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CP対称性の破れ
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電気双極子能率（EDM）
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電気双極子能率（EDM）
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EDMの存在は時間反転対称性を破る
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Standerd Model : New Physics (SUSY ...) :

標準模型からの寄与が小さく抑えられている

EDMは新物理の良いプローブ
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電気双極子能率（EDM）
上限値 
   neutron EDM 
 |dn| < 1.8 x 10 -26 ecm UCN 

   electron EDM 
  |de| < 1.6×10-27 ecm  Cs 
  |de| < 1.6×10-27 ecm  Tl   
 |de| < 10.5×10-28 ecm  YbF 
 |de| < 8.7×10-29  ecm ThO 

   atomic EDM 
 |dHg| <  7.4×10-30 ecm 199Hg 
 |dXe| <  1.5×10-27 ecm 129Xe 

   muon EDM 
 |dμ| <  1.8×10-19 ecm  

Standard model prediction 
  neutron : 10-30 ‒ 10-32 ecm 
  electron : 10-37 ‒ 10-40 ecm

B.C. Regan et al,  
  PRL 88, 071805 (2002)

J. J. Hudson et al, 
  Nature 473, 493 (2011)
The ACME Collaboration et al,  
  Science, 343, 269 (2014)

B. Garner et al.,  
  PRL 116 161601 (2016)

F. Allmendinger et al,  
  Phys. Rev. A 100, 022505 (2019)

C. Abel et al. 
Phys. Rev. Lett. 124, 081803 (2020)

G. W. Bennett et al,  
  Phys. Rev. D 80, 052008 (2009)
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EDM測定（中性子の例）
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Fig. 1. Ramsey resonance curve. Error bars are omitted for clarity. 

this light as it traverses the chamber depends upon 
the x component of the spin polarisation; this va- 
ries sinusoidally with time as the spins precess free- 
ly about &. A voltage derived from the PMT 
output current is digitised at 100 Hz using a 16-bit 
ADC, and the resulting data are fitted to a decaying 
sine curve to give the average precession frequency, 
and hence the average magnetic field, sensed by the 
Hg atoms during the storage period. At the end of 
each such measurement cycle the mercury atoms 
are pumped out of the cell via the neutron entrance 
door. 

3. Experimental apparatus 

3.1. Neutron storage and measurement 

Fig. 2 is a schematic diagram of the neutron 
EDM experiment. Ultracold neutrons (UCN), with 

a range of kinetic energies up to 350neV, arrive 
from the ILL UCN source (PF2). The UCN are 
directed upwards through a thin foil of magnetised 
iron where they are polarised by transmission. 
They then enter the storage volume, a 221 upright 
cylindrical chamber with walls of quartz and Tef- 
lon-coated aluminium electrodes at the top and 
bottom. A 10 mG vertical magnetic field permeates 
the chamber, and it is shielded from external mag- 
netic fields and their fluctuations by four layers of 
mumetal that have a total shielding factor of order 
z 104. Twenty seconds are required to fill the 

chamber with neutrons, after which the entrance 
door is closed. At this stage, the polarised mercury 
atoms are allowed to enter through a smaller door, 
and their spins are rotated into the xy plane as 
discussed above. A total storage period of approx- 
imately 160 s follows, for the Ramsey measurement. 
The neutron entrance door is then opened to empty 
the chamber, and the spin-up neutrons are able to 
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中性子EDM
n2EDM at PSI

TUCAN at TRIUMF
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原子EDM

Coefficient values, from the compilation of:  
[J. Engel et al., Prog. Part. Nucl. Phys. 71 (2013) 21]
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反磁性原子のEDMは原子核
のEDMに感度がある
有効相互作用の各結合に相補的に情報を与える
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電子EDM

Motivation: 

Lepton Dipole Moments 
Adam West, PIC 2015 

Test of fundamental theories: 

SM extensions predict range of 
values for EDMs. 
 
Setting limits on EDMs 
discriminates between theories. 
 
 
 
 
 
 
 
 
 

Electron EDM (e cm) 

極性分子の内部の大きな有効電場を
用いることで、感度が大幅に向上

ThO : E~78 GV/cm

ACME Collaboration, Nature volume 562, pages355–360(2018)
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複合核反応を用いた時間反転対称性の破れの探索
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核子を使ったCP violationの探索実験

nucleon EDM T-odd P-odd pion-nucleon couplings

T-odd P-odd pion-nucleon coupling

複合核反応を用いた時間反転対称性の破れの探索
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P-odd と T-odd

P-odd

Epithermal Neutron Capture Reactions

n A
139La(En=0.734eV) 0.097±0.003

81Br(En=0.88eV)
111Cd(En=4.53eV)

0.021±0.001

−(0.013+0.007−0.004)

of p-wave resonance 
cross section

~ 2% of total cross section

σ ⋅ k

T-odd

polarized neutron
polarized neutron polarized target
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複合核反応における空間反転対称性の破れ

neutron capture

Epithermal Neutron Capture Reactions

n A
139La(En=0.734eV) 0.097±0.003

81Br(En=0.88eV)
111Cd(En=4.53eV)

0.021±0.001

−(0.013+0.007−0.004)

of p-wave resonance 
cross section

~ 2% of total cross section

p-p scattering

polarized neutron polarized protonP-violation in NN interaction
p p

−(1.7±0.8)×10−715MeV
−(2.3±0.8)×10−745MeV
−(1.3±0.8)×10−745MeV
−(2.4±1.1±0.1)×10−7800MeV

15MeV -(1.7±0.8)×10-7

45MeV -(2.3±0.8)×10-7

800MeV -(2.4±1.1±0.1)×10-7

139La 0.097±0.003En = 0.734 eV
81Br 0.021±0.001En = 0.734 eV

111Cd -(0.013 +0.007-0.004)En = 4.53 eV

p波共鳴ピークの付近で
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複合核反応における空間反転対称性の破れ

Epithermal Neutron Capture Reactions

n A
139La(En=0.734eV) 0.097±0.003

81Br(En=0.88eV)
111Cd(En=4.53eV)

0.021±0.001

−(0.013+0.007−0.004)

of p-wave resonance 
cross section

~ 2% of total cross section

polarized neutron

139La 0.097±0.003En = 0.734 eV 2% of p-wave total cross section

s wave

p wave

複合核状態のs波とp波の間の干渉によって 
空間反転対称性の破れが増幅する

p波共鳴ピークの付近での
中性子共鳴吸収
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複合核反応における空間反転対称性の破れ

Mitchell, Phys. Rep. 354 (2001) 157
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複合核反応における空間反転対称性の破れ
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時間反転対称性の破れへの適用
s-wave p-wave

entrance  
channel

Compound State

p
�p
n

<latexit sha1_base64="zwak1FULbvAIqvEtj9znGClaE3c="></latexit><latexit sha1_base64="zwak1FULbvAIqvEtj9znGClaE3c="></latexit><latexit sha1_base64="zwak1FULbvAIqvEtj9znGClaE3c="></latexit><latexit sha1_base64="zwak1FULbvAIqvEtj9znGClaE3c="></latexit>

p
�s
n

<latexit sha1_base64="m5xGT9M4Fml1pHnSyQupEvQv3rg="></latexit><latexit sha1_base64="m5xGT9M4Fml1pHnSyQupEvQv3rg="></latexit><latexit sha1_base64="m5xGT9M4Fml1pHnSyQupEvQv3rg="></latexit><latexit sha1_base64="m5xGT9M4Fml1pHnSyQupEvQv3rg="></latexit>

q
�
p,j= 1

2
n

<latexit sha1_base64="tidHDxjt8Hh5E/YYwZ7cxGnzBFM="></latexit><latexit sha1_base64="tidHDxjt8Hh5E/YYwZ7cxGnzBFM="></latexit><latexit sha1_base64="tidHDxjt8Hh5E/YYwZ7cxGnzBFM="></latexit><latexit sha1_base64="tidHDxjt8Hh5E/YYwZ7cxGnzBFM="></latexit>

q
�
p,j= 3

2
n

<latexit sha1_base64="8DESc7deF0+pl92a3Y/zYoQZMo0="></latexit><latexit sha1_base64="8DESc7deF0+pl92a3Y/zYoQZMo0="></latexit><latexit sha1_base64="8DESc7deF0+pl92a3Y/zYoQZMo0="></latexit><latexit sha1_base64="8DESc7deF0+pl92a3Y/zYoQZMo0="></latexit>

q
�
S=I+ 1

2
n

<latexit sha1_base64="ZWlCW+rU7lfN4/Os7qgKgXzXUCQ="></latexit><latexit sha1_base64="ZWlCW+rU7lfN4/Os7qgKgXzXUCQ="></latexit><latexit sha1_base64="ZWlCW+rU7lfN4/Os7qgKgXzXUCQ="></latexit><latexit sha1_base64="ZWlCW+rU7lfN4/Os7qgKgXzXUCQ="></latexit>

q
�
S=I� 1

2
n

<latexit sha1_base64="B20Kc28chXEd6tY4S2fq/VKXSrQ="></latexit><latexit sha1_base64="B20Kc28chXEd6tY4S2fq/VKXSrQ="></latexit><latexit sha1_base64="B20Kc28chXEd6tY4S2fq/VKXSrQ="></latexit><latexit sha1_base64="B20Kc28chXEd6tY4S2fq/VKXSrQ="></latexit>

Gudkov, Phys. Rep. 212 (1992) 77.

入り口チャンネルのチャンネルスピンで
書き下せて、その干渉として捉えること
ができる

page

Title(Introduction to NOP-T) 
Conf(Consolidation Meeting on NOP-T) 
Date(2015/06/30) At(Nagoya) 28

The interference between s-wave and p-wave 
results in 
the interference between partial waves with different channel spin.

page

Title(Introduction to NOP-T) 
Conf(Consolidation Meeting on NOP-T) 
Date(2015/06/30) At(Nagoya) 28

The interference between s-wave and p-wave 
results in 
the interference between partial waves with different channel spin. interference

T-violation



基本的対称性の実験,  
日本のスピン物理学の展望、2021年2月24日  
名古屋大学　北口雅暁 page 22

s-wave p-wave

entrance  
channel

Compound State

p
�p
n

<latexit sha1_base64="zwak1FULbvAIqvEtj9znGClaE3c="></latexit><latexit sha1_base64="zwak1FULbvAIqvEtj9znGClaE3c="></latexit><latexit sha1_base64="zwak1FULbvAIqvEtj9znGClaE3c="></latexit><latexit sha1_base64="zwak1FULbvAIqvEtj9znGClaE3c="></latexit>

p
�s
n

<latexit sha1_base64="m5xGT9M4Fml1pHnSyQupEvQv3rg="></latexit><latexit sha1_base64="m5xGT9M4Fml1pHnSyQupEvQv3rg="></latexit><latexit sha1_base64="m5xGT9M4Fml1pHnSyQupEvQv3rg="></latexit><latexit sha1_base64="m5xGT9M4Fml1pHnSyQupEvQv3rg="></latexit>

q
�
p,j= 1

2
n

<latexit sha1_base64="tidHDxjt8Hh5E/YYwZ7cxGnzBFM="></latexit><latexit sha1_base64="tidHDxjt8Hh5E/YYwZ7cxGnzBFM="></latexit><latexit sha1_base64="tidHDxjt8Hh5E/YYwZ7cxGnzBFM="></latexit><latexit sha1_base64="tidHDxjt8Hh5E/YYwZ7cxGnzBFM="></latexit>

q
�
p,j= 3

2
n

<latexit sha1_base64="8DESc7deF0+pl92a3Y/zYoQZMo0="></latexit><latexit sha1_base64="8DESc7deF0+pl92a3Y/zYoQZMo0="></latexit><latexit sha1_base64="8DESc7deF0+pl92a3Y/zYoQZMo0="></latexit><latexit sha1_base64="8DESc7deF0+pl92a3Y/zYoQZMo0="></latexit>

interference

q
�
S=I+ 1

2
n

<latexit sha1_base64="ZWlCW+rU7lfN4/Os7qgKgXzXUCQ="></latexit><latexit sha1_base64="ZWlCW+rU7lfN4/Os7qgKgXzXUCQ="></latexit><latexit sha1_base64="ZWlCW+rU7lfN4/Os7qgKgXzXUCQ="></latexit><latexit sha1_base64="ZWlCW+rU7lfN4/Os7qgKgXzXUCQ="></latexit>

q
�
S=I� 1

2
n

<latexit sha1_base64="B20Kc28chXEd6tY4S2fq/VKXSrQ="></latexit><latexit sha1_base64="B20Kc28chXEd6tY4S2fq/VKXSrQ="></latexit><latexit sha1_base64="B20Kc28chXEd6tY4S2fq/VKXSrQ="></latexit><latexit sha1_base64="B20Kc28chXEd6tY4S2fq/VKXSrQ="></latexit>

page

Title(Introduction to NOP-T) 
Conf(Consolidation Meeting on NOP-T) 
Date(2015/06/30) At(Nagoya) 28

The interference between s-wave and p-wave 
results in 
the interference between partial waves with different channel spin.

page

Title(Introduction to NOP-T) 
Conf(Consolidation Meeting on NOP-T) 
Date(2015/06/30) At(Nagoya) 28

The interference between s-wave and p-wave 
results in 
the interference between partial waves with different channel spin.

page

Title(Introduction to NOP-T) 
Conf(Consolidation Meeting on NOP-T) 
Date(2015/06/30) At(Nagoya) 28

The interference between s-wave and p-wave 
results in 
the interference between partial waves with different channel spin.

page

Title(Introduction to NOP-T) 
Conf(Consolidation Meeting on NOP-T) 
Date(2015/06/30) At(Nagoya) 28

The interference between s-wave and p-wave 
results in 
the interference between partial waves with different channel spin.

page

Title(Introduction to NOP-T) 
Conf(Consolidation Meeting on NOP-T) 
Date(2015/06/30) At(Nagoya) 28

The interference between s-wave and p-wave 
results in 
the interference between partial waves with different channel spin.

T-violation
Compound State

representation changesGudkov, Phys. Rep. 212 (1992) 77.

入り口チャンネルのチャンネルスピンで
書き下せて、その干渉として捉えること
ができる

時間反転対称性の破れへの適用



基本的対称性の実験,  
日本のスピン物理学の展望、2021年2月24日  
名古屋大学　北口雅暁 page 23

入り口チャンネルのチャンネルスピンで書き下せて、その干渉として
捉えると、時間反転対称性の破れも増幅する。

Gudkov, Phys. Rep. 212 (1992) 77.
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T-violating matrix element

P-violating matrix element

角運動量の変換係数

時間反転対称性の破れへの適用

parameter x in Eq.2.8 is estimated to be of the order of 1 and can be determined by measuring

the angular distribution of the (n, �) reaction.

2.3 T-violation in nuclear reactions

2.3.1 Enhancement of the T-violation in the compound nuclear pro-

cess

It has been pointed out by Gudkov that CP-violation can also be enhanced when the enhance-

ment mechanism of P-violation based on the sp-mixing model in the compound nuclear process

is expanded [27]. Since CP-violation is equivalent to T-violation via the CPT theorem, it can be

observed as a T-violating cross section experimentally. The wave function |lsIi is transformed

by parity inversion as

P : |lsIi ! (�1)l
|lsIi. (2.17)

In the case of a time reversal transformation, it changes as follows,

T : |lsIi ! (�1)i⇡SyK̂|lsIi, (2.18)

where I is the target nuclear spin, S is the channel spin, which is defined as S = s+I and K̂ is

an operator that gives complex conjugation. Enhancement of T-violation is caused by mixing

of di↵erent channel spin. We then consider the recombination of the angular momentum as

follows,

|((Is)S, l)Ji =
X

j

h(I, (sl)j)J | ((Is)S, l)Ji|(I, (sl)j)Ji

=
X

j

(�1)1+I+
1

2
+J

p
(2j + 1)(2S + 1)

8
<

:
1 1

2
j

I J S

9
=

; |((ls)j, I)Ji,

(2.19)

where J = s + I + l is the spin of the compound nuclear state. This recombination produces

the following relationship between T- and P-violation as follows,

��T = (J)
WT

W
��P, (2.20)

where the spin factor (J) is a coe�cient representing the change in the combination of angu-

lar momentum, ��T and ��P are T- and P-violating cross section in the compound nuclear

reaction, and WT and W are the T- and P-violating weak matrix elements. The spin factor

15
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偏極標的原子核の候補

Mitchell, Phys. Rep. 354 (2001) 157
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偏極標的原子核の候補
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(n, γ) 反応断面積

358 V.V. Flambaum, OX Sushkov / (n, y) reaction 

where 
2Ji+l 

gi = 2(21+ 1) 

and wSP= i(slH&) is real. All summations over the s, p resonances are carried out 
at fixed J,, Jp, j. 

AS the basis states of the photon we use spherical waves. Therefore, for the 
calculation of the angular distribution one should use the wave function of the final 
y-quantum: 

+v =fi+MI +f2+E1 +_&hE, +hhlI . (16) 

The functions 1(1 M1 and $EI are determined by eqs. (8). Now 1 &.I* should be multiplied 
by the polarization density matrix of the y-quantum, then averaged over the polariz- 
ations of the initial nucleus and summed over the polarizations of the final nucleus. 
If we are not interested in the polarization of the y-quantum, then its density matrix 
should be taken in the form pAAS= hh S I (A is the y-quantum helicity). For the 
calculation of the average circular polarization, pAA, = A&,*,. It is possible to simplify 
the calculations based on the following fact: the factors depndent on the angular 
variables and momenta in the third and the fourth terms in eq. (16) can be obtained 
from the first and second terms by means of multiplication by the matrix AL?,,, in 
the space of helicity states (as the function $M, can be obtained from 4E1, see eq. 
(8)). Therefore it is enough to do calculations for the first and second terms in eq. 
(16). All the other results can be obtained by simple replacements: VI -, V, +A V,, 
V2+ V2 +hV,, A* = 1. For example, the interference of the first and third terms 
multiplied by the matrix phhr= Shhr, has the same structure as the squared first term 
multiplied by pAAP = A&*,. This means that the two pseudoscalars (weak interaction 
and the photon helicity A) are equivalent for angular variables. 

3. Cross section of the (n, y) reaction 

For the cross-section calculation, the formulae for the expansion of D-functions 
product and for the summation of 3-j symbols product, presented, for example, in 
ref. 19), should be used. After cumbersome calculations we obtain the following 
expression for the cross section of the reaction (n, y): 

da@,,, A) 
d&? 

=~{ao+al(nn * n,) +~?,a * [n,Xn,l+a3[(n, * n,)*-$1 

+i&(n, * n,)a - [n,xn,]+a5A(a - n,)+a,A(o - n,)+a,A 

x[(u * n,)(n; II,) -$(u . n,)] +a,A[(u - n,)(n, * ny) -8~ * +)I 

+adu - n,)+a,,(u . 4 +a,,[(u. n,)(n; nJ-4~ - dl 

+a12[(u - n,>(n,* n,>-f(u - n,)l+ad +ad(n,* n,) 

+a”,5Au.[n,Xn,]+a,,A[(n,.,n,)2-f] 

(17) Flambaum, Nucl. Phys. A435 (1985) 352
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We would remind the reader that n, is the direction of the neutron moment, nY the 
direction of the y-quantum moment, u the neutron polarization, and A the y- 
quantum helicity. Expressions for the coefficients aO-u,, in terms of the invariant 
amplitudes VI-V4 (see eq. (15)) are given in appendix A. The P-even correlations 
without photon helicity (a,-CL,) are written down first, then the P-even with A 
(u5-a*), then the P-odd without A (~+-a,,) and, finally the P-odd correlations with 
A (ul~-ul,). We mark by the tilde the T-odd correlations &, &, c?,~, ~5,~. To avoid 
confusion let us stress that we here do not consider an interaction violating T- 
invariance. The corresponding correlations arise due to the resonance scattering 
phases. Expressions for the correlations are written down in such a way that if 
summation or integration over some variable (a, II,, A) is carried out, then all 
correlations containing this variable vanish. 

The origin of the correlations (17) can be seen without calculations. Arising in 
them, the neutron momentum is due to the p-wave capture. Therefore the P-even 
correlations, independent of the n, are due mainly to the s-wave capture If,l*, those 
dependent on the first power of n, by the interference of f, and f2, and those 
dependent on the second power of n, by the If212. The P-odd correlations, which 
are due to the interference of f3 and f4 with f, and f2, can be obtained from the 
P-even correlations by means of multiplication by A. This fact corresponds to the 
symmetry between the amplitudes fj and f, and f4 and f2 which has been discussed 
above. If one knows the origin of the correlation it is easy to determine the 
dependence of corresponding coefficient ai on neutron energy and give a rough 
estimate of its magnitude. Of course, this can be done using the exact formulae 
from appendix A. Expressions for the coefficients uO-a,,, presented in appendix A 
for the general case, are cumbersome. Therefore, we consider a simple example for 
which the most complete experimental data exist: the reaction “‘Sn(n, y) with 
transition to the ground state of “*Sn. The nucleus “‘Sn has spin I = f and positive 
parity. The ground state of “‘Sn has the quantum numbers Jp = O+. Therefore only 
the resonances with angular momentum J = 1 are important for us. Probably, the 
known p-wave resonance, E = 1.33 eV, has the angular momentum J,, = 1. The 
average distance between resonances in “‘Sn equals D- 100 eV. Therefore, at 
energies of the order of several eV it is enough to take into account this resonance 
only. AS far as the s-resonances are concerned, these are far from the domain of 
our interest. In order to see the scale of the amplitudes, we separate the contribution 
of the nearest s-wave resonance. We take into account the contribution of the other 
s-resonances and of the direct capture as the correction. Then the amplitudes Vi 
are as follows: 

1 h&(1+4 v _ 
1 

2k 2 E-E,+fiT, ’ 

1  h  T ,( J ’M,, 
V 2(J =-5 y E _E  + Q r 9  

P  2  P  
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average distance between resonances in “‘Sn equals D- 100 eV. Therefore, at 
energies of the order of several eV it is enough to take into account this resonance 
only. AS far as the s-resonances are concerned, these are far from the domain of 
our interest. In order to see the scale of the amplitudes, we separate the contribution 
of the nearest s-wave resonance. We take into account the contribution of the other 
s-resonances and of the direct capture as the correction. Then the amplitudes Vi 
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only. AS far as the s-resonances are concerned, these are far from the domain of 
our interest. In order to see the scale of the amplitudes, we separate the contribution 
of the nearest s-wave resonance. We take into account the contribution of the other 
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ANGULAR DISTRIBUTION OF γ RAYS FROM … PHYSICAL REVIEW C 97, 034622 (2018)
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emitted in (n,γ ) reactions induced by low-energy neutrons
according to s- and p-wave amplitudes [15]. The formalism
of the differential cross section of the (n,γ ) reaction induced
by unpolarized neutrons is described in Appendix E. We use I
as the spin of the target nuclei, J as the spin of the compound
nucleus, F as the spin of the final state of the γ -ray transition,
and l as the orbital angular momentum of the incident neutron.
The total neutron spin is defined as j = l + s, where s is the
neutron spin. The value of j is 1/2 for s-wave neutrons (l = 0)
and j = 1/2, 3/2 for p-wave neutrons (l = 1).

The p-wave resonance and two neighboring s-wave reso-
nances are considered in the negative- and positive-energy re-
gion, listed in Table II, in the following analysis. The resonance
energy and resonance width measured in this work is adopted
to the p-wave resonance (r = 2) and the values in Ref. [20] for
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the negative resonance and positive s-wave resonance (r = 1,
r = 3). The compound-nuclear spin of the negative s-wave
resonance is J1 = 4 [20]. The compound-nuclear spin of the
p-wave resonance is assumed to be the same as that of the
negative s-wave resonance, because both the negative s-wave
and the p-wave components were observed in the 5161 keV γ -
ray transition, which implies that J2 = 4. Nevertheless, the
compound-nuclear spin of the positive s-wave resonance is
taken as J3 = 3, because the 5161 keV transition was not
adequately observed in the resonance, as shown in Fig. 17.
The contributions of far s-wave resonances are assumed to be
negligibly small; that is, α1 = 0 in Eq. (E2).

The ratios of the γ width from each resonance to the ground
state can be determined by a comparison of the peak-height
ratio of the neutron resonance gated in the 5161 keV photopeak
between s1 wave, p wave, and s2 wave as

#
γ
s1,gnd

#
γ
s1

:
#

γ
p,gnd

#
γ
p

:
#

γ
s2,gnd

#
γ
s2,gnd

= 1 : 0.796 ± 0.020 : 0.009 ± 0.006. (12)

As shown in Fig. 17 and in Eq. (12), the branching ratio from
the s2-wave resonance to the ground state is very small. We

TABLE II. Resonance parameters of 139La used in the analysis.

r Er [eV] Jr lr #γ
r [meV] gr#

n
r [meV]

1 −48.63a 4a 0 62.2a (571.8)a,b s1

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

3 72.30 ± 0.05b 3 0 75.64 ± 2.21c 11.76 ± 0.53c s2

aTaken from Refs. [20,21].
bThe neutron width for the negative resonance was calculated by using
|E1| instead of E1.
cTaken from Ref. [22].
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of (kR)2. Under this approximation, Eq. E1 is reduced
to

dσnγf

dΩγ
=

1

2
(a0 + a1 cos θγ) ,

(14)

Substituting Eq. 14 into Eq. 6, the angular dependence of
the γ-ray counts in the neutron energy regions Ep−2Γp ≤

En ≤ Ep and Ep ≤ En ≤ Ep + 2Γp can be written as
(

∂2Iγ
∂tm∂Ωγ

(tm,Ωγ)

)

L

=
I0
2
((a0)L + (a1)LP1(cos θγ)) ,

(
∂2Iγ

∂tm∂Ωγ
(tm,Ωγ)

)

H

=
I0
2
((a0)H + (a1)HP1(cos θγ)) .

(15)

By convoluting with Eq. 7, the γ-ray counts (Iγ,d)L and
(Iγ,d)H to be measured by the d-th detector can be writ-
ten as

(Iγ,d)L,H =
I0
2

(
(a0)L,HPd,0 + (a1)L,HPd,1

)
. (16)

As the energy dependence of x2 and y2 is negligibly
small in the vicinity of the p-wave resonance (ip = 2),
(a1)L and (a1)H are linear functions of x2 and y2, thus
a function of φ2. The value of φ2 is determined by com-
paring

(
(Iγ,d)L − (Iγ,d)H

)
/
(
(Iγ,d)L + (Iγ,d)H

)
with the

measured values A in Eq. 11.

A =
(a1)L − (a1)H
(a0)L + (a0)H

= 0.295 cosφ2 − 0.345 sinφ2. (17)

Two solutions can be obtained as

φ2 = (99.2+6.3
−5.3)

◦, (161.9+5.3
−6.3)

◦. (18)

The visualization of φ2 is shown in Fig. 18.
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FIG. 18. Visualization of the value of φ2 on the xy-plane.
The solid line and shaded area show the central values of φ2

and 1σ area, respectively. φ2 denotes an angle of a point on
a unit circle.

IV. DISCUSSION

As the value of φ2 was obtained in the previous section,
the T-violation sensitivity is discussed in this section. We

5

Determination of φ
To evaluate the angular distribution, 
the asymmetry of the peak was calculated in each angle.

The angular distribution was compared with the theoretical calculation 
by Flambaum formalism

Experimental value Theoretical calculation
φ is obtained from this equation

8

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

∂2Iγ
∂tlap∂Ωγ

(tlap,Ωγ)

= I0

∫
dE′d3pA

∂2φ

∂En∂t

(
E′, tlap − L

√
mn

2E′

)

× 1

(2πmAkBT )3/2
e−p2

A/2mAkBT dσnγ
dΩγ

(E,Ωγ)

× 1

σt(E)

(
1− e−nσt(E)∆z

)
.

(21)

We write this definition as17

∂2Iγ
∂tlap∂Ωγ

(tlap,Ωγ)

= I0

∫
dE′d3pAΦ(tlap, E

′,pA)
dσnγ
dΩγ

(E,Ωγ),

Φ(tlap, E
′,pA)

=
∂2φ

∂En∂t

(
E′, tlap − L

√
mn

2E′

)

× 1

(2πmAkBT )3/2
e−p2

A/2mAkBT

× 1

σt(E)

(
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

dσnγf

dΩγ
=

1

2

(
a0 + a1 cos θγ + a3

(
cos2θγ − 1

3

))
,
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∑

is

|Vis |
2 +

∑

ip

∣∣Vip
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isipj

VisV
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ipzijP (JisJip

1

2
j1IF ),

a3 = 3
√
10 Re
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ipji′pj
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VipV
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i′p
zijzij′

×P (JipJi′pjj
′2IF )


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

2 1 1
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2 j j′
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
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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
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by unpolarized neutrons can be written as1
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of (kR)2. Under this approximation, Eq. E1 is reduced
to

dσnγf

dΩγ
=

1

2
(a0 + a1 cos θγ) ,

(14)

Substituting Eq. 14 into Eq. 6, the angular dependence of
the γ-ray counts in the neutron energy regions Ep−2Γp ≤

En ≤ Ep and Ep ≤ En ≤ Ep + 2Γp can be written as
(

∂2Iγ
∂tm∂Ωγ

(tm,Ωγ)

)

L

=
I0
2
((a0)L + (a1)LP1(cos θγ)) ,

(
∂2Iγ

∂tm∂Ωγ
(tm,Ωγ)

)

H

=
I0
2
((a0)H + (a1)HP1(cos θγ)) .

(15)

By convoluting with Eq. 7, the γ-ray counts (Iγ,d)L and
(Iγ,d)H to be measured by the d-th detector can be writ-
ten as

(Iγ,d)L,H =
I0
2

(
(a0)L,HPd,0 + (a1)L,HPd,1

)
. (16)

As the energy dependence of x2 and y2 is negligibly
small in the vicinity of the p-wave resonance (ip = 2),
(a1)L and (a1)H are linear functions of x2 and y2, thus
a function of φ2. The value of φ2 is determined by com-
paring

(
(Iγ,d)L − (Iγ,d)H

)
/
(
(Iγ,d)L + (Iγ,d)H

)
with the

measured values A in Eq. 11.

A =
(a1)L − (a1)H
(a0)L + (a0)H

= 0.295 cosφ2 − 0.345 sinφ2. (17)

Two solutions can be obtained as

φ2 = (99.2+6.3
−5.3)

◦, (161.9+5.3
−6.3)

◦. (18)

The visualization of φ2 is shown in Fig. 18.
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FIG. 18. Visualization of the value of φ2 on the xy-plane.
The solid line and shaded area show the central values of φ2

and 1σ area, respectively. φ2 denotes an angle of a point on
a unit circle.

IV. DISCUSSION

As the value of φ2 was obtained in the previous section,
the T-violation sensitivity is discussed in this section. We

5

Determination of φ
To evaluate the angular distribution, 
the asymmetry of the peak was calculated in each angle.

The angular distribution was compared with the theoretical calculation 
by Flambaum formalism

Experimental value Theoretical calculation
φ is obtained from this equation

8

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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)
.

(21)

We write this definition as17
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(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) =
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=
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. (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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15

NL NH

角度ごとのpeakの変化を定量的に評価する.  
Peakの前後での積分値NL,NHを計算し、非対称度ALHの角度依存性を求める

Neutron Energy[eV]

8

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

∂2Iγ
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= I0
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)
.
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We write this definition as17
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(22)

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

be written as19

∂N

∂tlap
(tlap, θ̄d) =

∫
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∫ f(1/4)+
d

f(1/4)−
d
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× ∂2Iγ
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(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) =
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=
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. (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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36deg detector

ALHを角度ごとにプロット
F(x)=Ax+BでFit 
A=-0.388±0.024 
B=-0.075±0.011

実験値 理論値 この方程式を解きφを求める

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
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(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

角度依存性をFlambaum Formalismの理論計算と比較する

φの決定

measured 
slope

calculated with Flambaum s-p mixing model

T. OKUDAIRA et al. PHYSICAL REVIEW C 97, 034622 (2018)

FIG. 17. Comparison of expanded ∂Iγ /∂Em
γ gated in the vicini-

ties of s1-wave resonance (Em
n = 0.2−0.4 eV, black line), the p-wave

resonance (Em
n = 0.6−0.9 eV, shaded area with diagonal line), and

the s2-wave resonance (Em
n = 70−75 eV, solid shaded area).

define (a0)L, (a1)L, (a3)L, (a0)H, (a1)H, and (a3)H as

(a0,1,3)L =
∫ Ep

Ep−2#p

dE′
∫

d3pA a0,1,3$(tm,E′, pA),

(a0,1,3)H =
∫ Ep+2#p

Ep

dE′
∫

d3pA a0,1,3$(tm,E′, pA). (13)

Here, the a3 term is ignored because it is proportional to
λ2

2f and is suppressed relative to the s-wave neutron width
according to the centrifugal potential by the factor of (kR)2.
Under this approximation, Eq. (E1) is reduced to

dσnγf

d'γ

= 1
2

(a0 + a1 cos θγ ). (14)

Substituting Eq. (14) into Eqs. (5) and (6), the angular depen-
dence of the γ -ray counts in the neutron-energy regions Ep −
2#p ! En ! Ep and Ep ! En ! Ep + 2#p can be written as

(
∂2Iγ

∂tm∂'γ

(tm,'γ )
)

L

= I0

2
[(a0)L + (a1)LP1(cos θγ )],

(
∂2Iγ

∂tm∂'γ

(tm,'γ )
)

H

= I0

2
[(a0)H + (a1)HP1(cos θγ )].

(15)

By convoluting with Eq. (7), the γ -ray counts (Iγ ,d )L and
(Iγ ,d )H to be measured by the dth detector can be written as

(Iγ ,d )L,H = I0

2
[(a0)L,HPd,0 + (a1)L,HPd,1]. (16)

Because the energy dependence of x2 and y2 is negligibly small
in the vicinity of the p-wave resonance (rp = 2), (a1)L and
(a1)H are linear functions of x2 and y2 and are thus a function
of φ2. The value of φ2 is determined by comparing [(Iγ ,d )L −
(Iγ ,d )H]/[(Iγ ,d )L + (Iγ ,d )H] with the measured values A in

FIG. 18. Visualization of the value of φ2 on the xy plane. The
solid line and shaded area show the central values of the φ2 and 1σ

area, respectively. φ2 denotes an angle of a point on a unit circle.

Eq. (11):

A =
(a1)L − (a1)H

(a0)L + (a0)H

= 0.295 cos φ2 − 0.345 sin φ2. (17)

Two solutions can be obtained as

φ2 =
(
99.2+6.3

−5.3

)◦
,

(
161.9+5.3

−6.3

)◦
. (18)

The visualization of φ2 is shown in Fig. 18.

IV. DISCUSSION

Because the value ofφ2 was obtained in the previous section,
the T-violation sensitivity is discussed in this section. We obtain
x2 from Eqs. (18) and (E5) with resonance number rp = 2 as

x2 = −0.16+0.09
−0.11, −0.95+0.04

−0.03. (19)

This leads to the value of W which is given by Eq. (1) as

W =
(
13.2+18.1

−5.3

)
meV,

(
2.21+0.10

−0.06

)
meV. (20)

The published value of AL = (9.56 ± 0.35) × 10−2 in Ref. [7]
and the resonance parameters in Table I are used in the
calculation. Note that the neutron width of the negative s-wave
resonance #n

1 at the resonance energy of the p-wave resonance
is adopted.

The ratio of P-odd T-odd cross sections to P-odd cross
sections is given as

*σPT

*σp

= κ(J )
WT

W
, (21)

where *σPT is the P-odd T-odd cross section, *σp is the P-odd
cross section, WT is the P-odd T-odd matrix element, and W is
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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)
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NL NH

角度ごとのpeakの変化を定量的に評価する.  
Peakの前後での積分値NL,NHを計算し、非対称度ALHの角度依存性を求める

Neutron Energy[eV]

8

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

∂2Iγ
∂tlap∂Ωγ

(tlap,Ωγ)

= I0

∫
dE′d3pA

∂2φ

∂En∂t

(
E′, tlap − L

√
mn

2E′

)

× 1

(2πmAkBT )3/2
e−p2

A/2mAkBT dσnγ
dΩγ

(E,Ωγ)

× 1

σt(E)

(
1− e−nσt(E)∆z

)
.

(21)

We write this definition as17

∂2Iγ
∂tlap∂Ωγ

(tlap,Ωγ)

= I0

∫
dE′d3pAΦ(tlap, E

′,pA)
dσnγ
dΩγ

(E,Ωγ),

Φ(tlap, E
′,pA)

=
∂2φ

∂En∂t

(
E′, tlap − L

√
mn

2E′

)

× 1

(2πmAkBT )3/2
e−p2

A/2mAkBT

× 1

σt(E)

(
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

dσnγf

dΩγ
=

1

2

(
a0 + a1 cos θγ + a3

(
cos2θγ − 1

3

))
,

a0 =
∑

is

|Vis |
2 +

∑

ip

∣∣Vip

∣∣2 ,

a1 = 2Re
∑

isipj

VisV
∗
ipzijP (JisJip

1

2
j1IF ),

a3 = 3
√
10 Re

∑

ipji′pj
′

VipV
∗
i′p
zijzij′

×P (JipJi′pjj
′2IF )






2 1 1
0 1/2 1/2
2 j j′






(28)

36deg detector

ALHを角度ごとにプロット
F(x)=Ax+BでFit 
A=-0.388±0.024 
B=-0.075±0.011

実験値 理論値 この方程式を解きφを求める

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

33

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

角度依存性をFlambaum Formalismの理論計算と比較する

φの決定
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139La (n, γ) 反応のガンマ線角度分布から、κを見積もる
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(n,γ)反応の測定
(n,γ)反応を測定することでκ(J)を決定する
特定のガンマ線を選び出す必要がある→高エネルギー分解能を持つ検出器が必要

『複合核共鳴における時間反転対称性の破れ探索のための共鳴パラメータの測定』

日本物理学会 2016年秋季大会　2016年9月22日　宮崎大学木花キャンパス
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J-PARC MLF BL04 クラスタ型Ge検出器
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J-PARC BL04  Ge検出器を使用してガンマ線の角分布を測定

2台のCluster検出器(上・下)　7ch ×2 : 14ch 
8台のCoaxial検出器(側面)      8ch 
計 22ch

2016年 12月
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where 
2Ji+l 

gi = 2(21+ 1) 

and wSP= i(slH&) is real. All summations over the s, p resonances are carried out 
at fixed J,, Jp, j. 

AS the basis states of the photon we use spherical waves. Therefore, for the 
calculation of the angular distribution one should use the wave function of the final 
y-quantum: 

+v =fi+MI +f2+E1 +_&hE, +hhlI . (16) 

The functions 1(1 M1 and $EI are determined by eqs. (8). Now 1 &.I* should be multiplied 
by the polarization density matrix of the y-quantum, then averaged over the polariz- 
ations of the initial nucleus and summed over the polarizations of the final nucleus. 
If we are not interested in the polarization of the y-quantum, then its density matrix 
should be taken in the form pAAS= hh S I (A is the y-quantum helicity). For the 
calculation of the average circular polarization, pAA, = A&,*,. It is possible to simplify 
the calculations based on the following fact: the factors depndent on the angular 
variables and momenta in the third and the fourth terms in eq. (16) can be obtained 
from the first and second terms by means of multiplication by the matrix AL?,,, in 
the space of helicity states (as the function $M, can be obtained from 4E1, see eq. 
(8)). Therefore it is enough to do calculations for the first and second terms in eq. 
(16). All the other results can be obtained by simple replacements: VI -, V, +A V,, 
V2+ V2 +hV,, A* = 1. For example, the interference of the first and third terms 
multiplied by the matrix phhr= Shhr, has the same structure as the squared first term 
multiplied by pAAP = A&*,. This means that the two pseudoscalars (weak interaction 
and the photon helicity A) are equivalent for angular variables. 

3. Cross section of the (n, y) reaction 

For the cross-section calculation, the formulae for the expansion of D-functions 
product and for the summation of 3-j symbols product, presented, for example, in 
ref. 19), should be used. After cumbersome calculations we obtain the following 
expression for the cross section of the reaction (n, y): 

da@,,, A) 
d&? 

=~{ao+al(nn * n,) +~?,a * [n,Xn,l+a3[(n, * n,)*-$1 

+i&(n, * n,)a - [n,xn,]+a5A(a - n,)+a,A(o - n,)+a,A 

x[(u * n,)(n; II,) -$(u . n,)] +a,A[(u - n,)(n, * ny) -8~ * +)I 

+adu - n,)+a,,(u . 4 +a,,[(u. n,)(n; nJ-4~ - dl 

+a12[(u - n,>(n,* n,>-f(u - n,)l+ad +ad(n,* n,) 

+a”,5Au.[n,Xn,]+a,,A[(n,.,n,)2-f] 

(17) Flambaum, Nucl. Phys. A435 (1985) 352
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We would remind the reader that n, is the direction of the neutron moment, nY the 
direction of the y-quantum moment, u the neutron polarization, and A the y- 
quantum helicity. Expressions for the coefficients aO-u,, in terms of the invariant 
amplitudes VI-V4 (see eq. (15)) are given in appendix A. The P-even correlations 
without photon helicity (a,-CL,) are written down first, then the P-even with A 
(u5-a*), then the P-odd without A (~+-a,,) and, finally the P-odd correlations with 
A (ul~-ul,). We mark by the tilde the T-odd correlations &, &, c?,~, ~5,~. To avoid 
confusion let us stress that we here do not consider an interaction violating T- 
invariance. The corresponding correlations arise due to the resonance scattering 
phases. Expressions for the correlations are written down in such a way that if 
summation or integration over some variable (a, II,, A) is carried out, then all 
correlations containing this variable vanish. 

The origin of the correlations (17) can be seen without calculations. Arising in 
them, the neutron momentum is due to the p-wave capture. Therefore the P-even 
correlations, independent of the n, are due mainly to the s-wave capture If,l*, those 
dependent on the first power of n, by the interference of f, and f2, and those 
dependent on the second power of n, by the If212. The P-odd correlations, which 
are due to the interference of f3 and f4 with f, and f2, can be obtained from the 
P-even correlations by means of multiplication by A. This fact corresponds to the 
symmetry between the amplitudes fj and f, and f4 and f2 which has been discussed 
above. If one knows the origin of the correlation it is easy to determine the 
dependence of corresponding coefficient ai on neutron energy and give a rough 
estimate of its magnitude. Of course, this can be done using the exact formulae 
from appendix A. Expressions for the coefficients uO-a,,, presented in appendix A 
for the general case, are cumbersome. Therefore, we consider a simple example for 
which the most complete experimental data exist: the reaction “‘Sn(n, y) with 
transition to the ground state of “*Sn. The nucleus “‘Sn has spin I = f and positive 
parity. The ground state of “‘Sn has the quantum numbers Jp = O+. Therefore only 
the resonances with angular momentum J = 1 are important for us. Probably, the 
known p-wave resonance, E = 1.33 eV, has the angular momentum J,, = 1. The 
average distance between resonances in “‘Sn equals D- 100 eV. Therefore, at 
energies of the order of several eV it is enough to take into account this resonance 
only. AS far as the s-resonances are concerned, these are far from the domain of 
our interest. In order to see the scale of the amplitudes, we separate the contribution 
of the nearest s-wave resonance. We take into account the contribution of the other 
s-resonances and of the direct capture as the correction. Then the amplitudes Vi 
are as follows: 

1 h&(1+4 v _ 
1 

2k 2 E-E,+fiT, ’ 

1  h  T ,( J ’M,, 
V 2(J =-5 y E _E  + Q r 9  

P  2  P  
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Figure 2.8: Definition of coordinate systems and vector elements. The z axis is defined in the
beam direction, the y axis is the vertical upward axis, the x axis is perpendicular to them. The
polar angle in the spherical coordinate is denoted by ✓ and the azimuthal angle is '.
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where ' is the azimuthal angle. In particular, the a2 term is important because its amplitude

is predicted to be large given the value of �p in previous studies. The a2 term can also be

expanded in terms with x and y dependencies as
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where Jrs , Jrp are the spin of the compound states for s- and p-wave resonances, respectively.

Variable I is the spin of the target nucleus and F is the spin of the final state. Therefore, the
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where Jrs , Jrp are the spin of the compound states for s- and p-wave resonances, respectively.

Variable I is the spin of the target nucleus and F is the spin of the final state. Therefore, the
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T. Okudaira, et. al., Nucl. Instrum. Methods A 977, 164301 (2020).
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T. Okudaira, et. al., Nucl. Instrum. Methods A 977, 164301 (2020).
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Fig. 10. Photograph of the ex-situ system installed at ANNRI beamline. The coil
wrapped with permalloy sheets, NMR system, and 3He cell were placed between the
iron shields.

Fig. 11. Photograph of the in-situ system installed at SHARAKU beamline.

5.3. BL17 SHARAKU

A trial experiment using the in-situ system on a beamline for neu-
tron reflectometry: BL17 SHARAKU [11,37] was performed [28]. The
SHARAKU beamline has a neutron polarizer and an analyzer consisting
of supermirrors. Some of the supermirrors are stacked vertically in
order to cover a wide area, which analyze the scattered neutron spins
with wavelengths longer than 0.2 nm. However, some neutrons, which
transmitted through the supermirrors are scattered by the supermir-
rors, and spacial distribution of neutrons reflected from a sample is
disturbed. A 3He spin filter was used as the analyzer instead of the
supermirrors to reduce uncertainty produced with the supermirrors
(Fig. 11). The 3He cell using pure Rb with a pressure thickness of
11.1 atm�cm, diameter of 35 mm, and length of 55 mm was used. A
Fe-Cr multi-layered thin film was used as a sample, and off-specular
measurements were performed using the in-situ system. The 3He polar-
ization was 60% during the experiment. The in-situ system successfully
demonstrated and worked stably over 4 days of the experimental time.
The sample had been measured previously at ISIS, and we obtained the
identical results on SHARAKU. This satisfactory implies that our in-situ
system worked as designed.

5.4. BL06 VIN ROSE

BL06 VIN ROSE [11,38] is equipped with a modulated intensity
by zero effort (MIEZE) spectrometer to analyze the slow dynamics of
condensed matter by measuring the intermediate scattering function.
Experiments using a combination of a MIEZE spectrometer and the
time of flight (TOF-MIEZE [39]) method have been carried out, and
additionally, polarization analysis of scattered neutrons by a sample is
planned in order to study spin dynamics by installing a spin analyzer.
We installed a 3He cell after the sample position as an analyzer to
confirm that the 3He spin filter can be used for the MIEZE spectrom-
eter [29]. The MIEZE signal was measured with and without the 3He
cell, and no difference was observed in the signal contrast. This result

Fig. 12. Photograph of the ex-situ system installed on the VIN ROSE beamline. The
polarized neutron beam was scattered by the sample, and the spin of the scattered
neutron was analyzed with the 3He spin filter. The vacuum duct was wrapped with
boron sheets to reduce background neutrons.

implies that diffusion of 3He gas does not affect the MIEZE signal
and a 3He spin filter can be used as a second analyzer in the MIEZE
spectrometer. Furthermore, in 2020, an experiment to measure the spin
dynamics of ferrofluid was conducted by using a 3He spin filter as
shown in Fig. 12. The 3He polarization of 72% and relaxation time
of 120 h was achieved on this beamline in the experiment, and the
analysis is currently underway.

5.5. BL15 TAIKAN

BL15 TAIKAN [11,40] is a small and wide angle neutron scattering
instrument. We conducted a trial experiment to measure coherent and
incoherent scattering cross sections from hydrogen contained material
by analyzing scattered neutrons using the in-situ system [30]. Supermir-
rors were installed upstream of the beamline as a neutron polarizer,
and the 3He spin filter was used as a spin analyzer. Silver behenate
was used as the sample, and the 3He cell with pure Rb was placed
120 mm downstream of the sample. The diameter of 3He cell was
35 mm, the length was 55 mm, and the gas pressure was 3 atm. A stable
3He polarization of 68% was kept during the experiment. Scattered
neutrons reaching a part of the small-angle detector bank were spin
analyzed. The coherent and incoherent scattering components were
successfully separated by analyzing the scattered neutrons. Although
the trial experiment was successful, the solid angle of the 3He cell was
inadequate and the pressure–thickness was not suitable for the neutron
wavelength used in TAIKAN. In order to cover a larger solid angle, an
ex-situ SEOP system using a larger 3He cell, which is to be placed 10 mm
downstream of the sample, is being prepared (Fig. 13). A new 3He cell
with rubidium and potassium has been fabricated with a diameter of
60 mm, a thickness of 40 mm, and a gas pressure of 1.5 atm for cold
neutrons. More trial and user experiments will be carried out in 2020.

5.6. BL21 NOVA

Experiments using 3He spin filters at BL21 NOVA [11,41], which is
a total diffractometer, are also planned. NOVA is equipped with large
solid angle neutron detectors. The detectors and a sample are installed
in a large vacuum chamber. We are planning to install two ex-situ
systems upstream of the beamline and around the sample to perform
polarized neutron scattering experiments. The schematic view of the
ex-situ systems at NOVA is shown in Fig. 14. The ex-situ system for the
polarizer is installed at the upstream of the beamline, and the neutron
polarization is held by the magnetic field produced with a guide coil
to the sample. The scattered neutrons by the sample are analyzed with
two 3He cells. This ex-situ system for the analyzer which can be installed
to the vacuum chamber is developed as shown in Fig. 15. A sample is
suspended from the top of the vacuum flange. The neutrons scattered
by the sample are analyzed with two 3He cells placed at a distance of
20 mm from the sample. The stage for the 3He cells can be rotated
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Figure 3.17: 3He spin filter and a guide magnet for neutron spin transport. The left figure is
a solid view of the system. Unpolarized neutrons were injected from the side of the solenoid
coil and polarized by passing through the 3He spin filter installed in the solenoid coil, after
which they irradiate the downstream nuclear target. The right figure is a top view of the
system. Solid arrows indicate the direction of the magnetic field and a dashed arrow indicates
the direction of the neutron beam. The magnetic field antiparallel to x axis outside the solenoid
coil was canceled by the guide magnet composed of permanent magnets, and in addition, the
magnetic field was applied in the x axis parallel direction. Therefore, polarized neutrons always
maintained polarization due to adiabatic transport in the guiding magnetic fields.
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中性子偏極　3He中性子スピンフィルタ　at BL04

左 : 中性子偏極デバイスである3Heスピンフィルターとガンマ線検出器。139La原子核に偏極中性子が吸収された際のガンマ線の放出方向を測定する。
右：下方向の検出器で測定されたガンマ線の量の中性子エネルギー依存性。中性子のエネルギーが0.74eVの時に、スピンの向きによって変化していることがわかる。
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Figure 2.10: Energy dependence of the cross sections for a2x and a2y terms in the vicinity of the
p-wave resonance for the case of F = 3, Js1

= 4, Jp = 4, and Js2
= 3. The a0 term represents

the uncorrelated absorption cross section of the (n, �) reaction. The presence of a2 changes the
resonance amplitude.

Table 2.3: Resonance parameters of 139La used in the analysis. r is
the type of partial wave, Er is the resonance energy, Jr is the spin of
compound state, lr is the orbital angular momentum of the incident
neutron, ��

r is the partial � width, gr = (2Jr + 1) / [2 (2I + 1)] is the
statistical factor and �n

r is the neutron width.

r Er (eV) Jr lr ��
r (meV) gr�n

r (meV)

s1 �48.63a 4a 0 62.2a (571.8)a

p 0.740 ± 0.002b 4 1 40.41 ± 0.76b (5.6 ± 0.5) ⇥ 10�5 c

s2 72.30 ± 0.05c 3 0 75.64 ± 2.21c 11.76 ± 0.53c

a Taken from Ref.[49, 50].
b Taken from Ref.[30, 51].

c Taken from Ref.[52].

26



基本的対称性の実験,  
日本のスピン物理学の展望、2021年2月24日  
名古屋大学　北口雅暁 page 41

T. Yamamoto et. al. , 博士論文

干偏極の結果と合わせて、もっともらしい範囲を見積もる。
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Figure 5.7: Value of |(J)| as a function of �p by the combined analysis
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Figure 5.5: Visualization of the value of �p on the xy-plane by the combined analysis
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Figure 5.6: Probability distribution of �p on a unit circle by the combined analysis
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5.1.2 Combined analysis integrating the results of previous studies

The same discussion as above is analyzed by integrating the measurement results of previous

studies. Values of �p were limited by determination of a1 and a3 by measurement of angular

distribution of (n, �) reaction in a previous study [30]. As shown in Fig.5.4, each measurement

limits the value of �p in the xy-plane. By multiplying the probability distributions in each

measurement, we obtain a probability distribution derived from the three results shown in

Fig.5.5. Then, considering the probability distribution on the unit circle, the distribution is as

shown in Fig.5.6, and the region of the 95% confidence level is obtained as follows,

�p =
�
105.4+9.1

�7.9

��
. (5.14)

The value of x corresponding to �p is then

x = �0.26+0.13
�0.15. (5.15)

The above result is shown in Fig.5.2 in the xy plane. From these values of x, the value of W is

determined from the Eq.2.7.

W =
�
7.94+8.17

�2.85

�
meV. (5.16)

Further, the value of (J) from the value of �p is obtained as follows from Eq.2.20.

(J) = 1.62+2.60
�0.95. (5.17)

The restricted region of |(J)| is obtained by a combined analysis and shown in Fig.5.7.
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時間反転対称性の破れも増幅？

T-violation
P-violationgCP/gP

有効相互作用表示で大きさを見積もると、、、
Y.-H.Song et al., Phys. Rev. C83 (2011) 065503

ごく単純にEDMと比較
from upper limit of nEDM

Gudkov, Phys. Rep. 212 (1992) 77.

from upper limit of Hg EDM

139Laを用いた T-violation探索実験の測定時間

奥平琢也
名古屋大学 φ研

2017年 12月 21日

1 WT/W の計算
基礎相互作用における T-violating interaction と P-violating interaction の大きさ WT/W を
きちんと見積もる。Neutron- Deuteron 散乱における T-odd P-odd cross sectionと P-odd cross

sectionの比は Y.H.Songらによって求められている [2]. これがWT/W に等しいとする。

WT

W
=

∆σ/T /P

∆σ /P
! (−0.47)

(
ḡ(0)π

h1
π

+ (0.26)
ḡ(1)π

h1
π

)
(1)

T-violating pion coupling constant ḡ(0)π と ḡ(1)π に関してはそれぞれ以下のように n-EDM search

と 199Hg-EDM searchから制限がかかっている。

ḡ(0)π < 2.5× 10−10, ḡ(1)π < 0.5× 10−11 (2)

P-violating pion coupling constant h1
π に関しては値が明確に公表されているわけではないが、二

つの実験で測定されている。一つは Bowmanらによる 18Fを使用した実験で、Zero consistentな
結果が得られている。

h1
π = (0.456± 0.913)× 10−7 [4] (3)

もう一つは NPDGamma Collaborationによる n+p→d+γ 反応を使った実験で、ゼロではない結
果が得られている。これは Flyの Doctor論文に乗っていた Preliminaryな結果であり、未だ最終
的な値は publishされておらず、今後この値は変わりうる。

h1
π = (3.04± 1.23)× 10−7 [5] (4)

本計算ではより単純な系であると言う観点から (2)の値を使用する。ちなみにこの二つの値の加重
平均をとると h1

π = (1.37± 0.77)× 10−7 となる。
式 4の値を使用した場合、 ∣∣∣∣

WT

W

∣∣∣∣ < 3.9× 10−4 (5)

1

from NPDGammaDiscovery potential

時間反転対称性の破れ探索の感度

6.2.1 Estimation of experimental sensitivity

The T-violating cross section in the transmission measurement may be described using EFT

as in Eq.1.9. The P-violating cross section �� 6P in neutron-deuteron scattering may also be

described using the Desplanques, Donoghue, Holstein (DDH) model as follows [29].

�� 6P
2�tot

'
(0.395 b)

2�tot

h1

⇡, (6.1)

where h1

⇡ is a P-violating pion nucleon coupling constant. The ratio of the T-violating weak

matrix element to the P-violating weak matrix element can be obtained by taking the ratio of

Eq.1.9 to Eq.6.1.

WT

W
=

�� 6T 6P
�� 6P

' (�0.47)

"
ḡ(0)

⇡

h1
⇡

+ (0.26)
ḡ(1)

⇡

h1
⇡

#
. (6.2)

Upper limits are given for ḡ(0)

⇡ and ḡ(1)

⇡ from nEDM and 199Hg atomic EDM measurements,

respectively [73, 74].

ḡ(0)

⇡ < 1.6 ⇥ 10�10, ḡ(1)

⇡ < 0.5 ⇥ 10�11. (6.3)

The value of h1

⇡ utilizes the limitations of the DDH coupling constants by various experiments

shown in Fig.6.1. Although the experimental result of 18F gives a smaller value than the

~np measurement [38], considering the complexity of the system, we adopt the result of ~np

measurement, which is a simple few-body system, in this estimation.

h1

⇡ = (2.6 ± 1.2stat ± 0.2sys) ⇥ 10�7. (6.4)

Thus, the WT/W is restricted as follows,

����
WT

W

���� < 2.9 ⇥ 10�4. (6.5)

Substitution in Eq.2.20 gives the following relationship,

|��T| < 1.4 ⇥ 10�4 barn, (6.6)

where the values of (J) and ��P are 1.6 and 0.3 barn, respectively.
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ḡ(1)

⇡

h1
⇡

#
. (6.2)

Upper limits are given for ḡ(0)
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parameter x in Eq.2.8 is estimated to be of the order of 1 and can be determined by measuring

the angular distribution of the (n, �) reaction.

2.3 T-violation in nuclear reactions

2.3.1 Enhancement of the T-violation in the compound nuclear pro-

cess

It has been pointed out by Gudkov that CP-violation can also be enhanced when the enhance-

ment mechanism of P-violation based on the sp-mixing model in the compound nuclear process

is expanded [27]. Since CP-violation is equivalent to T-violation via the CPT theorem, it can be

observed as a T-violating cross section experimentally. The wave function |lsIi is transformed

by parity inversion as

P : |lsIi ! (�1)l
|lsIi. (2.17)

In the case of a time reversal transformation, it changes as follows,

T : |lsIi ! (�1)i⇡SyK̂|lsIi, (2.18)

where I is the target nuclear spin, S is the channel spin, which is defined as S = s+I and K̂ is

an operator that gives complex conjugation. Enhancement of T-violation is caused by mixing

of di↵erent channel spin. We then consider the recombination of the angular momentum as

follows,

|((Is)S, l)Ji =
X

j

h(I, (sl)j)J | ((Is)S, l)Ji|(I, (sl)j)Ji

=
X

j

(�1)1+I+
1

2
+J

p
(2j + 1)(2S + 1)

8
<

:
1 1

2
j

I J S

9
=

; |((ls)j, I)Ji,

(2.19)

where J = s + I + l is the spin of the compound nuclear state. This recombination produces

the following relationship between T- and P-violation as follows,

��T = (J)
WT

W
��P, (2.20)

where the spin factor (J) is a coe�cient representing the change in the combination of angu-

lar momentum, ��T and ��P are T- and P-violating cross section in the compound nuclear

reaction, and WT and W are the T- and P-violating weak matrix elements. The spin factor

15
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Figure 6.3: Target thickness dependence of the FOM. The FOM defined in Eq.6.18 has extremal
value at tt = 3.2 cm, therefore the optimum thickness of the target is 3.2 cm.

0 20 40 60 80 100 120 140 160 1800

0.2

0.4

0.6

0.8

1

Effective thickness of 3He (atm･cm)

T
n

,
P

n
<latexit sha1_base64="e8inBirm5IUJtaprHwbYPLQdqf0="></latexit><latexit sha1_base64="e8inBirm5IUJtaprHwbYPLQdqf0="></latexit><latexit sha1_base64="e8inBirm5IUJtaprHwbYPLQdqf0="></latexit><latexit sha1_base64="e8inBirm5IUJtaprHwbYPLQdqf0="></latexit>

Tn
<latexit sha1_base64="FhDHmB3WW7pSKWnfq7NxOcxXIKY="></latexit><latexit sha1_base64="FhDHmB3WW7pSKWnfq7NxOcxXIKY="></latexit><latexit sha1_base64="FhDHmB3WW7pSKWnfq7NxOcxXIKY="></latexit><latexit sha1_base64="FhDHmB3WW7pSKWnfq7NxOcxXIKY="></latexit>

Pn
<latexit sha1_base64="clUJJLE2bluYzRvrQm3M4kslykU="></latexit><latexit sha1_base64="clUJJLE2bluYzRvrQm3M4kslykU="></latexit><latexit sha1_base64="clUJJLE2bluYzRvrQm3M4kslykU="></latexit><latexit sha1_base64="clUJJLE2bluYzRvrQm3M4kslykU="></latexit>

FOM

Figure 6.4: E↵ective thickness of 3He dependence on transmittance, polarization, and FOM.
When the polarization ratio of 3He is 70%, the FOM has a maximum at nHetHe = 72 atm · cm
which is the optimum thickness.
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Figure 6.3: Target thickness dependence of the FOM. The FOM defined in Eq.6.18 has extremal
value at tt = 3.2 cm, therefore the optimum thickness of the target is 3.2 cm.
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Figure 6.4: E↵ective thickness of 3He dependence on transmittance, polarization, and FOM.
When the polarization ratio of 3He is 70%, the FOM has a maximum at nHetHe = 72 atm · cm
which is the optimum thickness.
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実験計画

J-PARC P76 https://j- parc.jp/researcher/Hadron/en/pac_2001/pdf/P76_2020-03.pdf

KEK, JAEA

Indiana Univ,. Kentucky Univ., 
RCNP, Nagoya Univ.
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Nagoya Univ., KEK

NOPTREX Collaboration
Neutron Optical Parity and Time Reversal EXperiment
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実験計画
P(139La)≥0.4, V≥4cm×4cm×2.8cm
B0≤0.1T

スピン偏極度100%を仮定した場合に、 
新発見の可能性のある統計精度に到達するのに必要な時間

既存技術を集約した場合、新発見の可能性のある
統計精度に到達するのに必要な時間
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7−10

6−10

5−10

Graph

Measurement Time [day]

(究極技術)

既存技術の集約
discovery potential 
corresponding to
dn =3.0×10-26 e cm

discovery potential 
corresponding to
dn =3.0×10-27 e cm

P( 3He)=100%, P( 139La)=100% 

P( 3He)=70%, P( 139La)=40%
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まとめ

電気双極子能率（EDM）は時間反転対称性を破れる

中性子EDM、原子EDM、分子EDMを通じて新物理を探る

139Laを用いた実験を計画、基礎研究が進行中

中性子偏極・偏極核標的が重要

時間反転対称性の破れも増幅される可能性がある

複合核反応では空間反転対称性の破れが増幅されることがある
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T-odd Correlation in Compound Nuclei
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MTV

ベータ崩壊角相関によるCPの破れの探索
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中性子反中性子振動

(4.8±0.2)π 
(200-250MeV)

0.95

0.05

T

nn oscillation measurement
_

direct acceptance
Ω~10µsr

acceptance with reflector 
(single reflection)

Ω~10msr

precise imaging is not necessary

detector 
(conversion target)

neutron source

200 m

Free�Neutron�vs�Bound�Neutrons��
NNbar�Search�Sensitivity�Comparison�

(see�backup�slides�on�complementarity�of�free�and�bound�neutron�search)

2
bound freeRU U� q

intranuclear 
search exp.
limits:
Super-K,
Soudan-2
Frejus

Free neutron
search limit 
(ILL - 1994)

Goal of new n-nbar search
with free neutrons

Factor of 1,000 
sensitivity increase

35

Recent�SͲK�(2011)
limit�based
on�24�candidates
and�24.1�bkgr.
from�atm.�Q

Future�HyperͲK

LBNE�35�kt,�10�years,�if��zero�atm.�Q background�?�(R&D�issue)

PostͲSphaleron�Baryogenesis

Babu�et�al

?

page

Title(Search for Neutron Antineutron Oscillation with Free Neutrons) 
Conf(Seminar at Yamazaki’s Lab) 
Date(2014/09/17) At(Wako) 17

B-L Triangle by R.N.Mohapatra

sphaleron

QQQQQQ QQQL LLB, B-L violation

Neutrinoless Double Beta Decay 

(ΔB=0, ΔL=2 / Δ(B-L)=-2)
Neutron-Antineutron Oscillation 

(ΔB=-2, ΔL=0 / Δ(B-L)=-2)

Proton Decay 

(ΔB=-1, ΔL=-1 / Δ(B-L)=-0)

Baryogenesis


