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Beam method: Count the decay

9.5 s (4.6σ)
Neutron lifetime puzzle Storage method : Count the missing

Neutron Lifetime Puzzle

Ø Measured neutron lifetime values with beam method and storage method show 
significant discrepancy (more than 4.6σ)
• Experimental uncertainties that were not taken into account? (Phys. Rev. D 103, 

074010)
• New physics?

- Dark decay? (Mod. Phys. Lett. A 35, 2030019 (2020))
- Soft scattering with dark matter? (Phys. Rev. D 103, 035014)
- Mirror neutron oscillation? (EPJ C 79: 484 (2019))



UCNτ experiment
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FIG. 1: A cross-sectional view of the UCN⌧ magneto-gravitational trap. A illustrates an example UCN trajectory

inside the trap. The lab coordinate system x-y-z and the local coordinate system ⇠-⌘-⇣ are shown. B shows a
cross-section of rows of magnets with identical magnetization highlighted by the colored strips. Arrows indicate the

magnetization direction for each row of magnets. C shows the in-situ detector, referred as the dagger detector,
which can be to moved vertically in and out of the trap volume. The beige-colored region is the active area of the

neutron detector, coated with 10B, and the gray is the detector housing and support structure. (color online)

physics model of the surface interaction used in material
bottles (with the Fermi-potential, the di↵usivity and the
loss per bounce as tunable parameters [12]) is now re-
placed by a field interaction model [9]. Since the field is
known (or can be measured to a high degree of precision),
there is little uncertainty in the micro-physics of neutron
scattering. On the other hand, the reduced number in
the degrees of freedom makes it challenging to construct a
Monte-Carlo simulation that reproduces the experimen-
tally measured data. Nevertheless, the simulations elu-
cidate a nonuniform geometrical acceptance of the over-
threshold neutrons by the in-situ detector. Overthresh-
old neutrons are neutrons with kinetic energies larger
than the trapping potential, but could reside in certain
quasi-stable orbits and remain in the trap during the fi-
nite measurement time. The nonuniform geometrical ac-
ceptance of these neutrons may imply that the procedure
we used in Ref. [2, 3]—based on the counts measured at
the cleaning height to constrain the systematic e↵ects of
spectral cleaning and heating—requires some refinement.
The size of these systematic e↵ects, on the other hand,
is reasonably well constrained by the Monte-Carlo simu-
lations. All of the simulations indicate that the cleaning
procedures in place put stringent bounds on possible sys-
tematic errors due to untrapped neutrons and heating.
Reproducing the arrival time data for detected neutrons
in detail is more challenging. This requires fine-tuning
a relatively large set of correlated parameters to repro-
duce the measured spectra. Although the level of success
is encouraging, it is clear that further development of

both measurements and the simulations presented here
are required to produce convincing agreement between
simulations and measurement, especially when treating
the subtle e↵ects connected to phase space evolution.
The paper contains two parts. The first part discusses

the physics models and the optimization of input param-
eters by comparing to experimentally acquired data on
the neutron arrival time. Details of the trapping poten-
tial, the numerical integration, and the neutron detection
are presented in Sec. II; the data analysis in Sec. III; the
optimization of model parameters in Sec. III C. The sec-
ond part discusses the neutron dynamics. The chaotic
motions and their implications for spectral cleaning are
discussed in Sec. IVA. The e↵ects of neutron heating
due to microphonic vibration and the estimates of the
systematic shift in the neutron lifetime are presented in
Sec IVB.

II. SIMULATION

Each simulation tracks about 105 to 106 neutrons in
the trap, by numerically integrating the equations of mo-
tion. The field potential, following previous work [9, 16],
is described by a Halbach array field expansion using a
local coordinate system on a curved surface. Details of
the numerical integration are presented in Appendix VI,
along with data testing the numerical integrations, in-
cluding the degree of energy conservation, the step size
selection, the expansion truncation, and the numerical

N. Callahan et al. Phys. Rev. C 100, 015501

Ø The most accurate 
experiment have done in 
Los Alamos in 2021.

F. M. Gonzalez et al ( UCN τ Collaboration), 
Phys. Rev. Lett. 127, 162501 (2021)

Ø Storing UCNs in magnetic 
bottle, and detecting with 
scintillation detector.
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Beam method
NIST experiment by proton counting 
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1. Monochromatic beam is transported to the magnetic trap. 
Neutron flux is monitored by a well calibrated 6Li/SSD detector.

2. Protons from the neutron decays captured in the magnetic 
trap with electrodes. Stored protons are released and detected 
by an SSD with thin surface layer.

A. T.  Yue et al., "Improved determination of the neutron lifetime." Physical review letters 111.22 (2013): 222501.
J. Nico et al., "Measurement of the neutron lifetime by counting trapped protons in a cold neutron beam." Physical Review C 71.5 (2005): 055502.

𝝉𝒏 = 𝟖𝟖𝟕. 𝟕 ± 𝟏. 𝟐 𝒔𝒕𝒂𝒕. ± 𝟏. 𝟗 𝒔𝒚𝒔𝒕. 	𝒔	 = 𝟖𝟖𝟕. 𝟕 ± 𝟐. 𝟑	[𝒄𝒐𝒎𝒃𝒊𝒏𝒆𝒅]	𝒔



• The neutron lifetime is an important parameter for physics

Ø Test of standard model ØAn input parameters for the 
Big Bang Nucleosynthesis (BBN)

|𝑉!"|# =
4905.7	 ± 1.7 	sec
𝜏$(1 + 3𝜆#)

• 𝑉!" of the Cabibbo-Kobayashi-
Maskawa (CKM) matrax can be 
calculated with:

- Neutron lifetime (𝜏$)
- Axis/vector coupling constant 
	 𝜆	 ≡ 	G%/G&

→ Verification of the unitarity 
     of the CKM matrix

• Abundance of light elements in early 
universe can be calculated with:

- Baryon-to-photon ratio
- Nuclear cross sections
- Neutron lifetime

https://www.einstein-online.info/en/spotlight/bbn_phys/

Neutron lifetime
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https://www.einstein-online.info/en/spotlight/bbn_phys/
https://www.einstein-online.info/en/spotlight/bbn_phys/
https://www.einstein-online.info/en/spotlight/bbn_phys/


Big Bang Nucleosynthesis
from SUBARU Telescope 
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Fig. 1. The measured neutron lifetime over the publication year. There are two types of methods, one is
called “storage method” and the other is “beam method”. The discrepancy between these two methods of 8.6 s
or 4.1σ is called “neutron lifetime anomaly”.

1.1 Big Bang Nucleosynthesis
The Big Bang Nucleosynthesis (BBN) is a theory that estimates the production of the light ele-

ment in the early universe. Since the time scale of the BBN is similar to τn, the abundance of light
nuclei strongly depends on it. Figure 2 is the observations of the early universe and the prediction of
helium abundance Yp =

4He/(H + 4He). The predicted Yp is the cross point of the band of τn and
baryon to photon ratio η, which is determined by the Planck satellite from the observation of cosmic
microwave background (CMB) [1]. There are two bands of τn by the measurement methods. Two
observations (Aver:2015 [2] and Valerdi:2019 [3]) are in good agreement with the prediction, but one
observation (Izotov:2014 [4]) does not. Since the observed accuracy of Yp and η is improving year by
year, the ambiguity of τn should be resolved.
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Fig. 2. The observations and the prediction of helium abundance Yp. The three filled rectangular regions are
observed results of Yp. The vertical region is the baryon to photon ratio η and the two curved bands are the
prediction of BBN by the two τn results.
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Big bang nucleosynthesis
CMB & He/H & Neutron Lifetime

Y p
=

4 H
e/

(H
+4

He
) 

η (Baryon-to-photon ratio ×10-10 )

CMB

dYp/Yp ～
0.7 dτn/ τn 

1. Izotov, Y. I., G. Stasińska, and N. G. Guseva. "Primordial 4He abundance: a determination based on the largest sample of H II regions with a methodology 
tested on model H II regions." Astronomy & Astrophysics 558 (2013): A57.
2. Valentino E, et al., “Reconciling Planck with the local value of H0 in extended parameter space”, Physics Letters B 761 (2016) 242–246.

BBN model and 𝜂	 gives accurate prediction of the abundance 
of light elements, e.g. Yp = 4He/(H+4He). Comparing with the Yp 
predicted and observed  enable testing the early universe.

N = 5

N=8 Light elements up to N=7 were created in 3 minute after 
the big bang (Big Bang Nucleosynthesis). Abundance of 
them can be calculated by baryon-to-photon ratio 𝜂, 
nuclear cross sections, and the neutron lifetime.

He/H observation of HII region in galaxies



Recent observation by SUBARU telescope

with the means of the observed values and the standard
deviations of their errors at each step of MCMC sampling. In
our study, to account for the uncertainties of O/H measure-
ments in the same way as y uncertainties, we consider the
probability of obtaining the O/H measurements arising from
“true” values. We maximize the log-likelihood function
given by
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with a slope a≡ dy/d(O/H) and a primordial helium number
abundance ratio b≡ yP, and an intrinsic dispersion σint that is
introduced for capturing unrecognized systematics of measure-
ments (Cooke et al. 2018; Hsyu et al. 2020). Here, ( )syi yi

and

( ) ( )( )s
i

O
H O H i are the measured y values (errors) and O/H
values (errors), respectively. The summation of Equation (9) is
over all galaxies in the sample. The result for our sample of the
64 galaxies is shown in Figure 5. The regression yields
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Note that we quote a 2σ upper limit on σint because it is
consistent with zero. Converting our yP value to the mass

fraction YP via YP= 4yP/(1+ 4yP), we obtain

( )= -
+Y 0.2370 . 11P 0.0033

0.0034

We compare the YP measurement of our study with those of
previous studies in Figure 6. Our YP measurement is
comparable with those obtained by methods similar to ours
(Aver et al. 2015; Peimbert et al. 2016; Fernández et al. 2019;
Valerdi et al. 2019; Hsyu et al. 2020; Kurichin et al. 2021).
However, our measurement is lower than the previous
measurements at the ∼1σ level.
To explore the source of the ∼1σ-level difference, we apply

our linear-regression method of Equation (9) to the sample of
Hsyu et al. (2020), and present the obtained YP value in
Figure 6 together with the one derived by Hsyu et al. (2020).
Although the linear-regression method of Hsyu et al. (2020) is

Figure 4. Comparison of the distributions of the emission line flux ratios of J1016+3754 derived at each step of the MCMC analysis with optical fluxes of the
Gaussian fitting method (left) and the integration method (right). The black solid lines show the flux ratios with the best-recovered parameters. The red solid and
dashed lines show the measured line flux ratios and their ±1σ values.

Figure 5. Fifty nine galaxies (filled blue and gray circles) of our sample and the
five EMPGs (open blue circles) that are excluded from the sample
(Section 4.2.2) on the y − O/H plane. The blue (gray) circles represent the
Subaru galaxies (the literature galaxies), which are described in Section 2.1
(2.2). The red solid line shows the linear regression for the 59 galaxies, and the
red square denotes the yp value determined by the linear regression.
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different from our method, we confirm that our and Hsyu et al.
(2020)ʼs results are almost identical, albeit with a negligibly
small difference produced by the linear-regression methods.
We also derive the YP value with the line fluxes obtain by the
integration method to test whether the difference in the optical-
flux-measuring methods affects our result. In this case, for the
four Subaru galaxies that meet the qualification criterion (see
Section 4.2.2) and the literature galaxies, we obtained

= -
+Y 0.2373P 0.0034

0.0035. This value is almost the same as the one
obtained from Equation (11). We therefore conclude that our
choice of the flux measurement method makes almost no
difference to our result.

Because the main difference between our study and that of
Hsyu et al. (2020) is the inclusion of the EMPGs, we conclude
that the source of the ∼1σ-level difference is the EMPGs
covering the metal-poor end (i.e., small O/H) that is key for the
YP determination (Figure 5).

Our YP value is in agreement with the one inferred from the
CMB measurements (Planck Collaboration et al. 2020) as well
as the analysis of an absorption system in near-pristine
intergalactic gas clouds along the light of a background quasar
(Cooke & Fumagalli 2018).

5.2. Constraint on Neff

The YP value provides powerful constrains on the cosmo-
logical parameters. In the framework of the standard BBN
model, YP strongly depends both on the baryon-to-photon ratio
η and the Neff value. We constrain η and Neff with our YP
measurement and the primordial deuterium abundance DP
measurement of DP= (2.527± 0.030)× 10−5 (Cooke et al.
2018) by minimizing

( ) ( ( ))

( ( )) ( )

c h
h

s s

h
s s

=
-

+

+
-

+

N
Y Y N

N

,
,

D D ,
12

Y Y

2
eff

P,obs P,mod eff
2

2 2

P,obs P,mod eff
2

D ,obs
2

D ,mod
2

P P

P,obs P,mod

with respect to Neff and η, where the subscripts obs and mod
denote the observational values and the theoretical BBN model
values, respectively. To calculate the YP,mod and DP,mod values
for given values of Neff and η, we use version 3.0 of the
PArthENoPE BBN code (Gariazzo et al. 2022), fixing all input

parameters of PArthENoPE except Neff and η to the standard
values. In the calculation of DP,mod and YP,mod, we use the
neutron lifetime τn= 879.4± 0.6 s (Particle Data Group et al.
2020) and the relevant nuclear reaction rates from Pisanti et al.
(2021). The errors of the τn and the nuclear reaction rates
propagate to the errors of DP,mod and YP,mod. In Equation (12),

( )s = ´ -0.06 10D ,mod
2 2 10

P
is the error of DP,mod due to the

uncertainty of the nuclear reaction rates, and s =Y
2

P,mod

( ) ( )+0.00003 0.000122 2 is the error of YP,mod, where the two
terms correspond to the uncertainties of the nuclear reaction
rates and τn, respectively (Gariazzo et al. 2022). We find

( )= -
+N 2.37 , 13eff 0.24

0.19

( )h ´ = -
+10 5.80 . 1410

0.16
0.13

Figure 7 presents our constraint on η and Neff, and
comparison with the result of Hsyu et al. (2020). Our constraint
is consistent with the one of Hsyu et al. (2020) within the 1σ
error, while our best-estimate values are slightly smaller than
those of Hsyu et al. (2020).

6. Discussion

If Neff becomes smaller, the values of YP and DP decrease.
This is because the β equilibrium between neutrons and protons
continues for longer time reducing the abundance of neutrons,
which are processed into light elements during the BBN. On
the other hand, the smaller η gets, the larger DP becomes
because the reactions that deplete deuterium become ineffi-
cient. Therefore, our smaller value of YP leads to smaller values
of Neff and η. Figure 8 presents the constraint on η and Neff,
together with the one on η obtained by Planck Collaboration
et al. (2020). Our constraints suggest that there is a potential
2σ tension with the Standard Model that predicts Neff= 3.046
(Figure 8). Moreover, our constraints agree with the Planck
measurement in η only at the 1–2σ level. This may be a hint of
an electron neutrino νe to antielectron neutrino n̄e asymmetry
(i.e., lepton asymmetry), because the ¯n n-e e asymmetry shifts
the beta equilibrium between protons and neutrons before
BBN, which changes the primordial element abundances. If νe
increases (decrease), the primordial element abundances
decrease (increase). The ¯n n-e e asymmetry is represented by
the degeneracy parameter of the electron neutrino, x mº n nTe e e

Figure 6. Comparison of our YP values with those reported in recent literature. The blue circles with errors show the 1σ confidence regions derived from He emission
line analyses (Izotov et al. 2014; Aver et al. 2015; Peimbert et al. 2016; Fernández et al. 2019; Valerdi et al. 2019; Hsyu et al. 2020; Kurichin et al. 2021) and an
analysis of a quasar absorption system (Cooke & Fumagalli 2018). The gray region shows the constraint from CMB observations at a 2σ confidence limit (Planck
Collaboration et al. 2020). The red circle represents our result at a 1σ limit. The result with the sample from Hsyu et al. (2020) using our likelihood function given by
Equation (9) is denoted with the black circle.
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in natural units, where mne
and nT e are the chemical potential and

the temperature of νe, respectively. Here ξe can be both
negative and positive, and the ¯n n-e e asymmetry is given by

( )¯ p x x- µ +n n nn n Te e
2 3 3

e e e
with the Fermi–Dirac distribution

function, where nn e ( n̄n e) is the number density of (anti)electron
neutrinos. Although the standard cosmology assumes ξe= 0, so
far whether this assumption is true is not revealed by the
Standard Model nor astronomical observations (e.g., Kohri
et al. 1997; Popa & Vasile 2008; Caramete & Popa 2014;
Oldengott & Schwarz 2017; Nunes & Bonilla 2017). Our low
YP value (Figure 6) may imply ξe> 0 (Kohri et al. 1997; Sato
et al. 1998), while there are other possibilities (e.g., Kohri &
Maeda 2022).

To constrain ξe as well as Neff and η, we minimize

( ) ( ( ))

( ( )) ( ) ( )

c h x
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allowing ξe, Neff, and η to vary independently of each other as
input parameters of PArthENoPE. In Equation (15), in order to
break the degeneracy between the parameters, we impose a
Gaussian prior of η× 1010= 6.132± 0.038, which comes from
the marginalized constraint on the baryon density by Planck
Collaboration et al. (2020), where Neff and YP are treated as free
parameters. Figure 9 presents two-dimensional marginalized
constraints on the three parameters of ξe, Neff, and η. The gray
contours show the constraint obtained without the prior of η,
illustrating a degeneracy between the three parameters. The
vertical dotted lines correspond to the Planck measurement of
η. In the left two panels of Figure 9, the gray and dotted
contours intersect in a region of the parameter spaces. With the
full combined results from the YP, DP, and η measurements, we
break the parameter degeneracy, and find

( )= -
+N 3.11 , 16eff 0.31

0.34

( )h ´ = -
+10 6.08 , 1710

0.06
0.06

( )x = -
+0.05 . 18e 0.02

0.03

The derived ξe value is higher than zero at the∼ 2σ level. This
may be a hint of a lepton asymmetry with an excess in the
number of νe compared to that of n̄e. To realize the universe
with ξe∼ 0.05, new physics for lepton number generation may
be required (Kawasaki & Murai 2022).
As shown in the right panel of Figure 9, there is a correlation

between ξe and Neff. This is because the effects of Neff and ξe on
the BBN compensate for each other. A positive value of ξe
decreases the number of neutrons, which are in equilibrium
with protons, while a Neff value larger than 3.046 ends the
equilibrium at an earlier time, which means more neutrons are
left before the BBN. Our positive value of ξe allows for values
of Neff significantly higher than the results obtained from

Figure 7. Comparison of our constraints on Neff and η (blue contours) with
those of Hsyu et al. (2020; gray contours). These contours show the 1σ, 2σ, and
3σ confidence regions.

Figure 8. Observational constraints on η and Neff. The blue contours show the
1σ, 2σ, and 3σ levels determined by this work. The black dashed line shows the
Standard Model value of Neff = 3.046. The magenta and light magenta bands
represent the Planck constraint on η at the 1σ and 2σ levels, respectively
(Planck Collaboration et al. 2020).

Figure 9. Constraints on Neff, η, and ξe. The solid gray contours show the
constraint from our YP value and the DP measurement (Cooke et al. 2018). The
vertical dotted lines represent the Planck Collaboration et al. (2020) constraint
on η. The constraint combining with the YP, DP, and η measurements is shown
with blue contours. These contours show the 1σ, 2σ and 3σ confidence limits.
The Standard Model values of Neff = 3.046 and ξe = 0 are represented with
black dashed lines.

12

The Astrophysical Journal, 941:167 (14pp), 2022 December 20 Matsumoto et al.

Resent observation from SUBARU telescope gives very small Yp value.

Correction of Metallicity Yp value

in natural units, where mne
and nT e are the chemical potential and

the temperature of νe, respectively. Here ξe can be both
negative and positive, and the ¯n n-e e asymmetry is given by

( )¯ p x x- µ +n n nn n Te e
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e e e
with the Fermi–Dirac distribution

function, where nn e ( n̄n e) is the number density of (anti)electron
neutrinos. Although the standard cosmology assumes ξe= 0, so
far whether this assumption is true is not revealed by the
Standard Model nor astronomical observations (e.g., Kohri
et al. 1997; Popa & Vasile 2008; Caramete & Popa 2014;
Oldengott & Schwarz 2017; Nunes & Bonilla 2017). Our low
YP value (Figure 6) may imply ξe> 0 (Kohri et al. 1997; Sato
et al. 1998), while there are other possibilities (e.g., Kohri &
Maeda 2022).
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allowing ξe, Neff, and η to vary independently of each other as
input parameters of PArthENoPE. In Equation (15), in order to
break the degeneracy between the parameters, we impose a
Gaussian prior of η× 1010= 6.132± 0.038, which comes from
the marginalized constraint on the baryon density by Planck
Collaboration et al. (2020), where Neff and YP are treated as free
parameters. Figure 9 presents two-dimensional marginalized
constraints on the three parameters of ξe, Neff, and η. The gray
contours show the constraint obtained without the prior of η,
illustrating a degeneracy between the three parameters. The
vertical dotted lines correspond to the Planck measurement of
η. In the left two panels of Figure 9, the gray and dotted
contours intersect in a region of the parameter spaces. With the
full combined results from the YP, DP, and η measurements, we
break the parameter degeneracy, and find
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The derived ξe value is higher than zero at the∼ 2σ level. This
may be a hint of a lepton asymmetry with an excess in the
number of νe compared to that of n̄e. To realize the universe
with ξe∼ 0.05, new physics for lepton number generation may
be required (Kawasaki & Murai 2022).
As shown in the right panel of Figure 9, there is a correlation

between ξe and Neff. This is because the effects of Neff and ξe on
the BBN compensate for each other. A positive value of ξe
decreases the number of neutrons, which are in equilibrium
with protons, while a Neff value larger than 3.046 ends the
equilibrium at an earlier time, which means more neutrons are
left before the BBN. Our positive value of ξe allows for values
of Neff significantly higher than the results obtained from

Figure 7. Comparison of our constraints on Neff and η (blue contours) with
those of Hsyu et al. (2020; gray contours). These contours show the 1σ, 2σ, and
3σ confidence regions.

Figure 8. Observational constraints on η and Neff. The blue contours show the
1σ, 2σ, and 3σ levels determined by this work. The black dashed line shows the
Standard Model value of Neff = 3.046. The magenta and light magenta bands
represent the Planck constraint on η at the 1σ and 2σ levels, respectively
(Planck Collaboration et al. 2020).

Figure 9. Constraints on Neff, η, and ξe. The solid gray contours show the
constraint from our YP value and the DP measurement (Cooke et al. 2018). The
vertical dotted lines represent the Planck Collaboration et al. (2020) constraint
on η. The constraint combining with the YP, DP, and η measurements is shown
with blue contours. These contours show the 1σ, 2σ and 3σ confidence limits.
The Standard Model values of Neff = 3.046 and ξe = 0 are represented with
black dashed lines.
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The degeneracy parameter of the 
electron neutrino (𝜈' − G𝜈' asymmetry) is 
non-zero by more than 2𝜎. 

https://doi.org/10.3847/1538-4357/ac9ea1
https://doi.org/10.3847/1538-4357/ac9ea1
https://doi.org/10.3847/1538-4357/ac9ea1
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An update of Yp is now on arXiv.
H. Yanagisawa et al., “EMPRESS. XV. A New Determination of the Primordial 
Helium Abundance Suggesting a Moderately Low YP Value”, arXiv (2025),
https://doi.org/10.48550/arXiv.2506.24050

𝑌( = 0.2387)*.**,-.*.**,/

𝑁'00 = 2.54)*.#*.*.#-

If lepton asymmetry is allowed, 
𝑁'00 = 3.23)*.#/.*.#1	
𝜉' = 0.05)*.*#.*.*#

These mitigates the Hubble 
tension. 

Or Neutron lifetime of 845 s !

https://doi.org/10.48550/arXiv.2506.24050


A new beam experiment at J-PARC
by detecting electrons
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Neutron Lifetime experiment 
using pulsed neutron at J-PARC
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Lifetime measurement at J-PARC/BL05 (Beam Line 05)

Ø We aim to provide the most precise experimental neutron lifetime value for beam method 
as an important piece to solve the neutron lifetime puzzle  
• Goal: measurement with ~1 s accuracy

PTEP 2020, 123C02 K. Hirota et al.

Fig. 2. Schematic top view of experimental apparatus installed at the Polarized neutron beam branch of the
NOP beamline: (A) concrete shield, (B) lead shields, (C) iron shield, (D) 6LiF beam collimator, (E) Polarized-
beam branch, (F) Unpolarized-beam branch, (G) Low-divergence branch, (a) short-wavelength pass filter,
(b) guide coil, (c) resonance spin flipper coils, (d) magnetic super mirrors, (e) neutron beam monitor, (f) 50-
µm-thick Zr window, (g) neutron switching shutter, (h) cosmic-ray veto counters, (i) lead shield, (j) vacuum
chamber, (k) TPC, (l) 6LiF beam catcher, and (m) turbo molecular pump.

Fig. 3. Schematic view of the TPC [34].

2.4. Detector
The TPC with polyether ether ketone (PEEK) and 6LiF tiles was developed to detect neutron
decays with a low background environment in the long-term operation [34]. The schematic view
of the TPC is shown in Fig. 3. Since the count rate for the neutron decay is 1 cps at 200 kW
in the beam bunches, that of the natural background (Sconst) should be kept at the same level or
smaller for statistics. The PEEK frame is a substance with small radioactive material contamina-
tion. Thanks to this property, the background rate from the TPC support structure is suppressed
to 4 cps.
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𝜏! =
1

𝜌𝜎"𝑣"
(𝑆#$/𝜀#$)
(𝑆%/𝜀%)

Ø Detector: Time Projection Chamber (TPC)
• Gas： !He, CO"	, #He	

         (~85%,  ~15%, 0.5 - 2 ppm, respectively)
            Total pressure: 100 kPa or 50 kPa

• Signals are detected with a Multi Wire 
Proportional Chamber (MWPC)

𝜌           : !He	dencity	
𝜎"         : !He neutron absorption cross section
𝑣"         : Velocity of neutron
𝑆#$	 : Number of !He neutron absorption event
𝑆%	 : Number of neutron β	decay
𝜀#$, 𝜀% : Efficiency

(SFC)

Cold neutron beam (polarized)
Neutron beam bunch

→Makes pulsed neutron beam 
into bunches by magnetic mirrors 
and spin flippers

12

Comparing  e- of 
neutron decay and
3He(n,p)3H 



Experimental Setup

SFC in lead shield

Iron shield

Vacuum chamber

Neutron beam

8

Drift cage and MWPC

13

Gas handing
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Analysis
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Selection by TOF

MC 6He

MC 𝛽

Selection by maximum energy deposit

This cut can clearly  distinguish 
β and  3He(n,p)3H events

TOF cut applied when the neutron bunches 
are completely in the TPC.

Prompt γ ray from upstream 
Neutrons captured in the upstream of TPC produce γ ray backgrounds. 
Backgrounds are reduced by using bunched neutron and TOF method. 

2 types of data   Beam IN / Dump 
Beam IN : Neutron pass through the TPC. (RED) 
Dump     : Neutron is dumped. (BLACK) 

BLUE = RED - BLACK  
＊ 5 peaks indicate the number of bunches. 

Sideband
Fiducial

γ ray background

12

Time-Of-Flight

z 
z [
cm
]

z position vs TOF

Log10 (Maximum energy deposit on a wire [keV])



Upgrade of the Spin Flip Chopper

Spin flipper 1

Mirror 1

Mirror 2

Mirror 3

Spin flipper 2

Neutron event rate at the exit of SFC

×3.2 times

Spin Flip Chopper (SFC)

• Larger magnetic mirror increases intensity by 
3.2 times

• Statistical accuracy of 1 s can be reached in       
3 months of measurement 

• Neutron polarization 𝑃~99%

Guide coil

Polarization beam port

To TPC

Magnetic mirror
25 mm×140 mm×15→100 mm×200 mm×26

475 cps → 1497 cps

• The neutron intensity is limited by the size of 
the mirrors.

• Larger mirrors were installed in 2020.



Excess  of background

Gas Fill Number

(M
Cの

BG
数

)/
(実
験
の

β数
) %

Distance between nearest center hit wire and center (XC)

β

(n,γ)

Exp.

MC

BG region

Scattered β

• Neutrons scattered by the TPC operating gas 
are absorbed by the LiF inner wall, some of 
which emit γ-rays, creating (n,γ) background 
(BG) events.

• Although the events are created in the BG 
region close to the wall, the amount of the 
events was about five times larger than 
expected.

• The indeterminacy in the distribution of the 
(n,γ)BGs and the large uncertainty in the rate 
at which the BGs leak into the signal region 
were the largest sources of systematic error.

#BG / #βdecay

Exp. : 3.6%

Calc. : 0.70%
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l First result (2014-2016): TPC gas pressure 100 kPa
(	2He ∶ CO# ∶ 	,He = 85	kPa: 15	kPa: 50	– 200	mPa	) 

l Number of background events due to gas scattering 
∝ Number of scattered neutrons

l Operation with gas pressure with 50 kPa can reduce 
background

(	2He ∶ CO# ∶ 	,He = 42.5	kPa: 7.5	kPa: 50	– 200	mPa	)

Measurement at 50 kPa reduces the number of background events due to gas 
scattering to 60% of that at 100 kPa.

Ratio of 3He of scattered neutrons Ratio of beta backgrounds

Beam axis

scat. !

scat. !

!

!!

!! !!

LiF
wall

x

y

Neutron beam

BG by scattered neutrons



Data obtained
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First result
(stat. 10 s)

Acquisition year Num. of Gas Set MLF Power [kW] DAQ time [h]

2014 1 300 59

2015 1 500 31

2016 4 200 424

2017 14 150, 300, 400 1303

2018 6 400, 500 614

2019 3 500 348

2021 1 700 38

2022 3 700, 800 253

2023 1 800 126

Statistic
~2.2 s

Acquisition year Num. of Gas Set MLF Power [kW] DAQ time [h]

2017 3 150,300 253

2018 3 400, 500 357

2021 1 700 86

2022 7 700, 800 839

2023 1 800 155

• With 100 kPa

• With 50 kPa

Statistic
~1.8 s

The combined

Statistic is 1.4 s

After SFC
Upgrade

Physics measurements taken on 49 gas sets in 2014 - 2023

After SFC
Upgrade

(A)

(B)

(C)

(D)



A new result from J-PARC 
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p

Beam method 
(proton trap)

Count the dead

Bottle method
Count the living

The improved results using data from 2014 to 2023 are as follows:
𝜏! = 877.2 ±1.7 𝑠𝑡𝑎𝑡. %X.)

*Y.& (𝑠𝑦𝑠. ) = 877.2%Y.&*Y.Y s
[Y. Fuwa et al., arXiv:2412.19519v1]

This value gives a 2.3𝜎 tension with the average value 
obtained from the proton trap.

https://arxiv.org/abs/2412.19519v1


Discussion
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• The χ2/NDF of our fitting is large. 
• If there is a pressure dependence, the fitting is going to 

be better, and then consistent with beam method.

New SFC 

Old SFC 
Old SFC 

New SFC 



Discussion
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• The χ2/NDF of our fitting is large. 
• If there is a pressure dependence, the fitting is going to 

be better, and then consistent with beam method.

New pressure data was 
taken in Apr-May. 2025.

75 kPa
(stat. 6 s)



75 kPa and pure CO2 run

• We have used 100 and 50 kPa of HeCO2 with mixture of 85%: 15%.
• In April in 2025, we took new data sets: with HeCO2 of 75 kPa and 

20 kPa of pure CO2 run. 
– The amount of 3He in the the He gas (G1He) must be corrected. 
– For pure CO2 run, no need for the 3He in the G1He correction.

ØAfter solved the discharging problem, we have succeeded to obtain a 
week of data taking.

22

100 kPa 50 kPa 75 kPa CO2
20 kPa

CO2 15 kPa 7.5 kPa 11.25 kPa 20 kPa

4He 85 kPa 42.5 kPa 63.75 0 kPa

Working gas conditions New



Results Preliminary 

Old 100kPa Old 50kPa New 100kPa New 50kPa New 20kPa New 75kPa
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Old SFC New SFC
100 
kPa 50 kPa 100 

kPa 50 kPa 20 kPa
(CO2)

75 kPa

Preliminary
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Correction for 3He impurities in G1He (s)Neutron scattering probability per meter
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No clear dependencies were found.
Changes in gas conditions alter the scattering probability and electron path length.
→This provides a clue for investigating consistency with MC.

Preliminary



Background suppression with solenoidal magnetic field
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Superconducting magnet 
and TPC

Liquid Helium
(cryogen)

J-PARC/MLF/BL05

Superconducting
Magnet

Gaseous
Detector

Neutron
Beam

Vacuum
ChamberN. Sumi et al., Nucl. Inst. Meth. Phys. Res A 1045 (2023) 167586.

N. Sumi, G. Ichikawa, K. Mishima et al. Nuclear Inst. and Methods in Physics Research, A 1045 (2023) 167586

Fig. 1. The cross section view of the TPC with �-ray signal and neutron induced
background without (left) and with (right) magnetic field.

Fig. 2. Overview of the LiNA experiment A three-layered TPC is installed in a
superconducting magnet located in a vacuum chamber. The short neutron bunch passes
through the neutron shutter and the center of TPC. The neutron beam stops at a beam
dump downstream of the detector system. The beta decay and 3He absorption events
are detected by the TPC.

Table 1
Specification of LiNA TPC.
Outer dimension 270 ù 270 ù 1020 mm3

Fiducial dimension 210 ù 270 ù 960 mm3

Anode voltage 1600-1900 V
Drift voltage 1000-2100 V
Operation gas He:CO2 = 85:15 kPa

occur mainly at the walls of detectors and vacuum vessels, and some
electrons are indistinguishable from �-decays that occur on the neutron
beam axis. A uniform magnetic field along the beam axis gives a
solution for this background [5]. The field keeps the background away
from the center region of the detector and confines �-rays. The field
separates �-rays and the backgrounds spatially as shown on the right
side of Fig. 1. Thus, a three-layered TPC is installed in a solenoid coil
to distinguish the signal and background region.

A specific design of the required magnetic field strength (Ì1 T) and
detector dimensions (Ì300 mm) was determined using Monte Carlo
simulations. A superconducting magnet prepared for the BESS experi-
ment, a cosmic ray anti-particle search [6], is employed as a magnet
that would fit the required magnetic field strength and dimensions.
Based on this superconducting magnet, the mounting frame, vacuum
vessel, detector, and data acquisition system are designed. Fig. 2 is an
overview of this experiment named ‘‘LiNA experiment’’.

In this paper, we report a new detector system that overcomes the
previous problems of neutron lifetime measurement experiments of the
beam method and summarize our research on the development and
performance evaluation of a high-precision measurement device using
a magnetic field.

3. Detector development

The detector was developed and its wires were strung at Kyushu
University. Table 1 is a basic parameter of the detector and Table 2 is a
specification of the wires. This TPC has three detection layers to divide

Table 2
Specification of LiNA TPC wires. All wires by The Nilaco Corporation. z is the neutron
beam direction, y is vertical direction and x is perpendicular to y and z.

Anode Field Cathode

Material Au coated W BeCu BeCu
Diameter �30 ± 3 �m �100 ± 10 �m �100 ± 10 �m
Direction x x z
Pitch 12 mm 12 mm 6 mm
Number 80 wires 80 wires 35 wires
Layer 3 layers 3 layers 6 layers

Fig. 3. High voltage supply to LiNA TPC. HV module supplies to each layer of the
TPC. Anode wires have a low pass filter to cut off noise from the HV module. The
drift field cage consists of a resistor chain to make a gradient of the electric field. The
white on black arrows indicate the drift direction of electrons.

Fig. 4. Circuit diagram of wire tension measurement.

the detection volume into a signal and background regions. Fig. 3 is an
electric circuit of high voltage supply on the detector.

The total number of wires is 725; 160 wires ù 3 frames for the anode
and field, and 35 wires ù 7 frames for the cathode. The wire tension is
measured one by one as Fig. 4. A function generator sends pulse voltage
(+10 V, duty cycle 15%) to the wire which is sandwiched between two
neodymium magnets. The wire vibration frequency is converted to a
voltage signal at a resistor, and it is observed by an oscilloscope. Figs. 5
and 6 are the results of tension measurement for cathode and anode
wires. The tension of the cathode wires is distributed ±10 g around the
loaded weight of 100 g and satisfies the requirement. The anode and
field frames are distorted by their wire tension, then field wires loosen
below the required tension of 20 g the first time. Therefore, the frames
are distorted in advance of wiring by pressing in from both sides with
screws. Their tensions satisfy the requirement using this pre-distortion
system.

The discharges occurred at the first high voltage test on the wires.
The location of discharge are recorded by a camera through an acrylic
flange put on the vacuum chamber. The discharged points are fixed by
a silicone rubber and polyimide sheet.

2

The first data was obtained on this apparatus in Feb. 
2024.  By analyzing 3 hours of run with the magnetic 
field, we obtained  𝜏( = 882 ± 78	[s] (no systematic 
considered). Experiment is planed in Dec. 2025.

To achieve 1 s,  we are 
preparing for background 
suppression by using 
multi-layered TPC in a 
solenoid magnetic field. 
The magnetic field can 
suppress the gamma ray 
background to 1/50. Gamma ray suppression with 

magnetic field
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Summary
• Neutron lifetime is an important parameter for particle, nuclear, and astro-

physics.
• However, the value have 9.5 s (4.6σ) discrepancy with two method of 

measurements
– τn   = 888.0± 2.0 （Beam method）
– τn   = 878.4± 0.5 （Storage method）

• A new “beam” experiment is ongoing at J-PARC
– We obtained physics data (statistic 1.7 s).
– Analysis has been fixed and opened blind in Nov. 2024.
– The result is now on arXiv: 
      Y. Fuwa et al., arXiv:2412.19519v1 

𝝉𝒏 = 877.2 ± 1.7 𝑠𝑡𝑎𝑡. )*.,
-../ 𝑠𝑦𝑠. 	[s] 

– This result is consistent with bottle method measurements but exhibits a 2.3σ	 tension with 
the average value obtained from the proton-detection-based beam method.

• There is a still room for discussion in our results.
• Additional data will be taken with less background conditions.
• A new apparatus with a solenoid magnet is getting ready for physics 

measurements in December 2025. 26

https://arxiv.org/abs/2412.19519v1

