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o find New Physics (NP)
o understand the NP

suppressed within SMJ

Kaon FCNC processes | \

sensitive to NP )

o Kp—utp~ ~ 40% SD
B How precise?
o Kp— nlete ~ 40% SD Are Long Distance Efects under J
control?
Kp — moutp~

o KT = natup ~ 98% SD What can rare K-decays
K, — v tell us about NP? J




General SM Structure

FCNC processes ) loop-induced within SM )

an example:

CKM factors Loop Functions

o A = sin fcabibbo

2
o ViVaa = Ay o charm-loop o 1:4”3;
O A+ A+XN =0 o top-loop o Z\T;E
w
CPC A~ AP A~ A Hard Quadratic GIM
CF ImA~ A ImA, ~ AP High sensitivity to SD Physics

Combination
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Master-Amplitude

A ey — <Q > VZ F; (high energy parameters) valid for
- zz: ' e B,D,K -Decays
F; : Loop Functions (SD) . different in BSM
Vikm : CKM factors . departure from MFV
(Q;) : Matrix elements of operators (LD)

Additional operators can be generated by NP

NP can hide everywhere J
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Motivations for K-Physics

Master-Amplitude

F; : F; universal (B,D,K-Decays) in MFV models
I

o Constrained from different observables

o Correlations between B,D,K-Physics
(see talk by Straub)

o To which extend does this universality hold?



Motivations for K-Physics

Master-Amplitude

Adecay = Z <QZ> V(’:LKM F”L

@

Vienm
CKM B-Physics: b — s x A2
b—d ox A3
K-Physics:  d — s xA°  (top)
Extreme Suppression

High Sensitivity to deviations
from MFV



Kaons and New Physics

What are Kaons telling us about NP?

Low Energy NP

ANP ~ 1TeV Cs—>d ~1
Kaons: Cy_yg < \° Kaons: Axp > 75TeV
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CP conserving leptonic mode

Hesr :_%m (At Y(z:) + X Yo ) (5vuysd) (Ay*ysp) + h.c.

Y () : SD top contribution
Ynr : SD charm contribution

w o perturbative calculation
s [
o Penguin, Box diagrams
U, c, t Yy
o top- and charm-quarks relevant
s I — NLO QCD on top [Buchalla, Buras 93]
W 7 —  NNLO QCD on charm  [Gorbahn, Haisch 06]
u,c,t

under control
d w I



CP conserving leptonic mode

Her :_%m (At Y(z¢) + X Yz ) (5yuysd) (EY*vsp) + h.c.

(0|57,75d|K°(P)) : matrix element, LD contribution

w
S L .
o non-perturbative
u,c, t Yy . .
o use isospin symmetry
d w " o extracted from K+ — uty,
5 0% H
Z under control
u,c,t

d w o



T
LD effect K q 1'
v 2

o

absoptive (Re) & dispersive part (Im)

[¢]

large absorptive part
— saturates the rate

o dispersive part cannot be predicted in ChPT

o divergent in ChPT at LO Difficult to
. test the SD
o + interference contribution

~ 17% uncertainty
—>  [D’Ambrosio, Isidori, Portoles 98]
—>  [Isidori, Unterdorfer 03]

== K, — pTp~ has seen better days. .. J




1. Contribution : direct CP : DCPV

HE == [y Gud) (M) + yra (5vud)(Brasl) | + e

y7v,Y7a - SD contribution

. w M o perturbative calculation
o Penguin, Box diagrams
u,c,t Vi .
o + 7-Penguin
d w 1 o RGE analysis

5 1% H

. v.Z — NLO QCD [Buras, Lautenbacher, Misiak, Miinz 94]
u,c, )
~ +5% uncertainty

d W p



1. Contribution :

VA
Heff -

GFDL
V2

direct CF : DCPV

At [yw (37.d) (7)) + yra (E’md)(l_'v“’ysl)} + h.c.

Matrix Elements

1

u,c,t

)

vy

d

u,c, t

w

o extract from K — wlv (K;3) decays
o (mY%te™|Qa|K°(P)) suppressed by m.
o isospin breaking effects included

few %o uncertainty
[Mescia, Smith 07]



K; — 7ot~

2. Contribution : indirect CP : ICPV
o Kj, — &‘KKl[—) 7Tol+l_]

L o 2 relevant parameters
— €K
Ky, Ks e — |a5| (main theory error, only absolute value)
€K (const., destr. interference with DCPV ?7)
o ~ 20% uncertainty

[ Buchalla, D'Ambrosio, Isidori 03; Friot, Greynat, De Rafael 04]

o extract sign from lepton asymmetry
[Mescia, Smith, Trine 06]

3. Contribution : C'P conserving : CPC
o NOT divergent as in K, — putpu~
K o NO amplitude saturation
L

o helicity suppressed (0 for e-mode)

o 30% uncertainty
[Isidori, Smith, Unterdorfer 04]
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o 2 relevant parameters
— €K
— |a5| (main theory error, only absolute value)
(const., destr. interference with DCPV ?7)
~ 20% uncertainty
[ Buchalla, D'Ambrosio, Isidori 03; Friot, Greynat, De Rafael 04]

o extract sign from lepton asymmetry
[Mescia, Smith, Trine 06]
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i ) . o NOT divergent as in K, — putpu~
. — o NO amplitude saturation
L
o helicity suppressed (0 for e-mode)
y

o 30% uncertainty
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DCPV : ICPV : CPC compete

Bri'o(Kp, — m0%te™) = 3.5470%8  (1.567052) x1071°

Briieo(Kp, — 70%1117) =1.417528  (0.957022) %1010

[Mescia, Smith, Trine, 06]

Bre*P(Kp, — mlete™) <28 x 107 [KTeV 04]
Bre®P (K, — n%1T17) < 38 x 10710 [KTeV 04]

What can we do with K — 7%ti=?



K; — Ot

Goal: entangling NP |

B(KL—x’utu™)/B(KL—=%te) -plane ideal for discriminating NP models
[Isidori, Smith, Unterdorfer 04; Mescia, Smith, Trine 06]

Model Independent Analysis J
Enhanced EWP,

Case 1

o NP changes only y74,y7v
(SD Wilson Coefficients)

Standard Model

o No new operators
‘ ‘ ‘ oete” VS putu~
: 4B(K qfto”_)_iion R — different phase-space
L . .
) o — K, — ~~ contribution
[Mescia, Smith, Trine 06]




Goal: entangling NP )

B(KL—x’utu™)/B(KL—=%te) -plane ideal for discriminating NP models
[Isidori, Smith, Unterdorfer 04; Mescia, Smith, Trine 06]

Model Independent Analysis )

Case 2
New Operators generated

o Scalar- Pseudoscalar Operators
(sd)(1l)

(sd)(lvs1)

o Tensor- Pseudotensor- Operators
(50,,d)(lo"1)
(50, d) (I 751)

o With & Without Helicity Suppression

8 0
B(K,~ ere) -10"
[Mescia, Smith, Trine 06] v M
.



Goal: entangling NP )

B(KL—x’utu™)/B(KL—=%te) -plane ideal for discriminating NP models
[Isidori, Smith, Unterdorfer 04; Mescia, Smith, Trine 06]

Model Independent Analysis J

Case 2
Pick your favourite Model:

o MSSM large tan 3
o SUSY without R-parity
leptoquarks

[¢]

ensors

(helicity-allowed)

0 2 4 6 8 10 12

B(K,~ m*e”) - 10" disentangled on the
B(Kr — m°utp™)/ B(Kr — nlete™)

o ...

[Mescia, Smith, Trine 06]



K — wvp

Hepr = * \f Py Z Aq X(zq) - (Scude)(iLy*vin) + h.c.

q=u,c,t

w
s d
_ m;
O,’L't—M%V
. e+ +.,- 0,,-
z o 2modes: KT — ntvw & Ky — wvi
—_———

we,t or
o one dominant dim-6 operator

o no 7 Penguin

o no 7y contribution




K — wvp

Heff— \f 27rsm2t9w Z )\ X (,Cq : (§L’deL)(ﬂlL’YHVlL) + h.c.

q=u,c,t

w

s d
v Matrix Elements

o extracted from K3 decays

ut o isospin breaking effects included
[Mescia, Smith 07]

o k} and KE

o only 8% and 21% of total theory error!

= NLO Perturbative Calculations Relevant




K — mvrv: EW corrections

Why EW corrections on X;?

w

2
HefF:%ﬁGFm )\t Xt(%)+charm+hc J

X, = X0 4 Zex® ol X 4 o X® 4
AT (4m)? (4m)3
~—_——

NLO QCD NNLO QCD NNNLO QCD

LO EW parameters still NOT fixed )

o ambiguity from renormalisation scheme (on-shell VS M S)

X, = X0 L x@Ew)
¢ v+47{' +

LO
NLO EW

o only fixed after calculating X (F"W)



K — mvrv: EW corrections

MS on-shell
1.58 . 1.58 .
LO e LO —eereeeee
large-m; —----- large-my ——----
1.56 [ 1 156 | 1
154 [ ] 154 F
wE 182 1 152 F 1
15 [ 1 15 [ 1
J S ——————— 1.48 [ 1
1.46 Lo . . . 1.46 Lo . . .
120 140 160 180 200 120 140 160 180 200
My [GeV] My [GeV]

o XEW) known for large-m; limit

o large-m; known to be a bad approximation
[Buchalla, Buras 98]

o £2% uncertainty in X; scales to £4% uncertainty in Branching
Ratios



K — mvrv: EW corrections

s d s d s d

v v 14 14 v v

o

full two-loop calculation ©(1000) diagrams

o MS renormalisation for calculation

@]

matching on 5-quark effective theory at 1

(@]

HYV-scheme for diagrams with anomalies

o

2 independent calculations

o

reproduced large-m; limit




K — mvrv: EW corrections

s > d s 3 d s d

ws w Z w w

v v 14 14 v v

l v l

Error Estimation

3 schemes:
on-shell: Gg, My, M;, My, and «
MS: g1, g2, v, A, and y;

one-loop running and fit for initial conditions
— introduces residual My dependence

mix: on-shell masses, but M S couplings




K — mvrv: EW corrections

MS on-shell
158 (— . : 158 — . . :
L0 i
large-my —-----
156 [ 156 | NLO —— ]
154 | ] 154 F
w152 L ] 152 | ]
15 [ ] 15 [ ]
148 [ ]
1.46 Lo . . . 1.46 Lo . . .
120 140 160 180 200 120 140 160 180 200
My [GeV] My [GeV]

completely fixes the renormalisation scheme dependence
+2% — £0.3% J

[arXiv:1009.0947v1 [hep-ph]]




K — mvrv: EW corrections

1.51 T T T T T
LO roemoree
NLO ——
15 | T
13 149 B
1.48 ]
1.47 I I I I I
80 120 160 200 240 280 320
w(GeV]
removed the remaining scale dependence )

Remember: loop-functions are universal

. Correction applies also to:
B — Xd’suﬁ




K — mvv . Branching Ratios

2
Br (K* = nwp) = 5} |\ X, +Red: (P + 6Py )|

Long Distance

o

K} with lIsospin Corrections

QED radiative corrections
[Mescia, Smith 07]

3
0]

o §F,, : dim-8 Operators below .
[Falk, Lewandowski, Petrov 01]

[¢]

0P, : light quark contributions

parametricVs, + [Isidori, Mescia, Smith 05]

18% 2% o Improvement by Lattice possible!
[Isidori, Martinelli, Turchetti 06]



K — mvv . Branching Ratios

Br (KT — atvi) = &

A X, +Rex (B + 0P, )‘2 }

Short Distance

o P.: NNLO QCD
P [Buras, Gorbahn, Haisch, Nierste 05]
o P.: NLO EW
[Brod, Gorbahn 08]
o X : NLO QCD
[Misiak, Urban; Buchalla, Buras 99]

o X, :NLOEW
2% [Brod, Gorbahn, ES 10]

parametric¥,; +



K — mvv . Branching Ratios

2
Br (K+ = ntuw) = st [\ X +Rede (P + 0P.y )| J

Numbers

o 7 events at E787/949

Bre*? = 1.731102 x 10710

Brth® = 8.2270.72 +0.29 x 10710

parametricv; +

187% 2% [Brod, Gorbahn, ES 10]
o NA62 aims at O(100) events!



K — mvv . Branching Ratios

_ 25 _ ImA 2
BF(KL—>7T01/1/) = 55 (1_\/§|6K|1+PC(X)UA e p) < )\st Xt>

o CPC contribution negligible
[Buchalla, Isidori 98]

o small 1% effect from ICPV
[Buchalla, Buras 96]

o OF: only top contribution
o very clean and sensitive to SD




K — mvv . Branching Ratios

2%, ImA 2
Br (KL—HTOVD) = &l (1—\/§|6K|1+PC(X)?7A Xy p) < )\st Xt)

Numbers

o upper bound from E391a

Bréf < 6.7 x 1078

Brth® = 2577038 +0.04 x 1071

[Brod, Gorbahn, ES 10]
o KOTO O(100) events ?



K — mvv: New Physics

The B(K —7m°utpu~)/ B(Kr, —mete™)-plane J

[37] [18q] 455
B, 1.8/x Bg,, 3.0x By,
114.8
Grossman-Nir bound
924
=)
81.2 28xB
» MSSM-A,, M
~ 70.0
<
oL 588 / 20 x B,
! . //
i [#Gen] // /
5 364 // /// 13X Bg,
252 > / A 9x B,
14.1 7 331-Z s 5xB
: v / -
X ,./ 5 1 (// G rrrfr ) B

153
e

sm

5.8 8.0 10.2 124 14.6 16.8 19.0 21.2 234 25.6 27.8
+ + 11
B(K ->m vv) x 10

[http://www.Inf.infn.it/wg/vus/content/Krare.htmi]



Conclusions

Even after 60 years of intensive Kaon studies (and 2 Nobel prices)

Kaons still excite us! J

Together with e, rare K-decays:
o probe high energy regimes E > TeV
o provide stringent bounds on BSM models
o discriminate between models BSM (e.g. K — w0IH1™)

o can measure NP parameters (e.g. K — wvi)

Interesting times are ahead! J




