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Pierre  RAMOND

WHAT ARE NEUTRINOS?

To the artist, mysterious shy particles 
that hardly interact…
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Neutr ino Tryptik

To Physicists, they are

Crucial for

understanding the basic workings 

of the 

Universe
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• Early Neutrino History

• Neutrino Properties 

• Theories of Neutrino Masses and Mixings

• The Future

NEUTRINO PIONEERS
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Neutr ino

• Wolfgang Pauli Jr.  
Austrian Physicist 
1900-1957

• Wrote at age 19 a 
review of Einstein’s 
Theory of General 
Relativity!

• 1945 Nobel Prize

GREAT IN HISTORY

“ Dear Radioactive Ladies and Gentlemen:

I have hit upon a desperate remedy to save the 
“ exchange theorem” of statistics and the energy 
theorem. … there could exist in the nuclei
electrically neutral particles… which have spin ½, 
and …do not travel with the velocity of light. The 
continuous beta spectrum would then become 
understandable. …”
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N N e→ + −'

BETA RADIOACTIVITY

+ ν

Written a few days after divorcing actressKate Deppner

Within a year Pauli was under analysis with C. Jung!

“ …I do not feel secure enough to publish
anything about this idea … but only those who 
wager can win … Unfortunately, I cannot 
personally appear in Tubingen, since I am 
indispensable here on account of a ball…”

Zurich, December 4, 1930
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Pauli proposes to solve 

two problems

ThePauli Exclusion Principle

The continuous beta decay spectrum

with 

one particle

Nature uses 

two particles

Chadwick discovers

theNEUTRON

a heavy nuclear particle which 

solves Pauli’s exchange problem
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In 1933, E. Fermi asserts

“ Pauli ’sparticle 

does not live in the nucleus

it is  created and emitted 

during beta emission”

… Neutr ino

• Enrico Fermi, Italian 
Physicist, 1901-1954

• He called Pauli’ s 
particle the “ little 
neutron” , neutrino in 
Italian

• 1938 Nobel Prize
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DISCOVERY

Frederick Reines and Clyde Cowan

devise twenty six years later (1956)  

an ingenious experiment to detect 

antineutrinos

ν e p e n+ → ++
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e e+ −+ → +γ γ

n Cd+ → + + +γ γ γ . ..

Later, Cadmium absorbs the neutron, 
with the emission of threephotons:

The positron annihilates immediately, 
producing two photons:

Two photons followed
a bit later by three photons 

is the signature of  an antineutrino hitting matter

earns much later (1995!)

a     free trip to     Stockholm

Fred Reines

��������� 	�
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NEUTRINO  SPIN

Resonant X-ray Scattering  singles out events 
with photon and neutrino back to back

S-wave electron capture

N0
' +γ

e N N e
− + → +' ν

knowing  the spin of the nuclear states,  

and  the photon helicity  determine

neutrinos to have

spin one-half and left-handed helicity

determined in 1957

by 

M. Goldhaber et al
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Earlier in 1945   Pontecorvo

had proposed a very clever way 

to detect neutrinos

ν e Cl Ar e+ → + −37 37

Count the number of Argon atoms once a month 

Neutr ino Catcher

Fill up a tank with cleaning fluid

)8.( MeVE ≥ν

is inert and radioactiveAr37
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Fermi thought this was not practical, 
and Pontecorvo never published!

but

Ray Davis Jr.

had other ideas

First sets up a tank outside a reactor 

The rumor goes away but the idea persists!

motivating  Pontecorvo
to suggest 

neutrino-antineutrino oscill ations

finds Argon



Neutrinos: Windows Beyond the Standard Model

Dr. Pierre Ramond, Univ of Florida (ITP Colloquium 1/09/02) 13

Puts a bigger tank deep underground in the 

HomestakeGold mine in Lead, South Dakota

This time he aims to count neutrinos 

from the

Sun

The Sun emits lotsof neutrinos
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Proton fusion

MeVEeHpp e 42.02 ≤++→+ +
νν

MeVEHpep e 44.12 =+→++ −
νν

pep reaction

MeVELieBe e )383.(861.)(77 =++→+ −
ννγ

Beryllium lines
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8 8 14 06B Be e E MeVe→ + + ≤+ ν ν .

Boron decay

enough Boron produced by the Sun (Bahcall )

right energy for Pontecorvo’s reaction )8.( MeVE ≥ν

Solar Neutrino Unit

SNU: 3610− Captures per atom per second

Theorist Bahcall

expects ~  7.7 SNU
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Over a quarter of a century of data-taking, 

starting in 1968,  Davis finds

32− SNU

ONE-THIRD of the expected rate !
��������� �� 
!�"$#�%�&�'�( )*�'�&�+�, �� 
!�"$#�%�&�'�(

Two experiments also find a solar neutrino 
deficit in the lower energy fusion neutrinos

SAGE GALLE X
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NATURE HELPS

1987A SUPERNOVA

beforeafter later

proton decay Detectors

Neutrino burst detected by 

neutr ino decay Detectors
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Water and phototubes

Inside
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Atmospheric neutrinos 

by-products of 

cosmic ray showers 

detects

ee ννµµ νν

ee ννµµ νν
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N(muon like neutrinos) ~ N(electron-li ke neutrinos)

RESULT S

Should be 2:1

Should be same

N(upward muons)          N(downward muons) ≠

Flux of upward muons depends  on

ALSO

zenith angle Θ
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Θ
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suggests that
muon neutrinos oscill ate into other flavors

neutrinos have different masses!

-�.�/�0�1 2�3
4�5�6�7�/�.�8 9-�.�/�0�1 2�3
4�5�6�7�/�.�8

µν

τν






 ∆=→
)(

)()(
27.1sin2sin)(

22
22

GeVE

kmLeVm
P

ν
τµ θνν

Two Flavor Oscill ations
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τµ νν →

2322 108.2 eVmm −×=− τµ

)%908.(00.12sin2 CLat≥=θ

Near Maximal Mixing!
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Solar Neutrinos

also detects

eν

−− +→+ ee ee νν
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even on a cloudy day!

(Important in England and Canada!)

solar          deficit confirmedeν

Know where the Sun is at night

Sudbury 
Neutrino 
Observatory

Deuterium
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Just a pretty picture

Deuterium Dissociation by neutrinos

−++→+ eppDeν

Charged W-Boson exchange only
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Neutrino electron elastic scattering

−− +→+ ee ee νν

both W  and  Z  exchange

−W

eν
eν

−e −e

Z

eν eν

−e−e

June 2001: first results

Elastic scattering agreeswith Super-K

Charge Current dissociation suppressed

Fewer solar          at detectoreν
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solar          deficit confirmedeν

solar          flux confirmedeν

Looks like electron neutrino oscillates as well

eν

τµν ,

τµνν ,→e

2)95(2
,

2 10 eVmme
−−≈− τµ 5.2sin2 ≥θ

also large mixing (?)
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Z-Boson exchange only: flavor blind

Next Stage: Salt the detector
to enhance neutron detection

νν ++→+ npD

Counts number of active neutrinos

e eµ µτ τ

Will yield absolutenormalization of 
Solar neutrino flux
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TIME  FOR

THEORY

IN THE STANDARD MODEL

Neutrinos are
massless
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Neutrino masses are tiny!

almost true: 
experimental l imits on neutrino masses

MeVm

keVm

eVm
e

2.18

170

21

≤

≤

−≤

τ

µ

ν

ν

ν

are very stringent

τµ νννe

MajoranaMass eeνν

21 =∆=∆ LIW

Three Standard Model neutrinos



















τµe 2

1+=WI

are parts of weak doublets
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Standard Model Cut-offM

m Standard Model Natural Mass

Allowed only if lepton 
number is violated

m

M e e

2

ν νDimension Five: 

Break Lepton Number 
with

new scalars

new fermions
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new scalar

( ) ++






SHHS

e
e µ

ν
ν

Majorana mass generated 
at one loop

new mass scale

Zee model

Neν 0
2

1 =∆=∆ LIW

Right-Handed Sterile Neutrino

neutrino Dirac mass

new sterile fermions allow for
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02/1 =∆=∆ LIW

Dirac mass has samequantum numbers 

as quark and charged lepton masses

How come much smaller?

we live on a  

sheet (brane)

floating in a 

bigger space (Bulk)

One bright idea from string theory:
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N

ν, ,...e

Brane

B u l k

Dirac mass              is result of

Brane-Bulk coupling

Naturally suppressed by geometry!

ν N

(if N  has no Majorana mass)
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can be

very large

(unconstrained by 
Standard Model)

20 =∆=∆ LINN WMajorana mass:







Mm

m0

If M is very big

large eigenvalue

small eigenvalue








M

m
m

M

Majorana

Dirac

With both masses
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≈
M

m
scaleI

scaleI

W

W

0

2/1

=∆
=∆

Natural mass suppression

Majorana neutrino mass~ milli -eV

GeVM 1610≈ scale at which 

Supersymmetric 

Standard Model couplings unify

Coincidence?
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Quark-Lepton Relations
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3/13/2 −
+= UUUCKM

Charge 2/3 and –1/3 quarks mix the same way

3/13/2 −≈ UU
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01 UUUMNS
+
−=


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
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cossincossinsin

sincoscossinsin

0sincos

φφ sincos ≈Super-K: Atmospheric

Super-K,  SNO: ?cossin θθ ≤ Solar

Charged and neutral leptons mix 

differently

01 UU ≠−
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Looks more like




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
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Grand Unification implies

TMM )1()3/1( −− ≈ SU(5)

Diracmass only

SO(10))0()3/2( MM ≈
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0U generally unconstrained 
by

Quark-Lepton Unification

m
M

mM T 




= 1)0(

Unconstrained Majorana mass matrix

Dirac mass matrix

New fundamental parameters

• three mixing angles

• one CP-violating angle

• two more (Majoranamass) 

• three masses

two measured
one bounded

neutrino factory?

hopeless

No absolute measurement
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FUTURE

National Underground Laboratory

Neutrino Astronomy

measure CNB

Intense Neutrino Beams

NEUTRINO MASSES

There is something beyond the Standard Model

Tiny masses

Low energy supersymmetry 

Low energy branes
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The Standard Model 

Higgs 

is 

not alone!

FIN
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0→λ
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NOT UNEXPECTED
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