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Shadow charge detectability in large-scale neutrino
detectors
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Very recent works predict the existence of a new type of "particle" that has rich phenomenology
and carries profound implications for our understanding of the early universe. Furthermore, it
could represent a fraction of the dark matter density. The so-called shadow charges leverage a
fundamental principle: classical laws of physics are a mere limit of the deeper quantum mechanical
laws. This simple argument has deep consequences, such as the existence of a "shadow" charge
density that follows geodesics independently of any surrounding matter fields. We propose that
this charged radiation can produce light when passing through a medium like the Earth, similarly to
an infinitely massive ion. We provide an analytical study of their interactions in the South-Pole ice
for direct application in the IceCube detector and trivial adaptation to any water-based experiment
such as KM3NeT. Moreover, we present and discuss very first constraints on the shadow charge
parameter space. Finally, we discuss the impact of a screening effect on their interaction with
matter.
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Phenomenology of Shadow Charges

1. Introduction

The central challenge in exotic particle searches lies less in the formulation of plausible theories
than in their experimental testability. Recently, it was proposed that the initial state of the universe
can be so that classical equations are violated as long as the quantum mechanical laws—the more
correct laws of nature—are unbroken, and that relics of this initial state might still exist today [1].
We propose that these relics, the so-called shadow charges, can be observed in large scale light
detectors such as neutrino observatories.

The framework for this theory is a relaxed version of quantum electromagnetism. In such
a gauge theory, the number of physical degrees of freedom is smaller than the number of fields
appearing in the classical action, and consequently fewer than the number of classical equations
that can be derived from it. The physical fields lead to dynamical equations (second-order in time),
while the non-physical fields lead to constraints on the physical ones. Gauss’s law exemplifies such
a constraint equation: it is a first-order, non-dynamical equation that arises from the gauge freedom
inherent in the theory.

In the quantum formulation, however, there is only the Schrödinger equation, which dictates the
time evolution of physical fields. As a result, in the classical limit of quantum electromagnetism,
only the second-order, dynamical Maxwell equations are retained. To recover Gauss’s law, one
must additionally impose a specific choice of initial condition to the quantum theory: the state of
lowest energy.

As no fundamental principle motivates this particular choice, the theory can be relaxed by not
imposing any initial condition, resulting in the violation of Gauss’s law: ®∇ · ®𝐸 − 𝑗0 ≠ 0. In the
quantum formulation, this is equivalent to introducing a new current 𝐽𝑑0 :(

®∇ · ®̂𝐸 − 𝐽0

)
(®𝑥) |𝜓EM⟩ = 𝐽𝑑0 (®𝑥) |𝜓EM⟩ . (1)

This additional term behaves like a fixed background charge density (no time evolution), and adds
no microphysics to the theory as it simply reflects a choice of electromagnetic quantum state.
Furthermore, it couples to gravity via the modified Maxwell equations:

∇𝜇𝐹
𝜇𝜈 =

(
𝐽𝜈 + 𝐽𝜈aux

)
(2)

𝐽
𝜇
aux =

𝐽𝑑0 (®𝑥)√−𝑔 𝑉 𝜇 . (3)

From equation (3), it follows that the auxiliary current follows geodesic motion (𝑉 𝜇∇𝜇𝑉
𝜈 = 0),

and since it does not evolve, it can be interpreted as a static background charge density that does
not respond to electromagnetic forces but remains gravitationally bound to large structures such as
galaxies.

In a particle-like interpretation, one can consider the case where this background shadow charge
density is peaked around point-like regions of space. These so-called shadow charges are thus not
particles in the conventional sense, as they possess no mass. Rather, a shadow charge should be
envisioned as a propagating electric field centered around a virtual charge—an entity defined by
its field configuration rather than by intrinsic particle properties. Nonetheless, the particle-like
picture leads to interesting phenomenology as it makes shadow charges behave like unstoppable
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Phenomenology of Shadow Charges

ions, allowing them to capture surrounding charged particles and therefore acquire a mass. This
mass then allows shadow charges to contribute to the dark matter density observed in the universe.

We propose that shadow charges, when not fully screened by Standard Model particles, can
interact with ordinary matter by exciting atomic electrons or displacing atomic nuclei, leading
to isotropic light emission. As a result, shadow charges could produce detectable light signals
while passing through the Earth, offering a potential observational signature in large-scale optical
detectors such as IceCube [2], KM3NeT [3] or Baikal-GVD [4].

2. Interaction with Matter and Orbital Constraints

Shadow charges are strange objects in that they completely ignore surrounding matter fields,
yet ordinary matter is affected by them. A shadow charge following a geodesic will pass through the
Earth without suffering any loss of energy. However, atoms along its trajectory will interact with
its electric field as if it were any charged Standard Model particle, gaining energy in the process.
On a microscopic level, this results in an apparent violation of energy conservation, which must
be reconciled by considering the macroscopic picture. The key idea is that the medium itself loses
energy through "friction" as it moves through a cloud of charged matter, thereby balancing the
microscopic energy gain with a macroscopic energy loss.

From the microscopic perspective, shadow charges can be modeled as infinitely massive ions
traveling through the Earth at typical dark matter speeds (𝛽 ∼ 0.001). In such a scenario, the
interaction of the charged particle with atomic electrons is described by the following electronic
energy loss formula [5]: (

𝑑𝐸

𝑑𝑥

)
𝑒

=
8𝜋𝑎0𝑒

2𝛽

𝛼

𝑧
7/6
SC 𝑛𝑒

(𝑧2/3
SC + 𝑍2/3)3/2

𝐹 (𝛽) (4)

where 𝑧SC is the charge of the shadow charge, 𝑍 is the atomic number of the medium, 𝑛𝑒 is its
electronic density, 𝑎0 is the Bohr radius, 𝛼 is the fine-structure constant, 𝐹 (𝛽) = 1− exp(−(𝛽/𝛽0)2)
is a correction factor based on experimental data using slow protons [6], and 𝛽0 = 7 × 10−4 is the
fitted parameter. A slow charged particle can also interact with atomic nuclei by transferring kinetic
energy to them. This is described by the nuclear energy loss formula [7]:(

𝑑𝐸

𝑑𝑥

)
𝑛

= 4𝜋𝑎𝑛nucl𝑧SC𝑍𝑒
2𝑆𝑛 (𝜖) (5)

where 𝑛nucl is the number density of nuclei, 𝑎 = 0.8853𝑎0

(√
𝑧nucl +

√
𝑍

)−2/3
is the screening length

and 𝑆𝑛 (𝜖) is a function of the reduced energy 𝜖 defined in [7] and fitted on data. In the case of a
shadow charge moving through a medium, these equations represent the internal energy gained by
the medium as it traverses the electric field associated with a single shadow charge, per unit path
length.

From the macroscopic point of view, the braking of the medium through interactions with
shadow charges implies a net loss in the Earth’s kinetic energy. Such a loss would affect the Earth’s
orbital parameters, in particular the semi-major axis. Since no deviation of this kind has been
observed, the stability of the Earth’s orbit can be used to places constraints on the amount of Earth’s
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Phenomenology of Shadow Charges

kinetic energy converted into local excitation energy due to shadow charge interactions in the Earth.
Fig. 1 shows the energy loss profile of a charged particle (𝑧SC = 10) passing through the Earth at a
constant speed of 𝛽 = 10−3. The electron density profile used is taken from the PREM model [8]
and the composition of the Earth is taken from [9].

We now make the following assumptions:

• Shadow charges all carry the same net charge, within the range [1, 1/𝛼 = 137]1, which
remains constant during propagation.

• The Earth is spherical, its internal density follows the PREM model, and moves through a
static cloud of shadow charges at a constant speed of 10−3𝑐.

• 4.4 billion years ago, the Earth could not have been located further than 2.4 AU from the Sun;
otherwise, the conditions required for liquid water would not have been met[11, 12].

Figure 1: Energy loss profile of a charged particle
(𝑧SC = 10) with constant speed (𝛽 = 10−3) passing
through the Earth (radius 𝑅⊕). The energy loss is
computed using equations (4) and (5) and the PREM
electron density profile [8].

Figure 2: Upper flux limit of shadow charges, as-
suming a net charge in the range 𝑧SC ∈ [1, 137],
based on their maximal allowed impact on the
Earth–Sun distance.

To estimate the total orbital energy loss of the Earth over time, we integrate the energy loss
from Fig. 1 along horizontal trajectories and initial 𝑦-axis entry points. This yields an expression
for the Earth’s orbital energy loss rate as a function of the number of shadow charge and of their net
charge ¤𝐸orb,⊕ (𝑛SC, 𝑧SC). The Earth’s specific orbital energy is given by:

Eorb,⊕ =
𝐸orb,⊕
𝑀⊕

=
−𝜇
𝑎

(6)

where 𝜇 = 𝐺𝑀⊙ is the standard gravitational parameter of the Sun and 𝑎 is the semi-major axis of
the Earth’s orbit. We then have the relation:

¤𝑎
𝑎today

=
𝑎today ¤Eorb,⊕

𝜇
=
𝑎today ¤𝐸orb,⊕ (𝑛SC, 𝑧SC)

𝜇𝑀⊕
(7)

1The charge is limited to 1/𝛼 by the Schwinger limit [10], above which the electric field at the particle’s surface
reaches 𝑚2

𝑒/𝑒, leading to spontaneous pair production. The intrinsic charge, however, can be arbitrarily high, as it would
simply emit pairs until it gets screened enough.
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Phenomenology of Shadow Charges

where 𝑎today = 1 AU. Equation (7) links the stability of the Earth’s orbit parameters to the number
density of shadow charges 𝑛SC and their net charge 𝑧SC. Using the constraint from our last
assumption—that the Earth could not have migrated inward more than 1.4 AU since the first trace
of water—we obtain ¤𝑎 < 48 m/yr. This allows us to place an upper bound on the number density of
shadow charges with a non-zero net charge (𝑧SC). The upper flux limit obtained from this calculation
is shown in Fig. 2.

This flux limit is clearly ruled out by many orders of magnitudes by dark matter experiments
such as MACRO [13], which obtained a flux limit of 2.6 × 10−16 cm−2s−1sr−1 for charged Q-balls
by searching for energy deposits in their liquid scintillators [14]. Cosmology also constrains the
net charge of shadow charges, as they would contribute to the radiation density in the early universe
(Ω𝑅), which is tightly bounded by observations. A precise value is currently being determined.

3. Detectability

Luminescence refers to the emission of light by a substance that is not the result of thermal
energy dissipation. It typically arises when a charged particle traverses a medium, exciting atoms
along its path to higher excited states. As these atoms return to their ground state, they emit light
isotropically. This process is a primary detection mechanism for charged particles that are too slow
to ionize atoms in the medium or to produce Cherenkov radiation. Given the low velocities of
shadow charges, luminescence is expected to represent their dominant detection channel, provided
they carry a non-zero net charge.

The luminescence light yield depends on the energy loss of the particle and can be expressed
as d𝑁

d𝑥 = 𝑆 · d𝐸
d𝑥 , where 𝑆 is the scintillation efficiency, and is typically constant for small energy

losses but decreases at higher values.
High-performance scintillators—such as plastic scintillators or thallium-doped sodium iodide

(NaI(Tl))—are typically impurity-activated materials. These contain discrete, localized electronic
levels between the valence and conduction bands, introduced by dopants (e.g., thallium in NaI),
which facilitate efficient radiative transitions and light emission. In contrast, large-scale light
detectors such as IceCube or Super-Kamiokande use extremely pure media like ice or water, which
are intrinsically poor scintillators due to their minimal impurity content.

Experimental studies of ice and liquid water under irradiation at various temperatures measured
light yields typically ranging from 1 to 10 photons per MeV of deposited energy [15] (see Fig. 3).

Figure 3: Scintillation response of pure
ice and water to various types of
radiations [15]. IceCube (2019) used a
𝛽-source in SPIceCore [16] (South
Pole), while Wuppertal (2017) used an
𝛼-source in a laboratory setting. Shaded
grey bands indicate the temperatures of
common neutrino detectors.
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Phenomenology of Shadow Charges

In order to detect particles via luminescence in such pure media, the particle’s energy loss must
be sufficiently high. The energy loss of shadow charges, as given by equations (4) and (5), meets
this requirement even for low values of the net charge (see Fig. 4). At high energy loss, however,
the density of excited and ionized states becomes large enough for mutual interactions to occur. As
a result, part of the deposited energy is dissipated thermally rather than being converted into light,
a phenomenon known as scintillation quenching. This effect is often modeled through an intrinsic
scintillation efficiency 𝑆0 and a quenching parameter 𝑘 , as in [17]:

d𝑁
d𝐸

=
𝑆0

1 + 𝑘

(
d𝐸
d𝑥

)
𝑒

. (8)

Using equation (7) and two data points from Fig. 3, we can find the values of 𝑆0 and 𝑘 that best fit
the observed luminescence light in pure ice.

Figure 4: Energy loss and light yield of
shadow charges (𝛽 = 10−3) in pure ice
(𝜌 = 0.917 g/cm3). The electronic and
nuclear contributions are shown in blue and
orange respectively. The uncertainty on the
light yields comes from the ionization
quenching parameters. For comparison, the
red line shows the typical Cherenkov light
yield of a muon detectable in IceCube.

The first data point is taken from the Wuppertal experiment, which measured an average of
𝑁 = (4 ± 1.6) photons from 𝐸𝑖 = 4 MeV 𝛼-particles [15]. As a second data point, we wish to take
the value measured in SPIceCore. However, the energy of the radiated electrons is still unclear and
require further investigations. In the meantime, we use a value of 𝑘 found in the literature2 [17]:
𝑘 ∼ (10 ± 2) mg cm−2 MeV−1. We now solve the following equation for 𝑆0:

𝑁 =

∫
d𝑁
d𝑥

d𝑥 = 𝑆0

∫ 𝑥max (𝐸𝑖 )

0

(
d𝐸
d𝑥

)
𝑒

1 + 𝑘

(
d𝐸
d𝑥

)
𝑒

d𝑥 (9)

where 𝑥max is the stopping distance in ice and d𝐸/d𝑥 is given by the Bethe-Bloch formula for
electrons or 𝛼-particles. Using the Wuppertal measurement and the value of 𝑘 from literature,
equation (9) gives: 𝑆0 = 10+8

−5 MeV−1. Using this result to calculate the light yield of shadow
charges in the ice leads to the blue curve in Fig. 4. The total light yield of shadow charges is
typically 1 to 2 orders of magnitude greater than that of a muon traveling at speed 𝛽 = 0.8 (red
dashed line), which is commonly detected in IceCube. This suggests that shadow charges should

2This value and it’s uncertainty are arbitrary approximations based on a set of experimental results ranging from ∼ 9
to ∼ 11 mg cm−2 MeV−1, obtained with various organic scintillators.
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Phenomenology of Shadow Charges

be observable in IceCube-like experiments, provided that their signal can be distinguished from the
increasing background associated with lower particle speeds (longer event duration).

As mentioned in the previous section, shadow charges can also transfer energy to atomic nuclei,
which then produce luminescence light as well until they stop. The secondary light yield of shadow
charges is then given by: (

d𝑁
d𝑥

)
𝑛𝑢𝑐

= 𝑛𝑛𝑢𝑐

∫ 𝑇𝑚

0
𝐿𝑝 (𝑇)

d𝜎
d𝑇

d𝑇 (10)

where 𝐿𝑝 (𝑇) is the number of photons produced by a nucleus of initial kinetic energy 𝑇 until it
stops, 𝜎 is the nuclear cross section given in [18], and 𝑇𝑚 is the maximum energy transferable to
the nucleus. 𝐿𝑝 (𝑇) is given by:

𝐿𝑝 (𝑇) =
∫ 𝐸

0

d𝑁
d𝑥 (𝜖)(
d𝐸
d𝑥

)
tot

d𝜖 (11)

where d𝑁
d𝑥 is the quenched luminescence yield given by the product of equation (8) and equation

(4), and
(

d𝐸
d𝑥

)
tot

is the sum of equations (4) and (5).

4. Bound States

During the period of recombination, where electrons started forming bound states with protons,
they could just as well recombine with positive shadow charges. Not only electrons, but any
charged particle existing in the early universe could have recombined with a shadow charge of
opposite charge, except unstable particles such as the top-quark which are very likely to decay
before forming any bound state. Bound states made of anti-matter particles are also not expected
today as their binding energy is typically way below the temperature at which they decouple from
the thermic bath and start annihilating with normal matter. As a first assumption, we thus only
expect shadow bound systems made of protons or electrons bound to respectively negative shadow
charges (NSC) or positive shadow charges (PSC). Since protons (due to their higher mass) decouple
from the thermic bath earlier than electrons, NSCs would be screened earlier than PSCs.

The period of recombination is followed by a period of reionization, where radiation from the
very first stars strips atoms from their electrons. We thus expect shadow bound systems to be at
least partially re-ionized during this period, the effect being stronger on PSCs than NSCs as the
binding energy of protons is 𝑚𝑝/𝑚𝑒 ∼ 1000 times higher than the one of electrons. Today, we
thus expect PSCs with a non-zero effective charge to cross the Earth and produce luminous signals,
while NSCs could remain screened and are thus less likely to be detectable.

5. Discussion and Outlook

Shadow charges are relics of the early universe that could, for the first time, provide an avenue
to probe its initial state. If not diluted by a period of inflation, they may still exist today, potentially
contributing to the observed dark matter density, and produce luminous signals while traversing
the Earth. They open up rich new phenomenology, some of which is still under investigation.
For instance, a full treatment of their propagation—accounting for electron/proton capture and
ionization—is still lacking. It is also not forbidden that NSCs bind to heavier nuclei. Moreover,
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Phenomenology of Shadow Charges

shadow charges could possess non-integer values. Finally, interactions with the Higgs boson before
electroweak decoupling might have shaped shadow bound systems in a very unique way.

Acknowledgements: The authors are grateful to Tom Melia, Surjeet Rajendran and Francesco
Serra for their insightful discussions and valuable input regarding the phenomenology of shadow
charges.
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