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Weak interaction: V-A theory Left-Handed Neutrinos Only
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Left-Handed Neutrino
& RH antineutrino (assumes CP symmetry)

Right-Handed Neutrino
& LH antineutrino

Sterile 
neutrino?

Presenter Notes
Presentation Notes
In order to explain the weak interaction phenomena, the standard model is formulated to only have the V-A type of interactions. The consequence is that Only left-handed neutrinos participate in the weak interactions.

All neutrinos (that we can measure) are left-handed.
Either the right-handed neutrinos don’t exist, or if they exist, they don’t interact at all.

I found this wonderful Optical illusion art of a spinning girl on my google search to illustrate the handedness of neutrinos.

If you look carefully, the ballerina can spin in both ways.

Raise your hand if you see the ballerina spinning clockwise.
Raise your hand if you see her spinning counterclockwise.



Precision CKM unitarity test to the 
1e-4 level of precision requires:

Standard Model tests with neutron beta-decays

• Δ𝜏𝜏𝑛𝑛 < 0.3 𝑠𝑠
• Δ𝜆𝜆 < 0.03% 3
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→ 𝑉𝑉𝑢𝑢𝑢𝑢 2=
5099.3

𝜏𝜏𝑛𝑛 1 + 3𝜆𝜆2 1 + Δ𝑅𝑅

Radiative correction

𝜆𝜆 =
𝑔𝑔𝐴𝐴
𝑔𝑔𝑉𝑉

0.5ppm (MuLAN)

See talks by A. Young, D. Pocanic, 
W. Schreyer (Tuesday), S. Baessler (Friday)

Presenter Notes
Presentation Notes
In 1933, shortly after Pauli postulated neutrinos in beta-decay, Fermi worked out the theory of beta-decay. He submitted his work for publication in the journal “Nature”, but his paper was rejected because the editors thought his theory is too “speculative”.  Published in Zeitschrift fur Physik

Fermi used his theory to calculate the rate of neutron beta-decay, 90 years later, we have the whole framework of the Standard model incorporating the theory of electroweak interactions, and surprisingly the formula is not too different from what Fermi has written down. 
---------------------------------------------------------------------------------------------------
Shortly after Pauli postulated neutrino to explain the continuous beta energy spectrum observed in radioactive decays, Fermi worked out the theory of beta-decay in 1933, 
He submitted to the journal “Nature” in England, and was rejected, because the editors find his theory too “speculative”!

Fermi’s theory was used to calculate the rate of neutron beta-decay.

90 years later, the formulae of the decay, shown here, is not too different from what Fermi had written down.

The box diagram Δ!" contributes only ~3% but dominates the uncertainty. 



PDG History of physics 
measurements:
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τn
2005=886 ± 1.2 s 

τn
2023=878.4 ± 0.5 s 

𝜏𝜏𝑛𝑛

𝜆𝜆 =
𝑔𝑔𝐴𝐴
𝑔𝑔𝑉𝑉

Baby 
Boomer

Gen X Gen ZGen Y
Millenials

Gen α

?

Presenter Notes
Presentation Notes
The particle data group compiled these graphs tracking the evolution of many measured observables, the lifetimes of neutron, kaon, B mesons. 

If you were born in the 50s, and went to graduate school in the 70s, then you might remember the neutron lifetime was just above 900 s, if you are Generation X, like myself, then we were taught that the lifetime is in high 880s, 
In Gen Z, the lifetime gets 10 seconds shorter. Who knows what my daughter’s generation, Gen Alpha, would learn about the value of the neutron lifetime?


In graduate school:
(1966-1984) Baby Boomers: Baby boomers were born between (1946 and 1964). 
(1985-2000) Gen X: (1965 and 1979/80)
(2001-2014) Gen Y: Gen Y, or Millennials, were born between (1981 and 1994/6). 
Gen Y.1 = 29-33 years old (around 32 million people in the U.S.) 
Gen Y.2 = 33-44 (around 42 million people in the U.S.) 
(2017-2033) Gen Z: Gen Z is the newest generation, born between 1997 and 2012. 
(>2030) Gen Alpha: Generation Alpha starts with children born between 2012 and 2024
Gen Beta: Generation Beta starts with children born in 2025 and will continue through 2039. 




The Beam Method:
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Absolute measurements!

Needs to know the detection 
efficiencies of both the 
neutron counting and proton 
counting.

Presenter Notes
Presentation Notes
Absolute measurements!

Needs to know the detection efficiencies of both the neutron counting and proton counting.




Snell,  Pleasonton, McCord, ORNL, 
Phys. Rev. 78 (1950)

A Beam Experiment in the early days

Challenges:
1. Beta energy is continuous
2. High backgrund in reactors
3. Protons are low energy < 780 eV

Count rate of each beta detector: 75,000 cpm
Coincident between beta detectors: 1,500 cpm
Coincident between electron and proton counters: 1 cpm

Oak ridge graphite reactor operated ~ 1 year after the 
first reaction in the CP-1 Stagg field in U. Chicago.

Presenter Notes
Presentation Notes
Oak ridge graphite reactor operated ~ 1 year after first reaction at CP-1 Stagg field in Chicago.
Count rate of each beta detector: 75,000 counts per min
Coincident in both beta detectors: 1,500 counts per min
Coincident in electron-proton detector: 1 count per min



History of τ n measurements:
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Experiments

1st UCN bottle lifetime 
experiment

(PDG)

Kosvintsev, Kushnir, Morozov, Terekhov, JETP Lett. 31 (1980) 236,
Pisma Zh.Eksp.Teor.Fiz. 31 (1980) 257-261

Presenter Notes
Presentation Notes
Wonderful review by Wiedfeldt and greene rev mod physics volume 83, 2011

Rutherford suggested existence neutron ~ 1920  (atomic number differs from atomic mass and positively charged protons alone would not be bound by EM force only)
Chadwick discovered neutron in 1932 (1.005 -1.008 amu – close to present value of 1.0087 amu
First accurate  mass Chadwick, goldhaber in 1934 – after more accurate measurement in 1935 these authors suggest neutron could decay into a proton, electron, and neutrino

Oak ridge graphite reactor operated ~ 1 year after first reaction at CP-1 Stagg field Chicago – in 1940’s first observation of decay of free decay of neutron observed by Snell and company  - and so the enterprise of neutron lifetime measurement was launced.

There is significant disagreement between measurements made with  cold neutron beams and bottled ultra cold neutrons
The UCNτ Collaboration is using  a magneto-gravitational trap to make a measurement of the lifetime that eliminates major systematic uncertainties in previous bottle measurements




The Bottle Method:
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Relative measurements using 
only one detector  Easy! …..?



Neutron Lifetime Puzzle: discrepancy between the two methods to 
measure the neutron lifetime
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~ 10 s discrepancy!

Neutrons in flight decay 
slower than in bottles ???

Presenter Notes
Presentation Notes
Chronology of the neutron lifetime data, reviewed in 2019.

The blue band on the top is the average of the beam experiment.
The green band on the bottom represents the average of the bottle experiment. 
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Sussex-ILL-NIST Beam Method

: Penning Trap
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Sussex-ILL-NIST Beam Method
• 1/v dependence 

cancels!

• Proton counting: • Neutron counting:

n + 7Li  4He + 3H

Strategies: make each 
unit modular, which 
can be calibrated 
independently

Presenter Notes
Presentation Notes
Strategies: make each unit modular, which can be calibrated independently
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Sussex-ILL-NIST Beam Method

• increase the trap length 
 proton rate increases

• The slope is proportional 
to τn

The Penning potential is not square well!
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Measure the neutron counting efficiency 
𝜺𝜺𝟎𝟎 using the Alpha-Gamma device

Using a procedure involving 
multi-target calibration 

n+10B7Li* + 𝛼𝛼(1.472MeV) + 𝛾𝛾(478 
keV), BR=93.7%



Beam Lifetime Results

• 𝝉𝝉𝒏𝒏 = 𝟖𝟖𝟖𝟖𝟖𝟖. 𝟑𝟑 ± 𝟏𝟏. 𝟐𝟐𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 ± 𝟑𝟑. 𝟒𝟒𝒔𝒔𝒔𝒔𝒔𝒔 s (Nico et al 2005)
• Limited by the knowledge of the neutron absorption cross-section on 6Li. 

• 𝝉𝝉𝒏𝒏 = 𝟖𝟖𝟖𝟖𝟖𝟖. 𝟕𝟕 ± 𝟏𝟏. 𝟐𝟐𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 ± 𝟏𝟏. 𝟗𝟗𝒔𝒔𝒔𝒔𝒔𝒔 s (Yue et al 2013)
• After the work to calibrate the neutron monitor using the AG device
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UCN experiences the four fundamental forces of comparable 
energy scales of ~100 neV
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• Nuclear force (max: 350neV)

• Gravitational force (100neV/m)

• Magnetic force (60neV/T)
High field seeking state

Low field seekers

magnetic 
quadruple 
trap

g

Low field seeking state

15



Various styles of neutron bottles
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Material bottle Magnetic bottles



Neutrons can be held inside a magneto-gravitational 
trap; this eliminates neutron losses on the walls

• Magnetic trapping: Halbach array of permanent magnets along trap floor repels spin-
polarized neutrons.

• Minimize UCN spin-depolarization loss: EM Coils arranged on the toroidal axis 
generates holding B field throughout the trap (perpendicular to the Halbach array field).

• Asymmetric trap geometry to induce chaotic orbit mixing (suggested by Dave Bowman)

Walstrom et al, NIMA, 599, 82 (2009)

Presenter Notes
Presentation Notes
So we decide to trap neutrons in a magneto-gravitational trap.
The use of magnetic and gravitational fields eliminates material surface to avoid any loss related to material interaction. Neutrons of one spin-state are reflected by the magnetic field generated by a halbach array of permanent magnets, and confined by gravity up to certain height. 
To avoid the spin-depolarization loss due to crossing regions of zero field, we add a set of EM coils to superimpose a holding field perpendicular to the array field. 

I was the spokesperson of the experiment from 2012-2017. (5 years) My proudest contribution to the experiment is that I designed this logo.



The UCNτ Apparatus (2013)
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D. Salvat, PRC 89, 052501 (2014) 

First Physics Data: 2013

Neutrons counted with an external 
neutron counter.

Presenter Notes
Presentation Notes
Another innovation is the in-situ detector

Fill & Dump: neutrons are loaded into the trap, stored for a time, and then dumped into an external detector to count the number of surviving neutrons.

However, it takes several hundred seconds to totally drain the neutrons, so we implemented another type of neutron counting:
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Z. Wang et al., NIMA 798, 30 (2015).

7Li
4He

7Li+4He

Light Output

n + 10B  7Li  + α 

The UCNτ in-situ detector



A typical lifetime run in UCNtau:

20

𝜏𝜏𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 =
∆𝑡𝑡

log 𝑁𝑁𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑁𝑁𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

− log 𝑀𝑀𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑀𝑀𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

N: UCN counts
M: Monitor counts

Fill

Hold



Multi-step neutron counting  measure over-threshold neutrons

Chen-Yu Liu 21P1 counts overthreshold neutrons reaching > 25 cm. It has a large draining time ~ 100 s.



Final combined UCN𝜏𝜏 result sets new record for 𝜏𝜏n 
precision: 877.82 ± 0.22(stat)+0.20-0.17(sys) s

P
D
G

UCN𝜏𝜏: Final result
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Vud extraction using neutron measurements

See talks by A. Young, D. Pocanic, 
W. Schreyer (Tuesday), S. Baessler (Friday)

Presenter Notes
Presentation Notes
2020 — 2022 Data Set:
Comparable statistical precision to 2021 result
Improved normalization stability via enhanced monitor detector configuration
Factor of ten reduction in systematic uncertainty associated with above-threshold UCN via empirical systematic studies carried out during run period
Factor of two reduction in residual gas scattering correction from improved vacuum
New main detector configurations demonstrated smaller corrections from rate dependent effects
First direct observation of horizontal phase space evolution via new segmented main detector

The level of precision in the measurement of free neutron decay demonstrated by this work is at the threshold for providing direct constraints on possibilities for new physics associated with the Cabibbo Angle Anomaly in charged current decays.

Improved control over rate dependent effects and new scintillator material support expected factor of five to ten increase in UCN density from UCN𝜏+, now awaiting first UCNs
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UCNτ+: Towards 0.1 s precision
by increasing neutron loading with an 
elevator

~ 0.03 UCN/cc

~ 30 UCN/cc

See Steven Clayton’s talk next 



J-PARC Neutron Lifetime Experiment

• A Time Projection Chamber (TPC) for both neutron and beta counting.
• Spin polarizer (super mirror) + Spin flippers to produce neutron bunches 
a single neutron bunch is fully contained inside the TPC
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arXiv:2412.19519

https://arxiv.org/abs/2412.19519


J-PARC Neutron Lifetime Experiment
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XE: distance from the “near endpoint” 
of a track to center
XC: distance from closest hit to center

arXiv:2412.19519

Presenter Notes
Presentation Notes
Xe: distance from the “near endpoint” of a track to center
Xc: distance from closest hit to center

Use a spin flipper to created bunched neutrons.
The bunch travels through the TPC (filled with He-4 + CO2 gas), which is used to measure the rate of the electrons, and the neutron flux is measured by doping the TPC with He-3. 

https://arxiv.org/abs/2412.19519


J-PARC Neutron Lifetime Experiment
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s
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Measuring lifetime with eyes open or closed?
e-: JPARC, NIST UCN 
p: PENeLOPE

n: Gravitrap, UCNtau, 
UCNtau+, tauSPECT; 
p: BL-1,2,3

Branching Ratio (BR):
UCNProBe  (e-, n)

Presenter Notes
Presentation Notes
Eyes open
Pro: see all components with different time constants
Con: suffers from a good S/N ratio

Eyes closed:
Pro: good signal-to-noise
Con: no information on what bad things could happen during the period of eyes closed.

One-eye open, one-eye closed:
Nice!



Systematic Effects

Bottle
• UCN loss

• Over-threshold (or marginally trapped) 
neutrons

• Heating (during storage)

• Spin flip loss (magnetic traps only)
• Detector effects

• Pile up; threshold variation
• Background
• Particle identification

• Phase-space evolution

Beam
• Neutron counting

• Capture cross-section on Li-6 or He-3
• Neutron scatterings (off target and gas in 

gas counters)
• Beam profile & instability
• Deposit (in)stability

• Proton counting
• Backscattering from detector deadlayer
• Background from ionized residual H2 gas

• Proton storage
• Loss in the Penning trap

28



Using data acquired in 2007 and 2008 during flybys of Venus and Mercury by 
NASA’s MESSENGER spacecraft, researchers measure the neutron lifetime…
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Jack T. Wilson, David J. Lawrence, Patrick N. Peplowski, Vincent R. Eke, 
and Jacob A. Kegerreis
Phys. Rev. Research 2, 023316 (2020); PRC 104, 045501 (2021)

• Cosmic-ray-generated thermal neutrons are strongly 
gravitationally influenced by the host planetary body.

• Gravitationally bound neutrons: characteristic time-
of-flight ~ 900 s

• Surface-to-sensor neutron transport based on 
Newtonian mechanics

Updated analysis (2021): τn=887 ± 14(stat)+7
−3(syst)

A new lunar mission will get more precise results 
to measure neutron lifetime in space!

Presenter Notes
Presentation Notes
We establish the feasibility of measuring the neutron lifetime via an alternative, space-based class of methods, which use neutrons generated by galactic cosmic ray spallation of planets surfaces and atmospheres. Free neutrons decay via the weak interaction with a mean lifetime of around 880 s. This lifetime constrains the unitarity of the CKM matrix and is a key parameter for studies of Big-Bang nucleosynthesis. However, current laboratory measurements, using two independent approaches, differ by over 4σ. Using data acquired in 2007 and 2008 during flybys of Venus and Mercury by NASA's MESSENGER spacecraft, which was not designed to make this measurement, we estimate the neutron lifetime to be 780±60stat±70syst s, thereby demonstrating the viability of this new approach.



Summary: Measure 𝜏𝜏𝑛𝑛 is challenging! 
• The neutron lifetime is long: 880 s 14.6 mins
• Beam method:

– Signal rate is small
– High background in reactors (e-, p) coincidence p in a trap (NIST BL experiment)
– Absolute detection efficiencies !!  requires offline calibrations

• Bottle method:
– Needs long observation times ≈2.2×τ
– Ultracold neutrons in a “lossless” bottle magnetic traps with good spectral cleaning
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Beam vs Bottle

PDG valueBUT we keep trying to do a better job:
A handful of dedicated efforts (both using beam and bottle methods) are working towards resolving the 
neutron lifetime puzzle.

Presenter Notes
Presentation Notes
It has been a humbling experience.
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A theoretical conjecture: Neutrons oscillate into the mirror worldM.C. Escher

Forneland Grinsteing, Phys. Rev. Lett. 120, 191801 (2018)
UCNtaucollaboration, Phys. Rev. Lett. 121, 022505 (2018)
UCNA collaboration, Phys. Rev. C 97, 052501 (2018)
Symmetry2022,14(2), 230
Phys. Rev. Lett.128, 212503 (2022)


	The Neutron Lifetime Puzzle
	Weak interaction: V-A theory Left-Handed Neutrinos Only�
	Standard Model tests with neutron beta-decays
	PDG History of physics measurements:
	The Beam Method:
	Slide Number 6
	History of  n measurements:
	The Bottle Method:
	Neutron Lifetime Puzzle: discrepancy between the two methods to measure the neutron lifetime
	Sussex-ILL-NIST Beam Method
	Sussex-ILL-NIST Beam Method
	Sussex-ILL-NIST Beam Method
	Measure the neutron counting efficiency  𝜺 𝟎  using the Alpha-Gamma device
	Beam Lifetime Results
	UCN experiences the four fundamental forces of comparable energy scales of ~100 neV
	Various styles of neutron bottles
	Neutrons can be held inside a magneto-gravitational trap; this eliminates neutron losses on the walls
	The UCN Apparatus (2013)
	The UCN in-situ detector
	A typical lifetime run in UCNtau:
	Multi-step neutron counting  measure over-threshold neutrons
	Slide Number 22
	UCN+: Towards 0.1 s precision�by increasing neutron loading with an elevator
	J-PARC Neutron Lifetime Experiment
	J-PARC Neutron Lifetime Experiment
	J-PARC Neutron Lifetime Experiment
	Measuring lifetime with eyes open or closed?
	Systematic Effects
	Using data acquired in 2007 and 2008 during flybys of Venus and Mercury by NASA’s MESSENGER spacecraft, researchers measure the neutron lifetime…
	Summary: Measure 𝜏𝑛 is challenging! 
	Slide Number 31

