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An Algorithm to Search for a Neutral Kaon Decay, K0
L → π0π0γ
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A neutral kaon decays via the reaction K0
L → π0π0γ, which produces two π0s and one gamma.

Each of the π0s generate two gammas. In total, 5 gammas are emitted in the end. This sequence is

calculated by using the Standard Model. For instance, chiral perturbation theory (ChPT), which

relates to the strong interaction in the low-energy region, explains the neutral kaon decay reaction,

K0
L → π0π0γ, well. In this paper, we report an algorithm for detecting the K0

L → π0π0γ decay

reaction, more clearly by distinguishing it from background events such as other kaon decays. The

main background event is K0
L → π0π0π0 decay, which produces 6 gammas in the end. The signals

of this mode can be misunderstood as those of the 5-gamma decay reaction in two way. Firstly,

one of the six output gammas is missing. Secondly, two of the gammas from one of the π0s are

detected as one gamma by the detector, so this can be mistaken as the detection of five gammas.

This paper presents and explains an algorithm for distinguishing the decay modes, as well as the

results obtained by using that algorithm. The probability that the K0
L → π0π0π0 decay mode is

mistaken as the K0
L → π0π0γ decay mode is found to be about 0.84%.
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×�æ$í
 H�s��:r_� ô�Ç Ô�æõ�õ�&ñ
��� K0
L → π0π0γ\�"f Òqt$í
�)a y��y��_� π0

��H /BI 2>hm��_� y�������Ü¼�Ð Ô�æõ�

÷&#Q"f 8úx 5>h_� y��������̀¦ ~½ÓØ�¦ô�Ç��. s� Ô�æõ�õ�&ñ
�Ér ³ðï�r�̧+þAÜ¼�Ð ú̧� >�íß��)a��. ô�Ç \V�Ð ³ðï�r�̧+þA\�

"f ú́�
���Hy©�ô�Ç�©� ñ���6 x\�"f$�\��-t�%ò
%i��̀¦ ú̧�[O�"î

���H
�s�³1Ï[O�1lxs��:rs� (chiral perturbation

theory, ChPT)s� K0
L → π0π0γ_� Ô�æõ�Ö�¦�̀¦ ú̧� [O�"î
ô�Ç��. s� �7Hë�H\�"f��H ×�æ$í
 H�s��:rs� 5>h_� y����

���Ü¼�Ð Ô�æõ�÷&��H K0
L → π0π0γõ�&ñ
õ� �D¥1lx÷&��H C��â
���©�_� ]j�� ~½ÓZO��̀¦ �è>hô�Ç��. K0

L → π0π0γ →

5γ_� Ô�æõ�ü< �D¥1lx÷&��H 5γ�� �'a8£¤|̈c Ãº e����H ÅÒ¹כ C��â
���©��Ér K0
L → π0π0π0

Ô�æõ�õ�&ñ
���X<, 'Í	P:��H

K0
L → π0π0π0�� µ1ÏÒqt
���H 6γ��î�rX< 1>h_� γ\�¦ ���Ø�¦
�t� 3lwK�"f 5>h_� γ�Ð ���d��
���H �â
Äºü< ÑütP:��H

2γ�� 1γ�Ð �̧��� ���Ø�¦÷&#Q 5γ�Ð ���d�� ÷&��H �â
Äºs���. s���� ���½̈\�"f��H K0
L → π0π0π0

Ô�æõ�õ�&ñ
Ü¼�Ð

ÂÒ'� K0
L → π0π0γ Ô�æõ�õ�&ñ
�̀¦ ½̈Z>�
���H ·ú��¦o�7£§õ� Õª ���õ�\�¦ ���/åL ½+É �.���s	כ ×�æ$í
 H�s��:rs� 5γ�Ð
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�'a8£¤÷&��H ��|	� ��î�rX< K0
L → 3π0 → 6γ ��|	�s� K0

L → π0π0γ → 5γ ��|	�Ü¼�Ð �̧���÷&��H �â
Äº��H ���

0.84%�Ð >�íß�÷&%3���.
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I. "e Â]Ø

×�æ$í
H�s��:r�Ér, K0
L,K0(ds̄)ü< K̄0(d̄s)_����+þA���½+ËÜ¼�Ð

��������H 4>h_� �©�I���î�rX< q��§&h� y©�
�>� ���½+Ë�)a ���×�æ
�½Ó�©�I����K0

S = 1√
2
(K0+K̄0)�Ð�©�@/&h�Ü¼�Ð���
�>����½+Ë

�)aK0
S = 1√

2
(K0−K̄0)�Ð��Ãº"î
s�|��×�æçß���s���. K0

L�Ér

#��Q ��t� Ô�æõ� õ�&ñ
[þt�̀¦ °ú���HX< Table 1s� K0
L_� #��Q

��t� Ô�æõ�õ�&ñ
�̀¦ �Ð#�ï�r��. #��Q ��t� Ô�æõ�õ�&ñ
 ��î�rX<
Äºo��� �'ad�� e����H Ô�æõ�õ�&ñ
�Ér ×�æ$í
 H�s��:rs� 2>h_� ×�æ
$í
��s��:r(π0)õ� 1>h_�y������� (γ)Ü¼�ÐÔ�æõ�
���Hõ�&ñ
s�
��. ³ðï�r�̧+þA (standard model, SM)Ü¼�Ð Seghals� >�íß�
ô�Ç Ô�æõ�õ�&ñ
 K0

L → π0π0γ_� °ú�A�q���H K0
L → π+π−γ_�

°ú�A�q���� 2.9×10−5ü< q��§
�#� 1 × 10−8�Ð \V8£¤
�%i���

[2]. K0
L → π0π0γ → 5γ_� Ô�æõ�õ�&ñ
_� °ú�A�q��� 2∼3>h

_� γ\�¦ µ1ÏÒqt
���H ÅÒ¹כô�Ç ���Ér Ô�æõ�õ�&ñ
 [þt�Ð����H °ú�A�

q��� ���t�ëß� þj7áx&h�Ü¼�Ð 5>h_� y��������̀¦ ~½ÓØ�¦
�l� M:ë�H
\� z�́+«>&h�Ü¼�Ð :£¤&ñ

�l��� �©�@/&h�Ü¼�Ð /'#Q"f ³ðï�r�̧

+þA 1px_� s��:r[þt�̀¦ ���7£x
�l��� 6 xs�
���. Äºo���H ×�æ$í
 H�
s��:r_� Ô�æõ� ��î�rX< þj7áx&h�Ü¼�Ð 5>h_� F�g��\�¦ µ1ÏÒqt
���H
K0

L → π0π0γ → 5γ ��|	�[þt�̀¦ 5γ (5 gamma event)��|	�
s����¦ ÂÒ�Ér��.
×�æ$í
 H�s��:r_� Ô�æõ�õ�&ñ
[þt ��î�rX< þj7áx&h�Ü¼�Ð 2∼3>h

_� y��������̀¦ µ1ÏÒqt
���H ���Ér Ô�æõ�õ�&ñ
[þt�Ér 5γ ��|	�,
K0

L → π0π0γ → 5γ, �Ð�� ���Ø�¦l��� �̧���½+É ��0px$í
s�
Z�}��. ÕªXO�t�ëß� 5γ ��|	�_� C��â
���©�s� \O���H ��Ér	כ ��m�

��. 5γ ��|	�s� 5>h_� y�������s� ~½ÓØ�¦÷&��H :£¤s�ô�Ç ��|	�s�
|�� 
�t�ëß� s�ü< Ä»��
�>� ���Ø�¦l��� 5>h_� y��������̀¦ ���
Ø�¦
���H �â
Äº�� µ1ÏÒqtô�Ç��. ×�æ$í
 H�s��:r_� ¢̧ ���Ér Ô�æõ�õ�
&ñ
��� K0

L → π0π0π0 → 6γ��H 5γ ��|	�_� ÅÒ¹כô�Ç C��â
���©�

s���. K0
L → π0π0π0 → 6γ Ô�æõ��� 5γ ��|	�_� C��â
���©�

s� ÷&��HX< ß¼>� 2��t� õ�&ñ
s� e����HX<, 'Í	P:��H 
���_� y��
�����s�×�æ�©�_�c��f.Ë�̀¦:�xõ�
�#�c��f.ËÅÒ���\�C�u��)a CsI
���Ø�¦l��� 1>h_� y����\�¦ ���Ø�¦
�t� 3lw
���H �â
Äº�¦ ÑütP:��H
¿º >h_� y�������s� 1>h_� CsI $3�F�g>�\� 1lxr�\� {9���
�#�
2>h_� γ\�¦ 1>h_� γ�Ð �̧���
���H �â
Äºs���.
s���� ���½̈\�"f��H 5γ ��|	�_� ÅÒ C��â
��|	���� K0

L →
π0π0π0 → 6γ ��|	�s� 5γ ��|	�Ü¼�Ð �̧���÷&��H SX�Ò�¦�̀¦

GEANT4 ���íß��̧��\�¦ :�xK�"f >�íß�
��¦ C��â
��|	��̀¦ 5γ

��|	�Ü¼�Ð �̧���
���H SX�Ò�¦�̀¦ ×�¦s���H ~½ÓZO��̀¦ ¹1Ô���Ð�¦��

ô�Ç��.
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1. K0
L → π0π0γ → 5γ8ý t��VRËÊÝXNË rÇã_Ëכ

K0
L → π0π0γ Ô�æõ�õ�&ñ
�Érþj�è 2>h_�y��î�r1lx|¾Ó\�@/ô�Ç

éß�0A��e��#Q����s��:r�©��̀¦��t�t�·ú§��H��.7£¤��r� ú́�
�

��� ����̂ y��î�r1lx|¾Ó_� ß¼l���H 1s��¦ K0
L → π0π0γ Ô�æõ�õ�

&ñ
\�"f y��������Ér Û¼�2; 1�̀¦ °ú���H��. Õª�QÙ¼�Ð ��6£§õ� °ú 

s�³ð�&³�)a��. |0, 0 >→ Lππ, Lππ
z >,Lγ , Lγ

z >. s�d��\�"f

Lγ
z = −Lππ

z s� ÷&�¦, °úכ�Ér 0s� ��m�Ù¼�Ð |Lππ| ≥ 1s� �)a

��. ëß���� Lππ = 1s���� ¹�è��Hכ=<§��' 2>h_� ��s��:r_� q�@/

g�A �§8̈�Ü¼�Ð s�ÀÒ#Q4R e���̀¦ �.���s	כ #�l�\�"f ���:r '��§>=

¹�è��Hכ �ÐÝ¼ :�x>� (Bose Statistics)\� _�K� ��s��:rs� 2>h

_�ÀÒáÔ�½ÓÜ¼�Ðs�ÀÒ#Q4Re���¦,y���������Hþj�èô�Ç 4×�æ�½ÓÜ¼

�Ð ÷&#Qe����. Õª�QÙ¼�Ð 6	��½Ó s��©�_� °ú̀�כ¦ 8£¤&ñ
½+É Ãº e��

�̀¦ ����s	כ �:r�� [2].

2. J-PARC E14(KOTO) }º4�

E14 (KOTO) z�́+«>_� ÅÒ3lq&h���� ×�æ$í
 K0
Ls� Ô�æõ�õ�&ñ


×�æ 
������, K0
L → π0vv̄ õ�&ñ
\�"f µ1ÏÒqtô�Ç π0�� 2>h_�

γ�Ð Ô�æõ� 
���HX<, s� 2>h_� γ\�¦ �����l�\P�|¾Ó>���� CsI $3�

F�g>��Ð ���Ø�¦K�"f Ô�æõ�Ö�¦�̀¦ 8£¤&ñ

���H �.���s	כ J-PARC\�

"f /BN/åL
���H �ª�$í
�� (proton)�� ³ð&h� Ùþ�(Pt ¢̧��H Ni)\�

Ø�æ[�t
�#� Òqt$í
�)a H�s��:r�̀¦ :�xõ�r�&� c��_� ß¼l�\�¦ �̧]X�

K�ÅÒ��H'Í	���P: �̧ï�rl� (collimator)\�¦t���¿º���P: �̧ï�r

l��Ð ÊêF�g ×�æ$í
��\�¦ ]j��K� ÅÒ�¦ 
����{9�����H 'Í	 ���P: �̧

ï�rl�ü< ¿º ���P: �̧ï�rl� ��s�\� [O�u��)a �©��FG ��$3� (dipole

magnet)�̀¦ s�6 x
�#� ]j��K� ÅÒ�¦ ��"f H�s��:r�̀¦ {9���~½Ó

�¾Ó\�"f 16�̧ ¼#��¾Ó�)a ×�æ$í
 c������� (neutral beamline) �©�

\� 0Au�ô�Ç E14 ���Ø�¦l��Ð Ä»�̧ô�Ç��. ³ð&h� Ùþ�\� _�K� Òqt$í


�)a 
����{9���[þt�Ér c������� �©�\� e����H �©��FG�� ��$3�Ü¼�Ð C�

]jr������. ³ð&h� Ùþ�\� _�K� Òqt$í
�)a γ��H c������� �©�\� e����H

±ú�\� _�K�"f f�̈Ãº ÷&t�ëß� {9�ÂÒ��H :�xõ� 
�>� �)a��. 
�t�

ëß�×�æ$í
��_��â
Äº��H@/ÂÒì�rs�:�xõ�
�>��)a�� [3]. Äºo���H

���$� GEANT4\�¦ s�6 x
�#� J-PARC E14 ���Ø�¦l��Ð {9���


���H ×�æ$í
 H�s��:rs� °ú���H Ô�æõ�õ�&ñ
 ×�æ K0
L → π0π0γ Ô�æ

õ��Ð µ1ÏÒqtô�Ç 5>h_� y�������s� CsI $3�F�g>�\� ���Ø�¦÷&��H õ�

&ñ
�̀¦ F��&³Ùþ¡��.
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Table 1. Kaon Decay Modes [1].

K0
L decay modes

Mode Fraction(Γi/Γ) Scale factor/

Confidence level

Semileptonic modes

Γ1 π±e∓ve Called K0
e3. [a] (40.55 ± 0.11)% S = 1.7

Γ2 π±e∓ve Called K0
e3. [a] (27.04 ± 1.7)% S = 1.1

Γ3 (π µ atom)v (1.05 ± 0.11)×10−7

Γ4 π0π±e∓v [a] (5.20 ± 0.11)×10−5

Γ5 π±e∓ve+e− [a] (1.26 ± 0.04)×10−5

Hadronic modes, including Charge

conjugation×Parity Violating (CPV) modes

Γ6 3π0 (19.52 ± 0.12)% S = 1.6

Γ7 π+π−π0 (12.54 ± 0.05)%

Γ8 π+π− CPV [a] (1.967 ± 0.010)×10−3 S = 1.5

Γ9 π0π0 CPV (8.64 ± 0.06)×10−4 S = 1.8

Semileptonic modes with photons

Γ10 π±e∓veγ [a,c,d] (3.79 ± 0.06)×10−3

Γ11 π±µ∓vµγ (5.65 ± 0.23)×10−4

Hadronic modes with photons or ll̄ pairs

Γ12 π0π0γ < 2.43× 10−7 CL = 90%

Γ13 π+π−γ [c,d] (4.15 ± 0.15)×10−5 S = 2.8

Γ14 π+π−γ(DE) (2.84 ± 0.11)×10−5 S = 2.0

Γ15 π02γ [c] (1.273 ± 0.033)×10−6

Γ16 π0γe+e− (1.62 ± 0.17)×10−8

Other modes with photons or ll̄ pairs

Γ17 2γ (5.47 ± 0.04)×10−4 S = 1.1

Γ18 3γ < 7.4× 10−8 CL = 90%

Γ19 e+e−γ (9.4 ± 0.4)×10−6 S = 2.0

Γ20 µ+µ−γ (3.59 ± 0.11)×10−7 S = 1.3

Γ21 e+e−γγ [c] (5.95 ± 0.33)×10−7

Γ22 µ+µ−γγ [c] (1.0+0.8
−0.6)× 10−8

Charge conjugation × Parity (CP) or Lepton Family number (LF)

Violating modes, or ∆S = 1 weak neutral current (S1) modes

Γ23 µ+µ− (6.84 ± 0.11)×10−9

Γ24 e+e− (9+6
−4)× 10−12

Γ25 π+π−e+e− [c] (3.11 ± 0.19)×10−7

Γ26 π0π0e+e− < 6.6× 10−9 CL = 90%

Γ27 π0π0µ+µ− < 9.2× 10−11 CL = 90%

Γ28 µ+µ−e+e− (2.69 ± 0.27)×10−9

Γ29 e+e−e+e− (3.56 ± 0.21)×10−8

Γ30 π0µ+µ− [e] < 3.8× 10−10 CL = 90%

Γ31 π0e+e− [e] < 2.8× 10−10 CL = 90%

Γ32 π0vv̄ [f] < 2.6× 10−8 CL = 90%

Γ33 π0π0vv̄ < 8.1× 10−7 CL = 90%

Γ34 e±µ∓ [a] < 4.7× 10−12 CL = 90%

Γ35 µ±µ±e∓e∓ [a] < 4.12× 10−11 CL = 90%

Γ36 π0µ±e∓ [a] < 7.6× 10−11 CL = 90%

Γ37 π0π0µ±e∓ < 1.7× 10−10 CL = 90%

3. GEANT4;c"e únÞVRË K0
L ÷sÞ1áùoÚ �	¤XNË Uês0nÉ E14 ���Ø�¦l��Ð Ä»�̧�)a K0

L → π0π0γ Ô�æõ� ���õ��Ð µ1ÏÒqt

�)a 5γ\�¦ E14 ���Ø�¦l�_� ÅÒ �����l� \P�|¾Ó ���Ø�¦l���� CsI �¦
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Fig. 1. (Color online) The Feynman diagram for K0
L →

π0π0γ and K0
L → γγ.

Fig. 2. E14 detector [5].

�̂ $3�F�g>��Ð ���Ø�¦K�"f ��|	��̀¦ 8£¤&ñ
ô�Ç��. Fig. 2��H π0��

2>h_� γ�Ð Ô�æõ�ô�Ç Êê\� CsI $3�F�g>��Ð {9���
���H õ�&ñ
�̀¦
�̧d��&h�Ü¼�Ð �����·p �.���s	כ ÕªaË>\�"f �̧�ÉrAá¤ ��y��+þA�Ér
CsI�Ð ½̈$í
�)a\P�|¾Ó>�_�³ð����̀¦�����·pÕªaË>s��¦,¢,aAá¤\�
"fÂÒ'� H�s��:rs� {9���
�#� Ô�æõ�½+É M: Òqt$í
�)a π0�� 2>h
_� γ�� y�� ϕ\�¦ ��t��¦ Ô�æõ�
�%i��̀¦ M: ��o��� d1õ� d2s�

�¦, E1õ� E2��H CsI³ð���\�{9����)a γ\�¦�����·p��.s�M:H�
s��:rs� CsI~½Ó�¾ÓÜ¼�Ð{9���
�%i��̀¦M:Ô�æõ�
���Ht�&h�\�"f
ÂÒ'� CsI ³ð���\� Ãºf��s� ÷&��H ~½Ó�¾ÓÜ¼�Ð î̈
'������̀¦ Õª%3�
�̀¦ M:_� ����©���� U�́s�\�¦ dz�� 
��¦ ����©����\� _�K� \V8£¤÷&

��H0Au�\�"f 2>h_� γ�ÐÂÒ'�{9����)a0Au� E1õ� E2�ÐÂÒ'�

_� ��o�\�¦ y��y�� r1ü< r2���¦ &ñ
_�ô�Ç��. y�������_� \��-t�
ü< 0Au�ëß�s� CsI\�¦ :�xK�"f l�2�¤�)a��. s� &ñ
�Ð[þt ×�æ Ô�æõ�
r�çß�s� ��_� °ú �¦, \��-t� ì�r�í�� ����Ér 5>h_� y�������Ü¼
�Ð s�ÀÒ#Q��� ��|	��̀¦ �¦�Ér��. s�XO�>� ���Z>�ô�Ç CsI $3�F�g>�
\�{9����)a 5>h_�y�������_�\��-t�ü<0Au�_�&ñ
�Ð\�¦��t�
�¦, ��s��:r_� Ô�æõ� 0Au�\�¦ >�íß�
��¦ F�½̈$í
 r������. ��
s��:r_� 0Au�\�¦ F�½̈$í
ô�Ç Êê %3��Ér °úכ[þt�̀¦ î̈
ç�HK�"f {9���

ô�Ç ×�æ$í
 H�s��:r K0
L�̀¦ F�½̈$í
ô�Ç��.

4. K0
L → π0π0γ → 5γõu§ 4���m
�ÀW¥ T�Â]ØXìÄ 90ßOË

K0
L → π0π0γ → 5γ\� @/ô�Ç �����ëß� ��s�#QÕªÏþ��Ér

Fig. 1\�"f ¢,aAá¤ ÕªaË>Ü¼�Ð �����·p��. s��:r�Ér Heliger Õª
o��¦ Sehgals� &ñ
_� 
�%i���HX< ��6£§õ� °ú s� &ñ
_� ô�Ç��.

A(K0
L → π0(p1)π0(p2)γ(k))

=
gE2(p1 − p2) · k

M4
K

(ε · p1k · p2 − ε · p2k · p1)

s� d��\�"f p2, p2 Õªo��¦ k��H {9��� {9���_� î�r1lx|¾Ó�̀¦ �Ð#�

ï�r��. Õªo��¦ ε��H y���� ��� ì�r�FG�̀¦ �����·p��. Êê\� s� '��
¦¹�è[þt�̀כ=<§ ]jY�Lô�Ç Êê\� y������� ì�r�FG[þt�̀¦ �� �8
�#�ÅÒ

��� K0
L → π0π0γ → 5γ\� @/ô�Ç Ô�æõ�q�\�¦ >�íß�½+É Ãº e���¦

��6£§õ� °ú s� �����·p�� [2].

d2Ω
dEγdβ

=
g2

E2E4
γ |~P1|2 sin(β3)

32π3Λ4M7
KE1E2

((E1 − E2)− (|~P1|2 cos(β)− |~P2|2 cos(θ))

s� d��\�"f E1 Õªo��¦ E2��H 2>h_� ��s��:r\� @/ô�Ç \��-t�
\�¦ ����?/�¦, β��H γ Õªo��¦ 
���_� ��s��:r ��e±	y���̀¦ ��

���·p��. θ��Hy����ü<
���_���s��:r_���e±	y���̀¦�����·p��

[3].

�s�³1Ï[O�1lxs��:r (χPT )\�¦7£x"î

���HÔ�æõ�õ�&ñ
×�æ
���
��H Fig. 1_� �̧�ÉrAá¤ ÕªaË>\�"f �Ð#�ÅÒ�¦ e����H K0

L → γγs�

��. K0
L → γγ Ô�æõ�õ�&ñ
�Ér 
�s�³1Ï [O�1lx s��:r�̀¦ s�6 x
�

#� ³ðï�r �̧+þA_� Ä»ò́ 
�s�³1Ï ��Õª|½Ót�îß� (effective chiral
Lagrangian)�̀¦ î�r1lx|¾Ó (momentum)_� �'a&h�\�"f O(p4)
�½Ó��t� ���>h
��¦ e���� [2]. K0

L → γγ Ô�æõ�õ�&ñ
�Ér 
�s�

³1Ï [O�1lx s�\� _�
���� O(p4)��t� °úכs� 0s���. Fig. 1_� ¢,a
Aá¤ ÕªaË>��� K0

L → π0π0γ Ô�æõ�õ�&ñ
_� �â
Äº K0
L → γγü<

��ðøÍ��t��Ð O(p4)��t� °úכs� 0(zero)s� ÷&#Qe����. 
�t�ëß�

O(p5)ÂÒ'���H>�íß�s�4�¤ú̧�K�t��� O(p5)�½Ó_��â
Äº×�æ$í
p�
�� (neutrino)\� |9�|¾Ó�̀¦ ÂÒ#�
���H �½Ós���"f z�́+«>\�"f��H
°ú̀�כ¦ 0s��� 
�Ù¼�Ð ��z�́�©��Ér 6	��½ÓÂÒ'� 4�¤ú̧�K� t���H �	כ
s���. K0

L → π0π0γ Ô�æõ�õ�&ñ
_� �â
Äº O(p6)�½Ó_� >�íß��Ér
O(p4)��t� 0s� ÷&Ù¼�Ð f��]X�&h�Ü¼�Ð 8£¤&ñ
½+É Ãº e����. Õª�Q
�� O(p6)�½ÓÂÒ'���H ±ú��Ér �½Ó[þt_� l�#��� �-Áº ß¼l� M:ë�H
\� >�íß�
�l��� ~1�t� ·ú§�� [2]. s���H �8 ������ Fig. 1_�
�̧�ÉrAá¤ ÕªaË>_� K0

L → π0γγ Ô�æõ�õ�&ñ
�Ér 
�s�³1Ï [O�1lxs�

�:r_� O(p6)�½Ó_� ß¼l�\� @/ô�Ç s��:r&h� Ô�¦SX�z�́$í
\� @/K�
"f ²ú��̀¦ ]j/BNK� ×�¦ ��¹כ��9 e��Ü¼ 9 s�\� @/ô�Ç ²ú��Ér ���²DG

K0
L → π0eeÔ�æõ�\�"f CP�� �Ð�>rs� ÷&��H �½Ó_� ß¼l�\� @/
K�"f l�����̀¦ ô�Ç��. K0

L → π0π0γ Ô�æõ�õ�&ñ
�Ér ���/åLô�Ç ��

ü< °ú s� CP (Charged-Parity)�� �Ð�>r÷&��H �½Ó_� ß¼l���
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Table 2. Effective Chiral Lagrangian [4]

Lchiralorder Loop order

(Number of Low Energy Constant)

Lp2(2) + Lp4(10) + Lp6(90) L = 0

Where Lp2(2) + Lp4(10) is Lagrangians L ≤ 1

relate for Standard Model L ≤ 2

O(p4)��t���H°úכs� 0s�Ù¼�Ð CP���Ð�>rs��)a����H��z�́�̀¦
·ú��¦e��t�ëß�, 6	��½Ós��©�_��â
Äº��H CP���Ð�>rs�÷&��H�½Ó
s����1�Ãºe��Ü¼Ù¼�Ð K0

L → π0π0γ_�Ô�æõ�õ�&ñ
_�8£¤&ñ
s�


¹כ��9���. Table 2��H
�s�³1Ï[O�1lxs��:r_�y���½Ó[þt\�@/ô�Ç
���õ� °ú̀�כ¦ �Ð#� ÅÒ�¦ e���� [6,7].

II. ÷mÇ]Mö Uês0nÉ

1. J-PARC E14(KOTO)8ý únÞVRË K0
L ÷sÞ1áùoÚ �	¤XNË

Uês0nÉ

s���� z�́+«>_� ÅÒ 3lq&h��Ér ×�æ$í
 K0
Ls� Ô�æõ�õ�&ñ
 ×�æ 
���

���, K0
L → π0π0π0 õ�&ñ
\�"f µ1ÏÒqtô�Ç π0�� 2>h_� γ�Ð Ô�æ

õ� 
�%i��̀¦ M:, µ1ÏÒqtô�Ç 6>h_� γ×�æ 
����� ���Ø�¦s� îß�÷&%3�

���� 2>h_� γ�� 
����Ð {9����)a �â
Äº\� @/K� GEANT4\�¦
s�6 x
�#� 8£¤&ñ

���H �.���s	כ

Fig. 3�Ér E14 ���Ø�¦l�_� éß�����̧\�¦ �����·p ÕªaË>s���. ���
íß��̧��_�[O�&ñ
�Ér��6£§õ�°ú s�&ñ
Ùþ¡��.î�r1lx\��-t� 1 GeV
��� ×�æ$í
 H�s��:rs� K0

L → π0π0π0 → 6γ�Ð Ô�æõ�
�#� CsI
\P�|¾Ó {9���
���H �¦̀�	כ GEANT4�Ð F�½̈$í
 Ùþ¡��. s�Êê CsI
\P�|¾Ó>�\� {9����)a y������� &ñ
�Ð\�¦ ��t��¦ {9���ô�Ç ×�æ$í
 H�

s��:r K0
L\�¦ s�\�¦ :�xK�"f Òqt$í
�)a 6>h_� y�������\�¦ ��t�

�¦ 5>h_� y�������Ü¼�Ð �̧���÷&��H �â
Äº\�¦ F�½̈$í
K� �Ð��¤
��. CsI \P�|¾Ó>�\� {9����)a y�������_� &ñ
�Ð\�¦ ÆÒØ�¦
�#� {9�
��ô�Ç ×�æ$í
 K0

L\�¦ F�½̈$í

���H âì2£§�̧��H Fig. 7õ� °ú ��.
GEANT4\�¦s�6 xô�Ç���íß��̧��\�"f��H>hZ>�_��ï×¼\�¦��
6 x
���HX< l��:r&h�Ü¼�Ð Particle Data Group\�"f ]j/BN
�
��H Ô�æõ�q�\�¦ s�6 xô�Ç��. ���íß��̧��\�"f {9��� {9����Ð ��6 x
ô�Ç #��Q ×�æ$í
 H�s��:r Ô�æõ�õ�&ñ
×�æ K0

L → π0π0π0
Ô�æõ�õ�

&ñ
_��â
ÄºÔ�æõ���°ú�A�q� 19.83 %�Ð[O�&ñ
÷&#Qe���¦,{9���
\��-t�\�¦ 1 GeV�Ð 
�%i���. Õª ü@ ���Ø�¦l�_� ½̈$í
�Ér z�́+«>
õ� 1lx{9�
�>� ½̈$í
÷&#Q e����. ���íß��̧��_� ���õ���H �¦\��-
t� Óüto� ì�r��\�"f V,�o� æ¼s���H ì�r$3� áÔ�ÐÕªÏþ���� ROOT
��{9��Ð $��©�s� �)a��.

5γ�ÐÂÒ'� K0
L�̀¦ F�½̈$í

���H ·ú��¦o�7£§�Ér ��6£§õ� °ú ��.

���$� K0
L → π0π0π0

Ô�æõ�õ�&ñ
�̀¦���íß��̧��\�¦:�xK�Òqt$í
�)a

Fig. 3. (Color online) Schematic view of π0 reconstruc-
tion.

Fig. 4. (Color online) Reconstructed KL mass distribu-
tion from K0

l → π0π0π0 data

���õ��ÐÂÒ'� K0
L → π0π0γ�Ð �̧���÷&��H ���õ�\�¦ F�½̈$í

�

l� 0AK� ÅÒ�)a C��â
���©�s� ÷&��H K0
L → π0π0π0

Ô�æõ�õ�&ñ


\�"f 2>h_� π0
\�¦F�½̈$í
ô�ÇÊê,�� Qt� 2>h_�y�������s�z��

>� ÷&��HX<, s�×�æ ���Ø�¦l�\� [þt#Qçß� y��������̀¦ y�������1 s�

�� g�A
��¦ ���Ér 
���\�¦ y�������2���¦ g�A
�%i��¦, ���$� F�
½̈$í
ô�Ç π0_� &ñ
�Ð\�¦ �¦&ñ
ô�Ç Êê y�������1õ� y�������2\�¦ ���
°ú��� �����"f ]j��
� 9 5>h_� y�������Ü¼�Ð ½̈$í
s� �)a ×�æ

$í
 H�s��:r�̀¦ F�½̈$í
 
�%i���. s�XO�>� F�½̈$í
�)a ×�æ$í
H�s�

�:r \��-t�\�¦ {9���ô�Ç ×�æ$í
 H�s��:r_� \��-t�ü< q��§ ì�r$3�

Ùþ¡��.

III. ÷mÇ]Mö+sÇÊÝ õmÍ ÄZØV	Ä

×�æ$í
H�s��:rs�Ô�æõ�õ�&ñ
, K0
L → π0π0γ,�̀¦SX����
�l�0A

K�"f��H CsI $3�F�g>��Ð ���Ø�¦�)a y�������[þt�ÐÂÒ'� H�s��:r_�

F�½̈$í
 ~½ÓZO�s� 
¹כ��9���. ×�æ$í
 H�s��:r�̀¦ F�½̈$í

�l� 0A
K�"f��H ���$� 2>h_� y�������Ü¼�ÐÂÒ'� 1>h_� π0

\�¦ F�½̈$í


K��� ô�Ç��. F�½̈$í

���H ~½ÓZO��Ér Fig. 2\�¦ �Ð>� ÷&��� ���Ø�¦
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Fig. 5. (Color online) Reconstructed KL mass distribu-
tion from K0

L → π0π0γ data.

Fig. 6. (Color online) Reconstructed KL mass distribu-
tion from K0

L → π0π0π0 data.

l�\� 2>h_� γ�����Ø�¦l�÷&%3��̀¦M:d���̀¦ cosθ = 1− M2
π0

2E1E2
,

s�6 xK� 
���_� π0_� Ô�æõ�t�&h��̀¦ ½̈
��¦ ���Ér 2>h_� γ�Ð

ÂÒ'� ¿º ���P: π0_� Ô�æõ�t�&h��̀¦ y��y�� ½̈ô�Ç Êê\� ¿º π0
Ô�æ

õ�t�&h�_� î̈
ç�H°ú̀�כ¦ ½̈ô�Ç��.
Õª ��6£§\���H K0

L → π0π0π0
���íß��̧�� ���õ��ÐÂÒ'�

K0
L → π0π0γ_� F�½̈$í
ô�Ç π0_� Ô�æõ�0Au�\�¦ SX����K���

ô�Ç��. K0
L → π0π0π0

Ô�æõ�õ�&ñ
\�"f 2>h_� γ�� ���Ø�¦l�

\� ��� ñ\�¦ z��U�́ M: 
���_� γ�Ð l�2�¤�̀¦ z��l���� 5γ ��|	�

Ü¼�Ð �̧���÷&l� M:ë�Hs���. ����"f K0
L → π0π0π0_� ���

íß��̧�� ���õ��Ð ���K� Òqt$í
s� |̈c K0
L → π0π0γ Ô�æõ�õ�&ñ


õ� K0
L → π0π0π0_� Ô�æõ�õ�&ñ
_� q��§�� 
¹כ��9���. s�M:

K0
L → π0π0γ Ô�æõ��ÐÂÒ'� 5>h_� γ�ÐÂÒ'� 2>h_� γ\�¦���×þ�

��0pxô�Ç �̧½+Ë�Ér 10>hs���. K0
L → π0π0γ Ô�æõ��ÐÂÒ'� Òqt$í


�)a 2>h_� γ�ÐÂÒ'� ô�Ç >h_� π0
\�¦ SX����ô�Ç Êê Ô�æõ�0Au�\�¦

SX����
��¦ ��"f ×�æ$í
 H�s��:r_� |9�|¾Ó�̀¦ F�½̈$í
ô�Ç��.
Fig. 4��H ×�æ$í
 H�s��:r_� |9�|¾Ó�̀¦ F�½̈$í
ô�Ç �̧Ãºì�r�í³ð
s���. s� �̧Ãºì�r�í³ð��H 3π0 X<s�'�\�"f 2π0γ Ô�æõ��Ð �̧

���÷&��H C��â
���©��̀¦ �����·p ÕªaË>õ� 3π0
\�¦ �Ð#�ÅÒ�¦ e����H

ÕªaË>Ü¼�Ð ¿º ��t� ���½Ó�̀¦ µ1Ï|
�½+É Ãº e����. 
�����H 3π0�Ð

Fig. 7. (Color online) The sequence flow of a Neutral
Kaon decay, K0

L → π0π0γ, reconstruction.

Ô�æõ�ô�Ç ×�æ$í
 H�s��:r�̀¦ F�½̈$í
ô�Ç |9�|¾Ó�Ér ��� 500 MeV���

�¦̀�	כ SX����½+É Ãº e��Ü¼ 9, ¢̧ ���Ér 
�����H 5>h_� γ�Ð Ô�æõ�

ô�Ç �Ü¼�Ð	כ �̧����)a �	כ ×�æ 
���_� γ��H ���Ø�¦l� ×�æ�©�Ü¼�Ð ��

4R��çß��s���.Õªs�Ä»��H	כ�Ü¼�ÐSX����s�÷&��H	כ 6>h_�y��

������̀¦ Òqt$í
K� ?/#Q 6>h_� γ�Ð �̧½+Ë�̀¦ 
��¦ Õª s�Êê\�

1>h_� y��������̀¦ ]j��K� �Ð��¤�8m� 1>h_� y�������s� ����

4R"f ¢̧ ���Ér y��������̀¦ ]j��K��̧ K0
L → π0π0π0�� CsI\�

���Ø�¦s� �)a Fig. 4_� y�Û¼�ÐÕªÏþ�_� ���õ�ü< 1lx{9�ô�Ç ���õ�\�¦

�Ð#�ÅÒ%3���.

Fig. 5��H 6>h_� y��������̀¦ Òqt$í
K� ?/��H ���íß��̧�� ���õ�

\�"f 
���_� y��������̀¦ �É� \��-t� %ò
%i�s� ��� 400 MeV ÂÒ

��H���X<,s���HF�½̈$í
�)a
���_� π0��\O�#Q"fÕª����.���s	כ
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ìøÍ��� Fig. 6_� �â
Äº��H 6>h_� y��������̀¦ Òqt$í
K� ?/��H ���íß�
�̧�� ���õ�\�"f 
���_� y��������̀¦ NSt� ·ú§�¦ F�½̈$í
\� $í


/BNô�Ç ÂÒì�r[þts� �̧#�e����H \��-t� %ò
%i�s� ��� 500 MeV\�
e����H��Ü¼�Ð�Ð��"fH�s��:rs	כ 6>h_�y�������Ü¼�Ðþj7áxÔ�æ
õ�
���H õ�&ñ
\�"f �̧½+Ës� ú̧� îß�÷&%3��8���̧ F�½̈$í
�Ér ÷&

%3����¦ �̂¦ Ãº e����.

IV. ~¿Wdl õmÍ +sÇÂ]Ø

×�æ$í
H�s��:r_�
���_�Ô�æõ�õ�&ñ
��� K0
L → π0π0γ → 5γ

õ�&ñ
�Ér þj7áx&h�Ü¼�Ð 5>h_� y��������̀¦ ~½ÓØ�¦
���H :£¤Ò�o e����H
Ô�æõ�õ�&ñ
Ü¼�Ð y��������̀¦ 2-3>hëß� ~½ÓØ�¦
���H ���Ér ×�æ$í
 H�
s��:rÔ�æõ�õ�&ñ
[þt�Ð����H:£¤&ñ

�l����©�@/&h�Ü¼�Ð6 xs�ô�Ç

õ�&ñ
s���. 5γ ��|	�s��� ÂÒØÔ��H K0
L → π0π0γ → 5γ Ô�æõ�

õ�&ñ
�Ér³ðï�r�̧+þA�̀¦���7£x
��¦������"f³ðï�r�̧+þAs�Êê_�

�̧+þA\� @/ô�Ç ~½Ó�¾Ó�̀¦ [O�&ñ

���HX< �̧¹¡§�̀¦ ×�¦ �.���s	כ
s� �7Hë�H\�"f��H 5γ ��|	��̀¦ 8£¤&ñ

���H z�́+«>�̀¦ �è>h Ùþ¡Ü¼

 9, 5γ ��|	��̀¦F�½̈$í

���H~½Ó�¾Óõ� 5γ ��|	�Ü¼�Ð �̧���÷&��H

��|	��̀¦ �è>h
��¦ �̧��� q�Ö�¦�̀¦ ���íß��̧��\�¦ :�xK�"f >�íß�

Ùþ¡��. s� ���½̈\�"f��H K0
L → π0π0π0

Ô�æõ�õ�&ñ
�̀¦ ���íß��̧

���Ð F�½̈$í
K�"f KOTO ���Ø�¦l�_� CsI \P�|¾Ó>�\� �̧²ú�ô�Ç
y��������̀¦F�½̈$í
K�"f 6>h_�F�g��×�æ{9�ÂÒ�� CsI\����d��s�
÷&t� ·ú§��"f, 5>h_� F�g��ëß� ���d��÷&��H �©�S!��̀¦ ¶ú�(R �Ð��¤
��.s�[þtÔ�æõ���HK0

L → π0π0γÔ�æõ��������K0
L → π0π0π0

Ô�æõ� s�[þt Ô�æõ�q�\�¦ %3�l� 0AK���� K0
L → π0π0π0

Ô�æõ��Ð

ÂÒ'� Òqt$í
�)a y�������_� &ñ
�Ð\�¦ ì�r$3� M: ]j��
���H ~½ÓZO�s�

×�æ¹כ
���.s�~½ÓZO��Ér 5y��������̀¦d��Z>�
���HÄ»6 xô�Ç~½ÓZO�s�
l���H 
�t�ëß� K0

L → π0π0π0 → 6γ Ô�æõ��� 5γ ��|	�Ü¼�Ð

�̧���÷&��H SX�Ò�¦�̀¦ ×�¦s�l� 0Aô�Ç �Ð�� &ñ
�§ô�Ç ���½̈�� ¹כ��9


���.

Pcp��8ý òk>

s� �7Hë�H�Ér 2012�̧��̧ ]jÅÒ@/�<Æ�§ �<ÆÕüt ���½̈t�"é¶ ��\O�

\� _�
�#� ���½̈÷&%3�_þvm���.
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