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Neutrino came out of a puzzle about the radioactive decay
in the early 1920's:
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Number of electron neutrinos

In radioactive decays energy-momentum
conservation no longer holds!
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Wolfgang
Pauli |

In this reaction there is a third particle
produced that you cannot (yet) seel
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Wolfgang
Pauli |

In this reaction there is a third particle
produced that you cannot (yet) seel
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Energy-momentum conservation : : : .
says that data should look like this _ -instead it looks like this
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Wolfgang Pauli,
father of the neutrino
and Pauli exclusion
principle
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Offaner Briaf an die Jrunpe dear Hadicaktiven bol der
Gauverains«Tagung su Tubingsn.

Abmohrd {t

Physikelisches Instltnt

dar Eidg, Tachniseher, Hochacmle @rich, i« Des. 1930
ZArioh Oloriastzranse

Liebe Radicaktive Damen und Hearren,

Wie dar Usbarbringer dissar Zeilan, den ich Mulodvollst
ansuhbren bitte, Ihnan des nEheren sussinsndersetsen wird, bin ioh
angesichts der "felschen" Statlatik dor He und Li-6 Kerne, sowie
des kontilmiierlichen betu-Spektrums auf olnen varsweifelten Aneweg
varfallen um den "Wechselsate™ (1) der Statistik upd den Energienats
su retian, Mhmlioh die MGglichkeit, &= ktmtan elaktrisch nsutrale
Tellohen, H.e ioh Neutronen nenman will, in den Iernen existieren,
wglshe dam Spin 1/2 haban nnd das Ausechlisesungaprinsip befolgen und
‘whal von Idchtquanten musserdamn noch dadirch cnterscheiden, dass oie

wit Lichtgeschwindigkeit laufen. Die Hasse dear Neutronen

von derselben ossenordmng wis die Elekctronensssse axin und

s nicht grosser als 0,00 Protonamamsec~ Dam kKontimuieriiche

Spektrum wire dann warstindlich unter der Armahme, dass bein

boha~Zarfall mit dem Elektron jeweils anoch ein ¥eutron ewjttisrt

wipd, dewrard, dass die Summe der Enorglen von Neutron und klektron

konstant 1st.




¥/ Physics Institute of
' 1 the ETH Ziirich Ziirich, Dec. 4, 1930
sy )

Dear Radioactive Ladies and Gentlemen,

spectrum, I have hit upon a desperate remedy to save the "exchange theorem" (1) of statistics anc
the law of conservation of energy. Namely, the possibility that in the nuclei there could exist
electrically neutral particles. which I will call neutrons. that have spin 1/2 and obey the exclusion

way of rescue. Thus, dear radioactive people, scrutinize and judge. ortunately, I cannot
personally appear in Tiibingen since I am indispensable here in Ziirich because of a ball on the
night from December 6 to 7. With my best regards to you, and also to Mr. Back, your humble




Note that these experiments did not observe

n-op+e +v,

Because neutron was not discovered yet.
Instead they observed

AZ 5 4Z+1D)+e +7,



Sources of neutrinos: Nuclear Reactors
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If you can get close enough by
far the most abundant source
of neutrinos on Earth are
commercial fission reactors.
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Earlier Reactor Neutrino Experiments
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Sources of neutrinos: Sun

A minor league star (such as
our Sun) produces heutrinos
mainly through the reaction

p+tp—->d+et+v,

Photons take a long and tortuous path

¥ ™~ ﬁ 100 trillion neutrinos pass through
PHOTOSPE i b, .. your body every second!!!

electron
neutrino

Neutrinos zip though quickly Ad df Lux SCi
opted from Lux Science



Where does the Energy of the Sun
come from?

1854 von Helmholtz
gravitational

1920 Eddington nuclear

fusion “We do not argue with
the critic who urges that the
stars are not hot enough for this
process; we tell him to go and find
a hotter place.”

1938 Bethe and Critchfield
prp—>2H +er+v, + ...
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Solar Nuclear Fusion Reactions
via the Proton-Proton Chain




Where does the Energy of the Sun
come from?

1854 von Helmholtz « 1946 Pontecorvo the idea of
gravitational using chlorine as detector (also

1920 Eddington nuclear the idea of neutrino oscillations)

fusion “We do not argue with
the critic who urges that the
stars are not hot enough for this
process; we tell him to go and find
a hotter place.”

1938 Bethe and Critchfield
p+p—2H +e+v,

« 1964 Savis chlorine detector at
Homestake Bahcall Standard
Solar Model




“...to see into the interior of a
star and thus verify directly the
hypothesis of nuclear energy
generation..”

Bahcall and Davis, 1964
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Sources of neutrinos: Supernovae

A (hopefully distant enough) core-collapse
supernova produces approximately 10°8
neutrinos in about twenty seconds via

Gravitational binding energy — v, + v,

Those neutrinos produced in supernova explosions since the
beginning of the Universe still stick around, forming the
"Diffuse Supernova Background”
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Atmospheric
Neutrinos
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Discovering Mass

The farther neutrinos travel, the more time they have to oscillate. B
comparing the ratio of lavors of neutrinos coming "up”through the Earth
to those coming from overhead, physicists determined that neutrinos
oscillate , which heutrinos can only do if they have mass.

Acoamic ry

SUFER KAMIORANDE DETE! o proton)

- -
e

Oscillaing
heutrinos

St

Aneuttine stikes another

eleme ntary partide in the

detector tank . The interaction
ts recorded and analyveed by
j scientists to identify both the
e flarvor of the neutrino and its
fight path.

ol Meutinos continue on
thetijectoryandbegin
to osdillate as they

passthrough the earth

Coanic ray Earths

atmosphere

The cosmic tay hits the One cyde of an osdillating neutting
earth’s atmosphere, as it passas through earth
making & spray of
secondary pattides,

g |
zme ofutichdecsy | | @G QOO B PD DG

Und wer 1 tyro 1 Hamall medis grap

i

<



Sources of neutrinos: Earth

Geoneutrinos are
antineutrinos coming
from the decay of
238 238Th and 40K
inside the Earth.
Picture on the right
shows the sum of
reactor neutrinos
and geoneutrinos.




Sources of neutrinos: Fruits and Vegetables

Many fruits and vegetables

absor‘b 4OK in addi Tion 1-0 The Electronic Capture :_:1251 000 000y Beta decay (B)
. . 10,72 % 89,28 %
stable potassium isotope. 40K /40K
decays by emitting either
heutrinos or antineutrinos: o
or ' 4ca
A0 . 20
YK - *Ca+e” + 7, 10Ar

Released energy : 1504,70 keV Released energy : 1311,07 keV

YK +em - *Ar +v,

| About one million neutrinos and
2 | antineutrinos are emitted per day
from one banana due to 40K decay



Sources of neutrinos: Humans

T=1251000000y
) Beta decay (B)

We also ingest “°K when we eat 1072 % - $9.28 %
potassium rich foods such as y sl \
bananas, kidney beans, nuts,
etc. Our bodies deposit 40K in Y

Electronic Capture

ot

o0 40ca
our bones. 4Ar 20

Released energy : 1504,70 keV Released energy : 1311,07 keV

A 70 kg (154 pounds) person emits about 530 electron
neutrinos and 4460 electron antineutrinos per second.



Sources of neutrinos: Wine
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C. R. Physique 10 (2009) 622-629
Physics and heritage / Physique et patrimoine

Radio Measurements lied to
The Dating and Authentication of Old Wines

Ph. Hubert, F. Perrot, J. Gaye, B. Medina, M.S. Pravikoff
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Activity (mBg/l) of the 137Cs radioactive isotope as a function of the wine vintage.
All activities are for Bordeaux wines only, and are normalized to an arbitrary date, January 1st, 2000.
The solid circles correspond to measurements after reduction of the wine into ashes,
the orange squares correspond to nondestructive measurements, i.e., without opening the bottles.

Statistical errors are

generally smaller than the dimension of the points.
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Neutrinos have an
intferesting history
written by intriguing
people some of whom
are shown on the left.



PARITY (P)

If a process is permitted by the
laws of physics, its "3D" mirror
image is also permitted.

Not always true

vectors

L=rxp——L
S——S

B=VxA——B

pseudo - vectors



Mirror plane

Weak interactions maximally Original Mirror-reversed
violate parity: Wu's beta arrangement arrangement
decay experiment

."\\ ‘v"\l
1) I Predicted direction
Preferred direction of beta emission if
of beta ray emision parity were conserved

Scanned at the American
Institute of Physics

Wu searched for asymmetry in “Co beta decay:

A= x g P> 8; - x g'p = 8; Observed direction
p>0)+ °p< L A
. P o I.) . C B Direction of electron of b_eta emission In
Large asymmetry : parity is maximally violated! I\ flowthrough the |\ mirror-reversed
solenoid coils arrangement




DEEP UNDERGROUND
m— NEUTRINO EXPERIMENT
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DUNE - An international mega-science project

7/5/23 A.B. Balantekin - DUNE




Thank you
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