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Scenarios where dark matter is boosted to relativistic velocities provide a promising probe of sub-GeV
dark matter. Cosmic-ray upscattered and supernova-produced dark matter generate relativistic fluxes peaked
toward the Galactic Center, an anisotropy that offers a strong directional signature and is not mimicked by
any terrestrial or cosmic background. We determine how many directional recoil events are required in a gas
time-projection chamber to distinguish various scenarios for the origin of dark matter particles arriving in the
Solar System, which are otherwise indistinguishable without directionality. We find that standard halo dark
matter particles can be distinguished from boosted populations with as few as Oð20Þ events under
reasonable track reconstruction performance and background conditions.
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I. INTRODUCTION

The existence of dark matter (DM) is established through
its gravitational effects at galactic (and larger) scales, but the
properties of its particle nature remain unknown. Direct
detection experiments search for nuclear or electronic
scattering signatures and have placed stringent constraints
on the parameter space of weakly interacting massive
particle (WIMP)-like dark matter, in the ∼GeV–TeV mass
range [1–4]. However, even detectors with low-energy
thresholds lose sensitivity to sub-GeV DM, due to insuffi-
cient energy deposition in the scattering process. The
strongest constraints on sub-GeV dark matter arise instead
from cosmology and astrophysical observations and are
some ∼15 orders of magnitude weaker than those from
direct detection of GeV-mass WIMPs [5–12].
The sensitivity of experiments to low-mass DM can be

enhanced by considering mechanisms that may boost the
energy of particles arriving at the detector, for example, if
the DM interacts with and reflects off the solar interior
[13–19] or scatters off energetic particles from blazar jets
[20–28]. A flux of energetic (boosted) DM may also arise
from decays and annihilation [29–44] or through inter-
action with galactic cosmic rays, extensively studied in

Refs. [45–61] and known as cosmic-ray upscattered dark
matter (CRDM). Another scenario of interest is supernova-
produced DM (SNDM), as studied in [62–68]. SNDM
involves a steady-state flux of MeV-scale “dark matter”1

produced in galactic supernovae, which travels semirela-
tivistically toward Earth.
Earth’s and the Solar System’s motion through the

Galactic halo causes DM signals to be strongly anisotropic,
resulting in an apparent DM wind. Nonrelativistic WIMPs
from the Galactic halo would generate recoil events which
(on average) originate from the direction of the constellation
Cygnus [69]. This characteristic signature would enable the
unambiguous identification of these signals if the three-
dimensional recoil directions could be measured accurately.
We will refer to nonrelativistic WIMP-like DM as “halo
DM” to differentiate it from CRDM (halo DM upscattered
to relativistic velocities by cosmic rays) and SNDM (semi-
relativistic DM produced in supernovae).
CRDM and SNDM also inherit the directionality of their

respective astrophysical sources. Assuming cosmic rays are
distributed approximately homogeneously through the
Galactic halo, CRDM will predominantly originate from
the direction of the Galactic Center (GC), where the DM
density is highest. Likewise, the line of sight toward the GC
also has the highest column density of past galactic super-
novae. So both CRDM and SNDM are expected to have
broad angular distributions influenced by the baryonic
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1We use the term “dark matter” here in alignment with
previous literature on this subject; however, we are not assuming
there is necessarily any connection with the particles making up
cosmological dark matter halos.
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component of our Galaxy, peaking in a direction that is 90°
away from the expected directionality of halo DM.
Leveraging this directionality to search for types of boosted
dark matter has been studied in [59,62,70,71].
The primary advantage of directionality is that it offers a

means to distinguish these models. A halo DM model with
a heavy particle mass and an astrophysically boosted DM
model with a light particle can conspire to generate
comparable momentum transfers in recoil events. These
models would not be distinguishable from one another
using nuclear recoil energy signals alone [62]. However,
reconstructing their distinct incoming angular distributions
would allow the discrimination of these signals in a detector
with directional sensitivity.
Conventional DM detectors aim to measure the energy

deposited by a scattered nucleus in a target medium.
Experiments with directional sensitivity aim to reconstruct
the angular distribution of recoil tracks as well. These
directional DM experiments are of interest in the field
because the angular distribution of events provides one of
the only avenues for identifying that a putative DM signal
originates from our Galaxy [70–73]. The directional sig-
nature is important for connecting any putative discovery
with the expected astrophysical distribution of DM in our
Galaxy’s halo [74–78] and, crucially, can be used to
distinguish DM events from the otherwise irreducible
neutrino background [79–83]—sometimes referred to as
the “neutrino fog” [84–97]. This problematic region of
parameter space has recently been accessed by large xenon-
based dark matter experiments [2,98–100]. However, since
these detectors do not measure directionality, it is unclear
whether the events reported by these collaborations are truly
solar neutrino events or if they are contaminated by true
dark matter events. This further motivates the development
of directional detectors, a goal pursued by the CYGNUS
Consortium [101–103] and the CYGNO Collaboration
[104–108].
A promising technology for directional detection is to use

gas time-projection chambers (TPCs). In these detectors, an
incoming particle scatters off a target nucleus, producing a
recoiling nucleus that leaves an ionization track. The
liberated charge is then transported toward the readout by
an electric field. During this drift, the track diffuses to form a
three-dimensional ionization cloud; its projection onto the
readout is reconstructed in 2D, while the third dimension is
inferred from timing information. Cameras may also be
employed in addition to the readout to obtain additional
simultaneous recoil information, as is the case for the
CYGNO Collaboration. The use of a low-density target
medium is essential to enable the track to be resolved.
However, it has been shown that good tracking for ≳ keV-
scale nuclear recoils is possible even at gas pressures around
one atmosphere [101,103]. Awide variety of gas mixtures is
possible, providing a high level of flexibility and the ability
to tune the target medium to specific DM models and

couplings. For concreteness, we focus here on fluorine-
based gas mixtures.
In this paper, we examine a scenario in which three dark

matter models (halo DM, CRDM, and SNDM), which
otherwise have indistinguishable rates and energy spectra,
could be distinguished by a direction-sensitive detector. We
base our envisioned detector on configurations proposed
for CYGNUS [101] and study the extent to which different
DM scenarios can be distinguished as a function of the
detector’s performance (angular resolution, energy resolu-
tion, and head and tail recognition).
Existing directional analyses on CRDM search for

excess recoils [59] and forward-backward asymmetry
[70]. The effect of attenuation on the preservation of
directional signals in nuclear emulsion targets is studied
in [71]. Reference [62] explored the discrimination
between SNDM and WIMP signals, with varying levels
of directional information, assuming total background
rejection. We analyze dark matter sources using 2D angular
data at multiple resolutions and incorporate head-tail
reconstruction. This purely nonparametric analysis relies
exclusively on the median direction of recoil tracks,
independent of signal modeling.
The paper is organized as follows: We describe the

directional dark matter signals we will study in Sec. II,
present our analysis in Sec. III, and conclude in Sec. IV.

II. DIRECTIONAL DARK MATTER SIGNALS

We start by describing the theoretical calculation of the
direction and energy-dependent event rate for each DM
model: halo DM, CRDM, and SNDM.

A. Halo dark matter

We assume the commonly used standard halo model
[109], where the DM particles are distributed in an
isothermal, isotropic sphere with a Gaussian velocity
distribution. While uncertainty in halo properties would
affect the DM velocity distribution, and, consequently, its
spectra, the directionality of the distribution remains robust
against the distribution’s shape. We consider as the observ-
able signal in a direct detection experiment, the elastic
scattering of halo DM with a nucleus in the detector. The
motion of the Solar System in a circular orbit around the
Milky Way introduces a strong anisotropy in the flux of
dark matter incident on Earth, which has a peak direction
pointing back toward the Cygnus constellation [69]. The
relative motion of Earth with respect to the Sun also leads to
a temporal modulation in the speed of the lab in the
Galactic frame, vlabðtÞ. The average of this temporal
dependence, vlab ¼ 232 km=s, is used in the recoil
rate below.
For the doubly differential halo DM recoil spectrum, we

use the expression given in Refs. [110,111]:
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Here, mT , Er, and μ are the target mass, recoil energy, and
DM-target reduced mass, respectively, vesc ¼ 544 km=s is
the Galactic escape velocity, vp ¼ 220 km=s is the value of
the circular speed in the standard halo model’s potential,
and γ is the angle between the direction of nuclear recoil
and −vlab, such that

cos γ ¼ cos br cos

�
π

2
− lr

�
; ð2Þ

where ðlr; brÞ are Galactic longitude and latitude in the
laboratory frame. Assuming a spin-independent interaction
mediated by a new vector particle with mass mA, the
scattering cross section dσNR=dER is

dσNR
dEr

¼ F2ðq2Þ g
2
χg2i
4π

2mTm2
χ − Erððmχ þmTÞ2 þmTE2

rÞ
ð2mTEr þm2

AÞ2m2
χv2

:

ð3Þ

Here, mχ is the DM mass, v is its velocity, and we have
taken the nonrelativistic limit in setting its kinetic energy
Tχ →

1
2
mχv2. The couplings of the vector mediator to the

DM and the nucleons are given by gχ and gi, respectively.
For the nuclear form factor F2ðq2Þ, we adopt the standard
Helm ansatz [112].

B. Cosmic-ray upscattered DM

Experimental sensitivity to CRDM is generally restricted
to large interaction strengths, because the signal is con-
trolled by two factors of the scattering cross section: the first
in the boosting process and the second in the detection
process. The relevant cross sections are, therefore, so large
that bounds from perturbativity and unitarity become an
important consideration [113,114]. Employing light medi-
ators allows for long-range interactions that can exceed the
geometric limit imposed by contact interactions [114] and
are sometimes required for probing phenomenologically
interesting cross sections. Importantly, light mediators
themselves are subject to constraints from astrophysical
observations and collider searches, and in many cases the
parameter space is already strongly constrained [115].
References [61,115] demonstrated that the vector mediator
is the least constrained of the light mediator scenarios, and,
hence, it is the model we focus on here. Finally, it is
important to note that the interactions between the cosmic
rays and halo dark matter involve large momentum transfers
(q2 ≫ m2

med); hence, it is essential to retain the full energy-
dependent form of the scattering cross section [48].
To calculate the CRDM event rates, we describe the DM-

nucleon interaction with a vector mediator, which gives rise
to spin-independent scattering. The effective Lagrangian
that couples the mediator Vμ to nucleons,N, and a fermionic
DM candidate, χ, takes the form

Lvector
int ¼ gχVVμχ̄γμχ þ gNVVμN̄γμN; ð4Þ

which results in a scattering cross section given by

�
dσit
dTt

�
vector

¼ G2ðq2Þ × g2tVg
2
iVA

2
i
ð2mtðmi þ TiÞ2 − ððmi þmtÞ2 þ 2mtTiÞTt þmtT2

t Þ
4πðT2

i þ 2miTiÞðm2
V þ 2mtTtÞ2

: ð5Þ

Here, the gxx are dimensionless coupling constants, and mi

and mt represent the incident and target masses, respec-
tively, while Ti and Tt are the incoming and outgoing
kinetic energies. For the boosting interaction, the CR is the
incident particle and χ is the target. For the detection
interaction, the χ becomes the incident particle and the
target is a nucleus in the detector. For proton and helium
scattering, the form factor G2ðq2Þ takes the dipole form
with mass Λp ¼ 0.770 GeV ðΛHe ¼ 0.410 GeVÞ [116].
For all heavier nuclei, we take the Helm form factor as
in Eq. (3). This is assumed for all the models we consider.
The interaction of Eq. (4) enables cosmic rays propa-

gating in the galaxy to scatter off, and boost, nonrelativistic
dark matter in the Galactic halo, producing a flux of

relativistic CRDM. The differential flux of the CRDM
population at Earth is then

dΦχ

dTχdΩ
¼
Z
los

ds
cos b
4π

ρχðsÞ
mχ

Z
∞

Tmin
i

dTi
dΦi

dTi

dσχi
dTχ

; ð6Þ

where the integral is taken along the line of sight, from
Earth to a distance s through the Galactic halo. The
integration limit Tmin

i is the minimum kinetic energy
required by a CR particle to upscatter a DM particle to
kinetic energy Tχ. In the Galactic rest frame, this is
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We use a Navarro-Frenk-White (NFW) profile for the
Galactic DM distribution [117,118], in the form

ρχðrÞ ¼ ρNFWðrÞ≡ ρE

�
1þ r⊙

Rs

�
2 1

r
r⊙
ð1þ r

Rs
Þ2 ; ð8Þ

assuming the Milky Way has a scale radius Rs ¼ 20 kpc
and r⊙ ¼ 8.2 kpc. Following Refs. [46,47,49], we assume
a homogeneous CR density inside a cylinder of radius
R ¼ 10 kpc, centered on the Galactic Center, and height
z ¼ 2 kpc, i.e., 1 kpc above and below the Galactic plane.
While larger CR volumes would yield a higher flux and
more events [119], an increased event rate does not
meaningfully strengthen this analysis, as the median recoil
direction is our primary parameter of interest.
Reference [120] found that the spatial distribution of
CRs within the diffusion zone departs from a constant at
low DM kinetic energies, especially for heavier mχ. A
detailed simulation with GalPROP is required to assess the
effect of the CR spatial distribution on the energy spectrum
of the resulting CRDM. However, we do not expect this
inhomogeneity of galactic CRs to significantly alter our
results, as the median direction is very strongly peaked
toward the GC. Finally, Ref. [52] demonstrates that differ-
ent DM density profiles impact the CRDM flux by only a
few percent.
We assume the cosmic-ray density is zero outside this

region and take the line-of-sight integral out to a distance of
s ¼ 18.6 kpc from Earth to cover this cylinder. This
ensures a correct computation of the directional signal.
In previous work, the integral was truncated at 1 kpc for
conservative limit setting [45]; however, that would lead to
an artificial directional distribution in this case.
We use Galactic longitude and latitude ðl; bÞ such that

dΩ ¼ dld cos b, related to galactocentric cylindrical coor-
dinates by

rðl; bÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2⊙ þ s2 − 2r⊙ðs cos b cos lÞ

q
: ð9Þ

The differential recoil rate is then

d2R
dErdΩ

¼
Z

dTχ cos θr
dσχi
dEr

dΦχ

dTχdΩ
; ð10Þ

where

cos θr ¼
�

Erðmχ þmT þ TχÞ
Tχð2mχ þ TχÞð2mT þ ErÞ

�
1=2

ð11Þ

and θr is the angle between the direction of the incoming
dark matter particle and the recoiling nucleus. The event

rate for a given scattering angle is assumed to be azimu-
thally symmetric around the incoming dark matter
direction.

C. Supernova DM

SNDM, discussed in Refs. [62,63], refers to a flux of
MeV-scale particles generated during galactic supernovae
(SN), which then travel semirelativistically throughout the
Galaxy. Because of the semirelativistic speeds, the burst
from a given SN arrives at Earth with a spread of arrival
times of the order of 100–1000 yr. As a result, the bursts
from many past SN overlap, producing a flux at Earth that
is approximately—although not precisely [67]—constant
in time. Core collapse supernovae can efficiently produce
dark-sector particles with masses up to their temperature,
T ∼ 30 MeV. The directionality of the flux will peak
toward the Galactic Center, which is the line of sight
where the column density of stars, and, hence, past
supernovae, is largest.
Following Ref. [62], we take the SN rate density to be

dnSN
dt

¼ Ae−R=R0e−jzj=z0 ; ð12Þ

where z is the height above the Galactic plane and R is the
galactocentric radius. This double exponential spatial dis-
tribution is modeled by the TRILEGAL simulations, assum-
ing that SN explosions trace out specific stellar populations
in the Galactic disk [121]. The stochastic nature of the SN
flux will affect its directionality on Earth to an extent;
however, we use the median expectation in our analysis
and, hence, do not expect this to affect our results.
We take the scale radius and scale height for type II SN

from Ref. [121]: R0 ¼ 2.9 kpc and z0 ¼ 95 pc. We normal-
ize the rate density such that the integral of dnSN=dt over
the galaxy gives two supernovae per century, i.e.,
A ¼ 0.00208 kpc−3 yr−1. If each SN generates Nχ par-
ticles, then the flux is simply given by the line-of-sight
integral over the rate density:

dΦ
dΩ

¼ Nχ

4π

Z
∞

0

dnSN
dt

ds: ð13Þ

The distance along the line of sight s is related to the radius
and height of the galactocentric cylindrical coordinates by
Eq. (9), and

z ¼ z⊙ þ s sin b; ð14Þ

where the Earth position is z⊙ ¼ 24 pc; r⊙ ¼ 8.2 kpc as
before.
The SNDM momenta p, as measured at Earth, follow a

Fermi-Dirac distribution:
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where the temperature T is set by the last radius at which
the SNDM is thermally coupled to the standard model (the
energy sphere rE) and Φ≡ R∞rE drmencðrÞ=r [62] is the
associated redshift factor.
We consider only a heavy vector mediator with mass

mV ¼ 1 GeV and, hence, take the cross section to be
constant [62]:

σSNDM;χn ¼
�
4μ2y
m4

χ

��
Λ
mV

�
4

; ð16Þ

where

y ¼ ϵ2g2d
4π

�
mχ

Λ

�
4

: ð17Þ

Here, ϵ and gd are the nucleon coupling to the mediator and
dark charge, respectively, and we take Λ ¼ 1 GeV such
that the mediator is heavy with respect to momentum
transfer, and, hence, it is valid to express the strength of this
interaction in terms of the effective parameters y andΛ. The
nuclear scattering cross section is then related to Eq. (16)
by

σSNDM;χN ¼ A2
μ2χN
μ2χn

× σSNDM;χn: ð18Þ

From [122], the double differential spectrum of the
nuclear recoils induced by SNDM follows:

dR
dErd cos θ

∝
1

ð1 − 2ΦÞ3=2 σSNDM;χN

×
Z

dpF2ðq2Þδ
�
cos θ −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mTEr

p
2p

�

×

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þ 2Φm2

χ

p2 þm2
χ

s
f�ðpÞ: ð19Þ

When comparing these rates with the CRDM and
halo DM cases, we choose the benchmark values
T ¼ f3; 13.4 MeVg, Φ ¼ f0.07; 0.1g, and log10y ¼
f−15;−16g for the SNDM cases according to scenarios
5 and 6, respectively, in Ref. [62], corresponding to the
values as displayed in Table I with SNDM masses
mχ ¼ f14 MeV; 38 MeVg, respectively.

D. Comparison

We now demonstrate that the halo DM, SNDM, and
CRDM models can be challenging to distinguish using the

energy spectra of their nuclear recoils alone. This occurs
because there are parameter choices for which the spectra
become highly degenerate. We choose two scenarios to
illustrate this idea, consisting of two sets of models
generating low-energy spectra and high-energy spectra.
The parameters are listed in Table I, and the differential
recoil energy spectra are shown in Fig. 1 for a 740∶20 Torr
ratio He:SF6 gas mixture. The two sets of recoil spectra are
highly similar to one another. In a real experiment with
limited statistics and subject to limitations in the precision
with which Er could be reconstructed, these models would
be indistinguishable.
In contrast to this, the three classes of models generate

very different angular distributions. The production of
CRDM occurs primarily in regions of high dark matter
density, so its angular recoil spectrum peaks toward the
direction of the Galactic Center. Similarly, we expect the
SNDM case to also peak toward the GC because the rate
density of supernovae correlates with the stellar distribution

TABLE I. Benchmark models and parameters.

Model DM mass T (MeV)a Φa yref a σrefχpðcm2Þ b

CRDM 10 MeV � � � � � � � � � 7 × 10−29

1 GeV � � � � � � � � � 10−32

SNDM 14 MeV 3 0.07 10−15 10−37

38 MeV 13.4 0.1 10−16 10−39

Halo DM 20 GeV � � � � � � � � � 2 × 10−48

200 GeV � � � � � � � � � 3 × 10−48

aRelevant only for SNDM.
bCross sections in regions of parameter space not yet excluded

by LZ for the DM masses considered [1,63,115].

FIG. 1. Recoil spectra for all DM models. The spectra extend to
much higher energies for the high-mass cases than for the low-
mass cases, as expected kinematically. The three rates for each set
(solid and dashed lines) are normalized such that they generate
the same number of events above a threshold of 5 keV.

DISCRIMINATING DARK MATTER ORIGINS WITH … PHYS. REV. D 114, 083006 (2026)

083006-5



in the Galaxy. On the other hand, the halo DM signal is
unrelated to the distribution of DM outside of the Solar
System and is uncorrelated with the baryons. The direc-
tionality of the incident flux of DM in this case originates
solely from our motion through the halo, which is
perpendicular to the Galactic Center. The Mollweide
projections of the three angular distributions integrated
over the full recoil energy range, [0, 80] keV, are shown
side by side in Fig. 2 for both the low-mass and high-mass
sets of models.
The halo DM angular distribution spans effectively a

single hemisphere of the sky centered on the Cygnus
constellation. The SNDM and CRDM distributions in
contrast are peaked toward the Galactic Center—where
the profile of both the supernova rate and DM density
profile are sharply rising2—and they have wide tails that
wrap around the full range of longitudes due to particles
originating from the Galactic disk. We see this more clearly
in Fig. 3, where we show a slice through the angular
distribution for b ¼ 0° as a function of Galactic longitude l.
The high-mass set of models (left panel in Fig. 3) exhibits a
broader angular distribution than the low-mass set of

models (right panel). This is a result of the fixed lower-
energy threshold above which we are integrating the rate;
i.e., we are cutting out more of the low-energy and large-
scattering-angle tail of the distribution in the right-hand
panel than in the left-hand panel due to their differing
dR=dEr spectra.
We also point out that, although the SNDM case is

slightly more peaked than the CRDM case, the differences
between the two scenarios are very small. This would likely
mean that these classes of models would remain indistin-
guishable unless a large number of events were collected,
and these subtle differences in the angular distributions
could be measured. The primary goal here then is to
illustrate how these boosted DM populations can be
distinguished from a halo population, as opposed to how
these boosted populations can be distinguished from each
other, which would be much more challenging.
In what follows, we will put each model on an even

footing by normalizing the rates to generate the same total
number of events inside the detector. One can then map
these numbers to a corresponding cross section and
detector exposure using the reference values of the model
parameters listed in Table I:

NCRDM ¼ ðgχgpÞ4 ×
exposure
m3 yr

; ð20Þ

FIG. 2. Mollweide projections of the directional event rates from cosmic-ray-boosted dark matter (left), supernova-produced dark
matter (middle), and halo dark matter (right), each for two different DM mass values. The mixture assumed is 740∶20 Torr of He:SF6.
The rates are displayed in Galactic coordinates, with the Galactic plane running horizontally. These have been integrated over the full
recoil energy range [0, 80] keV and are normalized by their maximum value Rmax for ease of comparison across models.

2We note that the SNDM distribution peaks at a latitude
slightly below the origin in Fig. 2, which is due to the fact that
Earth sits slightly above the Galactic plane by a height given in
Eq. (14).
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NSNDM ¼ y
yref

×
exposure
m3 yr

; ð21Þ

Nhalo-DM ¼ σχp
σrefχp

×
exposure
m3 yr

: ð22Þ

Note the CRDM scattering rate scales with ðgχgpÞ4 due to
the two factors of cross section required to produce one
event. We use units of m3 yr for the exposure, assuming a
fixed gas mixture and pressure: 740∶20 Torr He: SF6, which
we motivate further in the following section. We emphasize
that, since this study focuses on the distributions of recoil
events—which are dominated heavily by fluorine recoils—
our results are insensitive to the exact gas mixture. We
would obtain almost identical results for a He: CF4 gas
mixture, for instance.

III. ANALYSIS

Taking inspiration from the CYGNUS and CYGNO
experiments, we consider an experiment consisting of a
directional gas TPC which is able to achieve event-by-event
reconstruction of nuclear recoil track directions and their
energies. To perform an analysis of the sensitivity to these
models in this class of directional recoil detector, we first
generate true recoil events drawn from the halo DM,
SNDM, and CRDM double differential rates and then
account for detector effects such as angular resolution and
head-tail reconstruction, which limit the detector’s ability to
fully reconstruct the underlying angular distribution. We
will then use two statistical methods, detailed in
Refs. [82,123], to determine the number of events required
to (i) reject isotropy at a given significance level and
(ii) measure the median Galactic longitude of the angular

distribution so as to confirm the DM signal originates from
a particular direction.

A. Detector performance

When a DM particle recoils on a nucleus in the gas
volume, it first creates an ionization cloud of mm–cm in
length. In a TPC, this ionization track is then drifted via an
applied electric field to a highly segmented gas amplifica-
tion and readout place. Modern “recoil-imaging” TPCs
employ highly segmented micropattern gas detector–based
readouts which enable submillimeter spatial resolution of
this two-dimensional projection of the cloud (see discus-
sions of “recoil imaging” in Refs. [102,103,124]).
Assuming knowledge of the drift velocity, sampling the
charge arrival times allows the final projection of the track
in 3D to be reconstructed, while the total ionization is
correlated with the initial recoil energy, subject to nuclear
quenching.
The track axis and vector sense inferred on each recoil

will be correlated with the true underlying direction of the
recoiling nucleus; however, this reconstruction will be
limited by the resolution of the detector and the size of
the initial track compared to the diffusion scale and the
readout segmentation. Reducing the limitations due to
diffusion is of critical importance for DM searches which
benefit from higher gas densities (to enhance the event rate)
but which reduce the directional performance by increasing
the diffusion. DM signals are also exponentially falling
with energy, and low-energy tracks are shorter than high-
energy tracks, meaning directionality can be lost altogether
as a signal at energies well above the energy threshold for
detecting events. The choice of gas mixture and its pressure
must be carefully optimized due to these considerations.

FIG. 3. The directionality of normalized scattering rate with Galactic longitude, for high-mass (left) and low-mass (right) CRDM,
SNDM, and halo DM at fixed Galactic latitude. The angular spectra for the choice of SNDM and CRDM parameters demonstrate very
similar shapes, as expected, with peaks lining up at the Galactic Center lGC ¼ 0°. The halo DM peak exhibits a perpendicular arrival
direction, coming from lCygnus ∼ 90°.
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The CYGNO Collaboration at Laboratori Nazionali del
Gran Sasso is currently employing a 60% helium and 40%
CF4 mixture, favoring the choice of a scintillating gas such
as CF4 which allows the use of an optical readout (cameras)
[125]. Another possibility is to take advantage of negative
ion drift (NID), where an electronegative gas such as SF6 is
added to the mixture; this captures the primary ionization
electrons, resulting in the formation of negative ions, which
are transported to the readout instead of the electrons. The
heavier charge carriers used in NID mean that diffusion can
be greatly reduced [126,127], which is an essential advan-
tage for the short tracks foreseen to be generated by DM. A
helium and SF6 mixture is well motivated, because SF6 is a
NID gas and the addition of helium provides additional
higher energy and longer-track recoil events while being
low enough in density that its addition does not reduce the
directionality of the fluorine recoils [101]. Helium also
provides access to lower DM masses than fluorine due to
the fact that its recoil spectrum for a fixed DMmass extends
to higher energies.
We choose a gas mixture consisting of 740 Torr of

helium and 20 Torr of SF6 (bringing the total mixture to
atmospheric pressure). This mixture has been shown in
previous gas simulation studies to maintain good direc-
tionality over the nuclear recoil energies of the signals we
consider in this work [101]. Other configurations, such as
hybrids between the two mixtures, are also being consid-
ered in the community [127], so we choose this mixture
simply for concreteness. We emphasize that the details of
the gas mixture do not directly influence our results in a
significant way, because we have chosen models which
generate similar recoil spectra and will normalize each
event rate to give the same number of signal events. Instead,
it is the parametrization of the detector’s performance that
influences our results, which is indirectly related to the gas
mixture (i.e., high gas densities would have poor perfor-
mance and low gas densities better performance). This
means our results can be readily interpreted for a wide
range of potential mixtures, assuming that the performance
benchmarks (discussed below) can be achieved. Our
performance benchmarks are inspired by the different
charge readout choices studied in Ref. [101].
The performance limitations we consider are angular

resolution, energy resolution, and head and tail recognition
(i.e., reconstructing the vector sense of q). These are
implemented using a Monte Carlo procedure detailed in
Refs. [128–130], which we briefly summarize here. We
start by generating events with recoil direction unit vectors
q̂ and energies Er from each of the double differential rates.
We specify q̂ in Galactic coordinates, which means we are
implicitly assuming a detector which can reconstruct the
track in three dimensions (as opposed to some classes of
experiment which can reconstruct only a one- or two-
dimensional projection [82,103]). We assume a simplistic
event-level detector efficiency by discarding all events

below the threshold, which we set optimistically to
Eth ¼ 5 keV. Since the performance parameterisations
are ultimately inspired by detector simulations, they are
quoted in terms of true recoil energy and so have informa-
tion about the nuclear quenching factor folded in. We note
here again that our results are not heavily dependent on the
choice of recoil energy threshold for the same reasons that
they are not very sensitive to the gas mixture, as dis-
cussed above.

1. Angular resolution

We model the finite angular resolution by taking each
simulated direction q̂ and then sampling a new mismeas-
ured direction q̂0 from a von Mises–Fisher distribution
centered on q̂ which has the following form:

Kðq̂; q̂0; ErÞ ¼
κðErÞ

4π sinh κðErÞ
expðκðErÞq · q0Þ; ð23Þ

where the parameter κ controls the concentration of the
distribution around the true direction. Here, we will not
consider κ but rather the more familiar root-mean-squared
angular resolution σθ, which is nevertheless a monotonic
function of κ that can be evaluated numerically. We
parametrize the recoil-energy dependence of the angular
resolution as follows:

σθ ¼ pθ

ffiffiffiffiffiffiffiffi
Eref

Er

s
: ð24Þ

Here, Eref is an arbitrary reference energy which we take to
be 42.5 keV; this corresponds to the 80th and 99th
percentile of the recoil energy spectra for the higher-mass
and lower-mass halo DM models, respectively. At this
energy, we take pθ to be equal to 20°, meaning 80% and
99% of the corresponding spectra will be observed at least
at this resolution. The choice of this value is informed by
the “postdrift” angular resolution obtained in simulations
for CYGNUS, with our model closely approximating the
experimental performance at energies above the threshold
[101]. The postdrift scenario is what we define as our
“ideal” benchmark, corresponding to a best-case scenario
reconstruction of the ionization cloud that is limited only by
the charge diffusion over the drift distance of 25–50 cm in
this gas mixture. This could be achieved by any low-noise
readout whose segmentation was much smaller than the
diffusion scale, e.g., a pixel readout. The other two
performances we consider, namely, “realistic” and “poor,”
are taken as the performances achievable by a strip readout
in the latter case (pθ ¼ 30°) and an intermediate perfor-
mance between the two in the former (pθ ¼ 25°). The strip
readout would have a coarser-grained resolution but would
be much cheaper than a pixel readout, so our performance
benchmarks are all realistic in the sense that they could be
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achieved in a real experiment, but the cost of doing so
would be very different. We refer to Ref. [101] for further
discussion.

2. Head-tail effect

We next consider how well the detector can identify the
sense of the recoil track, which is distinct from inferring the
track’s axis (which is handled by our angular resolution
smearing in the previous section). This is measurable in
practice by measuring the “head” and “tail” of the recoil’s
ionization distribution. For nuclear recoils of ≳keV ener-
gies, the dE=dx profile declines along the track as the recoil
slows down. We model the ability to correctly assign the
track’s vector sense by either maintaining or flipping the
sign of each generated vector with a probability sampled
from the following energy-dependent function:

εHTðErÞ ¼
1

2

�
1

1þ e−aHTðEr−EHTÞ þ 1

�
: ð25Þ

This is a sigmoid function that begins at 0.5 for lower recoil
energies near threshold (where the tracks are so short that
the head and tail assignment is effectively random) and then
rapidly approaches 1 as the energy increases. High-energy
recoil tracks are longer and produce more ionization,
meaning the characteristic dE=dEr profile is more easily
measured. We adopt three performances following the same
naming scheme introduced above, where aHT ¼ 0.2 and
EHT is equal to 16, 20, and 24 keV for the ideal, realistic,
and poor cases, respectively.

B. Rejecting isotropy

To quantify the extent to which the directionality of each
DM signal can be detected, we first determine the number
of events needed to discriminate our signals from an
isotropic background at some significance level. The result
of this test depends on how anisotropic the distributions are
and, importantly, can be performed using only a collected
sample of events and does not require modeling their
expected angular distributions. Following Refs. [82,131],
we consider the quantity

hcos θreci ¼
P

N
i¼1 cos θ

i
rec

N
; ð26Þ

which is the average of the cosine of the recoil angles
between a vector q̂i and a reference recoil direction q̂rec. In
Galactic coordinates, the latter direction is taken to be the
expected median recoil direction: q̂Cyg ¼ ½0; 1; 0� in the case
of nonrelativistic halo dark matter signals and q̂GC ¼
½1; 0; 0� for signals originating from the Galactic Center,
namely, SNDM and CRDM. While the test requires an
a priori choice of coordinate system, there is no requirement
that this chosen direction needs to align with the correct
mean or median direction. The test performs the best when

the chosen direction aligns with the directionality of the
signal. That said, these two directions would be the only
natural ones to choose in the context of DM search.
We generate hcos θreci distributions from 105 Monte Carlo

experiments for each model. We test these distributions
against an isotropic null hypothesis. Under this hypothesis,
the distribution of the test statistic follows a Gaussian with

standard deviation σ ¼
ffiffiffiffiffi
1
3N

q
and zero mean. From our

Monte Carlo simulated distribution of test statistics, we
compute S50, which we define to be the median significance
at which the null hypothesis can be rejected. The value of S50
for each model as a function of the number of detected
events is shown in Fig. 4. To aid in visual clarity, what we
actually plot is the p value corresponding to the significance;
i.e., lower values of 1 − S50 indicate a stronger rejection of
isotropy. Gaussian significance values in units of σ are also
highlighted (recall that our null hypothesis test statistic
distribution is Gaussian by construction).
In the higher-mass recoil scenario, isotropy can be

rejected at a given σ with fewer recoil events across all
three detector performances, despite these presenting a
broader angular distribution (Fig. 3). This is expected from
our discussion in Sec. II D: The higher-mass recoils are
more energetic, and detector performances increase propor-
tionally with energy (Fig. 1). Furthermore, in this scenario,
rejecting an isotropic background to a given significance
level under halo DM requires roughly one-quarter of the
event count needed for the other models, which holds
across all three performance benchmarks. This is consistent
with the sharper halo DM median longitude distribution
shown in Fig. 3 compared to SNDM and CRDM. The latter
two signals largely overlap in this figure, consistent with
their very similar angular distributions. Under our best-case
scenario for the performance of the detector, a > 3σ
detection would require as few as 30 events for halo
DM but many hundreds for other models. We emphasize,
however, that this test is fully nonparametric and so does
not require anything about the underlying signal to be
modeled. So the detection of a nonisotropic signal with
only a few events would immediately suggest not only the
presence of a DM signal, but of a halo DM signal
specifically.

C. Resolving the true direction

Our next goal is to establish the extent to which a
collection of recoil directions could be used to not only
reject the hypothesis of an isotropic background, but
provide a confirmation of the underlying directionality,
i.e., DM discovery. To this end, we calculate the median
direction of recoil events generated from the three distri-
butions and test this median direction against some
hypothesized direction: either the direction of Cygnus or
the Galactic Center.
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The median direction q̂med is the one that minimizes the
sum

XN
i¼1

cos−1ðq̂med · q̂iÞ; ð27Þ

where q̂i are the individual recoil vectors and N is the
number of events. We compute the direction q̂med for each
pseudoexperiment and then extract its Galactic longitude,
which is to be compared with the Galactic longitude of
either Cygnus (l ¼ 90°) or the Galactic Center (l ¼ 0°). The
distributions of these median longitudes are shown in Fig. 5
as a function of the number of detected events. For each
model, and for each performance benchmark, we collapse
the distribution down to an interquartile range, i.e., an
interval enclosing 50% of the distribution centered on the
median.
We again examine the two mass scales separately, with

the higher-mass recoils on the left and the lower-mass on
the right. The underlying longitude distribution is wider for
the higher-mass models as can be seen in the distributions
visualized in Figs. 1 and 3. However, the energy depend-
ence of the detector performance leads to less smearing for
these models compared to the low-mass models—the
higher-mass models generate higher-energy recoils, which
have their directions better measured. In this case, the

median longitude would be measured to within 20° of the
DM’s true underlying directionality with as few as ∼20
events for the halo dark matter and ∼65 for the signals
coming from the Galactic Center, assuming an ideal
performance. The required event numbers for the lower-
mass models make this much more challenging, which
means that a true discovery of a boosted DM signal may not
be feasible in all cases, unless a large number of events
were detected or the signal was modeled in a more detailed
way, e.g., folding in the information about the angular
distribution and the recoil energy spectrum into a para-
metrized model. We emphasize again that (i) we have
cherry-picked models which are the hardest to distinguish
so as to showcase what could be done using directionality;
and (ii) we are using fully nonparametric hypothesis tests
that would not require any modeling of the signal. So,
regardless of detector performance, discerning these signals
would be completely impossible without access to direc-
tional information. For higher-mass halo DM, we expect
that similar angular resolution would be accessible with
fewer events, as the increased recoil energy allows for
better retention of directional information. In contrast,
inferring results for higher-mass CRDM and SNDM is
more complex. The production of CRDM is significant
only for masses mχ ≲ 1 GeV, beyond which the flux drops
rapidly. Similarly, the production of SNDM depends on the

FIG. 4. The median significance S50 at which an isotropic background could be rejected as a function of the number of detected signal
events. The top three panels show the higher-mass halo DM, SNDM, and CRDMmodels, while the bottom panels show the lower-mass
cases. Detector performance degrades from left to right.
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SN core temperature [∼OðMeVÞ], hence suppressing the
production of heavier particles.

D. Signal purity

Our analysis up to now has been performed assuming
close to background-free conditions of the detector could
be achieved—as was the case for the DRIFT-II directional
DM search [132]. Although it is true that backgrounds
can be severely minimized in a detector like this, it is likely
that some background, particularly from electron recoils
generated by internal and environmental radioactivity, will
be present and contaminate the signal. So to conclude

our analysis we will repeat our final result but accounting
for some non-negligible background contamination.
Continuing in the spirit of what we have presented so
far, we will not assume that our statistical test has any
knowledge of the background’s properties (which is a
pessimistic assumption) other than it being roughly iso-
tropic. We then need only to quantify the background in
terms of a signal purity parameter λ ¼ Rsig=ðRbg þ RsigÞ.
For brevity, we consider just the realistic detector

performance from Fig. 5. We fix the signal event count
to be 50 and vary the number of background events
50 × ð1 − λÞ. In Fig. 6, we show the result for the
interquartile range of the median longitude distribution,

FIG. 6. Median longitude interquartile range for the higher-mass (right panel) and lower-mass models (left panel) assuming 50 signal
events as a function of decreasing signal purity, λ. Here, a background-free operation corresponds to λ ¼ 1, while λ ¼ 0.5means that the
detected events are composed of 50% signal and 50% background events.

FIG. 5. The interquartile ranges for the median reconstructed longitude from 105 Monte Carlo experiments as a function of the number
of recoil events. The left panel shows the higher-mass models, while the right shows the lower-mass models. Degrading detector
performance is indicated by increasing transparency, with halo DM in green and SNDM in orange. The darkest color shows the case
when we do not include any of the performance limitations discussed in the text, which we use for comparison only. The median
direction approaches the true source direction with an increasing number of events, as expected, while the width of the bands quantifies
how accurate the reconstructed median direction would be in at least 50% of hypothetical experiments. We consider the two models to be
distinguishable as long as the two regions do not overlap. We omit the CRDM case in this figure, as it overlaps with the SNDM case.
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using the same format as the previous figure, only now as a
function of λ. The background-free case (λ ¼ 1) corre-
sponds to a slice of Fig. 5 at 50 events.
As the background level increases (λ decreases), the

band widens as expected, because the median direction
becomes less accurate due to the contamination by a sample
of isotropically distributed events. The higher-mass case is
less affected by the increasing background level: Even
considering a pessimistic 50∶50 background-signal oper-
ation, the halo DM and SNDM median longitude bands
have an angular separation of roughly 35°, which would
allow for a discrimination between the two different models
even in pessimistic background conditions. The lower-mass
models, on the other hand, present highly overlapping
bands, with the 75th percentile SNDM line approaching the
expected halo DM source direction at λ ¼ 0.5, rendering
the distinction of the two signals even more challenging.
While this is by no means a comprehensive study of the

backgrounds, this analysis shows that a directional detector
can still provide a positive DM discovery claim even in the
presence of unmodeled backgrounds.

IV. CONCLUSIONS

Using three sets of dark matter models, we compared
signals that produce equivalent recoil spectra in a gas time-
projection chamber despite their differing origin: two MeV-
scale dark matter models originating from the Galactic
Center, boosted to mimic GeV-scale nuclear recoil signals,
and nonrelativistic WIMP nuclear recoils pointing back
toward the constellation Cygnus. We generated recoil
events from the directional recoil rates outlined in
Sec. II and modeled detector effects using three perfor-
mance benchmarks, namely, ideal, realistic, and poor.
These are characterized by an increasingly degrading
angular resolution and head-tail effect recognition
efficiency.
We quantified the number of events required to reject an

isotropic background for each signal and detector perfor-
mance. We found that isotropy can be rejected with fewer
recoil events for the higher-mass models than for the lower-
mass models and that the halo DM case is the easiest to
distinguish from isotropy in all cases: The higher-mass halo
models require roughly 4 orders of magnitude fewer events
than the Galactic Center models, while the lower-mass
models require roughly 5 orders of magnitude fewer. This
follows from the directional rates from Fig. 3, where halo
DM recoils are more strongly peaked toward the source
direction.
We also quantified the number of events required to

resolve the true source direction within 20° by computing
the median generated longitude across experiments for
varying number events. The halo DM case again requires
fewer events in both mass regimes, owing to its peaked
recoil rate toward the source direction: Assuming a realistic

detector performance, the halo direction can be resolved
with as few as ∼20 events for the higher-mass model and
∼60 events for the lower-mass model.
These results reflect a balance between intrinsic physical

effects and instrumental ones. Higher-mass interactions
produce higher-energy recoils, resulting in broader angular
distributions, on one hand, but better detector performances
and, hence, measurements, on the other. This latter effect
dominates and leads to the higher-mass models outper-
forming the lower-mass ones overall, resulting in both the
rejection of isotropy and the resolution of the true longitude
with fewer events.
All of our analysis assumed an unrealistic background-

free operation, so it is valuable to define a signal purity
parameter λ to estimate the effects of backgrounds in the
detector. This is shown in Fig. 6, where the interquartile
range of the median longitude for halo DM and SNDM is
shown as a function of λ for a realistic detector perfor-
mance, assuming 50 signal events. Distinguishing the
directions of the two signals becomes more difficult as
the signal-to-background ratio decreases. In particular,
resolving the two directions remains possible in the case
of the higher-mass models, even at a pessimistic 50∶50
background-to-signal operation, whereas the interquartile
range bands for the lower-mass cases increasingly overlap,
rendering their distinction more challenging.
Finally, we emphasize that this analysis is possible only

because of directional information. The signals we exam-
ined were deliberately chosen to produce indistinguishable
recoil energy spectra with identical event rates: A conven-
tional detector would have no means of telling them apart.
Directional detection offers the unique capability of iden-
tifying boosted MeV-scale dark matter signals that would
otherwise be completely degenerate with GeV-scale non-
relativistic WIMPs. This opens a window of detection
capabilities that directionally insensitive experiments can-
not access, enabling the investigation of the nature and
properties of dark matter as well as its discovery.
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