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kkk���|||ØØØµµµ 333AAA½½½���UUUþþþ���������éééAAA½½½���ééé������EEE���þþþfff|||nnnØØØ

• ���333���«««���������kkk���|||nnnØØØ ������///000���

• ±±±���III000fff���ÃÃÃ���kkk���...¼¼¼þþþ���@@@������õõõ���kkk���|||ØØØ���~~~???111000���

• éééÙÙÙ§§§$$$UUUrrrfff{{{���000���§§§éééIIIOOO���...���fffÃÃÃPPP���������

������ooo���!!!QCD?

• ÇÇÇ���ééé���:lll¯̄̄ØØØ999rrrfffÔÔÔnnnïïïÄÄÄ������ccc������ÚÚÚïïïÄÄÄ)))

• QCD´́́ØØØÔÔÔnnn999rrrfffÔÔÔnnn���������ÄÄÄ:::nnnØØØ

• ØØØ999rrrfffÔÔÔnnn������...���www¤¤¤´́́QCD$$$UUUkkk���|||ØØØ���+++ÞÞÞ���

���III000fffÃÃÃ���kkk���...¼¼¼þþþµµµ

• ªªªrrrfffÔÔÔnnn���ØØØÔÔÔnnn¶¶¶XXXÚÚÚÚÚÚ¤¤¤õõõ���nnnØØØ¶¶¶kkkQCDÄÄÄ:::

• III+++ØØØ§§§âââfffÔÔÔnnn§§§þþþfff|||ØØØÚÚÚ555���|||������£££
• 888¤¤¤ÑÑÑØØØ���???������£££§§§888AAA���:::[[[ùùù éééõõõííí���������(((JJJ§§§§§§
[[[!!!333���ÓÓÓÆÆÆgggCCCöööSSS¶¶¶ FFF"""ÌÌÌ���VVV¹¹¹333PPTþþþ???UUU


���½½½vvv������ùùù)))SSSNNN���
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kkk���|||ØØØÄÄÄ:::©©©zzz :

• Effective Field Theories (Schladming lectures)
A. Manohar, hep-ph/9606222

• Goldstone and pseudoGoldstone bosons in nuclear, par-
ticle and condensed matter physics
C.Burgess, hep-th/9808176

• Goldstone Boson primer
C. Burgess, hep-ph/9812468

• Lectures on Effective Field Theories (TASI lectures)
I. Rothstein, hep-ph/0308266

• Effective field theories, Encyclopedia of Mathematical Physics

G. Ecker, hep-ph/0507056

• Five lectures on effective field theory
D.B. Kaplan, nucl-th/0510023

• Effective field theory, past and future
Steven Weinberg, ArXiv: 0908.1964 [hep-th]
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ÃÃÃ���kkk���...¼¼¼þþþÄÄÄ:::©©©zzz :

• Departures from chiral symmetry: a review
Heinz Pagels, Phys. Rept. 16, 219(1975)

• Phenomenological lagrangians
Steven Weinberg, Physica A96, 327(1979)

• Approaching the chiral limit in qcd
J. Gasser and A. Zepeda, Nucl. Phys. B174, 445(1980)

• Chiral perturbation theory to one loop
J. Gasser and H. Leutwyler, Annals Phys. 158, 142(1984)

• Chiral perturbation theory: expansions in the mass of
the strange quark
J. Gasser and H. Leutwyler, Nucl. Phys. B250, 465(1985)
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ÃÃÃ���kkk���...¼¼¼þþþ000���©©©zzz :

• Hadrons 94 lectures, H. Leutwyler, hep-ph/9406283, local ps.gz version (hep-ph
version has figures stored inside the tex file)

• Chiral Dynamics 1997 introduction, J. Gasser, hep-ph/9711503

• Les Houches Lectures, A. Pich, hep-ph/9806303

• Benasque lectures, G.Ecker, hep-ph/0011026

• Boris Ioffe Festschrift, H. Leutwyler, hep-ph/0008124

• Frascati Spring school lectures, G. Colangelo and G. Isidori, hep-ph/0101264

• Introduction to chiral perturbation theory,S. Scherer, in Advances in Nuclear
Physics, (Editors: J.W. Negele and E. Vogt, Kluwer Academic / Plenum Pub-
lishers New York, 2003), Vol. 27 pages 277-538, hep-ph/0210398

• Schladming Lectures, J. Gasser, hep-ph/0312367

• Lectures at ECT*, S. Scherer and M. Schindler, hep-ph/0505265

• Lectures given at Workshop on Perspectives in Lattice QCD
S. Sharpe, hep-lat/0607016

• Lectures at ”Physics and Astrophysics of Hadrons and Hadronic Matter”
B. Kubis, hep-ph/0703274

• Chiral perturbation theory beyond one loop
J.Bijnens, Prog. Part. Nucl. Phys. 58, 521(2007)

http://home.thep.lu.se/ bijnens/chpt/
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• kkk���|||ØØØ
{{{¤¤¤§§§���µµµ���µµµããã

• þþþfffÚÚÚÄÄÄåååÆÆÆ���ÃÃÃ���ééé¡¡¡555
– þþþfffÚÚÚÄÄÄåååÆÆÆ���ÄÄÄ���SSSNNN

– QCD...¼¼¼þþþ������NNNééé¡¡¡555

– QCD...¼¼¼þþþ���©©©áááééé¡¡¡555

– 666666������¼¼¼êêê

– 			|||���QCD���������¼¼¼êêê
333QCDYYY²²²þþþïïïááá���)))666666������¼¼¼êêê���)))¤¤¤���¼¼¼§§§???ØØØÙÙÙ÷÷÷vvv���ééé¡¡¡555

• ���III000fffÃÃÃ���kkk���...¼¼¼þþþ
– rrrfffÌÌÌééé¡¡¡555©©©aaa���ÃÃÃ���ééé¡¡¡555ggguuu»»»"""

– §§§���ééévvvààà���ÃÃÃ���ééé¡¡¡555ggguuu»»»"""

– Goldstone|||���CCC���555������+++½½½ÂÂÂ

– ���III000fffÃÃÃ���kkk���...¼¼¼þþþ

– ���ãããOOO���������zzz

– äääããã
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þþþVVV888���ccc���ÐÐÐ���þþþfff|||ØØØ :

• ±±±äääNNN...¼¼¼þþþ ½½½MMM���îîîþþþ���ÄÄÄ:::���þþþfff|||ØØØØØØÉÉÉ������ $$$������������ïïï���

• ÏÏÏ���¤¤¤kkk®®®uuuyyy���þþþfff|||ØØØÑÑÑäääkkk///"""ÖÖÖ¯̄̄KKK000µµµ

– kkk������àààÖÖÖ ⇒ ���"""������zzzÖÖÖ ⇒ ÃÃÃ���ppp���^̂̂ ���

– ¤¤¤kkk///���ìììCCCgggddd000���þþþfff|||ØØØÑÑÑäääkkkùùù���555���

– ���������(((ØØØµµµþþþfff|||ØØØ���pppUUU rrrfffÔÔÔnnn ØØØ������

• Dysonééé£££ãããrrr���^̂̂���äääNNNnnnØØØ MMM���îîîþþþ $$$���ýýýóóóµµµ
the correct theory will not be found in the next hundred years

• ������±±±SÝÝÝ


nnnØØØ¶¶¶ÚÚÚÑÑÑ'''XXX¶¶¶666���êêê...... §§§���ØØØ���666uuuäääNNN���...¼¼¼þþþ
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kkk���|||nnnØØØ������))) :

• 1966cccWeinbergAAA^̂̂666���êêêOOO���ØØØfff---EEE������õõõ���^̂̂πuuu���

• uuuyyy���,,,������§§§���444ÙÙÙEEE,,,
• ���2���ÚÚÚ3���^̂̂πuuu���������ÌÌÌééé���þþþfff|||ØØØ������$$$���¤¤¤ùùùããã(((JJJ
������π���lllØØØfff			���uuu���§§§ØØØfff���±±±���������½½½õõõ���πuuu)))���ppp���^̂̂

• Weinberguuuyyy������ π������ppp���^̂̂���'''uuuÙÙÙÄÄÄþþþ§§§ÒÒÒ������ddd888���

• ������lll���555σ���...ÑÑÑuuu§§§###½½½ÂÂÂ|||���EEEµµµ������555σ���...
• lll§§§ÑÑÑuuu������


^̂̂666���êêêÏÏÏLLL���~~~(((JJJOOO������������ $$$UUUπ − πÚÚÚπ−ØØØfffÑÑÑ������(((JJJ
• J.SchwingerJJJ222µµµ������555σ���...���������lll������555ÃÃÃ���CCC������EEE

• Callan, Coleman, Wess, Zumino???���ÚÚÚrrr(((JJJííí222������������///

• 1976cccÉÉÉWilson���zzznnnØØØ���éééuuuWeinberg)))ûûû


ppp���OOO���ÚÚÚ���zzz¯̄̄KKK

• 1979cccJJJÑÑÑfolk theorem������kkk���|||ØØØ���nnnØØØÄÄÄ:::

• GasserÚÚÚ Leutwyler rrrπ���kkk���|||ØØØïïï¤¤¤


´́́»»»ÈÈÈ©©©���LLL���///ªªª

• ±±±���qqqºººYYYuuuÐÐÐåååÙÙÙ§§§���«««kkk���|||ØØØ......



D
ra

ft 11/119

JJ
II
J
I

Back

Close

kkk���|||ØØØ���ÄÄÄ::: Folk Theorem :

If one writes down

the most general possible Lagrangian,

including all terms consistent with assumed symmetry

principles, and then calculates matrix elements with this

Lagrangian to any given order of perturbation theory,

the result will simply be the most general possible

S-matrix consistent with perturbative unitarity,

analyticity, cluster decomposition, and the assumed

symmetry properties.
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kkk���|||ØØØ���ÄÄÄ������{{{ :

• $$$UUU½½½���ååålll���ÄÄÄåååÆÆÆØØØ���666uuupppUUU½½½áááååålll���ÄÄÄåååÆÆÆ!

pppUUU«««������AAA���KKK���$$$UUUnnnØØØ¥¥¥���ëëëêêê

• $$$UUUÔÔÔnnn���±±±^̂̂������¹¹¹���êêêgggdddÝÝÝ��� kkk���...¼¼¼þþþ £££���.

• 333pppUUU���âââÑÑÑyyy������			���gggdddÝÝÝXXXâââfff���±±±���ÑÑÑ���.

pppUUUgggdddÝÝÝ333$$$UUU«««������AAA���±±±^̂̂$$$UUUgggdddÝÝÝ���EEE���kkk������ÎÎÎ 555£££���
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kkk���|||ØØØ���555���|||ØØØ :

• 1973cccuuuyyyéééõõõ���CCC������555���|||ØØØäääkkkìììCCCgggddd555���04cccììì������ÔÔÔnnnøøø

• ���kkkìììCCCgggddd���þþþfff|||ØØØ���±±±<<<øøø///"""ÖÖÖ¯̄̄KKK000

• âââfffÔÔÔnnn���///IIIOOO���...000ÒÒÒ´́́^̂̂���CCC������555���|||ØØØ£££������

• ���CCC������555���|||ØØØ���ÑÑÑyyy������þþþfff|||ØØØ���///EEE,,,000

• ������CCC������555���|||ØØØìììCCCgggddd���(((@@@���uuuπ000fffkkk���|||ØØØ���ïïïááá

• ===¦¦¦ØØØ���333ìììCCCgggddd§§§kkk���|||ØØØ���¬¬¬¦¦¦þþþfff|||ØØØ///)))000

• £££ãããooo«««ÄÄÄ������ppp���^̂̂���âââfffÔÔÔnnnIIIOOO���...ÚÚÚ222ÂÂÂ���éééØØØ´́́kkk���|||ØØØ���+++ÞÞÞ���!

• kkk���|||ØØØ´́́ Theory of Everything ���,,,���¡¡¡444ààà
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���éééØØØ���///eeeGoldstoneâââfff���kkk���|||ØØØ���AAAÏÏÏ555 :

• ëëëYYYééé¡¡¡555ggguuu»»»"""���zzz���»»»""")))¤¤¤���éééAAA������"""���þþþâââfffGoldstoneâââfff

08cccììì������ÔÔÔnnnøøø !

• eeeëëëYYYééé¡¡¡555���ggguuu»»»"""´́́CCCqqq���,KKKGoldstoneâââfffäääkkk������þþþ���Goldstoneâââfff

• éééuuu)))CCCqqqëëëYYYééé¡¡¡555ggguuu»»»"""���NNNXXX,���)))������Goldstone���ÙÙÙ$$$UUU«««ÌÌÌ���gggdddÝÝÝ

• ±±±���Goldstone���gggdddÝÝÝ���kkk���|||ØØØ£££���CCCqqqëëëYYYééé¡¡¡555ggguuu»»»"""������������«««555���

• ééé¡¡¡555999»»»"""333ÄÄÄ������ppp���^̂̂¥¥¥åååØØØ%%%���^̂̂,���Goldstonekkk���|||ØØØÏÏÏkkkAAAÏÏÏ///   

• rrr���^̂̂$$$UUU���üüü���ÄÄÄ���ÔÔÔnnn555���: CCCqqq���ÃÃÃ���ééé¡¡¡555ggguuu»»»"""; ôôôÚÚÚBBB444

• ���III000fff���nnn)))������Goldstoneâââfff, ÙÙÙkkk���|||ØØØ£££ããã


rrr���^̂̂���$$$UUUÔÔÔnnn
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þþþfffÚÚÚÄÄÄåååÆÆÆ���ÄÄÄ���SSSNNN

Table 1: §���f

âf >Ö g^ �þ

þ§� (up) 2/3 1/2 2.08MeV
e§� (down) -1/3 1/2 4.73MeV
ÛÉ§� (strange) -1/3 1/2 104MeV
ì§� (charm) 2/3 1/2 1.27GeV
.§� (bottom) -1/3 1/2 4.2GeV
º§� (top) 2/3 1/2 171GeV

�f(gluon) 0 1 0

• zzz«««§§§���©©©OOOkkk///ùùù000!!!///ÉÉÉ000!!!///777000nnn«««ôôôÚÚÚ
ÑÑÑäääkkk���ÓÓÓ������þþþ

• ���fffkkklll«««©©©OOO���ØØØÓÓÓ���ôôôÚÚÚ
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þþþfffÚÚÚÄÄÄåååÆÆÆ���ÄÄÄ���SSSNNN

QCD...¼¼¼þþþ:

LQCD =
∑

f=u,d,s,
c,b,t

q̄f(iD/ −mf)qf −
1

4
Gµν,iGµνi +

g2θ̄

64π2
εµνρσ

8∑
i=1

Gµν,iGρσ,i

§§§���qf ´́́ÚÚÚnnn���

D/ ≡γµDµ Dµ

 qf,r
qf,g
qf,b

 = ∂µ

 qf,r
qf,g
qf,b

− ig
8∑

i=1

λC
i

2
Aµ,i

 qf,r
qf,g
qf,b


qf,α ´́́Dirac^̂̂þþþ q̄f(x)

λC
i

2
A/ i(x)qf(x) = q̄f ,α,s(x)qf ,β,s′(x)Aµ,i(x)

λC
i,αβ

2
γµss′

���������mmmµµµf =u,d, s, c,b, t ôôôÚÚÚ���mmmµµµα, β=r,g,b i=1, ..,8 ^̂̂þþþ���mmmµµµs, s′=1,2,3,4

Gµν,i = ∂µAν,i − ∂νAµ,i + gfijkAµ,jAν,k [λC
i , λ

C
j ] = ifijkλ

C
k
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QCD...¼¼¼þþþ������NNNééé¡¡¡555: ���ÃÃÃ���mmmÃÃÃ§§§���|||§§§666���êêê

LQCD = LQCD,0︸ ︷︷ ︸
ÃÃÃ���444���QCD

−
∑

l=u,d,s

mlq̄lql︸ ︷︷ ︸
LM

LQCD,0 =
∑

l=u,d,s

q̄liD/ ql + L′

L′ =
∑

h=c,b,t

q̄h(iD/ −mh)qh −
1

4
Gµν,iGµνi +

g2θ̄

64π2
εµνρσ

8∑
i=1

Gµν,iGρσ,i

PR =
1

2
(1+γ5) = P†R, PL =

1

2
(1−γ5) = P†L, PRPL =PLPR =0

P2
R = PR P2

L = PL PR + PL = 1 qR = PRq qL = PLq

q̄Γiq =

 q̄RΓ1qR + q̄LΓ1qL for Γ1 ∈ {γµ, γµγ5}

q̄RΓ2qL + q̄LΓ2qR for Γ2 ∈ {1, γ5, σ
µν}

§§§������þþþ���éééXXX���ÃÃÃÚÚÚmmmÃÃÃ|||¶¶¶§§§������CCC���ûûû���éééXXX���ÃÃÃÚÚÚ���ÃÃÃ|||½½½mmmÃÃÃÚÚÚmmmÃÃÃ|||���
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QCD...¼¼¼þþþ������NNNééé¡¡¡555: ���ÃÃÃ���mmmÃÃÃ§§§���|||§§§666���êêê

LQCD,0 =
∑

l=u,d,s

(q̄L,liD/ qL,l + q̄R,liD/ qR,l) +
∑

h=c,b,t

q̄h(iD/ −mh)qh

−1

4
Gµν,iGµνi +

g2θ̄

64π2
εµνρσ

8∑
i=1

Gµν,iGρσ,i

D/ qL,l = D/ qR,l = q̄L,l
←−
D/ = q̄R,l

←−
D/ = 0

←−
Dµ ≡

←−
∂ µ+ig

8∑
i=1

λC
i

2
Aµ,i

ql,α,L → q′l,α,L = (VL)ll′ql′,α,L ql,α,R → q′l,α,R = (VR)ll′ql′,α,R

VL = e−iΘa
L
λa
2 VR = e−iΘa

R
λa
2

Lµ,a = q̄Lγ
µλ

a

2
qL ∂µL

µ,a = 0 Rµ,a = q̄Rγ
µλ

a

2
qR ∂µR

µ,a = 0

∂µL
µ,a = q̄Lγ

µ(
←−
∂ µ +ig

∑8
i=1

λC
i

2 Aµ,i + ∂µ −ig
∑8

i=1
λC

i

2 Aµ,i)
λa

2 qL = q̄Lγ
µ(
←−
Dµ + Dµ)

λa

2 qL = 0
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QCD...¼¼¼þþþ������NNNééé¡¡¡555: ���ÃÃÃ���mmmÃÃÃ§§§���|||§§§666���êêê

Vµ,a = Rµ,a + Lµ,a = q̄γµ
λa

2
q Qa

L =

∫
d3x q†L(~x, t)

λa

2
qL(~x, t)

Aµ,a = Rµ,a − Lµ,a = q̄γµγ5

λa

2
q Qa

R =

∫
d3x q†R(~x, t)

λa

2
qR(~x, t)

Vµ = q̄Rγ
µqR + q̄Lγ

µqL = q̄γµq éééAAAµµµVL = VR = e−iΘ0

QV =

∫
d3x

[
q†L(~x, t)qL(~x, t) + q†R(~x, t)qR(~x, t)

]
Aµ = q̄Rγ

µqR − q̄Lγ
µqL = q̄γµγ5q éééAAAµµµVL = V†R = e−iΘ0

• jµ≡ (ρ,~j) ∂µj
µ=0 ⇒ ∂ρ

∂t
+∇·~j=0 666ÅÅÅððð���yyyÖÖÖØØØ������mmmüüüzzz ���

• ¶¶¶¥¥¥666333²²²;;;YYY²²²þþþÅÅÅððð§§§þþþfffzzz���PPPkkk���������~~~���
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QCD...¼¼¼þþþ������NNNééé¡¡¡555: ���ÃÃÃ���mmmÃÃÃ§§§���|||§§§666���êêê

{qf ,α,s(~x, t),q†f ′,β,r(~y, t)} = δ(~x− ~y)δff ′δαβδsr

{qf ,α,s(~x, t),qf ′,β,r(~y, t)} = 0 {q†f ,α,s(~x, t),q†f ′,β,r(~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
L,qL;f ,α,s(x)] = −λ

a
ff ′

2
qL;f ′,α,s [Qa

L,qR;f ,α,s(x)] = 0

[Qa
R,qR;f ,α,s(x)] = −λ

a
ff ′

2
qR;f ′,α,s [Qa

R,qL;f ,α,s(x)] = 0
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LQCD ⇒ HQCD,0
~PQCD = ~PQCD,0

[Qa
L,HQCD,0] = [Qa

R,HQCD,0] = [QL, ~PQCD] = [QR, ~PQCD] = 0

[Qa
L,Q

b
L] = ifabcQ

c
L [Qa

R,Q
b
R] = ifabcQ

c
R

[Qa
L,Q

b
R] = 0 [Qa

L,QV] = [Qa
R,QV] = 0

eABeB = B + [A,B] +
1

2!
[A, [A,B]] +

1

3!
[A, [A, [A,B]]] + · · ·

eiΘa
LQa

L qL(x) e−iΘa
LQa

L = VL qL(x) eiΘa
LQa

L qR(x)e−iΘa
LQa

L = qR(x)

eiΘa
RQa

R qR(x)e−iΘa
RQa

R = VR qR(x) eiΘa
RQa

R qL(x)e−iΘa
RQa

L = qL(x)
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LM = −(q̄RM†qL + q̄LMqR) = −q̄[
M + M†

2
+

M−M†

2
γ5]q

gggCCCÁÁÁXXXííí���µµµ

∂µV
µ,a = iq̄L[M,

λa

2
]qR + iq̄R[M†,

λa

2
]qL

∂µA
µ,a = i

(
q̄L{

λa

2
,M}qR − q̄R{

λa

2
,M†}qL

)
∂µV

µ = 0

∂µA
µ = 2i

(
q̄LMqR − q̄RM†qL

)
+

3g2

32π2
εµνρσGµνi G

ρσ
i , ε0123 = 1
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• ¯̄̄ µµµCCCqqq���ééé¡¡¡555´́́kkkééé¡¡¡555���´́́vvvkkkééé¡¡¡555ººº

• ��� µµµvvvkkkééé¡¡¡555

• ¯̄̄ µµµ@@@���ttt���åååºººééé¡¡¡555ÑÑÑvvv




• ��� µµµ···���FFF"""ééévvvééé¡¡¡555���XXXÚÚÚ���÷÷÷ÑÑÑ&&&EEE555ØØØ���ïïïééé§§§���ïïïÄÄÄ

• YYY���µµµÒÒÒrrr§§§???���ÚÚÚ©©©aaa���kkkCCCqqqééé¡¡¡555ÚÚÚÃÃÃCCCqqqééé¡¡¡555���NNNXXX

• YYY���µµµïïïÄÄÄuuuyyycccööö���±±±kkkéééõõõ555���ÚÚÚééé¡¡¡555kkk���������'''ééé

• YYY���µµµÚÚÚCCCqqq���ééé¡¡¡555éééAAAggguuu»»»"""���ééé¡¡¡555qqq���ÛÛÛõõõ���ééé¡¡¡555
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~x→ −~x t→ t

qf ,α(~x, t)→ γ0qf ,α(−~x, t) q̄f ,α(~x, t)→ q̄f ,α(−~x, t)γ0

A0,i(~x, t)→ A0,i(−~x, t) Aj,i(~x, t)→ −Aj,i(−~x, t)

q̄f ,α(~x, t)Γqf ′,β(~x, t)→ q̄f ,α(−~x, t)γ0Γγ0qf ′,β(−~x, t)

θ̄ → −θ̄

LQCD(~x, t) =
∑

l=u,d,s

(q̄L,liD/ qL,l + q̄R,liD/ qR,l) +
∑

h=c,b,t

q̄h(iD/ −mh)qh

−1

4
Gµν,iGµνi +

g2θ̄

64π2
εµνρσ

8∑
i=1

Gµν,iGρσ,i
P
− → LQCD(−~x, t)
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q̄f ,α(~x, t)γ0PLqf ′,β(~x, t)→ q̄f ,α(−~x, t)γ0PRqf ′,β(−~x, t)

q̄f ,α(~x, t)γ0PRqf ′,β(~x, t)→ q̄f ,α(−~x, t)γ0PLqf ′,β(−~x, t)

Qa
L

P
− → Qa

R Qa
R

P
− → Qa

L QV

P
− → QV

���¡¡¡CCC���òòò���ÃÃÃ+++CCC¤¤¤mmmÃÃÃ+++���
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~x→ ~x t→ t

qf ,α(~x, t)→ Cq̄†f ,α(~x, t) q̄f ,α(~x, t)→ −q†f ,α(~x, t)C−1

Aµ,i(~x, t)λC
i → −Aµ,i(~x, t)λC,T

i

C = iγ2γ0 = −C−1 = −C† = −CT

CITC = −1 CγT
5 C = −γ5 Cσµν,TC = σµν

Cγµ,TC = γµ Cγ5γ
µ,TC = −γ5γ

µ
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q̄f ,α(~x, t)Γqf ′,β(~x, t)→ q̄f ′,β(~x, t)CTΓTC−1,Tqf ,α(~x, t)

= −q̄f ′,β(~x, t)CΓTCqf ,α(~x, t)

q̄f ,α(~x, t)γµqf ′,β(~x, t)→ −q̄f ′,β(~x, t)γµqf ,α(~x, t)

q̄f ,α(~x, t)qf ′,β(~x, t)→ q̄f ′,β(~x, t)qf ,α(~x, t)

θ̄ → θ̄

LQCD(~x, t)
C
− → L(~x, t)
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q̄f ,α(~x, t)γ0PLqf ′,β(~x, t)→ −q̄f ′,β(~x, t)γ0PRqf ,α(~x, t)

q̄f ,α(~x, t)γ0PRqf ′,β(~x, t)→ −q̄f ′,β(~x, t)γ0PLqf ,α(~x, t)

Qa
L(t)

C
− → Qā

R Qa
R

C
− → Qā

R QV

C
− → QV

1̄ = 2 2̄ = 1 3̄ = 3 4̄ = 5 5̄ = 4 6̄ = 7 7̄ = 6 8̄ = 8

>>>ÖÖÖ���ÝÝÝéééXXX���´́́ λā ≡ λa,T ���üüü������
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666666������¼¼¼êêê

Sa(x) = q̄(x)λaq(x) Pa(x) = iq̄(x)γ5λ
aq(x)

Vµ,a(x) = q̄(x)γµ
λa

2
q(x) Aµ,a(x) = q̄(x)γµγ5

λa

2
q(x)

Vµ = q̄(x)γµq(x) Aµ(x) = q̄(x)γµγ5q(x)

XXXddd½½½ÂÂÂ���þþþÑÑÑ´́́������������AAAOOO���III���ÝÝÝ¥¥¥���iÒÒÒ´́́���(((���ÙÙÙ������555ÚÚÚ\\\���

〈0|T φ̂1(x1)φ̂2(x2) · · · φ̂n(xn)|0〉
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Gµ,ab
AP (x,y)

= 〈0|T[Aµ,a(x)Pb(y)]|0〉

= θ(x0 − y0)〈0|Aµ,a(x)Pb(y)|0〉 + θ(y0 − x0)〈0|Pb(y)Aµ,a(x)|0〉

∂µ,xG
µ,ab
AP (x,y)

= δ(x0 − y0)〈0|A0,a(x)Pb(y)|0〉 − δ(x0 − y0)〈0|Pb(y)A0,a(x)|0〉
+θ(x0−y0)〈0|∂µ,xAµ,a(x)Pb(y)|0〉+ θ(y0−x0)〈0|Pb(y)∂µ,xA

µ,a(x)|0〉

= δ(x0 − y0)〈0|[A0,a(x),Pb(y)]|0〉 + 〈0|T∂µ,xAµ,a(x)Pb(y)|0〉
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∂µ,x〈0|T{Jµ(x)φ̂1(x1)φ̂2(x2) · · · φ̂n(xn)}|0〉

= 〈0|T{[∂µ,xJµ(x)]φ̂1(x1)φ̂2(x2) · · · φ̂n(xn)}|0〉

+δ(x0 − x0
1)〈0|T{[J0(x), φ̂1(x1)]φ̂2(x2) · · · φ̂n(xn)}|0〉

+δ(x0 − x0
2)〈0|T{φ̂1(x1)[J0(x), φ̂2(x2)] · · · φ̂n(xn)}|0〉

+ · · · + δ(x0 − x0
n)〈0|T{φ̂1(x1)φ̂2(x2) · · · [J0(x), φ̂n(xn)]}|0〉
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[Va
0(~x, t),Vµ,b(~y, t)] = δ(~x−~y)ifabcVµ,c(~x, t) [Va

0(~x, t),Vµ(~y, t)] = 0

[Va
0(~x, t),Aµ,b(~y, t)] = δ(~x−~y)ifabcAµ,c(~x, t)

[Va
0(~x, t),Sb(~y, t)] = δ(~x−~y)ifabcSµ,c(~x, t) [Va

0(~x, t),S0(~y, t)] = 0

[Va
0(~x, t),Pb(~y, t)] = δ(~x−~y)ifabcPc(~x, t) [Va

0(~x, t),P0(~y, t)] = 0

[Aa
0(~x, t),Aµ,b(~y, t)] = δ(~x−~y)ifabcVµ,c(~x, t)

[Aa
0(~x, t),Vµ,b(~y, t)] = δ(~x−~y)ifabcAµ,c(~x, t) [Aa

0(~x, t),Vµ(~y, t)] = 0

[Aa
0(~x, t),Sb(~y, t)] = δ(~x−~y)ifabcPc(~x, t) [Aa

0(~x, t),S0(~y, t)] = 0

[Aa
0(~x, t),Pb(~y, t)] = δ(~x−~y)ifabcSc(~x, t) [Aa

0(~x, t),P0(~y, t)] = 0
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∂µ,xG
µ,ab
AP (x,y)

= δ(x− y)ifabc〈0|Sc(x)|0〉 + i〈0|T[q(x){λ
a

2
,M}γ5q(x)Pb(y)]|0〉

q(x){λ
a

2
,M}γ5q(x)

=
[1
3

(mu + md + ms) +
1√
3

(mu + md

2
−ms

)
daa8

]
Pa(x)

+
[√1

6
(mu −md)δa3 +

√
2

3

(mu + md

2
−ms

)
δa8
]
P0(x)

+
mu −md

2

8∑
c=1

da3cPc(x)
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			|||���QCD���������¼¼¼êêê: 			|||���)))¤¤¤���¼¼¼

L = LQCD,0 + q̄Jq J(x) ≡ v/ (x) + a/ (x)γ5 − s(x) + ip(x)γ5

vµ =
8∑

a=0

λavµ,a aµ =
8∑

a=0

λaaµ,a s =
8∑

a=0

λasa p =
8∑

a=0

λapa

λ0 ≡

 1 0 0
0 1 0
0 0 1

 λ3 =

 1 0 0
0 −1 0
0 0 0

 λ8 =
1√
3

 1 0 0
0 1 0
0 0 −2


λ1 ≡

 0 1 0
1 0 0
0 0 0

 λ2 =

 0 −i 0
i 0 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


ýýý���µµµ vµ = aµ = p = 0 s = diag(mu,md,ms)

exp(iZ[J, θ̄]) = 〈0|T exp

[
i

∫
d4x q̄(x)J(x)q(x)

]
|0〉θ̄ = 〈0out|0in〉J,θ̄
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~~~fff:

���:::������¼¼¼êêê

〈0|uu|0〉0 =
1

2

[
2

3

δ

δs0(x)
+

δ

δs3(x)
+

1√
3

δ

δs8(x)

]
Z[J, θ̄]

∣∣
J=0

=
1

2

[
2

3
(〈0|uu|0〉0 + 〈0|dd|0〉0 + 〈0|ss|0〉0) + (〈0|uu|0〉0

−〈0|dd|0〉0) +
1

3
(〈0|uu|0〉0 + 〈0|dd|0〉0 − 2〈0|ss|0〉0)

]

üüü:::������¼¼¼êêê

〈0|TAa
µ(x)Ab

ν (0)|0〉0 = −i
δ2

δaµ,a(x)δaν,b(0)
Z[J, θ̄]

∣∣
v=a=p=0,s=diag(mu,md,ms)
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���¦¦¦

∫
d4x q̄(x)J(x)q(x)ØØØCCC

∫ x=∞

x=−∞
dx = −

∫ −x=−∞

−x=∞
d(−x) =

∫ −x=∞

−x=−∞
d(−x)

���¡¡¡CCC���:

vµ
P
− → vµ aµ

P
− → −aµ s

P
− → s p

P
− → −p

>>>ÖÖÖ���ÝÝÝCCC���:

vµ
C
− → −vT

µ aµ
C
− → aT

µ s,p
C
− → sT,pT
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			|||���QCD���������¼¼¼êêê: 			|||���ééé¡¡¡555CCC���111���

���¦¦¦

∫
d4x q̄(x)[i∂/ + J(x)]q(x)ØØØCCC ������ooo���rrr���NNNééé¡¡¡555ííí222¤¤¤ÛÛÛ���ééé¡¡¡555ººº ������...

[V†RPL + V†LPR][i∂/ + J′(x)][VRPR + VLPL] = i∂/ + J(x)

J→ J′ = [VRPL + VLPR][J + i∂/ ][V†RPR + V†LPL]

v/ + a/ γ5

→ v/ ′ + a/ ′γ5 = [VRPL + VLPR][v/ + a/ γ5 + i∂/ ][V†RPR + V†LPL]

−s + ipγ5

→ −s′ + ip′γ5 = [VRPL + VLPR][−s + ipγ5][V†RPR + V†LPL]

vµ + aµ → v′µ + a′µ = VR[vµ + aµ + i∂µ]V
†
R γ5 = PR −PL

vµ − aµ → v′µ − a′µ = VL[vµ + aµ + i∂µ]V
†
L 1 = PR + PL

−s + ip→ −s′ + ip′ = VL[−s + ip]V†R
s + ip→ s′ + ip′ = VR[s + ip]V†L



D
ra

ft 39/119

JJ
II
J
I

Back

Close

			|||���QCD���������¼¼¼êêê: 			|||���ééé¡¡¡555CCC���111���

eiZ[J,θ̄] =

∫
DAµ,iDq̄hDqhDq̄Dq ei

∫
d4x [LQCD+q̄Jq]

Z[J, θ̄] = Z[JP, θ̄P] Z[J, θ̄] = Z[JC, θ̄C]

DAP
µ,iDq̄P

hDqP
hDq̄PDqP = DAC

µ,iDq̄CDqCDq̄CDqC = DAµ,iDq̄hDqhDq̄Dq

)))¤¤¤���¼¼¼333âââÔÔÔ[[[CCC���eee���´́́ØØØCCC���!

Z[J, θ̄] = Z[J′, θ̄]
∣∣
ÑÑÑ������~~~
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eiZ[J,θ̄] ∫
Dq̄Dq ei

∫
d4x q̄(···)Dq = Det(· · ·)

=

∫
DAµ,iDq̄hDqh Det[i∂/ + gA/ iλ

C
i /2 + J] ei

∫
d4xL′

=

∫
DAµ,iDq̄hDqh exp

{
Trln[i∂/ + gA/ iλ

C
i /2 + J] + i

∫
d4xL′

}
Trln(· · ·) = lnDet(· · ·)

eiZ[J′,θ̄]

=

∫
DAµ,iDq̄hDqh exp

{
Trln[i∂/ + gA/ iλ

C
i /2 + J′] + i

∫
d4xL′

}
=

∫
DAµ,iDq̄hDqh exp

{
Trln[i∂/ + gA/ iλ

C
i /2 + J]

+δTrln[i∂/ + gA/ iλ
C
i /2 + J] + i

∫
d4xL′

}
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VR(x) = 1 + iα(x) + iβ(x) + · · · VL(x) = 1 + iα(x)− iβ(x) + · · ·

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

δTrln[i∂/ + gA/ iλ
C
i /2 + J]

= Tr
[
[i∂/ + gA/ iλ

C
i /2 + J]−1δ[i∂/ + gA/ iλ

C
i /2 + J]

]
= iTr

[
[i∂/ + gA/ iλ

C
i /2 + J]−1

{
[α(x)− β(x)γ5][i∂/ + gA/ iλ

C
i /2 + J]

−[i∂/ + gA/ iλ
C
i /2 + J][α(x) + β(x)γ5]

}]
= −2iTr[βγ5] = −2i lim

Λ→∞
Tr
[
βγ5e

[i∂/ +gA/ iλ
C
i
/2+J]2

Λ2
]

= −i

∫
d4x trf

[
β(x)[Ω̃(x) +

g2

32π2
εµνρσGµν,i(x)Gρσ,i(x)]

]
Fujikawa, Phys.Rev.D21,2848(1980); Phys.Rev.D22,1499(1980); Phys.Rev.D29,285(1984)

Ω̃(x) =
Nc

16π2
εµνµ

′ν ′
{
Vµν(x)Vµ′ν ′(x) +

4

3
dµaν(x)dµ′aν ′(x)

+
2i

3
{Vµν(x), aµ′(x)aν ′(x)} +

8i

3
aµ(x)Vµ′ν ′(x)aν(x)

+
4

3
aµ(x)aν(x)aµ′(x)aν ′(x)

}
Vµν = ∂µvν − ∂νvµ − i[vµ,vν ], dµaν = ∂µaν − i[vµ,aν ]
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eiZ[J′,θ̄]

=

∫
DAµ,iDq̄hDqh exp

{
Trln[i∂/ + gA/ iλ

C
i /2 + J(x)]

+δTrln[i∂/ + gA/ iλ
C
i /2 + J] + i

∫
d4xL′

}
+ g2θ̄

64π2 ε
µνρσ∑8

i=1 Gµν,iGρσ,i

= exp
{
− i

∫
d4x trf [β(x)Ω̃(x)]

} ∫
DAµ,iDq̄hDqh

× exp
{

Trln[i∂/ + gA/ iλ
C
i /2 + J(x)] + i

∫
d4x[L′−g

2trfβ

32π2
εµνρσGµν,iGρσ,i︸ ︷︷ ︸

UA(1) ���~~~

]
}

θ̄(x)→ θ̄′(x) = θ̄(x) + 2trfβ(x) = θ̄(x)− ilndetf [VR(x)V†L(x)] ���¡¡¡yyy

Z[J′, θ̄′] = Z[J, θ̄]−
∫

d4x trf [β(x)Ω̃(x)]︸ ︷︷ ︸
���~~~
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δZ[J, θ̄] = −
∫

d4x trf [β(x)Ω̃(x)]
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			|||���QCD���������¼¼¼êêê: 			|||���ééé¡¡¡555CCC���111���

Z[J′, θ̄′] = Z[J, θ̄]−
∫

d4x trf [β(x)Ω̃(x)]

ééékkk������CCC���: VR(x) = ei[β(x)+α(x)] = lim
n→∞

{
1 +

i

n
[α(x) + β(x)]

}n

VL(x) = e−i[β(x)−α(x)] = lim
n→∞

{
1 +

i

n
[α(x)− β(x)]

}n

J′ = [VRPL + VLPR][J + i∂/ ][V†RPR + V†LPL]

= limn→∞
{
[1+ i

n(α+β)]PL+[1+ i
n(α−β)]PR

}n
[J+i∂/ ]

{
[1+ i

n(α+β)]
†PR+[1+ i

n(α−β)]
†PL

}n

= lim
n→∞

[1+
i

n
(α−βγ5)]n[J+i∂/ ][1− i

n
(α+βγ5)]n = lim

n→∞

(
1 +

δβ
n

)n

J

= eδβJ

(
1 +

δβ
n

)
J ≡ [1+

i

n
(α−βγ5)][J+i∂/ ][1− i

n
(α+βγ5)]

δβJ = i(α−βγ5)J− [i∂/ +J]i(α+βγ5) +
1

n
(α−βγ5)[i∂/ +J](α+βγ5)

n→∞
==== i(α−βγ5)J− [i∂/ +J]i(α+βγ5)
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			|||���QCD���������¼¼¼êêê: 			|||���ééé¡¡¡555CCC���111���

δβJ = i(α−βγ5)J− [i∂/ +J]i(α+βγ5)

δβ(vµ + aµγ5) = i(α+βγ5)(vµ + aµγ5)− [i∂µ + vµ + aµγ5]i(α+βγ5)

δβ(vµ + aµ) = i(α+β)(vµ + aµ)− [i∂µ + vµ + aµ]i(α+β)

δβ(vµ − aµ) = i(α−β)(vµ − aµ)− [i∂µ + vµ − aµ]i(α−β)

δβ(−s + ipγ5) = i(α−βγ5)(−s + ipγ5)− (−s + ipγ5)i(α+βγ5)

δβ(−s + ip) = i(α−β)(−s + ip)− (−s + ip)i(α+β)

δβ(s + ip) = i(α+β)(s + ip)− (s + ip)i(α−β)

θ̄′− θ̄ = −ilndetf [VRV†L] = −i lim
n→∞

lndetf

[
[1+

i

n
(α+β)][1− i

n
(α−β)]

]n

= −i lim
n→∞

[
lndetf [1 +

2i

n
β +

1

n2
(α2 − β2)]n

]
= 2trf(β)

θ̄′ ≡ eδβ θ̄ = lim
n→∞

(
1 +

1

n
δβ

)n

θ̄ δβθ̄ = 2trf(β) δn
β θ̄ = 0 n > 1
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			|||���QCD���������¼¼¼êêê: 			|||���ééé¡¡¡555CCC���111���

α, β kkk������µµµ

δβJ = i(α−βγ5)J− [i∂/ +J]i(α+βγ5) J′ = eδβJ

δβθ̄ = 2trf(β) δn
β θ̄ = 0 n > 1 θ̄′ = eδβ θ̄

f(J′) = eδβf(J) g(θ̄′) = eδβg(θ̄)

eδβ = 1− 1− eδβ

δβ
δβ = 1−

∫ 1

0

dt etδβ δβ

Z[J′, θ̄′] = eδβZ[J, θ̄] = Z[J, θ̄]−
∫ 1

0

dt etδβ δβZ[J, θ̄]

= Z[J, θ̄]−
∫ 1

0

dt

∫
d4x etδβ trf [β(x)Ω̃(x)]
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rrrfffÌÌÌééé¡¡¡555©©©aaa���ÃÃÃ���ééé¡¡¡555ggguuu»»»""":

Qa
V = Qa

R + Qa
L Qa

A = Qa
R −Qa

L

Qa
V =

∫
d3x q†(~x, t)

λa

2
q(~x, t) Qa

A =

∫
d3x q†(~x, t)

λa

2
γ5q(~x, t)

[Qa
V,Q

b
V] = ifabcQc

V

[Qa
A,Q

b
A(t)] = ifabcQc

V [Qa
V,Q

b
A] = ifabcQc

A

PQa
LP−1 = Qa

R PQa
RP−1 = Qa

L

PQa
VP−1 = Qa

V PQa
AP−1 = −Qa

A
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rrrfffÌÌÌééé¡¡¡555©©©aaa���ÃÃÃ���ééé¡¡¡555ggguuu»»»"""

[Qa
V,HQCD,0] = [Qa

A,HQCD,0] = [Qa
V,
~PQCD] = [Qa

A,
~PQCD] = 0

[P,HQCD,0] = [P, ~PQCD] = [Qa
V,P] = 0

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

ij|j,−〉

HQCD,0|i,−〉 ≈ Ei|i,−〉 ≈ E−|i,−〉 [ta, tb] = ifabctc

HQCD,0Q
a
V|i,−〉 = Qa

VHQCD,0|i,−〉 = EiQ
a
V|i,−〉

|i,−〉 ≡ a†i |0〉 ta
ija
†
j |0〉 = ta

ij|j,−〉 = Qa
Va†i |0〉 = [Qa

V, a
†
i ]|0〉 + a†iQ

a
V|0〉

|0〉′ ≡ eiQa
VΘa|0〉 = |0〉 ⇒ Qa

V|0〉 = 0 =⇒ [Qa
V, a

†
i ] = ta

ija
†
j

Qa
V ééé���III000fff���������^̂̂´́́òòòÙÙÙCCC¤¤¤§§§gggCCCÚÚÚÙÙÙ§§§������III000fff���������555UUU\\\ ���
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rrrfffÌÌÌééé¡¡¡555©©©aaa���ÃÃÃ���ééé¡¡¡555ggguuu»»»"""

1000MeV±±±eee���AAA������þþþ���$$$���rrrfffÌÌÌ���µµµ

���III000fffxxx(JP = 0−) :

π±(140) π0(135) K±(494) K0, K̄0(498) η(547) η′(958)

¥¥¥þþþ000fff[[[xxx(JP = 1−) :

ρ±, ρ0(769) K∗±(892) K∗0, K̄∗0(896) ω(782)

IIIþþþ000fff[[[xxx(JP = 0+) : f0½½½σ(500) K∗
0½½½κ(800) f0(980) a0(980)

fff[[[xxx(JP = (
1

2
)+) : p(938) n(940)

���IIIÚÚÚ¥¥¥þþþ000fff///¤¤¤SU(3)V���lll���£££������¤¤¤LLL«««"""=⇒ Qa
V|0〉 = 0 nnnØØØyyy²²²���
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rrrfffÌÌÌééé¡¡¡555©©©aaa���ÃÃÃ���ééé¡¡¡555ggguuu»»»"""

Qa
A ééé���III000fff���������^̂̂µµµ

Qa
A|i,−〉 ≡ t̃a

is|s,+〉 P|s,+〉 = |s,+〉

HQCD,0Q
a
A|s,−〉 = Qa

AHQCD,0|s,−〉 = E−Q
a
A|s,−〉

HQCD,0|s,+〉 = E+|s,+〉 E+ ≈ E−

Qa
A|i,−〉 = t̃a

isb
†
s|0〉 = t̃a

is|s,+〉 = Qa
A|i,−〉 = Qa

Aa†i |0〉

= [Qa
A, a

†
i ]|0〉 + a†iQ

a
A|0〉

|0〉′ ≡ eiQa
AΘa|0〉 6= |0〉 ⇒ Qa

A|0〉 6= 0 ⇒ a†iQ
a
A|0〉 ØØØ´́́üüüâââfff��� ���

Qa
A ééé���III000fff���������^̂̂ØØØüüüâââfff���			������¹¹¹kkkòòòÙÙÙCCC¤¤¤õõõâââfff������ÜÜÜ©©© ���
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rrrfffÌÌÌééé¡¡¡555©©©aaa���ÃÃÃ���ééé¡¡¡555ggguuu»»»"""

Qa
A|0〉 6= 0 Qa

V|0〉 = 0 → SU(3)L × SU(3)R → SU(3)V

nnnØØØyyy²²²ººº ~PQCDQa
A|0〉=Qa

A
~PQCD|0〉=0 Qa

A|0〉 = b̃a,†(~0)|0〉

HQCD,0b̃
a,†(~0)|0〉 = HQCD,0Q

a
A|0〉 = Qa

AHQCD,0|0〉 = 0 Goldstoneâââfff

Pb̃a,†(~0)|0〉 = PQa
A|0〉 = PQa

AP−1P|0〉 = −Qa
A|0〉

b̃a,†(~p)|0〉 ≡ |φa(~p)〉 ½½½ÂÂÂ


^̂̂���III000fff||| φa(~p) IIIPPP���ÄÄÄþþþ��� ~p ���III000fff���

[Qa
V, b̃

b,†(~0)]|0〉=[Qa
V,Q

b
A]|0〉= ifabcQc

A|0〉 = ifabcb̃c,†(~0)|0〉

[Qa
V, b̃

b,†(~0)] = ifabcb̃c,†(~0)
���ëëë���XXX¶¶¶Qa

VâââÔÔÔ[[[ØØØCCC========⇒ [Qa
V, b̃

b,†(~p)] = ifabcb̃c,†(~p)

Qa
V|φb(~p)〉 = ifabc|φc(~p)〉 [Qa

V, φ
b(~p)] = ifabcφc(~p)
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T3 = Q3
V Y =

2√
3

Q8
V Qa

V|φb(~p)〉 = ifabc|φc(~p)〉

K0(−1

2
,1) K+(

1

2
,1)

π−(−1,0) π0(0,0) η(0,0) π+(1,0)

K−(−1

2
,−1) K̄0(

1

2
,−1)

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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rrrfffÌÌÌééé¡¡¡555©©©aaa���ÃÃÃ���ééé¡¡¡555ggguuu»»»"""

8∑
a=1

λa|φa〉 ≡

 |φ
3〉 + 1√

3
|φ8〉 |φ1〉 − i|φ2〉 |φ4〉 − i|φ5〉

|φ1〉 + i|φ2〉 −|φ3〉 + 1√
3
|φ8〉 |φ6〉 − i|φ7〉

|φ4〉 + i|φ5〉 |φ6〉 + i|φ7〉 − 2√
3
|φ8〉



=

 |π
0〉 + 1√

3
|η〉

√
2|π−〉

√
2|K−〉√

2|π+〉 −|π0〉 + 1√
3
|η〉
√

2|K̄0〉√
2|K+〉

√
2|K0〉 − 2√

3
|η〉
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§§§���ééévvvààà���ÃÃÃ���ééé¡¡¡555ggguuu»»»"""

〈0|Aa
µ(0)|φb(p)〉 = ipµF0δ

ab Qa
A|0〉 6= 0 =⇒ F0 6= 0

Sa(y) = q̄(y)λaq(y)

[Qa
V,S

0(y)] = 0 [Qa
V,S

b(y)] = i
8∑

c=1

fabcSc(y)

Qa
V =

∫
d3xq†(~x, t)

λa

2
q(~x, t)

Qa
V|0〉 = 0 → 〈0|Sa(y)|0〉 = 〈0|Sa(0)|0〉 ≡ 〈Sa〉 = 0

→ 〈ūu〉 − 〈d̄d〉 = 0; 〈ūu〉 + 〈d̄d〉 − 2〈̄ss〉 = 0→ 〈ūu〉 = 〈d̄d〉 = 〈̄ss〉

〈q̄q〉 ≡ 〈ūu + d̄d + s̄s〉 = 3〈ūu〉 = 3〈d̄d〉 = 3〈̄ss〉 =? 0
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§§§���ééévvvààà���ÃÃÃ���ééé¡¡¡555ggguuu»»»"""

Pa(y) = iq̄(y)γ5λ
aq(y) 〈0|i[Qa

A,P
a(y)]|0〉 =

2

3
〈q̄q〉

i[Qa
A,P

a(y)] =


ūu + d̄d a = 1, 2, 3
ūu + s̄s a = 4, 5
d̄d + s̄s a = 6, 7

1
3
(ūu + d̄d + 4s̄s) a = 8

−2i

3
〈q̄q〉

=
∑

n

[〈0|Qa
A|n〉〈n|Pa(y)|0〉 − 〈0|Pa(y)|n〉〈n|Qa

A|0〉]

=

∫
d~p

2
√
~p2

[
〈0|Qa

A|φb(~p)〉〈φb(~p)|Pa(y)|0〉

−〈0|Pa(y)|φb(~p)〉〈φb(~p)|Qa
A|0〉

]
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Goldstone|||���CCC���555������+++½½½ÂÂÂ

���ÄÄÄGoldstone|||µµµ πa
bbb���333+++gCCC���eeeµµµ πa g→ φa[g, π]

φa[I, π] = πa φ[g1, φ[g2, π]] = φ[g1g2, π] 555¿¿¿ùùùppp���(((ÜÜÜ^̂̂SSS´́́kkkmmm222������

ýýý���→ πa = 0 φa[I,0] = 0 φa[I, φ[g,0]] = πa[g,0]

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

→ φa[g,0] ���±±±^̂̂555£££ããã���IIIGoldstoneâââfff||| ���

→ ÕÕÕááá+++������ÚÚÚÕÕÕáááGoldstoneâââfff|||������éééAAA ���

→ ���IIIGoldstoneâââfff|||���ÛÛÛ���555���¦¦¦éééAAA���+++���777LLL´́́ÛÛÛ������ ���

ùùùÒÒÒ´́́������ooo���rrr���555...¼¼¼þþþäääkkk������NNNÃÃÃ���ééé¡¡¡555ÛÛÛ���zzz������ÏÏÏ
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Goldstone|||���CCC���555������+++½½½ÂÂÂ

¤¤¤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 !
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Goldstone|||���CCC���555������+++½½½ÂÂÂ

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

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!

g2 = g1ḡ

φ(ḡ, 0) = 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

���IIIGoldstoneâââfff|||φ(g, 0)ÓÓÓ���uuuSU(3)L×SU(3)R/SU(3)V ! §§§���±±±www333´́́½½½

ÂÂÂ333SU(3)L×SU(3)R���������888þþþ£££OOO���g′ = gh"""ÀÀÀ������888555ggguuuccc¡¡¡���ÑÑÑ���(((ÜÜÜÆÆÆ

¦¦¦{{{½½½ÂÂÂ¤¤¤""" ���±±±333zzz������888þþþÀÀÀ���������LLL������n§§§^̂̂§§§555���LLL���IIIGoldstoneâââ

fff|||""" zzz������888þþþÑÑÑÀÀÀ½½½���LLL���������§§§???¿¿¿���������+++���ÑÑÑ���������///©©©)))���nh,@@@

ooo§§§ééé???¿¿¿���+++���g999���888þþþ������LLL���n§§§ ···���kkkgn = n′hûûû½½½


n333ööö���geee���

���n’CCC���111���§§§ÙÙÙ¥¥¥n’���´́́���888þþþ������LLL���"""
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Goldstone|||���CCC���555������+++½½½ÂÂÂ

+++���^̂̂QCD¥¥¥���VL,VR���EEEµµµg=(VL,VR) g′=(V′L,V
′
R) gg′≡(VLV′L,VRV′R)

n = (1,U) U(x) = eiφ(x)/F0 Goldstone|||µµµφ(x) =
8∑

a=1

λaφa(x)

U(x)
φ→0

−− → 1 + φ(x)/F0 ýýý���→ φ = 0 U = 1

gn = (VL,VR)(1,U) = (VL,VRU) = (1,VRUV†L)(VL,VL)

= (1,U′)(VL,VL) = n′h

U→ U′ = VRUV†L Ull′(x) ∼ qR,lαs(x)q̄L,l′αs(x) detfU(x) = eiθ̄

detfU
′ = detf(VRUV†L) = (detU)elndetf (VRV†L) = ei[θ̄−ilndetf (VRV†L)] = eiθ̄′

V1V† = 1 A†1A† 6= 1 ⇒ H = SU(3)V
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Goldstone|||���CCC���555������+++½½½ÂÂÂ

n = (Ω†,Ω) gn = (VL,VR)(Ω†,Ω) = (VLΩ†h̃†,VRΩh̃†)(h̃, h̃) = n′h

VRΩh̃† = [VLΩ†h̃†]†= h̃ΩV†L Ω→ Ω′ = VRΩh̃† = h̃ΩV†L

h̃ éééAAA���ééé¡¡¡555��� hidden symmetry"""§§§´́́���������ÚÚÚÑÑÑ���¥¥¥þþþ...���ééé¡¡¡555

Ω2 → Ω2′ = VRΩ2V†L U = 1→ýýý���→ Ω = 1 → U = Ω2

ÚÚÚccc¡¡¡½½½ÂÂÂ������888���LLL���������������fff+++CCC���µµµ(Ω†,Ω) = (1,U)(Ω†,Ω†)

Ω(x) = eiφ(x)
2F0 φ(x) =

8∑
a=1

λaφa(x) Ull′(x) ∼ qR,lαs(x)q̄L,l′αs(x)

VL =VR =V≡e−iλ
a

2 Θa ⇒ VUV†=eiΘaQa
VUe−iΘaQa

V Qa
V≡Qa

L+Qa
R

VφV† = eiΘaQa
Vφe−iΘaQa

V ⇒ [Qa
V, φ]= [−λ

a

2
, φ] ⇒ [Qa

V, φ
b] = ifabcφc︸ ︷︷ ︸

[Qa
V, b̃

b,†(~p)] = ifabcb̃c,†(~p)
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eiZ[J,θ̄] =

∫
DU exp

{
i

∫
d4xLeff [U,J, θ̄]

}
������oooÀÀÀ U ������kkk���nnnØØØ���CCCþþþ?

qf ,α(~x, t)
P
− → γ0qf ,α(−~x, t) q̄f ,α(~x, t)

P
− → q̄f ,α(−~x, t)γ0

qf ,α(~x, t)
C
− → Cq̄†f ,α(~x, t) q̄f ,α(~x, t)

C
− → −q†f ,α(~x, t)C−1

Ull′(x) ∼ qR,lαs(x)q̄L,l′αs(x)

U(~x, t)
P→ UP(~x, t) = U†(−~x, t) U(~x, t)

C→ UC(~x, t) = UT(~x, t)∫
DU exp

{
i

∫
d4xLeff [U,J, θ̄]

}
= eiZ[J,θ̄] = eiZ[JP,θ̄P]

=

∫
DUP e{i

∫
d4x Leff [UP,JP,θ̄P]} =

∫
DU e{i

∫
d4x Leff [UP,JP,θ̄P]}

⇒ Leff [U,J, θ̄] = Leff [UP,JP, θ̄P] P ⇒ C
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DU exp

{
i

∫
d4xLeff [U,J, θ̄]

}
= eiZ[J,θ̄]

= exp
{
iZ[J′, θ̄′] + i

∫ 1

0

dt

∫
d4x etδβ trf [βΩ̃]

}
=

∫
DU exp

{
i

∫
d4xLeff [U,J′, θ̄′] + i

∫ 1

0

dt

∫
d4x etδβ trf [βΩ̃]

}
=

∫
DU′ exp

{
i

∫
d4xLeff [U′,J′, θ̄′] + i

∫ 1

0

dt

∫
d4x etδβ trf [βΩ̃]

}
=

∫
DU exp

{
i

∫
d4xLeff [U′,J′, θ̄′] + i

∫ 1

0

dt

∫
d4x etδβ trf [βΩ̃]

}

∫
d4xLeff [U,J, θ̄] =

∫
d4xLeff [U′,J′, θ̄′] +

∫ 1

0

dt

∫
d4x etδβ trf [βΩ̃]
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Leff [U,J, θ̄] = Leff [UP,JP, θ̄P]

Leff [U,J, θ̄] = Leff [UC,JC, θ̄C]

ÃÃÃ���kkk���...¼¼¼þþþ333âââÔÔÔ[[[CCC���eee���´́́ØØØCCC���!

Leff [U,J, θ̄] = Leff [U′,J′, θ̄′] +

∫ 1

0

dt etδβ trf [β(x)Ω̃(x)]

Leff [U,J, θ̄] = Leff,N[U,J, θ̄] + Leff,A[U,J, θ̄]

���~~~���µµµ Leff,N[U,J, θ̄] = Leff,N[U′,J′, θ̄′]

���~~~���µµµ Leff,A[U,J, θ̄] = Leff,A[U′,J′, θ̄′] +

∫ 1

0

dt etδβ trf [β(x)Ω̃(x)]
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Leff,N[U′,J′, θ̄′] = Leff,N[U,J, θ̄]

∇µU ≡ ∂µU− i(vµ + aµ)U + iU(vµ − aµ)

∇µU→ ∂µ(VRUV†L)− i[VR(vµ + aµ)V
†
R + iVR∂µV

†
R]VRUV†L

+iVRUV†L[VL(vµ − aµ)V
†
L + iVL∂µV

†
L]

= ∂µVRUV†L + VR∂µUV†L + VRU∂µV
†
L − iVR(vµ + aµ)UV†L

−∂µVRUV†L + iVRU(vµ − aµ)V
†
L −VRU∂µV

†
L

= VR[∂µU− i(vµ + aµ)U + iU(vµ − aµ)]V
†
L = VR(∇µU)V†L

rµ = vµ + aµ lµ = vµ − aµ
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ÄÄÄ��� SU(3)L × SU(3)R C P

U VRUV†L UT U†

∇λ1 · · · ∇λnU VR∇λ1 · · · ∇λnUV†L (∇λ1 · · · ∇λnU)T (∇λ1 · · · ∇λnU)†

χ = 2B0(s+ ip) VRχV†L χT χ†

∇λ1 · · · ∇λnχ VR∇λ1 · · · ∇λnχV†L (∇λ1 · · · ∇λnχ)
T (∇λ1 · · · ∇λnχ)†

θ̄ θ̄ − ilndetf (VRV†L) θ̄ −θ̄
∇µθ̄ ≡ ∂µθ̄ + 2itrfaµ ∇µθ̄ ∇µθ̄ −∇µθ̄

rµ = vµ + aµ VRrµV
†
R + iVR∂µV

†
R −lTµ lµ

lµ = vµ − aµ VLlµV
†
L + iVL∂µV

†
L −rT

µ rµ

fR
µν = ∂µrν − ∂νrµ − i[rµ, rν ] VRfR

µνV
†
R −(fL

µν)
T fµνL

fL
µν = ∂µlν − ∂νlµ − i[lµ, lν ] VLfL

µνV
†
L −(fR

µν)
T

fµνR

Table 2: ���������333ÃÃÃ���§§§>>>ÛÛÛ���ÝÝÝÚÚÚ���¡¡¡CCC���eee���CCC���555���"""

555µµµ∇µχ ≡ ∂µχ− i(vµ + aµ)χ + iχ(vµ − aµ)
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êêê���: kkk���...¼¼¼þþþddd÷÷÷vvvééé¡¡¡555���¦¦¦���¤¤¤kkk���UUU������ÎÎÎ|||¤¤¤"""
ddduuu���ÎÎÎêêê888¯̄̄õõõ, ���


¦¦¦nnnØØØ���???111OOO���¿¿¿äääkkk���ýýýóóó555,UUU???111
XXXÚÚÚ���OOO���¿¿¿������OOOØØØ���§§§777LLLééé���ÎÎÎ???111©©©aaa,±±±ddd SSSüüüOOO���ùùù



���ÎÎÎ���^̂̂SSS(���ÎÎÎ������)"""©©©aaa���IIIOOO´́́ÏÏÏééé���


���ëëëþþþ,¿¿¿���½½½
������ÎÎÎ ééé���ëëëþþþ������666"""¦¦¦���nnnØØØ333ÐÐÐmmm���ùùù


ëëëþþþ���kkk���������
ggg,���kkkkkk���«««���ÎÎÎëëë������zzz"""
$$$UUUÐÐÐmmm: UUU���III000fff���mmmDDD444���UUUÄÄÄþþþ???111ÐÐÐmmm"""

∂µ ∼ p vν, aµ ∼ ∇µ ∼ ∂µ ∼ p p ∼ s ∼m ∼M2
P

1/(p2−M2
P)

−− → p2

U, θ̄ ∼ p0

Leff,N = L2 + L4 + L6 + · · · âââÔÔÔ[[[ééé¡¡¡555���¦¦¦ÛÛÛêêê���������"""���

L2 =
F2

0

4
trf [∇µU(∇µU)†] +

F2
0

4
trf(χU† + Uχ†) +

H0

12
trf(∇µθ̄∇µθ̄)
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• XXXÛÛÛnnn)))vvvkkk p0 ������ººº

• ���III000fffÃÃÃ³³³UUU§§§���III000fff���ggg���^̂̂���ÄÄÄþþþªªªuuu"""������""" ���

• XXXÛÛÛ¢¢¢yyy���ººº U†U = 1

• ,,,���«««nnn)))���ªªªµµµ S.Weinberg

– eee���333������^̂̂���III000fff|||���EEE���kkk���|||ØØØ

– ÙÙÙ...¼¼¼þþþ333���NNN���ÃÃÃ���ééé¡¡¡555 SU(3)L × SU(3)R CCC���eeeAAA´́́ØØØCCC���

– ÏÏÏ���±±±^̂̂+++������£££���888���LLL���¤¤¤���LLL���III000fff|||

– ���òòò000fff|||������+++������§§§ÏÏÏLLLØØØ���+++CCC���rrr000fff|||===¤¤¤ýýý���üüü   ���

– eeeÑÑÑ���===ÄÄÄ���ÛÛÛ���555§§§...¼¼¼þþþ���ÃÃÃ���ééé¡¡¡555¦¦¦...¼¼¼þþþ333+++CCC������CCC���"""

– ���ÄÄÄÛÛÛ���555§§§...¼¼¼þþþ¹¹¹���ûûû������ÃÃÃ{{{CCC¤¤¤"""§§§���eee¹¹¹���ûûû������ !

– ùùùpppæææ^̂̂���ÒÒÒ´́́...¼¼¼þþþ¤¤¤ØØØäääkkk���ÛÛÛ���zzz���ÃÃÃ���ééé¡¡¡555CCC��� ���
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L4 = L1{trf [∇µU(∇µU)†]}2 + L2trf [∇µU(∇νU)†trf [∇µU(∇νU)†]

+L3trf [∇µU(∇µU)†∇νU(∇νU)†]

+L4trf [∇µU(∇µU)†]trf(χU† + Uχ†)

+L5trf [∇µU(∇µU)†(χU† + Uχ†)] + L6[trf(χU† + Uχ†)]2

+L7[trf(χU† −Uχ†)]2 + L8trf(Uχ
†Uχ† + χU†χU†)

−iL9trf [f
R
µν∇µU(∇νU)† + fL

µν(∇µU)†∇νU]

+L10trf(UfL
µνU

†fµνR ) + H1trf(f
R
µνf

µν
R + fL

µνf
µν
L ) + H2trf(χχ

†)

θ̄ = 1, trfvµ = 0, trfaµ = 0



D
ra

ft 71/119

JJ
II
J
I

Back

Close

���III000fffÃÃÃ���kkk���...¼¼¼þþþ: ���~~~���

,,,���«««���ªªªµµµ ___���¶¶¶===ÄÄÄVL = V†R = Ω

UΩ(x) = VR(x)U(x)V†L(x) = Ω†(x)U(x)Ω†(x) = 1

JΩ(x) ≡ v/ Ω(x) + a/ Ω(x)γ5 − sΩ(x) + ipΩ(x)γ5

= [VRPL + VLPR][J + i∂/ ][V†RPR + V†LPL]

= [Ω(x)PR + Ω†(x)PL] [J(x) + ∂/ x] [Ω(x)PR + Ω†(x)PL]

sΩ =
1

2
[Ω(s− ip)Ω + Ω†(s + ip)Ω†]

pΩ =
i

2
[Ω(s− ip)Ω−Ω†(s + ip)Ω†]

vΩ,µ =
1

2
[Ω†(vµ + aµ + i∂µ)Ω + Ω(vµ − aµ + i∂µ)Ω

†]

aΩ,µ =
1

2
[Ω†(vµ + aµ + i∂µ)Ω−Ω(vµ − aµ + i∂µ)Ω

†]
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1 = UΩ → U′Ω ≡ Ω†′U′Ω†′ = h̃Ω†V†RVRUV†LVLΩ†h̃† = 1

JΩ → J′Ω ≡ [Ω′PR + Ω′†PL] [J′ + ∂/ ] [Ω′PR + Ω′†PL]

= [h̃ΩV†LPR + h̃Ω†V†RPL]

×[VRPL + VLPR][J + ∂/ ][V†RPR + V†LPL]

×[VRΩh̃†PR + VLΩ†h̃†PL]

= h̃[ΩPR + Ω†PL][J + ∂/ ][ΩPR + Ω†PL]h̃† = h̃[JΩ + ∂/ ]h̃†

sΩ → s′Ω = h̃sΩh̃† pΩ → p′Ω = h̃pΩh̃†

vΩ,µ → v′Ω,µ = h̃[vΩ,µ + i∂µ]h̃
† aΩ,µ → a′Ω,µ = h̃aΩ,µh̃

†

∇µ = ∂µ − ivΩ,µ ∇µ → ∇
′
µ = h̃∇µh̃

†

333ÃÃÃ���CCC���eee§§§===ÄÄÄ���			|||UUUhidden symmetryCCC���§§§ÙÙÙ¥¥¥ vΩ ååå555���|||���^̂̂���
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Leff,N[U,J] = Leff,N[1,JΩ] = Leff,N[1,J′Ω]

L2 = F2
0trf [a

2
Ω + B0sΩ]

L4 = trf

[
−K1[dµa

µ
Ω]2 −K2(dµaνΩ − dνaµΩ)(dµaΩ,ν − dνaΩ,µ) +K3[a2

Ω]2

+K4a
µ
ΩaνΩaΩ,µaΩ,ν +K5a

2
Ωtrf [a

2
Ω] +K6a

µ
ΩaνΩtrf [aΩ,µaΩ,ν] +K7s

2
Ω

+K8sΩtrf [sΩ] +K9p
2
Ω +K10pΩtrf [pΩ] +K11sΩa2

Ω +K12sΩtrf [a
2
Ω]

−K13V
µν
Ω VΩ,µν + iK14V

µν
Ω aΩ,µaΩ,ν +K15pΩdµaΩ,µ

]
dµaνΩ = [∇µ

, aνΩ], Vµν
Ω = i[vµ

Ω,v
ν
Ω]
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dµaνΩ − dνaµΩ =
1

2
[Ω†fµνR Ω−ΩfµνL Ω†]

sΩ =
1

2
[Ω(s− ip)Ω + Ω†(s + ip)Ω†]

pΩ =
i

2
[Ω(s− ip)Ω−Ω†(s + ip)Ω†]

aµΩ =
i

2
Ω†[∇µU]Ω†(x)

Vµν
Ω =

i

4
Ω†[−(∇µU)U†(∇νU) + (∇νU)U†(∇µU)]Ω†

+
1

2
[Ω†fµνR Ω + ΩfµνL Ω†]

dµa
µ
Ω = −B0[pΩ −

1

3
trf(pΩ)]
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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]
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Ω(x) = VL(x) = V†R(x) = e−iβ(x) β(x) = −φ(x)

2F0

Leff [U,J] = Leff [1,JΩ] +

∫ 1

0

dt etδβ trf [β(x)Ω̃(x)]

Leff [U,J] = Leff,N[U,J] + Leff,A[U,J]

Leff,A[U,J] = Leff,A[1,JΩ] +

∫ 1

0

dt etδβ trf [β(x)Ω̃(x)]

SSS������¡¡¡CCC���µµµ

vµ → vµ aµ → −aµ s→ s p→ −p U→ U† Ω→ Ω† δβ
?→ δβ

vµ
Ω → vΩ,µ aµΩ → −aΩ,µ sΩ → sΩ pΩ → −pΩ Ω̃→ Ω̃ β → −β

���~~~���=SSS������¡¡¡óóó=óóóêêê���φ, aµ,p ���~~~���=SSS������¡¡¡ÛÛÛ=ÛÛÛêêê���φ, aµ,p

���~~~��� ∼ÛÛÛêêê���εµνερ
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δβvµ = ∂µα + i[α,vµ] + i[β, aµ] δβs = i[α, s]− {β,p}
δβaµ = ∂µβ + i[α, aµ] + i[β,vµ] δβp = i[α,p] + {β, s}

δ′βv
′
µ = ∂µα + i[α,vµ] + i[β, aµ] = δβv

µ = δ′βv
µ

δ′βa
′
µ = −∂µβ − i[α, aµ]− i[β,vµ] = −δβaµ = −δ′βaµ

δ′βs
′ = i[α, s]− {β,p} = δβs = δ′βs

δ′βp
′ = −i[α,p]− {β, s} = −δβp = −δ′βp

δ′β = δβ
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SWZ[U,J]

≡
∫

d4x

∫ 1

0

dt etδβ trf [β(x)Ω̃(x)] = (eδβ − 1)Z[J] = Z[JΩ]− Z[J]

Ω(t,x)=e−itβ(x)

======== Z[JΩ(1)]− Z[JΩ(0)] =

∫ 1

0

dt
dZ[JΩ(t)]

dt

= −
∫ 1

0

dt

∫
d4x trf [β(x)Ω̃(x)]

∣∣
J→JΩ(t)

= − i

2

∫ 1

0

dt

∫
d4x trf [

∂U(t,x)

∂t
U†(t,x)Ω̃(x)]

∣∣
J→JΩ(t)

J=0
==== − Nci

48π2

∫ 1

0

dt

∫
d4x εµνµ

′ν ′trf

[
U†(t,x)

∂U(t,x)

∂t
×Lµ(t,x)Lν(t,x)Lµ′(t,x)Lν ′(t,x)

]
Lµ ≡ U†∂µU dµaνΩ

∣∣
J=0

= dνaµΩ
∣∣
J=0

Vµν
Ω

∣∣
J=0

= i[aµΩ, a
ν
Ω]
∣∣
J=0
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∂

∂t
trf

[
Li(t,y)Lj(t,y)Lk(t,y)Ll(t,y)Lm(t,y)

]
dΣijklm

= 5
∂

∂ym
trf

[
U†(t,y)

∂U(t,y)

∂t
Li(t,y)Lj(t,y)Lk(t,y)Ll(t,y)

]
dΣijklm∫

Q

dΣijklm ∂

∂ym
=

∫
d4x εµνσρ∫

Q

dΣijklm trf [Li(1,y)Lj(1,y)Lk(1,y)Ll(1,y)Lm(1,y)]

=

∫
Q

dΣijklm

∫ 1

0

dt
∂

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

=5

∫
d4x

∫ 1

0

dtεµνσρtrf

[
U†(t,x)

∂U(t,x)

∂t
Lµ(t,x)Lν(t,x)Lσ(t,x)Lρ(t,x)

]
SWZ[U,0] = − Nci

48π2

∫ 1

0

dt

∫
d4x εµνµ

′ν ′trf

[
U†
∂U

∂t
LµLνLµ′Lν ′

]
= − Nci

240π2

∫
Q

dΣijklm trf [Li(1,y)Lj(1,y)Lk(1,y)Ll(1,y)Lm(1,y)]
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SWZ[U,J] = SWZ[U,J]
∣∣
J=0

+
1

48π2

∫
d4xεµναβWµναβ

Wµναβ = trf

{
[−lµUνLUαLUβL + ∂µlνlαUβL + lµ∂νlαUβL + (L→ R)]

+∂µlνUrαU
−1UβL + U∂µrνU

−1lαUβL

−1

2
[lµUνLlαUβL − L→ R]

+lµUrνU
−1UαLUβL −UrµU

−1lνUαLUβL

−lµ∂νlαUrβU
−1 − ∂µlνlαUrβU

−1 + rµ∂νrαU
−1lβU

+∂µrνrαU
−1lβU + lµUrνU

−1lαUβL + rµU
−1lνUrαUβR

+[lµlνlαUβL + (L→ R)]− lµlνlαUrβU
−1

+rµrνrαU
−1lβUβL −

1

2
lµUrνU

−1lαUrβU
−1
}

UµL = ∂µU ·U−1 UµR = U−1∂µU
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���)))ÛÛÛ555§§§NNN���555������XXX���ÄÄÄ���555������¦¦¦

• £££ããã���´́́ÔÔÔnnnâââfff§§§AAAkkkþþþfff���AAA

• SÝÝÝ


���JJJÜÜÜÏÏÏ~~~æææ^̂̂äääããã(²²²;;;nnnØØØ)´́́���ØØØÑÑÑ555���§§§���ÏÏÏLLLJJJâââ
fffééé������)))âââUUU������

• SÝÝÝ


������ÛÛÛ���§§§���)))ÛÛÛ���§§§XXXéééUUUþþþ½½½���þþþ���éééêêê���666���æææ^̂̂äää
ããã´́́���ØØØÑÑÑ555���§§§���kkkÏÏÏLLL���ãããOOO���âââUUU������

���ããã���AAA:::µµµ

• DDDÂÂÂfff´́́ÃÃÃ���þþþ���IIIþþþ|||���DDDÂÂÂfff

• ���ppp���^̂̂ººº���´́́���ÄÄÄþþþ���ggg§§§���)))¹¹¹���ûûû½½½¹¹¹			|||
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������kkkL���������¤¤¤ùùùããã§§§kkkE^̂̂���III000fff			���§§§ I^̂̂���III000fffSSS
���§§§ni���ÄÄÄþþþ���ggg��� 2n£££���)))¤¤¤¹¹¹������ûûûÚÚÚ			|||���)))���ÄÄÄþþþ���
ggg¤¤¤§§§ ¹¹¹bi������III000fff������p2n���111i «««aaa...ººº���"""ÙÙÙéééÄÄÄþþþ£££���
)))SSS���ÄÄÄþþþÚÚÚ			���ÄÄÄþþþ999			|||¤¤¤���ooo���666���ggg���ω

ω = 4L− 2I +
∑

i

2n ni

L = I + 1−
∑

i

ni

ω = 2L + 2 + 2
∑

i

(n− 1)ni

p2 → ω = 2(L + 1) k���p4,ÙÙÙ§§§p2 → ω = 2(L + 1) + 2k

���ããã���ÄÄÄþþþ���gggppp; pppÄÄÄþþþ������ppp���^̂̂���ØØØ¬¬¬ÏÏÏLLL���ãããééé������½½½���
$$$������������)))KKK���
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• 333zzz������ÐÐÐmmmÄÄÄþþþ���§§§®®®²²²���ÑÑÑ


¤¤¤kkk���UUU������ppp���^̂̂���

• 333zzz������ÐÐÐmmmÄÄÄþþþ���§§§ÑÑÑ���333vvv


���---������---���uuuÑÑÑ

F0 = Fr
0 B0 = Br

0

Li = Lr
i + Γiλ, i = 1,2, . . . ,10

Hi = Hr
i + ∆iλ, i = 1,2

λ = (4π)−2µd−4

[
1

d− 4
− 1

2
[ln(4π) + γ + 1]

]

Γ1 Γ2 Γ3 Γ4 Γ5 Γ6 Γ7 Γ8 Γ9 Γ10 ∆1 ∆2
3
32

3
16

0 1
8

3
8

11
144

0 5
48

1
4
−1

4
−1

8
5
24
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Z[J, θ̄] = −i ln

∫
DAµ,iDq̄hDqhDq̄lDql ei

∫
d4x[LQCD+q̄Jq]

= −i ln

∫
DU ei

∫
d4xLeff [U,J,θ̄] =

∫
d4x L2[Uc,J, θ̄] + O(p4)

R.Jackiw, Phys.Rev. D9, 1686(1974)

δ

δUc(x)

∫
d4y

{
L2[Uc,J, θ̄] + iB0F

2
0λ[lndetfU(y) + iθ̄(y)]

}
= 0

δL2 = δ
{F2

0

4
trf [∇µU(∇µU)†] +

F2
0

4
trf(χU† + Uχ†) +

H0

12
trf(∇µθ̄∇µθ̄)

}
=
{F2

0

4
trf [U

†(∇µ∇µU)U† − (∇µ∇µU
†)] +

F2
0

4
trf(χ

† −U†χU†)
}
δU

= −iF2
0Ω
†[dµa

µ
Ω + B0pΩ]Ω†δU

p2|||���§§§µµµ dµa
µ
Ω + B0[pΩ −

1

3
trfpΩ] = 0 λ =

1

3
trfpΩ trf [dµa

µ
Ω] = 0

Ω†c(∇µ∇µUc)Ω
†
c −Ωc(∇µ∇µU

†
c)Ωc + [Ωcχ

†Ωc −Ω†cχΩ†c]
∣∣
traceless

= 0
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Ω†(∇µ∇µU)Ω† −Ω(∇µ∇µU
†)Ω + [Ωχ†Ω−Ω†χΩ†]

∣∣
traceless

= 0

ýýý���µµµvµ = aµ = p = 0 s = M = diag(mu,md,ms) U = Ω = 1

δZ[J, θ̄]

δJ(x)
=

∫
d4y

∂L2[Uc,J, θ̄]

∂J(x)
+ O(p4)

〈0|q̄(x)λaq(x)|0〉J=0 =
δZ[J, θ̄]

δsa(x)

∣∣
v=a=p=0;s=M

=

∫
d4y

∂L2[Uc,J, θ̄]

∂sa(x)

∣∣
J=0;Uc=1

+ O(p4) = F2
0B0trf(λ

a) + O(p4)
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〈0|Tq̄(x)λaγ5q(x)q̄(x′)λbγ5q(x′)|0〉v=a=p=0;s=M

= −i
δ2Z[J, θ̄]

δpa(x)δpb(x′)

∣∣
v=a=p=0;s=M

= −i

∫
d4y

δ

δpb(x′)

∂L2[Uc,J, θ̄]

∂pa(x)

∣∣
v=a=p=0;s=M,Uc=1

+ O(p4)

=
1

2
F2

0B0trf

{
λa[

δU†c(x)

δpb(x′)
− δUc(x)

δpb(x′)
]
}∣∣

v=a=p=0;s=M,Uc=1
+ O(p4)

= −F2
0B0trf

{
λaδUc(x)

δpb(x′)

}∣∣
v=a=p=0;s=M,Uc=1

+ O(p4)

U†c(x)Uc(x) = 1 [δU†c(x)]Uc(x) + U†c(x)δUc(x) = 0
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{
Ω†c(∂

2Uc)Ω
†
c −Ωc(∂

2U†c)Ωc

+2B0[Ωc(M− ip)Ωc −Ω†c(M + ip)Ω†]
∣∣
traceless

}∣∣
v=a=0;s=M

= 0

∂2δUc − ∂2δU†c + 2B0[{δΩc,M} − {δΩ†c,M} − 2iδp]
∣∣
traceless

= 0

∂2δUc + B0[{δUc,M} − 2iδp]− 1

3
B0trf [{δUc,M} − 2iδp] = 0

B0{M, λP} −
2

3
B0trf(MλP) = M̆2

PλP trf(λPλ
†
P′) = 2δPP′

δUc = δUPλP δp = δpPλP

(∂2 + M̆2
P)δUP − 2iB0δpP = 0

δUP(x)

δpp′(y)
=

2iB0δPP′

∂2
x + M̆2

P

δ4(x− y)
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〈0|Tq̄(x)λaγ5q(x)q̄(y)λP′γ5q(y)|0〉v=a=p=0;s=M

= −F2
0B0trf(λ

aλP)
δUP(x)

δpP′(y)

∣∣
ýýý��� = −i

2B2
0F

2
0trf(λ

aλP′)

∂2
x + M̆2

P′

δ4(x− y)∫
d4xd4y eiq·x+iq′·y〈0|Tq̄(x)λaγ5q(x)q̄(y)λP′γ5q(y)|0〉v=a=p=0;s=M

= −i

∫
d4xd4y eiq·x+iq′·y2B2

0F
2
0trf(λ

aλP′)

−q2 + M̆2
P′

δ4(x− y)

= i
2B2

0F
2
0trf(λ

aλP′)

q2 − M̆2
P′

(2π)4δ4(q + q′)

= i
〈0|q̄(0)λaγ5q(0)|~p, σ〉〈~p, σ|q̄(0)λP′γ5q(0)|0〉

q2 − M̆2
P′

(2π)4δ4(q + q′)

〈0|q̄(0)λ†Pγ5q(0)|~p, σ〉 = 〈~p, σ|q̄(0)λPγ5q(0)|0〉 = 2B0F0
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B0{M, λP} −
2

3
B0trf(MλP) = M̆2

PλP trf(λPλ
†
P′) = 2δPP′

λπ+ = −
√

1

2
(λ1 + iλ2) λπ− =

√
1

2
(λ1 − iλ2)

λK+ = −
√

1

2
(λ4 + iλ5) λK− =

√
1

2
(λ4 − iλ5)

λK0 = −
√

1

2
(λ6 + iλ7) λK̄0 =

√
1

2
(λ6 − iλ7)

λπ0 = λ3 cos ε + λ8 sin ε λη′ = −λ3 sin ε + λ8 cos ε
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tan(2ε) =

√
3

2

md −mu

ms − m̂
m̂ =

1

2
(mu + md)

M̆2
π± = (mu + md)B0

M̆2
K± = (mu + ms)B0

M̆2
K0 = M̆2

K̄0 = (md + ms)B0

M̆2
π0 = (mu + md)B0 −

4

3
(ms − m̂)B0

sin2 ε

cos(2ε)

M̆2
η =

2

3
(m̂ + 2ms)B0 +

4

3
(ms − m̂)B0

sin2 ε

cos(2ε)
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eiZ[J,θ̄] =

∫
DAµ,iDq̄hDqhDq̄Dq ei

∫
d4x [LQCD+q̄Jq]

=

∫
Dq̄Dq ei

∫
d4xq̄(i/∂+J)qeiZ′[q̄γµ

λC
i
2 q,θ̄]

eiZ′[Iµi ,θ̄] =

∫
DAµ,iDq̄hDqh ei

∫
d4x [−gAµ,iI

µ
i +L′]

L′ =
∑

f=c,b,t

q̄f(iD/ −mf)qf −
1

4
Gµν,iGµνi +

g2θ̄

64π2
εµνρσ

8∑
i=1

Gµν,iGρσ,i

Z′[Iµi , θ̄]=
∞∑

n=2

∫
d4x1 · · ·d4xn

(−i)ngn

n!
Gi1···in

µ1···µn
(x1,· · ·,xn)Iµ1

i1
(x1) · · · Iµn

in
(xn)︸ ︷︷ ︸

→GCM→NJL

Gi1···in
µ1···µn

(x1, · · · ,xn

[
q̄f1α1

(x1)(
λC

i1

2
)α1β1

γµ1qf1β1
(x1)

]
· · ·
[
q̄fnαn

(xn)(
λC

in

2
)αnβn

γµnqfnβn
(xn)

]
=

∫
d4x′1 · · ·d4x′ngn−2G

σ1···σn

ρ1···ρn
(x1,x

′
1, · · · ,xn,x

′
n)q̄

σ1
α1
(x1)q

ρ1
α1
(x′1) · · · q̄σn

αn
(xn)q

ρn
αn
(x′n)

eiZ[J,θ̄] =

∫
Dq̄Dq exp

{
i

∫
d4xq̄(i/∂+J)q+

∞∑
n=2

∫
d4x1d

4x′1 · · ·d4xnd
4x′n

×(−i)n(g2)n−1

n!
G

σ1···σn

ρ1···ρn
(x1,x

′
1,· · ·,xn,x

′
n)q̄σ1

α1
(x1)qρ1

α1
(x′1) · · · q̄σn

αn
(xn)qρn

αn
(x′n)

}
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Gi1i2
µ1µ2

(x1,x2)
[
q̄f1α1

(x1)(
λC

i1

2
)α1β1

γµ1qf1β1
(x1)

][
q̄f2α2

(x2)(
λC

i2

2
)α2β2

γµ2qf2β2
(x2)

]
Gi1i2
µ1µ2

(x1,x2) = δi1i2Gµ1µ2(x1,x2) (λC
i1)α1β1

(λC
i1)α2β2

= 2δα1β2
δα2β1

− 2

Nc
δα1β1

δα2β2

=
1

2
Gµ1µ2(x1,x2)

[
q̄f1α1

(x1)γ
µ1qf1β1

(x1)
][

q̄f2α2
(x2)γ

µ2qf2β2
(x2)

]
(δα1β2

δα2β1
− 1

Nc
δα1β1

δα2β2
)

=

∫
d4x′d4x′2Gµ1µ2(x1,x2)[−

1

2
γµ1
σ1ρ2

γµ2
σ2ρ1

δ(x′1 − x2)δ(x
′
2 − x1)

− 1

2Nc
γµ1
σ1ρ1

γµ2
σ2ρ2

δ(x′1 − x1)δ(x
′
2 − x2)]q̄

σ1
α1
(x1)q

ρ1
α1
(x′1)q̄

σ2
α2
(x1)q

ρ2
α1
(x′2)

G
σ1σ2

ρ1ρ2
(x1,x

′
1,x2,x

′
2)=−

1

2
Gµ1µ2(x1,x2)[γ

µ1
σ1ρ2

γµ2
σ2ρ1

δ(x′1−x2)δ(x
′
2−x1)+

1

Nc
γµ1
σ1ρ2

γµ2
σ2ρ1

δ(x′1−x2)δ(x
′
2−x1)]

ØØØ%%%´́́���±±±rrrÚÚÚXXX���ùùùÝÝÝ


===zzz��� δαβ !

Gi1i2i3
µ1µ2µ3

(x1,x2,x3) = gf i1i2i3G
(0)
µ1µ2µ3(x1,x2,x3) + gdi1i2i3G

(1)
µ1µ2µ3(x1,x2,x3)

f i1i2i3 = −2itr
[
[
λC

i1

2
,
λC

i2

2
]
λC

i3

2

]
=

i

4
λi2
αβλ

i1
βγλ

i3
γα −

i

4
λi1
αβλ

i2
βγλ

i3
γα

di1i2i3 = −2itr
[
{
λC

i1

2
,
λC

i2

2
}
λC

i3

2

]
=

1

4
λi2
αβλ

i1
βγλ

i3
γα +

1

4
λi1
αβλ

i2
βγλ

i3
γα

f i1i2i3λi1
α1β1

λi2
α2β2

λi3
α3β3

= 2i(δα3β2
δα2β1

δα1β3
− δα3β1

δα1β2
δα2β3

)

di1i2i3λi1
α1β1

λi2
α2β2

λi3
α3β3

= 2(δα3β2
δα2β1

δα1β3
+ δα3β1

δα1β2
δα2β3

− 2

Nc
δα1β1

δα2β3
δα3β2

)

− 2

Nc
δα1β3

δα2β2
δα3β1

− 2

Nc
δα1β2

δα2β1
δα3β3

+
4

N2
c
δα1β1

δα2β2
δα3β3

)
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DΦ δ

(
NcΦ

σρ(x,x′)− q̄σα(x)qρα(x′)
)

eiZ[J,θ̄] =

∫
Dq̄DqDΦδ

(
NcΦ

σρ(x,x′)−q̄σα(x)qρα(x′)
)

exp
{
i

∫
d4xq̄(i/∂+J)q

+Nc

∞∑
n=2

∫
d4x1d

4x′1 · · ·d4xnd
4x′n

(−i)n(Ncg
2)n−1

n!
G

σ1···σn

ρ1···ρn
(x1,x

′
1, · · ·,xn,x

′
n)

×Φσ1ρ1(x1,x
′
1) · · ·Φσnρn(xn,x

′
n)
}

δ
(
NcΦ

σρ(x,x′)−q̄σα(x)qρα(x′)
)

=C

∫
DΠei

∫
d4xd4x′Πσρ(x,x′)[NcΦ

σρ(x,x′)−q̄σα(x)qρα(x′)]

eiZ[J,θ̄] =

∫
DΦDΠ eiΓ0[J,Φ,Π]

Γ0[J,Φ,Π] = −iNcTrln[i/∂+J−Π]+Nc

∫
d4xd4x′Φσρ(x,x′)Πσρ(x,x′)

+Nc

∞∑
n=2

∫
d4x1d

4x′1 · · ·d4xnd
4x′n

(−i)n(Ncg
2)n−1

n!

×G
σ1···σn

ρ1···ρn
(x1,x

′
1, · · · ,xn,x

′
n)Φσ1ρ1(x1,x

′
1) · · ·Φσnρn(xn,x

′
n)
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ΦT(x′,x) → [VR(x′)PR + VL(x′)PL]ΦT(x′,x)[V†R(x)PL + V†L(x)PR]

Π(x,x′)→ [VR(x)PL + VL(x)PR]Π(x,x′)[V†R(x′)PR + V†L(x′)PL]

ÀÀÀJJJAAA½½½ÃÃÃ���===ÄÄÄòòòΦT(x,x)���IIIþþþÚÚÚ���IIIÜÜÜ©©©===¤¤¤XXXIIIþþþ:VL(x)=V†R(x)=Ω′(x)

PPP===������|||���µµµσ(x) = σ†(x)

ΦT(x,x)
∣∣
IIIþþþÚÚÚ���IIIÜÜÜ©©©

= [Ω′(x)PR + Ω′
†
(x)PL]σ(x)[Ω′

†
(x)PL + Ω′(x)PR]

(1)ξηΦ
(bξ)(aη)(x,x) = [Ω′(x)σ(x)Ω′(x) + Ω′

†
(x)σ(x)Ω′

†
(x)]ab

(γ5)ξηΦ
(bξ)(aη)(x,x) = [Ω′(x)σ(x)Ω′(x)−Ω′

†
(x)σ(x)Ω′

†
(x)]ab

detΩ′
2
(x) = eiϑ(x) Ω(x) ≡ Ω′(x)e−iϑ(x)

2Nf

U(x) ≡ Ω2(x) detΩ2(x) = 1

e−iϑ(x)
Nf Ω†(x)trl[PRΦT(x,x)]Ω†(x) = eiϑ(x)

Nf Ω(x)trl[PLΦT(x,x)]Ω(x)

e2iϑ(x) =
det{trl[PRΦT(x,x)]}
det{trl[PLΦT(x,x)]}

ϑ(x) = ϑ†(x)
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O = e−iϑ(x)
Nf trl[PRΦT(x,x)] O† = eiϑ(x)

Nf trl[PLΦT(x,x)]

F [O]

∫
DUδ(U†U− 1)δ(detU− 1)δ(ΩO†Ω−Ω†OΩ†) = C

F−1[O] = detO
∫
Dσδ(O†O − σ†σ)δ(σ − σ†)

δ(ΩO†Ω−Ω†OΩ†) = C

∫
DΞe−iNc

∫
d4xΞσρ(x)[Ω(x)O†(x)Ω(x)−Ω†(x)O(x)Ω†(x)]

eiZ[J,θ̄] =

∫
DΦDΠDΞDUδ(U†U−1)δ(detU−1) exp

{
iΓ0[J,Φ,Π]

+iΓI[Φ] + iNc

∫
d4xtrf

[
Ξ(x)

(
e−iϑ(x)

Nf Ω†(x)trl[PRΦT(x,x)]Ω†(x)

−eiϑ(x)
Nf Ω(x)trl[PLΦT(x,x)]Ω(x)

)]}
e−iΓI[Φ] ≡

∏
x

F−1[O(x)]

=
∏
x

{[
{det{trl[PRΦT(x,x)]}{det{trl[PLΦT(x,x)]}

]1
2

×
∫
Dσδ[(trlPRΦT)(trlPLΦT)− σ†σ]δ(σ − σ†)

}
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VL(x) = V†R(x) = Ω†(x)

ΦT
Ω(x,y) = [Ω†(x)PR + Ω(x)PL]ΦT(x,y)[Ω†(y)PR + Ω(y)PL]

ΠΩ(x,y) = [Ω†(x)PR + Ω(x)PL]Π(x,y)[Ω†(y)PR + Ω(y)PL]

Γ0[J,Φ,Π] = Γ0[JΩ,ΦΩ,ΠΩ] +���~~~���

−iNcTrln[i/∂ + J−Π] = −iNcTrln[i/∂ + JΩ −ΠΩ] + ���~~~���︸ ︷︷ ︸
−SWZ[Ω2,J]

ΓI[Φ] = ΓI[ΦΩ] ϑ(x) = ϑΩ(x) DΦDΠ = DΦΩDΠΩ

eiZ[J,θ̄] =

∫
DΦΩDΠΩDΞDUδ(U†U− 1)δ(detU− 1)eiΓ̃[JΩ,ΦΩ,ΠΩ,Ξ,Ω]

Γ̃[JΩ,ΦΩ,ΠΩ,Ξ,Ω] ≡ Γ0[JΩ,ΦΩ,ΠΩ] + ΓI[ΦΩ] + iSWZ[Ω2,J]

+Nc

∫
d4x trf

[
Ξ(x)

(
e−i

ϑΩ(x)
Nf trf [PRΦT

Ω(x,x)]− e−i
ϑΩ(x)

Nf trf [PRΦT
Ω(x,x)]

)]︸ ︷︷ ︸
trlf [Ξ(x)(−i sin

ϑΩ(x)
Nf

+γ5 cos
ϑΩ(x)

Nf
)ΦT

Ω(x,x)]
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R.Jackiw,1686(1974) ///ãããÐÐÐmmmµµµ

∫
DφeiS[φ] = eiΓ[φc] φc(x) =

∫
Dφ(x)eiS[φ]∫
DφeiS[φ]

∂Γ[φc]

∂φc

= 0 Γ[φc] = S[φc] +///ããã???���

eiZ[J,θ̄] =

∫
DUδ(U†U− 1)δ(detU− 1) eiSeff [JΩ,ΦΩc,ΠΩc,Ξc,Ω]

eiSeff [JΩ,ΦΩc,ΠΩc,Ξc,Ω] =

∫
DΦΩDΠΩDΞ eiΓ̃[JΩ,ΦΩ,ΠΩ,Ξ,Ω]

∂Seff [JΩ,ΦΩc,ΠΩc,Ξc,Ω]

∂Φσρ
Ωc(x,y)

=
∂Seff [JΩ,ΦΩc,ΠΩc,Ξc,Ω]

∂Πσρ
Ωc(x,y)

= 0

∂Seff [JΩ,ΦΩc,ΠΩc,Ξc,Ω]

∂Ξσρ
c (x,y)

= 0

Seff [JΩ,ΦΩc,ΠΩc,Ξc,Ω] = Γ0[JΩ,ΦΩc,ΠΩc] + iSWZ[Ω2,J]

+Nc

∫
d4xtrlf [Ξc(x)(−i sin

ϑΩc(x)

Nf

+ γ5 cos
ϑΩc(x)

Nf

)ΦT
Ωc(x,x)] + O(

1

Nc

)
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Ξ̃σρ(x)δ(x−y)+Πσρ
Ωc(x,y) +

∞∑
n=1

∫
d4x1d

4x′1· · ·d4xnd
4x′n

(−i)n+1(Ncg2)n

n!

×G
σσ1···σn

ρρ1···ρn
(x,y,x1,x

′
1, · · · ,xn,x

′
n)Φσ1ρ1

Ωc (x1,x
′
1) · · ·Φσnρn

Ωc (xn,x
′
n)

+O(
1

Nc

) = 0

Φσρ
Ωc(x,y) = −i[(i/∂ + JΩ −ΠΩc)

−1]ρσ(y,x) + O(
1

Nc

) = 0

trl

[(
− i sin

ϑΩc(x)

Nf

+ γ5 cos
ϑΩc(x)

Nf

)
ΦT

Ωc(x,x)
]

= 0

Ξ̃σρ(x) ≡
∂

∂Φσρ
Ωc(x,x)

∫
d4ytrlf

[
Ξc(y)

(
− i sin

ϑΩc(y)

Nf

+γ5 cos
ϑΩc(y)

Nf

)
ΦT

Ωc(y,y)
]

Ξc���½½½
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ΦT,ρσ(x′,x)→ 1

Nc

qρα(x′)q̄σα(x)

eiZ[J,θ̄] =

∫
DAi

µDq̄hDqhDq̄DqDΞDUδ(U†U−1)δ(detU−1) exp
{

iΓI[
qq̄

Nc

]+i

∫
d4x

[
LQCD+q̄Jq+trf

(
Ξ(x){e−iϑ(x)

Nf Ω†(x)trl[PRq(x)q̄(x)]Ω†(x)

−eiϑ(x)
Nf Ω†(x)trl[PLq(x)q̄(x)]Ω†(x)}

)]}
qΩ(x) = [Ω†(x)PL + Ω(x)PR]q(x) q̄Ω(x) = q̄[Ω†(x)PL + Ω(x)PR]∫

Dq̄Dq =

∫
Dq̄ΩDqΩ e−SWZ[Ω2,J]

eiZ[J,θ̄] =

∫
DAi

µDq̄hDqhDq̄ΩDqΩDΞ

∫
DUδ(U†U−1)δ(detU−1)exp

{
iΓI[

qΩq̄Ω

Nc

]− SWZ[Ω2,J] + i

∫
d4x

[
LQCD,Ω + q̄ΩJΩqΩ

+trf

(
Ξ(x){e−i

ϑΩ(x)
Nf trl[PRqΩ(x)q̄Ω(x)]− ei

ϑΩ(x)
Nf trl[PLqΩ(x)q̄Ω(x)]}

)]}
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Seff [U,J, θ̄] =

∫
d4xtrf [F

ab(x)sab
Ω (x) + F′ab(x)pab

Ω (x)] vµΩh̃(vµΩ + i∂µ)h̃†

+

∫
d4xd4yGabcd

µν (x, z)aµ,ab
Ω (x)aν,cd

Ω (z) Vµν
Ω = ∂µvνΩ − ∂

νvµΩ − i[vµΩ,v
ν
Ω]

Fab(x) = −〈q̄a
Ω(x)qb

Ω(x)〉 = F2
0B0δ

ab F2
0B0 = − 1

Nf

〈q̄q〉

F′ab(x) = −〈q̄a
Ω(x)qb

Ω(x) tan
ϑΩ(x)

Nf

〉 = 0

Gabcd
µν (x, z) =

i

2

[
〈q̄a

Ω(x)γµγ5q
b
Ω(x)q̄c

Ω(z)γνγ5q
d
Ω(x)〉

−〈q̄a
Ω(x)γµγ5q

b
Ω(x)〉〈q̄c

Ω(z)γνγ5q
d
Ω(x)〉

]
=δ(x−z)gµνδ

adδbcF2
0+¹¹¹���ûûû���δ(x−z)

〈O〉 ≡
∫

dµ O∫
dµ

F2
0 =

1

4(N2
f−1)

∫
d4x[Gµ,abba

µ (0,x)− 1

Nf

Gµ,aabb
µ (0,x)]

dµ≡DAi
µDq̄hDqhDq̄ΩDqΩDΞ exp

{
iΓI[

qΩq̄Ω

Nc

]+i

∫
d4x

[
LQCD,Ω+q̄ΩJΩqΩ

+trf

(
Ξ(x){e−i

ϑΩ(x)
Nf trl[PRqΩ(x)q̄Ω(x)]− ei

ϑΩ(x)
Nf trl[PLqΩ(x)q̄Ω(x)]}

)]}
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Φ
(bξ)(aξ)
Ωc (x,x) = − 1

Nc

∫
d4y

∂Seff

∂J(dξ)(cξ)(y)

∂J(dξ)(cξ)(y)

∂sba
Ω (x)

= − 1

Nc

∂Seff

∂sba
Ω (x)

=
1

Nc

[
−F2

0B0−2K7sΩ(x)−2K8trf [sΩ(x)]−K11a
2
Ω(x)−K12trf [a

2
Ω(x)]

]ab

(γ5)ζξΦ
(bζ)(aξ)
Ωc (x,x) = − i

Nc

∫
d4y

∂Seff

∂J(dζ)(cξ)(y)

∂J(dζ)(cξ)(y)

∂pba
Ω (x)

= − i

Nc

∂Seff

∂pba
Ω (x)

= − i

Nc

[
2K9pΩ(x) + 2K10trf [pΩ(x)]−K15dµa

µ
Ω(x)

]ab

(γµ)ζξΦ
(bζ)(aξ)
Ωc (x,x) =

1

Nc

∫
d4y

∂Seff

∂J(dζ)(cξ)(y)

∂J(dζ)(cξ)(y)

∂vba
Ω,µ(x)

=
1

Nc

∂Seff

∂vba
Ω,µ(x)

=
1

Nc

[
− 2iK1{[dνa

ν
Ω(x)]aµΩ(x)aµΩ(x)[dνa

ν
Ω(x)]}+iK14dν[a

µ
Ω(x), aνΩ(x)]

+4iK2[aΩ,ν(x), [dµaνΩ(x)−dνaµΩ(x)]]+4K13dνV
µν
Ω(x)−iK15[aµΩ(x),pΩ(x)]

]ab
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(γµγ5)ζξΦ
(bζ)(aξ)
Ωc (x,x) =

1

Nc

∫
d4y

∂Seff

∂J(dζ)(cξ)(y)

∂J(dζ)(cξ)(y)

∂aba
Ω,µ(x)

=
1

Nc

∂Seff

∂aba
Ω,µ(x)

=
1

Nc

[
2F2

0a
µ
Ω(x) + 2K1d

µdνaΩ,ν(x) + 4K2dν{dν[d
νaµΩ(x)− dµaνΩ(x)]}

+2K3{aµΩ(x), a2
Ω(x)} + 4K4a

ν
Ω(x)aµΩ(x)aΩ,ν(x) + 4K5a

µ
Ω(x)trf [a

2
Ω(x)]

+4K6aΩ,ν(x)trf [a
µ
Ω(x)aνΩ(x)] + 4K11{sΩ(x), aµΩ(x)}

+2K12a
µ
Ω(x)trf [sΩ(x)] + iK14{aΩ,ν(x),Vµν

Ω (x)} −K15d
µpΩ(x)

]ab

F2
0B0 = −Nc

Nf

Φ
(aξ)(aξ)
Ωc (x,x)

∣∣
JΩ=0

= iNctrlf [(i/∂ −ΠΩc)
−1](x,x)
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F2
0[aµΩ(x)]ab =

Nc

2
(γµγ5)ζξΦ(bζ)(aξ)(x,x)

∣∣
aµΩ���555���

=
Nc

2

∫
d4ytrl

[
γµγ5(i/∂ −ΠΩc)

−1(x,y)/a(y)γ5(i/∂ −ΠΩc)
−1(y,x)

]ab

F2
0g

µνδ(x−y)=
Nc

2

∫
d4ytrl

[
γµγ5(i/∂−ΠΩc)

−1(x,y)γνγ5(i/∂−ΠΩc)
−1(y,x)

]
ΠΩc(x,y) =

∫
d4p

(2π)4
e−ip·(x−y)Σ(p2)

F2
0 =

Nc

8

∫
d4p

(2π)4
trf

[
γµγ5

1

/p−Σ(p2)
γµγ5

1

/p−Σ(p2)

]
= −4Nc

∫
d4p

(2π)4

[1
8

∂

∂pµ

( pµ

p2 −Σ2(p2)

)
+

[Σ(p2)− 1
2
p2Σ′(p2)]Σ(p2)

[p2 −Σ2(p2)]2︸ ︷︷ ︸
Pagel-Stokarúúúªªª

]
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1GeV±±±eee���rrrfffÌÌÌ

���III000fffxxx(JP = 0−) :

π±(140) π0(135) K±(494) K0, K̄0(498) η(547) η′(958)

¥¥¥þþþ000fff[[[xxx(JP = 1−) :

ρ±, ρ0(769) K∗±(892) K∗0, K̄∗0(896) ω(782)

IIIþþþ000fff[[[xxx(JP = 0+) : f0½½½σ(500) K∗
0½½½κ(800) f0(980) a0(980)

fff[[[xxx(JP = (
1

2
)+) : p(938) n(940)

���IIIÚÚÚ¥¥¥þþþ000fff///¤¤¤SU(3)V���lll���£££������¤¤¤LLL«««"""
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• ¥¥¥þþþâââfffwwwqqq���ÃÃÃ���ééé¡¡¡555ÃÃÃ'''§§§===¦¦¦333ÃÃÃ���444���§§§���þþþ���ØØØ���"""

• §§§������þþþIII���ÏÏÏLLLEEE,,,���ÄÄÄåååÆÆÆ���§§§BS���§§§§§§UUUÄÄÄ���ÑÑÑ§§§ººº555ûûû½½½

• UUUÄÄÄ���EEE������333���$$$���ÒÒÒkkk���þþþ���ÃÃÃ���kkk���nnnØØØºººéééÙÙÙ§§§000fff���kkk¿¿¿ÂÂÂ���

• XXXJJJ¥¥¥þþþ|||´́́555���|||§§§555���ééé¡¡¡555ggguuu»»»"""���±±±���¥¥¥þþþ|||±±±���þþþ���

• lllccc¡¡¡???ØØØ¥¥¥ÚÚÚÑÑÑ���ÛÛÛ���ÛÛÛõõõééé¡¡¡555 h̃ ÑÑÑuuu���
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¥¥¥þþþ000fffµµµÛÛÛõõõééé¡¡¡555nnnØØØ

U(x) = ξ†L(x)ξR(x) ξR(x) = ei φ̃(x)
2F0 eiφ(x)

2F0 ξL(x) = ei φ̃(x)
2F0 e−iφ(x)

2F0︸ ︷︷ ︸
φ̃µµµ###���Goldestone

ÃÃÃ���CCC���µµµξR(x)→ h̄(x)ξR(x)V†R(x) ξL(x)→ h̄(x)ξL(x)V†L(x)

ξR(x)
φ̃(x)=0

===== Ω(x)
φ̃(x)=0

===== ξ†L(x) x̄
φ̃(x)=0

===== h̃(x)

ÚÚÚ???£££ããã¥¥¥þþþ000fff���¥¥¥þþþ|||µµµVµ(x)→ h̄(x)Vµ(x)h̄†(x) + ih̄∂µh̄(x)

DµξR≡∂µξR+iξR(vµ+aµ)−iVµξR DµξL≡∂µξL+iξL(vµ−aµ)−iVµξL

(DµξR)ξ†R ∓ (DµξL)ξ†L → h̄[(DµξR)ξ†R ∓ (DµξL)ξ†L]h̄†

L2 =F2
0trf

[
−1

4
[(DµξR)ξ†R−(DµξL)ξ†L]2+

1

2
B0[ξ†LξR(s−ip)+ξ†RξL(s+ip)]

]
−a

F2
0

4
trf [(D

µξR)ξ†R+(DµξL)ξ†L]2−a′
F2

0

4

[
trf [(D

µξR)ξ†R+(DµξL)ξ†L]
]2

���\\\¥¥¥þþþ000fff|||���$$$ÄÄÄ���§§§)))§§§L2ÒÒÒggg,,,///£££���XXX���III000fff���ÃÃÃ���kkk���...¼¼¼þþþ!

\\\\\\¥¥¥þþþ000fffÄÄÄUUU���µµµ− 1

4g2
ρ

Va
µνV

a,µν
êêê���ººº Va

µν ≡ ∂µV
a
ν−∂νVa

µ+fabcVb
µV

v
ν
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¥¥¥þþþ000fffµµµ���ééé¡¡¡ÜÜÜþþþ|||nnnØØØ

L′2 =
F2

0

4
trf [∇µU(∇µU)†] +

F2
0

4
trf(χU† + Uχ†)− 1

2
trf [∇λṼλµ∇νṼ

νµ]

+
1

4
M2

Vtrf [ṼµνṼ
µν] +

FV√
2

trf [Ṽ
µνV̂µν] +

√
2GVitrf(Ṽµν[a

µ
Ω, a

ν
Ω])

∇λṼλµ ≡ ∂λṼλµ − i[vλ
Ω, Ṽλµ] V̂µν ≡

1

2
[Ω†fR

µνΩ + ΩfL
µνΩ

†]

ÃÃÃ���CCC���µµµṼµν(x)→ h̃(x)Ṽµν(x)h̃†(x) V̂µν(x)→ h̃(x)V̂µν(x)h̃†(x)

vΩµ
ííí222

====
1

2
[ξR(vµ + aµ + i∂µ)ξ

†
R + ξL(vµ − aµ + i∂µ)ξ

†
L]

V̂µν
ííí222

====
1

2
[ξRfR

µνξ
†
R + ξLfL

µνξ
†
L] aµΩ

ííí222
====

i

2
ξL[∇µU]ξ†R

L′′2 ≡ L′2 +
1

2
κ2trf [(Vµ − vΩµ −

1

κ
∇νṼνµ)

2]

=
F2

0

4
trf [∇µU(∇µU)†]+

F2
0

4
trf(χU†+Uχ†)−1

8
κ2trf [(DµξR)ξ†R+(DµξL)ξ†L]2

1
2M2

VṼµν = −FV√
2
V̂µν−

√
2GVi[aµΩ, a

ν
Ω]−κ(V

µν − [∂µ−iVµ, i∂ν+vνΩ] + i[vµΩ−Vµ,vνΩ−Vν ]
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IIIþþþ000fff

• ���(((JJJÚÚÚEEE,,,���ÜÜÜ©©©µµµõõõ§§§������!!!···,,,���!!!���¥¥¥´́́···ÜÜÜ???555

• ²²²~~~°°°ÝÝÝééé���§§§DDDÚÚÚ���������������ººº§§§nnnØØØÊÊÊssslll���PDGüüüÕÕÕµµµããã���

• ���«««nnnØØØ���888EEEÃÃÃ���������...������£££

• σ���±±±���www���IIIÝÝÝééé¡¡¡555»»»���������Goldstoneººº

IIIÝÝÝééé¡¡¡555666���ÑÑÑÝÝÝ=
πβ(g)

g2
tr(GµνGµν)︸ ︷︷ ︸

ùùù			���½½½:::

+[1 + γm(g)]q̄Mq

• ���555 σ ���...–IIIþþþ000fffÊÊÊ���µµµggg���^̂̂³³³���ÀÀÀ���ººº

• NNN���zzz���ÃÃÃ���kkk���nnnØØØ–___ÑÑÑ������ÌÌÌ���{{{
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η′ 000fff

• UL(3)×UR(3) = SUL(3)× SUR(3)×UV(1)×UA(1)"""

• η′ ´́́éééAAAUA(1)���Goldestone������UA(1)kkk���~~~���

• 333���Nc444���eee,UA(1)���~~~ØØØ222ÑÑÑyyy§§§η′ ´́́���Goldstone

• ÚÚÚ\\\ÃÃÃ���ØØØCCC���£££���η′���|||µµµX(x) ≡ iθ̄ − lndetfU(x)

L0 = W0[X] ∇µlndetfU ≡ ∂µU− 2itrfaµ

L′′′2 = W1[X]trf [∇µU(∇µU)†] + W2[X]trf(χU†+Uχ†)

+iW3[X]trf(χU†−Uχ†) + W4[X][∇µlndetfU][∇µlndetU]︸ ︷︷ ︸
|||^̂̂U|||½½½ÂÂÂ���???¿¿¿555���KKK

+W5[X][∇µlndetfU]∇µθ̄ + W6[X]∇µθ̄∇µθ̄
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ÚÚÚ���£££ããã���000fff

• ØØØ������������III000ffflll���			§§§���ÄÄÄSUV(3)lll���RÚÚÚüüü���R1000fffµµµ

¥¥¥þþþ1−–Ṽµν¶¶¶ ¶¶¶¥¥¥1+–Ãµν¶¶¶ IIIþþþ0+–S̃¶¶¶ ���III0−–P̃

• ÃÃÃ���CCC���µµµR(x)→ h̃(x)R(x)h̃†(x) R1(x)→ R1(x)

Lkin =


−1

2
trf [∇λRλµ∇νR

νµ − 1
2
M2

RRµνR
µν]

−1
2
∂λR1,λµR

νµ
1 + 1

4
M2

R1
R1,µνR

µν
1

R = Ṽ, Ã

1
2
trf [∇µR∇µR−M2

RR2]+ 1
2
[∂µR1∂µR1−M2

R1
R2

1] R = S̃, P̃

Lint =



FV

2
√

2
trf [Ṽ

µνV̂µν] + iGV√
2

trf [Ṽµνa
µ
ΩaνΩ] 1−

FA

2
√

2
trf [Ã

µνÂµν] 1+

cdtrf [S̃aΩµa
µ
Ω] + cmtrf [S̃(Ω†χΩ† + ΩχΩ)]

c̃dS̃1trf [aΩµa
µ
Ω] + c̃mS̃1trf(Ω

†χΩ† + ΩχΩ)
0+

idmtrf [P̃(Ω†χΩ† −ΩχΩ) + id̃mP̃1trf(Ω
†χΩ† −ΩχΩ) 0−

∇λR ≡ ∂λR− i[vλ
Ω,R] êêê���ººº Âµν ≡

1

2
[Ω†fR

µνΩ−ΩfL
µνΩ

†]
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fffµµµJP =
(

1
2

)+
lll���

Θ−(−1

2
,−2,1322) (I3,S,mass MeV) Θ0(

1

2
,−2,1315)

Σ−(−1,−1,1197) Σ0(0,−1,1193) Λ(0,−1,1116) Σ+(1,−1,1189)

n(−1

2
,0,940) p(

1

2
,0,938)

B =
8∑

i=1

Biλ
i

√
2

=


1√
2
Σ0 + 1√

6
Λ Σ+ p

Σ− − 1√
2
Σ0 + 1√

6
Λ n

Θ− Θ0 − 2√
6
Λ



B(x)→ h̃(x)B(x)h̃†(x) DµB ≡ ∂µB− i[vµ
Ω,B]

LB = Tr[B̄(i /D −M0)B]− D

2
Tr(B̄γµγ5{aµΩ,B})−

F

2
Tr(B̄γµγ5[aµΩ,B])
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fffµµµSkyrmion

• ^̂̂000fff|||U���ÿÿÿÀÀÀ���²²²���)))555£££���fff

• U���ÑÑÑR3���SU(3)666...���NNN���

• ���¦¦¦U(r→∞) = 1§§§NNN���������©©©aaa|||¤¤¤ÓÓÓÔÔÔ+++

• Π3(SU(3)) = Π3(SU(2)) = Z (((½½½NNN������^̂̂���êêê½½½ÂÂÂ���fffêêê©©©aaa���

• éééAAA���fff666µµµBµ ≡ i
24π2ε

µνµ′ν ′Trf [LνLµ′Lν ′]

• p2���...¼¼¼þþþ���ÑÑÑÿÿÿÀÀÀ���fff´́́ØØØ½½½§§§III���p4���000\\\âââUUU½½½"""

• ÚÚÚ???fff|||¦¦¦000fff���ppp���^̂̂XXXêêêUUUCCC§§§ÿÿÿÀÀÀ���fff���AAATTTØØØ½½½"""
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