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We demonstrate that novel limits on prompt axionlike particles (ALPs) in the hard-to-probe mass range
near the neutral pion—the so-called pion chimney—may be obtained from recasting K; — 37z° — 6y data
taken by the J-PARC KOTO experiment, to search for K; — 22% — 6y. We also explore the power of
KOTO 6y data to probe K; — 27°a for a broader range of ALP masses, incorporating displaced decays.

DOI: 10.1103/hpzj-védl

I. INTRODUCTION

It is notoriously difficult to probe axionlike particles
(ALPs) in a narrow interval of ALP masses nearby to the
neutral pion, and with effective couplings ¢/ f, = 10 TeV~!:
the so-called pion chimney.1 This difficulty arises for several
interrelated reasons: (i) at the effective theory level, ALP-
pion mixing is resonantly enhanced for m,, ~ m_o. Thus, for
couplings at which the ALP is usually a long-lived state, it
instead becomes prompt, severely limiting the sensitivity of
searches in which it is assumed to be invisible in the detector
acceptance, as well as the sensitivity of direct searches for
a — yy (i.e., with a negligible electron branching ratio) that
require some displacement of the ALP decay in order to
separate the signal from 7° — yy backgrounds. This results
in an upper limit on the ALP couplings that can be probed.
Further, (ii) limits on prompt a — yy from recasts of
precision diphoton measurements are generically unable to
probe ALP masses near m o, because such measurements
feature cuts on the diphoton invariant mass, m,,, in order
to avoid being overwhelmed by 7z° — yy backgrounds. As
an example, the KTeV data for K; — 7%y [1], which
otherwise sets powerful limits on ALP couplings, applies
an exclusionary cut on the invariant mass window
100 < m,, < 160 MeV, and thus no limit can be derived
in that mass regime.

'At least, so-called by S. Knapen.
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In this paper we show that one may leverage KOTO data
for K; — 37° — 6y to obtain novel limits on K; —
27%a — 6y for prompt ALPs specifically in the pion
chimney, which we take to be 120 < m, < 150 MeV.
We focus on a KOTO dataset corresponding to 2 x 104
protons on target (POT) collected during the first run and
used for the neutral flux calibration measurement, and for
which K; — 32° — 6y data are public. In contradistinction
to most other search concepts, this approach specifically
targets ALPs nearby the pion mass, because only their
K, — 22 — 6y decays are able to pass the tight exper-
imental selections for the K; reconstruction. We show such
an ALP signal would induce distortions in the precisely
measured distribution of the K, reconstructed mass, mi:.
In particular, we show the ALP signal generates single or
multipeak structures that are shifted with respect to the peak
at mg, , and thus enable novel limits on the underlying ALP
couplings to be derived. (This approach might also be
applied to the K, — 27° — 4y flux calibration data, but it
is likely much more challenging because of the lower
statistics and K; — 37° backgrounds, plus likely degra-
dation of the reconstruction efficiency under the details of
the KOTO selection. See also Ref. [2] for a proposed K; —
n%a search at KOTO outside the pion chimney region.)
These limits are distinct from other KOTO searches, such
as for K; — 7°X, with X missing energy [3], or K, —
XX — 4y [4]. The techniques developed in this work might
also be used to derive limits from other K, — 37° datasets,
such as from KTeV [5], provided sufficient detail regarding
experimental selections and reconstruction is available to
permit a recast. We leave the study of the adaptability and
amenability of these techniques to other experiments for
future study.

Published by the American Physical Society
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The K; — 2% decay probes a similar variety of new
physics (NP) couplings as K; — 7%a, but with differing
sensitivities depending on the P and/or CP violating nature
of the NP current. Very close to the neutral pion mass K; —
2% can provide a stronger probe of certain NP models
than K; — 7°a or even K™ — n*a, because of suppressed
CP violation and weak interaction-induced resonant mix-
ing, respectively ([6], see Fig. 5 therein). Thus, constraining
ALP couplings via K; — 27%a searches is phenomeno-
logically well motivated. For further discussion on the
connection of ALPs to flavor physics and flavor probes of
ALPs, see, e.g., [7-31].

This work is structured as follows. In Sec. II we outline
the KOTO detector simulation, event selection, and K,
reconstruction. To simulate K; — 27%a — 6y contributions
to the my spectrum, we develop a simplified simulation of
the KOTO selection and reconstruction, and verify that it
faithfully reproduces the observed K; — 37" — 6y signal
peak. In Sec. III, we develop a phenomenological approach
to parametrizing the line shape profile of the standard model
(SM) backgrounds in the measured mr,?f distribution, and
obtain novel limits on Br[K; — 27%a] within the pion
chimney regime. In Sec. IV, we proceed to explore the
power of KOTO to constrain ALPs lighter than the neutral
pion, via direct searches in the reconstructed diphoton
invariant mass, including the effects of displaced decays
in flight of longer-lived ALPs. (See Ref. [32] for a discussion
of KOTO bounds on long-lived ALPs produced instead in the
KOTO target.) Section V concludes.

II. SELECTION AND K; RECONSTRUCTION

A. KOTO detector system

Details of the KOTO beamline and detector system
configuration can be found in Refs. [33,34], which also
detail the K; — 32 neutral flux calibration measurements
that are central to the analysis in this paper (in particular,
the m}?i distribution provided in Fig. 10 of Ref. [33]).
For the purposes of this work, the salient features of
the experiment are as follows: K;’s are generated by a
production target (T1) approximately 20.6 m upstream
from the beam exit (BE) into the front barrel of the detector.
The fiducial K; decay volume (DV) is approximately 2.9—
6.3 m downstream from the BE. The Csl electromagnetic
calorimeter (CsIC) is located approximately 7.1 m down-
stream from the BE, see Fig. 1.2 The K ©, momentum
distribution is measured at the BE, which is an 8.5 x
8.5 cm? square aperture. The geometric acceptance of the
CsIC is a disc 1.9 m in diameter. It has a 24 x 24 cm?
square beam hole at its center, and makes use of two

*References [33,34] use multiple overlapping coordinate
systems. The specified dimensions are based on our best under-
standing of the specifications therein.

BE DV

20.6m 7.1m .
! T 3.4m 0.8m|

FIG. 1. Schematic profile of the KOTO production target (T1),
beamline (yellow), beam exit (BE), and detector system, includ-
ing the fiducial K; decay volume (DV) and the Csl electromag-
netic calorimeter (CsIC). Not to scale.

different crystal sizes: small 25 x 25 mm? crystals filling a
square central region 1.2 x 1.2m? in size, and large 50 x
50 mm? crystals in the remaining outer region.

B. KOTO detector simulation

We make use of our own custom weighted Monte Carlo
(MC) generator to emulate the core components of the
KOTO detector simulation, including the event selection
and K; mass reconstruction [33,34]. We define the beam-
line as the z-axis with the CsIC at z =0, such that
zr1 = —27.7 m, zgg = —7.1 m, and the DV lies on the
interval Ipy = [-4.2,—0.8] m.

The K; spatial profile over the aperture is well approxi-
mated as spherically symmetrically generated by a point
source at T1. Just as in the KOTO simulation, we generate
the kaon differential flux by drawing from a parametric
Gaussian fit to the measured K; momentum distribution at
the BE [34]. As the energy dependence over the K; — 37°
Dalitz space varies at the (sub)percent level [5,35], for the
purposes of simulation we approximate the differential
decay rate as pure phase space, noting also the 7° — 2y
decays proceed through an S-wave. (Note that the 6-body
phase space measure itself is nontrivial, and thus the
differential rate varies over phase space.) The MC weights
are the normalized differential rates of the K; — 32° — 6y
process multiplied by the K; decay and momentum
probability distributions. These are reweighted from flat
prior distributions in the natural helicity basis coordinates
of the 1 - 3 — 6-body phase space, and flat prior K
spatial and momentum distributions.

The full KOTO detector simulation incorporates show-
ering and clustering in the CsIC, with isolation and timing
requirements. These lead to finite energy and spatial
resolution. Based, however, on the intuition that the finite
granularity of the CsIC crystals is the leading source of
smearing in reconstructed observables, and that the show-
ering and clustering does not bias the spatial reconstruction,
we instead approximate photon hits on the CsIC as single
crystal hits, whose location is reconstructed to be at the
center of the hit crystal. We further treat the truth-level
photon energy as the reconstructed energy of each hit, as
the raw energy resolution of the CsIC is very high. We will
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see below that these approximations lead to an excellent
description of the mig’ distribution, and supply a faithful

representation of the KOTO reconstruction of the K; —
37° — 6y signal. Per the KOTO selection, we require six
reconstructed photon hits in the CsIC acceptance, each with
energy £ > 50 MeV, and isolated by at least 150 mm.

The KOTO reconstruction of the K; makes use of a
perturbative procedure, whose first step assumes the K
decay vertex is constrained to the z-axis, at z = z,, < 0. The
subsequent 7° decays are treated as prompt. For a pairing of
hits of energy E; and E; into a putative 7° decay, the
inferred opening angle of the photon momenta is deter-
mined by the pion mass relation

m}zzo = ZElEl(l — COS 9”) (1)

Combining cos 6;; with the pair’s reconstructed hits on the
CsIC at 7; and 7}, respectively, uniquely defines the locus of
a self-intersecting torus, whose central axis lies along

c_z;i ;=7;—7;. The intersection of this torus with the
negative z-axis determines the reconstructed vertex zé-j of
the pair, for which there may be 0, 1, or (very rarely) 2
solutions: for zero solutions the pairing is rejected as not
reconstructing a 9 vertex, while for two the solution with
the largest |z;/| is chosen (as in this rare case it is more
probable for the K; to have decayed earlier).

There are 6!/(23 x 3!) = 15 possible sets of pairwise
combinations of the six photon hits, labeled by a =1,
2,...15. For each “allowed” set, i.e., one whose three pairs
each reconstruct a vertex, KOTO computes a weighted
average vertex

s Zk:l,zszgk/(dgk)z
’ Zk:1.2,31/<6zk)2 ’
ay 73

in which o) is the uncertainty of z,* within the
reconstruction framework. The allowed set whose weighted
average has the smallest y2 = >, (23" —29)%/(63%)? is
selected as the reconstructed photon pair combination
for the event, and its weighted average vertex is assigned
to be the reconstructed K; vertex, z,. [No upper bound on
min(y2) appears to be imposed in the KOTO selection.]
Only events with z, € Ipy pass selection.

The second step of the KOTO reconstruction procedure
perturbs the constraint that the K; vertex lies on the z-axis.
(Per the geometry of the square aperture at the BE, the
truth-level transverse displacement of the K; vertex is small,
at most ~8 cm.) The “center of energy” of the reconstructed
photon hits on the CsIC, 7z = >_%_| /,E;/>"; E;. is used by
KOTO to approximate the direction of the parent K;
momentum and thus determines the transverse displacement
7, of the parent K; vertex at z = z,, under the assumption
that the kaon was produced from a T1 point source at z,

(2)
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FIG. 2. Top: KOTO data (orange) for the reconstructed K
mass, mig¢, from the K; — 3729 — 6y dataset for 2 x 10'* POT,
versus our MC simulation (blue). Uncertainties in the latter are
due to MC statistics only. Also shown is the line shape SM
background fit using the f,; Voigt-like model, see Sec. Il A.
Bottom: ratio of data versus the f 5 fit (dark gray points), and the
68% CL band for the ratio of data versus an approximate
simulation of the K; — 3z° peak plus continuum contributions
(light red band), see Sec. IV B.

using z,, as determined in the first step of this procedure.’
Using {7,,z,} as the K; vertex location, one may then
reconstruct all photon momenta, and thus the K; invariant
mass (as well as the pairwise pion invariant masses).

In our MC we apply the same selection and
reconstruction procedure, but with the following simplifi-
cations: based on the intuition that the ¢ uncertainty is
mainly driven by detector CsIC crystal granularity, which
in turn scales with the areas of CsIC crystals, we assume
that all pairs with both hits on the central (small crystal)
region have the same vertex uncertainty o,,. For pairs with
one or two hits in the outer (large crystal) region, we then
scale the uncertainty by a factor of 4 and 16, respectively,
per the relative areas of the small and large crystals. As z% in
Eq. (2) and the relative ratios of y2 are unaffected by the
overall scaling of the uncertainties, under this approxima-
tion we may compute each weighted average vertex and
identify z, from min(y2) using the relative uncertainties
alone, without needing to estimate o, itself.

In Fig. 2 we show the resulting mg: distribution (blue)
from a MC sample with 107 initial K;’s at the BE,
compared to KOTO data (orange) from the 2 x 104
POT dataset (Fig. 10 of Ref. [33]). The simulated

The correct quantity for this is the center of longitudinal
momentum, but this is not directly reconstructible at KOTO.
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distribution is normalized to the total number of events in
the KOTO m¥; data—approximately 70 x 10° postselec-
tion—by applying an overall scaling, noting that the MC
statistical errors over the simulated peak are negligible
compared to those in the measured mi" distribution. The
excellent agreement over the peak verifies that our MC
simulation provides a faithful representation of the KOTO
reconstruction of the K; — 3z° — 6y signal. The long tails
in the KOTO data predominantly arise from other back-
ground activity in the detector, such as halo neutron
scattering, coinciding with K; — 37° decays in which
one or more photon pairs miss the calorimeter acceptance.
This ‘“accidental overlay” results in six-photon-clusters
events that generate a continuum background in the m¥®
distribution. We need not simulate these tails to character-
ize the 37" signal peak, nor that of 2z2%a considered below.
Simulation of such backgrounds will be relevant in Sec. IV,
which considers a modified KOTO selection to search
for displaced ALP decays with masses outside the pion
chimney.

The acceptance in our simulation is approximately
19 x 107%, which is somewhat larger than the quoted
43 x 107* acceptance in the full KOTO simulation
[33,34]. The latter incorporates additional selections as
well as the abovementioned showering, clustering, and
timing effects, which may account for the difference. The
results in Fig. 2 demonstrate that these effects do not appear

to significantly bias the shape of the mig’ peak distribution

from K; — 372° — 6y.

C. K; — 2n'a signal

We simulate the K; — 27 — 6y signal by varying the
mass of one pseudoscalar in our treatment of K; — 37°.
We treat the chimney range as a 415 MeV window
around m0,

120 MeV < m, < 150 MeV. (3)
We use the basis-independent chiral perturbation theory
(ChPT) description of the ALP production and decay
amplitudes from Ref. [6] throughout. In the chimney
regime the K; — 27°a amplitude is dominated by ALP-
pion mixing, so that corrections to the energy dependence
of the 27% versus 37° Dalitz spaces are subleading, being
estimated as <10% [6], and may be safely neglected.
Similarly, we treat the ALP as prompt over the entire
chimney and assume that the a — yy branching ratio
dominates those of other decay modes, as generically
expected. Some of our projected limits below extend to
regions in which the ALP lifetime ¢z, ~ mm —cm. This
remains smaller than our estimate of the KOTO vertex
resolution, which we find to be O(10 cm) by propagating
the KOTO photon energy and hit resolutions (Egs. (6.1)
and (6.2) of Ref. [34]) through our simulation of the KOTO

reconstruction. Thus, the ALPs may still be treated as
prompt.

The K; — 27°a signal is generated with the same
overall scaling as derived for the K; — 37° sample, so
that the ALP signal distributions are normalized to the
K; — 37° branching ratio. We generate simulated samples
with 3 x 10® initial K,’s at the BE—sulfficient for sub-
leading statistical uncertainties versus the KOTO data for
2 x 10'* POT—for ALP masses in 2 MeV intervals over
the chimney range, as well as for m, = m . For each m,,
the signal event sample is passed through our simulation of
the KOTO selection and K; mass reconstruction to gen-
erate a my, distribution. Critically, this procedure applies
the pion mass constraint (1) to all pairs of photons, even
those originating from the ALP.

Some intuition is helpful for anticipating the morphology

rec

of the resulting ALP signal line shapes in the m§g®
distribution. In general, for a lighter (heavier) ALP, one
expects photon pairs to be produced in a typically narrower
(broader) cone versus the pion. Under a reconstruction that
assumes the ALP is a pion, one should expect the variation
in the cone to appear to be the result of a typically more
(less) energetic pion, and thus a typically heavier (lighter)
reconstructed kaon. This results in a peak that is shifted
upwards (downwards) with respect to my, .

We may approximately quantify how this expectation
manifests through the application of Eq. (1) by taking
the small opening angle limit and constraining the decay
vertices to the z-axis for simplicity. It follows from Eq. (1)
that for the a — yy vertex, the variation induced in the
reconstructed decay vertex, z§, and in the reconstructed
pairwise opening angle, 6, by the shift 6m = m, — m o,
obeys 6z%/7% ~ —60/6 ~ ém/m . Further assuming the
simplified case that the three reconstructed vertices—i.e.,
z% and z)? for the ALP and two 7°’s, respectively—have
equal uncertainties and that the combinatoric set corre-
sponding to min(y3) remains the same, then misrecon-
struction of the ALP vertex distorts the weighted average
such that 6z, = 6z¢/3. As z§% =~ 42 up to corrections
typically parametrically smaller than 6z%, then also
Z, ~ 2§ and so

07,/ 7y =628 /328 ~6m/3m . (4)

Because the K; momentum is aligned with the beamline
under the assumption that the decay is constrained to the
z-axis, then the sum of photons’ transverse momentum is
zero, while their total longitudinal momentum ), ky ; ~
ST Ei(1=7r7/(272)), in which r; is the hit location of the
ith photon on the CsIC and we take the limit r; < Z,.
Hence, the reconstructed mass mig®* ~ Y, . EE;r; /7,
whence omg /mi’ ~—6Z,/Z,. Combining this with
Eq. (4), one expects that the application of Eq. (1) should
result in shifts in the peak in the m}?i distribution, such that
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FIG. 3. Simulated distributions for the reconstructed K
selection and reconstruction (in blue), compared to the KOTO K

mass, mg',

¢ from K, — 27°a — 6y under our emulation of the KOTO

30 6y data (in orange) for 2 x 10'* POT. For visual clarity, the

ALP signal distributions are normalized such that Br[K; — 22%]/Br[K; — 32z°] = 0.01. The red vertical line indicates the expected

location of the shifted mi’ peak from Eq. (5).

~ —1.26m. (5)

Smge = —[my, /3mo]om

Beyond the small perturbation regime, one may expect

combinatoric misreconstructions to play a role, leading to
another peak near m K,» OF elsewhere.

In Fig. 3 we show the m¥® distributions arising from a

K, = 22% — 6y signal (blue), versus the KOTO data
(orange), for the four cases m, = 120, 132, 138, and
150 MeV. In each case, there is a shifted peak matching
the predictions from Eq. (5) (red vertical lines). For ALP
masses near the edges of the considered mass window,
peaks at mg, and in the far tails also arise, leading to a
multipeak morphology for the ALP signal line shape.

II1. FITS AND LIMITS
A. Line shape model

The measured my” spectrum includes the K; — 370
peak as well as a continuum contribution that results in the
extended high and low tails. To set limits on the K; —
27%a contribution from data requires comparison to a prior
for these SM backgrounds from either theory and/or
Monte Carlo, in order to obtain a background-subtracted
dataset. No first principles calculation of the m¥’ spectrum
is likely possible. Further, one would require a precision
MC simulation that is self-consistently implemented to
avoid tunings to other measurements that may in principle
be sensitive to the same ALP phenomenology being
probed.

To avoid this, we instead adopt a phenomenological
approach to obtain a line shape description of the collective
SM background. Based on the assumption that the true
backgrounds should be smooth, we employ a smooth
functional form in terms of my’ = u (for ease of reading)
that parametrizes the expected morphology: we attenuate
resulting model dependence via information theoretic
techniques, described below. In particular, we choose a
form that incorporates the expected 37" kinematic thresh-
old singularity plus a Voigt profile description of the peak,
modified by rational polynomial prefactors that vanish at
U = 3m o, and have simple large y behavior." Explicitly, we
consider a line shape

n’{l

fzna.n,,(/'i) = \//4 —9m o{zau

{Zbk W —9m o) } Visol—mg, +5m)},
(6)

in which Vs, (u) is the Voigt profile distribution, propor-
tional to the real part of e~ erfc[il], & = (u — i8)/(\V/20).

[/42—9m ]2k 2

“The Voigt profile [36], a convolution of a Lorentzian and
Gaussian, is very widely used as a descriptor of an experimentally
smeared resonance peak. It is often combined in experimental
particle physics with ad hoc descriptions of continuum back-
ground distributions. Here, we use the nonrelativistic version,
though relativistic versions can also be contemplated, see, e.g.,
Ref. [37].
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For the purpose of numerical stability in the fits, we take
starting values of 6 =1 MeV and ¢ =4 MeV in fits to
Eq. (6). The a,; and b, terms have large-u dependence
scaling as u**=3 and p**!, respectively. The free parameters
of this model are the three Voigt parameters o, o, and om,
which control the height, spread, and maximum of the
peak, respectively, as well as the rational polynomial pre-
factor parameters a;, k = 1,...,n,, and by, k =0, ..., n,,.

In all fits we consider, we assume that bin-bin cor-

relations in the m§’ spectrum are negligible: assuming

some degree of (anti)correlation will typically weaken
(strengthen) the power of the limits we derive. Thus,
one should interpret the limits as prospective, not only
because of our phenomenological description of the
assumed smooth line shape, but also pending a fully
fledged analysis within an experimental framework that
incorporates effects of correlations. In order to avoid over-
or under-fitting we use information theoretic techniques to
select the appropriate number of the polynomial prefactors.
Considering all possible models with n, < 3 and n;, < 3, in
order to keep the complexity somewhat low, the Akaike
information criterion (AIC) (see, e.g., Ref. [38]) selects
f43, with nine parameters: a, 4, by 53, 9, 0, and ém. The
resulting “SM background fit” is shown in Fig. 2 along with
the ratio of the data versus the fit in the bottom panel. The
fit y2/dof = 124.3/(95 —9) = 1.45.

B. Approach

Caution and care must be taken in treating the residuals
of the SM background line shape fit as background-
subtracted data to which a K; — 27°a signal distribution
can be compared, because of several complications. First,
just as for the SM backgrounds, there is no closed-form
theory description for the multipeak morphology of the
ALP signal itself, and it cannot be simply modeled as a
narrow peak on top of the fit residuals. Second, the chosen
model of the line shape may not be fully orthogonal to the
morphology of the ALP signal, such that fits to the model
may in principle absorb some of the signal line shape
features, leading to weaker limits. That is, the limits may be
overestimated if this effect is not included.

These complications motivate a combined signal plus
background fit approach, as follows: we introduce an
additional parameter

p = Br[K; — 27%/]/Br[K; — 32°] > 0. (7)

For a given ALP mass and p hypothesis, we subtract the
simulated ALP signal from the measured data and then
reperform the fit to the f, 5 line shape template, yielding a
“subtracted” fit statistic y2, (m,, p). Constructing a like-
lihood ratio with respect to the SM background fit, which
has g = ¥ (1. 0), yields

&% (Mg, p) = X (Mg p) = 45 (8)

which is strictly positive provided that the data currently
set only limits on p (verified below), equivalent to the
hypothesis that the true value is at p = 0. Because p > 0
only, this 8y is then distributed as a 1:1 admixture of
a 0 and 1 degree of freedom y? [39], i.e., with probability
density function p(x) = 1/2[5(x) + p,(x)]. Thus, a
90% CL on p corresponds to §y*(m,,p) < 1.64.

Although we have argued the residuals of the SM
background fit in Sec. III A should not be used directly
to obtain a limit, we use them to obtain a “naive” limit for p.
Over a range of p values covering this naive limit, we then
refit the f,3 line shape to determine &y?(m,,p), and
interpolate to obtain the 90% CL. (In principle, one should
reperform the AIC model selection for each refit. However,
the shift in the criterion value from the naive to full
treatment is smaller than the shift in the AIC to other
models, such that f43; remains the optimal model in the
considered model space.)

C. Results

As above, we consider ALPs with masses in the pion
chimney mass range, in steps of 2 MeV. Noting the 2 MeV
binning of the KOTO m}?i data, and with reference to
Eq. (5), we do not set limits within a =1 MeV window
around m, = m. Within this window om¥" is below the
binning resolution, so that one may then expect that the line
shape fit becomes mainly sensitive to higher-order details
of the shape of the simulated mi peak, which we expect is
less well controlled in our approximation of the detector
simulation versus the location of the peak itself. When
interpreting our results in the context of limits on Wilson
coefficients of particular models (see Sec. IIID), we
similarly exclude a ~2 MeV window around m_o because
of the breakdown of the ChPT description.

In Fig. 4 we show the resulting limits on Br[K; —
27%a](= p x Br[K; — 32°]) at 90% CL, using the known
value Br[K; — 3z°] = 0.1952(12) [35]. For m, close
to m,, such that the ALP signal distribution is a single
shifted peak, the naive limit (in gray) for p coincides
reasonably closely with the interpolated value from the refit
treatment (in orange). By contrast, near the boundaries of
the chimney, the interpolated limit can sometimes be O(1)
weaker. These results suggest that any model dependence
from our choice of line shape model for the backgrounds is
at most an O(1) effect, and that the limits are reliable at that
level. From the figure, limits on branching ratios as small as
few x 10~* may be extracted already, using a luminosity as
small as 2 x 10'* POT.

To gain a sense of the size of the ALP branching ratio
limit versus the fit residuals, we show in Fig. 5 the residuals
of the f,3 line shape fit to the KOTO my| data, after
subtracting the ALP signal component evaluated at the
90% CL branching ratio limit or four different ALP mass
values. As expected, the subtracted ALP component is
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FIG. 4. Interpolated limits (orange) on Br[K; — 22%a] at

90% CL from the KOTO measurement of my’ in K; —

37° — 6y, with 2 x 10'* POT. Limits evaluated at specific m,
values are shown by orange data points. The limit at m, = m o is
shown for reference, but no limit is inferred within £1 MeV of
mo, see the text. Also shown are naive limits at 90% CL (gray
squares) derived from the residuals of the SM background fit.

comparable in size to and closely bounded by the fit
residuals.

D. Projected limits

The branching ratio limits may be reinterpreted in the
context of a particular set of ALP-SM Wilson coefficients,
from which the K, — 22%a branching ratio may be
computed. Per the analysis and conventions of Ref. [6],
we consider three scenarios, in which the nonzero Wilson

T T T T T T T T
103 | mg =120 MeV mq 38 Me [l th resi dlms

i':'"lil,!” '__E .' ‘\ i !::i.!

+ +
m, = 150 MeV

580 420 460 500 540 580
miE [MeV]

420 460 500 540
migs [MeV]

FIG. 5. The fit residuals (orange) for a fit of the f, 5 line shape
to the KOTO m data with subtracted ALP signal component
(blue), evaluated at the derived limit for the branching ratio at
90% CL from Fig. 4, for the same four ALP masses as in Fig. 3.
Fit residuals may be of either sign, or may have uncertainty
ranges that fluctuate through zero (in either direction). We,
therefore, show signed logarithmic plots, with the logarithmic
ranges soldered at 1073 events/bin, indicated by the green line.

coefficients are (i) ¢ = ¢,, = —=(3/2)c,,, which exhibits a
large enhancement of the K 1. — 2marates versus K; — na,
(i) ¢y, and (iii) ¢4, . The latter two scenarios are commonly
examined in ALP literature. The resulting limits are shown
by gray shaded regions in Fig. 6, compared to various other
known limits from NA62 [40,41], NA48 [42], E391A [43],
BarBar [44], E949 [45], KOTO [46], and CMS [47]. For a
discussion, see Ref. [6]. While we emphasize again that one
should interpret these limits as prospective, we see from our
analysis that the KOTO calibration data (2 x 10'* POT) can
prospectively set novel limits in the pion chimney for all
three scenarios. If this technique is not systematically
limited for the larger datasets comparable to the sizes of
the 20162021 runs (roughly 6 x 10'® POT) or the pro-
jected full run (10?! POT), and assuming the reach scales as
1/+/POT, then one sees from the solid black lines in Fig. 6
that one may probe most of the pion chimney.

The validity of the ChPT description for the ALP
interactions around m, ~m, in Fig. 6 holds in the
small-angle approximation

gnaNfﬂ/fch/|5ma|<<1’ (9)

where cy is the Wilson coefficient, 8, is the mixing angle
between 7° and the ALP, and the tuning parameter
O, = m2/ m}zzo — 1. For example, even for the moderately

low UV scale cy/f = 0.1 GeV~!—corresponding to the
typical best reach of the limits from the 2 x 10'* POT
KOTO calibration dataset—a few percent-level mass tun-
ing §,, ~ 0.03 falls within the small-angle approximation,
with 0, ~ 0.3. This corresponds to excluding |m, — m,| <
2 MeV from the regime of validity, which is similar to the
already excluded interval shown in our Figs. 4 and 6,
arising from finite binning resolution. There is, in addition,
a constraint on @, from the z° lifetime (see also, e.g., [51]),
which is modified by a cos @2, factor in the small-angle
regime. Comparing the next-to-leading-order ChPT pre-
diction [52] to the measured value [35] implies similarly
0., < 0.27 at 206 CL (the measured value itself exceeds the
prediction at just over 2¢ CL, favoring some degree of
mixing.)

More generally, the prospective limits on cy/f from our
analysis are substantially model dependent. We show in
Fig. 7 example upper bounds for which the ChPT descrip-
tion is expected to remain valid for 6,, < 0.04, ,, < 0.1,
and 0., < 0.27. In some models, the prospective limits for
the 2 x 10'* POT KOTO calibration dataset may be close to
or exceed the upper bounds outside the 134 MeV < m, <
136 MeV window, depending on 6,,. However, the pro-
jected stronger limits on cy/f (black lines in Fig. 6) that
may be obtained from more recent or future, larger KOTO
datasets, will fall well within the regime of validity of ChPT
up to very narrow mass windows around m,0.
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FIG. 7. Upper bounds for the validity of the ChPT description
of the ALP interactions for 6,, < 0.1 and 6,, < 0.3.

IV. BEYOND THE CHIMNEY

So far we have considered limits for K, — 27°%a signals
that are able to misreconstruct as K; — 3z° under the
KOTO selection described in Sec. II B, which imposes

Eq. (1) on all photon pairs. One may consider, however,
an adaptation of the KOTO reconstruction for ALPs in
which Eq. (1) is relaxed for one photon pair, and one
instead sets limits on the K; — 27°a branching ratio via
“bump hunting” in the spectrum of the measured invariant
diphoton mass, m*. This technique may set more powerful
ALP limits for m, far outside the chimney compared to line
shape fits to the m’ spectrum (though any such limits will
currently not be competitive with constraints from other
K — ma searches).

A. Modified reconstruction

For m, well below m o, it is no longer natural to treat the
ALP as prompt, and thus one must also generalize the
KOTO reconstruction technique to accommodate dis-
placed-in-flight ALP decays. One may also consider the
case of m, > m_o with small enough coupling that the ALP
is long-lived. In all that follows we will consider only
m, < my, keeping in mind that the proposed approach
may also be applied to larger ALP masses.
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Y

FIG. 8. Geometry of reconstructed kinematics for K; — 2z%a,
applying Eq. (1) to only two diphoton pairs (red), followed by the
selection of Sec. II B to determine the K; decay vertex (orange).
Under the modified selection to determine m}°, we require the
reconstructed ALP momentum p,, to be coplanar with that of K
and 27° (orange plane) and also lie in the plane defined by the
a — yy photon hits (blue) and the K; decay vertex (blue plane).

We adapt the KOTO reconstruction to examine the
6!/(2% x 2!) = 45 possible sets of pairwise combinations
of the six photon hits into two pairs that are constrained
by Eq. (1), plus one unconstrained pair. These are labeled
by a =1,2,...,45. For each “allowed” set, i.e., one whose
two constrained pairs both reconstruct a vertex, one
computes a weighted average vertex, as in Eq. (2). One
again determines the reconstructed photon pair combina-
tion by finding the minimal 2, using just the two vertices
from the two constrained pairs in each combination. The
weighted average vertex of the combination with min(y2) is
assigned to be the location of the reconstructed K; vertex,
Z,, on the z-axis, and we determine the perturbative
transverse displacement 7, from the center-of-energy 7p
on the CsIC.

With reference to Fig. 8, the direction of the K
momentum éx, must lie on 7 — 77y, the location of the
T1 target, which is treated as pointlike (see Sec. II B for the
definition of 7), while the summed spatial momentum of
the two pions p,,o is also known, and thus the correspond-
ing unit direction €,,. The ALP spatial momentum should
be coplanar with éx, and €,., and it should also be
coplanar with the plane formed by the reconstructed K
vertex at 7x, = {7,. 2, } and the two calorimeter hits for the
unconstrained photon pair (y,,, in Fig. 8) at 7;,, i = 1, 2,
respectively. Thus the direction of the ALP momentum €,
is known via

o~ [(Fra = T,) X (Fau — T, )] X [€k, X €sp].  (10)

3

in which we use the notation “€ ~ k” to mean the unit

vector & = k/|k|.

Defining an ALP decay displacement parameter, 4, then
the unit directions of the ALP daughter photon momenta
€iq(4) ~Tiy — (A€, + 7k, ), and the momenta k;, (1) =
Ewia(1). At tuth level, &,~Fkj, + Ky so the
spatial momenta obey the relation (k;, + §2a)2 -
[(kig + kag) - €4)* = 0. However, €, is necessarily always
imperfectly reconstructed via Eq. (10) because of finite
detector resolution effects. Instead, we seek a value for 4,
iKL, such that the total invariant mass

\/[p27r0 + k1a(Ak,) + kau(Ak,))* = mg, . (11)

whence the ALP
\/ [k14(Ak,) + k2a(Ag,)]?, the diphoton invariant mass.
We do not reconstruct events for which Eq. (11) has no
solution. (Alternatively, in the case of no solution one may
select Ag, =0, which also appears to work well for

reconstructing m,, perhaps as zero is an unbiased estimator
for the true Ak, .)

reconstructed mass mpS =

B. Signal and background estimation

Unlike in Sec. III, in which we used the measured mig;
distribution to set limits, to illustrate the potential KOTO
limits from m™ we must estimate both the K, — 37°
contribution as well as the continuum from accidental
overlay. To simulate the K, — 3z° contribution, we gen-
erate a simulated sample with 3 x 107 initial K;’s at the
BE, and pass it through the above-described modified
reconstruction, which we emphasize imposes different
requirements versus those for the mi’ KOTO data in
Sec. II. In particular, for the third diphoton pair, we set
the small but finite lifetime ¢z = ¢z, and require Eq. (11) to
have a solution. As before, we assume that the differential
decay rate is well approximated as pure phase space.

The statistics of a sample of this size, when passed
through the selection of Sec. II B, roughly corresponds
to the statistics in the KOTO mj; data for 2 x 10'* POT,

ie, 70 x 10® events. The acceptance of the modified
reconstruction is approximately five times lower, such that
one obtains a sample with statistics equivalent to 12 x 10°
events. The resulting m° distribution is shown in Fig. 9
(orange). We also show in Fig. 9 an example distribution
for m, = 100 MeV with ¢t = 1 cm (blue) and for m, =
50 MeV with ¢t = 1 cm (light red). In the latter examples,
typical ALP displacement czf8y can be =10 cm. For the 7°
and 100 MeV cases, the pseudoscalar mass is faithfully
reconstructed, while for 50 MeV the peak starts to degrade.

To estimate the accidental overlay continuum is more
challenging. As an approximate treatment we imagine
the continuum can be well approximated by K; — 37°,
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FIG. 9. Distributions of the reconstructed ALP mass, mj <, per
the selection of Sec. IV and with statistics roughly corresponding
to 2x 10 POT for three cases: m, = m, with ¢t = ct,
(orange), corresponding to the background from K; — 3z°,
m, = 100 MeV with ¢z = 1 cm (blue), and m, = 50 MeV with
ct =1 cm (light red). Also shown is the contribution to the
continuum background (light gray).

but allowing the parent K; mass to vary uniformly between
3mY and 600 MeV, per the range of the my’ KOTO data. To

approximate the relative contributions of K; — 37° events
(B5,0) versus the continuum (B,,,) to the total background
By, 1.€., to determine the fraction f in
By = (1 _f)B37rO + fBconts (12)
we simulate normalized m5¢ distributions for B, and B,
L
to be fit to the measured m¥" spectrum. We generate a Boy

sample with =~5 x 10° initial K,’s. Fitting the linear

combination (12) to the measured m‘}?f spectrum, we obtain

f=~0.03. As~99% of the K; — 3z contribution lies
within an approximately =16 MeV window of the peak,
then the continuum contribution dominates the background
outside this window, as expected from Fig. 2. The 68% CL
band for the ratio of this MC simulation versus the m* data
is shown in Fig. 2 (bottom panel, light red band) and
exhibits generally good agreement across the entire my"
range. The corresponding continuum contribution to the
my< distribution is shown in Fig. 9 (light gray). It features
the same morphology as the K, — 37° background (in
orange) and can be safely neglected for the purpose of
estimating limits.

C. Naive projections

For the purpose of demonstrating the approximate reach
of KOTO, we use the purely statistical uncertainties of the
combined background B, to naively approximate the
full uncertainties in a KOTO measurement with statistics
corresponding to 2 x 10'* POT, and treat them as residuals

to which a signal hypothesis may be compared. To obtain
naive limits, we generate simulated samples for the
K, — 27%a signal including finite ALP displacements,
with 3 x 10% initial K,’s, which is again sufficient for
subleading statistical uncertainties versus the background.
We consider m, = 40,50, ...,130 MeV and ¢t = c7,, 1 cm,
and 10 cm, using a 2 MeV binning for the m*¢ distribution
between 20 MeV and 160 MeV.

Assuming that the signal MC uncertainties remain
negligible and that there are no bin-bin correlations, we
set a 90% CL limit for a given mass and lifetime hypothesis
via y*(mg, ct) = 3 ;[pS;(m,. ct)/op, %, with p defined as
in Eq. (7), S; the ith signal bin for K; — 2%, and o3_
the background uncertainty for that bin. Because p >0
the y? statistic is a 1:1 admixture of a 0 and 1 degree of
freedom y>, as above, the 90% CL corresponds to
x*(m,, ct) < 1.64. The projected branching ratio limits
are shown in Fig. 10 for 2 x 10'* POT (solid) and are
similar to the limits obtained at the boundary of the pion
chimney. The dependence on m, is somewhat weak over
the considered mass range, except within the pion chimney
range in which they begin to weaken: whether future limits
set inside the pion chimney via the m° spectrum are more
powerful than those from mi’ requires a dedicated study
within the experimental framework itself. We also show
limits for 6 x 10'° POT, roughly corresponding to the size
of the 2016-2021 runs, and the expected future 10! POT
(dotted), in both cases simply scaling by 1/+/POT.

While one might expect that signals with larger ALP
lifetimes should exhibit cleaner separation versus the
prompt 37° background, we see in Fig. 10 that the
ct = 1 and 10 cm benchmarks have slightly weaker limits
versus the prompt case. This may in part be because of
isolation requirements that favor ALPs decaying farther

E T : I |
1074 3 _
N{: 107° | L _
: — cr=1lcm
gl(rﬁ 3 cr =10cm 1
.
] ZZ=
———====----===,—
1077;22222::::__— [ _
s L . . | |
v o0 80 100 120
mg [MeV]
FIG. 10. Naive estimates for the 90% CL limits for

Br[K; — 27%a] with 2x 10" POT (solid), 6 x 10! POT
(dashed), and 10*! POT (dotted) for ALPs with lifetime
ct = ct, (orange), 1 cm (blue), and 10 cm (magenta).
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from the CsIC. Similarly, for larger lifetimes one expects
more and more ALPs to decay beyond the DV and after the
CsIC, reducing the acceptance. In the long-lifetime regime,
e.g., ct = 1 m, for which the typical displacement is well
beyond the DV, the fraction of decays in the DV scales as
1/cz, so that the branching fraction limits should corre-
spondingly weaken. We anticipate that further study of the
selection and reconstruction for mf° within the full
experimental framework, including a study of tight timing
requirements, may be able to achieve improved efficiencies
for displaced ALPs.

Comparing our estimate of the branching ratio reach in
Fig. 10 to the predicted branching ratios and corresponding
lifetimes in the different benchmark scenarios in Fig. 6,
we observe that a search for K; — 27°%a — 6y at KOTO
could be competitive with searches for the two-body decay
K; — 7a in the mass range m, < m o, particularly in the
benchmark model shown in the top of Fig. 6. In general,
however, these neutral kaon searches have less constraining
power than those involving the corresponding charged kaon
decay, K™ — nta.

V. SUMMARY AND CONCLUSIONS

In this work we showed that K, — 22% decays, with
ALP masses within O(10) MeV of the neutral pions, are able
to pass the KOTO selection for the K; — 32" — 6y cali-
bration data with 2 x 10'* POT. These decays induce addi-
tional single or multipeak structures in the reconstructed K
mass spectrum, mig’, that are shifted with respect to the peak
atmy, . This allows for the KOTO calibration data to be used
in principle to set limits on Br[K; — 27%a], for ALP mass
ranges that are typically hard to probe by other means—a
mass range we have called the pion chimney.

In the absence of priors for SM background contribu-
tions to the my’ line shape, we showed that one may

nonetheless derive limits on Br[K; — 27°a] via phenom-
enological Voigt-style parametrizations of the line shape
profile, combined with standard information theoretic
techniques and hypothesis testing. In the ALP mass range
120 < m, < 150 MeV, we find branching ratio limits of
order few x 10 to few x 1073, which correspond to novel
limits in the m, vs ALP coupling plane for several

commonly considered simplified ALP models. These
results should be considered prospective, in the sense that
model dependence effects from our phenomenological line
shape description, that appear to be at most O(1), require
quantification from precision simulations of the accidental
overlay continuum contributions and other backgrounds.
Further, a fully fledged analysis within an experimental
framework is required to quantify and incorporate any
correlations in the measured m¥® spectrum.

In addition, we explored the potential for KOTO to set
branching ratio limits on Br[K; — 22%] via a modified
selection that incorporates the possibility of ALP displaced
decays-in-flight. This technique can be applied to ALP
masses outside the pion chimney. Naive limits are obtained
via the reconstructed diphoton mass spectrum from a — yy,

i.e., my<, that are comparable to the limits obtained via mr,?i

within the chimney. These beyond-chimney limits may be
competitive with other neutral kaon modes for a larger POT
dataset depending on the NP model, though they generally
cannot be competitive with limits from KT — 77X

searches. However, extension of either the mi - or mg*-

based searches to larger (future) KOTO datasets may permit
almost the entirety of the pion chimney itself to be probed.
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