5 Chiral Perturbation Theory

e Sigma Model

e Goldstone Theorem

o Chiral Symmetry

o Effective Goldstone Theory
o Explicit Symmetry Breaking
e Higher Orders
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SIGMA MODEL: ®T = (0, 7)

Global Symmetry: 0(4) ~ SU(2) ® SU(2)
e V2<O: m3 = —Av?
e V2>0: (0]c]0) = v , (0|7|0) =0
SSB: 0(4) — 0(3) [2%2 — 3%2 — 3 broken generators]

Lo = 3{8,6 046 + 8,7 *7 — M262} — M2 5 (52 4 72) — M (52 + 72)°

o—vVv : M2 =2\ 2

o
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1) X(x) = o(x)lp + i T7(x) ; (A) = Tr(A)
1 A p)
£, = @xoE) - & (<>:T>:> —2v2)

0(4) ~ SU(2)L ® SU(2)r Yo g.Xg i g, c€SUQ),,

2) 2(x) = [v+5(x)] U(x) : — g;Ug/

L, =2 (1+2)?(9,Ut0rU) + 1 (8,5 01S — M2S2) — M2 53 _ M. 4

v2

3) EXMn~v: L, ~ " (9,U" 0*U)
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SYMMETRY REALIZATIONS

Symmetry {T,} Conserved charges
q 3 .0 d
Noether Theorem: 0y =0 ; Q.= [ &xj;(x) ; p Q,=0
Q,10)=0 Q.]0) #0
e Exact Symmetry e Spontaneously Broken Symmetry
e Degenerate Multiplets e Massless Goldstone Bosons
e Linear Representation e Non-Linear Representation
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GOLDSTONE THEOREM

Q= [dj0%) ; 9t =0 ; 3JO: v(t)=(0/[Q(t).O]]|0) # 0

3|n) : (0|O]n) (n|j°]0) # O
Proof: J°(x) = P> j°(0) e=Px : Z\”M”\ =1

v(t) = Z/d3x {{0°(x)[n)(nlO0) — (0|O|n)(nl;®(x)I0)}
= Z/d3x {e™P(01°(0)|n)(n|OJ0) — e (0]O]n)(nl;®(0)|0) }

= (27)* ) 6®(Ba) {e " (01j°(0)|n)(n|O]0) — " (0]O|n)(nli°(0)|0)} # O

%V(f) = 0= —i(2n)*Y_ §O(By) En { 7" (01°(0)|n){n|O]0)

+ €1t (0|0 n){nl;°(0)]0) } H
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u
CHIRAL SYMMETRY q= < d ) : (Chiral Limit)
S
0 1 o _ _
‘CQCD:_ZG«B G,uu'i_qL”Y Dqu'i_qR"Y DuqR

(1775> } <1+75> }
q = q q9 = gq q
% 2 L R

° invariant under
qL_>quL ' qR_)gRC_IR ; (gLﬁgR) 6
e Only in the hadronic spectrum: (7. K.7), ; (p, K", w),

Moy- < M+ ; M- < M+
e The octet is nearly massless:

. (0 (@,a, +dzq,)|0) #0

8 Massless 0~ Goldstone Bosons
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G = SU(3). ® SU(3)r

J)‘?“Zﬁx’yugqx : Q;Zfd?’XJ;’O(X) (a=1,---,8; X=L,R)
(’60) [Q2,08] = id,, fPcQ°
e 8 Pseudoscalar Goldstones @ = (m, K,n)
e Q3 =0Qr-Q ; 0P = Gy \°q

(01 23,07 10) = 3 (0]a {3*, **} a [0} = —= (0] aa]0)

o (0] |xb(p)) = i5% V2 F, pr
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EFFECTIVE GOLDSTONE THEORY

m,~0 < M,

E<M,
= %TFO—Fﬁr]g ﬂ-+ K+
(D:%gf_;— T —\%WO—F%n KO
K~ KO _\/gn
v Ex v gL‘ ; 8 r € SU(?’)L.R
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W7Z7A"’7g

/

T, [y €, Vj Standard Model
t,b,c,s,d,u
7,8 M,V =3 AS=12
s,d,u ‘CgéD )' ‘Ceff
A,"/ ; ,u“, €, Vi
m, K,n xPT
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EFFECTIVE LAGRANGIAN:

e Goldstone Lagrangian

(0], a’, 0) Uj(9) = {exp (iVa®/f)}
Y
e Expansion in powers of momenta derivatives
Parity even dimension ; uuf=1 2n > 2

e SU(3)L ® SU(3)r Invariant
u g.Ug! ; g . € SUB)Lr

(9,UT 0*U)
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1
= Jym OHnt + 5(9#71'08“71'0 Ak ooc

+ 6% {(7#5“ 7T7) <7r+5“7rf) + 2(7T05u 7r+) <7T75”7T0) + }

Y (71'6/f4)

Chiral Symmetry Determines the Interaction:

NS s
/" \'n

Weinberg

Non-Linear Lagrangian: 2 — 2w, 4m, -+ related
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EXPLICIT SYMMETRY BREAKING

Loco = Locp + AW +158)a — A(s—irsp)a

= Lycp + @, fa, +d.¥a, —a.(s+ip)a, —d (s—ip)a,

1 .
= diag(2, -1, -1)
r,=v,+a,=eQA, + --- 3

s — + .. ; = diag(my, mq, ms)
a — gq, I, — g L. gLT +ig ('),,g:t
'y — 8 rﬂg}'e + igR (.)l’gi'?
qR = gR qR

(s+ip) — g, (s+ip)g
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Lowest—Order Effective Lagrangian

£2 D,U=9,U-ir,U+iUl,
L = —(D,UD"U" + xUT + U
4 =2By(s+ip)
Currents:
_ (9 _ i 2 wypt _ f o
= 6Iu£2 = 52 DU = ED ®+ -
0 i f
= — = _f2pryuyl = —— DH
or, Lo > D*UU 7 Dt +
(O] (), [Tt (p)) = iV2F pH f=f ~92.4 MeV
0 L 2 e -
= S ipy - —5 BoU’ (0l@/q’|0) = —f2 By 4
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QUARK MASSES: Eut+uny - £, = 6o

1
= —Bp {(mu + my) [w*w + §7TO7TO:| + (my + mg) KTK™

= 1
+ (mg 4+ ms) K°K® + g(mu+md+4ms)7]2 _

m,=myg =m
M2 M7 3m?
2/m  m+ms  2m+4m,s 0

e Gell-Mann—Okubo:

4 M2 = M2 + 3 M?

e Gell-Mann—0akes—Renner:

f2M2 = —m(0|du+ dd|0)
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QUARK MASS RATIOS

Dashen Theorem:

2 2 (M2 g2 2 2
(MKO - MKi)em - (M’/TO Mrri)em + O(e p )
2
Proof: (oruoruty = ffiz (ﬂ*w* » K*K*) L 0(62) i Qx —ex 9Oxegl m]

mg — my — (MI?(O B Mf(i) (Mﬂo B Mii) 0.29
my + my /\/li0 '
ms —my Mf(O - 72|.0 126
my + my /\/172‘_0 ’

:mg :mg = 055 :1: 203 Weinberg
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_pg2
T[\/ Tl T (a7 — 7t70) = t szw

/\ t=(p} — ps)?
T T

Weinberg

L, - Current Algebra 60’s
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Chiral Power Counting

FIY = 0P — &1 — i [IM, 1]

Fiy' = ote? — 0%vt — f [rHr”]

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

D = 2L+2+ZNd(d—2) Weinberg
d
° L=0 d=2
° L=0 d=4 Ny=1
L=1 7 =2
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O(p*) xPT

i) at tree level (Gasser—Leutwyler)
(D, UTD*U)? + L, (D,UTD,U) (D" UTD" U)
+ L3 (D, U'D*UD,U'D"U) + L, (D, UTD*U) (UTx + x 1 U)
+ Ls (D UTDHU (Utx + xtU)) + Le (UTx + xTU)?
+ L (Ulx = xTU)? + Ls (xTUXTU + UTxUTx)

i)

at one loop (unitarity):

i Lo (F&* D, UD, U + F/* D, U'D,U) +

unambiguously predicted

fixed by QCD dynamics. 1-loop divergences

iii) Wess—Zumino—Witten term (chiral anomaly):

A. Pich
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T,

0

n —

(UTFEY UF1 )

A~

I

{a log(p? /1) + b(w)}
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O(p*) YPT COUPLINGS

1 0.4+0.3 Keq, mm — 7T 3/32
2 14+£03 Kea, mm — 7T 3/16
3 |-35#%1.1 Keq, mm — 710 0]
4 | —0.3+0.5 Zweig rule 1/8
5| 14405 Fc/Fr 3/8
6 | —-0.2+0.3 Zweig rule 11/144
7 | 04402 GMO, Lsg 0
8 | 09+03 | Meo— My, Ls, (ms— i)/(mg—my) | 5/48
9 6.9+0.7 (rA7, 1/4
10 | —=5.5+0.7 T — evy -1/4
D-4
° §2ﬂ2 {% + ve — log (47) — 1}
2
. L~ / ~2x1073
x
° ~ 1/(4rf;)?
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