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Recent results
in kaon physics

Cristina Lazzeroni
(University of Birmingham)
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Outline

Many new results from all the kaon
experiments. A choice of topics:
- Vus and CKM unitary test
- RK and LFV tests
- pion-pion scattering lengths and ke4
- and K±→π±νν proposal
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Semileptonic decays
and Vus
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Semileptonic decays
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NA48: K±→π0l±ν Arrows indicate signal region

Total Number of events K+/(K-)
Ke3:  56k (31k)

Kμ3:  49k (28k)

π±π0 : 462k(257k)

Background < 1 %

Trigger efficiency > 99.8 %

Acceptance * Particle ID K+(K-)
Ke3:     6.98 ± 0.01     (6.94 ± 0.01)%

Kμ3:     9.27 ± 0.01     (9.25 ± 0.01)%

Pipi0:   14.18 ± 0.01   (14.12 ± 0.01)%
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NA48: Ratios of branching fractions

R(Ke3/K2π)=0.2470±0.0009(stat)±0.0004(sys)

R(Kµ3/K2π)=0.1636±0.0006(stat)±0.0003(sys)

Assuming Br(K2π) from PDG:

Br(Ke3)=0.05168±0.00019(stat)±0.00008(sys)±0.00030(norm)

Br(Kµ3)=0.03425±0.00013(stat)±0.00006(sys)±0.00020(norm)

Compatible with BNL-E865

Systematics: 
Detector acceptance with radiative effects
Particle ID efficiency
Trigger efficiency
Form Factors
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NA48: Vus
Given Br(Ke3) and Br(Kmu3)

|Vus|f+(0)=0.21928±0.00039(stat)±0.00017(sys)±0.00063(norm)±0.00096(ext)   Ke3

|Vus|f+(0)=0.21774±0.00041(stat)±0.00019(sys)±0.00064(norm)±0.00103(ext)   Kµ3

|Vus|f+(0)=0.2193±0.0012   Ke3  

|Vus|f+(0)=0.2177±0.0013   Kµ3  

|Vus|f+(0)=0.2188±0.0012   Kl3  

|Vud| = 0.9738±0.0003

f+(0)=0.961(8) 

|Vub|=(3.60±0.7)x10-3  

|Vus|unitarityf+(0) =0.2185±0.0022

In good agreement with CKM unitarity
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KLOE

Using f+(0)=0.961(8) (Lautwyler and Roos), obtain
Vus = 0.2241(19)
Using Vud=0.97377(27), obtain  Vud

2 + Vus
2 -1 = -0.0015(10)

compatible with unitarity at -1.5σ

χ/ndf =4.37/4
(36% probability)
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Compare also to :
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Form Factors



2/11/2007 14

Kl3 matrix element:

Scalar form factor:

Linear/Quadratic expansion:
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Slopes from Ke3
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RK  and LFV
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Masiero,
Paradisi,
Petronzio,
hep-ph/0511289

RK=Γ(K+ → e+ ν) /Γ(K+→µ+ν)

δRM from radiative corrections

LFV τ decay of O(10-10)

out-of-diag slepton 
mixing matrix
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special run in 2004, simple trigger with 100% efficiency

proper treatment of radiative correction is important

NA48: RK
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slepton
flavour mixing
angle

2007 run to reach 0.3% precision
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KLOE: RK



2/11/2007 23

R = (2.55±0.55±0.55)x10-5

SM R= (2.472±0.001)x10-5
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Low-energy QCD
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Observation of a cusp structure in the π°π° invariant mass distribution
at Mπ°π° = 2mπ+ : an unexpected discovery from the NA48/2

Mπ°π° ( ≡ M00) resolution
optimized for 
low M00 values

M00 resolution σ = 0.56 MeV at M00 = 2m+

4m+
2

59,624,170  fully
reconstructed
K± →  π±π°π°  events

NA48: ππ scattering in Κ±→π±π0π0
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Best fit to the 
Cabibbo – Isidori

rescattering model
(JHEP 0503 (2005) 21)

Best fit above the cusp
to the PDG2004  |M.E.|2 

parametrization

Destructive interference
between virtual

(below threshold)
K±→ π±π+π− states 

followed by π+π− → π°π°
and the K±→ π± π°π° amplitude. 
Integrated event deficit  ~13%

ππ charge exchange amplitude near threshold is proportional
to the difference of scattering lengths a0 - a2
(Cabibbo PRL 93, 2004)
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                   (a0 – a2)m+ =  0.261 ± 0.006 ± 0.003 ± 0.0013 ± 0.013
                                                                     (stat.)      (syst.)        (ext.)         (theor.)
                                      a2m+  = −0.037 ± 0.013 ± 0.009 ± 0.002

Fit results:

Fit with analiticity and chiral symmetry constraint between a0 and a2 
(Colangelo, Gasser, Leutwyler, PRL 86 (2001) 5008) 

(a0 – a2)m+ =  0.263 ± 0.003 ± 0.0014 ± 0.0013 ± 0.013
                                              (stat.)      (syst.)          (ext.)        (theor.)

Theoretical uncertainty on (a0 – a2)m+: ± 5%
 (estimated effect from neglecting higher order diagrams and radiative corrections)

External  uncertainty: 
from the uncertainty on the ratio of K+ → π+π+π−  and K+ → π+π°π° decay widths
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K+ 

φ 
p*(e+)

θe

νe

Direction of 
the total e+νe
momentum

in the K+

rest frame

Direction of 
the total π+π−
momentum

in the K+

rest frame

p*(π+)

π−

θπ

A rare decay [ B.R. = (4.09 ± 0.09) x 10− 5 ] described by five independent 
variables

Cabibbo – Maksymowicz variables : sπ ≡  Mππ
2 

                                                          se ≡  Meν
2

                                                          θe
                                                          θπ
                                                          φ 

For  K+  ⇒  K− 
φ  ⇒  π + φ
θe  ⇒  π - θe

NA48: ππ scattering in Κ±→π+π−e±ν
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Fit parameters:

Ten independent fits, one in each Mππ bin.
This allow a model independent analysis
Without the overall normalization, one can quote relative form factors and
their variation with q2

Fs is obtained from relative bin to bin normalization data/MC after fit
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(no isospin – breaking corrections)

Geneva – Saclay : ~ 30,000 events , p K+ = 2.8 GeV/c
BNL E865 : 406,103 events (with ~ 4.4% background), p K+ = 6 GeV/c 
NA48/2 : 677,510 events (with ~0.5% background), p K± = 60 GeV/c 

 (the isospin – breaking  corrections reduce  δ  by 0.01 – 0.012)

To relate scattering lengths to δ, external data and theoretical work needed
An example is numerical solution of Roy equations (DFGS EPJ C24, 2002)
The centre line parameterization corresponds to a 1-param fit with fixed
relation  a0

2 = f(a0
0)
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Ke4 - cusp comparison

One can correct measured Ke4 for isospin symmetry breaking before extracting a0
0

(Gasser, 2007)
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Ke4:
NA48/2 – BNL E865

comparison

One can correct measured Ke4 for isospin symmetry breaking before extracting a0
0

(Gasser, 2007)
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          Future experiments: K±→π±νν
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Given the great phenomenological success of the SM up to LEP energies and
the limitations/unsatisfactory aspects of the model above the e.w. scale
⇒ natural to consider the SM as an effective theory
or the low-energy limit of a more fundamental theory with new degrees of
freedom appearing above some energy threshold Λ

High-energy experiments are the key tool to determine the energy scale
of the new d.o.f. via their direct production 
Low-energy experiments are a fundamental ingredient to determine the
symmetry properties of the new d.o.f. via indirect effects in precisions
observables

Precision measurements in the flavour sector allow us to study the 
flavour symmetries of  physics beyond the SM

Rare FCNC decays and ΔF=2 processes are the oservable
more sensitive to new flavour-breaking couplings 
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K→π νν : SM Theoretical Prediction
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energy scale 
of new d.o.f

88% of total rate
irred. theo. error = 3%

Rare sensitivity and cleanness,
even in B system

hadronic matrix element 
from BR(Κ+→π0e+ν)
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according to G.Isidori
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squark-sector trilinear terms
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100 events
Mean=SM

100 events
Mean=E787/949

Current
constraint on ρ,
η plane

?

E787/E949:  BR(K+ → π+ νν )  =  1.47+1.30
-0.89   ×  10-10

SM expectation = (8.0±1.1) x 10-11  dominated by CKM uncertainty

3 events
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NA62 Detector Layout

SPS primary p: 400 GeV/c
Secondary beam:
• 75 GeV/c
• 800 MHz
• π/K/p (~6% K+)

K+
π+

ν

ν

~11 MHz of K+ decays

Gigatracker (SPIBES): Si  µpixel
X/X0 << 1% per station
Pixel size ~ 300 x 300 µm
σ(p)/p ~ 0.4%
excellent time resolution

     needed for K+-π+ association

(KABES)

K+→π+ ν ν
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Background rejection

    1) Kinematical Rejection

2) Photon vetoes to
    reject K+→ π+π0 :

P(K+) = 75 GeV/c
Requiring P(π+)  < 35 GeV/c
P(π0) > 40 GeV/c           It can be
hardly missed in the calorimeters!!

 3) PID (RICH) for K+→ µ+ν rejection
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Non kinematically constrained
backgrounds

Veto rejection and particle identification are essential
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Conclusions
Many new results from all the kaon experiments:
- Vus and CKM unitary test : compatibility with unitary at -0.9 σ
- RK and LFV tests: sensitivity of 2% reached but more data to
come, so far no sign of LFV
- pion-pion scattering lengths from cusp and ke4 agree, limited
by theoretical uncertainty

I didn’t have time to show results on radiative decays and
test of χPT and CPV:
Κ±→π±π0γ : first evidence for interference between IB and
DE contributions
BR(ΚL→π0γγ) : KTeV and NA48 agree, also with χPT
BR(ΚS→γγ) : KLOE and NA48 disagree
CPV charge kaon asymmetry reach a sensitivity of 10-4, and
new measurement of η+-

Future Kaon experiments to measure rare decays
K0→π0νν  (JPARC) and  K±→π±νν (CERN)
Kaon physics is still very much alive !
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Spares:
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Spares: Radiative decays
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NA48: K±→π±π0γ

IB
from K± -> π±π0

INT
sensitive to electric dipole

DE
sensitive to electric
& magnetic dipole

W21 W4

W W W

P*
K = 4 momentum of the K±

P*
π = 4 momentum of the π±

P*
γ = 4 momentum of the radiative γ

DEIB

(2.75 ± 0.15)·10-4

(4.4 ± 0.8)·10-6

not yet measured

IB:
DE:

INT:
PDG (55 MeV < T*π < 90 MeV)
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K± -> π±π0π0 K± -> π±π0γ

mK [GeV/c2]

After all cuts the background estimation is <1% of
DE and can be explained in terms of K± -> π±π0π0

What’s new in NA48/2
measurement?

> Simultaneous K+ and K- beams ->
check for CP-Violation

> Enlarged T*π region in the low
energy part (0÷80 MeV)

> Negligible background
contribution (<1% of the DE
component)

> γ miss-tagging probability ~ ‰
for IB, DE and INT
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Use extended Maximum Likelihood
for 0.2 < W < 0.9 to fit in the region
0 MeV < T*π < 80 MeV (based on
124·103 events)
Fit performed with free INT term
Systematics dominated by trigger
efficiency

-> First evidence of Interference
between Inner Bremsstrahlung and
Direct Emission amplitudes ρ = -0.92 Frac(DE)

Fr
ac

(I
N
T)

Frac(DE) = (3.35 ± 0.35stat ± 0.25syst) %
Frac(INT) = (-2.67 ± 0.81stat ± 0.73syst) % Preliminary
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KLOE: KS→γγ

In NA48, the  KL→γγ  background is a relevant component of the fit.

In KLOE, the background from KL  is reduced to 0 (tagging).
  First measurement of this decay with a pure KS beam.

NA48/1

  It is a good test for ChPT
       (PRD 49 (1994) 2346)

  Experimental value of the
     BR changed along the years

  From 2003 it is known with
     a small error (3%) :

BR(KS → γγ) = (2.71 ± 0.06 ± 0.04) x 10-6

     due  to a measurement of NA48/1
     collaboration

  Differs from ChPT O(p4) by 30%
     (possible large O(p6) contribution).
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*

Nsig = 600.3 ± 34.8
      (5.8% stat. error)

••  DATA
--  MC all
    Signal
    Background

To extract the number of signal,
the 2D-plot in data is fit using
signal and background shapes
from MC

Background dominated by Ks→2π0

From 1.6 fb-1
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• Where for the signal:

    εSIG (tot| KL-crash) = ε(presel) x ε(veto) x ε(χ2) =
 

                                      = (50.8 ± 0.6)%

• For the normalization sample, we count events with 4 prompt photons:

    ε2π0 (tot | KL-crash) = (65.0 ± 0.2stat ± 0.1sys)%

    N2π0 =   159.8 Mevts

Systematics  mainly due to application of data-MC correction curve for cluster efficiency.
Cross checked with counting (3-5) prompt photons (159.5 Mevts)
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0.04
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χPT

O(p4) O(p6)

ΝΑ31

ΝΑ48/99 ΝΑ48/03

KLOE

Source +Syst (%) -Syst (%)

Signal acceptance 0.12 0.12

QCAL 0.88 0.51

χ2  cut 0.44 0.44

χ2, θγγ scale from signal --- 0.55

Fit procedure 0.88 0.44

Energy scale --- 1.32

Norm sample 0.15 0.15

Total +1.33 -1.65
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KLOE: Ke3γ
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KTeV: KL→π0γγ
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Full data set



2/11/2007 59



2/11/2007 60

Spares : Cusp
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4m+
2

59,624,170  fully reconstructed  K± →  π±π°π°  events

NA48/2 (PRELIMINARY)

m+ ≡ m(π+)
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                   (a0 – a2)m+ =  0.261 ± 0.006 ± 0.003 ± 0.0013 ± 0.013
                                                                     (stat.)      (syst.)        (ext.)         (theor.)
                           a2m+  = −0.037 ± 0.013 ± 0.009 ± 0.002
(the sensitivity to  a2  comes from higher-order terms)

Fit results:

Theoretical uncertainty on (a0 – a2)m+: ± 5%
 (estimated effect from neglecting higher order diagrams and radiative corrections)

External  uncertainty:
from the uncertainty on the ratio of K+ → π+π+π−  and K+ → π+π°π° decay widths:

giving                                                         at  the Dalitz plot centres (u = v = 0)
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K (PDG 2006)

(exact isospin symmetry predicts  2)

Fit with analiticity and chiral symmetry constraint 
between a0 and a2 (Colangelo, Gasser, Leutwyler, PRL 86 (2001) 5008) 

(a0 – a2)m+ =  0.263 ± 0.003 ± 0.0014 ± 0.0013 ± 0.013
                                              (stat.)      (syst.)          (ext.)        (theor.)
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NA48/2 :   (a0 – a2)m+ = 0.261 ± 0.006 ± 0.003 ± 0.0013 ± 0.013
                                                              stat.       syst.         ext.        theor. 

Very little theoretical uncertainty in the prediction of the pionium  
lifetime because the interaction responsible for π+π− →  π°π° 
is made effectively “weak” by the large pionium radius:
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Rpionium >> strong interaction radius ( ~10−13 cm)
⇒ very little overlap of the π+π− atomic wave function 
      with  the strong interaction volume
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NA48/2 (PRELIMINARY): from (a0 – a2) and a2 extract a0
(must take into account the statistical error correlation coefficient ≈ −0.92)

a0m+ = 0.224 ± 0.008 ± 0.006 ± 0.003 ± 0.013 
   stat.        syst.       ext.       theor. 

The yellow area
represents
theoretical
uncertainty
(assumed
Gaussian)

The dashed bars
represent the

theoretical
uncertainty
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Spares : Vus
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Form factors
Events generated according to the Dalitz plot density distribution

A, B and C are kinematic terms, and t is the transferred 4-momentum to the lepton pair (q2)

Quadratic

Use PDG 2006 form factors for Charge Kaon decays

Linear

Other models considered - Pole
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CP violation
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NA48: η+−
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NA48: η+−
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NA48: Ag
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Ford et al. (1970) 
“Charged”

HyperCP prelim. (2000) 
“Charged”

TNF (2005) 
“Neutral”

NA48/2
proposal

“Charged”
“Neutral”

Smith et al. (1975)
 “Neutral”

10-6

|A
g|

Kinematics:
si = (PK - Pπi)2, i = 1,2,3 (3 = πodd)

s0 = (s1 + s2 + s3) / 3
u = (s3 - s0) / mπ

2

v = (s2 - s1) / mπ
2

Matrix element:
|M(u,v)|2 ~ 1 + gu + hu2 + kv2

Direct CP violating quantity:
slope asymmetry

Ag = (g+ - g-) / (g+ + g-) ≠  0
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Ag = (1.8 ± 1.7stat ± 0.9syst)·10-4

Ag = (1.8 ± 1.9)·10-4

Ag = (-1.5 ± 1.5stat ± 0.9trig ± 1.1syst)·10-4

Ag = (-1.5 ± 2.1)·10-4


