
Search for unknown interaction  
with neutrons

Center for experimental studies, KMI, Nagoya University

Masaaki Kitaguchi



Search for unknown interaction with neutrons 
KMI2017, 5 Jan. 2017,  
Masaaki Kitaguchi, Center for Experimental Studies, KMI page 2

Fundamental Physics with Neutrons
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Fundamental Physics with Neutrons

Unknown intermediate-range force can be detected.
Precise measurement of the potential between neutron  
and material enables us to search . . .

Extended gravity
Extra-dimension

e.g. Chameleon field
Intermediate-range force

(Dark energy)

Unknown source of CP violation can be searched.
Neutrons can be used for a good probe of CP violating interactions  
through . . .

Neutron EDM
T-odd correlation in compound nuclei
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T-odd correlation in compound nuclei
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T-odd Correlation in Compound Nuclei

Neutron 
EDM (    )

atomic
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CP phases

TeV
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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
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nucleon EDM T-odd P-odd pion-nucleon couplings

T-odd P-odd pion-nucleon coupling
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P-violation in compound nuclei

P-violation in NN interaction
p p

−(1.7±0.8)×10−715MeV
−(2.3±0.8)×10−745MeV
−(1.3±0.8)×10−745MeV
−(2.4±1.1±0.1)×10−7800MeV

P-violation in nucleon
15MeV -(1.7±0.8)×10-7

45MeV -(2.3±0.8)×10-7

800MeV -(2.4±1.1±0.1)×10-7

P-violation in neutron-nuclei reactionEpithermal Neutron Capture Reactions

n A
139La(En=0.734eV) 0.097±0.003

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

0.021±0.001

−(0.013+0.007−0.004)

of p-wave resonance 
cross section

~ 2% of total cross section

139La 0.097±0.003En = 0.734 eV
81Br 0.021±0.001En = 0.734 eV

111Cd -(0.013 +0.007-0.004)En = 4.53 eV

NOP-T

P-violation is enhanced in p-wave resonance of 
compound nuclei
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P-violation in compound nuclei
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P-violation in compound nuclei

n
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NOP-T
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neutron total 
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s-wave 
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J is good quantum numberp-wave 
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T-violation is also enhanced?

�⇥CP = �(J)
w

v
�⇥P

T-violation P-violationgCP/gP

10-2σtot10-3
Estimation in effective field theory

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

NOP-T

Gudkov, Phys. Rep. 212 (1992) 77.

T-odd Correlation in Compound Nuclei
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T-violation is also enhanced?

�⇥CP = �(J)
w

v
�⇥P

T-violation P-violationgCP/gP

10-2σtot10-3
Estimation in effective field theory

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

compare with EDM

from upper limit of EDM

NOP-T

Gudkov, Phys. Rep. 212 (1992) 77.

More sensitive measurement with

T-odd Correlation in Compound Nuclei



Search for unknown interaction with neutrons 
KMI2017, 5 Jan. 2017,  
Masaaki Kitaguchi, Center for Experimental Studies, KMI page 9

NOP-T

Cluster-Detector

Neutron 
beam

Sample Materials：natLa, LanatBr3, natIn
Intensity :    ~ 3 x 105 n/cm2/s     :  0.9 eV < En < 1.1eV @300kW

14 Ge（+BGO）Detectors, θ＝70,90,110 deg.

(n, γ) reaction measurement at J-PARC BL04 ANNRI

Single unknown parameter κ(J) can be estimated 
by observing the shape of p-wave resonance peak.

T-violation in compound nuclei
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NOP-T

(n, γ) reaction measurement at J-PARC BL04 ANNRI

T-violation in compound nuclei
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NOP-T

(n, γ) reaction measurement at J-PARC BL04 ANNRI

T-violation in compound nuclei

「複合核共鳴反応での時間反転対称性の破れ」 
   2015年11月19日 S型課題研究会 
名古屋大学理学研究科素粒子物性研究室（Φ研）　広田克也 page
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Analysis is on going …

Preliminary

More detail  
-> Poster 14, Takuya Okudaira
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T-odd Correlation in Compound Nuclei
Experimental plan

J-PARC BL07（Poisoned Moderator） 1011 n cm-2 s-1 sr-1 eV-1 MW-1

p-wave resonance En = 3.2 eV
Γn = 0.1 eV

2.2x10-5 sr

3He spin filter

100 atm cm


Polarization 0.7

Transmission 0.4

Solid natXe

4cm x 4cm x  20cm

Polarization 0.25

15 m

epi-thermal 
neutron detector

NOP-T
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More detail  
-> Poster 12, Tomoki Yamamoto
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T-odd Correlation in Compound Nuclei

T-violation is also enhanced?

P-violation is enhanced to 106 with interference  
between partial wave functions of compound nuclei.

Epithermal Neutron Capture Reactions

n A
139La(En=0.734eV) 0.097±0.003

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

0.021±0.001

−(0.013+0.007−0.004)

of p-wave resonance 
cross section

~ 2% of total cross section

compare with EDM
can be measured at J-PARC.

Enhancement factor is estimated with measurement of (n, γ) reaction. 

Feasibility studies are now going on at BL04 ANNRI in J-PARC.
More detail -> Poster 14, Takuya Okudaira

Poster 12, Tomoki Yamamoto

NOP-T

R&D for T-violation experiments has also started. 
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T-odd Correlation in Compound Nuclei
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Neutron Electric Dipole Moment
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Neutron EDM

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

Spin is reversed. 

T reversal＋
-

＋
-

Electric charges 

don’t change.

Standerd Model :

|dn| < 2.9 × 10-26 e cmPresent upper limit 

New Physics (SUSY ...) : |dn| ~ 10-27 ~ -28 e cm
|dn| ~ 10-32 e cm

is approaching to the predictions of some physics 
beyond the standard model of particle physics.
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Pospelov Ritz, Ann Phys 318 (05) 119

gluon
self-couplings

eN couplings

Spin is reversed. 

T reversal＋
-

＋
-

Electric charges 

don’t change.

Standerd Model :

|dn| < 2.9 × 10-26 e cmPresent upper limit 

New Physics (SUSY ...) : |dn| ~ 10-27 ~ -28 e cm
|dn| ~ 10-32 e cm

is approaching to the predictions of some physics 
beyond the standard model of particle physics.

New approach required
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Neutron EDM

UCN source at TRIUMF 
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Precessions of stored UCNs are measured.
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Neutron EDM
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UCN optics

UCN RebuncherRebuncher 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,

high density

decelerated

for next generation UCN experiments

keeps the UCN density through transport.

DLC mirror Neutron mirror with high reflectivity on 
complex shape can be fabricated using 
diamond-like carbon by CVD. 

neutron EDM at J-PARC (P33)
UCN Rebuncher を実証
ILL UCN ビームをパルス化し、加減速を制御
検出器位置に集束させることに成功
シミュレーションと良く一致
集束できる帯域の拡大などの開発を継続中

Y. Arimoto, et., al., Phys. Rev. A 86, 023843 (2012).
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Blue : Exp. Data
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Rebuncher ON

高い反射能力と平滑性をもつDLCミラーを作成

論文 出版済み
各機関の広報やWebニュースにて公表済み

中性子に対する光学ポテンシャル　225 neV
　重水素化によってポテンシャル 50% up
表面粗さは Ni ミラーより格段に良い
→ Rebuncher によるUCN 輸送に有効

磁束計を構築中

potential 240 neV 
off-specular reflection < 1%

Simulation of UCN movement
We have developed the simulation tools based on GEANT4. 
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Neutron EDM
Crystal EDM

measures spin precession in strong electric field  
in non-centrosymmetric crystal.
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Neutron EDM
Crystal EDM

measures spin precession in strong electric field  
in non-centrosymmetric crystal.

  

€ 

σ dn( ) =
h

2Eτ nT
Same order of sensitivity can be achieved.
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Neutron EDM
Crystal EDM

We prepared BGO crystals.
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Neutron EDM
Crystal EDM at J-PARC
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Neutron EDM
Crystal EDM at J-PARC
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Neutron EDM
Crystal EDM at J-PARC
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Neutron EDM
Crystal EDM at J-PARC
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Neutron EDM
Crystal EDM at J-PARC

illustrated by S. Itoh

Many diffractions from different lattice planes can be measured by 
using pulsed neutrons.
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Scattering Experiment  
to study Intermediate-range Force
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Non-Newtonian Gravity ?

Extra-dimension is 
compactified. 
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余剰次元方向に運動量(q1, q2, ...,qn)で飛び出す
gravitonは、質量|q|を持っているように見える

余剰次元では運動量は2π/Lを単位として量子化されている
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Gravity for N-Dimension

Connect at  r = R*
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Search for additional force in 

intermediate-range ( μm - nm )
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Gravity for N-Dimension

Connect at  r = R*
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θ

Xe

Newtonian + α 
in nm range
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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

28

Scattering Experiment to study Intermediate-range Force

to search the deviation from nuclear scattering
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We constructed the cold neutron beamline  
“NOP” for fundamental physics 
in Material and Life science Facility. 

Neutron Optics and Physics (NOP) beamline

Tree branches are available. 
• Polarized beam 
• Unpolarized beam 
• Low-divergence beam
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Physics data has just taken at NOP beamline at J-PARC. 

Analysis is on going …

Scattering Experiment to study Intermediate-range Force
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Gas target
neutron beam

More detail -> Poster 13, Noriko Oi
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Fig 5. The differential cross section of experimental data 
  

 [m]λCompton length 
9−10 8−10 7−10

|
α

C
ou

pl
in

g 
co

ns
ta

nt
 |

1610

1710

1810

1910

2010

2110

2210

2310

2410

2510

2610

EXCLUDED REGION

et al.Nesvizhevsky 

et al.Mohideen 

et al.Mostepanenko 

et al.Decca 

et al.Kamiya 

expected  
result

Measurement of neutron scattering  
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Motivation（Extra Dimensions）

Principle

If extra dimensions exist,  
・Gravitational potential changes from Newtonian potential 
・Gravity become comparable in strength to the other interactions 
 at the TeV scale. 
It is significant to search for  
an unknown interaction  
in the small scale.

• Upgraded experiment are performed(Increase gas pressure and beam size). 
• We analyze the experimental data and upgrade simulation very carefully.

Newtonian 
potential

Yukawa 
potential

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

Yukawa potential       Neutron scattering has an angular distribution.

Experiment was performed at “NOP” beam line in MLF/J-PARC. 
Using pulsed neutron beam, we can… 
・Use almost all of generated neutrons. 
・Analyze by momentum transfer over the wide range.
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To evaluate the difference from the well-known interaction, 
the data is compared with our Monte-Carlo simulation. 
The simulation is not include   
the effect of gas motion and absorption yet.
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Neutron interferometer   
to study Extended Gravity Field
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For non-strictly vertical mirror the component of the Earth
gravity normal to the surface of the mirror produces the poten-
tial V gr = κmgz, where g is the gravitational acceleration, and the
coefficient κ depends on the angle θ between gravity vector and
the mirror plane. At θ = 10′′ , κ ≈ 5 × 10−5. This linear potential
leads to additional phase shift

ϕgr = ϕII,gr − ϕI,gr

= κ gm2

2kh̄2(a + b)

[
(b + a)2

√
L2 + (b − a)2

−
(
b2 + a2)√L2 + (b + a)2

]

≈ κ gm2

kh̄2

abL
a + b

, (10)

calculated in analogy with Eqs. (6)–(9).
The Coriolis phase shift due to the Earth rotation [22] is

ϕCor = 2m
h̄

(!A), (11)

where ! is the vector of angular rotation of the Earth and A is
the vector of the area enclosed by the interfering beams. As A =
(abL)/(a + b), for the Laue–Langevin Institute geographic position
(where good very cold neutron source has been constructed [23])
we have ϕCor = 0.16(abL)/(a +b) rad (a,b, L in cm). As expected it
is similar to the gravitational phase shift in its dependence of the
slit and the interference coordinates.

We should calculate also the phase shift of the neutron wave
along the beam II at the point of reflection. Neglecting imaginary
part of the potential of the mirror, the amplitude of the reflected
wave is r = e−iϕrefl , with the phase

ϕrefl = 2 arccos(knorm/kb) ≈ π − δϕrefl, (12)

where

δϕrefl = 2knorm/kb ≈ π − 2
k
kb

a + b
L

. (13)

Here knorm is normal to the mirror’s surface component of the neu-
tron wave vector, and kb is the boundary wave vector of the mirror.
This phase shift linearly depends on b similarly to the geometric
phase shift ϕgeom .

The reflected and non-reflected beams follow slightly different
paths in the interferometer. Therefore in the vertical arrangement
of the reflecting mirror they spent different times in the Earth’s
gravitational field &t = 2ab/(Lv). The difference in vertical shifts
of the reflected and non-reflected beams is &h = 2gab/v2, and the
phase shift due to this difference

&ϕvert = kg2abL/v4. (14)

At our parameters of the interferometer this value is of order
∼ 10−4.

The total measured phase shift is

ϕ = ϕgeom + ϕcham + ϕgr + ϕCor + ϕrefl. (15)

The gravitational phase shift can be suppressed by installing the
mirror vertically with highest possible precision. On the other hand
the gravitational phase shift may be used for calibration of the
interferometer by rotation around horizontal axis. The phase shifts
due to the Earth rotation ϕCor and reflection ϕrefl may be calculated
and taken into account in the analysis of the interference curve.

Fig. 2 shows the calculated phase shift ϕcham for an idealized
Lloyd’s mirror interferometer (strictly monochromatic neutrons,
width of the slit is zero, detector resolution is perfect) with param-

Fig. 2. The neutron wave phase shifts ϕ in the Lloyd’s mirror interferometer with
parameters: the neutron wave length 100 Å, L = 1 m, a = 0.01 cm, the interac-
tion parameters of the chameleon field with matter β = 107, n = 1 and n = 6. Also
shown: the gravitational phase shift ϕgr at κ = 5 × 10−5; the Coriolis phase shift,
and the effect of reflection as δϕrefl = π − ϕrefl (kb = 106 cm−1).

Fig. 3. The calculated interference pattern for the interferometer with parameters:
the neutron wave length 100 Å, L = 1 m, a = 0.025 cm. 1 – all the phase shifts are
taken into account: the chameleon field with matter interaction parameters β = 107

n = 1, the gravitational phase shift ϕgr at κ = 5×10−5, the Coriolis phase shift, and
the phase shift of the ray II at reflection δϕrefl = π − ϕrefl (kb = 106 cm−1); 2 – the
same, but excluding all the phase shifts except the chameleon induced phase shift;
3 – all the phase shifts are excluded except purely geometrical.

eters: L = 1 m, a = 0.01 cm, the neutron wave length λn = 100 Å,
(the neutron velocity 40 m/s), β = 107, at n = 1 and n = 6. Shown
also are the gravitational phase shift ϕgr at κ = 5 × 10−5, and
δϕrefl = π − phase shift of the ray II at reflection (kb = 106 cm−1).
It is essential that the sought phase shift due to the hypothetical
chameleon potential depends non-linearly on the interference co-
ordinate, especially at first fringes, and has to be inferred from an
analysis of the interference pattern.

Fig. 3 demonstrates the calculated interference pattern for the
same parameters of the interferometer: 1 – all the phase shifts
are taken into account: of the chameleon field with matter in-
teraction parameters β = 107 and n = 1, the gravitational phase
shift ϕgr at κ = 5 × 10−5, the Coriolis phase shift, and the phase
shift of the ray II at reflection δϕrefl = π − ϕrefl (kb = 106 cm−1);
2 – the same, but excluding all the phase shifts except the geo-
metrical and the chameleon induced phase shifts; 3 – all phase
shifts excluded except the purely geometrical one. In the latter
case the interference pattern should be strongly sinusoidal with
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Fig. 1. Lloyd’s mirror neutron interferometer. Reflecting plane is vertical so that the
gravity effect on the interference is strongly reduced. The position of the slit with
respect to the reflecting plane is a, L is the distance from the slit to the detector
plane, b is the distance of the interference coordinate from the reflecting mirror.

parameters, characterizing the force of chameleon–matter interac-
tion.

Chameleons can also couple to photons. In [17,18] it was pro-
posed to search for the afterglow effect from chameleon–photon
interaction in magnetic field. The GammeV-CHASE [19,20] and
ADMX [21] experiments based on this approach are intended
to measure (constrain) the coupling of chameleon scalar field
to matter and photons. In the approach proposed here only
chameleon–matter interaction is measured not relying on existence
of the chameleon–photon interaction. It is based on the standard
method of measurement the phase shift of a neutron wave in the
chameleon–neutron interaction potential.

Irrespective of any particular variant of the theory, test of the
interaction of particles with matter at small distances may be in-
teresting.

In one of popular variants of the chameleon scalar field theory
[4–9] the chameleon effective potential is

V eff (φ) = V (φ) + eβφ/M Plρ, (1)

where MPl is the Planck mass, V (φ) is the scalar field potential:

V (φ) = Λ4 + Λ4+n

φn , (2)

and ρ is the local energy density of the environment. In these ex-
pressions Λ = (h̄3c3ρd.e.)

1/4 = 2.4 meV is the dark energy scale,
ρd.e. ≈ 0.7 × 10−8 erg/cm3 is the dark energy density, n is the pa-
rameter in the inverse power law variants of the chameleon scalar
field theory.

The chameleon interaction potential of a neutron with bulk
matter (mirror) was calculated in [16]:

V (z) = β
m

M Plλ

(
2 + n√

2

)2/(2+n)( z
λ

)2/(2+n)

= β · 0.9 · 10−21 eV
(

2 + n√
2

)2/(2+n)( z
λ

)2/(2+n)

= V 0

(
z
λ

)2/(2+n)

, (3)

V 0 = β · 0.9 · 10−21 eV
(

2 + n√
2

)2/(2+n)

, (4)

where λ = h̄c/Λ = 82 µm.
The Lloyd’s mirror neutron interferometer (Fig. 1) can provide

high sensitivity to the chameleon forces in the large β range due
to the following features. First, the interfering neutron waves –
non-reflecting (trajectory I) and reflecting (trajectory II) from the

mirror are located close to the mirror acting as a source of the po-
tential. Second, this type interferometer provides unique possibility
to record the whole interference pattern with a position sensitive
detector what gives significant increase in counting statistics.

The neutron wave vector k′ in the potential V is

k′2 = k2 − 2mV

h̄2 , k′ = k − mV

kh̄2 , (5)

where m is the neutron mass and k is the neutron wave vector in
the absence of any potential.

The phase shift due to the chameleon mediated interaction
potential of a neutron with the mirror, depending on distance
from the mirror, is obtained by integration along trajectories ϕ =∮

k′ ds = ϕII − ϕI , where ϕI and ϕII are the phases obtained along
trajectories I and II respectively:

ϕI = k
√

L2 + (b − a)2

− mV 0
√

1 + ((b − a)/L)2

kh̄2λαn−1

L∫

0

(
a + b − a

L
x
)αn−1

dx

= ϕI,geom − γ
√

1 + ((b − a)/L)2

λαn−1αn(b − a)

(
bαn − aαn

)
(6)

and

ϕII = k
√

L2 + (b + a)2

− mV 0
√

1 + ((b + a)/L)2

kh̄2λαn−1

[ l∫

0

(
a − b + a

L
x
)αn−1

dx

+
L∫

l

(
b + a

L
x − a

)αn−1

dx

]

= ϕII,geom + γ
√

1 + ((b + a)/L)2

λαn−1αn(b + a)

(
bαn + aαn

)
. (7)

Here l = (aL)/(a + b) is the x-coordinate of the beam II re-
flection point from the mirror, γ = (mV 0L)/(kh̄2), and αn = (4 +
n)/(2 + n).

The geometric phase shift is

ϕgeom = ϕII,geom − ϕI,geom

= k
(√

L2 + (b + a)2 −
√

L2 + (b − a)2
)
≈ 2kab/L (8)

with relative precision better than ab/L2. The geometric phase
shift linearly depends on position of the interference coordinate b.
It means that the interference pattern in absence of any potentials
is sinusoidal with high precision: ab/L2 ∼ 10−8 at a ∼ b ∼ 10−2 cm
and L = 100 cm.

The phase shift from the chameleon neutron–mirror potential
is

ϕcham = ϕII,cham − ϕI,cham

= γ

λαn−1αn

[
bαn − aαn

b − a

√
1 +

(
(b − a)/L

)2

− bαn + aαn

b + a

√
1 +

(
(b + a)/L

)2
]

≈ γ

λαn−1αn
2ab

bαn−1 − aαn−1

b2 − a2 . (9)

Neutron interferometer to study Extended Gravity Field
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Neutron interferometer

Neutron interferometer to study Extended Gravity Field

Si perfect crystal interferometer

L <10cm~

thermal neutrons
reflection off 
the lattice

 ~1A

using large silicon ingot is tested now.
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Neutron interferometer Test at NIST

Neutron interferometer to study Extended Gravity Field

Isolated 40,000 Kg room is supported by six airsprings 
Active Vibration Control eliminates vibrations less than 10Hz  
Temperature Controlled to +/- 5 mK

Neutron Optics and Interferometry Facility (NIOF)
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Neutron interferometer Test at NIST has started !

Neutron interferometer to study Extended Gravity Field
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Summary

Neutron is suitable for the precision measurement of the small influence 
of new physics beyond the standard model of elementary particles.

Small angle scattering to study intermediate-range force is now going 
on at BL05 NOP beamline in J-PARC. 

Neutron interferometer with slow neutrons has the advantage to measure  
small interaction, induced by gravity, dark energy.

T-odd P-odd correlation in nuclear reaction can be enhanced in some 
compound nuclei. Feasibility studies are now going on at BL04 ANNRI 
beamline in J-PARC. 

Development of next generation UCN optics for Neutron EDM.  
Crystal EDM is also important, as a method with another systematics. 

More detail -> Poster 14, Takuya Okudaira
More detail -> Poster 12, Tomoki Yamamoto

More detail -> Poster 13, Noriko Oi


