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The KOTO experiment recently reported four candidate events in the signal regionof K; — «

Oup search,

where the standard model only expects 0.10 £ 0.02 events. If confirmed, this requires physics beyond the
standard model to enhance the signal. We examine various new physics interpretations of the result
including these: (1) heavy new physics boosting the standard model signal, (2) reinterpretation of “v2” as a
new light long-lived particle, or (3) reinterpretation of the whole signal as the production of a new light
long-lived particle at the fixed target. We study the above explanations in the context of a generalized new
physics Grossman-Nir bound coming from the K™ — z v decay, bounded by data from the E949 and the

NAG62 experiments.

DOI: 10.1103/PhysRevLett.124.071801

Introduction.—Despite being one of the greatest suc-
cesses of theoretical physics, it is clear that the standard
model (SM) is not a complete description of nature. One of
the best ways to search for new physics (NP) beyond the
SM is to look for events that are predicted to be extremely
rare in the SM by a theoretically clean calculation. An
observation of just a few such events could then constitute a
robust evidence of NP. From this perspective, rare decays of
K mesons via a flavor changing neutral current and/or a CP
violation (CPV) provide ideal probes of NP as they are
highly suppressed in the SM and are theoretically clean [1].

Two golden channels are the K; — 7vvand K™ — #tv
decay processes. Within the SM, these are suppressed by a
loop factor, the GIM mechanism [2], and the CKM elements,
and predicted to have branching ratios smaller than 10~°
[3-5]. These processes are being currently probed by the
KOTO and the NA62 experiments, both aim to reach the
corresponding SM sensitivity. Recently, the KOTO experi-
ment gave a status report for K; — z°vi search [6], and the
NAG62 experiment announced new preliminary result for
K™ — ntvp search [7].

Strikingly, the KOTO experiment presented data on four
candidate events in the signal region of the K, — 7%
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search, where the SM expectation is a mere 0.10 4= 0.02
events [6] (0.05+0.01 signal and 0.05 £ 0.02 back-
ground). While one of the events is suspected as a back-
ground from an upstream activity, the remaining three
events are quite distinct from presently known back-
grounds. In this Letter, we assume that these three events
are signals and explore implications, although taking four
events as signal would not essentially affect our NP
interpretations.

If the photons and missing energy in the signals are
interpreted as 7'vw, the KOTO single event sensitivity,
6.9 x 10710 [6], implies (for two-sided limits)

_ 2.0(+4.1
B(K, — 7z°vb)xoro = 2-1J_r1.1((—+1.7))

x 1077, (1)
at the 68 (95) % confidence level (CL), statistical uncertain-
ties included. The central value is about two orders of
magnitude larger than the SM prediction, B(K; — z%u0) gy =
(3.440.6) x 107! [3-5], which corresponds to p value at the
10~* level for the SM and background expectations. On the
other hand, for the upper bound on the K — ztui
decay rate, the E949 experiment obtained B(K" — zwvp) <
3.35 x 10719 at 90% CL [8.9], while the recent preliminary
update [7] by the NA62 experiment is

B(K" — 1 i) = 04T5072(< 2.44) x 10710, (2)

atthe 68 (95) % CL for two-sided (one-sided) limit, consistent
the SM predictionof B(K* — ztvp) = (8.4 £ 1.0) x 10711
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FIG. 1. The recent result of KOTO events [6] (NA62 result [7]),

Eq. (1) [Eq. (2)], is represented by the green (blue) band. The red
ellipses show our simultaneous fits to both. The GN bound with
(without) interference with the SM is shown by the solid (dashed)
blue line. The red dots are the best fit points on those lines. Only
statistical uncertainties are taken into account.

[3-5]. In Fig. 1, we summarize the KOTO events and NA62
result (green and blue bands, respectively) and the SM
prediction (green dot), and also show our fit to these (red
ellipses), where in the plot the systematic uncertainties in the
backgrounds and the SM theoretical predictions are neglected
as the statistical ones dominate.

We will examine three possibilities to explain the
observed events. First, we enhance the K; — 7OuD rate
by heavy NP. Second, we interpret the “v2” in Eq. (1) as a
new light invisible particle X. Interestingly, we will find
that the compatibility of the KOTO events and NA62 result
require that the X should be a long-lived unstable particle,
preferably a scalar, decaying to, e.g., two photons. The last
scenario is that the signals actually have nothing to do with
neither z° or v or not even K; but are simply due to the
production of a new light particle at the fixed target. The
new particle subsequently decays to two photons after a
long flight, where the flight path would generically be off
axis and hence appear as “vi.”

Although the required NP enhancement of the K; —
70 rate is substantial to account for the central value of
Eq. (1), most of other measurements do not have the
required sensitivity to directly probe such enhancement.
However, under fairly general assumptions, the K; — 7%vp
rate can be strongly constrained by the K™ — 70 rate via
the Grossman-Nir (GN) bound [10]:

B(K, — %) <43B(K* - ntup). (3)

The numerical factor comes from the difference in the total
decay widths of K; and K™, isospin breaking effects, and
QED radiative corrections [5,11]. In Fig. 1, the GN bound
is shown as the solid (dashed) blue line for NP contribu-
tions which interfere (does not interfere) with the SM.
Assuming that the interfering NP + SM saturates the GN
bound and moving along the solid blue line, we find that the
KOTO and NAG62 average deviates at 2.1 at the red dot on

the solid blue line in Fig. 1. If, instead, we consider the
noninterfering case, we have

B(K, —inv)=B(K; = 7vb)gy
+43[B(Kt > xtinv)—B(Kt > ztwn)gyl,

4)

where inv = vo (SM) + invisible final states (NP). In this
case, we obtain 2.60 tension at the red dot on the dashed
blue line in Fig. 1. A violation of the GN bound by NP
contributions is quite difficult (see the Discussion section
for more detail). In the following, we will not consider the
violation of the GN bound.

Heavy new physics.—First, let us consider heavy NP
which contributes to s — dvi processes. Matching the
fields involved in the K; — 7% decay to a gauge invariant
dimension-six operator, the effective Lagrangian, with
operators that can interfere with the SM contributions,
only consists of three operators, L = > ;g4 p C*O% +
H.c. with O, = [0*(1,,6) 0"y _4[L(15,6')L],,_, and
O% = (d*d")y 4(LL)y_, where Q (L) is a quark (lepton)
doublet, d is the down-type quark singlet, 1, and ¢’ are in
SU(2), weak space, the superscripts 1 and 2 correspond to
quark-generation index in the down mass basis and lepton
flavor indices are suppressed for here. For example, these
operators can be a low energy description of a flavorful
7' model.

By considering the single complex Wilson coefficient
C§'y p (defined at the m; scale), and fitting it to separately
the KOTO events and then both to KOTO and NA62 to
minimize the tension between the experiments we find,

i/(110 TeV)?, KOTO
e~3/497 /(150 TeV)2, KOTO & NA62'
(5)

where the value on the first line of the above equation
corresponds to fitting for the central value of KOTO only,
and on the second line we fit both to the KOTO events and
NAG62 results, which corresponds to the red solid dot
in Fig. 1.

Assuming lepton flavor universality, the above operators
can be sensitive to CP-violating flavor changing neutral
current such as K; — 72%¢+t¢~ (¢ = e, y)and Ky — pu*p~,
whose branching ratios are experimentally bounded as
<(afew) x 107!% [12-14]. In light of the fact that K; —
7% search is the neutrino flavor blind, these upper bounds
would be the same order as the predictions of Eq. (5). If the
NP couples only to one neutrino flavor, the scale of Eq. (5)
will barely change. In particular, it would be interesting to
consider a correlation with the direct CPV in K° — ptu~
[15,16] which would be probed by the LHCb experiment.
However, these bounds can be avoided if one is switching

vV UV ~v
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on the coupling to third generation leptons only in the
definition of OF, j,. Additional option to avoid these could
be found by making the coefficient of O¢ and O% to obtain
“custodial symmetry” so that the coupling to the charge
lepton bilinear is switched off [17].

Finally, we comment that one can also account for the
above decay by adding operators with right-handed neu-
trino field N of the form Q*d'LN, Q%c,,d'Lo*N (plus
0%*d' < Q'd*) and (Q*Q")y_(NN)y. 4, where the cor-
relation with charged lepton signal becomes weaker or can
be avoided altogether. As these operators do not interfere
with the SM, they would result in a stronger tension with
the data. In this case, the best fit point corresponds to the
empty red point of Fig. 1.

Light new physics.—The observed KOTO events could be
explained by a two body decay associated with a new
invisible particle, X; K; — z°X. Below we show that the
new particle cannot be completely invisible but must
decay with a finite lifetime of (0(0.1-0.01) ns, except
for my =~ m_p.

For my < my, K; — 7°X and K; — 7% have similar
kinematic features in the KOTO signal region, thus, the
required branching ratio to explain the KOTO events is
~107?, similarto Eq. (1). Formy > m o, the signal efficiency
will be reduced, thus, more events are required. The
reconstructed pion transverse momentum in the signal region

mustbe in therange 130 MeV < p’;o < 250 MeV, while the
transverse momentum from the K; — z°X decay is limited

by the phase space as pf . = \/A(m¥. mk, . m2)/2mg,

B(KL~ 7T0X) Observed E\rcmsi
-
6F — BK.— n'v)
% 5t
X
> 4 i
<4 :
T, :
SN |
«Q i
| M
1 :
of, , , , . , .
0 50 100 150 200 250 300
mx[MeV]

Tx[sec]

with A(a,b,c)=a*+b*+c?—2(ab+ bc+ ca). Ignoring
detector effects, the signal of the two-body decay with my >
280 MeV (p% .. < 130 MeV) does not overlap with the
KOTO signal region. It is notable that all of the three KOTO
events in question have p’}o Z 190 MeV, which may indicate
that my < 180 MeV is favored.

To take into account the efficiency difference from z"vo,
we correct Eq. (1) by the ratio of efficiencies estimated by
our simulation as

0

B(K, - ”OX)KOTO _ €a0p

B(K; — m°Ub)oro  €xx(my)’

(6)

where ¢ is the efficiency of kinematic cuts of an earlier
KOTO analysis [18] and new signal region of reconstructed
momentum and decay vertex [6]. The result is shown in the
left pane of Fig. 2. The simulation details are presented in
the Supplemental Material [19].

Similarly to the K, — 7% case, the rare decay of K
search will constrain this scenario. This is because, even
in this case, a generalized version of the GN bound still
holds [22],

B(K;, — 2°X) <43B(K* - z"X). (7)

The upper bound on two body decay B(Kt — z7X) is
O(1071°-10"") [9], which is generally stronger than
that on B(Kt — ztvb) except for |my — mo| S 25 MeV
and for my Z 2m, because the search is suffered from
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FIG. 2. Left: branching ratio of K; — z°v& or z°X that can accommodate the KOTO events. The dotted blue (solid gray) line
corresponds to the central value of K; — z°X(z%D) interpretation, with blue shaded band (dashed horizontal lines) for two-sided
68% confidence interval. An uncertainty of Monte Carlo statistics is less than 10% thus omitted here. The dashed (dotted) vertical line
corresponds to my = 180(280) MeV, and its left-hand side is compatible with the observed events (the signal region). Right: the new

particle has finite lifetime considering the GN bound and K™ — #

+

vp search, and the allowed parameter space for two body decay

K; — 7°X in mass and lifetime of X is shown. The K= — #+X bound is translated to K; bound assuming a saturation of the GN bound.
The purple (blue) shaded region is constrained by NA62 [7] at 95% CL (E949 [9] at 90% CL). Too short lifetime leads to
B(K; — 7°X) > 1%, which is inconsistent with untagged K, branching ratio [20]. The B(K; — z°X) = 1074, 1075, and 1073 are
indicated on the plot. The green shaded region is constrained from KTEV search for K; — z%y assuming B(X — yy) = 1 [21].
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K* = zt72%(y), n* + 2z backgrounds [7,9,23,24]. For
example, for my = (0)100 MeV the expected number of
events in KOTO is bounded to be smaller than 0.7(0.3)
at 90% CL.

This situation is changed when the invisible particle X is
unstable and can decay into the visible particles such as
photons. Once X decays, say, to photons, the events are
vetoed or go to different search categories where the bound
on branching ratio is significantly weaker due to large SM
contributions of K, (K*) = z%(z") + z° or 2°(z") +yy
with Refs. [21,25,26].

The dependence of the efficiency on X lifetime of
K; — 7°X is different than that of K* — 77X because
the boost factors, p/my and the effective detector size, L of
NAG62 or E949, which are different than those of KOTO.
Effective branching ratios are

B(K — zX;detector) = B(K — nX)exp [_E_X] (8)
p ety

which are measured by experiments. Through the GN
bound, Eq. (7), the bound on the lifetime is obtained by
taking a ratio,

BUK* — x+ X)2sk
B(KL -7 X)KOTO

B(K* — x+X;NA62)
B(K, — 7°X;KOTO)

1 [ my (LNA62 LKOTO)]
exp|l—(——] |,
3 CTx \PNA62 PKOTO

where we use the central value of Eq. (6) and the bound
B(KT - a"X)¥0Ck = 1.6 x 1071 which is the NA62
bound [Eq. (2)] subtracting noninterfering SM contribu-
tion. The exponential factor is calculated by simulation for
KOTO using the selected event samples in the signal
region. To a good approximation, one can use L ~3 m
and Ey ~ 1.5 GeV and for NA62, we take Exy = 37 GeV
and L =150 m. Because effective detector size of
KOTO is smaller than that of NA62, Lyas2/PNac2 >
Lxoto/Pxoto. the bound of NA62 can be evaded for
some shorter lifetime. If the lifetime is too short, roughly
less than 0.01 ns, the branching ratio of K; — z°X has to
exceed 1%, which is constrained by sum of the other decay
channels of K;. For E949, we can write the analogous
formula, and there the K s are at rest, thus py is calculated
and L = 1.5 m. Because the py is much smaller, the
effective detector size Lggag/pPposg 1S much larger than
that of KOTO and NAG62 especially for higher mass,
making NA62 more sensitive to this scenario. The exper-
imental bound of E949 uses Fig. 18 of [9]. The results are
shown in the right panel of Fig. 2.

Assuming the GN bound is saturated B(K; — 7°X) =
43B(K" — n"X), we found that parameter space of the
lifetime ((0.1-0.01) ns is compatible with both KOTO

and NAG62 (E949). Using visible decay channels such as
B(K; — %X, X — 2y) [27], if one will find the favored
lifetime is inside the parameter space excluded by
Kt — 77X, it indicates the violation of the GN bound.
For a constraint from the visible channel, KTEV
K; — n%y will exclude B(K; — 7°X) > 107% if X decays
dominantly to two photons [21].

Let us comment on possible underlying models of X.
Arguably the simplest possibility is a Higgs portal which
induces K; — 7°X decay, but the dominant decay of X is
into e"e~ which is tightly constrained by KTEV search,
B(K; — n%"e™) < 2.8 x 107'% at 90% CL [12]. One can
avoid this bound easily if the X is some kind of leptophobic
and/or photophilic scalar. For example, if there are two (or
more) Higgs doublets, one Higgs is responsible to the
masses of third generation and quarks, another one is
responsible to the masses of light leptons, and X mixes with
just the former Higgs.

New particle production at fixed target.—An alternative
scenario that could accommodate the KOTO events is that
the events are not due to an enhanced K; — z° + (inv) rate
but just a disguise of a new light particle, ¢, produced at the
fixed target and decaying inside the vacuum chamber to a
photon pair. At KOTO, the initial 30 GeV proton beam hits
the fixed gold (Au) target at an angle of 16° with respect to
the beam line connecting the target and the electromagnetic
calorimeter (ECAL). Unlike the K;, which would travel
straight along the beam line toward the vacuum chamber,
the new particle will not fly parallel to the beam line so it
will enter the chamber away from the axis with an angle.
We further assume that the ¢ lifetime is such that it
typically decays inside the vacuum chamber to two
photons. Moreover, in the K; — %0 search, KOTO does
not reconstruct the 7° mass but instead assumes that the
photon pair detected on the ECAL has an invariant mass of
7Y and that the pair comes from a vertex on the beam line,
for these two assumptions would completely determine the
location of a K; decay to 7’vi.

Therefore, we see that the ¢’s in-flight decay to 2y will
indeed disguise as an z° + (invisible) event. The kinemat-
ics is similar to CV-5 background, a decay of # — 2y in the
off-axis region can have a reconstructed vertex inside the
signal region. On the other hand, at NA62, which triggers
events by charged particles and is designed to veto huge 7°
background, such ¢ decays are simply rejected. As a
concrete example, we consider that ¢» = a is an axion like
particle (ALP) with the following effective interactions

a
8nf,

where F,,(Gf,) is the photon (gluon) field strength and
F,,(G4)) is the field strength dual. f, and f, are the decay
constants. For recent relevant review see [28]. We consider
the case of m, < 3m, to avoid hadronic decay channels.

Lin = aG4,G

F, S 10
auzx+8 fya ( )
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The ALP lifetime is controlled by the photon coupling
and IR contribution from the gluon coupling which are
in the same order if f,~ f,. In p-Au collisions, ALP
can be produced by different mechanisms: nonperturbative
production, deep-inelastic scattering, coherent proton-
nucleon production, and bremsstrahlung. Here we consider
only nonperturbative production inferred from the mea-
sured K; flux at KOTO.
The number of decays inside the KOTO detector is

d®N 5
N,= [ d do —rouzae
/ P /M) dp d

o[ 58242 o

where A@y ~ nrécay /4n(d + L)? ~ 107 is the angular
coverage of the detector in the lab frame, with rgcap, ~ 1 m
is the ECAL radius, d ~ 27 m is the distance to the ECAL
and L ~ 3 m is the distance from photon veto detector to
ECAL. The number of detected events is N, x Ae where Ae
is acceptance times reconstruction efficiency for ALPs in
the signal region of K; — #’vv. Estimating reconstruction
efficiency is not trivial because the topology of this signal
differs from that of K; — 7% assumed by KOTO. The
precise estimation is left for future work.

If the ALP mass is below the QCD confinement
scale, the gluon interaction induces the ALP-pion
mixing with a mixing angle of sin(a,,)~ (my—
M) fam? ) [2mg 4 m,)f,(m2 = m2)] 129] (also see, e.g.
[30,31]). Thus, the ALP production rate can be estimated as
AN yau—sa R SI0? (A4 )N o, 0. The estimate of N, 0 is
given in the Supplemental Material [19]. Then, we get
N,Ae ~ O(10°-10°)(f,/1 TeV)™2(N /N, )Ae at m, =
200 MeV leading to f,~0.1-1 TeV for Ae= 107",
N, = Nk, and O(1) events. The lifetime can vary from
0.1 ns to 1 us.

This is a proof of concept that the scenario can
explain the KOTO events, however, a more careful study
including a comparison to other existing constraints, see,
e.g., [28,31-34] is required after exploring the value of Ae.
This type of scenario could be further constrained by beam-
dump experiments, in particular the ones using proton
beam such as CHARM [35] and NuCal [36]. These would
constrain parameter space with lifetime above 1 ns, and the
detailed analysis will be presented in the future work.

Discussion.—As alluded to in the Introduction, we
discuss the GN bound in the presence of NP effects.
The GN bound relies on the following assumptions [10].
First, isospin symmetry, which relates the decay amplitudes
of K¥ to the ones of K° and K°. Second, the ratio of the K°
and K° decay amplitudes to the corresponding sum of final
states is close to unity. For the zvv final state, within the
SM, it is expected to be an excellent approximation.

The above assumptions are not easy to be violated even
by NP. For example, isospin violation to the above
processes receives leading contribution at dimension-six
operators as we need to mediate transition between an
isospin doublet to a triplet, which involves four-quark
operators. If we further would like to couple it to an ALP to
boost the K; — a rate, we arrive at dimension-eight
operator 0,a(5y*d)(iiu — dd). However, axion models are
subject to stringent bounds because they induce dimension
five operators. One may hope to violate the GN bound by
adding large contribution to CPV in decay. However, it
requires both strong and weak phases to be present and as
the final states involve neutrino (or other SM singlets) the
strong phases are generically expected to be suppressed.
Finally, as the signature of the above decay is rather
inclusive, a pion and a missing energy, it typically involves
summing up all the particles in the final states, which
washes away effects that distinguish between the decay of
K° and K°.
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