net

Chiral Perturbation Theory

e Sigma Model

e Goldstone Theorem

o Chiral Symmetry

e Effective Goldstone Theory
e Explicit Symmetry Breaking
e Higher Orders

e Resonance Chiral Theory
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SIGMA MODEL:

¢" = (0,7
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SIGMA MODEL:

v2 < 0:

vZ > 0:

®T = (0,7)

0(4) ~ SU(2) ® SU(2)

©Ooloy =v (0[7|0) = 0
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SIGMA MODEL: ®T = (0, 7)

e V2<O: mé:—)\v2
e Vv2>0: (0]o|0) = v : (0|7|0) = 0
0(4) — 0(3) [453 — 3%2 — 3 broken generators]

Lo =1{0,6 86 + 0,7 "7 — M26%} — M 5 (5% + 72) — M (82 4 72)?

o—vVv : M2 =2\ 2

o
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x) (A =Tx(A)

all
all

1) X(x) = a(x)lp + i

1 A 2
_ = T Hp _ T _ 2
Ly = 4(8,}: O'XE) 16 ((Z Y) 2v)
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1) X(x) = o(x)la + i 77(x) ; (A) = Tr(A)
Ly, = %@L}:T OHE) — % (<>:T>:> 72v2)2

0(4) ~ SU(2). ® SU(2)r ) . nggj‘ ; g.x €SU(2), 4
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1) X(x) = o(x)la + i 77(x) ; (A) = Tr(A)

1 A 2
_ = T Hp _ T _ 2
Ly = 4(8,}: O'XE) 16 ((Z Y) 2v)

0(4) ~ SU(2). ® SU(2)r ) . nggj‘ ; g.x €SU(2), 4

2) £(x) = [v+5(x)] U(x) ; — g.Ug/

L, =2 (1+2)? (9,Ut0"U) + 1 (9,5 01S — M2S?) — M2 53 _ M. 4
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1) X(x) = o(x)la + i 77(x) ; (A) = Tr(A)

1 A 2
_ = T Hp _ T _ 2
Ly = 4(8,}: O'XE) 16 ((Z Y) 2v)

0(4) ~ SU(2). ® SU(2)r ) . nggj‘ ; g.x €SU(2), 4

2) £(x) = [v+5(x)] U(x) ; — g.Ug/

L, =2 (1+2)? (9,Ut0"U) + 1 (9,5 01S — M2S?) — M2 53 _ M. 4
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1) X(x) = o(x)lr + i 77(x) ; (A) = Tr(A)

1 A 2
_ = T Hp _ T _ 2
Ly = 4<8u}: O'XE) 16 ((Z Y) 2v)

0(4) ~SU(2)L ® SU(2)r Yy - gRZgZ' . 8k €SU(2),

2) £(x) = [v+5(x)] U(x) ; — g.Ug/

L, =2 (1+2)? (9,Ut0"U) + 1 (9,5 01S — M2S?) — M2 53 _ M. 4

v2

3) EXM~v: o

(9, UT 0*U)
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SYMMETRY REALIZATIONS

Symmetry {T,} Conserved charges
q 3 .0 d
Noether Theorem: 0,4 =0 ; Q,= [ d°x j;(x) p Q,=0
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SYMMETRY REALIZATIONS

Symmetry {T,} Conserved charges
. 3 .0 d
Noether Theorem: 0,/ =0 ; Q,= /d X J5(x) p Q,=0
Q,|0)=0

e Exact Symmetry
e Degenerate Multiplets

e Linear Representation
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SYMMETRY REALIZATIONS

Symmetry {T,} Conserved charges
. 3 .0 d
Noether Theorem: O =0 ; Q.= [ d°x j;(x) p Q,=0
Q,[0)=0 Q.10)#0
e Exact Symmetry e Spontaneously Broken Symmetry
e Degenerate Multiplets e Massless Goldstone Bosons
e Linear Representation e Non-Linear Representation

A. Pich Chiral Perturbation Theory 4



GOLDSTONE THEOREM

Q= [dj0%x) ; 0t =0 ; 3O: v(t)=(0][Q(t),O]]|0) # 0

3|n) . (0|O|n) (nj°l0y #0 ;  E,6®(B,)=0 ; M,=0
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GOLDSTONE THEOREM

Q= [dj0%x) ; 0t =0 ; 3O: v(t)=(0][Q(t),O]]|0) # 0

3|n) . (0|O|n) (nj°l0y #0 ;  E,6®(B,)=0 ; M,=0

Proof:
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GOLDSTONE THEOREM

Q= [dj0%x) ; 0t =0 ; 3O: v(t)=(0][Q(t),O]]|0) # 0

3|n) . (0|O|n) (nj°l0y #0 ;  E,6®(B,)=0 ; M,=0

Proof:

v(t) = Z/ d*x {{01°(x)[n)(nlO]0) — (0|O|n)(nl®(x)/0) }
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GOLDSTONE THEOREM

Q= [dj0%x) ; 0t =0 ; 3O: v(t)=(0][Q(t),O]]|0) # 0

3|n) . (0|O|n) (nj°l0y #0 ;  E,6®(B,)=0 ; M,=0

Proof:

v(t) = Z/ d*x {{01°(x)[n)(nlO]0) — (0|O|n)(nl®(x)/0) }
= Z/ d*x {e=P(0]j°(0)|n)(n]OJ0) — eP*(0]O]n)(nl*(0)|0) }

A. Pich Chiral Perturbation Theory



GOLDSTONE THEOREM

Q= [dj0%x) ; 0t =0 ; 3O: v(t)=(0][Q(t),O]]|0) # 0

3|n) . (0|O|n) (nj°l0y #0 ;  E,6®(B,)=0 ; M,=0
Proof:
v(t) = Z/ d®x {{01}°(x)|n)(nO[0) — (0]O|n){nlj°(x)[0) }

- / d3x {o= P (0j°(0) n)(n|O0) — e+ (0O]m)(nj°(0)[0) }

= (2m)* Y 69)(Ba) {e ™ (0Lj°(0)In)(n[0J0) — ¢ (0|O|n)(nlj°(0)|0)} # O
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Q= [dj0%x) ; 0t =0 ; 3O: v(t)=(0][Q(t),O]]|0) # 0

3|n) . (0|O|n) (nj°l0y #0 ;  E,6®(B,)=0 ; M,=0
Proof:
v(t) = Z/ d®x {{01}°(x)|n)(nO[0) — (0]O|n){nlj°(x)[0) }

- / d3x {o= P (0j°(0) n)(n|O0) — e+ (0O]m)(nj°(0)[0) }

= (2m)* Y 69)(Ba) {e ™ (0Lj°(0)In)(n[0J0) — ¢ (0|O|n)(nlj°(0)|0)} # O
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GOLDSTONE THEOREM

Q= [dj0%x) ; 0t =0 ; 3O: v(t)=(0][Q(t),O]]|0) # 0

3|n) . (0|O|n) (nj°l0y #0 ;  E,6®(B,)=0 ; M,=0

Proof:

v(t) = Z/ d*x {{01°(x)[n)(nlO]0) — (0|O|n)(nl®(x)/0) }
= Z/ d*x {e=P(0]j°(0)|n)(n]OJ0) — eP*(0]O]n)(nl*(0)|0) }

= (2m)* Y 69)(Ba) {e ™ (0Lj°(0)In)(n[0J0) — ¢ (0|O|n)(nlj°(0)|0)} # O

d

V() =0= —i(2m)* Y 6@(Ba) En { e (01j°(0)|n)(n|O|0)

+ 5t (00| n)(n]j°(0)[0)} H

A. Pich Chiral Perturbation Theory
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u
CHIRAL SYMMETRY q= ( d ) ; (Chiral Limit)
s

0

1 u _ . _ .
EQCD = 4 GY Gﬁu —+ QL’VMD;LQL + qR’VMD;LQR
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u
CHIRAL SYMMETRY q= ( d ) ; (Chiral Limit)
s

0

1 u _ . _ .
EQCD = 4 GY Gﬁu —+ QL’VMD;LQL + qR’VMD;LQR
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u
CHIRAL SYMMETRY q= ( d ) ; (Chiral Limit)
s

0 1 . _ . .
EQCD = 4 GY GSZ/ —+ qL’VHDqu + qR’VHDuqR
° invariant under
a, —» g, 4, Ay —g0; (g.,8:) €
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u
CHIRAL SYMMETRY q= ( d ) ; (Chiral Limit)
s

0 [ - . - .
EQCD = 2 GY GSZ/ +a,i7"Dya, + aziv"Duag
° invariant under
a, —g.q, : 8x—8r8; i (8,8:) €
e Only in the hadronic spectrum: (7, K,7), ; (p, K", w),—; -+
Mof < M0+ ; le < M1+
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u
CHIRAL SYMMETRY q= ( d ) ; (Chiral Limit)
s

0 [ - . - .
EQCD = 2 GY GSZ/ +a,i7"Dya, + aziv"Duag
° invariant under
a, —g.q, : 8x—8r8; i (8,8:) €
e Only in the hadronic spectrum: (7, K,7), ; (p, K", w),—; -+
Mof < M0+ ; le < M1+

e The octet is nearly massless:
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u
CHIRAL SYMMETRY q= ( d ) ; (Chiral Limit)
s

0 1 . . .
EQCD - _ZG; Gﬁy+qu7HDlth+qR’7HD;LqR
° invariant under
a, —» g, 4, Ay —g0; (g.,8:) €

°
o
=]

<

in the hadronic spectrum: (7, K,7), ; (p, K", w),—; -+
Mof < M0+ ; le < My+
e The octet is nearly massless:

. (O[(@,ax +@xq,)[0) #0

8 Massless 0~ Goldstone Bosons
A. Pich Chiral Perturbation Theory 6



G = SU3). ® SU3)r

Jr=aryac i Q= [dPxIPO(x) (=18 X=LR)
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G = SU3). ® SU3)r

Jr=aryac i Q= [dPxIPO(x) (=18 X=LR)

(’60) [Q2,08] = ig,, b QS
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G = SU3). ® SU3)r

Jr=arrga o K= P eensixenn
('60) [Q2,08] = ig,, b QS
e 8 Pseudoscalar Goldstones @ = (m,K,n)
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G = SU3). ® SU3)r

Jr=arrga o K= P eensixenn
('60) [Q2, Q8] = id,, FP°Q°
e 8 Pseudoscalar Goldstones @ = (m,K,n)
s Q=R : 0% = @y \°q

(0] [24,0%] 0) = —3 {ola {X*, A} a0} = —= (0] a0}
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G = SU3). ® SU3)r

Jr=arrga o K= P eensixenn
('60) [Q2, Q8] = id,, FP°Q°
e 8 Pseudoscalar Goldstones @ = (m,K,n)
e Q) =Q%R-Q ; 0P = grs\Pq

(0] [@3,0%]10) = —7 (0]a {¥*, A} al0) = = (0] aa o)
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G = SU3). ® SU3)r

Jr=arrga o K= P eensixenn
('60) [Q2, Q8] = id,, FP°Q°
e 8 Pseudoscalar Goldstones @ = (m,K,n)
e Q) =Q%R-Q ; 0P = grs\Pq

(0] [@3,0%]10) = —7 (0]a {¥*, A} al0) = = (0] aa o)

o (0] |xb(p)) = i 6% V2 £, pr
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EFFECTIVE GOLDSTONE THEORY

m;~0 < M,
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EFFECTIVE GOLDSTONE THEORY

m;~0 < M,

E<M,
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EFFECTIVE GOLDSTONE THEORY

m;~0 < M,

E<M,

0 &, d, |0) U() = {exp (iV20/f) }

)
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EFFECTIVE GOLDSTONE THEORY

m;~0 < M,

E< M,
= %FO+ %T/g T K+
®=24- T —Zm+Z=en K°
\/§ - _ :
K K 7\/;71
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EFFECTIVE GOLDSTONE THEORY

m;~0 < M,

E<M,
(0/&,q', 0) U(0) = {exn (ivV20/f)}
~ L0+ Loy wt Kt
A= vz e —L a0+ Ly KO
® 7 ¢ = T V2 Vel
' K~ K° f\/g/r]
u — 8k U gj , g r € SU(3)LR

Chiral Perturbation Theory

)



W,'Z,'m’,'g

T, [, €,V Standard Model
t,b,c,s,d,u

!

V.8 My € Vi

r(nr=3) pAS=12

s,d,u QCD off
Vi eV
T, K,n XPT
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EFFECTIVE LAGRANGIAN:

A. Pich Chiral Perturbation Theory
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EFFECTIVE LAGRANGIAN:

e Goldstone Lagrangian

(0@, d, [0) Uj(9) = {exn (iV20/f)}

A. Pich Chiral Perturbation Theory

i
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EFFECTIVE LAGRANGIAN:

e Goldstone Lagrangian

(0|, d, [0) Us(9) = { e (iV20/r) }.
e Expansion in powers of momenta derivatives
Parity even dimension ; uuf=1 2n > 2
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EFFECTIVE LAGRANGIAN:

e Goldstone Lagrangian

(0|, d, [0) Us(9) = { e (iV20/r) }.
e Expansion in powers of momenta derivatives
Parity even dimension ; uuf=1 2n > 2

e SU(3)L ® SU(3)r Invariant

U g. U gj' : g, € SUB)Lr
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EFFECTIVE LAGRANGIAN:

e Goldstone Lagrangian

(0|, d, [0) Us(9) = { e (iV20/r) }.
e Expansion in powers of momenta derivatives
Parity even dimension : uuf=1 2n > 2

e SU(3). ® SU(3)g Invariant

U g, Ugl : g , € SUQB)Lr

2

2
L = (9,U" 0*U)

A. Pich Chiral Perturbation Theory
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1
= Jym Hrt + Ea#w"a“wo I oec

e {7 (7 5007) 205 ) (o

+ O (7°/f*)

A. Pich Chiral Perturbation Theory
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= Jym Hrt + %aﬂoaﬂﬂo 4.
e {75 () 2 ()

+ O (7°/f*)

Chiral Symmetry Determines the Interaction:

T[\/T[
/" \'n

Weinberg

A. Pich Chiral Perturbation Theory

t = (p} — py)?

)
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= Jym Hrt + %aﬂoa#ﬂo 4o
r () () 2 () (o

+ O (7°/f*)

Chiral Symmetry Determines the Interaction:

T[\/T[
/" \'n

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

Weinberg

A. Pich Chiral Perturbation Theory

BHWO) 4o

t = (p} — py)?

)

11



EXPLICIT SYMMETRY BREAKING

Lqocp = £OQCD +a(y +54)q — G(s—ivsp)q

= Locp +a,Va, +d,¥a, — G, (s+ip)a, —d, (s—ip)a,
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EXPLICIT SYMMETRY BREAKING

Lqocp = £OQCD +a(y +54)q — G(s—ivsp)q

= Locp +a,Va, +d,¥a, — G, (s+ip)a, —d, (s—ip)a,

l.=v,—a,=eQA, + ---

_ 1 4
= z diag(2,-1,-1)
r,=v,+a,=eQA, + 3

s — AL ooc c = diag(my, mq, ms)
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EXPLICIT SYMMETRY BREAKING

Locp = EECD +a(y +54)q — G(s—ivsp)q

= Locp + @, Vo, +d¥a, — @ (s+ip)a, —a,(s—ip)a,

l.=v,—a,=eQA, + ---
r,=v,+a,=eQA, +

s — AL ooc c = diag(my, mq, ms)

q, — &8, 9, I'LL — & I“ gL‘ + igL ()/[gL'
q 2 q rpn — 8 rug; + i g O/Ig;
— 1
T (s+ip) — g (s+ip)g/

A. Pich Chiral Perturbation Theory 12



Lowest—Order Effective Lagrangian

f2

L= —
4

(D,UD*UT + y UT + U )

A. Pich Chiral Perturbation Theory

D,U = d,U—ir, U+iUl,

=2By(s+ip)
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Lowest—Order Effective Lagrangian

2 D,U = d,U—ir, U+iUl,
L = — (D,UD"U" + yUT + U
4 =2By(s+ip)
Currents:
0 i f
- — _f2pryty = — pH ..
ar, Lo > u'u 7 D' +
A. Pich Chiral Perturbation Theory 13



Lowest—Order Effective Lagrangian

£2 DU =9,U—ir, U+iUl,
L = — (D,UD"U" + yUT + U
4 =2By(s+ip)
Currents:
d i f
— = —f2Dp*UTU = — D' + ---
i, Ly = 3 ufu 7 +
d i f
= — L, = -f2DFUUT = —— DHO + ...
ar, f2 = a7 DFOU N
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Lowest—Order Effective Lagrangian

£2 D,U = 8,U—ir, U+iUl,
L = — (D,UD"U" + yUT + U
4 =2By(s+ip)
Currents:
0 i
= = —f2pryfu = — DHD + - .
i, L2 = 5 Uty = +
0 i f
= —L; = -fPD*UUT = —— DO + ...
or, Lo > uu NG aF

(O] (I 17 (p)) = iv2f pt

A. Pich Chiral Perturbation Theory

f =f, ~92.4 MeV
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Lowest—Order Effective Lagrangian

£2 D,U=38,U-ir,U+iUl,
L = — (D,UD*UT + U +UT)
4 V7t :
=2By(s+ip)
Currents:
B) i f
— = —f2Dp*UTU = — D' + ---
o, L2 = 5 ufu 7% +
B i f
= — L, = -f2DFUUT = —— DHO + ...
g 22 Y N
(O] ()1, Im*(p)) = iV2F p# f=f ~92.4MeV
. 0L B 2 i
T 9(s—ipy —5 BU

A. Pich Chiral Perturbation Theory
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Lowest—Order Effective Lagrangian

£2 DU =8,U—ir,U+iUl,
= — (D ,UDMUT + xUT + U )
4 =2By(s+ip)
Currents:
= i — i 2 pryt — i Iz
78I;L£272fDUU7\/§D¢+
0 ] f
= — iy = f2D“UUT:——D“¢+m
ory ? V2
(O (), [Tt (p)) = iV2F pH f = f, ~92.4 MeV
B 9L,  f? =
= Tas—ipy ~5 BoU’ (Ol@'q'(0) = —f= Bo dj

A. Pich Chiral Perturbation Theory 13



QUARK MASSES:

— (. ut+u
4<+

Chiral Perturbation Theory

)

_BO<

®2?)
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QUARK MASSES:  Z(uiruy — £, =g 1oy
= —Bo{(mu—i—md) [7#77_ +%7r0770} + (my+mg) KTK™

= 1
+ (mg + my) KOKO + 6 (mu+md+4ms)n2 + (my — md)ﬂon}

Sl

A. Pich Chiral Perturbation Theory 14



QUARK MASSES:  Z(uiruy — £, =g 1oy

1
= —Bp {(mu + my) [7#77_ + Eﬂoﬂo} + (my+mg) KTK™

(my + mg +4mg)n* +

=

+ (mg + ms) K°K® +

N
3>
3

+
3

N
>
+
~
3

A. Pich Chiral Perturbation Theory 14



QUARK MASSES: Pt +uy - £, = 6o

®2?)
+ -, 1 00 + -
= —By S (my+ my) |77 +§7T7T + (my + ms) KTK

= 1
+ (derms)KOKO + g(mu+md+4ms)n2

1
+ e (my — md)won}

£
=
XN
w
>

N
3>
3
e
3
N
3
e
S
3
\
o

A. Pich
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QUARK MASSES: Pt +uy - £, = 6o

®2)
+ -1 00 + -
= —By S (my+ my) |77 +§7T7T + (my + ms) KTK

= 1
+ (derms)KOKO + g(mu+md+4ms)n2

1
+ e (my — md)won}

mu:md:m

Mﬁ /\/1;2( 3/\/]%
2m M+ ms 2mMm+4ms 0

¢ Gell-Mann—-Okubo: 4 M = M2 +3 M,27

e Gell-Mann—0akes—Renner: 2 Mfr

— —m(0lzu+ dd|o)
A. Pich Chiral Perturbation Theory 14



QUARK MASS RATIOS

Dashen Theorem:

(Mico = Mics) e =

em

A. Pich

(MT%O B Mlzi)em + 0(62[)2)

T

Chiral Perturbation Theory
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QUARK MASS RATIOS

Dashen Theorem:

(Mico = Mics) e =

em

(MZo = M)

T em

+ O(ep?)

Proof:

A. Pich

Chiral Perturbation Theory

Dy = 9) T
Qx &x Cx 8x
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QUARK MASS RATIOS

Dashen Theorem:

(Mko — Mic=)

= (2, w2,

T em

+ O(ep?)

em

Proof: Ox — gx Ox &y

A. Pich Chiral Perturbation Theory

15



QUARK MASS RATIOS

Dashen Theorem:

2 2 Y Y. 2 2
(MKO B MKi)em - (Mﬂ'o Mﬂi)em + O(e P )
Proof: Ox — gx Ox &y O
2 2 2 2
mg — my _ (MKO MKi) B (Mﬂ'o B ﬂi) 0.29
my + my I\/I72ro
2 2
ms — My Myo — Mo 12.6
my + my /\/Iﬁ0 '
A. Pich Chiral Perturbation Theory 15



QUARK MASS RATIOS

Dashen Theorem:

(Mko — Mic=)

= (2, w2,

T em

+ O(ep?)

em

Proof: Ox — gx Ox &y O

= 0.29
myg + my I\/I72ro
ms =y Mo —Mp g
my + my /\/Iﬁ0 '
:mg = 0. : : . Weinberg

A. Pich Chiral Perturbation Theory 15



A. Pich

f
_ T
;U

) = —Bo (M ®?) +

Chiral Perturbation Theory

62

4 + ...
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A. Pich

t = (p} — ps)?

Weinberg

Chiral Perturbation Theory
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POut Uy = B (M e?) 4

_ M2
n \ / m T <7T+7TO — 7r+7ro) ! f2M

n/ N\

Weinberg

L, -w=» Current Algebra 60’s

A. Pich Chiral Perturbation Theory
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Chiral Power Counting

A. Pich

Fiv = omy — VI — i I 17]

Fiy' = ote? — 0%rt — i [rH,r”]

Chiral Perturbation Theory
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Chiral Power Counting
FiY = 0y — ol — i [I1,17]

Fiy' = ote? — 0%rt — i [rH,r”]

General connected diagram with vertices of O(p“) and loops:

D:2L+2+2Nd(d—2) Weinberg
d

A. Pich Chiral Perturbation Theory 17



Chiral Power Counting

Fiv = omy — VI — i I 17]

Fiy' = ote? — 0%rt — i [rH,r”]
General connected diagram with vertices of O(p“) and loops:
D:2L+2+2Nd(d—2) Weinberg
d
° L=20 d=2
. L=20 d=4 Ny =1
L=1 d=2

A. Pich Chiral Perturbation Theory
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)

O(p*) xPT

at tree level  (Gasser—Leutwyler)

— i

A. Pich

(
(
(
(

D,U'D*U)? + |, (D,U'D,U) (D*UTD" U)

D,U'D*UD,U'D"U) +

D UTD*U (UTx + xTU)) +

Ux —xTU)* +

(DL UTDHU) (Uty + x 1 U)
(Utx +xtU)?

(FuxTu + UtxUty)
(F&*D,UD, Ut + F*D,U'D,U) +

(UTFEY UFL)
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)

i)

at tree level

A. Pich

+ o+

+

at one loop (unitarity):

i

(
(
(
(

O(p*) xPT
(Gasser—Leutwyler)
D,UTD*U)? +
D,U'D*UD,U'D"U) +
D UTD*U (UTx + xTU)) +
Uty —x'u)* +
(F&*D,UD, Ut + F*D,U'D,U) +

unambiguously predicted

Chiral Perturbation Theory

(D, U'D,U) (D" U'D" U)
(D UTDHU) (UTx + x T U)
(Ux +xTU)?

(XTUXTU + UTxUTy)

(UTFEY UFL)

{alog(p?/1?) + b(w)}
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)

i)

O(p*) xPT

at tree level  (Gasser—Leutwyler)

A. Pich

+ +

+

at one loop (unitarity):

(D, UTD*U)? + 1, (D, U'D,U) (D*U'D" U)

(D, UTD*UD,UTD U + 1, (D, UTD*U) (Uty + x T U)
(DL UTDHU (UTx + xTU)) + Ls (Utx +xTU)?

(Utx =xTU)? + Ls (XTUXTU + UTxUTx)

ilo (FE*D,UD, U + F* D, U'D,U) + Lo (UTFE” UFL,)

unambiguously predicted

fixed by QCD dynamics. 1-loop divergences

Chiral Perturbation Theory

{alog(p?/1?) + b(w)}
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O(p*) xPT

i) at tree level  (Gasser-Leutwyler)
(D, UTD*U)? + 1, (D, U'D,U) (D*U'D" U)
+ L5 (D, UTD*UD,UTD"U) + L, (D, UTD*U) (UTx + x 1 U)
+ L5 (DUTD*U (UTx + XxTU)) + Ls (UTx + xTU)?
+ L (Utx = xTU)? + Ls TUXTU + UTxUTy)
— Lo (FE*D,UD, U + F* D,UTD,U) + Ly (UTFEY UF.,.,)
i) at one loop (unitarity): {a log(p?/1?) + b(1)}
° unambiguously predicted
o fixed by QCD dynamics. 1-loop divergences
i) Wess—Zumino—Witten term (chiral anomaly): 7% 7y — 7,

A. Pich Chiral Perturbation Theory 18



Meson Decay Constants

M2 M2
=—— —
i 32722 B < 112

amz o, 8MZ + 4M?
= f 91 =20 — px + —5= L(u) + —F5—= Li(p)
2 f2
3 3 3 4M2 8M2Z +4aM2 |
= f 41— ZMW - EMK - Z,uns +— £2 —= Ls(p) + KT L4(M)}

amz 8MZ + 4M2
= f {13m<+ o L5(N)+T La(k)

fK f"”

7 =122£001 =3 L5(M,) = (14+05)-107° mape — =130.05

Q0

A. Pich Chiral Perturbation Theory 19



O(p*) xPT COUPLINGS

1 0.4+0.3 Keq, mm — 7T 3/32
2 14403 Kea, mm — 7T 3/16
3 | -35%x11 Keq, Tm — I 0]

4 | —0.3+£05 Zweig rule 1/8
5| 14405 Fi/Fx 3/8
6 | —0.2+0.3 Zweig rule 11/144
7 | —04+0.2 GMO, Lsg 0]

8 09:|:03 M}@*MK\, L5, (msfﬁ))/(mdfmu) 5/48
9| 69+07 (r)T, 1/4
10 | —5.5+0.7 T — evy —1/4

D—4
. ’;27 {%+75—|0g(4w)—1}

A. Pich
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O(p*) xPT COUPLINGS

1 0.4+0.3 Keq, mm — 7T 3/32
2 14403 Kea, mm — 7T 3/16
3 | -35%x11 Keq, Tm — I 0]
4 | —0.3+£05 Zweig rule 1/8
5| 14405 Fi/Fx 3/8
6 | —0.2+0.3 Zweig rule 11/144
7 | —04+0.2 GMO, Lsg 0]
8 09:|:03 M}@*MK\, L5, (msfﬁ))/(mdfmu) 5/48
9| 6.9+07 (r)T, 1/4
10 | —5.5+0.7 T — evy —1/4
D—4
. ’;27 {%+75—|0g(4w)—1}
. L,-~f73/4~2x10—3
A%
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O(p*) xPT COUPLINGS

1 0.4+0.3 Keq, mm — 7T 3/32
2 14403 Kea, mm — 7T 3/16
3 | -35%x11 Keq, Tm — I 0]
4 | —0.3+£05 Zweig rule 1/8
5| 14405 Fi/Fx 3/8
6 | —0.2+0.3 Zweig rule 11/144
7 | —04+0.2 GMO, Lsg 0]
8 09:|:03 M}@*MK\, L5, (msfﬁ))/(mdfmu) 5/48
9| 6.9+07 (r)T, 1/4
10 | —5.5+0.7 T — evy —1/4
D—4
. ’;27 {%+75—|0g(4w)—1}
. L,-~f73/4~2x10—3
A%
° ~ 1/(4nf;)?
A. Pich Chiral Perturbation Theory




O(p®) XxPT

(3
|) E C. O:) at tree Ievel (Bijnens—Colangelo—Ecker, Fearing—Scherer)
i

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

||) at one |00p, at two |00ps (Bijnens—Colangelo—Ecker)

Double chiral logarithms

Mgy, fs, vy — 7w, mm — 7w, 1K — 7K, Kja,
T — eley, Fy(s), Fs(s), My a(s), ---

Amoros—Bijnens—Dhonte—Talavera, Bellucci-Gasser—Sainio, Biirgui, Bijnens—Colangelo—Ecker—Gasser—Sainio,
Descotes-Genon—Girlanda—Knecht—Moussallam—Stern—Fuchs, Ananthanarayan—Colangelo—Gasser—Leutwyler, Post-Schilcher,

Golowich-Kambor, ...

A. Pich Chiral Perturbation Theory 21



Colangelo et al.

O(p®) Analysis of 77 — 77

xPT, analyticity, crossing, unitarity

ad = 0.220 + 0.005
a3 = —0.0444 £ 0.0010

63(M%) — 63(M2%) = (47.7 £ 1.5)°

Chiral Perturbation Theory

A. Pich
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O(pG) Analysis of mm — mmw Colangelo et al.

xPT, analyticity, crossing, unitarity

ad = 0.220 + 0.005
a3 = —0.0444 £ 0.0010

63(M%) — 63(M2%) = (47.7 £ 1.5)°

ad =0.221 +£0.026

GMOR accounts for ~ 94% of M,

) 2 1 M2 4
o BNL-E865 Mz =M= 31~ 2 (47F)2 +O(M?)
A Gva-Saclay
uu
M2 = (m, + ma) |<f2>|

A. Pich Chiral Perturbation Theory 22



A. Pich

My

A

me

Chiral Perturbation Theory

QCDNr=6

QCDNr=3

RxT

XPTNf:3

xPTN=2
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LARGE-N¢c COUNTING RULES

gs~1/v/Nc i as~1/Nc ; (T (J--Jn)) ~ Nc

e Dominance of planar gluonic exchanges
e Non-planar diagrams suppressed by 1/N%

e Internal quark loops suppressed by 1/N¢
J|0) ~ |1 Meson)

e Infinite number of mesons (~ In k?)

fn2 T — ~ N . M, ~ O(1
R IR) =Y 5 n=(0JIn) ~VNc ; M,~ O(1)
n n e Mesons are free, stable and
non-interacting

A. Pich Chiral Perturbation Theory 24



<JJJJ >

Crossing + Unitarity

A. Pich

Chiral Perturbation Theory
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R\T (Ecker, Gasser, Pich, de Rafael)

Resonance Nonet Multiplets:

Fv ey
EV = — T I T
2 2\/§< +> \/5( UU>
Fa
£y = —= i
2 2\/§< 7>
£5 = {Suhu) + cm(Sxa)
LY = idm(Px-)
uH:iuTDHUuT:uL : U = u?

1Y = uF[WuT:I:uTF,éWu o oxe = ulxyuttuxtu

A. Pich Chiral Perturbation Theory 26



{Vivv. 6.k A ) {51Ms.co.cn . Ve, 0}
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O(Nc) 3

A. Pich Chiral Perturbation Theory 28



O(Nc) .

A. Pich

Chiral Perturbation Theory
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O(Nc) .

A. Pich

BUT

M2 ~ O (g, M)

Chiral Perturbation Theory
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SHORT-DISTANCE CONSTRAINTS

Fv. Gy, t
Vector Form Factor (7|v,|7): Fy(t) =1 + g \/’2 v —
~ T Mt
lim F\/(t) = (0
t—o0
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SHORT-DISTANCE CONSTRAINTS

Fv. Gy, t
Vector Form Factor (7|v,|7): Fy(t) =1 + g \/’2 v —
~ T Mt
lim F\/(t) = (0
t—o0

2F. Gy, —F2  F}
Axial Form Factor (ylay|m):  Ga(t) = Z Y ‘/2 4 A
M2, A=

lim GA(t) =0

t—00
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SHORT-DISTANCE CONSTRAINTS

Fv. Gy
Vector Form Factor (7|v,|7): Fu(t) = 1 + E ’ \/,2Gv, 2t
- ir M\/,- —t
lim Fy(t)=0
t—oo

2Fy, Gy, — F2 F2
Axial Form Factor (ylay|m):  Ga(t) = Z Y ‘/2 4 A
M2, A=

lim GA(t) =0

t—00

F\2/i Z Fg;
Mg +t —~ M3 +t

i i

2
Weinberg Sum Rules: Mir(t) = 7% + Z

lim t HLR(t) =0
t—o0
lim t2MyR(t) =0
t—o0

A. Pich Chiral Perturbation Theory 29



Scalar FF:

lim F2_(s) =0

S— 00

A. Pich

Fica(

s

C4; + Cm,

_1+Z

Chiral Perturbation Theory

- Cdi)

Mz + M2

S

p)
Mg,

p)
M3, —
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Mg + M2 s
Scalar FF: Fi.(s)=1+ Z cd; + (cm; — ¢d;) Mg,- Mg,- _
lim FKF( )=0
5— 00

2 2 2
. _ 2 Cle,' dm,' f
S — P Sum Rules: n55_pp(t) = ].680 {z’: Mgl 1 - z’: /\/I,%I o - a}

lim t nSS,pp(t) =0
t—o00
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Mg + M2 s
Scalar FF: F2 (s)=1+ Z cd; + (cm; — ¢d;) Mg,- Mg,- _
lim FKF( )=0
5— 00

C2 d2 f2
- P Rules: Mss_ = 1685 I -
S Sum Rules ss—pp(t) = 165, {z': M2 +t z,: M3 +t 8t
lim t Nss_pp(t) =0
t—o0

Pseudoscalar Nonet:

2

f‘
Lo = o (xU+Ux) ~ —i

f‘
/24 M (x-)
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1-Resonance Approximation:

(Ecker, Gasser, Leutwyler, Pich, de Rafael)

Fv=2Gy=V2Fa=V2f ;| Ma=V2My ; dpn=:=f

(Jamin, Oller, Pich)

A. Pich

Chiral Perturbation Theory
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L’'S FROM RESONANCE EXCHANGE

© 00 N O o & W N -

—
o

0.4+£03
1.4+0.3
—35+11
—0.3+0.5
1.4£05
—-0.2+0.3
—0.44+0.2
0.9+0.3
6.9+£0.7
—55+0.7

06 0 0
12 0 0
-36 0 06
0 0 0

0 0 1.49

0 0 0

0 0 0

0 0 0.9

699 0 0
~100 40 0

w

0.6
1.2
-3.0
0.0
1.4
0.0
-0.3
0.9
6.9
—6.0

0.9
1.8
—4.3
0.0
2.1
0.0
—0.3
0.8
7.2
—-54

3) |nput

A. Pich

b)

Chiral Perturbation Theory

Short-Distance Constraints
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]
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SUMMARY

Chiral Symmetry constraints the low-energy dynamics
Useful tool for quantitative non-perturbative analyses at low energies

Many applications:
— xPT, RxT, Baryons, HMxPT, ...
— Isospin breaking, electromagnetism, weak decays . ..

— (Partially) Quenched xPT, finite size effects, ...  (lattice)
Loops (unitarity) unambiguously predicted: Chiral logarithms
QCD dynamics encoded in the low-energy chiral couplings
The N¢ — oo limit provides good estimates of the LECs

Challenge:

A. Pich Chiral Perturbation Theory 34



