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While the main goal of the J-PARC KOTO experiment is to measure the rare decay K; — z°v7, the
unique setup of KOTO raises the possibility to search for physics beyond the Standard Model, in an attempt
to probe parts of the parameter space which are not covered by other experiments. In this paper, we test the
possibility of using KOTO to search for heavy QCD axions, or axionlike particles, a well-motivated
extension of the Standard Model emerging in a variety of models. In particular, we estimate the sensitivity
of the current KOTO setup as well as KOTO Step 2 for various benchmark scenarios of axion coupling to
the Standard Model. We find that KOTO Step 2 can probe new regions in the parameter space, while KOTO
with its current form can only reaffirm the existing bounds. The obtained axion datasets are available as an
update of the public code of the ALPINIST framework, including implementation of KOTO setups in the
simulation, allowing for interpretation of various analyses as searches for axions in custom models.
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I. INTRODUCTION

Rare kaon decays are a well-known test of the Standard
Model (SM) and serve as a very sensitive probe of new
physics (NP). Two golden channels are K+ — zvo and
K; — #°vp, which are very rare decays with a branching
ratio (BR) at the ~10~!! level. The NA62 [1] and KOTO [2]
experiments aim at measuring these BRs for the first time,
with the latest results given in Refs. [3,4]. Besides testing
the SM, including the Grossman-Nir bound [5], these
measurements probe feebly interacting particles (FIPs)
which contribute to the K — z + invisible decay—see,
e.g., the recent review in Ref. [6].

Both KOTO and NA62 are based on proton-fixed targets,
with 30 GeV and 400 GeV beams, respectively, and far
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detection systems. They can effectively serve as beam-
dump experiments probing NP without relying on kaon
decays, since NP particles can be produced already in the
target. This was pointed out in Ref. [7] in the context of
NAG2 by using a special running mode of the experiment;
see also Ref. [8]. This beam-dump potential was pointed
out as a possible explanation for the three candidate events
in the KOTO 2019 data [9].

In this work, we study the potential of the KOTO
experiment to serve as a proton beam dump for sub-
GeV NP searches. Unlike NA62, KOTO can probe long-
lived new particles in a digamma final state during its kaon
physics running without needing a dedicated trigger or run,
in a completely parasitic scheme; see Fig. 1. This limitation
is caused by the NA62 trigger requiring the presence of a
kaon in the standard data-taking. Due to the differences in
the beam energy and other geometrical factors, we expect
that KOTO will explore a different region of the parameter
space than NA62 and past proton beam-dump experiments.
In particular, we show that the future run of KOTO can
search for NP particles, which are associated with solutions
to the strong CP problem.

Our primary benchmark model is the axion, a, which is a
compelling addition to the SM because it potentially solves
the strong CP problem [10-13], and it can be by itself a
dark matter (DM) candidate [14-16]. A similarly motivated
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FIG. 1. A schematic illustration of the KOTO layout for Step 1
(Step 2). See text for details.

case is the axionlike particle (ALP) as a pseudo-Nambu-
Goldstone boson of spontaneously broken global symmetry
at a high scale f,. It can also provide a portal to the dark
sector [17-20]. In both cases, we focus on the SM gauge
field interactions, which are given by

LD o620 GaL,GM + cyp ot B, B
8 fa 8zf, "
o»a ~
+CWW8 Zf WWJW”U’ (1)

where cgg ppww are dimensionless parameters. The SM
gauge field strength is given by Gj,, B,,, and W, for the
strong, hypercharge, and weak interactions, respectively;
a, = g2/(4x) is the strong gauge coupling, and similarly
for ay and a,. We assume the axion/ALP mass is sub-GeV,
heavier than the QCD contribution in the light of heavy
QCD axion models [21-28], which revives the low
decay constant from the long-standing bounds [29-34].
Furthermore, f, < 10 TeV is favored by the axion quality
problem [23]. Since this scenario is potentially discovered
in laboratories, experimental data have been reinterpreted,
leading to additional constraints. Promising probes based
on future experiments have also been proposed [3,33—43].
Hereafter, we collectively refer to the heavy QCD axion
and ALPs as axions, where the mass and the couplings are
independent parameters.

In the following, we discuss the KOTO experimental
setup and data-taking modes in Sec. II. In Sec. III, we
describe the axion production and decay. The quantitative
impact of this analysis is shown in Sec. IV, where we derive
the bounds from current data and estimate the projection for
future data-taking. We conclude in Sec. V.

II. KOTO SETUP AND DATA-TAKING

In this work, we exploit several past and future setups
of the KOTO experiment while accounting for the
available information on the experimental conditions.
These setups fall into two independent categories: one
regarding the experiment layout, and one regarding the
data-taking mode.

We consider two experimental layouts as follows:

(1) Step 1: The present 2022 layout, which was also

used in the 2015 data-taking [44].

(2) Step 2: The proposed setup for the future, as
described in Ref. [45].
A schematic view of the setups is found in Fig. 1. For both
steps we consider two data-taking modes:
(1) Kaon mode: the standard mode with a K; beam.
(2) Beam-dump mode: A special run in a beam-dump
mode, which includes a shield that blocks the beam
(beam plug) and different selection cuts.

A. The experimental setups

In both setups, the experiment uses a primary 30 GeV
proton beam from the J-PARC main ring. The proton beam
impinges on a golden target T1 and generates a secondary
hadronic beam which, besides other particles, consists of
K . In the present setup, Step 1 [44], the experiment axis is
under a 16° angle with respect to the primary proton beam,
and its front end is located 21 m from the T1 target with a
set of collimators, sweeping magnets in between for
forming the neutral K; beam, and veto detectors for
upstream background suppression. The Csl calorimeter
(ECAL), located 27 m from the T1 target, has a 2 m
diameter with a 15 cm x 15 cm central hole for the beam.
The decay volume is 2.9 m long and precedes the ECAL.

The proposed KOTO Step 2 setup [45] with a higher
intensity beam assumes a 5° angle between the detector
and the primary beam. We assume the beginning of the
decay volume to be 45.75 m away from the target. The
calorimeter size is increased to a 3 m diameter with a
20 cm x 20 cm central hole for the beam, and it is located
64 m from the target.

In a special beam-dump mode during the operation with
the Step 1 setup [46], a beam plug was placed to close
the K; beamline; however, the sweeping magnet was not
functional. The dataset of this run is smaller than in the
kaon mode. We do not know if the backgrounds stated in
Ref. [46] could be further reduced at the analysis level, but
without a functioning sweeping magnet, a 0-background
setting with the acquired data seems unlikely to us. With a
functional sweeping system or a dedicated run with
optimized magnet sweeping, one may be optimistic that
a small background can be achieved.

The above-described experimental layouts and modes
are implemented in the ALPINIST framework [47] together
with specific selection conditions, such that simplified
simulations of axion production and decays can be per-
formed for the interpretation of KOTO sensitivity for
axion detection. The updated code and datasets are publicly
available at [48]. Details of the datasets and selection
conditions are given in the following Sec. II B.

B. KOTO data-taking modes and their interpretation

While operation in the beam-dump mode can potentially
allow a direct search for particles beyond the SM in a
background-clean environment, the majority of the data are
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collected in the kaon mode, with the main aim to measure
the extremely rare K; — #’vi decay.

1. Kaon mode

In the kaon mode, searching for particles of different
origin than in the K; decay may prove to be challenging
due to the backgrounds originating both from the beam and
from upstream. Nevertheless, since K; — 7% with a
consequent 7° — yy decay has the same signature as the
axion a — yy decay, this provides an opportunity to
reinterpret the (non)observation of the 7z%o signal to
constrain also the axion parameter space—see, e.g.,
Ref. [9]. Unlike SM particles, axions can propagate through
the beamline elements and upstream detectors, and they can
decay off-axis from the neutral K; beam. Obviously, the
different kinematics of these two options would render a
dedicated analysis for the case of the axion possibly more
sensitive than what we state below.

For the reinterpretation of the K; — #°vb search as an
axion search, we reanalyze the a — yy decays simulated
using the toy Monte Carlo implemented in the ALPINIST
framework, assuming the K; — 7°vi selection conditions
for the Step 1 analysis of 2015 data [44] for the future
Step 1 run [49] and for Step 2 [45]. These are summarized
in Table I. In particular, we are implementing cuts on the
following kinematic variables: the photon cluster coordi-
nates in the plane perpendicular to the K; beam axis, x, ,
and y, ,; and r, which is the separation distance between
the photon clusters. R-qg is the center-of-energy-deposited
distance from the beam, based on the photon position at
the calorimeter (x,,,, y,,,) and the final photon energies,
E, .. The photon separation angle projection on the
calorimeter plane and the angle between the beam axis

0

TABLE 1. The selection conditions for K; — 7% for Step 1
[44] and Step 2 [45]. The Np,r and shape-related cut efficiency
(in parenthesis) are for the future Step 1 run [49].

Step 1 Step 2

<0.85m <135m
Ve 070
min(|x, .|, [y,,,|) >0.15m > 0.175 m
RCOE >02m
r >0.3m >0.3m
0, calo < 150° < 150°
E, +E, > 0.65 GeV > 0.5 GeV
E,, €[0.1,2.0] GeV > 0.1 GeV
E,/E, > 0.2
Zyix €[2.9,6.0] m €[1.75,15] m
E,0, beam > 2.5°GeV e
A,ad 0.52 (0.9) 0.73
Npgr x 107 2.2(14) 60

and the wvv-hypothesis-reconstructed photon momenta are
denoted as 0, .5, and 6, peam, respectively. The z,,, position
is calculated assuming that we are reconstructing an on-axis
7% — yy decay, where z,,, = 0 corresponds to z =21 m
from the T1 target for Step 1 and 44 m for Step 2. Finally,
we quote 4,44, the selection efficiency of additional shape-
related cuts (cluster shape, pulse shape, and shower depth).
Since we do not have more detailed information about
Aaqq, We assume a uniform distribution over the whole
signal region, using the numbers quoted in Refs. [44,45].
As we can see from Table I, the main difference between
the current Step 1 data and the future planned run is the
collected statistics in terms of the number of protons on
target Np,r and the selection efficiency of the shape-related
cut algorithms, which has improved considerably while
keeping a good rejection power for hadronic backgrounds.

In the search for a — yy signal events, we are not limited
to the K; — n°vi signal region, since the a — yy events
have different kinematics; for details, see Sec. IIL
Therefore, we need to estimate the expected N, and
the observed N, number of SM events in the whole
Zyx-Pr.z0 Plane for the various KOTO datasets. For the
Step 1 2015 dataset, we make estimations in all regions in
the z,-pr »0 plane, using the Ny, and Np, shown in Fig. 3
of Ref. [44]. In addition, we estimate the sensitivity of the
region py o > 0.5 GeV that is out of the range of the
referential figure. Since the pion transverse momentum is
expected to be smaller than 0.5 GeV for most of the known
physics processes [50], we assume that there is no SM
background in this region—i.e., N¢,, = 0.

In order to project the KOTO sensitivity for the future
Step 1 dataset, we use the N, backgrounds in the various
Zyx-Pr.0 Tegions which were presented in Ref. [4] for the
Npor = 3.05 x 10" statistics and rescale these numbers to
the expected statistics Npor = 14 x 101° [49]. If we
exclude zvv and the surrounding region (Zyy .z < 5.1 m,
and py 0 < 0.26 GeV), where the number of background
events is large compared to the expected number of a — yy
events,' we get N, = 3.35 events with Npop = 14 x 10'%.

For KOTO Step 2, we use Ref. [50] to estimate the
background rate in the 1.75 m < zyx < 15 m and py 0 >
0.4 GeV regions. We find N, ~ 1.38 events with Np,p =
6 x 10?0 statistics (assuming again that there is no back-
ground in the py 0 > 0.5 GeV region for z, < 15 m).

2. Beam-dump mode

In the beam-dump mode, so far KOTO has collected data
corresponding to Np,r = 2.2 x 10'7 [46], which is about 2
orders of magnitude less than in the kaon mode. For our
projection of the beam-dump mode, we assume that

'"The SM K, — 7% is considered to be a background for the
search for a — yy decay.
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10 times more data will be collected in this mode (i.c.,
Npor = 2.2 x 10'8), while keeping the background under
control (i.e., we consider a background-free search).
We explore this case for both KOTO Step 1 and KOTO
Step 2 layouts,2 assuming A,qq = 1. The selection con-
ditions are simply both photons being in the calorimeter
acceptance with cluster distance > 0.3 m (as used in the
7% analysis). For KOTO Step 1 dump mode, we require at
least 50 MeV deposited on the calorimeter per photon; and
for KOTO Step 2, we require at least 100 MeV per photon
and at least 500 MeV in total deposited on the calorimeter.

III. AXION PRODUCTION AND DETECTION

The conventional axion production at the K; experi-
ments is from K; — 7°a decay, which is CP-violating and
thereby suppressed. Here, the relevant production to probe
the long-lived axion occurs at the fixed target T1 where K
is produced—i.e., in the proton-gold collisions. We con-
sider two production mechanisms: Primakoff production
and axion-meson mixing, both implemented in the
ALPINIST framework, which uses PYTHIA 8 [51] to generate
meson distributions. In the following, we show the axion
production yields for these mechanisms for the 30 GeV
proton beam. The validation of obtained yields with the
detector under the 16° angle is given in Appendix A. As
shown in Ref. [8], the yield and the momentum spectrum is
well described by PYTHIA 8 also for angles smaller than 16°
and higher beam energy.

A. Axion production in the target

The gluon coupling c;; induces the axion mixing to
the neutral mesons of the same quantum numbers,
Pe{n° n,n'}. The axion yield from mixing production
is then approximately given by

N?iX%NnO' |9an‘2+N11' |9a17|2+N71" |9lli’]/2’ (2)
where N is the production yield of neutral pion, 8, is
the pion-axion mixing angle, and similar notations are

applied to # and #/. To leading order in f,/f,, the mixing
angles 6,p are

K 2 2
2] N'& aPma—'_maP’ (3)

aP ~ 2 2
fa my — mp

where f, ~ 93 MeV, and we use the same notation for the
kinetic and mass mixing (K p and m,p) as in Refs. [38,47].
The »-#' mixing angle used is sin#,, = —1/3. The
kinematics for the axion mixing production is treated

*The choice of Aug is because we do not find enough
information in Ref. [46] to derive it. Also, we later show that
even with this optimistic choice of A,qq, the sensitivity of the
dump mode is not competitive with that of the kaon mode.

according to Appendix D of Ref. [47]. The Primakoff
process is governed by the axion-photon interaction

apma ~
CW vfa FI‘VF/M ) (4)

where agy is the fine-structure constant and c,, is the
effective axion-photon coupling. The axion-photon cou-
pling is generated by cpp and ¢y couplings, and for m, <
m,, also by the low-energy contribution of ¢ [37,52,53]:

fa
CW = CBB+CWW—CGG<1.92+ZZf_6aP)’ (5)
P P

where f, = f, and f,, & 73 MeV. There are two sources of
photons in the target that can produce axions in the
interaction with the target nuclei via the Primakoff process:
off-shell photons from the proton of the primary beam [7]
and photons from decays of secondary neutral pseudosca-
lars produced in the target. The latter has been shown to be
dominating [8]. The axion yield from these processes is
given by their sum and is denoted as NE™,

Additional production could be from flavor-changing
kaon decays near the fixed target. With the gluon coupling
cgg» the K*(Kg) = n*(2°)a is not suppressed by a loop or
CP violation [6,43,54]. The cyy coupling induces the
same processes at one loop [55]. These production rates
could be sizable, because the total width of kaons is small;
1.e., the BR is enhanced. However, most kaons are removed
by the collimators or deflected by the magnetic field.
Including these effects, we estimate that K™ — zta is
subdominant. Still, the production from Ky is potentially
interesting due to the shorter lifetime, but it requires a
simulation of Ky transport, which is beyond the scope of
this paper. Therefore, we neglect axion production from K
and K decays.

To summarize, the total axion yield at the T1 target is
approximated to be

N, ~ NI 4 NEem, (6)

where the exact relative contributions of the two mecha-
nisms depend on the specific model. We show the differ-
ential distributions with respect to the axion energy (E,)
and its production angle to the proton beam (0, see Fig. 1)
in Fig. 2 for two benchmarks with axion masses of 40 MeV
and 400 MeV and the couplings being dominated by the
gluon at f,/cqe = 200 GeV and 20 TeV, respectively. In
this coupling benchmark for the m, = 400 MeV case, the
overall production yield from the mixing with z° and 5
exceeds significantly the Primakoff production, while for
smaller axion masses, the Primakoff production becomes
more relevant, similarly to what has been observed in
Ref. [47] for experiments operating with higher beam
energies.
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FIG. 2. Expected axion production yield N, at the target as a function of axion energy, E,, and its angle to the incident proton beam for
two cases of axion masses and couplings. The respective angles at which the detector is placed in Step 1 and Step 2 are shown by solid
lines, with dashed lines indicating the part of the distribution of interest given the ECAL edges.

B. Axion detection mechanism

Given the beam energy and the distance between the
axion production location and the detector, the KOTO
experiment can search for long-lived axions. Below, we see
that for the relevant masses, the dominant decay channel is
a — yy, which is given by

2 3.2
_ aEMma m

2560 f27 ™)
where the effective photon coupling c¢,, is defined in
Eq. (5). For an axion heavier than 1 GeV with nonzero
cgc coupling, the width of hadronic decay modes, such as
a — nan, estimated in Ref. [38], dominates the total width.
However, the relevant final state for search at KOTO is
diphoton, which typically becomes a subdominant mode
for m, 2 0.5 GeV (with large model dependence), result-
ing in reduced sensitivity. Details on KOTO sensitivity for
hadronic axion decays can be found in Appendix B.
Long-lived axions produced at the fixed target can reach
the distant decay volume, and a diphoton decay leaves a
characteristic signal; see a schematic picture of the axion
decay event in Fig. 3. When axions enter the decay volume,
they are almost parallel to the K; beam axis, because the
distance to the ECAL is larger than the ECAL size, but
away from the axis with the distance p,. The two photons
from an @ — yy decay in the decay volume can then hit the
ECAL, mimicking the signal of K, — z°vp. If the standard
reconstruction algorithm for K, — z°vi is applied, the
reconstructed position (dz) will be different from the true
distance between the axion decay point and the ECAL
(dz,), but the event is not discarded. In this sense, this
signal is similar to the halo K; — yy background that the
KOTO Collaboration found in the earlier data, but the

reconstructed distributions are typically different. See
Fig. 29 of Ref. [50] for the distribution.

Contrary to the kaon mode, the detection mechanism in
the beam-dump mode is relatively straightforward, as it is
a dedicated run to search for long-lived particles decaying
to photons.

C. Signal from axion decay in kaon mode

The long-lived axion a — yy decay passes the event
selections described in Sec. IIB1 when p, > 0, which
introduces factitious transverse momentum of the diphoton
system. Some selection criteria are universal, often limited
by the experimental resolution, but the remaining cuts
assume the topology of K; — 7n°(— yy)vv. The KOTO
experiment could implement a dedicated analysis for the

VIX
—%

FIG. 3. A schematic picture of the axion event in the kaon
mode. The disk represents the ECAL, and the axis is the K
beamline. The distance from the ECAL to the upstream is dz.
A typical axion trajectory is almost parallel to the beam axis in
the distance p, (see Fig. 1). If the final-state photons from the
axion decay at dz, leave the energy of E;, with a separation
of Dy, on the ECAL, the vertex position dz is reconstructed on
the beam axis.
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FIG. 4. Axion signal event distributions N, as could be found in the zvv analysis at KOTO Step 2 for specific axion models. For the
analytic understanding of the distributions, we show the lines corresponding to Eq. (11) with p, = 0.175, 1.35 m and a specific E, as

dashed magenta lines.

long-lived particles, but here we simply adopt the standard
K; — 7°vi analysis because the backgrounds are well
investigated. Assuming K; — 7°vb topology for the long-
lived axion decays leads to several nontrivial characteristics
of the axion signal event distribution N, in the zyy-pr 4
plane. Example distributions for parameters for which we
expect interesting sensitivities of Step 2 are shown in Fig. 4.
In the following, we give analytic understandings of the
characteristics based on several simplifications.

We assume that the axion enters the decay volume in
parallel to the beamline with distance p,. The axion
invariant mass is given by the photon energies, £ ,, and
the opening angle, 0,,:

m2 = 2E\Ey(1 — cos 0}5) ~ E|E,03,. (8)
Using this, the separation of the two photons on the ECAL,
D,,, is approximately

mg

VEE;

Then, the reconstructed vertex position, assuming the event
topology of K, — v, is given by

\/E E2 m,

~ dza

Dy, ~dz,0\, ~ dz,

©)

dZ—Dlz (10)

3

0

ﬂ 0

b

The distance from the ECAL (dz) is translated to
the standard coordinate system by z,, = L — dz, where
L =6 (20) m in Step 1 (Step 2). Because only the axion
decays in the decay volume are accepted, there exists
a limitation of dz, < dzi™ =2.9(18.25) m in Step 1
(Step 2). This limitation, together with Eq. (10), gives
us a condition on the maximum spread of the distribution

over the reconstructed vertex position as = Zyy >
L — dz™(m,/mp). The boundary z7" is shown as a blue
vertical line in the left panel of Fig. 4.

Another feature can be seen as a correlation with both
p’}o and z,. In the case of K, — 7%, the transverse kick
is from K; decay, and hence p’}o < myg,. However, the
transverse asymmetry of the ECAL hits is merely from
the transverse position of the incident axion. Supposing
the distance from the axion to the beamline is p,, the

reconstructed p’}o is roughly

p;z"2 Eapa ~ Ea
RV RV

where E, = E; + E, is the axion energy. The correlation

(11)

- thx /pa

between p’}o and z,, is explained by the above formula.
Note that p’}o
E,~O(1) GeV.

The last feature that can be observed is the vanishing of
the distribution at large p’;o and z,y, which is a conse-
quence of the two-photon separation cut, D, < 0.3 m.
This can be understood by combining Egs. (9)—(11) with a
simplification of E|, ~ E,/2 as

can easily exceed myg,, because

2m0

03 my/(L (12)

the distribution between the two dashed

-2
- thx + Pa

Therefore,
lines from Eq. (11) vanishes at large p’}o and 7z, at an
approximate bound corresponding to Eq. (12) with
« =135 m.
Since p’}o of the long-lived axion events can be signifi-
cantly larger compared to the K; events or background,
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FIG. 5.

90% C.L. exclusion bounds (filled contours) and projected limits (empty contours) for scenarios (i)—(iii) for all KOTO setups

considered compared to the exclusions from beam-dump experiments, exclusion from B — Ka and K — za decays, and the bound from
the supernova SN1987A (shown as a dashed line, as it is affected by significant uncertainties—see, e.g., Refs. [52,56]).

we use the high-p’fo region. The detail of the signal
region and the expected background yield is discussed
in Sec. IIB 1.

IV. BOUNDS AND PROJECTIONS FOR AXIONS

We derive the bounds for different axion models using
the current KOTO Step 1 results and project the sensitivities
of the future runs. For this purpose, we simulate the signal,
including all production processes—i.e., Primakoff and
meson mixing mechanisms. The various experimental
setups are implemented in the ALPINIST framework, where
we have also generated the datasets’ with the number of
events expected N, for each setup and production mode.
These tables can be further used for showing the N,

*For increasing the precision of the estimated number of
observed events, each mass and decay width bin is evaluated with
2 x 10% axion decay events.

distributions for any setup of model-dependent parameters
using the rescaling module of the framework. In Fig. 5, we
show the current bounds and projections for the expected
sensitivity with future data corresponding to the following
three benchmark models:

(1) Heavy QCD axion: cgg # 0 with cgp = cyw = 0.

(i) Hypercharge dominant: cpp#0 with cyy =

CcG = 0.

(iii) Codominance: cgg = cyww = Cgg-

In Fig. 6, we show the current and projected results for
several fixed masses for variable cg; vs cpp couplings,
which are expected to be similar to the case of cgg VS cyw,
up to the FCNC production.

We compare our KOTO bounds and projections to the
existing bounds from different experiments. We consider
electron beam dumps E137 [35] and E141 [57], where we
use the ALPINIST framework for the interpretation of the
data provided in Ref. [58], implementation that has been
already done for Ref. [59], and we perform a dedicated
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FIG. 6. 90% C.L. exclusion bounds and projected limits for fixed axion mass and variable cgp and cgs couplings.

analysis to derive the proton beam-dump bounds based on
CHARM [33] and NuCal [36], as done in Ref. [47] (bounds
in gray shade).

The axion can be produced by flavor-changing meson
decays, especially in the presence of cyy and cgg (the
corresponding bounds are shown in the blue shade).
We adopt the results of K™ — zta from Ref. [43] and
apply the bounds of E949 [34,60] and NA62 [3,61]. The
scheme of the recast is found in Ref. [62]. For
B — Ka(— yy), the BABAR bound can be used [42,63].
The two-loop production calculation with csg is found in
Ref. [41]. The contribution from cyy at one loop is
calculated in Ref. [55], but it is numerically subdominant
for the benchmark (iii), so for simplicity, we approximate
B — Ka by the cgg contribution. The total width K™
would be modified significantly for low f,/cggs
which leads to a relevant bound at m, ~ m_. Requiring
BR(K* — nta) <3 x 1073, based on Sec. 2.2.2 of
Ref. [6], results in the bound f,/csc <5 GeV. The
cgg-only scenario is not significantly constrained by the

meson decays, since the production originates from electro-
weak two-loop diagrams. Therefore, in Fig. 6, the meson
decay bounds are omitted because the corresponding
bounds in the limit of the benchmark (ii) are unknown.
Finally, the shown SN1987A bounds are those derived in
Ref. [52] but are plotted with a dashed line, as their
robustness is under debate [56].

We find that at Step 1, KOTO cannot probe new regions
in the parameter space, and it is sensitive only in regions
already covered by other proton beam-dump experiments
for all coupling scenarios. The non-observation of addi-
tional signal on top of the expected backgrounds in the past
KOTO K, — #°0v analyses only confirms the results of
these past experiments. While for scenarios with photon
coupling domination in the future, KOTO Step 2 cannot
compete with the past electron beam-dump experiments
E137 and E141 either, it can probe new regions of
parameter space for larger masses (m, 2, m o) for scenarios
with gluonic coupling thanks to enhanced axion production
through mixing with other neutral pseudoscalars.
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V. CONCLUSIONS

In this paper, we show that the KOTO experiment,
beyond its conventional purposes, can perform long-lived
particle searches in its two different data-taking modes, the
kaon and the beam dump. In both modes, NP particles are
produced at the proton target interaction point and can
decay in the whole decay volume of the detector (see
Figs. 1 and 3). We show that the future KOTO runs will
explore the uncharted parameter space of sub-GeV axions,
which may address the strong CP problem.

First, we show that the kaon mode, where the majority of
the KOTO data are taken, is sensitive not only to K; — 7%
and K; — 7°a [62] but also to axions, which are originating
from the interaction in the proton target and mimic the rare
kaon decay signal. The main difference between the two

signals is that the axion events extend the distribution of p’}o
greater than my, , as shown in Fig. 4. This region is
unphysical for the diphoton events from the kaon decays;
thus, we assume no SM background there. Even though our
derived constraints based on KOTO 2015 dataset are
currently not competitive, they reaffirm the constraints
obtained with experiments of very different topology and
proton impact energy. We have also shown in Fig. 5 that
KOTO in Step 2 can indeed explore new parameter space for
axions with cgg coupling and m, 2 100 MeV, without
changes of the main analysis steps.

Second, we have evaluated projections of KOTO running
in the beam-dump mode as recently presented by the
collaboration [46]. Here we have shown that KOTO, due
to its low proton beam energy and large angle between the
beam and the detector, can especially well explore param-
eter space at very low couplings, complementary to such
searches at higher energies—e.g., NA62 [7], FASER [64],
or DarkQuest [65]. Although the analysis in beam-dump
mode is suitable for searches for long-lived particles, the
sensitivity to the axions is weaker than in the kaon mode
because the expected statistics is significantly lower con-
sidering the KOTO physics goals.

In this study, we have focused on the axions to
demonstrate the proof of concept, whereas similar analyses
could be performed to update the bounds of other long-
lived particles from past proton-beam experiments.
Furthermore, a dedicated analysis for long-lived particles
rather than reinterpretation of the K; — 700 analysis
could further improve the sensitivity, although it requires
additional background studies. This work also updates the
ALPINIST framework [66] to include the KOTO geometry
and the kinematics of the various processes. Thereby, other
scenarios, including axions with different parameter com-
binations, can be easily studied. Following other patches to
the ALPINIST code during the development, the sensitivity
contours for other future and past experiments are also
updated. All updates are publicly available in the frame-
work repository [66].
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APPENDIX A: VALIDATION OF
THE SIMULATION

For the estimation of the axion flux from both the
Primakoff and the mixing production, we first need to
estimate the flux of the 7°, 5, and 5 mesons. For this
purpose, we use PYTHIA 8 [51] for the generation of the pp
interactions. Since we cannot directly validate the meson flux
simulation, we use the measured K; flux at KOTO [67] to
normalize the meson yields. The measured number of K
collimated into 8 x 8 cm? [44] at the end of a 20 m beamline
is (4.2 £ 0.024, £ 0.064,) x 107 K per 2 x 10'* protons
on target, which corresponds to the measured number of K,
per proton on target, Ng°T® ~2.1 x 1077, Therefore, we
normalize the number of mesons simulated by PYTHIA 8 to
the measured number as

sim
_ NL NKOTO

NP - Nsim Ky
Ky

, (A1)

where N3 is the number of (z°, , /) mesons produced per
pp interaction in the simulation. For 10® simulated pp
interactions, after accounting for K; decays assuming the
peak K; momentum 1.4 GeV [44] and 60% loss of K|
due to absorption in the beamline material [67], we obtain
the simulated number of K;’s per pp interaction,
N§™ ~2.0 x 1077, Therefore, N°TO/N§™ ~ 1.05, show-
ing a good agreement between the total number of K;’s
measured and simulated using PYTHIA 8. For the multiplic-
ities of (7%, 7, 1) mesons, based on the simulation,
we obtain

Nsim sim si,m
20

i ~ s i ~
sim sim
K; N K;

Ly
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FIG. 7. Comparison of the K; total momentum distribution
from the simulation used in this work (PYTHIA 8) and the data
derived by KOTO [67] (KOTO Data). The red curve presents a fit
of the data done by KOTO (KOTO Fit).

Furthermore, since axions interact rarely with ordinary
matter, the surface of the axion flux potentially entering
the detector Szi;’ilon is much larger, occupying the whole decay
volume plane. When compared to the K; flux, which is
collimated to the ST = 8 x 8 cm” profile at the end of

the beamline, the ratio of the two surfaces is about
S,/ SKOTO ~ 490,

Finally, in order to validate the kinematic distributions,
we compare the distributions of K; obtained with PYTHIA 8
with the distributions measured by KOTO [67]. As shown
in Fig. 7, a good agreement is observed between the shapes

of the distribution of the K; total momentum from the

Nsig
0.010 1.0000
0.001F__ 0.0100
— 10 0.0001 A
.
3 \
% 1075 1 \ —110°® 4
S 1076 \ L1078 i
107 ) T
10-8 Naig=Niga o+ Nsig2 0 |
Npor=2.2x10"7
cgg=cpw =0

0.5 1.0 1.5 2.0
my, [GeV]

simulation used in this paper and the data measured by
KOTO. This validation for K; gives some credibility also
to the simulated (z°, #, ) distributions at 30 GeV, and
therefore to the validity of the expected axion distributions
which are used in this work. The obtained axion distribu-
tions are publicly available at Ref. [66].

APPENDIX B: SENSITIVITY FOR HADRONIC
AXION DECAYS

KOTO could be in principle sensitive to decays a —
2%72% or a — 37° with a subsequent 7°(n) — yy decay
resulting in a six-cluster event. While studying hadronic
decays in the kaon mode would require a dedicated analysis
to address the various backgrounds, in the case of beam-
dump mode, it is stated in Ref. [46] that no six-cluster
events have been found in the collected sample, indicating
that the K; background is kept under control in this case.

After running a simulation with ALPINIST for a — 37°
and a — 7°2% decays with simple selection criteria on
minimal cluster energy and cluster separation, as for the
a — yy decay in the beam-dump mode, we did not find
KOTO sensitivity with hadronic decays to surpass the
sensitivity using a — yy even for larger axion masses. As
can be seen in Fig. 8 for KOTO Step 2, the difference in the
number of observable signal events N, is by several orders
of magnitude smaller for a combined search for a — 37°
and a — 7°7% decays compared to a — yy. Nevertheless,
for convenience, we also provide the resulting datasets for
these hadronic decays.

my, Nsig
0.010 10000.00f
0.001 100.0000]
— 107 ~-1.0000
3
= 107°F —0.0100 1
< i
S 61— N\
10 \ -0.0001 1

1077

Nsig=Nisig,yy
Npor=2.2x10"7
cpp=Ccyw =0

1078

L

1.0 1.5 2.0
m, [GeV]

FIG. 8. Expected number of signal events N, for given values of axion mass m, and coupling c¢ for scenario (i) with Npyp =

2.2 x 10" in KOTO Step 2 in beam-dump mode. Comparison between N

a — yy decay (right).

sig from a — 7°2% and a — 37° decays (left) and that from
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