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Energy Scale Fields Effective Theory
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Ne COUNTING RULES

gs ~ 1/5/N¢ : as ~ 1/N¢ : (I'(J1---JIn)) ~ Ng

e Dominance of planar gluonic exchanges
e Non-planar diagrams suppressed by 1/N2

e Internal quark loops suppressed by 1/Ng

Colour Confinement == J|0) ~ |1 Meson)

e Infinite number of mesons (~ In k2)

12 _ Y NS M~ O(1
TR (k) = 3 50 o fo=(0In)~ VNG ; Ma~ O(1)
; " e Mesons are free, stable and

non-interacting
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YPT

Low—Energy Expansion (p2",m!) : L= Lo
mn

2
Lo = f? (DWUTDHU 4 2 Bo (UTM + MUY )

1 — “—
— DM7T+DM7T_ — Mfﬂ“"ﬂ‘_ —|— _|_ 6_f2 (7-‘-+ D,u 7.(_—) (7_‘_—|— Duﬂ'_) _I_

Mg — MI2{0 MIQ(+ B _@
mue+mg  ms+mg  ms+my o f?
Nc Counting:
e f?2 =~ f2 ~ Ng : Bg ~ O(1) == M, ~ O(1)
_ 1—-n/2
e U — S,(o/f)" ~ O0() i Vo~ 2~ NV

e L ~ Ng : n-Loop ~ 1/(1672f2)" ~ 1/NA



O(p*) xPT

i) L4 at tree level (Gasser—Leutwyler)

La

L1 (D,U'D*UY? + Lo (D, U'D,U) (D*UTD"U) + L3 (D, U'D*UD,U'D"U)

+ +

Le (U'x + x'U)? 4+ L7 (U'x —x'U)? 4+ Ls (x'UX'U + U'xU'x)
— i Lo (F¥D,UDU"+ F'D,UDUY 4+ Lio (UTFAUFL,,)

{

L4 (D UTDPU)Y (Ut + x'U) + Ls (D, UTDHU (UTx 4+ xTU))
)
)

FW =gugv —ogvJr —ilJr,Jv] ; Ji=uvlta* ; x=2BoM

i) Lo at one loop (unitarity) {a log(p?/u?) —l—b(u)}

e Chiral Logarithms unambiguously predicted

e [;'s fixed by QCD dynamics [1-loop divergences wmd [.7(11)]

i) Wess—Zumino—Witten term (anomaly): 70 S vy, Ay,



O(p*) xPT COUPLINGS

i | LE(Mp) x 103 | O(Ng) Source »
1| 04+03 Ne Ke, mn -1 | &
2 | 14403 N¢ Kea, 7m —7n | &
3 | -35+1.1 N Kea, 7 — 770 0
4 | —0.34+0.5 1 Zweig rule :
5 1.4+0.5 N¢o Fr | F; 3
6 | —0.24+0.3 1 Zweig rule L
7 | —0.4+£0.2 1 GMO, Lsg 0
8 0.9+0.3 N¢o Mo — Mg+, Ls, "
(ms —m)/(ma — mu)

9| 6.9+0.7 No ()7 1
10 | —5.5+0.7 N¢ T — ey -1

2L1 — L =(-0.6+0.6) x 1073 ~ O(1)

¢ (D, UD,UTDFUDYUY) — 26L1 = 6Ly = —26Ls =c




RxT

Include Resonance Nonet Multiplets (Ecker, Gasser, Pich, de Rafael)

V(177), A(1TT), S(0TT), P(0O~T)

Vo _ Fy [z 1 Gy [T,
‘CQ - 2\/§ <VMVf-|-> + \/5 <VMVu u>
A __ FA v
L2 = 55 Wm0

L5 = cg(Sutv”) + om (Sxq)

ﬁg = tdm (P Xx-)

uy = iquDMUuJr = uL : U = u?
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O(1) : 2L1— Ly = Ly = Lg = 0

BUT




SHORT-DISTANCE CONSTRAINTS

) . Fyv Gy t
Vector Form Factor (r|v,|w): Fy(t) = 1 + Z ERRTEE
Jim Fy/(t) =0 — Y. Fy Gy = f?
— 0
: _ 2 Fy, Gy, — Fy 3
Axial Form Factor (v|ay|n): Ga(t) =zi: { Wz +Mi—t
lim Ga(t) =0 = > (2Fy, Gy, — F2) /MZ = 0
Weinberg Sum Rules: Nrr(t) = 1> + il i
9 ' SO ;M‘%—Ft_zi:Mi—kt
i — 2 2\ — £2
At Mer(t) =0 i (Ff, - F3) =1
-

. 2 _ 2 2 2 2\ —
Jim ¢“Mpp(t) =0 3 (MVL, F2 - M3 FAi) — 0
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Scalar Form Factor:  FZ.(s) =1+ )

M2 + M? S
Cd; + (Cmi T Cdi) kL =
[ M2 ] M2 —s

im FZ (s)=0 wa |4 cipem =f% 5 Y o
i

S§—00 i Mgz (sz‘ _ Cdi> =0

. C’IQ’)’Li d?n" f2
SS — PP Sum Rules: Nss—pp(t) = 16 B3 {XZ: Mg+t a Z Mz +t a Q}
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Pseudoscalar Nonet:
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Lo = (XU +UxT) ~ —i

\/];—4771 (X-) — dm = —




1—Resonance Approximation: (Ecker, Gasser, Leutwyler, Pich, de Rafael)

Fy=2Gy =V2F,=V2f ; My =2 My ; dm:ﬁf

%f (Jamin, Oller, Pich)
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L;’S FROM RESONANCE EXCHANGE

i LT(M,) 1% A S ny | Total | Total®
1| 04403 06 0 O 0 0.6 0.9
2 | 1.440.3 12 0 O 0 1.2 1.8
3 |-35+1.1| =36 0 06 0 |-3.0 || -43
4 | —0.34+0.5 0 0O O 0 0.0 0.0
5| 14405 0 0 149 0 1.4 2.1
6 | —0.2+0.3 0 0O O 0 0.0 0.0
7 | —0.4+0.2 0 0O O ~03|-03 | -03
8 | 0.9+0.3 0 0 094 0 0.9 0.8
9| 6.9+0.7 694 0 O 0 6.9 7.2
10| -5.54+0.7| -10.0 4.0 O 0 |-6.0 |54

a) Input

b) Short-Distance Constraints




T hree—Point Functions:

e B. Moussallam

e M. Knecht, A. Nyffeler

e P.D. Ruiz-Femenia, A.Pich, J. Portolés

e V. Cirigliano, G. Ecker, M. Eidemuller, A.Pich, J. Portolés

e J. Bijnens, E. Gamiz, E. Lipartia, J. Prades
— Constraints on O(p®) YPT couplings

Vertices with 2 or 3 Resonances. O(p*) Couplings:

e V. Cirigliano, G. Ecker, M. Eidemuller, R. Kaiser, A.Pich, J. Portolés

More Resonance Multiplets: Minimal Hadronic Ansatz

e M. Knecht, S. Peris, M. Perrottet, B. Phily, E. de Rafael

e P.D. Ruiz-Femenia, J. Portolés



1/Nc Corrections:

Resonance Widths

e F. Guerrero, A. Pich

o D. GOmez—Dumm, A. Pich, J. Portolés

Unitarity Corrections Final State Interactions

e F. Guerrero, A. Pich
e E. Pallante, A. Pich, I. Scimemi
e J.J. Cillero, A. Pich, J. Portolés

e M. Jamin, J.A. Oller, A. Pich

Quantum Loops in RxT

e J.J. Cillero, I. Rosell, A. Pich



Weak Currents Factorize at Large Nc

L1t T L1t
W
K K K
T T T

O(NZ) O(N¢) O(1)

AIKO - 70701 =0 = Aj=+V2 A5

NoO AI:% enhancement at leading order in 1/Ng

e Multiscale problem: OPE NLC’ log (%) ~ 2 x4

Short-distance logarithms must be summed

e Large YPT logarithms: FSI NLC log (MLW) ~ 2 %2

Infrared logarithms must also be included  [6; ~ O(1/N¢) , 65 — 6, ~ 45°]



O [p*, (mu —my) p?,e?p?| xPT

e kO o O
T o wm X

Nonleptonic weak Lagrangian.: O(GFP4)
ol = > GeNiF20F + Y GorD;F2077 + he
1 7
Electroweak Lagrangian: O(Gr €e?p?)

LEw = 622 ngiFéLOZEW + h.c.
()

O(e?p?) Electromagnetic 4+ O(p*) Strong K;, L,

K — mm, wmry Inclusive, DAPHNE



() = a0 [1 4 2,45 + Ac A

O(p*) xPT Loops: Large correction

Ap AT = 027 + 0.05 + 0.47 i

ApATY = 102406040470 ;AL AT = —0.04 £ 0.05 - 0.21i
ApAY), =027 £005+047i ;AL AY), = —0.50 £ 0.20 — 0.214

Pallante-Pich-Scimemi

All local O(p*) couplings fixed at No — oo wmd ACA%X)

Small correction to O(p?) results

Isospin Breaking: O [(mu — my) p2, erQ} Sizeable corrections

Cirigliano-Ecker-Neufeld-Pich

Re(gs), Re(go7), xo — x, fitted to data



2
€k [ 105 MeV ] {Bél/z) (1- Qur) — 0.4 Bé3/2)}

Delicate Cancellation. Strong Sensitivity to:

® My (quark condensate) ms(2 GeV) = 105 £+ 20 MeV

e Isospin Breaking (my Fmg , @) Qef = 0.06 + 0.08
Cirigliano-Ecker-Neufeld-Pich
e Penguin Matrix Elements

xPT Loops (FSI): B2 (1.3540.05) ; BYY? x (0.54 +0.20)

Pallante—Pich—Scimemi '01: Re (5//5) = (18 T 2, T84 51/NC’) x 1074

_5m8

Experimental world average: Re(¢//e) = (16.7+1.6) x 10~4

Control of subleading 1/N¢ corrections to xPT couplings



QUANTUM LOOPS IN RxT: VFF
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e 1/Nc Expansion
e Renormalization: Counterterms

e Ultraviolet Behaviour

O s e
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COUNTERTERMS

~

~ L v 3 v ~ .~ v .~ v
Lay = % (P T w]) = L2 (VP V) 5 Loy = ics1 (VP [hyp, w]) + i cs3 (Vufy [hup, u’])
P - Fy Gy S 7.5 2
vis) =1+ 72 M‘Q/—s_ 6 2 T Tvoa

Ng — o0

im Fy(s) =0 = F,Gy=f2, =0, 7, =4f%(és3—¢51)=0

S—0O0

X My Mz F )
Loy = Z <V2V“”{V,,,V“}V,w) + ... X, {_V<vu Vi) —I—V—V(VW i ) _|_}
2 V2
EOM
Lap = Xp (Vi V2) + -+ = X {MZ (V) + )
Loc =1Xa, ({V,Vu} V¥ uy,ua] ) + -+ —X¢ {2i My (VY [ua, uw]) + -}
0T =l + 2 X, FyGy — 2V2 XpGy — 4V2 XgFy , FS" = Fy + 2 X, M2Fy — 2v2 Xp M2

GE" =Gy +2 X7 M2Gy — 4V2 XeM2  , (M) =MZ+2X My , T8 =7




Low-Energy Limit: yPT

) =1 5 {eguo +

2 82 83
Sl (2)- G s s ool

F6
1 [- m2 1 M? f2 _ 1 M2z 13
U6 +log—=| = ¢! — _ In—X =_-"2_ 47 =)
967r2[6+ gM‘Q/] o)+ gg2 N2 Mzt 6+967r2[ 4M5+6]
12 Mg\ My
rio(p) — 5-—Y) In=Y =
V2(:UJ) 1927T2M‘2/ g ,LLQ
o f? WE M3 64 9 M?
247 1-—Y)In=—=—-n2—-—4=-V
ME e 19272 M2 M2) M2 155 M3

’6=16.0+05+07 , ri,(M,) =(1.6+05) -10"*

Bijnens-Colangelo-Talavera

— l6 = (—0.24+0.9)-103

, 7,,=(-02+05)-10"%

(S = 2 /M3 = —0.014

Ne—oo

: ris T = f4/ My =2.1-10"*



Fy(s) = A(s) B(s)
M‘Q/ —s—2(s)

High-Energy Limit: s — o

. M‘% —s s l 5
A(s) = (6217 { In ‘2/ [In 5 2] + 5 In2 v} + O (1)

r —s° - 2 2

SU(s) = Y - — 2 4+ 1927°F? X5 (1)

. 1 2 1 1 1 -5 g B 1672
Pl = 1675 { ? [6 (Mé +Mi) ('n 2 3) N

BAD behaviour generated

by the 2-Resonance cuts
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SUMMARY

e N — oo provides a sensible approximation to the mesonic world
e Useful tool for quantitative non-perturbative analyses at low energies

e Some observables/physics only appear at subleading topologies
- U(1) 4 Anomaly

- Anomalous dimensions of four—quark (non-penguin) operators

Short-distance logarithms

- xPT loops (Final State Interactions)

Long-distance logarithms

e Successful leading—order phenomenology

Rigorous control of subleading corrections



