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(1) Introduction
(2) P-odd/T-odd search: progress toward experiment in 139La
(3) P-even/T-odd search: progress toward experiment in 127I

Thanks for slides: H. Shimizu, T. Okudaira, V. Gudkov, D. Bowman,…
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Neutron Optical Parity and Time-Reversal EXperiment 

N   PTREX

N   PT REX

Unique global,  “many-source” 
neutron science collaboration 
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(NOT an EDM)

T-violation search in Polarized Neutron Optics

Search for T-violation in NN 
interaction (pion exchange+...)

Pion Exchange

p n

N   PTREX
Neutron Optical Parity and Time-Reversal EXperiment 



Search for P-odd/T-odd in Forward Transmission
→Polarized neutron transmission through polarized nuclear target

Neutron momentum

Nuclear spinNeutron spin

c

Neutron polarization 
device

Neutron source Neutron detector
Polarized nuclear 
target

Spin-
independent
cross section

Spin 
dependence

P-violation T-violating cross 
section

t→-t
opposite signs 
upon P and T

Forward scattering amplitude

KEY POINT: this is a NULL TEST 
for T, no “final state interactions” 
to fake T (Ryudin ~1964, 1969,…, 
Bowman/Gudkov 2014)  
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Neutron-Nucleus Resonances
dense set of resonances just above neutron separation energy

mainly L=0 resonances, but lots of L=1 resonances

P-odd/T-odd mix L=0 and L=1 states
P-even/T-odd mix pairs of L=1states



SAC MEETING 2014-02

Amplification of P-odd asymmetry in p-wave 
n-A resonance

Helicity dependence of the p-p scattering cross section

-(1.7±0.8)×10-7 @E=15MeV

Interaction between nucleons:  10-7  P-violation 

0.74eV Helicity dependence of cross section in neutron
transmission 139La (Dubna, Alfimenkov 1982)

0.097±0.003 @En=0.74eV

Compound nucleus: 10-1 P-violation 

P-odd amplitude can be
enhanced by ~106 in 
compound nucleus

P-
vi

ol
at

io
n 

[%
]



Parity Violation in n+ 139La at 0.734 eV     Ds/s =0.097±.005.          
Larger than nucleon-nucleon system by 106

Neutron in a narrow p-wave resonance in a heavy nucleus with energy just above 
threshold (~eV-keV) lasts ~ 106 times longer inside nucleus compared to a direct 
reaction from potential scattering

How? (1) Admixture of (large) s-wave amplitude into (small) p-wave ~1/kR~1000
(2) Weak amplitude dispersion for 106 Fock space components ~sqrt(106)=1000

Idea is to use the observed enhancement of PV to search for a PV/TV asymmetry.
Kinematic nature of enhancement->amplification works for any PV/TV interaction.

Theory: Flambaum/Sushkov/
Bunakov/Gudkov 1982



SAC MEETING 2014-02

TRIPLE s .k P violation work in heavy nuclei

TRIPLE collaboration measured ~75 parity-odd asymmetries in p-wave resonances in 
heavy nuclei in eV-keV energies G. M. Mitchell, J. D. Bowman, S. I. Penttila, and E. I. 
Sharapov, Phys. Rep. 354, 157 (2001).

Quantitative analysis of distribution of parity-odd asymmetries conducted using nuclear 
statistical spectroscopy S. Tomsovic, M. B. Johnson, A. Hayes, and J. D. Bowman, Phys. 
Rev. C 62, 054607 (2000).

D. Bowman

Measure P-odd neutron helicity dependence of total cross section Ds/s 



Measured
P-odd
asymmetries
in n-A resonances

We want to
make use of
resonances
for T 
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T-violating observable: ratio of PT to P amplitudes 
(Gudkov, Physics Reports)

Optical theorem relating forward scattering cross section to spin 
dependent part of cross section:

Δ𝜎! =
4𝜋
𝑘
𝐼𝑚 𝑓" − 𝑓#

Optical theorem relating forward scattering cross section to spin 
dependent part with a polarized target:

Δ𝜎$% =
4𝜋
𝑘
𝐼𝑚(𝑓↑ − 𝑓↓)

Ratio is simple for case of 2-resonance mixing:
Δ𝜎!"
Δ𝜎!

= 𝜅(𝐽)
𝑤
𝑣

𝑓 =< 𝑓 𝑉! + 𝑉$% 𝑖 > =
𝑣 + 𝑖𝑤 Γ()Γ*+

(𝐸 − 𝐸* +
𝑖Γ*
2 )(𝐸 − 𝐸! +

𝑖Γ!
2 )

For a forward scattering 
amplitude 
of the form 
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κ(J) “Spectroscopy” Factor

Spin-weighted linear combination
of p-wave resonance widths in the 
two j=1/2 and j=3/2 channels

Must be measured 

P transformation acts on L=0,1      T transformation acts on S=I +/- 1/2



The enhancement of P-odd/T-odd amplitude on p-wave resonance (s.[K X I]) is 
(almost) the same as for P-odd amplitude (s.K).

Experimental observable: ratio of P-odd/T-odd to P-odd amplitudes 

l can be measured  with a statistical uncertainty of ~10-6 in 107 sec at MW-class 
spallation neutron sources. ~X10 better than present limits from N/nuclei EDM limits

Ratio (T-odd amplitude in nucleon/strong amplitude)~10-12

Forward scattering neutron optics limit is null test for T (no final state effects)

�PT =
��PT

��P

⇥�n · ( ⇥kn � ⇥I)

𝜎!"! =
4𝜋
𝑘 Im[𝑓 0 ]



V. V. Flambaum and A. J. Mansour, Phys. Rev. C 105, 015501 (2022).
P. Fadeev and V. V. Flambaum, Phys. Rev. C 100 (2019).
N. Yamanaka, B. K. Sahoo, N. Yoshinaga, T. Sato, K. Asahi, and B. P. Das, Eur. Phys. J. A 53, 54 (2017).
S. Mantry, M. Pitschmann, and M. J. Ramsey-Musolf, Phys. Rev. D 90, 054016 (2014).
Y. V. Stadnik, V. A. Dzuba, and V. V. Flambaum, Phys. Rev. Lett. 120, 013202 (2018).

Expressions for 𝝀PT from different sources

where gs=(strong) pion coupling, 
g0, g1, g2 are P-odd/T-odd pion couplings for I=0,1,2

in terms of 𝜃QCD

in terms of quark 
chromo-EDMs

present limit from EDM experiments (NOTE 
axion-like particle limits are X100 worse!)



Why is a pulsed, spallation neutron source 
important for NOPTREX?

resonance energy ~eV, 
resonance width ~meVs

Short pulse-> resonance can 
be resolved using neutron 
time-of-flight

>~104 more “off-resonance” 
neutrons can be used to
characterize possible 
systematic effects !

Few eV neutrons at reactors.
Spallation neutron source make
much more eV neutrons

We need eV!



Fundamental T-violation in nucleon interaction

4. Measurement of T-violating cross section ΔσT

Plan for T-violation search

1. Selection of target nuclei with large enhancement of T-
violation

→Large P-violation, large κ(J)

2.Neutron polarization device

→Depends on resonance energy
3. Polarized target
→Depends on nuclear spin, 
chemical properties

4. Neutron detector
→High counting rate



Fundamental T-violation in nucleon interaction

1. Selection of target nuclei with large enhancement of T-violation

4. Neutron detector3. Polarized La target2.Neutron polarization device

Plan for T-violation search

→First candidate : 139La 0.74eV resonance 
T. Okudaira et. al. , Phys. Rev. C. 97 034622 (2018)
T. Yamamoto et al. Phys. Rev. C. 101, 064624 (2020)
T. Okudaira et. al. , Phys. Rev. C. 104, 014601(2021)

J. Koga et. al., Phys. Rev. C. 105, 05461 (2022) 
S. Endo et al.,  Phys. Rev. C.106 064601  (2022)
T.Okudaira et al. arXiv:2212.10889 (2022)

139La 117Sn
131Xe

T. Okudaira et. al. , NIM A 977, 164301 (2020)

→3He spin filter for ~0.74eV
85% 3He polarization!!

→Dynamic nuclear polarization 
30% 139La polarization!!

K. Ishizaki et al., NIM A1020, 165845 (2021)
U.S. NOPTREX
RCNP

D. Schaper et. al., NIM A 969, 163961 
(2020) 

Key technique : Nuclear polarization

https://arxiv.org/abs/2212.10889


Nuclear polarizationmethod

Dynamic Nuclear 

Polarization(DNP)

Magnetic field, low
temperature, microwave
Electron spin→nuclear spin

Microwave
Electron spin
relaxation

2~3 T, ~1 K 
→139La polarization >10 %

N −,  e−

N+,  e−

N −,  e+

N+,  e+

StrongMagnetic field,

extremely low temperature

Δ𝐸 = 𝛾𝐻

7T, 70mK, 
→ 139La polarization ~ 4%

Nuclear
spin+

Nuclear
spin -

Static Nuclear Polarization
(Brute-Force Method)

Spin exchange optical 

pumping(SEOP)

Rb atom Nuclear

Spin exchange

Near infrared
laser

Lowmagnetic field, laser
Rb spin→nuclear spin

Noble gas (3He, 129, 131Xe)

1×10-3 T, ~200℃ 
→3He polarization >50 %



Polarized 3He Neutron Spin Filters for eV

Polarized 
Outgoing 
Neutrons

Unpolarized 
Incoming 
Neutrons

Polarized 
3HeLaser-polarized RbÞ3He nucleus

Rb

3He

Uniform polarized neutron beam phase space from 
absorption in polarized 3He gas

Spin flip by NMR on 3He. By far the best choice for NOPTREX

Need more polarized 3He to polarize eV neutrons (sa~1/vn)



K. Ishizaki et al., NIM A1020, 165845 (2021)

139La polarized target  by Dynamic Nuclear Polarization (DNP)

Crystal growth Nuclear polarization

Refrigerator

Control for

relaxation

time

Polarized La
target

LaAlO3 single
crystal

Development of polarized nuclear target

φ4 × ~25 mm



DNP experiment using LaAlO3 crystal fabricated in Tohoku Univ.

LaAlO3(Nd 0.01 mol%)
φ4 × 5 mm

Microwave

Cryostat
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Achievable 139La polarization :  𝑃(𝑡 → ∞) ∼ 31.9% !

Temperature ~1.5 K
Magnetic field ~ 2.3T  at Yamagata Univ.

Time [min]
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Development of polarized nuclear target

Confirm previous DNP work in LaAlO3 (Hautle/Iinuma, NIM 2000)



(n,γ)反応を測定
することでκ(J)
を決定する

A

BL04  ANNRI
Ge detectors

Disk chopper

T0 Chopper
Filter

Collimator 

Beam stopper

21.5m

Experiments to determine κ(J) is ongoing at ANNRI (Accurate Neutron-
Nucleus Reaction measurement Instrument) beam line in J-PARC 

BL04  Ge Detectors

Cluster detector

Coaxial detector
2 Cluster Detector (up・down)   7ch ×2 : 14ch
8 Coaxial Detector (side)      8ch
Total 22ch

Target

Angular distribution of (n,γ) reactions



κ ~0.9 was measured in 139La at JPARC using (n, γ) angular distribution on 0.73 eV 
resonance using ANNRI Germanium array ( Okudaira et al) More measurements check

Large κ makes T experiment in 139La very sensitive!



Spin dependence
(Unmeasured)

P-violation
(Measured)

T-violation
(Final goal)

Normal cross 
section
(Measured)

Neutron momentum

Nuclear spin
Neutron spin

Neutron momentum

Nuclear spin
Neutron spin

Systematic error in T-violation

Experiment using polarized La and neutrons

Spin dependent cross section measurement using static nuclear polarization

3He 
cell

La target
B0

3He spin filter

Guide manget Superconducing magnet 

Neutron detector

B0 B0

60mK dilution refrigerator, 7T super conducing magnet 



3He spin filter

Super conducing magnet

Dilution refrigerator

Guide magnet

Experiment using polarized La and neutrons

Coldhead

La metal

20mm
RuO2

Super conducing magnet

Neutron detector

Colimator



Experiment using polarized La and neutrons
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68mK, 6.7T

Time of flight [ms]

→139La  polarization : 4.3%

𝐴! =
𝑁" −𝑁#
𝑁" +𝑁#

Asymmetry of transmitted neutrons 
for parallel and anti-parallel spins 

68mK
(PLa=4.3%)

1K (PLa=0.3%)

Successfully measured spin-
dependent cross section!

Neutron momentum

Nuclear spin
Neutron spin

Big Milestone for T-violation search!
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EDITORS’ SUGGESTION Phys. Rev. C (2015)
Search for time reversal invariance violation in neutron transmission

J. David Bowman and Vladimir Gudkov



Recent Progress Toward a P-A test for T

R. Nakabe

3He 
cell

La target
B0

3He spin filter

Guide manget 
Superconducing
magnet 

Neutron 
detector

B0 B0

Recall textbook T 
symmetry condition: 
“polarizing power” P = 
“analyzing power” A

Soon we can do this at JPARC!



Neutron beam

Parity violation measurements at LANSCE
139La 0.7 eV resonance polarizes neutrons ~4%, polarizer and analyzer

139La 
target

139La 
target

Spin flipper
Current-
mode 6Li 
detector

P violation polarizes 
neutrons

keep the spin direction

P violation analyzes
neutrons

flip the spin direction
Spin direction
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Parity Violation in 139La
Parity-odd asymmetry from neutron helicity dependence 
of neutron transmission

Asymmetries on all s-wave (L=0) n-A resonances are zero

Goal: 1% precision measurement of AL

D. Schaper
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NOPTREX work started at CSNS

CSNS Back-n beam @80m 1-10 eV, 1MW in
future, same as SNS/JSNS

Mofan Zhang now at CSNS!

Approved experiment for 2023 



(Proposed!) Experimental setup of T-violation 
search at J-PARC
Material Life science experimental Facility (MLF) at J-PARC
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What About P-even/T-odd NN?

P-even/T-odd term G can be present in forward amplitude 
resonance amplification of ~1000
(1) Admixture of (large) s-wave amplitude into (small) p-wave ~1/kR~1000
(2) Weak amplitude dispersion for 106 Fock space components ~sqrt(106)=1000

Direct constraints on P-even/T-odd NN interactions are poor

V. Gudkov and H. M. Shimizu, 
Phys. Rev. C 102, 015503 (2020).



SAC MEETING 2014-02

What About P-even/T-odd NN?
No P-even/T-odd effects in Standard Model: CKM, 𝛉 both P-odd/T-odd

Lowest mass meson exchange from 𝛒+/- [C-odd, J≥1]

[Herczeg Nucl. Phys. 75, 655 (1966), Simonius PLB 58, 147 (1975)]

VERY few experiments:
Detailed balance: [E. Blanke et al PRL 51, 355 (1983); J. P. French et
al PRL 54, 2313 (1985)]: g𝛒<2x10-1

Charge symm. breaking [Simonius PRL 78, 4161(1997)]: g𝛒<7x10-3

N transmission aligned Holmium (P. R. Huffman et al, PRC 55, 2684
(1997): g𝛒<6x10-2

Comparing with EDM P-odd/T-odd: g𝛑 <10-11

Direct constraints on P-even/T-odd NN interactions are poor
Y. Uzikov
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NOPTREX Experiment Status

Uses polarized neutrons, 
tensor-aligned target
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Forward transmission ⇒ null test for T violation
Enhancement of asymmetry from high level density~103

P even-T-odd NN interactions can mix different p-wave resonances

𝚪p (+) and 𝚪p (-) = 𝚪p (J=I±½)
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F term is 
P-even/T-odd

Need polarized neutrons (p)
and aligned nuclear target (p2)

127I has large electric quadrupole moment, good choice

Can be aligned by electric field gradients in crystals at low T

Need 𝚪p (J=I±½) resonance parameters in 127I , but not measured!  
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P-odd Asymmetries on p-wave Neutron 
Resonances

G. E. Mitchell, J. D. Bowman, S. I Penttila, E. I. Sharapov, Phys. Rep. 354, 1 (2001). 
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(Some) P-even/T-odd Theory Work (flavor conserving)

Some operators considered
in previous work

Concentrated on using EDM limits 
to constrain P-even/T-odd 
interactions

Considered particular terms: not a 
general analysis

Later work (Kurylov et al PRD 
2001, El Menoufi et al PLB 2017): 
loopholes in previous constraints
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P-even/T-odd in SMEFT (flavor conserving)

J. Shi. PhD thesis, U Kentucky (2020)
J. Shi and S. Gardner, in preparation

New terms exist which have not been
considered in the past
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NOPTREX Experiment Status

• P-odd and T – odd term in FORWARD scattering amplitude (a null 
test, like EDMs) with polarized n beam and polarized nuclear target   

• Amplified on select P-wave epithermal neutron resonances by ~5-6 
orders of magnitude

• Estimates of stat sensitivity at JSNS/CSNS look very interesting:
DsPT/DsP~10-6 ,~x10  present EDM limits

• P-odd asymmetry amplifications are measured. 139La can be 
polarized using DNP (LaAlO3). 

• 3He with SEOP can be used as a polarizer for eV neutrons

• Present work: neutron spectroscopy on p-wave resonances to 
quantify sensitivity, polarized target development, first P-A T test at 
JPARC soon 

⇥�n · ( ⇥kn � ⇥I)
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P-even/T-odd NN interaction search   

2 ways to violate T (+conserve CPT):  P-odd/T-odd , P-even/T-odd

MANY search for P-odd/T-odd (EDMs,…), VERY few for P-even/T-odd

P-odd/T-odd effect can come from:

(1) BSM P-odd/T-odd,  or  (2) [BSM P-even/T-odd] + [SM P-odd]

Q: If you see a P-odd/T-odd effect in nucleus: is it (1) or (2)?

Experimental limits on P-even/T-odd NN interactions are quite poor

Neutron optics on n-A resonances can improve limits by ~103
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Enhancement of P-violation is observed 
in a p-wave resonance located in a tail 
of a s-wave resonance
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s-wave resonance

Neutron energy

p-wave resonance 

s-wave resonance : 
angular momentum of absorbed neutron 0
Parity +

p-wave resonance : 
angular momentum of absorbed neutron 1
Parity -

Total angular momentum 
of neutron

Enhancement of parity violation: mechanism

𝑙 = 0 𝑙 = 1



Low energy neutrons can access a dense forest 
of highly excited states in the compound nucleus. 

Unique phenomena occur in this regime which are not
widely known

One such phenomenon is the large amplification of
discrete symmetry breaking effects like P and T

D. Bowman
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Weak 
interaction

Weak 
interaction

Structural 
Enhancement

Dynamic
Enhancement

102 - 103 ~ 103

→s-p mixing
This enhancement is caused by the mixture of j=1/2 component of s-
wave and j=1/2 component of p-wave

Theoretically, the enhancement is written as 

Partial neutron 
width
j=1/2 component : 𝑥

Unmeasured

Enhancement of parity violation
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P-violation in fundamental interaction

T-violation in fundamental interaction

Conversion factor 
from P-violation to T-violation

partial neutron width of p-wave resonance

κ(J) also depends on the partial neutron width

T violation
in a compound 
nucleus

P violation
in a compound 
nucleus

Large ΔσP and κ(J) are better → Large T-violating cross section

Enhanced P-violation ΔσP → Enhanced T-violation ΔσT

V. P. Gudkov. Phys. Rep., 212:77, 1992. 

Enhancement of T-violation
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P-odd/T-odd Reaction Theory

𝜎!"! =
4𝜋
𝑘 Im[𝑓 0 ]

Δ𝜎#$ = 𝜅 𝐽
𝑤
𝑣 Δ𝜎$

𝑓 = ⟨𝑓 𝑉$ + 𝑉$# 𝑖⟩

𝑣 + 𝑖𝑤 = ⟨𝜙% 𝑉$ + 𝑉$# 𝜙&⟩

Optical Theorem allows us to relate the forward scattering amplitude to the total 
cross section

The forward scattering amplitude describes how initial and final states are 
connected by the weak interaction potential 

𝑣 and 𝑤 are our weak mixing matrix elements:

We can write: Needed for NOPTREX nuclei 
to judge T violation sensitivity

See later talks



INDIANA UNIVERSITY BLOOMINGTON

Double lanthanum experiment
Spin Flipper 

Off

Spin Flipper 
On



P-odd/T-odd Reaction Theory
Optical theorem connects cross section difference to P-odd T-odd forward amplitude. 

For mixing of one p-wave and one s-wave resonance (Gudkov, Physics Reports):

Δσ PT =
4π
k

Im( f↑ − f↓) Δσ P =
4π
k

Im( f+ − f− )

f =< f | (VP +VPT ) | i >=
(v+ iw) Γ p

nΓs
n

(E −Es +
iΓs

2
)(E −Ep +

iΓ p

2
)

v+ iw =< φp | (VP +VPT ) |φs >
Δσ PT

Δσ P

=κ (J ) w
vCross section ratio directly related to ratio of amplitudes 

between s and p resonances 


