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中性子とは
• 陽子と共に原子核を構成する核子のひとつで、そのうち電荷のないもの。
• 1932年にチャドウィックが発見。
• 単体では不安定で、ほぼ原子核に束縛された状態で存在している。
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• Mass:        938.2720881(29) MeV/c       939.56542052(54) MeV/c
• Lifetime:    not detected (>0.9 × 1030) s 878.4(5) s
• Electric charge:   e+ 0 (< 1 × 10−21) e
• Spin ℏ/2 ℏ/2

陽子
Proton

中性子
Neutron



中性子と4つの相互作用
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名古屋大清水氏提供

• 強い力、弱い力、電磁気、重力の4つの相互作用が
ちょうどいい感じな粒子である。



中性子と量子性
• 原子炉や加速器から取り出した中性子は散
乱して「熱化」する。

– 室温(300 K)ならば25 meVのボルツマン分布に。

• その時の中性子の波長は1.8Åと、原子間距
離と同程度となる。

– 粒子というより波としての性質が顕著に現れる。

• この性質から古くから量子力学の研究に用
いられてきた。

– また、物質の性質を調べるのによく用いられて
いる。

– 陽子は電荷があるのであまり都合が良くない。
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• さらに冷却することで超冷中性子(UCN)にすると、
箱の中に閉じ込めることが可能になる。

平均ポテンシャルを感じる

個々の原子核との相互作用
というより



今日の内容

• 普段はJ-PARCで実験をしています。

• 中性子を使った物理とその実験背景をの紹介します。

➢ おおよそ学生さん向け

1. 中性子と元素合成

2. 量子と重力を使った実験

3. 時間反転対称性探索

4. 中性子反中性子振動
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• J-PARC@茨城県東海村



中性子と元素合成
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宇宙の歴史
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https://www.exploratorium.edu/explore/origins/big-bang

• 宇宙は高密度の熱い火の玉
から始まった(ビッグバン)

Alpher, Bethe, and Gamow, Phys. Rev. 73 (1948) 803
"The Origin of Chemical Elements" 

https://doi.org/10.1103/PhysRev.73.803

• その後、宇宙は拡張しながら
冷却されていく。

• 1マイクロ秒後、宇宙の温度が
1 GeVを切るあたりで陽子と中
性子が生成される。

• 中性子はβ崩壊するので、
ちょっとずつ陽子になっていく。
– この値は中性子の寿命で決まる。

https://doi.org/10.1103/PhysRev.73.803


ビッグバン元素合成(BBN)

8天文学辞典 > ビッグバン元素合成
https://astro-dic.jp/big-bang-nucleosynthesis/

N = 5

N=8

R.L. Workman et al. (Particle Data Group), 
Prog. Theor. Exp. Phys. 2022, 083C01 (2022)

陽子が7個、中性子が1個の割合なので、
核子16個のうち、水素が12、ヘリウムが1

質量比でいうとYp=He/(He+H)が25%
初期宇宙ヘリウムの観測量と予想が一致
これがビッグバンの根拠となった。

ビッグバンの3-20分後、リチウムまでの
原子核が合成される。



Recent observation by SUBARU telescope
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Akinori Matsumoto et al 2022 ApJ 941 167, https://doi.org/10.3847/1538-4357/ac9ea1

Resent observation from SUBARU telescope gives very small Yp value.

Correction of Metallicity Yp value

The degeneracy parameter of the 
electron neutrino (𝜈𝑒 − ഥ𝜈𝑒 asymmetry) is 
non-zero by more than 2𝜎. 

https://doi.org/10.3847/1538-4357/ac9ea1
https://doi.org/10.3847/1538-4357/ac9ea1
https://doi.org/10.3847/1538-4357/ac9ea1


Neutron lifetime Puzzle

10



Beam method: Count the decay

9.5 s (4.6σ)

Neutron lifetime puzzle
Storage method : Count the missing

Neutron Lifetime Puzzle

➢ 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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1

𝜏𝑛
=

𝐺𝐹
2𝑚𝑒

5

2𝜋3
𝑉𝑢𝑑

2 1 + 3𝜆2 𝑓(1 + 𝑅𝐶)

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 = 𝑔𝐴/𝑔𝑉
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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

e-

𝜃

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

14

PERKEO-III
aSPECT

n

e-

𝜃 ഥ𝜈𝑒

M. Beck et al. (2020) https://doi.org/10.1103/PhysRevC.101.055506

Measurement of the β- 𝜈𝑒 correlation a

https://doi.org/10.1103/PhysRevC.101.055506


CKM unitarity

1 − 𝑉u𝑠
2 = 0.9745(2)

𝑉ud 0+ → 0+ =
0.97373(11)exp.(9)RC(27)NS

𝑉ud neutron =
5024.7s

𝜏𝑛(1 + 3𝜆2)(1 + Δ𝑅
𝑉)

= 0.9737 3 𝜏𝑛
8 𝜆 1 𝑅𝐶

𝜏𝑛 = 879.4 6 𝑠
𝜆 = 1.2756 13

𝑉ud
2 + 𝑉u𝑠

2 + 𝑉u𝑏
2 = 0.9985 6 𝑉ud

4 𝑉u𝑠

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).



Lattice QDC calculation for 𝜆
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C. C. Chang et al., Nature 558, 91–94 (2018). https://doi.org/10.1038/s41586-018-0161-8

Resent lattice calculation achieve to calculate gA in 1% level.
gA =−1.271±0.0013

https://doi.org/10.1038/s41586-018-0161-8
https://doi.org/10.1038/s41586-018-0161-8
https://doi.org/10.1038/s41586-018-0161-8
https://doi.org/10.1038/s41586-018-0161-8
https://doi.org/10.1038/s41586-018-0161-8
https://doi.org/10.1038/s41586-018-0161-8
https://doi.org/10.1038/s41586-018-0161-8


Measurements of Neutron lifetime
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Methods to measure neutron lifetime

➢Beam method

Bunch of neutron beam

protons or 
electrons

➢ Storage method

Bottled ultra-cold neutrons

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

➢ Confines ultra-cold neutrons 
into strage and then counts 
survived neutrons as a 
function of confinement time
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History of the neutron lifetimeNeutron lifetime measurement
H istor y plots 1
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Figure 1: A historical perspect ive of values of a few part icle propert ies tabulated in this Review as a funct ion of date of publicat ion of the

Review. A full error bar indicates the quoted error; a thick-lined port ion indicates the same but without the “ scale factor.”

Citation: M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98 , 030001 (2018) and 2019 update

WEIGHTED AVERAGE
879.4±0.6 (Error scaled by 1.6)

SEREBROV 05 CNTR 1.2
PICHLMAIER 10 CNTR 0.6
STEYERL 12 CNTR 2.4
ARZUMANOV 15 CNTR 0.5
SEREBROV 18 CNTR 5.4
PATTIE 18 CNTR 4.2
EZHOV 18 CNTR 0.3

c
2

      14.6
(Confidence Level = 0.023)

870 875 880 885 890 895

neutron mean life (s)

n MAGNETIC MOMENTn MAGNETIC MOMENTn MAGNETIC MOMENTn MAGNETIC MOMENT

See the “Note on Baryon Magnet ic Moments” in the Λ List ings.

VALUE (µN ) DOCUMENT ID TECN COMMENT

− 1.91304273± 0.00000045− 1.91304273± 0.00000045− 1.91304273± 0.00000045− 1.91304273± 0.00000045 MOHR 16 RVUE 2014 CODATA value

• • • We do not use the following data for averages, fits, limits, etc. • • •

− 1.91304272± 0.00000045 MOHR 12 RVUE 2010 CODATA value

− 1.91304273± 0.00000045 MOHR 08 RVUE 2006 CODATA value

− 1.91304273± 0.00000045 MOHR 05 RVUE 2002 CODATA value

− 1.91304272± 0.00000045 MOHR 99 RVUE 1998 CODATA value

− 1.91304275± 0.00000045 COHEN 87 RVUE 1986 CODATA value

− 1.91304277± 0.00000048 1 GREENE 82 MRS

1 GREENE 82 measures the moment to be (1.04187564 ± 0.00000026) × 10− 3 Bohr
magnetons. The value above is obtained by mult iplying this by mp/ me = 1836.152701±

0.000037 (the 1986 CODATA value from COHEN 87).

n ELECTRIC DIPOLE MOMENTn ELECTRIC DIPOLE MOMENTn ELECTRIC DIPOLE MOMENTn ELECTRIC DIPOLE MOMENT

A nonzero value is forbidden by both T invariance and P invariance. A

number of early results have been omit ted. See RAMSEY 90, GOLUB 94,

and LAMOREAUX 09 for reviews.

The results are upper limits on dn .

VALUE (10− 25 ecm) CL% DOCUMENT ID TECN COMMENT

< 0.30< 0.30< 0.30< 0.30 90 PENDLEBURY 15 MRS d = (− 0.21 ± 1.82) × 10− 26

HTTP:/ / PDG.LBL.GOV Page 4 Created: 8/ 2/ 2019 16:43

PDG (2019)

超冷却中性子を使った結果のみを使用している。
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UCNτ experiment
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2

FIG. 1: A cross-sect ional view of the UCN⌧magneto-gravitat ional t rap. A illust rates 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-sect ion of rows of magnets with ident ical magnet izat ion highlighted by the colored strips. Arrows indicate the

magnet izat ion direct ion for each row of magnets. C shows the in-situ detector, referred as the dagger detector,
which can be to moved vert ically in and out of the t rap volume. The beige-colored region is the act ive area of the

neut ron detector, coated with 10B, and the gray is the detector housing and support st ructure. (color online)

physics model of the surface interact ion used in material
bot t les (with the Fermi-potent ial, the di↵usivity and the
loss per bounce as tunable parameters [12]) is now re-
placed by a field interact ion model [9]. Since the field is
known (or can bemeasured to a high degree of precision),
there is lit t le uncertainty in the micro-physics of neut ron
scat tering. On the other hand, the reduced number in
thedegreesof freedom makes it challenging to construct a
Monte-Carlo simulat ion that reproduces the experimen-
tally measured data. Nevertheless, the simulat ions elu-
cidate a nonuniform geometrical acceptance of the over-
threshold neut rons by the in-situ detector. Overthresh-
old neut rons are neut rons with kinet ic energies larger
than the trapping potent ial, but could reside in certain
quasi-stable orbits and remain in the t rap during the fi-
nite measurement t ime. 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 const rain the systemat ic e↵ects of
spect ral cleaning and heat ing—requires some refinement.
The size of these systemat ic e↵ects, on the other hand,
is reasonably well constrained by the Monte-Carlo simu-
lat ions. All of the simulat ions indicate that the cleaning
procedures in place put st ringent bounds on possible sys-
temat ic errors due to untrapped neutrons and heat ing.
Reproducing the arrival t ime data for detected neut rons
in detail is more challenging. This requires fine-tuning
a relat ively 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 simulat ions presented here
are required to produce convincing agreement between
simulat ions and measurement , especially when t reat ing
the subt le e↵ects connected to phase space evolut ion.

The paper contains two parts. The first part discusses
the physics models and the opt imizat ion of input param-
eters by comparing to experimentally acquired data on
the neut ron arrival t ime. Details of the t rapping poten-
t ial, the numerical integrat ion, and theneut ron detect ion
are presented in Sec. I I; the data analysis in Sec. I I I; the
opt imizat ion of model parameters in Sec. I I I C. The sec-
ond part discusses the neut ron dynamics. The chaot ic
mot ions and their implicat ions for spectral cleaning are
discussed in Sec. IV A. The e↵ects of neutron heat ing
due to microphonic vibrat ion and the est imates of the
systemat ic shift in the neutron lifet ime are presented in
Sec IV B.

I I . SI M U L AT I ON

Each simulat ion t racks about 105 to 106 neut rons in
the trap, by numerically integrat ing the equat ions of mo-
t ion. The field potent ial, 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 integrat ion are presented in Appendix VI,
along with data test ing the numerical integrat ions, in-
cluding the degree of energy conservat ion, the step size
select ion, the expansion t runcat ion, and the numerical

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

➢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)

➢ Storing UCNs in magnetic 
bottle, and detecting with 
scintillation detector.

𝜏𝑛 = 877.7 ± 0.28𝑠𝑡𝑎𝑡−1.06
+0.22

𝑠𝑦𝑠𝑡
𝑠



Beam method
NIST experiment by proton counting 
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1. Monochromatic beam is transported to the magnetic trap. 
Neutron flux is monitored by a well calibrated 6Li/SSD detector.

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



Neutron lifetime puzzle 
with new physics

23



Theoretical considerations for the gap 
between Beam and Storage methods

24

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− + ҧ𝜈. 

How about neutron decay to dark sector?



Neutron → dark matter + photon 

25

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

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://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://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://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://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://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/
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https://doi.org/10.1103/PhysRevLett.121.022505


Beta decay to hydrogen
in a new state

• Probability of hydrogen formation
𝑛 → 𝑝 + 𝑒− + ഥ𝜈𝑒 → 𝐻 + ഥ𝜈𝑒

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.

𝑅0,−1 𝑟 ∝
1

𝑟𝑞
, 𝑞 = 1 ± (1 − 𝛼2)

– 1 + (1 − 𝛼2) is the normal one, 1 − (1 − 𝛼2) is the new one. 

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

26
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.

27

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


Exited state in a neutron

• Neutrons are in an excited state when generated and transition to 
the ground state on a timescale of of seconds. 

• The neutrons in the exited state have longer lifetime of 888 s than 
the ground state of 880 s.

28

Does such an exotic state couldn’t yet found in other experiments? 

B. Koch and F. Hummel, Phys. Rev. D 110, , 073004 (2024),
https://doi.org/10.1103/PhysRevD.110.073004

https://doi.org/10.1103/PhysRevD.110.073004


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 29

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

𝜏𝑛 = 887 ± 14 −3
+7 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

𝜏𝑛 = 898 ± 10stat −18 sys
+15 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.
➢ Counting not proton but electron from the beta decay.
➢ Deferent observable and different systematics. 

887 ± 14stat −3 sys
+7 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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Lifetime measurement at J-PARC/BL05
by electron detection

➢ 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

𝜏𝑛 =
1

𝜌𝜎0𝑣0

(𝑆He/𝜀He)

(𝑆𝛽/𝜀𝛽)

➢ Detector: Time Projection Chamber (TPC)
• Gas： 4He, CO2 , 3He

(~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 : 3He dencity

𝜎0 : 3He neutron absorption cross section
𝑣0 : Velocity of neutron

𝑆He : Number of 3He neutron absorption event
𝑆𝛽 : Number of neutron β decay

𝜀He, 𝜀𝛽 : 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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A new result from J-PARC 

34

p

Beam method 
(proton trap)

Count the dead

Bottle method
Count the living

arXiv:2412.19519v1

The improved results using data from 2014 to 2023 are as follows:
𝜏𝑛 = 877.2 ±1.7 𝑠𝑡𝑎𝑡. −3.6

+4.0 (𝑠𝑦𝑠. ) = 877.2−4.0
+4.4 s

[Y. Fuwa et al., arXiv:2412.19519v1]

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

注: 数値はまだ変わるかも

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


Background suppression with solenoidal magnetic field
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Superconducting magnet 
and TPC

Liquid Helium
(cryogen)

J-PARC/MLF/BL05

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

The first data was obtained on this apparatus in 
Feb. 2024.  3 hours of physics run, corresponds to 
~80 s.

The next run will come in next Dec.

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

Anode pulse height maximum [ch]
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Gamma ray suppression with magnetic field



中性子の量子性を利用した実験
(中性子干渉)
あと重力とか
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中性子干渉計による
スピノル回転の証明

Rauch, H., Zeilinger, A., Badurek, G., Wilfing, A., Bauspiess, 
W., & Bonse, U. (1975)
“Verification of coherent spinor rotation of fermions”
Physics Letters A, 54(6), 425-427
https://doi.org/10.1016/0375-9601(75)90798-7.

• 中性子は量子力学黎明期から歴史
的に重要な測定に使用されてきた。

• 特に1974年に開発された中性子干
渉によるものが大きい。

– Bragg散乱により1つの中性子が2経

路に分波した後、再度合流する。そ
の際の急いうさを検出する。

– シリコン結晶から切り出して作る。

• 磁場を印加し中性子を回転させたと
き、中性子は2πで逆位相になり、4π

でもとに戻る、というフェルミオンの
性質を実験的に証明した。

H. Rauch, W. Treimer, U. Bonse, Phys. Lett. 47A, 369(1974)

https://doi.org/10.1016/0375-9601(75)90798-7
https://doi.org/10.1016/0375-9601(75)90798-7
https://doi.org/10.1016/0375-9601(75)90798-7
https://doi.org/10.1016/0375-9601(75)90798-7
https://doi.org/10.1016/0375-9601(75)90798-7


波動関数への重力の影響 (COW実験)

38

A. W. Overhauser and R. Colella
“Experimental Test of Gravitationally Induced Quantum Interference”
Phys. Rev. Lett. 33, 1237 (1974)
https://doi.org/10.1103/PhysRevLett.33.1237

R. Colella and A. W. Overhauser S. A. Werner,  “Observation of Gravitationally Induced Quantum Interference”
Phys. Rev. Lett. 33, 1237 (1974) https://doi.org/10.1103/PhysRevLett.33.1237

• 2つに別れた波動関数は重力とどの用
に相互作用するのか？

• 中性子干渉計を回転させることで重力
ポテンシャルの影響を測定した。
– 3人の著者の名前の頭文字からCOW実験と
呼ばれている。

– 波動関数が上と下に分かれる時は位相差
がつく。

• 結果、普通にgに対する位相差がつい
た。
– ちょっとズレたが、Si結晶の厚みとたわみで
説明できそう、というのが後世の理解。

https://doi.org/10.1103/PhysRevLett.33.1237
https://doi.org/10.1103/PhysRevLett.33.1237


不確定性原理
ハイゼンベルグと小澤の不等式
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J. Erhart et al., Nature Phys 8, 185–189 (2012). https://doi.org/10.1038/nphys2194

https://doi.org/10.1103/PhysRevA.67.042105

• 量子力学では、例えば位置 (q)と運動量 (p)は同時に測定できな
い(不確定性原理)。

• ハイゼンベルグによって提唱された不等式

𝜖𝑞𝜂𝑝 ≥
ℏ

2
𝜖𝑞: 測定誤差 𝜂𝑝: 観測による擾乱

• しかし、きちんと計算すると別の形になるはず(小澤の不等式)。
– ハイゼンベルグ表記は量子ゆらぎと擾乱を混同しているので正しくない。

𝜖𝑞𝜂𝑝 + 𝜎𝑞𝜂𝑝 + 𝜎𝑝𝜖𝑞 ≥
ℏ

2
M. Ozawa, Phys. Rev. A 67, 042105 (2003) https://doi.org/10.1103/PhysRevA.67.042105

• 中性子スピンを向きを精密に制御、測定しその誤差、擾乱を観測。
• 結果、ハイゼンベルグ限界を破った。

https://doi.org/10.1038/nphys2194
https://doi.org/10.1103/PhysRevA.67.042105


Concept of New-Type Neutron Interferometer

O-Beam

H-Beam

O-Beam

H-Beam

To achieve high sensitivity interferometers, we need:
•Neutron Multilayer Mirrors to use arbitrary wavelength
•Beam Splitting Component to enable large interaction length
•Alignment Technique of each mirror to satisfy a coherence length
•Pulsed Neutron Source to observe the wavelength dependence of fringe

Neutron Mirrors

Beam Splitting Component

The neutron wave should be handled in the precision of ~few nm

Diffraction



Multi-layer type neutron interferometer

T. Fujiie et al., Phys. Rev. Lett. 132, 023402 (2024).

potential
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Ti
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𝜃
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Bragg Law: 𝜆 = 2𝑑sin𝜃
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Beam scan with Cd beam stop

Interference 
fringe!

• Two beam paths are completely separated

• Oscillation observed in TOF (visibility of 60%)

• Single path doesn’t make oscillation 

We successfully demonstrated 

the neutron interferometer 



Measurement of coherent scattering length

T. Fujiie et al., Phys. Rev. Lett. 132, 023402 (2024).

Silicon 0.287 mm

Inserting material in one path shifts the phase by 

its scattering length.

Scattering length measured and reference

NIST table

Coherent scattering length of V

Scattering length of V 
was 45% different 
from the NIST 
recommended value.

Further investigation 
is required.



少数多体系計算のための
3He中性子散乱長測定

• 3Heや4Heくらいなら多体系の原子
核計算から散乱長の計算が可能。
– モデルごとに数%の差がある。

• 精度良い実験はモデルの選別が
できるが、系統誤差以上に実験
結果がばらついているのが現状

– 高圧ガスセルで1ヶ月くらいの実
験が必要

– 結果20年アップデートされず。

• J-PARCで実験準備中。
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𝑏′𝑐𝑜ℎ =
𝐼 + 1

2𝐼 + 1
𝑏′1 +

𝐼

2𝐼 + 1
𝑏′0

𝑏′𝑖𝑛𝑐 =
𝐼 𝐼 + 1

2𝐼 + 1
𝑏′1 − 𝑏′0

Spin singlet Spin tripletReal part

Absolute phase 
difference 

Spin-dependent phase 
difference 

M. G. Huber et al. Phys. Rev. C 90, 06400470 (2014)

名古屋大 南部



COW実験@J-PARC

藤家、原田、中村、（立教大）、南部（名大）

• 干渉計で得られる干渉縞の位相差 Δφは相互作用差 ΔE の関数で書ける。

• 異なる高さの2経路を通過した中性子は、異なる地球重力のポテンシャルを受
けるので、干渉計を角度αだけ回転させることで、中性子に及ぼされる地球重
力のポテンシャルを測定できる。

Δ𝜙 = 2𝜋
𝑚𝜆𝐿

ℎ2
Δ𝐸

位相差

Δ𝜙 = 2𝜋𝜆
𝑚2

ℎ2
𝑔𝑆sin𝛼

地球重力の場合

S: 2経路が囲む面積の射影成分

導入したゴニオステージ



干渉計回転の結果
• 干渉計ごとゴニオステージで回転させた（最大角度14 deg）ところ、位相がシフト
した。

• ゴニオをもとの位置に戻すと、位相差も戻る。

• 回転角度α毎の位相差を導出、回転角と位相の関係が得られた。

➢ 傾きの評価がCOW実験に相当

立教大藤家氏提供



重力場における中性子量子化
の測定
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Is Gravity Quantum?
Gravitational bound states of neutrons



Slide from 市川豪(KEK)
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Slide from 市川豪(KEK)
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High spatial resolution emulsion for ultracold neutrons

Structure of the detector
(cross section)

Estimated Resolution < 100 nm (𝜽 ≤ 0.9 rad)
→1~2 order higher than existing detectors

· Fine-grained nuclear emulsion gel (Nagoya Univ.) 
· Especially high resolution
· Strong against 𝜸 –ray background

Principle of track formation

AgBr crystals

Sputtered at KURRI

Naganawa et al., Eur. Phys. J. C (2018) 78,959

Tracks from neutron absorptions

Absorption efficiency ~41%
(velocity of neutrons ～10 m/s)



Measurements of the quantum 
bound states in the earth gravity
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Setup2Setup1 Setup3

mirror surface mirror surface mirror surface

Setup1 Setup2 Setup3

Measurements with the emulsion detector has been done at the reactor of ILL.
Three different conditions were measured. 



Neutron Whispering gallery

Neutrons bouncing on a concave mirror form bound 
states near the surface due to centrifugal force, 
called “Neutron whispering gallery”. 
[V. V. Nesvizhevsky et al., Nat. Phys. 6, 114-117 (2010)]. 

CalculationMeasurement

For mirror curvature of R=25 mm and neutron 
of v=1000 m/s corresponds to 𝑎 = 4 × 106 𝑔
and typical height of the quantum state of 40 
nm.

The experiment at J-PARC well agreed with the 
calculation  from the Schrödinger equation.



短距離重力探索
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Why is gravity so weak?
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Large extra dimension model
*This figure is for illustrative purposes.
LOI-BL05 (2005)

Nima Arkani-Hamed, Savas Dimopoulos and Gia Dvali
Physics Letters B 429.3 (1998): 263-272. 

Currently discovered interactions are
• Strong ~ 1
• Electromagnetic ~ 10-2

• Weak ~ 10-5

• Gravity ~ 10-40

Comparing other 3 interactions,
the gravity is too small. It is called 
“Hierarchy problem”.
To solve the problem, Large Extra Dimension model was proposed. 
The model expects that
• The gravity is week because the gravitational force is escaping 

to the other dimensions. 
• In that case, gravity will be strong in short range.

𝑉(𝑟) = −𝐺𝑁

𝑚𝑀

𝑟
1 + 𝜶e− Τ𝑟 𝜆



Present limits
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Heacock et al. (2021)

B. Heacock et al., Science, 373, 6560, 1239-1243 (2021).

The limits is determined by experiments using neutrons.
Why neutron?

Background of Casimir force due to polarization of atoms
Polarizability of atom : ~10-30 m3

Polarizability of neutron :~10-48 m3

Neutron 
Bragg scattering

Neutron scattering
With Xe atom



Experimental Principle

3

Short range Yukawa-force expects small angle scattering.

𝒂𝑮𝑭𝑮 𝜽 = 𝟐𝜶𝑮𝑴𝒎𝒏

𝟏

𝟏

𝒎𝒏𝒄𝟐

ℏ𝒄

𝝀

𝟐

+ 𝟖𝑬𝒏 𝒔𝒊𝒏𝟐 𝜽

𝟐

Terms added by

short range gravity  

Angle dependence of 

forward scattering 

𝑬𝒏: Neutron energy

𝜽 : Scattering angle
𝝀 : Range of

short range gravity

Differential cross section of short range gravity 
is evaluated with Born approximation

𝒅σ

𝒅Ω
= 𝒃𝑵

𝟐 + 𝟐 𝒃𝑵 ∙ 𝒂𝑮𝑭𝑮 𝜽 + 𝒂𝑮𝑭𝑮 𝜽
𝟐

・Nuclear scattering → Isotropic

・Short range gravity → strong angular 
dependence in the forward direction

Scattering amplitude

of short range gravity

Short range of gravity 

Nuclear Scat.× 10−3



Scattering of Nano-particles 

𝜃
𝜟𝒓

Many atoms 
are scattered together

・Λ：Neutron wave length 𝟎. 𝟏 < 𝜦 𝐧𝐦 < 𝟏. 𝟎

𝜟𝒓 =
1

𝑞
∝

𝛬

𝜃

Scatter radius

Momentum transfer

・θ：Scattering angle

Optimal size of the 
target for λ ~ 100 nm ⇒

Nano-
Particle

The heavier target mass, 
the better sensitivity

We are using nano particles of 
vanadium, which has smallest 

coherent scattering length 

𝒂𝑮𝑭𝑮 𝜽 = 𝟐𝜶𝑮𝑴𝒎𝒏
𝟏

𝟏

𝒎𝒏𝒄𝟐
ℏ𝒄

𝝀

𝟐
+𝟖𝑬𝒏 𝒔𝒊𝒏𝟐𝜽

𝟐

The total mass of atoms contained 
in a nanoparticle



RF thermal plasma method

SEM image of V nanoparticle
Element 𝑏𝑐𝑜ℎ [fm] Mass%

C 6.6484 0.68

O 5.805 6.15

B 5.30 0.02

Mg 5.375 0.003

Al 3.449 0.009

Si 4.15071 0.04

Ca 4.70 0.004

Ti -3.370 0.001

V -0.555 92.71

Cr 3.635 0.03

Mn -3.750 0.002

Fe 9.45 0.08

Zn 5.680 0.01

N
u

m
b

er
 o

f 
p

a
r
ti

cl
e

Average radius：19.84 nm

Lognormal distribution

fitting

Particle size distribution Elemental analysis

Induction coil

Heats the 

water cooling tube 

up to about 10,000 ℃

：Material powder

Fabrication of vanadium nano particle
• Vanadium nano particles are fabricated 

by RF thermal plasma method.
• Averaged radius is ~20 nm.
• Calculated the scattering length of the  

nanoparticle from elemental analysis is 

𝑏𝑐𝑜ℎ = 0.719 ± 0.23 fm
cf.      𝑏𝑐𝑜ℎ V = −0.555 ± 0.03 fm



Masayuki Hiromoto (Osaka University) 5
4

2025/07/31

Excluded region of λ-α parameters at 95 % C.L.

Experimental limit

However,, 
mainly due to the systematic error of 9.3% in the effective 

density,

the upper limit is worse by about two orders of magnitude

than the current world best limit

・Compared to noble gas target

it has high sensitivity in the 𝜆B region of 
several tens of nm. 

・New experiment using nanoparticles

This can be resolved by performing 

SAXS measurements with a SANS cell.     

(Spring-8： photon energy = 40 KeV)

大阪大学廣本氏提供(博士論文から)



中性子を用いた
時間反転対称性の破れ探索

60



Why is there far more matter than antimatter?

• Baryon number violation

• Departure from thermal equilibrium

• C- and CP-violation

Sakharov conditions

nb/nγ = 10-18

nb/nγ = (0.61±0.02)×10-9

Observation

Standard Model

More CP-violation

(from unknown source) is required !

Since CP-violation = T-violation,
Permanent EDM search has High detection capability.



超冷中性子を用いた
中性子電気双極子モーメント探索実験
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中性子電気双極子モーメント
neutron EDM

• 静止した中性子に電気双極子モーメント
(nEDM)があると、中性子がスピン軸に電
荷分布を持つ。
– この存在は時間反転対称性を破る。

• 中性子は(u,d,d)の3つのクォークから成
る複合粒子。中性子の大きさ程度(~1 
fm)くらいの電荷分布があってもいいよう
にも思うが、まだ見つかっていない。
– 現在の上限は 1.8 × 10−26e ⋅ cm

– これは中性子を地球サイズと思うとΔx=2μm
に相当。

– なにか不自然に思える。

“Strong CP Problem”
63

Δx=2μm



Search of the neutron EDM
• Current upper limit @PSI 2020

– 𝑑𝑛 = (0.0 ± 1.1stat ± 0.2sys) × 10−26e ⋅ cm

→ |𝑑𝑛| < 1.8 × 10−26e ⋅ cm(90%C. L)

C. Abel et al, Phys. Rev. Lett. 124, 081803 (2020)

• Test of Time reversal symmetry
– Same as CP symmetry assuming CPT conservation

• Strong-CP problem
– 𝑑𝑛 = − 1.5 ± 0.7 × 10−16തθ e ⋅ cm

Jordy de Vries et al., Phys. Rev. D 104, 055039 (2021) 

-> θ ≲ 10-10

• Constraint to theories

– SUSY mass scale

𝑑𝑛~
300 GeV

𝑀

2 sin𝜙

tan 𝛽
× 10−24𝑒 ⋅ 𝑐𝑚 ⇒ ~2 TeV (PSI limit)

⇒ ~10 TeV ( 𝑑𝑛 ~1 × 10−27e ⋅ cm )

S. A. Abel and O. Lebedev, JHEP01(2006)133

64

K. Kirch and P. Schmidt-Wellenburg, 
EPJ Web of Conferences 234 (2020) 01007 

Experimental 
EDM limit 

CKM

Possible strong-CPV

Current EDM limits for Strong CP
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Ultra Cold Neutron (UCN)

UCN can be confined ～ 100 sec

by material/gravity/magnetic potential

Ultra Cold Neutron
Energy ～ 100 neV
Velocity ～ 5 m/s
Wave length ～ 50 nm

Interaction
Gravity   100 neV/m
Magnetic field   60 neV/T
Weak interaction

β-decay     n → p + e 
Strong interaction

Fermi potential  252 neV (Ni)
atom distance : ~ Å
UCN feels average nuclear potential

Unique property
UCN can be measured for ～ 100 sec in trap

→ Use various experiments
nEDM, n lifetime, gravity ....   



UCN production scheme in TUCAN Source
(TRIUMF Ultra-Cold Advanced Neutron) 

• Combination of 

- Spallation neutron source

- Neutron moderator

- Super-thermal UCN production with superfluid 
He (He-II)

Y. Masuda et al, PRL 108 (2012) 134801

• Spallation Neutron Source

- Fast neutron produced by accelerator driven 
proton beam impingement on W target 

- 20kW proton beam line (BL1U at TRIUMF 
Meson hall)

• RT D2O and 20K liquid deuterium (LD2) 
moderator 

• Crucial aspects:

- Keep the He-II temperature at ~1K to suppress 
up-scattering by phonons under a heat load of 
beam irradiation

~ 1MeV

~ 25meV

~ 1meV

≲ 300neV



TUCAN UCN source components
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W Target
creates spallation neutrons

polarizer
only one UCN spin state is transmitted

He cryostat
cools down HEX to 0.8 K at 10 W heat input

LD2 cryostat
cools down D2 to 20 K at 65 W heat input

HEX
cools down isopure 4He to 1 K at 10 W heat input

Superfluid heat conduction channel
removes cryostat from intense radiation

Lead
reduces -heating of superfluid

graphite
reflects neutrons

300-K D2O
creates thermal flux

20-K LD2
creates cold flux

1.1-K 4He
converts CN to UCN

steel
shielding

TUCAN 実験
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KEK IPNS ニューストピックス (2025年7月7日)https://www2.kek.jp/ipns/ja/news/7515/

TUCAN 実験
• 2025年6月の実験で無事

UCNを検出！
– いろいろ苦労はありましたが

– 計数はおおよそ計算通り。

– 冷却も大丈夫そう。

– 論文をもうすぐ投稿

• 液体重水素モデレーターを
準備中
– UCN数はここから61倍に増える
計算。

– 10月からのビームタイムで重
水素の効果を確認予定。

• TRIUMFは2026年はビームが
出ないのでnEDM実験の準
備を進める計画。



複合核共鳴を利用した
時間反転対称性の破れ探索

69



原子核反応でのパリティの破れ

https://doi.org/10.1103/PhysRevLett.121.242002

• ベータ崩壊など、弱い相互作用の中でパリティ(P)は破れてい
る。

• 実は強い相互作用の中でもPの破れが観測されている。

• 例えば偏極中性子を陽子標的に当てて出てくるガンマ線は
−3.0 ± 1.4 × 10−8だけ偏っている。

D. Blyth et al., Phys. Rev. Lett. 121, 242002(2018), https://doi.org/10.1103/PhysRevLett.121.242002
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𝑝𝑛

deuteron

+ =

gamma

NPDGamma experiment@SNS, US 

https://doi.org/10.1103/PhysRevLett.121.242002


原子核内でのパリティの破れ
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Enhancement of symmetry violation

polarized neutron

139La 0.097±0.003En = 0.734 eV

2% of p-wave total cross section

p wave

Neutron capture around p-wave resonance

P-violation is enhanced in 

the interference between s-wave and p-wave

of compound nuclei.

Longitudinal asymmetry AL

polarized neutron polarized target Δ𝜎T = 𝜅(𝐽)
𝑊T

𝑊
Δ𝜎P

Δ𝜎T < 1.0 × 10−4barn

Discovery potential compare with EDM searches

T-violation is also enhanced !?

κ~1 with 139La







中性子-反中性子振動
N-Nbar oscillation
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新型研究炉
敦賀もんじゅ跡地



まとめ

• 中性子は電荷を持たない核子であり、そのユ
ニークな特性から様々な基礎物理実験に用
いられてきた。
–特にその波動性を用いた実験により、量子力学
の根幹を支える実験を行ってきた。

–最近はUCNでの実験がさかんに行われている。

• 新しい実験がいくつか立ち上がっていますの
で、興味を持っていただければ。
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