[eV2] = 2.73x103

Best Fit Values
in Physical ‘I
Region
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- LSND

anti-v, beam coming from 1" and
U+ decays at rest

Contamination of anti-v,: - b
10~*in the range 36<E <53 MeV ;10| | o
_ . :
V.p - e n £ | |
B o -
np - dy(z.zMeV) 5 L ’n ° .L
anti-v, excess: 33.9 + 8.0 : =] ’
e ey
Decays in flight: beam of v | . b,
0 =T=
L<e<:j — 62_;)tr I I N R R
20 30 40 50 60
positron energy (MeV)

Electron excess: 18.1+6.6-3.5

A. Bueno, U.
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Mini-Boone

e 12 m diameter sphere

e 950 litres of pure mineral oll

e 1280 inner 8" PMTs (10% coverage)
o 240 PMT outer veto region

Am? (ev ?)

s

[=540 m <E>=500 MeV

One third of data already taken
V. appearance in a vV, beam:
analysis with 102! pot e e
hopefully ready for 2005

A. Bueno, U.
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Toal Rates: Sandard Modsl ve, Experimem
Baheall- Finsonneaul: 2000y —Y
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————Thmgs————————

ATMOSPHERIC, K2K SOLAR, KAMLAND
1.9%107eV? <Am,, <3.0x107 eV*  Am? =825 %107 el?
sin® 20 >0.90 at 90% C.L. tan’ %, =0.40°0

ATMOSPHERIC, K2K, SOLAR, REACTOR
©,<l14
But, we do not know yet...

©,; different from zero? O value? mass hierarchy?

>

Am? |

SO
Am?

Am?

atm

2
Am sol

Inverted Normal Degenerated

A. Bueno, U. m?2>>Am?

(Granana
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Near Detector at NuM1 Far Detector

FERMILAB [ltnok SOUDAN MINE Minnesota
Tran Mountalng
" km* Wiaconatn Lake Superier
A Y
} A —
horn i Neutrino beam diverges
bEETI'l-]ﬂ]:IE r‘---------------------------------T-y-i-k-l:l'; ---------------------------
MINOS detector x \
E(&\\ ” ,/(A fi\&%
Magnetized Iron (1.5 T)
, 5.4 ktons
o ATP=0.002eV
I 1 1 I I I 1 1 I :'g 1 | 1 1 I 1 | 1 1 Depth of
200 hod 1 ++ J[ﬁ minimum
Near 160 08 Ir ++++ + + + =) sin220
(unosc) 4, 08 | a4 7
04 - + —
. 50 o2 Lt |  Position of
ar 'II d 0 u 1 1 1 1 I 1 1 1 1 minimum
(oscillated) 0 B 0 =) Am?2

Erece (GeV)
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Experiments: CNGS

LuNAZ

LNGS Lab CRESST2 DAMA/LIBRA G'!E';"L-'E V frO ERN
- Gi-:-'lm
V\\ . {:unricinn,\"l:uo&m - v baam from CERN

L'AQUILA |

HOMS

HM[E R

OPERA

\_\\
BOREXING

ICARUS

Neutrinos de Long Baseline
LCERN-Gran Sasso - 730 km

Larghel arel Iroockems
dnin Lubses | dipale magnet
i

ICARUS: 3 Kton

U Spectrometer 288

OPERA: 1 Kton Lead + Emulsion Target

Explicit search for V, —»V and V|, —» V, oscillations

A. Bueno, U.
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: ecay Pipe
Proton D
Beam evices

: B D
> Conventional ne)tﬁnno beam with (Multi-)MW proton beam

Pur@ beam (99%)
> V., (%) from > p—>e chain and K decay(Ke3)
» v /anti-v, can be switched by flipping polarity of focusing

\JU

device *(Multi-)MW beam + Mton detector (or Lig.Ar)
: *Japan: 4MW 50GeV @ J-PARC -> Mt Hyper- S
> Experiments under e conSideration:

*Europe: 4AMW 2.2GeV SPL > Mt UNO
*US-BNL: 1(2)MW AGS - UNO(Liq.Ar)@~2500km
*US-FNAL: 2MW PD/MI > NOVA/

A. Bueno, U, UNO(lig.Ar)@~1300km
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_..and Brighter...

THE CONCEPT : P. Zucchelli, PLB 352 (2002) 166
A novel method to produce neutrino beams based on beta-decay

(accelerate and store radioactive ions)

o . .
prt o o high/XM
. ' Q

1
Lorentz boost . \ @.%ﬁ\

®He
QB_=23507.8 Q
e 2o, AmT 0 o Pure(pg or 732 ) beams.
SLi

o Well known neutrino fluxes.
o—» Strong collimation.

A NOVEL METHOD TO PRODUCE INTENSE,
COLLIMATED, PURE HIGH ENERGY NEUTRINO
BEAMS FROM BOOSTED RADIOACTIVE IONS.

A. Bueno, U. ..
(>ranada Cristina VOLPE



fq:r,chl? A possible

Tl- layout of a

neutrino factory

A. Bueno, U.
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Very well known
decay processes



* 12 lines

- 25 storeys / line ™
* 3PMTs / storey
- 900 PMiBs

i,

Junction
Box

Submarine links




Conclusions

o Contrary to the low-level past, sad present,
negative surprises and dark future (if any)...

¥ a brilliant

' | [
o : : ng be s ,,‘_.. i b -4 3 :' v
f S '_ ' '_‘ ™ i "‘.'lf 'n PR a8 RN
L TPl ga | g4 By L ol i ’ ‘
present. P futae Ok ran Mook | a full stoc
o X : § L ’ g L4 e 443
e E . &, 2 - PR s i
S \ , [ W | )
. ) R A e SRR e | 7
| " s - . .

A. Bueno, U.
(Granana



A. Bueno, U.

(Granana



Back-Up

nnnnnnn



\JU'JCI 1TUVCQL INCOCULIHTITITV

‘SN1987a U

Released E.hel;:t_;'yf- e
g ";“1_053 crg .H‘ub'bie '

“ =5%1019 v/cm? “

=10°% v emitted
<E,>= 10 MeV

REACTIONS

— S2) - S
Ve]? — e+n Ve — Ve
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cos G (e LMC)

Doce sucesos detectados en una ventana de tiempo de 13 s

Confirmacion de teorias
sobre formacion de
estrellas de neutrones

Primera deteccion de

neutrinos extra-galacticos .
Inicio de la

Astronomia de Neutrinos
A. Bueno, U.
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