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Why Measure the Neutron Lifetime?



Neutron beta decay basics

Neutron → proton + electron + anti-neutrino

Feynman diagram depicts the quantum 
mechanical amplitude for decay,  𝐻𝐻𝛽𝛽

Neutron

Proton

Total decay rate ∝ 𝐻𝐻𝛽𝛽2

𝐻𝐻𝛽𝛽:

Interaction mediated by exchange of 𝑊𝑊− particle



Neutron beta decay basics

d quark → u quark + electron + anti-neutrino
Switch off the strong 
force binding quarks in 
the neutron

Appeal:

Can be very 
precisely 
determined!

short range 
(≲ 10−18 m)

Permits very precise characterization of 
the weak interaction!  
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precisely 
determined!

short range 
(≲ 10−18 m)

Permits very precise characterization of 
the weak interaction!  

Fermi constant: 
W- exchange“strength”

𝐺𝐺𝐹𝐹
2

d quark → u quark + electron + anti-neutrino
Switch off the strong 
force binding quarks in 
the neutron



Fermi constant: 
W- exchange“strength”

The Standard Model for β Decay

specified by CVCVector matrix element

V-A helicity 
structure

(Precisely 
calculable)

CKM matrix: flavor mixing in SM

Axial matrix element

𝐺𝐺𝐹𝐹
2

Three input parameters required:

2

V A

J(quarks)
μ [=u γ −μ μ 5]γ γ Vudd + h.c.



Muon Decay



Super-allowed Nuclear Decays

Isobaric analog decays with initial and final spin,parity = 0+ 0+ → 0+

• Parent & product nuclear states almost identical

• Spin selection rules ensure only GV contributes

• Hundreds of measurements lead to incredible 
experimental data precision < 10-4

But nuclear structure corrections very challenging!
J. Hardy and I. Towner, PRC 91, 023501 (2015)
J. Hardy and I. Towner, PRC 102, 045501 (2020)



Lifetime is focus of this talk

2 measurements 
required for neutron



Neutron Data Impact
 Lifetime input important (with sub-1% precision) for

− Big bang nucleosynthesis (0.1% pred. of  4He/H !)  
− Solar fusion rates
− Reactor neutrino anomaly
− High precision target for lattice nucleon couplings 

possible, e.g. at < 1% level in gA!

LANL theory group
& Callat collaboration

Pushing precision envelope for QCD
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Neutron Data Impact
 Lifetime input important (with sub-1% precision) for

− Big bang nucleosynthesis (0.1% pred. of  4He/H !)  
− Solar fusion rates
− Reactor neutrino anomaly
− High precision target for lattice nucleon couplings, 

.e.g. at < 1% level in gA!

 New Physics Constraints 
− Input for CKM unitarity test
− Direct test for BSM Axial couplings (combine with lattice)
− Model independent constraints on exotic (S,T) interaction
− Variety of models (leptoquarks, MSSM, charged Higgs)



Unitarity Tests

In SM, u quark must couple 
to  a linear combination of 
either d, s or b quarks!

Kobayashi, M.; Maskawa, T. (1973), Progress of Theoretical Physics. 49 (2): 652–657.
Cabibbo, N. (1963), Physical Review Letters. 10 (12): 531–533.

Mixing coefficients are fundamental inputs
To the SM (should be the same for all processes)

Concept introduced for 3 generations of quarks by Kobayashi and Maskawa!

(only possibilities: u couples to either d, s, or b!)

GF from 𝜇𝜇 decay

https://en.wikipedia.org/wiki/Progress_of_Theoretical_Physics
https://en.wikipedia.org/wiki/Physical_Review_Letters


Unitarity Tests

In SM, u quark 
must couple to 
either d, s or b!

High precision value for Vud required!  -- LHC can not provide! SM “backgrounds” too large 
(precision limited to ~ %)

Vub
2 ≪ 1

Current status: compare measured values of Vus with unitarity prediction
(should be consistent!)

Vu𝑑𝑑
2 + Vu𝑠𝑠

2 = 1
?

Sensitive to BSM V,A couplings!



[Cirigliano, Díaz-Calderón, Falkowski, MGA & Rodríguez-Sánchez, 2112.02087] 

The Cabbibo Anomaly: Unitarity Issues 
PDG Vus

Vus predicted from unitarity
neutron

Should all provide the same value!

decays involving strange quarks

K→ 𝜋𝜋𝑙𝑙𝑙𝑙
K→ 𝜇𝜇𝜇𝜇/𝜋𝜋 → 𝜇𝜇𝜇𝜇

K→ 𝜇𝜇𝜇𝜇
𝛽𝛽neutron

Superallowed

𝜏𝜏 → inclusive
𝜏𝜏 → K𝜐𝜐/𝜏𝜏 → 𝜋𝜋𝜋𝜋



[Cirigliano, Díaz-Calderón, Falkowski, MGA & Rodríguez-Sánchez, 2112.02087] 

1 operator at a time: [10^-3 units]

The Cabbibo Anomaly: Unitarity Issues

At least two separate sources of 
BSM physics required, with both > 3𝜎𝜎

Lepton “non-universality” a possibility…

PDG

use 0+ → 0+ currently

Vus

K→ 𝜋𝜋𝑙𝑙𝑙𝑙
K→ 𝜇𝜇𝜇𝜇/𝜋𝜋 → 𝜇𝜇𝜇𝜇

K→ 𝜇𝜇𝜇𝜇
𝛽𝛽neutron

Superallowed

𝜏𝜏 → inclusive
𝜏𝜏 → K𝜐𝜐/𝜏𝜏 → 𝜋𝜋𝜋𝜋



Neutron and nuclear 
decays

Cabbibo Anomaly!

Neutron uncertainty targets: lifetime – 0.25 s (current most precise, UCNtau with 0.36 s)
gA ~  0.025% (current most precise, PERKEO III with 0.044%)

Neutron can probe an important possible source of discrepancy: the 
nuclear structure corrections required to interpret 0+ → 0+ decays!



The Neutron Lifetime Puzzle

Special thanks to D. Salvat, C.-Y Liu, F. Wietfeldt for slides

(A personal perspective)



From: Wietfeldt and Greene, Rev. Mod. Phys. 83, p. 1173 (2011)

(quite a history!)

Challenging:
• Neutral Particle 
• Absorbed by ~ all materials
• Relatively long-lived

𝝉𝝉 = 𝟖𝟖𝟖𝟖𝟖𝟖.𝟒𝟒 ± 𝟎𝟎.𝟓𝟓 𝒔𝒔
(PDG 2022)



Lifetime measurements: two varieties

Beam lifetimes:  count neutron beta decay products

Requires precisely known:
i)  decay volume
ii)  absolute neutron density
iii) decay product detection efficiency 

Pre-2013: neutron density was dominant source of 
uncertainty

e- and/or p

Decay products detector 

Neutron
beam

𝑅𝑅𝑑𝑑 = 𝑁𝑁𝑑𝑑/𝜏𝜏



Lifetime measurements: two varieties

UCN storage experiments: count neutrons 
which survive after well defined storage time ts

Actually measures total loss rate from trap…

Beam lifetimes:  count neutron beta decay products

Requires precisely known:
i)  decay volume
ii)  absolute neutron density
iii) decay product detection efficiency 

Pre-2013: neutron density was dominant source of 
uncertainty

e- and/or p

Decay products detector 

Neutron
beam

𝑁𝑁 𝑡𝑡𝑜𝑜 + 𝑡𝑡𝑠𝑠
𝑁𝑁 𝑡𝑡𝑜𝑜

Pre-2018: losses due to collisions with material surfaces 
was dominant source of uncertainty  



Lifetime measurements: two varieties

e- and/or p

Decay products detector 

Neutron
beam

Cold neutron beams: τ = 888.0(2.0) s

UCN storage experiments in material traps:
τ = 878.4(5) s

Differ by 4σ

Historically, shown reasonable agreement,
but since 2013:



Latest/most 
Sensitive Results
for all groups

Status 2022



Nico Conclusion:
decay rate from 
beam experiment 
1% slower!



More Motivation: Status of the Neutron Lifetime

(expanded 𝑉𝑉𝑢𝑢𝑢𝑢 error bar)

Most precise beam lifetime (BL1)

Dominated by UCN storage expts

𝜏𝜏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 − 𝜏𝜏𝑈𝑈𝑈𝑈𝑈𝑈 = 9.6 2.1 𝑠𝑠 ~ 1%
4He abundance…

BL2 and BL3 ongoing!



Ultracold Neutron Storage Measurements
and the Gravitrap Experiment

Special thanks to D. Salvat, C.-Y Liu, F. Wietfeldt for slides

(one way to solve the problem of manipulating these neutral particles is to slow them down!)



For a neutron “wave”, coherent interaction with 
many nuclear sites makes an effective potential,  
Ueff for neutrons incident on a material surface

Reflection: EꞱ < Ueff

What is an Ultracold Neutron?

Ultracold Neutrons (UCN) are neutrons moving 
slow enough that the can be reflected for any
angle of incidence, typically EUCN < ~340 neV
(about 3 mK)

UCN can be stored for 100’s of seconds
In material and magnetic traps!



±60 neV/T

C.-Y. Liu

UCN energies so low, they reflect from some material surfaces for any angle of incidence!

Store them in bottles!



From: Wietfeldt and Greene, Rev. Mod. Phys. 83, p. 1173 (2011)

Kosvintsev, JETP Lett. 31
236–40 (1980)

Early Beam Measurements



Storage experiments with UCN

2

3

As early as 1980: Kosvintsev reported regarding beam 
measurements:

“The experimental values of the lifetime of the neutron, 
which were obtained by recording the products of its β 
decay, differ in the case of each author by a value 
that exceeds the measurement error. In view of 
this, the development of new methods of 
measuring this value are of interest.”

The use of ultracold neutrons for measurement of the neutron 
lifetime,” Yu. Yu. Kosvintsev, Yu.A. Kushnir, V. I. Morozov, and G. I. 
Terekhov,
JETP Lett. 31, 237 (1980).

Scatter due to poorly characterized systematic uncertainty in beam measurements motivated 
measurements using very different technique: UCN storage

But...losses on the walls can produce large corrections!



2005 Gravitrap
Most successful, small 
corrections needed

Mambo II

Extrapolation Procedures

Strategy: vary A/V to characterize wall
losses! (Kosvintsev inserts...)

Scale to collision rate 
with walls: velocity 
Groups and different A/V

trap losses set scale for corrections



The Gravitrap Experiment

7 liters



Filling of the trap with UCN: =90.

3
3

Generic Measurement Scheme:
(1) Fill



Monitoring: =15.

3
4

Generic Measurement Scheme:
(1) Fill
(2) Clean – (remove high E 

UCN not trapped)



Holding: =0.

3
5

Generic Measurement Scheme:
(1) Fill
(2) Clean
(3) Store for time Δt

1



Registration of UCN 1: =19.

3
6

Generic Measurement Scheme:
(1) Fill
(2) Clean
(3) Store for time Δt

1

(4) Count surviving neutrons (by
tipping trap to sample
successively lower UCN
velocities)



Registration of UCN 2: =24.
58

Generic Measurement Scheme:
(1) Fill
(2) Clean
(3) Store for time Δt

1

(4) Measure



Registration of UCN 3: =33.
59

Generic Measurement Scheme:
(1) Fill
(2) Clean
(3) Store for time Δt

1

(4) Measure



Registration of UCN 4: =90.
60

Generic Measurement Scheme:
(1) Fill
(2) Clean
(3) Store for time Δt

1

(4) Measure



Background: =90.
61

Generic Measurement Scheme:
(1) Fill
(2) Clean
(3) Store for time Δt

1

(4) Measure
(5) Measure backgrounds



Measurement Method
Generic Measurement Scheme:
(1) Fill
(2) Clean – (remove high E 

UCN not trapped)
(3) Store for time Δt1(4) Count surviving neutrons
(5) Measure backgrounds

Repeat for storage time Δt2

τ = (Δt2- Δt1)/ln(N1/N2)

Influence of model for losses due to wall bounces

Only correction due to residual gas

Relative measurement!  Counting efficiency not important..

Losses are important

N(t) = 𝑁𝑁𝑜𝑜𝑒𝑒−Δ𝑡𝑡/𝜏𝜏



Corrections for UCN storage experiments in material traps due to losses are typically large!

Serebrov’s experiment by 
far the best material
storage experiment – low 
temperature fluorinated 
polymer coating requires 
only 8s extrapolation...

The big difference:



What’s missing with this picture is how many of these experiments evolved!

Nico

Serebrov

Serebrov

The appearance of Serebrov’s extremely precise
UCN result had immediate impact:

Several UCN experiments re-evaluated losses
A third experiment was finally published

Horizonal arrows:
Refinement of existing expts

Mampe



What’s missing with this picture is how many of these experiments evolved!

Nico

Serebrov

Serebrov

Horizonal arrows:
Refinement of existing expts

The appearance of Serebrov’s extremely precise
UCN result had immediate impact:

Several UCN experiments re-evaluated losses
A third experiment was finally published

Mampe

Pichlmaier

Steyerl



Nico

PDG assigns
scale factor of 1.8
for scatter

(underestimated
Systematic unc…)

Latest/most 
Sensitive Results
for all groups



Beam Measurements

Special thanks to D. Salvat, C.-Y Liu, F. Wietfeldt for slides



From: Wietfeldt and Greene, Rev. Mod. Phys. 83, p. 1173 (2011)
First beam measurement
(Robson, Phys. Rev. 83, 349 (1951)



Nico



Lifetime measurements with cold neutron beams
State of the art as of 2005…

Assume (1) mono-energetic neutron beam (with speed v), density ρ , flux Φ = ρ v
n n n

(2) neutron detector cross section proportional to 1/v = σ v /v
th th

e- and/or p

Decay products detector 

L
d

Neutron
beamBeam area A

L
n

N neutrons
d

Thin neutron detector e.g. 3He

thin detector



Lifetime measurements with cold neutron beams
State of the art as of 2005…

Assume (1) mono-energetic neutron beam (with speed v), density ρ , flux Φ = ρ v
n n n

(2) neutron detector cross section proportional to 1/v = σ v /v
th th

True decay rate in detector:
Neutron absorption rate:

n 3He n 3He n th th
R = ΦAN L σ = ΦAN L σ v /vd n d d

N /τ = ρ AL /τ = (Φ/v)AL /τ

e- and/or p

Decay products detector
with efficiency εd

L
d

Neutron
beamBeam area A

L
n

Same 1/v dependence appears in particle detection rate and neutron rate
(in one case, we need a density, in the other it arises from the cross-section!)

thin detector

𝑒𝑒−𝑁𝑁3𝐻𝐻𝐻𝐻σ𝐿𝐿𝑛𝑛 ≈ 1 − 𝑁𝑁3𝐻𝐻𝐻𝐻σ𝐿𝐿𝑛𝑛

𝑁𝑁𝑑𝑑 neutrons

Thin neutron detector e.g. 3He
with 3He density NHe-3, efficiency ε and
length Ln &

Rd=



Lifetime measurements with cold neutron beams
Assume (1) mono-energetic neutron beam (v ) with flux Φ and density ρ

n n n
(2) neutron detector cross section proportional to 1/v = σ v /v

th th

e- and/or p

Decay products detector 
with efficiency εd

Thin neutron detector e.g. 3He
with 3He density N3He, efficiency ε and
length Ln

L
d

Neutron
beam

Neutron beam with
cross-sectional area A

L
n

Sd/εd (Φ/v)ALd

=
1
τ τ =

The flux and velocity 
factors drop out! 
(makes  high precision 
measurement possible)!

Use measured rates
to solve for τ (Φ/v)ALnσthvthSn/εn

Sd=Rd εd Sn=Rn εn

Snεd Ld

SdεnLnσthvth

Measured



Lifetime measurements with cold neutron beams

d

e- and/or p

Decay products detector 
with efficiency εd

Assume (1) mono-energetic neutron beam (v ) with flux Φ and density ρ
n n n

(2) neutron detector cross section proportional to 1/v = σ v /v
th th

Neutron
beamBeam area A

S
d

ε (Φ/v)AL σ v
d n th th

ε (Φ/v)AL
n d=

1
τS

n

So...with knowledge of absolute efficiencies, the length of the decay and
neutron detection regions, and the neutron absorption cross-section, you
can determine the neutron beta decay lifetime!

τ =
Snεd Ld

SdεnLnσthvth



The most precise beam experiment is at the
National Institute of Standards and Technology (NIST)

• Cold neutron beam, collimated to 2 mm

• A quasi-penning trap electrostatically traps beta-decay protons. When the door 
electrodes are set to ground, the protons are guided by a B field to an external 
detector (surface barrier Si detector).

• Neutron monitor measures the incident neutron flux by counting n+6Li→ 3He +

39

α



𝑅𝑅𝐷𝐷𝐿𝐿𝐷𝐷𝜖𝜖𝐷𝐷

Vary trap length to 
characterize edge effects



NIST Lifetime (pre-BL1)

Nico et al., Phys. Rev. C 71, 055502 (2005)

30 years of experience developing the CN beam lifetime method utilizing the incredible
metrology capability at NIST

1. physical dimensions of trap determined at micron level
2. mass and physical dimensions of Li absorber characterized to parts per 104

3. proton backscattering determined from experimental data to parts per 104

Systematic uncertainty of 3.2 s was dominated by neutron counting
efficiency– limited by uncertainty in 6Li cross section

τ = 886.3(1.2) (3.2)
stat sys



44

Andrew Yue, UT Ph.D. thesis (2013), Advisor: Geoff Greene

To be calibrated



45

This is only absolute efficiency required



46

No absolute cross section required



Systematic Effects for the NIST Beam Lifetime (BL) Experiments

Information provided by N. Fomin

⟶0.5
⟶0.9

⟶ 2.3

BL0 BL1



Nico Conclusion:
Decay rate from 
beam experiment 
1% slower!



Why the Kerfuffle?

• NIST experiment has been continuously refined for roughly 30 years – not a 
“one”-off

• Serebrov’s measurement drove a re-assessment of effectively all storage 
experiments (material storage expt at that time) leading to a new consensus 
among those experiments

• The magnitude of the discrepancy suggests it is not “just” statistics.  There is very 
likely a  real problem either with the systematic error budget(s) or the standard 
model (although the precedent of the “kaon miracle” suggests caution in drawing 
conclusions about the SM)

• The value neutron lifetime is important!  



The Path Forward (since 2013):

• Explore possible indications of new (BSM) physics

• Is the total neutron decay rate greater than the beta decay rate?
Decay to Dark Particles  &  UCNProβe

• Is the neutron oscillating to a state which is not observable in the beam expts?
Neutron-mirror neutron (N-N’) oscillations



Decay into Dark Particles?

65

A buffer volume installed (2018) 
to smooth out the pulse 
response for more stable 
normalization.

Fornal & Grinstein,
Phys. Rev. Lett. 120,
191801 (2018)

0.782 < γ < 1.664 MeV
BR  ~ 1% to explain issue



Decay into dark matter?

65

A buffer volume installed (2018) 
to smooth out the pulse 
response for more stable 
normalization.

Fornal & Grinstein,
Phys. Rev. Lett. 120,
191801 (2018)

Tang et al, PRL 121, 022505 (2018) 

Sun et al, PRC  97, 052501 (2018) 
Saul et al., ArXiv:1911.01766 (2019)

Tang et al, PRL 
121, 022505 
(2018) 

Nuclear decays



UCNProbe is a new “beam” method 
experiment using UCN

• Goal is to measure 𝝉𝝉𝜷𝜷 using UCN with a total error of 1-2 
seconds with totally different systematic effects compared to 
past “beam” experiments.

• Requires absolute measurements of two quantities to 0.1%
• Number of neutrons in the trap 
• Number of neutrons that decayed (measurement of 

charged particles)
• The collaboration is completing prototype detector this year
• Plans to start commissioning run with UCN in 2025. 
• 4 weeks real time of data taking for 0.14% statistics.
• Funded by DOE early career award (2023-2027), previously 

funded by LANL LDRD-ER (2019-2022)



• Using deuterated polystyrene as both a UCN trap and as the in-situ 
detector, Fermi potential measured at 168 neV.

• Light collection
• Using 4 PMTs to collect light from scintillator boxes
• Vacuum chamber lined with Teflon for diffusive light reflection (>95%)
• Outer layer of scintillator has a long decay time so that background and 

data can be collected separately 
• Using electrons for charged particle detection.
• Neutron detection using 3He gas, n + 3He = p + T+ 764 keV.
• Detector efficiencies will be determined using gamma tagged source 

(134Cs and 210mBi)

• Extraction of                      using 
1
𝜏𝜏𝛽𝛽

=
𝛽𝛽(𝑡𝑡)
𝑁𝑁(𝑡𝑡) 𝑁𝑁(𝑡𝑡) = 𝑁𝑁𝑓𝑓𝑒𝑒(𝑡𝑡𝑓𝑓−𝑡𝑡)/𝜏𝜏

𝑁𝑁𝑓𝑓

𝛽𝛽(𝑡𝑡)
𝜏𝜏

Two-layer scintillator box allows for further 
reduction in background



Standard Model Extension: 
Mirror Matter

67

• Introduce a new hidden sector SM 
copy

• Restore global parity with right-handed 
weak interactions

• Mirror composite particles (𝑝𝑝′,𝑛𝑛′)
• Interaction through gravity

• Normal and Mirror Model mixing
• 𝑖𝑖 𝑑𝑑

𝑑𝑑𝑑𝑑
|Ψ 𝑡𝑡 ⟩

=
Δ𝐸𝐸 Δ𝑚𝑚,𝐵𝐵,𝐵𝐵′,𝑉𝑉 𝜖𝜖𝑛𝑛𝑛𝑛′

𝜖𝜖𝑛𝑛𝑛𝑛′ 0 |Ψ 𝑡𝑡 ⟩

• Δ𝑚𝑚 from different Higgs VEV

• In lab can control fields (𝐵𝐵) and 
materials (𝑉𝑉)

• Look for resonance at Δ𝐸𝐸 = 0
L R

Standard Model Mirror Model

Gonzalez CIPANP 9/1/2022

More on this model:
◦ Berezhiani, Z., and Bento, L., PRL 96 081801 (2006)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.96.081801


𝑛𝑛 → 𝑛𝑛′ in the Beam Lifetime

8

Neutron Beam

Landau-Zener Transitions 
when ΔE = 0

𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =
𝐿𝐿
𝑣𝑣𝑛𝑛
𝑁̇𝑁𝑛𝑛/𝜖𝜖𝑛𝑛
𝑁̇𝑁𝑝𝑝/𝜖𝜖𝑝𝑝

𝑝𝑝+ counted in this region 𝑛𝑛 counted after magnet

Use GPUs to parameter sweep across Δ𝑚𝑚, 𝜖𝜖𝑛𝑛𝑛𝑛′

Gonzalez CIPANP 9/1/2022



Searching for 𝑛𝑛 → 𝑛𝑛′ at ORNL 

• Double solenoid with B4C absorber inside
• Absorber blocks transmission of 𝑛𝑛
• Doesn’t block 𝑛𝑛𝑛!

• Calculate the probability of 𝑛𝑛′:
• Use GPU codes to parameter sweep Δ𝑚𝑚 and 𝜃𝜃
• Exclude regions without enough transmission

10Gonzalez CIPANP 9/1/2022



Does 𝑛𝑛 → 𝑛𝑛′ Explain 
the Neutron Lifetime Discrepancy?

NO!
• No counts observed above background!

• No transmission < 2.5 × 10−8
(95% CL)

• Excludes gray parameter space
• Difference between Beam 

Lifetime and 𝜏𝜏𝑛𝑛 (red band)
• Mirror neutrons do NOT explain 

the lifetime shift
• Broussard, L.J. et al. Phys. Rev. 

Lett. 128, 212503 (2022).

11Gonzalez CIPANP 9/1/2022

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.212503


Does 𝑛𝑛 → 𝑛𝑛𝑛 Explain 
the Neutron Lifetime Discrepancy?
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• No counts observed above background!

• No transmission < 2.5 × 10−8
(95% CL)

• Excludes gray parameter space
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• Mirror neutrons do NOT explain 

the lifetime shift
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11Gonzalez CIPANP 9/1/2022

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.212503


𝑛𝑛 → 𝑛𝑛′ Collaboration
V. Santoro European Spallation Source

K. Bailey, W.B. Bailey, K. Berry, L. Broussard, L. DeBeer-Schmitt, M. Frost, A. 
Galindo-Uribarri,  F. Gallmeier, F. Gonzalez, E. Iverson, S. Penttila, A. Saunders Oak 
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The Path Forward (since 2013):

• Explore possible indications of new (BSM) physics

• Decay to Dark Particles  &  UCNProβe
• Neutron-mirror neutron (N-N’) oscillations

• Confirm beam and storage measurement results

• Develop experiments with alternative measurement techniques
• Improve control of the sources of systematic uncertainty on existing 

techniques



What to do?
Tremendous

Activity since 2013!

Magnetic Trap 
MeasurementsPattie

Δ𝜏𝜏 = 9.6±2.1 s

4.6 σ



Beam Experiments: NIST BL2, BL3 and 
the J-PARC lifetime expt



0.5

Systematic Effects for the NIST Beam Lifetime (BL) Experiments

BL2: on-going data-taking; expect to finish in 2023.

Information provided by N. Fomin

2.3

0.9
0.5

2013



BL3: Bigger!
• Increased neutron beam diameter

7 mm → 35 mm

• Uniformity requirements:
ΔB/B <10-3 (in proton trap)

• 50x increase in trapping volume



New Quasi-PenningTrap

• 50x increase in trapping

•

•

volume
UHV compatible 
materials
Ultra-low expansion 
fused silica

• High flux combined 
with increased volume
→ statistics 
accumulate quickly

Scheduled to begin data-taking in ~2026, sensitivity goal 0.3 s!



Principle of J-PARC Beam Lifetime experiment

79

Cold neutrons are injected into a TPC.
The neutron β-decay and the 3He(n,p)3H reaction are measured simultaneously. 

Neutron bunch
shorter than TPC

Count events during time of 
bunch in the TPC 

e

p

ν

3He(n,p)t Neutron bunch 

（Kossakowski,1989）Principle

This method is free from the uncertainties due to external flux 
monitor, wall loss, depolarization, etc.
The goal is the experiment  is accuracy of 1 sec.

: detection efficiency of 3He reaction
: density of 3He
: cross section of 3He reaction

εn
ρ
σ

τn
v
εe

: lifetime of neutron
: velocity of neutron
: detection efficiency of electron

σ0=cross section@v0, v0=2200[m/s]

β-decay

3He(n,p)3H

Experiment contact:
Kenji Mishima
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2022/Nov./24

Systematics

 Gas induced background events are major source of systematic uncertainties of 
our experiment

• Uncertainty on lifetime: +2/-14 s for 100 kPa
• Low pressure runs can reduce the uncertainty to +1/-7 s

 Other systematics are also under improving

Systematic uncertainties 
due to gas BG

The 14th International Workshop on Fundamental Physics 
Using Atoms (FPUA2022) 81

Current statistics: ~ 2s
(need 110 d for 1s) 



Neutron Lifetime Measurement 
Using Pulsed Neutron at J-PARC
Collaborators
Y. Fuwa, T. Hasegawa, K. Hirota, T. Hoshino, R. Hosokawa, G. 
Ichikawa, S. Ieki, T. Ino, Y. Iwashita, M. Kitaguchi, J. Koga, S. 
Matsuzaki, K. Mishima, T. Mogi,  N. Nagakura, H. Okabe, H. 
Otono, Y. Seki,  D. Sekiba,  T. Shima, H. E. Shimizu, H. M. Shimizu, 
N. Sumi,  H. Sumino, M. Tanida, H. Uehara, T. Yamada, S. 
Yamashita, and K. Yano and T. Yoshioka 

KEK, Kyushu Univ., Nagoya Univ., The Univ. of Tokyo, ICR Kyoto 
Univ., KMI Nagoya Univ., Kyoto Univ., INFN-Genova, RCAPP 
Kyushu Univ., J-PARC Center, JAEA, Tsukuba Univ., RCNP Osaka 
Univ., GCRC The Univ. of Tokyo, ICEPP The Univ. of Tokyo
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What to do?
Activity since 2013!

Not shown: a new 
measurement using 
satellite data!

Pattie

Almost factor 2 
precision 

improvement 
already in hand!



UCN Experiments: Magnetically 
Trapped UCN

(using magnetic repulsion to eliminate wall losses!)



±60 neV/T

C.-Y. Liu

UCN energies so low, they reflect from some material surfaces for any angle of incidence!

Store them in bottles!

Old idea: use repulsive 
magnetic forces to trap UCN!

Vladimirskii, Zhur. i. 
Teoret Fiz., 1960



Magnetic Bottles: Many in Progress

V. Ezhov et al., NIMA, 611, 167 (2009)

τn = 878.3 ± 1.9 s  

ρUCN = 103 – 104 cm-3

(FRM II)
Stat  δτn ~ 0.1 s  in 2-4 days

PENeLOPE

HOPE

Leung, et al, PRC 94, 
045502 (2016)

τn =(887±39)s

2 l
700 l

15 l

AFP
Spin-Flip

UCN-
guide

p-detector

superconducting
magnet

Oktupole
magnet

HFS 
LFS

𝜏𝜏Spect 



UCN Lifetime Experiment at the ILL

• Neutrons from the 
ILL turbine.

• Trapped with 
permanent magnets 
and gravity.

• Surviving neutrons 
counted.

Analysis unpublished V. Ezhov et al., J. Res. NIST 110 (2005) 345 
87



Magnetic shutter in lower part of trap 
permits to collect depolarized UCN during 
storage time 

V.F. Ezhov et. al. JETP Letters, 2018, Vol. 107, No. 11, pp. 671–675

V.F. Ezhov, et al, Technical Physics Letters, Vol. 44, 
No. 7, pp. 602–604, 2018.

Trap is filled with unpolarized UCN. In this 
case half of neutrons are leaking during trap 
filling and they will be detected just during 
the filling. So before each run real quantity of 
UCN in trap is measured.

Trap is filled using elevator in upper part of 
trap. There are an absorber inside elevator for 
preliminary preparation of UCN spectrum. 
Final cleaning proceeds inside the trap throw 
magnetic shutter in lower part of trap 

τn = (878.3 ± 1.6 ± 1.0) s



What to do?

Pattie

Ezhov

Storage time correction 
~few seconds (depol)



The UCN𝜏𝜏 Experiment

79

D. Salvat, PRC 89, 052501 (2014)

1st measurement



UCN𝜏𝜏

50 cmBrem≈ 1 T

Low field-seeking states 
repelled by large fields

|B| always greater 
than 1 T at surface!

Fm Fg

(~50 neV)



UCN𝜏𝜏

50 cmBrem≈ 1 T

Low field-seeking states 
repelled by large fields

|B| always greater 
than 1 T at surface!

Fm Fg

1) Magnetic barrier eliminates interaction with materials
2) Very large volume (~400 l UCN storage)
3) Asymmetrical construction to ensure rapid emptying/detection 

UCNτ Design Features

(~50 neV)



D. Salvat



The UCN𝜏𝜏 apparatus

79

D. Salvat, PRC 89, 052501 (2014)

1st measurement

In situ detector

Detector enters trap from 
top, permits studies of 
“quasi-bound” neutrons



Pairs of short-long storage times

N: UCN counts
M: Monitor counts

9
5



TUNL Advisory Committee Meeting, May 11-12, 2020 96



UCNτ Progress: the 2017-2018 Data Set

Thesis:
F. Gonalez
E. Fries



The error budget 

98

from M. Cadeddu

Losses small compared to statistical unc!
(huge step from material traps)D. Salvat



The error budget 

99

from M. Cadeddu

Most precise value for 𝝉𝝉𝒏𝒏 to date!
D. Salvat



UCNτ 2022 and beyond

• LDRD-funded upgrade of UCNτ underway: UCNτ+ 

• Longer term: Tau2 (larger trap/ increased UCN production)



A neutron elevator: UCNτ+

101

New Loading Mechanisms to maximize statistics
● Funded by LANL LDRD
● Anticipate ~10× counts

Shooting for < 0.15 s sensitivity!



Simulation of a cylindrical trap geometry: 
UCN Loading

Modeling: thesis R. Musedinovic



What to do?

Pattie

Latest UCN𝜏𝜏



Conclusions
• Motivation for measurements of 𝜏𝜏𝑛𝑛 for BSM constraints is strong
• The neutron lifetime problem emerged as neutron beam and UCN storage 

experiments evolved, driven by key results from A. Serebrov’s group and the 
NIST beam experiment.  The problem is still with us in 2022.

• Since 2013, much has been accomplished, and much is underway
BL3: NIST upgrade with  ~ order of magnitude smaller uncertainties
J-PARC beam expt: independent cross check of the NIST 2013 result
UCN𝜏𝜏: already effectively confirmed the 2005, Serebrov experiment!

• The community has not yet identified new physics which can explain this 
issue, but the work is being done to provide a robust investigation of the 
tension between these two measurements in the next five years!

And many other projects!
Now a 4.6𝜊𝜊 discrepancy!



Jparc Beam Experiment

105

The only experiment 
underway which can 
directly cross check the 
NIST experiment!



J-PARC / MLF / BL05

106

J-PARC 
Materials and Life Science 
Experimental Facility(MLF)

Spallation neutron target (designed for 1MW)

Pulsed neutron Beam line BL05
Neutron optics and physics(NOP)



Experimental Setup

107

Gas handing



The first result from J-PARC 

108

The published result by using data using 2014-2016 was
𝜏𝜏𝑛𝑛 = 898 ±10 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠. −18

+15 (𝑠𝑠𝑠𝑠𝑠𝑠. ) = 898−20+18 s
[K. Hirota et al., Prog. Theor. Exp. Phys. 2020, 123C02]

p

In-beam method
Count the dead

Storage method
Count the living

J-PARC



National Institute of Standards and Technology 
(NIST) Center for Neutron Research (NCNR)

Spallation Neutron Source Fundamental 
Neutron Physics Beamline (FNPB)

Los Alamos Neutron 
Science Center

(LANSCE) Area B Source

Cold Neutron Beams

UCN 
Upgrade in 2016 successful!

U.S. Facilities

θ: Nab

τ: BL2, BL3, rad decay
θ: aCORN, emiT (R&D)

τ: UCNτ, UCNProbe (R&D) 
θ: UCNA, UCNB (R&D)



Magnetic Fields of Trap
▪

BONUS JA.00003 110

D. Salvat



N. Callahan



N. Callahan



D. Salvat



From: Wietfeldt and Greene, Rev. Mod. Phys. 83, p. 1173 (2011)



Another constraint...from underground physics...on decays to DM?

Interactions with DM cause nucleons to decay into mesons! Can use nnbar 
limits to set scale for mediator at 107 GeV (about 4 orders of magnitude higher 
than is consistent with lifetime issues…) – need for very little of this DM to be 
around!

Min et al, ArXiv:1808.10644



T. Ito’s talk on Thurs.





Global fit into a single exponential function
(blinded number)

1
1
8

Short Description: works like a charm! UCN storage time greater than a month!



Neutron lifetime measurement at J-PARC BL05

1
1
9

The goal of this experiment is 1 sec (0.1%) accuracy.
• Present statistics is ~2 s.
• Present systematics is estimated as < 10 s.

TPC

Spin flip chopper

gas injection system

MWPC

Drift cage

30 cm
PEEK frame

Neutron beam shapes bunchs
shorter than TPC.

Count events during time 
of bunch in the TPC doped 
~100 mPa of 3He.

β-decay

p
~400 eV

~350keV
e-

ν

3H
3He

p
572 keV

190 keV

3He(n,p)3H

n

Ratio of Neutron beta 
decay and Count events 
during time of bunch in the 
TPC. 

𝜏𝜏 =
1

𝜌𝜌𝜎𝜎0𝑣𝑣0
𝑆𝑆3𝐻𝐻𝐻𝐻
𝑆𝑆𝛽𝛽
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