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Pauli’s Letter

Particle Physics in 1930
Only 3 knowns fundamental particles: e-, p, v
Continuous energy spectrum of e in beta decay

A A - .
7 X=X +e +v,

Positron energy spectrum from

5 beta decay of 5 Cu
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Positron kinetic energy in MeV

Pauli postulates Neutrino
Dear radioactive Ladies and Gentleman

" ... desperate remedy to save ... the law of
conservation of energy”

" .. that there could exist ... neutrons”

"in beta decay a neutron is emitted in addition fo
the electron®

Pauli

By A L ]
- — ' Absohrift/15.12.56 M
n h p e ve Oftanar Brial an dia Jrunpe dar Aadicaktiven bol der

Gauveraina-Tegung su Nibingan.

Absabrift

Physikellschoes Instiint

dar Eldg, Tachnischen Hochasmls ‘Birich, k. Des. 1930
th Ulortastoance

-.'.r Hriol
Lisbe Radicaktiva Damen wmd Harren;

—

E Wis der Usberbringsr dissar Zeilsn, dan ich bulovollst
anmuhbren bitte, Thnan des nEharen ussinindersstsen wird, bin ioh
shgealohts der "folmchen® Statlatik dor H- und Li-§ Kerne, Aawie

— das kontimilerliche bete-Spektrums suf olnes varsweifalten ineweg
varfallen um den "Veohsslsate® (1) der Staifstik upd den Enargienatd
W retton, Mimlich dis MGglichkelt, e ilntan alektrimch nsutrals
' Telloben, H.e ioh NeutTonen nenmen will, in den Eernen axistierem,

welshe dem Spin 1/2 baban nod das Anpochllsssungapringlp befolgen upd
whah von lichiquenten wuseerdsm noch dadirch ontéerschelden, diss ois
mit Liohbgesdwindigeeit laufens Die Hasse der Newtronem
"‘“ wen detaulben Criosmenordoung wis dle Electroneommsse seln wnd
s nioht grosssr als 0,0) Protonamapse.~ Dem kontimieriiche
Spaktnm wirs denn varstindlich unter der Amelma; dass bein
S ZarCall mit dem Elektron ieweils npch ein Nevtron ewittisrt
wpd, derart, dass die Sumne der Ensrglen voa Neairon und klektron
lcopatant leb.

1934 name - “neutrino” coined by Fermi
1932 neutron discovered by Chadwick
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Neutrino Interactions

Getf - ,ki'\

Neutrinos
point-like leptons
do not interact strongly, no colour charge
charge Q = 0 — no electromagnetic interactions
Only weak interactions by coupling to W* and Z°

Expect very small detection rates

" T have done a terrible thing. I have postulated a
particle that cannot be detected.” Pauli

Inverse Beta Decay

BEFORE : DURING : AFTER :

_ oA @
Ve + n 9 p + e ::Ii:mprjpe] -h--x“"-a_h,_h -ﬂ_ electioin

V,+p—o>n+e’

T T
w @ @
Cross section @

2
oV, + p>n+e)~5.10% (%j cm?

e

Mean Free Path
60 light years of water for 1 MeV anti-neutrino

A= ~6-10"cm ~ 60 lightyears n=2Z Na_334.10%cm?
no A

1vin 10! interacts when crossing the earth
Require huge rates as neutrino sources
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Discovery of Neutrinos

Ge*f - ‘k&\

Electron Neutrino v, discovered 1956 by
Anti-neutrino source Reines and Cowan
Nuclear reactor --- anti-v flux 6-1020 s-1
Target and Detector --- 400 | liquid scintillator
Water and Cadmium Chloride
Detection of anti-neutrino v, +p—>n+e’
e+ annihilates with atomic e- e'e” >y
n Cd reaction delayed by 20 ps nCd —Cd” - yCd
Delayed coincidences only produced by signal

Muon Neutrino v, 1962 at Brookhaven by
Pion beam Ledermann, Steinberger, Schwartz

Iron absorber --- only muons survive
7 -beam =y, TV,

observe v,+n—>u +p vV, +p->u"+n
don'tsee v, +Nn—>e" +p v,+p—>e"+n
= v, and v, are different
Tau Neutrino v, 2000 at Fermilab - Donut

p on fungsten target 57 7
produce D, mesons

+ +
D =57 +v,

v.+N-o>77+X

T DU +V, +V,

Nuclear and Particle Physics




‘L\ﬁlv,g%

<
&y
e

MYty

Neutrino Physics

Ge*f - ‘k&\

Neutrino Sources
Natural radioactivity - e.g. rocks
Cosmic rays hitting the atmosphere
Nuclear reactors
Particle accelerators
Sun - nuclear fusion reactor
4p—>*He +2e* +2v, +26.7 MeV
Flux on earth ~101 cm-2s-1
100 billions/sec through your finger nail

Neutrino Mass
No apparent "reason” for neutrino to be massless
all other fermions have mass

Direct mass measurements

*Ho’He+e +7,

Beta decay energy spectrum
oGl
dE  27°

ar 1 e e Kurie plot
dE E2 0 e )
; linear

Endpoint modified by resolution
and non-zero v, mass i
Tritium Beta Decay Mass m(v,)< 3 eV [

(EO_ Ee)2 Ee2 [

Tretyakov et al. (1976)

Arbitrary scale Ep

Neutrino Oscillations
No apparent "reason” for neutrinos not to oscillate
into each other V.V, WV,

Nuclear and Particle Physics Franz Muheim 5



Neutrino Oscillations

Lepton flavour conservation
L.. L. L. are conserved separately
Neutrinos with mass can mix - weak eigenstates
are linear superpositions of mass eigenstates
> L., L, L. notabsolutely conserved
L.. L,. L, Violation too small to observe BF < 1040

2 Neutrino flavours
Easy to understand, can be expanded to 3 generations

Ve | ( C0s@ sin@ v,
v,) \~sind cosd) \v,
Time evolution y (t) =v,(0)exp(~iE,t)
v,() =v,(0)exp(-iE,t)
Intensity I(t) for initial v, beam
L, (=1, (O)((cos2 0 +sin’ 0)2 —4sin? 6 cos® esinz(wn

Neutrino energy E and mass difference Am,,?

EZ=p’+m’ E, >>m, AmZ, =m; —m’

S Eap ™ = AE=E,-E,~Am5/2E
I | 2p|

Neutrino Oscillation Probabilities

2
P(v, > V,)=1-sin’ 205in2(1'27Am12[eV]L[m]]

E[MeV]
1.27Am3[eV] L[m]J

E[MeV]

P(ve — vﬂ): sin’? 26’Sin2[

Distance from source L [m], E[MeV] and Am,? [eV?]
Nuclear and Particle Physics ranz Muheim 6



Solar Neutrinos
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Standard Solar Model (SSM)

Predicts rates and solar neutrino energy spectra
pp flux below 0.42 MeV
8B v, up to 14 MeV

pp cycle
pp — ‘H4et o
H+p — 3Het~
"He+ "He — “He+2p 83%
‘He+ *He — 'Be + 15%
e+ 'Be —» "Litu,
Litp — 2%He
7+ Be — B+ ¥ 0.02%
88 = fBe'tet 4y,
8Ber — 24He

Homestake Experiment

Neutrino Flux

Bahcall
| Galliym _{Chlorine pouperk
I I Baheall
E— P
F
r
TBe Y Pep
r
L B
3 L —]
;//’/.,,_ff
he
F

I
0.3

Neutrino Energy (MeV)

First observed solar neutrinos in 1970s
100,000 gallons of
cleaning fluid C,Cl,

Measurement

v, +7Cl > e+ Ar

0.5 Ar atoms/day

2.56+0.23 SNU
SSM prediction

1.5 Ar atoms/day

7.7£1.3 SNU
Puzzle - What is wrong?

Experiment, SSM, Neutrinos 1036 target atoms/sec
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Solar Neutrinos 11

Super-Kamiokande

50,000 tons of water, 11,000 phototubes

underground inside a mine in Japan, started 1997
v, Detection - e

Elastic scattering S e

15357
ebeckel

v.+e v, +e

Directional
sensitivity

=
7]

Super-K Solar Neutrinos - 825 days

Measurements
(0.465 + 0.005
+0.016 -0.015) x SSM
v, definitely from sun
Signal from centre of sun
Puzzle - What is wrong?
Homestake experiment : background
confirmed

. . = Y . . 05 1
EXpesiqent, SSM, Neutrinos cosine theta-sun

=
ra
T

events/day/kton/bin

D1 r
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Solar Neutrinos 111

SNO --- Sudbury Neutrino Observatory
1000 tons of heavy water (D,0)
10,000 photo multipliers tubes

Sensitivity
SNO is able to measure v, - Charged Current
but also v, and v, (Vize ;) - Neutral Current

Charged current (CC) v.+D—o p+p+e”

Elastic scattering (ES) v,+e” > v, +e”
Neutral current (NC) vi+D-o>n+p+v,

Measurements 2003 results
Flux.. =159 %10 em™s™ 31% of SSM
Flux,o =221 %10 em™s™
Flux,, =5212047x10° cm™s™ 100% of SSM

CC/NC=0.306£0.036

31 % of solar v's arrive as v, at earth
100% of solar v's detected if v, and v, are included

Puzzle - What is wrong? e

Soeecnt, 390, et ol

Neutrinos L00f- }—

Neutrino Oscillations I

ve change to v, in flight

I C =

IS IR I VI IR B ]

ViV %108 06 04 02 0 02 04 06 08 1
COSH,,
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Atmospheric Neutrinos

Cosmic Rays
Protons hit nuclei in upper part of atmosphere
Producing chain of particles \cosmicray |

copious source of neutrinos

Main decay sequence
+ + - -=
MYy and T T HV,

\ afr nucieus

ur ey, H —evy,
Expect 2 v, for each v,
15" indications for "too few v, W
Super-Kamiokande
Can discriminate v, from v,

v,+N—o>pu +X v,+N —>e + X

Recoil muon produces clean ring

Recoil e- produces fuzzy ring
Super-K
Detector@

MUON ELECTRON
HEUTRINO HEUTRING

..... s— TIMON aamnms l;'ﬁm"]

v,+N—o>u +X v.+N—>e +X




Measurements
1998 Super-Kamiokande
Observe significant deficit of v,
and agreement for v,

Neutrino Disappearance
v, Traversing the earth
i.e arriving at the detector )
from below disappear Up-Down Symmetrc Flux

(for Ev > few GeV)

Super -Kamickande 3438 days Preliminary
T T T T T T ] T T T T T T T T

| multi-GeV e-like | multi-GeV mu-like (FC+PC)|
150 4 F —

100 — -

» Data

50% |

[Z7] Predicted
— numu-nutau osc,

0 L | . 1 . 1 . 1 . . 1 L 1 . 1 . 1

-1 06 -02 02 0B -1 08 02 02 08 1

cos(zenith angle) cos(zenith angle)
Neutrino Oscillations I
Atmospheric neutrinos First Evidence for
v, change to v, in flight Neutrino Oscillations

W (h
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Discovery of Neutrino Mass

Atmospheric Neutrino Oscillations

Atmospheric v, change into v,

Oscillation o, Y_sine(zg, Jsin’ 1.27Amf,,[eV]L[m]]
probability E[MeV]
Fit data for best values o
of mass difference Am,;2
and mixing angle 6 < .
Find 6, = 450 and ¥ <C
Am,32 = 241073 eV? Taver T
= Neutrinos have Mass s e
Solar Neutrino Oscillations TR i
Super-Kamiokande, SNO T » ]
Kamland - reactor anti-v, Tk ~ E
Find 6,,= 33° and o f ]
Ay, = 8.0-10°3 eV? =F -
Neutrino mass g s .
Minimum m, ~ 0.05 eV | ST
2 scenarios Sinzgsol
Cosmology e — e
Big Bang large nr. of neutrinos -
Neutrinos are " p— ==
hot dark matter candidates S [
Supernova 1987A T
Kamiokande and IMB ? ?
Observed ~ 10 neutrinos n
Nuclear and Particle Physics Franz Muheim 12
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