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CP invariance

The laws of physics should be the same
if a particle is interchanged with its antiparticle (C symmetry), and
when 1its spatial coordinates are inverted (P symmetry).

This means physics IS NOT the same between ‘particle and antiparticle’
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More large CP violation !

Standard Model of particle physics

matter (fermions) gauge bosons
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Fundamental Physics with Neutrons
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suitable for precision measurement
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NQUtron EDM Spin is reversed.

T reversal
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Neutron Electric Dipole Moment search

CPT theorem says CP violation is equivalent to T violation.

EDM signals T violation.
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" | ILL-Sasex experiment with UCNs
(ANEN Present upper limit |dn| < 3.0 X 1026 ¢ cm
IS close to beyond standard model.

Intense UCN sources are now
constructing at PSI, TRIUMF, SNS,...
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Neutron EDM
Dense UCNs

Precessions of stored UCNSs are measured.
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T-odd correlation in compound nuclei
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T-odd Correlation in Compound Nuclei NOP-T
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NOP-T

P-violation in compound nuclel

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

P-violation in nucleon
15MeV  -(1.7+0.8)x107
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S~-Wave

P-violation is enhanced in

P-violation in neutron-nuclei reaction resonaice

? p-wave resonance
<
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818y E.=0.734 eV 0.021+0.001 2% of p-wave total cross section
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P-violation is enhanced in p-wave resonance of
compound nuclei
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NOP-T

P-violation in compound nuclel
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P-violation in compound nuclei
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T-violation iIn compound nuclei NOP-T

The interference between s-wave and p-wave results 1n
the interference between partial waves with different
channel spin. Gudkov, Phys. Rep. 212 (1992) 77.

w
Aoce — (7)1 Ac

T-violation
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T-violation iIn compound nuclei NOP-T

The interference between s-wave and p-wave results 1n
the interference between partial waves with different

channel spin. Gudkov, Phys. Rep. 212 (1992) 77.
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T-odd Correlation in Compound Nuclei NOP-T

Gudkov, Phys. Rep. 212 (1992) 77.
T-violation is also enhanced?
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T-odd Correlation in Compound Nuclei NOP-T
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NOP-T

T-odd Correlation in Compound Nuclei

Experimental plan p-wave resonance En=3.2 eV
Fn =0.1eV
J-PARC BL0O7 (Poisoned Moderator) 101! ncm?2 s sr! eV MW-!

SHe spin filter
100 atmcm  Solid "atXe
Polarization 0.7 4cm x4cm x 20cm

2 2%10-5 sr Transmission 0.4 Polarization 0.25

|

<

epi-thermal
neutron detector

15 m asymmetry of 10-°

7/ x 10% n s°! at sample position
~ 5 days
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T-odd Correlation in Compound Nuclei NOP-T
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Feasibility studies and R&D
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Target of NOP-T NOP-T

On

kn

Target nuclei
Large T-violating effect
Easy to polarize
Epithermal neutrons
High-intensity beamline

Polarized neutrons
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Target of NOP-T NOP-T

Nuclei with large /{(J ) Is suitable.
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Cross section of the (h,gamma) reaction NOP-T

VA

=y{ao+a,(n, - n,) +d,0 - [n,xn,]+as{(n, - n,)* —3]
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NOP-T

Selection of target nuclei

(n, y) reaction (for unpolarized case)

do 1 1
d_Q — 5 (a0+a1kn -k7+a3 ((kn k)Q — g))

ao =Y Vil + D [Va(Jpi)[*
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NOP-T

Selection of target nuclei

(n, y) reaction (for unpolarized case)

do 1 1
d_Q:§ a0+a1kn-k7+a3 (knk))Q—g

] = G1y COSQ + A1y SIN O

3 = G3gy COS QSN Q + A3y sin? v,

X j=1/2 x=cosp
y 1 j=382 y=sing

12 ' 16

neutron energy [eV]

neutron energy [eV]

A3xy
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Selection of target nuclei NOP-T
(n, y) reaction measurement at J-PARC BL04 ANNRI

| 1 1 @1 = Q14 COS P + A1y SN O
£=—<a0+alkn-k7+a3 ((knk)2__)) - ' 3
dQ 2 3/ a3 = 34y COS ¢ SIN @ + Q34 SIN® O

. . ! Cluster-Detector
Single unknown parameter /() can be estimated ;

by observing the shape of p-wave resonance peak.

-

Sample Materials : natLa, LanatBrs, natin
Intensity : ~3x10°n/cm2/s : 0.9eV <En<1.1eV @300kW
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Selection of target nuclei NOP-T

(n, y) reaction measurement at J-PARC BL04 ANNRI
R 1)) A1 = Q14 COSQ + A1y SINO

do 1

aQ 2

. . . 9
A3 = A3zy COS QP SIN Q + A3y SIN” @

kx
Z
, Nuclear target

:ﬁ

Type B
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10°

10?

10

450 500 550 600 650 700
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Selection of target nuclei NOP-T

p-wave resonance was observed clearly
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Selection of target nuclei NOP-T

y rays were observed individually
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FIG. 10. Transitions from *La+4n to *°La. Dashed line
shows separation energy of ***La+n.
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NOP-T

Selection of target nuclei

Shape of resonance peak changes according to the angle
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Selection of target nuclei NOP-T

li(J ) is NOT zero ! La can be used for T-violation search!

10*
10°
107

ek
[ |||||||| [ |||||||| [ |||||||| [ TTI || [ |||||||| [ |||||||| [ |||||||| [ TTTI
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T. Okudaira, et.al., https://arxiv.org/abs/1710.03065
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T-odd Correlation in Compound Nuclei NOP-T

Experimental plan

p-wave resonance £, =3.2 eV
I'h=0.1eV

|
J-P! Epi-thermal neutron Optics

epi-thermal neutron transport optics,

spin control, . . . i
)I(

m

Epi-thermal neutron Detector

1°B doped liquid scintillator

Y 2 2%10-5 sr Transmission 0.4 Polarization 0.25

|

epi-thermal
neutron detector

. A sl e - o~ . 4

SEOP 3He spin filter
for neutron polarization

Polarized Target

Solid Polarized Xe with laser
developed for nEDM co-magnetometer
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Neutron Polarization NOP-T

3He neutron spin filter was installed to BL04

Flambaum, Nucl.Phys. A435(1985)352

3Hésfain filte

ag, d10,0d11
HVEIE RTBE [

Sal
Neutron sbr
beam
sl
o PEFRER (P F DEBED S
FiEFIRIET/INA R

RiEXRZE=5—)
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Target Polarization NOP-T

La DNP Xe SEOP uBC
Yamagata Univ. Spin Exchange Optical Pumping
Tohoku Univ. New crystal Rb polarized with laser

Hiroshima Univ. by Tohoku univ.

Nagoya Univ. W

0O 1 2 3 AmS
Nd3+LaAlOs3 cm

129X e was reported.

e Try solid 131 Xe.
SEOP in UBC

‘?ﬁ ------------- «/6  DNP in Yamagata
[T~ +c/12 oy | - :/-‘.
=l % 3 N e I e —
- et 0 FUErEA C SRS 0909090909090 e s e : S
Kll ------------ -c/6 i | - -'_ 1 . =
et S oo FA NG T A Br Triplet-DNP RIKEN
2.3T, 0.3K P~50% was reported (Kyoto Univ. PSI) . A B .
I, r
Retry with better crystals OO
Br Br
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Collaboration NOP-T

NOPTREX
NOP-T TREX
Nagoya University Indiana University

H.M.Shimizu, M.Kitaguchi, K.Hirota, T.Okudaira, W.M.Snow, J.Curole
A.Okada, K.Nagamoto, M.Yokohashi,

T.Yamamoto, l.Itoh, T.Morishima, G.Ichikawa, Univ. South Carolina

Y.Kiyanagi V.Gudkov
Kyushu University Oak Ridge National Lab.
T.Yoshioka, S.Takada, J.Koga J.D.Bowman, S.Penttila, X.Tong
~AEA Kentucky Univ
K.Sakai, A.Kimura, H.Harada y LYniv.
Univ. British Columbia B.Plaster, D.Schaper
T.Momose Paul Scherrer Institut
Hiroshima Univ. P Hautle
M.linuma

Yamagata Univ. Southern lllinois University

T.lwata, Y.Miyachi B.M.Goodson

RIKEN Univ. California Berkeley
N.Yamanaka, Y.Yamagata A S Tremsin

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

Kyoto Univ.
M.Hino
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Summary of T-violation search

T violation is enhanced in compound nuclel reaction.
(Sensitivity can be better than EDM experiment.)

T violation search in compound nuclei experiment requires
complex system.

Intense neutron source
Epithermal neutron polarizer
Target polarization

Fast and efficient detector for epithermal neutrons
Neutron spin control

We start US-Japan collaboration NOPTREX.
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