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CP-phase in CKM-matrix is not sufficient to explain the baryon asymmetry

New physics related to additional CP-phase is strongly desired.
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Discrete Symmetries in Quantum Field Theory



page

Title(Discrete Symmetry Tests in Neutron-induced Compound States) 
Conf(Workshop on Discrete Symmetries and Entanglement, Jagiellonian University) 
Date(2017/06/10-11) At(Krakow) 11

Neutron 
EDM (    )

atomic

QCD

Fundamental 
CP phases

TeV

Energy

nuclear

EDMs of paramagnetic 
molecules

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

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

EDMs of nuclei 
and ions   

(deuteron, etc)

Muon EDM

Pospelov Ritz, Ann Phys 318 (05) 119

gluon
self-couplings

eN couplings

CP-violation in Low Energy Phenomena
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Neutron 
EDM (    )

atomic

QCD

Fundamental 
CP phases

TeV

Energy

nuclear

EDMs of paramagnetic 
molecules

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

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

EDMs of nuclei 
and ions   

(deuteron, etc)

Muon EDM

Pospelov Ritz, Ann Phys 318 (05) 119

gluon
self-couplings

eN couplings

CP-violation in Low Energy Phenomena

dHg~7×10-3×e(0.5du
c+dd

c)

via pion-nucleon interaction

|dHg|<3.1×10-29 e cm

relativistic effect

dTl~-585de-e 43GeV×(CS
(0)-0.2CS

(1))

|dTl|<9×10-25 e cm

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

valence quark contribution

dn~1.1×e(0.5duc+ddc)+1.4×(-0.25du+dd)

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

constituent particle EDMs

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

c)+6e(dd
c-du

c)

pion exchange

|dD|⇒10-29 e cm
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f = A0 +B0� · Î + C 0� · k̂ +D0� · (Î ⇥ k̂)

Spin Independent 
P-even T-even

Spin Dependent 
P-even T-even

P-violation 
P-odd T-even

T-violation 
P-odd T-odd

polarized neutron polarized target

KEK-2015S12 “Applications of Pulsed Polarized Epithermal Neutrons”

final-state-interaction free

enhanced sensitivity to T-violation in compound states

toward new physics beyond the standard model via CP-violation

T-violation in Neutron Optics

enabled by short-pulse spallation neutron sources
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J-PARC 
Japan Proton 
Accelerator 
Research 
Complex
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J-PARC 
Japan Proton 
Accelerator 
Research 
Complex
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P (spatial inversion) P-odd

P-violation

Longitudinal Asymmetry

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

Projectile-Helicity Dependent Asymmetry (AL)
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Mitchell, Phys. Rep. 354 (2001) 157
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Enhanced P-violation in Compound States

NN-interaction 10-7 (10-5%)
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p-wave resonance

s-wave resonance

n

A

γ

A+1

time
(A+1)*

compound state entrance channelexit channel
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p-wave resonance

s-wave resonance

compound state entrance channelexit channel

p-wave resonance

s-wave resonance

no interference
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compound state entrance channelexit channel

p-wave resonance

s-wave resonance

W

W

interference



page

Title(Discrete Symmetry Tests in Neutron-induced Compound States) 
Conf(Workshop on Discrete Symmetries and Entanglement, Jagiellonian University) 
Date(2017/06/10-11) At(Krakow) 23

|f |2 = |fPC + fPNC|2 = |fPC|2 + 2RefPCf�
PNC + |fPNC|2

� =
2RefPCf�

PNC

|fPC|2
� 2

|fPNC|
|fPC|

kinematical 
enhancement 

103

Enhancement of P-violation

Parity-conserving Parity-non-conserving
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|f |2 = |fPC + fPNC|2 = |fPC|2 + 2RefPCf�
PNC + |fPNC|2

� =
2RefPCf�

PNC

|fPC|2
� 2

|fPNC|
|fPC|

dynamical 
enhancement 

102-103

kinematical 
enhancement 

103

Enhancement of P-violation

Parity-conserving Parity-non-conserving
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compound state
entrance channel

exit channel

p-wave

s-wave

P

Dynamical Enhancement
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compound state
entrance channel

exit channel

p-wave

s-wave

P

106 eV

10 eVrandomness of expansion coefficients

~ P-violation in NN interaction

Dynamical Enhancement
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compound state
entrance channel

exit channel

p-wave

s-wave

p j=3/2

p j=1/2

P

Universality Check

s j=1/2

mostly unknown
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Mitchell, Phys. Rep. 354 (2001) 157
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|W| ~ 1 meV

likelihood analysis on x

Universality Check
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s-p interference ⇔ channel-spin interference

P-odd T-odd

orbital n spin nuclear spincompound nuclear spin

n entrance spin channel spin



page

Title(Discrete Symmetry Tests in Neutron-induced Compound States) 
Conf(Workshop on Discrete Symmetries and Entanglement, Jagiellonian University) 
Date(2017/06/10-11) At(Krakow) 30

compound state

exit channel

entrance channel

p-wave

s-wave

p 3/2

p 1/2

T

T-odd ➡ Channel-spin Interference
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P-violation 
enhancement～106
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P-violation 
enhancement～106

T-violation 
enhancement～?



page

Title(Discrete Symmetry Tests in Neutron-induced Compound States) 
Conf(Workshop on Discrete Symmetries and Entanglement, Jagiellonian University) 
Date(2017/06/10-11) At(Krakow) 32

Neutron 
EDM (    )

atomic

QCD

Fundamental 
CP phases

TeV

Energy

nuclear

EDMs of paramagnetic 
molecules

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

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

EDMs of nuclei 
and ions   

(deuteron, etc)

Muon EDM

Pospelov Ritz, Ann Phys 318 (05) 119

gluon
self-couplings

eN couplings

CP-violation in Low Energy Phenomena

dHg~7×10-3×e(0.5du
c+dd

c)

via pion-nucleon interaction

|dHg|<3.1×10-29 e cm

relativistic effect

dTl~-585de-e 43GeV×(CS
(0)-0.2CS

(1))

|dTl|<9×10-25 e cm

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

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

c)+6e(dd
c-du

c)

pion exchange

|dD|⇒10-29 e cm

duc, ddc

valence quark contribution

dn~1.1×e(0.5duc+ddc)+1.4×(-0.25du+dd)

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



page

Title(Discrete Symmetry Tests in Neutron-induced Compound States) 
Conf(Workshop on Discrete Symmetries and Entanglement, Jagiellonian University) 
Date(2017/06/10-11) At(Krakow) 33

Neutron 
EDM (    )
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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)
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Pospelov Ritz, Ann Phys 318 (05) 119

gluon
self-couplings

eN couplings

compound state

experiment

nucleon
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nucleon

34

Neutron 
EDM (    )

atomic

QCD

Fundamental 
CP phases

TeV

Energy

nuclear

EDMs of paramagnetic 
molecules

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

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

EDMs of nuclei 
and ions   

(deuteron, etc)

Muon EDM

Pospelov Ritz, Ann Phys 318 (05) 119

gluon
self-couplings

eN couplings

compound state

experiment

(1)

(2)

(3)

(4)(n,γ) measurement

nuclear theory 
resonance parameters

theory

theory

in progress

in progress

V.P.Gudkov

universality over 
various resonances
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kγ
knσn

(4) Details of Entrance Channel
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Flambaum, Nucl. Phys. A435 (1985) 352
(4) Details of Entrance Channel
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I=7/2, J=4 (139La)

F=3

κ(J) for 139La(n,γ)140La(F=3)
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f = A0 +B0� · Î + C 0� · k̂ +D0� · (Î ⇥ k̂)
Spin Independent 
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T-violation 
P-odd T-odd

T-violation in Neutron Optics
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Gudkov, Phys. Rep. 212 (1992) 77
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T-odd term to be measured

If

then a discovery potential is at the level of

i.e.

present upper limit ~ 1

and neglecting isovector and isotensor

Estimation of Discovery Potential
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Key-technique: Polarized Target
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T-violation in Neutron Optics
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f = A0 +B0� · Î + C 0� · k̂ +D0� · (Î ⇥ k̂)
Spin Independent 
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T-violation in Neutron Optics

fake T-odd negligible
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f = A0 +B0� · Î + C 0� · k̂ +D0� · (Î ⇥ k̂)
Spin Independent 
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Spin Independent 
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validity of this description can be checked via the consistency among A, B, C

T-violation in Neutron Optics

D≠0 ➡ D’≠0

fake T-odd negligible
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Analyzing Power and Polarization Polarization Transfer Coefficient
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Analyzing Power and Polarization Polarization Transfer Coefficient
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Experimental Possibility

Systematics can be examined in the observation of the spin behavior 
as a function of time-of-flight.

15m

3He (100 atm cm)

Pn=0.7 Tn=0.4

natXe (9000 atm cm)

PXe=0.25

4cmx4cm(x20cm)

Bps=0.019T

Ω=4.4x10-5sr

Γ=0.1eV

epithermal source spin polarizer spin analyzerpolarized target

J-PARC/MLF BL07

detector

A crude estimation with promising technologies …

discovery potential ~ 5 day statistics (to be improved and refined)
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Summary

Details of the entrance channel to neutron-induced 
compound states with large P-violation is in progress.

New discovery potential of new physics beyond the 
standard model is introduced at the sensitivity level 
competitive with nEDM.

Short-pulse spallation neutron sources have become operational.

Key-technique: Polarized Target
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