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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)
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If AOnew is known in various systems, ...

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

WMAP&PLANCK — Constituents of the Universe

Dark Matter

Dark Energy
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Sakharov conditions \Ukas

B-violation
C- and CP-violation

interactions out of thermal equilibrium
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Neutron Lifetime
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Test of Effective Field Theory in Neutron -decay Nagoya Univ., RIKEN, KEK
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= A : Electron Asymmetry

Next Leading Order
= a : Proton Electron Correlation
Supercondcuting Detector to Measure Proton Energy

Search for New Physics beyond the Standard Model
New physics may affect Next-Leading-Order terms

= B ! Neutrino Asymmetry

D is T-odd term prohibited in the Standard Model
= D : Triple-vector Correlation

Superconduting
Kinetic Inductance Detector
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CP-violation in Electric Dipole Moment
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CP-violation in Epithermal Neutron Optics

Application of 106-times enhancement of parity violating effects in compound

resonances to the search of T-violating (CP-violating) effects beyond the Planck scale A

Standard Model

Nagoya Univ., KEK, JAEA, RIKEN, RCNP, Kyoto Univ., British Columbia Univ., Indiana Origin of CP-violation
Univ., Oak Ridge National Lab., South Carolina Univ., Yamagata Univ., Tokyo Inst. Tech., S

Tohoku Univ., Hokkaido Univ. 9y

Existing upper bound may be achievable in a few days using J-PARC
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Medium-range Force Search c.c.Haddock, Phys. Rev. D 97 (2018) 062002

Kyushu Univ., Nagoya Univ., KEK, Indiana Univ.
Precision Measurement of Angular Distribution of Neutron Scattering

Yukawa-type interaction causes a peak in angular distribution
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Neutron Interferometry RIKEN, Nagoya Univ.

Laboratory study of general relativity

b COW ost-Newtonian terms
| H o= 5 —+mo+Q-(L+5) P
Search for post-Newtonian terms e — ’ 5
1 ([AGMR p mao 3p - op
- + = Q- (L+8S)- +—+ '
1m2 long-wavelength interferometry - XL c? ( 5rd Leése_Thirzng gm3 2 2m
- o b 3GM 6GM R
| * o 4 A N A + =L =% + 9 - [FRXK Q)])
Lense-Thiring effect A \n N S o
corresponds to 1prad phase chang f e T io© : .
N R -\ exclusion map
NS 108 |

region

108 'Stanford Moscow

pm-order new-force search

) | | w— |

10¢ moduli L

. ml m2 —r / by = : ?m::ggns 7
V(T) — G r (]. —l_ oe ) Absorber 102 : koo - ~>Ec/enarlo :
100 | é Irvine _|
i Pl
put source close to one of paths Detector e[ woan” sl v

scenario

Ect-Wash
1 L Ll lllll

Precision measurement of scattering length Tt Pt e e
for few-body nucleon system Multilayer Neutron Interferometer
and for neutron scattering data e

put material on one of paths

counts / 75 sec.

s Etalon

200 300
pi-flipper phase [deg.]

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




Neutron Optics

Neutron Spin Optics
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magnetic moment
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Neutron J™
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fermion J™ =
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Dirac’s equation

1+

fermion JT =3 (tev"0, —m) Y =0
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Classical Mechanics Quantum Mechanics
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Classical Mechanics Quantum Mechanics

Schrodinger equation
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Classical Mechanics Quantum Mechanics

correspondance

number operator
Schrodinger equation
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Classical Mechanics

Newtonian

relativity

E* — (cp)* = (mc?)
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Classical Mechanics Quantum Mechanics

correspondance
number operator
Newtonian Schrodinger equation
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Classical Mechanics

Newtonian

E= -4V

relativity
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Dirac’s equation
fermion JT = (ey"0, —m)y =0

Lagrangian

L= @(iv”@u —m)y
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Dirac’s equation

+ .
fermion J" = % (ey"0, —m)y =0
Lagrangian B
L = w(i7uau — m)y
L = p(iy"0, — m)h — iFWF‘“’
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Neutron Reflection
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Fermi pseudopotential
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Magnetic Supermirror

Magnetic layers
Non-magnetic layers

A
Fe SiGes
1
<€
Fermi pseudopotential 0
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Neutron Polarizer (Spin Filter)

n nuclear number density
targ‘et nuclear polarization
t targ thickness
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Neutron Polarizer (Spin Filter)
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Spin Analyzer
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Polarization Cross Section
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Polarized Target (solid)

Brute-force Method

o AN © @

thermal equilibrium

Polarization

B/T [T/K]
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- . B=2.5T B=10T
Polarized Target (solid) T=05K T=0.01K

Brute-force Method

o AN © @

thermal equilibrium

Dynamic Nuclear Polarization
(DNP)

B2.5T é 7471:&
T<1K Q

ﬁm il
S8 MIEE

Polarization

B/T [T/K]
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- - B=0.3T B=2.5T B=10T
Polarized Target (solid) T=77K T=0.5K T=0.01K

10° I I B B

0% 024 Trt o

i
i
E}
i
©
Q0
e
NS¢
X
=)

Brute-force Method

\\l",,g:?"{ =
B-10T "\ S

thermal equilibrium

Dynamic Nuclear Polarization
(DNP)

B~2.5T é v'fan.ﬁ
T<1K Q

'.‘%m i 12T
S BIEFEH ) 0 .6 [

Polarization
=
&

10°
Microwave-Induced Optical Nuclear Polarization] B/T[T/KI
(MIONP)

B~0.3T
T<77K

(¢ 300K) TEFOERMRE RS

B SIETH

M.linuma et al. (Kyoto Univ.) P~0.4 in bulk at LN2 temp. and B=3kG
K.Takeda et al. (Kyoto Univ.) P~0.7 in bulk at 105K and B=3.2kG
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Polarized Target (solid)

method electron proton

thermal thermal
equilibrium equilibrium

Brute-force

DNP thermal thermal non-
equilibrium equilibrium

thermal non- | thermal non-
MIONF equilibrium equilibrium
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Dynamic Nuclear Polarization (DNP)

®=@0

paramagnetic center
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(Differential) Solid Effect

narrow ESR AWM. < Wy

Wy, Wy,
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(Differential) Solid Effect

A(.l)e ~ Wy

ESR 4 Wy, W,

Electron
Spin
Resonance
- AWe

|

NMRt

Nuclear.
Magnetic
Resonance
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broad ESR Awe > Wy

éé AwN ESR‘ Wy, Wy,

gllectron

\/ o

pin

& Resonance
A

IA\ IA\
AN
00 o

NMR

Nuclear.
Magnetic
Resonance
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Integrated Solid Effect
broad ESR Awe > Wy
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Integrated Solid Effect
broad ESR Ae > Wy

A

ESR

Electron
Spin
Resonance

A\ /\
We-Wx We WetW P

W=w(?)

®) o OO00 :OOOOooo

:  Adiabatic Fast Passage ' /

We E We-WN
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Integrated Solid Effect
broad ESR Ae > Wy

A

ESR

Electron
Spin
Resonance

Adiabatic Fast Passage
y4 E,

Z
A
microwave
}\HO

»
a)w
I nge——

A\ /\
We-Wx We WetW P

‘“e-“’r-[ >
polarization w
= X
W, 7H,
(D=(D(f) / | S\*y

o 0000, o 9000 oo

E I Y

Adiabatic Fast P Adiabatic: rotation of weit < Larmor precession

: labatic Fast Passage : Fast: rotation of wesi > spin-lattice relaxation
QOLQ E (@) E

We E We-WN
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Integrated Solid Effect
broad ESR AWe > Wy

A

ESR

Electron
Spin
Resonance

Adiabatic Fast Passage
y4 E,

Z
A
microwave
}\HO

»
a)w
I nge——

JAN JAN W - __/.\ >
We-Wy We Wet WP . \ T
W=w(?) 7 -

o 0000, o 9000 oo

E [ ] E '

Adiabatic Fast P Adiabatic: rotation of weit < Larmor precession

: labatic Fast Passage : Fast: rotation of wesi > spin-lattice relaxation
QOLQ E (@) E NOVEL

Nuclear-spin Orientation Via Electron-spin Locking
/élz u)l - we

Neutron Optics and Physics

We E We-WN

o
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Pentacene Ca2H14

00000 =

X Ho//x Holly Hollz

Chem. Phys. Lett. 165 (1990) 6

m=+#1 | 12% 45%  46%
Hy m= 76% 16% 8%
m=1 | 12% 39%  46%

9GHz
m— E— 120/0
— Qe m=+I1
z DNP-IS 0.29T
PS
—— e OO0 m=0
Sl - L 776%
= intersystem
.g crossing T ) 0.35T
'S 2041s >
>
m=-
; 12% L
=
=172 L=-1/2

So
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Naphthalene

m.p.=80°C

2 naphthalene molecules
2\
N
1 pentacene molecule
Pentacene < 0.01 mol%
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M.linuma et al., Phys. Rev. Lett. 84 (2000) 171

Experimental Setup

Microwave Induced Optical Nuclear Polarization

Gunn oscillator

function generator

oscilloscope

laser

laboratory for Particle Properties

fom

V

attenuator
|

ISE ESR

v B

crystal mount

magic tee

4
tuner

\4

H-wave switch

v

power amp.

directional coupler

»D
T=77K

__ sweep magnet

\_J!
=
N’
=
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( sequence 0.8us repetition rate = 50 Hz\
—p
—= 600nm
@ 3s50mw
A
42G t
magnet >
~1W
H-wave
9.3GHz
= —=>
e —» p

sample naphthalene +0.001 mol% pentacene
3mmx2mmx5mm

NMR-probe

(el
ﬁ? - cylindrical cavity (TE011)
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M.linuma et al., Phys. Rev. Lett. 84 (2000) 171

Experimental Result (MIONP, triplet-DNP)

P,~0.35 T=77K B=0.3T

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

proton polarzation buildup in naphthalene spin relaxation
IS e e — s T 5
T=77K : LU e : ~— v
| " 353% T=77K H=0.0007T
: : T e e aee R '
! pentacence 0.00Tmol% o - e : ol
: o : ; - oy
9§ P b/ SR P 2 ™~ .
- ' e | ‘ , - R o0 ¢
R 7~ = , e R
= 20 o g ° R
S / e K
g //" -3 6 T *
o 1§ [ A N e e S N R I R e d s = L a
2 | V& , e g t= 166 min
//. ) §,~.--".—3 e v :
o ..~ pentacence 0.01mol% ‘
IR e e i 15X v, et ¢ SCEEEEEE & -4
o < ‘ ; |
O‘{’l;ﬁ ‘llil'!: T : [( J] SN I W W TSGR TSNS T O O R e
0 200 400 600 800 1000 0 20 40 o) KO 1o 120
Time (min. ) Time { min, )
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Experimental Result (MIONP, triplet-DNP)

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

Pp,~0.7 T=105K B=0.32T
Naphthalene + 0.018 mol% Pentacene i
4 mm x 4 mm (ab) x 2.2 mm (c) — o

0.8 | o
= 5
O =
o =
N O
.~ D
S04 3
D
— )
L
Q
2
O
-

0
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Neutron Polarizer/Analyzer

Energy Regions Methods Research Fields
— MeV
Nuclear Engineering
100fm — Fast Neutron =
= ©
a Nuclear Physics
rom I kEV = y
(b
— N
Epithermal Neutron = Fundamental Physics
10pm — (ol =
- eV 21l | &
L 2 O
100pm — Thermal Neutron = § = Hard Matter Researches
— = = [z
Cold Neutron = IS 2
Tnm 1 meV O o =
@ Soft Matter Researches
L. S k=]
- © D
N = Very-Cold Neutron S u‘;
— ueV E‘,’
Joomm I é’ Fundamental Physics
— Ultracold Neutron
— neV
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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

. . . . H - adiabatic fast passage nuclear magnetic resonance)
magnetic dipole interaction unitcell "™ NMR(&E&) ' passage nuc B. E’rf;
B, H= %,_
)7 +60neV > — > y=1.8x10° rad s T"
@& spinparallel -G spin antiparalleld—?—l—?-» (29 MHz/T)
O OneV B A spin flip spin flip
1T g N,
_ ax . i & B
% 60neV : e, — AE =120 === neV
: 1T
h >
> Z
L
cell total —AE=120peV  J =1.5x10° cm?s™
L=0.12m L=24m LANSCE
B,.=5T
-AE=0.6p
inner surface = neutron guide __——=— .
— }‘i ) storage time = 50sec

pulsed neutron source sweep synchronized with neutron pulse

neutron density (0.9948)=0.41 reflection loss

3x10° cm™ 0.32_spin flip loss » 2x10°cm®
LANSCE 0.54 phase mismatch due to LANSCE

3x10° cm? neutron pulse width 2%10* cm>
JSNS JSNS
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Neutron Accelerator/Decelerator
rebuncher

Y,Arimoto, Phys. Rev. A 86 (2012) 023843
S.Imajo, Prog. Theor. Exp. Phys. (2016) 013C02

Title(Neutron Fundamenta
Conf(CNS Summer School
Date(2019/08/21) At(To

Neutron Optics and Physics



Motivation nEDM at J-PARC (P33)




Motivation nEDM at J-PARC (P33)

G
o W
o108 oS ko™ -
) UCN Transport with Rebuncher EDM cell with
_(neutron space-time focusing) high precision
magnetometer

Pulsed UCN|  Ultrg

~Colq
converter e J
D) | outrons | -y
/ T~"., - :4.;{; \
B __:._\- g y
oo g2
. e 7
Large production by J-PARC LINAC TS ‘s
(instantaneous high power : 20 MW)  hjgh

+ -
Transport optics density

(focusing with pulsed neutron decelerator)

_ T+ small
High precision measurement systematic
(magnetometer using UV laser) errors

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

UV laser for
1agnetometer
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B ——

Neutron source Storage cell
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A 3

Neutron source Storage cell
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]—é

Neutron source Storage cell

Pulsed UCNs spread spatially,
Density decreases quickly
without any treatment.

Transport without loss of density!
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Original density can be restored 1f faster
UCNs are decelerated appropriately.

}é

Neutron source Storage cell
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Original density can be restored 1f faster
UCNs are decelerated appropriately.

) Jl‘z_—_ﬁ
high density  Storage cell

Neutron source
door position f\/ A \‘f\

Reb

UCN production t
at converter

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

Neutron Optics and Physics



UCN Rebuncher = Neutron Accelerator

| Original density can be restored if faster ”

UCNs are decelerated appropriately.

Neutron source high density  Storage cell

door position f\/ A \‘f\

Reb

UCN production t
at converter
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Adiabatic Fast Passage (AFP) spin flipper is used for control

of the neutron energy. RF magnetic field in gradient field

B gives/removes the energy with spin flip.
N 2 ILLB — hw
P 30 MHz = 1T = 120 neV
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Adiabatic Fast Passage (AFP) spin flipper is used for control

of the neutron energy. RF magnetic field in gradient field

B gives/removes the energy with spin flip.

N 2/,LB — hw
¢ 30 MHz=1T =120 neV
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Adiabatic Fast Passage (AFP) spin flipper is used for control

of the neutron energy. RF magnetic field in gradient field

gives/removes the energy with spin flip.

B RF
N > 2/,LB — hw
(] ® 30 MHz=1T=120neV

Keel;rateion

Opposite-spin neutrons are accelerated.
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Adiabatic Fast Passage (AFP) spin flipper

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

\\ | 2/LB = hw
30 MHz=1T =120 neV

By GradMagIP9 |

!
BA CLIqW9dILa | /

A

-
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Adiabatic Fast Passage (AFP) spin flipper

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

i 2uB = hw
~_ Small 1T -
DEBQI 30 MHz = 1T = 120 neV

Large

Decel?

S W VO O I . — Faster neutrons arrive earlier.

| Jb' / A Large deceleration = High Freq. RF

i / | Slower neutrons arrive later.
A — Small deceleration = Low Freq. RF

eleration

Energy exchange 1s

proportional to the Sweep_ing freq uency
RF frequency. matching to the arrival time
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Prototype Statlc Mag net

l - el .-

o

Y.Arimoto, et. al.,IEEE Trans. Appl.
Supercond. 22, 4500704 (2012).
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Prototype  Static Magnet
~J 0 7

o T

- _—
A T
e

22000 - i . L e f

o

4000 - - | R g

-6000

B, (Gauss)

-8000

10000 [ — N spinfiip | |
- i fegion i

_12000 I ! | | | f | | | f | : | | ! | \Ai | f | | | ! |
-60 -40 20 0 20 40

z (cm)

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

Anisotropic inter-poles make
homogeneous gradient field.
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RF coil
(one-turn)

RF Amp 1kW

Resonance circuit
ariable capacitor)

RF matching
15 - 30 MHz
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Prototype __RF

RF coil
(one-turn)

RF Amp 1kW

T T T T T flecti T 140
Resonance circuit | S @ |
ariable capacitor) O
10 - O 1 100
- o .20 | O O
RF matching = ~f . o~ 18 9
15 - 30 MHz ;g_so_§ ® O | G
40 | @ “ “ ® [ O ® .
®
-50 + . . 4 20
@
_60 1 1 1 1 1 1 1 1 0

frequency [MHz]
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'Magnet

U.C;N beam Ilne PF2 UCNs Ni Guide tube He Detector
High Flux Reactor M— )
ILL, France ~
R— B / Shutter o
iy g RF resonance circuit
: Magnet |
agne Moo # | Amp 4_6\,) "
RF coil >@_/ Timing signal _|DAQ
180 cm o 360 cm

e - L Resonance circuit .
¥y Continuous UCN beam was chopped

by shutter to simulate pulsed source.

Sweeping RF frequency i1s

Ni guide tube synchronized with the shutter.
(consists of
neutron mirrors)
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Results

Too fast RF OFF Too fast
for EDM exp. for EDM exp.
< <

Neutron counts

D 02 04 OF 08 L 12 14 18 B YT TRV BT
TOF [sec] TOF [sec]
Blue : Exp. Data Y. Arimoto, et., al.,
Red : Simulation Phys. Rev. A 86, 023843 (2012).
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Results

Too fast RF OFF Too fast
for EDM exp. for EDM exp.
<€ <€
S 102

Neutron counts
Neutron co

YR TN RV T 063 04 08 08 T ie T4 e T8 2
TOF [sec] TOF [sec]
Blue : Exp. Data Y. Arimoto, et., al.,
Red : Simulation Phys. Rev. A 86, 023843 (2012).

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

Neutron Optics and Physics



Results RF ON

RF ON / RF OFF

Blue : Exp. Data
Red : Simulation

TOF [sec]

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

1.8
1.6

--------------- --------------- ------------ Rebunched'

1.4
1.2

RF ON / RF OFF

Blue : Exp. Data
Red : Simulation

| l l l l I:Illil l l l |
0 02 04 06 08 1 1.2 14 16 18 2

TOF [sec]
Rebunching of UCNs
Y. Arimoto, et., al.,
was observed ! Phys. Rev. A 86, 023843 (2012).
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Neutron Accelerator/Decelerator
velocity concentrator

M.Kitaguchi, Prog. Theor. Exp. Phys. (2017) 043D01
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Deceleration and acceleration by spin flip
Flipper unit

—RF spin flipper

Superconduncting magnet

NG
willin .
‘“&3@!&1&&5 :

RF spin flipper (RSF) can decelerate
and / or accelerate the neutrons. neutrons

O

RSF in 7.5 T magnetic field
changes the energy of 0.9 peV.

~200MHz ~6MHz
Calculation of magnetic field 30 cm

l:"‘l I 1 1 1 1 1 1 < ’
110
o] = Q
g 7 ——~_1 |Deceleration case
0 b %'/ '
704 / ; ; :
i é— i — A pair of flips
) T M_ = 3 % conserves
40~ - - = = = -
" % et = & T 2= |the polarity.
0 b N\ D E L/ [= -
2 ()] ©
104 g) b ¥ VA /4 — . =
¢ - T (U ‘£ v?: w

¢ 20 40 60 [} 100 120 140 2 \\__ 2
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Deceleration and acceleration by spin flip
Flipper unit

—RF spin flipper

Superoonduncting magnet

RF spin flipper (RSF) can decelerate

RF coil
and / or accelerate the neutrons. neutrons

RSF in 7.5 T magnetic field
changes the energy of 0.9 pyeV.

Calculation of magnetic field
1204 ! ! ! ] ! ! ! ! - >

1104

30 cm

100+

————~—]Acceleration case

A, N ) :
. T ol NDH——  |A pair of flips
O—= S la— B] |conserves
—F _, [=—T { |the polarity.
"CJ -

70—

50

30+

20

10+

N
Ayl yidig
]

©
-
| o
()
‘-
e
Q.
O
@
Y—
O
©
s
(@)
4]
=
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Deceleration and acceleration by spin flip
Flipper unit

—RF spin flipper

Superoonduncting magnet

RF spin flipper (RSF) can decelerate | | /77753538
and / or accelerate the neutrons. neutrons ((" "’A’

!
RSF in 7.5 T magnetic field "“!M
changes the energy of 0.9 peV. \‘ §

Calculatlon of magnetlc fleld
1204 : . - e

110
FINAL
—— i~ —]Acceleration case

30 cm

100~

\

70~

50

50

404

304

20+

10 R

20160824 Iw

Final flipper OFF
to get opposite spin

T T T T T T T
¢ 20 10 60 i 100 120 140

Magnetic field potential
\
N\
\\
¥
é_. diy uidg
e e g B
\
N
-+ _.
é//
! b
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Neutron Velocity Concentrator

Series of flipper units _
60 units =18 m

I_I_H .

10m 01 2 3 57 58 59 60

Pulsed neutron beam from source

Controlling the number of spin flips synchronizing with
neutron pulse can compress the width of wavelength.

4 _ same velocity same velocity
Duration of

RF power

o —— - - ——
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Neutron Pulse Neutron Pulse Time of Flight
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UCN production by superfluid He converter

Superthermal source

Neutron with 1 meV transfers all energy and momentum to phonon and
down-scatters to UCNs in superfluid He.

Dispersion curve
UCN production

| Free Neutron L * ddé
Dispersion Curve P V.)=N VC—C-/ — s (A)AdA
© (E= p2/2m) ven (Ve) T Veq_ A s (A)

s(\) = h / S(q, fiw)d (hw — h2k2/2my)dw

Single phonon excitation

si(A) = S*S(0* — A)

11K -------- \
L |

4 k where \* = 27 /q*
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Possible setup for SNS-UCN beamline

N. Fomin et al. / Nuclear Instruments and Methods in Physics Research A 773 (2015) 45-51

Install flipper units Secondary

— Shutter (in
i = . o Shielding

Monolith)
/7

Stage-1K _

Fundamental Neutron Physics Facility
at the SNS. Beamline 13

, Rotating Disk
Choppers

Cold Polarized neutron experimental arca

 a e e — Cold Beamline

Multilayer mirror with ONLY a few percent

| m bandwidth is good enough to supply neutrons

Flipper units can be installed step by step.

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

Neutron Optics and Physics



Physics

Title(Neutron Fundament
Conf(CNS Summer Schoc
Date(2019/08/21) At(To

page 115

laboratorv for Particle Proerties

Neutron Optics and Physics



[eV]<||||||| |||||||||||||||*|'FFH'|'FFHTFFH'|'FFHTFFH‘|'FFH‘|»|||||||||||||||||||
1030 1020 1010 100 10-10 10-20 10-30 10-40
[m] II‘IIII|IIII‘IIII|IIII‘IIII|IIII‘IIII|IIII‘IIII|IIII‘IIII|IIII‘IIII|I ||‘|||’

10-40 10-30 10-20 10-10 100 1010 1020 1030

discrete symmetry

Charge Conjugation

Time Reversal

C
P Spatial Inversion
T



[eV]<|||||||
10

o

1020 1010 100 10-10 10-20 10-30

10-40

[m] II‘IIII|IIII‘IIII|IIII‘IIII|IIII‘IIII|IIII‘IIII|IIII‘IIII|IIII‘IIII|I

10-40

C
P
T

10-30 10-20 10-10 100 1010 1020

discrete symmetry

Charge Conjugation

Spatial Inversion X CP

Time Reversal

||‘|||’
1030



[eV]<||||||| |||||||||||||||*|'FFH'|'FFHTFFH'|'FFHTFFH‘|'FFH‘|»|||||||||||||||||||
1030 1020 1010 100 10-10 10-20 10-30 10-40
[m] II‘IIII|IIII‘IIII|IIII‘IIII|IIII‘IIII|IIII‘IIII|IIII‘IIII|IIII‘IIII|I ||‘|||’

10-40 10-30 10-20 10-10 100 1010 1020 1030

discrete symmetry

C Charge Conjugation

P Spatial Inversion X CP

T Time Reversal

CPT theorem CPT=1

Equations of fields hold valid also for CPT-inverted states.



[eV]<||||||| |||||||||||||||*|'FFH'|'FFHTFFH'|'FFHTFFH‘|'FFH‘|»|||||||||||||||||||
1030 1020 1010 100 10-10 10-20 10-30 10-40
[m] II‘IIII|IIII‘IIII|IIII‘IIII|IIII‘IIII|IIII‘IIII|IIII‘IIII|IIII‘IIII|I ||‘|||’

10-40 10-30 10-20 10-10 100 1010 1020 1030

discrete symmetry

O <—— ¢
P Spatial Inversion X CP

C Charge Conjugation

X

T Time Reversal CP+£1 & T#1
CPT theorem CPT=1

Equations of fields hold valid also for CPT-inverted states.



Physics

Electric Dipole Moment
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Neutron Electric Dipole Moment
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Neutron Electric Dipole Moment
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Neutron Electric Dipole Moment
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It d=0, then the system is not symmetric under time reversal.
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1Y




CP-violation in Low Energy Phenomena

Energy Fundamental
A ©R phases
Tev__ l \
QcD | [ dy, d, ]\ [ CgesCyq ]~\ [ gluon
/ \\ self-couplings
Muon EDM \
\
Cspr|, [ B ]
L CTN N \ Neutron
nuclear el couplingg R \ ¢ EDM <dn)
N N EDMs of nuclei
AN S and ions
AN S (deuteron, etc)
Y v \\\ \\ ¢
EDMs of paramagnetic A
- molecules EDMs of diamagnetic
atomic (YbF, PbO, HfF") atoms (Hg,Xe,Ra,Rn)
Atoms in traps (TI,Rb,Cs)
Pospelov Ritz, Ann Phys 318 (05) 119
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CP-violation in Low Energy Phenomena

Energy Fundamental
A ©R phases
TeV l \
QcD | [ du d, ] A [ Cger Cag ]\‘\ [ gluon
/ \\ ~ \ self-couplings
Muon EDM \
\ \ [
[ Cs PTS  3 \\ gnNN Neutron
—— N\
nuclear eN couplin¥g \\\ \ ¢ EDM (dn)
e EDMs of nuclei
\
\ ~ c c -
\\ N ST dn~1.1xe(0.5dyc+dqg )1.4><( 0.25du+dq)
D deuteron etc) valence quark contribution
SN ’ dn}<2.9 102 ¢ cm J] SM: [de]--102 & cm
vy Y NS
. NN S
EDMs of paramagnetic drig~7x 109X e(0.50,¢+)
e molecules EDMs of diamagnetic Via plon-
atomic (YbF, PbO, HfF*) atoms (Hg,Xe,Ra,Rn) Idkg|<3.1x 1029 e cm

Atoms in traps (TI,Rb,Cs)

Pospelov Ritz, Ann Phys 318 (05) 119

dri~-585de-e 43GeV %X (Cs(0-0.2Cs()

relativistic effect dD~(du+dd)-0.26(du°+dd°)+66(dd°-du°) |dD|=>1 02 e cm
- ] —
Y |dn|<9%10% e cm SM: |de|<~1040 e cm constituent particle EDMs pion exchange
: -27
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Neutron Electric Dipole Moment

|dn|<2.9%10-26 @ cm

(90%C.L.)
Baker et al., PRL97 (2006)131801

upper limit |dn| [e cm]
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Baker et al., PRL97 (2006)131801

10
103 Standard Model :

1950 1960 1970 1980 1990 2000 2010 2020
publication year




|dn| < 2.9%10-26 e cm (90%CL)

The moment corresponds to 3um difference of charge centers in the earth.
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Measurement of Neutron Electric

Dipole Moment

search for the phase change when the electric field is reversed

ﬁU)+=2HnB+2dnE

" long precession time )

Confined Ultracold |57 uaETIIFRVZO™
Neutron

 E=10%V/cm, T=100s ,

Cold Neutron Diffraction
by Single Crystal

_ E=10°V/icm, T=1ms |

" resolved systematics

Guided Cold
Neutron

| E=105 V/icm, T=0.1s
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Measurement of Neutron Electric Dipole Moment
Confined Ultracold Neutron Spin Precession Frequency

/- [ electrode *

Wi r B N\ [ . d. o \

— =|(30|H +5 x 107" |H

2 | Hz 1[pT]) | . Hz 10=%% [e - cm] 10 [kV /cm]
magnetic fied 1T ectricied 1TT @QUIV.
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=2 x 107%?[eV]
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Measurement of Neutron Electric Dipole Moment
Confined Ultracold Neutron Spin Precession Frequency

W 4 B A 4 L dn E )

— =|(30|H +{5 x 107 °|H

2 | Hz L {pT]) | . Hz 10~%%[e - cm| 10 [kV /cm]
magnetic field 1“T electric field 1fT eCIUIV.

precision control of magnetic field

density of confined neutrons

superthermal production of ultracold neutron
transport optics with minimum density decrease

control of the motion of confined neutrons

optical properties of neutron reflectors
accuracy of the magnetic field measurement \‘ F
. ,

atomic magnetometry
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Measurement of Neutron Electric Dipole Moment

Cold Neutron Diffraction in Single Crystal
= fo + fschw(q) + fEDM(Q)

/__rﬁ_

Ze,un (k % q) 2med o-q
(Z - F Z —F(q) —
F(q) = /p(q)eiq'rdr atomic form factor
o-quartz (Si0y)

dp = (2.5 & 6.55tat &+ 5.56yst) X 107 2% [e cm]

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

— 1026 e cm / 100 days
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Neutron-wave Propagation in Single Crystal
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Neutron-wave Propagation in Single Crystal
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Neutron Spin Rotation ih Single Crystal

VXE

induced magnetic field

induced magnetic field

VXE
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Measurement of Neutron Electric Dipole Moment

= fo + fschw (@) + fEDM(Q)
/— T ST

26un o-(kxq)
2

(Z — F(q))
q

completeness of crystal 4
IS under study §

by S.Itoh, M.Kitaguchi, ... Bi;2GeOsqg
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In-flight Measurement
of Neutron Electric Dipole Moment

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

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

spin analyzer

(b)
500m/s ,. . | spin flipper
oHV ESS C I— T
= splnfllppe/ A
77 a /
36 7 8
) L ] P
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Physics

Discrete Symmetry Violation
in Neutron-induced Compound States

NOPTREX Collaboration
Neutron Optics for Parity and Time Reversal EXperiment

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

Neutron Optics and Physics



CP-violation in Low Energy Phenomena

Energy Fundamental
A ©R phases
TeV l \
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CP-violation in Low Energy Phenomena

Energy Fundamental
A ©R phases
QCD—_ [ dﬁ d‘? ] \\ 9, dq?dq? W ] gluon
/ self-couplings
Muon EDM N
N L
L [ CS’P’T N \\ Neutron
nuclear el couplings\ \\ EDM <dn)
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Atoms in traps (TI,Rb,Cs)
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KEK 2018S12 gl Neutron Optics for Parity and Time Reversal EXperiment
I

NOPTREX Collaboration

target polarized target

polarized neutron polarized neutrmk
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Pio koo (k) P:a-(IE:XI:)—>a'-((—lAc)><AIA) ,\
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P-odd P-odd T-odd
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KEK 2018S12 gl Neutron Optics for Parity and Time Reversal EXperiment

NOPTREX Collaboration

Indiana University
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Compound States
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Enhanced P-violation in Compound States

4 9+ (_ Ao 23?“
b O+ + 0O N 0'_ *La 108
+ — 0 10 + '°8Pd
1 — 232Th 3¢ | ¢
ongitudinal Asymmetry . ! o 108pq _
131Xe 238y 2>°Th
107Ag - I
* % 232
=y 238 § o
cjEJ 81Br 232Th F [ FAase
= 232Th  1218p g |
o | e[ g ol E[ e
< ° 115|n § = 31 ﬁ | [
g ; 1 Tns 9 a9 : —F l 11
- I P i 15 1
=) 117§ | |
5 " Bl o T elTil gk
_— A HaM I " '
3|7 i i1 '
i ‘ . |
: | ‘
I M LI TS | ||.! |!I
1 10 100 1000
En [eV]

Mitchell, Phys. Rep. 354 (2001) 157

Conf(CNS Summer School)
Date(2019/08/21) At(Tokyo)

Neutron Optics and Physics



On,y

s-wave resonance
p-wave resonance

E, 0 FE,

compound state
7 N

1
VI g g, ara v

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

Neutron Optics and Physics



Dynamical Enhancement

entrance channel
compound state

\/F—p p-wave

A /1_‘131 S-wave
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Dynamical Enhancement

o
n

entrance channel

\/ FISI S-wave

~ P-violation in NN interaction
106 eV

1 1
(sWp) = D aibi(lWhts) > —=—=(W)VN v~ AE g
10eV
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Universality Check

entrance channel
compound state
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Enhanced P-violation in Compound States
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compound nuclear spin orbital  nspin nuclear spin

J=l+s+1
| |
n entrance spin j S channel spin

((I5)5,1)J) = Z (L, (s1)7)J|((L5)S, 1)) |(£, (s1)7)J)

:Z(_l)“s““\/@j-l—1)(2S+1){ § p ; }I(I,(Sl)j)ﬂ

J

P :|lsI) — (—1)"|lsI) T :|lsI) = (—1)
l=0,1 P-odd S=1+
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T-odd = Channel-spin Interference

entrance channel

compound state

Fg% D 3/2
. : I O E O E ! \/]-_‘—g p'wave
\/Fn_ i [P pi

/T s-Wave

S=I—1
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T-violation in Neutron Optics

f=A'+Bo-I1+Co- k+

q ?
Spin Independent Spin Dependent P-violation T-violation
P-even T-even P-even T-even P-odd T-even P-odd T-odd

<

fake T-odd negligible

Gudkov, Phys. Rep. 212 (1992) 77

momentum
factor

P-violating matrix element
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T-violation in Neutron Optics

f=A'+Bo-I1+Co- k+

q ?
Spin Independent Spin Dependent P-violation T-violation
P-even T-even P-even T-even P-odd T-even P-odd T-odd
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S=A+Bo -I+Co -k
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Spin Independent Spin Dependent P-violation T-violation
P-even T-even P-even T-even P-odd T-even P-odd T-odd
iZ A’
A=c¢e€ cos b
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Analyzing Power and Polarization Polarization Transfer Coefficient

2z 2z
?Jx ya:
2z z
+ —_
A, +P, = 8ReA™D
yﬂf
2
y.T
> —o—f—o—
Ay—Py = SImC*D Ky_ —Kﬁy = A4ImC*D
y.T y.flf
ya: y:z:
A, — P, = 8ImD*B K, ?—K?, = 4ImD"B
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Analyzing Power and Polarization Polarization Transfer Coefficient

e he
SV e f

<
<
A, — P, = SImD*B K.;*—K?, = 4ImD*B

T
:

A, —P, = 8ImC*D
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Energy Fundamental
A SR phases
Tev__ l \
QCD__ dy d, [qu,qu }\ {B,dq,dq,w }
S o gluon
/ \\ self-couplings
Muon EDM \
\ REN
G AN \
1 \ AN \ Neutron
nuclear eN couplings{ \\ | EDM (dn)
NN EDMs of nuclei
AN . and ions
DGR (deuteron, etc)
LR N
Y * NN
N
EDMs of paramagnetic
1 molecules EDMs of diamagnetic
atomic (YbF, PbO, HfF*) atoms (Hg,Xe,Ra,Rn)
Atoms in traps (Tl,Rb,Cs)

Pospelov Ritz, A

nucleon (WT> _x
compound state l— <I + 5 |WT

experiment (S ‘ WT |p>

Phys 318 (05) 119
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Energy

Fundamental
A BPR phases
TeV / l (1 ) theory
QCD—_ dﬂ d, AR [ qu:cqq }\\ }
\ gluon
/ \ . \\ self-couplings
Muon EDM AN \
\
i NN \ N@utron
nuclear eN Coupllngs\ \ ‘ (dn)
\
MN AN EDMs of nuclei
AN . and ions
* AN N (deuteron, etc)
\
: N 2
AU
EDMs of paramagnetic A ( ) theory
1 molecules EDMs of diamagnetic
atomic (YbF, PbO, HfF*) atoms (Hg,Xe,Ra,Rn) V.P.Gudkov

Atoms in traps (Tl,Rb,Cs)

Pospelov Ritz, A s 318 (05) 119

/
nuclear theory  (Wt) (3)

resonance parameters

compound ge 7
(n,y) measurement M) q- (r+ el -3)

experiment (S ‘ WT Ip>

done for 13%La
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(1), (2) Estimation in Effective Field Theory

o+ =01t o09 T=7T1—17T9 Tq = MgT

B Y.-H.Song et al., Phys. Rev. C83 (2011) 065503
Th =3 —mm  Yi(o) = (1 4 1) <

130T 420 g, gw“’: 8';“5 T-odd P-odd meson couplings
Vop= _5251:;9\:; Zi' Yi(zy) + gz%);ng Z‘? Yi(zw)| o— -7 ?
| e G Y )|
| )+ G e T

_(1) 2 _(1) 2 T (1) 2 _(1) 2

gn " Gm My gn "Gn My 9p "GpMp Gw " Guw M, .
— Yi(z, Y- Y- Y T
N 2my 4m 1(x) + 2mpy 4m 1(:1:,7)+ 2mpy 4w 1(:12p)+ 2my 4w (@) | 0

=(1) 2 ~(1) 2 (1) 2 =(1) 2

gr "Gx My gn "Gn My gp "gp M, Juw "G M, -
— Y, — Y. — Y, Y, -
+ 2mN 4 1(3277) 2mN 4 l(xn) 2mN 4 l(xp) + sz 4 l(xw) I+

) d, ~0.14 (gﬁf’) - §§?))

2040t 200t
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(1), (2) Estimation in Effective Field Theory

(8|Wr|p)
(s|Wip)

> Gudkov, Phys. Rep. 212 (1992) 77
Flambaum, Phys. Rev. C51 (1995) 2914

~ (1 —-0.1) x (

—(0) —(1) \ 'y H.Song etal, Phys. Rev. C83(2011) 065503
Vr o o479 402697 e
W hl hl

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

Neutron Optics and Physics



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

(s|Wr|p)
(s|W|p)

> Gudkov, Phys. Rep. 212 (1992) 77
Flambaum, Phys. Rev. C51 (1995) 2914

~ (1 —-0.1) x (

—(0) —(1) \ 'y H.Song etal, Phys. Rev. C83(2011) 065503
Vr o o479 402697 e
W hl hl

39 <25x 10710 |d|<3x10®ecm
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(1), (2) Estimation in Effective Field Theory

(s|Wr|p)
(s|W|p)

> Gudkov, Phys. Rep. 212 (1992) 77
Flambaum, Phys. Rev. C51 (1995) 2914

~ (1 —-0.1) x (

—(0) (1) '\ " yH.5ong etal., Phys. Rev. C83(2011) 065503
Ve 047 (9 402697 y
%4 hl hl

39 <25x 10710 |d|<3x10®ecm
@(,rl) <0.5x 1071 d(*"Hg)| < 3.1 x 107 ecm
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(1), (2) Estimation in Effective Field Theory

Gudkov, Phys. Rep. 212 (1992) 77

<S‘WT ‘p> St (]_ — O]_) X < > Flambaum, Phys. Rev. C51 (1995) 2914
(s|W|p) (W)

% ~ _0.47 §7(TO) 0 26£ Y.H.Song et al., Phys. Rev. C83(2011) 065503

W - * h;l-r I . h;l_r

39 <25x 10710 |d|<3x10®ecm

§,(,r1) <0.5x 101 d(*"Hg)| < 3.1 x 107 ecm

h: ~3x1077 n+p—d+vy
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(1), (2) Estimation in Effective Field Theory

Gudkov, Phys. Rep. 212 (1992) 77
<S‘WT ‘p> ~/ (]_ — O]_) X < > Flambaum, Phys. Rev. C51 (1995) 2914
(s|W|p) (W)
% ~ _0.47 §7(TO) 0 26£ Y.H.Song et al., Phys. Rev. C83(2011) 065503
39 <25x 10710 |d|<3x10®ecm
§,(,r1) < 0.5 x 1071 d(*"Hg)| < 3.1 x 107 ecm
h}rfv3><10_7 n+p—d+vy
W 4
— 1 < 3.9 x 10
%4
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(1), (2) Estimation in Effective Field Theory

Gudkov, Phys. Rep. 212 (1992) 77

<S‘WT ‘p> ~ (1 _ 01) 4 < > Flambaum, Phys. Rev. C51 (1995) 2914
(s|W|p) (W)

W, 7(70) —(1) Y.H.Song et al., Phys. Rev. C83(2011) 065503
“T 0475 40267

% hl hi

—(0) < 2.5 % ]_0_10 dn| < 3% 107 ecm

g(l) < 0.5 x 10" 11 |d(199Hg)| <31x107* ecm

h: ~3x1077 n+p—d+y

Wr

< 3.9x 107% «discovery potential corresponding to
w the present nEDM upper limit
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df2 2 3

(4) Details of Entrance Channel w., 1 (10 +an cos0, +as(eos? 0, 3))

Y

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

10%

k(J) = 0.997988 4.8415-58 Ig

10

>
2

107!

1072
1073

I IlllﬂT[ | IIIIIIII I IIIIIII| I TTI l| | llllllll | IIIIIIII I IIIIIIII I TTIT

| 1 I 1 1 1 L1 | 1 | | | 1 1 | | | 1 1 | 1 I 1 | | | I 1 1 | | I
50 100 150 200 250 300 350
P2 (deg)

10~

OJ}-
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Order Estimation of T-violation Sensitivity

Gudkov, Phys. Rep. 212 (1992) 77

T-violating matrix element

we choose target nuclei
with known Acgp

momentum

(n,y) measurement  factor
P-violating matrix element

T-violation angular T P-violation

<39x10~* discovery potential

W
S(7) = 0.99%885, asat2s |
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Order Estimation of T-violation Sensitivity

Gudkov, Phys. Rep. 212 (1992) 77

T-violating matrix element

100ub

momentum we choose target nuclei

(n,Y) measurement factor with known Agp
P-violating matrix element

T-violation angular T P-violation

<39x10~* discovery potential

W
S(7) = 0.99%885, asat2s |
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KEK 2018S12 gl Neutron Optics for Parity and Time Reversal EXperiment
NOPTREX Collaboration

Target
Spallation Dynamically
Neutron Polarized Superconducting
Source Proton Filter Magnetic Shield
p S00MeV 25 as Neutron /
iological shie POIarizer 3 Neutl‘on
. aoa ion " . superconducting magnet 2.5T ,y_r ay R ot‘ata b le Detector
Detectors
,,, == A
= -2
oderatio utor ' / 10B j0aded liquid
’ . . BaF, % scintillator
Adiabatic Passage Adiabatic Passage Adiabatic Passages
Transmittance
Monitor
Polarized Neutron Source — Target station—=—— Neutron -
Spin
Analyzer
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KEK 2018S12 gl Neutron Optics for Parity and Time Reversal EXperiment
NOPTREX Collaboration

Target
Spallation Dynamically
Neutron

Polarized
Source Proton Filter
P S00MeV 3t as Neutron
biological shield PO larlzer .
spallation be onito superconducting magnet 2.5T ,y_ray
O o]
Detectors
. o collimator :)
X Wm o= = v — #’
© L | —— T 0= 0=
! oderatio ato X \
gy ’ - == BaF,
Adiabatic Passage Adiabatic Passage
Transmittance

Monitor

epithermal
heutron

Superconducting
Magnetic Shield

Rotatable

Neutron
Detector
Al / = —_I
0=
10B j0aded liquid
scintillator
Adiabatic Passages

polarized target

epithermal
heutron
spin analyzer

Target station——=—— Neutron

polarizer

Polarized Neutron Source —

Spin
Analyzer
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KEK 2018S12 gl Neutron Optics for Parity and Time Reversal EXperiment

NOPTREX Collaboration

Target

Spallation Dynamically
Neutron Polarized
Source Proton Filter
P S00MeV 3t as Neutron
Liziozical shied it PO larl%ue e’:conducting magnet 2.5T
i n € Onilo; - _ra
R spaélat 0 ’y y
Detectors
~4 ° collimator ﬂ’
- BN — = = ==/l
O (5] - __”
oderatio ator X \
°y° ’ —o = BaF, $
Adiabatic Passage Adiabatic Passage
Transmittance

Monitor

Superconducting
Magnetic Shield

Neut
Rotatable Dﬁ:legz)’:‘
F/ - l
o= 10B j0aded liquid
scintillator
Adiabatic Passages

epithermal
heutron

polarized target

epithermal
neutron
spin analyzer
Neutron -
y y Spin
Analyzer
_ 139 I.a 131 Xe _

3 -2 e, 3 —2
He P “IDr, 178, 151n, 7, %3, 91, .. He P
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KEK 2018S12 gl Neutron Optics for Parity and Time Reversal EXperiment

NOPTREX Collaboration

Target

Spallation Dynamically
Neutron Polarized
Source Proton Filter
_p S00MeV % as Neutron
biclozea sl 1 POlarl%ue e’:conducting magnet 2.5T
ion 0 ’ =ra
R spa(l’lat 0 ’y y
Detectors
~4 ° y collimator ﬂ)
' 3 = = =/l
° ° —— T 0= —o—
moderatio ator X \
°y° ’ = = BaF, ff
Adiabatic Passage Adiabatic Passage
Transmittance

Monitor

epithermal
heutron

Superconducting
Magnetic Shield

Neutron
Detector

Rotatable

. —

10B j0aded liquid
scintillator

polarized target

epithermal
heutron
spin analyzer
Target station——=—— Neutron -
Spin
Analyzer

- : -
SHe 1397 4 SHe
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? P(39La)20.4, V24cmx 4cmx6cm

9Ta  LaAlOz B0l
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? P(39La)20.4, V24cmx 4cmx6cm

“9La  LaAlO3 BT

LTS
Ty . - g - T ----IZ‘V /---------------!l corresponding o

}O 9[ T dn =3.0x1026 e cm

..........................

..............................................................................................................

..........................................................................................................................

¢ . i| corresponding to

e TN de=3.0x107 e om

—7 | i manna : : : ' .
107 B L L T L [

107" 1 10 10
Measurement Time [day]
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? P(39La)20.4, V24cmx 4cmx6cm
13971 o 103 B=0.1T

T e UL 9030 1 O 0 11 W
~C i My .

N 1 =ag 1 nscrreesrany cOMTESPONing to

e M dn=3.0x 1026 e cm

1073 I_E__l_éléliééi:“llllllllllél"

corresponding to
<1dn=3.0x1027 e cm

=7 ik R IO B R S Poop ot Lo >
10 E I 1 S [ R (R B AR R [ R Il B 0 AR [ R IR Al R AR [ T

107 1 10 10
Measurement Time [day]

\4

with reported polarizations
v reaches to the discovery potential in 1.4 days

with ultimate polarizations
reaches the discovery potential in 2.2 hours
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? P(39La)20.4, V24cmx 4cmx6cm

"9La  LaAlO3 B0t

Dynamic Nuclear Polarization

Lal_mNdelO3
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? P(39La)20.4, V24cmx 4cmx6cm

"9La  LaAlO3 B0t

Dynamic Nuclear Polarization Brute-force

La;_;Nd AlO3 LaAlOs + (7(sp?)« hv)
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? P(39La)20.4, V24cmx 4cmx6cm

"9La  LaAlO3 B0t

Dynamic Nuclear Polarization Brute-force

La;_;Nd AlO3 LaAlOs + (7(sp?)« hv)

>
131y Spin Exchange Optical Pumping
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? P(39La)20.4, V24cmx 4cmx6cm

9La  LaAlO3 BT

Dynamic Nuclear Polarization Brute-force

La;_;Nd AlO3 LaAlOs + (7(sp?)« hv)

>
131y Spin Exchange Optical Pumping

?

31By triple-DNP? ‘O B SO
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Candidate Nuclel

JKuaaire 232Th

-
139 3 _ 108pg

— EEEE T | vvcd g |
108
£ »2ar1 252Th Pd _
@ "‘&Ag ., - = ; {
".. ay » i‘.. 232Th

|AL| [%]

longitudinal asymmetry

' |
0.1 ] Ii ! !!l . ." !mi |!!.
100 1000

Mitchell, Phys. Rep. 354 (2001) 157
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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 §7TNN

development of polarized target in progress « RCNP Project

basis of epithermal neutron optics
applicability of the random matrix theory — new physics

evaluation of systematic errors
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o w Conf(CNS Summer School)

Date(2019/08/21) At(Tokyo)




Physics

General Relativity
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Gravitational Fall Dabbs et al., Phys. Rev. 139 (1965) B756

ORR

BORON
PLASTIC
0.7974 BORAL - SHT. BLé?EE?OR
) o Qlocal — [m S ] SHEETS-.. “ £
“-{'i]'-—“"‘—‘--—n**};j“- D e T SR LT .?:‘I?:’v:—'/,‘ ? e —-“—.:-.:_ ;_-::.:: :;“” -.._C;;[-l;—-—;. - —QO it "“I
e —45m et 4-in, Be——w \\. O |-~ “UW!T
——180.576 m - - £‘L_'_’:1 SWITCH
. TRAVéL‘I LOWER DETECTOR
|n =l
': ~LmiT
NOTE: NOT TO SCALE || . SWICH
9 L
= 9.74 £ 0.03 [ms™“] ) e
g Y i Jou g V B | ] NO. SWITCH

MOTOR

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

g = 9.801 £ 0.013 [ms™?]
_2]

Jlocal — 9.814 [ms
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Gravitational Fall Dabbs et al., Phys. Rev. 139 (1965) B756

BORON
PLASTI
9.7974 BORAL léuST C / Blé?FE)EFT?on
onm | B o glo”c‘?ﬂ = [ms ] SHEETS-..
: 2 I 7t R ~“C:!—gl-_l?—-—‘““ —OOJ 8 -j
| 3944 [' =0T P ec [smsin
REEm— —45m = 4-in, Be—l___— T3 O ”'“UW!T
~——180.576 m - - .E-‘L_f:n SWITCH
. TRAVEL‘I * LOWER DETECTOR
" 'L:;' LIMIT
NOTE: NOT TO SCALE || SWITCH
—2 T eHaNNEL
g — 9.74 i 0.03 [IIlS ] .: ' ___] NO. SWITCH
MOTOR
Gregoriev et al., Proc. 1st Int. Conf. Neutr. Phys., Kiev, 1 (1988) 60
g =9.801+0.013 [ms™ ]
_ —2
Glocal — 9.814 [ms ]
McReynolds, Bull. Am. Phys. Soc. 12 (1967) 105
—13 _
IAg| <5 x 107 °gq 9—90-|-Ag(a-g)
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Gravity is extremely weak.

PROPERTIES OF THE INTERACTIONS

Interaction ; . Str
Property Gravitational : |
Fundamenta

: . Residual
Acts on: Mass - Energy Flavor Electric Charge Color Charge Seu flesiduy) Surong

Particles experiencing: All Quarks, Leptons Electrically charged | Quarks, Gluons Hadrons
Particles mediating: (mg'g‘(’)'ggge 4 W+ W- Zo 0% Gluons Mesons

Strength relative to electromag | 10-18 m 10-41 0.8 1 25 Not applicable
for two u quarks at:

3x10-"7 m 10-41 10-4 60 to quarks

Not applicable 20

: -36 -7
for two protons in nucleus 10 10 to hadrons

Date(2009/06/21) by (H.M.Shimizu)
Title ({BEPEFE AW EERENEIC S S HMERR

Conf(t=<7—) At(Nagoya)

page 194

Neutron Optics and Physics



PROPERTIES OF THE INTERACTIONS

Interaction o Str
Property Gravitational e £
unaamenta

Acts on: Mass - Energy Flavor Electric Charge Color Charge bea RSN STONg
Particles experiencing: All

Interaction Note

Quarks, Leptons Electrically charged Quarks, Gluons Hadrons
Particles mediating: Graviton w+ w- z0 v

(not yet observed)

Strength relative to electromag | 1018 m 10-41 0.8
for two u quarks at:

Gluons Mesons

1 25 Not applicable
3x10-"7 m 10-41 10-4 . 60 to quarks
1

for two protons in nucleus 10-36 10-7 Nt:; ?\g%l:g?‘lzle 20

Why is the gravity so weak?
Gravity is not renormalizable.
Gravity is the nature of space time.

Gravity is essential at the Planck scale.

“hierarchy problem”: Mcutr~1024eV & Msu2)xu(1)~1011eV

Phenomena out of the standard model is existing.

N rin illation, Dark Ener Dark M r
Super-K, SNO, KamLAND WMAP

Date(2009/06/21) by(H.M.Shimizu)
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Gravity is extremely weak.

Date(2009/06/21) by(H.M.Sh
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Gravity is extremely weak.

Gan

U=-—
R

Date(2009/06/21) by(H.M.Sh
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Gravity is extremely weak.

Mmy,
R

= —3.1 x 107 °[eV] x i 2 P
' lm lgem™3

U=-G

Date(2009/06/21) by(H.M.Shimiz
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Gravity is extremely weak.

Mmy,
R

R\’ p
B —15
= —3.1 x 107 *’[eV] x (E) (1 gcm—3) earth radius (6400km)

0
10@1111111111

s

Os p=2257gcm° ‘

U=-G

U] [eV]

.126nm)

10%
10" 10" 10° 10° 10® 10° 10® 10°

R[m
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Measurement of Neutron Electric Dipole Moment
Confined Ultracold Neutron Spin Precession Frequency

electrode .

by '
71_ electrode
: neutron conflnement bot
y 4
9 /’
\ l(‘(
\

AU = 2d,E =2 x (3 x 107%°[e - cm]) x 10 [kV /cm]
=6 x 107%?eV
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6 x 107%%eV
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Mmy,
R

= —3.1 x 107 °[eV] x i 2 P
' lm lgem™3

U=-G

100 ...... R .
102 | Os p=2257gcm™> ;-
10° '
A 107
3 4
iz = .
-15 r'
o 10 -
: 10-18 ’I‘
p = 102 T
& : n:uczleér Fadilis (7.:76:fm:)'
"“'"v‘l’ . .
—99 S atomic radius (0.126nm)
6 x 10" ““ eV 0PSSO
10% TSy
10-36 ’ TR

10" 10" 10° 10° 10® 10° 10® 10°

R[m
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Mmy,
R

= —3.1 x 107 °[eV] x i 2 P
' lm lgem™3

0
10@1111111111

U=-G

10-3 :OS p = 2257g Cm_3 ,'é- /-
10°
47 10°
_ " n3 ;
M—3Rp ;10-12 4;"' arfaromete
1 0-1 5 LN H N I‘"I‘“:I"'I“:l"I"i‘"l'i‘"l"!‘":"‘“"éi‘"l"l"l'"i"l"si‘"l"E‘"I‘"Ii:‘“' iiililﬁlil‘flﬁl‘r
)
— 10-18 ’,‘
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Neutron Phase induced by Earth’s Gravity

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

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

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

Collela, Overhauser, Werner, Phys. Rev. Lett. 34 (1975) 1472
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: : Y. Seki et al., J. Phys. Soc. Jpn. 79 (2010) 124201.
Mirror Alignment ekl etal, J. Phys. Soc. Jpn. 79 (2010
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Mirror Alighment
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gap layer
multilayer mirror

laboratorv for Particle Proerties

Y. Seki et al., J. Phys. Soc. Jpn. 79 (2010) 124201.
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Y. Seki et al., J. Phys. Soc. Jpn. 79 (2010) 124201.
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Multrlayer Neutron Interferometer
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Multilayer Neutron 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

neutron
interferometer

m¢ AGMR?Q - (L + S)/513¢?

COW A~ 0.Inm, A ~ lcm X lcm 55 10__16O
A~ 10nm, A~1m x Im 10 10
2 o
" om
3 3GM 4GMR? 6G M R?
2 — .
b (-t B+ o )+ oL s 0 @ )+ S s ek (r x )

Lense-Thirring

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

Neutron Optics and Physics



Neutrons for General Relativity ~ T.Morishima Nucl. Instrum. Methods A529 (2004) 187
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Anomalous Gravity?

3-dim. Gravity N-dim. Gravity
m.m m.m
1""72 1772
F,(r) =G, i F,(r)=G, =
continuity at r=R*
G, [ G,
R %2 = R *N -1 G R xN-3

If R* is longer than the Planck’s length, Gz becomes smaller.
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Anomalous Gravity?

3-dim. Gravity N-dim. Gravity
m.m m.m
1"772 17749
F(r) G 2 FN(F)=GN N1
continuity at r=R*
G, [ G,
R %2 = R *N -1 G R xN-3

If R* is longer than the Planck’s length, Gz becomes smaller.
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Anomalous Gravity?

3-dim. Gravity N-dim. Gravity
m.m m.m
1"772 17749
F(r) G 2 FN(F)=GN N1
continuity at r=R*
G, [ G,
R %2 = R *N -1 G R xN-3

If R* is longer than the Planck’s length, Gz becomes smaller.

| ] '/
ﬁ,s

(g0, a1, a2, s, g4, ...,aN)

4 @2

(3+1)-dim. extradim.
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Anomalous Gravity?

3-dim. Gravity N-dim. Gravity
m.m m.m
1"772 17749
F(r) G 2 FN(F)=GN N1
continuity at r=R*
G, [ G,
R %2 = R *N -1 G R xN-3

If R* is longer than the Planck’s length, Gz becomes smaller.
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Anomalous Gravity?

3-dim. Gravity N-dim. Gravity
m.m m.m
1"772 17749
F(r) G 2 FN(F)=GN N1
continuity at r=R*
G, [ G,
R %2 = R *N -1 G R xN-3

If R* is longer than the Planck’s length, Gz becomes smaller.
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Anomalous Gravity?

3-dim. Gravity N-dim. Gravity
m.m m.m
1"772 17749
F(r) G 2 FN(F)=GN N1
continuity at r=R*
G, [ G,
R %2 = R *N -1 G R xN-3

If R* is longer than the Planck’s length, Gz becomes smaller.
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Anomalous Gravity?

3-dim. Gravity N-dim. Gravity
m.m m.m
1"772 17749
F(r) G 2 FN(F)=GN N1
continuity at r=R*
G, [ G,
R %2 = R *N -1 G R xN-3

If R* is longer than the Planck’s length, Gz becomes smaller.
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Newtonian grvity N-dim gravity
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Anomalous Gravity?

3-dim. Gravity N-dim. Gravity
m.m m.m
1"772 17749
F(r) G 2 FN(F)=GN N1
continuity at r=R*
G, [ G,
R %2 = R *N -1 G R xN-3

If R* is longer than the Planck’s length, Gz becomes smaller.

- e GM B
Parametrization: V(r)= (1 +ae " /\)
T
KK-graviton, which is emitted off our brane with the momentum

(a1, g2, ...,an) along the extra-dimension, looks having the mass |q|.
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Anomalous Gravity?

3-dim. Gravity N-dim. Gravity
m.m m.m
1"772 17749
F(r) G 2 FN(F)=GN N1
continuity at r=R*
G, [ G,
R %2 = R *N -1 G R xN-3

If R* is longer than the Planck’s length, Gz becomes smaller.

- . M
Parametrization: V(r)=- GT (1+ae—?“//\)

KK-graviton, which is emitted off our brane with the momentum
(a1, g2, ...,an) along the extra-dimension, looks having the mass |q|.

momentum is quantized in the unit of 27 /L in the extra-dimension
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Scattering Experiment to study Intermediate-range Force

C.C.Haddock, Phys. Rev. D 97 (2018) 062002
Neutron Scattering by Noble Gas Atoms

Differential cross section
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Interferometric Search for Intermediate-range Forces

U(z) = — / AGMmanp —r/xqy
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Interferometric Search for Intermediate-range Forces

U(z) = —2raGm,,pr2e=*/>

N=2 a=16/3
G=6.67x10-11 m3 s-2 kg-1
Mn=1.674x10-27 kg
p=1.930x104 kg m-3

density
p=19.30 g cm-3

A=2x104m = U(0) = -2x10-20 eV
A=102m = U(0) = -4.5x10-17 eV

mn=1 .6 f
neutron
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Interferometric Search for Intermediate-range Forces
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Interferometric Search for Intermediate-range Forces

splitter combiner

reflector

wll _ ei(kuw—wt)

2 leV =1.6 x 107197
A¢ — ¢II — ¢I ~ MnC LAU mnc2 — 0.4 x 10%eV
2FE  hc he = 1.97 x 10~7eV m (= 197 MeV fm)
E . Ag AU AU/(mqg)
25 meV 0.1m 1 rad 10-14 eV 1 mm
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Interferometric Search for Intermediate-range Forces
U(z) = —2raGmy,pA%e~*/*

N=2 0a=16/3
G=6.67x10-11 m3 s2 kg-!

splitter combiner m,=1.674x10-27 kg
p=1.930x104 kg m-3

1=2x104 m = U(0)= -2x1020 eV

¢II _ ei(kum—wt)
7=102 m = U(0)-4.5x1017 ¢V

2 leV =1.6 x 107197
A¢ — ¢H — ¢I ~ MnC LAU mnc2 — 0.4 x 10%eV
2FE  hc he = 1.97 x 10~7eV m (= 197 MeV fm)
E L A AU AU/(mng)
0.1m 1 rad 10-14 eV 1 mm
1m 104 rad 91016 gV 9 nm
1m 103 rad 5% 1018 eV 40 pm
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Summary of this chapter

Precise measurement of the spin precession of ultracold neutrons

for spin-dependent gravity o-g

Enlarged multilayer interferometer for pulsed cold and very-cold neutrons
for post-Newtonian terms

For anomalous gravity in short-distance

heutron scattering, neutron interferometry
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Phys. Rev. D59 (1999) 086004

Anomalous Gravity in the vicinity of Material Surface

M
Va(r) = G ae™ /A

T

Apotential

matter

Veg = 2rGam,, pAQe—“’/ A

P>

L

X

<Velcf = 2rGamy, p\? (2 — e_"”/A)
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Phys. Rev. D59 (1999) 086004

Anomalous Gravity in the vicinity of Material Surface

M
Va(r) = G ae” /A

T

Veg = kg 1+ 2a2e L7122 cosh (E)

A
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Phys. Rev. D59 (1999) 086004

Anomalous Gravity in the vicinity of Material Surface

M
Va(r) = G ae” "/

T

Veg = kg 1+ 2a2e L/2X cosh (;)

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

Neutron Optics and Physics



Phys. Rev. D59 (1999) 086004

Anomalous Gravity in the vicinity of Material Surface

Veg = k(2) 202eL/2X cosh (;)

conh (5) = . 1 37 [N s (752)

pamametric resonance

2](:0 nm 4:L
, =— Ap~— (np—0)
2a sinh(L /) L n

oAy (L/N)sinh(L/X) 1 on

TS T2 (/N2 + 1672(L/N)2°
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Phys. Rev. D59 (1999) 086004

Anomalous Gravity in the vicinity of Material Surface

Veg = k% 202eL/2X cosh (%)

osh (az) _ sinh(L/)\) i "

A L/ 4 [ (L/N)? + n2n?

"(L/X)sinh(L/)\) o ( nmwT ) ]

pamametric resonance

2](:0 nim 4:L
, =— Ap~— (np—0)
2a sinh(L /) L n

Y a?X?2  (L/X)sinh(L/\) —L/(23)
w2 (L/A)2 4+ 1672(L/)X)?
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Parametric Resonance in 1-dim Potential

M
Va(r) = G ae” "/

—)I |<7)\n~10nm

—> «— [, ~ 10nm

—)| |<7)\ ~ 10 nm

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

M
Va(r) = G ae” "/

T

—>| |<7 A, <sPOam
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Parametric Resonance in 1-dim Potential

| A¢ > 1 [mrad]

loglal
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Gudkov, Shimizu, Greene, PRC 83 (2011) 025501
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Experimental Apparatus of the Search for Parametric Resonance
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Experimental Apparatus of the Search for Parametric Resonance
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Experimental Apparatus of the Search for Parametric Resonance
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Experimental Apparatus of the Search for Parametric Resonance
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Experimental Apparatus of the Search for Parametric Resonance
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Another summary of this chapter

Precise measurement of the spin precession of ultracold neutrons

for spin-dependent gravity o-g

Enlarged multilayer interferometer for pulsed cold and very-cold neutrons
for post-Newtonian terms

For anomalous gravity in short-distance

heutron scattering, neutron interferometry
parametric resonance?
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