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I.1 Meet the neutron
I.2 Low Energy Fundamental Physics
I.3 β-decay in Nuclear Physics



“The Existence of a Neutron”, J. Chadwick, 1932

1896 Becquerel: Radioactivity 
1897 Thompson: electron 
1898 Rutherford: alpha rays & beta rays 
1900 Villard: gamma rays 
1902 Kaufmann: beta rays = electrons 
1907 Royds/Rutherford: alpha rays = He ions 
1913 Soddy/Fajans: isotopes 
1913 Bohr Model 
1914 Rutherford/Andrade: gamma rays = E&M radiation 
1908 — 1913 Geiger/Marsden: Rutherford Gold Foil 
1917 Rutherford: proton 
1921 Harkins: “neutron” (proton/electron composite) 
1930 Bothe/Giessen: penetrating radiation from ⍺ + Be/B/Li 
1932 Joliot-Curie/Joliot: penetrating radion + parafin = 5 MeV protons 
1932 Chadwick: neutron
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Neutrons

Nuclear Physics Condensed Matter Physics
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Liquid 4He (T < 0.5K)
Solid D2 (T < 5K)
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visible photons: 3900 Å- 7500 Å
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X-rays: 0.1 Å- 100 Å

Particle Physics/Cosmology

Fundamental Physics
Neutral… good penetration into matter 
Neutral… harder to detect 
Interact via nuclear forces… 

Nuclei are 100,000 times smaller than 
separation… far-field dominates 
Only weakly scattered… statistics limited 

Must work hard to get large fluxes



Can’t predict the production of light elements in the early universe.

Big Bang Nucleosynthesis

Doesn’t explain why there is so little antimatter.

Baryogenesis and CP violation

Requires ad hoc inputs.

Neutrino mass 
Particle masses and couplings 
Parity Violation 
Hierarchy problem

Doesn’t explain a lot of what seems to make up the universe.

Dark Matter  = 27% of the universe 
Dark Energy = 68% of the universe

What we (mostly) understand = 5%

Particle Data Group at Lawrence Berkeley National Lab

Chien-Yeah Seng, DNP 2021

Fundamental Physics



Fundamental Physics Today: Precision + Rare Event
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direct production precision

Ken Mimasu, 2018 HEP Summer Solstice Meeting

We are entering a “precision era”: 

Direct Production

Instead of “more energy”, we now want “more precision”.

Fundamental Physics



Fundamental Physics Today: Precision + Rare Event
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direct production precision

Ken Mimasu, 2018 HEP Summer Solstice Meeting

We are entering a “precision era”: 

Direct Production

Instead of “more energy”, we now want “more precision”.

Fundamental Physics

The largest absolute signal yield as defined above is
taken as the systematic uncertainty on the background
model. It amounts to ±(0.2−4.6) and ±(0.3−6.8) events,
depending on the category for the 7 TeV and 8 TeV data
samples, respectively. In the final fit to the data (see
Section 5.7) a signal-like term is included in the likeli-
hood function for each category. This term incorporates
the estimated potential bias, thus providing a conserva-
tive estimate of the uncertainty due to the background
modelling.

5.6. Systematic uncertainties
Hereafter, in cases where two uncertainties are

quoted, they refer to the 7 TeV and 8 TeV data, respec-
tively. The dominant experimental uncertainty on the
signal yield (±8%, ±11%) comes from the photon re-
construction and identification efficiency, which is es-
timated with data using electrons from Z decays and
photons from Z → ℓ+ℓ−γ events. Pile-up modelling
also affects the expected yields and contributes to the
uncertainty (±4%). Further uncertainties on the sig-
nal yield are related to the trigger (±1%), photon isola-
tion (±0.4%, ±0.5%) and luminosity (±1.8%, ±3.6%).
Uncertainties due to the modelling of the underlying
event are ±6% for VBF and ±30% for other produc-
tion processes in the 2-jet category. Uncertainties on the
predicted cross sections and branching ratio are sum-
marised in Section 8.
The uncertainty on the expected fractions of signal

events in each category is described in the following.
The uncertainty on the knowledge of the material in
front of the calorimeter is used to derive the amount of
possible event migration between the converted and un-
converted categories (±4%). The uncertainty from pile-
up on the population of the converted and unconverted
categories is ±2%. The uncertainty from the jet energy
scale (JES) amounts to up to ±19% for the 2-jet cate-
gory, and up to ±4% for the other categories. Uncertain-
ties from the JVF modelling are ±12% (for the 8 TeV
data) for the 2-jet category, estimated from Z+2-jets
events by comparing data and MC. Different PDFs and
scale variations in the HqT calculations are used to de-
rive possible event migration among categories (±9%)
due to the modelling of the Higgs boson kinematics.
The total uncertainty on the mass resolution is ±14%.

The dominant contribution (±12%) comes from the un-
certainty on the energy resolution of the calorimeter,
which is determined from Z→ e+e− events. Smaller
contributions come from the imperfect knowledge of the
material in front of the calorimeter, which affects the ex-
trapolation of the calibration from electrons to photons
(±6%), and from pile-up (±4%).
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Figure 4: The distributions of the invariant mass of diphoton can-
didates after all selections for the combined 7 TeV and 8 TeV data
sample. The inclusive sample is shown in (a) and a weighted version
of the same sample in (c); the weights are explained in the text. The
result of a fit to the data of the sum of a signal component fixed to
mH = 126.5 GeV and a background component described by a fourth-
order Bernstein polynomial is superimposed. The residuals of the data
and weighted data with respect to the respective fitted background
component are displayed in (b) and (d).

5.7. Results

The distributions of the invariant mass, mγγ, of the
diphoton events, summed over all categories, are shown
in Fig. 4(a) and (b). The result of a fit including a signal
component fixed to mH = 126.5 GeV and a background
component described by a fourth-order Bernstein poly-
nomial is superimposed.
The statistical analysis of the data employs an un-

binned likelihood function constructed from those of
the ten categories of the 7 TeV and 8 TeV data samples.
To demonstrate the sensitivity of this likelihood analy-
sis, Fig. 4(c) and (d) also show the mass spectrum ob-
tained after weighting events with category-dependent
factors reflecting the signal-to-background ratios. The
weight wi for events in category i ∈ [1, 10] for the 7 TeV
and 8 TeV data samples is defined to be ln (1 + S i/Bi),
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The largest absolute signal yield as defined above is
taken as the systematic uncertainty on the background
model. It amounts to ±(0.2−4.6) and ±(0.3−6.8) events,
depending on the category for the 7 TeV and 8 TeV data
samples, respectively. In the final fit to the data (see
Section 5.7) a signal-like term is included in the likeli-
hood function for each category. This term incorporates
the estimated potential bias, thus providing a conserva-
tive estimate of the uncertainty due to the background
modelling.

5.6. Systematic uncertainties
Hereafter, in cases where two uncertainties are

quoted, they refer to the 7 TeV and 8 TeV data, respec-
tively. The dominant experimental uncertainty on the
signal yield (±8%, ±11%) comes from the photon re-
construction and identification efficiency, which is es-
timated with data using electrons from Z decays and
photons from Z → ℓ+ℓ−γ events. Pile-up modelling
also affects the expected yields and contributes to the
uncertainty (±4%). Further uncertainties on the sig-
nal yield are related to the trigger (±1%), photon isola-
tion (±0.4%, ±0.5%) and luminosity (±1.8%, ±3.6%).
Uncertainties due to the modelling of the underlying
event are ±6% for VBF and ±30% for other produc-
tion processes in the 2-jet category. Uncertainties on the
predicted cross sections and branching ratio are sum-
marised in Section 8.
The uncertainty on the expected fractions of signal

events in each category is described in the following.
The uncertainty on the knowledge of the material in
front of the calorimeter is used to derive the amount of
possible event migration between the converted and un-
converted categories (±4%). The uncertainty from pile-
up on the population of the converted and unconverted
categories is ±2%. The uncertainty from the jet energy
scale (JES) amounts to up to ±19% for the 2-jet cate-
gory, and up to ±4% for the other categories. Uncertain-
ties from the JVF modelling are ±12% (for the 8 TeV
data) for the 2-jet category, estimated from Z+2-jets
events by comparing data and MC. Different PDFs and
scale variations in the HqT calculations are used to de-
rive possible event migration among categories (±9%)
due to the modelling of the Higgs boson kinematics.
The total uncertainty on the mass resolution is ±14%.

The dominant contribution (±12%) comes from the un-
certainty on the energy resolution of the calorimeter,
which is determined from Z→ e+e− events. Smaller
contributions come from the imperfect knowledge of the
material in front of the calorimeter, which affects the ex-
trapolation of the calibration from electrons to photons
(±6%), and from pile-up (±4%).
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Figure 4: The distributions of the invariant mass of diphoton can-
didates after all selections for the combined 7 TeV and 8 TeV data
sample. The inclusive sample is shown in (a) and a weighted version
of the same sample in (c); the weights are explained in the text. The
result of a fit to the data of the sum of a signal component fixed to
mH = 126.5 GeV and a background component described by a fourth-
order Bernstein polynomial is superimposed. The residuals of the data
and weighted data with respect to the respective fitted background
component are displayed in (b) and (d).

5.7. Results

The distributions of the invariant mass, mγγ, of the
diphoton events, summed over all categories, are shown
in Fig. 4(a) and (b). The result of a fit including a signal
component fixed to mH = 126.5 GeV and a background
component described by a fourth-order Bernstein poly-
nomial is superimposed.
The statistical analysis of the data employs an un-

binned likelihood function constructed from those of
the ten categories of the 7 TeV and 8 TeV data samples.
To demonstrate the sensitivity of this likelihood analy-
sis, Fig. 4(c) and (d) also show the mass spectrum ob-
tained after weighting events with category-dependent
factors reflecting the signal-to-background ratios. The
weight wi for events in category i ∈ [1, 10] for the 7 TeV
and 8 TeV data samples is defined to be ln (1 + S i/Bi),
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Fundamental Physics Today: Precision + Rare Event
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direct production precision

Ken Mimasu, 2018 HEP Summer Solstice Meeting

We are entering a “precision era”: 

Direct Production

Instead of “more energy”, we now want “more precision”.

Fundamental Physics



But you can work at any energy!
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direct production

“Significance” Level 
Assuming the Standard Model is correct, chance 
the observation is a statistical fluctuation. 

1σ ∼ 1/10  
3σ ∼ 1/1000           “Interesting” 
5σ ∼ 1/4,000,000  “Discovery”
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|Experiment� Theory|
Theory

< 0.1%

A Race to find Anomalies
precision

We hope for an experimental result that disagrees with the Standard Model, an anomaly.


We also look for puzzles: Two experiments that disagree, but shouldn’t.

The Standard Model Right Now

Fundamental Physics
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<latexit sha1_base64="g4skW/qeyDoIaltCC/5pVa7Qn10=">AAACFHicbZC7SgNBFIZn4y3G26qFhc1gEGJh3A2ClkEbGyGCuUCyCbOT2WTI7IWZs0JY9jV8AVt9AzuxtfcFfA4nyRYm8YeBn/+cwznzuZHgCizr28itrK6tb+Q3C1vbO7t75v5BQ4WxpKxOQxHKlksUEzxgdeAgWCuSjPiuYE13dDupN5+YVDwMHmEcMccng4B7nBLQUc886niS0MROk1J0Qc+6FXyO77uVtGcWrbI1FV42dmaKKFOtZ/50+iGNfRYAFUSptm1F4CREAqeCpYVOrFhE6IgMWFvbgPhMOcn0Ayk+1Ukfe6HULwA8Tf9OJMRXauy7utMnMFSLtUn4X60dg3ftJDyIYmABnS3yYoEhxBMauM8loyDG2hAqub4V0yHRREAzm9viSjJikBY0GHsRw7JpVMq29g+XxepNhiiPjtEJKiEbXaEqukM1VEcUpegFvaI349l4Nz6Mz1lrzshmDtGcjK9f1++dPw==</latexit><latexit sha1_base64="g4skW/qeyDoIaltCC/5pVa7Qn10=">AAACFHicbZC7SgNBFIZn4y3G26qFhc1gEGJh3A2ClkEbGyGCuUCyCbOT2WTI7IWZs0JY9jV8AVt9AzuxtfcFfA4nyRYm8YeBn/+cwznzuZHgCizr28itrK6tb+Q3C1vbO7t75v5BQ4WxpKxOQxHKlksUEzxgdeAgWCuSjPiuYE13dDupN5+YVDwMHmEcMccng4B7nBLQUc886niS0MROk1J0Qc+6FXyO77uVtGcWrbI1FV42dmaKKFOtZ/50+iGNfRYAFUSptm1F4CREAqeCpYVOrFhE6IgMWFvbgPhMOcn0Ayk+1Ukfe6HULwA8Tf9OJMRXauy7utMnMFSLtUn4X60dg3ftJDyIYmABnS3yYoEhxBMauM8loyDG2hAqub4V0yHRREAzm9viSjJikBY0GHsRw7JpVMq29g+XxepNhiiPjtEJKiEbXaEqukM1VEcUpegFvaI349l4Nz6Mz1lrzshmDtGcjK9f1++dPw==</latexit><latexit sha1_base64="g4skW/qeyDoIaltCC/5pVa7Qn10=">AAACFHicbZC7SgNBFIZn4y3G26qFhc1gEGJh3A2ClkEbGyGCuUCyCbOT2WTI7IWZs0JY9jV8AVt9AzuxtfcFfA4nyRYm8YeBn/+cwznzuZHgCizr28itrK6tb+Q3C1vbO7t75v5BQ4WxpKxOQxHKlksUEzxgdeAgWCuSjPiuYE13dDupN5+YVDwMHmEcMccng4B7nBLQUc886niS0MROk1J0Qc+6FXyO77uVtGcWrbI1FV42dmaKKFOtZ/50+iGNfRYAFUSptm1F4CREAqeCpYVOrFhE6IgMWFvbgPhMOcn0Ayk+1Ukfe6HULwA8Tf9OJMRXauy7utMnMFSLtUn4X60dg3ftJDyIYmABnS3yYoEhxBMauM8loyDG2hAqub4V0yHRREAzm9viSjJikBY0GHsRw7JpVMq29g+XxepNhiiPjtEJKiEbXaEqukM1VEcUpegFvaI349l4Nz6Mz1lrzshmDtGcjK9f1++dPw==</latexit><latexit sha1_base64="g4skW/qeyDoIaltCC/5pVa7Qn10=">AAACFHicbZC7SgNBFIZn4y3G26qFhc1gEGJh3A2ClkEbGyGCuUCyCbOT2WTI7IWZs0JY9jV8AVt9AzuxtfcFfA4nyRYm8YeBn/+cwznzuZHgCizr28itrK6tb+Q3C1vbO7t75v5BQ4WxpKxOQxHKlksUEzxgdeAgWCuSjPiuYE13dDupN5+YVDwMHmEcMccng4B7nBLQUc886niS0MROk1J0Qc+6FXyO77uVtGcWrbI1FV42dmaKKFOtZ/50+iGNfRYAFUSptm1F4CREAqeCpYVOrFhE6IgMWFvbgPhMOcn0Ayk+1Ukfe6HULwA8Tf9OJMRXauy7utMnMFSLtUn4X60dg3ftJDyIYmABnS3yYoEhxBMauM8loyDG2hAqub4V0yHRREAzm9viSjJikBY0GHsRw7JpVMq29g+XxepNhiiPjtEJKiEbXaEqukM1VEcUpegFvaI349l4Nz6Mz1lrzshmDtGcjK9f1++dPw==</latexit>

M2 � (p/c)2
<latexit sha1_base64="77vH07lZBek7vnERumcPWuL7gLM=">AAACDHicbZDPSsNAEMY39V+tfxr16GWxCPVSkyLosejFi1DB1kKbls120i7dbMLuRiihr+ALeNU38CZefQdfwOdw2+ZgWz8Y+PHNDDN8fsyZ0o7zbeXW1jc2t/LbhZ3dvf2ifXDYVFEiKTRoxCPZ8okCzgQ0NNMcWrEEEvocHv3RzbT/+ARSsUg86HEMXkgGggWMEm2snl2861ZxZzDA5ficnnWrPbvkVJyZ8Cq4GZRQpnrP/un0I5qEIDTlRKm268TaS4nUjHKYFDqJgpjQERlA26AgISgvnT0+wafG6eMgkqaExjP370ZKQqXGoW8mQ6KHark3Nf/rtRMdXHkpE3GiQdD5oSDhWEd4mgLuMwlU87EBQiUzv2I6JJJQbbJauOJLMgI9KZhg3OUYVqFZrbiG7y9Ktessojw6RieojFx0iWroFtVRA1GUoBf0it6sZ+vd+rA+56M5K9s5Qguyvn4Bf16Z0w==</latexit><latexit sha1_base64="77vH07lZBek7vnERumcPWuL7gLM=">AAACDHicbZDPSsNAEMY39V+tfxr16GWxCPVSkyLosejFi1DB1kKbls120i7dbMLuRiihr+ALeNU38CZefQdfwOdw2+ZgWz8Y+PHNDDN8fsyZ0o7zbeXW1jc2t/LbhZ3dvf2ifXDYVFEiKTRoxCPZ8okCzgQ0NNMcWrEEEvocHv3RzbT/+ARSsUg86HEMXkgGggWMEm2snl2861ZxZzDA5ficnnWrPbvkVJyZ8Cq4GZRQpnrP/un0I5qEIDTlRKm268TaS4nUjHKYFDqJgpjQERlA26AgISgvnT0+wafG6eMgkqaExjP370ZKQqXGoW8mQ6KHark3Nf/rtRMdXHkpE3GiQdD5oSDhWEd4mgLuMwlU87EBQiUzv2I6JJJQbbJauOJLMgI9KZhg3OUYVqFZrbiG7y9Ktessojw6RieojFx0iWroFtVRA1GUoBf0it6sZ+vd+rA+56M5K9s5Qguyvn4Bf16Z0w==</latexit><latexit sha1_base64="77vH07lZBek7vnERumcPWuL7gLM=">AAACDHicbZDPSsNAEMY39V+tfxr16GWxCPVSkyLosejFi1DB1kKbls120i7dbMLuRiihr+ALeNU38CZefQdfwOdw2+ZgWz8Y+PHNDDN8fsyZ0o7zbeXW1jc2t/LbhZ3dvf2ifXDYVFEiKTRoxCPZ8okCzgQ0NNMcWrEEEvocHv3RzbT/+ARSsUg86HEMXkgGggWMEm2snl2861ZxZzDA5ficnnWrPbvkVJyZ8Cq4GZRQpnrP/un0I5qEIDTlRKm268TaS4nUjHKYFDqJgpjQERlA26AgISgvnT0+wafG6eMgkqaExjP370ZKQqXGoW8mQ6KHark3Nf/rtRMdXHkpE3GiQdD5oSDhWEd4mgLuMwlU87EBQiUzv2I6JJJQbbJauOJLMgI9KZhg3OUYVqFZrbiG7y9Ktessojw6RieojFx0iWroFtVRA1GUoBf0it6sZ+vd+rA+56M5K9s5Qguyvn4Bf16Z0w==</latexit><latexit sha1_base64="77vH07lZBek7vnERumcPWuL7gLM=">AAACDHicbZDPSsNAEMY39V+tfxr16GWxCPVSkyLosejFi1DB1kKbls120i7dbMLuRiihr+ALeNU38CZefQdfwOdw2+ZgWz8Y+PHNDDN8fsyZ0o7zbeXW1jc2t/LbhZ3dvf2ifXDYVFEiKTRoxCPZ8okCzgQ0NNMcWrEEEvocHv3RzbT/+ARSsUg86HEMXkgGggWMEm2snl2861ZxZzDA5ficnnWrPbvkVJyZ8Cq4GZRQpnrP/un0I5qEIDTlRKm268TaS4nUjHKYFDqJgpjQERlA26AgISgvnT0+wafG6eMgkqaExjP370ZKQqXGoW8mQ6KHark3Nf/rtRMdXHkpE3GiQdD5oSDhWEd4mgLuMwlU87EBQiUzv2I6JJJQbbJauOJLMgI9KZhg3OUYVqFZrbiG7y9Ktessojw6RieojFx0iWroFtVRA1GUoBf0it6sZ+vd+rA+56M5K9s5Qguyvn4Bf16Z0w==</latexit>

1

M2
<latexit sha1_base64="0DgbiGm8ZA/udXTvrqoAQVpMhlo=">AAACCHicbZBLSgNBEIZrfMb4irp00xgEV2EmCLoMunEjRDAPSMbQ06lJmvQ87O4RwjAX8AJu9QbuxK238AKew04yC5P4Q8HPX1VU8Xmx4Erb9re1srq2vrFZ2Cpu7+zu7ZcODpsqSiTDBotEJNseVSh4iA3NtcB2LJEGnsCWN7qe9FtPKBWPwns9jtEN6CDkPmdUm8jt+pKy1MnS24dq1iuV7Yo9FVk2Tm7KkKveK/10+xFLAgw1E1SpjmPH2k2p1JwJzIrdRGFM2YgOsGNsSANUbjp9OiOnJukTP5KmQk2m6d+NlAZKjQPPTAZUD9VibxL+1+sk2r90Ux7GicaQzQ75iSA6IhMCpM8lMi3GxlAmufmVsCE1HLThNHfFk3SEOisaMM4ihmXTrFYc4+/Oy7WrHFEBjuEEzsCBC6jBDdShAQwe4QVe4c16tt6tD+tzNrpi5TtHMCfr6xcA7ppa</latexit><latexit sha1_base64="0DgbiGm8ZA/udXTvrqoAQVpMhlo=">AAACCHicbZBLSgNBEIZrfMb4irp00xgEV2EmCLoMunEjRDAPSMbQ06lJmvQ87O4RwjAX8AJu9QbuxK238AKew04yC5P4Q8HPX1VU8Xmx4Erb9re1srq2vrFZ2Cpu7+zu7ZcODpsqSiTDBotEJNseVSh4iA3NtcB2LJEGnsCWN7qe9FtPKBWPwns9jtEN6CDkPmdUm8jt+pKy1MnS24dq1iuV7Yo9FVk2Tm7KkKveK/10+xFLAgw1E1SpjmPH2k2p1JwJzIrdRGFM2YgOsGNsSANUbjp9OiOnJukTP5KmQk2m6d+NlAZKjQPPTAZUD9VibxL+1+sk2r90Ux7GicaQzQ75iSA6IhMCpM8lMi3GxlAmufmVsCE1HLThNHfFk3SEOisaMM4ihmXTrFYc4+/Oy7WrHFEBjuEEzsCBC6jBDdShAQwe4QVe4c16tt6tD+tzNrpi5TtHMCfr6xcA7ppa</latexit><latexit sha1_base64="0DgbiGm8ZA/udXTvrqoAQVpMhlo=">AAACCHicbZBLSgNBEIZrfMb4irp00xgEV2EmCLoMunEjRDAPSMbQ06lJmvQ87O4RwjAX8AJu9QbuxK238AKew04yC5P4Q8HPX1VU8Xmx4Erb9re1srq2vrFZ2Cpu7+zu7ZcODpsqSiTDBotEJNseVSh4iA3NtcB2LJEGnsCWN7qe9FtPKBWPwns9jtEN6CDkPmdUm8jt+pKy1MnS24dq1iuV7Yo9FVk2Tm7KkKveK/10+xFLAgw1E1SpjmPH2k2p1JwJzIrdRGFM2YgOsGNsSANUbjp9OiOnJukTP5KmQk2m6d+NlAZKjQPPTAZUD9VibxL+1+sk2r90Ux7GicaQzQ75iSA6IhMCpM8lMi3GxlAmufmVsCE1HLThNHfFk3SEOisaMM4ihmXTrFYc4+/Oy7WrHFEBjuEEzsCBC6jBDdShAQwe4QVe4c16tt6tD+tzNrpi5TtHMCfr6xcA7ppa</latexit><latexit sha1_base64="0DgbiGm8ZA/udXTvrqoAQVpMhlo=">AAACCHicbZBLSgNBEIZrfMb4irp00xgEV2EmCLoMunEjRDAPSMbQ06lJmvQ87O4RwjAX8AJu9QbuxK238AKew04yC5P4Q8HPX1VU8Xmx4Erb9re1srq2vrFZ2Cpu7+zu7ZcODpsqSiTDBotEJNseVSh4iA3NtcB2LJEGnsCWN7qe9FtPKBWPwns9jtEN6CDkPmdUm8jt+pKy1MnS24dq1iuV7Yo9FVk2Tm7KkKveK/10+xFLAgw1E1SpjmPH2k2p1JwJzIrdRGFM2YgOsGNsSANUbjp9OiOnJukTP5KmQk2m6d+NlAZKjQPPTAZUD9VibxL+1+sk2r90Ux7GicaQzQ75iSA6IhMCpM8lMi3GxlAmufmVsCE1HLThNHfFk3SEOisaMM4ihmXTrFYc4+/Oy7WrHFEBjuEEzsCBC6jBDdShAQwe4QVe4c16tt6tD+tzNrpi5TtHMCfr6xcA7ppa</latexit>

direct production precision: model independent tests (EFT)

Baryon Asymmetry 
B and L conservation 
CKM Unitarity 
Dark Matter 
Dark Energy 
Inflation 
Nature of the neutrino 
Neutrino mass 
Nature of the Higgs 
Nature of Gravity 
New Interactions 
QCD at Low Energy 
𝜏n Problem



https://www.jigidi.com/user/okieclem/

New physics is expected, but elusive. The field of fundamental neutron physics is 
characterized by an exciting assortment of experiments and techniques.

Cold Neutrons
Ultracold Neutrons

Decay Experiments
Non-Decay Experiments



β-Decay “Nuclear Physics”
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<latexit sha1_base64="WFiU/ZZtjyl63KMV19KfiluhW6Q=">AAACFXicbVDLSgMxFM3UV62vqks3wSIIapkRqS6LblxWsA/o1JJJb6ehmWRIMkoZ+hNu/BU3LhRxK7jzb0wfC229kHA4556b3BPEnGnjut9OZmFxaXklu5pbW9/Y3Mpv79S0TBSFKpVcqkZANHAmoGqY4dCIFZAo4FAP+lcjvX4PSjMpbs0ghlZEQsG6jBJjqXb+WGCfSxEqFvYMUUo+4BgfYbg7sbcvrXU0OfVFMmxDO19wi+648DzwpqCAplVp57/8jqRJBMJQTrRuem5sWilRhlEOw5yfaIgJ7ZMQmhYKEoFupeOthvjAMh3clcoeYfCY/e1ISaT1IApsZ0RMT89qI/I/rZmY7kUrZSJODAg6eaibcGwkHkWEO0wBNXxgAaGK2b9i2iOKUGODzNkQvNmV50HttOiViqWbs0L5chpHFu2hfXSIPHSOyugaVVAVUfSIntErenOenBfn3fmYtGacqWcX/Snn8wdqgp5i</latexit>

n �! p+ e� + ⌫e

<latexit sha1_base64="7O0gZ5Au0R/UyrLb7bjA+6OO7pA="></latexit>

Q = mn � (mp +me +m⌫) = 1.29 MeV � 0.51 MeV � 0 = 0.78 MeV = 780 keV

<latexit sha1_base64="c5v/O1RtbUwFUoVsm1b5piWD7n8=">AAACHXicbVDLSgMxFM3UV62vUZdugkUQhDIjRV0W3bhswdpCpw6Z9I6GJjMhyYhlmB9x46+4caGICzfi35g+Fr4OJBzOuZfknEhypo3nfTqlufmFxaXycmVldW19w93cutRppii0acpT1Y2IBs4SaBtmOHSlAiIiDp1oeDb2O7egNEuTCzOS0BfkOmExo8RYKXTrFyFcBYKYGyVyQe4KHBApVXqHg1gRmreK3D+YUhFCYS9ZFKFb9WreBPgv8WekimZohu57MEhpJiAxlBOte74nTT8nyjDKoagEmQZJ6JBcQ8/ShAjQ/XySrsB7VhngOFX2JAZP1O8bORFaj0RkJ8c59G9vLP7n9TITn/RzlsjMQEKnD8UZxybF46rwgCmgho8sIVQx+1dMb4itwthCK7YE/3fkv+TysOYf1Y5a9WrjdFZHGe2gXbSPfHSMGugcNVEbUXSPHtEzenEenCfn1Xmbjpac2c42+gHn4wuGzKN3</latexit>

Tmax
e ⇡ Q

1 + me
mp

<latexit sha1_base64="x1d+4MoERxoAJ/tsW5htwLi8Ok4=">AAACEnicbVC7TsMwFHV4lvIqMLJYVEiwVAlChbGChbGV+pKaEDmu01q1E8t2UKso38DCr7AwgBArExt/g9tmgJYj2To6517de08gGFXatr+tldW19Y3NwlZxe2d3b790cNhWcSIxaeGYxbIbIEUYjUhLU81IV0iCeMBIJxjdTv3OA5GKxlFTTwTxOBpENKQYaSP5pfOmL+5djvRQ8pSjcQZdJISMx7DhhhLhlPskM5/I/FLZrtgzwGXi5KQMctT90pfbj3HCSaQxQ0r1HFtoL0VSU8xIVnQTRQTCIzQgPUMjxIny0tlJGTw1Sh+GsTQv0nCm/u5IEVdqwgNTOV1eLXpT8T+vl+jw2ktpJBJNIjwfFCYM6hhO84F9KgnWbGIIwpKaXSEeIpOENikWTQjO4snLpH1RcaqVauOyXLvJ4yiAY3ACzoADrkAN3IE6aAEMHsEzeAVv1pP1Yr1bH/PSFSvvOQJ/YH3+AMGJntA=</latexit>

Tmax
p ⇡ Q

me

mp

<latexit sha1_base64="7/tZcjjqXmny7MdZxhxKJk+hUpY=">AAACEXicbVC7SgNBFJ31GeNr1dJmMAhpDLsi0UYI2lgmkBck6zI7mU2GzMwuM7NiWPILNv6KjYUitnZ2/o2zSQqTeODC4Zx7ufeeIGZUacf5sVZW19Y3NnNb+e2d3b19++CwqaJEYtLAEYtkO0CKMCpIQ1PNSDuWBPGAkVYwvM381gORikairkcx8TjqCxpSjLSRfLtY9+P7Lkd6IHnK0eMYXsMaPIN1n8zJed8uOCVnArhM3BkpgBmqvv3d7UU44URozJBSHdeJtZciqSlmZJzvJorECA9Rn3QMFYgT5aWTj8bw1Cg9GEbSlNBwov6dSBFXasQD05kdqRa9TPzP6yQ6vPJSKuJEE4Gni8KEQR3BLB7Yo5JgzUaGICypuRXiAZIIaxNiFoK7+PIyaZ6X3HKpXLsoVG5mceTAMTgBReCCS1ABd6AKGgCDJ/AC3sC79Wy9Wh/W57R1xZrNHIE5WF+/bxycyA==</latexit>

Tmax
p = Q� Tmax

e

<latexit sha1_base64="WYbpBDZLezcpG6VRpwVh6BgZJjk="></latexit>

mn = 939.56 MeV

mn �mp = 1.29 MeV

me = 0.51 MeV

m⌫ ⇡ 0

“Recoil” Order



β-Decay “Nuclear Physics”: Spectrum Shape
K

. K
ra

ne
, I

nt
ro

du
ct

or
y 

N
uc

le
ar

 P
hy

si
cs

<latexit sha1_base64="WFiU/ZZtjyl63KMV19KfiluhW6Q=">AAACFXicbVDLSgMxFM3UV62vqks3wSIIapkRqS6LblxWsA/o1JJJb6ehmWRIMkoZ+hNu/BU3LhRxK7jzb0wfC229kHA4556b3BPEnGnjut9OZmFxaXklu5pbW9/Y3Mpv79S0TBSFKpVcqkZANHAmoGqY4dCIFZAo4FAP+lcjvX4PSjMpbs0ghlZEQsG6jBJjqXb+WGCfSxEqFvYMUUo+4BgfYbg7sbcvrXU0OfVFMmxDO19wi+648DzwpqCAplVp57/8jqRJBMJQTrRuem5sWilRhlEOw5yfaIgJ7ZMQmhYKEoFupeOthvjAMh3clcoeYfCY/e1ISaT1IApsZ0RMT89qI/I/rZmY7kUrZSJODAg6eaibcGwkHkWEO0wBNXxgAaGK2b9i2iOKUGODzNkQvNmV50HttOiViqWbs0L5chpHFu2hfXSIPHSOyugaVVAVUfSIntErenOenBfn3fmYtGacqWcX/Snn8wdqgp5i</latexit>

n �! p+ e� + ⌫e

<latexit sha1_base64="XbUauLNfexP5xWLo0jRTynPcMzM="></latexit>

� =
2⇡

~

����g
Z

dV
�
 
⇤
p �

⇤
e �

⇤
⌫

� bO  n

����
2

⇢(Ef )

<latexit sha1_base64="WYbpBDZLezcpG6VRpwVh6BgZJjk="></latexit>

mn = 939.56 MeV

mn �mp = 1.29 MeV

me = 0.51 MeV

m⌫ ⇡ 0

Fermi’s Golden Rule



β-Decay “Nuclear Physics”: Spectrum Shape
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<latexit sha1_base64="WFiU/ZZtjyl63KMV19KfiluhW6Q=">AAACFXicbVDLSgMxFM3UV62vqks3wSIIapkRqS6LblxWsA/o1JJJb6ehmWRIMkoZ+hNu/BU3LhRxK7jzb0wfC229kHA4556b3BPEnGnjut9OZmFxaXklu5pbW9/Y3Mpv79S0TBSFKpVcqkZANHAmoGqY4dCIFZAo4FAP+lcjvX4PSjMpbs0ghlZEQsG6jBJjqXb+WGCfSxEqFvYMUUo+4BgfYbg7sbcvrXU0OfVFMmxDO19wi+648DzwpqCAplVp57/8jqRJBMJQTrRuem5sWilRhlEOw5yfaIgJ7ZMQmhYKEoFupeOthvjAMh3clcoeYfCY/e1ISaT1IApsZ0RMT89qI/I/rZmY7kUrZSJODAg6eaibcGwkHkWEO0wBNXxgAaGK2b9i2iOKUGODzNkQvNmV50HttOiViqWbs0L5chpHFu2hfXSIPHSOyugaVVAVUfSIntErenOenBfn3fmYtGacqWcX/Snn8wdqgp5i</latexit>

n �! p+ e� + ⌫e

<latexit sha1_base64="XbUauLNfexP5xWLo0jRTynPcMzM="></latexit>

� =
2⇡

~

����g
Z

dV
�
 
⇤
p �

⇤
e �

⇤
⌫

� bO  n

����
2

⇢(Ef )

<latexit sha1_base64="E2epJIfAnemPT82dKU5OSYcTwu4="></latexit>

�e(~r) =
ei

~p·~r
~

L3/2
= 1 +

i~p · ~r
~ + · · ·

<latexit sha1_base64="/yoIrKs50Hzgk923aeOMwlaFIYg="></latexit>

�⌫(~r) =
ei

~q·~r
~

L3/2
= 1 +

i~q · ~r
~ + · · ·

<latexit sha1_base64="vSh0ggwH0/CjRl2t85QBqG5n1hs=">AAAB/3icbZDLSgMxFIbPeK31Niq4cRMsgiCUmVKqG6EogssK9gLttGTSTBuayQxJRii1C1/FjQtF3Poa7nwb03YW2nog4eP/zyEnvx9zprTjfFtLyyura+uZjezm1vbOrr23X1NRIgmtkohHsuFjRTkTtKqZ5rQRS4pDn9O6P7ie+PUHKhWLxL0extQLcU+wgBGsjdSxD2/aBXSJ4naBGDhDoblJu9ixc07emRZaBDeFHKRV6dhfrW5EkpAKTThWquk6sfZGWGpGOB1nW4miMSYD3KNNgwKHVHmj6f5jdGKULgoiaY7QaKr+nhjhUKlh6JvOEOu+mvcm4n9eM9HBhTdiIk40FWT2UJBwpCM0CQN1maRE86EBTCQzuyLSxxITbSLLmhDc+S8vQq2Qd0v50l0xV75K48jAERzDKbhwDmW4hQpUgcAjPMMrvFlP1ov1bn3MWpesdOYA/pT1+QOreZNU</latexit>

E2 = p2c2 +m2c4

<latexit sha1_base64="aIndbffpjWacBFKoXQF2k0jq9t4="></latexit>

p =

p
E2 � (mc2)2

c
=

p
(0.74 MeV)2 � (0.511 MeV)2

c
=

0.54 MeV

c
<latexit sha1_base64="U4l5tK9AnAgH/c4i+O/SBDap77s="></latexit>

p

~ =
0.54 MeV

(3⇥ 108 m/s) (6.582⇥ 10�22 MeV · s) = 0.003 fm�1

<latexit sha1_base64="WYbpBDZLezcpG6VRpwVh6BgZJjk="></latexit>

mn = 939.56 MeV

mn �mp = 1.29 MeV

me = 0.51 MeV

m⌫ ⇡ 0

nuclear volume

Fermi’s Golden Rule



β-Decay “Nuclear Physics”: Spectrum Shape
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<latexit sha1_base64="WFiU/ZZtjyl63KMV19KfiluhW6Q=">AAACFXicbVDLSgMxFM3UV62vqks3wSIIapkRqS6LblxWsA/o1JJJb6ehmWRIMkoZ+hNu/BU3LhRxK7jzb0wfC229kHA4556b3BPEnGnjut9OZmFxaXklu5pbW9/Y3Mpv79S0TBSFKpVcqkZANHAmoGqY4dCIFZAo4FAP+lcjvX4PSjMpbs0ghlZEQsG6jBJjqXb+WGCfSxEqFvYMUUo+4BgfYbg7sbcvrXU0OfVFMmxDO19wi+648DzwpqCAplVp57/8jqRJBMJQTrRuem5sWilRhlEOw5yfaIgJ7ZMQmhYKEoFupeOthvjAMh3clcoeYfCY/e1ISaT1IApsZ0RMT89qI/I/rZmY7kUrZSJODAg6eaibcGwkHkWEO0wBNXxgAaGK2b9i2iOKUGODzNkQvNmV50HttOiViqWbs0L5chpHFu2hfXSIPHSOyugaVVAVUfSIntErenOenBfn3fmYtGacqWcX/Snn8wdqgp5i</latexit>

n �! p+ e� + ⌫e

<latexit sha1_base64="XbUauLNfexP5xWLo0jRTynPcMzM="></latexit>

� =
2⇡

~

����g
Z

dV
�
 
⇤
p �

⇤
e �

⇤
⌫

� bO  n

����
2

⇢(Ef )

<latexit sha1_base64="E2epJIfAnemPT82dKU5OSYcTwu4="></latexit>

�e(~r) =
ei

~p·~r
~

L3/2
= 1 +

i~p · ~r
~ + · · ·

<latexit sha1_base64="/yoIrKs50Hzgk923aeOMwlaFIYg="></latexit>

�⌫(~r) =
ei

~q·~r
~

L3/2
= 1 +

i~q · ~r
~ + · · ·

<latexit sha1_base64="vSh0ggwH0/CjRl2t85QBqG5n1hs=">AAAB/3icbZDLSgMxFIbPeK31Niq4cRMsgiCUmVKqG6EogssK9gLttGTSTBuayQxJRii1C1/FjQtF3Poa7nwb03YW2nog4eP/zyEnvx9zprTjfFtLyyura+uZjezm1vbOrr23X1NRIgmtkohHsuFjRTkTtKqZ5rQRS4pDn9O6P7ie+PUHKhWLxL0extQLcU+wgBGsjdSxD2/aBXSJ4naBGDhDoblJu9ixc07emRZaBDeFHKRV6dhfrW5EkpAKTThWquk6sfZGWGpGOB1nW4miMSYD3KNNgwKHVHmj6f5jdGKULgoiaY7QaKr+nhjhUKlh6JvOEOu+mvcm4n9eM9HBhTdiIk40FWT2UJBwpCM0CQN1maRE86EBTCQzuyLSxxITbSLLmhDc+S8vQq2Qd0v50l0xV75K48jAERzDKbhwDmW4hQpUgcAjPMMrvFlP1ov1bn3MWpesdOYA/pT1+QOreZNU</latexit>

E2 = p2c2 +m2c4

<latexit sha1_base64="aIndbffpjWacBFKoXQF2k0jq9t4="></latexit>

p =

p
E2 � (mc2)2

c
=

p
(0.74 MeV)2 � (0.511 MeV)2

c
=

0.54 MeV

c
<latexit sha1_base64="U4l5tK9AnAgH/c4i+O/SBDap77s="></latexit>

p

~ =
0.54 MeV

(3⇥ 108 m/s) (6.582⇥ 10�22 MeV · s) = 0.003 fm�1

Allowed

“Forbidden”

<latexit sha1_base64="WYbpBDZLezcpG6VRpwVh6BgZJjk="></latexit>

mn = 939.56 MeV

mn �mp = 1.29 MeV

me = 0.51 MeV

m⌫ ⇡ 0

Fermi’s Golden Rule



β-Decay “Nuclear Physics”: Spectrum Shape
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<latexit sha1_base64="WFiU/ZZtjyl63KMV19KfiluhW6Q=">AAACFXicbVDLSgMxFM3UV62vqks3wSIIapkRqS6LblxWsA/o1JJJb6ehmWRIMkoZ+hNu/BU3LhRxK7jzb0wfC229kHA4556b3BPEnGnjut9OZmFxaXklu5pbW9/Y3Mpv79S0TBSFKpVcqkZANHAmoGqY4dCIFZAo4FAP+lcjvX4PSjMpbs0ghlZEQsG6jBJjqXb+WGCfSxEqFvYMUUo+4BgfYbg7sbcvrXU0OfVFMmxDO19wi+648DzwpqCAplVp57/8jqRJBMJQTrRuem5sWilRhlEOw5yfaIgJ7ZMQmhYKEoFupeOthvjAMh3clcoeYfCY/e1ISaT1IApsZ0RMT89qI/I/rZmY7kUrZSJODAg6eaibcGwkHkWEO0wBNXxgAaGK2b9i2iOKUGODzNkQvNmV50HttOiViqWbs0L5chpHFu2hfXSIPHSOyugaVVAVUfSIntErenOenBfn3fmYtGacqWcX/Snn8wdqgp5i</latexit>

n �! p+ e� + ⌫e

<latexit sha1_base64="XbUauLNfexP5xWLo0jRTynPcMzM="></latexit>

� =
2⇡

~

����g
Z

dV
�
 
⇤
p �

⇤
e �

⇤
⌫

� bO  n

����
2

⇢(Ef )

<latexit sha1_base64="htDVjJfFEEW4UDuc8AiZdWT20Jo="></latexit>

N(p) =
g2

2⇡3~7c3
⇥
p2(Q� Te)

2
⇤
F (Z 0, p) |Mfi|2 S(p, q)

<latexit sha1_base64="E2epJIfAnemPT82dKU5OSYcTwu4="></latexit>

�e(~r) =
ei

~p·~r
~

L3/2
= 1 +

i~p · ~r
~ + · · ·

<latexit sha1_base64="/yoIrKs50Hzgk923aeOMwlaFIYg="></latexit>

�⌫(~r) =
ei

~q·~r
~

L3/2
= 1 +

i~q · ~r
~ + · · ·

<latexit sha1_base64="vSh0ggwH0/CjRl2t85QBqG5n1hs=">AAAB/3icbZDLSgMxFIbPeK31Niq4cRMsgiCUmVKqG6EogssK9gLttGTSTBuayQxJRii1C1/FjQtF3Poa7nwb03YW2nog4eP/zyEnvx9zprTjfFtLyyura+uZjezm1vbOrr23X1NRIgmtkohHsuFjRTkTtKqZ5rQRS4pDn9O6P7ie+PUHKhWLxL0extQLcU+wgBGsjdSxD2/aBXSJ4naBGDhDoblJu9ixc07emRZaBDeFHKRV6dhfrW5EkpAKTThWquk6sfZGWGpGOB1nW4miMSYD3KNNgwKHVHmj6f5jdGKULgoiaY7QaKr+nhjhUKlh6JvOEOu+mvcm4n9eM9HBhTdiIk40FWT2UJBwpCM0CQN1maRE86EBTCQzuyLSxxITbSLLmhDc+S8vQq2Qd0v50l0xV75K48jAERzDKbhwDmW4hQpUgcAjPMMrvFlP1ov1bn3MWpesdOYA/pT1+QOreZNU</latexit>

E2 = p2c2 +m2c4

<latexit sha1_base64="aIndbffpjWacBFKoXQF2k0jq9t4="></latexit>

p =

p
E2 � (mc2)2

c
=

p
(0.74 MeV)2 � (0.511 MeV)2

c
=

0.54 MeV

c
<latexit sha1_base64="U4l5tK9AnAgH/c4i+O/SBDap77s="></latexit>

p

~ =
0.54 MeV

(3⇥ 108 m/s) (6.582⇥ 10�22 MeV · s) = 0.003 fm�1

Allowed

“Forbidden”

<latexit sha1_base64="WYbpBDZLezcpG6VRpwVh6BgZJjk="></latexit>

mn = 939.56 MeV

mn �mp = 1.29 MeV

me = 0.51 MeV

m⌫ ⇡ 0

Fermi Function accounts for distortion of the spectral shape due proton’s Coulomb potential. 
(Use wave function for free particle in Coulomb potential for electron wave function.)

Statistical Factor from density of final states
Shape differences from (p,q) dependence. Unity in the Allowed approximation.

Fermi’s Golden Rule



β-Decay “Nuclear Physics”: Kurie Plot
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<latexit sha1_base64="WFiU/ZZtjyl63KMV19KfiluhW6Q=">AAACFXicbVDLSgMxFM3UV62vqks3wSIIapkRqS6LblxWsA/o1JJJb6ehmWRIMkoZ+hNu/BU3LhRxK7jzb0wfC229kHA4556b3BPEnGnjut9OZmFxaXklu5pbW9/Y3Mpv79S0TBSFKpVcqkZANHAmoGqY4dCIFZAo4FAP+lcjvX4PSjMpbs0ghlZEQsG6jBJjqXb+WGCfSxEqFvYMUUo+4BgfYbg7sbcvrXU0OfVFMmxDO19wi+648DzwpqCAplVp57/8jqRJBMJQTrRuem5sWilRhlEOw5yfaIgJ7ZMQmhYKEoFupeOthvjAMh3clcoeYfCY/e1ISaT1IApsZ0RMT89qI/I/rZmY7kUrZSJODAg6eaibcGwkHkWEO0wBNXxgAaGK2b9i2iOKUGODzNkQvNmV50HttOiViqWbs0L5chpHFu2hfXSIPHSOyugaVVAVUfSIntErenOenBfn3fmYtGacqWcX/Snn8wdqgp5i</latexit>

n �! p+ e� + ⌫e

<latexit sha1_base64="htDVjJfFEEW4UDuc8AiZdWT20Jo="></latexit>

N(p) =
g2

2⇡3~7c3
⇥
p2(Q� Te)

2
⇤
F (Z 0, p) |Mfi|2 S(p, q)
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<latexit sha1_base64="WYbpBDZLezcpG6VRpwVh6BgZJjk="></latexit>

mn = 939.56 MeV

mn �mp = 1.29 MeV

me = 0.51 MeV

m⌫ ⇡ 0

<latexit sha1_base64="hItgDClswSdiRIxawZ24Mkgnap4="></latexit>

(Q� Te) /
1

|Mfi|

s
N(p)

p2F (Z 0, p)S(p, q)



β-Decay “Nuclear Physics”: ft Value
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<latexit sha1_base64="WFiU/ZZtjyl63KMV19KfiluhW6Q=">AAACFXicbVDLSgMxFM3UV62vqks3wSIIapkRqS6LblxWsA/o1JJJb6ehmWRIMkoZ+hNu/BU3LhRxK7jzb0wfC229kHA4556b3BPEnGnjut9OZmFxaXklu5pbW9/Y3Mpv79S0TBSFKpVcqkZANHAmoGqY4dCIFZAo4FAP+lcjvX4PSjMpbs0ghlZEQsG6jBJjqXb+WGCfSxEqFvYMUUo+4BgfYbg7sbcvrXU0OfVFMmxDO19wi+648DzwpqCAplVp57/8jqRJBMJQTrRuem5sWilRhlEOw5yfaIgJ7ZMQmhYKEoFupeOthvjAMh3clcoeYfCY/e1ISaT1IApsZ0RMT89qI/I/rZmY7kUrZSJODAg6eaibcGwkHkWEO0wBNXxgAaGK2b9i2iOKUGODzNkQvNmV50HttOiViqWbs0L5chpHFu2hfXSIPHSOyugaVVAVUfSIntErenOenBfn3fmYtGacqWcX/Snn8wdqgp5i</latexit>

n �! p+ e� + ⌫e

<latexit sha1_base64="Hk/0034qFTVvIdcD1TcTB2G7EWQ="></latexit>

� =
g2|Mfi|2

2⇡3~7c3

Z pmax

0
dp F (Z 0, p)p2(Q� Te)

2

<latexit sha1_base64="htDVjJfFEEW4UDuc8AiZdWT20Jo="></latexit>

N(p) =
g2

2⇡3~7c3
⇥
p2(Q� Te)

2
⇤
F (Z 0, p) |Mfi|2 S(p, q)

<latexit sha1_base64="HShhzN9o/DIMPBqvkdhuktdA5nc="></latexit>

f(Z 0, Emax
e ) ⌘ 1

(mec)3(mec2)2

Z pmax

0
dp F (Z 0, p)p2(Emax

e � Ee)
2

<latexit sha1_base64="WYbpBDZLezcpG6VRpwVh6BgZJjk="></latexit>

mn = 939.56 MeV

mn �mp = 1.29 MeV

me = 0.51 MeV

m⌫ ⇡ 0

Allowed Approximation



β-Decay “Nuclear Physics”: ft Value
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<latexit sha1_base64="WFiU/ZZtjyl63KMV19KfiluhW6Q=">AAACFXicbVDLSgMxFM3UV62vqks3wSIIapkRqS6LblxWsA/o1JJJb6ehmWRIMkoZ+hNu/BU3LhRxK7jzb0wfC229kHA4556b3BPEnGnjut9OZmFxaXklu5pbW9/Y3Mpv79S0TBSFKpVcqkZANHAmoGqY4dCIFZAo4FAP+lcjvX4PSjMpbs0ghlZEQsG6jBJjqXb+WGCfSxEqFvYMUUo+4BgfYbg7sbcvrXU0OfVFMmxDO19wi+648DzwpqCAplVp57/8jqRJBMJQTrRuem5sWilRhlEOw5yfaIgJ7ZMQmhYKEoFupeOthvjAMh3clcoeYfCY/e1ISaT1IApsZ0RMT89qI/I/rZmY7kUrZSJODAg6eaibcGwkHkWEO0wBNXxgAaGK2b9i2iOKUGODzNkQvNmV50HttOiViqWbs0L5chpHFu2hfXSIPHSOyugaVVAVUfSIntErenOenBfn3fmYtGacqWcX/Snn8wdqgp5i</latexit>

n �! p+ e� + ⌫e

<latexit sha1_base64="qrBhGiVtgu1IiTs4Vcil/RRuyMo="></latexit>

ft1/2 ⌘ 0.693
2⇡3~7

g2m5
ec

4|Mfi|2
“Comparative Half-Life”

<latexit sha1_base64="Hk/0034qFTVvIdcD1TcTB2G7EWQ="></latexit>

� =
g2|Mfi|2

2⇡3~7c3

Z pmax

0
dp F (Z 0, p)p2(Q� Te)

2

<latexit sha1_base64="HShhzN9o/DIMPBqvkdhuktdA5nc="></latexit>

f(Z 0, Emax
e ) ⌘ 1

(mec)3(mec2)2

Z pmax

0
dp F (Z 0, p)p2(Emax

e � Ee)
2



β-Decay “Nuclear Physics”: ft Value
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<latexit sha1_base64="R2OHDK0dtCxIz5UvAIwS1GrJaQg="></latexit>

0+ �! 0+ Superallowed ft-values

“Superallowed” => Short lifetime
(100% nuclear wave function overlap)

<latexit sha1_base64="qrBhGiVtgu1IiTs4Vcil/RRuyMo="></latexit>

ft1/2 ⌘ 0.693
2⇡3~7

g2m5
ec

4|Mfi|2
“Comparative Half-Life”

<latexit sha1_base64="Hk/0034qFTVvIdcD1TcTB2G7EWQ="></latexit>

� =
g2|Mfi|2

2⇡3~7c3

Z pmax

0
dp F (Z 0, p)p2(Q� Te)

2

<latexit sha1_base64="HShhzN9o/DIMPBqvkdhuktdA5nc="></latexit>

f(Z 0, Emax
e ) ⌘ 1

(mec)3(mec2)2

Z pmax

0
dp F (Z 0, p)p2(Emax

e � Ee)
2



β-Decay “Nuclear Physics”: Gamow-Teller
<latexit sha1_base64="RdFYnu5keXSsVbWfFsBpZ+z16jc=">AAACFHicbVDLSgMxFM3UV62vUZdugkVosS0zIlURoeDGZQX7gM4wZNK0Dc08SDLa6dCPcOOvuHGhiFsX7vwb08dCWw9cODnnXnLvcUNGhTSMby21tLyyupZez2xsbm3v6Lt7dRFEHJMaDljAmy4ShFGf1CSVjDRDTpDnMtJw+9djv3FPuKCBfyfjkNge6vq0QzGSSnL0Y+uBtkkPyaQ6si6tUFAnzA0KcWGYh1dw/M4VB4ViXCgO846eNUrGBHCRmDOSBTNUHf3Lagc48ogvMUNCtEwjlHaCuKSYkVHGigQJEe6jLmkp6iOPCDuZHDWCR0ppw07AVfkSTtTfEwnyhIg9V3V6SPbEvDcW//Nakeyc2wn1w0gSH08/6kQMygCOE4JtygmWLFYEYU7VrhD3EEdYqhwzKgRz/uRFUj8pmeVS+fY0W7mYxZEGB+AQ5IAJzkAF3IAqqAEMHsEzeAVv2pP2or1rH9PWlDab2Qd/oH3+AOfHnMc=</latexit>

bP  p(x, y, z) =  (�x,�y,�z)
<latexit sha1_base64="HwFncXgBnAPXXtwVxCktGZpJ4uc=">AAACTnicbZFLSwMxFIUz9VXrq+rSTbAoglhmpFQ3QtGNy0rtAzqlZNJbG5p5kGQqZegvdCPu/BluXCiimXaK2vZC4HDud7nJiRNwJpVpvhqppeWV1bX0emZjc2t7J7u7V5N+KChUqc990XCIBM48qCqmODQCAcR1ONSd/k3crw9ASOZ792oYQMslDx7rMkqUttpZOLYfWQd6REXlkT0AGgUjfIXPptK2M3PEdUycTuUiovJLVGKinc2ZeXNceF5YicihpMrt7Ivd8WnogqcoJ1I2LTNQrYgIxSiHUcYOJQSE9skDNLX0iAuyFY3jGOEj7XRw1xf6eAqP3b8TEXGlHLqOJl2ienK2F5uLes1QdS9bEfOCUIFHJ4u6IcfKx3G2uMMEUMWHWhAqmL4rpj0iCFX6BzI6BGv2yfOidp63ivniXSFXKiRxpNEBOkQnyEIXqIRuURlVEUVP6A19oE/j2Xg3vozvCZoykpl99K9S6R8jobO3</latexit>

bP~p = �~p

bP ~B = + ~B

bP ~S = +~S

Lee/Yang 1956 (𝜏θ puzzle) 
C. S. Wu, P-violation in 60Co decay, 1957



β-Decay “Nuclear Physics”: Gamow-Teller

Spin Direction Momentum Direction

Fermi -
e eν ν

+
n p

+
e eν ν

Gamow‐Teller
+

n p

e ν

Gamow‐Teller
+

n p

<latexit sha1_base64="zUDkwa0csdZ0TrSnC9Mqd6Buqjc=">AAAB+HicbVDLSgNBEJz1GeMjqx69DAbBg4RdkehFCOpBbxHMA5IlzE46yZDZBzO9QlzyJV48KOLVT/Hm3zhJ9qCJBQ1FVTfdXX4shUbH+baWlldW19ZzG/nNre2dgr27V9dRojjUeCQj1fSZBilCqKFACc1YAQt8CQ1/eD3xG4+gtIjCBxzF4AWsH4qe4AyN1LEL7RuQyOgdvaTOCXU7dtEpOVPQReJmpEgyVDv2V7sb8SSAELlkWrdcJ0YvZQoFlzDOtxMNMeND1oeWoSELQHvp9PAxPTJKl/YiZSpEOlV/T6Qs0HoU+KYzYDjQ895E/M9rJdi78FIRxglCyGeLeomkGNFJCrQrFHCUI0MYV8LcSvmAKcbRZJU3IbjzLy+S+mnJLZfK92fFylUWR44ckENyTFxyTirkllRJjXCSkGfySt6sJ+vFerc+Zq1LVjazT/7A+vwBpm+RJQ==</latexit>

�I = 0, 1

<latexit sha1_base64="faPLUxwe0eBDRpz/9kVoN8jhh/M=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKeyKRC9CUA96i2AekF3C7GQ2GTL7YKZXCEt+w4sHRbz6M978GyfJHjSxoKGo6qa7y0+k0Gjb31ZhZXVtfaO4Wdra3tndK+8ftHScKsabLJax6vhUcyki3kSBkncSxWnoS972RzdTv/3ElRZx9IjjhHshHUQiEIyikVz3lkuk5J5cEbtXrthVewayTJycVCBHo1f+cvsxS0MeIZNU665jJ+hlVKFgkk9Kbqp5QtmIDnjX0IiGXHvZ7OYJOTFKnwSxMhUhmam/JzIaaj0OfdMZUhzqRW8q/ud1UwwuvUxESYo8YvNFQSoJxmQaAOkLxRnKsSGUKWFuJWxIFWVoYiqZEJzFl5dJ66zq1Kq1h/NK/TqPowhHcAyn4MAF1OEOGtAEBgk8wyu8Wan1Yr1bH/PWgpXPHMIfWJ8/96iQWQ==</latexit>

�I = 0

Allowed β-decay

(no 0 → 0)

“Fierz Interference” quantum interference between these two affecting shape of β spectrum.

<latexit sha1_base64="RdFYnu5keXSsVbWfFsBpZ+z16jc=">AAACFHicbVDLSgMxFM3UV62vUZdugkVosS0zIlURoeDGZQX7gM4wZNK0Dc08SDLa6dCPcOOvuHGhiFsX7vwb08dCWw9cODnnXnLvcUNGhTSMby21tLyyupZez2xsbm3v6Lt7dRFEHJMaDljAmy4ShFGf1CSVjDRDTpDnMtJw+9djv3FPuKCBfyfjkNge6vq0QzGSSnL0Y+uBtkkPyaQ6si6tUFAnzA0KcWGYh1dw/M4VB4ViXCgO846eNUrGBHCRmDOSBTNUHf3Lagc48ogvMUNCtEwjlHaCuKSYkVHGigQJEe6jLmkp6iOPCDuZHDWCR0ppw07AVfkSTtTfEwnyhIg9V3V6SPbEvDcW//Nakeyc2wn1w0gSH08/6kQMygCOE4JtygmWLFYEYU7VrhD3EEdYqhwzKgRz/uRFUj8pmeVS+fY0W7mYxZEGB+AQ5IAJzkAF3IAqqAEMHsEzeAVv2pP2or1rH9PWlDab2Qd/oH3+AOfHnMc=</latexit>

bP  p(x, y, z) =  (�x,�y,�z)
<latexit sha1_base64="HwFncXgBnAPXXtwVxCktGZpJ4uc=">AAACTnicbZFLSwMxFIUz9VXrq+rSTbAoglhmpFQ3QtGNy0rtAzqlZNJbG5p5kGQqZegvdCPu/BluXCiimXaK2vZC4HDud7nJiRNwJpVpvhqppeWV1bX0emZjc2t7J7u7V5N+KChUqc990XCIBM48qCqmODQCAcR1ONSd/k3crw9ASOZ792oYQMslDx7rMkqUttpZOLYfWQd6REXlkT0AGgUjfIXPptK2M3PEdUycTuUiovJLVGKinc2ZeXNceF5YicihpMrt7Ivd8WnogqcoJ1I2LTNQrYgIxSiHUcYOJQSE9skDNLX0iAuyFY3jGOEj7XRw1xf6eAqP3b8TEXGlHLqOJl2ienK2F5uLes1QdS9bEfOCUIFHJ4u6IcfKx3G2uMMEUMWHWhAqmL4rpj0iCFX6BzI6BGv2yfOidp63ivniXSFXKiRxpNEBOkQnyEIXqIRuURlVEUVP6A19oE/j2Xg3vozvCZoykpl99K9S6R8jobO3</latexit>

bP~p = �~p

bP ~B = + ~B

bP ~S = +~S

Lee/Yang 1956 (𝜏θ puzzle) 
C. S. Wu, P-violation in 60Co decay, 1957

<latexit sha1_base64="SRmYIN2nHDKxIdSyVueB7MXx0qI=">AAACNnicbZDLSgMxFIYzXmu9VV26CRZBEcqMSHUjFN2IKFRqrdCWIZOetqGZzJBkCmXoU7nxOdx140IRtz6C6XQq3g4EvvP/OSTn90LOlLbtkTUzOze/sJhZyi6vrK6t5zY271QQSQpVGvBA3ntEAWcCqpppDvehBOJ7HGpe73zs1/ogFQvErR6E0PRJR7A2o0Qbyc1dN/pA48uhK/ApnnKID/Be0lwNXTDNlBsi2v/yKt+8ysRzc3m7YCeF/4KTQh6lVXZzT41WQCMfhKacKFV37FA3YyI1oxyG2UakICS0RzpQNyiID6oZJ2sP8a5RWrgdSHOExon6fSImvlID3zM3faK76rc3Fv/z6pFunzRjJsJIg6CTh9oRxzrA4wxxi0mgmg8MECqZ+SumXSIJ1SbprAnB+b3yX7g7LDjFQvHmKF86S+PIoG20g/aQg45RCV2gMqoiih7QCL2gV+vRerberPfJ1RkrndlCP8r6+AS2z6oh</latexit>

~Jn = ~Jp + (~Le + ~L⌫) + (~Se + ~S⌫)



β-Decay “Nuclear Physics”: Gamow-Teller

Spin Direction Momentum Direction

Fermi -
e eν ν

+
n p

+
e eν ν

Gamow‐Teller
+

n p

e ν

Gamow‐Teller
+

n p

<latexit sha1_base64="zUDkwa0csdZ0TrSnC9Mqd6Buqjc=">AAAB+HicbVDLSgNBEJz1GeMjqx69DAbBg4RdkehFCOpBbxHMA5IlzE46yZDZBzO9QlzyJV48KOLVT/Hm3zhJ9qCJBQ1FVTfdXX4shUbH+baWlldW19ZzG/nNre2dgr27V9dRojjUeCQj1fSZBilCqKFACc1YAQt8CQ1/eD3xG4+gtIjCBxzF4AWsH4qe4AyN1LEL7RuQyOgdvaTOCXU7dtEpOVPQReJmpEgyVDv2V7sb8SSAELlkWrdcJ0YvZQoFlzDOtxMNMeND1oeWoSELQHvp9PAxPTJKl/YiZSpEOlV/T6Qs0HoU+KYzYDjQ895E/M9rJdi78FIRxglCyGeLeomkGNFJCrQrFHCUI0MYV8LcSvmAKcbRZJU3IbjzLy+S+mnJLZfK92fFylUWR44ckENyTFxyTirkllRJjXCSkGfySt6sJ+vFerc+Zq1LVjazT/7A+vwBpm+RJQ==</latexit>

�I = 0, 1

<latexit sha1_base64="faPLUxwe0eBDRpz/9kVoN8jhh/M=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKeyKRC9CUA96i2AekF3C7GQ2GTL7YKZXCEt+w4sHRbz6M978GyfJHjSxoKGo6qa7y0+k0Gjb31ZhZXVtfaO4Wdra3tndK+8ftHScKsabLJax6vhUcyki3kSBkncSxWnoS972RzdTv/3ElRZx9IjjhHshHUQiEIyikVz3lkuk5J5cEbtXrthVewayTJycVCBHo1f+cvsxS0MeIZNU665jJ+hlVKFgkk9Kbqp5QtmIDnjX0IiGXHvZ7OYJOTFKnwSxMhUhmam/JzIaaj0OfdMZUhzqRW8q/ud1UwwuvUxESYo8YvNFQSoJxmQaAOkLxRnKsSGUKWFuJWxIFWVoYiqZEJzFl5dJ66zq1Kq1h/NK/TqPowhHcAyn4MAF1OEOGtAEBgk8wyu8Wan1Yr1bH/PWgpXPHMIfWJ8/96iQWQ==</latexit>

�I = 0

Allowed β-decay

(no 0 → 0)

“Fierz Interference” quantum interference between these two affecting shape of β spectrum.

<latexit sha1_base64="RdFYnu5keXSsVbWfFsBpZ+z16jc=">AAACFHicbVDLSgMxFM3UV62vUZdugkVosS0zIlURoeDGZQX7gM4wZNK0Dc08SDLa6dCPcOOvuHGhiFsX7vwb08dCWw9cODnnXnLvcUNGhTSMby21tLyyupZez2xsbm3v6Lt7dRFEHJMaDljAmy4ShFGf1CSVjDRDTpDnMtJw+9djv3FPuKCBfyfjkNge6vq0QzGSSnL0Y+uBtkkPyaQ6si6tUFAnzA0KcWGYh1dw/M4VB4ViXCgO846eNUrGBHCRmDOSBTNUHf3Lagc48ogvMUNCtEwjlHaCuKSYkVHGigQJEe6jLmkp6iOPCDuZHDWCR0ppw07AVfkSTtTfEwnyhIg9V3V6SPbEvDcW//Nakeyc2wn1w0gSH08/6kQMygCOE4JtygmWLFYEYU7VrhD3EEdYqhwzKgRz/uRFUj8pmeVS+fY0W7mYxZEGB+AQ5IAJzkAF3IAqqAEMHsEzeAVv2pP2or1rH9PWlDab2Qd/oH3+AOfHnMc=</latexit>

bP  p(x, y, z) =  (�x,�y,�z)
<latexit sha1_base64="HwFncXgBnAPXXtwVxCktGZpJ4uc=">AAACTnicbZFLSwMxFIUz9VXrq+rSTbAoglhmpFQ3QtGNy0rtAzqlZNJbG5p5kGQqZegvdCPu/BluXCiimXaK2vZC4HDud7nJiRNwJpVpvhqppeWV1bX0emZjc2t7J7u7V5N+KChUqc990XCIBM48qCqmODQCAcR1ONSd/k3crw9ASOZ792oYQMslDx7rMkqUttpZOLYfWQd6REXlkT0AGgUjfIXPptK2M3PEdUycTuUiovJLVGKinc2ZeXNceF5YicihpMrt7Ivd8WnogqcoJ1I2LTNQrYgIxSiHUcYOJQSE9skDNLX0iAuyFY3jGOEj7XRw1xf6eAqP3b8TEXGlHLqOJl2ienK2F5uLes1QdS9bEfOCUIFHJ4u6IcfKx3G2uMMEUMWHWhAqmL4rpj0iCFX6BzI6BGv2yfOidp63ivniXSFXKiRxpNEBOkQnyEIXqIRuURlVEUVP6A19oE/j2Xg3vozvCZoykpl99K9S6R8jobO3</latexit>

bP~p = �~p

bP ~B = + ~B

bP ~S = +~S

Lee/Yang 1956 (𝜏θ puzzle) 
C. S. Wu, P-violation in 60Co decay, 1957

<latexit sha1_base64="SRmYIN2nHDKxIdSyVueB7MXx0qI=">AAACNnicbZDLSgMxFIYzXmu9VV26CRZBEcqMSHUjFN2IKFRqrdCWIZOetqGZzJBkCmXoU7nxOdx140IRtz6C6XQq3g4EvvP/OSTn90LOlLbtkTUzOze/sJhZyi6vrK6t5zY271QQSQpVGvBA3ntEAWcCqpppDvehBOJ7HGpe73zs1/ogFQvErR6E0PRJR7A2o0Qbyc1dN/pA48uhK/ApnnKID/Be0lwNXTDNlBsi2v/yKt+8ysRzc3m7YCeF/4KTQh6lVXZzT41WQCMfhKacKFV37FA3YyI1oxyG2UakICS0RzpQNyiID6oZJ2sP8a5RWrgdSHOExon6fSImvlID3zM3faK76rc3Fv/z6pFunzRjJsJIg6CTh9oRxzrA4wxxi0mgmg8MECqZ+SumXSIJ1SbprAnB+b3yX7g7LDjFQvHmKF86S+PIoG20g/aQg45RCV2gMqoiih7QCL2gV+vRerberPfJ1RkrndlCP8r6+AS2z6oh</latexit>

~Jn = ~Jp + (~Le + ~L⌫) + (~Se + ~S⌫)
0 (Allowed Approximation)



β-Decay “Nuclear Physics”: Gamow-Teller

Spin Direction Momentum Direction
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e eν ν

+
n p

+
e eν ν

Gamow‐Teller
+

n p

e ν

Gamow‐Teller
+

n p

<latexit sha1_base64="zUDkwa0csdZ0TrSnC9Mqd6Buqjc=">AAAB+HicbVDLSgNBEJz1GeMjqx69DAbBg4RdkehFCOpBbxHMA5IlzE46yZDZBzO9QlzyJV48KOLVT/Hm3zhJ9qCJBQ1FVTfdXX4shUbH+baWlldW19ZzG/nNre2dgr27V9dRojjUeCQj1fSZBilCqKFACc1YAQt8CQ1/eD3xG4+gtIjCBxzF4AWsH4qe4AyN1LEL7RuQyOgdvaTOCXU7dtEpOVPQReJmpEgyVDv2V7sb8SSAELlkWrdcJ0YvZQoFlzDOtxMNMeND1oeWoSELQHvp9PAxPTJKl/YiZSpEOlV/T6Qs0HoU+KYzYDjQ895E/M9rJdi78FIRxglCyGeLeomkGNFJCrQrFHCUI0MYV8LcSvmAKcbRZJU3IbjzLy+S+mnJLZfK92fFylUWR44ckENyTFxyTirkllRJjXCSkGfySt6sJ+vFerc+Zq1LVjazT/7A+vwBpm+RJQ==</latexit>

�I = 0, 1

<latexit sha1_base64="faPLUxwe0eBDRpz/9kVoN8jhh/M=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKeyKRC9CUA96i2AekF3C7GQ2GTL7YKZXCEt+w4sHRbz6M978GyfJHjSxoKGo6qa7y0+k0Gjb31ZhZXVtfaO4Wdra3tndK+8ftHScKsabLJax6vhUcyki3kSBkncSxWnoS972RzdTv/3ElRZx9IjjhHshHUQiEIyikVz3lkuk5J5cEbtXrthVewayTJycVCBHo1f+cvsxS0MeIZNU665jJ+hlVKFgkk9Kbqp5QtmIDnjX0IiGXHvZ7OYJOTFKnwSxMhUhmam/JzIaaj0OfdMZUhzqRW8q/ud1UwwuvUxESYo8YvNFQSoJxmQaAOkLxRnKsSGUKWFuJWxIFWVoYiqZEJzFl5dJ66zq1Kq1h/NK/TqPowhHcAyn4MAF1OEOGtAEBgk8wyu8Wan1Yr1bH/PWgpXPHMIfWJ8/96iQWQ==</latexit>

�I = 0

Allowed β-decay

Superallowed 0+ —> 0+ is pure Fermi and has easy nuclear matrix element:
For neutron decay (a mirror transition)

(no 0 → 0)

<latexit sha1_base64="R5uCddyjgfmsuPyHBge1m4Wyhb8=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBU0mKVC9C0YsXoYL9gDaEzXbTLt1s4u5GqKG/xIsHRbz6U7z5b9y2OWjrg4HHezPMzAsSzpR2nG9rZXVtfWOzsFXc3tndK9n7By0Vp5LQJol5LDsBVpQzQZuaaU47iaQ4CjhtB6Prqd9+pFKxWNzrcUK9CA8ECxnB2ki+Xbr1MxZOLnvqQeqsOvHtslNxZkDLxM1JGXI0fPur149JGlGhCcdKdV0n0V6GpWaE00mxlyqaYDLCA9o1VOCIKi+bHT5BJ0bpozCWpoRGM/X3RIYjpcZRYDojrIdq0ZuK/3ndVIcXXsZEkmoqyHxRmHKkYzRNAfWZpETzsSGYSGZuRWSIJSbaZFU0IbiLLy+TVrXi1iq1u7Ny/SqPowBHcAyn4MI51OEGGtAEAik8wyu8WU/Wi/VufcxbV6x85hD+wPr8AfLDk0w=</latexit>

Mif =
p
2

<latexit sha1_base64="LM4HzfATASTFBvR/GUkeBQR0M9Y=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKRC9C0IsXIYJ5QBLC7GQ2GTI7u870CmHJT3jxoIhXf8ebf+Mk2YMmFjQUVd10d/mxFAZd99vJrayurW/kNwtb2zu7e8X9g4aJEs14nUUy0i2fGi6F4nUUKHkr1pyGvuRNf3Qz9ZtPXBsRqQccx7wb0oESgWAUrdS666UimFx5vWLJLbszkGXiZaQEGWq94lenH7Ek5AqZpMa0PTfGbko1Cib5pNBJDI8pG9EBb1uqaMhNN53dOyEnVumTINK2FJKZ+nsipaEx49C3nSHFoVn0puJ/XjvB4LKbChUnyBWbLwoSSTAi0+dJX2jOUI4toUwLeythQ6opQxtRwYbgLb68TBpnZa9Srtyfl6rXWRx5OIJjOAUPLqAKt1CDOjCQ8Ayv8OY8Oi/Ou/Mxb8052cwh/IHz+QOeaY+2</latexit>

Mif = 1

Since the wave functions are the same, the isospin lowering operator is the only contribution to the nuclear matrix element. (“Isobaric Analog States”)

<latexit sha1_base64="59vORvAcQlXT0rFvSQ2/H/HlLoo="></latexit>

bI± =
p
I(I + 1)� I3(I2 ± 1)

“Fierz Interference” quantum interference between these two affecting shape of β spectrum.

<latexit sha1_base64="RdFYnu5keXSsVbWfFsBpZ+z16jc=">AAACFHicbVDLSgMxFM3UV62vUZdugkVosS0zIlURoeDGZQX7gM4wZNK0Dc08SDLa6dCPcOOvuHGhiFsX7vwb08dCWw9cODnnXnLvcUNGhTSMby21tLyyupZez2xsbm3v6Lt7dRFEHJMaDljAmy4ShFGf1CSVjDRDTpDnMtJw+9djv3FPuKCBfyfjkNge6vq0QzGSSnL0Y+uBtkkPyaQ6si6tUFAnzA0KcWGYh1dw/M4VB4ViXCgO846eNUrGBHCRmDOSBTNUHf3Lagc48ogvMUNCtEwjlHaCuKSYkVHGigQJEe6jLmkp6iOPCDuZHDWCR0ppw07AVfkSTtTfEwnyhIg9V3V6SPbEvDcW//Nakeyc2wn1w0gSH08/6kQMygCOE4JtygmWLFYEYU7VrhD3EEdYqhwzKgRz/uRFUj8pmeVS+fY0W7mYxZEGB+AQ5IAJzkAF3IAqqAEMHsEzeAVv2pP2or1rH9PWlDab2Qd/oH3+AOfHnMc=</latexit>

bP  p(x, y, z) =  (�x,�y,�z)
<latexit sha1_base64="HwFncXgBnAPXXtwVxCktGZpJ4uc=">AAACTnicbZFLSwMxFIUz9VXrq+rSTbAoglhmpFQ3QtGNy0rtAzqlZNJbG5p5kGQqZegvdCPu/BluXCiimXaK2vZC4HDud7nJiRNwJpVpvhqppeWV1bX0emZjc2t7J7u7V5N+KChUqc990XCIBM48qCqmODQCAcR1ONSd/k3crw9ASOZ792oYQMslDx7rMkqUttpZOLYfWQd6REXlkT0AGgUjfIXPptK2M3PEdUycTuUiovJLVGKinc2ZeXNceF5YicihpMrt7Ivd8WnogqcoJ1I2LTNQrYgIxSiHUcYOJQSE9skDNLX0iAuyFY3jGOEj7XRw1xf6eAqP3b8TEXGlHLqOJl2ienK2F5uLes1QdS9bEfOCUIFHJ4u6IcfKx3G2uMMEUMWHWhAqmL4rpj0iCFX6BzI6BGv2yfOidp63ivniXSFXKiRxpNEBOkQnyEIXqIRuURlVEUVP6A19oE/j2Xg3vozvCZoykpl99K9S6R8jobO3</latexit>

bP~p = �~p

bP ~B = + ~B

bP ~S = +~S

Lee/Yang 1956 (𝜏θ puzzle) 
C. S. Wu, P-violation in 60Co decay, 1957

<latexit sha1_base64="sV5J1kllG5p1oXiBEJdp1oX1XfU=">AAACAXicdVDLSgMxFM3UV62vUTeCm2ARKsKQaUutC6HgRncV7APaWjJppg3NPEgyQhnGjb/ixoUibv0Ld/6NaTuCih64cDjnXu69xwk5kwqhDyOzsLi0vJJdza2tb2xumds7TRlEgtAGCXgg2g6WlDOfNhRTnLZDQbHncNpyxudTv3VLhWSBf60mIe15eOgzlxGstNQ39y77pZu4EB4l8Awed12BSWwncTHpm3lklU41qhBZZYSQjVKCStC20Ax5kKLeN9+7g4BEHvUV4VjKjo1C1YuxUIxwmuS6kaQhJmM8pB1NfexR2YtnHyTwUCsD6AZCl6/gTP0+EWNPyonn6E4Pq5H87U3Fv7xOpNxqL2Z+GCnqk/kiN+JQBXAaBxwwQYniE00wEUzfCskI6xSUDi2nQ/j6FP5PmkXLrliVq3K+VkjjyIJ9cAAKwAYnoAYuQB00AAF34AE8gWfj3ng0XozXeWvGSGd2wQ8Yb5+bYJWs</latexit>

I(p)3 = +
1

2

<latexit sha1_base64="3jpXj0A59lsAhLU5a41etxhMcDs=">AAACAXicdVDLSgMxFM3UV62vqhvBTbAIdeGQaUutC6HgRncV7APaWjJppg3NZIYkI5Rh3Pgrblwo4ta/cOffmD4EFT1w4XDOvdx7jxtypjRCH1ZqYXFpeSW9mllb39jcym7vNFQQSULrJOCBbLlYUc4ErWumOW2FkmLf5bTpjs4nfvOWSsUCca3HIe36eCCYxwjWRupl9y57xZs4L44SeAaPO57EJHaSuJD0sjlkF08NKhDZJYSQg+YEFaFjoylyYI5aL/ve6Qck8qnQhGOl2g4KdTfGUjPCaZLpRIqGmIzwgLYNFdinqhtPP0jgoVH60AukKaHhVP0+EWNfqbHvmk4f66H67U3Ev7x2pL1KN2YijDQVZLbIizjUAZzEAftMUqL52BBMJDO3QjLEJgVtQsuYEL4+hf+TRsF2ynb5qpSr5udxpME+OAB54IATUAUXoAbqgIA78ACewLN1bz1aL9brrDVlzWd2wQ9Yb5+bVJWs</latexit>

I(n)3 = �1

2

<latexit sha1_base64="SRmYIN2nHDKxIdSyVueB7MXx0qI=">AAACNnicbZDLSgMxFIYzXmu9VV26CRZBEcqMSHUjFN2IKFRqrdCWIZOetqGZzJBkCmXoU7nxOdx140IRtz6C6XQq3g4EvvP/OSTn90LOlLbtkTUzOze/sJhZyi6vrK6t5zY271QQSQpVGvBA3ntEAWcCqpppDvehBOJ7HGpe73zs1/ogFQvErR6E0PRJR7A2o0Qbyc1dN/pA48uhK/ApnnKID/Be0lwNXTDNlBsi2v/yKt+8ysRzc3m7YCeF/4KTQh6lVXZzT41WQCMfhKacKFV37FA3YyI1oxyG2UakICS0RzpQNyiID6oZJ2sP8a5RWrgdSHOExon6fSImvlID3zM3faK76rc3Fv/z6pFunzRjJsJIg6CTh9oRxzrA4wxxi0mgmg8MECqZ+SumXSIJ1SbprAnB+b3yX7g7LDjFQvHmKF86S+PIoG20g/aQg45RCV2gMqoiih7QCL2gV+vRerberPfJ1RkrndlCP8r6+AS2z6oh</latexit>

~Jn = ~Jp + (~Le + ~L⌫) + (~Se + ~S⌫)

?
0 (Allowed Approximation)



β-Decay “Nuclear Physics”: Gamow-Teller
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<latexit sha1_base64="zUDkwa0csdZ0TrSnC9Mqd6Buqjc=">AAAB+HicbVDLSgNBEJz1GeMjqx69DAbBg4RdkehFCOpBbxHMA5IlzE46yZDZBzO9QlzyJV48KOLVT/Hm3zhJ9qCJBQ1FVTfdXX4shUbH+baWlldW19ZzG/nNre2dgr27V9dRojjUeCQj1fSZBilCqKFACc1YAQt8CQ1/eD3xG4+gtIjCBxzF4AWsH4qe4AyN1LEL7RuQyOgdvaTOCXU7dtEpOVPQReJmpEgyVDv2V7sb8SSAELlkWrdcJ0YvZQoFlzDOtxMNMeND1oeWoSELQHvp9PAxPTJKl/YiZSpEOlV/T6Qs0HoU+KYzYDjQ895E/M9rJdi78FIRxglCyGeLeomkGNFJCrQrFHCUI0MYV8LcSvmAKcbRZJU3IbjzLy+S+mnJLZfK92fFylUWR44ckENyTFxyTirkllRJjXCSkGfySt6sJ+vFerc+Zq1LVjazT/7A+vwBpm+RJQ==</latexit>

�I = 0, 1

<latexit sha1_base64="faPLUxwe0eBDRpz/9kVoN8jhh/M=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKeyKRC9CUA96i2AekF3C7GQ2GTL7YKZXCEt+w4sHRbz6M978GyfJHjSxoKGo6qa7y0+k0Gjb31ZhZXVtfaO4Wdra3tndK+8ftHScKsabLJax6vhUcyki3kSBkncSxWnoS972RzdTv/3ElRZx9IjjhHshHUQiEIyikVz3lkuk5J5cEbtXrthVewayTJycVCBHo1f+cvsxS0MeIZNU665jJ+hlVKFgkk9Kbqp5QtmIDnjX0IiGXHvZ7OYJOTFKnwSxMhUhmam/JzIaaj0OfdMZUhzqRW8q/ud1UwwuvUxESYo8YvNFQSoJxmQaAOkLxRnKsSGUKWFuJWxIFWVoYiqZEJzFl5dJ66zq1Kq1h/NK/TqPowhHcAyn4MAF1OEOGtAEBgk8wyu8Wan1Yr1bH/PWgpXPHMIfWJ8/96iQWQ==</latexit>

�I = 0

Allowed β-decay

(no 0 → 0)

“Fierz Interference” quantum interference between these two affecting shape of β spectrum.

<latexit sha1_base64="OJIrXzB64ouPfrK4PwMrn2ZHGeI="></latexit>

g2|Mfi|2 �! g2F|MF|2 + g2GT|MGT|2

determined by 0+ —> 0+ superallowed decays

<latexit sha1_base64="SRmYIN2nHDKxIdSyVueB7MXx0qI=">AAACNnicbZDLSgMxFIYzXmu9VV26CRZBEcqMSHUjFN2IKFRqrdCWIZOetqGZzJBkCmXoU7nxOdx140IRtz6C6XQq3g4EvvP/OSTn90LOlLbtkTUzOze/sJhZyi6vrK6t5zY271QQSQpVGvBA3ntEAWcCqpppDvehBOJ7HGpe73zs1/ogFQvErR6E0PRJR7A2o0Qbyc1dN/pA48uhK/ApnnKID/Be0lwNXTDNlBsi2v/yKt+8ysRzc3m7YCeF/4KTQh6lVXZzT41WQCMfhKacKFV37FA3YyI1oxyG2UakICS0RzpQNyiID6oZJ2sP8a5RWrgdSHOExon6fSImvlID3zM3faK76rc3Fv/z6pFunzRjJsJIg6CTh9oRxzrA4wxxi0mgmg8MECqZ+SumXSIJ1SbprAnB+b3yX7g7LDjFQvHmKF86S+PIoG20g/aQg45RCV2gMqoiih7QCL2gV+vRerberPfJ1RkrndlCP8r6+AS2z6oh</latexit>

~Jn = ~Jp + (~Le + ~L⌫) + (~Se + ~S⌫)



β-Decay “Nuclear Physics”: CVC

Spin Direction Momentum Direction
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+
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+
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<latexit sha1_base64="zUDkwa0csdZ0TrSnC9Mqd6Buqjc=">AAAB+HicbVDLSgNBEJz1GeMjqx69DAbBg4RdkehFCOpBbxHMA5IlzE46yZDZBzO9QlzyJV48KOLVT/Hm3zhJ9qCJBQ1FVTfdXX4shUbH+baWlldW19ZzG/nNre2dgr27V9dRojjUeCQj1fSZBilCqKFACc1YAQt8CQ1/eD3xG4+gtIjCBxzF4AWsH4qe4AyN1LEL7RuQyOgdvaTOCXU7dtEpOVPQReJmpEgyVDv2V7sb8SSAELlkWrdcJ0YvZQoFlzDOtxMNMeND1oeWoSELQHvp9PAxPTJKl/YiZSpEOlV/T6Qs0HoU+KYzYDjQ895E/M9rJdi78FIRxglCyGeLeomkGNFJCrQrFHCUI0MYV8LcSvmAKcbRZJU3IbjzLy+S+mnJLZfK92fFylUWR44ckENyTFxyTirkllRJjXCSkGfySt6sJ+vFerc+Zq1LVjazT/7A+vwBpm+RJQ==</latexit>

�I = 0, 1

<latexit sha1_base64="faPLUxwe0eBDRpz/9kVoN8jhh/M=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKeyKRC9CUA96i2AekF3C7GQ2GTL7YKZXCEt+w4sHRbz6M978GyfJHjSxoKGo6qa7y0+k0Gjb31ZhZXVtfaO4Wdra3tndK+8ftHScKsabLJax6vhUcyki3kSBkncSxWnoS972RzdTv/3ElRZx9IjjhHshHUQiEIyikVz3lkuk5J5cEbtXrthVewayTJycVCBHo1f+cvsxS0MeIZNU665jJ+hlVKFgkk9Kbqp5QtmIDnjX0IiGXHvZ7OYJOTFKnwSxMhUhmam/JzIaaj0OfdMZUhzqRW8q/ud1UwwuvUxESYo8YvNFQSoJxmQaAOkLxRnKsSGUKWFuJWxIFWVoYiqZEJzFl5dJ66zq1Kq1h/NK/TqPowhHcAyn4MAF1OEOGtAEBgk8wyu8Wan1Yr1bH/PWgpXPHMIfWJ8/96iQWQ==</latexit>

�I = 0

Allowed β-decay

(no 0 → 0)

“Fierz Interference” quantum interference between these two affecting shape of β spectrum.

<latexit sha1_base64="OJIrXzB64ouPfrK4PwMrn2ZHGeI="></latexit>

g2|Mfi|2 �! g2F|MF|2 + g2GT|MGT|2

<latexit sha1_base64="R2OHDK0dtCxIz5UvAIwS1GrJaQg="></latexit>

0+ �! 0+ Superallowed ft-values

Conserved Vector Current (CVC): Fermi interaction
unaffected by the nuclear environment.

<latexit sha1_base64="SRmYIN2nHDKxIdSyVueB7MXx0qI=">AAACNnicbZDLSgMxFIYzXmu9VV26CRZBEcqMSHUjFN2IKFRqrdCWIZOetqGZzJBkCmXoU7nxOdx140IRtz6C6XQq3g4EvvP/OSTn90LOlLbtkTUzOze/sJhZyi6vrK6t5zY271QQSQpVGvBA3ntEAWcCqpppDvehBOJ7HGpe73zs1/ogFQvErR6E0PRJR7A2o0Qbyc1dN/pA48uhK/ApnnKID/Be0lwNXTDNlBsi2v/yKt+8ysRzc3m7YCeF/4KTQh6lVXZzT41WQCMfhKacKFV37FA3YyI1oxyG2UakICS0RzpQNyiID6oZJ2sP8a5RWrgdSHOExon6fSImvlID3zM3faK76rc3Fv/z6pFunzRjJsJIg6CTh9oRxzrA4wxxi0mgmg8MECqZ+SumXSIJ1SbprAnB+b3yX7g7LDjFQvHmKF86S+PIoG20g/aQg45RCV2gMqoiih7QCL2gV+vRerberPfJ1RkrndlCP8r6+AS2z6oh</latexit>

~Jn = ~Jp + (~Le + ~L⌫) + (~Se + ~S⌫)


