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mK± = 494MeV mK0,K0 = 498MeV mη = 548MeV

������ooo0−���III000fff'''ÙÙÙ§§§rrrfff������õõõººº

òòò0−000fff)))ººº¤¤¤CCCqqq���GoldstoneÀÀÀÚÚÚfff

I î�ëYé¡5�gu»"ò�)"�þ�GoldstoneÀÚf
I Cq�GoldstoneÀÚf�±#Nk���þ

LQCD = −1
4

Ga
µνGaµν + ψ

αl
[i/∂ + g(

λa

2
)αβ /G

a
]ψβl − ψαl

Mll′ψ
αl′

= −1
4

Ga
µνGaµν+ ψ

αl
L [i/∂+g(

λa

2
)αβ /G

a
]ψβl

L + ψ
αl
R [i/∂+g(

λa

2
)αβ /G

a
]ψβl

R − ψ
αl
L Mll′ψ

αl′
R − ψαl

R Mll′ψ
αl′
L

òòò���§§§���Nf = 2, 3666���þþþ���www¤¤¤´́́���þþþ§§§???111���666

Ñ��§�6�þ§LQCDäkµ U(Nf )L ⊗ U(Nf )R = SU(Nf )L ⊗ SU(Nf )R ⊗ U(1)V ⊗ U(1)A
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QCDÃÃÃ���ééé¡¡¡555���¢¢¢yyy���ªªª
òòò���§§§���Nf = 2, 3666���þþþ���www¤¤¤´́́���þþþ§§§???111���666

Ñ��§�6�þ§LQCDäkµ U(Nf )L ⊗ U(Nf )R = SU(Nf )L ⊗ SU(Nf )R ⊗ U(1)V ⊗ U(1)A

U(1)V ­­­fffêêêµµµ LQCDäääkkk���ééé¡¡¡555

U(1)A ¶¶¶U(1)ÃÃÃ���ééé¡¡¡555µµµ L0ÑÑÑ������§§§������þþþ���QCD...¼¼¼þþþäääkkk���ééé¡¡¡555

eeeU(1)AØØØ»»»""": ψ → ψ′ = iγ5ψ = eiγ5
π
2 γ5ψ���ψ���¡¡¡������ ÔÔÔnnnÌÌÌ¥¥¥AAATTTÑÑÑyyy �¡{¿� !

eeeU(1)Aggguuu»»»""":ÔÔÔnnnÌÌÌ¥¥¥AAATTTÑÑÑyyy 1Ê����Iâf ! mη =548MeV mη′ =958MeV U(1)A¯̄̄KKK

SU(Nf )L ⊗ SU(Nf )R ÃÃÃ���ééé¡¡¡555µµµ L0äääkkk���ééé¡¡¡555

Nf������§§§���ÑÑÑ���666���þþþµµµ SU(Nf )L ⊗ SU(Nf )R
〈ψψ〉6=0
===⇒ SU(Nf )V

ëYé¡5»"
=====⇒ N2

f −1���"""���þþþ���IIIâââfff

���!!!���¡¡¡©©©OOOlllØØØÓÓÓ���¡¡¡ØØØããã¶¶¶ÜÜÜ©©©���ééé¡¡¡555���»»»""",


¥¥¥þþþÜÜÜ©©©���ééé¡¡¡555ØØØ»»»""" !

Nf������§§§������ÄÄÄ???666���þþþµµµN2
f − 1���������"""���þþþ���IIIâââfff¼¼¼������������þþþ m0− ∼ m6�þ

SU(Nf )L ⊗ SU(Nf )R 6= SU(Nf )V ⊗ SU(Nf )A SU(Nf )AØ�3� SU(Nf )L ⊗ SU(Nf )R/SU(Nf )VØ/¤+§´�8�

eeeSU(Nf )L ⊗ SU(Nf )RØØØ»»»"""½½½¡¡¡EEE⇒N2
f −1������IIIâââfffòòòäääkkkrrr���^̂̂���;;;...���þþþ���
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ééé¡¡¡555ÚÚÚÅÅÅððð666

φA(x) L[φA(x), ∂µφA(x)] ...���KKKFFF���§§§µµµ ∂µ
δL

δ(∂µφA)
− δL
δφA

= 0

���ÄÄÄ���NNNëëëYYYCCC���µµµ φA(x) → φ′A(x) = φA(x) + δ̄φA(x) = φA(x) + iFABCαBφC(x)

δ̄∂µφA(x) = ∂µ[δ̄φA(x)] = iFABCαB∂µ[φC(x)]

δ̄L =
δL
δφA

δ̄φA +
δL

δ∂µφA
δ̄∂µφA =

δL
δφA

δ̄φA + ∂µ

»
δL

δ∂µφA
δ̄φA

–
− ∂µ[

δL
δ∂µφA

]δ̄φA

$$$ÄÄÄ���§§§
====⇒ ∂µ

»
δL

δ∂µφA
δ̄φA

–
= αB∂µ

»
iFABCφC(x)

δL
δ∂µφA

–
...¼¼¼þþþäääkkk���NNNëëëYYYééé¡¡¡555

===========⇒ 0

jµB (x) ≡ −iFABC
δL

δ∂µφA
φC(x) ∂µjµB (x) = 0

eòα⇒ α(x)µ δ̄L = −[∂µαB(x)]jµB (x)− αB(x)∂µjµB (x) = L′ − L

jµB (x) = − δL′

δ(∂µαB(x))
∂µjµB (x) = − δL′

δαB(x)

QB =

Z
d3x j0

B(x) jµB
ψi/∂ψ, ψ→eiαBtBψ

========⇒ ψγµtBψ [QA,QB]
MMM���

=== iCABCQC

QA´́́+++)))¤¤¤���333|||���ÎÎÎ���mmm���LLL««« ! ⇐ ééé'''+++���ééé´́́'''XXXµµµ [tA, tB] = iCABCtC
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¥¥¥þþþ666ÅÅÅððð���¶¶¶¥¥¥666ÜÜÜ©©©ÅÅÅððð

βPCµ Lβ = −GF√
2
ψpγ

µ(1−γ5)ψnψeγµ(1−γ5)ψνe

µPCµ Lµ = −GF√
2
ψµγ

µ(1−γ5)ψνµψeγµ(1−γ5)ψνe

�Ä�βPC�U�r�^?�µ Leff
β = −GF√

2
ψpγ

µ[gV(q2)− gA(q2)γ5]ψnψeγµ(1− γ5)ψν

gV(0) = 1 gA(0) = 1.22± 0.02

������ooo¥¥¥þþþ666ººº���ØØØÉÉÉrrr���^̂̂KKK���? 


¶¶¶¥¥¥666ººº���ÉÉÉÜÜÜ©©©rrr���^̂̂KKK���?

aaaqqq���¯̄̄KKK: ������ooo¢¢¢���ÿÿÿ������fff>>>ÖÖÖÚÚÚ���>>>fff>>>ÖÖÖ������������?rrr���^̂̂???���===���


?

r�^lÐ�ý9/Ú\,�ª�2ý9/�Ø⇒��>ÖÅð,�f>ÖÒØÉr�^?�!

>6Åð: ∂µjµ = 0 ⇒ dQ
dt

= 0 Q =

Z
d3x j0(x) ⇒ �f>ÖÒØÉr�^?�

fff���^̂̂���¥¥¥þþþ666ÅÅÅððð(CVC)bbb������yyy¥¥¥þþþ666ººº���ØØØÉÉÉrrr���^̂̂???��� gV(0) = 1
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¶¶¶¥¥¥666ÜÜÜ©©©ÅÅÅððð

Goldberger-Treiman'''XXX
���~~~ØØØJJJÜÜÜÈÈÈ©©©333ÃÃÃ¡¡¡���ØØØuuuÑÑÑ���ÚÚÚÑÑÑ'''XXX ⇒ gA(0) =

fπgNNπ

mN

fπ=93MeV gNNπ=13
=========⇒ gA(0) = 1.2

XXXÛÛÛ¦¦¦ÚÚÚÑÑÑÈÈÈ©©©333ÃÃÃ¡¡¡���ØØØuuuÑÑÑ?
Nambu; Chou; Bernstein; Fubini; Gell-Mann; Thiring ⇒ ∂µjµ5a(x) = m2

πfππa(x)

¶¶¶¥¥¥666ÜÜÜ©©©ÅÅÅððð PCAC:pppÄÄÄþþþ���¶¶¶¥¥¥666ÅÅÅððð;$$$ÄÄÄþþþ���¶¶¶¥¥¥666ØØØÅÅÅððð

y�n): 〈0|jµ5a(x)|πb〉 = iδabqµfπ(q2)e−iq·x
fπ�½Â ⇒ 〈0|∂µjµ5a|πb〉 = q2fπ(q2)δabe−iq·x

〈0|∂µjµ5a|πb〉
������^̂̂��� q2 =m2

π======== m2
πfπδabe−iq·x ⇒ 〈0|∂µjµ5a|πb〉 = 〈0|m2

πfππa|πb〉

lllπ000fff333���ííí222���ØØØ333���: 1w5b�
====⇒ ∂µjµ5a(x)=m2

πfππa(x) ½S�π|½Â
======⇒ πa(x)≡

∂µjµ5a(x)
m2
πfπ

PCAC���333###âââfffK000fffÑÑÑyyy������±±±eee···^̂̂! ±±±§§§���bbb���òòòÚÚÚÑÑÑÈÈÈ©©©ííí222���???¿¿¿���ÄÄÄþþþ«««ØØØÜÜÜ···
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666���êêê
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Z
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2
q(~x, t) Qa

A(t)=Qa
R(t)−Qa

L(t)=

Z
d3x q†(~x, t)

λa

2
γ5q(~x, t)

{qA(~x, t), q†B(~y, t)} = δ(~x−~y)δAB {qA(~x, t), qB(~y, t)} = 0 {q†A(~x, t), q
†
B(~y, t)} = 0

[q†(~x, t)Γ1q(~x, t), q†(~y, t)Γ2q(~y, t)] = δ(~x−~y)[q†(~x, t)Γ1Γ2q(~y, t)− q†(~y, t)Γ2Γ1q(~x, t)]

[Qa
V(t),Qb

V(t)] = ifabcQc
V(t) [Qa

A(t),Qb
A(t)] = ifabcQc

V(t) [Qa
V(t),Qb

A(t)] = ifabcQc
A(t)

PQa
L(t)P−1 = Qa

R(t) PQa
R(t)P−1 = Qa

L(t) PQa
V(t)P−1 = Qa

V(t) PQa
A(t)P−1 = −Qa

A(t)

J−000fffõõõ­­­���: [Qa
V(t),HQCD,0] = [Qa

A(t),HQCD,0] = [P,HQCD,0] = [Qa
V(t),P] = 0

HQCD|i,−〉=Ei|i,−〉 P|i,−〉=−|i,−〉 Qa
V(t)|i,−〉= ta

ji|j,−〉 HQCD,0|i,−〉≈Ei|i,−〉 ta
ji÷÷÷vvvµµµ

[ta, tb]= ifabctc HQCD,0Qa
V(t)|i,−〉=Qa

V(t)HQCD,0|i,−〉=EiQa
V(t)|i,−〉 ⇒ Ei =E− |i,−〉≡a†i |0〉

ta
jia
†
j |0〉 = ta

ji|j,−〉 = Qa
V(t)a†i |0〉 = [Qa

V(t), a†i ]|0〉+ a†i Qa
V(t)|0〉

Qa
V (t)|0〉=0

=====⇒ [Qa
V(t), a†i ] = ta

jia
†
j

I J−000fffõõõ­­­���CCCqqqäääkkkÓÓÓ���������þþþEi = E− ! J+���aaaqqq

I §§§������¤¤¤SU(3)V���LLL««« ! [Qa
V (t), a†i ] = tajia

†
j , [ta, tb]= ifabctc
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Qa
V(t)=Qa

R(t)+Qa
L(t)=

Z
d3x q†(~x, t)

λa

2
q(~x, t) Qa

A(t)=Qa
R(t)−Qa

L(t)=

Z
d3x q†(~x, t)

λa

2
γ5q(~x, t)

[Qa
V(t),Qb

V(t)] = ifabcQc
V(t) [Qa

A(t),Qb
A(t)] = ifabcQc

V(t) [Qa
V(t),Qb

A(t)] = ifabcQc
A(t)

PQa
L(t)P−1 = Qa

R(t) PQa
R(t)P−1 = Qa

L(t) PQa
V(t)P−1 = Qa

V(t) PQa
A(t)P−1 = −Qa

A(t)

J−000fffõõõ­­­���: Qa
V(t)|i,−〉 = ta

ji|j,−〉 |i,−〉 ≡ a†i |0〉 [Qa
V(t), a†i ] = ta

jia
†
j

Qa
A(t)|i,−〉≡ t̃a

si|s,+〉 P|s,+〉= |s,+〉 HQCD,0Qa
A(t)|i,−〉=Qa

A(t)HQCD,0|i,−〉=E−Qa
A(t)|i,−〉

HQCD,0̃ta
si|s,+〉 = E+ t̃a

si|s,+〉 ⇒ E+ = E− ���¡¡¡{{{¿¿¿ )))ººº:���333üüüâââfffbbb���!

Qa
A(t)|i,−〉 = Qa

Aa†i |0〉 = [Qa
A(t), a†i ]|0〉| {z }

a†i ééé¡¡¡CCC������������üüüâââfff������

+ a†i Qa
A(t)|0〉| {z }

õõõâââfff������

Qa
A(t)|0〉 6= 0 ===���)))ººº Qa

V(t)|0〉 = 0 → SU(3)L × SU(3)R → SU(3)V nnnØØØyyy²²²ººº Qa
A(t)|0〉 = b̃†a |0〉

HQCD,0b̃†a |0〉 = HQCD,0Qa
A(t)|0〉 = Qa

A(t)HQCD,0|0〉 = 0

Pb̃†a |0〉 = PQa
A(t)|0〉 = PQa

A(t)P−1P|0〉 = −Qa
A(t)|0〉 b̃†a |0〉 ≡ |φa(0)〉

Qa
V(t)|φb(0)〉 = [Qa

V(t), b̃†b ]|0〉 = Qa
V(t)Qb

A(t)|0〉 = [Qa
V(t),Qb

A(t)]|0〉 = ifabcQc
A(t)|0〉 = ifabcb̃†c |0〉

[Qa
V(t), b̃†b ] = ifabcb̃†c Qa

V(t)|φb(0)〉 = ifabc|φc(0)〉 ⇒ Qa
V(t)|φb(p)〉 = ifabc|φc(p)〉

������ (���uuu���ÆÆÆ) âââfffnnnØØØ;;;KKK ÃÃÃ���ééé¡¡¡555999ÙÙÙ»»»"""



888¹¹¹ QCD���ÃÃÃ���ééé¡¡¡555 ���555σ���... PGB���þþþ ������555σ���... $$$UUUÃÃÃ���kkk���...¼¼¼þþþ Wess-Zumino-Witten���

���III000ffflll­­­���: T3 = Q3
V Y = 2√

3
Q8

V Qa
V(t)|φb(p)〉 = ifabc|φc(p)〉

K0(−1
2
, 1) K+(

1
2
, 1)

φa(T3, Y) : π−(−1, 0) π0(0, 0) η(0, 0) π+(1, 0)

K−(−1
2
,−1) K̄0(

1
2
,−1)

abc 123 147 156 246 257 345 367 458 678

fabc 1 1
2 − 1

2
1
2

1
2

1
2 − 1

2

√
3

2

√
3

2

T3(|φ1〉 − i|φ2〉) = −(|φ1〉 − i|φ2〉) Y(|φ1〉 − i|φ2〉) = 0

T3(|φ1〉+ i|φ2〉) = |φ1〉+ i|φ2〉 Y(|φ1〉+ i|φ2〉) = 0

T3(|φ4〉 − i|φ5〉) = −1
2
(|φ4〉 − i|φ5〉) Y(|φ4〉 − i|φ5〉) = −(|φ4〉 − i|φ5〉)

T3(|φ4〉+ i|φ5〉) =
1
2
(|φ4〉+ i|φ5〉) Y(|φ4〉+ i|φ5〉) = |φ4〉+ i|φ5〉

T3(|φ6〉 − i|φ7〉) =
1
2
(|φ6〉 − i|φ7〉) Y(|φ6〉 − i|φ7〉) = −(|φ6〉 − i|φ7〉)

T3(|φ6〉+ i|φ7〉) = −1
2
(|φ6〉+ i|φ7〉) Y(|φ6〉+ i|φ7〉) = |φ6〉+ i|φ7〉

T3|φ3〉 = Y|φ3〉 = T3|φ8〉 = Y|φ8〉 = 0
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���III000ffflll­­­���:

T3 = Q3
V Y = 2√

3
Q8

V Qa
V(t)|φb(p)〉 = ifabc|φc(p)〉

K0(−1
2
, 1) K+(

1
2
, 1)

φa(T3, Y) : π−(−1, 0) π0(0, 0) η(0, 0) π+(1, 0)

K−(−1
2
,−1) K̄0(

1
2
,−1)

φT ≡
8X

a=1

λa

√
2
φa ≡

0B@
φ3√

2
+ 1√

6
φ8

φ1−iφ2√
2

φ4−iφ5√
2

φ1+iφ2√
2

− φ3√
2

+ 1√
6
φ8

φ6−iφ7√
2

φ4+iφ5√
2

φ6+iφ7√
2

−
√

2√
3
φ8

1CA

=

0BB@
π0
√

2
+ 1√

6
η π− K−

π+ − π0
√

2
+ 1√

6
η K̄0

K+ K0 −
√

2√
3
η

1CCA
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QCD���ÃÃÃ���ééé¡¡¡555:

♣ ÃÃÃ���444������...¼¼¼þþþäääkkkééé¡¡¡555SU(Nf )L ⊗ SU(Nf )R ⊗U(1)V ⊗U(1)A

♦ U(1)Vîîî���¤¤¤ááá; U(1)A���QCD���~~~»»»���

♥ SU(Nf )L ⊗ SU(Nf )Rggguuu»»»"""���SU(Nf )V

♠ ÏÏÏ���〈ψψ〉 6= 0

¶ yyy���ÆÆÆ: SU(N)V���±±±ddduuuCVCÚÚÚâââfffÌÌÌ���SU(N)Vééé¡¡¡555

z yyy���ÆÆÆ: SU(Nf )L ⊗ SU(Nf )R/SU(Nf )V»»»���ddduuu

I PCAC
I âââfffÌÌÌÃÃÃ���¡¡¡{{{¿¿¿

I ���333 N2
f −1���������III000fff
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O(2)���555σ���...

π000fff333$$$UUU���ÅÅÅ«««���±±±CCCqqq^̂̂ÛÛÛ���|||£££ããã pppUUUòòòwww���ddd§§§���ÚÚÚ°°°§§§���ÚÚÚ���fff

L =
1
2
∂µσ∂

µσ +
1
2
∂µπ∂

µπ − V(σ, π) σ:IIIþþþ π:���IIIþþþ V(σ, π) =
κ

2
(σ2 + π2) +

λ

4
(σ2 + π2)2

.¼þäk�O(2)ØC5:
„
σ
π

«
→
„
σ′

π′

«
=

„
cosα − sinα
sinα cosα

«„
σ
π

«
O(2)������555LLL«««

E|L«: φ = σ + iπ σ���¡¡¡���§§§π���¡¡¡KKK"""???ØØØ���SU(2)L ⊗ SU(2)R���... φ
O(2)

==⇒ φ′ = eiαφ �´U(1)é¡5

²;ý�:
∂V
∂σ

=0 ⇒ 〈σ〉[κ+ λ(〈σ〉2 + 〈π〉2)] = 0
∂V
∂π

=0 ⇒ 〈π〉[κ+ λ(〈σ〉2 + 〈π〉2)] = 0

nØ�½: λ > 0 κ ≥ 0 ⇒ 〈σ〉 = 〈π〉 = 0

κ = −µ2 < 0 tachyon ⇒ 〈σ〉2+〈π〉2 =v2≡−κ
λ

�¡Ø»"
====⇒ 〈σ〉=v 〈π〉=0

σ = v + σ̃ ⇒ m2
σ̃ = 2λv2 m2

π̃ = 0

rrrììì���:---uuugoldstone; ÷÷÷ììì:---uuuσ
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O(2)���555σ���... σ = v + σ̃ −κ = µ2 = v2λ

L =
1
2
∂µσ̃∂

µσ̃ +
1
2
∂µπ∂

µπ − V(v + σ̃, π)

V(v + σ̃, π) = −1
2
µ2v2 +

λ

4
v4 + λv2σ̃2 + vλσ̃3 + vλσ̃π2 +

λ

4
(σ̃2 + π2)2
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πgggUUUΣπ(0)OOO���: I(m2) ≡
R d4k

(2π)4
1

k2−m2

Σ1(0) =

Z
d4k

(2π)4 (−2ivλ)
i

k2 (−2ivλ)
i

k2−2µ2 =
4v2λ2

2µ2

Z
d4k

(2π)4 [
1

k2−2µ2 −
1
k2 ] = 2λ[I(2µ2)−I(0)]

Σ2(0) =
1
2
(−6iλ)

Z
d4k

(2π)4

i
k2 = 3λI(0) Σ3(0) =

1
2
(−2iλ)

Z
d4k

(2π)4

i
k2 − 2µ2 = λI(2µ2)
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πgggUUUΣπ(0)OOO���: I(m2) ≡
R d4k

(2π)4
1

k2−m2

Σ4(0) = (−2ivλ)
i

−2µ2

1
2
(−6ivλ)

Z
d4k

(2π)4

i
k2 − 2µ2 = −3λI(2µ2)

Σ5(0) = (−2ivλ)
i

−2µ2

1
2
(−2ivλ)

Z
d4k

(2π)4

i
k2 = −λI(0)

Σ1(0) = 2λ[I(2µ2)− I(0)] Σ2(0) = 3λI(0) Σ3(0) = λI(2µ2)

Σπ(0) =

5X
i=1

Σi(0) = 0 Goldstone½½½nnn

〈σ̃〉 = 〈0|σ̃|0〉 = 〈σ〉 − v = 0 v → v + δv ---������ZZZããã

V ∼ −µ
2

2
(σ̃+v+δv)2 +

λ

4
(σ̃+v+δv)4 ⇒ −µ2δvσ̃ + 3λδvv2σ̃ = 2λv2δvσ̃
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σgggUUUΣσ(0)OOO���: I(m2) ≡
R d4k

(2π)4
1

k2−m2 ���ggguuuÑÑÑ J(m2) ≡
R d4k

(2π)4

“
1

k2−m2

”2
éééêêêuuuÑÑÑ

Σ′1(0)=(−2ivλ)2
Z

d4k
(2π)4

−1
k4 = 4v2λ2J(0) Σ′2(0)=(−2ivλ)2

Z
d4k

(2π)4

−1
(k2−2µ2)2 = 4v2λ2J(2µ2)

Σ′3(0) =
1
2
(−6iλ)

Z
d4k

(2π)4

i
k2−2µ2 = 3λI(2µ2) Σ′4(0) =

1
2
(−2iλ)

Z
d4k

(2π)4

i
k2 = λI(0)
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σgggUUUΣσ(0)OOO���: I(m2) ≡
R d4k

(2π)4
1

k2−m2 ���ggguuuÑÑÑ J(m2) ≡
R d4k

(2π)4

“
1

k2−m2

”2
éééêêêuuuÑÑÑ

Σ′5(0) = (−6ivλ)
i

−2µ2

1
2
(−6ivλ)

Z
d4k

(2π)4

i
k2 − 2µ2 = −9λI(2µ2)

Σ′6(0) = (−6ivλ)
i

−2µ2

1
2
(−2ivλ)

Z
d4k

(2π)4

i
k2 = −3λI(0)

Σ′1(0) = 4v2λ2J(0) Σ′2(0) = 4v2λ2J(2µ2) Σ′3(0) = 3λI(2µ2) Σ′4(0) = λI(0)

Σσ(0) =

6X
i=1

Σ′i(0) 6= 0 ���ggguuuÑÑÑ! Higgs���þþþ���ggguuuÑÑÑ333888ccc���NNNyyy ⇒ ØØØggg,,,555���
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SU(2)L ⊗ SU(2)R���555σ���... ������oooØØØ������ïïïÄÄÄNf = 3 ? {{{üüü; ÓÓÓ   ^̂̂ééé¡¡¡555ÐÐÐ

QCDgggddd§§§������µµµ L=LS+LSB LS =ψRi/∂ψR+ψLi/∂ψL LSB =−ψLmψR−ψRmψL ψL
R
=

 
uL

R

dL
R

!
ULψL,aU−1

L = ψ′L,a = DL,baψL,b DL,ba =
“

eiαj
τj
2

”
ba

ULψR,aU−1
L = ψR,a

URψR,aU−1
R = ψ′R,a = DR,baψR,b DR,ba =

“
eiβj

τj
2

”
ba

URψL,aU−1
R = ψL,a

URULLSU−1
L U−1

R = LS jµRi ≡ ψγµ
τi

2
1 + γ5

2
ψ jµLi ≡ ψγµ

τi

2
1− γ5

2
ψ

QLi ≡
Z

d3x j0
Li QRi ≡

Z
d3x j0

Ri UL = eiαjQLj UR = eiβjQRj

jµRi + jµLi ≡ jµi jµRi − jµLi ≡ jµ5i QRi + QLi = Qi U = eiγjQj QRi − QLi = Q5i

PQiP−1 = Qi PQ5iP−1 = −Q5i PQLiP−1 = QRi PQRiP−1 = QLi

[QL
R,i
,QL

R,j
] = iεijkQL

R,k
[QL,i,QR,j] = 0 [Qi,Qj] = iεijkQk SU(2)V [Q5i,Q5j] = iεijkQk

φ∼ψψ=((
1
2
), (

1
2
)∗)=

„
φ11 φ12

φ21 φ22

«
φaḃ =σ(1)ḃa+ i(τj)ḃaπj φ=

„
σ+iπ3 iπ1+π2

iπ1−π2 σ−iπ3

«
σ =

1
2
(φ11 + φ22) π3 = − i

2
(φ11 − φ22) π1 = − i

2
(φ12 + φ21) π2 =

1
2
(φ12 − φ21)
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SU(2)L ⊗ SU(2)R���555σ���...

φ ∼ (
1
2
,

1
2
) =

„
φ11 φ12

φ21 φ22

«
φaḃ = σ(1)ḃa + i(τj)ḃaπj φ =

„
σ + iπ3 iπ1 + π2

iπ1 − π2 σ − iπ3

«
σ =

1
2
(φ11 + φ22) π3 = − i

2
(φ11 − φ22) π1 = − i

2
(φ12 + φ21) π2 =

1
2
(φ12 − φ21)

UL(α)φaḃUL(α)−1 = φcḃ(eiαj
τj
2 )ca = [(eiαj

τj
2 )Tφ]aḃ

UR(β)φaḃUR(β)−1 = (e−iβj
τj
2 )ḃċφaċ = [φ(e−iβj

τj
2 )T ]aḃ

Ã¡�: [QLi, φaḃ] = φcḃ(
τi

2
)ca [QRi, φaḃ] = −(

τi

2
)ḃċφaċ trφφ† = trφ†φ = σ2 + ~π · ~π ´ØCþ

[QLi, σ] =
i
2
πi [QLi, πj] = − i

2
σδij +

i
2
εijkπk [QRi, σ] = − i

2
πi [QRi, πj] =

i
2
σδij +

i
2
εijkπk

[Qi, σ] = 0 〈σ〉 6= 0Ø»�SU(2)V [Qi, πj] = iεijkπk π´SU(2)V��L« [Q5i, σ] = −iπi [Q5i, πj] = iσδij

PφcḃP−1(
τi

2
)ca=P[QLi, φaḃ]P

−1=[QRi,PφaḃP−1] ⇒ PφaḃP−1=φ†
aḃ
⇒ PσP−1=σ PπiP−1=−πi

LS =
1
2
(∂µσ∂

µσ+∂µ~π · ∂µ~π)− V(σ2+~π ·~π) + Ψi/∂Ψ + gΨ[σ+i~π ·~τγ5]Ψ V(z) =
κ

2
z+

λ

4
z2

ØØØfff...¼¼¼þþþ
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LS =
1
2
(∂µσ∂

µσ+∂µ~π · ∂µ~π)− V(σ2+~π ·~π) + Ψi/∂Ψ + gΨ[σ+i~π ·~τγ5]Ψ V(z) =
κ

2
z+

λ

4
z2

Wigner-Weyl¢¢¢yyy: κ > 0 λ > 0 ⇒ 〈σ〉 = 〈~π〉 = 0

I î��SU(2)L ⊗ SU(2)Ré¡5. ji, j5iÅð

I ¤�fÃ�þ mN = 0

I ÀÚf��þ m2
σ = m2

π = κ

I �K�¡�ÀÚf{¿

Nambu-Goldstone¢¢¢yyy: κ=−µ2 v2 =〈σ〉2+〈~π〉·〈~π〉= µ2

λ

Parity
==⇒ 〈σ〉=v, 〈~π〉=0

π´Goldstone Boson;�»"�é¡5´Ó ^
U|0〉 = eiαiQi |0〉 = |0〉 ⇒ Qi|0〉 = 0 U5|0〉 = eiαiQ5i |0〉 6= |0〉 ⇒ Q5i|0〉 6= 0 Goldstone

PQ5i|0〉 = PQ5iP−1P|0〉 = −Q5i|0〉 QiQ5j|0〉 = [Qi,Q5j]|0〉 = iεijkQ5k|0〉 SU(2)Vn­�

I SU(2)L ⊗ SU(2)R → SU(2)V ji, j5iÅð

I ¤�f¼��þ mN = −gv

I "�þGoldstoneÀÚfm2
π = 0; k�þÀÚfm2

σ̃ = 2v2λ

I �K�¡�ÀÚfØ{¿
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²²²wwwééé¡¡¡555»»»"""

LS =
1
2
(∂µσ∂

µσ+∂µ~π · ∂µ~π)− V(σ2+~π ·~π) + Ψi/∂Ψ + gΨ[σ+i~π ·~τγ5]Ψ V(z) =
κ

2
z+

λ

4
z2

I §��g: LSB = −ψMψ 〈ψψ〉 6= 0

I rf�g: LSB = −Cσ σ� 〈σ〉 6= 0 〈σ〉 ∼ 〈ψψ〉
M2

MS
6Åð?

δLS = −∂µαi(x)[ΨLγ
µ τi

2
ΨL +

1
2
(πi∂

µσ − σ∂µπi) +
1
2
εijkπk∂

µπj] δLSB =
C
2

[αi(x)−βi(x)]πi

−∂µβi(x)[ΨRγ
µ τi

2
ΨR −

1
2
(πi∂

µσ − σ∂µπi) +
1
2
εijkπk∂

µπj]

∂µjµLi = − δL′S
δαi(x)

= −C
2
πi jµLi = − δL′S

δ∂µαi(x)
= ΨLγ

µτi

2
ΨL+

1
2
(πi∂

µσ−σ∂µπi) +
1
2
εijkπk∂

µπj

∂µjµRi = − δL′S
δβi(x)

= −C
2
πi jµRi = − δL′S

δ∂µβi(x)
= ΨRγ

µτi

2
ΨR−

1
2
(πi∂

µσ−σ∂µπi) +
1
2
εijkπk∂

µπj

∂µjµi = 0 jµi = Ψγµ
τi

2
Ψ + εijkπk∂

µπj

∂µjµ5i = Cπi C = fπm2
π ⇔ PCAC jµ5i = Ψγµγ5

τi

2
Ψ + πi∂

µσ − σ∂µπi 000fff������ÓÓÓ   ^̂̂ÖÖÖ!
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LS =
1
2
(∂µσ∂

µσ+∂µ~π · ∂µ~π)− V(σ2+~π ·~π) + Ψi/∂Ψ + gΨ[σ+i~π ·~τγ5]Ψ V(z) =
κ

2
z+

λ

4
z2

LSB = −Cσ V → V + Cσ ≡ V ′

δV ′

δπi
=
δV
δπi

= 0
δV ′

δσ
=
δV
δσ
−C = 0 ⇒ 〈σ〉[κ+λ〈σ〉2] = −C O��$�

====⇒ 〈σ〉2 = −κ
λ
− C

vλ

σ = 〈σ〉+ σ̃ m2
σ̃ = κ+ 3λ〈σ〉2 m2

π = κ+ λ〈σ〉2 = − C
〈σ〉 Cq�Goldstone mN = −g〈σ〉

−C = 〈σ〉[κ+ λ〈σ〉2] = 〈σ〉m2
π

C=fπm2
π====⇒ fπ = −〈σ〉 ÃÃÃ���ééé¡¡¡555»»»"""���III���!

mN = gfπ '�G-T'Xü>�〈σ〉�?: fπ =
mNgA(0)

g
⇒ gA(0) = 1 + O(〈σ〉)

ØØØ


σ|||ÿÿÿkkk���ÆÆÆ, SU(2)L ⊗ SU(2)R���555σ���...���¤¤¤kkk(((JJJÑÑÑ���¢¢¢������ÎÎÎ !
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������555???ØØØ H.Pagels Phys.Rep.16,219(1975) G-T���PCACvvvkkk'''XXX ! CAC+SSB+smoothness⇒G-T

〈0|jµ5i(x)|πj〉 = iqµfπδije−iq·x LSB=0 ∂µjµ5i=0
=======⇒ 0 = 〈0|∂µjµ5i(x)|πj〉 = m2

πfπδije−iq·x ⇒ m2
πfπ = 0

ØfÝ
�q ≡ p′ − p: 〈p′|jµ5i(x)|p〉 =
eiq·x

2ENV
u(p′)

τi

2

h
γµγ5gA(q2) + qµγ5gP(q2) + iqνσµνgT(q2)

i
u(p)

∂µjµ5i=0
===⇒ 0 = 〈p′|∂µjµ5i(x)|p〉 =

ieiq·x

2ENV
u(p′)

τi

2

h
/qγ5gA(q2) + q2γ5gP(q2)

i
u(p)

Dirac Eq
====⇒ ieiq·x

2ENV
[2mNgA(q2) + q2gP(q2)]u(p′)

τi

2
γ5u(p) ⇒ 2mNgA(q2) + q2gP(q2) = 0

〈p′|jµ5i(x)|p〉
˛̨̨̨

gP

üπ�Ì
===⇒ i

(2π)4× =
i

(2π)4 (2π)4(−iqµfπ)
i

q2−m2
π

“
2igNNπu(p′)

τi

2
γ5u(p)

” eiq·x

2ENV

⇒ gP(q2) ≈ −2gNNπfπ
q2−m2

π
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������555???ØØØ H.Pagels Phys.Rep.16,219(1975) G-T���PCACvvvkkk'''XXX ! CAC+SSB+smoothness⇒G-T

〈p′|jµ5i(x)|p〉
˛̨̨̨

gP

üπ�Ì
===⇒ i

(2π)4× =
i

(2π)4 (2π)4(−iqµfπ)
i

q2−m2
π

“
2igNNπu(p′)

τi

2
γ5u(p)

” eiq·x

2ENV

⇒ gP(q2) ≈ −2gNNπfπ
q2−m2

π

m2
πfπ = 0 2mNgA(q2) + q2gP(q2) = 0

i. mN =0, gA???¿¿¿⇒ q2gP(q2)=0⇒ gP(q2)
q→0

==⇒ kkk���⇒ m2
π 6=0⇒ fπ=0 Wigner-Weyl

ii. gA(q2) 6=0, mN 6=0 ⇒ q2gP(q2) 6=0 ⇒ m2
π=0 fπ???¿¿¿ N-G mNgA(0) = gNNπfπ G-T

ÔÔÔnnn���/// vvv^̂̂PCAC !

iii. gA(q2)=0, mN???¿¿¿⇒ q2gP(q2)=0 ⇒ m2
π 6=0 ⇒ fπ=0

gP=gA=0
====⇒ 〈p′|jµ5i(x)|p〉=0

⇒ 〈p′|Q5i(x)|p〉 = 0 [Q5i,Q5j]|p〉= iεijkQk|p〉 6= 0 ⇒ Q5i(x)|p〉 6=0
PQ5i|p〉=−Q5i|p〉

=======⇒���333���¡¡¡\\\���
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L 〈ψψ〉6=0
====⇒ N2

f − 1 GBs
LSB 6=0

====⇒ GB → PGBs

LSB = −ψl
αMlmψ

m
α M =

0@ mu 0 0
0 md 0
0 0 ms

1A
UL

R
ψl

L
Rα

U−1
L
R

= Dml
L
R
ψm
α

D=eiλiαi
====⇒ [Qi

5, ψ
l
L
Rα

] = ∓
„
λi

2

«ml

ψm
L
Rα

[Qi
5, ψ

l
L
Rα

] = ±
„
λi

2

«ml

ψ
m
L
Rα

LSB = 0 ⇒ 〈0|jµ5i|k, j〉LS

kµkµ=0
===== ikµfiδije−ik·x

LSB 6= 0 ⇒ 〈0|jµ5i|k, j〉L
kµkµ=µ2

j 6=0
======= ikµ

“
fiδije−ik·x + O(LSB)

”
µ2

j ∼ O(LSB)

〈0|∂µjµ5i|k, j〉L = µ2
j fiδij O(LSB) + O(L2

SB) ÏÏÏLLLdddúúúªªª½½½ÂÂÂ���goldstoneÀÀÀÚÚÚfff������þþþ
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Dashenúúúªªª δ(x0− y0)[ji
5µ(x), jj

50(y)] = iδ4(x− y)εijkjk
µ(y) 〈0|jk

µ(y)|0〉 = 0

∂

∂xµ
∂

∂yν
T
“

ji
5µ(x)jj

5ν(y)
”

=
∂

∂xµ
∂

∂yν
[θ(x0 − y0)ji

5µ(x)jj
5ν(y) + θ(y0 − x0)jj

5ν(y)ji
5µ(x)]

=
∂

∂xµ

h
θ(x0−y0)ji

5µ(x)∂νjj
5ν(y)+θ(y0−x0)∂νjj

5ν(y)ji
5µ(x)−δ(x0−y0)ji

5µ(x)jj
50(y)+δ(y0−x0)jj

50(y)ji
5µ(x)

i
= T

“
∂µji

5µ(x)∂ν jj
5ν(y)

”
+ δ(x0 − y0)[ji

50(x), ∂ν jj
5ν(y)]− ∂

∂xµ

“
δ(x0 − y0)[ji

5µ(x), jj
50(y)]

”
qµqν

Z
d4xd4y eiq·(x−y)T

“
ji
5µ(x)jj

5ν(y)
”

=

Z
d4xd4y eiq·(x−y) ∂

∂xµ
∂

∂yν
T
“

ji
5µ(x)jj

5ν(y)
”

=

Z
d4xd4y eiq·(x−y)

»
T
“
∂µji

5µ(x)∂νjj
5ν(y)

”
+δ(x0−y0)[ji

50(x), ∂νjj
5ν(y)]− ∂

∂xµ

“
δ(x0−y0)[ji

5µ(x), jj
50(y)]

”–

−
Z

d4xd4y eiq·(x−y) ∂

∂xµ

“
δ(x0−y0)〈0|[ji

5µ(x), jj
50(y)]|0〉

”
=−qµεijk

Z
d4xd4y eiq·(x−y)δ4(x−y)〈0|jk

µ(y)|0〉

= −qµεijk

Z
d4x 〈0|jk

µ(x)|0〉 = 0qµqν
Z

d4xd4yeiq·(x−y)〈0|Tji
5µ(x)jj

5ν(y)|0〉

=

Z
d4xd4yeiq·(x−y)

»
〈0|T∂µji

5µ(x)∂ν jj
5ν(y)|0〉+ δ(x0 − y0)〈0|[ji

50(x), ∂ν jj
5ν(y)]|0〉

–
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Dashenúúúªªª µ2
i f 2

i δij = 〈0|[Q5i[Q5j,H]]|0〉LS

∂0jj50(y) = ∂ν jj5ν
+∇ ·~jj5

qµqν
Z

d4xd4yeiq·(x−y)〈0|Tji
5µ(x)jj

5ν(y)|0〉 =

Z
d4xd4yeiq·(x−y)

»
〈0|T∂µji

5µ(x)∂ν jj
5ν(y)|0〉

+δ(x0 − y0)〈0|[ji
50(x), ∂ν jj

5ν(y)]|0〉
–

�>=qµqν
Z

d4xd4yeiq·(x−y)
X

N

[θ(x0−y0)〈0|ji
5µ(x)|N〉〈N|jj

5ν(y)|0〉+θ(y0−x0)〈0|jj
5ν(y)|N〉〈N|ji

5µ(x)|0〉]

q→0
===⇒ 0 k�z�¥m�Ñk�þ !
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Dashenúúúªªª µ2
i f 2

i δij = 〈0|[Q5i[Q5j,H]]|0〉LS ∂0jj50(y) = ∂ν jj5ν
+∇ ·~jj5

qµqν
Z

d4xd4yeiq·(x−y)〈0|Tji
5µ(x)jj

5ν(y)|0〉 =

Z
d4xd4yeiq·(x−y)

»
〈0|T∂µji

5µ(x)∂ν jj
5ν(y)|0〉

�> =
q→0

==⇒ 0 + δ(x0 − y0)〈0|[ji
50(x), ∂ν jj

5ν(y)]|0〉
–

〈0|∂µjµ5i |k, j〉L = µ2
j fiδij

m>1�� =

Z
d4xd4yeiq·(x−y)

X
N

[θ(x0 − y0)〈0|∂µji
5µ(x)|N〉〈N|∂ν jj

5ν(y)|0〉

+θ(y0 − x0)〈0|∂ν jj
5ν(y)|N〉〈N|∂µji

5µ(x)|0〉] q → 0���Goldstone���zzz���ÌÌÌ
===========⇒ −iµ2

i f 2
i δij

Z
d4x + O(L2

SB)

������^̂̂PCAC���ÓÓÓ���(((JJJ

m>1�� =

Z
d4xd4yeiq·(x−y)〈0|T∂µji

5µ(x)∂ν jj
5ν(y)|0〉

=

Z
d4xd4yeiq·(x−y)〈0|Tµ2

i fiφi(x)µ2
j fjφj(y)|0〉 = µ2

i fiµ
2
j fj

iδij

q2−µ2
j

Z
d4x = −iµ2

i f 2
i δij

Z
d4x
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Dashenúúúªªª µ2
i f 2

i δij = 〈0|[Q5i[Q5j,H]]|0〉LS
∂0jj50(y) = ∂ν jj5ν

+∇ ·~jj5

qµqν
Z

d4xd4yeiq·(x−y)〈0|Tji
5µ(x)jj

5ν(y)|0〉 =

Z
d4xd4yeiq·(x−y)

»
〈0|T∂µji

5µ(x)∂ν jj
5ν(y)|0〉

�> =
q→0

==⇒ 0 + δ(x0 − y0)〈0|[ji
50(x), ∂ν jj

5ν(y)]|0〉
–

m>1�� =
q → 0���Goldstone���zzz���ÌÌÌ

===========⇒ −iµ2
i f 2

i δij

Z
d4x + O(L2

SB)

Z
d4x LSBδij

σ→−iπ→σ
=======

Z
d4x [Q5i[Q5j,LSB]] = −

Z
d4x [Q5i[Q5j,HSB]] =

Q5���°°°ÜÜÜ������§§§======== i
Z

dx0[Q5i, ∂
0Q5j] = i

Z
d4xd3y[ji

50(x), ∂0jj
50(y)]

= i lim
q→0

Z
d4xd4y eiq·(x−y)δ(x0 − y0)[ji

50(x), ∂ν jj
5ν(y)]

i
Z

d4x 〈0|[Q5i[Q5j,H]]|0〉 = lim
q→0

Z
d4xd4y eiq·(x−y)δ(x0 − y0)〈0|[ji

50(x), ∂ν jj
5ν(y)]|0〉
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Dashenúúúªªª µ2
i f 2

i δij = 〈0|[Q5i[Q5j,H]]|0〉LS

[Q5j,LSB] = −[Q5j, (ψ
l
LαMllψ

l
Rα + ψ

l
RαMllψ

l
Lα)]

= −
„
λj

2

«lm

ψ
m
LαMllψ

l
Rα − ψ

l
LαMll

„
λj

2

«ml

ψm
Rα +

„
λj

2

«lm

ψ
m
RαMllψ

l
Lα + ψ

l
RαMll

„
λj

2

«ml

ψm
Lα

= −ψm
Lα{

λj

2
,M}lmψl

Rα + ψ
m
Rα{

λj

2
,M}lmψl

Lα

[Q5i, [Q5j,LSB]] = −ψm
Lα{

λi

2
, {λj

2
,M}}lmψl

Rα − ψ
m
Rα{

λi

2
, {λj

2
,M}}lmψl

Lα ψ
m
Lαψ

l
Rα ∝ δlm

−
3X

l=1

〈ψl
αψ

l
α〉LS{

λi

2
, {λi

2
,M}}ll = µ2

i f 2
i = µ2

i f 2
LS = µ2

i f 2
π

{λ3

2
, {λ3

2
,M}} =

0@ mu 0 0
0 md 0
0 0 0

1A µ2
π0 f 2

π = −〈uu〉mu − 〈dd〉md

X
i=1,2

{λi

2
, {λi

2
,M}} =

0@ mu+md
2 0 0
0 mu+md

2 0
0 0 0

1A µ2
π± f 2

π = −(〈uu〉+ 〈dd〉)mu + md

2

������ (���uuu���ÆÆÆ) âââfffnnnØØØ;;;KKK ÃÃÃ���ééé¡¡¡555999ÙÙÙ»»»"""



888¹¹¹ QCD���ÃÃÃ���ééé¡¡¡555 ���555σ���... PGB���þþþ ������555σ���... $$$UUUÃÃÃ���kkk���...¼¼¼þþþ Wess-Zumino-Witten���

Dashenúúúªªª −
3X

l=1

〈ψl
αψ

l
α〉LS{

λi

2
, {λi

2
,M}}ll = µ2

i f 2
π

{λ3

2
, {λ3

2
,M}} =

0@ mu 0 0
0 md 0
0 0 0

1A µ2
π0 f 2

π = −〈uu〉mu − 〈dd〉md

X
i=1,2

{λi

2
, {λi

2
,M}} =

0@ mu+md
2 0 0
0 mu+md

2 0
0 0 0

1A µ2
π± f 2

π = −(〈uu〉+ 〈dd〉)mu + md

2

X
i=4,5

{λi

2
, {λi

2
,M}} =

0@ mu+ms
2 0 0
0 0 0
0 0 mu+ms

2

1A µ2
K± f 2

π = −(〈uu〉+ 〈ss〉)mu + ms

2

X
i=6,7

{λi

2
, {λi

2
,M}} =

0@ 0 0 0
0 md+ms

2 0
0 0 md+ms

2

1A µ2
K0 f 2

π = −(〈dd〉+ 〈ss〉)md + ms

2

{λ8

2
, {λ8

2
,M}} =

0@ mu
3 0 0
0 md

3 0
0 0 4ms

3

1A µ2
ηf 2
π = −1

3
〈uu〉mu −

1
3
〈dd〉md −

4
3
〈ss〉ms
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µ2
π0 f 2

π = −〈uu〉mu − 〈dd〉md µ2
π± f 2

π = −(〈uu〉+ 〈dd〉)mu + md

2

µ2
K± f 2

π = −(〈uu〉+ 〈ss〉)mu + ms

2
µ2

K0 f 2
π = −(〈dd〉+ 〈ss〉)md + ms

2

µ2
ηf 2
π = −1

3
〈uu〉mu −

1
3
〈dd〉md −

4
3
〈ss〉ms 〈uu〉LS = 〈dd〉LS = 〈ss〉LS ≡ −∆

µ2
π = f−1

π ∆(mu + md) µ2
K± = f−1

π ∆(mu + ms) µ2
K0 = f−1

π ∆(md + ms)

µ2
η = f−1

π ∆(
1
3

mu +
1
3

md +
4
3

ms) ⇒ µ2
η =

2
3
(µ2

K± + µ2
K0)−

1
3
µ2
π Gell-Mann Okuboúúúªªª

md

mu
=
µ2

K0 − µ2
K± + µ2

π

µ2
K± − µ

2
K0 + µ2

π

ms

md
=
µ2

K0 + µ2
K± − µ

2
π

µ2
K0 − µ2

K± + µ2
π

���ÄÄÄ???>>>^̂̂���AAA µ2
π0 = f−1

π ∆(mu + md) µ2
π± = f−1

π (∆(mu + md) + ∆γ)

µ2
K0 = f−1

π ∆(md + ms) µ2
K± = f−1

π (∆(mu + ms) + ∆γ)

µ2
η = f−1

π ∆(
1
3

mu +
1
3

md +
4
3

ms)

md

mu
=

µ2
K± − µ

2
K0 − µ2

π±

µ2
K0 − µ2

K± + µ2
π±
− µ2

π0

≈ 1.83
ms

md
=
µ2

K0 + µ2
K± − µ

2
π±

µ2
K0 − µ2

K± + µ2
π±

≈ 20.1
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§§§������þþþ
md

mu
=

µ2
K± − µ

2
K0 − µ2

π±

µ2
K0 − µ2

K± + µ2
π±
− µ2

π0

≈ 1.83
ms

md
=
µ2

K0 + µ2
K± − µ

2
π±

µ2
K0 − µ2

K± + µ2
π±

≈ 20.1

���ÄÄÄ¹¹¹ÛÛÛÉÉÉ§§§���ÚÚÚØØØ¹¹¹ÛÛÛÉÉÉ§§§���������������:
I 1−0fl­�: 120MeV
I 2+0fl­�: 110MeV
I 1

2
+
­fl­�: 190MeV

I 3
2

+
­fl­�: 150MeV

���ÄÄÄÛÛÛÉÉÉ§§§������ÄÄÄUUU���zzzAAATTT'''������, Weinberg��������� ms ≈ 150MeV ⇒ md = 7.5MeV, mu = 4.2MeV

±±±þþþ½½½���§§§������þþþÑÑÑ´́́ 666§§§������þþþ !
666§§§������ýýý������^̂̂,BBBþþþ			���///¤¤¤|||©©©§§§���,���AAA���§§§������þþþ���|||©©©§§§������þþþ

m̃|||©©© = m666 + ∆mQCD��� mN ≈ 3m̃|||©©© µP ≈ 2m̃|||©©© ���§§§���¥¥¥QCD���(∼200−300MeV)åååÌÌÌ������^̂̂

­­­§§§������|||©©©���þþþÏÏÏLLL³³³���...¥¥¥���ëëëêêê(((½½½:
m̃c ∼= 1.5GeV m̃c ∼= 5GeV ­­­§§§���¥¥¥QCD���(∼200−300MeV)������^̂̂���±±±���ÑÑÑ,|||©©©§§§������þþþ���666§§§������þþþÄÄÄ������ÓÓÓ
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0++000fff: mf0(600) = 400− 1200MeV Γtot[f0(600)] = 600− 1000MeV
mf0(980) = 980± 10MeV Γtot[f0(980)] = 40− 100MeV

Γ(σ̃ → π0π0) =
4π

64π2mσ̃

r
1− (

2mπ
mσ̃

)3tr| − ivλτ 3|2
v=−fπ, m2

σ̃=2v2λ
=========

f 2
πλ

2

8πmσ̃

r
1− (

2mπ
mσ̃

)3

' m3
σ̃

32πf 2
π

r
1− (

3fπ
mσ̃

)3 f0(600)
===== 234MeV

f0(980)
===== 1070MeV

UUUÄÄÄ���EEE������ØØØ¹¹¹σ���¹¹¹π ������ppp���^̂̂NNNXXX?

〈σ〉2 + 〈~π〉 · 〈~π〉 = v2 = f 2
π

λ→∞
====⇒ σ2 + ~π · ~π ∼= f 2

π

L =
1
2
(∂µσ∂

µσ + ∂µπi∂
µπi)

σ=
√

f 2
π−~π·~π

=========
1
2
∂µπi∂

µπi +
1
2

(πi∂µπi)(πj∂
µπj)

f 2
π − π2

i
3331 + 1������­­­���

φ = σ1 + iλiπi =
p

f 2
π − (πi)2 + iλiπi = fπ

0@s1−
„
λiπi

fπ

«2

+ i
λiπi

fπ

1A λiπi
fπ

=sin λiΠi
fπ======= fπei λiΠi

fπ

U ≡ φ

fπ
= ei λiΠi

fπ ������555¢¢¢yyy UU†=1
SU(Nf )L⊗SU(Nf )R

========⇒ U′=VLUV†R L =
f 2
π

4
tr(∂µU∂µU†) + O(∂4)

〈U〉 N-G
===1 ⇔ πi =0 〈VLUV†R〉=VL〈U〉V†R =VLV†R =1ýýý���äääkkkSU(Nf )V $$$UUUÐÐÐmmm(p/Λ)µµµp2��� p4���

������ (���uuu���ÆÆÆ) âââfffnnnØØØ;;;KKK ÃÃÃ���ééé¡¡¡555999ÙÙÙ»»»"""



888¹¹¹ QCD���ÃÃÃ���ééé¡¡¡555 ���555σ���... PGB���þþþ ������555σ���... $$$UUUÃÃÃ���kkk���...¼¼¼þþþ Wess-Zumino-Witten���

'''uuu������555σ���...���µµµããã

♣ ������¹¹¹GoldstonegggdddÝÝÝ! ²²²LLL

♠ ééé¡¡¡555������555///¢¢¢yyy! U′=VLUV†R U = e
i
λiΠi

fπ

♥ ééé¡¡¡555ggguuu»»»"""! SU(Nf )L ⊗ SU(Nf )R → SU(Nf )V

♦ ÕÕÕáááuuuggguuu»»»"""���[[[!!!��� U†U = UU† = 1

z ���±±±UUU$$$UUUÐÐÐmmm���??????///ïïïÄÄÄ���
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SÝÝÝ


��� S.Coleman, J.Wess, and B.Zumino, Phys. Rev. 177,2239(1969)

lll���555σ���...���|||πi���������555σ���...���|||Πi ���CCC���´́́ÄÄÄKKK���ÔÔÔnnnººº

L[φ] = L0[φ]+L1[φ] φ = χF[χ] = χ[1+aχ+· · · ] F[0] = 1 L[χF(χ)] = L0(χ)+L1(χ)

'''uuu			ïïï������OOOµµµ SÝÝÝ


´́́������¼¼¼êêê���KKK			ïïï222ÖÖÖþþþ			���ÅÅÅ¼¼¼êêê

I éüÕ�φ½χ	ïkG−1G
˛̨
3�

= 1

I �é,�χn ≥ 2	ï§KkG−1G
˛̨
3�

= 0

F[0] = 1 ⇒lll���555σ���...���πi���������555σ���...���Πi ���CCC���ØØØKKK���SÝÝÝ


������
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­­­���zzz O(p2) O(p4)

L =
f 2
π

4
tr(∂µU∂µU) + (∂4)

ÏÏÏ~~~nnnØØØØØØ���­­­������ØØØ%%%¯̄̄KKK´́́¬¬¬ÑÑÑyyyÃÃÃ¡¡¡õõõ«««uuuÑÑÑ§§§ÃÃÃ{{{---���!

ØØØ%%%¯̄̄KKK´́́UUUÄÄÄòòòùùù


uuuÑÑÑ���êêê888üüüeee555! ⇒ Weinberg���YYYµµµ

(((ÜÜÜ$$$UUUÐÐÐmmm§§§uuuÑÑÑ������êêê888333$$$UUUÐÐÐmmm������½½½���´́́kkk������!

333$$$UUUÐÐÐmmm������½½½���,���±±±ÚÚÚ\\\kkk���êêê888���---������---���uuuÑÑÑ!

333$$$UUUÐÐÐmmm���½½½������eee÷÷÷vvvééé¡¡¡555���¤¤¤kkk���ppp���^̂̂���§§§vvv±±±---���¤¤¤kkkuuuÑÑÑ!

$$$UUUÐÐÐmmm���UUU¬¬¬���)))���ØØØ���ppp���uuuÑÑÑ! C.P.Burgess,D.London, Phys.Rev.D48(1993)4337

1

16π2
[ln(

Λ2

m2
+1)−

Λ2

Λ2+m2
] =

1

16π2

Z Λ2

0
dp2 p2

(p2+m2)2
= −

1

16π2

∞X
n=0

Z Λ2

0

dp2

m2
(n+1)

 
−

p2

m2

!n+1

=
1

16π2

∞X
n=0

n+1

n+2

 
−

Λ2

m2

!n+2
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Gasser-Leutwyler...¼¼¼þþþ
Gasser and Leutwyler, Ann. Phys. (N.Y.)158,142(1984); Nucl. Phys. B250,2165(1985)

Z[s, p, v, a, θ] = eiW[s,p,v,a,θ] ≡
Z
DGDΨDΨDψDψ ei

R
d4x[LQCD(θ,ψ,Ψ,G)+ψJψ]

LQCD(θ, ψ,Ψ,G) = ψ(i/∂ + g/Ga λ
a

2
)ψ + L′QCD(θ,Ψ,G)

L′QCD(θ,Ψ,G) = −1
4

Ga
µνGµνa + Ψ(i/∂ −Mh + g/Ga λ

a

2
)Ψ− θ

16π2 Ga
µνG̃µνa

J(x) ≡ −s(x) + iγ5p(x) + /v(x) + /a(x)γ5

¢¢¢SSSÔÔÔnnn���µµµ s = MKKKÒÒÒ���ááá���s½½½ÂÂÂ¥¥¥, p = 0, vµ = aµ = 0

///ÛÛÛ���000ÃÃÃ���ééé¡¡¡555SU(Nf )L ⊗ SU(Nf )R

ψ(x) → ψ′(x) = [R(x)PR + L(x)PL]ψ(x) PR
L
≡ 1± γ5

2
J(x) → J′(x) = [R(x)PL + L(x)PR][J(x) + i/∂][R†(x)PR + L†(x)PL]

vµ+ aµ → v′µ+ a′µ = R(vµ+ aµ)R† + Ri∂µR† vµ− aµ → v′µ− a′µ = L(vµ− aµ)L† + Li∂µL†

s− ip → s′ − ip′ = L(s− ip)R† s + ip → s′ + ip′ = R(s + ip)L†

LQCD(θ, ψ′,Ψ,G) + ψ
′
J′ψ′ = LQCD(θ, ψ,Ψ,G) + ψJψ
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)))¤¤¤���¼¼¼333ÃÃÃ���ééé¡¡¡555CCC���eee���111���

Z[s, p, v, a, θ] = eiW[s,p,v,a,θ] ≡
Z
DGDΨDΨDψDψ ei

R
d4x[LQCD(θ,ψ,Ψ,G)+ψJψ]

LQCD(θ, ψ,Ψ,G) = ψ(i/∂ + g/Ga λ
a

2
)ψ + L′QCD(θ,Ψ,G)

J(x) ≡−s(x)+iγ5p(x)+/v(x)+/a(x)γ5 J′(x) = [R(x)PL+L(x)PR][J(x)+i/∂][R†(x)PR+L†(x)PL]

Z[s, p, v, a, θ] =

Z
DGDΨDΨ eTrln(i/∂+g/Ga λa

2 +J)+i
R

d4x L′QCD(θ,Ψ,G)

R(x) = 1 + iα(x) + iβ(x) L(x) = 1 + iα(x)− iβ(x)

δJ(x) = i[α(x)− β(x)γ5]J(x)− i[J(x) + i/∂][α(x) + β(x)γ5]

δTrln(i/∂ + g/Ga λ
a

2
+ J) ≡ Trln(i/∂ + g/Ga λ

a

2
+ J′)− Trln(i/∂ + g/Ga λ

a

2
+ J)

= Tr[(i/∂ + g/Ga λ
a

2
+ J)−1δ(i/∂ + g/Ga λ

a

2
+ J)]

= iTr[(i/∂ + g/Ga λ
a

2
+ J)−1[(α− βγ5)(J + i/∂ + g/Ga λ

a

2
)− (J + i/∂ + g/Ga λ

a

2
)(α+ βγ5)]

= −2iTr(βγ5) = −2i lim
Λ→∞

Tr[βγ5e
(i/∂+g/Ga λa

2 +J)2

Λ2 ] = −i
Z

d4x tr{β(x)[Ω̃(x) +
g2

32π2 Ga
µνG̃µνa]}
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Z[s, p, v, a, θ] =

Z
DGDΨDΨ eTrln(i/∂+g/Ga λa

2 +J)+i
R

d4x L′QCD(θ,Ψ,G)

L′QCD(θ,Ψ,G) = − 1
4 Ga

µν Gµνa + +Ψ(i/∂ − Mh + g/Ga λa
2 )Ψ− θ

16π2 Ga
µν G̃µνa

δTrln(i/∂ + g/Ga λ
a

2
+ J) ≡ Trln(i/∂ + g/Ga λ

a

2
+ J′)− Trln(i/∂ + g/Ga λ

a

2
+ J)

= −2iTr(βγ5) = −2i lim
Λ→∞

Tr[βγ5e
(i/∂+g/Ga λa

2 +J)2

Λ2 ] = −i
Z

d4x tr{β(x)[Ω̃(x) +
g2

8π2 Ga
µνG̃µνa]}

Ω̃ =
Ncε

µνµ′ν′

16π2 [vµνvµ′ν′ +
4
3

dµaνdµ′aν′ +
2i
3
{vµν , aµ′aν′}+

8i
3

aµvµ′ν′aν +
4
3

aµaνaµ′aν′ ]

Z[s′, p′, v′, a′, θ] =

Z
DGDΨDΨ eTrln(i/∂+g/Ga λa

2 +J′)+i
R

d4x L′QCD(θ,Ψ,G)

= e−i
R

d4x tr[β(x)Ω̃(x)]
Z
DGDΨDΨ eTrln(i/∂+g/Ga λa

2 +J)+i
R

d4x [L′QCD(θ,Ψ,G)−tr(β) g2

8π2 Ga
µν G̃µνa]

= e−i
R

d4x tr[β(x)Ω̃(x)]Z[s, p, v, a, θ + 2trβ] R = 1 + iα + iβ L = 1 + iα− iβ

W[s′, p′, v′, a′, θ′] = W[s, p, v, a, θ]−
Z

d4xtr[β(x)Ω̃(x)] θ′ = θ−2trβ = θ+i ln det(RL†)

ééékkk������CCC���µµµR(x)= ei[β(x)+α(x)] L(x)= e−i[β(x)−α(x)] J′= eδβ J θ′= eδβ θ=θ−2trβ

W[J′, θ′] = eδβ W[J, θ] = W[J, θ] +
eδβ − 1
δβ

δβW[J, θ] = W[J, θ]−
Z 1

0
dt
Z

d4x etδβ tr[β(x)Ω̃(x)]
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Goldstone|||
πa g→ φa[g, π] πa ý�

=== 0 φa[I, π] = πa φa[g1, φ[g2, π]] = φa[g1g2, π]

φa[I, φ[g, 0]] = φa[g, 0] φ[g1, φ[g2, φ[g, 0]]] = φ[g1g2g, 0] = φ[g1g2, φ[g, 0]]

φa[g, 0]���±±±^̂̂555£££ãããπa : φa[I, 0] = 0

¤¤¤kkk¦¦¦φ(h, 0) = 0���h ⊂SU(3)L×SU(3)R///¤¤¤fff+++H

üüü   ���µµµπ = 0 → φ(I, 0) = 0
¦¦¦{{{: φ(h1, 0) = 0 φ(h2, 0) = 0 → φ(h1h2, 0) = φ[h1, φ(h2, 0)] = φ[h1, 0] = 0

ddduuuddd¦¦¦{{{ÒÒÒ´́́���555+++���¦¦¦{{{§§§ggg,,,´́́÷÷÷vvv(((ÜÜÜÆÆÆ

___���µµµ0 = φ(h−1h, 0) = φ[h−1, φ(h, 0)] = φ[h−1, 0]

H���ÔÔÔnnn¹¹¹ÂÂÂ333uuu���±±±ýýý���ØØØCCC£££===lllπ = 0CCC���φ = 0¤¤¤
ÃÃÃ���444���eeeuuu)))ééé¡¡¡555ggguuu»»»"""������eeeééé¡¡¡555´́́SU(3)V → H=SU(3)V !

ééé¤¤¤kkk���g ⊂SU(3)L×SU(3)RÚÚÚh ⊂Hkkk§§§φ(g, 0) = φ(gh, 0)!
ééé¤¤¤kkk���g1, g2 ⊂SU(3)L×SU(3)R,eeeφ(g1, 0) = φ(g2, 0)KKKg−1

1 g2 ⊂H!

φ(ḡ, 0)
g2=g1 ḡ

==== φ[g−1
1 , φ[g1, φ(ḡ, 0)]] = φ[g−1

1 , φ(g1ḡ, 0)] = φ[g−1
1 , φ(g2, 0)] = φ[g−1

1 , φ(g1, 0)]

= φ(I, 0) = 0 → g−1
1 g2 = ḡ ⊂ H
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I φa[g, 0]���±±±^̂̂555£££ãããπa

I ¤¤¤kkk¦¦¦φ(h, 0) = 0���h ⊂SU(3)L×SU(3)R///¤¤¤fff+++H
I ééé¤¤¤kkk���g ⊂SU(3)L×SU(3)RÚÚÚh ⊂Hkkk§§§φ(g, 0) = φ(gh, 0)

I ééé¤¤¤kkk���g1, g2 ⊂SU(3)L×SU(3)R,eeeφ(g1, 0) = φ(g2, 0)KKKg−1
1 g2 ⊂H

���IIIGoldstoneâââfff|||φ(g, 0)ÓÓÓ���uuuSU(3)L×SU(3)R/SU(3)V !
§§§���±±±www333´́́½½½ÂÂÂ333SU(3)L×SU(3)R���������888þþþ£££OOO���g′ = gh¤¤¤"""
���±±±333zzz������888þþþÀÀÀ���������LLL������n§§§^̂̂§§§555���LLL���IIIGoldstoneâââfff|||"""
zzz������888þþþÑÑÑÀÀÀ½½½���LLL���������§§§???¿¿¿���������+++���ÑÑÑ���������///©©©)))���nh
ééé???¿¿¿���+++���g999���888þþþ������LLL���n§§§···���kkkgn = n′hûûû½½½


n333ööö���geee���
���n’CCC���111���§§§ÙÙÙ¥¥¥n’���´́́���888þþþ������LLL���"""

IOÀJµ n = (1,U) U(x) = eiφ(x)/F0 φ(x) =
X λa

√
2
φa(x) φ

ýýý���
=== 0 U ýýý���

=== 1

gn = (L,R)(1,U) = (L,RU) = (1,RUL†)(L, L) = (1,U′)(L, L) = n′h

U → U′ = RUL† Ull′(x) ∼ qR,lαs(x)q̄L,l′αs(x) detU(x) = e−iθ̄

detU′ = det(RUL†) = (detU)elndet(RL†) = e−i[θ+ilndet(RL†)] = e−iθ′

φ[(L,R),U(x)] = RU(x)L† φ[(V,V), 1] = V1V† = 1 φ[(A,A†), 1] = A†1A† 6= 1
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I φa[g, 0]���±±±^̂̂555£££ãããπa

I ¤¤¤kkk¦¦¦φ(h, 0) = 0���h ⊂SU(3)L×SU(3)R///¤¤¤fff+++H
I ééé¤¤¤kkk���g ⊂SU(3)L×SU(3)RÚÚÚh ⊂Hkkk§§§φ(g, 0) = φ(gh, 0)

I ééé¤¤¤kkk���g1, g2 ⊂SU(3)L×SU(3)R,eeeφ(g1, 0) = φ(g2, 0)KKKg−1
1 g2 ⊂H

���IIIGoldstoneâââfff|||φ(g, 0)ÓÓÓ���uuuSU(3)L×SU(3)R/SU(3)V !
§§§���±±±www333´́́½½½ÂÂÂ333SU(3)L×SU(3)R���������888þþþ£££OOO���g′ = gh¤¤¤"""
���±±±333zzz������888þþþÀÀÀ���������LLL������n§§§^̂̂§§§555���LLL���IIIGoldstoneâââfff|||"""
zzz������888þþþÑÑÑÀÀÀ½½½���LLL���������§§§???¿¿¿���������+++���ÑÑÑ���������///©©©)))���nh
ééé???¿¿¿���+++���g999���888þþþ������LLL���n§§§···���kkkgn = n′hûûû½½½


n333ööö���geee���
���n’CCC���111���§§§ÙÙÙ¥¥¥n’���´́́���888þþþ������LLL���"""

,aÀJµ n = (Ω†,Ω) gn = (L,R)(Ω†,Ω) = (LΩ†,RΩ) = (LΩ†h̃†,RΩh̃†)(h̃h̃) = n′h
���333h = (h̃h̃)¦¦¦

======⇒ RΩh̃† = [LΩ†h̃†]†= h̃ΩL† Ω → Ω′ = RΩh̃† = h̃Ω†L†

φ[(L,R),Ω(x)]=RΩh̃†= h̃Ω†L† φ[(V,V), 1]=V1V†=1 φ[(A,A†), 1]=A†1h̃†= h̃1A† 6=1

Ω2(x) → Ω2′(x) = RΩ2(x)L† ⇒ U = Ω2 Ω(x) = eiφ(x)/(2F0)

φ
ýýý���

=== 0 Ω
ýýý���

=== 1
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ÃÃÃ���kkk���...¼¼¼þþþ

W[s′, p′, v′, a′, θ′] = W[s, p, v, a, θ]−
Z

d4xtr[β(x)Ω̃(x)] θ′ = θ−2trβ = θ+i ln det(RL†)

Z[s, p, v, a, θ] = eiW[s,p,v,a,θ] =

Z
DµU ei

R
d4x Leff[U,s,p,v,a,θ]

eiW[s′,p′,v′,a′,θ′] =

Z
DµU′ ei

R
d4x Leff[U

′,s′,p′,v′,a′,θ′] DµU′=DµU
======

Z
DµU ei

R
d4x Leff[U

′,s′,p′,v′,a′,θ′]

= eiW[s,p,v,a,θ]−
R

d4x tr[βΩ̃] =

Z
DµU ei

R
d4x {Leff[U,s,p,v,a,θ]−tr[βΩ̃]}

Leff[U′, s′, p′, v′, a′, θ′] = Leff[U, s, p, v, a, θ]− tr[βΩ̃] ���~~~ÜÜÜ©©©333���eee!!!???ØØØ

ééékkk������CCC���µµµR = ei[β+α] L = e−i[β−α] J′ = eδβ J θ′ = eδβ θ = θ − 2trβ

Leff[U′, J′] =eδβLeff[U, J]=Leff[U, J]+
eδβ−1
δβ

δβLeff[U, J] = Leff[U, J]−
Z 1

0
dt
Z

d4x etδβ tr[βΩ̃]

������///µµµ U′ = RUL† s′ − ip′ = L(s− ip)R† s′ + ip′ = R(s + ip)L†

v′µ + a′µ = R(vµ + aµ)R† + Ri∂µR† v′µ − a′µ = L(vµ − aµ)L† + Li∂µL†

∇µU ≡ ∂µU − i(vµ + aµ)U + iU(vµ − aµ) (∇µU)′ = ∂µU′− i(v′µ+a′µ)U′+ iU′(v′µ−a′µ) = R(∇µU)L†

detU = e−iθ tr(U†∇µU) = −i∇µθ ∇µθ = ∂µ + 2traµ
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$$$UUUÐÐÐmmm���êêê���

I U��p0
���¹¹¹???¤¤¤kkk���&&&EEE

I ∂µ��p1

I vµ, aµ��p1
���CCC���ûûû������NNN555

I s ∼ M Dashenúª
=====⇒ M2

π��p2
���yyyπ000fff���444:::

I p��p2

L(0)
eff = 0

L(2)
eff =

F2
0

4

h
tr[∇µU∇µU†] + 2B0tr[(s− ip)U + (s + ip)U†]

i
+

H0

12
tr(∇µθ∇µθ)

L(4)
eff = L1{tr[∇µU(∇µU)†]}2 + L2tr[∇µU(∇νU)†tr[∇µU(∇νU)†]

+L3tr[∇µU(∇µU)†∇νU(∇νU)†] + L4tr[∇µU(∇µU)†]tr(χU† + Uχ†)

+L5tr[∇µU(∇µU)†(χU† + Uχ†)] + L6[tr(χU† + Uχ†)]2 + L7[tr(χU† − Uχ†)]2

+L8tr(Uχ†Uχ† + χU†χU†)− iL9tr[f R
µν∇µU(∇νU)† + f L

µν(∇µU)†∇νU]

+L10tr(Uf L
µνU†fµνR ) + H1tr(f R

µν fµνR + f L
µν fµνL ) + H2tr(χχ†)

For O(p4): θ=1; detU =1; trvµ = traµ =0; χ≡2B0(s+ip); f R
µν ≡∂µrν−∂ν rµ−i[rµ, rν ]; f L

µν ≡∂µlν−∂ν lµ−i[lµ, lν ]
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,,,���«««���ªªªëëëêêêzzzÃÃÃ���...¼¼¼þþþ

���AAA½½½���ÃÃÃ���===ÄÄÄL = R† = Ω U = Ω2 ⇒ UΩ = RUL† = Ω†UΩ† = 1

JΩ ≡ /vΩ
+ /aΩ

(x)γ5 − sΩ + ipΩγ5 = [ΩPR + Ω†PL] [J + /∂x] [ΩPR + Ω†PL]

sΩ =
1
2
[Ω(s− ip)Ω + Ω†(s + ip)Ω†] pΩ =

i
2
[Ω(s− ip)Ω− Ω†(s + ip)Ω†]

vµΩ=
1
2
[Ω†(vµ+aµ+i∂µ)Ω+Ω(vµ−aµ+i∂µ)Ω†] aµΩ=

1
2
[Ω†(vµ+aµ+i∂µ)Ω−Ω(vµ−aµ+i∂µ)Ω†]

Ω ≡ e−iβ β = − φ
2fπ

Leff[U, J] = Leff[1, JΩ] +
R 1

0 dt etδβ trf [β(x)Ω̃(x)]

L(2)
eff = F2

0 tr[a2
Ω + B0sΩ]

L(4)
eff = tr{−K1[dµaµΩ]2 −K2(dµaνΩ − dνaµΩ)(dµaΩ,ν − dνaΩ,µ) +K3[a2

Ω]2

+K4aµΩaνΩaΩ,µaΩ,ν +K5a2
Ωtrf [a2

Ω] +K6aµΩaνΩtr[aΩ,µaΩ,ν ] +K7s2
Ω

+K8sΩtr[sΩ] +K9p2
Ω +K10pΩtr[pΩ] +K11sΩa2

Ω +K12sΩtr[a2
Ω]

−K13VµνΩ VΩ,µν + iK14VµνΩ aΩ,µaΩ,ν +K15pΩdµaΩ,µ}

dµaνΩ = [∂µ − ivµΩ, aνΩ] VµνΩ = i[vµΩ, v
ν
Ω]
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,,,���«««���ªªªëëëêêêzzzÃÃÃ���...¼¼¼þþþ

L1 =
1
32
K4 +

1
16
K5 +

1
16
K13 −

1
32
K14 L2 =

1
16

(K4 +K6) +
1
8
K13 −

1
16
K14

L3 =
1
16

(K3 − 2K4 − 6K13 + 3K14) L4 =
K12

16B0
L5 =

K11

16B0
L6 =

K8

16B2
0

L7 = − K1

16Nf
− K10

16B2
0
− K15

16B0Nf
L8 =

1
16

[K1 +
1
B2

0
K7 −

1
B2

0
K9 +

1
B0
K15]

L9 =
1
8
(4K13 −K14) L10 =

1
2
(K2 −K13) H1 = −1

4
(K2 +K13)

H2 =
1
8
[−K1 +

1
B2

0
K7 +

1
B2

0
K9 −

1
B0
K15]

dµaνΩ − dνaµΩ =
1
2
[Ω†fµνR Ω− ΩfµνL Ω†] aµΩ =

i
2
Ω†[∇µU]Ω†

sΩ =
1
2
[Ω(s− ip)Ω + Ω†(s + ip)Ω†] pΩ =

i
2
[Ω(s− ip)Ω− Ω†(s + ip)Ω†]

VµνΩ =
i
4
Ω†[−(∇µU)U†(∇νU) + (∇νU)U†(∇µU)]Ω† +

1
2
[Ω†fµνR Ω + ΩfµνL Ω†]

dµaµΩ = −B0[pΩ −
1
3

trf (pΩ)]
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fπ = F0 [1− 2µπ − µK + 2m̂K6 + K7] µP ≡
1

32π2

m2
P

F2
0

ln
m2

P

µ2 µ = mη

93MeV K6 ≡
4B0

F2
0

L5 L7 ≡ (mu + md + ms)
8B0

F2
0

L6

L1 = (0.9± 0.3)× 10−3 L2 = (1.7± 0.7)× 10−3 L3 = (−4.4± 2.5)× 10−3

L4 = (0± 0.5)× 10−3 L5 = (2.2± 0.5)× 10−3 L6 = (0± 0.3)× 10−3

L7 = (−0.4± 0.15)× 10−3 L8 = (1.1± 0.3)× 10−3 L9 = (7.4± 0.7)× 10−3

L10 = (−6.0± 0.7)× 10−3

XXXÛÛÛÚÚÚ\\\>>>fff���ppp���^̂̂ººº ���ÄÄÄNf = 2���///:

L = (u d)[i/∂ + g
λa

2
/Ga

]

„
u
d

«
+ (u d)[g2

τ a

2
/WaPL +

g1

6
/BPL]

„
u
d

«
+ u

2
3

g1/BPRu− d
1
3

g1/BPRd

= (u d)[i/∂ + g
λa

2
/Ga

+ g2
τ a

2
/WaPL +

g1

6
/BPL + g1/B(

1
6

+
τ 3

2
)PR]

„
u
d

«
= (u d)[i/∂ + g

λa

2
/Ga

+g2
τ a

2
/WaPL +

g1

6
/B + g1/B

τ 3

2
PR]

„
u
d

«
Nf = 3NNNooo���ººº

(u d)[/v + /aγ5]

„
u
d

«
⇔ vµ = g2

τ a

4
Wa
µ+(

1
6

+
τ 3

4
)g1Bµ aµ = −g2

τ a

4
Wa
µ+(

1
6

+
τ 3

4
)g1Bµ
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Weinbergêêê���555KKK
J.F.Donoghue, E.Golowich and B.R.Holestein555Dynamics of the Standard Model666pp.107-109

ÃÃÃ			


���Goldstone���AAA���ÌÌÌ T ∼ mDm EDE H(ln
E
µ

) Dm +DE = DT = 4− NE 			���êêê

vn�1na.º�§Ùkbn^	�dn��ûµ ⇒ ù
º��ÍÜ~êþj ∼ m
P

vn(4−dn−bn)X
vnbn = NE + 2NI 			���êêê NI = NL ���êêê+

X
vn − 1

Dm =
X

vn(4− dn)− NE − 2NI =
X

vn(2− dn) + 2− NE − 2NL

DE = 4− NE −Dm =
X

vn(dn − 2) + 2NL + 2 T ∼ E2

f NE−2
π

»
1 + O(

1
16π2

E2

f 2
π

) + . . . . . .

–
I p2�µ�U�Äp2º��äã

I p4�µ a. p2º����ã b.¹��p4º�Ù§Ñ´p2º��äã£££þþþ���fπ

p4ººº���XXXêêê���---���p2ººº���������ããã���)))���uuuÑÑÑ��� ⇒ p4ººº���XXXêêê´́́p2ººº���������ããã���zzz���þþþ???∼ 1/(16π2)

nnn)))þþþ���¢¢¢���½½½ÑÑÑ���LiXXXêêê���þþþ???���$$$UUUÐÐÐmmm���þþþ���Λ = 4πfπ

I p6�µ a. p2º����ã b.¹��p4º�Ù§Ñ´p2º����ã

c.¹ü�p4º�Ù§Ñ´p2º��äã

d.¹��p6º�Ù§Ñ´p2º��äã
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lllQCD���~~~nnn)))Gasser-Leutwyler...¼¼¼þþþ
I D.Espriu, E.De Rafael, and J.Taron, Nucl.Phys.B345,22(1990).
I A.A. Andrianov et al, Phys. Lett. B186, 401 (1987); A.A. Andrianov, Phys. Lett. B157, 425 (1985);
I N.I.Karchev and A.A.Slavnov, Theor.Mat.Phys.65,192(1985);
I L.-H. Chan, Phys. Rev. Lett. 55, 21 (1985);
I A. Zaks, Nucl. Phys. B 260, 241 (1985);
I J. Balog. Phys. Lett. B 149, 197 (1984);

I A.A. Andrianov and L. Bonora, Nucl. Phys. B233, 232(1984);Z
DµU ei

R
d4x Leff[U,J] = eiW[J] =

Z
DGDΨDΨDψDψ ei

R
d4x[LQCD(θ,ψ,Ψ,G)+ψJψ]

ψ′ = [RPR + LPL]ψ J′ = [RPL + LPR][J + i/∂][R†PR + L†PL] U′ = RUL†

U = Ω2 ψΩ = [Ω†PR + ΩPL]ψ JΩ = [ΩPR + Ω†PL][J + i/∂][ΩPR + Ω†PL] UΩ = 1

eiW[J] W[J′] = W[J]+���~~~
=========

Z
DµU eiW[JΩ] =

Z
DµU

Z
DGDΨDΨDψDψ ei

R
d4x[LQCD(θ,ψ,Ψ,G)+ψJΩψ]

ei
R

d4x Leff[U,J] =

R
DGDΨDΨDψΩDψΩ ei

R
d4x[LQCD(θ,ψ,Ψ,G)+ψJψ]R

DGDΨDΨDψDψ ei
R

d4x[LQCD(θ,ψ,Ψ,G)+ψJψ]
= QCD���~~~

8L1 = 4L2 = −2L3 = 24L7 = −8L8 = L9 = −2L10 = Nc/(48π2) F0 = 0,∝ Λ ⇐ ÑÑÑ���QCDÄÄÄåååÆÆÆ

½½½ÃÃÃ���???nnnØØØµµµ −MQ(ψRUψL + ψLU†ψR) ⇒ f 2
π = M2

Q/(4π4)[1 + . . . . . .]
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lllQCDÄÄÄåååÆÆÆnnn)))Gasser-Leutwyler...¼¼¼þþþ
I Q.Wang,Y.P.Kuang, X.Wang and M.Xiao, Phys.Rev.D61,54011(2000)

I ���²²²,���ÆÆÆXXX,������,pppUUUÔÔÔnnn���ØØØÔÔÔnnn66624òòò5ÏÏÏ(2000)379���
I H.Yang,Q.Wang,Q.Lu,Phys.Lett. B532, 240 (2002)

I Q.Wang, Y.P.Kuang, H.Yang, Q.Lu,J. Phys. G28, L55(2002)

I H.Yang, Q.Wang, Y.P.Kuang and Q.Lu, Phys. Rev. D66 014019(2002)

I Q.Wang, Int J. Mod. Phys. A20,1627(2005)

I lllQCDÑÑÑuuu§§§///ªªª///îîî���ÈÈÈKKK§§§���ÚÚÚ���fff§§§ÈÈÈ???���III000fff§§§������CL
I ¤¤¤kkkÃÃÃ���...¼¼¼þþþ¥¥¥���ëëëêêêÑÑÑ���îîî���LLL���QCD������


õõõ:::§§§���������¼¼¼êêê
I nnnØØØ¥¥¥���SCSB���ÄÄÄ���dddnnnØØØ���������gggTTTÄÄÄåååÆÆÆ���§§§SDE���)))ûûû½½½
I XXXJJJuuu)))


SCSB§§§���III000fffÒÒÒ´́́GoldstoneÀÀÀÚÚÚfff
I CCCqqqOOO���LLL²²²ÃÃÃ���ééé¡¡¡555(((¢¢¢uuu)))ggguuu»»»"""

I QCD���~~~������zzz���îîî���---���


���
I CL¥¥¥���ëëëêêê���������666QCD���SCSB§§§���gggUUUΣ(p2)§§§êêê������¢¢¢���(((JJJ������

ééé&&&¢¢¢###ÔÔÔnnn���AAA^̂̂���
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Exp(Old)µGasser&Leutwyler 84 Exp(New)µA.Pich MENU2004

L1 L2 L3 L4 L5
A 1.10 2.20 -7.82 0 1.62
B 0.921 1.84 -6.73 0 1.43
C 0.948 1.90 -6.90 0 1.29

Anomaly 0.79 1.58 -3.17 0 0

Exp (Old) 0.9 ± 0.3 1.7 ± 0.7 −4.4±2.5 0±0.5 2.2±0.5
Exp (New) 0.4±0.3 1.4±0.3 −3.5±1.1 −0.3±0.5 1.4±0.5

WKernel of SD eq is proportional to αs with its low energy behavior not known, we
model its possible low energy behavior by : A(solid line), B(dash line), C(dot line)

L6 L7 L8 L9 L10
A 0 -0.70 1.75 5.07 -7.06
B 0 -0.673 1.64 3.80 -6.22
C 0 -0.632 1.56 3.95 -6.21

Amomaly 0 0.26 -0.79 6.33 -3.17

Exp (Old) 0 ± 0.3 −0.4 ± 0.15 1.1 ± 0.3 7.4 ± 0.7 −6.0 ± 0.7
Exp (New) −0.2 ± 0.3 −0.4 ± 0.2 0.9 ± 0.3 6.9 ± 0.7 −5.5 ± 0.7

orders and signs are correct !
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E.Witten, Nucl.Phys.B223,422(1983)

©©©ÛÛÛØØØ¹¹¹			


���ÃÃÃ���...¼¼¼þþþ���ééé¡¡¡555L =
f 2
π
4 tr(∂µU∂µU†)

I U → UT >>>ÖÖÖ���ÝÝÝCCC���⇐=====⇒ π+ ↔ π− K+ ↔ K− K0 ↔ K̄0

U = ei φ
fπ φ =

0BB@
π0
√

2
+ 1√

6
η π+ K+

π− − π0
√

2
+ 1√

6
η K0

K− K̄0 −
√

2√
3
η

1CCA
I Naive Parity P0 ØØØ´́́ÔÔÔnnn������¡¡¡CCC���: x → −x, t ↔ t, U ↔ U

I U ↔ U−1 SSSÜÜÜ���¡¡¡CCC���⇐=====⇒ φ↔ −φéNB�Goldstone�º�(−1)NB ØØØ´́́

ÔÔÔnnn������¡¡¡CCC���

ÔÔÔnnnþþþ������¡¡¡µµµ P0(−1)NB

QCD���äääkkk>>>ÖÖÖ���ÝÝÝÚÚÚÔÔÔnnn������¡¡¡ééé¡¡¡555§§§ØØØ©©©OOOäääkkkP0½½½(−1)NBééé¡¡¡555�

ÏÏÏéééØØØ©©©OOOäääkkkP0ÚÚÚ(−1)NB���kkkP0(−1)NB���ÔÔÔnnnLLL§§§

kkk���nnnØØØ¥¥¥AAAkkkØØØ©©©OOOäääkkkP0ÚÚÚ(−1)NB���kkkP0(−1)NBééé¡¡¡555�������
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ÏÏÏéééØØØ©©©OOOäääkkkP0ÚÚÚ(−1)NB���kkkP0(−1)NB���ÔÔÔnnnLLL§§§

φ → K+K−| {z } """������ppp���^̂̂

−−−−− → π0π+π−

JP = 1− JP = 1− JP = 1−

K+K− : (−1)NB = 1 ;;;������ÄÄÄþþþl üüü���ÃÃÃggg^̂̂���III000fff///¤¤¤J =1������
============== 1 P0

üüü������III000fff///¤¤¤J =1���¥¥¥þþþ���
============= −1

J = 1dl = 1¢y¶ P = −dP0 = −1¢y

π0π+π− : (−1)NB = −1 ;;;������ÄÄÄþþþl nnn���ÃÃÃggg^̂̂���III000fff///¤¤¤J =1������
============== 1 P0

nnn������III000fff///¤¤¤J =1���¶¶¶¥¥¥þþþ���
============= 1

J = 1dl = 1¢y¶ P = −d(−1)NB = −1¢y

K+K− → π0π=π−���LLL§§§ØØØ©©©OOOäääkkkP0ÚÚÚ(−1)NB���kkkP0(−1)NBééé¡¡¡555���

§§§ØØØUUU^̂̂···���®®®ïïïááá���ÃÃÃ���...¼¼¼þþþ£££ãããÏÏÏ§§§ØØØ©©©OOOäääkkkP0ÚÚÚ(−1)NBééé¡¡¡555

ÃÃÃ���...¼¼¼þþþ���U = e
i φ

fπ ���(−1)NBééé¡¡¡555333UUUφ������gggÐÐÐmmm������###NNN���333óóóêêê���φ"""

III���333ïïïááá���ÃÃÃ���...¼¼¼þþþ¥¥¥\\\\\\###������ppp���^̂̂���£££ãããùùùaaaÔÔÔnnnLLL§§§���

������ÃÃÃ���...¼¼¼þþþ¥¥¥ÒÒÒ���AAATTTkkk���~~~��� 333			


CCCzzzeeeUUUCCC������
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©©©ÛÛÛ$$$ÄÄÄ���§§§: ∂µ(
1
2 f 2
πU−1∂µU) = 0

∂µ(
1
2

f 2
πU−1∂µU) + λεµνσρ[U−1(∂µU)U−1(∂νU)U−1(∂σU)U−1(∂ρU)] = 0

P0 : 1 − 1

(−1)NB : − 1 1 U−1∂µU U↔U−1

====⇒ U∂µU−1 = −(∂µU)U−1

$Ä�§ª¥�ü�¤äk�Ôn�¡é¡5P = P0(−1)NB´����

éééAAA333...¼¼¼þþþ¥¥¥AAATTT\\\\\\: λεµνσρtr[U−1(∂µU)U−1(∂νU)U−1(∂σU)U−1(∂ρU)]

���ùùù���ððð���"""���������ooo���²²²TTT���|||���§§§���vvvkkk���²²²TTT���...¼¼¼þþþéééAAAººº

���ÄÄÄ������{{{zzz���¯̄̄KKKµµµgggddd���:::333üüü   ¥¥¥þþþ$$$ÄÄÄ

L =
1
2

m~̇r2 ~r ·~r = 1 ...¼¼¼þþþÚÚÚ���ååå^̂̂���©©©OOO333~r ↔ −~rÚÚÚt ↔ −teeeÑÑÑ���±±±ØØØCCC���

UUUÄÄÄ333...¼¼¼þþþ¥¥¥\\\������¦¦¦~r ↔ −~rÚÚÚt ↔ −t©©©OOOØØØ¤¤¤ááá§§§���éééÜÜÜCCC���¤¤¤áááººº

S=

Z
dt [

1
2

mẋ2
i +λ(x2

i −1)]
$$$ÄÄÄ���§§§
===⇒ mẍi−2λxi =0 ⇒ λ=−m

2
ẋ2

i ⇐ ẋ2
i +xiẍi =0 ���ååå^̂̂������ûûûüüüggg⇐=======

⇒ m(ẍi+xiẋ2
j )=0 ���mmm������CCCÒÒÒ!!!���mmm���üüüØØØCCCÒÒÒ⇒ m(ẍi+xiẋ2

j )=αεijkxjẋk
éééAAA...¼¼¼þþþ

====⇒ αεijkxixjẋk =0
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���ÄÄÄ������{{{zzz���¯̄̄KKKµµµgggddd���:::333üüü   ¥¥¥þþþ$$$ÄÄÄ

L =
1
2

m~̇r2 ~r ·~r = 1 ...¼¼¼þþþÚÚÚ���ååå^̂̂���©©©OOO333~r ↔ −~rÚÚÚt ↔ −teeeÑÑÑ���±±±ØØØCCC���

UUUÄÄÄ333...¼¼¼þþþ¥¥¥\\\������¦¦¦~r ↔ −~rÚÚÚt ↔ −t©©©OOOØØØ¤¤¤ááá§§§���éééÜÜÜCCC���¤¤¤áááººº

S=

Z
dt [

1
2

mẋ2
i +λ(x2

i −1)]
$$$ÄÄÄ���§§§
===⇒ mẍi−2λxi =0 ⇒ λ=−m

2
ẋ2

i ⇐ ẋ2
i +xiẍi =0 ���ååå^̂̂������ûûûüüüggg⇐=======

⇒ m(ẍi+xiẋ2
j )=0 ���mmm������CCCÒÒÒ!!!���mmm���üüüØØØCCCÒÒÒ⇒ m(ẍi+xiẋ2

j )=αεijkxjẋk
éééAAA...¼¼¼þþþ

====⇒ αεijkxixjẋk =0

­­­���###\\\\\\���ååå���µµµ αεijkxjẋk = −α(ṙ × ~r
r3 )i

âââÔÔÔ[[[ååå q~v× ~B

±±±¥¥¥ÔÔÔ³³³///ªªªÑÑÑyyy���^̂̂|||: ~B =
~r
r3 ⇐ ^|�Ud u¥%�ü :^Ö�)�

¤¤¤III\\\���			ååå¢¢¢SSSþþþÒÒÒ´́́333¥¥¥%%%\\\���üüü   ^̂̂ÖÖÖ���^̂̂üüü444§§§¿¿¿@@@������:::���>>>ÖÖÖ−α
Ï
ÉâÔ[å−α~v× ~B
���^̂̂üüü444³³³ØØØUUU333������mmm½½½ÂÂÂ,���333Diracuuu ���ÃÃÃ¡¡¡���ÃÃÃ¡¡¡[[[ÚÚÚ���+++∇·~B 6=0,~B=∇×~A ⇒ ∇·~B=0

ddd«««¯̄̄KKKéééAAA���...¼¼¼þþþØØØUUU333ëëëYYY���������¼¼¼êêê¥¥¥ÏÏÏééé���

S =

Z
dt [

1
2

mẋ2
i + αẋiAi] AikkkÛÛÛÉÉÉ555
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:::^̂̂ÖÖÖ333¥¥¥%%%kkk^̂̂üüü444üüü   ¥¥¥þþþ$$$ÄÄÄµµµ
R
Dxi eiS

´́́»»»ÈÈÈ©©©

S =

Z
dt [

1
2

mẋ2
i + αẋiAi]

Z
dtαẋiAi =

Z
γ

αAidxi γµµµ444´́́»»»µµµ xi(t = ∞) = xi(t = −∞)

³³³Ai´́́ÛÛÛÉÉÉ���§§§XXXÛÛÛLLL���§§§ººº

´́́»»»ÈÈÈ©©©;;;������������¥¥¥¡¡¡���¤¤¤kkk���UUUNNN���ÑÑÑ´́́ÿÿÿÀÀÀ���ddd��� Π1(S2) = 0

´́́»»»ÈÈÈ©©©;;;���NNN������������¥¥¥¡¡¡���­­­���¤¤¤���������¡¡¡ÈÈÈ ÃÃÃ������AAA^̂̂������úúúªªª

eiα
R
γ Aidxi = eiα

RR
D FijdΣ

ij
D: γ¤¤¤���������¡¡¡ÈÈÈ ^̂̂|||Fij333¥¥¥¡¡¡þþþ´́́vvvkkkÛÛÛÉÉÉ555���

¡¡¡ÈÈÈDkkküüü«««���{{{D,D′,eee���¦¦¦nnnØØØgggUUU H
D FijdΣ

ij = −
R

d~S · ∇ 1
r = −

R
dτ∇2 1

r = 4π

eiα
RR

D FijdΣ
ij

= e−iα
RR

D′ FijdΣ
ij
⇒ 1 = eiα

H
FijdΣ

ij üüü   ^̂̂ÖÖÖ^̂̂ÏÏÏþþþ
======= e4iπα ⇒ α =

n
2

Dirac^̂̂ÖÖÖþþþfffzzz

¤¤¤ÚÚÚ\\\^̂̂ååå������^̂̂þþþ333���������mmm¥¥¥ÃÃÃ{{{½½½ÂÂÂ§§§���333������¥¥¥¡¡¡þþþ(((���éééÐÐÐ///½½½ÂÂÂ���

ÏÏÏLLL,,,ppp���mmm���êêê§§§���)))ûûû���^̂̂þþþÃÃÃ½½½ÂÂÂ¯̄̄KKK���S = 1
2 m
R

dt ẋ2
i + n

2

RR
D FijdΣij
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£££555???ØØØ���~~~ÜÜÜ©©©���ÃÃÃ���...¼¼¼þþþ

333ooo���îîî¼¼¼������E4???ØØØ:òòòÃÃÃ¡¡¡���www¤¤¤ÓÓÓ���:::⇒ S4NNN������SU(3) Π4(SU(3) = 0

���~~~���^̂̂þþþAAA½½½ÂÂÂ333ooo������mmmS4���ÊÊÊ������Q½½½Q′þþþµµµ

Γ =

Z
Q
ωijklmdΣijklm Γ′ = −

Z
Q′
ωijklmdΣijklm eiΓ=eiΓ′

====⇒
I

S5=Q+Q′
ωijklmdΣijklm = 2nπ

n = 1���(((JJJ®®®dddêêêÆÆÆ[[[���ÑÑÑµµµ R.Seeley, Comm.Math.Phys.62,235(1978)

ωijklmdΣijklm = − i
240π2 tr(U−1 ∂U

∂yi
U−1 ∂U

∂yj
U−1 ∂U

∂yk
U−1 ∂U

∂yl
U−1 ∂U

∂ym
)dΣijklm

ÃÃÃ			


������~~~ÜÜÜ©©©���^̂̂þþþµµµ Wess-ZuminoïïïÄÄÄLLLΓ,Witten\\\þþþXXXêêên

S���~~~ = nΓ ⇐Wess-Zumino-Witten��� Γ =

Z
Q
ωijklmdΣijklm

���$$$������ÔÔÔnnnLLL§§§µµµ U−1∂µU = i√
2fπ
φ+ O(φ2)

240π2f 5
π

Z
ωijklmdΣijklm =

Z
tr(∂iφ∂jφ∂kφ∂lφ∂mφ)dΣijklm =

Z
∂itr(φ∂jφ∂kφ∂lφ∂mφ)dΣijklm

= εµνσρ
Z

d4x tr(φ∂µφ∂νφ∂σφ∂ρφ) + O(φ6)
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\\\\\\>>>^̂̂���^̂̂ ���


OOO���n

���ÄÄÄnnn���������: Q =

0@ 2
3 0 0
0 − 1

3 0
0 0 − 1

3

1A
Γ ⇒ Γ̃ = Γ(U)− e

Z
jµAµd4x

+
ie2

24π2

Z
εµνσρ(∂µAν)Aσtr[Q2(∂ρU)U−1 + Q2U−1∂ρU + QUQU−1(∂ρU)U−1]d4x

jµ ≡ 1
48π

εµνσρtr[Q(∂νU)U−1(∂σU)U−1(∂ρU)U−1 + QU−1(∂νU)U−1(∂σU)U−1(∂ρU)]

þþþªªª¬¬¬������LLL§§§π0 → γγ,���ÌÌÌ���

A =
ne2

96π2fπ
π0εµνσρFµνFσρ

���~~~���ÑÑÑ���úúúªªªééé'''
========⇒ n = Nc

XXXÚÚÚ///ïïïááá555���zzz���~~~���^̂̂þþþ������{{{(AbelÚÚÚ���Abel): ±±±111ððð!!!HHHÇÇÇ===!!!yyy111���
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lllCCC���555���ÈÈÈ©©©���������~~~���^̂̂þþþ

R = ei[β+α] L = e−i[β−α] J′ = eδβ J θ′ = eδβθ = θ − 2trβ

Leff[U′, J′] = Leff[U, J]−
Z 1

0
dt
Z

d4x etδβ tr[β(x)Ω̃(x)]

¢¢¢111AAAÏÏÏ���ÃÃÃ���===ÄÄÄ L = R† = Ω = e−iβ β = − φ
2fπ

UΩ = 1

Leff[U, J] = Leff[1, JΩ] + Γ Γ ≡
Z 1

0
dt
Z

d4x etδβ tr[β(x)Ω̃(x)]

Γ = (1− eδβ )Z[J] = Z[J]− Z[JΩ]
Ωt=e−itβ(x)

===== Z[JΩ0 ]− Z[JΩ1 ] = −
Z 1

0
dt

dZ[JΩt ]

dt

=

Z 1

0
dt
Z

d4x tr[β(x)Ω̃(x)]
˛̨̨̨

J→JΩt

=
i
2

Z 1

0
dt
Z

d4x tr[
∂Ut(x)
∂t

U†t (x)Ω̃(x)]
˛̨̨̨

J→JΩt

J=0
=== − Nci

48π2

Z 1

0
dt
Z

d4x εµνµ
′ν′ tr

»
U†t (x)

∂Ut(x)
∂t

Lµ(t, x)Lν(t, x)Lµ′(t, x)Lν′(t, x)
–

Lµ ≡ U†∂µU dµaνΩ

˛̨̨̨
J=0

= dνaµΩ

˛̨̨̨
J=0

VµνΩ

˛̨̨̨
J=0

= i[aµΩ, a
ν
Ω]

˛̨̨̨
J=0
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¢¢¢111AAAÏÏÏ���ÃÃÃ���===ÄÄÄ L = R† = Ω = e−iβ β = − φ
2fπ

UΩ = 1

Leff[U, J] = Leff[1, JΩ] + Γ Γ ≡
Z 1

0
dt
Z

d4x etδβ tr[β(x)Ω̃(x)]

Γ = (1− eδβ )Z[J] = Z[J]− Z[JΩ] =
i
2

Z 1

0
dt
Z

d4x tr[
∂Ut(x)
∂t

U†t (x)Ω̃(x)]
˛̨̨̨

J→JΩt

J=0
=== − Nci

48π2

Z 1

0
dt
Z

d4x εµνµ
′ν′ tr

»
U†t (x)

∂Ut(x)
∂t

Lµ(t, x)Lν(t, x)Lµ′(t, x)Lν′(t, x)
–

Lµ ≡ U†∂µU dµaνΩ

˛̨̨̨
J=0

= dνaµΩ

˛̨̨̨
J=0

VµνΩ

˛̨̨̨
J=0

= i[aµΩ, a
ν
Ω]

˛̨̨̨
J=0

Z
d4x εµνσρ =

Z
Q

dΣijklm ∂

∂ym

∂
∂t tr[Li(t,y)Lj(t,y)Lk(t,y)Ll(t,y)Lm(t,y)]dΣijklm=5 ∂

∂ym tr[U†(t,y) ∂U(t,y)
∂t Li(t,y)Lj(t,y)Lk(t,y)Ll(t,y)]dΣijklmZ

Q
dΣijklmtr[Li(y)Lj(y)Lk(y)Ll(y)Lm(y)] =

Z
Q

dΣijklm
Z 1

0
dt
∂

∂t
tr[Li(t,y)Lj(t,y)Lk(t,y)Ll(t,y)Lm(t,y)]

= 5
Z

d4x
Z 1

0
dt εµνσρtr[U†(t, x)

∂U(t, x)
∂t

Lµ(t, x)Lν(t, x)Lσ(t, x)Lρ(t, x)]

Γ
J =0
==− Nci

48π2

Z 1

0
dt
Z

d4x εµνµ
′ν′tr[U†

∂U
∂t

LµLνLµ′Lν′]=−
Nci

240π2

Z
Q
dΣijklmtr[Li(y)Lj(y)Lk(y)Ll(y)Lm(y)]
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Wess-Zumino-Witten���

Γ
J =0
==− Nci

48π2

Z 1

0
dt
Z

d4x εµνµ
′ν′tr[U†

∂U
∂t

LµLνLµ′Lν′]=−
Nci

240π2

Z
Q
dΣijklmtr[Li(y)Lj(y)Lk(y)Ll(y)Lm(y)]

Γ = Γ

˛̨̨̨
J=0

+
1

48π2

Z
d4xεµναβWµναβ UµL = ∂µU · U−1 UµR = U−1∂µU

Wµναβ = tr


[−lµUνLUαLUβL + ∂µlν lαUβL + lµ∂ν lαUβL + (L → R)]

+∂µlνUrαU−1UβL + U∂µrνU−1lαUβL −
1
2
[lµUνLlαUβL − L → R]

+lµUrνU−1UαLUβL − UrµU−1lνUαLUβL − lµ∂ν lαUrβU−1 − ∂µlν lαUrβU−1

+rµ∂νrαU−1lβU + ∂µrνrαU−1lβU + lµUrνU−1lαUβL + rµU−1lνUrαUβR

+[lµlν lαUβL + (L → R)]− lµlnulαUrβU−1 + rµrνrαU−1lβUβL

−1
2

lµUrνU−1lαUrβU−1
ff

ppp������~~~���333ééé¡¡¡555CCC���eee´́́ØØØCCC������
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lllQCDÄÄÄåååÆÆÆnnn)))���~~~��� Y.L.Ma, Q.Wang,Phys. Lett. B560, 188 (2003)

Seff,���~~~ = −24
π2 εµναβ

Z 1

0
dt
Z

d4x trf


∂U
∂t

U†
»

C(2∇̄µ∇̄ν∇̄α∇̄β + 2aµΩaνΩ∇̄α∇̄β

−2∇̄µaνΩ∇̄αaβΩ + 2∇̄µaνΩaαΩ∇̄β + 2aµΩ∇̄
ν∇̄αaβΩ − 2aµΩ∇̄

νaαΩ∇̄β

+2∇̄µ∇̄νaαΩaβΩ + 2aµΩaνΩaαΩaβΩ) + C′(4∇̄µ∇̄ν∇̄α∇̄β + 2aµΩaνΩ∇̄α∇̄β

−2∇̄µaνΩ∇̄αaβΩ + 4aµΩ∇̄
ν∇̄αaβΩ − 2aµΩ∇̄

νaαΩ∇̄β + 2∇̄µ∇̄νaαΩaβΩ)

+
C”

3
(2∇̄µ∇̄ν∇̄α∇̄β − 2∇̄µaνΩaαΩ∇̄β + 2aµΩ∇̄

ν∇̄αaβΩ − 2aµΩaνΩaαΩaβΩ)

–ff
+O(p6)

Σ 6=0
=== Γ + O(p6)

C=
3

π2

Z
d4k
 4Σ6(k2)

[k2 + Σ2(k2)]5
−

8k2Σ′(k2)Σ5(k2)

[k2 + Σ2(k2)]5

ff
C′=

3

π2

Z
d4k
 4k2Σ4(k2)

[k2 + Σ2(k2)]5
−

8k4Σ′(k2)Σ3(k2)

[k2 + Σ2(k2)]5

ff

C”=
3

π2

Z
d4k
 4k4Σ2(k2)

[k2 + Σ2(k2)]5
−

8k6Σ′(k2)Σ(k2)

[k2 + Σ2(k2)]5

ff
C = C′ = C” =

8><>:
0 Σ(k2) = 0

1 Σ(k2) 6=0 Σ(k2)
k2 →

(
∞ k2 =0
0 k2→∞

I ������OOO��������� n = Nc

I eeeuuu)))ÃÃÃ���ééé¡¡¡555ggguuu»»»""" Seff,���~~~ = Γ + O(p6)

I eeeØØØuuu)))ÃÃÃ���ééé¡¡¡555ggguuu»»»""" Seff,���~~~ = 0
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