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We explore the possibility of directly detecting light, long-lived hidden sector particles at the IceCube
neutrino telescope. Such particles frequently arise in nonminimal hidden sectors that couple to the Standard
Model through portal operators. We consider two distinct scenarios. In the first scenario, which arises from
a neutrino portal interaction, a hidden sector particle is produced inside the detector by the collision of an
energetic neutrino with a nucleon, giving rise to a visible cascade. This new state then decays into a hidden
sector daughter, which can naturally be long-lived. The eventual decay of the daughter particle back to
Standard Model states gives rise to a second cascade inside the detector. This scenario therefore gives rise to
a characteristic “double bang” signal arising from the two distinct cascades. In the second scenario, which
arises from a hypercharge portal interaction, a hidden sector particle is produced outside the detector by the
collision of an atmospheric muon with a nucleon. This new state promptly decays into a pair of hidden
sector daughters that are long-lived. If both daughters decay into Standard Model states inside the detector,
we again obtain a double bang signal from the two distinct cascades. We explore the reach of IceCube for
these two scenarios and show that it has the potential to significantly improve the sensitivity to hidden
sector models in the mass range from about 1 GeV to about 20 GeV.
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I. INTRODUCTION

The existence of a hidden sector composed of particles
that do not transform under any of the Standard Model
(SM) gauge groups represents a highly intriguing possibil-
ity for new physics. Such hidden sectors can offer solutions
to several puzzles of the SM, including the little hierarchy
problem [1–5], the origin of the neutrino masses [6–10], the
nature of dark matter [11–16], and the origin of the baryon
asymmetry [17–21]. Given that the experimental con-
straints on particles that are neutral under the SM are
relatively weak, the states in a hidden sector could have
masses below the weak scale, provided that their couplings
to the SM are sufficiently small. Understanding the extent

to which current and future experiments will be able to
probe such light hidden sectors remains an open problem.
The experimental signals associated with a hidden sector

depend on how it couples to the SM and on its particle
content. Hidden sectors interact with the SM through
interactions of the form OSMOHS, which couple gauge-
invariant SM operatorsOSM to operatorsOHS in the hidden
sector. The SM operators OSM represent “portals” to the
hidden sector. From the point of view of experiment, the
most promising portals are the Higgs portal OSM ≡H†H,
the neutrino portal OSM ≡ LH, and the hypercharge portal
OSM ≡ Bμν. This is because these portals have the lowest
scaling dimensions and can therefore be probed with the
greatest experimental sensitivity.
For each of these portals, the experimental signals of the

case when the hidden sector consists of just a single particle
have been well studied. These include searches for scalar
particles that mix with the Higgs boson, heavy neutral
leptons that couple through the neutrino portal, and dark
photons that mix with the hypercharge gauge boson.
However, in general, the hidden sector could consist of a
large number of states with sizable interactions between
them. The experimental signals of this larger class of
hidden sectors have received much less attention.
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If the interactions between the different particles in such
a larger hidden sector are sizable, once a hidden sector
particle has been produced, it is likely to decay promptly
down to the lightest state in that sector, the “lightest hidden
sector particle” (LHSP). Since the LHSP is forbidden by
kinematics from decaying to other hidden sector states, it
must either be stable or decay back to the SM. If the
couplings of the LHSP to the SM are small or if its decays
are suppressed because of symmetry considerations, it can
be long-lived on detector time scales, potentially giving rise
to striking signals in experiments.
Because of their enormous size, neutrino telescopes offer

unique opportunities for directly detecting exotic long-lived
particles predicted by models of new physics. At present,
the world’s largest neutrino telescope is at the IceCube
Neutrino Observatory, located at the South Pole. Examples
of long-lived particles that IceCube is sensitive to include
staus in supersymmetric theories [22–27], Kaluza-Klein
particles in models of extra dimensions [28], magnetic
monopoles [29,30], dark photons [31,32], and heavy
singlet neutrinos that mix with the SM neutrinos [33,34].
Dedicated searches have been performed at IceCube for
staus and Kaluza-Klein particles [35,36], magnetic
monopoles [37–40], and heavy singlet neutrinos [41,42].
In this paper, we explore the possibility of directly

detecting light hidden sector particles at IceCube. We
consider two distinct scenarios. In the first scenario, which
arises from neutrino portal interactions, a hidden sector
particle is produced by the collision of an energetic
neutrino with a nucleon inside the detector volume,
resulting in a cascade. This new particle is then assumed
to decay into a final state containing a hidden sector
daughter, which can naturally be long-lived. If the eventual
decay of the daughter particle back to the SM occurs inside
the detector, it gives rise to a second cascade. This scenario
can therefore give rise to distinctive “double bang” events,
characterized by two or more separate cascades.
This signal was studied earlier for the case when the

hidden sector consists of just a singlet fermion coupled
through the neutrino portal [33]. However, it was found to
provide only a limited improvement in sensitivity over the
existing experimental constraints. This can be traced to the
fact that, in the regime where the production cross section
for the fermion is sizable, its lifetime is not long enough to
easily distinguish the two bangs. However, in the case when
the LHSP is a scalar, its decay width into SM fermions is
helicity suppressed because of angular momentum consid-
erations, so that it can naturally be long-lived. Therefore,
this scenario gives rise to well-separated bangs that are
more easily distinguished.
In the second scenario, which arises from hypercharge

portal interactions, a hidden sector particle is created by the
collision of an atmospheric muon with a nucleon outside
the detector. This new particle is then assumed to decay into
a final state that contains two long-lived hidden sector

daughters. If both daughter particles decay back to SM
states inside the detector volume, they give rise to two
distinct cascades, again resulting in a double bang signal.
We focus on events in which the initial collision of the
muon with the nucleus occurs above the detector because
the flux of energetic muons falls rapidly with the depth
below the ground.
For each of the neutrino and hypercharge portals, we

explore the reach of IceCube for a simplified model of a
hidden sector that gives rise to the corresponding double
bang signal. We find that for the neutrino portal, IceCube
has the potential to significantly improve on the current
sensitivity for hidden sector particles in the mass range
from a few GeV to about 20 GeV. In the case of the
hypercharge portal, the corresponding mass range extends
from about 1 GeV to about 10 GeV.
The outline of this paper is as follows. In Sec. II we

assess the reach of IceCube for a simplified model of a
hidden sector that couples to the SM through the neutrino
portal and gives rise to a neutrino-initiated double bang
signal. In Sec. III we consider a simplified model of a
hidden sector that couples to the SM through the hyper-
charge portal, giving rise to a muon-initiated double bang
signal, and determine the sensitivity of IceCube to this
scenario. We conclude in Sec. IV.

II. THE NEUTRINO PORTAL

A. Model description

In this section, we consider a simplified model of a
hidden sector that interacts with the SM through the
neutrino portal and determine the expected event rate at
IceCube. The hidden sector contains three Dirac fermions
Nα that play the role of singlet neutrinos. Here α ¼ 1; 2; 3 is
a hidden sector flavor index. We can decompose the singlet
neutrinos Nα into left and right chiral components,
Nα ≡ ðNα

L; N
α
RÞ. The Nα are neutral under the SM gauge

interactions and mediate the portal interaction,

L ⊃ N̄iγμ∂μN −mNN̄N − ðλL̄ H̃ NR þ H:c:Þ; ð1Þ

where we have suppressed flavor indices and H̃ ≡ iσ2H�.
In what follows, we restrict our attention to just a single
flavor of SM fermions and singlet neutrinos, but we will
generalize to the realistic case of three flavors later.
In addition to the Dirac fermions N, we assume that the

hidden sector contains a scalar σ, which is taken to be the
LHSP. The hidden sector particles N and σ interact through
a Yukawa coupling,

L ⊃
1

2
∂μσ∂

μσ −
1

2
m2

σσ
2 − yσN̄N: ð2Þ

After electroweak symmetry breaking, the neutrino portal
interaction results in mass mixing between the Dirac
fermion N and the SM neutrinos. The mixing between
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the singlet and active neutrinos is conveniently parame-
trized in terms of the parameter UNl ≡ λvEW=mN. Since
constraints from precision measurements already restrict
jUNlj2 ≲ 10−3, we restrict our analysis to the parameter
range where jUNlj2 ≪ 1. As a consequence of the mixing,
the heavier mass eigenstate, which is mostly composed of
N, inherits from the neutrinos couplings to the W and Z
bosons of the SM, suppressed by a factor of UNl,

L ⊃ −gZUNlνLZNL − gWUNllW−NL þ H:c: ð3Þ

In addition, through the mixing, the light mass eigenstate,
which is mostly composed of the SM neutrino, obtains
couplings to the scalar σ from the Yukawa interaction in
Eq. (2),

L ⊃ −yUNlσνLNR þ H:c: ð4Þ

At this point, we introduce a small Majorana mass term for
the N,

L ⊃ −
μ

2
NNc þ H:c:; ð5Þ

where μ ≪ λvEW and ψc ≡ Cψ̄T denotes the charge-
conjugate of Dirac spinor ψ. This generates Majorana
masses for the neutrinos through the inverse seesaw
mechanism [43,44],

mν ¼ μ

�
λvEW
mN

�
2

: ð6Þ

It also gives rise to an additional coupling of the scalar σ to
the light neutrinos,

L ⊃ −yU2
Nl

�
μ

mN

�
σνLν

c
L þ H:c: ð7Þ

This simple neutrino portal model can give rise to
double bang signals at IceCube. From the first term in
Eq. (3), singlet neutrinos N can be produced at IceCube
through deep-inelastic scattering of atmospheric neutrinos
and nucleons, as shown in Fig. 1. This results in energy

being deposited at the site where theN is produced, giving
rise to a cascade. An N that has been produced promptly
decays into a σ and a ν. Since the scalar σ is long-lived in
most of the parameter space of interest (see Sec. II B), it
travels a significant distance in the detector before
decaying into SM particles. If these decay products
include hadrons, electrons, or taus, this gives rise to a
distinct second cascade in the detector. This process is
illustrated in Fig. 2.
We now consider the realistic case of three generations of

SM fermions and singlet neutrinos. Then, the Dirac mass
termmN for the singlet neutrinos in Eq. (1), the couplings λ
and y in Eqs. (1) and (2), and the Majorana mass parameter
μ in Eq. (5), all generalize to ð3 × 3Þ matrices in flavor
space:mN;αβ, λiα, yαβ, and μαβ respectively. Here i ¼ 1; 2; 3
represents a flavor index for the SM leptons Li and
α ¼ 1; 2; 3 a flavor index for the singlet neutrinos Nα.
For simplicity, we assume that the singlet neutrinos Nα are
approximately degenerate in mass and that the couplings
λiα and yαβ are flavor universal, so that mN;αβ ∝ δαβ,
λiα ∝ δiα, and yαβ ∝ δαβ. Then, in this framework. the
nontrivial flavor structure of the mass matrix for the light
neutrinos arises from the Majorana mass term for the
singlet neutrinos, μαβ, which is not taken to be flavor
universal. With these assumptions, any lepton-flavor-vio-
lating process requires at least one insertion of μ, and is
therefore suppressed by the light neutrino masses. The
model is therefore consistent with the existing constraints
on lepton flavor violation.

B. Production and decay of hidden sector particles

Singlet neutrinos are produced from the collisions of
neutrinos with nucleons inside the detector, as illustrated in
Fig. 1. The differential cross section for this process is
given by

FIG. 1. Production of singlet neutrinos in neutrino-nucleon
scattering.

FIG. 2. Illustration of the neutrino-initiated double bang signal
in the case of the neutrino portal model. A singlet neutrino N is
produced through neutrino-nucleon scattering, resulting in the
first cascade. The N promptly decays into σ þ ν. The long-lived σ
decays into a final state containing visible particles, resulting in
the second cascade.
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d2σ
dxdQ2

¼ πα2jUNlj2
8s4Wc

4
W

X
q

fqðx;Q2Þ
ðQ2þm2

ZÞ2
�
ðcV þcAÞ2

�
1−

m2
N

ŝ

�

þðcV −cAÞ2
�
1−

Q2

ŝ

��
1−

Q2

ŝ
−
m2

N

ŝ

��
: ð8Þ

Here ŝ ¼ 2xmnEν is the square of the energy in the center-
of-momentum frame, cV , cA are the vector and axial
couplings, and fqðx;Q2Þ denotes the parton distribution
function of the initial-state quark q ¼ ðu; dÞ inside the
nucleon as a function of the deep-inelastic scattering
variables ðx;Q2Þ. Differential cross sections for the pro-
duction through antineutrinos can be obtained by switching
cV þ cA ↔ cV − cA in Eq. (8). We employ the proton
parton distribution functions from nCTEQ15 [45] for
fqðx;Q2Þ. We estimate differential production rates using
the all-direction averaged neutrino and antineutrino fluxes
from [46]. Production cross sections and differential
production rates are shown as a function of Eν for various
values of mN in Fig. 3.
Once the singlet neutrinos have been produced, they can

decay through two different modes (see Fig. 4):
(1) The interactions in Eq. (3) allow the N to decay into

SM particles through an off-shell Z=W�, through
processes such as N → νlþl−; νν0ν0; νqq̄, etc.

Although these processes contain only a single factor
of UNl at the amplitude level, the corresponding
partial decay widths are additionally suppressed by a
factor of ðmN=vEWÞ4,

Γð3Þ
N ≈

mN

192π3
jUNlj2

�
mN

vEW

�
4

: ð9Þ

(2) The N can decay into σ þ ν through the N − ν − σ
coupling in Eq. (4). This process is not suppressed
by vEW, and the corresponding partial decay width is
given by

Γð2Þ
N ¼ y2mN

4π
jUNlj2

�
1 −

m2
σ

m2
N

�
2

: ð10Þ

We focus on the region of parameter space where
mN ≪ vEW and y≳Oð0.1Þ so that the two-body decays
dominate. In this regime, the singlet neutrinos N are short-
lived and promptly decay into σ þ ν. The resulting σ
particles have two dominant decay modes at the tree level:
(1) Four-body decays mediated by an off-shell W=Z,

with a rate that can be estimated as

Γð4Þ
σ ∼

y2mσ

256π5
jUNlj4

�
mN

vEW

�
4
�
mσ

mN

�
10

: ð11Þ

Formσ ≳ 1 GeV, we compute the width numerically
using MadGraph. We include all possible final
states, such as ll0νν;lνqq0, treating colored par-
ticles in the final state as partons. For mσ ≲ 1 GeV,
we perform a numerical integration including ha-
drons in the final state. We consider three- and four-
body final states that include up to two hadrons,
such as νll−mþ; νll−mþm0; νlνlm0; νlνlmþm−,
where them are pseudoscalar mesons. Our treatment
of hadronic decays follows an approach similar to

FIG. 3. Left: cross section for the production singlet neutrinosN as a function of Eν ðjUNlj2 ¼ 1Þ. Solid and dashed curves correspond
to neutrinos and antineutrinos in the initial state, respectively. These cross sections are calculated for cuts of E1 > 100 GeV on the
hadronic cascade and EN > 100 GeV. Right: corresponding differential production rates, showing the range of atmospheric neutrino
energies Eν that dominate the production of N.

FIG. 4. Diagrams illustrating the decay modes of N. Left:
Three-body decays proceeding through an off-shell Z=W�.
Right: Two-body decays through the N − ν − σ coupling.
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that of Ref. [47], with the caveat that the final
state contains an additional neutrino in our case.
Details of our calculations may be found in
Appendix A 1. The partial decay widths of the
different hadronic decay modes are shown as func-
tions of mN in Fig. 5. As shown here, for
mσ ≲ 1 GeV, σ predominantly decays into νlνlπ

0.
(2) Two-body decays σ → ννc, with a rate given by

Γð2Þ
σ ¼ y2mσ

8π

�
mν

mN

�
2

: ð12Þ

Here we take the light neutrino masses to be of the
order mν ∼ 0.01 eV.

These tree-level decay modes are illustrated in Fig. 6.
Depending on the values of mN and jUNlj2, one of these
two decay modes dominates.

In addition to these tree-level decay modes, σ can decay
to a pair of SM fermions through loop diagrams involving
the W, Z, or Higgs (h), as shown in Fig. 7. For each of the
W or Z gauge bosons, there are three one-loop diagrams,
corresponding to having N and N̄, N and ν̄, or ν and N̄ in
the loop. [The contribution from the diagram with ν and ν̄
in the loop is suppressed by an additional factor of
ðmν=mNÞ2 and can therefore be neglected.] Although loop
suppressed, the corresponding amplitudes arise at order
jUNlj2, just as for the tree-level diagrams and would
naively be expected to contribute to the decay width at
the same level. However, when the three diagrams are
summed together, the total amplitude vanishes at order
1=v2EW and the final result is of order 1=v4EW. In addition,
the partial decay width to final-state fermions of massmf is
suppressed by a factor ofm2

f because of angular momentum

FIG. 5. Partial decay widths of the dominant hadronic decay modes of σ, mediated by the charged-current (left) and neutral-current
(right) interactions. Here, we set y ¼ 1, jUNlj2 ¼ 1, and mσ=mN ¼ 0.6.

FIG. 6. Diagrams contributing to the two dominant decay modes of σ. Depending on the parameters ðmN; jUNlj2Þ, one of these two
decay modes dominates. When σ decays as in (a), it can be detected, and when it decays as in (b), it escapes detection. The region in the
parameter space where invisible decays dominate is shown in Fig. 8.

FIG. 7. Loop processes that contribute to the two-body decay of σ to SM fermions in the mass eigenbasis.
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considerations. The net contribution to the decay width is
therefore suppressed compared with the naive expectation.
The amplitude for the two-body decay to SM fermions
through the mixing between σ and h that arises at loop level
is also of the order 1=v4EW and the contribution to the decay
width is again suppressed by a factor of m2

f.
From this discussion, it follows that the total contribution

to the decay rate of σ from these loop-level processes can be
estimated as

ΓðloopÞ ∼
y2jUNlj4mσ

256π5

�
mN

vEW

�
6
�
mf

vEW

�
2

: ð13Þ

Comparing Eqs. (13) and (11), we see that the loop decays
are highly suppressed compared with the four-body decays
and can therefore be neglected.
Figure 8 shows the branching ratios and the decay length

of σ as a function of the parameters ðmN; jUNlj2Þ. It is clear
that the σ are long-lived and decay visibly in a large part of
the parameter space.

C. Neutrino-induced double bang event rate at IceCube

We are now in a position to determine the rate of double
bang events at IceCube from this hidden sector model. The
total event rate is given by

RDB ¼ 4πNnuc

Z
dEνΦðEνÞσprodðEνÞϵ̄ðEνÞ; ð14Þ

where ΦðEνÞ is the differential flux of atmospheric neu-
trinos, σprodðEνÞ represents the production cross section of
singlet neutrinos, and Nnuc is the number of nucleons inside
the detector volume. The parameter ϵ̄ represents the
average efficiency of observing a double bang signature.
This depends on the geometry and sensitivity of the
detector. It also depends on the lifetime and energy of
the produced σ particles, and the branching fraction of σ

into hadrons, electrons, and taus. We describe our calcu-
lation of ϵ̄ below.
It is necessary to apply a cut on the deposited energy

ðE > EminÞ in each cascade in order to register a signal in
the digital optical modules (DOMs) and suppress back-
ground rates. In addition, a cut needs to be placed on the
spatial separation ðL > LminÞ between the origin points of
the two cascades in order to resolve the two cascades as
separate. Reference [33] proposed using Emin ¼ 5 GeV
and Lmin ¼ 20 m, while requiring the first cascade to be
within a distance of 36 m from at least four DOMs,
corresponding to the in-ice SMT4 trigger. However,
Ref. [42] found that a sizable number of background
events would survive after these cuts. In order to suppress
the backgrounds, we apply very severe cuts of Emin ¼
100 GeV on the deposited energies of both the cascades
and Lmin ¼ 100 m. As shown in Ref. [42], reconstruction
of the track length and the deposited energies is almost
100% efficient for events passing these cuts. In addition, we
perform a Monte Carlo simulation of the 86-string con-
figuration of IceCube to verify that Emin ¼ 100 GeV
results in a high (80%) detection efficiency for the
SMT4 trigger. The details of our Monte Carlo analysis
may be found in Appendix B.
At energy depositions above 100 GeV, background

events induced by the charged-current interactions of muon
neutrinos (νμ-CC interactions) and those induced by μ-CC
and μ-NC interactions can be rejected due to the presence
of muon tracks. Background events induced by νe-CC and
ντ-CC interactions do not pass the Lmin ¼ 100 m cut. As a
result, the dominant source of background events arises
from two simultaneous hadronic cascades resulting
from ν-NC interactions. We estimate the annual rate of
single hadronic cascades passing the Emin cut to be
N0 ¼ 6.5 × 104 yr−1. The annual rate of two such cascades
occurring simultaneously within a time window of Δt is
given by Nbkg ≃ N2

0ðΔtT Þ, where T ¼ 1 yr. Since the σ are

FIG. 8. Left: branching ratios of σ to different final states, as a function ofmN . The dashed vertical lines show the transitions fromhadronic
calculations to the partonic ones for decays mediated by neutral-current and charged-current interactions, as discussed in Appendix A.
Right: contours of cτσ in meters as a function of ðmN; jUNlj2Þ. Here, we set y ¼ 1 and mσ=mN ¼ 0.6. In the shaded region, the σ
predominantly decay invisibly ðBRinv > 50%Þ. About 15–35% of the four-body decays are invisible as can be read from the left plot.
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highly boosted in our signal, the two cascades would need
to take place within a time window of Δtsig≲1km=c∼3μs.
Considering a relatively longer time window of Δt ¼
100 μs to accommodate the finite buffer of the SMT
triggers results in a background rate of Nbkg ¼
10−2 yr−1. We therefore expect less than one background
event over the lifetime of the experiment.
Using the ðEmin; LminÞ cuts, the average efficiency ϵ̄

for events initiated by neutrinos of energy Eν can be
estimated as

ϵ̄¼1

σ

Z
dxdQ2

d2σ
dxdQ2

Y
i¼1;2

ΘðEi
dep−EminÞϵ̄geomBRvis: ð15Þ

Here BRvis is the branching ratio of σ into hadrons,
electrons, and taus, and ϵ̄geom represents the geometric
efficiency of the produced σ to decay within the detector
volume with a separation of at least Lmin from the location
of the first cascade. Since the neutrino flux is nearly
uniform across the azimuthal angles, the singlet neutrinos
N are produced isotropically inside the detector volume. As
shown in the right panel of Fig. 3, the production of the
hidden sector is dominated by the part of the neutrino
spectrum where Eν ≫ mN . As a result, the N are produced
with a large boost and with momenta essentially along the
direction of the incoming neutrino. In order to estimate
ϵ̄geom, we first run a Monte Carlo simulation to obtain the
probability distribution of the maximum track length Ltr
inside the detector volume assuming the first bangs are
uniformly distributed throughout the detector and that the
direction of tracks is isotropically distributed. For a cubical
detector of length Lmax, this distribution, denoted by Ptr, is
linear in the range Ltr ∈ ½0; Lmax� and dies away quickly

for Ltr > Lmax. Using this distribution, we then estimate
ϵ̄geom as

ϵ̄geom ¼ e−Lmin=γcτσ −
Z

Lmax

Lmin

dLtrPtrðLtrÞe−Ltr=γcτσ : ð16Þ

Contours corresponding to the number of events
Nevt ¼ 1 over a period of 14 years are shown in Fig. 9
for the two benchmark values ofmσ=mN . We see that in the
mass range from about 4 GeV to about 20 GeV, IceCube
has sensitivity to values of jUNlj2 well below the current
bound of 10−3 from precision measurements. Furthermore,
a part of the parameter space for mN ≳ 10 GeV, which is
consistent with precision constraints, is ruled out by long-
lived particle searches at the LHC. In Sec. II D we discuss
the details of these long-lived particle searches and other
constraints on the model. Nevertheless, we see that IceCube
has the potential to significantly improve on the current
sensitivity to this class of hidden sector models in the mass
range from a few GeV to about 20 GeV.

D. Current constraints

The singlet neutrinos N inherit the couplings of the SM
neutrinos to the W and Z gauge bosons, suppressed by a
factor of the mixing UNl. They can therefore be produced
directly from the decays of on-shellW and Z gauge bosons,
or from the leptonic and semileptonic decays of hadrons
through an off-shell W or Z. This being the case, the N fall
into the category of heavy neutral leptons (HNLs) from the
viewpoint of searches at colliders and beam dumps.
Existing bounds on HNLs from colliders and beam dumps
that do not depend on how the N decays can therefore be
directly applied to this class of models. However, for HNL
masses above a GeV, most searches search for specific

FIG. 9. Contours of Nevt ¼ 1 for mσ=mN ¼ 0.6 (left) and mσ=mN ¼ 0.8 (right). The contours correspond to y ¼ 0.25, 0.5, 0.75,
respectively. The brown shaded region given by jUNlj2 ≳ 10−3 is excluded by precision measurements. The shaded regions bounded by
the dashed contours are excluded by searches for visible HNLs at the LHC. The region shaded in red corresponding to mN <
mτ − 3mπ ∼ 1.3 GeV is excluded by the model-independent search of BABAR. Additional constraints from searches for visible HNLs at
beam dump experiments may be applicable in the gray shaded region corresponding tomN < mD ∼ 2 GeV. A detailed discussion of the
current constraints is provided in Sec. II D.
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visible decay modes arising from the HNL coupling to the
weak gauge bosons of the SM. Since the corresponding
bounds assume no additional invisible decay channels,
these constraints need to be rescaled to determine the actual
limits.
FormN ≲ 350 MeV, mixing angles of jUNlj2 ≳ 10−8 are

excluded based on the kinematics of the visible leptons in
the leptonic decays of kaons [48]. A model-independent
search by BABAR [49] based on the momentum distribution
of the pions arising from three-prong decays of tau leptons
excludes jUNlj2 ≳ 10−5 in the mass range given by
3mπ < mN < mτ − 3mπ . Since these searches are indepen-
dent of how the singlet neutrinos decay, the corresponding
limits are directly applicable. However, for mN ≳ 1 GeV,
most searches for HNLs at colliders and beam dumps are
based on signals that require detection of the visible SM
particles produced in their decays. Since, in our model, the
singlet neutrinos primarily decay into a neutrino and a σ
rather than into visible SM final states, and the σ is long-
lived on detector time scales, these bounds are not directly
applicable. However, constraints can still be placed on
jUNlj2 based on the unitarity of the Cabibbo-Kobayashi-
Maskawa (CKM) matrix, as shown in [50]. This excludes
mixing angles jUNlj2 ≳ 10−3. There are also lepton uni-
versality constraints based on ratios of different electro-
weak observables. However, these are proportional to
factors of ð1− jUNij2Þ=ð1− jUNjj2Þ, as shown in Table II
of [51]. Since we are assuming flavor universality,
ðUNi ¼ UNjÞ, these bounds are not applicable.
From Eqs. (9) and (10), the branching fraction for direct

decays of N into SM final states is given by

BRðN → SMÞ ≈ 1

48πy2

�
mN

vEW

�
4
�
1 −

m2
σ

m2
N

�−2
: ð17Þ

The current collider and beam dump constraints on jUNlj2
from searches for promptly decaying HNLs must therefore
be rescaled by this factor to give the corresponding bounds
in our case. Most relevant is the ATLAS search of Ref. [52],
which excluded mixing angles of jUNlj2 ≳ 10−5 for
promptly decaying HNLs in the mass range 7–50 GeV.
After rescaling by the factor shown in Eq. (17), this search
excludes mixing angles of jUNlj2 ≳ 3 × 10−3 for mN ¼
50 GeV and y ¼ 0.1. This is still weaker than the model-
independent bound from CKM unitarity.
Given that the visible SM decay products of a σ are

identical to those of a singlet neutrino N, searches for
long-lived HNLs at beam dumps and colliders are expected
to constrain the parameter space of our model. Searches
for visible HNLs produced in D-meson decays have
been conducted by the CHARM [53,54] and BEBC
WA66 [55,56] beam dump experiments. Both of these
searches place constraints on HNLs that are lighter than
mD ∼ 2 GeV. In our case, IceCube is more sensitive
than the precision measurements only in the mass range

mN ≳ 4 GeV (see Fig. 9), which is above the mass range
constrained by CHARM and BEBC.
The CMS search [57] for visible long-lived HNLs

produced in W decays, based on a final state containing
a prompt lepton l1 from the decay W → l1 þ N and a
displaced vertex arising from the subsequent decay
N → l2qq, is, however, relevant. The visible final states
are the same as in our model, but the displaced vertex now
arises from the decay of σ rather than N. An important
difference is that, in our case, the final state also contains
two additional neutrinos: one from the decay of N into σ
and another from the decay of σ. Moreover, this search
categorizes signal events based on the significance of the
transverse impact parameter ðdsigxy ¼ dxy=σxyÞ of the dis-
placed lepton l2. Since the decay lengths for our model are
typically greater than hundreds of meters in the mass range
of interest, the strongest constraints are set by the “very-
displaced” regime, which is defined as dsigxy > 10. The
search excludes Nevt ≥ 1 in this regime. As described
in [58], σxy is of the order ∼20 μm and the track
reconstruction efficiency drops to zero for displacements
of the order rDV ∼ 1 m. In order to estimate conservative
bounds on our model, we generate events using MadGraph
and apply the relevant cuts, assuming perfect energy
resolution. This search requires the transverse momentum
of the displaced jet to be pj

T > 20 GeV. Additionally, since
the invariant mass of the prompt lepton and the displaced
vertex is centered around mW in the case of regular HNLs,
the search also requires 70 GeV < ml1l2j < 90 GeV. Due
to the two additional neutrinos in our case, distributions of
pj
T and ml1l2j are shifted towards lower values. As a

reference, the pj
T and ml1l2j cuts roughly result in effi-

ciencies of 15% and 25%, respectively, for mN ¼ 10 GeV
and mσ=mN ¼ 0.6. For a given proper decay length cτ,
we calculate geometric efficiencies of the events by
integrating over dxy > 200 μm and rDV < 1 m. Using
the average efficiency ϵ̄ (which includes the cuts and
geometric factors), we exclude the region given by
Nevt ¼ L × σprod × ϵ̄ ≥ 1, where L ¼ 138 fb−1 is the inte-
grated luminosity of this search.
The ATLAS search [59] for visible HNLs based on

leptonic decays resulting in a final state of one prompt
lepton l1 and two displaced leptons l2, l3 also places
bounds on our model. This search excludes displaced
vertices in the range 0.1 mm < dxy < 300 mm, using the
reconstructed mass mHNL of the HNL (assuming produc-
tion from W decay) to distinguish the signal from back-
ground. In our case, due to the two additional neutrinos in
the final state, distributions of the reconstructed mHNL are
shifted towards lower values. As a result, the cut ofmHNL <
20 GeV employed by this search leads to higher acceptance
rates as compared with conventional HNLs of the same
mass. Moreover, this search also requires the invariant mass
of the particles from the displaced vertex ðmDVÞ to be
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greater than 2–5.5 GeV, with the exact value depending on
the radial position of the displaced vertex ðrDVÞ. We
estimate conservative bounds on our model by applying
the relevant cuts and integrating geometric factors in the
ranges 0.1mm<dxy<300mm and 4mm<rDV<300mm.
Additionally, we assume the track reconstruction efficiency
to be linearly decreasing with respect to rDV such that it is
equal to 50% at rDV ¼ 300 mm, as reported in [60].
Regions in the parameter space excluded by the CMS

and ATLAS searches for the two benchmark values of
mσ=mN are shown in Fig. 10. Due to a higher track
reconstruction efficiency, the ATLAS search results in
stronger constraints on our model. The constraints become
weaker for mN ≲ 10 GeV due to the mDV and pT

j cuts for
the ATLAS and CMS searches, respectively.

III. THE HYPERCHARGE PORTAL

A. Model description

In this section, we consider a simplified model of a
hidden sector that interacts with the SM through the
hypercharge portal and gives rise to muon-induced double
bang signals. The hidden sector is assumed to contain a
Uð1ÞD dark gauge symmetry that is spontaneously broken.
The vector boson associated with this broken gauge
symmetry, which we label as Z0, mediates the portal
interaction. The relevant part of the Lagrangian takes the
form

L ⊃ −
1

4
Z0μνZ0

μν þ
1

2
m2

Z0Z0
μZ0μ þ ϵ

2 cos θW
Z0
μνBμν: ð18Þ

In addition, the hidden sector contains two Dirac fermions,
ψ and χ, which are both lighter than the Z0. We are
interested in the case where ψ is the heavier state and has
charge 1 under Uð1ÞD, while χ is the LHSP and neutral
under Uð1ÞD. The gauge coupling parameter in the hidden

sector is denoted by gD and is assumed to be in the range
Oð0.1–1Þ. We adopt the following Lagrangian for the
fermions:

L⊃ ψ̄iDμψþ χ̄i∂μχ−mψ ψ̄ψ −mχ χ̄χ−mðψ̄χþ χ̄ψÞ: ð19Þ

Here Dμ ≡ ∂μ − igDZ0
μ represents the covariant derivative.

The mass parameter m arises from a Yukawa coupling
involving the hidden sector Higgs field that breaks the
Uð1ÞD gauge symmetry. This Yukawa coupling is assumed
to be small enough so that m ≪ Δ≡mψ −mχ . For
simplicity, the radial mode of the hidden sector Higgs
field is taken to be significantly heavier than the gauge
boson Z0

μ and the fermions ψ and χ, and it will not play any
further role in our discussion.
In the parameter region of interest, the fermions ψ and χ

are the mass eigenstates to a very good approximation.
However, the mass mixing induces a small ψ − χ − Z0
coupling,

L ⊃ igD
m
Δ
Z0
μψ̄γ

μχ þ H:c: ð20Þ

After diagonalizing the kinetic terms of Z0
μ and Bμ, the Z0

acquires couplings to the SM fermions, while the SM Z
acquires couplings to the hidden sector fermions. These
interactions can be written as

L ⊃ −eϵJμemZ0
μ þ gDϵ tan θWJ0μZμ: ð21Þ

We now explain how this model can give rise to muon-
initiated double bang signals at IceCube. Hidden sector
states are predominantly produced through the emission of
a Z0 in the muon-nucleon scattering process, as shown in
Fig. 11. There is a large flux of downward-going muons
produced in air showers initiated by cosmic rays in the
atmosphere. In our analysis, we only consider Z0 gauge

FIG. 10. Regions of parameter space excluded by the CMS (dashed) and ATLAS (solid) searches for visible HNLs. The contours
correspond to y ¼ 0.25, 0.5, 0.75, in increasing levels of darkness. The shaded regions bounded by the dashed contours are excluded by
searches for visible HNLs at the LHC. The region shaded in red corresponding tomN < mτ − 3mπ ∼ 1.3 GeV is excluded by the model-
independent search of BABAR. Additional constraints from searches for visible HNLs at beam dump experiments may be applicable in
the gray shaded region corresponding to mN < mD ∼ 2 GeV.
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bosons that are produced outside the detector volume.
There are two reasons for this. First, although the low
interaction rate of muons with matter allows them to
travel all the way down to the IceCube detector, in the
process they lose a significant portion of their energy.
Consequently, the Z0 gauge bosons produced inside the
IceCube detector are generally not very energetic, resulting
in a low detection efficiency of the cascades from the
muon-nucleon interaction. For reference, ∼90% of the
events result in Ehad < 100 GeV for mZ0 ¼ 5 GeV.
Second, a visible muon track leading to the point where
the cascade originates may lead to the event being vetoed.
Since gD ∼Oð1Þ, once a Z0 has been produced, it decays

promptly to ψψ̄ . If ψ and ψ̄ are long-lived, with proper
decay lengths of cτ ∼ 10–1000 m (see Sec. III B), they can
travel a significant distance before decaying into χ and SM
particles. This then gives a rise to a double bang signal if
both ψ and ψ̄ decay into final states containing hadrons,
electrons, or taus within the detector volume. This process
is illustrated in Fig. 12. The backgrounds for this signal are

identical to those considered in Sec. II C, so we apply a very
similar set of selection cuts to reduce them to zero.
As concrete realizations of this scenario, we study two

benchmark sets of parameters. In these benchmarks, the
values of m and gD are chosen to make the decay length of
ψ of the order of the physical dimensions of IceCube at
the lower [Oð1Þ GeV] and higher [Oð10Þ GeV] ends of the
range of interest for mZ0. We fix the mass ratios of the
fermions to the Z0. The benchmark points are defined in full
in Table I.

B. Production and decays of hidden sector particles

The interaction in Eq. (21) allows Z0 gauge bosons to be
produced through radiation from initial- or final-state
fermions in muon-nucleon or neutrino-nucleon scattering
processes. Since the latter process is much less efficient at
the relevant energies, we limit our attention to production
from muon-nucleon scattering. We use the parametric form
of the depth and angular dependence of the muon flux
ΦðEμ; h; θÞ given in [61]. Production cross sections and
differential production rates with the requirement that
EZ0 > 100 GeV are shown as function of the incident
muon energy Eμ in Fig. 13.
Since gD ≫ eϵ in the parameter space of interest, the Z0

gauge bosons predominantly decay via Z0 → ψψ̄ . Once the
fermions ψ have been produced, they decay to a χ and SM
fermions through an off-shell Z0, as shown in Fig. 14. Due
to the second term in Eq. (21), diagrams involving an off-
shell Z also contribute to these decays. However, compared
with diagrams that involve an off-shell Z0, these are
suppressed by a factor of m2

Z0=m2
Z at the amplitude level,

rendering their contributions negligible.
The decay width of the fermion ψ can be estimated as

Γψ ∼
e2ϵ2g2DΔ
128π3

�
m
mZ0

�
2
�

Δ
mZ0

�
2

: ð22Þ

For Δ≳ 1 GeV, we determine the width numerically using
MadGraph, with colored particles in the final state treated
as partons. For Δ≲ 1 GeV, we perform a numerical
integration including (up to two) hadrons in the final state.
Further details may be found in Appendix A 2.
The left panel of Fig. 15 shows the branching ratios of ψ

into different SM final states as functions of the mass
splittingΔ. The right panel shows the proper lifetime cτψ as
a function of mZ0 and ϵ for the first benchmark point.

FIG. 12. Illustration of the muon-initiated double bang signa-
ture in the case of the hypercharge portal model. A Z0 is produced
through muon-nucleon deep-inelastic scattering outside the in-
strumented volume. The Z0 promptly decays into ψψ̄ . Visible
decays of ψ and ψ̄ inside IceCube result in the two cascades.
The angle between the ψ − ψ̄ tracks has been exaggerated for
illustration purposes.

FIG. 11. Production of Z0 gauge bosons in muon-nucleon
scattering.

TABLE I. The two benchmark sets of parameters considered
for the hypercharge portal model.

mψ mχ m gD

BP1 mZ0=4 mZ0=6 mZ0=200 0.1
BP2 mZ0=4 mZ0=6 mZ0=40 1.0
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C. Muon-induced double bang event rate at IceCube

Next, we proceed to estimate the rate of muon-induced
double bang events at IceCube. As explained in
Sec. III A, we limit our attention to Z0 gauge bosons
produced outside the detector volume. We take IceCube
to be a cube of dimensions x; y∈ ð−500; 500Þ m at a
depth z∈ ð−2450;−1450Þ m. Then, we sample the pro-
duction of Z0 gauge bosons in a volume given by
x;y∈fsð−500;500Þm and z∈ð−2450;0Þm, where fs > 1
is a scaling factor that determines the size of the simulated

volume. Although a higher value of fs results in a larger
target mass, tracks of ψ and ψ̄ are unlikely to pass through
the detector volume if they are produced very far from the
outer surface of the detector. We perform a Monte Carlo
analysis by scanning over fs and estimating the rate of
events for which both ψ and ψ̄ pass through the detector
volume. We find that the rate of such events is saturated for
fs ¼ 1.25, which we fix for the rest of the analysis.
Additionally, we neglect events where the Z0 is produced
inside the detector volume, since the visible muon track
leading to the production point may lead to a veto.
With these assumptions, the rate of double bang events is

given by

RDB ¼ 4πNnuc

Z
dEμhΦðEμÞϵiσprodðEμÞBR2

vis; ð23Þ

where h:i represents an average over production points (x0)
and directions ðθ;ϕÞ of the incoming muon and ϵ repre-
sents the detection efficiency. BRvis is the branching
fraction of ψ into final states containing electrons, taus,
and hadrons. The production points x0 are sampled

FIG. 13. Left: production cross section of the Z0 as a function of the incident muon energy Eμ (for ϵ ¼ 1). These cross sections are
calculated for a cut of E1 > 100 GeV on the hadronic cascade. Right: corresponding differential production rates.

FIG. 14. Decay of ψ through an off-shell Z0. Assuming that the
hidden sector does not contain any other light degrees of freedom,
the fermions ψ decay as ψ → χff̄, where the f are SM fermions.
These decays are visible in the cases when the f are charged.

FIG. 15. Left: branching ratios of ψ to different visible final states, as functions of the mass splitting Δ≡mψ −mχ . Right: contours of
cτψ in meters in the parameter space of ðmZ0 ; ϵÞ for fixed gD ¼ 0.1; m=mZ0 ¼ 1=200. In both plots, mψ=mZ0 ¼ 1=4 and mχ=mZ0 ¼ 1=6,
consistent with our benchmarks.
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uniformly in the simulated volume. Since Eμ ≫ mZ0 in the
mass range of interest (see right panel of Fig. 13), the Z0
gauge bosons are produced in the direction of the incoming
muon. Consequently, both ψ and ψ̄ are also collinear with
the incoming muon, although with different boost factors
γi. So, for each event, we calculate the distances from x0 at
which the ψ − ψ̄ track enters and exits the detector volume,
denoted by lmin and lmax, respectively. Furthermore, we
require that the two cascades corresponding to the decays
of ψ and ψ̄ are separated by a distance of at least
l0 ¼ 100 m. With these cuts, the geometric efficiency of
a given event can be estimated as

ϵgeom ¼
Z

lmax

x1¼lmin

dx1
γ1cτ

Z
lmax

x2¼lmin

dx2
γ2cτ

e−x1=ðγ1cτÞe−x2=ðγ2cτÞ

× Θðjx1 − x2j − l0Þ: ð24Þ

We also apply cuts on the energies of visible particles
produced in the decays of ψ and ψ̄ to ensure that both
cascades register DOM hits. We require that at least one of
the two cascades deposit an energy greater than 100 GeV in
the detector to pass the SMT4 trigger. We consider two
different sets of cuts on the energy deposited by the second
cascade, where we require it to be greater than either
50 GeVor 100 GeV. The total efficiency of an event is given
by the product ϵ ¼ ϵgeom × ϵcuts. We then average the
product ΦðEμ; z; θÞ × ϵ over all of the simulated events
to obtain hΦðEμÞϵi.
Contours corresponding to Nevt ¼ 1 over a period of

14 years are shown in Fig. 16 for both of our benchmark
points. We see that in the parameter region of interest,
IceCube has a reach extending beyond the current bounds
from precision measurements and from the BABAR experi-
ment. In Sec. III D we discuss these and other constraints
on the model in greater detail.

D. Current constraints

The Z0 fits the general definition of a dark photon, and
there are several experiments that have searched for
invisible dark photons [62]. Beam dump experiments have
placed very strong model-independent limits on dark
photons with masses below a GeV. We therefore focus
on the mass range MZ0 ≳ 1 GeV, for which the strongest
constraints are from collider searches. Invisible Z0 gauge
bosons can be produced at eþe− colliders, such as LEP and
BABAR, through the process eþe− → γZ0. These events
give rise to a monophoton signature. The energy of the
monochromatic photon can then be used to carry out a
resonance search, leading to very strong limits [63,64].
There are additional constraints from electroweak precision
tests, since the mass of the SM Z boson and its couplings to
SM fermions are modified, but they are comparatively
weak except when MZ0 is close to MZ [65]. In addition,
since the Z boson will also couple to the hidden sector
fermions [see Eq. (21)], a precision measurement of the
invisible branching fraction of the Z boson also places a
bound on the mixing parameter ϵ, but this constraint is
relatively mild. This bound as well as the one obtained by
the BABAR experiment are shown in Fig. 16.
Although the Z0 decays invisibly in our case, visible

signatures are possible at beam dumps and colliders when
one or both of the ψ decay within the detector volume. Due
to the large proper decay lengths of ψ in the parameter
space of interest, searches for displaced vertices can
potentially constrain our model. As described in [62],
the Z0 is produced in the decays of π0; η; η0 mesons at
proton beam dump experiments such as CHARM and
PS191. As a result, constraints from visible searches at
beam dump experiments are only applicable in the mass
range mZ0 < mη0 ∼ 0.95 GeV, which is below our mass
range of interest.
At the LHC, the Z0 is most abundantly produced in

association with a jet ðpp → Z0jÞ at the primary vertex.

FIG. 16. Contours of Nevt ¼ 1 for BP1 (left) and BP2 (right). In both plots, at least one of the two cascades is required to deposit an
energy greater than 100 GeV. Dashed and solid contours correspond to cuts of 50 and 100 GeVon the energy deposited by the second
cascade. The shaded regions corresponding to ϵ ≳ 2.5 × 10−2 and mZ0 ≲ 8 GeV are excluded by precision electroweak measurements
and BABAR, respectively.
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With the requirement that pj
T > 20 GeV at the primary

vertex, the production cross section for this process scales
as σprod ∼ ϵ2 × 105 pb in the mass range of 1–20 GeV.
Displaced vertices arising from the decays of ψ are either
composed of pairs of leptons or hadronic jets. The ATLAS
search of [66] placed constraints on displaced vertices
formed by hadronic jets for proper decay lengths as large as
cτ ∼ 72 m. However, this search applied a cut of pT >
30 GeV on the displaced jets, resulting in negligible signal
efficiencies in our case. The ATLAS search of [67] placed
constraints on displaced dimuon vertices in the muon
spectrometer. The cut on the invariant mass of the displaced
vertex defined as mμμ > 15 GeV completely eliminates the
signal in our case, since for our benchmark points the mass
splitting Δ ¼ mZ0=12 ≪ 15 GeV. As a result, this search
also does not constrain the model.

IV. CONCLUSION

In this paper, we explored the possibility of directly
detecting hidden sector particles at the IceCube neutrino
telescope. Hidden sector particles can be produced through
the collision of an energetic neutrino or atmospheric muon
with a nucleon. Once produced, they decay down to the
lightest particle in the hidden sector, the LHSP. If the LHSP
is long-lived, this scenario can give rise to distinctive
double bang events, characterized by two separate
cascades.
We investigated IceCube’s sensitivity to hidden sectors

that interact with the SM through the neutrino and
hypercharge portals. For each portal, we assessed
IceCube’s reach using a simplified model of a hidden
sector that gives rise to a double bang signal. For the case of
the neutrino portal, we considered events initiated by an
incoming neutrino, whereas for the hypercharge portal, we
considered events initiated by an incoming muon.
In our analysis, we primarily focused on events in which

the two cascades are spatially separated by at least 100 m
and each deposits at least 100 GeVof energy. We assumed
that a suitable trigger can be developed for such events.
Apart from possible instrumental backgrounds, which we
did not attempt to estimate, these cuts should result in a
negligible rate of background events. With these assump-
tions, we found that IceCube has the potential to signifi-
cantly improve on the current sensitivity to hidden sector
particles in the mass range from about 1 GeV to
about 20 GeV.
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APPENDIX A: HADRONIC DECAYS OF σ AND ψ

For the two portals that we consider, the LHSP has decay
modes containing quark-antiquark pairs in the final state.
When the mass of LHSP is well above 1 GeV, the hadronic
decay widths are well approximated by the parton-level
calculations. However, a reasonable part of our mass range
lies close to or below 1 GeV, where we need to consider
decays into hadrons. The authors of [47] calculated the
hadronic decay widths in the case of conventional HNLs.
We adopt a similar strategy in our calculations, employing
the hadronic matrix elements, decay constants, and form
factors given in the Appendix of Ref. [47].

1. Neutrino portal

There are two decay modes of σ that contain quark-
antiquark pairs in the final states: decays of the form σ →
νlud̄ mediated by charged-current interactions and decays
of the form σ → ννqq̄, mediated by neutral-current inter-
actions. In both cases, we limit ourselves to final states that
contain one or two pseudoscalar mesons, resulting in three-
body and four-body decay modes, respectively. We list the
squared matrix elements for each of the decay modes
below, where we denote the common factor by κ2 ≡
y2jUNlj4 for readability. Additionally, the results shown
below contain factors for multiple charge assignments in
the final state (νlm≡ νll−mþ; νllþm−) and for sums
over lepton flavors whenever the result is independent of
the charged lepton mass. The labeling of them2

ij is based on
the order in which the final-state particles appear on the
left-hand side of each equation:

jMj2ðσ → νlmÞ ¼ 4κ2jVijj2f2mG2
Fm

2
N

ðm2
23 −m2

NÞ2
h
ðm2

13 −m2
mÞðm2

23 −m2
m −m2

lÞ −m2
mðm2

12 −m2
lÞ
i
; ðA1Þ

jMj2ðσ → νlmmÞ ¼ 8κ2jVijj2jFmðm2
34Þj2G2

Fm
2
N

ðm2
234 −m2

NÞ2
h
ðm2

13 −m2
14Þðm2

23 −m2
24Þ − ð4m2

m −m2
34Þðm2

12 −m2
lÞ
i
; ðA2Þ
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jMj2ðσ → ννmÞ ¼ 3κ2f2mG2
Fm

2
Nðm2

13 þm2
23 − 2m2

NÞ2
ðm2

13 −m2
NÞ2ðm2

23 −m2
NÞ2

h
ðm2

13 −m2
mÞðm2

23 −m2
mÞ −m2

mm2
12

i
; ðA3Þ

jMj2ðσ → ννmmÞ ¼ 6κ2ð1 − s2WÞ2jFmðm2
34Þj2G2

Fm
2
N

ðm2
134 −m2

NÞ2ðm2
234 −m2

NÞ2
ðm2

134 þm2
234 − 2m2

NÞ2

× ½ðm2
13 −m2

14Þðm2
23 −m2

24Þ − ð4m2
m −m2

34Þm2
12�: ðA4Þ

In the case of four-body decays, we decompose the phase
space into three sequential two-body phase spaces, result-
ing in the following form for the differential decay width:

dΓ ¼ jMj2λ1=21 λ1=22 λ1=23

218π8M3m2
234m

2
34

dm2
234dm

2
34dΩ1dΩ2dΩ3; ðA5Þ

where M is the parent mass, λ1 ¼ λðM2; m2
1; m

2
234Þ,

λ2 ¼ λðm2
234; m

2
2; m

2
34Þ, λ3 ¼ λðm2

34; m
2
3; m

2
4Þ, and Ωi for

i ¼ 1; 2; 3 are the solid angles in the rest frames of
M;m234; m34, respectively. λða; b; cÞ ¼ a2 þ b2 þ c2 −
2ðabþ bcþ caÞ is the Källén function. Then, we
perform a Monte Carlo integration by sequentially
sampling m2

234∈ ½ðm2 þm3 þm4Þ2; ðM −m1Þ2� and m2
34 ∈

½ðm3 þm4Þ2; ðm234 −m2Þ2�, while Ωi are independently
and uniformly sampled. A comparison between the had-
ronic calculation and the parton-level calculation is shown
in Fig. 17. We treat decays mediated by charged-current
and neutral-current interactions independently, and in both
the cases, transition from the hadronic calculation to the
parton-level calculation at the value of mN where the two
calculations match.

2. Hypercharge portal

In the case of the hypercharge portal, hadronic decays are
relevant when Δ≡mψ −mχ ≲ 1 GeV. At the lowest
order [68], we have three-body decays of the form
ψ → χmþm−. The squared matrix element for these decay

channels is given by

jMj2 ¼ ϵ2e2g2Dm
2jFmðm2

23Þj2
Δ2ðm2

23 −m2
Z0 Þ2 ½ðm2

12 −m2
13Þ2

− ðm2
23 − 4m2

mÞðΔ2 −m2
23Þ�: ðA6Þ

For Δ < 2 GeV, only m ¼ π, K are kinematically acces-
sible. We compare our results against an estimate based on
the ratio RðsÞ¼σðeþe−→hadrons;sÞ=σðeþe−→μþμ−;sÞ,

dΓðψ → χþhadronsÞ≈dΓðψ → χμþμ−Þ×Rðm23Þ: ðA7Þ

We note that the correlations between the leptonic and
hadronic matrix elements in the decays of ψ are not the
same as in the collision of eþe−, due to the massesmψ ,mχ .
More precisely, in the case of eþe− collisions, we have

dσðeþe− → hadronsÞ ∝ EμνHμν

Q6
dΦhadðQÞ; ðA8Þ

where Q is the invariant mass of the hadronic final state,

Eμν ¼ −gμν Q2

2
þ kμ1k

ν
2 þ kν1k

μ
2, and Hμν is the hadronic

tensor containing the relevant form factors and momenta
of the hadronic final state. In the case of ψ decays, we have

dΓ∝
XμνHμν

mψðQ2−m2
Z0 Þ4dΦ2ðmψ ;mχ ;QÞdQ2dΦhadðQÞ; ðA9Þ

FIG. 17. Comparison of the decay widths obtained using the hadronic calculation and the parton-level calculation for mσ=mN ¼ 0.6.
The left and right panels show the decays mediated by charged-current and neutral-current interactions, respectively.

AIREN, CHACKO, KILIC, and SUDHA PHYS. REV. D 112, 095044 (2025)

095044-14



where Xμν ¼ −gμνðΔ2−Q2

2
Þ þ pμ

0p
ν
1 þ pν

0p
μ
1. Since, in gen-

eral,Hμν is dependent on the momenta of the hadrons in the
final state, Eq. (A7) does not accurately capture the
correlations between the two tensors. As shown in
Fig. 18, the parton-level calculation lies within the range
predicted by these two approaches for Δ≳ 1 GeV. The
Oð1Þ difference between the two approaches is likely due
to the presence of the πþπ−π0 channel, which is resonantly
produced at Q ¼ mω ∼ 0.75 GeV and Q ¼ mϕ ∼ 1 GeV.
We transition from the hadronic calculation to the parton-
level calculation at the value of Δ where the two calcu-
lations match.

APPENDIX B: PHOTON YIELDS
AND DOM EFFICIENCY

For both of the models considered in this paper, we focus
exclusively on the detection of electromagnetic and had-
ronic cascades, as opposed to muon tracks. In the case of
cascade topologies, the profile of Cherenkov photons can
be modeled as a point-source emission [69]. The total
number of photons emitted by the cascade scales linearly
with respect to the energy deposited in the cascade,

n0 ≈ 1.7 × 105
�
Evis

GeV

�
: ðB1Þ

As shown in Eq. 5 of [69], the expected number of photons
at a distance r from the cascade can be estimated as

nðrÞ ¼ n0Aeff

4πrλc
×

e−r=λp

tanhð rλcÞ
; ðB2Þ

where λp ¼ 26 m, λc ¼ 10 m, and Aeff ¼ 80 cm2 is the
effective photon collection area of the photomultiplier tubes
used in the DOMs [70]. Given the expected number of
photons n, the actual number of photons that arrive at the
DOM follows a Poisson distribution, i.e., PðkÞ ¼ nk

k! e
−n,

which we use for sampling. Additionally, since the photon
collection area of the photomultiplier tube only covers the
bottom hemisphere of the DOM, we only consider DOMs
located at depths above the cascade. We perform a
Monte Carlo analysis to estimate the detection efficiency
of cascades as a function of the deposited energy Evis. We
use the 86-string configuration of IceCube, which includes
the six HQEDeepCore strings. For a given value of Evis, we
uniformly sample Nsim ¼ 105 locations for the cascade
inside the detector volume. Then, we consider a cascade to
be detected if it results in at least one photon in four
different DOMs, corresponding to the SMT4 trigger. The
results are shown in Fig. 19, which we use in our analysis.
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