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— Enhanced Discrete Symmetry Breaking in Compound Nuclear States —

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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— Enhanced Discrete Symmetry Breaking in Compound Nuclear States —

Enhanced P-violating Effects in Compound Nuclear States induced by Epithermal Neutron Absorption
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(n,γ) spin-angular correlation terms with s- and p-waves
Flambaum, Nucl. Phys. A435 (1985) 352

3.1. The angular distributions in (n,γ) reactions 25
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(n,γ) spin-angular correlation terms with s- and p-waves
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3.1. The angular distributions in (n,γ) reactions 25
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The experiments to determine κ(J) is ongoing at ANNRI (Accurate Neutron-
Nucleus Reaction measurement Instrument) beam line in J-PARC 

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

(n,γ)反応を測定

A

BL04  ANNRI
Ge detectors

Disk chopper

Filter

Collimator 

Beam stopper

21.5m

Ge Detectors @ ANNRI

Cluster detector

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

Target

T0 Chopper
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unpolarized case
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energy dependent angular distribution  ⇔  angular-dependent distortion of resonance shape

courtesy of T.Okudaira

a1: angular distribution without polarization
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T. OKUDAIRA et al. PHYSICAL REVIEW C 104, 014601 (2021)

FIG. 1. γ -ray counts as a function of tm. It is normalized relative
to the incident beam intensity as a function of tm.

relative to the incident beam spectrum for tm, which is ob-
tained from a measurement of the 477.6 keV γ rays in the
neutron absorption reaction of 10B with an enriched 10B target.
The small peak at tm ∼ 1800 µs is the p-wave resonance,
and the 1/v component is mainly derived from the tail of an
s-wave resonance in the negative energy region as listed in
Table I. Figure 2 shows a γ -ray spectrum defined as ∂Iγ /∂Em

γ .
Photopeaks of γ -ray transitions of 139La(n, γ ) 140La reac-
tions to the lower excited and ground states are observed
in Fig. 2. A schematic diagram of the level scheme of the
139La(n, γ ) 140La reaction is also shown in Fig. 3 [15]. Here,
we focus on the intense transitions to the lower excited states
of 30 keV, 35 keV, 63 keV, 273 keV, 319 keV, 658 keV,
745 keV, 772 keV, and the inclusive γ -ray transitions. His-
tograms of ∂Iγ /∂Em

n gated with each photopeak and inclusive
γ rays are shown in Fig. 4. We can see that the 0.74 eV
p-wave resonance appears in several transitions. Note that the
histograms are the sum of all detector angles. The photopeak
region was taken as the full width at the quarter maximum.
Since the photopeaks of the 5126 keV and 5131 keV com-
pletely overlap, they are considered to be one photopeak. As a
gated energy region for inclusive γ rays, 2000 keV ! Em

γ !
5170 keV was taken. The histograms were normalized by the

TABLE I. Resonance parameters of the neutron resonances of
139La +n. The resonance parameters Er , Jr , lr , #γ

r , gr , and #n
r are

resonance energy, total angular momentum, orbital angular momen-
tum, γ width, g factor, and neutron width, respectively. Parameter r
denotes the resonance number. The spin and parity of 139La are 7/2+,
and therefore the p-wave resonance has negative parity.

r Er [eV] Jr lr #γ
r [meV] gr#

n
r [meV]

1 −48.63a 4a 0 62.2a (571.8)a,*

2 0.740 ± 0.002b 4b 1 40.41 ± 0.76b (5.6 ± 0.5) × 10−5c

3 72.30 ± 0.05c 3b 0 75.64 ± 2.21d 11.76 ± 0.53d

aReferences [11,12].
bReference [8].
cReference [13].
dcalculated from References [14] and [13].
*The neutron width for the negative resonance was calculated using
|E1| instead of E1.

FIG. 2. Expanded γ -ray spectrum defined as ∂Iγ /∂Em
γ . The dot-

ted line shows the literature value of the photopeak energy. Three
photopeaks around 4600 keV are single escape peaks from the γ

rays of 5161 keV, 5131 keV, 5126 keV, and 5098 keV.

incident neutron beam spectrum measured with the boron tar-
get. The background caused by the Compton-scattered γ rays
for each photopeak was estimated by a third-order polynomial
fit in the low- and high-energy region of each photopeak for
each detector and subtracted. Since a loss of 2% of the total γ -
ray counts occurred due to the DAQ system, a loss correction
was also applied [8].

FIG. 3. Transitions from 139La +n to 140La. The dashed line
shows separation energy of 139La +n. The transitions can actually
occur not only from the p-wave resonance, but also from the s-wave
resonances.
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F(x)=Ax+B Fit
A=-0.388±0.024
B=-0.075±0.011
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possible contamination since the estimated upper limit of1

0.08% is smaller than the statistical error of the photo-2

peak.3

According to the data acquisition system, two pulses4

detected within 4µs did not have amplitude information,5

which amounted 2% of the total γ-ray counts in the vicin-6

ity of the p-wave resonance. The 2% loss was corrected7

in following analysis.8

Two pulses detected within 0.4µs were processed as a9

single pulse. Corresponding event loss was estimated as10

0.2% of the total γ-ray counts in the vicinity of the p-11

wave resonance, which is negligibly small compared with12

the statistical error of the corresponding γ-ray counts and13

is ignored in following analysis.14

We extend Eq. 44 to describe the angular distribution15

γ-rays as16
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∂tlap∂Ωγ
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mn
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(2πmAkBT )3/2
e−p2

A/2mAkBT dσnγ
dΩγ
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× 1

σt(E)

(
1− e−nσt(E)∆z

)
.

(21)

We write this definition as17
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dE′d3pAΦ(tlap, E
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(2πmAkBT )3/2
e−p2

A/2mAkBT

× 1

σt(E)
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1− e−nσt(E)∆z

)
.

(22)

The γ-ray count to be measured by the d-th detector can18

be written as19

∂N

∂tlap
(tlap, θ̄d) =

∫

Ωd

dΩγ

∫ f(1/4)+
d

f(1/4)−
d

dfd

× ∂2Iγ
∂tlap∂Ωγ

(tlap,Ωγ)ψd(Eγ ,Ωγ , fd),

(23)

where the photo-peak region is taken as the full-width at20

quarter-maximum, that implies w = 1/4. Fig. 16 shows21

the N(tlap, θ̄γ) for 5161 keV γ-rays. The peak shape of2223

the p-wave resonance varies according to θ̄γ . Here we24

define the NL and NH as25

NL(θγ) =

∫ Ep

Ep−2Γp

∂N

∂tlap
(t′, θ̄γ)dtlap,

NH(θγ) =

∫ Ep+2Γp

Ep

∂N

∂tlap
(t′, θ̄γ)dtlap,

∂N

∂En
=

dtlap
dEn

∂N

∂tlap
. (24)

We define the asymmetry between NL and NH as2627

ALH =
NL −NH

NL +NH
. (25)

The angular dependence of the NL−NH and NL+NH is28

shown in Fig. 18. The asymmetry ALH has a correlation2930

with cos θ̄γ as31

ALH = (B +A cos θ̄γ) (26)

where32

B = −0.0747± 0.0105, A = −0.3881± 0.0236. (27)

III. ANALYSIS33

We analyze our experimental result using the formula-34

tion of possible angular correlations of individual γ-rays35

emitted in (n,γ) reactions induced by low energy neutrons36

according to s- and p-wave amplitudes [22]. We put I as37

the spin of target nuclei, J the spin of the compound38

nucleus, F the spin of the final state of γ-ray transition,39

l the orbital angular momentum of the incident neutron.40

We define the total neutron spin as j = s + l where s41

is the neutron spin. The j equals to 1/2 for s-wave neu-42

trons (l=0) and j=1/2,3/2 for p-wave neutrons (l=1).43

The differential cross section of (n,γ) reaction induced44

by unpolarized neutrons can be written as45
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FIG. 13. ∂N/∂tlap in the vicinity of the p-wave resonance for each θ̄γ The central figure means degrees to the direction of
neutron momentum of cluster detectors and coaxial detectors. The hexagons and the circles in the central of the figure mean
each crystal of cluster detector and coaxial detector respectively.
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FIG. 14. Visualization of the definition of NL and NH.

by unpolarized neutrons can be written as1

dσnγf

dΩγ
=

1

2

(
a0 + a1 cos θγ + a3

(
cos2θγ − 1

3

))
,

a0 =
∑

rs

|Vrs |
2 +

∑

rp

∣∣Vrp

∣∣2 ,

a1 = 2Re
∑

rsipj

VrsV
∗
rpzrpjP (JrsJrp

1

2
j1IF ),

a3 = 3
√
10 Re

∑

rpjr′pj
′

VrpV
∗
r′p
zrpjzrpj′

×P (JrpJr′pjj
′2IF )






2 1 1
0 1/2 1/2
2 rp j′






(20)

NL NH

Neutron Energy[eV]

36deg detector
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Okudaira, Phys. Rev. C93 (2018) 034622
a1: angular distribution without polarization

angular-dependent asymmetric resonance shape 
analyzed as 

the angular distribution of low-high asymmetry

x2 + y2 = 1

ϕ

y

x

11

As shown in Fig. 19 and Eq. 36, the branching ratio from1

s2-wave resonance to the ground state is very small. The2

negative s-wave amplitude V1, p-wave amplitude V2 and3

positive s-wave amplitude V3 can be written as4

V1f = −λ1f
(
|E1|
E

) 1
4 Γ1/2

E − E1 + iΓ1/2
,

V2f = −λ2f
(

E

E2

) 1
4 Γ2/2

E − E2 + iΓ2/2
,

V3f = −λ3f
(
E3

E

) 1
4 Γ3/2

E − E3 + iΓ3/2
.

(37)

The terms a0, a1 and a3 is given as5

a0 = λ21f

√
|E1|
E

Γ2
1/4

(E − E1)2 + Γ2
1/4

+λ22f

√
E2

E

Γ2
2/4

(E − E2)2 + Γ2
2/4

+λ23f

√
E3

E

Γ2
3/4

(E − E3)2 + Γ2
3/4

a1 = λ1fλ2f
Γ1Γ2(E − E1)(E − E2) + Γ2

1Γ
2
2/4

2 ((E − E1)2 + Γ2
1/4) ((E − E2)2 + Γ2

2/4)

×5

4

(
−x+

√
7

5
y

)

+λ3fλ2f
Γ3Γ2(E − E3)(E − E2) + Γ2

3Γ
2
2/4

2 ((E − E3)2 + Γ2
3/4) ((E − E3)2 + Γ2

2/4)

×3
√
3

4

(
x+

√
5

7
y

)

a3 = λ22f

√
E2

E

Γ2
2/4

(E − E2)2 + Γ2
2/4
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280

(
−
√
35xy + y2

)
.

(38)

We define6

(a0,1,3)L =

∫ Ep

Ep−2Γp

dE′
∫

d3pA a0,1,3Φ(tlap, E
′,pA),

(a0,1,3)H =

∫ Ep+2Γp

Ep

dE′
∫

d3pA a0,1,3Φ(tlap, E
′,pA).

(39)

Here we ignore the a3 term since it is proportional7

to λ22f and is suppressed relative to the s-wave neutron8

width according to the centrifugal potential by the fac-9

tor of (kR)2. Under this approximation, the Eq. 28 is10

reduced as11

dσnγf

dΩγ
=

1

2
(a0 + a1 cos θγ) ,

(40)

Substituting Eq. 40 into Eq. 21, the angular dependence12

of the γ-ray count in the neutron energy regions Ep −13

2Γp ≤ E ≤ Ep and Ep ≤ E ≤ Ep + 2Γp can be written14

as15

(
∂2Iγ

∂tlap∂Ωγ
(tlap,Ωγ)

)

L,H

=
I0
2
((a0)L,H + (a1)L,HP1(cos θγ)) .

(41)

Convoluting with Eq. 23, the γ-ray count to be measured16

by the d-th detector can be written as17

(Iγ,d)L,H =
I0
2

(
(a0)L,HP 0,d + (a1)L,HP 1,d

)
.

(42)

Since the energy dependence of x1 and y1 is negligibly18

small in the vicinity of the p-wave resonance (ip = 2),19

(a1)L,H is a linear function of x1 and y1, thus a function20

of φ1. φ is determined by comparing (Iγ,d)L−(Iγ,d)H and21

(Iγ,d)L + (Iγ,d)H with the measured values NL −NH and22

NL+NH in Eq. 25 shown in Fig. 18. The angular depen-23

dences ofNL−NH andNL+NH are fitted by the functions24

of f(P̄d,1/P̄d,0) = A′P̄d,1/P̄d,0+B′ and g(P̄d,1/P̄d,0) = C ′
25

respectively. A′, B′ and C ′ are fitting parameters. Since26

the a1 is a odd function at E = E2, (a0)L,H, (a0)L,H can27

be written as28

C ′ =
I0
2
((a0)L + (a0)H) (43)

A′

C ′ =
(a1)L − (a1)H
(a0)L + (a0)H

= 0.295 cosφ1 − 0.345 sinφ1. (44)

The fitting results of C ′ and A′/C ′ are29

C ′ = 5.071± 0.0052,
A′

C ′ = −0.4285± 0.0255. (45)

Two solutions are obtained as30

φ1 = (111.0+15.2
−7.9 )◦, (150.1+7.9

−15.2)
◦. (46)

IV. DISCUSSION31

From the result, x1 is calculated as32

x1 = −0.342+0.132
−0.234, −0.867+0.161

−0.060. (47)

W which given in Eq. 1 is calculated from obtained x as33

W = (−1.743+0.798
−1.096) meV, (−0.688+0.044

−0.157) meV.(48)

The parameters in Table. II are used in the calculation.34

The ratio of the P-odd amplitude and P-odd T-odd35

amplitude is given as36

|fPT|
|fP|

= κ(J)
WT

W
, (49)

where fPT is the P-odd T-odd amplitude, fP the P-odd37

amplitude, WT the Podd T-odd matrix element and W38

c c
Experimental result Theoretical calculation

and compared with the s-p mixing model

to restrict the allowed region of the mixing angle

10

(a1)L,H is a linear function of x1 and y1, thus a function1

of φ1. φ is determined by comparing (Iγ,d)L−(Iγ,d)H and2

(Iγ,d)L + (Iγ,d)H with the measured values NL −NH and3

NL+NH in Eq. 17 shown in Fig. 15. The angular depen-4

dences ofNL−NH andNL+NH are fitted by the functions5

of f(P̄d,1/P̄d,0) = A′P̄d,1/P̄d,0+B′ and g(P̄d,1/P̄d,0) = C ′
6

respectively. A′, B′ and C ′ are fitting parameters. Since7

the a1 is a odd function at E = E2, (a0)L,H, (a0)L,H can8

be written as9

C ′ =
I0
2
((a0)L + (a0)H) (35)

A′

C ′ =
(a1)L − (a1)H
(a0)L + (a0)H

= 0.295 cosφ1 − 0.345 sinφ1. (36)

The fitting results of C ′ and A′/C ′ are10

C ′ = 5.071± 0.0052,
A′

C ′ = −0.4285± 0.0255. (37)
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FIG. 17. Eq. 36 on xy-plain. Solid line and shaded area show
central values of φ1 and 68.2 % CL area. φ1 means a angle of
a point on unit circle.

Two solutions are obtained as11

φ1 = (99.2+6.3
−5.3)

◦, (161.9+5.3
−6.3)

◦. (38)

IV. DISCUSSION12

From the result, x1 is calculated as13

x1 = −0.16+0.09
−0.11, −0.95+0.03

−0.04. (39)

W which given in Eq. 1 is calculated from obtained x as14

W = (−3.74+1.50
−5.12) meV, (−0.63+0.02

−0.03) meV. (40)

The parameters in Table. I are used in the calculation.15

The ratio of the P-odd amplitude and P-odd T-odd16

amplitude is given as17

|fPT|
|fP|

= κ(J)
WT

W
, (41)

where fPT is the P-odd T-odd amplitude, fP the P-odd18

amplitude, WT the Podd T-odd matrix element and W19

the P-odd matrix element [23]. The κ(J) is the spin20

factor defined as21

κ(J) =





(−1)2I

√
3I(2I+1)

2(I+1)
ξ
x (J = I + 1

2 )

(−1)2I
√

3(2I+1)

2
√
I+1

η
x (J = I − 1

2 )
. (42)

where ζS is defined as22

ζS =

√
Γn
p,S

Γn
p

=

{
xS (S = I − 1

2 )
yS (S = I + 1

2 )
, (43)

and Γn
p,S is the partial neutron width for the channel spin23

S. The ζS is given as24

ζS =
∑

j

〈(I, (sl)j)J |((Is)S, l)J〉 zj

= (−1)J+I+ 3
2

√
2(2S + 1)

({
I 1

2
1
2

1 J S

}
x+

√
2

{
I 1

2
3
2

1 J S

}
y

)
.

(44)

The magnitude of κ(J) indicates the sensitivity to the25

P-odd T-odd interaction. The J = I+ 1
2 case corresponds26

to the p-wave of the 139La at E = E2. The value of κ(J)27

corresponding to the obtained φ1 is28

κ(J) = 2.95+2.98
−0.90, 0.89+0.04

−0.04 (45)

and the |κ(J)| is shown in Fig. 18.29
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FIG. 18. The value of |κ(J)| as a function of φ1. Solid line
and shaded area show central values of φ1 and 68.2 % CL area
from central value.30

31

In the previous section, we ignored the a3 term. In case32

we use Eq. 20 to activate the a3 term in the analysis, the33

angular dependences of NL−NH and NL+NH are fitted34



kek50th anniversary
page

2023/07/17 The 17th International Symposium on Capture Gamma-Ray Spectroscopy and Related Topics (CGS17)  (H.M.Shimizu) 
“Angular Correlations of Capture Gamma-rays from p-wave Resonances for the Study of the Boundary Condition at the Entrance Channel” 31

Okudaira, Phys. Rev. C93 (2018) 034622
a1: comparison of the cases for J=4 and J=3

➡ S.Kawamura’s poster
“Study of the Spin-Memory Effect with Low-energy Gamma-rays in 177Hf(n,γ)178Hf Reaction Measurement”

applicable to determine J 
 (compound nuclear spin)

Another approach to detemrine compound nuclear spin
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Chapter3.Theangulardistributionin(n,γ)reaction

1.

2.

3.

4.

Figure3.1:Feynmandiagramsofamplitudeof(n,γ)reactionsthroughs-waveandp-wavestate.The

circledenotestheweakinteraction.

istheweakmatrixelement.Heregrisstatisticalweightfactoranddefinedas

gr
=

2Jr
+
1

2(2I
+
1)

,

(3.2)

whereJrand
Iistheangularmomentum

ofthecompoundstatusandspinofthetargetnucleus.W
hen

theinterferencebetweenans-waveandap-waveamplitudeisconsidered,V1−
V4aregivenasfollows.

V1
=

−
π
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nrsΓ
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E
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+
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nrsW
√Γ
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rpi(1+
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E
rp
+
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E
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V4
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π
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nrpW
√Γ

γ
rsi(1+
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(E
n−

E
rs
+
iΓrs/2)(E
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E
rp
+
iΓrp/2)

,

(3.3)

Here,thecontributionsoftheotherfars-waveresonancesaretakenintoaccountasthecorrectionterm

α,β
and
γ.

Thedifferentialcrosssectionofthe(n,γ)reactioninducedbypolarizedandunpolarizedneutronscanbe

γ

32
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レーザー偏極させた3He spin filterをビームラインに導入し， 
NMRにて3Heのスピンを反転させることで中性子の偏極方向を制御する．

偏極した3Heが緩和しないように補償磁場， 

偏極中性子が緩和しないように偏極輸送磁場を設計，導入．

常にx軸正方向に 

磁場が印加されている

Polarization transport

(n, γ) reaction→

T. Okudaira, T. Yamamoto et al., 
“Development and application of a 3He Neutron Spin Filter at J-PARC”, NIM 977 2020 164301
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a6,a13: γ-ray polarization (λ=σγ•kγ)
courtesy of Endo

γ-ray polarization with 
polarized neutrons

<latexit sha1_base64="X7/6beGeCx+xUQE5i7+z7wrozPw="></latexit>

a6�(�n · kn)
<latexit sha1_base64="EODVdS1t53DttKN1ormM3Y+d3hk="></latexit>

a13�

γ-ray polarization with 
unpolarized neutrons

P-even P-odd

Neutron energy dependent γ-ray polarization polarization

➡ S.Endo’s poster
“Circular polarization of γ-rays emitted from 32S(n,γ)33Sn” reaction with polarized neutrons”
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x=-0.95

x=-0.15

139La+n spin-angular correlation terms for F=4

γ-ray polarization

Measured 

P-violating

3.1. The angular distributions in (n,γ) reactions 25
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a1: 117Sn+n

Table 6.1: Resonance parameters and relative transition ratios of 117Sn in this
work.

E0 [eV] J l Γγ [meV] gΓn [meV] Relative transition ratio
−29.2 1 0 77.0± 2.0 29.9 4.0± 0.2

1.331± 0.002 1 1 133± 5 1.38× 10−4 1 (unity)
39.054± 0.005 1 0 31.5± 2.5 3.10 (5.1± 0.3)× 10−2

6.6 Angular dependence of p-wave resonance shape

After the correction and normalization described in Section 6.3, the neutron en-
ergy spectra were summed up at the same polar angle θγ. Figure 6.20 shows the
neutron energy spectra at the vicinity of the p-wave resonance. The angular depen-
dence of the shape of the p-wave resonance was observed clearly. The asymmetry
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Figure 6.20: Neutron energy spectrum at the vicinity p-wave resonance of each
angle. The central figure represents the setting polar angle θ of each detector. The
cross sign indicates the detectors which were not used in this measurment. The
angular dependence of the shape of the p-wave resonance was observed clearly.

ALH is calculated based on the definition of Eq. (3.18). The asymmetry ALH for

87
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Figure 6.20: Neutron energy spectrum at the vicinity p-wave resonance of each
angle. The central figure represents the setting polar angle θ of each detector. The
cross sign indicates the detectors which were not used in this measurment. The
angular dependence of the shape of the p-wave resonance was observed clearly.

ALH is calculated based on the definition of Eq. (3.18). The asymmetry ALH for
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1.33eV p-wave

●：Up Spin.
●：Down Spin.

1.33eV p-wave
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p1        0.05121± 0.4731 

Figure 6.22: Angular dependence of the ALH value. The red solid line is the
fitting result with the linear function.

6.7 Estimation of systematic errors

In this section, the origins of systematic errors and estimate their values are ex-
plained.

6.7.1 Range of signal region

Firstly, the uncertainty of the angular dependence of ALH for the ranges of the
signal regions was estimated. The range of the signal regions was defined as FWQM
which satisfies Eq. (6.1). However, this is arbitrary and there is no basis in absolute
correctness. Therefore, it is confirmed the uncertainty of the angular dependence
of ALH for various ranges of signal regions defined as

h′ ≥ 1

N
(hpk − hbg) , (6.22)

where N is an integer from 2 to 7. Figure 6.23 shows the value of the slope of ALH

for each signal region. The systematic error is estimated to be 0.02 (4.3%) which
is the difference between the slopes at N = 4 and N = 6.

6.7.2 Neutron scattering effect inside the nuclear target

The momentum of neutrons captured by the target nuclei is not necessarily parallel
to the beam direction because some of them is captured after scattering inside the
target. Therefore the amount of neutrons captured after scattering needs to be
estimated. The amount of neutrons captured after backscattering needs to be only
estimated because the amounts of neutrons scattered between to ϕ and to ϕ + π
directions is the same and the effect is canceled out when the beam direction is
the z direction.
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Chapter 3. The angular distribution in (n,γ) reaction
1.

2.

3.
4.

Figure 3.1: Feynman diagrams of amplitude of (n,γ) reactions through s-wave and p-wave state. The

circle denotes the weak interaction.

is the weak matrix element. Here gr is statistical weight factor and defined as
gr =

2Jr + 1
2(2I + 1)

,

(3.2)

where Jr and I is the angular momentum of the compound status and spin of the target nucleus. When

the interference between an s-wave and a p-wave amplitude is considered, V1 − V4 are given as follows.V1 = − π
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Here, the contributions of the other far s-wave resonances are taken into account as the correction term

α, β and γ.
The differential cross section of the (n,γ) reaction induced by polarized and unpolarized neutrons can be
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Here,thecontributionsoftheotherfars-waveresonancesaretakenintoaccountasthecorrectionterm

α,β
and
γ.

Thedifferentialcrosssectionofthe(n,γ)reactioninducedbypolarizedandunpolarizedneutronscanbe

γ

6

(a) detector 1

(b) detector 13

FIG. 8. TOF spectra for each polarization direction after
background subtraction and ALR. The white and black points
intend to the up- and down-polarization in the upper side
figure. It is clear that the sign of ALR is reversed for the up-
side detector (detector 1) and down-side detector (detector
13).

[3] V. P. Gudkov, Phys. Rep. 212, 77 (1992).354

[4] T. Okudaira, S. Takada, K. Hirota, A. Kimura, M.355

Kitaguchi, J. Koga, K. Nagamoto, T. Nakao, A. Okada,356

K. Sakai, H. M. Shimizu, T. Yamamoto, and T. Yoshioka,357

Phys. Rev. C 97, 034622 (2018).358

[5] T. Okudaira, S. Endo, H. Fujioka, K. Hirota, K. Ishizaki,359

A. Kimura, M. Kitaguchi, J. Koga, Y. Niinomi, K. Sakai,360

T. Shima, H. M. Shimizu, S. Takada, T. Tani, T. Ya-361

mamoto, H. Yoshikawa, and T. Yoshioka, Phys. Rev. C362

104, 014601 (2021).363

FIG. 9. Left-right asymmetry defined as the same as in the
previous study. The white and black points represent present
and previous results, respectively.

FIG. 10. Angular dependence of transverse asymmetry. The
black line is the fitting results in the case of A3 = 0.

[6] T. Yamamoto, T. Okudaira, S. Endo, H. Fujioka, K.364

Hirota, T. Ino, K. Ishizaki, A. Kimura, M. Kitaguchi,365

J. Koga, S. Makise, Y. Niinomi, T. Oku, K. Sakai, T.366

Shima, H.M. Shimizu, S. Takada, Y. Tani, H. Yoshikawa,367

T. Yoshioka, Phys. Rev. C 101, 1064624 (2020).368

[7] J. Koga et al, S. Takada, S. Endo, H. Fujioka, K. Hirota,369

K. Ishizaki, A. Kimura, M. Kitaguchi, Y. Niinomi, T.370

Okudaira, K. Sakai, T. Shima, H. M. Shimizu, Y. Tani,371

T. Yamamoto, H. Yoshikawa, and T. Yoshioka, arXiv372

nucl-ex:2202.06222 (2022).373
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Figure 3.1: Feynman diagrams of amplitude of (n,γ) reactions through s-wave and p-wave state. The

circle denotes the weak interaction.
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第 3 章 131Xe(n,γ)反応実験における実験施設とセットアップ 3.3 測定
2020年 12月の実験では、標的に封入した 84.377%の 131Xeガスを吸収体セル Bに詰めてセル
フフィルター Bとして使用した。封入された気体は 300 Kの条件で絶対圧 7.94気圧であった。直
径 22 mmのロータリーコリメーターの内部にセルフフィルター Bを設置した。吸収体セル Bの
円柱部分の長さは 50 cmで円柱部分の内径は 2.3 cm、外径は 2.7 cmであり、内容積は 221.59 cm3

である。アルミニウム製の吸収体セル Bの写真を図 3.15に示す。

セルの長さ 
50cm パイプの長さ 

81cm

図 3.15: 吸収体セル Bの写真

3.3.3 測定条件と取得データ
2019年 5月、2020年 2月、2020年 12月に実験が行われた。2020年 2月の測定はセルフフィ
ルターを使用した初めての測定であり、(n,γ)反応における γ 線の放出角度ごとの p波共鳴ピーク
の変化を評価する解析には 2020年 2月の測定結果を使用した。2020年 3月に計画されている最
大ビーム強度で測定を行う実験に向けて、2020年 12月にセルフフィルター Bの効果を確認する
ための予備測定を行った。
全ての実験で共通して、ダブルディスクチョッパーの位相は、約 27 ms以降に標的原子核に到達
する低速中性子を遮蔽するように調整し、回転周期を水銀標的に陽子が入射する時間に同期された
25 Hzに合わせることで、全ての低速な中性子を遮蔽した。それぞれの実験における測定時間と測
定条件を表 3.6に示す。ビームパワーは陽子ビームの出力を表している。
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Summary

106 Enhancement of P-violation in Compound Nuclear States

Statistical nature of compound nuclear states

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

Reaction mechanism

(kinetic freedom dissipation → quantum decoherence?)

direct process and compound process

Polarized target and neutron spin control

New physics search with enhanced sensitivity to T-violation

Neutron Optical Parity and Time Reversal EXperiment

139La 131Xe117Sn 81Br 133Cs115In …
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Enhancement Mechanism 
(questions from us)

APPENDIX
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Enhancement Mechanism
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direct connection between the entrance channel to the compound state

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

entrance channel : wave-like

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

compound state : particle-like (looks quantum mechanically uncorrelated accumulation)

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

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

Friction? Where does it come from?

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
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direct connection between the entrance channel to the compound state

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

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

“Anomalous Fluctuations of s-Wave Reduced Neutron Widths of 192,194Pt Resonances” 
P.E.Koehler et al., Phys. Rev. Lett. 105 (2010) 072502

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

Enhancement Mechanism

“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?

deviation from the  
Porter-Thomas distribution

(under the constraint of the experimentally observed P-violation enhancement)
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Merci pour votre attention.


