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Kaon Physics in the New Millennium

Since about a decade a new generation of high-statistics     
kaon experiments are or were in operation

    KTeV,  NA48,  KLOE,  ISTRA+,  E787/949,  NA62,  E391a, ...

Significant progress in many fields in the last couple of years:

Direct CP violation (ε'/ε)
Precision determination of |Vus|

Precision tests of Chiral Perturbation Theory

Search for Lepton Flavor Violation

Search for New Physics in very rare decays

This Talk
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Some of  the Experiments 
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NA48/NA62-RK KTeVKLOE

Experiments
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Anti counter 6
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Magnet
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Anti counter 7
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Hodoscope

Liquid krypton calorimeter
Hadron calorimeter
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NA48 KLOE KTeV

ISTRA+

Rainer Wanke, Universität Mainz, FPCP 2008, Taipei, May 6, 2008 – p.3/30

ISTRA+
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Outline
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Measurement of ππ scattering lengths

Wigner-cusp in K± → π± π0 π0

Decay kinematics of K± → π+ π- e± ν (Ke4) decays

Search for Lepton Flavour Violation                                     
in K± → e± ν / K± → µ± ν

The Golden Decays K → π ν ν

Conclusions
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Precision Measurement of 
ππ Scattering Lengths
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ππ Scattering Lengths
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π

π r
k =

√
2mE
�

At low energy k r << 1: S-wave dominates scattering amplitude. 
Isospin I = 0,2 because of Bose statistics.

At low energy S-wave scattering lengths a0, a2 are 
essential parameters of Chiral Perturbation Theory (ChPT).

Scattering matrix                             parametrized by two phases:S|ππ� = e2iδ|ππ�

(In the following:  a0,2 quoted in units of mπ )

δ0,2 = − a0,2 · k + O(k2)
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Theory predictions for a0 and a2
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H. Leutwyler – Bern

Predictions for the S-wave !! scattering lengths
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tree, one loop, two loops
low energy theorem for scalar radius
Colangelo, Gasser & Leutwyler 2001

PSfrag
replacem

ents

a0
0

a2
0

Sizeable corrections in a0
0, while a2

0 nearly stays put

Light flavour hadron physics – p.10/39

Universal band  (from Roy equations)

ChPT constraint:  
        a2  =  -0.0444(8) + 0.236 (a0 - 0.22) - 0.61 (a0 - 0.22)2 - 9.9 (a0 - 0.22)3 

Scattering lengths a0, a2 are 
directly connected to mπ:

Precise prediction within 
Chiral Perturbation Theory:

(Colangelo, Gasser, Leutwyler, 
PRL 86 (2001) 5008)

a0 = 0.220 ± 0.005

a2 = −0.0444 ± 0.0010

(Weinberg, PRL 17 (1966) 216)

a0 ∼ 7m2
π

32π F2
π

= 0.16

a2 ∼ −m2
π

16π F2
π

= −0.045

http://www.slac.stanford.edu/spires/find/hep/www?eprint=hep-ph/0103063
http://www.slac.stanford.edu/spires/find/hep/www?eprint=hep-ph/0103063
http://www.slac.stanford.edu/spires/find/hep/www?eprint=hep-ph/0103063
http://www.slac.stanford.edu/spires/find/hep/www?eprint=hep-ph/0103063
http://www.slac.stanford.edu/spires/find/hep/www?j=PRLTA,17,616
http://www.slac.stanford.edu/spires/find/hep/www?j=PRLTA,17,616
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ππ Scattering Lengths in Kaon Decays
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How to measure pion scattering lengths in kaon decays:

Need two pions in the final state                                   
➜  Can use K → 3π or K → ππlν (Kl4)

K± → π± π0 π0:                                                      
Rescattering from K± → π±π+π-                                                            

➜  Wigner-cusp in π0 π0 spectrum                                    
➜  in K± → π± π0 π0.

K± → π+ π- e± ν:                                                                
Measurement of decay kinematics                                   
(historical method)

NA48/2 has new precise results on both decays

!! Scattering in Ke4

!!
"

#$

$+

%

K
+

e+
$ e

Ke4 is 4-body decay =! 5 independent kinematic variables.
(Cabibbo-Maksymowicz variables)

s! = M2
!! Invariant di-pion mass squared.

se = M2
e" Invariant di-lepton mass squared.

!! Angle of "+ w.r.t. "" direction of flight in "" rest frame.
!e Angle of e+ w.r.t. e# direction of flight in e# rest frame.
$ Angle of "" decay plane w.r.t. e# decay plane.

Rainer Wanke MENU07, FZ Jülich, September 10, 2007 – p.27/38

a0 ! a2 from K± " !±!0!0 Decays

K± ! !±!0!0 decays:
K+ " !+!+!! amplitude
contributes to K+ " !+!0!0 via
charge exchange !+!! ! !0!0.

!

0

0

!

!−

+

!+

K+
!

Matrix element: M(K+ ! !+!0!0) = M0 + M1

with: M0 = ”unperturbed” amplitude
M1 = rescattered amplitude

Above threshold: s! = m2
!0!0 > 4 m2

!+ M1 imaginary

M1 = ! 2
3 (a0 ! a2)m!+ Mthreshold

K+"!+!+!! · !
!

4m2
!+/s! ! 1

Below threshold: s! < 4 m2
!+ M1 real and negative

M1 = ! 2
3 (a0 ! a2) m!+ Mthreshold

K+"!+!+!! · (!i)!
!

1 ! 4m2
!+/s!

Rainer Wanke MENU07, FZ Jülich, September 10, 2007 – p.12/38
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Cusp in K± ➞ π± π0 π0 Decays
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M(π0π0) distribution:
Clear cusp at 

    M(π0π0) = 2 m(π±)
(were expecting peak from pionium 
formation K → π± (ππ)atom → π± π0 π0)

Eur. Phys. J. C (2009) 64: 589–608 593

For events with more than one accepted track-cluster
combination (!1.8% of the total), the K± " !±!0!0 de-
cay is selected as the !±!0!0 combination minimizing a
quality estimator based on two variables: the difference "D

of the two Dij values and the difference "M between the
!±!0!0 invariant mass and the nominal K± mass [12]:
!

"D

rmsD(D)

"2

+
!

"M

rmsM(D)

"2

,

where the space and mass resolutions rmsD, rmsM are func-
tions of D, as obtained from the measured "D and "M

distributions.
Figure 2 shows the distribution of "M , the difference

between the !±!0!0 invariant mass and the nominal K±

mass for the selected K± " !±!0!0 decays (a total of
6.031 # 107 events). This distribution is dominated by the
Gaussian K± peak, with a resolution # = 1.3 MeV/c2.
There are small non Gaussian tails originating from uniden-
tified !± " µ± decay in flight or wrong photon pairing.
The fraction of events with wrong photon pairing in this
sample is 0.19%, as estimated by the Monte Carlo simu-
lation described in the next section.

Figure 3 shows the distribution of the square of the !0!0

invariant mass, M2
00, for the final event sample. This distri-

bution is displayed with a bin width of 0.00015 (GeV/c2)2,
with the 51st bin centred at M2

00 = (2m+)2 (for most of the
physical region the bin width is smaller than the M2

00 reso-
lution, which is 0.00031 (GeV/c2)2 at M2

00 = (2m+)2). The
cusp at M2

00 = (2m+)2 = 0.07792 (GeV/c2)2 is clearly vis-
ible.

Fig. 2 Distribution of the difference between the !±!0!0 invariant
mass and the nominal K± mass for the selected K± " !±!0!0 de-
cays

Fig. 3 a: distribution of M2
00, the square of the !0!0 invariant mass;

b: enlargement of a narrow region centred at M2
00 = (2m+)2 (this point

is indicated by the arrow). The statistical error bars are also shown in
these plots

4 Monte Carlo simulation

Samples of simulated K± " !±!0!0 events !10 times
larger than the data have been generated using a full detec-
tor simulation based on the GEANT-3 package [13]. This
Monte Carlo (MC) program takes into account all detec-
tor effects, including the trigger efficiency and the presence
of a small number (<1%) of “dead” LKr cells. It also in-
cludes the simulation of the beam line; the beam parame-
ters are tuned for each SPS burst using fully reconstructed
K± " !±!+!$ events, which provide precise information
on the average beam angles and positions with respect to the
nominal beam axis. Furthermore, the requirement that the
average reconstructed !±!+!$ invariant mass is equal to
the nominal K± mass for both K+ and K$ fixes the ab-
solute momentum scale of the magnetic spectrometer for
each charge sign and magnet polarity, and monitors continu-
ously the beam momentum distributions during data taking.

The Dalitz plot distribution of K± " !±!0!0 decays
has been generated according to a series expansion in the
Lorentz-invariant variable u = (s3 $ s0)/m2

+, where si =
(PK $ Pi)

2 (i = 1,2,3), s0 = (s1 + s2 + s3)/3, PK (Pi)

is the K(!) four-momentum, and i = 3 corresponds to the
!± [12]. In our case s3 = M2

00, and s0 = (m2
K + 2m2

0 +
m2

+)/3. For any given value of the generated !0!0 invariant
mass the simulation provides the detection probability and
the distribution function for the reconstructed value of M2

00.

M(π0π0)2          [GeV2]

All NA48/2 data:

60 million                  
K± ➞ π± π0 π0 events   
(Br ~1.8%)

Background 
completely negligible.

4 m(π+)2
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Cusp in K± ➞ π± π0 π0 Decays
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The Explanation
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Rescattering of K+ " !+!+!!

to K+ " !+!0!0.

!

0
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+

!+
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!

Measurement of !! scattering
length a0 ! a2 possible!

(Similar effect also predicted
by U.-G. Meissner, 1997)

Rainer Wanke MENU07, FZ Jülich, September 10, 2007 – p.11/38

The Explanation
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Rainer Wanke MENU07, FZ Jülich, September 10, 2007 – p.11/38

Second order computations by 
Cabibbo & Isidori (CI)
(JHEP03 (2005) 21)

Full computation including all 
K→3π decays and radiative 
corrections by group from 
Bern & Bonn (BB)
(PLB 638 (2006) 187;
PLB 659 (2008) 576;
NPH B806 (2009) 178)

http://www.slac.stanford.edu/spires/find/hep/www?eprint=hep-ph/0405001
http://www.slac.stanford.edu/spires/find/hep/www?eprint=hep-ph/0405001
http://www.slac.stanford.edu/spires/find/hep/www?eprint=hep-ph/0502130
http://www.slac.stanford.edu/spires/find/hep/www?eprint=hep-ph/0502130
http://www.slac.stanford.edu/spires/find/hep/www?eprint=hep-ph/0604084
http://www.slac.stanford.edu/spires/find/hep/www?eprint=hep-ph/0604084
http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:0710.4456
http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:0710.4456
http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:0710.4456
http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:0710.4456
http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:0807.0515
http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:0807.0515
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Eur. Phys. J. C (2009) 64: 589–608 599

mate estimate of radiative effects in this case, we have cor-
rected the fit procedure by multiplying the absolute value
of the K± ! !±!0!0 decay amplitude given in ref. [7] by
|Arad

00+/A00+| [22], as obtained in the framework of the BB
formulation [8, 9]. Because of the non-physical singularity
of Arad

00+ at M2
00 = (2m+)2 in the BB formulation, in the cal-

culation of the K± ! !±!0!0 decay amplitude for the 51st
bin we also multiply the squared amplitude of ref. [7] by
1 + fatom.

The results of these radiative-corrected fits to the M2
00

distribution from K± ! !±!0!0 decay performed using
the CI formula are listed in Tables 6 and 7 (Fits CI to CI"A).
The parameter correlations for two fits which include elec-
tromagnetic effects are shown in Tables 8 and 9.

Figure 5 illustrates the fit results for the fits CI and BB
with and without radiative corrections. All the fits are per-
formed using the same K± ! !±!0!0 data sample.

6.2 Pionium formation and other electromagnetic effects
at the cusp point

Pionium formation in particle decay and in charged particle
scattering was studied in early theoretical work [20, 23], but
a unified description of its production together with other
electromagnetic effects near threshold was missing.

In a more recent approach [24], electromagnetic effects
in K± ! !±!0!0 decay have been studied in the frame-
work of nonrelativistic quantum mechanics using a potential
model to describe the electromagnetic interaction between
the !+!" pair in loop diagrams. This model is equivalent

Table 8 Fit parameter correlations for the CI formulation with radia-
tive correction (fit CI in Table 6)

g0 h0 a0 " a2 a2 fatom

g0 1.000

h0 "0.629 1.000

a0 " a2 0.794 "0.719 1.000

a2 "0.913 0.883 "0.873 1.000

fatom "0.516 0.387 "0.650 0.542 1.000

Fig. 5 68% confidence level ellipses taking into account the statistical
uncertainties only. Dashed line ellipses: fits CI and BB without radia-
tive corrections. Solid line ellipses: fits CI and BB with radiative cor-
rections. The theoretical band allowed by the ChPT constraint (see (5))
is shown by the dotted curves

to a perturbative one, in which all simple sequential !+!"

loops with electromagnetic interactions between the two
charged pions are taken into account to all orders (including
the formation of electromagnetically bound final states), but
there is no emission of real photons and the electromagnetic
interaction with the other !± from the K± ! !±!+!" de-
cay is ignored. Because of these limitations, the model of
ref. [24] cannot be directly applied to the full physical re-
gion of the K± ! !±!0!0 decay; however, contrary to the
BB formulation [9], its integral effect over a narrow region
which includes the cusp point (M2

00 = 4m2
+) can be calcu-

lated.
We have implemented the electromagnetic effects pre-

dicted by the model of ref. [24] in the parameterization of

Table 9 Fit parameter
correlations for the BB
formulation with radiative
correction (fit BB in Table 6)

g0 h0 g h k fatom a0 " a2 a2

g0 1.000

h0 0.997 1.000

g "0.972 "0.965 1.000

h 0.234 0.220 "0.255 1.000

k "0.211 "0.225 0.194 0.889 1.000

fatom 0.597 0.570 "0.652 0.172 "0.111 1.000

a0 " a2 "0.870 "0.843 0.934 "0.404 "0.001 "0.682 1.000

a2 0.977 0.982 "0.976 0.141 "0.310 0.597 "0.839 1.000

with rad. corr.

without rad. corr.

ChPT constraint

(only statistical uncertainties shown)

Final result:     (EPJC 64 (2009) 589)

a0-a2 =  0.257(5)stat(3)sys(1)ext 

     a2 = -0.024(13)stat(9)sys(2)ext

       (statistical correlation -0.839)

With ChPT constraint:

a0-a2 = 0.2633(24)stat(14)sys(19)ext 

ChPT prediction:
         a0-a2 = 0.265(4) 

http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:0912.2165
http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:0912.2165
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!! Scattering in Ke4

!!
"

#$

$+

%

K
+

e+
$ e

Ke4 is 4-body decay =! 5 independent kinematic variables.
(Cabibbo-Maksymowicz variables)

s! = M2
!! Invariant di-pion mass squared.

se = M2
e" Invariant di-lepton mass squared.

!! Angle of "+ w.r.t. "" direction of flight in "" rest frame.
!e Angle of e+ w.r.t. e# direction of flight in e# rest frame.
$ Angle of "" decay plane w.r.t. e# decay plane.

Rainer Wanke MENU07, FZ Jülich, September 10, 2007 – p.27/38

Ke4 decay:
Ke4  =  K± → π+ π- e± ν
Very rare:   Br(Ke4) ~ 4 x 10-5

Two pions in the final state 
allow a0, a2 measurement               

PK

5 kinematic variables:
Mππ, Meν, cos θπ, cos θe, Φ

NA48/2: Ke4 selection:
3 charged tracks, 1 with e-ID, 
missing transverse momentum, 
pK ≈ 60 GeV/c

Background:
K± → π± π+ π- with e.g. π → eν
K± → π± π0 (π0)  with π0 → e+ e- ν
➜  Background ~ 0.6 %

➜  1.1 million Ke4 candidates

NA48/2
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Mππ Meν

cos θπ cos θe

Φ(K+) Φ(K-) bkg x 10

Fit in the 5-dimensional space of the kinematic variables:

π→eν 
decays!
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NA48/2 Fit of  Phase Shift δ = δ(a0,a2)
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a0 = 0.2206± 0.0049stat ± 0.0018syst ± 0.0064theo

a0 = 0.2220± 0.0128stat ± 0.0050syst ± 0.0037theo

a2 = −0.0432± 0.0086stat ± 0.0034syst ± 0.0028theo

Two-parameter fit:

One-parameter fit:
(with ChPT constraint)

-0.1

0

0.1

0.2

0.3

0.4

0.28 0.3 0.32 0.34 0.36 0.38 0.4

Ke4 Data (with isospin corrections)

S118 PRD15(1977)

E865 PRD67(2003)

NA48/2 all data

red line: fit of NA48/2 data only
Fit of phase shift difference                 
δ = δI=0 - δI=1 from Φ distributions.

Radiative effects:      
Included in the simulation  
(Coulomb attraction, IB).

Mass effects:                        
Isospin corrections have to 
be applied to δ. Developed in 
close contact with NA48/2.  
(Colangelo, Gasser, Rusetsky,               
EPJC 59 (2009) 777)

(EPJC 70 (2010) 635)

http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:0811.0775
http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:0811.0775
http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:0811.0775
http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:0811.0775
http://www.slac.stanford.edu/spires/find/hep/www?j=EPHJA,C70,635
http://www.slac.stanford.edu/spires/find/hep/www?j=EPHJA,C70,635


Rainer Wanke, PIC 2011, Vancouver, Aug 29th, 2011

Comparison with other Ke4 Results
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All Ke4
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-0.1 -0.05 0

S118
Ke4
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Ke4

NA48/2
Ke4

All Ke4
combined

Comparison of Ke4 measurements                                
(without ChPT constraint, old experiments isospin corrected):

Yellow lines:  Theory prediction
(not combination of measurements)

NA48/2 dominates 
Ke4 measurements

Perfect 
agreement with 
ChPT prediction!

a0 a2

15
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Combination of  K3π and Ke4
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Two independent measurements with different samples, 
different systematics and different theory:
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Cusp
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a0 = 0.2210± 0.0047stat ± 0.0040syst

a2 = −0.0429± 0.0044stat ± 0.0028syst

a0 − a2 = 0.2639± 0.0020stat ± 0.0015syst
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Combination with other Measurements
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All experiments:

Yellow line:  Theory prediction
(not combination of measurements)

Experimental data 
has reached 

theoretical precision

Perfect agreement 
with ChPT prediction

P
o
S
(
C
D
0
9
)
0
4
1

Precise tests of ChPT from Ke4 decays by NA48/2 Brigitte Bloch-Devaux

0.15 0.2 0.25 0.3
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Ke4

E865
Ke4

NA48/2
Ke4

All Ke4
combined

-0.1 -0.05 0
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Ke4
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All Ke4
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0.2 0.25 0.3
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NA48/2
Cusp

NA48/2
Combined

DIRAC
pionium

(a) (b) (c)

Figure 5: Experimental results for free a0 (a) and a2 (b) from each Ke4 experiment and combined result
dominated by NA48 precision. The right part of the large S118 error bar is truncated. (c): a0! a2 results
from both Na48/2 analyzes and combined result. The DIRAC measurement is also shown. Color bands
correspond to the best predictions from ChPT.
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(no uncertainty from theory on cusp result)
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Search for Lepton Flavour 
Violation in Ke2/Kμ2
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RK = !(Ke2)/!(Kµ2) - Motivation

SM Prediction on RK = !(Ke2)/!(Kµ2):

Text book exercise for helicity
suppression

=! RK very small.

Nearly exact
(hadronic uncertainties cancel, only
radiative corrections to consider):

,!e µ!

µ+e+,s
W+
+

K
u

RK =
!(K± " e±!)

!(K± " µ±!)
=

m2
e

m2
µ

·

!
m2

K #m2
e

m2
K #m2

µ

"2

· (1+ "Rrad.corr.
K )

= (2.477± 0.001)$ 10!5 (V. Cirigliano, I. Rosell, JHEP 0710:005 (2007))

=! SM prediction has precision of 0.04%!

Rainer Wanke, WIN 2009, Sep 16, 2009 – p.4

➜  SM prediction has precision of 0.04%!

(Cirigliano, Rosell, PRL 99 (2007) 231801)

http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:0707.3439
http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:0707.3439
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RK = !(Ke2)/!(Kµ2) beyond the SM

Possible MSSM scenario:
(Masiero, Paradisi, Petronzio, PRD 74, 2006)

’Charged Higgs mediated SUSY LFV contributions
can be strongly enhanced, in particular in kaon
decays into an electron or a muon and a tau neutrino’

RLFV
K ! RSM

K

!

1 + m4
K

M4

H±

m2
!

M2
e
|!13|2 tan

6 !

"

s

l
~

e+

!~

" 13

B
~+K

u
!#

H+
(Slepton)

(Sneutrino)

(Bino)
(Higgs)

Example: !13 = 5! 10!4,MH = 500GeV , tan ! = 40:
=" RLFV

K # RSM
K (1+ 0.013)

=" Effect of up to a few percent with a massive charged Higgs!

Experimental siuation:
PDG 2008: three measurements of the 1970s (4.5% rel. error)

Now: new precise measurements of KLOE and NA62
Rainer Wanke, WIN 2009, Sep 16, 2009 – p.5

(Masiero, Paradisi, Petronzio, PRD 74 (2006) 011701)

http://www.slac.stanford.edu/spires/find/hep/www?eprint=hep-ph/0511289
http://www.slac.stanford.edu/spires/find/hep/www?eprint=hep-ph/0511289
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RK from KLOE

KLOE data:
2.2 fb!1 in 2001–05
=! 3.3 ! 109 K+K!

pairs

KLOE kinematics:
! decay at rest.

pK " 100 MeV
Constraint from
2-body decay

Particle ID from kine-
matics, calorimeter
(EMC) and ToF

Rainer Wanke, WIN 2009, Sep 16, 2009 – p.6
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RK from KLOE

KLOE data:
2.2 fb!1 in 2001–05
=! 3.3 ! 109 K+K!

pairs

KLOE kinematics:
! decay at rest.

pK " 100 MeV
Constraint from
2-body decay

Particle ID from kine-
matics, calorimeter
(EMC) and ToF

Rainer Wanke, WIN 2009, Sep 16, 2009 – p.6
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RK from KLOE

KLOE data:
2.2 fb!1 in 2001–05
=! 3.3 ! 109 K+K!

pairs

KLOE kinematics:
! decay at rest.

pK " 100 MeV
Constraint from
2-body decay

Particle ID from kine-
matics, calorimeter
(EMC) and ToF

Rainer Wanke, WIN 2009, Sep 16, 2009 – p.6
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Eur. Phys. J. C (2009) 64: 627–636 631

Fig. 5 (Color online) Neural-network output, NN , for electrons of a
KL ! !e" sample from data (black) and MC (red)

Fig. 6 Data density in the NN , m2
# plane

We count 7064 ± 102K+ ! e+"($ ) events and 6750 ±
101K" ! e""̄($ ), 89.8% of which have E$ < 10 MeV.
The signal-to-background correlation is #20% and the
%2/ndf is 113/112 for K+ and 140/112 for K".4 Fig-
ure 7 shows the sum of fit results for K+ and K" pro-
jected onto the m2

# axis in a signal (NN > 0.98) and a back-
ground (NN < 0.98) region. The residual contribution of
Ke2$ events with E$ > 10 MeV is also shown.

The number of Kµ2 events is obtained from a fit to the
m2

# distribution after quality cuts are applied, see Fig. 4. The
fraction of background events under the muon peak is es-
timated from MC to be less than one per mil. We count
2.878$108 (2.742$108) K+ ! µ+"($ ) (K" ! µ""̄($ ))
events. The difference between K+ and K" counts is due to
the higher K" nuclear-interaction cross section in the mate-
rial traversed.

4The %2/ndf of the K" fit improves to 114/98 for a fit range
NN > 0.88, with negligible difference in the measured value for R10.

3.1 Ke2$ event counting

In order to study Ke2$ decays, we apply the same selection
criteria as for Ke2, but a tighter PID cut, NN > 0.98. We
also require one and only one photon in time with the K de-
cay. Photons are identified by selecting a cluster with energy
greater than 20 MeV. This requirement reduces machine
background and suppresses most of the IB events, leav-
ing a sample dominated by direct emission process (DE).
Moreover, the difference between the photon and the elec-
tron measured time of flight has to lie within two standard
deviations from its expected value. The fraction of signal
events satisfying all of these additional requests is #25%.
The m2

# distribution for the selected events, again evaluated
from (7), is shown in Fig. 8 for data and MC. Ke2$ decays
with pe > 200 MeV and pe < 200 MeV are shown sep-
arately. The high-momentum component is dominated by
the DE+ process, DE" accounting for 2% only (2), and is
the only relevant for the evaluation of the systematic uncer-
tainty affecting the R10 measurement: high pe values corre-
spond to low values of m2

# where the Ke2 signal lies. The
low-momentum component, with contributions from both
DE+ and DE" processes, is completely overwhelmed by
Ke3 events with one undetected photon from !0 decay.

Further rejection of Ke3 events is provided by kinemat-
ics. The photon energy in the laboratory frame, E$ (lab),
can be calculated for Ke2$ decays from the measured pho-
ton direction, the kaon momentum pK and the electron mo-
mentum pe, with a resolution of #12 MeV. The resolu-
tion on &E = E$ (lab) " E$ , EMC is that of the calorimeter,
' # 30 MeV for E$ (lab) = 200 MeV. The number of Ke2$

events is found from a binned likelihood fit in the &E/' -m2
#

plane. This provides a better signal to noise figure, compared
to using cuts on &E and m2

# . Distribution shapes for sig-
nal and Kµ2 and Ke3 backgrounds are taken from MC. The
amounts of the three components are the fit parameters.

For the measurement of the differential width, (6), we
boost E$ (lab) to the kaon rest frame (E$ ) and perform in-
dependent fits for five E$ bins between 10 MeV and the
kinematic limit, as defined in Table 1. For each E$ bin,
we are able to extract the number of Ke2$ events with
pe > 200 MeV. Because of limited statistics, the counting
is done combining the kaon charges. Results are listed in
Table 1. The total Ke2$ count, with E$ > 10 MeV and
pe > 200 MeV, is 1484 ± 63 events. Figure 9 shows the
sum of the fit results on all of the E$ bins, projected onto
the &E/' axis for the signal region (top), defined as m2

# <

8000 MeV2 or 14000 < m2
# < 20000 MeV2, and for the

background region (bottom). In the latter, Kµ2 dominate the
region 8000 < m2

# < 14000 MeV2, while Ke3 dominate the
region above 20000 MeV2 (see Fig. 8).

fit region

signal

bkgd

632 Eur. Phys. J. C (2009) 64: 627–636

Fig. 7 Fit projections onto the m2
! axis for NN > 0.98 (left) and NN < 0.98 (right), for data (black dots), MC fit (solid line), and Kµ2 background

(dotted line). The contribution from Ke2 events with E" > 10 MeV is visible in the left panel (dashed line)

Fig. 8 m2
! distribution for data (black dots) and MC (solid line) for

events with a detected photon. MC Ke2" events with pe < 200 MeV
(gray), pe > 200 MeV (dashed) and Ke3 events (dot-dashed) are
shown separately

4 Efficiency

The ratios of Ke2 to Kµ2 and Ke2" to Kµ2 efficiencies are
evaluated with MC and corrected for possible differences
between data and MC, using control samples. We evalu-
ate data-MC corrections separately for each of the follow-
ing analysis steps: decay point reconstruction (kink), quality
cuts, cluster-charged particle association; for Ke2" events,
the efficiency for selection of a photon cluster is added, too.
For each step, the correction is defined as the ratio of data
and MC efficiencies measured on the control sample, each

Fig. 9 Ke2" fit projections onto the #E/$ (#E) axis for the signal
region (as defined in the text, top) and background region (bottom) for
data (black dots), MC fit (solid line), Kµ2 (dashed line) and Ke3 (gray
line). All E" bins are added

folded with the proper kinematic spectrum of Ke2 (or Kµ2)
events.

Decay point reconstruction efficiencies are evaluated us-
ing pure samples of Kµ2 and Ke3; these are tagged by the
identification of the two-body decay, Kµ2 or K ! %%0

(K%2), of the other kaon [13] and selected with tagging and
EMC information only, without using tracking.

Table 1 Fit results for the
number of Ke2" events with
pe > 200 MeV, in five E"

energy bins

E" (MeV) 10 to 50 50 to 100 100 to 150 150 to 200 200 to 250

Signal counts 55 ± 16 219 ± 24 463 ± 32 494 ± 38 253 ± 26

&2/ndf 80/66 141/105 87/106 100/106 116/102

NN > 0.98

13 814  K± → e±ν candidates

Full KLOE data set (2001-2005):

RK = (2.493 ± 0.025 ± 0.019) × 10−5

Very good agreement with the SM 
prediction and a factor of 5 better 
than previous world average.

(EPJ C64 (2009) 627)

KLOE-2 (starting soon):
  Aiming for 0.4% precision (±0.01×10-5)

http://www.slac.stanford.edu/spires/find/hep/www?rawcmd=FIND+J+EPHJA%252CC64%252C627&FORMAT=www&SEQUENCE=
http://www.slac.stanford.edu/spires/find/hep/www?rawcmd=FIND+J+EPHJA%252CC64%252C627&FORMAT=www&SEQUENCE=
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NA62 in 2007/2008:
Special running period 
for Ke2/Kμ2                         
(still old NA48 detector)

Minimum bias trigger: 
1 track + E/p > 0.5      
(otherwise just kinematics)

Track momentum, GeV/c
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Electron mass hypothesis!
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E/p: Energy/Track momentum
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Positrons
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Backgrounds/Corrections:
Kμ2 with E/p > 0.95        
(catastrophic bremsstrahlung, 
μ→e decays)

K±→e±νγ (SD)
K±→π0e±ν, K±→π±π0

Muon beam halo
He purity in decay region

e/μ separation by
kinematics and E/p 
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Muon momentum, GeV/c
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NA62: Background from Kµ2 in Ke2

Problem:
Catastrophic energy loss
of Muons in LKr (!some 10!6)

Solution:
Special muon runs
During data taking: lead bar
(9X0) before LKr
=! Only muons pass
MC correction (GEANT4) for
muon energy loss in lead

=! B/SKµ2 = (6.3 ± 0.2)%
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Rainer Wanke, WIN 2009, Sep 16, 2009 – p.19

B/(B+S) = (5.64 ± 0.20)%

from Kμ2 decays
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Full NA62 Data Set
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RK = (2.488 ± 0.007stat ± 0.007syst) × 10−5

Final NA62 result:   (July 2011)

Precision of 0.4%, 3× better than PDG 2010       
(i.e. KLOE measurement)

Combined fit to 40 data 
samples (10 momentum bins, 
2 kaon charges, with/without Pb)

χ2/ndof = 47/39

Main systematics:            
Backgrounds & helium 
purity in decay volume
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27

15

!!  ""
 

#$%&'()*+%),+#$%&'()*+%),+

-$%&'()*+%),+ !"
 

./0 1%+2343$5
167(8//9 8:;;< /:./= ;:0>
?@&A(8/.. 8:;99 /://= /:;>

!"#$%&'()("*&+,&-./01223
45/&6-

 
7-898:

 
8;<89-=

>0&?("#&@&A$,$%B"(+,*3
C.D4&988;&7-898:&88E=

B 4
+C2&@'+'

E. Goudzovski / EPS HEP 2011, Grenoble / 22 July 2011

(NEW)

PDG 
2010

World average RK x 105 Precision
PDG 2008 2.447 ± 0.109 4.5 %
PDG 2010 2.493 ± 0.031 1.3 %
July 2011 2.488 ± 0.009 0.4 %

In agreement with 
SM expectation, 
but ~1σ above.
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The Holy Grail:  K → π ν ν
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FCNC, in the SM strongly                    
suppressed by box and                        
penguin diagrams.

Well predicted within the SM:

Br(KL → π0νν̄) = κL Im(V �
tsVtd)2 X(mt,mW )/|V 5

us|
Br(K+ → π+νν̄) = κ+ (V �

tsVtd)2 X(mt,mW )/|V 5
us| + charm contr.

Hadronic uncertainties
from K→πeν

SM prediction tiny:

Uncertainty almost only from knowledge on |Vts| ! !"#$%&'%()$%*++ ,-$./012"$34546)$$7898$%*++$' !"":;$<"=>"0?@>")$A@2";: B
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}

charm
contributions

Br(KL → π0νν̄) = (2.4 ± 0.4) · 10−11

Br(K+ → π+νν̄) = (8.0 ± 1.1) · 10−11

Known functions
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KL → π0νν̄ K+ → π+νν̄

E931a (KEK): 

BR < 2.6 x 10-8  (90% CL)

E787/E949 (BNL): 

BR ≈ (17 ± 11) x 10-10

K+ ! !+""̄: E787/E949-Messung

E787/949-Experiment in Brookhaven:

Messung von Zerfällen
gestoppter Kaonen.

Insgesamt
7 Kandidaten
mit unterschiedlichen
S/B-Verhältnissen.

Experiment inzwischen
abgeschlossen, alle
Daten analysiert.
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Rainer Wanke, Montagsmeeting, Mainz, 4. Mai 2009 – p.4

7 candidate events

the acceptance loss was supported by the fact that the
acceptance losses in the normalization modes (K0

L !
!0!0!0, K0

L ! !0!0, and K0
L ! "") were reproduced

by the simulation.
The acceptance loss due to accidental activities in the

detector was estimated from real data taken with the TM
trigger. The accidental loss was estimated to be 20.6% for
the Run-3 data, in which the losses in MB (7.4%) and BA
(6.4%) were major contributions. For Run-2, the accidental
loss was estimated to be 17.4%; the difference between
Run-2 and Run-3 was due to the difference in the BA
counters used in the data taking. The acceptance loss
caused by the selections on the timing dispersion of each
photon cluster and on the timing difference between two
photons was estimated separately by using real data and
was obtained to be 8.9%. Thus, the total acceptance for the
K0

L ! !0# !# was !1:06" 0:08#% for Run-2 and !1:00"
0:06#% for Run-3 case, where the errors are dominated by
the systematic uncertainties that are discussed later.
Figure 26 shows the distribution of the MC K0

L ! !0# !#
events in the scatter plot of PT-ZVTX after imposing all of
the other cuts.

2. Single event sensitivity

By using the number of K0
L decays and the total accep-

tance, the single event sensitivity for K0
L ! !0# !# was

!1:84" 0:05stat " 0:19syst# $ 10%8 for Run-2, !2:80"
0:09stat " 0:23syst# $ 10%8 for Run-3, and !1:11"
0:02stat " 0:10syst# $ 10%8 in total.

D. Results

After finalizing all of the event selection cuts, the can-
didate events inside the signal region were examined. No
events were observed in the signal region, as shown in
Fig. 27. An upper limit for the K0

L ! !0# !# branching ratio
was set to be 2:6$ 10%8 at the 90% confidence level, based
on Poisson statistics. The result improves the limit previ-
ously published [14] by a factor of 2.6.

VI. SYSTEMATIC UNCERTAINTIES

Although the systematic uncertainties were not taken
into account in setting the current upper limit on the
branching ratio, we will describe our treatment for them
to provide a thorough understanding of the experiment. In
particular, systematic uncertainties of the single event
sensitivity and background estimates due to halo neutrons
are discussed in order.

A. Uncertainty of the single event sensitivity

The systematic uncertainty of the single event sensitivity
was evaluated by summing the uncertainties of the number
of K0

L decays and the acceptance of the K0
L ! !0# !# decay.

Because the calculation of the former also includes the
acceptance of the normalization modes, the acceptance of
both the normalization mode and the K0

L ! !0# !# mode
are relevant to the acceptance evaluation by the
Monte Carlo simulations. To estimate the uncertainties in
the acceptance calculation, we utilized the fractional dif-
ference between data and the simulation in each selection
criterion, defined by the equation

Fi & Ai
data % Ai

MC

Ai
data

; (6)

where Ai
data and AMCi denote the acceptance values of the

i-th cut, calculated as the ratio of numbers of events with
and without the cut, for the data and MC simulations,
respectively. In Fi, the acceptance was calculated with all
the other cuts imposed. The systematic uncertainty of the
acceptance was evaluated by summing all the fractional
differences in quadrature, weighted by the effectiveness of
each cut, as

$2
syst &

P
i&cuts

!Fi=Ai
data#2

P
i&cuts

!1=Ai
data#2

: (7)

For the three decay modes used in the normalization,
K0

L ! !0!0!0, K0
L ! !0!0, and K0

L ! "", the calcu-
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FIG. 26. Density plot of PT vs the reconstructed Z position for
the K0

L ! !0# !# Monte Carlo events after imposing all of the
analysis cuts. The box indicates the signal region for K0

L !
!0# !#.
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FIG. 27. Scatter plot of PT vs the reconstructed Z position for
the events with all of the selection cuts imposed. The box
indicates the signal region for K0

L ! !0# !#.

J. K. AHN et al. PHYSICAL REVIEW D 81, 072004 (2010)

072004-20

0 events in
sig. region

(PRD 81 (2010) 072004)
(PRL 101 (2008) 191802)

http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:0911.4789
http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:0911.4789
http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:0808.2459
http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:0808.2459
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Future for KL → π0 ν ν
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KOTO experiment at J-PARC:
Successor of E931a,                                
same principle:

Pencil beam
π0 reconstruction
Hermetic veto                            

Many improvements w.r.t. E931a:
Beam line (now J-PARC):                                                    
higher p intensity (x100),                      
lower neutron halo background
New & better Photon vetos.
CsI calorimeter:                                  
Replaced with KTeV CsI crystals, 
longer blocks and finer segmentation
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KOTO CsI Calorimeter 

33

KTeV 
CsI calorimeter
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(Slide from Jiasen Ma)
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Goal:

3 SM events / 3 years data-taking    
with S/N ~2

Timeline:

2009: Beam survey → done

2010: Calorimeter engineering                
→ mostly done

2011: Full engineering and                      
first physics run planned                                                                
➜ Grossman-Nir limit (~13×SM) in 2012

But: Earthquake and scenario of accelerator 
power upgrade may cause delay (1 year?)
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Future for K+ → π+ ν ν
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NA62 experiment at CERN:
Successor of NA48/2, but new collaboration and detector                                                            
(Ke2/Kμ2 measurement was still old NA48 detector)

Aims to measure 100 SM events in 2 years of data-taking 
with S/N ~ 10.

Principle:
Precise kaon and pion ID and 
momentum measurements. 
Full angular coverage of photon 
detectors to veto K+→π+π0.
Several detectors to veto K+→µ+ν 
(straws, RICH, muon vetos).

Rainer Wanke, DPG-Frühjahrstagung, Karlsruhe, März 2011

K+ → π+νν                     Reconstruction
         and Backgrounds

11

Reconstruction:

Backgrounds:➜ Two signal regions almost free of background
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The NA62 Detector
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First NA62 Detectors
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First photon veto ring:
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Sensitivity 2014/15?!

Expectations for K → π ν ν

38

Assuming 3 SM events for KL→π0νν and 100 for K+→π+νν 
by 2014/15:
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Conclusions
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With very high statistics, NA48/2 has checked ChPT 
predictions on ππ scattering lengths with high accuracy 
using both K± → π± π0 π0  and Ke4 decays.  

       ➜  very strong test of ChPT theory

Very precise measurements by KLOE and NA48/2                      
of the helicity-suppressed ratio Γ(K→eν)/Γ(K→µν).

       ➜  still good agreement with the SM

KOTO & NA62: Searches for New Physics in                         
K0 → π0 ν ν and K± → π± ν ν starting soon.  

       ➜  very high sensitivity for many New Physics models
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Spares
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NA48/2 in 2003/2004
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K± Running 2003/04

NA48/2 experiment in 2003/2004:

Simultaneous K+ and K! beams with pK± = (60 ± 3) GeV/c.

K−

K+

K+

K−

K+

K−

Magnet

Beams coincide
within ~1mm

Beam
spectrometer

Momentum
selection

~ 7 x 1011
protons/spill

kaons/spill
2−3 x 10 6

Quadrupol

First Achromat Second Achromat

20050 100
1 cm

0 250 m

10 cm

not to scale!
spectrometer

He tank +Vacuum
tank

Rainer Wanke MENU07, FZ Jülich, September 10, 2007 – p.5/38

Trigger: 3 charged tracks   or
1 charged track + missing pT

➜  Efficiencies > 99 %
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NA48/2 Detector
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NA48 Detector

Main detector components:

Magnet spectrometer
Two drift chambers each before
and after spectrometer magnet.
Momentum resolution:
! 1% for 20 GeV/c tracks.

Anti-counters for photons, muons

Liquid Krypton Calorimeter

Kevlar window

Drift chamber 1

Anti counter 6
Drift chamber 2

Magnet

Drift chamber 3

Helium tank

Anti counter 7
Drift chamber 4

Hodoscope

Liquid krypton calorimeter
Hadron calorimeter

Muon veto sytem

Rainer Wanke MENU07, FZ Jülich, September 10, 2007 – p.6/38

Kevlar window

Drift chamber 1

Anti counter 6
Drift chamber 2

Magnet

Drift chamber 3

Helium tank

Anti counter 7
Drift chamber 4

Hodoscope

Liquid krypton calorimeter
Hadron calorimeter

Muon veto sytem
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Precision Determination of  |Vus|
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Flavianet Kaon Working Group
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Similar to HFAG: Combines all experimental and theoretical 
results in kaon physics (in particular for |Vus| determination).

Flavianet Kaon Working Group
http://www.lnf.infn.it/wg/vus/

Rainer Wanke, Universität Mainz, FPCP 2008, Taipei, May 6, 2008 – p.4/30

Flavianet Kaon Working Group
http://www.lnf.infn.it/wg/vus/

Rainer Wanke, Universität Mainz, FPCP 2008, Taipei, May 6, 2008 – p.4/30
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|Vus| Determination
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CKM Matrix:

Unitarity relation for first row of CKM matrix:   

                       |Vud|2 + |Vus|2 + |Vub|2 = 1

|Vud| = 0.97425(22) from super-allowed 0+ → 0+ transitions.

|Vub| ~ 0.004 has 10% uncertainty, but is completely negligible.

|Vus| (Cabibbo angle) historically measured from semileptonic 
kaon decays:

Hadronic uncertainties small compared to other K decays     
(but still a major problem).

Easy production of large data samples.

Historical situation:

1 - |Vud|2 + |Vus|2 + |Vub|2 = , with the error dominated by |Vus|.
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|Vus| from Semileptonic Kaon Decays
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Master formula for K → π l ν (Kl3) decays:                  (l = e, μ)

|Vus| from Semileptonic Kaon Decays

Kl3 master formula: (Kl3 ! K " !l"; l = e, µ)

!(Kl3(!)) =
G2

Fm5
K

192!3 C2
K SEW |Vus|2 |f+(0)|2IlK(1 + 2"l

SU(2) + 2"l
EM)

with: C2
K

= 1 for K0, = 1

2
for K±.

SEW = 1.0232: short-distance EW correction.

To be measured by experiment:
!(Kl3(!)): Decay rates including radiative #’s =! BR’s, $ ’s.

IlK: Integral of form factors over phase space =! slopes %+, %0.

To be determined by theory:
f+(0): Hadronic matrix element at q2 = 0 (different for K±, K0).
"l
SU(2), "l

EM: Form factor corrections for SU(2) breaking and
long-distance EM interactions.

Rainer Wanke, Universität Mainz, FPCP 2008, Taipei, May 6, 2008 – p.6/30
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Kl3 Branching Fractions
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Global Flavianet fit to all kaon decay data

Includes:  All K±, KL, KS BR‘s, lifetimes, form factors

KL:  21 measurements K±:  17 measurements 

+  5 KS measurements

+  form factor measurements
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Corrections from Theory
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isospin breaking  /  radiative
                  corrections

Electromagnetic corrections:  
Real and virtual photon emission, 
evaluated to second order ChPT. 
Errors estimated from higher 
order corrections. 

            (Cirigliano, Giannotti, Neufeld, 2008)

Isospin breaking corrections:  
Isospin correction to be applied for 
K0→π+lν, since                           . 
Evaluated in NLO ChPT.

                                (Kastner, Neufeld, 2008)

f+(0) ≡ fK+π0

+ (0)
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5.078(31)

20.61(8)63.47(18)

3.359(32)

Fit to Kaon Branching Fractions

49

K0 decay rates:

K± decay rates:

40.56(9) 0.1967(7)19.52(9)27.04(10)

0.2 0.21

10

10

1010

10
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|Vus| Determination
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% error from

BR [%] |Vus|× f+(0) % err BR τ ∆

KLe3 40.56(9) 0.2163(6) 0.26 0.09 0.20 0.11
KLµ3 27.04(10) 0.2166(6) 0.29 0.15 0.18 0.11
KSe3 0.0705(8) 0.2155(13) 0.61 0.60 0.03 0.11
K±e3 5.078(31) 0.2160(11) 0.52 0.31 0.09 0.39
K±µ3 3.359(32) 0.2158(14) 0.63 0.47 0.08 0.40

Average 0.2163(5)
418 Eur. Phys. J. C (2010) 69: 399–424

Table 13 Results of a fit to the experimental average value for
lnC (including a preliminary KLOE measurement) and lattice results
for f+(0) and fK/f! , using the constraint provided by the Callan–
Treiman theorem

Parameter Value Corr. matrix (%)

"+ ! 103 25.7 ± 0.5 "27 +10 "10

lnC 0.208(8) "38 +38

f+(0) 0.961(5) +19

fK/f! 1.191(6)

use of this measurement here as we are only interested in
demonstrating the power of the consistency test offered by
the CT relation. The average of the dispersive Kµ3 form
factor parameters using the new KLOE measurement gives
"+ = (25.78 ± 0.40) ! 10"3 and lnC = 0.2034(86), with
#("+, lnC) = "0.34 and $2/ndf = 7.4/5 (P = 19.2%).
The value of lnC is then fitted together with the lattice in-
puts as described above to obtain the results in Table 13.
The fit gives $2/ndf = 0.78/1 (P = 38%), confirming the
agreement between the experimental measurements of lnC

and the lattice determinations of f+(0) and fK/f! . The val-
ues of f+(0) and fK/f! move only slightly, and the uncer-
tainties on these values are slightly decreased.

4 Physics results

4.1 Determination of |Vus |f+(0)

For each of the five decay modes for which rate measure-
ments exist, we use (9) to evaluate |Vus |f+(0) from the de-
cay rate data in Tables 3, 4, and 6, the phase-space integrals
from dispersive fits in Table 12, the long-distance radiative
corrections in Table 1, and the SU(2)-breaking corrections
of [49] discussed in Sect. 2.2.3. We keep track of the correla-
tions between the uncertainties on the values of |Vus |f+(0)

from different modes arising from the use of common cor-
rections and from correlations in the input data set (e.g.,
from the outputs of the fits to BR and lifetime measure-
ments). The resulting values of |Vus |f+(0) are listed in Ta-
ble 14 and illustrated in Fig. 9. The principal experimental

Fig. 9 (Color online) Comparison of values for |Vus |f+(0) for all
channels. Our average is indicated by the yellow band

result of this review is the average value

|Vus |f+(0) = 0.2163(5), (52)

which has an uncertainty of about of 0.2%. The results from
the five modes are in good agreement; the fit gives $2/ndf =
0.77/4 (P = 94%). Table 14 gives an approximate break-
down of the sources contributing to the total uncertainty on
the determination of |Vus |f+(0) from each mode. The best
single determinations of |Vus |f+(0) are from the KLe3 and
KLµ3 modes, with KLe3 giving the slightly better determi-
nation since there is no contribution from uncertainties on
the parameters of the scalar form factor. The limited pre-
cision of the value for |Vus |f+(0) from Ke3 decays of the
KS decays is entirely determined by the experimental uncer-
tainty on the corresponding BR, which is dominantly statis-
tical. A better measurement of the BR for this decay would
allow knowledge of |Vus |f+(0) to be significantly improved,
since %KS is known very precisely. The values of |Vus |f+(0)

from charged kaon decays are currently limited in precision
both by experimental uncertainties in the corresponding BRs
and by the uncertainty in the theoretical estimate of &K+!0

SU(2) .

Table 14 Values of |Vus |f+(0)
as determined from each kaon
decay mode, with approximate
contributions to relative
uncertainty (% err) from
branching ratios (BR), lifetimes
(% ), combined effect of &K'

EM and
&K'

SU(2) ((), and phase-space
integrals (Int)

Mode |Vus |f+(0) % err BR % ( Int Correlation matrix (%)

KL # !e) 0.2163(6) 0.26 0.09 0.20 0.11 0.06 +55 +10 +3 0

KL # !µ) 0.2166(6) 0.29 0.15 0.18 0.11 0.08 +6 0 +4

KS # !e) 0.2155(13) 0.61 0.60 0.03 0.11 0.06 +1 0

K± # !e) 0.2160(11) 0.52 0.31 0.09 0.40 0.06 +73

K± # !µ) 0.2158(14) 0.63 0.47 0.08 0.39 0.08

Average 0.2163(5)

Average:     |Vus| x f+(0) = 0.2613(5)

Use f+(0) = 0.965 ± 0.005 from Lattice QCD 
(RBC/UKQCD, EPJ C69 (2010) 159)

|Vus| = 0.2254(13)
However: can still do better!

http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:1004.0886
http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:1004.0886
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|Vus| / |Vud| from Kμ2 / πμ2
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Can also use Kμ2 decays:

New BR from KLOE (~0.3% precision) + Flavianet fit:
                 Br(K+ → μ+ ν) = 0.6347 ± 0.0018

Take τ(K+) from Flavianet fit and build Γ(Kμ2)/Γ(πμ2)

|Vus|
|Vud|

fK
fπ

= 0.2758± 0.0005

(Γ(π → µν) = 38.408(7) µs−1)

➜

Use fK/fπ = 1.193(6)   (from an average of lattice QCD estimates)

|Vus|/|Vud| = 0.2312± 0.0013➜
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Putting It All Together
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|Vud|  from super-allowed nuclear β decays 

|Vus|  from semileptonic K decays

|Vus|/|Vud|  from Kμ2

Global fit:

|Vud| = 0.97425(22)

|Vus| = 0.2253(9)

Unitarity check:

|Vud|2 + |Vus|2 + |Vub|2 − 1

= −0.0001(6)


