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ABSTRACT

Neutrino physics is one of the hottest topics in modern physics. It is the key to

the new physics beyond the standard model in particle physics. Among all fermions

described in the standard model, neutrino is not only the last one discovered, but also

the least one we know. In the recent half century, with the development of neutrino

physics, neutrino experiments have found great breakthrough. The phenomenon called

neutrino oscillation was discovered, which is beyond the standard model. Neutrino

oscillation can be described by 6 parameters, including two mass-squared differences

∆m2
21 and ∆m2

32, three mixing angles θ12, θ23 and θ13, and one CP phase angle δCP .

Before 2012, the unknown parameters were θ13, δCP and the sign of ∆m2
32. Especially

θ13 determines the CP violation in neutrino oscillation. The precise measurement of θ13

has significant meaning in future neutrino physics.

Daya Bay reactor neutrino experiment is designed to precisely measure sin2θ13 to

0.01 or better at 90% C.L.. For this goal, eight identical antineutrino detectors are

used. They are deployed underground at two near sites and one far site to reduce the

cosmic ray background and cancel the correlated uncertainties through near/far relative

measurement.

Daya Bay reactor neutrino experiment started to take physics data on December

24, 2011. After 55 days data taking, on March 8, 2012, the first physics analysis result

was published. sin22θ13 = 0.092 ± 0.016(stat.) ± 0.005(syst.). The neutrino mixing

angle θ13 is nonzero with a significance of 5.2 standard deviations. This is the world’s

first discover of the new neutrino oscillation. During the recent two years, Daya Bay

experiment published the improved analysis results and the neutrino spectra analysis

results, and kept giving the most precise measurement of sin22θ13 in the world.

This thesis is based on the author’s work in the physics analysis of Daya Bay neutrino

experiment. The calibration of the detectors is the foundation of the physics analysis.

This thesis introduces the study of timing calibration and the non-linearity response of

the liquid scintillator to the electron energy.

In Daya Bay experiment, neutrinos are detected via inverted β decay in the Gd-

iii



doped liquid scintillator, which forms a pair of correlated signals. By selecting these

signals through criteria of energy and time, neutrino events can be detected. The the-

sis describes the neutrino selection criteria of Daya Bay experiment, and the study of

background and selection efficiency. The major backgrounds including accidental back-

ground, fast neutron background and 8He/9Li background are discussed in details.

In this thesis, 217 days physics data of Daya Bay experiment are analyzed. In total

41453 neutrino candidates are detected at the far site and 299171 neutrino at the near

site. The combined rate and spectral analysis yields sin22θ13 = 0.092± 0.008, which is

the most precise estimation to date.

Key words: neutrino oscillation, Daya Bay reactor neutrino experiment, neu-

trino selection, background
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111���ÙÙÙ ¥¥¥���fffÔÔÔnnnVVVããã

�Ù{�0�¥�fÔn�uÐ{§!Ä�Vg9¥�f��nØ§£�{¤þÍ

¶�¥�f��¢�§��0���K�¿ÂÚ�Ø©�(�"

1.1 ¥¥¥���fffÔÔÔnnn

1.1.1 ¥¥¥���fffÔÔÔnnn{{{¤¤¤

¥�f�uy�@£²{
­ò
û��L§"¥�f�VgÄk´d»Åe·�|

£Wolfgang Pauli¤u1930cJÑ� [1]"

319­V"20­VÐ§þfÔnÆ?3uÐ!¤Ù�ã"
3þfÔn¥§Uþ�

áÂÚu�´ØëY�"�f�1Ì´ØëY�©áÌ§�fØ¥�Ñ� α��Ú γ �

�UÌ�´©áÌ§ù
Ñ�ÌXþfÔn�5Æ"

1914c§��%�£J. Chadwick¤�3 β PC¥§uy>f|¤� β ���UÌ

%´ëY�§��@� β PC�kü«"�âfµPCfØÚ>f"ÙPCL§�Xe

L«µ

(N,Z)→ (N − 1, Z + 1) + e− (1.1)

Ù¥ N�L�f¥�¥fê8§Z�L�fê"ÔnÆÄ�b�UþÅð½Æ�¦PC

c��UþA��Ó�(½�§&ÿ��ëYÌq���gñ"�
)ûù�¯K§�

|JÑ
��b`§@�3 β PCL§¥§Ø
>f�	§Ó��k�«�þé�!>

¥5!g^��©���#âf��Ñ�§�r
,�Ü©Uþ§ÏdÑy
Uþº

�"ù«âf�Ô���p�^4f§±�¤ìéJ&ÿ��"��âf!>fÚ�À

Ø�UþoÚ´��(½�§UþÅðE,¤á§�´ù«��âf�>f�mUþ©

1



Æ¬Ø©:�æ�¥�f¢�¥�f¯~Ç�UÌ�ÿþ

�'~�±Cz
®"ù��(� β PCL§ÒAXeL«µ

(N,Z)→ (N − 1, Z + 1) + e− + ν̄ (1.2)

�Ð�|òù«âf·¶�/¥f£neutron¤0§¿�¦±�ù«âf�5Ò�3u

�fØ¥"

1932c§��%�3�fØ¥é��«>¥5âf§Ø±�é�
�|JÑ�/¥

f0§B¡��¥f§¿÷^�8"

1933c§¿�|ÔnÆ[¤�£E. Fermi¤�Ñ§�|¤ýó�âfA´,�«â

f§3 β PCL§¥�)§u´òù« �âfU¡�/¥�f£neutrino¤0§¿J

Ñ
 β PCnØ"

¦+¥�f��33nØþ´�~(½�§�|�¥�fb`Ú¤�� β PCnØ

�Åì�<��É§�ªÄ��þ
���Òµ¥�f�ÊÏÔ���p�^éf§é

J�&ÿ�§X�vk��¥�f"Òë�|�<�Q`L:/·�
�é<s�¯"

·ýó
�«Ã{ÿ��âf"0

1930c±5§�Æ[��O
�«���¢�5Ïé¥�f§�1950c±c�¢�

Ñ´±ÿþ β PC¥�¥�f�r�UþÚÄþ�8�§��Ñ±ÿþ�ÀØÚ>f�

Ì"1941 c§¥IÔnÆ[�ÿ�£Kan Chang Wang¤�
��K�5'u&ÿ¥�

f���ïÆ6�©Ù§uL3gc{I�5ÔnµØ6,�þ"Óc6�{IÔnÆ

[uL
�â�ÿ�¤J�Y��¢�(J§y¢
¥�f��3"�´ù
m�ÿþ

�(J¿ØU�´��ÿþ�
¥�f"

1956c§ü {IÔnÆ[4Ïd£F. Reines¤Ú��£C. Cowan¤|^� β P

C£ª 1.3¤�ª��ÿþ�
5g�Aæ�¥�f [2]"1995c4ÏdÏd¼�
ì�

�ø"

ν̄e + p→ n+ e+ (1.3)

ld§.m
@£¥�f�S4"

1957c§¿�|ÔnÆ[
0�Å£B. Pontecorvo¤JÑ
¥�f/��0nØ"

¦@�§XJ�3ØÓ«a�¥�f§§�k�U3ØÓ«a�mC5C�"

1958c§{�MË£M. Goldhaber¤�n<3{IÙ°�°©I[¢�¿y²¥�

f´�^�"

2



1�Ù ¥�fÔnVã

1962c§{I�4�ù£L. Lederman¤§Ó�]£M. Schwartz¤§d"Ë�£J.

Steinberger¤uy1�«¥�f§=D¥�f£νµ¤§¿¼1988 cì��ø"

1968c§��d£R. Davis¤9ÙÓ¯3 Homestake¢�¥¦^��zÆÃã&ÿ

��¥�f§¿uy/��¥�f�l��0§¼�
2002cì��ø"

1985c§F� e¢�Ú{I IMB¢�uy§pU�»�3�í�Ñ��)�¥

�f¥§D¥�f�>f¥�f�'~ÚýÏØÎ§ù�¡�/�í¥�f�~0"

1987c§F� e¢�Ú{I IMB¢�*ÿ�5g�#( 1987A�¥�f§mé


¥�fU©Æ" e¢��+�ö���dÏd¼2002cì��ø"

1989c§î³ØfïÄ¥% CERN� LEP¢�y²g,.�3���3n«¥�

f£>f¥�fνe§D¥�fνµ§>¥�fντ¤"

1995c§{I LSND¢�uy,��U�31o«¥�f§ý5¥�f"

1998c§3²L©Û500õU�êâ�§F���? e¢�£Super-Kamiokande¤

\Ùuy¥�f��§ù¿�X¥�f�3�þ"Ac�ù�(J�2��É§¦��

©Ù�¤�âfÔn¢�¥Ú^gê�õ�©Ù"

2000c§{I¤�¢�¿ DONUT¢�uy1n«¥�f§>¥�f£ντ¤"

2001c§\<� SNO¢�\Ù*ÿ���¥�f�¥56!�>6Ú�5Ñ�§

�Ñ
¥�f��´��¥�f����Ï�kåyâ"

2002c§F� KamLAND¢�^�Aæy¢��¥�f��"

2003c§F� K2K¢�^\�ìy¢�í¥�f��"

2006c§{IMINOS¢�?�Ú^\�ìy¢�í¥�f��"

2007c§{I¤�¢�¿MiniBooNE¢�Ä½
 LSND¢��(J"

2012c3�§²L8c�O�§¥I�æ��Aæ¥�f¢�ÄgúÙÿþ(

Jµsin22θ13 = 0.092 ± 0.016(stat.) ± 0.005(syst.)§±�L5 �IO �(½ sin22θ13

Ø�0 [3]"

1.1.2 IIIOOO���...¥¥¥���¥¥¥���fff

âfÔnÆ�IO�.£Standard Model¤´�@£ã|¤Ô��Ä�âf9§�

�mÄ��p�^�nØ"�âIO�.£ã 1.1¤§�¤Ô�­.��Ä��âf´

n�¤�f§�)§�Ú�füa"§��m��p�^�)r�p�^!f�p�^

3



Æ¬Ø©:�æ�¥�f¢�¥�f¯~Ç�UÌ�ÿþ

ã 1.1: IO�.¥�âfk8«´§�£ã¥^bÚL«¤§k8«´�f£ã¥^É

ÚL«¤"�>�n�¥§z���¤Ô����"2m>��´5�ÀÚf§

�m>âf´F�dÀÚf"

Ú>^�p�^"IO�.´8câfÔnÆ�¤õ��@nØ§§ýó�Ôny�Ø

ä�¢��y§��©O("�´§IO�.�Ø´�@�knØ§Ï�Úå�p�^

ÿ��¹3�.¥"

3IO�.¥§¥�f´g^�1/2�).�£Dirac¤âf§>¥5§·��þ

�0§�ë�f�p�^§±1�$Ä"¥�f�±ÏLÚÙ§�Ä�âf��W± Ú

Z0 
u)f�p�^§�� W± ��¡��>6£CC¤�p�^§�� Z0 ��¡

�¥56£NC¤�p�^"1989c LEP [4]Ú SLD [5]ÏLÿþ Z0 PC�Ø���Ô

©|'°Ý���þ�uMZ/2 £MZ � Z�f�þ¤�ë�f�p�^¥�f�ê

Nν=2.984§�IO�.�n�¥�fê¬Ü"

¢�¥*ÿ¥�f§Ï~|^o«�p�^L§µ�5Ñ�£elastic scattering¤!

O�5Ñ�£quasi-elastic scattering¤!π0 �)£single pion production¤Ú�Ý��

5Ñ�£DIS¤"ã 1.2´ùA«�p�^L§�~f"�5Ñ��±´¥56L§§

4



1�Ù ¥�fÔnVã

ã 1.2: ¥�f�Ô��o«~��p�^L§Þ~"

ã 1.3: ¥�f31-100 GeV��S��>6�A�¡"

Xνe + n → νe + n¶��±´�>6L§§Xν + l → ν + l"O�5Ñ���>6

L§§\�¥�fÚqØÏL��ÀÚf W± ¦�qØ¥�§�UC��§�´q

Ø��5Ñ�L§¥��§vk�-u½��§¤±daL§�O�5Ñ�§'X

νµ + n → µ + p"π0 �)Q�±´¥56L§§��±´�>6L§§3��� π0 �

)L§¥§qØC¤�� ∆âf§,�PC�Ñ�� π0§¥56 π0�)´éõ¥�f

��¢��­��."�Ý��5Ñ�éA\�¥�fUþép!òqØ����¹"

�Ý���U´¥56��U´�>6�p�^L§"ã 1.3�Ñ
�cÿþ��1-100

GeVUþ��S¥�f�>6��A�¡ [6]"100 GeV�¥�f²þgd§� 3× 109

m§ù¿�X¥�f�±BL/¥
Øu)?Û�p�^"

5



Æ¬Ø©:�æ�¥�f¢�¥�f¯~Ç�UÌ�ÿþ

1.1.3 ���ÑÑÑIIIOOO���...���¥¥¥���fff

IO�.¥§¥�f´Ã�þâf"�|JÑ¥�fVg�Ó�Ò®²�âPCU

Ìýó
¥�f�þ7L�~�"Äuù�¯¢±9�53¤k¥�f¢�¥Ñvku

ym^¥�fÚ�fê»�§¦�<��&¥�f´Ã�þ�âf"IO�.��Ñ¥

�féA�n��fêÑÅð§Ø¬u)�«��,�«��=z"

þ­V60c�Ð§ÔnÆ[Maki!Nakagawa!SakataÚ PontecorvoJÑ [7] [8]§

XJ¥�fk�þ§�Ù�þ���ØÓuf�^���§dþfåÆ�í�¥�f�

mU
p�=�§=d�«¥�f=��,�«¥�f§ÔnÆ¡��¥�f·Ü§½

¥�f��.

CA�c5�¢�§ÃØ´g,.�)���¥�fÚ�í¥�f§�´<

ó�E�\�ìÚ�Aæ¥�f§�þ¢���
­�â»§X Super-K§SNO �

KamLAND¢�k�uy
¥�f��§y¢
¥�f�3l�«���¥�f�,

	�«¥�f=z§L²¥�f´k�þ�§�Ñ
IO�.�ýó"

¥�f��`²¥�fk�þ��3��·Ü"�)º¥�f��þå
§<�J

Ñ
õ«Å�Ú�.§Ù¥�É�H�´ SeesawÅ� [9] [10]"3 SeesawÅ�¥§Ú\


m^¥�f5*ÐIO�."dum^¥�f´ SU(2)L�ü�§§��þ�)Å�

ØÉf>5�é¡5gu»"��å§¤±m^¥�f��þ�±��uf>é¡5

»"UI"�^¥�f�þ�­�m^¥�f�þr�Ø$§¤±�þé�"Seesaw

Å��,	��`³´�±ÏL Leptogensis [11]Å�)º�»¥Ô���Ô��Øé

¡"LeptongensisÅ�´�c�»ÆÚâfÔn�c÷¯K"�X�»�üz§m^¥

�f l9²ïPC�)� CPØé¡�ª��
�f��fØé¡§l
�ª=z¤

Ô���Ô��Øé¡"

1.1.4 ¥¥¥���fffÔÔÔnnnIII���)))ûûû���¯̄̄KKK

du¥�f=ë�f�p�^§�~J±&ÿ§éu¥�f�5�§·�E��$

�§��kNõ��)û�¯K"z��¯K��§�NÑ´�÷Ï �ÑIO�.�

#Ôn���§Ï
�Ñ´ÔnÆ�ïÄ9:"

• ¥�f´Majoranaâf�´ Diracâfº

6



1�Ù ¥�fÔnVã

3IO�.¥§¥�f´�^� Diracâf"XJ¥�f�3�þ§KA�3m

^�¥�f§�8c��vk¢�*ÿ�m^�¥�f"éd�3ü«)ºµ�

«@�m^¥�f�*�3§�´E��*ÿ�",�«)ºb�m^¥�f´

�¥�f§¡�Majorana¥�f"3¢�þ�±ÏL"¥�fV β PCL§µ

(A,Z)→ (A,Z + 2) + e− + e− (1.4)

5�O§XJ¥�f´Majoranaâf, nØþÒU
u)ù«PC"

• ¥�f�ýé�þ��´õ�º

¥�f�ýé�þØUd¥�f��¢��Ñ§¥�f��¢��U�Ñ¥�

f��þ²��"��°(ÿþýé�þ§�±ÏL°(ÿþ β PC��>f

UÌ§��±|^þã�"¥�fV β PC§5ÿþ¥�f���Majorana�

þ"

• ¥�f´Ä=kn�º

¦+ LEP [4]Ú SLD [5]ÏLÿþ Z0 PC�Ø���Ô©|'°Ý���þ�u

MZ/2£MZ � Z�f�þ¤�ë�f�p�^¥�f��ê�n§�IO�.

ýó¬Ü§�´Ek�U�3,�« sterile¥�f"sterile¥�f´ LSND¢�

[12]JÑ��«Øë�f�p�^�¥�f§^5)ºÙé ν−µ → ν−e ���*ÿ

êâ"MiniBooNE¢� [13]éd?1u�§398%��&Y²þ� LSND¢��

(JØ��§�´MiniBooNE¢�*ÿ��$U>f¥�f&Ò�õunØýÿ

�§¤±MiniBooNE¢���&ÝÉ�
�¦"

• ¥�f·Ü��°(�´õ�?

8cd��¥�f!�í¥�f!�AæÚ\�ì¥�f¢�©O�Ñ�¢�(

J§��y¢
¥�f��y���3§¥�f��®��[¤�É"2012 c

±c§��ëê¥®ÿ�(�ê��kn��µ sin2(2θ12)!sin2(2θ23)!∆m2
12 Ú

|∆m2
32|¶���Kk sin2(2θ13)!δCP Ú ∆m2

32 �ÎÒ"°(ÿþ¥�f·ÜÝ


¥�·Ü�ëê§ò�õ¥�f·Ü�Ônã�"AO´·Ü� θ13§§é CP»

"Ú¥�f�þ�?ÿþÑk­�¿Â"

7



Æ¬Ø©:�æ�¥�f¢�¥�f¯~Ç�UÌ�ÿþ

• ¥�fÚå CP»"�õ�?

¥�f·ÜÝ
¥k�� CP»"�"§�·ÜÝ
£CKM¤�kaq�»"

�"ù« CP»"��»Æ¥Ô�-�Ô�Øé¡k'§� CKMÝ
� CP»"

���§Øv±)º�»¥��oØ�3�Ô�"¥�f·ÜÝ
¥� CP»"

KkF")ûù�JK"

1.2 ¥¥¥���fff������nnnØØØ

¥�f��´8c®uy��ÑIO�.�#Ôny�§´âfÔnÆp�c÷9

:�K"¥�f��u)����Ï§´¥�f��þ���ÚÙ3f�p�^¥Ny

Ñ������ØÓ"n�¥�f�������±©OP� | νe〉!| νµ〉Ú | ντ 〉§


�þ���KP� | ν1〉!| ν2〉Ú | ν3〉"¥�f3f�^e�������±L«��

þ�����5U\§P�

| να〉 =

3∑
i=1

Uαi | νi〉(α = e, µ, τ) (1.5)

Ù¥ U´ PMNS£Pontecorvo-Maki-Nakagawa-Sakata¤·ÜÝ
� [7] [8]§£ã


ØÓ���fm·Ü�§Ý§�§�� CKM·ÜÝ
aq"du�3n��f§U

¥�±g,��¹ CP »�� "âfêâÃþ£PDG¤þJø
�~��ëêz

PMNS·ÜÝ
/ª§·���¡��/IOëêz0µ

U =



1 0 0

0 C23 S23

0 −S23 C23





C13 0 Ŝ∗13

0 1 0

Ŝ13 0 C13





C12 S12 0

−S12 C12 0

0 0 1





eiφ1

eiφ2

1



=



C12C13 S12S13 Ŝ∗13

−S12C23 − C12Ŝ13S23 C12C23 − S12Ŝ13S23 C13S23

S12S23 − C12Ŝ13S23 −C12C23 − S12Ŝ13S23 C13S23





eiφ1

eiφ2

1



(1.6)
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1�Ù ¥�fÔnVã

ëê �Z[Ü� 1σ �� 2σ �� 3σ ��

δm2/10−5 eV2 (NH or IH) 7.54 7.32 – 7.80 7.15 – 8.00 6.99 – 8.18

sin2 θ12/10−1 (NH or IH) 3.07 2.91 – 3.25 2.75 – 3.42 2.59 – 3.59

∆m2/10−3 eV2 (NH) 2.43 2.33 – 2.49 2.27 – 2.55 2.19 – 2.62

∆m2/10−3 eV2 (IH) 2.42 2.31 – 2.49 2.26 – 2.53 2.17 – 2.61

sin2 θ13/10−2 (NH) 2.41 2.16 – 2.66 1.93 – 2.90 1.69 – 3.13

sin2 θ13/10−2 (IH) 2.44 2.19 – 2.67 1.94 – 2.91 1.71 – 3.15

sin2 θ23/10−1 (NH) 3.86 3.65 – 4.10 3.48 – 4.48 3.31 – 6.37

sin2 θ23/10−1 (IH) 3.92 3.70 – 4.31 3.53 – 4.84 ⊕ 5.43 – 6.41 3.35 – 6.63

δ/π (NH) 1.08 0.77 – 1.36 — —

δ/π (IH) 1.09 0.83 – 1.47 — —

L 1.1: 2012c¥�f·Üëê�Û[Ü(J�Ø�

Ù¥ Cjk = cos θjk§Sjk = sin θjk§Ŝ13 = eiδCP sin θ13§φ1!φ2 K´Majorana� 

�§¿ØK�¥�f��u)AÇ"

dª 1.6�±wÑ§¥�f��É8�ëêK�µn�·Ü� θ12!θ13 Ú θ23§ü�

�þ²��∆m2
21 ≡ m2

2−m2
1Ú∆m2

32 ≡ m2
3−m2

2§�� CP»�� � δcp"3�æ�

�Aæ¥�f¢�úÙ(J±c§ù8�ëê¥kü���vk(½§©O´ δcp!θ13

Ú ∆m2
32 ��KÒ"2012c3�8F§�æ��Aæ¢�úÙ
1�1Ônêâ©Û(

J§Çk�Ñ
 θ13°(ÿþ�§¿±�L5�IO���&ÝüØ0� [3]"

2012c§��ëê��Û[Ü(J£global fit¤(JXL 1.1Úã 1.4¤«"Ù

¥§δm2 ≡ m2
2 −m2

1 = ∆m2
21§∆m2 ≡ m2

3 − (m2
1 +m2

2)/2 ' ∆m2
32§NHL«�~�þ

�?£normal mass hierarchy¤§IHL«�~�þ�?£inverted mass hierarchy¤"

e¡·�(ÜþfåÆ5�	¥�f3ý�¥DÂ�¤u)�¥�f��y�"¥

�f��þ��� | νi〉3ý�¥��m�üz�±^Å½��§£ã"� νi �·��

9



Æ¬Ø©:�æ�¥�f¢�¥�f¯~Ç�UÌ�ÿþ

12θ 2sin

0.25 0.30 0.35
0

1

2

3

4

23
θ 2sin

0.3 0.4 0.5 0.6 0.7

13
θ 2sin

0.01 0.02 0.03 0.04

2
 eV

-5
/10

2
mδ

6.5 7.0 7.5 8.0 8.5
0

1

2

3

4

2
 eV

-3
/10

2
m∆

2.0 2.2 2.4 2.6 2.8

π/δ

0.0 0.5 1.0 1.5 2.0

 oscillation analysisνSynopsis of global 3
σ

N
σ

N

NH
IH

ã 1.4: 2012c¥�f��ëê�Û[Ü«¿ã"7Ú¢�ÚùÚJ�©OéA�~�þ

�?Ú�~�þ�?"

þ�mi§3 τ ��§� νi�é·���IX¥§��'X

| νi(τ)〉 = e−imiτ | νi(0)〉 (1.7)

éAu¢�¿�IX¥§�m� t§¥�f$Äål� L§�â LorentzØC5§K

kXe'X

e−imiτ = e−i(Eit−PiL) (1.8)

Ù¥§Ei Ú Pi �¢�¿�IXe¥�f�UþÚÄþ"¥�f´4à�éØâ

f§g,ü �e÷v'Xµt ≈ L"bX3f�^¥k������f | νi〉�)�ä

kÄþ P§�±@�ØÓ�þ���äk�Ó�Äþ� P§�du¥�f�þ�©�§

10



1�Ù ¥�fÔnVã

kXeCqª

Ei =
√
P 2 +m2

i ≈ P +
m2
i

2P
(1.9)

�§ 1.73¢�¿�IX¥�=z�

| νi(τ)〉 ≈ e−i
m2
i

2P
L | νi(0)〉 (1.10)

PØÓ�þ���¥�f�²þUþ� E§k P ≈ E§|^ PMNSÝ
òª 1.10

¥��þ���^�����L«Ñ5§��

| να(L)〉 ≈
∑
β

∑
i

U∗αie
−im2

i
L
2EU∗βi | νi(0)〉 (1.11)

ª 1.11 £ã
Uþ� E �¥�f²Lål L ����·Ü"�âþfåÆ�

n§| 〈νβ | να(L) |2L«²L Lål�§¥�f ναC¤ νβ �AÇ§Xeª

P (να → νβ) = | 〈νβ | να(L)〉 |2

= δαβ − 4
∑
i>j

Re(U∗αiUβiUαjU
∗
βj) sin2

[
1.27∆m2

ij

(
L

E

)]

+ 2
∑
i>j

Im(U∗αiUβiUαjU
∗
βj) sin

[
2.54∆m2

ij

(
L

E

)] (1.12)

Ù¥§∆m2
ij ≡ m2

i − m2
j§ü  eV2§L �ü � km§E �ü � GeV§~

ê1.27Ú2.545gü ���"

dL 1.1��§£ã¥�f���ü��þ²��ëê��ü�êþ?§(Üª

1.12�í�Ñ§�¥�f��¢�ÏLÜn�O¦¥�f� L/E ÷v'Xµ

∆m2L

E
= o(1) (1.13)

�§n�¥�f��Cq{z¤ü�¥�f��"|^ª 1.6�PMNSëêz/

ª§ª 1.12�{z¤Xe/ªµ

P (να → νβ) = sin2 2θ sin2

[
1.27∆m2

(
L

E

)]
(1.14)

11



Æ¬Ø©:�æ�¥�f¢�¥�f¯~Ç�UÌ�ÿþ

� β 6= α�§k

P (να → να) = 1− sin2 2θ sin2

[
1.27∆m2

(
L

E

)]
(1.15)

ª 1.14£ã�´ØÓ��¥�f�)£appearance¤AÇ§ª 1.15£ã�´���

¥�f��¹AÇ§����£disappearance¤AÇ§§�´¥�f¢�~^�úª"

�âØÓ��ëê�ÿþ�{�¤^�¥�f
§∆m2
21 Ú θ12 �¡���¥�f

��ëê§k�P� ∆m2
sol Ú θsol ¶∆m2

32 Ú θ23 �¡��í¥�f��ëê§k�P

� ∆m2
atmÚ θatm"

1.3 ¥¥¥���fff¢¢¢������:::

1.3.1 ¥¥¥���fff���uuuyyy¢¢¢���

�,¥�f��#âf31930cÒdÔnÆ[�|JÑ§�1���y¥�f�3

�¢�%��1956câ�¤"¥�f&ÿ�JÝ4�§Ï�§ÚÙ§Ô�u)�A�A

Ç4�"3¥�fJÑ����õcp§{I,ï
õ�Ø�Aæ"�)·IÔnÆ

[�ÿ�3S��
ÔnÆ[¿£�§Ø�AæNCz¦z²�=�k300�·�¥�

f§XJ&ÿìv
�§´k�Ulùoõ¥�fp&ÿ�&Ò�"

1956c§Savannah River ¢�d{IÔnÆ[4Ïd£F. Reines¤Ú��£C.

Cowan¤�¤"¦�À^�Ø£�f¤��q§|^� β PC�A£ª 1.16¤§��y

¢
¥�f��3 [2]"

ν̄e + p→ n+ e+ (1.16)

4ÍdÏdu1995c¼�
ì��ø£4<¢Ã�´§��u1974c�­
§ÄK

¦�kÅ¬©�dÏJ¤"ã 1.5¤«SN�§ü �Æ[\Ùuy¥�f�>�"

g¥�f�uyå§� β PC�AÒ¤
�~^�&ÿ¥�f��{"�

)CHOOZ¢� [14]!Palo Verde¢� [15]Ú�æ�¢� [3]�3S�Nõ��¥�f¢

�§E3¦^� β PC�A5&ÿ¥�f"

12



1�Ù ¥�fÔnVã

ã 1.5: 4Íd���\Ùuy¥�f�>�

1.3.2 ������¥¥¥���fff¢¢¢���

���9U5gSÜ�ØàC§��u)ØàC�Ó�§¬�)XÀ�>f¥�

f§Uþ3A�MeV�þ?"�â��IO�.O�§ýÏ¥�fUÌXã 1.6 ¤«

[16]"

Fig. 2 Solar neutrino spectrum in the standard solar model as a function of neutrino energy. The continuous spectra are in units

ã 1.6: �â��IO�.�����¥�fnØUÌ

du��SÜÔ��Ýép§��¥%�)�pU>f¥�fDÂ���L¡�L

13



Æ¬Ø©:�æ�¥�f¢�¥�f¯~Ç�UÌ�ÿþ

§¥§�A�XÀ� ν2���"3/¥þw��>f¥�f�¹AÇ�

P (νe → νe) = sin2 θ12 Eν >∼ 5MeV

P (νe → νe) = 1− 1

2
sin2 θ12 Eν <∼ 2MeV

(1.17)

{¤þÍ¶�/��¥�f¿���0�´Ïd
5"1968c§Homestake¢�

[17]$^Ë�zÆEâ§±¹ 37Cl�Ô��q&ÿì§ÿþ�����¥�fê'IO

�.ýó���"��Äu�q�n�¢� GALLEX [18]Ú SAGE [19]þy¢
T(

J"SNO��¥�f¢� [20]±1000ëXÀ­Y�q§¼�
�°(�>f¥�fÏþ

(J§±9n�¥�f νe!νµ!ντ Ïþ�Ú§y²
��>f¥�f=C¤
Df¥

�fÚ>f¥�f§�¥�f�oÏþÚIO���.ýó��§�y
IO���

.§)û
��¥�f¿���"

1.3.3 ���ííí¥¥¥���fff¢¢¢���

�»��B��í��¬u)rfq�§q�¥�0fPC�)Df µÚDf¥�

f νµ§µPCq¬�)>f¥�f νe"ÏLÿþ νµ ��¹AÇ§�±(½�í¥�f

��ëê§�¹AÇ�

P (νµ → νmu) ' 1− sin2 2θ23 sin2(1.27∆m2
32L/Eν) (1.18)

úª�Ñ
� θ13 k'�����"XJvk¥�f��§νµ AT��� νe �ü

�"þ­VÔl�c�§F�� Kamiokande [21]Ú{I� IMB [22]�¢�§|^Y�

Ô�Å&ÿìÏé�fPC§%¿	uy�í¥�f¥ νe Ú νµ �'~�Cu1§¤¡

/�í¥�f�~��0"d�#��&ÿì Super-K¦^
Ê�ëXY§ÿþ¥�f

�Y�A��)��>�f§�â>fÚ µf3Y¥ØÓ»,A:
E¤�ØÓ�Ô

�Å1�§5¢yâf�O§°(ÿþ νe Ú νµ ��ê"Super-K31998cúÙ
¢�

(J§L² νµ ��ê'Ã��IO�.ýó��ê��§
>f¥�fê8�ýÏ�

�"d	§Super-K�ÿþ
¥�fê8�\�Uº��'X§Ä��Ý�\�Uº�

k'§dd�Ñ�¥�fê8�Ä��Ým'XÎÜª 1.18§�¥�f��nØJø


kåyâ"d�MACRO [24]§Soudan 2 [25]�Ó��Ï��í¥�f¢���y


Super-K¢��(J"
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1�Ù ¥�fÔnVã

1.3.4 \\\���ììì¥¥¥���fff¢¢¢���

\�ì¥�f¢�Ì�´Df¥�f νµ ¢�"¢�Äk|^\�ì\��f§,

��q�)g?0f§��0f²Là�?\PC+�u)PC�� νµ "à����

±ÏL^|ÀJ0f�>Ö§?
(½�)�¥�få6´¥�f�´�¥�f"

F�� K2K¢� [27]|^ KEK¢�¿�12 GeV�f�q�)� νµ§��120 km

	� Super-K&ÿì§5ïÄ¥�f��y�"¢�(Jy¢
 νµ ��§��í¥�

f¢���§¿ÎÜª 1.18¤£ã���AÇ�¥�fUþÚÄ��'X"

{IMINOS¢�´,��Í¶�\�ì¥�f¢�"MINOS|^¤�¢�¿120

GeV�f\�ì�q�)� νµïÄ¥�f��y�"&ÿìS�u735 km	���¶

³¥§æ^c�ÚðcN��pU���O§o�þ�5.4Zë"3¥�f
Uþ!Ä

��Ý!&ÿì�E�õ��¡Ñ«Ou K2K¢�§��ªE����(J§��J

p
�í¥�f��ëê�°(ÝÚ�&Ý"(Ü\�ì¥�f¢�Ú�í¥�f¢�

ÿþ(J
����í¥�f��ëê�Û[Ü�XL 1.1¤«"

Ø
ÿþ�í¥�f��ëê§\�ì¢���±|^/¥�fÑy0§=

νµ → νe ��§5ÿþ θ13 !�þ�?Ú δCP �Ù§��ëê"�´ÏL��úªí�

�Ñ§\�ì¥�f¢�ÿþ θ13�§¥�fÑyAÇ P (νµ → νe)Ø=� θ13k'§�

É CP�� δCP Ú�þ�?K�§ θ13�ÿþ(¯ÝØp"$�� θ13é��C�0�§

\�ì¢�òÃ{ÿþù
þ"

1.3.5 ���AAAæææ¥¥¥���fff¢¢¢���

�Aæ¥�fÌ�´æ�SØ�C�g?fØu) β PC��Ñ�"�â&ÿì�

��Ä��á§�±©�¥�Ä��Aæ¥�f¢�ÚáÄ��Aæ¥�f¢�"ã

1.7��æ��Aæ¥�f¢�±c§{¤þÍ¶��Aæ¥�f¢�Ä�©Ù"

¥¥¥���ÄÄÄ������AAAæææ¥¥¥���fff¢¢¢���

¥�Ä��Aæ¥�f¢��±ÿþ��¥�f��ëê"�Ä� θ13 é�§�A

æ�)��>f¥�f�¹AÇ�±Cq�

P (ν̄e → ν̄e) ' 1− sin2(2θ12) sin2(1.27∆m2
21L/E) (1.19)
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ã 1.7: {¤þ��Aæ¥�f¢�

�â�Aæ¥�fUÌã 1.8§�±�Ñ�·Üÿþ��¥�f��ëê�Ä��

Ý��60 km"F�� KamLAND¢� [28]Ó�ÿþ5gF�Ú¸I�51��Aæ�¥

�f§²þÄ��180 km"�,Ø3�`Ä��Ý �§�E²(ÿþ�
¥�f��

¯~"(Ü��¥�f¢�Ú KamLAND¢�ÿþ(J���¥�f��ëê�Û[

Ü�XL 1.1¤«"

áááÄÄÄ������AAAæææ¥¥¥���fff¢¢¢���

c©J��¥�fuy¢� Savannnah River¢�=´áÄ��Aæ¥�f¢�"

��áÄ��Aæ¥�f¢�K�X°(ÿþ¥�f��ëê�8IuÐ"

áÄ��Aæ¥�f¢�§Ä���31 km�2 km�m§ù�k 1.27∆m2
21L/E ∼

0§�>f¥�f��¹AÇ�Cq�

P (ν̄e → ν̄e) ' 1− sin2(2θ13) sin2(1.27∆m2
32L/E) (1.20)

Ïd�^5ÿþ��ëê θ13"{I� CHOOZ¢� [14]Ú{I� Palo Verde¢�

[15]ÑQ� θ13 uåÀ¹§,
 CHOOZÉ�u�ðPz§ Palo VerdeÉ�up�.§

16



1�Ù ¥�fÔnVã

ã 1.8: �Aæ¥�fUÌ"J�£ùÚ¤��Aæ�Ñ��>f¥�fUÌ§:y�

£7Ú¤�� β PC��A�¡§¢�£çÚ¤�¥�f&ÿì*ÿ���>

f¥�fUÌ"

�ªÑ��
8§�Ñ��Zþ��´ sin2 2θ13�u0.15 [29]"

8c§#���áÄ��Aæ¥�f¢�Ø�
Óæ^
�C&ÿì�éÿþ��

{§±¦-�&ÿìÚ�Aæ'éØ�§¢y°(ÿþ θ13 �8I"y3�3$1�

áÄ��Aæ¥�f¢�± Double CHOOZ [30]!Daya Bay [3]!RENO [31]�Ì��

L"L 1.2�Ñ
ùn�¢��{üëê"

�æ�¥�f¢�u2012c3�8F�k�Ñ
 θ13 Ø�0�yâ [3]"d�§�æ�

Ü�|qk�uL
�°(� θ13 ÿþ(J [32]ÚÌ©Û(J [33]§©ªr3­.c

�"

1.4 ØØØ©©©ááá¿¿¿999(((���

�Ø©�ö�§ë�
�æ��Aæ¥�f¢�Ônêâ©Û�ã�ó�"�©á

vu�ö3Ôn©Û¥�äNó�§òk¤ý­�0���©ÛL§µ

1�Ù�Úó§Äk{ü0�
¥�fÔn�Ä��£ÚI�)û�Ä�Ôn¯

17
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Experiments Location 9õÇ ål ìNpÝ q�þ sensitivity

(GW) C/�(m) C/�(mwe) (tons)

Double Chooz {I 8.5 400/1050 115/300 10/10 0.03

RENO ¸I 16.4 290/1380 120/450 16/16 0.02

Daya Bay ¥I 17.4 500/1615 260/910 40×2/80 0.01

L 1.2: ØÓ�Aæ¥�f¢��'�"

K§,�0�
¥�f��nØ§���Þ
{¤þ�a¥�f¢�"

1�Ùé�æ�¢�?1
0�§�)¢��Ôn8IÚ¿Â!¢�oN5y!¥

%&ÿìÚ�ÎÜ&ÿì��O!¢�Ø�9�#(J"

�oÙ�S0�
�æ�¢�Ôn©Û���6§"

1nÙ0�&ÿì��Ý�Uþ­ï"�)�m�Ý!OÃ�Ý!UI�ÝÚUþ

��5�ó�"�öKI!ë�
�m�ÝÚUþ��5�ïÄ§ò�±­:0�"

1oÙ0�¥�f¯~Ç©Û§�)¥�f�¯~þO!�.�OÚ�Ç�O�ó

�"

1ÊÙ0�¥�fUÌ©Û§�1oÙéA§ò©O0�¥�fUÌÚ�.UÌ"

1o!ÊÙ�ó�§ÑQd�öÌ±mÐ§�ò�¡0�"

18Ù0� sin2 2θ13��#[Ü(J§¿Ð"�æ�¢���5"

,	§I�`²�´§�
JpÔn©Û�O(5§�æ�¢�Ü�|SÜ�á


o�Ôn©Û�|§�gÕá�¤©Ûó�§�ö¤3�pU¤�|§��©ò±0�

pU¤�|�©Û�{!©Û(J�Ì"ù�´��æ�Ü�|©Ù¤æ^��{�(

J"
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111���ÙÙÙ ���æææ������AAAæææ¥¥¥���fff¢¢¢���{{{000

�Ùò{�0��æ��Aæ¥�f¢���N�¹§�)¢��Ôn8I�¿

Â§¢�oNÙÛÚ&ÿì�O§¿�7&ÿì�O?1{�?Ø§��0��æ�¢

���ê?Ð��#(J"

2.1 ���æææ���¢¢¢������ÔÔÔnnn888III���¿¿¿ÂÂÂ

£�1�Ù§¥�f��y��±^ PMNSÝ
¥�8�ëê5£ã§�æ�¢�

±c§����kü��§θ13 =�Ù¥��§� θ13 ����òû½�{���ëê

�ÿþ�{"

�æ��Aæ¥�f¢�=´�|^�æ�Ø>Õ�Aæ+�Ñ��>f¥�

f°(ÿþ sin22θ13"�OÔn8I´\ÈncÚOþ�§390%��&«mþÿþ

sin22θ13��0.01�(¯Ý"

ù�8IéâfÔnuÐ¿Â­�"Äk§sin22θ13 ´¥�f��6�Ä�ëê�

�§�´g,.�28�Ä�ëê��"Ù°(ÿþ�´y8âfÔn7ãþØ�½"�

�¬©ã"Ùg§sin22θ13 ���ò´¥�fÔn¢���©§û½
�5¥�f¢�

�uÐ��"XJÙ��u0.01§K CP»�éJÏLyk�¢�Ããÿþ§I�\�

ìÚ&ÿìEâÑkâ»5�#"��§�´�­��§sin22θ13 ´#Ôn�â»�"

¥�f��´8c*ÿ���ÑIO�.�Ôny�§°(ÿþ·Ü�§U
?�Ú�

½´Ä�3#Ôn§¿òkÏu»)�»/�Ô�����0"
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Æ¬Ø©µ�æ�¥�f¢�¥�f¯~Ç�UÌ�ÿþ

2.2 ¢¢¢���oooNNN555yyy���&&&ÿÿÿììì���OOO

���OOOnnnggg

�æ�¢�´U CHOOZ!PaloVerde�¢���§q��� θ13uåÀÂ�¢�"

�' CHOOZ¢��(¯Ý0.17 [14]§�æ�¢��8I´ÿþ sin22θ13 �0.01�(¯

Ý§'þ��¢�Jp
��þ?±þ§ùé�æ�¢���N�OJÑ
Ø���

�"�æ�¢���¢y8I§7L��3¢�¤�#N�cJe§JpÚOþ!~�

XÚØ�Ú��¢��."�7ù�8I§3�OngþJÑ
±eA�'�:µ

1. �÷r§��AæõÇ"g2010c*e�Ïeó�§�æ�Ø>Õ�8��A

æ§�)�æ�!*e�ÏÚ*e�Ïn�æ+§oõÇ�17.4GW§ Ø­.1�"

dd�5
�þ�>f¥�f¯~§�ÓÏ¢� RENO��'§3ÚOþþké�`

³"¢��O�ýOnc�m§ÚOØ�Ò�±�u0.2%"

2. |^Õ��//`³"�æ�Ø>ÕNC�£)//§ìNpÝA���Az�

Ø�"ÏL�÷��Ú/e¢�e�ò&ÿìS�uìNSÜ§ìNñ�CX�±ü

$�»�Df muonÏþ§l
Ø$ muon�5��."�� RENO!Double CHOOZ

�ÓÏÙ¦¢�§�æ�¢�//`³âÑ§3�Ó����÷¤�e§�±¼��Ð

�ñ�CX§�Ð/���.§?
Jp
¢��°ÝÚ��§Ý"

3. ¥�f&ÿì£AD¤æ^
n�Ó%�Î(�"�S��q�§/C�j�

ð§��¥�f�qÚ&ÿ0�¶¥m��8U�§/CÊÏ�ð§^uÂ81fU

þ§�±�ÌÝJp¥f�&ÿ�Ç¶�	�´�o�§/C¶Ôh§k�¶-
1>

�O+£PMT¤Úg-�U,��5�.§¦�&ÿì�&ÿK��ü$��u�>

f�$�ÈUþ§¦�>f��À�Ç�C100%"Ó�§¦^n�(�k|u�Ù/

½Âq�þ§ò¥�f� β PC¯~�½u¥%q�§;� CHOOZ�¢�¥I��

¯~º:�À
Ú\��	�ÇØ�"d	§�Î/&ÿì�þeà��
���"�

�¡Jp
 PMT�Â1&Ò�áN�§,��¡!�
 PMT§Ï
k�p�/5d

'0"

4. Y³ÚMuon�ÎÜ�O"¥�f&ÿì��uY³¥§±�k��2.5 mþ�

�XY¶-"�XYò±�ñ��U,��5Ø$�z�©��§ñ�¥fØ$30�"

Ó�§Y³¥SC PMT�¤ muon�ÎÜ&ÿì§|^ muonBL�XY�uÑ��
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1�Ù �æ��Aæ¥�f¢�{0

Ô�Å15IP muon§l
�â�m'é�ÎÜ muon3 AD¥�)��."d	§

�æ�¢��¦^{5�¿£RPC¤�¤,�«Õá� muon�ÎÜ&ÿì§¦�»�

�&ÿ�Ç��99.5%±þ"

5. æ^C�:&ÿì�éÿþ��Y"þ���Aæ¥�f¢�£PaloVerde!CHOOZ¤

Ñ¦^ü&ÿì [15] [14]§��XÚØ�5
�&ÿ�ÇØ�ÚýÏ�Aæ¥�f�Ø

�§üöÑ32-3% �m"�æ�¢�æ^�C&ÿì�éÿþ�Y§Ø=3nØýÿ

���4�NCSC&ÿì§�3�æ�ü��AæÚ*eo��AæNC©OSC


C:&ÿì"ù��±-�5g�Aæ�'éØ�§9ý�Ü©�'éØ�"

6. ¦^�Ó&ÿì�¬"�:�ko� AD�¬§ü�C:©OSC
ü� AD�

¬"�C:�Ó&ÿì�±-�&ÿ�Ç'éØ�¶Ó�Õ:��õ�&ÿì�±�p

��&ÿ(J§9�uy&ÿì5U�¯K"

¢¢¢���ÙÙÙÛÛÛÚÚÚÄÄÄ���ÀÀÀ���

�æ�¥�f¢� u�æ�Ø>ÕS"�æ�Ø>Õ�á3¥IH°W�2À�

+��§ u�lÀ�55Z�§å�eÀÜ45Z�"¤?//ÀH¡¡°, Ü�5�p

ì§�p?åØ>Õ3úp§°o707�"�Aææ+�)né�Aæ§z�é�¡��

� NPP £nuclear power plant¤§©O��æ�æ�(Daya Bay NPP)§*eæ�(Ling

Ao NPP)Ú*e�Ïæ�(Ling Ao-II NPP)"z| NPP�)ü��O�Ó�ØYæ"

�âþ�Ù0��¥�f��nØ§�Aæ¥�f�¹AÇ�µ

P (ν̄e → ν̄e) = 1− P12 − P13

' 1− sin2 2θ12 sin2 ∆m2
21L

4Eν
− sin2 2θ13 sin2 ∆m2

31L

4Eν

(2.1)

dª 2.1�íÑ§�Ä��Ý L ' 2 km �§P13 ÓÌ�¶Ä��Ý L ' 60 km

�§P12 ÓÌ�"©OéAáÄ�¥�f¢�Ú¥�Ä�¥�f¢�"ã 2.1�Ñ
�

�AÇÚÄ��'X"�æ��:ÀJ1800 kmNC§� P13 ��4���`zÄ��

Ý"�¢yþ�!�C:�éÿþ��Ong§C:AÀJ¦�U�C�Aæ�/�§

±ÿþ��c¥�fUÌ"

�æ�¢��AæÚ¢�e��NÙÛXã 2.2¤«"3¢SSüþnÜ�Ä
±

eA:µ1¤Xc¤ã§Ä��ÝA3��4�NC¶2¤3ØK�Ø>Õ�~$=�c
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ã 2.1: �Aæ¥�f�¹AÇ�Ä�Cz

Je§C:¦�U�C�Aæ¶3¤¢�:�k¦�Uõ�ñ�CX§~��»� muon

�.¶4¤3S��ócJe§~����Ý§!�¤�"

L 2.1�Ñ
�æ�¢�Õ�Ä�!ñ�CX!&ÒÚ�.¯~Ç��§±9�

RENOÚ Double CHOOZ�'�"ÃØ�AæõÇ!q�þ�´ìNCX§�æ�¢

�Ñ´n�¢�¥�`D�"

2.2.1 ���¥¥¥���fff&&&ÿÿÿììì

�æ�¢���¥�f&ÿì£±e{¡AD¤æ^
n�Ó%�Î(��O§�

»5�g-S@4�Ú3��kÅÀæ-§Xã 2.3"�S��q�§^20ë�j�Nð

cN£±e{¡�ð¤��qÔ�Ú&ÿ0�"�ðL¹ HØ£=�f¤§�±Ú�

¥�fu)� β PC�A"�ð¥�\
�þ'­Ó0.1% �j§�±¦¥f�²þÐ

¼�md200 µsü$��28 µs§ù��� á¯ú&Ò�mm�§k|u~�ó,Î

Ü�."jÐ¼¥f�Ñ� γ oUþ��8MeV§�puU,��5�.£���u3

MeV¤Ú HØÐ¼¥f��Ñ�Uþ£2.22 MeV¤"

¥m��8U�§/C
20ë�ÊÏ�ð§Ì��^´9Ï¥%�Â8 γ Uþ"X

J¥fÐ¼u)3q��>�§
vkÊÏ�ð�{§�Ü© γ ò<ºÑ�§E¤U

þ�¦§��¥f&ÿ�Çeü"�[w« [34]§XJvk¥m�§¥f�&ÿ�Ç�

k75%§
42f��¥m�§=��y&ÿ�Çpu90%"
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Daya Bay RENO Double Chooz

�Aæ

�AæõÇGWth 17.4 16.5 8.5

&ÿì

Near Far Near Far Near Far

Ä� �400m 1648m 290m 1380m 400m 1050m

ìNCX(m.w.e.) 250 860 120 300 120 450

q�þ 80t 80t 16t 16t 8t 8t

�.

ó,ÎÜB/S 1.4% 4.0% 0.56% 0.93% N/A 0.6%

ó,ÎÜ∆B/B 1.0% 1.4% 1.4% 4.4% N/A 0.8%

¯¥fB/S 0.1% 0.06% 0.64% 1.3% N/A 1.6%

¯¥f∆B/B 31% 40% 2.6% 6.2% N/A 30%

9Li/8He B/S 0.4% 0.3% 1.6% 3.6% N/A 2.8%

9Li/8He ∆B/B 52% 55% 48% 29% N/A 50%

α− n B/S 0.01% 0.05% N/A N/A N/A N/A

α− n ∆B/B 50% 50% N/A N/A N/A N/A

Am-C B/S 0.03% 0.3% N/A N/A N/A N/A

Am-C ∆B/B 100% 100% N/A N/A N/A N/A

L 2.1: DayaBay!RENOÚDouble CHOOZn�¢��ÙÛ'�
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岭澳近点

大亚湾近点

远点

ã 2.2: �æ�¢���AæÚ¢�eÙÛ"¢�e�m±��ë�"

ã 2.3: ¥%&ÿì«¿ã"&ÿì�n�Ó%�Î(�"�p���j��NðcN§

¥m��ÊÏ�NðcN§�	��¶Ôh§1>�O+��3¶Ôh¥"��

�m^pß1Ý�kÅÀæ-�m"&ÿìþXkn��ÝÚÄ6C�"

�	���o�§CkC40ë�xh§Ì��^´¶-1>�O+9Ù|e!g-

�U,��5"xhþÝ50 cm§U,��5¥� αÚ β âfÃ{BL§
1 MeV� γ
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1�Ù �æ��Aæ¥�f¢�{0

�¬�P~��©��"d�§&ÿìK��±S��ü$�0.4 MeV�m§¦�>f

�&ÿ�ÇÄ��100%"

z� AD SCk192�8=�� hamamastu R5912 1>�O+§©�8�§z

�24�§SC3&ÿìg-S9þ§1Ò?CXÇ��12%"g-þeàSC��

�§3k���¤��cJe§Jp
1Â8�Ç"

�æ�¤^�ð7L÷v��¦kµ£1¤�Ï­½5Ð§�)1DÂ5�Ú�j

�­½5¶£2¤1����ó¬N���¶£3¤P~�Ý�u10 m¶£4¤$U,�

�5Y²¶£5¤þ!�j©Ù¶£6¤Ó�1g)��y¤k&ÿì¦^����ð"

©z [35]¥�[Øã
�æ��ð���ÀJÚ1þ)�"

&ÿì��Ý´n)&ÿì�A�'�"�ÝXÚ�)gÄ�Ýü�£Automatic

Calibration Units§±e{¡ ACU¤§AÏgÄ�Ýü�£Special Automatic Calibra-

tion Units§±e{¡ Special ACU¤ÚÃÄ�ÝXÚ£Manual Calibration System§±

e{¡MCS¤"

z�ADkn�ACU§ÑSC3&ÿìºÜàXþ§�� u&ÿì¥%§�� 

u�j�ð>�£R=135 cm¤?§�� uÊÏ�ð«�£R=177 cm¤"ACUSÜ

kn��Ý
Ú�� LED§ÏL=�=Ä�±ò��§S�½��Ý
�\&ÿì"

z�
Ñ�±3R���gd£Ä"n�
©O�68Ge§60Co Ú241Am−13 C§Ù¥�

üö���uÓ��CS"

Special ACU �(�� ACU ��§«O3uÙ¥��Ý
��� 40K, 55Mn,

137Cs, AmBeÚ PuC
"ù

Ì��^´�Ïn)&ÿì��5"Special ACU=

u2012cgU3 AD1Ú AD2þ?1
êâæ8"

MCSd��ç¶Ú��î:|¤§
��uî:¥"ç¶��î:R���Ú Φ

���£Ä§î:��
3 R���£Ä"MCS¦^�
� PuC+60Co
§PuC�

prÝ¥f
�±ïÄ¥f&ÿ�Ç§
 60CoÌ�^u&ÿìUþ�A�ïÄ"Ï

Å���§
3R��£Ä���´20 cm�135 cm§3 Z�����´-1.4 m�+1.2

m§Φ���±CX360Ý"

���ÎÎÎÜÜÜXXXÚÚÚ

�æ�¥�f¢�¦^
Y�Ô�Å&ÿì£Water Cherenkov Detector¤Ú{5
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�&ÿì£Resistent Plat Chamber§±e{¡RPC¤ü@Õá��ÎÜXÚ"

ã 2.4: �æ�¢�eSÙÛ"�ã�ý¿ãµAD	kü�Y³§Y³þ�CX RPC

�¬"mã��::À�OãµY³æ^l�/(�"

ã 2.4��æ�¢�eS�Oã"Y³�O¤l�/§8�´3Øã+&ÿ5U�

cJe(�YÌ�Ãk� [36]"Y³¥md Tyvek����¤S	ü�§S	�ÑSC

k1>�O+§þ�&ÿ muon"©�S	V��`:´�±©O&ÿ muon¿�p�

�"8cÏL¢�êâ©Û§Y³émuon �&ÿ�Ç��99.8% ±þ§�L
Y³�

�O�I95%§��Ñ
Y³Ú RPC�éÜ�O�I99.5%"

Y³þÜÁk RPC"RPC ´d2 m × 2 m ��¬|¤§¿3����'Y³ 

	ò�CX 1 m"z� RPC�¬Ñd4� RPCà¿|¤§z� RPCà¿�&ÿ�Ç

390%±þ§o� RPCÏLoÀn�Ü6�À�±��98%±þ�&ÿ�Ç"RPC�

ÖÑ^æ^îçm�üÙ§éBL� muon�º:­ï°Ý��15 cm§Ïd�±ÚY

³(Ü�ÑéÐ�­ï(J"ã 2.5��:¢�ey|ì¡"

>>>fffÆÆÆXXXÚÚÚ

�æ��>fÆXÚ�OµãXã 2.6¤«µ�) ADÚY³¥ PMT¤��cà>

fÆ£FEE¤!RPC�cà>fÆ£FEE¤!>uXÚ£�)�/>u� LTBÚéÜ

>u�MTB¤±9�¨XÚ�|¤Ü©"

1>�O+£PMT¤�ÑÑ&Ò²L Decouplor �pØ©l�§�x\cà>

fÆXÚ£FEE¤"FEE ?n PMT &Ò§Äk�>u�Jø¯&E�>u�À§

�æ�¢�¦^
ü«>u�ªµPMTÂ¥�ê>u£NHit¤Ú�[&Ò¦Ú>u
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ã 2.5: �:Y³y|ì¡"

ã 2.6: �æ�>fÆXÚ«¿ã

£ESum¤"ÏLN���>u��>u^�§¤k AD�>uK��±��§�0.4

MeV">u��ä¯~ÏL>uK�§¬�"� FEEòT¯~éA�z� PMT&E

�\��§¿ÏL ADCÚ TDC?n1>�O+�ÑÑ§?1>ÖÈ©!�ê=��

Ñ>Ö�§Ó�°(�Ñ1>�O+Â¥�éu>u��m"���È\��½þ�§

êâ¼�XÚ�>u§ò��êâÖÑ¿���Ôn¯~"
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�æ��>fÆ�O¥§��Ôn¯~� FEEÖÑI�±Y1.2 µs§Ù¥é��1

>�O+Â¥�È©�m±Y�100 ns§¤±��ÖÑI�¥�Ukõ�Â¥P¹"

2.3 &&&ÿÿÿììì¥¥¥���ÔÔÔnnn¯̄̄~~~

2.3.1 ���¥¥¥���fff¯̄̄~~~

þ�Ù®²0�§¥�f¢��±ÏL� β PC£ª 1.3¤5&ÿ¥�f§�æ�

¢��´Äuù��n"�¥�f3&ÿì¥��fu)�A§)¤�é�>fÚ¥

f§T�A�K�´1.806 MeV"Ù¥�>f¬3�~á��mS£��u1 ns¤�È

ÄU¿�>fu)�«§/¤¤¢¯&Ò"¥f3�j�ð¥K±²þ28 µs��m�

Gd½ö HÐ¼§�ÑoUþ�8.05 MeV½ö2.222 MeV� γ§/¤¤¢ú&Ò"�>

fÚ¥fäkA½Uþ±9�m�§/¤'é¯~"ù«'é¦�¥�f¯~«OuÙ

¦¯~§Ï
âU�OÑ5"

2.3.2 ���»»»��� muon999ÙÙÙfff¯̄̄~~~

�æ�¢���õê�.ÑÚ�»�muon9Ùf¯~k'"

�»�muonBL&ÿì�§3�ð¥¬u)>l�^§3Ù»,þ�ÈUþ��2

MeV/cm§��¡���>lâf"

Ó�§muon��U��fØu)�p�^§ò�fØ£Ì�´12CØ¤��§�)

�X��'12C��Ø�§X 11C!9Li!8He!9B�§Ï~�¬��¥f�)§¥f¬

3&ÿì¥-E�fúz§�À�fí-u/¤¯&Ò§úz��¥f�Ð¼�¤ú&

Ò§Ò¬/¤¤¢¯¥f'é�."muon�Ñ�Ø�¬PC§PC¥�Ñ�pU β Ú

γ§Uþ�¥f� GdÐ¼�Ñ� γ Uþaq§�U,��5ó,ÎÜ�/¤ó,ÎÜ

�."
 9Li!8HeK¬u) β − n?éPC§�¬/¤'é�."

d	§e muon3&ÿìSUþ���È§Kk�U��fØÐ¼"Ð¼�§Ï

muon��PÏ310−6¦þ?§é¯¬PC§�ÑUþþ���38 MeV����>f

±9ü�¥�f"
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1�Ù �æ��Aæ¥�f¢�{0

2.3.3 UUU,,,������555

U!Th!K´�g,p�~��U,��5��"�æ�¥�f¢�¥�U,��

5¯~Ì�5gu�PÏ3108 �1010 c� 238U!232Th!235U Ú40K �PCó"

ã 2.7�Ñ
 238U!235U Ú 232Th�PCó§ã 2.8� 40K �PC�"Ù¥ βPC

�Ñ�>f�ëYÌ§
 αÏ��Uþ�$
8¥�UÌ1 MeV�m9±e"XJP

CfØ?u-u�§�¬�� γ§;.� γ Uþ� 40K éA�1.46 MeVÚ208T l�2.61

MeV§3&ÿì�U,��5UÌ¥�~²w§�æ�¢�¥¤k¯~�oUÌXã

2.9¤«§Ù¥U,��5¸ �©²w"

ã 2.7: 238U!235U Ú 232Th�PCó

ã 2.8: 40K�PC�
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E
nt

rie
s 

/ M
eV

210

410

610

810

910

K40

Tl208

n Gd-capture

AD1

AD2

Energy (MeV)
1 10 210

A
sy

m
m

et
ry

-0.4

-0.2

0

0.2

0.4

ã 2.9: �æ�¢�¥�f&ÿì¥��UÌ§�±�ß�w�U,��5¥;.� γ

¸"

d	§Ï 238U �PCó¥k 222Rn§�*Ñ��í¥¿×�PC��PÏ26c�

210Pb§du�PÏ��O 210Pb¬�þÈ\"210Pb²Lüg βPC¤�210Po§210Pou

) αPC§αUþ´5.3 MeV§²L|«�3&ÿì���Uþ�k0.5 MeV§=/¤


ã 2.9¥0.5 MeVNC�¸"

2.4 ¢¢¢���???ÐÐÐ������###(((JJJ

2011c12�24F�11�§�æ�¢��ªm©Ôn�ê"�æ�¢�n�¢�e�

SC6� AD§Ù¥�e3�§�æ�Ce2�§*eCe1�"�ªæ8^u¥�f��

©Û�Ônêâ§´�æ�¢��I\�m:"

2011c12�24F�2012c7�28F§�±n�¢�e�­½$1§Ôn�ê�m�

L90%"

Ïm§�æ�¥�f¢�u2012c3�8F�k�Ñ
 θ13 Ø�0�yâ [3]§¤
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^êâ�2011c12�24F�2012c2�17Fêâ�O55 U"d�§�æ�Ü�|q

k�uL
�°(� θ13 ÿþ(J [32]§¦^
2011c12�24F�2012c5�11F�

O139U�êâ"CÏ§�æ�quL
¥�fUÌ©Û(J [33]§�2011c12�24F

�2012c7�28F6 AD�ªe��Üêâ§�O217U"

2012c7�28F�10�19F§gG�o§SC�{�ü�¥%&ÿì¿?1&ÿì

�[�Ý"

2012c10�19F�8µ8�ADm©Ôn�ê§ýO$1nc±þ"

�â�æ�¢�Ü�|�#uL�(J [33]§¥�f��·Ü� sin22θ13 �

�0.092± 0.008"ù´î8��­.þuL�é θ13��°(ÿþ�"
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111nnnÙÙÙ ���¥¥¥���fff&&&ÿÿÿììì������ÝÝÝ���­­­ïïï

�ÝÚ­ï´êâ?n�1�Ú§�´Ôn©Û(JO(���Ä:"�Ùò�¡

0��æ�¥�f¢�¥��ÝÚ­ïL§"�m�ÝÚ�ðé>fUþ��5�A�

Õáÿþùü�ó�þd�öÌ±�¤§ò���[�0�"

3.1 Flasheryyy���

PMT� Flashery�§¥©�±�È¤/�»0§Nõ¦^ PMT�¢�ÑQ�

�aq¯K"Flasher¯~��´�&ÿì¥,� PMTgCu1"pUÔnïÄ¤�

§ûêÚë�"²L*	§o(
 Flasher¯~��
A:µÏ~k��5§�é§

� PMT¬Â��õ1f§Ù§ PMTKvk�&Ò¶Flasher PMTg��¬k��&

Ò"¢S*ÿ�� Flasher¯~>Ö©ÙXã 3.1¤«"

Äuù�A�§�æ�¢�ÏL/>Ö��{05�O Flasher¯~§½ÂCþ

Quadrant =
Q3

Q2 +Q4
(3.1)

§Ù¥§ Q2!Q3 Ú Q4 ´�ØÓ��§ò24� PMT �©�
4���§>Ö

�� PMT £3��� Q1 §üý��ü���� Q2 Ú Q4§é¡���� Q3"Ø


 Quadrant Cþ§��±|^��>ÖÓo>Ö�'­5�O Flasher ¯~§P�

MaxQ = Qmax/QT"|Üþãü«�{§�ª�æ�¢�^Cþ Ellipse5�Ï£O

Flasher¯~µ

Ellipse = lg[(
Quadrant

1
)2 + (

MaxQ

0.45
)] (3.2)

33



Æ¬Ø©µ�æ�¥�f¢�¥�f¯~Ç�UÌ�ÿþ

ã 3.1: �æ�¢�*ÿ�� Flasher¯~3&ÿìS�>Ö©Ùã

ã 3.2w«
 EllipseCþ�©Ù§�±w�0NCk²w©."� Ellipse > 0§¯

~Ò¬�IP¤ Flasher¯~§du Flasher¯~¿Ø´·�I��Ôn¯~§¤±ù

«¯~3Ôn©Û¥¬aL"

FID of delayed candidates
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

E
nt

rie
s

-510

-410

-310

-210

-110

1 AD1
AD2
AD3

AD4
AD5
AD6

ã 3.2: �æ�¢�¤^� Flasher�Oþ Ellipse"

�æ�¢�Äg5¿� Flasher��3´3é'ØÓ AD��UÌ�§Xã 3.3�

ã§5¿� AD1Ú AD2UÌ36 MeVNCk²wØÓ§,
&ÿì��O´�Ó�§

�nþUÌA�Ó§�U,��5!�»�¥f�Ôn¯~�¸ �Ñ�±��"�O

�k�U5g&ÿìg�"�ª(@�´�O PMTu) flashery���
�O§3¦
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^
 flasher cut�§Xã 3.3mã§AD1Ú AD2�UÌ��¬Ü"

ã 3.3: AD1Ú AD2�UÌ'�"�ã�¦^ flasher cut§mã¦^
 flasher cut

Úå PMTg�u1��Ïÿá��§ØÓ¢���UØÓ"{I LBNL¢�¿�

Yasuhiro Nakajima�<3V¿¥^ì�ÅP¹
�æ�¤^ PMT� Flashery�§X

ã ??§�ã´ PMT'4G��éìã§mã´ PMTó��çV¥û��ì¡§�±

w�u1: u PMT� baseþ"

ã 3.4: LBNL¢�¿ûì���æ�PMT Flasher �ã�

3.2 ���mmm���ÝÝÝ

�æ�¢�æ^ TDCP¹z� PMT�Â�1f���Ú�&ÿìuÑ>u&Ò

����m��m�"�æ�¤^ TDCz�éA1.5626 ns§du�m^Sþ1f�

� PMT3k§>u3�§¤± TDC���KL«ù� PMT�@��Â�1f§=
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TDC�êÚ�m�=�Ïf� -1.5625 ns/TDC�"z� PMT¤� TDC�ÖÑ�§Ñ

�¹õÜ©��m�z§�±^ª 3.3£ãµ

ti = t0 + ttofi + toffseti + tslew(Q) (3.3)

Ù¥§ ti ´1 i� PMT� TDCÖÑ§ ttofi ´1fl¯~º:�1i� PMT��

1�m¶ toffseti ´�m £ëê§duM�o�3[��É§ØÓ�� TDCP¹�

m¬k £§Ï~´�Ø��mCz��½�§ù´·�I��Ý��mëê��¶

tslew(Q)L«�m1r�A§Ù�)´du TDCÏ~��LK�m�ä¯~å©�

m§�¢S´k�O�§�Ú&ÒÌÝk'" t0 3Ônþ�±n)�¯~ý¢u)�

mÚ>u�m�m��É§�¢SA^¥§·��'%�� PMT�éu>u��é�

m�§dd�í�Ñ¯~º:� PMT�ål�§l
­ïÑ¯~º:" t0 �±�?

¿�½ £�§
¿ØK�¯~­ï"Ïd§·�3êâ?n��±ÀJ4 toffseti Ú

tslew(Q)¥é�� PMTÑ�Ó�Ü©��¹3 t0 p§ toffseti Ú tslew(Q)=L« PMT

�mk�é�É�Ü©"

3.2.1 ���mmm   £££���ÝÝÝ

�æ�¢�|^ LED5�¤�m�Ý"òLED�u&ÿì¥%§^A½>Ø£Ï

~�-8 V¤°Ä LEDpªðcu1§Ó�ì�¤k PMT"ÀJ°Ä>Ø�A4 LED

&Ò�é�r§ù��±4ØÓ PMT�Â��C�1fê§l
4ÑÑ>Ö Q�É�

�§K�m1r�A�5��m�É tslew(Q) ' 0§·��±`k½Ñ toffseti µ

toffseti = ti − t0 − ttofi (3.4)

�m £ toffseti �äNÚ½�µ

1�Ú§ÀJÜ·� LED�Ý run§Ï~� ACU-A LED u AD¥%§LED°

Ä>Ø�-8 V� run"kA^ÐÚ TDC]À§�¦ TDC�ê3(900, 1100)��S§ù

��±�Øõg>u¯~"=²LÐÚ]À���© TDCÑÑXã 3.5¤«§Cq�°

�20��þ!©Ù"ù�20�©Ù5g t0§du>u��¨�æ�ªÇ�40 MHz§�

ó�>u�m�°Ý��25 ns§>u�mÚ¯~ý¢�m��OÒ¬NyÑ25 ns�m

�þ!©Ù"
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ã 3.5: LED run¥��© TDC©ÙÞ~"

1�Ú§O��1�m"ÏL ACUXÚ�� LED§�±°(�� LED��I§

O� LED� PMT�m�ål§��O�Ñ�1�m"ã 3.6Ð«
?�L�1�m�

TDC©Ù§du LED u&ÿì¥%§�� PMTål�O��§�1�m?���

TDC©Ù��© TDC©OÄ���§EkC20�°Ý"

1nÚ§�Ø t0"ù´�­���Ú§lÔn¿Â5w§t0 éJO(¦Ñ§Ï�·

�Ã{��¯~u)�O(��"Ð3l�m�Ý�8�5w§·�#Nk�½� 

�"·�æ^
ü«�{5�O t0§¿�p�yµ

�«�{´^zg LEDu1¯~¥§?��1�m��¤k� TDCÖê�¥ ê

�� t0§�=ò¯~�mCq��Ø�1�m� PMT�Â1f�²þ�m"ùp�¤

±Ø^ TDCÖê�²þ�§
^¥ ê§´ÑuÔnþ��Ä§PMTkVD(!�

óÀ�A5§�� TDCk�P¹��m¿�éA LED¯~§4à�¹e²þ�k�

Uk §
¥ ê�;� �"

,�«�{K´��
��/ë��0§Ó���´ TDC§3� LEDxÑ°Ä>

Ø�Ó�§�x��óÀ&Ò�ë��§±ë��� TDCÖÑ�� t0"

1oÚ§[Ü�m £ëê toffseti "ã 3.7� toffseti �[ÜÞ~"[Ü�æ^
Ø

é¡pd¼ê§Ï� TDC¸ k�UÉ�óÀ�K�§[Üc÷��O("
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ã 3.6: ?�L�1�m� TDC©Ù"

ã 3.7: �m £ëê[ÜÞ~"

�ª��� toffseti ëê¬±L�/ª�\êâ¥§ã 3.8K±����ã�/ª

���*�Ð«�Ýëê(J"Ù¥§Board 17 ¤ë PMT�2=� PMT§ØÓuÙ

¦8=� PMT§¤±�Ýëê�k��ØÓ"
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ã 3.8: �m £�ÝëêLÞ~"

3.2.2 ���mmm111rrr���ÝÝÝ

LBNL� PedroÚ Herb�\ïÄ
�m1r�A��Ý"�m1r�ÝÚ�m 

£��§E,¦^&ÿì¥%� LED?1�Ý§��
°Ä>Ø×£§�æ10�ØÓ

>Ø§¦ ADC�Öêl0Cz�6000"

Äk§aq�m £�ÝL§§�Ø t0Ú ttofi "�Ø�� TDCÚ ADC��©ÙX

ã 3.9¤«§�±*	��m1r�A3 ADC������²w"

[Ü�m1r'X tslew(Q)¦^
²�úªµ

f(x) = p0 + p1 exp(−p2x) + p3 exp(−p4x) + p5 lg x (3.5)

Ù¥§ p0 �Ôn¿Â=þ�!��m £ëê§Ù§ëê9¼ê/ªK´²L�

E}Á`z����²�/ª"ù�²�úª�±�Ð£ã�m1r�A§ã 3.10�

[ÜÞ~§[Ü��� χ2/ndf 3�õê�¹eÑ�u3"éu�u3��¹��
u

�§Ï~´k�OÚOþ�$�:Úå�§¢S[Ü�JE,�±�É"

�Ý�¤��±^ØÓ1r� LED run5uÿ�J§ã 3.11�Ñ
�Ý�� TDC

©Ù§RMS�u1 ns§=�ª��Ý�J�±4�m°Ý��B¦þ?§U÷v­ïI

�"
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ã 3.9: �Ø t0 Ú ttofi ��� TDC � ADC ��©Ù¶î¶� ADC �§p¶� TDC

�"

ã 3.10: �m1r[ÜÞ~

3.3 UUUþþþ­­­ïïï

&ÿì�Uþ�A3�æ�¢�¥´���'­��¯K"AD�Uþ�A�X�

m!¯~3&ÿì¥¤? �!âf«a!�ÈUþ£=Uþ���5�A¤�Ï��

ØÓ§Ñ¬k¤ØÓ"Uþ­ï�8IÒ´?�ù
Ï��K�§ò ADUI�Ø(½

Ýü��$"

40



1nÙ �¥�f&ÿì��Ý�­ï

ã 3.11: �Ý�� TDC©Ù"

3.3.1 OOOÃÃÃ���ÝÝÝ

é&ÿìUþ�A�@£Äk�l PMT�OÃ�Ým©"pUÔnïÄ¤�uL


�¤
ù�ó� [37]"PMTOÃ�½Â���1>f£{�� p.e.¤éA� ADC�

ê"Úþ�!�m�Ý�q§OÃ�Ý�´^ LED���Ý1
§�«Ou�m�Ý

�´§OÃ�Ý¥ LEDuÑ�1A�f§¦z� PMTÑ��Âü�1>f",�[

Ü ADC�ü1>f¸§ÒU�� PMT�OÃ"

PMTOÃ�Ý(JXã 3.12¤«µ�ã��g�Ý¤k PMTOÃ�ÚO��ã§

�±w��æ�¢�¤^ PMT�OÃ�20�m¶mã��ã�mOÃ�ÅÄ�¹"�

æ�¦^ LED�Ý�ªÇ�z±�g§Ï~�¹eOÃ��­½§�zg>fÆä>

­é�§OÃÑ¬[�UC"

�Ä� LED�ÝªÇ�$§1eüg�Ýmu)­éXÚ��¹§�Ýëê�U

ØU9��#"{I BNL��)�<JÑ
,�«OÃ�Ý�{§=¦^VD(5�

Ý"Ï~VD(���Cq�ü1>f&Ò�m§�±^5�Ý"ùp^
�«|©�

�{5¼�VD(&Ò§PMTÂ¥���>u����mm�©ÙXã 3.13§�±w

Ñ§ý���ðu1¯~Ï~3-1650 ns��§-1750�-1650 ns�m�&ÒÌ��VD

(§�^u�Ý"d{z2���ÚOþÒv
�¤�g�Ý§Ïd�¢�i�OÃC
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ADC
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19.4 DYB-AD1-LED Calibration Gain

DYB-AD2-LED Calibration Gain

ã 3.12: �æ�1>�O+OÃ�Ý(J�ÚOã�­½5

z"�´d{½k":§VD(&ÒØU���Óuü1>f&Ò§¬kXÚ5 �§

7LÚc�«�{�p<y�å¦^"

Relative PMT hit time
-1800 -1600 -1400 -1200 -1000 -800 -600

610

710

ã 3.13: PMTÂ¥���>u����mm�©Ù

3.3.2 UUUIII���ÝÝÝ

OÃ�Ýò ADCÑÑ=z¤
1>fê§
ò1>fêéA�Uþþ�Ú½Ò´
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UI�Ý"�æ�¢�À^ 60Co��
���Ý
§� LED���±ÏL ACUXÚ

�\&ÿì¥%"UI�Ý�ó��dpU¤�uL
�¤ [37]"

&ÿì�UI½Â�&ÿì¥%�1 MeVâfUþ�ÈéA� PMT�Â��o1

>fê"UIÉ&ÿì§Ý!�ð1��Cz�K�
Cz§I�½Ï�Ý"�æ�¢

���ÝªÇ�z±�g"

�Ý
ÀJ¦^ 60Co
§ÙPC�XL??¤«§PC¤­½� 60Ni§�Ñ�� β

âfÚü� γ âf"Ù¥� β ¬���
�C�áÂ	4§γ K?\&ÿì�ÈUþ"

ü� γ �oUþ�2.506MeV"�æ�¢�¤^ 60Co
¹Ý�100Bq"

Isotopes (half life) Qβ − Eγ Branching ratio

60Co (1925.1 d) 317.9 1.17+1.33 1

↓

60Ni (stable)

L 3.1: 60Co�PC

60CoUÌXã 3.14§[Ü¸ �ÀJ
ü«¼êµ£1¤CrystallBall + Gaussian§

Xã 3.14¥¤Ð«¶£2¤Øé¡Gaussian"CrystallBall [38]�±^5£ã¹Uþ�¦

�UÌ§/ªXª 3.6

f(x;α, n, x̄, σ) = N ·


exp(− (x−x̄)2

2σ2 ) for x−x̄
σ > −α

A(B − x−x̄
σ )−n for x−x̄

σ ≤ −α
(3.6)

Ù¥

A =

(
n

|α|

)n
· exp

(
−|α|

2

2

)
B =

n

|α|
− |α|
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31�«¼ê[Ü¥ CrystallBall^±£ã�U¸§Gaussian£ã γ 3
�S�U

þ�È"ü«¼ê[Ü(JÄ���§[ÜØ��O�0.1%"

 / ndf = 614.6 / 862χ
Prob       0

   α  0.066± 1.206 
n         4.751± 6.417 

1 x  0.2±   397 

1  σ  0.11± 21.64 

N1        15.6±  2752 

N2        2.829e+03± 3.173e+04 

2 x  2.3± 256.8 

2  σ  2.51± 44.34 

p.e.
0 100 200 300 400 500 600 700 800

0

500

1000

1500

2000

2500

3000
 / ndf = 614.6 / 862χ

Prob       0
   α  0.066± 1.206 

n         4.751± 6.417 

1 x  0.2±   397 

1  σ  0.11± 21.64 

N1        15.6±  2752 

N2        2.829e+03± 3.173e+04 

2 x  2.3± 256.8 

2  σ  2.51± 44.34 

ã 3.14: 60CoUÌ�[Ü§[Ü¼ê� CrystallBall + Gaussian"

ã 3.14[Ü���¸ ´397.0 p.e.§��ÑUI�158.4 p.e./MeV"ã 3.15�Ñ


l2011c12�24F�2012c7�28F�m§�=�æ�¢�6 AD�ª�ê�ã§��&

ÿìUI�­½5�¹"�±w�ØÓ AD�UI¬k¤ØÓ§��Ñ3165 p.e./MeV

NC"3ù8��¥§�&ÿìþü$
1%�2%§eü�Ïkü«ßÿµ£1¤�ð1

��eü¶£2¤�ðP~�Ýeü"k�O:kaÄ§K´éA,
 PMTD(&Ò

Cõ
�½'4��¹"

ÏLé'ØÓ��
�UÌ¸ !�ð¥ PoPC�)� αâfUþÚ¥f3 Gd

þÐ¼�¸ §·��±�O ADUI��'éØ�"Xã 3.16§ã¥ØÓ¯~a.^

ØÓ/G�:IÑ"þ� Pad¥î�I� AD?Ò§p�I Asymmetry½Â�

Asymmetryi =
Ei − ΣEi/6

ΣEi/6
(3.7)

Ù¥§ Ei�1 iÒ ADéïÄ¯~UÌ¸ �[Ü�"�±w�é8� AD^ØÓ

�Ý
­ï�Uþ�OÑ30.5%±S§�ØÓ ADm��ÉéØÓ¯~5`ª³��"

e� Pad¥î�I�­ïUþ§�±w�3ØÓUþã§¤k ADUþ�A��OØ�

L0.5%"nþ¤ã§ADUI��'éØ�½�0.5%"
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31 Dec 02 Mar 02 May 02 Jul

p.
e.

/M
eV

155

160

165

170

175

180

AD1

AD2

AD3

AD4

AD5

AD6

ã 3.15: &ÿìUI��m�Cz£2011 c12�24F�2012c7�28F¤"

AD Number
1 2 3 4 5 6

A
sy

m
m

et
ry

-0.004

-0.002

0

0.002

0.004

0.006

0.008

0.01
IBD n-Gd

Spa n-Gd

αPo 215

αPo 214

αPo 212

Ge68

Co60

Am-C n-Gd

Reconstructed Energy (MeV)
0 2 4 6 8 10

A
sy

m
m

et
ry

-0.006
-0.004
-0.002

0
0.002
0.004
0.006

ã 3.16: '��� AD�m�«O

3.3.3 UUUþþþ������555���AAAïïïÄÄÄ

c©®²Qã§�æ�¢�ÏL� β PC5&ÿ¥�f§PC�Ô�>f�r¥�
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f�Ü©Uþ§·��±l�>f�UÌ�íÑ¥�fUÌ§¤±�>fUþ�°(

ÿþ�'­�"�>fÄkÏL>l�^3�ð¥�ÈÄU§,�Ú>f�«�Ñü

�0.511 MeV�1f"1f3�ð¥ÏLxÊîÑ���Uþ"xÊî>fqÏL>l

�^3�ð¥�ÈUþ"¤k�ÈUþÑ¬=z¤ðc1f¿� PMTÂ8"PMTÏ

L1>�Aò1&Ò=C¤>&Ò">&Òx\ ADC§�¤>ÖÈ©¿ò>&Ò=�

¤êi&Ò§øÔn©Û<
©Û"

3ù�Uþ�Ônêâ�ó^þ§��5�5
Ì�kü�¡§Ù�´�ð�Uþ

�A§Ù�´>fÆ�?n§e¡ò��0�"��5ïÄ��E,§�æ�¢�8c

��(Jvà
õ Ü�|¤
�%É§½Ny
�æ�¢��ISÜ�A:"

���ððð���������555

8c®�¬E¤�ðUþ��5�Ì�kü�Ï�§©O´|«�AÚ�Ô�Å

�A"20­V50c�§J. B. Birks�éØÓâfÿþ
�ð�Uþ�A [39]"3ÿþ¥

Birksuy§�ðuÑ�ðc1�uâf�A�È�Uþ§ù«Uþ��5�A�8Ï

u|«�A§¿o(
²�'Xµ

Evisible =
Etrue

1 + kB(dE/dx)
(3.8)

Ù¥§ Evisible ´�ð¥���Uþ§ Etrue ´âfA�È�ý¢Uþ§ kB �¡�

Birksëê§ù�ëêÚ�ð¤©k'§ dE/dx´âf3ü ´»�Ýþ�Uþ��§

Úâf�«ak'"ù�²�'X�¡� Birks’ law"

3�C�c§KamLAND¢�5¿�§éu>f§Birks’ law¿ØU��)º�ð

���5Uþ�A§²L¦��¢�ïÄ§uy�Ô�Å�AéUþ��5�k�z

[40]"�Ô�Å�A´��âf30�¥��Ý�L1��§¬uÑ�Ô�Å1�y

�"�Ô�Å1��´b	1§�3�ð¥�¬u)áÂ­u�L§§=C¤ PMT¯

a���1"ù��Ô�Å1Ò¤
>l�A�	�q�«�ðu1�ª"éuUþ�

L�Ô�Å�AK��>f5`§3�ð¥�)�1f�õ"

>>>fffÆÆÆ���������555

�æ�¢�¥�>fÆ��5§Ì�5
u ADCé PMT&Ò��ê=�"�g
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>u���ÖÑI��Ý�1200 ns (l-1800 ns�-600 ns)§ADC�Ï¸�m´300 ns§

Å/È©�m��100 ns§�3�g>uI�¥§PMT�U��½kõgÂ¥§¿�

�õ� ADCÈ©�§3ÀJ¦^=
 ADCÈ©��Ò¬Ú\��5"

c©®²Ð«L PMT�é>u�Â¥�m©Ù§Xã 3.13§l��mU�m^

S§��¸�g�µ1��¸�Ôn¯~�5�Â¥&Ò§1��Ú1n�¸K´

PMT �g�� Ringing Ú AfterPulse ��AÚå��óÀ"d	§�k��ëY²

�§´VD(Úå�"·�I��==´Ôn¯~�5�ý¢Â¥&Ò§7LÏLÜn

�ÖÑI�ÀJ±~��Ôn¯~�Z6"

ÏLcÏïÄ§�æ�¢�Ôn©Û¥]À¦^[-1650 ns, -1250 ns]ùã�mI�¥

�1��Â¥§��ÿÀÔnÂ¥"d�§éu1 MeV�¯~§VD(ÓoÂ¥ê�'

~�u0.3%§éu2.5 MeV�¯~§T'~�u0.1%§�VD(�K���Ñ"

3cÏïÄ¥§uy�ð�u1�±©��k²þ�mA ns�¯¤©Ú²þ�m

A� ns�ú¤©"Ï�m�ÝÑ�u ADC�Å/È©I�§¤±�±È©3�å��

�gÂ¥¯~"�´§�Xé�ð�ïÄ�\§quy
�«�ú�¤©§u1²þ�

m�u100 ns§Xã 3.17¤«§3pU¤?1�Õá¢�ÿþÚ5g AD¥�êâ��


���(J"

ã 3.17: �æ��ð¥�n«u1�m¤©§�ã�pU¤¢�¿ÿþ(J§mã��

æ�¢� AD�êâ

ù«�u100 ns�4ú¤©3ØÓUþ�¯~¥§�À\ÿÀÔnÂ¥�'~Ø

Ó§Òk¬Ú\��5"äN5`§3�pUþ¯~¥§¯¤©�)�1fv
õ§

�±Â¥¤k PMT§Kú¤©1fÑØ¬�O\ÿÀÔnÂ¥¥"
3�$Uþ¯~

47



Æ¬Ø©µ�æ�¥�f¢�¥�f¯~Ç�UÌ�ÿþ

¥§¯¤©�)�1fØv±Â¥¤k PMT§kÜ© PMTþvkÂ¥§,��4ú

¤©1fÂ¥§K4ú¤©1f¬�O\ÿÀÔnÂ¥§�'�eo1>fêÒ�u=

O\¯¤©��/"?
��>fÆ��5��)"

������555???������...

��5U¤Ï�©��ð��5Ú>fÆ��5§3?���}Á©Oé�ð��

5Ú>fÆ��5?1ï�"

Äk0��ð��5?��."

c¡J�§�ðéØÓâf¬kØÓ���5A�"�æ�¥�f¢��&ÿ�

β PC�)��>fUÌ§�>f�Uþ�È�)üÜ©µÄU�ÈÚ�«�)�ü

�0.511 MeV� γ "ÄU�È���5nØþÚ>f��5�Ó"
éu γ 
ó§Ù3

�ð¥ÏLxÊî�A!>fé�AÚ1>�A�)>f½�>f"ÏLMC�[ γ �

)�>fUÌ§=�ò γ ��5=��>f��5"ØÓUþ� γ �)�>fUÌXã

3.18¤«"�½ γ ý¢Uþ§²L��5?��� γ ��Uþ�Tã¥>fÄUÌ�>

f��5�òÈ"nþ¤ã§·�I�(½�´>f���5"

ã 3.18: γ�)�>fUÌ

éu>fUþ���5§�æ�¢�}Á^ØÓ�.£ã§�p��±~�XÚØ

�"�Ì���.küa§�a´²��.§©z [33]¥� nominal model=áud

aµ
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fscint =
Evis
Etrue

=
p0 + p3 · Etrue

1 + p1 · e−p2·Etrue
(3.9)

ù´��X²��.§p0§p1§p2§p3ùo�ëê¿vkÔn¿Â"1�«�.´

Äucã� Birks’ lawÚ�Ô�ÅË�nØ§

fscint =
Evis
Etrue

= fq(Etrue;KB) +KCfc(Etrue) (3.10)

Ù¥§fq(Etrue;KB)=� Birks’ law§fc(Etrue)£ã�Ô�ÅË�§KC £ã�Ô

�Å1¤Ó'­"ù��./ªþÔn¿Â²w§�´üX���æ�¢�êâÃ{�

�¤këê§I���	Üÿþ�(J"

�e50�>fÆ��5?��."

�éþ�!0��>fÆ��55
§·�}Á¦^�Ä��mI�[-1650 ns,

-1480 ns]5~�4ú¤©1f�K�"ÏL'�§ÄI��±ò>fÆ��5ü$��

5��©���m"��
�±êâ©Û���5§·�E,¦^�Â¥�mI�§Ä

I�K^uïá>fÆ��5�.">fÆ��5�.��¤ª 3.11�/ª§

felectronics =
Erec
Evis

= (1− αeErec/τ )−1 (3.11)

ù�´�²�úª§Ù¥ α! τ 3��5�éÜ[Ü¥��"

�æ�¢��±^u��5[Ü���
�) γ 
§X 68Ge§ 137Cs§ 54MnÚ

40K �§9¥f
§X 241Am−9 Be
Ú Pu−13 C 
�"¥f¬3 H!CÚ FeþÐ¼

¬�Ñ1f γ§¤±¥f
3êâ?n¥�aq γ 
"Ø
��
§�æ�¢���±

|^�»� muon3&ÿì¥�Ñ� 12B PC β UÌ"

du�«�.�k`�§k�Ôn¿ÂØ²(§k��kÔn¿Â�ëêJ±O(

½Ñ§��ð��5Ú>fÆ��5k�rÍÜ§Ø�é�§Ý�6u�."�
¦�

UO(£ã��5��N�A§��æ^
�«(Ü¤k�.�[Ü�{§

f =
Erec
Etrue

= fnom + Σiai(fi − fnom) (3.12)

Ù¥§fnom � nominal model§=cã1�«�ð²��.\þ>fÆ��5�

." Σiai(fi − fnom)ù��L«2\þÙ¦�.� nominal model��O"[ÜêâÒ
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�±��¦�U£ãêâA����5­�"[Ü�����5­�Xã 3.19§�L�

�5?���Ý
Uþ�AXã 3.20¤«"

ã 3.19: ��5­��Z[Ü(J"

ã 3.20: ��5?����ÝUþ�nØýÿUþ�'�"

ã 3.19¥���5­�Ø�§´Ó��Ä�Ý
UþØ�Ú�.Ø�����§�

��1.5%"

3.3.4 ���ðððééé>>>fffUUUþþþ������555���AAA���ÕÕÕáááÿÿÿþþþ

�
��\
)�ðé>fUþ���5�A§�ö3pU¤Ì±
�ðÕáÿþ

¢�"¦+þ�!�Ñ��N��5Ø�=�1.5%�m§�du�ð��5�.Ú>f

Æ��5�.krÍÜ§�é��5�K�����§¤±üÕw�ð��5�.Ú>

fÆ��5�.Ñk��Ø�"��ðÕáÿþ��Ong��§Ò´�À^Ü·�>
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fÆì�§��>fÆ��5§���°(��ð��5"

¢¢¢������OOO

�
ÿþ�ðéØÓUþ>f��A§�¢�|©|^
xÊîÑ�L§"ÏL

ÀJxÊî1f�Ñ��§3�ð¥ÎÜÒ�±��üU>f"ã 3.21�¢��Oµ

ã"·�¦^
rÝ�0.3 mCi� 22Na
§§¬�Ñ0.511 MeVÚ1.275 MeV� γ"γ

ÄkBL�»9 mm�O��§,�?\C3�Î/�=���ð¥"3�ðp γ u

)xÊîÑ�"Ñ�>f�Uþ�È3�ð¥§=C�ðc1§¿��ð�e�k�

� PMT£XP2020¤&ÿ"Ñ�1fKd�7�ð{��Ô@ÎÜ&ÿì&ÿ"ùÔ

@ÎÜ&ÿìÑd LaBr¬NÚ PMT£Ó� XP2020¤|¤§ål�ð60 cm§©O 

u20Ý!30Ý!50Ý!60Ý!80Ý!100ÝÚ110Ý"5g�ð PMTÚÎÜ&ÿì�&

ÒÑx\÷\÷Ñ£CAEN N625¤§,�©�ü´©Ox\>u�£CAEN N405¤Ú

FADC£CAEN N6742§æ�ªÇ1 GHz¤"

Ó�¦^Ô�ÎÜ&ÿì�Ð?´;�XÚÅÄ§1e�^��ÎÜ&ÿì§zg

UC�ÝJ�¬ÚåXÚÅÄ§O�Ø�">u�¬ÀJÎÜ&Ò§���ðÚ,��

ÎÜ&ÿìk&Ò§Ò¬�m1000 ns�I�§P¹¤k&ÿì� FADCÑÑ"

xÊîÑ�>f�Uþ�±�âUÄþÅðO���§Xª 3.13

Ee =
E2
γ

Eγ + mec2

1−cos θ

(3.13)

Ù¥ Ee´Ñ�>f�Uþ§Eγ ´\� γ�Uþ§me´>f�þ§θ´xÊîÑ�

�"ÏLÚ�ð¢�&ÿ��Uþ'�§Ò�±½Ñ�ð���5"

êêêâââ???nnn

FADCÑÑ��ð¤� PMT;.Å/Xã 3.22¤«§Å/äkÍ��þ,÷§�

¯�¡EÄ�"Ä��ËÄ��5�"©Û¥§·�æ^z�¯~I�c50�ÑÑ�²

þ���Ä�ë��"&ÒK�� lÄ�20 FADCü ">ÖÈ©�lLK:£�

�Ä�¿È©�&Ò¡EÄ���"

]ÀÎÜ¯~�§Äk��
ÐÚçÀ§Xe¯~Ñ¬�aLµÄ� l�gÿþ

²þ�5�¶È©>Ö�u1000 FADCü ¶ü�½±þÎÜ&ÿìÑk&Ò",�é
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ã 3.21: �ðé>fUþ��5�A�Õáÿþ¢��O"kÔ�&ÿìÓ�{3�ð

±�ÀJxÊî1f�Ñ��Ý"

ÎÜ¯~é�m��m���À§�¦�m� ∆t = te − tγ �²þ�� lØ�L10

ns"ã 3.23Ð«
ÎÜ¯~é�m�m��©Ù§�±wÑÔn¯~A3²þ� ± 10

ns�S"

ã 3.24 (a)´'é&ÒUþ©Ù���Þ~§ã¥IÑ
8�«�§A«Ú B«

©OéA0.511 MeVÚ1.275 MeV\� γ 3e�xÊîÑ�&Ò§ù´·�'%�¯

~"C«ÚD«éA�¯~´�ð¥u)xÊîÑ��§Ñ� γ3ÎÜ&ÿì¥2gÑ

��¯~"E«Ú F«éA�ð¥u)õgxÊîÑ��¯~"ÏLÜ·�ÎÜ&ÿì

Uþ cut�±]ÀÑ A«Ú B«¯~"ã 3.24 (c)Ú(d) ©O�Ñ
0.511 MeVÚ1.275

MeV\� γ 3�ð¥&Ò�¸ [ÜÞ~"ãþ·�^�
 CrystalBall¼ê 3.6§d

	·��^pd¼ê,�[Ü§�p'�±(½[Ü¼ê�5�Ø�"
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ã 3.24: 30Ýêâ©ÛÞ~"(a)ÎÜ¯~éUþ��©Ù"(b)d off-window�{]À

Ñ�ó,ÎÜ¯~Uþ©Ù"(c)1.275 MeV\� γ ¸ [Ü"(d)0.511 MeV\

� γ ¸ [Ü"

ØØØ������OOO

�¢�Ì��XÚØ�5g�ÝO�"Äu¢��O9¢S&ÿì{��¹§�

O����Ý �AØ�L0.5Ý"ÙéUþ�A�K�Ú�Ýk'§���u�©

L 3.2¥"d	§�¢���Ý�Ñk ±5Ý§�Ä���Ñ�k��AÇu)§�

Ý�Ñ�k�UÚ\XÚØ�"·�ÏL MC �[ïÄ
�Ý�Ñ� �§(J�

0.03%± 0.02%§��Ù§Ø��±�Ñ"

FADC���5K|^óÀ�)ìüÕÿþ"ÿþ�OµãXã 3.25 (a)¤«"ó

À�)ì�)Ý/Åx\ FADC§FADCUþ�A�P�

rFADC =
FADC integration value

Pulse amplitude
(3.14)
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±1%���"

·�'�
ØÓ[Ü¼ê�[Ü(J§±d�O[ÜØ�§�1%"PMT���5

Ú�4¸>6k'§©z [41]�Ñ
'X­�"3¢�¥·�¦ PMTó�3�é�$

OÃ��ª§±ü$��5"�â©z [41]§PMT���5��O�1%"

���ðððééé>>>fffUUUþþþ���������555���AAA

>f�ý¢�ÈUþP� Etrue§K�ð��A�P� R(Etrue) = Evis/Etrue§Ù

¥ Evis��ð¥���Uþ"�¢�¥·�^1.275 MeV\� γ380ÝÎÜ�¸ ��

8�z:§=- R(E80,1.275MeV
true )�1"@o�Ý i�Uþ�AK�
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R(E
i,Ej
true) =

FADCi,Ej/FADC80,1.275MeV

E
i,Ej
true/E

80,1.275MeV
true

(3.15)

Ù¥§FADCi,Ej L«\�Uþ Ej ÎÜ�Ý i�&Ò[Ü¸ §E
i,Ej
true Kdª 3.13

O���"¤�(J�uL 3.2"ÚOØ�Ú�ÝO�Ø���uL¥§§�ÚÎÜ�

�'"FADC!PMT���5Ø�Ú[ÜØ�Ñ´1%§L¥�üÕ�Ñ§�®�¹3

oØ���¥"

ã 3.26��Ñ
�g�ðé>fUþ��5�A�ÿþ(J§¿®òoØ�xþ"

·���}Á^þ!0���æ�¢���5²��.?1[Ü§Xã¥ù�"�.�

±éÐ£ãêâ:�ª³"XJ=^�æ�¢�êâ§�ð��5duÚ>fÆ��
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�Ý >f�ÈUþ(MeV) R(E
i,Ej
true) oØ� ÚOØ� O�Ø�

1.275 MeV γ

20Ý 0.167 0.823 4.7% 0.9% 4.3%

30Ý 0.319 0.947 3.1% 0.6% 2.4%

50Ý 0.601 0.975 2.1% 0.6% 1.0%

60Ý 0.707 0.996 1.9% 0.6% 0.7%

80Ý 0.858 1.000 1.9% 0.6% 0.3%

100Ý 0.950 0.991 1.8% 0.6% 0.2%

110Ý 0.982 0.970 1.8% 0.5% 0.1%

0.511 MeV γ

20Ý 0.029 0.681 5.1% 1.1% 4.7%

30Ý 0.060 0.796 3.4% 0.6% 2.9%

50Ý 0.134 0.860 2.3% 0.5% 1.4%

60Ý 0.170 0.894 2.1% 0.5% 1.0%

80Ý 0.231 0.923 1.9% 0.5% 0.6%

100Ý 0.276 0.936 1.8% 0.5% 0.3%

110Ý 0.293 0.945 1.8% 0.5% 0.3%

L 3.2: �ðé>fUþ���5�A"FADC!PMT ���5Ø�Ú[ÜØ�Ñ

´1%§�2üÕ�Ñ§�oØ�¥®�¹"
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111oooÙÙÙ IBD������...���¯̄̄~~~ÇÇÇ©©©ÛÛÛ

�Ùò0� IBD¯~�þO�{!�.¯~ê�O"3�æ�Ü�|©Ù [32] [33]

¥§�öÌ±
¥�f¯~]À9�.¯~Ç©Ûó�"

4.1 ¥¥¥���fff¯̄̄~~~þþþOOO

3þO¥�f¯~�c§Äk?1�ÓÐÚ¯~çÀ§aLþ�Ù0�� Flasher

¯~9�æ�¢��
iÿ&ÿì
¦^� force trigger!cross trigger��Ôn>u&

Ò"d	§�u0.7 MeV�¯~�¬�aL§Ï�$U¯~¥±U,��5¯~�Ì"

,�§·��Ik½Â�»� muon ¯~"muon 3&ÿì¥¬�Ñ�þg?â

f§¿�5�."�¡¬w�§�æ�¢��A«Ì�'é�.Ñ´�»��5�"�


¦�U~��.§7L� muon�ÎÜ"

·�òmuon©�na§¿�ØÓ��ÎÜµ

£1¤Y³ muon"=3SY³½	Y³¥:��L12� PMT £P� NHit >

12¤§�3 ±2µsS AD¥vk�ÈUþ�u20 MeV�¯~"ùa¯~½5�=BL

Y³� muon§P� µWP"

£2¤ÊÏ AD muon"= AD¥�ÈUþ3[20, 2500] MeV«mS§�3Ù ±2µs

�SY³½	Y³�k NHit > 12�¯~"ùa¯~½5� AD¥�ÊÏ muon§P�

µAD"

£3¤Shower muon"= AD¥�ÈUþ�u2500 MeV§�3Ù ±2µs�SY³½

	Y³�k NHit > 12�¯~"ùa¯~½5� AD¥� shower muon§¿=¬�Ñ�

þÑ�âf�muon§P� µshower"
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3þO IBDÿÀ¯~�§·�é µWP veto £-2§600¤µs§é µAD veto 1000 µs§

é µshower veto 1 s"ùpI�`²�´§ µAD Ú µshower ¿Ø==Uì AD¥��È

Uþ5�ä§
�¦A�Ó�k µWP§´Ï���¡Y³� tag�Ç�C100%§BL

AD� muonÑ¬�Y³IP�§,��¡ AD¥�pU¯~k�U´ muon3±�ñ

�þ�Ñ�pU¥f?\
&ÿì§�3ù«¯~�±^5©Û¯¥f�."äN[!

¬3�©0�"

��§·�Ò�±]À¥�f¯~
"c©®õg0�§�æ�¥�f¢�|^�

β PC¯~£{P IBD¤5&ÿ¥�f§3&ÿì¥¬3e¯ú&Ò"¤±¥�f¯~

]À^�=�é¯ú&Ò�'é'X
�O§äN�µ

£1¤0.7 MeV < Eprompt < 12 MeV§Ù¥ Eprompt�¯&ÒUþ¶

£2¤6 MeV < Edelayed < 12 MeV§Ù¥ Edelayed�ú&ÒUþ¶

£3¤1 µs < ∆t < 200 µs§Ù¥∆t = td − tp§�¯ú&Ò�m��mm�"

Ø
Xþ�¯ú&ÒÎÜ^�§3þO¥�f¯~��^
 multiplicity cut

§äN��¦¯ú&Ò�m!¯ú&Òc�200 µs ÑvkÙ§�u0.7 MeV �¯

~"Multiplicity cut´7L�§ù´Ï�XJù¥m�kÙ¦¯~§KÃ{äN�äÛ

ö�¯&ÒÛö�ú&Ò§�k�Uk­EOê�¯K"

�(�é¥�fþO^��n)§�ö�pU¤�§ûê!Û¢©O�
¥�fþ

O§S�§æ^
ØÓ��{§¿�¿N�
¯ú&ÒÎÜ^�Úmultiplicity cut�¦

^^S§Ñ¼�
�����(J"

ã 4.1�Ñ
��Uþ cut�¯ú&Ò��Uþ©Ùã§J�µ¥=�UþþO^

�"

ã 4.2�Ñ
 IBDÿÀ¯~¯ú&Ò�UÌ§¿�MC�[UÌ�'�§�MC'

���"

ã 4.2�Ñ
 IBDÿÀ¯~¯ú&Ò��mm�©ÙÚål©Ù§¿uMC�[�

��©Ù�
'�§�����"

4.2 ¥¥¥���fff&&&ÿÿÿ���ÇÇÇ

�æ�¢�æ^
�C:�éÿþ��O§��Ð?Ò´�±-�ýé�ÇÚ'é

Ø�§�k�é�ÇÚ�'éØ�¬K� θ13 �ÿþ"�
�Ð/n)&ÿì§�æ�
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ã 4.1: ��UþÎÜ� IBD¯ú&ÒUþ©Ù"J��UþÎÜ cut"

Prompt energy (MeV)
0 2 4 6 8 10 12

E
ve

nt
s/

0.
25

 M
eV

0

500

1000

1500

2000

Data, DYB-AD1

MC

Delayed energy (MeV)
6 7 8 9 10 11 12

E
ve

nt
s/

0.
05

 M
eV

0

500

1000

1500
Data, DYB-AD1

MC

ã 4.2: IBDÿÀ¯~¯ú&ÒUÌ"± AD1�~§ù��MC�[UÌ"

¢�|E,�O
ýé�ÇÚXÚØ�§XL 4.1 ¤«"

Ù¥§¯ú&ÒUþ cut!Ð¼�m cut!GdÐ¼'ÇÚ spill-in�A��ÇÑÏL

MC�[�O§ùÜ©ó�dpU¤�uL
!§ûê�<�¤§3©z [37]¥k�[

0�§�©òÑL"Muon vetoÚ multiplicity cut�ÇK�âêâ�O§ùü��Ç�
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ã 4.3: IBDÿÀ¯~�¯ú&Ò�mm��ål©Ù"ù��MC�[(J"

Efficiency Correlated Uncorrelated

Target Protons 0.47% 0.03%

Flasher cut 99.98% 0.01% 0.01%

Delayed energy cut 90.9% 0.6% 0.12%

Prompt energy cut 99.88% 0.10% 0.01%

Multiplicity cut 0.02% <0.01%

Capture time cut 98.6% 0.12% 0.01%

Gd capture ratio 83.8% 0.8% <0.1%

Spill-in 105.0% 1.5% 0.02%

Livetime 100.0% 0.002% <0.01%

Combined 78.8% 1.9% 0.2%

L 4.1: �Ç�XÚØ�o(L
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6u¢��¸§é�C:¿Ø�Ó§�éÿþ¿ØU-�§7Lé�� AD©O�?

�"ùÜ©ó�d�öKI�¤§�©ò­:0�"

4.2.1 Muon veto ���ÇÇÇ

3þ�!®²0�
 µWP!µAD Ú µshower n« µf�½Â9 veto �m"Muon

veto��Ç½Â� muon veto��¹�mÓo DAQ¹�m�'Ç"3O� muon veto

¹�m��kü«ÀJµ�´^o��ê�m~�o� muon veto�m¶,�«�{´

P¹z�� muon veto�¹�mI���Ý§���\"nØþ��«�{��O(§

Ï�3�ê run�(�Xk muon veto§veto�mk�U¬�L¢S�m"êâ©Û

¥§ùü«�{��O�u0.0001%§��Ñ"

ã 4.4�Ñ
��AD�muon veto�Ç��mCz�¹"�±w�§��e�AD
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~ÇØÓ"Muon veto�Ç��mÄ�ØC§ÎÜg,5Æ"k�O�m�ÇkâC§

´�U�^Ôn�ê�mLá½Ã�^Ôn�ê�mE¤�"
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ã 4.4: �� AD�Muon veto�Ç��mCz�¹"
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4.2.2 Multiplicity cut ���ÇÇÇ

Multiplicity cut�±w�dnÜ©|¤§·�æ��Ü©©OO��Ç��ª¦

)"

£1¤�¦¯&Ò�c200 µsvkÙ§Uþ�u0.7 MeV�ÏLmuon veto�&Ò§

�Ç�µ

ε1 = e−R·200µs

= 1−R · 200µs+ o(10−4)
(4.1)

Ù¥§R´ AD¥Uþ�u0.7 MeV¿ÏL muon veto�&Ò>uÇ"

£2¤�¦¯ú&Ò�mvkÙ§Uþ�u0.7 MeV¿ÏLmuon veto�&Ò§ù�

VÇ�±n)�3 t� t+dt�mÑyú&Ò§
�cvk&Ò�VÇ§é tÈ©=�

¦�ùÜ©�Çµ

ε2 =

∫ 200µs

0
e−R·tf(t)dt

=

∫ 200µs

0
[1−R · t+

R2

2
· t+ ...]f(t)dt

= 1−R · tcap + o(10−5)

(4.2)

Ù¥§f(t)�¥fÐ¼�m�VÇ�Ý¼ê p.d.f.§tcap �²þÐ¼�m"¥fÐ¼

�m�©ÙXã ??¤«"ã¥xÑ
�)MC�[9ØÓ]À�ª!ØÓ5
�¥f

�Ð¼�m©Ù§Ñ��
�~���(J"

£3¤�¦ú&Ò��200 µsvkÙ§Uþ�u0.7 MeV�ÏLmuon veto�&Ò§

ùÜ©��/�E,�
§Ì�I��Ä� muon3ú&Ò��200 µsSÑy��/"

eú&Ò�e��muon��m Tn2µ�u200 µs§ÃÙ¦>u�VÇ� e−R·Tn2µ "eú

&Ò�e��muon��m Tn2µ�u200 µs§ÃÙ¦>u�VÇ� e−R·Tn2µ "3O��

Ç�§K�l muon veto�¹�mI���ÝÑu5�Ä"·�üÕP¹ez��¹�

mI���Ý∆Ts§Ó�©ü«�¹�Ä§�Ç�±O��µ
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s)µcapture time on Gd (
0 20 40 60 80 100 120 140 160 180 200

a.
u
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0.05 MC
AD1 IBDs (multiplicity cut)
AD1 IBDs (fix window cut)
AD1 AmC neutrons

ã 4.5: ¥fÐ¼�m�©Ù§MC�[9ØÓ]À�ª!ØÓ5
�¥fÑ��
�

�(J"

ε3 =


e−R·200µs · (1− 200µs

∆Ts
) + 1

R∆Ts
· (1− e−R·200µs), ∆Ts ≥ 200µs

1
R∆Ts

· (1− e−R·∆Ts), ∆Ts < 200µs

=


1−R · 200µs · (1− 100µs/∆Ts) + o(10−4), ∆Ts ≥ 200µs

1−R ·∆Ts/2 + o(10−4), ∆Ts < 200µs

(4.3)

��§o�multiplicity cut�Ç=�

ε = ε1 · ε2 · ε3 (4.4)

ã 4.6�Ñ
�� AD multiplicity cut�Ç��mCz�'Xã§�±w��Ç�

�mþ,§��e�mk«O"l�ÇO�úª 4.1 4.2 ??�±wÑ§multiplicity cut

�Ç�Czª³AÚ AD�>u¯~Ç R��"R��m�CzXã 4.7¤«"

�Xþ©©Û�§AD>u¯~Ç��meü
Úå
 multiplicity cut�Ç�þ

,">uÇeü��ÏK~¦´ ADC�ÏmNX
,«��5�.§��e� ADS

Ckk�§�¥yÑØÓe�m��O"
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Multiplicity Efficiency AD1
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Multiplicity Efficiency AD6

ã 4.6: Multiplicity cut �Ç��m�Cz
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ã 4.7: AD�>u¯~Ç��m�Cz"

4.3 ���...���¯̄̄~~~ÇÇÇ©©©ÛÛÛ

�æ�¥�f¢���.�)ó,ÎÜ�.!¯¥f�.!8He/9Li�.!Am-C


�.Ú Alpha-N �.§Øó,ÎÜ�.	Ñ´'é�."�öKI
ó,ÎÜ�

.!¯¥f�.Ú8He/9Li�.ùn«�Ì��.�©Ûó�§¿®o AmC
�.Ú

Alpha-N�.©Û(J"e¡òÅ�0�"
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4.3.1 óóó,,,ÎÎÎÜÜÜ���...

ó,ÎÜ�.�¶gÂ=��Ø�'�ü�&ÒfÐÎÜ
 IBDþO^�
�Ø�

� IBDÿÀ¯~��.¯~"AD¥�>u&ÒÌ�´U,��5¯~§õêUþ�

u3 MeV§�±�¤ó,ÎÜ�.�¯&Ò"
3ú&ÒUþ«m§�»�!�Ý
�

5�¥fk�U¬�¤ó,ÎÜ�.�ú&Ò"ó,ÎÜ�.´�æ�¥�f¢��Ì

���.§�¦O(�O§·�æ^
n«ØÓ�{�p<y§e¡��0�"

nnnØØØOOO���

ó,ÎÜ�.�¯~Ç�±�â AD¥�ü¯~Ç§ÏLVÇØO��Ñ"

�Ä� AD¥¯&ÒUþ���ü¯~Ç�puú&ÒUþ���ü¯~Ç§·�

Äk�	3®k��aú&Òü¯~��¹e§Ù�¤ IBD'éÿÀ¯~�VÇ"Ä

u IBD�þO^�§�±òÙ/¤ó,ÎÜ�.�AÇ�¤Xe/ªµ

P =

∫ 200µs

1µs
P1(dt) · P0(t+ 2 · 200µs) (4.5)

Ù¥§P1(dt)L«aú&Ò�c£t, t+dt¤�mSé���¯&Ò�VÇ§P0(t +

2 · 200µs)L«¯ú&Ò�m� t�mS!¯&Ò�c200 µsÚú&Ò�� 200µsvk

Ù¦&Ò�VÇ"AD¥�ü¯~�±�¤ÑtL§§�ª 4.5�±?�Ú�¤

P =

∫ 200µs

1µs
R · dt · e−R·(2·200µs+t)

= e−R·400µs · (e−R·1µs − e−R·200µs)

' e−R·400µs · (1− e−R·199µs)

(4.6)

Ù¥§R ´a¯&Ò¯~Ç§=Uþ3£0.7§12¤MeV ��� muon veto �¯

~",	ùp�
��Cq§Ï� multiplicity cut�é�¯~�Uþ�u0.7 MeV�¯

~§¿Ø�¦Uþ�u12 MeV§�ùp�^£0.7§12¤MeV�¯~ÇCq"Ï� AD

¥�¯~±U,��5¯~�Ì§Ï~Uþ33 MeV±e§¯~Ç�12 MeV±þ¯~

ÇpÑê�êþ?§¤±ù��Cq´Ün�§Ø��±�Ñ"

UY�Äó,ÎÜ�.�¯~ê§bXaú&Ò��ê� Nd §ó,ÎÜ�.�¯

~ê=�O�Ñk
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Nacc.bkg. = Nd · P

= Nd · e−R·400µs · (1− e−R·199µs)
(4.7)

5¿�� Nd · e−R·400µs ¢Sþ�u�á�aú&Òü¯~ê"¤¢/�á�0a

ú&Ò¯~§=3Ú IBDú&Ò�Ó� muon vetoÚUþ cutÄ:þ§2V\�á5

cutµc�200 µsÑvkÙ¦¯~�&Ò§¤�OÑ5�¯~"ù��¯~�±üØ

IBD�'é¥f§
�À�¬�¤ó,ÎÜ�.��»�Ñ�¥f9��
¥f"·�

ò� Nd · e−R·400µsUP� N ′d§ù�þäk¢�¿Â§Ï�ù«�á�aú&Òü¯~

�±��lêâ¥�OÑ5"ª 4.7Ò�±U��

Nacc.bkg. = N ′d · (1− e−R·199µs) (4.8)

þ�!ã 4.7®²�Ñ§R¬��mCz"3�
�á cut���aú&Ò¯~Ç

KXã 4.8¤«§�' R
ó§aú&Ò¯~�¯~Ç��­½""
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ã 4.8: ��á cut]ÀÑ5�aú&Ò¯~Ç

�Ä� R¬��m�Cz§·�z4��O��gó,ÎÜ�.ê§��2¦Ú�

�oê"�òª 4.8��
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Nacc.bkg. =
∑
i

[(N ′d)i · (1− e−Ri·199µs)] (4.9)

�I i=L«éz4���O�Ñ�ó,ÎÜ�.ê¦Ú"ÙÚOØ�d (N ′d)i Ì

�§�±{üO��

N stat.err.
acc.bkg. =

Nacc.bkg.√∑
i(N

′
d)i

(4.10)

3O�ó,ÎÜu)VÇ� multiplicity cutÒg,/�Ä?�
§
�áaú&Ò

¯~�®²L muon veto§¤±ª 4.9O�Ñ�ó,ÎÜ�.Ò´]ÀÑ� IBDÿÀ¯

~¥��.�ê§
ÃI2¦ muon vetoÚmultiplicity cut��Ç"

ã 4.9�Ñ
�� ADó,ÎÜ�.��mCz�ã"�w�ó,ÎÜ�.¯~Ç

��m���eü§ùÚã 4.7�Ñ�&E´���"�:�ó,ÎÜ�.��§ù´

Ï�muon�ìN¶-�Ð§Ñ�¥f�5�aú&Ò'C:�"

Date
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ã 4.9: ó,ÎÜ�.¯~Ç��m�Cz

Off-window ���{{{

Off-window�{´�lêâ¥�Oó,ÎÜ�.��{§Ù�n´ó,ÎÜ¯~¿

Ãý���m'é§¤±�±²£ÎÜI�§u)ó,ÎÜ�VÇA�ØC"Ün�²
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£ÎÜI�§Ò�±;m�U�3�'é¯~§��êÑó,ÎÜ�¯~�ê"²£I

�∆T �m§=ò [1µs, 200µs]�¯ú&Òm��m�²£� [∆T + 1µs,∆T + 200µs]"

ù«�{��±ÏL�ØÓ�∆T 5\ÈÚOþ§ü$ÚOØ�"

ã 4.10©O�Ñ
C:£AD1¤Ú�:£AD4¤|^ off-window�{(½ó,Î

Ü�.�(J"310 msS¯ú&Òm�zO\200 µs=��� off-window§�O�


49�I�"1��I�=éA IBD]À^�"c5�I�£=1 msS¤Ñk�Uk'

é¯~§��^uó,ÎÜ�.[Ü"ÏL¦�44�I����²þÎÜ¯~ê=��

�Ñó,ÎÜ¯~oê"

(ms)d-pT∆
2 4 6 8 10

E
ve

nt

300

350

400

450

500

 / ndf 2χ  39.29 / 44
p0          2.9± 378.5 

 / ndf 2χ  39.29 / 44
p0          2.9± 378.5 

(ms)d-pT∆
2 4 6 8 10

E
ve

nt

100

150

200

 / ndf 2χ  59.99 / 44
p0         1.82± 149.1 

 / ndf 2χ  59.99 / 44
p0         1.82± 149.1 

ã 4.10: ÏL off-window�{(½ AD1£�ã¤Ú AD4£mã¤�ó,ÎÜ�."

|||^̂̂¯̄̄úúú&&&ÒÒÒååålll©©©ÙÙÙ������OOO���{{{

ó,ÎÜ¯~éØ=3�mm�þAþ!©Ù§3�mþ�Aþ!©Ù"
¥�f

�¯ú&Ò5gÓ��º:§�ålØ¬����"�â¯ú&Ò�ål©Ù§ÚMC

�X IBD¯~©Ù�'�§Ò�±oÑ�Oó,ÎÜ�.�¯~ê"ã 4.11'�
ê

â]�� IBDÿÀ¯~ÚMC�[� IBD¯~�¯ú&Òål©Ù§ã¥ù�K´^

off-window�{���ó,ÎÜ¯~é�ål©Ù"�±²wwÑêâ�MC��O=

�ó,ÎÜ�."�duó,ÎÜ�.3 IBDÿÀ¯~¥¤Ó'Ç�$§ù«�{�

°Ý�Ø9cãü«�{§=U^uu�(J"

Off-window�{ÚnØO��{���(J�©¬Ü§�O31%±S"ål©Ù

{Ø�K��§���,ü«�{(J�Î"3�æ�Ü�|uL�©Ù [3] [32] [33]¥

æ^
nØO��{�(J��ó,ÎÜ�.¯~Ç�¥%�§¿�Å�O
1%�X
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Prompt-delayed Distance(m)
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ã 4.11: ¦^¯ú&Ò�m�ål�yó,ÎÜ�.�O�

ÚØ�"

4.3.2 ¯̄̄¥¥¥fff���...

¯¥f�.´�»� muon�5��«'é�."¯¥f´�ÄU��£Ï~�

u5 MeV¤�¥f§�»� muon�3&ÿì±��ñ�!Y³!&ÿì�Ü Ñk�

U�Ñ¯¥f"Y³UIPý�õê� muonl
�ÎÜ¯¥f"�´Ekü«�¹¯

¥fUBLY³
Ø�&ÿ�µ�´ muon�3ñ�þ�)
¯¥f§muon�?\Y

³§Ï
�Ø¬�IP¶�´ muonBLY³�Y³�U�A"¯¥f?\ AD���

f-E��Uþ§�À�f×��ÈÄU§�¤¯&Ò§
úz��¥f¬� GdÐ

¼§�¤ú&Ò"¯ú&Ò��mm�=�¥fÐ¼�m§� IBD�ÎÜ^��©�

C§Ï
�¤'é�."

�
UO(��¯¥f�.§·�Ó��O
ØÓ����Y§�p��§e¡�

�0�"

			ííí{{{

Äk0�	í{"du¯¥f´�»���Ô§
�»��Uþ�±ép§¤±¯

¥f�A���§´Uþ©Ù��é2§lAMeV�AzMeVÑ¬Ñy§�nØþ�
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)AÇCq��"

Äu¯¥f�ù�A:§·��±^	í{5�O"ò¯&Ò�Uþ cut

£0.7§12¤MeVþ��°�100 MeV±þ§]ÀÑ�ÎÜ&Ò¯&ÒUÌXã 4.12¤

«"12 MeV±þUþ���©Ù�é²�§·�©O^þ!©ÙÚ�g�5©Ù5[

Ü£12§100¤MeV«m§©OX 4.12�ãÚmã¤«"b�£0.7,12¤MeV��S�

�Ó©Ù§	í=���Ñ¯¥f�¯~Ç"^ü«	í�{�²þ���¯¥f¯~

ê��O�§|^ü«	í�{��O5�OXÚØ�"3�æ�¢�|�#uL�©

Ù¥ [33]���¯¥f¯~Ç©O�µ�æ�C:0.78±0.27¶*eC:0.56±0.30¶�

:0.04±0.01"

ã 4.12: ^	í{��¯¥fê8"�ã�²þ�	í§mã��5[Ü	í

���ÎÎÎÜÜÜ&&&ÿÿÿìììIIIPPP{{{

�ÎÜ&ÿìIP{�ng�ïÄ� muon�ÎÜXÚIP� muon veto�¯~§

�OÙ¥�¯¥f¯~§,��â�ÎÜ��Ç§�í��Y³IP muon veto�¯¥

f¯~"

�æ�¢�� muon�ÎÜXÚ�)S!	Y³Ú RPC§A©OO�IP� muon

veto�¯¥f§2¦Ú§��eªµ

nf = niwsf · (1− εiws) + nowsf · (1− εows) + nrockf (4.11)

Ù¥§niwsf Ú nowsf ©O�S	Y³IP��¯¥f¯~ê§εiws Ú εows ©O�S

	Y³� muon&ÿ�Ç§Ù�©O��99.98%Ú98%"nrockf L«�»� muon�3
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ñ�þ�)�¯¥f§ù«�/ muonØ¬�Y³IP"²LMC�[§RPCU&ÿ

�1/3�ñ�¥f§� nrockf d RPCêâ�O�Ñ"

ÏL�ÎÜ&ÿìIP{���¯¥f�.¯~Ç�µ�æ�C:0.71±0.35¶*

eC:0.51±0.25¶�:0.016±0.016"du�: muon¯~Ç�$§ÚOØ���"ã

4.13�Ñ
�:Y³IP�¯¥fUÌÚMC�[UÌ�'�"

ã 4.13: �eY³IP�¯¥fUÌ�MC�[�'�

þãü«�{���¯¥f¯~Ç3Ø���S�p¬Ü"du�ÎÜ&ÿìIP

{k�
b�cJ§�|^MC§��	í{��5�$§�3�æ�Ü�|©Ù [3]

[32] [33]¥æ^
	í{�¯¥f©Û(J"

4.3.3 9Li/8He���...

9Li/8He�.�´�»� muon�5��«'é�."muonñÂ 12C §�±�Ñ

�fSê' 12C $�Ø�§XL 4.2¤«"KamLAND¢�Qé��Ø����?1


ÿþ¿��['� [42]§�æ�¢��òéìNCXe�Ø���?1ÿþ"

L¥�«Ø�¥§�k 9Li/8HeU3&ÿì¥/¤'é�."9Li/8He¬u) β-n

?éPC§β �¤¯&Ò§¥fÐ¼�¤ú&Ò§¬�Ø���¥�f¯~"c©0�

� µshower veto 1 sÒÌ�´�é 9Li/8He�.¤�� veto"

9Li/8He¯~Ç��OÄuÙ� muon�m��m'é5"l AD¥]Ñ�'é&
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Ø� �PÏ PC�ª PCUþ

12B 20.2ms β 13.4MeV

12N 11.0ms Electron-capture 17.3MeV

11Be 13.81s β 11.5MeV

11C 20.4min Electron-capture 1.98MeV

10C 19.3s Electron-capture 3.65MeV

9Li 178.3ms β/β-n 13.6MeV/11.9MeV

9C 126.5ms Electron-capture 16.498MeV

8He 119.0ms β/β-n 10.6MeV/8.6MeV

8Li 838ms β 16.0MeV

8B 770ms Electron-capture 18.0MeV

7B 1.4MeV (3.3e-7 fs) proton emission 2.2MeV

6He 806.7ms β 3.5MeV

L 4.2: muon�)�Ó �9ÙPC�ª"

Ò�Ùc�� muonkXe�m'Xµ

f(t) = N9Li ·λ9Li · exp(−λ9Lit) +N8He ·λ8He · exp(−λ8Het) +NibdRµ exp(−Rµt) (4.12)

Ù¥§ λ ≡ Rµ + 1

τ isotopei

§Rµ�muon¯~Ç§τ isotopei �Ó ��PCÆ·"��

�.§·��'% 9Li/8He¯~�Ú§- NLi+He ≡ NLi +NHe§ª 4.12�U�¤
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f(t) = N9Li+8He ·(R ·λ9Li ·exp(−λ9Lit)+(1−R) ·λ8He ·exp(−λ8Het)+NibdRµ exp(−Rµt)

(4.13)

Ù¥§R´ 9Li3 NLi+He ¥¤Ó�'Ç"�â KamLAND�²� [42]§9LiÓÌ

�/ §RA�Cu1"

dumuon�)�Ü©�Æ·Ó �§X 12B,12N,8 Li,8B,9C §PC�Ô¥�¥f

�±�¤ó,ÎÜ�ú&Ò§Ïdó,ÎÜ�.�k�Ü©¬�c�� muon�3�m

'é"Ïg§3ïÄ 9Li/8He�.�§Aé IBD]À^���?U§±~�Ù¥ó,

ÎÜ�.�êþ"

·����
ü:?Uµ

£1¤�¦¯&ÒUþ E > 3.5 MeV"�ânØO�� 9LiUÌ"ù�^�é 9Li�

]À�Ç��72%"ùpCq^ 9LiUÌ�O 9Li/8HeUÌ§�Ïcã� 9LiÓÌ�/

 "

£2¤ò¯ú&Ò�mm� cut þ÷U�100 µs"ù�^�é 9Li �]À�Ç�

�94%"

3�O IBD¥ 9Li/8He�ê�I�?�Xþü�]À�Ç"

�Ä�ØÓUþ� muon�) 9Li/8He�AÇØÓ§$Uþ muon¯~Çép§�

�)� 9Li/8He%é�§Ø|u[Ü 9Li/8He�ê"·��é muon�
ü�?n§

±Jp[ÜO(Ýµ

£1¤ò muon��ÈUþ©�6�«m£0.02GeV < E < 0.5GeV, 0.5GeV < E <

1.5GeV, 1.5GeV < E < 2.5GeV, 2.5GeV < E < 3.5GeV, 3.5GeV < E < 4.5GeV,E >

4.5GeV¤"ù�éupUmuon�[Ü¬�°("

£2¤Muon reduction �{"éuU�) 9Li/8He� muon§·�ínÙÓ��)

�þÙ¦g?âf§Aké�VÇ��XÑ�¥f��)"ÏL�¦ muon��10-200

µsS7Lk�L1.8 MeV �&Ò§��OÑ��Ñ�¥f�)� muon"3©Û¥=¦

^ù��muon·�ò�¡�Muon reduction�{"

ã 4.14�Ñ
'é¯~�c�� muon�mm��[Ü~f"31 s±S��ê=

� 9Li/8He�1muon�m��m'éA�"

9Li/8He�.�O(JXã 4.15¤«"ã¥é'
^�Ø^ muon reduction�(
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0.5 1 1.5 2 2.5 3 3.5 4

E
nt

ri
es

 / 
0.

1s
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Time Since Last Muon (s)
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ã 4.14: 9Li/8Heålþ�� muon��m'X[ÜÞ~"

J§Ø^ muon reduction�2.5 GeV±e� muon[Ü¬�}§�ãþvk:"d	�

�â�C: muon�¯~Ç�UþA�§^C: 9Li/8Heêþýÿ
�:�ê8"�â

ØÓ�{�m��O§ò 9Li/8He¯~ÇØ�½ 50%"

4.3.4 Am-C���ÝÝÝ


���...

Am-C�Ý
Ú\��.¯~ÇïÄdpU¤��¡� [43]Úþ°�Ï�Æ�4ô

5ìè�¤§¿d�öKI�¯~Ç©Û®o"3d{ãÙ©ÛL§"

Ôn�ê¥§Am-C�Ý
�u&ÿìºÜ� ACUS§�)�¥f�U�±��

ØCgS�c!���fÐ¼§aquj�Ð¼§º�ÑÑ6-9 MeV� γ"XJù
 γ

?\&ÿì§¬3&ÿìþÜ/¤ú&ÒÿÀ¯~"

¥f3�ØCgS���Ð¼c§XJ� Feu)��5Ñ�§ò Fe�f��-u

�§Ùò-u� γ KÓ�k�U?\&ÿì§/¤¯&Ò�ÿÀ¯~"

3þã�¹¥§Am-C�Ý
k�U¬�5'é�.µ¯&Ò´¥f�Fe ��5Ñ

��γ§ú&Ò´��¥f�Ð¼��Ñ�γ"

ã 4.16�Ñ
&ÿìºÜ¥fU«5gu�Ý
�pU γ§�±w� Fe!Cr!Ni

�Ð¼¸§êâÚMCÎÜ�éÐ"

ã 4.17�Ñ
ú&ÒÿÀ¯~3 Z��©Ù�Øþ!5"ò Z > 0�ÿÀ¯~ê8

~� Z < 0�ÿÀ¯~ê8§=��5g�Ý
�aú&ÒÿÀ¯~Ç Rn−like,data"
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Z (m)
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/ 0
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3m
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210

310

ã 4.17: ú&ÒÿÀ¯~� Z��Øþ!5

�
(½'é�.�ê8§7L�6uMC�[§�´Ï�Ã{(½ Am-C�ýé

¥f¯~Ç§��[�þ� Am-C¯~§���[¥�5g�Ý
�aú&Ò¯~ê�

Nn−like,MC§Ù¥�¤'é�.�¯~ê� Ncorr,MC"�âMC�[¥�¤'é�.�

'Ç§�OÑêâ¥'é�.�¯~Ç�µ

Rcorr = Rn−like,data
Ncorr,MC

Nn−like,MC
(4.14)

Ï�T�.�(½���6uMC�[§"yu��{§��½
100% �XÚØ

�"

T�.�XÚØ���§K�
 θ13[Ü°Ý"�2012cgU§36 AD�ê�ªÊ

��§�ü$T�.¯~Ç9ÙXÚØ�§N�
&ÿì¥�Ý
���"l�e�

AD¥§�Ñ ACUBÚ ACUC� Am-C�Ý
§�±ò�:� Am-C�.ü$�n©

��"�:����.Ø�Ò5
u Am-C
�.�O�Ø�§�Ñü��Ý
�§ò

�ÌÝü$dXÚØ�"ã 4.18Ð«
£Ø�Ý
c��é'§]À�¯~� Z>1 m

�aú&Ò¯~"�ã�£Øc§�±w��ß� ACUBÚ ACUC�Ó+§�´¥f

3 FeþÐ¼�&Ò¶mã�£Ø�§=3e ACUA�Ó+§¯~Ç�Ìü$"
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ã 4.18: £Ø Am-C�Ý
c�é'"

4.3.5 (α, n)���...

pU¤�uL
 [37]Úë' [44]KI
 (α, n)�.�©Ûó�§¿Ó�d�ö®o

?\¯~Ç©Û(J"

AD¥�U,��5¯~Ì�5g 238U§232Th§227Ac�PCó§§���PÏ©

O�164.3 µs§0.3 µs§Ú1.781 ms§¿Ñ�Ñ αâf"AD¥�,�� α
´ 210Pb§

§¬3 ADC��±���/ªNXu ADþ"ÙPC�Ô 210Po¬u) αPC"AD1

� AD2��kC�� AD§�
ïÄ ADSC6§§ùü� AD3C�mz��m�

�§Ï
Ë/
�õ� 210Pb§§�� (α, n)�.¯~ÇpuÙ§ AD"

α ���fØu)�A�±�)¥f"�æ�¢�¥�ðÌ�¤©´�Ä�

£C17.3H23.6¤§¹k�þU,´Ý1.1%� 13C"α� 13C u)��A�

α+13 C →16 O + n,Qvalue = 2.2MeV (4.15)

�)�¥f� GdÐ¼Ò¬/¤ú&Ò"d�A 16O�±?u-u�§��±?u

Ä�"16Oe?u-u�§ò-u=¬/¤¯&Ò"16Oe?uÄ�§Uþ¬�¥f�

r§¥fúz��À�f�Uþ�È¬/¤¯&Ò"�Ò´`§ÃØ 16O ?uÛ«G

�§�A 4.15Ñ¬/¤'é�."

�� (α, n)�.�¯~Ç§I�ÿþ αPC¯~Ç§¿^ MC�[O�Ñ¥f�

�§�ö�¦��"3©OïÄ
PC¯~ÇÿþÚMC�[�Ø��§D4� (α, n)

�.¯~Ç�Ø��50% [44]"
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4.4 ¥¥¥���fff¯̄̄~~~ÇÇÇ������...©©©ÛÛÛ(((JJJooo(((

L 4.3o(
g2011c12�24F�2012c7�28F�æ�¢�&ÿ�� IBDÿÀ¯

~ê9�.¯~Ç"ù�(J®^u�æ�Ü�|�#uL�©Ù [33]¥"

�Ø�.�� IBD¯~Ç��m�CzXã 4.19¤«§ã¥kaC�/�éA�

Aæ�m'æ"

ã 4.19: IBD¯~Ç��m�Cz�¹"
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�æ�¥�f¢��#uL�Ü�|©Ù [33]§0�
|^�C:¥�fUÌ[Ü

θ13 �(J"�ö3Ù¥KIJø�>fUÌ9�«�.Ì§ùÜ©ó��­:�J:

3u°(�O�.UÌ§¿�ÑØ�"

�Aæ�¥�f���AÇ�±O��

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

− cos2(θ12) sin2(2θ13) sin2(∆31)

− sin2(θ12) sin2(2θ13) sin2(∆32)

(5.1)

Ù¥§∆ij ≡ 1.267∆m2
ijL/E"éuÓ�� AD§�±@�Ä� L�Ó§ØÓUþ E

�¥�f¬kØÓ���AÇ"�æ�¢���¥�f&ÿìU��&ÿ��´ IBD

�A�Ô�>f�UÌ"ÏL'��:�>fUÌ�ýÏUÌ§Ò�±[ÜÑ θ13"

IBDÿÀ¯~�¯&Ò�>fÌ§I�?���5§¿�Ø�.§�U^u θ13 [

Ü"'u��5�ïÄ31nÙ®²0�L"�Ùòk0��«�.UÌ�¼��{§

���Ñ�Ø�.���>fÌ"

5.1 óóó,,,ÎÎÎÜÜÜ���...���UUUÌÌÌ

aquó,ÎÜ�.�¯~Ç�O§3ÀJó,ÎÜ�.�UÌ�§·���	


^ØÓ�{�OÑ5�UÌ§Äu'�ÀJ�Ü·�UÌ§¿�OXÚØ�"

·����Ä
o«�{5�OUÌµ

�{�!^AD¥¤ka¯&Ò�UÌ§=�Lflasher cut§Uþ3£0.7§12¤MeV§
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=é µWP veto 200 µs�&ÒUÌ"ò�¡� triggerÌ"

�{�!^ AD¥�á�a¯&ÒUÌ§�{�]À�¯~Ä:þ��N�§O\

c�200 µsSvkÙ¦¯~��á5 cut"

�{n!^ off-window�{]ÀÑ5�UÌ"

Off-window�{3þ�Ù®²0�L"
3UÌ©Û¥§é¯~��¦��°(§

éÚOþ�k�p��¦±¦��UÌ� Bin�ÚOØ�þ��§·�é off-window�

{?1
��\�ïÄ"

�Ð·�}Á
4«ØÓ� off-windowÀ��Yµ

1. ¯ú&ÒÎÜ�mI²£1 ms�100 ms§=þ�Ù0�� off-windowÀ��

{§O\
²£��ÎÜ�mIêþ§±JpÚOþ"

2. 3�Y1Ä:þ§é¯&Ò�
�á5 cut"

3. N�¯!ú&Ò^S§æ^_SÎÜ§=�¦/a¯&Ò03/aú&Ò0�

�"�ó�§=ÎÜ�mI²£-1 ms�-100 ms"

4. 3�Y3Ä:þ§é/a¯&Ò0�
�á5 cut"

ã 5.1�Ñ
ùo« off-window]Ñ5�¯&ÒUÌ§Ó�ò�{��Ñ��áa

¯&Ò¯~UÌ�x3�å�'�§�'�e§o« off-window�Ñ�UÌ����§


�áa¯&Ò¯~UÌK3 GdÐ¼¥fU«§=8 MeVNC¯~ê $�
"

MeV

En
tr

ie
s

ã 5.1: o«off-windowÀJ¯~UÌ�'�
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off-window 1Ú2!3Ú4½Âäk�q5§�UÌ��~�C§�Ä��á5 cutU

�Ø IBD�ÎÜ&Ò§���Ú\²wXÚ �§e©ò�'� off-window 2Ú4"·

��	
ùü«I�¤]&Ò�I�²£�m�Ý�'X§¯~Ç�²£�m�CzX

ã 5.2¤«§�±w�^ off-window 2]Ñ�¯~ê3C:¥�êP~/ª§�:Kþ

!©Ù¶ off-window 4aÑ�¯~Ä�¥þ!©Ù"

ã 5.2: Off-window 2Ú4¤À¯~�I�²£�m�Cz'X"�ãÚ¥ã©O�

off-window 23C:Ú�:�(J¶mã´ off-window 4C:(J§�:���

q"

·�2�	¯&ÒUþþ���m�Cz§Xã 5.3 ¤«§�±w�ÃØ´ off-

window 2�´4§²þUþÑkC��ª³§off-window 4CzÌÝ��§50 ms��C

ØC"

ã 5.3: Off-window 2Ú4¤À¯~Uþþ���mCz"

�â*	��y�©Û§ÄkÓ  off-window 2§C:U²ww�¯~ê��

mCz§
�:�é­½§�±íÿù«�Od muon �5§Ï��:ìNCX�

Ð§muon¯~Ç�C:�$"Ùg§ù«¯~��m'éé�§��ê�ms"(Ü
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5w§Off-windowA]À�
Ü©d muonÚå���m'é¯~§off-window 4§=

_Soff-window�Y§�±;�Ü©ù��¯~"·��ªÀ^ off-window 4À�� dt

350 ms±þ�¯~UÌ5��ó,ÎÜ¯~¯&ÒÿÀUÌ"

�ª�{�!�!n���ó,ÎÜ¯~¯&ÒUÌ'�Xã 5.4¤«§�±w

�n«�{�(J3Ø���S��§�{�= triggerÌ'�{�= singleÌ36�8

MeVNC¯~ê��pÑ§é�U�´ IBD!muon�Ô�'é¯~Úå",	�Ä�

ÚOþ`³§�ª·�ÀJ^�{�� singleÌ��ó,ÎÜ¯~�¯&ÒUÌ§¿�

TUÌ�XÚØ���Ñ"

ã 5.4: n«�{���ó,ÎÜ¯~¯&ÒUÌ'�"

Ø
þãn«�{§·���O
1o«�{§=é IBDÿÀ¯~¯ú&Ò�ål

�cut§}Á��l IBDÿÀ¯~¥ró,ÎÜ�.UÌ]Ñ5"ù«�{��âXã

5.5¤«§�¯ú&Òål�u1.5 m�§IBDÿÀ¯~¥ó,ÎÜ�.ÒÓ�õê
"

ÏLål cut×£·��±%Có,ÎÜ�.Ì"Xã 5.6¤«§�±w�ål cut

×£¦UÌ%C singleÌ"¦+ù«�{Ã{��üØý�� IBD¯~§�ÉÚOþ

��Ø���§�E�±� singleÌJø|±"
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ã 5.5: IBDÿÀ¯~¯ú&Òål©Ù�MC IBDÚó,ÎÜ�.�'�"

ã 5.6: IBDÿÀ¯~ål cut×£� singleÌ�'�

5.2 ¯̄̄¥¥¥fff���...���UUUÌÌÌ

�âé muon�)�Ñ�¥f�nØ©Û§3O�¯¥f�.�ê�·�Qb�¯

¥f�UÌA�þ!©Ù"

3Ì©Û¥§·�}Á^ü«�{5�y·��b�"

�{�§]À RPC½	Y³IP�¯¥f"

S	Y³�ÎÜ muon��Ç�C100%§¯¥f�.Ì�5g muon�3ñ�þ�
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)�ñ�¥f§�k4�Ü©´ muonvk�IP
3Y³¥�)�"RPCÚ	Y³

ålñ��C§Ï
�±@�=k RPCÚ	Y³IP�¯¥fUÌA�Cñ�¥fU

Ì§�±^Ù5�O¯¥f�.UÌ"¤�(JXã 5.7¤«"

ã 5.7: d RPCÚ	Y³IP�¯¥fUÌ"

�{�§MC�[{"3�[¥§��ï�
�æ�¢�e§Y³	��½
0.5

m�ñ�"·��[
 muonBL¢�e�¯~§¿l¥]À¯¥f§¤�(JXã

5.8¤«"du muonÔnL§�õ§MC�[�©�ÑO�]
Ú�m§���UÌÚ

Oþk�"

ÃØ´ RPCÚ	Y³IP{���¯¥fUÌ§�´ MC�[���¯¥fU

Ì§Ñ�·�cãþ!©ÙUÌ�b���§¤±§·��ªÀJ^²�þ!Ì��

¯¥fUÌ"��Ä�ÃØ RPCÚ	Y³IP{�´MC�[ÌÚOþÑk�§�k

�U�3XÚØ�
ØU£ãý��¯¥f�.Ì§·�3¯¥fUÌþ��
50%�

bin-to-binØ�"

5.3 9Li/8He���...���UUUÌÌÌ

9Li/8He�UÌ�O�kü«�{"

�{�§nØO�{"Äk�â KamLAND¢�(J [42]Úþ�Ù|^�æ�¢

�êâ3 9Li/8He¯~Ç[Ü¥��� 9Li'Ç R§Ñ�±�Ñ 9LiÓÌ�/ "·�

O�
 9LiPC¥�) β Ú¥f�PC�©|'§¿O�ù
�¥� β UÌ§U'~\

å5��� β oUÌÒ���� 9Li/8HeUÌ"
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ã 5.8: MC�[���¯¥fUÌ"

�{�§�mI~�.{"·�� AD¥ µshower ��1 ms�1 s��m��&Ò

I§1 s�2 s��m���.I§]ÀÑ'é¯~�§~Ì��êâ¥� 9Li/8HeU

Ì"ùp]À'é¯~¤À^�^�Äu IBD�þO^�§·��N\
¯ú&Òå

l�u1 mù�^�§±~�ó,ÎÜ�."d	§�Jp&D'§éÀ^� µshower

��±¦^muon reduction^�§=�¦Ù�10-200 µsS7Lk�L1.8 MeV�&Ò§

�Ò´��Ñ�¥f��)§ù�� muonk��AÇ¬�) 9Li/8He�."3¢S©

Û¥§¦^�Ø¦^muon reduction�{¤���(JÑ�3e5±�é'"

ùü«�{���(JXã 5.9§�±w�§¦^�Ø¦^ muon reduction¤�

UÌ�nØÌÑ3Ø���S�Î"·�ÀJ¦^Ø¬ÏÚOþ
C/�nØÌ��

9Li/8HeUÌ"êâÌ3ÚOØ���S�nØÌJø
|±§�ó�êâÌ�ÚOØ

�Ny
·�énØÌ�&%§¤±ùp^êâÌ�ÚOØ���nØÌ�XÚØ�"

5.4 Am-CÚÚÚ Alpha-N���...���UUUÌÌÌ

Am-CÚ Alpha-N�.�UÌ©Odþ°���4ô5ìèÚpU¤�uL
Úë

'Jø§ùü«�.ÌÑÏLMC�[��§¤±3d�å0�"

d4ô5ìè�¤�[¿Jø� Am-C�Ý
�.UÌXã 5.10¤«"
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ã 5.9: 9Li/8HeUÌ"

ã 5.10: MC�[��� Am-C�.Ì"

uL
�ë'�[��� Alpha-N�.Xã 5.11¤«µ�ã��æ�C: ADS

�UÌ§± AD1 �~¶mã��: AD S�UÌ§± AD6 �~"�Xþ�Ù0�

�§AD1!AD2´�kC��ü� AD§C�ÿ�6§z§�C�L§¥�
�
ÿ

Á§3C�m¥Ê3�m��§¬Ë/�õ��§Ù¥� 210Po¬�z Alpha-N�."
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�´ 210PoNXþ��O��
�C: Alpha-NUÌ��É"

ã 5.11: MC�[��� Alpha-N�.Ì"�ã��æ�C:&ÿìS��.Ì§mã

��:&ÿìS��.Ì§�O´ ADþNX
ØÓþ� 210PoE¤�"

Am-CÚ Alpha-Nùü«�.Ñk MC�[��§·��ÅD�50%� bin-to-bin

XÚØ�"

5.5 IBD������>>>fffUUUÌÌÌ

31 4ÙQÐ«Ld IBD¯~�O^����ÿÀ¯~�>fUÌ§Xã 4.2�ã

¤«"ù�UÌ��>f�ý¢UÌk�É§ØU���ýÿUÌ�'�"

ÿÀ¯~�>fÌ��>f�ý¢UÌ§I��üÚN�§�Ú´Uþ��5?

�§,�Ú´�.�Ø"3·��©Û¥§Ak?�Uþ��5§��Ø�.§^SØ

U6�"Ï�3�Ù�Ñ��.Ì5
ØÓ§k�5gêâ§k�5gnØO�§�k

�5gMC�["éuÓ�5gêâ��.Ì§üÚN�Ã¤¢k�§�J�Ó"
é

unØÌÚ�[Ì§K7Lk���5?�§��Ø§Ï�§��Ì�5gêâ� IBD
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∑
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+
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ã 6.1: |^�C:¯~Ç[Ü θ13
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∑
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∑
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(6.3)
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