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Current and future neutrino experiments can be used to discover dark matter, not only in searches for
dark matter annihilating to neutrinos, but also in scenarios where dark matter itself scatters off standard
model particles in the detector. In this work, we study the sensitivity of different neutrino detectors to a
class of models called boosted dark matter, in which a subdominant component of a dark sector acquires a
large Lorentz boost today through annihilation of a dominant component in a dark matter-dense region,
such as the galactic Center or dwarf spheroidal galaxies. This analysis focuses on the sensitivity of different
neutrino detectors, specifically the Cherenkov-based Super-K and the future argon-based DUNE to boosted
dark matter that scatters off electrons. We study the dependence of the expected limits on the experimental
features, such as energy threshold, volume and exposure in the limit of constant scattering amplitude. We
highlight experiment-specific features that enable current and future neutrino experiments to be a powerful
tool in finding signatures of boosted dark matter.
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I. INTRODUCTION

Gravitational evidence for dark matter (DM) is over-
whelming [1–3], but all nongravitational means of DM
detection have not yet resulted in a definitive discovery. It is
therefore essential to expand DM searches to encompass as
many possible DM signals. Previous work [4] has proposed
a new class of DM models called boosted dark matter
(BDM) with novel experimental signatures at neutrino
experiments. BDM search strategies are complementary
to existing indirect detection searches for DM at neutrino
detectors.
BDM expands the weakly interacting massive particle

(WIMP) paradigm to a multicomponent dark sector that
includes a component with a large Lorentz boost obtained
today due to decay or annihilation of another dark particle
at a location dense with DM. In this class of models, the
boosted component can scatter off standard model (SM)
particles similarly to neutrinos, and can thus be detected
at neutrino experiments. Various extensions built on the
BDM model [5–8] have studied the potential reach at
large volume neutrino detectors and even direct detection
experiments.
In this paper, we present BDM searches assuming a

constant scattering amplitude, which highlight the reach of
different neutrino technologies with different experimental
features, and in particular electron energy thresholds.
Focusing on scenarios in which BDM scatters off electrons
(and leaving scattering off protons to future work [9]) the
scattering process of interest, shown in Fig. 1, is

Be− → Be−; ð1Þ

where B is a subdominant DM component with a Lorentz
boost due to the annihilation of another heavier dominant
state A,

AĀ → BB̄; ð2Þ
as shown in Fig. 2.
We present the potential reach for two searches for

BDM, one where the boosted particle B originates at the
galactic Center (GC) and one where B originates at dwarf
galaxies (dSphs). Although dSphs are a great source for
DM since they are low in astrophysical backgrounds, their
DM density is lower than that of the GC, so we perform
a stacked analysis to increase statistics and improve
sensitivity.
We take advantage of B’s large Lorentz boost in reducing

background as the emitted electrons scatter in the forward
direction and therefore point to the origin of the BDM
particle. This is different from the omnidirectional atmos-
pheric neutrino background, dominated by the charged
current processes

FIG. 1. Scattering process of BDM B off of electrons.*lnecib@mit.edu

PHYSICAL REVIEW D 95, 075018 (2017)

2470-0010=2017=95(7)=075018(12) 075018-1 © 2017 American Physical Society

https://doi.org/10.1103/PhysRevD.95.075018
https://doi.org/10.1103/PhysRevD.95.075018
https://doi.org/10.1103/PhysRevD.95.075018
https://doi.org/10.1103/PhysRevD.95.075018


νen → e−p; ð3Þ

νep → eþn: ð4Þ

Experiments of particular interest are Cherenkov
detectors like Super-Kamiokande (Super-K) [10] and
Hyper-Kamiokande (Hyper-K) [11], and liquid argon time
projection chambers (LArTPCs) like the upcoming Deep
Underground Neutrino Experiment (DUNE) [12]. Argon-
based detectors utilize a new technology that has not
previously been thoroughly investigated within the context
of DM searches. We explore LArTPCs’ excellent angular
resolution and particle identification in this paper, and
emphasize the discrimination power of LArTPC experi-
ments even with smaller volumes than their Cherenkov
counterparts. We show the overall sensitivity of Super-K,
Hyper-K and DUNE in setting limits on the DM-SM
scattering cross section for the case of annihilation from
another heavier component A. The decay case can be
worked out in a similar fashion.
The rest of this paper is organized as follows: In Sec. II,

we introduce a simplified parametrization that captures
BDM’s main features, and set up the framework to relate
the expected number of detected events to the general
properties of BDM. We then study event selection in
Sec. III and background rejection in Sec. IV for the
Cherenkov and argon-based technologies. We finally show
the experimental reach at current and future neutrino
experiments to BDM originating in the GC in Sec. V
and in dSphs in Sec. VI, and conclude in Sec. VII.

II. BOOSTED DARK MATTER

A. Features of boosted dark matter

One of the most studied paradigms of DM is that of
WIMPs in which DM is a single cold thermal particle that
froze out early in the Universe’s history. Various detection
methods have been used to search for WIMP DM: direct
detection in which nonrelativistic DM particles scatter off
heavy nuclei [13–16], and indirect detection in which SM
particles resulting from DM annihilation/decay are detected
(see for example, [17–20]). Indirect detection signals
originate in DM-dense regions, two of which are the GC
and dSphs.
BDM is a class of multicomponent models in which a

component of the dark sector has acquired a Lorentz boost

today. Let the DM sector be composed of a dominant
component A and a subdominant component B.1

(i) The particle B is boosted due to either annihilation
or decay of a second state A, as shown in Fig. 2.
Other processes that would boost the B particle can
be easily derived from the subsequent formalism,
such as semiannihilation AA → Bϕ [26] for exam-
ple, with the energy of B satisfying EB ≫ mB.

(ii) The boosted particle B interacts with the SM through
a scattering process. In this work, we focus on the
case of B scattering off electrons Be− → Be−, as in
Ref. [4]. We leave the case of B scattering off
protons [5,6] to future work [9].2

Searching for BDM therefore involves a hybrid
approach, as one would directly detect the B particle
scattering off SM particles, and at the same time indirectly
detect the A component. In the following, we present a
simplified parametrization of BDM in order to compare the
reach of different neutrino detector technologies.

B. Flux of boosted dark matter from annihilation

The flux of B produced in A annihilation (see Fig. 2)
within a region of interest (ROI) of a particular source is

dΦROI
ann

dΩdEB
¼ jannðΩÞ

8πm2
A
hσĀA→B̄Bvi

dNB

dEB
: ð5Þ

The annihilation J-factor jann is obtained by integrating
over the DM density squared along the line of sight at a
particular position in the sky,

jannðΩÞ ¼
Z
l:o:s

dsρðsÞ2: ð6Þ

The thermally averaged cross section hσĀA→B̄Bvi is the
annihilation cross section of the process that produces
the B particles, taken as a reference to be equal to the
thermal cross section hσĀA→B̄Bvi ¼ 3 × 10−26 cm3= sec.
Any deviation is an overall rescaling of the flux.
As was previously argued in Ref. [4], the optimal choice

of ROI for the GC analysis is ≈10° around the GC for the
case of annihilation.3 We therefore adopt the same ROI in

FIG. 2. Annihilation process that produces B with a Lorentz
boost.

1A and B can be the same particle as in the case of a Z3

symmetry for example [21–26], and A can correspond to more
than one particle in the case of a more complex dark sector.

2Proton scattering is more important for scenarios where DM,
and in this case A, is captured in the Sun. This case depends on
the capture scenario rather than the initial DM density, and
therefore it is not incorporated in this work.

3The value of the optimal opening angle for decay (A → BB̄)
cannot be taken as 10° without a proper analysis. The initial value
of the opening angle depends largely on the DM distribution. The
fact that annihilation signals scale as the DM density squared
while decay signals scale linearly with DM density means that
DMwill be less localized near the center, and that leads to a larger
optimal choice of ROI.
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this analysis. We define Jann as the integrated J-factor
jannðΩÞ over a patch of the sky, assuming an Navarro–
Frenk–White (NFW) profile [27], as

J10°ann ¼
Z

dΩjannðΩÞ ¼10° 1.3 × 1021 GeV2=cm5; ð7Þ

where the numerical value corresponds to a cone of half
angle 10° around the GC [28]. The spectrum of B is
dNB=dEB, which in the case of the AĀ → BB̄ process is

dNB

dEB
¼ 2δðEB −mAÞ: ð8Þ

Therefore, the integrated flux over a patch of the sky is

ΦGC
ann ¼

J10°ann

4πm2
A
hσĀA→B̄Bvi: ð9Þ

The numerical values of the flux of DM integrated over the
whole sky and over a cone of half angle 10° for ĀA → B̄B
are

ΦGC
ann ¼ 49.6 × 10−8 cm−2 sec−1

�
20 GeV
mA

�
2

×

� hσĀA→B̄Bvi
3 × 10−26 cm3= sec

�
; ð10Þ

ΦGC;10°
ann ¼ 4.7 × 10−8 cm−2 sec−1

�
20 GeV
mA

�
2

×

� hσĀA→B̄Bvi
3 × 10−26 cm3= sec

�
: ð11Þ

C. Implications of forward scattering

In the energy range of Oð10 MeVÞ −Oð100 GeVÞ, the
dominant background for any neutrinolike signal is atmos-
pheric neutrinos [29–31].4 The key aspect in discriminating
the background, which is omnidirectional, from the signal,
which originates at a location dense in DM, is adopting a
search cone strategy. As shown in Fig. 3, we veto all
electrons that are emitted at an angle larger than θC around
a particular source. This strategy takes advantage of
forward scattering of the electron, emitted in the same
direction as the incoming B.
As was computed in Ref. [4], the expected number of

electron events NθC
signal is obtained by convolving the initial

DM distribution over the electron scattering angle of the
Be− → Be− process, such that the emitted electron is

scattered at angles smaller than θC around a particular
source.

NθC
signal ¼ ΔTNtarget

Z
θB

dθB

�
fBðθBÞ ⊗

dσBe−→Be−

dθ0e

�����
θ0e<θC

ð12Þ

where ΔT is the exposure time, and Ntarget is the number of
target electrons in the experiment considered. The angle θB
is the polar angle of B with respect to the source (GC or
dSphs). The angle θ0e is the polar angle of e− with respect to
the incoming direction of the B (see Fig. 3). fBðθBÞ is the
flux of the incoming B particles as a function of the polar
angle, integrated over the azimuthal angle. For a particular
source, the total flux is related to fB by

Φα
B ¼

Z
α

0

fBðθBÞdθB: ð13Þ

This is equal to Eq. (11) when α ¼ 10°.
As we show in Appendix A, in the limit where the energy

of the BDM particle is much higher than the electron mass
(EB ≫ me), highly boosted DM (with a Lorentz boost
factor γB ≫ 1) scatters off electrons which are then emitted
in the forward direction (θ0e ¼ 0). We can therefore use the
electron scattering angle to infer the BDM’s origin. In this
limit, the convolution of Eq. (12) can be simplified as

NθC
signal ¼ ΔT × Ntarget ×ΦθC

B × σmeasured
Be−→Be− : ð14Þ

It is important to note that the cross section σmeasured
Be−→Be− ,

hereafter labeled I , is not the total cross section, but rather
the measured one, as the energy threshold of the experi-
ment introduces an energy cutoff.
We write the measured cross section I as a function of

the energy threshold Ethresh in order to facilitate the
comparison among experiments with different character-
istics. Assuming that the limiting experimental factor is the
energy threshold rather than the angular resolution, and this
is a good approximation that follows from scatterings being
in the forward direction and the excellent angular resolution
of neutrino experiments, we write the measured cross

FIG. 3. Geometry of a search cone for incoming B particles
originating at the GC and scattering off electrons at a neutrino
experiment [4].

4Solar neutrinos dominate below energies of 30 MeV.
Although we know the location of the Sun and can thereby veto
solar neutrinos, we avoid this parameter space in order to be
conservative as it is hard to estimate the ability of photo-
multipliers to trigger on events with such low energies.
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section as a function of the measured energy of the emitted
electron Ee,

IðEthreshÞ ¼
Z

Emax

Ethresh

dEe
dσBe−→Be−

dEe
: ð15Þ

The upper limit of integration is

Emax ¼ me
ðEB þmeÞ2 þ E2

B −m2
B

ðEB þmeÞ2 − E2
B þm2

B
; ð16Þ

which is the maximum allowed by the kinematics of the
scattering process.

D. Constant amplitude limit

In order to compare the reach of different experiments,
we extract the dependence on the energy threshold while
assuming a constant scattering amplitude. This simplifies
the parameter space in order to better illustrate the reach of
different experiments.
Let σ0 be the total cross section for the process

Be− → Be−,

σ0 ¼
Z

Emax

0

dEe
dσBe−→Be−

dEe
: ð17Þ

If we assume a flat amplitude jMj2 ¼ constant, we can
then relate I defined in Eq. (15) with σ0 defined in Eq. (17)
by

IðEthreshÞ ¼ σ0

�
1 −

Ethresh

Emax

�
: ð18Þ

Below, we estimate limits on the quantity σ0. The expected
number of events given by Eq. (14) is

NθC
signal ¼ ΔTNtargetΦ

θC
B σ0

�
1 −

Ethresh

Emax

�
: ð19Þ

III. EVENT SELECTION

The backgrounds to the signal process Be− → Be−

are all processes in which an electron in the appropriate
energy range is emitted from neutrino-induced scatterings.
The processes with the highest cross sections are
charged current neutrino scatterings νeþn→e−þp and
ν̄e þ p → eþ þ n. For the energies of interest in
Oð10 MeVÞ–Oð100 GeVÞ, the dominant background is
atmospheric neutrinos. Neutrinos scattering in detectors
produce both electrons andmuonswhile the signal is present
only in electron events. Therefore, an important feature of
this BDMmodel is an excess in the electron channel over the
muon channel. We now study the features of the signal that
are used to discriminate against the background in
Cherenkov and LArTPCs detectors separately.

A. Cherenkov detectors: Super-K

We study Super-K as an example of Cherenkov detectors
in this analysis. Super-Kamiokande is a large underground
water Cherenkov detector, with a fiducial volume of
22.5 kton of ultrapure water. It has collected over 10 years
of atmospheric data, which would be the target data set for
this analysis [32–34].
The atmospheric neutrino backgrounds, as well as signal

events in Super-K, are single-ring electrons, detected with
the following properties.

(i) Energy range: for the electron to be detected in a
Cherenkov experiment, the electron energy Ee has
to be above the Cherenkov limit γwaterme, with
γwater ¼ 1.51. The experimental threshold for the
atmospheric neutrino analysis is, however, Ethresh ¼
100 MeV, which is higher than γwaterme and it is
what sets the threshold on the electron detectability.
This energy threshold is set such as to avoid Michel
electrons which are the electrons produced in muon
decay [35].

(ii) Directionality: As we have previously argued, signal
electrons are emitted in the forward direction, and
therefore are a good tool to point at the origin ofBDM.
The angular resolution of Super-K improves as a
function of the electron energy up to a point where
all photomultipliers saturate, inwhich case it degrades
and it gets harder to infer the direction of the
electron. We therefore take a conservative value of
the angular resolution as 5° across all energies
studied (Ee ∈ ½100 MeV − 100 GeV�). A more de-
tailed study is required by the Super-K collaboration
to find the appropriate resolution for this analysis.
This conservative resolution is smaller than the full
extent of the GC in the sky, so it will not impact the
results. For the dSphs searches, we only trigger on
electrons within 5° from a particular source location.

(iii) Gadolinium: Gadolinium has one of the highest
neutron capture rates. Tests have been conducted for
its use in Super-K. When added to Super-K, gado-
linium captures emitted neutrons in the νe þ p →
eþ þ n process and emits a distinctive 8 MeV
photon, and therefore triggers on the νe background

]36–41 ]. A full Super-K study will be able to
estimate the reduction in background events when
gadolinium is used, but it will not be included in this
analysis.

Hyper-K is the future Super-K upgrade but with 25 times
the fiducial mass,5 and thus will improve the sensitivity of
Cherenkov detectors to BDM. In the following we assume
it has the same properties as Super-K, from angular
resolution to energy threshold [11,43–47].

5The Hyper-K detector design might be modified for greater
photomultiplier coverage and smaller mass [42], but we assume
the volume used in the initial letter of intent for this study [43].
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B. Argon-based detectors: DUNE

We now turn to the event selection at DUNE. DUNE is a
planned LArTPC experiment which will be located at the
Sanford Underground Research Lab. It will serve as the far
detector for the long baseline neutrino facility and will be
performing off-beam physics. It will include four 10-kton
detectors. In the following, we study the sensitivity of 10
and 40 kton volume experiment to BDM [12]. The BDM
features that we use to select potential signal events are the
following:

(i) Energy range: To avoid being overwhelmed by the
solar neutrino background, and to be conservative
with the capability of the photodetector system to
trigger on these events, we focus on the emitted
electrons of energies Ee > 30 MeV. This is a factor
of 3 lower than a similar analysis at Super-K. Unlike
Cherenkov detectors, Michel electrons are clearly
associated with the parent muon track in LArTPCs.
It is therefore easy to distinguish Michel electrons
from electrons produced in charged current scatter-
ings, and thus, the energy threshold can be lowered
from 100 to 30 MeV.

(ii) Absence of hadronic processes: The signal does not
include any hadrons in the final state, and therefore,
we can veto events with extra hadrons. The advan-
tage of argon-based detectors over water/ice Cher-
enkov detectors is their ability to identify hadronic
activity to low energies. We explore the details of the
DUNE experiment in background discrimination
in Sec. IV.

(iii) Directionality: A feature of the LArTPC technology
is its good angular resolution. With an estimated 1°
resolution of low energy electrons, the DUNE
experiment will be able to reduce the background
for the dSphs searches as the search cone can be as
small as the resolution. This resolution has been
studied for energies Oð1 GeVÞ, and further study
from liquid argon experiments should be carried out
for a more accurate value for sub-GeV electron
energies.

C. Detector summary

In Table I, we summarize the experiments studied:
Super-K and its upgrade Hyper-K for Cherenkov detectors,
and two proposed volumes for DUNE as a LArTPC

detector. Another detector with a potential of setting some
limits on BDM is ICARUS [48,49] as it ran 5 years deep
underground with no cosmic contamination, but we expect
Super-K with its present data set to set stronger limits on
BDM. As a point of reference, we use the current Super-K
exposure of 13.6 years for all experiments in order to
estimate limits on BDM.

IV. BACKGROUND MODELING

We estimate the number of atmospheric neutrino back-
ground events in each experiment in turn.

A. Cherenkov detectors

For Super-K and by extension Hyper-K, atmospheric
neutrino data are already available, and help estimate the
number of neutrino background events expected per year.
Since we are not provided the electron spectrum, we use
the full data set of events shown in Ref. [31] as the
background. We use the fully contained single-ring elec-
tron events over the four periods of Super-K, SK-I
(1489 days), SK-II (798 days), SK-III (518 days) and
SK-IV (1096 days), or for a total of 10.7 years. We estimate
the number of background events per year over all energies
(provided in two categories, sub-GeV and multi-GeV
events) to be

Nsky
bkg

ΔT
¼ 923 year−1

�
Vexp

22.5 kton

�
; ð20Þ

where Vexp is the experimental volume. The number of
background events can be scaled up for estimates of
Hyper-K. For the BDM search within a cone of angle
θC around a source, the number of expected background
events is then

NθC
bkg

ΔT
¼ 1 − cos θC

2

Nsky
bkg

ΔT
; ð21Þ

which in the case of the GC analysis6 and θC ¼ 10° is

TABLE I. Detectors included in this analysis. We use the exposure time of Super-K as a reference for comparison with the rest of the
experiments.

Name Number target e− Energy threshold (MeV) Angular resolution (deg) Exposure time (years) Refs.

Super-K 7.45 × 1033 100 5 13.6 [10]
Hyper-K 1.86 × 1035 100 5 13.6 [43,44]
DUNE-10 kton 2.70 × 1033 30 1 13.6 [12]
DUNE-40 kton 1.08 × 1034 30 1 13.6 [12]

6Although the optimal value for the opening angle of the
search cone depends largely on the DM distribution (J-factor), it
also depends on the angular distribution of the scattering process,
and has to be optimized separately given a particular scattering.
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N10°
bkg

ΔT
¼ 7.0 year−1

�
Vexp

22.5 kton

�
: ð22Þ

A proper Super-K analysis can lower these estimates for
the background by the use of the full background energy
spectrum, and can thus improve the limits on BDM.

B. LArTPC detectors

Previous studies have estimated the expected number of
fully contained electron events to be 14053 per 350 kton
year [12]. Therefore, we take the total number of electron
events at DUNE to be 400 events per 10-kton-year. In order
to optimize the analysis cuts, we generate a sample of
40,000 simulated atmospheric electron (anti)neutrino scat-
tering events. The reactions inside the pure 40Ar target
volume are simulated using the GENIE neutrino
Monte Carlo software (v2.10.6) [50]. We model the
atmospheric neutrinos with the Bartol atmospheric flux
[29]. Since the flux varies slightly with geographic location
and with altitude, we use the atmospheric flux available for
the nearby MINOS far detector located in the Soudan Mine
[51]. We use the neutrino flux that occurs at solar
maximum7 to provide the most conservative limit.
Although charged current processes dominate the back-
ground in this energy range, neutral current processes are
also simulated.
The dominant primary scattering processes are νe þ n →

pþ e− and ν̄e þ p → nþ eþ. However, due to secondary
intranuclear processes the final observable state can, and
generally will, include additional hadrons. These are
comprised almost entirely of protons, neutrons, pions,
and kaons. Table II summarizes the frequency of different
hadrons to be produced in the final state.
Approximately 99.72% of the simulated interactions

contain a free hadron in the final state. This is a useful
discriminant as a DM event would not produce a hadron in

the final state. So, contingent on detectability, we are able to
use these hadrons as a veto on charged current events.
To detect the emitted hadrons, DUNE is able to resolve

hadronic activity down to low energy thresholds, provided
in Table III [52]. Neutrons are harder to detect, and to be
conservative, we assume that all neutrons escape detection,
although future simulations of argon detectors might prove
otherwise. Implementing the hadronic veto to the simulated
data set, we find that less than 32% of simulated back-
ground processes pass the cut based on hadron tagging
alone. We therefore estimate the number of background
events over the whole sky to be

Nall sky
bkg ¼ 128 events=year

�
Vexp

10 kton

�
: ð23Þ

For the searches within 10° around the GC, the number of
background events is

N10°
bkg ¼ 1.0 events=year

�
Vexp

10 kton

�
: ð24Þ

Using the angular information of the events found by
looking up to 10 degrees around the DM sources such as
the GC, the background is about 1 event per year.

V. REACH AT NEUTRINO EXPERIMENTS

We now estimate the experimental sensitivity for BDM
searches in the GC, leaving the analysis of dSphs to
Sec. VI. We compare Cherenkov detectors’ large volume
with the LArTPC’s ability to reduce background events
through particle identification and explore key experimen-
tal features such as low energy thresholds and excellent
angular resolution for both technologies.
To measure the sensitivity of an experiment, we define

the signal significance as

Significance ¼ Sffiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p ; ð25Þ

where S is the number of signal events, and B the number of
background events. In the following, we estimate limits on
the region of parameter space defined in Sec. III C for a 2σ
significance, using the exposure time shown in Table I.
In Fig. 4, we show the 95% limits of Super-K, Hyper-K,

and DUNE to the effective cross section σ0, defined in

TABLE III. Kinetic energy thresholds for DUNE to be able to
detect various hadrons [52].

Hadron Detection threshold (MeV)

p 21
π�;0 10
K�;0 17

TABLE II. A summary of the production frequency of free
hadrons in collisions between atmospheric electron (anti)neutri-
nos and argon-40.

Final state
hadron

0 produced
(%)

1 produced
(%)

>1 produced
(%)

p 17.7 50.4 31.8
n 36.6 33.8 29.6
π�;0 73.0 21.2 5.8
K�;0 99.4 0.5 0.1
Heavier hadrons 98.9 1.1 0.00

7One expects the most conservative limit to occur at solar
minimum. Indeed the flux is higher at solar minimum, but it is
dominated by lower energy neutrinos which produce pions.
The detection threshold for pions is low enough to improve
background rejection at this limit.
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Eq. (17), as a function of Emax, defined in Eq. (16), in the
constant amplitude limit. In the case of light BDM
(2meEB ≫ m2

B), Emax ≈ EB, while in the case of a heavy
BDM (2meEB ≪ m2

B), Emax ≈ 2meγ
2
B. We plot the combi-

nation σ0=m2
A since the number of signal events scales with

the number density squared of DM in the case of
annihilation.
We also show in Fig. 4 as the gray region the bounds set

currently by Super-K without any angular information,
having assumed a systematic deviation in the number of
events δNbkgd=Nbkgd ¼ 10%. This excludes cross sections
per mass squared above ∼10−34 cm2=GeV2. We find that
DUNE with 10 kton is almost equally sensitive to BDM
signals as Super-K is, for the same exposure, even though
DUNE is three times smaller. This is due to its improved
background rejection. DUNE can also explore lower
electron energies at a comparable angular resolution and
therefore lighter BDM.
Although different detector technologies can probe

different features, DUNE can test for lighter BDM, while
Super-K/Hyper-K can explore lower cross sections due to
their large volumes. It is crucial that there is an overlapping
region between both experiments; it allows the two experi-
ments to cross-check possible signals and limits, which is
especially interesting when comparing different technolo-
gies. Detecting a signal in both experiments would be one
step towards confirming a DM detection.

VI. DWARF SPHEROIDAL ANALYSIS

Dwarf spheroidals are Milky Way satellite galaxies
which are dense in DM and low in baryons; they are
therefore good candidates for indirect detection searches,
with low backgrounds [53,54]. Although dSphs are less
dense in DM than the GC, we can increase the sensitivity to
BDM by stacking dSphs. In order to do so, we plot the

direction of detected electron events in galactic coordinates,
and correlate them with known sources within the exper-
imental angular resolution, such as the dSphs as shown
in Fig. 5.

A. J-factor of dwarf galaxies

Over the past few years, many dSphs have been found in
large surveys [55,56]. We list in Table IV the locations of
the brightest dSphs (in J-factors), the separating distance
from the Earth, as well as their found J-factors in decay and
annihilation, assuming a NFW profile.
The J-factors listed are integrated over a cone of half

angle 0.5° due to their small extent in the sky. Therefore, in
detecting these sources, the search cone (see Fig. 3) has to
be as small as possible and we therefore choose it to be the
experimental angular resolution.
Although individually the J-factors of dSphs are 2 orders

of magnitude lower than that of the GC, one can perform a
stacked analysis of the dSphs which would effectively sum
over the J-factors of all the dSphs considered to set more
constraining limits. Such analysis is interesting as it can be
a confirmation that a signal is potentially that of DM if it is
detected in both the GC and dSphs.

B. Event reach

We compute the number of background events as in
Sec. IV, but here we limit the search angle to the
experimental resolution. We find

N5°
bkg

ΔT
¼ NdSphs1.8 year−1

�
Ntarget

7.45 × 1033

�
;

for Super-K ð26Þ

N1°
bkg

ΔT
¼ NdSphs0.01 year−1

�
Ntarget

2.70 × 1033

�
;

for DUNE ð27Þ

where NdSphs is the number of dSphs considered in the
analysis.

FIG. 4. 95% limits on parameter space for BDM annihilation
for Super-K, Hyper-K and DUNE for 10 and 40 kton in volume.
The gray region is excluded by the fact that no excess has been
detected in Super-K in the past 11 year data set.

FIG. 5. Map of the dSphs’ locations in galactic coordinates
used in this analysis. The center of the figure is the GC.
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Similarly to the GC analysis, we show in Fig. 6 the
different experimental sensitivities. Although the reach is
not as deep as that of the GC analysis, the dSphs analysis
would be an excellent confirmation that any potential signal
found in the GC is indeed consistent with a DM inter-
pretation. Also, with future surveys, one might be able to
push further the dSphs analysis sensitivity by finding
more dSphs.
We also point out in this analysis that DUNE with only

10-kton will be able to outperform Super-K due to its
excellent background rejection enabled by 1° angular
resolution. One caveat of this analysis is that when reducing
the search cone to only 1 degree and 5 degrees for DUNE
and Super-K respectively, we are only able to set limits
reliably on BDM with a high boost factor γB as the events
have to be extremely forward (see Appendix A).

VII. CONCLUSIONS

In this work, we have studied the experimental signa-
tures of a class of DMmodels called boosted dark matter, in
which one component has acquired a large Lorentz boost
today and can scatter off electrons in neutrino experiments.
Our analysis compared two neutrino technologies: Liquid
argon detectors like DUNE and Cherenkov detectors like
Super-K and Hyper-K.
We compared the excellent particle identification of

LArTPC detectors by simulating neutrino events in argon,
with the large volume of Cherenkov experiments to help
further reduce the atmospheric neutrino background.
Building a search strategy tuned for each experiment
extends the physics reach of neutrino detectors from classic
DM indirect detection to BDM direct detection, enabled by
the ability to tag the BDM particle on almost an event-by-
event basis, especially in liquid argon experiments.
If the BDM component has a much higher energy than

the electron mass, the electron is emitted in the forward
direction, and can thus be used to trace back the origin of
DM. Such a feature, coupled with a good angular resolution
in neutrino experiments, can help establish limits on BDM.
The angular resolution can also help point back to the
origin of DM; constructing a map of the origin of these
sources can help correlate signals from neutrino detectors
with other experiments, for example gamma rays at
Fermi [66].
If a signal is detected, some BDM properties can be

extracted. For example, the maximum Lorentz boost for an
electron is related to that of the B particle by

γmax
e ¼ 2γ2B − 1: ð28Þ

We can therefore extract Emax
e from the electron spectrum

and obtain the boost factor of B. In the case of a
monoenergetic signal, where all particles B have energy

FIG. 6. 95% limits on parameter space for BDM annihilation in
a stacked analysis of dSphs. The gray region is excluded by the
fact that no excess has been detected in Super-K in the past
11 year data set.

TABLE IV. Table of dSphs’ locations, distances and J-factors, compiled in Refs. [20,57]. The decay J-factors were taken from
Ref. [57] assuming the largest error.

Name l (deg) b (deg) Distance (kpc) log10ðJannÞ (log10 [GeV2 cm−5]) log10ðJdecÞ (log10 [GeV cm−2]) Refs.

Bootes I 358.1 69.6 66 18.8� 0.22 17.9� 0.26 [58]
Carina 260.1 −22.2 105 18.1� 0.23 17.9� 0.17 [59]
Coma Berenices 241.9 83.6 44 19.0� 0.25 18.0� 0.25 [60]
Draco 86.4 34.7 76 18.8� 0.16 18.5� 0.12 [61]
Fornax 237.1 −65.7 147 18.2� 0.21 17.9� 0.05 [59]
Hercules 28.7 36.9 132 18.1� 0.25 16.7� 0.42 [60]
Reticulum II 265.9 −49.6 32 19.6� 1.0 18.8� 0.7 [56,62]
Sculptor 287.5 −83.2 86 18.6� 0.18 18.2� 0.07 [59]
Segue 1 220.5 50.4 23 19.5� 0.29 18.0� 0.31 [63]
Sextans 243.5 42.3 86 18.4� 0.27 17.9� 0.23 [59]
Ursa Major I 159.4 54.4 97 18.3� 0.24 17.6� 0.38 [57,60]
Ursa Major II 152.5 37.4 32 19.3� 0.28 18.4� 0.27 [60]
Ursa Minor 105.0 44.8 76 18.8� 0.19 18.0� 0.16 [61]
Willman 1 158.6 56.8 38 19.1� 0.31 17.5� 0.84 [64,65]
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EB, we obtain a single value of γB. As we expect low
statistics, we can only bound the Lorentz factor from below.
We performed two analyses, one for BDM originating

from the GC and one in which we stacked signals from
dSphs. We found that DUNE with 10 kton can perform as
well as Super-K in the case of the GC analysis, and can
outperform it in the dSphs analysis due to its superior
angular resolution. In both analyses, we adopted a
conservative strategy, in particular by using all atmospheric
data across a wide range of energies as background. A
dedicated experimental search from the Super-K and
DUNE collaborations is able to properly estimate the
background and improve the limits on BDM.
The largest constraints affecting the parameter space

studied in this work are from our analysis of published
Super-K data, where Super-K has not detected any excess
of electron events over muon events above statistical
fluctuations. Such limits are set without any angular
information, and thus can be extended by the Super-K,
Hyper-K and DUNE collaborations through a similar
analysis to the one described in this work. Other limits,
although not discussed above, are model specific and need
to be taken into consideration when building a BDM
model. These limits include direct detection bounds on
any thermal component of a particle interacting with
electrons and/or quarks: Direct detection limits on electron
scattering are set by the same process that enables the B
particle detection at neutrino experiments, but affect the
thermal B component instead of the relativistic one [67].
Direct detection limits from proton scattering would affect
B particles with masses larger than Oð1Þ GeV, making the
ability of the DUNE experiment to lower the energy
detection threshold of utmost importance [16,68,69].
Other possible limits include cosmic microwave back-
ground (CMB) constraints on the power injected by the
thermal B component into SM particles at early redshifts
[70]. All these limits need to be studied properly when
discussing a particular model of BDM. An example of such
a study has been implemented in Ref. [4].
DUNE is an excellent detector to cross-check present

Cherenkov detectors and extend the reach of neutrino
detectors in DM searches. Having multiple technologies
for the hunt of DM is key in its eventual detection.
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APPENDIX A: UNDERSTANDING
FORWARD SCATTERING

In Sec. III, we assumed that when the energy EB of the
boosted particle is greater than the electron mass

EB ≫ me; ðA1Þ

the final state electron of the elastic scattering Be− → Be−

is emitted in the forward direction. This is crucial as the
observed electron can then point back to the origin of the B
particle. From kinematics, the scattering angle of the
emitted electron relative to the incoming B, labeled θ0e
as shown in Fig. 3, is

cos θ0e ¼
EB þmeffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
B −m2

B

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ee −me

Ee þme

s
; ðA2Þ

where the energy of the emitted electron is Ee. Applying
the assumption of Eq. (A1), Eq. (A2) becomes

cos θ0e ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 1=γe
1þ 1=γe

s
γBffiffiffiffiffiffiffiffiffiffiffiffiffi
γ2B − 1

p
≈
�
1 −

1

γe

��
1þ 1

2γ2B

�
þO

�
1

γ2e
;
1

γ4B

�
; ðA3Þ

where

γi ¼ Ei=mi ðA4Þ

with i ∈ fB; eg being the B and electron boost factors. We
have expanded in large γe and γB in Eq. (A3).
In the cases where γB; γe ≫ 1, we find to a good

approximation that cos θ0e ≈ 1 and sin θ0e ≈ 0. The angle
of the recoiled electron relative to the DM source θe is
related to θ0e by

cos θe ¼ cos θB cos θ0e − sin θB sinϕ0
e sin θ0e

≈
θB→0

cos θ0e; ðA5Þ

where ϕ0
e is the azimuthal angle of the recoiled electron

with respect to the incoming B as shown in Fig. 3 and is
uniformly distributed between 0 and 2π.
In order to estimate the error on the measured angle θe

compared to the incoming B angle θB, we study the
deviations in Eq. (A5) from cos θe ¼ cos θB. Taylor
expanding around θ0e ¼ 0, we find

cos θe ¼ cos θB − θ0e sin θB sinϕ0
e þOððθ0eÞ2Þ: ðA6Þ

From Eq. (A3), and in terms of the boost factors
γe and γB,
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θ0e≈
ffiffiffi
2

p �
1

γe
−

1

2γ2B

�
1=2

þOð1=γ2e;1=γ4BÞ≈
ffiffiffiffiffiffiffiffiffi
2=γe

p
: ðA7Þ

The last approximation is found from the kinematics
relation γmax

e ¼ 2γ2B − 1 and therefore γe < 2γ2B. Taking
sinϕ0

e ¼ 1 as its maximum value, we find that the deviation
from the forward approximation is

cos θe ¼ cos θB −
ffiffiffiffiffiffiffiffiffi
2=γe

p
sin θB: ðA8Þ

We show the results of the ratio of the observed electron
angle by the incoming B angle θe=θB, as a function of the B
angle θB in Fig. 7. For every value of γe found, there exists a
minimal gamma factor of the original particle B such that
γe ¼ 2ðγmin

B Þ2 − 1. The solid curves in Fig. 7 correspond to
the ratio θe=θB with

θe ¼ arccosðcos θB −
ffiffiffiffiffiffiffiffiffi
2=γe

p
sin θBÞ

¼ arccosðcos θB −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2=ð2ðγmin

B Þ2 − 1Þ
q

sin θBÞ; ðA9Þ

for different values of γmin
B . We find that values of γB > 20

are suitable within the forward scattering approximation,
with errors less than 20%.We also study the largest value of
1=γe, which occurs at the experimental threshold Ethresh

γmin
e ¼ Ethresh=me: ðA10Þ

As discussed in Sec. III, the experiment thresholds con-
sidered are Ethresh ¼ 30 MeV and Ethresh ¼ 100 MeV,
which lead to a gamma factor of γmin

e ¼ 60–200. We show
the measured angle of the electron off the source as a
function of the initial BDM angle θB for the events right at
the energy threshold in dashed lines in Fig. 7. This study
can be properly incorporated within the experimental
framework to estimate the systematics as a function of
the emitted electron’s energy.

APPENDIX B: COMPARING THE FULL
ANALYSIS WITH A CONCRETE MODEL

In this section, we summarize the model explored in
Ref. [4], based on Ref. [71], and show the reach of the
DUNE experiments in the appropriate parameter space. We
start with a multicomponent DM model with two particle
species A and B, such that A is the dominant DM
component that interacts solely with B, and B is the
subdominant component that couples to the standard
model. If a mass hierarchy exists such that mA ≫ mB,
the annihilation process AĀ → BB̄ leads to particles B’s
with energies EB ¼ mA and thus a high boost factor
γB ¼ mA=mB.
We further take the B-SM couplings to be through the

kinetic mixing of a dark photon γ0 with the photon. The
mixing term is

L ⊃ −
ϵ

2
F0
μνFμν; ðB1Þ

where F0μν is the dark photon field, Fμν is the photon field,
and ϵ is the coupling of the interaction. We take the
coupling of B to the dark photon to be g0, which is large but
perturbative. The model parameters are therefore

mA; mB; mγ0 ; g0; ϵ: ðB2Þ

The cross section of the A − Ā annihilation (see the left
diagram of Fig. 8) is set such that we obtain the right
abundance of A’s today, which brings the value of the cross
section close to the thermal cross section. The abundance of

FIG. 7. Maximum observed angle of the electron θe as a
function of the initial angle at which the boosted particle B was
emitted for different values of the boost factor γB.

FIG. 8. Feynman diagrams for the production and detection of DM particles. (Left) Diagram that controls the abundance of A in the
early Universe as well as today’s production of B with a Lorentz boost through A annihilation. (Middle) Annihilation of B to γ0, a
diagram that contributes to CMB limits. (Right) Signal diagram of B scattering off electrons.
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B particles is controlled by both the annihilation of the A
diagram as well as the annihilation of the B diagram
(middle diagram of Fig. 8).
Finally, the scattering of B particles off electrons is set by

the right diagram of Fig. 8. The same diagram with a
nucleon instead of an electron is the one that sets direct
detection bounds on the thermal component of B. This
study focuses however on B particles with masses below
the ones studied so far in direct detection experiments. Of
course higher B masses can be evaded by the introduction
of inelastic scattering [72,73].
For Fig. 9, we use the following benchmark (while

varying mA and mB), where the limits on the dark photon
are consistent with those in Ref. [74].

mγ0 ¼ 15 MeV; g0 ¼ 0.5; ϵ2 ¼ 2 × 10−7: ðB3Þ

In Fig. 9, we show the estimated limits of DUNE as well
as Super-K and Hyper-K in the mA −mB space, first
presented in Ref. [4]. We find consistent results with
Fig. 4, as Super-K and DUNE with 10 kton have similar
sensitivity, with DUNE able to probe lower electron recoils.

This is shown by the diagonal line in the triangular range of
Fig. 9 which can be thought of as the difference between
mA and mB, a quantity that is related to the energy of the
emitted electron.
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