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We report the first search for the K; — z’y 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 £ 0.3, £ 1.65) x 1078, no candidate event was observed in the signal region. The upper limit on

the branching fraction was set to be 1.7 x 1077 at the 90% confidence level.
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The K; — 7% decay is forbidden by the conservation of
angular momentum. In the K; rest frame, the spin of a
massless photon must be polarized along the decay axis,
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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, K, — 7% threatens
Lorentz invariance and gauge invariance [1]. Such restric-
tions on K; — 7’ 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 K; — 7'y decay [1,5]. Using charged kaons, the
E949 experiment at BNL searched for the Kt — 71y decay
and set an upper limit on the branching fraction to be
2.3 x 1072 [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 K; beam was produced by protons hitting a gold target,
and was transported into the KOTO detector at an angle of
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16° from the primary beam [7]. Photons in the beam were
removed by a 35-mm-thick lead plate placed in the
upstream, and charged particles were removed by a
sweeping magnet. The solid angle of the neutral beam
after a collimation was 7.8 usr, and the size was 8 x 8 cm?
at 20 m downstream from the target. At the exit of the beam
line, the peak of the K; momentum distribution was
1.4 GeV/c. The K, incident rate to the KOTO detector
was measured to be 7 MHz at a beam power of 50 kW,
based on the measured K; — 27° and K; — 32° decays
(this corresponded to 2 x 1077 K, per proton on target).

The primary purpose of the KOTO experiment is to study
the CP-violating K; — 7°v& decay, which is suppressed in
the SM, and the branching fraction is predicted to be
(3.0£0.3) x 107" [8]. The signature of K; — v is
2y 4 nothing; hence the KOTO detector consists of a fine-
grained electromagnetic calorimeter and hermetic veto
counters surrounding the decay volume. Thus, the appa-
ratus is ideal to search for the K; — 7% decay.

Figure 1 shows the sectional view of the KOTO detector,
in which the z axis is in the center of the beam line. The
decay volume was kept in vacuum of 107> Pa to suppress
interactions between beam neutrons and residual gas. An
electromagnetic calorimeter (CSI), consisting of 2716
50-cm-long undoped cesium iodide crystals, measured
the energies and hit positions of incident photons from
K decays. The central and outer regions of CSI were made
of 2.5 x 2.5 cm? and 5.0 x 5.0 cm? crystals in cross section,
respectively [9,10]. The crystals were stacked inside a
1.9-m-diameter cylinder, leaving a central 20 x 20 cm? hole
for the beam path. The FB, MB, and IB [11] were lead-
scintillator sandwich counters, hermetically covering the
decay volume to veto extra particles from K; decays. The
inner surfaces of IB, MB, and the beam hole of CSI were
covered with plastic scintillators (their thicknesses were 5,
10, and 3 mm, respectively) to veto charged particles. Two
layers of 3-mm-thick plastic scintillation counters (CV) [12]
were placed upstream of CSI to veto charged particles. To
veto charged particles escaping through the beam hole of
CSI, three layers of wire chambers were placed downstream

of CSI in the beam (newBHCYV). To veto photons passing
through the beam hole, four sets of collar-shaped undoped
cesium iodide counters were installed in CSI (CC03) and
downstream of CSI (CC04, CCO05, and CC06). To veto
photons passing through the beam hole, sixteen modules,
each made of lead and aerogel (BHPV) [13], and four
modules, each made of lead and acrylic plates (BHGC),
were placed downstream of CSI. To veto particles going
upstream, a counter made of undoped cesium iodide crystals
(NCC) was placed inside of FB. The waveform of the signal
from all the detector components was recorded with either
125 or 500 MHz digitizers. Details of the KOTO detector are
available in Refs. [14,15].

In this analysis, we used data taken in the periods
of from May to June 2016, from May to July 2017, and
from January to February 2018 with the proton beam
power of 42-50 kW, corresponding to 2.8 x 10'® protons
on target in total. The trigger required an energy deposit of
>550 MeV in CSI with no coincident signals in IB, MB,
CCO03, CC04, CCO05, CCO06, CV, and NCC. The on-line
energy thresholds for the veto counters were set suffi-
ciently higher than those used in the off-line analysis to
avoid acceptance loss. With CSI, the number of clusters
was calculated on-line. A cluster is defined as a collection
of contiguous crystals with energies deposited larger than
22 and 44 MeV for the small and large crystals, respec-
tively. The data with exactly three clusters in CSI was used
to search for the K, — 7% decay. Details of data
acquisition system are available in Ref. [16].

Candidates for K, — 7% were required to have exactly
three clusters, y, 71, and y, (hereafter, 1,2 are indices of two
y’s from z° decay and 0 is for the other y) in CSI. Each cluster
was reconstructed by integrating all adjoining crystals
located within 70 mm and with the deposited energy larger
than 3 MeV [17]. The cluster energy was defined as the sum
of all the energy deposits of the crystals in the cluster. The
cluster timing and xy position were defined as energy-
weighted averages of the timings and crystal locations,
respectively. All the cluster timings were required to be
within 10 ns of each other. The clusters were required to be
outside the beam hole region: max{|x|, [y|} > 150 mm.

FB NCC Hinemos MB MBCV IB IBCV CV CC03 OEV LCV CC04 CC05 BPCV CC06 newBHCV BHPV BHGC
2 Y [m] \ \
1 _§=E=EE§§§_, (2
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—— - \ Y
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FIG. 1. Sectional view of the KOTO detector. The K; beam, pointing in the 4z direction in the figure, was transported from the left

side. The names without (with) underline were for neutral (charged) particles. The origin of the z axis is the upstream edge of FB.
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The decay vertex position of the z° along the beam,

= 7%, was first reconstructed assuming that two of the
three clusters were from the 7°, the decay position was
along the z axis, and the invariant mass, M, ,,, was equal to
the nominal 7° mass. Of the three photon combinations, the
one with the smallest absolute magnitude of two vertex
displacement, Az, = 2%, — zo%, was selected, where zN:
was calculated by assuming that the invariant mass of all
three y’s equals the nominal mass of K; . The four-momenta
of the three y’s were then reconstructed assuming that they

are produced at z%,. The optimization of selection criteria
(cuts) and estimation of acceptances were based on the
Monte Carlo (MC) simulation using the GEANT4 package
[18-20]. To reflect the real beam-related activities, the MC
events were further overlaid with random trigger data taken
during physics data collection.

To avoid bias, we adopted a blind analysis technique: the
signal region (SR) had been defined in the two-dimensional
space of (2%, M 0,), and the selection criteria were deter-
mined using a dataset with all the events in the SR removed.

To gain the largest possible efficiency for K, — 7% while
suppressing the background contribution, the SR was

defined to be 1500mm<z’vffx <3500mm, and 490 MeV <

Mo, < 520 MeV. The range of the decay vertex position

was determined to be more upstream than that of K, — 7%
analysis (3000 mm < z(,’fx < 5000 mm), because the K; —
27° decay contributes to the downstream region. The side-

band regions were used as control regions (CRs). The region
referred to as CR2, defined as 3500 mm < z’vffx < 6200 mm
and 400 MeV < My, < 490 MeV, dominated by K; —

27° decays, was used to calculate the K; yield.

The shape of each cluster in the x-y plane was required to
be consistent with the shape of electromagnetic shower
from a single photon obtained by the MC simulation. The
MC template of the nominal energy deposits and their
standard deviations in crystals was prepared as a function of
the incident angle of y and the observed cluster energy, and
was used to compute a y* value (shape y?). We required all
the y cluster candidates to satisfy y*> < 5.0. These require-
ments discriminated a hadronic cluster due to neutrons or a
fusion cluster from photon overlaps in close proximity. To
further remove clusters produced by neutrons, a neural
network technique (NN) [21] was used to distinguish y
clusters from neutron clusters based on the information on
two-dimensional cluster shape, relative energies of crystals,
energy-weighted xy position of the cluster, timings of the
observed signals in crystals, and the y’s incident angle. All
the y’s were required to have a likelihood of more than 0.8,
which corresponds to 90% efficiency for y’s and x33
reduction for neutrons.

To suppress other K; decays, we required no in-time
signals in the veto counters above each threshold. In
particular, we imposed stringent energy thresholds of

1 MeV in the three barrel counters (FB, MB, and IB)
and NCC. After imposing all the veto cuts, the K, — 2x°
decay was the largest contribution of all the background
sources. This decay mode could be a background if a
photon with a small energy was undetected by the veto
counters or two of the four clusters in CSI fused. To
suppress this contribution, the two vertex displacement was
required to satisfy —100 mm < Az, < 200 mm as shown
in Fig. 2(a). Furthermore, the minimum photon energy of
three y’s (E;“i“) was required to be larger than 600 MeV, as
shown in Fig. 2(b). The K; momentum was calculated as a
sum of momenta of yq, y;, and y,, and its transverse
momentum and polar angle with respect to the z axis were
required to be less than 100 MeV/c¢ and 4°, respectively
(K direction cuts). Figures 3(a) and 3(b) show the
reconstructed mass (M,o,) versus 7 decay vertex (Z’V[fx)
plots after imposing the cuts described above for the K; —
7’y decay and other K, decays generated by MC, respec-
tively. A summary of the estimated acceptances for the
K, = 2%, K, = 27°, and K, — 37° decays at each step
by the MC samples is shown in Table I. From the indices of
1 to 10, the accumulated acceptances are shown, whereas
for 11 and 12, cuts of 1 to 8 are included.

Table I summarizes the expected number of background
events in the SR. The contribution of the K; — 22° events
in the SR was estimated to be

NSR
CR2 ,,CR2 MC
Nobs pzﬂo X NE/IRCZ ’ (1)

where NG®? = 528 is the number of the observed events in
the CR2 region with an energy threshold for photons of
EMin > 300 MeV, Ny (N§i?) is the number of events in
the corresponding region with an energy threshold of
EPi" > 600 MeV (300 MeV) estimated by the MC simu-

lation, and pSK? = 97% is the purity of the K; — 2z°
decay in the CR2.

The number of K; — 32° events in the SR was
estimated based on another control region dominated by
the K; — 37° decays, M3, + M3, > (490 MeV)?, where
Ml?j =(pi+ pj)z, and p; (i = 0, 1, 2) are the four-vectors
of the three y’s [23]. Using the number of events in
this region (NSR = 108) and N3R./N{R < 4.3 x 1073 at
68% C.L., we estimated the number of events in the SR to
be less than 0.5 at the 68% C.L.

If the K; — 2y decay was coincident with an accidental
hit in CSI, it could become a background. We generated the
MC samples of the K; — 2y decay, corresponding to 18
times the experimental data, and found that no events
satisfied the cuts.

Another type of background was the z° production by
an interaction of beam halo neutrons in NCC, where two

photons from the 7z° decay entered CSI with an additional
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FIG. 2. (a) Distribution of the two vertex displacement (Az)
after imposing cuts on the shape y?, y/n separation with NN, K
direction, and all the veto counters. (b) Distribution of the minimum
energy of three y’s (E;,“i“) after imposing the same cuts as (a) and
490 MeV < M 2y < 520 MeV. Points show data, while histograms
of K; — 229 (hatched), K; — 37° (solid), and K; — 7%y (empty),
show MC. The histogram for the K, — 7% decay was obtained
assuming B(K; — 7%) = B(K; — 22°) x 0.01 = 8.64 x 107°
[22]. Red arrows represent the cuts of —100 mm < Az, <
200 mm (a) and EI/""‘ > 600 MeV (b). The bottom regions in both
panels show the ratio of data and MC events for each histogram bin.
For both figures, the events of data in SR were excluded.

accidental hit. We produced a MC sample and confirmed that
the Az, requirement removed all the events in the SR even
without imposing various cuts: shape 2, K, direction, y/n
separation with NN, and E,,;,. We thus set the upper limit to
be 0.02 at the 68% C.L., assuming Poisson distribution.
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FIG. 3. Reconstructed z°y invariant mass (M 0,) versus 7° decay
point (z’v‘fx) plot by the MC simulation with all cuts imposed on
(a) K, — 7% and (b) background events. The left middle region
enclosed by the thick rectangle is the SR and the bottom right is the
CR2. The contours in (a) are linear in arbitrary scale. The peak and
width (o of the Gaussian distribution) of the M 0, distribution are
497 and 9.4 MeV, respectively. In (b), the circular and triangular
markers represent K; — 27° and K; — 3z° decays, respectively.
The markers of K, — 27° and K, — 37° correspond to 0.03 and
1.5 data events, respectively. The numbers in parentheses represent
the predicted number of events by the MC simulation.

The K, — 7%y decay mode could be a background to
K, — 7% if one of the y energies was soft in the laboratory
frame. However, due to its small branching fraction of
B(K; — n%y) = 1.27 x 107 [22], its contribution was
negligible.

We also studied the contributions from K; decays with
charged particles in the final state. The cut on CV hits
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TABLE 1.  Acceptances of the K; — 7%, K, — 22°, and K; — 32° decays at each step of event selection.

Index Selection K, — 2% K, = 2a° K, — 3x°
1 K; decay * 9% 9% 9%

2 Geometry and trigger 2.2 x1073 3.1 x 1074 1.5x 107
3 Shape y? of clusters 2.0x 1073 2.4 %107 1.1 x 107°
4 xy position of clusters 1.9 x 1073 2.2 x 107 9.7 x 1077
5 K; direction 1.8 x 1073 2.0 x 107 5.8 x 1077
6 Veto 7.1 x 107 1.9 x 107 1.5x1078
7 Separation of y/n with NN 5.1 x 107 1.3 x 107 8.2x 107
8 Az 4.9 x 107 42 x107° 9.1 x 10710
9 EMn > 300 MeV 2.4 %107 1.0x 107 4.4 x 10710
10 E““" > 600 MeV 5.0 % 107 4.1x 1078 4.7 x 1071
11 CR2, E;““‘ > 300 MeV 8.9 x 1077 1.2 x 10710
12 SR, E;"" > 600 MeV (2.11 £0.03) x 107 (5.6 £1.8) x 10710

A probability that K; decay occurs in the SR.
suppressed the contributions in the SR to be less than 0.04  the condition of Emln > 300 MeV), € =2.1x1073,

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(K, - n%) = NSR . SES
~NSROB(K, = 22°)eS + B(K, — 37°)eSk? 5
NCR2 SR ’ ( )
obs IZ 4

where NSR is the number of observed events in the SR, SES

is the single event sensitivity of the K, — 7% decay,
NER? = 528 is the number of the events in the CR2 (under

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

Source Number of events
K; = 2a° 0.32 £0.10
K, — 3x° <0.5

K; -2y <0.06
Neutron <0.02

K, — %y 0.020 £ 0.002
Other K; decays <0.04

Total 0.34 +0.10(<1.0)"

“See 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.

€S8 = 8.9 x 1077, and €82 = 1.2 x 107 are the accep-

tances obtained by the MC of the K; — 7y, K; — 2a°,
and K; — 32° decays in each region, respectively, and
B(K; — 22°) = 8.64 x 10™* and B(K; — 32°) = 19.5%
are the branching fraction of the K; — 27° and K, — 37°
decays, respectively [22]. The obtained SES was
(7.1 4 0.3 £ 1.6gy) X 1078, 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 K; —
7% and K; — 2x° decays cancel (K; — 37° 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 E’y“i“,
Az, and the acceptance being inside of the SR. However,
the acceptances of these cuts for the K; — 27° decay are

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 42 and y/n separation with NN 1.5
Geometrical 1.5
Clustering 1.0
Reconstruction 0.3

B(K — 27°) 0.6
Statistics for normalization 4.4

Total 444 D 2244
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much smaller than the K, — 7’y decay, and the evaluation
of the uncertainty of SES by the K, — 27° decay is also
conservative. For this reason, we evaluated their uncertain-
ties using the events in the CR2 by the loosening E;‘““
threshold down to 300 MeV. Shape y?, y/n separation with
NN, and clustering, were evaluated using a different control
sample which is dominated by the K; — 37° 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:

= ndata/’ildata . (3)
nyic/ fivc

where ng,, vc are the numbers of events after imposing all
the vetoes, and 7ig,, 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 K; — 22° 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 K; — 37° decay sample. In fact, when we
loosened the cut on the minimum photon energy (E?‘i“)
from 600 to 300 MeV, the contribution from the K; — 37°
and K; — 27° 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

580
560 | .
C 0
540 : (0:03-+-0.03) i
520 F (4.4 £22)
S i 0 U
é 500 |(0:34-+-0:10) .. R
- C L P
b 480: T
460 [
r 4 20
440 | i(1:6-+-0:2) (23:2-+2.3)
420
4007\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

1500 2000 2500 3000 3500 4000 4500 5000 5500 6000
n° decay vertex position (mm)
FIG. 4. Reconstructed 7% invariant mass (M,,) versus z°
decay point (z(,’?x) plot with all cuts imposed on data. Values are
the numbers of the observed events and lower ones (in paren-
theses) are predictions by the MC simulation.

to B(K; — ) < 1.7 x 1077 at the 90% C.L. This is the
first experimental upper limit set on the K; — 7y decay.

In conclusion, we searched for the K; — n% 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 K; — 7’y decay is 1.7 x 1077 at the
90% confidence level.
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