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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 !
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Spin for CP-violation search

Time reversal symmetry violation 

is equivalent to CP violation using CPT theorem.

CPT 

theorem

Time reversal asymmetrymatter-antimatter

asymmetry

n

+

−
No antimatter needed.

Final state interaction can 

be  negligible (in some case).

"Spin" experiment
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T-violation search experiments (EDM)EDM from elementary level CP violation

Energy 
scale

QCDHadron TeVNuclearAtomic

q EDM

q cEDM

e-q int

4-q int

ggg

θ-term

N EDM

e-N int

N-N int

Schiff 
moment

MQM

Paramagnetic 
 Atom EDM 
/ Molecules

Diamagnetic 
 Atom 
EDM

Nuclear 
EDM

Left-Right

Leptoquark

Composite 
models

Extradimension

observable : Observable available at experiment

: Sizable dependence

: Weak dependence

Standard Model

Supersymmetry

e,µ EDM

: Matching

(RGE)

Higgs doublets

BSM physics:

Illustrated by N. Yamanaka
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Various EDM search experiments

No finite value of EDM detected in various systems

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

Upper limits :

  electron EDM
 |de| < 1.6×10−27 ecm   Tl 
 |de| < 1.1×10−29  ecm  ThO 
 |de| < 4.1×10−30  ecm  HfF+

 muon EDM
 |dμ| < 1.5×10−19 ecm  g-2

  neutron EDM
 |dn| < 1.8 x 10 -26 ecm  UCN

 atomic EDM
 |dXe| <  1.2×10−27 ecm  129Xe
  |dHg| <  6.3×10−30 ecm  199Hg 

Standard Model predic^on
   neutron : dn ≃ 10-32 ecm
   electron : de ≃ 10-38 ecm
  
-> If finite EDMs are found, 
    it is due to the physics  
   beyond the standard model !!
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Neutron EDM 

|dn | < 1.5 × 10−27 ecm

C. Abel et al., Phys. Rev. Lett124, 081803 (2020)

resulting in the observed CP violation in K- and B-meson
decays, and the θ̄QCD coefficient of the still-unobserved
CP-violating term of the QCD Lagrangian [3]. Both are too
small to account for the observed baryon asymmetry of
the Universe [4], which requires CP violation as one of
three essential ingredients [5]. Furthermore, many theories
beyond the SM naturally have large CP-violating phases
[6] that would result in an observable neutron EDM
(nEDM). In combination with the limits from searches
for the electron [7] and 199Hg [8] EDM, the limit on the
nEDM confirms and complements stringent constraints
upon many theoretical models [9]. In particular, the nEDM
alone stringently limits θ̄QCD. This unnaturally small upper
limit on θ̄QCD is known as the strong CP problem; it gave
rise to searches for a Goldstone boson, the axion [10,11],
which is also an attractive candidate to solve the dark
matter mystery [12].
An overview of the spectrometer used for the measure-

ment is shown in Fig. 1, while a detailed technical
description of the apparatus (upgraded from that used
for the previous best limit [13–15]) and of data taking
may be found in Ref. [16]. A total of 54 068 individual
measurement cycles, during 2015 and 2016, were used to
determine the change in the Larmor precession frequency
of the neutron:

fn ¼
1

πℏ
jμnB⃗0 þ dnE⃗j; ð1Þ

correlated with the change of polarity of the electric field
jE⃗j ¼ 11 kV=cm, where μn is the magnetic dipole moment
and B⃗0 a collinear magnetic field (jB⃗0j ¼ 1036 nT). For
this purpose, we used Ramsey’s method of separate
oscillating fields [17].
In each cycle, ultracold neutrons (UCNs) from the Paul

Scherrer Institute’s UCN source [18,19] were polarized by

transmission through a 5 T superconducting solenoid; spin
flipper 1 (SF1) then allowed the selection of the initial spin
state (up or down). The switch directed the incoming
neutrons to the cylindrical precession chamber situated
1.2 m above the beam line. The precession chamber (radius
R ¼ 23.5 cm, height H ¼ 12 cm) was made of diamond-
like-carbon-coated [20,21] aluminum electrodes and a
deuterated-polystyrene-coated [22] insulator ring milled
from bulk polystyrene. After 28 s, an equilibrium density of
up to 2 UCN=cm3 inside the precession chamber was
attained, and a UCN shutter in the bottom electrode was
closed to confine the UCN for a total of 188 s. A small
valve was opened for 2 s to release a sample of polarized
199Hg vapor, that was used as a comagnetometer (HgM).
A first low-frequency (LF) pulse of 2 s duration and
frequency jμHgB0j=ðπℏÞ ≈ 7.8 Hz tipped the 199Hg spin
by π=2. Ramsey’s technique was then applied to the
neutrons, with an LF pulse (also of tLF ¼ 2 s duration)
at a frequency of jμnB0j=ðπℏÞ ≈ 30.2 Hz tipping the UCN
spins by π=2. After a period of T ¼ 180 s of free pre-
cession, a second neutron LF pulse, in phase with the first,
was applied. During data taking, the LF pulses were
alternated between four frequencies in the steep regions
of the central Ramsey fringe.
Immediately after the second neutron LF pulse, the UCN

shutter in the bottom electrode was opened. The switch was
also moved to the “empty” position connecting the pre-
cession chamber with the UCN detection system [23,24],
which counted both spin states simultaneously in separate
detectors. The state of the spin flippers (SF2a and SF2b)
above each detector was alternated every fourth cycle,
with one of them being off while the other was on, to
average over detection, spin flipper, and spin analyzer
efficiencies. For each cycle i, we recorded an asymmetry
value between the number of spin-up (Nu;i) and spin-down
neutrons (Nd;i): Ai ¼ ðNu;i − Nd;iÞ=ðNu;i þ Nd;iÞ. On aver-
age, Nu þ Nd ¼ 11400 neutrons were counted per cycle.
In addition, for each cycle we obtained a frequency fHg;i

from the analysis of the mercury precession signal, as well
as 15 frequencies fCs;i from cesium magnetometers (CsM)
positioned above and below the chamber.
There are 22 base configurations of the magnetic field

within the dataset. Each base configuration was defined
by a full degaussing of the four-layer magnetic shield and
an ensuing magnetic-field optimization using all CsM
described in detail in Ref. [25]. This procedure was
essential to maintain a high visibility, which was measured
to be ᾱ ¼ 0.76 on average. A base configuration was kept
for a duration of up to a month, during which only the
currents of two saddle coils on the vacuum tank, above and
below the chamber, were changed to adjust the vertical
gradient in a range of approximately %25 pT=cm [26].
Within a base configuration, all cycles with the same
applied magnetic gradients were grouped in one sequence.
The analyzed dataset consists of 99 sequences. The voltage

FIG. 1. Scheme of the spectrometer used to search for an
nEDM. A nonzero signal manifests as a shift of the magnetic
resonance frequency of polarized UCNs in a magnetic field B0

when exposed to an electric field of strength E.

PHYSICAL REVIEW LETTERS 124, 081803 (2020)

081803-2

Ultra cold neutronUCNを用いたnEDM探索 ILL/PSI

Phy. Rev. Lett. 97 .131801 (2006)

magnetic field 1μT
electric field 10kV/cm

tc 130s

電磁場中のかかった容器中にUCNを閉じこめ、
スピン歳差運動の周波数をラムゼー共鳴法を用
いて測定

1. UCN偏極
2. 歳差運動 (tc=130 sec)

位相を蓄積
3. スピン解析

共鳴周波数でスピン反転
4. UCN検出

B E

7

PSI (Switzerland)  

is very slow neutron with
　Energy  　　　~200 neV
　Velocity  　　   ~5 m/s
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199Hg

Atomic EDM (diamagnetic)

|dHg | < 7.4 × 10−30 ecm

Graner et al., Phys. Rev. Lett. 116,161601 (2016) .
Seattle (USA)  

129Xe

|dXe | < 4.8 × 10−27 ecm
Munchen/Michigan/Berlin/Julich

Sachdeva et al., arXiv 1902.02864

|dXe | < 1.5 × 10−27 ecm
Meinz/Julich/Heidelberg

Allmendinger et al., arXiv 1904.12295

Meinz/Julich/Heidelberg
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T violating coupling constants in nucleus

Coefficient values, from the compilation of:  
[J. Engel et al., Prog. Part. Nucl. Phys. 71 (2013) 21]

( ) ( ) ( )
( ) ( ) ( )
( ) ( )

2.3 17 1.6 17 3.9 20
Hg 0.19 4.9 0.0

2.3 18 1.7 18 2 21
Xe 0.

(0) (1)
T

(0) (1)
T

(0)

11 0.11 0

14 1)6
n

(1
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NN NN

NN NN

NN NN

g g Cd

g C

g g

d

d

g

π π

π π

π π

+ − + − + −
− − −

+ − + − + −
− − −

− −

= − × ⋅ + × ⋅ − × ⋅

= − × ⋅ − × ⋅ + × ⋅

= − × ⋅ + × ⋅

:  Vanishingly small contribution fromHgd (1)
NNgπ

:  No contribution fromnd TC

EDM measurements with various system 

(nucleon, nuclei, atom, molecules) 

are needed to deconvolute the couplings. 

EDM from elementary level CP violation

Energy 
scale

QCDHadron TeVNuclearAtomic

q EDM

q cEDM
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Schiff 
moment
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 Atom EDM 
/ Molecules

Diamagnetic 
 Atom 
EDM

Nuclear 
EDM

Left-Right

Leptoquark

Composite 
models

Extradimension

observable : Observable available at experiment

: Sizable dependence

: Weak dependence

Standard Model

Supersymmetry

e,µ EDM

: Matching

(RGE)

Higgs doublets

BSM physics:

 
nucleon EDMs Nucleon-electron int.
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Xe

Cs
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Hg

YbF HfF+

ThO

原子

分子

2010年以降、極性分子を用いたEDM測定が実現. 
分子内部の大きな有効電場を用いることで、 
測定感度が大きく向上している.

主なeEDMの実験上限値の推移

E = de・Eeff

e-

Th

O

-

+

ΔEEDM
Eeffe-

Th

O

-

+

Eeff

ThOの場合：Eeff ~ 78 GV/cm

ACME1 (2014)
ACME2 (2018)

Advanced ACME 
(prospect)

電子EDM

EDM measurement with polar molecules has been realized since 2010. 
Measurement sensitivity has been greatly improved by using the large 
effective electric field inside molecules.

YbF：Hinds2011(Imperial College), |de|<10-27 e cm
ThO：ACME2 Collaboration 2018, |de|<1.1 x 10-29 e cm

PbO, PbF, HfF+, HgF/BaF, RaF, TlF, YbHg, …

Atomic and molecular EDM

Atom

Molecule

Electron EDM upper limit

Effective electric field ~ 78 GV/cm 
for ThO
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molecular EDMACME III apparatus
5

v Almost all the parts are newly constructed.

v Experimental site: Northwestern University (US)

Improvements
13

Projected Improvement Signal gain EDM
sensitivity

Longer precession time 0.27 2.6
Molecular lens 12.0 3.4
Photon detector upgrade 2.7 1.6
Improved collection optics 1.6 1.3
Timing jitter noise 1.0 1.7
Total 14.0 31.2

Sensitivity

Improvements
13

Projected Improvement Signal gain EDM
sensitivity

Longer precession time 0.27 2.6
Molecular lens 12.0 3.4
Photon detector upgrade 2.7 1.6
Improved collection optics 1.6 1.3
Timing jitter noise 1.0 1.7
Total 14.0 31.2

Sensitivityx30 improvement

ThO
ACME III experiment
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Atomic EDM (isotope)
210Fr 211FrElectron EDM enhanced Nuclear EDM enhanced

T1/2~5min T1/2~3min 

14

• Radioactive  T1/2~5min
• Make it by artificial generator 225Ac
• Large Octupole deformation → Schiff moment  nuclear EDM enhancement

221Fr
Octupole
deformation

Searching for the nuclear EDM

Spevak, V., N. Auerbach, and V. V. Flambaum..
Physical Review C 56.3 (1997): 1357.

with Octupole deformation Rb
enhanced factor 

Cs Fr
27.5 114 799

Shitara, N., et al., J. High Energ. 

Phys. 2021(2021)124. 

Spevak, V., N. Auerbach, and V. V. Flambaum.. 

Physical Review C 56.3 (1997): 1357. 

High intensity 18O6+ beam  
from RIKEN AVF cyclotron

Fr+ beam production

Optical lattice
Fr MOT/LOFr isotopes are produced by beam,


laser-cooled, and trapped in optical 
lattice. 

The spin of the trapped Fr atom can 
be precisely measured.
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Muon g-2/EDM
μ g-2

FNAL confirmed BNL result. 
4.1σ discrepancy from SM

μ g-2/EDM at J-PARC

New physics?

Mu 1S-2S実験

Physics run 2027~

B
μ+

e+

運動量
スピン

崩壊

B EDM探索

対称性を破る π中間子と核子の結合定数（アイソベクトル成分に関しては g(1) < 2.3× 10−12）や
QCD-θ項（θQCD < 1.5× 10−10）などに対して厳しい制限を与えています [6]。
実験では、原子のガスをセルに封入しレーザーポンピングによりスピン偏極させ、電磁場中

でのスピン歳差位相をプローブレーザー等によって解析します。さらなる高感度化のために、磁
場変動の抑制と測定、スピンメーザーによる測定時間の延長などの開発が続けられています。ま
た、RaやRnなど重い不安定元素では対称性の破れが 2-3桁増幅される場合があり、アメリカ・
Argonne（225Ra）、カナダ・TRIUMF（223Rn）での実験が計画されています [7]。異なる方向性
としては、陽子や重陽子を蓄積リングで周回させ電場と EDMの相互作用を直接見る実験も計画
されており、今後が期待されます [8]。
一方、常磁性原子は電子 EDMに感度を持ちます。これまで上述と同様セルに閉じ込めた原子

が用いられていましたが、さらに長い相互作用時間・スピン偏極保持時間を実現するために、原
子のレーザー冷却・トラップを駆使したEDM探索が検討されています。米国グループなどはCs

を用いた実験 [9, 10]を、国内では東北大学サイクロトロン・ラジオアイソトープセンターや東京
大学原子核科学研究センターを中心に Frを用いた実験を進めています。
また、最近になって極性分子内で大きく増幅された内部電場を利用することで電子の EDM測

定感度を格段に高める実験が進んでいます（図 2）。米国のグループが ThO分子を用いて電子
EDMの上限値（|de| < 8.7× 10−29e · cm) を報告しています [11]。

＋

-

＋

-＋

-

B

E

図 1: 中性子や原子のEDM探索。一様磁場中
に粒子を蓄積し、電場の方向を変えて歳差回
転周波数の変化を測定する。

E

+

−

e

E

+

−

e

E = de ⋅ E

図 2: 極性分子を用いたEDM探索。分子内の
強電場と電子 EDMの向きによるエネルギー
準位を分光する。

2.3 ミューオンEDM

ミューオンの EDMの存在はレプトンセクターにおけるCP非保存を直接示します。後述する
0νDBD探索でレプトン数の非保存が発見されると、レプトンセクターでの CP非保存は、レプ
トジェネシスシナリオによる宇宙の物質・反物質の非対称を解明する手掛かりになるでしょう。
ミューオン EDMは蓄積リングによるミューオン g − 2測定実験と同時に行われます。EDM

と g − 2によるミューオンのスピン回転は直交しているため分離が可能です。米国ブルックヘブ
ン国立研究所で行われた E821実験では直径 14mのミューオン蓄積リングを用いてミューオン
g − 2を 0.54 ppmで測定し、標準理論の予想から 3.4σ大きいと報告しました [12]。これは新物
理の兆候なのか、その追試に注目が集まっています。Fermilabではブルックヘブンの装置を移設
して 0.14ppmの精度で測定する実験が進行しており、2021年に最初の結果を報告しました [13]。

測定

Spin
Momentum

Decay

measurement

EDM search

Check with new method.
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T-violating nuclear interaction 
Nucleon level CP violation from strong interacting sector

quark EDM

quark chromo-EDM

P, CP-odd 4-quark int

P, CP-odd π-N interaction

Nucleon EDM

P, CP-odd 
nuclear force

N

NN

N

q

q

q

q

Quark level operators 
(SMEFT)

MeV scale operators 
(Nuclear physics input)

Ch PT

Ch PT

N

N

N

N
π

N N

π
γ

g g

g

Weinberg operatorContact P, CP-odd NN interaction

Hadron level operators 
(chiral EFT)

Much chiral EFT / lattice QCD works in the past. Current understanding is like

Unfortunately, not all hadron matrix elements are available from lattice QCD

Use chiral EFT to relate unknown ones with known ones
J. de Vries et al., PRC 84, 065501 (2011)

Illustrated by N. YamanakaJ. de Vries et al., PRC 84, 065501 (2011)

CP-odd in nuclear interaction is also good probe. 
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T-violating nuclear interaction 
Nucleon level CP violation from strong interacting sector

quark EDM

quark chromo-EDM

P, CP-odd 4-quark int

P, CP-odd π-N interaction

Nucleon EDM

P, CP-odd 
nuclear force

N

NN

N

q

q

q

q

Quark level operators 
(SMEFT)

MeV scale operators 
(Nuclear physics input)

Ch PT

Ch PT

N

N

N

N
π

N N

π
γ

g g

g

Weinberg operatorContact P, CP-odd NN interaction

Hadron level operators 
(chiral EFT)

Much chiral EFT / lattice QCD works in the past. Current understanding is like

Unfortunately, not all hadron matrix elements are available from lattice QCD

Use chiral EFT to relate unknown ones with known ones
J. de Vries et al., PRC 84, 065501 (2011)

Illustrated by N. YamanakaJ. de Vries et al., PRC 84, 065501 (2011)

CP-odd in nuclear interaction is also good probe. 
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Triple correlation with neutron spin - electron - proton

Asymmetry of emitted electrons from polarized 8Li.

Ee,pe,m: Energy, momentum, mass of electron 
 J：Nuclear spin 
σ：Electron spin
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+
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運動量
スピン

崩壊

トジェネシスシナリオによる宇宙の物質・反物質の非対称を解明する手掛かりになるでしょう。

は蓄積リングによるミューオン g − 2測定実験と同時に行われます。

によるミューオンのスピン回転は直交しているため分離が可能です。米国ブルックヘブ

測定

EDM探索
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T. E. Chupp et al., PRC 86, 035505 (2012) 
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TABLE I. Expected contributions to D! T for
neutron decay from parameters of the Standard
Model and beyond-Standard-Model physics based
on measurements in other systems. The broad
range of limits arises in the cases of significant
model dependence.

Source Limit on D! T

CKM phase 10−12

θQCD 2 × 10−15

Left-right symmetry 10−7–10−5

Non-SM fermions 10−7–10−5

Charged Higgs SUSY 10−7–10−6

Leptoquark 10−5–10−4

interactions [23–27]. For the neutron EDM, this limit is more
stringent than the sensitivity of the experiment described here
by as much as an order of magnitude. This argument is based on
the assumption of complete absence of cancellations between
different contributions to the neutron EDM, which cannot be
a priori excluded [27]. Table I summarizes the contributions
to D !T from the Standard Model and extensions.

C. Recent results

The two most recent measurements of D in neutron decay
are from emiT-I and the TRINE experiment at the Institute
Laue Langevin, Grenoble (ILL). For emiT-I, D = [−6 ±
12(stat) ± 5(sys)] × 10−4 [9], and the TRINE result was D =
[−2.8 ± 6.4(stat) ± 3.0(sys)] × 10−4 [28]. The Particle Data
Group average for the neutron [20] also includes results from
Refs. [29–31]. A measurement in 19Ne, where the final-state
interactions are more than an order of magnitude larger than
for the neutron, resulted in D19Ne = [0.7 ± 6] × 10−4 [32,33].
We also note that the R coefficient of the T -odd, P -odd
correlation Jn · (pe × σ e), which is linearly sensitive to S and
T amplitudes, has recently been measured for the neutron [34]
and for 8Li [35].

II. THE emiT-II EXPERIMENT

The emiT experiment was designed to measure proton-
electron coincidences in the decay of neutrons polarized along
the axis of an array of detectors. The symmetry of the detector
array allowed us to discriminate the triple correlation from the
T -even, P -odd A- and B-coefficient correlations. The layout
of the experiment is shown in Fig. 1. The cold neutron beam
was transported by the neutron guide NG6 to the experiment.
The neutrons were polarized and passed through a spin flipper.
Downstream of the spin flipper, neutron spins were adiabati-
cally transported through rotation of the magnetic field to the
longitudinal direction, along the axis of the detector array.

The detector array, illustrated in Fig. 2, consists of four
electron detectors alternating with four proton-detector
planes arranged in an octagonal geometry concentric with
the neutron beam. Each of the four proton-detector planes
consists of 16 separate cells arranged in two rows of eight
cells. The protons are detected by negatively biased surface
barrier detectors (SBDs) that are incorporated into focusing
cells as illustrated in Fig. 3. Within the fiducial volume of the
detector array, neutrons are polarized parallel or antiparallel
to the magnetic field depending on the state of the spin flipper.
The magnetic field in the detector region is approximately
560 µT in magnitude and is nominally aligned parallel to the
neutron beam and detector axis.

A. Electron-proton coincidence events

The data set consists of 512 sets of coincidence events from
the combination of the 64 proton cells and the four electron
detectors for the two spin-flipper states. The total number of
counts for a given run time is labeled as N

piej

± , where the ±
indicates the spin-flipper state (neutrons nominally parallel or
opposite to the magnetic field B), pi labels the proton cell, and
ej labels the electron detector. The neutron-spin dependence of
the count rates depends on the correlations labeled by A, B, and
D and is given by the difference of rates for the two spin-flipper

0 1 2 3 4 5 6 7 8 9

Supermirror
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Neutron Guide

Spin
Flipper

Spin Transport
Solenoids

Guide Coils Beam Dump

Beam
Shutter

Cold
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meters

emiT Detector 6Li Beam Stop

n
flipper-off
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J

FIG. 1. Layout of the emiT-II experiment beamline. The neutron beam is nominally unpolarized upstream of the polarizer and is vertically
polarized downstream. Polarized neutrons are guided within beryllium-coated glass tubes to the detector. As shown, the spin flipper reverses
the direction of the vertical magnetic field B over a short distance so that the neutron spin Jn, which remains polarized vertically upward,
reverses with respect to the magnetic field. Downstream of the spin flipper, solenoids rotate the magnetic field into the horizontal direction,
parallel to the neutron beam.
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FIG. 2. (Color online) The emiT-detector array. (a) Side view showing proton-detector planes, with 16 proton cells (2 × 8) in each plane, and
50-cm-long electron detectors. (b) End view showing the four proton-detector planes and four electron detectors. The magnetic field, directed
parallel to the average neutron velocity, causes the proton and electron trajectories to be curved as indicated by the greatly exaggerated paths
shown. In this paper, we refer to the magnitude of the relative angles between a proton detector and electron detector; e.g., for proton detector p1,
these are 35◦, 55◦, 125◦, and 145◦, for e4, e1, e3, and e2 respectively. For reference, distances are measured from the center of the detector array.

states, while the average of rates includes the spin-independent
β-neutrino correlation (a term).

In order to isolate the neutron-spin-dependent terms, we
define the asymmetry

wpiej = N
piej

+ − N
piej

−

N
piej

+ + N
piej

−
. (8)

In principle, the N
piej

± follow from integrating Eq. (2) over the
neutron beam, the detectors’ acceptances, electron momentum,
and neutrino angles for a fixed time so that

wpiej ≈
A〈βeP · p̂e〉+ B〈P · p̂ν〉+ D

〈
βe

(pp

pν

)
P · (p̂p × p̂e)

〉

〈1〉 + a〈βep̂e · p̂ν〉
,

(9)

where βe = ve/c is the electron velocity, P is the neutron
polarization at a given position, and the angle brackets (〈 〉)
indicate that each term is averaged over energies, the neutron-
beam distribution, and solid angles for proton detector pi and
electron detector ej . As shown below, the D-coefficient term
can be isolated by forming a specific combination of wpiej that
cancels the parity-violating A and B correlations.

B. The ideal experiment

In order to explain the analysis technique, we begin by
considering an ideal experiment with uniform longitudinal
neutron polarization (P = P ẑ), uniform neutron-beam density,
and uniform efficiencies for all proton and electron detectors.
Consider a proton detected in p1 in coincidence with an
electron detected in either detector e2 or e3 as shown in Fig. 2.
(Coincidence rates of detectors with smaller relative angle,
e.g., p1 with e1 and e4, were about 15–25 times lower and were
not used to extract D in this analysis.) For longitudinal neutron
polarization, the asymmetry from Eq. (9) can be written as

wpiej ≈ P κpiej

[
D

〈
βe

(
pp

pν

)
ẑ · (p̂p × p̂e)

〉

+A〈βe cos θe〉 + B〈cos θν〉
]
, (10)

where θe and θν are the polar angles of the electron and
antineutrino with respect to the neutron polarization P, and

κpiej = 1
〈1〉 + a〈βep̂e · p̂ν〉

.

It is useful to define an instrumental constant that characterizes
the sensitivity of wpiej to the triple correlation, i.e., K

piej

D =
∂wpiej /∂D, or

K
piej

D ≈ κpiej

〈
βe

(
pp

pν

)
ẑ · (p̂p × p̂e)

〉
. (11)

The K
piej

D used in the analysis were determined by Monte
Carlo studies and are discussed in Sec. VI G.

To isolate the triple correlation, we note that the longitudinal
component of the cross product, ẑ · (p̂p × p̂e), has opposite
sign for p1e3 and p1e2 coincidences: for p1e3, it is positive, and
for p1e2, it is negative. Thus we form a difference of spin-flip
asymmetries for the two electron detectors. For example, for
p1 we have vp1 = 1

2 (wp1e3 − wp1e2 ). From Eq. (10), the vpi for
longitudinal polarization are

vp1 ≈ K̄DPD

+P
A

2
[κp1e3〈βe cos θe〉p1e3 − κp1e2〈βe cos θe〉p1e2 ]

+P
B

2
[κp1e3〈cos θν〉p1e3 − κp1e2〈cos θν〉p1e2 ], (12)

where K̄D = 1
2 (Kp1e3

D − K
p1e2
D ). Due to the P -odd, T -even

correlations combined with the strong anticorrelation of proton
and electron momenta, the asymmetries depend strongly on
the axial position of the proton cell. (Data are shown in
Figs. 12 and 13.) For example, if we assume D = 0, the
vpj and wpiej are equal but opposite for the upstream proton
cell and an axially symmetric downstream proton cell, e.g.,
vp1 = −vp15 . Also note that in the absence of the 560-µT
magnetic field, the vpi are opposite for the adjacent proton
cell, e.g., vp1 = −vp2 . Thus, for an ideal experiment with
uniform longitudinal polarization and beam, the average of
vpi from an upstream-downstream pair of proton cells (e.g.,
vp1 and vp15 ) or adjacent cells (e.g., vp1 and vp2 ) will cancel
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D = [−0.94 ± 1.89(stat) 
± 0.97(sys)] × 10−4 
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Triple correlation with 8Li spin - pe - σe

Asymmetry of momentum and polarization direction of emitted electrons 

from polarized 8Li.

MTV preliminary
Current limit by PSI

BG from final state interaction
Final goal of sensitivity

R. Tamiya, Master thesis (2014)

Ee, Eν, pe, pν : Energy and momentum of e and ν 
 J：Nuclear spin 
σ：Electron spin
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Parity violation in compound nucleus reactions

1976年 Angular distribution of 117Sn(n⃗, γ)118Sn

1981年 Longitudinal asymmetry in neutron absorption reaction of  for 
0.7eV neutrons

139La + n⃗

AL = (9.56 ± 0.35) × 10−2

1990年~ Many isotopes            TRIPLE collaboration at Los Alamos

1974年

W(θ) = const . (1 + Aγ ⃗σn ⋅ ⃗kγ ) Aγ = − (4.1 ± 0.8) × 10−4

Large party violation was found in angular distribution of 
 for meV neutrons113Cd(n⃗, γ)114Cd

P-odd NPDγ : Aγ ∼ 10−8

σn
kγ

1981年 Longitudinal asymmetry in neutron absorption reaction 
for meV neutrons

  :  
  :  

    :  

139La + n⃗ AL = (34.3 ± 5.3) × 10−5 barn
117Sn + n⃗ AL = (4.6 ± 0.5) × 10−5 barn

81Br + n⃗ AL = (60.6 ± 6.2) × 10−5 barn AL ∼ 10−4
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polarized neutron

P-violation enhancement

AL = (9.56 ± 0.35) × 10−2

139La En = 0.734 eV

s wave

p wave
Epithermal Neutron Capture Reactions

n A
139La(En=0.734eV) 0.097±0.003

81Br(En=0.88eV)
111Cd(En=4.53eV)

0.021±0.001

−(0.013+0.007−0.004)

of p-wave resonance 
cross section

~ 2% of total cross section

P-violation is enhanced in  
the interference between s-wave and p-wave 

of compound nuclei.

around p-wave resonance
neutron capture
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T-violation in Compound Nuclei

Unknown parameterx =

s
�
p,j= 1

2
n

�p
n
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Angular momentum (recombination) factor
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Setup for T-violation experiment 
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Simple illustration of T-violation search experiment 
with polarized neutrons and target. 

2.3. Experimental principle of the T-violation search 15

2.3 Experimental principle of the T-violation search

Since the T-violating effect can be enhanced in the nucleus similar to the enhanced P-violation as shown
in the previous section, the T-violation can be searched for with high precision using a compound nucleus.
The best method to search for the T-violating effect is a measurement of a neutron transmission. This
method has the advantage that T-odd effects due to the final-state interaction are expected to be negligibly
small because neutron propagation does not change in the process of passing through the target. In this
section, the experimental principle to search for T-violation using the neutron transmission method is
described.
If the polarization of the target nucleus is a pure vector polarization, the forward scattering amplitude f

can be written as

f = A′ +B′σ · Î + C ′σ · k̂ +D′σ · (Î × k̂), (2.18)

where σ,Î and k̂ are the spin of incident neutron, the spin of the target nucleus and the momentum of
the neutron, respectively. When the neutron goes through a material, the incoming neutron spin state Ui

is transformed into the outgoing neutron spin state Uf given as

Uf = SUi,

S = ei(n−1)kz,

n = 1 +
2πρ

k2
f, (2.19)

where z is the thickness of the target, ρ is the number density of the material and k is the neutron wave
length. Here S is described as

S = A+Bσ · Î + Cσ · k̂ +Dσ · (Î × k̂), (2.20)

A = eiZA′
cos b

B = eiZA′ sin b

b
ZB′

C = eiZA′ sin b

b
ZC ′

D = eiZA′ sin b

b
ZD′

Z =
2πρz

k

b = Z
√

B′2 + C ′2 +D′2. (2.21)

A is the spin independent (P-even, T-even) term corresponding to the neutron absorption cross section.
B is the spin dependent (P-even, T-even) term corresponding to a neutron spin rotation through the
polarized target called "pseudo-magnetic effect". C is the P-violating (P-odd, T-even) term, which is

spin 
independent 
cross section

Spin 
dependence

P-violation T-violating 
cross section

Forward scattering amplitude

…
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J-PARC MLF
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139La (n, γ) measurement

T. Okudaira et. al. , Phys. Rev. C97 (2018) 034622.
2

Measurement of (n,γ) reaction
We	measured	139La(n,γ)	reac4on	at	J-PARC	BL04

2	Cluster	Ge	Detector		7ch	×2	:	14ch	
8	Coaxial	Ge	Detector			8ch	
22ch	→	7	angles

Targets : natLa  40mm x 40mm x 1mm

BL04  Ge Detector

Cluster detector

(n,γ)反応を測

A
C

G

BL04  ANNRI
Ge detector

Disk chopper

T0 choppter

Filter

Collimator

Beam stopper

Coaxial detector



Spin in Fundamental Physics 
Hawaii 2023, 29 Nov. 2023,  
Kenji Mishima, KEK, (Masaaki Kitaguchi, Nagoya University) page 26

139La (n, γ) measurement

T. Okudaira et. al. , Phys. Rev. C97 (2018) 034622.
2

Measurement of (n,γ) reaction
We	measured	139La(n,γ)	reac4on	at	J-PARC	BL04

2	Cluster	Ge	Detector		7ch	×2	:	14ch	
8	Coaxial	Ge	Detector			8ch	
22ch	→	7	angles

Targets : natLa  40mm x 40mm x 1mm

BL04  Ge Detector

Cluster detector

(n,γ)反応を測

A
C

G

BL04  ANNRI
Ge detector

Disk chopper

T0 choppter

Filter

Collimator

Beam stopper

Coaxial detector

139La

日本物理学会年次大会  2017/9/13　宇都宮大学 
Takuya Okudaira (Nagoya University)
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(n,γ)反応の測定
(n,γ)反応を測定することでκ(J)を決定する
特定のガンマ線を選び出す必要がある→高エネルギー分解能を持つ検出器が必要

『複合核共鳴における時間反転対称性の破れ探索のための共鳴パラメータの測定』
日本物理学会 2016年秋季大会　2016年9月22日　宮崎大学木花キャンパス
高田秀佐 page 3�

J-PARC MLF BL04 クラスタ型Ge検出器
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J-PARC BL04  Ge検出器を使用してガンマ線の角分布を測定

2台のCluster検出器(上・下)　7ch ×2 : 14ch 
8台のCoaxial検出器(側面)      8ch 
計 22ch

2016年 12月
2017年 2月

2016年 4月  

エネルギー分解能 : 2.4keV @ 1.33MeV 
検出効率 : 3.64±0.11% @ 1.33MeV 
DAQレート : ~200kHz

高精度のLa測定, Br, Sn測定
本公演ではLaの測定及び解析結果

→Sn, Inの解析　古賀

前回発表
La, Xe, Inを測定
DAQを改善　高統計化に成功
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(n, γ) measurement with polarized neutrons 
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T. Okudaira, T. Oku, T. Ino et al. Nuclear Inst. and Methods in Physics Research, A 977 (2020) 164301

Fig. 1. The schematic diagram of the gas-filling station to fabricate 3He cells.

measuring time at intense neutron beam facilities, those may be done
without re-polarizing the 3He cell. In order to keep high 3He polariza-
tion during the experiment, a long relaxation time of 3He polarization
is required, which makes details of the fabrication process of the 3He
cells important.

On the other hand, in the in-situ method, the 3He cell is installed
along with a laser system onto a neutron beamline. This method is
suitable for longer experiments because a stable 3He polarization can be
maintained for weeks. However, a larger space compared to the space
required for the ex-situ method is needed, and the safety regulations
involving the use of high powered lasers on a neutron beamline must
be considered. For details of the technique for optically polarized 3He
and its application, please see a reviewed paper Ref. [10].

At MLF of J-PARC, world class intense pulsed neutron beams are
provided to 23 neutron beamlines, and many neutron scattering exper-
iments are conducted [11]. In Japan, the fundamental development of
3He polarization technique based on SEOP began in the 1990s [12],
and further development is still ongoing by Ino et al. at High Energy
Accelerator Research Organization [13–17]. An in-situ SEOP system
dedicated for a polarized neutron spectrometer POLANO [11,18] at
beamline No. 23 has been developed, and now under commission-
ing [15,16]. In order to promote user experiments using 3He spin filters
on the other beamlines at MLF, we are carrying out the development of
3He spin filters with both in-situ and ex-situ methods for their versatile
uses on site at J-PARC. Experiments demonstrating their use have been
performed on several beamlines. User experiments and fabrication of
3He cells have recently begun. In this paper, we report development
and utilization of 3He spin filters at MLF of J-PARC.

2. Gas-filling station

As mentioned in the previous section, a clean gas-filling station and
fabrication process without impurities are important for a 3He cell with
long relaxation time. The first gas-filling station was constructed in
2018 at J-PARC. The schematic diagram of the gas-filling station is
shown in Fig. 1. All the gas lines are wrapped with heaters for vacuum
bake-out. An ultimate pressure of the gas-filling station was 5ù10

*8 Pa
after baking at 150 ˝C for a few days.

Boron-free aluminosilicate GE180 glass is widely used for the glass
cell of a 3He spin filter due to a small wall relaxation effect and low
permeability of 3He [4,19–21]. Our fabrication process of 3He cells is
similar to those of NIST, JCNS, and ORNL [19–21]. A cylindrical-shaped
glass cell made of GE180 is attached to a glassware made of Pyrex glass,
which is referred to as ‘‘string’’, (Fig. 2). The glass cell and the string are
rinsed with neutral detergent, pure water, acetone, and alcohol before
connecting to the gas-filling station. Rubidium and potassium ampoules

Fig. 2. The glassware used to fabricate a 3He cell. The ampoules are put in the parts
labeled as K ampoule and Rb ampoule in the figure. The glass cell made of GE180 is
attached to the string made of Pyrex at the top of the glass cell. The string is connected
to the pumping station using a Swagelok connector at the metal tube.

Fig. 3. 3He cell (Sekichiku) fabricated at J-PARC.

Table 1
List of 3He cells using rubidium and potassium with long relaxation times at J-PARC.
Name Dimensions [mm] 3He pressure [atm] T

1
[h]

Chidori �45 ù 75 3.1 201
Karigane �45 ù 75 3.1 180
Sekichiku �60 ù 60 3.1 175
Hanabishi �40 ù 90 3.1 165

are also rinsed with acetone and alcohol. After connecting the string
to the gas-filling station, the ampoules are put in the string without
breaking the ampoules, and the string is sealed off with a gas torch. The
ampoules are broken in a nitrogen atmosphere by dropping hammers
made of an iron rod covered with glass. The string and the glass cell
are baked out for a week at 200 ˝C and 400 ˝C, respectively. In the
next step, rubidium and potassium are distilled to retorts at 200 ˝C
and 220 ˝C, respectively, by using the heaters. After that, the glass
tube parts containing ampoules and hammers are pulled off with a gas
torch. The glass cell and the string are baked out again for one week,
and then the alkali metals in the retorts are distilled to the glass cell.
Finally, 3He and N

2
gases purified using GC50 getters (SAES Getters)

are filled to the glass cell, and the glass cell is sealed off by placing a gas
torch at the Pyrex part. When encapsulating the gases above 1 atm, the
glass cell is submerged in liquid nitrogen to keep the pressure inside the
glass cell below 1 atm while sealing. So far, nine 3He cells have been
fabricated with 3He pressures of 3.1 atm using the gas-filling station
at J-PARC, and four of them have found to have spin relaxation times
over 150 hours. A list of these 3He cells and a photograph of Sekichiku
cell are presented in Table 1 and Fig. 3, respectively.

2
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Fig. 10. Photograph of the ex-situ system installed at ANNRI beamline. The coil
wrapped with permalloy sheets, NMR system, and 3He cell were placed between the
iron shields.

Fig. 11. Photograph of the in-situ system installed at SHARAKU beamline.

5.3. BL17 SHARAKU

A trial experiment using the in-situ system on a beamline for neu-
tron reflectometry: BL17 SHARAKU [11,37] was performed [28]. The
SHARAKU beamline has a neutron polarizer and an analyzer consisting
of supermirrors. Some of the supermirrors are stacked vertically in
order to cover a wide area, which analyze the scattered neutron spins
with wavelengths longer than 0.2 nm. However, some neutrons, which
transmitted through the supermirrors are scattered by the supermir-
rors, and spacial distribution of neutrons reflected from a sample is
disturbed. A 3He spin filter was used as the analyzer instead of the
supermirrors to reduce uncertainty produced with the supermirrors
(Fig. 11). The 3He cell using pure Rb with a pressure thickness of
11.1 atm�cm, diameter of 35 mm, and length of 55 mm was used. A
Fe-Cr multi-layered thin film was used as a sample, and off-specular
measurements were performed using the in-situ system. The 3He polar-
ization was 60% during the experiment. The in-situ system successfully
demonstrated and worked stably over 4 days of the experimental time.
The sample had been measured previously at ISIS, and we obtained the
identical results on SHARAKU. This satisfactory implies that our in-situ
system worked as designed.

5.4. BL06 VIN ROSE

BL06 VIN ROSE [11,38] is equipped with a modulated intensity
by zero effort (MIEZE) spectrometer to analyze the slow dynamics of
condensed matter by measuring the intermediate scattering function.
Experiments using a combination of a MIEZE spectrometer and the
time of flight (TOF-MIEZE [39]) method have been carried out, and
additionally, polarization analysis of scattered neutrons by a sample is
planned in order to study spin dynamics by installing a spin analyzer.
We installed a 3He cell after the sample position as an analyzer to
confirm that the 3He spin filter can be used for the MIEZE spectrom-
eter [29]. The MIEZE signal was measured with and without the 3He
cell, and no difference was observed in the signal contrast. This result

Fig. 12. Photograph of the ex-situ system installed on the VIN ROSE beamline. The
polarized neutron beam was scattered by the sample, and the spin of the scattered
neutron was analyzed with the 3He spin filter. The vacuum duct was wrapped with
boron sheets to reduce background neutrons.

implies that diffusion of 3He gas does not affect the MIEZE signal
and a 3He spin filter can be used as a second analyzer in the MIEZE
spectrometer. Furthermore, in 2020, an experiment to measure the spin
dynamics of ferrofluid was conducted by using a 3He spin filter as
shown in Fig. 12. The 3He polarization of 72% and relaxation time
of 120 h was achieved on this beamline in the experiment, and the
analysis is currently underway.

5.5. BL15 TAIKAN

BL15 TAIKAN [11,40] is a small and wide angle neutron scattering
instrument. We conducted a trial experiment to measure coherent and
incoherent scattering cross sections from hydrogen contained material
by analyzing scattered neutrons using the in-situ system [30]. Supermir-
rors were installed upstream of the beamline as a neutron polarizer,
and the 3He spin filter was used as a spin analyzer. Silver behenate
was used as the sample, and the 3He cell with pure Rb was placed
120 mm downstream of the sample. The diameter of 3He cell was
35 mm, the length was 55 mm, and the gas pressure was 3 atm. A stable
3He polarization of 68% was kept during the experiment. Scattered
neutrons reaching a part of the small-angle detector bank were spin
analyzed. The coherent and incoherent scattering components were
successfully separated by analyzing the scattered neutrons. Although
the trial experiment was successful, the solid angle of the 3He cell was
inadequate and the pressure–thickness was not suitable for the neutron
wavelength used in TAIKAN. In order to cover a larger solid angle, an
ex-situ SEOP system using a larger 3He cell, which is to be placed 10 mm
downstream of the sample, is being prepared (Fig. 13). A new 3He cell
with rubidium and potassium has been fabricated with a diameter of
60 mm, a thickness of 40 mm, and a gas pressure of 1.5 atm for cold
neutrons. More trial and user experiments will be carried out in 2020.

5.6. BL21 NOVA

Experiments using 3He spin filters at BL21 NOVA [11,41], which is
a total diffractometer, are also planned. NOVA is equipped with large
solid angle neutron detectors. The detectors and a sample are installed
in a large vacuum chamber. We are planning to install two ex-situ
systems upstream of the beamline and around the sample to perform
polarized neutron scattering experiments. The schematic view of the
ex-situ systems at NOVA is shown in Fig. 14. The ex-situ system for the
polarizer is installed at the upstream of the beamline, and the neutron
polarization is held by the magnetic field produced with a guide coil
to the sample. The scattered neutrons by the sample are analyzed with
two 3He cells. This ex-situ system for the analyzer which can be installed
to the vacuum chamber is developed as shown in Fig. 15. A sample is
suspended from the top of the vacuum flange. The neutrons scattered
by the sample are analyzed with two 3He cells placed at a distance of
20 mm from the sample. The stage for the 3He cells can be rotated

6

3He Polarization 
> 0.8

Relaxation time 
> 100 hours

3He Cell

Pol. neutron experiments at BL04 ANNRI in J-PARC

T. Okudaira et. al.,  
Nucl. Instr. Meth. A977 
(2020) 164301
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Chapter 3. The angular distribution in (n,γ) reaction
1.

2.

3.
4.

Figure 3.1: Feynman diagrams of amplitude of (n,γ) reactions through s-wave and p-wave state. The

circle denotes the weak interaction.

is the weak matrix element. Here gr is statistical weight factor and defined as
gr =

2Jr + 1
2(2I + 1)

,

(3.2)

where Jr and I is the angular momentum of the compound status and spin of the target nucleus. When

the interference between an s-wave and a p-wave amplitude is considered, V1 − V4 are given as follows.V1 = − π
2k

√
grsΓn

rsΓ
γ
rsi(1 + α)

En − Ers + iΓrs/2
V2 = − π

2k

√
grpΓn

rpΓ
γ
rpi

En − Erp + iΓrp/2
V3 = − π

2k

√
grsΓn

rsW
√
Γγ
rpi(1 + β)(En − Erp + iΓrp/2)(En − Ers + iΓrs/2)V4 = − π

2k

√
grpΓn

rpW
√
Γγ
rsi(1 + γ)(En − Ers + iΓrs/2)(En − Erp + iΓrp/2)

,
(3.3)

Here, the contributions of the other far s-wave resonances are taken into account as the correction term

α, β and γ.
The differential cross section of the (n,γ) reaction induced by polarized and unpolarized neutrons can be
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As shown in Fig. 19 and Eq. 36, the branching ratio from1

s2-wave resonance to the ground state is very small. The2

negative s-wave amplitude V1, p-wave amplitude V2 and3

positive s-wave amplitude V3 can be written as4

V1f = −λ1f
(
|E1|
E

) 1
4 Γ1/2

E − E1 + iΓ1/2
,

V2f = −λ2f
(

E

E2

) 1
4 Γ2/2

E − E2 + iΓ2/2
,

V3f = −λ3f
(
E3

E

) 1
4 Γ3/2

E − E3 + iΓ3/2
.

(37)

The terms a0, a1 and a3 is given as5

a0 = λ21f

√
|E1|
E

Γ2
1/4

(E − E1)2 + Γ2
1/4

+λ22f

√
E2

E

Γ2
2/4

(E − E2)2 + Γ2
2/4

+λ23f

√
E3

E

Γ2
3/4

(E − E3)2 + Γ2
3/4

a1 = λ1fλ2f
Γ1Γ2(E − E1)(E − E2) + Γ2

1Γ
2
2/4

2 ((E − E1)2 + Γ2
1/4) ((E − E2)2 + Γ2

2/4)

×5

4

(
−x+

√
7

5
y

)

+λ3fλ2f
Γ3Γ2(E − E3)(E − E2) + Γ2

3Γ
2
2/4

2 ((E − E3)2 + Γ2
3/4) ((E − E3)2 + Γ2

2/4)

×3
√
3

4

(
x+

√
5

7
y

)

a3 = λ22f

√
E2

E

Γ2
2/4

(E − E2)2 + Γ2
2/4

33

280

(
−
√
35xy + y2

)
.

(38)

We define6

(a0,1,3)L =

∫ Ep

Ep−2Γp

dE′
∫

d3pA a0,1,3Φ(tlap, E
′,pA),

(a0,1,3)H =

∫ Ep+2Γp

Ep

dE′
∫

d3pA a0,1,3Φ(tlap, E
′,pA).

(39)

Here we ignore the a3 term since it is proportional7

to λ22f and is suppressed relative to the s-wave neutron8

width according to the centrifugal potential by the fac-9

tor of (kR)2. Under this approximation, the Eq. 28 is10

reduced as11

dσnγf

dΩγ
=

1

2
(a0 + a1 cos θγ) ,

(40)

Substituting Eq. 40 into Eq. 21, the angular dependence12

of the γ-ray count in the neutron energy regions Ep −13

2Γp ≤ E ≤ Ep and Ep ≤ E ≤ Ep + 2Γp can be written14

as15

(
∂2Iγ

∂tlap∂Ωγ
(tlap,Ωγ)

)

L,H

=
I0
2
((a0)L,H + (a1)L,HP1(cos θγ)) .

(41)

Convoluting with Eq. 23, the γ-ray count to be measured16

by the d-th detector can be written as17

(Iγ,d)L,H =
I0
2

(
(a0)L,HP 0,d + (a1)L,HP 1,d

)
.

(42)

Since the energy dependence of x1 and y1 is negligibly18

small in the vicinity of the p-wave resonance (ip = 2),19

(a1)L,H is a linear function of x1 and y1, thus a function20

of φ1. φ is determined by comparing (Iγ,d)L−(Iγ,d)H and21

(Iγ,d)L + (Iγ,d)H with the measured values NL −NH and22

NL+NH in Eq. 25 shown in Fig. 18. The angular depen-23

dences ofNL−NH andNL+NH are fitted by the functions24

of f(P̄d,1/P̄d,0) = A′P̄d,1/P̄d,0+B′ and g(P̄d,1/P̄d,0) = C ′
25

respectively. A′, B′ and C ′ are fitting parameters. Since26

the a1 is a odd function at E = E2, (a0)L,H, (a0)L,H can27

be written as28

C ′ =
I0
2
((a0)L + (a0)H) (43)

A′

C ′ =
(a1)L − (a1)H
(a0)L + (a0)H

= 0.295 cosφ1 − 0.345 sinφ1. (44)

The fitting results of C ′ and A′/C ′ are29

C ′ = 5.071± 0.0052,
A′

C ′ = −0.4285± 0.0255. (45)

Two solutions are obtained as30

φ1 = (111.0+15.2
−7.9 )◦, (150.1+7.9

−15.2)
◦. (46)

IV. DISCUSSION31

From the result, x1 is calculated as32

x1 = −0.342+0.132
−0.234, −0.867+0.161

−0.060. (47)

W which given in Eq. 1 is calculated from obtained x as33

W = (−1.743+0.798
−1.096) meV, (−0.688+0.044

−0.157) meV.(48)

The parameters in Table. II are used in the calculation.34

The ratio of the P-odd amplitude and P-odd T-odd35

amplitude is given as36

|fPT|
|fP|

= κ(J)
WT

W
, (49)

where fPT is the P-odd T-odd amplitude, fP the P-odd37

amplitude, WT the Podd T-odd matrix element and W38

c c
Experimental result Theoretical calculation with s-p mixing

0.75eV p-wave

Angular distribution due to 
interference between s- and p-wave.

−0.59 ± 0.12 = 0.719 cos ϕ + 0.418 sin ϕ
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Chapter3.Theangulardistributionin(n,γ)reaction
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Here,thecontributionsoftheotherfars-waveresonancesaretakenintoaccountasthecorrectionterm
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Spin dependent angular distribution due 
to interference between s- and p-wave.
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T. Okudaira et. al. ,  
Phys. Rev. C97, 034622 (2018).

T. Yamamoto et. al. ,  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φ value by 139La (n, γ) measurement

0.441 < κ(J ) < 0.575 (68 % C . L.)

κ(J) = 0.51 ± 0.07
→ T-violation is also enhanced 106-fold !
κ(J) was oder of 1

x
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Polarized target R&D
Crystal Growth at Tohoku Univ. Target Polarization at RCNP, Osaka Univ.

Cryogenics
Relaxation 
Time Control

Nagoya Univ.,

RIKEN,

Japan Women’s 
Univ.

Ashikaga Univ.

Hiroshima Univ.

Tohoku Univ.,

Hiroshima Univ.

Nagoya Univ.

RCNP, Osaka Univ.

Hiroshima Univ., Nagoya 
Univ. ,Yamagata Univ.

Hiroshima Univ.

Nagoya Univ.

Polarized La 
Target

LaAlO3 (Nd+)

single crystal

Relaxation time control 

with aromatic molecule

→ La polarization(~30%)  with large LaAlO3
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Experiments with polarized target at J-PARC

3He cell
La target

B0

Coils & Magnetic shielding

3He spin filter

Guide manget Super conducing

magnet 

Neutron detector

B0 B0

68mK, 6.7T →139La  polarization : 4.3%

Coldhead

La metal

20mm
RuO2

Super conducing magnet

3He polarization 85% 
→Neutron polarization 40%
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Experiments with polarized target at J-PARC

3He cell
La target

B0

Coils & Magnetic shielding

3He spin filter

Guide manget Super conducing

magnet 

Neutron detector

B0 B0

68mK, 6.7T →139La  polarization : 4.3%

3He spin filter

Super conducing magnet 
Dilution refrigerator 

Guide magnet

Spin-dependent cross section was observed. arXiv:2309.08905 (2023)

Submitted to PRC
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2.3 Experimental principle of the T-violation search

Since the T-violating effect can be enhanced in the nucleus similar to the enhanced P-violation as shown
in the previous section, the T-violation can be searched for with high precision using a compound nucleus.
The best method to search for the T-violating effect is a measurement of a neutron transmission. This
method has the advantage that T-odd effects due to the final-state interaction are expected to be negligibly
small because neutron propagation does not change in the process of passing through the target. In this
section, the experimental principle to search for T-violation using the neutron transmission method is
described.
If the polarization of the target nucleus is a pure vector polarization, the forward scattering amplitude f

can be written as

f = A′ +B′σ · Î + C ′σ · k̂ +D′σ · (Î × k̂), (2.18)

where σ,Î and k̂ are the spin of incident neutron, the spin of the target nucleus and the momentum of
the neutron, respectively. When the neutron goes through a material, the incoming neutron spin state Ui

is transformed into the outgoing neutron spin state Uf given as

Uf = SUi,

S = ei(n−1)kz,

n = 1 +
2πρ

k2
f, (2.19)

where z is the thickness of the target, ρ is the number density of the material and k is the neutron wave
length. Here S is described as

S = A+Bσ · Î + Cσ · k̂ +Dσ · (Î × k̂), (2.20)

A = eiZA′
cos b

B = eiZA′ sin b

b
ZB′

C = eiZA′ sin b

b
ZC ′

D = eiZA′ sin b

b
ZD′

Z =
2πρz

k

b = Z
√

B′2 + C ′2 +D′2. (2.21)

A is the spin independent (P-even, T-even) term corresponding to the neutron absorption cross section.
B is the spin dependent (P-even, T-even) term corresponding to a neutron spin rotation through the
polarized target called "pseudo-magnetic effect". C is the P-violating (P-odd, T-even) term, which is
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Big Milestone for T-violation search!
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Isotope E0 [eV] J l Γγ [meV] gΓn [meV]
139La −38.8± 0.4 4 0 60.3± 0.5 346±10
139La 0.750± 0.001 4 1 41.6± 0.9 (3.67± 0.05)× 10−5

138La 2.99± 0.01 11/2 0 95± 6 0.65± 0.03
139La 72.30± 0.01 3 0 64.1± 3.0 13.1± 0.7

TABLE I. The resonance parameters of La+n for low energy neutrons. The resonance parameters E, J , l, Γγ , g, and Γn

are resonance energy, resonance spin, orbital angular momentum, γ-width, g-factor, and neutron width, respectively. The
parameters of 138La and 139La are taken from Ref. [21] and Ref. [20], respectively.

We observed a significant asymmetry in condition (a),
corresponding to a high nuclear polarization, while the
asymmetry disappeared in condition (b) due to the lower
nuclear polarization. The peak and dip structures were
observed at the 2.99 eV and 0.75 eV resonances. The
global structure observed less than 0.3 ms is attributed
to the spin-dependent cross section of the negative s-wave
resonance.
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FIG. 3. TOF spectra of the transmitted neutrons (top figure)
and the spin-dependent asymmetries (bottom figure). Black
and white points denote the asymmetries in the conditions
(a) and (b), respectively, in the bottom figure.

C. Neutron polarization

The neutron polarization was obtained using the 3He
polarization of the 3He spin filter. The 3He polarization
was determined with the ratio of the transmitted neu-
trons for polarized and unpolarized 3He spin filter. The
ratio of the transmitted neutrons is described as

Npol

Nunpol
= cosh(PHe(t)ρHedHeσHe), (5)

where, PHe, σHe, and ρHedHe are the 3He polarization,
neutron absorption cross section of 3He, and areal den-
sity of 3He gas, respectively. Here, Npol is defined as
N+ + N− for cancelling the spin-dependent asymmetry
derived from the polarization of the La target. The areal
density ρHedHe was obtained from the measurement of
the ratio of transmitted neutrons for unpolarized 3He
spin filter and empty glass cell as 21.4 atm·cm. The 3He
polarization was obtained for each flip by fitting the TOF
dependence of Npol/Nunpol using Eq. 5 with a fit param-
eter of PHe as shown in Fig 4. Figure 5 shows the time
dependence of the 3He polarization. The relaxation time
of the 3He polarization τ , which was obtained by fitting
with PHe(t) = PHe(0) exp(−t/τ), was 161 h. The aver-
aged 3He polarization P̄He during the measurement was
(68± 1)%.
The neutron polarization Pn transmitted through the
3He spin filter is determined as

Pn(t) = − tanh(PHe(t)ρHedHeσHe). (6)

Figure 6 shows an averaged neutron polarization P̄n as
a function of the neutron energy calculated from the av-
eraged 3He polarization. The averaged neutron polariza-
tion at 0.75 eV was (36.1± 0.5)%.

D. Nuclear polarization determined by
spin-dependent asymmetry

The 139La nuclear polarization was determined utiliz-
ing the spin-dependent asymmetry at the 2.99 eV s-wave
resonance of 138La. The spin-dependent asymmetry at
the 2.99 eV resonance, after subtracting of the negative
s-wave component, was obtained as

εS = (5.1± 0.7)× 10−4. (7)

Experiments with polarized target at J-PARC
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5

as

σexp
S,p = −0.26± 0.08 barn, (9)

where Ep and Γp are the resonance energy and total
width of the p-wave resonance, shown in Table I. Here,
the total width is defined as Γp = Γγ

p + Γn
p . The asym-

metry of the spin-dependent cross section relative to the
spin-independent cross section of the p-wave component
was also obtained as

AS =
σp
+ − σp

−
σp
+ + σp

−
=

σexp
S,p

σtheo
0,p

= −0.36± 0.11. (10)

The spin-independent cross section σtheo
0,p was theoreti-

cally calculated with a Breit-Wigner formula, defined as,

σtheo
0,p =

9π

16k2
Γn
pΓp

(E − Ep)2 + (Γp/2)2
. (11)

When using the nuclear polarization calculated from the
temperature measured at the cold head, the differences
of σexp

S,p and AS from the values in Eq. 9 and Eq. 10 were
+0.03 barn and +0.04, respectively. These differences
were smaller than the statistical error.

III. ANALYSIS

Under the experimental conditions, the spin-dependent
assymetry can be approximated as

εS " PIPnρd
4π

k
ImB′, (12)

as described in the Appendix A, where B′ is the coeffi-
cient in Eq.(10) in Ref. [22] representing the spin-spin in-
teraction in the forward angle scattering amplitude. The
following subsections will discuss the implications of the
experimental results to the partial neutron width of the
p-wave resonance and the spins of the s-wave resonances.

A. Determination of partial neutron width using
spin-dependent cross section

The partial neutron width can also be extracted from
the angular correlations of γ-rays emitted from p-wave
resonances, which arise from interference between s- and
p-wave amplitudes [10–14]. The advantage of using the
spin-dependent cross section is that the neutron par-
tial width can be directly determined without assuming
the interference between partial amplitudes and the final
state spin after the γ decay.

The spin-dependent cross section at the p-wave resonance
can be calculated using the explicit theoretical expression
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of B′ as [22]

σtheo
S,p =

4π

k
ImB′ =

π

16k2
Γn
pΓp

(E − Ep)2 + (Γp/2)2

×
(
−39

4
x2
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)
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where xs and ys are ratios of the neutron partial width
of the channel spin, defined as

xs =
1

2
√
3
(−

√
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Consistent solution of φ was obtained

(n,γ) reaction

In principle, T-violation limit can be 
obtained from this data
(Second order effect of T-violation)

This work

x

φ value
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Summary

Discrete symmetry violation is enhanced in Compound States 
induced by Epithermal Neutron.

US-China-Japan collaboration NOPTREX was started.

nucleon, atom, molecule

CP-violation is one of the unsolved problems in particle physics.

NN interaction is good probe for T-violation search.

Neutron is suitable for spin-experiment, easy to be polarized, controlled.

EDMs of various systems are complementary and provide a 
strong limitation to CP violation.

triple-vector correlation in beta-decay, resonance capture


