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76"+"# ��'/: @* "#� "! +(� !�b 16��@'+@"#* "! 86/#� j#@��� ?(�"6@�* +(/+ '/# 5� +�*+��
@#  "b,�#�62: �k1�6@0 �#+* � �+* �@*'"3�6: b"& � ���#@+� : +�*+@!: !"6 / 0 "6� !&#�/0 �#+/ 
*+6&'+&6� 5 �:"#� +(� ;+/#�/6� = "�� �

�# +(� 1/*+ +b�#+: :�/6* $ +(� �6*+ 2�#�6/+@"# ��= � $ e6fd &* $ < /0 @"9/#��	 /#� *�',"#� 2�#�6/+@"# �;&1�6,< /0 @"9/#��	 16"+"# ��'/: �k1�6@0 �#+* (/3� / 6�/�: 1&+ *+6@#2�#+
 "b�6  @0 @+* "# +(� 1/6+@/ 16"+"#  @!�+@0 �* $ �&/ @+/+@3� : 6& @#2 "&+ #"#,*&1�6*:0 0 �+6@'
SU(5)

+(�"6@�* �� 6*+ 2�#�6/+@"# 	 /#� +(� 0 @#@0 / *&1 �6*:0 0 �+6@'
SU(5)

+(�"6: �*�'"#�
2�#�6/+@"# 	 � � 0 �2/+"#,*'/ � b/+�6 c�6�#9"3 ��+�'+"6 b"& � @0 16"3� !&6+(�6 +(� �k1 �6@,0 �#+/ *�#*@+@3 @+: +" 16"+"# ��'/: 5: 0 "6� +(/# "#� "6��6 "! 0 /2#@+&�� /#� /  "b +" 16"5�
#"#,0 @#@0 / 

SU(5)
0 "�� * /* b�  /* "+(�6 +:1 �* "! 8 j?* $ *&'( /*

SO(10) $ 
 @11 ��
SU(5)/#� (@2(�6,�@0 �#*@"#/ 8 j?* � �#���� $ 6�'�#+ �k1 �6@0 �#+/ /#� +(�"6�+@'/ 16"26�**�*

1"@#+ +"b/6�* *0 /  �6 3/ &�* "! +(� 1/6+@/  @!�+@0 � "! +(� 16"+"# @#+"
π0e+ $ @0 1 : @#2 +(/+

+(@* ��'/: 0 "�� � +(� 0 "*+ 0 "�� ,@#��1 �#��#+ "#� � @* #"+ "&+ "! 6�/'( $ '"#+6/6: +" 16�,3 @"&* �k1�'+/+@"#* � j*@#2 +(� #�b $ 0 "6� /''&6/+�  /++@'� '/ '& /+@"# "! +(� #&' �"# ��'/:
0 /+6@k � �0 �#+ "#� '/# �*+@0 /+�

τ(p → π0e+) ≈ 1035
:6*

(MX/1016
8�A

)4 ((1/25)/αGUT )2 $b (�6�
MX

@* +(� 0 /** "! +(� *&1�6(�/3: 2/&2� 5 "*"#* 0 ��@/+@#2 16"+"# ��'/:$ αGUT ≡
g2

GUT /4π
/#�

gGUT

@* +(� 3/ &� "! +(� 8j? 2/&2� '"&1 @#2 /+ +(� &#@�'/+@"# *'/ � � ?(@*
@* +" 5 � '"0 1/6�� b @+( +(� 16�*�#+ ;&1�6,< /0 @"9/#��  "b�6  @0 @+ �

5×1033
:6*	 $ /#� b @+(

+(� �k1 �'+�� *�#*@3 @+: "! / 0 �2/+"# b/+�6 c�6�#9"3 ��+�'+"6 �
1035

:6* /!+�6 �� :�/6* "!
�/+/ +/9@#2 !"6 = -= 7�� ;	 �

?(� �"0 @#/#+ ��'/: '(/##� @# *&1�6*:0 0 �+6@' 8 j?* $ p → K+ν̄ $ @* 0&'( 0 "6�
0 "�� ,��1 �#��#+ � ?(� '"66�*1"#�@#2 ��'/: 6/+� @#���� ��1�#�* "# +(� '"&1 @#2* /#�
0 /**�* "! +(� *&1 �6*:0 0 �+6@' 1/6+#�6* "! +(� (�/3: '" "&6,+6@1  �+ � @22* 5"*"#* $ /#�
"# +(� ��+/@ * "! +(� *1/6+@' � *1 �'+6&0 � ?(� �! �'+@3� +6@1  �+ 0 /** $ @# 1/6+@'& /6 $ @*
�k+6�0 � : ��1 �#��#+ "# +(� 8j ? 0 "�� � �# 0 /#: 0 "�� * $ "#� �#�* /# &11�6  @0 @+
τ(p → K+ν̄) ≤

!�b
1034

:6* ��� ��� ��� $ +" 5 � '"0 1/6�� b @+( +(� 16�*�#+ ;&1 �6,< /0 @"9/ #��
 "b�6  @0 @+ �

1.6× 1033
:6*	 $ /#� b @+( +(� �k1�'+�� *�#*@3 @+: "! / 0 �2/+"# b/+�6 c�6�#9"3

��+�'+"6 �
2 × 1034

:6* /!+�6 �� :�/6* !"6 = -= 7�� ;	 �
?(�6� /6� 0 /#: 0 "6� ��'/: '(/##� * +(/+ '"& � 5 � /''�**@5  � +" / 0 �2/+"# b/+�6

c�6�#9"3 ��+�'+"6 � ?(� 0 �/*&6�0 �#+ "! *�3�6/ 1/6+@/  @!�+@0 �* b"& � /  "b +" �@*'6@0 @,#/+� 5 �+b��# �@!�6�#+ 86/#� j#@��� 0 "�� * $ /+ / +@0 � b (�# $ /!+�6 *�3�6/ :�/6* "! >�.
6&##@#2 $ +(� *&1�6*:0 0 �+6:  /#�*'/1 � b @  5 � �6/*+@'/  : ' /6@��� $ +(6"&2( �@*'"3�6: "6
*�3�6� �k' &*@"#  @0 @+* � ?(�6�!"6� +(� 16��@'+@"#* "! 16"+"#  @!�+@0 � $ @# '"#*+6/@#�� "6
0 "6� 2�#�6/ *&1 �6*:0 0 �+6@' 0 "�� * $ b @  5 � *(/61 �#�� �3�# !&6+(�6 �

� �� ��� ��
����

?(� '"6� '"  /1*� *&1�6#"3/� /6� *1 �'+/'& /6 �3�#+* b (@'( (/3� 5 ��# +(�"6�+@'/  : *+&�@��
!"6 0 "6� +(/# +(6�� ��'/��* � � !+�6 �k1 "*@"# +(� *+/6  "*�* �#�62:$ 0 /@# : 5: #�&+6@#"
�0 @**@"# $ /#� '"" * �"b # $ �#�@#2 /* / #�&+6"# *+/6 "6 / 5 /'9 (" � � = /#: !�/+&6�* "! +(�
'"  /1*� 0 �'(/#@*0 /6� @#���� @0 16@#+�� @# +(� #�&+6@#"* 6� �/*�� �&6@#2 +(� �k1 "*@"# �
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�k1 "6� +(� #�&+6@#" 16"1 �6+@�* "# *'/ �* "! �@*+/#'� &1 +"

1017
90 /#� "! +@0 � &1 +"

∼ 105
:�/6* /#� /+ 3�6: (@2( ��#*@+:� ?(� ��+�'+�� *@2#/ !6"0 / *&1�6#"3/ �k1 "*@"#

��1 �#�* "# +(� *+6&'+&6� "! +(� #�&+6@#" 0 /** *1 �'+6&0 /#�  �1+"# 0 @k @#2 � ?(�6�!"6� $ @#
16@#'@1  � $ *+&�:@#2 +(� 16"1 �6+@�* "! / *&1�6#"3/ #�&+6@#" 5&6*+ "#� '/# 2�+ @#!"60 /+@"#
/5"&+ +(� 3/ &�* "! 1/6/0 �+�6* 6� �3/#+ !"6 +(� *" &+@"# "! +(� *" /6 #�&+6@#" 16"5 �0 $ +(�
+:1 � "! +(� 0 /** "6��6@#2 �+(� *",'/  �� 0 /** (@�6/6'(: 	 $ +(� 0 @k @#2 1/6/0 �+�6

sin2 θ13
$+(� 16�*�#'� "! *+�6@ � #�&+6@#"* /#� #�b #�&+6@#" @#+�6/'+@"#* �

�+ @* 2�#�6/  : 5 � @�3�� +(/+ '"6�,'"  /1*� *&1 �6#"3/� (/3� "''&66�� +(6"&2("&+ +(�
j#@3�6*� *@#'� +(� !"60 /+@"# "! *+/6* � ?(&* $ +(�6� *("& � �k @*+ / �@!&*� 5/'926"&#� "!
#�&+6@#"* "6@2@#/+@#2 !6"0 /  +(� *&1�6#"3/� +(/+ (/3� �3�6 "''&66�� � 4�+�'+@"# "! +(�*�
�@!&*� *&1�6#"3/ #�&+6@#"* �4 ;i 	 b"& � "!�6 @#*@2(+ /5"&+ +(� (@*+"6: "! *+/6 !"60 /+@"#
/#� *&1 �6#"3/� �k1 "*@"#* @# +(� j#@3�6*� �

i"b +(� 6��&@6�0 �#+* !"6 / ��+�'+"6 /6� +" 5 � 3�6: 0 /**@3� $  " '/+�� &#��626"&#� $+" *+/: @# "1�6/+@"# !"6 /+  �/*+ �� :�/6* /#� +" 5� ��&@11 �� b @+( / 6�/ +@0 � #�&+6@#"
��+�'+@"# � �'+6"#@'* b @+( / +(6�*(" � /6"&#� �� = �A � e"6 +("*� 6�/*"#* / 0 �2/+"# b/+�6
c�6�#9"3 ��+�'+"6 b @+( / ��&'@/ 3" &0 � /6"&#� ��� 9+ @* / 2""� '("@'� � ;&'( / ��+�'+"6
b"& � ��+�'+

∼ 105
�3�#+* !6"0 / 2/ /'+@' *+�  /6 '"  /1*� $ /#� "! +(� "6��6 "! �� �3�#+*

!6"0 / *&1�6#"3/ @# � #�6"0 ��/ 2/ /k:$ b (@'( @* "#� "! +(� ' "*�*+ +" "&6 = @ 9: b/:� ?(�
 /62� 0 /** "! *&'( / ��+�'+"6 '"0 1/6�� +" "+(�6 16"1"*�� /#� �k @*+@#2 !/'@ @+@�* 0 �/#*
+(/+ +(� */0 1 � '"  �'+�� b @  "&+#&05�6 +(/+ "! /  "+(�6 ��+�'+"6* '"05@#�� � ?(� 2�#�6/ 
/#� 6� /+@3� 1 �6!"60 /#'�* /6� *&0 0 /6@)�� @# *�'+@"# � �� �

�   +:1 �* "! #�&+6@#"* /#� /#+@,#�&+6@#"* /6� �0 @++�� !6"0 / '"6�,'"  /1*� *&1�6#"3/ $5&+ #"+ /  /6� ��&/  : ��+�'+/5 � � ?(�
ν̄e

@* 0 "*+  @9� : +" @#+�6/'+ @# / b/+�6 c�6�#9"3
��+�'+"6 � ?(6�� 0 /@# #�&+6@#" *@2#/ * b"& � 5 � ��+�'+�� $ �/'( "#� :@� � @#2 &#@�&� @#!"6,0 /+@"# �
� � �#3�6*� 5 �+/ ��'/: �3�#+* ��"� 	 /  "b @#2 !"6 / 2""� ��+�60 @#/+@"# "! +(� +@0 �

�3" &+@"# /#� �#�62: �@*+6@5&+@"# "! +(� #�&+6@#" 5&6*+ � ?(� 1 "+�#+@/ * b"& � 5�
�#(/#'�� 5: +(� ��+�'+@"# "! +(� #�&+6"# b @+( +(� /��@+@"# "! / *0 /  0 "&#+ "!
8/�" @# @&0 ��� �

� � i�&+6/ '&66�#+ �3�#+* @#3" 3 @#2
16O

��� 	 $ b (@'( /6� *�#*@+@3� +" +(� +�0 1�6/+&6�
"! +(� #�&+6@#" *1 �'+6&0 �

� � 4 @6�'+@"#/ � /*+@' *'/++�6@#2 �3�#+* !6"0
νx � e−

/#�
ν̄x � e−

�
∼
�� 	 � ?(�*� �3�#+*

16"3 @�� +(� �@6�'+@"# "! +(� *&1 �6#"3/ b @+(@#
±1

��26�� �
� ��

θ13

�
� �� � �� ��	 ��
 �
 ��
 ����	 ��
�
�# +(� 6�'�#+ :�/6* $ / *�6@�* "! �k1 �6@0 �#+* (/3� 16"3 @��� *+6"#2 �3@��#'� !"6 "*'@  /+@"#*
"! *" /6 /#� /+0 "*1(�6@' #�&+6@#"* $ /#� (/3� *+/6+�� +" 16�'@*� : '"#*+6/@# +(� /**"'@/+��
1/6/0 �+�6*

∆m2
23

$ ∆m2
12

$ θ23

/#�
θ12

� ?(� +(@6� 0 @k @#2 /#2 �
θ13

@* *+@  &#9#"b # � /  
b� (/3� @* /# &11 �6 5"&#� "!

θ13 ≤ 13◦
'"0 @#2 !6"0 +(� .���� �k1 �6@0 �#+ ��� � �+*

0 �/*&6�0 �#+ $ /* b�  /* +(� ��+�60 @#/+@"# "! +(� *@2# "!
∆m2

23

/#� +(�6�!"6� "! +(� +:1 �
"! 0 /** (@�6/6'(:$ @* '6&'@/ !"6 �@*'6@0 @#/+@#2 5 �+b��# �@! �6�#+ #�&+6@#" 0 /** /#� 0 @k @#2

�



*'�#/6@"* � = "6�"3�6 / 16�'@*� ��+�60 @#/+@"# "! +(� 7= i ; 0 /+6@k �b (@'( '"#+6/6: +" +(�
.< = 0 /+6@k @* !6�� !6"0 (/�6"#@' &#'�6+/@#+@�*	 b"& � 1&+ 3�6: *�3�6� '"#*+6/@#+* "#
0 "�� * "! !�60 @"# 0 /**�* $ @#' &�@#2 6�/ @*+@' 8j? 0 "�� * $ /#� +(&* *(�� *"0 �  @2(+ "#
+(� &#��6 : @#2 
/3"&6 +(�"6:� � #�&+6@#" *&1�6,5 �/0 !6"0 +(� .-hi ;7> +" / 0 �2/+"#
b/+�6 c�6�#9"3 ��+�'+"6  " '/+�� /+ e6fd &* b"& � /  "b +" 0 /9� / *@2#@�'/#+ 16"26�** @#
+(@* 16"26/0 0 � $ 6�/'(@#2 @# 1/6+@'& /6 / *�#*@+@3 @+: +"

sin2(2θ13)
' "*� +"

10−3
/#� ' "*�

+"
2 · 10−4

b @+( / ��+/,5 �/0 �/#�
1 · 10−4

b @+( 5 "+( ;&1�6,5 �/0 /#� ��+/,5 �/0 	 $ *��
*�'+@"# � �� �

4&� +" @+* *�#*@+@3 @+: +"
θ13

$ / 0 �2/+"# b/+�6 c�6�#9"3 ��+�'+"6 b"& � / *" 5 � *�#*@,+@3� +" +(� .7 3@" /+@#2 1(/*�
δ

@# /  /62� 1"6+@"# "! +(� �
∆m2

12
$ θ13

	 1/6/0 �+�6 *1/'� �
-*+/5 @*( @#2 .7 3@" /+@"# @# +(�  �1+"# *�'+"6 b"& � 6�16�*�#+ / 0 /d "6 16"26�** @# 1/6+@' �
1(:*@'* $ *@#'� .7 3@" /+@"# (/* "# : 5 ��# "5*�63�� @# +(� �&/69 *�'+"6 *" !/6 � = "6�"3�6 $.7 3@" /+@"# @* / '6&'@/ @#26��@�#+ "!  �1+"2�#�*@* $ / 0 �'(/#@*0 !"6 '6�/+@#2 +(� 0 /++�6,/#+@0 /++�6 /*:0 0 �+6: "! +(� j#@3�6*� b (@'( 6� @�* "# +(� "&+,"!,��&@ @56@&0 ��'/: "!
(�/3: = /d "6/#/ #�&+6@#"* � �  +("&2( +(� 1(/*� @#3" 3�� @# "*'@  /+@"#* @* 2�#�6/  : �@*,+@#'+ !6"0 +(� 1(/*� 6�*1"#*@5  � !"6  �1+"2�#�*@* $ +(� 0 �/*&6�0 �#+ "! / #"#)�6"

δ
b"& �

5� / *+6"#2 @#�@'/+@"# +(/+  �1+"2�#�*@* 0 /: 5� /+ +(� "6@2@# "! +(� 5/6:"# /*:0 0 �+6:
��� � �#���� $ *+/#�/6� � �'+6"b�/9 5/6:"2�#�*@* b"& � 6��&@6� / 3�6:  @2(+ � @22* 5"*"# $b (@'( @* #"b �k' &��� 5: >-7$ /#� "# : / *0 /  b @#�"b 6�0 /@#* !"6 *&1 �6*:0 0 �+6@'
� �'+6"b�/9 5/6:"2�#�*@* � � #"+(�6 #�'�**/6: @#26��@�#+ "!  �1+"2�#�*@* @* +(� �k @*+�#'� "!
= /d "6/#/ #�&+6@#"* $ b (@'( '"& � 5 � �*+/5 @*(�� 5: / 1 "*@+@3� *@2#/ @# !&+&6� #�&+6@#" �**
�"&5 � 5 �+/ ��'/: �k1�6@0 �#+* �
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?(� *@+�  " '/+�� @# +(� e6fd &* 0 "&#+/@# @# +(� �  1* $ b (@'( @* '6"**�� 5: / 6"/�,+&##� 
'"##�'+@#2 e6/#'� �= "�/#�	 +" �+/ : ��/6�"#�''(@/	 $ (/* / #&05 �6 "! @#+�6�*+@#2 '(/6/',+�6@*+@'* 0 /9@#2 @+ / 3�6: 2""� '/#�@�/+� !"6 +(� @#*+/  /+@"# "! / 0 �2/+"#,*'/ � ��+�'+"6
@# -&6"1 � $ /@0 �� 5 "+( /+ #"#,/''� �6/+"6 /#� /''� �6/+"6 5/*�� 1(:*@'* � �+* 26�/+ ��1+(
����� 0b� $ *�� �2&6� �	 $ +(� 2""� �&/ @+: "! +(� 6"'9 $ +(� !/'+ +(/+ @+ "!�6* ("6@)"#+/ 
/''�** $ @+* �@*+/#'� !6"0 .-hi ���� 90 	 $ +(� "11 "6+&#@+: "! +(� �k'/3/+@"# "! / *�',"#� �
*/!�+:� 	 +&##� $ +(� 3�6: �/*: /''�** 5: +6/@# �? 8A 	 $ 5: '/6 �(@2(b/:*	 /#� 5:
1 /#� �8�#�3/ $ ?"6@#" /#� >:"# /@61"6+*	 $ +(� *+6"#2 *&11"6+ !6"0 +(�  " '/ /&+("6@+@�*
6�16�*�#+ +(� 0 "*+ @0 1 "6+/#+ "! +(�*� '(/6/'+�6@*+@'* �

e @2&6� �� R �Y� 
 �� EH E � �� O�GY� Y� YZSF��FXS� � �� S WFS� �H HG�S GH G�XGOE�SX �Q �TNR ��

�# +(� 5/*@* "! +(�*� /62&0 �#+* $ +(� 4 ;= �.-� 	 /#� �i �7� �.ih ;	 @#*+@+&+@"#*
��'@��� +" 1 �6!"60 / !�/*@5 @ @+: *+&�: "! / >/62� j#��626"&#� >/5 "6/+"6: @# +(� '�#+6/ 
6�2@"# "! +(� e6fd &* +&##� $ #�/6 +(� / 6�/�: �k @*+@#2 $ 5&+ 0&'( *0 /  �6 $ >;= >/5"6/,+"6:� ?(@* 16� @0 @#/6: *+&�: (/* 5 ��# 1 �6!"60 �� 5: +(� ;-? -. �e6�#'( 	 /#� ;?�i -
��+/ @/# 	 '"0 1/#@�* /#� @* #"b '"0 1 �+�� � ?(�*� '"0 1/#@�* / 6�/�: 0 /�� +(� *+&�: /#�
0 /#/2�� +(� 6�/ @*/+@"# "! +(� e6fd &* 6"/� +&##� /#� "! +(� >;= �>/5 "6/+"@6� ;"&+�6/@#
�� = "�/#�	 >/5"6/+"6:� �  /62� #&05�6 "! 16�'@*� /#� *:*+�0 /+@' 0 �/*&6�0 �#+* "! +(�
6"'9 '(/6/'+�6@*+@'* $ 1 �6!"60 �� /+ +(/+ +@0 � $ (/3� 5 ��# &*�� +" 0 /9� / 16�,*� �'+@"# "!
+(� 0 "*+ !/3"&6/5 � 6�2@"#* / "#2 +(� 6"/� +&##� /#� +" '"#*+6/@# +(� *@0& /+@"#* "! +(�
16�*�#+ 16�,*+&�: !"6 +(� >/62� >/5"6/+"6:�
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p→eπ0 sensitivity (90% CL)

current status

79ktyr, 5.0 x 1033 yrs

detector (A) (Super-K)
effSK=44%

BGSK≈2.2ev/Mtyr

eff=3/4 x effSK
S/N=3/4 x (S/N)SK

eff=1/2 x effSK
S/N=1/2 x (S/N)SK
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p→νK+ sensitivity (90% CL)

current limit

79.3ktyr
1.6 x 1033 yrs

combined
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prompt γ
π+π0

µ spectrum
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