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1: Foundations
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• J.J. Thomson, 1897


• Built on work by Perrin and Wiechert


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


• 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.


• Took few more years for electron to be accepted -> new 
models of atoms.

1897: Discovery of Electron

J.J. Thomson, courtesy AIP
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• 1898-99: Henri Becquerel and Marie and Pierre Curie discover radioactivity in U/Th.


• 1899: Rutherford discovers nuclear beta decay


• 1902: Becquerel shows beta rays are electrons


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

1914: Problems in beta-decay

atomicarchive.com

Verhandlungen der deutschen physikalischen Gesellschaft, 16, 383
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• Bohr: Energy Conservation is Violated


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


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


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


“But so far I 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…"


"I 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…”


1930: Pauli’s Solution of “Desperation”
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• 1932: Chadwick discovers neutron. Too heavy to explain beta decay


• 1932-1934 : Fermi uses “neutrino” at conferences, meaning “weak little one"


• 1934: Fermi Interaction Theory:

• Built on models of photon emission from atoms

• First successful model of interaction that created/annihilated particles

• Also saved angular momentum conservation

• Laid 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.

1934: Fermi’s Theory of Beta Decay

Zeitschrift für Physik 88 (3–4): 16, Il Nuovo Cimento. 11 (1): 1

Mondari Portfolio

https://en.wikipedia.org/wiki/Zeitschrift_f%C3%BCr_Physik
https://en.wikipedia.org/wiki/Il_Nuovo_Cimento
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• 1929: Paul Dirac publishes Dirac equation


• Relativistic wave equations for spin-1/2 fermions

• Implied existence of antimatter

• Naturally explained spin

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

• Dirac Fermions 

• 1937: Ettore Majorana found solutions to Dirac equations 
where particle and anti-particle states are the same

• 2 solutions: “2 spin states”

• Majorana Fermions 
• Mentions Neutrinos as candidates

1937: Majorana Fermions Proposed

(iℏγμ − mc)ψ = 0

Nuovo Cimento 14 (1937) 171

Proceedings of	 the	 Royal 	Society 	of 	London 	(1905-1934) 117, 	610
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Blackboard Time
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Segue: Neutrinoless double-beta decay 

€ 

ZA⇒ Z+ 2A+ 2e−

€ 

ZA ⇒ Z+ 2A+ 2e− + 2ν e

2υββ: Observed 2nd order weak process. 

Allowed β-decay

Forbidden β-decay

0,2νββ

• Energetically allowed in many  nuclei.


• Prefer nuclei stable against β-decay (about 30)
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• 1935: Double beta decay postulated by Maria Goeppert-Mayer Phys. Rev. 48 (1935) 512


• Applied Fermi’s Theory to two simultaneous beta-decays.


• Estimated Half-life


1935: Double Beta Decay Proposed

AIP
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• 1937: Giulio Racah showed that symmetry between  and  requires new 
Fermi theory

• If   =   then Majorana’s formalism applies


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

ν ν

ν ν

ν

1937-1938: DBD and Neutrinos

gf.org

http://gf.org


Reyco Henning 1: History of Neutrino Physics PIRE/GEMADARC Summer School, May 202312

• Furry shows that emission and absorption of Majorana neutrino 
can mediate 0νββ decay. 

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

• V-A nature of weak force unknown at time.


• Predicted half-lives of ~1015 years for scalar interaction.

• Led to initial experimental searches.

1939: The Big Enchilada

gf.org

http://gf.org
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This is the whole paper!


Searched for coincident betas from target 
materials using Geiger tubes

First Experimental Search for DBD Decay 

Phys. Rev. 74 (1948) 1248 (conference proceedings)
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• Followed by “discovery”!

Followed by Discovery!

2.6 sigma effect

Phys. Rev. 75 (1949) 323
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• Ruled out by subsequent measurements, though (Astropart. Phys. 31 
(2009) 412)  T1/2(124Sn, 0n)>2.0×1019yr)


• Likely due to radioactive contamination, uncontrolled systematics (no 
discussion of calibrations), sample thickness


• Limited handles on data


• About dozen  “claims” in literature, all debunked 


• Three explanations:

• Unknown backgrounds

• Statistical fluctuations

• Systematics / unknown detector response


• These are hard experiments

Discussion
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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 nuclei


• N/Z increases with Z for stable nuclei

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

Reactor Neutrinos

Fission results in excess neutrons + energy

Fission Neutrons Beta-decaying nuclei

νe
*B. Pontecorvo Natl.Res. Council Canada Rep. (1946) 205, Helv.Phys.Acta.Suppl. 3 (1950) 97
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Thermal Reactor Principle
Wikipedia
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Nuclear Reactors

Daya Bay

Crocus

NC State
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• Huge flux

• Spectrum complex

• Many isotopes involved

• Fuel composition

• Fuel age

• Neutron flux

• Example: 235U:


• 6 νe per fission 

• ~2x1020 νe  per GWth

Neutrinos from reactors
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• Inverse Beta-decay


• Can be computed using Fermi Theory


• p + νe → n + e+

Detector Signal

Eth = 1.8 MeV
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Aside: A (Very) Prompt Neutrino Source
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1956: Discovery of the  
 
The Savannah River Experiment (1956)

ν

Los Alamos Science 25 (1997)
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Sequel to previous experiments at Hanford

10m from core


The Savannah River Experiment

Water + Cadmium Chloride

200 kg Water (proton targets)

Cadmium Chloride (delayed 
neutrons)

Scintillator Photon Detectors
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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).

25

Fame and Fortune

1995
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3: Breaking Things
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• “Symmetries” play key role in physics


• Lead to conservation laws:

• Translational — Conservation of Linear 

Momentum

• Rotational —Conservation of Angular Momentum

• U(1) Gauge — Conservations of Electric Charge

• Lorentz Invariance

• …


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


 


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


ψ(x) ↔ ψ(−x)

h =
S ⋅ p

p

Seque: Parity and Helicity

Same helicity

Invariant under rotation

Helicity Flip

Helicity Flip

Ang Mom

3-Rotation 

h=+1/2 
Right-handed

h=-1/2 
Left-handed
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• Inferred Neutrino Helicity before 
Neutrinos were detected!

1957: Neutrino Helicity Measured
Phys Rev. 109 (1957) 1015 

AIP

Wikipedia

Wikipedia
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• “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:

• Pauli “Ich glaube aber nicht, daß der Herrgott ein schwacher Linkshänder ist.” (I do not believe that 

the Lord is a weak left-hander.)


• Proposed several test, including using nuclear beta decay


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

1956: Evidence of Parity Conservation Evaluated
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• 


• Polarized spin of 60Co nucleus using magnet and low 
temperatures.


• Gamma-rays served as control


• “A large beta asymmetry was observed.”


• Later found to be maximal 
• Weak interaction only “sees” LH nu’s and RH anti-nu’s

60Co →60 Ni + e− + νe + 2γ

1957: “Wu” Experiment Confirms Parity Violation
Next Paper in Journal

Images Courtesy Wikipedia
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• New type of neutrino associated with 
muon

1962: Muon Neutrino Discovered

 μ
νμ
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• 1958: Pontecorvo, inspired by K-meson oscillations 
studied lepton flavor-violating “mesonium and 
antimesonium” oscillations: .


• Oscillation timescale too long to detect (muon 
decays)


• 1967: Proposed 2-state neutrino oscillations:

• 

• 


• Provided first limit of mixing parameters based on 
Cowan and Reines Experiment (10m baseline)


• Postulated Sun as Source of neutrinos, but (!)

e+μ− ↔ e−μ+

νe ↔ νμ
ν ↔ ν

1958-67: Lepton / Neutrino Oscillations Predicted

Zh. Eksp. Teor. Fiz. 53, 1717

Sov. Phys. JETP. 26: 984

Also (!)

https://en.wikipedia.org/wiki/Sov._Phys._JETP
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4: Strange Case of Missing Neutrinos
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Segue: Neutrinos from the Sun

CNO Cycle contributes as well
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Solar Neutrino Flux
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Production Location 
Can Probe Core of Sun!

astro-ph/0511337v1.pdf
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Low energy solar neutrinos 
Produced by plasma interactions

PLB 486 (2000) 263
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Why do physics underground?

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

https://doi.org/10.22323/1.395.1226
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• 37Cl + νe ! 37Ar + e-


• Eth = 0.814 MeV (no pp)


• 615 t of C2Cl4

• Flush tank, look for  37Ar decay

• Only 0.5 atoms of 37Ar per day!

• Sensitive to νe flavor only

Ray Davis Experiment
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Davis experiment results 
Only 1/3 of expected flux!

Predicted Flux Range

APJ 496:505 (1998)
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• νe+71Ga ! 17Ge + e-

• Eth = 0.233 MeV

• Sensitive to pp neutrinos


• SAGE: 60t metallic Ga

• GALLEX/GNO 30t GaCl3-HCl

• Measured 70 SNU, expected 130 

SNU

• Experiments disagreed initially. 

Resolved with source calibration 
(more later)

SAGE/GALLEX SAGE/Gran Sasso

GNO/

GALLEX

Baksan
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GALLEX: 1.5 Mci; 1 ton 

51Cr Electron Capture Sources

SAGE: 0.6 MCi

e− + p → n + νe
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Gallex 51Cr Source

~1kW of neutrinos!
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The Solar Neutrino Problem ~2000

A. Poon
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Stop Here Day 1

We will look for missing neutrinos next.
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1985: Atmospheric Neutrino Anomaly



Reyco Henning 1: History of Neutrino Physics PIRE/GEMADARC Summer School, May 2023
Henning,  SSNuDM 20129/17/12

47

Los Alamos Science

http://hep.bu.edu/~superk/atmnu/

Except:

Isotropic Flux of νμ

Φ(νµ)~=  Φ(νe)
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Water Cerenkov Detectors 
Particle ID

9/17/12

Super-K

Initially built for 
proton decay searches
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Up-down Asymmetry Observed

9/17/12
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Results

9/17/12

Mixing Angle quite large (consistent with maximal)

Δm2 = 2.5x10-3 eV2


Verified by Accelerator Experiments
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1987: Supernova Neutrinos Detected



Reyco Henning 1: History of Neutrino Physics PIRE/GEMADARC Summer School, May 202352

1998: First Evidence for Neutrino Oscillations
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1 kton ($300M!) D2O

3 Channels:


Elastic Scattering (ES)

νeτµ+e-! νeτµ+e-

Neutral Current (NC)

 νeτµ+d ! νeτµ+p++n


Charged Current

νe+d ! νe +p++p+ +e-

3 Phases:

I: n + d ! 3H + γ + 6.3 MeV

II: n + 35Cl ! 36Cl + γ + 8.6 MeV

III:  n + 3He ! 3H + p + 0.76 MeV

9/17/12

SNO 
Sudbury Neutrino Observatory
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Solar Neutrino Problem Solved!

9/17/12
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Sun emits non-νe neutrino flavors, but questions remain.

Oscillations favored, but are there other possibilities?

!Probe vacuum-matter transitions with ~1 MeV neutrinos

9/17/12

Interpretation

Ga, Cl

SK, SNO
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• Late 90s: Evidence for neutrino oscillations become compelling from solar 
neutrino and atmospheric neutrinos.


• Not observed in reactor neutrinos yet, though

9/17/12

2002: Discovery of Reactor Neutrino Oscillations

Probability of νe disappearance:



Reyco Henning 1: History of Neutrino Physics PIRE/GEMADARC Summer School, May 202361



Reyco Henning 1: History of Neutrino Physics PIRE/GEMADARC Summer School, May 2023
Henning,  SSNuDM 2012

62

2800 mwe in Kamioka mine in Japan

~ 200km from reactors 

1 kton ultra pure liquid scintillator (80% dodecane, 20% pseudocumene) doped with fluor  (2,5-

Diphenyloxazole)

1900 PMTs

Muon veto and buffer shield 

(add map)

9/17/12

KamLAND
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Main KamLAND  Results

9/17/12

2002: First observation of νe 
disappearance at very long baselines 


Precision measurements of mixing 
parameters consistent with solar 
experiments
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2005: Discover of Geoneutrinos

9/17/12

Nature 346 (2005) 499
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Geoneutrinos Initial Hints

9/17/12

KamLAND 2005
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Geoneutrino Discovery

9/17/12

BOREXINO
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• Non-zero θ13 required for observable CP violation in neutrino sector

	 	 Long baseline accelerator experiments.

• Important cosmological implications 

• ~ 1km baseline

• Exquisite control of systematic errors to ~1%

• Two, identical detector concept:


• Near detector monitors reactor output

• Far detector (1 ~km) searches for νe disappearance

• Cancels many systematics

9/17/12

2012: First measurement of θ13
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Three Experiments Realized : 
Daya Bay

9/17/12
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2012: Daya Bay does First measurement of θ13 

9/17/12

Pure rate. Shape measurement in progress



Reyco Henning 1: History of Neutrino Physics PIRE/GEMADARC Summer School, May 2023
Henning,  SSNuDM 2012

70

RENO, Double CHOOZ, and others follow.

9/17/12
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• Nuclei that decay via beta, positron or EC also emit neutrinos


• Can use these isotopes as neutrinos sources


• Beta and positron emitters not practical HMW: Why?


• Solution: Use Electron-Capture isotopes

51Cr ! 51V + νe




Still have to shield inner-Brehmstrahlung

9/17/12

Principle
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• Enriched, ultrapure 50Cr exposed to fast neutron flux in reactor core: Siloe, Grenoble, BN-350 fast neutron reactor in Aktua, Kazakhstan 


• 50Cr 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

Source Manufacture
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Kamiokande-II and Super-K

9/17/12

Detect High Energy 8B neutrinos via neutrino electron elastic scattering:

 νX + e- ! νX+ e- 

1   :  6

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

9/17/12
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BOREXINO

9/17/12

Search for 7Be neutrinos via 

νx + e- ! νx  + e-


Careful control of 
backgrounds

First measurements of 7Be 
(2008) and pep (2011) 
neutrinos
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Galbiati 2008
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Solar neutrinos combined

9/17/12

arXiv:1110.3230

 (Input from KamLAND)

http://arxiv.org/abs/1110.3230
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Los Alamos Science

http://hep.bu.edu/~superk/atmnu/

Except:

Isotropic Flux of νμ

Φ(νµ)~=  Φ(νe)
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Water Cerenkov Detectors 
Particle ID

9/17/12

Super-K

Initially built for 
proton decay searches
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Up-down Asymmetry Observed

9/17/12
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Results

9/17/12

Mixing Angle quite large (consistent with maximal)

Δm2 = 2.5x10-3 eV2


Verified by Accelerator Experiments
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Ultra-high energy atmospheric neutrinos: Icecube

9/17/12
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South Pole Station

9/17/12



Reyco Henning 1: History of Neutrino Physics PIRE/GEMADARC Summer School, May 2023
Henning,  SSNuDM 2012

88

Neutrino Event 
Upwards-going events are pure neutrino

9/17/12
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Icecube Physics

9/17/12
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• What are the mass of the neutrino mass eigenstates?

• Why are neutrinos so light?

9/17/12

Neutrino masses

Fig: Murayama
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• Neutrinos are lightest objects in universe.

• ~ 1x10-6 mass of electron


• Relativity makes job tough:

•  E2 = p2 + m2


• Approach: Energy distribution of electrons in beta-decay depends on mass of neutrino from 
kinematics and mixing. 

9/17/12

Experimental Considerations

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

9/17/12

Tritium
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Historic Neutrino Mass Measurements

9/17/12

Wilkerson, Nu2012

Many Experiments, Techniques
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• Tritium beta decay endpoint measurements 

• Current: mβ < 2eV

• New Generation: KATRIN (Karlsruhe Tritium Neutrino Experiment)


• Massive spectrometer

• Sensitivity to mβ = 0.2eV

• Anticipated Start in 2013, 5 year run.

9/17/12

Current Direct Mass Measurements
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MAC-E Filter

9/17/12
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KATRIN Main Spectrometer 
(world’s largest beer keg)

9/17/12



Reyco Henning 1: History of Neutrino Physics PIRE/GEMADARC Summer School, May 2023
Henning,  SSNuDM 2012

98

What about the future?

9/17/12

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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RF Cyclotron Motion 
(Project 8)

9/17/12

Promising, but technical challenging. 

Difficult to estimate systematics a priori
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Others 
 MARE: cryogenic bolometry

9/17/12

187Re ! 187Os + e- + νe (τ1/2 = 4.3x1010 y, Q = 2.46 keV

ECHO: 163Ho + e- ! 163Dy + νe


Distortions in emitted gamma spectrum
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https://history.aip.org/exhibits/electron/


https://www.symmetrymagazine.org/article/march-2007/neutrino-invention


https://pubs.aip.org/aapt/ajp/article/36/12/1150/1047952/Fermi-s-Theory-of-
Beta-Decay
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