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To search for New Physics

Look for deviation from Standard Model	
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Standard Model

Small Standard Model “background”	

Small theoretical uncertainty

7

K+ ! ⇡+⌫⌫KL ! ⇡0⌫⌫

ρ

η

The branching ratio of the CP -violating neutral mode involves the top-quark contri-
bution only and can be written as

Br
�
KL ! ⇡0⌫⌫̄

�
= L

✓
Im�t

�5

Xt

◆
2

. (4.9)

Again, the hadronic matrix element can be extracted from the Kl3 decays and is now
parametrised by L [27]. There are no more long-distance contributions, which makes this
decay channel exceptionally clean.

Whereas the CP-conserving contribution to the branching ratio is completely negligible
compared to the direct CP-violating contribution within the Standard Model [34], the
indirect CP-violating contribution is of the order of 1% and should be included at the
current level of accuracy. This can be achieved by multiplying the branching ratio with
the factor [35]

1�
p
2|✏K |

1 + Pc(X)/A2Xt � ⇢

⌘
, (4.10)

where A = Vcb/�
2, and ✏K describes indirect CP violation in the neutral Kaon system. Tak-

ing this factor into account, and including again the full two-loop electroweak corrections,
we find

Br(KL ! ⇡0⌫⌫̄) = (2.57+0.38
�0.36 ± 0.04)⇥ 10�11 . (4.11)

The first error is again related to the uncertainties in the input parameters. Here main
contributions are (Vcb : 49%, ⌘̄ : 43%, mt : 7%, sin2 ✓W : 1%). The contributions to the
second, theoretical uncertainty are (Xt(QCD) : 56%, Xt(EW) : 22%, L

⌫ : 21%, �Pc,u : 1%),
respectively. All errors have been added in quadrature.

5 Conclusions

In this paper, we have calculated the complete two-loop electroweak matching corrections
to Xt, the top-quark contribution to the rare decays KL ! ⇡0⌫⌫̄, K+ ! ⇡+⌫⌫̄, and B !
Xd,s⌫⌫̄. This is in particular important for rare kaon decays: future proposals aim at an
experimental accuracy of 3% for the branching ratios, while the leading order electroweak
scheme ambiguity is of similar size. Our calculation reduces the scheme ambiguity in Xt

from ±2% to ±0.3%. The resulting theory uncertainty in the branching ratios is rendered
from dominant to negligible.

The absolute corrections are small in a renormalisation scheme where on-shell masses
and MS coupling constants are used for the electroweak sector. In addition, we analyse
the convergence in the MS scheme and the on-shell scheme to estimate the remaining
perturbative uncertainty.

Our analytic results are summarised by an approximate, but very accurate formula.
We also give the leading term in a small sin ✓W expansion. The full expression can be
obtained upon request from the authors.
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Figure 5: eXt as a function of MH , in two di↵erent renormalisation schemes. The dashed lines
show the LO results, the dashed-dotted lines the LO results including the electroweak corrections
in the large-mt limit. The full two-loop results are represented by the dotted lines. The left panel
shows the results where all parameters are defined in the MS scheme. By contrast, in the right
panel, all parameters apart from ↵ are defined in the on-shell scheme. For comparison, we also
plot in both panels the NLO result, where all masses are defined on-shell and all couplings in the
MS scheme. It is represented by the solid lines.

long distance contributions were calculated in Reference [30] to be

�Pc,u = 0.04± 0.02 . (4.7)

The hadronic matrix element of the low-energy e↵ective Hamiltonian can be extracted
from the well-measured Kl3 decays, including isospin breaking and long-distance QED
radiative corrections [27, 32, 33]. The long-distance contributions are contained in the pa-
rameters 

+

, including NLO and partially NNLO corrections in chiral perturbation theory.
�

EM

denotes the long distance QED corrections [27].
Including the two-loop electroweak corrections to Xt, we find for the branching ratio of

the charged mode

Br(K+ ! ⇡+⌫⌫̄) = (8.22+0.74
�0.65 ± 0.29)⇥ 10�11 , (4.8)

The first error is related to the uncertainties in the input parameters. The main contri-
butions are (Vcb : 49%, ⇢̄ : 22%, ↵s : 9%, mc : 8%, mt : 7%, ⌘̄ : 4%, sin2 ✓W : 1%). The
second error quantifies the remaining theoretical uncertainty. In detail, the contributions
are (�Pc,u : 49%, Pc : 21%, Xt(QCD) : 17%, +

⌫ : 8%, Xt(EW) : 7%), respectively. Here
and below, we determine the QCD error on Xt by varying the scale µc between 80 GeV
and 320 GeV. Correspondingly, our central value of Xt is the average of Xt(µ = 80GeV)
and Xt(µ = 320GeV).
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If K and B results do not agree

Sign of New Physics!
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4 Left-Right operators at work 20

Figure 7. B(KL ! ⇡

0
⌫⌫̄) versus B(K+ ! ⇡

+
⌫⌫̄) for MZ0 = 500 TeV in L+R scenario. The

colours are as in (21)–(24). The four red points correspond to the SM central values of the four
CKM scenarios, respectively.

without �F = 2 constraints NP e↵ects at the level of the amplitude decrease
quadratically with increasing MZ0 so that for MZ0 = 1000TeV NP would contribute
only at the 15% level. While such small e↵ects are impossible to detect in other
decays considered by us, the exceptional theoretical cleanness of K+ ! ⇡

+
⌫⌫̄ and

KL ! ⇡

0
⌫⌫̄ could in principle allow to study such e↵ect one day. On the other

hand for MZ0 = 200TeV the enhancements of both branching ratios could be much
larger than shown in Fig. 7. This would require higher fine-tuning in the �F = 2
sector as seen in Fig. 6.

As we fixed the absolute values of the couplings in this example, the di↵erent
values of branching ratios on the circles correspond to di↵erent values of the phase
�

sd
L , when it is varied from 0 to 2⇡. Measuring these two branching ratios would

determine this phase uniquely. Most importantly, we observe that even at such high
scales NP e↵ects are su�ciently large to be measured in the future.

In Fig. 8 we show various correlations sensitive to the �bs
L,R couplings in L+R

scenario for MZ0 = 80 TeV. The choice of lepton couplings is as in (27).
We observe the following features:

• The correlations have this time very similar structure to the one found in
Fig. 4 for MZ0 = 15TeV but due to larger quark couplings and the absence of
�F = 2 constraints NP e↵ects can be sizeable even at MZ0 = 80TeV.

• As expected, a clear distinction between LH and RH couplings can be made
provided NP e↵ects in B(Bs ! µ

+
µ

�) will be su�ciently large in order to
allow measurable NP e↵ects in other four observables shown in the Fig. 8.

Due to the similarity of the plots in Figs. 4 and 8 the question arises how we
could distinguish these two scales through future measurements. While some ideas
for this distinction will be developed in Section 6, here we just want to make the
following observation. Once the values of S � and CBs will be much more precisely
known than assumed in (28), the range of allowed values for the observables in Fig. 4
will be significantly decreased, possibly ruling out this scenario through rare decay
measurements. On the other hand this progress in the determination of �F = 2
observables will have no impact on the plots in Fig. 8 allowing the theory to be
rescued.

Buras et al., 1408.0728

Z’ contribution

KK++→→pp++nn nn statusstatus
• E949 result based on 7 events: 

 Br (K+→p+nn) = (1.73+1.15
-1.05

)*10-10 

• K+→p+nn sensitive to NP contribution

– Simplified Z, Z’ models 
Buras et al., JHEP 1511 (2015) 166

– Littlest Higgs with T-parity 
Blanke et al., EPJ C76 (2016) no.4, 182

– Custodial Randall-Sundrum
Blanke et al, JHEP 0903 (2009) 108

– MSSM non-MFV
Tanimoto, Yamamoto, PTEP 2015 no.5, 053B07 
Isidori et al., JHEP 0608 (2006) 064

Phys. Rev. D, 79 (2009), p. 092004

Blanke et al.,  JHEP 0903, 108 (2009)
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Figure 1: The predicted BR(KL → π0νν̄) versus BR(K+ → π+νν̄) at the SUSY scale of 10
TeV with the mixing angle of su = sd = 0.1. The pink cross denotes the SM predictions. The
red dashed lines are the 1σ experimental bounds for BR(K+ → π+νν̄). The green slanting
line shows the Grossman-Nir bound.

4 Numerical analysis

Let us discuss the high-scale SUSY contribution to the K → πνν̄ processes by correlating
with ϵK [13]. At present, we cannot confirm whether the SM prediction ϵSMK is in agreement
with the experimental value ϵexpK because there remains the theoretical uncertainty with an
order of a few ten percent. However, the theoretical uncertainties of ϵK are expected to
be reduced significantly in the near future. Actually, the lattice calculations of B̂K will be
improved significantly [41, 42], whereas |Vcb| and the CKM phase γ will be measured more
precisely in Belle-II. Therefore, we will be able to test the correlation between K → πνν̄ and
ϵK .

In our previous work, we have examined the sensitivity of the high-scale SUSY with 10
and 50 TeV to ϵK . It is found that the SUSY contribution to ϵK is allowed up to 40%. We
begin to discuss the SUSY contribution at the 10 TeV scale. The present uncertainties in
the SM prediction for ϵK are due to the CKM elements Vcb, ρ̄ and η̄, and the B̂K parameter.
We take the CKM parameters Vcb, ρ̄ and η̄ at the 90 % C.L. of the experimental data:

|Vcb| = (41.1± 1.3)× 10−3, ρ̄ = 0.117± 0.021, η̄ = 0.353± 0.013. (32)

For the B̂K parameter, the recent result of the lattice calculations is given as [41, 42];

B̂K = 0.766± 0.010 , (33)

which is used with the error-bar of 90% C.L. in our calculation.
In the beginning, we show the numerical results at the SUSY scale of 10 TeV. Fig.1 shows

the predictions on the BR(KL → π0νν̄) vs. BR(K+ → π+νν̄) plane, where phase parameters
are constrained by the observed |ϵK | with the experimental error-bar of 90%C.L. Here, we fix
the mixing parameters in Eq.(30) by taking the common value suLi3 = suRi3 = su = 0.1 (i = 1, 2)
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the 1998 data set was subdivided into 7500 bins with dif-
fering levels of expected backgrounds. The signal region
was defined to include the first 486 bins and was not ex-
amined until the final step in the analysis procedure. The
background expected in the signal region was estimated
from BG ! S486

i!1bi , where bi is the expected number of
background events from all sources in bin i. Assuming the
SM value for the branching ratio, 7.5 3 10211 [7], an ex-
pected signal number Si was also obtained for each bin as
Si ! 7.5 3 10211AiNK , where Ai is the acceptance in bin
i and NK is the number of kaons. A signal-to-background
function f ! Si

bi
was defined to characterize each bin in

terms of the relative probability of events occurring there
to originate in K1 ! p1nn̄ decay or background. For
the event observed in the 1995–1997 data set (event A)
which passed the tightest cuts designed to evaluate candi-
date events, a similar procedure resulted in the signal-to-
background function value fA ! 35, which indicated a
very high probability that it was due to signal and a low
level of consistency with any of the known sources of
background.

For the 1998 data set, the final candidate selection
requirements were similar to those used previously,
although more stringent track reconstruction criteria were
imposed. For the background sources listed above, the
numbers of events expected were nKm2 ! 0.03410.043

20.024,
nKp2 ! 0.01210.003

20.004, nbeam ! 0.004 6 0.001 and nCEX !
0.01610.005

20.004, where the combined statistical and system-
atic uncertainties are given. In total, the background
level anticipated in the signal region was BG !
0.06610.044

20.025 events. For this level of background, the
acceptance for K1 ! p1nn̄ was A ! S486

i!1Ai !
0.00196 6 0.00005!stat" 6 0.00010!syst", obtained from
the factors given in the last column of Table I. The
estimated systematic uncertainty in the acceptance was
due mostly to the uncertainty in pion-nucleus interactions.

TABLE I. Acceptance factors used in the measurement of
K1 ! p1nn̄ for the 1995–1997 and 1998 data sets. The
“K1 stop efficiency” is the fraction of kaons entering the target
that stopped, and “p1 stop efficiency” is the fraction of pions
which stopped in the range stack without nuclear interactions or
decay in flight. “Other kinematic constraints” include particle
identification cuts.

Acceptance factors 1995–1997 1998

K1 stop efficiency 0.704 0.702
K1 decay after 2 ns 0.850 0.851
K1 ! p1nn̄ phase space 0.155 0.136
Solid angle acceptance 0.407 0.409
p1 stop efficiency 0.513 0.527
Reconstruction efficiency 0.959 0.969
Other kinematic constraints 0.665 0.554
p 2 m 2 e decay acceptance 0.306 0.392
Beam and target analysis 0.699 0.706
Accidental loss 0.785 0.751

Total acceptance 0.0021 0.00196

To confirm the background estimates, the selection
criteria were relaxed [3,6] to allow about 14 times higher
background, and all bins except those in the final signal
region were examined. Two events were observed, in
agreement with the number of expected background events
S7500

i!487bi ! 0.9 6 0.7 for this region. One of these (event
B1) had a low value of the signal-to-background function
fB1 ! 0.07. The second event (event B2) had all the
characteristics of a signal event, but a low apparent time
of p ! m decay resulted in an intermediate value for the
signal-to-background function fB2 ! 0.7 reflecting the
possibility that it was due to Km2 decay [8].

Following the background study, the signal region for
the 1998 data set was examined yielding one candidate
event (event C) with fC ! 3.6. The kinematic values
are P ! 213.8 6 2.7 MeV#c, R ! 33.9 6 1.2 cm (in
equivalent cm of scintillator), and E ! 117.1 6 3.6 MeV.
A display of this event is shown in Fig. 1. Close in-
spection of event C indicates that it is consistent with
being due to K1 ! p1nn̄ decay. Although a small
amount (0.6 MeV in total) of coincident nontrack related
energy was observed in the target, this level of additional
energy was expected to occur randomly somewhere in the
detector in about 11% of all events, and was well below
the cut at 3 MeV on this parameter.

The combined result for E787 data taken between 1995
and 1998 is shown in Fig. 2, the range vs kinetic energy of

FIG. 1. Display of candidate event C. On the top left is the
end view of the detector showing the track in the target, the
drift chamber, and the range stack. On the top right is a blowup
of the track in the target, where the hatched squares represent
target fibers hit by the K1 and the open squares indicate those
hit by the p1; a trigger scintillator that was hit is also shown.
The lower right-hand box shows the digitized signal in the target
fiber where the kaon stopped, indicating no additional activity.
The pulse was sampled every 2 ns (crosses) and the solid line is
a fit. The lower left-hand box shows the digitized p ! m decay
signal in the scintillator where the pion stopped. The curves are
fits for the first, second, and combined pulses.
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FIG. 1: Kinetic energy vs. range of all events passing all other
cuts. The squares represent the events selected by this anal-
ysis. The circles and upward-pointing triangles represent the
events selected by the E787 and E949 pnn1 analyses, respec-
tively. The downward-pointing triangles represent the events
selected by the E787 pnn2 analyses. The solid (dashed) lines
represent the limits of the pnn1 and pnn2 signal regions for
the E949 (E787) analyses. Despite the smaller signal region
in Eπ vs. Rπ, the pnn1 analyses were 4.2 times more sensi-
tive than the pnn2 analyses. The points near Eπ = 108 MeV
were Kπ2 decays that survived the photon veto cuts and were
predominantly from the pnn1 analyses due to the higher sen-
sitivity and the less stringent photon veto cuts. The light
gray points are simulated K+

→ π+νν̄ events that would be
accepted by our trigger.
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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 ð1:06" 0:08Þ% for Run-2 and ð1:00"
0:06Þ% 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

ð1:84" 0:05stat " 0:19systÞ $ 10%8 for Run-2, ð2:80"
0:09stat " 0:23systÞ $ 10%8 for Run-3, and ð1:11"
0:02stat " 0:10systÞ $ 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 ¼ 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 ¼

P
i¼cuts

ðFi=Ai
dataÞ2

P
i¼cuts

ð1=Ai
dataÞ2

: (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

BR<2.6E-8

Ahn et al., Phys. Rev. D 81, 072004 (2010)
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Hors d’Oeuvre New Physics Reach of Flavour Physics

A Glimpse at the Zeptouniverse

recent analysis of tree level flavour changing Z0: Buras et al. (2014)

K ! ⇡⌫⌫̄ decays sensitive to
scales up to 2000TeV if left- and
right-handed FV couplings are
present

(fine-tuned) cancellation of e↵ects
in K0 � K̄0 mixing required

new physics reach of B decays
lower by an order of magnitude
(⇠ 100TeV!)

‚ high precision in rare K and B decays is crucial!

6 M.Blanke Flavour Physics Beyond the Standard Model

http://www.lnf.infn.it/wg/vus/content/Krare.html
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J-PARC
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= K0 at TOkai

Arizona State, Chicago, Chonbuk, Jeju, KEK, Korea, Kyoto, 
Michigan, NDA, NTU, Osaka, Okayama, Saga, Yamagata

KL ! ⇡0⌫⌫

OK T
ν

νs

d



J-PARC in Japan
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30 GeV , 100 kW



Signal and Background

Signal: 	

!

!

Background
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KL � �0��
γ

γ

KL → π0π0 4γ



Signal and Background

Signal: 	

!

!

Background

18

Veto

KL � �0��
γ

γ

KL → π0π0 4γ



J-PARC 
CsI calorimeter from KTeV	

Hermetic photon veto to suppress KL→π0π0	

Waveform digitization

19

KL ! ⇡0⌫⌫
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CsI Calorimeter 

CFRP cover against 
earthquake

Brought FNAL KTeV CsICharged Veto



from KEK E391a	

32 modules; 5m long

21Main Barrel 
Photon Veto



New additional γ veto 
(2016)
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2013 Run
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Rec. z [mm]
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nHalo neutron

Took data for 100 hours	

Sensitivity equivalent to E391a	

1 background event by halo neutron interaction



Suppression of 	
neutron background

x1/3 by shower shape	 x1/10 by pulse shape
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16年1月30日土曜日

n/γ separation by pulse shape

22

Analysis status - neutron BG

Pulse shape Difference in each crystal
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Mean y  -0.009284
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GamClusCsi_AsymChi2_Al-GamClusCsi_AsymChi2:GamClusCsiE {GamClusCsiE>3}

Energy in CsI crystal[MeV]

χ2/NDF(Al target template) 
-χ2/NDF(3pi0 template)

• Template difference become larger 
in Pulse Height >~500count (~50MeV).#

• χ2/NDF difference in KL->3pi0 data  
becomes larger for E deposit > 50MeV/crystal.

Template for CsI Ch.800

log10(PulseHeight)

Al target 
3pi0

asym.par

4

Wider and more asymmetric pulse shape in neutron events 
  especially in large E deposit.

Templates were made by using Run 62 and 63. 
• Al target: neutron-rich sample 
• 3pi0: γ sample
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asym.par vs Z for CsI crystal 2

How to get the longitudinal information?
• Pulse shape changing with interaction position measured with cosmic µ!

• Fit parameters of waveform are sensitive to Z position of activities.
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How to get the longitudinal information?
• Pulse shape changing with interaction position measured with cosmic µ!

• Fit parameters of waveform are sensitive to Z position of activities.
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Neutron background
x1/10 by shower depth

25

  

Performance update

Slower propagation 
speed than expected

This measurement
 (600 MeV incident)

Simulation
  500 MeV gamma
   1 GeV neutron
   (down stream incident)

Timing difference (ns)

Cut position (ns)

Timing difference (ns)

10ns

10-3 reduction!
or more

  

Performance update

Slower propagation 
speed than expected

This measurement
 (600 MeV incident)

Simulation
  500 MeV gamma
   1 GeV neutron
   (down stream incident)

Timing difference (ns)

Cut position (ns)

Timing difference (ns)

10ns

10-3 reduction!
or more

Δt

gammas neutrons

Last JPS

500 MeV γ

1GeV neutron
 (downstream
        incident)

Light  from 
neutron

Light from
gamma PMT

500mm

Timing difference (ns) Cut position (ns)

E
ff

ci
en

cy
1 order rejection!

Study on going

Dark noise of MPPC

MPPC in front



Prospect of KOTO
26

Grossman-Nir limit

Standard Model

Sensitivity

2013 Run

2015 Run

x 1/20 ~ 1/35

3x104(kW days)100

2015: Took x20 data than 2013 run	

2016: Running now	

2018: Add MPPCs on CsI calorimeter	

Beam power: 42 kW → 100 kW (2019)



K+
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Mauro Raggi, on behalf of the NA48/2 and NA62 
collaborations 

BEACH2014 – University of Birmingham, UK 21st-26th July 2014 

QCD tests with Kaons 

K+ ! ⇡+⌫⌫

CERN



Signal and Background

01/05/2013 Giuseppe Ruggiero - KAON 2013 7

Background
1) K+ decay modes      2) Accidental single track matched with a K-like track

Kaon Decays

Accidental single tracks
Beam interactions in the beam tracker
Beam interactions with the residual gas in the vacuum region.

Signal
Kinematic variable: 𝑚 = 𝑃 − 𝑃

CERN NA62 
Decay in flight	

!

Missing mass	

Good tracking	

Particle ID	

Photon Veto to 
suppress

29

K+ � �+��

K+ π+

K+ � �+�0

K+ � �+��

K+ � �+�0(�)

K+ � µ+�(�) K+ � ���

M2miss (GeV2/c4)
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M. Mirra Search for 𝑲 → 𝝅 𝝂𝝂 at the NA62 experiment at CERN 

Large angle photon vetoes
OPAL lead glass

Forward γ veto
NA48 LKr

RICH μ/π ID
1 atm Ne

Dipole spectrometer
4 straw-tracker stations

PID
μ veto 
Fe/scint

Charged 
veto

Beam tracking
Si pixels, 3 stations

Differential Cerenkov
for K+ ID in beam γ veto 

γ veto 

4 
m

KTAG
CHANTI

LAV RICH MUV

GIGATRACKER

STRAW LKr

IRC

SAC

0 50 100 150 200 250 m

Fiducial volume ~60m
10−6 mbar

NA62 setup

24/05/2016 16

Hodoscope
CHOD

M. Mirra @HQL2016

NA62 detector



CERN NA62 trackers 

For K+	

 300µm pixels	
Δθ ~ 0.016mrad	
Δt ~ 200ps	

For π+ 	
straw tracker	
Δx~140µm
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Target 

4.5 1012  K+ decays/ year in fiducial region 

Decay Region 65m 

GTK 

RICH LKr MUV 

CEDAR 

Straw 
Tracker 

750 MHz primary 
Hadron beam at 75GeV/c 

ϲй�ĂƌĞ�<ĂŽŶƐ 

50 MHz 
K+ rate 

7-10 MHz of Muon Rate 
in the Detectors 

05/01/2013 - FH 8 KAON 2013 

Four Principles of NA62 
(1) High Intensity and fast Timing 

ʍT < 100 ps  ʍT < 150 ps  ʍT < 100 ps  

750 MHz 
rate 

3 stations of Si pixel detectors  

– Pixel size:  

• 300 x 300 ʅm2 or 300 x 400 ʅm2 

• 18’000 pixels/ station  

• 54’000 pixels grand total 

– Thickness: 

• < 500 ʅm  = 200(sensor) + 

100(readoutͿ�н�;уͿ�ϭϱϬ�Cooling  

• Ϭ͘ϱй�ŽĨ�y
0 

(per Station) 

– �ĐƚŝǀĞ�ĂƌĞĂ�у�ϲϬ�;yͿ�Ύ�Ϯϳ�;zͿ�ŵŵ2 

– Divided in 10 read-out chips  

 

 

 

Meaures precisely  Kaon 

– Time (ʍt у�ϮϬϬƉƐ�ƉĞƌ�ƐƚĂƚŝŽŶͿ 
– Direction (ʍ 

dx,dy
 у�Ϭ͘ϬϭϲŵƌĂĚͿ 

– Momentum (ȴWͬW�ф�Ϭ͘ϰйͿ 
 

Mounted inside beam pipe around 4 

achromat magnets 

05/01/2013 - FH 10 

Beam Conditions: 

– Overall Rate 750MHz 
– In beam centre 140kHz/pixel 

Overview 

KAON 2013 

GigaTracKer (GTK) 
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F. Hahn@Kaon13



Missing Mass resolution

Close to the design

32

M. Mirra Search for 𝑲 → 𝝅 𝝂𝝂 at the NA62 experiment at CERN 24/05/2016 19

2015 data quality: kinematics

Technique: Si -pixel tracker and Straw tube tracker in vacuum
Goal: O(104÷105) kinematic suppression factor required for main backgrounds

Resolution on 𝒎𝒎𝒊𝒔𝒔
𝟐 close to the design

O(103) kinematic suppression factor in 2015 

M. Mirra @HQL2016M2miss (GeV2/c4) Pπ (GeV/c) 60

σ(
M

2 m
is

s)
 (

G
eV

2 /
c4 )

0.005



CERN NA62 K+ ID 
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Target 

4.5 1012  K+ decays/ year in fiducial region 

Decay Region 65m 

GTK 

RICH LKr MUV 

CEDAR 

Straw 
Tracker 

750 MHz primary 
Hadron beam at 75GeV/c 

ϲй�ĂƌĞ�<ĂŽŶƐ 

50 MHz 
K+ rate 

7-10 MHz of Muon Rate 
in the Detectors 

05/01/2013 - FH 8 KAON 2013 

Four Principles of NA62 
(1) High Intensity and fast Timing 

ʍT < 100 ps  ʍT < 150 ps  ʍT < 100 ps  

750 MHz 
rate 

  2.2   CEDAR 
  

49 
 

 

  
Figure 17 Schematic layout of the Standard West-Area CEDAR. 

 
Two versions of the CEDAR counter have been built for use at the SPS (1). The North CEDAR, filled 

with Helium gas, is optimized for high energies and the West CEDAR, Nitrogen filled, for lower beam 

momenta. The difference is related to the Cerenkov angle, determined by the beam momentum and 

the refractive index of the gas, and the optical correction, which relates to the dispersion of the gas 

used. It has been verified by a ray tracing program that the West version of this instrument would 

function well for our application using Hydrogen at room temperature instead of Nitrogen, thus 
reducing significantly the scattering of the beam in the gas. The optical design minimises the 

dispersion of Cerenkov light and enables   the aperture of the diaphragm to be reduced. Thus, 

photons produced by charged kaons pass through while light from pions and protons is blocked.  

During 2006, a test run was performed on one of the CEDAR-West Cerenkov counters (filled with N2) 
and validated its ability to distinguish kaons from pions and protons in the NA62 experiment, as well 

as the light spot shape predicted by a simulation program.  It was also found from the simulation 

that the upstream 1.2 metre section of beam pipe containing hydrogen contributes only marginally 

to the efficiency and can thus be replaced by an extension of the beam vacuum pipe. In addition to a 

small reduction in multiple Coulomb scattering, such a modification is helpful in the redesign of the 

optical system necessary to handle the increased photon flux. The main parameters of the proposed 
Hydrogen-filled CEDAR-W counter are listed in Table 10. 

 

The main effects that broaden the light spot at the diaphragm are: 

1. optical aberrations, limited to about 6 microns and therefore negligible; 
2. chromatic dispersion, largely corrected for by the chromatic corrector; 

3. multiple scattering of the beam during its traversal of the gas, minimised by the choice of 

Hydrogen gas; 

05/01/2013 - FH KAON 2013 23 

Overview 

KTAG (CEDAR) 

• The KTAG is a CERN CEDAR West 
with: 
• extended external optics  
• new photo-detectors 
• new readout 

• Up to 512 PMT’s 

M. Mirra Search for 𝑲 → 𝝅 𝝂𝝂 at the NA62 experiment at CERN 24/05/2016 18

One track selection (OTS):
¾ Single downstream track

topology
¾ Beam track matching the 

downstream track
¾ Downstream track matching

energy in calorimeters

K+ ID
Downstream 
track origin in 
the fiducial 
volume

Not K+ ID

2015 data quality: signal topology and K+ ID

𝑲 → 𝝅 𝝅𝟎

𝑲 → 𝝁 𝝂𝝁

𝑲 → 𝝅 𝝅 𝝅
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CERN NA62 K+ ID 
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Target 

4.5 1012  K+ decays/ year in fiducial region 

Decay Region 65m 

GTK 

RICH LKr MUV 

CEDAR 

Straw 
Tracker 

750 MHz primary 
Hadron beam at 75GeV/c 

ϲй�ĂƌĞ�<ĂŽŶƐ 

50 MHz 
K+ rate 

7-10 MHz of Muon Rate 
in the Detectors 

05/01/2013 - FH 8 KAON 2013 

Four Principles of NA62 
(1) High Intensity and fast Timing 

ʍT < 100 ps  ʍT < 150 ps  ʍT < 100 ps  

750 MHz 
rate 

  2.2   CEDAR 
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Figure 17 Schematic layout of the Standard West-Area CEDAR. 

 
Two versions of the CEDAR counter have been built for use at the SPS (1). The North CEDAR, filled 

with Helium gas, is optimized for high energies and the West CEDAR, Nitrogen filled, for lower beam 

momenta. The difference is related to the Cerenkov angle, determined by the beam momentum and 

the refractive index of the gas, and the optical correction, which relates to the dispersion of the gas 

used. It has been verified by a ray tracing program that the West version of this instrument would 

function well for our application using Hydrogen at room temperature instead of Nitrogen, thus 
reducing significantly the scattering of the beam in the gas. The optical design minimises the 

dispersion of Cerenkov light and enables   the aperture of the diaphragm to be reduced. Thus, 

photons produced by charged kaons pass through while light from pions and protons is blocked.  

During 2006, a test run was performed on one of the CEDAR-West Cerenkov counters (filled with N2) 
and validated its ability to distinguish kaons from pions and protons in the NA62 experiment, as well 

as the light spot shape predicted by a simulation program.  It was also found from the simulation 

that the upstream 1.2 metre section of beam pipe containing hydrogen contributes only marginally 

to the efficiency and can thus be replaced by an extension of the beam vacuum pipe. In addition to a 

small reduction in multiple Coulomb scattering, such a modification is helpful in the redesign of the 

optical system necessary to handle the increased photon flux. The main parameters of the proposed 
Hydrogen-filled CEDAR-W counter are listed in Table 10. 

 

The main effects that broaden the light spot at the diaphragm are: 

1. optical aberrations, limited to about 6 microns and therefore negligible; 
2. chromatic dispersion, largely corrected for by the chromatic corrector; 

3. multiple scattering of the beam during its traversal of the gas, minimised by the choice of 

Hydrogen gas; 
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Overview 

KTAG (CEDAR) 

• The KTAG is a CERN CEDAR West 
with: 
• extended external optics  
• new photo-detectors 
• new readout 

• Up to 512 PMT’s 

M. Mirra Search for 𝑲 → 𝝅 𝝂𝝂 at the NA62 experiment at CERN 24/05/2016 18

One track selection (OTS):
¾ Single downstream track

topology
¾ Beam track matching the 

downstream track
¾ Downstream track matching

energy in calorimeters

K+ ID
Downstream 
track origin in 
the fiducial 
volume

Not K+ ID

2015 data quality: signal topology and K+ ID

𝑲 → 𝝅 𝝅𝟎

𝑲 → 𝝁 𝝂𝝁

𝑲 → 𝝅 𝝅 𝝅
M. Mirra Search for 𝑲 → 𝝅 𝝂𝝂 at the NA62 experiment at CERN 24/05/2016 18

One track selection (OTS):
¾ Single downstream track

topology
¾ Beam track matching the 

downstream track
¾ Downstream track matching

energy in calorimeters

K+ ID
Downstream 
track origin in 
the fiducial 
volume

Not K+ ID

2015 data quality: signal topology and K+ ID

𝑲 → 𝝅 𝝅𝟎

𝑲 → 𝝁 𝝂𝝁

𝑲 → 𝝅 𝝅 𝝅

After K+ ID
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CERN NA62 π+ ID 

Muon suppression	

O(104~6) by calorimeter	

O(102) by π RICH
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Target 

4.5 1012  K+ decays/ year in fiducial region 

Decay Region 65m 

GTK 

RICH LKr MUV 

CEDAR 

Straw 
Tracker 

750 MHz primary 
Hadron beam at 75GeV/c 

ϲй�ĂƌĞ�<ĂŽŶƐ 

50 MHz 
K+ rate 

7-10 MHz of Muon Rate 
in the Detectors 

05/01/2013 - FH 8 KAON 2013 

Four Principles of NA62 
(1) High Intensity and fast Timing 

ʍT < 100 ps  ʍT < 150 ps  ʍT < 100 ps  

750 MHz 
rate 

05/01/2013 - FH 24 KAON 2013 

RICH Detector 

Beam Pipe 

Filled with Neon Gas 
at 1 atm. 

Mirror mosaic 
Flanges with 

2 x 1000 PMts 

 Length > 17 m; Ø = up to 4m 

05/01/2013 - FH KAON 2013 25 

RICH Detector 
Winston Cones and  quartz windows 

F. Hahn@Kaon13
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2015 data quality: downstream particle ID

Technique: RICH and calorimeters
Goal: O(107) μ/π separation to suppress mainly 𝑲 → 𝝁 𝝂𝝁

80% π+ efficiency in RICH with O(102) μ/π separation 

Simple cut analysis on calorimeters provides (104÷106) μ suppression, with 
(90%÷40%) π+ efficiency. Room for improvements. 

Pπ (GeV/c) 90

R
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g 
R
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m
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CERN NA62 photon veto 

O(106) rejection of π0 
from K+ →π+π0

35

Target 

4.5 1012  K+ decays/ year in fiducial region 

Decay Region 65m 

GTK 

RICH LKr MUV 

CEDAR 

Straw 
Tracker 

750 MHz primary 
Hadron beam at 75GeV/c 

ϲй�ĂƌĞ�<ĂŽŶƐ 

50 MHz 
K+ rate 

7-10 MHz of Muon Rate 
in the Detectors 

05/01/2013 - FH 8 KAON 2013 

Four Principles of NA62 
(1) High Intensity and fast Timing 

ʍT < 100 ps  ʍT < 150 ps  ʍT < 100 ps  

750 MHz 
rate 

05/01/2013 - FH 16 KAON 2013 

Large Angle Veto (LAV) 

3.4   The Photon Veto Detectors  
 

225 
 

3.4.4 The Liquid Krypton Calorimeter (LKR) 

3.4.4.1 Calorimeter Requirements 
 

As it has been explained in section 3.4.1, the Liquid Krypton Calorimeter is a key element for vetoing 
photons from K decays, with the requirement to have a photon detection inefficiency of better than 
10-5 for energies larger than 35 GeV. In addition the calorimeter is supposed to provide trigger signals 
based on energy deposition to contribute reducing the L0 trigger rate.  

 

Figure 206 The LKR calorimeter during the dismantling of the NA48 experiment. 

Another important requirement imposed to the readout is the capability of reading interesting events 
with a basic hardware zero suppression (or even without), leaving to offline algorithms the 
optimization of this job: for example, disentangling a photon shower from a nearby charged pion 
shower could be tricky if a unique hardware zero suppression algorithm is implemented. 

The performance of the calorimeter as used in NA48 has been checked to be good for NA62. Since the 
L0 rate is expected to be two order of magnitude larger, the old readout system will no longer be 
usable, as it was limited to 10 KHz (and many of its components are obsolete already). 

In addition, other subsystems (e.g. the calibration system logic and software) will need updating. The 
calorimeter is fully described in [62], and because of that, it will not be described in detail here. 

M. Mirra Search for 𝑲 → 𝝅 𝝂𝝂 at the NA62 experiment at CERN 24/05/2016 21

2015 data quality: photon rejection

Measured on data using 𝑲 → 𝝅 𝝅𝟎
selected kinematically

O(106) π0 rejection already obtained

2015 rejection measurement
statistically limited

Technique: EM calorimeters with 
different angles range

Goal: O(108) rejection π0 from 
𝑲 → 𝝅 𝝅𝟎

50mrad
8.5 mrad

Large angle 
γ vetoes

Forward γ veto

Small angle 
γ vetoes

Leadglass for 
large angle γs

LKr calorimeter 
for small angle γs

Pπ max (GeV/c) 50

π0
 e

ffi
ci

en
cy

1

10-6
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NA62 status

~ Finished commissioning	

Started a 200 day run in April 2016	

Runs in 2017 and 2018	

Expect O(100) events for ΔBR ~ 10%

36
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Conclusion

¾ Commissioning of the NA62 experiment for 𝐾 → 𝜋 𝜈�̅� is almost completed.
Tested up to the nominal intensity.

¾ Preliminary study of the quality of the data taken at low intensity:
• Physics sensitivity for 𝐾 → 𝜋 𝜈�̅� measurement in line with the design. 
• A further compelling physics program is going to be addressed.
• Analysis of data at higher intensity on going.

¾ NA62 started to collect new data at the end of April (~200 days of data taking 
for 2016). The data taking will continue in 2017 and 2018

M. Mirra @HQL2016
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DP: 𝝅𝟎 → 𝜸𝑨 Decay

Nicolas Lurkin, HQL2016,24-05-2016 12

� Production Batell, Pospelov and Ritz, [PRD80 (2009) 095024]

¾ BR 𝜋 → 𝛾𝐴 = 2𝜀 1 − BR 𝜋 → 𝛾𝛾

¾ Mixing parameter 𝜀 and dark photon mass 𝑚
¾ Loss of sensitivity as 𝑚 approaches the 𝑚 threshold
¾ For 𝜀 > 10 and 𝑚 > 10 MeV/𝑐 mean free path is 

negligible and prompt decay is assumed
¾ Signature similar to 𝜋
𝜋 → 𝛾𝑒 𝑒 ;  𝜋 → 𝛾𝐴

↳ 𝑒 𝑒

Valid for 𝜀 ≪ 1

� Decay Batell, Pospelov and Ritz, [PRD79 (2009) 115008]
¾ Accessible in 𝜋 decay, 

assuming only into SM 
fermions
Γ ≈ Γ 𝐴 → 𝑒 𝑒

≈ 𝛼𝜀 𝑚 /3 𝒎𝝅𝟎

𝟐𝒎𝝁
𝒎𝝅𝟎

𝑚 > 2𝑚 : hadronic
decay contribution

Assuming 𝜀 = 10
𝑒 𝑒

𝜇 𝜇

hadrons

𝑨 decay width into SM fermions
𝑨 decay BRs

BR 𝜋 → 𝛾𝐴 vs.𝑚

A’ e+

e-

γ
K+ ! ⇡+⇡0

K+ ! µ+⌫⇡0
NA48/2 Collaboration / Physics Letters B 746 (2015) 178–185 183

Fig. 1. Invariant mass distributions of data and MC events passing the K2π D (top row) and Kµ3D (bottom row) selections. The signal mass regions are indicated with vertical 
arrows. A dark photon signal would correspond to a spike in the mee distributions (right column).

Fig. 2. a) Numbers of observed data events (Nobs) and expected π0
D background events (Nexp) passing the joint DP selection (indistinguishable in a logarithmic scale), 

estimated uncertainties δNobs = √
Nexp and δNexp, and obtained upper limits at 90% CL on the numbers of DP candidates (NDP) for each DP mass value mA′ . The contribution 

to δNexp from the MC statistical uncertainty is shown separately (δNMC
exp). The remaining and dominant component is due to the statistical errors on the trigger efficiencies 

measured in the DP signal region. b) Estimated local significance of the DP signal for each A′ mass value. All presented quantities are strongly correlated for neighbouring 
DP masses as the mass step of the scan is about 6 times smaller than the signal window width.

Distributions of the angle between the e+ momentum in the 
e+e− rest frame and the e+e− momentum in the π0 rest frame 
are identical for the decay chain involving the DP (π0 → γ A′ , 

A′ → e+e−) and the π0
D decay, up to the radiative corrections 

relevant in the latter case but not in the former case. Therefore 
the acceptances for each DP mass value are evaluated with MC 
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Fig. 2. a) Numbers of observed data events (Nobs) and expected π0
D background events (Nexp) passing the joint DP selection (indistinguishable in a logarithmic scale), 

estimated uncertainties δNobs = √
Nexp and δNexp, and obtained upper limits at 90% CL on the numbers of DP candidates (NDP) for each DP mass value mA′ . The contribution 

to δNexp from the MC statistical uncertainty is shown separately (δNMC
exp). The remaining and dominant component is due to the statistical errors on the trigger efficiencies 

measured in the DP signal region. b) Estimated local significance of the DP signal for each A′ mass value. All presented quantities are strongly correlated for neighbouring 
DP masses as the mass step of the scan is about 6 times smaller than the signal window width.

Distributions of the angle between the e+ momentum in the 
e+e− rest frame and the e+e− momentum in the π0 rest frame 
are identical for the decay chain involving the DP (π0 → γ A′ , 

A′ → e+e−) and the π0
D decay, up to the radiative corrections 

relevant in the latter case but not in the former case. Therefore 
the acceptances for each DP mass value are evaluated with MC 
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Fig. 1. Invariant mass distributions of data and MC events passing the K2π D (top row) and Kµ3D (bottom row) selections. The signal mass regions are indicated with vertical 
arrows. A dark photon signal would correspond to a spike in the mee distributions (right column).

Fig. 2. a) Numbers of observed data events (Nobs) and expected π0
D background events (Nexp) passing the joint DP selection (indistinguishable in a logarithmic scale), 

estimated uncertainties δNobs = √
Nexp and δNexp, and obtained upper limits at 90% CL on the numbers of DP candidates (NDP) for each DP mass value mA′ . The contribution 

to δNexp from the MC statistical uncertainty is shown separately (δNMC
exp). The remaining and dominant component is due to the statistical errors on the trigger efficiencies 

measured in the DP signal region. b) Estimated local significance of the DP signal for each A′ mass value. All presented quantities are strongly correlated for neighbouring 
DP masses as the mass step of the scan is about 6 times smaller than the signal window width.

Distributions of the angle between the e+ momentum in the 
e+e− rest frame and the e+e− momentum in the π0 rest frame 
are identical for the decay chain involving the DP (π0 → γ A′ , 

A′ → e+e−) and the π0
D decay, up to the radiative corrections 

relevant in the latter case but not in the former case. Therefore 
the acceptances for each DP mass value are evaluated with MC 

184 NA48/2 Collaboration / Physics Letters B 746 (2015) 178–185

Fig. 3. a) Acceptances of the joint DP selection for K2π , Kµ3 and K3π decays followed by the prompt decay chain π0 → γ A′ , A′ → e+e− depending on the assumed DP 
mass, evaluated with MC simulations. The K3π acceptance is scaled by a factor of 10 for visibility. b) Obtained upper limits on B(π0 → γ A′) at 90% CL for each DP mass 
value mA′ .

Fig. 4. Obtained upper limits at 90% CL on the mixing parameter ε2 versus the DP 
mass mA′ , compared to other published exclusion limits from meson decay, beam 
dump and e+e− collider experiments [16–22]. Also shown is the band where the 
inconsistency of theoretical and experimental values of muon (g −2) reduces to less 
than 2 standard deviations, as well as the region excluded by the electron (g − 2)

measurement [2,23,24].

samples of π0
D decays simulated without radiative corrections. Ap-

plying radiative corrections induces a relative change of about 1%
for the π0

D acceptance. The DP acceptance dependence on the as-
sumed DP mass is shown in Fig. 3a. The second (third) term in the 
denominator of Eq. (8) is typically about 20% (less than 1%) of the 
first term. The resulting upper limits on B(π0 → γ A′) are shown 
in Fig. 3b. They are O(10−6) and do not exhibit a strong depen-
dence on the DP mass, as the mass dependences of π0

D background 
level (Fig. 1) and signal acceptances (Fig. 3a) largely compensate 
each other.

Upper limits at 90% CL on the mixing parameter ε2 for each DP 
mass value calculated from the B(π0 → γ A′) upper limits using 
Eq. (1) are shown in Fig. 4, together with the constraints from the 
SLAC E141 and FNAL E774 [16], KLOE [17], WASA [18], HADES [19], 
A1 [20], APEX [21] and BaBar [22] experiments. Also shown is the 
band in the (mA′ , ε2) plane where the discrepancy between the 
measured and calculated muon (g − 2) values falls into the ±2σ
range due to the DP contribution, as well as the region excluded 
by the electron (g − 2) measurement [2,23,24].

The most stringent limits on ε2 obtained occur at low DP mass 
where the kinematic suppression of the π0 → γ A′ decay is weak. 
The prompt DP decay assumption that is fundamental to the anal-
ysis reported here is justified a posteriori by the achieved limits. 
Given the 60 GeV/c beam, the maximum DP mean path in the lab-
oratory reference frame corresponds to an energy of approximately 
Emax = 50 GeV:

Lmax ≈ Emax

mA′c2 · cτA′ ≈ 0.4 mm ×
(

10−6

ε2

)
×

(
100 MeV/c2

mA′

)2

.

(9)

The lowest obtained limit ε2m2
A′ = 3 × 10−5 MeV2/c4 translates 

into a maximum DP mean path of Lmax ≈ 10 cm. The correspond-
ing loss of the 3-track trigger and event reconstruction efficiency is 
negligible, as the offline resolution on the longitudinal coordinate 
of a 3-track vertex is about 1 m.

The sensitivity of the prompt A′ decay search is limited by 
the irreducible π0

D background. In particular, the upper limits on 
B(π0 → γ A′) and ε2 obtained in this analysis are two to three 
orders of magnitude above the single event sensitivity, as seen 
from the upper limits on NDP in Fig. 2a. The achievable upper limit 
on ε2 scales as the inverse square root of the integrated beam flux, 
which means that the possible improvements to be made with this 
technique using larger future K ± samples are modest.

6. Dark photon search in the K ± → π± A′ decay

An alternative way to search for the DP in K ± decays is via 
the K ± → π± A′ decay followed by the prompt A′ → ℓ+ℓ− de-
cay (ℓ = e, µ). This decay chain provides sensitivity to the DP 
in the mass range 2me < mA′ < mK − mπ . The expected branch-
ing fraction value is B(K ± → π± A′) < 2 · 10−4ε2 over the whole 
allowed mA′ range [24], in contrast to B(π0 → γ A′) ∼ ε2 for 
mA′ < 100 MeV/c2. In the NA48/2 data sample, the suppression of 
the DP production in the K + decay with respect to its production 
in the π0 decay is partly compensated by the favourable K ±/π0

production ratio, lower background (mainly from K ± → π±ℓ+ℓ−

for ℓ = µ or mA′ > mπ0 ) and higher acceptance [25,26].
For the A′ → e+e− decay, the expected sensitivity of the 

NA48/2 data sample to ε2 is maximum in the mass interval 
140 MeV/c2 < mA′ < 2mµ , where the K ± → π± A′ decay is 
not kinematically suppressed, the π0

D background is absent, and 
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NA62 π0 transition form factor
g-2: light-by-light correction
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𝝅𝟎 TFF: Dalitz Decay

Nicolas Lurkin, HQL2016,24-05-2016 16

𝝅𝟎 → 𝒆 𝒆 𝜸
� Kinematic variables

¾ 𝑥 = ,    𝑦 =
⋅

� Differential decay width

¾ = 1 + 𝑦 + 1 + 𝛿 𝑥, 𝑦 𝐹 𝑥

� Form factor varies slowly: 
¾ Approximation 𝐹 𝑥 ≈ 1 + 𝑎𝑥

� Slope measured from Dalitz decays from 𝐾± → 𝜋±𝜋
¾ Expectation from VMD: 𝑎 ≈ 0.03
¾ Enters hadronic light-by-blight scattering contribution to 𝑔 − 2

A. Nyffeler [arXiv:1602.03398]

¾ Model independent measurement: important test of the theory 
models

Electromagnetic Transition 
Form factor

Radiative
corrections

Introduction ⇡0 TFF Slope Measurement K+ ! ⇡+⌫⌫̄ Branching Ratio Measurement Summary Spares

Dalitz Decay: ⇡0 ! e+e�
�

⇡

0

�

�

e

�

e

+
F (x)⇡0

D decay – kinematic variables x , y :

x =
(pe+ + pe�)2

m2
⇡0

, y =
2 p⇡0 . (pe+ � pe�)

m2
⇡0(1 � x)

Differential decay width (r2 = (2me/m⇡0)2 ⌘ xmin):

1
�(⇡0

2�)

d2�(⇡0
D)

dxdy
=

↵

4⇡
(1 � x)3

x
(1 + y2 +

r2

x
) (1 + �(x , y)) |F (x)|2

F (x) ⇡ 1 + a x , a : TFF slope parameter

⇡0 TFF slope measurement at NA62 (kaon decay experiment)
• K± ! ⇡±⇡0 decay: source of tagged ⇡0 decays (BR(K2⇡) ⇡ 21%)
• NA62 in 2007: data taking conditions optimized for e± from K± ! e±⌫e

! Large and clean sample of K± ! ⇡±⇡0; ⇡0 ! � e+e� decays

Transition Form Factor (TFF)

NA62 Results and Perspectives M. Koval - La Thuile 2016 4

x = m

2
ee/m

2
⇡0

measurement precision, and that the remaining, hopefully smaller contributions, e.g. from
axial-vectors (3⇡-intermediate state), other heavier states and a dressed quark-loop, prop-
erly matched to perturbative QCD and avoiding double-counting, can be obtained within
models with about 30% uncertainty to reach an overall, reliable precision goal of about
20% (�aHLbL

µ

⇡ 20⇥ 10�11).
In this paper we will concentrate on the dispersive approach to the pseudoscalar-pole

contribution to HLbL which is numerically dominant according to most model calcula-
tions. It arises from the one-particle intermediate states of the light pseudoscalars ⇡0

, ⌘, ⌘

0

shown in the Feynman diagrams in Fig. 1. The blobs in the Feynman diagrams represent

⇡0, ⌘, ⌘0

Figure 1: The pseudoscalar-pole contribution to hadronic light-by-light scattering. The
shaded blobs represent the transition form factor FP�⇤

�

⇤(q21, q
2
2) where P = ⇡

0
, ⌘, ⌘

0.

the double-virtual transition form factor FP�⇤
�

⇤(q21, q
2
2) where P = ⇡

0
, ⌘, ⌘

0. See Ref. [33]
for a recent brief overview on transition form factors (TFF), many more details can be
found in the older review [34].2

In order to simplify the notation, we will now discuss mainly the neutral pion-pole
contribution. The generalization to the pole contributions of ⌘ and ⌘0 is straightforward.
The pion-photon transition form factor F

⇡

0
�

⇤
�

⇤(q21, q
2
2) is defined by the following vertex

function in QCD:

i

Z
d

4
x e

iq1·xh0|T{j
µ

(x)j
⌫

(0)}|⇡0(q1 + q2)i = "

µ⌫↵�

q

↵

1 q
�

2 F⇡

0
�

⇤
�

⇤(q21, q
2
2) . (5)

Here j

µ

(x) = ( Q̂�
µ

 )(x) is the light quark part of the electromagnetic current ( ⌘
(u, d, s) and Q̂ = diag(2,�1,�1)/3 is the charge matrix). The form factor describes the
interaction of an on-shell neutral pion with two o↵-shell photons with four-momenta q1

and q2. It is Bose symmetric, F
⇡

0
�

⇤
�

⇤(q21, q
2
2) = F

⇡

0
�

⇤
�

⇤(q22, q
2
1), because the two photons

2More generally, one can define a pseudoscalar-exchange contribution to HLbL which involves a form
factor with o↵-shell pseudoscalars FP⇤�⇤�⇤((q1 + q2)2, q21 , q

2
2) [18, 20, 35, 11, 2], but then the contribu-

tion to HLbL is model-dependent. In particular, it will depend on the interpolating field used for the
pseudoscalars.

3

– 2–

γ

γ

µ µ

γ

Z
µ µ

γ

W W

ν

µ µ

γ

γ γ

µ µhad

Figure 1: Representative diagrams contribut-
ing to aSM

µ . From left to right: first order QED
(Schwinger term), lowest-order weak, lowest-
order hadronic.

of the measurement in Eq. (3) by a factor of four by moving the

E821 storage ring to Fermilab, and utilizing a cleaner and more

intense muon beam is in progress. An even more ambitious

precision goal is set by an experiment based on a beam of

ultra-cold muons proposed at the Japan Proton Accelerator

Research Complex.

The SM prediction for aSM
µ is generally divided into three

parts (see Fig. 1 for representative Feynman diagrams)

aSM
µ = aQED

µ + aEW
µ + aHad

µ . (4)

The QED part includes all photonic and leptonic (e, µ, τ) loops

starting with the classic α/2π Schwinger contribution. It has

been computed through 5 loops [9]

aQED
µ =

α

2π
+ 0.765 857 425(17)

(α

π

)2
+ 24.050 509 96(32)

(α

π

)3

+ 130.879 6(6 3)
(α

π

)4
+ 753.3(1.0)

(α

π

)5
+ · · · (5)

with a few significant changes in the coefficients since our

previous update of this review in 2011. Employing2 α−1 =

137.035 999 049(90), obtained [6] from the precise measure-

ments of h/mRb [11], the Rydberg constant and mRb/me [6],

leads to [9]

aQED
µ = 116 584 718.95(0.08)× 10−11 , (6)

2 In the previous versions of this review we used the precise

α value determined from the electron ae measurement [9,10].

With the new measurement [11] of the recoil velocity of Rubid-

ium, h/mRb, an ae-independent determination of α with suffi-

cient precision is available and preferred.

August 21, 2014 13:17

π0 Dalitz decay



NA62 π0 transition form factor

a = (3.70 ± 0.53 ± 0.36) x 10-2	

Presented by M. Koval  
@ La Thuile, March 2016
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⇡

0 TFF Slope: World Data

 TFF slope0π
0.1− 0.05− 0 0.05 0.1

Geneva-Saclay (1978)

Saclay (1989)

SINDRUM I @ PSI (1992)

TRIUMF (1992)

NA62 (2016)

30k eventsFischer et al.

32k events
Fonvieille et al.

54k eventsMeijer Drees et al.

8k eventsFarzanpay et al.

1M events
(preliminary)

D
0π TFF Slope Measurements from 0π TFF slope theory expectations:

K. Kampf et al., EPJ C46 (2006), 191.
Chiral perturbation theory:
a = (2.90 ± 0.50)⇥ 10�2

M. Hoferichter et al., EPJ C74 (2014), 3180.
Dispersion theory:
a = (3.07 ± 0.06)⇥ 10�2

T. Husek et al., EPJ C75 (2015) 12, 586.
Two-hadron saturation (THS) model:
a = (2.92 ± 0.04)⇥ 10�2

CELLO measurement:
H. J. Behrend et al., Z. Phys. C49 (1991), 401.
Extrapolation of space-like momentum region
data fit to VMD model:
a = (3.26 ± 0.26stat)⇥ 10�2

NA62 Results and Perspectives M. Koval - La Thuile 2016 12



NA62: Lepton number/flavor 
violating K+ decays
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10-12 10-910-1010-11 10-8

⇡+µ+e�

⇡+µ�e+

⇡�µ+e+

⇡�e+e+

⇡�µ+µ+

µ�⌫e+e+

Present 90% CL limitNA62 Sensitivity

Numbers from Ryan Page@IPA2014
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RK in the SM$

SUSY 2014 – Manchester – England (UK) 25/07/2014 9 

K+ 

e+ 

ν#

RK = (2.477 ± 0.001)x10-5 [V.Cirigliano, I.Rosell, Phys. Rev. Lett. 
99 (2007) 231801] 

A precise measurement of RK is a stringent test of the SM! 

The ratio of kaon leptonic modes is extremely 
well predicted in the SM 
•  Helicity suppression; 
•  Hadronic uncertainties cancel in RK 

ratio; 
•  Radiative correction are included in the 

RK definition and well computed in SM; 

RK beyond the SM$

SUSY 2014 – Manchester – England (UK) 25/07/2014 10 

In several SM extensions the presence 
of LFV terms enhance the decay rate 
with sizeable effect:  

In model with 2 Higgs doublets 
(e.g. 2HDM-II MSSM) and LFV 
sources, for large tanβ contribution 
at the level of % is expected (one 
loop level): 

[Masiero et al., PRD 74 (2006) 011701] 
[Masiero et al., JHEP 0811 (2008) 042] 
[Girrbach, Nierste, arXiv:1202.4906] 

RK beyond the SM$

SUSY 2014 – Manchester – England (UK) 25/07/2014 10 

In several SM extensions the presence 
of LFV terms enhance the decay rate 
with sizeable effect:  

In model with 2 Higgs doublets 
(e.g. 2HDM-II MSSM) and LFV 
sources, for large tanβ contribution 
at the level of % is expected (one 
loop level): 

[Masiero et al., PRD 74 (2006) 011701] 
[Masiero et al., JHEP 0811 (2008) 042] 
[Girrbach, Nierste, arXiv:1202.4906] 

M. Piccini@SUSY2014

Standard Model

New Physics

Word average$

SUSY 2014 – Manchester – England (UK) 25/07/2014 14 

RK= (2.488±0.009)x10-5 

Precision of 0.4%. In agreement with SM expectation within 1.2 σ$

[our own average] 

NA62: Statistical error at the 1‰ level     
            achievable 

RK =
�(K+ ! e+⌫)

�(K+ ! µ+⌫)

= (2.488± 0.010)⇥ 10�5

PLB 719, 326 (2013)



J-PARC TREK-E36 for RK

43

K+

Stopped K experiment	

PID with Aerogel and Leadglass



Ran in 2015, and dismantled the detector	

Expected yield: 40k Ke2 events / 1000 kW days 
(1/6 of original plan)	

Expected ΔRK = 0.5%

44

J-PARC TREK-E36 for RK

Ke3

Kµ2

w/cuts on Aerogel 
and Leadglass

TOF based M2

P 
(M

eV
/c

)
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How to make KS

cτ = 2.7 cm	

Fixed target	

!

Regeneration	

!

p - p collision

46

p

KL

KS

KS

p p

K0

K0

KS



LHCb as KS factory	
47

LHCb

In a Nutshell
LHCb is an LHC experiment designed for heavy quark flavour physics.
The detector is a single-arm forward spectrometer, covering 2 < ÷ < 5.
Tracking system consists of Vertex Locator (VELO), followed by one tracking station
upstream and three stations downstream of 4 Tm dipole magnet.
Particle identification provided by two RICH detectors, calorimeters and muon system.

2 / 20

Recent results and prospects of rare kaon decay
measurements at LHCb

Carla Marin Benito
on behalf of the LHCb collaboration

XIIth International Conference on Heavy Quarks
and Leptons

Schloss Waldthausen, Mainz, Germany, 25-29 August 2014



KS→µµ
Sensitive to New Physics	

BSM = (5.1±0.2)x10-12	

With 1/fb data,  
BR < 9 x 10-9 (90% CL) 
JHEP01 (2013) 090	

x1/30 of past (1973) limit	

Expect x40 integrated 
Luminosity & (x3 possible 
trigger improvement)
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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.

4 Background

The search region is defined as the mass range [492, 504]MeV/c2. The background level is

calibrated by interpolating the observed yield from mass sidebands ([470, 492] and [504, 600]

MeV/c2) to the signal region. This is done by means of an unbinned maximum likelihood

fit in the sidebands, using a model with two components. The first component is a power

law that describes the tail of K0
S ! ⇡

+
⇡

� decays where both pions are misidentified as

muons; this model has been checked to be appropriate using MC simulation. The second

component is an exponential function describing the combinatorial background. As an

illustration, figure 3 shows the distribution of candidates for all BDT bins and for TIS

and TOS samples, respectively. The expected total background yield in the most sensitive

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

NK0
S!µ+µ�

NK0
S!⇡+⇡�

, (5.1)

where, in a given BDT bin, NK0
S!µ+µ� is the observed number of signal decays, NK0

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:

– 7 –

Ks ! µµ motivation

No tree-level contribution in SM. FCNC sensitive to NP.

2 contributions to the amplitude: [Isidori and Unterdorfer, JHEP 01 (2004) 009]

Long-distance (LD) Short-distance (SD)

K
S

! µµ allows to access easily the SD component (unlike K
L

),
which is related to the CPV part of s ! d``.

I Very sensitive to new physics.
I Poorly constrained so far.

! In SM: BR(K
S

! µµ) = (5.1± 0.2) · 10�12 [Ecker and Pich, Nucl. Phys.

B366 (1991) 189].

! Previous best measurement: BR(K
S

! µµ) < 3.1 · 10�7 in 1973!!
[CERN PS, Phys.Lett. B 44 (1973) 217�220]
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KS→ ππ	
background

Mµµ (MeV)470 520
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KL ! ⇡0⌫⌫ K+ � �+��



Hors d’Oeuvre New Physics Reach of Flavour Physics

A Glimpse at the Zeptouniverse

recent analysis of tree level flavour changing Z0: Buras et al. (2014)

K ! ⇡⌫⌫̄ decays sensitive to
scales up to 2000TeV if left- and
right-handed FV couplings are
present

(fine-tuned) cancellation of e↵ects
in K0 � K̄0 mixing required

new physics reach of B decays
lower by an order of magnitude
(⇠ 100TeV!)

‚ high precision in rare K and B decays is crucial!

6 M.Blanke Flavour Physics Beyond the Standard Model

http://www.lnf.infn.it/wg/vus/content/Krare.html
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Summary

Kaon experiments will explore physics beyond the 
standard model via	

K→πνν decay modes 
for >10-103 TeV energy scale	

Lepton flavor violation, universality	

dark photons, …	

Stay tuned!
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