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Outline 
§  Recent results on kaon physics (2012) 

•  NA48/NA62 results: 
Ø Form factors of K±e3 and K±µ3 decays 
Ø Update on K+ → e+νγ (Ke2γ)	


Ø The K± → π±γγ decay 

•  LHCb result:  
Ø New limit on Ks → µ+µ- 

•  KLOE results: 
Ø The K± → π±γγ decay 
Ø New limit on the BR of the K0

S → π0π0π0 decay 
§  Future for kaon physics 

•  KLOE-2 
•  Measurement of BR K+ → π+νν at ΝΑ62 
•  KOTO @ JPARK and ORKA @ FNAL 
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Recent results  

 (2012) from 

  NA48 and NA62 
04/04/13 IFAE 2013 – Cagliari – Italy 3 



NA48 and NA62  
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The K+ semileptonic decays 
•  K → πlν(Kl3 ) decays provide the most accurate and theoretically 

cleanest way to access |Vus| :  

 
Experimental Inputs:  
•   Γ(Kl3(γ))  Branching ratios and kaon lifetimes 
•   Il

K (λ+0)  Phase space integral depends on the form factors  
Theory Inputs:  
•   SEW    Universal short distance EW corrections(1.0232±0.0003) 
•   f+(0)  Form factor at zero momentum transfer  
•   δl

SU(2) Form factor correction for isospin breaking (ch. mode only)  
•   δl

EM Long distance EM effects  
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              Form factor correction for isospin breaking (charged mode only).

Universität MainzK±µ3 Form Factor Measurement at NA48/2 Manuel Hita-Hochgesand

                  (       ) decays provide the most accurate and theoretically cleanest way to 
access       .The master formula for        decay rates:|Vus|

Kl3
Kl3

�(Kl3(�))

I l
K(�+0)

                  Branching ratios and kaon lifetimes.

Experimental Inputs:

Theory Inputs:

                  Phase space integral depends on the form factors.

SEW

f+(0)
�l
SU(2)

�l
EM

              Universal short distance EW corrections                            .(1.0232± 0.0003)

              Form factor at zero momentum transfer.

              Long distance EM effects.
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Data – MC comparison 
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 Pion energy in the kaon rest frame:  Pion energy in the kaon rest frame:

e±
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Form factors fitting procedure 
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To extract the form factors a fit to the Dalitz plot density is performed:  
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To extract the form factors, a fit to the Dalitz plot density is performed.

       and       are the energy of the lepton and the pion in 
the kaon rest frame. 

E⇤
⇡

 A, B and C are kinematical terms.

 The fit is performed in cells of 5⇥ 5 MeV2

 Cells which are outside or crossing the border of the 
physical region of the Dalitz plot are not used in the fit.

 Background subtraction.
 Acceptance.
 Radiative corrections.

reconstructed data dalitz plot corrected dalitz plot

E⇤
l
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Applied corrections:

•  El
* and Eπ

* are the energy of the lepton and of 
the pion in the kaon rest frame 

•  A, B and C are kinamatical terms 

•  The fit is performed in cells of 5x5 MeV2 

•  Cells which are outside or crossing the border of the 
physical region of the Dalitz plot are not used in the fit.  
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To extract the form factors, a fit to the Dalitz plot density is performed.

       and       are the energy of the lepton and the pion in 
the kaon rest frame. 
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 A, B and C are kinematical terms.

 The fit is performed in cells of 5⇥ 5 MeV2

 Cells which are outside or crossing the border of the 
physical region of the Dalitz plot are not used in the fit.
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To extract the form factors, a fit to the Dalitz plot density is performed.

       and       are the energy of the lepton and the pion in 
the kaon rest frame. 

E⇤
⇡

 A, B and C are kinematical terms.

 The fit is performed in cells of 5⇥ 5 MeV2

 Cells which are outside or crossing the border of the 
physical region of the Dalitz plot are not used in the fit.

 Background subtraction.
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Applied corrections: 
 

•  Background subtraction 
•  Acceptance 
•  Radiative corrections 
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 NA48/2 is the first measurement 
which uses         and        .

Combined result:

         results from KLOE, KTeV and 
NA48,         from ISTRA+.

Experimental situation:
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 The results for         and          from 
NA48/2 are in good agreement.
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e3

 NA48/2 preliminary result with high 
precision - very competitive with the 
other results. Offers the combined 
result with the smallest error. 

 statistical and systematical uncertainties combined.
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Preliminary results: combined 
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high precision - very competitive 
with the other results. Offers the 
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• The results for Ke3 and Kµ3 from 
NA48/2 are in good agreement 



K+→e+neg (SD+)

13

:

FV and FA: vector and axial Form Factors

ChPT O(p4): FV,FA costants

ChPT O(p6): F
V
 linear dependence from x [PR D77 (2008) 014004]

KLOE 2009: 1484 events with E*g> 10 MeV and p*e > 200 MeV/c

                    ~4% accuracy

                    Data suggest a  slope for FV, l=0.38±0.20stat±0.02syst (can't state l≠0 @>2s)

K+ → e+νγ (Ke2γ) 
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K+→e+neg (SD+)

13
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FV and FA: vector and axial Form Factors

ChPT O(p4): FV,FA costants

ChPT O(p6): F
V
 linear dependence from x [PR D77 (2008) 014004]
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                    ~4% accuracy
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In order to describe the kinematics of K+ ! e+⌫e� decay, two dimensionless Lorentz-
invariant variables are introduced:

x =
2pK · p�

m2
K

, y =
2pK · pe

m2
K

(1)

with mK the kaon mass, pK the kaon 4-momentum, p� the photon 4-momentum and pe the
electron 4-momentum. The variables x and y satisfy the following constraints:

0  x  1� re, 1� x+
re

1� x
 y  1 + re (2)

where re = m2
e/m

2
K and me is the electron mass. In the kaon rest frame, x (y) is proportional

to the photon (electron) energy:

x =
2E⇤

�

mK
, y =

2E⇤
e

mK
. (3)

The relation between the transferred momentum p2 and x is given by:

p2 = m2
K(1� x).

Using the two kinematical variables of Eq. 3, the x and y scatter plots for the IB and
SD± components are plotted in Fig. 1 and referred to as Dalitz plots in the rest of the note.

Figure 1: Structure dependent at ChPT O(p6) and inner bremsstrahlung terms represented
on Dalitz plots. SD+ (left), SD� ⇥ 10 (centre) and IB ⇥100 (right). The z axis represents
the differential rate d2�/dxdy [GeV].

The Ke2� differential decay rate for the structure dependent part is given by:

d2�

dxdy
(SD) =

m5
K↵G

2
F |Vus|2

64⇡2
⇥ [(FV + FA)

2fSD+(x, y) + (FV � FA)
2fSD�(x, y)], (4)

where GF is the Fermi constant and Vus is the CKM matrix element. The form factors fSD+

and fSD� represent the hadronic structure dependent contributions to the decay rate from
SD+ and SD� channels, respectively, and they are expressed in terms of x and y as follow:
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K+ → e+νγ (Ke2γ) 
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K+→e+neg (SD+)

14

✔~10K events with p*e > 234 MeV/c and E*g > 50 MeV

✔~7% of acceptance and ~5% of background (K+→e+p0n,K+→p+p0)

K+→e+neg (SD+)

14

✔~10K events with p*e > 234 MeV/c and E*g > 50 MeV

✔~7% of acceptance and ~5% of background (K+→e+p0n,K+→p+p0)



K+- → π+-γγ: introduction 
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ChPT description: 
 

Rate and spectrum depend on a single unknown O(1) 
parameter ĉ.  
 

Leading contribution at O(p4) loop:  
 

                    cusp at 2π threshold  
 

[Ecker, Pich, de Rafael, NPB303 (1988) 665] 
 

O(p6) “unitary corrections” increase BR at low ĉ and 
result in a non-zero rate at mγγ→0.  
 

[D’Ambrosio, Portolés, PLB386 (1996) 403] 
  
Experimental status:  
 

• BNL E787: 31 candidates, BR=(1.10±0.32)×10–6.  
                      O(p6) full kinematic range 
                      [PRL79 (1997) 4079]   
 

• NA48/2 (2003-2004):  in the main data set 
measurement hindered by low trigger efficiency  
 

• New strategy: minimum bias trigger samples from 
NA48/2 and NA62.  

ChPT – O(p4) 

ChPT – O(p6) 

dΓ/dz vs z 

z = (mγγ/mK)2 



Data samples 
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Kπγγ candidates  147oooooo       
K2π(γ) background  11.0 ± 0.8 
K3π background  5.9 ± 0.7 
Kπγγ signal 130 ± 12oo 

Kπγγ candidates  175oooooo       
K2π(γ) background  11.1 ± 1.0 
K3π background  1.3 ± 0.3 
Kπγγ signal 163 ± 13oo 

NA48/2 (2004) NA62 (2007) 

Special run 
(3 days) 

3 months with 
Downscaled 

Trigger (D≈20) 



ChPT fits 
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NA48/2 (2004) NA62 (2007) 

O(p6) O(p6) 

2mπ	

 2mπ	



z = (mγγ/mK)2 z = (mγγ/mK)2 

à Visible region is above the K±→π±π0 peak: z > 0.2, or mγγ>220 MeV/c2 
 

à Cusp-like behaviour at z = (2mπ/mK)2 is clearly observed. 



Fit results (1) 
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PRELIMINARY      NA62 (2007) 
 

ChPT O(p4): 
 

ĉ = 1.71 ± 0.29stat ± 0.06syst = 1.71 ± 0.30 
 

ChPT O(p6): 
 

ĉ = 2.21 ± 0.31stat ± 0.08syst = 2.21 ± 0.32   

PRELIMINARY   NA48/2 (2004) 
 

ChPT O(p4): 
 

ĉ = 1.36 ± 0.33stat ± 0.07syst = 1.36 ± 0.34 
 

ChPT O(p6): 
 

ĉ = 1.67 ± 0.39stat ± 0.09syst = 1.67 ± 0.40   

[D’Ambrosio, Portolés, PLB386 (1996) 403] 

COMBINED                                                                (correlated uncertainties) 
 

ChPT O(p4): 
 

ĉ = 1.56 ± 0.22stat ± 0.07syst = 1.56 ± 0.23 
 

ChPT O(p6):                                                     
 

ĉ = 2.00 ± 0.24stat ± 0.09syst = 2.00 ± 0.26        BR (model dependent): (1.01 ± 0.06)×10-6  

From PDG: BR = (1.10 ± 0.32)×10–6    [PRL79 (1997) 4079]   



Fit results (2) 
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BR(K±→ π±γγ) vs ĉ  dΓ/dz vs z 

(±1σ intervals indicated) 

•  Total number of candidates (NA48/2 and NA62): 322 
•  Background contamination: (9±1)% due to K±→π±π0(γ) and K±→π±π0π0 with  
•  Very low systematic uncertainties, c 
•  ChPT O(p4) vs O(p6) models cannot be discriminated 



Measurement on   K decay  from LHCb 
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LHCb: New limit on K0
s →µ+µ- 
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1 Introduction

The decay K

0
S ! µ

+
µ

� is a Flavour Changing Neutral Current (FCNC) transition that
has not yet been observed. This decay is suppressed in the Standard Model (SM), with an
expected branching fraction [1, 2]

B(K0
S ! µ

+
µ

�) = (5.0± 1.5)⇥ 10�12
,

while the current experimental upper limit is 3.2⇥ 10�7 at 90% confidence level (C.L.) [3].
Although the dimuon decay of the K

0
L meson is known to be

B(K0
L ! µ

+
µ

�) = (6.84± 0.11)⇥ 10�9 [4], in agreement with the SM, e↵ects of
new particles can still be observed in K

0
S ! µ

+
µ

� decays. In the most general case, the
decay width of K0

L,S ! µ

+
µ

� can be written as [5]

�(K0
L,S ! µ

+
µ

�) =
m

K

8⇡

s

1�
✓
2m

µ

m

K

◆2
"
|A|2 +

 
1�

✓
2m

µ

m

K

◆2
!
|B|2

#
, (1)

where A is an S-wave amplitude and B a P-wave amplitude. These two amplitudes
have opposite CP eigenvalues, and in absence of CP violation (K0

S = K

0
1 , K

0
L = K

0
2),

K

0
L decays would be generated only by A while K

0
S decays would be generated only by

B. The decay width �(K0
L ! µ

+
µ

�) receives long-distance1 contributions to A from
intermediate two-photon states, as well as short distance contributions to the real part
of A. In any model with the same basis of e↵ective FCNC operators as the SM, the
contributions from B can be neglected for B(K0

L ! µ

+
µ

�). The decay width ofK0
S ! µ

+
µ

�

depends on the imaginary part of the short-distance contributions to A and on the long-
distance contributions to B generated by intermediate two-photon states. Therefore, the
measurement of B(K0

L ! µ

+
µ

�) in agreement with the SM does not necessarily imply that
B(K0

S ! µ

+
µ

�) has to agree with the SM. Contributions up to one order of magnitude
above the SM expectation are allowed [2]; enhancements of the branching fraction above
10�10 are less likely. The study of K0

S ! µ

+
µ

� has been suggested as a possible way to
look for new light scalars [1].

In addition, bounds on the upper limit of B(K0
S ! µ

+
µ

�) close to 10�11 could be very
useful to discriminate among scenarios beyond the SM if other modes, such as K+ ! ⇡

+
⌫⌫̄

(charge conjugation is implied throughout this paper), were to indicate a non-standard
enhancement of the s ! d`

¯̀ transition [2]. The KLOE collaboration has searched for
the related decay K

0
S ! e

+
e

�, which is a↵ected by a larger helicity suppression than the
muonic mode, and set an upper limit on the branching fraction B(K0

S ! e

+
e

�) < 9⇥ 10�9

at 90% confidence level [6].
The LHC produces ⇠ 1013 K

0
S per fb�1 inside the LHCb acceptance. In this paper,

a search for K

0
S ! µ

+
µ

� is presented using 1.0 fb�1 of pp collisions at
p
s = 7 TeV

collected by LHCb in 2011. Dimuon candidates are classified in bins of a multivariate

1The long-distance scales correspond to masses below that of the c quark, while short-distance scales
correspond to masses of the c quark and above.
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Figure 3: Background model fitted to the data separated along (left) TIS and (right) TOS
trigger categories. The vertical lines delimit the search window.

BDT bins of both samples ranges from 0 to 1 candidates.
Other sources of background, such as K

0
S ! ⇡

+
µ

�
⌫̄

µ

, K0
S ! µ

+
µ

�
�, K0

L ! µ

+
µ

�
�,

K

0
L ! ⇡

+
µ

�
⌫̄

µ

and K

0
L ! µ

+
µ

� decays, are negligible for the current analysis. In the case
of K0

L ! µ

+
µ

� and K

0
L ! µ

+
µ

�
�, the contributions have been evaluated using the ratio

of the K

0
S and K

0
L lifetimes and the proper time acceptance measured in data with the

K

0
S ! ⇡

+
⇡

� decays. The contributions of the other decay modes have been determined
using MC simulated events.

5 Normalisation

A normalisation is required to translate the number of K0
S ! µ

+
µ

� signal decays into a
branching fraction measurement. Two normalisations are determined independently for
TIS and TOS candidates. The B(K0

S ! µ

+
µ

�) is computed using

B(K0
S ! µ

+
µ

�)

B(K0
S ! ⇡

+
⇡

�)
=

✏

⇡⇡

✏

µµ

N

K

0
S!µ

+
µ

�

N

K

0
S!⇡

+
⇡

�
, (2)

where, in a given BDT bin, N
K

0
S!µ

+
µ

� is the observed number of signal decays, N
K

0
S!⇡

+
⇡

�

the number of K0
S ! ⇡

+
⇡

� decays, and ✏

⇡⇡

/✏

µµ

the ratio of the corresponding e�ciencies.
The e�ciencies are factorised as ✏ = ✏

SEL
✏

PID
✏

TRIG/SEL where:

• ✏

SEL is the o✏ine selection e�ciency. It includes the geometrical acceptance, recon-
struction and selection, i.e, it is the probability for a K

0
S ! ⇡

+
⇡

� (K0
S ! µ

+
µ

�)
decay generated in a pp collision, to have been reconstructed and selected;

• ✏

PID is the e�ciency of the muon identification for reconstructed and selected
K

0
S ! µ

+
µ

� signal decays;
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Table 1: Upper limits on B(K0
S ! µ

+
µ

�) for the TIS and the TOS categories separately,
and for the combined analysis. The last entry in the table is the p-value of the background-
only hypothesis.

Quantity TIS TOS Combined

Expected upper limit at 95 (90)% C.L. [10�9] 42 (33) 13 (10) 11 (9)
Observed upper limit at 95 (90)% C.L. [10�9] 24 (19) 15 (12) 11 (9)

p-value 0.95 0.20 0.27

8 Conclusions

A search for K

0
S ! µ

+
µ

� has been performed using 1.0 fb�1 of data collected at the
LHCb experiment in 2011. This search profits from the 1013 K

0
S produced inside the

LHCb acceptance and the powerful discrimination against the K0
S ! ⇡

+
⇡

� decay in which
both pions are misidentified as muons, achieved thanks to the LHCb mass resolution
for two body decays of the K

0
S meson. The candidates observed are consistent with the

expected background, with the p-value for the background only hypothesis being 27%.
The measured upper limit

B(K0
S ! µ

+
µ

�) < 11(9)⇥ 10�9

at 95(90)% confidence level is an improvement of a factor of thirty below the previous
world best limit [3].
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Exploiting the B0à µ+µ- tools both at trigger and at analysis level 

Published limit from 2011 data at 95 (90)% confidence level: 

[JHEP 1301 (2013) 090, arXiv:1209.4029v3] 30 times better than previous limit! 

FCNC decay, in the Standard Model framework: 



KLOE 

04/04/13 IFAE 2013 – Cagliari – Italy 18 



04/04/13 IFAE 2013 – Cagliari – Italy 19 

Search for CPT violation 
Looking for Φ → KS +KL, KS and KL then decaying in the same final state (π+π-) 
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δK is the CPT violation parameter in the Kaon system. According to the Standard Model 
Extension (Kostelecky) and anti-CPT theorem, CPT violation should appears together with 
Lorentz Invariance breaking                              Direction dependent modulation 

Search for CPT violation 

6 Dec 2012 A. De Santis - CPT&Lorentz invariance violation at KLOE - DISCRETE201226

Preliminary results:

Da
0
 = (-6.2 ± 8.2

stat
 ± 3.3

sys  
) 10-18 GeV

Da
X
 = ( 3.3 ± 1.6

stat
 ± 1.5

sys  
) 10-18 GeV

Da
Y
 = (-0.7 ± 1.3

stat
 ± 1.5

sys 
) 10-18 GeV

Da
Z
 = (-0.7 ± 1.0

stat
 ± 0.3

sys 
) 10-18 GeV

Preliminary results on CPT&Lorentz invariance testsPreliminary results on CPT&Lorentz invariance tests

Systematics taken as the maximal fluctuation for the observed effects:
● Direct four pion contribution
● Decay time difference fitting range
● Decay time difference bin width
● Regeneration on BP

Really complex analysis: 
 

For details see A. De Santis: 
“CPT&Lorentz invariance violation 
at KLOE”, DISCRETE2012  
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The KS → π0π0π0 decay 
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The KS → π0π0π0 decay 

0 event found in signal region, expected from signal + background: 0 
 

             90% Confidence Level:  



KLOE-2 
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Upgrade on detector 
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Upgrade on collider 
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Perspectives 
For details see [Eur.Phys.J. C68 (2010) 619-681 (arXiv:1003.3868)] 

 
Among all: VUS extraction  

NOW KLOE-2 

… 



The golden channels: 
 K+ à π+νν  K0 à π0νν 
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Ultra rare kaon decays & CKM 
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The Unitarity Triangle describes in the (ρ,η) plane the CKM matrix 

0*** =++ tdtscdcsudus VVVVVV
The “Kaon” Unitarity Triangle 

Vub
*Vud +Vcb

*Vcd +Vtb
*Vtd = 0

The “Standard” Unitarity Triangle 

Alternative way to measure the Unitarity Triangle parameters with 
smaller theoretical uncertainty   

ννπ ++ →K |V*ts Vtd| 

Im (V*ts Vtd) ∝ η	

KL → π 0νν

the holy grail  



In the Standard Model… 
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Ø  FCNC process forbidden at tree level                 room for NP up to 10xSM 
Ø  Short distance contribution dominated by  Z penguin and W box diagrams 
Ø  “Super-clean” theoretically 

Ø  hadronic matrix element can be extracted from measured quantities(Ke3) 
Ø  Very small BR due to the CKM top coupling 

Ø  A ~ (mt/mW)2|Vts*Vtd|  ≈  λ5  

Ø  Measurement of |Vtd| complementary to those from B-B mixing and B → ργ	


Ø  δBR/BR=10%                δ|Vtd|/|Vtd|=7%. 

BR × 1010 SM Prediction Experiments 
K+→ π+ ν ν 	

 0.781 ± 0.075 ± 0.029 [1] 1.73 + 1.15 

– 1.05 [2] 

K0→ π0 ν ν 	

 0.243 ± 0.039 ± 0.006 [1] < 260 (@90% CL) [3]* 

[1] Brod, Gorbahn, Stamou: PRD83(2011) 034030, arXiv 1009.0947 
[2] BNL E787/E949: PRL101 (2008) 191802, arXiv 0808.2459  
[3] KEK E391a: PR D81 (2010) 072004, arXiv 0911.4789  

7 events: twice as large 
as, but still consistent 
with SM expectation  

*Grossman-Nir limit smaller 



…and beyond Standard Model 
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[F. Mescia, C.Smith] 

Several SM extensions predict sizable deviations for the BR  
             possibility to distinguish among different models    

experimental 
uncertainty 

BR(KL→π0νν) vs BR(K+→π+νν) 

(hep-ph/0906.5454, hep-ph/0812.3803, 
 hep-ph/0604074, hep-ph/1302.4651) 

D. Straub 
CKM’10 

NA62 
expected  
precision 

Chargino / H± loops (MSSM at low/large tanβ), 
R-parity violation (non MFV), enhanced EW Penguins,  
Little Higgs, extra dimensions, 4th generation, ….. 

Concrete NP models predicting  
high deviations from MFV 

Randall-Sudrum,  
Littlest Higgs with T-parity,  
SM 4th generation 

See also 
D. Straub 

Moriond QCD 2013 



Next NA62 phase 
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Experiment layout & sensitivity 

vacuum p < 10-5 mbar 

Signal 45 evt/y 
Κ+ → π+π0 	

 4.3% 
Κ+ → µ+ν     	

 2.2% 
Κ+ → π+π+π-	

 < 4.5% 
Κ+ → π+π0 γ	

 ~ 2% 
Κ+ → µ+νγ	

 0.7% 
total background < 13.5% 

§  400 GeV/c SPS primary protons  
§  75 GeV/c kaons unseparated hadron beam  
§  (p/π+/K+) (Δp/p ±1%)  
§  750 MHz → 50 MHz kaons→ 8 MHz decays 
§  4.8 x 1012 K+ decays/y  →   SES ~ 10-12 
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Target: K+ → π+νν   



Background and kinematics 

ü  high resolution m2
miss reconstruction 

ü  measure precisely kaon and pion momenta 
ü  keep multiple scattering as low as possible 

extend in the signal region  
kinematics doesn’t help 

Gigatracker (Kaon) 
Straw chambers (pion) 

ü  Suppress K+→ π+π0 background 
ü  Reject offline decays with γ	


ü  K+ identification in the had beam 
ü  10-3 π-µ separation 

missing mass 

Photon veto system 
Particle Identification 

92% Bkg separated from signal  by kinematic cuts 8% not separated 

Veto and PID 

m2
miss= (PK-Pπ)2 defines low bkg signal regions 

separated by K+→ π+π0  
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NA62: Experimental principles 
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v  Goal              10% precision Branching Ratio measurement 
v  O(100) K+ → π+νν events in two years of data taking 
è  Statistics 

Ø BR(SM) ~ 7.8 x 10-11 

Ø Acceptance: 10% 
Ø K decays: 1013 

è  Systematics 
Ø ≥1012 background rejection 
Ø ≤10% precision on 
   background measurement 

Kaon intensity & signal efficiency Signal purity & detector redudancy 

Very challenging experiment 
Weak signature for signal decay 

θKπ	


K+	


ν	


ν	



m2
miss=(PK-Pπ)2	


High momentum K+ beam Decay in-flight technique 

Decay BR 

µ+ν      (Κµ2)	

 63.5% 

π+π0       (Κπ2)	

 20.7% 

π+π+π-	

 5.6% 

π0e+ν  (Κe3)	

 5.1% 

π0µ+ν  (Κµ3)	

 3.3% 

Huge background 



Tracking detectors 
Gigatracker (800 MHz environment) 
Ø  measurement of time, coordinates  
   and momentum of individual particles 
Ø  three Si-pixel station before the decay volume 
Ø  σ(t) ~ 150 ps on single track (test beam) 

13.2 m 9.6 m 

60
 m

m
 

GTK2 

GTK3 GTK1 

Straw chamber spectrometer 
Ø  measurement of coordinates and momentum of 

charged particles originating from decay   
Ø  4 chambers + magnet 
Ø  σ(Pπ)/Pπ~ 0.3% ⊕ 0.007% x Pπ (GeV/c)           
Ø  σ(dX/dZ)/(dX/dZ)~ 45-15 µrad                           	
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Gigatracker  
prototype 



Vetos 
Photon Veto System - several subsystems, among them: 
Ø  Large angle (8.5-50 mrad)  Lead glass blocks 

Ø  Inefficiency <10-4 for 100 MeV < Eγ  < 35 GeV 
Ø  (1- 8.5 mrad)  Liquid Kripton Calorimeter 

Ø  Inefficiency <10-5 for Eγ  > 10 GeV 
Ø  Small angle (<1 mrad) “shashlyk” calorimeters 

Ø  Inefficiency <10-3 for  Eγ  > 10 GeV 

LK
r 

MUV 
1-2 

MUV 
3 
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Muon detectors: 
Ø  3 planes MUV 1,2,3 + iron 
Ø  MUV 1+MUV 2 reach a factor of 106 in 

muon rejection 
Ø  MUV 3 for trigger purposes 



PID detectors 
CEDAR - Differential Cherenkov counter 
Ø  Filled with Hydrogen gas 
Ø  Positive identification of Kaons in a 800 MHz 

hadron beam 
Ø  Excellent time resolution O(100 ps) 
Ø  Sustain rate O(MHz/mm2)  

	
  	
  	
  	
  Mirror	
  Mosaic	
  
(17	
  m	
  focal	
  length)	
  

 2 x ~1000 
PMT 

Vessel:	
  	
  
~18	
  m	
  long,	
  4	
  →	
  3.4	
  m	
  
diameter	
  

Beam	
  

Beam	
  Pipe	
  

volume	
  ~	
  200	
  m3	
  

RICH – Ring Imaging Cherenkov 
counter: 
Ø  Filled with Neon at atm pressure 
Ø  Separate π-µ in 15 < p < 35 GeV/c 

with a  µ suppression factor better 
than 5x10-3  

Ø  Measure pion crossing time with a  
      resolution < 100 ps 
Ø  Provide a L0 trigger for charged 

tracks  
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KOTO & ORKA 
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Koto @ JPARK and ORKA @ FNAL 
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ProspectsK SQQo
0 0K S QQoK S QQ� �o LK S QQo
0 0 8B( ) 2.6 10:   LK xNow S QQ �o �

1.15 10
1.05:   B( ) 1.73 10

(7 t )
Now K xS QQ� � � �

�o  

K S QQo

Goals KOTO * Proj X

11:   Sensitivity at SM 2.4 10Future x �

Goals NA62 ORKA Proj X

11

(7 events)
:  Sensitivity at SM 7.8 10Future x �

Goals KOTO *
J-PARC

Proj.X

Events/yr 1 “200”

Goals NA62
CERN

ORKA 
FNAL
MI

Proj.X

Events/ 40 200 340 Events/yr ~1 “200”

S/N ~1 5-10

Events/
yr 40 200 340

S/N 5 5 5
Precision 5%

S/N 5 5 5

Precision 10% 5% 3%

28
* J-PARC plans a phase II to 
reach higher sensitivity.   

th

  ORKA at the FNALMain Injector
4 Generation ExperimentK S QQ� �o

Incremental 
Improvements

4  Generation  Experiment  K S QQo

p
600 MeV/c 
K stopping 
rate x5 with 
comparable p
instantaneous  rate
Larger solid angle 
Acceptance  x 10
Fine segmentation,     g
improved resolutions  

Reduced backgrounds;Reduced backgrounds;
Overall,  >100 x sensitivity 

MI at 95 GeV, 44% D.F.
CDF Solenoid @ 1.2 T

ORKA proposal @ FNAL: 
Beam line 
finalized and 
tested, first run 
starting now 

[NIM A664 (2012) 264] 

…then OKA and TREK 



Summary: stay tuned on penguins! 
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SPARES 
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RK measurement in NA62 
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 Helicity suppression of RK might 
enhance sensitivity to non-SM effects to 

an experimentally accessible level. Phys. Rev. Lett. 99 (2007) 231801 

s� se

K+ e�e +

Helicity suppression: f~10–5 

A precise measurement of the ratio RK of K±�l±νl (Kl2) leptonic decays 
provides a stringent test of SM and indirect search for New Physics. 

 Hadronic uncertainties cancel in the ratio Ke2/Kµ2 
  SM prediction: excellent sub-permille accuracy 

RK is sensitive to lepton flavour violation and its SM expectation: 

Radiative correction (few %) 
due to K+→e+νγ (IB) process, 
by definition included into RK 

,�e !�

!+e+,s
W+
+

K

u

RK
SM = (2.477±0.001)×10–5 

A.Romano, La Thuile 2012, 28 February 



Measurement strategy 
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Counting experiment - analysis in 10 lepton momentum bins: 
(due to strong momentum dependence of backgrounds and event topology) 

(1) Ke2/Kµ2 candidates are collected concurrently: 
  analysis does not rely on kaon flux measurement; 
  several systematic effects cancel in the ratio (at first order); 

fe · A(Ke2) · ε(Ke2) fLKR 

RK = 
N(Ke2) - NB(Ke2) 

N(Kµ2) - NB(Kµ2) 

fµ · A(Kµ2) · ε(Kµ2) 1 
D 

1 

Signal 
events 

Background 
events 

Particle 
ID eff 

Geometrical 
acceptance 

Trigger 
efficiency 

Global LKr 
readout eff 

Kµ2 
downscaling 

(2) MC simulations used to a limited extent: 
  Geometrical part of the acceptance correction and bkg estimation; 
(3) PID, trigger, readout efficiencies and beam halo bkg measured directly 

from data; 

7 A.Romano, La Thuile 2012, 28 February 
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145,958 K+�e+ν candidates.  
Positron ID efficiency: (99.28±0.05)%.  

B/(S+B) = (10.95±0.27)%. 

Ke2 candidates 

Proposal (CERN-SPSC-2006-033): 
~ 150k candidates 

Ke2 candidates 

LOG 

cf. KLOE: 13.8K candidates (K+ and K-), ~90% electron ID efficiency, 16% bkg 

13 A.Romano, La Thuile 2012, 28 February 

Ke2: NA62 full data set 



NA62 result 
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Independent measurements in lepton 
momentum bins 

Fit over 40 measurements (4 data samples x 10 momentum bins) 
including correlations: χ2/ndf=47/39. Source δRK×105 

Statistical 0.007 

Kµ2 0.004 

BR(Ke2γ SD+) 0.002 

Beam halo 0.002 

K±�π0e±ν,  
K±�π±π0 

0.003 

Matter 
Composition 

0.003 

Acceptance 0.002 

DCH alignment 0.001 

Electron ID 0.001 

LKr readout inef 0.001 

1-track trigger 0.001 

Total 0.010 

(systematic errors included, 
partially correlated) 

Uncertainties 
0.4% tot precision 

NA62 result (40% data set): RK=(2.487±0.013)×10–5 [PLB698 (2011) 105] 

16 A.Romano, La Thuile 2012, 28 February 



Physics motivation 
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Kl3 decays are described by two form factors f±(t), and the matrix element can be 
written as:  
 

        cannot be measured directly, therefore the form factors are normalised to          :

        can only be measured in         decays because of                   .

         is the vector form factor and          the scalar form factor with:

         is the square of the four-momentum transfer to the lepton neutrino system.
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       decays are described by two form factors         , and the matrix element can be 
written as:
Kl3 f±(t)

M =
GF

2
Vus(f+(t)(PK + P⇥)µūl�µ(1 + �5)u� + f�(t)mlūl(1 + �5)u�)

f�(t) Kµ3

f+(t) f0(t)

f0(t) = f+(t) +
t

(m2
K �m2

�)
f�(t)

By construction                     . f+(0) = f0(0)

f+(0)

f̄+(t) =
f+(t)
f+(0)

f̄0(t) =
f0(t)
f+(0)

t = q2

me << mK

f+(0)

 Manuel Hita-Hochgesand Universität MainzForm Factor Measurement at NA48/2K±
l3 4

t = q2 is the square of the four-momentum transfer to the lepton neutrino system 
 

f−(t) can only be measured in Kµ3 decays because of me << mK  
 

f+(t) is the vector form factor and f0(t) the scalar form factor with:  

        cannot be measured directly, therefore the form factors are normalised to          :

        can only be measured in         decays because of                   .

         is the vector form factor and          the scalar form factor with:

         is the square of the four-momentum transfer to the lepton neutrino system.
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f+(0) cannot be measured directly, therefore the form factors are normalised to f+(0):          cannot be measured directly, therefore the form factors are normalised to          :

        can only be measured in         decays because of                   .

         is the vector form factor and          the scalar form factor with:

         is the square of the four-momentum transfer to the lepton neutrino system.
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Form Factor Parametrizations 
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Parametrizations using physical quantities are called class 1 parametrizations.       
They depend on free parameters with a physical meaning.  
 Pole parametrization:  
Assumes the exchange of vector and scalar resonances K∗ with spin-parity 1−/0+ and 
masses mV/mS,  f+(t) can be described by K∗(892), for f0(t) no obvious dominance is 
seen:  
 

Parametrizations without a physical meaning are called class 2 parametrizations.   
They require more free parameters and are expansions in the momentum transfer. 
  Linear and quadratic parametrization:   

Universität MainzK±µ3 Form Factor Measurement at NA48/2 Manuel Hita-Hochgesand

Parametrizations using physical quantities are called class 1 parametrizations. They 
depend on free parameters with a physical meaning. 

Pole Parametrization:
Assumes the exchange of vector and scalar resonances       with spin-parity              and 
mass                .          can be described by               , for         no obvious dominance is 
seen

K⇤ 1�/0+

mV /mS f+(t) K⇤(892) f0(t)

f̄+,0(t) =
m2

V,S

m2
V,S � t

Dispersive Parametrization:

f̄+(t) = exp


t

m2
⇡

(�+ + H(t))
�

Based on a dispersive approach with the free parameters      and       . Accurate polynomial 
approximations for the dispersive integrals         and          are available. G(t) H(t)

⇤+ lnC

f̄0(t) = exp


t

�K�
(lnC �G(t))

�

(PLB 638(2006) 480, PRD 80(2009) 034034)
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Parametrizations without a physical meaning are called class 2 parametrizations. They 
require more free parameters and are expansions in the momentum transfer. 

Linear and quadratic parametrization:

The expansion in the momentum transfer             is widely used:  

f̄+,0(t) =

1 + �+,0

t

m2
�

�

f̄+,0(t) =

"
1 + �0

+,0
t

m2
�

+
1
2
�00

+,0

✓
t

m2
�

◆2
#

Linear

Quadratic

 More free parameters to be determined          Correlations!
 No sensitivity to determine      with current experiments             quadratic /     linear.�00

0 f̄0f̄+

Z-fit parametrization:

The parametrization function depending on    and                                 sums an infinite 
number of terms, transforming the original series, naively an expansion involving                 , 
into a series with much smaller expansion parameters (PRD74(2006) 096006).

t/t+ . 0.3
t t+ = (mK + m�)2

 Manuel Hita-Hochgesand Universität MainzForm Factor Measurement at NA48/2K±
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t = q2

Correlations! 
 

No sensitivity to λ”  0 

f0(t) linear 
_ 
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Event selection 
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Event selection: 
•  1 good track    

•  Muon identified by muon veto and E/p 
•  Electron identified by E/p 

•  1 good π0 à γγ  
•  Pion mass cut: |mγγ – mPDG(π0)|>10 MeV 

Event reconstruction: 
•  LKr clusters and muon track consistent in time 
•  Missing mass cut using K± hypothesis 
                  M2

Kl3= (PK − Pl − Pπ0)2 < 10 MeV2  
•  Kaon energy reconstructed under the assumption of a  
      missing undetected neutrino within the range of:  
                           55GeV<E ± <65GeV  
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K± ! ⇡±⇡0

K±
µ3 :

π+π0 background 
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pevent
T > 0.02 GeV/c

12

K± ! ⇡±⇡0

:K±
e3

To K±
µ3: 

K±→ π±π0 with π→µ can fake the signal  
Without suppression, K± → π±π0 background  
 at the level of 20% 
Cut in the invariant π±π0 mass and the  
transverse momentum of the pion:  
à Background contamination reduced to 0.5% 
à about 24% of K±

µ3 events are lost 
Background is well localized in the Dalitz plot  

To K±
e3: 

Pion with E/P > 0.95 can fake a K±
e3 decay 

Cut in the transverse momentum of the event:  
                  pT

event > 0.02 GeV/c 
à Background contamination reduced to < 0.1% 
à about 3% of K±

e3 events are lost 



 ~10% effect on the Dalitz plot slope.

Mode �Ke3
EM (%)
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e3 0.495± 0.110
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e3 0.050± 0.125
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2�
K±e3
EM

Dalits Plot Ke3 radiative

K±
e3

16

:K±
e3

The        decay rate including first order radiative 
corrections can be written as:           

Kl3

 Simulation code provided by KLOE (author C. Gatti)

 Parameters used for the normalisation.

(EPJ C45 (2006) 417)

(JHEP 11 (2008) 006)

�Kl3 = �0
Kl3

+ �1
Kl3

= �0
Kl3

(1 + 2�Kl
EM )

 For        the effects on the acceptance are bigger.
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The Kl3 decay rate including first order 
radiative corrections can be written as:  

 
 

Simulation code provided by KLOE  
author C. Gatti, EPJ C45 (2006) 417  
 

Parameters used for the normalization:  
                          (JHEP 11 (2008) 006)  
 
 
 
 
For K±

e3 the effects on the acceptance are 
bigger with respect to K±

µ3  
•  ~10% effect on the Dalitz plot slope  for K±

e3  
•  Percent effect on slope for K±

µ3  
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The        decay rate including first order radiative 
corrections can be written as:           
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The        decay rate including first order radiative 
corrections can be written as:           
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 Simulation code provided by KLOE (author C. Gatti)

 Parameters used for the normalisation.
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The        decay rate including first order radiative 
corrections can be written as:           

Kl3

 Simulation code provided by KLOE (author C. Gatti)

 Parameters used for the normalisation.
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The        decay rate including first order radiative 
corrections can be written as:           

Kl3

 Simulation code provided by KLOE (author C. Gatti)

 Parameters used for the normalisation.

 For        small effects on the acceptance.
 Percent effect on the Dalitz plot slope.

(EPJ C45 (2006) 417)

(JHEP 11 (2008) 006)

Dalits Plot Kmu3 radiative

Dalits Plot Kmu3 correction

K±
µ3

�Kl3 = �0
Kl3

+ �1
Kl3

= �0
Kl3

(1 + 2�Kl
EM )

2�
K±µ3
EM

 Manuel Hita-Hochgesand Universität MainzForm Factor Measurement at NA48/2K±
l3

Mode �
Kµ3
EM (%)

K0
µ3 0.700± 0.110

K±
µ3 0.008± 0.125

15

K±
µ3 :
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K±
e3 ��0

+ ��00
+ �mV

�10

�3
MeV/c

2

Kaon Energy ±0.3 ±0.1 ±6

Vertex ±0.2 ±0.1 ±0

Bin size ±0.0 ±0.1 ±2

Energy scale ±0.1 ±0.0 ±0

Acceptance ±0.2 ±0.0 ±3

2nd Ana ±0.9 ±0.4 ±1

FF input ±0.4 ±0.0 ±1

Sytematic ±1.1 ±0.4 ±7

Statistical ±0.7 ±0.3 ±3

K±
µ3 ��0

+ ��00
+ ��0 �mV �mS

�10

�3
MeV/c

2

Kaon Energy ±0.1 ±0.0 ±0.3 ±1 ±8

Vertex ±1.0 ±0.5 ±0.1 ±2 ±7

Bin size ±0.8 ±0.4 ±0.7 ±3 ±10

Energy scale ±0.3 ±0.1 ±0.1 ±0 ±1

Acceptance ±0.2 ±0.1 ±0.3 ±2 ±5

K2� background ±1.7 ±0.5 ±0.6 ±3 ±0

2nd Analysis ±0.1 ±0.1 ±0.2 ±2 ±5

FF input ±0.3 ±0.8 ±0.1 ±7 ±3

Systematic ±2.2 ±1.1 ±1.0 ±9 ±16

Statistical ±3.0 ±1.1 ±1.4 ±8 ±31

         is dominated by statistics,        is dominated by the systematics. K±
µ3 K±

e3

K±
µ3 K±

e3

K±
µ3 is dominated by statistics, K±

e3 is dominated by the systematics 
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K±
µ3K±

e3

Quadratic (�10�3) �0
+ �00

+ �0

K±
µ3 26.3± 3.0stat ± 2.2syst 1.2± 1.1stat ± 1.1syst 15.7± 1.4stat ± 1.0syst

K±
e3 27.2± 0.7stat ± 1.1syst 0.7± 0.3stat ± 0.4syst

Pole (MeV/c2) mV mS

K±
µ3 873± 8stat ± 9syst 1183± 31stat ± 16syst

K±
e3 879± 3stat ± 7syst
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68% Confidence level contours

K±
µ3K±

e3

68% Confidence level contours

Quadratic (�10�3) �0
+ �00

+ �0

K±
µ3 26.3± 3.0stat ± 2.2syst 1.2± 1.1stat ± 1.1syst 15.7± 1.4stat ± 1.0syst

K±
e3 27.2± 0.7stat ± 1.1syst 0.7± 0.3stat ± 0.4syst

Pole (MeV/c2) mV mS

K±
µ3 873± 8stat ± 9syst 1183± 31stat ± 16syst

K±
e3 879± 3stat ± 7syst
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