3. High-Energy Dynamics

e CCWZ Formalism

e Heavy Fields

e Low-Energy Constants
e Asymptotic Behaviour
e Signals of Heavy Scales

- o b gttt
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EFT

Energy Scale Fields Effective Theory
My . ; 5';CG3 QCDNr=6
< me s, d, ul; G? QCDN=3
|
8 i
5 My T, Kl n XPTNf:3
< M, ﬂl YPTN=2
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Large—N¢ Counting Rules

g~ 1/v/Nc ; as ~1/N¢ ; (T (Jr--Jn)) ~ N¢

e Dominance of planar gluonic exchanges
e Non-planar diagrams suppressed by 1/N%
e Internal quark loops suppressed by 1/N¢

Colour Confinement — J|0) ~ |1 Meson)

e Infinite number of mesons (~ In k?)

U0 S—ky = 3 | e =) ~ VR My~ )

e Mesons are free, stable and

non-interacting
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<JJJ>:Z>—®+Z

<JJJi> =g +ZI
+z><+z :

. L. Tree Approximation to some Local
Crossing + Unitarity == ) .
Effective Meson Lagrangian
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Coset Space Coordinates: ¢ =su@3) e su@B)r =5 H=su@B)y

H _

z J G/H
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SCSB

Coset Space Coordinates: ¢ =su@3) e su@B)r =5 H=su@B)y

H q0) &(0) = (£.(0):6:(9) € G

£.(9) -5 g €,(0) hi(¢,8)
£(8) - £, 64(0) hi(0, 8)
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CCWZ Formalism oot e Zomine

EFT

ulp) = gou(y) hi(d.g) = h(o,g) u(e) g

G

SU(3)v octets: X — h(g,g) X h(¢,g)
R=1\R? , VR = 0,R+ [, R]

u, = iuf DMUuT = uL ) h = VHu” + VY u#

fIY = uF"ut + u'FR u , e = ulxul uxlu

1
Mo =3 {6"@n = in)u+ v (@, —i,)u"}

A. Pich - 2015 50



CCWZ Formalism oot e Zomine

EFT

ulp) = gou(y) hi(d.g) = h(o,g) u(e) g

G

SU(3)v octets: X — h(g,g) X h(¢,g)
R=1\R? , VR = 0,R+ [, R]

u, = iuf DMUuT = uL ) h = VHu” + VY u#

fIY = uF"ut + u'FR u , e = ulxul uxlu

1
Mo =3 {6"@n = in)u+ v (@, —i,)u"}

f2

Ly = Z <UMU[L +X+>
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RxT

Ecker, Gasser, Pich, de Rafael

Resonance Nonet Multiplets: V(1=7), A(1tT), S(0TF), P(0~T)
F iG
14 Vv v %
Ly = 2\/—<V;w’m> + WWWU#UV)
Fa
£y = = (A
2 2\/§< 1% >
L3 = ¢ (SuPu”) + cm (Sxy)
LY = idp(Px-)
u#:iuTDﬂUuT:uL U= u?
i1 = uF" ut £ut FEY u x+ = utxul+uxtu

EFT A. Pich -
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R/ Gy
2
q2<< M \Z,YA My
V ' F2
FV FV M v
A F2
FA FA Ma

{V[Mv, Gy, Fv], A[MA,FA]} - {S[Ms,cd,cm] , P[Mp,dm]}
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i Mgi ! ' i
-y el DIRFERSE:
o = L/l 10 = 7 M2 M2
g2
0o(1) 2L =L =Ly =L =0 L _2/\;72
m
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— Mz ; ;
L Fu G ) 1 F2  FZ
9 = E —— . Lo = Z 2
~ 2M, 45 MM,
0(1) 2L — Ly = Ly = Lg = 0 L v
1 — Ly = 4 — 6 — 7 _2M2
m

BUT M2 ~ O (# M)

EFT A. Pich - 2015
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Vector Form Factor

EFT

(mlvy|m) -

A. Pich - 2015
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Vector Form Factor

¢

: FvGy, t
(m|w,|m) Fy(t) = 1 + Z VR,
Short-distance QCD constraint: lim Fy(t)=0
t—o0

EFT A. Pich - 2015
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Vector Form Factor

: FvGy, t
(mlvylm) Fu(t) =1 Z 2 M2t
Short-distance QCD constraint: lim Fy(t)=0
t—o0
—) zi F\/I. G\/I. = f2

EFT

A. Pich - 2015
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Weinberg Sum Rules

Chiral Symmetry:

Mik(a) = [ d*x e (0| T(J(x)J

EFT

k(0))[0) =

A. Pich - 2015

(—&"q* + ") Mir(q®) = 0
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Weinberg Sum Rules

Chiral Symmetry:

Mik(a) = [ d*x e (0| T(J(x)J

k(0))[0) =

(—&"q* + ") Mir(q®) = 0

OPE: 1%(q) # 0 only through order parameters of EWSB
(operators invariant under H but not under G)

EFT

A. Pich - 2015
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Weinberg Sum Rules

Chiral Symmetry:

Mk(q) = [ d*x ™ (0|T(Jf'(x) J(0)1)[0) = (—&""q* + q"q") Nir(q*) = 0

OPE: 1%(q) # 0 only through order parameters of EWSB
(operators invariant under H but not under G)

Asymptotically-Free Theories: lim s?Mr(s) =0 (Bernard et al.)

S—00
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Weinberg Sum Rules

Chiral Symmetry:

Mk(q) = [ d*x ™ (0|T(Jf'(x) J(0)1)[0) = (—&""q* + q"q") Nir(q*) = 0

OPE: 1%(q) # 0 only through order parameters of EWSB
(operators invariant under H but not under G)

Asymptotically-Free Theories:  lim s°;z(s) =0 (Bernard et al)
S— 00
% / " ds [Ty (s) — ImMaa(s)] = £ (1 WSR)
—) 0
2 / T ds s [ImMyy(s) — ImMaa(s)] = 0 (2" WSR)
0
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WSRs @

EFT

LO

f2
HLR(S) = ?

3

i

Fu,
M2 —s

2

>

i

e 15t WSR:

e 2" WSR:

ZIF\%_ZIFE\; = f?

Zi F\z/, M\z/, 721’ F/%, M/%\/ =

0

A. Pich

2015
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WSRs © LO AN - = AN AN AN

2 F, Fa

Me(s) = 5+ X g ~ 2 s

i

e 15t WSR: Zi F\2/; - Zi FE\/ = f?
o 2YWSR: X R M X MG = 0
SRA == F2 :V2Lf\ F2:V2M7‘2/ Ma > My
v Mﬁ 7 M2V ’ A Mﬁ . M2V ’
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WSRS @ LO AN - = AN AN AN

£2 F2 Fa
Mels) = 5+ 2 ap s~ 2w s

i

e 15t WSR: Zi F\2/; - Zi FE\/ = f?
o 2YWSR: X R M X MG = 0
SRA == F2 :V2Lf\ F2:V2M7‘2/ Ma > My
v Mﬁ 7 M2V ’ A Mﬁ . M2V ’

1t WSR likely valid also in gauge theories with non-trivial UV fixed points

2" WSR questionable (not valid) in walking (conformal) TC scenarios
Appelquist-Sannino, Orgogozo—Rychkov
EFT A. Pich - 2015 56



Short-Distance Constraints

. F\/,. GV; t
Vector Form Factor (r|v,|m): Fy(t) =1 + E,- z m
lim Fy(t)=0 o >, Fu Gy = f°
t—o0 !

2F, Gy, —F2 P2
Axial Form Factor (v[a,|m):  Ga(t)=)_ vi ‘/2 Vi A
M2, M2 —t

i

lim Ga(t) =0 o > (2Fv Gy, = F§) /M, = 0

t—00

Weinberg S Rules: Mg(t) = —— — - '
inberg Sum Ru Lr(t) t +Z/\/l%/ijtt ZME\,_H
Jim ¢ Mug(t) =0 = (7 - A1) = 7
i 21 _ _ 2 2 a2 20
thgot LR(t) 0 Z, (M\/,- F\/; MA; FA;) 0

EFT A. Pich - 2015 57



M2 + M2
Scalar FF: Fi.(s)=1+ Z cd + (cm; — €4) KI\; T M2S—
S; S;
Cr;
lim FKT( ) =0 —)- 4 Z Cd;Cm; = f2 : Z W (Cmi Cd;) =0
5—00 i i Si
S S ) c2 d? 2
—P Rules: NMss_ t) =168, m m__
um Rules:  Mss_pp(t) 0 z,-:Mg,-‘H ZM%_’_t 81
lim t HSS—PP(t):O — 82 ,d2 = f2
t—00
Pseudoscalar Nonet:
c'f2<UT+UT> 'f (x.) w» | d f
= — ~ —] _ = —

EFT A. Pich - 2015
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l_Resona nce Approximation: Ecker, Gasser, Leutwyler, Pich, de Rafael

Fv=2Gy =V2Fa=+2f ; Ma=V2My ; dm = 575

Jamin, Oller, Pich

Mp ~ /2 Mg
1 f2
2L1:L2:ng:—§L10 8M3/
__ 3f? f2 _ £
—- L3 ETARNEIV ' L5*4Mg
2 2 2
Le =g ~ ez ¢ L7= —zawe
8MZ  16M2 48M2,
A. Pich - 2015 59
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L;’S from Resonance Exchange

i 103 - L1(M,) v A S m | Total || Total®)
1| 07+03 06 0 0 0 0.6 0.9
2 1.3+0.3 1.2 0 0 0 1.2 1.8
3 | -35+1.1 -36 0 06 0 | =301 —43
4 | —03+0.5 0 0 0 0 0.0 0.0
5 1.4+05 0 0 142 0 1.4 2.1
6 | —0.2+0.3 0 0 0 0 0.0 0.0
7 | —0.4+0.2 0 0 0 —0.3|-03 || —03
8| 09+03 0 0 09J 0 0.9 0.8
9 | 69+07 699 0 0 0 6.9 7.2
10 | —=55+0.7 ~100 40 0 0 | —6.0| —54

EFT

3) Input

A. Pich

b) Short-Distance Constraints

2015
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Lattice Determination of SU(3) LECs
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Lattice Determination of SU(3) LECs
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Lattice Determination of SU(2) LECs
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Lattice Determination of SU(2) LECs
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