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Future:
What can we learn about
New Physics from Kaons?
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Why are Kaon Decays so rare?

Before the charm quark: why are the two Branching ratios
Br(Kp — pp ) ~6.84(11) - 1072 Br(Ky — yy) ~ 5.47(4) - 1074

so different in size?

Ki — p* w : The 2 ps are in J=0 state — no 1 y coupling
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The GIM Mechanism

GIM: charm quark to suppress neutral currents
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The GIM Mechanism

GIM: charm quark to suppress neutral currents
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WgM ﬂj_mu ﬂj_mu ﬂj_mc
S — Cutoff is then m2

Quadratic GIM explains the smallness of Br(Ky — pu u™)
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dependence: predict charm quark
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Charm Quark Mass

Quadratic GIM suppresses light quark contribution
g Sensitive to short distances (SD)

Effective theory language:
U—C

d— . o d: L2 mg —mg
S———1uU—c S T
(e AVAVAVAV il d ® L
%%
uU—Cy AV u—C
S i VAVAVAV ! s ® i
5




Charm Quark Mass

Quadratic GIM suppresses light quark contribution
g Sensitive to short distances (SD)

Effective theory language:

- 7 = d <~ JE R m-mg
SN /
s—<—1U —cC S Me

L mZG: log v
A%

d >\ \\/ > d ® A
W . |2
Uu—C_Cy AV uw—C
W
S i VAVAVAV Tl S ® o




Charm Quark Mass

Quadratic GIM suppresses light quark contribution
g Sensitive to short distances (SD)

Effective theory language:

- 7 = d <~ JE R m-mg
SN /
s—<—1U —cC S Me

L mZG: log v
A%
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No quadratic suppression for K; — yvy

d— > Y d \VAYA \
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M
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(same for photon penguin)

[sKp — '
dominated by short distances (SD)?

/ including top

Br(Kp — pu ) ~ ((—0.95 £ 777)2 +6.7) - 10~°
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Contributions to Ky — p"pu™

No quadratic suppression for K; — yvy

d — > 0% d \VAYA \
Wgcuv >®<}W Gr log —2=P
Me
S — < v S

(same for photon penguin)

[sKp — '
dominated by short distances (SD)? No!

v / including top
—u

W; b Br(KL = ) ~ ((—0.95 £ 777) + %7) 1079
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Rare Kaon Decays

Ki — u'p

SD
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Rare Kaon Decays

Ki — u'p

K — vy

e E———

Ks =l 1™

Kp — il |

SD
<CP Vlolatmg NLO QCD

[Buchalla et. al. "95]
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[Isidori et. al. "04]
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Top quark

m.?/ Mw? suppression A A3
— top-quark dominates Vi; =0 )\&1 22
K—mou -

() A=03-30° A=0(02)

W

FCNCs which are dominated by top-quark loops:

b—s: b—d: s—d:
V5 Vil oc A2 'V Vig| oc A3 Vi Vea| o9

are extremely suppressed (A°) for Kaon decays

Kaons test new physics up to 100 TeV
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End of I: Key Observables

Suppression: CKM, quadratic GIM, and log GIM - a./4m

Ki — ¥ I*1: long distance pollution (2y-contribution)
— Z-Penguin & Boxes 1 y-Penguin and scalar can contribute

Kr — p* w: 2y-contribution, sensitive to scalar operators

K — 1 v v: cleanest modes — Only Z-Penguin & Boxes

Hadronic decays: CP violation in mixing ex
Light quark contributions suppressed by
quadratic GIM and small 2nd generation complex phase

9



10



1

Quadratic GIM: |
Matching (NLO +EW):

[Misiak, Urban; Buras, Buchalla; /
BI'Od, MG, Stamou‘ll] .

Qv = (sLyudr) (VeyHve)
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Matching (NLO +EW): 1.56 | NLO, 4np :
[Misiak, Urban; Buras, Buchalla; /~ I B 3
Brod, MG, Stamou\ll] 2>€ 1.54 S B . .
Qv = (sLyudo) vy vi) Lozt ‘5
) S T ]
After 2011 uncertainty below 1% 148 ;:“_:.':_'.'_'.i_'.:‘.:.'_'.‘_‘.'_‘.'_'.:'.:.'_-.-_:.-_-.-_-.:-.:.—_-.—_-.-_-.-_—.;-.;.-;.-_-.-__-.._..rz.
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Matching (NLO +EW):

[Misiak, Urban; Buras, Buchalla; _/

Operator
(RGE)
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S W 1% S
S vwwwwww
u,c,t
U-,C,t' YE, U, T
AW

Matching (NLO +EW):
[Misiak, Urban; Buras, Buchalla; _/ ;
Brod, MG, Stamou'11], / Operator
Qv = (spypdy)(Viy*ve) <« _~ Mixing (RGE)

Matrix element from Kj; decays

(Isospin symmetry: K*—m0 et v)
[Mescia, Smith]
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K+ —= " v v from Mw to m.
39 ¢

P.: charm quark contribution
to K* =t v v (30% to BR)
Series converges very well

(NNLO:10%—2.5% uncertainty)

36 |
[Buras, MG, Haisch, !
NNLO+EW Nierste; Brod MG] 35 :
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K+ —= v v from Mw to m-

39 ¢

P.: charm quark contribution
to K* =t v v (30% to BR)
Series converges very well

(NNLO:10%—2.5% uncertainty)

36 |
[Buras, MG, Haisch, !
NNLO+EW Nierste; Brod MG] 35 :
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e
e

this scale dependence

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

One loop ChiPT calculation approximately cancels

5P = 0.04 -

[Isidori, Mescia, Smith “05]
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K+ —= v v from Mw to m-

39 ¢

P.: charm quark contribution
to K* =t v v (30% to BR)
Series converges very well

(NNLO:10%—2.5% uncertainty)

| 36 |
NNLO+EW [Buras, MG, Haisch, _

( g —
= -
~ ///
-
//
e
e

Nierste; Brod MG] 35 :

this scale dependence

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

One loop ChiPT calculation approximately cancels

5P = 0.04 -

[Isidori, Mescia, Smith “05]

Could be calculated on the lattice
[Isidori, Martinelli, Turchetti “06]
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K — v v: Error Budget

BRK*—rmrvv) = 8.2(3)(7) - 1011

BRexp(K*—mttov) = 17(11) - 10-1
[E787, E949 “08]

NA62 aims at 10% accuracy

delta Pcu
14 %

Xt
7 %
Parametric
18 %




K — v v: Error Budget

BRWK*—mtvv) =8.2(3)(7) - 1011 BRth(Kp —mdtv) = 2.57(37)(4) - 10-11

BRexp(K+—mr+ou) = 17(11) - 10-1L BReP(K*—1r0v) < 6.7 - 10°8

[E787, E949 “08] [E391a “08]
NA62 aims at 10% accuracy

delta Pcu
14 %

Xt
7 %
Parametric
18 %
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ex: CP violation in Kaon Mixing

K
EK \(m7)1=0lKy) ex = e'%¢ sin (I)e Im M12 T)

((7e70) 1—0|Ks ) \

from experiment’ mall

MMMy = <KO| HIAS|:2 |]_<O> o % J d4X <KO| H|AS|=1(X) H|AS|=1(O) |]_<O>

dispersive part

S w d

] [ (+75(1)%): hiheme/Mw? +

o

(+40(6)%): hhem/My? M S-loop RGE,
d W% 5 log(me/Mw?) + 2-loop Matching

. [Brod, MG "10]
Local Interaction:

Q= (scyupdo)(sLy™de)
Lattice:  (K°|Q[K®)



ex: CP violation in Kaon Mixing

: I M
ey ((7t70) 1=0|KL) ey = eide sincl)e m 1)

((771) —0|Ks) ’\ A

from experiment mall

MMMy = <KO| HIAS|:2 |]_<O> o % J d4X <KO| H|AS|=1(X) H|AS|=1(O) |]_<O>

dispersive part

S W d
] [ (+75(1)%): ki) Mw? +
R
(+40(6)%): hhime/My? e 3-loop RGE,
y W . log(me/ Mw?) + Z—IE)()p Matchﬁng
. Brod, MG 10
i Local Interaction: nee: 3-loop RGE,

Q = (sryudi)(sry™dr) (-15(6)%): Acheme?/ Mw? 3-loop Matching

Lattice:  (K°|QIK®) [Brod, MG "12]
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Long Distance €x
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Long Distance €x
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1-loop diagram divergent:
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Long Distance €x
s . d /d4£17 <KO|H|AS|:1(LI?) H|AS|:1(O) ‘KO>
>@®< Higher dimensional operator [Cata Peris*04]
‘ c. S Light quark loops in CHPT:
m,n tree level vanishes (Gell-Mann-Okuba)

KO 1 comes with zero phase [Gerard et.al. "05]
KO 1-loop diagram divergent:
estimate from In(mg/my) [Buras et.al. 10]
/ absorptive part
Im(Mp)

. Im(A estimated form €
ex = e'Pesin P, ( m( O)>/

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

AMg



Residual Theory Uncertainty

After Lattice QCD & NNLO progress: 1. dominant uncertainty

lex| = 1.81(28) - 103
exp.

= 2.23(1)-107?

parametria




Residual Theory Uncertainty

After Lattice QCD & NNLO progress: 1. dominant uncertainty

ex is very important for phenomenology: Future improvements?

lex| = 1.81(28) - 103
exp.

= 2.23(1)-107?

parametria




Residual Theory Uncertainty

After Lattice QCD & NNLO progress: 1. dominant uncertainty
ex is very important for phenomenology: Future improvements?

Progress has to come from interplay of Lattice & perturbative QCD

lex| = 1.81(28) - 103
exp.

= 2.23(1)-107?

parametriG




Residual Theory Uncertainty

After Lattice QCD & NNLO progress: 1. dominant uncertainty
ex is very important for phenomenology: Future improvements?

Progress has to come from interplay of Lattice & perturbative QCD

lex| = 1.81(28) - 103 ex & charm possible for next
°ZD: 2.23(1)-10~%  generation Lattice QCDIChrist "11]

Mecc o ]

AlLat o ;_/___:-_-_'_';;‘_‘_'_';'_‘_'_'_';’_'_'_'_‘;'_'_‘_'_';'-_;

1.2 |
parametriG [
= 16 |

o ey ]

fic [GeV]
Requires matching of Lattice and

continuum QCD - toy numerics converge well
15
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3, Constrain and Interpret NI

Operator based Approach:
Write down all SU(3)c ® SU(2)1 ® U(1)y invariant Operators

[Buchmiiller, Wyler]

Top-down approach:
Supersymmetry, LHT-Model, RS-Model ...
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Model (in)dependent

Heavy new physics: (Diy*Su)(HIDH) = diy*s Z* + upyHep Z#

correlates Ki — vy Ki -’11 €'/e

study this in a model =
. =
independent way NN
E t c:A §> _?é + T
. < | k| & | < | =
and classity models RN
Sl || L || S |4d|%
0% | (Dpy*Sy)(H'D,H) VIV v |- -|-|v
O | (Diy*o'SL)(HID,o'H) VIV v hs|hs| v |V ]|V
O a (dry*sp)(H'D, H) VI v |v | hs|=-|-|—-|V

17 [Jager@NA62 “09 workshop]
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Correlations in RS and LHT

The axial vector (Z1-Zr) contribution dominates
the Kp—=m1*I- decay modes in many models of new physics

Correlations in Randall Sundrum and Little Higgs Models

B(K; »2°1"17) [1071]

d
O
———

co

s " |RS

nnnnnnnnnnnnnnnnnnnnnnn

B(K; -» %) [1071]

60 80 100

BK; - 2°1717) [1071]

12

[
-)

oo

LHT

N
120 0
[Blanke et. al. “08 09,
Bauer et. al. "09]
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Correlations with €x

RS with common down-type bulk mass

[f there are only left-handed currents [Plot by S. Casagrande]
' : Ty, o e [S3

ek & Kp — m’ v v will be correlated S s

10

s
v
—
-

The chiral enhancement of the
scalar (sr di)(dr sr) operator
breaks this correlation

20b . teete

vv(y)) [ 10~ I

- R

Can still lead to interesting
restrictions of the model parameter e e ST T l
space
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Correlations in models with restricted sources of flavour violation
for example: Gauged SU(3)QX SU(3)UX SU(3)D |Grinstein et. al "10]
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Correlations in models with restricted sources of flavour violation
for example: Gauged SU(3)ox SU(3)ux SU(3)D [Grinstein et. al 10]

Flavour violation of extra gauge bosons suppressed for K — m vv

Mixing of vector like fermions (t-t”) contributes to €x & K — mvv

BR(K*)x10'0

—

1.8
Using results for arbitrary | .

perturbative theories | 4
[Brod, Casagrande, MG in preperation] 19 |
|

0.8 [

0.0
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Correlations with €x

Correlations in models with restricted sources of flavour violation
for example: Gauged SU(3)ox SU(3)ux SU(3)D [Grinstein et. al 10]

Flavour violation of extra gauge bosons suppressed for K — m vv

Mixing of vector like fermions (t-t”) contributes to €x & K — mvv

BR(K*)x10'0

—

1.8

Using results for arbitrary | .
perturbative theories 1 4
[Brod, Casagrande, MG in preperation] 1 9

7
we find a strong correlation | . |

between €x & K — muv 0.6
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No correlations in the MSSM

The MSSM has many sources of
flavour violation — Z Penguin sensitive
to up-type A-terms [Collangelo, Isidori "98]

o ( M2 AL — @Y. )
o @ m,
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No correlations in the MSSM

The MSSM has many sources of
flavour violation — Z Penguin sensitive
to up-type A-terms [Collangelo, Isidori "98]
M2

@ -@V. M

A 23 .
M2 =

MSS5M parameter
scan shows
sensitivity to
A1z & Az
[Isidori et. al. “06]

Mvissm/ Tsm

0 100 200

A1zl or |Ags](GeV) 21



Beyond the Z Penguin

Experiment: Background from frequent K*-Decays

ercK

S Measure P & Ok

P, P
cut on: m? .~ m2 (1 ‘ ’) +m?2 (1 ’ K’) — | Px || Pr |0 ¢
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Beyond the Z Penguin

Experiment: Background from frequent K*-Decays

P, P
cut on: m? .~ m2 (1 ‘ ’) +m?2 (1 ’ K’) — | Px || Pr |0 ¢

Arbitrary Units

miss —— ‘PK‘ ’ Pw‘
K*—mtn0
Couplings to weakly
Kttt interacting light new

particles strongly
constrained by

K* — mt* + invisible
[Kamenik, Smith “11]

-0.15

| | | | | | | | | | | | | | | | | | | |
-0.1 -0.05 0 0.05 0.1 0.15

m2, .. GeV?/c* 2y
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Conclusion

The suppression of rare kaon decays makes
them ideal probes of new physics flavour structure

O(50%) effects easily possible for the
super clean K — mv v decay modes,
which would be a clear signal of new physics

In light of the current experimental programs:
Exciting times ahead

Improvements from theory side possible
using Lattice QCD and interplay with perturbative QCD
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