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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: I 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 
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QCD matrix elements: form factors, extracted from leading 
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FCNC process, 
sensitive to heavy
particles & their 
couplings

Charm, light quark, pQCD effects 
well understood

Standard Model: theoretically 
cleanest UT determination

see talk by Gorbahn
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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

(D γµ S) (H✝DµH) ➞ dL γµ Zµ sL + uL γµ Zµ cL  + ...

dimension-six operator, will decouple
as 1/M2, as expected from decoupling thm

in SUSY this operator can arise,
primarily due to chargino-squark loops

parameterize coefficient by Inami-Lim function C
SM: λt  C;     NP: λt  C  ➞  λt  C  +  CNP 

s d

ũL

Z

χ̃−

ũLt̃R
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Z-penguins,boxes with heavy particles.
Vtd, new physics (masses & couplings) enter only here 

internal charm
SM-dominated

with QCD corrections
local operators

Heff =
GF√

2

α

2π sin2
θW

∑

l=e,µ,τ

V
∗

csVcdX
l
NL(s̄d)V −A(ν̄lνl)V −A

+
GF
√

2

α

2π sin2
θW

∑

l=e,µ,τ

[

X̃L(s̄d)V −A + X̃R(s̄d)V +A

]

(ν̄lνl)V −A

〈(s̄d)V 〉〈(ν̄lνl)〉 ∝ F
K→π

〈πνν̄|(s̄d)V ∓A(̄νlνl)V −A|K〉 =

talk by Gorbahn

see talk by Gorbahn
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Observables

(charm)

BR+ ≡ BR(K+
→ π

+
νν̄) = κ+

[(

P̃c

λ
+

ReX̃

λ5

)2

+
( ImX̃

λ5

)2]

BRL ≡ BR(KL → π
0
νν̄) = κL

( ImX̃

λ5

)2

X̃ ≡ X̃L + X̃R ≡ λtX

P̃c ≡ ReλcPc

XSM = 1.53 ± 0.04λt = V
∗

tsVtd

BRL

BR+

≤
κL

κ+

= 4.4 model-independent bound

SM: BRL/BR+ ∼ 0.4
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Mescia, Smitch 2007(form factors)

Brod, Gorbahn, Stamou 2010

ca +10% shift due to long-distance charm, up Isidori, Mescia, Smith 2005
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                     beyond the SMK → πνν̄
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Ongoing measurements at NA62 (BR+) and KOTO (BRL)

Brod, Gorbahn, Stamou 2011
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                     beyond the SMK → πνν̄

BNL AGS E787,E949

E391a

In general, saturating Grossman-Nir would allow
BRL up to  ~ 10-9 given the experimental upper bound on BR+  

to saturate would need to suppress

modify |     |     (only possibility for minimal flavor violation)
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2. K->pi nu nubar: MSSM
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 Flavour violation in the MSSM

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

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.

3x3 matrices

LR,RL SU(2) breaking LL, RR gauge invariant

M
2
(ũ,d̃)

=





M2
q̃ LL M2

(ũ,d̃)LR

(M2
(ũ,d̃)LR

)† M2
(ũ,d̃)RR




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Anatomy of SUSY contribution

req. SU(2)-breaking (cf 
general discussion part)∝

1

M2

Z

VZs̄d

⇒ VZs̄d = O

(

M2
Z

M2
SUSY

)

ds

νν  Nir & Worah (1997)
 Buras, Romanino, Silvestrini (1997)

Colangelo & Isidori (1998)
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Anatomy of SUSY contribution

sources of SU(2) breaking

req. SU(2)-breaking (cf 
general discussion part)∝

1

M2

Z

VZs̄d

⇒ VZs̄d = O

(

M2
Z

M2
SUSY

)

constrained by KK, BB mixing weakly constrained

ds

νν

s d

s̃R

Z

g̃, χ̃0

s̃L
d̃L

s d

ũL

Z

χ̃−

ũLt̃R

include

 Nir & Worah (1997)
 Buras, Romanino, Silvestrini (1997)

Colangelo & Isidori (1998)
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SUSY contributions (2)

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

Penguins
Colangelo & Isidori (1998)

X̃
(peng)
SUSY ∝

(M2
LR

)d′t (M2
LR

)∗
s′t

M4
SUSY
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SUSY contributions (2)

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

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

conventionally, require 
individually

Penguins

desirable:

χ−χ−

s̃′L t̃R d̃′L

sL

dL sL

dL

χ−χ−

s̃′L t̃R d̃′L

sL

dL sL

dL

< ∆M
exp

K

(SM) + ≈ ∆M
exp

K
+ ... 

Colangelo & Isidori (1998)
X̃

(peng)
SUSY ∝

(M2
LR

)d′t (M2
LR

)∗
s′t

M4
SUSY
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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

Re X

|X|

arg X

Buras, Ewerth, SJ, Rosiek 2004
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Complex X plane, BRL vs BR+

observe clear boundaries

Scan over  16 most relevant MSSM parameters

Im X

Re X

|X|

arg X

Buras, Ewerth, SJ, Rosiek 2004
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Complex X plane, BRL vs BR+

observe clear boundaries

Scan over  16 most relevant MSSM parameters

Im X

Re X

|X|

arg X

BRL

BR+

Buras, Ewerth, SJ, Rosiek 2004
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Complex X plane, BRL vs BR+

observe clear boundaries

can saturate Grossman-Nir bound

Scan over  16 most relevant MSSM parameters

Im X

Re X

|X|

arg X

BRL

BR+

Buras, Ewerth, SJ, Rosiek 2004

nb - 2004 analysis, substantial parts of parameter space
now in conflict with LHC direct searches

Monday, 18 January 16



66 parameters - all that enter amplitudes 

Im X |X| BRL

BR+arg XRe X

minor changes - confirms expectations of hierarchies of 
contributions/importance of parameters

Buras, Ewerth, SJ, Rosiek 2004
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Probing the anatomy numerically
|X|

Standard Model

(M2
LR

)d′t (M2
LR

)∗
s′t

M4
SUSY

Buras, Ewerth, SJ, Rosiek 2004
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Probing the anatomy numericallyParameter dependences

confirms importance of double LR mass insertion

chargino contribution dominates when all contributions kept

cannot neglect boxes, but same LR squark mass dependence.

Slepton mass dependence autodetected by adaptive scan!

Little change for tan β = 20 or more parameters (63) scanned
Computer-aided SUSY FCNC studies – p.12

|X|

Standard Model

|box/penguin|

Mslepton

boxes not negligible! 

(M2
LR

)d′t (M2
LR

)∗
s′t

M4
SUSY

Buras, Ewerth, SJ, Rosiek 2004
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Probing the anatomy numericallyParameter dependences

confirms importance of double LR mass insertion
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cannot neglect boxes, but same LR squark mass dependence.

Slepton mass dependence autodetected by adaptive scan!

Little change for tan β = 20 or more parameters (63) scanned
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strong sensitivity to just one parameter combination in general MSSM - holds 
even for boxes. Note boxes not covered by the Colangelo-Isidori argument.
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Probing the anatomy numericallyParameter dependences

confirms importance of double LR mass insertion

chargino contribution dominates when all contributions kept

cannot neglect boxes, but same LR squark mass dependence.

Slepton mass dependence autodetected by adaptive scan!

Little change for tan β = 20 or more parameters (63) scanned
Computer-aided SUSY FCNC studies – p.12

|X|

Standard Model

|box/penguin|

Mslepton

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

boxes not negligible! 

(M2
LR

)d′t (M2
LR

)∗
s′t

M4
SUSY

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

Buras, Ewerth, SJ, Rosiek 2004
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LHC era
Direct LHC searches exclude parts of the parameter space.

0 1. ! 10"102. ! 10"103. ! 10"104. ! 10"10
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Figure 4: The predicted BR(KL → π0νν̄) versus BR(K+ → π+νν̄) at the SUSY scale of 50
TeV with the mixing angle of su = sd = 0.3. The pink cross denotes the SM predictions. The
red dashed lines are the 1σ experimental values for BR(K+ → π+νν̄). The green slanting
line shows the Grossman-Nir bound [15].

SUSY contribution of εK . The gluino contribution of 30% is possible in εK .
On the other hand, if the down-squark mixing sd is tiny compared with the up-squark

mixing su, the Z penguin mediated chargino dominates both SUSY contributions of KL →
π0νν̄ and εK . Then, it is found a correlation between them as seen in Fig. 2(b), where the
chargino contribution to εK is at most 3%. This correlation is due to the difference of the
phase structure between the penguin diagram and the box diagram of the chargino.

In conclusion, εK could be deviated from the SM prediction in O(10%) due to the gluino
box diagram, whereas the Z penguin mediated chargino could enhance the branching ratio
of KL → π0νν̄ from the SM prediction.

Next, in order to see the mixing angle su dependence of the branching ratios, we plot the
predicted regions on BR(KL → π0νν̄) vs. su and BR(K+ → π+νν̄) vs. su planes taking
su = 0 ∼ 0.3 in Fig.3 (a) and (b). We scan sd in the region of 0 ∼ 0.3 independent of su

although the gluino contribution is much suppressed compared with the chargino one. In
this plot, the SUSY contribution to εK is free (0− 40%), but the experimental constraint of
|εK | with the error-bar of 90%C.L. is taken account. We show the upper bound given by the
Grossman-Nir bound together with the experimental upper bound of BR(K+ → π+νν̄) with
3σ by the black line, at which the predicted BR(KL → π0νν̄) should be cut. Namely, the
observed upper bound of BR(K+ → π+νν̄) gives the constraint for the predicted BR(KL →
π0νν̄) at su larger than 0.2. The precise experimental measurement of BR(K+ → π+νν̄) will
lower the predicted upper bound of BR(KL → π0νν̄).

Let us discuss the case of the SUSY scale of 50 TeV. Fig. 4 shows the predictions on
the BR(KL → π0νν̄) and BR(K+ → π+νν̄) plane at the SUSY scale of 50 TeV, where the
mixing angle is fixed at su = sd = 0.3. Although the predicted region is reduced considerably
comparing to the case of the 10 TeV scale in Fig. 1, the predicted branching ratio of KL →
π0νν̄ is enhanced in two times from the SM prediction, and the branching ratio ofK+ → π+νν̄
could be enhanced from the SM prediction in three times.

11

Tanimoto, Yamamoto 2015

also work on large tan(beta) with LL mixing
effects of O(10%) in BR+

Blazek, Matak 2015

O(1) effects still possible in both BR+ and BRL
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3. Beyond K->pi nu nubar
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ε K in MSSM?

O(1)
lq (D̄LγµSL)(L̄LγµLL) ! ! ! hs − − − − − !

O(3)
lq (D̄LγµσiSL)(L̄LγµσiLL) ! ! ! hs hs ! ! − − !

Oqe (D̄LγµSL)(l̄RγµlR) − − ! hs − − − − − small

Old (d̄RγµsR)(L̄LγµLL) ! ! ! hs − − − − − small

Oed (d̄RγµsR)(l̄RγµlR) − − ! hs − − − − − small

O†
lq (ūRSL) · (l̄RLL) − − − − ! ! ! − − tiny (?) (PQ ?)

(Ot
lq)

† (ūRσµνSL) · (l̄RσµνLL) − − − − − ? ? − − tiny (?)

Oqde (d̄RSL)(L̄LlR) − − ! ! − − − − − tiny (?) (PQ ?)

O†
qde (D̄LsR)(l̄RLL) − − ! ! ! ! ! − − yes? large tanβ ?

O(1)
ϕq (D̄LγµSL)(H†DµH) ! ! ! hs − − − ! (!) !

O(3)
ϕq (D̄LγµσiSL)(H†DµσiH) ! ! ! hs hs ! ! ! (!) !

Oϕd (d̄RγµsR)(H†DµH) ! ! ! hs − − − ! (!) large tan β (non-MFV)

2

Other rare modes and their correlations
from: SJ, talk at
NA62 Handbook workshop
2009
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Oqde (d̄RSL)(L̄LlR) − − ! ! − − − − − tiny (?) (PQ ?)

O†
qde (D̄LsR)(l̄RLL) − − ! ! ! ! ! − − yes? large tanβ ?

O(1)
ϕq (D̄LγµSL)(H†DµH) ! ! ! hs − − − ! (!) !

O(3)
ϕq (D̄LγµσiSL)(H†DµσiH) ! ! ! hs hs ! ! ! (!) !

Oϕd (d̄RγµsR)(H†DµH) ! ! ! hs − − − ! (!) large tan β (non-MFV)

2

Other rare modes and their correlations
from: SJ, talk at
NA62 Handbook workshop
2009
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Rare leptonic charged
lnterference of short- and long-distance contributions
(discussed at this conference from lattice, dispersive, chiral 
Lagrangian perspectives)

Figure 8: Correlation between B(KL → π0νν̄) (horizontal axis) and B(KL → π0e+e−)
(vertical axis) in the MSSM scenario with non-minimal A13 and A23, varied according
to Eq. (29) (other parameters are fixed as in Table 2). Different colors (gray scales)
correspond to different values of the CKM phase γ.

terms.

This implies that the up-type left-right mixing terms in Eq. (29) can contribute to
the b → sγ transition only via amplitudes which have at least three chirality flips
(the up-type trilinear term, one left-right mixing in the down sector, and a third
SU(2)L breaking term in order to recover the total helicity-violating structure).
Since each chirality flip is associated with an insertion of the SM Higgs vev, this
structure implies a strong suppression.

A phenomenological check of this statement is provided by the loose bounds on
(δU

RL)32 extracted from B(B → Xsγ) (see e.g. Refs. [35, 36]).

• An important property of the chargino-mediated non-MFV contributions is their
slow decoupling in the limit of heavy superpartners in K → πνν̄ decays (∼ m−2

SUSY),
compared to the fast decoupling in ∆F = 2 observables (∼ m−4

SUSY). This property,
which has been discussed in detail in Ref. [12], is clearly illustrated in Figure 7
in the case of CP-violating observables (a completely similar scenario holds in the
CP-conserving case). This property provides another natural explanation of why we

17
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Correlation with ε’

0 5 10 15 20 25 30
0

5

10

15

20

25

30

|CNP| = 3x10-4  

|CNP| = 3x10-5  

|CNP| = 1x10-5  

|CNP| = 1x10-4  

BRL x 1011

BR+ x 1011

E949  

assumes BSM only in Z-penguin
from: SJ, talk at
NA62 Handbook workshop
2009

see also talk by Buras

Monday, 18 January 16



Correlation with ε’

0 5 10 15 20 25 30
0

5

10

15

20

25

30

|CNP| = 3x10-4  

|CNP| = 3x10-5  

|CNP| = 1x10-5  

|CNP| = 1x10-4  

BRL x 1011

BR+ x 1011

E949  

10
%

 m
sm

t 
of

 B
R

+
   

assumes BSM only in Z-penguin
from: SJ, talk at
NA62 Handbook workshop
2009

see also talk by Buras

Monday, 18 January 16



Correlation with ε’

0 5 10 15 20 25 30
0

5

10

15

20

25

30

|CNP| = 3x10-4  

|CNP| = 3x10-5  

|CNP| = 1x10-5  

|CNP| = 1x10-4  

BRL x 1011

BR+ x 1011

E949  

20% error on ε’/ε   

10
%

 m
sm

t 
of

 B
R

+
   

assumes BSM only in Z-penguin
from: SJ, talk at
NA62 Handbook workshop
2009

see also talk by Buras

Monday, 18 January 16



“exciting” scenario envisioned in 2009
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The scenario may already have become 
a reality with ε’/ε favouring a BSM 
contribution of ~ 10-3

(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 εK

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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