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Role of  Kaon Physics

To explore New Physics beyond the Standard Model 
(SM) through the processes 
    which are suppressed/prohibited in SM  
        and are precisely calculated in SM 

Aiming to find deviation from SM prediction 
Possible to reach higher mass scale than direct search.  

To study flavor structure beyond SM 
Complimentary to other flavor physics programs
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Experiments are not so easy…

Kaon Physics has a long history 
for ex., discovery of  CP violation in KL→ππ 50 years ago 

    and many studies had been already done.  
Remaining subjects are  

rare processes,  
difficult to define (with missing particles), and/or  
requiring small systematic uncertainty. 

BUT, we can/should overcome difficulties and exploit 
the potential of  Kaon physics for studying BSM.
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Topics in this talk

4May 25-29, 2015 FPCP 2015 @ Nagoya, Japan

KOTO 
KL→π0νν 

E36 
Lepton universality in 
RK ≡ Br(K+→e+ν)/Br(K+→µ+ν)

Experiment @ J-PARC

NA62 
K+→π+νν

Experiment @ CERN

CommissioningRunning

Commissioning

*record holder of  RK measurement 
[decay in flight technique]

[stopped K+ decay technique] And, future plan…  
  (brief  and limited)

sensitivity level: O(10-11~10-12)

Precision level: ~0.25%



Before going to each topics, … 

J-PARC hadron facility restarted !!

5May 25-29, 2015 FPCP 2015 @ Nagoya, Japan

Hadron Experimental Facility (HEF) 
KOTO, E36 are sitting here.

The SX beam had been stopped since the accident on May 23, 2013. 

After HEF renovation for safety,  
we finally restarted the SX beam in April 2015 !!

30 GeV proton beam 
 from Main Ring (MR) 

Slow extraction (SX) 
  to hadron facility, 
    2sec spill/6sec cycle



K→πνν decay experiments

J-PARC KOTO 
and 

CERN NA62
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K→πνν in the Standard Model

s-d transition via loop diagrams, 
FCNC process 

KL→π0νν 
Top quark dominates 

• K0-K0 superposition extracts 
imaginary part of  the amplitude 

• CP violating 

K+→π+νν 
Top and charm contribute
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Br∝|As→dZ*|2

Br∝Im(As→dZ*)2



K→πνν in the Standard Model
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• Theoretically clean: small long distance contribution 
• Hadronic parts (κL, κ+) are obtained from measured Br(K+→π0e+ν)

Exp: KEK E391a

Exp: BNL E787/949
BR = (1.73−1.05

+1.15 )×10−10

BR < 2.6 ×10−8

BR <1.5 ×10−9

Grossman Nir limit: 
 from measured Br(K+→π+νν)

BRSM (KL → π 0νν ) = (3.00 ± 0.31)×10−11

BRSM (K
+ → π +νν ) = (9.11± 0.72)×10−11

BRSM are quoted from A.J. Buras, et al, arXiv:1503.02693

CKM uncertainties are dominant while intrinsic one ~2%.



K→πνν beyond the Standard Model
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Correlation between Br(K+→π+νν) and Br(KL→π0νν)

New Physics Signatures in Kaon Decays Monika Blanke

0 1.!10"10 2.!10"10 3.!10"10 4.!10"10
0

5.!10"11

1.!10"10

1.5!10"10

2.!10"10

2.5!10"10

Br!K#$Π#ΝΝ''"

B
r!K L$

Π0
ΝΝ'
' "

Figure 2: Correlation between the branching ratios for KL ! p0nn̄ and K+ ! p+nn̄ in the Littlest Higgs
model with T-parity (left) [8] and in the custodial Randall-Sundrum model (right) [10].

observables recently probed by LHCb, large non-SM effects in rare K decays are still possible in
both scenarios. In addition we clearly observe the distinguishing power of the correlation discussed
model-independently in [24]. In the LHT model flavour violating interactions, as in the SM, are
exclusively left-handed and therefore a strong correlation between DS = 2 and DS = 1 transitions
exists, resulting in the clear two branch structure in the K ! pnn̄ plane. On the other hand in
the RSc model DS = 2 transitions are completely dominated by KK gluon exchange inducing the
chirally enhanced left-right operators. Consequently no correlation in the K ! pnn̄ plane is visible.

Figure 3: The K ! pnn̄ system in the presence of a Z0 gauge boson with exclusively left-handed flavour
violating interactions [26].

The impressive NP discovery reach of rare K decays can be demonstrated by the simple phe-
nomenological assumption of a flavour changing Z0 as the lightest NP state [26]. From Fig. 3 we
see that observable effects in the K ! pnn̄ system are possible even for Z0 masses as large as
20�30TeV. Moreover, again we observe the clear two branch structure originating from the pure
left-handedness of flavour violating interactions assumed in this particular scenario.

Last but not least let us mention the situation in the minimal supersymmetric SM (MSSM). In
that case the main contribution to the K ! pnn̄ decays are coming from wino loops [27]. Due to
the necessity of SU(2)L breaking interactions the necessary flavour violation is provided by the up
squark trilinear couplings. Due to the unique sensitivity of the rare K decays to these couplings,
sizeable effects in the K ! pnn̄ decays are not excluded by the recent LHCb data. Similarly the
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J-PARC KOTO  
     KL→π0νν study
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• Goal: a few SM events in 3-4 years run with S/N ratio ~ 2



KOTO 

Principle of  experiment
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KAON13 @ Univ. of Michigan Ann Arbor

Principle
• KL pencil beam
• 2γ + nothing

• Calorimeter + Hermetic veto
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Principle
• KL pencil beam 
• 2γ + nothing

• Calorimeter + Hermetic veto

• Signal reconstruction
• Assume 2 gammas come from π0

• Require large transverse momentum
• z vertex - Pt distribution
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という関係が得られる。E1、E2 は入射 γ のエネルギーである。Eqs.(2.3-2.6)を用いると、π0 の
崩壊位置 Zvtx が求まる。
得られた Zvtx を使うと 2つの γ の運動量ベクトルを得ることができ、その和が π0 の運動量ベ
クトルになる。したがって π0 のビーム軸に垂直な運動量成分 Pt も求めることが出来る。この 2
つのパラメータ Zvtx と Pt をシグナルとバックグラウンドの識別に利用する。この部分について
は参考文献 [21]に詳しく記述されている。またこの 2つのパラメータ平面上でシグナルイベント
は Fig.2.3のように分布する。図の赤枠で囲まれる部分を signal boxと呼ぶ。

Fig. 2.2 K0
L → π0νν からの π0 の再構成。
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Fig. 2.3 K0
L → π0νν 分布。赤枠で囲ま

れた部分を信号事象と同定する。横軸の 0
は Front Barrel( 2.6.1)の上流端。

2.3 バックグラウンド
KOTO実験のバックグラウンド事象 (以下 B.G.)は次の２つに分類することが出来る。
1つは K0

L 自身が B.G.の源となるものである。代表的な例としては、K0
L → 2π0 の崩壊で生成

された４つの γ のうち 2 つを検出できなかった (miss veto) 場合が挙げられる。もう１つはビー
ムコア周りに存在するハロー中性子が源となるものである。この場合，ハロー中性子は検出器中の
物質と相互作用し、π0 を生成し、その信号をシグナルと見誤る事に起因する。ここではこれらの
B.G.について簡単にまとめる。

2.3.1 K中間子 B.G.

Table2.1に K0
L の主な崩壊モードと分岐比をまとめておく。これらは K中間子 B.G.の元にな

り得る。以下、各モードについて簡単にまとめておく。
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Principle
• KL pencil beam 
• 2γ + nothing

• Calorimeter + Hermetic veto

• Signal reconstruction
• Assume 2 gammas come from π0

• Require large transverse momentum
• z vertex - Pt distribution
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KAON13 @ Univ. of Michigan Ann Arbor

Detector construction

• To reduce the interaction between the beam particles and the residual gas, 
the evacuation started from 2013-Jan-4.
• The current vacuum level of the decay region is 7x10-5Pa.
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KAON13 @ Univ. of Michigan Ann Arbor

Principle
• KL pencil beam
• 2γ + nothing

• Calorimeter + Hermetic veto
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PHOTO

Image of inside

Most of detectors are inside vacuum.



KOTO 

1st physics run in 2013
1st physics run was done in May 2013. 

SX beam power was 24 kW. 
100 hours of  data taking  
(until the accident at HEF happened.) 

Though the data amount was not enough to exceed 
current upper limit, we learned a lot from it.
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KOTO: from May 2013 run 

Detector performance
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KOTO: from May 2013 run 

Result of  100 hours run in May 2013
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• Summary of   
      #BG inside the signal box

• Sensitivity of  the 1st physics run 
= 1.29×10-8 

(cf) S.E.S. of  KEK E391a: 1.11×10-8 Rec. z [mm]
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• Observed 1 event in the box (consistent with BG expectation) 

BG source #BG

Hadron interaction events 0.18±0.15

Kaon decay events 0.11±0.04

Upstream events 0.06±0.06

Sum 0.36± 0.16 

Reported in CKM2014 conference last year



KOTO: from May 2013 run 

Mechanism of  backgrounds
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nHalo neutron

Single neutron makes two clusters 
in the calorimeter

KL→π0π+π- with π+π- disappearing 
due to interaction with the beam pipe

CC05 CC06

π-π+

Downstream  
Vacuum pipe



KOTO upgrade for 2015 run 

For 2015 run: concerning neutron
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➔ to collect control data for neutrons 
       coming from various places

* 

Booster  and backing pump�

Dry scroll pump for beam line�

Chiller’s for cooling water.�

beam�

Vacuum window 

 (SUS t0.2mm)�

Vacuum window 

(polyimide file t0.125mm)�

Cutaway plan view

existedadded

➔ to reduce scattering source  
 in the beam

Kapton vacuum window 
0.125mm ➔ 0.0125mm

New removable Al target inside the beam



KOTO upgrade for 2015 run 

Upgrade downstream detectors
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BPMの状況 
• 2月2日 ～ 2月6日    ：検出器設置作業 
       リモート制御系構築 
• 2月21日 ～ 2月22日： 線源XYスキャン 
                                  鉛板 1.5 mmt取付 

2 

画像キャプチャ中、 
たまにWindowsが落ちるので 
PCを防大に持ち帰って調査中 

muon!run� Physics!run�

Moving!modules!(for!the!calibra(on)�

DHBCFBDG� J�

It!will!take!1!hour!to!move!modules!(4!people).�

  

Status of BPCV
Koichi Miyazaki

2015/03/14 JUM @ Tokai

Beam Pipe Charged Veto

OK T
ν

νs

d

KAON13 @ Univ. of Michigan Ann Arbor

Principle
• KL pencil beam
• 2γ + nothing

• Calorimeter + Hermetic veto
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Installation 

5

BHCV installation has completed
but gas system has not been prepared
we cannot use n-Pentane yet 

New Beam Hole Charged Veto  
(Wire chamber with CF4+C5H12 gas)

Beam Profile Monitor 
 (fluorescent plate+CCD+IIT)

Additional Beam Hole Photon Veto modules 
and near-by-beam detector most downstream



KOTO status and plan in 2015

Upgrade to reduce backgrounds were done 
  during 2-year beam break. 
KOTO restarted physics run in this April.  

About twice of   
  May 2013 data  
has been collected. 
(Analysis is ongoing.) 

Will run more  
  in June and fall 

Target sensitivity  
  in 2015 will be O(10-9)  
~ Grossman Nir limit.
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Data taking for physics run

We collected 3.09x1018 p.o.t  (167hours)
(We used 1.42x1018 p.o.t for analysis of previous 
 run data.) 5

24kW 27kW

15年5月16日土曜日



CERN NA62 
    K+→π+νν measurement

• Aims to collect O(100) events in 2 years of  data  
    ⇒ ~10% precision for Br(K+→π+νν) 

• Decay in flight technique
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Ferdinand HAHN 

05/01/2013 - FH KAON 2013 1 

The NA62 Experiment at CERN: 
Status of the Construction 

 

Ferdinand Hahn 

NA62 aims to measure precisely BR(K� ѧ S�Q�Q) 
exploiting a novel in-flight technique 

Figures are quoted from the slides by 
G. Ruggiero @CERN EP seminar, March 10, 2015  



NA62 

Signal and background

K+→π+νν signature 
Kaon ID for incoming charged particle 
Pion ID for outgoing charged particle 
No other activities 
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K+ major decay modes 
K+→µ+ν        63.6%  
K+→π+π0      20.7% 
K+→π+π+π-    5.6% 
K+→π0e+ν      5.1% 
K+→π0µ+ν      3.4% 
K+→π+π0π0    1.8%

[rejection method] 
←π/µ separation 
←extra γ 
←extra charged particle 
←π/e separation, extra γ 
←π/µ separation, extra γ 
←extra γ



NA62 

Signal and background
BG suppression by kinematic constraint 

• Kinematic variable: m2miss=(PK-Pπ)2
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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

Avoid regions of 
• m2miss ≲ 0  

(K+→µ+ν) 

• m2miss ~ mπ2  
(K+→π+π0) 

• m2miss > (2mπ)2  
(K+→π+ππ) 

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

Two SIGNAL regions
K+→π+νν (×1010)

m2miss

Detector resolution is not included.



23May 25-29, 2015 FPCP 2015 @ Nagoya, Japan

Giuseppe Ruggiero 14 

NA62 Apparatus 

10/03/2015 

SPS proton 
400 GeV 
1012 p/s 

Secondary Beam 
𝑝 = 75 GeV/c 
∆𝑝/𝑝~1% 
X,Y Divergence < 100 mrad  
𝐾 6% , 𝜋 70% , 𝑝 23%  
750 MHz 
Beam size: 6.0 × 2.7 cm2 

Kaon Decay 
~5 MHz 
4.5 × 1012/𝑦𝑒𝑎𝑟 
60 m length 
10−6 mbar vacuum 

Detectors for decay products 
Charged particle tracking 
Charged particle Time Stamping 
Photon detection 
Charged particle ID 
Pion and muon identification 

Detectors for Secondary Beam 
Kaon ID (KTAG, Cerenkov)  
Kaon Tracking 

target 

Momentum 
selection & 
collimation 

KTAG Beam  
tracker 

E.M. 
calorimeters 
(large angles) 

E.M. 
calorimeter 
(forward) 

E.M.  
calorimeters 
(small angles) 

Hadron 
calorimeter 

RICH 

Magnetic  
Spectrometer ~150 m ~100 m 

1 m 

photon veto

π/µ ID

photon veto

photon veto



NA62 

Key detectors
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Gigatracker: 3 Si pixel stations on the beam 

300 × 300 mm2 pixels 

Cooled down using a microchannel technique 

On sensor TDC readout chip (~54000 pixels) 

X/X0 < 0.5% / station, 𝜎 𝑡 ~200 𝑝𝑠 

Rate at full intensity 750 MHz 

Partially commissioned in 2014 

Tracking Systems: Beam tracker  Beam tracker : measure PK

“Gigatracker”  
3 planes of Si pixel detectors

Secondary tracker : measure Pπ

10/03/2015 Giuseppe Ruggiero 26 

Straw spectrometer in vacuum 
4 Chambers; 1 cm  straws 
X/X0 < 0.5% / chamber 
0.5 Tm magnet (2x2 aperture) 
TDC readout (~8000 straws) 
Rate at full intensity 10 MHz 
Fully commissioned in 2014 

p+ 

Tracking Systems: Pion Spectrometer  

magnetic spectrometer 
 with 4 stations of  
straw chambers in vacuum

10/03/2015 Giuseppe Ruggiero 26 

Straw spectrometer in vacuum 
4 Chambers; 1 cm  straws 
X/X0 < 0.5% / chamber 
0.5 Tm magnet (2x2 aperture) 
TDC readout (~8000 straws) 
Rate at full intensity 10 MHz 
Fully commissioned in 2014 

p+ 

Tracking Systems: Pion Spectrometer  

RICH :π/µ separation

Particle ID Detectors: RICH 

10/03/2015 Giuseppe Ruggiero 38 

17 m, Ne @ 1 atm, 20 mirrors (17 m focal length) 
PMs arrays separated in two spots 
TDC readout (~2000 PMs) 
Track angle resolution ≤ 100 𝜇𝑟𝑎𝑑 
Time resolution < 100 ps 
m/p separation >102 measured on a prototype 
Rate at full intensity 10 MHz 
Commissioned in 2014 

RICH Vessel RICH Mirrors RICH PMs 

17m, Ne 1atm radiator, 10-2 µ rejection



NA62 

2014 pilot run
Detector commissioning (with almost all detectors installed) 
Data quality studies with loose trigger condition
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Done in Oct.-Dec. 2014  
with 5~20% of nominal beam intensity

Giuseppe Ruggiero 50 

First Look at 2014 Data Quality 

10/03/2015 

Events with only 1 track in the spectrometer reconstructed (40 ns time window) 
102 muon rejection at trigger level. 
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First Look at 2014 Data Quality 

10/03/2015 

Events with only 1 track in the spectrometer reconstructed (40 ns time window) 
102 muon rejection at trigger level. 
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θKπ vs Pπ
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First Look at 2014 Data Quality 

10/03/2015 

𝑃 < 35 𝐺𝑒𝑉/𝑐 
𝐾+ → 𝜋+𝜋0 

𝐾+ → 𝜇+𝜈 

𝒎𝒎𝒊𝒔𝒔
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theoretical shapes 

M2miss=(PK-Pπ)2 • GTK not used 
• Photon veto not applied

• Events with only 1 track 
• Only online µ veto applied



NA62 

Status and plan in 2015
Almost all the detectors have been installed. 
Pilot run was done in 2014 (October - December) 
       with lower intensity  

Good data quality at first look 
Reprocessing with the complete detector calibrations and 
reconstructions is on going. 

2015 run is scheduled from beginning of  July to mid 
November
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J-PARC E36: 
 Lepton universality in K+ decay

• Measure RK=Br(K+→e+ν)/Br(K+→µ+ν) 
  with accuracy of  ΔRK/RK=0.25% 

• Stopped Kaon decay technique
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Lepton universality in Kl2 decay 

Precise measurement of 
 decay width ratio  
 
 

In the ratio of  the Γ(Ke2) to the Γ(Kμ2), the hadronic form 
factors are cancel out, and RKSM is highly precise.  

Some New Physics model calculate O(10-3) deviation from SM.
28May 25-29, 2015 FPCP 2015 @ Nagoya, Japan

RKSM=(2.477±0.001)x10−5 

⇒ ΔRK/RK~0.04%

RK	  =	  
Γ(K+	  →	  e+ν)	  
Γ(K+	  →	  µ+ν)	  



Experimental status of  RK

KLOE @ DAΦNE (in-flight decay) (2009) 
RK = (2.493 ± 0.025 ± 0.019) × 10 -5 

NA62 @ CERN-SPS (in-flight decay) (2013) 
RK = (2.488 ± 0.007 ± 0.007) × 10 -5  

⇒ World average (2013)  
   RK = (2.488 ± 0.009) × 10 -5 , δRK/RK=0.4%  
          These experiment utilized K+ decay in flight. 

J-PARC E36 characteristics : 
Stopped K+ experiment: different systematic properties 
   2 body decay has a monochromatic charged particle. 
Goal: δRK /RK = ± 0.2% (stat) ± 0.15% (syst) [0.25% total]
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Stopped	  K	  method	  
• K1.1BR	  beamline	  
• K+	  stopping	  target

Momentum	  measurement	  
• MWPC	  (C2,	  C3,	  C4）	  

• C1	  GEM	  
• Spiral	  Fiber	  Tracker(SFT)

	  PID	  
• TOF	  
• Aerogel	  Cherenkov	  (AC)	  
• Pb	  glass	  counter	  (PGC)

Gamma	  ray	  
• CsI(Tl)	  

Reasonable	  upgrade	  of	  KEK-‐PS	  E246	  with	  the	  Toroidal	  spctrometer

SFT,	  TOF1
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Photo of E36 apparatus



E36 status and plan in 2015

The E36 detector, the toroidal magnet and its 
cryogenics have been installed at K1.1BR area. 
Commissioning with full magnetic field started in the 
April beam time.  

Next steps are 
June : continue commissioning and then start physics runs  
In fall : do physics runs 

(After the fall run, the E36 apparatus will be dismantled for the 
construction of  other new beam lines. )
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Scope in time domain
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Lepton	  universality	  
E36

construction physics	  run

J-‐PARC  
SX	  power

24~40kW 50kW ~100kW

JFY

24kW

2013 2014 2015 2016 2017 2018 2019

Goal:	  ~SM	  (10-‐11)G-‐N	  limit	  (10-‐9)

KLàπ0νν 
KOTO upgrade	  for	  high	  sensitivity1st	  physics	  run

CERN  
NA62

construction start	  commissioning
physics	  run

Goal:	  ~100	  SM	  events



Scope in time domain, further
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Lepton	  universality	  
E36

construction physics	  run

J-‐PARC  
SX	  power

24~40kW 50kW ~100kW

JFY

24kW

2013 2014 2015 2016 2017 2018 2019

Goal:	  ~SM	  (10-‐11)G-‐N	  limit	  (10-‐9)

KLàπ0νν 
KOTO upgrade	  for	  high	  sensitivity1st	  physics	  run

CERN  
NA62

construction start	  commissioning
physics	  run

Goal:	  ~100	  SM	  events

KOTO-‐II	  for	   
O(100)	  measurement

At	  Extended	  Hadron	  Hall

T-‐violation	  study	    
in	  K+	  decay
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Present hall

Extension in future

KOTO-II for observing  
      ~100 KL→π0νν events 

• smaller production angle 
⇒ larger Kaon yield

(under discussion)



Summary

Kaon rare decay study is one of  the important approaches 
to new physics beyond SM. 
Now, three kaon experiments in Japan and Europe are 
running or almost ready to run. 

J-PARC KOTO (KL→π0νν) restarted physics run in April 2015 
and will continue data taking. 
CERN NA62 (K+→π+νν) started commissioning in 2014 and 
will proceed to physics run. 
J-PARC E36 (Lepton flavor universality in Kl2 decays) started 
commissioning and will complete physics run in this year. 

Look forward to interesting results coming !!
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