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Neutrino Discovery
β-

A
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Niels Bohr suggested that
perhaps energy
conservation did not hold
inside the nucleus

Pauli's letter of the 4th of December 1930

Dear Radioactive Ladies and Gentlemen,
As the bearer of these lines, to whom I g raciously ask you to listen, will explain to
you in more detail, how because of the " wrong" statistics of the N and Li 6 nuclei
and the continuous beta spectrum, I have hit upon a desperate remedy to save the
" exchange theorem" of statistics and the law of conservation of energ y. Namely,
the possibility that there could exist in the nuclei electrically neutral particles, that I
wish to call neutrons, which have spin 1/2 and obey the exclusion principle and
which further differ from light quanta in that they do not travel with the velocity of
light. 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
beta spectrum would then become understandable by the assumption that in beta
decay a neutron is emitted in addition to the electron such that the sum of the
energies of the neutron and the electron is constant...
Unfortunately, I cannot appear in Tubingen personally since I am indispensable
here in Zurich because of a ball on the night of 6/7 December. With my best
regards to you, and also to Mr Back.
Your humble servant, W. Pauli

Fermi Theory of Radioactive Decay
Fermi’s Golden Rule
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Mimicking QED photon exchange 1/q2→GF
Parameterized by GF=1.16638·10-5GeV-2

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

No mass, almost not interactions  ghost particle

Neutrino Detection
First neutrinos from
nuclear reactors
detected by Reines
and Cowan 1956.

Inverse beta decay
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Te++ 1.022 MeV
e- from annihilation
= Eν - 0.8MeV

Two correlated
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Delayed signal
γ (~8 MeV)

Neutrino Oscillations
First proposed by Bruno Pontekorvo in 1957 as
oscillations between neutrinos and antineutrinos

In 1962 Liderman and Co. discovered that
there is at least two different types muon
and electron neutrinos

Maki, Nakagawa, and Sakata in 1962 introduces neutrino mixing
matrix with is properly explains phenomena of neutrino
oscillations

Number of Light Neutrinos
LEP collider

Decay of Z into
“invisible channels”

Discovery of muon and later tau
neutrinos combined with the study of
the Z boson decays at LEP conclude
that there are three light neutrinos.
7

Neutrino Mixing
Possible only if Neutrino has non zero mass

ν j = ∑ U jl ν l
j

What is produced and
detected is weak
eigenstate ν j

cosθ12 sinθ12 0
Ujl = -sinθ12 cosθ12 0
0
0
1

×

U jl is a 3 x 3 unitary

matrix (like the CKM
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Neutrino Oscillations in a Simple Way
Neutrino oscillations are analogous to “beats” in
the sound waves

Time

Distance

n1 wavefunction
n2 wavefunction
neutrino
flux

Simplified expression for two flavor oscillations in a vacuum:

P(νl→νl’) = sin 22θ sin 2(1.27∆m 2(eV2)L (m)/E ν (MeV))

Open Neutrino Questions
•Value of neutrino mass
•Origin of neutrino mass
•Is neutrino Majorana or Dirac
particle
•CP violation in neutrino sector
•Does neutrino responsible for
baryonic asymmetry of the
Universe.
•Mixing parameters
•Sterile neutrinos
•Role of neutrinos in the evolution
of the Universe
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However aim of this presentation is to outline what we
CAN DO with neutrinos !!!

The Sun
Famous 19th century debate:
“how old is the Sun”
Darwin

For my theory of evolution the Earth
should be at least 108 years old, and there
are some geological evidences for that
Darwin removed all discussion about time
scale for evolution from his last edition

Kelvin

There is no energy source inside
the Sun to last for such a long time!
Chemical reactions – 2000 y
Gravitational energy – 20000 y

As for the future, we may say, with equal certainty, that inhabitants of the earth can
not continue to enjoy the light and heat essential to their life for many million years
longer unless sources now unknown to us are prepared in the great storehouse of
creation. (L.Kelvin 1885).

Solar Engine

+
p + p → 2 H + e + ν e + 0 .42 MeV

p + e − + p → 2H + ν e + 1.44 MeV

2

H + p →3He + γ + 5.49 MeV

14%

86%

3

He+ 3He → α + 2 p + 12.86 MeV
“7Be”
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3

“hep” 2.4*10-5

He + α →7 Be + γ + 1.59 MeV

99.89%

Li + p → α + α + 17.35MeV

3

He + p → α + e + + ν e

0.11%

Be + e − →7 Li + γ + ν e + 0.8617 MeV
7

νe

“pep” 0.25%

“pp” 99.75%

7

8

Be + p →8B + γ + 0.14 MeV
“8B”

0.11%

B → Be + e + ν e + 14.6 MeV
8

8

+

Be → α + α + 3MeV

If there is thermonuclear
reaction on the Sun we
should see neutrinos !!!

Davis experiment (1970-1994)
37Cl+ν

37
e= Ar+e

(Pantekorvo’s idea)

600 ton of tetrachloroethylene in the large tank.
Expected rate is a few events per day
Results:
There is Thermonuclear reaction on the Sun !!!
First indication for neutrino oscillations

Solar Thermometer
CNO Chain

pp Chain

+
Measurement of neutrino flux from
those two chains let to measure
temperature inside the Sun with a
great accuracy.
Prediction for CNO ~0.7%
Present limit is <3%

Stellar Evolution

(Everything has an end)
Initial Stellar Mass

In Solar Units
<0.08

Life time

as a star
0

Final Destiny
Brown Dwarf

0.08-0.25

>1012 y

Helium White Dwarf

0.25-4.0

1012-108 y

Carbon White Dwarf

4.0-8.0

108-107 y

O-Ne-Mg White Dwarf

>8.0

~107 y

Historical Supernovae
Remnants of SN 1054

Recorded historical explosions visible to naked eye:
Year (A.D.)
185
369
1006
1054
1572
1604

Where observed
Chinese
Chinese
China, Japan, Korea, Europe, Arabia
China, SW India, Arabia
Tycho - Europe
Kepler - Europe

Brightness
Brighter than Venus
Brighter than Mars or Jupiter
Brighter than Venus
Brighter than Venus
Nearly as bright as Venus
Brighter than Jupiter

SN 1054 has been visible during day time for 23 days !!!
During night time it was visible for ~ 650 days.
We believe that actual number of supernovaes in the Milky Way should be four times larger
There is no records from the Southern hemisphere, and large fraction of Milky Way galaxy
is obscured by dust clouds

Evolutionary stages of a 25 MSUN star:
Stage

Temperature

Duration of stage

in the core (K)
Hydrogen burning

4 x 107

7 x 106 years

Helium burning

2 x 108

5 x 105years

Carbon burning

6 x 108

600 years

Neon burning

1.2 x 109

Oxygen burning
Silicon burning

1.5 x 109
2.7 x 109

1 year
6 months
1 day

Supernovae
Core collapses until its density hits
~2.4x1014 g/cc, which is about the
density of an atomic nucleus!
At this point, the strong nuclear
force comes into play!
Inner ~0.7Msun of the core: comes
to a halt, overshoots & springs back
a little ("bounces")
After core implosion outer layers of
a start begin to fall toward the
center and collide with bouncing
back core

How do we know that described scenario is correct? Neutrinos!!!
99% of SN energy is emitted by neutrinos!!!

SN 1987 is the only nearby
modern day SN
Date – Feb 23th 1987.
Location – Large Magellan Cloud
Distance – 168 000 light years.
Star – 17 solar mass blue giant
First Observer - 1987 Ian Shelton (Chile)
Magnitude - M3
Single
Expected Neutrino Signal
Theory

Neutrino pulse was
detected (3h before light)

Measurement
confirmed basic
principles of Core
Collapse SN theory

Those 25 events caused
270 publications!

SNEWS

Four large neutrino detectors are in the global network
with precisely synchronized clocks.

SNO
Canada

LVD
Italy

Super Kamiokande
Japan

Ice Cube – South Pole

If all of them see a neutrino pulse, they should quickly triangulate direction of
origin and then alert astronomers so they can point their telescopes to see first light
from new SN.

From a Heavens to the Earth
(Earth Heat Balance)

Surface heat flow
44TW

Bulk Silicate Earth (BSE) model

chondrite
meteorite

•Mines ( 4 km max) <0.001 of Earth radius
•Boreholes (20 km max)
•Seismology
•Rocks from up to 200 km delivered by volcanic activity
•Meteorites (Chondrite)

Gamov’s Note To Reines
“Dear Fred,
Just accrued to me your that background neutrinos
may just be coming from high energy β-decaying
members of U and Th families in the crust of the
Earth” (1953)

M.A.Markov, NEUTRINO, 1964,
Nauka. Suggested to use inverse beta
decay reaction to detect geo-neutrinos.
Pointed out importance of geo-neutrinos
as a source of information about inner
Earth layer composition

Neutrino telescope looking inside the Earth !!!

Geo Neutrinos
They are coming from decays of isotopes with very long decay time
235U

Too short life time relative to
the Earth ~5·109 years history

87Rb

Too low concentration to
produce significant amount
of heat

(τ1/2=0.71⋅109) y
237Np (τ =0.002⋅109) y
1/2
(τ1/2=49.7⋅109) y
138La (τ =110.0⋅109) y
1/2
176Lu (τ =21.0⋅109) y
1/2
238U

(τ1/2=4.47⋅109) y
232Th (τ =14.0⋅109) y
1/2
40K (τ =1.28⋅109) y
1/2

Prime candidates as a source
of the Earth heat

Neutrinos from Decay Chains
238U

→ 206Pb + 84He + 6e- + 6νe + 51.7 [MeV]

232Th

→ 208Pb + 64He + 4e- + 4νe + 42.7 [MeV]

40K

→ 40Ca + e- + νe+ 1.31 [MeV]

40K

+ e- → 40Ar + νe + 1.505 [MeV]

Etr

Inverse beta decay reaction is
sensitive to antineutrinos from
U and Th decay chains only

First Geo-Neutrino detection at
the (KamLAND)

- beneath Mt. Ikeyama
Detecting reactor νe 1km

Inside the
Kamioka Mine

Surrounded by 55 Japanese Reactor Units

The KamLAND Detector
Balloon &
support ropes

calibration
device &
operator

Target LS
Volume (1 kton,
13m diameter)
Buffer Oil Zone
Photomultiplier
Tubes (34% coverage
of ID)
Stainless Steel
Inner Vessel

(18m diameter)

Glove box
Chimney
(access point)

e-

Outer Detector
(3.2 kton Water
Cherenkov)

Antineutrino Detection
Edelayed 2.2 MeV

Epromt 3.2 MeV

∆t=111μs
∆R=34 cm

Inverse beta decay

ν

e

p

Prompt signal
Te++ 1.022 MeV
e from annihilation
= Eν - 0.8MeV
+

Two correlated
light flashes

e

~210μsec

n

p

Delayed signal
γ (2.2 MeV)

Geo Neutrino Signal at the KamLAND
Earth Reference Model (based
on Bulk Silicate Earth)

U [ppm]

Th[ppm]

Continental Sediment

2.8

10.7

Oceanic Sediment

1.68

6.9

Continental Upper Crust

2.8

10.7

Continental Middle Crust

1.6

6.1

Continental Lower Crust

0.2

1.2

Oceanic Crust

0.1

0.22

0.012

0.048

0

0

Mantle
Core

Earth Cross Cut
Effect of neutrino oscillations

KamLAND is at the worst
possible place for Geo
Neutrino Detection

Background from nuclear power plants

At the KamLAND detector ratio of
Reactor to Geo neutrinos is 20/1

North Canada

Event rate time variation: 0.9 MeV - 2.6 MeV
before-purification

Rate, events/day

Data

After
Reactor +
BG + geo

correlation

Best fit

Reactor + BG
Reactor + BG
Expected reactor

Reactor+BG+geo

We see constant contribution above the estimated reactor neutrino
+ non-neutrino background at 0.9 < E < 2.6 MeV region

Observed Energy Spectrum: 0.9 MeV - 2.6 MeV
4126 ton-yr data-set (2135 days)

Rate analysis
(0.9 < E < 2.6 MeV)
841 candidates
9Li

2.0 ± 0.1

Accidental

77.4 ± 0.1

Fast
neutron

< 2.8

(α, n)

165.3 ± 18.2

Reactor ν

484.7 ± 26.5

BG total

729.4 ± 32.3

excess 111 +45
events
−43

Rate + Shape + Time analysis
U/Th mass ratio fixed to 3.9

model w/o
neutrino osc.

best-fit (U, Th) (65, 33)
U/Th ratio fixed

Nature 436, 28 (2005)
PRL 100, 221803 (2008)
Nature geoscience 4, 647 (2011)

Earth model prediction
EPSL 258, 147 (2007)

Ngeo = 106 +29
−28 events

Fgeo = 4.3 −1.1 × 106 /cm2/sec
+1.2

This is conformation that radiogenic is responsible to up
to ~50% of the total heat emitted by the Earth

First Geo Neutrino
Result cause a big
Resonance.
New branch of
science – Neutrino
Geo Physics was
created

Geo Neutrino Bright Future

(Global Tomography of the Earth)
Laguna
Baksan

SNO+
KamLAND

Borexino
Honohano

Geo to Reactor antineutrino rates

Nuclear Reactors
As a fuel is burning up reactor power
can stays the same however rates from
different fission elements changes!

Can we remotely monitor 235U to 239Pu ratio inside nuclear rector?

Reactor Neutrinos
Antineutrino spectra from various
fuel elements

Because 235U fuel generates more neutrinos
than 239Pu antineutrino flux from nuclear
reactor is getting smaller after fuel reload
even if thermal power stays the same.

- Th.A. Mueller et al, Phys.Rev. C83(2011) 054615.
- P. Huber, Phys.Rev. C84 (2011) 024617

By monitoring of Antineutrino flux one can verify declared vs.
real operation of the reactor core

Prove of Principle at the San Onofre
Nuclear Power Plant

N.Bowden, Livermore

Antineutrino detector
based on inverse beta
decay reaction. Mass is a
few tons, foot print 6m2

∆fν
∆fν is proportional to the amount
of 239Pu replaced with 235U
Problem is a large detector is hard to deploy

Antineutrino Cross sections
Inverse beta decay

v + p ⇒ n + e+
Workhorse
Electron Scattering
−

−

v+e ⇒v +e '
'

SuperK, SNO
Coherent Scattering

v + A ⇒ v ' + A'
Never detected

σ = 9.52 ⋅ ( Ep / 1MeV ) ⋅10
2

−44

cm

2

Ethr=1.8 MeV

σ = 4.0 ⋅ ( E / 1MeV ) ⋅10 −45 cm 2
Ethr=detector limited

σ = 0.42 ⋅ N 2 ( E / 1MeV ) 2 ⋅10 −44 cm 2
Ethr=detector limited
N- number of
neutrons in A

Coherent Scattering of Neutrinos

If neutrino wavelength is comparable with a size of a nuclei

This reaction is predicted by the standard
model of electro-weak interactions. Never
been detected yet due to experimental
challenges

Reactor monitoring detectors based
on this reaction potentially can be
order of magnitude more compact
than convenient technologies

Two Phase Neutrino Detector based on Nobel Liquids
Concept proposed by MEPI/ITEP
Non adopted by many Dark Matter Experiments

РЭД-100

1m

HAMAMATSU
R8778

0.5 m

Bolozdynya, Egorov, Miroshnichenko, Rodionov.IEEE
Trans. Nucl. Sci. v.42, n.4 (1995) 565-569

Болоздыня 24.11.2011

Challenges:
Small recoil energies
for reactor neutrinos

Nobody used this reaction so far
because it is very challenging!

Detector response is not
known for such a small recoils

P. S. Barbeau, J. I. Collar, J. Miyamoto, and I. Shipsey
IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 50,
NO. 5, OCTOBER 2003

Lq Xe

New Laboratory (344) is created at MEPI in Nov 2011
based on the Grant from the Russian Government

Near Plans
•Create Nuclear Physics laboratory at MEPI
•Employ critical mass of experts in detectors, electronics
software
•Purchase modern purification, cryogenic, vacuum, and other
lab equipments.
•Outfit clean room facilities
•Conduct critical measurements at neutron beams for various
recoil energies
•Begin design and construction of a full scale detector for
deployment at an industrial power plant

Experiment at MEPI reactor

ИРТ МИФИ

Use Neutrons to simulate neutrino
signal in the detector

Prototype of
detector from the
ITEP
(already at MEPI)
Plan is to start to take data in a few
months

Far Plans.
Have at MEPI modern laboratory capable for advance
development of Nobel media based detectors; for
nuclear physics, monitoring, and medical applications
Deploy a large scale experiment at
industrial power plant to detect
neutrino coherent scattering
(We are mot alone! Who will do it
faster?)
Make prove of principles that it is possible to monitor fuel
composition in the reactor core with a compact detector.

Conclusion I
•Neutrino physics is a very active field of research
•There are a lot of open questions, however we already
started to use neutrinos as a tools.
•Example are stellar physics, and a new branch of
science  neutrino-geo physics.
•We can use neutrinos to monitor nuclear power plants
and new lab at MEPI will focus on this subject. In

addition we will look into the wide application of new
detectors based on Nobel medias

Ultimate Challenge In Neutrino
Detection

Hubble Space Telescope

Launch: April 24, 1990 by space shuttle
Discovery
Deployment: April 25, 1990
Mission Duration: Up to 20 years
Servicing Mission 1: December 1993
Servicing Mission 2: February 1997
Servicing Mission 3A: December 1999
Servicing Mission 3B: February 2002
Servicing Mission 4: May 2009

Facts
Length: 43.5 ft (13.2 m)
Weight: 24,500 lb (11,110 kg)
Maximum Diameter: 14 ft (4.2 m)
Mirror Diameter 8ft(2.4 m)
Orbit altitude is 353 miles (569 km)
inclined 28.5 degrees to the equator (low-Earth orbit)
Time to Complete One Orbit: 97 minutes
Speed: 17,500 mph (28,000 km/h)
Hubble transmits about 120 gigabytes of science data every week.

HST Mirror

It was probably the most precisely figured mirror ever made, with variations from the
prescribed curve of only 10 nanometers

Hubble Ultra Deep Field
Hubble Space Telescope (HST) is a
very expensive device to operate.
Every second costs $$$$$
It was proposed to look at the starless
part of the sky to see what’s there.
Exposure time  1 million seconds
It took many HST orbits around the
Earth
Location was chosen to be out of
galactic plane to reduce interference
from our galaxy. A region with very
few stars was selected
The less stars the better!

Hubble Ultra Deep Field
There are about 10 000 galaxies in this picture
This image covers 11.5 square arcminutes, which is smaller than a
grain of sand held at arm's length ~ 1/20 000 000 part of the sky

Number of neutrinos on this picture is ~1 400 000 000
times number of protons
Those neutrinos are leftover from the Big Bang and have very
low temperature T=1.95K

Registration of those neutrinos is important test of
the Big Bang theory.

Big Bang

Time past the B.B.
First Stars ~ 0.5 b.y
CMB – 400 000 y.
Light elements abundances – a few min
Relict Neutrinos – a few sec.

Relict neutrino detection
Not clear how to do. Very weak signal and very low rate.
This is a quest for 21st century
Indirect methods:
Change it beta decay rate
Change in beta decay end point
Single neutrino double beta decay
Phonons excitations….

There is a lot of skepticism is it possible at all.
Please recall
"I have done a terrible thing. I have postulated a particle
that cannot be detected." W. Pauli

