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Neutrino history: a history of surprises

1930: Pauli's “desperate remedy” idea to explain why F, in A — B + e~ is continuous
— Pauli:"l do not dare to publish ... | admit that my remedy ... improbable”.

1956: detected by Reines and Cowan (1995 Nobel)

1958: oscillation proposed by Pontecorvo, v <+ 7, not v, ++ U3

1960: muon neutrino (v,,) discovered (1988 Nobel)

1968: first solar neutrino observation (missing problem)

_ } (2002 Nobel)

1987: supernova neutrino (unexpected)

1998-2002: first evidence of neutrino oscillations, SK and SNO (2015 Nobel):

2000-now: solar, reactor, accelerator neutrino exps ... established 3-v mixing framework.

— v mixing angles unexpectedly large, even the smallest one

2014-now: lceCube (and more neutrino telescopes), new era=multimessenger astronomy.

See also https://neutrinos.fnal.gov/history/
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* why matter matters? the power of coherence

= Theories of neutrino masses

— Seesaw, YMSM, ...

— Majorana masses and Ov[3
= Neutrino cosmology

— Neg = 3.045
— beyond Nyg



Solar Neutrinos




NATURE [SEPTEMBER 2, 1920

The Internal Constitution of the Stars.*
By Pror. A. S. EppiNeron, M.A., M.Sc., F.R.S.

AST year at Bournemouth we listened to | the —
a  proposal from the President of the | therd "If the contraction theory were proposed to-day as a
Association to bore a hole in the crust of the | throy povel hypothesis I do not think it would stand the
smallest chance of acceptance. From all sides—bio-~

o logy, geology, physics, astronomy—it would be
1920, Eddlng‘ton: objtz,]cteclg that the suggested source of energy was hope-
lessly inadequate to provide the heat spent during the
0 o o " necessary time of evolution; and, so far as it is pos-
L] hOpG'GSS'y inadequate to provide the heat sible to interpret observational evidence confidently, the
theory would be held to be negatived definitely. "Only
“ 5 " the inertia of tradition keeps the contraction hypothesis
= “some unknown, vast reservoir of energy alive—or, rather, not alive, but an unburied corpse.
But if we decide to inter the corpse, let us frankly
recognise the position in which we are left. A star is

u . "
= “sub-atomic energy drawing on some vast reservoir of energy by means
unknown to us. This reservoir can scarcely be other

“ . . " than the sub-atomic energy which, it is known, exists

u [human] controlling this power abundantly in all matter; we sometimes dream that

man will one day learn how to release it and use it
" . e no for his service. The store is well-nigh inexhaustible,
= WeII—belng ... or ... suicide"? if only it could be tapped. There is sufficient in the
sun to maintain its output of heat for 15 billion years.

If, indeed, the sub-atomic energy in the stars is
being freely used to maintain their great furnaces, it
seems to bring a little nearer to fulfilment our dream

of controlling this latent power for the well-being of
the h

uman race—or for its suicide.




How much did Eddington
know about “sub-atomic en-
ergy” in 19207

= 1938, nuclear fission discovered:;

= 1940s, Manhattan Project ...

MARCH 1, 1939 PHYSICAL REVIEW

Energy Production in Stars*

H. A. BETHE
Cornell University, Ithaca, New York
(Received September 7, 1938)

VOLUME 55

In 1938, Bethe computed ...

It is shown that the most smportant source of energy in
ordinary stars. is the reactions of carbon and nitrogen with
protons. These reactions form a cycle in which the original
nucleus is reproduced, viz. C24+H=NB3, NB=CB+¢t,
CIS+H=NM' NH+H =Ol§, OI5=N1§+5+‘ Nli+H=Cll
+He*. Thus carbon and nitrogen merely serve as catalysts
for the combination of four protons (and two electrons)
into an a-particle (§7).

integration of the Eddington equations gives 19. For the
brilliant star Y Cygni the corresponding figures are 30
and 32. This good agreement holds for all bright stars of
the main sequence, but, of course, not for giants,

For fainter stars, with lower central temperatures, the
reaction H4-H=D+¢" and the reactions following it, are
believed to be mainly responsible for the energy produc-
tion. (§10) —




MARCH 1, 1939 PHYSICAL REVIEW VOLUME 355

Energy Production in Stars*

H. A. BETHE
Cornell University, Ithaca, New York

(Received September 7, 1938)

It is shown that the most important source of energy in  integration of the Eddington equations gives 19. For the
ordinary stars. is the reactions of carbon and nitrogen with  brilliant star Y Cygni the corresponding figures are 30
protons. These reactions form a cycle in which the original ~and 32. This good agreement holds for all bright stars of
luced, »iz. C2+H=NB, N8=CB4¢", the main sequence, but, of course, not for giants.
+H=0%, O%=N"4et, NS{H=C? For fainter stars, with lower central temperatures, the
In 19381 Bethe com pUted ooo "} H+H=D+¢" and the reactions following it, are

of four protons and tWQ | to be mainly responsible for the energy produc-
0)

electrons can occur essentially only in two ways.
The first mechanism starts with the combination
of two protons to form a deuteron with positron
emission, v:2.

H4+H=D+ e (1) o

The deuteron is then transformed into He* by
further capture of protons; these captures occur
very rapidly compared with process (1). The
second mechanism uses carbon and nitrogen as
catalysts, according to the chain reaction

No neutrinos?

proposed in 1930

Cl24H=NB+4r, N8 = Cl34 ¢t detected in 1956
CB4+H=NU"+4, .

_ (2) see also:
N¥+H=0+, O =N"+et neutrinos.fnal.gov /history/

N5+ H = Ct24 Het,
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VoLUME 20, NUMBER 21 PHYSICAL REVIEW LETTERS 20 May 1968

SEARCH FOR NEUTRINOS FROM THE SUN*

Raymond Davis, Jr., Don S. Harmer, T and Kenneth C. Hoffman

National L 'y, Upton, New York 11973
(Received 16 April 1968)

A search was made for solar neutrinos with a detector based upon the reaction C13(v,
e )Ar®. The upper limit of the product of the neutrino flux and the cross sections for
all sources of neutrinos was 3x107% sec™! per C1%" atom. It was concluded specifical~
1y that the flux of neutrinos from B® decay in the sun was equal to or less than 2x 108

cm™2 sec™ ! at the earth, and that less than 9% of the sun’s energy is produced by the
carbon-nitrogen cycle.

Result: @,

mani useful suggestions and direct assistance
from the members of the staff of Brookhaven Na-
tional Laboratory.

R. L. Chase and Mr. Lee Rogers of Brookhaven Nation-
al Laboratory.

137, N. Bahcall, N. A. Bahcall, and G. Shaviv, follow-
ing Letter [Phys. Rev. Letters 20, 1209 (1968)].

PRESENT STATUS OF THE THEORETICAL PREDICTIONS
FOR THE *C1 SOLAR-NEUTRINO EXPERIMENT*

John N. Bahcallf and Neta A. Bahcall}
California of Technology, Pasads C

and

Giora Shaviv$
Cornell University, Ithaca, New York

< 3SNU

~

cited each other

(Received 8 April 1968) ~

The theoretical predictions for the 3¢l solar-neutrino experiment are summarized
and compared with the experimental results of Davis, Harmer, and Hoffman. Three

Result: ®, ~ 11 SNU

important conclusions about the sun are shown to follow.

The experiment of Davis, Harmer, and Hoff-

tio of heavy elements to hydrogen recently ob-
man,? designed to detect solar neutrinos with a

tained by Lambert and Warner.® We also discuss

in fact, 5 models, ®, =
21,11, 7.7, 4.4, 11 SNU
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Borexmo Nature 562 (7728) (2018)_
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Atmospheric neutrino anomaly

How are atmospheric neutrinos produced?

Cosmic ray scattering off nuclei in the atmosphere

— a lot of pions (7%, 7%) and ...
30000 m

— m% dominantly decay to u* and v, (or 7,,)

20000 m

X (HRICHLTEEES)

Question: N s
b FHE
¥
Both 7 — u™ + v, . :
and 7+ — et + 1, ' V7 10000 m
are possible. ]

But the former is dominant:
09.988% vs 00.012%.
Why?

from Takaaki Kajita,
who shared 2015 Nobel with Arthur McDonald



R = (u/e)pata /(1/€)mc

Multi-GeV
0{1:
N

First IMB (1986), then Kamiokande and SK... but some stories behind—see 1902.01757
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