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Introduction of Neutron Fundamental Physics in Japan
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B-L Triangle 
by R.N.Mohapatra

QQQQQQ

QQQL

LL

Neutrinoless Double Beta Decay 
(ΔB=0, ΔL=2 / Δ(B-L)=-2)

Neutron-Antineutron Oscillation 
(ΔB=-2, ΔL=0 / Δ(B-L)=-2)

Proton Decay 
(ΔB=-1, ΔL=-1 / Δ(B-L)=-0)

M.Baldo-Ceolin et al., Z. Phys. C63 (1994) 409

nnbar oscillation: spontaneous transition from neutron to antineutron

B, B-L nonconservation

K.S.Babu et al., Phys. Rev. D87(2013)115019

planned at ESS 
(European Neutron Source)

D.G.Phillip II et al., Phys. Rep. 612 (2016) 1

2-3 order improvement
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Neutron Optics
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近熱外
near-epithermalmid-epithermalfar-epithermal

thermal coldepithermalfast very cold ultracold

中間熱外遠熱外

速 熱 冷 極冷 超冷熱外

弱極冷 中極冷 強極冷
weakly-very-cold mid-very-cold strongly-very-cold

103106109 100 10-3 10-6
temperature 

(K)

100103106 10-3 10-6 10-9

eVkeVMeV meV µeV neV

kinetic 
energy 

(eV)

10-1010-1210-13 10-9 10-8 10-6

pm nm µm

10-710-1110-14 10-5

Å

wavelength 
(m)

101110131014 1010 109 107

1 nm-1

1081012 106

0.1 nm-1 0.01 nm-1 0.001 nm-110 nm-1100 nm-1

1 Å-110 Å-1 0.1 Å-1 0.01 Å-1 0.001 Å-1 0.0001 Å-1

wave 
number 

(m-1)

103 102 101 10-1100104105106107
velocity 

(m/s)

Neutrons conversions among kinematic variables and an example of energy range names

1eV
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全反射 ブラッグ反射
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中性子波動



“NOP: systematic research of neutron optics and detectors”  “NOP: systematic research of neutron optics and detectors”  “NOP: systematic research of neutron optics and detectors”  “NOP: systematic research of neutron optics and detectors”  “NOP: systematic research of neutron optics and detectors”  

“J-PARC: Japan Proton Accelerator Research Complex”  “J-PARC: Japan Proton Accelerator Research Complex”  “J-PARC: Japan Proton Accelerator Research Complex”  “J-PARC: Japan Proton Accelerator Research Complex”  “J-PARC: Japan Proton Accelerator Research Complex”  

DNP-proton spin filter
1980s

KEK-BSF PEN, SEOP-3He spin filter

JAERI-JRR2

neutron interferometry

neutron refractive optics

NOP: Neutron OPtics

KUR

RIKEN

RIKEN, KUR, JAEA, 
Hokudai, KEK, ISSP,  

Toshiba

1990s

1990s

1990s

2000s

neutron guides 
focusing optics 
Imaging detectors

UCANS

JCANS

2009

compact 
accelerator-
driven neutron 
sources

J-PARC MLF
2005-

KEK 
JAAWS

Japan

Intl.

HUNS, KUANS, 
RANS, NUANS, 

TITANS, …

2010

2011

BL05 NOP
2008-

Neutron 
Lifetime

New Force 
Search Interferometry

Pulsed 
UCN

Ultra High 
Definition Imager

Crude Sketch of the History of 
Neutron Optics and Physics in Japan

Xe

nano 
particle

pulsed neutron 
interferometer

Δτn

10s

5s

1s
with 
magnetic 
field

TUCAN

NOPTREX

scattering 
length

“dark” search

“force”/”dark” search
scattering lengths

general relativity

New Research Reactor at Fukui

J-PARC MLF 2nd Target Station  J-PARC MLF 2nd Target Station  J-PARC MLF 2nd Target Station  J-PARC MLF 2nd Target Station  J-PARC MLF 2nd Target Station  J-PARC MLF 2nd Target Station  J-PARC MLF 2nd Target Station  J-PARC MLF 2nd Target Station  J-PARC MLF 2nd Target Station  

2030

symmetry violation, number non conservation, 
nucleosynthesis, nuclear data for physics, …

NOP collaboration
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NOP collaboration

20
30

中性子寿命

未知力探索

中性子電気双極子能率

中性子反中性子振動

J-PARC MLF

ESS

新研究炉

新陽子加速器？

Lifetime puzzle

CP対称性の破れ

粒子数非保存

余剰次元

複合核反応

TPC

磁場印加

ガス ナノ粒子
水素吸蔵

中性子偏極
核偏極

超流動He
磁場測定

集光ミラー
反中性子ミラー

TRIUMF UCN

202
0

JRR3 原子炉連続中性子

加速器パルス中性子

加速器連続中性子

原子炉連続
中性子

2010

ダークエネルギー

連続中性子で
技術を蓄積

パルス中性子
で活用
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T-violation
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forward scattering
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NOPTREX (J-PARC P99)

37

electric 
dipole 

moment

Strong

Weak

forward scattering

Fundamental 
CP phases

Neutron 
EDM (    )

EDMs of nuclei 
and ions 
(      , etc.)

EDMs of diamagnetic 
atoms (Hg, Xe, Ra, Rn)

TeV

QCD

nuclear

atomic

TUCAN



kek50th anniversary
page

2026/03/04 Seminar@CSNS, Dongguan 
H.M.Shimizu 38

electric dipole moment forward scattering

NOPTREX (J-PARC P99)TUCAN
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Parity Violation in Compound States
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P-violation in Nuclear Interaction

ST WK
strong 

interaction
weak 

interaction

P even odd

nucleon-nucleon cross section
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absorption cross section

total cross section

s-wave (l=0)

p-wave (l=1)

1eV 1MeV1keV

neutron energy [eV]

cr
o

ss
 s

e
ct

io
n

 [
b

]
(compound nuclei)

thermal epithermal fast

P-violation in Compound State

P-violation reaches 10-1 in this p-wave resonance
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Mitchell, Phys. Rep. 354 (2001) 157 
Shimizu, Nucl. Phys. A552 (1993) 293

139La

81Br

117Sn

109Ag

238U

232Th

121Sb

131Xe

113Cd

238U

115Rh

133Cs

107Ag

127I

232Th

232Th

111Cd

232Th

232Th

109Ag

113Cd

115In

115In

Enhancement of P-violation in Compound States

10-7 for NN

NN-interaction 10-7 (10-5%)
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n+139La

140La

En

3-

5-
1-

4-

β-

140Ce

1.6781d

2-

Δ:-87235keVΔ:8071.323keV

Δ: -84325keV

29.9640keV
34.6467keV
43.812keV

63.171keV

2- 162.658keV

-48.63 eV

0.734 eV

72 .3 eV

248.2 eV

7/2-1/2+

40

1

[0]

[1]

orbital

n spin nuclear spin

compound 
nuclear 
spin

final state spin

51
61

 k
e

V

compound states

p-wave resonance

s-wave resonance

orbital n spin target spin
compound 
nuclear 
spin

n total spin
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p-wave resonance

s-wave resonance

n

A

γ

A+1

time
(A+1)*

compound state exit channelentrance channel
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p-wave resonance

s-wave resonance

compound state exit channelentrance channel

no interference

s-wave amplitude

p-wave amplitude
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compound state

W

W

s-p mixing model

exit channelentrance channel

s-wave amplitude

p-wave amplitude
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W

W
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|f |2 = |fPC + fPNC|2 = |fPC|2 + 2RefPCf∗
PNC + |fPNC|2

dynamical 
enhancement 

102-103

kinematical 
enhancement 

103

Crude Estimation of P-violation Enhancement

Parity-conserving Parity-non-conserving

α =
2RefPCf∗

PNC

|fPC|2
∼ 2

|fPNC|
|fPC|
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compound state
entrance channel

exit channel

p-wave

s-wave
P

Details of Kinematical Enhancement and Entrance Channel Boundary

p j=3/2

p j=1/2

mostly unknown

φ : mixing angle of p1/2 and p3/2
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s-p mixing ⇔ channel-spin mixing

P-odd T-odd

orbital n spin nuclear spincompound nuclear spin

n total spin channel spin

Neutron-total-spin representation and Channel-spin representation
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T

Channel-spin mixing ➡ Kinematical Enhancement of T-violation

compound state
entrance channel

exit channel

p-wave

s-wave

p3/2

p1/2

V. P. Gudkov. Phys. Rep., 212:77, 1992.  
T-violating matrix element

P-violating matrix element

P-odd effectP-odd T-odd effect

spin factor
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0 90 180 270 360
[deg] 

1
φ

3−10

2−10

1−10

1

10

210

310

)|J(κ|

kappa_final(x*3.141592653589/180.,[0], [1])

139La (I=7/2, J=4)
131Xe (I=3/2, J=1)
117Sn (I=1/2, J=1)

Conversion factor of P-violation Enhancement and T-violation Enhancement
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Measurement of (n,γ) Correlation Terms

for the determination of mixing angle of p1/2 and p3/2 partial amplitudes

compound nuclear spinfor the suggestion of

which leads to the estimation of T-violation enhancement

for the refinement of resonance parameters including negative resonances
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(n,γ) spin-angular correlation terms with s- and p-waves
Flambaum, Nucl. Phys. A435 (1985) 352

3.1. The angular distributions in (n,γ) reactions 25

written as

dσnγf
dΩγ

=
1

2

(
a0 + a1k̂n · k̂γ + a2σn · (k̂n × k̂γ) + a3

(
(k̂n · k̂γ)

2 − 1

3

)

+ a4(k̂n · k̂γ)(σn · (k̂n × k̂γ)) + a5(σγ · k̂γ)(σn · k̂γ)

+ a6(σγ · k̂γ)(σn · k̂n) + a7(σγ · k̂γ)

(
(σn · k̂γ)(k̂γ · k̂n)−

1

3
σn · k̂n

)

+ a8(σγ · k̂γ)

(
(σn · k̂n)(k̂n · k̂γ)−

1

3
σn · k̂γ

)

+ a9σn · k̂γ + a10σn · k̂n + a11

(
(σn · k̂γ)(k̂γ · k̂n)−

1

3
(σn · k̂n)

)

+ a12(σn · k̂n)

(
(k̂n · k̂γ)−

1

3
(σn · k̂γ)

)

+ a13σγ · k̂γ + a14(σγ · k̂γ)(k̂n · k̂γ)

+ a15(σγ · k̂γ)σn · (k̂n × k̂γ) + a16(σγ · k̂γ)

(
(k̂n · k̂γ)

2 − 1

3

)

+ a17(σγ · k̂γ)(k̂n · k̂γ)(σn · (k̂n × k̂γ))

)
, (3.4)

dσnγf
dΩγ

=
1

2

(
a0 + a1k̂n · k̂γ + a2σn · (k̂n × k̂γ) + a3

(
(k̂n · k̂γ)

2 − 1

3

)

+ a4(k̂n · k̂γ)(σn · (k̂n × k̂γ)) + a5(σγ · k̂γ)(σn · k̂γ)

+ a6(σγ · k̂γ)(σn · k̂n) + a7(σγ · k̂γ)

(
(σn · k̂γ)(k̂γ · k̂n)−

1

3
σn · k̂n

)

+ a8(σγ · k̂γ)

(
(σn · k̂n)(k̂n · k̂γ)−

1

3
σn · k̂γ

)

+ a9σn · k̂γ + a10σn · k̂n + a11

(
(σn · k̂γ)(k̂γ · k̂n)−

1

3
(σn · k̂n)

)

+ a12(σn · k̂n)

(
(k̂n · k̂γ)−

1

3
(σn · k̂γ)

)

+ a13σγ · k̂γ + a14(σγ · k̂γ)(k̂n · k̂γ)

+ a15(σγ · k̂γ)σn · (k̂n × k̂γ) + a16(σγ · k̂γ)

(
(k̂n · k̂γ)

2 − 1

3

)

+ a17(σγ · k̂γ)(k̂n · k̂γ)(σn · (k̂n × k̂γ))

)
, (3.5)
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(n,γ) spin-angular correlation terms with s- and p-waves
Flambaum, Nucl. Phys. A435 (1985) 352

3.1. The angular distributions in (n,γ) reactions 25

written as

dσnγf
dΩγ

=
1

2

(
a0 + a1k̂n · k̂γ + a2σn · (k̂n × k̂γ) + a3

(
(k̂n · k̂γ)

2 − 1

3

)

+ a4(k̂n · k̂γ)(σn · (k̂n × k̂γ)) + a5(σγ · k̂γ)(σn · k̂γ)

+ a6(σγ · k̂γ)(σn · k̂n) + a7(σγ · k̂γ)

(
(σn · k̂γ)(k̂γ · k̂n)−

1

3
σn · k̂n

)

+ a8(σγ · k̂γ)

(
(σn · k̂n)(k̂n · k̂γ)−

1

3
σn · k̂γ

)

+ a9σn · k̂γ + a10σn · k̂n + a11

(
(σn · k̂γ)(k̂γ · k̂n)−

1

3
(σn · k̂n)

)

+ a12(σn · k̂n)

(
(k̂n · k̂γ)−

1

3
(σn · k̂γ)

)

+ a13σγ · k̂γ + a14(σγ · k̂γ)(k̂n · k̂γ)

+ a15(σγ · k̂γ)σn · (k̂n × k̂γ) + a16(σγ · k̂γ)

(
(k̂n · k̂γ)

2 − 1

3

)

+ a17(σγ · k̂γ)(k̂n · k̂γ)(σn · (k̂n × k̂γ))

)
, (3.4)

dσnγf
dΩγ

=
1

2

(
a0 + a1k̂n · k̂γ + a2σn · (k̂n × k̂γ) + a3

(
(k̂n · k̂γ)

2 − 1

3

)

+ a4(k̂n · k̂γ)(σn · (k̂n × k̂γ)) + a5(σγ · k̂γ)(σn · k̂γ)

+ a6(σγ · k̂γ)(σn · k̂n) + a7(σγ · k̂γ)

(
(σn · k̂γ)(k̂γ · k̂n)−

1

3
σn · k̂n

)

+ a8(σγ · k̂γ)

(
(σn · k̂n)(k̂n · k̂γ)−

1

3
σn · k̂γ

)

+ a9σn · k̂γ + a10σn · k̂n + a11

(
(σn · k̂γ)(k̂γ · k̂n)−

1

3
(σn · k̂n)

)

+ a12(σn · k̂n)

(
(k̂n · k̂γ)−

1

3
(σn · k̂γ)

)

+ a13σγ · k̂γ + a14(σγ · k̂γ)(k̂n · k̂γ)

+ a15(σγ · k̂γ)σn · (k̂n × k̂γ) + a16(σγ · k̂γ)

(
(k̂n · k̂γ)

2 − 1

3

)

+ a17(σγ · k̂γ)(k̂n · k̂γ)(σn · (k̂n × k̂γ))

)
, (3.5)

a0 =
�

Js
|V1(Js)|2 +

�
Js,j

|V2(Jpj)|2

a1 = 2Re
�

Js,Jp,j V1(Js)V ∗
2 (Jpj)P (JsJp

1
2j1IF )

a2 = −2Im
�

Js,Jp,j V1(Js)V ∗
2 (Jpj)βjP (JsJp

1
2j1IF )

a3 = Re
�

Js,j,J�
p,j� V2(Jpj)V ∗

2 (J �
pj�)P (JpJ �

pjj�2IF )3
√

10






2 1 1
0 1

2
1
2

2 j j�






a4 = −Im
�

Js,j,J�
p,j� V2(Jpj)V ∗

2 (J �
pj�)P (JpJ �

pjj�2IF )6
√

5






2 1 1
1 1

2
1
2

2 j j�






a5 = −Re



�
Js,J �

s
V1(Jsj)V ∗

1 (J �
sj

�)P (JsJ �
s
1
2

1
21IF ) +

�
Jp,j,J�

p,j� V2(Jpj)V ∗
2 (J �

pj�)P (JpJ �
pjj�1IF )6






0 1 1
1 1

2
1
2

1 j j�










a6 = −2Re
�

Js
V1(Jsj)V ∗

2 (Jp = Js,
1
2 )

a7 = Re
�

Js,Jp
V1(Js)V ∗

2 (Jp
3
2 )P (JsJp

1
2

3
22IF )

a8 = −Re
�

Jp,j,J�
p,j� V2(Jpj)V ∗

2 (J �
pj�)P (JpJ �

pjj�1IF )18






2 1 1
1 1

2
1
2

1 j j�






a9 = −2Re



�
Js,J �

s
V1(Jsj)V ∗

3 (J �
sj

�)P (JsJ �
s
1
2

1
21IF ) +

�
Jp,j,J�

p,j� V2(Jpj)V ∗
4 (J �

pj�)P (JpJ �
pjj�1IF )6






0 1 1
1 1

2
1
2

1 j j�










a10 = −2Re
�

Js

�
V2(Jp = Js,

1
2 )V ∗

3 (Js) + V1(Js)V ∗
4 (Jp = Js,

1
2 )

�

a11 = 2Re
�

Js,Jp

�
V2(Jp

3
2 )V ∗

3 (Js) + V1(Js)V ∗
4 (Jp

3
2 )

�√
3P (JsJp

1
2

1
32IF )

a12 = −Re
�

Js,j,J�
p,j� V2(Jpj)V ∗

4 (J �
pj�)P (JpJ �

pjj�1IF )18






2 1 1
1 1

2
1
2

1 j j�






a13 = 2Re
��

Js
V1(Js)V ∗

3 (Js) +
�

Jpj V2(Jpj)V ∗
4 (Jpj)

�

a14 = 2Re
�

JsJpj [V2(Jpj)V ∗
3 (Js) + V1(Js)V ∗

4 (Jpj)]P (JsJp
1
2j1IF )

a15 = 2Im
�

JsJpj [V2(Jpj)V ∗
3 (Js)− V1(Js)V ∗

4 (Jpj)]βjP (JsJp
1
2j1IF )

a16 = 2Re
�

Jp,j,J�
p,j� V2(Jpj)V ∗

4 (J �
pj�)P (JpJ �

pjj�2IF )3
√

10






2 1 1
0 1

2
1
2

2 j j�






a17 = −2Im
�

Jp,j,J�
p,j� V2(Jpj)V ∗

4 (J �
pj�)P (JpJ �

pjj�2IF )6
√

5






2 1 1
1 1

2
1
2

2 j j�





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(n,γ) spin-angular correlation terms with s- and p-waves
Flambaum, Nucl. Phys. A435 (1985) 352

3.1. The angular distributions in (n,γ) reactions 25

written as

dσnγf
dΩγ

=
1

2

(
a0 + a1k̂n · k̂γ + a2σn · (k̂n × k̂γ) + a3

(
(k̂n · k̂γ)

2 − 1

3

)

+ a4(k̂n · k̂γ)(σn · (k̂n × k̂γ)) + a5(σγ · k̂γ)(σn · k̂γ)

+ a6(σγ · k̂γ)(σn · k̂n) + a7(σγ · k̂γ)

(
(σn · k̂γ)(k̂γ · k̂n)−

1

3
σn · k̂n

)

+ a8(σγ · k̂γ)

(
(σn · k̂n)(k̂n · k̂γ)−

1

3
σn · k̂γ

)

+ a9σn · k̂γ + a10σn · k̂n + a11

(
(σn · k̂γ)(k̂γ · k̂n)−

1

3
(σn · k̂n)

)

+ a12(σn · k̂n)

(
(k̂n · k̂γ)−

1

3
(σn · k̂γ)

)

+ a13σγ · k̂γ + a14(σγ · k̂γ)(k̂n · k̂γ)

+ a15(σγ · k̂γ)σn · (k̂n × k̂γ) + a16(σγ · k̂γ)

(
(k̂n · k̂γ)

2 − 1

3

)

+ a17(σγ · k̂γ)(k̂n · k̂γ)(σn · (k̂n × k̂γ))

)
, (3.4)

dσnγf
dΩγ

=
1

2

(
a0 + a1k̂n · k̂γ + a2σn · (k̂n × k̂γ) + a3

(
(k̂n · k̂γ)

2 − 1

3

)

+ a4(k̂n · k̂γ)(σn · (k̂n × k̂γ)) + a5(σγ · k̂γ)(σn · k̂γ)

+ a6(σγ · k̂γ)(σn · k̂n) + a7(σγ · k̂γ)

(
(σn · k̂γ)(k̂γ · k̂n)−

1

3
σn · k̂n

)

+ a8(σγ · k̂γ)

(
(σn · k̂n)(k̂n · k̂γ)−

1

3
σn · k̂γ

)

+ a9σn · k̂γ + a10σn · k̂n + a11

(
(σn · k̂γ)(k̂γ · k̂n)−

1

3
(σn · k̂n)

)

+ a12(σn · k̂n)

(
(k̂n · k̂γ)−

1

3
(σn · k̂γ)

)

+ a13σγ · k̂γ + a14(σγ · k̂γ)(k̂n · k̂γ)

+ a15(σγ · k̂γ)σn · (k̂n × k̂γ) + a16(σγ · k̂γ)

(
(k̂n · k̂γ)

2 − 1

3

)

+ a17(σγ · k̂γ)(k̂n · k̂γ)(σn · (k̂n × k̂γ))

)
, (3.5)

a0 =
�
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|V1(Js)|2 +

�
Js,j

|V2(Jpj)|2

a1 = 2Re
�

Js,Jp,j V1(Js)V ∗
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2j1IF )

a2 = −2Im
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1
2j1IF )

a3 = Re
�
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p,j� V2(Jpj)V ∗

2 (J �
pj�)P (JpJ �

pjj�2IF )3
√
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
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
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The experiments to determine κ(J) is ongoing at ANNRI (Accurate Neutron-
Nucleus Reaction measurement Instrument) beam line in J-PARC 

(n,γ) spin-angular correlation terms with s- and p-waves

(n,γ)反応を測定

A

BL04  ANNRI
Ge detectors

Disk chopper

Filter

Collimator 

Beam stopper

21.5m

Ge Detectors @ ANNRI

Cluster detector

Coaxial detector
2 Cluster Detector (up•down) 7ch ×2 : 14ch
8 Coaxial Detector (side) 8ch
Total 22ch

Target

T0 Chopper
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Flambaum, Nucl. Phys. A435 (1985) 352

unpolarized case
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energy dependent angular distribution  ⇔  angular-dependent distortion of resonance shape

courtesy of T.Okudaira

a1: angular distribution without polarization
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72 eV s-wave…

…

T. OKUDAIRA et al. PHYSICAL REVIEW C 104, 014601 (2021)

FIG. 1. γ -ray counts as a function of tm. It is normalized relative
to the incident beam intensity as a function of tm.

relative to the incident beam spectrum for tm, which is ob-
tained from a measurement of the 477.6 keV γ rays in the
neutron absorption reaction of 10B with an enriched 10B target.
The small peak at tm ∼ 1800 µs is the p-wave resonance,
and the 1/v component is mainly derived from the tail of an
s-wave resonance in the negative energy region as listed in
Table I. Figure 2 shows a γ -ray spectrum defined as ∂Iγ /∂Em

γ .
Photopeaks of γ -ray transitions of 139La(n, γ ) 140La reac-
tions to the lower excited and ground states are observed
in Fig. 2. A schematic diagram of the level scheme of the
139La(n, γ ) 140La reaction is also shown in Fig. 3 [15]. Here,
we focus on the intense transitions to the lower excited states
of 30 keV, 35 keV, 63 keV, 273 keV, 319 keV, 658 keV,
745 keV, 772 keV, and the inclusive γ -ray transitions. His-
tograms of ∂Iγ /∂Em

n gated with each photopeak and inclusive
γ rays are shown in Fig. 4. We can see that the 0.74 eV
p-wave resonance appears in several transitions. Note that the
histograms are the sum of all detector angles. The photopeak
region was taken as the full width at the quarter maximum.
Since the photopeaks of the 5126 keV and 5131 keV com-
pletely overlap, they are considered to be one photopeak. As a
gated energy region for inclusive γ rays, 2000 keV ! Em

γ !
5170 keV was taken. The histograms were normalized by the

TABLE I. Resonance parameters of the neutron resonances of
139La +n. The resonance parameters Er , Jr , lr , #γ

r , gr , and #n
r are

resonance energy, total angular momentum, orbital angular momen-
tum, γ width, g factor, and neutron width, respectively. Parameter r
denotes the resonance number. The spin and parity of 139La are 7/2+,
and therefore the p-wave resonance has negative parity.

r Er [eV] Jr lr #γ
r [meV] gr#

n
r [meV]

1 −48.63a 4a 0 62.2a (571.8)a,*

2 0.740 ± 0.002b 4b 1 40.41 ± 0.76b (5.6 ± 0.5) × 10−5c

3 72.30 ± 0.05c 3b 0 75.64 ± 2.21d 11.76 ± 0.53d

aReferences [11,12].
bReference [8].
cReference [13].
dcalculated from References [14] and [13].
*The neutron width for the negative resonance was calculated using
|E1| instead of E1.

FIG. 2. Expanded γ -ray spectrum defined as ∂Iγ /∂Em
γ . The dot-

ted line shows the literature value of the photopeak energy. Three
photopeaks around 4600 keV are single escape peaks from the γ

rays of 5161 keV, 5131 keV, 5126 keV, and 5098 keV.

incident neutron beam spectrum measured with the boron tar-
get. The background caused by the Compton-scattered γ rays
for each photopeak was estimated by a third-order polynomial
fit in the low- and high-energy region of each photopeak for
each detector and subtracted. Since a loss of 2% of the total γ -
ray counts occurred due to the DAQ system, a loss correction
was also applied [8].

FIG. 3. Transitions from 139La +n to 140La. The dashed line
shows separation energy of 139La +n. The transitions can actually
occur not only from the p-wave resonance, but also from the s-wave
resonances.
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angular-dependent asymmetric resonance shape

Okudaira, Phys. Rev. C93 (2018) 034622
a1: angular distribution without polarization
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Okudaira, Phys. Rev. C93 (2018) 034622
a1: angular distribution without polarization

angular-dependent asymmetric resonance shape 
analyzed as 

the angular distribution of low-high asymmetry

x2 + y2 = 1

ϕ

y

x

C − (a0)L + (a0)H
= 0.295 cosλ1 − 0.345 sinλ1.c c

Experimental result Theoretical calculation

and compared with the s-p mixing model

to restrict the allowed region of the mixing angle

Two solutions are obtained as

φ1 = (99.2+6.3
′5.3)

−, (161.9+5.3
′6.3)

−.
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Okudaira, Phys. Rev. C93 (2018) 034622
a1: comparison of the cases for J=4 and J=3

applicable to determine J 
 (compound nuclear spin)

Another approach to detemrine compound nuclear spin
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x2 + y2 = 1

y

62
24

Chapter3.Theangulardistributionin(n,γ)reaction

1.

2.

3.

4.

Figure3.1:Feynmandiagramsofamplitudeof(n,γ)reactionsthroughs-waveandp-wavestate.The

circledenotestheweakinteraction.

istheweakmatrixelement.Heregrisstatisticalweightfactoranddefinedas

gr
=

2Jr
+
1

2(2I
+
1)

,

(3.2)

whereJrand
Iistheangularmomentum

ofthecompoundstatusandspinofthetargetnucleus.W
hen

theinterferencebetweenans-waveandap-waveamplitudeisconsidered,V1−
V4aregivenasfollows.
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=
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(3.3)

Here,thecontributionsoftheotherfars-waveresonancesaretakenintoaccountasthecorrectionterm

α,β
and
γ.

Thedifferentialcrosssectionofthe(n,γ)reactioninducedbypolarizedandunpolarizedneutronscanbe

γ

32

Solenoid coil

Guide magnet

Nuclear target

Unpolarized neutrons

Polarized neutrons

3He spin filter

x

z

y
x

z

y

レーザー偏極させた3He spin filterをビームラインに導入し， 
NMRにて3Heのスピンを反転させることで中性子の偏極方向を制御する．

偏極した3Heが緩和しないように補償磁場， 

偏極中性子が緩和しないように偏極輸送磁場を設計，導入．

常にx軸正方向に 

磁場が印加されている

Polarization transport

(n, γ) reaction→

T. Okudaira, T. Yamamoto et al., 
“Development and application of a 3He Neutron Spin Filter at J-PARC”, NIM 977 2020 164301

σn ⋅ ( ̂kn × ̂kγ)
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“Transverse asymmetry of γ rays from neutron-induced compound states of 140La” 
T.Yamamoto et al., Phys. Rev. C101 (2020) 064624
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Yamamoto, Phys. Rev. C97 (2020) 064624
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a6,a13: γ-ray polarization (λ=σγ•kγ)
courtesy of Endo

γ-ray polarization with 
polarized neutrons

<latexit sha1_base64="X7/6beGeCx+xUQE5i7+z7wrozPw="></latexit>
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γ-ray polarization with 
unpolarized neutrons

P-even P-odd

Neutron energy dependent γ-ray polarization polarization
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x=-0.95

x=-0.15

139La+n spin-angular correlation terms for F=4

γ-ray polarization

Measured 

P-violating

3.1. The angular distributions in (n,γ) reactions 25

written as

dσnγf
dΩγ

=
1

2
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2 − 1

3
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+ a17(σγ · k̂γ)(k̂n · k̂γ)(σn · (k̂n × k̂γ))

)
, (3.4)

dσnγf
dΩγ

=
1

2

(
a0 + a1k̂n · k̂γ + a2σn · (k̂n × k̂γ) + a3

(
(k̂n · k̂γ)

2 − 1

3

)

+ a4(k̂n · k̂γ)(σn · (k̂n × k̂γ)) + a5(σγ · k̂γ)(σn · k̂γ)

+ a6(σγ · k̂γ)(σn · k̂n) + a7(σγ · k̂γ)

(
(σn · k̂γ)(k̂γ · k̂n)−

1

3
σn · k̂n

)

+ a8(σγ · k̂γ)

(
(σn · k̂n)(k̂n · k̂γ)−

1

3
σn · k̂γ

)

+ a9σn · k̂γ + a10σn · k̂n + a11

(
(σn · k̂γ)(k̂γ · k̂n)−

1

3
(σn · k̂n)

)

+ a12(σn · k̂n)

(
(k̂n · k̂γ)−

1

3
(σn · k̂γ)

)

+ a13σγ · k̂γ + a14(σγ · k̂γ)(k̂n · k̂γ)

+ a15(σγ · k̂γ)σn · (k̂n × k̂γ) + a16(σγ · k̂γ)

(
(k̂n · k̂γ)

2 − 1

3

)

+ a17(σγ · k̂γ)(k̂n · k̂γ)(σn · (k̂n × k̂γ))

)
, (3.5)
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10-7 for NN
P-violation in Compound State

initial state 
(entrance channel)

final state 
(exit channel)

compound state

entrance channel boundary exit channel boundary
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P-violating matrix element

T-violating matrix element

spin factor

to be measured

measured

being measured

measured

T-violating 
nucleon 
coupling 
constant

P-violating 
nucleon 
coupling 
constant

T-violation in Epithermal Neutron Optics
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Neutron Optical Parity and Time Reversal EXperiment

1. Optical Test

2. Enhancement

3. New Type of New Physics Search

final-state interaction free

dynamical and kinematical enhancement

chromo-EDM
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Step 1: find P-violation

Step 2: determine φ and W 

in (n,γ), spin-spin correlation

Step 3: measure D’ (T-odd)

neutron polarizer

γ-detector 
or polarized target

neutron polarizer/analyzer 
and polarized target

Sketch of NOPTREX Steps
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Step 1: find P-violation

Step 2: determine φ and W 

in (n,γ), spin-spin correlation

Step 3: measure D’ (T-odd)

neutron polarizer

γ-detector 
or polarized target

neutron polarizer/analyzer 
and polarized target

T-violating matrix element

Sketch of NOPTREX Steps

Reliable values of potential parameters, spin assignment, 
resonance parameters, are the basis of NOPTREX.
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P-odd T-odd

P-even T-even

P-odd T-even

P-even T-even

106 enhancement  
in compound nuclear state

106 enhancement  
in compound nuclear state

T-violation in Compound Nuclear States
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polarized target

polarized neutron

P-odd T-odd

P-even T-even

P-odd T-even

P-even T-even

106 enhancement  
in compound nuclear state

106 enhancement  
in compound nuclear state

T-violation in Compound Nuclear States
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Fundamental 
CP phases

Neutron 
EDM (    )

EDMs of nuclei 
and ions 
(      , etc.)

EDMs of diamagnetic 
atoms (Hg, Xe, Ra, Rn)

TeV

QCD

nuclear

atomic

Propagation of CP-violation beyond the Standard Model into Low Energy Observables

Pospelov Ritz, Ann. Phys. 318 (2005) 119

NOPTREX

neutron EDM
compound resonances

nucleon-nucleon

nucleon-nucleon 
in nucleus

(1)

(2)

(3)

(4)

nuclear theory, resonance parameters

theory

theory

experiment (n,γ) measurement
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Y.-H.Song et al., Phys. Rev. C83 (2011) 065503

T-odd P-odd meson couplings

Present Sensitivity Estimation in Effective Field Theory
(deuteron case)
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Present Sensitivity Estimation in Effective Field Theory

Y.H.Song et al., Phys. Rev. C83(2011) 065503

←estimated discovery potential

nuclear nucleonnuclear 
effect

Gudkov, Phys. Rep. 212 (1992) 77

Fadeev, Phys. Rev. C 100(2019)015504

(Koonin, Phys. Rev. Lett. 69 (1992)1163)

←neutron EDM

←atomic EDM
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P-violating matrix element

T-violating matrix element

spin factor

to be measured

measured

being measured

measured

T-violating 
nucleon 
coupling 
constant

P-violating 
nucleon 
coupling 
constant

T-violation in Epithermal Neutron Optics
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polarized target

polarized neutron

epithermal neutron optics

P-odd T-odd

P-even T-even

P-odd T-even

P-even T-even

T-violating nucleon meson coupling

T-violating nuclear matrix element

P-violating nuclear matrix element

T-violating nuclear matrix element

P-violating nuclear matrix element

T-violating nucleon matrix element

P-violating nucleon matrix element

nuclear 
factor

angular 
momentum 

factor

T-violation in Compound Nuclear States

nuclear 

nucleon 
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polarized target

polarized neutron

epithermal neutron optics

P-odd T-odd

P-even T-even

P-odd T-even

P-even T-even

nuclear theory

T-violating nuclear matrix element

P-violating nuclear matrix element

T-violating nuclear matrix element

P-violating nuclear matrix element

T-violating nucleon matrix element

P-violating nucleon matrix element

nuclear 
factor

angular 
momentum 

factor

T-violation in Compound Nuclear States

statistical nature of 
compound nuclear states

factorization of 
nuclear properties
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polarized target

polarized neutron

epithermal neutron optics

P-odd T-odd

P-even T-even

P-odd T-even

P-even T-even

nuclear theory

T-violating nuclear matrix element

P-violating nuclear matrix element

T-violating nuclear matrix element

P-violating nuclear matrix element

T-violating nucleon matrix element

P-violating nucleon matrix element

nuclear 
factor

angular 
momentum 

factor

statistical nature of 
compound nuclear states

T-violation in Compound Nuclear States

factorization of 
nuclear properties
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CP-violation

polarized target

polarized neutron

epithermal neutron optics

P-odd T-odd

P-even T-even

P-odd T-even

P-even T-even

nuclear theory

CPT-theorem

T-violating nuclear matrix element

P-violating nuclear matrix element

T-violating nuclear matrix element

P-violating nuclear matrix element

T-violating nucleon matrix element

P-violating nucleon matrix element

nuclear 
factor

angular 
momentum 

factor

New Physics Search via T-violation new physics
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Enhancement Mechanism 
(questions from us)

APPENDIX
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10-7 for NN
Enhancement Mechanism

initial state 
(entrance channel)
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initial state 
(entrance channel)

compound state

p
-w

av
e

s-
w

av
e

p j=3/2

p j=1/2
106 eV

10 eV randomness of expansion coefficients

direct connection between the entrance channel to the compound state

compound state = strongly correlated (isolated) quantum system 

enhancement = deviation of perturbative symmetry-breaking of randomly distributed 
contributions in the densely correlated quantum system with huge number of freedom

entrance channel : wave-like

We are going to apply this statistical nature to search for new physics. 
How reliably can we expect the enhancement of T-violation?

compound state : particle-like (looks quantum mechanically uncorrelated accumulation)

How does the system evolute from the entrance channel to the compound state?

Intermediate channel(s) seems very thin (since the cross section and correlation terms are consistent with Breit-Wigner-type amplitudes).

Friction? Where does it come from?

How precisely valid? <- The large enhancement may be built very quickly due to possible quantum mechanical random walk?

Microscopic assessment of the random matrix theory may be difficult.

Accumulation of experimental results, which deny hypothetical possibilities out of random matrix theory, may be the possible approach.

What kind of observables is appropriate to pick up deviations from the random matrix theory?

Enhancement Mechanism



initial state 
(entrance channel)

compound state

p
-w

av
e

s-
w

av
e

p j=3/2

p j=1/2
106 eV

10 eV randomness of expansion coefficients

direct connection between the entrance channel to the compound state

compound state = strongly correlated (isolated) quantum system 

enhancement = deviation of perturbative symmetry-breaking of randomly distributed 
contributions in the densely correlated quantum system with huge number of freedom

We are going to apply this statistical nature to search for new physics. 
How reliably can we expect the enhancement of T-violation?

“Anomalous Fluctuations of s-Wave Reduced Neutron Widths of 192,194Pt Resonances” 
P.E.Koehler et al., Phys. Rev. Lett. 105 (2010) 072502

What kind of observables is appropriate to pick up deviations from the random matrix theory?

Enhancement Mechanism

“Neutron Resonance Widths and the Porter-Thomas Distribution” 
A.Volya, H.A.Weidenmuller, V.Zelevinsky, Phys. Rev. Lett. 115 (2015) 052501

What is the possible influence(s) to the enhanced sensitivity to T-violation?

deviation from the  
Porter-Thomas distribution

(under the constraint of the experimentally observed P-violation enhancement)
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B, B-L nonconservation
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中性子から反中性子への自発的遷移

ILL cold neutron beam experiment 
Z. Phys. C63 (1994) 409

磁場のない真空中に長時間滞在させる

中性子反中性子振動
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中性子から反中性子への自発的遷移

nnbar oscillation causes nuclear instability

“New nuclear Theory and uncertainty” 
Friedman and Gal, 2008

SK-limit 
24ν candidates 

24.1ν bkgr from atm.ν

ILL cold neutron beam experiment 
Z. Phys. C63 (1994) 409

中性子反中性子振動
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ESSでの長尺水平ビームライン

線源に近づく限度
中性子が自由落下する
磁気遮蔽が極めて大変

新試験研究炉での

新試験研究炉

線源距離の制限緩和
自由落下は利点
磁気遮蔽が小規模

冷中性子+集光光学

超冷中性子蓄積

中性子から反中性子への自発的遷移 磁場のない真空中に長時間滞在させる

中性子反中性子振動

ILL cold neutron beam experiment 
Z. Phys. C63 (1994) 409
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nnbar oscillation causes nuclear instability

“New nuclear Theory and uncertainty” 
Friedman and Gal, 2008

SK-limit 
24ν candidates 

24.1ν bkgr from atm.ν

ILL cold neutron beam experiment 
Z. Phys. C63 (1994) 409

中性子反中性子振動



kek50th anniversary
page

2026/03/04 Seminar@CSNS, Dongguan 
H.M.Shimizu 90

中性子反中性子振動
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0νββ, 陽子崩壊, 中性子-反中性子振動
B-L Triangle by R.N.Mohapatra

sphaleron

QQQQQQ QQQL LL

Neutrinoless Double Beta Decay 

(ΔB=0, ΔL=2 / Δ(B-L)=-2)
Neutron-Antineutron Oscillation 

(ΔB=-2, ΔL=0 / Δ(B-L)=-2)

Proton Decay 

(ΔB=-1, ΔL=-1 / Δ(B-L)=0)



kek50th anniversary
page

2026/03/04 Seminar@CSNS, Dongguan 
H.M.Shimizu 92

もんじゅサイトを利用した新試験研究炉

基礎物理
→ FPUR (http://fpur.org)

JAEA, 京都大学, 福井大学 (2030頃)

原子炉を用いた基礎物理を推進する有志の会 FPUR (http://fpur.org) 

核物理委員会→JAEA


