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1.6×10-35m 8.8×1026m = 880Ym
co-moving distancePlanck length

1.2×1028eV (2×109J) 2.3×10-34eV (3.6×10-53J)
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Why do we observe matter  and almost no antimatter  if  we believe there is  a 
symmetry between the two in the universe? 

What is this "dark matter" that we can't see that has visible gravitational effects 
in the cosmos? 

Why can't the Standard Model predict a particle's mass? 

Are  quarks  and  leptons  actually  fundamental,  or  made  up  of  even  more 
fundamental particles? 

Why are there exactly three generations of quarks and leptons? 

How does gravity fit into all of this?

http://particleadventure.org/index.html
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Study of High Energy Phenomena through Quantum Loops 
(Radiative Correction)

If O is known precisely, ... 

If ΔONEW is known in various systems, ... 

If ΔONEW is strongly excluded in existing frameworks, ...
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Anisotropy of Cosmic Microwave Background

PLANCK missionWMAP: Wilkinson Microwave Anisotropy Probe

WMAP&PLANCK → Constituents of the Universe
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Anisotropy of Cosmic Microwave Background

PLANCK missionWMAP: Wilkinson Microwave Anisotropy Probe

WMAP&PLANCK → Constituents of the Universe

nb/nγ=10-18standard model

nb/nγ=(0.61±0.02)×10-9observed
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Improvment of in-flight cold neutron lifetime at

Neutron Lifetime
L

if
et

im
e 

[s
]

publication year

8.4 sec(3.8σ)

A.T. Yue et. al., PRL 111, 222501 (2013)

CN In-flight (proton trap @ NIST)

UCN storage

Planck 
(2013)

( 
4 H

e/
(H

+
4 H

e)
 )

( Baryon-to-photon ratio ×10-10 )

dYp/Yp  ～ 0.7 dτn/ τn 

Izotov et. al. 
(2013)

Penibelt et. al.  
(2007)

WMAP 
(2010)

Cold
Ultracold

d

dt

∫

S
D · dS =

dq

dt
(17)

d

dt

∫

S
D · dS (18)

d

dt

∫

S
D · dS =

∫

S

∂D

∂t
· dS (19)

∫

S

∂D

∂t
· dS (20)

+

∫

S

∂D

∂t
· dS (21)

∆τn ≤ 1 [s] (22)

2

τn is meaured relative to the cross section of 3He(n,p)

d

dt
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S
D · dS =

dq

dt
(17)

d

dt

∫

S
D · dS (18)

d

dt

∫

S
D · dS =

∫

S

∂D

∂t
· dS (19)

∫

S

∂D

∂t
· dS (20)

+

∫

S

∂D

∂t
· dS (21)

∆τn ≤ 1 [s] (22)

∂τn
∂σ3He

∆σ3He ∼> 1 [s] (23)

2

largest uncertainty common 
to in-flight measurements
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4.1 Physics related to the neutron lifetime

One of the key processes with relevance to neutron decay is primordial nucleosynthesis
[19]. A few minutes after the Big Bang , the weak interaction caused an equilibrium of
neutrons and protons owing to the reactions n ! pe�⌫e and the electron capture reac-
tions pe� $ n⌫e and ne+ $ p⌫e. The equilibrium of these reactions was broken once
the expansion rate of the Universe won over the mean free path of the neutrinos (gov-
erned by the strength of the weak interaction �n$p ⇠ G2

F
· T 5). At this temperature T

neutrinos decouple from the system and T determines the n/p ratio n/p = e�Q/T , where
Q = 1.293 MeV is the neutron-proton mass di↵erence. This ratio changes subsequently
owing to free neutron decay. As the Universe expanded the temperature droped be-
low the photo-dissociation threshold for deuterons and e�cient nucleosynthesis began,
leading to the production of light elements like deuterium, helium and lithium. The
abundance predictions of the Standard Model of cosmology using the neutron lifetime as
input parameter is shown in fig.11 as function of the baryon-to-photon ratio ⌘10, where
YP denotes the helium mass fraction in the early Universe [19]. The left plot in fig.11
demonstrates, as an example, the e↵ect of changing the neutron lifetime in the model
[20]. Although having big influence, the value of YP determined from the He-spectroscopy
in low metalicity regions in our Universe is not yet measured with su�cient precision
and systematic uncertainties in the extrapolation of the helium abundance to regions
with zero metalicity dominate the experimental error band. Thus, the consistency of the
Standard Model is not yet in question.

4.2 Particle Physics

In the Standard Model, neutron decay is governed by the weak interaction with the
underlying V–A structure. The Lagrangian contains two parts, a leptonic and a hadronic
one. The latter is written as [28]:

Vµ �Aµ = i p{f1(q
2)�µ + f2(q

2)
�µ⌫q⌫

mp

+ if3(q
2)

qµ
me

} n

�i p{fi ! gi�5} n. (4)

Using the conserved vector current (CVC) hypothesis most form factors fi and gi can
be set to zero but

GV = f1(q
2
! 0) · Vud ·GF = gV · Vud ·GF

GA = g1(q
2
! 0) · Vud ·GF = gA · Vud ·GF

and we obtain an expression for the first element of the Cabibbo-Kobayashi-Maskawa
quark mixing matrix Vud

| Vud |
2=

1

⌧n

(4908.7± 1.9) s

(1 + 3�2)
; with � =

GA

GV

=
gA
gV

. (5)

The largest theoretical uncertainties come from radiative corrections which are com-
mon to both, free neutron decay and pure Fermi-transitions in nuclei [29].
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Search for New Physics beyond the Standard Model

Precision Test of Standard Theory

Check of the unitarity of CKM-matrix
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YP denotes the helium mass fraction in the early Universe [19]. The left plot in fig.11
demonstrates, as an example, the e↵ect of changing the neutron lifetime in the model
[20]. Although having big influence, the value of YP determined from the He-spectroscopy
in low metalicity regions in our Universe is not yet measured with su�cient precision
and systematic uncertainties in the extrapolation of the helium abundance to regions
with zero metalicity dominate the experimental error band. Thus, the consistency of the
Standard Model is not yet in question.

4.2 Particle Physics

In the Standard Model, neutron decay is governed by the weak interaction with the
underlying V–A structure. The Lagrangian contains two parts, a leptonic and a hadronic
one. The latter is written as [28]:
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Ａ：Electron Asymmetry

Supercondcuting Detector to Measure Proton Energy

Next Leading Order

ａ：Proton Electron Correlation

Vud unitarity

Energy Dependence of Correlation Terms

Ｄ：Triple-vector Correlation

D is T-odd term prohibited in the Standard Model

Magnetic Prism

Superconduting 
Kinetic Inductance Detector

Nagoya Univ., RIKEN, KEK

New physics may affect Next-Leading-Order terms

B：Neutrino Asymmetry

Test of Effective Field Theory in Neutron β-decay
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CP-violation in Electric Dipole Moment
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Existing upper bound may be achievable in a few days using J-PARC

Nagoya Univ., KEK, JAEA, RIKEN, RCNP, Kyoto Univ., British Columbia Univ., Indiana 
Univ., Oak Ridge National Lab., South Carolina Univ., Yamagata Univ., Tokyo Inst. Tech., 
Tohoku Univ., Hokkaido Univ.

Application of 106-times enhancement of parity violating effects in compound 
resonances to the search of T-violating (CP-violating) effects beyond the 
Standard Model

T-violation Upper limit of nEDM Angular Factor(P⇄T)

spin polarizer
polarized target

spin analyzer
4cm × 4cm × 5cm 
LaAlO3

8 Re A*D ~ 10-4

PLa~0.4

Pps~0.004T

CP-violation in Epithermal Neutron Optics

T.Okudaira-Phys. Rev. C97 (2018) 034622
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Phase-1 in progress

Precision Measurement of Angular Distribution of Neutron Scattering

これまでの現状であった。ところが、1990年代後半の超紐理論における
非摂動的なアプローチなどの興味深い幾つかの研究の進展により、多様性
に富んだ真空状態が実現されている可能性が示された。とりわけ注目を
引いたのは、超紐理論の現象論的な帰結の一つとして、我々が住む 4次元
時空の世界の他に余剰次元がコンパクト化されている可能性があり、しか
も、それがミリメートル以下の観測可能なスケールであるというものであ
り、この余剰次元の効果が重力の逆 2乗則のズレとして観測可能なスケー
ルであるというものであった。これをきっかけに、以後、ミリメートル以
下の重力の逆 2乗則の検証実験が盛んに行われるようになった。今日まで
のところ、重力の距離依存性は、主に数 10ミクロン以上のスケールでの
古典的な物体を用いた実験によって検証されており、それ以下のスケール
については原子間力が障害となって検証されていない。実験室における直
接的なミリスケール以下の重力の逆 2乗則の検証実験としては、ねじり秤
などの古典的物体を用いて、∼0.2mm程度まで測定した実験がある。最
近では、更に小さな数ミクロンスケールにおける重力の逆 2乗則の検証に
向けた試みとして、原子や中性子といった中性粒子を巧みに利用した検証
実験が提案され、微小スケールの有力なプローブとして注目されている。
超紐理論によれば、重力の逆 2乗則のズレの要因としては大きな余剰次元
以外にも様々なモデルが考えられるが、以下ではモデルを特定せずに「未
知の相互作用」が存在すると仮定して議論を進める。未知の相互作用が存
在する場合、重力相互作用のポテンシャルの式において 1/r型の項の他に
湯川型の相互作用が付加されることが予想される。従って、物体m1、m2

の間に働く重力相互作用と未知の相互作用を合わせた重力ポテンシャルの
一般型は、未知の粒子のコンプトン波長 λと結合定数 αを用いて

V (r) = G
m1m2

r
(1 + αe−r/λ) (1)

と記述される。これまでに行われて来た検証実験では上式における重力
の逆 2乗則からのズレを表すパラメータ (λ, α)の存在領域の制限として
与えられている (図 1参照)。我々は、これまでの限界を打ち破り、これま
でに検証されたスケールより更に微小なスケール（∼1nm）における重力
の逆 2乗則の検証実験を立案している。本実験は、低エネルギーの中性子
ビームを希薄なAr、Xe、Krなどの希ガス標的に入射させて、散乱した中
性子の分布を測定する極小角散乱実験装置を応用したものである。数ミク
ロン以下のスケールは原子を用いた実験では原子間力の影響のために原理
的に測定が不可能であるが、低エネルギー中性子散乱はこの問題を回避す
ることが可能であり、サブミクロンスケールで重力相互作用を検証するほ
ぼ唯一の手段と考えられる。
中性子は、

2

Yukawa-type interaction causes a peak in angular distribution

Pulsed beam on Xe target 
→ accessible to α=1020 in 100days

measurement of scattering cross section of noble gas
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図 2: 中性子散乱の角度依存性。短距離重力 (赤線)は前方に大きなピーク
を持ち、核力の散乱（青破線）と区別できる。
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図 3: 実験装置全体図。

て検出し、イベント毎に中性子飛行時間と散乱方向のデータを記録する。
尚、後述するようにガス容器の長さ等のパラメータはシミュレーションを
用いて最適化する。これらのデータを元に中性子エネルギー毎の角度分
布スペクトルを求め、(4)式に従って解析を行う。茨城県東海村に大強度
陽子加速器施設 (J-PARC)が建設され、2008年度より運転を開始してい
る。我々は、J-PARCの物質生命科学研究施設 (MLF)に低エネルギー中
性子を用いた基礎物理実験を行う事を目的としたビームラインBL05を建
設した。本ビームラインは一本の中性子ビームを 3分岐するという特殊性
に加えて、なおかつスピン偏極やビーム発散制限を内蔵する高度な光学系
になっており、本実験の中性子小角散乱実験装置はこのうち最もビーム強
度が強い非偏極ビームラインを占有して設置する予定である。
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• 有限の質量を持つため、重力相互作用に対して感度がある。

• 電気的に中性であり、最低次での電磁相互作用に対して不感である。

• 電気分極率が中性原子の 10−18以下と極めて小さく、分子間力など
の高次の電磁相互作用の影響も十分小さい。

という特徴を備えており、サブミクロン領域での微小な相互作用を検出す
る上で唯一の試験粒子である。また、標的粒子としては

• 質量が大きいこと、

• 中性子に対する吸収及び散乱断面積が小さいこと、

• 磁気モーメント間の相互作用を抑えるため、希ガス原子であること、

• 長距離相関の影響を抑えるため、標的物質全体が均質であること、

等の条件を満たす必要がある。本実験では、希薄なAr、Xe等の希ガス原
子を標的として用い、入射中性子の小角散乱の角度分布を精密に測定する
ことにより到達距離 1nm付近の領域での重力逆 2乗則を検証する。本実
験により達成される測定感度は λ=1nmにおいて α = 1020 ∼ 1021に相当
し、これは直接測定としては従来の測定下限を 5桁以上上回る超高精度測
定である (図 1参照)。なお図中の青線は間接的に得られている上限値であ
るが、それに比しても本実験の測定感度は 10～100倍向上する見込みで
ある。感度見積もりの詳細は 4.2節で述べる。
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図 1: シミュレーションによる到達感度予想。横軸は未知のコンプトン波
長 λ、縦軸は未知の結合定数 αを表す。点線、破線、点破線はそれぞれ 1
日、100日、2年の実験による到達感度予想である。黒の実線は直接測定
による排他領域を示し、青色の曲線は既存の中性子散乱実験データの再解
析によって得られた排他領域である [1]。
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V.V.Nesvizhevsky, PRD77 (2006) 034020.
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56 第 5章 中性子断面積測定実験

れており、よい一致をみせている。2 Å付近が大きな誤差を持っているのは、
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図 5.23 シリコンの透過率測定の結果。青色の曲線は Freund等による近似曲線 [17]。
赤色の曲線は Bruggerによる近似曲線 [20]。

5.7 散乱断面積測定
φ10 mmの Cd板を用いて、統計量を増やして中性子ビームをシリコンに入射した。こ
の時、検出器がビームのフラックスに耐えることが出来ない為に、真空槽の下流窓に LiF
で作製したビームマスク φ32 mm を設置して TOFスペクトルが測定できる計数で行っ

Si-window cross section
青線：モデル計算 
青点：NOP実測

Medium-range Force Search
Kyushu Univ., Nagoya Univ., KEK, Indiana Univ.

C.C.Haddock, Phys. Rev. D 97 (2018) 062002
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Laboratory study of general relativity

Precision measurement of scattering length

put material on one of paths

µm-order new-force search

Search for post-Newtonian terms

Lense-Thiring effect 
corresponds to 1μrad phase change

1m2 long-wavelength interferometry

put source close to one of paths

これまでの現状であった。ところが、1990年代後半の超紐理論における
非摂動的なアプローチなどの興味深い幾つかの研究の進展により、多様性
に富んだ真空状態が実現されている可能性が示された。とりわけ注目を
引いたのは、超紐理論の現象論的な帰結の一つとして、我々が住む 4次元
時空の世界の他に余剰次元がコンパクト化されている可能性があり、しか
も、それがミリメートル以下の観測可能なスケールであるというものであ
り、この余剰次元の効果が重力の逆 2乗則のズレとして観測可能なスケー
ルであるというものであった。これをきっかけに、以後、ミリメートル以
下の重力の逆 2乗則の検証実験が盛んに行われるようになった。今日まで
のところ、重力の距離依存性は、主に数 10ミクロン以上のスケールでの
古典的な物体を用いた実験によって検証されており、それ以下のスケール
については原子間力が障害となって検証されていない。実験室における直
接的なミリスケール以下の重力の逆 2乗則の検証実験としては、ねじり秤
などの古典的物体を用いて、∼0.2mm程度まで測定した実験がある。最
近では、更に小さな数ミクロンスケールにおける重力の逆 2乗則の検証に
向けた試みとして、原子や中性子といった中性粒子を巧みに利用した検証
実験が提案され、微小スケールの有力なプローブとして注目されている。
超紐理論によれば、重力の逆 2乗則のズレの要因としては大きな余剰次元
以外にも様々なモデルが考えられるが、以下ではモデルを特定せずに「未
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の間に働く重力相互作用と未知の相互作用を合わせた重力ポテンシャルの
一般型は、未知の粒子のコンプトン波長 λと結合定数 αを用いて

V (r) = G
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(1 + αe−r/λ) (1)

と記述される。これまでに行われて来た検証実験では上式における重力
の逆 2乗則からのズレを表すパラメータ (λ, α)の存在領域の制限として
与えられている (図 1参照)。我々は、これまでの限界を打ち破り、これま
でに検証されたスケールより更に微小なスケール（∼1nm）における重力
の逆 2乗則の検証実験を立案している。本実験は、低エネルギーの中性子
ビームを希薄なAr、Xe、Krなどの希ガス標的に入射させて、散乱した中
性子の分布を測定する極小角散乱実験装置を応用したものである。数ミク
ロン以下のスケールは原子を用いた実験では原子間力の影響のために原理
的に測定が不可能であるが、低エネルギー中性子散乱はこの問題を回避す
ることが可能であり、サブミクロンスケールで重力相互作用を検証するほ
ぼ唯一の手段と考えられる。
中性子は、

2

α-λ exclusion map

干渉縞の確認干渉縞の確認

2�*BSE*����� 20�
��*�$ 20�

%2�!.���"'-	����

� 
pi-flipper phase [deg.]

co
un

ts
 / 

75
 s

ec
.

10Pm*(&+,��)
/31201 67%*


��

����#.��
200Pm

BSE

BSE

16

Y. Seki et al.
J. Phys. Soc. Jpn. 79
(2010)124201.

Etalon

Lense-Thiring

COW post-Newtonian terms 

Multilayer Neutron Interferometer

RIKEN, Nagoya Univ.Neutron Interferometry

for few-body nucleon system

and for neutron scattering data
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1-loop correction  
to fermion magnetic moment
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Devices
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Magnetic Supermirror

Devices
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Fermi pseudopotential

Fermi pseudopotential 0

Ni: +243neV

grazing angle

Neutron Reflection
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Multilayer Mirror 
(Monochromatic)
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Fermi pseudopotential

Fermi pseudopotential 0

Ni: +243neV Ti: -50neV

grazing angle
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grazing angle
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Fermi pseudopotential 0

Fe SiGe3

Magnetic Supermirror

Non-magnetic layers

Magnetic layers
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Magnetic Supermirror

Non-magnetic layers

Magnetic layers

µ0H
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Magnetic Supermirror

Non-magnetic layers

Magnetic layers
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parallel anti-parallel

µ0H



page

Title(Neutron Fundamental Physics) 
Conf(CNS Summer School) 
Date(2019/08/21) At(Tokyo)  67

Fermi pseudopotential 0

Fe SiGe3

Magnetic Supermirror

Non-magnetic layers

Magnetic layers

Fermi pseudopotential 0

Fe SiGe3

Fermi pseudopotential 0

Fe SiGe3

σn σn

parallel anti-parallel

µ0H



page

Title(Neutron Fundamental Physics) 
Conf(CNS Summer School) 
Date(2019/08/21) At(Tokyo)  68

Fermi pseudopotential 0

Fe SiGe3

Magnetic Supermirror

Non-magnetic layers

Magnetic layers

Fermi pseudopotential 0

Fe SiGe3

Fermi pseudopotential 0

Fe SiGe3

σn σn

parallel anti-parallel

µ0H



page

Title(Neutron Fundamental Physics) 
Conf(CNS Summer School) 
Date(2019/08/21) At(Tokyo)  68

Fermi pseudopotential 0

Fe SiGe3

Magnetic Supermirror

Non-magnetic layers

Magnetic layers

Fermi pseudopotential 0

Fe SiGe3

Fermi pseudopotential 0

Fe SiGe3

σn σn

parallel anti-parallel

µ0H



page

Title(Neutron Fundamental Physics) 
Conf(CNS Summer School) 
Date(2019/08/21) At(Tokyo)  69

Fermi pseudopotential 0

Fe SiGe3

Magnetic Supermirror

Non-magnetic layers

Magnetic layers

Fermi pseudopotential 0

Fe SiGe3

Fermi pseudopotential 0

Fe SiGe3

µ0H σn σn

parallel anti-parallel

reflective transmissive



page

Title(Neutron Fundamental Physics) 
Conf(CNS Summer School) 
Date(2019/08/21) At(Tokyo)  70

Spin Flipper



page

Title(Neutron Fundamental Physics) 
Conf(CNS Summer School) 
Date(2019/08/21) At(Tokyo)  70

Spin Flipper



page

Title(Neutron Fundamental Physics) 
Conf(CNS Summer School) 
Date(2019/08/21) At(Tokyo)  71

Spin Flipper



page

Title(Neutron Fundamental Physics) 
Conf(CNS Summer School) 
Date(2019/08/21) At(Tokyo)  71

Spin Flipper



page

Title(Neutron Fundamental Physics) 
Conf(CNS Summer School) 
Date(2019/08/21) At(Tokyo)  72

magnetic mirror

spin flipper

magnetic mirror

spin flipper off

electromagnetic steeringSpin Flip Chopper
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Spin Filter

Devices
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Neutron Polarizer (Spin Filter)
n : nuclear number density
pA : target nuclear polarization
t : target thickness

スピンフリップ無視
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by courtesy of Patrick Hautle
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Polarization Cross Section
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Polarized Target (solid)

e p

Brute-force Method
B~10T 
T≤0.1K

thermal equilibrium
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Polarized Target (solid)
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Brute-force Method
B~10T 
T≤0.1K

thermal equilibrium

e p e p

Dynamic Nuclear Polarization 
(DNP)
B~2-5T 
T≤1K

マイクロ波

常磁性中心
熱平衡 熱非平衡
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Polarized Target (solid)

e p

Brute-force Method
B~10T 
T≤0.1K

thermal equilibrium

e p e p

Dynamic Nuclear Polarization 
(DNP)
B~2-5T 
T≤1K

マイクロ波

常磁性中心
熱平衡 熱非平衡

e p e p e p

Microwave-Induced Optical Nuclear Polarization 
(MIONP)
B~0.3T 
T≤77K 
(⇧300K)

π電子

光励起

π電子の自発的スピン整列
熱非平衡

マイクロ波

熱非平衡
P~0.4 in bulk at LN2 temp. and B=3kGM.Iinuma et al. (Kyoto Univ.)
P~0.7 in bulk at 105K and B=3.2kGK.Takeda et al. (Kyoto Univ.)
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Dynamic Nuclear Polarization (DNP)

e p e pmicrowave

paramagnetic center
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(Differential) Solid Effect
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(Differential) Solid Effect
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(Differential) Solid Effect
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Integrated Solid Effect
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Integrated Solid Effect
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Adiabatic: rotation of weff < Larmor precession 

Fast: rotation of weff > spin-lattice relaxation
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Integrated Solid Effect
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NOVEL 
Nuclear-spin Orientation Via Electron-spin Locking

Adiabatic Fast Passage

Adiabatic: rotation of weff < Larmor precession 

Fast: rotation of weff > spin-lattice relaxation

H1

ωI = ωe

Adiabatic Fast Passage

ωe-ωN ωe+ωNωe
ω

ω=ω(t)
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C22H14 Chem. Phys. Lett. 165 (1990) 6
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Pentacene
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The x-axis of pentacene is aligned in host crystals.

C10H8
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Naphthalene

m.p.=80°C

Pentacene < 0.01 mol%

2 naphthalene molecules

1 pentacene molecule

P21/a (monoclinic) 

a
b

c x
b

a=0.82nm 
b=0.6nm 
c=0.87nm

a=g=90° 
b=123°
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Microwave Induced Optical Nuclear Polarization

M.Iinuma et al., Phys. Rev. Lett. 84 (2000) 171

function generator oscilloscope
Gunn oscillator

attenuator

×100

µ-wave switchcrystal mount

magic tee
power amp.

tuner

directional coupler

sweep magnet

sample

cylindrical cavity (TE011)

NMR-probe

0.3T

laser

ISE ESR

naphthalene +0.001 mol% pentacene
3mm×2mm×5mm

T=77K

laser

magnet

µ-wave

42G

10µs

t

e

pe

~1W

9.3GHz

600nm
350mW

0.8µs repetition rate = 50 Hzsequence
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Experimental Setup
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M.Iinuma et al., Phys. Rev. Lett. 84 (2000) 171
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Experimental Result (MIONP, triplet-DNP)

Pp~0.35 T=77K B=0.3T

3 mm × 2 mm (ab) × 5 mm
Naphthalene + 0.001 mol% Pentacene



page

Title(Neutron Fundamental Physics) 
Conf(CNS Summer School) 
Date(2019/08/21) At(Tokyo)

K.Takeda et al., J. Phys. Soc. Jpn. 73 (2004) 2313

Pp~0.7 T=105K B=0.32T

4 mm × 4 mm (ab) × 2.2 mm (c)
Naphthalene + 0.018 mol% Pentacene
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Experimental Result (MIONP, triplet-DNP)
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Nuclear Engineering

Fundamental Physics
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Fundamental Physics

Nuclear Physics

Energy Regions Methods Research Fields

Neutron Polarizer/Analyzer
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Neutron Accelerator/Decelerator

Y.Arimoto et al., Phys. Rev. A 86 (2012) 023843
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Neutron Decelerator by Successive Spin Flip
magnetic dipole interaction

1T

+60neV

0neV

−60neV

unit cell

Bz

z

B0

B1(rf)
ω
γH1=

γ = 1.8×108 rad s-1 T-1

(29 MHz/T)

B1(rf)

Bmax

L

spin parallel
spin flip

spin antiparallel

spin flip

= 120ΔE neVBmax

1 T

3×104 cm-3

sweep synchronized with neutron pulsepulsed neutron source

storage time = 50sec

total − ΔE = 120 µeV
L=0.12m
Bmax=5T
− ΔE = 0.6 µeV

cell
L=24m

200 cells

inner surface = neutron guide

neutron density

J = 1.5×104 cm-2 s-1

AFP-NMR (adiabatic fast passage nuclear magnetic resonance)

reflection loss
spin flip loss
phase mismatch due to
neutron pulse width

(0.9948)172=0.41
0.32
0.54

2×103 cm-3

LANSCE LANSCE
3×105 cm-3

JSNS
2×104 cm-3

JSNS

LANSCE
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Neutron Accelerator/Decelerator

Y,Arimoto, Phys. Rev. A 86 (2012) 023843

rebuncher

S.Imajo, Prog. Theor. Exp. Phys. (2016) 013C02



Motivation       nEDM at J-PARC (P33)



Motivation       nEDM at J-PARC (P33)

Pulsed UCN 
converter


(sD2)

EDM cell with 
high precision 
magnetometer

UCN Transport with Rebuncher 

(neutron space-time focusing)

Ultra-cold neutrons

EDM cell

UV laser for 
magnetometerUCNs

proton beam
from LINAC

10-27 e cm (phase1, 5 years)
10-28 e cm (phase2)

Large production by J-PARC LINAC 
(instantaneous high power : 20 MW)
 high 

density

small 
systematic 
errors

+ 
 Transport optics 

(focusing with pulsed neutron decelerator)+ 
High precision measurement 

(magnetometer using UV laser)
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Ultra-cold neutrons
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Neutron source Storage cell
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Neutron source Storage cell
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Pulsed UCNs spread spatially,  
Density decreases quickly 
without any treatment.

Neutron source Storage cell

 99

Transport without loss of density!
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Neutron source Storage cell

Original density can be restored if faster 
UCNs are decelerated appropriately.
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Neutron source Storage cell

Original density can be restored if faster 
UCNs are decelerated appropriately.
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Neutron Rebuncher

M. Kitaguchi, et. al, 
UCN2010, 8 Apr. 2010, RCNP, Osaka　

Rebuncher reshapes UCNs into sharp pulse.

t

x
door position

UCN production
at converter

slow UCNfa
st

 U
CN

Rebuncher

Rebuncer decelerates the UCNs according to the velocity,
synchronized with time of flight in pulsed source.

high density

decelerated

accelerated
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UCN Rebuncher = Neutron Accelerator

Neutron source Storage cell

Original density can be restored if faster 
UCNs are decelerated appropriately.

 100

Neutron Rebuncher

M. Kitaguchi, et. al, 
UCN2010, 8 Apr. 2010, RCNP, Osaka　

Rebuncher reshapes UCNs into sharp pulse.

t

x
door position

UCN production
at converter

slow UCNfa
st

 U
CN

Rebuncher

Rebuncer decelerates the UCNs according to the velocity,
synchronized with time of flight in pulsed source.

high density

decelerated

accelerated
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B
RF magnetic field in gradient field 
gives/removes the energy with spin flip.

Adiabatic Fast Passage (AFP) spin flipper is used for control 
of the neutron energy.

30 MHz = 1T = 120 neV
2µB = h̄!

1
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B
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RFB

decelerateion

RF magnetic field in gradient field 
gives/removes the energy with spin flip.

Adiabatic Fast Passage (AFP) spin flipper is used for control 
of the neutron energy.

30 MHz = 1T = 120 neV
2µB = h̄!

1

Opposite-spin neutrons are accelerated. 
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Date(2010/07/17) by(H.M.Shimizu)
Title(Status Report of P33: Measurement of Neutron Electric Dipole Moment at J-PARC)
Conf(10th J-PARC PAC) At(Tsukuba) 
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Deceleration
Faster neutrons arrive earlier.

Slower neutrons arrive later.
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Small deceleration = Low Freq. RF

Sweeping frequency 
matching to the arrival time

Energy exchange is 
proportional to the 
RF frequency.

30 MHz = 1T = 120 neV

Adiabatic Fast Passage (AFP) spin flipper

RF magnetic field in gradient field gives/
removes the energy with spin flip.
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Prototype

 103

Static Magnet

製作された電磁石
Yoke 材質：SS400 (構造材)

中間磁極：SS400+アルミの積層
コイル冷却：間接水冷

中間磁極

電磁石本体

2011年 2月 23日 水曜日

Y.Arimoto, et. al.,IEEE Trans. Appl. 
Supercond. 22, 4500704 (2012).



page

Title(Neutron Fundamental Physics) 
Conf(CNS Summer School) 
Date(2019/08/21) At(Tokyo)

Prototype

 103

Static Magnet

製作された電磁石
Yoke 材質：SS400 (構造材)

中間磁極：SS400+アルミの積層
コイル冷却：間接水冷

中間磁極

電磁石本体

2011年 2月 23日 水曜日

製
作
さ
れ
た
電
磁
石

Y
o

ke
 材
質
：

S
S

4
0
0
 (構
造
材

)

中
間
磁
極
：

S
S

4
0
0
+ア
ル
ミ
の
積
層

コ
イ
ル
冷
却
：
間
接
水
冷

中
間
磁
極

電
磁
石
本
体

2011年
 2月

 23日
 水
曜
日

Anisotropic inter-poles make 
homogeneous gradient field.

Y. Arimoto et al. / Physics Procedia 00 (2011) 1–13 9

z (cm)
-60 -40 -20 0 20 40

 (
G

au
ss

)
x

B

-12000

-10000

-8000

-6000

-4000

-2000

0

x=  0.0 cm

y=  0.0 cm

y=  1.0 cm

y=  2.0 cm

y=  3.0 cmSpin flip
region

z (cm)
-60 -40 -20 0 20 40

/d
z 

(G
au

ss
)

x
d

B

-1000

-800

-600

-400

-200

0

200

400

x=  0.0 cm

y=  0.0 cm

y=  1.0 cm

y=  2.0 cm

y=  3.0 cm

Spin flip
region

Figure 8: Bx (left) and dBx/dz (right) as a function of z on the median plane. The symbols indicate the calculated values at at y =0.0 cm (circle),

1.0 cm (square), 2.0 cm (triangle), 3.0 cm (inverse triangle), respectively. Effective spin-flip region is indicated with vertical dashed lines. The pole

and return yoke shape are indicated as same scale and position in z-direction on the upper side of the each figure.
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Figure 9: Calculated Bx components as a function of z at spin-flip-region. (a) x= 0.0, (b) x=0.5 cm, (c) x=1.0 cm, (d) x=1.5 cm. The symbols

indicate the calculated values at at y =0.0 cm (circle), 1.0 cm (square), 2.0 cm (triangle), 3.0 cm (inverse triangle), respectively.

anisotropic inter-pole make similar fringe fields at any z-positions where the gap distance are different. This property

is of advantage to such like this magnet that the gap distance is greatly varied to make a large gradient field.

The designed magnet shows the following field qualities;

1. The maximum B-field of 10 kGauss is achieved and it is decreased to 2 kGauss within a longitudinal distance

of 25 cm keeping a gradient less than 400 Gauss/cm.

Y.Arimoto, et. al.,IEEE Trans. Appl. 
Supercond. 22, 4500704 (2012).
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Prototype RF
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RF coil 
(one-turn)

Resonance circuit

RF Amp 1kW

RF matching  
15 - 30 MHz

(Variable capacitor)
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Prototype RF

 104

RF coil 
(one-turn)
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RF Amp 1kW
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UCN beam line PF2

High Flux Reactor

ILL, France

RF coil

Magnet

Resonance circuit

Ni guide tube

Continuous UCN beam was chopped 
by shutter to simulate pulsed source.

Timing signal

Amp

RF resonance circuit

He Detector

Magnet

Ni Guide tube

DAQ

Shutter

 UCNs

180 cm 360 cm

Motor

M

(consists of 

neutron mirrors)

Sweeping RF frequency is 
synchronized with the shutter.
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Y. Arimoto, et., al.,  
Phys. Rev. A 86, 023843 (2012).

Blue : Exp. Data 
Red : Simulation
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Results

Y. Arimoto, et., al.,  
Phys. Rev. A 86, 023843 (2012).
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Rebunching of UCNs 
was observed !
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Results

Y. Arimoto, et., al.,  
Phys. Rev. A 86, 023843 (2012).
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was observed !
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Neutron Accelerator/Decelerator

M.Kitaguchi, Prog. Theor. Exp. Phys. (2017) 043D01

velocity concentrator
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Physics
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Physics

Electric Dipole Moment



Neutron Electric Dipole Moment

d=qx
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-qx



spin 1/2 ⇔ freedom=2  
⇔ EDM ∝ spin

σ

+q
-qx
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Neutron Electric Dipole Moment



spin 1/2 ⇔ freedom=2  
⇔ EDM ∝ spin

σ d=σd
Neutron Electric Dipole Moment



d=σd
Neutron Electric Dipole Moment



d=σd

E=-∇φ
U=-d・E

Neutron Electric Dipole Moment



U=-d・E
E=-∇φ σ

d=σd

Neutron Electric Dipole Moment



U=-d・E

T

E=-∇φ σ

d=σd

Neutron Electric Dipole Moment



U=-d・E

T

E=-∇φ σ

d=σd

m
d2�r

dt2
= �F = q �E

Neutron Electric Dipole Moment



U=-d・E

T

E=-∇φ σ E=-∇φ

d=σd

Neutron Electric Dipole Moment



U=-d・E

T

E=-∇φ σ E=-∇φ

d=σd

�L = �r � �p = �r �m
d�r

dt

ref. orbital angular momentum

Neutron Electric Dipole Moment



U=-d・E

T

E=-∇φ σ -σ E=-∇φ

d=σd -d=-σd

Neutron Electric Dipole Moment



U=-d・E

T

E=-∇φ σ -σ E=-∇φ
U=d・E

d=σd -d=-σd

Neutron Electric Dipole Moment



U=-d・E

T
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Neutron Electric Dipole Moment



U=-d・E

T

E=-∇φ σ -σ E=-∇φ
U=d・E

d=σd -d=-σd

=

d=0

Neutron Electric Dipole Moment



U=-d・E

T

E=-∇φ σ -σ E=-∇φ
U=d・E

d=σd -d=-σd

=

If the system is symmetric under time reversal, then d=0.

Neutron Electric Dipole Moment

- contraposition -



U=-d・E

T

E=-∇φ σ -σ E=-∇φ
U=d・E

d=σd -d=-σd

≠

If d≠0, then the system is not symmetric under time reversal.

Neutron Electric Dipole Moment

- contraposition -
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Neutron 
EDM (    )

atomic

QCD

Fundamental 
CP phases

TeV

Energy

nuclear

EDMs of paramagnetic 
molecules

 (YbF, PbO, HfF+)
Atoms in traps (Tl,Rb,Cs)

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

EDMs of nuclei 
and ions   

(deuteron, etc)

Muon EDM

Pospelov Ritz, Ann Phys 318 (05) 119

gluon
self-couplings

eN couplings

CP-violation in Low Energy Phenomena
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Neutron 
EDM (    )

atomic

QCD

Fundamental 
CP phases

TeV

Energy

nuclear

EDMs of paramagnetic 
molecules

 (YbF, PbO, HfF+)
Atoms in traps (Tl,Rb,Cs)

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

EDMs of nuclei 
and ions   

(deuteron, etc)

Muon EDM

Pospelov Ritz, Ann Phys 318 (05) 119

gluon
self-couplings

eN couplings

CP-violation in Low Energy Phenomena

dHg~7×10-3×e(0.5du
c+dd

c)

via pion-nucleon interaction

|dHg|<3.1×10-29 e cm

relativistic effect

dTl~-585de-e 43GeV×(CS
(0)-0.2CS

(1))

|dTl|<9×10-25 e cm

|de|<1.7×10-27 e cm
SM: |de|<~10-40 e cm constituent particle EDMs

dD~(du+dd)-0.2e(du
c+dd

c)+6e(dd
c-du

c)

pion exchange

|dD|⇒10-29 e cm

valence quark contribution

dn~1.1×e(0.5du
c+dd

c)+1.4×(-0.25du+dd)

|dn|<2.9×10-26 e cm SM: |de|~10-32 e cm
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Neutron Electric Dipole Moment

strong CP
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Neutron Electric Dipole Moment

1-2 order improvement may probe new physics
d~

χ0

u
d
d

u
d
d

γ

d~

strong CP
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|dn| < 2.9×10-26 e cm (90%CL)
The moment corresponds to 3µm difference of charge centers in the earth.

Δx=3μm
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search for the phase change when the electric field is reversed

hω+=2µnB+2dnE B E

h̄�+ = 2dnE + 2µnB

hω-=2µnB-2dnE B E

Measurement of Neutron Electric Dipole Moment

Cold Neutron Diffraction 
by Single Crystal

Confined Ultracold 
Neutron

E=104 V/cm, T=100s E=109 V/cm, T=1ms

long precession time strong electric field

E=105 V/cm, T=0.1s

Guided Cold 
Neutron

resolved systematics
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Cold Neutron Diffraction 
by Single Crystal

Confined Ultracold 
Neutron

E=104 V/cm, T=100s E=109 V/cm, T=1ms

long precession time strong electric field

E=105 V/cm, T=0.1s

Guided Cold 
Neutron

resolved systematics
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Measurement of Neutron Electric Dipole Moment
Confined Ultracold Neutron Spin Precession Frequency

neutron confinement bottle

electrode

electrode

laser for atomic magnetometer

magnetic field 1µT electric field 1fT equiv.



page

Title(Neutron Fundamental Physics) 
Conf(CNS Summer School) 
Date(2019/08/21) At(Tokyo)  136

⇥±
2�

= 3� 101 B

1µT
± 5� 10�8 dn

10�26e · cm
E

10kV/cm
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Measurement of Neutron Electric Dipole Moment
Confined Ultracold Neutron Spin Precession Frequency

precision control of magnetic field

density of confined neutrons

accuracy of the magnetic field measurement

superthermal production of ultracold neutron

transport optics with minimum density decrease

control of the motion of confined neutrons

optical properties of neutron reflectors

atomic magnetometry

magnetic field 1µT electric field 1fT equiv.

hω+=2µnB±2dnE

B E
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Cold Neutron Diffraction 
by Single Crystal

Confined Ultracold 
Neutron

E=104 V/cm, T=100s E=109 V/cm, T=1ms

long precession time strong electric field

E=105 V/cm, T=0.1s

Guided Cold 
Neutron

resolved systematics
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Cold Neutron Diffraction in Single Crystal

Measurement of Neutron Electric Dipole Moment

atomic form factor

V.V.Fedorov et al., Phys. Lett. B694 (2010) 22

→ 10-26 e cm / 100 days

α-quartz (SiO2)
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incident neutrons

single crystal

Neutron-wave Propagation in Single Crystal
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atoms

nuclear potential

ψ1

ψ2

incident neutron

single crystal

node on planes

node between planes

Neutron-wave Propagation in Single Crystal
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atoms

nuclear potential electric potential

ψ1

ψ2

single crystal

node on planes

node between planes

electric field

incident neutron

Neutron-wave Propagation in Single Crystal
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E

E

v×E

v

vv×E
induced magnetic field

induced magnetic field

neutron spin

magnetic rotation π/2electric rotation

electric rotation

magnetic rotation π/2

Neutron Spin Rotation in Single Crystal
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Cold Neutron Diffraction in Single Crystal

Measurement of Neutron Electric Dipole Moment

BGO~109 V/cm

atomic form factor

completeness of crystal 
is under study

by S.Itoh, M.Kitaguchi, …
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Cold Neutron Diffraction 
by Single Crystal

Confined Ultracold 
Neutron

E=104 V/cm, T=100s E=109 V/cm, T=1ms

long precession time strong electric field

E=105 V/cm, T=0.1s

Guided Cold 
Neutron

resolved systematics
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F.Piegsa, Phys. Rev. C 88 (2013) 045502

|dn| ~ 5x10-28 e cm / 100 days

50m

500m/s
10MV/m200µT

spin flipper

spin flipper

spin analyzer

ESS

In-flight Measurement 
of Neutron Electric Dipole Moment
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Discrete Symmetry Violation 
in Neutron-induced Compound States

Physics

NOPTREX Collaboration

KEK 2018S12

Neutron Optics for Parity and Time Reversal EXperiment
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Neutron 
EDM (    )

atomic

QCD

Fundamental 
CP phases

TeV

Energy

nuclear

EDMs of paramagnetic 
molecules

 (YbF, PbO, HfF+)
Atoms in traps (Tl,Rb,Cs)

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

EDMs of nuclei 
and ions   

(deuteron, etc)

Muon EDM

Pospelov Ritz, Ann Phys 318 (05) 119

gluon
self-couplings

eN couplings

CP-violation in Low Energy Phenomena

dHg~7×10-3×e(0.5du
c+dd

c)

via pion-nucleon interaction

|dHg|<3.1×10-29 e cm

relativistic effect

dTl~-585de-e 43GeV×(CS
(0)-0.2CS

(1))

|dTl|<9×10-25 e cm

|de|<1.7×10-27 e cm
SM: |de|<~10-40 e cm constituent particle EDMs

dD~(du+dd)-0.2e(du
c+dd

c)+6e(dd
c-du

c)

pion exchange

|dD|⇒10-29 e cm

valence quark contribution

dn~1.1×e(0.5du
c+dd

c)+1.4×(-0.25du+dd)

|dn|<2.9×10-26 e cm SM: |de|~10-32 e cm
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Neutron 
EDM (    )

atomic

QCD

Fundamental 
CP phases

TeV

Energy

nuclear

EDMs of paramagnetic 
molecules

 (YbF, PbO, HfF+)
Atoms in traps (Tl,Rb,Cs)

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

EDMs of nuclei 
and ions   

(deuteron, etc)

Muon EDM

Pospelov Ritz, Ann Phys 318 (05) 119

gluon
self-couplings

eN couplings

CP-violation in Low Energy Phenomena

dHg~7×10-3×e(0.5du
c+dd

c)

via pion-nucleon interaction

|dHg|<3.1×10-29 e cm

relativistic effect

dTl~-585de-e 43GeV×(CS
(0)-0.2CS

(1))

|dTl|<9×10-25 e cm

|de|<1.7×10-27 e cm
SM: |de|<~10-40 e cm constituent particle EDMs

dD~(du+dd)-0.2e(du
c+dd

c)+6e(dd
c-du

c)

pion exchange

|dD|⇒10-29 e cm

du
c, dd

c

valence quark contribution

dn~1.1×e(0.5du
c+dd

c)+1.4×(-0.25du+dd)

|dn|<2.9×10-26 e cm SM: |de|~10-32 e cm
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P T

P-odd P-odd T-odd

polarized neutron

target polarized target

polarized neutron
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P T

P-odd P-odd T-odd

polarized neutron

target polarized target

polarized neutron

KEK 2018S12

NOPTREX Collaboration

Neutron Optics for Parity and Time Reversal EXperiment
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NOPTREX Collaboration

W.M.Snow, J.Curole, J.Carini

Indiana University

V.Gudkov

Univ. South Carolina

B.Plaster, D.Schaper, C.Crawford

Kentucky Univ.

J.D.Bowman, S.Penttila, X.Tong, 
P.Jiang

Oak Ridge National Lab.

P.Hautle

Paul Scherrer Institut

A.S.Tremsin

Univ. California Berkeley

Southern Illinois University

B.M.Goodson

M.Veillette

Berea College

KEK 2018S12 Neutron Optics for Parity and Time Reversal EXperiment

H.M.Shimizu, M.Kitaguchi, K.Hirota, T.Yamamoto, K.Ishizaki, 
S.Endoh, T.Sato, Y.Niinomi, T.Morishima, G.Ichikawa, 
Y.Kiyanagi, J.Hisano, N,Wada, T.Matsushita

T.Yoshioka, S.Takada, J.Koga, S.Makise

T.Okudaira, K.Sakai, A.Kimura, H.Harada

Nagoya University

Kyushu University

JAEA

Y.Yamagata, T.Uesaka, K.Tateishi, H.Ikegami
RIKEN

T.Ino, S.Ishimoto, K.Taketani, K.Mishima, C.C.Haddock
KEK

Y.I.Takahashi, M.Hino
Kyoto Univ.

T.Iwata, Y.Miyachi
Yamagata Univ.

T.Momose
Univ. British ColumbiaHiroshima Univ.

M.Iinuma
Osaka Univ.

K.Ogata, H.Kohri, M.Yosoi, T.Shima, H.Yoshikawa
Tohoku Univ.

M.Fujita

H.Fujioka
Tokyo Inst. Tech.

D.Takahashi
Ashikaga Univ.

R.Ishiguro
Japan Women’s Univ.
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n+139La

140La

(En=0)
(En=0.75eV)

(En=-48.6eV)

51
60

.9
02

 k
eV

absorption cross section

total cross section

s-wave (l=0)

p-wave (l=1)

1eV 1MeV1keV

neutron energy [eV]

cr
o

ss
 s

ec
ti

o
n

 [
b

]

(compound nuclei)

thermal epithermal fast

Compound States
P-violation
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Mitchell, Phys. Rep. 354 (2001) 157

lo
n

g
it

u
d
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m
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ry

Enhanced P-violation in Compound States

NN-interaction 10-7 (10-5%)

Longitudinal Asymmetry
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p-wave resonance

s-wave resonance

n

A

γ

A+1

time
(A+1)*

compound state entrance channelexit channel
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compound state
entrance channel

exit channel

p-wave

s-wave

P

Dynamical Enhancement
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compound state
entrance channel

exit channel

p-wave

s-wave

P

106 eV

10 eVrandomness of expansion coefficients

~ P-violation in NN interaction

Dynamical Enhancement
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compound state
entrance channel

exit channel

p-wave

s-wave

p j=3/2

p j=1/2

P

Universality Check

s j=1/2

mostly unknown
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Mitchell, Phys. Rep. 354 (2001) 157

lo
n

g
it

u
d
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sy

m
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ry

Enhanced P-violation in Compound States

NN-interaction 10-7 (10-5%)

Longitudinal Asymmetry

|W| ~ 1 meV

likelihood analysis on x
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s-p interference ⇔ channel-spin interference

P-odd T-odd

orbital n spin nuclear spincompound nuclear spin

n entrance spin channel spin
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compound state

exit channel

entrance channel

p-wave

s-wave

p 3/2

p 1/2

T

T-odd ➡ Channel-spin Interference
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f = A0 +B0� · Î + C 0� · k̂ +D0� · (Î ⇥ k̂)
Spin Independent 

P-even T-even
Spin Dependent 
P-even T-even

P-violation 
P-odd T-even

T-violation 
P-odd T-odd

T-violation in Neutron Optics

fake T-odd negligible

Gudkov, Phys. Rep. 212 (1992) 77

T-violation P-violation

P-violating matrix element

angular 
momentum 

factor

T-violating matrix element
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f = A0 +B0� · Î + C 0� · k̂ +D0� · (Î ⇥ k̂)
Spin Independent 

P-even T-even
Spin Dependent 
P-even T-even

P-violation 
P-odd T-even

Spin Independent 
P-even T-even

T-violation 
P-odd T-odd

Spin Dependent 
P-even T-even

P-violation 
P-odd T-even

T-violation 
P-odd T-odd

validity of this description can be checked via the consistency among A, B, C

T-violation in Neutron Optics

D≠0 ➡ D’≠0

fake T-odd negligible
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Analyzing Power and Polarization Polarization Transfer Coefficient
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Analyzing Power and Polarization Polarization Transfer Coefficient
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Neutron 
EDM (    )

atomic

QCD

Fundamental 
CP phases

TeV

Energy

nuclear

EDMs of paramagnetic 
molecules

 (YbF, PbO, HfF+)
Atoms in traps (Tl,Rb,Cs)

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

EDMs of nuclei 
and ions   

(deuteron, etc)

Muon EDM

Pospelov Ritz, Ann Phys 318 (05) 119

gluon
self-couplings

eN couplings

compound state

experiment

nucleon
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Neutron 
EDM (    )

atomic

QCD

Fundamental 
CP phases

TeV

Energy

nuclear

EDMs of paramagnetic 
molecules

 (YbF, PbO, HfF+)
Atoms in traps (Tl,Rb,Cs)

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

EDMs of nuclei 
and ions   

(deuteron, etc)

Muon EDM

Pospelov Ritz, Ann Phys 318 (05) 119

gluon
self-couplings

eN couplings

compound state

experiment

(1)

(2)

(3)

(4)(n,γ) measurement

nuclear theory 
resonance parameters

theory

theory

done for 139La

done via likelihood analysis

V.P.Gudkov
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Y.-H.Song et al., Phys. Rev. C83 (2011) 065503

T-odd P-odd meson couplings

(1), (2) Estimation in Effective Field Theory

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

Gudkov, Phys. Rep. 212 (1992) 77

Flambaum, Phys. Rev. C51 (1995) 2914

(1), (2) Estimation in Effective Field Theory
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Y.H.Song et al., Phys. Rev. C83(2011) 065503

Gudkov, Phys. Rep. 212 (1992) 77

Flambaum, Phys. Rev. C51 (1995) 2914

(1), (2) Estimation in Effective Field Theory
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Y.H.Song et al., Phys. Rev. C83(2011) 065503

Gudkov, Phys. Rep. 212 (1992) 77

Flambaum, Phys. Rev. C51 (1995) 2914

(1), (2) Estimation in Effective Field Theory
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Y.H.Song et al., Phys. Rev. C83(2011) 065503

Gudkov, Phys. Rep. 212 (1992) 77

Flambaum, Phys. Rev. C51 (1995) 2914

(1), (2) Estimation in Effective Field Theory
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Y.H.Song et al., Phys. Rev. C83(2011) 065503

Gudkov, Phys. Rep. 212 (1992) 77

Flambaum, Phys. Rev. C51 (1995) 2914

(1), (2) Estimation in Effective Field Theory
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Y.H.Song et al., Phys. Rev. C83(2011) 065503

Gudkov, Phys. Rep. 212 (1992) 77

Flambaum, Phys. Rev. C51 (1995) 2914

(1), (2) Estimation in Effective Field Theory

←discovery potential corresponding to 
the present nEDM upper limit
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T.Okudaira et al., Phys. Rev. C97 (2018) 034622

(4) Details of Entrance Channel
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T-violation P-violation

P-violating matrix element

angular 
momentum 

factor

T-violating matrix element

 175

(n,γ) measurement
we choose target nuclei 

with known ΔσP

Order Estimation of T-violation Sensitivity

Gudkov, Phys. Rep. 212 (1992) 77

discovery potential
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(n,γ) measurement
we choose target nuclei 

with known ΔσP

Order Estimation of T-violation Sensitivity

Gudkov, Phys. Rep. 212 (1992) 77

discovery potential
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KEK 2018S12 Neutron Optics for Parity and Time Reversal EXperiment
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NOPTREX Collaboration

KEK 2018S12 Neutron Optics for Parity and Time Reversal EXperiment
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polarized target

spin control
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P(139La)≥0.4, V≥4cm×4cm×6cm
B0≤0.1T
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P(139La)≥0.4, V≥4cm×4cm×6cm
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with ultimate polarizations 
reaches the discovery potential in 2.2 hours

with reported polarizations 
reaches to the discovery potential in 1.4 days
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P(139La)≥0.4, V≥4cm×4cm×6cm
B0≤0.1T

Dynamic Nuclear Polarization
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P(139La)≥0.4, V≥4cm×4cm×6cm
B0≤0.1T

Dynamic Nuclear Polarization Brute-force
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B0≤0.1T

Dynamic Nuclear Polarization Brute-force

Spin Exchange Optical Pumping

P(139La)≥0.4, V≥4cm×4cm×6cm
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B0≤0.1T

Dynamic Nuclear Polarization Brute-force

Spin Exchange Optical Pumping

triple-DNP?

P(139La)≥0.4, V≥4cm×4cm×6cm
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Mitchell, Phys. Rep. 354 (2001) 157
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S.Takada

W.M.Snow

T.Sato
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→ new physics

KEK 2018S12

← RCNP Project

NOPTREX Collaboration

Enhanced Discrete Symmetry Violation in Compound States 
induced by Epithermal Neutron

has a discovery potential of new physics beyond the standard model

via

development of polarized target in progress

evaluation of systematic errors

basis of epithermal neutron optics

applicability of the random matrix theory
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Physics

General Relativity
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Gregoriev et al., Proc. 1st Int. Conf. Neutr. Phys., Kiev, 1 (1988) 60

Gravitational Fall Dabbs et al., Phys. Rev. 139 (1965) B756
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Gregoriev et al., Proc. 1st Int. Conf. Neutr. Phys., Kiev, 1 (1988) 60

McReynolds, Bull. Am. Phys. Soc. 12 (1967) 105

Gravitational Fall Dabbs et al., Phys. Rev. 139 (1965) B756
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Gravity is extremely weak.
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Why is the gravity so weak?
Gravity is not renormalizable.
Gravity is the nature of space time.

“hierarchy problem”: MGUT~1024eV ⇔ MSU(2)×U(1)~1011eV

Gravity is essential at the Planck scale.

Phenomena out of the standard model is existing.
Neutrino Oscillation, Dark Energy, Dark Matter

Super-K, SNO, KamLAND WMAP



page

Title(Neutron Fundamental Physics) 
Conf(CNS Summer School) 
Date(2019/08/21) At(Tokyo)

Date(2009/06/21) by(H.M.Shimizu) 
Title(低速中性子を用いた高精度測定による新物理探索) 
Conf(セミナー) At(Nagoya) 

page  195



page

Title(Neutron Fundamental Physics) 
Conf(CNS Summer School) 
Date(2019/08/21) At(Tokyo)

Date(2009/06/21) by(H.M.Shimizu) 
Title(低速中性子を用いた高精度測定による新物理探索) 
Conf(セミナー) At(Nagoya) 

page  195

Gravity is extremely weak.



page

Title(Neutron Fundamental Physics) 
Conf(CNS Summer School) 
Date(2019/08/21) At(Tokyo)

Date(2009/06/21) by(H.M.Shimizu) 
Title(低速中性子を用いた高精度測定による新物理探索) 
Conf(セミナー) At(Nagoya) 

page  196

Gravity is extremely weak.
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Gravity is extremely weak.
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nuclear radius (7.76fm)

atomic radius (0.126nm)

Gravity is extremely weak.

earth radius (6400km)
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Measurement of Neutron Electric Dipole Moment
Confined Ultracold Neutron Spin Precession Frequency

neutron confinement bottle

electrode

electrode

laser for atomic magnetometer
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nuclear radius (7.76fm)

atomic radius (0.126nm)
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nuclear radius (7.76fm)

atomic radius (0.126nm)

sensitive only to spin-dependent gravity

Si interferometer
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Neutron Phase induced by Earth’s Gravity

λ=0.1445nm

a=0.2cm 
d=3.5cm 
θ=22.1°

Collela, Overhauser, Werner, Phys. Rev. Lett. 34 (1975) 1472

COW expertment
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Neutron Phase induced by Earth’s Gravity

λ=0.1445nm

a=0.2cm 
d=3.5cm 
θ=22.1°

Collela, Overhauser, Werner, Phys. Rev. Lett. 34 (1975) 1472
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λ=0.1445nm

a=0.2cm 
d=3.5cm 
θ=22.1°

Neutron Phase induced by Earth’s Gravity
Collela, Overhauser, Werner, Phys. Rev. Lett. 34 (1975) 1472
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λ=0.1445nm

a=0.2cm 
d=3.5cm 
θ=22.1°

Neutron Phase induced by Earth’s Gravity
Collela, Overhauser, Werner, Phys. Rev. Lett. 34 (1975) 1472

larger interferometer

slower neutronbetter statistics
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λ=0.1445nm (Bragg condition of Si single crystal)

a=0.2cm 
d=3.5cm 
θ=22.1°

Neutron Phase induced by Earth’s Gravity
Collela, Overhauser, Werner, Phys. Rev. Lett. 34 (1975) 1472

larger interferometer

slower neutronbetter statistics

neutron velocity is limited by lattice constant

(size of Si single crystal)
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λ=0.1445nm (Bragg condition of Si single crystal)

a=0.2cm 
d=3.5cm 
θ=22.1°

Neutron Phase induced by Earth’s Gravity
Collela, Overhauser, Werner, Phys. Rev. Lett. 34 (1975) 1472

larger interferometer

slower neutronbetter statistics

neutron velocity is limited by lattice constant

(size of Si single crystal)

multilayer mirror 
(artificial 1-dim crystal)
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Mirror Alignment
大きな“すきま”をもつ大きな“すきま”をもつBSEBSE

I54 mm

�����	ZERODURE


189 Pm

14 mm

��� OHe-Ne/100

��� OHe-Ne/100 8

spacer

多層膜冷中性子干渉計
経路が空間的に完全に分離

co
un

ts
 / 

75
 s

ec
.

preliminary

pi-flipper phase [deg]

Y. Seki, et. al., to be published.,
JRR-3 MINE2, 0.88nm

コントラスト57%
ビーム分離 327±9μm
（設計値337±7）

preliminary

経路内にデバイスを挿入可能に

Y. Seki et al., J. Phys. Soc. Jpn. 79 (2010) 124201.
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30cm x 0.2mm ~ 10-4 m2
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Multilayer Neutron Interferometer

slower neutronbetter statistics

larger interferometer
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Multilayer Neutron Interferometer

slower neutronbetter statistics

limitation : E > Fermi pseudopotential (0.25µeV)

λ<0.5nm

larger interferometer
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Neutrons for General Relativity T.Morishima Nucl. Instrum. Methods A529 (2004) 187
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Neutrons for General Relativity T.Morishima Nucl. Instrum. Methods A529 (2004) 187
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Neutrons for General Relativity T.Morishima Nucl. Instrum. Methods A529 (2004) 187

COW

Lense-Thirring
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Neutrons for General Relativity T.Morishima Nucl. Instrum. Methods A529 (2004) 187

COW

Lense-Thirring

accessible with J-PARC
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N-dim. Gravity
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If R* is longer than the Planck’s length, G3 becomes smaller.

Anomalous Gravity?
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KK-graviton, which is emitted off our brane with the momentum 
(q1, q2, ...,qn) along the extra-dimension, looks having the mass |q|.
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Scattering Experiment to study Intermediate-range Force
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図 2: 中性子散乱の角度依存性。短距離重力 (赤線)は前方に大きなピーク
を持ち、核力の散乱（青破線）と区別できる。
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図 3: 実験装置全体図。

て検出し、イベント毎に中性子飛行時間と散乱方向のデータを記録する。
尚、後述するようにガス容器の長さ等のパラメータはシミュレーションを
用いて最適化する。これらのデータを元に中性子エネルギー毎の角度分
布スペクトルを求め、(4)式に従って解析を行う。茨城県東海村に大強度
陽子加速器施設 (J-PARC)が建設され、2008年度より運転を開始してい
る。我々は、J-PARCの物質生命科学研究施設 (MLF)に低エネルギー中
性子を用いた基礎物理実験を行う事を目的としたビームラインBL05を建
設した。本ビームラインは一本の中性子ビームを 3分岐するという特殊性
に加えて、なおかつスピン偏極やビーム発散制限を内蔵する高度な光学系
になっており、本実験の中性子小角散乱実験装置はこのうち最もビーム強
度が強い非偏極ビームラインを占有して設置する予定である。

5

search for deviations from nuclear scattering

Neutron Scattering by Noble Gas Atoms
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Newtonian law

Nucle
ar S
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 10-3

aG∝α

θ
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Newtonian + α 
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C.C.Haddock, Phys. Rev. D 97 (2018) 062002
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Interferometric Search for Intermediate-range Forces
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E L Δφ ΔU ΔU/(mng)

25 meV 0.1 m 1 rad 10-14 eV 1 mm

10 meV 1 m 10-3 rad 1×10-34 J (9×10-16 eV) 9 nm

250 neV 1 m 10-3 rad 8×10-37 J (5×10-18 eV) 40 pm
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Interferometric Search for Intermediate-range Forces
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Interferometric Search for Intermediate-range Forces
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Summary of this chapter

Enlarged multilayer interferometer for pulsed cold and very-cold neutrons

Precise measurement of the spin precession of ultracold neutrons

for spin-dependent gravity

for post-Newtonian terms

For anomalous gravity in short-distance

neutron scattering, neutron interferometry
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Anomalous Gravity in the vicinity of Material Surface
Phys. Rev. D59 (1999) 086004

matter

potential



page

Title(Neutron Fundamental Physics) 
Conf(CNS Summer School) 
Date(2019/08/21) At(Tokyo)  236

Phys. Rev. D59 (1999) 086004
Anomalous Gravity in the vicinity of Material Surface
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Phys. Rev. D59 (1999) 086004
Anomalous Gravity in the vicinity of Material Surface
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Phys. Rev. D59 (1999) 086004

pamametric resonance

Anomalous Gravity in the vicinity of Material Surface
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Phys. Rev. D59 (1999) 086004

pamametric resonance

Anomalous Gravity in the vicinity of Material Surface
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Gudkov, Shimizu, Greene, PRC 83 (2011) 025501

Parametric Resonance in 1-dim Potential
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Gudkov, Shimizu, Greene, PRC 83 (2011) 025501

Parametric Resonance in 1-dim Potential
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Gudkov, Shimizu, Greene, PRC 83 (2011) 025501

Parametric Resonance in 1-dim Potential
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Experimental Apparatus of the Search for Parametric Resonance
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0.2mm ⇒ 20mm
t = 110 days

Experimental Apparatus of the Search for Parametric Resonance
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nuclear radius (7.76fm)

atomic radius (0.126nm)

Si interferometer

nEDM-sensitivity

multilayer interferometer

1m2 multilayer interferometer

multilayer interferometer 
with parametric resonance?
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Another summary of this chapter

Enlarged multilayer interferometer for pulsed cold and very-cold neutrons

Precise measurement of the spin precession of ultracold neutrons

for spin-dependent gravity

for post-Newtonian terms

For anomalous gravity in short-distance

neutron scattering, neutron interferometry

parametric resonance?
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