
Nuclear Beta DecayNuclear Beta Decay
• Since 1920’s physicists have observed

beta decay: e g 14C 14N + e-beta decay: e.g. 14C→ 14N + e-

• But the electron energy distribution• But the electron energy distribution
is continuous:

Ee

• Where did the energy go??





“I have done something very bad today 
by proposing a particle that cannot beby proposing a particle that cannot be
detected; it is something that
no theorist should ever do.” 

- Wolfgang Pauli



Fermi Theory of β decay (1934)

Golden Rule:
n → p + e- + ν

W =      G2 |M|22π
ћ

dN
dEeћ dEe

density of final states
p e-

M = <p|Jμ|n> <e|J |ν>
n ν

M  <p|Jμ|n> <e|Jμ|ν>

(actually ● is G = g2/MW
2 ~ 1x10-5 /GeV2 )



dN = 4πpe
2dpe 4πpν

2dpν

h3 h3
δ(Eo – Eν – Ee)

h3 h3

(Integrate over E = p m =0 )(Integrate over Eν  pν , mν 0 )

= 16π2 p E (E0 – E )2 dE 16π pe Ee (E0 Ee) dEe

So we can explain the observed spectrum:p p
W  ~ pe Ee (E0 – Ee)2

(e.g., Kurie plot)



Inverse Beta Decay

The related process also should occur:
ν + p→ n + e+

Estimate cross section (neglect e+ mass):Estimate cross section (neglect e mass):

σ∼ G2 Eν
2 • (ћc)2

ν
~10-10 (10-6) (0.2 x 10-13)2 cm2 (@ E=1MeV)

∼10-44 cm2

λ = (σρ)-1 ~ (10-44 x1023)-1 cm = 1019 cm ~10 l.y.!!



Discovery of the Neutrino – 1956

F Reines Nobel Lecture 1995F. Reines, Nobel Lecture, 1995



Reines-Cowan ExperimentReines Cowan Experiment

Water +





1956 – A Year of Revolution

(A Zee)

FOR THE FIRST TIME –

(A. Zee)

FOR THE FIRST TIME 
A FORCE OF NATURE WAS ASYMMETRIC



Implication for the Neutrino!Implication for the Neutrino!

Pauli (1933)



Chi lit St tChirality States

Dirac Eq.: ( p – m )ψ = 0

X   γ5: ( p + m ) γ5 ψ = 0γ5 ( p ) γ5 ψ

Define ψR ≡ ½(1+ γ5) ; ψL ≡ ½(1- γ5) 

0p ψR – m ψL = 0
p ψL – m ψR = 0

m→0: p ψR = 0;   p ψL = 0.

Note: m≠ 0 → must have both ψR , ψL



ψ- is the left-handed neutrino (E>0)
or a right-handed antineutrino (E<0).

ψ+ describes νR or νL.



Neutrino Helicity MeasurementNeutrino Helicity Measurement

152E (0+) + e 152Sm*(1+) + 152Sm(0+) +152Eu (0+) + e- → 152Sm (1+) + ν → 152Sm(0+) + γ

^→ → ^Let pν = pν z  so that pSm = - pSm z^→ → ^

→ ^LH ν → JSm ~ + z

J (LH)

→ ^
pSm JSm

^→
→ Jγ ~ + z (LH)

kkγ



Neutrino Helicity Measurement (1958)

γ spin analyzerγ spin analyzer

select E p ↓select Eγ →  pSm ↓



The STANDARD MODELThe STANDARD MODEL
(1967)

ψL=
νL

l L
( ) ψR=l RL

νR does not exist!

Neutral currents!



• 1960’s – ν were studied with accelerator 
experiments: ν ≠ νexperiments:  νe ≠ νμ

π+   → μ+ νμ μ μ 

νμ + A → X + μ+ , but never e+

"All you have to do is imagine something that 
does practically nothingdoes practically nothing. 

You can use your son-in-law as a prototype." 



Neutral Current Discovery (1973)

νμ μ-

N X
W

N

νμ νμ (unobserved)

Z
N X

Z

Major Triumph for the Standard Model!!



A Puzzle from Astrophysics

Could neutrinos 
have 

mass and explain 
the 

Dark Matter?

Galactic Rotation Curves → gravitational clusteringGalactic Rotation Curves  gravitational clustering 
of neutral matter













Tritium Kurie Plot



Tritium Beta decay and neutrino mass

3H

Requirements:
• Strong source

• Excellent energy resolution 
• Small endpoint energy E0

• Long term stability
• Low background rate



Previous Tritium Measurements



KATRIN
5 countries

13 institutions
100 scientists

at Forschungszentrum Karlsruhe
unique facility for closed T2 cycle:

Tritium Laboratory Karlsruhe  100 scientistsy

TLK

~ 75 m long with 40 s.c. solenoids



KATRIN:
sensitivity and discovery potential

Expectation for 3 full beam years:
σ t ~ σ t tσsyst  σstat

5σ discovery potential:
mν =  0.35eV (5σ) 

0 3 V (3 )

Sensitivity: mν < 0.2eV 

mν =  0.3eV   (3σ)

(90%CL)
⇒ KATRIN will improve the sensitivity by 1 order of magnitude

will check the whole cosmological relevant mass range

will detect background neutrinos (if they are degen.)



Perhaps neutrinos are not so p
useless after all





Length & Energy Scales
1.24

(Pe minimum)

Eν= 1 GeV, Δm2=10-3 eV2 , L = 1240 km Super-K

E = 1 MeV Δm2=10-3 eV2 L = 1 2 km
Chooz,

Palo VerdeEν  1 MeV, Δm 10 eV , L  1.2 km Palo Verde

Eν= 1 MeV, Δm2=10-5 eV2 , L = 125 km



The LSND Experiment (1993-98)

Nearly 49,000 Coulombs 
of protons on targetof  protons on target

Baseline 30 m
Neutrino Energy 

20-55 MeV, 

1280 
phototubes

167 tons Liquid scintillator
p



LSND ResultLSND Result

Excess:cess

Osc. Prob.: 



LSND was not unconfirmed –LSND was not unconfirmed 
(New MiniBOONE result)



Atmospheric neutrinos
Cosmic proton

N’s, π’s, …

π→ μ + νμ
 

μ → e + νμ + νe
νμ + νμ 
νe + νe

= 2



30 kton 
H20 Cherenkov 2
11000 20” PMT’s





SuperKamiokande Result (1998)

θ

Monte Carlo 

Where are the upward
m  t i s??muon neutrinos??



Implications of SuperK Observation

• Δm2 = 2.5x10-3 eV2 ≠ 0   →  at least 1 mν ≠ 0

• Mixing angle is quite large (θ ~ 45°)

Note: SuperK seems to be observing 
ν → ννμ→ ντ



W.A. Fowler 
Nobel Lecture, Nobel Lecture, 

1983



Maybe there is 
something wrong

with thesewith these
astrophysical neutrinos???astrophysical neutrinos???

We need a 
“laboratory”

i t!!experiment!!






