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Some related studies on quark-lepton flavor physics and

dark matter phenomenology

ABSTRACT

Particle physics is a frontier branch of physics which studies the nature of

the elementary particles and the interactions between them. Two important

aspects of particle physics studies are: one is precision test of standard model

including finding new methods to do it, and the other is to explore new physics

beyond standard model. With the discovery of Higgs particle, the mechanism of

particle mass generation and symmetry broken in the standard model has been

tested. The standard model is very successful. However, the standard model

itself also has some problems, such as, lacking of physical explanations for the

quark mixing, the origin of neutrino mass, the existence of dark matter and so

on. Therefore, we studied some related topics of quark-lepton mixing, neutrino

masses and dark matter phenomena in this thesis.

In the first chapter, we briefly outlined the basics of standard model and

some aspects of new physics beyond. The theoretical and experimental status

on quark-lepton mixing and dark matter phenomena are briefly discussed. In

the second chapter, we studied the parametrization of quark and lepton mixing.

A new method of parametrization of quark mixing matrix has been developed.

We proposed to use experimentally measurable CP violating quantities, α, β or

γ in the unitarity triangle as the phase in Cabibbo-Kobayashi-Maskawa (CKM)

matrix, and constructed explicit α, β and γ parameterizations. Approximate

Wolfenstein-like expressions are also suggested. β is the most accurately mea-

sured among these three phase angles, we therefore considered the β parametriza-

tion the best one to use. We also proposed reparametrization invariant expres-

sions for the complementarity relations in terms of the magnitude of the elements

in the quark and lepton mixing matrices. In the third chapter, we carried out

the SU(3) and U -spin symmetry analysis for CP violations and branching ratios
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in B+ decays into π+π+π−, π+K+K−,K+π+π− and K+K+K− mesons. We con-

structed the amplitudes of the symmetry-invariant, symmetry-breaking and the

momentum dependent terms in a systematic way and explained the experimental

data on the branching ratios and CP asymmetries. We found that large sym-

metry breaking effects are needed to explain the data by the numerical analysis.

At last, in the fourth chapter we studied the mechanism of neutrino mass gen-

eration, dark matter candidate and the relation between them. We constructed

radiative inverse seesaw dark matter models and studied some phenomenological

implications of the model. In this model because neutrino masses are generated

at two loop level with inverse seesaw, the new physics scale can be as low as a

few hundred GeV and the model also naturally contain dark matter candidate.

The large Yukawa couplings linking the SM leptons and new particles, naturally

leading to the lepton flavor violating effects. We find that future experimental

data on µ → eγ and µ − e conversion can further constrain the Yukawa cou-

pling constant and test the model. The new charged scalar particles can affect

significantly the h → γγ branching ratio in the SM which is able to explain the

deviation between the SM prediction and the LHC data. We also studied some

LHC signatures of the new particles in the model.

KEY WORDS: Quark-Lepton Flavor Mixing, CP Violation, Flavor Symmetry,

Neutrino Mass, Dark Matter .
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1�Ù XØ

1.1 IO�.9#Ôn

IO�.´ïá35�é¡+ GSM = SU(3)C ⊗ SU(2)L ⊗ U(1)L þ�5�
nØ [1–4]"d£ãf�p�^Ú>^�p�^�f>Ú�nØ±9£ãr�p
�^�þfÚÄåÆ (QCD) �Ó|¤"IO�.kn�§�Ún��f§�>
âfÏL��1fu)>^�p�^§§�ÏL���fu)r�p�^§§
�Ú�f3Ù����ÏL�� W±, Z ÀÚfu)f�p�^§�k��ü�
�Iþâf Higgs |ÏL>fé¡5gu»"§¼��"�ý�Ï��§l
¦�Ä�âf¼��þ"én�¤�f§z��Ñ�¹5�+ GSM �Ê�Ä:
L«µ

QI
Li(3, 2)+1/6, U I

Ri(3, 1)+2/3, DI
Ri(3, 1)−1/3, LI

Li(1, 2)−1/2, EI
Ri(1, 1)−1. (1.1)

3þ¡�L«¥§�Ã§� QI
L§́ SU(3)C �n� SU(2)L ���Ó��

kf�Ö Y = +1/6"L,R L«Ã��§þI I L«5��p�^����"e
I i = 1, 2, 3 L«ØÓ��"Ù§o�L«�aq§©O�gL«þn�§�m
Ãü�§en�§��mÃü�§n��f��Ã��§±9n��f�mÃ
ü�"d	§� Higgs éA�Iþ|ü�L«�µφ(1, 2)+1/2"Iþ| φ k�"
�ý�Ï��§

〈φ〉 =

(
0

v/
√

2

)
. (1.2)

ùV«X5�+�é¡5gu»"µ

GSM → SU(3)C × U(1)EM (1.3)

IO�.�.¼þ LSM´��z�Ú÷v5�ØC�§§dn�Ü©|¤µ

LSM = Lkinetic + LHiggs + LYukawa. (1.4)

Ù¥§1���ÄU�µ

Lkinetic = Lgauge
kinetic + Lfermion

kinetic + LHiggs
kinetic. (1.5)
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5�|�ÄU��µ

Lgauge
kinetic = −1

4
F i

µνF
iµν − 1

4
W i

µνW
µνi − 1

4
BµνB

µν . (1.6)

F i
µν = ∂µG

i
ν − ∂νG

i
µ − gsfijk Gj

µ Gk
ν

Bµν = ∂µBν − ∂νBµ

W i
µν = ∂µW

i
ν − ∂νW

i
µ − gεijkW

j
µW k

ν . (1.7)

éu¤�f|�ÄU� Lfermion
kinetic §Ù¥�Ã§� QI

L§ÄU��µ

Lfermion
kinetic (QL) = iQI

Liγ
µDµQ

I
Li, Dµ =

(
∂µ +

i

2
gsG

a
µλ

a +
i

2
gW b

µτ b +
i

6
g′Bµ

)
(1.8)

mÃ§�| U I
R, DI

R �ÄU�©O�µ

Lfermion
kinetic (UR) = iU I

Riγ
µDµU

I
Ri, Dµ =

(
∂µ +

2i

3
g′Bµ

)
Lfermion

kinetic (DR) = iDI
Riγ

µDµD
I
Ri, Dµ =

(
∂µ − i

3
g′Bµ

)
(1.9)

éu�Ã�f�� LI
L �ÄU��µ

Lfermion
kinetic (LL) = iLI

Liγ
µDµL

I
Li, Dµ =

(
∂µ +

i

2
gW b

µτ b − i

2
g′Bµ

)
(1.10)

mÃ�f EI
R �ÄU��µ

Lfermion
kinetic (ER) = iEI

Riγ
µDµE

I
Ri, Dµ = (∂µ − ig′Bµ) (1.11)

éuIþ|§ÄU��µ

LHiggs
kinetic = (Dµφ)†Dµφ, Dµφ =

(
∂µ + ig

τ b

2
W b

µ +
ig′

2
Bµ

)
φ. (1.12)

ÄU��.¼þkn�ëê g, g′ Ú gs§§�´5��p�^�ÍÜ~ê"Ù
¥ Ga

µ ´ 8 ��f|§W b
µ ´n�f�p�^��ÀÚf§Bµ ´�f�Ö�À

Úf"fijk ´(�~ê§εijk ´n���é¡Üþ"Ù¥ λa´ 8 � Gell-Mann Ý

µ

λ1 =

0 1 0

1 0 0

0 0 0

 , λ2 =

0 −i 0

i 0 0

0 0 0

 , λ3 =

1 0 0

0 −1 0

0 0 0

 , λ4 =

0 0 1

0 0 0

1 0 0

 ,

λ5 =

0 0 −i

0 0 0

i 0 0

 , λ6 =

0 0 0

0 0 1

0 1 0

 , λ7 =

0 0 0

0 0 −i

0 i 0

 , λ8 = 1√
3

1 0 0

0 1 0

0 0 −2

 .
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 τ b L« 3 � Pauli Ý
µ

τ 1 =

(
0 1

1 0

)
, τ 2 =

(
0 −i

i 0

)
, τ 3 =

(
1 0

0 1

)
.

1��´ Higgs³§§£ãIþ|�g�p�^µ

LHiggs = µ2φ†φ − λ(φ†φ)2. (1.13)

ùÜ©.¼þkü�ëê λ Ú µ§ý�½5�¦ λ > 0§é¡5gu»"�¦
µ2 < 0"3N�5�e§ÀJý�µ

φ =
1√
2

(
0

v + H

)
(1.14)

ò��äãY²e Higgs âf��þ mH =
√

2λv [5]" Goldstone ÀÚf�
5�K§¦�n�5�ÀÚf¼��þµ

(Dµφ)†Dµφ =
1

2
(0 ν)

[
g

2
τ bW b

µ +
g′

2
Bµ

]2
(

0

ν

)
+ H terms

→ M2
W W+µW−

µ +
M2

Z

2
ZµZµ + H terms. (1.15)

Ù¥§Ôn�5�|µ

W± =
1√
2
(W 1 ∓ iW 2)

Z = − sin θW B + cos θW W 3.

A = cos θW B + sin θW W 3. (1.16)

W,Z ÀÚf��þ�µ

MW =
gν

2
, MZ =

√
g2 + g′2ν

2
=

MW

cos θW

. (1.17)

θW ´Weinberg =Ä�"

tan θW ≡ g′

g
⇒ sin2 θW = 1 − M2

W

M2
Z

.

1n�´ Yukawa �p�^�§§�)�fÚfüÜ©"3��z�Y²§
§�Ü©� Yukawa �p�^�µ

− Lquarks
Yukawa = Y d

ijQ
I
LiφDI

Rj + Y u
ij Q

I
Liφ̃U I

Rj + h.c.. (1.18)
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ù«�p�^´§��þÚ�·Ü�5"ùpk 10 �Ônëê§§�±ÀJ
� 6 �§���þ§Ú£ã§�·Ü� 4 �ëê"Yukawa �p�^ò¬�)�
þ�µ

− Lq
M = (Md)ijDI

LiD
I
Rj + (Mu)ijU I

LiU
I
Rj + h.c., Mq =

v√
2
Y q. (1.19)

�±ÏLN�Ý
 VqL Ú VqR ò�þÝ
?1é�zµ

VqLMqV
†
qR = Mdiag

q q = u, d. (1.20)

�A�§��þ����µ

qLi = (VqL)ijq
I
Lj, qRi = (VqR)ijq

I
Rj q = u, d. (1.21)

ù�§��§�Ú W± �p�^��>f6µ

− Lq
W± =

g√
2
uLiγ

µ(VuLV †
dL)ijdLjW

+
µ + h.c.. (1.22)

XJg,.�3 n �¤�f§i, j = n�§£ã§��·Ü�Ý
´�� n × n

�EêÝ
§ù�EêÝ
^ 1
2
n(n− 1) �Õá�î.�Ú 1

2
(n− 1)(n− 2) �Õ

á���5ëêz§XJÕá����êØ�"ò¬�� CP y�Ñy§3I
O�.¥kn�¤�f§§��·ÜÝ
�±^n�Õá�î.�Ú�� CP

»���5ëêz"3IO�.¥§£ã§�·Ü�Ý
 (CKM) [6,7]Ý
�µ

VCKM = VuLV †
dL =


Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

 , (V V † = 1). (1.23)

�fÜ©� Yukawa �p�^�µ

− Lleptons
Yukawa = Y e

ijL
I
LiφEI

Rj + h.c.. (1.24)

3 Higgs |¼��"�ý�Ï���§ù«�p�^�±¦�>�f¼��þ"
�f� Yukawa ÍÜ�kn�Ônëê§Ï~À�n�>�f��þ"±þÒ
´Ï~¿Âe�IO�.§3IO�.¥§¥�f´vk�þ�"

XJ¥�f´k�þ�§KI�Ú\#Ôn§Ó��fÚ W± �p�^�
�>f6�µ

− Ll
W± =

g√
2
l̄Liγ

µ(U †
l Uν)ijνLjW

−
ν + h.c.. (1.25)
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Ù¥§£ã�f·Ü�Ý
 (PMNS) [8, 9] Ý
�µ

UPMNS = U †
l Uν =


Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3

 , (UU † = 1). (1.26)

�,IO�.�~¤õ§IO�.ýó�¤kâfÑ®²�uy§IO�
.ýó�����Iþâf Higgs �®²3 LHC þuy"�´IO�.���
X�¯K§I�Ïé�IO�.�#Ôn§e¡{ü0�A��¡"

5�¯KµIO�.�5��p�^´ïá3n�5�f+��È�Ä:
þ�§§�©OéAÕá�5�ÍÜ~ê"��k>f�p�^Ü©äkÃ
�5§IO�.édvk)º"E,�5�(�V«ò¬�3d3�Ú���
p�^§~X�<�Ï"�@�§�Ú�nØ SU(5) [10] �±rn«5��p
�^Ú�å5§�unØ�±òÚåÚn«5��p�^Ú�3�å"

¤�f¯Kµ·��ÊÏÔ�´d1��¤�f (νe, e
−, u, d) |¤�",

¢�þ&ÿ¿uy
k��1�� (νµ, µ
−, c, s) Ú1n� (ντ , τ

−, t, b)"IO
�.éun�¤�f��þ±9�þ�?¿vk)ºÚýó"éu§�Ú�f
�·Ü¿vk)º"éu¥�f´Majorana .��´ Dirac .�vkýó"�
,¢�þ®²*ÿ�� CP »�y��±�£ã§��·Ü�Ý
 (CKM) Ý

£ã�éÐ§�´IO�.vk)º CP »��5§8c·�vkv
�
CP »�5)º�»¥�fêØé¡"

Higgs ¯KµHiggs âf�,®²3 LHC þuy§�´ Higgs âf��þk
°[N!�¯K"Ôn� Higgs ��þ5guäãY²�à�þÚ5gu²�
uÑ���ã?�µ

M2
H = (M2

H)bare + O(λ, g2, h2)Λ2, (1.27)

ùp Λ´nØ�pUI§λ, g2, h2 ©O� Higgs �gÍÜ±9�5�ÀÚfÚ
¤�f�ÍÜ"XJ·��nØéupUI�ÔnÓ�·^§@oF"� Λ ò
¬3ÊK�UI MP = G

−1/2
N ∼ 1019 GeV"ù�àþÚ?���m�-�ò¬

ké��°[N!"�«)û��{´ TeV UIe��é¡nØ [11, 12]§²�
uÑ��¤�fÚÀÚf�ã?��±-�§�3eé�§Ý��é¡»""
Ó��k� Higgs �.§�±¦ù«-�3¤�f�m½ÀÚf�m-�"�
ù
nØÑÉ�>f�p�^�ér���"

Úå¯Kµ3IO�.¥§ÚåØUÚÙ§�Ä��p�^åg,/Ú�
3�å"£ãÚå�2Â�éØ´ØUþfz�"�U��{k Kaluza-Klein
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nØ [13,14] Ú�ÚånØ [15,16]"ù
nØ�,UrÚåÚÙ§��p�^å
g,/Ú�å5§�´ØU)ûÚåþz���z¯K"�kF"�nØ´
unØ"unØ´�k�U�¦âfÔnÚÚåÚ��nØ§�´8c¥yÑ
Ã�õ�U�uý� [17, 18]§vk²w�ÀJ�K"

VUþÚVÔ�¯Kµ8c§��5¿�´§�»Æéu�»�Å�µË
�§Ia .�#(§(XÚ(Xì��ºÝ©Ù§��¿�ÐØÜ¤�*ÿêâ
�±��§|±·���»´3\�)ä� [19]"ù���»Æëê�°(ÿ½
Jø
�U§�»´�Cu²"�§k�� 68% �VUþ§27% �VÔ�§5%

�ÊÏÔ� [20]"Ù¥§VUþ´�»\��Ì�Uþ�z§�´3IO�.¥
vk)º"§�)ºk�U´âfÔnIÝe�»Æ~ê�°[N!§½ö´
��mCz�úE|"Ó�/§éu�»ÆºÝ*ÿ��VÔ�§IO�.�
vk)º"8c'uVÔ��ïÄ�ÑÚÄ�âféX3�å§é���«�
U´f�^�âf§¢�þ�3ÏL�«�{5&ÿVÔ�âf"

1.2 §��f�Ôn

§��f�Ôn�9âfÔn�ÃõïÄ+�§�)IO�.±9�
IO�.�#Ôn+�§§��f�ÔnÑ´nØÚ¢�'5�Ø%"3§
��Ôn�¡�)
§��·ÜÝ
�(�§�é¡5§��UC�¥56
(FCNC)§CP »�§0f·ÜÚ��"�f�Ôn�¡¥�fÔn´ïÄ�9
:§¿õÚ#Ôn�ïÄéX3�å§�)¥�f�þ�)§¥�f·Ü§·Ü
�é¡5§�f�»�§>ó4Ý�¯K"

{¤þ�ÔnÚ CP »�´&ÿ#Ôn�éÐ�Ãã"~X§"� K0
L →

µ+µ− �PCýó
 charm §���3¶K0K̄0 ·ÜXÚ� CP »�ýó
1n
�âf¶K0K̄0 ��þ²��ýó
 charm §���þ¶B0B̄0 XÚ���þ
�����þ�ýó
 top §���þ"ù
ÿþé�IO�.�#Ônké
r���§ùÒV«XXJk TeV UI�#Ôn§§�½�kAÏ��Ú CP

(�5÷vù
��"IO�.¥ CP »��5kn«�UµÙ¥��Ò´
d£ãn�§�·Ü� CKM Ý
���¶XJIO�.\\
¥�f��þ§
@o�f·ÜÝ
 (PMNS) Ý
Ó�¬�� CP »�¶,	§3�Åð�r�
p�^¥Ó�¬k CP »�y�Ñy§QCD �.¼þ¥�±�3���	�
� Lθ = θ g2

s

32π2 F
µνF̃µν§θ´��Ãþj�~ê§� θ 6= 0�ò��r�p�^¥

k CP »�Ñy§ù¡��r CP »� [21, 22]"�� CP »�Ù¥��5�
CKM Ý
§§�±��¢�ó�öÏLÏé¢��*ÿþ5°(ÿ½·ÜÝ
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�"Ù¥§§�3 FCNC �ã¥�Ñy��X·Ü�ªÇ§Ïd�û½
¥
50f�·Ü´ÄU3¢�þ*ÿ�¶3fPCÌ��PCL§¥§k(½�
þfê���0f�Æ·´d CKM Ý
�û½�¶3·ÜÚPC�ÌÑk�
z�PCL§¥§ØÓ��m CKM �·Ü�?û½
�*ÿ� CP »��A
��éºÝ"B 0fó��¤õ$1§ÏLNõØÓ�ÄåÆL§§é�§Ý/
�å
 CKM Ý
§Ïd�u�
 CKM nØ"

3�f�Ôn�¡§¥�fg,´nØ¢�'5��:§3IO�.¥§
¥�f´vk�þ�§�´¥�f��¢�²(/L²¥�fkX�"��
þ"du¥�f�����Ú�þ���¿ØÜ§Ïd¥�f3DÂ�L
§¥¬�)��§¢��±|^ù�5�5Ó�ÿþ¥�f�·Ü�ÚØÓ
��m��þ²��"8c§��¥�f¢�®²ÿþ�
 1,2 ü��m��
�§�í¥�f¢�ÿþ�
 2,3 ü����§¥I��æ�¥�f¢� [23]±
9 RENO [24], T2K [25], Double Chooz [26] �¢��ÿ�¥�f�����·
Ü�§= 1,3 ü��m���"�´8c¢�þéu¥�f��þ�?¯K�
vk½Ø§ùI�?�Ú�¢�"Q,¥�fk�þ§@o¥�f��þ�
)Ò´��¯K§8cnØ'u¥�f�þ�)��.éõ§±¥¥�Å�
��61 [27, 28]§�X LHC¢�êâ�Øä�#§¥�f�þ��)Å��
�«�.Òk"�¢�u�"¥�f��þ¯K¥¬g,�9� Majorana ¥
�f�¯K§�â8c�nØ§¥�f��þÝ
¥�±k Dirac ���±k
Majorana �"éu¥�f�.´Majorana .�´ Dirac .�§¢�þ´ÏLÃ
¥�f�V β 5?1&ÿ� [29]§8c�vk²(�(Ø"3¥�f���¢
�¥§LSND �¢�uy
¥�f��É~�y� [30]§38c�n�¥�fµ
e¥Ã{)º*ÿ��¢�êâ§8cnØþ´JÑO\��Øë�f�p^
�ü�¤�f5)ûÉ~y�§#Ú\���¥�f�¡��ý5¥�f"¥
�f�'�ïÄ���kéõ§Xk�þ¥�f�^ÝÚ¥�f�PC§¥�
féu�fê)¤�K��"

d	§�é¡5�´�Ôn����ïÄ��"§�Ú�fÑkn«�§
ïÄØÓ��m�'XkÏu)º§�Ú�f�ØÓ·Ü�ª"8c�¢�ê
âw«n�§��m�3é���·Ün��f�mké���·Ü§ù�
¡���(���"�Ò´`<�F"ïáå�þÝ
Ú·ÜÝ
�'X§3
���Ä��nØþ§IO�.� Yukawa ÍÜ�±k�\�¡�n)"3�«
é¡5¥§�C��©áé¡5�2�/?1
ïÄ§~X§A4, S3, Z2, Z3, D4

� [31–34]§ù
�.��õê�.�±g,/�)�fÜ©�V�·Ü�ª
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Ø^Ã�þ� Goldstone ÀÚf [35]§ØÓ�é¡�.e��¤�fÚ Higgs �
±Øä/�¢�?1u�"�´8c¢�®²uy�fÜ©�"� 1,3 ·Ü�§
ùò��nØÆ[éù
�.�ØÓ§Ý�?U"Ó��
ëY�é¡53r
fÔnp¡kX��A^§·�Ù��£ã§��. SU(3) �é¡5§�f
¥fr�p�^¥�Ó ^é¡5"30f��
PCL§��±^�é¡5
5©Û§~X§B 0f���PC§du��PCL§ò\
E,�r�p�^
Úf�p�^§PCL§�~E,§8cdu·�éur�p�^�
)k�§
8c�«nØ�.éuPC©|'�O�Ñké��Ø(½5§Ïd�é¡5
´��©ÛPCL§�éÐ�å»§éuØÓ�PCL§§~�9���é¡
5k SU(3)§U ^ [36, 37]§Ó ^�"

1.3 VÔ�

y�¿Âe�VÔ�Vg´da¬U©Æ[ Fritz ZwickyÄkJÑ�§§
3ïÄ�u(Xì¥(X$Ä��Ý�Ñ�§uy�u(Xì��1'�'�
�� 400 ��m [38]"ù`²(Xì¥��(X�$Ä�Ý�¯
§==��
�u(Xì¥���Ô��Úå�p�^éJ¦��(Xì�±½§Ïd§
(Xì¥�½k·�wØ��Ô�§§��Úå�z¦(Xì�±½"8c§
U©*ÿþ�kéõ�{�±ÿþ(Xì��þ§~X§�Ñu(Xì¥�p
§Ý� X��íN�°(ÿþ!(X�Ý�©Ù!rÚåßº!fÚåßº�
U©Æ*ÿÑy¢
VÔ���3"Ù¥U©Æþ(½VÔ��3�����
yâ´/µ(X^=��ÿþ [39]"U©Æ*ÿ�±ÿþ(X¥ð(7(X
¥%�^=�Ý�ð(�(X¥%ål�Cz'X"¢�þÿþ��^=�
3ål(X¥%é��/�¬C�'�²§Uì²;�ÚîåÆ§;��Ý
�²�ATÚål¤�'§Ïd¢�*ÿ(J�Uì��Ô��nØíÿî
ØÎ§ùÒ¿�(X¥�¹
�õ�vk���*ÿ��VÔ�§ù
Ô��
´ÏLÚå��ALyÑ5",	§2006 c§a�. X��"�ºéf�(X
ì�*ÿ§�VÔ���3Jø
q�����yâ [40]"a�.¥(uy

f�(Xì�ü�f(Xì3R�uÀ���þu)
�gp�-E§ÏLf
Úåßº�*ÿ§uyf�(Xì�fÔ�Úü�(X��þ¥%¿ØÜ§
ù�y�¦<��ßw�
ÊÏÔ��Úå|�²w��m©l§éuù«
y�§?U8c�ÚånØ´éJ)º�§Ú\VÔ�´'�g,�)º"Ï�
ÊÏfÔ��m��p�^ér§VÔ��m��p�^éf"Ïd-E
L§¥§ÊÏÔ�ÏLr�p�^~�§VÔ�Ä�þp�BL§lE¤
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-E�ÊÏÔ�ÚVÔ���m©Ù�²w l"8c§�XÊK�¥('u
�»�Å�µ��É5�?�Ú°(ÿþ§·�k�UÏL[Ü*ÿêâ(½
�»¥VÔ��oþ"8c[Ü�(J�ÑVÔ�3���»¥¤Ó�|©�
�� 27% [20]"U©Æ*ÿþ®²(½
VÔ��3�yâ"3�ºÝþ§3â
fÔn�ºÝþ§8c�kØÓ�¢�3éVÔ�?1&ÿ§3âfÔn�I
O�.¥¿vkVÔ����ÿÀö§ÏdVÔ���Úm�&ÿ¢�òéV
Ô�âfnØ�.�ïÄJøkå�¢�|±"duf�^�âf´VÔ�
âf�.¥�ïÄ�õ�§Ïd§¢�þéuù«VÔ�âf�Ïé´�õ�"
e¡�âVÔ��ÊÏÔ��ØÓ�p�^�ª50�A«VÔ�&ÿ¢�"

ã 1.1 VÔ�&ÿ�ØÓa."
Figure 1.1 Sketch of the different types of astroparticle search strategies for dark-matter

detection.

rféEÅþ�ÏéµXJf�^�âf3�.rféEþ�)§§�
�Ø¬���&ÿ�"Ï�§�´f�^�¥5âf§3éEÅþLy�Uþ
�¿�§�,3éEÅþéu¥�f�Ïé�´ÏL¿��Uþï¯~5&
ÿ¥�f�"éuVÔ��ÏéI��
AÏ�&Ò [41, 42]"Xã 1.1 �ý¤
«§XJIO�.�âfÏL�p�^�)
VÔ�âf§¢�þÒ�ÏL"
�&E5&ÿVÔ�&Ò"8c CMS Ú ATLAS ®²?1
ù�¡�ïÄ§�
�´5*ÿVÔ�é�)�&Ò§-EL§¥Ð��§��UË�Ñü1fÚ
ü�f§Ïd3é�)�VÔ�3"��&ÒÒLy�ü1fÚUþ¿�½ö
ü�5ÚUþ¿�"¢�þÒ´ÏLù��&Ò5ÏéVÔ��§8c�¢�
êâ�vk?Û�IO�.#Ôn�&Ò§�´�±éf�^âf�VÔ�
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�.?1éÐ��� [43]"

��&ÿ¢�µXã 1.1 eý¤«§VÔ���&ÿ¢�´ÏLVÔ�â
f�IO�.âf��5Ñ�5ÏéVÔ��&Ò"VÔ�3/¥�±�k
�½��Ý©Ù§XJVÔ�Ú/¥þ�&ÿìu)-E�§&ÿìþ��f
Ø¬kØ�À&Ò§¢�þÒ´ÏLØ�À&Ò5ÏéVÔ��"�´ùé¢
���¦ép§ù�¦&ÿì�kv
�(¯Ý§�I�é$��."¢�
þ§8c DAMA,CDMSII,CoGeNT,CRESST Ñuy
 10 GeV �m�VÔ�&
Ò [44–47]§�´ù
¢�VÔ�¯~�«�*dØÜ§��kÙ¦�²1
�¢�§X XENON100,LUX¢� [48, 49]®²òù
«��VÔ�¯~üØ§
ùk�u¢��?�Ú�yÚ©Û§éuVÔ��Øf��p�^�¡§LUX

¢��Ñ
�r���§ù�ò¬éØÓ�VÔ��.�Ônëê�m�Ñ�
r���"

m�&ÿ¢�µXã 1.1 mý¤«§XJVÔ�âf�±�«�IO�.�
âf§@o·�Ò�±ÏL&ÿ¥(5Ïé�»¥VÔ��«�&Ò"8c�
�»�&ÿ¥(kNõ§CÏ AMS-02 3�»��¥�>ff' e+/(e− + e+)

�p°Ý�ÿþêâ§uyUÌ¥l 5 � 350 GeV ���këY��.�Ñ§
vk��f��Ñ [50]§ù�Ú CAPRICE,HEAT,AMS-01,PAMELA,Fermi-

LAT¢� [51–55] ¤*ÿ��ÊH1���§¦+kNõÙ¦�Å��±)º
¢�y�§�´§�ÃVÔ�&ÒJø
rkå�¢�|±"ù�kk�u¢
�ÚnØ�?�ÚØyÚ©Û"
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1�Ù CKM Ý
��#�ëêz�{

§��f�·Ü´�ÔnïÄ���K"n�§��f�þÚ§��f
�·Ü�9£ã CP »����´�Ôn��ëê"du§��f��þ�
��Úf�p�^����¿ØÜ§ùÒ��
§��f��·Ü"CKM Ý

 [1, 2] Ú PMNS Ý
 [3, 4]´£ã§��f�UCL§��ëê§ÏdXÛ
ëêz CKM Ý
éuïÄ§��UCL§äk��¿Â"

�Ù1�!0�ëêz CKM Ý
êÆþ�d�Ê«ØÓ��ª§1�!
0��«ëêz CKM Ý
�#�{§̂ £ã CP y��¢��*ÿþ α, β Ú
γ ��5ëêzCKMÝ
§¿�y²ØÓëêz/ª3êÆþ´���d�§
ù� CP »����Ò´ëêzÕá�§)û
 CKM Ý
�ëêz�6¯K"
1n!ïÄ§��f�pÖ5'X§31�Ù�Ä:þJÑ#ëêzØC�
§��fpÖ5'X§̂ CKM Ý
�Ú PMNS Ý
�5L«§��f�pÖ
5'X"���Ño("

2.1 CKM Ý
��ØÓëêz�ª

3IO�.f>Ú�nØ¥§��·Üy�d�� 3 × 3 �Ý
=CKMÝ

5£ã"CKM Ý
¹ko�ëê§3�=Ä�Ú1�^5£ã CP »�L§�
��"NõØÓ�ëêz�{®²�2��ïÄ§e¡·�0�êÆþ�d�
Ê«ØÓ�ëêz�ª"

IO�.¥§�� W± f�p�^�.¼þ�µ

L = − g√
2
ULγµVCKMDLW+

µ + H.C. (2.1)

Ù¥§UL = (uL, cL, tL)T , DL = (dL, sL, bL)T §�f6�±�L«�µ

(
u, c, t

)
L


Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb




d

s

b


L

, (2.2)

ùp u, c, ..., b L«§�����§L L«�Ã|§Vij ´ CKM Ý
�"Ï~ Vij

´Eê§�´§��ýé�´¢��*ÿþ"Vij ���´vkÔnéA�§Ò
�§�|�����"
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XJ�Ä�·Ü�Ý
´¢���Ý
§@o§�±�L«¤n�Ý
�
¦È§R12, R23 Ú R31§ùn�Ý
©OL« (1,2), (2,3) Ú (3,1) ²¡S�=Äµ

R12(θ) =


cθ sθ 0

−sθ cθ 0

0 0 1

 ,

R23(σ) =


1 0 0

0 cσ sσ

0 −sσ cσ

 ,

R31(τ) =


cτ 0 sτ

0 1 0

−sτ 0 cτ

 . (2.3)

ùp sθ ≡ sin θ, cθ ≡ cos θ, etc. ·��±�Ùw�?¿ü�=ÄÝ
�m´*
dØé´�"ÏLéù
=ÄÝ
?1ØÓ�ü�|Ü�±�EÑ�����
�Ý
 R§o�k 12 «ØÓ�ü��ª"3�E R ��ÿ§R−1

ij (ω) Ú Rij(ω)´
�d�§Ï� R−1

ij (ω) = Rij(−ω)"�du Rij(ω)Rij(ω
′) = Rij(ω + ω′)§Ïd§

¦È Rij(ω)Rij(ω
′)Rkl(ω

′′) ½ö Rkl(ω
′′)Rij(ω)Rij(ω

′) Ï�ØUCX 3 × 3 ��
Ý
 R ���m�üØ"ù�§R � 12 «ØÓ��E�ª�±�L«� [5]µ

(1) R = R12(θ) R23(σ) R12(θ
′) ,

(2) R = R12(θ) R31(τ) R12(θ
′) ,

(3) R = R23(σ) R12(θ) R23(σ
′) ,

(4) R = R23(σ) R31(τ) R23(σ
′) ,

(5) R = R31(τ) R12(θ) R31(τ
′) ,

(6) R = R31(τ) R23(σ) R31(τ
′) ,

(7) R = R12(θ) R23(σ) R31(τ) ,

(8) R = R12(θ) R31(τ) R23(σ) ,

(9) R = R23(σ) R12(θ) R31(τ) ,

(10) R = R23(σ) R31(τ) R12(θ) ,

(11) R = R31(τ) R12(θ) R23(σ) ,

(12) R = R31(τ) R23(σ) R12(θ) .
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�,±þ� 12 «|Ü�ªL«
������Ý
§�´Ù¥�k 9 «´
Õá�§§�3(�þ´ØÓ�"Ï�§RijRklRij Ú RijRmnRij ( ij 6= kl 6= mn)

´*d'é�§ù�Ò¬���Ó/ª�Ñy"¯¢þ§ü�/ª(1), (3), (5)

Ú (2), (4), (6) kXe�'Xµ

R12(θ) R31(τ) R12(θ
′) = R12(θ + π/2) R23(σ = τ) R12(θ

′ − π/2) ,

R23(σ) R31(τ) R23(σ
′) = R23(σ − π/2) R12(θ = τ) R23(σ

′ + π/2) ,

R31(τ) R23(σ) R31(τ
′) = R31(τ + π/2) R12(θ = σ) R31(τ

′ − π/2) . (2.4)

Ïd§��Ý
 R �k 9 «ØÓ��E�ª§·�ÀJ (1), (3) , (5) Ú (7) –

(12) ��ù 9 «ØÓ��E��Ý
��ª"

±þ·�®²^n�=Ä��EÑ
=ÄÝ
§e¡·�I�3=ÄÝ

¥r£ã CP »���� ϕ �¹?5§ù�·�Òk
£ã§��·ÜN�Ý

�o�ëê§·�Ò�±��ëêz CKM Ý
� 9 «ØÓ��ª"CP »�
���kØÓ��ª?\=ÄÝ
�¥§± R12 �~µ

R12(θ, ϕ) =


cθ sθ e+iϕ 0

−sθ e−iϕ cθ 0

0 0 1

 ,

½

R12(θ, ϕ) =


cθ sθ 0

−sθ cθ 0

0 0 e−iϕ

 ,

½

R12(θ, ϕ) =


cθ e+iϕ sθ 0

−sθ cθ e−iϕ 0

0 0 1

 .

aq/§·�Ó��±r�ëêÚ\�=ÄÝ
 R23 ½ R31 ¥"ù�§·�
Ò�±^��Eê=ÄÝ
 Rij Úü�¢ê=ÄÝ
�EÑ CKM Ý
 V "3
CKM Ý
��¥§CP »���� ��±ÏL#½Â§�|���?1C
�§¤±��� �¿ØK�ØÓëêz�ª�©a"3�E CKM Ý
�§·
�o´�±��4�� u CKM Ý
��� 2× 2 �fÝ
�¥§Ù{�Ê
�Ý
��¢ê"�A/§·�òúª (2.3) ¥¢ê=ÄÝ
?1 1 → e−iϕ �
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O�Ò�±��Eê=ÄÝ
R12(θ, ϕ), R23(σ, ϕ) Ú R31(τ, ϕ)"l�� CKM

Ý
� 9 «ØÓ�ëêz�ª [5]µ

P1 : V = R12(θ) R23(σ, ϕ) R−1
12 (θ′) J = sθcθsθ′cθ′s

2
σcσ sin ϕ

sθsθ′cσ + cθcθ′e
−iϕ sθcθ′cσ − cθsθ′e

−iϕ sθsσ

cθsθ′cσ − sθcθ′e
−iϕ cθcθ′cσ + sθsθ′e

−iϕ cθsσ

−sθ′sσ −cθ′sσ cσ


tan θ = |Vub/Vcb|
tan θ′ = |Vtd/Vts|

cos σ = |Vtb|

P2 : V = R23(σ) R12(θ, ϕ) R−1
23 (σ′) J = s2

θcθsσcσsσ′cσ′ sin ϕ
cθ sθcσ′ −sθsσ′

−sθcσ cθcσcσ′ + sσsσ′e−iϕ −cθcσsσ′ + sσcσ′e−iϕ

sθsσ −cθsσcσ′ + cσsσ′e−iϕ cθsσsσ′ + cσcσ′e−iϕ


cos θ = |Vud|

tan σ = |Vtd/Vcd|
tan σ′ = |Vub/Vus|

P3 : V = R23(σ) R31(τ, ϕ) R12(θ) J = sθcθsσcσsτc
2
τ sin ϕ

cθcτ sθcτ sτ

−cθsσsτ − sθcσe
−iϕ −sθsσsτ + cθcσe

−iϕ sσcτ

−cθcσsτ + sθsσe
−iϕ −sθcσsτ − cθsσe

−iϕ cσcτ


tan θ = |Vus/Vud|
tan σ = |Vcb/Vtb|

sin τ = |Vub|

P4 : V = R12(θ) R31(τ, ϕ) R−1
23 (σ) J = sθcθsσcσsτc

2
τ sin ϕ

cθcτ cθsσsτ + sθcσe
−iϕ cθcσsτ − sθsσe

−iϕ

−sθcτ −sθsσsτ + cθcσe
−iϕ −sθcσsτ − cθsσe

−iϕ

−sτ sσcτ cσcτ


tan θ = |Vcd/Vud|
tan σ = |Vts/Vtb|

sin τ = |Vtd|

P5 : V = R31(τ) R12(θ, ϕ) R−1
31 (τ ′) J = s2

θcθsτcτsτ ′cτ ′ sin ϕ
cθcτcτ ′ + sτsτ ′e−iϕ sθcτ −cθcτsτ ′ + sτcτ ′e−iϕ

−sθcτ ′ cθ sθsτ ′

−cθsτcτ ′ + cτsτ ′e−iϕ −sθsτ cθsτsτ ′ + cτcτ ′e−iϕ


cos θ = |Vcs|

tan τ = |Vts/Vus|
tan τ ′ = |Vcb/Vcd|

P6 : V = R12(θ) R23(σ, ϕ) R31(τ) J = sθcθsσc
2
σsτcτ sin ϕ
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−sθsσsτ + cθcτe

−iϕ sθcσ sθsσcτ + cθsτe
−iϕ

−cθsσsτ − sθcτe
−iϕ cθcσ cθsσcτ − sθsτe

−iϕ

−cσsτ −sσ cσcτ


tan θ = |Vus/Vcs|

sin σ = |Vts|
tan τ = |Vtd/Vtb|

P7 : V = R23(σ) R12(θ, ϕ) R−1
31 (τ) J = sθc

2
θsσcσsτcτ sin ϕ

cθcτ sθ −cθsτ

−sθcσcτ + sσsτe
−iϕ cθcσ sθcσsτ + sσcτe

−iϕ

sθsσcτ + cσsτe
−iϕ −cθsσ −sθsσsτ + cσcτe

−iϕ


sin θ = |Vus|

tan σ = |Vts/Vcs|
tan τ = |Vub/Vud|

P8 : V = R31(τ) R12(θ, ϕ) R23(σ) J = sθc
2
θsσcσsτcτ sin ϕ

cθcτ sθcσcτ − sσsτe
−iϕ sθsσcτ + cσsτe

−iϕ

−sθ cθcσ cθsσ

−cθsτ −sθcσsτ − sσcτe
−iϕ −sθsσsτ + cσcτe

−iϕ


sin θ = |Vcd|

tan σ = |Vcb/Vcs|
tan τ = |Vtd/Vud|

P9 : V = R31(τ) R23(σ, ϕ) R−1
12 (θ) J = sθcθsσc

2
σsτcτ sin ϕ

−sθsσsτ + cθcτe
−iϕ −cθsσsτ − sθcτe

−iϕ cσsτ

sθcσ cθcσ sσ

−sθsσcτ − cθsτe
−iϕ −cθsσcτ + sθsτe

−iϕ cσcτ


tan θ = |Vcd/Vcs|

sin σ = |Vcb|
tan τ = |Vub/Vtb|

z«ëêz��
k^�'X�®²�Ñ"Ù¥^5ÿþ CP »�¿äk
�=£ØC5�ëþ J �½Â� [6, 7]µ

Im
(
VilVjmV ∗

imV ∗
jl

)
= J

3∑
k,n=1

(
εijkεlmn

)
, (2.5)

ùÊ«ØÓ�ëêz�ª3êÆþ´���d�"Ù¥§·�5¿� P2 Ú P3

©OéAu@Ï� Kobayashi-Maskawa ëêzÚISâfÔnêâ|Ï^�
IOëêz(=PDGëêz)§ÏL#½Â§�| c → c e−iϕ, t → t e−iϕ, Ú
b → b e−iϕ ·��±�ß/wÑ5§���d'X"
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2.2 CKM Ý
� α, β, γ ëêz

£ãn�§�·Ü� CKM Ý
�±dn�·Ü�Ú�� CP »���5
ëêz"3�õê�ëêz/ª¥§CP »����ÀJØ´���¢��*ÿ
þ�´ëêz�6�"ù�!0��«#�ëêz CKM Ý
��{§̂ ¢
�þ�*ÿ�£ã CP »�y��ëþ§N�n�/¥� α, β,γ ��� CKM

Ý
���§ïá�ß� α, β,γ ëêz"¿���Cq�a Wolfenstein Ðm"
3n����¥ β ´8c¢�þÿþ�°(�§Ïd§Ù¥ β ëêz´Ù¥�
�Ð�ëêzÀJ"

2.2.1 CKM Ý
�ëêz�6¯K

3þ�!¥·�®²�� CKM Ý
kÊ«ØÓ�ëêz�ª§ùÊ«Ø
Ó�ëêz�ª3êÆþ´���d�§¿�´�pÕá"�´Ù¥� CP »
���vkÔnéA§¿Ø´¢��*ÿþ§�´ëêz�6�"e¡·�
±Ù¥� P2 Ú P3 �Ò´@Ï� KM ëêzÚIO� PDG ëêz [8]�~?1
?Ø"

n�§�·ÜÝ
Ï~�ëêz/ª�µ

VPDG =


c12c13 s12c13 s13e

−iδCK

−s12c23 − c12s23s13e
iδCK c12c23 − s12s23s13e

iδCK s23c13

s12s23 − c12c23s13e
iδCK −c12s23 − s12c23s13e

iδCK c23c13

(2.6)

ùp sij = sin θij, cij = cos θij"θij ´§���m�=Ä� δCK ´ CP »��
��"·�¡ù«ëêz� CK ëêz"ù«/ªÒ´ISâfÔnêâ|~
^�IOëêz/ª"§��·Ü®²kNõ�¢�êâ§[Ü¢�êâ [9] ·
��±��·Ü�±9 CP »����µ

θ12 = 13.015◦ ± 0.059◦, θ23 = 2.376◦ ± 0.046◦, θ13 = 0.207◦ ± 0.008◦,

δCK = 69.7◦ ± 3.1◦. (2.7)

l�±��Ý
����µ
0.9743 ± 0.0002 0.2252 ± 0.0010 0.0036 ± 0.0001

0.2251 ± 0.0010 0.9735 ± 0.0002 0.0415 ± 0.0008

0.0088 ± 0.0003 0.0407 ± 0.0008 0.99913 ± 0.00003

 (2.8)
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·Ü��±�w���m�=Ä"�´ CKM Ý
�·Ü�Ú��ÑØ´��
�¢��*ÿþ"·ÜÝ
kéõØÓ�ëêz�ª"éuØÓ�ëêz�ª§
·Ü�Ú��Ñ´ØÓ�"�
`²ù�:§·�w�Ð� KM ëêz [2]§

VKM =


c1 −s1c3 −s1s3

s1c2 c1c2c3 − s2s3e
iδKM c1c2s3 + s2c3e

iδKM

s1s2 c1s2c3 + c2s3e
iδKM c1s2s3 − c2c3e

iδKM

 . (2.9)

^·ÜÝ
�*ÿ�§·��±��n�·Ü�µ

θ1 = 13.016◦ ± 0.003◦, θ2 = 2.229◦ ± 0.066◦, θ3 = 0.921◦ ± 0.036◦.(2.10)

CP »����¥%�´ δKM = 88.2◦"

·�(¢w� CK Ú KM ëêz�·Ü�Ú��(¢ØÓ"·Ü�Ú��
äkëêz�6�5�"3 CK ëêz�¥§Ý
��JêÜ©Ñ3 10−3 �þ
?� Vus, Vub Ú Vcb k{ü�/ª§Ïd¦^å5'�{'"3 KM ëêz
¥§���C 90◦§Ïd§�±�Äù«ëêz�����ÝCP»��ëêz/
ª",§�Ä¦^k²(�Ôn¿Â�k¢��*ÿ5�ëê5ëêz CKM

Ý
��´�[ïÄ?Ø�9:§Ú·ÜÝ
k'��
ëþ®²�?1
}
Á [10–14]§e¡0�·��Ä^¢�þ�ÿþ� α, β, γ �5ëêz CKM Ý

"

2.2.2 α, β, γ ëêz

·�®²�� CKM Ý
���´¢�þ��*ÿþ§�±��ëê
zCKMÝ
�ëê", CP »��&E��¹3 CKM Ý
��¥§Ù¥�
?¿��Ý
����¿ØU���¹ CP »�&E§§��|Ü�±I� CP

»�"~X§J
∑3

n,m=1 εikmεjln = Im(VijVklV
∗
il V

∗
kj)´�"�"¢�þkNõ�

ÿþ���5I� CP »�§Ù¥§�~^�´N�n�/¥� α, β, γ �§N
�5'X½Â�µ

VudV
∗
ub + VcdV

∗
cb + VtdV

∗
tb = 0 (2.11)

3E²¡¥§ª (2.11) ½Â
ã 2.1 ¥�n�/"CKM Ý
�N�5'X¯¢
þ½Â
8�Õá�n�/'Xµ

∑
i VijV

∗
kj = 0 Ú

∑
i VjiV

∗
jk = 0 (i 6= k)"Ù

¥§i = d Ú k = b ��¹´¢�þÿþ�°(�§�N�n�/�n���
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Α

Β

Γ

VudVub
*

VtdVtb
*

VcdVcb
*

ã 2.1 N�n�/"
Figure 2.1 The unitarity triangle.

Ñ´Õáÿþ�"Ïd§·��Ä^N�n�/½Â�n���5�E#�ë
êz/ª"N�n�/½Â�n���½Â�µ

α = arg

(
− VtdV

∗
tb

VudV ∗
ub

)
, β = arg

(
−VcdV

∗
cb

VtdV ∗
tb

)
, γ = arg

(
−VudV

∗
ub

VcdV ∗
cb

)
. (2.12)

CP »�¦�N�n�/�¡ÈØ�""ùÒV«X α, β, γ �ÑØ�"§¢�þ
�±��ÿþùn��� [15]§α = (89.0+4.4

−4.2)
◦, β = (21.1 ± 0.9)◦, γ = (73+22

−25)
◦"

§�Údúª (2.7) ���(J��§α = 88.14◦, β = 22.20◦§γ = 69.67◦"Ó�
ÿþ(J�IO�.éu CKM Ý
N�n�/���ýó α + β + γ = π´�
��"¿5¿� α, γ ��©O�~�C�� δKM , δCK"��·�¬w��,§
��~�C§�´¿Ø����"·�Ó��I����±5I� CP »��
ëþ§�ù�ëþÚ α, β, γ ��'"ëê J ´��éÐ�ÀJ§§�Ð�u
N�n�/¡È��� [16]"

J = |Vtd||V ∗
tb||Vud||V ∗

ub|sinα = |Vtd||V ∗
tb||Vcd||V ∗

cb|sinβ (2.13)

= |Vcd||V ∗
cb||Vud||V ∗

ub|sinγ .

ù�§·�Òk
�±^5ëêz CKM Ý
�¢�þ�±��ÿþ�o�ë
ê"·��±ÀJÝ
��¥�n� |Vij| ÚÙ¥�����5�E CKM Ý
"
éu CP »����§α, β, γ �k�Ù�AÛã�"·�¡ù«ëêz� α, β,

γ ëêz"

3 α ëêz¥§·�ÀJ α �ÚÝ
� |Vij| ¥�n���ÕáCþ5ëê
z CKM Ý
"dª (2.12) ¥é α ��½Â§�±ko«�ª5�E CKM Ý
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 [17]"�±ÀJ Vud,ub,td,tb ¥���Ý
��KêÙ{�Ý
��¢ê"

α1) . (|Vud|, |Vub|, |Vtd|,−|Vtb|e−iα) ,

α2) . (|Vud|, |Vub|,−|Vtd|eiα, |Vtb|) ,

α3) . (|Vud|,−|Vub|eiα, |Vtd|, Vtb|) ,

α4) . (−|Vud|e−iα, |Vub|, |Vtd|, |Vtb|) . (2.14)

3þ¡�o«�ª¥·��±ÏL#½Â§�|���5UCÝ
���é
ÎÒ"

·�^ V αi
CKM 5IP CKM Ý
�o« α ëêz/ª"·�rùo«ëê

z/ª��uN¹ A ¥"ùp·�± V α2
CKM �~5?Ø"

V α2
CKM =


|Vud| |Vus| |Vub|

|Vtd||Vtb|eiα−|Vud||Vub|
|Vcb|

(|Vud|2−|Vcb|2)|Vub|−|Vud||Vtd||Vtb|eiα

|Vus||Vcb|
|Vcb|

−|Vtd|eiα |Vud||Vtd|eiα−|Vub||Vtb|
|Vus| |Vtb|

 , (2.15)

3ù«ëêz/ª¥§�
�BÙm§�±ÀJ α, |Vus|, |Vub|, |Vcb| ��o�Õ
á�Cþ5ëêz CKM Ý
§Ù§�Ý
��±�L«�ùo�Cþ�¼
êµ

|Vud| =
√

1 − |Vus|2 − |Vub|2, |Vtb| =
√

1 − |Vub|2 − |Vcb|2,

|Vtd| =
|Vtb||Vud||Vub| cos α

1 − |Vub|2
(2.16)

+

√
(
|Vtb||Vud||Vub| cos α

1 − |Vub|2
)2 +

|Vcb|2(1 − |Vud|2) − |Vud|2|Vub|2
1 − |Vub|2

.

Ú�/ α2 aq§éuÙ{�n«�/·��±Ó�/ÀJ�� α Ún�Ý

������Õá�Cþ5ëêz CKM Ý
"3 α2 ëêz/ª¥§ÀJ α,

|Vus|, |Vub|, |Vcb| ��ÕáCþ´���B�"3ùo«�/¥§Jarlskog ëê J
L«�µ

J = |Vub||Vud||Vtd||Vtb| sin α

α ëêz�o«�ª´�d�§·�ÏL#½Â§�|¦�ùo«ëêz/
ª�±3*d�m?1=�"

V αi
CKM =


1 0 0

0 eim 0

0 0 ein

 V
αj

CKM


eix 0 0

0 eiy 0

0 0 eiz

 , (2.17)

— 25 —



þ°�Ï�ÆÆ¬Æ Ø© §��f�Ôn9VÔ��'¯KïÄ

ùp i Ú j �LØÓ�ëêza."~X§α1 ëêz� α2 ëêz�C�µ

V α2
CKM =


1 0 0

0 eim 0

0 0 ein

 V α1
CKM


eix 0 0

0 eiy 0

0 0 eiz

 (2.18)

é'Xê§�±�� x = y = z = 0, n = α + π§Ú

m = arccos
(|Vtd||Vtb|)2 − [(|Vud||Vub|)2 + (|Vcd||Vcb|)2]

2|Vud||Vub||Vcd||Vcb|
. (2.19)

Ïd§·��� α1 ëêz� α2 ëêz�C�µ

V α2
CKM =


1 0 0

0 eim 0

0 0 −eiα

 V α1
CKM . (2.20)

Ù§�C�/ª�´aq�"

Ó���{·��±�� β Ú γ ëêz"éu β ëêz§dª (2.12) ¥ β

��½Â¥·��±ko«ØÓ�ÀJ5?1ëêz [18]"

β1) . (|Vcd|, |Vcb|, |Vtd|,−|Vtb|eiβ) ,

β2) . (|Vcd|, |Vcb|,−|Vtd|e−iβ, |Vtb|) ,

β3) . (|Vcd|,−|Vcb|e−iβ, |Vtd|, Vtb|) ,

β4) . (−|Vcd|eiβ, |Vcb|, |Vtd|, |Vtb|) . (2.21)

Ú α ëêzaq§ùo«ØÓ�ëêz�ª´�d�"�±ÀJ β, |Vus|,
|Vub|§|Vcb| ��Õá�Cþ§̂ Xo�Cþ5L«Ù{�Ý
�"�[�L«ë
�N¹ A �A� Jarlskog ëþ�µ

J = |Vcb||Vtb||Vcd||Vtd| sin β.

éu γ ëêz§o«ØÓ�ëêz�ª�µ

γ1) . (|Vud|, |Vub|, |Vcd|,−|Vcb|eiγ) ,

γ2) . (|Vud|, |Vub|,−|Vcd|e−iγ, |Vcb|) ,

γ3) . (|Vud|,−|Vub|e−iγ, |Vcd|, Vcb|) ,

γ4) . (−|Vud|eiγ, |Vub|, |Vcd|, |Vcb|) . (2.22)

ùo«ëêz/ª��[L«3N¹ A ¥�Ñ"�±ÀJ γ, |Vus|, |Vub| , |Vcb|
��Õá�Cþ5?1ëêz"éA� Jarlskog ëþ�µ

J = |Vub||Vcb||Vud||Vcd| sin γ.
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2.2.3 α, β, γ ëêz��p'X

α, β, γ ëêz�m´�±�p=��"þ��!¥J�� 12 «ØÓ�ë
êz�ªÑ´�d�"·�®²�� α, β, γ ëêz¥�zo«ëêz/ª´�
d�§e¡·��I�y² α ëêz¥��«�/Ú β ½ γ ëêz¥��«�
/�d"

± V α3
CKM Ú V β3

CKM �~§·�5¿�ùü«ëêzÝ
�1��Ú1n1
Ý
��Ü�Ó"̂ N�n�/'Xµ

|Vub||Vud|eiα + |Vcb||Vcd|e−iβ = |Vtd||Vtb|. (2.23)

�±y²ùü«ëêzÝ
� 12, 13, 22 Ú 23 Ý
�����Ó§=µ

V α3
CKM =


|Vud| − |Vud||Vtd|−|Vtb||Vub|eiα

|Vts| −|Vub|eiα

|Vcd| (|Vtb|2−|Vcd|2)|Vtd|−|Vub||Vud||Vtb|eiα

|Vts||Vcd|
|Vud||Vub|eiα−|Vtd||Vtb|

|Vcd|

|Vtd| |Vts| |Vtb|



=


|Vud| − (|Vud|2−|Vtb|2)|Vtd|+|Vtb||Vcd||Vcb|e−iβ

|Vts||Vud|
− |Vtd||Vtb|−|Vcb||Vcd|e−iβ

|Vud|

|Vcd| |Vcb||Vtb|e−iβ−|Vcd||Vtd|
|Vts| −|Vcb|e−iβ

|Vtd| |Vts| |Vtb|


= V β3

CKM .

Ó�/§kµ

|Vtb||Vtd|eiα + |Vcb||Vcd|e−iγ = |Vud||Vub|, (2.24)

|Vud||Vub|e−iγ + |Vtb||Vtd|eiβ = |Vcd||Vcb|, (2.25)

�±��µ
V α2

CKM = V γ2
CKM , V β1

CKM = V γ3
CKM . (2.26)

Ïd§·�y²
 α, β, γ ëêz´*d�'���±�p=�"du β

�´¢�þÿþ�é�°(�§Ïd§Ù¥�Ð�ëêzÀJ´ β ëêz§§
�±�é°(/�¹ CP »���A"

ê�þ§·�kCq�'X δKM ≈ α Ú δCK ≈ γ"·�5¿�§��m�
'Xµ

α = arctan(
sin δKM

xα − cos δKM

), xα =
c1s2s3

c2c3

=
|Vud||Vtd||Vub|
|Vcd||Vus|

= 0.0006.

γ = arctan(
sin δCK

xγ + cos δCK

), xγ =
c12s23s13

s12c23

=
|Vud||Vcb||Vub|
|Vtb||Vus|

= 0.0006.
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Ó�§·�����3ØÓ�ëêz�ª¥§́ Ä�3�~�C β ���
�"¯¢þ§31�!¥·�J��Ê«ØÓ�ëêz/ª¥Ò�3�~�C
β ����"~X§P4 ëêz [19]µ

V P4
CKM =


cθcτ cθsσsτ + sθcσe

−iϕ cθcσsτ − sθsσe
−iϕ

−sθcτ −sθsσsτ + cθcσe
−iϕ −sθcσsτ − cθsσe

−iϕ

−sτ sσcτ cσcτ

 . (2.27)

·�k

β = arctan(
sin ϕ

xβ + cos ϕ
), xβ =

sθcσsτ

cθsσ

=
|Vcd||Vtb||Vtd|
|Vud||Vts|

= 0.0497. (2.28)

·��Áã3aqu CK Ú KM �ØÓëêz�ª¥Ïé´Ä�3 CP

���Ú α, β, γ ����Ó��¹"�´§¯¢þ´vkù«�U5�§Ï
�3·�¤Ú\� α, β, γ ëêz¥§�½¬kÙ¥���Ý
�± |Vij|e±iα,

|Vij|e±iβ, ½ |Vij|e±iγ �/ªÑy§Ó�kÊ�Ý
��¢ê§^n�·Ü�
�=ÄÝ
5?1ëêz��ªÃ{�EÑù��(�"

2.2.4 a Wolfenstein Ðm

·�®²��aqu Wolfenstein ëêz�Cq/ª3¦^þ´'��B
�§�NõØÓ�Cq/ª�®²�JÑ"e¡·�?Ø3 α, β, γ ëêz¥
ÀJ α, β, γ ���Ù¥��ëê�a Wolfenstein Ðm"

éu α ëêz§·�± α1) ��/�~§ÀJ |Vus| = λ, |Vub| = aλ3,

|Vtd| = bλ3 Ú α �ëê§ù�Òk λ = 0.2252 ± 0.0010, a = 0.3170 ± 0.0130,

b = 0.7670 ± 0.0250"Ðm� λ3 �þ?§�±��µ

V α1
CKM ≈


1 − 1

2
λ2 λ aλ3

λ −1 + 1
2
λ2 −(a − be−iα)λ2

bλ3 (ae−iα − b)λ2 −e−iα

 . (2.29)

éu β ëêz§·�± β1) ��/�~§�±- |Vcd| = λ, |Vtd| = bλ3, |Vcb| = cλ2"
Ù¥§λ = 0.2251 ± 0.0010, b = 0.7685 ± 0.0250, c = 0.8185 ± 0.0176"�
/ª
þ�\{'§�±4 b §�|=Ä�� π − β �� §3 λ3 þ?þ�Ðm/ª
�µ

V β1

CKM ≈


1 − 1

2
λ2 −λ λ3(ce−iβ − b)

λ 1 − 1
2
λ2 −cλ2e−iβ

bλ3 cλ2eiβ 1

 . (2.30)
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éu γ ëêz§γ4) ��/´��B^5�Ðm�"�±-|Vcd| = λ, |Vub| = aλ3,

|Vcb| = cλ2"Ù¥§λ = 0.2251±0.0010, a = 0.3176±0.0130, c = 0.8185±0.0176"
=Ä d §�|�� π �� Ú u §�|��−γ�� §·��� λ3 þ?�Ð
mªµ

V γ4

CKM ≈


1 − 1

2
λ2 λ aλ3e−iγ

−λ 1 − 1
2
λ2 cλ2

−λ3(aeiγ − c) −cλ2 1

 . (2.31)

3 λ3 þ?§þ¡�Ðm/ªÚ Wolfenstein ëêz [20]´�d�"Wolfenstein

ëêz¥�ëêA, ρ ,η Ú a, c ,γ ´�'�§Ù¥§c = A, ρ = a cos γ/c ,

η = a sin γ/c"3' λ3 �p�þ?§ùü«CqÐm�ªò¬��ØÓ�(J"

2.3 #ëêzØC�§��fpÖ5'X

cü!®²ïÄ§�·Ü�ØÓëêz�ª§Ó�éu�f·Ü�kØÓ
�ëêz�ª§¤±§��f·Ü�m��p'Xg,¤�
ïÄ�9:¯K"
ù�!Ì�Ò§��f·Ü��p'X?1?Ø"·�®²��£ã§�·Ü
�Ý
� CKM Ý
£ã�f·Ü�Ý
� PMNS Ý
"éu CKM Ý
§
~^�ëêz/ª�IO� PDG ëêz§Ó�/§·�Ó��±^§5ëêz
�f·Ü� PMNS Ý
"XJ¥�f´Majorana a.�§PMNS Ý
���
¹Ð�	�ü� Majorana ��§�±3 PDG ëêzÝ
�mý¦±é�Ý

diag(eiα1/2, eiα2/2, 1) "ü� CP »�� Majorana ��Ø¬K�¥�f��"�

«©ØÓ� CP »���§k��� δ �¡� Dirac CP »���"�¡�?
Ø¥·�^ Q Ú L ©OIP§�Ú�f�·Ü�"

§�Ú�f·Ü®²k
Nõ�¢�êâ"éu§�·Ü§¢�þ®²�
±�éO(/��
 CKM Ý
����Ú�� [15]"

0.97428 ± 0.00015 0.2253 ± 0.0007 0.00347+0.00016
−0.00012

0.2252 ± 0.0007 0.97345+0.00015
−0.00016 0.0410+0.0011

−0.0007

0.00862+0.00026
−0.00020 0.0403+0.0011

−0.0007 0.999152+0.000030
−0.000045

 . (2.32)

d·ÜÝ
·��±��·Ü� θQ
ij ���µ

θQ
12 = 13.021◦ ± 0.039◦, θQ

23 = 2.350◦ ± 0.052◦, θQ
13 = 0.199◦ ± 0.008◦. (2.33)
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d¢�þ�¥�f���¢��±���f·Ü� PMNS Ý
�����
� [21], 1σ(3σ)"

0.824+0.011
−0.010(

+0.032
−0.032) 0.547+0.016

−0.014(
+0.047
−0.044) 0.145+0.022

−0.031(
+0.065
−0.113)

0.500+0.027
−0.021(

+0.076
−0.071) 0.582+0.050

−0.023(
+0.139
−0.069) 0.641+0.061

−0.023(
+0.168
−0.063)

0.267+0.044
−0.027(

+0.123
−0.088) 0.601+0.048

−0.022(
+0.133
−0.069) 0.754+0.052

−0.020(
+0.143
−0.054)

 . (2.34)

�A�·Ü��µ

θL
12 = 33.59◦ ± 1.02◦(±3.05◦), θL

23 = 40.40◦ ± 3.17◦(±8.63◦),

θL
13 = 8.33◦ ± 1.39◦(±3.57◦). (2.35)

·�w�§�Ú�f�·Ü�´�pÕá�§XJk�{rL¡þØ�'�§
��f·Ü�éXå5·�ò¬é¤�f�·Ük��\�
)"¯¢þ§§
��f�pÖ5'X (QLC) �±éÐ/ò§��f�·Ü�éXå5 [22–27]"
§��fpÖ5'X�±L«�µ

θQ
12 + θL

12 =
π

4
, θQ

23 + θL
23 =

π

4
. (2.36)

1n�·Ü��Cu"§θQ
13 ∼ θL

13 ∼ 0"

3¢�Ø���S§§��f�pÖ5'X�±�±§

θQ
12 + θL

12 = 46.606◦ ± 1.019◦, θQ
23 + θL

23 = 42.746◦ ± 3.171◦. (2.37)

8c§pÖ5'X�=Ê33y�Æ�Y²þ§¦+®²k
�
nØ�.þ
}Á [28–31]§�´�vknØþ�éÐ)º"�´§=¦3y�Æ�Y²þ§§
��f�pÖ5'X���3�
¯K"Ù¥���¯KÒ´·ÜÝ
kéõ
ØÓ�ëêz/ª§pÖ5'X�3AÏ�ëêz/ªe¤á [32]"Ïd§§�
�f�pÖ5'Xkëêz�6�¯K"·�±@Ï� KM ëêz�~5`²
ù�:"ë�úª (2.9) ^¢�þ'u·ÜÝ
�ÿþ��±��µ

θQ
1 = 13.023◦ ± 0.038◦ , θQ

2 = 2.192◦ ± 0.059◦ , θQ
3 = 0.882◦ ± 0.036◦

θL
1 = 34.485◦ ± 1.028◦ , θL

2 = 28.086◦ ± 3.762◦ , θL
3 = 14.830◦ ± 2.423◦ .

·�w��k θQ
1 + θL

1 �C π/4 ",	ü�=Ä��Ú¿Ø÷vpÖ5'X"

1�!¥®²0�
·ÜÝ
Ê«Õá�ëêz/ª"·�éz«ëêz
/ª?1Øé§uy�kIO� PDG ëêz÷vpÖ5'X"Ïd§�
;�
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§��fpÖ5'Xëêz�6�¯K§Ïé�±¦§��fpÖ5'X÷v
#ëêzØC�ëþ5L«pÖ5'Xò¬�~k¿Â"·�ïÄuy^·
ÜÝ
����5L«pÖ5'X´��éÐ�ÀJ"éúª (2.36) ü>Ó�
� sine Ú cosine ·���µ

sin(θQ
12 + θL

12) = sin θQ
12 cos θL

12 + cos θQ
12 sin θL

12 =
1√
2

,

cos(θQ
12 + θL

12) = cos θQ
12 cos θL

12 − sin θQ
12 sin θL

12 =
1√
2

;

sin(θQ
23 + θL

23) = sin θQ
23 cos θL

23 + cos θQ
23 sin θL

23 =
1√
2

,

cos(θQ
23 + θL

23) = cos θQ
23 cos θL

23 − sin θQ
23 sin θL

23 =
1√
2

. (2.38)

|^·ÜÝ
¥·Ü�ÚÝ
��'X§�±��µ

tan θQ
12 + tan θL

12

1 − tan θQ
12 tan θL

12

=
|Vus/Vud| + |Ve2/Ve1|
1 − |Vus/Vud||Ve2/Ve1|

= 1 ,

tan θQ
23 + tan θL

23

1 − tan θQ
23 tan θL

23

=
|Vcb/Vtb| + |Vµ3/Vτ3|
1 − |Vcb/Vtb||Vµ3/Vτ3|

= 1 . (2.39)

Ïd§��f�pÖ5'X�±�#L«�µ

|Vus|
|Vud|

+
|Ve2|
|Ve1|

+
|Vus|
|Vud|

|Ve2|
|Ve1|

= 1 ,

|Vcb|
|Vtb|

+
|Vµ3|
|Vτ3|

+
|Vcb|
|Vtb|

|Vµ3|
|Vτ3|

= 1 . (2.40)

ùÒ´#�#ëêzØC�§��fpÖ5'X [17]"§�±�Ñ'u§�
�f·ÜÝ
���õ�&E"·���±^§�·Ü�Ý
��'�L«�
f·ÜÝ
��'�5#½Â§��f�pÖ5'X§=µ

|Ve2|
|Ve1|

=
1 − |Vus|/|Vud|
1 + |Vus|/|Vud|

,
|Vµ3|
|Vτ3|

=
1 − |Vcb|/|Vtb|
1 + |Vcb|/|Vtb|

. (2.41)

aq/§�Ó��±^�f·ÜÝ
��'�5L«§�·ÜÝ
��'�"
du¢�þéu§�Ý
��ÿþ�é'�°(§Ïd§�±^§�·ÜÝ

�5ýó�f·ÜÝ
�µ

|Ve2|
|Ve1|

= 0.624369 ± 0.00095 ,
|Vµ3|
|Vτ3|

= 0.921165 ± 0.00166 . (2.42)

·�5¿� |Vτ3| > |Vµ3| "ùu¥�f���¢�êâ´����"�þ¡�
'�©O3Ø� 2σ Ú 1σ ��S�¢�êâ��"
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éu�f�·ÜÝ
§nV��·Ü´��éÐ�Cq [33–36]"

UTBM =


√

2
3

√
1
3

0

−
√

1
6

√
1
3

√
1
2

−
√

1
6

√
1
3

−
√

1
2

 , (2.43)

�´§8c�¢�êâw«ù«·Ü�ªk�½§Ý� l"k�.��u�
±nV��·ÜÝ
�1��Ý
�Ñ�u 1/

√
3 "XJù�§(Ü Ve2 = 1/

√
3

Úúª (2.42) ·��� |Ve1|2 + |Ve2|2 > 1 "ùL²§��fpÖ5'XÚùa
�.¿Ø��"�k�
Ù¦�íÿ�±�±nV��·ÜÝ
�Ù§1Ú�
ØC§,�UCÙ{�Ý
�5L«�f·Ü [37–39]"XJ�±nV��·Ü
Ý
�1��Ý
�ØC§·�k Ve1 = 2/

√
6 §(Üúª (2.42) "·���

Ve3 = 0.27 "ùÚ¥�f��¢��ýó l��"XJ�±nV��·ÜÝ

�1�1Ý
�ØC§·�¬�� |Vµ3|2 + |Vτ3|2 > 1 "ù´·ÜÝ
�N�5
¤Ø#N�"XJ�±�±1n1ØC [40]§·�¬�� Ve3 = 0.275 §§�é
�/ l
¢�êâ"Ïd§�÷v§��fpÖ5'XÒ�énV��·Ü
Ý
�Ñé�§Ý�?U [41–43]"

þ¡�'X¥§Ý
� Ve3 Ú Vub vk���L«"�
��·ÜÝ
 13

Ý
���
&E§�±�Ä·ÜÝ
1�1Ú1n��N�5'X"dúª
(2.41) ·�kµ

|Ve1| =
a√
2
(|Vud| + |Vus|) , |Ve2| =

a√
2
(|Vud| − |Vus|) ,

|Vτ3| =
b√
2
(|Vtb| + |Vcb|) , |Vµ3| =

b√
2
(|Vtb| − |Vcb|) . (2.44)

�±��µ∑
i

|Vei|2 = a2(|Vud|2 + |Vus|2) + |Ve3|2 = b2(|Vcb|2 + |Vtb|2) + |Ve3|2 = 1 . (2.45)

a Ú b´�'�§b2 = a2(|Vud|2+|Vus|2)/(|Vcb|2+|Vtb|2) = (1.0000±0.0004)a2"Ve3�
��d a 5û½ |Ve3| =

√
1 − a2(|Vud|2 + |Vus|2) "d8c¢�þ'u |Ve3| Ø�

3 1σ ��S�êâ§a ��ò¬�u 0.99 "

·���±�Äé§��fpÖ5'X�Ñ�
?U"?U�pÖ5'X
�±L«� θQ + θL = π/4 + α "ù�§#ëêzØC�§��fpÖ5'X
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�±�L«�µ

|Vus|
|Vud|

+
|Ve2|
|Ve1|

+
|Vus|
|Vud|

|Ve2|
|Ve1|

= 1 +

(
1 − |Vus|

|Vud|
|Ve2|
|Ve1|

)
tan α12

1 − tan α12

,

|Vcb|
|Vtb|

+
|Vµ3|
|Vτ3|

+
|Vcb|
|Vtb|

|Vµ3|
|Vτ3|

= 1 +

(
1 − |Vcb|

|Vtb|
|Vµ3|
|Vτ3|

)
tan α23

1 − tan α23

. (2.46)

^§�·ÜÝ
�Ú l�5L«�f·ÜÝ
�§·�kµ

-4 -2 0 2 4
0.2

0.4

0.6

0.8

1.0

1.2

1.4

ΑHdegreeL

R

--- R=
¡VΜ3¥

 VΤ3¤
as the function ofΑ23

— R=
 Ve2¤
 Ve1¤

as the function ofΑ12

ã 2.2 '� |Ve2|/|Ve1| Ú |Vµ3|/|Vτ3| � l� α12 Ú α23 �Cz"
Figure 2.2 Ratios of |Ve2|/|Ve1| and |Vµ3|/|Vτ3| as functions of deviations α12 and α23,

respectively.

|Ve2|
|Ve1|

=
1 + tan α12 − |Vus|/|Vud|(1 − tan α12)

1 − tan α12 + |Vus|/|Vud|(1 + tan α12)
,

|Vµ3|
|Vτ3|

=
1 + tan α23 − |Vcb|/|Vtb|(1 − tan α23)

1 − tan α23 + |Vcb|/|Vtb|(1 + tan α23)
. (2.47)

ã 2.2 ¥w«
 |Ve2|/|Ve1| Ú |Vµ3|/|Vτ3|´XÛd l� α12 Ú α23 5û½�"
·�w��§��fpÖ5'Xu)é�� l�¥�f·ÜÝ
�ò¬ké
��ØÓ"�X¢�þ'u§��f·ÜÝ
��°(�ÿþ§§��f�p
Ö5'XÚ l§Ýò¬���ÐïÄ§��¬�§��f·ÜÝ
�nØ
�.ïÄ�5�O(�&E"

2.4 �Ù�(

�ÙÌ�é§��f�·Ü�ëêz¯K?1
ïÄ©Û"1�!0�

 CKM Ý
êÆþ�d�Ê«ØÓ�ëêz/ª"1�!¥0�
�«#
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�ëêz CKM Ý
��{"^¢�þ�ÿþ�N�n�/�S� α, β Ú γ

��� CP »����5�E§��·ÜÝ
"3 α, β,γ ëêz¥§z«ë
êzÑko«ØÓ�ëêz�ª§¿y²ØÓ�ëêz/ªÑ´�d�"ï
Ä
 α, β,γ ëêzÚÏ~^��m�=Ä�Ú CP »���5?1ëêz�
'X"uyØU^n�=Ä�Ú α, β,γ ��� CP »���5ëêz CKM

Ý
",§3=Ä��ëêz/ª¥§ CP »����~�Cu α, β ½ γ

�"·�JÑ¦^¢�þ�ÿþ�£ã§��·Ü�Ý
�5ëêz CKM

Ý
§;�
��m=Ä�ëêz�ëêz�6¯K"α, β,γ ëêz¤�E
Ñ� CKM Ý
´ëêzÕá�§§Ú��m=Ä��ëêz/ª´pÖ�"
Ó�§�JÑ
#�a Wolfenstein ëêzL«"du¢�þé β ��ÿþ�
é��°(§Ïd�±�Ä β ëêz��Ð�ëêzÀJ"31n!¥§·
�ïÄ
§��f·Ü��pÖ5'X§²ïÄuypÖ5'X�3IO
� PDG ëêz/ªe´gU�"Ïd§·�JÑ
#ëêzØC�§�
�fpÖ5'X"^§��f·ÜÝ
�Ý
�5L«pÖ5'X"3°(
�pÖ5'X�4�e§�� |Vus/Vud| + |Ve2/Ve1| + |Vus/Vud||Ve2/Ve1| = 1 Ú
|Vcb/Vtb|+ |Vµ3/Vτ3|+ |Vcb/Vtb||Vµ3/Vτ3| = 1"é l°(§��fpÖ5'X�
�/�?1
?Ø§���
 l°(pÖ5'X�L«"
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1nÙ B± nN��PC��é¡5©Û

B 0fÔnlL���c����y3Ñ´âfÔn+�ïÄ�9:§
�ïó�ö��®²é B 0fÔn+�?1
�þ�¢�©ÛÚnØ&¢"
LHCb¢�zcÑk�þ� B 0f¢�êâ [1]§� B 0fÔn�ïÄJø
é
Ð¢��â"B 0f�´ïÄ CP »��n�|¤"�Ù1�!{�0� B 0
f�Ì�PC�ª±9 B 0fXÚ� CP »�y�"du B 0f���PCL
§��E,§8c�«nØ�.éu B 0f��PCL§�©|'±9rf
Ý
��nØO�Ñké��Ø(½5 [2]§Ïd·��Äl§���é¡5�
Ý5©Û B 0f���PCL§"8c¢�þ®²é B± ��>�I�0fn
N��PCL§�©|'±9 CP �é¡5kéÐ�ÿþ§¤±31�!Ú1
n!¥·�©O± B+ Ú B− �~0�dL§� SU(3) Ú U ^é¡5©Û"

3.1 B Ôn{0

e, µ,  

νb
W-

q c or u
q

τu  c

d  s

,

a) simple spectator

b
W-

q

c or u

q

u  c
d  s

,

b) hadronic: color suppressed

b W-

u

, u, c-

, d, sν

c) annihilation

b

d

d

b
W- W-

u,c,t

u,c,t

e) box: mixing

b

W
-

s,d
γ

t,c,u

,g
f) Penguin

,

b

d

c or u

u
W-

d) W exchange

ã 3.1 B 0fPC¤ùã"
Figure 3.1 Some B decay diagrams.

B 0f´�¹k b §��rfåP�§B 0f�±ÏLØÓ�L§?1P
C [3]"ã 3.1 �Ñ
�
 B 0fÏL¥m¥þÀÚfPC�¤ùã"ã 3.1 (a)

L«�{ü�k�*ö§��PCL§§��PCÏLùaãu)§Ó�·�
��±ÏLùaL§5ÿþ CKM Ý
� Vcb Ú Vub [4]"ã 3.1 (b)´ÚØ$�
L§ [5]§§��3urPC�L§"3ùaL§¥"�¥dJ� W− âf�)
�§��ôÚ�É�Ð� B 0f|©§�ôÚ���§Ïd§ùaL§�©|
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'�ã 3.1 (a) �'���Ø$
"ã 3.1 (c) L« B 0f��«L§§�´ B 0
f�X�fPCL§ [6]"ã 3.1 (d)´W ��L§"ã 3.1 (e)´�ã§§¬�
�´ B 0fXÚ�·Ü [7]"ã 3.1 (f)´è�ã§ùa�ãò¬��DkPCL
§��) [8]"

3±þ B 0f�aPCL§¥§B 0f���PCL§´��E,�§e
¡±PCL§ B̄0 → D+π− �~§w�� B 0f��PCL§�¢~"ã 3.2´

��
cbB0

d

D+
u

d d
ã 3.2 B 0f��PC B̄0 → D+π− ¤ùã"

Figure 3.2 More realistic representation of a non-leptonic decay B̄0 → D+π−.

B 0f��PC���¢~ [9]"Ù¥§|©§�ÏL��^�f/¤rfåP
�§§��ÚB43rfSÜ"3PCL§¥r�p�^Úf�p�^k�~
E,��pK�§ù¦�nØ�.éuùaL§�O��~(J"éu B 0f
��PCL§rfÝ
��O�§8cnØþ®²k{üÏfz§pQCD§QCD

Ïfz��{ [2, 10–12]§�´ù
�{éu B 0f��PCrfÝ
�Ú©|
'�O�Ñké��Ø(½5"Ïd§§��é¡5´��éÐ��Äå»"�
Ù1�!Ú1n!©O^ SU(3) Ú U ^é¡5é B± ��>�I�0fnN�
�PCL§?1
©Û"

B 0fXÚ� CP �´ B 0fÔn+�pnØÚ¢�'5��:"é B 0
fXÚ§�3n«a.� CP »� [13–16]µ�> B 0fPC¥� CP »�-��
CP »�¶¥5 B 0f·Ü¥� CP »�-m� CP »�¶d·Ü�Z�Úå�
CP »�-·Ü. CP »�"e¡§0��ÙÌ�ïÄ��> B 0f�PCL§
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¥� CP »�"

�Ä3 CP C�e�'�ü�PCL§"·�^ P Ú P̄ L«Ð�0f9Ù
CP �Ý�"f Ú f̄ L«"�0f9Ù CP �Ý�µ

CP |P 〉 = eiϕP |P̄ 〉 , CP |f〉 = eiϕf |f̄〉 . (3.1)

��ϕP Ú ϕf ´?¿�"PC�Ì9Ù CP �Ý�±��µ

A = 〈f |H |P 〉 =
∑

i

Ai e
iδi eiφi ,

Ā = 〈f̄ |H |P̄ 〉 = ei(ϕP−ϕf )
∑

i

Ai e
iδi e−iφi , (3.2)

ùp H´PC�k�M�îþ§Ai´¢�"ü«a.���ÑÑy3PC�Ì
¥"3PCL§¥§f�p�^´ CP »��§φi´f�p�^�ëê§r�
p�^´ CPÅð�§δi ´r�p�^�ëê§§Ï~5gu"��2Ñ�L
§"¤±éu A Ú Ā§r� ØUCÎÒ§f� �UCÎÒ"r� Úf�
 �½Âké��gdÝ§'�∣∣∣∣ Ā

A

∣∣∣∣ =

∣∣∣∣ ∑
i Ai e

iδi eiφi∑
i Ai eiδi e−iφi

∣∣∣∣ (3.3)

´ký�Ôn¿Â�ëþ"XJ÷vµ∣∣∣∣ Ā

A

∣∣∣∣ 6= 1 ⇒ �� CP »� (3.4)

ò¬����� CP »�"¢�þéu�>0fu)�� CP »�� CP �é¡
5½Â�µ

af =
Γ(P+ → f) − Γ(P− → f̄)

Γ(P+ → f) + Γ(P− → f̄)
=

1 − |Ā/A|2

1 + |Ā/A|2
. (3.5)

����"� af§ÒI��"�r��Úf��"�±käã½öè�ã��
z"éu B 0f�X�PCÚ��PC§PC�ÌÌ�dPCL§¥���¤
ùãû½§�� CP »��A��Ñé�§éJ*ÿ�"� B → Kπ ���P
C�§§��Ó��¹
äãÚè�ã��z§¤±kü�ØÓ���§ÏL"
�2Ñ�½�«�p�^��)� �"�´§du·�Ø��XÛÏLØ�
6unØ�.��{5O�PC�Ì¥�rfÝ
�§ØUO(/O�d"�
�p�^�)�r��§¤±l¢�êâ¥Ä�f��ÒC�'�(J"
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3.2 B± ��>�I�0fnN��PC� SU(3) é¡5©Û

�.rféEÅþ� LHCb ¢��|�C��
 B+ PC� π+π+π−,

π+K+K−,K+π+π−,K+K+K−"·�¡ù
PC� B+ nN��PC"¢�þ
ÿ�� ∆S = 1 �"� K+π+π− Ú K+K+K− � CP �é¡5� [17]µ

ACP (K+π+π−) = +0.032 ± 0.008(stat) ± 0.004(syst) ± 0.007(J/ψK+) ,

ACP (K+K+K−) = −0.043 ± 0.009(stat) ± 0.003(syst) ± 0.007(J/ψK+) ,

(3.6)

§� l"�Ø�©O� 2.8σ Ú 3.7σ"CÏ BaBar ���
§��ÿþ(J
ACP (K+K+K−) = −0.017+0.019

−0.014 ± 0.014 §§Ú LHCb �¢�(Jk 1.1σ Ø�
 l [18]"

,	ü�PC�� CP �é¡5�ÿþ(J� [19]µ

ACP (π+π+π−) = +0.117 ± 0.021(stat) ± 0.009(syst) ± 0.007(J/ψK+) ,

ACP (π+K+K−) = −0.141 ± 0.040(stat) ± 0.018(syst) ± 0.007(J/ψK+) .

(3.7)

wÍ5©O� 4.2σ Ú 3.0σ"

¢�þéù 4 �PCL§�©|'�?1
ÿþ [20]µ

Br(π+π+π−) = (15.2 ± 1.4) × 10−6 ,

Br(π+K+K−) = (5.0 ± 0.7) × 10−6 ,

Br(K+K+K−) = (34.0 ± 1.0) × 10−6 ,

Br(K+π+π−) = (51.0 ± 3.0) × 10−6 . (3.8)

B+ nN��PC�±�IO�.±9û½ B 0fPCrfÝ
��r
�p�^Jø#�&E"XJ� SU(3) é¡53 B 0fPC¥�±éÐ��
± [21, 22] ¿�PC�ÌÌ��z�´ÄþÃ'�§éuL§∆S = 0 Ú ∆S = 1

ò¬k'X [23]µ

Br(π+π+π−) = 2Br(π+K+K−) , Br(K+K+K−) = 2Br(K+π+π−) ,

ACP (π+π+π−) = ACP (π+K+K−) , ACP (K+K+K−) = ACP (K+π+π−) .

(3.9)
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Ó�§Øé¡Ç ∆CP = Γ − Γ ¬÷vµ

∆CP (π+π+π−) = 2∆CP (π+K+K−)

= −∆CP (K+K+K−) = −2∆CP (K+π+π−) . (3.10)

Ù¥§∆CP Ú ACP ´�'�"ACP = τB∆CP /2Br"Ïd§·���±��ØÓ
PC��m ACP �'X"

d LHCb �¢�êâw«§�k ∆CP (π+π+π−) = −∆CP (K+K+K−) Ú¢
�êâ��§Ù¦�ýóÑÚ¢�êâØÎ"cÙ§éu§ACP (π+π+π−) Ú
ACP (π+K+K−)§±9ACP (K+K+K−) Ú ACP (K+π+π−)§SU(3) ýóÚ¢�ê
â�ÎÒÑ´���"XJ¢�êâ�?�Ú(½§·�ò��Ä�Ñ SU(3)

ÅðÄþÃ'��Ù§�éPC�Ì��z§Áã5)ºù
*ÿ��PC
�ª"Ù¥��«�±E¤ù« l��Ï�U5gud�§� mu, md Ú
ms ��þ�E¤� SU(3) »��A"SU(3) �é¡5�´��Cq�é¡5§
Ï� u, d, s kØÓ��þ"3 B 0f��I0fl��üN��PCL§
¥§SU(3) �é¡5�±�±�éÐ§¦+k�½§Ý�»� [24, 25]"Ó��
�±kéÐ�ýó§~X ∆S = 0 Ú ∆S = 1 L§�Øé¡Ç [26–28]"·�g
,��3 B+ �nNPCL§¥§�±ÏL�Ä SU(3) �é¡5�»��A5
)º¢�êâ"

3�Ä§��þ���z�§I��ÄÙ§�Ó���z"·�5¿�3
Ã��6nØ¥§K Ú π 0f�þ�²��'u�§���þ§�Ä�§�
�þ��zg,��Ä���ê���z§ùÒ�3Ú\ SU(3) ØCÄþÃ
'�PC�Ì¥vk�#�Äþ�'�§~X (∂µK+π+ − ∂µπ+K+)∂µK

− Ú
(∂µK+π+ − ∂µπ+K+)∂µπ

−"ù
�ò¬é B+ → π+K+K−, K+π+π− �PC
�Ìk#��z"�é B+ → π+π+π− Ú B+ → K+K+K−��z´ØÓ�"
Ïdùa�zò¬¦�úª (3.9) k¤ l§ù¬kÏu)º¢�êâ"

e¡Ò0�3 SU(3) �é¡5�µee§�Äùü«a.�»��A§Ó
��?1
ê�©Û§·�uy�)º¢�êâò¬I�é�§Ý� SU(3) »
�"

3.2.1 SU(3) ØC�ÄþÃ'�PC�Ì

3§��gþ§l+Þ��ü�Y²�Ãì�� B PC�k�.¼þ�µ

Hq
eff =

4GF√
2

[VubV
∗
uq(c1O1 + c2O2) −

12∑
i=3

(VubV
∗
uqc

uc
i + VtbV

∗
tqc

tc
i )Oi], (3.11)
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ùp§q �±´ d ½ s§Xê c1,2 Ú cjk
i = cj

i − ck
i (j Ú k �LSÜ�§�)´%�

ÖXê (WC)"äã�%�ÖXê� c1 = −0.31 Ú c2 = 1.15"è�ã�%�Ö
Xêé�§Ù¥��� c6 � −0.05"NõïÄ�|®²é%�ÖXê?1
O
�Úµ� [29]"Vij ´ CKM Ý
�"þª¥du CKM Ý
�N�5Ïf VcbV

∗
cq

®²�áÂ3Ù§�¥
"

�Î Oi �äN/ª�µ

O1 = (q̄iuj)V −A(ūibj)V −A , O2 = (q̄u)V −A(ūb)V −A ,

O3,5 = (q̄b)V −A

∑
q′(q̄

′q′)V ∓A , O4,6 = (q̄ibj)V −A

∑
q′(q̄

′
jq

′
i)V ∓A ,

O7,9 = 3
2
(q̄b)V −A

∑
q′ eq′(q̄

′q′)V ±A , O8,10 = 3
2
(q̄ibj)V −A

∑
q′ eq′(q̄

′
jq

′
i)V ±A ,

O11 = gs

16π2 q̄σµνG
µν(1 + γ5)b , O12 = Qbe

16π2 q̄σµνF
µν(1 + γ5)b.

(3.12)

ùp (āb)V −A = āγµ(1 − γ5)b§Gµν Ú F µν ©OL«�f|Ú1f|"

3rfY²e§PC�ÌÏ~�±��µ

A = 〈final state|Hq
eff |B̄〉 = VubV

∗
uqT (q) + VtbV

∗
tqP (q) , (3.13)

ùp T (q) �¹
äã±9d u §�Ú c §�p��è�ã�?�érfÝ

���z§P (q) �¹
X�ü�è�ã��z"B L« B+, B0

d, B0
s ¥��

�"Bi = (B+, B0, B0
s ) /¤
�� SU(3) �n�"

3� SU(3) é¡55e§�Î O1,2, O3−6,11,12 Ú O7−10 �C�5�©O
�µ̄3a + 3̄b + 6 + 15, 3̄ Ú 3̄a + 3̄b + 6 + 15"3ù
C�5�e§3 SU(3) �¥k
�M�î�Î�Ý
L«�µH(3̄), H(6) Ú H(15)"éuPCL§ q = d§H(i)

��"Ý
�� [30]µ

H(3̄)2 = 1 , H(6)12
1 = H(6)23

3 = 1 , H(6)21
1 = H(6)32

3 = −1 ,

H(15)12
1 = H(15)21

1 = 3 , H(15)22
2 = −2 , H(15)32

3 = H(15)23
3 = −1 .

(3.14)

éuPCL§ q = s§�"Ý
��µ

H(3̄)3 = 1 , H(6)13
1 = H(6)32

2 = 1 , H(6)31
1 = H(6)23

2 = −1 ,

H(15)13
1 = H(15)31

1 = 3 , H(15)33
3 = −2 , H(15)32

2 = H(15)23
2 = −1 .

(3.15)

k
ù
5�·�Ò�±�ÑPC B → PPP � SU(3) ØC�Ì [31, 32]"ù
p P ´�I0fl�¥�Ù¥��0f"Ý
 M = (Mij) L«�I0fl
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�µ

M =


π0
√

2
+ η8√

6
π+ K+

π− − π0
√

2
+ η8√

6
K0

K− K̄0 −2η8√
6

 . (3.16)

·�®²k
Ñ"�0f±9k�M�îþ� SU(3) L«§ù�·�Ò�±3
SU(3) é¡5�µeeU�5�E B+ → PPP �PC�Ì¿Ú\Ù�ê��
z"e¡Äk�±�Ñ�$�vkÄþ�6� SU(3) ØC�Ì"éu�Ì T (q)

·�k

T (q) = aT (3)BiH
i(3)M j

kM
k
l M l

j + bT (3)H i(3)M j
i BjM

k
l M l

k

+cT (3)H i(3)M l
iM

j
l M

k
j Bk

+aT (6)BiH
ij
k (6)Mk

j M l
nM

n
l + bT (6)BiH

ij
k (6)Mk

l M l
nM

n
j

+cT (6)BiH
jk
l (6)M i

jM
n
k M l

n + dT (6)BiH
jk
l (6)M i

nM
l
jM

n
k

+aT (15)BiH
ij
k (15)Mk

j M l
nM

n
l + bT (15)BiH

ij
k (15)Mk

l M l
nM

n
j

+cT (15)BiH
jk
l (15)M i

jM
n
k M l

n + dT (15)BiH
jk
l (15)M i

nM
l
jM

n
k .

(3.17)

éè�ã P (q) �Ü©·���±��aq��Ì/ª"

Xê a(i), b(i), c(i) Ú d(i) Ñ´~ê§§��¹
%�ÖXêÚ QCD Äå
Æ�&E§�
ïÄ�|éPCL§ B → PPP ?1
�X�ïÄ [33–35]"Ï
~¬kdu��¥mâf¤�5������z [36, 37]§ùò¬¦ëê a(i)

� d(i) �6uÄþ���"�,��UkÙ¦��z¦�PC�ÌÄþ�
'"LHCb¢��ÏL π+π− Ú K+K− �ØC�þÌÿþ
Û���m� CP

Øé¡5§¢�w«k���Øé¡5"XJù�:�(½§ò¿�XPC�
Ì�Äþ�65gu��¥mâf [37]"XJ��ÄÄþÃ'���z§òØ
U�OPCL§�Û� CP Øé¡5§·�ùpØ�ÄÛ� CP Øé¡5§Ì�
'5PCL§�Ü��mS� CP Øé¡5"

Ðmþ¡��Ì T (q) ·��±Ä� B+ → π+π+π−, B+ → π+K+K−,

B+ → K+π+π−, B+ → K+K+K− �PC�Ì T (PPP )"·�uy§�´��
�§�±^ T 5IP§ù�·�Òkµ

T = 2bT (3) + cT (3) + 2aT (6) + bT (6) − cT (6) − dT (6)

+6aT (15) + 3b(15) + cT (15) + 3dT (15) . (3.18)
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aq/§éuè�ã P ¬kÓ�/�¹§3þ¡�L«¥^ P 5O� T ·�Ò
�±���Ì P"

Ïd§Ò��o� B+ nN��PCL§�PC�Ìµ

A(B+ → π+π+π−) = V ∗
ubVudT + V ∗

tbVtdP ,

A(B+ → π+K+K−) = V ∗
ubVudT + V ∗

tbVtdP ,

A(B+ → K+π+π−) = V ∗
ubVusT + V ∗

tbVtsP ,

A(B+ → K+K+K−) = V ∗
ubVusT + V ∗

tbVtsP . (3.19)

éuPC�Ì§du�Óâf�ò\§·�3O�©|'�L§¥¦^�¹�
ÓâfÏf��½/ª"éu CP �ÝL§ B− �PC�Ì§�±ÏL^ VubV

∗
uq

Ú VtbV
∗
tq O� V ∗

ubVuq Ú V ∗
tbVtq 5��"3 SU(3) 4�e§kµ

Br(π+π+π−) = 2Br(π+K+K−) , Br(K+π+π−) = 2Br(K+K+K−) . (3.20)

þª¥�Ïf 2 5gu B+ → π+π+π− Ú B+ → K+K+K− ¥��Óâf π+π+

Ú K+K+"

du ∆S = 0 Ú ∆S = 1 �g�ü�PCL§� CKM Ïf´ØÓ�§Ï
d§��©|'¿Ø�Ó"�´du CKM Ý
��'X Im(VubV

∗
udV

∗
tbVtd) =

−Im(VubV
∗
usV

∗
tbVts) ¤± ∆S = 0 Ú ∆S = 1 �g�ü�PCL§¥ CP »��

é¡Ç´�'�§·�kµ

2∆(K+π+π−) = ∆(K+K+K−)

= −∆(π+π+π−) = −2∆(π+K+K−) , (3.21)

ù¬�� ACP �'Xµ

ACP (π+K+K−)

ACP (K+π+π−)
= − Br(K+π+π−)

Br(π+K+K−)
,

ACP (π+π+π−)

ACP (K+K+K−)
= −Br(K+K+K−)

Br(π+π+π−)
,

ACP (π+K+K−)

ACP (K+K+K−)
= −Br(K+K+K−)

Br(π+K+K−)
,

ACP (π+π+π−)

ACP (K+π+π−)
= −Br(K+π+π−)

Br(π+π+π−)
. (3.22)

LHCb�¢�êâw,Ø|± SU(3) ýó��©|''X§� CP �é¡5
ACP �'X��¢�êâØÎ§Ø
'� ACP (π+π+π−)/ACP (K+K+K−)"LHCb�
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¢�êâ ACP (π+π+π−)/ACP (K+K+K−) = −2.7 ± 0.9 Ú SU(3) � ý ó �
−2.2 ± 0.2 ÎÜ�éÐ"XJ¢�êâ�?�Ú(½§·�ÒI��Ä�Ñ
SU(3)Åð�ÄþÃ'��A5)º¢�êâ"

L 3.1 SU(3) é¡5ýóÚ¢�êâ'u ACP (∆S = 0)/ACP (∆S = 1) �é'"

ACP (∆S = 0)/ACP (∆S = 1) SU(3) ýó ¢�êâ
ACP (π+K+K−)/ACP (K+π+π−) −10.2 ± 1.5 −4.4 ± 2.0

ACP (π+π+π−)/ACP (K+K+K−) −2.2 ± 0.2 −2.7 ± 0.9

ACP (π+K+K−)/ACP (K+K+K−) −6.8 ± 1.1 +3.3 ± 1.4

ACP (π+π+π−)/ACP (K+π+π−) −3.4 ± 0.3 +3.7 ± 1.5

3.2.2 SU(3) »�ÚÄþ�6���z

e¡Äk?Ø�§��þ�5� SU(3) »�"� SU(3) �»�5gu u, d,

s §��þ�ØÓ"3 SU(3) �é¡5e§�þÝ
�±�w� 3 × 3̄ L«�|
Ü"d (u, d, s) Ä:L«�C�5�§�þÝ
Ò�¹
 1 Ú 8 �Ø��L«"
é�z��þÝ
�±L«�ü 
 I§±9X�ùÝ
 λ3 Ú λ8 ��5|Ü"
� s §���þ ms �'§u Ú d §���þ mu,d ���õ�±�ÑØO§ù�
¦��'u λ3 ���±�ÑK"s §���þ´� SU(3) »��Ì�5§3
SU(3) L«e§�é�z�þÝ
´msW §Ù¥ W = dig(0, 0, 1)"§�±?�
Ú©)� I Ú λ8§Ù¥ü Ý
Ø¬�Ñ#��z§§éu B 0fPC�Ì�
�zÚª (3.17) aq§�±�áÂ3Xê a(i) � d(i) �¥"�k λ8 Ü©¬�Ñ
SU(3) »��A"·�ò^§5�E SU(3) »��PC�Ì§¿IP� [38]µ

W = (W i
j ) =


1 0 0

0 1 0

0 0 −2

 . (3.23)

�
�E B+ nNPC� SU(3) »��PC�Ì§�±ò W Ý
�\ª (3.17)

¥§ÏL3ØÓ� ��þe�IÂ Ò���
 SU(3) »��PC�Ì"
N¹ B ¥�Ñ
¤k�U�Â �ª"z�«�ªÑk�����éA�X
ê§�±����gd�ëê"Ðm¤k�Â /ª�±�� SU(3) »��Ì
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∆T [31, 32,39]"

∆T (π+π+π−) = 2bT
1 (3) + 2bT

2 (3) + 2bT
3 (3) + cT

1 (3) + cT
2 (3) + cT

3 (3) + cT
4 (3)

+2aT
1 (6) + 2aT

2 (6) + 2aT
3 (6) + 2aT

4 (6) + bT
1 (6) + bT

2 (6) + bT
3 (6)

+bT
4 (6) + bT

5 (6) − cT
1 (6) − cT

2 (6) − cT
3 (6) − cT

4 (6) − cT
5 (6)

−dT
1 (6) − dT

2 (6) − dT
3 (6) − dT

4 (6) − dT
5 (6) + 6aT

1 (15)

+6aT
2 (15) + 6aT

3 (15) + 6aT
4 (15) + 3bT

1 (15) + 3bT
2 (15) + 3bT

3 (15)

+3bT
4 (15) + 3bT

5 (15) + cT
1 (15) + cT

2 (15) + cT
3 (15) + cT

4 (15)

+cT
5 (15) + 3dT

1 (15) + 3dT
2 (15) + 3dT

3 (15) + 3dT
4 (15) + 3dT

5 (15) ,

(3.24)

∆T (K+K−π+) = 2bT
1 (3) + 2bT

2 (3) − bT
3 (3) + cT

1 (3) + cT
2 (3) + cT

3 (3) − 2cT
4 (3)

+2aT
1 (6) + 2aT

2 (6) + 2aT
3 (6) − aT

4 (6) + bT
1 (6) + bT

2 (6) + bT
3 (6)

−2bT
4 (6) + bT

5 (6) − cT
1 (6) + 2cT

2 (6) − 4cT
3 (6) − cT

4 (6) + 2cT
5 (6)

−dT
1 (6) − dT

2 (6) − dT
3 (6) − dT

4 (6) + 2dT
5 (6) + 6aT

1 (15)

+6aT
2 (15) + 6aT

3 (15) − 3aT
4 (15) + 3bT

1 (15) + 3bT
2 (15) + 3bT

3 (15)

−6bT
4 (15) + 3bT

5 (15) + cT
1 (15) + 4cT

2 (15) + 4cT
3 (15) + 7cT

4 (15)

−8cT
5 (15) + 3dT

1 (15) + 3dT
2 (15) + 3dT

3 (15) + 3dT
4 (15) − 6dT

5 (15) ,

(3.25)

∆T (K+π+π−) = −4bT
1 (3) + 2bT

2 (3) + 2bT
3 (3) − 2cT

1 (3) + cT
2 (3) + cT

3 (3)

+cT
4 (3) + 2aT

1 (6) − 4aT
2 (6) + 2aT

3 (6) + 2aT
4 (6) + bT

1 (6) − 2bT
2 (6)

+bT
3 (6) + bT

4 (6) + bT
5 (6) − cT

1 (6) − cT
2 (6) + 2cT

3 (6) − cT
4 (6)

−cT
5 (6) − dT

1 (6) + 2dT
2 (6) − dT

3 (6) − dT
4 (6) − dT

5 (6) + 6aT
1 (15)

−12aT
2 (15) + 6aT

3 (15) + 6aT
4 (15) + 3bT

1 (15) − 6bT
2 (15) + 3bT

3 (15)

+3bT
4 (15) + 3bT

5 (15) + cT
1 (15) − 5cT

2 (15) + 4cT
3 (15) + cT

4 (15)

+cT
5 (15) + 3dT

1 (15) − 6dT
2 (15) + 3dT

3 (15) + 3dT
4 (15) + 3dT

5 (15) ,

(3.26)
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∆T (K+K−K+) = −4bT
1 (3) + 2bT

2 (3) − 2bT
3 (3) − 2cT

1 (3) + cT
2 (3) + cT

3 (3)

−2cT
4 (3) + 2aT

1 (6) − 4aT
2 (6) + 2aT

3 (6) − aT
4 (6) + bT

1 (6) − 2bT
2 (6)

+bT
3 (6) − 2bT

4 (6) + bT
5 (6) − cT

1 (6) + 2cT
2 (6) − cT

3 (6) − cT
4 (6)

+2cT
5 (6) − dT

1 (6) + 2dT
2 (6) − dT

3 (6) − dT
4 (6) + 2dT

5 (6) + 6aT
1 (15)

−12aT
2 (15) + 6aT

3 (15) − 3aT
4 (15) + 3bT

1 (15) − 6bT
2 (15) + 3bT

3 (15)

−6bT
4 (15) + 3bT

5 (15) + cT
1 (15) − 2cT

2 (15) + 7cT
3 (15) + 7cT

4 (15)

−8cT
5 (15) + 3dT

1 (15) − 6dT
2 (15) + 3dT

3 (15) + 3dT
4 (15) − 6dT

5 (15) .

(3.27)

XJ^ W = diag(0, 0, 1) 5�ï SU(3) »��§?�� ∆T (π+π+π−) ò¬
��"ùü«O�?����{´�d�"Ï�3þ¡�L«¥§?��
∆T (π+π+π−)§�±�Ü�áÂ3+Þ���Ìª (3.18) ¥"·�5¿�ù

?����Ì¿Ø´��Õá�"

∆T (K+K−K+) − ∆T (K+π+π−) = ∆T (K+K−π+) − ∆T (π+π+π−) . (3.28)

aq/§�±��è�ã� SU(3) »���Ì"

·�®²?Ø
d�§���þ��5� SU(3) »���z§e¡·�
Òm©?ØÓ��kÄþ�6��ê��z"Ó���ê�ò¬�Ñ�'u
Äþ²��?��"·��±éª (3.17) �ØÓ �¦üg �ê§,�éÑ
¤kØÓ��� �©/ª§ù�Ò��
�ê���z"XJÙ¥���|
k�� �©§~X§∂2B ½ ∂2M"^âf�3�^�§3 SU(3) 4�e§ù

�ò�'uª (3.17)§ÏL#½ÂXê�±òù«/ª��záÂK"Ù
¥§�¹ ∂2K = m2

KK Ú ∂2π = m2
ππ ��ò¬�) SU(3) »��§�´Ø¬k

#��z"·�uyÕá����3uü�ØÓ|� �©/ª"~X§éu
BiH

i(3)M j
kM

k
l M l

j§Õá��ê��µ

(∂µBi)H
i(3)(∂µM j

k)Mk
l M l

j, (∂µBi)H
i(3)M j

k(∂µMk
l )M l

j ,

(∂µBi)H
i(3)M j

kM
k
l (∂µM l

j), BiH
i(3)(∂µM

j
k)(∂µMk

l )M l
j ,

BiH
i(3)(∂µM

j
k)Mk

l (∂µM l
j), BiH

i(3)M j
k(∂µM

k
l )(∂µM l

j) . (3.29)

3þª¥þe�I��Â "·�g,��	d εijk Ú εijk ?1�Â ´Ä¬
k#��z§ÏLO�uyù«Â �ªØ¬k#��z§ù´duù«Â 
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�5�¤���"

εijkε
abc =

∣∣∣∣∣∣∣∣
δa
i δb

i δc
i

δa
j δb

j δc
j

δa
k δb

k δc
k

∣∣∣∣∣∣∣∣ . (3.30)

·�ò¤k�U��Ñ�uN¹ C ¥"ÐmN¹ C ¥�¤k�§�±�� B+

nN��PC�$���ê?���Ì T p"�ê?����Ìk8«ØÓ�/
ª§éuPCL§ ∆S = −1 kµ

(a) (∂µB
+)(∂µK+)[K+K− + π+π−],

(b) (∂µB
+)K+[K+(∂µK−) + π+(∂µπ−)],

(c) (∂µB
+)K+[(∂µK+)K− + (∂µπ+)π−],

(d) B+K+[(∂µK
+)(∂µK−) + (∂µπ

+)(∂µπ−)],

(e) B+∂µK
+[K+(∂µK−) + π+(∂µπ−)],

(f) B+∂µK
+[(∂µK+)K− + (∂µπ+)π−]. (3.31)

�
���Ù�wÑù
�é SU(3) ØC�Ì�#�z§�±ò§�L«�X
e8«ØÓ�/ªµ

(1) (∂µB
+)[(∂µK+)π+ − K+(∂µπ+)]π− ,

(2) (∂µB
+)K+[K+(∂µK−) + π+(∂µπ−)] ,

(3) (∂µB
+)[K+(∂µK+)K− +

1

2
((∂µ(K+)π+ + K+(∂µπ+))π−)] ,

(4) B+[(∂µK+)π+ − K+(∂µπ+)]∂µπ
− ,

(5) B+∂µK
+[(∂µK+)K− + (∂µπ+)π−] ,

(6) B+[(∂µK
+)K+(∂µK−) +

1

2
((∂µK

+)π+ + K+(∂µπ
+))∂µπ−)] . (3.32)

Ù¥§(1), (4), (3),(6) ©OÏL (a)− (c),((a) + (c))/2), (e)− (d),((e) + (d))/2 �
|Ü��"^Ó���{�±��PCL§ ∆S = 0 �Õá��ê?��"8
«�pÕá��ê?���Xê�uN¹ C ¥§ÏdPCL§ ∆S = −1 �Ä
þ�'���Ì T p ò�'u

1

m2
B

(α1(1) + α2(2) + α3(3) + α4(4) + α5(5) + α6(6)) . (3.33)

þª¥·�éuXê αi �þj?1
8�z±�±§´Ãþj�"αi �äN
/ª�±ë�N¹ C ¥"aq�è�ã�z P p ��±^Ó���{��"é
uPCL§ ∆S = 0§�kaq��Ì/ª"
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^Äþ pµ 5O�þ¡�Ì/ª� ∂µ§�±��äãY²eäkÄþ�'
5��Ì?� T p"

T p(K+(p1)K
+(p2)K

−(p3))

=
1

2m2
B

(2α2pB · p3 + α3pB · (p1 + p2) + 2α5p1 · p2 + α6(p1 + p2) · p3) ,

T p(K+(p1)π
+(p2)π

−(p3))

=
1

2m2
B

(2α2pB · p3 + α3pB · (p1 + p2) + 2α5p1 · p2 + α6(p1 + p2) · p3

+2(α1pB · (p1 − p2) + α4(p1 − p2) · p3)) , (3.34)

T p(π+(p1)π
+(p2)π

−(p3))

=
1

2m2
B

(2α2pB · p3 + α3pB · (p1 + p2) + 2α5p1 · p2 + α6(p1 + p2) · p3) ,

T p(π+(p1)K
+(p2)K

−(p3))

=
1

2m2
B

(2α2pB · p3 + α3pB · (p1 + p2) + 2α5p1 · p2 + α6(p1 + p2) · p3

+2(α1pB · (p1 − p2) + α4(p1 − p2) · p3)) .

3 SU(3) 4�e§kµ

T p(K+(p1)K
+(p2)K

−(p3)) = T p(π+(p1)π
+(p2)π

−(p3)) ,

T p(K+(p1)π
+(p2)π

−(p3)) = T p(π+(p1)K
+(p2)K

−(p3)) . (3.35)

3.2.3 ê�©Û

�Äc¡¤?Ø�¤k��z§äã Tt Úè�ã Pt o�PC�Ì�±�
�µ

Tt = T + T p + ∆T , Pt = P + P p + ∆P . (3.36)

ÄþÃ'���z3)º¢�êâ�kü�¯K"Ù¥��¯K´©|'§ª
(3.20) �ýóÚ¢�êâØ��§1��¯K´ª (3.61) 'u CP Øé¡5'�
�ýóØ
 B+ → K+K+K− Ú B+ → π+π+π− �'��Ú¢�êâØÎ"e
¡Ò©n«�¹5?Ø�Ä
#�?����Ì´Ä�±)º¢�êâ"

(A) =�Ä T p Ú P p �?�µ
XJvk SU(3) »����z§∆T Ú ∆P ò¬��§?���k T p Ú P p"é
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uù«�¹§3 SU(3) 4�e§E,kµ

Tt(K
+K+K−) = Tt(π

+π+π−) , Tt(π
+K+K−) = Tt(K

+π+π−) ,

Pt(K
+K+K−) = Pt(π

+π+π−) , Pt(π
+K+K−) = Pt(K

+π+π−) ,

(3.37)

Ïd�±��µ

ACP (π+K+K−)

ACP (K+π+π−)
= − Br(K+π+π−)

Br(π+K+K−)
, (3.38)

ù�¢�êâ´ØÎ�"e¡·�?Ø T p Ú P p �?�éo�PC�©|'�
K�"�Ñ K ,π 0f��þ§o�PC�Ì�/ª�µ

Tt = aT +
bT

m2
B

(s + t) +
cT

m2
B

(s − t) , Pt = aP +
bP

m2
B

(s + t) +
cP

m2
B

(s − t) ,(3.39)

ùp s = (p2 + p3)
2§t = (p1 + p3)

2"Xê a, b ,c �±lª (3.18) Úª (3.75) ¥�
�"éuo�PC�Ñkµ

aT = T +
1

4
(αT

3 + αT
5 ) , bT =

1

2
(αT

2 − 1

2
αT

3 − αT
5 +

1

2
αT

6 ) , (3.40)

PC� B+ → K+π+π−, π+K+K− �Xê cT ´�"�§,	ü�PC��
""

cT =
1

2
(αT

1 + αT
4 ) . (3.41)

aq/§è�ã�Ì P p kÓ��/ª"ù�PC°ÝÒ�±L«�µ

Γ =
MB

512π3

(
| ã |2 +

2

3
(ãb̃∗ + b̃ã∗) +

1

2
| b̃ |2 +

1

6
| c̃ |2

)
, (3.42)

Ù¥

ã = V ∗
ubVuda

T + V ∗
tbVtda

P , b̃ = V ∗
ubVudb

T + V ∗
tbVtdb

P ,

c̃ = V ∗
ubVudc

T + V ∗
tbVtdc

P . (3.43)

·�5¿� c̃ Ú,	ü�vkZ�§du c̃ ���3§XJO� B+ → K+π+π−

�éu B+ → K+K+K− �©|'§ù�Ó�¬O� B+ → π+K+K− �éu
B+ → π+π+π− �©|'"Ïd5gu c̃ ��#�zØU÷v B+ → K+π+π−

�©|'�éO� B+ → π+K+K− �©|'�é~��¢�¯¢"ù�Ò
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I��Ä SU(3) »�� ∆T Ú ∆P��z§e¡Äk?Ø T p Ú P p �"§=k
SU(3) »��?���¹"

(B) =k ∆T Ú ∆P �?�µ
éuù«�¹§�
�B/?1êâ©Û�±^e¡��ªé�Ì?1=£"
éuäã�Ì§#½Â T (π+π+π−)t = T ′ = T + ∆T (π+π+π−) Ù{�PC�
Ì�µ

T (K+K+K−)t = T ′ + ∆T ′(K+K+K−) ,

T (π+K+K−)t = T ′ + ∆T ′(π+K+K−) ,

T (K+π+π−)t = T ′ + ∆T ′(K+π+π−) , (3.44)

Ù¥

∆T ′(K+K+K−) = ∆T (K+K+K−) − ∆T (π+π+π−) ,

∆T ′(π+K+K−) = ∆T (π+K+K−) − ∆T (π+π+π−) , ,

∆T ′(K+π+π−) = ∆T (K+π+π−) − ∆T (π+π+π−) . (3.45)

ù�·�Òk

∆T ′(K+K−K+) − ∆T ′(K+π+π−) = ∆T ′(π+K+K−) . (3.46)

e¡�©Û¥± ∆T ′(K+π+π−) Ú ∆T ′(π+K+K−) ��ÕáCþ"aq/§é
u P Ú ∆P �±#½Â P ′ Ú ∆P ′"���PC�Ì�±L«�µ

A(π+π+π−) = V ∗
ubVudT

′ + V ∗
tbVtdP

′

A(K+K+K−) = V ∗
ubVus[T

′ + ∆T ′(K+K+K−)] + V ∗
tbVts[P

′ + ∆P ′(K+K+K−)]

A(π+K+K−) = V ∗
ubVud[T

′ + ∆T ′(π+K+K−)] + V ∗
tbVtd[P

′ + ∆P ′(π+K+K−)]

A(K+π+π−) = V ∗
ubVus[T

′ + ∆T ′(K+π+π−)] + V ∗
tbVts[P

′ + ∆P ′(K+π+π−)].

(3.47)

�A� B− PCL§��Ì�±ÏL^ VubV
∗
uq Ú VtbV

∗
tq ©O5O�þ¡�

V ∗
ubVuq Ú V ∗

tbVtq ��"3?1ê�O��·��±�½ T ′ �¢ê§ P ′ =

Pa + Pbi, ∆T ′ = ∆Ta + ∆Tbi, ∆P ′ = ∆Pa + ∆Pbi"CKM Ý
� Vij �±dØÓ
¢�êâ5(½§3ùp�©Û¥^IO� PDG ëêz�¥%�5?1ê�
O� [40]"

θ13 = 0.0034+0.0002
−0.0001 , θ23 = 0.0412+0.0011

−0.0007 , θ12 = 0.2273+0.0007
−0.0007

δ = 1.208+0.057
−0.039 . (3.48)

— 53 —



þ°�Ï�ÆÆ¬Æ Ø© §��f�Ôn9VÔ��'¯KïÄ

c¡®²J� SU(3) ýó�'� ACP (π+π+π−)/ACP (K+K+K−) Ú¢�ê
â Ä � � �§ù Ò V«X ù ü � P C � � ± Ø � Ä SU(3) » � � � A§
=µT ′(K+K+K−) = T ′(π+π+π−)"��±��µ

∆T ′(K+K+K−) = T ′(π+π+π−) = 0

∆T ′(K+π+π−) = −∆T ′(π+K+K−) . (3.49)

ù�~�
gdëê��ê"3ù«�¹e§rfÝ
�kÔ�gdëê T ,

Pa, Pb, ∆Ta , ∆Tb, ∆Pa, ∆Pb§�±^ùÔ�gdëê5[Ü¢�êâ�o�©
|' Br(i) Úo� CP �é¡5 ACP (i)"·�O�uy�±kéÐ�[Ü§Ù
¥ χ2 ����� 0.044"gdëê�¥%�±93 1σ ���Ø��µ

T ′ = (2.70+0.14
−0.12) × 10−5 ,

P ′ = Pa + Pbi = (4.16+0.07
−0.05) × 10−6 − (7.22+1.2

−1.0) × 10−7i ,

∆T ′ = ∆Ta + ∆Tbi = (−2.04+0.21
−0.20) × 10−5 − (2.05+0.19

−0.17) × 10−5i ,

∆P ′ = ∆Pa + ∆Pbi = (−1.74+0.25
−0.24) × 10−6 − (4.06+0.32

−0.31) × 10−6i .(3.50)

·�òdþ¡ëê�¥%���� 8 �Ôn�ÿþ� ACP [ÑÑ�] Ú Br[ÑÑ
�] �uL 3.2 �1��¥§ÏLÚ¢�êâ?1é'§�±�Ù/w�[Ü
�Ú¢�êâÎÜ�éÐ" '� ACP (π+π+π−)/ACP (K+K+K−) �ýó�´

L 3.2 �¹ SU(3) »��A�[Ü(J�¢�êâ�é'"(1�§�§n��ÑÑ�©O
éAuª (3.50)§(3.51)§(3.55) �Ñ\ëê)

B+ PC�ª ACP [ÑÑ�] ACP [¢��]

K+π+π− 0.031, 0.032, 0.032 0.032 ± 0.011

K+K+K− −0.042, −0.043, −0.043 −0.043 ± 0.012

π+π+π− 0.120, 0.117, 0.118 0.117 ± 0.024

π+K+K− −0.142, −0.143, −0.140 −0.141 ± 0.044

B+ PC�ª Br(10−6)[ÑÑ�] Br(10−6)[¢��]

K+π+π− 51.0, 51.0, 51.1 51.0 ± 3.0

K+K+K− 33.9, 34.1, 33.9 34.0 ± 1.0

π+π+π− 15.2, 15.2, 15.2 15.2 ± 1.4

π+K+K− 5.0, 5.0, 5.0 5.0 ± 0.7

−2.2 ± 0.2"ù�¢�êâ −2.7 ± 0.9 k��� l§¿�¥%�ØÓ")ûù
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�¯KÒ�Ú\�õ�ëê5[Ü¢�êâ§�±�± ∆T ′(K+K+K−) Ø�"
5[Ü¢�êâ [39]"ù�Òkµ

T ′ = 1.7 × 10−5 , P ′ = −4.5 × 10−6 − 5.7 × 10−7i ,

∆T ′(K+π+π−) = 3.3 × 10−5 + 4.2 × 10−5i ,

∆P ′(K+π+π−) = −3.3 × 10−6 − 4.4 × 10−6i ,

∆T ′(π+K+K−) = −3.4 × 10−5 − 1.8 × 10−5i ,

∆P ′(π+K+K−) = −4.5 × 10−6 − 5.7 × 10−7i . (3.51)

ÏL[Ü�PC�ÌÀJþ¡�ëê�§ACP (π+π+π−)/ACP (K+K+K−) =

−2.7§§Ú¢�êâ�¥%�ÎÜ/éÐ"�éA��*ÿ�ÑÑ��uL 3.2

�1��¥"±þ©Ûw«�±ÏL�Ä SU(3) »���z5gU/)º©|
'Ú CP �é¡5�¢�êâ§�Ó�ò¬ké�� SU(3) »��A"

(C) �¹ SU(3) »��Ú�ê��z�?�µ

e¡�Ä�¹ SU(3) »��Ú�ê��z�?� ∆T (∆P )§Ú T p(P p) 5
[Ü¢�êâ§ïÄ\\ T p(P p) ��z´Ä�±¦ SU(3) �»�§Ý~�"3
e¡�©Û¥�ê�¥�'u K §π 0f�þ��¢Sþ´ SU(3) �»��§
�±ÏL#½Â�ÌáÂ�Ù§��¥§¤±o��Ì�±L«�µ

Tt = aT +
bT

m2
B

(s + t) +
cT

m2
B

(s − t) + ∆aT ,

Pt = aP +
bP

m2
B

(s + t) +
cP

m2
B

(s − t) + ∆aP , (3.52)

Ù¥

∆aT (π+π+π−) = 0 ,

∆aT (K+K+K−) = ∆T ′(K+K+K−) ,

∆aT (K+π+π−) = ∆T ′(K+π+π−) ,

∆aT (π+K+K−) = ∆T ′(π+K+K−) . (3.53)

ª (3.42) E,�±^5O�PC°Ý§ù��IòÙ¥� aT Ú aP O��
aT +∆aT Ú aP +∆aP =�"ÏLO�×£¤k�ëê�m§Ø�U¦∆T ′(∆P ′)

�þ?' T ′(P ′) �§�Ò`�)º¢�êâÒ�½�k��� SU(3) »��
A"¦+Xd§�Ä
�¹ SU(3) »��Ú�ê��z�?�Ó��±Ú¢�

— 55 —



þ°�Ï�ÆÆ¬Æ Ø© §��f�Ôn9VÔ��'¯KïÄ

êâ[Ü/éÐ"~X§ÀJëêµ

aT = 1.3 × 10−5 , aP = 1.1 × 10−6 + 5.7 × 10−6i ,

bT = 1.1 × 10−5 − 1.2 × 10−5i , bP = 7.0 × 10−6 − 2.1 × 10−5i ,

cT = 2.4 × 10−5 + 4.3 × 10−5i , cP = 1.5 × 10−5 + 3.4 × 10−5i ,

∆aT (K+π+π−) = −1.2 × 10−5 − 1.1 × 10−5i , (3.54)

∆aP (K+π+π−) = 3.0 × 10−6 − 1.4 × 10−6i ,

∆aT (K+K−π+) = −1.4 × 10−5 + 1.4 × 10−5i ,

∆aP (K+K−π+) = −3.8 × 10−6 + 5.0 × 10−6i ,

·���Ú¢�êâÎÜéÐ�[Ü(J§ÑÑ(J�uL 3.2 �1n�¥"

3.3 B± ��>�I�0fnN��PC� U ^é¡5©Û

þ��!®²3 SU(3) µeeé B± ��>�I�0fnN��PCL
§?1
©Û"�,éu�> B 0f�nNPC�ïÄkéõ§Ù¥�Ä��
��z�ÄåÆ�.kéõ [41, 42]§�´durfÝ
�¥r�p�^�E
,5§�«nØ�.éuPCL§©|'�O�ké��Ø(½5"± SU(3)

�é¡5�Ä:§Ø�Ä����z��ê�{ÚÿÀ�{�O��ké
õ [39, 43, 44]"�kDÚ� U ^é¡5©Û [45]"Ú SU(3) �' U ^é¡5�
©Ûò¬�\{'"e¡·�± B− �~§æ^XÚ�Â �I��{3 U ^
é¡5µeeé�> B 0f�nN��PCL§?1©Û"

Ï~/§3 U ^é¡5�©Û¥�3���d K− Ú π− /¤� U = 0 �
�éA��Ì A0"§éPCL§ B− → K−π−π+ Ú B− → π−K−K+ k�z
é B− → K−K−K+ Ú B− → π−π−π+ vk�z"{ü�`§du K− Ú π−´
ÀÚf§du�Óâf�5�§XJ�Ì A0 Ø�6u K− Ú π− �?ÛÄåÆ
Ú$ÄÆCþò�u""ùò�� U ^é¡5ýóÚ¢�ÿþ�� l"XJ
A0 �6u"�âf�Äþ§§3 K− Ú π− 0f�Äþ��e´�é¡�"�
)û¢�ÿþ�� l¯K§I��± A0 �"�5�",§�ÌéÄþ�ä
N�6/ª¿Ø��"e¡ïÄ?ØXÛ5�EÄþÃ'§Äþ�'Ú U ^»
����Ì"Äk0�DÚ� U ^é¡5©Û�{"

U ^é¡5´�� SU(2) ��Né¡5§d Ú s §���ÙÄ:L«§3
§���m (qi) = (d, s) /¤�� U ^���§Ïd π+ Ú K+ ���� U

^��?1C�§(Mi) = (π+, K+)§éA�E�ÝL«� (M̃i) = εij(Mj)
∗ =
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(K+,−π+)"du B− d�� b §�Ú���� u §�|¤§Ïd B−´�� U

^�ü�"̂ aqug^©Û�L«/ª§�±�Ñ� d, s, π−(π+), Ú K−(K+)

�L«µ

|d〉 = |1/2, +1/2〉 , |s〉 = |1/2,−1/2〉 ,

|π−〉 = |1/2, +1/2〉π− , |K−〉 = |1/2,−1/2〉K− , (3.55)

|K+〉 = |1/2, +1/2〉K+ , |π+〉 = −|1/2,−1/2〉π+ .

þ�!¥®²�Ñ
�> B 0fnN��PC�k�M�îþ§·��±�Ù
wÑk�M�îþk�~{ü� U ^(�§3äãÚè�ãY²§Ñ�±��
��U ^��?1C�"§ò B− ��«§�)��"�|1/2, +1/2 > (éu
q = d )§½ |1/2,−1/2 > (éu q = s )"rfY²�PC�Ì��µ

A = 〈final state|Hq
eff |B

−〉 = VubV
∗
uqT (q) + VtbV

∗
tqP (q) , (3.56)

éu"�âfó§3 U ^é¡e§§�òÍÜ/¤ØÓ� U ^���§�´
k�M�îþ�)� U ^����k |1/2, +1/2〉 Ú |1/2− 1/2〉§Ïd·�I�
ÀÑ#N�"�ÍÜ/ª""�Ö>0fÍÜ|¤� U ^����µ

|K−K−K+〉 = |1/2,−1/2〉K−|1/2,−1/2〉K−|1/2, +1/2〉K+

= |1,−1〉K−K−|1/2, +1/2〉K+

=
1√
3
|3/2,−1/2〉1 −

√
2

3
|1/2,−1/2〉1 ,

|π−π−π+〉 = −|1/2, +1/2〉π−|1/2, +1/2〉π−|1/2,−1/2〉π+

= −|1, +1〉π−π−|1/2,−1/2〉π+

= − 1√
3
|3/2, +1/2〉1 −

√
2

3
|1/2, +1/2〉1 ,

|K−π−π+〉 = −|1/2,−1/2〉K−|1/2, +1/2〉π−|1/2,−1/2〉π+

= −
(

1√
2
|1, 0〉K−π− − 1√

2
|0, 0〉K−π−

)
|1/2,−1/2〉π+

= − 1√
3
|3/2,−1/2〉1 −

1√
6
|1/2,−1/2〉1 +

1√
2
|1/2,−1/2〉0 ,

|π−K−K+〉 = |1/2, +1/2〉π−|1/2,−1/2〉K−|1/2, +1/2〉K+

=

(
1√
2
|1, 0〉π−K− +

1√
2
|0, 0〉π−K−

)
|1/2, +1/2〉K+

=
1√
3
|3/2, +1/2〉1 −

1√
6
|1/2, +1/2〉1 +

1√
2
|1/2, +1/2〉0 ,
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ùpeI/00Ú/10V«ü��K>0f/¤� U ^���"^ AT
0 Ú AT

1

5L« U = 0 Ú U = 1 ����PC�Ì [45]§�Ì T �±L«�µ

T (K−(p1)K
−(p2)K

+(p3)) = 2AT
1 (p1, p2, p3) ,

T (π−(p1)π
−(p2)π

+(p3)) = 2AT
1 (p1, p2, p3) ,

T (K−(p1)π
−(p2)π

+(p3)) = AT
1 (p1, p2, p3) − AT

0 (p1, p2, p3) ,

T (π−(p1)K
−(p2)K

+(p3)) = AT
1 (p1, p2, p3) − AT

0 (p1, p2, p3) . (3.57)

ùp·�®²��DÚ�{e��Ì/ª"�ß/r�Ì AT
0,1 L«�"�0f

Äþ�¼ê"ùéu�Ì AT
0 �~�"§3 K− Ú π− �Äþ��e´�é¡

�§ÏdXJ�ÌvkÄþ�6�{§§òdu�Óâf�5�g,�u""
�Ì AT

1 ´��é¡�§=¦vkÄþ�6§�Ø7�""éuè�ã�Ì AP
0,1

�Ó�Xd"XJ�ÌvkÄþ�6§= AT
0 = AP

0 = 0§¬��µ

A(K−K−K+) = 2(VubV
∗
usA

T
1 + VtbV

∗
tsA

P
1 ) ,

A(K−π−π+) = VubV
∗
usA

T
1 + VtbV

∗
tsA

P
1 ,

A(π−π−π+) = 2(VubV
∗
udA

T
1 + VtbV

∗
tdA

P
1 ) ,

A(π−K−K+) = VubV
∗
udA

T
1 + VtbV

∗
tdA

P
1 . (3.58)

PC�Ìò¬ýó

Br(π−π−π+) = 2Br(π−K−K+) , Br(K−K−K+) = 2Br(K−π−π+) ,

ACP (π+π+π−) = ACP (π+K+K−) , ACP (K+K+K−) = ACP (K+π+π−) .

(3.59)

½ÂÚ ACP �'�ëþ ∆(PPP ) = |A(PPP )|2 − |Ā(P̄ P̄ P̄ )|2§¬kµ

∆(K−K−K+) = 4∆(K−π−π+) = −16Im(VubV
∗
usV

∗
tbVts)Im(AT

1 AP∗
1 ),

∆(π−π−π+) = 4∆(π−K−K+) = −16Im(VubV
∗
udV

∗
tbVtd)Im(AT

1 AP∗
1 ).

(3.60)

·�5¿��¦ ∆ Ø�"l�)�"� ACP §I��± Im(VubV
∗
uqV

∗
tbVtq)

Ú Im(AT
1 AP∗

1 ) ÑØ�u""IO�.¥§Im(VubV
∗
uqV

∗
tbVtq) �'uL� CP »

�� Jarlskog ëê [46]§§®²d¢�(½´�"�"�"� Im(AT
1 AP∗

1 ) �
¦r�p�^¤û½�äã�Ì AT

1 Úè�ã�Ì AP
1 kØÓ�"�r�
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�"r��ØU=ÏL U ^é¡5(½"·��±4�Ì AT,P
1 �Eê§§

����=�r��§ÏL[Ü¢�êâ5(½���äNê�"d'X
Im(VubV

∗
usV

∗
tbVts) = −Im(VubV

∗
udV

∗
tbVtd) [46] �±�� U ^é¡5ýóµ

ACP (π+K+K−)

ACP (K+π+π−)
= − Br(K−π−π+)

Br(π−K−K+)
,

ACP (π+π+π−)

ACP (K+K+K−)
= −Br(K−K−K+)

Br(π−π−π+)
,

ACP (π+K+K−)

ACP (K+K+K−)
= −Br(K−K−K+)

Br(π−K−K+)
,

ACP (π+π+π−)

ACP (K+π+π−)
= −Br(K−π−π+)

Br(π−π−π+)
. (3.61)

ùp�±wÑ SU(3) ýóÚ U ^é¡5ýókÓ��/ª"é�Ù§U ^é¡
5ýó�¢�êâØÎ"ÏdI��Ä?��§�«�U´�ÄÄþ�6��
"��Ì A0"kÄþ�6��Ì AT

0 (p1, p2, p3) Ø�"§�I�÷vµ

AT
0 (p1, p2, p3) = −AT

0 (p2, p1, p3) . (3.62)

�÷vª (3.62)�±�Äaq c[(∂µK−(p1))π
−(p2)−K−(p1)(∂

µπ−(p2))]∂µπ
+(p3)

��"§´� U = 0 ��´éA��ÌØ�""c´ÄþÃ'�~ê§ù���
3.¼þ¥ò¬�zÑ���Ìµ

c(p1 − p2) · p3 , (3.63)

Ï~/§PC�ÌéÄþ�äN�6/ª´Ø���§�±5gu�����
z§��±5gu�ê���z"e¡?ØØ�Ä�����z��ê�?�§
ïÄÏLÐ"�0f|�âÔ[(�5�EÄþ�6�PC�Ì"

PC�ÌkÄþ�6��ê��z�±ÏLXÚ��{5�ï [47]"âÔ
[ØC5�¦�ê��ê�óê§+Þ���ê� 0§g+Þ���ê� 2"�
ï��{´µò U ^�L« B−, Mi, M i Úk�M�îþ Hq

eff UØÓ��ª
Â /¤ U ^�ü�§Ó�éÐ"�0f|�ØÓ��ê(�"Ù¥§dk
�M�îþ/¤���L«� H i"H1 = 1 Ú H2 = 1 ©OL« ∆S = 0 Ú
∆S = −1 ��p�^"e¡Äk�Ä�$��/ª"éu B− PC�n�Ö>
0f§·�I�ü� Mi Ú�� M i"éu�$�� U ^ü��k�«Â �
ªµ

a0
1MiM

iMjH
jB− , (3.64)
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ùp a0
1 �~ê"Ðmþª���$��ÄþÃ'�PC�Ìµ

T 0(K−(p1)K
−(p2)K

+(p3)) = 2a0
1 ,

T 0(π−(p1)π
−(p2)π

+(p3)) = 2a0
1 ,

T 0(K−(p1)π
−(p2)π

+(p3)) = a0
1 ,

T 0(π−(p1)K
−(p2)K

+(p3)) = a0
1 . (3.65)

þª¥§cü��Ïf 2 5gu�Óâf��A"5¿�ùp�vk�Ì A0"
ù´du�éA U ^�ü�I�ü� Mi 5�¤"vkâÔ[(��§���
U ^ü��µ

εijMiMj . (3.66)

duÀÚf K Ú π ��ÓâfA5§¦þ¡�Â �""����"� A0§Ò
��¹Äþ�'���z"dü��K>�0f/¤� U ^ü���ê��µ

εijMi∂µMj . (3.67)

��EâÔ[Ú U ^ØC��§�I�,	�� M i ½ B− � �ê"ù��
¹ εijMi∂µMj ����ê�kü«Â �ªµ

(i) εijMi(∂µMj)εklM
kH l(∂µB−) ,

(ii) εijMi(∂µMj)εkl(∂
µMk)H lB− . (3.68)

éu���ê��kÙ§�Â �ªµ

(a) (∂µMi)M
iMjH

j(∂µB−) , (b) Mi(∂µM
i)MjH

j(∂µB−) ,

(c) MiM
i(∂µMj)H

j(∂µB−) , (d)(∂µMi)(∂
µM i)MjH

jB− ,

(e) Mi(∂µM
i)(∂µMj)H

jB− , (f) Mi(∂
µM i)(∂µMj)H

jB− . (3.69)

3ùp� SU(3) ��¹aq§éu¹k ∂2Mi, ∂2M i Ú ∂2B− ��§|^$Ä�
§§3 U ^4�e§§�òØ¬�)ØÓuª (3.64) �#�z"ª (3.68) Úª
(3.69) ¥�¤k�¿Ø´��Õá�"Ï�

εijεkl = δi
kδ

j
l − δi

lδ
j
k . (3.70)

·��±òª (3.68) �ü�L«�ª (3.69) ¥����5|Üµ

(i) = (c) − (a) , (ii) = (f) − (e) . (3.71)
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�
rN�Ì A0 ���z§éu ∆S = −1 �PCL§§·�^ (i), (ii), (b),

((a) + (c))/2, (d) Ú ((e) + (f))/2 ��Õá��¿IP�µ

(1) (∂µB
−)π+[(∂µK−)π− − K−(∂µπ−)] ,

(2) (∂µB
−)K−[K−(∂µK+) + π−(∂µπ+)] ,

(3) (∂µB
−)[K−(∂µK−)K+ +

1

2
((∂µ(K−)π− + K−(∂µπ−))π+)] ,

(4) B−(∂µπ
+)[(∂µK−)π− − K−(∂µπ−)] , (3.72)

(5) B−∂µK
−[(∂µK+)K− + (∂µπ+)π−] ,

(6) B−[(∂µK
−)K−(∂µK+) +

1

2
((∂µK

−)π− + K−(∂µπ
−))∂µπ+)] .

aqu SU(3) ��¹§§�éPC�Ì��z�µ

1

m2
B

(α1(1) + α2(2) + α3(3) + α4(4) + α5(5) + α6(6)) . (3.73)

ù�Ò�±��äãY²�Äþ�6�Ì T pµ

T p(K−(p1)K
−(p2)K

+(p3))

=
1

2m2
B

(2α2pB · p3 + α3pB · (p1 + p2) + 2α5p1 · p2 + α6(p1 + p2) · p3) ,

T p(K−(p1)π
−(p2)π

+(p3))

=
1

2m2
B

(2α2pB · p3 + α3pB · (p1 + p2) + 2α5p1 · p2 + α6(p1 + p2) · p3

+2(α1pB · (p1 − p2) + α4(p1 − p2) · p3)) , (3.74)

T p(π−(p1)π
−(p2)π

+(p3))

=
1

2m2
B

(2α2pB · p3 + α3pB · (p1 + p2) + 2α5p1 · p2 + α6(p1 + p2) · p3) ,

T p(π−(p1)K
−(p2)K

+(p3))

=
1

2m2
B

(2α2pB · p3 + α3pB · (p1 + p2) + 2α5p1 · p2 + α6(p1 + p2) · p3

+2(α1pB · (p1 − p2) + α4(p1 − p2) · p3)) .

Ù¥§α1,4 Ú α2,3,5,6 �©Oé A0 Ú A1 k�z"3 U ^é¡54�e§kµ

T p(K−(p1)K
−(p2)K

+(p3)) = T p(π−(p1)π
−(p2)π

+(p3)) ,

T p(K−(p1)π
−(p2)π

−(p3)) = T p(π−(p1)K
−(p2)K

+(p3)) . (3.75)
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�Ñ K Ú π 0f��þ§kµ

T p(K−(p1)K
−(p2)K

+(p3)) = T p(π−(p1)π
−(p2)π

+(p3))

=
1

2m2
B

[
(s + t)(2α2 − α3 − 2α5 + α6) + 2m2

B(α3 + α5)
]
,

T p(K−(p1)π
−(p2)π

+(p3)) = T p(π−(p1)K
−(p2)K

+(p3)) (3.76)

=
1

4m2
B

[
(s + t)(2α2 − α3 − 2α5 + α6) + 2m2

B(α3 + α5) − 2(s − t)(α1 + α4)
]
.

Ù¥ s = (p2 + p3)
2 Ú t = (p1 + p3)

2"

þ¡®²?Ø
�ê���z§e¡?Ø U ^é¡5»����z"U ^
é¡5�»�5gu d §�Ú s§��þ�ØÓ"d §�Ú s§���þÝ
�
±L«�µ

(χi
j) =

(
md 0

0 ms

)
=

md + ms

2

(
1 0

0 1

)
+

md − ms

2

(
1 0

0 −1

)
. (3.77)

�þÝ
3 U ^é¡5e�C��±�±�w�´ U ^ü�(�'uü 
�
Ü©)Ún�(�'u σ3 �Ü©)��5|Ü"ò�þÝ
�\ª (3.64) �ØÓ
 �ò�� U ^»���Ì"aqu SU(3) »���¹§�k�'u σ3 ��
�¹#�&E"Õá�»��kü«µ

β1Miσ
i
jM

jMkH
kB− ,

β2MiM
iMjσ

j
kH

kB− . (3.78)

ÐmþªÒ��PC�Ì� U ^»���zµ

T b(K−(p1)K
−(p2)K

+(p3)) = −2β1 − 2β2 ,

T b(π−(p1)π
−(p2)π

+(p3)) = 2β1 + 2β2 ,

T b(K−(p1)π
−(p2)π

+(p3)) = β1 − β2 ,

T b(π−(p1)K
−(p2)K

+(p3)) = −β1 + β2 . (3.79)

Ó�k

T b(K−K−K+) − T b(K−π−π+) = T b(π−K−K+) − T b(π−π−π+) . (3.80)

5¿� U ^»���Ì¥vk��Ì A0 �'��"ù´du�"��Ì A0´
d�ê�p��)�"�¹âÔ[(��»��kü«/ªµ

(i) γ1∂µ(Mi)Mjε
ij∂µ(Mk)σl

kH
mεlmB− ,

(ii) γ2∂µ(Mi)Mjε
ijMkσl

kH
mεlm∂µB− . (3.81)
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þ¡�ü�3�§����Cqe´�d�§ù´du

(i) + (ii) = ∂µ(∂µ(Mi)Mjε
ijMkσl

kH
mεlmB−)

− ∂µ(∂µ(Mi)Mjε
ij)Mkσl

kH
mεlmB−. (3.82)

þª¥�1��o���©§Ø¬k#��z"1���'u (m2
K − m2

π)§3
U�§��þÐm¥§��'u βi »���'pÑ��þ?�±��ÑØO"
Ïd§(i) Ú (ii)´�d�"± (i) �~5?Ø§�±��éu T b ��	?��
T bpµ

T bp(K−(p1)K
−(p2)K

+(p3)) = 0 ,

T bp(π−(p1)π
−(p2)π

+(p3)) = 0 ,

T bp(K−(p1)π
−(p2)π

+(p3)) = γ1(p1 − p2) · pB ,

T bp(π−(p1)K
−(p2)K

+(p3)) = −γ1(p1 − p2) · pB . (3.83)

éu U ^»���Ù¦âÔ[(�§�k∂2MiM
iMjH

jB−, Mi∂
2M iMjH

jB−

Ú MiM
i∂2MjH

jB−"ù´Ï� ∂2K = m2
KK Ú ∂2π = m2

ππ"$^$Ä�§ù

���z�±�áÂX�'u βi ��¥§Ïdù
�Ø¬k#��z"

3.4 �Ù�(

�ÙÌ�é�> B 0f�nN��PCL§?1
�é¡5©Û§©O�
Ä
 SU(3) Ú U ^é¡5§̂ XÚ��{�ï
é¡5»�±9�ê�?��
�Ì�z§U ^é¡5©Û' SU(3) �é¡5©Û��{'§� SU(3) �é¡
5©Û�±A^��) B0

d Ú Bs �¥5 B 0f�nN��PCL§"¤õ)
º
¢�þ'u CP �é¡5±9©|'�¢�êâ§ÏL[Ü¢�êâ?1
ê�©Û§uy
PCL§ké���é¡5»�"

SU(3) Ú U ^�é¡5©Û¥§éuPC�Ì��ï´aq�"·���
SU(3) é¡5�)
 U ^é¡5§Ïd<�¬Ï"éuÓ��PCL§§ùü
«é¡5©Û¬���Ó��Ì/ª"̄ ¢þ§·�é'uyéu�> B 0f
�nN��PCL§§ùü«é¡5©Û´�d�"3 U ^é¡5©Û¥o�
PC�Ì Tt Ú Pt �µ

Tt = T 0 + T p + T b , Pt = P 0 + P p + P b . (3.84)
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þª¥ T b Ú P b ©O�¹
 T bp Ú P bp"3 SU(3) é¡5©Û¥§o�PC�
Ì�µ

Tt = T + T p + ∆T , Pt = P + P p + ∆P . (3.85)

Ø
�Óâf�Ïf�½ØÓ	§SU(3) é¡5©Û¥� T 0, P 0, T p Ú P p ¤é
A�Ôn©OÚ U ^é¡5©Û¥� T , P , T p Ú P p éA"¿� SU(3) é¡5
©Û¥�»���Ì ∆T Ú ∆P � U ^é¡5©Û¿Ø�Ó"�´§·�ÏL
#½ÂÚ=£�Ì T 0 Ú ∆Tµ

T̃ 0(π−π−π+) = T̃ 0(K−K−K+) = T 0(π−π−π+) + T b(π−π−π+) ,

T̃ 0(K−π−π+) = T̃ 0(π−K−K+) = T 0(K−π−π+) +
1

2
T b(π−π−π+) ,

∆T̃ (K−K−K+) = T b(K−K−K+) − T b(π−π−π+) ,

∆T̃ (K−π−π+) = T b(K−π−π+) − 1

2
T b(π−π−π+) ,

∆T̃ (π−K−K+) = T b(π−K−K+) − 1

2
T b(π−π−π+) , (3.86)

ù� U ^é¡5©Û¥��Ì T̃ Ú ∆T̃ � SU(3) é¡5©Û¥��Ì T ′ Ú
∆T ′ Ò´�d� [47]"Ïf 1/2 5guü«é¡5©Û¥é�Óâf�A�Ø
Ó�½"ù�·�w�ùü«é¡5©ÛkÓ�/�Ì/ª"Ïd§éu¢�
êâ�[Ü9©Ûü«é¡5©Û´�d�"

ÏLê�©Û±9é¢�êâ�[Ü§·�uy�Ó�)º©|'±9
CP �é¡5�¢�êâ§�½I�é�é¡5»��A§3·��ï�é¡5
»���Ì¥§ÃØ´äã�´è�ãÑ´éõ��¤�§=¦z�»���
�zÚÅð��'�k 10% §»��A�¬é�"3y�ÆY²§PCL§¥
E¤ù«»��äN�ÄåÆÅ�8c�Ø´é�Ù"
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Ô [17, 18]"�â�ª)¤�VÔ�âfG��ØÓ§l�»/¤Úüz�
�Ý5w�±kn«ØÓ5��VÔ�µ�C1��VÔ�âf�ª/¤
9
�VÔ�§�Ý'1�$�õ�VÔ�âf�ª/¤
e�VÔ�§�Ý0u

— 71 —



þ°�Ï�ÆÆ¬Æ Ø© §��f�Ôn9VÔ��'¯KïÄ

ü«VÔ�âf�m�VÔ�âf�ª/¤
§�VÔ�"éu�»�/¤Ú
üz§ØÓ�VÔ�nØ�)º´ØÓ�"e�VÔ�nØ@�§�»��º
Ý(�´©?O��§äNL§´µ�UNk¥ !�)§��Ü¿¤�UN¶
9�VÔ�nØ9�§�»��ºÝ(�Ø´©?O��§´Äk/¤aq
uÕàX@��A²�G(�§,�Øä��"due�VÔ��ýó�*ÿ
(J��§9�VÔ�nØ�*ÿ(JîØÎ§Ïde�VÔ�nØ8c
'��wÐ [19]"3�ºÝþ§VÔ�´XÛ�¤�§VÔ�âf�5�±9�
p�^�ÄåÆÅ�´nØïÄ9:"duIO�.¥vkVÔ�âf�ÿÀ
ö§ÏdI��Ä�ÑIO�.�#ÔnnØ"e¡0�8c�IO�.nØ
¥�eZVÔ�âf�."

f�^�âf (WIMPs) µ�fe�VÔ�ÊH�a�ÀJ´f�^
�âf [20]"ùaVÔ�âf��þÚ�p�^rÝ��Ñ�Cf>UI"ù
aVÔ�3@å�»�zÆ²ï¥g,/�Ñ�(�e�VÔ��í{�Ý§
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�é¡�f´¤�f§¤�f��é¡�f´ÀÚf"3�é¡nØ¥ÏL-
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>^�p�^ÚÚå�p�^"�C§nØ
Æ[uy�	���±^5)ûâfÔn�5��?¯K"8c§Kaluza-Klein
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�VÔ��. [27]§Q-ball �. [28]§º�âf�. [29]§g�p�^VÔ��
. [30]§�f�p�^VÔ��. [31]�"e¡Ò{ü0��«�{ü�VÔ�
�. Darkon �."

Darkon VÔ��. [32–35]µ
Darkon VÔ��.´WIMPs ¥��«"3Darkon�.¥§Darkon| D´��
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1

2
∂µD∂µD − λD

4
D4 − m2

0

2
D2 − λD2 H†H , (4.1)

Ù¥ λD§m0§λ´gdëê"LD 3 Z2 C�e�±ØC"��± Z2 é¡Ø�»
�ÚVÔ�|vký�Ï��§ù�§D Ø�Higgsâf·Ü§Ï�±;� D

éN´PC�IO�.�âf"�SU(2)L × U(1)Ygué¡5»"�U(1)em�§
.¼þ(4.1)�±���Ôn� Higgs h �p�^/ª§

LD = −λD

4
D4 −

(
m2

0 + λv2
)

2
D2 − λ

2
D2 h2 − λv D2 h , (4.2)

Ù¥Higgsâf H �ý�Ï��� v = 246 GeV§D ��þ� mD =
(
m2

0 +

λv2
)1/2§−λvD2h �´VÔ�í{�Ý�Ì�5"äNVÔ��Ô�í{�

Ý��z´�é D ÏL�� Higgs |�«¤IO�.âf§= DD → h∗ →
X(SM)(X �IO�.âf)"Darkon�.¥VÔ�´eVÔ�§�þ�Ýú§
�Ý´��éØ�"VÔ�ÏL s �?1�«§�±kCq'X

√
s ' 2mD"d

.¼þ(4.2)�±��§�éVÔ� D ÏL�� Higgs âf h �«�IO�.â
f��«Ç�µ
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h
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+ Γ2

h m2
h
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i Γ
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h̃ → Xi

)
2mD

, (4.3)

Ù¥ vrel = 2
∣∣pcm

D

∣∣/mD ´�éVÔ� D 3�%�IX¥��é�Ý§Γh ´
Higgs âfPC�IO�.âf�PCÇ§̃h L«J�Higgsâf§Γ

(
h̃ → Xi

)
´

òJ� Higgs âf��þ mh O�� 2mD ��þ��PCÇ"�VÔ���þ
�u Higgs âf��þ�§VÔ�ò�«��é Higgs§¤± DD → hh �L§
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g∗mPI〈σannvrel〉GeV

, xf ' ln
0.038mPImD〈σannvrel〉√

g∗xf

, (4.4)

ùp h´ Hubble ~ê§ü � 100km/(s × Mpc)§xf qd'Xª xf = mD/Tf
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*ÿ�� σann vrel ��"l��ÑÍÜ~êÚVÔ��þ�'X"

éuVÔ����&ÿL§§d.¼þ(4.2)�±O�ÑVÔ���fØ3
t Ï�-E��5Ñ��¡§

σel ' λ2 g2
NNH v2 m2

N

π
(
mD + mN

)2
m4

h

, (4.5)

duVÔ���u�fØ��þ§¤±kCq
(
pD + pN

)2 '
(
mD + mN

)2"XJ
��ÍÜ~ê gNNH �§|^ÍÜ~êÚVÔ��þ�'XÒ�±ýó�5Ñ
��¡ σel �VÔ��þ mD �Cz'X"ù�Ò�±�VÔ���&ÿ�¢
�êâ?1'�"

4.2 ¥�f�þ�)Å�

¥�f�þ�¢�ÿþV«X¥�fk�"��þ§ùÒ�¦·��éI
O�.�¥�f?1*¿§�Ä�IO�.�#Ôn"Ï~/§pUI�#Ô
n3$UIe±Ø��z�Î (NRO) �/ª5��ïÄ"3$UIe§NRO

É�pUI Λ �r�Ø$§�±�Ñé��?�§́ ���±£ã/éÐ��
�znØ"3IO�.�.¼þ¥\\ NRO �§�fê Le, Lµ, Lτ Úfê
B Ø2Åðµ

L = LSM +
(LH)2

2ΛL

+
1

Λ2
B

[
c1(ŪD̄)(QL) + c2(QQ)(Ū Ē) + c3(QQ)(QL)

+ c4(QτaQ)(QτaL) + c5(D̄Ū)(Ū Ē) + c6(Ū Ū)(D̄Ē) + h.c.

]
+ · · · . (4.6)

Ù¥ ΛL Ú ΛB ©OéA�fê»�Úfê»��#Ôn�UI"�Î (LH)2

éAu¥�f� Majorana �þ§�Î (LH)2 �5´�«¥�f�.ïÄ�
: [37]"äãY²þkn«ØÓa.�#âf�±¦¥�f�)�þµmÃ
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ã 4.1 a. I , II , III ¥¥�Å�¤ùã"
Figure 4.1 Feynman diagram for type I, II, III See-saw.

¥�f§¤�f� SU(2)L n�ÚIþ|� SU(2)L n�"ùÒ´a. I§a
. II Úa. III ¥¥�Å�§©OéAuã 4.1 ¥l��m�n�¤ùã"

a. I ¥¥�µ
a. I ¥¥�´�{ü��)¥�f�þ��{§Ò´��V\���	�¤
�fü�mÃ¥�f N = νR òIO�..¼þ*¿�µ

L = LSM + N̄ii/∂Ni + (λij
N N iLjH +

M ij
N

2
NiNj + h.c.) (4.7)

ù��¥�fÏ~¬k 6 × 6 ��þÝ
µ

( νL νR

νL 0 λT
Nv

νR λNv MN

)
(4.8)

ùp λN Ú MN Ñ´ 3 × 3 ��Ý
"XJ MN À λNv �Ã¥�f��þ�

mν = −(vλN)T M−1
N (vλN) (4.9)

a. I ¥¥�ÏL��mÃ¥�f�)
�fê»�� Majorana �þ�Î"

a. III ¥¥�µ
a. III ¥¥��a. I ¥¥��ØÓ�?3u§V\��#� SU(2)L �¤�
fn�Ø´ü�"#��	�¤�fn�´Ø�f�Ö�"3dÄ:þ
.¼þ�µ

L = LSM + N̄ii /DNi +

[
λij

N Na
i (Lj · τa · ε · H) +

M ij
N

2
Na

i Na
j + h.c.

]
. (4.10)

Ù¥§τa ´�|Ý
§ε´���é¡ÜþÝ
§N �n�©þ´µN3 Ø�>
Ö§(N1 ± iN2)/

√
2 �>Ö ±1"a. III ¥¥��¥�f��þ�ª (4.9) ka

q//ª§¦´ÏL��¤�fn��)Majorana �þ�Î"
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a. II ¥¥�µ
a. II ¥¥�´ÏLV\���	� SU(2)L Iþ|n�T a(a = {1, 2, 3})§
#�Iþâf�f�Ö� YT = 1"3ù���ïe#�.¼þ��µ

L = LSM+|DµT |2−M2
T |T a|2+1

2
(λij

T LiετaLjT a+λHMT Hετ aH T a∗+h.c.) (4.11)

ùp λT ´é¡��Ý
§ε´��Ý
§τa´Ï~��|Ý
"È©K�I
þâfn��±�)Majorana �þ�Î (LH)2"ù¬��a. II ¥¥�Å
�e�¥�f�þµ

mij
ν = λij

T λHv2/M2
T (4.12)

�±wÑùn«¥¥�Å�Ñ´ÏLÚ\��#âf��þ5Ø$¥�f�
�þ§ù�´¥¥�Å��° ¤3"

þ¡0�
�)¥�f�þÏ~�¥¥�Å�§d	§�k�=�¥¥�
Å�(�¡ò¬0�)§·Ü�¥¥�Å�§�5¥¥�Å�§±9Ë��¥¥�
Å��"��5¿�´Ë��¥¥�Å�§Ï�3Ë��¥¥�Å�¥ÏL\
\#�ó,é¡5�±¦���#âf�±½§ùÒg,/�±¦����
¥5âf��VÔ�âf§ù«¥¥�Å�r¥�f�þ�)ÚVÔ�âfé
Ð/(Ü
3�å"e¡{ü0�Ë��¥¥�Å�"

Ë��¥¥�Å� [16]µ
rVÔ���¥�f�þå��{´8cNõïÄ�Ó?Ø�¯K"Ë�
�¥¥�Å�Xã 4.2 ¤«§3ü�ãY²þ¦¥�f�)�þ§́ �{ü�
��~f" IO�.�§�Ú�f��p�^�*¿�n�¥5� Majorana

ã 4.2 Z2 é¡5e¥�f�þ�)�¤ùã"
Figure 4.2 one loop generation of neutrino mass with Z2 symmetry.

¤�f N1,2,3 Ú���	�Iþâf�� (η+, η0)"ÏL��#�ó,©á
é¡ Z2 5B+¥�fÏLäã�)�þ§¿���
Iþ|��p�^�³
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�(�§�±¦���¥5âf�±½l¤�VÔ�âf�éÐ�ÀJ"
3#�©áé¡5 Z2 e§¤kÚ\�#âf´ÛêIO�.�âfÑ´ó
ê"Ù¥EIþ| η0 = (ηR + iηI)/

√
2 ÏL Higgs ÚIþ|��p�^³¥�

(λ5/2)(Φ†η)2 + H.c. �u)�þ3�§Ïd§mR 6= mI ù��±��Ë��¥
¥�Å�e�¥�f�þµ

(Mν)ij =
∑

k

hikhjkMk

16π2

[
m2

R

m2
R − M2

k

ln
m2

R

M2
k

− m2
I

m2
I − M2

k

ln
m2

I

M2
k

]
. (4.13)

�.¥§¤k#âf¥���âf´¥5�§�þ�âf¬ÏL#Ú\�
Yukawa �p�^±9f�p�^PC��þ���¥5âf§�þ���
âfòØ¬UYPC§�±½"¤±VÔ�âf�ÀJ� ηR(b�mR < mI)

½ö N1(b�M1 < M2,3)"

3Ë��¥¥��.Ä:þ·�F"���Ý�Ø$#Ôn�UI¿�¹
VÔ�âf±Jø¢�þ*ÿ#Ôn&Ò����U"·�éd?1
�
&
¢¿JÑ
Ë���=¥¥�Å�e�VÔ��.§e¡Ò5äN0�ù��
. [38]±9�.�'�y�Æ�V« [39]"

4.3 Ë��=¥¥�Å�e�VÔ��.

c¡J�¥¥�Å�´8c'�61�^u)º¥�f�þ��uÙéA
�>�f�þ��«¥�f�)Å�"3Ï~�¥¥�Å�¥Ú\�mÃ¥�
fÑé§§�C�Ú��UI"ùò¬¦¢�þu�ù
nØ�.C��©
(J"nØþXJ�±¦ Seesaw UIü� TeV ��±e§LHC þ� ATLAS Ú
CMS¢�Òk�UéÙ&Ò?1���&ÿ"8cnØþ(¢�®²k�
A
Ï��{�±ré�mÃ¥�f��þØ$� TeV �þ?§�´ù
�{Ñ
´�ÏLéëê�°[N!��� [40, 41]"�,nØ´#Nù«�{�§�´
%��
g,5"Ë��¥¥�Å��±)ûù�¯K�Ó�g,/�)

VÔ�âf [16]",��¡§�=�¥¥�Å���±Ø$ Seesaw UI [12,13]"
3 Inverse seesaw �.¥� Majorana ¥�f�O��
� Dirac âf"�
�¥�f�þ3 µ(mD/M)2 �þ?"ùp M ´ Dirac âf��þ§µ  Dirac

âf� Majorana �þ§§ò��u Dirac �þ mD"é�Ù�wÑ Dirac �
þIÝ�±'Ï~� Seesaw �.� Majorana �þ"XJ Inverse seesaw ��
±ÏLË��ã¢y§#Ôn�UI�±�$ [42]"e¡Ò5ïÄË��¥¥
�Å��.§ÏLü��Ë�Å��)¥�f�þ§Ú\#��Né¡5¿¦
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é¡5�±5B+¥�fÏLäã�)�þ§ù«é¡5�Ú\Ó��¦��
.¥�þ���¥5âf�±½§ù«#�âf�±�üÓâ·��»��
27% Uþ�VÔ���Ú"e¡Äk0�äã� Inverse seesaw§,�?ØË�
�ü� Inverse seesaw �."

äã� Inverse seesawµ
�) Inverse seesaw ¥�f�þÝ
 Mν �k�.¼þ�µ

Lm = −ν̄LmDNR − N̄LMNR − 1

2
N̄ c

RµRNR − 1

2
N̄LµLN c

L + h.c. (4.14)

ùp νL´��¹5¥�f§NL,R ´�¥�f"3Ä¥ (νc
L, NR, N c

L)T e§Mν

�

Mν =


0 mD 0

mT
D µR MT

0 M µL

 (4.15)

ùpk�þ�? µL ∼ µR << mD << M§��¥�f�þÝ
 mν d.¼þ
Lmass = −(1/2)νLmνν

c
L ½Â§�3� (mD/M)2 �þ?kµ

mν = mDM−1µL(M−1)T mT
D. (4.16)

kNõØÓ��{5¢y�=�¥¥�Å�§ù�6u NL,R �ÀJ§ùp{ü
0�ü«äãY²e¢y Inverse seesaw �'�{ü��U5"

�«'�{ü��{´Ú\mÃNR Ú�ÃNL �ü��¥�f"Ó�V
\���	�©áé¡5 Z2 é¡5§3ù�é¡5e§NR → NR, NL → −NL

IO�.�âf3ù«é¡5�Cz´ØC�"�þ mD ´ÏL Yukawa Í
Ü L̄LYDH̃NR �)"ùp H = (h+, (vH +h+ iI)T /

√
2´IO�. Higgs ��§

3IO�.f>5�+ SU(2)L ×U(1)Y e�þfê� (2, 1/2)"H̃ = iσ2H
∗"vH

´ Higgs |�ý�Ï��"LL = (νL, eL)T : (2,−1/2)´IO�.��f�
�"µL,R �5guà� Majorana �þ�þ� N̄ c

RµRNR Ú N̄LµLN c
L"du Z2 é

¡5§à� Dirac �þ� N̄LMNR ´�B+�"�
�)�"� M§·��
±Ú\��ü�Iþ| S§Z2 é¡5e�C�� S → −S§Ó�4ù�Iþ
|gu»"l�)�"�ý�Ï�� vs/

√
2"3«�¹e§Yukawa ÍÜ�

N̄LYsSNR´#N�§§ò�) Dirac �þ Ysvs/
√

2"

Ó�/§��±Ú\#��f�� DL,R : (2,−1/2) ±9Iþ|�ü
� S Ún� ∆ : (3,−1) (∆ij �L« ∆11 = ∆0, ∆12 = ∆21 = ∆−/

√
2 Ú
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∆22 = ∆−−)5¢y Inverse seesaw"Ó�Ú\#��Né¡5 U(1)D é¡55
«© DL Ú LL§3ù«é¡5e§DL,R → exp[iαD]DL,R, S → exp[−iαD]S,∆ →
exp[2iαD]∆§IO�.�|ØC"Ïd·�k�¥�f�þ�'�.¼þµ

LD = −L̄LYDDRS − D̄LMDR − 1

2
D̄LYLDc

L∆ − 1

2
D̄c

RYRDR∆† + h.c. (4.17)

XJ S Ú ∆ ÑkØ�"�ý�Ï��§Inverse seesaw Ò�±¢y",§3ù
��.¥§du U(1)D �Né¡5�»�7,���	� Goldstone ÀÚf�
Ñyùò¬¦¯KC�'�E,"�
;�nØ¥ Goldstone ÀÚf�ÑyI
��	�*¿"Ó�±þü«�.¥ÑvkVÔ��ÿÀö"e¡0� Inverse

seesaw ÏLË���ã�)§ù��±g,/�3VÔ�ÿÀö"

Ë��ü� Inverse seesw [38]µ
�
;�nØ¥Ã�þ� Goldstone ÀÚf�Ñy§���U��{Ò´Ø»
�#Ú\�ù«�Né¡5§ù�ÒØ¬k#� Goldstone ÀÚf�Ñy"ï
á3ù�g�Ä:þ§Ú\ DL,R, S Ú ∆§ù
|Ñvké¡5�»�"ù�
ÒB+K��¥�fÏLäã�)�þ"3ù«�¹e§�
¦¥�f¼�
�þ§·��I�Ú\,	��ü� σ§3�Né¡5 U(1)D e�C�5��
σ → exp[2iαD]σ"·�¡ù��.� U(1)D �."Iþ|�p�^³ VD ��
�z/ª�µ

VD = −µ2
HH†H + λH(H†H)2 + µ2

SS†S + λS(S†S)2 + µ2
σσ

†σ + λσ(σ†σ)2

+ µ2
∆∆†∆ + λα

∆(∆†∆∆†∆)α +
∑
ij

λiji
†ij†j

+ (µSσS
2σ + λ∆σHH∆σ†H + h.c.), (4.18)

ùp¦Ú
∑

ij ´é�I i Ú j ¤k��U¦Ú§Ù¥ i´ H, S, σ Ú ∆ ¥Ù¥
���"#N���µ

λβ
H∆(H†H∆†∆)β + λHσ(H†Hσ†σ) + λHS(H†HS†S)

+λ∆σ(∆†∆σ†σ) + λσS(σ†σS†S) . (4.19)

þ¡��I α Ú β L«/¤ü��ØÓ��ª"§��µ

(∆†∆∆†∆)1 = ∆∗
ij∆ij∆

∗
kl∆kl , (∆†∆∆†∆)2 = ∆∗

ij∆ik∆
∗
kl∆jl

(∆†∆H†H)1 = ∆∗
ij∆ijH

∗
kHk , (∆†∆H†H)2 = ∆∗

ij∆kjH
∗
kHi (4.20)

þ�¤k� µ2
i Ñ´�u"�"³|¥�k H k�"�ý�Ï�� vH"nØk

Ø»�� U(1)D �Né¡5§5�é¡5 SU(2)L × U(1)Y »�� U(1)em"3
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äãY²e§��¥�f´Ã�þ�"�.¥�.¼þÚIþ|�p�^³
´»��fêÅð�"ù´Ï�3�p�^º: L̄LDRS, D̄L,RDc

L,R∆,S2σ Ú
H∆σ†H ¥§o´k���p�^º:´�fê»��"~X§b� LL k�f
ê +1§DL,R k X§XJ�±º: L̄L DRS, D̄L,RDc

L,R∆ Ú S2σ ��fêÅð§
º: H∆σ†H ò¬k 2 �ü ��fê»�"�,��±�±Ù§�º:�
fêÅð§�´Ø+XÛÀJ§3�'u YDYLµSσλ∆σHYD ��|Ü¥o¬k
2 �ü ��fê»�",�Né¡5 U(1)D ´�±§ù�¿�X§¤éA
�Ö§�±¡� D Ö§́ Åð�"du�fê�»�§3�ãY²§�±�)
Majorana �þ"·�uy�"� Majorana ¥�f��þ�±3ü�ã�Y²
þ�)§Xã 4.3 ¤«"ü�ãk 2 �ü ��fê»�"ùü�ã��þ�)
Å�Ú Babu-Zee �.�ü�¥�f�þ�)Å�´aq� [43, 44]§�´rÙ
�ã¥��>�f�¤
#�âf"�p�^³��ü�éu¥�f��þ
�)kX�'���^" e¡0�ü�ãp����¥�f�þ�äNO�

ã 4.3 ¥�f�þ�)�ü�¤ùã
Figure 4.3 Two loop diagram for neutrino mass generation.

L§"du H k�"�ý�Ï��§Ïd�p�^� H∆σ†H ò¬¦ ∆0 Ú σ

�)·Ü"éA� (∆0, σ)T ��m��þÝ
�±L«�µ(
M2

11 M2
12

M2
21 M2

22

)

k

M2
11 = µ2

∆ +
1

2
λ1

H∆v2
H ,

M2
22 = µ2

σ +
1

2
λHσv

2
H ,

M2
12 = M2

21 =
1

2
λ∆σHv2

H . (4.21)
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�±3�þ����mò�þÝ
é�z(
φ1

φ2

)
=

(
cos α sin α

− sin α cos α

) (
∆0

σ

)

Ù¥

m2
φ1,2

=
M2

11 + M2
22 ±

√
(M2

11 − M2
22)

2 + 4M2
12M

2
21

2
,

sin 2α =
2M2

12√
(M2

11 − M2
22)

2 + 4M2
12M

2
21

.

ÏLü�ã�)���¥�f��þ mν �µ

mν = Y 2
DM2YLµSσ cos α sin α

∫
d4p

(2π)4

d4q

(2π)4

1

p2 − m2
S

1

q2 − m2
S

1

p2 − M2

1

q2 − M2

×
(

1

(p − q)2 − m2
φ1

− 1

(p − q)2 − m2
φ2

)
. (4.22)

þª¥�����Ïf�±��(m2
φ1

− m2
φ2

)/((p − q)2 − m2
φ1

)((p − q)2 − m2
φ2

)§
|^'X sin α cos α(m2

φ1
− m2

φ2
) = M2

12 = 1
2
λ∆σHv2

H§Ó��Ñ©1¥ mφ1 Ú
mφ2 ��þ3�§�±��µ

mν =
λ∆σHYLY 2

DµSσv
2
HM2

2(M2 − m2
S)2

∫
d4p

(2π)4

d4q

(2π)4
×

1

[(p − q)2 − m2
φ1

]2
(

1

p2 − m2
S

1

q2 − m2
S

− 1

p2 − m2
S

1

q2 − M2

− 1

p2 − M2

1

q2 − m2
S

+
1

P 2 − M2

1

q2 − M2
) . (4.23)

�¤�ãÈ©�±��µ

mν =
λ∆σHYLY 2

DµSσv
2
H

2(4π)4M2(1 − m2
S/M2)2

[g(mφ1 ,mS,mS) − g(mφ1 ,M,mS)

−g(mφ1 ,mS,M) + g(mφ1 ,M,M)] , (4.24)

ùp

g(m1,m2,m3) =

∫ 1

0

dx[1 + Sp(1 − µ2) − µ2

1 − µ2
log µ2]

Ù¥

µ2 =
ax + b(1 − x)

x(1 − x)
, a =

m2
2

m2
1

, b =
m2

3

m2
1
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Sp(z)´ Spence ¼ê§�½Â�µ

Sp(z) = −
∫ z

0

ln(1 − t)

t
dt (4.25)

é' Inverse seesaw ��þ/ª§·�#r�þÝ
�/ªL«3 M �é�
z�Ä¥eµ

mij
ν =

vHY ik
D (λ∆σHµSσY

kl
L )Y jl

D vH

M2
kk

κkl , (4.26)

ùp κkl �½Â�µ

κkl = δkl
1

2(4π)4

1

(1 − m2
S/M2

kk)
2
[g(mφ1 ,mS,mS) − g(mφ1 ,Mkk,mS)

−g(mφ1 ,mS,Mkk) + g(mφ1 ,Mkk,Mkk)] (4.27)

XJ·�k�/ÀJ�þÝ
¥��'ëê�/ª� mD = YDvH , M =

diag(Mii) Ú µL = (µij
L )"Ù¥ µij

L = (λ∆σHµsσ)Y ij
L κij§ù���¥�f��þÝ


Ò´��k�� Inverse seesaw �þÝ
�/ª"Ïd§·�¡ù«¥�f
�)Å��Ë�� Inverse seesaw Å�"ù��.�Ù§��
Ë�� Inverse

seesaw �.´ØÓ� [45]"ÏLÚ\�	�¥5�¤�f5�)Ë��¥�
f�þ"

ª 4.26 �Ñ
�.¥��¥�f��þ/ª§§òû½ U(1)D �.´ÄÚ
8c¥�f�þÚ¥�f·Ü�¢�êâ��"�¦�.Ú¢�êâ��Ò�
��±ü�¥�fk�"��þ§ùÒ�¦��kü�� DL,R"·�ùpb�
§�kn�"·Ü�ªdü� Yukawa ÍÜ YD Ú YL 5û½"éun�� DL,R

ùü� Yukawa ÍÜÝ
Ñ´ 3× 3 �Ý
"3·��ê�O�¥§·�b½ YD

5û½¥�f·Ü��(�§kµYD = yDUPMNSŶD§ YL �é�Ý
§�é
¥�f�~üSÚ�~üS��þk�z"ê�©Û¥§·�ò¦^�Û[Ü
�¢�êâ�¥%�"¢�þÿ��¥�f��~üSÚ�~üS (NH Ú IH)

�·Ü�Ú�þ²��©O� [46]µ

sin2 θ12 = 0.307+0.018
−0.016(NH, IH); sin2 θ23 = 0.386+0.024

−0.021(NH), 0.392+0.039
−0.022(IH);

sin2 θ13 = 0.0241 ± 0.0025(NH), 0.0244+0.0023
−0.0025(IH);

δm2 = m2
2 − m2

1 = (7.54+0.26
−0.22) × 10−5eV2(NH, IH);

|∆m2| = |m2
3 − (m2

2 + m2
1)/2|

= (2.43+0.06
−0.1 ) × 10−3eV2(NH), (2.42+0.07

−0.11) × 10−3eV2(IH);

δ = 194.4◦(NH), 196.2◦(IH). (4.28)
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e¡�Ñ3¥�fùü«�þüSe��.�ëê�½§����¡ U(1)D

�.�«y�Æ©Û¥ëêÀJ�ÄO"

éu�~üS§ÀJŶD = diag(1,
√

1.03,
√

1.77), yD × λ∆σH = 10−3, YL =

I×10−2, µSσ = 100GeV, mφ1 = 300GeV, mS = 150GeV, Mii = 500GeV"·��
±��n�¥�f��þ©O�µ3.39× 10−2eV, 3.50× 10−2eV, 5.98× 10−2eV"
§�Ú¢�êâ´���"

éu�~üS§�Ir ŶD �� ŶD = diag(
√

1.46,
√

1.48,
√

0.100)§Ù§
�ëêØC§¥�f��þ©O�µ4.93×10−2eV, 5.01×10−2eV, 3.39×10−3eV"
Ó�§§Ú¢�êâ�´���"ù�§·��±w�#Ôn�UI�Ø$�

Az� GeV.

Ó���{§þ¡Ë��ü� Inverse seesw Å��k,	�«¢y�ª"
�±V\�	��Né¡5 U(1)S"�IO�.�#âf�O�µNL,R : (1, 0),

η : (2,−1/2), ∆ : (3,−1) Ú S : (1, 0)"3ù«#�é¡5 U(1)S e§#âf
�C�/ª�µNL,R → exp[iαS], η → exp[−iαS]η, ∆ → exp[−2iαS], S →
exp[−2iα]S"ù�§ü�¥�f�þ�)�.¼þ LS ÚIþ|�p�^³ VS

©O�µ

LS = −N̄LMNR − L̄LYDNRη − 1

2
N̄ c

RYRNRS − 1

2
N̄LYLN c

LS† + h.c.

VS = µ∆ηη∆†η + λ∆SHH∆†SH + h.c. + ..., (4.29)

ùp “...” ��Ù§��U��"��¥�f��þÝ
�±ÏLª (4.26) ¥�
µSσ Ú λ∆σH ©O�� µ∆η Ú λ∆SH"3ù��.¥§�' YDYLµ∆ηλ∆SHYD k 2

�ü ��fê»�§ù� U(1)D �.¥��Ï�Ó"

ùü��.éu¢y¥�fÏLü�� Inverse seesaw Å�5�)�þ´
�~aq�"duùü«�.ÑÚ\�	��Né¡5§�±¦���¥5â
f�±½§g,/Jø
VÔ�âf�ÀJ"e¡�!¬± U(1)D �.�~§
äN©ÛÚ\�#âf�¥§VÔ�âf�5�±9Ù§y�Æ��
V«"

4.4 U(1)D �.�y�ÆV«

U(1)D �.ÏL#âf�Ú\¦¥�fÏLü�� Inverse seesaw Å�¼
��þ"e¡Ò0� U(1)D �.��
y�ÆV« [39]§©Û�.¥VÔ��
ÿÀö±9VÔ��5�§)º¢�þ¥�f��þÚ·Ü�§ïÄ#âfp
���f�»�L§§�Ä Higgs PC�V1f�#Ôn�z§�Ñ LHC þÏ
é�.¥¤ýó�#âf�&Ò"
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4.4.1 U(1)D �.�VÔ�âf

3 U(1)D �.¥§¤�fk�"�f�Ö§ØU��VÔ�âf"ù´Ï
��,¤�f�±ÏL�.¥®���p�^�«�5�ÀÚf5�)VÔ
��í{�Ý§�´¤�fkf�Ö§�±ÏL�� Z ÀÚf��fØu) t

Ï���5Ñ�§ù��Ñ��¡é�§®²�VÔ����&ÿ¢�üØ3
	"Ïd�.¥�Iþ|�¥5©þ´VÔ�âfÀJ�Ù§�U"¥5Iþ
âf ∆0 k�"�e�Ö§Ïd¬ÑyÚ¤�fÓ�¯K§�´XJ ∆0 âf
�¢Ü�þ mr ÚJÜ�þ mi k�þ3� δ = mr − mi§�"�f�Ö�¯K
Ò�±ÏLÚ\VÔ����5Ñ�Å�5�±)û [47]"�Ò´`§XJ3
��þ δ0 �u 100 KeV§Øf�VÔ�Ñ�m3$ÄÆþ´B+�"3 U(1)D

�.¥ ∆0 âf´vk�þ3��§Ïd§��5Ñ��VÔ�Å�´Ã��"

¥5�VÔ�|´ S"§Ø�kf�Ö§��Ù§kf�Ö�âf�v
k·Ü"éuù��.VÔ��5�§§u¢Iþ|ü�� Darkon �.�~a
q§�.¥VÔ��5��EIþ|ü��VÔ��.´�Ó� [48]§¢ÜÚJ
Üäk{¿��þ"ùÒ´DÚ� Higgs Ï��VÔ��."VÔ���«Ú
&ÿÑÏL Higgs âf"S � Higgs |��p�^�� S†SH†H§3 Higgs |g
u»"�§�p�^��µ

λSHS†SH†H =
1

2
λSH(v2

H + 2vHh + hh)SS† . (4.30)

1��òr S ��þC� m2
D = µ2

S + λSHv2
H/2"�ÄVÔ���«±9��&

ÿ§gdëê�µmD, λSH"8c LHC �êâw« Higgs ��þ3 125GeV �
m [49, 50]"3�.�©Û�¥·�ÀJ mh = 125 GeV" VÔ��í{�ÝÚ
��&ÿ¢�éuÍÜ~ê λSH Ú�þ mD ���Xã 4.4 ¤«"3·���
.¥EIþ|�VÔ���þ´{¿�§VÔ�í{�Ýéu λSH ���´
Darkon �.� 1/

√
2"�C� LUX VÔ���&ÿ¢�é�.¥VÔ���þ

k
�r��� [62]§�.¥VÔ��þ3A�� GeV �«�®²�eZ¢�
|üØ§�´3VÔ��þ��� Higgs �þ��Ú�u 130 GeV �«�E´
¢�#N�"

,	��Iþ| σ �k�U��VÔ�âf§�,§Ø�kf�Ö§�´
§ÏL�p�^� λ∆σHH∆σ†H � ∆0 �)·Ü"ÏdÏL·Ü§§¬�IO
�.âfk�"� Z ÍÜ",éuù«�¹§·��±ÏLN!·Ü�ù�
ëê¦§÷v¢����"·�uy�·Ü�ëê sin α �u 10−3 �§¢�&
ÿ�����5Ñ��¡�¯KÒ�±��)û"3ù«�¹e σ âféVÔ
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ã 4.4 VÔ�í{�ÝÚ��&ÿ¢� [51–62] éVÔ� Higgs ÍÜ~êÚí{�Ý��
�§Ù¥ S ��VÔ��ÿÀö§Higgs âf��þÀ� 125 GeV"
Figure 4.4 Constraints on the coupling and dark matter mass from dark matter relic density

and direct detection [51–62] for S as the dark matter with Higgs mass set to be 125 GeV.

���zò¬ÓÌ�/ "§��VÔ�ÿÀöâf�5��VÔ�| S �5
�aq"·Ü�ëê3 10−3 �êþ?þ�¥�f�þÚ¥�f·Ü�¢���
´�±oN�"±þé�.¥�#âf�U��VÔ�âf�ÀJ9Ù��V
Ô�âf�äNÄåÆ5�±9¢���?1
©Û?Ø§e¡é�.¥#â
fp��)�âf�»�L§?1?Ø©Û"

4.4.2 �f�»�

éu¥�f�þ§ü�ëê yD Ú λ∆σH �åÑy§�´éu�>�f�ü
��f�»�L§��6u��ëê yD"·�òïÄ li → ljγ Ú µ − e �=L
§é yD ���" �f�Ë�PCL§ li → ljγ �±ÏLü�ã�)Xã 4.5

�þã¤«"XJòË��1f�� γ Ú Z Ó��§��ë��±��p�

— 86 —



þ°�Ï�ÆÆ¬Æ Ø© 1oÙ Ë��=¥¥�Å�e�VÔ��.

l−i l−j

S

D−

R D−

R

γ γ γ

D−

Rl−i l−j D−

Rl−i l−j

SS

l−i l−j

S

D−

R D−

R

(γ, Z) (γ, Z) (γ, Z)

D−

Rl−i l−j D−

Rl−i l−j

SS

q q q q q q

ã 4.5 �f�»�L§ li → ljγ (þã) Ú li − lj �= (eã) ¤ùã"
Figure 4.5 Feynman diagrams for li → ljγ (up) and li − lj conversion (down).

µ− e �=L§Xã 4.5 �eã¤«"éu·���.§�f�»�L§ li → ljγ

Ú li − lj �=L§�.¼þ�±ëêz�µ

L = − l̄jσ
µν(ALjiPL + ARjiPR)liFµν + [

∑
q

eQq q̄γ
µql̄jBLjiγµPLli + H.c.] ,

(4.31)

¼ê AL,R Ú BL �µ

ALji = YDjkY
∗
Dki

e

32π2

1

m2
S

FD(
M2

k

m2
S

)mj , ARji =
mi

mj

ALji,

BLji = YDjkY
∗
Dki

e

16π2

1

m2
S

GD(
M2

k

m2
S

) ,

FD(z) =
z2 − 5z − 2

12(z − 1)3
+

z ln z

2(z − 1)4
,

GD(z) =
7z3 − 36z2 + 45z − 16 + 6(3z − 2) ln z

36(1 − z)4
. (4.32)

äNO�L§�N¹ (D)"�f�»�L§ li → ljγ PC�©|'�µ

B(li → ljγ) =
48π2

G2
F m2

i

(|ALji|2 + |ARji|2). (4.33)

µ − e =zÇ��*ÿþ�µ

BA
µ→e = ΓA

conv/Γ
A
capt =

Γ(µ− + A(N,Z) → e− + A(N,Z))

Γ(µ− + A(N,Z) → νµ + A(N + 1, Z − 1))
(4.34)
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�
�� µ− e =zÇ§·�I�ò§���z=z��'��fØ��z"�
â�'©z�nØO� [63, 64]§µ → eγ ©|'Ú µ − e =zÇk'Xµ

BA
µ→e

B(µ → eγ)
= R0

µ→e(A)

∣∣∣∣∣1 +
g̃

(p)
LV V (p)(A)

ARD(A)
+

g̃
(n)
LV V (n)(A)

ARD(A)

∣∣∣∣∣
2

, (4.35)

ùp

R0
µ→e(A) =

G2
F m5

µ

192π2ΓA
capt

|D(A)|2 . (4.36)

Ù¥

g̃
(p)
LV = 2gLV (u) + gLV (d), g̃

(n)
LV = gLV (u) + 2gLV (d), gLV (q) = −4eQqmµBL. (4.37)

ëê D(A), V (p,n)(A)´�6u�fØ�ëþ [63, 64]"æ^�.¥�½�ÄOë
ê§B(li → ljγ) Ú µ − e =zÇ��6uÍÜ~ê yD§e¡?Ø¢�êâéu
ÍÜ~ê���"

�,¢�þ�vk*ÿ� µ → eγ �L§§�´éu©|'�þ�§¢
�þkr����"8c3�&Ý 90% Y²þ�¢�þ�� 2.4 × 10−12 [65]"
¢��(¯Ý�3Øä�Uõ"·�^ B(µ → eγ) = 1 × 10−13 �� MEG

¢�=ò���(¯Ý5��ÍÜ~ê [66]"éuL§ τ → µ(e)γ �k¢�
þ���"8c§�&Ý 95% Y²þ�¢���� B(τ → eγ) < 3.3 × 10−8,

B(τ → µγ) < 4.4 × 10−8 [67]"

¢�þéuØÓ�fØ� µ − e =zÇ�k
�
ÿþ"�Ð�¢�
��5gu Au �fØ�ÿþ§3�&Ý 90% Y²þ�¢�þ�� BAu

µ→e <

7 × 10−13 [68]"éu Au �fØ§©z�Ñ
�'ëê [63]µD(Au) = 0.189,

V (p)(Au) = 0.0974, V (n)(Au) = 0.146 Ú R0
µ→e(Au) = 0.0036"Ó�§�k�
²

1�¢�§~X Mu2E [69]/COMET [70] ^ Al �fØ5ÿþ µ− e =zÇ"ýÏ
�(¯Ýò¬�� 10−16 [70]"éu Al �fØ§·�O�¥��'ëê� [63]µ
D(Al) = 0.0362, V (p)(Al) = 0.0161, V (n)(Al) = 0.0173 Ú R0

µ→e(Al) = 0.0026"

¢�é yD ���Xã 4.6 ¤«"·�w� µ → eγ Ú Au �fØ µ− e =z
�¢�êâ©Or yD ��3�u 0.2 Ú 0.4 ���S"ò5� µ − e =z¢�
¤���(¯Ý¤éA� yD � 0.05"XJk�õ�¢�êâ§�.òÉ��r
���"τ → µ(e)γ é yD �¢����f"·��©Ûw«3ò5�¢�¥k
�U*ÿ�é���f�»��A§cÙéu µ − e =z¢�"Ó��±5¿§
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ã 4.6 þã�8c¢� (J�) Úò5�(¯Ý (¢�) é B(µ → eγ) Ú µ − e =zÇ¥
yD ���§eã� τ → eγ(�ý) Ú τ → µγ(mý) ¥ yD �¢���§Ù¥ NH(¢�) Ú
IH(J�) éAu�~üSÚ�~üS"
Figure 4.6 Figures on the top show constraints on yD from B(µ → eγ) and µ−e conversion

rate with current bound (dashed line) and future sensitivity (solid line) for normal(solid

line) and inverted(dashed line) hierarchy. Figures at the bottom show constraints on yD

from τ → eγ (left) and τ → µγ (right).

=ÏL�f�»�L§´Ã{üØ·���.�"Ï�§3 U(1)D �.¥kv

�ëê�m#Nké��½é���f�»��A"~X§¥�f��þ�
�þIÝ�6u yD × λ∆σH§�´ λ∆σH ØK��f�»�L§"Ïd§�±N
! λ∆σH ���5¦ yD ÷v�f�»��¢���"d	§�kÙ§�L§ò
é�.?1�	�u�"e¡?Ø Higgs PC�V1fL§��.u�"

4.4.3 Higgs PC�Vf�#Ôn�A

LHC þ�¢��|uy
 Higgs PC�V1f�©|'�IO�.
�ýók�½§Ý� l"¢�þ�*ÿ�� 1.55 ± 0.3 (ATLAS) [71] Ú
0.78 ± 0.27(1.11 ± 0.31) (CMS) [72] ¦±IO�.�ýó�"XJ¢�êâ�?
�Ú(½§ÒI��IO�.�#Ôn5��)º"3 U(1)D �.¥§Iþ|
�n� ∆ k#��>âf ∆−,−−§§�Ú Higgs |k�"�ÍÜ§Ïd¬é
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h → γγ L§k#��z"3·���.¥§#Ú\�âfÑvkr�p�^§
Ïd gg → h ��$�L§òØ¬É�K�"�.Ø¬UC Higgs âf3 LHC

þ��)Ç§ù��8cIO�.�ýóÚ¢�êâ�±��"

h � ∆−,−− �ÍÜ5gu λ1,2
∆H(∆†∆H†H)1,2§3 H é¡5gu»��§h∆̄∆

�ÍÜ�µ

L ∼ −[λ1
∆H(∆+∆− + ∆++∆−−) + λ2

∆H(∆++∆−− +
1

2
∆+∆−)]vh . (4.38)

(Ü W Ú top §���ã�z§h → γγ �PCÇÏL#Ôn�z�'~Ïf
?1?�µ

Rγγ =
Γ(h → γγ)U(1)D

Γ(h → γγ)SM

= |1 +
v2

2

1

A1(τW ) + NcQ2
t A1/2(τt)

× {
λ1

H∆ + 1
2
λ2

H∆

m2
∆−

A0(τ∆−) +
4(λ1

H∆ + λ2
H∆)

m2
∆−−

A0(τ∆−−)}|2 (4.39)

ùp τi ≡ (m2
h/4m

2
i ), i = t,W, ∆− and ∆−−"Nc ´ôÚgdÝ§Qt ´ top §

��>Ö"A1(τW ) Ú A1/2(τt) ©O5guIO�. W ÀÚfÚ top §���
z"A0(τ∆) 5g�.¥#�Iþâf��z"§��µ

A0(x) = −x−2[x − f(x)]; A1/2(x) = 2x−2[x + (x − 1)f(x)];

A1(x) = −x−2[2x2 + 3x + 3(2x − 1)f(x)];

f(x) =

{
arcsin2 √x, x ≥ 1

−1
4
[ln 1+

√
1−x−1

1−
√

1−x−1 − iπ]2, x < 1
(4.40)

ª (4.39) w«#Ôn��z�6uÍÜ~ê λ1,2
H∆ ±9#��>Iþâf��

þ"Iþâf��þ�6ueZëê"�Ñ σ Ú ∆0 �·Ü§Iþ|n� ∆ â
f��þ�µ

m2
∆0 = µ2

∆ +
1

2
λ1

H∆v2 ,

m2
∆− = µ2

∆ +
1

2
λ1

H∆v2 +
1

4
λ2

H∆v2 , (4.41)

m2
∆−− = µ2

∆ +
1

2
λ1

H∆v2 +
1

2
λ2

H∆v2 ,

�
©Û¢�êâ§·�ÀJ m∆0 = 300 GeV Ú�.ëê�ÄO�½��"Ø
Ó� λ1,2

H∆ òé Rγγ �Ñ#��z"Xã 4.7 Ú 4.8 ¤«"
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ã 4.7 ÍÜ~ê λ1
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H∆ �¢���§Ù¥ m∆0 = 300GeV"
Figure 4.7 Constraints on λ1

H∆ and λ2
H∆ with m∆0 = 300GeV.
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Figure 4.8 Constraints on λ1

H∆ and λ2
H∆ with Rγγ = 1 for m∆0 = 300GeV.

·��O�
L§ h → γZ �#�z"U(1)D �.¥ h → γZ PCÇ�I
O�.�'��µ

RZγ = |1 − 2v

AZγ
SM

{
gZ∆−∆−(λ1

H∆ + 1
2
λ2

H∆)

m2
∆−

A0(z∆− , λ∆−)

+
2gZ∆−−∆−−(λ1

H∆ + λ2
H∆)

m2
∆−−

A0(z∆−− , λ∆−−)}|2 (4.42)

ùp zi = 4m2
i /m

2
h, λi ≡ 4m2

i /m
2
Z ,gZ∆∆ ≡ (T 3

∆ − Q∆s2
W )/sW cW "AZγ

SM 5guI
O�. W ÀÚfÚ top §���z§ A0 5g#âf��z"§�©O�µ

ASM =
2

v

[
cot θW A1(zW , λW ) + Nc

2Qt(T
t
3 − 2Qts

2
W )

sW cW

A1/2(zt, λt)

]
,

A0(x, y) = I1(x, y),

A1/2(x, y) = I1(x, y) − I2(x, y),

A1(x, y) = 4(3 − tan2 θW )I2(x, y) + [(1 + 2x−1) tan2 θW − (5 + 2x−1)]I1(x, y),
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ùp T t
3 ´ top §�Ó ^1n©þ§Ù¥ I1, I2 �µ

I1(x, y) =
xy

2(x − y)
+

x2y2

2(x − y)2
[f(x−1) − f(y−1)] +

x2y

(x − y)2
[g(x−1) − g(y−1)],

I2(x, y) = − xy

2(x − y)
[f(x−1) − f(y−1)],

g(x) =
√

x−1 − 1 arcsin
√

x.

3 λi
H∆ #N��m§h → γZ �ké�§Ý�UC"·�ýó�'~Ïf

RγZ = Γ(h → γZ)U(1)D
/Γ(h → γZ)SM Xã 4.9 Ú 4.10 ¤«"
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Figure 4.9 Scaling factor for h → Zγ with the same parameters for h → γγ.
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Figure 4.10 Scaling factor for h → Zγ with the same parameters for Rγγ = 1.

·��±w� CMS¢���u λ1,2
H∆ Ñ�u"§ ATLAS¢���u λ1,2

H∆

Ñ�u""ùI�¢�þ�?�Ú(½"XJ Rγγ = 1 ÚIO�.ýó���
�§3·���.¥ü�ÍÜ~ê λ1,2

H∆ ¬�����§ù�#Ôn��z¬-
�K"Ï~/§h → γγ Ú h → γZ �m´k�½�'é�§Or� h → γγ ¬
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��Or� h → γZ"ù�5��±^5��.�u�"Ó�·��±w��
h → γγ ÚIO�.���§h → γZ �±�IO�.ØÓ"

éuÍÜ~ê λ1,2
H∆ ó§�k5gu Higgs³|²5��� [73]§3·

���.¥kv
õ�ëê�±�y³|�½5"³|k���´�ÄIþ
|3�é�����p�^³"·��Ä¹këê λH , λ1,2

∆ ,λ1,2
H∆ ��¹§ùp

S Ú σ kØ��Ä"3 H Ú ∆ �é���§�p�^³�µ

λHx2 + (λ1
∆ + λ2

∆η)y2 + (λ1
H∆ + λ2

H∆ξ)xy , (4.43)

�p�^³�ëê� x = H†H, y = Tr(∆†∆), η = Tr(∆†∆∆†∆)/(Tr(∆†∆))2§
Ú ξ = (H†∆∆†H)/(H†HTr(∆†∆))"Ù¥§η Ú ξ ���©O´1/2 ∼ 1 Ú
0 ∼ 1"

dþ¡�½Â x Ú y Ñ´�u"�§�¦³|÷v�½5^�§λH Ú
(λ1

∆ + λ2
∆η) 7L´��"XJ (λ1

H∆ + λ2
H∆ξ) �u"§³|ð�u"§g,÷v

^�"éu(λ1
H∆ + λ2

H∆ξ) < 0 ��¹§Ò�¦XeÝ
�é���Ú1�ª�
u""

Mp =

(
λH (λ1

H∆ + λ2
H∆ξ)/2

(λ1
H∆ + λ2

H∆ξ)/2 λ1
∆ + λ2

∆η

)
. (4.44)

ëêI�÷v�^��µ

λH > 0, λ1
∆ + λ2

∆ > 0, λ1
∆ +

1

2
λ2

∆ > 0 ,

λH(λ1
∆ + λ2

∆) >
1

4
(λ1

H∆)2, λH(λ1
∆ + λ2

∆) >
1

4
(λ1

H∆ + λ2
H∆)2 , (4.45)

λH(λ1
∆ +

1

2
λ2

∆) >
1

4
(λ1

H∆)2, λH(λ1
∆ +

1

2
λ2

∆) >
1

4
(λ1

H∆ + λ2
H∆)2 .

3·���.¥�ÄIþ| S Ú σ ��¹Ò'�E,§·�ÀJ�'u λ∆σH

���é�l�±��Ñ"�A� Mp Ý
ÒC��� 4 × 4 �Ý
§³|�
²5^��¦é���§1�ª±9¤kfÝ
�1�ªÑ´�½�"3ù
«�¹e§#Ú\�Õáëêk λS,σ,Hσ,HS,∆S,∆σ,∆S"·�kv
�ëê�m5
÷v�½^�"

4.4.4 #âf3 LHC þ�&Ò

3 U(1)D �.¥¤�f�� D ÚIþ|n� ∆ Ñ�k SU(2)L �Ö§
Ïd�±3éEÅþÏL�f�féE¤é�)"e¡Ò5?Øù
#âf
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3 LHC þ�&Ò"D0D̄0, D0D− Ú D−D+ ÏL Z, W−, γ Ú Z � s ��«3
LHC þ¤é�)§3�.�ÄOÀJ MD 3 500 GeV �m�)�¡3 O(10)

fb �þ?"éu D0D̄0 ��)§du D0 �±PC� νS§Ïd§�&Ò�VÔ
��&Òaq§Ñ´ÏLÐ�§�Ë�Ñ�1f½�fÚº�UþÏéù«¥
5âf"ù�"��&ÒÒ´pîÄþ��f½1fÚº�Uþ"CMS [74] Ú
ATLAS [75]¢�®²3ÏéVÔ�¤é�)�&Ò"¢�þvkuy�ÑIO
�.ýó��	�&Ò§ù�Ò�±|^VÔ�ÿÀö¤é�)�5�5��
VÔ���þ"8c�¢�êâØUüØ D0 3Az� GeV ��¹ [76]"

du D− ò¬PC� l−S"Ïd§D0D− ÏL�� W é�)�&Ò�±
ÏL pp → l− + /ET + X 5Ïé"�,ù�&Ò¥¬k5g W− → l−ν̄ Ú
W−Z/W− → l−ν̄νν̄ �IO�.�."�	/§�fPC� W+W− �)L§
�´k�Ué&Ò��.k�½��z"ù´Ï��k���>�f (ùp´
l+) Äþ��½ö�^§òØ¬�&ÿì&ÿ�§¤± W+W− �"�&Ò¬é
�.k�½�K�"�
ü$IO�.��.K�é�#âf�&Ò§·�
�±é�f�îÄþ pl

T ��ä"3 LHC þÈ©�Ý� 20fb−1 �%XUþ�
8 TeV ��¹e?1ðÄþ�äéJØ$IO�.��.kv
õ�#â
f&Ò"·�uy3�%XUþ 14 TeV È©�Ý� 300fb−1 �±k�&ÝY
² 5σ ���#âf�&Ò"3L 4.1 ¥·��Ñ
�ä«� pl

T > 120 GeV �
�)�¡"ù��ÀJ´Ï�3ù�îÄþ�ä«��±kÚOþ 5σ Y²�
&Ò"XJk�pîÄþ��ä§�±k�p��&Ý§�´¯~ê�é��"
3ù��äe§&Òk���~f�.�k��Ø$
"3·��&ÒO�
�¥§·�ÀJ D ��A�k{¿��þÙ¦ëêæ^�.�ÄO�½"
äNO�L§�±ë�N¹ E ¥"3Ä°ÝCqe§#âf&Ò��¡�'u∑

i(Y
li
D Y li∗

D /
∑

l Y
li
D Y li∗

D )"Ïd§pp → l−+ /ET +X ��¡�6u yD§du�f�
»�L§���§O�¥·�ÀJ yD = 0.1"D−D+ é�)�&Ò� l−l+ Úº
�Uþ§du"�kV�f§©ÛÒ�\E,§ùpØ?1?Ø"3L 4.1 ¥�
Ñ
�%XUþ 14 TeV È©�Ý� 300fb−1 �#âf&Ò��¡§éu�~Ú
�~üSÑ�±k�&ÝY² 5σ �&Ò§Ïd¢�þ�±^ pp → l− + /ET +X

5Ïé#âf�&Ò"

éIþ|n� ∆ �±ÏL� D aq�L§3 LHC þ�)"�λ2
H∆ < 0

�§∆−− ´ ∆ n�¥���âf§� 2mS ��þ�u ∆ âf��þ�§§
�±�±½§Ò´` ∆−− → D−D− → l−Sl−S �L§´$ÄÆB+�"ù
�·��.¥ëê�½��¹��"� ∆−,−− ��þ3Az� GeV �þ?
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L 4.1 #âf&Ò��)�¡�IO�.�.é'§Ù¥�¹�>�f e− Ú µ− ��
z§MD = 500GeV§mS = 150 GeV"

&Ò[fb](NH Ú IH) �.[fb]

σ(pp → D0Sl−) σ(l−ν̄) σ(l−ν̄νν̄) σ(W+W−)

14 TeV 11.1 14.2 8.67 × 106 345.3 1856

pl
T >120 GeV 9.66 12.3 1080 6.78 26

�§§3 LHC þ��)�¡��� 10 fb"�,§ØUPC�IO�.âf
¦���&ÿC��©(J§�´����>�½âf§§ò¬3&ÿ
ìþ3�
»,§LHC þ®²3Ïéù«&Ò [77, 78]"XJ ∆−− ��þv

�§� ∆−− → D−D− → l−Sl−S �L§´$ÄÆþ#N�§l−l− + /ET + �5§
ò´#âf�&Ò§ù«&Òk�$�IO�.�.�±3 LHC ?1Ïé"
� λ2

H∆ > 0�§∆0 ´ ∆ n�¥���âf"ù«¥5�Iþâf�±3
LHC ¿©/�)§Ï�§��þ�kAz� GeV"§�&Ò�VÔ��&Ò
aq§�±ÏLü1fÚº�Uþ½ü�5Úº�Uþ5Ïéù«#âf�&
Ò [74, 75]"8c§CMS Ú ATLAS¢�®²éd&Ò?1
�
©Û§�´¢
�êâvkér���5üØ·��ëê�m"

4.5 �Ù�(

�Ù�é�IO�.�¥�f�þ�)ÚVÔ�âf±9§��m��p
éX¯K?1
ïÄ©Û"{�0�
�«õ«VÔ�âf�.±9�«¥�
f�)Å�§JÑÏLË��ü� Inverse seesaw Å�5�)¥�f�þ§Ù¥
�±g,/�¹VÔ�âf"¿éÙ¥� U(1)D �.��«y�ÆV«?1

?Ø§�.�±r#Ôn�UIØ$�Az� GeV �þ?§�±�¢�Jø�
Ð�*ÿ�U"�.¥�#âfÚIO�.âf�±ké�� Yukawa ÍÜ§ù
ò¬�5é���f�»��A§ùòk�u8�¢��?�Úu�"#��
>�Iþâfé Higgs PC�V1f�L§k#��z§�±)º¢�ÚIO
�.�m� �"Ó��©Û�.¥ýó�#âf3 LHC þ�&Ò"
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l
k)

+ c′(3)1(∂µBk)H
i(3)(∂µM l

i )M
j
l M

k
j + c′(3)2(∂µBk)H

i(3)M l
i (∂

µM j
l )Mk

j

+ c′(3)3(∂µBk)H
i(3)M l

iM
j
l (∂µMk

j ) + c′′(3)1BkH
i(3)(∂µM l

i )(∂µM
j
l )Mk

j

+ c′′(3)2BkH
i(3)(∂µM l

i )M
j
l (∂µM

k
j ) + c′′(3)3BkH

i(3)M l
i (∂

µM j
l )(∂µM

k
j )

+ a′(6)1(∂µBi)H
ij
k (6)(∂µMk

j )M l
nM

n
l + a′(6)2(∂µBi)H

ij
k (6)Mk

j (∂µM l
n)Mn

l

+ a′(6)3(∂µBi)H
ij
k (6)Mk

j M l
n(∂µMn

l ) + a′′(6)1BiH
ij
k (6)(∂µMk

j )(∂µM
l
n)Mn

l

+ a′′(6)2BiH
ij
k (6)(∂µMk

j )M l
n(∂µM

n
l ) + a′′(6)3BiH

ij
k (6)Mk

j (∂µM l
n)(∂µM

n
l )

+ b′(6)1(∂µBi)H
ij
k (6)(∂µMk

l )M l
nM

n
j + b′(6)2(∂µBi)H

ij
k (6)Mk

l (∂µM l
n)Mn

j

+ b′(6)3(∂µBi)H
ij
k (6)Mk

l M l
n(∂µMn

j ) + b′′(6)1BiH
ij
k (6)(∂µMk

l )(∂µM
l
n)Mn

j

+ b′′(6)2BiH
ij
k (6)(∂µMk

l )M l
n(∂µM

n
j ) + b′′(6)3BiH

ij
k (6)Mk

l (∂µM l
n)(∂µM

n
j )

+ c′(6)1(∂µBi)H
ik
l (6)(∂µM i

j)M
n
k M l

n + c′(6)2(∂µBi)H
jk
l (6)M i

j(∂
µMn

k )M l
n

+ c′(6)3(∂µBi)H
jk
l (6)M i

jM
n
k (∂µM l

n) + c′′(6)1BiH
jk
l (6)(∂µM i

j)(∂µM
n
k )M l

n

+ c′′(6)2BiH
jk
l (6)(∂µM i

j)M
n
k (∂µM

l
n) + c′′(6)3BiH

jk
l (6)M i

j(∂
µMn

k )(∂µM
l
n)

+ d′(6)1(∂µBi)H
ik
l (6)(∂µM i

n)M l
jM

n
k + d′(6)2(∂µBi)H

jk
l (6)M i

n(∂µM l
j)M

n
k

+ d′(6)3(∂µBi)H
jk
l (6)M i

nM
l
j(∂

µMn
k ) + d′′(6)1BiH

jk
l (6)(∂µM i

n)(∂µM
l
j)M

n
k

+ d′′(6)2BiH
jk
l (6)(∂µM i

n)M l
j(∂µM

n
k ) + d′′(6)3BiH

jk
l (6)M i

n(∂µM l
j)(∂µM

n
k )
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+ a′(15)1(∂µBi)H
ij
k (15)(∂µMk

j )M l
nM

n
l + a′(15)2(∂µBi)H

ij
k (15)Mk

j (∂µM l
n)Mn

l

+ a′(15)3(∂µBi)H
ij
k (15)Mk

j M l
n(∂µMn

l ) + a′′(15)1BiH
ij
k (15)(∂µMk

j )(∂µM
l
n)Mn

l

+ a′′(15)2BiH
ij
k (15)(∂µMk

j )M l
n(∂µM

n
l ) + a′′(15)3BiH

ij
k (15)Mk

j (∂µM l
n)(∂µM

n
l )

+ b′(15)1(∂µBi)H
ij
k (15)(∂µMk

l )M l
nM

n
j + b′(15)2(∂µBi)H

ij
k (15)Mk

l (∂µM l
n)Mn

j

+ b′(15)3(∂µBi)H
ij
k (15)Mk

l M l
n(∂µMn

j ) + b′′(15)1BiH
ij
k (15)(∂µMk

l )(∂µM
l
n)Mn

j

+ b′′(15)2BiH
ij
k (15)(∂µMk

l )M l
n(∂µM

n
j ) + b′′(15)3BiH

ij
k (15)Mk

l (∂µM l
n)(∂µM

n
j )

+ c′(15)1(∂µBi)H
ik
l (15)(∂µM i

j)M
n
k M l

n + c′(15)2(∂µBi)H
jk
l (15)M i

j(∂
µMn

k )M l
n

+ c′(15)3(∂µBi)H
jk
l (15)M i

jM
n
k (∂µM l

n) + c′′(15)1BiH
jk
l (15)(∂µM i

j)(∂µM
n
k )M l

n

+ c′′(15)2BiH
jk
l (15)(∂µM i

j)M
n
k (∂µM

l
n) + c′′(15)3BiH

jk
l (15)M i

j(∂
µMn

k )(∂µM
l
n)

+ d′(15)1(∂µBi)H
ik
l (15)(∂µM i

n)M l
jM

n
k + d′(15)2(∂µBi)H

jk
l (15)M i

n(∂µM l
j)M

n
k

+ d′(15)3(∂µBi)H
jk
l (15)M i

nM
l
j(∂

µMn
k ) + d′′(15)1BiH

jk
l (15)(∂µM i

n)(∂µM
l
j)M

n
k

+ d′′(15)2BiH
jk
l (15)(∂µM i

n)M l
j(∂µM

n
k ) + d′′(15)3BiH

jk
l (15)M i

n(∂µM l
j)(∂µM

n
k ) .

(C.1)

Ðmþª·��� αi �L«µ

α1

m2
B

= −c′(6)2 + c′(15)1

α2

m2
B

= b′(3)2 + b′(3)3 + c′(3)2 + a′(6)2 + a′(6)3 + b′(6)2 − c′(6)2 − d′(6)3

+3a′(15)2 + 3a′(15)3 + 3b′(15)2 + 3c′(15)2 + 3d′(15)3 − 2c′(15)3

α3

m2
B

=
1

2
{[2b′(3)1 + c′(3)1 + 2a′(6)1 + b′(6)3 − d′(6)2

+6a′(15)1 + 3b′(15)3 + c′(15)1 − c′(15)2 + 3d′(15)2]

+[b′(3)2 + b′(3)3 + c′(3)3 + a′(6)2 + a′(6)3 + b′(6)1

−c′(6)1 − c′(6)3 − d′(6)1 + 3a′(15)2 + 3a′(15)3

+3b′(15)1 − c′(15)2 + 3c′(15)3 + 3d′(15)1]}
α4

m2
B

= c′′(6)2 − c′′(15)3
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α5

m2
B

= b′′(3)1 + b′′(3)2 + c′′(3)2 + a′′(6)1 + a′′(6)2 + b′′(6)2 − c′′(6)2

−d′′(6)1 + 3a′′(15)1 + 3a′′(15)2 + 3b′′(15)2 − 2c′′(15)1

+3c′′(15)2 + 3d′′(15)1

α6

m2
B

=
1

2
{[2b′′(3)3 + c′′(3)3 + 2a′′(6)3 + b′′(6)1 − d′′(6)2

+6a′′(15)3 + 3b′′(15)1 + c′′(15)3 − c′′(15)2 + 3d′′(15)2]

+[b′′(3)1 + b′′(3)2 + c′′(3)1 + a′′(6)1 + a′′(6)2 + b′′(6)3

−c′′(6)1 − c′′(6)3 − d′′(6)3 + 3a′′(15)1 + 3a′′(15)2

+3b′′(15)3 + 3c′′(15)1 − c′′(15)2 + 3d′′(15)3]} (C.2)
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µ → eγ L§µ

S

l
−

i
l
−

jD
−

R D
−

R

µ → eγ L§�PC�Ìµ

iM = εµū(p2)(−iYD)2

∫
d4k

(2π)4

i(/p2
− /k + M)

(p2 − k)2 − M2
(ieγµ)

×
i(/p2

− /k + M)

(p2 − k)2 − M2

1

k2 − m2
S

PLu(p1) (D.1)

¤ùëêz�§l = k − xp1 − yp2, ∆2 = m2
S(1 − x − y) + (x + y)M2 + m2

1x
2 −

m2
1x + m2

2y
2 − m2

2y + 2p1 · p2xy ' m2
S(1 − x − y) + (x + y)M2.

iM′ = 2Y 2
Dεµe

∫
dxdy

d4l

(2π)4
ū(p2)

×
[(−/l + /p2

(1 − y) − /p1
x)γµ(−/l + /p1

(1 − x) − /p2
y)]

(l2 − ∆2)3
PLu(p1)

= 2Y 2
Dεµe

∫
dxdy

d4l

(2π)4
ū(p2){

m1m2[(1 − x)(1 − y) − xy]γµPR

(l2 − ∆2)3

+
[/lγµ/l + M2γµ + m2

1x(1 − x)γµ + m2
2y(1 − y)γµ − 2xyp1 · p2γµ]PL

(l2 − ∆2)3

−m2y(1 − x − y)(p1µ + p2µ)PL + m1x(1 − x − y)(p1µ + p2µ)PR

(l2 − ∆2)3
}u(p1)

ùp (p1 − p2) · ε = 0§Ù¥$^
 Dirac �§§�'u γ · ε ��òd	ï��z
-�K"È©Ú�z�Ä�Ñ�'u (p1 − p2) · ε ��§Ï��k§é µ → eγ
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k�z"

iM′
µ→eγ = Y 2

Deεµ

∫
dxdy

i

(4π)2
ū(p2)

×(m2yPL + m1xPR)(1 − x − y)(p1µ + p2µ)

(l2 − ∆2)3
u(p1) (D.2)

²O��ªm¡�z�µ

Y 2
D

e

32π2
ū(p2)[m2PLσµνFµν

1

m2
S

F (
M2

m2
S

) + m1PRσµνFµν
1

m2
S

F (
M2

m2
S

)]u(p1)

¤±kµ

iM′
µ→eγ = ū(p2)(ALPL + ARPR)σµνFµνu(p1) (D.3)

ùp

AL = Y 2
D

e

32π2
[

1

m2
S

F (
M2

m2
S

)]mµ

AR =
me

mµ

AL

F (z) =
z2 − 5z + 2

12(z − 1)3
+

zlnz

2(z − 1)4
(D.4)

µ ↔ e �=µ

�
��µ ↔ e �=��z§ÄkO� γ ���L§§Ä�Ñ�'u q2 �
�§�k§éµ ↔ e �=k�z"µ ↔ e �=� γ ����Ì�µ

iM′
µ↔e = 2Y 2

Dεµe

∫
dxdy

d4l

(2π)4
ū(p2)

× { [/lγµ/l + M2γµ − 2xyp1 · p2γµ]PL

(l2 − ∆2)3
}u(p1) (D.5)

�z���

iM′
µ↔e = Y 2

Dεµe(
−i

16π2
)ū(p2)[

1

2
(
1

ε
− γ) − 1

2
−

∫
dxdyln

∆2

4πµ2

+

∫
dxdy

(M2 − 2xyp1 · p2)

∆2
]γµPLu(p1) (D.6)

Ù¥

−
∫

dxdyln
∆2

4πµ2
= −1

2
ln

m2
S

4πµ2
−

∫
dxdyln[1 + (x − y)(α − 1)]

+

∫
dxdy

xy q2

m2
S

1 + (x − y)(α − 1)
(D.7)
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∫
dxdy

M2 − 2xyp1 · p2

∆2
=

∫
dxdy

α + xy q2

m2
S

1 + (x + y)(α − 1) − xy q2

m2
S

=

∫
dxdy[

α + xy q2

m2
S

1 + (x + y)(α − 1)

+
(α + xy q2

m2
S
)xy q2

m2
S

[1 + (x + y)(α − 1)]2
] (D.8)

ùp α = M2

m2
S

§Ïd�� µ ↔ e �=��Ìµ

M′
µ↔e = Y 2

Dεµ(
e

16π2
)ū(p2)

q2

m2
S

∫
dxdy[

2xy

1 + (x + y)(α − 1)

+
αxy

[1 + (x + y)(α − 1)]2
]γµPLu(p1)

= εµū(p2)[q
2BL]γµPLu(p1) (D.9)

BL = Y 2
D(

e

16π2
)

1

m2
S

G(
M2

m2
S

) (D.10)

G(z) =

∫
dxdy

2xy

1 + (x + y)(z − 1)
+

zxy

[1 + (x + y)(z − 1)]2

=
7z3 − 36z2 + 45z − 16 + 6(3z − 2)lnz

36(1 − z)4
(D.11)

éuµ ↔ e �=L§� γ ��L§�'u γ · ε ��òd	ï��z-�K"

e¡?Ø µ ↔ e �=L§� Z ��L§"

li lj

S

DR

Z

li
ljDR

Z

S S

Z

DRli lj

ÏL Z ÀÚfp�� µ ↔ e �=L§Xã¤«"Z p��è�ã�Ì M1

�µ

iM1 = ū(p2)(−iYD)2

∫
d4k

(2π)4

i(/p2
+ /k + M)

(p2 + k)2 − M2
[−ieγµ(QD

ZRPR + QD
ZLPL)] ×

i(/p1
+ /k + M)

(p1 + k)2 − M2

i

k2 − m2
S

PLu(p1)

= eY 2
D

∫
d4k

(2π)4

ū(p2)[Q
D
ZR(/p2

+ /k)γµ(/p1
+ /k) + QD

ZLM2]PLu(p1)

[(p2 + k)2 − M2][(p1 + k)2 − M2](k2 − m2
S)

(D.12)
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¤ùëêz�§l = k − xp1 − yp2, ∆2
1 = m2

S(1 − x − y) + (x + y)M2 + m2
1x

2 −
m2

1x + m2
2y

2 −m2
2y + 2p1 · p2xy ' m2

S(1− x− y) + (x + y)M2"�Ñ�'u q2 �
�"

M1 = − e

16π2
Y 2

Dū(p2)γµPLu(p1){QD
ZR[

1

2
(
1

ε
− γ) − 1

2
−

∫
dxdy ln

∆2
1

4πµ2
]

+QD
ZLM2

∫
dxdy

1

∆2
1

} (D.13)

	ï���z½Â�µM3 + M4§²O��µ

M3 + M4 =
e

16π2
Y 2

Dū(p2)γµPLu(p1)Q
l
ZL[

1

2
(
1

ε
− γ) −

∫
dx(1 − x) ln

∆2
2

4πµ2
]

(D.14)

ùp§∆2
2 = m2

S(1 − x) + xM2§o��z�µ

Mtotal =
e

16π2
Y 2

Dū(p2)γµPLu(p1)

× {QD
ZR[

1

2
+ f1(αD)] − QD

ZLf2(αD) − Ql
ZLf3(αD)}

(D.15)

ùp§αD = M2/m2
S§Ù¥

f1(αD) =

∫ 1

0

dx

∫ 1−x

0

dy ln[1 + (x + y)(αD − 1)]

= −3 − 4αD + α2
D + 2αD(2 − αD) ln αD

4(1 − αD)2

f2(αD) =

∫ 1

0

dx

∫ 1−x

0

dy
αD

1 + (x + y)(αD − 1)

=
−αD + α2

D − αD ln αD

(1 − αD)2

f3(αD) =

∫ 1

0

dx(1 − x) ln[1 − x(1 − αD)]

=
−1 + 4αD − 3α2

D + 2α2
D ln α2

D

4(1 − αD)2
(D.16)

[
1

2
+ f1(αD)] − f2(αD) − f3(αD) = 0,

QD
ZR = QD

ZL = Ql
ZL =

1

SwCw

(−1

2
+ S2

w),Mtotal = 0 (D.17)
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Ïd§éu Z ��� µ ↔ e �=L§�'u (1/m2
Z) Ø�6u q2 ��òduè

�ãÚ	ï�-��u""�'u q2 ���éu γ ��L§¬� (m2
µ/m

2
Z)

Ø$§Ïd�±�ÑØO"Ïd3 U(1)D �.¥ µ ↔ e �=L§vk Z ���
�z"
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N¹ E #âf&Ò pp → D0Sl− �¡�O�

éuÑ�L§ q(p1)q̄
′(p2) → W−(k) → D−(q)D0 → S(p3)l

−(p4) + D0(p5)§
·�é¥m���âfæ^Ä°ÝCq§"���m�È©æ^��m©��
�{"ù�ÏL�f�f-E§&Òo��)�¡�µ

σ =

∫
fa(x1, Q

2)fb(x2, Q
2)σ̂qq′→D0Sl−(x1x2s)dx1dx2,

= |Vud|
∫

[fd(x1)fū(x2)σ̂1 + fū(x1)fd(x2)σ̂2] dx1dx2

+ |Vus|
∫

[fs(x1)fū(x2)σ̂1 + fū(x1)fs(x2)σ̂2] dx1dx2

+ |Vcd|
∫

[fd(x1)fc̄(x2)σ̂1 + fc̄(x1)fddx2)σ̂2] dx1dx2

+ |Vcs|
∫

[fs(x1)fc̄(x2)σ̂1 + fc̄(x1)fsdx2)σ̂2] dx1dx2. (E.1)

Ù¥

σ̂1 =

∫
1

2ŝ
|M|2 d3p3d

3p4d
3p5

(2π)92E32E42E5

(2π)4δ4(p1 + p2 − p3 − p4 − p5). (E.2)

ùp σ̂2 = σ̂1(p1 ↔ p2)§fa(x1)(fb(x2)) �Ð��fS§��Ü©f©Ù¼ê
(PDF)"O�¥¦^ CTEQ6 � PDF.

√
s Ü©f��%XUþ§σ̂ ´-EL§

¥Ü©fY² qq̄′ → D0Sl− ��)�¡"

L§ q(p1)q̄
′(p2) → W−(k) → D−(q)D0 → S(p3)l

−(p4)+D0(p5) ��«�Ì
�µ

iM =

[
ū(p4)YDPR

/q + mD

q2 − m2
D + iε

ig√
2
γµv(p5)

] i(gµν − kµkν

m2
W

)

k2 − m2
W + iε

×
[

ig√
2
v̄(p2)γ

νPLu(p1)

]
=

−ig2

2

[
ū(p4)YDPR(/q + mD)γµv(p5)

]
[v̄(p2)γ

νPLu(p1)]

× 1

q2 − m2
D + iε

1

k2 − m2
W + iε

−iM† =
ig2

2

[
ū(p1)PRγν′

v(p2)
] [

v̄(p5)γ
µ′

(/q + mD)PLY ∗
Du(p4)

]
× 1

q2 − m2
D − iε

1

k2 − m2
W − iε
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¤±kµ

1

4

∑
spin

|M|
2

=
1

4

g4

4
YDY ∗

DTr
[
/p4

PR(/q + mD)γν
/p5

γν′
]
Tr

[
/p2

γµPL/p1
PRγµ′

]
D1D2

= 4g4YDY ∗
D

{
m2

D(p1 · p5)(p2 · p4) + (p2 · p5)[(2p1 · q)p4 · q − (p1 · p4)q
2]

}
D1D2

(E.3)

ùp

D1 =
1

(q2 − m2
D)2 + (mDΓD)2

, D2 =
1

(k2 − m2
W )2 + (mW ΓW )2

©OL« D− Ú W− �DÂf"Ù¥§

PR =
1 − γ5

2
, PL =

1 + γ5

2

PCL§ D−(p1) → S(p2)l
−(p3) ��Ì�µ

iM = v̄(p3)YDPRu(p1), −iM† = ū(p1)PLY ∗
Dv(p3),

1

2

∑
spin

|M|2 =
1

2
YDY ∗

DTr(/p3
PR/p1

PL) = YDY ∗
D(p1 · p3). (E.4)

�±�� D− �PC°Ýµ

ΓD−→Sl− =
1

2mD

∫
d~p2

(2π)32p0
2

d~p3

(2π)32p0
3

(2π)4δ4(p1 − p2 − p3)
1

2

∑
spin

|M|2 (E.5)
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