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Abstract

Recently, neutrino physics is one of hot topics of physics. Neutrino is a fundamental particle
which composed the matter world. It plays an important role in both particle microcosmic physics
and macroscopical cosmic. Especially, after the observation of neutrino oscillation, and neutrino
being massive, neutrino becomes a key to study the new physics beyond the standard model.

Neutrino oscillation is an important approach to investigate neutrino character. There are
six mixing parameters to describe neutrino oscillation. Some parameters have been measured by
solar neutrino, atmosphere neutrino, reactor neutrino and accelerator neutrino experiments. But
measurement of mixing parameter θ13 will be an important aim for next era of neutrino experiment.
There are no parameter degeneracies to measure θ13 by reactor neutrino experiment. Daya bay
reactor neutrino experiment will measure θ13 by Daya bay reactor power plant. This thesis is part
of studies for this experiment.

Firstly, the history of neutrino physics are introduced and questions concerning neutrino
physics are discussed. Neutrino oscillation, which include theory of neutrino oscillation and neu-
trino oscillation experiment. Some parameters have measured by neutrino experiments, measure-
ment θ13 will be the key for next neutrino experiment. So introduced the value of θ13 and some
methods to measure θ13 .

Chapter 2, Daya bay reactor neutrino experiment introduced natural instance of Daya bay re-
actor neutrino experiment, design of detector, reactor process, errors of systemic and backgrounds.

Chapter 3, physical analysis method for reactor neutrino experiment introduced χ2 analysis.
We can judge neutrino oscillation by observation the amount of neutrino at different distance and
the change of energy spectrum from reactor cores, so we can analysis this by count and spectrum.
With backgrounds and errors of systemic in χ2 supposition, optimized baseline by maximum the
θ13 sensitivity. Studied some factors which affect the optimal baseline, such as oscillation effect,
errors systemic, statistical errors and backgrounds. From this, we can get the optimal baseline
of Daya bay experiment. Study the sensitivity of θ13 and some factors which affect it, studied
several scheme of Daya bay reactor neutrino experiment, and compared the sensitivity of Daya
bay experiment with another experiments.

Chapter 4, researched the water Cherenkov detector of Daya bay experiment. In this part,
Geant4 software package, module of optical, introduced design of the detector, simulation program
of the water Cherenkov detector and output. Then analysis the simulation results, such as, the
effect of reflect film, the noise background and the detect efficiency.

Appendix shows some instance of reactor, such as the flux of reactor neutrino and energy
spectrum.

Keywords: neutrino oscillation θ13 sensitivity baseline χ2analysis
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1.1 ¥�fuÐ{¤

ùÏ[£Mainze¤�Æ����|§ÏLÿþ��÷PCUÌ���à:
���"¦

�ÿ�§395%��&Ýe¥�f�þ�²��u 2.2Mev2"

1960cÐ§¿�|ÔnÆ[%���»£B.Pontecorvo¤JÑ§XJ¥�fk�þ�

Ù�þ����f�^���Ø{¿§dþfåÆÅ¼ê�U\�í�§ØÓ�¥�f

�m�u)��§=�«¥�f3�1L§¥C�,�«¥�f"Ù3ý�¥����

VÇ���µ

P = sin2(2θ) sin2(1.27∆m2L/E) (1-1)

Ù¥§E�¥�fUþ§L��1ål§∆m2�ü«¥�f�þ²��§sin2(2θ)���

��VÇ"��3âfÔn¥´����ÊH�y�§å
u�*âf�Åâ��5"

éun�¥�f§Ù��VÇ��¤Ý
/ª§¡�MNS £Maki-Nakagawa-Sakata¤Ý
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Ýp
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aq§MNSÝ
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CKMÝ
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2001c*2002c§\<��SNO¢�ÿþn«¥�f§¼�
e¥�f��9µ¥�f

Úτ¥�fÑy�yâ§�n«¥�fê�Ú�nk��IO���.ýó��[1]"

¥�f���1��¢�yâ=¤¢”�í¥�f�~”"Ì�dµPC
5�,�í¥

�fA÷vµ¥�fê��e¥�fê�ü�"g1970c±5§Nõ¢�þuyù�'~
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l�'X�nØýóÄ��Î[2]"2002cì��ÔnÆøÇ���dÚ���d"

�8c��§¤k¥�f���¢�yâþ5
u�g,§Ïd¥�f��3,«§

Ýþ�6u<�é�g,�n)§X���.!�»�3�í¥�q�L§�"¤±l

<ó¥�f
¥&ÿ�¥�f��â´§��ªy²"ÿÀ�<ó¥�f
küa§�

´\�ì§�´�Aæ"1990c"Ï§F��KEK¢�¿^�f�q�)¥�f§¿d
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þ�Ø�§
��ÔnuyþI3�±þþ�Ø�§=99.8%�ÚOwX5"
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�ChoozÚPalo Verde¢�§ù
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Ù&ÿ8IØ=�)�Aæ¥�f§��)��¥�f!/�¥�fÚ�#(¥�f
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1.2 ¥�fïÄI)û�¯K

1.2 ¥�fïÄI)û�¯K

¥�fïÄ´�câfÔn!UNÔnÚ�»ÆïÄ�c÷9:§Cc5¥�fÔn

ïÄ��X�­�¤Jý«XâfÔnïÄ�#â»"¥�fÔn�?u���uÐ�

Ï§§éU©Æ!/�Æ�Ù§Æ��A^d��3��5�õ�<�¤@£"�cI

�)û�Ì�k±eü�¯K"

1.2.1 ¥�f�ýé�þ

¥�f���)û
ØÓ¥�f�m��þ�§¿ØU�Ñýé�þ"ùI��p°

Ý���βPC¢�½�#�¢��{§X�#(¥�f¢��UNÔn�{"8c®k

�I�e���βPC¢��3Oy�¥§ýÏ�ò(¯ÝJpC��",���¥�f

ýé�þk'�þÒ´�fØÃ¥�fVβPC�Æ·"XJùa¯~U�*	��{§

KØ=���¥�f�ýé�þ§��±y²¥�fäk#�Ã�A5"

1.2.2 ¥�f���Ô��A�ÈÉÎÝ


nØþ ¥�f � � AÇ�Ô� � Ý k ' § � Ù¢� y ²´� ' ­ � �"

3MNSÝ 
 ¥ X J ^NL«¥�f ��� § @ o ¥�f � · Ü Ý 
 � ± dN� �

þ � � � §N£N-1¤/2� · Ü � § ÚN(N-1)/2�Majorana ¥�fCP� Ï f ½ ö

£N-1¤ £N-2¤/2�Dirac¥�fCP� Ï f | ¤"� þ Ý 
 � ± Ï L � � ò � þ �

� � = C ¤�� � � � � · Ü Ý 
 é � z"± n � ¥�f�~ § ò � þ � � �

£ν1§ν2§ν3¤ÏL·ÜÝ
Maki-Nakagawa-Sakata-Pontecorvo£MNSP=C¤����

�£νe§νµ§ντ ¤§MNSP�±�ëêz�µ


1 0 0

0 cos θ23 sin θ23

0 − sin θ23 cos θ23




cos θ13 0 e−iδCP sin θ13

0 1 0

−eiδCP sin θ13 0 cos θ13




cos θ12 sin θ12 0

− sin θ12 cos θ12 0

0 0 1



×


eiφ1

eiφ2

1

 (1-2)

Ù¥1��Ý
éA�í¥�f��§1��Ý
éA�Aæ¥�f��½\�ì

¥�f��§1n�Ý
éA��¥�f��§1o�Ý
é��þ�ü���

´Majorana�Ïf§§��¥�f��y�Ã'§§��´�vk¥�f�)�VβP
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}¢�k'"éun«���¥�f§��¢��±(½n�·Ü�θ12§θ13§θ23§ü�

�þ²��∆m2
21 ≡ m2

2 - m2
1§∆m2

31 ≡ m2
3 - m2

1ÚCP»���δcp "3ù6�Õáëê

¥§8c=��o�θ12§θ23§∆m2
21Ú| ∆m2

31 |�kü���θ13§∆m2
31�ÎÒÚ�­�

�CP»"þ"ù
��þ�±ÏL\�ìÚ�Aæ¥�f¢�ÿ�"

1.3 ¥�f��

¥�f��´y²¥�f�þØ�"��{§´8c¥�fÔnI�)û�Ì�¯K

��"

1.3.1 ¥�f��nØ

1. ý���

�¥�f3ý�¥DÂ§�±d�«a.�¥�f=z¤,�«a.�¥�f§=¥

�f3ý�¥���"df�p�^�)�¥�f�Ø´�þ���"éuk�þ�¥

�f§Ù�����§νe§νµ§ντ §ÙéA��þ����§ν1§ν2§ν3"3f�p�^

e�����| να > �±L«��þ��| νj >��/U\"¿�§��m'X�±da

q§��Cabibo-Kobayashi-Masukawa(CKM) Ý
5£ã.

| να >=
3∑

j=1

Uαj | νj > (α = e, µ, τ), (1-3)

Ù ¥U´Maki-Nakagawa-Sakata-Pontecorvo(MNSP)Ý 
[5, 6]§ � ½ Â � · Ü

�θ12, θ23, θ13Ú��CP��δ§�±Wolfensteinëêz�¤µ

U =


1 0 0

0 c23 s23

0 −s23 c23




c23 0 s13e
−iδ

0 1 0

−s13e
iδ 0 c13




c12 s12 0

−s12 c12

0 0 1

 (1-4)

=


c12c13 s12c13 s13e

−iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ s23c13

s12c23 − c12s23s13e
iδ −c12c23 − s12s23s13e

iδ c23c13

 (1-5)

ùp§Sij = sin θij, cij = cos θij(i, j = 1, 2, 3)"þ¡�'XL«�3¥�f��«�=�

�,	�«�AÇ§=¥�f���AÇ",	§·Ü�Ú�þ²����3��¥�
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1.3 ¥�f��

f¢�Ú�í¥�f¢�¥¤ÿþ�þkXe'Xµ

∆m2
21 = ∆m2

solar

∆m2
32 = ∆m2

atom

θ12 = θsolar

θ23 = θatom (1-6)

���müz�ÅShrödinger �§µ

i
d

dt
| νj >= Ej | νj > (1-7)

Ù¥Ej´νj�Uþ§ÏdÅÄ�§�±��µ

| νj(t) >= e−iEjt | νj(0) > (1-8)

éu����§¦^�§ 1-3§ 1-7Ú 1-8,

i
d

dt
| να > =

3∑
j=1

UαjEjU
†
jα | να > (1-9)

| να(t) > =
3∑

j=1

Uαje
−iEjtU †

jα | να > . (1-10)

XJ3t=0���)να§K3t¸t��&ÿ�νβ¥�f�AÇ´µ

P (να → νβ) = |< νβ(t) | να(0) >|2 (1-11)

=
3∑

j=1

|< νβ(t) | Uαje
−iEjtU †

jα | να(0) >|2 (1-12)

= δαβ − 4
∑
i>j

Re(U∗
αiUβiUαjU

∗
βj) · sin2 Φij︸ ︷︷ ︸

PCP
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±2
∑
i>j

Im(U∗
αiUβiUαjU

∗
βj) · sin2 Φij︸ ︷︷ ︸

P6CP

(1-13)

= δαβ − 4
∑
i>j

Y ji
αβ sin2 Φij ± 2

∑
i>j

J ji
αβ sin2 Φij (1-14)

= PCP ± P 6CP (1-15)

ùp

Y ji
αβ = Re(U∗

αiUβiUαjU
∗
βj)

J ji
αβ = Im(U∗

αiUβiUαjU
∗
βj) (1-16)

Φij =
∆m2

ijl

4Eν

=
1.27∆m2

ij[eV
2]l[km]

Eν [GeV ]

(1-17)

Ù¥∆m2
ij = m2

i −m2
j§l´�1ål§±9Eν´¥�fUþ"3úª 1-15�1n��N


CP»��A(-�L¥�f§+�L�¥�f)"w,§∆m2
12 + ∆m2

23 + ∆m2
31 = 0§Ïd

��3ü�∆m2´Õá�§��dü�∆m2§(θ12, θ23, θ31)Ú��CP��δ5£ãn�¥

�f��"

éu�é�½�¥�f§Ù��AÇPνα→νβ
ÏLCP§TÚCPT=��Ù§n«��

a.�éXµ

CP : Pνα→νβ
→ Pν̄α→ν̄β

T : Pνα→νβ
→ Pνβ→να (1-18)

CPT : Pνα→νβ
→ Pν̄β→ν̄α

(1-19)

ÏdkXe'Xµ

• CPØé¡5µ

ACP
αβ =

Pνα→νβ
− Pν̄α→ν̄β

Pνα→νβ
+ Pν̄α→ν̄β

=
P 6CP

PCP

(1-20)
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1.3 ¥�f��

• TØé¡5µ

AT
αβ =

Pνα→νβ
− Pνβ→να

Pνα→νβ
+ Pνβ→να

(1-21)

• CPTØé¡5µ

ACPT
αβ =

Pνα→νβ
− Pν̄β→ν̄α

Pνα→νβ
+ Pν̄β→ν̄α

(1-22)

CP/T»��A��±dJarlskogØCþJ�Ñ[7]"lUÝ
�o�5��§3n�¥

�f���¢�¥§�k��JarlskogØCþ§§½Â�µ

JCP = s12s23s13c12c23c
2
13 sin δ (1-23)

�
{z¯K§y3��Äü���fµ

U =

 cos θV sin θV

− sin θV cos θV

 (1-24)

ùp§θν´3ý�G�eνeÚνx�·Ü�"@oúª 1-15�±{z�µ

P (να → νβ) = sin2 2θV sin2 Φ (1-25)

= sin2 2θV sin2

(
1.27∆m2[eV 2]l[m]

E[MeV ]

)
(1-26)

�kνα(ν̄α) → να(ν̄α)�AÇµ

P (να → να) = 1− sin2 2θV sin2

(
1.27∆m2[eV 2]l[m]

E[MeV ]

)
(1-27)

= 1− sin2 2θV sin2

(
πl

LV

)
(1-28)

Ù¥∆m2´νiÚνj�m��þ²��(∆m2
ij =| m2

i −m2
j |§i, j = 1, 2, 3)§l´3t�mS¥
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�fDÂ��Ý§±93ý�®¥����ÝLν½Â�µ

LV ≡
4πE

∆m2
(1-29)

éuν̄α → ν̄α§��±�¤aq�L�ª"

l±þ�úª§�±�ß/w�Pνe→νe(t) < 1§ÏdXJνe(ν̄e)Úνx(ν̄x)�mk�þ�

Ú�"�·Ü�§@o¤*ÿ��νe(ν̄e)¯~ò�u�)�νe(ν̄e)�¯~"

,	��¡§éuü�¥�f�Shrödinger�§�±��µ

i
d

dt

νe

νx

 = U

E1 0

0 E2

U †

νe

νx

 (1-30)

=

E1+E2

2

1 0

0 1

+ E2−E1

2

− cos 2θV sin 2θV

sin 2θV cos 2θV

νe

νx

 (1-31)

=

E1+E2

2

1 0

0 1

+ π
LV

− cos 2θV sin 2θV

sin 2θV cos 2θV

νe

νx

 (1-32)

≡ (Ĥ0 + ĤV )

νe

νx

 (1-33)

ùp�ĤV �±d¥�fý���nØí�µ

ĤV

νe

νx

 ≡ π

LV

− cos 2θV sin 2θV

sin 2θV cos 2θV

νe

νx

 (1-34)

2. Ô�¥�¥�f���A£MSW�A¤

�¥�f3Ô�¥DÂ�§��±u)��§¿���^�ÚÅ�u)�A�Cz"

Ù�Ï´�¥�f3Ô�¥DÂ�§§�Ô�¥�âfu)�p�^§
ù«�p�^

K�¥�f�5�§3Ô�¥¥�f�Ù¦âf�p�^UC
¥�fUþ¨Äþ�'

X"ÄuL.Wolfenstein�nØ§S.P.MikheyevÚA.Yu.Smirnov1�gJÑ
3Ô�¥�¥

�f���y�§Ïdù��¡��MSW�A[8, 9]"

±>f¥�f�~§Xã 1-1¤«§�>f¥�f3Ô�DÂ��ÿ§duνeU

ÏLNC(neutral current)ÚCC(charged current)
νµ(ντ )�UÏLNC�^�>fu)Ñ
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1.3 ¥�f��

ããã 1-1 ¥�fÚ>fÑ��Feynmanãµ(a)´νe�CC�^:
(b)ν̄e�CC�^¶(c)´νe§νµ§ντ £ν̄e§ν̄µ§ν̄µ¤�NC�^"

�� ^ § Ï d ¥�f � m k Ø Ó �³�"> f ¥�f � � � � �	� 5 gCC�

^ �)�³U
√

2GF ne§ Ù ¥GF´¤ � Í Ü ~ê§ne´Ô� ¥ � > fê� Ý, ne =

ρ(g/cm3)/2×NA(NA = 6.022× 1023mol−1)§ρ´Ô���Ý"

�A�Ô�¥�Hamiltonian(H̄M)�±��µ

H̄M

νe

νx

 = (H̄0 + H̄V + H̄e + H̄µ,τ )

νe

νx

 (1-35)

= α

1 0

0 1

νe

νx


+

π

LV

±LV

π
· GF ne√

2
− cos 2θV sin 2θV

sin 2θV ∓LV

π
· GF ne√

2
+ cos 2θV

νe

νx

 (1-36)

= α

1 0

0 1

νe

νx

+
π

LV

±LV

Le
− cos 2θV sin 2θV

sin 2θV ∓LV

Le
+ cos 2θV

νe

νx

 , (1-37)

Ù¥ª 1-37�1��´ÊÏ��§ÎÒ/±0¥§/¦0(/¨0)©O´éAuνe(ν̄e) (3

/∓0§/-0(/+0)/KéAuνe(ν̄e))§Le´¥�f¨>f�^�Ý§§�½Â�µ

Le =

√
2π

GF ne

(1-38)

Ó�§3Ô�¥����ÝÚ·Ü�©O�½Â�LMÚθM ,

π

LM

− cos 2θM sin 2θM

sin 2θM cos 2θM

 ≡ π

LV

±LV

Le
− cos 2θV sin 2θV

sin 2θV ∓LV

Le
+ cos 2θV

 (1-39)
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dþª©O�±��LMÚsin2 2θM :

LM ≡ LV√
sin2 2θV +

(
±LV

Le
− cos 2θV

)2
(1-40)

sin2 2θM ≡ sin2 2θV

sin2 2θV +
(
±LV

Le
− cos 2θV

)2 (1-41)

l±þúªwÑ§3Ô�¥>f�Ý£ne¤��,·Ü�£θM¤��£�L 1-1¤"ù

pnresonance
e ¡��/MSW���Ý0§3�½��ÝeÙ��´���"

LV

Le

= cos 2θV (1-42)

nresonance
e =

∆m2

2
√

2GF E
cos 2θV (1-43)

LLL 1-1 Ô�¥>f�ÝÚ·Ü��'X�L

ne 0 · · ·nresonance
e · · ·∞

θM θV · · ·π/4 · · · π/2

1.3.2 ¥�f���¢�yâ

¥�f´���ë\f�p�^§
Øë\r�p�^Ú>^�p�^�âf§d¥

�f��nØ�±��XJ¥�fk��u)§Ky²
¥�fk�þ�¥�f���

mu)
·Ü§�d­.þéõ¢�¿�åuÏé¥�f��y�"

¥�f¢�Uì¢��ny©§�±©�appearance¢�£3ål¥�f
�,?u

y¥�f
¥vk�Ù¦a.¥�f¤Údisapperance¢�£ål¥�f
�,?uy¥

�fê8'¥�f
�¥�fê8�¤"

¥�f¢�Uì¥�f
�ØÓ�©���¥�f¢�§�í¥�f¢�§\�ì¥

�f¢�Ú�Aæ¥�f¢�"

��¥�f¢�

��¥�f¢�|^��SÜ�ØàCPPóª�AÚCNOÌ�§�)ØÓUþ�¥
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1.3 ¥�f��

�f"��SÜ�ØàCÚå±en�Ì��¥�fË�

p + p → D + νe + e+(Eν < 0.42Mev), (1-44)

Be7 + e− → Li7 + νe(Eν = 0.86Mev), (1-45)

B8 → B8 + νe + e+(Eν < 14.6Mev). (1-46)

ù
ØàC�A�)
�þ�>f¥�f"�Ð�HomestakeuyBe7ÚB8�Ïþ'nØ

ýó����IO�.��
��§=��¥�f¿�"��¥�f¿����ª�\

<��Surdbury Neutrino Observatory£SNO¤[10])û"§&ÿ�8B��¥�fÏLX

ePC�µ

νe + d → p + p + e− (CC), (1-47)

νx + d → p + n + νx (NC), (1-48)

νx + e− → νx + e− (ES). (1-49)

SNO¢�^1000ë�­Y£D2O¤5Ó�ÿþn«¥�f§¼�
νe��9νµÚντ Ñ

y � y â § � n « ¥�fê� Ú � I O � � � . ý ó � �"d u � � ¥ � Ø à

C � U �)> f ¥�f § Ï d # Ñ y � Ù { ü « ¥�f � U´d > f ¥�f �

�"¢� �ê�m�254.4U § � � �å6�5.21 ± 0.27 ± 0.38 × 106cm−2s−1§ � k

c �¢� Ú I O � . Î Ü"é Ü ¤ k � � ' � � � f ¥�f * ÿ¢� £Super-

Kamiokande§Homestake§SAGEÚGALLEX/GNO�¤�± ���Ý·Ü£LMA¤

���"¤kêâ���Ð�[Ü�´µ∆m2 = 6.46× 10−5eV 2Útan2 θ = 0.4"

ã1-2¥§þã´
ØÓ���¥�f¢�(JÚnØýó���IO�.é'ã§

lã¥�±wÑ¢�ÿ��¯~ê�Øýó�¯~ê�"�â��SÜ�ØàCPPóª

�AÚCNOÌ�§�)ØÓUþ�¥�f§eã�Ñ
SuperK§SNO �¢�æ^ØÓ�

�{&ÿØÓU�����¥�f"

�í¥�f¢�

�í¥�¥�f´dpU�»�EÂ/¥�í���)�"��»��¥��f½Ø

fu/¥�í�¥�Øf-E�§du�p�^
��ér��íq�"�íq��¹

NõK0fÚπ0f§K0fÚπ0f��PCµ

K+ → µ+ + νµ , K− → µ− + ν̄µ; (1-50)

π+ → µ+ + νµ , π− → µ− + ν̄µ (1-51)
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ããã 1-2 þã´�
ØÓ���¥�f¢�(JÚnØýóé'ã"eã´��¢�

^ØÓ�{éØÓU«���¥�f�&ÿ"
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1.3 ¥�f��

µf�XPCµ

µ+ → ν̄µ + e+ + νe, µ
− → νµ + e− + ν̄e (1-52)

ããã 1-3 K0fÚπ0fP}

Ï d § � í ¥ � ¥�f � ¤ © §νµ�êþ A´νe� ü �"3 L � � � ã�m

p§l�í¥�fÿþ���a>fÚµ¯~'§Ú�AkÛ�[¿Ø��"F�

�Super¨Kamiokande¢�^�.YÄêÔ�Å&ÿì©Oÿþùü«�¥�f�Uº

�©Ù§édk
�\�
)§3ã1-4¥�Ñ
>f£�ã¤Úµ£mã¤�Uº�©

Ù"êâ©�pUÚ$UÜ©"�±�Ù�w�µ¯~�êâÚÙ�AkÛýó£¢�¤

�k �§'�²w�´éul.Ü5�¯~(cos θ < 0, J­�L«^¥�f��[Ü�

(J"ù«Ø���±^νµ�¥�f��nØ¤)º"dúª 1-26��§¥�f�±d

���να²L�ãålL��¤�,���νβ" u/¥L¡�&ÿì§Ù¥�f�1�

ål§½`´��AÇ§´'u¥�f���Uº��¼ê"R��e���¥�f²

L15km§
R��þ�¥�f²L�13,000km?\&ÿì§�±&ÿ�UþÌ��´A

z�MeV�100GeV§Ïd§¦�éu�í¥�fÿþ∆m2(¯Ý�10−4eV 2"|^¥�

f�CCL§ν + N → l + X§�±3Super-Kamiokande�&ÿì¥*ÿ�"���f§

��νµ/νe�'Ç"ëþR ≡ (µ/e)date/(µ/e)MC^u¢��ÿþ¥§Ù¥µÚe©O´&ÿ

ìÚMC�[���aµÚae¯~ê"Ïd�±�Ñ¯~�' �´duµ�¿�§½`
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´�þB��µ~�
§`²νµk���A§Ó�CHOOZÚPalo Verde¢��)
νeÜ

©"dù
¢����ëê£��·ÜÚ∆m2 ≈ 1.3 ∼ 3 × 10−3eV 2¤äk��5",	

dSuper-Kamiokande¢��Ñ�p©EÇ�L/E©Û[11]§�Ñ
�p°(�∆m2§��

�ëê�´µ390%CLþ§1.9× 10−3eV 2 < ∆m2 < 3.0× 10−3eV 2Úsin2 2θ > 0.90"

ããã 1-4 >f£�ã¤Úµ£mã¤�Uº�©Ù§êâ©�pUÚ$UÜ©"�±

�Ù�w�µ¯~�êâÚÙ�AkÛýó£¢�¤�k �§'�²w�´éul

.Ü5�¯~(cos θ < 0, J­�5g|^¥�f���[Ü)"[13]


 � � � Õ á ( J 5 gK2K¢� £ lKEK�Super-Kamiokande§ Ä � � Ý

�235km¤"Äu8.9× 1019p.o.t©Û§�±�ß/wÑνµ�"�£ýók84.8�¯~§*

ÿ�57�¤"Xã1-5Super-Kamiokande¢�ÚK2K¢��Ñ∆m2Úsin22θ�'Xã"

�Aæ�¥�f¢�

� A æ¢� æ ^ � A æ ��¥�f 
 �)¥�f"­ � � � A æ¢�

kCHOOZ§Palo Verde¢�§
 uF�cKamiokande¢� ��KamLAND¢��±

ÿþ±�180Z�m	F�ÚH¸20õ�Ø>Õ�Aæ�¥�f§ù
Ø>Õ�u>þÓ

�­.Ø>Õ�1/5�m"k��Õáuþ¡A���¥�f¢��&E"KamLAND&
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1.3 ¥�f��

ããã 1-5 � ã´kSuper-Kamiokande¢� �L/E©Û� � �Ó+ ã[11]§ m ã
dK2K¢�[12]���"¤��(J3∆m232 − 3 × 10−3eV 2Ú��·ÜSéÐ
�ÎÜ[13]"

ÿì�d���¥/&ÿì£ID¤Ú���»�18�p�20���Î/�	Ü&ÿ

ì£OD¤|¤"ID¥����»�13��¥SCk1Zë�NðcN§CXk1879�

11>�O+§¡ÈCXÇ�34%"ODSo±L¡CXk225�1>�O+§Ù¥C

k2.6kt��?XÀY§�)±�dY�¤�¶-�§o�5000ë�N"§´­.þ��

��Nðc&ÿì"§�±|^�βPC£ν̄e + p → e+ + n¤&ÿ5gÙ±�Ø�Aæ�

�¥�f&E"&ÿ��&Ò�)5g�>f�«�Uþ�È¯&Ò§Úò´200µsu

)3��gd�f�¥fÐ¼"éu¯&Ò¯~�UþEprompt�éAu�¥�f�U

þEν̄ekµ

Eprompt = Eν̄e − En − 1.8MeV (1-53)

En´¥f���^Uþ§Ù²þ�Ú©Ù�±d�A��Ý©Ù{üO���"
¥f

Ð¼�Ñ��2.2MeV�γ"²L515U��ê(766t × years)§KamLAND�±�ß�w�

 lÌÚ¯~ �"Ù lÌ�±�Ñ°(�∆m2�7.9+0.6
−0.5 × 10−5eV 2[14]§Ú¤k��

¥�f¢��êâ�N[Ü�±?�Ú��tan2 2θ = 0.40+0.10
−0.07§Xã1-6¤«"95%CL�

Ñ§LMA)º´Ù#N���"

\�ì¥�f�A

3LANL�LSND¢���NðcN�&ÿì[15]¦^
167ë�¶Ôh§|^ðc
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ããã 1-6 ã�´KAMLAND¢�¥§*ÿ�ÿÀ�>f¥�f�¯¯~UþÌ§d
ud�uEprompt = 2.6MeV ��
�µ�3£'X/¥¥�f¤§Ïdêâ©Û�

éUþ�u2.6MeV�§mã´KamLANDêâÚ��¥�fêâ�[Ü"
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1.4 θ13����9ÿþ�{

NF1�AÚêÔ�ÅË�"&ÿì´���»5.7m��8.3m��ÎN§L¡CX


1220|8=��1>�O+§§é¥�f��ν̄µ → ν̄e[16]kép�(¯Ý§§��ê

�m´1993c¨1998c"^uLSND�¥�få65g30��	�LANSCE\�ì�µ+�

/�{PC0£Decay-At-Rest¤�Ô§
duLANSCE\�ì|^1mAÚ800MeV��f

6r��8IqCuþ§§UJø��éprÝ�$Uþ�¥�f
(0 ∼ 53MeV )"�±

dπ+½µ+�PC�)
¥�f§Ù¥π−Úµ−�FeCXáÂ�Ú8Iqþ�CuÐ¼§Ó

�duKaon Ú�­�0f�Uþ����Ñ§¿�3U«36 < Eν < 52.8MeV �ν̄e�å

6Ç´ν̄µ�4× 10−4"�3LSND&ÿ��ν̄e¯~§�±@�´ν̄µ → ν̄e���kåyâ"

3&ÿì¥|^
�AL§:

ν̄e + p → e+ + n (1-54)

5&ÿν̄e¯~"��ν̄e¯~&Ò�)
Uþ��320MeV < Ee < 60MeV �¯�>f&

ÒÚ���m�m�'�5g�AL§n + p → D + γ�Uþ�2.2MeVÚò´�200µs1

f&Ò"ÏL�.�~Ø§uyk87.9 ± 22.4 ± 6.0�¯~�&ÿ�"|^
¥�f�

�nØ�±��P (ν̄µ → ν̄e) = (2.64 ± 0.67 ± 0.45) × 10−3"�d�aq�KARMEN¢

�[17]31990-2001��ê%vkuy��y�§�ã1-7"ùü�¢��ÎÜ¯K3uî

��ÚOþ"éÜéùü@êâ?1©Û[17]§3�½���Sü@êâÎÜµ���

Ñ∆m2 ≈ 7eV 2§,	���Ñ∆m < 1eV 2"

�
u�LSND¢���(5§MiniBooNE[18]¢�|^
Fermilab Booster�¥�

f
"Booster�)prÝ�8GeV�få6��Beqþ§�)
äký�õêπ�g

? â f § ¿ Ï L ^ | à �,Ú ? \50� � � P C � � § ( J � � � ~ Z À �νµå6

£νe¤©�u0.3%¤"ù
¥�f�Uþ���700MeV§L/E��0.8m/MeV £�é

5`§LSND�L/E��1m/MeV ¤"MiniBOONE&ÿìSC3lå6PC���"

à490���/�§&ÿì�Ì�Ü©´�»�12.2��¥§¥SCk800ëX¶Ôh§&

ÿì�S9k1280�1>�O+£CXÇ�10%¤^u&ÿêÔ�Å1ÚðcN�F1§

	�2401>�O+^uVetoXÚ"¢�l2002�ê§I�±Y�2005cc."

,
XJþ¡¤k�yâÑ´�(�{§�â·ÜÝ
�o�5§§5½�U/¤ü

�Õáþ∆m2§@oI��õ�¥�f�Ú\"
du@
�U�3#�¥�f¿ØU

ë�IO�f>�p�^§Ïd�¡��sterile¥�f"

1.4 θ13����9ÿþ�{

3n�¥�f·Ü¥�8�ëê¥§ÏL�í§��§�AæÚ\�ì¥�f¢�

¥��Æ¬Æ Ø© 118�,�114� pUÔn¤



1�Ù Úó

ããã 1-7 � ã´LSND�¢�[19]* ÿ � �sin2 2θ − ∆m2� ëê« � ã § m ã
´MiniBooNE�Ñ�sin2 2θ −∆m2ã"

®²(½
o�ëê§ü����ëê¥θ13�ÿþ�'­�§§´ÿþ,����ë

êCP»���'�"

8clChooz [20] ÚPalo Verde [21] �Aæ¥�f¢����êâ�Ñ
θ13�þ

�§θ13 < θC§Ù¥θC ≈ 13◦´§��·Ü¥�Cabibbo�"�§�·ÜØÓ§¥�f�n

�·Ü�3��Ý�θ12 Úθ23§
��Ý�θ13§ùI���Ün�)º"XJθ13 = 0◦§

ò�3��#�¥�f���é¡§§òýó1��Ú1n��f�·Ü"3ù«

AÏ��¹e§n�·Ü�±w¤´ü�·Ü§¿�3¥�f��¥òØ�3�f

�CPÚT»�"

���~­��¯K´XJθ13Ø�"§§��kõ�"3"y���nØ�£��

¹e§·�ØUýóθ13��"�´·��±¼��
k^�&E§ÏLé¤k���§

�í§�Aæ9\�ì¥�f��¢��êâ�©Û§�±��θ13���êþ?�&

E[22, 23]"ù��êþ?�±�·��Ok��¢�Ú��θ13���(¯ÝJø��"

1.4.1 n�·Ü©Ûýóθ13���

3n�·Ü�¹e§�CdBahcall£BGP ¤[22] ÚMaltoni £MSTV¤[23]©Û
�

�§�í§�Aæ£KamLANDÚChooz¤Ú\�ì£K2K¤¥�f��¢�êâ"d

u∆m2
sun � ∆m2

atm§3©Û�íÚK2K¢�êâ�§�±Cq��Ñ∆m2
21�K�§3©

Û��ÚKamLANDêâ�§é∆m2
31 (½∆m2

32)�²þê"ÏdCP»��±l�[Ü¥

�K§¿�3©Û¥�)
¤k�Ê�ëêµθ12, θ23, θ13, ∆m2
21 Ú∆m2

32"Ïd�±lù
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1.4 θ13����9ÿþ�{

«�.©Û¥��
'uθ13���½þ��k^�&E"ã1-8´dBGPÚMSTV �Ñ

�∆χ2 Úθ13�'Xã"·��±ÏLãwÑ���∆χ2 éA�sin2 θ13 = 0.009 £BGP¤

½sin2 θ13 = 0.006 £MSTV¤,�,�ö��lã¥wØ²w"

ããã 1-8 ∆χ2´sin2 θ13�¼ê§dBGP (left) in Ref. [22] ÚMSTV (right) in Ref. [23]��"

e L � Ñ 32σ*3σm � § � Z [ Ü � ü � � þ ² � � 9 n � · Ü �"

lBGPÚMST©ÛL � ¥ � ± w Ñ ( J Ä �´� � �"·� w �θ13� þ � 33σ�

I O e´θC"U ìBGP ÚMSTV � � Z [ Ü � § � � Uθ13 ∼ 4◦ ½5◦"� Ò´

`§sin2 2θ13 ∼ (2 − 3)%�U�ýÏ��"ùÒý«XXJ¢��(¯Ý�±��1%�

êþ?§�±^�Aæ¥�f¢�£ν̄e�¹��§νe → νe§¤ÿþθ13§ÙÄ��Ý��

3∆m2
32�ê���"

1.4.2 lAÏ�¥�f�þ�.�Oθ13���

3$U��§�f�þ�y�ÆÚ�·Ü�UÏL�>�f�þÝ
�Ml Ú

£effective¤¥�f�þÝ
�MνL�",
Ml ÚMν �Ul�Ú�nØ£GUTs¤½�

«�����Ú�nØ�.üC
5"§��(�vk�nØÚ�.���[`²"

�Ml ÚMν�'é�Ônëê�)n��>�f�þ£me, mµ, mτ ¤§n�¥�f�þ

£m1, m2, m3¤§n��·Ü�£θ12, θ23, θ13¤§Ún�CP»��£δCP, φ1, φ2¤"3ù


ëê¥§me, mµ Úmτ ®²�°(ÿþ¶∆m2
21, ∆m2

32, θ12 Úθ23®²�(½��±�É�

°Ý��"��¤õ�¥�fnØATÏLé��ëêÒ�±(½Ml ÚMν��ª§±

Bu�
�±·^�
Ø���Ônþ"Ø3�´y3�vkù«nØýó"�,�
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LLL 1-2 ©Ûn�¥�f·Ü§2σ (or 95% C.L.) *3σ (or 99.7% C.L.)§ü��þ²��Ún�·Ü��
�Z[Ü�

Parameter (BGP [22]) Best fit 2σ interval 3σ interval

∆m2
21 (10−5 eV2) 7.1 6.2–8.2 5.5–9.7

∆m2
32 (10−3 eV2) 2.6 1.8–3.3 1.4–3.7

tan2 θ12 0.42 0.34–0.54 0.30–0.63
tan2 θ23 1.0 0.61–1.7 0.45–2.3
sin2 θ13 (sin2 2θ13) 0.009 (0.036) ≤ 0.036 ≤ 0.053

Parameter (MSTV [23]) Best fit 2σ interval 3σ interval

∆m2
21 (10−5 eV2) 6.9 6.0–8.4 5.4–9.5

∆m2
31 (10−3 eV2) 2.6 1.8–3.3 1.4–3.7

sin2 θ12 0.30 0.25–0.36 0.23–0.39
sin2 θ23 0.52 0.36–0.67 0.31–0.72
sin2 θ13 (sin2 2θ13) 0.006 (0.024) ≤ 0.035 ≤ 0.054

nØ�.®²�JÑ[25]§�´§�7L�6�
�	�y�b�"

XJØ+ù
ýó�.�[!§3$U�¹e§§�'uθ13�(J���±©�ü

«ØÓ�a.µ£1¤θ13Uì�fÚ§���þ'Ç�Ñ"£2¤θ13dÙ§���¥�f

��ëêýóÑ"±e�ÑA�{ü�~f`²ÏL�.ýóθ13"

£A¤: /democratic0¥�f · Ü � .[26]§Ml� é ¡S(3)L × S(3)RÚMν� é

¡S(3)d�6»�§ùý«


sin θ13 ≈
2√
6

√
me

mµ

≈ 0.057 (sin2 2θ13 ≈ 0.013). (1-55)

aq�(J£~X, sin θ13 ∼
√

me/mµ ) ��±lÙ¦é¡»�bi-maximal¥�f·Ü�

ª¼�"

£B¤: ��{ü�SO(10)-l¤��þ�.�5�(a[27]§Mν�four-zero(�dº

§�ÚseesawÅ����mÃ�Majorana¥�f�þÝ
�5"Ù��

sin θ13 ≈
1√
2

sin θC ≈ 0.155 (sin2 2θ13 ≈ 0.094), (1-56)

ùpg??��O(
√

mu/mc)��Ñ"Ï��Cqsin θC ∼
√

md/ms§ù�U`²3

�Ú�nØ¥�fÚ§��·Üëê�U�3'X"

£C¤:3�Ä:þ��>�f�þÝ
Ml´é���¢ê§Majorana ¥�f�þÝ
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1.4 θ13����9ÿþ�{


Mν§XJ£1,1¤Ú£1,3¤½£3,1¤�"[28]§

sin θ13 ≈
tan θ12 tan θ23√

1− tan4 θ12

√
∆m2

21

∆m2
32

≈ 0.076 (sin2 2θ13 ≈ 0.023), (1-57)

Ù¥�Z�[Ü�∆m2
21§∆m2

21§tan2 θ12 Útan2 θ23dL�£BGP¤�Ñ"

£D¤: � ½Frampton-Glashow-Yanagida ansatz § 3Dirac¥�fYukawaÍ Ü Ý


[29] ¥ü��"�(��b�§���¥�f·ÜÚ��5�seesaw�.ýó

sin θ13 ≈
1

2
sin 2θ12 tan θ23

√
∆m2

21

∆m2
32

≈ 0.076 (sin2 2θ13 ≈ 0.023), (1-58)

g?Cqm1 = 0£�~��þ�?¤§�Z[Ü�∆m2
21§∆m2

32§tan2 θ12 Útan2 θ23d

£BGP¤�Ñ"

±þ�~f`²θ13��UìØÓ�¥�f�.kA�§Ý�ýó�"θ13����d

��§�í§�Aæ§\�ì¥�f��¢�[22, 23] êâ©Û��Z[Ü�����"

�θ12 Úθ23�'�§θ13é�f�þÝ
�[!(��¯a"Ïd°(�ÿþθ13òé(½

���U�¥�f�þ�.�'­�"

1.4.3 ÿþθ13��{

· Ü �θ13� � � � A ´ é � � " � ± l p U £ ê þ ?GeV¤νe(ν̄e) →

νe(ν̄e)�survivalL§§=�Ä��\�ì�Aæ¥�f��¢�§½öÏL$U��

£êþ?MeV¤appearanceL§νµ(ν̄µ) → νe(ν̄e) �§=áÄ���Aæ¥�f��¢�w

Ñù«�A"du8ck��¥�få6�6r���59ÙS3�E,5§ÏdCÏ

�Ä�\�ì¢�&Äsin2 2θ13 Ø�u0.4�°(5�U���§
�Aæ¢��ÿþ�

±��0.01 �ÿþ°Ý§¿��U3�C�cS�¤ÿþ"

1. �Ä�\�ì¥�f¢�

1��\�ì�Ä�¥�f��¢�æ^�´DÚ�νµ6§XK2K§MINOS§

ÚOPERA/ICARUS§y²�í¥�f��§¿�(½�∆m2
32 Úsin2 2θ23�°Ý"

ÿþνµ�disappearance�¢�ò3νµ → νµ��¥ïá1�����"K2K¢�­#

?ESuper-K detector�&ÿì�§lKEK�Super-K [30]§ål�L = 250 km,®²m©

�ê"K2K�êâ32σ�IOe§®²y²¥�fk��"MINOS¢�§®²32005c

n�oÒXÃm©§l¤�¢�¿�Soudan ¶³ [31]§ål�L = 730 km§ýÏ$1n

c�∆m2
32 Úsin2 2θ23�±��10%�ÿþ°Ý"CERN �Gran Sasso £CNGS¤�¢�,

ICARUS [32] ÚOPERA [33], ål�3L = 730 km�m§�´¥�fk�p�Uþ§ýÏ
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ò32006c¥Ím©"3CNGS¢�¥§ντappearance¢�ò�*ÿ§ùòy²�Ð��

í¥�f��´νµ → ντ"ù
î³�¢�éÿþθ13�
é���z"

��§�íÚKamLAND�¢�êâ¥kn�ëêvk�(½§§�´éCP�

' ­ � �θ13§ ( ½ ¥�f � þ � ? �∆m2
32� Î Ò ÚδCP"3νµ → νe� �¢� ¥ §

ÿ þνeé ­ � § Ï�� � AÇ� � � � � �sin2 2θ13 ¤ � ' § 8 c 390%� � &

« m §Chooz [20] ÚPalo Verde [21]� A æ¢� � � Ñ
þ �sin2 2θ13*0.1 "Ï L n

Ü©ÛICARUS/MINOS/OPERA�êâ§390% C. L. [34]§sin2 2θ13 > 0.01"XJn

ÜOPERAÚICARUS�sin2 2θ13�ÿþ°Ý§�U���$���0.06-0.04"

l���8I5w�Ä�\�ìνµ → νe��¢�´�~­��"XJθ13v
�§Ï

Lνµ → νeÚν̄µ → ν̄e��¢��±ÿþθ13Ú�fÜ©�CP»�",
§Ø
νµ → νe�

�Ø´Ì����	§3ù«¢�¥��3�
(J7L��Ñ"Ù¥��(JÒ´­

���.dn�5
[35]: £a¤3νµ¥·kνe¶£b¤Ì����νν → ντ ¥�)�τ�u

)ντ → νe�PC¶£c¤3ÿþe¯~�&ÿì&ÿ¥�)�.

Ù¦(J�knØúª�k�¯K§=ëê{¿"ëê{¿ò��ÿþ�θ13 ÚδCP �

Ø(½§=¦��AÇνµ → νeÚν̄µ → ν̄e´(½�[36, 37]"d3�n@ëê{¿´: £i¤

£δCP , θ13¤Ø(½ [36, 38–41]§£ii¤¥�f�þ�?Ø(½£ÎÒ∆m2
32 �Ø(½¤

[36, 39, 42, 43]§£iii¤£θ23,
π
2
− θ23¤Ø(½ [36, 44]"ù
Ñ��íäδCP Úθ13 �(

J"

�kÙ¦�¯K§X/¥�Ô��A§Ù�)��CP»�§3(½θ13 ÚδCP ��Ä

�¢�¥§7LòÙ�Ä3S"�´�ÄÔ��A�±«©ü«�U��þ�?"

2. �Aæ¥�f¢�

�Aæ¢�´ÏLÿþsurvival¯~ν̄e → ν̄e�L§"ÏLAz��AZ��áÄ�

Úν̄eA�MeVUþ¢y�"�\�ì¢��'§�Aæ¥�f¢�Ø�3ëê{¿¯

K§θ13�±��(½§¿�ý�����¹AÇúª´k��§Ô��A�±�Ñ"I

O�úª´Eq. (1-2), AÇúª�±{z

Psur = 1− C4
13 sin2 2θ12 sin2 ∆21 − C2

12 sin2 2θ13 sin2 ∆31 − S2
12 sin2 2θ13 sin2 ∆32, (1-59)

Ù¥
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1.4 θ13����9ÿþ�{

∆jk ≡ 1.267∆m2
jk(eV

2)× 103 L(km)

E(MeV)
, (1-60)

∆m2
jk ≡ m2

j −m2
k.

L ´Ä��Ý§ü �km§E ´¥�f�Uþ§ü ´MeV§mj§´1j-th ¥�f

�þ§ü ´eV"νe → νe�survivalAÇúª�±L«�Eq. (1-59) Ù¥CPT Åð"

�ª(1-59) �±wÑ�CP��δCPÚ·Ü�θ23Ã'"ÏdØ�
dδCPÚå�Ø(½5

Úθ23�ÿþØ�"

�
��θ13��§disappearanceAÇL«�

Pdis ≡ 1− Psur

= C4
13 sin2 2θ12 sin2 ∆21 + C2

12 sin2 2θ13 sin2 ∆31 + S2
12 sin2 2θ13 sin2 ∆32 . (1-61)

3disappearance¥§½Â�θ13Ã'�@Ü©�

P0 = Pdis|θ13=0 = sin2 2θ12 sin2 ∆21 . (1-62)

@o�θ13k'�@Ü©disappearanceAÇ�±L��§

Pnet ≡ Pdis − P0

= − sin2 2θ12 sin2 θ13(1 + cos2 θ13) sin2 ∆21

+ sin2 2θ13(cos2 θ12 sin2 ∆31 + sin2 θ12 sin2 ∆32). (1-63)

±þ�?Ø�±wÑ�
¼�θ13§·�7LlPdis~�θ13Ã'�§P0"ã1-9�±�Ð

�wÑ§��g�A§Pdis ÚP0 ´Ä��Ý�¼ê§Ä��Ýl100 m �100km"b

�sin2 2θ13 = 0.05§Ù¦ëêd�íêâÚC5SNOêâ�Ñ��Z[Ü�"

θ12 = 32.5◦, ∆m2
21 = 7.1× 10−5eV2, ∆m2

31 = 2× 10−3eV2 (1-64)
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ããã 1-9 P0: �úþ,Úeü­�§Pdis: �7P0���­�§Pnet: �é$���­�"

ã1-9 ¥�­�d¼ê£1-61¤§£1-62¤Ú£1-63¤�Ù�Ðy"k�úþ,q

eü�­�´P0§§d∆m2
21 Úθ12û½"3P0±����­�´Pdis§§¯���´

d∆m2
32Úå�"­�=puY²¶�´Pnet§θ13 �±lPnetJ�Ñ5"­��±o(

�µXJ$u1�������AZ�P0´�~��§¿�Pnet ÚPdis«OØ�"�L1

�����Pnet ÚPdis*d l§
��P03Pdis¥åÌ��^�§�XLO�§ l�

õ"

∆m2
21 Úsin2 2θ123Pnet�1������S´Ø¯a�"31�����§Pdis ªC

uPnet|Max ' sin2 2θ13"Pnet�Ù{�¤k4���sin2 2θ13�'Ñ�~�"ùÒ`²�Z

�ÿþAT3Pnet�1��4��?"duPnet�4��d∆2
32û½§¤±�?&ÿì�Ä

���ÀJ�~­�"�,Lfar�ÀJ�~­�§�´∆m2
32%ØU°((½"¤±éu

&ÿì�½¢��ïá§·�7LïÄPnetÚ∆m2
32��^§±B�±ÏL|^ν̄e6�U

þDÂ¼�L/E���§l
�Ð�(½�&ÿì��Zål"

¯¢þ¥�f�Uþ�±��¯~��¯~�(½§l
��¥�f�UÌ§L/E�

���±ÏL¥�f�UþÌ��"�,ù�UÌI��þ�ÚO5§�´é(½θ13´

�~k^�"

ν̄e�p�^Ç�6rÚ�βPCν̄e + p → n + e+ [45]��A�¡k'"·��±��

O�5�¡[46]Úν̄e6r[47]"�c?Ø��p�^ÇÚUþk'§
8�z��p�^

Ç�Ä��'XØ´é­�"éu8�zÏf§vk����p�^Ç�±Cq�L«

�§

(
dN

dE

)
NO

∼ exp(a0 + a1E + a2E
2)(E − 1.293MeV)

√
(E − 1.293MeV)2 −m2

e, (1-65)
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1.4 θ13����9ÿþ�{

Ù ¥ ¥�f � U þ´E§ ü �MeV, a0=4.509, a1=-0.2171 MeV−1§a2=-0.08880

MeV−2§£E − 1.293 MeV¤´�>f�Uþ, me ´�>f��þ§ü ´MeV"k

����p�^Ç�

(
dN

dE

)
OSC

=

(
dN

dE

)
NO

Psur, (1-66)

Ù¥Psur dúª(1-59)�Ñ"

�
ïÄLfar��^§é¥�f��UÌÈ©2Ø±�p�^Ç§�È©�Pnetd

ã1-10wÑ§§´Lfar �¼ê§éAØÓ�n�∆m2
32, (1.3, 2.0, 3.0) × 10−3 eV2, ù

n��CX
90% CL [24]e¤#N�∆m2
32���"sin2 2θ13 ��0.05"ã1-10§ÏL

­ � � ± w ÑPneté∆m2
32� C z´¯ a � § ¿ � 3 Ù � # N � ��S C z é �"

3∆m2
32���S§��AÇéA�Ä��ÝLfar��l1.5 km�3.5 km"�∆m2

32 =

(1.3, 2.0, 3.0) × 10−3 eV2§����éA�Ä��Ý©O´3500m§2200m§Ú1500m"

d	§∆m2
32 = 1.3 × 10−3 eV2�����∆m2

32 = 3.0 × 10−3 eV2����Ä��Ý��

C"ÏL{ü�©Û§�&ÿì���±�3ål�Aæ1800 m �2200 m�m"�ÀJ

Ä��Ý�§ÚO57L��Ä3S§Ï�¯~Ç�1/L2
far ¤�'"

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045

0 2000 4000

sin22θ13=0.05

Δm2=1.3×10-3eV2

Baseline(m)

P
n
e
t

Δm2=2.0×10-3eV2

Δm2=3.0×10-3eV2

ããã 1-10 È©�Pnet´Ä�Lfar�¼ê"n^­�C
X
90%CL���∆m2

32 [24].
ããã 1-11 Pdis§P0§Pnet§ÚP2´Ä��¼ê§¿�

é��¥�fUÌÈ©§Ù¥�sin2 2θ13 = 0.02.
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{ü�ü�·Ü��AÇ�úª²~^5£ãáÄ���Aæ¥�f���:

P2 = sin2 2θ13 sin2 ∆31 . (1-67)

ü��L�ªP2Ún��L«ªPdiské��ØÓ§AO´��sin2 2θ13"Ø+No�§

·��ésin2 2θ13 a,�§3[Üsin2 2θ13�cATkØ�P0 ��z"��AÇ�þ?�

±dã 1-11wÑ§�θ13é��£sin2 2θ13 = 0.02¤§�,3�Ä���ÿ§Pdis 'P2�é

õ§�´Pnet �ü����AÇ�L�ªA���"Ïd§é�õêÔn8I§ü��

L�ªk��§~XÄ��`z§(¯Ý��O"

8c(½θ12 Ú∆m2
21 ké��Ø(½5"Pnet ��é∆m2

21 Úsin2 2θ12¿Ø¯a"�

´·�ÏLO�Pdis−P0��Pnet,ùÒ¦�θ12 Ú∆m2
21�Ø�D4�
Pnet. �
©Û¢�

êâ§XÚØ�7L�Ä§ü��L�ªØ2¿©"�sin2 2θ13��Czl0.01�0.10§

�é�P0�Pnet�Cz�15% �5%"ù�A�éÌ©ÛK�é�"

o(

• ��'X�θ13�disappearanceAÇ3áÄ��¹eéθ12 Ú∆m2
21Ø¯a"θ13�±�

�(½ÏL�Aæ¥�f¢�"

• � A æν̄e U Ì v 
 C X∆m2
32390% C.L.� ��"Lfar� � Z � Ý´1800m

�2200m"

• ��AÇé∆m2
31´¯a�"��¡òé�&ÿì�Ä��Ý�ÀJJø]Ô§,�

�¡§¥�f�UÌJø
∆m2
31�&E"

• {ü�ü���L�ª´n���L�ªéÐ�Cq§XJØ�Äcöθ12 Ú∆m2
21

�Ø�"ù
XÚØ��Uéêâ©Ûké��K�"

��§·���(ØÏLnØþ�ïÄ§ÀJLfar�¦�U�CX�����∆m2
32"

1.5 Ø©ÀK�8�ÚØ©�(�

1.5.1 Ø©ÀK�8�

8cÿþ��¥�f·Ü�θ12Úθ23�ê�Ñ'��§�'�O(§�kθ13�ê�

�§==�Ñ
§�þ�"°(ÿþ� ��¢�^�8c�Øä�§
°(ÿþθ13´

�cïÄ¥�f·Ü5Æ�IS9:§é£�âfÔnuÐc÷�eZ'�¯K§ïÄ

�»�å
Ú?z£~X§�U)º��o�»¥Ø�3�Ô��¤äk�©­��¿
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1.5 Ø©ÀK�8�ÚØ©�(�

Â"âfÔn”IO�.”�M©<��§ì��ÔnÆø¼�öGlashow�Ç�cQÊg

rN°(ÿþθ13´�cIS¥�fÔn¢�ïÄ�'�8I"°(ÿþθ13¢���Z�

Y´ÿþØ>Õ�Aæ�)�¥�f�êþÚUÌ�ål�Cz"�æ�Ø>Õäk�

N9õÇ�§±�kìN�o�`³§´ÿþθ13¢���Z/:"Ø©�Ì�8�´�

æ��Aæ¢��cÏïÄ§ïÄXÚØ�§�.§`zÄ�§¶-�YêÔ�Å&ÿ

ì�[§Jpθ13�ÿþ(¯Ý"

1.5.2 Ø©�(�

1�Ù§{ü0�
¥�f�uÐ{¤Ú¥�fÄ�5�Ú¥�f��¢�"

1�Ù§0��æ�¥�f�Aæ¥�f¢���¹"

1nÙ§�æ��Aæ¥�f¢��Ôn©Û�{"

1oÙ§�æ��Aæ¥�f¢��¶-�&ÿìY�êÔ�Å&ÿì"

N¹ A§�Aæ��βP}Ú�AæUÌ"
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1�Ù �æ��Aæ¥�f¢�

1�Ù �æ��Aæ¥�f¢�

�8c��§”�í¥�f”Ú”��/�Aæ¥�f”ÿþ�·Ü�ÚÑ-<¯ç�

�§
�ksin22θ ��é�§�ÿÑ5§�þ�"ù´éJn)�§Ó��´é­��"

Ï�n�¥�f����A´ïá3Ø�"�Ä:þ§ÿÑØ�"ò¤�¥�f��Ô

nuÐ¥�e��p§
"¢�ÿ����Ø==´ÿ�Ä�âfÔnnØ���Ä�

­��ëê§é(án�·Ü�.§?�Ú(Ü�)ò5��Ä�¥�f��3S�Ù

§¢�§¢yé¥�f�Ô��A§CP»��A§¥�f�þ�?NX�ÿþkX­�

�¿Â"
¥�fCP»��ÿþ�8c�k�U)º�»¥Ô�-�Ô�Øé¡5�nØ

��éX"

�«�ÿþθ13k'�¢�´�Ä�¥�f��¢�"�3�Ä�¥�f��¢�

¥§∆m2
32�ÎÒÚCP»�� �Ñé¢�ÿþ�νµ → νe���'­�"�´3�Ä�

¥�f��¢�ÿþ¥§�±kn�V­ëê�{¿§§�Ó�Ñy3éθ13Úδcp �ÿþ

¥§éθ13�(½�)l­�
5",	���(J´d/¥�ÝØþ!Úå�Ô��A

�CP»��AJ±«©"ù
Ø(½5¦���6θ13 ��Aæ¥�f¢�¤�Ø�O�

�"^�Aæ¥�f¢�°(ÿþθ13®²¤��cISâfÔn¢��9:"F�!{

IÚî³Ñ¿�JÑ�Aæ¥�f¢��Y"¥IJÑ
|^�æ��Aæÿþ¥�f

·Ü����"

�æ�Ø>Õ3�Aæ¥�f¢�þk�UÕþ�`³"Ø=�Aæ�oõÇ�

£�2010c*e�Ïï¤�ò¤�­.þ1����Aæ+¤§�­��´NCkì§

�±�¢�Jøv
�¶-"éù«$Uþ§$¯~Ç§p°Ý�¥�f¢�5`§~

��»��ÚU,��5�.´�­��cJ"'X`SuperK, SNO, KamLANDù
¢

�Ñ3��Z��d¢Î¶³Uï�/e¢�¿p?1"­.þÙ§�U^5��Aæ

¥�f¢��Ø>�NCÑ"yv
�ñ�CX"�æ��Aæ¥�f¢���O�Y

2�á�
±cÓa¢��²�Ú�Ô§k�é5/\±U?§Ó�áÂ
�cISþ

�k?��Og�§�)æ^�C&ÿì��éÿþ±-��Ü©Ø�§æ^n�(�

�&ÿì±�Ð/�oU,��5E¤��.§æ^�£Ä�&ÿì3�Cà©Oÿþ

±?�Ú~��éÿþ¥�Ø���"Ó�/¤gCÕA��O�Y§�)¿©|^I

S�¤�`³æ^�¡È�RPC&ÿì�YêÔ�Å&ÿì�(ÜIP�»��.§

ò2�þ�Y¶-��3RPCS±4�§Ý/�Ø¯¥fù���x��.§±9æ^õ

��é���&ÿì�¬��"nÜù
`³§sin2 2θ13ÿþ(¯Ý�±��0.01"
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2.1 �æ��AæØ>Õ�g,^�9¢�ÙÛ

2.1 �æ��AæØ>Õ�g,^�9¢�ÙÛ

�æ�Ø>Õ�*eØ>Õ ul�e50úp��æ�"ü�Ø>Õ�å1úp§

ÀH¡�°§Ü�¡�ì§ì��p?�°o700�"ü�Ø>Õ�kü�9õÇ

�2.9GW��Aæ§�11.6GW§�2010c�m*e�Ïó§�ó�òO\ü��Aæ§

��5.8GW"�
~��»��.§&ÿì7Lkv
�ñ�CX§Ïdn�&ÿìÑ

7L��3ìJS"¢�I�m��^��l/¡?\ìJ§ë(n���&ÿì�/

e¢�¿"

�æ��Aæ¥�f¢�æ^�C&ÿì�éÿþ"du�æ��AæÚ*e�Aæ

����§�
�Ð�-�Ø�§©O3�æ��AæC?Ú*e�AæC?����

C&ÿì"Xã 2.2,�æ��Aæ|NC�C&ÿìål�æ�ü��Aæ�¥%ål

�363m§ñ�CX�250m.w.e£Y�þ¤"*eNC�C&ÿìål*e�ÏÚ*e�

Ïü|�Aæ�¥%ål�445m§ñ�CX�280m.w.e"�:&ÿìål�æ��Aæ

|¥%ål�1985m, ål*e�Aæ|�¥%ål�1598m§ñ�CX�900m.w.e"

2.2 �æ��Aæ¥�f¢�&ÿì��O

�
Jøÿþ°Ý§~�XÚØ�§¢�&ÿìæ^
ÕA��O�{"&ÿìæ

^�¬ª�O"z�C&ÿì��2�&ÿì�¬§�&ÿì��4�&ÿì�¬" &ÿ

ìÌ�d¶-�&ÿìÚÌ&ÿì|¤"¶-�&ÿìd{5�£RPC¤�f&ÿì�

�§3RPCS��þÝ�2��XY¶-�§^5¶-ñ�¥d�fÑ��)�¥fÚ5

gñ��U,��5�."

�
4�æ�¢�3$1nc�ésin22θ13ÿþ�(¯§Ý��0.01§ÚOØ�A�

u0.3%"Ïd�OÑ&ÿì¥qá�A�80ë�m§&ÿìL�¬�5é¯K§'X`

du�������$Ñ(J§ØU3�Cà�m£Ä?1�é�Ý¶13&ÿì¥�

DÂ'�E,§Ñ�!ò�!û�!���1Æ1�J±°(�[
�5�	�Ø��

�"3�¢�¥§·�û½æ^õ�Õá&ÿì�¬��{)ûù�(J"z�&ÿì

�¬���Ó"æ^õ�¬�OkéõÐ?µ

• 1. õ�¬¿�XéXÚØ��õ­��¶

• 2.¢�°Ý� �¶

• 3.���¬Bu3�C¢�:�m£Ä±°(ÿþ�.¶

• 4.õ��¬´uÅ��U��Ø¶
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1�Ù �æ��Aæ¥�f¢�

ããã 2-1 �æ��Aæ�ÙÛãÚ&ÿì�U��� �"(a)L«ë�/e¢��e�Ì��§(b)L«�

��\�"

• 5.õ��¬òÚO5/~�o�XÚØ�¶

�¬��§�¬ê�õ¬�5#�¯K"'X`�Ý(J§�¬�m��É¬Ú\

#�XÚØ�§Ó�duz��¬Ñ7Lkü�v
þ��oXÚ§�¬��¬O\ï

E¤�"nÜ�Äù
|-�§20ëqá���¬´��Ü·�ÀJ"·�F"Cà&

ÿì���)ü��¬§ù��±p���§¿��Ï���¬Ñy¯K
����¢

��}"�C&ÿì��éÿþ�¦&ÿì�¬�����Ó"du�à&ÿìÏþ�

�§æ^o��¬´Ün�ÀJ§ù�Ð�80ëqá��ÚOþ�¦��"3��&ÿ

ìS��k���¬�~ó�§ÒØ¬K��C&ÿì�Ø�-�§¢�E��~?

1§�´°ÝÑ�"

2.2.1 Ì&ÿì��O

Ì&ÿì�N´2*4��¬|¤��»5m@p5m��Î/§o­��100ë�g
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2.2 �æ��Aæ¥�f¢�&ÿì��O

ããã 2-2 �æ��Aæ¢�&ÿì��ÙÛã"�?&ÿìko��¬§C?&ÿìü��¬"&ÿì�
�¬�32�þ�Y¥§�¬�kn�(�§xÚL«¶Ôh§7ÚL«�NðcN§�ÚL«�j��N
ðcN"

ããã 2-3 �æ��Aæ¢�&ÿì�¬n�(�ã

-"z��¬©n�§Xã 2-8lS�	©O´�»1.6m@p3.2m��ÎN§SÜC

k��20ë��j£Gd¤��NðcN��q�§þÝ�0.45m�ÊÏ�NðcN�

�8U�§�	�´þÝ�0.45m¶Ôh���o�"3Ì&ÿìSÜ�ºÜÚ.Ü

Ñk���§n��m^kÅÀæ�m§CXÇ�12%�200�1>�O+SC3¶Ô

h¥" 3�¬��¥%��÷PC�qá�"L¹�f
u1�Çp��NðcN

�2�3$Uþ�¥�f¢�¥"j£Gd¤��é¥f�Ð¼�¡�~p§Ï
Ð

¼�méá§ù��± á�>f&Ò�¥fÐ¼&Ò��m��mI§�±ü$�

¥��Æ¬Æ Ø© 132�,�114� pUÔn¤



1�Ù �æ��Aæ¥�f¢�

LLL 2-1 &ÿì�¬�º�"

Inner Outer Inner Outer
radius (m) radius (m) half-height (m) half-height (m)

Target volume 0.00 1.60 0.00 1.60
Gamma catcher 1.60 2.05 1.60 2.05

Oil buffer 2.05 2.50 2.05 2.50

.Ú~��m'é�À�5�Ø�"Ó�¥f3jþÐ¼��ÑoUþ�8MeV�ê

�³ê1f§��puU,��5�.�U«£�u3.5MeV¤§ÏLUþ�À�±�

~ZÀ/üØ�."
¥f3�fþÐ¼�Ñ�³ê1f�2.2MeV"Ïd3�ð¥�

j�±4�/ü$�."CHOOZ[48]�Palo[49] Verdeþæ^�k0.1%�j��ð��

q§85%�¥f¼3jþu)§Ð¼�m�28�¦§´�fÐ¼�Ô©��"�d�é

X�kü���5¿�¯K§��´¢S¼��j®¥�U¹k��5,�§I�æ^

ZÀ�á�"�´�j��ð�Pz§Ì�´du¹k�Ô�ÛÑMJE¤�ð�ß

1Çeü"CHOOZæ^�j´Gd(NO3)3, ß1Ç�eü�zU0.4%"Palo Verdeæ^�

´Gd(CH3(CH2)3Ch(C2H5)CO2)3§ß1Ç�eü�zU0.03%[49]"Palo Verdeæ^��

ð�BC521§�±l��lBicronúi	ï"Palo Verde��Y´���±÷v�¢��

�¦"�dÓ�§·��é�ð���§j�M)Ý§1Æß²5Ú­½5�cÏïÄ

¢���3?1¥§Ï"éÑ�Ü·���"

d�>fÚ¥fÐ¼/¤�³ê1fI���ð©fõg-EâUòUþ��=£�

�ð§=z��±*ÿ�ðc11f"ù�Uþ�ÈL§ÏLGEANT3[50]^��[§²

þ-E,»�Ý�47f�"Ïd3qS�)�³ê1fk�U��qá�±	§E¤U

þ¿�"Ïd3qá�	����Ø�k��ð^5NB³ê1f�Uþ�È"du�

k¥f3jþÐ¼âU����Ð�&Ò§ù���ðØ¬��¤q"�
�U,��

5�.éÐ/©m§¥fÐ¼&Ò��À��Uþ�u6MeV"ÏL�[uy3¥m�þ

Ý�40cm§50cm§70cm�§ù��À�Ç©O�87.8%§91.0%§95.2%"CHOOZÏL

¦^¥f��
ÿ��(J�£94.6?0.4¤%"¦��Ø�¥�¹
duº:�À�5�

Ø�"3�Ä��&ÿì��Ú&ÿ�Ç�Ø��§·�O�æ^45cm�þÝ§¦�Ç

390%±þ"du¥fUþ¿�Úå�Ø��O�0.2%"

&ÿì�¬��	��¶Ôh"ù��´1Æß²�´Øu1�§Ì�kü��

^µ�´�o5gPMTÀæ£±9Ù§&ÿìá�¤�U,Ë�5§�´òPMT��

ð�m§��Ñyu1:åPMT�C
E¤J±­ï�¯~"ÏL�[�­ïO�§

pUÔn¤ 133�,�114� ¥��Æ¬Æ Ø©



2.2 �æ��Aæ¥�f¢�&ÿì��O

uyu1:����lPMTL¡15cm±þ"éPMTÀæ���5�[uy§�h�þ

Ý�20cm�§238U,�é�.£�u1MeV�³ê1f¤��z�2.2Hz§232Th��z

�1.0Hz§40K��z�4.5Hz"o��z�7.7Hz" Ó�é&ÿì±��ñ��U,�

isotopes Concentration 20 cm (Hz) 25 cm (Hz) 30 cm (Hz) 40 cm (Hz)
238U (>1 MeV) 40 ppb 2.2 1.6 1.1 0.6

232Th (>1 MeV) 40 ppb 1.0 0.7 0.6 0.3
40K (>1 MeV) 25 ppb 4.5 3.2 2.2 1.3

Total 7.7 5.5 3.9 2.2
LLL 2-2 3�ð¥ÿ�PMTÀæ¥���5�¶ÔhþÝ�'X"

�5?1
�["é�æ�NCìþæ8�ñ�����5ÿþ�ÐÚ(J�238U¹

þ560ppm§232Th¹þ�1000ppm§40K¹þ�2.3ppm"§�uÑ�³ê��²Lü�

�XY�o�§,�ßL¶Ôh����ð§¿�È1MeV±þUþ�¯~Ç©O

�5.4Hz§20.4Hz§Ú1.8Hz"nÜPMT�ñ����5�.§o¯~Ç�33Hz§��÷

v¢�é�.��¦"du·�rPMT��3¶Ôh�S§
PMT���pÝ��

�25cm§Ïdù���þÝ�O�45cm"

2.2.2 ¶-�&ÿì�O

3&ÿì�¬�	�kü­�»�&ÿì"����»��f��o�{5�

£RPC¤§,��´YêÔ�Å&ÿì"�»�¥��f¬Úå��«�.§�)�f

Ð¼§�fÑ�§�fPC§±9�«g?âf§éù«$U$¯~Ç�¢�5`§

K�´�~���"ÏdØ
O\�o�þÝ±�Ä�o	§JpÌÄ�oUå�´

7Ø���"du·�¼�
MACRO�¤R��800�ÎPMT§32��XY�o�¥

�\PMT§ÏLêÔ�Å15IP�fC�AOkáÚå"ù�Y�òok�Ä�Ì

Ä�o�V­õU"dpUÔn¤ïu�RPC&ÿì3BESIII¥�æ^§Ó���3�

î³¥%�CMS)�"Ù5Uk¿©��æ"RPC&ÿìé�»��f�&ÿ�Ç�

u90%§YêÔ�Å&ÿì�u95%"üö�(Ü§&ÿ�Çò�u99.5%§
��±�

p�y±ÿþ�g��Ç"&ÿ�Ç�Ø�ò�u0.25%"

8c¶-�&ÿkü«�O�Y§�«´�»�20m@p10m��Î/Y³�Y§Y

³�SÜbk���§200õ�1>�O+þ!�{�3Y³�ý9Ú.Ü"Y³	´�

o�»�f��o�{5�£RPC¤§Xã2-4"

� « ´ ^ õ �1m@1m@14m� � Y � Ú2m@2m@14m� � Y � �

314m@14m@7m� � Y �	¡ §1m@1m@14m� � Y � S Ü Ú � Y � S Ü Ñ b

¥��Æ¬Æ Ø© 134�,�114� pUÔn¤



1�Ù �æ��Aæ¥�f¢�

ããã 2-4 �æ��Aæ¢�¶-�&ÿì�Y1

k���§�Y�üà�Â81f��Ô¡§¿���1>�O+§3�Y��ý9Ú

.Üþ!���1>�O+"Xã2-5

2.3 �æ��Aæ¥�f¢��&ÿL§

�)�¥�f��Ó5/�	DÂ§3&ÿìS���q�á�£Ï~��Nðc

N§{¡�ð¤¥��fu)�÷PC�A§�)���>fÚ��gd¥fµ

ν̄e + p → e+ + n (2-1)

u)�÷PC�A�¥�fUþK�´1.804MeV§UÌ�ã 2-6§Ù¸�34MeVNC"

é�½�Ä�§ØÓUþ�¥�f��AÇØÓ"�∆m2
32���A�2.0×10−3 10-3

2�§éUÌ²þ�������Ñy31.7�1.8úp?"

du�>f�þ��u¥f�þ§3�÷PC¥�>f�rA��Ü�"�ÄU"

�>fÄkÏL-E��Uþ§,��á�¥�>fu)�«§�Ñü�0.511MeV�³

ê1f"��L§u)��m�u3B¦§3&ÿì¥�È�Uþ��l1.022MeV��

pUÔn¤ 135�,�114� ¥��Æ¬Æ Ø©



2.3 �æ��Aæ¥�f¢��&ÿL§

ããã 2-5 �æ��Aæ¢�¶-�&ÿì�Y2

ããã 2-6 �Aæ¥�f��)UÌ£b¤§�βPC��A�¡£c¤ÚO���Aæ¥�f¢��*ÿUÌ

£a¤"

¥��Æ¬Æ Ø© 136�,�114� pUÔn¤



1�Ù �æ��Aæ¥�f¢�

�8MeV"gd¥fÄkÏL��f-Eúz§,��Ð¼§/¤��ò´�&Ò"úz

L§Ï~�I2�¦"XJ3�þÐ¼/¤�Ø§KÐ¼�m²þ�200�¦§Ó��Ñ

��2.2MeV�³ê1f"XJ�ð¥�k¥fÐ¼�¡����§'X`j£Gd¤§K

�Ü©Ð¼u)3jþ§²þÐ¼�m�20�¦§�ÑoUþ�8MeV�n�Ê�³ê1

f"5g�>f�¯&Ò�5gu¥fÐ¼�ò´&Ò3�m±9Uþþ�ÎÜ§�±

k�/r�Aæ¥�f¯~��«�.¯~«Om5§¦°�ÿþ¤��U"�ã 2-7

ããã 2-7 �Aæ¥�f��AÚ&ÿL§"

�>f½¥f3�ð¥�)�³ê1fÏLõg�-EòUþD4��ð©f§

ÏLðcN±9g?�Å�=�¤©§��=z�Å�����350nm�450nm�ðc

1"A�MeV�³ê1f-E�²þ´»�Ý��A�f�"ðc1d��3&ÿì

S9�1>�O+£PMT¤�Â"�Ü©¥�f¢�¦^êz�êZ�ü1>f1>

�O+§1Ò4�CXÇ£coverage§1Ò4�o¡ÈØ±&ÿìS9�o¡È¤��

�10%�35%"�ð�)�ðc1foê�'u¯~�Uþ§PMTÑÑ�&ÒÌÝ�'

uÂ��1fê8§Ïd�ÜPMTÑÑ�o>Öê�'u¯~�Uþ"Ó�§�ðuÑ

�ðc1´��Ó5�§�â��ØÓ ��PMT�Â��1fê�©Ù§½ö1f�

�1�m§�±'�°(/ÏL[Ü­ïÑ¯~�º:ÚUþ"O\PMT�CXÇ�

±O\ÿ��1f�ê8§~�o>Öê�ÚOÞá§JpUþÚº:°Ý"d	§O

\PMT��ê�±O\[Ü�^�êâ:ê§�k|uJp­ï°Ý"�Aæ¥�f¢

��&ÿìUþ°Ý���O�15%
/√

E(MeV )"

pUÔn¤ 137�,�114� ¥��Æ¬Æ Ø©



2.4 �æ��Aæ¥�f¢��XÚØ�

2.4 �æ��Aæ¥�f¢��XÚØ�

|^�Aæÿþθ13´���~°��¢�§¢���þ���ûuéXÚØ��

��"8c�Ð�ÿþ(J5gCHOOZ§�sin22θ13 < 0.10"CHOOZ¢��XÚØ�

�2.7%§ÚOØ��2.8%"b½n�¥�f��Ý·ÜnØ¤á§ÏLéÙ§¥�f¢

�êâ�©Û§íÿsin22θ13���U30.03�m"�
390%±þ��&Y²e(@��

��3£=sin22θ13 > 0¤§ù�¦¢��o�Ø��u1%"

�Aæ¥�f¢�Ì�kn�XÚØ�5
µ5g�Aæ�§5g&ÿì�§±95

gu�.�"��AæÚ�ÿì�'�Ø�q©�'éØ�Ú�'éØ�"�â± �

¢�§�Aæ�'�Ø���3%§&ÿì�'�Ø���2%§�.Ø�K�ûu¢��

�o§ØÓ¢���é�"¢�¤õ�'�3uXÛk�/~�$��Øù
Ø�"

�Cüc�XISþé|^�Aæ°(ÿþsin22θ13 �5�õ�­À§3¢��

Yþk
â»5�?Ð"�±c�n��Aæ¥�f¢�CHOOZ§Palo Verde§±

9KamLAND�'§�Yþ�Ì�U?�)µ

• |^�C&ÿì��éÿþ"Ø
3�`zÄ�?���à&ÿì	§3l�Aæ

éC�/������Ó�C&ÿì§|^�C&ÿì�Ø���§nØþ�±�

Ø5g�AæÚ&ÿì�¤k�'éØ�§±9ý�Ü©5g�Aæ��'éØ

�"¢Sþ�-�§Ý�ûu�C&ÿì��q§Ý"

• &ÿìæ^n�(�"�p�´�j��ð��¥�f�q§¥m�´ÊÏ�ð§

^5NB³ê1f�Uþ�È§�	��¶Ôh���o�"òq�3�p�§ù

�ØI�é¯~º:��À"du¯~�º:5g[Ü§�À�ÇéJÏL�[5

�O§CHOOZ�KamLAND�²�y²ùò�5���Ø�"Ó�qá�¹�o�

fê½Â�éÐ"¥m��±~�Uþ�¿�§ü$�ÀØ�§Ó�Jp�À�

Ç"¶Ôh^5~�5gá��U,��5�.§�±r&ÿì��$UþK�ü

��>fÌ�K�±e§ò�>f�&ÿ�ÇØ�ü$���Ñ"

• &ÿì�O¤�£Ä�§©O3CàÚ�à?1ÿþ§|^&ÿì�mÞ-Þ��

é�Ý§�±k�/�Ød�C&ÿì����É�)�Ø�§¿k|u�.�°

(~Ø"du&ÿìNÈ
�
�°�§Ýp§ù��YUÄ¢�  �ûu¢�

|/"

• �y¤k&ÿìk¿v�ñ�CX§~��»µÚå��.3·��±���Y²§

±B·��±ÿþ�.Ú~�ÿþØ�"

¥��Æ¬Æ Ø© 138�,�114� pUÔn¤



1�Ù �æ��Aæ¥�f¢�

�æ�¢��Y3æ^ù
�2��É�U?���	§(Ü¢S�¹§JÑ
gC

�?�ÚU?��§�)µ

• &ÿìÀ�þo�Ä�`z�ñ�CX§Ý"du$U¢��.�E,5§AO´

�»��)�¥fØ�>§J±IP½�[§é�.��O��"yk��Ãã"

v
�ñ�CX��/~�
�»��.�K�§Jp
¢����§Ý"

• ¦^v
��oü$�."¦^RPCÚYêÔ�Å&ÿìü«Õá��f&ÿì§

¦é�»��&ÿ�Ç��99.5%"Ó�òü�þ�XY�o��3RPCS±k�

�ý3ñ�¥�)�¥f±9U,��5"�»�3Y¥½&ÿì¥�)�¥fK

du�f�IP§�±ÏL�m'é�Ø"

• æ^õ�¬&ÿì"3z�¢�¿¥æ^õ�&ÿì�¬¦&ÿì��'éXÚØ

�ÚO/ü$"Ó�Ó�¢�¿��¬�m�±�p�y§9@uy¯K§Jp¢

����5"

• 3&ÿì�¬�þeüàb���
Ø�PMT"duPMTd�[B§ù��±3�

ÓPMT�ê��¹eJpUþ°Ý§~�¥fUþ�À�Ø�"3ù«�¹e§¯

~�º:­ïJÝC�§�´du�.�oÑÚ§¢�¥Ø2¦^Ø�J±���

º:�À5�Ø�.§ÏdØ¬�5K¡K�"

æ^ù
���§n��&ÿì�'éXÚØ�k�U�u0.5%"�Ä��C&ÿ

ìduó²���Ø�U���Ó§{I§{IÚF��Óa�Yþ�O�0.6%"L

�2-3�Ñ
± ¢�CHOOZ§Palo Verde§KamLAND§±9�C�1O�{IV&

ÿì¢�Double CHOOZ[51]�Ø��ýÏ��æ�¢��Ø�'�"�&ÿìÚ�.

�'�Ø��?�Ú£ãë�e©"æ^�C&ÿì�Y�#&ÿì�O�¢�ýÏ

Ø���ucn�¢�"�æ�¢��&ÿìØ��O�Double CHOOZ´Ä���

�"�´duDouble CHOOZ|^
�k�CHOOZ¢���à¢�Õ:§Ä����

�1050�§
Ø´ú@��`ål1500-1800�§Ó�&ÿìØU£Ä5?1�é�Ý§

¢�ésin22θ13ÿþ�¯a§Ý390%��&Y²e�0.03"�æ�¢�vkùü���§

Ó��.�o�`uDouble CHOOZ§\þõ�¬�O§ésin22θ13�¯a§Ý�±�

�0.01"

2.5 �æ��Aæ¥�f¢���.�O

�Aæÿθ13¢�æ�.é¢���OÚ ��À�Ñ�~­�"�æ�¢�&Ò¯

pUÔn¤ 139�,�114� ¥��Æ¬Æ Ø©



2.5 �æ��Aæ¥�f¢���.�O

(%) Palo Verde KamLAND CHOOZ Double
CHOOZ

���æææ���

�Aæ
�AæõÇ 0.7 2.05 0.7 0 0.14
Ø-�¤© 2.0 2.7 2.0 0
�A�¡ 0.2 0.2 0.3 0 0

&ÿì

%�' 0.8 1.7 0.8 0.1 0.2
o�þ - 2.1 0.3 0.2 0.2
�>fUþ

3.6

0.26 0.8 0.1 0.05
 �'é 3.5 0.32 0 0
�m'é 0.0 0.4 0.2 0.2
¥fUþ - 0.4 0.2 0.2
¥fÐ¼ - 1.0 0.2 0.1
¥fõ­Ý - 0.5 0 <0.1
k�m 0.2 0.2 - 0.25 0.03

LLL 2-3 ��Aæ¥�f¢��Ø�'�"

~d��¯�>f&ÒÚ��ò´�ú¥f&ÒÎÜ�½"

�.�±g,/©¤üaµ'é�.Ú�'é�."'é�.´ü�Õá&Ò3ò

´�mISó,/ÎÜ/¤§Ì�5
´U,��5"'é�.´¯~�ü�f¯~þ

dÓ�L§��§Ì�5
´�fÑ�½Ð¼/¤�¥f"ù
¯~�)”�f-¥f”L

§§=¥fkÏL��f-Eúz§�À�f/¤¯&Ò§úz��¥f2Ð¼/¤ò

´&Ò¶�f3&ÿìSÑ�Úå�8He/9LiÓ �"3�æ�¢��ñ�CX^�e§

Ù§�'é�.þ��Ñ"

du�»�µf3Ô�¥�p�^�~E,§J±°(�["é�)�¥f�"y

k��ÿþÚ�[Ãã§Ïd�.�O�Ø���"3'é�.¥§du8He/9Li��P

Ï��§©O´0.12sÚ0.18s§ØN´�µf'é§éJ3¢�¥?1ÿþi�"ù´¢

�¥�J����."3CERN|^190Gev�üUµfå6?1LùaÓ ���)�

¡�ÿþ§(J�2.12±0.35µb"�´du¢�^�Ø¦�Ó§�»�¥�µfUÌ�é

°§ÏdTØ��O�100%§�u�.�&Ò�'Ç"Ó �8He/9Li´d�»µÑ�Ú

å�þ�¥fβPC�)�©|Ü©§Ù¥16%�8He§49.5%�9Li"ÏdÃ{�Ø��

.�8He/9Liêþ�16%�50%"é¯¥f�.§��u)3µf�1�¦S§�±�µf'

é"ÏLÿþ®IP�µf�)�¯¥f�.§�±��<ø�ÎÜOêì�µf�)�

¯¥f�.§u´�±ÿÑ���.�¯&ÒUþ©Ù"�â�[�CHOOZ�²�§

¯¥f�.�¯&ÒUþ���50MevÑ´²"�§Ïd�Ü©ò?u�>f&Ò�U

«1¨8Mev±	§¢Sþ�kØ�20%éÿþE¤K�"Ó�duù«�.�±3¢�¥

¥��Æ¬Æ Ø© 140�,�114� pUÔn¤



1�Ù �æ��Aæ¥�f¢�

i�§�±���OÑ§��z§Ø��O�10%¨20%"ù�§¯¥f�.é��¢�

�Ø��z�kÙ�.�&Ò�'Ç�2%¨4%§���u8He/9LiÓ ���z"

�'é�.Ì�5g&ÿìá�Ú±�ñ��U,��5�$U¥f��ÅÎÜ"3

�æ�¢�¥§2��Y¶-�Ú&ÿì�	��¶Ôh§4�P~
U,��5�)�

³ê1fÚñ�¥�)�¥f",	§du�k¥f3jþ�Ð¼��¤&Ò§8U�

��ð�Ué	Ü¥få¶-�^"|^GEANT3^�éPMTÀæ��5��[§uy

?\&ÿì�Uþ�u1Mev £�>fUþK�¤�³ê���5.7Hz"ñ�¥�)�³

ê1fé�.��z�27.5Hz§Ù¥�Ü©5g238Th"üö�\��$U¥fÎÜ§�

z��.�¯~Ç�'���0.5%"du�'é�.5gu�ÅÎÜ§3Ø�Uþ�À

�é¯&ÒÚú&Ò´é¡�§�±ÏLSWAP�{£Palo Verde¤§=��ü�&Ò�

�À^�§½öÏLUCò´�mI���£KamLAND¤5�O�.�êþ"�.�

O�5�Ø�Ì�5guü&Ò�ÚOþ§�âPalo Verde�KamLAND�²�§�æ�

¢���'é�.Ø�AT�u0.1%"

ããã 2-8 CHOOZ��5Ó ��.ã

ì N ñ�¥ ¹ k � ��5 Ó �238U3 P C L § ¥ ¬º� Ñ � í § Ù � P Ï

�3.8U§Ïd¬3/e¢�¿��í¥È\§ßÝ¬Åì,p"Ù��5Ó�¬/

¤�'é�."ÏLÏº�í�±éN´�)ûù�¯K"XJØ�í§AU�SÙß

Ý¬,pA��"XJ�íÇ�zU��NÈ§KßÝØpuÊÏ�í�ü�"ÏL�

[§3zU�í����¹e§�íé�'é�.��z�0.03¯~/U/�¬§ÙK�Ä

��±�Ñ"�'é�.Ì�5g&ÿìá�Ú±�ñ��U,��5"éPMTÀæ�

pUÔn¤ 141�,�114� ¥��Æ¬Æ Ø©



2.5 �æ��Aæ¥�f¢���.�O

�5��[uy?\&ÿì�³ê���4.2Hz"lñ�?\&ÿì�K�27.5Hz"�u

¢�#N�50Hz"

L2-4��æ��Aæ¥�f¢��é�.o("

�æ� *e �à&ÿì

Ä��Ý£m¤ 360 500 1980/1620

ñ�CX£m¤ 250 280 900

¯~Ç(�/U/�¬) 560 560 80

²þµfUþ(GeV) 55 55 136

µf¯~Ç(Hz/m2) 1.19 094 0.045

U,��5(Hz) <50 <50 <50

ü¥f¯~(�/U) 34 34 3

ó,�./&Ò 0.05% 0.05% 0.05%

¯¥f�./&Ò 0.14% 0.14% 0.08%
8He/9Li�./&Ò 0.5% 0.5% 0.2%

LLL 2-4 �æ��Aæ¥�f¢��.�o("

�æ�¢��Ì��.Ú&Ò�UþÌXã 2-9

ããã 2-9 �æ��Aæ¥�f¢���/Ú&Ò�U\ã"£a¤L«&Ò§£b¤L«9Li�.§£c¤L

«¯¥f�.§£d¤L«��5Ó ��.
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1nÙ �Aæ¥�f¢��Ôn©Û�{

1nÙ �Aæ¥�f¢��Ôn©Û�{

χ2©Û´3pUÔn¢�¥ÊH^��k��{§éu�æ��Aæ¥�f¢�§

Ì�ó�´XÛò�«Ø�Ú�.Ú\�χ2©Û¥§l
¦��¢��°Ý�O��

�"�Ù¦�¢�|�χ2©Û'�§¦��χ2©Û½ö��Ä
ÚOØ�§½v�Ä

�.§½´XÚØ�©Û�Ø�¡"~XHuber[52]�<��χ2©Ûé�.�©ÛØ�

õ§Yasud[53]�<��Ä
Ø�§v�Ä�.�K�§¿��?1
Oê©Û§v?1

Ì©Û"3·��χ2©Û¥§�â·�¢��Ø�Ú�.A:§�[�©Û
¤kØ�

Ú�.é¢��K�§ò�Ü�Ø�Ú�.�Ün�Ú\�χ2©Û¥§¦·����¢

�(¯Ý��&"

XJ¥�f�·Üëêθ13Ø�"§3ÿþθ13��Aæ¥�f¢�¥§ÿþ�þ�

)¥�f�OêÚUÌ"du��AÇ´L£ål¤/E£Uþ¤�¼ê§���Aò�

5Oê�~�±9UÌ�Û­"XJ¢��ÚO5�u400ton.GW.year§@o(¯Ýd

¯~Ç�~�û½§XJ¯~ê��ÚOþ�~��§UÌ©Û�\(¯§ÚO5p

u8000ton.GW.year§@oUÌ�Û­´û½(¯Ý�Ì�Ï�[52]"�æ��Aæ¥�

f¢��ÚO5´3000ton.GW.year§Ó�|^Oê�UÌ�éÜ©Û��äk�p�(

¯Ý"�´3UÌ©Û¥§du�.�UÌéJ�O§Ïd?nþk���Ø(½5"

ùp©O|^Oê©ÛÚÌ©Û?Ø��AÇ§�.§±9Ø��Ï�é(¯ÝÚÄ�

�K�"

3.1 χ2©Û

Äkl�{ü�χ2©Ûm©§XJØ�Ä¤k�XÚØ�§IO�χ2¼ê�±�¤

χ2 =
3∑

A=1

Nbins∑
i=1

[
MA

i − TA
i

]2
(σA

i )2
=

3∑
A=1

Nbins∑
i=1

[
MA

i − TA
i

]2
TA

i

, (3-1)

Ù¥AIPØÓ�&ÿì£1§2IPü�C&ÿì§3IP�&ÿì¤§iIP¥�f

UÌ�ØÓUþ«m"MA
i L«&ÿìA�i−thUþ«mÿ��¯~ê§TA

i L«&ÿ

ìA�i−thUþ«mýÏ�¯~ê"z�Uþ«mÚO5ÅÄ�IO �£SD¤L«�

σA
i =

√
TA

i . (3-2)
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3.1 χ2©Û

�´3�Aæ¥�f¢�¥§éXÚØ����ò��û½¢��°Ý"·�ùp

�âXÚØ��ØÓ5�§òÙg,/Ú\�χ2¼ê¥[54]"b��g¢�kN�ÿþ

�Mi§Ti´�A�ý¢�, σi´�gÿþ��'éØ�"XJ�ÿþ��m´k'é�§

�kKa'éØ�§^βij5L«1i�ÿþ��1ja'éØ�"riÚr′j´�gÕá��Å

Cþ§�±b½Ù÷v²þ��0§°Ý�1�pd©Ù"1igÿþ��±�¤

Mi = Ti + σiri +
∑

j

βjir
′
j, (3-3)

¢��AÇ©Ù�

dP =

∫ ∏
i=1,N

p(ri)dri

∏
j=1,K

p(r′j)dr′j
∏

i=1,N

δ

(
Mi − Ti − σiri −

∑
j=1,K

βjir
′
j

)
dNM, (3-4)

ériÈ©��δ¼ê��

dP =

∫ ∏
j=1,K

dr′jC exp(−χ2/2)dNM, (3-5)

Ù¥C´8�z~ê§

χ2 =
∑

i=1,N

(
Mi − Ti −

∑
j=1,Kβjir

′
j

σi

)2

+
∑

j=1,K

r′2j , (3-6)

duþãχ2¼ê´�ÅCþ��gõ�ª§ér′j�È©�±)Û/?1§����

�χ2�~��dØ�'éÝ
�¤��C/ª"��±ÏLê�O���é�ÅCþr′j�

�z"ér′j�È©���z´���d�"

� A æ ¢ � � z é ÿ þ∆m2
13Úsin2 2θ13Ï L � � zr′j� �χ2� � § @

é∆m2
13Úsin2 2θ13éA����χ2Ò´�Z�[Üëê"ù����χ2��χ2

best"

XJCz∆m2
13Úsin2 2θ13ü�ëê§l�Z[Ü��Ïé90%��&«m��global

scan§=∆χ2 = χ2 − χ2
best < 4.61§3vk¢�êâ��¹e§·�b½χ2

best = 0§�
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Ò´χ2 < 4.61"XJ��Äsin2 2θ13§�±ÏLraster scan�{§¦χ2 < 2.71§l
é

�90%��&«m"

ããã 3-1 �æ��Aæ¥�f¢�raster scan�sin2 2θ13��&«m

ã3-1´±�æ��Aæ¥�f¢��~�raster scan©Ûsin2 2θ13�90%�&«m§

Ù¥�½
∆m2
13 = 2.0 × 10−3eV 2§�Z[Ü�ëêb�´sin2 2θ13 = 0.03"ÏLχ2 <

2.71§��sin2 2θ13�90%�&«m"

ããã 3-2 �æ��Aæ¥�f¢�global scan�sin2 2θ13��&«m
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3.1 χ2©Û

ã3-15´±�æ��Aæ¥�f¢��~�global scan©Ûsin2 2θ13§∆m2
13�90%�

&«m§�Z[Ü�ëêb�´sin2 2θ13 = 0.03§∆m2
13 = 2.0 × 10−3eV 2"ÏLχ2 <

4.61§��sin2 2θ13§∆m2
13�90%�&«m"

XJ�ïÄ���üØ.�§�±@�êâ´k���§�´·��vk���b

�§ÏLχ2u�§90%��&Y²e§ïÄkõ����êâØU[Üù«b�"ù«b

���Z[Ü�´sin2 2θ13 = 0§éz��½�∆m2
32§Czsin2 2θ13�±��90%��&

��&Y²e�üØ.�"�¡J��Ä�`z9sin2 2θ13�©ÛÑ´A^
ù«�ª"

3.1.1 Oê©Û

�
¢yéθ13�°(ÿþ§^õ�&ÿì?1�C�éÿþ�±��/~�XÚØ

�"Ó�§�õÇ�Ø>���dõ�Ø�Aæ|¤"¢��Ø��±©�5g�Aæ

�'éØ�Ú�'éØ�§5g&ÿì�'éØ�Ú�'éØ�§±9�.~Ø�5�

Ø�ÚÚOØ�"'uOê©Û�χ2¼ê�±�¤

χ2 =
3∑

A=1

[
MA − TA

(
1 + αD + αc +

∑
r

T rA

T A αr

)]2
TA + TA2σ2

d + BA + BA2σ2
b

+
α2

D

σ2
D

+
α2

c

σ2
c

+
∑

r

α2
r

σ2
r

, (3-7)

Ù¥§ØÓ��Aæ^r5IP§ØÓ�&ÿì^A5IP"MAL«&ÿìAÿ��¥�

f�Oê§TAL«&ÿìA�Ï"Oê§T rAL«Ti¥5g�Aær��z§BAL«&ÿ

ìA¥��.Oê"Ø�©O�

• σcL«5g�Aæ�'éØ�§§Ly�¤k�AæÑ���¯~Ç8�zØ�§

~Xzg�Aæ�Cº��UþÚ�A�¡§��2%"ÏL�C&ÿì��éÿ

þ§A�¤k�'éØ�Ñ�±-�"

• σrL«5g�Aæ��'éØ�§´z��AæÕáCz�¯~Ç8�zØ�§~

X�Aæ�õÇÞáÚ-�¤©�Pz"XJ�Aæ� �©Ù'�E,§ÏL�

C&ÿì��éÿþØU��-�§XJü��Aæ��'éØ�´2%§T rA

T A ´&

ÿìAÿ�5g�Aær�¯~ê�&ÿìAÿ�¤k�Aæ�)�¯~�'�§¿

�3z�&ÿì¥Ñ÷v
∑

r
T rA

T A = 1"���zαr�L§¥§�'éØ�gÄ�Ü

©-�K"¤±C:&ÿìÀ��AO�5¿§XJ �À��Ð§�Aæ��'

éØ��U�Ü©-�§Ùé��¢��(¯Ý�K�ò�~��§XJ �À�

�ØÐ§½3�Aæ©ÙE,��^��C:&ÿì§@o-����{Ø�òk

���K���1 - 2%"
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• σDL«5g&ÿì�'éØ�§Ly�¤k&ÿìÑ����
Ø�§XJ¦^�

Ó�&ÿì§@oqá�¤©H/Gd�'§H/C'§3GdþÐ¼¥f��m��)

�Ø�Ò´&ÿì�'éØ�"/�Chooz�¢��²�§σD ����1 - 2%§ù

Ü©'éØ�A�é��¢��(¯ÝØ�)K�"

• σdL«5g&ÿì��'éØ�§~Xqá��o�þÚ$1�m�"�O�

�0.5%"

• σB L«�.�5�Ø�§du�.�3��Ø(½5§����100% "

þ ã Ø � � � � ½ ö Ú ^ 
 ± c � � A æ ¥ � f ¢ �CHOOZ§Palo

VerdeÚKamLAND�Ø�§½ö�â�[O��Ñ"ùpαc§αr§αD±9αd´�A

��ÅCþ§^5Ú\XÚØ�§�Auúª3-4¥�r′j§�´�
�BØ��L«§�

�αØ28�z��§
´8�z���IO �"z�ÿþ���'éØ�dÚOØ

�ÚXÚØ�üÜ©|¤§©O´ÚOØ�
√

TA§&ÿì�XÚØ�TAσd§�.�ÚO

Ø�
√

BA±9�.�O�Ø�BAσB"�.���BA�&ÿì�ñ�CXþÝÚ�o�

O���'"σc�σDé¤kÿþÑ´��'é�§�Aæ��'éØ�σréz�&ÿì


óK´Ü©'é�§Ù'éXê�ûuz��Aæé�&ÿì��z"3úª3-7¥§

éχ2K���Ï�k��AÇ§=MA�TA��§ÚOØ�§�'é�&ÿìØ�±9

�."'é�Ø�du�C&ÿì�-�§�z�~�"

3.1.2 Ì©Û

XJ�3��§Ø
oOê�~�	§duØÓUþ�¥�f��AÇØÓ§�¬

�3UÌ�Û­"UÌ�Au��AÇ�Û­´�3���(=yâ"éÜ©ÛoOê

�~��UÌ�Û­§��¬Jp¢��¯aÝ"�
�	UÌ�Û­§ò¢�êâ©

�Nbin�Uþ«m§'�z�Uþ«m�*ÿ��Ï��§��Xe�χ2¼êµ

χ2 =
3∑

A=1

Nbins∑
i=1

[
MA

i − TA
i

(
1 + αD + αc + αA

d + ci +
∑

r
T rA

i

T A
i

αr

)
− bABA

i

]2
TA

i + TA2
i σ2

b + BA
i

+
α2

c

σ2
c

+
∑

r

α2
r

σ2
r

+

Nbins∑
i=1

c2
i

σ2
shp

+
α2

D

σ2
D

+
3∑

A=1

[(
αA

d

σd

)2

+

(
bA

σB

)2
]

, (3-8)

Ù¥^AIPØÓ�&ÿì§iIPØÓ�Uþ«m"Ø
3Oê©Û¥J��Ø�±

	§��Ä
UÌ�Ø�σshp,d�.~Ø�5�Uþ«m��'éØ�σb"UÌ�Ø�
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3.2 Ä�`z

æ^ILL¢�[55]�ÿþ(J§��2%"σshpØÓ�Uþ«m´�'é�§�´ØÓ&ÿ

ìm%´'é�§¤±ùÜ©Ø�é¢��(¯ÝK�é�"�.UÌké��Ø(½

5§d�.~Ø�5�Uþ«m��'éØ�σbk���Ø(½5§3O���ØÓ�

�0.2%§0.5%Ú1%?1©Û"&ÿì�'éØ���.Ø�3d?éuÓ�&ÿì�Ø

ÓUþ«m
ó´'é�§éuØÓ�&ÿì
óK´�'é�§Ïd?n�{ØÓu

Oê©Û"

3.2 Ä�`z

·��±|^χ2©Ûé����Aæ¥�f¢��Ä��Ý`z"ÏL���©

Û·���390%��&Y²§éA2.0 × 10−3eV 2§�����ÑyÄ��Ý�1800�

*2000��/�"�´�kÙ¦�
Ï�éÙkK�"

3.2.1 �&ÿì�Ä�`z

3|^�Aæÿþθ13�¥�f¢�¥§�­��Ôn8I�(½θ13´Ä�u"§

,�(½��A�θ13�"ÏdÔnuyUå�ûu3�½�&Y²e§¢�¤Uÿþ

����θ13�"·�ÏL`z90%�&Y²e£gdÝn=1�,=��Äχ2´sin2 2θ13�¼

ê§χ2 = 2.71¤¢�éθ13�¯a§Ý5(½�Z�Ä�"é�|�¹θ13���A�ÿþ

�§b½vk��§,�|^χ2?1b�u�"éAu��z��χ2��u2.71�θ13�

=��&ÿ�����θ13�"

� í ¥�f¢� � � Ä � � A æ ¥�f¢� � Ñ �∆m2
32� 31.3×10−3-

3.0×10−3eV2�m£90%��&Y²¤"é�Aæ¥�f�UÌ²þ�§�Au∆m2
32�

�Z[Ü�2.0×10−3eV2§��4��32200��m"ã3-3w«
ØÓ∆m2
32����¹

e§��AÇ�ål�'X"�Ìsin2 2θ13���ªÇÃ'§d??¿/��0.05"��

AÇ´û½Ä��Ý��Ì��Ï�"

û½Ä�`z�,	��­��Ï�´ÚOþ"du¥�f�Ô���A�¡�~

�§¢��ÚOþé��p°Ý¢�5`´�~'��"�Aæº���¥�f´��

Ó5�§Ïd�¥�f6r�ål�²�¤�'"XJ�½��¢��$1�m§@o

æ^�á�Ä�ò¬JpÚOþ§�5/~�ÚOØ�"bX¢��ÚOþ��§XÚ

Ø��éuÚOØ��±�Ñ§d��Au∆m2
31=2.0×10−3eV2��`zÄ��1500�"

ù´Ï�31500�±þ�§�XÄ��~�§��AÇ�~�úuÚOØ��~�"

bX¢��ÚOþé�§Ï
ÚOØ��éuXÚØ��±�Ñ§@o�ZÄ�Ò

´2200����4�?"¢S�¹o´0u�ö�m"�`Ä���Ý�ÚOØ�ÚX
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ããã 3-3 éUÌ²þ����AÇ�ål�'X"n^­��¹
90%��&Y²e∆m2
32���"Ù¥¢

��Au�Z[Ü�2.0×10−3eV2,J��Au1.3×10−3eV2§:��Au3.0×10−3eV2"

ÚØ��'�'Xë�ã3-4"

�.����&ÿì�ñ�CX���'§�ûuäN��O±9/n�¸"é(½

��.��§lúª3-7¥χ2�/ª�±wÑ§éÄ�`z�K�aquXÚØ�"

ÚOØ����Ì��ûu�Aæ�oõÇ§&ÿì�k��þ§±9&ÿìå�A

æ�ål"3yk�&ÿìEâ^�e§o�±ÏLO\&ÿì�k��þ¦�ÚOØ

��u&ÿì�XÚØ�§ÏLO\/e¢�¿�ñ�CXþÝÚ&ÿì��oUå5

¦�.�5�Ø��uXÚØ�§l
¼��Z�ÔnuyUå"3ù«�¹e§�Z

Ä�����u1800�"

�Ä�¢S�/n�¸§�U�ZÄ�?¿ØÜ·ïE/e¢�¿½ñ�CXþ

ÝØ
§Ïd�	�Ä� l�Z�Ý�éÔn&ÿUå�K�kX¢S�¿Â"�

���äN�~f§é�½��Aæ9õÇÚ&ÿìok��þ§�½&ÿì�XÚ

Ø�±9�.Y²§�Ñ
¢�éθ13�¯a§Ý�Ä�ÀJ�'X§Xã3-4¤«"

�∆m2
31=2.0×10−3eV2§�ZÄ��32000��m§¿�Cz�é�ú§ù´Ï�ÚOØ

����AÇ�p�ÖE¤�"�±wÑÄ��Ý31800�*2200��m�,ÔnuyU

åvkwÍCz"
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3.2 Ä�`z

ããã 3-4 Ä��Ý�ÚOØ�ÚXÚØ�'��Cz'X"σsys´XÚØ�§σstat´ÚOØ�"þ¡�^
��L«=�ÄXÚØ����`Ä�§e¡�^��L«=�ÄÚOØ����`Ä�§­�L«Ä�

�ÚOØ�ÚXÚØ�'��ØÓ
Cz"

ããã 3-5 Ä��Ý�ÚOØ�ÚXÚØ�'��Cz'X"σsys´XÚØ�§σstat´ÚOØ�"þ¡�^
��L«=�ÄXÚØ����`Ä�§e¡�^��L«=�ÄÚOØ����`Ä�§­�L«Ä�

�ÚOØ�ÚXÚØ�'��ØÓ
Cz"
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æ^Ì©Û�§sin2 2θ13(¯ÝéÄ�ÀJ�¯a§Ýò¬Cz"du�.~Ø�Ø

(½§3O��σb©O�
ØÓ��0.2%§0.5%Ú1.0%§ã3-6¥©Odn�ãL«"é

A∆m2
31=2.0×10−3eV2§ØÓ���σb§Ä���`31500�*2200�CzÑé²�"n

Ü�ÄOê©ÛÚÌ©Û§�&ÿì��ZÄ�AT31800�*2200�"

ããã 3-6 Oê�UÌéÜ©Û��`zÄ�§sin2 2θ13(¯ÝéÄ�ÀJ�¯a§Ý"n�ã©OL

«σb�0.2%§0.5%§1.0%"z�ã¥n^­��¹
390%��&Y²e∆m2
31���"Ù¥¢���Z

[Ü�2.0×10−3eV2,J��1.3×10−3eV2§:��3.0×10−3eV2"

3.2.2 C&ÿì� �À�

C&ÿì ��ÀJ�����!�AæØ�-�!±9ñ�CXþÝk'X"û½

�.Y²�ñ�CXþÝ´��­��Ï�§�ûuäN�/n�¸Úó§�O§3d

Ø�?Ø"��5`ñ�CX3200�±þ�Y�þâk�Uÿþsin2 2θ13�0.01§
��

C�Aæ�Ø��Uk�þ�ñ�CX"�������ë�ã3-3§�C&ÿìÄ��

�£ 500�¤�§®²Ñy
�Ü©���A§3��&ÿì��éÿþ�ò���Ü©

ÿþUå"Ïd·�F"C&ÿìÄ����Ð§Ø��u500�",��¡§�Aæ�

�'éØ�£õÇÞá¤é�&ÿì5`Ø´��-��§-��§Ý�&ÿì� �

���'"��5`l�Aæ����ÿ-��Ð"

�AæØ��-�3χ2��z�¬gÄ¢y§Ïd�±ÏL©ÛØÓC&ÿì ��

ÔnuyUå5(½�Z� �"�
��*/n)§·��â{ü�Ø�DÂ�Ñ�

��K§¿���χ2©Û���²ww«ÑØ�-��(J"

·��±ÏLC&ÿì�*ÿþ5ýóÃ���¹e�&ÿì�Ï��§��&ÿì

�ÿþ��'�=�(½kÃ��u)"b½3C&ÿì?*ÿ�Mn�¯~§3�&ÿ

ì*ÿ�Mf�¯~§^νrL«ü ålþ1r��Aæ�¥�f¯~ê§LnrÚLfr©OL

«C!�&ÿì��Aær�ål"ù�§�&ÿì�Ã��Ï���
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3.2 Ä�`z

Tf = ρMn, ρ =
∑

r

νr

L2
fr

/∑
r

νr

L2
nr

(3-9)

=·�ÏLÄ�9�Aæ�õÇ5ýó�C&ÿì¯~Ç�'§ù�duõÇÞá�5

�Ø��ÏL'�Ñy§Ï
�±�Ü©-�"dõÇÞá�5�Ø��

δTf

Tf

=
δρ

ρ
=

√√√√∑
r

[
1

ρ

∂ρ

∂νr

δνr

]2

=
δνr

νr

√∑
r

[
ωr

f − ωr
n

]2
(3-10)
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dIµ

dEµd cos θ
= 0.14

(
Eµ

GeV

(
1 +

4GeV

Eµ(cos θ∗)1.2

))−2.7

×

[(
1 +

1.1Eµ cos θ∗

115GeV

)−1

+ 0.054×
(

1 +
1.1Eµ cos θ∗

850GeV

)−1
]

(3-11)

Ù¥Eµ´µ�Uþ§ü ´GeV§θ ´µ�Uº�"ëêθ∗ ´*ÿ�Uº�§�±L

«�

cos θ∗ =

√
(cos θ)2 + p2

1 + p2(cos θ)p3 + p4(cos θ)p5

1 + p2
1 + p2 + p4

, (3-12)
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¥��Æ¬Æ Ø© 154�,�114� pUÔn¤



1nÙ �Aæ¥�f¢��Ôn©Û�{

×

[(
1 +

1.1Eµ cos θ∗

115GeV

)−1

+ 0.054×
(

1 +
1.1Eµ cos θ∗

850GeV

)−1
]

(3-13)
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LA site (m)
(2020, 1100 )

Overburn
(m.w.e)

Muon flux
(Hz/m2)

Mean energy
(Gev)

Background/signal

1976, 1476 99 1.26 53 0.00303

1976, 1426 103 1.39 51 0.00326

1976, 1376 84 2.23 42 0.00115

1976, 1326 37 6.04 26 0.00277

1976, 1276 20 14.24 19 0.00317

1976, 1226 20 14.94 19 0.00614

1976, 1176 18 16.09 18 0.00472

1926, 1476 116 0.93 59 0.00235

1926, 1426 107 1.108 56 0.00264

1926, 1376 84 1.72 47 0.00193

1926, 1326 56 3.55 34 0.00396

1926, 1276 20 11.49 20 0.0078

1926, 1226 20 14.76 19 0.0114

1926, 1176 20 15.09 19 0.00386

1876, 1476 121 0.81 62 0.00413

1876, 1426 102 1.11 54 0.00220

1876, 1376 73 1.87 43 0.00620

1876, 1326 48 3.71 33 0.00313

1876, 1276 29 7.07 25 0.00593

1876, 1226 20 14.31 19 0.00640

1876, 1176 20 14.87 19 0.0107

1826, 1476 115 0.80 60 0.00170

1826, 1426 87 1.27 49 0.00129

1826, 1376 57 2.38 37 0.00374

1826, 1326 35 4.25 30 0.00481

1826, 1276 37 5.78 27 0.00292

1826, 1226 28 7.81 25 0.00746

1826, 1176 20 14.02 19 0.00621

1776, 1476 102 0.84 56 0.00370

1776, 1426 75 1.38 46 0.00139

1776, 1376 49 2.40 36 0.00473

1776, 1326 49 3.07 34 0.00366

1776, 1276 47 3.56 34 0.00529

1776, 1226 45 4.64 30 0.00514

1776, 1176 30 7.007 25 0.00198

1726, 1476 96 0.83 55 0.00470

1726, 1426 70 1.25 47 0.00234
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LA site (m)
(2020, 1100 )

Overburn
(m.w.e)

Muon flux
(Hz/m2)

Mean energy
(Gev)

Background/signal

1726, 1376 68 1.65 42 0.00559

1726, 1326 75 1.82 43 0.00325

1726, 1276 65 2.069 42 0.00724

1726, 1226 63 2.59 39 0.00777

1726, 1176 49 3.68 33 0.00485

1676, 1476 97 0.72 57 0.00477

1676, 1426 82 0.94 52 0.00133

1676, 1376 92 1.076 51 0.00549

1676, 1326 94 1.18 51 0.00538

1676, 1276 86 1.40 48 0.00315

1676, 1226 75 1.80 44 0.00201

1676, 1176 57 2.38 39 0.00319

1626, 1476 98 0.57 62 0.00251

1626, 1426 111 0.67 59 0.00397

1626, 1376 115 0.77 58 0.00610

1626, 1326 98 0.91 55 0.00357

1626, 1276 82 1.16 51 0.00522

1626, 1226 69 1.49 46 0.00104

1626, 1176 64 1.73 44 0.00311

1576, 1476 127 0.43 68 0.00343

1576, 1426 134 0.51 67 0.00281

1576, 1376 116 0.60 64 0.00688

1576, 1326 104 0.75 58 0.00308

1576, 1276 85 0.99 52 0.00549

1576, 1226 77 1.22 49 0.00826

1576, 1176 80 1.3219 48 0.00297

1526, 1476 160 0.34 75 0.00150

1526, 1426 140 0.40 72 0.00301

1526, 1376 127 0.48 68 0.00421

1526, 1326 117 0.62 62 0.00255

1526, 1276 91 1.79 55 0.00154

1526, 1226 87 0.95 53 0.00277

1526, 1176 92 0.99 53 0.00567
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DYB site (m)
(1010,160)

Overburdern
(m)

Muon flux
(Hz/m2)

Mean energy
(GeV)

Background/signal

1002.79§697.23 100 0.84 58 0.00386

1002.79§647.23 90 1.082 53 0.00415

1002.79§597.23 82 1.39 49 0.00432

1002.79§547.23 62 1.78 44 0.00385

1002.79§497.23 68 2.034 42 0.00346

1002.79§447.23 62 2.45 40 0.00347

1002.79§397.23 48 3.96 33 0.00377

1002.79§347.23 27 8.31 24 0.00250

1002.79§297.23 21 14.38 19 0.00225

1002.79§247.23 9 33.86 13 0.00125

1202.79§547.23 94 1.22 51 0.00349

1202.79§497.23 105 1.17 54 0.00306

1202.79§447.23 91 1.37 51 0.00292

1102.79§697.23 128 0.65 64 0.00305

1102.79§647.23 116 0.77 60 0.00312

1102.79§597.23 100 0.89 59 0.00311

1102.79§547.23 101 1.0098 57 0.00296

1102.79§497.23 97 1.17 54 0.00275

1102.79§447.23 80 1.56 48 0.00267

1102.79§397.23 62 2.56 39 0.00283

1102.79§347.23 35 5.12 29 0.00322

1102.79§297.23 26 8.87 23 0.00459

1102.79§247.23 23 14.44 20 0.00131

1052.79§697.23 111 0.69 63 0.00330

1052.79§647.23 104 0.85 58 0.00342

1052.79§597.23 92 1.062 54 0.00350

1052.79§547.23 75 1.28 51 0.00341

1052.79§497.23 83 1.46 49 0.00303

1052.79§447.23 75 1.86 46 0.00290

1052.79§397.23 57 3.06 37 0.00302

1052.79§347.23 31 6.24 27 0.00325

1052.79§297.23 25 10.54 22 0.00306

1052.79§247.23 12 23.53 15 0.00141

1152.79§597.23 107 0.95 56 0.00325

1152.79§547.23 110 0.98 57 0.00296

1152.79§497.23 103 1.008 56 0.00275
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DYB site (m)
(1010,160)

Overburdern
(m)

Muon flux
(Hz/m2)

Mean energy
(GeV)

Background/signal

1152.79§447.23 78 1.43 50 0.00273

1152.79§397.23 61 2.22 41 0.00290

1152.79§347.23 45 4.04 32 0.00327

1152.79§297.23 30 7.54 25 0.00346

1152.79§247.23 25 11.45 12 0.00268

LLL 3-2 �æ�C:��.Ú&Ò�'�L

Far site (m) Overburdern
(m)

Muon flux
(Hz/m2)

Mean energy
(GeV)

Background/signal

919, 2464 403 0.026 149 0.00586

919, 2414 417 0.027 148 0.00079

919, 2364 414 0.029 148 0.00235

919, 2314 384 0.031 145 0.00134

919, 2264 355 0.033 142 0.00130

919, 2214 340 0.036 140 0.00226

919, 2164 338 0.039 138 0.00262

919, 2114 325 0.043 134 0.00147

919, 2064 299 0.048 132 0.00310

869, 2464 436 0.024 152 0.00090

869, 2414 443 0.025 152 0.0023

869, 2364 416 0.027 150 0.00166

869, 2314 386 0.029 148 0.00412

869, 2264 368 0.031 146 0.00073

869, 2214 359 0.034 142 0.00182

869, 2164 330 0.038 139 0.00193

869, 2114 315 0.041 137 0.00152

869, 2064 313 0.046 133 0.00291

819, 2464 468 0.022 156 0.00244

819, 2414 452 0.024 154 0.00292

819, 2364 427 0.026 151 0.00108

819, 2314 408 0.028 148 0.00181

819, 2264 384 0.030 146 0.00182

819, 2214 360 0.033 145 0.00363

pUÔn¤ 159�,�114� ¥��Æ¬Æ Ø©



3.2 Ä�`z

Far site (m) Overburdern
(m)

Muon flux
(Hz/m2)

Mean energy
(GeV)

Background/signal

819, 2164 347 0.037 141 0.00181

819, 2114 338 0.040 138 0.00169

819, 2064 335 0.045 134 0.00292

769, 2464 488 0.022 158 0.00146

769, 2414 462 0.023 155 0.00210

769, 2364 437 0.025 154 0.00119

769, 2314 415 0.027 150 0.00082

769, 2264 387 0.030 147 0.00141

769, 2214 372 0.033 142 0.00257

769, 2164 370 0.036 140 0.00525

769, 2114 350 0.040 139 0.00180

769, 2064 344 0.044 136 0.00086

719, 2464 487 0.021 158 0.00212

719, 2414 460 0.022 156 0.00133

719, 2364 419 0.025 152 0.00106

719, 2314 398 0.027 150 0.00296

719, 2264 383 0.030 145 0.00153

719, 2214 363 0.033 144 0.00163

719, 2164 364 0.036 141 0.00226

719, 2114 355 0.040 139 0.00273

719, 2064 344 0.044 136 0.00417

669, 2464 455 0.021 158 0.00362

669, 2414 443 0.023 156 0.00206

669, 2364 428 0.025 153 0.001

669, 2314 394 0.028 148 0.00228

669, 2264 366 0.030 146 0.0018

669, 2214 350 0.034 144 0.00115

669, 2164 336 0.037 139 0.00246

669, 2114 331 0.042 137 0.00132

669, 2064 321 0.046 134 0.00235

619, 2464 449 0.021 158 0.00241

619, 2414 418 0.023 155 0.00117

619, 2364 403 0.026 152 0.00133

619, 2314 398 0.028 147 0.00367

619, 2264 383 0.031 145 0.00159

619, 2214 360 0.035 140 0.00137

619, 2164 342 0.039 138 0.00291
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Far site (m) Overburdern
(m)

Muon flux
(Hz/m2)

Mean energy
(GeV)

Background/signal

619, 2114 331 0.044 135 0.00427

619, 2064 329 0.049 133 0.00121

569, 2464 436 0.022 156 0.00155

569, 2414 432 0.024 152 0.00143

569, 2364 403 0.027 149 0.00565

569, 2314 370 0.030 145 0.00307

569, 2264 347 0.033 142 0.00490

569, 2214 344 0.037 139 0.00259

569, 2164 327 0.042 135 0.00270

569, 2114 329 0.047 131 0.00172

569, 2064 324 0.053 129 0.00590

519, 2464 413 0.023 155 0.00146

519, 2414 414 0.025 151 0.00153

519, 2364 398 0.028 146 0.00263

519, 2314 367 0.032 143 0.00184

519, 2264 337 0.036 139 0.00273

519, 2214 314 0.040 137 0.00233

519, 2164 303 0.046 132 0.00267

519, 2114 307 0.051 128 0.00223

519, 2064 303 0.059 125 0.00197

469, 2464 402 0.024 151 0.00204

469, 2414 388 0.027 148 0.004

469, 2364 397 0.030 143 0.00391

469, 2314 376 0.034 141 0.00202

469, 2264 345 0.039 136 0.00323

469, 2214 314 0.044 131 0.00253

469, 2164 291 0.050 127 0.00263

469, 2114 280 0.057 125 0.00249

469, 2064 280 0.066 121 0.00276

419, 2464 391 0.026 148 0.00331

419, 2414 365 0.029 145 0.00361

419, 2364 376 0.032 140 0.00149

419, 2314 351 0.037 138 0.00202

419, 2264 337 0.042 133 0.00344

419, 2214 317 0.048 129 0.00601

419, 2164 301 0.056 125 0.00269

419, 2114 273 0.065 120 0.00746
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Far site (m) Overburdern
(m)

Muon flux
(Hz/m2)

Mean energy
(GeV)

Background/signal

419, 2064 261 0.076 117 0.00310

369, 2464 374 0.028 146 0.00278

369, 2414 352 0.031 143 0.00148

369, 2364 342 0.035 138 0.00328

369, 2314 347 0.041 134 0.00427

369, 2264 320 0.047 130 0.00454

369, 2214 297 0.054 126 0.00724

369, 2164 287 0.063 122 0.00292

369, 2114 272 0.074 116 0.00481

369, 2064 260 0.087 111 0.00656

319, 2464 391 0.026 148 0.00352

319, 2414 367 0.034 141 0.00625

319, 2364 338 0.039 138 0.00291

319, 2314 324 0.045 132 0,00650

319, 2264 321 0.052 127 0.00637

319, 2214 308 0.061 121 0.00353

319, 2164 284 0.072 117 0.00331

319, 2114 263 0.086 112 0.00527

319, 2064 242 0.103 105 0.00763

269, 2464 412 0.034 140 0.01

269, 2414 379 0.039 136 0.00311

269, 2364 344 0.044 132 0.00184

269, 2314 320 0.051 128 0.00403

269, 2264 302 0.059 124 0.0109

269, 2214 302 0.069 119 0.00278

269, 2164 295 0.083 113 0.00637

269, 2114 269 0.099 107 0.00982

269, 2064 239 0.122 102 0.00559

219, 2464 382 0.038 134 0.005

219, 2414 369 0.043 132 0.0022

219, 2364 356 0.050 138 0.00657

219, 2314 331 0.058 123 0.00936

219, 2264 313 0.068 119 0.00333

219, 2214 294 0.080 114 0.0133

219, 2164 284 0.072 117 0.00898

219, 2114 263 0.08 112 0.00345

219, 2064 242 0.103 105 0.00781
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Far site (m) Overburdern
(m)

Muon flux
(Hz/m2)

Mean energy
(GeV)

Background/signal

169, 2464 367 0.043 132 0.00161

169, 2414 344 0.050 127 0.00715

169, 2364 325 0.057 124 0.00366

169, 2314 316 0.067 118 0.00599

169, 2264 304 0.080 113 0.00885

169, 2214 290 0.096 108 0.00457

169, 2164 266 0.115 103 0.00618

169, 2114 231 0.142 96 0.00179

169, 2064 210 0.178 90 0.00352
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5�Ø�§C&ÿì� ��ûu�Aæ+�©Ù,��5`��3�A�Aæ+�R�

²©�NC"XJ�Ä�ñ���o�^§I�äN`z§ò l�Aæ+�R�²©

�"

3.3 K��æ��Aæ¥�f¢�(¯Ý�Ù¦Ï�

Ï Lχ2� Ì ©Û§ ï Ä & ÿ ì ��Ý £ $ 1�m Ú & ÿ ì q � þ ¤ é¢� ÿ

þsin22θ13(¯Ý�K�"

390%��&Y²e§∆m2
32 = 2.0 × 10−3eV 2§XJC&ÿì�ü��¬§z��¬

�þ´20ë§�&ÿo��¬§o�þ80ë§&ÿì��3`z�� �§ÏLχ2�Ì

©Û§Ù¦Ø�Xþ¡J��"ã3-12�Ñ
¢��$1�m�sin22θ13(¯Ý�'X"

XJ¢�$1�c�§sin22θ13(¯Ý�±��0.014§$1nc�sin22θ13(¯Ý�±��

�u0.01"

XJ$1�m´nc§390%��&Y²e§∆m2
32 = 2.0 × 10−3eV 2§ÏLχ2�

Ì©Û§�±3ã3-13¥wÑ&ÿì���Úsin22θ13(¯Ý�'X§ã¥�&ÿì
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1nÙ �Aæ¥�f¢��Ôn©Û�{

ããã 3-12 �æ��Aæ¥�f¢��$1�mé¢�(¯Ý�K�

��þ��80*100ë�§sin22θ13(¯ÝCz�ú§�±`¿Ø´&ÿì���Ð"

ã3-14�Ñ�æ�¢�$1nc§z��¬20ë§�&ÿìo�þ80ë§¤Uÿ�

�sin22θ13(¯ÝÚ∆m2
32�'Xã"ÒKÜ©´90%��&Y²e§∆m2

32��&«m§

@o�∆m2
32 = 2.0× 10−3eV 2§sin22θ13�(¯ÝU
��0.01"

3.4 �æ��Aæ¥�f¢��U�æ^�A«¢��Y

3�æ�·��±æ^�§C§¥&ÿìA«ØÓ�|Ü�Yÿþsin22θ13§ØÓ�

&ÿì/:�ÚO5ØÓ§�p�m�±u�"

Ì � �Äo « � Y µ � æ�� A æ + N C � � � C : & ÿ ì � ¥ : & ÿ ì ÿ

þsin22θ13��Y£Near+Mid¤¶�æ��Aæ+NCÚ*e�Aæ+NC����

�C&ÿì��:&ÿìÿþsin22θ13�Y£Near+Far¤¶¥:&ÿì��:&ÿìÿ

þsin22θ13�Y£Mid+Far¤¶�æ��Aæ+NCÚ*e�Aæ+NC�����C

&ÿì�¥:&ÿì2��:&ÿì�åÿþsin22θ13�Y£Near+Mid+Far¤" Xã3-

15,XJ�æ��Aæ+NC��C&ÿìÚ¥:&ÿì�Y3Ù¦¢��ev�¤ck

$1�c"ù�¢��Ym©�c�§ÿþsin22θ13°Ý�±��0.03"ã3-16§�Double

Chooz�sin22θ13(¯Ý�'�"£a¤L«Double Chooz¢��sin22θ13(¯Ý��m�'

X­�§£b¤L«Mid+DYB�Ysin22θ13(¯Ý��m�'X­�§XJ$1�m�

�c§Mid+DYB�Ysin22θ13(¯Ý�±��0.03§
�'Double Chooz¢��ÿþ°Ý
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3.4 �æ��Aæ¥�f¢��U�æ^�A«¢��Y

ããã 3-13 �æ��Aæ¥�f¢��&ÿì�þé¢�(¯Ý�K�

ããã 3-14 �æ��Aæ¥�f¢��sin22θ13(¯ÝÚ∆m2
32�'Xã"(b)´�æ�¢�sin22θ13�±��

�(¯Ý§(a)´Chooz¢�sin22θ13�±���(¯Ý"
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ããã 3-15 �æ��Aæ¥�f¢��Mid+DYB�Y
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3.5 Ù¦¢���æ��Aæ¥�f¢�(¯Ý�'�

p"ù�¢��Y�±�Od3�XÚØ�Ú�.§éò5Jpsin22θ13*0.01�¢�°

ÝJø
²�" ¢�òæ^�æ��Aæ+NCÚ*e�Aæ+NC�����C&

ããã 3-16 �æ��Aæ¥�f¢�Mid+DYB�Y�Double Chooz�sin22θ13(¯Ý�'�"(a)´Double
Chooz¢��sin22θ13(¯Ý��m�'X­�§(b)´Mid+DYB�Ysin22θ13(¯Ý��m�'X­�"

ÿì��:&ÿìÿþsin22θ13�Y§¢�$1nc§ÿþsin22θ13�(¯Ýò��0.01"

XJæ^¥:Ú�:&ÿìÿþsin22θ13§�Near+Far�Y'§¥:����AC�§


��AæØ�-��Ø´éÐ§¤±sin22θ13�(¯Ý�'Near+Far�Y�§Xã3-17§

£c¤´Mid+Far�Yÿþsin22θ13�(¯Ý§£b¤´Near+Far�Yÿþ�sin22θ13�(

¯Ý­�"XJæ^Near+Mid+Far�Y�Near+Far�Y'�§Xã3-17§ã¥£a¤L

«Near+Mid+Far�Yÿþ�sin22θ13�(¯Ý­��∆m2
32O�
�Near+Far�Yÿþ

�sin22θ13�(¯Ý­�£b¤©m" L3-4�Ñ
A«¢��Y�'�"

3.5 Ù¦¢���æ��Aæ¥�f¢�(¯Ý�'�

8 c­. þ � � æ�� A æ ¥�f¢� ¿ � �¢� � kKaska§Double

ChoozÚBraidwood�"Double Chooz¢�´3�k�Chooz¢��Ä:þO�?1§
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1nÙ �Aæ¥�f¢��Ôn©Û�{

ããã 3-17 A«�æ��Aæ¥�f¢��Yÿþsin22θ13�(¯Ý�'�§î¶´sin22θ13�(¯Ý§p¶

´∆m2
32"(a)L«2Near+Mid+Far�Y§(b)L«2Near+Far�Y§(c)L«Mid+Far�Y"

schemes Mass of detector
(ton)

Baseline
(m)

Running time
(year)

sensitivity

Near+Mid Near: 40
Mid: 80

Near: 360
Mid: 960

1 0.03

Near+Far Near(dyb): 40
Near(la): 40
Far: 80

Near(dyb): 360
Near(la): 500
Far: 1800

3 0.01

Mid+Far Mid: 40
Far: 80

Mid: 960
Far: 1800

3 0.014

Near+Mid+Far Near(dyb): 40
Near(la): 40
Mid: 40
Far: 80

Near(dyb): 360
Near(la): 500
Mid: 960
Far: 1800

3 0.009

LLL 3-4 �æ�¥�f¢��A«¢��Y�'�"

pUÔn¤ 169�,�114� ¥��Æ¬Æ Ø©



3.5 Ù¦¢���æ��Aæ¥�f¢�(¯Ý�'�

�´�&ÿ31000��m§Ø´3¥�f����1800��m�/�§¿�C&ÿì

vkv
�CX"Ïd§�ÿþ°Ý�U��0.03"
Braidwood¢�±��vkv


�CX§�U�ç³§§��C?�ñ�CXÑò´450m.w.e §L3-5�Ñ
n�¢�

�A� ÏLχ2�Ì©Û§'�n�¢�ÿþsin22θ13�(¯Ý§ã3-18´'�n�¢�

DYB Double
Chooz

Braidwood

�AæõÇ(GW) 11.6(I),
17.4(II)

4.2 7.17

Ä��é£m¤ DYB-400,
LA-500,
far-1800
2000

near-150,
far-1000

near-200,
far-1800

&ÿì�þ(ton) near2*10,
far 4*10

near(far) 10 near(far)
2*50

ñ�CX(mwe) DYB-260,
LA-282,
far-1220

near-60,
far-300

near(far)-
450

LLL 3-5 �æ�¢��Double Chooz¢�9Braidwood¢��'�"

�sin22θ13(¯Ý�∆m2
32�'X­�ã§lã¥�±wÑ�æ�¢��ÿþ(¯Ý�'Ù

¦ü�¢�p"
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1nÙ �Aæ¥�f¢��Ôn©Û�{

ããã 3-18 � æ�� A æ ¥�f¢� �Braidwood9Double Chooz� ÿ þ(¯ Ý � ' � §(a)´� æ
�¢� �sin22θ13(¯ Ý �∆m2

32� ' X ­ � §(b)´Braidwood¢� �sin22θ13(¯ Ý �∆m2
32� ' X ­

�§(c)´Double Chooz�sin22θ13(¯Ý�∆m2
32�'X­�

pUÔn¤ 171�,�114� ¥��Æ¬Æ Ø©



1oÙ �æ��Aæ¥�f¢��YêÔ�Å&
ÿì

K�ÿþθ13°Ý�Ï�Ø
XÚØ�	§,��Ì�K�Ï�´�."é$U$¯

~Ç�¢�5`§�.�K�´�~��"�
~��»�¥��fÚå��«�.§

�)�fÐ¼§�fÑ�§�fPC§±9�«g?âf§æ^
ü��o"���{

5�£RPC¤§,��´YêÔ�Å&ÿì"ù���OØ=O\�o�þÝ±�Ä

�o	§�JpÌÄ�oUå"32��XY�o�¥�\PMT§�±ÏLêÔ�Å1

5IP�f"ù�Y�òok�Ä�ÌÄ�o�V­õU"{5�RPC&ÿìé�»

��f�&ÿ�Ç�u90%§YêÔ�Å&ÿì�u95%"üö�(Ü§&ÿ�Çò�

u99.5%§
��±�p�y±ÿþ�g��Ç"&ÿ�Ç�Ø�ò�u0.25%"8ck

A«�O�Y§�«´�Î/Y³�Y§�«´�/Y��Y"�ÙÌ�´�Î/Y³

�Y��["

4.1 ÄuC++Ú¡�é��GEANT4 ^��

GEANT4[63, 64]´8c3pUÔn¢�¥2�A^��[§S"l�c�@Ïu

Ð�ÄuFORTRAN�ó�GEANT3§²L�õc��õ§�Xy�âfÚØÔn¢�

¤�5�
�E,�^�µeÚA^§±9�
°(�¦��[E,���âf&ÿ

ì§Ó�5gË�ÔnÆ!�m�Æ!Ø�Æ�I¦§íÄX<�m©Ï"Ïé�«

k��pO�5U�#�^�óä�§Äuy�O�Eâ¿U?�ÚJpGEANT3�

õU"1993cCERNÚKEK©Om©ùÜ©�'�ó�§����Äu¡�é��E

â�#�Y�J��CERN�&ÿìïÄÚuÐ�
¬§¿×�uÐ
��Pk5g

­.�/��Æ[Úó§��RD44�8�ISÜ�|"31998c§�¤R&D�ãÚu

Ù
1���ª��§1999c�ª¤á
GEANT4Ü�|§Jø^���oÚ^r|

±"GEANT4�uÐ§5g¯õ�ïÄ¤!pUÔn¢�Ú�Æ�Øäãå"

GEANT4´ÄuC++�ó°(£ãâfB�Ô��^�óä�"Ù��[L§kµ

• &ÿìXÚ�AÛ£ã

• �ïá��£ã

• Ä�âf

• Ä�¯~��)
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1oÙ �æ��Aæ¥�f¢��YêÔ�Å&ÿì

• 'uâfB�Ô�Ú>^|�¯~»,

• &ÿì�&ÿÜ©£ã

• ¯~êâ��)

• ¯~Ú»,��;

• âf;,Ú&ÿì��Àz

• ØÓ°[?Oe�Ð¼Ú�[©Û

��GEANT4� Ø % § � þ �Ôn � . � ± 3 é � � U þ ��S £250eV� A

�PeV¤?nâf�Ô��p�^"dGrady Booch[65]�O�¡�é��{§�±¦�

þ�
è©¤���ü�§¿�4ù
Ü6ü�ÕáuÙ§Ü©§Ïd3�¥Øä�O

\#�½´ØÓ�Ôn�.Ú�þ
è�uÐ+n�oC�´ö�5"GEANT4��Ô

�Ì��a3ã(4-1)�Ñ�µeL«§Ù¥z��µ�L��a§¿��a�m���

¤ë�§��þ�à�����L�´ù�a¦^Ù§�a"3ã¥.��a��p�

�a¤¦^ÚJøóä��Ä:§AO�Ñ�´§��mvkÌ��6"

GEANT4�a(�

• Run and Event£$1�¯~¤ùÜ©�9�¯~��)§¯~�)f�¦^.¡

Ú1�?âf��)"§Ä���^´��[§S¥�¯~�[Jø�±�l�â

f"

• Tracking and Track£»,��l¤ùÜ©a�©Ûâf�'�ÔnL§Úz�Ú�

&Ek'§§�)
GEANT4¤UJø�ÔnL§§z�Ú��m!�m&E�"

• Geometry, Magnetic Field and CAD-Interface£AÛ(�!^|ÚCAD¦^.¡¤ù

nÜ©a+n
��&ÿì�AÛ(�£�)áN�.Ú�CADXÚq�¤��'

Ü©"Ù¥GEANT4�AÛ(��áNï�ÄuISO STEPIO,�±¦��CADX

Ú�±éÐ�oN",	§GEANT4�AÛ�E���'��A:´U4z�Ü©

�(�ü��AÛ½ÂÑÕáÙþ�?�U«§Ïd3GEANT4¥§U3ØÓ�(

�ü�¥�½»,SN"

• Particle Definition and Matter£âf½ÂÚá�¤ùüÜ©£ãá�Úâf"
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4.1 ÄuC++Ú¡�é��GEANT4 ^��

ããã 4-1 GEANT4óä��º?a(�ã"
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1oÙ �æ��Aæ¥�f¢��YêÔ�Å&ÿì

• Physics£ÔnL§¤ë�Ô�¥�^�¤k�ÔnL§Ñ3ù�a¥£ã§a¥{

ü�¦^.¡#Nö�Ôn�.¥��^�z�Ü©§�â¤I�Uþ«�!âf

a.Úá���±ÀJØÓÔn�.§±9L§¥�êâµCÚõ�5´ué�^

�¡�?U"Ó�§éu>^Úr�p�^�L§ÏL5���{dªà^r�O

ÚuÐ"Ù¥�)
1ÆL§"

• Hits and Digitization£âf-EÚêiz¤ùüa+n
âf-E��)ÚÙêi

zL§"

• Visualization£�Àz¤�ÀzùÜ©a�)
&ÿì�(�!âf»,!-E&E

Ú²��'�ã/¤I�¥"du¦^¡�é��{§·��±Õá�uÐùÙ¥

��
ã/°Ä§S§'XOpenGL!OpenInventor!DAWN�"

• Interfaces£¦^.¡¤ùÜ©�)
^r�ã/.¡Ú�Ù§*Ð�^����Ü

©"

4.2 1ÆL§�£ã

�p�^�.§Ó��ºX
31ÆÅ���S�RayleighÑ�"���1f3ÙÅ

���u;.�f�mºÝ��n)�/10§3GEANT4�µew5§/1Æ1f0

´§��pUþ�/γ0���fa"Ïd§ù��{�±#NÙ1ÆL§�d>^Ë�

Úå�Å5�a'"31Å��S§GEANT4¥�1ÆL§�a�±�)0�.¡�ò

�Ú��§áÂÚRayleighÑ��"ù
L§U��±¢y�'�´3uÙ�'�1Æá

5�¤éA�0��Ä3�å§ù«'X�±L��1Å��,�¼ê"
3pUÔn

¥§1Æ1fÄ�þ´5gêÔ�Å�AÚðcN¥�)F1�L§"

4.2.1 êÔ�ÅË�L§

���>âf±!�v£= βc¤BLò�Xê�n�ß²0��§e§��Ý�L1

3T0�¥���Ý(c/n)�§ò�)÷�IÅcu��Ë�—êÔ�ÅË�£Cherenkov

Radiation¤"�â²;>^nØ§��>âfÏL0��§du>^�p�^§§U¦

0�¥��f½´©f]�4z"�âfÏL��§ù
�4z��f½´©fá=ò

4z§ò4z�Uþ±>^Ë�/ªu�Ñ5"duù
>^Ë�m��Z5§3�½

��K�±\r§l
�)êÔ�ÅË�"Ïdde��Ä�'Xªµ

cosθc(λ) = [c/n(λ)]/v (4-1)
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4.2 1ÆL§�£ã

Ù¥θc(λ)Ún(λ)Ñ´êÔ�ÅË�Å�λ�¼ê"�)êÔ�ÅË��^�´v > c/n,3

0�¥�)êÔ�ÅË�����Ý�¡�êÔ�ÅË��K�Ý"��§ÿÑêÔ�

ÅË��θc=�(½�>âf��Ý"

�âTammÚFrank�²;nØ§êÔ�ÅË�äkëY1Ì">Ö�ze��>âf

3L ∼ L + dL�´§þu�ÑÅ�3λ ∼ λ + dλ�m�1fêdNÑle�©Ùµ

d2N

dλdL
=

2παz2

λ2
sin2θc∝

1

λ2
(4-2)

ª¥§α´°[(�~ê(α ≈ 1/137)¶λ = c/v = hc/E"ddúª4-2��±��µ

d2N

dEdL
=

2παz2

hc
sin2θc = constant (4-3)

ª¥§E�êÔ�Å1f�Uþ"1fUþ�Å��k��'XªµE ·λ = 1240eV ·nm"

ü �ÝË�Nu��êÔ�Å1fê�µ
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dN

dL
= 2παz2

∫ λ1

λ2

sin2 θc(λ, L)(
dλ

λ2
) = 2παz2

∫ λ1

λ2

(1− (1/β2n2))(
dλ

λ2
) (4-4)

λ1 ∼ λ2´êÔ�ÅË��Å���"úª4-4¥§u��êÔ�Å1fê�ÙÅ��²�

¤�'§���Ü©êÔ�ÅË�8¥3áÅ«§

dN ≈ 370(1− 1/(n2β2))dpdx (4-5)

b½β = 1§ü >Öâf3Å�300nm ∼ 600nm��S�)�o�êÔ�Å1fêd

úª4-5��300photons/cm",	§êÔ�ÅË�¤�)�1é�f§~X3β ≈ 1�

ü>Öâf§3ív7�¥êÔ�ÅË�U�∼ 0.3KeV/cm§
�>âf���U

�∼ 400KeV/cm¶3kÅÀæ¥�>âf�êÔ�Å�Ë�U�∼ 4KeV/cm§
§�>

lU�∼ 2300KeV/cm"¤±êÔ�ÅË�é�>âf�/6Ä0ªé��§§��«\

�âfCquÃ��&ÿ�{"

4.2.2 0�.¡a.Ú1ÆL§�.

1f3��.¡�1��±d±en�Ônþû½µ

1. ò��½´���§Úù�L§�ÄUk'¶

2. ò�Å½´���Å��Ì§ÚÄåÆ�'¶

3. 1f�ò�½´���AÇ§ù´þfÅ��A"

Xþ¤`§·��±y©�n«1�.¡1�µ1Æ0�¨çáÂá�£dielectric-

black material¤!1Æ0�¨7á£dielectric-metal¤Ú1Æ0�¨1Æ0�£dielectric-

dielectirc¤"1Æ0�¨çáÂá�§éuù«1�§§´'�{üÚw
´��§1

f3.¡�çáÂá�áÂ
Ø�2&ÿ�"1Æ0�¨1Æ0�§3²;nØ�£ã

¥§��\�ÅB�.¡¤�����ÅÚ��ò�Å"1Æ0�¨7á§1f´ØU

DÑ�"Ïd�^r�½���Xê½´ò�Xê§§ò�7ááÂ½´��"

3GEANT4¥ § § J ø
ü « 1 Æ � . µGLIUSR� . ÚUNIFIED� ."Ù

¥GLIUSR�.å
uGEANT3§§�k���Nëê^5£ãü�0��.¡�1w§

Ý§´'�{ü�"�53TRIUMF¢�¿§S.K. Nayer�<�ï
��DETECT[67]�

�[§S§8�^u�ïðcN&ÿì�1ÆL§"²LGEANT4Ü�|uÐ§§¤�
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4.2 1ÆL§�£ã


���#�E,k��1Æ�.§�±3���Å���Ú�õL¡/G¥°(�£

ão÷L¡�1ÆL§§¡��UNIFIED�."GEANT4�UNIFIED�1Æ�.§§�

SNkµ

• The Type£.¡a.¤

– dielectric-dielectric£1Æ0�¨1Æ0�¤.¡´�@�´ü«1Æ0�á�

– dielectric-metal£1Æ0�¨7á¤.¡�«´1Æ0�§�«´7áá�½´

Ø�ß1á�

• The Finish£.¡1wÝ©a¤

– polished .¡´�{1w�

– ground .¡´o÷�

– polishedbackpainted L¡´²�§��Já�æ3�L¡

– groundbackpainted L¡´o÷�§��Já�æ3�L¡

– polishedfrontpainted L¡´²�§��á�´æ3cL¡

– groundfrontpainted L¡´o÷�§��á�´æ3cL¡

ããã 4-2 UNIFIED�.�1rÝ4�Iã"
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e¡�[ùãUNIFIED�.¥�N!�ëêÚ�
1ÆL§"Äkdã4-2¥�ÎÒ

½Â§�±k��Ë�rÝ'Xµ

Jr ≈ Csle
−α2

2σα + Cdl cos θr + Cssδ(φr − φi)δ(φr) + Cbsδ(φr + φi))δ(φr) (4-6)

Ù¥θi´1\��Ý§θrÚφr´²þL¡¿Âþ����Ý§ëêσα´L�1ÆL¡�

o÷Ý(α´�.¥�L¡Ú²þL¡�Y�)§,	§n1Ún2´ü«0��ò�Ç"dú

ª4-6 wÑkXeo�­�ëê[68]�±N!L¡�Ë�rÝµ

• Csl the specular lobe constant§�L¡�º��AÇ

• Css the specular spike constant, ²þL¡�º��AÇ

• Cbs the backscatter spike constant,�����AÇ"ù«�¹u)3o÷L¡[69]

• Cdl the diffuse lobe constant SÜ�Lambertian��AÇ(�ã4-3)

ããã 4-3 SÜLambertian��ã"

w,§ùo�AÇëê÷ve¡��ªµ

Csl + Css + Cbs = 1− Cdl (4-7)

{ü�`§�Csl = 1Úσα = 0��/§Ò´.¡polisheda."
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4.3 Y�êÔ�Å&ÿì��O

4.3 Y�êÔ�Å&ÿì��O

4.3.1 �Î/Y³�Y

ã4-4�æ��Aæ¢��Î/Y³�Y�Å�«¿ã"±�»20�§p10��Y³

��Y�êÔ�Å&ÿì§&ÿì�	�´ØCg	�§3ØCg�S�b�����

±Jp��Ç"3Y³¥¿÷XÀY"3&ÿì�±�½.Üþ!���1>�O+

£PMT¤"�
��éÜ�Çpu99.5%§ÙY�êÔ�Å&ÿì�Ç���95%±þ"

XÛ^¦þ��1>�O+§��¦þp��Ç§´�O��ª8I"

ããã 4-4 �æ��Aæ¢��Î/Y³�Y�Å�«¿ã"

4.3.2 ��á�

�Ä�1>�O+�da�~B§
Y�êÔ�Å&ÿì�º�ã�§XJ���·

��&ÿ�¦I�v
�1>�O+�CXÇ§XJ·�3&ÿì�S9bk��5U

Ð����§�±~�1>�O+�CXÇ"

ÏL/�Y�êÔ�ÅþUì�.¢�[58]§���kü«ÀJ§�«´Tyvek�§

�«´Û¾�"¥I�ÆOþ�æ^
5���{ÚIOû��{?1ÿÁÙ��

Xê�ÿþ§ÿþ�Ä��{ë�ã4-5"�Ñ
¤ïÄ���á�3\�Å��

�300nm∼700nm��m§Ú��10nm�1���XêL��ã4-6"
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ããã 4-5 é��á����Xê¤æ^�ü«ÿþ�{µ(a)^uº���§\��
�70�5���{,(b)^uû���\���u50�IOû��{"

�´�Ä���á�3Y�­½5§uyÛ¾�3Y¥N´�z§Tyvek�äkûÐ

�­½5"

Tyvek�®²3SuperK§KamLAND�¢�¥A^"Tyvek�´d5 ∼ 10µm���à

¯Ln��Å�Ø�
¤§éu��1ÚUVÅã�1§§�±@�kØ5K�L¡

ÚÎÜo÷�RayleighIO"<�®²3�í¥§Y¥�[/ïÄ
Ù��1Ì�5

U[59–61]"À^Tyvek���Ì��S9��á�Ì��Ïk�µÙ�§éu��1«§

Ù��Ç��90%,3\�1Å��360nm�§��Ç��86%,±93320nm���Ç�

�78%§¤±Tyvek�3���êÔ�Å1��ÚÊÏ�1>�O+�¯a«����Ç

´'�p�¶Ù�§3¢S�A^¥§Tyvek�äkûÐ�åÆÚzÆ­½5"

4.4 Y�êÔ�Å&ÿ��[9ÑÑ

�[¤æ^�ó�²�´RedHat LinuxXÚ§�[óä�´GEANT4.7.0+p01�

�§?È�¸´gcc3.2.3, GNU Make3.80��Úêâ©Û�´ROOT5.08��"�
U$

1GEANT4§3XÚ¥Lä��kµ

1. C++?Èì¶

2. CLHEP¥£Class Libraries for HEP¤[66]§Jø
�Åê�!Ônü !�
AÛ

C�Úê��a"

3. GNU MakeÚUnix Shell¶

4. GEANT4�
�è"
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ããã 4-6 �
á����Xêÿþ(J«¿"
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� 
 ¦ ^GEANT4� � À z ã / Ú ^ r ã / . ¡ § � ± À J � ^ � �

kOpenGLÚDAWN�"

ÏLGeant4¥�1Æ�.§?�
��[§S§¿�æ^
ROOT[70]êâ©Ûóä

�5P¹êâW�¤Tree©�"�[§SÌ�£ã§

• WaterConstruction.cc½Â
Y��AÛ(�91>�O+�{�¶

• WaterTrackerSD PMT.cc½Â1>�O+�¯a&ÿì£PMT¤§¿�Â8Â¥�

1>�O+þ�1f;

• WaterTrackerHit PMT.ccÅ�»,½ÅÚP¹¤kÂ¥1>�O+��'&E¶

• WaterPhysicsList.cc¥�)
êÔ�ÅË�L§3S�Ù§¤k^�Ôn�L§¶

• WaterRunAction.cc ��zg$1�m©Ú(å¶

• WaterEventAction.cc��z�¯~�m©Ú(å§¿�òk^�&E��Tree©�

¥¶

• WaterTrackingAction.cc��z�»,�m©Ú(å¶

• WaterSteppingAction.cc��zÚ�&E¶

• WaterPrimaryGeneratoraction.cc^u£ã�)f�âfa.§Uþ§Äþ§\� 

�¶

• WaterVisManager.cc���Àzã/Ú^rã/.¡¶

�
¦§S��BU���§�±ÏLÌ§S��·-^Macro©�£ã�)f"�)f

5gMUSIC�[�:���10000��»µBLìN��Uþ©ÙÚ�©Ù§\�� �

3Y��ºÜ" ã4-7§4-8´�[§S¥¤�ï�Y��n�Àã9:Àã"Y�êÔ

�Å&ÿì�»20�§p10���Î/§o��»5�§p5���Î/Ì&ÿì�¬�

�3YêÔ�Å&ÿìS§¿��yz�Ì&ÿì�¬±�Ñk2��Y±v
�¶-�

»�µ�)�¥f�."�¬�	L¡Ûk���§±BJp&ÿ�Ç"1>�O+�1

�Â¡§^�¥¡/G5£ã§�»´8=�§212�1>�O+þ!�{�3YêÔ�

Å&ÿì�.ÜÚý¡§ý¡z�{�20�§{�7�§�140�§.¡�{�72�1>

�O+§ã4-7§4-8�I«
1>�O+{�"
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ããã 4-7 ÏL�Àz^�DAWNw«�GEANT4�[§S¥YêÔ�Å&ÿìn�Àã"ý¡�1>�O
+�IDÒl1Ò¨140Ò§lþ�e�7�§z�l��m20�1>�O+§1Ò1>�O+´�.���à
m©^��z�18Ýü��§�ü20�§��ü�17�"

�[æ^UNIFIED1Æ�.§.¡a.�dielectric-metal§.¡�1wÝa.½Â

�ground"Y�SÜ^Tyvek�§¿3§S¥?1
1Æëê�XÚïÄ"ã4-9´1

�Å���������Ç§Y�áÂ�ÝÚ1>�O+�þf�Ç�'Xã"Ø


ã4-9¤«§e¡´§S¥¤|^�Ù§1Æëê�ê�µ

• Y�ò�Xên=1.33

• 1>�O+�1��<4�Â8�Ç�0.6

• 1>�O+�þf�Ç�0.25

• σα = 0.2

�[L§¥�k^&E�3Tree©�¥"Xã4-10§Tree¥�;
&E"

4.5 �[(J©Û

ÏLGeant4�[§uy�����^é�"Y�êÔ�Å&ÿìSÜ�Ì&ÿìé

��DÂ�L§k�½�K�§AO´�Ì&ÿì�L¡ÛkØÓ���Ç����
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ããã 4-8 ÏL�Àz^�DAWNw«�[�Y�êÔ�Å&ÿì�:Àã".¡�1>�O+IDÒ
l141¨212§lS�	�ü8�§l�S�2�1>�O+§�g�	z�'c��O\2�1>�O+§�
S����àm©´141Ò§z�Ñl��àm©§��{�212Ò1>�O+"

ããã 4-9 1�Å���������Ç§Y�áÂ�ÝÚ1>�O+�þf�Ç�'Xã
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ããã 4-10 �[�;êâ�©�"

�§&ÿ�Ç�ò��k�½�Cz"�Ä9D(�.�ÐÚ��êÔ�Å&ÿì�&

ÿ�Ç"

4.5.1 �����^

ããã 4-11 vk���9k����1fDÂ«¿ã

�����^�~�§ÏL3&ÿì¥bk���§�±�A�~�1>�O+�

ê§±��ýÏ�&ÿ�Ç"3Y�êÔ�Å&ÿì¥Ø��Ì&ÿì�¬§=�Ä
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Y�êÔ�Å&ÿì�S9bk�Tyvek�é��¢��&ÿ�Ç��^"ã4-11´v

k���Úbk���1f�DÂ»,�é'ã§�±�*�wÑÏL������

�§1f�»,²wOõ"ÏL�O�±��Ñ�ª1>�O+ÿ��1>fê"X

J140�1>�O+{�&ÿì�ý¡§72�1>�O+{�3&ÿì�.Ü§@o1>

�O+�CXÇ´0.73%§3�[¥�z����)30000�êÔ�Å1f§Y�áÂ�

Ý�50�§�������Ç�90%§1>�O+�þf�Ç�25%§Â8�Ç´60%§

\�âfµR�\�§@o�ªÿ��1>fê§

p.e. = 0.6× 0.25× 10m× 30000× 0.73%× (exp[−10/50]

+90% exp[−20/50] + · · ·+ 90%(n−1) exp[−n× 10/50]), (4-8)

ããã 4-12 Geant4�[Ñvk���9k������¹e1>�O+ÑÑ1>f©Ùã"

ÏL�[§�[�(JÚ��Ä���§ã4-12´�[\�âfµR�\�3&ÿì

�ºÜ���1>f©Ù§�>´vk�����¹§m>´90%��Ç�Tyvek�"Ï

L'�§�±wÑk���ÏL�[���1>fê´vk����òC5�"ddw

Ñ§�����^´�~��"
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4.5.2 &ÿ�Ç9D(�©Û

1. 1>�O+�9D(

du1>�O+�1Ò4Ú�<4´�
õ¼êé$�á�§3¿§e¬Ñy9>

fu�§¿²L�<4õ?��/¤D(&Ò"D(&ÒlAÇþ`A�Ñ´ü>f

&Ò§�Ò´¤¢�9D("Ïd3¢�¥XÛ�½D(Ú&Ò´�~­�"9D(

�1>�O+�5UÚ±��¸§Ý�k'X§XJ·�b�ü�1>�O+�9D

(´5000Hz"ã4-13§4-14§4-15´3Y�êÔ�Å&ÿì¥Ø��Ì&ÿì�¬Ú��

L¡æk50%���Ç����Ì&ÿì�¬§9L¡bkTyvek��Ì&ÿì�¬§

d�[����)¤k1>f��m©Ùã"'�ùn�ã§YêÔ�Å&ÿì¥�

�L¡k���Ì&ÿì�¬��mî¶´l0�250ns
Ø��Ì&ÿì�¬��mî

¶0�600ns§ù´Ì�´du�kÌ&ÿì�§Ü©\�µ�»,CáE¤
1>�O+

Â81f��mCá">fÆ�óÀ�mé��¢��&ÿ�Ç¬kK�§XJò�m

Im���§ØU¦¤k�&ÒÑ?\��mI¥§XJ�mIm���§�UÑy�

þ�D(?\��mI¥§ÏdÀ�·���mI´�~­��"XJ·�b½��>

fÆóÀ�m§@o3�½��mm�S§N�1>�O+Ó�ÑyD(�ªÇ´§

nCN
n [fnoise × (fnoise × t)n−1] (4-9)

Ù¥nL«Ó��)9D(�1>�O+��ê§NL«¤k1>�O+��ê§fnoise 1

>�O+9D(�ªÇ§tL«>fÆ�óÀ�m"

photon_hit.photon_hit_time
0 100 200 300 400 500 600 7000

100

200
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310×

ããã 4-13 �[YêÔ�Å&ÿì¥vkÌ&ÿì�¬��¹e¤k1>�O+��1>f��m©Ù"
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photon_hit.photon_hit_time
0 50 100 150 200 250 300 350 4000

50
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300

350
310×

ããã 4-14 �[YêÔ�Å&ÿì¥Ì&ÿì�¬§¿��¬	L¡æk50% ���Ç����§¤k1>
�O+��1>f��m©Ù"

photon_hit.photon_hit_time
0 50 100 150 200 250 3000

50
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300

310×

ããã 4-15 �[YêÔ�Å&ÿì¥Ì&ÿì�¬§¿��¬	L¡bkTyvek�§¤k1>�O+��1
>f��m©Ù"
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ã4-16L«>fÆóÀ�mÚ9D(�ªÇ�ØÓ��§1>�O+�ê�D(

�ªÇ�'Xã"·��â�[����m©Ùã4-13§4-14§4-15§À�
A�óÀ

�m300ns§600nsÚ1µs"���1>�O+�9D(ªÇ��5000Hz§
�æ�¢�

cÏïÄÿ��ØÓ�1>�O+�9D(ªÇCzéØÓ§Ð�1>�O+�9D

(k2000Hz§
��1>�O+�9D($���20000Hz§¤±b�
ü�9D(ª

Ç5000HzÚ20000HzO�"£a¤L«t = 300ns§fnoise = 5000Hz§XJ9D(ªÇ�

u0.01§@o��I�9�1>�O+§£b¤L«t = 600ns§fnoise = 5000Hz§XJ9D

(ªÇ�u0.01§@o��I�11�1>�O+§£c¤L«t = 1µs§fnoise = 5000Hz§

XJ9D(ªÇ�u0.01§@o��I�13�1>�O+§£d¤L«t = 300ns§fnoise =

20000Hz§XJ9D(ªÇ�u0.01§@o��I�15�1>�O+§£e¤L«t =

600ns§fnoise = 20000Hz§XJ9D(ªÇ�u0.01§@o��I�19�1>�O+§

£f¤L«t = 1µs§fnoise = 20000Hz§XJ9D(ªÇ�u0.01§@o��I�24�1>

�O+"

ããã 4-16 � > f ÆóÀ�m Ú 9 D(� ªÇ� Ø Ó ��§ 1 > � O + �ê� D(� ªÇ� ' X

ã"(a)L«t = 300ns§fnoise = 5000Hz§(b)L«t = 600ns§fnoise = 5000Hz§(c)L«t = 1µs§fnoise =
5000Hz§(d)L«t = 300ns§fnoise = 20000Hz§(e)L«t = 600ns§fnoise = 20000Hz§(f)L«t =
1µs§fnoise = 20000Hz"
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2. &ÿ�Ç

Äk?Ø�eY�êÔ�Å&ÿì¥��Ì&ÿìé��¢�k=
K�§Y�êÔ

�Å&ÿì¥��Ì&ÿì�§òK�µ�»,�Ý§1>�O+§1>fê��©Ù"

µ�»,�Ý3êÔ�Å&ÿì¥��Ì&ÿì�òk¤Cz"ã4-17§4-18 §4-

19©O´ÏL�[���'uYêÔ�Å&ÿì¥vk�¬��µ�»,�Ý©Ù§Yê

Ô�Å&ÿì¥��æk50%��Ç�����Ì&ÿì�¬�§µ�»,�Ý�©Ù§

9YêÔ�Å&ÿì¥��bkTyvek��Ì&ÿì�¬�§µ�»,�Ý�©Ù"lã

¥�±wÑ§µ�»,�Ýõ©Ù310�¨15��m"
YêÔ�Å&ÿì¥���¬

�§30�¨2��©Ù'vk�¬�k¤O\"

TrackLength
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ããã 4-17 YêÔ�Å&ÿì¥vk�¬�µ�»,�Ý�©Ùã"

TrackLength
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ããã 4-18 êÔ�Å&ÿì¥��æk50%��Ç�����Ì&ÿì�¬�§µ�»,�Ý�©Ùã"

c¡J��ã4-7Úã4-8�Ñ
1>�O+�ü��ª§ý¡�1>�O+�IDÒ
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TrackLength
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ããã 4-19 YêÔ�Å&ÿì¥��bkTyvek��Ì&ÿì�¬�§µ�»,�Ý�©Ùã"

l1Ò¨140Ò§lþ�e�7�§z�l��m20�1>�O+§1Ò1>�O+´�

.���àm©^��z�18Ýü��§�ü20�§��ü�17�".¡�1>�O

+IDÒl141¨212§lS�	�ü8�§l�S�2�1>�O+§�g�	z�'c�

�O\2�1>�O+§�S����àm©´141Ò§z�Ñl��àm©§��{

�212Ò1>�O+"ã4-21§4-22©O´ÏL�[���'uYêÔ�Å&ÿì¥vk

�¬�1>�O+Â8�1>fê�©Ù§YêÔ�Å&ÿì¥��æk50%��Ç��

���Ì&ÿì�¬�§1>�O+Â8�1>fê�©Ù§9YêÔ�Å&ÿì¥�

�bkTyvek��Ì&ÿì�¬�§1>�O+Â8�1>fê�©Ù"l±þn�ã�

±wÑ§XJvkÌ&ÿì�¬3Y�êÔ�Å&ÿì¥§1>�O+�Â8�1fê

�¸�Ì�8¥31>�O+IDÒ3.��140¨212Ò"
�kÌ&ÿì�¬3Y�ê

Ô�Å&ÿì¥§1>�O+IDÒÌ�8¥3ý¡"XJ\�âfl&ÿì�ºÜ�\

&ÿì§@okÌ&ÿì��¬3Y�êÔ�Å&ÿì¥§.Ü�1>�O+A�vk

Â8�1>f"

ã4-23´YêÔ�Å&ÿì¥vk�¬§�>�ã´YêÔ�Å&ÿì¥µ�»,�

ÝÚ1>f'X�Ñ:ã§m>�ã´YêÔ�Å&ÿì¥µ�»,�ÝÚ1>�O+'

X�Ñ:ã"ã4-24´YêÔ�Å&ÿì¥��L¡æk50%��Ç������¬§

�>�ã´YêÔ�Å&ÿì¥µ�»,�ÝÚ1>f'X�Ñ:ã§m>�ã´Yê

Ô�Å&ÿì¥µ�»,�ÝÚ1>�O+'X�Ñ:ã"ã4-23�±�AÑµ�»,�

Ý310�¨15�§400¨800�1>f©ÙÑ:��Ý�§
3&ÿì.¡�1>�O+

�IDl140¨212Ò�Ñ:��Ý�"ù��±ã4-2094-17 ¥wÑ"ã4-24¥µ�»,�

Ý30�¨2�Ú10�¨15��§0¨400�1>f©ÙÑ:��Ý�§
3&ÿìý¡�
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pmt_hit.n_pmt_hits
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ããã 4-20 YêÔ�Å&ÿì¥vk�¬�1>�O+ID�©Ùã"

pmt_hit.n_pmt_hits
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ããã 4-21 YêÔ�Å&ÿì¥��æk50%��Ç�����Ì&ÿì�¬�§1>�O+ID�©Ùã"

pmt_hit.n_pmt_hits
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ããã 4-22 YêÔ�Å&ÿì¥��bkTyvek��Ì&ÿì�¬�§1>�O+ID�©Ùã"
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1>�O+�IDl20¨80Ò�Ñ:��Ý�"ù��±l4-21 §4-18§94-22§4-19¥w

Ñ"

ããã 4-23 YêÔ�Å&ÿì¥vk�¬§�>�ã´YêÔ�Å&ÿì¥µ�»,�ÝÚ1>f'X�Ñ

:ã§m>�ã´YêÔ�Å&ÿì¥µ�»,�ÝÚ1>�O+'X�Ñ:ã"

�´3�[¥k�
�»�µXã4-26¥m¡�ãþÜ�«¿ã¤«§lYêÔ�

Å&ÿì�>�BL§ù
µ¯~�»,�Ýéá§du2�þ�Y���o§¦�µP

C�)�¥fé¢���z�~��§¤±ùÜ©¯~3O�¶-�&ÿì�Ç��

±�KØ�Ä"Ó��
Uþé$�µ§duµ�)�¥f�'uE0.74
µ §¤±ùÜ©¯

~£stop µ¤�)�¥fé¢���z��~��§¤±3O�¶-�&ÿ�Ç��Ø

�Ç"ã4-25´YêÔ�Å&ÿì¥vk�¬��¹e§�>�ã´YêÔ�Å&ÿì

¥�u2��µ»,�ÝÚ1>f'X�Ñ:ã§m>�ã´stop µÚµ»,�Ý�Ñ:

ã"ã4-26´YêÔ�Å&ÿì¥��æk50%��Ç������¬��¹e§�>�

ã´YêÔ�Å&ÿì¥�u2��µ»,�ÝÚ1>f'X�Ñ:ã§m>�ã´stop

µÚµ»,�Ý�Ñ:ã"

ÏL©Û�[êâÚ�
cut^�§·��±��&ÿì�&ÿì�Ç"XJ·�½

Â&ÿ�Ç§

efficiency = µcut�µall (4-10)
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ããã 4-24 YêÔ�Å&ÿì¥��L¡æk50%��Ç������¬§�>�ã´YêÔ�Å&ÿì

¥µ�»,�ÝÚ1>f'X�Ñ:ã§m>�ã´YêÔ�Å&ÿì¥µ�»,�ÝÚ1>�O+'X�
Ñ:ã"

ããã 4-25 YêÔ�Å&ÿì¥vk�¬��¹e§�>�ã´YêÔ�Å&ÿì¥�u2��µ»,�ÝÚ
1>f'X�Ñ:ã§m>�ã´stop µ�UþÚµ»,�Ý�Ñ:ã"

pUÔn¤ 195�,�114� ¥��Æ¬Æ Ø©



4.5 �[(J©Û

ããã 4-26 YêÔ�Å&ÿì¥��æk50%��Ç������¬��¹e§�>�ã´YêÔ�Å&ÿ

ì¥�u2��µ»,�ÝÚ1>f'X�Ñ:ã§m>�ã´stop µ�UþÚµ»,�Ý�Ñ:ã"

Inefficiency = 1− µcut�µall (4-11)

ùp�µcutL«Ó�n�1>�O+X»½´Ó�ÿ�n�1>f§K@�´��µ¯~

&Ò"µallL«310000�µ¥�K@
lYêÔ�Å&ÿì�>�BL9@
Uþé$

�stop µ¯~��e�µf"ã4-27§ã4-28§ã4-29©O´vkÌ&ÿì�¬3Y�êÔ

�Å&ÿì¥§	L¡æk50%��Ç�����Ì&ÿì�¬§Ú	L¡bkTyvek�

�Ì&ÿì�¬3Y�êÔ�Å&ÿì¥��¹e§&ÿì�Inefficiency Ú1>f9

1>�O+�'Xã"�¡ãÑ´&ÿì�Inefficiency Ú1>�O+�'Xã§m¡

�ãÑ´&ÿì�Inefficiency Ú1>f�'Xã"z�ã¥�£c¤L«&Ò§£b¤L

«�K@
lYêÔ�Å&ÿì�>�BL9@
PC�µ��&Ò§£a¤L«9D

(§t = 1µs§fnoise = 5000Hz"ã¥�>�p�IL«Inefficiency§m>�p�IL«

9D(ªÇ" lþ¡ã¥·��±wÑ§3�:�
ò�.Ú&Ò�Ð�©m§D(

�.���u0.01"@oÒ´±13�1>�O+Ó�k�.�)§Ó�k13�±þ1>

�O+Ó��)&Ò���À^�"3ã4-27¥£c¤�Ò´Ø�K@
lYêÔ�Å&

ÿì�>�BL9@
stop µ§�±wÑ&ÿ�Ç´99.3%§XJ�Ä@
^�Xã¥

�£b¤¤L«�­�§K&ÿ�Ç´99.27%"3ã4-28¥§XJØ�K@
lYêÔ

�Å&ÿì�>�BL9@
stop µ &ÿ�Ç´97.6%§XJ�Ä@
^�K&ÿ�Ç
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ããã 4-27 vkÌ&ÿì�¬3Y�êÔ�Å&ÿì¥§�¡�ã´&ÿì�Inefficiency Ú1>�O+�
'Xã§m¡�ã´&ÿì�Inefficiency Ú1>f�'Xã"(c)L«&Ò§(b)L«�K@
lYêÔ�
Å&ÿì�>�BL9@
PC�µ��&Ò§(a)L«9D(§t = 1µs§fnoise = 5000Hz"�>�p�I

L«Inefficiency§m>�p�IL«9D(ªÇ"

ããã 4-28 Ì&ÿì�¬�	L¡Ûk50%���Ç����§�¡�ã´&ÿì�Inefficiency Ú1>�O
+�'Xã§m¡�ã´&ÿì�Inefficiency Ú1>f�'Xã"(c)L«&Ò§(b)L«�K@
lYê

Ô�Å&ÿì�>�BL9@
PC�µ��&Ò§(a)L«9D(§t = 1µs§fnoise = 5000Hz"�>�p
�IL«Inefficiency§m>�p�IL«9D(ªÇ"
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ããã 4-29 Ì&ÿì�¬�	L¡bkTyvek���§�¡�ã´&ÿì�Inefficiency Ú1>�O+�'X

ã§m¡�ã´&ÿì�Inefficiency Ú1>f�'Xã"(c)L«&Ò§(b)L«�K@
lYêÔ�Å&
ÿì�>�BL9@
PC�µ��&Ò§(a)L«9D(§t = 1µs§fnoise = 5000Hz"�>�p�IL

«Inefficiency§m>�p�IL«9D(ªÇ"

´99.75%"ã4-29¥§XJØ�K@
lYêÔ�Å&ÿì�>�BL9@
stop µ &ÿ

�Ç´98.25%§XJ�Ä@
^�K&ÿ�Ç´99.9%"Ó�XJ·�±13�1>f��

�À^�§@o3ã4-27¥§XJØ�K@
lYêÔ�Å&ÿì�>�BL9@
stop

µ§�±wÑ&ÿ�Ç´99.5%§XJ�Ä@
^�K&ÿ�Ç´99.58%"3ã4-28¥§

XJØ�K@
lYêÔ�Å&ÿì�>�BL9@
stop µ&ÿ�Ç´98.9%§XJ�

Ä@
^�K&ÿ�Ç´99.9%"ã4-29¥§XJØ�K@
lYêÔ�Å&ÿì�>�

BL9@
stop µ &ÿ�Ç´99.2%§XJ�Ä@
^�K&ÿ�Ç´99.96%"ÏLù


ã�±wÑ§^1>f��À^�Ù&ÿ�Ç�'±1>�O+��À^�p"�kÌ

&ÿì�¬�§�K@
YêÔ�Å&ÿì�>�BL9@
stop µ�§&ÿì�Çk


²w�Jp"

XJ1>�O+�5UØ´éÐ§Ù9D(�ªÇfnoise´20000Hz"D(�.XJ�

�u0.01§±24�1>�O+Ó�k�.�)§Ó�k24�±þ1>�O+Ó��)&Ò

���À^�"3ã4-30¥£c¤L«�­�´Ø�K@
lYêÔ�Å&ÿì�>�B

L9@
stop µ§�±wÑ&ÿ�Ç´98.3%§XJ�Ä@
^�K&ÿ�Ç´99.27%"

3ã4-31¥§XJØ�K@
lYêÔ�Å&ÿì�>�BL9@
stop µ &ÿ�Ç

´91.5%§XJ�Ä@
^�K&ÿ�Ç´95%"ã4-32¥§XJØ�K@
lYêÔ
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1oÙ �æ��Aæ¥�f¢��YêÔ�Å&ÿì

�Å&ÿì�>�BL9@
stop µ &ÿ�Ç´94%§XJ�Ä@
^�K&ÿ�Ç

´97%"Ó�XJ·�±25�1>f���À^�§@o3ã4-30¥§XJØ�K@
l

YêÔ�Å&ÿì�>�BL9@
stop µ§�±wÑ&ÿ�Ç´98.75%§XJ�Ä@


^�K&ÿ�Ç´98.9%"3ã4-31¥§XJØ�K@
lYêÔ�Å&ÿì�>�BL

9@
stop µ &ÿ�Ç´97.6%§XJ�Ä@
^�K&ÿ�Ç´99.5%"ã4-32¥§X

JØ�K@
lYêÔ�Å&ÿì�>�BL9@
stop µ &ÿ�Ç´97.8%§XJ�Ä

@
^�K&ÿ�Ç´99.6%"

'�ã4-27Ú4-28 ½4-29§uyvkÌ&ÿ�¬�§cut^���^Ø�§��kÌ&

ÿì�¬�§cut^�é&ÿì��ÇK�'��§ù´Ï�kÌ&ÿì�¬�§@
»

,éá�¯~O\§é'ã4-17Ú4-18 ½4-19�±wÑ§34-18 ½4-19¥§�u2��¯

~'4-17¥��õ"

Ï L ± þ � ©Û§ � ± ( ½·�¢� � � À ^ � § X J Ì & ÿ ì � ¬ L ¡ æ

k50%��Ç����§¿�b�fnoise = 5000Hz§���µ\��&ÿì¥§k13�1

>�O+Ó�X»§@o·�Òrù�¯~�¤��Ð¯~§&ÿ�Ç´99.75%"X

Jfnoise = 20000Hz§���µs\��&ÿì¥§k24�1>�O+Ó�X»§@o·�

Òrù�¯~�¤��Ð¯~§&ÿ�Ç´95%"
�uy=¦1>�O+9D(�ªÇ

é�§´20000Hz§��&ÿì�&ÿ�ÇEU��95%"²wwÑXJ^1>f��À

^��{§�Çò�p§�´du�k�
Ù¦Ø(½Ï�K�1>f�ÑÑ§¤±^

1>f��À^��^1>�O+��À^�'�§^1>f��À^�Ø
O(§·

��¢�ò5�U�âäN��¹^1>�O+Ú1>f�éÜ©Û���ª��À^

�"

4.5.3 o(Ú?Ø

¦^Geant4��[
�æ��Aæ¥�f¢��¶-�&ÿì"ÏL�[���ê

â��±e(Øµ

• �����^�~�§3¢�¥XJ¦^��Çép����§�±3��Ó��

Ôn�¦e§~�¦^1>�O+��ê"ÏL�[uyXJ3Y�êÔ�Å&ÿ

ì�SÜbkTyvek�§@o&ÿì¥�1>�O+Â8�o�1fêò´vk�

��Â8�1>fê�5�"

• ïÄ
Ì&ÿì�¬éù�Y�êÔ�Å&ÿì�&ÿ5U�K�"ÏL�[uy

{3Y�êÔ�Å&ÿì.Ü�1>�O+�Â8��1>fé�§¿�kÌ&ÿ
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ããã 4-30 vkÌ&ÿì�¬3Y�êÔ�Å&ÿì¥§�¡�ã´&ÿì�Inefficiency Ú1>�O+�
'Xã§m¡�ã´&ÿì�Inefficiency Ú1>f�'Xã"(c)L«&Ò§(b)L«�K@
lYêÔ�
Å&ÿì�>�BL9@
PC�µ��&Ò§(a)L«9D(§t = 1µs§fnoise = 20000Hz"�>�p�
IL«Inefficiency§m>�p�IL«9D(ªÇ"

ããã 4-31 Ì&ÿì�¬�	L¡Ûk50%���Ç����§�¡�ã´&ÿì�Inefficiency Ú1>�O
+�'Xã§m¡�ã´&ÿì�Inefficiency Ú1>f�'Xã"(c)L«&Ò§(b)L«�K@
lYê

Ô�Å&ÿì�>�BL9@
PC�µ��&Ò§(a)L«9D(§t = 1µs§fnoise = 20000Hz"�>�
p�IL«Inefficiency§m>�p�IL«9D(ªÇ"
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ããã 4-32 Ì&ÿì�¬�	L¡bkTyvek���§�¡�ã´&ÿì�Inefficiency Ú1>�O+�'X

ã§m¡�ã´&ÿì�Inefficiency Ú1>f�'Xã"(c)L«&Ò§(b)L«�K@
lYêÔ�Å&
ÿì�>�BL9@
PC�µ��&Ò§(a)L«9D(§t = 1µs§fnoise = 20000Hz"�>�p�IL

«Inefficiency§m>�p�IL«9D(ªÇ"

ì�¬�&ÿ�Ç'vk�¬���"
�Ì&ÿì�	L¡æk�ØÓ����

é��¢��&ÿ�Çk�½K�"

• ÏLé1>�O+�9D(�ïÄ§�±ÐÚ�Ñ¢���À^�§XJÌ&ÿì

�¬L¡æk50%��Ç����§¿�b�fnoise = 5000Hz§���µ\��&ÿ

ì¥§k13�1>�O+Ó�X»§@o·�Òrù�¯~�¤��Ð¯~§&ÿ

�Ç´99.75%"XJfnoise = 20000Hz§���µs\��&ÿì¥§k24�1>�O

+Ó�X»§@o·�Òrù�¯~�¤��Ð¯~§&ÿ�Ç´95%"
�uy

=¦1>�O+9D(�ªÇé�§´20000Hz§&ÿì��ÇU
��·���

¦pu95%§��·��Ôn�¦"

• ²wwÑXJ^1>f��À^��{§�Çò�p§�´du�k�
Ù¦�Ø

(½Ï�K�1>f�ÑÑ§¤±^1>f��À^��^1>�O+��À^�

'�§^1>f��À^�Ø
O(§·��¢�ò5�U�âäN��¹^1>

�O+Ú1>f�éÜ©Û���ª��À^�"
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N¹ A

1956c§ReinesÚCowan 3�Aæ¢�¥Äguy
�¥�f[71]"Ø�Aæ�1�

g�^uïÄ¥�f��"ÏL&ÿ��AæØÓål�¥�fν̄e´Äk��(½´Äu

)
¥�f��"@Ï�¢��&ÿìXILL [72], Gösgen [73], ÚBugey[74], Ñ��3å

l�Aæ'�C�/�£100 m¤&ÿ§Ïd∆m2
13 �(¯Ý�êþ?35×10−2 eV2 'y

3éAu)���·Ü�θ13�¤��Z�[Ü��
20õ�"�,ù
¢�vU*ÿ�

¥�f��u)§�´ν̄e�UÌÚ�mÿþ%�5�°(§°Ýl10% Jp�3%"C5,

Chooz¢�[75] ÿþ�AæõÇ�°Ý��0.7%§zgu)Ø�C�Uþº���0.6%"

�,é�Aæëê��£ké��Jp§�´§E,´K�θ13¢�XÚØ��Ì�

Ï�"^�C&ÿì�¢��Y�±k��-�d�Aæ�)�¥�f6r�Ø(½

5"C&ÿì�±�Ð�~��{6rØ(½5�K�"3ÿþθ13�¢�¥§�Å�b

�z��Aæýé�¥�f�A6r�Ø(½5´3% , @o�{�¥�f�A6r�Ø

(½5��z´0.15% "

e¡Ü©0��Aæ¥�f�UÌÚ6rÚ�
�βPC�5�§ù
Ñ´éu&ÿ

$U��Aæν̄e´�~­��"

A.1 �Aæ¥�f�UÌÚ6r

Ø>Õ�UþÌ�5gØ�C"Ø��£Ì�´235U Ú238U¤§�Kå5/¤-��

ü�3Ø�Aæ¥"´�C�á���Aæ¥�9¥f�C§3�CL§¥§Ø­½�

��5Ø/¤§¿�ÏL���βPC�)>f¥�f"��zg�C�Ñ��200 MeV

�UþÚ8��>f¥�f"

�Ü©��¥�fUþé$"��70% ��¥�f�Uþ$u1.8 MeV.��9õÇ

�3 GWth ��Aæz¦��Ñ6× 1020 �Uþpu8 MeV�¥�f"

�8c��§¤k��Aæ¥�f¢��¢�3Y�µ��Aæ(PWRs)�^�e"

�æ�Ø>Õ�´ù«PWR�O"PWR ^�e�¥�f�6rÚUÌ�±eA�Ï�

k'µ�Aæ�o�9õÇ§zg�C�Ó �Ü©§zg�C�Ó ���CÇÚz

g�C�Ó ��)�¥�fUÌ"

�¥�f��)Ú9õÇ¤�'"
Ù¦9ëêX§Ý§Øå§ÚeY�6þK�Ø

�"�Aæ�9õÇdØ>�±Yÿþ��°Ý�±��£1-2¤%"
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N¹A

�#��CÓ ��CÏL9¥fd-�¥�Ù¦Ó �£Ì�´238U¤�)§�C

á��Øä�Ö¿"Ïd¥�f�UÌdo«Ì��Ó ��)
�kØÓ§�C�¤

©Ú?z�m´¥�fUÌÚ6ré­��K�Ï�"ÏL²þ�9õÇÚzg�Cº

��Uþ�Ç[76], ²þz¦z�Ó ��C�ê8���m�¼ê�±�O�"ãA-1�

Ñ
Palo Verde�Aæ¢�O�Å�[�(J [77]"

ããã A-1 z�Ó ���CÇ§ÏL�AkÛ�[�5�§´�m¼ê"[77].

����-��^¦�§Ø>�ò½Ï�O�ù
-��"���z18��§��

�Aæ�-�òCz"3­W-�Ì�m©�§òk69%235U, 21% 239Pu, 7% 238U, Ú3%

241Pu�C"¿��CÓ �239Pu Ú241Pu Øä�d238U�)"�-�Ì�(å�235U

and 239Pu ��C
ÇA���"

IO�Ó �¤©´58%�235U, 30% �239Pu, 7% �238U, Ú5% �241Pu [78]"

dØ�A�C�)�ν̄e�UÌ�Ó ��¤©k'"�¥�fUÌ´�m�A¼

ê§§�N
õ«�CÓ �3�CL§¥��z"Ó �235U, 239Pu, Ú241Pu �)�

�¥�fUþÌdILL [79] íä��§ILL ÏL=�βÌ§^β ©1O§Õá�ÿþ235U,

239Pu, Ú241Pu "ù
íä�Ìk�8�z�Ø�§§Ì�´d©1O��ÝØ(½5Ú

dβÌ=z¤�¥�fÌÚ\�Ø�|¤"ü�Ì���CÓ �235U Ú239Pu, 3ILLÏ

LGösgen¢��ÿþ[73]. Ù¦ü��CÓ ��)��¥�fUÌÏLnØO���"

éÜ�Ä¢�Ø�ÚnØO��Ø(½5§o��AæUÌ�8�zØ(½5´3.0%"

2�¦^nëê�ëêzo��CÓ ��)�Aæ¥�fUÌ�±3�
©z¥

��"[80]. �,ëêzp�
�u7.5 MeV��¥�fê8, �Nþvkéî­K�§Ï

��2 MeV'�§�u7.5 MeV~�é¯"C5�#�^8ëê[81][Ü�±Jp�u7.5
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A.2 �βPC

MeV �Ì/"

Bugey¢�'�¢�ÿþÚn�ØÓ��¥�fUÌ��."ÓILL¦^�ν̄eÌ�

.[79]Ä���"¢�ILL ÿþ�Ó �Ì235U, 239Pu, Ú241Pu Xãw«"ãA-2.�,z

vk238U�êâ§�k¦^nØí�§�´nØÚ¢S�Ì/ l��UòØ¬��é�

�Ø�§ù´Ï�238U �Ü©Ø¬�L8%. 3ãA-3 ¥´nØþí��¤ko�­�Ó

 ��Ì"ILLÿþ�¤k�8�z�Ì�Ø(½5´1.9%. Ì/�Ø(½5�±Ú\Ï

L=z§S"

10
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235U
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Eν�  (MeV)

S ν�  (
co

un
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 M
eV

-1
 f

is
s-1

)

ããã A-2 Ó �zg�C�)��¥�f�
� � §´Ï L � A � ÿ þβP } Ì = � � 5
�"[79].

ããã A-3 VogelÚEngel�Ño«Ó ����
�¥�fUÌ�ëê"[80].

A.2 �βPC

&ÿ�Aæ¥�fν̄e�L§´ÏL�βPCL§¢y�"ν̄e + p → e+ + n"XJ�Ñ

ØOp��Eν/M§o��A�¡´

σ
(0)
tot = σ0(f

2 + 3g2)E(0)
e p(0)

e , (A-1)

Ù¥E
(0)
e = Eν − (Mn −Mp) ´�>fUþ�Ñ
¥f��ÀUþ§p

(0)
e ´�>f�Ä

þ"Ù¥fÍÜ~êf = 1§g = 1.26, σ0 �¤�ÍÜ~êGF , k'Å�θC , Ú��uUþ

Ã'�S�Ë�?�k'"¢�*ÿ§�βPC�UþK�Eν = [(mn + me)
2 −m2

p]/2mp

= 1.806 MeV. leading-order���o��A�¡´

σ
(0)
tot = 0.0952× 10−42cm2E(0)

e p(0)
e , (A-2)
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N¹A

Ù¥E
(0)
e Úp

(0)
e �ü ´MeV. Vogel and Beacom [82] ®²*ÐO��βPC�o�¡Ú�

©Ù�1/Mêþ?"ãA-4 �Ñ'�ÏLleading-orderO����o�¡Únext-to-leading

orderO�����¡"­��ØÓ3¥�fUþ�p�/�"·�æ^1/M êþ?

úªO�o��A�¡"¢¯þ§O���A�¡Ú¥f�Æ·k'§§�Ø�==

´0.2%"

ããã A-4 ÏLleading orderÚnext-to-leading orderO���βP}�o�A�¡"

ýÏ�d�¥�f�UÌ�­���¥f�ÀUÌÚν̄e + p → e+ + n ��A�¡§

XãA-5"du$U�¥�f�Øf��þk'X§�À�¥fké$ÄU"3¢�¿*

	�>fk�����k���©Ù§
¥f��©Ù´�c�"Xã§ãA-6. ù�A

��kd���y�Aæ¥�f¯~"XJ�>f�)Ú¥fáÂÑ�éÐ�ÿþ§@

o�Ð©�¥f���±�û½"l�Aæ¥�f�)�¯~ýÏ¥fò£Ä l�A

æ¥�f��"Chooz [75] ¢��w
ù«�Ý��p'X"ýÏ�(½�æ��Aæ¥

�f¢�U
¿©|^ù�A�"

A.3 ýÏÚ*ÿ��¥�f6rÚUÌ

ýÏ��¥�f¯~ÇÚáÄ��¹eÿþ���'�"ål&ÿì15 ��§òu

)��300,000 ν̄e + p → n + e+ ��p�^§==&ÿ¥f§Bugey¢�ÿþ�βPC��

A�¡§zg�C5.752×10−19 barns/fissionØ��1.4% [83].ù�ILLÿþ�ν̄eÌ��A�

¡5.824× 10−19 barns/fission Ø��2.7% Ä���"Ïd§æ^ILLÿþ��¥�fUÌ

�Ì/´Ün�§�´8�zzg�C�o��A�¡dBugeyÿþ"ãA-7�Ñ
Palo
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A.3 ýÏÚ*ÿ��¥�f6rÚUÌ

ããã A-5 ÏL�βP}����¥�fUÌ�­

����À�¥fUÌ"
ããã A-6 3¢�¿�IXe§�>fÚ�À¥

f��©Ù"

Verde¢��ýÏ¯~Ç§§��AæõÇ£��mCz�¼ê¤§�CÇÚ�βPC�

�A�¡k'"Ó���±w�3�ð¥*ÿ��¥�fUÌÚ�βPC��A�¡"

ãA-8 �Ñ¥�fUÌ§�βPCν̄e + p → e+ + n �o��A�¡ÚýÏ�¯~Ç§§´

�Aæ¥�fUþ�¼ê"�p�OêéA�Uþ´Eν ∼ 4 MeV.

ããã A-7 Palo Verde¢�ýÏ��¥�f�¯~
Ç§§´�AæõÇ��mCz�¼ê§��
CÇÚ�βP}��A�¡k'"

ããã A-8 �¥�fUÌ§�βP}�o��A�
¡§ÚOêÇ§§´�¥�fUþ�¼ê"

o�§ýÏ�&ÿ��Aæ¥�f�¯~Ç�o�Ø(½5��´3%, Ù¥�)0.2%

��βPC��A�¡�Ø(½5§1%�9õÇØ(½5§1% �Ó �¤©�Ø(½5

Ú2.5%¥�fUÌ�Ø(½5"
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