2. Chiral Perturbation Theory

e Chiral Symmetry Breakings & External Sources
¢ Lowest-Order xPT

e Weinberg’'s Power Counting

e Loops

e xPT at O(p*) and Beyond
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Explicit Symmetry Breaking

Loco = Locp + (¥ + 475)a — @(s—ivsp)a

= Lyep + @, Va, +d,¥a, —d,(s+ip)a, — & (s—ip)a,
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Explicit Symmetry Breaking

Loco = Locp + (¥ + 475)a — @(s—ivsp)a

= Lyep + @, Va, +d,¥a, —d,(s+ip)a, — & (s—ip)a,

l,=v,—a,=eQA, + -
r“Evu—i—aM:eQA“ 4+ ..
s= M+ ... : M

Q = 1diag(2,-1,-1)

diag(my, mg, ms)
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Explicit Symmetry Breaking

0 — — .
Loco = Loep + (¥ + @v5)a — a(s—ivsp)a
= Lyep + @, Va, +d,¥a, —d,(s+ip)a, — & (s—ip)a,
l,=v,—a,=eQA, + -

r,=v,+a,=e9A, + -

Q = 1diag(2,-1,-1)

diag(my, mg, ms)

Local SU(3). ® SU(3)r Symmetry:

., — g IMgLT +ig 8ng
rp — 8g r#g; + 1 g, ajl,g/j\;
(s+ip) = g (s+ip)g

qL - gL qL

qR — gR qR
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Lowest-Order Effective Lagrangian:

L

T4

f2

(D,UD"UT +x UT + U xT)

xPT

A. Pich

2017

D,U = d,U—ir, U+iUl,

X=2By(s+ip)



Lowest-Order Effective Lagrangian:

2 < o T | DU = 9,U—ir, U+iUl,
L= —(D,UD'U"+xU"+Ux
4 X=2By(s+ip)
Currents:
0 i f
o 2 — L2 puyt — DM
V= gike = 3P0V = S5 D00
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Lowest-Order Effective Lagrangian:

£2 D,U = d,U—ir, U+iUl,
L= Z<DMUDHUT+><UT+UXT> 2B (st ip)
Currents:
W= %52 = éf2 DrUTU = \%DM¢+
= air#cz = éfZ DrUUT = —\% Die + ...
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Lowest-Order Effective Lagrangian:

2 D,U=9,U-ir,U+iUl,
£=Z<DMUDHUT+XUT+UXT> =28 (s+ip)
Currents:
= %ﬁQ = éf2 D*UTU = %D“q)-f—
= air#cz = éfZ DrUUT = —\% Die + ...
O] (U4 [T (P)) = iV2Ff p* oo f=f~0924MeV

(7T = phuy)
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Lowest-Order Effective Lagrangian:

£ DU =38,U—ir, U+iUl,
L = —(D,UD"U" +x U+ Ut
7 (Du X x") =28 (s ip)
Currents:
0 i f
H = — = — 2 " T = — H “e
V= gike = 3P0V = S5 D00
0 i f
H = — = — 2 " T = —_—— H P
Vi = gy L = 30U 5D
(O (JR)o I (p)) = iV2f p* e f=f ~92.4 MeV
(Tr+~>‘u+l/“,)
iq = __ 0L _f_23 Ul i
e T T —ipy 20
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Lowest-Order Effective Lagrangian:

£2 DU =3d,U—ir,U+iUl,
L = —(D,UD"U" +x U+ Ut
4< : X X> X=2By(s+ip)
Currents:
0 i f
wo— 9 — _ 2 puyt — DM
V= g fe = 3P DUTU = S DM
0 i f
b 2 — Zf2pnm T — L pw
Vi = gy ke = 317 DUV 75 Do+
(O (JR)o I (p)) = iV2f p* e f=f ~92.4 MeV
(Tr+~>‘u+l/“,)
i 0L 2 i —i iy 2
quqR - _m ) By UY —p-- <O\qfq’|0> =—f 805’]
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2
Quark Masses: %<X Ut +uxh = Ln=-By (Md?)
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2
Quark Masses: %< U+ Ux") = Ln=—By(M®?)

1
L = —Bp {(mu—i— mg) |:7T+7T + §7T07T0:| + (my+mg) KTK™

— 1
+ (mg + ms) K°K® + 6 (my+ mg +4m)n* + —= (my — md)ﬂ'OTI}

Sl
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2
%<XUT+UXT> —  Lp=—By (M>?)

Quark Masses:

1
Lym = —By {(mu—|— mg) |:7T+7T + §7T07T0:| + (my+mg) KTK™

_ 1 1
< KOKO - Y 4 m, 2 o y— 0
+ (mg + ms) +6(m +mg +4mg)n +\/§(m mq) 71
Isospin limit: m, =myg =m
M2 My 3m?
2m  m+m,  2m+4m, O
xPT
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2
I<XUT+UXT> — Ly =—By (M®?)

Quark Masses:

1
Lym = —By {(mu+ mg) |:7T+7T + §7T07T0:| + (my+mg) KTK™

_ 1 1
< KOKO - Y 4 m, 2 - y— 0
+ (mg + m) + g (mu + ma +4ms)n +\/§(m mg) T
Isospin limit: my =myg =m
M2 My 3m?
2m  m+m,  2m+4m, O

e Gell-Mann-Okubo: 4 Mz = MZ +3 M
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2

Quark Masses: 7 Ur+UxD) = Lm=—By (Md?)

1
L = —Bp {(mu—i— mg) |:7T+7T + §7T07T0:| + (my+mg) KTK™

— 1
+ (mg + ms) K°K® + 6(mu+md+4ms)n2 +

5l

(my — md)ﬂofl}

Isospin limit: m, =

md:rh
M2 My 3m?
2m  m+ms  2m+4mg  °

e Gell-Mann-Okubo: 4 Mz = MZ +3 M

o Gell-Mann—0Oakes—Renner:

f2M? = —m (0|d u+ dd|0)

xPT A. Pich
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Quark Mass Ratios:

Dashen

2 a2
Theorem <MK0 MKi)

= (M2 — M2.) . + O(e’p?)

em em
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Quark Mass Ratios:

Dashen
p 2 = 2 _ M2 2 2
Theorem (MKO - MKi)CIn - (Mﬂo Mni)crn + O(e p )
2
Proof: 2(opuo Uty - 72% (ronm + kK7 1+ 0(6) ox o 5x Ore]

xPT

A. Pich - 2017




Quark Mass Ratios:

Dashen

p p = (Mm? 2 2.2
Theorem <MK0 - MKi)CIn - (Mﬂo - Mni)crn + O(e p )
Proof: 2(opuoLuty = 72%2 (<nm 4K K) 406 o ax xel
mg — my o (ME(O_M}z(i)_(M?rO_Mii) ~ 0.29
mqg + my o M20 .
m
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Quark Mass Ratios:

Dashen

p 2 = (M? 2 2.2
Theorem <MK0 - MKi)CIn - (Mﬂo - Mni)crn + O(e p )
Proof: 2(opuoLuty = 72%2 (<nm 4K K) 406 o ax xel
mg—my _ (Mo = Mgs) — (M3 = M.) 0o
my + my Mio .
ms —my M;2<0 — M72r0 ~ 196
my + mq M2, :
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Quark Mass Ratios:

Dashen

p p = (Mm? 2 2.2
Theorem <MK0 - MKi)CIn - (Mﬂo - Mni)crn + O(e p )
Proof: 2(opuoLuty = 72%2 (<nm 4K K) 406 o ax xel
mg—my _ (Mo = Mgs) — (M3 = M.) 0o
my + my Mio .
ms —my M;2<0—M72r0 ~ 12.6
my + my M72TO :
- my :mg:mg = 055:1:203 | Weinberg
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xPT
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Weinberg



xPT

Weinberg

Lo

<> Current Algebra 60’s
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Chiral Loops:

//‘\\ // \\
! \ !
B---- - B -el--
/-\\ A
-7 NPt TN 7 ‘\-CL’
VI NI AYAL B 38 VI WA 3¢
: 1-loo
e Vertices =» p° P
diagrams
e Propagators =» p—? — .
Pag P contribute
4
e lLoops =» p at O(p*)
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Scaling with Momenta:

A general connected diagram with Ny vertices of O(p?), B; propagators
and L loops, scales as O(p”) with

D=4L—-2B/+> Ngd
d

#VerticeSEV:ZNd , L=B—-V+1
d

— D=2L+2+) Ng(d-2)

d
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Chiral Power Counting

u O(p’) Fiv = o — ovie — j I8, 1]

Fio' = 0" — 9%vt — i [, v"]
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Chiral Power Counting

u O(p’) Fiv = o — ovie — j I8, 1]
DU L v OpY)

MY — el _ Vel _ | [pb gV
x. Fi% O(p?) Fi' = 0"rY — 0"rk — i [, r"]

General connected diagram with N, vertices of O(p?) and L loops:

D:2L+2+2Nd(d—2) Weinberg
d

xPT A. Pich - 2017



Chiral Power Counting

U 0(p°) Y = 90 — 1 — i [I9,1]
DU, 1,y O(ph)
x. Fi'% O(p?) Fi = 0me” —ovet — i [rr]

General connected diagram with N, vertices of O(p?) and L loops:

D:2L+2+2Nd(d—2) Weinberg
d
e D=2: L=0 d=2
e D=4 L=0, d=4 Ny =1
L=1, d=2
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O(p*) xPT

i) L4 at tree level (Gasser-Leutwyler)

Ly

+ + +

Ly (D, UTD"UY? + L, (D,UTD,U) (D*U'D" U)
L3 (D, U'D*UD,UTD"U) + L, (D, UID*U) (UTx + x 1 U)
(DL UTDHU (Ut +XTU)) + Lg (UTx + xTU)?

L7 (UTx —xTU)? + Ls (xTUXTU + UTxUTx)

iLo (FKVD,UD, U™ + F/”D,UTD,U) + Lio (UTFL" UF1,)

5

xPT

A. Pich - 2017
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O(p*) xPT

i) L4 at tree level (Gasser-Leutwyler)

Ly = Ly (D, UTD*U)? + L, (D, U'D,U) (D*UTD" U)
L3 (D, U'D*UD,UTD"U) + L, (D, UID*U) (UTx + x 1 U)
(D UTDHU (UTx +xTU)) + Ls (UTx +xTU)?

L7 (UTx —xTU)? + Ls (xTUXTU + UTxUTx)

— Ly (FR*D,UD, U + F} D, UTD,U) + Lio (UTFLYUF.,.)

5

+ + +

ii) £ at one loop (unitarity): Ts ~ p* {a log(p?/p?) + b(n)}

e Chiral Logarithms unambiguously predicted
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O(p*) xPT

i) L4 at tree level (Gasser-Leutwyler)

Ly = Ly (D, UTD*U)? + L, (D, U'D,U) (D*UTD" U)
L3 (D, U'D*UD,UTD"U) + L, (D, UID*U) (UTx + x 1 U)
(D UTDHU (UTx +xTU)) + Ls (UTx +xTU)?

L7 (UTx —xTU)? + Ls (xTUXTU + UTxUTx)

— Ly (FR*D,UD, U + F} D, UTD,U) + Lio (UTFLYUF.,.)

5

+ + +

ii) £ at one loop (unitarity): Ts ~ p* {a log(p?/p?) + b(n)}

e Chiral Logarithms unambiguously predicted
e L;'s fixed by QCD dynamics. 1-loop divergences i [(1)
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O(p*) xPT

i) L4 at tree level (Gasser-Leutwyler)

Ly = Ly (D, UTD*U)? + L, (D, U'D,U) (D*UTD" U)
L3 (D, U'D*UD,UTD"U) + L, (D, UID*U) (UTx + x 1 U)
(D UTDHU (UTx +xTU)) + Ls (UTx +xTU)?

L7 (UTx —xTU)? + Ls (xTUXTU + UTxUTx)

— Ly (FR*D,UD, U + F} D, UTD,U) + Lio (UTFLYUF.,.)

5

+ + +

ii) £ at one loop (unitarity): Ts ~ p* {a log(p?/p?) + b(n)}

e Chiral Logarithms unambiguously predicted
e L;'s fixed by QCD dynamics. 1-loop divergences i [(1)

iii) Wess—Zumino—Witten term (chiral anomaly): 7%, — 7~
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Meson Decay Constants:

2 2
= _Mp log Mp
32722 u?

- - R P
AR AR A® o,
M2 8M% + 4M2
fo= £ 31— 2pn — ik + g L() + KT 17(p)
f f
o 3 3 3 aM3 8M2 + 4M2
K = 1—Zﬂ7r ENK_ZM"]8+ 2 Ls()+TL4()
4MZ, 8MZ + 4M?
o = {1—3u,<+ 2 Lj() + K L ()

f
f—K =1.22+001 = [[(M,)=

s

(14405)- 1073 = ’78f13ﬁ:005

7T

xPT A. Pich - 2017
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Vector Form Factor: (t 7 | Jm|0) = (ps — p_)* FY(s)

7N N
m::/ ’\/\\If::/ ’\/\l\/_\/k:’ «/\l\:f/ m;;/
v 2L5(1) s [a(m m 1 (m
Fﬂ(s)_1+ f2 5_967T2f2 A s 2 +§A TK’;L_K
1
=1 + 6<r2>7‘r/5+
2 2 2 2
A(%,%):Iog(%)—f—%—%—i—a%log(gﬁﬂ) ) op = 1—@
xPT A. Pich 2017
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Vector Form Factor: (7 | S |0) = (py — p_)* FY(s)

7 P
,"/ l\ 2," SN e ‘:_.L’ /,/
B % 2% B¢ 2% gl o
FVv 1+ 2Lo(p) s [a(m m 1 (m m
™ (S) - + f2 s = 967T2f2 T’F +§ Ta?
1
=1+ (r)d s +
A(%5E) - o () + 2 - grapos () o= 1

12 L5(p) 1 M2 M2
2\V 9 s K
<f >7r = 2 — 307272 {2 |Og <_‘u2 + |og —IuQ +3

(r)Y = (0.439 +0.008) fm? =i L5(M,) = (6.940.7) 1073

xPT A. Pich - 2017 12



O(p*) xPT COUPLINGS

i | Lr(M,) x 103 Source I

1 O4:|:0.3 Keq, mm — 7T 3/32
2 14+0.3 Kea, mm — 7m0 3/16
3 | -35+x1.1 Keyq, mm — 10 0

4 | —0.34+05 Zweig rule 1/8
5| 1.4+05 Fi/Fr 3/8
6 | —0.2+0.3 Zweig rule 11/144
7 | —-04+0.2 GMO, Lsg 0

8 | 09403 | Meo— My, Ls, (me—r)/(mg—my) | 5/48
9 6.9+0.7 (r)T, 1/4
10 | —=5.5+0.7 T — evy —1/4

MD 4 2
° L,’ = LI(M) + r,' 307 22 {m +’YE—|Og(47T)—1}

xPT A.Pich - 2017



O(p*) xPT COUPLINGS

i | Li(M,) x 103 Source [
1 0.44+0.3 Keq, mm — 7T 3/32
2 14+0.3 Kea, mm — 7m0 3/16
3 | -35+x1.1 Keyq, mm — 10 0
4 | —0.34+05 Zweig rule 1/8
5| 14405 Fi/Fr 3/8
6 | —0.2+0.3 Zweig rule 11/144
7 | —-04+0.2 GMO, Lsg 0
8 | 09403 | Me— M, Ls, (me—)/(mg—m,) | 5/48
9 6.9+0.7 (r)T, 1/4
10 | —=5.5+0.7 T — evy —1/4
; Pt o2
o L= Li(p)+T; 32 {m +’yE—Iog(47r)—1}
f2/ 3
o A ~1GeV — L~ 702 o 10-

X
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O(p*) xPT COUPLINGS

xPT

i | Li(M,) x 103 Source [
1 0.44+0.3 Keq, mm — 7T 3/32
2 14+0.3 Kea, mm — 7m0 3/16
3 | -35+x1.1 Keyq, mm — 10 0
4 | —0.34+05 Zweig rule 1/8
5| 14405 Fi/Fr 3/8
6 | —0.2+0.3 Zweig rule 11/144
7 | —-04+0.2 GMO, Lsg 0
8 | 09403 | Me— M, Ls, (me—)/(mg—m,) | 5/48
9 6.9+0.7 (r)T, 1/4
10 | —=5.5+0.7 T — evy —1/4

o L= Li(p)+T, M— {L—i—’w;—log(hr)—l}

! 3272 | D—-4
f2/ 3
o A ~1GeV — L~ 702 o 10-

e PT Loops ~

A. Pich

X

1/(4nf)?

- 2017
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Chiral Anomaly: Z[v,a,5,p] = —145, [ d*x (65(x) Q(x))

8LR~ 1+ ida F I(Sﬂ

4 2; 8 ; 4
Q(x) = ehvor [vwvap +3ViaVeap + 5i{vuv, acap} + 30 acviwa, + 3 auavavap]

Viw = Ouv — 0w — i [V, v] Viay = 0pay — iy, a] Cozs = 1

xPT A. Pich - 2017 14



Chiral Anomaly: 6Z[v,a,s,p] = — 1 [ d*x (58(x) Q(x))

1672

gLr~1+idaFiép

4 2; 8 ; 4
Q(x) = eHver [wa Vop + 3 VuauVoap + 5i{vuw,acap} + 3iacvuap + 3 aﬂauagap]

Vuy = Ouv — Ou vy — i [V, v

s Vyiay = 0pay —ilvu,al] Cozs = 1
iNc jkim /sLs-LsLsLsL
SIU o = = g0 | do™™ (EFEFELTIEL)
iNC e 37t
Wess—Zumino-Witten N 487’[’2 /d4X 6/“"1[3 (W(U/ £7 r)l/ B _ V‘/(]_7 67 r)/ /3)

1
WU, 4,1 uvap = (UL L, Lo UTrg + 72Ul Utr, Ul Ut rg + iU8,4,0,UTrg
+ i0,n, Ul Ut rg — ixh0,UTr Uls + £L U0, r Uty — TLELUTr, Uty
: 1 .
+ Tl 0alp + Tu0ubals = iTublals + ST 0Tl — X T, T 0ls)
—(L+<R)

£L = Utg,U : ¥R = U9, Ut

xPT A. Pich - 2017 14



-- + -- AL = Tyt ysu — dyFysd

N2 a2M2
M(7° = yy) = (?> 6l 3f2 = 7.73 eV

Exp: (7.7+£0.6)eV
There are no QCD corrections

The chiral anomaly contributes to: 70 — vy |, n — vy

y3r , yataTn , KK3m , -

xPT A. Pich - 2017 15



O(p°) xPT

6
|) Lﬁ = E Ci OIP at tree level Bijnens-Colangelo-Ecker, Fearing-Scherer
i

90+ 4 [53+4] terms in SU(3) [SU(2)] xPT  (even-intrinsic parity only)

ii) £4 at one |00p, £2 at tWO |00pS Bijnens-Colangelo-Ecker

Double chiral logarithms

Many Calculations: My, fy, vy — 7w, 7m — 7w, 71K = 7K, Ky,

T — evey, Fy(s), Fs(s), My a(s), ---

Amoros-Bijnens-Dhonte-Talavera, Ananthanarayan-Colangelo-Gasser-Leutwyler, Bellucci-Gasser-Sainio, Biirgui, Bijnens et al,
Descotes-Genon et al, Golowich-Kambor, Post-Schilcher. . .

Theoretical Challenge: QCD calculation of the xPT couplings

xPT A. Pich - 2017 16



K+ — 7%ty , KO > n £y,

(m5y*ulK) = Ckn [(Px+ Pr)" £57(t) + (Px — Px)* £17(1)]

e Lowest order [O(p?)]: fEm(t) =1

xPT A. Pich - 2017

)

FEm (1) =0

17



Kt — 7n%*y,, KO = w0ty o0 = 25 Caan =1
(ml3v"ulK) = Cicr [(Px+ Pr) £E7() + (P — Pr)" £57(1)]

e Lowest order [O(p?)]: firy=1 fEm(t) =0

e Ademollo-Gatto Theorem: FOT(0) = 1 + O[(ms — m,)?]

xPT A. Pich - 2017 17



K+ — 7%ty , KO > n £y,

(m5y*ulK) = Ckn [(Px+ Pr)" £57(t) + (Px — Px)* £17(1)]

e Lowest order [O(p?)]: firy=1 fEm(t) =0

e Ademollo-Gatto Theorem: FOT(0) = 1 + O[(ms — m,)?]

3myg—m
o w0—n mixing: ff+”0(0) =1+ ) ﬁ = 1.017
s
xPT

A. Pich 2017
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K+ — 7%ty , KO > n £y, Covro =

(m5y*ulK) = Ckn [(Px+ Pr)" £57(t) + (Px — Px)* £17(1)]

e Lowest order [O(p?)]: firy=1 fEm(t) =0
e Ademollo-Gatto Theorem: FOT(0) = 1 + O[(ms — m,)?]
o w0—n mixing: ff+”0(0) =1+ % % = 1.017
. FK°7°(0)
o O(p*): FK"(0) = 0.977 , S 1022
(p ) + ( ) ffowf(o)

Gasser-Leutwyler "85

xPT A. Pich - 2017 17



K+ — 7%ty , KO > n £y, Con o

w5y ulK) = Cir [(Pk + Px)" £E7(t) + (Px — Px)" £57(t)]

e Lowest order [O(p?)]: fhr()y=1 fEm(t) =0
e Ademollo-Gatto Theorem: FOT(0) = 1 + O[(ms — m,)?]
o w0—n mixing: ff+”0(0) =1+ % % = 1.017
. FK°7°(0)
o O(p*): FK"(0) = 0.977 , S 1022
(p ) + ( ) ffowf(o)

Gasser-Leutwyler "85

Needed to determine V

xPT A. Pich - 2017 17



K — 7T£I/g

Vs f1(0)] = 0.2165 -+ 0.0004

Flavianet Kaon WG, arXiv:1005.2323; Moulson arXiv:1411.5252

(7 5y ul KO = (pr + pr )y £ () + (P — P )y F— (1)

xPT A. Pich - 2017

0.213 0.214 0.215 0.216 0.217
T T T T
K _e3 | B
K u3 .
Kge3 - | B
K'e3 — EeE
K" u3 | .

L
0214

L
0215 0216 0217
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K—)Tl'fl/g

Ne=2+1+1

i Ne=2+1

Ne=2

non-lattice

xPT

Vs f1(0)] = 0.2165 -+ 0.0004

Flavianet Kaon WG, arXiv:1005.2323; Moulson arXiv:1411.5252

FLAG2016

(77157, ulK®) = (pre + pic)u fr () + (Px

f+(0)

Pr)p

FLAG average for Ny=2+1+1

FNAL/MILC 13E
FNAL/MILC 13C

FLAG average for Ni=2+1

RBC/UKQCD 15A
RBC/UKQCD 13
FNAL/MILC 121
JLQCD 12
JLQCD 11
RBC/UKQCD 10
RBC/UKQCD 07

i

i

FLAG average for Ni=2
ETM 10D (stat. err. only)
QCDSF 07 (stat. err. only)
RBC 06

JLQCD 05
JLacD 05

Cirigliano 05
jamin 04
Bijnens 03

Leutwyler 84

0.94 0.96 0.98 1.00

A. Pich

(t)

2017

0.213 0.214 0.215 0.216 0.217
T T T T T
K _e3 | B
K u3 .
Kge3 pmm— | &
K'e3 — EeE
K" u3 ___=e.
L ! !
0213 0214 0215 0216 0217
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K—)Tl'fl/g

Ne=2+1 Ne=2+1+1

3

Ne=2

non-lattice

xPT

Vs f1(0)] = 0.2165 -+ 0.0004

Flavianet Kaon WG, arXiv:1005.2323; Moulson arXiv:1411.5252

(771570 ulK®) = (pr + Pi)p F(8) + (P — pre)p £ (2)

FIAG2016 f+(0)

FLAG average for Ny=2+1+1

FNAL/MILC 13E
FNAL/MILC 13C

FLAG average for Ni=2+1
RBC/UKQCD 15A
RBC/UKQCD 13
FNAL/MILC 121
JLQCD 12
JLoCD 11
RBC/UKQCD 10
RBC/UKQCD 07

FLAG average for Ni=2
= ETM 10D (stat. err. only)
QCDSF 07 (stat. err. only)
RBC 06
el JLQCD 05
JLQco 05
@
——— Cirigliano 05
—e—i Jamin 04
——1 Bijnens 03
—e— Leutwyler 84

0.94 0.96 0.98 1.00

A. Pich

0213 0214
T T

0215 0216 0.217
T T T

! L
0213 0214

L
0215 0216 0217

£.(0) = 0.970 (3)

- |V, |=02232(8)

£0)=1+h+f+ -

Large O(p®) xPT correction

2017







Goldstones and Coset-Space Coordinates: G 598

Goldstone fields: ¢ = (¢1,....0n) — & =F(g.¢) , g€G

N=dim(G) —dim(H) . Fled=¢ . Flae =7 (s Fe )
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Goldstones and Coset-Space Coordinates: G 598

Goldstone fields: ¢ = (61,...,0n) — ¢ = ]?(g,qg) , g€G

B
o
&
Il
o

N = dim(G) — dim(H) Flaig, ¢) = F (gl, Fleas 5))

F: invertible mapping between Goldstone fields and G/H

F(gh,0)= F(g,0) VgeG,YheH

F(h,0)=0 , heH (vacuum invariant)

Flgi,0) = F(g,0) — & 'geH

Coset representative: &(0) € G
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Coset Space Coordinates: ¢ =su(3),®SU@)r =5 H=SU@B)v

H
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SCSB

Coset Space Coordinates: ¢ =su3).sU@3)r 5 H=su@B)y

' E(0) = (6,(6).6,(0) € G

£.(0) = g, &(0)hi(¢,8)
£2(0) 2 8o Ex(0) hT(0,8)
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SCSB

Coset Space Coordinates: ¢ =su3).sU@3)r 5 H=su@B)y

' E(0) = (6,(6).6,(0) € G

£.(0) = g, &(0)hi(¢,8)
£2(0) 2 8o Ex(0) hT(0,8)

U(g) = &(0)¢H(8) - g,U(0)g]
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SCSB

Coset Space Coordinates: ¢ =su3).sU@3)r 5 H=su@B)y

| () = (6,(6).£.(0)) € G

£.(0) = g, &(0)hi(¢,8)
£2(0) 2 8o Ex(0) hT(0,8)

U(g) = &(0)¢H(8) - g,U(0)g]
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