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Outline

1. K->pi nu nubar: generalities
2. K->pi nu nubar: MSSM
3. Beyond K->pi nu nubar

4. Conclusions

Non-supersymmetric scenarios covered by M Blanke (also A
Buras)

Warning: | have not published on rare K decays for more than
10 years. This may be apparent at times in this talk.
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1. K->pi nu nubar: generalities



What can K — nvv tell us?

FCNC process,
sensitive to heavy
particles & their
couplings

QCD matrix elements: form factors, extracted from leading
semileptonic K decays or calculated on the lattice
(P, M)

Charm, light quark, pQCD effects
well understood
see talk by Gorbahn

Standard Model: theoretically
cleanest UT determination

(0,0) 1 (1,0)
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BSM effects

Modified Z-penguin or direct contributions to the semileptonic
4-fermion operators

e.g. heavy new physics affects the Z coupling to left-handed
quarks through a single operator

(DyuS) (HDyH) = dLyuZVsL+uL yuZFeL + ...

s o
dimension-six operator, will decouple N ! s
as 1/M?, as expected from decoupling thm \ /
aL \ tNR / ﬂL
in SUSY this operator can arise, ‘o, L ’ 3
primarily due to chargino-squark loops 5
Z

parameterize coefficient by Inami-Lim function C
SM: At C; NP:AAC = A C + Cnp



with QCD corrections

see talk by Gorbahn
)

‘local operators
internal charm
d _alK) =
SM-dominated (mv2|(5d)yalvim)y A|K>_>7T
((sd)v) (7)) < F
\ \_ / / J
Hest = Cr__ Y ViEVeaXip(3d)v—a(mm)v-a
\/i 2T sin2 QW l=e .7
J ¢
GF (87 = P ol _
Xr(8d)y— Xr(sd _
+\/§27Tsin2 o > | Xi(sd)y—a+ Xg(s >V+A} (i) v—a

=€,1,T
/ / talk by Gorbahn
N

Z-penguins,boxes with heavy particles.
Vid, new physics (masses & couplings) enter only here
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Observables
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Ky = 0.5173(25) x 10717
kr = 2.231(13) x 1071

~

P. = Re)\.P.

(form factors)

P.=0.372+£0.015 (charm)

Mescia, Smitch 2007

Brod, Gorbahn, Stamou 2010

ca +10% shift due to long-distance charm, up Isidori, Mescia, Smith 2005
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*

BRL S R, _ 44
BR_|_ K4

SM: BR./BR, ~ 0.4

] model-independent bound  Grossman, Nir (1997)

Xsm = 1.53 £ 0.04



K — mvr beyond the SM

[BR+ — 7.81(75)(29) x 1011 }

SM prediction

Brod, Gorbahn, Stamou 2011

BRp = 2.43(39)(6) x 107"

BRE® = (1.737432) x 107" BNL AGS E787,E949
BR;™® < 2.6 x107° (90% CL) E3913

Ongoing measurements at NA62 (BR+) and KOTO (BRL)
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K — mvr beyond the SM

BR., = 7.81(75)(29) x 10~

" (75)(29) . SM prediction
BRL = 243(39)(6) x 10~ Brod, Gorbahn, Stamou 2011
BRY® = (1,73j%:(1)g) x 10710 BNL AGS E787,E949
BR™™ <2.6x107° (90% CL) E391a

Ongoing measurements at NA62 (BR+) and KOTO (BRL)

In general, saturating Grossman-Nir would allow
BRLup to ~ 10 given the experimental upper bound on BR+

P, +ReX>2
A \P

modify |X'| (only possibility for minimal flavor violation)
and/or change arg X (requires non-minimal flavour violation)

to saturate would need to suppress (
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2. K->pi nu nubar: MSSM



Flavour violation in the MSSM

MSSM has plentiful sources of flavour violation.
In fact, flavour physics imposes the most stringent constraints on
the SUSY scale, or alternatively on the SUSY breaking.

6x6 squark mass matrices have flavor structure (most of it
parameterising soft SUSY breaking)

3x3 matrices

T
M(Za,d”): .W %

LR,RL SU(2) breaking LL, RR gauge invariant
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Anatomy of SUSY contribution

s\ d
req. SU(2)-breaking (cf
‘___ general discussion part)
= Vysqg = O( ]\24 )
MSUSY
v > v Nir & Worah (1997)

Buras, Romanino, Silvestrini (1997)
Colangelo & Isidori (1998)
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Anatomy of SUSY contribution

s\ d
req. SU(2)-breaking (cf
‘___ general discussion part)
M?Z
Vgsa = O 4
= Vo =03, )
v > v Nir & Worah (1997)

Buras, Romanino, Silvestrini (1997)
Colangelo & Isidori (1998)

sources of SU(2) breaking include

S 5 0 d S Y d
\ \
\ IN \ /
~ N\ ~ /dL ,&L \ ~ / ”LNLL

e T L
/ : / 3

constrained by KK, BB mixing weakly constrained
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SUSY contributions (2)

*

2 ]‘{2
P i s(peng)  (MEp)ae (MLg)or
enguins XSUSY X 1
Mcuavy Colangelo & Isidori (1998)

Boxes require no SU(2) breaking (+)
suppressed by additional SUSY propagator (-)

Monday, 18 Januar y 16



SUSY contributions (2)

2 2 \*
(peng) (MLR)d/t (MLR)S’t
SUSY Ma SUSY Colangelo & Isidori (1998)

Penguins X
Boxes require no SU(2) breaking (+)
suppressed by additional SUSY propagator (-)

impact on other observables, e.g. KK mixing?

dp——>— -0 >- 9- S
_Con_v_entlonally, require “t - <A M}e(xp
individually

Sp, —— - - -0 J——
~/ 7 /
sy tp dj

dp——— - >- @- St
desirable: (SM) + X ’X + oo A~ AMEP
S| —e— —@ — @ d—e— (]

§,  tp dj

-
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Complex X plane, BRL vs BR-+

Scan over 16 most relevant MSSM parameters
Buras, Ewerth, SJ, Rosiek 2004
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Complex X plane, BRL vs BR-+

Scan over 16 most relevant MSSM parameters

Im X

~

tonfi=2

Re X
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tonf=2

Buras, Ewerth, SJ, Rosiek 2004



Complex X plane, BRL vs BR-+

Scan over 16 most relevant MSSM parameters
Buras, Ewerth, SJ, Rosiek 2004

observe clear boundaries
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Complex X plane, BRL vs BR-+

Scan over 16 most relevant MSSM parameters
Buras, Ewerth, SJ, Rosiek 2004

T
s : - gk : i s {8 o :
I X tonf=2 | X tonfi=2 BR o) tonf=2
m . ] h < :
3 i | | L v/ o
- : g 1 — = S «
) = '__. . . ‘ } x 8 e~ -
BRI = 1 o el 8 Q
2 . . i 10} -3 © _-_~.'. . Z" .
TH . ')
> § & ¢ O
6 | S pe
F 24 ° 20
of 5 : &
»
_45 r
-4 ’ = -
“ BR+|
+ |

observe clear boundaries
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Complex X plane, BRL vs BR-+

Scan over 16 most relevant MSSM parameters
Buras, Ewerth, SJ, Rosiek 2004

tonf=2

Im X|

. . 1 2 > L. . 3 5

" i ~ : W *e imf .
T o f Kl 2 £ -
1 | oY LA a
Y RSN SIS UG W, a2 i PSSO, ! B A S ER PEL AR R |-

Y =10 -5 0 5 g 2 3 g 5 7 10
5l wt + ~ol0
\

observe clear boundaries

can saturate Grossman-Nir bound

nb - 2004 analysis, substantial parts of parameter space
now in conflict with LHC direct searches
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. B Ewerth, SJ, Rosiek 2004
66 parameters - all that enter amplitudes ras, EWer, 5e, Fosie

=
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Im X X - 77 |BR |
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minor changes - confirms expectations of hierarchies of
contributions/importance of parameters
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Probing the anatomy numerically

Buras, Ewerth, SJ, Rosiek 2004
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0

Standard Model
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Probing the anatomy numerically

Buras, Ewerth, SJ, Rosiek 2004
/ . L B B B B A I

|box/pengum| tonf=2

LA B S S e e e

2 & PesLt L 2 o
; (MLRB\Zt (MLR)S/ 1OO 2(50 300 400 500 6OO 7OO 800 900 1 OOO
SLEY Mslepton
Standard Model boxes not negligible!
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Probing the anatomy numerically
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Buras, Ewerth, SJ, Rosiek 2004

|box/
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Ibox/ p
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e
ik

700 8

Mslepton

boxes not negligible!

strong sensitivity to just one parameter combination in general MSSM - holds
even for boxes. Note boxes not covered by the Colangelo-Isidori argument.



Probing the anatomy numerically

Buras, Ewerth, SJ, Rosiek 2004

X : |box/penguin| tang=2
' SRR ]
10- i
0.8 &5 ]
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b T B hn L
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Standard Model boxes not negligible!

strong sensitivity to just one parameter combination in general MSSM - holds
even for boxes. Note boxes not covered by the Colangelo-Isidori argument.

Boxes (when large) are dominated by the same flavour structure simply
because that structure is weakly constrained by KK mixing (ie can be large).
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LHC era

Direct LHC searches exclude parts of the parameter space.

Tanimoto, Yamamoto 2015

[\®) w
X X
ik o
& =)
L L
[—} (=]

BR(K; »x"wv)

1.x10710}

0
0 1.x1071°2.x107193, %1071, xlO‘"’
BR(K "-»xFw)

O(1) effects still possible in both BR+and BRL

also work on large tan(beta) with LL mixing Blazek, Matak 2015
effects of O(10%) in BR+
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3. Beyond K->pi nu nubar



Other rare modes and their correlations

op

E from: SJ, talk at
NN J'?g | o NA62 Handbook workst
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Oge (Dy*SL)(IrY,lr) —| = | Vv |hs| =] = | —=| -] — small
Olq (dry*sr)(L1v,L1) VI iv | v ihs|—|—-]|—-]—-| — small
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Other rare modes and their correlations
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Other rare modes and their correlations
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Other rare modes and their correlations
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Rare leptonic charged

Interference of short- and long-distance contributions
(discussed at this conference from lattice, dispersive, chiral
Lagrangian perspectives)

_ | | |
S.x10 o

- BR(K, —m ee) vs BR(K, —7vy) ™
48x107 [~ nd

45x10" —

B Isidori, Mescia, Paradisi, Smith, Trine 2006
42%10 =

3.9x10™" =(37.5+7.5°]| —
w=(525+75°| -
(67575 |
¥=(82.5 + 7.51°
¥=(97.5 1 7.5)°
r=65°

3.6x10™

33x10™

3.0<107 |

| L | L 1 | 1 | 1
2.0x10 4010 6.0x10™ 8.0x10™ L.ox10™°

b
27x10 00
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Correlation with €’

assumes BSM only in Z-penguin

from: SJ, talk at
NA62 Handbook workshop

see also talk by Buras

BR.x 10! [~ S
’ | 2009
. E949 |
20
| L — |Cnp
15? 4— 4
| Cnp
10 | ///
| L —I|Cnr
5 | CNP
| @ /
0! - / ‘ | | ] |
0 10 15 20 25 30
BR+x 10!
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Correlation with €’

assumes BSM only in Z-penguin

BR.x |0'!
:
:
.

10 -

\I 0% msmt of BRJjb

N\

from: SJ, talk at
NA62 Handbook workshop
2009

see also talk by Buras

- |Cnp| = 3x10

— Cne| = Ix104

. |Cnp| = 3x107

Cne| = Ix10

N |

E949
4—- ——/
-

. |

=

10

15 20 25 30
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Correlation with €’

assumes BSM only in Z-penguin

from: SJ, talk at
NA62 Handbook workshop
2009

see also talk by Buras

- |Cnp| = 3x10

— Cne| = Ix104

- |Cnp| = 3x107

Cne| = Ix10
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“exciting” scenario envisioned in 2009

assumes BSM only in Z-penguin

= from: SJ, talk at
BRLX 10 f ) |\r1,%\r82 Hanzboaok workshop
, 2009
N E949 |
.
| 1 — |Cnpl = 3x 10
15 4/— / ]
ﬁ Cnp| = | x 104
10 i ///
T —[ v
(27 ) |
° 0 5 10 15 u 20 25 30
- BR+x 10
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“exciting” scenario envisioned in 2009

BR.x 10"

assumes BSM only in Z-penguin

25
20 -
15 -

10 -

A

N |

E949

’//"’,

e

—

—

from: SJ, talk at
NA62 Handbook workshop
2009

I — |Cnp| = 3xI04

__—|Cne| = IxI0*

L= 1 = L [

contribution of ~ 103

— The scenario may already have become
a reality with €'/e favouring a BSM

(talks by Buras, Gorbahn, Pich)
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4. Conclusions

Supersymmetry, like other natural BSM candidate
frameworks, has long been facing its greatest challenges
from Kaon physics, primarily through ek

Recent progress in experiment (NA62, KOTO, ...) as well as
theory (lattice, perturbative, ...) makes new precision
observables accessible. Rare K decays may well play a
(very) prominent role in the next 10 years for BSM searches,
in a SUSY context and beyond.
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