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T-violation search in hadronic system using neutrons

n-EDM

Ultra cold neutron(~100neV)

T-violation of neutron
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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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NOPTREX : J-PARC E99 experiment
T-violation search in nucleon-nucleon interaction

Pion Exchange

p n
π

??
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NOPTREX Collaboration J-PARC experiments
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Parity violating effect in nucleon-nucleon system

p p

π

Z

Weak interaction in nucleon-nucleon interaction

→ Extracts weak interaction via P-odd observable

-(1.7±0.8)×10-7　

Phys. Rev. Lett 33:1307, (1974)

Asymmetry of cross section 
depending on spin direction

σp ⋅ kp

spin:  σp
momentum:   kp

Scattering experiment between polarized proton beam and unpolarized protons

AL ≃
Vweak

Vstrong
≃ GFm2

π ≃ 10−7

e.g. Helicity dependence of cross section 

  x→−x −σp ⋅ kp

Very small effect of weak interaction

Strong interaction : Parity conserving 
Weak interaction : Parity violating
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Neutron induced compound nuclei
Excited state formed after neutron capture with nucleus　: Compound nucleus

Neutron 
(meV~keV) Nucleus

Compound nucleus γ-decay
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Parity violating effect in neutron-nucleus system

106 times larger P-violating effect 
→ P-violating effect is largely enhanced 
in neutron absorption reaction 
131Xe, 117Sn, 81Br… 

Compound nuclei is good amplifier for 
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第 3章結果 3.3全 𝛾線エネルギー領域での asymmetry

3.3 全 𝛾線エネルギー領域でのasymmetry
前章までの解析から得られた TOFを図 3.3に示す。

 / ndf 2χ  267.2 / 138
Prob  10− 2.755e
p0        0.0001± 0.1643 
p1       08− 4.216e±05 −2.476e− 

1500 1600 1700 1800 1900 2000 2100
 s]µTOF[

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

0.22

C
ou

nt
s/

sh
ot  / ndf 2χ  267.2 / 138

Prob  10− 2.755e
p0        0.0001± 0.1643 
p1       08− 4.216e±05 −2.476e− 

 / ndf 2χ  267.2 / 138
Prob  10− 2.755e
p0        0.0001± 0.1643 
p1       08− 4.216e±05 −2.476e− 

図 3.8: 全 𝛾線エネルギー領域での up,downTOFスペクトルの比較赤;ビーム上流向きの中性子
スピンを入射した時,青;ビーム下流向きの中性子スピンを入射した時

図 3.5の様に s波共鳴バックグラウンドを 1次関数で fittingし差し引いた後、アシンメトリー
𝜖 =

𝑁up −𝑁down

𝑁up +𝑁down

を求めた。表 1.4の幅を用い 1/2Γ–5Γのいくつかの範囲で積分を行い求めた (付録 7.0.1)。
𝜖 = 0.028± 0.001

を得た。
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Enhancement of P-violation is observed 
in a p-wave resonance located in a tail 
of a s-wave resonance
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Enhancement of parity violation

Neutron total angular 
momentum

24 Chapter 3. The angular distribution in (n,γ) reaction
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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
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(1 + α)
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, (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

s-wave
l = 0

24 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

p-wave
l = 1

l = 0
l = 1

Parity + Parity -

s = 1/2
s = 1/2

j = 1/2 j = 1/2 ,3/2



9

j=1/2 components of s-wave and p-wave amplitudes 
are mixed by weak interaction
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2.1. PNC effect in a compound nucleus 11
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Figure 2.1: Schematics of a p-wave resonance located at the tail of a large s-wave resonance. The large
enhanced P-violation has been observed at such p-wave resonance.
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Enhancement of T-violation

Conversion factor from  
P-violation to T-violation 
(Unknown: determined by (n,γ)) V. P. Gudkov. Phys. Rep., 212:77, 1992.  

Size of T-violation in nucleon-nucleon interaction

Size of P-violation in 
nucleon-nucleon interaction

T-violating cross 
section in 
neutron-nucleus

P-violating cross 
section in 
neutron-nucleus

Compound nuclei can also be a good amplifier for unknown interaction!

T-violation search experiment (NOPTREX) is now ongoing at J-PARC

Compound nucleus is a good amplifier for weak interaction
p p

π

??

If T-violating interaction exists….
T-violating effect can be largely enhanced as well as weak interaction
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How to search for T-violation 
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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

Spin independent 
cross section

Spin dependence 
(Strong interaction)

P-violation 
(Weak interaction)

T-violating cross section 
(Unknown interaction)

⟺

Neutron momentum

Nuclear spin
Neutron spin
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Chapter 3. The angular distribution in (n,γ) reaction1.
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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
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√
grpΓn

rpΓ
γ
rpi

En − Erp + iΓrp/2
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rsW
√
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rpi(1 + β)
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√
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

γ
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angular correlation

T-odd correlation in forward 
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TIME REVERSAL INVARIANCE VIOLATION IN . . . PHYSICAL REVIEW C 83, 065503 (2011)

TABLE I. Typical matrix elements of the TRIV potential Re
〈(l′y j ′

y ),J |V #T #P
n |(ly jy ),J 〉

C̃np
in the jj -coupling scheme with the AV18 + UIX

strong potential in the zero-energy limit. The imaginary part of the matrix element is zero in the zero-energy limit. Scalar functions are
chosen as m2

π

4π
Y1(mπ r) for operators 1–5 and m2

π

4π
Y0(mπ r) for operators 6–16. O3,8,12 = 0 because of isospin selection rules. All numbers

are in units of fm2.

n 〈1 1
2 |v1/2|0 1

2 〉/p 〈1 3
2 |v1/2|0 1

2 〉/p 〈1 1
2 |v3/2|0 1

2 〉/p 〈1 3
2 |v3/2|0 1

2 〉/p

1 0.590 × 10−01 −0.787 × 10−01 0.151 × 10−01 0.177 × 10−01

2 0.627 × 10+00 −0.863 × 10−01 −0.144 × 10+00 −0.167 × 10+00

4 −0.268 × 10+00 0.107 × 10+00 0.330 × 10−01 0.379 × 10−01

5 0.321 × 10+00 −0.267 × 10+00 −0.199 × 10+00 −0.691 × 10−01

6 0.719 × 10−01 −0.104 × 10−01 −0.115 × 10−01 −0.141 × 10−01

7 −0.206 × 10−01 0.520 × 10−02 0.337 × 10−01 0.384 × 10−01

9 −0.650 × 10−01 0.865 × 10−02 0.238 × 10−03 0.134 × 10−02

10 0.106 × 10−01 −0.932 × 10−03 0.658 × 10−03 0.622 × 10−03

11 0.171 × 10−01 −0.548 × 10−03 −0.237 × 10−02 −0.273 × 10−02

13 −0.163 × 10−01 0.111 × 10−02 0.131 × 10−03 0.288 × 10−03

14 0.649 × 10−02 −0.628 × 10−02 −0.876 × 10−02 −0.250 × 10−03

15 0.338 × 10−01 −0.230 × 10−01 −0.293 × 10−01 −0.198 × 10−02

16 0.128 × 10−01 −0.816 × 10−02 −0.119 × 10−01 −0.335 × 10−03

The “angular” part of the matrix element is

〈α|Ô(x̂)|β〉 ≡
∫

dx̂

∫
dŷ Y†

α(x̂, ŷ)Ô(x̂)Yβ(x̂, ŷ), (25)

where Yα(x̂, ŷ) is a tensor bipolar spherical harmonic with
a quantum number α. One can see that the operators for
“angular” matrix elements have the following structure:

Ô(x̂) = (τi ( τj )(σ i ! σ j ) · (x̂, or
←−∇ %, or

−→∇ %), (26)

where (,! = ±,×. We calculated the “angular” matrix
elements by representing all operators as a tensor product
of isospin, spin, and spatial operators. For details of the
calculations of matrix elements, see Ref. [6]. Similar ap-
proaches have been successfully applied for the calculations
of weak and electromagnetic processes involving three- and
four-body hadronic systems [12–17] and for the calculation of
parity-violating effects in neutron-deuteron scattering [6,18].

V. RESULTS AND DISCUSSIONS

Typical results for the contributions of different operators
in a TRIV potential to matrix elements are shown in Table I,
where the mass scale was chosen to be equal to µ = 138 MeV.
As was discussed, both the pionless and the pionful EFTs in
the leading order, as well as the meson-exchange model, have
only five operators that have nonzero coefficients. Taking into
account that the characteristic mass scale µ for operators with
gn"6 should be at least larger than twice the pion mass, the
actual contributions of these operators are at least one order of
magnitude smaller than the values shown in Table I. Thus, one
can neglect contributions from the suppressed n " 6 operators
provided that the coupling constants satisfy the naturalness
assumption.

The possible contributions of different mesons to the TRIV
amplitude at Ecm = 100 keV are summarized in Table II. Using
these data, the observable parameters at the neutron energy

Ecm = 100 keV can be rewritten in terms of TRIV meson
coupling constants as

1
N

dφ #T #P

dz
= (−65 rad · fm2)

[
ḡ(0)

π + 0.12ḡ(1)
π + 0.0072ḡ(0)

η

+0.0042ḡ(1)
η − 0.0084ḡ(0)

ρ + 0.0044ḡ(1)
ρ

−0.0099ḡ(0)
ω + 0.00064ḡ(1)

ω

]
(27)

and

P #T #P = *σ #T #P

2σtot
= (−0.185 b)

2σtot

[
ḡ(0)

π + 0.26ḡ(1)
π − 0.0012ḡ(0)

η

+0.0034ḡ(1)
η − 0.0071ḡ(0)

ρ + 0.0035ḡ(1)
ρ

+0.0019ḡ(0)
ω − 0.00063ḡ(1)

ω

]
. (28)

For a comparison, the DDH model of PV interaction with
the AV18 + UIX strong potential at Ecm = 100 keV gives

1
N

dφ #P

dz
= (55 rad · fm2)

[
h1

π + h0
ρ(0.11) + h1

ρ(−0.035)

+h0
ω(0.14) + h1

ω(−0.12) + h
′1
ρ (−0.013)

]

(29)

P #P = *σ #P

2σtot
= (0.395 b)

2σtot

[
h1

π + h0
ρ(0.021) + h1

ρ(0.0027)

+h0
ω(0.022) + h1

ω(−0.043) + h
′1
ρ (−0.012)

]
.

(30)

These expressions correspond to

1
N

dφ #P

dz
= (59 rad · fm2)

[
h1

π + h0
ρ(0.10) + h0

ω(0.14)

+h1
ρ(−0.042) + h1

ω(−0.12) + h
′1
ρ (0.014)

]
(31)

065503-5

|ΔσT | ≃ 0.18( ) barn

n-EDM

NOPTREX

Meson Exchange model

 V.V.Flambaum et al., Phys.Rev.C.105,015501 (2022) 

Y.H.Song et al.,Phys. Rev. C., 83:065503, (2011.)
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History of NOPTREX
1981 Discovery of very large parity violation  at Dubuna139La + n⃗

1990~ Measurement of parity violation for many isotopes (~100) at Los Alamos

Theoretical prediction of enhancement of T-violation

Discussion of T-violation search and fundamental study was started at KEK
→Discussion was suspended due to low neutron intensity,  
  (100 years measurement time was needed)

2010s Discussion of T-violation search was started again at J-PARC

Parity violation measurement using (n,γ) reactions at KEK
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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
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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

γ
θ

Angular correlation 
by s-p mixing  
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1. Selection of target nuclei with large enhancement of T-violation

4. Neutron detector3. Polarized La target2.Neutron polarization device

Plan for T-violation search

→Enhancement of T-violating effect in 139La 0.75eV resonance : ~106 times 
T. Okudaira et. al. , Phys. Rev. C. 97 034622 (2018)
T. Yamamoto et al. Phys. Rev. C. 101, 064624 (2020)
T. Okudaira et. al. , Phys. Rev. C. 104, 014601(2021)
M. Okuizumi et al. Phys. Rev. C. 111, 034611(2025)

J. Koga et. al., Phys. Rev. C. 105, 05461 (2022) 
S. Endo et al.,  Phys. Rev. C.106 064601  (2022)
T.Okudaira et al. Phys. Rev. C 107, 054602 (2023)

139La 117Sn

131Xe

 T. Okudaira et. al. , NIM 
A 977, 164301 (2020)

→3He spin filter for ~0.75eV  

80% neutron 
polarization!!

→Dynamic nuclear polarization    
30% 139La polarization!!

K. Ishizaki et al., NIM A1020, 165845 (2021)
K. Ishizaki et al., Rev. Sci. Instrum. 95, 063301 (2024)

U.S. NOPTREX
D. Schaper et. al., NIM A 969, 163961 
(2020) 
LBO Detector

Phase-Ⅰ : Scheduled on 2025-2026, Preparation is ongoing.

Phase-Ⅱ : Fundamental development is going

5. Neutron transmission experiment using polarized neutron beam and polarized target
→Phase-0 : Statistically polarized target, First T-violation limit! T. Okudaira et al., Phys. Rev. C., 109, (2024) 044606 

R. Nakabe et al., Phys. Rev. C. (2024) L041602 
R. Nakabe et al., arXiv:2509.06542v1 (2025)

Poster: Mao OkuizumiPoster: Kanta Asai Poster: Sota Kudo

Poster: Shiori Kawamura

(n,γ) measurement Poster : Mofan Zhang, Sodai Hayashi
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T-violation sensitivity

「複合核反応を用いた時間反転対称性の破れ探索実験の現状」 
日本物理学会2021年秋季大会、2021年9月15日 
北口雅暁　（名大KMI） page 11

KEK, JAEA

Indiana Univ,. Kentucky Univ., 
RCNP, Nagoya Univ.

RCNP, Hiroshima Univ., 
Nagoya Univ., KEK

NOPTREX Collaboration
Neutron Optical Parity and Time Reversal EXperiment

J-PARC P76 KEK 2018S12

J-PARCにおける時間反転対称性の破れ探索計画
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Measurement time [hours]

Pn=1, PI=1 (Ultimate technologies)

Pn=0.9, PI=0.4 (Existing technologies)

3 days

Current limit of  
Neutron EDM

1 month

dn~10-27 e・cm

Sensitivity corresponding to nEDM can 
be achieved by 1 month measurement 
with 70% neutron polarization and 40% 
139La polarization 

(In 100% polarization case, 3days 
measurement)

Very rough comparison. T-violation 
parameters which can be searched for 
are different

∼ 5 × 10−6
Spin dependent asymmetry

Current limit of nEDM
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Recent updates (2024-2025)

• Neutron transmission experiment using polarized 139La and polarized neutrons 
T. Okudaira et al., Phys. Rev. C., 109, (2024) 044606 

R. Nakabe et al., Phys. Rev. C. (2024) L041602 • T-violation sensitivity of 139La+n

• Development of neutron polarizer for the high neutron beam polarization

• Development of Polarized La target

→NOPTREX Phase-Ⅰ experiment will be started from 2025

• γ-ray polarization measurement of (n,γ) reaction  S. Endo et. al. Eur. Phys. J. A (2024) 60:166 

K. Ishizaki et al., Rev. Sci. Instrum. 95, 063301 (2024)

• Transverse asymmetry measurement of 139La(n,γ)140La* reaction

M. Okuizumi et al., Phys. Rev. C. 111, 034611(2025)

S. Takahashi et al., NIMA. 1075 170410 (2025)

• Study of enhancement mechanism

R. Nakabe et al., arXiv:2509.06542v1 (2025)
Submitted to PTEP

• First T-violation limit in NOPTREX
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Experiment using polarized La and neutrons

Spin dependent cross section measurement using static nuclear polarization at BL22

La target
B0

Coils & Magnetic shielding

3He spin filter

Guide manget Super conducing 
magnet 

Neutron detector

B0 B0

60mK dilution refrigerator, 7T super conducing magnet 

3He spin filter

Super conducing magnet 
Dilution refrigerator 

Guide magnet

Coldhead

La metal

20mm
RuO2

68mK, 6.8T→4% nuclear polarization
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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

Spin dependence 
(strong interaction)

P-violation 
(Weak interaction)

T-violation 
(Unknown interaction)

spin independent 
cross section

Neutron momentum

Nuclear spin
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Experiment using polarized La and neutrons
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Since the T-violating effect can be enhanced in the nucleus similar to the enhanced P-violation as shown
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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)

R. Nakabe Ph.D thesis (2024)
Nagoya Univ.→JAEA

N+

N−

Spin dependent cross section was 
observed! 
Small spin dependence (0.1~0.01%) 
can be extracted!

T. Okudaira et al., Phys. Rev. C., 109, (2024) 044606 

R. Nakabe et al., Phys. Rev. C. (2024) L041602 
Editor’s suggestion 

→Partial neutron width was 
determined  
Big milestone for T-violation

Ay =
N− − N+

N+ + N−
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3-parameter  fittingによるTRIV評価σ2

Asub

 の領域にフィッティングEp ± 3∼p

σ2(WT, κ, Ep) = ∑
i

[Asub, i − Atheo, sub(Ei; WT, κ, Ep)]
2

ϕ2
i

+
(Ep − ρEp

)2

ϕ2
Ep

 
p-value = 0.20
π2/ndf = 1.47

TOF (ms)

p波共鳴 : 0.75 eV

実験値 理論値

Epはガウス事前分布で拘束されたペナルティ項として追加

p波共鳴

・3-parameterでフィッティング 
1.)  : TRIV行列要素 
2.)  : スピン依存係数κに含まれる混合角 
3.)  : p波共鳴エネルギー (事前分布 0.749 ± 0.005 eV)

WT

κ
Ep

（5つの先行研究からp波共鳴エネルギーの値を拘束）

→ 最良適合値となる Ep = 0.758 eV を得た。
(ペナルティ項は1.6標準偏差で無矛盾)

Ay =
N− − N+

N+ + N−
= −

2ReA*B
|A |2 + |B |2 + |C |2 + |D |2

90% C.L. limits
Neutron is polarized with this 
direction and resonance 
curve is distorted if T-
violating interaction exists 
→ Second order of T-
violating effect

Nuclear spin

16hours measurement

Sp
in

 d
ep

en
de

nt
 a

sy
m
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ry

0.75eV resonance |WT | < 6.4 eV

|ΔσT | < 1.2 × 102 barnTOF [ms]

Total cross section of 139La+n : 15 barn

Second oder T-violating effect

First constraint of T-violation by NOPTREX
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Plan for T-violation search

•Phase 2 : T-violation search with high sensitivity

Neutron momentum

Nuclear spin

Neutron spin
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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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Neutron spin and nuclear spin : Perpendicular
※ With existing equipment, neutron spins rotate by 
applied magnetic fields

• Dedicated beam line 
• 4x4x4cm3 polarized target 
• Intense neutron beam 
• Difficult neutron spin transport

•Phase 1 : T-violation search with low sensitivity

Neutron momentum

Nuclear spin

Neutron spin
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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

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
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Neutron spin and nuclear spin : Parallel 

• Existing beamline (BL04) 
• 1x1x1cm3 polarized target 
• Easy neutron spin transport

→J-PARC E99 Stage1 status
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Phase-Ⅰ experiment at ANNRI beam line
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研究目的：NOPTREX Phase-1実験の概要
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Transmission measurement of polarized neutron and polarized La target

Neutron polarization measurement of polarized La target
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Time-reversal 
system

A = Na
+ ̂ Na

̂
Na+ + Nâ

P = Np
+ ̂ Np

̂
Np

+ + Np̂

A ̂ P
∝ ImK′ D′ 2

標的核：La-139 
• 10%程度のP-violationが
観測されている（0.75 
eV p波共鳴） 
• P-violationとT-violation
の組み替え係数：  が
測定済み（0.59±0.05） 
• DNP法による高偏極率を
達成した実績あり

κ(J)

非対称度A,P
上から見た実験セットアップの模式図

A = eiZα cos(Zβ̃), B = iZeiZα sin(Zβ̃)
Zβ̃

β̃x, C = iZeiZα sin(Zβ̃)
Zβ̃

β̃z, D = iZeiZα sin(Zβ̃)
Zβ̃

β̃y

 

中性子のスピンの向きが 
ビームに対してup、down 
の時の透過中性子数 
の非対称度を測定

Spin dependent 
asymmetry
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Phase-1実験実現に向けた準備
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Transmission measurement of polarized neutron and polarized La target
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上から見た実験セットアップの模式図

In-situ SEOP system 20 cm

3 atm

浅井： 
18pB159-10

熱外中性子用偏極装置の開発 核偏極装置の開発 標的結晶の評価

J-PARC MLF ANNRI (BL04)への設置準備
J-PARC MLF ANNRI (BL04)

Neutron beam Magnet, 
Cryostat

• 世界最高強度のパル
ス中性子源 
• TOF法による中性子
エネルギーの取得 
• 熱/熱外中性子ビーム 
• 核偏極装置昇降用の
架台を設置予定

偏極率80%@0.75 eV

井出：18pEK203-6

LaAlO3 crystal 
15 mm cubic

PI ̂ 35 %
2.3 T, 1.3 K

• 超伝導電磁石 
•超低温装置　　が必要

報告内容



Neutron polarizer : 3He Spin Filter 

Unpolarized neutron Polarized neutronPolarized 3He gas

5cm
6cm

K. Asai, M. Okuizumi
Nagoya Univ.

Neutron polarization 40%

7.5cm

Will be installed on beamline with laser system in 2025
 T. Okudaira et. al. , NIM A 977, 164301 (2020)

Neutron polarization 80% at 0.75eV

20cm

PHe=80% 

100W laser 

10666 barn

~0 barn Large absorption cross section 
depending on spin direction
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1.3K, 2.3T, Microwave irradiation at 
Yamagata Univ.

Polarized 139La target

Achievable 139La polarization :
  %P(t → ∞) ∼ 35

K. Ishizaki et al., Rev. Sci. Instrum. 95, 063301 (2024), 
K. Ishizaki et al., NIM A1020, 165845 (2021)

I.Ide, M.Okuizumi 
Nagoya Univ. Ph.D student

Polarization of nuclei with I>1 is very difficult 
Electric quarto moment is coupled  with electric field

Dynamic nuclear polarization using Perovskite crystal

Nd3+ LaAlO3 single crystal target 
grown at Tohoku Univ. 
→Optimization of Nd concentration

異なる結晶のDNP実験

偏極度~ 19%

Nd：0.01mol%

ボルツマン分布と一致

Si
gn

al
In

te
ns

ity
[a

.u
.]

0

2

4

6

8

10

14.0495

0

20

40

60

80

100

12.0401 13.380212.7010 16.054014.7172 15.3850

5
2

7
2

3
2

5
2

1
2

3
2−

1
2

1
2−

3
2 −

1
2−

5
2 −

3
2−

7
2 −

5
2

Frequency [MHz]

Not saturated !!

すべての遷移を一つずつ測定

偏極度：18.6±0.03 %

Use of Nd:LaAlO3 crystals 
Symmetry of Perovskite structure

Advantage (Y. Takahashi, et. al.,  NIM A 336, 583 (1993) )

• Narrow ESR linewidth  :  ~ 6G 
• Magnetically equivalence of all La(or Nd) sites
• Diagonalization of quadrupole interaction in C3 axis

g-factor of Nd3+ : 𝑔𝑔// = 2.12  𝑔𝑔⊥ = 2.68

𝐻𝐻 = −ℏ𝛾𝛾𝑁𝑁𝐼𝐼 � 𝐻𝐻 + ℏ𝐷𝐷𝑧𝑧𝑧𝑧 𝐼𝐼𝑧𝑧2 − ⁄𝐼𝐼 𝐼𝐼 + 1 3
Spin Hamiltonian 

𝛾𝛾𝑁𝑁 : gyromagnetic ratio ( ⁄𝛾𝛾𝑁𝑁 2𝜋𝜋 = 0.6 kHz/G)
𝐼𝐼 : La nuclear spin  ( I = ⁄7 2 )
𝐷𝐷𝑧𝑧𝑧𝑧: quadrupole coupling constant ( ⁄𝐷𝐷𝑧𝑧𝑧𝑧 2𝜋𝜋 = 0.36 MHz )

Paramagnetic ions : neodymium 

異なる結晶のDNP実験

偏極度~ 19%

Nd：0.01mol%
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Phase-1実験実現に向けた準備

4

Transmission measurement of polarized neutron and polarized La target

Superconducting magnet, 
Dilution refrigerator

Target

La
se

r

Mirror

Polarized 3He

Laser box

Unpolarized  
neutrons

3He spin filter system with laser

Polarized 
neutrons

Guide coil Neutron 
detector
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上から見た実験セットアップの模式図

In-situ SEOP system 20 cm

3 atm

浅井： 
18pB159-10

熱外中性子用偏極装置の開発 核偏極装置の開発 標的結晶の評価

J-PARC MLF ANNRI (BL04)への設置準備
J-PARC MLF ANNRI (BL04)

Neutron beam Magnet, 
Cryostat

• 世界最高強度のパル
ス中性子源 
• TOF法による中性子
エネルギーの取得 
• 熱/熱外中性子ビーム 
• 核偏極装置昇降用の
架台を設置予定

偏極率80%@0.75 eV

井出：18pEK203-6

LaAlO3 crystal 
15 mm cubic

PI ̂ 35 %
2.3 T, 1.3 K

• 超伝導電磁石 
•超低温装置　　が必要

報告内容
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Refrigerator development for polarized 139La target

S. Kawamura & M.Okuizumi
Nagoya Univ.
Ph.D student

Dilution refrigerator is now constructing for Phase-I T-violation search experiment

4T superconducting maget

LaAlO3 crystal will be installed on beamline under ~1K and 2T condition

Collaboration with I-lab of Nagoya Univ.

講演番号：19aEL109-2　“複合核における時間反転対称性の破れ探索に向けた偏極核標的のための超低温装置開発” 
名古屋大学 理学研究科 D2、JAEA 特別研究生　河村しほり Page: 7

核偏極装置のための超低温装置の設計
Still

MC

Microwave ~70 GHz
Neutron beam

Nd3+: LaAlO3 crystal 
15 mm cubic

Spacer (Bakelite)

Sample box 
(Stycast 1226)

Cold head (OFC Cu)

Mixing Chamber 
(Brass, OFC Cu)

Waveguide 
WR-12 (CuNi)

Thermal 
shield (Al)

1K pot 
(OFC Cu, Brass)

Still 
(Brass, OFC Cu)

Dilution 
refrigerator

Bottom of  
the 4He bath

Heat Exchanger  
Tube-in-Tube

Connection 
between Still 

and MC 
(Vespel)

1K pot

Thermal 
shield

Cold head, 
Sample box

インサート下部の設計と希釈冷凍機（DR）の製作

MCへのAg粒子の焼結 
熱交換する表面積を増やす

A. A. Temurjonov, et al., J. Low 
Temp. Phys. 215, 367 (2024).

A. A. Temurjonov, et al., J. Low 
Temp. Phys. 220, 149 (2025).

0.1 Kでの3He-4He混合液の場合 
0.17 mmの厚みが最適

Ag:nano=6:1
220℃で水素雰囲気にて焼結

＜謝辞＞ 
多くの部品は名大装置開発室の方に
製作していただきました

講演番号：19aEL109-2　“複合核における時間反転対称性の破れ探索に向けた偏極核標的のための超低温装置開発” 
名古屋大学 理学研究科 D2、JAEA 特別研究生　河村しほり Page: 7

核偏極装置のための超低温装置の設計
Still
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Nd3+: LaAlO3 crystal 
15 mm cubic

Spacer (Bakelite)

Sample box 
(Stycast 1226)

Cold head (OFC Cu)

Mixing Chamber 
(Brass, OFC Cu)

Waveguide 
WR-12 (CuNi)
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shield (Al)
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Bottom of  
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(Vespel)
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shield
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インサート下部の設計と希釈冷凍機（DR）の製作

MCへのAg粒子の焼結 
熱交換する表面積を増やす

A. A. Temurjonov, et al., J. Low 
Temp. Phys. 215, 367 (2024).

A. A. Temurjonov, et al., J. Low 
Temp. Phys. 220, 149 (2025).

0.1 Kでの3He-4He混合液の場合 
0.17 mmの厚みが最適

Ag:nano=6:1
220℃で水素雰囲気にて焼結

＜謝辞＞ 
多くの部品は名大装置開発室の方に
製作していただきました

No leakage 
~50mK (Preliminary) was achieved



Same level as first n-EDM search

Preliminary

First constraint
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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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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

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
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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
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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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2.3 Experimental principle of the T-violation search
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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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We have a bright future!
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