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Neutron beta decay lifetime
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The neutron decays into the proton, the electron, and the anti-
neutrino in 880 sec. This is the simplest nuclear beta decay. 

The neutron lifetime is important to
• CKM unitarily
• Big Bang Nucleosynthesis
• Reactor neutrino anomaly
• Solar neutrino
• Proton spin
• Lattice calculation benchmark
• Goldberger-Treiman/Muon capture
• Bjorken sum rule

Neutron lifetime  :
τn = 878.4± 0.5 （PDG2022）
τn = 879.4± 0.6 （PDG2020）
τn = 880.2± 1.0 （PDG2016）
τn = 881.5± 1.5 （PDG2011）
τn = 885.7± 0.8 （PDG2010）

Next generation Experiments to 
Measure the Neutron lifetime  

9th.Nov.2012,  Santa Fe



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))



Neutron lifetime in the weak interaction
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Neutron lifetime
An element of 
CKM matrix

Coupling constant of the weak interaction
(determined from muon decay lifetime)

Electron mass

Determined by combination 
of nuclear spin. Some nuclei 
do not contain λ.

Radiation correction
Effects of electromagnetic forces 
involved after collapse

Ratio of axial to vector coupling (gA/gV)
β decay occurs with only gA and gV.
Due to the strong interaction, gA is 27% larger than gV.



Measurement of 𝜆 = 𝑔!/𝑔"
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PERKEO III experiment

detector

detector

Polarized neutron beam

electron tracks

B = 150 mT
B = 90 mT

The β-Asymmetry Parameter A is the most
sensitive for 𝜆 parameter, which can measured 
by energy and angular distribution of electrons 
against neutron spins.

n
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Active volume

~2m, 15x15cm² 

PERKEO III result
A=−0.11958±0.00021
𝜆 =−1.27641±0.00056

Neutron decay in the standard model

B. Maerkisch et al.(2019) https://doi.org/10.1103/PhysRevLett.122.242501

https://doi.org/10.1103/PhysRevLett.122.242501


Small “a” measurement
aSPECT experiment
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IMPROVED DETERMINATION OF THE … PHYSICAL REVIEW C 101, 055506 (2020)

FIG. 8. Pulse height spectrum of protons and electrons from
neutron decay (in red) measured at ILL in 2013 (config 1, cf.
Table II). The proton peak is well separated from the noise. A
background measurement at UAP = 780 V is shown in blue. The
small peak visible in the 780-V spectrum is caused by ionized rest gas
and reduced in later configurations; see Sec. IV E. The two vertical
lines denote the chosen lower (ADC channel: 29) and upper (ADC
channel: 120) integration limits for the proton region. Demonstration
of the logarithmic amplification of the SDD electronic (black solid
curve) using characteristic x rays of energy E (black circles). The
right axis indicates the x-ray energy.

The SDD for proton counting consists of an array of
three detector pads of an area of 10 × 10 mm2 each9; see
Fig. 7 [41,48]. It has an entrance window of 30 nm thickness
made from aluminium. Use of a SDD with its intrinsic low
electronic noise compared with Si p-i-n diodes, combined
with a thin dead layer, permits us to lower the reacceleration
voltage to UDC = −15 kV.10 This significantly reduces field
emission. The reacceleration voltage is provided by a high-
voltage power supply.11

Signals from the SDD are read out by a custom-built
preamplifier and spectroscopy amplifier with logarithmic am-
plification (shaper). The shaped signals are digitized with a
sampling ADC (12 bit, 50 ns resolution) [1,49,50]. Figure 8
shows a pulse height spectrum (cf. Sec. IV H) taken during
the beam time. The proton peak is well separated from the
electronic noise. The SDD is also sensitive to the β particles
from the decay of the neutron. They are clearly visible above
the proton region in Fig. 8 and steadily continue into the
proton region, as can be deduced from a measurement at
UAP = 780 V, where all decay protons are blocked by the
potential barrier. Low energetic β particles, indeed, form the
dominant background in the proton region; see Fig. 8. On
the other hand, the highest energy β particles from neutron

9pnSensor UM-141101.
10With a kinetic energy of ≈15 keV, protons passing the 30-nm

aluminium dead layer (manufacturer specified) have a range of
≈200 nm in silicon (Sec. IV G).

11Type: FuG HCN 35-35000.

decay will not lose all their energy in the active region of only
≈ 450 µm (depending on their impact angle). Therefore and
because of the logarithmic amplification, the β spectrum trails
off at intermediate β energies.

To determine the exact position of the detector with respect
to the DV electrode, a copper wire of length l ≈ 8 cm aligned
along the z axis was mounted on the manipulator and then
inserted into the DV electrode from the side ports. This
wire was first activated in the neutron beam and then moved
perpendicularly to the beam direction (beam off). By detecting
the emitted electrons from the activated copper with the
SDD, the magnetic projection of the detector in the y direction
onto the DV electrode was determined. In order to measure
the corresponding magnetic projection of the detector in the
x direction, i.e., along the beam direction, a second activated
Cu wire (l ≈ 15 mm) placed parallel to the y axis was scanned
along the x axis [38]. These measurements showed that the DC
electrode was not fully centered in the cryostat (cf. Fig. 7). As
a consequence, the magnetic flux tube from one of the detector
pads, pad 1, was partially crossing one of the electrodes (E12)
of aSPECT. This was confirmed offline by particle tracking
simulations. On the one hand, this pad therefore experienced
a significantly higher and also fluctuating background. On the
other hand, some of the decay protons would scatter off this
electrode, whereby they will lose an unspecified amount of
energy. Therefore, the data from this detector pad could not
be used for the analysis of a.

In a beam time in 2008 [50] saturation effects in the
detector electronics caused by the high energetic β particles
from neutron decay were observed [33,41]. This was solved
by a reduction of the amplification of the preamplifier and
a new spectroscopy amplifier with logarithmic amplification;
see Fig. 8. The logarithmic amplification was checked using
a 133Ba source and characteristic x rays from Cu, Fe, and
Pb excited by the radiation from the 133Ba source. This
improvement also allowed us to measure the energy spectrum
of the β particles during the beam time in 2013 (see Fig. 8),
limited at higher energies only by the thickness of the sensitive
area of the detector of 450 µm.

Two systematic effects are associated with the proton de-
tection: first, even though the proton energy at the detector
varies only from 15 to 15.75 keV, the energy dependence of
the backscattering of the protons at the SDD has to be taken
into account at the precision needed for aSPECT (Sec. IV G).
Second, since the diaphragm E7 described in [1] has been
omitted in the electrode system, the beam profile is much
wider than the detector; see Fig. 6. Since the profile is
nonuniform and asymmetric over the projected area of the
detector, protons close to the edges of the detector may be
falsely detected or lost depending on their radius of gyration
and azimuthal phase with which they arrive at the SDD. This
energy-dependent so-called edge effect has to be taken into
account in the analysis (Sec. IV F).

III. MEASUREMENT WITH aSPECT

Several beam times were taken with aSPECT at the cold
neutron beam line of PF1b [35] at ILL. The beam time in
2008 showed that the spectrometer was fully operational but
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A. Transmission function

As long as the protons move adiabatically through the
MAC-E filter, the ratio of radial energies at emission and
retardation points is given by 1/rB, with rB := BA

B0
, where

B0 and BA are the magnetic fields at the place of emission
and retardation, respectively. This amounts to the energy
resolution of aSPECT. Hence, the transmission function Ftr
for isotropically emitted protons of initial kinetic energy T is
a function both of UA and rB [1,2,33]:

Ftr =

⎧
⎪⎪⎨

⎪⎪⎩

0 if T ! eUA

1 −
√

1 −
(
1 − eUA

T

)/
rB if eUA < T < eUA

1−rB

1 if T " eUA
1−rB

(4)

with e the elementary charge and UA = φA − φ0, the potential
difference between the place of retardation (φA) and emission
(φ0). The place of retardation, the so-called analyzing plane
(AP), is defined as the plane in which the kinetic axial energy
of the protons in the magnetic flux tube from the decay
volume (DV) to the detector becomes minimal. The AP of
aSPECT is a surface in R3. It can be determined by particle
tracking simulations given the known electric and magnetic
field configurations. In the case of homogeneous electric and
magnetic fields inside the DV and AP electrodes, the AP is
nearly the midplane of the AP electrode.

In the ideal case UA is just the applied retardation voltage
UAP between the DV and AP electrodes (see Fig. 2). In reality,
the electric potentials φA and φ0 get slightly shifted and
distorted by field leakage and locally different work functions
of the electrodes creating these potentials. For the magnetic
field ratio rB, variations are caused by locally inhomogeneous
B fields in the DV and AP regions. Hence, UA and rB depend
on the individual proton trajectories Pi. Therefore, they get
replaced in Eq. (4) by their averages ⟨UA⟩ and ⟨rB⟩, where
the averages are over all trajectories of those protons that
reach the detector.1 For details on the determination of ⟨rB⟩
and ⟨UA⟩, see Secs. IV B and IV C. For more details on the
transmission through MAC-E filters and the influence of the
field configuration, see [2,34].

The uncertainties of ⟨UA⟩ and ⟨rB⟩ form the principal
systematic uncertainties of aSPECT, albeit not the only
ones. Two examples of transmission functions for aSPECT
are included in Fig. 1(a). Simulations show [2,33] that
the sensitivity of the measured a values on ⟨UA⟩ and ⟨rB⟩
is given by "a/a ≈ 1.4 × 10−4 × "⟨UA⟩/mV and "a/a ≈
5.5 × "⟨rB⟩/⟨rB⟩. Therefore, a shift of "⟨UA⟩ ≈ 80 mV or
"⟨rB⟩/⟨rB⟩ ≈ 10−3 corresponds to a shift "a/a ≈ 1%.

B. Experimental setup

In 2013 aSPECT was set up for a production beam time
at the cold neutron beam line of PF1b [35] at the Institut

1To be precise, one would have to find ⟨Ftr⟩ for an applied retar-
dation voltage and initial kinetic energy T . Access to ⟨Ftr⟩ including
⟨UA⟩ and ⟨rB⟩ is provided by particle tracking simulations, where we
find with sufficiently high accuracy the following relation to Eq. (4):
⟨Ftr⟩ = Ftr(T, ⟨UA⟩, ⟨rB⟩).

FIG. 2. Schematic of aSPECT. Only the most important elec-
trodes are shown. The magnetic field is oriented in vertical direction
(blue lines). The whole setup is under ultrahigh vacuum conditions.

Laue Langevin in Grenoble, France. Here we present the
basic layout of the aSPECT experiment. Details are discussed
in [1–3] and [33,36–42]. Modifications of the experimental
arrangement used for the measurement in 2013 with respect
to the ones presented in the previous articles are briefly
mentioned at the relevant places.

A schematic of the 2013 aSPECT spectrometer is shown
in Fig. 2. The longitudinal magnetic field of the MAC-E filter
is created by a superconducting multicoil system oriented in
vertical direction [1]. The neutron beam enters horizontally in
the lower part of the aSPECT spectrometer at the height of the
high magnetic field B0 and is guided through the DV electrode
towards the beam dump further downstream. Protons and
electrons from neutron decays inside the DV electrode are
guided adiabatically along the magnetic field lines. Downgo-
ing protons are converted into upgoing protons by reflection
off an electrostatic mirror electrode (EM) at UEM = 860 V
(Table I) below the DV electrode, providing a 4π acceptance
of aSPECT. The protons are guided magnetically towards the
AP inside the main AP electrode (E14 in Table I). Protons
with sufficient energy pass through the AP and are focused
onto a silicon drift detector (SDD) both magnetically and
electrostatically. A reacceleration voltage of UDC = −15 kV
applied to an electrode surrounding the detector, the so-called
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CKM unitarity

1 − 𝑉"# $ = 0.9745(2)

𝑉"% 0& → 0& =
0.97373(11)exp.(9)RC(27)NS

𝑉"% neutron =
5024.7s

𝜏'(1 + 3𝜆$)(1 + Δ())
= 0.9737 3 *! 8 + 1 (,

𝜏' = 879.4 6 𝑠
𝜆 = 1.2756 13

𝑉"% $ + 𝑉"# $ + 𝑉"- $ = 0.9985 6 )"# 4 )"$
R.L. Workman et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2022, 083C01 (2022) 

If the CKM matrix is 3 generations, it should be a unitary matrix (determinant is 1).
It can be verified Standard Model with very strong restriction (~10 TeV).
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A per-cent-level determination of the nucleon axial 
coupling from quantum chromodynamics
C. C. Chang1,2, A. N. Nicholson1,3,4, E. Rinaldi1,5,6, E. Berkowitz6,7, N. Garron8, D. A. Brantley1,6,9, H. Monge-Camacho1,9,  
C. J. Monahan10,11, C. Bouchard9,12, M. A. Clark13, B. Joó14, T. Kurth1,15, K. Orginos9,16, P. Vranas1,6 & A. Walker-Loud1,6*

The axial coupling of the nucleon, gA, is the strength of its coupling 
to the weak axial current of the standard model of particle physics, 
in much the same way as the electric charge is the strength of the 
coupling to the electromagnetic current. This axial coupling dictates 
the rate at which neutrons decay to protons, the strength of the 
attractive long-range force between nucleons and other features of 
nuclear physics. Precision tests of the standard model in nuclear 
environments require a quantitative understanding of  nuclear 
physics that is rooted in quantum chromodynamics, a pillar of 
the standard model. The importance of gA makes it a benchmark 
quantity to determine theoretically—a difficult task because 
quantum chromodynamics is non-perturbative, precluding known 
analytical methods. Lattice quantum chromodynamics provides a 
rigorous, non-perturbative definition of quantum chromodynamics 
that can be implemented numerically. It has been estimated that a 
precision of two per cent would be possible by 2020 if two challenges 
are overcome1,2: contamination of gA from excited states must be 
controlled in the calculations and statistical precision must be 
improved markedly2–10. Here we use an unconventional method11 
inspired by the Feynman–Hellmann theorem that overcomes these 
challenges. We calculate a gA value of 1.271 ± 0.013, which has a 
precision of about one per cent.

To demonstrate the efficacy of lattice quantum chromodynamics 
(LQCD) for nuclear physics research, one must begin by demonstrating 
control over the simplest quantities, such as gA. In addition to those 
mentioned above, there are a number of challenges in using LQCD to 
compute properties of nucleons and nuclei. The first challenge arises 
from the non-perturbative features of quantum chromodynamics 

(QCD) itself. QCD describes the interactions between quarks  
and gluons, the basic constituents of nucleons, through the Lagrangian 
density Ψ̄ Ψ= − / + ∑ +L G g D m(4 ) ( )q q q qQCD

2    , where the quark fields, 
Ψq, come in flavours q = {u, d, s, ...} with masses mq = {mu, md, ms, …}. 
G2 describes the nonlinear gluon self-interactions and D includes the 
quark–gluon interactions, both with a strength determined by the  
coupling, g. Most of nuclear physics depends on only three or four input 
parameters from QCD: g, the light-quark masses, mu and md, and in 
some cases the strange-quark mass, ms. Once these parameters are 
fixed, and electroweak corrections are added, all of nuclear physics—
from the kiloelectronvolt energy levels in nuclei to the energy densities 
of the neutron star equation of state (a few hundred megaelectronvolts 
per cubic fermi (fm), where 1 fm = 10−15 m)—can in principle be 
predicted from QCD.

At short distances (high energies), such as those explored by the 
Large Hadron Collider at CERN, QCD has been rigorously tested, 
because in this energy regime g ≪ 1 and perturbative methods are 
applicable. At long distances of approximately 1 fm (low energies), 
which are characteristic of nuclear physics, g is large and perturbation 
theory fails to converge. Consequently, quarks and gluons are confined 
in protons, neutrons and other hadrons observed experimentally. 
Fortunately, non-perturbative calculations can be carried out in the 
strong-coupling regime using LQCD, the only first-principles approach 
known to control all sources of systematic uncertainty.

LQCD is the formulation of QCD on a finite four-dimensional space-
time lattice, following the Feynman path-integral description. Monte 
Carlo methods are used to sample the resulting high-dimensional inte-
grals stochastically. The values of the lattice spacing, a, and finite size, 

1Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, CA, USA. 2Interdisciplinary Theoretical and Mathematical Sciences (iTHEMS) Program, RIKEN, Saitama, Japan. 
3Department of Physics, University of California, Berkeley, CA, USA. 4Department of Physics and Astronomy, University of North Carolina, Chapel Hill, NC, USA. 5RIKEN-BNL Research Center, 
Brookhaven National Laboratory, Upton, NY, USA. 6Physics Division, Lawrence Livermore National Laboratory, Livermore, CA, USA. 7Institut für Kernphysik and Institute for Advanced Simulation, 
Forschungszentrum Jülich, Jülich, Germany. 8Theoretical Physics Division, Department of Mathematical Sciences, University of Liverpool, Liverpool, UK. 9Department of Physics, The College 
of William and Mary, Williamsburg, VA, USA. 10Physics Department and Astronomy, Rutgers, The State University of New Jersey, Piscataway, NJ, USA. 11Institute for Nuclear Theory, University 
of Washington, Seattle, WA, USA. 12School of Physics and Astronomy, University of Glasgow, Glasgow, UK. 13NVIDIA Corporation, Santa Clara, CA, USA. 14Scientific Computing Group, Thomas 
Jefferson National Accelerator Facility, Newport News, VA, USA. 15NERSC, Lawrence Berkeley National Laboratory, Berkeley, CA, USA. 16Theory Center, Thomas Jefferson National Accelerator 
Facility, Newport News, VA, USA. *e-mail: awalker-loud@lbl.gov

Fig. 1 | Feynman diagrams of gA. The decay of a neutron to a proton 
occurs when one of the down quarks (d) in the neutron is converted to 
an up quark (u) via the vector and axial components of the weak current. 
Not depicted in these figures are the infinite set of diagrams describing 
the coupling of gluons to the quarks and of gluons to gluons and the 
dynamical production and annihilation of quark–anti-quark pairs. 
Because of this infinite set of graphs, the use of a computational approach 

to QCD is required. The time, t, refers to calculational details discussed in 
the text. a, The standard method of computing gA relies on three different 
times, the creation time, t = 0, the current insertion time, tins, and the 
separation time, tsep. Controlling the excited state systematics requires 
varying both tins and tsep. b, Our Feynman–Hellmann method11 sums 
over all possible interaction times (tins) of the external weak axial current, 
leading to an exponential enhancement of the signal.
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Resent lattice calculation achieve to calculate gA in 1% level.
gA =−1.271±0.0013
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e- Neutrino charged-current interactions with proton 
is well used reaction for neutrino water Cherenkov 
detector. It is the inversed reaction of the neutron 
beta decay, thus the cross section is calculated by 
the neutron lifetime.

p

n n

W-

Neutron beta decay
Charged current

F. P. An et al (2017) Chinese Phys. C 41 013002 https://doi.org/10.1088/1674-1137/41/1/013002

Chinese Physics C Vol. XX, No. X (201X) XXXXXX

the agreement is reasonable in other energy regions. A
comparison to the Huber+Mueller model yields a �2/dof
of 46.6/24 in the full energy range from 0.7 to 12 MeV,
corresponding to a 2.9 � discrepancy. The ILL+Vogel
model shows a similar level of discrepancy from the data.

Another compatibility test was performed with a
modified fitting algorithm. In this method, N(=number
of prompt energy bins) free-floating nuisance parameters
are introduced to the oscillation parameter fit to adjust
the normalization for each bin, as described in [65]. The
compatibility was tested by evaluating

��2 =�2(standard)��2(N extra parameters) (29)

for N degrees of freedom. We obtained ��2/N =
50.1/25, which is consistent with the results obtained
by the first method using Eq. 28.
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Fig. 23. (A) Comparison of predicted and mea-
sured prompt energy spectra. The prediction is
based on the Huber+Mueller model and normal-
ized to the number of measured events. The error
bars on the data points represent the statistical
uncertainty. The hatched and red filled bands rep-
resent the square-root of diagonal elements of the
covariance matrix (

p
(Vii)) for the reactor related

and the full systematic uncertainties, respectively.
(B) Ratio of the measured prompt energy spec-
trum to the predicted spectrum (Huber+Mueller
model). (C) The defined �2 distribution (e�i) of
each bin (black solid curve) and local p-values for
1 MeV energy windows (magenta dashed curve).
See Eq. 30 and relevant text for the definitions.

6.3 Quantification of the Local Deviation

The ratio of the measured to predicted energy spectra
is shown in Fig. 23B. The spectral discrepancy around 5

MeV prompt energy is clearly visible. Two approaches
are adopted to evaluate the significance of this discrep-
ancy. The first method evaluates the �2 contribution of
each energy bin,

e�i =
Nobs

i
�Npred

i
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ij
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ij
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j
). (30)

By definition,
P

i
e�2

i
is equal to the value of �2 defined in

Eq. 28. As shown in Fig. 23C, an enhanced contribution
is visible around 5 MeV.

In the second approach, the significance of the de-
viation is evaluated based on the modified oscillation
analysis similar to Eq. 29. Instead of allowing all the
N nuisance parameters to be free floating, only parame-
ters within a selected energy window are varied in the fit.
The di↵erence between minimum �2s before and after in-
troducing these nuisance parameters within the selected
energy window was used to evaluate the p-value of the
local variation from the predictions. The p-values with
1 MeV sliding energy window are shown in Fig. 23C. The
local significance for a discrepancy is greater than 4 � at
the highest point around 5 MeV. In addition, the local
significance for the 2 MeV window between 4 and 6 MeV
were evaluated. We obtained a ��2/N value of 37.4/8,
which corresponds to the p-value of 9.7⇥ 10�6(4.4 �).
Comparing with the ILL+Vogel model shows a similar
level of local discrepancy between 4 and 6 MeV.

The excess between 4 and 6 MeV was ⇠1.5% of the
total observed IBD candidates. An excess of events in
a same energy range was not observed in the spallation
12B beta decay spectrum, ruling out detector e↵ects as
an explanation. Adding a simple beta-decay branch or a
mono-energetic peak cannot reproduce the observed ex-
cess, indicating that it cannot be explained by a simple
background contribution. Contributions from other in-
teraction channels (e.g. ⌫̄e+13C) were investigated and
were found to be too small to account for the excess. The
events in the energy region around 5 MeV are carefully
examined: the neutron capture time, the delayed energy
spectrum, and the distance distribution for the delayed
neutron capture signal were found to match IBD event
characteristics. The vertex distribution of the prompt
signal was found to be uniform and consistent with IBD
events.

Figure 24 shows the event rate versus time in the
energy window of 4.5-5.5 MeV and other windows.
The strong correlation indicates that the excess around
5 MeV is proportional to the reactor antineutrino flux.
Therefore, it strongly suggests that the deviation is due
to the imperfect modelling of the reactor antineutrino
spectrum. A recent ab initio calculation of the antineu-
trino spectrum showed a similar deviation from previous

010201-27

Recent reactor neutrino measurements 
observed 94.3±2.4%. Neutron lifetime 
of 8 sec contribute 1% change.

880.3(1.1) sec

If 888 sec, it 
goes 1% up.

Energy spectrum of reactor antineutrino 
has Bump at 5 MeV more than 4 𝜎.
We are surely missing something!
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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

( )
( ) ( )s

=

=

-
+

-
+

y
y

0.0777 ,
d

d O H
75 ,

0.0019 95% . 10

P 0.0014
0.0015

14
15

int 

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
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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
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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.
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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
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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! − A𝜈! asymmetry) is 
non-zero by more than 2𝜎. 
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Measurements of Neutron lifetime

13



Methods to measure neutron lifetime

ØBeam method

Bunch of neutron beam

protons or 
electrons

Ø Storage method

Bottled ultra-cold neutrons

Ø Counts beta decay protons or 
electrons from neutron beam
and estimate the beta decay 
event fraction with injected 
neutron flux

Ø Confines ultra-cold neutrons 
into strage and then counts 
survived neutrons as a 
function of confinement time
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1st precise lifetime experiment by Robson in 1951
Phys. Rev. 83 (1951) 349; at Chalk River reactor in Canada, 3 cm diam. thermal neutron beam with 2x109 n/cm2/s flux

e-p coincidence
ƶn = 1108 (216) s



History of the neutron lifetimeNeutron lifetime measurement
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Figure 1: A historical perspective of values of a few particle properties tabulated in this Review as a function of date of publication of the
Review. A full error bar indicates the quoted error; a thick-lined portion indicates the same but without the “scale factor.”
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Scheme of “Gravitrap”, 
the gravitational UCN storage system

1 – neutron guide from UCN Turbine;
2 – UCN inlet valve;
3 – beam distribution flap valve;
4 – aluminium foil (now removed); 
5 – “dirty” vacuum volume; 
6 – “clean” (UHV) vacuum volume; 
7 – cooling coils;
8 – UCN storage trap; 
9 – cryostat; 

10 – mechanics for trap rotation;
11 – stepping motor;
12 – UCN detector; 
13 – detector shielding;
14 – evaporator for LTF (Low Temperature Fomblin)
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Figure 8. A summary of neutron lifetime experimental measurements since 1985. Details of individual
measurements can be found in [23,25,26,35–37,39,40,43,44,46,48–50,60,61]. Solid circles are the beam
method and open squares are the UCN storage method. Gray points are measurements withdrawn
or superceded by later work (old and new indicated by arrows). The shaded bars are weighted
averages ±1 standard deviation of uncertainty. The UCN storage uncertainty is expanded (see text).
The difference between the beam and storage averages is 8.7 ± 2.1 s (4.1 s).

6. Conclusions

The value of the neutron lifetime has important implications in particle physics, nuclear physics,
and cosmology; and a reliable and precise experimental value is required. While experiments with
total uncertainty below 1 s have been reported, in the face of the nearly 9 s discrepancy one cannot say
that the neutron lifetime is currently known to the needed precision. New neutron lifetime experiments
around the world have been initiated with the aim of elucidating the cause(s) of the discrepancy and
improving our knowledge of the neutron lifetime.
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Figure 1: A historical perspective of values of a few particle properties tabulated in this Review as a function of date of publication of the
Review. A full error bar indicates the quoted error; a thick-lined portion indicates the same but without the “scale factor.”
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Storage methods

1. PNPI/ILL Large storage bottle
– New neutron lifetime measurements with the big gravitational trap 

and review of neutron lifetime data.
– Serebrov, A. P. et al., KnE Energy & Physics, 3(1) (2018) 121-128.
– τn = (881.5 ± 0.7 (stat) ± 0.6 (sys) sec

2. LANL Magnetic Trap
– Measurement of the neutron lifetime using an asymmetric magneto-

gravitational trap and in situ detection. 
– R. W. Pattie Jr. et al .,  Science 10.1126/science.aan8895  (2018).
– τn = (877.7 ± 0.7 (stat) +0.4/–0.2 (sys) sec

3. PNPI/ILL Magnetic bottle
– Ezhov, V. F. et al., JETP Letters (2018) 1-6.
– Measurement of the neutron lifetime with ultra-cold neutrons stored 

in a magneto-gravitational trap.
– τn = (878.3 ± 1.6stat ± 1.0syst ) sec 
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(ILL). It comprises five main parts (Fig. 1): a lift to fill
the trap; the magnetic trap; an outer coil around the
trap; a solenoidal magnet with a yoke; and the UCN
detector. The central element of the setup is the trap
made of NdFeB permanent magnets sandwiched
between FeCo poles. It is a vertical cylinder with a
20.4 cm diameter, open at the top, and with a conical
lower part open at the bottom. The magnetic field gen-
erated by twenty poles is horizontal. Figure 2 shows
the field map for a horizontal section in the cylindrical
part of the trap. The gradient near the magnet surfaces
in the lower conical part is about 2 T/cm when moving
perpendicularly to the trap axis. The cylinder is
wrapped with an external coil, which eliminates zero
field regions in the trap volume and is also used to
induce neutron spin f lips. The average magnetic field
created by the outer solenoid is about 10 G. The sur-
faces of the magnets were covered with Fomblin grease
(UT18 type) in order to reflect spin-flipped neutrons,
which are not repelled by the magnetic field gradient
and hit the magnet surfaces. Technical details about
the trap properties and design have been reported else-
where [16, 17].

A crucial aspect for the storage of UCNs in mag-
netic bottles is the filling of the trap. In previous exper-
iments with this trap, the filling was performed from
the bottom through the magnetic shutter [16, 17]. This
method suffers from serious shortcomings since neu-
trons are accelerated by the magnetic field gradient
produced by the shutter.

For the measurements presented here, a cylindrical
lift located above the trap was used (Fig. 1). The cylin-
der is made of aluminum, it has a diameter of 18.4 cm
and its inner surfaces were covered with Fomblin
grease. A disk of polyethylene was mounted inside the
cylinder at an adjustable height to absorb UCNs with
energies above a given cut-off. The typical height of
the absorber inside the lift cylinder was 33 cm. The
bottom cup of the lift can be separated from the cylin-
drical part for emptying the lift volume when the lift is
inside the trap. Since the speed of the lift is signifi-
cantly smaller that the velocity of UCNs [18], the adi-
abatic condition is fulfilled. It is easy to show that,
under such condition, neutrons cannot get heated
during the motion of the lift. From the magnetic field
map, it was estimated that the fiducial trap height is
26.5 cm, whereas about 20% of the neutrons are stored
in the conical part. Below the trap, the solenoid is used
as a fast magnetic shutter to close and open the trap.
The counting of UCNs is performed with a 3He detec-
tor, located 47 cm below the magnetic shutter, having
a 100 µm thick aluminum entrance window. The lift
and the trap are contained inside a vacuum chamber
where the typical pressure was 1.1 × 10–6 Torr.

At any stage during a cycle, neutrons escaping the
trap can be monitored with the 3He detector. For a sin-
gle filling, the typical number of neutrons escaping the
trap is about 2500. This number diminishes by about
4% over a continuous 10 days measurement. Since the
UCNs are initially unpolarized, half of them cannot

Fig. 1. Scheme of the experimental setup showing the main
parts: the lift (while being filled), the magneto-gravitational
trap, the solenoidal magnetic shutter with its yoke, the outer
solenoid coil, and the UCN detector (not to scale).

Outer Fig. 2. (Color online) Magnetic field produced by the
20-pole trap in the cylindrical section of the trap.
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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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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 a 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
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The possible explanation of neutron lifetime beam anomaly
A. P. Serebrov, M. E. Chaikovskii, G. N. Klushnikov, O. M. Zherebtsov, A. V. Chechkin
https://doi.org/10.1103/PhysRevD.103.074010

• The NIST beam experiment detects protons produced in beta 
decay. Since protons may be lost due to collisions with outgassed 
particles, could this result in a longer measured lifetime?

• Since the number of gaseous atoms is given by 𝑛 = !
". #/#0

, it 

increase inside the cryotrap, where the pressure is P=10-7 Pa.
• Even if charge exchange reactions occur with the residual gas 

inside the trap, the resulting particles will still be detected by the 
Si detector, so it is not a problem. However, depending on the 
type of residual gas, there is a possibility that the particles could 
be stopped in the barrier layer, which might affect the measured 
lifetime.

https://arxiv.org/search/nucl-ex?searchtype=author&query=Serebrov%2C+A+P
https://arxiv.org/search/nucl-ex?searchtype=author&query=Chaikovskii%2C+M+E
https://arxiv.org/search/nucl-ex?searchtype=author&query=Klushnikov%2C+G+N
https://arxiv.org/search/nucl-ex?searchtype=author&query=Zherebtsov%2C+O+M
https://arxiv.org/search/nucl-ex?searchtype=author&query=Chechkin%2C+A+V
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A Comment on "The possible explanation of neutron lifetime beam anomaly" 
by A. P. Serebrov, et al,
F. E. Wietfeldt, R. Biswas, R. W. Haun, M. S. Dewey, J. Caylor, N. Fomin, G. L. 
Greene, C. C. Haddock, S. F. Hoogerheide, H. P. Mumm, J. S. Nico, B. Crawford, W. 
M. Snow
https://doi.org/10.1103/PhysRevD.107.118501
Considering the effects of cryo-condensation, the only gas species that can exist 
inside the trap are H or He. Even if charge exchange reactions occur with these 
gases, the resulting particles will still be detected by the detector, so they do not 
affect the measured lifetime.

Outgas is not the solution of the lifetime puzzle?

https://arxiv.org/search/nucl-ex?searchtype=author&query=Wietfeldt%2C+F+E
https://arxiv.org/search/nucl-ex?searchtype=author&query=Biswas%2C+R
https://arxiv.org/search/nucl-ex?searchtype=author&query=Haun%2C+R+W
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Neutron lifetime puzzle 
with new physics
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Theoretical considerations for the gap 
between Beam and Storage methods

 

Dark Matter Interpretation of the Neutron Decay Anomaly

Bartosz Fornal and Benjamín Grinstein
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There is a long-standing discrepancy between the neutron lifetime measured in beam and bottle
experiments. We propose to explain this anomaly by a dark decay channel for the neutron, involving one or
more dark sector particles in the final state. If any of these particles are stable, they can be the dark matter.
We construct representative particle physics models consistent with all experimental constraints.

DOI: 10.1103/PhysRevLett.120.191801

Introduction.—The neutron is one of the fundamental
building blocks of matter. Along with the proton and
electron, it makes up most of the visible Universe.
Without it, complex atomic nuclei simply would not
have formed. Although the neutron was discovered over
eighty years ago [1] and has been studied intensively
thereafter, its precise lifetime is still an open question
[2,3]. The dominant neutron decay mode is β decay
n → pþ e− þ ν̄e, described by the matrix element
M¼ ðGF=

ffiffiffi
2

p
ÞVudgV ½p̄γμn− λp̄γ5γμn&½ēγμð1− γ5Þν&. The

theoretical estimate for the neutron lifetime is τn ¼
4908.7ð1.9Þ s=½jVudj2ð1þ 3λ2Þ& [4–7]. The Particle Data
Group (PDG) world average for the axial-vector to vector
coupling ratio is λ ¼ −1.2723' 0.0023 [8]. Adopting the
PDG average jVudj ¼ 0.97417' 0.00021 gives τn between
875.3 s and 891.2 s within 3σ.
There are two qualitatively different types of direct neutron

lifetime measurements: bottle and beam experiments.
In the first method, ultracold neutrons are stored in a

container for a time comparable to the neutron lifetime. The
remaining neutrons that did not decay are counted and fit to
a decaying exponential, expð−t=τnÞ. The average from the
five bottle experiments included in the PDG [8] world
average is τbottlen ¼ 879.6' 0.6 s [9–13]. Recent measure-
ments using trapping techniques [14,15] yield a neutron
lifetime within 2.0σ of this average.
In the beam method, both the number of neutrons N in a

beam and the protons resulting from β decays are counted,
and the lifetime is obtained from the decay rate, dN=dt ¼
−N=τn. This yields a considerably longer neutron lifetime;
the average from the two beam experiments included in the
PDG average [16,17] is τbeamn ¼ 888.0' 2.0 s.

The discrepancy between the two results is 4.0σ. This
suggests that either one of the measurement methods suffers
from an uncontrolled systematic error, or there is a theo-
retical reason why the two methods give different results.
In this Letter,we focus on the latter possibility.We assume

that the discrepancy between the neutron lifetime measure-
ments arises from an incomplete theoretical description of
neutron decay, and we investigate how the standard model
(SM) can be extended to account for the anomaly.
Neutron dark decay.—Since in beam experiments neu-

tron decay is observed by detecting decay protons, the
lifetime they measure is related to the actual neutron
lifetime by

τbeamn ¼ τn
Brðn → pþ anythingÞ

: ð1Þ

In the SM, the branching fraction (Br), dominated by β
decay, is 100%, and the two lifetimes are the same. The
neutron decay rate obtained from bottle experiments is
Γn≃7.5×10−28GeV. The discrepancyΔτn ≃ 8.4 s between
the values measured in bottle and beam experiments
corresponds toΔΓexp

n ¼Γbottle
n −Γbeam

n ≃7.1×10−30GeV [18].
We propose that this difference be explained by the

existence of a dark decay channel for the neutron, which
makes Brðn → pþ anythingÞ ≈ 99%. There are two quali-
tatively different scenarios for the new dark decay channel,
depending on whether the final state consists entirely of
dark particles or contains visible ones:

ðaÞ n → invisibleþ visible; ðbÞ n → invisible:

Here, the label “invisible” includes dark sector particles, as
well as neutrinos. Such decays are described by an effective
operator O ¼ Xn, where n is the neutron and X is a spin
1=2 operator, possibly composite, e.g., X ¼ χ1χ2…χk,
with the χ’s being fermions and bosons combining into
spin 1=2. From an experimental point of view, channel
(a) offers a detection possibility, whereas channel (b) relies
on higher-order radiative processes. We provide examples
of both below.

Published by the American Physical Society under the terms of
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1. 𝑛 → 𝜒𝛾
2. 𝑛 → 𝜒𝜙
3. 𝑛 → 𝜒𝑒 + 𝑒 −

The puzzle can be explained if an unobservable decay mode 
at 1% other than 𝑛 → 𝑝 + 𝑒% + �̅�. 

How about neutron decay to dark sector?



Neutron → dark matter + photon 

28

Predicts γ-ray emission of 1% of neutron decay
0.782 MeV < Eγ < 1.664 MeV from Q values of neutron and  9Be 

The UCNtau experiment at Los Alamos 
National Laboratory, which uses the “bottle 
method” to measure the neutron lifetime.

https://www.quantamagazine.org/neutron-
lifetime-puzzle-deepens-but-no-dark-matter-
seen-20180213/

NOT Detected

Z. Tang et al, Phys. Rev. Lett. 121, 022505, https://doi.org/10.1103/PhysRevLett.121.022505

A SEARCH FOR THE NEUTRON DECAY NoX+J��WHERE X IS A DARK MATTER PARTICLE PHYS. REV. LETT. 

DarkMatterSeachV4.0.docx 

Search for the Neutron Decay noX+J��where X is a dark matter particle. 
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Abstract. In a recent paper submitted to Physical Review Letters, Fornal and Grinstein have suggested that the 
discrepancy between two different methods of neutron lifetime measurements, the beam and bottle methods can 
be explained by a previously unobserved dark matter decay mode, no&+J��where X is a dark matter particle. 
We have performed a search for this decay mode over the allowed range of energies of the monoenergetic 
gamma ray for X to be a dark matter particle.  We exclude the possibility of a sufficiently strong branch to 
explain the lifetime discrepancy with greater than 4 sigma confidence. 

Keywords: Ultracold neutrons, Dark Matter, LANL UCN facility, Neutron lifetime. 

PACS:   

 

There is nearly five standard-deviation disagreement[1,2] between measurements of the rate of neutron decay 
producing protons measured in cold neutron beam experiements[3-5] (888.0±2.0 s) and free neutron lifetime in 
bottle experiments   [6-8]  (878.1±0.5 s). The cold neutron beam method measures the number of protons 
emitted from neutron beta decay in a well-characterized neutron beam, and the bottle experiments 
measure the number of ultra-cold neutrons (UCN) that remain inside a trap after a certain storage time. A 
longer lifetime from the beam measurements could point to the existence of possible other decay modes of the 
neutron where a proton is not produced, which was first pointed out by A. Serebrov, and he suggested the 
discrepancy could be due to neutrons oscillating into mirror neutrons [9,10]. Recently, Fornal and Grinstein have 
suggested in Ref. [11] that the neutron lifetime discrepancy can be explained if the neutron decayed into a gamma 

https://www.quantamagazine.org/neutron-lifetime-puzzle-deepens-but-no-dark-matter-seen-20180213/
https://www.quantamagazine.org/neutron-lifetime-puzzle-deepens-but-no-dark-matter-seen-20180213/
https://www.quantamagazine.org/neutron-lifetime-puzzle-deepens-but-no-dark-matter-seen-20180213/
https://doi.org/10.1103/PhysRevLett.121.022505


Beta decay to hydrogen
in a new state

• Probability of hydrogen formation
𝑛 → 𝑝 + 𝑒# + #𝜈! → 𝐻 + #𝜈!

is calculated as 4x10-6.
• A theory indicate to 3000 times larger transition to another state of 

hydrogen.
– The hydrogen is insensitive for proton counting.
– 3000 times hydrogen formation expect 1.3%, which is consistent with the 

value from the experimental difference of 1.15+/-0.27%
• Second Flavor of Hydrogen Atom (SFHA) is deduced by second solution of 

Dirac equation.

𝑅$,#& 𝑟 ∝
1
𝑟'
, 𝑞 = 1 ± (1 − 𝛼()

– 1 + (1 − 𝛼$) is the normal one, 1 − (1 − 𝛼$) is the new one. 

• The SFHA is dark, which is only coupled with 21 cm line.

29
E. Oks, New Astronomy, 2024, 113 102275 https://doi.org/10.1016/j.newast.2024.102275

Couldn’t atomic physics find the state? 🤔

https://doi.org/10.1016/j.newast.2024.102275


Dark matter kicking out UCNs 
• Some dark matters are captured in the gravity of the Earth.
• They are thermalized (300 K or 25 meV), and can interact with UCNs.
• Even small momentum transfer (q = 9 eV/c for 50 neV), UCNs are 

kicked out from the container.

30

Is there any other experimental limits for this? 🤔
S. Rajendran and H. Ramani, Phys. Rev. D 103, 035014(2021),
https://doi.org/10.1103/PhysRevD.103.035014

surface
Dark matter (~300 K) UCNs (~1 mK)

UCN bottle

UCNs are kicked out to outside 
outside of the container

https://doi.org/10.1103/PhysRevD.103.035014


Space measurements

• It is classified “storage experiment” with thermal neutrons.
– Dark matter will not affect on this measurement.

• Plan for a new satellite
– MoMoTarO,  N. Tsuji et al., PoS(ICRC2023)296 31

PoS(ICRC2023)296

Moon Moisture Targeting Observatory (MoMoTarO) N. Tsuji

1. Introduction

Since the water on the Moon has been discovered [1], the human exploration of the Moon
is becoming the major trends of the space exploration, including the ARTEMIS Project [2]. We
are planning a new project, the Moon Moisture Targeting Observatory (MoMoTarO), a radiation
detector for neutrons and gamma rays to be mounted on a lunar orbiter or rover. The MoMoTarO
aims to explore and discover water resources on the lunar surface, to derive the neutron lifetime by
a new method, and to pioneer the lunar astronomy by the gamma-ray burst observation.

On the lunar surface, fast neutrons are produced by nuclear reactions with galactic cosmic rays,
as shown in Figure 1 left. As the generated neutrons go through the lunar soil, they are scattered
mainly by light elements and lose energy to become thermal or epi-thermal neutrons. Since this
process is sensitive to the presence of water (hydrogen), it has attracted attention as a non-contact
method to explore water resources on the lunar surface, and several projects are being planned. The
MoMoTarO project will take advantage of this trend of the lunar exploration.

The neutron lifetime is a key parameter for solving the problems in astrophysics and particle
physics. It is being measured around the world. However, there is a large difference in the neutron
lifetime of about 8.6 s(4f) between the present two methods [3], the beam method [4] and the
bottle method [5]. The cause of the difference is not yet understood. This is one of the big unsolved
problems in physics. Apart from these measurement methods, a new measurement method using
planetary exploration satellites has been devised. The Lunar Prospector has measured the number
of neutrons in an elliptical orbit around the Moon and derived the neutron lifetime of 900±17 s [6].
However, because this was not the main objective for the Lunar Prospector, the statistical accuracy
was limited by the size of the detector and the measurement time.

In the MoMoTarO project, thermal neutrons leaking from the lunar surface are measured via
satellites orbiting the Moon, and the neutron lifetime is determined from the flux at each altitude.
As shown in Figure 1 right, when the detector is operated in an elliptical orbit around the moon,
the flux is high at low altitudes because the thermal neutrons do not decay and arrive directly, but
at high altitudes, the flux becomes low because the neutrons decay. The lifetime is calculated from
the decay rate of the thermal neutrons. Fast neutrons are also emitted from the lunar surface, but
they are not suitable for the lifetime measurement because they are fast and reach sufficiently far.

Decay

Many neutron

Few neutron楕円周回軌道 Moon
(1,737 km)

(50 km)

(2,000 km)

Altitude

# of neutron

1/e
!!

Galactic cosmic-ray 

Nuclear 
reaction Water

Fast 
neutron Lunar surface

(Epi-)thermal neutron

~1 m

Figure 1: (Left) Thermal and epi-thermal neutrons leaking from the lunar surface. (Right) Neutron lifetime
measurement using a lunar elliptical orbit.
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Credit: Johns Hopkins Applied Physics 
Laboratory, USA

• Neutron lifetime obtained by a Lunar Exploration Satellite
• Measurement of distance dependence of the thermal neutron from the 

moon surface
𝜏' = 887 ± 14 12

&3 𝑠
Lunar Prospector, Jack T. Wilson, et al., PRC 104, 045501 (2021)

https://pos.sissa.it/444/296/


K. Hirota et al. 
Prog. Theor. Exp. Phys. 2020, 123C02 (2020)

Our first result

with electron counting method

𝜏! = 898 ± 10-./. %&0 -1-*&2 s

Neutron lifetime puzzle

• Measured neutron lifetime values with beam method and storage method show 
significant discrepancy (more than 4.6σ).

• New type of measurement is ongoing at J-PARC.
Ø Counting not proton but electron from the beta decay.
Ø Deferent observable and different systematics. 

887 ± 14%&'& () %*%+, s
Space-based method:(with proton counting method)

(PRC 104, 045501 (2021))9.5 s (4.6σ)
Neutron lifetime puzzle



Experiment at J-PARC
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Neutron Lifetime experiment 
using pulsed neutron at J-PARC

K. Mishima1, Y. Fuwa2, T. Hasegawa1, T. Hoshino4, 
R. Hosokawa4, G. Ichikawa3, S. Ieki5, T. Ino3, 
Y. Iwashita6, M. Kitaguchi1, S. Makise4,  
S. Matsuzaki4, T. Mogi7, K. Morikawa1, 
N. Nagakura7, H. Okabe1,  H. Otono4, 
Y. Seki5, D. Sekiba8, T. Shima9, H. E. Shimizu10, 
H. M. Shimizu1, N. Sumi3, H. Sumino6, M. Tanida4, 
T. Tomita4, H. Uehara4, T. Yamada6, S. Yamashita11, 
K. Yano4, T. Yoshioka4

Nagoya Univ.1, JAEA2, KEK3, Kyushu Univ.4, Tohoku 
Univ.5, Kyoto Univ.6, The Univ. of Tokyo7, Univ. of 
Tsukuba8, Osaka Univ.9, Sokendai10, Iwate Pref. 
Univ.11
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J-PARC / MLF / BL05

35

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)

日本物理学会 2017年 秋季大会 @ 宇都宮大学(峰キャンパス) 2017/09/13 富田 龍彦

BL05 NOP
• ビームパラメタ 
ー 25 Hz 
ー 1~20 meV 
ー 3×3 (cm2) 
ー 偏極度 > 95% 
ー 速度 : ~2000 m/s 

• 中性子はTPC直前のSFC(Spin Flip Chopper)でバンチ化される。  
TPC入り口での中性子流量 (4.0×105 個/sec) 

• TPCでの計数率は主なもので、  
ー ベータ崩壊 : 0.1 cps  
ー 3Heでの吸収反応 : 2.5 cps 
ー 宇宙線 : 60 cps 

17

Schematic view of experimental setup



Lifetime measurement at J-PARC/BL05
by electron detection

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
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Time Projection Chamber(TPC)

37

MWPC

Drift cage

30 cm

1 m

PEEK frame

Low background with PEEK frame 
and inner 6Li board. S/N ~ 1:1

Anode wire 29 of W-Au wires(+1720V)
Field wire 28 of Be-Cu (0V)
Cathode wire 120 of Be-Cu (0V)
Drift length 30 cm (-9000V)
Gas mixture He:CO2=85kPa:15kPa
TPC size(mm) 300,300,970

Drift direction

Beam catcher

Beam
Entrancen

MWPC

High efficiency and Low background TPC 
is used beta and 3He(n,p)3H detection.

Inside of TPC

Trigger efficiency for beta >97% 
for 3He(n,p)3H > 99.9%

Windows for 
calibration by 55Fe 



Experimental Setup

SFC in lead shield

Iron shield

Vacuum chamber

Neutron beam

8

Drift cage and MWPC
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Gas handing



𝜏3 =
1

𝜌𝜎45 𝑣6 𝑣6
𝑆45/𝜖45
𝑆7/𝜖7

How to obtain the neutron lifetime

39

Monte Carlo simulations
Counts in signal cut region

3He dopant (gas expansion)
+ 3He  in natHe

Literature value 
(5333±7 barn)



𝜏3 =
1

𝜌𝜎45 𝑣6 𝑣6
𝑆45/𝜖45
𝑆7/𝜖7

How to obtain the neutron lifetime

40

Monte Carlo simulations
Counts in signal cut region

3He dopant (gas expansion)
+ 3He  in natHe

Literature value 
(5333±7 barn)



log10(depE_max_ph_f_nothr)
0 0.5 1 1.5 2 2.5 3

210

310

410

510

WAntiPointCut depEmaxfphEX sum
MC onaxis beta
MC onaxis He
MC offaxis He
MC LiF
MC Shutter Gamma
MC offaxis beta

WAntiPointCut depEmaxfph

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

keV
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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

Fiducial / Sideband of TOF and Shutter Open / Close
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3

“Drift time”
arrival time difference of drifting electrons
background has long Drift time

linear scale log scale

Spectrum of beta decay and Beam-induced background

BKG
βdecay

beam 
axis drift 

direction

D
rift Tim

e

D
rif
t T
im
e

signal 
region

Drift time = 17us(17cm)

Neutrons scattered by TPC gas produce 𝛾 rays, 
which caused background (few % of 𝛽 events).
These can be identified track topology. 
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Spectrum of beta decay and Beam-induced background

XE value
Distance from beam Center
background has large XE value

XE =4 wires

linear scale log scale 

signal 
region

XE

γ

beam 
axis βdecay

BKG
n

DC

Neutrons scattered by TPC gas produce 𝛾 rays, 
which caused background (few % of 𝛽 events).
These can be identified track topology. 

Anode XE [wire] Anode XE [wire]



Determination of 3He density 
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𝜏3 =
1

𝜌𝜎45 𝑣6 𝑣6
𝑆45/𝜖45
𝑆7/𝜖7

How to obtain the neutron lifetime

46

Monte Carlo simulations
Counts in signal cut region

3He injection (gas expansion)
+ 3He  in natHe

Literature value 
(5333±7 barn)



3He number density 𝜌

• We inject 3He of 50-100 mPa precisely.
• Since we are using He as TPC working gas, content of the He 

(0.1 ppm) should be taken into account.
– Corresponds to ~10% of injected 3He
– It is measured by mass spectroscopy

• For cross check, we also measured used gas sample with 
mass spectroscopy.

47

𝜌 = 𝜌)*+,-. + 𝜌/01234
Total 3He Pressure measurement 

by volume expansion Mass spectroscopy

Mass spectroscopy



Gas expansion method
To inject 3He (50-100 mPa) with accuracy of O(0.1%), 
1. Volume ratio of a buffer volume (300 cm3) and a TPC vessel 

(660 liter) was measured precisely.
2. 3He was filled in a standard volume (1 kPa)
3. 3He gas released into the TPC vessel.

V1 V2

Transducer(P1)

V1 V2

Transducer(P2)

Pressure gauge Model Full scale Uncertainty

Piezoresistive transducer Mensor CPG2500 120 kPa 0.01% of Full Scale

Piezoresistive transducer Mensor CPT9000 5000 kPa 0.008% of Full scale

Baratron pressure gauge MKS 69011TRA 1333 Pa 0.05% for reading 

Pressure gauges for the gas handling system

Standard
volume
300 cc

Pressure 
gauge



Mass spectrometry of 3He/4He
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3He

4He

Ion source
Magnet

Faraday Cut

Daly detector

Secondary electron detector
（for ion counting ）

Sample

Mass spectrometer for Noble gas 
(modified-VG5400) 
The Univ. of Tokyo, Sumino Lab.

The amount of 3He in natHe was evaluated by He pressure 
and 3He/4He ratio measured by mass spectrometry. 

• However, the 𝜌 determined by the two 
measurements were 5% (~50 s) differ !



What did we refere?
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Present result
1.340 ± 0.006 ppm

Average of previous measurements
 1.382 ± 0.005 ppm

To obtain 3He/4He ratio, we are using a standard gas sample (HESJ). Then, 
the ratio of the HESJ is determined by 3He/4He ratio in the atmosphere.
We calibrated HESJ by making accurate control samples with our gas system.
Since HESJ to air is well measured, it is a new measurement for atmosphere. 

K. Mishima et al., Geochemistry, Geophysics, Geosystems 19 (2018) 2018GC007554 https://doi.org/10.1029/2018GC007554

3He/4He ratio in the atmosphere

https://doi.org/10.1029/2018GC007554


Gas expansion vs. Mass spectroscopy
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After the experimental operations, the TPC gases were sampled and 
measured by mass spectrometer. The measured values are compared 
with gas expansion method.

The two methods gave consistent results (0.4+/-0.1%).



14N(n,p)14 reaction
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14N(n, p)14C event in lifetime experiment
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3He(n,p)3H × 2
or
17O(n,α)14C

3He(n,p)3H
764keV 

14N(n,p)14C
626keV

Before 14N correction After 14N correction

1720 V for electron detection
1200 V for electron detection

Anode voltage 
reduced to 1200 V 
for ion detection.

Because the TPC is used in sealed condition, contamination of 14N was observed in 
bad vacuum. Low anode voltage measurements were done for identification of 14N 
to avoid distortion by space charge effect.

The correction was 
successfully done! 
We could determine 
amount of 14N.

→ We measure the 
cross section with 
controlled N2 gas!

Correction -8.6(6) sec



14N(n,p)14C in astrophysics

14N is one of the major productions in 
the CNO cycle. Neutron capture 
reaction of 14N is working as neutron 
poison in s-process of AGB stars.

C+O core
Convective
EnvelopeHe

H-burning
(CNO cycle)

He-burning
(s-process)

14N production

14N(n,p)14C

Mixing

Structure of Asymptotic Giant Branch star

Recommended thermal cross section
𝜎14N(n,g)15N = 0.075(8) barn
𝜎14N(n,p)14C = 1.86(3)   barn

Mughabghab, S.F. (2006)

A. WALLNER et al. PHYSICAL REVIEW C 93, 045803 (2016)

FIG. 1. Energy production and related s-process sites in thermally
pulsing low-mass AGB stars are associated with recurrent H and
He burning episodes. Short highly convective thermal instabilities
during He shell flashes are separated by long radiative phases of H
burning.

During the subsequent long phases of H burning the
larger part of the neutron exposure is produced via 13C(α,n)
reactions in the so-called “13C pocket” when a certain amount
of H may mix from the envelope into the He intershell at the
deepest extent of each dredge-up episode. The 13C pocket
consists of a thin layer as shown in Fig. 1 that forms after an
He shell flash, when a certain amount of H is mixed from the
envelope into the He intershell. These protons are captured
by the 12C admixture in the intershell leading to the reaction
sequence 12C(p,γ ) 13N(β+)13C. The exact way the 13C pocket
is formed is complicated and still affected by persistent
uncertainties as summarized in [1]. For practical reasons,
a parametrized form was initiated by Gallino et al. [3] that
was essentially guided by the observed s abundances. Only
recently, there have been attempts to describe the formation
of the 13C pocket on the basis of realistic stellar physics [4–6].

B. New study of 13C(n,γ ) and 14N(n, p) via activation
and atom counting of the product 14C

An important aspect of the 13C pocket comes from the
simultaneous formation of 14N via 13C(p,γ ) 14N reactions.
Note that both 13C and 14N are of primary origin, i.e.,
produced by the star itself independent of the initial metallicity.
14N represents a significant neutron poison because of its
large (n,p) cross section. So far, this reaction as well as
the 13C(n,γ ) reaction are poorly known. Therefore, activation
studies were performed using well-defined neutron fields and
subsequent accelerator mass spectrometry (AMS) for sensitive
cross section measurements for the 13C(n,γ ) channel, targeting
discrepancies at kT = 25 keV between the two existing
experiments [7,8] and theoretical work [9]. We also provide
first experimental results at higher energies as well as improve
the information on the 14N(n,p) reaction.

In the astrophysically relevant keV neutron energy range,
the (n,γ ) cross sections of the light elements are usually of the

order of some 10–100 µbarn, about 100–1000 times smaller
than in the s-process domain between Fe and the Pb/Bi region.
Nevertheless, they may constitute significant neutron poisons
because a small capture cross section can be compensated by
a very high abundance as in case of the 13C and 14N content of
the pocket. While 12C(n,γ )13C reactions are also competing
for neutrons, the produced 13C will then act as a target for
the 13C(α,n) 16O reaction so that the neutrons consumed by
capture on 12C are recycled, and thus recovered for the s-
process budget [10]. On the contrary, the 13C(n,γ ) reaction
hampers the production of neutrons not only in the manner
of a usual poison, because the captured neutrons are lost for
the s process, but also because primary 13C target nuclei are
transformed into long-lived 14C.

The second reaction studied, 14N(n,p)14C, has a consider-
ably higher cross section of ∼2 mb at keV energies because
of the larger phase space in the exit channel. 14N has an
additional poisoning effect weakening the neutron source: The
protons produced in the 14N(n,p) reactions remove 13C via
(p,γ ) reactions as in the CNO cycle. As a consequence, the
constituents 14N, 13C, neutrons, and protons, form a reaction
cycle with the end product being again 14N. As such, this
reaction represents the most important neutron poison in
s-process nucleosynthesis.

An overview of the main reactions concerning neutron
production and neutron poisons in the 13C pocket is given
in Fig. 2.

We investigated both reactions in the energy range around
kT = 25 keV (simulating a Maxwell-Boltzmann distribution)
and at two higher energies around En = 125 and 180 keV.
These studies were complemented by measurements at thermal
neutron energies for constraining the s-wave direct capture
(DC) component of the cross section, which decreases with
1/vn and is still important at keV energies in both cases.
In the experiment, the irradiations with thermal and keV
neutrons were performed at the TRIGA research reactor of the
Atominstitut (ATI) in Vienna and at the 3.7 MV Van de Graaff
(VdG) accelerator of the Karlsruhe Institute of Technology,
respectively. After neutron activation the irradiated samples
were subsequently analyzed at the AMS facility VERA. In this
approach the produced 14C atoms in the sample are directly
counted rather than measuring the associated γ radiation or
the protons emitted during the irradiation.

The present status of both reactions is summarized in
Sec. II. Section III describes the sample material used. The

FIG. 2. The s-process network in the 13C pocket for the main
reactions among the CNO isotopes (the investigated cases are
indicated by full arrows).

045803-2

Wallner, A., et al. Physical Review C 93.4 (2016) 045803.



Introduction

A. Wallner, M. Bichler, K. Buczak, I. Dillmann, F. 
Käppeler, A. Karakas, C. Lederer, M. Lugaro, K. Mair, 
A. Mengoni, G. Schätzel, P. Steier, and H. P. 
Trautvetter. Phys. Rev. C 93, 045803(2016)

ENDF/B-VII.1: 1.83 barn
JEFF-3.2:        1.83 barn
JENDL-4.0:      1.93 barn

The thermal cross sections 
from some Data bases are 
about 5% difference.

Thermal cross section of 14N(n,p)14C

The cross section of 14N(n,p)14C at keV neutrons is required for 
estimation of the amount of produced isotopes in s-process. The 
cross section was evaluated by two approaches and the results is 
corresponded within a few percent direct measurement using keV
neutrons extrapolated value from the thermal cross section 
assuming by 1/v law.



Present value
𝜎=1.864 ± 0.008 [b]
0.4% accuracy

Measurement of cross section of  14N(n,p)14C with 3He(n,p)3H

3He partial 
pressure

N2 Partial
pressure

Static Expansion 
3He/14N

Direct by 
Baratron
3He/14N

Cross section [barn]

21 Pa 20 kPa 5.226(13)×10-4 5.202(12)×10-4 1.864(8)

TPC gas with N2 : 4He : 3He = 20kPa : 80kPa : 21Pa

R. Kitahara et al., PTEP2019 093C01, https://doi.org/10.1093/ptep/ptz096

For confirmation & cross check of number density of 3He dopant, we have 
to measure cross section of 14N(n,p)14C comparing with 3He(n,p)3H.

https://doi.org/10.1093/ptep/ptz096


New determination of 𝜌!"# $%&
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l 𝜌 345 6/- was determined by mass spectroscopy.
l After precise measurement of 14N(n, p)14C, we have established a 

method to determine 3He amount by relative measurement with 
controlled N2 gas with better precision.

3He14N
Mass spectroscopy

N2 method

4He bombe #12 4He bombe #13

Gas fill number 



The first result of J-PARC experiment
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Our first result was
𝜏! = 898 ± 10-./. %&0 -1-*&2 s

consistent with Beam and Storage methods

Our result:
𝟖𝟗𝟖 ± 𝟏𝟎(𝐬𝐭𝐚𝐭. ) ⁄+𝟏𝟓 −𝟏𝟖 (𝐬𝐲𝐬. ) 𝐬

K. Hirota et al., Prog. Theor. Exp. Phys. (2020) 123C02, https://doi.org/10.1093/ptep/ptaa169

https://doi.org/10.1093/ptep/ptaa169


Updates
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Excess  of background

Gas Fill Number
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BG
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) %

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.
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Low gas pressure operation
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l First result (2014-2016): TPC gas pressure 100 kPa
( 4He ∶ CO$ ∶ 2He = 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

( 4He ∶ CO$ ∶ 2He = 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



Upgrade of the neutron transport (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.



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
~2.7 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
~2.2 s

The combined

Statistic is 1.7 s

After SFC
Upgrade

Physics measurements taken on 49 gas sets in 2014 - 2023

After SFC
Upgrade

(A)

(B)

(C)

(D)



Background and its simulation

Maximum energy deposit on a wire Log(dE/dx max.)

Experiment
LiFγ Ordinary
Upstream γ
Scattered β

Background with MC (Old gamma sets )
Experiment
LiFγ Global Fit
Upstream γ
Scattered β

Background with MC (New gamma sets)

Maximum energy deposit on a wire Log(dE/dx max.)

• In previous analyses, a single gamma ray was used to find the 
energy condition that best reproduced the background.

• A single gamma ray could not reproduce it. Therefore, we 
attempted to reproduce it using multiple gamma rays.

• Gamma rays of 200 keV (92%) and 5000 keV (8%) can reproduces 
background. (Chi2/ndf=209/202).

Deposit Energy on background region



Spectra of experiments and MCs
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Present uncertainty 
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Source of uncertainty Values in 2020* [s] Present [s]

Statistic ± 10 ± 1.7 

Neutron bunch-induced 
backgrounds +2/−14 +1.1/−2.0

Pileup +11/−4 +1.5/−0.6

Efficiency of neutron 
decay +6/−7 −0.9

Number density of 3He ± 4 ± 1.3

3He(n,p)3H cross section ± 1.2 ± 1.2

*K. Hirota et al., Prog. Theor. Exp. Phys. 2020, 123C02 



An improved 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. %7.)

*8.( (𝑠𝑦𝑠. ) = 877.2%8.(*8.8 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




FUTURE UPDATES
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Improved neutron lifetime experiment at J-PARC
• LiNA experiment (Nuclear Inst. and Methods in Physics Research, A 1045 (2023) 167586)

• We are planning a new experiment for neutron lifetime measurement
• Significantly reduces systematic uncertainty on gas induced background by applying 

magnetic field with a superconducting solenoidal magnet 

3.3 Performance estimation 45
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Fig. 3.4 Background in signal region as a function of magnetic field strength. The

remaining background in the signal region normalized to 100% by no magnetic field

condition. The magnetic field at 600 mT suppresses the neutron-induced background

to ∼2%.

Relative amount of background 
events in signal region
(100% → No magnetic field) 

2%
@600 mT

Ø By applying magnetic field:
• β decay         → Focused on beam axis
• Background → Reduced intrusion into 

signal region
Ø Amount of gas induced background will be 

reduced to 2% by applying 600 mT in 
comparison with no magnetic field 
environment
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Accurate neutron lifetime measurement with magnetic field
- LiNA experiment

12

・ Methods using magnetic fields
Restricted signal area by applying a magnetic field and using a multilayer TPC.

→ Significantly reduced background events. 
(Can be reduced to 2% compared to no magnetic field.)

Background events of ongoing experiment

Monthly-Q

・Major sources of systematic error
Correction for background events due to neutrons scattered by the detector's operating gas.

Signal Background
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Neutron beam

TPC cross section
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Ø No magnetic field

Ø With magnetic field
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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

Current status of neutron lifetime measurement 
using solenoidal magnetic field

Masaki Tanida (Kyushu University) on behalf of the neutron lifetime collaboration 

Introduction Commissioning using neutron beam 

Summary and prospects

Ø By applying a magnetic field, beta candidates trapped in 
the signal region.
ü Signal and neutron-induced background event become 

separable with high accuracy.
Ø Ionised electrons generated on the charged particle track 

is observed to drift obliquely due to the Lorenz angle and 
the event centroid location is biased.

余
白

余
白

余白

Ø Difference in the lifetime values may be due to unknown 
physics or unknown systematic errors.

Ø First result of a new experiment have been published.
 - This result have large systematic error.

- The amount of neutron-induced background event is 
not fully simulated.

Applying a magnetic field

2％

Magnet & TPC

Liquid He 
(cryogen)

J-PARC/MLF/BL05

Ø Applying a magnetic field reduces contamination of 
neutron-induced background events in the signal region.

 - Applying a magnetic field to the TPC reduces it to 2% (600mT).
- Experiments with radiation sources have proven the principle.

3He reaction
! + !He → & + "'

Beta decay
! → ( + )# + +̅$

e
n

γ

Background TPC cross-sectional view

B０

Middle

LowerDr
ift

 d
ire

ct
io

n

β

UpperSignal

B０

!H(Signal region

TPC cross-sectional view with 
simulated tracks in magnetic field. 60

0 
m

T
0 

m
T

neutron β-ray
Neutron-induced

background
Ø Commissioning was performed at J-PARC/MLF/BL05 in first half 

of 2024.
Ø The TOF of the neutron bunches incident on the TPC is observed 

by the 3He reaction.
Ø The Beta candidate signal remained in the signal region as 

expected.
 →Better discrimination is possible between background and 

signal events compared to no magnetic field.
Prospects
Ø Improve the detector for physics data acquisition based on an 

understanding of the data obtained during commissioning.

First result of a new experiment at J-PARC
 K. Hirota et al. Prog. Theor. Exp. Phys., 12 123C02 (2020)

!! = 898 ± 10(stat. )"#$%#&(sys. ) [s]
Difference

9.5 sec. (4.6σ) 
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Ø TOF for 6 bunches is observed via 3He reaction.
 - Identification is based on the location and energy of the event.
 - Unchanged distribution are obtained without and with 

magnetic field.

Ø We were performed commissioning 
in J-PARC/MLF/BL05 in 2024.

Experimental apparatus @J-PARC/MLF/BL05 

100cm

B field

TPC

Superconducting
magnet

Neutron
bunch

Flipper

Magnetic mirror

SFC

Ø Spin Flip Chopper (SFC)    [Prog. Theor. Exp. Phys. 2024 093G01]
 -Dividing neutron beam into bunches using flippers and 

magnetic mirrors.
Ø Time Projection Chamber (TPC)

- Operation gas : 4He : CO2 : 3He (85 kPa : 15 kPa : 50mPa)
Ø Superconducting Magnet
 - B field of 600 mT is applied
 parallel to the beam axis.

Ø Neutron decay into proton, electron and antielectron 
neutrino (! → # + %! + '̅").

Ø Neutron lifetime is an important parameter for :
- 4He abundance in the Big Bang Nucleosynthesis. 
- (#$ term of CKM matrix.

The first data was obtained on this apparatus in 
Feb. 2024. 

2 days of physics run, corresponds to ~90 s.
The next run will come in next March.

To achieve 1 s,  we are 
preparing for background 
suppression by using multi-
layered TPC in a solenoid 
magnetic field. 

Slide by Masaki Tanida



Measurement of 3He(n,p)3H cross section 
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𝜏3 =
1

𝜌𝜎45 𝑣6 𝑣6
𝑆45/𝜖45
𝑆7/𝜖7

How to obtain the neutron lifetime
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Monte Carlo simulations
Counts in signal cut region

3He dopant (gas expansion)
+ 3He  in natHe

Literature value 
(5333±7 barn)



3He(n,p)3H cross section
• The cross section 3He(n,p)3H is 5333 ± 7 barn, which is most 

precise value in any reaction cross sections.
• However, the value is determined by only two measurement 

in 1964 and 1977.
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Energy range 
[eV]

Cross section 
(2200m/s) [barn]

Als-Nielsen (1964) 0.0003 ～ 11 5327(/+01

Alfimenkov (1977) 0.025 ～ 250 5337 ± 8

Keith (2004) 0.1 ～ 400 5341 ± 5*

Mughabghab Compilation 5333 ± 7

Polychromatic 
Neutrons

Source

Monochromator

Detector

Al box
3He

J. Als-Nielsen and O. Dietrich, Phys. Rev. 133, B925 (1964) https://doi.org/10.1103/PhysRev.133.B925

*Extrapolation from 0.1 eV

It was measured by monochromatic neutrons. We 
are going to measure it with pulsed neutron source 
at J-PARC after calibrating the neutron wavelength.

Crystals for calibration
BL05 BL10

https://doi.org/10.1103/PhysRev.133.B925


Cross section of 3He(n,p)3H
3He(n,p)3H reaction is used to normalize the neutron intensity. The cross section is 
5333 ± 7 barn, which corresponds to 1.2 s of uncertainty.
A new experiment is on-going.

Measurements with different gas pressures and counting 
rates were taken to investigate systematic errors.
Ø Statistical error : 3.7 barn in 6 hours.
Ø Systematic discrepancy : 30 barn, maybe background? Slide by Haruki Shimizu



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 paper is submitted on arXiv:

Y. Fuwa et al., arXiv:2412.19519v1
𝝉𝒏 = 877.2 ± 1.7 𝑠𝑡𝑎𝑡. −3.7

+4.0 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.
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https://arxiv.org/abs/2412.19519v1

