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If millicharged particles (MCPs) exist they can be created in the atmosphere when high energy cosmic
rays collide with nuclei and could subsequently be detected at neutrino experiments. We extend previous
work, which considered MCPs from decays of light mesons and proton bremsstrahlung, by including
production from ϒ meson decays and the Drell-Yan process. MCPs with masses below a GeV primarily
arise from proton bremsstrahlung, while heavier MCPs predominantly originate from heavy meson decays
and Drell-Yan. We analyze the resulting single scatter and multiple scatter signals at SuperK and JUNO.
Searches for low energy coincident signals at JUNO will be sensitive to MCPs with millicharges up to an
order of magnitude beyond current constraints for MCP masses between 2 and 10 GeV.
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I. INTRODUCTION

The existence of dark matter, along with current under-
standing of the richness of typical string theory compacti-
fications [1–3], motivates the presence of additional “dark”
sectors that are only very weakly coupled to the Standard
Model (SM). Among the new degrees of freedom that
might reside within such a sector, millicharged particles
(i.e., particles with a very small charge ϵe under electro-
magnetism) are a particularly interesting possibility, being
both theoretically motivated and leading to new experi-
mental and observational signals.
Millicharged particles (MCPs) arise naturally from one

of the most minimal portals between a dark sector and the
SM: kinetic mixing of a new U(1) gauge boson (a “dark
photon”) and the photon of the form 1

2
ϵFF0, where F and

F0 are the electromagnetic and dark U(1) field strengths,
respectively [4–6]. Indeed, even if such a mixing is absent
at high energy scales, if there are heavy particles charged
under both the new Uð1Þ and the SM hypercharge (with

charges q0i, qi with respect to the two groups and masses
Mi) then a one-loop diagram leads to a kinetic mixing at
low scales of

ϵ ¼ −gg0

16π2
X
i

q0iqi ln
�
M2

i

μ2

�
; ð1Þ

where g0, g are the gauge couplings of the two U(1)s and μ
is the renormalization scale [4,7,8]. Equation (1) highlights
ϵ∈ ð10−3; 10−1Þ as an especially plausible range if g0 is not
too much smaller than the SM gauge couplings. If the dark
photon is massless, then the kinetic mixing can be rotated
away through field redefinitions such that the dark photon
only couples to dark sector particles, while matter charged
under the dark U(1) gets a millicharge of approximately
ϵe [9]. Additionally, MCPs might provide viable explan-
ations for the EDGES anomaly [10–16] and possible
deviations in the muon magnetic moment [17] thanks to
their coupling to photons, and they might comprise dark
matter.
MCPs have been a key target of many experimental

searches for physics beyond the SM. Sources of current
bounds include electron [18–21] and proton [22–25] beam
dumps, and collider searches [26–29]. Various new experi-
ments are also planned [30–39]. However, despite these
extensive efforts, large parts of MCP parameter space
remain unexplored even for ϵ≳ 10−3, especially for MCP
masses around or above a GeV.
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A recently suggested approach to discovering new
weakly coupled physics is to make use of the cosmic
rays that bombard the atmosphere [40–44]. In particular,
collisions between cosmic rays and nuclei in the atmos-
phere can produce beyond-SM particles, which can be
searched for at neutrino or dark matter experiments. The
flux of MCPs from the decay of light mesons produced by
such collisions has been studied in detail in Refs. [40–42],
and the flux from bremsstrahlung from an incoming
cosmic ray proton has been analyzed in Ref. [45]. The
resulting constraints (from single scatter events) are
competitive with other limits on MCPs and there is
possible strong future sensitivity (from multiple scatter
search strategies) to MCPs with masses between 100 MeV
and a few GeV.
In this paper, we study the production of relatively

heavy MCPs in the atmosphere through ϒ meson decay
and Drell-Yan. We analyze the detection of such particles
at the upcoming JUNO experiment, which will have a
trigger system that allows signals from a single MCP
scattering multiple times to be identified. As summarized
in Fig. 1, despite the MCP flux being relatively small, the
low threshold energies and large exposure at JUNO will
allow a substantial part of currently unexplored parameter
space in the mass range 1–10 GeV to be covered, including
values of ϵ motivated by Eq. (1). We also include the
production of MCPs by proton bremsstrahlung making use
of the Fermi-Weizacker-Williams approximation, which
yields conservative results.

The remainder of this paper is structured as follows.
We compute the MCP flux from meson decay, proton
bremsstrahlung and the Drell-Yan process in Sec. II. In
Sec. III we describe the propagation and detection of
MCPs. We present our main results in Sec. IV and
conclude in Sec. V.

II. MILLICHARGED PARTICLE PRODUCTION

Throughout, we consider the SM extended by a single
millicharged Dirac fermion χ with mass mχ and electro-
magnetic charge ϵe. As we will see, the dominant pro-
duction mechanism in the atmosphere depends on mχ .

A. Meson decay

High energy cosmic rays undergo inelastic collisions
with nuclei in the atmosphere, generating a cascade of
particles, including photons, leptons, and hadrons. As first
pointed out and analyzed in Ref. [40], mesons (which we
denote m) are particularly important for MCP production.
As usual, these can be grouped into pseudoscalar mesons
π0 and η, and vector mesons ρ0,ω, ϕ, J=ψ , andϒ according
to their spins and parities. Pseudoscalar mesons can decay
into MCPs via the process m → χχ̄γ, while vector mesons
decay into a pair of MCPs directly: m → χχ̄. We do not
consider MCP production from pions because this is only
possible for MCPs with mass mχ ≲ 60 MeV, which are
already severely constrained by terrestrial experiments, in

FIG. 1. Future sensitivity of JUNO to millicharged particles of charge ϵe via searches for multiple scatter events (black lines),
accounting for production in the atmosphere by meson decay, proton bremsstrahlung and Drell-Yan. Results are obtained assuming an
exposure of 170 kton · yr and are plotted for different detector energy thresholds Eth. Overlaid are existing constraints from BEBC and
CHARM II [46], MiniBooNE [47], ArgoNeuT [48], milliQan [49], and colliders [50] (some of these might not apply at large ϵ2 ≳ 10−1

due to the millicharged particles scattering prior to reaching the detector).
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particular the MilliQ experiment at SLAC [18].1 We
summarize the calculation of the resulting MCP flux below;
further details of the cosmic-ray proton flux, meson
production cross section and the decay branching ratios
and kinematics can be found in Appendix A.
We calculate the meson flux semianalytically, follow-

ing Ref. [40]. The differential flux of mesons Φm ≡
d2N=ðdEmdΩÞ is obtained from the fraction of cosmic-
ray protons that interact to produce a meson of energy Em
(making the excellent approximation that all cosmic-ray
protons scatter in the atmosphere):

ΦmðEmÞ ¼
Z

dEpΦpðEpÞ
1

σppðEpÞ
dσmppðEpÞ

dEm
; ð2Þ

where Φp is the cosmic ray proton flux with Ep the energy
of the incoming proton, dσmpp=dEm is the differential cross
section for producing mesons in the process pp → mþ X
and σpp is the total cross section for pp collisions, which is
dominated by inelastic scattering in the relevant energy
range [51].2

We use the analytic model of the cosmic ray flux
implemented in DarkSUSY [52], which fits observational
data well and decreases approximately proportionally to
E−2.7
p for the Ep of interest (see Ref. [53] for details).

Additionally, in Eq. (2) we assume that mesons are only
produced in the first collision of a cosmic ray, with the
cosmic-ray protons subsequently lost regardless of the type
of interaction. Although conservative compared to the
alternative of calculating the meson flux numerically by
solving the cascade equations (e.g., as in Refs. [54,55]),
this is a reasonable approximation given the dominance of
inelastic scattering. The difference in the Φm obtained
from the two approaches is typically less than a factor of 2,
leading to only a minor difference in the experimental
sensitivity to MCPs.
The cross sections dσmpp=dEm for production of rela-

tively light mesons (in particular the η, ρ, ω, ϕ, and J=ψ , as
considered in the previous literature) can be conveniently
extracted from experimental data [40]. In addition, we
include MCPs produced fromϒmesons. The largeϒmass
(approximately 9.46 GeV) allows relatively heavy MCPs,
with masses up to about 4.7 GeV, to be produced.
Although a few measurements of ϒ production have
been made at colliders at different beam energies [56–58],
due to kinematic cuts the total cross section is not

straightforward to determine. Instead, we calculate the
ϒ flux using PYTHIA 8.3 [59]. We focus on the contribution
from theϒ1S state and have checked that the production of
higher resonances is strongly suppressed, which is con-
sistent with the discussion in Ref. [32].
We plot the resulting meson flux in the left panel of

Fig. 7 in Appendix A. Low mass mesons are readily
produced from cosmic ray collisions, while the total rate of
production of heavier mesons is strongly suppressed. This
is due to the scarcity of sufficiently energetic cosmic ray
protons and because, at a given center of mass energy, the
cross section for producing heavy mesons is substantially
smaller than for light mesons.
Having obtained the flux of mesons, the differential flux

of MCPs of energy Eχ originating frommeson decay can be
computed as

Φm
χ ðEχÞ ¼ 2

X
m

Brðm→ χχ̄ðγÞÞ
Z

dEmΦm
1

Γm

dΓm

dEχ
; ð3Þ

where Brðm → χχ̄ðγÞÞ is the branching ratio for meson
decay into a pair of MCPs, and dΓm=dEχ is the energy
distribution of MCPs in the decays (with Γm the total decay
rate of the meson to MCPs). We obtain the meson
branching ratio to MCPs from the measured branching
ratio of meson decays to a pair of muons, relative to which
MCP production is suppressed by a factor of ϵ2, along with
a difference from the phase space. Not surprisingly, a MCP
of mass mχ is dominantly produced by the lightest meson
with mass greater than 2mχ .

B. Proton bremsstrahlung

MCPs can also be produced via bremsstrahlung [60],
with a virtual photon emitted by the incoming cosmic ray
proton converting to a pair of MCPs as shown in the
Feynman diagram in Fig. 2 (left). In the context of beam
dump experiments, the rate at which this process occurs has
been evaluated using the Fermi-Weizsäcker-Williams
(FWW) approximation within the splitting-kernel approach
[60–65]. Recently, Ref. [45] applied the splitting-kernel
method to compute the atmospheric MCP flux from proton
bremsstrahlung, considering both the FWWapproximation

FIG. 2. Feynman diagrams for MCP production through proton
bremsstrahlung (left) and the Drell-Yan process (right).

1Production from kaons is negligible because, for fixed ϵ2,
their branching fraction to MCPs is much smaller than other
mesons.

2σpp and σmpp should actually be the corresponding cross
sections for cosmic rays scattering with atmospheric nuclei.
However, both cross sections are expected to scale the same
way with the number of nucleons in a nucleus, so we can use the
(better-known) cross sections for pp collisions.
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and a new way of evaluating the splitting-kernel. We adopt
the conventional FWW approach, which, as discussed in
Ref. [45], yields conservative results. In particular, in the
FWW approach we impose kinematic cuts such that the
required relativistic and colinear conditions are satisfied,
which result in a total cross section for MCP production
that is smaller that using the method of Ref. [45], see
Appendix B for details.
Given the composition of the atmosphere, the relevant

process is bremsstrahlung when cosmic ray protons scatter
with nitrogen nuclei. We consider only production from
interactions in which the cosmic rays are ultrarelativistic
and the initial state radiation is close to collinear, because a
reliable calculation of the MCP flux is possible in this
regime. In such a limit the intermediate proton is nearly on
shell, and the cross section for proton nitrogen scattering
with bremsstrahlung from the initial proton σPBpN can be
matched to the proton-nitrogen cross section σpN via

dσPBpNðs; kÞ ≃ dPp→γ�p0 × σpNðs0Þ; ð4Þ

where k is the four momentum of the virtual photon,
s ¼ ðpþ pNÞ2, s0 ¼ ðpþ pN − kÞ2, and p and pN are
the four-momenta of the incoming proton and nitrogen
nucleus [45,60,61,64,66] (see, e.g., Appendix C of [64] for
a derivation).
In Eq. (4), dPp→γ�p0 represents the probability for the

proton-bremsstrahlung subprocess p → γ�p0 to occur,
where p0 ¼ p − k. In the ultrarelativistic and collinear limit,
dPp→γ�p0 can be evaluated using the FWW approximation,
in which the pp scattering is assumed to be dominated by
the exchange of a boson mediator with small virtuality. We
also include the electromagnetic form factor of the proton in
computing the radiation probability, detailed in Appendix B,
which can be described phenomenologically as a resonant
enhancement due to mixing between vector mesons and the
virtual photon [60,67] (this was also included in the analysis
of Ref. [45]). When the momentum of the virtual photon is
larger than a GeV, this form factor tends to sharply suppress
the emission probability. The form factor is a phenomeno-
logical description of the proton’s electromagnetic proper-
ties using the vector meson dominance model [67]. We note
there is double counting with meson decay for the part of the
form factor when the meson mediator is produced on shell
in proton bremsstrahlung. However, as we will show later
(see in particular Fig. 4), in the regimemχ ≲ GeV where the
form factor is effective, the MCP flux is always dominated
by proton bremsstrahlung. Meanwhile for larger MCPmass,
MCPs dominantly originate from heavy meson decay (and
Drell-Yan described in the next subsection), which is not
captured by the form factor. As a result, the sensitivity that
we would obtain by, for each MCP mass, considering only
the dominant production process (which prevents any
double counting) is for practical purposes the same as
the results we obtain, as can be inferred from Fig. 4.

The differential flux of MCPs from proton bremsstrah-
lung is then given by [20,45]

ΦPB
χ ðEχÞ ¼

Z
dEpΦpðEpÞ

ϵ2e2

6π2

×
Z

dk2

k2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
χ

k2

s �
1þ 2m2

χ

k2

�

×
Z

dEk
1

σpN

dσPBpN
dEk

ΘðEχ − E−
χ ÞΘðEþ

χ − EχÞ
Eþ
χ − E−

χ
;

ð5Þ

where the second line corresponds to the decay rate of the
virtual photon to a pair of MCPs, and the third line involves
the differential cross section for proton bremsstrahlung
with appropriate kinematical factors. The production rate is
proportional to dσPBpN=dEk ∝ ϵ2e4 [with one of the factors
of e2 inside dσPBpN=dEk in Eq. (5)], as is expected from
bremsstrahlung. In more detail, the energy distribution of
MCPs is described by a two-body decay boosted to the lab
frame, where

E�
χ ¼ γðE0

χ � βjp0χ jÞ; ð6Þ

and the boost γ ¼ ð1 − β2Þ−1=2 ¼ Ek=
ffiffiffiffiffi
k2

p
, with E0

χ and
jp0χ j the energy and momentum of MCPs in the rest frame of
the virtual photon. We apply cuts to the virtual photon’s
four-momentum k when computing the differential cross
section dσPBpN=dEk such that only MCPs produced from the
regime in which the FWW approximation is valid are
included. Analogously to the rate of production of MCPs
from meson decay [given that s0 ≃ s and σpNðsÞ has only a
weak dependence on s], the proton-nitrogen cross section
σpN

cancels when Eq. (4) is substituted into Eq. (5).

C. Drell-Yan process

The final MCP production channel that we consider is
the Drell-Yan process illustrated in Fig. 2 (right), i.e., the
creation of a virtual γ=Z through quark/antiquark parton
scattering that decays to a pair of MCPs. Drell-Yan is
particularly important for MCPs with mχ ≥ 4.7 GeV given
the absence of intermediate mesons in this regime. We
obtain the corresponding differential cross section for the
production of a pair of MCPs, dσDYðEpÞ=dEχ by simulat-
ing the Drell-Yan process using MadGraph 5 [68], with the
MCP added to the SM Lagrangian, and extracting the final
state energy distribution statistics.
The resulting cross section for MCP production by Drell-

Yan is plotted in Fig. 3. As an s-channel process, the cross
section decreases fast for larger MCP masses. Meanwhile,
for a fixed MCP mass, larger cosmic ray proton energy
leads to a bigger cross section because this allows MCP
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production from a greater range of parton x parameter
space. The differential MCP flux from Drell-Yan is then
straightforwardly obtained from the cosmic ray flux as

ΦDY
χ ðEχÞ ¼ 2

Z
dEpΦpðEpÞ

1

σppðEpÞ
dσDYpp ðEpÞ

dEχ
; ð7Þ

analogously to Eq. (2).

D. Millicharged particle flux

In Fig. 4 we plot the flux of MCPs integrated over all

MCP energies, i.e., ΦðiÞ
χ;int ¼

R
dEχΦ

ðiÞ
χ ðEχÞ, as a function of

the MCP mass for the different processes labeled (i). At low
masses, mχ ≲ GeV, the MCP flux is mostly produced by
proton bremsstrahlung. For mχ ≲ 0.3 GeV the total flux
from bremsstrahlung is approximately constant while, for
larger mχ, this production channel is suppressed by the
proton electromagnetic form factor at large momentum
transfer. Consequently, at intermediate masses, GeV≲
mχ ≲ 4.7 GeV, meson decay takes over as the most
important process. As the MCP mass is increased, the
resulting MCP flux has clear steps at mχ ¼ mm=2, corre-
sponding to the contributions from different mesons switch-
ing off. Finally, for mχ > mϒ=2, Drell-Yan dominates.

III. PROPAGATION AND DETECTION
OF MILLICHARGED PARTICLES

A. Attenuation

Similarly to other charged particles, MCPs lose energy
when propagating in the Earth through a variety of
processes, including ionization, bremsstrahlung, elec-
tron-positron pair production, and inelastic hadronic

interactions. If a significant fraction of MCPs do not reach
a detector, or if their energy spectrum is changed sub-
stantially, then this can have a significant impact on the
resulting sensitivity. Following Ref. [42], we model the
relation between the energy of a MCP at the Earth’s surface
Es
χ and when it reaches the detector ED

χ by

Es
χ ≃ ðED

χ þ aχ=bχÞ expðbχXÞ − aχ=bχ ; ð8Þ

where X is the (water equivalent) distance traveled from
the surface to the detector. In Eq. (8), aχ and bχ , both
approximately proportional to ϵ2, parametrize the rate
of different energy loss processes such that dEχ=dX ≃
−ðaχ þ bχEχÞ. For MCPs with masses and energies in
the range of interest, 0.1 GeV ≲mχ ≲ 10 GeV and GeV≲
Eχ ≲ TeV, aχ dominates. Being the result of ionizing
scatterings, aχ is approximately independent of the MCP
mass (meanwhile bχ might have a stronger dependence
on mχ [69] but has only a small effect). We therefore
fix aχ and bχ to simply be the rescaled standard muon
energy loss parameters for rock, i.e., aχ=ϵ2 ¼ 0.22 GeV ·
mwe−1 and bχ=ϵ2 ¼ 4.6 × 10−4 mwe−1 (see Appendix C
for details) [70].
The flux of MCPs that reaches the detector ΦD

χ is given
by [71]

ΦD
χ ðED

χ ;ΩÞ ≃ ebχXΦs
χðEs

χÞ; ð9Þ

where Φs
χ is the MCP at the surface of Earth and ebχX is the

Jacobian of the relation between ED
χ and Es

χ , which is close

FIG. 3. The cross section σDYpp for MCP production in the Drell-
Yan process pp → χχ̄ (illustrated in Fig. 2 right) as a function of
the incident cosmic-ray proton energy Ep. Different colors
correspond to different MCP masses mχ .

FIG. 4. The MCP flux from cosmic rays interacting with the
atmosphere as a function of MCP mass from different production
processes, integrated over MCP energy. The blue solid line shows
the MCP flux from the decay of mesons including the η, ϕ, ρ, ω,
J=Ψ, and ϒ, with the individual contributions indicated by
broken lines. The yellow and red lines correspond to the MCP
flux from the Drell-Yan process and proton bremsstrahlung,
respectively.
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to 1 for the mχ and ϵ2 of interest. We assume that the MCP
flux at the surface is isotropic, however, because the
traveling distance depends on the arrival direction, ΦD

χ is
a function of the solid angle. In practice, we treat a MCP as
lost when Eχ ≃mχ , at which point Eq. (8) inevitably breaks
down. Not surprisingly, attenuation enhances the low
energy spectrum at the cost of degrading the high energy
flux. For ϵ2 ≳ 10−2, energy loss becomes efficient at
kilometer length scales, which is the typical depth of
neutrino experiments.

B. Single scatter MCP signals

MCPs scatter elastically with electrons and nuclei in a
neutrino detector through photon-mediated interactions.
Consequently, the corresponding matrix elements contain
a factor of Q−2, where Q is the four-momentum transfer,
and the scattering cross section is expected to be strongly
enhanced in the low Q2 regime and (for a fixed recoil
energy) dominated by scattering with electrons. Indeed, a
full calculation gives that the MCP-electron differential
scattering cross section is [24,42]

dσχe
dEr

¼ 1

16π
ϵ2e4

×
ðE2

r þ 2E2
χÞme − ðð2Eχ þmeÞme þm2

χÞEr

E2
rm2

eðE2
χ −m2

χÞ
; ð10Þ

where Er is the electron recoil energy, which can
take values between 0 and Er;max ¼ ðE2

χ −m2
χÞme=ðm2

χþ
2meEχ þm2

eÞ. Typically MCPs from the atmosphere are
relativistic with Eχ ≫ mχ and also have Eχ ≫ Er so
dσχe=dEr ∝ 1=E2

r , i.e., the event rates are peaked at low
recoil energy, consistent with the preceding discussion. As
a result, detectors with lower thresholds are advantageous,
at least until backgrounds (which are also largest at small
Er) become significant. The expected number of MCPs
events in an energy bin i covering the energy range
½Ei;min; Ei;max� is given by

Niðmχ ; ϵÞ ¼ NeT
Z

Ei;max

Ei;min

dErϵDðErÞ

×
Z

dEχdΩΦD
χ ðEχ ;ΩÞ

dσχe
dEr

; ð11Þ

where ϵDðErÞ is the detection efficiency, T is the running
time of the experiment and Ne is the total number of
electrons in the detector. We assume azimuthal symmetry
so the MCP flux at the detector is only a function of zenith
angle cos θ.

C. Multiple scatter MCP signals

The main low energy backgrounds to searches for
MCPs, radiation and neutrinos, both have a greatly sup-
pressed multihit signal rate (the former lead to spatially
localised signals and the latter almost never have multiple
interactions). As proposed in Ref. [42], the problem of
large background rates at low recoil energies can therefore
be ameliorated by considering multiple scatter signals,
which allows much smaller detection threshold energies to
be used.
The mean free path of a MCP in a detector between

interactions that lead to an electron recoil energy of at least
Er;min is λ ¼ 1=ðneσχe;minÞ, where ne is the electron number
density and the scattering cross section [24]

σχe;min ≃
e2ϵ2

4meEr;min
¼ 2.6 × 10−25ϵ2 cm2

MeV
Er;min

: ð12Þ

The energy lost by a MCP in a typical interaction is
negligible. Therefore, the probability for a MCP to scatter
once in a detector is obtained from the Poisson distribution:

P1 ¼ 1 − exp

�
−
LD

λ

�
; ð13Þ

where LD is the average length that MCP travels in the
detector. Meanwhile, the probability of scattering at least
twice is [42]

Pn≥2ðEr;minÞ ¼ 1 − exp

�
−
LD

λ

��
1þ LD

λ

�
; ð14Þ

and the expected number of single scatter, Nsingle, and
multiple scatter, Nmulti, events are related by

Nmulti ¼ Nsingle
Pn≥2ðEr;minÞ
P1ðEr;minÞ

: ð15Þ

D. Neutrino detectors

We consider two experiments in this work: Super-
Kamiokande (SuperK) and the Jiangmen Underground
Neutrino Observatory (JUNO). These have, respectively,
the best current and near-future sensitivity to MCPs,
offering a comprise between their detector mass and energy
threshold (IceCube despite having a large volume has
relatively large energy threshold).
SuperK is by far the largest neutrino detector that has an

OðMeVÞ energy threshold. The detector has a fiducial
volume of about 22.5 kton filled with water and is shielded
above by, on average, 1000 m of rock [72]. We use the data
taken from April 1996 until February 2014, in the four
phases SK-I to SK-IV with a total live time of 4517 days
[42,73,74], covering electron recoil energies between 3.5
and 88 MeV. To derive the single scatter constraints on
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MCPs from this data, we build the one-sided Poisson
likelihood L following [42]. Assuming a chi-squared
distribution we require the test statistic

T S ¼ −2
�

Lðmχ ; ϵÞ
Lðmχ ; ϵ ¼ 0Þ

�
< 2.71; ð16Þ

to obtain the 90% upper limit on ϵ. Multiple scatter signals
cannot be searched for using SuperK data because there is
not a suitable trigger system.
JUNO is located in a 700 m underground laboratory in

Jiangmen, China, and is expected to commence data taking
in 2024. The JUNO main detector can be modeled as a
sphere with an inner detector of 35.4 m, corresponding to
LD ≃ 23.6 m. The main detector contains 20 kton of liquid
scintillator, enabling a much lower detection threshold than
SuperK of about 100 keV. Moreover, an even lower-
threshold electronic trigger system is being developed in
order to reach thresholds of about 10 keV [75] for multi-
scatter events.
To obtain JUNO’s projected single scatter sensitivity

we use the sum of backgrounds in the energy range 10
to 38 MeV (obtained from the right panel of Fig. 5 in
Ref. [75]). Because this background estimate is still
preliminary, rather than considering its energy dependence
we simply use the total number of backgrounds with a
170 kton · yr exposure. We set the threshold to 10 MeV to
avoid a large low-energy background dominated by solar
neutrinos and the decay of cosmogenic isotopes [76]
(extending the analysis window to lower energy does
not improve the sensitivity to MCPs due to this high
background rate).
As mentioned, multiple scatter signals of MCPs allow for

much lower thresholds. MCPs traverse the JUNO detector
on times of order 10−7 s, which is shorter than the timescale
over which the signal from the scintillator persists, roughly
200 ns. Within such a 200 ns time window, the background
due to coincident cosmogenic radioactive decays is about 1
event per 10 years of data taking [42]. At threshold energies
below 100 keV the photomultiplier tube dark noise
increases; however, the background from this has not yet
been analyzed by the collaboration. We also note that the
JUNO electronics have a timing accuracy of 200 ps [75],
which could allow better timing resolution and further
reduction of backgrounds (this would be important if
backgrounds were larger than expected). Conservatively
we obtain our projected sensitivity by requiring at least 10
multiple scatter events from MCPs with a 170 kton · yr
exposure regardless of threshold energy (changing this
condition by order-1 factors does not affect the sensitivity
substantially).

IV. RESULTS

The expected number of single scatter and multiple
scatter events in a detector are obtained by combining our

preceding results for the MCP flux at the Earth’s surface,
the attenuation (accounting for the varying MCP incident
angle) with the scattering cross section in Eq. (10).
The resulting constraints from SuperK and the projected

sensitivity of JUNO due to single scatter signals are shown
in Fig. 5. As expected from Fig. 4, as mχ is increased the
sensitivity is, in turn, dominated by production from proton
bremsstrahlung, meson decay and finally Drell-Yan. For
MCP masses such that bremsstrahlung gives the largest
contribution, the constraint on ϵ2 that we obtain from our
conservative approach is comparable to that using the new
method of Ref. [45], and is approximately a factor of 2
stronger than obtained using the FWW approximation in
that reference (this might be due to differences in the
computation of the proton bremsstrahlung MCP flux or the
likelihood). The dominance of bremsstrahlung for small
MCPmasses is not too surprising given that Ref. [60] found
that this could also occur for light dark matter production at
fixed target experiments in similar kinematic ranges.
Although the current SuperK data does not rule out any
new parameter space, JUNO has potential sensitivity to a
small region of otherwise unconstrained parameter space
for 2.8 GeV ≤ mχ ≤ 4.7 GeV.
Meanwhile, the projected sensitivity to MCP multiple

scatter events at JUNO is shown in Fig. 1. We plot results for
different values of the threshold Eth to illustrate its impor-
tance; the sensitivity is dramatically enhanced when the
threshold is reduced from 1 MeV to 10 keV. For
Eth ¼ 1 MeV, attenuation (which shifts the MCP flux to
smaller energies) destroys the sensitivity for mχ > 4.7 GeV
while for lower Eth sensitivity is maintained until progres-
sively larger mχ. In the optimistic case of Eth ¼ 10 keV,

FIG. 5. Constraints on MCPs from single scatter events at
SuperK (using the SK-I to SK-IV data), and the projected
sensitivity of JUNO assuming an exposure of 170 kton · yr.
Overlaid are the same existing constraints as in Fig. 1.
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JUNO’s sensitivity surpasses current constraints on ϵ2 by up
to three orders of magnitude.
We present a comparison of our results for single and

multiple scatter searches with those in previous work in
Appendix D.

V. CONCLUSIONS

In this paper we have revisited the current constraints
and future sensitivity of neutrino detectors to MCPs from
the atmosphere. While current and future single scatter
searches yield sensitivities that are comparable to existing
limits, multiple scatter searches at JUNO could far surpass
current bounds on the MCP charge. The projected sensi-
tivity is particularly good relative to existing constraints in
the range of MCP masses, mχ ≳ 2 GeV, in which produc-
tion by ϒ decay and Drell-Yan is relevant (which we have
included for the first time). Our results therefore further
motivate dedicated multiple scatter searches at JUNO and
other neutrino detectors.
There are various possible future improvements that

would allow neutrino detectors to reach better sensitivity
to MCPs. On the experimental side, a lower detection
threshold and faster detector response could increase the
MCP signals and reduce the coincident background. Better
background modeling and analysis would help with back-
ground reduction. Furthermore, dedicated multiple scatter
simulations are required to obtain a precise determination of
the signal and background rates. On the theoretical side, the
calculation of the MCP production rate from bremsstrah-
lung using the FWW and splitting kernel approximation
requires relativistic and collinear conditions to be satisfied,
such that the MCP flux is underestimated. It would be useful
if more complete methods could be developed to account for
the full kinematic range given that bremsstrahlung domi-
nates for small MCP masses.
Finally, we stress that searches for MCPs from the

atmosphere at neutrino detectors are by no means the only
route to improved sensitivity to MCPs with masses in the
range 0.1 GeV≲mχ ≲ 10 GeV. In this regard we highlight
Refs. [30,32,77,78] which propose dedicated detectors
searching for MCPs in the forward region of particle
colliders. These could lead to spectacular sensitivity,
potentially as good as ϵ2 ≃ 10−7 for mχ ≲ 40 GeV, which
far exceeds current constraints. Nevertheless, since JUNO
is being developed and run for other purposes, it remains
valuable to exploit its full physics potential by using the
resulting data to search for MCPs in addition to its core
neutrino programme.
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APPENDIX A: DETAILS OF MCPS PRODUCTION
FROM MESON DECAY

1. Cross sections for meson production

For all the relevant mesons except for the ϒ, we use the
production cross sections provided in Ref. [40], which are
obtained by fitting collider data.
As mentioned in the main text, we calculate the ϒ

production cross section in pp collisions using PYTHIA 8.3

(in particular, we turn off ϒ decays and extract the
differential cross section for ϒ production in pp collisions
from the appearance of final states that include an ϒ). We
find that the resulting cross section is well fit by

ln

�
σϒpp
mb

�
¼ −102.6þ 78.6ðln γc.m.Þ0.1

×

�
1þ 0.76

ðγc.m. − 5.04Þ2
�

−1
; ðA1Þ

where the boost of the pp center of mass γc.m. ¼
s=ð2mpÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Epmp

p
=ð2mpÞ. We plot the total cross

sections for meson production in proton-proton collisions
as a function of the incoming proton energy Ep in Fig. 6.
In order to calculate the spectrum of MCPs produced by

meson decay [by evaluating Eq. (2)], we require the
differential meson production cross section dσmpp=dEm.
Rather than Em, the differential cross section is typically
expressed in terms of xF, which is the Feynman-x parameter
defined as xF ≡ p0

k=pmax where p0
k (pmax) is the (maximum

possible) meson longitudinal momentum in the pp collision
center of mass frame. For subsequent use, we note that
pmax ¼

ffiffiffi
s

p ð1 −m2
m=sÞ=2 and that xF is related to the

meson boost γm by

γm ≃
γc.m.pmax

mm

 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2F þ m2

m

p2
max

s
þ βc.m.xF

!
; ðA2Þ

with βc.m. the velocity of the center of mass of the system.
Still following Ref. [40] (which should be consulted for

plots of the original data and a discussion of the fitting
approach and the uncertainties), the differential cross
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section for η meson production in proton-proton collisions
dσηpp=dxF is reasonably well fit by

dσηpp
dxF

¼ σηpp ×
cη=2

1 − expð−cηÞ
exp ð−cηjxFjÞ; ðA3Þ

where cη ¼ 9.5þ ðγc.m. − 14.6Þ=2. The differential cross
sections for production of the vector mesons ρ, ω, and ϕ can
be well fit by the same functional form as Eq. (A3), with cη
replaced by cV ¼ 7.7þ 0.44ðγc.m. − 14.6Þ. The differential
cross section of J=ψ can be approximated as [79]

dσJ=ψpp

dxF
¼ σJ=ψpp ×

cJ=ψ þ 1

2
ð1 − jxFjÞcJ=ψ ; ðA4Þ

with cJ=ψðγc.m.Þ ¼ 2þ 0.2ðγc.m. − 5Þ.
To obtain the differential cross section in terms of Em,

we invert Eq. (A2), which leads to two xF branches

x�F ¼ −γc.m.γmðβc.m. � βmÞ
mm

pmax
: ðA5Þ

The integral in Eq. (2) is then performed by changing
variables from Em to xF and summing the two branches of
xF with the Jacobian dx�F=dEm included. By definition,
xF ranges from −1 to 1. However, this range is not fully
kinematically accessible for both xþF and x−F. When
the meson is produced at rest, i.e., γm ¼ 1, we find
from Eqs. (A2) and (A5) the solution xF ¼ xF0 ≡
−βc.m.γc.m.mm=pmax (it can be verified that the xF > 0

solution from Eq. (A5) is spurious in this case). As xþF
decreases from xF0 and x−F increases from xF0 the meson
boost in the lab frame γm grows. Therefore, the integral is
restricted to the ranges −1 ≤ xþF ≤ xF0 and xF0 ≤ x−F ≤ 1.

2. Meson decays to MCPs

The branching ratio of MCPs from two-body vector
meson decay is similar to the dimuon decay channel, but
with a different mass and coupling. Accounting for the
coupling and phase space differences, we have [40,42]

Brðm → χχ̄Þ
Brðm → μþμ−Þ ¼ ϵ2

m2
m þ 2m2

χ

m2
m þ 2m2

μ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

m − 4m2
χ

m2
m − 4m2

μ

s
: ðA6Þ

FIG. 7. Left: the differential flux of mesons Φm produced by cosmic rays collisions with the atmosphere as a function of the meson
energy Em. The fluxes of ρ and ω are very similar so we show both as a single line. Right: the differential flux of MCPs Φχ from the
atmosphere produced by different processes (for production from meson decay, the contributions from different mesons are also
indicated) as a function of the MCP energy Eχ with the MCP mass mχ ¼ 0.1 GeV fixed.

FIG. 6. Cross sections for meson production in pp collisions
σmpp where Ep is the incident proton energy. For the ϒ we show
numerical data (dots) and our fit of Eq. (A1).
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The branching ratios for ρ, ω, ϕ J=ψ and ϒs decaying to
muon pairs are 4.55 × 10−5, 7.40 × 10−5, 2.87 × 10−4,
5.96 × 10−2, 2.48 × 10−2, respectively [40,51]. In the rest
frame of the meson, the energy of the produced MCPs is
simplymm=2. After boosting, the distribution of final MCP
energy in the lab frame is flat between the maximum and
minimum possible MCP energies E�

χ [40], i.e.,

PðEχ jEmÞ≡ 1

Γm

dΓm

dEχ
¼ 1

Eþ
χ − E−

χ
; ðA7Þ

with E�
χ defined analogously to in Eq. (6) with γ replaced

by the meson boost γm. The MCP energy in the meson rest
frame E0

χ ¼ mm=2 for mχ ≤ mm=2.
In the case of pseudoscalar mesons the relevant process

is m → γχχ. The only pseudoscalar meson we consider is
the η, and the branching ratio of this to MCPs can be related
to that of η → γγ by [40,42]

Brðη → γχχÞ ¼ 1

2π
e2ϵ2Brðη → γγÞIð3Þ

�
m2

χ

m2
η

�
; ðA8Þ

where Brðη → γγÞ ¼ 3.941 × 10−1 and the dimensionless
function Ið3ÞðxÞ is given by

Ið3ÞðxÞ ¼ 2

3π

Z
1

4x
dz

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4x
z

r ð1 − zÞ3
z2

ð2xþ zÞ: ðA9Þ

The energy distribution of the MCPs from such decays
can be obtained following Refs. [40,42]. In particular, we
use the analytical formalism implemented in the HeavenlyMCP

code [42], which is obtained by boosting the distribution in
the meson rest frame to the lab frame. Defining z≡ Eχ=γη,
the energy distribution

PðEχ jEmÞ≡ 1

Γηγη

dΓη

dz
¼ mη − z

72z3F1ðmχÞ
F2ðz;mχÞ; ðA10Þ

where

F1 ¼
1

24mη

�
−M8

χ þ 8M6
χm2

η − 24M4
χm4

η ln
Mχ

mη

− 8M2
χm6

η þm8
η

�
; ðA11Þ

F2 ¼ M6
χð4m2

η − 5mηz − 5z2Þ − 9M4
χm2

ηzðmη − 3zÞ
þ 9M2

χm2
ηz3ðz − 3mηÞ þm3

ηz3ð5m2
η þ 5mηz − 4z2Þ;

ðA12Þ

with Mχ ¼ 2mχ , and z in the range

Emax −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
max −M2

χ

q
≤ z ≤ Emax þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
max −M2

χ

q
; ðA13Þ

where Emax ≡ ðM2
χ þm2

ηÞ=ð2mηÞ.

APPENDIX B: MCP PRODUCTION FROM
BREMSSTRAHLUNG

In FWW approximation, the splitting probability of a
proton of four-momentum p is [45,60,61,64,66]

d2Pp→γ�p0 ¼ ωðz; p2
TÞjFVðk2Þj2dzdp2

T; ðB1Þ

where kμ ¼ ðEk; kÞ is the emitted virtual photon four-
momentum. In Eq. (B1) we use the photon’s transverse
momentum pT and z as our kinematic variables; these are
related to p, k, and θk (the angle between p and k) by
pT ≡ jkj sin θk and z≡ cos θkjkj=jpj. The function ω is
given by

ω ¼ e2

8π2H

�
1þ z02

z
− 2zz0

�
2m2

p þ k2

H
−
2m4

pz2

H2

�

þ2zz0ðzþ z02Þm
2
pk2

H2
þ 2zz02

k4

H2

�
; ðB2Þ

where z0 ¼ 1 − z and H ¼ p2
T þ z0k2 þ z2m2

p. As in
Refs. [45,64], in Eq. (B1) we include FV , which is a
hadronic form factor accounting for enhancement arising
from mixing between the virtual photon and vector mesons.
In particular, we take the phenomenological fit

FVðk2Þ ¼
X
V

fVm2
V

m2
V − k2 − imVΓV

; ðB3Þ

where V ¼ fρ; ρ0; ρ00;ω;ω0;ω00g (with 0 representing
higher resonance states). For ρ mesons the mass param-
eters mρ=GeV ¼ f0.775; 1.464; 1.570g, the decay widths
Γρ=GeV ¼ f0.1474; 0.400; 0.144g, and a fit to data gives
fρ ¼ f0.616; 0.223;−0.339g. For ω mesons mω=GeV ¼
f0.783; 1.410; 1.670g, Γω=GeV ¼ f0.0086; 0.290; 0.315g,
and fω ¼ f1.011;−0.881; 0.369g [45,51].
Because the FWW and splitting kernel approximation

only work when the initial and final state particles are
relativistic and collinear, we consider only MCPs pro-
duced from scatterings in which the following conditions
are met [45,60]: (i) pT < 0.1Ek, (ii) pT < 1 GeV,
(iii) jq2minj ≃ ðp2

T þ z0k2 þ z2m2
pÞ2ð4E2

pz2z02Þ < Λ2
QCD, with

the QCD scale ΛQCD ≃ 0.25 GeV, and (iv) Ek > 5mp;

Ep − Ek > 5mp, Ek > 5
ffiffiffiffiffi
k2

p
; Ep − Ek > 5

ffiffiffiffiffi
k2

p
. These

conditions fix the allowed ranges of cos θk, Ek, and k2.
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APPENDIX C: ATTENUATION
OF MCPS IN THE EARTH

The average rate of energy loss as a MCP of mass mχ

travels through the Earth can be modeled by [42,69]

−
dEχ

dX
¼ ϵ2ðaion þ ϵ2bel bremEχ þ binel bremEχ

þ bpairEχ þ bphotohadEχÞ ≃ aχ þ bχEχ ; ðC1Þ

where X is the distance traveled, ax and bx represent energy
loss processes (in particular, ionization, elastic, and inelas-
tic bremsstrahlung, electron-positron pair production, and
photohadronization), which are summarized in aχ and bχ .
The values of aχ and bχ can be estimated from the
corresponding parameters for muon energy loss [69].
The ionization energy loss described by the Bethe formula
is roughly independent of the particle mass but related to its
charge. As mentioned in the main text, bμ may have a
stronger dependence on the MCP mass [69] but the
corresponding energy loss for a MCP is negligible com-
pared to that from aχ for MCP masses in the range 0.1 to
10 GeV. We therefore simply take

aχ
aμ

≃
bχ
bμ

≃ ϵ2: ðC2Þ

Given the dominance of aχ , the value of mχ does not affect
the energy loss significantly. The distance a MCP travels

before reaching a detector is given by

X ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðRE − dÞ2 cos2 θ þ dð2RE − dÞ

q
− ðRE − dÞ cos θ;

ðC3Þ

where d is the depth of the detector, RE is radius of the
Earth and θ is the MCP incoming zenith angle. The flux of
MCPs reaching the detector after attenuation is given by
Eq. (9) in the main text (see also [71]).
The effect of attenuation by the Earth is illustrated in

the left panel of Fig. 8. As ϵ2 increases, the MCP energy
is degraded more and more and the flux is shifted
to progressively lower energies. For ϵ2 ≳ 10−2, attenua-
tion becomes significant even for MCPs arriving from
overhead.
The impact of attenuation on the sensitivity of neutrino

detectors is shown in the right panel of Fig. 8. In particular,
we compare the sensitivity of JUNO in three scenarios. In
the first case, we assume that the MCP flux arrives at the
detector without any attenuation. In the second case, we
neglect attenuation but reduce the total MCP flux by a
factor of 2, which is equivalent to assuming that the down-
going MCP flux reaches the detector unaffected and all the
up-going flux is lost. In the last case, we use the full
attenuation treatment described in this section and used the
main text. For ϵ2 ≲ 10−6 the results with attenuation
included and ignoring attenuation match closely (and
the down-going approximation reduces the flux too much).

FIG. 8. Left: the impact of attenuation by the Earth on the MCP fluxΦχ as a function of the MCP energy Eχ for a detector at the depth
of JUNO, with mχ ¼ 7.5 GeV fixed, for different values of ϵ2 at the zenith angle cos θ ¼ 1 (i.e., for MCPs from directly above). Given
the relatively large MCP mass, the MCPs are only produced by the Drell-Yan process and have a minimum boost at about 40 GeV. For
ϵ2 ¼ 5 × 10−2 and 5 × 10−1 attenuation has a significant effect on Φχ , shifting the flux to lower energy. The attenuated flux is truncated
below the MCPmass, because Eq. (C1) stops being accurate once Eχ ≃mχ , and we regard the MCP as being stopped at this point. Right:
the sensitivity of JUNO to MCPs using a multiple scatter analysis with threshold energy Eth ¼ 20 keV for different treatments of the
attenuation. The solid line corresponds to the full treatment (used to obtain the results in the main text), the dashed line considers only the
down-going MCP flux assumed to enter the detector unimpeded, while the dash-dotted line shows the sensitivity without including any
attenuation.
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For 10−6 ≲ ϵ2 ≲ 10−1, the down-going approximation
matches the full results well. At larger ϵ2 the down-going
flux is also attenuated and the full sensitivity is worse than
suggested by the down-going approximation.

APPENDIX D: COMPARISON
WITH PREVIOUS WORK

In Fig. 9 we compare our results with the previous
constraints and sensitivities derived in [42] (which updated
the original work of [40]) for both single and multiple
scatter searches.
At mχ ≲ GeV our limits and projections for the single

scatter and the Eth ¼ 10 keV multiscatter cases are
stronger than those in [42]. This is expected due to our
inclusion of production from proton bremsstrahlung, and
we have checked that there is good agreement when we
remove bremsstrahlung from our results. The sensitivities

at GeV ≲mχ ≲ 1.5 GeV, where J=ψ decay dominates, are
similar.
Meanwhile for multi-scatter signals with Eth ¼ 100 keV

and Eth ¼ 1 MeV there are differences between our results
and those of Ref. [42] even when the J=ψ decay dominates.
We attribute these differences to differing choices in how
we compute the multiple scattering rates at relatively high
thresholds. In particular, in Eq. (15) we evaluate Nsingle and
P1ðEr;minÞ with the value of Er;min used in determining
Pn≥2ðEr;minÞ, which appears to differ from what is done in
Ref. [42]. Our approach might give a better estimate of the
multi-scatter rate, however a dedicated energy-dependent
multiscatter Monte Carlo analysis will be required to obtain
fully reliable projections.
Finally, our inclusion of ϒ decays and the Drell-Yan

process means that (unlike Ref. [42]) we find sensitivities
that extend into the range mχ ≳ 1.5 GeV.
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