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Outline

* Tntroduction:

- Thd3 decay problem or how the neutrino saved
energy conservation

- Discovery of the neutrinos
- The neutrino and the Standard Model
- Measured neutrino properties

- What if the neutrino was massive ?
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Outline

* Neutrino oscillations

- The solar neutrino problem
- The atmospheric neutrino anomaly
- Reactor experiments

- Accelerator experiments
* The neutrino as a tool

- Geophysics with neutrinos

- Astrophysics with neutrinos
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Matter as we know it today

!
* Ordinary matter is

composed of

L
- Quarku Q=2/3 Eg
- Quarkd Q=-1/3 &
- Electron Q=-1 g
- ....and a 4™ 3‘1

fundamental particle,
the heutrino Tha Gerjerations of Matler
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How the neutrino was bor'n
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The B ray spectrum

Two-Body Final State
2 Expected
Helium-3 (1, 2) S hselvad electron
= spectrum of
‘ @ energies el
g m
Tritium (2, 1) Recoil nucleus and bS]
electron separate e
‘g N —> with equal and E
i opposite momentum. =
=]
. =
@ -
(N2)— (N—1,Z+ 1)+ e, Energy ,
Endpoint of
where N = number of neutrons, and spectrum
Z = number of protons. P

* Observed as a 2-body decay, the e- was
expected with a well defined energy, but...

* A spectrum is observed and energy
conservation and causaliTz are at stake
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Two and three-body kinematics

3-body decay

2-body decay

~=
Beta Energy

Beta Energy

@e——¥—re
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I have done a terrible thing...

Three-Body Final State
Helium-3 (1, 2)
Tritium (2, 1) ‘
T Electron and
. neutrino share
‘ the available
A TS energy.
@ O
Electron Antineutrino
(NND)— (N—1,Z+1)+e +V .

I have done a terrible thing. I have proposed a particle that
cannot be detected. It is something no theorist should ever do.

In 1930, Pauli “invents” the neutrino to explain the B-decay

spectrum
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Liebe Radioaktive Damen und Herren

Ziirich, Dec. 4. 1930
Dear Radioactive Ladies and Gentlemen,
_..because of the “wrong” statistics of the N and 6Li nuclei and the continuous [-spectrum,
I have hit upon a desperate remedy to save the law of conservation of energy. Namely,
the possibility that there could exist in the nuclei electrically neutral particles, that T wish
to call neutrons, which have spin % and obey the exclusion principle ..... The mass of the
neutrons should be of the same order of magnitude as the electron mass and in any event
not larger than 0.01 proton masses. The continuous [3-spectrum would then become
understandable by the assumption that in 3-decay a neutron is emitted in addition to the
electron such that the sum of the energies of the neutron and electron 1s constant.
....... For the moment, however, I do not dare to publish anything on this idea ......
So, dear Radioactives, examine and judge 1t. Unfortunately I cannot appear in Tiibingen
personally, since I am indispensable here in Ziirich because of a ball on the night of
6/7 December. ....

W. Pauli
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3-ray theory

Fermi (1934), Nuovo
Cimento & Zeitschrift fir
Physik (previously rejected
by Nature)

Neutron Beta Decay

p

Initial Gr _ Final

state 7> <e state
Vv

A

* Point interaction among 4 spin 1/2 particles. Theory is relativistic. Wave
functions are spinors satisfying Dirac equation. Particles are created at the
instant of decay.

* Prediction of B decay rates and electron energy spectra depends only of one
constant, G., determined experimentally. Energy spectrum depends of neutrino

mass [.. Measurable distortions near end-point of spectrum if p>0.

* Not renormalizable, cross-sections diverge with s
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B-decay today

* Today we know : at the quark level:
Neutron Decay
n = - “ Ve
N
N
W e W= T
d / L
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How do we detect v ?

| . *If v are produced by B decay, they
B-decay 4 can be detected using the inverse
5% ¢ reaction. F,, =~ 3MeV
W=t o(p) = 10~ *em?
d U
1
[ = N

Inverse 3-decay AP9

s 1
_> l// Pb m Cm
- 3 D)~ S095 7.9 10

W \, T

, (\ ~ 4 light years !ll
gl AN

€ 6_ — 7 \11§ 114
Cd(n,v) "Cd
17/10/07 Muriel.Vander.Donckt@cern.ch

12



Experiments with reactor
heutrinos

Nuclear reactors are very intense sources of v, deriving
from beta-decay of the neutron-rich fission fragments

® N, * .
N 0 — @ Yield :
O - 'n N2 o,
s ) ° . 200MelV / fission
. S * — :
n N |. o 6V, / fission
— . 6P 1 —
v production rate = ’ —=1.87x10"F V/s
200 MeV x1.6x107 "
h
P reactor thermal power [W] conversion factor
MeV — |

For a typical reactor: P,=3x10°W = 5.6x 1020V /s (isotropic)
Continuous V energy spectrum — average energy ~3 MeV
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First neutrino observation

. . » Antingytring fr '
First neutrino detection " T:.f D e
(Reines, Cowan 1953) rdmum captare | “ovtector
_ nmma rays E =0.5 MeV
V+p—e+n /
detect 0.5 MeV y-rays from e'e” — Yy
(f = 0) n Capgture
i . n cadmium @ Hq0 + CdCiy
neutron “thermalization” followed _ e m.-m.u: - (target)
by capture in Cd nuclei = emission
of delayed y-rays (average delay ~30 pis)
Annitiiation
ST o (D Liquid
tcintillaion

I detector

Event rate at the Savannah River
nuclear power plant:

3.0 £ 0.2 events / hour

i | AP (after subracting event rate measurec
= with reactor OFF )
o 1, 11, 111

e 37 ~ Liquid scintillator in agreement with expectations
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Cdcl,
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Experimental signature

(a) Positron scope Neutron scope

b Positron scope Neutron scope

Nobel prize 1995
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Primary Cosmic Rays ,

Cosmic Rays

*The Earth is continuously bombarded
by high-energy particles from outer
space. Mostly protons.

*‘When a high energy proton hits a
nuclei in the upper shells of the
atmosphere it produces a shower of
light hadrons (m K) which, on decay,
result in ye,v.

Muriel.Vander.Donckt@cern.ch
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Who ordered that?

Cosmic ray muon stopping

T — u+ y et dECﬂV chain in a cloud chamber and
3 decaying to an electron
Four events showing the decay of a ™ >

coming to rest in nuclear emulsion

4l "
8, k.
J"'
nucleus === b

decay electron track
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A second neutrino?

Muon decay

u=—>ei+v+\7 T — UV — € Vel
Decay electron e e :
momentum distribution -,;r : o TR _ :
BEER CHus SR G Ee G B L e ' e e o
" Sample 1 L{-f\ 1 -1 T ———
500|- 21 kG : = |
0 S ; ndecay is a two body process (muon
m = . has always the same energy when pion
" ; decays at rest). One undetected
. T IR B T . particle (kink in emulsion) signals the
0.2 0.4 0.6 as 1.0 L2 .
* Momentum in unils of rnFc;"E pr‘esence Of a neLITI"InO
u decay is a three body process Are all those neutrinos the
(observed electron has a same than the one emitted in 3
continuous spectrum). One decay?

needs two neutrinos
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How to build a v, beam

Protons Target Horns Decay Pipe
-
- Vi
T —
T
- S0m > B/5 m
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The discovery of v (1962)

Swartz, Lederman & Steinberger
(Nobel 1989)

blindage de fer
cible
| oy
— B Qi B, [ S
n T
wotons b B :
ap :
Lar gﬂ detecteur
20 m {10 tonnes)
vy + N —-p+X === sparks along

a muon track
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Experimental signature
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Isv=v?
uw e

* Muon decay i — ev
» If v=v  expect

- u—ey BR<10®..was expected ~10*

- W p—e+p ...not observed

* The non-observation of electron-like events in
the same quantity as p-like events in beams
produced from K decay rules it out (1962)

17/10/07 Muriel.Vander.Donckt@cern.ch
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The third electron

The third heavy electron, tha tau was discovered by M.

Perl and collaborators in 1975 at SLAC

— Shor-lived, Unssen —
LY s
! - B

et +e

—pT+ vtV o +V 4V,
REE 7 BEEN )

Unsean Neulrinos —

17/10/07 Muriel.Vander.Donckt@cern.ch

23



Direct observation of v.

DoNuT, 2000 : beam dump experiment

E-872

AMaking v interoctions Shelzing
from protons

EXP DONUT I ‘ ~

3024/30175 / \\‘
F N %
N o
MOD.:ECCH { / W } 3

100 A / .
—Elol:‘lmn ‘%'{ 3
—— HEOTON e e
2

Unknown -

Emuloio- Tzrgeta

Zsam Cumz

81C GeV orctome

F.L.=4535m
gy =0-093 700
P>308 ;) Mavif

[

P>2.37 Gowic P

-

1

D, — 1v,
ve + N =174+ X Ve 1V, 1V;=6:9:1
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Neutrinos and anti-neutrinos

Ve +PD— N+ €

 Tf neutrino = anti-neutrino then we should
observe v.+p—n+e-  but

e Th 1955 R. Davis at a reactor tries
unsuccessfully z.+* Ci =" Ar+ e

* The reaction .. +3" ¢i -3 4r + ¢« would be used
by his experiment at Homestake mine to
detect solar neutrinos
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Finv — FZ
N, =
heor
Measured Y
5 =
EI“ | T B S R B R TR TUIL R SR TR PAA =
2 §L Z 3
| g =3
gm f\'u j e'e —hadrons : _
S |\ ! _
. i [
wik N\ / \ . 20
- 1 / \ [
102 WL'/ B
A — 10
: :':-‘L'Iffﬁ TRISTAMN S]-..-C H’“"‘-ﬁu.____-
10 £ | | lIJEPII | | LLEP ]|l | f:
0 20 40 60 80 100 120 140 160 180 200 220 0
Centre-of-mass energy (Ge¥)
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There are only three light neutrinos

30

o Fee

N, = 2.984 £ 0.008

| ALEPH
DELPHI
L3
OPAL

| § average measurements,
error bars increased
by factor 10

93 04
E [GeV]

Clmn

— F,u,u — FTT — Fhad
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Chirality and Helicity

helicity
! m p > h=+1/2
Yr = 5(1+75)0 7 0
1 ~ -—
Y, = 5(1 — Y5)Y P >~ h=-l/2
Ae Ae

4> - - )

Left-Handed

Right-Handed

“overtaking” only possible
for massive particles

Muriel.Vander.Donckt@cern.ch
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Parity

Y Y
. . s o o N
* Mirror image
y4 Z

* Parity invariance :For any physical particle
system, its mirror image is equally probable.
Nature does not "know" the difference
beTween r'lgh’r and left

S —

o ‘ Lee and Yang (1956)

I To explain K° decays, they
| assume parity is violated in
weak interactions...

17/10/07 Muriel.Vander.Donckt@cern.ch
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Parity violation

* In 1957 Wu et al. A
Measure the rate of
down-going e in foco
polarized %°Co 3-decay.

° PariTy mClXimC(“y . 1.20r | | B ]ASYMII\AETRY[ I(aEE%LS'SVIJ o
. /\E - LY EXCHANGE _|
violated & et
2(’% 090 jl
* Only left-handed v and &
vV 080F > i
r'|9h1.-handed V - et finaaloaaitStig b sty g b ]

0] 2 4 6 8 10 12 14 16 18
TIME IN MINUTES
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Pion Decay

\Y
<u@

H'F
.U < > - —p

* If parity was conserved : both should be
observed with equal probabilities

* The y should not be polarised but is only
observed left-handed = Parity is violated
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Pion decay and CP

* Pion decay conserves CP but violates C and P

* Anti-neutrinos are right-handed

17/10/07 Muriel.Vander.Donckt@cern.ch
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Standard model

. SU(2), ®U(1)

Massless in SM

* 3 fermion/families of type

(

* Weak interaction W+,Z° (spin 1)

ur \UYr : :
i, )dr  +anti-particles

€R

* Electromagnetic interaction vy (spin 1)

* Higgs boson (spin 0)

17/10/07 Muriel.Vander.Donckt@cern.ch
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Discovery of neutral currents

* Neutral currents
predicted in SM

* Discovered at
CERN in 1973
(Gargamelle)

I/M+e %V,L%—e

17/10/07 Muriel.Vander.Donckt@cern.ch
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Neutrino scattering on electrons

2G%2m.E, 1 1 Me
o(ve”) = F,]T {C% -+ 56%:3 — §CRCLE_}
C, Cq G (cn¥)

Ve € 1/2+sin?@,, [+sinf@,  [0.952x10*° (E /10MeV)
Ve € +sin’0, , 1/2+sin?@,, [0.399x10*° (E /10MeV)

v, e- -1/2+sin?@,, [+sin?®,,  [0.155x10*° (E /10MeV)
¢ Wher'e v, e +sin?®,, -1/2+sin?@,,|0.134x10** (E /10MeV)

- C=1/2 (9,49,) C,=1/2 (g,-9,) in Standard Model

c~10-*fb lll

* Measuring the ratio of v  cross-sections gives
sin‘g,,,
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CHA

Expressing in terms of g, g,
JE. NI,

-s=Em_ y=E

For muons

'I nl
dort  Ghs (ov £ 2% 4 (
= [ {gv £ g4)" + (gv T 4
dy 4w

b o ]1‘TI|0;LE;9H

.0.48 o L3
A DELPHI
O OPAl
¥ CHARM 11 b

050 '+;$b

_*h—
05 -
S T S S E ) PSS SO S S U (S S S T
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By

RM IT results

1.0 mmf‘mf—w—ﬁ—!—lﬁ—h—w
o 0.8 - |II Apg(e¥e ete’} ]
| |
4 [ ]
02 - ]

04
06 F Tl VB s @
! CHARM - 11
-0.8 :[
2 Y
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. 1.0 DB *EIE '34 iy 0.2 -nd- DE 08 10
By

ig. 3. 90% confidence level contours in the gy- B4 pl:u-.e a
ibtained from the fit to the data from the p.beam, the #-bean
nd to other beams. Only statistical errors are considered. Re
ults from experiments on the forward-backward asymmelry fo
e Te~ at LEP 113) are shown a= well. Together the

—
elect a single solution in agrecment with Bo= - :',

= —0.035 = 0.012(star) £ 0.012{syst),

g4 = —0.503 + 0.006(stat) + 0.016(syst).
sin®9,,=0.2324+0.0058+0.0059
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Neutrino-nucleon scattering

Ly

GeV
E,

o(vN) = 0.677+0.014) - 10~ *%cm?

o(7N) = 0.334 4 0.008) - 10~ *%cm?

GeV

| 1 | | 1
V ' 0 CCFRR ]
[ " = i T B BNL 7—leecl 4
v 1.00 — L - © ANL 12-feet —
] [ i ® ANL 12-feet 15 %21
™ llm —
s ) =l
o 0.75 5
& 1 ) z 0.8 f
o X %
— 0.50 il A " :
— . 06 [
o - o T foral L > _
SO— ] "‘"Jé’h]u' seaseasenenes a(DIS) ol
] T My —F b# =eessee algel) 5 !
t:l T e - -,_‘HH I‘_'.rl:.TT::I 5._, [
- e T 1~ o02F
'“‘.}l L T — 1< I
.0 - 1 1 o i | |
0 0.9 1.0 5 fE 10,0 50.0 100.0 -
J_.L_, |: JL'.‘1'.'.| 0
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Neutrinos probe the structure of

the nucleon

2
o : E B [fyteei oo o Con
'I’J'-llzl'”'s"_ll —.I:Ff I 2 o i - UEJIE - =175 :—( ) I + Foby ] wmoio c(x):DAZ(i,,-ﬂ
Trd — )2 ' I —y — : 5 5 R |+++++ o000 | I+:“+ o)
. . = L8 | bhe
LGy L ('i} L .++++|"'°o oz T4
L25 - }t xmoos0 [ - +4
QP? UE -F-a li— ++++~ [ 00 +*+
—l_ H A 1 :F ” — ? A 3 . +++++ x=0.0380 [
& 075 [ +++ }x 0000000000 450 44,
2 TN
Q . 05 | 4t woot7s  F b +
ZU — ; x=0.01 L + wos  F Tt
QM(E,_E) 3 ++ ooks 'y ++ bt
= o X (@ w)l + oooooooo c) .
/ ¢+¢ L ot . (Ul TP PR I W wl o o b=
Y= l1-FE / E %[o Z;itm l Y Qe Y Qe
Gr M2 Q> Pomaainent )
77:2 W %fm'”'c“-w . k
Aoy Q2 4 MI%V Mgy
— . # 4 i
_|_ : V,— © 1) ) :N07 CC * Po ¥ e a ., k
P °s q
2 L 2 ~ /] - 2 c(x)=0.05, . '
Q° = —q° ~ EE'sin“0/2 e P M g

10
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What if neutrinos have mass ?

P. Dirac i a4 E. Majorana
e o ol e el e o j > g |
vou »
- 2O & A
V! £ ! ¢ 'l'| lf"
; ; W, '-H__ £
YOu »
. There is a v, state * v, is the anti-particle of v,.
. . C
Dirac spinot¥ =v v 2 B

* Violates L

* Mass terms transform as
SU(2) triplets: not gauge
invariant, not renormalisable
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Neutrino magnetic moment

* TIf neutrino have mass they can have a magnetic moment.

* Dirac neutrinos:

3GF€
o 8/ 272

L =32x10"19 (@)
" 8 v ) B

Too small to be measured, but some models predict larger magnetic moments

« Majorana neutrinos: CPT invariance requires (=0

 Measured via the differential cross-section for v, scattering.

17/10/07

(do/dT) (105 cm? MeV' fission™')

108

10°

107

weak, sin® J,, = 0.226

107

-‘H\'-..__

—

- -10
magnetic, H, = 10

\ Effect of a magnetic moment on

recoil electron kinetic energy
\ distribution for v-e scattering
\

A A

102

10!

100

10

Electron recoil T (MeV)
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MUNU experiment

* Bugey reactor 1.5<E <8MeV
+ . <09-107us @90% CL

Ve€ , — Vel

liquid scintillator CH.+B
reactor D pse Y s ss s ass
(veto+anti-Comptan) \%E:Z.E-j-%i%-f e IS e
18 m V i S50
steel vessel
ry G‘
. | {
PMT vp=2.2 cm/us
=
anode \\ 7 /
(20 um) ':O v( ./ D C:’
Y
. grid N Gtz
Jia ' o acrylic vessel CF,gas e
potential +field shaping rings at 3 bar cathode Pb
x-y {1DD um 1m i (‘45 l“;"l.l'r}
plane o
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andles on the neutrino mass
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Electron neutrino mass
Direct measurement

Spectrum of electrons emitted in 8 N () — B oF(7 E(E.— F\2
decay for massless neutrinos e( )_ eP ( ’ )( 0 6)

50
45}
40}

8751 hoursxmg (AgReO4)
__ 35}

w7
| 2 30¢f
| W r
= (N L
z D_"25:
T :
0—20;

15}
10f

Kurie Plot

0 1.0 1.5 2.0 2.5
energy [keV]

Ne
K(E) = \/pEF(Z,E)aEO —E
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Kurie Plot for a massive neutrino

K(E)a(Eo — E) - (1 - (E-— 20)2) |

theoretical B spectrum near endpoint

rel. rate [a.u.]
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0.01
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Tritium B decay

vy
3H Q\\ &

qﬂ
- HV electrodes

s.c. solenoid

= Mainz 98/99 data .
— fit for m,*=0 !
N d o Mainz 2001 data (prel)
s.c. solenoid
B =]
T,-
R
Bs Brax
1 1 | 1 1 | 1 1 | 1
55 18.56 18.57 18.58
retarding energy [keVl
° . (o)
Mainz :m, < 2.2eV (957%CL)
Muriel.Vander.Donckt@cern.ch
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Sets threshold near
the endpoint
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Future: Katrin

expectation:

after 3 full run years
Ogyst ™ Ostat

4

m, = 0.35eV (bo)

N
S

\a

-
o
N,

/ 10m opﬁmized

KATRIN sensitivity/discovery potential [0]

m =03V@s | z|(  /
discovery potential § [ f

m, < 0.2eV (90%CL) 2

sensitivity N
0 0.1 0.2 0.3 0.4 0.5 0.6
neutrino mass m [eV]
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Pion and tau decay

* UMY, m?,=m? +m? -2y/m? +|p |
Measured at PST :

p.|=29.79200+ 0.00011 MeV

m <0.17 MeV

s TN H+Y,. and T—X 4w D v

Measured in ALEPH: m <18.2 MeV

17/10/07 Muriel.Vander.Donckt@cern.ch
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SuperNovae

* Type IT supernova : Gravitational collapse of the Fe
core of a Mx8M _ star to form a neutron star or a

black hole

* Nuclear binding energy released : ~10° erg carried
by neutrinos with <E>=10-20MeV

* Tf neutrinos are massive At between detection of
neutrinos with different E  gives a limit on the mass
L L E, L (1+m304)
2E2

tF_— e </
v e VB mia o

3 /1 1
@) (55
.+ > (E E>
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SN1987A
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Cosmological Neutrinos

* Nowadays relic neutrinos are non relativistic:

Pv = Zmu Ny, = Qe Pe = % ~ 10.5h%*keVem ™
. WMAP, CBI, ACBAR: 0 h% 0.0076 (95%CL)
® n, = ZLQ)Q,,T?’ — §$2)gy%Tz\— 113em =3 (gV:Z dOf)

‘e:e— decoupling (0.511MeV)
reheats the photon CB
Z m,, < 0.7leV

To be taken with caution
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-Naturally available neutrino sources

Muriel.Vander.Donckt@cern.ch
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Solar neutrinos

a'H — THe + z2¢" + 2%, + energy,

0
SLmEROY p+_|_p+_),ZI_I_i.,._;.-I-_|_\,.E 99-77 o 0,23 % p+_|_e—+l]+_>2H.|.\.e
Boin Suraing L 10-5%
Htp*—3Hety [PHetpt— *He tettv,
o : ) 15,08 % 1Ep
Bahcall=F -
- {of SHe+*He—"Be+ 1
» 10 n 1% - f
Al o

g 1 "Be 999% v+ 0.1%

2 1o - S ]

. 100} *i‘;”’ = Bete—Litv, Be+p'— B+

= o0} 84,92 % !

& ‘He+3He—*He+2p* | | "Litp*>*He+*He SB—>%Be*+et+v,

otoef

o II

S ool i pp |

()

Z fps r/ SBe*—*He+'He
e f \ pplIl
100 04 1 a TR

Neutrino Hnergy (MeV)
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The chlorine experiment

Meutring G

\ @ Elactron
- ,.’-"""' Sage 1
@9 - Meautring
absorption
I 35 diays
Egctrong . - Stage 2a
! Vﬂ,d, ': Argon-37 doca
' o by alaciran
., W capine
x }
£ F L .I__.-'F' i
l i M Stage 2b
. i . Lger Bhectmn
ﬂ"'ﬂjf Vo "'EIIN"J_!.:" amission
Auger glaciran Y, -

The chicrine axperiment
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CI37 - 25% of all natural
chlorine

Inverse beta decay (0.86 Mev
threshold)

Cl37+v - Ard7+e-

Ar is chemically very different
from Chlorine. An inert gas
that can be eventually removed
from chlorine. It is radioactive
and reverts to CI¥7 emitting an
Auger electron
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R. Davis in the Homestake mine

Concept: Count the atoms of Ar3’ Only a few atoms of
produced by neutrinos Ar37 per run!

380 000 liters of C,Cl, (a cleaning
fluid) deep inside Homestake mine to
shield from natural radiation (a
Olympic swimming pool)

Let Argon-37 accumulate from 1 to 3
months. Flush with He gas to remove Ar
from fluid. Let the Ar condensate in a
77 K charcoal trap. Collect and purify
Ar.

Count the number of Auger electrons
from Ar3’

Muriel.Vander.Donckt@cern.ch
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Neutrino Flux (cm

—
<
N

Chlorine in numbers

TCIV,e) AT (E,, =813 keV)

>

1=50.5d
S1CL+ 2.82 keV (Auger e, X)

Kshell EC

 SuperkK, SNO(CC)

_ SNONC)
IChlorme f

IGallium

fow |
{foe
108
107
10¢

1os

] i m l T i

.

104
108

10¢ |

‘mo

+10%

"Be

- EXpECtECI .
= |  82SNU+1.8

Observed
2.56 SNU +0.23

1
1°0J

L
043

Neutrino Energy (MeV)
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1SNU=10-3¢ v capture s atom™!
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The solar neutrino problem

*Also called "paradox”, "dilemma”, "puzzle” and other nice
words that showed that every body (secretly) believed that:

*Davis (Chlorine experiment) was wrong

*Bahcall (The solar model) was wrong

Or, more likely that:

Both were wrong

17/10/07 Muriel.Vander.Donckt@cern.ch
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Gallium experiments

Ga(v_e)"'Ge (E,, =233 keV)

(54 m®, 110 t)

§§

2 o

N, + GeCl,

K,L shell EC T
t N

1. {ot=

{0
{0

foe

fos
107
10¢
108

104

Neutrino Flux (em?2s™!)

1oe
1o¢

101

IGaIIium

=16.5d
"Ga+ 10 keV, 1 keV

(Auger ¢, X)
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| Chlorine !
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5

-

T

+10%

"Be B
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0.1

1
0.3

Neutrino Hnergy (MeV)
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Energy—RT analyzis Energy—PS/MN analysis

GALLEX GNO

—20

L
i
|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|I

O
1992 19494 1996 19498 2000 2002 2004

GALLEX 65 SR 77.5 +— 6.2 (stat) +— 4.5 (sys) SNU
GNO 43 SR 65.2 +— 6.4 (stat) +— 3.0 (sys) SNU

GNO+GALLEX 108SR  70.8 +— 4.5 (stat) +— 3.8 (sys) SNU
Expected 129 *° .SNU

17/10/07 Muriel.Vander.Donckt@cern.ch
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Kamiokande

i
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Super

sl818ll OF
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What does a neutrino do in water?

Usually nothing |
But sometimes it will strike a nucleon

and “knock out"” an e (or p) moving in the
same direction as the v was

The ¢ (or p) will travel a short distance giving of f
Cherenkov light in the shape of a cone

Muriel.Vander.Donckt@cern.ch
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Water detectors: Concept

Array of PMT's

| Tank full of water

17/10/07 Muriel.Vander.Donckt@cern.ch




Water detectors: Concept

The pattern of PMT's that detect
light will be an oval.

The shape of the oval and the time that
the light reaches each tube tells us the
original direction of the neutrino !

The total amount of light detected tells
us about the energy of the neutrino.

Carefully studying the shape and the
energy can also tell us about the v species

17/10/07 Muriel.Vander.Donckt@cern.ch



The eyes of Super-Kamiokande

Muon ring Electron ring (fuzzy)

17/10/07 Muriel.Vander.Donckt@cern.ch
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A neutrino picture of the sun

Super-K observation

Neutrinos come from
the sun indeed!

Muriel.Vander.Donckt@cern.ch
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Super-Kamiokande solar results

Super-Kamiokande-l solar neutrino data
May 31, 1996 — July 13, 2001 (1496 days )

' 1
5-20 MeV

[\ %

Event/day/bin

22400+230 solar v events
(14.5 events/day)
L 1 L ] L 1 L |

0 R R TR N B [ T
-1.0 -0.5 0.0 0.5 " cos as]-0
8B flux : 2.35+0.02 + 0.08 [x 10°/cm?sec]

Data +0.014

Sswmraoos, = 0:406 £0.004 oo

( Data/SSM(BP2000) = 0.465 +0.005 +0.016/-0.015)
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Solar Neutrino Problem summary

Flux,/"S5M
0 o
S o
H2H

ot
fa

Ga

0.0

GALLEX: %alYe) —05840.05

%SM(Ve)
_ SAGE : %a(Ve) —060+0.05

% ] %SM (Ve)
] Homestake: % (V) =0.34+0.03

oK %SM(Ve)

Super-K: B (Vi) =0.45110%"7

vV
Experiment Reaction Bosm (Ve)

Homestake

SAGE

Gallex + GNO
Kamiokande +
Super-Kamiokande

v.+3Cl =% Ar+e
v.+'Ga-""Ge+e
v.+'Ga-""Ge+e

R. Davis was NOT wrong !l

V,+€ -V +€

17/10/07
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Atmospheric neutrinos

Zenith /
04§

L
0y
) = s

ll" - \
'l" B - R
* b
S5 b
]

Ratio of Vi/Ve ~ 2 Up/Down Symmetric Flux
(for Ev < few GeV) (for Ev > few GeV)

Muriel.Vander.Donckt@cern.ch
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Atmospheric flux prediction

" Ingredients:

10000 — 100 | — 0.2
H E =20 GaV
[ ] '|+1..- W
k] i
w -
WE 5000 | S50 =dn01 F
::.: ll':II": -‘:IE
H- .
: )
| E~0.2GeV E =2 GeV AN
Wt 0 ] 3 o g
I cose
Lips Diowne-going
5 o ey =
Flux Ratio: —2—_ s | Bartof
WV, . Wy
: Bt B A
c_} ﬂ I‘Il"_.-.h""lr:
~2atlowenergy & |
3 -t ﬂ: b= -
increases with Ev 2l
predicted to ~5% 1 [
4] - PR Liss i e
0 1 10 ]
E, (GeV)

17/10/07

*Primary proton flux

*Hadronic production
models

*Hadron propagation
(geomagnetic
effects)
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Zenith angle measures v path
length

IS
L\ | Three decades of path
‘I | | length from O(10%) to

\ O(10) km.

1 08 02 02 08 A
oSk
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Super-K sees also atmospheric

B
S

heutrinos
g ‘Ué, e
o VH SRR /M
0 .
4
e
U~G§ME

~ 10 e o | GeY

Reaction Threshold

e Ev>1.5MeV

L Ey> 110 MeV
T E\,l > 3500 MeV

riel.Vander.Donckt@cern.ch
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The atmospheric neutrino problem

(Nu/Ne)para
sub-GeV: L = 0.688 +£ 0.016 £ 0.050
(NII..I'INE‘)M.C. stat. sys.
Nuyp— N
ey ( Jp — oo ) =-0.303 + 0.030 + 0.004
' Nup + Npown i stat. sys.
| > 10¢ deviation!
300 77— 3T
200r 1 %% 1489 day
i I i Super-K
]mm mn: ! preliminary
C multi-GeV e-like i E multi-GeV u-like + PC E
D-llllltl}“”] O 'El””]
cosO cos@

Neutrino travel distance: 12800 6200 700 40 15 km
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300

200

100

300

200

Mumber of Events
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Energy dependence

100

- Multi-GeV e-like

- Multi-GeV p-like

electrons muons
- Su-GeV e-like 300 - Sub-GeYy p-like 60 i multi-ring
[ F <400 MeVic F <400 MeW/ic Sub-Gev p-like
-, [ 200 40
- 100 F + 20
IIIIIIIIIIIIIIIIIII -IIIIIIIIIIIIIIIIIII -I
-1 085 0 05 A1 0-1 05 0 0.5 1 D—
i Su-GeV e-like 400 C Sub-GeV p-like mlti-ring
i F =400 MeVic 300 _ F =400 MeV o 100 £ Multi-Gel u-like
W 200 Lﬁ : i
[ e 50 -
100 | [
C 4
NFEERE NN NN NN EEEE! D'||||||||||||||||||| D-|||||||||||||||||||
-1 05 0 0.5 1 -1 05 0O 0.5 1 -1 05 0 0.5 1
150

Muriel.Vander.Donckt@cern.ch

FETIFE EPETEITE AT ST AT AT
05 0 05 1

COsH ¢

Effect depends no
only on the path
length but also on the
energy
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Solar & Atmospheric neutrino
problems

*The combination of all solar neutrino experiments implied that
solar neutrinos were disappearing between production (in the sun
core) and detection in the earth.

*The zenith dependence observed by Super-Kamiokande
experiment showed that v, (but not v,) produced in the
atmosphere were also disappearing. The effect depends on the
zenith angle, that is on the neutrino path length, between
production and detection and on the energy

17/10/07 Muriel.Vander.Donckt@cern.ch
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That's it for today

Muriel.Vander.Donckt@cern.ch
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Neutrino mixing

e EWCC: iV =2 wtwvli+2 ) @

l:e,u,T q:uacatq,:dlaslvbl

where v , | ,q are left-handed neutrino, lepton
and quark fieldsand ¢.= »_ Uqqar

q=d,s,b

* In analogy to quark mixing in the lepton
sector: wr = ZUlkaL where U is uni’rary, V, 1S

the v field with mass m,.

» Since Q =0 neutrinos can be Dirac or
Majorana particles...

17/10/07 Muriel.Vander.Donckt@cern.ch
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Dirac mass term

LP = — Z vy rMpvir, + h.c = —ﬂ%MU}/ + h.c.
I,

* Diagonalisation M=VmU"—= L in terms of mass
eigenstates : \

LP = —opmur — ipmrg = —my = — E M VLV
k=1

Vp — V+U,R Y1
V =VR+ V[ = 1%,

/
VL:U+VL V3

17/10/07 Muriel.Vander.Donckt@cern.ch
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Majorana mass term

» Using v, and (v, )=Cv, " (Charge conjugation

mGTr'iX) !’(‘}\ ¥

l—,_ .. 1, .. :
o« LM — -3 > (DrL) My + h.c = —5(7)" My}, + he. o\

I,
* M is symmetric M=(U")"mU
3
1, , o , _ 1 _
LM = S(p)"CTN U T mU V4 e = —xmx = o ;mkmk

X1
Xx=U"vp +UTvy)° = ( X2 )
C X3
F

ield with majorana mass m,

17/10/07 Muriel.Vander.Donckt@cern.ch 76



General term

* Dirac +Majorana mass terms with L&R-handed
fields

1. -
LP-M = -3 (VL) My, + (0 Mr(vR) + Ve’ Mpvp + (v ) M} (vR)°] + hec.
1 VIL
D—M _ e _
L = —§(nL) Mny + h.c. nr ( (V}‘i)c )
M — ( Mg Mp )
= T
* Diagonalising M we get : Mp Mg
LM = —Cxmx = — kaXka y
2=
Xx=U"n,+U ng)=|
Majorana type X6

17/10/07 Muriel.Vander.Donckt@cern.ch



More on the general mass term

§ §)
nr =Uxr U = Z Utk Xk, ’@ C = Z U XL
1°" 3 rows Last 3 rows

Right handed neutrinos (sterile)

» v, —V, flavour transitions are possible

* Active to sterile neutrinos are also possible |

17/10/07 Muriel.Vander.Donckt@cern.ch 78



For one family

| : : sinf —cosb
+ M=Om'O™ (no CP violation) 0= ( ‘g o0 |
vy, = sinfix1r — cosfxar mpy, = sin*6m’, + cos*Oms,
(vr)® = cosbixir + sinfxar, mpg = cos>0m/| + sin*0m),

2mp = sin20(m} — mj)

* M eigenvalues :

1
m’1,2 — §(mL + mp + \/(mL —mpg)? + 4m7)

2mD
\/(mL —mp)? + 4m%

17/10/07 Muriel.Vander.Donckt@cern.ch 79
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Seesaw Mechanism

Limiting case m 20, m>m

/ 1 2 2
mlsz’ mzszZ/mR mi o = §(mL—|—mRﬂ:\/(mL—mR) + 4m7)
s1n260 = 2mp
om./m VL —mp)?+ 4m3,
D R
~ Cz
V¥ KoL (Ve) e

If my2m,  then m am2/m or m?/m,
m, is assumed GUT scale ~10"GeV

The heavy right-handed Majorana mass generates
the small active neutrino mass

17/10/07 Muriel.Vander.Donckt@cern.ch
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Oscillations in vacuum

[vp=X U", |v,> v (t)>=e v (0)>
lv(t)=X. X U e, |v.>
Transition amplitude: A (t)=<v, |v(t)>=X U U’ e

P(v—v,.)=|A, (?)\Z:ZkJ.U* U.U

* (€ -Et
Ik 1'k J'U 1€ Tk

relativistic v m«E : E,-E~Am, 2/2E

k= 1"k = |

P(vi—v, )= |A, (DI=E, U7, U, U U een L2

17/10/07 Muriel.Vander.Donckt@cern.ch
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Oscillations cont'd

* Measuring oscillations will give us information
on the mass differences

* Measurement of symmetry conservation:
— CP violated : P(va—wﬁ# P¢ V)
- T violated :P(v,—v g Pt ,—v )

- CPT conserved :P(v,—v 3 P¢ . —v )

17/10/07 Muriel.Vander.Donckt@cern.ch
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Mixing in Two families

* Assume instead that weak and
mass states are connected by a
simple two-dimensional rotation
(assume, for simplicity two
families)

* Then mass and weak states are

Mass states

connected by means of an unitary First Secand
transformation, the PMNS mixing - .
matrix, which depends of a single
parameter, the mixing angle 6 Weak stales
First Second
Ve|_| €COSO SiNO |[vy|_ (V1 !
v, | \=sin@ cosoj|y, v,

17/10/07 Muriel.Vander.Donckt@cern.ch 83



Neutrino oscillations

source

detection

propagation

»
>
.
»

The weak interaction
produces neutrinos
of a given flavour

|V(Zl?0) > = |I/e >
— C|V1 > —|—S|V2 >

17/10/07

The mass eigenstates Detection again via
Propagate at different weak interaction
velocities

Ve +M —€ —+p

v(x) >=cly; > FTRD po L) = <uu(@) > P

+5s|va > i Bi—F:)

Muriel.Vander.Donckt@cern.ch 84
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| 1
| . 1
r— sin® 2@ —~

Oscillation Probability

Pye_”/e (L) — 1 o Pye_”/,u (L)

Pu,—v (L) = sin’(20)sin’ (1.27A£ZC§S¥))L(km)>

prob [yﬂ—rypj

Losc(km) =

'[u

Muriel.Vander.Donckt@cern.ch

E(GeV)

1.27Am?(eV?)
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l H Towar
“EOE TR TR

1000 tonnes D,0

Support Structure
for 9500 PMTs,
60% coverage

12 m Diameter
Acrylic Vessel

1700 tonnes Inner
Shielding H,O

5300 tonnes Outer
Shield H,O

Urylon Liner and
Radon Seal
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SNO

detector

i
-----
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Signals in SNO
‘ Ve +€ — v, +e —

Strong directional sensitivity e

. vetd—ptpte

Good measurement of v_ spectrum e

Weak directional sensitivity

v_only o
. Ve +d—p+n+ v, e

Measure total 8B flux from the sun

Equal cross section for all types

17/10/07 Muriel.Vander.Donckt@cern.ch
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-

1]

b, (10 cm™
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SNO observations

Ve +d—p+pt+e

-1
seC |
]

b

Ve, +€e — U, +e

R

Ve +d—p+n+u,

- i .
Meutrmo Flux (= 10" cm
lad

Ind

oL

¢L.{1-:lh cm™ s

Muriel.Vander.Donckt@cern.ch

Fracton ol S5M
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The solar neutrino problem

0.2 ‘
Ga MO, SK

0.0

So the sun is shining the expected number of
neutrinos but many of them are v, and/or v.! Not

only Davis, but also Bahcall was right!

17/10/07 Muriel.Vander.Donckt@cern.ch



Mumber of Events

300

200

100

200 [
200 |

100

Atmospheric v oscillations

Suk-GeV e-like 300 - Sub-GeV p-like 60 L multi-ring 10.2
L F <400 Melic C P =400 MeVic - Sub-GeV p-like . - r T T 1 ]
4 200 [ a0 1.5x10-3 V2 < Am2 < 3.4 x 103 eV2 ]
ﬁ*’*ﬁ—kﬁL r i sin220 > 0.92 at 90% CL
- + [ 4 4+ : -
- 100 + 20 Best Fit: 1
-IIIIIIIIIIIIIIIIIII l:I-IIIIIIIIIIIIIIIIIII l:I-II_+I_IIIIIIIIIIIIIIII | Sin228:1'02 _ggo,l
1 w5 0 05 1 1 05 0 05 1 1 05 0 05 1 & Am?2=2.1 x 10-3eV?2 i
T 400 — — > %2 = 174.9/177 dof 95%
Sub-Gel e-like : Sub-GeV p-like r multl-nng_ Q %2 = 465/179 dof for no osc 90%
P = 400 MeVic C P = 400 MeV/c o0k Multi-GeV p-like - T
o S0 B = 68%
C r C <]
M 200 M : _+_
[ E - a0 C i
100 i
oo by alavaalaaag 0:||||||||||||||||||| 0-|||||||||||||||||||
-1 05 0 0.5 1 -1 05 0 0.5 1 -1 05 0 0.5 1
- Multi-GeV e-like 150 - Multi-GeV p-like 200 C FC 10-3 | | | | |
- 4 - 1680 F 07 075 08 085 09 0.95 1
100 . sin®20
VE s0f v, — vroscillations
-IIIIIIIIIIIIIIIIIII -IIIIIIIIIIIIIIIIIII :IIIIIIIIIIIIIIIIIII
4 05 0 05 1 %1 o5 0 05 1 %5 0 05 4 AmQ — 921 . 10_3€V2
cose oS cosh ’
n220 ~ 1
v Vv Vv SN ~
e K K
Muriel.Vander.Donckt@cern.ch
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Fine-tuning oscillations ?

source detection

Ve propagation

probz-,) prob{z-1)
o o
o) 2
ra rd
=] =
ey -y
] (4]
l . ; 2
--1- - -1 -
Eo= 41res ! P= 41
' oac a 3 * oac. g3 a
Tha—Thy : Thy—Thy

\ 4
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Neutrino oscillations in Matter

Only v, All
V.V, V, interact with e, p
and n of matter via NC ’\\(/ ,\/
interactions (Z). Only v, o
interact via (CC) with the

. A
electrons of the medium /\\ o /\\f

*Oscillation probability change in matter. There can be a resonant
enhancement of the oscillation probability. The Mikheyev-Smirnov-
Wolfenstein (MSW) effect.

i
W gz“

* P mer can be large (=1) even if mixing angle in vacuum is small.

*In practice this implies that (if MSW is at work) v, can oscillate to v, v,
BEFORE exiting the sun

17/10/07 Muriel.Vander.Donckt@cern.ch
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Oscillation Probability in matter

The probability of oscillation in matter has the same form as in vacuum

L
p(Ve — vy,) = sin229*sin2(2ﬂﬁ)

_ 2mE(GeV)
- 1.27TAm*2(eV?)

*

17/10/07 Muriel.Vander.Donckt@cern.ch



MSW resonance condition

For constant matter density there is an energy such that mixing in matter
is maximal independently from the vacuum value.

i FAM2cos20 = A = V2EGN.

(Am?)?sin?20

n?20" = =
oo (AmZ2cos?26 — A)? + (Am?)?sin?26

1

Thus the probability of neutrino transition in matter can be large even if
the mixing angle is small

17/10/07 Muriel.Vander.Donckt@cern.ch



Adiabatic approximation

In the sun Ne is not constant. However if the variation is sufficiently
slow the eigenstates of H change slowly with the density and one can
assume that the neutrino remains an eigenstate along the frajectory:
adiabatic approximation

Vi=V,cos@+V, sinb

Vo ==V sinf@+ Vv, cosf

x=0 if A> Am*cos26— 0 =

" X=R N,=0— 0=0= Vv =V,

SUA

A v, produced at the sun core is the eigenstate v, but this eigenstate
outside the sun is mostly v . There is maximum v, — v conversion

17/10/07 Muriel.Vander.Donckt@cern.ch
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A NF (eV7)

10

&

10 —
10
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Solar oscillations

- ¢ “min.=70.207 at (3.98&-01, 6.468-05)
~ b8= 1.040 hep= 1.000

--90%
--95%

--99.73%

SNO pure D,0 d/n spectra _
+ SNO salt CC & NG & ES fluxes

+ SK-| zenith spectra + Cl + Ga

. - =

Neutrinos produced at the
sun (v,) oscillate to other

heutrinos via matter-
enhanced MSW.

Am? =8 x 10 eV?
6=30°

Muriel.Vander.Donckt@cern.ch
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Solar neutrino oscillations

Matter effect on v, from Sun to Earth
1 ef The LMA solar solution

Survival probability +
I T TTTTT | T T TTTI

T\SMA (A5t %eVE, sint26=8x10°)
\

’I]

matter effects
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W | ---L-'fw_iﬂ o =i / explain beautifully
o 0'2 | B 7 E all solar neutrino experiments
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107 108 10° 1.2
Energy (keV)
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Oscillations revisited

- m-
A -V, A
Normal Vu | Inverted
-V,
2 2
m3°—— - = — -1
solar~7x1077eV? ,
: s —n
atmospheric :
~2x1073eV?2 ,
atmospheric
I??.-,z—— [ —| ~2>(10_3€V2
; solar~7x10-eV? =
m, “— - 1
?
0 0

17/10/07

Parameter | Best-fit value 30 range
019 2" N
093 45.0° D00 5 DD
013 0.0° 0°..12.5°
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The neutrino mixing matrix

Unless the other two angles 6,; is small

\ % A%

el U 1 (experimental upper limit 6,; <10°)
vV |— A%

H 2 If & #0,m2m..then weak interactions violate CP
Vi V3 symmetry in the lepton sector (as in the quark

sector)

atmospheric CP violation phase

Ci3 0
0 0
~5,,€ 1

Links atmospheric & solar sectors
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