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Warm-up: basic facts about b→sγ

Q7 =
e

16π2
mb(s̄LσµνbR)Fµν

• tensor current not conserved: 

b→sγ depends logarithmically 

on scale where Q7 is generated 
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Warm-up: basic facts about b→sγ

• gluonic corrections lead to mild 

logarithmic GIM suppression of 

b→sγ amplitude
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Warm-up: basic facts about b→sγ

• sensitivity on high scale physics 

“swamped” by renormalization 

group effects
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Warm-up: basic facts about b→sγ

• thus: b→sγ wonderful QCD 

laboratory, providing stringent 

constraints on BSM physics
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ASM(s→ dνν̄) =
∑

q=u,c,t

V ∗
qsVqd Xq
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• V－A current is conserved: 

large logarithms appear 

only in charm sector

Qν = (s̄LγµdL)(ν̄Lγµν̄L)3%
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Warm-up: basic facts about s→dνν



Warm-up: basic facts about s→dνν

• SU(2)L breaking in Z-penguin 

amplitude leads to power-like 

GIM mechanism
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Warm-up: basic facts about s→dνν

• large CP violating phase 

in dominant short-distance  

contribution due to top
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Warm-up: basic facts about s→dνν

• thus: s→dνν exceptional tool 

to discover non-MFV physics 

where hard GIM is not active
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• Fundamentals: concise review of SM predictions of 
rare kaon decays 

• Upset: rare kaon decays within constrained minimal 
flavor-violation (CMFV) & MFV 

• Success stories: studies of beyond MFV effects in 
MSSM, littlest Higgs with T-parity (LHT), Z’ (3-3-1) & 
Randall-Sundrum (RS) model 

• Lively discussion

Next 45 minutes or so ...*

*my apologies: discussed topics reflect interests of speaker



SM prediction of KL→π0νν: general structure

*Mescia & Smith ’07       Misiak & Urban ’99, Buchalla & Buras ‘99     † ‡Buchalla & Buras ’97✝

X = 1.464± 0.015mt ± 0.013µt ± 0.015EW

κL = (2.229± 0.017)× 10−10

(
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✝ ‡ • short-distance effects 
have been calculated 
to O(αs) & O(mt α)2

B(KL → π0νν̄) = κL

[
Im(V ∗

tsVtd)
λ5

X

]2

= (2.71± 0.35)× 10−11

• K→πνν matrix elements 

have been extracted 
precisely from Kl3 data 
using χPT at N3/2LO



SM prediction of KL→π0νν: error budget
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✝ ‡

X = 1.464± 0.015mt ± 0.013µt ± 0.015EW

*Mescia & Smith ’07       Misiak & Urban ’99, Buchalla & Buras ‘99     † ‡Buchalla & Buras ’97✝



*Brod & Gorbahn, work in progress

SM prediction of KL→π0νν: upshot

• within SM amount of 
CP violation could be 
determined with 
unmatched precision

• unkown NNLO QCD & 
NLO EW* corrections 
dominate theory error 

B(KL → π0νν̄) = κL

[
Im(V ∗

tsVtd)
λ5

X
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= (2.71± 0.35)× 10−11

κL = (2.229± 0.017)× 10−10
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*Mescia & Smith ’07

SM prediction of K+→π+νν: κ+ & ΔEM

B(K+ → π+νν̄(γ)) = κ+(1 + ∆EM)
∣∣∣

x

λ5

∣∣∣
2

x = V ∗
tsVtd X + λ4 Re(V ∗
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∆EM(Eγ < 20 MeV) = −0.003*
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• long-distance QED corrections at 
O(p2α) in χPT are known now
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SM prediction of K+→π+νν: Pc

*Buras et al. ’05, ’06     ✝Brod & Gorbahn ’08     ‡Using mc(mc) = (1.286 ± 0.013) GeV

• inclusion of NNLO QCD &  
EW effects reduce theory 
error on Pc  by factor of 4 

B(K+ → π+νν̄(γ)) = κ+(1 + ∆EM)
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*Isidori et al. ’05     †Isidori et al. ‘05

SM prediction of K+→π+νν: δPc,u

✝

✝

B(K+ → π+νν̄(γ)) = κ+(1 + ∆EM)
∣∣∣

x

λ5

∣∣∣
2

x = V ∗
tsVtd X + λ4 Re(V ∗

csVcd)(Pc + δPc,u)

• theoretical uncertainty related to non-perturbative effects due to 
charm & up quarks may be reduced by dedicated lattice analysis

δPc,u = 0.04± 0.02
*

• effects scale as O(π Fπ/mc)  ≈  5% & 

enhance SM branching ratio by 6%

2 22
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SM prediction(s) of K+→π+νν: error budget

*Kühn et al. ’07     †   Hoang & Manohar ’05✝
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scales
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B(K+ → π+νν̄(γ)) = {8.57± 0.93, 8.51± 0.73, 8.04± 0.98}× 10−11

mc(mc) = (1.30± 0.05) GeV

mc(mc) = (1.286± 0.013) GeV
*

mc(mc) = (1.224± 0.017± 0.054) GeV
✝



SM prediction of K+→π+νν: upshot

*”If you have to shoot, shoot! Don’t talk.” − Tuco in Il buono, Il brutto, Il cattivo

• theoretical progress in K+→π+νν 
closely related to precision  
determination of charm mass

• K+→π+νν new field of interesting 

physical applications for lattice 
community

• better knowledge of long-
distance effects highly desirable*
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SM predictions of KL→π0l+l−: general structure*

*Buchalla et al. ’03, Isidori et al. ’04 

B(KL → π0l+l−) =
[
Cl

dirκ
2 ± Cl

int |aS |κ + Cl
ind |aS |2 + Cl

γγ

]
× 10−12

κ =
Im (V ∗

tsVtd)
10−4

, |aS | = 1.2± 0.2 , y7V ≈ 0.73 , y7A ≈ −0.68
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• three sizable contributions: short-distance direct CPV  
(sensitive to BSM), long-distance indirect CPV (from 
KS→π0l+l− data) & CPC one (from KL→π0γγ data) KL
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SM predictions of KL→π0l+l−: general structure*

*Buchalla et al. ’03, Isidori et al. ’04 

B(KL → π0l+l−) =
[
Cl

dirκ
2 ± Cl

int |aS |κ + Cl
ind |aS |2 + Cl

γγ

]
× 10−12

κ =
Im (V ∗

tsVtd)
10−4

, |aS | = 1.2± 0.2 , y7V ≈ 0.73 , y7A ≈ −0.68

• phase-space suppression of factor 4 between e+e− & 
μ+μ−; contribution KL → π0(γγ)J=0,2 → π0(l+l−)J=0,2 with   

J  = 0++ negligible for e+e− due to helicity suppression
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)
,
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SM predictions of KL→π0l+l−: upshot 
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FIG. 3: a) B
µ+µ−

against B
e+e− , in units of 10−11. The hyperbola denotes common rescalings of y7A,7V (or Im λt), while

the 25, 50 and 75% confidence regions correspond to the current SM predictions for constructive and destructive ICPV-DCPV

interference. b) Evolution of the error on B
µ+µ−

and B
e+e− as a function of the error on aS. The residual error due to Imλt

is smaller. The middle curve indicates the improvement achievable by selecting events with muon invariant-mass smaller than
2mπ, which amounts to cutting away the bulk of the two-photon CPC contribution.

interference, which depends on the sign of A(KL → γγ),
is presumably constructive[21]. Better measurements of
KS → π0γγ or K+ → π+γγ could settle this sign.

KL → µ+µ− is thus obviously not as clean as K →
πνν̄ or KL → π0$+$−. Nevertheless, being measured
precisely, it can still lead to interesting constraints in
some specific scenarios like SUSY at large tan β[11].

V. CONCLUSION

Thanks to the numerous theoretical efforts, the four
rare decays, K → πνν̄ and KL → π0$+$−, now provide

for one of the cleanest and most sensitive tests of the
Standard Model. These modes are promising not only to
get clear signals of New Physics – or to severely constrain
it –, but also to uncover the nature of the possible New
Physics at play through the specific pattern of deviations
they would exhibit with respect to the SM predictions.
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Bee [10−11]

Im (V ∗
tsVtd)

1.41× 10−4

• two types of short-distance contributions, namely y7V,7A, can be 
disentangled by measuring both e+e− & μ+μ− rate*

• error on χPT counterterm aS is currently most limiting factor & 
better measurements of KS→π0l+l− would be welcome✝ 

*Mescia et al. ’06     ✝Smith ‘07



Minimal flavor-violation (MFV)

MFV = “effective theory constructed from SM fields & Yukawa 
couplings YU,D that is invariant under GF”*

LYukawa = Q̄LYDDRφ + Q̄LYUURφc + h.c.

In limit of vanishing Yukawa couplings YU,D SM aquires a global 
symmetry GF = U(3)5 ⊃ SU(3)Q×SU(3)U×SU(3)D

If  Yukawa couplings YU,D transform as YU ~ (3,3,1) & YD ~ (3,1,3) 
global symmetry GF is restored

−−

*D’Ambrosio et al. ’02



Typical FCNC dimension-six operator 

Only flavor-independent magnitude of FCNC amplitudes can be 
modified by BSM contributions to higher-dimensional operators*

(YUY †
U )ij = V †diag(y2

u, y2
c , y2

t )V ≈ y2
t V ∗

tiVtj

(Q̄i
L (YUY †

U )ij Qj
L)(L̄LLL)

sL

ν̄L

dL !L

b̄Ls̄L

νL
...

νL

!̄L

yt VtiVtj is effective coupling ruling all FCNCs with external 
down-type quarks: K→πνν, B→Xsγ, B→Xsl+l−, ...

2 *

− − −

*phase measurements a(B→ψKs), ∆MBs/∆MBd, ... unaffected in MFV



Constrained MFV (CMFV)Constrained MFV (CMFV)*

CMFV ≡ “MFV & no other operators beyond SM ones”*

CMFV = “MFV under assumption of single ϕ doublet”;

large tanβ effects in 2HDM/MSSM not covered by CMFV

• D = 4 effective FCNC Z-vertex: C = CSM + ΔC

• D = 6 subleading penguins and EW boxes: E = ESM + ΔE , ...

• D = 5 (chromo)magnetic operators: C7   = C7,SM + ΔC7  , ...eff eff eff

diL d̄jL

Z

diL

γ

d̄jR diL d̄jL

q q
g

*Buras et al. ’00, ..., Blanke et al. ’06 



CMFV parameters

X(v) = C(v) + Bνν(v)
Y (v) = C(v) + B""(v)

Z(v) = C(v) +
1
4
D(v)

K-K̄ mixing (|εK |)
Bd,s-B̄d,s mixing (∆MBd,s)
K → πνν̄, B̄ → Xd,sνν̄

KL → µ+µ−, Bd,s → µ+µ−

KL → π0$+$−

ε′/ε, |∆S| = 1
non-leptonic |∆B| = 1
B̄ → Xsγ

B̄ → Xsg

B̄ → Xs$
+$−

dominated by Z-penguin trade for C7  (μb)
eff

drop as O(10−2)

S(v)
S(v)
X(v)
Y (v)
Y (v), Z(v), E(v)
X(v), Y (v), Z(v), E(v)
X(v), Y (v), Z(v), E(v), E′(v)
D′(v), E′(v)
E′(v)
Y (v), Z(v), E(v), D′(v), E′(v)



*Gambino et al. ’04

CMFV: combining B→Xsγ & B→Xsl+l−π+
ΔC 

• opposite sign of C7 

disfavored by B→Xsl+l− 

measurements*

eff

SM

C7   > 0    
eff

C < 0    

     

SM

C7   > 0    
eff

SMC < 0    

diL d̄jL

Z × ΔC

diL

γ

d̄jR

× ΔC7 eff



CMFV: combining B→Xsγ,l+l− & K+→π+νν

*Bobeth et al. ’05

SM
C7   > 0    

eff

C < 0    

     

SM

C7   > 0    
eff

SMC < 0    

• large destructive       

Z-penguin allowed by 

flavor constraints*

diL d̄jL

Z × ΔC

diL

γ

d̄jR

× ΔC7 eff



*Bobeth et al. ’05

CMFV: combining B→Xsγ,l+l− & K+→π+νν

SM

C7   > 0    
eff

SM

C7   > 0    
eff

SM

• 2015 (?): measurement 

of K+→π+νν close to 

SM excludes ΔC ≈ −2*

diL d̄jL

Z × ΔC

diL

γ

d̄jR

× ΔC7 eff



*UH & Weiler ’07

CMFV: combining B→Xsγ,l+l− & Z→bbπ+

SM

C7   > 0    
eff

SM

C7   > 0    
eff

SM

• existing Z→bb data 

rule out large CMFV 

Z-penguin*

diL d̄jL

Z × ΔC

diL

γ

d̄jR

× ΔC7 eff



*UH & Weiler ’07

CMFV: combining B→Xsγ,l+l− & Z→bbπ+

SM

C7   > 0    
eff

SM

C7   > 0    
eff

SM

∝ |Vtb|2
m2

t

M2
W

THDM

Z∗

dj

di

G±

G±

t

MSSM

Z

b

b

G±

G±

t

ACD

Z

s

b

a±

(k)

a±

(k)

Ut(k)

LHT

Z

f = q, !

= q, !

Z

Z

f = q, !

Z

∝ V ∗
tjVti

m2
t

M2
W

THDM

Z∗

dj

di

G±

G±

t

MSSM

Z

b

b

G±

G±

t

ACD

Z

s

b

a±

(k)

a±

(k)

Ut(k)

LHT

Z

f = q, !

= q, !

Z

Z

f = q, !

Z∗

• based on observation 

that in CMFV Z→bb, 

didj are “identical”*



*UH & Weiler ’07

CMFV: combining B→Xsγ,l+l− & Z→bbπ+

SM

C7   > 0    
eff

SM

C7   > 0    
eff

SM

∝ |Vtb|2
m2

t

M2
W

THDM

Z∗

dj

di

G±

G±

t

MSSM

Z

b

b

G±

G±

t

ACD

Z

s

b

a±

(k)

a±

(k)

Ut(k)

LHT

Z

f = q, !

= q, !

Z

Z

f = q, !

Z

∝ V ∗
tjVti

m2
t

M2
W

THDM

Z∗

dj

di

G±

G±

t

MSSM

Z

b

b

G±

G±

t

ACD

Z

s

b

a±

(k)

a±

(k)

Ut(k)

LHT

Z

f = q, !

= q, !

Z

Z

f = q, !

Z∗

• correlation shown to 

hold in CMFV 2HDM, 

MSSM, UED5 & LHT*



CMFV: K+→π+νν vs. KL→π0νν

*

*

• violation of bounds may 

signal new flavor & CP 

violation‖∥new operators 

‖∥sizable box effects 

B(KL → π0νν̄)CMFV =

[1.55, 4.38]× 10−11 (95% CL)

B(K+ → π+νν̄)CMFV =

[4.29, 10.72]× 10−11 (95% CL)

✝

✝

*UH & Weiler ’07; UH ‘07      ✝Assuming vanishing box contributions
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*Buras et al. ’01     ✝Isidori et al. ‘06     ‡Buras et al. ’02      Bardeen et al. ’04☨

MFV: K+→π+νν vs. KL→π0ννMFV: K+→π+νν vs. KL→π0νν

• bounds satisfied in MFV 

MSSM with tanβ < 30 (ΔB ∈ 

[−30*, 25✝] %), UED5 (ΔB < 

+5%)‡ & LH (ΔB < +15%)☨
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B(K+ → π+νν̄)MFV =

[4.29, 10.72]× 10−11 (95% CL)

B(KL → π0νν̄)MFV =

[1.55, 4.38]× 10−11 (95% CL)



Anatomy of MSSM contributions

*Colangelo & Isidori ‘98

s

d

Z

g̃, χ̃0

s̃L

s̃R

d̃L

s̃R

χ̃−

Z

d

s

ũL

ũL

t̃R

t̃R

• physical 6×6 squark mass 

matrices after EWSB have 

non-trivial flavor structure 

M2
D/U =

(
(M2

Q)LL (M2
D/U )LR

(M2
D/U )†LR (M2

U )RR

)

(M2
D/U )LR = Md/u (AD/U − µ tanβ/ cot β)

• after “diagonalizing” interaction vertices, “flavor 

non-diagonality” resides in squark propagators 

& can be described by mass insertions (MIs)

• SU(2)L breaking induced only 

via Z-penguins envolving g/χ0-d 

‖∥	 χ±-u exchange & 2 MIs* 

~ ~

~

~

~

(M2
Q)AB

q̃A q̃B



Anatomy of MSSM contributions cont’d*

*Nir & Worah ’97, Buras et al. ’97, Colangelo & Isidori ‘98

χ̃±

χ̃±s

d ν

ũ l̃

ν s

d

Zg̃,
χ̃

0

ν

d̃

d̃

ν

ũ

s

d

Z
ν

ν

χ̃
±

ũ

• boxes do not require SU(2)L breaking, but are suppressed by 
additional heavy propagators & therefore numerically subleading

• Z-penguins with down (LR)2 insertions are tightly constrained by      
∆S = 2 transitions, while those involving up (LR)2 insertions are not

• dominant contributions to K→πνν 
arises typically from χ±-u diagrams ~ ~

−
(
X χ̃±

MSSM

)
L
∝ (M2

U )31LR(M2
U )32∗LR

m̃4



Sensitivity to trilinear AU terms*

*Isidori et al. ‘06

• due to quadratic dependence, s→dνν  is best probe of AU terms−

• determination of AU  

terms hard for LHCb/
SuperB due to limited 
sensitivity of B-physics

AU   or  AU   [GeV]13 23
∣ ∣ ∣ ∣ 13

The                    modes are the best probe of the AU terms (quadratic dependence).

2

tan 2 4
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! !Phases left free.

Isidori,Mescia,Paradisi,Trine,C.S. (‘06)

Scanning over 
trilinear terms:

Fixed sparticle 
masses:

K → πνν

Sensitivity to AU, compared to other K & B observables?

K → πνν

13 23| | | | ( )U Uor GeVA A

100 2000
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Sensitivity to trilinear AU terms*

*Isidori et al. ‘06

• same conclusion holds in case of CP-violating K- & B-observables

tanβ ∈ [2, 4]

μ = (500 ± 10) GeV
M2 = (300 ± 10) GeV
m   = (600 ± 20) GeV
m   = (800 ± 20) GeV
 m = 2 TeV

uR

qL
~
~

~

tanβ ∈ [2, 4]

fixed MSSM spectrum:

14

0

( )CP

L

K

A B

K

Kψ
ε

π νν
→

→

Same within CP-violating K & B observables:

(Further: decoupling slower for penguins than for boxes as                 )
t

m → ∞
!

K → πνν

100 2000
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Γ M
SS

M
/Γ

SM

KL → π0νν̄

|εK |

AU   [GeV]13
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ACP (Bd → J/ψKS)

• small impact of AU on 
sinβ &   εK   implies 
complementarity of 
K→πνν & LHCb/SuperB

∣ ∣

−



MSSM & Grossman-Nir bound

*Brein ’04     ✝Grossman & Nir ‘97     ‡Buras et al. ’04
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MSSM
tanβ = 2

adaptive VEGAS scan* involving all 
MSSM parameters to search for 
maximal effects compatible with K-, B-, 
EW precision measurements, UFB & 
CCB stability bounds 

• such spectacular effects in 
reach of E391a

• enhancement by factor 
30 possible in KL→π0νν & 
Grossman-Nir bound, i.e., 
B(KL) < 4.4 B(K+),✝ can be 
saturated‡

−

~



*Isidori et al. ’06     ✝Isidori & Paradisi ‘06

MSSM at large tanβ
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- But sensitive to higher order effects in the H± penguin, though only beyond MFV:

Isidori & Paradisi (‘06)
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µγ ν γ ν
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tan β!

Slow decoupling,                       ,

compared to                     ,         .

log( )tH tHx x!
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- Negligible effects from charginos:

And at large tanβ ?

K → πνν

- No effects from neutral Higgs FCNC (~ neutrino masses).
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Within MFV: tanβ not sufficient to compensate for ms, md factors:

Beyond MFV: chargino contributions decrease with increasing tanβ.

Isidori,Mescia,Paradisi,Trine,C.S. (‘06)

• effects from neutral Higgs & charginos diagrams negligible both 

within & beyond MFV*

H
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s
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Z
ν

ν
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ũL

• beyond MFV strong sensitivity to 

higher order effects in charged 

Higgs penguin✝

• in constrast to case of Bd,s→μ+μ−, 

charged Higgs corrections in 

K→πνν decouple slowly due to 

logarithmic dependence on MH±

−
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*Mescia et al. ’06

Anatomy of KL→π0l+l−  in MSSM beyond MFV*
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- But sensitive to higher order effects in the H± penguin, though only beyond MFV:

Isidori & Paradisi (‘06)
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Slow decoupling,                       ,

compared to                     ,         .
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- Negligible effects from charginos:

And at large tanβ ?

K → πνν

- No effects from neutral Higgs FCNC (~ neutrino masses).
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• effects in QCD penguins entirely fixed by data, while effects in EW 

penguins follow pattern of K→πνν but tend to be smaller −

| Im
 | <

35

 

  y   

P

|R
e

 |
<

90

 

 

 y
 

 

V,A only

S

R
e 

y S

EEW
P

SM
L

K
  

  
 !
!
!"

"
+

0

LK e    ! ""e+0

#
#

##

-20

15

-8

25

-15

20

8

A   (%)FB

w

L

bo
un

d 
on

 y

K
   

  !
"!+

S,
P

SM

• at large tanβ, scalar & pseudo-

scalar operators QS = (sd)(ll) & 

QP = (sd)(lγ5l) are enhanced

- -

- -

• being helicity suppressed, yS & yP 

affect only μ+μ− mode & can lead 

to enhancement that is correlated 

with effects in KL→μ+μ−



Flavor of littlest Higgs with T-parity (LHT)*

*Blanke et al. 3 × ’06, ’07, ‘08

d

s

Z
ν

ν

W
± H

uH

uH

VHd

V †
Hd

• since λ5  suppression is in general not present in V   , for non-

degenerate dH & uH, sizable SU(2)L breaking effects in Z-penguin 

are expected having potential significant impact on rare K-decays

Hd

• left-over 1/ε pole in Z-penguin reflects sensitivity to unknown UV 

completion of LHT; studies only take into account flavor-universal 

logarithmic piece but neglect possible constant non-universal parts

• mirror quarks dH & uH  introduce additional 

flavor interactions governed by new mixing 

matrix V   containing 3 angles & 3 phasesHd



MFV: K+→π+νν vs. KL→π0ννLHT: K+→π+νν vs. KL→π0νν*

*Blanke et al. ’06, ’07, ’08      ✝For f = 3 TeV effects in KL→π0νν are smaller by factor 5−
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LHT
f = 1 TeV✝

SM

all input parameters taken to be flatly 
distributed within their 1σ ranges &          
|εK  , ΔM    , SJ/ψ      & ΔMK required to 
lie within 1σ & 30% of central values  

Bd,s KS

• 3 εK    allows for 2 branches: 
either B(K+) or B(KL) can 
be enhanced by factor 5 
or 10 with B(KL) ≈ BSM(KL) 
or B(K+) ≈ (2−3) BSM(K+)

• precise theoretical value 
for ε’/ε would strongly 
constrain K→πνν−



MFV: K+→π+νν vs. KL→π0ννLHT: interesting correlations*

*Blanke et al. ’06, ’07, ‘08
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• CP-asymmetry SJ/ψΦ can reach 
values up to 0.4, although 
values > 0.2 seem “unlikely”

• for SJ/ψΦ ≈ 0.2, both K→πνν & 
KL→π0l+l− modes could still be 
enhanced by factors 3 & 1.5  

−

• KL→π0l+l− modes are strongly 
correlated with KL→π0νν & 
enhancements of factors 2 are 
possible

−



Minimal 3-3-1 model: K→πνν & KL→π0l+l−*

*Promberger et al. ’07      ✝For MZ’ = 1 TeV
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31• FCNCs induced by exchange of heavy Z’ gauge 

boson which involves new mixing matrix V~

• pattern of effects similar to LHT, 
but smaller due to leptophobic 
nature of 3-3-1 model:✝ B(K+) <     
2 BSM(K+) & B(KL) < 4 BSM(KL)

~

~

• KL→π0l+l− are strongly correlated 

with each other & with KL→π0νν 
& can be enhanced by factor 3✝ 

−



Flavor of flavor in Randall-Sundrum (RS) model*

*Huber & Shafi ’99, ..., Csaki et al. ‘08

‣ non-orthonormality of fermion profiles leading 
to mixing of SU(2)L doublets & singlets

‣ modification of SM gauge boson profiles due  
to EWSB on SM brane

f

f ′

Z,W±

• SM fermions masses & mixings 
are generated without flavor 
symmetries by localizing fields 
at different points in warped 
extra dimension 

Planck 
brane

SM
brane

Higgs

tRlight fermions

Z, W±

⎝
⎛Q = 

tL
bL

⎛
⎝

F(c  )tR

F(c  )Q

• different sources of flavor-violation:



Flavor of flavor in Randall-Sundrum (RS) model*

*Huber & Shafi ’99, ..., Csaki et al. ’08       ✝Agashe et al. ’04, ‘05

‣ effects from non-trivial KK gauge boson profiles 

‣ dominant corrections in general from KK gluons 

• fact that all flavor-violating effects “live” close to SM brane implies 
suppression of FCNCs by F(ci) F(cj), dubbed RS-GIM mechanism✝

f

f ′ g(n), γ(n)

Z(n),W
±
(n)

Planck 
brane

SM
brane

Higgs

tRlight fermions

Z, W±

⎝
⎛Q = 

tL
bL

⎛
⎝

F(c  )tR

F(c  )Q

• SM fermions masses & mixings 
are generated without flavor 
symmetries by localizing fields 
at different points in warped 
extra dimension 



“Anticorrelation” between  εK  & K→πνν*

*Casagrande et al., work in progress      ✝Similar expression with D → d holds for (XRS)R←

|εK |RS ≈ −
4×10−3 Im

[
(∆D)12(∆d)12 − 10−3

(
(∆D)212 + (∆d)212

)]

10−12M2
KKTeV−2

g(n) Z,Z(n)
s s

sd

d

d

ν

ν

• all s→d transitions governed by only  
4 couplings, namely (ΔD,d)12 & (δD,d)12

• invariance of quark masses & mixings under F(ci)→ξF(ci) & Yq→ξ−2Yq 
might allow to achieve observable effects in K→πνν while avoiding 

disastrous corrections to  εK  , since ΔD,d→ξ2ΔD,d  while δD,d→ξ−2δD,d

−

✝

(XRS)L ≈
4.4×10−3 |V ∗

tsVtd|
M2

KKTeV−2

[
15.7

(∆D)12
10−6

+
M2

KK

M2
Z

(δd)12
10−6

]



Mescia’s plot reloaded

large & correlated signals could be seen in rare K-decays 
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However, ...

K+ → π+νν̄

KL → π0νν̄

KL → π0l+l−



whether or not spectacular effects are present ...

K+ → π+νν̄

KL → π0νν̄

KL → π0l+l−



can only be determined by measurements ...

K+ → π+νν̄

KL → π0νν̄

KL → π0l+l−



thereby exploring unmapped territories ...

K+ → π+νν̄

KL → π0νν̄

KL → π0l+l−



... of flavor landscape 

10−3

10−6

10−9

10−12

10−15

branching ratio

K+ → π+νν̄

KL → π0νν̄

KL → µ+µ−

B̄ → Xsγ

B̄ → Xsl
+l−

KL → π0l+l−

Bs → µ+µ−

B̄ → K∗γ

B̄ → K(∗)l+l−

∆MK,d,s

Bd → µ+µ−

B̄ → Xdγ

µ→ eγ, . . .

B → Kπ, . . .

εK , ε′/ε

B̄ → Xdl
+l−



Thanks to
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M. Gorbahn

F. Schwab S. Jäger

S. Recksiegel



K→πνν matrix elements from Kl3 in χPT

✝

κL =
G2

F m5
Kα2(MZ)

256 π5s4
W

λ8 (τL|λ× fK0π+

+ (0)|2)exp

(
rrK

r0+

)2

I0
ν ,

κ+ =
G2

F m5
Kα2(MZ)

256 π5s4
W

λ8 τ+ (rK |λ× fK0π+

+ (0)|2)exp I+
ν

*Marciano & Parsa ’96     †Mescia & Smith ’07✝

• classic χPT analysis of O(p2ε(2))* isospin-breaking effects very 
recently extended to O(p4ε(2)) & partially O(p6ε(2))

ε(2) ∝ mu −md

ms

rK =
fK+π+

+ (0)
fK0π+
+ (0)

= 1.0015± 0.0007 r0+ =
fK+π0(+)

+ (q2)
fK0π+(0)
+ (q2)

= 1.0238± 0.0035

r =
fK+π0

+ (q2) fK0π0

+ (q2)
fK0π+
+ (q2) fK+π+

+ (q2)
= 1.0000± 0.0002

✝

✝

✝

✝



*Mescia & Smith ’07

κL & κ+ : main messages*

mc(mc) [GeV] method

2.229 ± 0.017 2.229 ± 0.036 2.190 ± 0.018 − 77% 12% 9% 2% ± 0.013

5.168 ± 0.025 5.168 ± 0.025 5.168 ± 0.025 19% 43% 21% 17% − ± 0.023

(r0+)theo (r0+)exp (r0+)exp τ+ f(0)Kl3 I rK r future (?)

κL

κ+

KLOE

• overall uncertainties on 

KL→π0νν & K+→π+νν 

matrix elements are 

reduced by factor 4 & 7 

• further reduction of 

errors possible with 

better data on Kl3 slopes 

& Kl3 branching ratios



*Falk et al. ’00

SM prediction of K+→π+νν: δPc,u

B(K+ → π+νν̄(γ)) = κ+(1 + ∆EM)
∣∣∣

x

λ5

∣∣∣
2

x = V ∗
tsVtd X + λ4 Re(V ∗

csVcd)(Pc + δPc,u)

• local charm effects due to 

dimension-eight operators 

naively of O(mK/mc) ≈ 15%

• genuine long-distance up 

effects of O(Λ /mc) ≈ 10%

2 2

22

*
Q(8)

1 = (s̄LγµdL)∂2(ν̄LγµνL) ,

Q(8)
2 = (s̄LDνγµDνdL)(ν̄LγµνL) ,

Q(8)
3 = (s̄LDνγµdL)(ν̄L(∂ν − ∂ν)γµνL)

→

→→→

→

ν ν

c(u)

s d

c(u)

s ν

e, µ, τ

d ν

c(u)

Figure 1: One-loop diagrams in the low-energy effective theory that involve a large leading
logarithms. The black squares represent the insertion of the bilocal composite operators
QP

± (left diagram) and QB (right diagram). The charm quark loop in the left diagram is
open.

1

ν ν

c(u)

s d

c(u)

s ν

e, µ, τ

d ν

c(u)

Figure 1: One-loop diagrams in the low-energy effective theory that involve a large leading
logarithms. The black squares represent the insertion of the bilocal composite operators
QP

± (left diagram) and QB (right diagram). The charm quark loop in the left diagram is
open.

1



Recent determinations of charm mass

mc(mc) [GeV] method

1.266 ± 0.014 lattice, unquenched, staggered

1.286 ± 0.013 low-momentum sum rules, N3LO

1.295 ± 0.015 low-momentum sum rules, N3LO

1.24 ± 0.07 fit to B-decay distribution, αsβ0

1.224 ± 0.017 ± 
0.054 

fit to B-decay data, αsβ0

1.29 ± 0.07 NNLO moments

1.319 ± 0.028 lattice, quenched

1.301 ± 0.034 lattice, quenched

1.26 ± 0.04 ± 0.12 lattice, quenched

1.25 ± 0.09 PDG 2006

mc(mc) [GeV] method

2

2

mc(mc) [GeV]
1.1 1.2 1.3 1.4 1.5 1.6

Kühn et al. ‘07

Buchmüller & Flächer ‘05

Hoang & Manohar ‘05

Hoang & Jamin ‘04

deDivitiis et al. ‘03

Rolf & Sint ‘02

Becirevic et al. ‘02

PDG ‘06

[1.21, 1.34]

Allison et al. ‘08

Boughezal et al. ‘07



Future (?) CKM fit from K→πνν*

*Buras et al. ’05, ’06
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Future (?)

1 – CL

K+ → π+νν̄

KL → π0νν̄

• nice CKM fit from K→πνν, almost 

comparable to present global 

analysis, but not ultimate goal 

B(K+ → π+νν̄) = (8.0± 0.8)× 10−11

B(KL → π0νν̄) = (3.0± 0.3)× 10−11

Future (?)
σ(|Vtd|)
|Vtd|

= ±4.0%

σ(sin 2β) = ±0.024

σ(γ) = ±4.7◦

NLO
(theory error only)

σ(|Vtd|)
|Vtd|

= ±1.0%

σ(sin 2β) = ±0.006

σ(γ) = ±1.2◦

NNLO
(theory error only)



Bounds on ΔC & ΔC7   from B→Xsγ,l+l− & Z→bbπ

*UH & Weiler ’07 

eff

SM

C7   > 0    
eff

SM

C7   > 0    
eff

SM

∆C = [−0.486, 0.366] (95% CL)

∆Ceff
7 = [−0.104, 0.026] ∪

[0.891, 0.968] (95% CL)

• large corrections to off-shell 

photon penguin still allow 

for “wrong” sign of C7
eff



*UH & Weiler ’07      ✝Assuming vanishing box contributions     

Lower and upper CMFV bounds✝

TABLE III: Bounds for various rare decays in CMFV models at 95% probability, the corresponding values in the SM at 68% and
95% CL, and the available experimental information. See text for details.

Observable CMFV (95% CL) SM (68% CL) SM (95% CL) Experiment

B(K+ → π+νν̄) × 1011 [4.24, 11.09] 7.32 ± 1.38 [5.46, 9.41]
`

14.7+13.0
−8.9

´

[65]

B(KL → π0νν̄) × 1011 [1.56, 4.56] 2.86 ± 0.36 [2.24, 3.59] < 2.1 × 104 (90% CL) [84]

B(KL → µ+µ−)SD × 109 [0.30, 1.22] 0.70 ± 0.11 [0.54, 0.88] –

B(B̄ → Xdνν̄) × 106 [0.77, 2.00] 1.34 ± 0.05 [1.24, 1.45] –

B(B̄ → Xsνν̄) × 105 [1.88, 4.86] 3.27 ± 0.11 [3.06, 3.48] < 64 (90% CL) [85]

B(Bd → µ+µ−) × 1010 [0.36, 2.03] 1.06 ± 0.16 [0.87, 1.27] < 3.0 × 102 (95% CL) [86]

B(Bs → µ+µ−) × 109 [1.17, 6.67] 3.51 ± 0.50 [2.92, 4.13] < 9.3 × 101 (95% CL) [87]

longer active, large departures from the SM predictions
are still possible without violating any existing experi-
mental constraint [54, 78]. Precise measurements of the
processes K+ → π+νν̄ and KL → π0νν̄ will therefore
have a non-trivial impact on our understanding of the

flavor structure and CP violation of NP well above the
TeV scale. This statement remains true even after tak-
ing into account possible future constraints on the mass
spectrum obtained at the LHC and the refinement of the
flavor constraints expected from the B-factories [30, 54].

In order to allow a better comparison with the re-
sults presented previously in [11], we will set ∆Bνν̄ =

∆Bl+l− = 0 when determining the allowed ranges for
the branching ratios of K+ → π+νν̄, KL → π0νν̄,
KL → µ+µ−, B̄ → Xd,sνν̄, and Bd,s → µ+µ− within
CMFV. The corresponding lower and upper bounds at
95% probability are reported in Tab. III. For compari-
son, we also show the 68% and 95% CL limits in the SM,
obtained using the CKM parameters from a standard UT
analysis. The calculations of the SM branching ratios all
employ the results of [79]. In addition we take into ac-
count the recent theoretical developments of [30, 80, 81]
in the case of K+ → π+νν̄ and KL → π0νν̄, and of
[82] for what concerns KL → µ+µ−. In contrast to the
standard approach we normalize the B̄ → Xd,sνν̄ de-
cay width to the B̄ → Xueν̄ rate, while we follow [83]
in the case of Bd,s → µ+µ−, since both procedures lead
to a reduction of theoretical uncertainties. The actual
numerical analysis is performed with a modified version
of the CKMfitter code. The used input parameters are
given in App. B.

It is evident from Tab. III that the strong bound on
∆C, coming mainly from the existing precision measure-
ments of the Z → bb̄ POs, does allow for CMFV depar-
tures relative to the SM branching ratios that range from
around ±20% to at most ±60% for the given rare K- and
B-decays. While our upper bounds are in good agree-
ment with the results of [11], the derived lower bounds are
one of the new results of our article. A strong violation of
any of the 95% CL bounds on the considered branching
ratios by future measurements will imply a failure of the
CMFV assumption, signaling either the presence of new
effective operators and/or new flavor and CP violation.
A way to evade the given limits is the presence of siz-

able corrections δCNP and/or ∆Bνν̄ and ∆Bl+l− . While
these possibilities cannot be fully excluded, general ar-
guments and explicit calculations indicate that they are
both difficult to realize in the CMFV framework.

V. CONCLUSIONS

To conclude, we have pointed out that large contri-
butions to the universal Inami-Lim function C in con-
strained minimal-flavor-violation that would reverse the
sign of the standard Z-penguin amplitude are highly dis-
favored by the existing measurements of the pseudo ob-
servables R0

b , Ab, and A0,b
FB performed at LEP and SLC.

This underscores the outstanding role of electroweak pre-
cision tests in guiding us toward the right theory and
immediately raises the question: What else can flavor
physics learn from collider physics?
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TABLE III: Bounds for various rare decays in CMFV models at 95% probability, the corresponding values in the SM at 68% and
95% CL, and the available experimental information. See text for details.

Observable CMFV (95% CL) SM (68% CL) SM (95% CL) Experiment

B(K+ → π+νν̄) × 1011 [4.24, 11.09] 7.32 ± 1.38 [5.46, 9.41]
`

14.7+13.0
−8.9

´

[65]

B(KL → π0νν̄) × 1011 [1.56, 4.56] 2.86 ± 0.36 [2.24, 3.59] < 2.1 × 104 (90% CL) [84]

B(KL → µ+µ−)SD × 109 [0.30, 1.22] 0.70 ± 0.11 [0.54, 0.88] –

B(B̄ → Xdνν̄) × 106 [0.77, 2.00] 1.34 ± 0.05 [1.24, 1.45] –
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B(Bs → µ+µ−) × 109 [1.17, 6.67] 3.51 ± 0.50 [2.92, 4.13] < 9.3 × 101 (95% CL) [87]

longer active, large departures from the SM predictions
are still possible without violating any existing experi-
mental constraint [54, 78]. Precise measurements of the
processes K+ → π+νν̄ and KL → π0νν̄ will therefore
have a non-trivial impact on our understanding of the

flavor structure and CP violation of NP well above the
TeV scale. This statement remains true even after tak-
ing into account possible future constraints on the mass
spectrum obtained at the LHC and the refinement of the
flavor constraints expected from the B-factories [30, 54].

In order to allow a better comparison with the re-
sults presented previously in [11], we will set ∆Bνν̄ =

∆Bl+l− = 0 when determining the allowed ranges for
the branching ratios of K+ → π+νν̄, KL → π0νν̄,
KL → µ+µ−, B̄ → Xd,sνν̄, and Bd,s → µ+µ− within
CMFV. The corresponding lower and upper bounds at
95% probability are reported in Tab. III. For compari-
son, we also show the 68% and 95% CL limits in the SM,
obtained using the CKM parameters from a standard UT
analysis. The calculations of the SM branching ratios all
employ the results of [79]. In addition we take into ac-
count the recent theoretical developments of [30, 80, 81]
in the case of K+ → π+νν̄ and KL → π0νν̄, and of
[82] for what concerns KL → µ+µ−. In contrast to the
standard approach we normalize the B̄ → Xd,sνν̄ de-
cay width to the B̄ → Xueν̄ rate, while we follow [83]
in the case of Bd,s → µ+µ−, since both procedures lead
to a reduction of theoretical uncertainties. The actual
numerical analysis is performed with a modified version
of the CKMfitter code. The used input parameters are
given in App. B.

It is evident from Tab. III that the strong bound on
∆C, coming mainly from the existing precision measure-
ments of the Z → bb̄ POs, does allow for CMFV depar-
tures relative to the SM branching ratios that range from
around ±20% to at most ±60% for the given rare K- and
B-decays. While our upper bounds are in good agree-
ment with the results of [11], the derived lower bounds are
one of the new results of our article. A strong violation of
any of the 95% CL bounds on the considered branching
ratios by future measurements will imply a failure of the
CMFV assumption, signaling either the presence of new
effective operators and/or new flavor and CP violation.
A way to evade the given limits is the presence of siz-

able corrections δCNP and/or ∆Bνν̄ and ∆Bl+l− . While
these possibilities cannot be fully excluded, general ar-
guments and explicit calculations indicate that they are
both difficult to realize in the CMFV framework.

V. CONCLUSIONS

To conclude, we have pointed out that large contri-
butions to the universal Inami-Lim function C in con-
strained minimal-flavor-violation that would reverse the
sign of the standard Z-penguin amplitude are highly dis-
favored by the existing measurements of the pseudo ob-
servables R0

b , Ab, and A0,b
FB performed at LEP and SLC.

This underscores the outstanding role of electroweak pre-
cision tests in guiding us toward the right theory and
immediately raises the question: What else can flavor
physics learn from collider physics?
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MFV: K+→π+νν vs. KL→π0νν

νlL ν̄lL

dR

Z

s̄RHeff ∝
∑

l=e,µ,τ

[
XL(s̄LγµdL) + XR(s̄RγµdR)

]
(ν̄lLγµνlL)

∼
∑

l=e,µ,τ

[
XL + XR

]
(s̄LγµdL)(ν̄lLγµνlL)

*to limited knowledge of speaker

• sizable constructive 

model-independent MFV 

effects in K+→π+νν 

difficult to obtain in 

any* explicit model due 

to chiral suppression
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