hep-ph /0205030

3. High-Energy Dynamics

e CCWZ Formalism

e Heavy Fields

e Low-Energy Constants
e Large—Nc Limit

e Asymptotic Behaviour

xPT A. Pich - 2017 1



xPT

Energy Scale Fields Effective Theory
Mw s, af 5?;CG3 QCDN=°
< me s,d,u; G? QCDNr=3
J
8 e
!
S My T, K,n YPTN=3
L

A. Pich -

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 )

xPT A. Pich - 2017 3



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

xPT A. Pich - 2017 3



Coset Space Coordinates: ¢ =su(3),®SU@)r =5 H=SU@B)v

H

xPT A. Pich - 2017 4



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)

xPT A. Pich - 2017



SCSB

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

H

xPT

£(0) = (£(0).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]

A. Pich - 2017



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]

xPT A. Pich - 2017



C C W Z FO r m a I i s m Callan—Coleman—Wess—Zumino

ulp) -5 gou(y) hi(o.8) = h(e.g) u(e) g

SU(3)y octets: X - h(¢.g) X h(¢,g)'
R =\ R? : VuR = 0,R+[u R]

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

fIY = uF"ut + u'FR u , e = ulyul +uxiu

1 . .
M, = E{UT(QU,—II‘”,)U + u(8u—léu)uf}

xPT A. Pich - 2017 5



CCWZ Formalism

Callan—Coleman—Wess—Zumino

up) —

G

&r u(y) hT((j)v g) = h(¢,g) u(e) gj

SU(3)y octets: X — h(o,g) X h(e,g)f
R =\ R? VuR = 0,R+[u R]

u, = i uf DMUuT = uL v = VHu¥ + VVu#

Y = uF[“juTiuTFf-‘,wu , e = uixut £uxlu

xPT

M

2

Lo

2

f
4 (U uy + x+)

A. Pich

- 2017
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RX I Ecker, Gasser, Pich, de Rafael

Resonance Nonet Multiplets: V(1=7), A(1tT), S(0TF), P(0~T)

F iG
v 4 v
R ALy N
F
A
£2 - 2\/— <A;w fﬂy>
,Cg = C4 <5Uuuu> + Cm <5X+>
LY = idm (Px.)
u#:iuTDﬂUuT:uL ; U= u?
Y = uF"ut £ ut FR u ; X+ = ulxut £uxtu

xPT A. Pich - 2017 6



R/ Gy
2
a%<< Mg, My
V ' sz
Y Y My
A FA2
Fa Fa Ma

{V[I\/IV, Gy, Fv], A[MA,FA]} - {S[I\/Is,cd,cm] , P[Mp,dm]}

xPT A. Pich - 2017
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G 36, <
2L :L B ¢ L o o 1 1
T X IR O
2 2
o 2 &
L _ , ; L _ i _
Rk I )
D SL- A RS 8 £ W1
A o U T
0(1) ¢
20y —Lp = Ly = Lg = 0 b= —oum
2M2,
A.Pich - 2017
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xPT

L, = [
2;4,\/]’2 ' L3 = 36,
AT o R
- 4M2V 2/\/]%}

2L, — L
2 =Ly =L =0
L7 - Ay,
BUT M? b
m = O(NL M)
C’



2 _
Large_Nc QCD: G“ENi:l%aG; ~ Né*l%N?_-

a=1

s qa ~ Nc

Ne — s Ncg2~1 s awl/ﬁlwl//\/c

Ga (Gu)*5 i JL yﬁ% )\K

xPT A. Pich - 2017 9




NZ -1
Large-Nc QCD: D DT ST S

a=1

Ne — oo , Ncg?~1 ; a~1/f1~1/Nc

Ga (Gu)*5 i JL yﬁ% )\K

XPT A. Pich - 2017 9




N2 —1
Large—Nc QCD: GH = i LG‘:‘ ~ NZ—1m N2

anNC

Ne — s Ncg2~1 s awl/ﬂlwl//\/c

Ga (Gu)*5 i JL yﬁ% )\K

T (e

() e
Ne) ¢ NEZ
Planar topology Non-planar topology
xPT A. Pich - 2017 9




e Quark loops suppressed:

O ==

xPT A. Pich

2017

10



e Quark loops suppressed:

e o === () =5

e Quark correlation functions: ® = qlq
g () e () -
@ @ NS
(i) me=ne <¢1N7) Ne =1

Planar diagrams with only a single quark loop at the edge
xPT A. Pich - 2017

10



Assume that large—-Nc QCD confines

Go G, Gag Cilﬁ

All diagram cuts correspond to one-meson colour-singlet states
|a 2

= (0[J|n) ~ O (VNc) : My ~ O(1)

xPT A. Pich - 2017



Large—N¢ Counting Rules

't Hooft '74, Witten '79, Manohar hep-ph/9802419

gswl/\/NC ) OzSN].//V(_' ) (T(JlJ,,)> ~ NC

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 (~ Ink?)

fn2 = ~ . ~
(J(k)J(—k)) = Z Py o f,={(0|J|n) ~+/Nc ; M,~ O(1)
n n e Mesons are free, stable and

non-interacting

xPT A. Pich - 2017 12



) . Tree Approximation to some Local
Crossing + Unitarity == ) .
Effective Meson Lagrangian

xPT A. Pich - 2017 13
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G 3Gy, <
2L _ L - . L o o 1 1
1 2 Z 4M2,- 3 XI: { 4/\/’2\/’ 2M§,
2 2
o 2 42
L _ , ; L _ i _
R o= e
D SL- A RS 8 £ W1
B I R T
0(1) ¢
2L1—Ly = Ly = Lg = 0 Y
2 M2,

- A. Pich - 2017 14



xPT

/ : ] 3G\2/; Cc2i,-
2_2,,:4/\/12\/ ’ 3_2,,: “am T am2

d2
2Ly — L = Ly = Lg = 0 L, = ——m
2M2
2 1
BUT M2 ~ O (g M)

14



L;’s from Resonance Exchange

i 103 - L1(M,) % A S m | Total
1| 07+03 06 0 O 0 0.6
2 1.3+0.3 12 0 0 0 1.2
3 |-35+1.1 -36 0 06 0 |-30
4 | —03+0.5 0 0 0 0 0.0
5 1.4+05 0 0 147 0 1.4
6 | —02+0.3 0 0 0 0 0.0
7 | —04+0.2 0 0 o0 -0.3| —-0.3
8| 09+03 0 0 09J 0 0.9
9 | 69+0.7 699 0 0 0 6.9
10 | —=5.5+0.7 ~100 40 0 0 | -6.0
3) Input

xPT A. Pich - 2017



Vector Form Factor

/ T T
v v % :
T T

Fv. Gy, t
([vu|m) : Ful) =1+ 3 =5

1

xPT A. Pich - 2017 16



Vector Form Factor

/ m ™
v v v :
™ ™

: Fv, Gy, ¢t
(mlvy[m) ) =1+ z,: 2 My —t
Short-distance QCD constraint: tILm Fy(t)=0

xPT A. Pich - 2017
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Vector Form Factor

. FV/ G\/l. t
(v, |m) Fu(t) = 1 + z,: Ea
Short-distance QCD constraint: tILm Fy(t)=0
—) Zi FV,- GVi = f2

xPT

A. Pich - 2017

16



Weinberg Sum Rules

Chiral Symmetry:

Mg(q) = [d*x e (0IT(J(x) Jk(0)N[0) = (—g""¢* + ¢"¢") Nir(q?) = 0

xPT A. Pich - 2017 17



Weinberg Sum Rules

Chiral Symmetry:

Mg(q) = [d*x e (0IT(J(x) Jk(0)N[0) = (—g""¢* + ¢"¢") Nir(q?) = 0

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

xPT A. Pich - 2017 17



Weinberg Sum Rules

Chiral Symmetry:

Mg(q) = [d*x e (0IT(J(x) Jk(0)N[0) = (—g""¢* + ¢"¢") 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° Mir(s) =0 (Bernard et al.)

S—00
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Weinberg Sum Rules

Chiral Symmetry:

Mg(q) = [d*x e (0IT(J(x) Jk(0)N[0) = (—g""¢* + ¢"¢") 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° Mir(s) =0 (Bernard et al.)

S—00

% / " ds [TmMyy(s) — ImMaa(s)] = 2 (1°* WSR)

I
o

24 WSR
- ( )

1 oo
= /0 ds s [ImMyy(s) — ImMaa(s)]

xPT A. Pich - 2017 17



WSRs @

xPT

LO

AN - = AN
f2 F\z/, F/z\,
Mr(s) = — — '
) = TR s T 2
e 1%t WSR: i L -, Fi =
e 2" WSR: > Fe. M3, =X F3 M3 = 0

A. Pich

2017

18



WSRs @ LO M- e A A

£2 F2 F2
nLR(S):?Jr M2—S_ZM2_S

e 1%t WSR: S F\2/I_ -3 /:/2\1_ _ £

e 2" WSR: > Fe. M3, =X F3 M3 = 0

M2 2o e My

SRA =mp Fv_f27 : 2 My
R M — 7,

MA>MV

xPT A.Pich - 2017 i,



WSRs @ LO M- e A A

f2 F, F2,
Mir(s) = — + W—Zm
i i i i

e 15t WSR: Zi F\2/I_ — Zi F/2\,- = f2
e 2" WSR: > Fe. M3, =X F3 M3 = 0
SRA == F2:f2Lfg\ F2:f2M7‘2/ Ma > My

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
xPT A. Pich - 2017 18



Short-Distance Constraints

. Fv.Gv, _ t
Vector Form Factor (7|v,|7): Fy(t) =1 + Z: I Vo
lim Fy(t) =0 o >, Fv Gy = f?

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

i

lim Ga(t) =0 e > (2Fv, Gy, — F§) /M, = 0
—00
Weinberg Sum Rules:  Mua(t) — — i £
einberg Sum Rules: LR()__T—FZ’,:M%/,,—H_Z:ME\,-H
Jim ¢ Mir(t) =0 i (Fy—FZ)=F
; 2 i
Jim Mg (t) = 0 i (M5, F) — MR FR) =0

xPT A. Pich - 2017 19



s
2
Ms,-_s

MZ + M2

Scalar FF: FR.(s)=1+ Z v
Si

Cd; + Cmi - Cdi)

Cm;
lim Fer( ) =0 = 4 Z CdiCm; = f2 , Z A (cm —cq) =0
i S

S$—00

c2, d?, £2
S — P Sum Rules: nssfpp(t) = 1683 Z M2m_,’_ : — Z M2m-l|- ; — ﬁ
i Si i P;

lim ¢ Mss_pp(t) =0 — 82 2 d2) = f?

Pseudoscalar Nonet: UB)L ® U(3)r symmetry at N¢ — oo

f? f
- T T o~
Lo 4<XU + Ux") T

xPT A. Pich - 2017 20
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Ecker, Gasser, Leutwyler, Pich, de Rafael

1-Resonance Approximation:

Fv=2Gy =V2Fa=V2f ; Ma=+V2My ; dm:ﬁf
Cm = Cqd = % f (Jamin, Oller, Pich) Mp ~ /2 Mg

2

2L1:L2:%Lg:—%L10:8fm%

_ _ 3f? f2 : _ _f?

— L3——m+m ; L5_4—M§

o f2 . f2 i . f2

L3_8M§ 16 M2 ' L7 = 8MZ,

xPT A. Pich - 2017



l—Resona nce Approximation: Ecker, Gasser, Leutwyler, Pich, de Rafael

Fv=2Gy=V2Fa=V2f ; Ma=V2My ; dm:ﬁf

Cm = Cq = % f (Jamin, Oller, Pich) : Mp ~ /2 Mg
2
2|-1=|-2=l|-9=—l|-10= f
4 3 8 M%/
_ 3f2 . __f?
2 2 2
Lg = ot — f_ S [ L
8MZ  16M2 48M2Z,
Additional SD input: Pich (hep-ph/0205030); Ledwig, Nieves, Pich, Ruiz-Arriola, Ruiz de Elvira

V2Ms =V2My = Mp = Ma = /72 7 f

=> |2L1=Ly=—jl3=;ls=3ls=zLlo=—3lw= 5%

xPT A. Pich - 2017 21



L;’s from Resonance Exchange

i | 103 LI(M,) v A S m | Total
1| 07+03 06 0 0 0 0.6
2 1.3+0.3 12 0 0 0 1.2
3 | —-35+11 —-36 0 06 0 |-30
4 | —03+0.5 0 0 0 0 0.0
5 14405 0 0 147 0 1.4
6 | —02+0.3 0 0 0 0 0.0
7 | —04+0.2 0 0 o0 -0.3| 0.3
8 0.9+0.3 0 0 09J 0 0.9
9 6.9+ 0.7 699 0 0 0 6.9
10 | —=55+0.7 | —10.0 4.0 0 0 | —6.0

a: Input

xPT A.Pich - 2017




L;’s from Resonance Exchange

i | 103 LI(M,) % A S m | Total | SD1
1 0.7+0.3 06 0 O 0 0.6 0.9
2 1.3+0.3 12 0 0 0 1.2 1.8
3] -35+11 —-36 0 06 0 | —-30| —43
4 | —0.3+05 0 0 0 0 0.0 0.0
5 14405 0 0 147 0 1.4 2.1
6 | —0.2+0.3 0 0 0 0 0.0 0.0
7 | —04+0.2 0 0 0 —03 ] -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 4.0 0 0 | —6.0 | —54
a: Input SD1: Short-Distance Constraints

xPT A. Pich - 2017




L;’s from Resonance Exchange

i | 103 LI(M,) % A S m | Total | SD1 || SD2
1 0.7+0.3 06 0 O 0 0.6 09| o8
2 1.34+0.3 12 0 0 0 1.2 18] 1.6
3] -35+11 —-36 0 06 0 | -30] 43| —32
4 | —0.3+05 0 0 0 0 0.0 00| 0.0
5 14405 0 0 147 0 1.4 2.1 3.2
6 | —0.2+0.3 0 0 0 0 0.0 0.0 0.0
7 | —04+0.2 0 0 0 —03 ] —-03 | —03] —03
8 | 09+03 0 0 09J 0 0.9 08| 1.2
9 | 69+07 699 0 0 0 6.9 72| 6.3
10| -55+0.7 | —100 4.0 0 0 | —6.0 || —5.4| —47

xPT

a: Input

SD1: Short-Distance Constraints

A. Pich

2017

SD2: L; ~ #Nc

22




LECs at NLO in 1/N¢

A.P., I. Rosell, J.J. Sanz-Cillero, hep-ph/0407240, hep-ph/0610290, 0803.1567, 1011.5771

e Vector Form Factor:

/”'\< /7 \ °<7K\X<
A, \_/ _J
TN
@:‘ F< c@ s =<
PA
p s h
: /\< X o <
N N N

xPT A. Pich

10% Lo

11

10t

07 o os os 10 1z 1 K G&V)
10° (Cgs—Coo)
-3
-4
-5
-6
-7
-8
0z 04 o8 08 10 1z 14 M G&V)
2017 23



e MNr(t) (Weinberg Sum Rules):

10° Lyo 10° Cg;

/02704 06 08 10 12 14 M (Gev) iEE;T:Eﬁi?E:EEﬁEEEiEEEEEEEEEEEEEEEEEE

S .

s 2

N 1

-6 02 04 06 08 10 12 14 K (GeV)

® Mss_pp(t) :
L§(M3) = (0.6 +0.4) - 1073 | Cig(M32) = (2+6) - 107°

Full 1 dependence at NLO in 1/N¢

xPT A. Pich - 2017 24



Lattice Determination of SU(3) LECs

3 3
FIAG2016 10°Ly FIG2016 10°Ls
T ¥
T [ FLAG average for Ny =2+1+1 T = FLAG averago for Ny =241 41
b b
L —— HPaCD 134 L - HPQCD 1A
Z ES
FLAG average for Ny =2+1 FLAG average for Ny <21
- wie 1o - wic 1o
+ +
o HH WL 05 & MiLc osa
> —0— wicos = micos
HH PACSCS 08 PACS.CS 08
(=} RACIUKOCD 08 HH ReCUKaCD 08
—— Binens 1 O(p°) e Sinens 1
——i Gasser 85 ot 8 Gasserss
-1 0 1 2 -1 0 1 2
3 3
FIAG2016 10°Ls FIEG2016 10°Ls
+ ¥
: I FLAG average for Ny =2+4+1+1 : Bl FLAG average for Ny =2+1 +1
[ [ W
- HPQCD 13A [}
= = - HPaco 1A
@
i o JLacomwaco 10a
S - FLAG average for Ny =241
- FLAG average for Ny =2+1
N T ] MiLC 10
- - e 1o & 101 MLC oA
+ HH )
& MILC 09A = O MILC 09
! = wiLcos
= = PACS-CS 08
o PACSCS 08
o RBCIUKGCD 08
(u] RBC/UKQCD 08
——— Binens 11 e Binens 11
—e— Gassor 85 —e— Gassorgs
-1 0 1 2 -1 0 1 2

A. Pich - 2017




Lattice Determination of SU(3) LECs

10° (2L —L4)

10° (2Lg —Ls)

FTAG2016 FTAG2016
+ +
T - FLAG average for Ny=2+1+1 T - FLAG average for Ny=2+1+1
i b
s - T L
> HPQCD 134 > HPQCD 19A
FLAG average for Ny =2+1 —-— FLAG average for Ne =2+1
- MG 10 - - MG 10
+ +
KTI‘ HH MILC 09A l‘\‘l i MILC 09A
= HHH MILC 09 = g MILC 09
o PACS-GS 08 o PACS-CS 08
(m] RBC/UKQCD 08 O RBC/UKQCD 08
——————— Binens 11 O(p”) —e—i Binens 11
———— Gassor 85 ot ——— Gassor 5
-1 0 1 2 -1 0 1 2
xPT A. Pich - 2017
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Lattice Determination of SU(2) LECs

FTAG2016 Fu/F

FLAG average for Ny=2+1+
ETM 10

Nr=2+1+1

Ne=2+1

FLAG estimate for Ny=2+1

RBC/UKQCD 15E
RBC/UKQCD 148

Borsanyi 12

NPLQCD 11
MILC 10

- MILC 10A

MILC 09A, SU(3)—fit
MILC 09A, SU2)—fit
MILC 09

i L LN

Ni=2

FLAG estimate for Ny=2

Engel 14

f Brandt 13
HH TWQCD 11

ETM 09C

TM 08
———————————+ JLQCD/TWQCD 08A

[T

Colangelo 03

1.00

xPT

1.04 108 112 116 1.20

F:Fﬂ'|m

u=mg=0 )

A. Pich

FTAG2016

FLAG average for Ne=2+1+

ETM 13

Ni=2+1+1

Ne=2+1

FLAG estimate for Ne=

RBC/UKQCD 15E
RBC/UKQCD 148
BMW 13
Borsanyi 12
MILC 10A
LOCD/TWQCD 10A
BC/UKQCD 10A
QCD 09
ILC 09A, su3)—fit
MILC 09A, SU2)—fit
MILC 09

TWQCD 08
JLOCD/TWQCD 088
RBC/UKQCD 08

241

N;=2

FLAG estimate for Ne=

Engel 14
Brandt 13
ETM 13

f———+——  ETMI2

TWQCD 11
TWQCD 11A
JLQCD/TWQCD 104
Bernardoni 10

ETM 09C

CERN 08
JLQCD/TWQCD 08A
JLQCD/TWACD 07A

2

200 250 300

£ = —(0]au|0)|

2017

350

my=my=0

MeV
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Lattice Determination of SU(2) LECs

FIRG2016 £ FIAG2016 2
+ FLAG average for =2+ 141 + FLAG average for Ni=2+ 141
T e 10 T ETM 10
< —— FLAG estimate for Ni=2+1 5 FLAG estimae for Ne=2+1
e e RBC/UKQCD 15E E4 e RBCIURaCD 145
- RBC/UKQCD 148 o
. 8w 13 [
- o RBC/UKQCD 12 - )
T o Borsany1 12 T
& e NPLOCD 11 &
MiLC i 1=
[ Bl Y MILC 108 > Ur=Cn
z L MILC 09A, SU3)-fit z =
Iaaren s MILC 03A, Sui21—fit RBC/UKQCD 08
] RBC/UKQCD 08
m—— FLAG estimate for M=
FLAG estimate for Ny=2 —c—t Gulpers 15
. Brandt 13
| — Brandt 13 ~ Bernardoni 11
toe Bermardoni 11 i 2z TWach 11
I | T™Wach — £TM 09C
- ETM 09C JLCD/TWacD 08
———t ETM 08 et ETM
[ JLQCD/TWaCD 08A — LoCD/TWaCD 08A
H—{ CERN-TOV 06 Lo o
—e— Cotangelo 01
—_—8.— Gasser 84 —_—— Gasser 84
1 2 3 4 5 35 40 45 50 55
FIAG2016 s
T [Eo— JLacD 154
&
I <t JLacD 14
z —— RBC/UKQCD 08A
[ FLAG averagefor =2
S - Brandt 13
z ot JLacomwac 09
- Emmios
o Binens 98
e Gassarts
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