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]�S@?�68?rc ?37�?r6�48JEQ{G�2�?�F�?w7�CE4vG8?�g:?�F�7RCE487RCK?_H/;>6�9(JK?w6�L>C�7�4�QR=@S>CE7{A%LN?�b5H .�;Na�CEc b�S>H/g/S@?wcdCT4`ª����
� ª�H/a�CTH =@H �W?�c�CEH/a*?��{G84 ;NG�68G�48g20/JT7:9kc Q�ADG�g/J���F�7�CT487�CT48c L>4�g/H�SNH�G8;NG�48S>G8487RCK? �b��� � �/?�b�?�7 =NH
��H/SN48?�����G8?IbsH/c�Hk68q§b�SNH�g/S@?�chQ
	W©�H:��l \ � 	r487�4�S@?�J�©�H/7Rgd�`?�;N4�JECE7R4Wl��kbs48S>CEc�487:=¢\kCEchQ�JK?w=NH/S� .

]�SNG�48F�;|="?�ADCEH/7R4`Av9(7�CEa�C(;>9(c§Q�JE?�6�L>C:F�Hw=M9k6�G�q3c�C���F�G�9rCT7�7:9(cdC+�
b�S@?�ADF�H/bsH(F�H/2�CT4/.�;|=MA H/;N6�9kJE?�6�L>C
7�4�QR=@S>CE7���S>H/G8a�op?wF�QVADCTF�c 487�4�SNg/4�=M9(68G87:9(6"O�7�48QR=NSNCT7VbsH_H/;>6�9(JK?w6�LN?�6"OVH/S@?�G 68G�Q5o H��N68C(bsH/cdCE?�SNQra*qw=@?
c�CE4�;NG�?w7�CK?

θ13
.�\(9(c§Q�JE?�6�L>4¢b5H�aw?wG8Q*LNq��'184rG8?hbsH/cdH(6�qU68CT48a�o Hw�M?�SNg�H/7�H
A`4ML£a�H/c�H/S|9 ªD] f�H§c ?w;NCE4

-
j�j a�=���Q�c�CE48;>G86�G8H/7�4ML{A¦HkFRJE48g(o H/�>68C_-�j/j/j a�c H(F ¨�S!0(F5op?%7�4�QR=@S>CE7�CvQ 1�9�A�?�LNqw6<=M9(JTa�H ADCKq�G�a(C
7�4�QR=@S>CE7�H
A£4�L���2��8FRG8CE4¢cdH 187�?hH�;NCKq�g/7�q��_68G�Q5o H��!�rbsH/cdCE?�SNQ

θ13
SNG��8F�Q

10−3 �R7�?�A£4�= L>4��NJEC
sin2 2θ13L>4�;>=�2�JECT;Na�C�j{H/SN?�GrAv9kG�7�?�6�G�9'�

δCP
GWF�H�a�o ?�F�7�H��N68CEq{F�H ±20◦

F�JE?
sin2 2θ13 = 0.01

.
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ªvO�4V?�CEc¦H�z =NO�CE;�A£H/S>aBCE;v=@HICE7���48;>=NCEg:?*=@4 ��QR;NCE7Rg 	W©�H:��l \ � 	W4�7�48SN?�J�©�H/7�g���?�;>48JTCE7�4Wl �kb54 �
S>CEc�487:=_\kCEc§QRJK?w=NH/S� �R=@O�4U7�4�QR=@S>CE7�HdH/;N6�CEJEJE?w=@CTH/7�;�CT7P=NO�4Uª���� � ª&H/a�CEH�=@Hd�U?wcdCTH/a*?��`4��kbs48SNCTcd4�7:=
ADC0=@OP?�b�?�S>=NCE68QRJK?�S£68H/7�;>CEF�4�S@?w=NCEH/7<H�z�CT=N;�zpQR=@QRSN4W4��(=@4�7:=@CEH�7<�`�b��� � �/?�b�?�7B=@Hd�¢H/S>4�?�� .

ªvO�4V;NCEchQ�JK?w=NCEH/7R;�CE7�6�JEQ�FR4���b�S>H/2�?�2�CTJEC0=@CE4�;�H�z�=@O�4U7�48Qk=@SNCT7�H H�;N68CTJEJE?w=@CTH/7�;��k487�4�SNg�9<;>b54�6�=NS@?dzpH/S
=NO�4{7�48Qk=@SNCT7�H/;W?wz =N48S3H�;N68CTJEJE?w=@CTH/7�;¢?�7�F%;N4�7�;NCT2�CEJTCT=M9nH�zm=@O�4{c�4�?w;NQ�S>48c�487:=@;rH�zm=NO�4{cdC �kCE7�gB?w7�g/JE4
θ13

. ªvOR4PS>48;>Q�JT=N;�;>O�H
At=NO�?w=IQ�;>CE7�g%=@OR4BJEC���Q�CTF�?�S>g/H/7 ªD] f ADCT=NO ? cd?�;>;{H�zU-
j/j%a:= � b�JE?�684�F
-
j�j/j�a�c zpSNH/c =@O�4{7R48QR=NSNCE7RHP;>H/Q�S>684�?�7�F Q�;>CE7�gB=@OR4{7�48QR=NSNCT7�H<2548?�c H/7RJT9 ��H/7�4{6�?w7�H�2R="?�CT7 ?
;>487�;>CE2�CTJECT=M9�H�z

θ13
cd48?�;NQ�S>48c�487:=@;D?*=�=@O�4WJT4��/4�JuH�z

10−3 ��4���487PCTz�=@O�4
sin2 2θ13

CT;�68JTH/;N43=NHIj�?w7�F
F�4�=@4�SNc�CE7�43=NO�4WJE48bk=@H/7�CT6Uf�]�b�O�?w;N4

δCP
ADCT=NOn?w7n?w6868QRS@?�6�9<H�z ±20◦

zpH/S
sin2 2θ13 = 0.01

.

}
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]�S@?�68?d="?db5H/�|ADC���68H/7�?3L>48;|=rG�?�g/?�F�7�CT487�CTQnH/;>6�9(JK?w6�L>C&7�48QR=NSNCT7ZA�LN?�bsH2.�;Na�CTc b�SNH/g�S@?�c�CE4Wª����
� ª�H/a�CTH =@H �W?�c�CEH/a*?��{G84 ;NG�68G�48g20/JT7:9kc Q�ADG�g/J���F�7�CT487�CT48c L>4�g/H�SNH�G8;NG�48S>G8487RCK? �b��� � �/?�b�?�7 =NH
��H/SN48?���.  H/2�JTCE6�G8487RCK?�6"OZAv9(awH/SNG�9k;|="?�7:9�G8H�;>="?�o b�SNH/g�S@?�c 	U©�H:�`l£\ � 	W4�7�48SN?�J ©�H/7�gP��?w;N48JTCE7�4
l �kb54�SNCTcd4�7�=h\kCTc§Q�JE?w=@H/S ��.u�/?�a Av9(7�CEa*?<G�7�?�G�Av9 ��L>4�g/H<gko 0
AD7:9(c bRSNG84�G87�?w68G84�7�CE4�ctL>48;>=V;>9(c§Q(�
JE?�6�LN?§C�?�7�?�JECTG�?h4�a(;>b54�S>9(c�487:= 0
A 7�4�QR=@S>CE7�H
Av9(6"O HIF5o QRg/CE4ML�2�?�G8CT4�.

]�SNH
A`?�F�G8H�7�4§H(FZH/;|="?w=N7�CE6"Ona(CTJEa�Q�7�?w;>=@QnJK?w=DH�S@?�GUb�JK?w7�H
A�?�7R4h48a�;>b54�S>9(cd4�7:=M9ZF�Hw=M9k6�G�q�6�4§H/;��
6�9kJE?�6�L>CU7�4�QR=@S>CE7 =NH Av9�LNqw=Na�H
A`H CT7�=N48S>48;NQ�LNq�684�b�SNH/g�S@?�ch9 2�?�F�?�A`6�G84 �3a:= 0/S>4 68G��8;|=@H 7�CT4�=M9(JEawH
b�S>G�9(7�H/;>G�q G�?�;>a*?�a�Q*LNq�684 Av9(7�CEa�C �v?�JE4ZS!0
AD7�CE4 1%;@q�2sHkF�¨�684�c F�H ;NG�Q�a*?�7�CK?�6�H/S@?�G =NH�2�?�S>F�G8CT4�L
G8?/?�A�?�7R;NH
A�?w7�9(6"O�SNH/G�ADCKq�G8? .<=@486"OR7�CE6�G87:9(6"Ou.&YZ?�c 7�?wF�G8CT4�L � ��1�4hb�SN?�6�?I="?���6"O�H(68CE? 1V;>a�Q�b�CK?�;NC �
7�?rL>48F�7:9(c GV7�CE6"O �5b�S>G84�a�H/7:9�ADQ*LNq�6�HnQ�G8?�;@?wF�7�CK?I=@4�7 b5H�g/JKq�F�.�f`4�JE4�c c�H/CTc 25H
ADCT48c 7�CE4V2:9�oKH
L>4�FR9(7�CE4£F�H/a�H�7�?�7�CT4£a�CEJTa�QhH/2�JTCE6�G84/.UC:Av9(b�S!0/2sH
A�?w7�CE4£7�H
A`4�g/Hr7�?�S>G��8FRG8CK? �w?wJE4mS!0
AD7�CT4/1`bsH/a*?�G8?�7�CE4
CT6"OPA ;NG�48SN;>G�9(c a�H/7:=@4�a��N68CT4VFRG8CE4�F�G8CT7:9 ��F�JE?Ic�7�CT43b�SNG�9(7�?�L>c�7�CE4ML���7�CE4�G�Av9(a�JE4Wz ?�;N6�9(7(Q�LNq�684ML�.

 S>H/G8F�G�CK?�JT4%b�CE4�S>AD;>G�9(c b�SNG�9(2�JEC 1�?�c G8?w=@4�c G�?�g/?�F�7�CT487�CT4%H/;N6�9kJE?�6�L>Cr7R48QR=NSNCE7 H(F ;|=@SNH�7�9
=N48H/S>4�=M9(68G�7�4�LnCr4�a(;>b54�S>9(c�487:="?�JT7�4�L�.¢13b�S30k6�G�bRSNG84�F�;>=@?�ADCE487RCK? F�H/a�H�7�?�7:9(6"O L>Q 1 7�?�=M9kc bsH/JTQ
H/;>CKq�g/7�C �/�WH/cd?
ADCE?�ctA`? 187R4hb�S>H*L>48a:=M9 �5a:= 0/S>4UA b�S>G�9(;NG�o H/�>68C�c ?�LNq�;NG8?�7�; �VG87�?w68G87RCE4hbsH/;>G848S>G�9'�
7�?w;NG�q{ADCE4�F�G��W7�?{=@4�7P=N48cd?w=�.

�DH/G8F�G�CK?(ouF�SNQRg/C5G8?�ADCE48SN?§2�?�S>F�G8CT4�L£;NG�68G�48g20koEAv9�H/bRCE;�LN?wb5H2.R;Na�CE4�g/H§b�S>H/g/S@?wc§Q 2�?wF�?�7�CE?VH/;>6�9:�
JE?�6�L>C�7�48QR=NSNCT7u. ��H/;>=@?(oK9nA 7RCEc H�c 0
ADCEH�7�4§gko 0�AD7R4�6�48JT4§��G�9(68G�7�4 4�a�;Nbs48S>9(c�487:=@Q�ª����¦C S!021�7�4
awH/7�684�b56ML>4dL>48g/H�SNH/G�;NG�48SNG�487�CE? H/S@?wGn�>SNH(F�a�C¢=@4�6"O�7�CT68G87R4 �`a:=!0/SN4 G�H/;>=@?�7�q G8?�;>=NH/;NH
A`?�7�4 ��?�2:9%L>4
H/;>CKq�g/7�q �w.

�DH/G8F�G�CK?(ou=@SNG�486�C�b5H/�|ADC���68H/7:9VL>4�;>=�b�SNH�g/S@?�c�H
ADC 	W©�H:��l \ �*L>4�g/H{;>=NSNQ�a:=@QRSNG84 ��cdH21�JEC0A`H/�>68CTH/c
H/SN?�GrH/g/SN?�7�CT68G84�7�CEH�cn.

 H/;|="?w=N7�CEc S>H/G8FRG8CK?wJE4vb�S>G848FR;>="?�ADCE?�c Av9k7RCEa�C5;|9(c§Q�JK?w6�L>C ��a�=!0/S>9(6"OBF�H�a�H/7�?�op?�c G8?UbsH/c�Hk68q
=N48g/HBb�S>H/g/SN?�c§Qu.�\Rq =@HBc�C���F�G�9nCE7R7�9(c�C H/2RJECE6�G84�7�CK?�F�H�=M9(68G8q�684Ib�SN?
ADFRH/b5H(F�H/2RCE4/.R;>=MA�H/;N6�9kJE?�6�L>C
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θ13
�`?�="?wa'1�4

Av9(G87�?�68G�487�CE?PO�CT48SN?�SN6"O�CTC�cd?�;3C&z ?�G�9
δCP

G�ADCKq�G8?�7�4�L_G{G8?�6"O�H
A�?w7�CE4�c JEQR2 op?�cd?�7�CT48c ;>9(c�4�=NSNCEC
f�]&.
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6�G87�4MLDH(F�b5H
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AD;>aw?wG8Q*L>437�?�c 7�H
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να
C
νβ;Nq JECT7�CEH
A`qIawH/c§2�CT7�?�6MLNqd;>=@?�7 0
A A3op?w;N7:9(6"O�cd?�;|9

ν1
C
ν2

.5]�S@?�ADF�H/bsHkFRH/2�CE4 .�;>=MA£H ��184V7�48QR=NSNCT7�H
να

H 487�4�SNg/CTC
E . 	W40/21 �5b5HBbRSNG84�2:9k6�CEQ F�S>H/g/C HBFso Q�g/H��N68C

L . a�c�1 �5b�SNG�48H/;>6�9(JEQ*L>4{A 7�4�QR=@S>CE7�H
νβL>4�;>=�F�?�7�4rADG�H/SN4�cn�

P (να ←→ νβ) = sin2 2θ sin2(1.27∆m2 L

E
),

� -�.T- �
g/FRG8CE4

θ
=NH�a*qw=�c�CE4�;NG8?�7�CK?£b5H/c�C���F�G�9_FRA£H/c ?v;|="?�7�?wcdC�A3o ?�;N7:9(c�C:c ?�;|9 �
?

∆m2 [eV 2]
=NHDS!021�7�CE68?

a:A`?�F�S@?*= 0
A CT6"O�c ?�;�.�\Rq =NH%b�?�S@?wcd4�=@S>9�=@4�H/SN4�=M9(68G87R4<Av9(G�7�?�68G8?�7�4P7�? bsHkF�;|="?�ADCE4BbsH/c�CK?�S30
A
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E
H/a�.�- 	r40/ �

?I7�?�;>GhF�4�=@48a:=NH/S¢QR;>="?�ADCTH/7:9{L>4�;>=�A H(F�JE4�gko H/�>68C
L = 100 km

H(FZ¨8S30kFsop?I7�48QR=NSNCT7u.�	WFk9k2:9Pb�S>G�9
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∆m2 [eV 2]
Av9(7�H/;NC�H�as.

10−3 eV 2 .
 �48F5oKQ�g bsH/cdCE?�S!0
A¦b�SNG�48b�S>H
A�?�FRG8H/7:9(6"O 7�? ?�aw684�JE48SN?w=@H�SNG84Z©�l ] . - 1�7�4�QR=@S>CE7�?%Av9(;>= ��b�Q*LNq

A =@SNG�486"O¥G8?�b�?�6"O�?�6"O
νe
�

νµ
C

ντ

� 7�4�QR=@S>CE7�H 4�JE48a:=NSNH/7�H
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=@?�H/7�H
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θ12
�
θ13

�
θ23

�mFRADCE4�c ? S!0 187�CT6�?�c�Cva:A�?�FRS@?w=!0�A cd?�;
∆m2

21

C
∆m2

32

� =@S>G84�68CK?�L>48;|= H(F
7�CT6"O�JTCE7�CTH
A`H<G�?wJE4/1�7�?R�

∆m2
31 = ∆m2

32 − ∆m2
21

�3H/SN?�G{=@S>G848cd?Bz ?�G�?�c�C � L>4�F�7�?P^_CESN?�6�?<C�FRADCT4
YZ?
L>H/S@?�7:9���.sYn?�68CT48SNGWc�CE4�;NG�?w7�CK?§7�4�QR=@S>CE7
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Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3
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cos θ12 sin θ12 0

− sin θ12 cos θ12 0

0 0 1









×









cos θ13 0 e−iδCP sin θ13

0 1 0

−eiδCP sin θ13 0 cos θ13









×









1 0 0

0 cos θ23 sin θ23

0 − sin θ23 cos θ23









×









1 0 0

0 eiα/2 0

0 0 eiα/2+iβ
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A£48g/H
α
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A�?wSNG�9(;>G8H/7�qnGBo ?�cd?�7�CE4�c f�] A ;N4�a�=NH/SNG�4dJT48bR=NH/7�H
Av9(c �

δCP
����6�H

CT;>=@Hw=@7�4�Av9(;>= �8b�Q*L>4£H/7�?v=M9(JEa�H�AD;Nb�0/JE7RCE4�G
sin θ13

.*13;>=@?w=@7RCK?vG£cd?�6�CE48S>G�9_G�?�ADCE4�S@?�z ?wG�9UYZ?
L>H/S@?�7:9 �
a:= 0�SN43;Nq§2�?�SNFRG8H§A`? 187�4Wb�S>G�9dH/b�CT;NCE4¢b5H(FRA 0*L>7�4�g/H{254�G87�4�QR=@S>CE7�H
A£48g/HIS>H/G8b�?wF�Q

β
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LNq

18?�F�7�4MLDSNH�JECuF�JE?§H/;N6�9(JK?�6ML>C .

������� � !#"%$&"('�) "�*(+-, "%$.)�/ "�0�1 �32402"
^3?�7R4 G�482�SN?�7�4�A�68CKq�g/Q3H�;>="?*=@7�CT6"OUa�CTJEa�Q�7�?�;|=@QrJE?w=�F�H/;|="?�S>68G�9�oE9r;NCTJE7:9(6"OWF�H
A`H(F 0
A 7�?�bsH�=MADCT48S|�

F�G�487�CT4%=@48g�H c�H(F�48JTQu. �u?�b�S>G84*oKH/c�H�A£4 Q:A�? 18? ;>C�� Av9(7�CEa�CrawH/JK?�2sH/SN?�6�L>CW\(Q�b54�SP�U?wcdCTH/a*?�7�F�4
. x 1 �_a:= 0/S>4nLN?�a�H b�CT48S|AD;NG84 AD;>a*?�G�?(oE9 7�? H/;>6�9(JK?w6�L>4�7�4�QR=@S>CE7 ?w=NcdH/;|zp48S|9k6�G87:9(6"Ou.Uf`H 68CT48a*?�A`4 �
2sHkFR¨8684�c F�HIb�S>G848bRSNH
A�?wF�G84�7�CK?I48a�;Nbs48S|9(cd4�7�=NQ%\R� 2:9�oK9<b�S>H�A`?�F�G�H/7�4rA JK?w=@?�6"OBH/;NCT48c�F�G8CT48;>CKq*�
=M9(6"OUQ�2�CE4�gko 4�g/Hv;>=NQ�JE4�68CE?�2�?�F�?�7RCK?�7�?�FrS>H/G8b�?�F�48c b�SNH�=NH/7�Q � 7�bu.�A 4�a(;>b54�S>9(c�487�6�CE4 �W?�cdCTH/a*?�7�F�4 ��.
13a*?�G�?�o H§;>C�� �'184¢;>=NSNQ�c�4/.B7�4�QR=@S>CE7B?*=@c�H/;>zp4�S>9(68G�7�9(6"O��Ra�=!0/SN4_;>="?w7�H
ADCKqDL>4�F�487BG¢CE;>=NH�=@7:9(6"OB68G�9(7k�
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�v9(;NQ�7�4�a%-/.0-/���_;|9(cd4�=@SNCE?hA JTCE68G�2�CE4¢7�48Qk=@SNCT7<b�SNG�9k6"ORHkF�G8q�6�9(6"O GWg20�S>9 � 	 �`CuGrFRHko Q � ^ �vFRJK?
νe� g20/SN7:9BS|9(;NQ�7�4�a �DC

νµ

� F�H�JE7:9BS>9(;>Q�7�48a ��A zpQ�7Ra�6�L>C�b��8F�QPJE4�bR=@H�7(Q . x 1+.
7�CTa 0
A =�op?%At=M9(6"O bsH/cdCE?�S@?w6"O�� Av9(a*?�G8Q*L>4nCE7:=@4�SN4�;NQ*LNq�68q�?w7�H/cd?�JEC ��. [�48QR=NSNCT7�?�?*=@c�H/;>zp4�S>9(68G�7�4
bsH
AD;>="?
LNqdA Av9(7�CEa�Q FRA 0(6"O%b�SNH(684�;!0
AW��S>H/G8b�?wF�QZb�CTH/7�Q

π → µνµ
C�F�?wJE;NG�48g/HdSNH/G�b�?�F�QZcdCTH/7�Q

µ→ eνeνµ
�&ADCTF�? � � 1�4¢7�?Ua*? 18F�4

νe
b�S>HkFRQ�a�H
A`?�7�4_;NqVFRA`?

νµ
.k1_= 0 1�;|=@H/;>Q�7�4�adJTCE68G�2:9{F�H(68CE4�S@?*�

LNq�6�9(6"O�F�H �W?�c�CEH/a*?�7RF�4<7�48QR=NSNCT7�c�CEH/7�H
Av9(6"O F�H�7�48Qk=@SNCT7�4�JE48a:=NSNH/7�H
Av9(6"O 2:9�o3cd7RCE4�L>;>G�9 H(F
FRA 0*L>a�C �

(Nνµ/Nνe)DATA ≤ 2
��.v^¢4�=@4�a:=@H/SZ\R� � F�H/a�op?�FR7�CE4MLBH/bRCE;@?w7�9�A �DH/G8F�G�CK?�JT4%x���G82RQk�

F�H
A`?�7:9 G8H/;|="?(oh?�2:9�bRSN486�9(G�9�L>7�CE4�G8c�CE4�SNG�9 � = ��?�7�H/cd?�JEC ��.`\kCEJT7�? G8?�JE4 187�H/�>6 JECE6�G82:9 bRSNG�9(b�?wFk�
a�0�A

νµ
HkF�a*qw="?PG8487RCT="?wJE7�4�g/H<C S30
AD7�Hk6�G84�;N7:9 2�SN?�a ="?wa(CT4�LrG�?�JT4/187RH/�N6�C£F�JE?

νe

� b�?*=@SNG�S>9(;�.T-/.0- � �
? =@?�a 184 (Nνµ/Nνe )DATA

(Nνµ/Nνe )MC
= 0.688 ± 0.016 ± 0.050

;NQ�g�48SNH
A`?(oK9 H/;N6�9kJE?�6�L>4 �
νµ ←→ ντ

�dF�JE?
∆m2

32 = 2.5× 10−3eV 2 C
sin22θ23 = 1.0 . } 1+.

��H/;|="?(oE9<H/7�4Ub5H�=MADCT48S>F�G8H/7R4hb�S>G848GVb�CE4�S>AD;>G�9P48a�;Nbs48S|9(cd4�7�=3GVQ 1�9(68CE4�c ADCKq�G�a(C�7�4�QR=@S>CE7�H
A£4�L
F�JE?§F5o QRg/CE4ML£2�?�G�9 b5H�cdCE?�SNH
A£4�Lm� �|��� � �Wlm� =NHI�W?�cdCTH/a*?�� .   1+.�[�48QR=NSNCE7�?§cdCTH/7�H
A`4¢HI�NSN4�F�7�CT4�L
4�7�48S>g/CEC&-/.yx 	W40/ b5H�a�H/7:9�A�?�oK9�FRSNH/g �¢S!0
AD7�qhH�as.��/ �jUa(c�G�?w7�CEc G8H�;>="?�oK9dG�?�S>4�L>48;|=@S>H�A`?�7�4rbRSNG84�G
F�4�=@4�a�=NH/S{\k� �&?BADC���6d;|=@H/;>Q�7�48a

L/E
HkFRb5H
ADCK?wF�?(o

∆m2
32 ∼ 10−3eV 2 68G�9kJTCmH/2�;NG8?�SNH
ADCmH/;>6�9:�

JE?�6�L>C 7�48Qk=@SNCT7�?w=NcdH/;|zp4�� S>9(68G�7�9(6"Ou.���482�SN?�7�4 F�?�7�4�G�g:?�F�G8?(oK9�;NC � G Av9(7�CTaw?wcdC`\R� � ?n7�?�L>JE4�b�;NG�4
F�H�b�?�;NH
A`?�7�CT4UF�?(o H

∆m2
32 = 2.8× 10−3eV 2 C

sin2 2θ23 = 1.0 . X 1+.��?�F�?�7�CK? ;|=@S>Q�cdCT487�CE?�7�4�QR=@S>CE7 ;�oKH/7�486�G87:9(6"O �
νe
���3b�S>H
A�?�FRG8H/7�4 b�S>G84�G �DH/2s48S|="?�^3? �(CE4�;@?

��S�. . e 1`H(F awH2.�6�? JE?w=V;NG84��!��F�G8CT48;NCEqw=M9(6"O�Q�2RCE48g(o 48g�HnADCE4�a�Q���Av9(a*?�G�9�A`?(oK9 ��184UL>4�;>={H�7 G87�?w68G�qw68H
c�7�CE4ML>;NG�9 H(F�b�SNG�4�ADCTF�G8CE?�7�48g�H%b�SNG�48Gn\(="?w7�F�?�S>F�H
Av9 YnH(F�48Jv\�o H/7R4868G�7:9 � \�\RY ��.mf`G�9'182:9�ADC���6
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Av9P\�o H2.�68?���6�G�9�c�H21�43Q:ADG8g/J �8F�7�C �£LN?�a�CE4��
7�H
A£4VGMLN?�ADCE;Na*?{F�H�=M9(6�G�q�6�4h;@?wch9(6"On7�4�QR=@S>CE7�i

�DH/G�ADCEq�G�?�7RCE4Ub�SNG�9k7RC)0/; om48a�;Nbs48S|9(cd4�7�=V\k[31 �5a:=!0/S>9PSNH�G8bsHk6�G�q(o G82�CT48S@?w7�CE4UF�?*� 7�9(6"O A�-
�/���
S>H/a�Qu.�ªm9(c S@?wG848c F�4�=@48a:=NH/SN4�c 2:9�o ?�a�Q�JK? H �NSN4�F�7�CT6�9h�*}�c Av9(bs4*oK7�CEH/7�?Z-{a:=r68C �/18a�CT4�L�A£HkFR9
� b5H/c�CK?wS

νe
b5H�b�SNG�48G�SN4�?wa�6�L �_G�Av9(c�CK?�7�qWb�SNq�F�Q 7�?(op?�FRH�A`?�7�4�g/H��

νe +d→ p+ e−
��.kf�?(oKa�H
ADCT=M9

;|=@SNQRcdCT4/.<7�48Qk=@SNCT7 � 2s48GWSNH/G�S!021�7�CE4�7�CK?{CT6"OPG8?�b�?�6"O�0�A ��Av9(G87�?w68G�?�;NC �r7�?�bsH(F�;>=@?
ADCT4rSN48?�a�6ML>C
GrAv9(cdCE?�7�q{b�SNq�F�QZ7R48QR=NS@?�JT7�48g/H �

νx + d→ p + n + νx
� .���4rADG8g/J �8F�QP7�?{=@SNQRF�7�H/�>68C�G�ADCEq�G�?�7R4

G�S>4�L>4�;>=@SN?�6�LNqn7�48QR=NSNH/7�0�A ��A F�SNQ�g�CE4�LUz ?wG8CE4�48a�;>b54�S>9(cd4�7:=@Q F�H(F�?�7�H FRHZA`H(FR9 [_?:f`J+.  H�254 �
6�7�4�L��v=@S>G84�68CE4ML<z ?�G�CE4�\R[31 F�H�F�4�=@4�a�=NH/S@? ADb�SNH
A`?�F�G�H/7�4 G�H/;>=@?(oK9 ;>b54�6�LN?�JT7�4�JECE6�G87�CTa�C3O�48JTH
A`4 �
a:= 0�SN4£L>48;>G86�G84W2�?�S>F�G8CT4�L�b5H(F�7�CTH/;�oE9rL>4�g/H{68G�Q5o H��!�W7�?§=@4�7<=M9(b<SN48?�a�6ML>C .R]�H/7�CT4�A`? 1rA \�o H2.�6�Q<b�SNHw�
F�QRa�H
A�?w7�4r;@qDL>4�FR9(7�CE4

νe
�
LN?waw?wa�H/J0ADCE48a{FRH/cdCT48;>G8a*?

νµ
C
ντ

A�=M9(c¦;|=@SNQRcdCT487�CTQdc§QR;NCsb5H(6"O�H(F�G8C �
GWH/;>6�9(JK?�6ML>C .��u?wH/2�;N4�S>A£H
A�?�7RHdc�7�CE4ML>;NG8qIH(F<Hk6�G84�a(C0A�?w7�4�L�JTCE6�G82��

νe . � 1+�

ΦCC = (1.76± 0.05± 0.09)× 106cm−2sec−1
� -�.¡x��

b�S>G�9hL>4�F�7�H(68G84�;N7�4ML�G8g�HkF�7RH/�N6�C�6�?(oKa�H
ADCT=N48g/H�;>=NSNQ�c�CE4�7�CK?hGWb�S>G84�ADCEFR9�A`?�7�CK?wcdC&\�\RY��

ΦNC = (5.09+0.44+0.46
−0.43−0.43)× 106cm−2sec−1 � -�.y} �

ΦSSM = (5.05+1.01
−0.81)× 106cm−2sec−1

� -�.   �
 �;Na*?�G�Q*L>4`=@HmL>48F�7�H�G87�?�6�G87�CT4�7�?_H�;N6�9(JE?�6�L>4

νe
A

νµ
C��wJTQ�2

ντ
.w[_?�L>JT48b�CT4�L&F�H�b�?�;NH
A`?�7�4�b�?�S@?�c�4�=NS>9

=NH��
∆m2

21 = 6.5× 10−5eV 2 C
tan2 θ12 = 0.40

�
θ12 = 32◦

� . � 1+.kl�a�;Nbs48S|9(cd4�7�=`=@487�A`6�CKq 1�G82RCE48SN?
F�?w7�4WC�;NQ�aw6848;|9�AD7�CE4VG8c�CE4�L>;>G�?�7R4U;Nq�2so �8Fk9Bb5H�cdCE?�SNH
A£4�.

 �9k7RCEa�C{\R[_1 G�A£48S>9���awH
A�?�7R4 G�H/;>=@?(oK9 A 48a�;>b54�S>9(cd4�7�68CT4��W?�cd©��_[_^h.¢^_4�=@48a:=NH/S ;N6�9(7k�
=M9(JK?w6�9�L>7:9§H3cd?�;NCT4¢-`a�=���G�2�Q�F�H
A`?�7:9§7�?3c�CE4ML>;N68Qh�W?�cdCTH/a*?�7�F�4 ��cdCT48SNG�9�o�;>=NSNQ�c�CE4 .§?�7:=M9(7�4�QR=@S>CE7
GWH/a�.�x/j{SN48?�a:=@H/S30
A LNq�F�S>H
Av9k6"O �sGWa:= 0�S>9(6"On=N4UHI7�?
L|ADC��8a�;>G84�LDcdH(6�9 HkF�F�?�JEH/7R432:9�oE9<�NS>48F�7�CTH
H -
��j a(cP.WYnCT48S>G8H/7�4 A F�4�=@48a:=NH/SNG�4

νe
cdCE?(oK9 4�7�48S>g/C�� A G�?wa(S>48;>CE4�-/.y�*��� YP40/§. �u?�S30
AD7�H

c�HkFk9(��aw?w6�LN?�ADCEF�cd? 487�4�SNg/4�=M9(68G87R48g/H�7�4�QR=@S>CE7 LN?�a CrJTCE68G�2�?�G�?�S>4�L>4�;>=@S>H
A�?�7:9(6"O b�SNG�9(b�?�F�a�0�A
G�g:?�F�G8?(oK9P;NC �hGVb�SNG�4�ADCEFk9(A`?�7�CE?�c�C�F�JE?dH/;>6�9(JK?w6�L>C&7�48QR=NSNCT7 ;�oKH/7�486�G87:9(6"Ou.  �9(G87�?�6�G8H/7R4{7�? bsHkFk�
;|="?�ADCE4{F�?w7�9(6"O�7�?�L>JT48b�CT4�L_F�H/b�?w;NH
A�?w7�4Ib�?�S@?wcd4�=@S>9P=@HR�

∆m2
12 = 6.9 × 10−5eV 2 C

sin2 2θ12 =

0.91
�
θ12 = 36◦

� . -
j 1 .ª&QR="?�Lv7�?�JT4/1�9�;NC��ra�CTJEa*?§;�o 0�A Av9
LN?w�N7�CT487�CE?R.���?w=MA£HdG8?�Q:A�? 1�9'� ��184W6"O�H(68CK?�1
νe

A \k[31 C
νeA �W?�cd©��3[¢^ c�CK?(oE9§bsHkFRH/2�7�4�487�4�SNg/CT4 � SNG��8F�Q�Yn40/ � �(=NHVF�S>H/g/C �:7�?Ua:=!0/S>9(6"O�G8?�6"O�H(F�G8CpoK9IH/;>6�9:�

JE?�6�L>4�S302187�CEq�;NC ��G87�?�6�G�q�6�H � -
�/j�a�c �
?vHkF�JT48gkoKH/�!���CT48c�CK?*��\�o H .�684�� � .81_=!021m7�48QR=NSNCT7�?�;�oKH/7�486�G87�4 H/;��
6�9kJTQ*LNq£L>48FR9(7�CT4�A�g �8;|=@4MLmcd?w=@4�SNCEC
LNq�F�S>H�A£4�Lm7�?rF�SNH(F�G84�GD684�7�=NSNQ�c�\�o H2.�68?UFRH�L>4�g/HUb5H
ADCE4�SNG�6"O�7�C �
cd?�ch9 =NQ FRHk6�G�9(7�CE4�7�CK? G =@G�AW.D4�zp48a:=@4�c cd?�;>H�Av9(c . -/- 1 �va:= 0/S|9 2�JEC 184�L�Av9�LN?��N7�CE?�c A ]&HkF(�
S>H/G8F�G�CK?�JT4¢-�. �k. �k.  b�SNG�9kb�?�F�a�QI7�48QR=NSNCT7§SN48?�a:=@H/S>H�Av9(6"O{A 48a�;>b54�S>9(cd4�7�68CT4D�W?�c ©��_[_^ �w?¢="?wa'1�4
?w=NcdH�;>zp48S|9(68G87:9(6"OZC�F�H�=M9(6"O�68G8?�;NH
Av9(6"O%48a�;>b54�S>9(cd4�7:= 0
A ?�a�6�48JT4��MSN?w=@H�SNH
Av9(6"On4�zp48a:=M9Bcd?�;NH
A£4U;Nq
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j

]�?�S@?wcd4�=@S [¢?�L>JE4�b�;NG�4WF�H/b�?�;>H
A�?�7RCE4 x
σ

∆m2
21(10−5eV 2)

ek.y� ek. �
���R.0-
∆m2

32(10−3eV 2)
�k.yx -/.y}*��xR.yx

sin2 2θ21
jR.yx jR. ��x*�MjR.yx/�

sin2 2θ32
jR.¡  jR.yx�}w�MjR.yX/�

sin2 2θ13
jR.¡j�jb� ��jR.yj�}�e

ª ?w2�JECT6�?�-/.0-/��]�?�S@?�c�4�=NS>9 H/;N6�9kJE?�6�L>C�7R48QR=NSNCE7�� g/JTH/2�?�JT7�43F�H�b�?�;NH
A`?�7�CT4 ��7�?�L>7RH�AD;>G84VF�?�7�4 . -
X 1+.

?�JT25H%G�2:9(=I=NQ�F�7�4<F�H G8c�CE4�SNG�487�CE? G84BADG8g/J �8F�Q 7�? cd?(opqZJTCE6�G82��Bb�SNG�9kb�?�F�a 0
A H(F�F�G�CK?(oE9�A�?�7RCK?��
?�JT25HU="?�aIG�7�CEawH/cd4 � 1�43;NC �mL>4¢b5H/c�C LN?WCsQ�A`? 18?§;NC�� � 1�43H/;>6�9(JK?�6ML>4_G8?�6"O�H(F�G�qhA b�S302187�C+.R[¢?ha�H�7�CE4�6
A`?�S>=NH�bsH(F�a�SN48�>JEC � ��184<G8?�H/2�;>48S>A£H
A�?w7�CE4nH/;N6�9kJE?�6�L>CD?w7�=M9(7�4�QR=@S>CE7 Av9ka�JTQ�68G�9�oKH<L>4�F�7�q GPORCEbsH�=@4�G
=�o Q�cd?�68G8q�6�9(6"O � ="?
L>48c�7�CE6�G843G�7�CEa*?�7�CT4r7�48Qk=@SNCT7 ���?Ic�CK?w7�H
ADCE68CT4Uo ?�c ?w7�CE43;|9(cd4�=@SNCTC�f�]�ªr.
� 7�7:9(c 7�CE4�G8c�CE4�SN7�CT4�A`? 187:9(c 48a�;>b54�S>9(cd4�7:=@48c G�Q�1�9(68CT48c 7R48QR=NSNCE7 S>4�?�a:=@H�SNHw� Av9k6"O 2:9�o

f��_1U1 � . [_?�b5H(F�;|="?�ADCE4<G84�2�S@?w7�9(6"O�A 7�CTc F�?�7:9(6"O�H/2�JTCE6�G8H/7�H g20�SN7�4PH/g/SN?�7�CE6�G84�7�CE4<7�?�awq*=
c�CE4�;NG�?w7�CK?

θ13
�
sin2 2θ13 ≤ 0.12 . -�� 1 .���7�?�L>H/c�H/�!�WF�H/a�o ?�F�7�4MLDA�?wS>=@H��N68C�=@4�g/H�awq*="?_L>48;>=¢CE;|=@H�=N7�?

F�JE?§Av9kG�7�?�6�G8487RCK?{z ?�G�9
δCP

.
[_? awH/7�CT486 A`?�S>=NHnL>48;NG�68G�4 AD;>b5H�cd7�CT4/� H�7RCE48G�Av9(a�oE9(c Av9(7�CEa�Q�a�H�JK?�2sH/S@?w6�L>C¢©�\k[_^ . -�x 1 .��?wF�?�LNq�6�7R48QR=NSNCE7�?Zb5H(6"O�H(F�G�qw684�G�S>H/G8b�?�F 0
A�cdCTH/7 0
A A�;NbsHk6�G�9(7�a�Q G87�?�JT48G�CEH/7�HnF�H
A`H(FR9 7�?

H/;>6�9(JK?w6�L>4
νµ ←→ νe

G
∆m2 A g/S@?w7�CE68?�6"O H(F�jR.0- F�H�a�CEJTa(Q

eV 2 .  �;Na*?�G�9�A�?(oKH�2:9�=@H 7�?
CT;>=@7RCE487RCE4I68G�A�?�S|=@4�g/H%7�48Qk=@SNCT7�?���7�?�G�A�?�7R48g/H ;|=@4�S>9(JE7:9(c �&g/FR9'1d7�CE4�;Nb�S>G���g:?(o H�2�9�;NCT4dH�7�HZF�H

Z0

=@?�aDLN?�ahb5H/G�H/;>=@?(o 4�=NSNG�9/.�]	0�a(C�6�HW48a�;Nbs48S|9kc�487:=`�r�3�¢YZlm[ . -�} 1�7�CE4vbsH�=MADCE4�SNF�G�C o�=M9(6"O�Av9k7RCEa 0
A
C�G�?�A �8G�C o�F�H/;>= �8b�7:9�H/2�;>G�?�S b�?�SN?�c�4�=@S30
A�F�H

∆m2 ∼ 0.2−1 eV 2 JEQ�2
7 eV 2 H/SN?�GDc ?�o 48g�HUa*qw=@?

c�CE4�;NG�?w7�CK?R.	 H/�NS>HkFRa(Q���48SNc�CEJE?�2 A���j�jb� S>H/a�Q�S>H/G8bsHk6�G�q(o¢;>C��<48a�;Nbs48S|9(cd4�7�=<YnCE7�CE�v1W1r[_l
. -�  1 ��a:= 0/S|9Bcd?IH�;>="?*=@486�G87�CT4WSNH/G�;>=@S>G�9(g/7�q��U=N487Pb�SNH/2RJE48cP.

 =@?�254�JEC{-/.0-�G8482RS@?�7�4�;@q A�?�S|=@H/�>68CUb�?�SN?�cd4�=@S30�A H/;N6�9(JK?�6ML>CWAv9(G�7�?�68G�H/7�4 7�? bsHkFR;>="?�ADCT4
7�?
L>JE48bR;NG�9(6"OnF�H/b�?�;>H
A�? .nF�JK?{b�S>G84�b�SNH
A`?�F�G8H�7�9(6"O%F�H{=N4�LDbsH/S|9�48a�;>b54�S>9(cd4�7:= 0
AW.

� ®�� � »n¸ µ ¬ Á�¸\º4»-U»n¸�¶0·À¸�¿ ·¹¸�� �
	
l ="?�bZ2�?�F�? . �sa:=!0/S>9(6"O%gko 0�AD7:9(c 6848JT48c 2:9�o H�bsH�=MADCT48SNFRG8487RCE4UJEQ�2nH/2�?�JT487�CT4UORCEbsH�=@4�G�9<H/;>6�9:�

JE?�6�L>C/7R48QR=NSNCE7VcdH 187�?�L>Q 1 Q�G87�? �£G8?�G8?�a�H .�68G�H/7:9/./]�S>G�9(7�C)0�;�okH/7WADCE48JT4�z ?�;N6�9k7�Q*LNqw6�9(6"O{SN4�G8Q�J0="?w=!0�A �
a:= 0�SN4IG87�?w68G�qw68H<ADb5oK9(7 ��oK9 7�?BH/2�SN?�G§��G�9ka�Cm68G8q�;>=N48a%4�JE48c�487:=@?�SN7:9(6"Ou.�]�HPb�CT48S>AD;>G84I7�CT4�A`qw=@b�JTC0�
ADCT4 7�48Qk=@SNCT7�? H/;>6�9(JEQ*LNq��§AD;Na*?�G8Q�LNq 7�?�=NHnL>48F�7RH/G87�?w68G87RCE4 Av9(7�CEa�C3awH/JK?w25H/SN?�6�L>CTC��U?wc ©��3[¢^
� b�?w=@S>GVS|9(;8.0-/. � ��.5]�H FRSNQ�g/CT4VCT6"OZc�CE4�;NG�?w7�CE4W;NC �vL>4�;>=_2�?�SNFRG8H ;>CEJT7�43��;>CEJE7RCE4�L>;>G84WH(FZc�CE48;>G�?�7RCK?{;NC �
a:A`?�SNa�0�AW.5\(=MA`?�S>G�?{=@H{bsH/JE43FRH{SNH/G�A�? 18? .u��6�G�9Bcd?�ch9I=@Q<F�H(68G�9(7�CE4�7�CK?§GrG8?�6"O�H
A�?w7�CE4�c LN?�a�CE4ML>�
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�v9(;NQ�7�4�a -�. �k�&\�=@H/;>Q�7�48a�G8c�CE4�SNG�H/7�4�LrJECT68G82:9%bRSNG�9(b�?wF�a 0
A¦F�HP=N4�LUJTCE6�G82:9%A b�S>G�9(b�?�F�a�Q 2RS@?�a�Q
H/;>6�9(JK?w6�L>CuA G8?�JE4 187�H��N68C�H(F

L/E
A 4�a(;>b54�S>9(c�487�6�CE4V�U?wc ©��3[¢^ . -�e 1 .

;|9kc�4�=NSNCTC ��a:= 0/S>4�LvL>48;>G86�G84B7�CT4dG�7�?�ch9RiB]�H =NSNG84�68CT4 �&g/FR9(2:9�A`?�S>=NH/�!�
θ13

H/a*?�G�?(o ?n;>C�� H(F�bsH
ADCE4��
F�7RCEH F�Q�1�?��£cdCT48JECT2:9k�>ch9 c�H218JTCTA£H/�!�PAv9kG�7�?�6�G8487RCK?

δCP
A ;>48a:=@H/S>G84%JT48bR=NH/7�H
Av9(cn.`[_?�F�;>G84�F5o

ADC �86B=@4�S@?�GP68G8?�;�� ?�2:9�b�S>G84�b�SNH
A`?�F�G8C �Zb�S>486�9kG�9�L>7�4ZbsH/c�CK?�S|9�A`?�S>=NH/�N6�CDb�?�S@?wcd4�=@S!0
AtH/;N6�9kJE?�6�L>C
H/SN?�GDG87�?wJE48¨ �DHkF�bsH
ADCE4�F�G8C�7�?Wa�CEJTaw?_zpQR7�F�?�c�487:="?wJE7:9(6"O b:9�="? .��:HUa:= 0/S|9(6"OdAD;NbsH/c�7�CK?�op?�c�L>Q 1D7�?
;N?�ch9(c bsHk6�G�qw=Na(QPSNH�G8F�G�CK?(oKQu.

��� �-��� � *(+ , "%$ )(/ "�0�1 ) ' &! #��� ������� " "�� "�� 0  #"
 H/2�;>G�?�S>G843b�?wS@?�c�4�=NS!0
A HkFRb5H
ADCK?wF�?�LNq�6�9k6"O 7�48QR=NSNCT7�H/c�?w=@c�H/;|zp48S>9(6�G87:9(ctSN48?�JECTG8H
A`?�7�4_;Nq

L>Q 1_FRA�?{b�S>H/g/SN?�ch9�2�?�F�?�A£68G�4���[¢Q�Y � Cuf�[ 	U\5.�132�?VH/b�CE4�S@?�LNqV;NC��_7�?hADCKq�G�a*?�6"O
νµ

b5H(6"O�H(F�G�q*�
6�9k6"OnGU?�a�6�48JE4�S@?w=NH/S!0
A ��?{H(F�JE4�gko H/�>68CuH(F<¨8S30kF�4�o�7�48QR=NSNCT7PFRHdF�4�=@4�a�=NH/S!0
A =NHIH/a�.se�x/j§a�cn.

l�a�;Nbs48S>9(c�487:= Y � [31W\ . -�� 1 � ADCKq�G�a*?�[¢Q�Y � ��[�48QR=NSNCE7RH/; zpSNH�c YZ?wCE7 � 7*L>4�6�=@H�S�dG�JEH/a*?�JTC0�
G�H�A`?�7:9{L>48;>=�A+	3\(�h.5\(=@S>Q�c�CE4/.P7�4�QR=@S>CE7ZbRSNH(F�Q�a�H
A`?�7:9IL>4�;>=¢A ��48SNc�CEJE?�2��R?dgko 0�AD7:9PF�4�=@48a:=NH/S
G�7�?�L>F�Q*L>4v;>C�� A awH/b�?�JT7�CECR\kH/QRF�?�7���A�YnCE7�4�;NH(68CT4 ��bsH(F§g/S@?w7�CE68q¢a*?�7�?�Fk9
L>;>a*qR. ��c�CE4�7�CK?�LNqw6£bsHko H 184��
7�CT43;Nbs486MLN?�JE7:9(6"O<c ?wg/7�48;30
A ��cdH 187�?h2��8FRG8CE4_H�=@S>G�9(c ?��_=@S>G�9dS!021�7�43A�?wS>=@H��N68C�487�4�SNg/CTC�7�4�QR=@S>CE7�A
cd?�a�;NCTc§Q�c ;>=NSNQ�c�CE4�7�CK? ��=NG�AW.R©�H
A l�7�48S>g�9 �`4�?�c �

E ∼ 3 GeV
���RYn4�F�CEQ�c¦lm� �

E ∼ 7 GeV
�

H/SN?�G��¢CTg/O lm� �
E ∼ 15 GeV

� .�^¢A`?PF�4�=@4�a�=NH/S>9 ��Hncd?�;@?w6"O�jk.¡�/�Ba:=UC  k.�}Pa:=UG87�?�L>F�Q*LNq�6�4d;>C��
H(F�bsH�ADCT48F�7RCEH§A H(F�JT48gkoKH/�N6�CK?�6"O<���/j§ctC&e�x/j{a�c HkF<¨�S!0(F5op?{G82RQ�F�H
A�?w7�4V;Nq�7�?�b�SNG�48c�CE4�7�7�CE4
GrA`?�SN;|=MA ;>=@?�JECuC�;N6�9(7:=M9(JK?w=NH/S@?k. 	ho 0
AD7:9(c G�?wF�?�7�CT48c Y � [_1W\���?¢L>48;|=DAv9kG�7�?�6�G8487RCE4

∆m2
32C

sin2 2θ32
GWF�H/a�op?�FR7�H/�N6�CKq{H/a�.0-
j

%
.

f�[ 	U\�=NHVb�S>H/g/SN?�c 48Q�S>H/bs4�L>;Na�CsG�?�a�o ?�F�?�LNq�6�9�Q 1�9(68CT4¢Av9(;NH�a�H(487�4�SNg/4�=M9k6�G87�4MLvADCEq�G8a�C�7�48Qk=@SNCT7
C£FRA 0(6"O�F�4�=@48a:=NH/S!0
AW�m1r]mlm��� . -
� 1£C � f`�_� 	3\ . ��j 1£Q�c�CE4 �M;NG�68G�H/7:9k6"O�A�H(F�JE4�gko H/�>68C`e�xb�<a(c
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�v9(;NQ�7R48a -/.yxR��^¢ADCT4Uc�H21�JECTA£43O�CT48SN?�SN6"O�CT4rc ?w;v7�48QR=NSNCT7u��7�H/S>c ?wJE7�?§CuH(FRADS30k6�H/7�?R.

H(F ¨�S!0(F5op?k.��kSN4�F�7�CE? 4�7�48S>g/CK? ADCKqwG8a�C3=@H H/a�.W-�e 	W40/ ��="?�a ?�2:9
ντ

bsHk6"O�H(F�G8q�684�G H/;N6�9kJE?�6�L>C
�
νµ ←→ ντ

�¢c�CK?(oE9<HkF�bsH
ADCE4�F�7�CKq�487�4�SNg/C �§F�H�bRSNH(F�Q�a�6ML>C JE4�bR=@H�7 0
A
τ
�
E

b�SNH/g�H�A`?d=NH�H/a�.uxR.¡ 
	r40/ � . � 6"O H/2�;>48S|A�?�6MLN?V2��8F�G�CE4D2s48G8bsH/�>SN48FR7�CEc¥FRH�A£H(F�48c 7�?3=@H�� 184�G�?�6"O�H(F�G�C�=N487I=M9(b H/;>6�9(JK?�6ML>C .

^_4�=@48a:=NH/S 4�a(;>b54�S>9(c�487:=@Q�1r]mlm��� ;Na�op?wF�?¢;>C��mG£FkA 0(6"O§c�HkF�Qso 0
A �
a*? 18FR9WG 7�CT6"OhbsHkF�G�CE4�JEH/7:9
L>4�;>=V7�?<=@?�SN6�G���Cm;Nbs48a:=@S>H/cd4�=@SWcd?�g/7�4�=M9k6�G87:9/.&ª�?�SN6�G�?nG�2�Q�F�H
A`?�7�?IL>4�;>=UG �M684�g/CE4�o ���A a:=!0/S>9(6"O
Q�c�CE4�;NG�68G8H�7�4 ;Nq�7�?�b�S>G84�cdCT487�7�CT4�A`?�S>;>=MAv9 48c§Q�JT;pL>CUCWHko H
ADCEQ�._f`4�gkoK9 =@4 =MA£H/SNG8q �N68CE?�7:9 HkFk�
F�G�CE4�JEH/7�4<b5o ?�;NG�68G�9kG�7�?�c�CD;N6�9(7:=M9(JK?w=NH/S@?k. ª�?�S>68G�9 Q 1�9�A�? ;>C��<F�H�CEF�4�7:=M9(��aw?w6�L>Cv=@H/bsH/JTH/g/CEC£b�SNG�9:�
b�?wF�a�Qu.�f`G8?�; 1�9(68CK? ="?�H�7(Q Av9(7�H/;NC�H/a�.

2 × 10−13 ;�.`�DH/G�b�?�F�? ;NC �nH/7 G�?�G�Av9(68G�?
L�7�?BL>48FR7�q
6�G�q�;|=@a �{7�?(op?�FRH�A`?�7�q�C

ντ
�sb�SNH(684�;¢=N487 6"O�?wS@?�a:=@4�S>9(G8Q�L>4§;NC �VAv9(S@?�¨�7:9kc G�?�op?�cd?�7�CT48c 7�?�=@H/S>G84�.

�¢2�9�H(F�S!0 187�C �vg/HhH(Fd4�JK?�;|=M9(68G87:9(6"OBH(F�F�G8CE?(oK9�A`? .�O�?�F�S>H/7�H
Av9(6"O��kAv9(a�H�SNG�9(;|=@Q*L>43;>C���CE7RzpH�SNcd?�6�L>4
HIb��8F�G�CE4Wb5H�b�SNG�4868G�7:9kc 6�G�q�;|=@a�C ��bsHk6"ORHkF�G8q�6�qIG84W;>b54 �Ma:=@S>H/cd4�=@S>QPcd?�g/7R4�=M9(68G�7�48g/HR.
� f`�3� 	3\ =@H a�H/c�H/S>9 b�S>H*L>48aw6�L>C¢68G�?w;NH
A`4MLBH opq�6�G87�4ML c ?�;>CE4nX/j/j = �mAv9kbs4*oK7�CEH�7�4Z6�CE48a�oE9kc

?�S>g/H/7�4�cn.m]&H/G�A`?�JE?�H/7 7�?�G8?�6"O�H
A`?�7�CE4PAv9(;NH/a�CE4MLdSNH/G�F�G8CT48JT68G8H��N68CD4�7�48S>g/4�=M9(68G�7�4�LdA ;>G84�SNH/a�CEc
G8?�a�SN48;>CE4¢487�4�SNg/CTCs4�JE4�a�=NSNH/7�0�A bsH/b�S>G84�G_bsH/cdCE?�S�487R48SNg�CEC�b5H(6"O�H(F�G�qw6�9(6"OBHkFd7�CE6"Oda*?�;Na*?�F�4�JE4�a�=NSNHw�
cd?�g/7�4�=M9(68G87:9(6"O���?Ub�SN4�6�9(G�LN? �RGmLN?wawqUH/2�SN?�G8H
A`?�7�43;NqU=@H�S>9�68G8q�;>=N48a�7�?(op?wF�H
A�?�7:9(6"O � O�?�F�SNH�7 0
A �
c�CEH/7�0�A �uL>48;>=�bsH/S!0
A�� 7�9�A`?�JE7�?�F�HIawH/c 0�Svb ��6"O�48S>G�9(a�H
Av9(6"Ou.

��� �-� � , $ "�� 2#" / �  #"%$'� $'���  # �/ �3+  $ )-& 0 ���!& "�0  #�
δCP

]�H�cdCE?�S>9¢G�ADCEq�G�?�7R4�G�H/;N6�9kJE?�6�LN?wcdCw7�48QR=NSNCT7rF�?�LNqv7�?�c CE7RzpH/S>c ?w6�L>4�L>4�FR9(7�CE4�HvS302187RCE6�9_a:A�?�FRS@?*�
=!0�A cd?�;�.k[¢?VCT6"O bsHkF�;|="?�ADCE4¢7�CE4 L>48;|=@4��Nch9IA ;>=@?�7�CT4�Av9(G87�?�68G�9 �r2s48G�ADG8g/J �8F�7R4�L£A�?wS>=@H��N68Cscd?�;>9
7�4�QR=@S>CE7�?k.£[�CE4<ADCE4�ch9�=@4 1 ��LN?�a�C�L>4�;>=dG87�?wa

∆m2
32

� b5H�7�CE4�A�? 1PF�H�=M9(6"O�6�G�?�;>H
A`4%4�a(;>b54�S>9(c�487:=M9
c�CK?(oE9PG82:9�=Wa(S30�=@a�CT4{2�?�G�9ZC 7�CT4§2:9�oK9%6�G8Q5oK4{7�?�4�zp4�a�=M9 c ?�;>H
A`4 � G87�?�a

∆m2
21

Av9(G87�?�68G�H/7�HP7�?
bsHkFR;>="?�ADCT4n4�zp48a:= 0
A cd?�;NH
Av9(6"O A \�oKH2.�6�Q ��. ]	0�a(CD6�H c§Q�;>CEch9 G�?�a�op?wF�? �PFRADCE4PcdH 18JEC0A`4BORCE4��
SN?�SN6"O�CT4Vcd?�;D7�4�Q�S>=NCE7u��7�H/S>c ?wJE7�q§C�H(FRADS!0(68H/7�q���b5H/a*?�G8?�7�4W7�?�S>9(;8.0-/.yxR.���H/JE4ML>7:9kc A`? 1�7�9(c G�?��
F�?w7�CE4�c L>48;|=Wb5H�cdCE?�S�z ?wG�9

δCP
.���4�F�7�?�ana(JTQ�68G�H
A�q<a:A`4�;>=@CEqBb5H/G�H/;>=@?�L>4{Av9(G87�?�6�G84�7�CE4{A`?�S>=NH/�N6�C

θ13
��H(F a�=!0/SN4MLIG8?�JE4 1�9�c�H218JTCTA£H/�!�BG�2�?�F�?w7�CK? =@4�g/H G�?�g/?�F�7�CT487�CE?R.���?�S>F�G8H�684�7�CEH�7�4B;@q 7�?%=M9kc

bsH/JEQ�48a�;Nbs48S|9(cd4�7�=M9 SN48?�a:=@H/S>H�A£4 � 7�bu.&b�JK?�7RH�A`?�7:9�^_H/Q�2RJE4���f��31W1 � ����A a:= 0/S|9(6"O�cdCT48SNG�9 ;NC �
P (νe ←→ νe)

C�a�=!0/SN4n;@q�2�?�SNFRG8H 6�G8Q5oK4 7�?�=N487 b�?�S@?�c�4�=NS �
θ13 ≤ 0.01

��. [¢CT48;|=@4�=M9 ;@q�H/7�4
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S30�AD7RCE4/1{2�?�SNF�G�HB=@SNQRF�7�4{G84§ADG�g/J���F�Q 7�?Bb�SNH�2�JE4�ch9ZG{FRH/a�op?�F�7:9(c Av9(G87�?�68G�487�CT48c ;>=NSNQ�c�CE4�7�CK?
7�4�QR=@S>CE7BAv9(b�SNH(F�Q�awH
A�?�7:9(6"O%A S>4�?�a:=@H�SNG84w.

[_?
L|ADC��86�4�L�CE7RzpH�SNcd?�6�L>Cv7�? =N48cd?w= A`?�S|=@H/�>68C
θ13

F�H�;>="?wSN68G8?�LNq 7�?�c H/;>6�9(JK?�6ML>4
νµ ←→ νe

.
]�S@?�ADF�H�b5H(F�H/2�CT4/.�;|=MA`HBCT6"O G�?
L>�N68CE?���S>H/G8bRCE;@?w7�4hb�S>G�9nb5H�cdH(6�9P48JT48c�487:= 0
A cd?�68CT48S>G�9

UMNS
cd?

bsH/;>=@? ���

P (νµ ←→ νe) = 4C2
13S

2
13S

2
23 sin2 Φ31

+8C2
13S12S13S23(C12C23 cos δ − S12S13S23) cosΦ32 sin Φ31 sin Φ21

−8C2
13C12C23S12S13S23 sin δ sin Φ32 sin Φ31 sin Φ21

+4C2
13S

2
12(C

2
12C

2
23 + S2

12S
2
23S

2
13 − 2C12C23S12S13S23 cos δ) sin2 Φ21

−8C2
13S

2
23S

2
13(1− 2S2

13)
aL

4Eν
cos Φ32 sin Φ31

� -�.¡X��

g/F�G8CT4
Sij(Cij)

=@H
sin θij(cos θij)

��?

Φij =
∆m2

ijL

4Eν
=

1.27∆m2
ij[eV

2]L[km]

Eν[GeV ]
.

� -�. e �

]�S@?�ADF�H�b5H(F�H/2�CT4/.�;|=MA`Hd7�?
νµ ←→ νe

H�=NSNG�9kcd?�ch9 ��G�?w;>= ��b�Q*LNq�6w�
a→ −a

C
δ → −δ

.
[_?
L|ADC��8a�;>G�9rADa�op?�FrAD7�H�;NC:H(68G�9�ADCT�N68CT4�b�CE4�S>AD;>G�9r6�G*o H�7US30
AD7�?�7�CE?��8b�S>H/bsH/SN6ML>H/7�?�JT7�9¢F�H

sin2 θ13
.

^_S>Q�g/C �kG8?�6"O�H
ADQ*LNq�6�9<f�] �(Cs68G�A`?�S|=M9 ��bsHk6"ORHkF�G8q�6�9dH(F 7�4�QR=@S>CE7�; o H/7�4�68G�7�9(6"OP;@qh;>CEJT7�CE4v=�oKQ�c�CEH/7�4
bsH/b�S>G848GDcd?(opq_A`?�S|=@H/�3�

∆m2
21

.:^_G�C���a(C�=N48c§QI6�G*o H�7�=NSNG84�68C �/a:= 0/S|9 op?�c�CE4vf�] G�?�6�G�9(7�?WHkFRg/S>9�A`? �
A`? 187�q�S>H/J��w.�]�CKqw=M9B6�G*oKH/7<G�ADCKqwG�?�7:9hL>48;|=�GU4�zp48a:=@4�c c ?w;NH
Av9(cn�

a = 2
√

2GF neEν = 7.6× 10−5ρ[g/cm3]Eν [GeV ] [eV 2]
� -�.¡���

g/FRG8CE4w�
GF

=@HD;>=@?(op?���48S>cdCT48g/H �
ne

=@Hvg ��;>=@H��!�m48JT48a:=@S>H/7 0
A ��?
ρ

=NHDg �8;|=@H/�3� ��CT48c�C .��/?�a�ADCEF�? ��4�zp48a:=
=N487dL>48;|=r=M9(c ADCEFRHk6�G87�CT4�L>;NG�9ZCTc F5o Q 1�;NG8?hL>4�;>=rFRSNH/g:?

L
C CTc Av9 1�;NG8?Pg ��;>=NH/�!�§A`?�SN;|=MAv9 ��CE4�cdC �

b�S>G84�GZa:= 0/SNq�b�S>G84�6"O�HkFRG�qR.���48g/H�G�?�H/2R;N48S|A`H
A`?�7�CT4�L>48;|= a�JEQR68G8H
A£4 F�JE?�S>H/G�ADCEq�G�?�7RCK? b�SNH/2RJE48chQ
O�CT48SN?�SN6"O�CTC�c ?w;8. 	WFk9rL>4�F�7�?�aI4�7�48S>g/CK?W7�48Qk=@SNCT7WL>4�;>=�7RCE;Na*?WcdH 1848cV9Ig/HhG8?�7�CE4�F�2�? ��Cs;>=@H�;NQ�7�awH
A`H
o ?w=MA`HIAv9(G87�?w68G�9'�h?�;>9(c�4�=@S>C��Uf�]v�

ACP =
P (νµ ←→ νe)− P (νµ ←→ νe)

P (νµ ←→ νe) + P (νµ ←→ νe)
=

∆m2
12L

4Eν

· sin 2θ12

sin θ13

· sin δ .
� -/.¡� �

 ?�S>=NH�=NQR="?�LIG�?�Q:A`? 1�9'� � 184<A`4PAD;NG�9k;|=@a�CE6"O =M9(6"O�ADG�H/S@?w6"O�Av9(;>= ��b�Q*LNq�zpQR7�a�6ML>4n=@S|9(g/H/7�Hw�
c�4�=NS>9(68G�7�4db�?�S@?�c�4�=NS!0
A�C =@HBA¥S302187:9(6"O bsH�= �8g:?�6"O�.�]mS>H
A�?�FRG8C�=@H<F�H<bsH�AD;|="?�7RCK?BF�48g�487�4�S@?�6ML>C
S>H/G�ADCEq�G�? .PC�a�H�SN48JE?�6�L>C�bsH/c�C���F�G�9 b�?�S@?wcd4�=@S@?wcdC+. � 6"OnHkFRADCTa�op?�7�CT4r7�CE4`L>4�;>=�cdH 18JEC0A`43A G�?�a�S>48;NCT4
L>4�F�7�48g�H¢4�a(;>b54�S>9(c�487:=@Q���JT4868G =M9(JTa�H�g/FR93bsHko q�68G�9r;NC � Av9k7RCEa�C:b5H(6"O�H(F�G�qw684�GmS!021�7:9k6"OVb�SNH�g/S@?�c 0
A
2�?wF�?�A`6�G�9(6"Ou.
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β

� ;>=N7�CE4MLNq FkADCE4 a�H/7Ra(QRSN487R6�9�L>7�4 FRSNH/g/CrbsH(F�4�L>�>68CK?�F�H =M9(6"O b�S>H/2�JT48c 0�AW.�]mCT48S|AD;NG�? G 7�CE6"O��
=NG�AW. ;>Q�bs48S>ADCEq�G8a�C =@H S>H/G�ADCT7�C���68CE4�CEFR48C G�?�bsHk6�G�qw=Na�H
A`?�7�4�Lhb�S>G84�G�48a�;Nbs48S|9(cd4�7�=��|���{.  CKq�G�a*?
b�S>H�=@H�7�H
A�?{HIcdH(6�9dSNG��8F�QZY  ��QRF�48S>G�?�LNq�6rA ="?�S>68G��3Av9�=MA`?�SNG8? �U2 ��F�G8CT4rb�CEH/7:9 Cua*?�H/7:9 ��GrCT6"O
S>H/G8b�?wF 0
A�Hw=@SNG�9(ch9�A�?�7:9Z2 ��F�G8CT4h;>=NSNQ�c�CE4 .

νµ(νµ)
H Av9(;NH/a�CE4ML_CE7:=@4�7�;>9�AD7�H/�>68C+.u^_H(F�?w=Na�H
Av9(c

bsH/ch9(;�oK48c L>48;|=dL>48g/H�SN4�L>4�;>=NS@?�6MLN? b�SNG�48G F�4�=@4�a�=NH/S%Q�;|="?�ADCEH/7:9 7�CE4�7�?�H/;>CVADCEq�G8a�C ��JE4�68G�b5H(F
bs4�AD7:9(c F�H�7�CE4ML�a*qw=N48cP.�ª�?�a*?IawH/7R��g�Q�S@?�6MLN?�7RH/;NC�7�?wG�A � � H�����? �kCE;#�3C�b5H/G�A�?wJK?{7�?{H�=@S>G�9(cd?�7�CE4
JT48b�CT4�L�;Na�H�JECEc�H
A�?w7�4�L`A 487R48SNg�CECuADCKqwG8a�C�7�48Qk=@SNCT7nC�G�7�?�6�G87�q�SN48FRQ�a�6ML �V=�o ?R.�]�JK?�7RH�A`?�7�4U48a�;>b54�S>9:�
c�487:=M9IH/b�?wS>=@4D7�?W=M9(c b5H/cV9k�>JE4v=@H

NOνA . �k- 1 � FRSNQ�g:?rz ?�G8?Ub�S>H/g/SN?�c§Q�[¢Q�Y � ��b�SNH/bsH/7�H
A`?�7�4
L>4�;>=�b�C���68CTH/a�SNH�=N7�43G�ADC �8a�;NG�487�CT4Wc ?�;|9�F�4�=@4�a�=NH/S@? ��A bsH/S!0
AD7�?�7RCEQBGrF�4�=@48a:=NH/SN4�c Y � [31W\BC�Av9:�
F5oKQ 184�7�CE4 2�?�G�9�F�H �/�: na�c �WH/SN?�GWLN?wb5H2.R;Na�C`ª���� . �Å� 1 � a:=!0/S>9�bsH�ADCT7�CE4�7 G�?w68G�q�� bsH/cdCE?�S>9 L>Q�1
A%��j�j/��S>H/a�Q � ;>G86�G848g 0ko H
Av9nH/b�CE; L>48g�H b�S>H/g/S@?wc§QP��G�9(68G�7�48g/HBH�S@?�GUF�4�=N48a:=@H�S!0
A C�ADCEq�G8a�C&G87�?
L��
F�Q�L>4_;NC �¢A �DH/G8FRG8CK?wJE4�x���. � 6"O�gko 0
AD7�9(c�G�?�F�?�7�CE4�c 2 ��F�G8CT4_bsH/b�S@?�ADCT487�CT4�FRH/a�op?�F�7RH/�N6�C�bsH/cdCE?�SNQ
sin2 θ13

FRH�H�as.�jk.¡jR- ��?§A a�H�JE4�L>7:9(6"OZ4�="?�b�?�6"OPAv9(G�7�?�68G�487�CT4hO�CT48SN?�SN6"O�CTCucd?�;vC
δCP

.
^_S>Q�g/C�GDSNH/G�A�? 18?�7:9(6"O�b5H�ch9(;�o 0
A =NHWb�SNG�9k;>b�CE4�;NG�487�CT4_F�HWAv9(;NH/a�CE6"Od487�4�SNg/CTC �MS>HkF�G�CE6 0�A ��7�48Q(�
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� �! #"%$&"('*),+*-/.1032�4&�!-%"(-(56.!798;:=<>035&'@?A'&B;032C7&+*),DE8;'GFH8!)I?3'@-J4&�;"(-(4K�! L<J)I$&"('NMN),2O4K�!"%0P7&Q%03D%'*7R4&�! IS
T �!),2C7CUWV� 6XJY[Z]\9^_'*-%�;<` ,.a5K'*-[ #b]-18;2c L</) �  ,5&-/2R'd)3M*0eb&+@'*B!?A'GFL4] #f;�!-%$&5&'3'3$&),+*-%?3'3$&-g.a-(?6.! #�h<i-%?3BES
4j-(�k0l2R-(5KD('*-nm=oIpq\�r,-($&5s)I?3Q%-n<�.! #?A7t4&�!),D%0u #?9),"v)AMw xB!'@:,FyQ%-nbs),�;$&"( zD('@-(?9)v</-{8;-%B;.|"v)L8;:(D('@-nB!'@:
�; #"(B;"(-(�;"(-%5&'*-%24&�; T �!),2C7um=oIpO"P7&Qg0lD%'*-%2}<~'@-(+*?A'@-E8%FsD('@-(?&Mw 9SE),� T  #5& L<`-E8=?I #2c ,�;0�m~^[�{F�"v)I4&�! IS
4j #5& L</),5&-E8/4&�;"(-%"{�P\��~7&b&b&'@:C���,�,�G\&��B;.a)I.a-%D("%5&'*-=<~'*:(D�B!?I #5&D(-%56.a�! L</)3MN)I2�B!'@:{5s)�4&�! 98;-%?,D%'*-er6oIpqF
T $l0lQ|$]Md7&Q(B;"v)qbs),"()q4j #2R'd),�; L<J)�.!- T  q-%?3B;4]-%�;032R-(56.a7�7K2c #Q%+*'�<~'d)�5K �<`-,FsD%'*-%?I)v<`-|"v),Bk.a #B; �</),5&'@-
4&�; T �!),2C7�UWV� 6X/Y`Zj\

�x�(� �����=���x�����R�x�W�� g¡~¢z£y¤j�¥� ��£§¦[¨ª©%��¦¬«y ix¡~®�¤��� % ¯  g��z�=�°¨ª¦_±
r#),?>8;7&Q/<~B!4j #2R5&'d)AMN),2�<�4] ,�!"(-%$&5&'@2��; #"($&"%'d),+@-,F,UWV� 6X/Y`ZP2c)�<~b&7K$& L<J),5&²|4j-9Md5s²�2c),D('@-(�!"

2R'*-%B!"v)I5&'d)
UMNSP

F|)³<´Bk</ #'@DHµ¥b&'@b&+*'@ ,.a-%?9),DHµ T  ,.a L<`-·¶N7&5&?,D18;-¸$& ¹ #b&+@'*D%"v),5&'*)¸4&�!)L<~$K #4] 9S
$& ,b&'*-%º&B;.1<¸ #B!Dg0l+*),DE8;'s5K-(7K.!�!'*5n<¸"v),+@-(Q(5K #f!D%'s l$q'*DHµR-(5K-(� T '*'&'&$K�! T 'GFg8!),?9²�4&�;"(-(b60sMd0q<¸4&�!»#Q%5&'s+*7Kb
<¼2c)I.a-%�!'@'½\#� .1032°4j 3$&�! #"%$&"('*),+*-~DHµ&D%'d)3Mw),b6032¾.! C"v) T ),$&5&'@-(5&'@-� ,2c»L<~' � 5&'@-(D( �B!"%-(�!"%-E8%FK<¼ ,4s),�kS
D%'*7z R<>03?A�!-%B;0,F]?6.a»,�!-|"(�; #b&'¿Mw),2�5s)R4j 3$&B;.a)L<~'@-e #b&+@'*D("%-(ºx<>03?, #5&),560lDHµu4&�!"g0z7&Q%03D('@7�U|V� 6XJY[Z]\

� -(?AB!4j-(�k0l2R-(5KD('*-nm=oIp¾<>03?, ,�!"%03Bk.H),5s)�b]:%$&"('@-P<~'d²I"(?9)ª5&-%7K.a�;'*5�À¿b60 � 2R #Q(-P.!-(Qq),56.1035&-%7lS
.!�!'*5sÁ~2R'* #5K �<>03DHµyFj)q<~'*:(D�bs),$s)I5&-Pbj:($s²R4&�!"%-E8;f;D('d)lÂ

νµ −→ να

À T $&"%'*- α
 #"%5s),D%"v)

µ
F¬-�+*7&b

τ
ÁÃ\

Ä�-><~" T +*:($K7ª5s)|4&+d)I5& L<J),5K-�4j #2R'd),�k0C?9²I.H) θ13

B;"(D%"(- T »#+*5&'@-�'@56.a-(�;-(B;798!²,D(-Å8;-(Bk./b&),$s),5&'@-~ #B!Dg0l+*),DE8;'
νµ ←→ νe

À¿4&)I.a�;",Â¬�! #"%$&"('*)3M��6Ág\]Äy),5K'*2Æ8;-%$&5s),?x4&�;"(-18;$&:P$& R.a- T  R.!-(2c)I.a7�FjDHµKD('d)AMN),b6032Ç?A�!»,.!?, 
 #2R»L<~' � 4&�;"(-18;f!D('*)

νµ −→ νµ

 #�!),"
νµ ←→ ντ

F&?6.a»#�;-|Ba²q4&�!"%-E8;f!D%'d),2R'y$& ,2c'@537�8!²,D%032R'½\
È{)q�;03B%\��&\�ÉW4&�!"%-($&Bk.H)v<~'* #5K R<>03?A�!-%B;0�"v),+@-(Q%5& #f!D%'�4&�a)v<~$& ,4] 3$& #b&'@-(º&Bk.1<J)nÊ14&�;"(-%Q%03D('*)9Ë

νµÀ
P (νµ −→ νµ)

Áh 3$n l$K+*- T Mw #f;D('�À L [km]
ÁÃFg8!),?9²

νµ

4K�!"(-%b603</)e<�4K�!»#Q%5&'&+*7Kbn2ª)I.!-(�;'*'A$&+d)��!»#Q%5A03DHµ
</),�;.! #f!D%'98;- T  e-(5&-%� T '@'K4j lD%"v²I.!?, L</-18�À Eν [GeV ]

ÁÃ\I�Ì03�a),Í%5&'*-J<~'@$& lD%"(5&-Î8;-(B;.Ï"(),DHµ& L</),5&'*-~ #B;D%03+d)�S
Dg0L8;5K-,Fj)n?, #+@-E8;5&-|2c),?AB!'*2c)P4j 98!)v<~'d)�8!²nB;'*:�.1032�<`D("(-%f!5&'@-E8='@2�2R5&'*-18;B!"(){8;-%B;.=-(5K-(� T 'd)C5&-%7K.a�;'*5s)K\
Äy), ,b&B!-%�;<` �</) � 2R #Q%5s)��;»�<~5K'*-(Q[5&'@-%<~'*-%+*?A'*-Ï"%2c5&'@-E8;B;"(-(5K'*-[B!'*:Ï</),�;.! #f!D%'

P (νµ −→ νµ)
<i$&�!7 T '*2

�,Ð
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�>03B!7&5&-%? �&\@É,Â§Äy),+*-%Q(5& #f;D('_4&�!)v<~$& #4j l$& ,b&'*-%º&B;.1</)
P (νµ −→ νµ)

 3$t 3$&+*- T Mw ,f!D(' L [km]
4K�!"(-ÃS

b60A.a-18 4&�;"(-("·5K-(7K.!�!'*5&)¸< 4&�;»#Q(5K'zÀ¿+@'*5&'@-t?A�!-%B!?I �</),5&-vÁÌ+@7&b�< 2ª)I.!-(�;'*'ªÀ¿+*'@5&'*-tD('*² T Md-LÁz T :(BES
.! #f!D%'

2.8 g
cm3

$&+d) �;»#Q(5603DHµ </),�k.a #f;D('e-(5K-(� T '*'{5K-(7K.!�!'*5 Eν [GeV ]
\=��b&+*'@D("%-(5&'*) $& #?I #5s),5&- $&+*)

4s)I�a),2R-%.!�!»L< 2c'@-(B;"v),5&'*)  �</),�k.a #f;D('d)IDHµyÂ
sinθ23 = 0.5

F
sin2θ13 = 0.1

F
sin2θ12 = 0.8

F
∆m2

23 = 2.5× 10−3 eV 2 F ∆m2
21 = 7.5× 10−5 eV 2 F δCP = 0◦

\
2c),?AB!'@2C7&2�$K+d)qY!-).K\0/RU|-21P\¬È�'*-�<~'@$s) � 5s)I.! #2R'd),Bk.>"(5s)ID("v²ID(-E8��;»#Q(5K'*D%0�2c'@:($&"g0�4&�;"(-E8;f;D('*),2c'
< 4&�;»#Q(5K'§'Î<�2c)I.a-%�!'@'½\sp= #+*-18;5s)R'@+*7&Bk.a�!),DE8!)�À¿�k0lB%\��K\ o#Á>4j #?9),"(798;-�5&'*-g<~'*-%+*?A'*-e�; #"(b&'@-(Q%5& #f!D%'½Fj?6.a»#�;-
4j 98!)v<~'d)�8!²zB!'@:,F T $K0 4j #�;»�<~5A798;-%2P0¸À¿$&+*)C8;-%$&5&-18|<>03b&�a),5K-E8�-(5K-(� T '*'½Â3.l\4+�U|-21¾S�D( � l$&4j L<~'d),$&)
<~'*²,"(D%-u #?¬\

2.5◦
FÏD("%03+@'=.a),?A'*-E8%F]8!)I?I²Ì4&+d)I537�8;-�B;'*:�7&Q%0 � $&+*)Ì$&),+*-%?3'@- T  t$&-%.!-(?6.a ,�a) m=o,pWÁn5&-(73S

.!�!'*5&)|"=),56.1035&-%7K.a�;'*5s),2R's4&�;"%0q"v)IDHµ& L<J),5K'*7�À
δCP = 0◦

ÁÅ+@7&bqDv)3Md?, L<~'@.1032�MN)I2ª),5K'*7qB;032R-%.a�;'*'¬�J^
À
δCP = 90◦

Ág\¬�~»#Q(5&'@D(-eB!²q.a),?ª2c)3Mw-IF&Q(-|5&'@-|2c #Í%5s)C5s)q'*DHµz4j l$&Bk.H)v<~'*-e<>03"(5&),D("g0 � ¶¿),"%0
δCP

\
^_�a)v<~$& #4j 3$& #b&'@-(º&Bk.1</ e4&�;"(-% #B!Dg0l+@ L<J),5K'd)

νµ

<
ντ

8;-(B;.�"(5s)ID("(5K'*-`<~'@:(?AB!"%-/5&'@Q[<
νe

F�5&'@-`$K"('@<~'
<~'@:(Dc¶¿)I?A.(FÎQ(-ª�k03B!7&5&?A'`�&\ ��'`�K\���Ba²u5&'@-(2c),+*Q%-PÊ1+@7&B;.!�!"v)I5A032R'Ï l$&bK'*D('*),2R'�ËP�;03B!7&5K?,»L<��K\@Éc'[�K\ ol\
^§ l$& ,b&5&'*-|8!),?�<°4K�!"%034s)I$&?A7

P (νµ −→ νµ)
"v)I7A</),Qg0 � 2R #Q(5&)�</D%"(-%f!5&'@-E8;B!"%-�4j 98!)v<~'d)I5&'*-RB!'@:

?I #+*-18;5A03DHµ�2ª)I?3B;'*2R»L< 4K�!"%0ª5&'*Q%B!"g0lDHµ�-(5K-(� T 'd),DHµz5&-%7K.a�;'*5x #�!),"�.a &FlQ(-e$&+*) δCP = 0◦
),2R4&+@'@.a7K$K0

$&�;7 T '@DHµc2c),?AB!'@2c»L<�Ba²|5&'*-%D( |2R5&'*-18;B!"(-~5&'@Q>4&'*-%�;<~B;"%03DHµy\A�¼'*$s) � �;»L<~5&'*-%Q=5K'*-(D% W<~'@:(?AB!"%-�5K'*Q>$&+*)
P (νµ −→ νµ)

FK),+@-�5&),$s),+j5&'*-g<~'*-%+*?A'*-IF6�! #"%b&'*-%Q(5& #f;D(']2c'@:($&"g0q4&�!"%-E8;f!D%'d),2R'¬<¼4&�!»#Q%5&'j'j<¼2c)I.a-%�!'@'½\
^§ #�!»L<~5s),5K'*-J"(),DHµ& L<J)I5&'d)�5&-%7K.a�;'*5n'l),56.1035&-(7K.!�!'@5R$K+d)�B;?A�a)�8;5603DHµR</),�k.a #f;D('

δCP

798!)v<~5&'d)=<~'*:(?AB;"(-
�;»#Q(5&'@D(-IFv?6.a»#�;-y8;-%$&5s),?�5&'*-_bj:($&²~2R T M*0{b60 � "(2R'*-%�!"( ,5&-,F T $K03Q[-%5&-(� T 'd)J4K�! T  L</)>5s)J<>03.1<` #�;"(-(5K'*-
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E = 0.7 GeV

Vacuum

Matter: ρ = 2.8 g�cm3

ΝΜ ® ΝΜ , deltaCP = 0

vΜ
���� ® vΜ

���� , deltaCP = 0

ΝΜ ® ΝΜ , deltaCP = 90

vΜ
���� ® vΜ

���� , deltaCP = 90

�>03B!7&5&-%? �&\ o3Â§Äy),+*-%Q(5& #f;D('_4&�!)v<~$& #4j l$& ,b&'*-%º&B;.1</)
P (νµ −→ νµ)

 3$t 3$&+*- T Mw ,f!D(' L [km]
4K�!"(-ÃS

b60A.a-18�4K�!"(-%" 5&-%7K.a�;'*5s)�ÀG),56.1035&-(7l.a�!'@5s)6Á�< 4&�!»,Q(5&'ªÀ¿+@'*5&'@-Ì?A�;-(B!?I L<J),5K-LÁu+*7Kb < 2c)I.a-%�!'*'RÀN+*'@5&'*-
D%'d² T Mw-vÁ§ T :%B;.! #f!D%' 2.8 g

cm3

$&+*){-(5K-(� T '*'K5K-(7K.!�!'*5xÀG),56.1035&-(7l.a�!'@5¬Á Eν = 0.7 [GeV ]
\,VÎ'@5&'*-[D("%-(�k</ #5K-

ÀN"('*-%+* #5K-LÁ` #"%5s),D%"v)�8!²
P (νµ −→ νµ)

$&+*)C5&-(7l.a�!'@5ÌÀG),56.1035&-%7K.a�;'*5¬ÁJ4&�;"%0�D()3Mw?I L<~'@.1032�"v)IDHµ& L<J),5K'*7
Bk0l2R-%.!�!'@'��J^ÆÀ

δCP = 0◦
ÁÃ\jVÎ'@5&'*-|5&'@-(b&'@-(B;?3'@-�À��s #+@-%.a L<`-LÁ> #"(5&),D("()�8!²

P (νµ −→ νµ)
$&+d)q5&-(7l.a�!'@5

À¿),56.10l5K-(7K.!�!'*5sÁ>4K�!"%0zD()3Mw?I L<~'@.1032MN)I2ª),5K'*7xB;032R-%.!�!'*'��J^
δCP = 90◦

\
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�>03B!7&5&-%? �&\ �lÂ�Äy)I+*-(Q%5& #f;D('_4&�!)L<~$K #4] 3$& #bK'*-(ºKB;.1</)
P (νµ −→ ντ )

 3$t 3$&+@- T Md #f!D%' L [km]
4K�!"(-ÃS

b60A.a-18 4&�;"(-("·5K-(7K.!�!'*5&)¸< 4&�;»#Q(5K'zÀ¿+@'*5&'@-t?A�!-%B!?I �</),5&-vÁÌ+@7&b�< 2ª)I.!-(�;'*'ªÀ¿+*'@5&'*-tD('*² T Md-LÁz T :(BES
.! #f!D%'

2.8 g
cm3

$&+d) �;»#Q(5603DHµ </),�k.a #f;D('e-(5K-(� T '*'{5K-(7K.!�!'*5 Eν [GeV ]
\=��b&+*'@D("%-(5&'*) $& #?I #5s),5&- $&+*)

4s)I�a),2R-%.!�!»L<·2R'*-(B;"v),5K'd)~ {<J)I�;.a ,f!D('*),DHµyÂ
sinθ23 = 0.5, sin2θ13 = 0.1, sin2θ12 = 0.8, ∆m2

23 =

2.5× 10−3 eV 2, ∆m2
21 = 7.5× 10−5 eV 2, δCP = 0◦

\
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�>03B!7&5&-%? �&\��KÂ�Äy)I+*-(Q%5& #f;D('_4&�!)L<~$K #4] 3$& #bK'*-(ºKB;.1</)
P (νµ −→ ντ )

 3$t 3$&+@- T Md #f!D%' L [km]
4K�!"(-ÃS

b60A.a-18�4K�!"(-%" 5&-%7K.a�;'*5s)�ÀG),56.1035&-(7l.a�!'@5s)6Á�< 4&�!»,Q(5&'ªÀ¿+@'*5&'@-Ì?A�;-(B!?I L<J),5K-LÁu+*7Kb < 2c)I.a-%�!'*'RÀN+*'@5&'*-
D%'d² T Mw-vÁ§ T :%B;.! #f!D%' 2.8 g

cm3

$&+*){-(5K-(� T '*'K5K-(7K.!�!'*5xÀG),56.1035&-(7l.a�!'@5¬Á Eν = 0.7 [GeV ]
\,VÎ'@5&'*-[D("%-(�k</ #5K-

ÀN"('*-%+* #5K-LÁ` #"%5s),D%"v)�8!²
P (νµ −→ ντ )

$&+d)C5&-%7K.a�;'*5tÀG)I5A.1035&-%7K.a�;'*5¬ÁJ4&�;"%0xD()3Mw?I L<~'@.1032�"v)IDHµ& L<J),5K'*7
Bk0l2R-%.!�!'@'��J^ÆÀ

δCP = 0◦
ÁÃ\�V�'*5K'*-|5&'*-%b&'*-%B!?A'*-ªÀ �& #+*-g.a L</-vÁ~ ,"(5s),D%"v)�8!²

P (νµ −→ ντ )
$&+d)q5&-(7l.a�!'@5

À¿),56.10l5K-(7K.!�!'*5sÁ>4K�!"%0zD()3Mw?I L<~'@.1032MN)I2ª),5K'*7xB;032R-%.!�!'*'��J^�À
δCP = 90◦

ÁÃ\
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�>03B!7&5&-%?t�K\4/lÂhÄy),+@-(Q%5& #f!D%'Ï4&�a)v<~$& #4j 3$& #b&'@-(º&Bk.1<J)
P (νµ −→ νe)

 l$Ì l$K+*- T Mw #f;D(' L [km]
4K�!"(-ÃS

b60A.a-18 4&�;"(-("·5K-(7K.!�!'*5&)¸< 4&�;»#Q(5K'zÀ¿+@'*5&'@-t?A�!-%B!?I �</),5&-vÁÌ+@7&b�< 2ª)I.!-(�;'*'ªÀ¿+*'@5&'*-tD('*² T Md-LÁz T :(BES
.! #f!D%'

2.8 g
cm3

$&+d) �;»#Q(5603DHµ </),�k.a #f;D('e-(5K-(� T '*'{5K-(7K.!�!'*5 Eν [GeV ]
\=��b&+*'@D("%-(5&'*) $& #?I #5s),5&- $&+*)

4s)I�a),2R-%.!�!»L<·2R'*-(B;"v),5K'd)~ {<J)I�;.a ,f!D('*),DHµyÂ
sinθ23 = 0.5, sin2θ13 = 0.1, sin2θ12 = 0.8, ∆m2

23 =

2.5× 10−3 eV 2, ∆m2
21 = 7.5× 10−5 eV 2, δCP = 0◦

\
+@-(4K.! #5A7

τ
<� 3$&$&"%'d)3M*0A<J),5K'*7

ντ
<>035& #B;'Î #?¬\¬�K\4/qUe-21C\

^_�!"%-E8;$&Í%2P0u.!-(�a)I"C$& x5s)�8;b&),�!$&"%'*-18�'*56.a-%�!-(B;798!²,D%- T  &F�"C4&7&5&?6.!7�<~'*$&"%-(5&'*)ª4&�!"g03B!"9M*03DHµ bs),$&),º
 #B;D%03+d)IDE8;'½F&)n<�B!"%D("(- T »#+@5& #f!D%'Î-(?AB!4j-(�k0l2R-(56.!7�m=o,pnF&?9),5s)3Md7z #B!Dg0l+*),D%0v8;5&- T  &Â νµ ←→ νeÀN4s)I.a�;"=<~"%»#�=É#\ o3\ oe5s)

P (νµ −→ νe)
Ág\Amh),?�8!),?n4j #4&�;"(-($K5&'* &F64K�!"%0v8;�;"%0v8;2P0RB!'@:=5&)�8;4&'*-%�;< <>03?A�!-ÃS

B; #2 4&�!"%-($&Bk.H)v<~'d)L8!²,D%032 "v),+@-(Q%5& #f �
P (νµ −→ νe)

 3$
L [km]

$&+*)Ì�;»#Q(5603DHµ -(5K-(� T '*'>5&-%7K.a�;'*5
À
Eν [GeV ]

Á=S��;03B%\��&\0/l\��{+*)x$&7&Q%03DHµ V¸�!»#Q%5&'*D()x4] #2R'*:%$&"%0u #B!Dg03+d),D18!),2c'h<O4&�;»#Q(5&'_'Å<¥2ª)9.a-(�;'*'
8;-%B;.�"(5s),D%"(5&'@-|bs),�!$K"('*-18><~'@$& lD%"(5s)l\jÄy),76<J),Qg0 � 2R #Q(5&)n.!-(QIFjQ%-�?I #+*-18;5&-|2ª)I?3B;'*2c)C4] �8!)L<~'*)�8!²nB!'@:
.1032�<`D("(-%f!5&'@-E8='@2�5&'@Q(B;"v)�8;-(Bk.�-%5&-(� T 'd)lFs)R'@DHµx<J),�k.a #f;D('Î�! ,B!5s²C<~�a)I"W"| 3$&+*- T Mw ,f!D('*²K\

^�)I�a),2R-%.!�;0c #B!Dg0l+*),DE8;']Ba²P"%-eB! #b&²PB!?I #�!-%+* L<J)I5&-,FK<¹B;"(D("%- T »,+*5& #f;D('y4K�a)v<~$& #4j l$K #b&'*-%º&B;.1<` n #BES
Dg0l+*),DE8;'

P (νµ −→ νe)
"(),+*-%Q%0³ 3$³<J),�k.a #f;D('

∆m2
23

\~�>0lB;7&5&-%?³�&\ Ði4j #?9),"(798;-�"(),+*-%Q(5& ,f � .a- T  
4&�!)v<~$& #4j l$& ,b&'*-%º&B;.1</)Ì 3$i�!»#Q%560lDHµ�<J)I�;.a ,f!D('

∆m2
23

À¿$K<`»3DHµ�B;?3�!)�8;5603DHµ 'J5s)�8;b&),�!$&"%'*-18n4&�!)v<JS
$& ,4] 3$& #b&5K-E8~S>4&)I.a�;"�.H)Ib]-%+d)KÉ#\�É�ÁÃFj$K+d)c5K-(7K.!�!'*5u �-(5&-%� T '@'&.l\4+�Ue-21C\�Ä T  3$&5&'@-�"C 3D("%-(?A'@</),5&'*),2R'½F
'@2 2c5&'@-E8;B;"v²

∆m2
23

"(),?&MN),$s)I2P0#FÏ.1032 $s)I+*-E8q l$�Í(�!»3$]Mw)t2R #Q(-%2P0�B!4j l$&"%'*-g<J) � B!'@:�?I #+*-18;5A03DHµ
2c),?AB!'@2c»L<  #B;D%03+d),Dg0v8;5A03DHµy\§Ät.!- T  ª4&7&5&?6.a7�<~'@$&"(-%5&'d)xZlp À¿V -�o �,/R?32ªÁ= ,�a),"�$&-%.!-(?6.a #�|V����
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�>03B!7&5&-%?t�K\ ÐKÂhÄy),+@-(Q%5& #f!D%'Ï4&�a)v<~$& #4j 3$& #b&'@-(º&Bk.1<J)
P (νµ −→ νe)

 l$Ì l$K+*- T Mw #f;D(' L [km]
4K�!"(-ÃS

b60A.a-18�4&�!"%-("ª5K-(7K.!�!'*5&)�< 4&�;»#Q(5K'{ÀN+*'@5&'*-n?A�!-%B!?I �</),5&-vÁP+*7&b <¾2c)I.a-%�!'*'>À¿+*'@5&'*-nD%'d² T Mw-vÁ{ T :%B;.! #f!D%'
2.8 g

cm3

$&+*)C�!»#Q%560lDHµ�<J),�k.a #f;D('
∆m2

23

'�-%5&-(� T '*'�5&-(7K.!�!'@5 Eν = 0.7 [GeV ]
\
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�>03B!7&5&-%?t�K\4+lÂhÄy),+@-(Q%5& #f!D%'Ï4&�a)v<~$& #4j 3$& #b&'@-(º&Bk.1<J)
P (νµ −→ νe)

 l$Ì l$K+*- T Mw #f;D(' L [km]
4K�!"(-ÃS

b60A.a-18�4&�!"%-("ª5K-(7K.!�!'*5&)�< 4&�;»#Q(5K'{ÀN+*'@5&'*-n?A�!-%B!?I �</),5&-vÁP+*7&b <¾2c)I.a-%�!'*'>À¿+*'@5&'*-nD%'d² T Mw-vÁ{ T :%B;.! #f!D%'
2.8 g

cm3

$&+*)C�!»#Q%560lDHµ�<J),�k.a #f;D('�?9)I.a)q2R'*-%B!"(),5&'d)
θ13

'y-(5K-(� T '*'�5&-%7K.a�;'*5 Eν = 0.7 [GeV ]
\

$&+*)ªr6oIpÇÀGV�-�É . . .n?32ªÁ>"(2R'*-(�;"v²q5s)�8k<~'@:(?AB!"(²c+*'@D("%b]:|4&�;"%034s),$&?I»L<|FA8;-(Q%-(+@'
∆m2

23

2c)n<J),�k.a #f �
 #?¬\

2.5× 10−3 eV 2 \pe+*7&D%"( L<>032¾4s),�a)I2c-g.a�!-%2 $&+d)|4j #2c'*),�!7
P (νµ −→ νe)

8;-(Bk.Î8;-%$&5s),?q?9²I.`2c'@-(B!"(),5&'*)
θ13
\ �{ 9S

b&�;"(-e'@+*7&Bk.a�!7�8;-�.a n�k03B!7&5&-%?��&\0+l\&^§ #?9),"(7�8;-� #5x$&�!),2ª)9.10lD%"(5&-e�;»#Q(5K'*D(-�< </),�;.! #f!D%'
P (νµ −→ νe)

F
<i"(),+*-%Q(5& #f;D('3 l$W<~'*-%+*?, ,f!D('

θ13

\,U|$l0| #?9),Q(-`B!'*:IF�Q(-Î8;-%B;.� #5P5&'@-%<~'@-(+*-Ï2R5&'*-18;B!"g0|5&'*Q[ #?¬\
12◦

À T »#�!5K-
 T �a),5&'@D("%-(5&'@-c"R-(?AB!4j-(�k032c-%5A.!7������|�|Ä���ÉLo��dÁW2c),2P0�5&'@-(4j #�!»L<~560A<J)I+*5&'@-R<~'@:(?AB!"%-�B!"(),5&B!-ª5s)
"(), #b&B;-(�;<` L<J)I5&'*-W #B!Dg03+d),D18;'y<�.1032�?9),5s),+@-e5&'*Q T $K03bA0z2R'd)AM� #5z<J)I�;.a ,f � b&+*'@B!?9²n5&4y\ 1◦ \È{)�?, #5K'*-(Dq</),�;.! �4&�;"%0v8;�!"%- � B!'*-R�;03B;7&5&?, L<~'`�&\ �l\§Äy),?&MN),$s)L8!²,Dq5s)�8;bs),�;$&"('@-E8e #4K.1032c'@B;.103D("%560
B;-(5s),�;'*7&B;"cÀ

θ13 = 12◦
ÁJ4&�;"(-($KB;.H)v<~'*)R #5z"(),+*-%Q(5& #f �

P (νµ −→ νe)
 3$�Vt$&+*)q5K-(7K.!�!'*5z'Î),56.1035&-%7lS

.!�!'*5�4&�;"%0�$K<`»lDHµ�B;?3�!)�8;5603DHµ </),�k.a #f;D('d)IDHµ
δCP

\¬�¼'@$s) � FjQ%- T $l0�Bk032c-g.a�!'*)ª�J^t8;-%B;.�"(),DHµ& L</),5s)
À
δCP = 0◦

ÁgFy4&�!)v<~$& #4j l$& ,b&'*-%º&B;.1<` z #B!Dg0l+*),DE8;'�$&+d)�5&-%7K.a�;'*5c8;-%B;.e<�4&�!»#Q%5&'�.a),?A'*-CB!),2c �8!)I?u$&+*)
),56.1035&-%7K.a�;'*5y\jm�)I?3Q%-P$&+*)R ,B!D%03+*),DE8;'�<�2c)I.a-%�!'@'y�!»#Q%5&'*D%-�2R'*:%$&"%0

νµ ←→ νe

)
νµ ←→ νe

5&'@-�B!²
7&$K-(�!"()�8!²,D%-,\&È�)I.a ,2c'*),B;.[2c),?AB;032ª)I+*5&-eMN),2c),5&'@-��J^� L<` lD%798;-{<¼ 3$&+*- T Mw #f;D('¬ #?¬\jÉ . . .W?32 T </)3M@S
.! �<~56032´<~"(�; #B;.!-(2

P (νµ −→ νe)
4&�!"g0i�!»L<~5& 3D("%-(B!56032 <>03�a),Í%5A032 "(),5&'*?A7

P (νµ −→ νe)
\

È='*-P8;-(Bk.R.! t-g¶N-(?6.R.H),? "%5s),D%"v²,Dg0�8!)I? $&+d)�bs)I"��;"(:%$&7 � . . .�+*7&b�+ . . .�?A2 Àw¶¿),b&�;03?A'~5&-(7l.a�!'@5¬ÁgF
8;-%$&5s),?¬FÎ zD("%032°8;7&Qq4&'@Ba)3Mw),2<¥4] ,4&�!"%-($&5&'@DHµ �; #"($&"%'d)3Mw),DHµyFy"%5s),D%"(5&'@-cbs)I�!$&"%'*-E8{<~'*$K lD%"(560�5&'@Q
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200 400 600 800 1000
L @kmD

0.025

0.05

0.075

0.1

0.125

0.15

P
HΝ Μ®

Ν e
L

E = 0.7 GeV

Vacuum

Matter: d = 2.8 g�cm3

ΝΜ ® Νe , deltaCP = 0

vΜ
���� ® ve

���� , deltaCP = 0

ΝΜ ® Νe deltaCP = 90

vΜ
���� ® ve

��� , deltaCP = 90

�>03B!7&5&-%?t�K\ �KÂ�Äy),+@-(Q(5K #f � 4&�a)v<~$& ,4] 3$& #b&'@-(º&Bk.1<J)
P (νµ ←→ νe)

 3$  3$&+*- T Mw #f;D(' L [km]
4K�!"(-ÃS

b60A.a-18�4&�!"%-("ª5K-(7K.!�!'*5&)�< 4&�;»#Q(5K'{ÀN+*'@5&'*-n?A�!-%B!?I �</),5&-vÁP+*7&b <¾2c)I.a-%�!'*'>À¿+*'@5&'*-nD%'d² T Mw-vÁ{ T :%B;.! #f!D%'
2.8 g

cm3

$&+d)
θ13 = 12◦

'~-(5&-%� T '@'�5K-(7K.!�!'*5�ÀG),56.1035&-%7K.a�;'*5¬Á Eν = 0.7 [GeV ]
\/V�'@5&'*-zD("%-(�k</ #5K-

ÀN"('*-%+* #5K-LÁ/ #"%5s),D("()�8!²
P (νµ −→ νe)

$&+*)C5&-(7l.a�!'@5 À¿),56.1035&-(7K.!�!'@5¬ÁJ4&�!"g0zDv)3Md?, L<~'@.1032Ç"v)IDHµ& L<J),5K'*7
Bk0l2R-%.!�!'@'��J^�À

δCP = 0◦
Ág\jV�'*5&'@-�5&'@-(b&'@-(B;?3'@-�À��s #+@-%.a L<`-LÁ~ #"(5s)ID("v)L8!²

P (νµ −→ νe)
$&+d)R5&-(7l.a�!'@5

À¿),56.10l5K-(7K.!�!'*5sÁ>4K�!"%0zD()3Mw?I L<~'@.1032MN)I2ª),5K'*7xB;032R-%.!�!'*'��J^�À
δCP = 90◦

ÁÃ\
$&+*)n$&-%.!-(?6.a #�!)q<� l$K+*- T Mw #f;D('�V -¥o �,/C?A2 ÀGZKpWÁg\

�x��� �  (�z¯ ��¡~x¡J���W¡J¤¬¨�¦��>x¡ x¡~®x¤��h % � ���
	Jq¨ª¦_± � �e��®���{��¦_±
�P£Î¦`¨c©(�W¦j«� 

p� ,5&D(-%4]D18!)KF65s)�?6.a»#�;-E8Å #4&'@-(�a)�B;'*:J-%?AB!4j-(�;032R-(56.`m=o,pnF#"v),?&Mw),$s)�<>03?, #�;"%03B;.a),5&'*-~'@B;.a5K'*-E8!²ID(- T  
8;7&Qc$&-%.!-(?6.a ,�a) ZKp�'[-%<`-(56.a7&),+*5&-IF�4j»#Í(5K'*-E8;B;"(-�$K #b&7&$& L</),5&'@-ª?, ,+*-E8;5K- T  &FÎ<~'*:%?AB!"(- T  &F§</ 3$&5&- T  
�/"%-(�!-%5&?, L</)�S �{pn\hÈ{)v<`-%.n$s)I+*-E8|4] #B;7&5&'@:%.a-c�! #"g<J)IQv),5&'*)u5s)z.a-(2c)I.�4&�! T �a),2P7·r6o,pÇ?, ,5&D(-%5lS
.!�!798!²CB;'*:{�!),D("%-E8J5s)P.a- T  P.1034&7z$&-g.a-(?6.! #�a),DHµÌ���6o9�GFy���#�I�G\ �{+*)I.a- T  P.!-(Q�$K03B;?37l.a L<J)I5&-W<¼.103DHµ�4&�! IS
8;-%?A.a),DHµÌ�! #"g<~'d²,"(),5&'d)R$& ,.103D("(²,D(-n<~'*²,"(?A'Å5&-%7K.a�;'*5& L<`-E8� #4&'@-(�a)L8!²ªB!'@:n5s)�4] ,2P03f!+*-P"v),Bk.a #B; �</),5&'*)
 T 5&'*B;?, L<J)I5&'d)q?A'*5&-%2ª)I.103D%"(5&- T  ª'Î7&Qg0lD%'d)n<~'d²,"%?A'�Ê  �¬SE)��l'*BEËH\s^§ #"%</),+*)q.! c5s)R"(5s)ID("(5&²c�!-%$&7&?IDE8;:
.gMN)  l$�<>0lQ%-E8c-%5&-(� T -%.103D("%560lDHµ¹5&-%7K.a�;'*5¸'~Bk.a #B;7&5&?, L<` ¸MN)I.1</²t'@56.a-(�;4&�!-g.H),D18;:�4K�!"%034s)I$&?,»L<|F/"%-
<~" T +*:%$&7�5&)q4K�!"(-g<J) T :� 3$&$&"%'d)3M*0A<J),ºz.1034&7��|Y�4&�!"g0z5&'*B;?3'@DHµz-(5&-%� T '*),DHµ�5K-(7K.!�!'*5�\
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1 2 3 4 5

Ev @GeV D
0

25000

50000

75000

100000

125000

150000

Ν Μ
fl

ux
�50Me

V
�cm2 �1021

po
t

0° OA
0.5° OA

0.75 ° OA
1.0° OA
1.5° OA
2.0° OA
2.5° OA
3.0° OA

�>03B!7&5&-%?��&\ �KÂ�Z3.!�!7&2R'*-%º�5&-%7K.a�;'*5�<¥ 3$&+@- T Md #f!D%'/É . . .ª?A2  3$ÌÍ%�!»3$]MN)�$K+d)ª�;»#Q(5603DHµ ?9²I.!»�<�Ê  �jS
)��l'@BkËRÀG�=��Á|���,�9�½\

r,-(Q%-(+@'v8;-%$&5s),?|4&�;"%0v8;�!"g032P0WB!'*:Ï�k0lB;7&5&?I #2 �&\ �='6�&\�É .= 3$W�a),"%7�<~'*$&) � FLQ%-/$&+*)~$K-%.a-%?6.a #�!)KF�?A.!»#�;0
4j #B!'*),$s)�<>03B; #?9²¹-%5&-(� T -%.103D("%5s²¼"($& #+@5& #f � �! #"%$&"('@-(+*D%"v²  #�!)," 2R #Q(+@'@<` #f � 4&�!-%D%03"%0v8;5&-18Ì�!-%?, #53S
Bk.a�!7K?,DE8;'h.a #�;»�<ÆD%"v²,Bk.a-(?u"(5s),D%"(5&'@-C?, ,�!"%03Bk.a5&'@-E8;B!"g0ª8;-(Bk.�.a�!),$K03D%0v8;560�7&?&MN)I$uÊ1 #5lS1)��l'*BEËHF¬4] ,"%</),+d)9S
8!²,Dg0 5&)�"(-(bK�a),5&'@-�"(5&),D("%5&'*-�<~'@:(?AB!"%-E8C+*'*D%"(b60t l$&$K"('d)AMd0A<J)Iº 5&-(7l.a�!'@5y\�mh),?A'*2 $&-g.a-(?6.! #�!-%2 8;-(Bk.
5&'@-%</²I.a4K+*'@<~'@-_V��{��m~^[�t"(),4&�! ,4] #5K �</),5s)lFL4&�!"%-("Ï�P\��=7Kb&b&'*:=���,�I�G\9��4K�! 98;-%?,D('@-Ï4] #Bk.a7&+@798!²,Dg0l2i8;-E8
7&Qg03D('*-`<~B!4j #2c'@5s)3Mw),2�8;7&Q/<i�; #"($&"%'d),+@-`.!�!"(-%D('@2�\9^h ,5&'*-g<J),Q`.a-(5n4j #2P03BÃMI8;-(Bk._B;.! #B!7K5&?, L<` �5& L<>0,F
4&�;"(-%4&�! L</),$&"('NMN),2}$&+*)c5&'@- T  cB;032C7&+*),DE8;-�4&�!"g0u7&Qg03D('*7�4K�! T �!),2C7�UWV� 6XJY[Zz'h7&"g03B!?9)3MN)I2 ?A'*+@?I)
'@5A.!-(�;-(B!7�8!²,D%03DHµ <>035&'@?,»L<|Fh?6.!»#�!-n.a-%�a),"R4&�;"(-($KB;.H)v<~'@:,\h�°'*+@-n"(2R'd),5&)z4&),�a),2R-%.!�!»L<�5&'*-{8;-(Bk.P- �AS
4&+@'*D%'@.a-�"v),"%5s),D%"( #5s)lF&.a n #b&+@'*D%"(-(5K'd)�<>03?, ,5s),5&-W"( #Bk.H)3M*0�$&+*)C5s),Bk.a:(4K798!²,D%03DHµ�4s),�a)I2c-g.a�!»L<|Â&2c),B!)
D%"%035&5s)z$&-%.!-(?6.a ,�a)�S���1 -}É . .�?6.vFy 3$&+*- T Mw ,f �  3$ Í(�!»3$]Mw)cS�V -ÇÉ . . .�?A2�F T :(Bk.a #f � 2ª)I.!-(�;'*'�S
ρ = 2.8 g

cm3

F¬5& #�!2c),+@5s)Cµ&'*-%�a),�;DHµ&'d)q2c),B(Fs2R lDe<~'*²,"(?A'
νµ
S/^!-������ À

7× 1021 p.o.t.
ÁgF¬D("(),B

.!�;</),5&'d)n-%?3B;4]-%�;032R-(56.a7�SÏ.*- �c+*)I.H)l\
r,-($K5A032}"|4&'*-%�;<~B!"g03DHµ�.a-(Bk.a»L<|F¬?6.a»#�;-W<>03?, ,5s)3MN)I2�F¬b60sMw ª"%bs),$s)I5&'*-|" T  l$&5K #f!D%'§Bk032C7&+d)9.a #�!)

�� ,5A.!-��J),�!+@ |È����Æ���#ÐI�GF#7&Qg0A<J),5K- T  �4&�!"%-("~�P\��=7Kb&b&'*:IF#">4&�; T �a)I2c-%2OU|V� 6XJY[Z]\6^§ #+*- T )3Mw e ,5& 
5s)�4j #�;»�<~5&),5&'*7�+@'*D%"(b60u4K�!"%034s)I$&?,»L<O$&),5&- T  �.10l4K7yFy ,.!�!"%032c),5&-18�4K�!"%0u"v)3Md #Q(-%5&'*7�bK�a),?A7� #B;D%06S
+*),DE8;'GF�$&+d)x.a�;"(-(DHµ <~'*²,"(-%?¬Â

0.5◦
�~�PF

1.0◦
�~��'

2.5◦
�=��\��="%03B!?9),5K-ª<>035&'*?A'/7K2c'@-(B!"%D("% #5&-ªB!²

<Æmh),b]-%+*'§�&\�É#\
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P (νµ −→ νe)
ÀN4s)I.!�!",Â

�; #"($&"%'d)3M[É,FK<~"(»#�|É#\ ol\ o#Ág\

�x��� � �>®��I�	��
�����¯  (�e��® ��e¤§� ¯  %¡~£ �>�Wx (�
θ13

^h ,2P03BgMw 3$s)v<`D%0�-(?AB!4j-(�k032c-%5A.!7�m=o,p¥"() T Md»L<~5A0zD%-(+�<>03"(5s)ID("%03+@'hB; #b&'*-e 3$&?A�;03D%'*-W #B!Dg0l+*),DE8;'
νµ ←→ νe

 #�a)I"x4] #2R'd)I�C4s),�!),2c-g.a�;7
sin2 2θ13

5s) 4] #"%'* #2R'*- .K\0. .#ÐK\Ï��bj-(D(5K'*- T »#�;5&-z T �a)I5&'�S
D%"(-(5K'*-,F�4] 3DHµ& 3$&"v²,D%-q"n-(?AB!4j-(�k0l2R-(56.!7 ���{�W�|Ä�Fy4j 3$s)�8;-P</),�;.! #f �

sin2 2θ13 < 0.1
F�5s)I.! #2R'd),Bk.

< �{ #7&b&+@-gSE�����|�|Än4K+d),5A798;-_B;'*:_ #B;'d² T 5s² � 4j >.a�;"(-(DHµ�+d)I.a),DHµe"(bK'*-(�!),5&'*)J$s),5603DHµxÀN<·o .KÉ#ÉLÁ]D("%7]Mw #f �
 #?¬\ .l\0.#�z� �,.I�G\sÈ{)9.a7&�!),+*5&-Ï8;-(B;.~<¹.103DHµ�</),�!7&5K?I)IDHµ�460A.H),5K'*-,FsD%"%0x4K�!"%0�4] #2R 3D%0cB;.a7K?3'@+* ,.! #5& L<`-E8
V��{�~m~^[�¹7K$s)3Mw ,bA0�B!'*:| ,.!�!"g0l2c) � +@-(4&B;"%0x<>035&'*?¬\

�{+*)�$& #?I #5s),5603DHµz #b&+@'*D("%-(ºc"v)3Md #Q%0sMN)I2¾.!-{B!),2c-=<J)I�!7&5&?A'GFlD% P<¼4] ,4&�!"%-($&5&'@2¾4] 3$&�! ,"($&"%'d),+@-,Â
2c),Ba)�D%"%035&5s)|$&-g.a-(?6.! #�a){S ��1 -�É . .�?6.(F# l$K+*- T Mw #f �  l$nÍ%�!»3$]MN)�SÎV -�É . . .�?A2�FI<~'d²I"(?9)�5&-(7l.a�!'@5
S
0.5◦

F T :%B;.! #f � 2c)I.a-%�!'@'sS ρ = 2.8 g
cm3

\&�>03B!7&5K-(?ª�K\@É /W4&�!"%-($&Bk.H)v<~'d)KFK5s)P4j #"('@ #2c'@-�7l¶N5& #f!D%' � .��xF
D%"(7]Md #f � 4] ,2c'*),�!7

sin2 2θ13

<�"(),+*-%Q(5& ,f!D('Î 3$x<J),�k.a #f;D('
∆m2

23

$K+d)n�!»#Q%560lDHµ�<J)I�;.a ,f!D('�¶¿),"g0
δCP

\
�  #bK+*'*D%"(-%5&'d),DHµ�"v)AMw #Qg0¬Mw),2�FjQ%-

sin2 2θ13 = 0
 #�!),"W7A<~" T +*:%$&5&'NMN),2�.103+*?I �b]Md:($K0�B;.a)I.103B;.103D("%5&-,\

r#),?n<~'@$s) � FA$& ,"%<` #+* #560c #b&B;"v),�`B!'*: T )�4j #5&'@Q(-18 10−3 $&+d) ∆m2
23

�!»L<~5&- T  n #?, lMd 2.5× 10−3 eV 2 FD% t #"%5s),D%"v)KFÏQ(-�7&"g0lB;?9),5s) D%"(7]Md #f � 8;-(Bk.ª+@-(4&B;"v) 5&'*Qx<Ç4&�;"%034s),$K?37¸m=o,p À .l\0. .,Ð6Ág\Å�¼'@$s) � .a-%Q
<>03�a)IÍ(5&'@-,F�Q%- $&+d)

θ13
bK+*'*B;?A'*- T  .¸.a�;7&$&5& ³bj:($K"('*- " Dv)3Mw² 4]-g<~5& #f;D('d²  ,?3�;-(f;+*' � B;.! #4&'*-%º¥MN)9S

2c),5&'*)�B;032R-%.!�!'*'P�J^h\ 	156.a-(�;-(B;798!²,D(-u8;-%B;.�.a),?AQ(- B;4] 98;�;"(-%5&'*-·5s)�"v),+@-(Q(5K #f � D%"(7]Md #f!D%'C4j #2c'*),�!7
sin2 2θ13

 3$u<J)I�;.a ,f!D('h¶¿),"%0
δCP

À¿�k03B(\y�&\�ÉLÐ6Á~$&+d)c5& #�!2c),+@5&-E8='h l$l<~�! ,.!5&-E8{µ&'@-(�a)I�!DHµ&'@'h2c),B(\]mh73S



�����������
	����������������	���� �!�"��	$#&%(')�*�(%(' /,�

�>03B!7&5&-%?e�&\�É /lÂL�/"%7]Mw ,f � 4] ,2c'*),�!7
sin2 2θ13

5s)>4j #"('@ #2R'*-�7l¶N5& #f!D%' � . �³< "(),+*-%Q(5& ,f!D('6 3$�</),�;.! #f!D%'
∆m2

23

F,$K+d)��;»#Q(5603DHµn<J)I�;.a ,f!D('
δCP

\,��b&+*'@D("%-(5&'*)~<>03?, ,5s),5&->"% #B;.a)3Md0�$&+d)=5s),Bk.a:(4K798!²,D%03DHµn</),�;.! #f!D%'
4s)I�a),2R-%.!�!»L<¸2R'*-%B!"(),5&'d)�B!'*:>5K-(7K.!�!'*5�Â

θ23 = 45◦
F
θ13 = 0◦

F
θ12 = 34◦

F
∆m2

23 = 2.5×10−3 eV 2 F
∆m2

12 = 7.5× 10−5 eV 2 F&$&+*)n<~'*²,"(?A' 0.5◦ �=��\



�����������
	����������������	���� �!�"��	$#&%(')�*�(%(' /I�
.a)�8{�!»L<~5&'*-%Qn #B!'*² T )ªB!'@:P<>03B! #?9²zD("(7jMw #f � Fl8;-($K5s),?�<>03"%5s),D("%-(5&'@-q"(5s),?A7 ∆m2

23

$K+d)
δCP

�;»L<~5&-E8
 #?¬\

90◦
À¿2c),?AB;032c),+*5&-ÌMN),2c),5&'@-��J^[ÁgF/<>0sMw²,D("%5&'*-�< #4s),�;D('@7³ <~'d²,"%?,:�5&-%7K.a�;'*5¼5&'*-ub]:%$&"('@-

2R #Q(+@'@<`-,\l^_�!"(-%4&�! L</),$&"%-(5&'@-�$& 3$s)I.!?, L<>03DHµ�4j #2R'd),�;»L<³"�<>03?, #�;"%03B;.a),5&'*-%2�<~'d²,"%?A'
νµ

"(5s),D%"(5&'@-
"g<~'*:gS ?AB!"%0sMd #b60�2R #Q%+*'@<` #f � �! #"%�!»#Q%5&'*-%5&'d)CµK'*-(�!),�!DHµK'*'y2c),BJ<�D()3Md032� ,b&B!"(),�!"%-�"%2c'@-(5&5& ,f!D('

δCP

\

�>03B!7&5&-%?q�&\@ÉvÐKÂA�/"(7jMw #f � 4j #2R'd),�;7
sin2 2θ13

5s)|4j #"('@ #2c'@-/7K¶N5K #f!D%'
3σ
< "v)I+*-(Q%5& #f;D('¬ l$n</),�;.! #f!D%'

δCP

Fv$&+*)J5& #�!2c),+@5&-E8ÅÀN+*'*5K'd) �s ,+*-%.! L<J)6Áj'# l$l<~�! ,.!5&-E8ÏÀ¿+@'*5&'*)/D("%-(�;<` #5s)#Á�µK'*-(�!),�!DHµK'*',2c),B%\���b&+*'@D("(-%5&'d)
<>03?, ,5s),5&-x"% #B;.a)3Md0Ì$&+*)�5s)IB;.a:%4&798!²,Dg03DHµi</),�k.a #f;D('[4s),�a)I2c-g.a�!»L<¾2R'*-%B!"v)I5&'d)xB!'@:ª5&-%7K.a�;'*5yÂ

θ23 =

45◦
F
θ13 = 0◦

F
θ12 = 34◦

F
∆m2

23 = 2.5× 10−3 eV 2 F ∆m2
12 = 7.5× 10−5 eV 2 F δCP = 0

F¬$&+*)
<~'*²,"(?A'

0.5◦
�=��\

p� ,+*-E8;5K-WD%"%.!-(�;0ª<>0l?A�;-(B;0 À¿�K\@É +,Á`4&�!"%-($&Bk.H)v<~'d)L8!²c #b&B;"v),�k0x$& #"g</ ,+* #5&-|5s)n4]Mw),B!"%D("g0lÍ%5&'*-
À
sin2 2θ13

F
δCP

ÁW$&+*)
sin2 2θ13 = 0.01

 #�a),"cD("g.a-(�;-(DHµi�!»,Q(5603DHµi</),�k.a #f;D('
δCP

\hm§7K.H)L8C�;»L<~5&'*-%Q
76<~" T +*:($K5&'* #5K-="% #B;.a)3Md0P.10l+@?, Wb]Mw:%$K0nBk.H)I.103B;.103D%"(5&-I\&È{)e4j #"('@ #2R'*- 1σ

2R #Q%+*'@<`-§8;-%B;.Ï<>03"(5s),D%"(-%5&'*-
δCP

"|$& #?&Mw),$&5& #f;D('*²q$K c?A'*+@?A7&5s),Bk.a7zB;.! #4&5&'GFsD( R$s)�8;-e<>035&'*?�4j #�;»�<~560A</),+*560z"|4&�! �8;-(?6.a-%2�ÊkZKp
� É . .n?6.

H2O Č
Ë T $&"('@-W4K�!"(-g<~'*$&7�8;-WB;'*:e4&�;-(Dg0l"18;:P #?¬\ 20◦

ÀN�;03B(\jo3\@É .#Ág\
È{)c?, #5&'@-(DW<J),�k.a c4&�!"g0L8;�;"(- � B!'@:,F#8!),?xD("%7]Mw #f � 4j #2c'*),�!7z?9²I.a)

θ13

"(2R'*-%5&'d)nB;'*:|< "v),+@-(Q(5K #f!D%'



�����������
	����������������	���� �!�"��	$#&%(')�*�(%(' / /

 3$c2c),Bk0qD("%035&5K-E8`$&-g.a-(?6.! #�a)K\ 	1+*7KB;.a�;798!²e.a W�;03B!7&5K?3']�&\�É �W's�K\@É �q\3^_'*-(�k<~B!"g0c4j #?9),"%798;-,FAQ(-="v)IB!'*: T
 #bKB!"v)I�!7¸$K #"%<` #+* ,5&- T  Ì5s) 4]MN)IB!"(D%"%03Í(5K'*- À sin2 2θ13

F
∆m2

23

ÁnB;?9),+*798;-zB;'*:x<�4&�;"%03b&+@'*Q(-%5&'*7i.H)I?jF
8!),?c2ª)IBa)C$&-g.a-(?6.! #�a)K\ �{�!7 T '�4&�!"%-(?, ,537�8;-,F¬Q(-e5s)v<`-%.~< 4&�!"g0l4&),$&?A7�</),�;.! #f!D%' θ13

b&+*'@B!?A'*-18J ,?j\
3◦À .K\0. /��a),$K'd),5s)#Áy8;7&QCÉ .P?A'*+* I.a #5& L<>0R$&-g.a-(?6.! #�>b60¬Mdb60ª< B;.H)I5&'*-�"(5s),D%"(5&'@-e T �!),5&'*D%"%0 � $K #"%<` #+* ,5A0

 #bKB!"v)I�=4&),�a),2R-%.!�!»L<|F& #B;'d² T )�8!²,D{$& #?&MN),$K5& #f � +*-%4&B!"(²R5K'*Q �{ #7Kb&+*-ÃSk�����|�|Ä�\



�����������
	����������������	���� �!�"��	$#&%(')�*�(%(' /,Ð

�>03B!7&5&-%?��&\�É +lÂ �{ ,"%<` #+* #5K-  #b&B;"v),�k0 5&)¸4]MN)IB!"(D%"%03Í(5K'*-
sin2 2θ13

'
δCP

\�Äy)3Mw ,Q( #5&- </),�;.! #f!D%'
sin2 2θ13

'
δCP

"v),"%5s),D("% #5&-�B!² D("(),�!56032c'=4&7&5K?A.a),2R'½FÏ #b&B;"v),�k0¸ 
∆χ2 2R5&'*-18;B!"g0l2  3$¼ol\�� .KF

ÐK\�É � '�É#É#\ �#� ÀND( · 3$&4j �<~'*),$s)Ì4] #"%'* #2R L<~'�7l¶N5& #f!D%'
1σ
F

2σ
F
3σ

$&+d)t$K</»3DHµ¼4s),�!),2c-g.a�;»�<�ÁqBa²
"(),"(5s)ID("( ,5&-P 3$&4j �<~'@-($&5K'* qD('*² T Mw²KF&?A�! ,4&?, L</),5s²ª'�?A�!-%B!?I �</),5s²�+@'*5&'*²K\sÄy)AMw #Q% #560l2�</),�k.a #f;D('* ,2�Â
δCP = 0◦

F
δCP = 90◦

F
δCP = 180◦

F
δCP = 270◦

 3$&4j �<~'*),$s)�8!²�<>03?A�!-%B;0�)6ÁgFÏb¬ÁÃF_DLÁC'~$¬Ág\
��b&+@'*D("%-(5&'*)C<>0l?I #5s),5K-P"( ,B;.H)AMd0x$&+*)R5&),B;.!:(4&798!²ID%03DHµu</),�;.! #f!D%'§4&),�a),2R-%.!�!»L<�2R'*-%B!"(),5&'d)nB;'*:|5&-(73S
.!�!'*5�Â

θ23 = 45◦
F
θ13 = 3◦

F
θ12 = 34◦

F
∆m2

23 = 2.5× 10−3 eV 2 F ∆m2
12 = 7.5× 10−5 eV 2 F&$&+*)<~'*²,"(?A'

0.5◦
�=��\



�����������
	����������������	���� �!�"��	$#&%(')�*�(%(' / +

�>03B!7&5&-%? �&\@É �KÂW�/"(7]Md #f � 4j #2c'*),�!7
sin2 2θ13

5s)¼4] #"%'* #2R'*- 7K¶N5& #B;D(' � . ��F�<´"(),+*-%Q(5& ,f!D('q 3$
</),�;.! #f!D%'

∆m2
23

FP$K+d) �;»#Q(5603DHµO</),�;.! #f!D%'ª2c),B;0ÆD("g035&5&-E8 $&-g.a-(?6.! #�a)K\C��b&+*'@D("(-%5&'d)³<>03?, #5&),5&-
"% #B;.a)3Md0�$&+d)�5s),B;.!:(4&7�8!²,D%03DHµn<J)I�;.a ,f!D('K4s),�a)I2c-g.a�!»L<i2R'*-%B!"v)I5&'d)=B!'*:`5&-(7l.a�!'@5yÂ

θ23 = 45◦
F
θ13 = 0◦

F
θ12 = 34◦

F
∆m2

23 = 2.5 × 10−3 eV 2 F ∆m2
12 = 7.5 × 10−5 eV 2 F δCP = 0◦

Fy$K+d)�<~'d²,"%?A'
0.5◦�~�P\
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10-110-2

sin22Θ13

10-1

10-2

10-3

10-4

D
m

2
32

@eV2
D

m = 10 kt

0.14 rad

0.1 rad

0.05 rad

0 rad

�>03B!7&5&-%? �&\@É �KÂW�/"(7]Md #f � 4j #2c'*),�!7
sin2 2θ13

5s)¼4] #"%'* #2R'*- 7K¶N5& #B;D(' � . ��F�<´"(),+*-%Q(5& ,f!D('q 3$
</),�;.! #f!D%'

∆m2
23

FÅ$&+d)��;»#Q(5603DHµ�</),�k.a #f;D('
θ13

\ÏÄy)3Md #"( ,5s)u<J)I�;.a ,f � 2ª)IB;0tD("%035&-18R$&-g.a-(?6.! #�a)KÂ/É .
?6.v\Å��b&+*'@D("(-%5&'d)z<>03?, #5s)I5&-z"( #Bk.H)3M*0 $&+*)u5s),Bk.a:%4&798!²,Dg0lDHµi</),�;.! #f!D%'J4s),�!),2c-g.a�;»�<¾2R'*-%B!"(),5&'d)�B!'@:
5&-%7K.a�;'*5yÂ

θ23 = 45◦
F
θ12 = 34◦

F
∆m2

23 = 2.5× 10−3 eV 2 F ∆m2
12 = 7.5× 10−5 eV 2 F δCP = 0◦

F
$&+*)C<~'d²,"%?3'

0.5◦
�~�P\



� �����x��� ��� 	�
��y�

^_�!"%-($&Bk.H)v<~'* #5&) 4&�a)IDv)t ,4&'*-%�a) B!'*:z5s)ÌB;032C7&+*),DE8!)IDHµyF_<>0l?I #5s),5603DHµ¼"v)Ì4] #2R 3Dv²�4&�! T �a),2P7
U|V� 6XJY[Zt'/$K ,.103D("v²ID%03DHµ�4K�! 98;-%?A.!7·m=o,pnF�"%-�B!"%D("(- T »#+@5A032 7&" T +@:($&5K'*-(5K'*-(2�8;- T  ��! ,"(B!"%-(�;"(-(5K'd)
r6o,pn\��´.a�!),?,D%'*-`$& #?, ,5A0A</),5&'*){.10lDHµn ,b&+*'@D("(-%ºP4&�;"(-%?, #5s)AMN),2ÆB!'@:,Fa8!),?eB!?I #2c4K+*'*?I L<J),5K-/'3B!7&bK.!-(+@5&-
B!²~"(),+*-%Q(5& ,f!D('62R'*:%$&"%0{4s),�!),2c-g.a�!),2c'92R'*-(B;"v),5K'd)JB!'@:Å5&-%7K.a�;'*5|'g8!),?{<~'@-(+@-ÅD("g0l5K5&'*?I»�< 5s),+*-%Q%0�<~"('d² �
4j l$�76<J) T :u< 4&+d)I5& L<J),5K'*7¸-%?AB!4j-(�;032R-(56.a7�\~Zl"(D%"(- T »#+*5K'*-�</),Q%5&-�Ba²t$]Mw7 T  #f � bs),"%0�'=-(5&-%� T '*)
5&-%7K.a�;'*5yF¬5&'@-�5&),+*-%Q%0P8;-($K5s),?z"v),4j #2R'*5s) �  c2ª)9.a-(�;'*'GF&4&�!"%-("�?A.!»#�a²R5&-(7l.a�!'@5s)c4K�!"(-%DHµ& 3$&"v²ª ,�a),"W 
<~4]M*0A<~'*-,FI8!)I?3'�5&)R�;-("(7K+@.H)9.~-(?AB!4j-(�k0l2R-(56.!7u2c)�8!²n4s),�a)I2c-g.a�;0c.a-%DHµ&5&'*D%"(5&-WÍ(�;»l$jMN)n'y$&-g.a-(?6.! #�a)K\

È� L</)�?I #5&D%-(4jDE8!)z$& ,.103D("(²,Dv)x7&Qg0lD%'d)�<�4&�! 98;-%?,D%'*-cr6o,p¾D('*-%?&Mw IS1),� T  ,5& L</-18e?I #2c ,�;0�m~^`�  
2c),B!'@-|É . .e?6./b60sMN)Wf;<~'*-g.a5s²W #?9),"E8!²|$& W"v),Bk.a #B; L<J),5K'd)�4j W�a),"~4&'@-(�;<~B;"%0R4&�; T �a)I2C7�U|V� 6XJY[Zn$& 
Bk0l2P7&+d),D18;'�.a- T  R7&?&MN),$&7�-(?AB;4]-%�;032c-%56.H),+@5&- T  K\¬^Ï�; T �!),2�4j #BgMd7&Q%0sM�$& q"(bs)I$s),5&'*)q4K�a)v<~$& #4j IS
$& ,b&'*-%º&B;.1<�4K�!"(-18;f!D%'d)

P (νµ −→ νµ)
F
P (νµ −→ νe)

'
P (νµ −→ ντ )

<�"v),+@-(Q(5K #f!D%'§ 3$�$]Mw7 T  #f!D%'
bs)I"%0x4j #2R'd),�; �<`-E8`$K+d)C�!»,Q(5603DHµu-(5K-(� T '*'�5K-(7K.!�!'*5tÀN l$ .K\0/qU|-21�$& zÉ#\ oqUe-21|ÁÃFK�!»,Q(5603DHµ�</),�;.! #f!D%'
4s)I�a),2R-%.!�!»L<·2R'*-(B;"v),5K'd)~B!'*:[5&-%7K.a�;'*5xÀ

∆m2
23

F
θ13

'
δCP

ÁÎ ,�a),"[4&�!"g0W"v)3Md #Q(-%5&'*7� #B!Dg0l+*),DE8;'A<i4&�;»#Q(5&'
'y<�2ª)I.!-(�;'*'½\
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