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A light Higgs portal scalar could be abundantly produced in the earth’s atmosphere and decay in large-
volume neutrino detectors. We point out that the Hyper-Kamiokande detector bears a strong discovery 
potential of probing such particles in an uncharted section of parameter space that is actively explored by 
intensity frontier experiments including rare kaon decays. The signal we propose to look for is electron-
positron pair creation that manifests as a double-ring appearing from the same vertex. Most of pairs 
originate from zenith angles above the Hyper-K detector’s horizon. This search can be generalized to 
other new light states and is highly complementary to beam experiments.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
A Standard Model gauge singlet scalar that mixes with the 
Higgs boson, sometimes also referred to as the “dark Higgs”, is 
a simple new physics candidate. It has been introduced for ex-
ploring the dark universe [1–5], facilitating baryogenesis mecha-
nisms [6–9], precision physics of the Standard Model [10,11], and, 
perhaps, naturalness [12]. In its minimal incarnation, the Higgs 
portal scalar is produced in laboratories and decays into Standard 
Model particles via the same mixing parameter with the Higgs bo-
son. These make it a well-motivated and well-defined target of 
searches in a number of experiments. Constraints have been set 
for a wide range of its mass [13–15]. In particular, if the scalar 
is lighter than ∼GeV, leading constraints come from the measure-
ment of rare K and B meson decays where the mixing parameter 
must be smaller than ∼10−3.

Recently, the Higgs portal scalar has been revisited for under-
standing a new experimental finding. In 2016-18, the KOTO exper-
iment at J-PARC performed a search for the flavor-changing decay 
process K L → π0νν̄ , in final states with two energetic photons 
plus missing transverse momentum. It was originally reported that 
four candidate events were identified whereas the Standard Model 
predicts nearly none [16–18]. Although in a more recent analy-
sis by the KOTO collaboration the significance of this excess is 
substantially reduced [19], it has triggered the exploration of a va-
riety of potential new physics explanations, both heavy and light. 
Among them, a light Higgs portal scalar φ stands out as the sim-
plest candidate [20] (see also [21–23]). The signal can be explained 
as K L → π0φ decay where φ is long lived and escapes the detec-
tor. The potentially relevant parameter space, corresponding to a 
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φ mass between 100-200 MeV and a φ-Higgs mixing parameter 
of (a few) × 10−4, is a blindspot of existing searches at the in-
tensity frontier. The most direct cross check is the isospin related 
decay mode, K + → π+φ → π+ + invisible, which can be con-
strained by the K + → π+νν̄ measurement. Indeed, this channel 
has been searched for at the E949 [24] and NA62 [25–27] exper-
iments where upper limits are set on the mixing parameter of 
the Higgs portal scalar. However, both limits feature a gap when 
the scalar mass is around the pion mass, due to the enormous 
K + → π+π0 background. In this mass window, the best upper 
limit on the mixing parameter is set by an early beam dump ex-
periment, CHARM [28], in the search for displaced decay of φ.

This comparison points to a direction to proceed. In order to 
cover the Higgs portal scalar in the above blindspot, one should 
resort to appearance experiments hunting the visible decay of long 
lived φ particles rather than disappearance experiments searching 
for φ as missing momentum. As a further useful observation, with 
a mixing with Higgs boson ∼10−4, the decay length of Higgs por-
tal scalar is of order hundreds of kilometers, and even longer if 
boosted. This gives motivation to imagine large experiments oper-
ating at length scales beyond those beam-based ones built entirely 
within the laboratories.

In this Letter, we propose using a nature-made experimental 
setup to probe the Higgs portal scalar φ. It utilizes cosmic rays 
as the beam, earth’s atmosphere as the target, and earth itself 
as the shielding region. In this picture, φ particles originate from 
the decay of kaons, with the latter being abundantly produced 
in the cosmic-ray-atmosphere fixed-target collisions, together with 
charged pions that make the atmospheric neutrinos [29]. If long 
lived enough, the φ particles travel a long distance across the earth 
before decaying inside a human-made detector. We focus on the 
Hyper-Kamiokande (Hyper-K) experiment [30] which, at least for 
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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Fig. 1. Energy distribution of atmospheric kaons (K ± and KL added together) and φ
particles, for mφ = 150 MeV, obtained from the atmospheric simulation described in 
the text. For illustration purpose, the flux of φ has been rescaled by assuming the 
K → πφ decay branching ratios are equal to 1.

the foreseeable future, has the largest detector volume and a suit-
ably low energy threshold to capture the scalar decays.

The Higgs portal scalar is defined as a mass eigenstate and a 
linear combination of a Standard Model gauge singlet s and the 
Higgs boson h,

φ = cos θ s + sin θ h , (1)

where θ is a real mixing parameter. Such a singlet-Higgs mixing 
can be generated by adding to the standard model Lagrangian a 
Higgs portal interaction term μsH† H . After the electroweak sym-
metry breaking, it generates a bilinear term that allows the singlet 
scalar to mix with the Higgs boson. This corresponds to the min-
imal scenario of scalar portal (BC4) considered in the community 
report Ref. [13]. For simplicity, we proceed the following discus-
sions using the above phenomenological parametrization.

The cosmic rays near us are dominated by protons while the 
elements in the earth’s atmosphere are dominated by nitrogen 
and oxygen, comprised of equal numbers of protons and neu-
trons. We simulate fixed target proton-proton and proton-neutron 
collisions using PYTHIA 8 [31] for various incoming proton ener-
gies, which is further convoluted with the incoming cosmic proton 
spectrum [32] to derive the differential energy spectrum of kaons 
(most relevant for this study, K ± and K L ), d�/dE K . Their sum is 
shown as the blue histogram in Fig. 1. The ratio of K ± and K L
particles is about 2 : 1, as expected.

The φ particles are produced from rare kaon decays, K ± →
π±φ and K L → π0φ. The corresponding branching ratios are [33–
36]

Br(K ± → π±φ) � 9τK ±|Vts V ∗
td|2G3

F m4
t m2

K ± pφCMθ2

2048
√

2π5
, (2)

Br(K L → π0φ) � 9τK L [Re(Vts V ∗
td)]2G3

F m4
t m2

K ± pφCMθ2

2048
√

2π5
,

where the decay momentum in the center-of-mass (CM) frame 
is pφCM = λ(m2

K , m2
π , m2

φ)/2mK ± , and λ is the Källén function. In 
small mφ limit, Br(K L → π0φ)/Br(K ± → π±φ) � 3.7 [37]. In the 
lab frame, the ratio of the final state φ energy to that of kaon is

Eφ

E K
= EφCM

mK
+ pφCM

mK

√
1 − m2

K

E2
K

cosϑCM , (3)

where EφCM =
√

p2
φCM + m2

φ and ϑCM is the relative angle between 
φ’s three-momentum in the kaon rest frame and the boost direc-
2

Fig. 2. Geography of earth and detector. The blue box indicates the location of 
the Hyper-K detector. The dashed circle represents a sphere where the cosmic-ray-
atmosphere reactions mainly occur that produce light φ particles. h is given by the 
height of this sphere plus the depth of detector underground, and ϕ is the zenith 
angle in view of the detector.

tion of the kaon. Because K ± and K L are scalars, the angular φ
distribution in their rest frame is isotropic. For given energy E K , 
the values of Eφ distribute evenly between its extremes, corre-
sponding to cos ϑCM = ±1. The resulting differential flux of φ can 
be calculated using

d�φ

dEφ

=
∑

K=K ±,K L

Br(K → πφ)

E K max(Eφ)∫
E K min(Eφ)

dE K
d�K

dE K

× mK

2pφCM

√
E2

K − m2
K

, (4)

where E K max,min is the largest (smallest) kaon energy that sat-
isfies Eq. (3), for given Eφ . In the limit E K � mK , E K max,min �
EφmK /(EφCM ∓ pφCM). In Fig. 1, the red histogram shows the en-
ergy distribution of atmospheric φ particles, for mφ = 150 MeV. Its 
energy is peaked ∼700 MeV.

It is worth pointing out that when simulating atmospheric φ
production, we have we restrict the CM energy of pp and pn scat-
terings to be above ∼6 GeV in order for the parton picture used by
PYHTIA to be valid. We also neglected secondary reactions of the 
produced hadrons with the atmosphere before they decay, keeping 
in mind that the earth’s atmosphere is dilute. Both processes could 
in principle result in more kaon (and thus φ particles) production. 
We made the above approximations for simplicity.

After being produced in the atmosphere, the φ particles can 
travel through the earth to decay inside human-made detectors, 
provided they have sufficiently long lifetimes. Clearly, the larger 
the detector the better to capture such a signal. Its energy thresh-
old should be low enough to see sub-GeV energy deposits from 
the φ decay. These requirements led us to consider Hyper-K.

To calculate the φ flux at Hyper-K detector, we consider the 
geometric picture shown in Fig. 2. We assume all cosmic-ray-
atmosphere reactions occur on a sphere with fixed height above 
the ground. This height plus the depth of the underground Hyper-
K detector, denoted by h, is taken to be 10 km. The angles ϕ and 
α are related by

cosα = [L(ϕ) cosϕ − R]/(R + h) , (5)

where L(ϕ) is the distance φ travels,

L(ϕ) = R cosϕ +
√

h2 + 2Rh + R2 cos2 ϕ . (6)

An infinitesimal area on the source sphere is

dS = 2π(R + h)2d cosα = 2π(R + h)L(ϕ)2

d cosϕ . (7)

L(ϕ) − R cosϕ
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We assume cosmic ray showers on the earth atmosphere to be 
isotropic, and so is the resulting φ angular distribution within the 
hemisphere pointing towards the center of the earth.1 The flux of 
long-lived φ at the detector is related to its flux at the source (at-
mosphere) by a geometric factor,(

d�a

dEa

)
detector

=
(

d�a

dEa

)
source

∫
dS

2π L(ϕ)2
, (8)

where the latter takes the form

∫
dS

2π L(ϕ)2
=

π∫
0

sinϕdϕ
(R + h)

L(ϕ) − R cosϕ
. (9)

If the Hyper-K detector volume is denoted by V , the event rate of 
long-lived φ particles decaying inside this volume is, regardless of 
its shape,

Revent = V

π∫
0

sinϕdϕ
R + h

L(ϕ) − R cosϕ

×
∫

dEφ

d�φ/dEφ

γ βτφ

e
− L(ϕ)

γ βτφ , (10)

where γ is the boost factor of φ with energy Eφ and β is the 
corresponding velocity. d�φ/dEφ is given by Eq. (4). The lifetime 
of φ is dictated by the Higgs portal. For mass of φ below twice the 
muon mass, it mainly decays into a e+e− pair. The corresponding 
decay length without boost factor is (assuming mφ � me)

cτφ = 8π√
2G F m2

emφθ2

� 30 km

(
0.15 GeV

mφ

)(
5 × 10−4

θ

)2

,

(11)

where the benchmark values of θ and mφ corresponds to the point 
indicated by the blue fivestar in Fig. 3.

It is worth noting that the small electron mass appearing in the 
decay rate does not suppress the φ production rate (see Eq. (2)).2

Once produced from the atmosphere, it is able to penetrate the 
earth above deep underground detectors. In water Cherenkov de-
tectors like Hyper-K, the final state e+e− manifest as a double-ring 
signature, where the two rings originate from the same primary 
vertex of φ decay. We focus on fully contained events where the φ
decay vertex emerges from inside the detector.

Our main result is shown in Fig. 3, in the θ versus mφ plane. In 
the upper panel, the black solid, dashed, and dotted curves cor-
respond to observing 10, 100, and 1000 e+e− pair events due 
to φ decay in the Hyper-K detector, after 10 years of data tak-
ing. To derive these curves, the volume of the Hyper-K detector 
used is 216 × 103 m3 (diameter = 70.8 m and height = 54.8 m) [39]. 
Beyond the top and right boundaries of the covered regions (en-
closed by the black curves), the φ particles decay too fast to reach 
the detector and produce enough signal events, either due to large 

1 It is a simplification that we assumed the atmospheric secondaries are produced 
isotropically inwards to the earth, which allows us to proceed the flux calculation 
analytically. We expect this approximation to be appropriate because we consider 
the high energy cosmic ray collisions (with center of mass energy above 6 GeV). As 
a result, the kaons and subsequently the φ particles are produced along the forward 
direction of the scatterings. In order for the φ particle to reach Hyper-K which is 
underground, the original cosmic ray direction cannot be tangential to the upper 
atmosphere.

2 This is in sharp contrast with the case of dark photon where the same pa-
rameter controls both the production and decay. In fact, Ref. [38] found that the 
atmospheric production cannot provide a competitive constraint for dark photon.
3

Fig. 3. Upper: Using Hyper-K detector to search for long lived Higgs portal scalar 
φ produced from the atmosphere. The (solid, dashed, dotted) black contours cor-
respond to 10, 100, 1000 signal events after ten years of exposure. The red curves 
correspond to constant values of cτφ , the lifetime of φ times the speed of light.
Middle: Hyper-K region (the three gray contours in the background are same as 
those black ones in the upper panel) shown in together with the existing constraints 
(from E949, NA62, CHARM, LSND, LHCb, Belle) and future reach by the upcoming 
experiments (ICARUS, SBND). Lower: The region of parameter space favored by the 
earlier KOTO excess is shown by the blue bands (dark and light blue correspond 
to 1 and 2σ favored regions, respectively) [16–18]. The upper bound on the mix-
ing angle θ derived from the latest KOTO analysis [19] is down by the thick dark 
blue curve. The union of existing constraints excludes the gray shaded region. Like 
the upper and middle panels, the black curves correspond to fixed number of sig-
nal events using Hyper-K to hunt atmospheric φ particles. For comparison, we also 
show the rescaled 10, 100, 1000 signal event contours (in pink color) for Super-K 
with 328 kiloton-year of data. In all the plots, the blue fivestar corresponds to the 
benchmark point used in Eq. (11) and Fig. 4.

mixing angle θ or the opening of the φ → μ+μ− decay channel. 
The lower boundaries of the covered regions are simply set by the 
production rate which is proportional to θ2. In the same plot, the 
red contours correspond to constant values of cτφ , the lifetime of 
φ times the speed of light. They are not parallel to the upper edges 
of the black contours because φ particles are produced boosted.
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Fig. 4. Additional kinematical features of the φ decay signal. Left: Zenith angle ϕ distribution of the incoming into the Hyper-K detector for two sets of parameters, 
mφ = 150 MeV, θ = 5 × 10−4 (red) and mφ = 150 MeV, θ = 10−4 (blue). The first point corresponds to the blue star in Fig. 3 and can leads to hundreds of φ decay events 
in Hyper-K. Most of the events are expected to arrive in directions above the detector’s horizon. Right: electron-positron opening angle distribution from φ decay, for 
mφ = 150 MeV. The corresponding φ energy spectrum is shown in Fig. 1.
Here, we only present contours for certain signal events. They 
indicate the region of parameter space that potentially could be 
covered with the Hyper-K detector. Once the backgrounds are fully
understood, it is straightforward to derive an expected limit using 
our result. A thorough background analysis is beyond the scope of 
this paper. Potentially important background includes atmospheric 
neutrinos undergoing neutral-current interaction with a π0 ra-
diation. The two photons from subsequent π0 decay could also 
manifest as a double ring in water Cherenkov detectors. We can 
make an estimate of it based on a recent Super-Kamiokande anal-
ysis [40]. Number of π0-like double ring events has been reported 
in Fig. 5 and Table II of [40]. Rescaling the result to Hyper-K, we 
expect to see a few thousand such background events. However, it 
is worth noting that the energy spectrum of the background π0

peaks around 200 MeV whereas the atmospheric φ energy peaks 
around 700 MeV (see Fig. 1). This difference could serve a useful 
kinematical cut. In addition, a zenith angle distribution analysis 
(see Fig. 4) might be useful for further background discrimination.

In the middle panel of Fig. 3, we show the above found re-
gion of interest to Hyper-K in together with the existing con-
straints, including the search of K ± → π±φ → π± + invisible at 
E949 [24] (see also [20]) and the NA62 experiment [25–27], dis-
placed visibly-decaying φ search at CHARM [28,20] and LSND [41], 
measurement of B → Kφ → Kμ+μ− at LHCb [42,43] and B →
Kφ → K + invisible at Belle [44] (see also [45]). We also show the 
future reach by the upcoming ICARUS, SBND experiments based on 
a recent analysis [35].

In the lower panel of Fig. 3, we zoom in toward the parame-
ter space, where mφ ∈ (100 − 200) MeV and θ ∼ (a few) × 10−4, 
potentially relevant for KOTO. Again, the Hyper-K coverage is in-
dicated by the thick black curves, with solid, dashed and dotted 
corresponding to observing 10, 100 and 1000 e+e− pair events, 
respectively. Remarkably, they cover a new region parameter space 
that has not been constrained before by any existing experiments. 
For comparison, we also show the rescaled 10, 100, 1000 signal 
event contours for the Super-Kamiokande experiment with 328 
kiloton-year data collection.

Another attenuation effect before φ reaches the Hyper-K de-
tector is the scattering with the earth. The energy of atmospheric 
φ is peaked around GeV scale, which roughly coincides with the 
nucleon mass and the QCD scale for strong interactions. The cor-
responding scattering cross section of φ with the nucleon target 
can be estimated to be, σφ+N→π0+N ∼ gπ N N(θ2/mN)2(mN/v)2 ∼
10−34θ2 cm2, where v is the electroweak vacuum expectation 
value and mN is the nucleon mass. The extra suppression factor 
4

(mN/v)2 arises from the nucleon-Higgs coupling [46]. Given the 
earth nucleon density, n ∼ 1024/cm3, the free streaming length of 
φ is roughly, lF = 1/(nσ) � 105 km/θ2. The free streaming length 
of φ through the earth is sufficiently long even for θ ∼O(1).

Moreover, there is important information about the lifetime and 
mass of φ in the proposed signal, including the zenith angle and 
opening angle distributions of the final state e+e− pairs. In the 
left panel of Fig. 4, we plot the distribution of the zenith angle 
of φ particles arriving at the Hyper-K detector, for two sets of 
parameters. They exhibit very different behaviors, which can be 
understood by comparing the φ decay length, Eq. (11), and the 
distance it needs to travel before reaching the Hyper-K detector, 
L(ϕ), given in Eq. (6). The first set of parameters, mφ = 150 MeV, 
θ = 5 × 10−4, corresponds to the blue fivestar in Fig. 3. It repre-
sents an exciting and uncharted parameter space that will be ex-
plored by the upcoming intensity frontier experiments. In this case, 
γ βτφ ∼ 100 km, for a typical boost factor (see Fig. 1), whereas 
L(ϕ) ∼ 104, 300, 10 km for ϕ = 0, π/2, π , respectively. Clearly, if 
a φ particle travels to the detector from directions well below the 
horizon (0 < ϕ < π/2), the distance L(ϕ) is too long compared 
to γ βτφ for it to survive. As a result, most of the φ particles 
are expected to arrive from above the Hyper-K detector’s horizon 
(π/2 < ϕ < π ). For comparison, the second set of parameters has a 
much smaller θ leading to a much longer lived φ, γ βτφ ∼ 104 km, 
thus φ could also arrive from directions below the horizon. How-
ever, smaller θ means fewer φ being produced from the atmo-
sphere and such a point is beyond the reach of Hyper-K. Similarly, 
as mφ increases beyond twice of the muon mass, it mainly de-
cays into μ+μ− , via a much larger muon Yukawa coupling. The 
corresponding decay length is too short for φ to reach Hyper-K, 
unless θ is made much smaller, again resulting in a suppressed at-
mospheric production rate. In both latter cases, a larger detector 
would be needed.

In the right panel of Fig. 4, we plot the final state electron-
positron opening angle distribution from φ decays, for mφ =
150 MeV. The result peaks around θe+e− ∼ 30◦ , which is expected 
from the peak of φ energy distribution in Fig. 1, using θe+e− ∼
2mφ/Eφ . A sizable fraction of events have a large e+e− opening 
angle. This quantity is relevant for the double ring signature to 
be resolved once they occur inside the Hyper-K detector. In the 
main plot Fig. 3, we did not implement any cut on θe+e− , which is 
straightforward to do once the threshold is established.

To summarize, we propose broadening the purpose of the 
Hyper-Kamiokande experiment though using it to hunt down long-
lived Higgs portal scalar particles produced from the atmosphere. 
This proposal is in high complementarity to the intensity fron-
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tier experiments exploring rare meson decays. The target param-
eter space is for the scalar mass below twice the muon mass 
that is allowed by existing searches. The corresponding signal is 
electron-positron pair creations in the Hyper-K detector. We make 
approximations to the atmospheric production picture and derive 
a semi-analytical expression for the signal rate. In most events, the 
electron-positron opening angle is large enough for the double-
ring signal to be resolved. If the double-rings are further used to 
reconstruct the decaying φ particles, one would find most of φ

are arriving from directions above the detector’s horizon. In the 
future, a more inclusive treatment of the φ production, better un-
derstanding of angular distribution measurement by the Hyper-K 
detector, as well as the background will be useful toward deriv-
ing a precise limit. The Hyper-K reach reported here for Higgs 
portal scalar similarly applies to light axion-like particles (of the 
DFSZ type [47,48]) which couple to Standard Model fermions also 
through their masses. The presence of small electron Yukawa cou-
pling in the decay rates naturally makes these particles long lived 
and suitable to be searched for at earth-sized experiments.

It could be exciting to explore the proposed signal using the ex-
isting Super-K data. However, it is worth noting that the Super-K 
detector volume is about a factor of ten smaller than Hyper-K [49]. 
One could also consider searching for the signal at the future 
DUNE far detector which is made of liquid argon and is a few times 
smaller than Hyper-K in volume. This said, DUNE could be better 
at distinguishing e± from γ , which is useful for background dis-
crimination. It is beyond the scope of this paper to quantitatively 
compare the performance between Hyper-K and DUNE.

There have been recent proposals of further searching for long-
lived light particles including the Higgs portal scalar at accelera-
tor neutrino facilities using their near detectors [35,50,41,51], as 
well as higher energy collider experiments with displaced detec-
tors [13] (see the middle panel of Fig. 3). In comparison, the atmo-
spheric φ particles carry relatively lower energies than their beam 
counterpart, thus the resulting e+e− opening angles are wider and 
easier for detection. Background is also much lower in the absence 
of a nearby intense beam. The very large Hyper-K detector volume 
partially compensates for the relatively lower atmospheric lumi-
nosity. All in all, there is excellent complementarity between the 
searches for long-lived particles of atmospheric and beam origins.
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