2. Chiral Perturbation Theory

e Goldstone Theorem

e Chiral Symmetry

o Effective Goldstone Theory
e Chiral Symmetry Breaking

e Phenomenology
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Sigma Model

L, =30,070r0 — 2 (070 — 2)?

Global Symmetry:  0(4) ~ SU(2) ® SU(2)

e v2<0: mi=—)\v2

o« V2> 0: ooy =v , (0%|0)

Il
o
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Sigma Model

L, =30,070r0 — 2 (070 — 2)?

Global Symmetry:  0(4) ~ SU(2) ® SU(2)

o V<O m2 = —Av?
o V2> 0: Oy =v , (0/F|0) =0
SSB: 0(4) — 0(3) [4%3 — % = 3 broken generators]

L, =3{0,60"6 + 0, 70"7 — M282} — M5 (62 4+ 72) — M3 (82 4 72)?

o—V : M2 =2\ 2

o

3 Massless Goldstone Bosons
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1) X(x) = o(x) o + i 77(x) ; (A) = Tr(A)

1 A 2
= = Toryy — 2 sy 9,2
Ly 4(8,; O*X) 16 ((Z Y) 2v)
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1) X(x) = o(x) o + i 77(x) ; (A) = Tr(A)
L, = %@sz OME) — % (<zfz> 72v2)2

O(4) ~SU(2)L ® SU(2)r Symmetry: X — gR):gLT ; 8r €SU2), 4
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1) X(x) = o(x) o + i 77(x) ; (A) = Tr(A)

1 A 2
- = T Am _ 2 te\y 9,2
Ly 2 <8u2 O'XE) 16 ((Z Y)—2v )

O(4) ~SU(2)L ® SU(2)r Symmetry: X — gRZgLT ; 8r €SU2), 4

2) () = W+SHIUK) i U=sep{i7d} gUg

Ly =% (1+35)% (9,Uf0mU) + 1 (9,S0"S — M2S2) — M2 63 _ M° g4
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1) X(x) = o(x) o + i 77(x) ; (A) = Tr(A)

1 A 2
- - T Am _ 2 te\y 9,2
Ly = 4<8MZ O'XE) 16 ((Z Y) 2v)

O(4) ~SU(2)L ® SU(2)r Symmetry: X — gR):gLT ; 8r €SU2), 4

2) () = W+SHIUK) i U=sep{i7d} gUg

Ly =% (1+35)% (9,Uf0mU) + 1 (9,S0"S — M2S2) — M2 63 _ M° g4

82

Derivative Golstone Couplings
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1) X(x) = o(x) o + i 77(x) ; (A) = Tr(A)

1 A 2
- = T Am _ 2 te\y 9,2
Ly 2 <8u2 O'XE) 16 ((Z Y)—2v )

O(4) ~SU(2)L ® SU(2)r Symmetry: X — gR):gLT ; 8r €SU2), 4

2) () = W+SHIUK) i U=sep{i7d} gUg

L, =% (1+2)* (9,Uf0rU) + 1 (9,5 01S — M2S2) — M2 53 _ M 4

Derivative Golstone Couplings

2
3) E<M~v: L, ~ VT (9, Ut o"U)
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Symmetry Realizations

Symmetry G {T.} D Conserved charges Q,

d
Noether Theorem:  9,j/ =0 ; Q, :/ x20x) o Q,=0
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Symmetry Realizations

Symmetry G {T.} D Conserved charges Q,
d
Noether Theorem: ot = NN :/ X J; (x) : o Q,=0
Wigner—Weyl
Q, | O> =

e Exact Symmetry
e Degenerate Multiplets

e Linear Representation
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Symmetry Realizations

Symmetry G {T.} D Conserved charges Q,
d
Noether Theorem: 9,/ =0 ; Q,= / x20x) o Q,=0
Wigner—Weyl Nambu—Goldstone
Q,10)=0 Q.10)#0

e Exact Symmetry Spontaneously Broken Symmetry

e Degenerate Multiplets Massless Goldstone Bosons

e Linear Representation Non-Linear Representation
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Chiral Sym metry mq =0 (Chiral Limit)

0 1 - . - .
EQCD = 4 GSWGEV + qLI’YMDPLqL + qRI’yMDHqR

qa" =(u,d,s)
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Chiral Sym metry mq =0 (Chiral Limit)

0 1 _ . _ .
'CQCD = 4 G‘#VGSV + qL”YMD#qL + qR"YMDuqR

=009 - (50 (52 am
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Chiral Sym metry mq =0 (Chiral Limit)

0 1 _ . _ .
EQCD:—ZGé‘”Gijqul'y“DquJqu/'y“DuqR

qa" =(u,d,s)

o EOQCD invariant under G = SU(3), ® SU(3)g:

aL_>gLaL ; aR_>gRaR ; (gUgR) GG
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Chiral Sym metry mq =0 (Chiral Limit)

0 1 _ . _ .
Locp = —7 G4"Gi, + @, i7" Dua, + i7" Dua,
qa" =(u,d,s)
o EECD invariant under G = SU(3), ® SU(3)g:
aL_>gLaL ; aR_>gRaR ; (gUgR) GG

e Only SU(3)y in the hadronic spectrum: (7, K.7),; (p. K*,w),—; -
Mo— < M0+ ) Ml— < M]_+
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Chiral Sym metry mq =0 (Chiral Limit)

0 1 _ . _ .
Locp = 2 Gy'GA, +q,iv"Duq, + G iv"Duq,

qa" =(u,d,s)

o £(ZQCD invariant under G = SU(3), ® SU(3)g:
4, —24 8, —g:0:,  (8.8:) <G
e Only SU(3)y in the hadronic spectrum: (7, K.7),; (p. K*,w),—; -

Mo— < M0+ ) Ml_ < M]_+

e The 0~ octet is nearly massless: m,; ~0
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Chiral Sym metry mq =0 (Chiral Limit)

0 1 _ . _ .
Locp = 2 Gy'GA, +q,iv"Duq, + G iv"Duq,

qa" =(u,d,s)

tzQCD invariant under G = SU(3), ® SU(3)g:

aL_>gLaL ; aR_>gRaR ; (gugR) GG

Only SU(3)y in the hadronic spectrum: (7, K.,7),_; (p, K" w),; -

Mo— < M0+ ) Ml_ < M]_+
e The 0~ octet is nearly massless: m,; ~0
e The vacuum is not invariant (SSB): (0] (a,a, +dzq,)[0) #0

8 Massless 0~ Goldstone Bosons
EFT A. Pich - 2015 5



Effective Goldstone Theory

e Mass Gap: m,~0 < M,

EFT A. Pich - 2015



Effective Goldstone Theory

e Mass Gap: m,~0 < M,

e Low-Energy Goldstone Theory: E< M,

EFT A. Pich - 2015



Effective Goldstone Theory

e Mass Gap: m,~0 < M,

e Low-Energy Goldstone Theory: E< M,

OF a0 = U0) = (e (V20/7) |
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Effective Goldstone Theory

e Mass Gap: m,~0 < M,

e Low-Energy Goldstone Theory: E< M,

EFT

OF a0 = U0) = (e (V20/7) |
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Effective Goldstone Theory

e Mass Gap: m,~0 < M,

e Low-Energy Goldstone Theory: E< M,

]

OF a0 = U0) = (e (V20/7) |

: %w°+%n nt K+
¢E%(g: T 7%7(04»%77 KO
K~ KO — %n
Uu— g, U gf ; g , € SUQB)Lr
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Energy Scale Fields Effective Theory

W7 Z/ﬁ//g
My, T, 4y €, Vj Standard Model
t,b,c,s,d,u

l OPE

V7,8 U, €V

/

(nf=3) AAS=12
Mme s,d,u Laoep ' Lo

A

lNC—>OO

SN

MK T, Ka’} )(PT
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Effective Lagrangian: L(U) = Z Lo

n
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Effective Lagrangian: L(U) = Z Lo,

e Goldstone Fields

Ol& a,0) = U(0) = {ep(ivV20/f)}

i
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Effective Lagrangian: L(U) = Z Lo,

e Goldstone Fields

Ol& a,0) = U(0) = {ep(ivV20/f)}

p
e Expansion in powers of momenta <& derivatives

Parity == even dimension ; UU' =1 ma» 2n>2
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Effective Lagrangian: L(U) = Z Lo,

e Goldstone Fields

Ol& a,0) = U(0) = {ep(ivV20/f)}

p
e Expansion in powers of momenta <& derivatives

Parity == even dimension ; UU' =1 ma» 2n>2

e SU(3)L ® SU(3)gr invariant
U = g Ug' ; 8 . € SUB)LR
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Effective Lagrangian: L(U) = Z Lo,

e Goldstone Fields

Ol& a,0) = U(0) = {ep(ivV20/f)}

p
e Expansion in powers of momenta <& derivatives

Parity == even dimension ; UU' =1 ma» 2n>2

e SU(3)L ® SU(3)gr invariant

U = g U gj' : g, € SUB)Lr

£2 Derivative
T L, = = (9,uf 9#U) )
4 VH Coupling

Goldstones become free at zero momenta
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f2 . 1
L2 = 7 (9,U10"0) = Gum d'n" + 59,m%0n° + ---

+ 6% {(ﬂ+ 3# 7T_) (ﬁ+3“ﬂ_) + 2 (ﬂogu 7r+) (ﬂ_guﬂo) + }

+ 0 (/7
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2 ou —an 4+, L 0910
Ly = Z@HUTOMU) = Oym OM'm" + 58” Ml 4+ ...
Fa () () 2 () () )
+ 0(71'6/f4)

Chiral Symmetry Determines the Interaction:

\ﬂ- ﬂ-/
* ‘ +.0 10y _
R e T(7T T — T 77) =5
\./
N t=(p} —ps)?
4 A Y
4 A Y )
. S Weinberg
Vs ™
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2
132 — —ZT <£Z,lJT6)FLlJ> -

1
8,17776“7T+ + Eauw"a“w" + e

+ 6% {(ﬂ+ 3“ 7T_) (ﬂ+3“ﬂ_) +2 (ﬂogﬂ 7r+) (ﬂ_guﬂo) + o

+ 0 (7°/f%)

Chiral Symmetry Determines the Interaction:

™ ™

’
A

Non-Linear Lagrangian:

EFT

27 = 2w, 4m, - - -

A. Pich

T (

+

T T =TT

2015

0 +0)__
2

Weinberg
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Explicit Symmetry Breaking

Locp = L(ZQCD +a(¥ +4v)q —a(s—ivsp)q

= L%)CD + ‘_lLqu + ‘_lquR - aR(S+ip)qL — (_]L(s—ip)qR
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Explicit Symmetry Breaking

Locp = ﬁ(ZQCD +a(¥ +4v)q —a(s—ivsp)q

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

lL=v,—a,=eQA, + -

0 = L diag(2,-1,-1)
r,=v,+a,=e9A, + - 3

s=M + - : M = diag(my, mg, mg)
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Explicit Symmetry Breaking

Locp = L(ZQCD +a(¥ +4v)q —a(s—ivsp)q

= L%)CD + ‘_lLqu + ‘_lquR - aR(S+ip)qL — (_]L(s—ip)qR

l,=v,—a,=eQA, + -
pee e T a 0 = 1diag(2, -1, -1)
r,=v,+a,=e9A, + -

s=M+ .- ; M = diag(my, mg, mg)

Local SU(3). ® SU(3)r Symmetry:

q, = g q b= g lugl +ig 0]
r# - gR I‘#g; + ’gR aﬂg;

4>
e Er A (s—i—ip)—>gR(s—i-ip)gLT
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Lowest-Order Effective Lagrangian:

L

f2

=7 (D, U DU +x UT + U xT)

EFT

A. Pich -

2015

D,U = d,U—ir, U+iUl,

X=2By(s+ip)
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Lowest-Order Effective Lagrangian:

£2 DU =8,U-ir,U+iUl,
£ = —(D,UD"U" +x U" +Ux _
4 X=2By(s+ip)
Currents:
0 i f
o= = — _ f2 pryt = — DMt R
L ol = 2 Uty V2 +
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Lowest-Order Effective Lagrangian:

£2 DU =8,U-ir,U+iUl,
£ = —(D,UD"U" +x U" +Ux _
4 X=2By(s+ip)
Currents:
0 i f
W= —r, = _f2prutu = — D*d + ...
LT g e T DU = p DR
0 i f
W= _—r, = —f2prulUt = —— Dt + ...
K or, 2 2 v V2 *
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Lowest-Order Effective Lagrangian:

£ D,U = d,U—ir,U+iUl,
£ = —(D,UD"U" +x U" +Ux _
4 X=2By(s+ip)
Currents:
0 i f
= _ = _f2prytyu = — DHP + ---
e i vy = 5 +
0 i f
W= _—r, = —f2prulUt = —— Dt + ...
K or, £ 2 vy V2 +
(O] (D)o |7 (p)) = iV2F p* T f=f ~92.4 MeV

(" > i)
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Lowest-Order Effective Lagrangian:

£ D,U = 8,U~ir, U+iUl,
£ = —(D,UD"U" +x U" +Ux _
4 X=2By(s+ip)
Currents:
0 i f
= _r :_f2DH T = — DFO
e TR A S
0 i f
W=~ r, = —fF2pryut = —— DM + ...
K or, 2 2 vy V2 +
(O] ()1, |7 H(p)) = iV2F pt oo f=f~0924MeV
(77 = i)
i 0L, 2
! = - = ——B u
4.9, (s — ip) 2 oU -

EFT A. Pich - 2015 11



Lowest-Order Effective Lagrangian:

£2 D,U = 8,U~ir, U+iUl,
£ = —(D,UD"U" +x U" +Ux
4 X=2By(s+ip)
Currents:
0 i f
o= = — _ f2 pryt = — DMt
e i vy = 5 *
0 i f
W= = _f2pryul = —— DHFD + ---
K or, £ 2 vy V2 +
(O] (D)o |7 (p)) = iV2F p* T f=f ~92.4 MeV
(7" = i)
— i _ 8£2 _ f2 ’J —i - 2
WA= gy - 2 BV = | (0@d]0) = —FBo;
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Quark Masses:

EFT

f2
7 (Ul U

A. Pich - 2015

— L= —By <M ¢2>
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Z2N
Quark Masses: 7 (XU + UxD) = Ln=-By(M®?)

1
Lm = —B {(mu+ my) [7#77_ + §7TO7T0:| + (my+mg) KTK™

— 1
+ (mg + my) KOKO + 6 (mL,erd+4ms)7]2 + (my — md)won}

Sl
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2

Quark Masses: 7 Uh+Uuxh) = Lm=—By (Md?)

1
L = —Bo {(mu+ my) [7#77— + Ewowo} + (my+mg) KTK™

_ 1
+ (mg + my) KOKO + g(mu+md+4ms)n2 +

Isospin limit: m,

S
<
PN
w
S

N
3
3
+
3
N
3
+
N
3
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2

f . .
Quark Masses: 70U HUx) = L,

—By (M ?)

1
Lm = —B {(mu + mq) [7#77_ + §7TO7T0:| + (my+mg) KTK™

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

Isospin limit: m,

S
<
PN
w
S

N
3
3
+
3
N
3
+
N
3

e Gell-Mann-Okubo: 4 Mj = M2 +3 M}
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2

f . .
Quark Masses: 70U HUx) = L,

—By (M ?)

1
Lm = —B {(mu + mq) [7#77_ + §7TO7T0:| + (my+mg) KTK™

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

Isospin limit: m,

S
<
PN
w
S

N
3
3
+
3
N
3
+
N
3

e Gell-Mann-Okubo: 4 Mj = M2 +3 M}

o Gell-Mann—0akes—Renner:

f2M2 = —m (0] u+ d d|0)

EFT A. Pich
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Quark Mass Ratios:

Dash
B (Mo~ M2L), = (M2 - M2+ O(ep?)

Theorem
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Quark Mass Ratios:

Dashen
Theorem (MKO MKi)Cm o (Mﬂo Mﬂi)om + O(e P )
. 2 ,
Proof. ¢’ (QrUQLUT) = 72{% (7#”7 + K+Ki) +0(¢") ; Ox — &x Ox &y
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Quark Mass Ratios:

Dashen ) ) 5 5 S
Theorem (MKO o MKi)Cm - (Mﬂ’o - Mﬂi)om + O(e P )
Proof. ¢’ (QrUQLUT) = 72,;22 (WVW? + KVK*) +0(e%) Ox — gx Ox &
mg —my (Mf(O - Mf(i) — (Mio — Mii) ~ 0.9
my + my MS-O .

EFT

A. Pich

2015

13



Quark Mass Ratios:

Dashen
Theorem

Proof:

(Mo = Mics),

w = (Moo = MZs), + O(eP)

2

: 2e 4+ — 4
(QrUQLUT) = Y (w T+ KK )+O(¢4)

Ox — ex Qx &y i

mqg — my _ (M}2(0 7 MI2<i) 7 (Mio - Mii) ~ 0.29
my + my I\/Iﬁ0 '
ms —my M;z(o - M72|.0 ~ 12.6
my + my Mio ’

EFT

A. Pich
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Quark Mass Ratios:

Dashen
Theorem

Proof:

(Mo = M) oy

= (M2 — M2.),, + O(e*p?)

2

: 2e 1 T
(oruQUTy = Y (w T +KTK )+O(¢4)

Ox — ex Qx &y m]

mg — my _ (MioiMf(i) B (MioiMii) ~ 0.29
my + my I\/Iﬁ0 '
ms — my M;z(o - M72|.0 ~ 12.6
my+myg Mio ’
—- m, :mg :mg = 055:1:203 Weinberg

EFT

A. Pich
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EFT

B
_ 2 0 4
By (M <) + 6f2<M¢ ) +
— M2
T(7T+7T0 %774'770) t 7 T
t=(

A. Pich
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EFT

A. Pich

2015

f B
7 (UTHUNT) = =B (M%) + =5 (M) +
m /7
— M2
. //’/ T(7T+7T0 %774'770) ! 7 T
/.\ /
’ N t=(p} — p+)
N
7;\ Weinberg
L, - Current Algebra 60’s
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Chiral Power Counting

u O(p") FL = omr — 91 — i 1, 1)

Fiy' = ot — 9%rt — | [rH ¢"]

EFT
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Chiral Power Counting

u O(p") FL = omr — 91 — i 1, 1)
D;LU ) I;u Yy O(pl)

M — _ _
X Fi  0p) L el

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

D:2L+2+ZNd(d—2) Weinberg
d
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Chiral Power Counting

u O(p") FL = omr — 91 — i 1, 1)
D;LU7 Iuv rM O(pl)

o Vo U v

Ry opy|  FEEow i)

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

D = 2L—|—2—|—ZNd(d—2) Weinberg
d
e D=2: L=0 d=2
e« D=4 L=0, d=4 Ny =1
L=1 d=2

EFT A. Pich - 2015 15



O(p*) xPT

i) L, at tree level  (Gasser-Leutwyler)

L4

+ + +

L, (D, UTD*U)? + L, (D,UTD,U) (D*UTD" U)
L5 (D, UTD*UD,U'D*U) + L, (D, UTD*U) (UTx + x 1 U)
Ls (D UTD* U (Utx + xTU)) + Lo (UTx +xTU)?

L7 (Ut = xTU)? + Ls (xTUXTU + UTxUTy)

iLo (FE'D,UD,U" + F/'" D, U'D,U) + Lio (UTFL" UF1,)

EFT

A. Pich - 2015
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O(p*) xPT

i) L, at tree level  (Gasser-Leutwyler)

Ly = Ly (D,UTD*U)? + L, (D,U'D,U) (D*UTD" U)
L5 (D, U'D*UD,U'D"U) + L, (D, UTD"U) (Uty + x 1 U)
Ls (D UTD* U (Utx + xTU)) + Lo (UTx +xTU)?

L7 (Ut = xTU)? + Ls (xTUXTU + UTxUTy)

— Ly (FR"D,UD, U + F}'" D, UTD,U) + Lio (UTFLY UF1,.)

+ + +

ii) £ at one loop (unitarity): T4 ~ p*{alog(p?/u?) + b(u)}

e Chiral Logarithms unambiguously predicted
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O(p*) xPT

i) L, at tree level  (Gasser-Leutwyler)

Ly = Ly (D,UTD*U)? + L, (D,U'D,U) (D*UTD" U)
L3 (D, UTD*UD,UTD" U) + Ly (D, UTD"U) (Utx + x 1 U)
(D, UTD“U(UTx+xTU)> + Lo (Ut + xTU)?

L7 (Ut = xTU)? + Ls (xTUXTU + UTxUTy)

— ilo (FR'D,UD, U™ + F}* D, U'D,U) + Lio (U'FL” UFy,,)

5

+ + +

ii) £ at one loop (unitarity): T4 ~ p*{alog(p?/u?) + b(u)}

e Chiral Logarithms unambiguously predicted
e Lj's fixed by QCD dynamics. 1-loop divergences s> [(/1)
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O(p*) xPT

i) L, at tree level  (Gasser-Leutwyler)

Ly = Ly (D,UTD*U)? + L, (D,U'D,U) (D*UTD" U)
L3 (D, UTD*UD,UTD" U) + Ly (D, UTD"U) (Utx + x 1 U)
(D, UTD“U(UTx+xTU)> + Lo (Ut + xTU)?

L7 (Ut = xTU)? + Ls (xTUXTU + UTxUTy)

— ilo (FR'D,UD, U™ + F}* D, U'D,U) + Lio (U'FL” UFy,,)

5

+ + +

ii) £ at one loop (unitarity): T4 ~ p*{alog(p?/u?) + b(u)}

e Chiral Logarithms unambiguously predicted
e Lj's fixed by QCD dynamics. 1-loop divergences s> [(/1)

iii) Wess—Zumino—Witten term (chiral anomaly): 7% 7 — 4
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Meson Decay Constants:

77N 77N

O R (M
A4 A(f) A(:) N 3272 f2 12
4M2 8M2Z +4aM2 |
f. = f {l — 2t — pk + N7 L5(p) + KT L4(/‘)}
33 3 amz 8M2 +4M2
fc = £ 1= gHn = suK = ghne + —5 Ls(u) + —"m—= Li(1)

aMy 8MZ 4+ 4M2 |
fe = f {1 —3pk + 7’8 Ls(p) + KT La(w)

fi f
f—" =1.2240.01 = L{(M,) = (L4+0.5) 107% med 22 =13:+0.05

T T
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Vector Form Factor: (nt = | Ja]0) = (py —p_ )" FY(s)

VRS 4 \
vl vl o T v e
v 2Lg(p) s m m\ 4 1 (M my
F/(s) =1+ ?2 579671'27[2 s o2 T3 A TK’ﬂ_§
1
=1+ (")s+
m2 m2 m2 m2 g, — m2
A(E) = (3) o eobion(z) . mm i
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Vector Form Factor: (nt = | Ja]0) = (py —p_ )" FY(s)

VR \
m::/ ’\/\\If::/ Wf_ x m" m;;,,
[=4 1 2L§r)(:u) S m2 m2 14 m2 m2
n (5) - + f2 - 967T2f2 T’F +§ Ta?
1
=14 () s+
6
A(Z,2) = log () + 22— 2o log(222)  , op=y1-%

12 L5 () 1 M2 M2
2V _ 9 ™ K
(riy, = 2 3np {2 log (F + log 2 +3

(r2)Y = (0.439 +0.008) fm? = L{(M,) = (6.940.7) 103

EFT A. Pich - 2015 18



O(p*) YPT COUPLINGS

i | Lf(M,) x 103 Source ¥
1 0.44+0.3 Keq, mm — 7T 3/32
2 1.4+0.3 Kea, mm — 7m0 3/16
3 | -35%x1.1 Keq, mm — 1 0

4 | -03+05 Zweig rule 1/8
5| 14+05 Fi/Fr 3/8
6 | —-0.2+0.3 Zweig rule 11/144
7 | —044+0.2 GMO, Lsg 0

8 09+0.3 Myo — Mg+, Ls, (ms — m)/(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; E {L + ve — log (47) —1}
! 3272 | D—-4
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O(p*) YPT COUPLINGS

i | Lf(M,) x 103 Source ¥
1 0.44+0.3 Keq, mm — 7T 3/32
2 1.4+0.3 Kea, mm — 7m0 3/16
3 | -35%x1.1 Keq, mm — 1 0
4 | -03+05 Zweig rule 1/8
5| 1.4+05 Fx/Fr 3/8
6 | —-0.2+0.3 Zweig rule 11/144
7| —-04+£02 GMO, Lsg 0
8 09:|:03 MKO*MK\, L5, (msfn“v)/(mdfmu) 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; E {L + ve — log (47) —1}

! 3272 | D—-4
2
o Ay ~1GeV — L;Nf’;\é4~2><10_3

X
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O(p*) YPT COUPLINGS

EFT

i | Lf(M,) x 103 Source ¥
1 0.44+0.3 Keq, mm — 7T 3/32
2 1.4+0.3 Kea, mm — 7m0 3/16
3 | -35%x1.1 Keq, mm — 1 0
4 | -03+05 Zweig rule 1/8
5| 1.4+05 Fx/Fr 3/8
6 | —-0.2+0.3 Zweig rule 11/144
7| —-04+£02 GMO, Lsg 0
8 09:|:03 M;@*MK\, L5, (msfn“v)/(mdfmu) 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; E {L + ve — log (47) —1}

! 3272 | D—-4
2
o Ay ~1GeV — L;Nf’;\é4~2><10_3

o PT Loops ~

A. Picl

X

1/(4rf)?

h - 2015
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O(p°) xPT

6
|) EG — E C| 0:) at tree Ievel 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, 7w — 7w, 1K — 7K, Kja,

m™ — ez?ey, F\/(S), Fs(S), HV’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

EFT A. Pich - 2015 20



Kt = 7n%*y,, KO = ¢ty

(m|sy*ulK) = Crr [(Pk + Pr)" £17(t) + (Px — Px)" £57(1)]

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

EFT A. Pich - 2015

)

KT (t) =0
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K+ — 7%ty , KO > n £y, Corr = 2 G =1
(m|sy*ulK) = Crr [(Pk + Pr)" £17(t) + (Px — Px)" £57(1)]

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

e Ademollo-Gatto Theorem: ffoﬂf(O) =1+ O[(ms — my,)?]
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K+ — 7%ty , KO > n £y,

(m|sy*ulK) = Crr [(Pk + Pr)" £17(t) + (Px — Px)" £57(1)]

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

e Ademollo-Gatto Theorem: ffoﬂf(O) =1+ O[(ms — my,)?]
e K+ 70 _ 3mg—m,

[ ] 7T0—77 mixing: f+ (0) =1 + Z ﬂ = 1.017
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Kt = 7n%*y,, KO = ¢ty Coro -

(m|sy*ulK) = Crr [(Pk + Pr)" £17(t) + (Px — Px)" £57(1)]

e Lowest order [O(p?)]: fEm(t) =1 , fEm(t) =0
e Ademollo-Gatto Theorem: ffoﬂf(O) =1+ O[(ms — my,)?]
0_ P fK+7r° -1 § mg — my — 1.017
o 7'—1 mixing: 7 (0) + yi— .0
ff+ﬂo(0)

e O(p*):  F7(0) = 0.977 : = 1.022

F°7(0)

Gasser-Leutwyler '85
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K+ — 7%ty , KO > n £y, Corr = 2 G =1
(ml5v"ulK) = Cicr [(Pi+ Pr) £E7() + (Pic — Pr)" £57(1)]

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

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

o 7%—n mixing: ff+”0(0) =1+ % % = 1.017

e O(p*):  F7(0) = 0.977 , e (0) = 1.022

KOor—
= (0)
Gasser-Leutwyler '85

Needed to determine V

EFT A. Pich - 2015 21



0214
T

0215 0216 0.217
T T T

K — mluyy

Vs f1-(0)] = 0.2163 - 0.0005

] | N

K e3 | &
Flavianet Kaon WG, arXiv:1005.2323 [hep-ph]
K'e3 — EEER
P K3 N e
(77 |5 ulK®) = (px + P (1) + (K — Pr) F—(2)
02.13 0,2‘14 02‘15 02.15 02.17

EFT A. Pich - 2015
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0213 0214 0215 0216 0217
T T T T T

Vs f1-(0)] = 0.2163 - 0.0005 TH

K e3 .
Flavianet Kaon WG, arXiv:1005.2323 [hep-ph]
K e3 — EEER
, K*u3 ==

(771870 ulK®) = (pr + Pic ) F1(8) + (P — pre)p £ (t)

! L L L !
0213 0214 0215 0216 0217

FTAG2013 f+(0)

HOH FNAL/MILC 13C

Ne=2+1+1

our estimate for N =2+1

RBC/UKQCD 13
FNALMILC 12
JLQCD 12
JLQCD 11
RBC/UKQCD 10
RBC/UKQCD 07

Ne=2+1

our estimate for Ny=2

ETM 10D (stat. err. only)
ETM 09A

QCDSF 07 (stat. err. only)
RBC 06

JLQCD 05

JLQcD 05

=2

N¢

H—o—H Kastner 08
—e— Cirigliano 05
Jamin 04
—e—i Bijnens 03
—e— Leutwyler 84

0.94 0.96 0.98 1.00

non-lattice
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K — mlyy

Vs f1-(0)] = 0.2163 - 0.0005

Flavianet Kaon WG, arXiv:1005.2323 [hep-ph]

(m

15y ulK®) = (pr + pi)p Fr (1) + (Pk

10

FTAG2013

24141

FNAL/MILC 13C

our estimate for N =2+1

RBC/UKQCD 13
FNALMILC 12
JLQCD 12
JLQCD 11
RBC/UKQCD 10
RBC/UKQCD 07

Ne=2+1 Nf

our estimate for Ny=2

ETM 10D (stat. err. only)
ETM 09A

QCDSF 07 (stat. err. only)
RBC 06

JLQCD 05

JLQcD 05

Ne=2

Kastner 08
Cirigliano 05
Jamin 04

—e—i Bijnens 03

non-lattice

—o— Leutwyler 84

0.94 0.96 0.98 1.00

EFT

P )

A. Pich

0.213 0.214 0.215 0.216 0.217
T T T T T
K e3 —_
KL u3 —
Kge3 m——— B
K'e3 | .
K u3 g
(t)
L ! ! ! L
0.213 0214 0215 0.216 0217

0.9704 (32)
0.9661 (32)

0.9677

(Nf=2+1+1)
£(0) =

(Nr =2+1)
new RBC-UKQCD

0.2229(9)

0.2239(9)
0.2235

» |Vus| —

Q) =1+h+fit--

Large O(p®) xPT correction

2015 22




EFT

Backup Slides
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Goldstone Theorem

Q=[x j(x) ;

Oy =0 ;

[n) = (0|OIn) (n[j°[0) # 0

30 v(t) = (0[[Q(t),O]]0) # 0

EFT

. Pic

h

- 2015
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Goldstone Theorem

Q=[x j(x) ;

98 =0 5 30: v(t)=(0][Q(t),O]|0) #0

n): |01 (nl010) 0 Ed®(B) =0 ; M,=0

Proof:

EFT

Pe) = PR P Y el = 1

A. Pich - 2015
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Goldstone Theorem

Q= [d**jo(x) i 0 =0 ; FO: v(t) = (0][Q(t),O]]0) #0

3in) 1 (OlOIn) (nl2[0) £0 ;" E,6®) (B)) =0 ;  My=0
Proof: J°(x) = P> jO(0) e= P ; > iny(n| =1
v(t) = Z/d3x {{01/°()In)(n|OJ0) — (0]O[n)(nlj°(x)|0)}

EFT

A. Pich - 2015
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Goldstone Theorem

Q= [d**jo(x) i 0 =0 ; FO: v(t) = (0][Q(t),O]]0) #0

n): |01 (nl010) 0 Ed®(B) =0 ; M,=0

Proof: JO(x) = &P jo0) e~ P ; Z |ny(n| =1

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

Q= [d**jo(x) i 0 =0 ; FO: v(t) = (0][Q(t),O]]0) #0

n): |01 (nl010) 0 Ed®(B) =0 ; M,=0

Proof: JO(x) = &P jo0) e~ P ; Z |ny(n| =1

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

= (2m)* Y 6®(Bn) {e ™ (01j°(0)In)(n|OJ0) — ¢ (0|O|n)(nlj°(0)|0) } # O
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Goldstone Theorem

Q= [d**jo(x) i 0 =0 ; FO: v(t) = (0][Q(t),O]]0) #0

n): |01 (nl010) 0 Ed®(B) =0 ; M,=0

Proof: JO(x) = &P jo0) e~ P ; Z |ny(n| =1

v(t) = Z/d3x {{0°(x)[n)(nlO]0) — (0]O|n)(nl;®(x)I0) }
= Z/CFX {e™P(01°(0)]n)(n|OJ0) — ePr*(0]O]n)(n;*(0)|0) }
= (2m)* Y 6®(Bn) {e ™ (01j°(0)In)(n|OJ0) — ¢ (0|O|n)(nlj°(0)|0) } # O

d
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Goldstone Theorem

Q= [d**jo(x) i 0 =0 ; FO: v(t) = (0][Q(t),O]]0) #0

n): |01 (nl010) 0 Ed®(B) =0 ; M,=0

Proof: JO(x) = &P jo0) e~ P ; Z |ny(n| =1

v(t) = Z/d3x {{0°(x)[n)(nlO]0) — (0]O|n)(nl;®(x)I0) }
= Z/CFX {e™P(01°(0)]n)(n|OJ0) — ePr*(0]O]n)(n;*(0)|0) }
= (2m)* Y 6®(Bn) {e ™ (01j°(0)In)(n|OJ0) — ¢ (0|O|n)(nlj°(0)|0) } # O

%V(t) =0=—i(2n)* Y 6P(G,) Ex { e (01°(0)|n){n|O|0)

L it <O|O|n><n|j°(0)|0>} 0

EFT A. Pich - 2015 24



Noether QCD Currents:

Jju:qx'Vu%qx ;

EFT

G =SUQB)L®@SUB)r

Qi:fd3x,/;’0(x) (a=1,---,8; X=L,R)

A. Pich - 2015
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Noether QCD Currents:

Sr=aor a,

Current Algebra (’60) :

EFT

G = SUB3). ® SUB3)r

Qi:fd3x./;’0(x) (a=1,---,8; X=L,R)

[Q5.Q7] = idy £ Q8

A. Pich - 2015
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Noether QCD Currents: G =5SU@3)L®SUB)r

JH =gy, Q1= [d*JP(x) ek
Current A|gebra (’60) . [Qi , Qe] — i(sXY f‘abc Q)c(

Dynamical Symmetry Breaking:

e 8 Pseudoscalar Goldstones = (m, K,n)

EFT A. Pich - 2015
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Noether QCD Currents: G =5SU@3)L®SUB)r

JH =gy, Q1= [d*JP(x) ek
Current A|gebra (’60) . [Qi , Qe] — i(sXY f‘abc Q)c(

Dynamical Symmetry Breaking:

e 8 Pseudoscalar Goldstones = (m, K,n)
e Q1 =0r-Q ; 0P = gysAbq

(01[05,0% 0) = — (01a{x*.*} [0} = — (0]dal0}
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Noether QCD Currents: G =SUQ3)L®SUQB)r
S =g, ¥a, Q1= [dxJO(x) s xR
Current A|gebra (’60) . [Qi , Qe] — i(sXY fabc Q)c(

Dynamical Symmetry Breaking:

e 8 Pseudoscalar Goldstones = (m, K,n)
e Q1 =0r-Q ; 0P = gysAbq

(01[05,0% 0) = — (01a{x*.*} [0} = — (0]dal0}

L (0] @u|0) = (0] dd]|0) = (0|5s]0) # 0
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Noether QCD Currents: G =5SU@3)L®SUB)r

JH =gy, Q1= [d*JP(x) ek
Current A|gebra (’60) . [Qi , Qe] — i(sXY f‘abc Q)c(

Dynamical Symmetry Breaking:

e 8 Pseudoscalar Goldstones = (m, K,n)
e Q1 =0r-Q ; 0P = gysAbq
a b 1 G a b 2 &
(0] [Q5,0°]0) = =5 (0] {A?,A\*} a|0) = —Z (0]Gq 0)
e (0@ u0) = (0| d d |0) = (0] 550) # 0

o (0] |nP(p)) = i0°° V2 1y pt

EFT A. Pich - 2015



Chiral Anomaly: 8Z[v,a,s,p) = —145 [ d*x (55(x) Q(x))

gLr~ 1+ idaFidp

4 2; 8 ; 4
Q(x) = ervor [vm,vap +3VwaVea, + 5i {Vuv,avap} + 3iacvuva, + 3 auayaaap]

Viw = Ouv — Qv — i [V, v] Viay = 0uay —i[vu,ar] Eoro3 = 1

EFT A. Pich - 2015 26



Chiral Anomaly: §Z[v,a,s,p] =

167r2 /d4 6B(x) Q(x))

gLr~ 1+ idaFidp

Q(x) =P [V Vop + £ VuarVoap + 2i{vuv, acap} + Siacviva, + % apavacap)

Viw = OV — Ouvy — i [V, v] Vyuay = 0pay —i[vy,an] Eoro3 = 1

iNc [ iikim
SIU. .y = — 5oz [ do™m (EbEbELELEL)
iNC ‘ o vo
- / d*% Epvap (W(U, £, )78 — W(L, ¢, r)ed)

1
W(U, 4, N pwas = (UL L, UTrs + 2Vl Utr, Ul UTrg + iU0,6,0,U' rg
+ i0ur, Ulo U rg — i, UTro Ul + XL U0,r Ul — T0E LU r Uty
, 1
+ T50,0als + X0 lals — il lals + Ez;eyzgzﬂ — LYY Llg)
—(L+ R)

YL =uto.u

EFT A. Pich

, ¥R = Uo,Ut
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q v
™ + -- AL = TyHysu — dyPysd
v
. N\ a2M3
M7 — = | = = = 7.73 eV
(7 ) ( 3 ) 64 73f2 ¢

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

The chiral anomaly contributes to: 70 — vy |, 1 — vy

v3r , yantrTn , KK3m , ---
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