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Theoretical Framework

e Sensitivity to Short-Distance Scales:

d

Charm mass prediction

w d w T
w Top quark
u, et q;
20 GIM cancellation
K s W 4

New Physics ?

e Long-Distance Physics:

K < . ,4©< Chiral Dynamics
e Multi-Scale Problem:
log (M/p) (OPE) , log (11/mx) (xPT)
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Energy Scale Fields Effective Theory

W,Z,v,. g
My T, 4, €,V Standard Model
t,b,c,s,d,u
l OPE
7,85 M1, €V ne=3 AS=172
5 me S, d,U EEQ{]D)' Eeff
l Ne — oo
YW, eV
MK T, K,T} XPT

A. Pich Non-Leptonic K Decays



AS =1 ° :
W
TRANSITIONS
d u
G
AS=1 __ F
‘Ceﬁ' - T = Vud
V2
Q = (Saug)y_a (Eﬁda)v_A Q = (Su)y_, @)y _,
Q35 = (5d)y_p 2q(@@yra Qi = (adg)y_a 2q(@s9a)y_a
Qo = 3(d)y_p Sqeal@)yis Qo = 3Gads)y_a Xqeq(@paa)y_a
Q = —83,(5,95)@g4,) Q = —123,e(5,95)(@,d,)
Quaiz = (d)y_p X0 (0)y 4 Quz = (5d)y_, 2, (FV)y_a
® q>pu: Gi(n) = zi(p) = yi(1) (Vg Vis/ Vg Vis)
O(O{gt") ) O(()[g+1tn) [t = |Og(M/m)] Munich / Rome
o g<yu: (n7m|Qi(p)|K) ? Physics does not depend on 1
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CHIRAL PERTURBATION THEORY (xPT)

e Expansion in powers of p2//\f< 1 A=), AWM anFs ~12 Gev)

Amplitude structure fixed by chiral symmetry

SU(3). ® SU(3)r — SU(3)y

Short-distance dynamics encoded in Low-Energy Couplings

e O(p%) xPT: Goldstone interactions (7, K,n) o=13g
AS=1 4 u 4 “ 2 u
£ = G FY AL L) + Gor F* ( Lol + 5 L Ll
Gr = — %vﬂdvu*ng D oLy=-UTDLU i A=1xei o U=ew{iv20/F}

e Loop corrections (\PT logarithms) unambiguously predicted
e LECs can be determined at N¢ — oo (matching)

e O(p?) LECs (Gg, Gy7) can be phenomenologically determined
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Nonleptonic Decays

A(K — 7T7T)[:o

— &~ 22
A(K—>7T7T)122

e Octet Enhancement:
— Short-distance: gluonic corrections, penguins

— Long-distance: large YPT corrections (FSI)
— Ongoing Lattice efforts
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Nonleptonic Decays

A(K — 7T7T)[:o

— &~ 22
A(K—>7T7T)[:2

e Octet Enhancement:
— Short-distance: gluonic corrections, penguins
— Long-distance: large YPT corrections (FSI)
— Ongoing Lattice efforts

e Direct CP Violation: ny = Aol

A(Kg—min))

Re(€'/e) = % (1 — :& > = (16.8+1.4)- 1074 NA31, E731, NA48, KTeV
-
Re (EI/E)SI\/I - (19 :l: 2 tg :l: 6) . 10_4 Pallante-Pich-Scimemi
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K — 27 lIsospin Amplitudes

AK® = 7t7n7] = Age'X + ——= Ayl

A[K0 — 7T07r0] = Age'Xo — V2A, e

AKT = ntr0 = gA; el
1) Al = 1/2 Rule: w = Relhe) 1

Re(Ag) 22
2) Strong Final State Interactions: y, — v, ~ §, — 0, ~ 45°

0

g = __I ei(Xz_Xo)w {Im(AO) _ Im(A2)}
K \/5 Re(Ao) RG(AQ)
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A[KO — ]
A[KO — 7T07r0]

AIKT — 7T+71'0]

1) Al =1/2

2) Strong Final State Interactions:

K — 27 lIsospin Amplitudes

. 1 .
= Ape'o + —Aye'Xe

Ao efXo = A1/2
= AgeXo — V2 A% ArelXe = Ayp + Ag),
3 + iyt A ’-X;r — A _ EA
= > A, e X% € 3/2 375/2
Re (A2) 1
Rule: N o—
Re(Ay) ~ 22
Xo — X, = 0, —0, ~ 45°
— __I ei(X2_Xo) w {Im(AO) _ Im(A2)}
\/§ Re (Ao) Re (A2)
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2
O(p®) xPT
2
L8571 = Gy F* (AL, LYY + Gy F* (L,m Ly + 3 L L’f3)

GrR=—-EV,Vig i Li=-UDU ; A=1xy i U= exp{iﬁwF}

1
Ao =V2F, (Gs + = G27) (Mg — M2)

9
10
Asjp = 5 Fr Gor (Mg — M2)
A5/2 =0 ; (50 = 52 =0
[M(K —2m) + dilpy, — lgs| ~ 5.1 ; |g27| ~ 0.29
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O(p? e?p’) xPT 0 — ding(2,-1,-)

. 2
L5551 = Gy F* (AL,LM) + Gy F* (Lu23 Ly + 3 Luzn Ufs)

+ e*F% Ggg., (AUTQU)

. 2 2 _i (2) 2 2 2
A1/2 = \/EFTK' {GS |:(MK Mﬂ') (1 3\/§€ 3F7r (gew+22)

+ = 627 (M2 — M2)}

2 5 2
Aspp = 3 Fx {(5 Gz7+%5(2) Ga) (Mg — M2) — F2 & Gg (gew+2z)}

A5/2:0 ; 5025220

= (v/3/4) (mg — mu)/(ms — 1) ~ 0.011 ; Z~ (M2, — M2,)/(2€2F2) ~ 0.8
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0 [p4, (my, — my) p?, e2p", e2p2} PT
~ T 5 T =

¢ Nonleptonic weak Lagrangian: O(Gr p*)

@

weak

= Zi Gg N; F? 018 + Zi Gy7 D; F? Oi27 + h.c.

e Electroweak Lagrangian: O(Gr e?p%?)

Lew = €2F5Ggg,, Tr(A\UTQU) + €2Y; Gs Z; F* OF"W + h.c.

e O(e?p®?) Electromagnetic + O(p*) Strong: Z,K;, L
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Weak Currents Factorize at Large Nc

0:'d @ -0-Q

O(N¢)

A[KO—>7T7TO]—0 —) AoZ\/§A2

No AI:% enhancement at leading order in 1/Nc
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Weak Currents Factorize at Large Nc

0:'d @ -0-Q

O(N¢)

A[KO—>7T7TO]—0 —) AoZ\/§A2

No AI:% enhancement at leading order in 1/N¢

. . 1 M 1
e Multiscale problem: OPE e log (TW) ~ 3 x4
Short-distance logarithms must be summed
e Large \PT logarithms: FSI Nic log (—M&J ~ % X 2

Infrared logarithms must also be included [5, ~ O(1/N¢) , 6, — 6, =~ 45°]
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Dynamical understanding of the A/ = 1/2 rule

AP — E. de Rafael, PL B374 (1996) 186

G (=) (+) (=) (+) (=) ()
Logs = *\/% F* |:=" Tr(Q Lu)Tr(Q L") + b Tr(Q LuQ L")+ cTr(Q Q Lu’-”)j|
2 oy + (9 Vua Vus )
O(N2) . (Yo o= (8 ) -

g a 3
« o g = z(a+b)—b+c
ome)  <fuye o = 5FD)
b “ c

8y = %(a—l—b)

_ 2
2= 140 (#) . ¢ = ReGi— 16 Ls ReGe(12) {%} o (#) ~ 03402

gy ~ 029  mm b2—0452+(’)(NL§) - g 1~1+O<ﬁg)
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Dynamical understanding of the A/ = 1/2 rule

AP — E. de Rafael, PL B374 (1996) 186

G (=) (+) (=) (+) (=) ()
Logs = *7% F* |:=" Tr(Q Lu)Tr(Q L") + b Tr(Q LuQ L")+ cTr(Q Q Lu’-”)j|
2 oy + (9 Vua Vus )t
O(N2) . (Yo o= (8 ) -

g a 3
« o g = z(a+b)—b+c
ome)  <fuye o = 5FD)
b “ c

&7 = %(a—l—b)

_ 2
2= 140 (#) . ¢ = ReGi— 16 Ls ReGe(12) {%} o (#) ~ 03402

gy | =~ 020 bz_ol52+o(NLg) - g 1~1+O(ﬁg)

b < 0 predicted through explicit calculations AP-E. de Rafael, NP B358 (1991) 311

Bardeen-Buras-Gerard, Bijnens-Prades, Bertolini et al
Confirmed through inclusive QCD analysis M. Jamin-AP, NP B425 (1994) 15
A. Pich
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Dynamical understanding of the A/ = 1/2 rule

AP — E. de Rafael, PL B374 (1996) 186

G . . —
Cor = = £ P [a el Lm@ 1) + b (el a0l ) + e miar o 1)
0 0 Vyg Vs _ |
O(N2) . o e . oM = ( 0 81 8 > L Q) g
M a 3

@ N =3i(a+b)—b+c
O(NC) op@o& @ g8 5 ( )

o™ Ly _ 3

b “ c g27 - g (a + b)
_ 2

a=1+0(%) i ¢ =ReG-16LsReGo(s?) {%} +0 () ~ 0302

gy | =~ 020 bz_ol52+o(NLg) - g 1~1+O(N%)

b < 0 predicted through explicit calculations AP-E. de Rafael, NP B358 (1991) 311

Bardeen-Buras-Gerard, Bijnens-Prades, Bertolini et al
Confirmed through inclusive QCD analysis M. Jamin-AP, NP B425 (1994) 15
Confirmed recently by lattice calculations RBC-UKQCD, PRL 110 (2013) 15, 152001

PRD 91 (2015) 7, 074502
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“A qualitative picture towards the understanding of the underlying

physics begins to emerge” AP - E. de Rafael, PL B374 (1996) 186
i
Q¥ g, = 2(a+b)—b+c
M Ly QY Qv
Q 87 = % (a + b)
‘n
a=1+0(%) . b=-052+0(%)

“Emerging understanding of the Al =1/2 Rule from Lattice QCD”

RBC-UKQCD, PRL 110 (2013) 15, 152001 3.0

[OR=21
25 b —@ o |
2 ii EIJE% O+@ e~
i i Z 20t i B p
P VP 1} i i,
L g L i a Y pigoag,, |
& O & O  uy Hhagy, 2000,
¢
05 ‘I’émmmmmmwmmmmmmm@mmgg’
~ 0.0 . . . . .
b~ —07a 0 4 8 12 16 20 24
¢
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Effective Action Model: Bosonization in Gluonic Background

AP-E. de Rafael, NP B358 (1991) 311

as 52
A= Nic {1 - % <1g7r2f;g> + O(aZNZ)
3
g ~ £ G0 {1+A+O(1/NC)}
1 1
g ~ 5 C () {17A+(9(1/N§)}+1—0C+(u2) {1+A+0(1/N§)}+c
- 2
¢ = G(i?) — 16 Gs(4s%) Ls Wg)} +O(1/N2)

Z—C+,u {1+A+(’)1/NC}——C 7)) {1-A+0O(1/Ng)} < 0

po~me, (2 G?) ~ 330 MeV* —p b~ —0.6
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TWO-pOint Functions AP-E. de Rafael, NP B358 (1991) 311, PL B374 (1996) 186

M. Jamin—-AP, NP B425 (1994) 15

VA = 1 [ e 0T (R KO 0) = 26 G e

CC s B

%Imwii(t) = 0(¢) 2 N (1 + —) @ 4) as(t) 72 C2(Miy) [ + % @M]

_ 9 _1F1/Nc
a+ = Ty To6/1IN;

30587 1 164936 1 51591 1 440193 1 3649
Ke=1- N T N T M7 T3
3630 No 19965 N2 14641 NI = 322102 N2 3645
30587 1 169706 1 _ 70335 1 1810209 1 18278
Ko=1+ =+ — + — + =
3630 No = 19965 N2 ' 14641 N2 ' 322102 N? 3645
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Multi-Scale Problem: Summation of logarithms needed

A large log(M;/M;) compensates a 1/N¢

® Short-distance: NLC log (Mw /1)

{ g2° =1.1340.05,, % 0.08,, + 0.05,,
—

g5° =0.4640.01,,

® Long-distance ((PT): NLC log (pt/my)

g;O =50 == ggLO =3.6
LO _ NLO _
8y = 0.285 =i 8y~ = 0.286

© Isospin Violation:  g[**© =0.297

A. Pich Non-Leptonic K Decays

suppression

Bardeen-Buras-Gerard

Cirigliano et al, Pallante et al

Kambor et al, Pallante et al

Cirigliano et al

Cirigliano et al
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Phenomenological K — wm Fit

Cirigliano-Ecker-Neufeld-Pich

LO-IC | LO-IB NLO-IC NLO-IB

Re gg 4.96 4.99 3.62+0.28 3.61 £0.28

Re g27 0.285 | 0.253 || 0.286 £0.029 | 0.297 £ 0.029

Xo— X2 || 47.5° | 47.8° (47.5+0.9)° | (51.3+0.8)°

IC = [my—myg =a=0] IB = [my—mg#0, aa#0]

Isospin Limit: [60 — 02k e = (52.5 1+ 0.8¢xp +2.8¢h)°

T — T 8o — 0 = (47.7 £ 1.5)°

Colangelo—Gasser—Leutwyler '01
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Isospin / Im Ay (1+ Do+ f5)) Im A2
€c ~ W p—Y 0T I5/2) = =
p- « " | ReA? /2 Re AV
Breaking
. , / Im Ay Im AS™P
n € /€ ~ W 1 ) — — o
" | ReAY (1 ) = AY
_ ReA, _ ReA; _ ReAy ImAnTemP
= Rea, — @ (1 5) “i = Rep, o e = ReAY  ImAY
Cirigliano-Ecker-Neufeld-Pich
a=0 a#0
LO NLO LO NLO Qe = 0.06 + 0.08
Qg 11.7 15.9+45 |18.04+6.5 227+7.6 = Qi Do—fi )
Ay | —0.004 —0.41+0.05| 8.7+3.0 8.4+36
f: 0 0 0 83+2.4 70
5/2 Qs =0.16 4+ 0.03
Qog | 11.7 16.3+45 | 93+58 6.0+7.7
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(4]

(5]

A. Pich

Anatomy of €’ /e calculation

/
6K

105 MeV 12 ¢ 12 (3/2)
- [m] {BE? (1 Qur) - 0.4 BX?

€k

O(p4) XPT LOOpS Lal‘ge COI‘I‘eCtion (FSI) Pallante-Pich-Scimemi

O(p*) LECs fixed at Nc — oo: Small correction

Isospin Breaking O [(mu — my) p?, ezpz]: Sizeable corrections

QCH‘ — 006 i 008 Cirigliano-Ecker-Neufeld-Pich

O(p*) LECs [Re(gs), Re(ga7)] and phase-shifts fitted to data

ms(2 GeV) = 110 £+ 20 MeV (quark condensate)

Non-Leptonic K Decays
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N¢c — o

g = (g c2§q+c4> 16 Ls (<‘_’q>(”))2ce(u)

F3
3
g7 = ¢ (G+ G)
— 2
16
e’ g8 8o = —3 (%) {Cs(u) + 5 Coln) e (Ko — 2K10):|
(a) () Mo  8Mg B 4M2
B2 mamE || R Gl ol

e Equivalent to standard calculations of B;

e 1 dependence only captured for Qgg

A. Pich Non-Leptonic K Decays 21




Anomalous Dimension Matrix
-2 0 0 0 0 0 o
3° 3 1 1 1 1
Ne TAZ T2 W, w2 NG 0 0
11 11 2 2
0 0 T 302 3N, R 3N 0 0
3 n, n, 3 n n,
0 0w - ﬁ ﬁ a2 73/\73 3ch 0 0
3 3
o 0 0 0 0 w2 — W 0 0
Ve 0 0 ;ng 3 37\;3 345+ Nig 0 0
3 3
0 0 0 0 0 0 2N
_”u+£d "u_Ed —”u+£d "u_‘d 3
0 0 3N2 ? 3N, 3N2 ? 3NC2 0 -3+ N2
1 1 1 1
0 0 W, 32 L o 0o -
—ngt 4 =" —n, ny—"g
0 0 W N N 0 0
Only ~66 and ~gg survive the large—N¢ limit
A. Pich Non-Leptonic K Decays
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Fe

O O O O O o o o o
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AW = al? 14+ AcAl + AcAl]

1) O(p*) xPT Loops: Large correction ~ [NLO in 1/N(¢]

Pallante-Pich-Scimemi
AL AT), =027 £ 00540477
ALAT) =102 4206040477 ;AL AT) = —0.04 £ 005 0.21]
AL AE) =027 £ 00540477 ;AL AE, = —050 + 020 — 021
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AW = &) (14 ALAY + AcA]

1) O(p*) xPT Loops: Large correction ~ [NLO in 1/N(]

Pallante-Pich-Scimemi
AL AS), =027 £ 0.05 + 047 T
ALAT) =102 4206040477 ;AL AT) = —0.04 £ 005 0.21]
ALAE) =027 £005+0477 5 A AP, = —050 + 020 — 0.21

2) Local O(p*) couplings fixed at Nc — co = A A
Small correction to O(p?) results

3) Isospin Breaking: O [(m, — my)p? e’p?| Sizeable corrections

Cirigliano-Ecker-Neufeld-Pich

4) Re(gs), Re(g27), x, — X, fitted to data
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/
eK

105 MeV 12
[N 1) 0407
Ex )

ms(2 GeV

Delicate Cancellation. Strong Sensitivity to:

e ms (quark condensate) ms(2 GeV) = 110 4+ 20 MeV
e lIsospin Breaking (m, # my , ) Qo = 0.06 £0.08

Cirigliano-Ecker-Neufeld-Pich
e Penguin Matrix Elements

XPT Loops (FSI):  BY/?) x (135£0.05) ; B{/? x (0.54+0.20)
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/
5K

105 MeV 12
[N 1 1) -0ae?)
Ex )

ms(2 GeV

Delicate Cancellation. Strong Sensitivity to:

e ms (quark condensate) ms(2 GeV) = 110 4+ 20 MeV
e lIsospin Breaking (m, # my , ) Qe = 0.06 +0.08

Cirigliano-Ecker-Neufeld-Pich
e Penguin Matrix Elements

XPT Loops (FSI):  BY/?) x (135£0.05) ; B{/? x (0.54+0.20)
Pallante-Pich—-Scimemi '01

Re ('/e) = (10 42,75+ 61/ ) x 107

Experimental world average:  Re(c'/s) = (16.8 4+ 1.4) x 10~

Challenge: Control of subleading 1/N¢ corrections to xPT couplings

A. Pich Non-Leptonic K Decays 24



Electroweak Penguins contribute at O(p?) (mg,p — 0)

g FO = 6 (1) (O1()) 12 Colp) (O2()) "™ — 3 Go() (a())’

(O1(p)) = (0l(sty" du)(dryusr)|0) ; (Oa()) = (Ol(stsr)(drdlL)|0)

A. Pich Non-Leptonic K Decays 25




Electroweak Penguins contribute at O(p?) (mg,p — 0)

s F® = 6 Grl) (01(1)) =12 Gali) (Oa()) " =3 Galo) (Ga(1))*
(©109) = Ol d)Farus)0) i (0a()) = (Ol(sise) )0

These D=6 vacuum condensates appear in the left-right correlator:

N's(q) = 2i [ d*xei® (0| T(LH(x), R¥(0)1)[0) = (—g"¥q? + qq¥) Mir(—q?) = N4y _14(q)

B IR R RERE SR 0o
wa ALEPH n = ar ImMp(t) 1 3 (Ozn14)
251 1 = -
R . TS (VA =) v, LR t+ QZ 2 QZ n+2
2F —— parton model/perturbative QCD n=1
e Data QCD OPE

.WWJ(JA»

T
"
o
o

1 i d’q v 2 AD 2
A <01>:—§guu/WnLR(q)N/o dQ” Q7 Ner(Q7)

Mass? (GeV/c)?

lim —Q°Mkr(Q%) = 4mas [4<02> b2 <01>] +0(a)
QZHOC NC
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Electroweak Penguins contribute at O(p?)

(mg,p — 0)

Ne — oc 1

e’gsgew F* = 6 Gr(1) (O1(1)) =12 Co(u) (O2(p)) " =3 Go(u) (Ga(n))?

(Ou(1)) = (0l(sey" o) (drsr)I0)

= ((27)1=2| Qa(0)|K°)|

3
(Oa(p)) = (0l(ssr)(drdL)[0)

mq=p=0

2 (Ox()

—eo 2 ,_
ey F—<67q(uo)>2

N 2M}F3
(ms + mq)? (o) F2




ng/N¢c Correction to QCD PENGUIN (m,; — 0)

Hambye-Peris-de Rafael '03

- 2 Jo%S)
tm(gs) = 1m{Go(1)] {—16Ls () + o | a0 0™ WDGRR(02>}

P

o B .
(q 7 —g"‘ﬂ> Wocrr(—a?) = / dQq d*xd*y d*z ™ (T [(5.9R)(x) (GrdL(0) (dra ur)(Y) (GRY* 5R)(2)] ) o

oo Available theoretical information: (poor)
002 / N2 W, (i) - 4 _ 2
. Fira 4q)
00 : Qle:oo @ Wperr(@%) = — 6025 [1 — 16Ls <<F—3> ]
-0.04 1 )
Gay\2 [ F 5
-0.05 i li 2 2y — (@) —7(L 7—L>
02"100 perr(Q) 2 802 5= 5l
-0.06 ]
-0.07 1 . .
: Big enhancement (~ 3) claimed
0 1 2 3 4

Q" 2

Infrared unstability from pion pole: /0 dQ? m ~ E

Large non-factorizable contribution claimed before Bardeen et al, Bijnens-Prades
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Isospin limit:

Recent Lattice Results

RBC-UKQCD 1505.07863, 1502.00263

\/gReAz =
\/gRer =
\/glon =

(1.50 = 0.04 + 0.14) - 10~ ° GeV
—(6.99 £ 0.20 + 0.84) - 10~ * GeV
(4.66 +1.00 +1.21) - 10" GeV

—(1.90 + 1.23 + 1.04) - 10" GeV

exp : 1.482(2) - 107% GeV

exp :3.112(1) - 1077 GeV

Re(e'/e) = (1.38+5.15+4.43)-10"* exp: (16.8+1.4)-107*
S = (23.8+4.9+12)° exp : (39.2 +1.5)°
5 = —(11.6+25+1.2)° exp: — (8.5+1.5)°
A. Pich Non-Leptonic K Decays 28




Modelling (some) non-factorizable 1/N¢ corrections

Buras-Gérard, 1507.06326

(1/2) 3[ P 7 (mk—m3) A? A?
By'Y =1-2 In(1+ =) =1-0.66 In(1 + —
6 2 {FK - F,,} (4mFy)? n(l+ mg) n(l+ mg)

2 2 2 2
(1/2) (mij —mz) A A
B =1+——T"In(l+—) =1 .08 In(1+ —
s + UL n( +7h§) +0.08 In( +7h§)
2 2 2 2
(3/2) (m3 —m3) A A
B =1-2—*2—T""Inl+—)=1-017n(1 + —
s (UnFL)? n(l+ fn%) 0.17 In(1 + fng)

- B < Bl <1

e FSI (1/N¢) not included
e Part of 1-loop xPT corrections (7)
e Difficult to account in a matching calculation
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Summary

Kaons continue providing important physics information:

Interesting interplay of short and long-distances

Sensitive to heavy mass scales. New Physics?

Superb probe of flavour dynamics and C/D

Excellent testing ground of YPT dynamics

Increased sensitivities at ongoing experiments (K — mvD)

Theoretical challenge: precise control of QCD effects
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