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1897: Discovery of Electron

 J.J. Thomson, 1897
e Built on work by Perrin and Wiechert

e At time, “cathode rays” were deflected by magnetic but not
electric fields.

e Thomson speculated due to bad vacuum.
» Showed “Cathode Rays” Carried Charge

 Measured deflection in E-field and e/m >> any atom

» Thomson Speculated (correctly) “corpsucles” were atomic
constituents.

* First fundamental particle discovered.

 Jook few more years for electron to be accepted -> new
models of atoms.
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J.J. Thomson, courtesy AlP

The rays from the cathode C pass through a slit in the
anode A, which is a metal plug fitting tightly into the tube
and connected with the earth; after passing through a second
slit in another earth-connected metal plug B, they travel
between two parallel aluminiom plates u{‘»out 5 em. long
by 2 broad and at a distance of 1'5 em. apart ; they then fall
on the end of the tube and produce a narrow well-defined
phosphorescent patch. A scale pasted on the outside of

the tube serves to mecasure the deflexion of this patch,

PIRE/GEMADARC Summer School, May 2023
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OCTOBER 1891.

XL. Cathode Rays. By J. J. Tuomsox, M.A., F.R.S.,
Cavendish Professor of Experimental Physics, Cambridge*.

THE experiments { discussed in this paper were undertaken
in the hope of gaining some information as to the
nature of the Cathode Rays. The most diverse opinions are
held as to these rays ; according to the almost unanimous
opinion of German physicists they are due to some process
in the mther to which—inasmuch as in a uniform magnetic
field their course is circular and not rectilinear—no p%leno-
menon hitherto observed is nna]o%ons : another view of these
rays is that, so far from being wholly wmtherial, they are in fact
wholly material, and that they mark the paths of particles of
matter charged with negative electricity. It would seem at
first sight that it ought not to be difficult to discriminate
between views so different, yet experience shows that this is
not the case, as amongst the physicists who have most deeply
studied the subject can be found supporters of either theory.
The electrified-particle theory has for purposes of research
a great advantage over the stherial theory, since it is definite
and its consequences can be predicted; with the mtherial theory
it is impossible to predict what will happen under any given
circumstances, as on this theory we are (‘c.'nliug with hitherto

* Communicated by the Author.

+ Some of these experiments have already been described in & paper read
before the Cambridge Philosophical Socioty (Proceedings, vol. ix. 1897),
and in a Friday Evening Discourse at the Royal Institution (“ Electrician,’
May 21, 1807).

Plil. Mag. 8. 5. Vol. 44. No. 269, Oct. 1897. Y



1914: Problems In beta-decay

* 1898-99: Henri Becquerel and Marie and Pierre Curie discover radioactivity in U/Th.

 1899: Rutherford discovers nuclear beta decay

e 1902: Becquerel shows beta rays are electrons

 Chadwick shows 214Pb and 214Bi beta decay spectrum is continuous using magnetic spectrometer

Reyco Henning

Verhandlungen der deutschen physikalischen Gesellschaft, 16, 383
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Fig.2.20 Chadwick’s beta-ray spectrum data where Curve A was obtained using Geiger's point
counter, and Curve B using ionization determinations. Source Chadwick (1914)

tracks. As he recounted in a letter to Rutherford:

[ have not made much progress as regards definite results. We wanted to count the g particles
in the various spectrum lines of RaB + C and then to do the scattering of the strongest swift
group. 1 get photographs very quickly and easily, but with the counter I can’t find even the
ghost of a line. There is probably some silly mistake somewhere.

50
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* Bohr: Energy Conservation is Violated

 Pauli wrote famous “dear radioactive ladies and gentlemen” letter to experimental physicists meeting at Tubingen:

“But so far | do not dare to publish anything about this idea, and trustfully turn first to you, dear radioactive ones, with
the question of how likely it is to find experimental evidence for such a neutron..."

‘| admit that my remedy may seem almost improbable because one probably would have seen those neutrons, if they
exist, for a long time. But nothing ventured, nothing gained...”

Reyco Henning

“I have hit upon a desperate remedy to save...the law of conservation of energy.”

“...there could exist electrically neutral particles, which | will call neutrons, in the nuclei...”

Intensity [arbitrary units]

0 ' 1 ) I ' 1 ' I ' '
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Electron Energy [MeV]
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1930: Pauli’s Solution of “Desperation”

— .

Physikalisches Institut
der Eidg. Technischen Hochschule Zirich, L. Des. 1930
fQrich Cloriastrasse

Liebe Radioaktive Damen und Herren,

Wie der Uebarbringer dieser Zeilen, den ich mldvollst
ansuhbren bitte, Ihnen des nZheren auseinandersetsen wird, bin ich
angesichts der "falaschen" Statistik der Ne und Li-6 Kerne, sowie
des kontinuierlichen beta-Spektrums suf oinen versWelfelten jusieg
verfallen um den "Wechselgats® (1) der Statistik und den Energiesats
su retten. MNimlich die Moglichkeit, es kbnnten elekirisch neutrale
Teilohen, die ich Neutronen nemnen will, in den Kernen existieren,
welche den Spin 1/2 haben und das Ausschliessungsprinsip befolgen und
‘eheh von lichtquanten musserdem noch dadurch unterscheiden, dass sie

mit lichtgeschwindigkeit laufen. Die Masae der Neutronen
m von derselben (rossenordmng wie die Elektronenmasse sein und

s nioht grosser als 0,01 Protonenmasse.- Das kontimuierliche
&m&m wire denn verstandlich unter der Anmmahme, dass beim
boba-Zerfall mit dem hlektron jeweils noch ein Neutron emittiert
wird, derart, dass die Summe der Fnergien von Neutron und klekiron

konstant ist.

PIRE/GEMADARC Summer School, May 2023



1934: Fermi’s Theory of Beta Decay

Ve

nY P

e 1932: Chadwick discovers neutron. Too heavy to explain beta decay
e 1932-1934 : Fermi uses “neutrino” at conferences, meaning “weak little one”

* 1934: Fermi Interaction Theory: zeitschritt fiir Physik 88 (3-4): 16, Il Nuovo Cimento. 11 (1): 1
* Built on models of photon emission from atoms

* First successful model of interaction that created/annihilated particles

* Also saved angular momentum conservation

e [aid groundwork for modeling interactions in Standard Model.

* Fermi submitted to Nature, rejected as too speculative. Later acknowledged
as greatest editorial blunder in its history

* Rejection made Fermi switch to experimental physics and eventually work on
Manhattan project.

Mondari Portfolio
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https://en.wikipedia.org/wiki/Il_Nuovo_Cimento

1937: Majorana Fermions Proposed

e 1929: Paul Dirac publishes Dirac equation

Proceedings of the Royal Society of London (1905-1934) 117, 610
(ihy" — mc)y =0

e Relativistic wave equations for spin-1/2 fermions

* |Implied existence of antimatter

 Naturally explained spin

e 4 solutions: “2 spin states x particle/anti-particle”

 Dirac Fermions

e 1937: Ettore Majorana found solutions to Dirac equations

where particle and anti-particle states are the same
e 2 solutions: “2 spin states” Nuovo Cimento 141 TR

TEORIA SIMMETRICA DELL’ ELETTRONE

« Majorana Fermions MMEIRIOA DL
 Mentions Neutrinos as candidates e 6 B s

Sunto. - St dimostra la possibilita di pervenire a una piema simmetrizza- R — ——
zione formale della teoria quantistica dell’eletirome e del positrone fa-
cendo uso di un nuovo processo di quantizzazione. Il significato delle
equazioni di DIRAC ne risulta alquanto modificato e non vi & pin luogo
a parlare di stati di emergia megativa; né a presumere per ogwi altro
tipo di particelle, particolarmente neutre, Uesistenza di « antiparticelle »
corrispondenti ai « vuoti » di emergia negativa.
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Segue: Neutrinoless double-beta decay

ZA —> @ 2A -+ Ze_ @+34) 326
76G q A
31 B

Allowed (-decay

Q,_7010
* Energetically allowed in many nuclei.
2- 1.0778d
. Prefer nuclei stable against g-decay (about 30) o+ 12As
76Ge
32 N Q,;_2962.0
N
N
N
0,2vpp \\
N
2VPP. Observed 2nd order weak process. N
W o+
Z Z+ 2 _ N 76
A= “A+2e +2v. 345€
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1935: Double Beta Decay Proposed

SEPTEMBER 15, 1935 PHYSICAL REVIEW VOLUME 48

Double Beta-Disintegration

M. GOEPPERT-MAYER, The Johns Hopkins University
(Received May 20, 1935)

From the Fermi theory of B-disintegration the probability of simultaneous emission of two
electrons (and two neutrinos) has been calculated. The result is that this process occurs suffi-
ciently rarely to allow a half-life of over 10'7 years for a nucleus, even if its isobar of atomic
number different by 2 were more stable by 20 times the electron mass.

s

1. INTRODUCTION

N a table showing the existing atomic nuclei

it is observed that many groups of isobars

occur, the term isobar referring to nuclei of the

same atomic weight but different atomic number.

* 1935: Double beta decay postulated by Maria Goeppert-Mayer phys. Rev. 48 (1935) 512 It is unreasonable to assume that all isobars have
exactly the same energy; one of them therefore

will have the lowest energy, the others are un-

: . :
* Applied Fermi’s Theory to two simultaneous beta-decays. i e s
_ . nuclei are in reality metastable, that is, why, in
e Estimated Half-life geologic time, they have not all been transformed
into the most stable isobar by consecutive B-dis-

integrations.

Reyco Henning 1: History of Neutrino Physics 10 PIRE/GEMADARC Summer School, May 2023



1937-1938: DBD and Neutrinos

e 1937: Giulio Racah showed that symmetry between v and v requires new

Fermi theory

e |[f = U then Majorana’s formalism applies

 1938: Wendell Furry: Determining Majorana or Dirac Nature of v will be difficult

Reyco Henning

JULY 1, 19383 PHYSICAL

REVIEW VOLUME 54

Note on the Theory of the Neutral Particle

W. H. Furny
Physics Research Laboratory, Harvard University, Cambridge, Massackusetls
(Received March 28, 1938)

Majorana has recently shown by using a special set of
Dirac matrices that the symmetry properties of the Dirac
equations make possible the elimination of the negative
energy states in the case of a free particle, We present here
a further investigation of this possibility, in a treatment
based on an arbitrary Hermitian representation of the
Dirac matrices instead of Majorana's special representa-
tion. The new procedure is compared with Schroedinger's
early attempt to eliminate the negative energy states, The
question of Lorentz invariance is discussed, and also the
possibility of subjecting the particle to forces; it is found
that the only sort of force having a classical analogue which
is consistent with Majorana's way of eliminating the nega-
tive energy states is the nonelectric force of a scalar po-
tential. The theory is worked through for this case, and it
is pointed out that, in spite of the fact that the exclusion of
negative energy states is accomplished without the intro-

1: History of Neutrino Physics

duction of antiparticles, the formalism still shows the
stigmata associated with subtraction theories of the posi-
tron: the presence of otiose infinite terms which should be
removed by subtraction, and the creation and destruction
of pairs of particles. The application of Majorana's formal-
ism to the theory of g-radioactivity is discussed at the end
of the paper. Here the physical interpretation is quite
different from that of the ordinary theory, since only
neutrinos appear instead of the neutrinos and antineutrinos
of the usual picture. The results predicted for all observed
processes are nevertheless identical with those of the
ordinary theory. An experimental decision between the
formulation using neutrinos and antineutrinos and that
using only neutrinos will apparently be even more difficult
than the direct demonstration of the existence of the

neutrino,

1969 YA

—

SULLA SIMMETRIA TRA PARTICELLE
E ANTIPARTICELLE

Nota di GrurLio Racan

Sunte. - Si mostra che la simmetria tra particelle e antiparticelle porta
alcune modificazioni formali nella teoria di FErMI sulle radioattivitd §,
e che Videntita fisica tra neutrini ed antineutrini porta direttamente alln
teoria di B. MAJORANA.

PIRE/GEMADARC Summer School, May 2023
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can mediate 0Ov(@( decay.

 Possible if MJ neutrinos massless (Fermi-Racah interaction only)

* \/-A nature of weak force unknown at time.
* Predicted half-lives of ~1015 years for scalar interaction.
* | ed to initial experimental searches.

DECEMBER 15, 1939

PHYSICAL REVIEW

On Transition Probabilities in Double Beta-Disintegration

W. H. FuUrry
Physics Research Laboratory, Harvard University, Cambridge, Massachusetts
(Received October 16, 1939)

The phenomenon of double g-disintegration is one for which there is a marked difference
between the results of Majorana's symmetrical theory of the neutrino and those of the original
Dirac-Fermi theory. In the older theory double g8-disintegration involves the emission of four
particles, two electrons (or positrons) and two antineutrinos (or neutrinos), and the prob-
ability of disintegration is extremely small. In the Majorana theory only two particles—the
electrons or positrons—have to be emitted, and the transition probability is much larger.
Approximate values of this probability are calculated on the Majorana theory for the various
Fermi and Konopinski-Uhlenbeck expressions for the interaction energy. The selection rules
are derived, and are found in all cases to allow transitions with A¢= ==1,0. The results obtained
with the Majorana theory indicate that it is not at all certain that double 8-disintegration can
never be observed. Indeed, if in this theory the interaction expression were of Konopinski-
Uhlenbeck type this process would be quite likely to have a bearing on the abundances of
isotopes and on the occurrence of observed long-lived radioactivities, If it is of Fermi type
this could be so only if the mass difference were fairly large (¢=~20, AM=0.01 unit),

Reyco Henning
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VOLUME

12

1939: The Big Enchilada

* Furry shows that emission and absorption of Majorana neutrino

56
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First Experimental Search for DBD Decay

Phys. Rev. 74 (1948) 1248 (conference proceedings)

Artificial Radioactive Substances

T1. Double Beta Decay.* E. FIREMAN, Princeton Uni-
versily.—There exist a number of stable isobaric nuclei
that differ by two in charge and may differ by several Mev
in mass. The heavier should decay into the lighter with
simultaneous emission of two electrons. The decay prob-
ability depends markedly upon whether or not the two
electrons are accompanied by two neutrinos. No neutrinos
are emitted if they obey the Majorana equation or if the .
interaction is composed of linear combinations of theusual 1 N1IS 1S the whole paper!
interactions. Furry's calculations using Majorana wave
functions have been extended to linear combinations that . .
arise from symmetry considerations and meson theories. SearChed fOr CO|nC|dent betaS frOm target
Isobars belonging to a triple set are the most promising " : :
for double begta decay since the middle one is near the mate”als US|ng Ge|ger tu beS
minimum of the isobaric mass defect curve. Therefore,
wZr® and 5Sn!** were investigated with a Geiger counter
coincidence arrangement. Their activity was compared
with elements that are stable against all types of decay.
No difference was detected. On the basis of these measure-
ments and the assumption of two-Mev mass difference,
the lifetime of §Sn!* is greater than 3-10'% years. This
result rules out the polar vector, axial vector, and tensor
interactions with Majorana wave functions and the more
important linear combinations.

* This work was supported in part by Navy contract.
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Followed by Discovery!

Phys. Rev. 75 (1949) 323

In all situations specimen 4 gives 2 coincidence counts/
hr. more than specimen B. By repeating this type of
measurement with Al absorbers over one side of each
specimen an absorption curve is obtained. This absorption
curve 1s similar to that of electrons from a spectrum with
an energy end point between 1.0 Mev and 1.5 Mev. The

»
3 3 ) 202 YA ITNAT d anol M N o |

counts/min. If one interprets this effect as double beta-
decay from Sn'*, one obtains a half-life between 0.4-10'¢ yr,

and 0.9-10'% yr. Other alternative explanations for these

JUSCL vd 1 AV CE 9 AT C JU JI1C . - JEC

found to be plausible. This result would indicate that
double beta-decay is unaccompanied by neutrinos. A
further consequence of these results pointed out to the
author by Professor J. R. Oppenheimer is that the neutron-
proton charge difference is exactly equal to the electron

charge,

2.6 sigma effect

Reyco Henning 1: History of Neutrino Physics
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A Measurement of the Half-Life of Double
Beta-Decay from ;,Sn!** *

E. L. FIREMAN
De partment of Physics, Princelon Universily, Princelon, New Jersey
November 29, 1948

EnND ViEw

F1G. 1. Experimental arrangement.

PIRE/GEMADARC Summer School, May 2023



Discussion

* Ruled out by subsequent measurements, though (Astropart. Phys. 31
(2009) 412) T4/(124Sn, On)>2.0x1019yr)

* |ikely due to radioactive contamination, uncontrolled systematics (no
discussion of calibrations), sample thickness

e | Iimited handles on data
e About dozen “claims” in literature, all debunked

* Three explanations:
 Unknown backgrounds

o Statistical fluctuations
e Systematics / unknown detector response

e These are hard experiments

Reyco Henning 1: History of Neutrino Physics 15 PIRE/GEMADARC Summer School, May 2023



2. Discovery
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 Beta decay emits antineutrinos - find
good source of beta decays

 B. Pontecorvo proposes reactors as
(anti)neutrino source.”

* Nuclear fission releases energy by
breaking up heavy nuclel

e N/Z increases with Z for stable nuclei

Reactor Neutrinos

5—-}'\/%0 TT 6 Hwesc opboe

 Evident in U/Th decay chains (alpha/beta)

Fission results in excess neutrons + energy

/

™S

Fission Neutrons

Beta-decaying nuclei

N —
I/e

*B. Pontecorvo Natl.Res. Council Canada Rep. (1946) 205, Helv.Phys.Acta.Suppl. 3 (1950) 97

Reyco Henning 1: History of Neutrino Physics
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Thermal Reactor Principle

Control rod Wikipedia

O

Moderator

Fuel rod 0
ARSorptic

O

O
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Detector Signal

* |nverse Beta-decay

* Can be computed using Fermi Theory

c pt+U, n+ e’ En=18Mev

Incident
antineutrino

/ Gamma rays

Gamma rays

Neutron capture

Inverse
beta

Positron decay

annihilation

Liquid scintillator
and cadmium

——————————————e
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FIG. 2. Reactor v, flux, inverse beta decay cross section, and

Ve Interaction spectrum at a detector based on such reaction.
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1956: Discovery of the

The Savannah River Experiment (1956)

Reyco Henning

1: History of Neutrino Physics

7 Cd’rx} Limit - Santa . NM &

Adess *o this area s
restricted to those whe hove
either checked themselves with
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Los Alamos Science 25 (1997)
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The Savannah River Experiment

Sequel to previous experiments at Hanford
10m from core

Reyco Henning 1: History of Neutrino Physics 24 PIRE/GEMADARC Summer School, May 2023



Fame and Fortune

Reines et al, Science 124, 103 (1956).

Reines and Cowan, , Nature 178, 446 (1956)
"Neutrino Physics", Frederick Reines and Clyde L. Cowan, Jr., Physics

Today 10, no. 8, p.12 (1957).

Reyco Henning

1995
1: History of Neutrino Physics
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20 July 1956, Volume 124, Number 3212 SCI ENCE

Detection of the Free

Neutrino: a Confirmation

C. L. Cowan, Jr., F. Reines, F. B. Harrison,
H. W. Kruse, A. D. McGuire

A tentative identification of the free
neatrine was made in an experiment
performed at Hanford (7) in 1953. In
that work the reaction

v.bpt=>pB 4n® (1

was employed wherein the intense neu-
trino flux from fission-fragment decay
in a large reactor was incident on a de-
tector containing many target protons in
a hydrogenous liquid scintillator, The re-
action products were detected as a de.
layed pulse pair; the first pulse being due
1o the slowing down and annihilation of
the positron and the second to capture
of the moderated neutron in cadmium
dissolved in the scintillator. To identify
the observed signal as neutrino-induced,
the energies of the two pulses, their time-
delay spectrum, the dependence of the
signal rate on reactor power, and its mag-
nitude as compared with the predicted
rate were used, The calculated effective-
ness of the shielding employed, together
with neutron measurements made with
emulsions extemnal to the shield, seemed
10 rule out reactor neutrons and gamma
radiation as the cause of the signal. Al
though a high background was experi-
enced due to both the reactor and 10
cosmic radiation, it was felt that an iden-
tification of the free neutrino had prob-.
ably been made.

Design of the Experiment

To carry this work 10 a more definitive
conclusion, a second experiment was de-
signed (2), and the equipment was taken
to the Savannah River Plant of the U.S.
Atomic Energy Commission, where the

20 JULY 195

present work was done (3). This work
confirms the results obtained at Hanford
and so verifies the neutrino hypothesis
suggested by Pauli (#) and incorporated
in a quantitative theory of beta decay by
Fermi (3).

In this experiment, a detailed check of
cach term of Eq. | was made using a
detector consisting of a multiple-layer
(club-sandwich) arrangement of scintil-
lation counters and target tanks. This
arrangement permits the observation of
prompt spatial coincidences character-
istic of positron annihilation radiation
and of the multiple gamma ray burst due
1o neutron capture in cadmium as well as
the delayed coincidences described in the
first paragraph.

The three “bread™ layers of the sand-
wich are scintillation detectors consisting
of rectangular steel tanks containing a
purified triethylbenzene solution of ter-
phenyl and POPOP (6) in a chamber 2
feet thick, 6 feet 3 inches long, and 4 feet
6 inches wide, The tops and bottoms of
these chambers are thin to low-energy
gamma radiation. The tank interiors are
painted white, and the solutions in the
chambers are viewed by 110 5«inch Du-
mont photomultiplier tubes connected in
parallel in each tank. The energy resolu-
tion of the detectors for gamma rays of
0.5 Mev is about I5 percent half-width
at half-height,

The two “meat” layers of the sand-
wich serve as targets and consist of poly-
ethylene boxes 3 inches thick and 6 feet
3 inches by 4 feet 6 inches on edge con-
taining a water solution of cadmium
chloride. This provides two essentially in-
dependent “triad™ detectors, the central
seintillation detector heing common to

both triads. The detector was completely
enclosed by a paraffin and lead shield
and was located in an underground room
of the reactor building which provides
excellent shielding from both the reactor
neutrons and gamma rays and from
COtMic rays.

The signals from a bank of preampli-
fers connected to the scintillation tanks
were transmitted via coaxial lines to an
electronic analyzing system in a trailer
van parked outside the reactor building.
Two independent sets of equipment were
used to analyze and record the operation
of the two triad detectors, Linear ampli-
fiers fed the signals to pulse-height selec-
tion gates and coincidence circuits. When
the required pulse amplitudes and co-
incidences (prompt and delayed) were
satisfied, the sweeps of two triple-beam
oscilloscopes were triggered, and the
pulses from the complete event were
recorded photographically. The three
beams of both oscilloscopes recorded sig-
nals from their respective scintillation
tanks independently, The oscilloscopes
were thus operated in parallel but with
different gains in order o cover the
requisite pulse-amplitude range. All am-
plifier pulses were stored in long low-
distortion delay lines awaiting electronic
decision prior to this acceptance.

Manual analysis of the photographic
record of an cvent then yiclded the
energy deposited in each tank of a triad
by both the first and second pulses and
the time-delay between the pulses. Using
this system, various conditions could be
placed on the pulses of the pair compris-
ing an acceptable event, For example, ac-
ceptance of events with short time delays
(over ranges up to 17 microseconds, de-
pending on the cadmium concentration
used) resulted in optimum signal-to-
background ratios, while analysis of those
cvents with longer time delays yielded
relevant accidental background rates,
Spectral analyses of pulses comprising
events with short time delays were also
made and compared with those with
long delays.

This method of analysis was also em-
ployed to require various types of energy
deposition in the two tanks of a triad,
For instance, the second pulse of an event

The authors are on the sl of the University
of California, Los Alamsos Sciemtific Laboratory,
Los Alames, N M.

s
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3: Breaking Things
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* “Symmetries” play key role in physics

e |Lead to conservation laws:
e Translational — Conservation of Linear

Momentum
* Rotational —Conservation of Angular Momentum
 U(1) Gauge — Conservations of Electric Charge
* |orentz Invariance

e 1950°’s — Physicists believe all physical
processes invariant under parity:

w(x) < p(—X)

e Parity state of system can be determined by
helicity of constituents:

Reyco Henning 1: History of Neutrino Physics

Seque: Parity and Helicity

Helicity Flip
< >
direction direction
of motion of motion
Ang Mom
spin spin
Same helicity
Invariant under rotation
A
h=+1/2 h=-1/2

Right-hande 3-Rotation Left'handed

direction - > v

#

i ri i
spin parity _ spin
transformation v
direction
of motion
27 PIRE/GEMADARC Summer School, May 2023



1957: Neutrino Helicity Measured

Phys Rev. 109 (1957) 1015 Eu'®™ SOURCE

Helicity of Neutrinos* | 777N 77,

M. GOLDHABER, L. GroDZINS, AND A. W. SUNYAR

Brookhaven National Laboratory, Upton, New YVork
(Received December 11, 1957)

o
Wikipedia Z I\/V]_—anaLYziNG

MAGNET

1somer compatible with its decay scheme,! 0—, we find
that the neutrino is ‘““left-handed,” 1ie., a,-p,=—1
(negative helicity).

Thus, a measurement of the circular polarization of
the ¥ rays which are resonant-scattered by the nu-
cleus B, yields directly the helicity of the neutrino, if
one assumes only the well-established conservation
laws of momentum and angular momentum.

Pb

Wikipedia

Smz O3
SCATTERER Fe + Pb SHIELD

* |nferred Neutrino Helicity before
Neutrinos were detected!

SIS S S S S S S S-S S

Mu METAL SHIELD

Reyco Henning 1: History of Neutrino Physics 28 PIRE/GEMADARC Summer School, May 2023



1956: Evidence of Parity Conservation Evaluated

e “Tau-theta” puzzle — same particle appeared to decay into different parity states.
* Lee and Yang found no existing experimental evidence for parity consideration in Weak interaction.
* Many skeptics:

e Pauli “lch glaube aber nicht, dal3 der Herrgott ein schwacher Linkshander ist.” (I do not believe that
the Lord is a weak left-hander.)

 Proposed several test, including using nuclear beta decay

e Yang in his Nobel acceptance speech: “This prospect did not appeal to us. Rather we were, so to
speak, driven to it through frustration.”

Photo from the Nobel Foundatic
arch

Chén Ning Yang Tsuhg-Dao (T.D.) Lee

Prize share: 1/2 Prize share: 1/2

PHYSICAL REVIEW VOLUME 104, NUMBER 1 OCTOBER 1, 1956

The Nobel Prize in Physics 1957 was awarded jointly
to Chen Ning Yang and Tsung-Dao (T.D.) Lee "for
their penetrating investigation of the so-called parity
laws which has led to important discoveries
regarding the elementary particles."

Question of Parity Conservation in Weak Interactions™

T. D. LeE, Columbia University, New York, New York

AND

C. N. YANG,T Brookhaven National Laboratory, Upton, New York
(Received June 22, 1956)

The question of parity conservation in 8 decays and in hyperon and meson decays is examined. Possible
experiments are suggested which might test parity conservation in these interactions.
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1957: “Wu” Experiment Confirms Parity Violation

Experimental Test of Parity Conservation Next Paper in Journal

60 60 \T1; - | = in Beta Decay*

() Observations of the Failure of Conservation
CO T4 Nl te +U e + 2}/ C. S. Wu, Columbia University, New York, New York . P;gggogf;;{c‘;‘;zf.g;fg,}lg;gzggn :
AND Moment of the Free Muon*
I I i E. AMBLER, R. W. HAywARrD, D. D. HopprEs, AND R. P. HubsoN,

i POlarlzed Spln Of 6OCO nUC|eUS USIng magnet and IOW National Bureau of Standards, Washington, D. C.

tem peratu fes. (Received January 15, 1957)

« Gamma-rays served as control Scintillator (f
cintinator (r1or

* “A large beta asymmetry was observed.” measurement ot Photomultiplier
gamma ray /
e Later found to be maximal polarization) Light pipe
* \Weak interaction only “sees” LH nu’s and RH anti-nu’s Dewar J/

CeMg-nitrate + °°Co specimen

Images Courtesy Wlklpedla

o 9903; Scintillator Solenoid (for specimen
Parity Transformation ¢ O\ ' _ W~ polarization)
—— : Scintillator (for
e J N measurement of
J : gamma ray
, , : polarization)
€ : Magnet (for cooling by
adiabatic demagnetization)
This world Mirror” world liquid helium liquid nitrogen
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1962: Muon Neutrino Discovered

 New type of neutrino associated with
muon

n
3>
proton |
beam target proton accelerator \ _ e —
\ T -
& E"-:_.' - —-—B -P _—_B —}L '-fl — ‘
detector -
pi-meson steel shield spark chamber |
beam |
T o S
""'{7.,. . "‘l...-.‘;;t
.__-._.'.... :r. N ‘ o-.....’~_
The accelerator, the neutrino ~ . T U e, T v 3
beam and the detector oJ\t\Y“ ' “B |
Part of the circular accelerator in \':"'Yu
Brookhaven, in which the protons
were accelerated. The pi-mesons (1),
which were produced in the proton
collisions with the target, decay into ~ CONcrete
muons (1) and neutrinos (V). The 13 Ty
m thick steel shield stops all the

particles except the v pcnctratm'g
neutrinos. Av small fraction of the
neutrinos react in the detector and
give rise to muons, which are then
observed in the spark chamber.

. - - B 2.

Hased an a drawing In SCentific Amerikcan,
March 1963
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1958-67: Lepton / Neutrino Oscillations Predicted

* 1958: Pontecorvo, inspired by K-meson oscillations
studied lepton flavor-violating “mesonium and

antimesonium” oscillations: ey~ < e u™.
Sov. Phys. JETP. 26: 984

» Oscillation timescale too long to detect (muon
decays)

* 1967: Proposed 2-state neutrino oscillations:

Zh. Eksp. Teor. Fiz. 53, 1717 -
.+ U, U, Ul [‘;)v%o o hwies opb

e LU

* Provided first limit of mixing parameters based on

Cowan and Reines Experiment (10m baseline) Also ()

OSCILLATIONS AND ASTRONOMY
If the oscillation length is large (> 10 km) it will

e Postulated Sun as Source of neutrinos, but (!) he fpeasihle to b oo the o Haaa v = v
Unfortunately the weight of the various thermonuclea: V= Ve in neutr%no'b.eams from reaf:tors or accel.era-
reactions in the sun, and the central temperature of tors. However, significant astrophysical effects might
the sun are insufficiently well known in order to allov be possible.

a useful comparison of expected and observed solar
neutrinos, from the point of view of this article *’.

Reyco Henning 1: History of Neutrino Physics 32 PIRE/GEMADARC Summer School, May 2023


https://en.wikipedia.org/wiki/Sov._Phys._JETP

4: Strange Case of Missing Neutrinos
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Segue: Neutrinos from the Sun

99,77 % 0,23 %

pTp—H+e v, prte+p —-H+v,

v v 10> %

‘H+p"*—°He+y [PHet+p"— *He +e*+v,

l 15,08 %
‘He+*He— 'Be+ vy

l 99.9 % v 0.1%
TBe-l-e——fLH-\'e ‘Be+p™—>°B+ v

84,92 % l l
‘He+*He—>*He+2p* 'Litp*—*He+'He "B—>"Be*t+ettv,

‘Be*—s4He+*He
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Solar Neutrino Flux

1012 ,

I I 1 L] L L] 1] 1 . . ]

1o Bahcall—-Serenelli 2005

1010 Neutrino Spectrum (+10)
10°

108

107

108
. "Be -
10 5 +10.97%

Flux (cm2 s-1)

10 4

103

10 2

10! . . P : /n

0.1

Neutrino Energy in MeV
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Production Location

Can Probe Core of Sun!

Reyco Henning 1: History of Neutrino Physics
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cosmic ray

Fig.1. Representative diagrams for the various thermal neutrino
pair processes considered here: a) Compton process; b) plasmon
pole contribution to the Compton process; ¢) transverse plasmon
decay; d) nuclear Z” emission; and e) pair production in free-bound
atomic transitions.




Why do physics underground?

Secondary particle production in atmosphere and rock
After Gosse and Phillips, 2001

Electromagnetic
component

Hadronic
component

(~ 35 km)

\\\(
O
\
\
) \
I \ \\V
I \\ \
| . A
| \
| \
| \
| \
I vV
\
I . \
I M \
|
|
|
|
|
l .
I Air
|
|
: Rock
|
|
|
|
ﬁn |
v !
n p : 1|
[ Mesonic
component

www.AntarcticGlaciers.org

Top of atmosphere

L muons
e* positron

e- electron

photons (gamma rays)
kaons

pions

protons

neutrons

neutrino

< >3 T A R~

Reyco Henning
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To escape from cosmic-rays that can travel through miles of rock.

Total Muon Flux, oY (cm—2s~1)

10-°

https://doi.org/10.22323/1.395.1226

10_7;

10_8;

1079

10—10

WIPP (2005)

Soudan (2005)

= This work

A\ This work

Mei & Hime (2006)

® Flat Overburdens

B Kamioka (2003)
Gran Sasso (2005)
Fréjus (1989)
Homestake (2005)
SNO (2009)
Jinping (2020)

® O «

Boulby (2003)

SNOLAB (2000)

T T

2 3

T 1 T

4 5 6 7

Equivalent Vertical Depth, h (km.w.e.)
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Ray Davis Experiment

e 37Cl + vg 2 37Ar + €
e £, =0.814 MeV (no pp)

e 6151t of CQC|4

 Flush tank, look for 37Ar decay

 Only 0.5 atoms of 37Ar per day!
® Sensitive to v, flavor only

R
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Davis experiment results
Only 1/3 of expected flux!

Reyco Henning

(1 FWHM Results)

8
1.4 :
Predicted Flux Range 7
’;\ 1.2 & I ¢
§ 6
g 1.0 U 5
< - .
o 0.8 I o Avg.
- | , || b1 Rae{4 2
§ 06 . ’ Tl ! O
8 :
S 0.4 2 \
o o|® ¢
- 6 ' ¢ ? ¢ ?

g 0.2 o 7 o * |l A o 1
0.0 o o o Lﬁ t1 l t 0
1970 1975 1980 1985 1990 1995

APJ 496:505 (1998) Year
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SAGE/GALLEX SAGE/Gran sassc

® v.+71Ga =2 17Ge + €
e £, =0.233 MeV
® Sensitive to pp neutrinos

e SAGE: 60t metallic Ga ASAS
» GALLEX/GNO 30t GaCls-HCl ————
» Measured 70 SNU, expected 130 - =3 | s/

SNU h
| _ - GALLEX
 EXperiments disagreed initially. Baksan

Resolved with source calibration
(more later)

AR o

.......

=
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1Cr Electron Capture Sources

ALLEX: 1.5 Mci: 1 t
F eI, 1 ton SAGE: 0.6 MCi

e +p—->n+vu,

" A 51Cr (27.7 days)

|| 432 keV v (0.9%)

|| 427 keV v (9.0%)

747 keV v (81.6%)
752 keV v (8.5%)

320 keV y

Copper
cooling jacket

51y

! ' :

~ 51 51x 7
Decay scheme of *'Cr to 'V through electron capture.

FIG. 4. Cutaway drawing of the source. The Cr rods were
placed within the inner cylinders.

W-shield

0 cm S0
Fig. 11. Schematic drawing of the Cr-source inside the W-shield
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Gallex 51Cr Source
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Stop Here Day 1
Il look for missing neutrinos



1985: Atmospheric Neutrino Anomaly
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Isotropic flux of
coSmic rays

'. 7] e TV TV,
\
o
t
u
\
)
\\ }.& c
Zenith ....-
e 9 -
i
/ http://hep.bu.edu/~superk/atmnu/
| «a— Cosmic ray (proton)
Earth L gown ~ 100 km
Lyp ~ 10,000 km
-

y - : ,
\( OosmicC ray (proton)

/S ) Los Alamos Science Except:

L e TTT—— Isotropic Flux of v,
D(v,)*= (V)

9/17/12 Henning, S;S.}\IUDM 2012
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Water Cerenkov Detectors
Particle ID
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Henning, SSNuDM 2012
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Super -Kamiokande 848 days Preliminary

multi-GeV e-like multi-GeV mu-like (FC+PC)

"] Predicted

— Numu-nutau osc.

-1 06 -02 02 06 -1 06 -02 02 06
cos(zenith angle) cos(zenith angle)




R = (1/€)pata /(1t/ e

ing Angle quite large (consistent with maximal)
.5x10-3 eV?2
Accelerator Experiments




1987: Supernova Neutrinos Detected
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1998: First Evidence for Neutrino Oscillations
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oNO

Sudbury Neutrino Observatory

1 kton ($300M!) D,O

3 Channels:
Elastic Scattering (ES)

vem+e-9 Verte"
Neutral Current (NC)
vew+d > Ve FPFHN

Charged Current
v +d D v, +ptpt +e-

3 Phases:
Ln+d—>3H+y+6.3M

Il: n + 35Cl = 36C| + vy + 8~
lll: n+3He 2> 3H +p +(

9/17/12 Henning, Sgé\luDM 2012
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‘ ' .

9/17/12 Henning, S\%\IUDM 2012
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Solar Neutrino Problem Solved!
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Interpretation

1.0

Bahcall et al. | |
Sunem It questions remain.
Oscillati . ner possibilities?
—2Probe 5} [Vacuum ~1 MeVjvith ~1 MeV neutrinos
1_) /

().4

0.2

0.0

9/17/12 Henning, SE?SI)\IUDM 2012
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2002: Discovery of Reactor Neutrino Oscillations

 [ate 90s: Evidence for neutrino oscillations become compelling from solar
neutrino and atmospheric neutrinos.

 Not observed in reactor neutrinos yet, though

Probability of v, disappearance:

) >
Am. L Am, L
. 2 . 2 2 4_ . 2 . 2 -

P =1-sin"20,,sin L — | —cos” 0,sin"26,, sin -l

e . 2 AL
4E, ) 4L, )

_ 9/17/12 _ , Henning, SSNuDM 2012
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KamLAND

2800 mwe In Kamioka mine in Japan
~ 200km from reactors

1 kton ultra pure liquid scintillator (80% dodecane, 20% pseudocume
Diphenyloxazole)

1900 PMTs Chimney

Muon veto and buffer shield Liquid Scintillator,” '
(add map) (Lkton)
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_Vessel | “* / 1IN
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observation of v, —
ance at very long baselines

measurements of mixing
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Geoneutrinos Initial Hints

Reyco Henning

EARTHLY
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Geoneutrino Discovery

Reyco Henning

9/17/12
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3000

events of the 21 V. candidates and the best-fit with Eq. (5
(solid thick line). The horizonal axis shows the number of
p.e. detected by the PMTs.
lower left part of the spectrum is the background. Thin
solid line: reactor-v. signal from the fit. Dotted line (red):
geo—, signal resulting from the fit. The darker area isolates
the contribution of the geo—v, in the total signal. The con-
version from p.e. to energy is approximately 500 p.e./MeV.

500

Figure 3: Light yield spectrum for the positron prompt
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The small filled area on the
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2012: First measurement of 045

- . . M A /LA ZL\
—cos* 6, sin*26,, sin*| ——2
AE, | U 4E,

.2 o (Am L
« Non-zero 6, Pee ~]—-SsIn"” 2613 1N~ 31

e |mportant c«
e ~ 1km baseline

» Exquisite control of systematic errors to ~1% T
 Jwo, identical detector concept: Lt
 Near detector monitors reactor output 09 [
e Far detector (1 ~km) searches for v, disappearance :
Eg 07 f
Zg 06 [
0-55 ! |
, . | detector 1 detector 2 ]
03 M. S | PR R S S | PR S S . A
0.1 1 10 100
Baseline (km)
_ _ ., Amis, L
PV, —=v,)=1 Jin® ——=
| 4 FE
_ 9/17/12 _ _ Henning, SSNuDM 2012
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g'hrge Experiments Realized :
aya Bay
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Daya Bay does First measurement of 043
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RENO, Double CHOOZ, and others follow.

Solar + KamLAND!!]

| - —e—: original flux .

F===0===-- —0O—: reeval. flux

Tok 2]

| - d |

Fe———0-——————— — -

3] —8—: normal hier.

I ® ! MINQOS —O—: inverted: hier. 3
F—— — O = — — —

] —e— original result
—O—: re-analysis

Daya Bay[S]

RIENO[6]

12K Update[7]

Double Chooz Update[8]
| ® | —&—: rate-only

= =0 — —| —G—: rate+shape

/ / [9]
o Daya Bay Update

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
sin’ 2013
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Principle

 Nuclei that decay via beta, positron or EC also emit neutrinos
e Can use these isotopes as neutrinos sources

« Beta and positron emitters not practical HMW: Why?

o Solution: Use Electron-Capture isotopes
51Cr =2 51V + v,

Still have to shield inner-Brehmstrahlung

9/17/12 Henning, S%\IUDM 2012
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Source Manufacture

e Enriched, ultrapure 50Cr exposed to fast neutron flux in reactor core: Siloe, Grenoble, BN-350 fast neutron reactor in Aktua, Kazakhstan
 30Cr purity essential to avoid activation of high-energy gamma-emitting isotopes.

 Reactor Requirements:
 High fast neutron flux
 |Large and reconfigurable core — safety issues.
 Short cycle
 Power reactors not suitable

9/17/12 Henning, S;(Ia\luDM 2012
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Kamiokande-Ill and Super-K

Detect High Energy 8B neutrinos via neutrino electron elastic scattering:
Vy + € 2 Vyt+ e

AT SOLAR NEUTRINO ENERGIES:

VX VX \)e e
| |
70 W
I 1 : 6 I

g e =3 Ve

All neutrino flavors Only electron neutrinos

o
O

| (0) Ee 2 9.3 MeV
" 4 N{*
¢

(b) Ee = 10.1 MeV

o))
o

1989: K-Il shows
Neutrinos are
from sun!
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BOREXINO
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BOREXINO

Borexino Experiment

External water tank 18m ¢

Rope tendons Stainless steel sphere 13.7m ¢
2200 Thorn BMI 8" PMTs BRSEE S
(1800 with light collectors Nylon outer vessel 11.0m ¢
400 without light cpllectors) / : Nylon inner vessal 8.5m ¢
N < <) e
% !' e N Fiducial volume 6.0m ¢
208 PMTsin water for Water v AN b
External Muon Detector N . .
¥ PR < Search for 7Be neutrinos via
] 7 \
: fer / b \ /\ VX + e_ 9 VX + 8'
\J / \ \
i | Scintillator E
\ / N Careful control of
| \ L
A\ N / A backgrounds
. - S =
Steel platesin A T » First measurements of 7Be
concrete for extra N\ /\
shielding- - /g L © (2008) and pep (2011)
10m x 10m x 10cm :
4m x 4m x 4cm > 05 ) e neutrinos
./ \J/
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— Fit: %?/NDF = 185/174

10* :
— 'Be: 49+3 cpd/100 tons
\ — ?1°Bj +CNO: 23%*2 cpd/100 tons
10 - %°Kr: 25+3 cpd/100 tons
' — 110: 25+1 cpd/100 tons
10°% E- 14y 100y
10

Counts/ (10 keV x day x 100 tons)

l1E Galbiati 2008

10"

107

10_3 RN T B _ |

200 400 600 800 1000 1200 1400 1600 1800 2000
Energy [keV]
_ 9/17/12 _ , Henning, SSNuDM 2012
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Isotropic flux of
coSmic rays
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Water Cerenkov Detectors
Particle ID
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Super -Kamiokande 848 days Preliminary

multi-GeV e-like multi-GeV mu-like (FC+PC)

"] Predicted

— Numu-nutau osc.

-1 06 -02 02 06 -1 06 -02 02 06
cos(zenith angle) cos(zenith angle)




R = (1/€)pata /(1t/ e

ing Angle quite large (consistent with maximal)
.5x10-3 eV?2
Accelerator Experiments




Ultra-high energy atmospheric neutrinos: Icecube
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South Pole Station

ONS SECTOR

\\
oo o=
Lpwined . |
» , ’\

12004105\

SOUTH POLE OPERATI

- ——

2007/08

w5 LB

7
ETRN
) 5 ‘ A )
LT N,
- = - & \ 'Qs
: ::"'. e g
&0 w2 \, \.
24 P\ 16
3
42
! "8

2000110 |

e

_ 9/17/12 _ , Henning, SSNuDM 2012
Reyco Henning 1: History of Neutrino Physics 87 PIRE/GEMADARC Summer School, May 2023



Neutrino Event

Upwards-going events are pure neutrino

Tue Sep /7 03:41:47 2010

Run 116511 Event 33918/ Ons, 45000ns
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Fig: Murayama
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Experimental Considerations

E. Fermi, Z. Physik 88, 161 (1934)

* Neutrinos are lightest objects in univers
e ~ 1x10-6 mass of electron

* Relativity makes job tough:
e [F2 — p2 + m?2

 Approach: Energy distribution of electr

utrino from
Kinematics and mixing.

E.

Frg. 1. The end of the distribution curve for p=0 and for
large and small values of .
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Current Direct Mass Measurements

* Tritium beta decay endpoint measurements
 Current: my < 2eV

 Massive spectrometer

* New Generation: KATRIN (Karlsruhe Tritium Neutrino Experime?
e Sensitivity to m; = 0.2eV

.
 Anticipated Start in 2013, 5 year run. 7’&4 /

9/17/12 Henning, Sgé\luDM 2012
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k
HV electrodes

S.C. solenoid ﬂ s.c. solenoid

detector




KAI RIN Main ospectrometer

(world’s largest beer keg)
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What about the future?

After KATRIN, it is safe to say that the MAC-E filter design has run its course
and cannot be extended
- Hamish Roberton (paraphrased)
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alg Cyclotron iviotion
(Project 8)

Reyco Henning

phase delay loops

amplifiers
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Promising, but technical challenging.
Difficult to estimate systematics a priori
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others
MARE: cryogenic bolometry

187Re > 1870s + e~ + V. (11, = 4.3x1010y, Q = 2.46 keV

— Eleciro-tharmal link

(read-out & heat sink)

T Pantcle absarbet
Very low heat capacity at <100mK | | | |
510" .
S,
ECHO: 163Ho + e- = 163Dy + v, 2
Distortions in emitted gamma spectrum 3
1072 A

2550 2.555 2560 2565 2570 2575
Energy [keV]
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