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® Theoretical Framework

Short and long-distance physics

® Leptonic and Semileptonic Decays

Lepton Universality. CKM determinations

® Nonleptonic Decays

Octet Enhancement. &' /=

O Rare and Radiative Decays
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1. Theoretical Framework

e Sensitivity to Short-Distance Scales:

d

Charm mass prediction

w d w 4
w Top quark
20 GIM cancellation
" s w K

New Physics ?

e Long-Distance Physics:

. < ) @< Chiral Dynamics
e Multi-Scale Problem:
log (M/ ) (OPE) , log (1/ Mz ) (xPT)
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AS -1 Q = (Salp)y_a (Uﬂda)v,A

G W
Transitions | | @ = (5u)y A (@d)y 4
AS=1 GF
‘C = \/’ Vud Z C :U) QI
e Experiment:  A(K — 7m)p_1/A(K — 7m)pms &~ 22

A. Pich Kaon Physics



S
AS =1 Q= (Saup)y x (Ugda), |
G QW

Transitions | | Q = (Su)y_,(Td)y_,

cl

G
‘CAS b= \/Ii Vud Z C QI

e Experiment:  A(K — 7m)p_1/A(K — 7m)pms &~ 22

Qo=@ - transforms as (81,1r), Al =%

Q. =Q+ Q. contains a piece  (27,,1g), Al =3

e Electroweak SM (as = 0): G=0,G=1 =» C=C =3
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s U

AS =1 c Tw Q= (Saug)y_a (Ugda),
Transitions | | Q = (su),_,(ud),_,

AS=1 __ GF
‘C - \/’ Vud Z C Q’

e Experiment:  A(K — 7)1 /A(K — 7m)p =3 = 22
e Q=@ — @ transforms as (8L,1r), Al =3
e Q. =Q+ Q@  containsapiece  (27,,1g), Al =3
e Electroweak SM (as = 0): G=0,G=1 =» C=C =3
o Short-distance QCD enhancement: Altarelli-Maiani, Gaillard-Lee

1 (as(M2)\7* 1 6
Celw) ~ 5 ( as(p2) =T 2) 3o
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AS =1 : ’

Munich / Rome

. e G w G
Transitions
d u q/\q
AS=1 GF
£ = ﬁ Vud Z C Qi ,u
(@ Gaup)y_a (Wsda),, Q = (Su)y_,(Td)y_ A
Q35 (5d)y_a Zq(aq)V:FA Q= (Sads)y_p 2-4(T59a)y_a
Q10 g(?d)v AZ e‘I(Eq)Vj:A Qo = %(Eadﬁ)v_A quq (Eﬁqa)v_A
Qs -8 E ( LqR)(quL) Q = —12 Eq €q (ELqR)(aRdL)
Q11112 (Sd)V_A Zz (ZZ)V’A Qs = (Ed)V,A Eu (EV)V,A
o g Glu) = z(n) — i) (Vig Vi Vig Vi)
O(alt™) , O(at") [t = log (M/m)]
o g< p: (rm|Qi(w)|K) 7 Physics does not depend on p
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Chiral Symmetry q= ( g/ ) ;' mq=0 (Chiral Limit)

s
0 1 s - )
‘CQCD:_ZGa G;w'i_qL/’Y Dqu-i-qu’Y DMqR
e Invariant under G =SU(3), ® SU(3)r : .pr > 8 9. » (g,.8:) €G
e Vacuum only invariant under SU(3)y : (0] (@,95 +drq,)[0) #0

8 Massless 0~ Goldstone Bosons

O Fa,0) = Uo) = {exp (iV20/F)} — g U@) g

U]

1 0 1 + +
. =T+ =7 ™ K
Ao V2 _ Ve 1.0 1 KO 2
¢Eﬁ¢: T v A FW:F{1+O(mﬂ_)}
K™ KO 7\/gn

A. Pich Kaon Physics 7



Energy Scale Fields Effective Theory
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Chiral Perturbation Theory (xPT)

. . 2 2 . _ n o
Expansion in powers of p“/A; : A=3", A (A ~47Fr ~1.2 GeV)
Amplitude structure fixed by chiral symmetry

SU(3). ® SU(3)r — SU(3)y
Short-distance dynamics encoded in Low-Energy Couplings (LECs)

O(p?) xPT: Goldstone interactions (7, K,7) o=

s X P

s

£y = Gy F*Tr(AL, L") + Gy F ( Loslty + = LH21L13>

Gr=—SE v v i Ly =-iufpyu

V2 ud us & % i7 H U—exp{\/_cb/F}

Loop corrections (xPT logarithms) unambiguously predicted
LECs can be determined at Nc — oo (matching)

O(p?) LECs (Gs, Gy7) can be phenomenologically determined
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0 [p4, (m, — my) p?, e2p°, e2p2] \PT
— T T w =

e Nonleptonic weak Lagrangian: O(Gf p*)

‘Cs:lle)ak = > GeNiF> Of + 3, Gy D F? 07" + hec.
e Electroweak Lagrangian: O(Gr e?p%?) 0 =diag(2,-1,-1)

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

e O(e?p®?) Electromagnetic + O(p*) Strong: Z,K;, L;
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2. (Semi) Leptonic Decays

R(p) F(P* — 67776)

L n Universality: =
epto ersality /i = TP = - 7,)
g, u () _ _
E_W<vp R,), = (1.2352+0.0001)-10"*

K _
RUD = (2.47740.001) - 10-°
\Vc Cirigliano-Rosell '07

R(™ = (1.230 £ 0.004) - 10~*

e/p exp

R3] = (o x00) 107 1.0021 4+ 0.0016 - /e
o gl ] 0.9978£0.0020 ke
R N e ] 1.0010 4+ 0.0025  « +ry0/e
N A 1.0018 4 0.0014  + ...
002 000 002 A.P., PPNP 75 (2014) 41

M) | M
R R /R
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Charged
Current

Universality

A. Pich

L )
® 3 n gy 0 W Eu_H
g | o<C, | = S,
g0~y © e
8. Ve
B e LI woog 1t
. % /V‘ Tk N .
En L 7K gy _n W
W e — NN <7 SN .
g g, Vu u
|2,/ 2|
B.,,/B.. | 1.0018+0.0014
B, /B | 1.0021+0.0016 g:/8,
By u/Bi e | 0.9978+0.0020 | | Bo,. 7,/7. | 1.0011£0.0015
By s/ Bk s ze| 1.001040.0025 U, /Tasu | 0.996240.0027
By yu/Byse | 0.996+0.010 T/ Tis, | 0.9858+0.0070
BW%r/BWH/U 1.034+0.013
|8/ |

Br%/x T,u/‘[1
BW%(/BWﬁe

1.0030+£0.0015
1.031+0.013

Kaon Physics

A.P., PPNP 75 (2014) 41




Br(B — D" 7~ vr)

)
R(D ") = -
Celis-Jung-Li-A.P. (L) Br(B — D" t~1y)
0.40
. Belle 1608.06391
ot
e 0.5+ P
~ o ~
2030 Y C
x £
Belle (sl) i
SM N
0.25 0\ B
Belle (had 1) F
ks Ul PB 02 025 03 035 04
0.20 : R(DY)
02 03 04 05 06
R(D)
LHCb: (q° € [1,6] GeV?)
Br(B+ — K+ Violation of
( ) 7454999 10,036

Br(Bt — Ktete™)
2.6 0 below the SM
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K—)?TEVg

Vs f1(0)] = 0.2165 -+ 0.0004

Flavianet Kaon WG, arXiv:1005.2323 [hep-ph]
Moulson@CKM14, arXiv:1411.5252 [hep-ph]

(71'7|§'y“,u|K0) = (p‘rr + PK);A, f (t) + (PK - P-fr)u, f—(f)

FLAG2016

f+(0

=241+1

B[ ol ]

FLAG average for Ny=2+1+1

Vil £:(0)

0.214 0.216 0.218
K,e3  0.2163(6)
K3  0.2166(6)
Ke3  0.2155(13)
K*e3 0.2172(8)
K43 0.2170(11)
0.214 0.216 0.218

ETM 15C
FNAL/MILC 13E
FNAL/MILC 13C

Ne=2+1 N¢

FLAG average for Ny=2+1

RBC/UKQCD 15A
RBC/UKQCD 13
FNAL/MILC 121
JLQCD 12
JLocp 11

£.(0) = 0.9704 (33)
= |V, =0.2231(9)

RBC/UKQCD 10
RBC/UKQCD 07

Ni=2

: [:] é‘éﬁié.-

FLAG average for Ni=2
ETM 10D (stat. err. only)
M 09A

QCDSF 07 (stat. err. only)
RB

JLQCD 05
JLQco 05

non-lattice

e
——

Kastner 08
Cirigliano 05
Jamin 04
Bijnens 03
Leutwyler 84

A. Pich

0.94 0.96 0.98 1.00
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F0)=1+fh+fit

Large O(p°®) xPT correction
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MK = 140, [T — )

Nf=2+1 Ne=2+1+1

Ny =2

fic |Vasl
f7r |Vud|

0.2760 (4)

| Vs |

-
|Vud‘

0.2313(7)

FTAG2016

il

felfre

FLAG average for Ny=2+1+1
ETM 14E

ENALMILC 148

HPOCD 13A

MILC 13A
MILC 11 (stat, err. only)
ETM 10E (stat. err. only)

L SRR IS ]

LfT

FLAG average for Ny=2+1
RBC/UKQCD 148
RBC/UKQCD 12

Laiho 11

ibepucn 1o

{IiQCD/TWQCD 09A (stat. err. only)
ILC 09A

MILC 09

Aubin 08
PACS-CS 08, 08A
RBC/UKQCD 08

T[T

ik Tg %

HPQCD/UKQCD 07
NPLQCD 06
MILC 04

o

i

—

FLAG average for N =2

ETM 14D (stat. err. only)
ALPHA T3A

BGR 11

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

QCDSF/UKQCD 07

1.14 1.18

1.22

fi/fr
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1.26

1.1933(29)
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FLAG2016

0.230

lattice results for £,(0), Ne=2+1+1
lattice results for fi/fy-, Ne=241+1
lattice results for £,(0), Ny=2+1

lattice results for f:/fy-, Ne=2+1
lattice results for £,(0), Ny=2

lattice results for fe-/fy:, Ne=2

lattice results for N;=2+1+1 combined
lattice results for N=2+1 combined
lattice results for N;=2, combined
nuclear g decay

[OOmERoe

1.00

0.99 1.01 1.02

d

0.97 0.98

0.96

A

(0|diy"ysu;| P(K)) = i fpk* = i\/2 Fpk*
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3. Nonleptonic Decays

A(K — 7)) 1=0

e Octet Enhancement: AK S 7)o

22
— Short-distance: gluonic corrections, penguins

— Long-distance: large xPT corrections (FSI)
— Ongoing Lattice efforts
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3. Nonleptonic Decays

A(K — 7)) 1=0

e Octet Enhancement: AK S 7)o

~ 22
— Short-distance: gluonic corrections, penguins
— Long-distance: large xPT corrections (FSI)

— Ongoing Lattice efforts

e Direct CP Violation: ny = Aazrin)

A(Kg —mizl)

Re (6,/6) = % (1 — :i ) = (16.8 + 1.4) -1074 NA31, E731, NA48, KTeV
+_
Re (6//6)81\’[ == (19 :I: 2 tg :I: 6) . 1074 Pallante-Pich-Scimemi
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AK® = 7F77]
A[K® — 7970

AKT — 779

1) Al =1/2

K — 27 lIsospin Amplitudes

= Ape'Xo + — Ay e'Xe

V2
= Ao eiXO — \/§A2 eiX2
3 i +
= 5 A; € Xy
Re(A2)
Rule: = N —
“ = Re(A) = 22

2) Strong Final State Interactions: y, —y, ~ §, — 4, ~ 45°

T itex) {Im(Ao)_Im(Az)}
V2 Re(Ao)  Re(Az)

A. Pich
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K — 27 lIsospin Amplitudes

. 1 .
AK® = 7tn7] = AgelX + —= Ay el

V2 Age'Xo = Aip
A[KO — 7-(-07[_0] = AO eiXO _ \/§A2 eixz Ao Xy — A3/2 n A5/2
i 2
AKY = 7t7% = 2 AL o A = ey = 2 g
2
Re (AQ)
1) Al =1/2 Rule: W = ~ L

2) Strong Final State Interactions: y, —y, ~ §, — 4, ~ 45°

G- e, () i)
K \/§ Re(Ao) Re(Az)
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O(p?) xPT

2
L85 = Gy F* (AL, L")y + Gy F* (Lm Ly + 3 Lon Ulg)

e i U= exp{iv20/F}

Gr = — 7 V, Vi g L, = —iUtD,U ; A

™
K
10
{ - Azpp = an Gor (mi — m2)
: 5, =06, =0

|g27| = 0.29

[M(K = 27) + 6/ — gs| ~ 5.1

Kaon Physics 18
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O(p?) xPT

2
L85 = Gy F* (AL, L")y + Gy F* (Lm Ly + 3 Lon Ulg)

Neoir 1 U= exp{i\/§¢‘/F}

1
2

Gr = — 7 V, Vi g L, = —iUTD,U 5 A

™

K 10
- Azpp = ) Fr Gor (m%( - m72r)

./45/2 =0 ' 50 - 52 =0
[M(K —27) + 0ilgy, — lgs| = 5.1 ; |g27| = 0.29
O(p*) xPT fit: (As)2, 6,,) lgs| 3.6 ;g =029
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Weak Currents Factorize at Large Nc

0@ @ -0d

O(Nc)

AK? = 197%1 =0 =  Ag=+2A;

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

A. Pich

Kaon Physics 19



Weak Currents Factorize at Large Nc

0@ @ -0d

O(Nc)

AKO - 7079 =0 = Ay=12A;

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

. ) 1 M 1
e Multiscale problem: OPE 7 log (TW) ~ 3 x4
Short-distance logarithms must be summed
e Large xPT logarithms: FSI Nic log (%) ~ Ix2

Infrared logarithms must also be included [5, ~ O(1/Nc) , §, — 5, ~ 45°]

A. Pich Kaon Physics 19



Dynamical understanding of the A/ =1/2 rule

AP — E. de Rafael, PL B374 (1996) 186

G _ _ _
Lot = =75 F* [ Te(Q L) TH(@ L) + b T(Q) L@ L) + € Tx(Q ’oi"LuL‘ﬂ]
0 Via  Vus -
O(N%) . o . OE”*( 8 8d 8 ) QE ):sz
o
™M a 3
o Qo =32(a+b)—b+c
O(NC ) ob@ob @ g8 5 ( )
™ Ly 3
b “ c g27 5 (a + b)
_ 2
a=1+0(%) ¢ =ReG-16LsReGo(s) {%} +0 () = 03402

gr| =~ 020 i b:—0.52+0(NL3) - g 1,1+0(NL§)
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Dynamical understanding of the A/ =1/2 rule

AP — E. de Rafael, PL B374 (1996) 186

G _ _ _
Car = =S P [a (ol L m(@f 1) + b w0l 10l ) + e maf ol 1)
o 0V Vs _
O(NZ) » M . o{’):<g gt ) Q) — gt
o
r a 3
@ =3z(a+b)—b+c
O(NC ) ob@ob @ g8 5 ( )
i Ly o 3
b “ c g27 - 5 (a + b)
_ 2
a=1+40(%) i c=ReC—16LsReGo(ss}) {%} +0 () = 03402

gy | =~ 020 i b:—O.52+O(NL3) - g 1,1+0(NL§)

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 - . .
Lor = =2 F* [a (@ L@ 1) + b (@ L0 1) + e i@y ol )]
2 Q & _ (9 Vua Vs () (Dt
O(N2) . we T o ( )
o a 3
@ =3z(a+b)—b+c
o) efome T & = 5(2+h)
i Ly o 3
b “ c g27 - 5 (a + b)
_ 2
a=1+40 (%) . ¢ = ReGi— 16 Ls ReGs(12) {%;‘»} +O (%) ~ 03402

gy | =~ 020 i b:—O.52+(’)(NL3) - g 1,1+0(NL§)

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

A. Pich
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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
yis

QY QY
&y = % (a+Db)

S 1+0(N%) . b=-052+0 (%)

c

g, = 2(a+b)—b+c

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

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

!

018 =
& o s,
L g L Qg i %Hi@%m
& O &0 §w, Hagg, t000

-3
0.5 + @@¢¢mmmmmmmmmmmmwm@@@$

0.0 . . . . .
b~ —0.7a 0 4 8§ 12 16 20

24

A. Pich Kaon Physics
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Multi-Scale Problem: Summation of logarithms needed

A large log(M;/M;) compensates a 1/N¢ suppression

® Short-distance: NLC log (Mw /1)

{ g2 = 1.13£0.05, % 0.08,, & 0.05,,
— .

g2 = 0.46+0.01,,

® Long-distance (PT): NLC log (p1/my)

gsLO =50 == ggLO =3.6
LO _ NLO _
&, = 0.285 = 8, = 0.286

© Isospin Violation: g0 =0.297

A. Pich Kaon Physics

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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Nc—>OO

g = G C2—§C1+C4> 16 Ls <<‘_’q>(“)>2cﬁ(u)

3
g1 = ¢ (G+ G)

— 2
5 8o = =3 (<"">(")) [ca(u) + X e (Kg—leoﬂ

F:
(G a)(p) mf@ 8mf<0 4am?,
= 1 - —F-(2Ls—-L L
F3 (ms + mq)(12) Frx F2 (2Ls — Ls) + F2

e Equivalent to standard calculations of B;

e 1 dependence only captured for Qg g

A. Pich Kaon Physics 23




(0) _

A. Pich

|
=

a

© oo o o o o ogfZw

Anomalous Dimension Matrix

= 0 0 0 0 0 0
A
3 1 1 1 1
AT 3N, T 3N, 0 0
0 11 11 2 0 0
3N2Z 3Nc 3N2 3Nc
o > _ne e 3 0 nf 0 0
Ne 3N 3N; NI 3A2 3N,
3 3
0 0 0 A2 A 0 0
ng nf nf _ nf
0 N2 3N, w Stamcta 0 0
0 0 0 0 0 e
2 A
0 7nu+7d nu7"7d 7nu+7d nufnfd 0 3+ 3
3N2 3Ne 3N2 3Nc N2
1
0 N2 3N, N2 I, 0 0
0 —ny+g =4 nut§ ny—§ 0 0
3N2 3N¢ 3N2 3N¢

Only g6 and ~gg survive the large—N¢ limit

Kaon Physics
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A. Pich

Anatomy of &’/e calculation

!
Cx
K

€

|

105 MeV

ms(2 GeV)

2
| (5070 2) 04 507)

Kaon Physics
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Anatomy of &’ /e calculation

e 105 MeV 12 W) o
K AU VeV B
€k |:”7s(2 GeV)] { 6 (1 -Q.)—04 Bg }

® O(p*) xPT Loops: Large correction (NLO in 1/N¢)  FSI

AX) — 0 [1 + 8, A% 4 Ac AEX)] Pallante-Pich-Scimenmi
AL AT, =027 £ 0.05 + 047
ALAT) =102 4060+ 0477 5 AL AT = —004 +0.05 - 0.217
ALAE), =027 £0.05+047i 5 ALAE) = —050 £ 0.20 - 0.21

A. Pich Kaon Physics 25



Anatomy of &’ /e calculation

/

2
Sl [0SV 17 f ) g g g
S [ms(2 GeV) {Be (1 —Qeq) — 0.4 B }

® O(p*) xPT Loops: Large correction (NLO in 1/N¢)  FSI
AS,X) = a&x) [1 + AL .AEX) + AC .AEX)] Pallante-Pich-Scimemi
AL AT, =027 £ 0.05 + 047
ALAT) =102 4060+ 0477 5 AL AT = —004 +0.05 - 0.217
ALAE), =027 £0.05+047i 5 ALAE) = —050 £ 0.20 - 0.21
. . X
® O(p?) LECs fixed at N¢— oco: Small correction A A0
© Isospin Breaking O [(m,—my) p®, e’p?|: Sizeable correction
Qeﬁ‘ == 006 :l: 008 Cirigliano-Ecker-Neufeld-Pich
O Re(gs), Re(g27), xo — X2 fitted to data
A. Pich Kaon Physics 25



/

|

105 MeV 12 ( (1) 3/2
7)] {Bé/)(l—Qeff)—OABé/)}

ms(2 GeV

Delicate Cancellation. Strong Sensitivity to:

.mS

e lIsospin Breaking (m, # my , «)

(quark condensate)

ms(2 GeV) = 110 4 20 MeV
Q. = 0.06 +0.08

Cirigliano-Ecker-Neufeld-Pich

e Penguin Matrix Elements

XPT Loops (FSI):

A. Pich

B2 x (135+0.05) ; B

Kaon Physics

x (0.54 + 0.20)

26



/

€ 105 MeV 12 (1/2) (3/2)
— _— — — 0.4 B
o [ {(2GeV) {86 (1 —Qcs)— 0.4 Bg }

Delicate Cancellation. Strong Sensitivity to:

e ms (quark condensate) ms(2 GeV) = 110 £ 20 MeV
e lIsospin Breaking (m, # my , «) Qe = 0.06 +0.08
Cirigliano-Ecker-Neufeld-Pich
e Penguin Matrix Elements
XPT Loops (FSI):  BYY?) x (135+0.05) ; B{/? x (0.54+0.20)

Pallante-Pich-Scimemi '01

Re ('/e) = (10 42,74 461/ ) x 107

Experimental world average:  Re(c//c) = (16.8 £ 1.4) x 10~*

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

A. Pich Kaon Physics 26



Recent Lattice Results

Isospin limit: RBC-UKQCD 1505.07863, 1502.00263
\/gRe Ay = (1.5040.04 +0.14) - 10~ ° GeV exp : 1.482(2) - 107% GeV
0.10
\/glm Ay = —(6.99+0.20 +0.84) - 10" GeV
\/gRer = (4.6641.0041.26)-10 ' GeV exp :3.112(1) - 1077 Gﬁ/ﬁ
\/glon = —(1.90+1.23+1.08)-10"" GeV
Re(e'/e) = (1.38+5.15+4.59)-10"* exp: (16.8+1.4)-107*
220
do = (23.8+49+1.2)° exp: (39.2 £ 1.5)° 290
6 = —(11.6 £254+1.2)° exp: —(85+15)° 100

A. Pich Kaon Physics 27




4. Rare and Radiative Decays

K® — 7y
Finite loop: =2.0-10"°
D’ Ambrosio-Espriu, Goity
Br(Ks — vv) = (2.634+0.17) - 107°

Agreement at O(p®)  (FSI)

Ks —wmm—atm™ — vy

Kambor-Holstein, Buchalla et al

A. Pich
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4. Rare and Radiative Decays

K°—>’w

Long-distance dynamics

@”%

v

Br(K, — vy) = (5.47 £0.04) - 10~*

Finite loop: =20-10"° WZW Anomaly
D’ Ambrosio-Espriu, Goity
_ 4
Br(Ks — 17) = (2.63+0.17) - 10~ || Tro =0 [O(p), GMO cancel ]
O(p®): SU(3) breaking, n—n' mixing

Agreement at O(p®)

Ks —wmm—atm™ — vy

Kambor-Holstein, Buchalla et al

(FSI)

Well understood

A. Pich

Kaon Physics
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KO — ¢+¢~

Ks — (0~
Long-distance dynamics

Finite 2-loop amplitude: ecierpicn

Br(Ks — ete™),, =2.1-10"14

LO

Br(Ks — utp=),, =5.1-10712

Br(Ks — ete™),,, <9-107°

Br(Ks — utp™),, <9-107°%  the

exp 9
5.8-10" LHCb prel

(90% CL)

A. Pich Kaon Physics
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KO — ¢+¢~

Long-distance dynamics

Finite 2-loop amplitude: ecierpicn

Br(Ks — ete™),, =21-1071*

Br(Ks — utp=),, =5.1-10712

Br(Ks — ete™),,, <9-107°

Br(Ks — utp™),, <9-107°%  the

5.8-1079 LHCb prel

(90% CL)

exp

Br(K, — ptp~) = (6.8440.11)-107°
Br(K, —ete”)=(91§) 10712

Saturated by absorptive contrib.
Local countertem <@ SD

LD extracted from 7% 1 — (T(~

Gomez-Dumm, Pich

Fitted SD contrib. agrees with SM

Longitudinal Polarization:  ecker-pich

1P| =(2.6+£0.4) 1073

A. Pich

Kaon Physics
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L -

Br(K. — 79y7) = (1.27+0.03)-10~°

events/0.02 GeV

N,

4
myy (GeV)

Finite 1-loop amplitude [O(p*)]:
Br(K. — 797),, = 6.8-1077

Ecker-Pich-de Rafael, Cappiello-D’Ambrosio, Sehgal

O(p®) unitarity corrections needed

Cohen et al, Cappiello et al, D'Ambrosio-Portolés

Br(K, — mete™) <2.8-1071°
Br(K, — m%utp~) <3.8-10710

(90% CL), KTeV

3 contributions:

e Direct Cﬁ)
e Indirect C/}D
e CP conserving (27)

Ecker-Pich-de Rafael

C/p dominates for ete:

Br(K, — n%ete) = 3.1(0.9)-10~1

Buchalla et al

A. Pich
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K — mui ol et

2
* m; - = L
T ~F (v v,-dym) (BLvuv,) (xl 5974, 1K)

Negligible long-distance contribution

Br(K™ — i) = (7.8+0.8) 1071 ~ A* [7,2 + (14— p)ﬂ

Buras et al

Brod et al

Br(K, — n'vi) = (24+0.4) 1071 ~ A*y?

A(K, — 7)) #0 — Direct C/b

BNL-E949: few events! wmd» Br(K* — rtvi) = (1.73773) - 10710
KEK-E391a: Br(K, — n%vp) < 2.6-107% (90% CL)

Ongoing Experiments: NA62, KOTO

A. Pich Kaon Physics 31




Summary

Kaons continue providing important physics information:

¢ Interesting interplay of short and long-distances
e Sensitive to heavy mass scales. New Physics?
e Superb probe of flavour dynamics and C’/D

e Excellent testing ground of xPT dynamics

Increased sensitivities at ongoing experiments (K — mv7)

Theoretical challenge: precise control of QCD effects

A. Pich Kaon Physics 32



Successful SM prediction for €' /¢

e
¥ 3

Dutch National Seminar on Theoretical High-Energy Physics, Nikhef, Amsterdam, 18 November 2016






Wilson Coefficients in the Fermi EFT

G, . _ _
Lot = \/_; Via Viz O1,23,43 ; Op23,4r = (17" (1 —75)q2] [G37u (1 — 75)qa]

2
COIOUr: Z )‘U)‘k’ = _N_C (5ij Okt + 26 6kj

Fierz: [V (X =)ap D@ =v)]5 = =1V (1 = ¥5)]as [vu(l—5)l6

)

off 2\/— Vio Vi {cr (1) @ + c—(p) Q-} ; Q+ = Opi234) + Op1432)

1Y as o (M) () &
Vi=(_2); —- Ci(/i)~(ﬁuzw)> ’ ai_(—2> 33— 2Nf
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O(p* e?p?) xPT 0 = diog (3,3,
= 2
£2AS—1 = Gg F* ()\L#L”> + Gy F* (LH23 Lllll + 3 L1 L’1L3)

+ e?F5 Gy g, (AUTQU)

)<1_ 32 5(2)>—§F§ o2 (gew+22)]

Ap = ﬁFﬂ{G [ 2 —m
1/2 s | (my 7
1 2 2
+ 5 G27 (mK — mﬂ)
A :gF EG~2 +ig(2)68 (m2_m2)_F2e2GS(g +2Z)
3/2 3 4 3 7 \/§ K g s ew
Asp = 0 ; 5, =6, =0
@ = (v/3/4) (mg — my)/(ms — M) ~ 0.011 : Z%(mfri —mio)/(262F72r)%0~8
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Effective Action Model: Bosonization in Gluonic Background

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

1 N¢ (&= G?)
A= {1,76 Ter2ri + O(e2N2)
g ~ §C+(/1,2) {1+A+0(1/N§)}
gsz% (1) {1—A+(9(1/NC}+ (1) {1—|—A—|—(91/NC}+C
- 2
c = G(p’)—16 Go(1°) Ls Wf—?} + O(1/NE)
:—C+ {1+A+(’)1/NC}——C H{1-A+0(1/NE)} < 0

po~me, (2 G?) ~ 330 MeV* — b~ —0.6 +O(1/NZ)
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TWO-pOint FU nctions AP-E. de Rafael, NP B358 (1991) 311, PL B374 (1996) 186

M. Jamin-AP, NP B425 (1994) 15

yas=h2 (g /dxe'qx 0|T( A$12( ) H ASIZ(O ) ZCC Wi(q’)

@@@@@@

E as(t)Ne /Ci]
4 ™

IV (t) = 0() 4 N2 (1 = i) (f) us(8) 2% C2(M3y) [1+

_ 9 _1F1/Nc
at = Loy, 1-6/1IN,
Koo=1 30587 1 n 164936 1 51591 1 n 440193 1 3649
T 3630 N 10965 N2~ 14641 N3 ' 322102 N? T 3645
30587 1 169706 1 70335 1 1810209 1 18278
K_ =1+ — + o + — + — T =+t
3630 N. 19965 NZ 14641 N? 322102 N 3645
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Phenomenological K — wm Fit

Cirigliano-Ecker-Neufeld-Pich

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

Re gs 4.96 4.99 3.62£0.28 3.61 £0.28

Re g7 | 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 — 02)k e = (52.5 1+ 0.8¢xp +2.8¢4)°

T — T 8o — 0 = (47.7 £ 1.5)°

Colangelo—Gasser—Leutwyler '01

A. Pich Kaon Physics
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Isospin / Im Ay (14 Bg+f) — A
€, ~ W T 0T I5/2) — — 5
P! “ * | ReA? 2 ReAY
Breaking
. ’ Im Ay Im AP
mn ¢ /¢ ~ W (1- Q) — —=%5
/ “ | Re A ’ Re A
© on—em
_ ReAy, _ ReA, _ ReAy Im Ay P
= Red, o (1H6) Y= Redr T T ReAT T A0
Cirigliano-Ecker-Neufeld-Pich
a=0 a#0
LO NLO LO NLO Qg = 0.06 + 0.08
Qi 11.7 159+45 |180+6.5 22.7+7.6 = Q15— Do—fy
Ay | —0.004 —0.41+0.05| 87+3.0 8.4+3.6
f 0 0 0 8.3+24 0
5/2 Qs =0.16 4+ 0.03
Qefr 11.7 16.3+4.5 93+58 6.0+7.7
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Modelling (some) non-factorizable 1/N¢ corrections

Buras-Gérard, 1507.06326

3 F, (m% —m?2) A? A?
BM =1-2% u K= ) In(1 4+ =5) = 1—0.66 In(1 + —
6 | Fe—F| ey RO g) 066 In(1+ 25)

6
2 2 A2 2
B1/2 _ M] 1+ )=1 08 In(1+ —
( ey 0 55 = 14008 I+ )
2 .2 A2 A2
BG/2) :1—2M1 14+ 2)=1-0171n(1 + —
5 (47 Fy)2 n( +m§) 017 In( +m§)

- B2 < BP? <1
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Modelling (some) non-factorizable 1/N¢ corrections

Buras-Gérard, 1507.06326

3 F, (m% —m?2) A? A
B(1/2) —1-= il K UEay| 1- 1 2
( yoy o s e n(1+ 2) 0.66 In(1 + mg)
2 _ 2 A2 2
B/ _ Ml 14+ =—)=1+008In(l + —
8 T anFye MUt ) = 1H008 {1+ 2y)
2 2 A2 A2
BOD _q _omik—mz), o A L A
5 (47 Fy)2 n( +m§) 017 In( +m§)

- B2 < BP? <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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Modelling (some) non-factorizable 1/N¢ corrections

Buras-Gérard, 1507.06326

2) A2 A2
™ In(1 + =1-0.661 -5
(4mFr)? n(l+ g) n(l+ mg)

B(l/g) _1 _§ F (m%( —-m
6 FK_FTI'

2 2 2 2

a2 _ o, (mg—mz) A A
B =14 S mg) =140.08In(1 + mg)
2 _ 2 A2 A2

BOD _q _omik—mz), o A L A
5 (47 Fy)2 n( +m§) 017 In( +m§)

(1/2) (3/2) Not true
—) Bﬁ S BS <1

in QCD

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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B BG MOdeI Bardeen-Buras-Gerard

Cor = 2 {(DMUTD“U> +r(m(U+U) = 5 (m(D*U+ DZU*»}
X

@ Equivalent to O(p?) xPT + Ls term (Li=0,i#05)
Most L; are leading in Nc =» L. does not represent large-Nc QCD
@® Cut-off loop regularization: M ~ (0.8 — 0.9) GeV
fﬂ?(M2) = F3+2I2(mfr)+lg(mf<) y /2(m,2): ! |:M27m,? log (1+ K§>:|

1672
© Large-N¢ factorization assumed to hold in the IR (u=0): (J-J) = ())())

O M identified with SD renormalization scale p: C;(p) running

Meson evolution <&=»  Quark evolution

@ Vector meson loops included through Hidden U(3) Gauge Symmetry

Could partially account for L 239,10
Lg still missing =» (gq), Qs,g not quite correct even at large-Nc

@ 77 re-scattering completely missing =» Jp, =0 , FSI absent
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K — myy

Br(K. — 70yv) = (1.27+0.03)-10~°

8,000

1000

Nevents/0.02 GeV

2,000

0 005 o1 0.5 o 025 03 035

2
myy (GeV)

Finite 1-loop amplitude [O(p*)]:
Br(K. — 7097),, = 6.8-1077

Ecker-Pich-de Rafael, Cappiello-D’Ambrosio, Sehgal

O(p®) unitarity corrections needed

Cohen et al, Cappiello et al, D' Ambrosio-Portolés
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K — myy

G O

Br(K. — 70yv) = (1.27+0.03)-10~°

8,000
6,000

34,000

events/0.02 GeV

N

2,000

0 00s o1 o1 o2 oz 03 03
myy (GeV)

Finite 1-loop amplitude [O(p*)]:

Br(K. — 7097),, = 6.8-1077

Ecker-Pich-de Rafael, Cappiello-D’Ambrosio, Sehgal

O(p®) unitarity corrections needed

Cohen et al, Cappiello et al, D' Ambrosio-Portolé:

1 dr/dmy, (GeV')

my, (GeV) :

Local O(p*) LEC:

. [ 1124021
“7 ) 1.86+0.25

S

B, 100

Br(K*™ — mtvv) = 1.003 (56) - 10~°

NA48/2-NA62

0.25|
che
N
o :ij"
o =
> |
005k
T T
L kR Y

Ecker-Pich-de Rafael

o(p*)
O(p°)

Small higher-order corrections

D'Ambrosio-Portolés

A. Pich
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K— mlt0

Br(K* — ntete™) = 3.14 (10)- 10~

Br(K* — 7t putp~) = 9.62 (25)-1078

_ dr/dz(Gev)x 102
_ dr/dz Gev) x 102

Local O(p4) LECS Ecker-Pich-de Rafael

Electromagn. transition form factor

O(pﬁ) COI’FeCtionS D’Ambrosio et al

A. Pich Kaon Physics

44



K— mlt0

Br(K* — ntete™) = 3.14 (10)- 10~

Br(K* — 7t putp~) = 9.62 (25)-1078

_ dr/dz(Gev)x 102
_ dr/dz Gev) x 102

Local O(p*) LECs

Ecker-Pich-de Rafael

Electromagn. transition form factor

O(p®) corrections

D’Ambrosio et al

Br(K, — mfete”) < 2.8-107 10
Br(K, — mutp~) <3.8-10710

(90% CL), KTeV
3 contributions:
e Direct C/ﬁ

e Indirect C/)
e CP conserving (27)

Ecker-Pich-de Rafael

C/}D dominates for ete:

Br(K, — mPete”) =3.1(0.9)-10~ 11

Buchalla et al

A. Pich
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