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Angular Correlations of Capture Gamma-rays from p-wave Resonances
for the Study of the Boundary Condition at the Entrance Channel

— Enhanced Discrete Symmetry Breaking in Compound Nuclear States —

Hirohiko SHIMIZU
(NOPTREX Collaboration)

Department of Physics, Nagoya University
hirohiko.shimizu@nagoya-u.jp

Extremely large breaking of the symmetry under the spatial inversion (P-violation) is observed in p-wave resonances of medium heavy nuclei. The enhanced P-violating
effect is understood as the result of the combination of the interference between neutron scattering amplitudes of P-unfavored neighboring resonances, which is
referred to the kinematical enhancement, and the variance of the P-violating nuclear interaction in compound nuclear states, which is referred as the dynamical
enhancement. The kinematical enhancement has been studied by determination of partial neutron widths of p-wave amplitudes in energy-dependent angular correlations
of individual gamma-ray transitions emitted in the relaxation process of compound nuclear states using pulsed neutron beam at the ANNRI beamline of the J-PARC
spallation neutron source. In this paper, we overview the experimental results and discuss their consistency with theoretical models and possible extension to their
application to search for the breaking of the time reversal invariance in nuclear interaction with the possible sensitivity to new physics beyond the standard model of
elementary particles.
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NOPTREX

Neutron Optical Parity and Time Reversal EXperiment

— Enhanced Discrete Symmetry Breaking in Compound Nuclear States —

Experimental Fact

Enhanced P-violating Effects in Compound Nuclear States induced by Epithermal Neutron Absorption
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New Type of New Physics Search

Propagation of CP-violation beyond the Standard Model into Low Energy Observables

A Pospelov Ritz, Ann. Phys. 318 (2005) 119
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Parity Violation in Compound States
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P-violation in Nuclear Interaction
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P-violation in Compound State
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Mitchell, Phys. Rep. 354 (2001) 157
Shimizu, Nucl. Phys. A552 (1993) 293
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compound states
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Crude Estimation of P-violation Enhancement
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Details of Kinematical Enhancement and Entrance Channel Boundary
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Neutron-total-spin representation and Channel-spin representation

compound nuclear spin orbital n spin nuclear spin
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Channel-spin mixing = Kinematical Enhancement of T-violation
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Conversion factor of P-violation Enhancement and T-violation Enhancement
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Measurement of (n,y) Correlation Terms

for the determination of qb mixing angle of p12 and ps;2 partial amplitudes
which leads to the estimation of T-violation enhancement

for the refinement of resonance parameters including negative resonances

for the suggestion of ,/ compound nuclear spin
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Flambaum, Nucl. Phys. A435 (1985) 352

(n,y) spin-angular correlation terms with s- and p-waves
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Flambaum, Nucl. Phys. A435 (1985) 352

(n,y) spin-angular correlation terms with s- and p-waves
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(n,y) spin-angular correlation terms with s- and p-waves

ao
ai =
Gn a
—
as =
k.
1 ~ ~ ~ ~ ~ ~ 2 1 a4 =
5 a0+a1k3n-k7+agan~(kn X k»y)-‘rug (kn'k»y) —g
as(kn - k) (on - (R X k) + a5(0n - by)(on - k)
1 @ =
() o) 0y o) (0 )y o) o)
Qg =
. e 1 .
ag(oy « ky) ((o’n ckn)(kn - ky) — 300" k:.,) a7 =
~ A A s A 1 A —
agan-k7+a100n-kn+<1]1 ((O’r,’k’y)(kfy'kn)—g(o'n'kn)) as -
. P 1 .
sl o) (o By) = (0
ag =
1130 + by + a14(0 - o) (Bn - v
R R ) R Lo, aio
a15(0y + ky)on - (kn X ky) + a16(0y - ky) ((kn ky)® - g) a11
r7(a ) - (i ) P
a3 =
aly =
ais
aie =
arr =

Y VAP + 3, 5 Va(Jpd)
2Re>.; ;5 Vi(Js) V5 (Jpd) P(JsJp 5411 F)

Flambaum, Nucl. Phys. A435 (1985) 352

—2Im ZJS,Jp,j Vi (Js)VQ*(Jpj)ﬂjP(Jst%jHF

Re> 2 g ValIpi) Ve (Jpd") P(Jp T3 21 F)
Ty 5 Va(Tod)Va (T ") P(Jp i 21 K

~Re |2, 5 ilJuh) Vi (JLG") P(Js 5 5 1T F) A
—2Re ZJS Vl(Js])V2*(Jp = J, %)
ReS ;g Vi)V (Jp3) P(Jsdp 3 521 F)

“Re Y, oy ValTod)Vi (T ) P(Jp T3 T

“2Re | Y, 5, Vi(Ju) Vi (L") P L LLIF)

822

—2Re ), [Va(Jp = Js, 5)V5 (Js) + Vi(Jo)ViE(
2ReZJS,Jp [%(Jp%)v?,*(t]s-) + Vl(JS)VzL*(Jp%)]

—Re ZJSJ‘,JL/)’]‘/ V2(Jpj)vzl*(J;/)j/)P(JpJ;I)jjlllf

2Re |32, Vi(L)V5 (Js) + 22, Va(Jpd) Vi (Jp
2R’eZJSJpj [Va(Jp)) V5 (Js) + Vi(Js) Vi (Jpg)] 4
2Im ZJSJpj [V2(Jpj)v3* (JS) - Vl(JS)V;l*(‘]pj)]

2Re ZJp,j,J}g,j’ Va(Jpd) Vi (55" ) P(Jp 55 21 F

V)
~—

=

target spin

~

kl compound nuclear spin

V)

resonance width
gamma width
final state spin

Il1 neutron width

Vs

=]
v
S
=
<2

" F
0 A

mixing angle of p12 and p3e

S
m m resonance energy
= V)

=

—2Im 37, Va(Jpod) Vi (JL5" ) P(JpJ}j5 21 F)6:/5 {

pr2) T, [P3s2) 2 — Lp3/2
I, ® = I rr
p,1/2 Iy *p3/2 P
X = CoS ¢ y =sing
2 1 1
Ly ;}
2 j 7
OO

2023/07/17 The 17th International Symposium on Captu
“Angular Correlations of Capture Gamma-rays from p-

page 26 ' &

&CGST7



(n,y) spin-angular correlation terms with s- and p-waves

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

BL04 ANNRI Beam stopper

Ge detectors

[Ge Detectors @ ANNRI

Disk chopper

Filter Cluster detector

TO Chopper

-
-
-
-
-
-
-
-
-
-
-
“
-

8 Coaxial Detector (side) 8ch

Total 22ch

2 Cluster Detector (up-down) 7ch x2 : 14ch
Coaxial detector

— o

2023/07/17 The 17th International Symposium on AL
“Angular Correlations of Capture Gamma-rays fr =CGSH7 page X4




Flambaum, Nucl. Phys. A435 (1985) 352

a1: angular distribution without polarization

unpolarized case
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ai: angular distribution without polanzatlon

y-ray yield (arbitrary unit)
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ai: angular distribution without polarization Okudaira, Phys. Rev. C93 (2018) 034622

S 36deg detector
: e and compared with the s-p mixing model
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Okudaira, Phys. Rev. C93 (2018) 034622

a1: comparison of the cases for J=4 and J=3
Js=J, =4

applicable to determine J
(compound nuclear spin)

Another approach to detemrine compound nuclear spin

= S.Kawamura’s poster

“Study of the Spin-Memory Effect with Low-energy Gamma-rays in 177Hf(n,y)178Hf Reaction Measurement”
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az: left-right asymmetry with transversely polarized neutron "o ™ fen eI e

5161 keV single-y-ray transition
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courtesy of Endo

as,a13: y-ray polarization (A=oy-ky)

Neutron energy dependent y-ray polarization polarization

y-ray polarization with y-ray polarization with
polarized neutrons unpolarized neutrons
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= S.Endo’s poster

“Circular polarization of y-rays emitted from 32§(n,y)33Sn” reaction with polarized neutrons”
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133 a+n spin-angular correlation terms for F=4
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a1: 117Sn+n

1.33eV p-wave
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oL,/ or™ (arbitrary unit)

Self filter made by U.S. group
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NOPTREX

Neutron Optical Parity and Time Reversal EXperiment

Summary 139 g 117Sn 131Xe 115|n 81Br 133Cs ...

106 Enhancement of P-violation in Compound Nuclear States

Interference between s- and p-waves in the entrance channel

Statistical nature of compound nuclear states

— Reaction mechanism
direct process and compound process

(kinetic freedom dissipation — quantum decoherence?)

Polarized target and neutron spin control

!

New physics search with enhanced sensitivity to T-violation
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APPENDIX

Enhancement Mechanism
(questions from us)
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. n kn y
Enhancement Mechanism o @ v GO A 10 o'
s=1/2

1=0,1,(2,...)
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initial state

N
(entrance channel) compound state <S ‘ W|p> — Z CL,); b] <¢z |W|w]>
- p =3 PP (%]
Vlf? M0La*(J=4) é

Y N ) 1 1
4 pj=1/2 |q) = Zai_ |hz> ~v \/N \/N

V’r?
N
p) = bi i) : -
i=1 randomness of expansion coefficients

(WHYVN

2023/07/17 The 17th International Symposium on Captu 700
“Angular Correlations of Capture Gamma-rays from p- sCcSt7 page 39 | &



Enhancement Mechanism

N
(entrance channel) —
3¢ | ST PR 2¥)
n -+ 1?9La i z}r\? 140La*(J:4) @ 1 1
Wi & Nt 106 eV /N
& pj=1/2 Iq) — Z a; |‘1j'37',> ~ <W>
c @ = N~2E e VN VN
X Y “ | D
s Ts p) =D bil9)
g Vi ) i=1 L randomness of expansion coefficients
compound state = strongly correlated (isolated) quantum system
enhancement = deviation of perturbative symmetry-breaking of randomly distributed
contributions in the densely correlated quantum system with huge number of freedom

direct connection between the entrance channel to the compound state

We are going to apply this statistical nature to search for new physics.
How reliably can we expect the enhancement of T-violation?

How does the system evolute from the entrance channel to the compound state?

entrance channel : wave-like compound state : particle-like (looks quantum mechanically uncorrelated accumulation)
Friction? Where does it come from?

Intermediate channel(s) seems very thin (since the cross section and correlation terms are consistent with Breit-Wigner-type amplitudes).

How precisely valid? <- The large enhancement may be built very quickly due to possible quantum mechanical random walk?
Microscopic assessment of the random matrix theory may be difficult.

Accumulation of experimental results, which deny hypothetical possibilities out of random matrix theory, may be the possible approach.

What kind of observables is appropriate to pick up deviations from the random matrix theory?



Enhancement Mechanism

N
initial state compound state (s|Wlp) = arb;{ws|Wle;)
(entrance channel) —
3¢ + pi= U g tJ
n+ %La ) z’% 0T 5% (J = 4) @ 1 1
E = 10°eV W)VN
- a p j=1/2 |q> — a; |U1> ~ < >
© @ | |~ T N BE e VN VN
8 v o) = >0 ) D
v’ . i=1 $ randomness of expansion coefficients
A

compound state = strongly correlated (isolated) quantum system

enhancement = deviation of perturbative symmetry-breaking of randomly distributed
contributions in the densely correlated quantum system with huge number of freedom

direct connection between the entrance channel to the compound state

We are going to apply this statistical nature to search for new physics.
How reliably can we expect the enhancement of T-violation?

What kind of observables is appropriate to pick up deviations from the random matrix theory?

“Anomalous Fluctuations of s-Wave Reduced Neutron Widths of 192194Pt Resonances”

Porter-Thomas distribution “Neutron Resonance Widths and the Porter-Thomas Distribution”
A.Volya, H.A.Weidenmuller, V.Zelevinsky, Phys. Rev. Lett. 115 (2015) 052501

What is the possible influence(s) to the enhanced sensitivity to T-violation?
(under the constraint of the experimentally observed P-violation enhancement)
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