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Kaons: 500 MeV to |10 TeV

Kaon physics involves many different
energy scales

Mk: ChiPT, Lattice QCD
m¢. GIM
Mw: SM
Mnp: ?

Hierarchy of scales = Potential
QCD pollution

also interesting but no time:
K= (1T0)I"I,, €°/€, Unitarity, Ky/Ke
2



Rare and CP violating Kaon Decays

FCNCs which are dominated by top-quark loops:

b—s: b—d: s—d:
Vi Vis| oc A2 Vi Vial oc A2 Vi Vid|

CKM suppression: enhanced sensitivity to NP
VisVia + ViVea = =V Vua

A A

how are the light quark suppressed!?

2
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Quadratic GIM: A
My

CP violation: Im(V . V_.4)




Potential Operators

modified Z-Penguin for K = T v QL/R — (sy.di r)(VY*ve)
(& Box type contribution)

€k: Eight Operators

(Q1—Qs and 3 chirality flipped) O; = (syudp)(sy*dr)
Coefficients constrained by Oz = (gcxd%)(gﬁdﬁ)
lex| = 2.228(11)x10-3 & Os = (gcxdﬁ)(gﬁ d%)
AMk=5.292(9)ns"" 11 (=B 1B
O4 = (s%dg)(s"d])
NP Flavour Problem Or = (gadg)(gﬁ d%)



Model Independent Constraints

10™° x107°

Allowed area quite small | -
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Constraints might be more |
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severe in concrete realisation [ @ @

of a model.
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Gauged Flavour Models

Example: SU(3)ox SU(3)ux SU(3)p [Grinstein et.al “10] (Talk by Carlucci)
Flavour violation of extra gauge bosons suppressed for Kaons

Mixing of vector like fermions (t—t’) contributes to €x & K — 1T LUL

BR(K*)x10° [E. Stamou:
Using results for arbitrary B ' 1 r - .
perturbative theories 1.3 |
[Brod, Casagrande, MG in preperation] 1.6
1.4
we find a strong correlation 1.2 |
between €k & K = 1T LU 1 b g

0.8 %3
Can study minimal extensions 0.6
of vectors, fermions & scalars




Constraints from €k in RS

Randall-Sundrum: KK vector bosons flavour violating &
intergenerational couplings of vector-like quarks:
Z, KK gluon flavour violation

No simple correlation, but €k constrains size of typical effects.

[Analysis by Bauer, Casagrande, Haisch Neubert "09] [common down-type bulk mass]
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Standard Model

To improve the NP sensitivity improve the SM prediction
In our case:

Perturbative calculation
Matching (Mw)

RGE (Mw —m.) Wlth Lattlce
integrating out the charm quark——~

Non-perturbative calculation (Lattice & ChlPT)
Matrix elements
Higher dimensional operators
(non-local terms)
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K* = TT* U L at Mw

S 1 S o ;
\'\NVVV[\jVVV\;/

u,c,t
u, c, t1 16 M, T
WWWVWW
< w5 >

Z ViaF(xi) vfsvtd(]: Xt —

[Misiak, Urban; Buras, Buchalla; 7
BrOd’ MG’ StamOU] I

Matrix element from K3 decays

(Isospin symmetry: K*—=T11° e* L)
[Mescia, Smith]

Ope rator
/'Mixing (RGE)



GIMnastics at mc

Quadratic GIM suppresses light quark contribution

Ty 2 m —m?2
E}V\C >®<>®< m GQIOg T
NNLO+EW

[Buras, MG, Haisch,
Nierste; Brod MG]

39 :'""""""'l'"'I""l"'-l---w----:

Pc: charm quark contribution
to K* = 1" v L (30% to BR) p_

P. calculation works remarkably a6 f
well (£2.5% uncertainty)

3O "'Iu.,
10 1 2 HC[GQV]




M2 at Mw

S W d Vud Vus Vub
Vcd Vcs Vcb
Vie Vis Vi
2
ms
Xi{ = L )\i — Vi*dViS
d W S M%/\/

Three CKM factors: A= O(A°> € 0), A\c= O(A +i A%) and Ay = O(])

| Xe AdAe + Xc log(Xe) AcAe + Xe AcA + ]\(/glzc 2 A
At AT Re 1O, Al /\e 2

MMMy = <KO’ I AS[=2 |]_<O> o % J d4x <KO| H|A8|:1(X) H|A8|:1(O) “_<O>

dispersive part



M2, Kaon Mixing & €k

CP violation in mixing Re(€k) and interference Im(€)

Im(M;2)
Am](

Re(Ag) ) A= ((mm)[K?)

EK = e“be sin ¢ ¢ (

Amg, P¢: Directly from experiment:
Im(Ao)/Re(Ao): from €'/€

Im(Mi2) = Im(Mi2)sp + Im(Mi2)p=s + Im(Mi2)Non Local

~

Factorize short and long distance: H'*>'=% = C(n)Q

_ 3b(y)
22 M2

~

(K°IQIK?)  ( Q= (sryudi)(sy*dr))
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From lattice: By



Perturbative Calculation

CKM| &P LO Logs (n=0) €K State
Nee: A(t-u,t-u) | AAe [O(A'0)|  xc (Os log xc)" 75(x1)% | NLO
Nee: A(t-u,c-u) | AdAe | O(A®) [xc log xc (Os log xc)"| 40(£10)% | NNLO
Nec: A(c-u,c-u) | AcAc | O(A®) | Xc (&5 log xc)™ 15(£50)% | NNLO

Lattice results quoted in Renormalisation Group Invariant scheme

in RGIl: multiply by b~!(u)

= a2/%(n) (1-1.9%5 5

|3

o2 (1)
16.454! )




Net ocg/g?\t?\cxc log xc (o¢s logxe )™ + ..

NNLO: 2 loop Matching at pw & M
and 3 loop running [Brod, MG]

% AtACxC lOg XC

Mct
0.6 ——
Perturbation theory works

0.5

NLC

NN = 0.496(46) ! NLO

_ 04k
(notaswellas K* = T v L) |

| e ] LO
03 e -

involves the charm scale _ :
and 0.2 ]
a large anomalous dimension




Nee 043/9?\(2:%(0(3 logx.)™ + ..

NNLO:
3 loop running of current-current Operators

and 3 loop Matching at M¢ [Brod, MG]

2
%ACXC
Nce
3

LO = NLO — NNLO shift . |
of similar size

2

bad convergence 1.5
1 e

scale uncertainty and shift of

0.5 |
similar size: add in quadrature

[ S SR

NeNNLO = | 87(76)



Why the large shift!

Large ADMs and large finite corrections at Jc

0.9 |

If the matrix element at Yc would |
contain only logs |
scale dependence would reduce nicely

0.75 |

If the matrix element could be calculated ;- |

on the lattice including charm quarks:

A (RI-MOM) scheme change would cancel
the current-current [ dependence

1.2 [

RI-MOM matching of Bk does not seem 16

to change the perturbative expansion

|6
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Long Distance K* = 11" L UL

this scale dependence

Could be calculated on the lattice
[Isidori, Martinelli, Turchetti "06]

GIM to cancel |/a? divergence
|7

No GIM below the charm quark mass scale
higher dimensional operators UV scale dependent

One loop ChiPT calculation approximately cancels

5Pe = 0.04 -

[Isidori, Mescia, Smith "05]

- 0.02




Long Distance €k

s o~ d /d4£17 <KO| H|AS|:1(x) H|AS|:1(O) ‘KO>
>@®< Higher dimensional operator [Cata Peris 04]
‘ ;U S Light quark loops in CHPT:
0 7 T1%,Nn tree level vanishes (Gell-Mann-Okuba)
mnn’)

KL _o—@—KO N comes with zero phase [Gerard et.al. '05]

KO | -loop diagram divergent:

estimate from In(mn/mp) [Buras et.al. " |0]
/ absorptive part
Im(M]1<2)

Im(Ag) >/ estimated form €’

Re(Ap) Future: Lattice
E [N. Christ]

ex = e'®< sin d, ( AM
K



€k : SM prediction

lex| = 1.81(28) x 1072

=" 2.228(11) x 107

V.| = 406(13) x 10~*

K* = 11 v U : SM prediction
delta Pcu
% Bi+ = 0.822(69)(29) x 10~
Pc
7X; °% €Xp- +1.15 —10
Parametric BrK+ _ (1'73—1.05) x 10

18 % NA62 aims at 10% uncertainty




Conclusions

KKaons sensitive to deviations from minimal flavour violation
(EWV precision, Lepton Universality)

O(1) NP contribution to the clean K* = T1* L U decay possible

Perturbative calculation for €k at the limit
(improvement could come from lattice)
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