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Why Kaon?

τ(KL) : 51 ns (cτ ∼ 15 m)

Quantum Superposition

m(K) :∼ 0.5 GeV
τ(KS) : 90 ps (cτ ∼ 3 cm)

Neutral Kaon

CP eigenstate∼
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Recent KLOE/KLOE-2 Results / Status
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Neutral Kaon at φ-factory
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A. Di Domenico FPCP 2021, Shanghai– 7-11 June 2021

• e+e-® f      sf~3 µb
W = mf = 1019.4 MeV

• BR(f ® K0K0)   ~ 34%
• ~106 neutral kaon pairs per 
pb-1 produced in an 
antisymmetric quantum state  
with JPC = 1-- :

Neutral kaons at a f-factory
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Branching ratio of KS® pµn decay

BR(KS® pµn ) = ( 4.56 ± 0.11stat ± 0.17syst) ´ 10-4

Data sample: L=1.6 fb-1

Expected value assuming kaon-lepton coupling universality:
BR(KSμ3) = (4.69 � 0.05) x10-4

using BR(KSe3) [KLOE] and KLI3 phase-space integrals ratio [KTeV] 
and long-distance radiative corrections.

7 Result286

From Eq. (5) with N⇡µ⌫ = 7223 ± 180, N⇡⇡/✏⇡⇡ = (292.10 ± 0.26) ⇥ 10
6
, the values of287

the e�ciencies in Eq. (7), ✏⇡µ⌫ = 0.0552 ± 0.0018, R✏ = 1.472 ± 0.025, and the value288

B(KS ! ⇡+⇡�
) = 0.69196 ± 0.00051 measured by KLOE [14], we derive the branching289

fraction290

B(KS ! ⇡µ⌫) = (4.56 ± 0.11stat ± 0.17syst) ⇥ 10
�4

= (4.56 ± 0.20) ⇥ 10
�4.

This is the first measurement of this decay mode. In comparison, assuming universality291

of the kaon–lepton coupling, the expected value [15] is292

B(KS ! ⇡µ⌫) = B(KS ! ⇡e⌫) ⇥ R(I`
K) ⇥ (1 + �⇡µ⌫

K ) = (4.69 ± 0.06) ⇥ 10
�4

as derived from the value of the branching fraction B(KS ! ⇡e⌫) = (7.046±0.091)⇥10
�4

293

measured by KLOE [13], the ratio R(I`
K) = 0.6622 ± 0.0018 of the phase space integrals294

for the semileptonic decays KL ! ⇡µ⌫ and KL ! ⇡e⌫ measured by KTeV [16], and the295

contributions of long-distance radiative corrections [17] to the semileptonic kaon decays.296

8 Conclusion297

A measurement of the branching fraction for the decay KS ! ⇡µ⌫ is presented based on298

data collected with the KLOE experiment at the DA�NE e+e� collider corresponding299

to an integrated luminosity of 1.6 fb
�1

. The � ! KLKS decays are exploited to select300

samples of pure and monochromatic KS mesons and data control samples of KL ! ⇡µ⌫301

decays. The KS ! ⇡µ⌫ decays are selected by a boosted decision tree built with kinematic302

variables and a measurement of time-of-flight. The e�ciencies for detecting the KS ! ⇡µ⌫303

decays are derived from KL ! ⇡µ⌫ data control samples. A fit to the m2
µ distribution304

finds 7223±180 signal events. Normalising to KS ! ⇡+⇡�
decay events, the result for the305

branching fraction is B(KS ! ⇡µ⌫) = (4.56 ± 0.11stat ± 0.17syst) ⇥ 10
�4

to be compared306

with the expected value of (4.69 ± 0.06) ⇥ 10
�4

.307
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First measurement

KLOE PLB 804 (2020) 135378 

|f+(0)Vus|KS→πμν=0.2126�0.0046 

Rμe= [|f+(0)Vus|KS→πμν ]/[|f+(0)Vus|KS→πeν] = 0.975�0.044 
Test of lepton-flavour universality

KLOE PLB 804 (2020) 135378 

Vus determination



KLOE Detector
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• 1999: first events collected by KLOE
• 2000 – 2006: KLOE data-taking

⇒ 2.5 fb-1@√s=Mf
+ 250 pb-1 off-peak @ Ös=1000 MeV

• 2008: DAFNE upgrade: new interaction scheme
• Dec.2012-July 2013: installation of the new detectors 

Integrated luminosity (pb-1)

Goal:
5 fb-1

Run I
L = 0.8 fb-1
eff. =77%   

Run II
L = 1.6 fb-1
eff.=  82%

Run III
L = 1.7 fb-1
eff.= 82% 

Run IV
L = 1.4 fb-1
eff.=  81%

• July 2013: DAFNE operations restarted  
• November 2014: start of KLOE-2 run 
• 2014 – 2018: KLOE-2 data-taking
• March 30, 2018: End of KLOE-2

data-taking
⇒ 5.5 fb-1 collected @√s=Mf

2

KLOE + KLOE-2 data sample:
~ 8 fb-1  ⇒ 2.4 � 1010 ϕ’s produced
~ 8 x109 KSKL pairs   ~ 3 x108 h’s
⇒ the largest sample ever collected at 

the ϕ(1020) peak in e+e- collisions

KLOE/KLOE-2 experiment at the Frascati f-factory DAFNE

Tracker and Calorimeter inside magnet

KLOE detector

6m

7m
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• 1999: first events collected by KLOE
• 2000 – 2006: KLOE data-taking

⇒ 2.5 fb-1@√s=Mf
+ 250 pb-1 off-peak @ Ös=1000 MeV

• 2008: DAFNE upgrade: new interaction scheme
• Dec.2012-July 2013: installation of the new detectors 

Integrated luminosity (pb-1)

Goal:
5 fb-1

Run I
L = 0.8 fb-1
eff. =77%   

Run II
L = 1.6 fb-1
eff.=  82%

Run III
L = 1.7 fb-1
eff.= 82% 

Run IV
L = 1.4 fb-1
eff.=  81%

• July 2013: DAFNE operations restarted  
• November 2014: start of KLOE-2 run 
• 2014 – 2018: KLOE-2 data-taking
• March 30, 2018: End of KLOE-2

data-taking
⇒ 5.5 fb-1 collected @√s=Mf

2

KLOE + KLOE-2 data sample:
~ 8 fb-1  ⇒ 2.4 � 1010 ϕ’s produced
~ 8 x109 KSKL pairs   ~ 3 x108 h’s
⇒ the largest sample ever collected at 

the ϕ(1020) peak in e+e- collisions
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B(KS ! ⇡µ⌫) = B(KS ! ⇡e⌫) ⇥ R(I`
K) ⇥ (1 + �⇡µ⌫

K ) = (4.69 ± 0.06) ⇥ 10
�4

as derived from the value of the branching fraction B(KS ! ⇡e⌫) = (7.046±0.091)⇥10
�4

293

measured by KLOE [13], the ratio R(I`
K) = 0.6622 ± 0.0018 of the phase space integrals294

for the semileptonic decays KL ! ⇡µ⌫ and KL ! ⇡e⌫ measured by KTeV [16], and the295

contributions of long-distance radiative corrections [17] to the semileptonic kaon decays.296

8 Conclusion297

A measurement of the branching fraction for the decay KS ! ⇡µ⌫ is presented based on298

data collected with the KLOE experiment at the DA�NE e+e� collider corresponding299

to an integrated luminosity of 1.6 fb
�1

. The � ! KLKS decays are exploited to select300

samples of pure and monochromatic KS mesons and data control samples of KL ! ⇡µ⌫301

decays. The KS ! ⇡µ⌫ decays are selected by a boosted decision tree built with kinematic302

variables and a measurement of time-of-flight. The e�ciencies for detecting the KS ! ⇡µ⌫303

decays are derived from KL ! ⇡µ⌫ data control samples. A fit to the m2
µ distribution304

finds 7223±180 signal events. Normalising to KS ! ⇡+⇡�
decay events, the result for the305

branching fraction is B(KS ! ⇡µ⌫) = (4.56 ± 0.11stat ± 0.17syst) ⇥ 10
�4

to be compared306

with the expected value of (4.69 ± 0.06) ⇥ 10
�4

.307
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Legend&

Figure 2: Distributions of the variables used in the multivariate analysis for data and

simulated signal and background events, (a) track momenta p1, p2, (b) ↵1,2, angle between

the two tracks in the KS reference system, (c) ↵LS, angle beween KL and KS directions,

(d) m⇡⇡, two-track invariant mass in the hypothesis of charge pions, (e) �p = |~pKS + ~pKL |.

Figure 3: Distribution of the BDT classifier output for data and simulated signal and

background events.
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crash)
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• boosted decision tree (BDT) with kinematic variables to 
reject main background from KS →π+π– → πμν
• PID with Time of Flight 
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uncertainty from the determination of T0 the di↵erence149
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is used to determine the mass assignment to the tracks. The ⇡⇡ hypothesis is tested150

first, the distribution of �t⇡⇡ = �t1,⇡ � �t2,⇡ is shown in Figure 4(a). A fair agreement151

is observed between data and simulation, the KS ! ⇡µ⌫ and KS ! ⇡e⌫ distributions152

are well separated and the K+K�
background is isolated in the tails of the distribution,153

however the signal is hidden under a large KS ! ⇡+⇡�
background. To reduce the154

background a cut is applied155

1 ns < |�t⇡⇡| < 3 ns. (3)
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4 Signal selection and analysis110

The selection of signal events is performed in two steps. First a selection based on the111

event kinematics using only tracking variables, second a selection based on the time-of-112

flight measured with the calorimeter. The two groups of variables are uncorrelated. To113

assign a time to the tracks connected to the vertex there is need to associate each track114

to a cluster. The track-to-cluster association (TCA) is applied as follows: for each track115

connected to the vertex a cluster with Eclu > 20 MeV and 15
� < ✓clu < 175

�
is required116

whose centroid is within 50 cm of the track extrapolation to the calorimeter wall. If no117

TCA is satisfied by both tracks the event is discarded.118

Five variables with good discriminating power against background are used in a mul-119

tivariate analysis. A boosted decision tree (BDT) classifier is built with the following120

variables:121

~p1, ~p2 : the tracks momenta;122

↵1,2 : the angle at the vertex between the two momenta in the KS reference system;123

↵LS : the angle between the KS momentum, ~pKS = ~p1 + ~p2, and the KL-crash direction;124

�p : the di↵erence between |~pKS | and the KS momentum determined using the tagging125

KL;126

m⇡⇡ : the invariant mass reconstructed from ~p1 and ~p2, in the hypothesis of charged-pion127

mass.128

The distributions of the variables are shown in Figure 2 for data and simulated signal and129

background events. Two additional cuts are applied to suppress the background in the130

tail of the distributions:131

• p < 320 MeV for boh tracks (Figure 2(a));132

• �p < 190 MeV (Figure 2(e)).133

The training of the BDT classifier is done on a sample of 5,000 KS ! ⇡µ⌫ events and134

a sample of 50,000 background events, and samples of the same size are used for the test.135

After training and test, the classification is run on all events of the MC and data sample.136

The distribution of the BDT classifier output is shown in Figure 3 for data and simulated137

signal and background events. The data distribution is well reproduced by simulation in138

the region populated by the signal. To reduce the large background of KS ! ⇡+⇡�
and139

� ! K+K�
events, a cut is applied140

BDT > 0.180. (2)

The track pairs in the selected events are K⇡, ⇡⇡, e⇡ for the main backgrounds and µ⇡141

for the signal, a selection based on time-of-flight measurement is performed to suppress142

the background. For each track associated to a cluster, the di↵erence between the time-143

of-flight measured by the calorimeter and the time-of-flight measured along the particle144

trajectory145

�ti = tclu,i � Li/c�i i = 1, 2
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Legend&

Figure 2: Distributions of the variables used in the multivariate analysis for data and

simulated signal and background events, (a) track momenta p1, p2, (b) ↵1,2, angle between

the two tracks in the KS reference system, (c) ↵LS, angle beween KL and KS directions,

(d) m⇡⇡, two-track invariant mass in the hypothesis of charge pions, (e) �p = |~pKS + ~pKL |.

Figure 3: Distribution of the BDT classifier output for data and simulated signal and

background events.
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4 Signal selection and analysis110

The selection of signal events is performed in two steps. First a selection based on the111

event kinematics using only tracking variables, second a selection based on the time-of-112

flight measured with the calorimeter. The two groups of variables are uncorrelated. To113

assign a time to the tracks connected to the vertex there is need to associate each track114

to a cluster. The track-to-cluster association (TCA) is applied as follows: for each track115

connected to the vertex a cluster with Eclu > 20 MeV and 15
� < ✓clu < 175

�
is required116

whose centroid is within 50 cm of the track extrapolation to the calorimeter wall. If no117

TCA is satisfied by both tracks the event is discarded.118

Five variables with good discriminating power against background are used in a mul-119

tivariate analysis. A boosted decision tree (BDT) classifier is built with the following120

variables:121

~p1, ~p2 : the tracks momenta;122

↵1,2 : the angle at the vertex between the two momenta in the KS reference system;123

↵LS : the angle between the KS momentum, ~pKS = ~p1 + ~p2, and the KL-crash direction;124

�p : the di↵erence between |~pKS | and the KS momentum determined using the tagging125

KL;126

m⇡⇡ : the invariant mass reconstructed from ~p1 and ~p2, in the hypothesis of charged-pion127

mass.128

The distributions of the variables are shown in Figure 2 for data and simulated signal and129

background events. Two additional cuts are applied to suppress the background in the130

tail of the distributions:131

• p < 320 MeV for boh tracks (Figure 2(a));132

• �p < 190 MeV (Figure 2(e)).133

The training of the BDT classifier is done on a sample of 5,000 KS ! ⇡µ⌫ events and134

a sample of 50,000 background events, and samples of the same size are used for the test.135

After training and test, the classification is run on all events of the MC and data sample.136

The distribution of the BDT classifier output is shown in Figure 3 for data and simulated137

signal and background events. The data distribution is well reproduced by simulation in138

the region populated by the signal. To reduce the large background of KS ! ⇡+⇡�
and139

� ! K+K�
events, a cut is applied140

BDT > 0.180. (2)

The track pairs in the selected events are K⇡, ⇡⇡, e⇡ for the main backgrounds and µ⇡141

for the signal, a selection based on time-of-flight measurement is performed to suppress142

the background. For each track associated to a cluster, the di↵erence between the time-143

of-flight measured by the calorimeter and the time-of-flight measured along the particle144

trajectory145

�ti = tclu,i � Li/c�i i = 1, 2

5

Analyzed 1.6 fb-1 (2004-2005 data)
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KL KL

KS → πμν
→

Mππ
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Signal
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Branching ratio of KS® pµn decay

BR(KS® pµn ) = ( 4.56 ± 0.11stat ± 0.17syst) ´ 10-4

Data sample: L=1.6 fb-1

Expected value assuming kaon-lepton coupling universality:
BR(KSμ3) = (4.69 � 0.05) x10-4

using BR(KSe3) [KLOE] and KLI3 phase-space integrals ratio [KTeV] 
and long-distance radiative corrections.

7 Result286

From Eq. (5) with N⇡µ⌫ = 7223 ± 180, N⇡⇡/✏⇡⇡ = (292.10 ± 0.26) ⇥ 10
6
, the values of287

the e�ciencies in Eq. (7), ✏⇡µ⌫ = 0.0552 ± 0.0018, R✏ = 1.472 ± 0.025, and the value288

B(KS ! ⇡+⇡�
) = 0.69196 ± 0.00051 measured by KLOE [14], we derive the branching289

fraction290

B(KS ! ⇡µ⌫) = (4.56 ± 0.11stat ± 0.17syst) ⇥ 10
�4

= (4.56 ± 0.20) ⇥ 10
�4.

This is the first measurement of this decay mode. In comparison, assuming universality291

of the kaon–lepton coupling, the expected value [15] is292

B(KS ! ⇡µ⌫) = B(KS ! ⇡e⌫) ⇥ R(I`
K) ⇥ (1 + �⇡µ⌫

K ) = (4.69 ± 0.06) ⇥ 10
�4

as derived from the value of the branching fraction B(KS ! ⇡e⌫) = (7.046±0.091)⇥10
�4

293

measured by KLOE [13], the ratio R(I`
K) = 0.6622 ± 0.0018 of the phase space integrals294

for the semileptonic decays KL ! ⇡µ⌫ and KL ! ⇡e⌫ measured by KTeV [16], and the295

contributions of long-distance radiative corrections [17] to the semileptonic kaon decays.296

8 Conclusion297

A measurement of the branching fraction for the decay KS ! ⇡µ⌫ is presented based on298

data collected with the KLOE experiment at the DA�NE e+e� collider corresponding299

to an integrated luminosity of 1.6 fb
�1

. The � ! KLKS decays are exploited to select300

samples of pure and monochromatic KS mesons and data control samples of KL ! ⇡µ⌫301

decays. The KS ! ⇡µ⌫ decays are selected by a boosted decision tree built with kinematic302

variables and a measurement of time-of-flight. The e�ciencies for detecting the KS ! ⇡µ⌫303

decays are derived from KL ! ⇡µ⌫ data control samples. A fit to the m2
µ distribution304

finds 7223±180 signal events. Normalising to KS ! ⇡+⇡�
decay events, the result for the305

branching fraction is B(KS ! ⇡µ⌫) = (4.56 ± 0.11stat ± 0.17syst) ⇥ 10
�4

to be compared306

with the expected value of (4.69 ± 0.06) ⇥ 10
�4

.307

Acknowledgements308

References309

[1] M. Antonelli et al., An evaluation of |Vus| and precise tests of the Standard Model from310

world data on leptonic and semileptonic kaon decays, Eur. Phys. J. C 69 (2010) 399,311

arXiv:1005.2323 [hep-ph].312

[2] M. Moulson, Experimental determination of Vus from kaon decays, 9th International Work-313

shop on the CKM Unitarity Triangle, 28 November - 3 December 2016, Tata Institute for314

Fundamental Research, Mumbai, India, arXiv:1704.04104 [hep-ex]315

[3] F.Ambrosino et al., |Vus| and lepton universality from kaon decays with the KLOE detector,316

JHEP 04 (2008) 059, arXiv:hep-ex/0802.3009.317

13

First measurement

KLOE PLB 804 (2020) 135378 

|f+(0)Vus|KS→πμν=0.2126�0.0046 

Rμe= [|f+(0)Vus|KS→πμν ]/[|f+(0)Vus|KS→πeν] = 0.975�0.044 
Test of lepton-flavour universality

KLOE PLB 804 (2020) 135378 

Vus determination



Branching ratio of  decay KS → πμν

9
A. Di Domenico FPCP 2021, Shanghai– 7-11 June 2021

21
 Erika De Lucia – CSN1 meeting September 30th 2019


KS semileptonic decay signal count



̝ Analyzed 1.6 fb-1 Data and MC sample


21


�  KS tagged by KL interacting in the calorimeter

�  2-track vertex with: 


• Rv < 5 cm && |Zv|< 10 cm


�  KS ➝ π+π- normalization sample selection with:

•  140 < p < 280 MeV 


�  Ks semileptonic signal selection:

•  BDT with kinematic variables to reject main 
background from KS →π+π– → πµν 

•  PID with Time of Flight


�   Signal count from fit to M2(lepton) distribution


	   Selection efficiency from KS ➝ π+π- KLµ3 close to 
IP data control sample 


∼7x103  Ksm3 events  χ2/ndf = 1.29

   ε =(5.50±0.16)%


KSµ3 analysis - 1.6 fb-1


M2 with muon hyp.


4

• Signal count from fit to M2(lepton) distribution 

• 7223�180 KSµ3 events  χ2/ndf = 30/48

• Selection efficiency from KS� π+π- KLμ3
close to IP data control sample 

• ε =(5.50�0.17)% 

• Study of systematic uncertainties from: 
BDT and TOF selection cuts, fit range, trigger, 
on-line filter, event classification, T0 determination, 
KL-crash and β∗ selection, KS identification 

Branching ratio of KS® pµn decay

is computed, where tclu,i is the time associated to track i, Li is the length of the track,146

and �i = pi/
q

p2i + m2
i is function of the mass hypothesis for track i. The times tclu,i are147

referred to the trigger and the same T0 value is assigned to both clusters. To reduce the148

uncertainty from the determination of T0 the di↵erence149

�t1,2 = �t1 � �t2

is used to determine the mass assignment to the tracks. The ⇡⇡ hypothesis is tested150

first, the distribution of �t⇡⇡ = �t1,⇡ � �t2,⇡ is shown in Figure 4(a). A fair agreement151

is observed between data and simulation, the KS ! ⇡µ⌫ and KS ! ⇡e⌫ distributions152

are well separated and the K+K�
background is isolated in the tails of the distribution,153

however the signal is hidden under a large KS ! ⇡+⇡�
background. To reduce the154

background a cut is applied155

1 ns < |�t⇡⇡| < 3 ns. (3)
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Figure 4: Distributions of �⇡⇡ (left) and �tµ = min [|�t⇡µ|, |�tµ⇡|] (right) for data and

simulated signal and background events.

The ⇡µ hypothesis is tested by assigning the pion and muon mass to either track156

�t⇡µ = �t1,⇡ � �t2,µ and �tµ⇡ = �t1,µ � �t2,⇡.

The two-dimensional �t⇡µ⇥�tµ⇡ distribution for simulated signal events indicates that the157

correct mass assignment corresponds to the smaller absolute value of the two hypotheses.158

The distribution of the signed value of �tµ = min [|�t⇡µ|, |�tµ⇡|] is shown in Figure 4(b)159

for data and simulated signal and background events. The distribution for the signal is160

narrow and peaked at zero while it is broader for the backgrounds. A final cut is applied161

|�tµ| < 0.5 ns. (4)

The number of selected events in the data sample is 38686 and its composition as162

predicted by simulation is listed in Table 2. After the mass assignment to the two tracks163

connected to the vertex the invariant mass of the charged secondary identified as the164

muon is evaluated as165

m2
µ = (EKS ,tag � E⇡ � pmiss)

2 � p2µ

7

distribution that removes most of the KL ! ⇡e⌫ events. The purity of the sample as207

determined from simulation is 86%. The resolutions in the measurement of the tagging208

KS momentum and direction are very similar to those of the tagging KL and the BDT209

uses the same variables. The BDT MC distributions of the signal and control sample are210

compared in Figure 6(a). Applying to the control sample the same selections as for the211

signal the e�ciencies evaluated with Eq. (6) are212

✏(kinem. sel.) = 0.986 ± 0.004stat and ✏(BDT) = 0.417 ± 0.003stat.
7.2. DETERMINATION OF EFFICIENCIES KS ! ⇡µ⌫
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Figure 7.9: MC distributions of �DTOF (⇡⇡) and �DTOF (µ) for the analysis (KS ! ⇡µ⌫)

and control (KL ! ⇡µ⌫) sample.

7.2.3 Determination of R�

For all common selections there is no need to compute separately the e�ciencies for the

control and the normalisation sample. In fact, in Eq. 4.1 only the ratio of the two is needed.

The ratio R✏, as explained in Sec. 4, is composed of several factors: Trigger, FILFO, Event

Classification, KL–crash and KS identification e�ciency. All these e�ciencies are taken

from MC simulation and listed in Table 7.4. The result is:

R✏ = 1.472 ± 0.004 (7.5)

Selection Ratio of e�ciency

Trigger 1.0649 ± 0.0005

FILFO 1.0113 ± 0.0002

Event classification 1.1406 ± 0.0007

T0 time fix 1.0135 ± 0.0002

KL–crash 1.1283 ± 0.0022

KS ID 1.0481 ± 0.0012

R✏ 1.472 ± 0.003

Table 7.4: R✏; single errors are strongly correlated, so the error on R✏ is smaller then the

quadratic sum of the errors of the single e�ciencies.

72

(a) (b) 

Figure 6: Monte Carlo distributions of (a) the BDT classifier output and (b) �tµ for

KL ! ⇡µ⌫ and KS ! ⇡µ⌫ events.

213

The control sample for evaluating the TCA and TOF e�ciencies is selected applying214

a cut on the m⇡⇡⇥m2
miss distribution, where mmiss is the mass recoiling against the ⇡+⇡�

215

sistem. The purity of the sample as determined from simulation is 87%. In the KS ! ⇡µ⌫216

analysis the T0 is determined by the first cluster in time, associated with one of the217

daughter particles of the KS decay; then for the control sample it is required that the first218

cluster in time be associated with the KL decay in order not to bias the TOF variables.219

The MC distributions of �tµ for the signal and control sample are compared in Figure 6(b).220

Applying to the control sample the analysis procedure as for the signal the e�ciencies221

evaluated with Eq. (6) are222

✏(TCA) = 0.347 ± 0.002stat and ✏(TOF) = 0.392 ± 0.003stat.

The e�ciency for preselection evaluated from simulation is ✏(preselection) = 0.996 ±223

0.002. KL-crash tagging requires Eclu > 100 MeV and 15
� < ✓clu < 175

�
, data and224

MC distributions of ✓clu show good agreement and the acceptance is very high due to225

the sin
2 ✓ angular distribution of KLKS production. The other requirements for the KS226

identification are discussed in Section 6.227

The tails of the m2
µ distribution in Figure 5(a) are not included in the fit to improve228

its stability, the relative e�ciency is 0.991 ± 0.001. The e�ciencies are summarised in229

Table 4.230

10

Main systematic uncertainties:
• TOF selection (dpp) : 3.0 %
• KS decay ID : 1.7 %
• MC and CS statistics: 0.5 %
• BDT sel. cut: 0.3 %

m2
μ(MeV2)

Signal

m2
μ = (EKS,tag − Eπ − pmiss)2 − p2

μ

PKL

Pπ

Pμ

 events
(7223 ± 180) KS → πμν
χ2/ndf = 30/48
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Figure 7.9: MC distributions of �DTOF (⇡⇡) and �DTOF (µ) for the analysis (KS ! ⇡µ⌫)

and control (KL ! ⇡µ⌫) sample.
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KS ID 1.0481 ± 0.0012
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Table 7.4: R✏; single errors are strongly correlated, so the error on R✏ is smaller then the

quadratic sum of the errors of the single e�ciencies.
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Figure 6: Monte Carlo distributions of (a) the BDT classifier output and (b) �tµ for

KL ! ⇡µ⌫ and KS ! ⇡µ⌫ events.
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Branching ratio of KS® pµn decay

BR(KS® pµn ) = ( 4.56 ± 0.11stat ± 0.17syst) ´ 10-4

Data sample: L=1.6 fb-1

Expected value assuming kaon-lepton coupling universality:
BR(KSμ3) = (4.69 � 0.05) x10-4

using BR(KSe3) [KLOE] and KLI3 phase-space integrals ratio [KTeV] 
and long-distance radiative corrections.

7 Result286

From Eq. (5) with N⇡µ⌫ = 7223 ± 180, N⇡⇡/✏⇡⇡ = (292.10 ± 0.26) ⇥ 10
6
, the values of287

the e�ciencies in Eq. (7), ✏⇡µ⌫ = 0.0552 ± 0.0018, R✏ = 1.472 ± 0.025, and the value288

B(KS ! ⇡+⇡�
) = 0.69196 ± 0.00051 measured by KLOE [14], we derive the branching289

fraction290

B(KS ! ⇡µ⌫) = (4.56 ± 0.11stat ± 0.17syst) ⇥ 10
�4

= (4.56 ± 0.20) ⇥ 10
�4.

This is the first measurement of this decay mode. In comparison, assuming universality291

of the kaon–lepton coupling, the expected value [15] is292

B(KS ! ⇡µ⌫) = B(KS ! ⇡e⌫) ⇥ R(I`
K) ⇥ (1 + �⇡µ⌫

K ) = (4.69 ± 0.06) ⇥ 10
�4

as derived from the value of the branching fraction B(KS ! ⇡e⌫) = (7.046±0.091)⇥10
�4

293

measured by KLOE [13], the ratio R(I`
K) = 0.6622 ± 0.0018 of the phase space integrals294

for the semileptonic decays KL ! ⇡µ⌫ and KL ! ⇡e⌫ measured by KTeV [16], and the295

contributions of long-distance radiative corrections [17] to the semileptonic kaon decays.296

8 Conclusion297

A measurement of the branching fraction for the decay KS ! ⇡µ⌫ is presented based on298

data collected with the KLOE experiment at the DA�NE e+e� collider corresponding299

to an integrated luminosity of 1.6 fb
�1

. The � ! KLKS decays are exploited to select300

samples of pure and monochromatic KS mesons and data control samples of KL ! ⇡µ⌫301

decays. The KS ! ⇡µ⌫ decays are selected by a boosted decision tree built with kinematic302

variables and a measurement of time-of-flight. The e�ciencies for detecting the KS ! ⇡µ⌫303

decays are derived from KL ! ⇡µ⌫ data control samples. A fit to the m2
µ distribution304

finds 7223±180 signal events. Normalising to KS ! ⇡+⇡�
decay events, the result for the305

branching fraction is B(KS ! ⇡µ⌫) = (4.56 ± 0.11stat ± 0.17syst) ⇥ 10
�4

to be compared306

with the expected value of (4.69 ± 0.06) ⇥ 10
�4
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KS® pen charge asymmetry

• Fit of M2(e) distribution varying MC 
normalizations of signal and bkg
contributions. 

• Total c2/ndf = 118/109
• Total efficiencies:

e+=(7.39�0.03)% and e-=(7.81�0.03)%

• Control sample:  
KL → pen close to IP tagged by 
KS → p0p0

• track to EMC cluster and TOF efficiency 
correction from control sample
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The result of the fit for the signal events is 34579±251 forKS æ fi≠e+‹ and 36874±255
for KS æ fi+e≠‹̄, with total ‰2/ndof = 118/109, summing on the two final charge states
(see Figure 4).
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Figure 4. M2(e) distribution for data (black points) and MC simulation (dotted histogram) for
both final charge states (fi+e≠ – left side, fi≠e+ – right side) after the fit. The individual MC
contributions are shown superimposed in the plots (colored points – see legend in the plots). Bottom
row: corresponding data-MC residual distributions after the fit.
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• Fit of M2(e) distribution varying MC 
normalizations of signal and bkg
contributions. 

• Total c2/ndf = 118/109
• Total efficiencies:

e+=(7.39�0.03)% and e-=(7.81�0.03)%

• Control sample:  
KL → pen close to IP tagged by 
KS → p0p0

• track to EMC cluster and TOF efficiency 
correction from control sample
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The result of the fit for the signal events is 34579±251 forKS æ fi≠e+‹ and 36874±255
for KS æ fi+e≠‹̄, with total ‰2/ndof = 118/109, summing on the two final charge states
(see Figure 4).
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Figure 4. M2(e) distribution for data (black points) and MC simulation (dotted histogram) for
both final charge states (fi+e≠ – left side, fi≠e+ – right side) after the fit. The individual MC
contributions are shown superimposed in the plots (colored points – see legend in the plots). Bottom
row: corresponding data-MC residual distributions after the fit.
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Branching ratio of KS® pµn decay

BR(KS® pµn ) = ( 4.56 ± 0.11stat ± 0.17syst) ´ 10-4

Data sample: L=1.6 fb-1

Expected value assuming kaon-lepton coupling universality:
BR(KSμ3) = (4.69 � 0.05) x10-4

using BR(KSe3) [KLOE] and KLI3 phase-space integrals ratio [KTeV] 
and long-distance radiative corrections.

7 Result286

From Eq. (5) with N⇡µ⌫ = 7223 ± 180, N⇡⇡/✏⇡⇡ = (292.10 ± 0.26) ⇥ 10
6
, the values of287

the e�ciencies in Eq. (7), ✏⇡µ⌫ = 0.0552 ± 0.0018, R✏ = 1.472 ± 0.025, and the value288

B(KS ! ⇡+⇡�
) = 0.69196 ± 0.00051 measured by KLOE [14], we derive the branching289

fraction290

B(KS ! ⇡µ⌫) = (4.56 ± 0.11stat ± 0.17syst) ⇥ 10
�4

= (4.56 ± 0.20) ⇥ 10
�4.

This is the first measurement of this decay mode. In comparison, assuming universality291

of the kaon–lepton coupling, the expected value [15] is292

B(KS ! ⇡µ⌫) = B(KS ! ⇡e⌫) ⇥ R(I`
K) ⇥ (1 + �⇡µ⌫

K ) = (4.69 ± 0.06) ⇥ 10
�4

as derived from the value of the branching fraction B(KS ! ⇡e⌫) = (7.046±0.091)⇥10
�4

293

measured by KLOE [13], the ratio R(I`
K) = 0.6622 ± 0.0018 of the phase space integrals294

for the semileptonic decays KL ! ⇡µ⌫ and KL ! ⇡e⌫ measured by KTeV [16], and the295

contributions of long-distance radiative corrections [17] to the semileptonic kaon decays.296

8 Conclusion297

A measurement of the branching fraction for the decay KS ! ⇡µ⌫ is presented based on298

data collected with the KLOE experiment at the DA�NE e+e� collider corresponding299

to an integrated luminosity of 1.6 fb
�1

. The � ! KLKS decays are exploited to select300

samples of pure and monochromatic KS mesons and data control samples of KL ! ⇡µ⌫301

decays. The KS ! ⇡µ⌫ decays are selected by a boosted decision tree built with kinematic302

variables and a measurement of time-of-flight. The e�ciencies for detecting the KS ! ⇡µ⌫303

decays are derived from KL ! ⇡µ⌫ data control samples. A fit to the m2
µ distribution304

finds 7223±180 signal events. Normalising to KS ! ⇡+⇡�
decay events, the result for the305

branching fraction is B(KS ! ⇡µ⌫) = (4.56 ± 0.11stat ± 0.17syst) ⇥ 10
�4

to be compared306

with the expected value of (4.69 ± 0.06) ⇥ 10
�4
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AS = ( -4.8 ± 5.6 ± 2.6) ´ 10-3
KLOE (2018)

Âx- = ( -2.0 ±1.4) ´ 10-3

Ây = ( 1.7 ± 1.4) ´ 10-3

Data sample: L=1.6 fb-1

( )-Â+Â=- xAA LS d4

( )yAA LS Â-Â=+ e4

CPT & DS=DQ viol. 

CPT viol.
input from other experiments

KS® pen charge asymmetry

with KLOE-2 data: δAS(stat) → ~ 3�10-3

Taking into account the correlations of the systematical uncertainties of both measure-
ments, based on similar analysis schemes, their combination provides:

AS = (≠3.8± 5.0stat ± 2.6syst)◊ 10≠3 . (7.2)

A comparison of these results is shown in Figure 5.
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KTeV
AL = (3.322 ± 0.058 ± 0.047) × 10-3

Charge asymmetry
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KLOE combination
AS = (-3.8 ± 5.0 ± 2.6) × 10-3

Charge asymmetry
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KLOE 2018
AS = (-4.9 ± 5.7 ± 2.6) × 10-3 

Charge asymmetry
-0.02 -0.015 -0.01 -0.005  0  0.005  0.01  0.015  0.02

KLOE 2006
AS = (1.5 ± 9.6 ± 2.9) × 10-3

Charge asymmetry

Figure 5. Comparison of the previous result for AS (KLOE 2006 [17]), the result presented in this
paper (KLOE 2018) and the combination of the two. The KTeV result for AL [14] is also shown.
The uncertainties of the points correspond to the statistical and systematic uncertainties summed
in quadrature.

The combined result 7.2 together with the KTeV result on AL [14] yields for the sum
and diÄerence of asymmetries:

(AS ≠AL)/4 = Re(”K) +Re(x≠) = (≠1.8± 1.4)◊ 10≠3, (7.3)

(AS +AL)/4 = Re(‘K)≠Re(y) = (≠0.1± 1.4)◊ 10≠3. (7.4)

Using Re(”K) = (2.5± 2.3)◊ 10≠4 [13] and Re(‘K) = (1.596± 0.013)◊ 10≠3 [12] the CPT
violating parameters Re(x≠) and Re(y) are extracted:

Re(x≠) = (≠2.0± 1.4)◊ 10≠3, (7.5)

Re(y) = (1.7± 1.4)◊ 10≠3, (7.6)

which are consistent with CPT invariance and improve by almost a factor of two the
previous results [17].
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CPT invariance
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(AS+AL) => improvement of CPT test ( Imd ) using Bell-Steinberger relationship. 
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Measurement of Br(KSe3) with x4 statistics wrt previous KLOE result is in progress. 
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Branching ratio of KS® pµn decay

BR(KS® pµn ) = ( 4.56 ± 0.11stat ± 0.17syst) ´ 10-4

Data sample: L=1.6 fb-1

Expected value assuming kaon-lepton coupling universality:
BR(KSμ3) = (4.69 � 0.05) x10-4

using BR(KSe3) [KLOE] and KLI3 phase-space integrals ratio [KTeV] 
and long-distance radiative corrections.

7 Result286

From Eq. (5) with N⇡µ⌫ = 7223 ± 180, N⇡⇡/✏⇡⇡ = (292.10 ± 0.26) ⇥ 10
6
, the values of287

the e�ciencies in Eq. (7), ✏⇡µ⌫ = 0.0552 ± 0.0018, R✏ = 1.472 ± 0.025, and the value288

B(KS ! ⇡+⇡�
) = 0.69196 ± 0.00051 measured by KLOE [14], we derive the branching289

fraction290

B(KS ! ⇡µ⌫) = (4.56 ± 0.11stat ± 0.17syst) ⇥ 10
�4

= (4.56 ± 0.20) ⇥ 10
�4.

This is the first measurement of this decay mode. In comparison, assuming universality291

of the kaon–lepton coupling, the expected value [15] is292

B(KS ! ⇡µ⌫) = B(KS ! ⇡e⌫) ⇥ R(I`
K) ⇥ (1 + �⇡µ⌫

K ) = (4.69 ± 0.06) ⇥ 10
�4

as derived from the value of the branching fraction B(KS ! ⇡e⌫) = (7.046±0.091)⇥10
�4

293

measured by KLOE [13], the ratio R(I`
K) = 0.6622 ± 0.0018 of the phase space integrals294

for the semileptonic decays KL ! ⇡µ⌫ and KL ! ⇡e⌫ measured by KTeV [16], and the295

contributions of long-distance radiative corrections [17] to the semileptonic kaon decays.296

8 Conclusion297

A measurement of the branching fraction for the decay KS ! ⇡µ⌫ is presented based on298
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 in SMK → πνν
Calculated BR (SM)

Theoretical error

Quarks in loop top top > charm

KL → π0νν K+ → π+νν
(8.4 ± 1.0) × 10−11(3.4 ± 0.6) × 10−11

< 2 % < 4 %

W�

t
Z0

s

⌫

⌫

dV ⇤
ts Vtd

Mainly Parameter error from CKM matrix elements

Precise and Suppressed SM process(BG) 
→BSM Physics search(Signal)😀

Buras et al JHEP11(2015)33

17

d̄
Heavy t,W,Z

Weak coupling

CKM Strong suppression

         V*tsVtd ∼ 5 × 10−4



Rare kaon decay : K → πνν

Amplitude

Width

CP CP violating CP conserving

∝ (Im𝒜s→d)2 ∝ |𝒜s→d |2

∝ 𝒜s→d − (𝒜s→d)* ∝ 𝒜s→d

KL → π0νν K+ → π+νν

(KL ∼ (K0 − K 0)/ 2)

ℬKL→π0νν < 4.4ℬK+→π+ννGrossman-Nir bound

< 3.0 × 10−9 (90 % CL) (10.6+4.0
−3.4 ± 0.9) × 10−11ℬ(direct meas.)

< 6.4 × 10−10 (from 68 % CL meas . at NA62)

(KOTO 2015) (NA62 2021)

ℬ(indirect)10−9

10−11

10−10

ℬ(KL)

SM
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Examples of new physics contributions
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Figure 10. The ratios forK+ → π+νν̄ andKL → πνν̄ defined in (4.1) are plotted. The LR scenario
shown in green (where the whole region inside the curves is allowed) and LH-EWP scenario in blue
and red with εK ∈ [−0.2, 0.2] and [−0.5, 0.5] respectively for a Z ′ of 3TeV. The orange line also
satisfies R∆MK ∈ [−1.0, 0].

pattern of simultaneously enhancing KL → π0νν̄ and suppressing K+ → π+νν̄ possibly

still allowed by the NA62 and KOTO results.

It is known from various studies that such a pattern can be obtained through the in-

troduction of new operators and the most effective in this respect are scenarios in which

both left-handed and right-handed flavour-violating NP couplings are present, breaking the

correlation between K0−K̄0 mixing and rare Kaon decays and thereby eliminating the im-

pact of the εK constraint on rare Kaon decays. The presence of left-right operators requires

some fine-tuning of the parameters in order to satisfy the εK constraint but such operators

do not contribute to rare decays and the presence of new parameters does not affect di-

rectly these decays. Examples of such scenarios are Z ′ models with LH and RH couplings

considered in [64] and the earlier studies in the context of the general MSSM [90–94] and

Randall-Sundrum models [95, 96]. See in particular figure 6 in [95] and figure 7 in [64].

Needless to say also the correlations between NP contributions to ∆MK and rare decays

are diluted, although the necessity of non-vanishing complex couplings required by the

hinted ∆MK anomaly will certainly have some impact on rare Kaon decays.

The Left-Right (LR) scenario at 3TeV is defined by

g21q , g21d $= 0 , g11u = −2g11d , (LR-EWP scenario) (4.14)

which is equivalent to the LH-EWP scenario without imposing ∆F = 2 constraints [64].

In figure 10 correlations between ratios for KL → π0νν̄ and K+ → π+νν̄ as in (4.1) are

considered. Clearly no strong correlation is observed when both LH and RH couplings are

allowed as shown in the green region. Where the different curves correspond to the different

absolute values of the coupling g21q and the area inside the curves is allowed. Similarly,

the strong correlation between K+ → π+νν̄ and κε′ observed in the LH-EWP scenario is

absent in the LR scenario because R+
νν̄ also depends on the real part, which is not fixed

through ε′/ε.
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KOTO bound

SM: KL→π0νν
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NA62 bound
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nv

)

Figure 1. The branching fractions of K → πνν,πν̄ν̄ arising from the dim-9 operators versus the
NP scale Λnp for the example described in the text. Also displayed are the corresponding SM
predictions for K → πνν̄ (red and blue horizontal bands) and upper limits from KOTO [15] and
NA62 [19] (blue and red horizontal thin lines). The light-blue region is excluded by the KOTO
bound. The blue dot corresponds to KOTO’s three events.

3 GN-bound violation via EFT operators for K → πS or πSS

In the preceding section, the problem of the NP scale Λnp being too low can be ascribed to

the high dimension of the SMEFT operators. As sketched in section 1, any NP that can

induce KL → π0X with a rate exceeding the SM expectation without conflicting with the

K+ data must have an effective scale Λnp which goes roughly as
(
23000TeV2mn

K

)
1/(2+n),

where mK is the kaon mass and n the mass dimension of the field content of X . Therefore,

one way to increase Λnp is by reducing the dimension of the operators, which is 6+n. If in

the dim-9 operators examined above the neutrino pair, which has n = 3, is replaced with

a scalar field S, which has n = 1, the dimension of the operators can be decreased by 2

and in turn Λnp can be raised to the TeV level. If X = SS instead, the scale will become

Λnp = O(v). In this section, we explore how SMEFT four-quark operators supplemented

with S, which we take to be real and a singlet under the SM gauge group, can give rise to

K → πS transitions which break the GN bound. Moreover, we apply a similar treatment

to the K → πSS case.

3.1 Operators and matching

As is clear from the last paragraph, SMEFT operators that directly give rise to K → πS

at leading order have to be of dimension seven (dim-7). Since S is a SM-gauge singlet, the

quark portions of these operators are none other than the SMEFT dimension-six (dim-6)

four-quark operators [44, 45] which contribute to nonleptonic kaon decays. In the first

column of table 2, we list these dim-6 operators in the Warsaw basis [45]. In the middle

column, we exhibit the relevant operators with one s-quark field in the LEFT approach [46].

The third column contains the results for the Wilson coefficients at the electroweak scale

– 12 –
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ℬ = 10−10

ℬ = 10−10

×
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(S
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)

× ℬ(SM)
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Flavor-violating Z’ coupling Dim.9 ΔI=3/2 operator

ℬ
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πν
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leptoquark, SUSY, charged Higgs, …

dark sector …


 due to loophole in   experiments(X mass / lifetime)

νR

KL → π0X K+ → π+νν



J-PARC KOTO experiment

30-GeV proton

KOTO detectorJ-PARC

KL

Target

KOTO (K0 at Tokai) to search for KL → π0νν̄
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KOTO signal detection
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Analysis flow of 2016-18 data
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Reduction of hadron cluster background
Hadron cluster BG

neutron

Special run to take control sample

neutron

Al target
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(b) Control sample

Figure 8.14: Pt vs. Zvtx of the events after imposing a loose selection criteria on the (a) physics data
sample and (b) control sample.

8.3 Neutron-Induced Background

8.3.1 Hadron-Cluster Background

8.3.1.1 Mechanism

When a beam-halo neutron hits CSI and produces a cluster, another neutron from the hadronic
interaction can produce an additional cluster. If we misidentify two hadronic clusters as photon
clusters, the event can be a background. To suppress the hadron-cluster background, we used the
energy and timing information in CSI.

8.3.1.2 Control Sample

To study this background, we used a control sample taken in the Z0Al run described in Sec. 3.3.3.1.
In this sample, neutrons scattered at the aluminum plate hit CSI and produce the hadron-cluster
background. Using this control sample, two new cuts, CSD-Had and PSD-FFT (see Sec. 7.2.1),
were developed to suppress the hadron-cluster background. Figure 8.14 shows the Pt vs. Zvtx of the
physics data sample and control sample. For these samples, trigger-related cuts, photon-selection
cuts, kinematic cuts for KL→π0νν, shape-related cuts of cluster size and cluster RMS, and the veto
cuts were imposed, while ∆Tvtx and some of the veto cuts were loosened to increase the statistics.
Figures 8.15 and 8.16 show the agreement between the physics data sample and control sample in the
region of 120<Pt<500 MeV/c and 2900<Zvtx<6000 mm excluding the blind region.

8.3.1.3 Contamination in the Control Sample

The photon contamination in the control sample is explained in this section. The beam-core KL

can scatter at the aluminum plate. If such a KL decays into two photons away from the beam-axis,
the event can contaminate the hadron-cluster control sample. To confirm such contamination, the
RCOE distribution was studied because RCOE represents the extrapolated KL positions at CSI (see
Sec. 4.2.3). As shown in Fig 8.17, the KL→3π0 decays with large RCOE increased when the aluminum
plate was inserted, and its amount is consistent with the MC simulation.

Figure 8.18 shows the Pt vs. Zvtx after imposing CSD-Had, CSD-η, and PSD-FFT cuts on the
events shown in Fig. 8.14b and events in the scattering KL→2γ MC simulation. Figure 8.18 indicated
that the contribution from scattering KL → 2γ decays existed in the hadron-cluster control sample.
The fraction of the contamination was estimated to be 3×10−5 by comparing the number of events in
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(b) Scatter KL→2γ MC.

Figure 8.18: Pt vs. Zvtx after imposing CSD-Had, CSD-η, and PSD-FFT cuts on the events in
Fig. 8.14b (left) and events in the scattering KL → 2γ MC simulation (right). The numbers in
red indicate the number of events in each region bounded by lines. The number of events in the MC
simulation is normalized with the number of collected KL’s in the Z0Al run.

using the weighting method, the rejection factor of shape-related cuts was estimated to be (1.8±0.2)×
10−6.

8.3.1.5 The Number of Background Events

The number of hadron-cluster background events was estimated by the product of the background
yield and rejection factor of shape-related cuts. The background yield was obtained as: α×NAl, where
α is the ratio of the number of events in the physics and Z0Al run in the control region excluding the
blind region before imposing CSD-η, CSD-Had, and PSD-FFT cuts, and NAl is the number of events
in the Z0Al run in the signal region before imposing CSD-η, CSD-Had, and PSD-FFT cuts.

In the 2015 analysis, the downstream boundary of the signal region of Zvtx = 4700 mm was used
to avoid the hadron-cluster background. In the 2016–2018 analysis, the rejection factor of the shape-
related cuts of O(10−6) was achieved by introducing new cuts and taking the photon contaminations
into account. Because the hadron-cluster background was suppressed sufficiently, we extended the
downstream boundary of the signal region to Zvtx = 5000 mm. Compared to the 2015 analysis,
the signal acceptance increased by 16%. Based on the rejection factor of 1.8 × 10−6, α = 3.0 and
NAl = 3089, the number of hadron-cluster background was estimated to be 0.017 ± 0.002, as shown
in Fig. 8.21.

8.3.2 CV-π0 and CV-η Background

The CV-η and CV-π0 background are caused by beam-halo neutrons hitting CV and producing η and
π0, respectively. These backgrounds were studied with MC simulations. The yields were normalized
with the ratio between data and MC for events in the region of Zvtx>5100 mm with the loose selection
criteria.

Figure 8.22 shows Pt vs. Zvtx of the events after imposing the KL→π0νν selection criteria on the
CV-π0 MC simulation. No events remained in the signal region, and the number of CV-π0 background
events was estimated to be<0.10 (90% C.L.).

Figure 8.23 shows Pt vs. Zvtx of the events after imposing the KL→π0νν selection criteria on the
CV-η MC simulation. Compared to the cut used in the 2015 analysis to suppress the CV-η background,
the new shape-related cut improved the rejection against CV-η background by 50%, while the signal
acceptance was kept the same. The number of CV-η background events was estimated to be 0.03±0.01.
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Figure 8.16: Distributions of oCSD-Had of two clusters (a), oPSD-FFT of two clusters (b), smaller oCSD-Had

between two clusters, smaller oPSD-FFT between two clusters, and oCSD-η (e) in the physics and Z0Al
run data. The histogram in black (red) shows the physics data (control) sample. Each histogram is
normalized to have the same area. The ratios of histograms between the physics and Z0Al run are
shown below each panel. The error bars represent statistical errors.
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タに入射し 2個のクラスタを形成するという、予期しなかった背景事象を発見した。この背景事象の
削減が極めて重要である。現在、解析によりクラスタ形状の差および波形の差を用いて、1/10の削減
を見込むが、標準理論感度に迫り新物理を探索するには、さらに 1桁以上の削減が必要である。
2個の γ 線による信号事象と、1個の中性子入射からの背景事象のシミュレーションによる事象図

を図 3に示す。色でエネルギー損失の大きさを表し、奥行き方向は 5cmで区切っている。中性子事象
は、入射中性子が直接作る 1つ目のクラスタからさらに中性子が下流側に飛び、離れた位置に 2つ目
のクラスタを形成する。このケースは、XY平面でのクラスタ形状では信号事象と区別できない。奥行
きの特徴を見ると、γ線では結晶上流部での反応だが、中性子による背景事象の 2つ目のクラスター
では結晶下流部での反応となる。この差を取り出せるとさらなる背景事象削減が可能と考えた。つま

  

Y Y
2ガンマ入射 1中性子入射

1つ目

2つ目

奥行き50cm YY

ZZ
X X

図 3: 2個のγ線入射 (左)と、1個の中性子入射による 2クラスタ (右)の事象図。それぞれに XY投
影図と ZYの投影図を示す。ZY図では粒子の飛跡も示す。

り、奥行き方向、Z座標情報を引き出す。座標 (X,Y)と時間 (t)に加え、Z位置の測定をしつつ、エネ
ルギー測定を行う、この新しいコンセプトを「四次元カロリメータ」と呼ぶことにする。これを実現
する為に結晶上流部にも新たに光センサーを設置する。下流部の PMTによる読み出しとの時間差を
測定すると、発光点に応じた時間差を観測することができるはずである。これを新たに開発、KOTO

実験に実装し、背景事象の１桁以上の削減を行う (図 2右)。
この際、カロリメータのエネルギー測定精度を保つためには、上流部の光センサーの物質量が少な

いことが必要で、Multi-Pixel Photon Counter (MPPC)という、低物質量の高感度半導体光センサー
を用いることを着想した。

2©何をどこまで明かにするか
本研究により独自の四次元カロリメータを実現し、KOTO実験の背景事象を削減し、高感度での標準
理論を超える新物理発見を目指す。具体的な感度目標は、崩壊分岐比 10−11台であり、この辺りに予
測される重いゲージ粒子 Z ′、超対称性粒子、Littlest Higgsモデルなどで予言される重いクォークな
どの寄与があれば、発見が可能である。

3©特色、独創性、予想される結果と意義
今回我々が着想している、結晶の両方向から光を読み出し、その時間差を用いて奥行方向の位置を求
める手法は、初の試みであり、独創的である。低物質量光センサーを用い、現有のカロリメータの性
能を損なわず、軽微な拡張で実現できることも大きな特色である。この開発により、新基軸の結晶カ
ロリメータ創出の礎ともなると考える。最終的に、KOTO実験の背景事象を削減し、新物理の兆候を
捕らえることが出来れば、素粒子物理の最大の謎の一つである物質優勢宇宙の起源の鍵を握る可能性
もあり、その後の素粒子物理の研究動向や宇宙の歴史の理解に大きなインパクトをもたらす。
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Figure 9.1: Pt vs. Zvtx of the events after imposing the KL → π0νν selection criteria. The region
surrounded by dotted lines is the signal region. The black dots represent observed events, and the
shaded contour indicates the KL→π0νν distribution from the MC simulation. The black italic (red
regular) numbers indicate the number of observed (background) events in each region.
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Figure 9.2: Observed overlapped-like-pulses in NCC of the second event from the right in Fig. 9.1.
The NCC-Common signal was used for the veto decision. The region inside the vertical solid (dotted)
lines is the veto window (widened veto window). The peak in the NCC-Common existed outside of the
widened veto window. The on-time (off-time) pulse in the rear (front) part of the Individual readout
implied occurring pulse overlapping in the Common readout.
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Figure 9.2: Observed overlapped-like-pulses in NCC of the second event from the right in Fig. 9.1.
The NCC-Common signal was used for the veto decision. The region inside the vertical solid (dotted)
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widened veto window. The on-time (off-time) pulse in the rear (front) part of the Individual readout
implied occurring pulse overlapping in the Common readout.

3 events observed

SES=(7.20 ± 0.05stat. ± 0.66syst.) × 10−10

Phys.Rev.Lett.126(121801)(2021) Post-unblinding analysis

 decay           : 

Halo    : 
Others                : 0.09

Total                  : 

K± 0.87 ± 0.25
KL → 2γ 0.26 ± 0.07

1.22 ± 0.26

estimated to be 1.22! 0.26 by adding the central values of
each background source. Note that the backgrounds from
K! and beam-halo KL → 2γ decays were not known when
we first looked inside the blind region, and they were added
after performing the studies described later in this Letter.
The KL → 3π0 background arises from photon detection

inefficiency in veto counters mainly due to accidental hits
overlapping a photon pulse and shifting its measured time
outside the veto window. To suppress this type of back-
ground, a pulse-shape discrimination method was intro-
duced by applying a fast Fourier transform (FFT) to the
waveform recorded by the veto counters. We prepared
templates in the frequency domain of the single hit wave-
form collected from data, and calculated a χ2 value based
on the difference between the observed waveform and the
template. When the χ2 value exceeded a given threshold,
the veto window was widened to accommodate possible
timing shifts due to overlapping pulses. The number of
background events from KL → 3π0 was studied with
the MC simulation, and estimated to be 0.01! 0.01.
The numbers of KL → 2π0, KL → πþπ−π0, and KL →
π!e∓ν background events were estimated to be < 0.08,
< 0.02, and < 0.08 (90% C.L.), respectively. Backgrounds
from other KL decays were estimated using MC simula-
tions and their aggregate number was estimated to
be 0.005! 0.005.
The hadron-cluster background is caused by two had-

ronic clusters being misidentified as photon clusters in CSI.
This can occur when a beam-halo neutron hits the CSI and
produces a cluster, and another neutron from the hadronic
interaction produces an additional cluster. With the inser-
tion of a 10-mm-thick aluminum plate in the beam at
Z ¼ −634 mm, we collected a control sample with an
enhanced number of scattered neutrons hitting the CSI.
Using this sample, an algorithm using a convolution neural
network was developed to discriminate neutrons from
photons, based on their cluster’s energy and timing patterns
in CSI as well as their reconstructed incident angle.
Additional discrimination power was obtained by applying
the FFT to the waveform of each CSI crystal and

calculating the likelihood ratio of templates in the fre-
quency domain for both the photon and neutron clusters.
The combined reduction of these shape-related cuts against
hadron-cluster events (Rshape) was estimated to be ð1.8!
0.2Þ × 10−6 after taking into account photon contamina-
tions in the control sample. The number of background
events was calculated from Rshape × α × NAl and was
estimated to be 0.017! 0.002, where α is the ratio of
the number of signal and control sample events in the
region of 120 < Pt < 500 MeV=c and 2900 < Zvtx <
6000 mm excluding the blind region before imposing
shape-related cuts, and NAl is the number of control sample
events in the signal region before imposing shape-
related cuts.
The CV-η and CV-π0 backgrounds are generated when

beam-halo neutrons hit CV [31] and produce η and π0,
respectively. CV is a charged-particle veto counter made of
plastic scintillator strips and located in front of CSI. The
upstream-π0 background is generated when beam-halo
neutrons hit NCC and produce π0. NCC is located upstream
of the decay volume. These backgrounds were studied with
MC simulations, and the yields were normalized with the
ratio between data and MC for events in the region of
Zvtx > 5100 mm for the CV-η and CV-π0 background and
the region of Zvtx < 2900 mm for the upstream-π0 back-
ground with loose selection criteria. The numbers of CV-η,
CV-π0, and upstream-π0 background events were estimated
to be 0.03! 0.01, < 0.10 (90% C.L.), and 0.03! 0.03,
respectively.
Examining the blind region.—With the background

estimation excluding K! and beam-halo KL → 2γ decays,
we proceeded to unblind the analysis and observed four
candidate events in the signal region and one extra event in
the blind region [12]. After we found an incorrect para-
meter setting which affects the timing used to veto events
with multiple pulses in the veto counters, the data were
processed again. After imposing the same selection criteria
to this sample, three of the original four candidate events in
the signal region remained as shown in Fig. 3. Of these, the
second event from the right in Fig. 3 has overlapped pulses
in NCC. The probability of observing such an event is
2.2%. The other events in the blind region have no such
features.
Background studies after examining the blind region.—

Two new types of backgrounds, one from K! decays and
one from beam-halo KL → 2γ decays, were found and
studied after examining the blind region.
A K! generated in the collision of a KL with the

downstream collimator can enter the KOTO detector.
Among K! decays, K! → π0e!ν is the most likely source
of background because the kinematics of the π0 is similar to
the one from the KL → π0νν̄ decay. The K! flux at the
beam exit was evaluated using a K! → π!π0 decay sample
taken in 2020 with a dedicated trigger (π!π0 trigger). The
π!π0 trigger selected events with three clusters in CSI, one

TABLE II. Summary of the numbers of background events with
a central value estimate.

Source Number of events

KL KL → 3π0 0.01! 0.01
KL → 2γ (beam halo) 0.26! 0.07a

Other KL decays 0.005! 0.005
K! 0.87! 0.25a

Neutron Hadron cluster 0.017! 0.002
CV η 0.03! 0.01

Upstream π0 0.03! 0.03
Total 1.22! 0.26
aBackground sources studied after looking inside the blind
region.
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Distribution of  backgrounds

To suppress the background from K! decays in future
datasets, we are preparing a new charged-particle veto
counter to be installed in the beam at the upstream edge of
the KOTO detector. We have developed and installed a
prototype consisting of 1 mm2 scintillation fibers in 2020
and its performance was checked. We are also considering
to install a new sweeping magnet at the beam exit to reduce
the number of K!s entering the KOTO detector. To
suppress the background from beam-halo KL → 2γ decays
in future datasets, we are developing new cuts to extract the
true incident angle of the photons based on the cluster
energy and shape. We expect that these improvements will
suppress backgrounds from K! and beam-halo KL → 2γ
decays.
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FIG. 5. Reconstructed π0 transverse momentum (Pt) versus π0 decay vertex position (Zvtx) plot of the events after imposing the
KL → π0νν̄ selection criteria on the (a) K! → π0e!ν and (b) beam-halo KL → 2γ MC simulation. The size of rectangles represents the
number of events in arbitrary units. The numbers indicate the number of background events in different regions.
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To suppress the background from K! decays in future
datasets, we are preparing a new charged-particle veto
counter to be installed in the beam at the upstream edge of
the KOTO detector. We have developed and installed a
prototype consisting of 1 mm2 scintillation fibers in 2020
and its performance was checked. We are also considering
to install a new sweeping magnet at the beam exit to reduce
the number of K!s entering the KOTO detector. To
suppress the background from beam-halo KL → 2γ decays
in future datasets, we are developing new cuts to extract the
true incident angle of the photons based on the cluster
energy and shape. We expect that these improvements will
suppress backgrounds from K! and beam-halo KL → 2γ
decays.
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FIG. 5. Reconstructed π0 transverse momentum (Pt) versus π0 decay vertex position (Zvtx) plot of the events after imposing the
KL → π0νν̄ selection criteria on the (a) K! → π0e!ν and (b) beam-halo KL → 2γ MC simulation. The size of rectangles represents the
number of events in arbitrary units. The numbers indicate the number of background events in different regions.
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Figure 9.1: Pt vs. Zvtx of the events after imposing the KL → π0νν selection criteria. The region
surrounded by dotted lines is the signal region. The black dots represent observed events, and the
shaded contour indicates the KL→π0νν distribution from the MC simulation. The black italic (red
regular) numbers indicate the number of observed (background) events in each region.
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Figure 9.2: Observed overlapped-like-pulses in NCC of the second event from the right in Fig. 9.1.
The NCC-Common signal was used for the veto decision. The region inside the vertical solid (dotted)
lines is the veto window (widened veto window). The peak in the NCC-Common existed outside of the
widened veto window. The on-time (off-time) pulse in the rear (front) part of the Individual readout
implied occurring pulse overlapping in the Common readout.

 backgroundsK± Halo  backgroundsKL
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Backgrounds found in post-unblinding analysis
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1st collimator

One of the charged kaon generation mechanism
!) → !± @ 2nd collimator

Key of this background
• #" from !± → #"&±$ : finite transverse momentum
• Only 1 extra particle (e±) for veto

2nd collimator

π0->2γ

e±
%*

ν
sweeping 
magnet

Absorber

1.Charged K : # of BG = 0.87 / 1.22(total)

28

KL → 2γKL

2.Halo K→2γ : # of BG = 0.26 / 1.22(total)

K+ → π0e+νe(ℬ = 5%)

 ratio = K±/KL 2.6 × 10−5

Halo/core ratio O(10−5)



Evaluation of  fluxK±

VETO

VETO

𝐾±

CSI calorimeter

π±

2γ
K± → π±π0

coincident hit in CV, and no coincident hits in other veto
counters. In the off-line analysis, the cluster closest to the
extrapolated position of the CV hit into CSI was identified
as charged, while the others as neutral. The Zvtx was
reconstructed from the two neutral clusters with the π0

assumption. The π! direction was calculated from the Zvtx
and the charged cluster position in CSI, and its absolute
momentum was obtained by assuming the Pt balance
between the π0 and π!. The energy of the charged
cluster (Eπ!) was required to be 200 < Eπ! < 400 MeV
to select a minimum-ionizing particle. The reconstructed
K! invariant mass (MK!) was required to be
440 < MK! < 600 MeV=c2. Figure 4 shows the MK!

distribution after imposing the K! → π!π0 selection
criteria except for the requirement on MK! . Based on
847 K! → π!π0 candidate events, the ratio of the
K! to KL flux at the beam exit was measured to be
ð2.6! 0.1Þ × 10−5. Figure 5(a) shows the Pt versus Zvtx
plot of the background events from the K! → π0e!ν decay
MC simulation after imposing the cuts. The number of
background events from K! decays (NK!

BG) was estimated to
be 0.84! 0.13, where 97% comes from K! → π0e!ν
decays. The discrepancy in the acceptance between data
andMC for the cuts used in theKL → π0νν̄ analysis against
K! decays was studied using another control sample
collected in the 2020 special run. This control sample
consisted of data taken with the physics trigger while the
sweeping magnet in the beam line was turned off to
enhance the K! flux at the beam exit. We simultaneously

collected data with the π!π0 trigger in this magnet-off
configuration to normalize the K! yield. We observed 27
events in the signal region after imposing the cuts to the
control sample. This number agreed with 26.0! 3.2
events expected from the K! decay MC simulation. The
ratio of these two numbers (RAK!

) was calculated to be
1.04! 0.26, where the uncertainty comes from the K!

spectrum difference between the configurations of the
magnet on and off, as well as statistical uncertainties.
Finally, NK!

BG was corrected with RAK!
and was estimated to

be 0.87! 0.13stat ! 0.21syst.
KL → 2γ decays that occur off the beam axis can be a

background source since the reconstructed Pt can be large
and the cut on the projection angle no longer works.
The yield of the beam-halo KL was evaluated by using
KL → 3π0 events with large RCOE values. After multiplying
the MC expectations by the measured beam-halo KL yield,
the number of the beam-halo KL → 2γ background events
was estimated to be 0.26! 0.06stat ! 0.02syst, where the
systematic uncertainty comes from the MC reproducibility
of the beam-halo KL spectrum. Figure 5(b) shows the Pt
versus Zvtx plot of the beam-halo KL → 2γ back-
ground events from the MC simulation after imposing
the cuts.
Conclusions and prospects.—With the 2016–2018 data-

set, we obtained an SES of ð7.20! 0.05stat ! 0.66systÞ ×
10−10 and observed three events in the signal region. We
estimated the total number of background events to be
1.22! 0.26 with the two new background sources. The
corresponding probability of observing three events is 13%.
We conclude that the number of observed events is
statistically consistent with the background expectation
estimated after finding two new sources. Assuming Poisson
statistics and considering uncertainties [32], we set an
upper limit on the branching fraction of the KL → π0νν̄
decay in this dataset to be 4.9 × 10−9 at the 90% C.L.
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FIG. 4. Reconstructed K! mass (MK! ) distribution after im-
posing the K! → π!π0 selection criteria except for the require-
ment on MK! . The bottom panel shows the ratio of data and MC
events for each histogram bin.
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Evaluation of halo  fluxKL
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VETO

VETO

CSI calorimeter

Halo KL KL → 3π0
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Beam-halo !! → 2' background
• Beam-halo $< flux : evaluated by using $< → 3'= sample
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Core KL

Halo KL

 data was used.


Center Of Energy (rCOE) 

KL → 3π0

Halo  flux: ~  of  MCKL × 7



Reduction of  backgroundK±
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One of the charged kaon generation mechanism
!) → !± @ 2nd collimator

Key of this background
• #" from !± → #"&±$ : finite transverse momentum
• Only 1 extra particle (e±) for veto

2nd collimator

π0->2γ

e±
%*

ν
sweeping 
magnet

Absorber

1.Charged K : # of BG = 0.84 / 1.21(total)
K+ → π0l+ν

0.5

25° gives ~5% ineff. 
at half MIP

<=> 1/20 reduction

Threshold

[# of MIP]

0.05

Development and Performance of a Low Mass In-Beam 
Charged Particle Detector for the KOTO Experiment
Ryota Shiraishi (Osaka University) on behalf of the KOTO collaboration, US-Japan Symposium 2021

1. KOTO Experiment @J-PARC

2. Charged Kaon Background

3. New Detector 4. Performance

5. Summary

ν

veto detectors EM calorimeter(CsI)

KL 2γ

ν̄

(π0)

Search for new physics via KL → π0νν̄
- Direct CP Violation

- BRSM ( ) = 3.0 × 10-11 

- Signal : 

KL → π0νν̄
(π0 → ) 2γ + Nothing

EM calorimeter
veto det.

(e.g.)  K± → π0e±ν

Low energy e± hits an 
insensitive region


→ Fail to veto the event

ν

2γe±
(π0)

30 GeV

proton

Gold 

target

KL

Magnetic

field

K±

2nd

collimator

1st 

collimator

Photon 
absorber

In the analysis of the data collected in 2016-2018,

#BG by K± was 0.87 events (largest BG).

(PhysRevLett.126.121801)

⟶ corresponds to ~20 events at the SM 
sensitivity

Upstream Charged Veto (UCV)
- 0.5mm square scintillating fibers

- Readout by silicon photo-sensors (MPPC)

to veto K± backgrounds

Beam

(not only , but also , , etc)KL γ n

14
4.

5 
m

m

160 mm (design)

MPPCs

Installed here

(Dec. 2020)

Key feature…less inefficiency by rotation

Electron beam test @ELPH (Tohoku Univ.)
To measure inefficiency and 
decide the optimal angle

Purpose: 

Currently the detector is working at J-PARC 
to collect data.

Before installation,

- K± made the largest background in the 
previous dataset collected in 2016-2018.


- Developed a new detector to veto K± BG.

- #BG by K± will be reduced to ~1 event level at 

the SM sensitivity.

=> Set the angle to 25° suppressing neutron 
interactions.

Inefficiency
#events below threshold

total #events=

Core

Cladding
Charged particle Charged particle

0°

Plate with 0.5-mm square

              scintillating fibers 

 to detect and veto  in beam.


Prototype : installed in 2020.

Upgraded and used in 2021

→  (preliminary)

K±

× 1/20



Reduction of halo  backgroundKL

Shower energy and shape

  ~  (preliminary)× 1/20

KL → 2γKL

2.Halo K→2γ : # of BG = 0.26 / 1.22(total)

Halo/core ratio ~O(10−5)

CSI calorimeter

KL
π0 → 2γ

Signal

CSI calorimeterHalo KL
KL → 2γ

Reconstructed Zvtx
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Prospects
History of data taking
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2013 data
(PTEP 2017 
021C01)

2015 data
(Phys. Rev. Lett.
122, 021802)

2019 
data

2020 
data

2021 
data

Apr-Jun

2019-21 data : Comparable or more than 2016-18 data

Suppress background → new results

Accelerator upgrade is planned in 2021.

→Continue to take data for better sensitivity
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Summary
•KLOE-2 
• Data taking was completed. 
• First measurement :  

• Charge asymmetry in   
                 provides CPT violating parameters with the decay 
• First measurements on CPT and T observables  
                            with neutral kaon transition are in progress.  

• KOTO :  analysis of data taken in 2016-18 

• 3 events observed in  search at SES=  

• # of observed events is consistent to expected # of BG   

•  Reduction of new backgrounds→ Future prospects

ℬ(KS → πμν) = (4.56 ± 0.11 ± 0.17) × 10−4

KS → πeν

KL → π0νν

KL → π0νν 7.2 × 10−10

(1.22 ± 0.26)
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