
Detecting Classically Undetectable Particles through Quantum Decoherence

C. Jess Riedel
IBM Watson Research Center, Yorktown Heights, NY, USA

(Dated: April 20, 2022)

Some hypothetical particles are considered essentially undetectable because they are far too light
and slow-moving to transfer appreciable energy or momentum to the normal matter that composes
a detector. I propose instead directly detecting such feeble particles, like sub-MeV dark matter or
even gravitons, through their uniquely distinguishable decoherent effects on quantum devices like
matter interferometers. More generally, decoherence can reveal phenomena that have arbitrarily
little classical influence on normal matter, giving new motivation for the pursuit of macroscopic
superpositions.

One limit of experimental physics is that it does not
allow us to rule out the existence of new particles, forces,
dimensions, or universes from which we are causally dis-
connected. Even if some hypothetical new phenomenon
has non-zero interactions with the well-known electrons
and nucleons at our disposal, the coupling may always
be so small that the influence on our equipment is neg-
ligible. Experimenters are only able to rule out coupling
strengths above some cutoff, and at some level of statis-
tical significance. There are many proposed and under-
way experimental searches for hypothetical new particles
and forces (with varying degrees of theoretical and ob-
servational motivation) that, if they exist, interact only
weakly with normal matter. Most notable is probably
dark matter, but others include supersymmetric parti-
cles, new neutrino flavors, mirror matter, and fifth forces.
In this letter, I propose searching for hypothetical new
particles and forces by observing the quantum decoher-
ence [1, 2] they cause rather than their classical influence.

FIG. 1. Decoherence detection with a Mach-Zehnder
interferometer. System N is placed in a coherent superpo-
sition of spatially displaced wavepackets ∣NL⟩ and ∣NR⟩ that
each travel a separate path and then are recombined. In the
absence of system D, the interferometer is tuned so that N
will be detected at the bright port with near unit probability,
and at the dim port with near vanishing probability. How-
ever, if system D scatters off N , these two paths can decohere
and N will be detected at the dim port 50% of the time.

It turns out that this enables the observation of phenom-
ena that are classically undetectable. I will highlight the
search potential for two particles: sub-MeV dark matter,
which will be visible to spaceborne matter interferometry
experiments, and gravitons, which would be revealed by
the coherent control of Planck-mass superpositions.

Consider a Mach-Zehnder atom interferometer which
takes advantage of the de-Broglie-wave nature of matter,
figure 1. A beam splitter prepares the center of mass of an
atom N in an initial coherent superposition ∣NL⟩ + ∣NR⟩
of two wavepackets, with one wavepacket taking the left
path and one taking the right path. After propagating
over some distance for a time T , the packets are recom-
bined and directed toward two sensors. The splitters are
aligned so that the sensors effectively measure N in the
basis {∣N±⟩ = ∣NL⟩ ± ∣NR⟩}. The outcome ∣N+⟩ will be
obtained with near unit probability.

Now we allow for the possibility of some hypothetical
particle D that might be passing through the interferom-
eter. The state ∣D∅⟩ represents the absence of D and we
take the evolution to be trivial when it is not present:

[∣NL⟩ + ∣NR⟩]∣D∅⟩ → [∣NL⟩ + ∣NR⟩]∣D∅⟩. (1)

Measuring in the basis {∣N±⟩} gives outcome ∣N+⟩ with
certainty, as expected. But suppose the D particle ap-
proaches in state ∣Din⟩ and decoheres the superposition
by scattering off the atom,

[∣NL⟩ + ∣NR⟩]∣Din⟩ → ∣NL⟩∣D(L)out ⟩ + ∣NR⟩∣D(R)out ⟩, (2)

into the conditional states ∣D(L)out ⟩ and ∣D(R)out ⟩ with

⟨D(L)out ∣D
(R)
out ⟩ ≈ 0, thereby recording which-path informa-

tion. If the atom N is heavy enough compared to the
D particle, the wavepackets ∣NL⟩ and ∣NR⟩ of the atom
are not significantly perturbed following the scattering
event. But a measurement in the basis {∣N±⟩} now gives
outcome ∣N−⟩ half of the time. When it does, this is di-
rect evidence for the existence of D even if it transfers
negligible momentum to the atom.

This basic idea is contained in the decoherence exper-
iments of Hornberger et al. [3] and others, although it
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has never been suggested as a detection method. In the
Hornberger et al. experiment, coherent spatial superpo-
sitions of C70 fullerenes were demonstrated by passing
them through several gratings and recording the interfer-
ence pattern. (This is a multi-slit near-field experiment
rather than a Mach-Zehnder interferometer.) The inter-
ference region was filled with a gas of molecules much
smaller than the fullerenes, so that collisions recorded
which-path information in the gas but only mildly de-
flected the fullerenes. The pressure was adjustable so
that the presence of the gas—and moreover its density—
could be inferred from the suppression of the interference
fringes. However, in that experiment the deflection of the
fullerenes was not negligible; the increasing pressure ex-
ponentially suppressed the count rate in addition to the
fringe visibility, so decoherence would have no advantage
as a method of detection.

I will now start calling the D particle “dark matter”
(DM), although most of the ideas will apply more gen-
erally. A single DM scattering event may or may not
fully decohere the atom N , depending on whether the
DM de Broglie wavelength is small enough to resolve the
separation of the wavepackets and yield orthogonal con-
ditional out states of the DM [4]. To calculate the pre-
measurement state of the atom for the general case, we
must sum the effects of the entire DM flux the atom ex-
periences as it passes through the interferometer. The
state of the atom after a time T is

ρN = 1

2
( 1 γ
γ∗ 1

) (3)

in the {∣NL⟩, ∣NR⟩} basis. Here, γ = exp[− ∫
T
0 dtF (∆⃗x)]

is the decoherence factor, ∆⃗x is the spatial displacement
of the wavepackets, and F (∆⃗x) is a complex frequency
calculable from the DM flux and the nature of its scat-
tering interaction [5]. This is a case of the well-studied
phenomena of collisional decoherence [2, 4, 6–10].

The condition for effective decoherence is that ∣γ∣ ≪ 1,
that is ReF (∆⃗x) ≳ 1/T . This diagonalizes the density
matrix and drives the probabilities for activating the sen-
sors at either arm of the interferometer both to 1/2. But
since collisions with DM will be rare, there appears to be
little chance of the atom being decohered by DM during
its short trip through the interferometer.

One way to increase the likelihood is to simply lengthen
the arms of the interferometer or slow down the atom;
the expected number of scattering events should be lin-
ear in exposure time T for an uncorrelated flux of DM.
But more powerfully, one can superpose clusters of many
atoms. That is, build a matter interferometer with tar-
gets N that are as large as possible. Each nucleon
composing N can contribute an independent decoher-
ence factor, effectively multiplying the decoherence rate
FR ≡ ReF (∆⃗x) by the total number of atoms.

To achieve interference of large objects with ever

smaller de Broglie wavelengths, modern time-domain in-
terferometers can require a time interval proportional to
the size of the object superposed [11, 12]. (This is a tes-
tament to the difficulty of superposing large objects, but
it also means that investing in larger masses yields big
dividends.) In the case of DM scattering from nucleons
through the oft-studied spin-independent channel, there
is additionally an enhancement due to coherent elastic
scattering that is also proportional to the superposed ob-
ject size for sufficiently low DM masses [5]. With these
effects taken together, the DM sensitivity can scale like
the cube of the superposed object’s quoted mass. Hap-
pily, recent progress in matter interferometry has been
stunning, with clear fringe patterns produced when in-
terfering molecules composed of up to 430 atoms and
in excess of 6,000 amu [13]. Future prospects are even
stronger [11, 14, 15], and these have great potential for
discovery. Techniques already being deployed [12] are ex-
pected to achieve superpositions exceeding 106 amu [11].

Of course, there are many possible sources of decoher-
ence; anomalous decoherence hardly implies the existence
of new particles. Still, note that the inverse statement is
true: the observation of interference effects (which estab-
lishes the existence of the superposition, and hence im-
plies that all relevant sources of decoherence have been
eliminated) implies that DM has not scattered (which
sets robust upper bounds on the cross section σ). Fur-
thermore, if anomalous decoherence is observed, one can
gather strong evidence that it is due to DM by observ-
ing the functional dependence of the interference fringe
visibility on experimental parameters. For instance, the
spatial extent ∆x of the superposition can be adjusted by
separating the arms of an interferometer, while the expo-
sure time T can be changed by varying the speed of the
target or lengthening the arms. Depending on the design,
varying the isotopic composition might allow one to ad-
just the DM cross-section of the nuclei without affecting
conventional (extra-nuclear) sources of decoherence.

But the most striking evidence will come from modu-
lating the incoming DM flux itself [5]. The DM may be
directly shielded from reaching the detector using nor-
mal materials, such as lead or concrete, for all of the
parameter space considered below in figure 2. If interfer-
ence fringe visibility is enhanced when adding shielding,
and suppressed when removing it, this is direct evidence
about the source of the decoherence. In more powerful
experiments sensitive to lower cross sections, for which
shielding is not feasible, natural variations due to the
Earth’s movement around the sun can instead be ex-
ploited. Finally, the anisotropy of the DM flux means
that rotating the interferometer (i.e. the separation ∆⃗x)
changes the decoherence rate by a factor of order unity
[5]. This naturally make interferometers directional DM
detectors, which are known to be highly desirable [16], in
part because they can give unmistakable evidence that
the decoherence has galactic origins.
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FIG. 2. The sensitivity of some proposed superposi-
tion experiments to the spin-independent elastic scat-
tering cross-section of dark matter with nucleons,
compared with existing constraints. The traditional dis-
tribution of DM mass and velocity in the Earth’s region of the
Milky Way is assumed [17, 18]. The dark gray shaded region
is already robustly excluded by heating and halo stability ar-
guments in the Milky Way (“Heating+Halo” [19]). Scenar-
ios in which DM is produced thermally in the early universe
are incompatible with the hatched regions due to observa-
tions of the cosmic microwave background with large scale
structure data (“CMB+LSS” [20]) and the Lyman-α forest
(“Ly-α” [21]). Solid colored lines bound regions where DM
would cause decoherence in three proposed experiments: a
satellite-based atom interferometer (“AGIS” [22]), 40 nm di-
ameter optically-trapped silicon nanospheres (“Nanosphere”
[14]), and the OTIMA interferometer with cluster of gold of
mass 106 amu (“OTIMA-6” [11]). The border is defined by
an e-fold suppression of the interference fringes: ∣γ∣ = 1/e.
A successful AGIS satellite would set new exclusion limits on
DM where its sensitivity dips below the halo heating/stability
bound for mDM ≲ 1 keV. On the other hand, the OTIMA and
nanosphere experiments would be shielded from DM by the
atmosphere if operated at sea level, so exclusion regions il-
lustrate the sensitivity at an altitude of 200 km (reachable
by sounding rocket or satellite). The darker regions bordered
by colored dashed lines indicates where the coherent phase
shift could be observed without being overwhelmed by deco-
herence. The separation vector ∆⃗x is taken to point into the
DM “wind”. See Ref. [5] for details.

We expect our device to be useful when the momen-
tum transfer during nuclear collisions is negligible, so
I concentrate on the case where DM is a particle with
mass much smaller than the nucleon mass, say mDM ≲ 1
MeV/c2. (Indeed, direct-detection experiments searching
for WIMPs are blind to such low masses.) This means
the scattering from nuclei should be effectively elastic
because the DM is far too feeble to excite internal nu-
clear states. Additionally, the s-wave component of the

partial-wave expansion is expected to dominate because
of the very long de Broglie wavelength of sub-GeV DM
[23].

To demonstrate the potential in the future of detecting
DM-nucleon scattering through decoherence, I consider
three experimental proposals currently being pursued: an
optical time-domain ionizing matter-wave (OTIMA) in-
terferometer that will interfere clusters of atoms larger
than 106 amu [11, 12], an optically-trapped 40 nm silicon
nanosphere with mass ∼108 amu [14], and the satellite-
based Atomic Gravitational wave Interferometric Sensor
(AGIS) [22] using rubidium-87 atoms. Their sensitiv-
ity to DM is depicted in figure 2. These experiments
have been proposed for reasons that have nothing to do
with discovering new particles; significant improvements
in sensitivity are likely for devices designed with DM in
mind [24].

Direct-detection experiments on Earth will only be
sensitive to DM if the scattering cross-section with nucle-
ons is sufficiently low for DM to pass through the atmo-
sphere and reach the experiment. This upper bounds the
spin-independent cross-section visible to experiments on
the Earth’s surface at about 10−28.5cm2 (which the two
terrestrial proposals cannot reach). This can be circum-
vented by placing the experiment on a high-altitude bal-
loon (∼30 km altitude; ∼10−26.5cm2), a sounding rocket
(∼200 km altitude; ∼10−20.5cm2), or a satellite. Note that
the required weight to shield DM in the range tested by
balloon-, rocket-, and space-borne experiments is man-
ageable [5]. And in fact, orbital platforms for large
quantum superposition are already under investigation
because they offer several advantages, both for optical
traps [25] and interferometers [11, 26–29]. The weight-
less environment features unlimited free-fall times and
isolation from seismic vibration, increasing sensitivity by
multiple orders of magnitude and allowing quantum su-
perpositions not feasible on Earth [25–28, 30].

Now let us briefly turn to gravitons, which are argued
to be undetectable by any feasible classical measurement
[31–33]. In particular, a Jupiter-sized detector (!) in
close orbit around a neutron star is expected to absorb
no more than one graviton every decade, and even then
is unlikely to be able to distinguish it from background
events in any imaginable manner [31]. But a detector of
decoherence may be able to reveal gravitons—although
the technology for such a device still lies far in the future.

Consider the toy matter interferometer in figure 3 in
which a clump of mass m is superposed over a distance
L. Even if there is no decoherence of the two paths from
external environments, there can be substantial intrinsic
decoherence due to emitted radiation [34–36]. When the
clump is thermal, there are two types of sources: black-
body radiation and bremsstrahlung.

Decoherence from blackbody radiation can be avoided
by cooling the body to a temperature with character-
istic wavelength much longer than L, and electromag-
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FIG. 3. Decoherence by electromagnetic or gravitational
bremsstrahlung. A charged object is brought into a coher-
ent superposition of spatial extent L then recombined after
a time τ . If the two paths include sufficient relative acceler-
ation for the given charge, they decohere through the emis-
sion of bremsstrahlung, which records with-path information.
The elementary charges or masses act together coherently to
generate the radiation, which need not be absorbed for its
existence to be detected.

netic bremsstrahlung can be avoided by ensuring that
there is no net electromagnetic charge. But the grav-
itational charge (i.e. mass) is always positive, so grav-
itational bremsstrahlung is irreducible for paths with
a given acceleration. Gravity has no dipole radiation,
unlike electromagnetism, so the primary contributor to
bremsstrahlung is quadrupole radiation [37, 38]. The
decoherence factor goes like γ ∼ exp(−αGβ

4) where
αG = Gm2/h̵c is the effective gravitational coupling con-
stant. (See the Supplementary methods.) The Planck
mass mP ≈ 21µg ≈ 1.3 × 1019 amu is precisely the mass
scale at which αG reaches unity. Thus, the coherent ma-
nipulation of Planck-mass superpositions at relativistic
speeds will enable the detection of gravitons through de-
coherence.

As mentioned, current matter interferometry tech-
nique are expected to achieve superpositions of masses
exceeding 106 amu [11]. Spaceborne experiments should
push this by multiple orders of magnitude using the
same fundamental techniques [11, 24]. Superpositions
of lead spheres (∼ 1014 amu) [39] and of oscillating mir-
rors (∼ 1016 amu) [40, 41] are being pursued, although
the spatial extents of such superpositions are too small
to decohere through bremsstrahlung. Given this, the
coherent manipulation of Planck-mass objects (∼ 1019

amu)—though massively difficult—is not inconceivable.
Arguably, it is much more feasible than constructing a
detector of Jovian proportions.

Of course, such a scheme for detecting the presence
of gravitons assumes that all other sources of decoher-
ence can be suppressed. There are at least two ir-
reducible backgrounds that, if they hinder the obser-
vation of gravitons, would themselves be exciting new
physics: collisional decoherence from relic neutrinos, and
bremsstrahlung from fifth forces stronger than gravity.
The investigation of these and other speculative possibil-
ities is deferred to future work.

Beyond dark matter and gravitons, one can reinterpret

many experiments (not just interferometers) that estab-
lish certain quantum states as direct evidence against hy-
pothetical weak phenomena that, if existent, would de-
cohere those states. In principle, any superposition of
matter states well separated in phase space is sensitive
to collisional decoherence—and larger objects especially
so. Superposed mechanical oscillators [39, 42, 43], Bose-
Einstein condensate interferometers [44], and supercon-
ducting qubits [45] have non-overlapping properties that
may make them useful as detectors of decoherence caused
by DM or other new particles. The toy Mach-Zehnder in-
terferometer illustrates that the classical effects of such
phenomena (e.g. momentum transfer) can be arbitrarily
small while still causing very noticeable decoherence.

The essential difficulty in creating macroscopic super-
positions is that the interaction of a single constituent
particle is enough to decohere an arbitrarily large sys-
tem, but this extreme sensitivity also gives them their
detecting power. Insofar as stability in the presence of
decoherence defines the classicality of a quantum state
[1, 46], the best constraints on hypothetical weak phe-
nomena will come from the most non-classical states.
This gives new independent motivation for their experi-
mental pursuit.
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