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Target topology

# of cluster 1 2 3 4 5

Mode γX π0X
γγX

π0π0Xπ0γX π0π0γX

X: invisible (scaler, axion, massive/massless dark photon)

# of cluster 3 4 5 6 7

Mode γX π0X
γγX

π0π0Xπ0γX π0π0γX

X: Decay into two γ
X: Decay into  : depends on X lifetimee+e−
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On-going analysis

# of cluster 1 2 3 4 5

Mode γX π0X
γγX

π0π0Xπ0γX π0π0γX

X: invisible (scaler, axion, massive/massless dark photon)

# of cluster 3 4 5 6 7

Mode γX π0X
γγX

π0π0Xπ0γX π0π0γX

X: Decay into two γ

X: Decay into  : depends on X lifetimee+e−

Dedicated

By-product 
(main mode 

finished)

By-product
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KL → γX
• X : massless dark photon  

• Meaningful :   

• Took single cluster data :  POT 

• Cluster energy > 800 MeV 

• Acceptance :  including decay. 

• Main background : neutron cluster 

•  reduction with cluster/pulse shape. 

• Sensitivity to signal 

ℬ < 10−3 Eur. Phys. J. C (2020) 80 :824 Page 5 of 7 824

Table 1 The second column exhibits the sums of branching fractions
of all the observed decays [43] of the !, "+, #0, #!, and $! hyperons
and of the KL and KS mesons. The last column contains the upper limits

on the branching fractions of yet-unobserved decays of these hadrons
deduced from the numbers in the second column, as explained in the
text

Hadron
Branching-fraction sum

of observed modes
Upper limit on total branching

fraction of yet unobserved modes

! 1.0006 ± 0.0071 1.4 " 10!2

"+ 1.0005 ± 0.0042 8.0 " 10!3

#0 1.00000 ± 0.00017 3.4 " 10!4

#! 1.00000 ± 0.00042 8.3 " 10!4

$! 1.006 ± 0.011 1.6 " 10!2

KL 1.0044 ± 0.0018 1.8 " 10!3

KS 1.00191 ± 0.00071 7.1 " 10!4

decays [43]. This implies that the current hyperon data can
already translate into model-independent restrictions on the
ds% interactions. The extracted bounds onC andC5 can then
be used to estimate the maximal values of the kaon branching
fractions in Eqs. (17)-(19).

To discuss the impact of the hyperon data more quantita-
tively, we reproduce here the branching fractions of the afore-
mentioned FCNC hyperon modes calculated in Ref. [15] and
expressed in terms of C and C5:

B(! # n% ) = 2.75 " 1012!|C|2 + |C5|2
"
GeV2 ,

B("+ # p% ) = 1.54 " 1011!|C|2 + |C5|2
"
GeV2 ,

B(#0 # !% ,"0% ) = 1.61 " 1012!|C|2 + |C5|2
"
GeV2 ,

B(#! # "!% ) = 1.32 " 1012!|C|2 + |C5|2
"
GeV2 ,

B($! # #!% ) = 5.18 " 1012 !
|C|2 + |C5|2

"
GeV2 . (20)

These transitions, if occur, would be among the yet-unobserved
decays of the hyperons. The branching fractions of the latter
have approximate maxima which we can determine indirectly
from the data on the observed channels quoted by the Particle
Data Group [43]. To do so, for each of the parent hyperons, we
subtract from unity the sum of the PDG branching-fraction
numbers with their errors (increased to 2 sigmas) combined
in quadrature. We have collected the results in the third col-
umn of Table 1, where the second column displays the sums
of the branching-fraction values.3

Comparing the hyperon entries in the last column of this
table with Eq. (20), we see that the #0 bound is the most
stringent and leads to

|C|2 + |C5|2 <
2.1 " 10!16

GeV2 . (21)

3 In obtaining these entries, if the PDG numbers have asymmetric
errors, the lower ones are selected.

Combining this with Eqs. (17)–(19) and assuming that for
the KL (KS) cases ImC = C5 = 0 (C = Im C5 = 0), we
then find

B(KL # % % ) < 1.2 " 10!3 ,

B(KS # % % ) < 2.1 " 10!6 ,

B(KL # &0% % ) < 1.0 " 10!6 ,

B(KS # &0% % ) < 1.8 " 10!9 ,

B(KL # &+&!% ) < 9.8 " 10!6 ,

B(KS # &+&!% ) < 1.7 " 10!8 ,

B(K! # &!% % ) < 5.6 " 10!7 ,

B(K! # &!&0% ) < 2.4 " 10!6 . (22)

It is worth noting that the numbers in the last line for the
K! decays are equal to their K+ counterparts. Furthermore,
the predictions in Eq. (22) for the modes with an ordinary
photon have uncertainties of up to about 70% because their
rates depend on a$

T which has an error of order 30%.
The second column of Table 1 also lists the sums of the

branching fractions of the observed KL ,S decay channels.
Since the central values of these numbers exceed unity by
more than 2 sigmas, we may demand that the upper limits
on the branching fractions of yet-unobserved KL ,S modes be
less than the errors shown in the second column. Evidently,
these requirements, which are quoted in the last two rows of
the third column of the table, are satisfied by the respective
KL ,S predictions in Eq. (22).

4 Conclusions

To date there have been numerous dedicated hunts for the
massive dark photon, but they still have come up empty. If
the dark photon exists and turns out to be massless, it would
have eluded those quests for the massive one. Therefore, it is
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∼ 7 × 1016

3.6 × 10−3

10−3 − 10−4

ℬ : O(10−6)
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KL → π0X, γγX
• Analysis of 2015 data for invisible X 

• No update on the 90% CL upper limit. 

• Lifetime dependence of X assuming  decay is studied with 
2016-18 data. 
•   

• No significant change for , upper limit increase for  

• Will be open soon. 

• Interpretation with  is not done yet. 

e+e−

τ : 0.1ns − ∞

mX ∼ 0 mX ≫ 0

γγX

these cuts, and was estimated to be 0.24. Note that this is an
overestimate due to kaon contamination in the control
sample, which we were unable to subtract quantitatively
from the estimation because of the limited statistics.
The background called “upstream !0” was caused by

halo neutrons hitting the NCC counter in the upstream end
of the decay volume and producing !0’s. The reconstructed
Zvtx for such decays is shifted downstream into the signal
region if the energies of photons are mismeasured to be
smaller due to photo-nuclear interactions in CSI, or if one
photon in the CSI is paired to a secondary neutron
interacting in the CSI to reconstruct the !0. This back-
ground was evaluated by simulation, and the yield was
normalized to the number of events in the upstream region
in the data and MC calculations. We estimated the number
of this background to be 0.04.
The background called “CV "” stemmed from the "

production in the halo-neutron interaction with CV [39],
which was a veto counter of plastic scintillator for charged
particles located in front of CSI. In this background, when a
halo neutron hit CVand produced an " meson, and the two
photons from the " decay hit CSI, the two clusters were
reconstructed using the !0 mass hypothesis which pushes
the reconstructed Zvtx upstream into the signal region. This
background was suppressed by imposing a cut which
evaluates the consistency of the shape of the clusters with
the incident angle of the photons originated from the " !
2# decay produced at CV. The number of the background
events was estimated to be 0.04.
Conclusions and prospects.—After all the cuts were

imposed, no signal candidate events were observed, as

shown in Fig. 3. Assuming Poisson statistics with uncer-
tainties taken into account [40], the upper limit for the
branching fraction of theKL ! !0$$̄ decay was obtained to
be 3.0 ! 10!9 at the 90%C.L. The upper limit for theKL !
!0X0 decay as a function of the X0 mass (mX0) was also
obtained as shown in Fig. 4; the limit for mX0 ! m!0 was
set to be 2.4 ! 10!9 (90% C.L.). These results improve the
upper limit of the direct search by almost an order of
magnitude.
Based on this analysis, we developed necessary mea-

sures to reach better sensitivity. We anticipate to improve
background rejection with data collected after 2015, which
corresponds to 1.4 times larger than the data in 2015, with a
newly added veto counter in 2016 [41] and more refined
analysis methodologies, exploiting the substantially higher
statistics of the collected control samples.

We would like to express our gratitude to all members
of the J-PARC Accelerator and Hadron Experimental
Facility groups for their support. We also thank the
KEK Computing Research Center for KEKCC and the
National Institute of Information for SINET4. We thank
K. Yamamoto for useful discussions. This material is based
uponwork supported by theMinistry of Education, Culture,
Sports, Science, and Technology (MEXT) of Japan and the
Japan Society for the Promotion of Science (JSPS) under the
MEXT KAKENHI Grant No. JP18071006, the JSPS
KAKENHI Grants No. JP23224007, No. JP16H06343,
and No. JP17K05479, and through the Japan-U.S.
Cooperative Research Program in High Energy Physics;
the U.S. Department of Energy, Office of Science, Office of
High Energy Physics, under Awards No. DE-SC0006497,
No. DE-SC0007859, and No. DE-SC0009798; theMinistry
of Education and the National Science Council/Ministry of
Science and Technology in Taiwan under Grants No. 99-
2112-M-002-014-MY3 and No. 102-2112-M-002-017;
and the National Research Foundation of Korea
(2017R1A2B2011334 and 2017R1A2B4006359). Some
of the authors were supported by Grants-in-Aid for JSPS
Fellows.
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FIG. 3. Reconstructed !0 transverse momentum (Pt) vs !0

decay vertex position (Zvtx) plot of the events with all the cuts
imposed. The region surrounded by red lines is the signal region.
The black dots represent observed events, and the contour
indicates the KL ! !0$$̄ signal distribution derived from the
MC simulation. The black italic (red regular) numbers indicate
the numbers of observed (expected background) events for the
regions inside the lines.

FIG. 4. Upper limit at the 90% C.L. for the KL ! !0X0

branching fraction as a function of the X0 mass. For comparison,
the limit for the KL ! !0$$̄ decay is shown with the red line.
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these cuts, and was estimated to be 0.24. Note that this is an
overestimate due to kaon contamination in the control
sample, which we were unable to subtract quantitatively
from the estimation because of the limited statistics.
The background called “upstream !0” was caused by

halo neutrons hitting the NCC counter in the upstream end
of the decay volume and producing !0’s. The reconstructed
Zvtx for such decays is shifted downstream into the signal
region if the energies of photons are mismeasured to be
smaller due to photo-nuclear interactions in CSI, or if one
photon in the CSI is paired to a secondary neutron
interacting in the CSI to reconstruct the !0. This back-
ground was evaluated by simulation, and the yield was
normalized to the number of events in the upstream region
in the data and MC calculations. We estimated the number
of this background to be 0.04.
The background called “CV "” stemmed from the "

production in the halo-neutron interaction with CV [39],
which was a veto counter of plastic scintillator for charged
particles located in front of CSI. In this background, when a
halo neutron hit CVand produced an " meson, and the two
photons from the " decay hit CSI, the two clusters were
reconstructed using the !0 mass hypothesis which pushes
the reconstructed Zvtx upstream into the signal region. This
background was suppressed by imposing a cut which
evaluates the consistency of the shape of the clusters with
the incident angle of the photons originated from the " !
2# decay produced at CV. The number of the background
events was estimated to be 0.04.
Conclusions and prospects.—After all the cuts were

imposed, no signal candidate events were observed, as

shown in Fig. 3. Assuming Poisson statistics with uncer-
tainties taken into account [40], the upper limit for the
branching fraction of theKL ! !0$$̄ decay was obtained to
be 3.0 ! 10!9 at the 90%C.L. The upper limit for theKL !
!0X0 decay as a function of the X0 mass (mX0) was also
obtained as shown in Fig. 4; the limit for mX0 ! m!0 was
set to be 2.4 ! 10!9 (90% C.L.). These results improve the
upper limit of the direct search by almost an order of
magnitude.
Based on this analysis, we developed necessary mea-

sures to reach better sensitivity. We anticipate to improve
background rejection with data collected after 2015, which
corresponds to 1.4 times larger than the data in 2015, with a
newly added veto counter in 2016 [41] and more refined
analysis methodologies, exploiting the substantially higher
statistics of the collected control samples.
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and No. JP17K05479, and through the Japan-U.S.
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No. DE-SC0007859, and No. DE-SC0009798; theMinistry
of Education and the National Science Council/Ministry of
Science and Technology in Taiwan under Grants No. 99-
2112-M-002-014-MY3 and No. 102-2112-M-002-017;
and the National Research Foundation of Korea
(2017R1A2B2011334 and 2017R1A2B4006359). Some
of the authors were supported by Grants-in-Aid for JSPS
Fellows.
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FIG. 3. Reconstructed !0 transverse momentum (Pt) vs !0

decay vertex position (Zvtx) plot of the events with all the cuts
imposed. The region surrounded by red lines is the signal region.
The black dots represent observed events, and the contour
indicates the KL ! !0$$̄ signal distribution derived from the
MC simulation. The black italic (red regular) numbers indicate
the numbers of observed (expected background) events for the
regions inside the lines.

FIG. 4. Upper limit at the 90% C.L. for the KL ! !0X0

branching fraction as a function of the X0 mass. For comparison,
the limit for the KL ! !0$$̄ decay is shown with the red line.
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the single event sensitivity available with one month KOTO data corresponds
to O(10�8), which is 30 times larger than E391 analysis. The dominant
background contribution may come from the KL ! 3⇡0 decay, where two �’s
are not detected due to the ine�ciency of detectors or overlap of �’s hits in
CsI.

0.5. KL ! ⇡0a

Another interesting search is to look for axiflavon (a) [7][8] in the KL !

⇡0a decay. This search goes along with the KOTO primaryK0
L ! ⇡0⌫⌫̄ study,

since both decays share the same event signatures, two photons in CsI and
no extra signals in other detectors. The projection sensitivity extracted from
the K0

L ! ⇡0⌫⌫̄ study is around 10�11 at KOTO step-I.

[1] M. Fabbrichesi et al., arXiv:2005.01515 [hep-ph].
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[4] J. Y. Su and J. Tandean, arXiv:2006.05985 [hep-ph].

[5] R. Ogata et al., Phys. Rev. D 84, 052009 (2011).

[6] M. Fabbrichesi et al., Phys. Rev. Lett. 119, 031801 (2017the obtained
upper limits were 10�6-10�5 at 90% C.L. for the mass region of �̄ from
50 MeV to 200 MeV.).

[7] T. Alanne et al., arXiv:1905.07285 [hep-ph]

[8] L. Calibbi et al., arXiv:1612.08040 [hep-ph]
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Axiflavon model discussed for K+ → π+X
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KL → π0γX
• X: massless dark photon 

• Meaningful  

• Took 3 cluster data :  POT 

• Combinatorial error of  with 2 out of 3 clusters is < 10% with kinematic 
selection. 

• Heavier  system 

• SES of  is expected. 

•  background

ℬ < 10−6

∼ 2.8 × 1018

π0

mγX

O(10−7)

KL → 2π0
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KL → π0π0X
• By-product for  search 

• Not mentioned in  

• SES : 

KL → π0π0νν

Eur. Phys. J. C (2020) 80 :824 Page 5 of 7 824

Table 1 The second column exhibits the sums of branching fractions
of all the observed decays [43] of the !, "+, #0, #!, and $! hyperons
and of the KL and KS mesons. The last column contains the upper limits

on the branching fractions of yet-unobserved decays of these hadrons
deduced from the numbers in the second column, as explained in the
text

Hadron
Branching-fraction sum

of observed modes
Upper limit on total branching

fraction of yet unobserved modes

! 1.0006 ± 0.0071 1.4 " 10!2

"+ 1.0005 ± 0.0042 8.0 " 10!3

#0 1.00000 ± 0.00017 3.4 " 10!4

#! 1.00000 ± 0.00042 8.3 " 10!4

$! 1.006 ± 0.011 1.6 " 10!2

KL 1.0044 ± 0.0018 1.8 " 10!3

KS 1.00191 ± 0.00071 7.1 " 10!4

decays [43]. This implies that the current hyperon data can
already translate into model-independent restrictions on the
ds% interactions. The extracted bounds onC andC5 can then
be used to estimate the maximal values of the kaon branching
fractions in Eqs. (17)-(19).

To discuss the impact of the hyperon data more quantita-
tively, we reproduce here the branching fractions of the afore-
mentioned FCNC hyperon modes calculated in Ref. [15] and
expressed in terms of C and C5:

B(! # n% ) = 2.75 " 1012!|C|2 + |C5|2
"
GeV2 ,

B("+ # p% ) = 1.54 " 1011!|C|2 + |C5|2
"
GeV2 ,

B(#0 # !% ,"0% ) = 1.61 " 1012!|C|2 + |C5|2
"
GeV2 ,

B(#! # "!% ) = 1.32 " 1012!|C|2 + |C5|2
"
GeV2 ,

B($! # #!% ) = 5.18 " 1012 !
|C|2 + |C5|2

"
GeV2 . (20)

These transitions, if occur, would be among the yet-unobserved
decays of the hyperons. The branching fractions of the latter
have approximate maxima which we can determine indirectly
from the data on the observed channels quoted by the Particle
Data Group [43]. To do so, for each of the parent hyperons, we
subtract from unity the sum of the PDG branching-fraction
numbers with their errors (increased to 2 sigmas) combined
in quadrature. We have collected the results in the third col-
umn of Table 1, where the second column displays the sums
of the branching-fraction values.3

Comparing the hyperon entries in the last column of this
table with Eq. (20), we see that the #0 bound is the most
stringent and leads to

|C|2 + |C5|2 <
2.1 " 10!16

GeV2 . (21)

3 In obtaining these entries, if the PDG numbers have asymmetric
errors, the lower ones are selected.

Combining this with Eqs. (17)–(19) and assuming that for
the KL (KS) cases ImC = C5 = 0 (C = Im C5 = 0), we
then find

B(KL # % % ) < 1.2 " 10!3 ,

B(KS # % % ) < 2.1 " 10!6 ,

B(KL # &0% % ) < 1.0 " 10!6 ,

B(KS # &0% % ) < 1.8 " 10!9 ,

B(KL # &+&!% ) < 9.8 " 10!6 ,

B(KS # &+&!% ) < 1.7 " 10!8 ,

B(K! # &!% % ) < 5.6 " 10!7 ,

B(K! # &!&0% ) < 2.4 " 10!6 . (22)

It is worth noting that the numbers in the last line for the
K! decays are equal to their K+ counterparts. Furthermore,
the predictions in Eq. (22) for the modes with an ordinary
photon have uncertainties of up to about 70% because their
rates depend on a$

T which has an error of order 30%.
The second column of Table 1 also lists the sums of the

branching fractions of the observed KL ,S decay channels.
Since the central values of these numbers exceed unity by
more than 2 sigmas, we may demand that the upper limits
on the branching fractions of yet-unobserved KL ,S modes be
less than the errors shown in the second column. Evidently,
these requirements, which are quoted in the last two rows of
the third column of the table, are satisfied by the respective
KL ,S predictions in Eq. (22).

4 Conclusions

To date there have been numerous dedicated hunts for the
massive dark photon, but they still have come up empty. If
the dark photon exists and turns out to be massless, it would
have eluded those quests for the massive one. Therefore, it is

123

O(10−9)
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KL → π0π0π0( → γX)
• 5 cluster analysis 

•  or better is expected due to  inefficiency 

• Background from 

O(10−3) γ

KL → 3π0

8



KL → γX( → γγ)
• By-product for  search 

• 90% CL upper limt :   

• The same upper limit for the prompt decay with  

•  reconstruction and  reconstruction with good vertex consistency. 

• BG : 0.34 mainly from 

KL → π0γ

1.7 × 10−7

 

First search for KL ! !0"

N. Shimizu,1 J. K. Ahn,2 B. Beckford,3 M. Campbell,3 S. H. Chen,4 J. M. Choi,2 J. Comfort,5 K. Dona,3 M. S. Farrington,6

N. Hara,1 H. Haraguchi,1 Y. B. Hsiung,4 M. Hutcheson,3 T. Inagaki,7 M. Isoe,1 I. Kamiji,8 E. J. Kim,9 J. L. Kim,2,*

H. M. Kim,9 T. K. Komatsubara,7,10 K. Kotera,1 J. W. Lee,2 G. Y. Lim,7,10 C. Lin,4 Q. S. Lin,6 Y. Luo,6 T. Mari,1

T. Matsumura,11 D. Mcfarland,5 N. A. McNeal,3 K. Miyazaki,1 R. Murayama,1,† K. Nakagiri,8,‡ H. Nanjo,1 H. Nishimiya,1

Y. Noichi,1 T. Nomura,7,10 T. Nunes,1 M. Ohsugi,1 H. Okuno,7 J. C. Redeker,6 K. Sato,1,§ T. Sato,7 Y. Sato,1

T. Shimogawa,12,‡ T. Shinkawa,11 S. Shinohara,8,! K. Shiomi,7,10 R. Shiraishi,1 S. Su,3 Y. Sugiyama,1,‡ S. Suzuki,12

Y. Tajima,13 M. Taylor,3 M. Tecchio,3 M. Togawa,1,‡ T. Toyoda,1 Y. C. Tung,6,¶ Q. H. Vuong,1 Y.W. Wah,6 H. Watanabe,7,10

T. Yamanaka,1 and H. Y. Yoshida13

(KOTO Collaboration)

1Department of Physics, Osaka University, Toyonaka, Osaka 560-0043, Japan
2Department of Physics, Korea University, Seoul 02841, Republic of Korea

3Department of Physics, University of Michigan, Ann Arbor, Michigan 48109, USA
4Department of Physics, National Taiwan University, Taipei, Taiwan 10617, Republic of China

5Department of Physics, Arizona State University, Tempe, Arizona 85287, USA
6Enrico Fermi Institute, University of Chicago, Chicago, Illinois 60637, USA

7Institute of Particle and Nuclear Studies, High Energy Accelerator Research Organization (KEK),
Tsukuba, Ibaraki 305-0801, Japan

8Department of Physics, Kyoto University, Kyoto 606-8502, Japan
9Division of Science Education, Jeonbuk National University, Jeonju 54896, Republic of Korea

10J-PARC Center, Tokai, Ibaraki 319-1195, Japan
11Department of Applied Physics, National Defense Academy, Kanagawa 239-8686, Japan

12Department of Physics, Saga University, Saga 840-8502, Japan
13Department of Physics, Yamagata University, Yamagata 990-8560, Japan

(Received 29 June 2020; accepted 8 September 2020; published 28 September 2020)

We report the first search for the KL ! !0" decay, which is forbidden by Lorentz invariance, using
the data from 2016 to 2018 at the J-PARC KOTO experiment. With a single event sensitivity of
!7.1" 0.3stat " 1.6syst# ! 10!8, no candidate event was observed in the signal region. The upper limit on
the branching fraction was set to be 1.7 ! 10!7 at the 90% confidence level.

DOI: 10.1103/PhysRevD.102.051103

The KL ! !0" decay is forbidden by the conservation of
angular momentum. In the KL rest frame, the spin of a
massless photon must be polarized along the decay axis,

but the back-to-back configuration of two-body decays
does not allow the parallel component of the orbital angular
momentum. In the broader context, KL ! !0" threatens
Lorentz invariance and gauge invariance [1]. Such restric-
tions on KL ! !0" provide the opportunity to search for
new physics beyond the standard model (SM). In particular,
as Ref. [2] suggests, similarly to experiments such as ones
using optical resonators [3,4], Lorentz invariance should be
tested in short distances. Several scenarios predict a finite
rate of the KL ! !0" decay [1,5]. Using charged kaons, the
E949 experiment at BNL searched for theK$ ! !$" decay
and set an upper limit on the branching fraction to be
2.3 ! 10!9 [6] at the 90% confidence level (C.L.); no
measurements have been made for neutral kaons.
The KOTO experiment is being carried out using the

30 GeV main ring accelerator at J-PARC in Ibaraki, Japan.
A KL beam was produced by protons hitting a gold target,
and was transported into the KOTO detector at an angle of
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mX ∼ m0
π

KL π0

KL → 2π0

N. Shimizu(Osaka)

much smaller than the KL ! !0" decay, and the evaluation
of the uncertainty of SES by the KL ! 2!0 decay is also
conservative. For this reason, we evaluated their uncertain-
ties using the events in the CR2 by the loosening Emin

"

threshold down to 300 MeV. Shape #2, "=n separation with
NN, and clustering, were evaluated using a different control
sample which is dominated by the KL ! 3!0 decays.
The largest contribution came from the discrepancies of

the off-line veto acceptances between data and MC. The
systematic uncertainty of a given off-line cut was calculated
using a double ratio:

r ! ndata=n̄data
nMC=n̄MC

; "3#

where ndata;MC are the numbers of events after imposing all
the vetoes, and n̄data;MC are the corresponding numbers
when one of the vetoes was removed. The deviation of r
from 1 was the systematic uncertainty from the off-line
veto. The quadratic sum of all the vetoes was the total
systematic uncertainty due to off-line veto. The second
largest effect came from the systematic uncertainty of the
kinematic selection described before. Similarly to the off-
line veto cuts, we relaxed one of the kinematic cuts and
compared the double ratio between data and MC. This
uncertainty was mainly caused by the limited statistics of
data used for this evaluation. The third largest source of the
systematic uncertainty was from the on-line veto. This was
estimated using data triggered without imposing on-line
vetoes while keeping the information on on-line trigger
decision. This uncertainty was mainly due to the inten-
tionally loosened off-line veto energy threshold of CV set
to minimize the acceptance loss from the accidental hits. As
a result, the on-line threshold was close to that of the off-
line threshold. Uncertainties from on-line cluster counting,
cluster-shape discrimination, geometrical acceptance,
clustering, and reconstruction were smaller than those
from the three aforementioned sources. The uncertainty
of the branching fraction of KL ! 2!0 was taken from the
PDG value [22]. The total statistical and systematic
uncertainties were 4.4% and 22%, respectively.
After determining the cuts described above, we

unmasked the SR and observed no candidate events, as
shown in Fig. 4. The discrepancy between the number of
observed events and the MC simulation in the upper right
region could be explained by the limited statistics of the
simulated KL ! 3!0 decay sample. In fact, when we
loosened the cut on the minimum photon energy (Emin

" )
from 600 to 300 MeV, the contribution from the KL ! 3!0

and KL ! 2!0 decays by the MC simulation increased to
41$ 7 and 47$ 1, respectively, in which uncertainties
were statistical only, and the sum of them was consistent
with the observation of 96 events. Taking into account the
systematic uncertainty of SES [24], the upper limit was set

to B"KL ! !0"# < 1.7 ! 10!7 at the 90% C.L. This is the
first experimental upper limit set on the KL ! !0" decay.
In conclusion, we searched for the KL ! !0" decay,

which is forbidden by Lorentz invariance and gauge
invariance, for the first time. From the data collected
between 2016 and 2018, we observed no candidate events
in the signal region. The first upper limit of the branching
fraction of the KL ! !0" decay is 1.7 ! 10!7 at the
90% confidence level.
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suppressed the contributions in the SR to be less than 0.04
events at the 68% C.L.
The total number of background events and its uncer-

tainty in the SR only includes background estimates with
central values because all of the upper limits came from the
limited statistics of MC samples. On the other hand, if we
conservatively consider the contributions of all the sources,
the upper limit of the number of backgrounds in the SR was
1.0 at the 68% C.L.
The branching fraction of the signal was measured using

the numbers of events in the SR and CR2 as

B!KL ! !0"" # NSR
obs · SES

# NSR
obs

NCR2
obs

·
B!KL ! 2!0"#CR2

2!0
$ B!KL ! 3!0"#CR2

3!0

#SR
!0"

; !2"

whereNSR
obs is the number of observed events in the SR, SES

is the single event sensitivity of the KL ! !0" decay,
NCR2

obs # 528 is the number of the events in the CR2 (under

the condition of Emin
" > 300 MeV), #SR!0" # 2.1 ! 10!5,

#CR2
2!0 # 8.9 ! 10!7, and #CR2

3!0 # 1.2 ! 10!10 are the accep-
tances obtained by the MC of the KL ! !0", KL ! 2!0,
and KL ! 3!0 decays in each region, respectively, and
B!KL ! 2!0" # 8.64 ! 10!4 and B!KL ! 3!0" # 19.5%
are the branching fraction of the KL ! 2!0 and KL ! 3!0

decays, respectively [22]. The obtained SES was
!7.1% 0.3stat % 1.6syst" ! 10!8, where the first and second
uncertainties are statistical and systematic, respectively.
The various sources of uncertainties on SES are sum-

marized in Table III. As Eq. (2) shows, systematic
uncertainties due to common bias between the KL !
!0" and KL ! 2!0 decays cancel (KL ! 3!0 contribution
is only 3%). Thus, we used the events in the CR2 to
conservatively evaluate the acceptances of off-line and
on-line vetoes, common kinematic selection, on-line cluster
counting, geometry, and reconstruction. Kinematic selec-
tions which were not considered to be common were Emin

" ,
!zvtx and the acceptance being inside of the SR. However,
the acceptances of these cuts for the KL ! 2!0 decay are

TABLE I. Acceptances of the KL ! !0", KL ! 2!0, and KL ! 3!0 decays at each step of event selection.

Index Selection KL ! !0" KL ! 2!0 KL ! 3!0

1 KL decay a 9% 9% 9%
2 Geometry and trigger 2.2 ! 10!3 3.1 ! 10!4 1.5 ! 10!5

3 Shape $2 of clusters 2.0 ! 10!3 2.4 ! 10!4 1.1 ! 10!6

4 xy position of clusters 1.9 ! 10!3 2.2 ! 10!4 9.7 ! 10!7

5 KL direction 1.8 ! 10!3 2.0 ! 10!4 5.8 ! 10!7

6 Veto 7.1 ! 10!4 1.9 ! 10!5 1.5 ! 10!8

7 Separation of "=n with NN 5.1 ! 10!4 1.3 ! 10!5 8.2 ! 10!9

8 !zvtx 4.9 ! 10!4 4.2 ! 10!6 9.1 ! 10!10

9 Emin
" > 300 MeV 2.4 ! 10!4 1.0 ! 10!6 4.4 ! 10!10

10 Emin
" > 600 MeV 5.0 ! 10!5 4.1 ! 10!8 4.7 ! 10!11

11 CR2, Emin
" > 300 MeV & & & 8.9 ! 10!7 1.2 ! 10!10

12 SR, Emin
" > 600 MeV !2.11% 0.03" ! 10!5 !5.6% 1.8" ! 10!10 & & &

aA probability that KL decay occurs in the SR.

TABLE II. Expected numbers of backgrounds in the signal
region. The upper limits are at 68% C.L.

Source Number of events

KL ! 2!0 0.32% 0.10
KL ! 3!0 <0.5
KL ! 2" <0.06
Neutron <0.02
KL ! !0"" 0.020% 0.002
Other KL decays <0.04

Total 0.34% 0.10!<1.0"a

aSee the main text for this calculation. The total number of
events and its uncertainty in the SR only include background
estimates with central values because all of the upper limits came
from the limited statistics of MC samples. If the contributions of
all the sources are assumed, the upper limit of the number of
backgrounds in the SR is 1.0 at 68% C.L.

TABLE III. Summary of uncertainties in the single event
sensitivity.

Source Uncertainty [%]

Off-line veto 17
Kinematic selection 12
On-line veto 6.4
On-line cluster counting 1.8
Shape $2 and "=n separation with NN 1.5
Geometrical 1.5
Clustering 1.0
Reconstruction 0.3
B!KL ! 2!0" 0.6

Statistics for normalization 4.4

Total 4.4stat " 22syst

FIRST SEARCH FOR KL ! !0" PHYS. REV. D 102, 051103 (2020)

051103-5

9



Pr
elim
ina
ry

KL → π0X( → γγ)
• By-product of  

•  reconstruction,  reconstruction. 

• Upper limit on  (90%CL) 

• Limited from   background so far. 

• The similar situation is expected.

KL → π0γγ

KL π0

4 × 10−5

KL → 3π0

C. Lin (National Taiwan U.)
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Analysis of special beam-dump run

D1-Plug(inside magnet) 13.7λ

KL-Plug 2.7λ

KL-D1 magnet

• Data taking with physics trigger with beam plugs closed. 

• This data was taken when sweeping magnet was not functional.
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Axion-like particle search
A → γγp + Au → X + A

• Signal characteristics 
• 2 clusters in calorimeter 
• Small radius of center of energy. 
• Photon-like cluster

• Backgrounds 

• BG from KL→  flux evaluate with  decay 

• BG from  → vertex distribution with  assumption 

• BG from neutron → cluster shape information

3π0

π0 π0
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Analysis status

# of events
Two cluster 569

COE radius<200 145
Veto detector 81

Calorimeter fiducial 37
Cluster shape 1

Dominant background spruce :  neutron from primary Beamline 
Signal acceptance should be evaluated with some models
(Momentum distribution, mass, lifetime,…)

Energy : 35875:454:84:3.44
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# of modules
Integral : 11
Underflow : 0
Overflow : 0

Entries
119:3.61
148:3.44
583:31.43
584:3.70
631:19.14
652:43.41
653:3.16
683:3.47
699:18.72
700:80.06
1280:3.69

Energy : 35875:454:84:3.44

~50,150 MeV clusters

Pr
elim
ina
ry• We took data for   pot 

• No 6-cluster events  
( No contribution from  decay ) 

• 2-cluster analysis

2.2 × 1017

KL
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Worth proceed?

• We took data for   pot 

• Assume Axion-like particle production : 1 ALP / POT 

• Assume Solid angle :  

• Assume no loss in beamline 

• Decay probability :  

• Geometrical acceptance 30% 

• Assume   →SES for   → 

2.2 × 1017

7.8 μsr

∼
2 m
βγcτ

βγ = 3 cτ ∼ 1010m τ ∼ 30 sec

A → γγp + Au → X + A

prodcution × decay
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Summary
• 1-4 cluster analysis are on-going. 
• Analysis for beam dump mode is on-going.  
• Will study possibility on 5-7 cluster analysis
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