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Conventional Concepts of DM

• Dark Matter: overwhelming 
gravitational evidence, 

• Compelling paradigm: DM is composed of massive particles 

Current-day DM is highly non-relativistic, 

E.g. Simplest, best studied: One species of WIMP, Z2  parity, direct 
interaction with SM states,         set by thermal annihilation to SM states
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We initiate the study of novel thermal dark matter (DM) scenarios where present-day annihilation
of DM in the galactic center produces boosted stable particles in the dark sector. These stable
particles are typically a subdominant DM component, but because they are produced with a large
Lorentz boost in this process, they can be detected in large volume terrestrial experiments via
neutral-current-like interactions with electrons or nuclei. This novel DM signal thus combines the
production mechanism associated with indirect detection experiments (i.e. galactic DM annihilation)
with the detection mechanism associated with direct detection experiments (i.e. DM scattering o↵
terrestrial targets). Such processes are generically present in multi-component DM scenarios or those
with non-minimal DM stabilization symmetries. As a proof of concept, we present a model of two-
component thermal relic DM, where the dominant heavy DM species has no tree-level interactions
with the standard model and thus largely evades direct and indirect DM bounds. Instead, its thermal
relic abundance is set by annihilation into a subdominant lighter DM species, and the latter can be
detected in the boosted channel via the same annihilation process occurring today. Especially for
dark sector masses in the 10 MeV–10 GeV range, the most promising signals are electron scattering
events pointing toward the galactic center. These can be detected in experiments designed for
neutrino physics or proton decay, in particular Super-K and its upgrade Hyper-K, as well as the
PINGU/MICA extensions of IceCube. This boosted DM phenomenon highlights the distinctive
signatures possible from non-minimal dark sectors.

I. INTRODUCTION

A preponderance of gravitational evidence points to the existence of dark matter (DM) [1–3]. Under the compelling
assumption that DM is composed of one or more species of massive particles, DM particles in our Milky Way halo
today are expected to be non-relativistic, with velocities vDM,0 ' O(10�3). Because of this small expected velocity,
DM indirect detection experiments are designed to look for nearly-at-rest annihilation or decay of DM, and DM direct

detection experiments are designed to probe small nuclear recoil energies on the order of µ

2

mN
v2DM,0 (µ is the reduced

mass of the DM-nucleus system, m
N

is the nucleus mass). In addition, these conventional detection strategies are
based on the popular (and well-motivated) assumption that DM is a weakly-interacting massive particle (WIMP)
whose thermal relic abundance is set by its direct couplings to the standard model (SM).

In this paper, we explore a novel possibility that a small population of DM (produced non-thermally by late-time
processes) is in fact relativistic, which we call “boosted DM”. As a concrete example, consider two species of DM,  

A

and  
B

(which need not be fermions), with masses m
A

> m
B

. Species  
A

constitutes the dominant DM component,
with no direct couplings to the SM. Instead, its thermal relic abundance is set by the annihilation process1

 
A

 
A

!  
B

 
B

. (1)

At the present day, non-relativistic  
A

particles undergo the same annihilation process in the galactic halo today,
producing relativistic final state  

B

particles, with Lorentz factor � = m
A

/m
B

. These boosted DM particles can
then be detected via their interactions with SM matter at large volume terrestrial experiments that are designed for
detecting neutrinos and/or proton decay, such as Super-K/Hyper-K [5, 6], IceCube/PINGU/MICA [7–9], KM3NeT
[10], and ANTARES [11], as well as the recent proposals based on liquid Argon such as LAr TPC and GLACIER
[12, 13], where the boosted DM can scatter via the neutral-current-like process

 
B

X !  
B

X(0), (2)

⇤
Electronic address: kagashe@umd.edu,cuiyo@umd.edu,lnecib@mit.edu,jthaler@mit.edu

1

To our knowledge, the first use of  A A !  B B to set the relic abundance of  A appears in the assisted freeze-out scenario [4]. As an

interesting side note, we will find that assisted freeze-out of  A can lead to a novel “balanced freeze-out” behavior for  B . In App.A,

we show that the relic abundance can scale like ⌦B / 1/
p
�B (unlike ⌦B / 1/�B for standard freeze-out). In this paper, of course, we

are more interested in the boosted  B population, not the thermal relic  B population.
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Detectability, Challenges of WIMP DM
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FIG. 2. 90% CL upper limits on σSI ,p (top figure) and
σSD,p (bottom figure) for hard and soft annihilation chan-
nels over a range of WIMP masses. Systematic uncertain-
ties are included. The shaded region represents an allowed
MSSM parameter space (MSSM-25 [26]) taking into account
recent accelerator [27], cosmological and direct DM search
constraints. Results from Super-K [28], COUPP(exponential
model) [29] , PICASSO [30], CDMS [31, 32], XENON100 (lim-
its above 1TeV/c2 from XENON100 Coll. private communi-
cation) [36], CoGeNT [35], Simple [37] and DAMA [33, 34]
are shown for comparison.

Cube to probe WIMP masses below 50GeV/c2. This has
been accomplished through effective use of the DeepCore
sub-array. Furthermore, we have accessed the south-
ern sky for the first time by incorporating strong vetos
against the large atmospheric muon backgrounds. The
added livetime has been shown to improve the presented
limits. IceCube has now achieved limits that strongly
constrain dark matter models and that will impact global
fits of the allowed dark matter parameter space. This
impact will only increase in the future, as analysis tech-
niques improve and detector livetime increases.
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TABLE II. Systematic errors on signal flux expectations in
percent. Class-II uncertainties marked ∗

Source mass ranges (GeV/c2)
< 35 35 -100 > 100

ν oscillations 6 6 6
ν-nucleon cross-section 7 5.5 3.5
µ-propagation in ice <1 <1 <1
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DOM sensitivity spread∗ 6 3 10

Photon propagation in ice∗ 15 10 5
Absolute DOM efficiency∗ 50 20 15

Total uncertainty 54 25 21
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4.4. Future projects and complementarity

Existing results and projected sensitivities for the spin-independent WIMP-nucleon interactions as a
function of the WIMP mass are summarized in Figure 3, adapted from [91]. In spite of observed anomalies
in a handful of experiments, that could be interpreted as due to WIMPs, albeit not consistently, we have
no convincing evidence of a direct detection signal induced by galactic dark matter. Considering LUX’s
lack of a signal in 85.3 live-days⇥118 kg of liquid xenon target, excluding ⇠33GeV WIMPs with interaction
strengths above 7.6⇥10�46cm2, it becomes clear that, at the minimum, ton-scale experiments are required
for a discovery above the 5-sigma confidence level (unless the WIMP is lighter than ⇠10GeV, where larger
cross sections are feasible). Several large-scale direct detection experiments are in their planning phase and
will start science runs within this decade.

Figure 3: Summary for spin-independent
WIMP-nucleon scattering results. Existing
limits from the noble gas dark matter ex-
periments ZEPLIN-III [69], XENON10 [71],
XENON100 [75], and LUX [39], along with
projections for DarkSide-50 [85], LUX [39],
DEAP3600 [90], XENON1T, DarkSide G2,
XENONnT (similar sensitivity as the LZ
project [92], see text) and DARWIN [93] are
shown. DARWIN is designed to probe the
entire parameter region for WIMP masses
above ⇠6GeV/c2, until the neutrino back-
ground (yellow region) will start to dominate
the recoil spectrum. Experiments based on the
mK cryogenic technique such as SuperCDMS
[94] and EURECA [95] have access to lower
WIMP masses. Figure adapted from [91].

The next phase in the LUX program, LUX-ZEPLIN (LZ), foresees a 7 t LXe detector in the same SURF
infrastructure, with an additional scintillator veto to suppress the neutron background. Construction is
expected to start in 2014, and operation in 2016, with the goal of reaching a sensitivity of 2⇥10�48cm2 after
three years of data taking [92]. The upgrade of XENON1T, XENONnT, is to increase the sensitivity by
another order of magnitude, thus also reaching 2⇥10�48cm2. While much of the XENON1T infrastructure
will be reused, the inner detector will be designed and constructed once XENON1T is taking science data,
with planned operation between 2018-2021. The XMASS collaboration plans a 5 t (1 t fiducial) single-phase
detector after its current phase, with greatly reduced backgrounds and an aimed sensitivity of ⇠10�46cm2.
In its second stage, PandaX will operate a total of 1.5 t LXe as WIMP target, with ⇠1 t xenon in the fiducial
volume. All sub-systems of the existing experiment, with the exception of the central TPC, are designed to
accommodate the larger target mass [83]. The DarkSide collaboration plans a 5 t LAr dual-phase detector,
with 3.3 t as active target mass, in the existing neutron and muon veto at LNGS. The aimed sensitivity is
10�47cm2 [96].

DARk matter WImp search with Noble liquids (DARWIN) is an initiative to build an ultimate, multi-ton
dark matter detector at LNGS [97, 93]. Its primary goal is to probe the spin-independent WIMP-nucleon
cross section down to the 10�49 cm2 region for ⇠50GeV/c2 WIMPs, as shown in Figure 3. It would thus
explore the experimentally accessible parameter space, which will be finally limited by irreducible neutrino
backgrounds. Should WIMPs be discovered by an existing or near-future experiment, DARWIN will measure
WIMP-induced nuclear recoil spectra with high-statistics, constraining the mass and the scattering cross
section of the dark matter particle [98, 99]. Other physics goals of DARWIN are the first real-time detection
of solar pp-neutrinos with high statistics and the search for the neutrinoless double beta decay [27]. The
latter would establish whether the neutrino is its own anti-particle, and can be detected via 136Xe, which
has a natural abundance of 8.9% in xenon.
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• Multi-pronged detectability
  (w/DM-SM interactions) 

• No convincing signal so far, 
constraints getting strong

• Around the corner? 
•  Alternative? (axion…)
•  Or…

★ Indirect detection: nearly-at-rest annihilation

★ Direct detection: scattering w/small Erecoil  
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— New Realization? 

4

WIMP DM

WIMP DM 

Stable dark states

Stable dark states

DM’

Dark radiation

N ✓C
signal

�T
= N

target

(�

GC

⌦ �
Be

�!Be

�
)

��
✓C

= 25.1 year

�1

✓
h�

AA!BB

vi
5⇥ 10

�26

cm

3/s

◆✓
20 GeV

m
A

◆
2

✓
�
Be

�!Be

�

1.2⇥ 10

�33

cm

2

◆✓
V
exp

22.4⇥ 10

3

m

3

◆

Sub-GeV + Multi-GeV:

N10

�
bkgd

�T
= 5.85 year

�1. (3)

(4)

�scatt

weak

�scatt

DM,N

/  � �
�
B,N

> �
A,N

A ,C ,E N
sig

= � · ⌃(hE
�

i) ·�t, ⌦
DM

�N free

⌫,e↵

�N scatt

⌫,e↵

8
<

:

�N free

⌫,e↵

�N scatt

⌫,e↵

2

1 a

E
R

⇠ µ

2

mN
v2
DM,0

⌦

DM

�
⌦

A

⌦

B

 
B

�
SI

. 10

�45

cm

2

for m
DM

⇠ O(10) GeV 2 3 ! 2 , 4 ! 2, ⌦

DM

⇡ ⌦

 A  
A

 
B

� =

mA
mB

 
B

,

T
DM

6= T
SM

, T
DM

,⌦
DM

�
ann

! ⌦

DM

. GeV

⌦

B

⌧ ⌦

A

⇡ ⌦

DM

, m
B

⌧ m
A

, e�, X �
p,tot

⇠ mp

me
�
e

�
,tot

E
transfer

Emin

e

= max{Ethresh

e

, �
Cherenkov

m
e

} �min

e

=

E

min
e
me

,

⇠1 GeV, ⌫
e

: ⌫
µ

⇠ 1 : 2 ⇡± ⌫
atm

.20 MeV

E
e

. 1 GeV ⇡ 10

o m2

B

/m2

A

m
A

/m
B

p+  ! e+ +

¯ 
� ' H dYB

dx

! 0

h�
B

¯

B!�

0
�

0vi
�
Y 2

B

� (Y eq

B

)

2

�
' h�

A

¯

A!B

¯

B

vi
✓
Y 2

A

� (Y eq

A

)

2

(Y eq

B

)

2

Y 2

B

◆
. (1)

p, e� U(1)

B,L

> Z
2

m
A

> m
B

, ⌦

A

⇡ ⌦

DM

m
X

< m
DM

�
B

= m
A

/m
B

, �
DM

⇡ 1.25, �
DM

= 1.5

⌦

�

⇠ 1

�ann
T
DM

' T
SM

�scatt

bDM�SM

6= 0, �

GC

⇠ 10

�7

cm

�1

s

�1 ⌧ �

local

⇠ 10

5

cm

�1

s

�1

 
A

,  
B

, m
A

> m
B

, �scatt,ann

 A�SM

! 0 ⌦

B

< ⌦

A

, �scatt,ann

 B�SM

�
 BX! BX

(0) �0 ! SM

h�
B

¯

B!�

0
�

0vi � h�
A

¯

A!B

¯

B

vi ⌦
B

/ 1/
p
h�

B

¯

B!�

0
�

0vi ! �
replenishment

⇡ �

ann

�

ann

⇡ H

dn
A

dt
+ 3Hn

A

= �1

2

h�
A

¯

A!B

¯

B

vi
✓
n2

A

� (neq

A

)

2

(neq

B

)

2

n2

B

◆
,

dn
B

dt
+ 3Hn

B

= �1

2

h�
B

¯

B!�

0
�

0vi
�
n2

B

� (neq

B

)

2

�
� 1

2

h�
A

¯

A!B

¯

B

vi
✓
n2

A

� (neq

A

)

2

(neq

B

)

2

n2

B

◆

 
B

d�
GC

d⌦ dE
B

=

1

2

r
Sun

4⇡

✓
⇢
local

m
A

◆
2

J h�
AA!BB

vi
v!0

�(E
B

�m
A

), (2)

�

10

�

GC

= 1.6⇥10

�8

cm

�2

s

�1

✓
h�

AA!BB

vi
5⇥ 10

�26

cm

3/s

◆✓
20 GeV

m
A

◆
2

⌧ �

therm

local

= 4.5⇥10

5

cm

�2

s

�1

✓
20 GeV

m
DM

◆
2

⌫
atm

µ�

E
p

< E
Cherenkov

✓
C

⇡ 10

� ⌫
solar

1

Simple, generic variation:
(overlooked!)

N ✓C
signal

�T
= N

target

(�

GC

⌦ �Be�!Be�)
��
✓C

= 25.1 year

�1

✓ h�AA!BBvi
5⇥ 10

�26

cm

3/s

◆✓
20 GeV

mA

◆
2

✓
�Be�!Be�

1.2⇥ 10

�33

cm

2

◆✓
V
exp

22.4⇥ 10

3

m

3

◆

Sub-GeV + Multi-GeV:

N10

�
bkgd

�T
= 5.85 year

�1. (3)

(4)

�scatt

weak

�scatt

DM,N /  � �
�B,N > �A,N A ,C ,E N

sig

= � · ⌃(hE�i) ·�t, ⌦
DM

�N free

⌫,e↵ �N scatt

⌫,e↵

8
<

:

�N free

⌫,e↵

�N scatt

⌫,e↵

T f.o.
DS

' T f.o.
SM

AN2

= C g0 ' O(0.1), ✏ ' O(10

�3

)

⌦

DM

⇠ ↵2

EW

/m2

weak

m
DM

⇠ m
weak

⇠ O(10� 100) GeV, g
DM

⇠ g
EW

⇠ O(0.1� 1)

⌦� / h�
ann

vi�1 g�,mmed

⌦

DM

⇡ 23% M,T & M
weak

p, e�

⌫e : ⌫µ ⇠ 1 : 2 mp � me ⌫en ! e�p Ethresh

e . 1 GeV, ✓rese

N ✓C
signal

�T
= 25.1 year

�1

✓ h�AA!BBvi
5⇥ 10

�26

cm

3/s

◆✓
20 GeV

mA

◆
2

✓
�Be�!Be�

1.2⇥ 10

�33

cm

2

◆✓
V
exp

22.4⇥ 10

3

m

3

◆

O
ann

=

1

M2

�̄A�
µ�

5

�A�̄B�
µ�

5

�B (5)

O
ann

=

1

M2

�L�L�
†
R 

†
R

O
ann

= ��3�

O
DD

=

1

M2

�̄�µ�
5

�q̄�µ�
5

q (6)

O
DD

=

1

M2

(�†@µ�� @µ�
†�)q̄�µ�

5

q

Ep > ECherenkov

p AN2 C EN ! ⌦

DM

AN2 ⇠ pb C / ��,p µ� T < MX nX > nequilibrium

X

��B, ���CP ✏
CP

T
dec

< T
f.o. ��B, ���CP � ⌦B X ˜X ˜t

2

Boosted DM’
(Vs. “slow” DM)

YC, w/Agashe, Necib,Thaler; 
w/Berger and Zhao, 2014

•  WIMP miracle intact:                  insensitive to final states
•  Conventional search signals: absent or suppressed
•  DM’: depleted, subdominant DM, 
•  Motivate non-minimal DM sector! (SM non-minimal! p, e- …)
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Boosted Dark Matter
- A generic phenomena in non-minimal DM sector 
  preserving WIMP miracle

• Novel possibility: A small fraction of DM today is relativistic! 
(from late-time non-thermal processes)
           (vs. all DM today is cold)

• Motivations of Boosted DM: generic

• Detection of Boosted DM: 
✦ Impact: reveal novel/non-minimal nature of DM sector, can be the smoking-gun! 
✦ Challenge: conventional DM detections unsuitable, new strategies needed!
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This enhancement contributes at low velocities, so we do not expect it to change the picture at freeze out, but
it would be relevant in the CMB era where v ⇡ 10�3. For our current parameter space, S ⇡ 1 until high values
of g0 = 1 where it becomes O(10). We incorporate the enhancement in the calculation of our CMB limits, as
can be seen from the resonance peaks in Fig. 9.

• BBN constraints on  
B

annihilation. The energy injection from  
B

annihilation in the early universe can also
alter standard BBN predictions [90, 91]. The constraints from hadronic final states are the most stringent,
comparable to or even somewhat stronger at O(1 GeV) than those from the CMB heating as discussed above
[90]. However, as we focus on m

�

0 of O(10 MeV), the production of hadronic final states (n, p,⇡) from the
leading annihilation channel  

B

 ̄
B

! �0�0 followed by �0 decay are not kinematically possible. The subleading
channel  

B

 
B

! qq̄ is ✏2 suppressed. Thus, the major energy injection to BBN is mostly electromagnetic from
�0 ! e+e�, and the related constraint in this case are much weaker than the CMB bound we have considered
above [90].

• Dark matter searches at colliders. By crossing the Feynman diagrams in Fig. 3, we see that  
B

can be produced
at colliders such as LEP, Tevatron, and the LHC. If  

B

were to interact with SM electrons or quarks via a
heavy mediator, then collider searches would provide a stronger bound than direct detection at these low DM
masses. However, this complementarity is lost when the interaction is due to a light mediator [92–94], which
applies to our case where  

B

interacts with SM states via an O(10 MeV) dark photon. In addition, compared
to the irreducible main background from electroweak processes, e.g. e+e� ! Z(⇤) ! ⌫⌫̄, the production cross
section of  

B

is suppressed by ✏2 . 10�6, so the collider constraints on our model are rather weak.

VII. CONCLUSIONS AND OTHER POSSIBILITIES

In this paper, we presented a novel DM scenario which incorporates the successful paradigm of WIMP thermal
freeze-out, yet evades stringent constraints from direct and indirect detection experiments, and predicts a novel signal
involving boosted DM. The example model features two DM components,  

A

and  
B

. The heavier particle  
A

(which
is the dominant DM component) experiences assisted freeze-out [4] by annihilating into the lighter particle  

B

(which
is the subdominant DM component). The whole dark sector is kept in thermal contact with the SM in the early
universe via kinetic-mixing of a dark photon with the SM photon. Only  

B

couples directly to the dark photon (and
hence to the SM), so the dominant DM component  

A

can largely evade current DM detection bounds. If such a
scenario were realized in nature, then the leading non-gravitational signal of DM would come from annihilating  

A

particles in the galactic halo producing boosted  
B

particles that could be detected on Earth via neutral-current-like
scattering via the dark photon. In large volume neutrino or proton-decay detectors, the smoking gun for this scenario
would be an electron signal pointing toward the GC, with no corresponding excess in the muon channel. Liquid argon
detectors could potentially detect boosted DM through (quasi-)elastic proton scattering as well.

This phenomenon of boosted DM is generic in scenarios with multiple DM components. In fact, models with a
single component DM could also potentially give rise to the same signature. If the stabilization symmetry is Z3, then
the semi-annihilation process   !  � (where � is a non-DM state) is allowed [95–97]. For m

�

= 0, the outgoing  
would have energy E

 

= (5/4)m
 

. In the limit m
 

� m
e

, �
 

= 1.25 implies a maximum �max
e

= 2�2
 

� 1 = 2.125,
which is above the Cherenkov threshold in water (and ice). Of course, the Z3 symmetry is not consistent with  being
charged under a U(1)0, so additional model building would be necessary to get a su�ciently large scattering with the
SM. But this example shows why non-minimal dark sectors tend to have some production cross section for boosted
DM.

It is intriguing to consider other scenarios where DM mostly annihilates to other stable states in the dark sector.
For example, if both  

A

and  
B

are charged under the U(1)0 and the mass hierarchy is

m
A

> m
�

0 > m
B

, (48)

then the annihilation  
A

 
A

! �0�0 would be followed by the decay �0 !  
B

 
B

, and the boosted  
B

particles could
again be detected via t-channel �0 exchange with the SM. Of course, now  

A

itself has tree-level �0 exchange diagrams
with the SM, but if  

A

has a Majorana mass splitting (allowing it to evade direct detection bounds), boosted DM
would again be the dominant mode for DM discovery.12

12

There would also be interesting signals for  B in DM production/detection experiments [98].
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• Where to look? analogous to DM indirect detection…

Annihilation ~ nχ2 , Flux ~ 1/D2   

DM concentrated, nearby sources   

     From the Galactic Center, Sun (Sun: only if there is enough DM-p   
scattering/solar capture (accumulation))

• Detectability? 
 To preserve WIMP miracle,                                              

DM-SM kinetic equilibrium (            )
at DM freezeout 

Detection Strategy for Boosted DM
— Some clues first
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Outline
• Proofs of Principles: 
    Model examples, Detection prospect

‣ Boosted DM from the GC (DM solar capture     0, e- signal) 

       arxiv:1405.7370, JCAP,  K.Agashe, YC, L.Necib and J.Thaler

‣ Boosted DM from the Sun (DM solar capture     0, proton signal) 

       arxiv:1410.2246, JCAP, J.Berger, YC and Y.Zhao

• Conclusions/Outlook
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(In)direct Detection of 
Boosted Dark Matter
arxiv:1405.7370, JCAP,  K.Agashe, YC, L.Necib and J.Thaler

Scenario #1: Boosted DM from the GC
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 Two Component DM Sector
Consider two species of DM: 

•     : dominant DM component, 

•     : subdominant DM component,            ,            appreciable 
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“dark disk” [41]. Boosted DM provides yet another example of how the expected kinematics, phenomenology, and
search strategies for multi-component DM can be very di↵erent from single-component DM.

The outline of the rest of this paper is as follows. In Sec. II, we present the above model in more detail. In Sec. III,
we describe the annihilation processes of both  

A

and  
B

, which sets their thermal relic abundances and the rate
of boosted DM production today, and we discuss the detection mechanisms for boosted DM in Sec. IV. We assess
the discovery prospects at present and future experiments in Sec.V, where we find that Super-K should already be
sensitive to boosted DM by looking for single-ring electron events from the galactic center (GC). We summarize the
relevant constraints on this particular model in Sec. VI, and we conclude in Sec.VII with a discussion of other DM
scenarios with similar phenomenology. More details are relegated to the appendices.

II. TWO COMPONENT DARK MATTER

Consider two species of fermion DM  
A

and  
B

with Dirac masses m
A

> m
B

, which interact via a contact operator4

Lint =
1

⇤2
 
A

 
B

 
B

 
A

. (3)

This operator choice ensures an s-wave annihilation channel [42],  
A

 
A

!  
B

 
B

as in Fig. 1, which is important for
having a sizable production rate of boosted  

B

today. A UV completion for such operator is shown in Fig. 10a in
App.B. Other Lorentz structures are equally plausible (as long as they lead to s-wave annihilation).

As an extreme limit, we assume that Eq. (3) is the sole (tree-level) interaction for  
A

at low energies and that  
A

is the dominant DM component in the universe today. We assume that both  
A

and  
B

are exactly stable because
of separate stabilizing symmetries (e.g. a Z2 ⇥ Z2).

The subdominant species  
B

is charged under a dark U(1)0 gauge group, with charge +1 for definiteness. This
group is spontaneously broken, giving rise to a massive dark photon �0 with the assumed mass hierarchy

m
A

> m
B

> m
�

0 . (4)

We will take the gauge coupling g0 of the dark U(1)0 to be su�ciently large (yet perturbative) such that the process
 
B

 
B

! �0�0 e�ciently depletes  
B

and gives rise to a small thermal relic abundance (see Eq. (12) below).
Via kinetic mixing with the SM photon [43–45] (strictly speaking, the hypercharge gauge boson),

L � � ✏

2
F 0
µ⌫

Fµ⌫ , (5)

�0 acquires ✏-suppressed couplings to SM fields. In this way, we can get a potentially large cross section for  
B

to
scatter o↵ terrestrial SM targets, in particular  

B

e� !  
B

e� from �0 exchange (with large g0 and suitable ✏) as in
Fig. 1. In principle, we would need to account for the possibility of a dark Higgs boson H 0 in the spectrum, but for
simplicity, we assume that such a state is irrelevant to the physics we consider here, perhaps due to a Stuckelberg
mechanism for the U(1)0 [46, 47] or negligible couplings of H 0 to matter fields.

The parameter space of this model is defined by six parameters

{m
A

,m
B

,m
�

0 ,⇤, g0, ✏}. (6)

Throughout this paper, we will adjust ⇤ to yield the desired DM relic abundance of  
A

, assuming that any DM
asymmetry is negligible. Because the process  

B

e� !  
B

e� has homogeneous scaling with g0 and ✏, the dominant
phenomenology depends on just the three mass parameters: m

A

, m
B

, and m
�

0 . To achieve a su�ciently large flux of
boosted  

B

particles, we need a large number density of  
A

particles in the galactic halo. For this reason, we will
focus on somewhat low mass thermal DM, with typical scales:

m
A

' O(10 GeV), m
B

' O(100 MeV), m
�

0 ' O(10 MeV). (7)
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Via a Fierz rearrangement, we can rewrite this operator as
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5 B �  A�
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A Concrete Model Example

Dirac fermion DM:                         , stabilized by 

•  Contact operator                    
     ensure s-wave annihilation of 

•     charged under a broken dark        , dark photon     

kinetic mixing with SM photon: 
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“dark disk” [41]. Boosted DM provides yet another example of how the expected kinematics, phenomenology, and
search strategies for multi-component DM can be very di↵erent from single-component DM.

The outline of the rest of this paper is as follows. In Sec. II, we present the above model in more detail. In Sec. III,
we describe the annihilation processes of both  

A

and  
B

, which sets their thermal relic abundances and the rate
of boosted DM production today, and we discuss the detection mechanisms for boosted DM in Sec. IV. We assess
the discovery prospects at present and future experiments in Sec.V, where we find that Super-K should already be
sensitive to boosted DM by looking for single-ring electron events from the galactic center (GC). We summarize the
relevant constraints on this particular model in Sec. VI, and we conclude in Sec.VII with a discussion of other DM
scenarios with similar phenomenology. More details are relegated to the appendices.

II. TWO COMPONENT DARK MATTER

Consider two species of fermion DM  
A

and  
B

with Dirac masses m
A

> m
B

, which interact via a contact operator4
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This operator choice ensures an s-wave annihilation channel [42],  
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as in Fig. 1, which is important for
having a sizable production rate of boosted  

B

today. A UV completion for such operator is shown in Fig. 10a in
App.B. Other Lorentz structures are equally plausible (as long as they lead to s-wave annihilation).

As an extreme limit, we assume that Eq. (3) is the sole (tree-level) interaction for  
A

at low energies and that  
A

is the dominant DM component in the universe today. We assume that both  
A

and  
B

are exactly stable because
of separate stabilizing symmetries (e.g. a Z2 ⇥ Z2).

The subdominant species  
B

is charged under a dark U(1)0 gauge group, with charge +1 for definiteness. This
group is spontaneously broken, giving rise to a massive dark photon �0 with the assumed mass hierarchy

m
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> m
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> m
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0 . (4)

We will take the gauge coupling g0 of the dark U(1)0 to be su�ciently large (yet perturbative) such that the process
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! �0�0 e�ciently depletes  
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and gives rise to a small thermal relic abundance (see Eq. (12) below).
Via kinetic mixing with the SM photon [43–45] (strictly speaking, the hypercharge gauge boson),
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�0 acquires ✏-suppressed couplings to SM fields. In this way, we can get a potentially large cross section for  
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to
scatter o↵ terrestrial SM targets, in particular  

B

e� !  
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e� from �0 exchange (with large g0 and suitable ✏) as in
Fig. 1. In principle, we would need to account for the possibility of a dark Higgs boson H 0 in the spectrum, but for
simplicity, we assume that such a state is irrelevant to the physics we consider here, perhaps due to a Stuckelberg
mechanism for the U(1)0 [46, 47] or negligible couplings of H 0 to matter fields.

The parameter space of this model is defined by six parameters

{m
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Throughout this paper, we will adjust ⇤ to yield the desired DM relic abundance of  
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, assuming that any DM
asymmetry is negligible. Because the process  
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e� has homogeneous scaling with g0 and ✏, the dominant
phenomenology depends on just the three mass parameters: m
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, m
B

, and m
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0 . To achieve a su�ciently large flux of
boosted  

B

particles, we need a large number density of  
A

particles in the galactic halo. For this reason, we will
focus on somewhat low mass thermal DM, with typical scales:
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' O(100 MeV), m
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We initiate the study of novel thermal dark matter (DM) scenarios where present-day annihilation
of DM in the galactic center produces boosted stable particles in the dark sector. These stable
particles are typically a subdominant DM component, but because they are produced with a large
Lorentz boost in this process, they can be detected in large volume terrestrial experiments via
neutral-current-like interactions with electrons or nuclei. This novel DM signal thus combines the
production mechanism associated with indirect detection experiments (i.e. galactic DM annihilation)
with the detection mechanism associated with direct detection experiments (i.e. DM scattering o↵
terrestrial targets). Such processes are generically present in multi-component DM scenarios or those
with non-minimal DM stabilization symmetries. As a proof of concept, we present a model of two-
component thermal relic DM, where the dominant heavy DM species has no tree-level interactions
with the standard model and thus largely evades direct and indirect DM bounds. Instead, its thermal
relic abundance is set by annihilation into a subdominant lighter DM species, and the latter can be
detected in the boosted channel via the same annihilation process occurring today. Especially for
dark sector masses in the 10 MeV–10 GeV range, the most promising signals are electron scattering
events pointing toward the galactic center. These can be detected in experiments designed for
neutrino physics or proton decay, in particular Super-K and its upgrade Hyper-K, as well as the
PINGU/MICA extensions of IceCube. This boosted DM phenomenon highlights the distinctive
signatures possible from non-minimal dark sectors.

I. INTRODUCTION

A preponderance of gravitational evidence points to the existence of dark matter (DM) [1–3]. Under the compelling
assumption that DM is composed of one or more species of massive particles, DM particles in our Milky Way halo
today are expected to be non-relativistic, with velocities vDM,0 ' O(10�3). Because of this small expected velocity,
DM indirect detection experiments are designed to look for nearly-at-rest annihilation or decay of DM, and DM direct

detection experiments are designed to probe small nuclear recoil energies on the order of µ

2

mN
v2DM,0 (µ is the reduced

mass of the DM-nucleus system, m
N

is the nucleus mass). In addition, these conventional detection strategies are
based on the popular (and well-motivated) assumption that DM is a weakly-interacting massive particle (WIMP)
whose thermal relic abundance is set by its direct couplings to the standard model (SM).

In this paper, we explore a novel possibility that a small population of DM (produced non-thermally by late-time
processes) is in fact relativistic, which we call “boosted DM”. As a concrete example, consider two species of DM,  

A

and  
B

(which need not be fermions), with masses m
A

> m
B

. Species  
A

constitutes the dominant DM component,
with no direct couplings to the SM. Instead, its thermal relic abundance is set by the annihilation process1
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At the present day, non-relativistic  
A

particles undergo the same annihilation process in the galactic halo today,
producing relativistic final state  

B

particles, with Lorentz factor � = m
A

/m
B

. These boosted DM particles can
then be detected via their interactions with SM matter at large volume terrestrial experiments that are designed for
detecting neutrinos and/or proton decay, such as Super-K/Hyper-K [5, 6], IceCube/PINGU/MICA [7–9], KM3NeT
[10], and ANTARES [11], as well as the recent proposals based on liquid Argon such as LAr TPC and GLACIER
[12, 13], where the boosted DM can scatter via the neutral-current-like process
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1

To our knowledge, the first use of  A A !  B B to set the relic abundance of  A appears in the assisted freeze-out scenario [4]. As an

interesting side note, we will find that assisted freeze-out of  A can lead to a novel “balanced freeze-out” behavior for  B . In App.A,

we show that the relic abundance can scale like ⌦B / 1/
p
�B (unlike ⌦B / 1/�B for standard freeze-out). In this paper, of course, we

are more interested in the boosted  B population, not the thermal relic  B population.
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We initiate the study of novel thermal dark matter (DM) scenarios where present-day annihilation
of DM in the galactic center produces boosted stable particles in the dark sector. These stable
particles are typically a subdominant DM component, but because they are produced with a large
Lorentz boost in this process, they can be detected in large volume terrestrial experiments via
neutral-current-like interactions with electrons or nuclei. This novel DM signal thus combines the
production mechanism associated with indirect detection experiments (i.e. galactic DM annihilation)
with the detection mechanism associated with direct detection experiments (i.e. DM scattering o↵
terrestrial targets). Such processes are generically present in multi-component DM scenarios or those
with non-minimal DM stabilization symmetries. As a proof of concept, we present a model of two-
component thermal relic DM, where the dominant heavy DM species has no tree-level interactions
with the standard model and thus largely evades direct and indirect DM bounds. Instead, its thermal
relic abundance is set by annihilation into a subdominant lighter DM species, and the latter can be
detected in the boosted channel via the same annihilation process occurring today. Especially for
dark sector masses in the 10 MeV–10 GeV range, the most promising signals are electron scattering
events pointing toward the galactic center. These can be detected in experiments designed for
neutrino physics or proton decay, in particular Super-K and its upgrade Hyper-K, as well as the
PINGU/MICA extensions of IceCube. This boosted DM phenomenon highlights the distinctive
signatures possible from non-minimal dark sectors.
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FIG. 1: (Left) Production of boosted  B particles through  A annihilation in the galactic center:  A A !  B B . This process
would be considered “indirect detection” of  A. (Right) Scattering of  B o↵ terrestrial electron targets:  Be

� !  Be
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process would be considered “direct detection” of  B .

similar to high energy neutrinos. This boosted DM phenomenon is generic in multi-component DM scenarios and
in single-component DM models with non-minimal stabilization symmetries), where boosted DM can be produced
in DM conversion  
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In order to be detectable, of course, boosted DM must have an appreciable cross section to scatter o↵ SM targets.

Based on Eq. (1) alone and given our assumption that  
A

is isolated from the SM, one might think that  
B

could
also have negligible SM interactions. In that case, however, the dark sector would generally have a very di↵erent
temperature from the SM sector, with the temperature di↵erence depending on details related to reheating, couplings
to the inflaton, and entropy releases in the early universe [23–26]. So if we want to preserve the most attractive
feature of the WIMP paradigm—namely, that the thermal relic abundance of  

A

is determined by its annihilation
cross section, insensitive to other details—then  

B

must have e�cient enough interactions with the SM to keep  
A

in
thermal equilibrium at least until  

A
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!  
B

 
B

freezes out. Such  
B

-SM couplings then o↵er a hope for detecting
the dark sector even if the major DM component  

A

has no direct SM couplings.
As a simple proof of concept, we present a two-component DM model of the above type, with  

A

/ 
B

now being
specified as fermions. The dominant DM component  

A

has no (tree-level) interactions with the SM, such that
traditional DM searches are largely insensitive to it. In contrast, the subdominant DM component  

B

has significant
interactions with the SM via a dark photon �0 that is kinetically-mixed with the SM photon. The two processes related
to the (in)direct detection of the  

A

/ 
B

dark sector are illustrated in Fig. 1. In the early universe, the process on
the left, due to a contact interaction between  

A

and  
B

, sets both the thermal relic abundance of  
A

as well as the
production rate of boosted  

B

in the galactic halo today. The resulting boosted  
B

population has large scattering
cross sections o↵ nuclei and electrons via dark photon exchange, shown on the right of Fig. 1. Assuming that  

B

itself has a small thermal relic abundance (which is expected given a large SM scattering cross section), and is light
enough to evade standard DM detection bounds, then (direct) detection of boosted  

B

via (indirect) detection of  
A

annihilation would o↵er the best non-gravitational probe of the dark sector.2

Beyond just the intrinsic novelty of the boosted DM signal, there are other reasons to take this kind of DM scenario
seriously. First, having the dominant DM component  

A

annihilate into light stable  
B

particles (i.e. assisted freeze-
out [4]) is a novel way to “seclude” DM from the SM while still maintaining the successes of the thermal freeze-out
paradigm of WIMP-type DM.3 Such a feature enables this model to satisfy the increasingly severe constraints from
DM detection experiments. A key lesson from secluded DM scenarios [28] is that it is often easier to detect the
“friends” of DM (in this case  

B

) rather than the dominant DM component itself [34]. Second, our study here can be
seen as exploring the diversity of phenomenological possibilities present (in general) in multi-component DM scenarios.
Non-minimal dark sectors are quite reasonable, especially considering the non-minimality of the SM (with protons and
electrons stabilized by separate B- and L-number symmetries). Earlier work along these lines includes, for instance,
the possibility of a mirror DM sector [24, 35–37]. Recently, multi-component DM scenarios have drawn rising interest
motivated by anomalies in DM detection experiments [38–40] and possible new astrophysical phenomena such as a

2

Because  A has no direct coupling to the SM, the  A solar capture rate is suppressed. By including a finite  A-SM coupling, one could

also imagine boosted DM coming from annihilation in the sun. The possibility of detecting fast-moving DM emerging from the sun has

been studied previously in the context of induced nucleon decay [27], though not with the large boost factors we envision here which

enable detection via Cherenkov radiation.

3

For variations such as annihilating to dark radiation or to dark states that decay back to the SM, see for instance Refs. [28–33].
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“dark disk” [41]. Boosted DM provides yet another example of how the expected kinematics, phenomenology, and
search strategies for multi-component DM can be very di↵erent from single-component DM.

The outline of the rest of this paper is as follows. In Sec. II, we present the above model in more detail. In Sec. III,
we describe the annihilation processes of both  

A

and  
B

, which sets their thermal relic abundances and the rate
of boosted DM production today, and we discuss the detection mechanisms for boosted DM in Sec. IV. We assess
the discovery prospects at present and future experiments in Sec.V, where we find that Super-K should already be
sensitive to boosted DM by looking for single-ring electron events from the galactic center (GC). We summarize the
relevant constraints on this particular model in Sec. VI, and we conclude in Sec.VII with a discussion of other DM
scenarios with similar phenomenology. More details are relegated to the appendices.

II. TWO COMPONENT DARK MATTER

Consider two species of fermion DM  
A

and  
B

with Dirac masses m
A

> m
B

, which interact via a contact operator4
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This operator choice ensures an s-wave annihilation channel [42],  
A

 
A

!  
B

 
B

as in Fig. 1, which is important for
having a sizable production rate of boosted  

B

today. A UV completion for such operator is shown in Fig. 10a in
App.B. Other Lorentz structures are equally plausible (as long as they lead to s-wave annihilation).

As an extreme limit, we assume that Eq. (3) is the sole (tree-level) interaction for  
A

at low energies and that  
A

is the dominant DM component in the universe today. We assume that both  
A

and  
B

are exactly stable because
of separate stabilizing symmetries (e.g. a Z2 ⇥ Z2).

The subdominant species  
B

is charged under a dark U(1)0 gauge group, with charge +1 for definiteness. This
group is spontaneously broken, giving rise to a massive dark photon �0 with the assumed mass hierarchy

m
A

> m
B

> m
�

0 . (4)

We will take the gauge coupling g0 of the dark U(1)0 to be su�ciently large (yet perturbative) such that the process
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! �0�0 e�ciently depletes  
B

and gives rise to a small thermal relic abundance (see Eq. (12) below).
Via kinetic mixing with the SM photon [43–45] (strictly speaking, the hypercharge gauge boson),

L � � ✏

2
F 0
µ⌫

Fµ⌫ , (5)

�0 acquires ✏-suppressed couplings to SM fields. In this way, we can get a potentially large cross section for  
B

to
scatter o↵ terrestrial SM targets, in particular  

B

e� !  
B

e� from �0 exchange (with large g0 and suitable ✏) as in
Fig. 1. In principle, we would need to account for the possibility of a dark Higgs boson H 0 in the spectrum, but for
simplicity, we assume that such a state is irrelevant to the physics we consider here, perhaps due to a Stuckelberg
mechanism for the U(1)0 [46, 47] or negligible couplings of H 0 to matter fields.

The parameter space of this model is defined by six parameters

{m
A

,m
B

,m
�

0 ,⇤, g0, ✏}. (6)

Throughout this paper, we will adjust ⇤ to yield the desired DM relic abundance of  
A

, assuming that any DM
asymmetry is negligible. Because the process  

B

e� !  
B

e� has homogeneous scaling with g0 and ✏, the dominant
phenomenology depends on just the three mass parameters: m

A

, m
B

, and m
�

0 . To achieve a su�ciently large flux of
boosted  

B

particles, we need a large number density of  
A

particles in the galactic halo. For this reason, we will
focus on somewhat low mass thermal DM, with typical scales:

m
A

' O(10 GeV), m
B

' O(100 MeV), m
�

0 ' O(10 MeV). (7)
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of DM in the galactic center produces boosted stable particles in the dark sector. These stable
particles are typically a subdominant DM component, but because they are produced with a large
Lorentz boost in this process, they can be detected in large volume terrestrial experiments via
neutral-current-like interactions with electrons or nuclei. This novel DM signal thus combines the
production mechanism associated with indirect detection experiments (i.e. galactic DM annihilation)
with the detection mechanism associated with direct detection experiments (i.e. DM scattering o↵
terrestrial targets). Such processes are generically present in multi-component DM scenarios or those
with non-minimal DM stabilization symmetries. As a proof of concept, we present a model of two-
component thermal relic DM, where the dominant heavy DM species has no tree-level interactions
with the standard model and thus largely evades direct and indirect DM bounds. Instead, its thermal
relic abundance is set by annihilation into a subdominant lighter DM species, and the latter can be
detected in the boosted channel via the same annihilation process occurring today. Especially for
dark sector masses in the 10 MeV–10 GeV range, the most promising signals are electron scattering
events pointing toward the galactic center. These can be detected in experiments designed for
neutrino physics or proton decay, in particular Super-K and its upgrade Hyper-K, as well as the
PINGU/MICA extensions of IceCube. This boosted DM phenomenon highlights the distinctive
signatures possible from non-minimal dark sectors.

I. INTRODUCTION

A preponderance of gravitational evidence points to the existence of dark matter (DM) [1–3]. Under the compelling
assumption that DM is composed of one or more species of massive particles, DM particles in our Milky Way halo
today are expected to be non-relativistic, with velocities vDM,0 ' O(10�3). Because of this small expected velocity,
DM indirect detection experiments are designed to look for nearly-at-rest annihilation or decay of DM, and DM direct

detection experiments are designed to probe small nuclear recoil energies on the order of µ

2
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v2DM,0 (µ is the reduced

mass of the DM-nucleus system, m
N

is the nucleus mass). In addition, these conventional detection strategies are
based on the popular (and well-motivated) assumption that DM is a weakly-interacting massive particle (WIMP)
whose thermal relic abundance is set by its direct couplings to the standard model (SM).

In this paper, we explore a novel possibility that a small population of DM (produced non-thermally by late-time
processes) is in fact relativistic, which we call “boosted DM”. As a concrete example, consider two species of DM,  

A

and  
B

(which need not be fermions), with masses m
A

> m
B

. Species  
A

constitutes the dominant DM component,
with no direct couplings to the SM. Instead, its thermal relic abundance is set by the annihilation process1
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producing relativistic final state  
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. These boosted DM particles can
then be detected via their interactions with SM matter at large volume terrestrial experiments that are designed for
detecting neutrinos and/or proton decay, such as Super-K/Hyper-K [5, 6], IceCube/PINGU/MICA [7–9], KM3NeT
[10], and ANTARES [11], as well as the recent proposals based on liquid Argon such as LAr TPC and GLACIER
[12, 13], where the boosted DM can scatter via the neutral-current-like process
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To our knowledge, the first use of  A A !  B B to set the relic abundance of  A appears in the assisted freeze-out scenario [4]. As an

interesting side note, we will find that assisted freeze-out of  A can lead to a novel “balanced freeze-out” behavior for  B . In App.A,

we show that the relic abundance can scale like ⌦B / 1/
p
�B (unlike ⌦B / 1/�B for standard freeze-out). In this paper, of course, we

are more interested in the boosted  B population, not the thermal relic  B population.
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FIG. 3: Detection channels for boosted  B in neutrino experiments. (a) Elastic scattering on electrons. (b) Elastic scattering
on protons (or nuclei). (c) Deep inelastic scattering on protons (or nuclei). For Cherenkov experiments, we find that the most
promising channel is electron scattering.

Existing neutrino detectors such as Super-K, IceCube, and their upgrades can be employed to detect boosted DM
via Eq. (18). The strategy is to detect Cherenkov light from the final state charged particles, so the energy of outgoing
X 0 must be above the Cherenkov threshold. In terms of a Lorentz factor, the threshold is

Water: �Cherenkov = 1.51, Ice: �Cherenkov = 1.55, (19)

where there is typically a stricter analysis threshold Ethresh on X 0 as well, depending on experimental specifics.
Furthermore, one needs to distinguish  

B

scattering from the large background of neutrino scattering events, which
we discuss more in Sec. IVC.

As shown in Fig. 3, there are three detection channels for boosted  
B

at a neutrino detector: elastic scattering
o↵ electrons, elastic scattering o↵ protons (or nuclei), and deep inelastic scattering (DIS) o↵ protons (or nuclei). As
discussed in more detail in App.C, although the total  

B

scattering cross section o↵ protons and nuclei can be sizable,
the detectable signal strengths in these channels are suppressed relative to scattering o↵ electrons.8 Thus, we focus
on the elastic scattering o↵ electrons

 
B

e� !  
B

e� (20)

as the most promising detection channel, though we present signal studies for the other channels in App.C. At
detectors like Super-K, the signal would appear as single-ring electron events coming from the direction of the GC.

We start by discussing the kinematics of scattering o↵ electrons (the same logic would hold for protons). In the
rest frame of an electron target with mass m

e

, the momenta of incoming and outgoing particles are:

Incident  
B

: p1 = (E
B

, ~p ), Scattered  
B

: p3 = (E0
B

, ~p 0),
Initial e: p2 = (m

e

, 0), Scattered e: p4 = (E
e

, ~q ).
(21)

For  
B

coming from nearly-at-rest  
A

annihilation,

E
B

= m
A

. (22)

The maximum scattered electron energy occurs when ~p and ~p 0 are parallel:

Emax
e

= m
e

(E
B

+m
e

)2 + E2
B

�m2
B

(E
B

+m
e

)2 � E2
B

+m2
B

. (23)

The minimum detectable energy is set by the analysis threshold (assumed to be above the Cherenkov threshold),

Emin
e

= Ethresh
e

> �Cherenkovme

. (24)

8

The reason is that  B scattering proceeds via t-channel exchange of the light mediator �0, so the di↵erential cross section peaks at small

momentum transfers, while achieving Cherenkov radiation (or DIS scattering) requires large momentum transfers. For elastic scattering,

this logic favors electrons over protons in two di↵erent ways: an O(1 GeV)  B can more e↵ectively transfer momentum to electrons

compared to protons because of the heavier proton mass, and protons require a larger absolute momentum transfer to get above the

Cherenkov threshold. Compounding these issues, protons have an additional form-factor suppression, identifying proton tracks is more

challenging than identifying electron tracks [60, 61], and the angular resolution protons is worse than for electrons at these low energies

[61]. We note that liquid Argon detectors are able to reconstruct hadronic final states using ionization instead of Cherenkov light, so

they may be able to explore the (quasi-)elastic proton channels down to lower energies, even with smaller detector volumes [12, 13].
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“dark disk” [41]. Boosted DM provides yet another example of how the expected kinematics, phenomenology, and
search strategies for multi-component DM can be very di↵erent from single-component DM.

The outline of the rest of this paper is as follows. In Sec. II, we present the above model in more detail. In Sec. III,
we describe the annihilation processes of both  

A

and  
B

, which sets their thermal relic abundances and the rate
of boosted DM production today, and we discuss the detection mechanisms for boosted DM in Sec. IV. We assess
the discovery prospects at present and future experiments in Sec.V, where we find that Super-K should already be
sensitive to boosted DM by looking for single-ring electron events from the galactic center (GC). We summarize the
relevant constraints on this particular model in Sec. VI, and we conclude in Sec.VII with a discussion of other DM
scenarios with similar phenomenology. More details are relegated to the appendices.

II. TWO COMPONENT DARK MATTER

Consider two species of fermion DM  
A

and  
B

with Dirac masses m
A

> m
B

, which interact via a contact operator4
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. (3)

This operator choice ensures an s-wave annihilation channel [42],  
A
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B

as in Fig. 1, which is important for
having a sizable production rate of boosted  

B

today. A UV completion for such operator is shown in Fig. 10a in
App.B. Other Lorentz structures are equally plausible (as long as they lead to s-wave annihilation).

As an extreme limit, we assume that Eq. (3) is the sole (tree-level) interaction for  
A

at low energies and that  
A

is the dominant DM component in the universe today. We assume that both  
A

and  
B

are exactly stable because
of separate stabilizing symmetries (e.g. a Z2 ⇥ Z2).

The subdominant species  
B

is charged under a dark U(1)0 gauge group, with charge +1 for definiteness. This
group is spontaneously broken, giving rise to a massive dark photon �0 with the assumed mass hierarchy

m
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> m
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> m
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0 . (4)

We will take the gauge coupling g0 of the dark U(1)0 to be su�ciently large (yet perturbative) such that the process
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and gives rise to a small thermal relic abundance (see Eq. (12) below).
Via kinetic mixing with the SM photon [43–45] (strictly speaking, the hypercharge gauge boson),
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�0 acquires ✏-suppressed couplings to SM fields. In this way, we can get a potentially large cross section for  
B

to
scatter o↵ terrestrial SM targets, in particular  

B

e� !  
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e� from �0 exchange (with large g0 and suitable ✏) as in
Fig. 1. In principle, we would need to account for the possibility of a dark Higgs boson H 0 in the spectrum, but for
simplicity, we assume that such a state is irrelevant to the physics we consider here, perhaps due to a Stuckelberg
mechanism for the U(1)0 [46, 47] or negligible couplings of H 0 to matter fields.

The parameter space of this model is defined by six parameters
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Throughout this paper, we will adjust ⇤ to yield the desired DM relic abundance of  
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particles, we need a large number density of  
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particles in the galactic halo. For this reason, we will
focus on somewhat low mass thermal DM, with typical scales:
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“dark disk” [41]. Boosted DM provides yet another example of how the expected kinematics, phenomenology, and
search strategies for multi-component DM can be very di↵erent from single-component DM.

The outline of the rest of this paper is as follows. In Sec. II, we present the above model in more detail. In Sec. III,
we describe the annihilation processes of both  

A

and  
B

, which sets their thermal relic abundances and the rate
of boosted DM production today, and we discuss the detection mechanisms for boosted DM in Sec. IV. We assess
the discovery prospects at present and future experiments in Sec.V, where we find that Super-K should already be
sensitive to boosted DM by looking for single-ring electron events from the galactic center (GC). We summarize the
relevant constraints on this particular model in Sec. VI, and we conclude in Sec.VII with a discussion of other DM
scenarios with similar phenomenology. More details are relegated to the appendices.
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• A combination of conventional DM indirect and 
direct detections:

General detection strategy
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Figure 1. (Left) Production of boosted  B particles through  A annihilation in the galactic center:
 A A !  B B . This process would be considered “indirect detection” of  A. (Right) Scattering
of  B o↵ terrestrial electron targets:  Be

� !  Be
�. This process would be considered “direct

detection” of  B .

that  
B

itself has a small thermal relic abundance (which is expected given a large SM
scattering cross section), and is light enough to evade standard DM detection bounds, then
(direct) detection of boosted  

B

via (indirect) detection of  
A

annihilation would o↵er the
best non-gravitational probe of the dark sector.2

Beyond just the intrinsic novelty of the boosted DM signal, there are other reasons
to take this kind of DM scenario seriously. First, having the dominant DM component  

A

annihilate into light stable  
B

particles (i.e. assisted freeze-out [4]) is a novel way to “seclude”
DM from the SM while still maintaining the successes of the thermal freeze-out paradigm
of WIMP-type DM.3 Such a feature enables this model to satisfy the increasingly severe
constraints from DM detection experiments. A key lesson from secluded DM scenarios [30] is
that it is often easier to detect the “friends” of DM (in this case  

B

) rather than the dominant
DM component itself [36]. Second, our study here can be seen as exploring the diversity of
phenomenological possibilities present (in general) in multi-component DM scenarios. Non-
minimal dark sectors are quite reasonable, especially considering the non-minimality of the
SM (with protons and electrons stabilized by separate B- and L-number symmetries). Earlier
work along these lines includes, for instance, the possibility of a mirror DM sector [26, 37–39].
Recently, multi-component DM scenarios have drawn rising interest motivated by anomalies
in DM detection experiments [40–42] and possible new astrophysical phenomena such as a
“dark disk” [43]. Boosted DM provides yet another example of how the expected kinematics,
phenomenology, and search strategies for multi-component DM can be very di↵erent from
single-component DM.

The outline of the rest of this paper is as follows. In Sec. 2, we present the above
model in more detail. In Sec. 3, we describe the annihilation processes of both  

A

and  
B

,
which sets their thermal relic abundances and the rate of boosted DM production today,
and we discuss the detection mechanisms for boosted DM in Sec. 4. We assess the discovery
prospects at present and future experiments in Sec. 5, where we find that Super-K should

2Because  A has no direct coupling to the SM, the  A solar capture rate is suppressed. By including
a finite  A-SM coupling, one could also imagine boosted DM coming from annihilation in the sun. The
possibility of detecting fast-moving DM emerging from the sun has been studied previously in the context of
induced nucleon decay [29], though not with the large boost factors we envision here which enable detection
via Cherenkov radiation. Note, however, that  B particles are likely to become trapped in the sun due to
energy loss e↵ects (see Sec. 4.4), limiting solar capture as a viable signal channel.

3For variations such as annihilating to dark radiation or to dark states that decay back to the SM, see for
instance Refs. [30–35].
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Detecting Boosted DM from the GC
•  Mono-energetic flux (          ) of boosted      from GC: very small!  

•  Boosted incoming             
       relativistic outgoing e-, p

       What experiment(s)? 
   Large volume detector + sensitive to energetic outgoing e-, p
 ( Conventional dark matter direct detection       )
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      Existing experiments for neutrinos or proton decay!
•  Based on Cherenkov-radiation:

 SuperK/HyperK, IceCube/PINGU(MICA)… 
•  Based on ionization: (future, planned) 

    LBNE, GLACIER… (liquid Argon/LArTpc) 
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Detection Strategy at Neutrino Detectors
• Cherenkov threshold for charged particles:

• Atmospheric neutrinos (background) 

• Detection of neutrinos:
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FIG. 3: Detection channels for boosted  B in neutrino experiments. (a) Elastic scattering on electrons. (b) Elastic scattering
on protons (or nuclei). (c) Deep inelastic scattering on protons (or nuclei). For Cherenkov experiments, we find that the most
promising channel is electron scattering.

Existing neutrino detectors such as Super-K, IceCube, and their upgrades can be employed to detect boosted DM
via Eq. (18). The strategy is to detect Cherenkov light from the final state charged particles, so the energy of outgoing
X 0 must be above the Cherenkov threshold. In terms of a Lorentz factor, the threshold is

Water: �Cherenkov = 1.51, Ice: �Cherenkov = 1.55, (19)

where there is typically a stricter analysis threshold Ethresh on X 0 as well, depending on experimental specifics.
Furthermore, one needs to distinguish  

B

scattering from the large background of neutrino scattering events, which
we discuss more in Sec. IVC.

As shown in Fig. 3, there are three detection channels for boosted  
B

at a neutrino detector: elastic scattering
o↵ electrons, elastic scattering o↵ protons (or nuclei), and deep inelastic scattering (DIS) o↵ protons (or nuclei). As
discussed in more detail in App.C, although the total  

B

scattering cross section o↵ protons and nuclei can be sizable,
the detectable signal strengths in these channels are suppressed relative to scattering o↵ electrons.8 Thus, we focus
on the elastic scattering o↵ electrons
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as the most promising detection channel, though we present signal studies for the other channels in App.C. At
detectors like Super-K, the signal would appear as single-ring electron events coming from the direction of the GC.

We start by discussing the kinematics of scattering o↵ electrons (the same logic would hold for protons). In the
rest frame of an electron target with mass m

e

, the momenta of incoming and outgoing particles are:
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For  
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coming from nearly-at-rest  
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annihilation,
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The maximum scattered electron energy occurs when ~p and ~p 0 are parallel:
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The minimum detectable energy is set by the analysis threshold (assumed to be above the Cherenkov threshold),

Emin
e

= Ethresh
e

> �Cherenkovme

. (24)

8

The reason is that  B scattering proceeds via t-channel exchange of the light mediator �0, so the di↵erential cross section peaks at small

momentum transfers, while achieving Cherenkov radiation (or DIS scattering) requires large momentum transfers. For elastic scattering,

this logic favors electrons over protons in two di↵erent ways: an O(1 GeV)  B can more e↵ectively transfer momentum to electrons

compared to protons because of the heavier proton mass, and protons require a larger absolute momentum transfer to get above the

Cherenkov threshold. Compounding these issues, protons have an additional form-factor suppression, identifying proton tracks is more

challenging than identifying electron tracks [60, 61], and the angular resolution protons is worse than for electrons at these low energies

[61]. We note that liquid Argon detectors are able to reconstruct hadronic final states using ionization instead of Cherenkov light, so

they may be able to explore the (quasi-)elastic proton channels down to lower energies, even with smaller detector volumes [12, 13].

Flux of Atmospheric Neutrinos 59

lower predicted neutrino fluxes. In Refs. (33, 100) this will be a consequence of

lower pion production, whereas in the case of Ref. (36) the primary spectrum is

lower than before (35). We expect the predictions may be reduced by as much as

15 to 20%, without changing the ratios significantly. Possible resolutions include

uncertainties in the neutrino cross sections (130, 131) or systematic uncertainty

in primary spectrum (despite the agreement between BESS (53) and AMS (54)

or higher pion production (despite new calculations) or some combination of the

above.
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Scattering Signal of Boosted DM
• Detection channels for boosted DM: neutral-current scattering 

only, no correlated

• Energy spectrum of e- :
 peaks at low energy 
(t-channel light mediator    )
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FIG. 3: Detection channels for boosted  B in neutrino experiments. (a) Elastic scattering on electrons. (b) Elastic scattering
on protons (or nuclei). (c) Deep inelastic scattering on protons (or nuclei). For Cherenkov experiments, we find that the most
promising channel is electron scattering.

Existing neutrino detectors such as Super-K, IceCube, and their upgrades can be employed to detect boosted DM
via Eq. (18). The strategy is to detect Cherenkov light from the final state charged particles, so the energy of outgoing
X 0 must be above the Cherenkov threshold. In terms of a Lorentz factor, the threshold is

Water: �Cherenkov = 1.51, Ice: �Cherenkov = 1.55, (19)

where there is typically a stricter analysis threshold Ethresh on X 0 as well, depending on experimental specifics.
Furthermore, one needs to distinguish  

B

scattering from the large background of neutrino scattering events, which
we discuss more in Sec. IVC.

As shown in Fig. 3, there are three detection channels for boosted  
B

at a neutrino detector: elastic scattering
o↵ electrons, elastic scattering o↵ protons (or nuclei), and deep inelastic scattering (DIS) o↵ protons (or nuclei). As
discussed in more detail in App.C, although the total  

B

scattering cross section o↵ protons and nuclei can be sizable,
the detectable signal strengths in these channels are suppressed relative to scattering o↵ electrons.8 Thus, we focus
on the elastic scattering o↵ electrons
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as the most promising detection channel, though we present signal studies for the other channels in App.C. At
detectors like Super-K, the signal would appear as single-ring electron events coming from the direction of the GC.

We start by discussing the kinematics of scattering o↵ electrons (the same logic would hold for protons). In the
rest frame of an electron target with mass m

e

, the momenta of incoming and outgoing particles are:
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annihilation,
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The maximum scattered electron energy occurs when ~p and ~p 0 are parallel:
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The minimum detectable energy is set by the analysis threshold (assumed to be above the Cherenkov threshold),
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e

= Ethresh
e

> �Cherenkovme

. (24)
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The reason is that  B scattering proceeds via t-channel exchange of the light mediator �0, so the di↵erential cross section peaks at small

momentum transfers, while achieving Cherenkov radiation (or DIS scattering) requires large momentum transfers. For elastic scattering,

this logic favors electrons over protons in two di↵erent ways: an O(1 GeV)  B can more e↵ectively transfer momentum to electrons

compared to protons because of the heavier proton mass, and protons require a larger absolute momentum transfer to get above the

Cherenkov threshold. Compounding these issues, protons have an additional form-factor suppression, identifying proton tracks is more

challenging than identifying electron tracks [60, 61], and the angular resolution protons is worse than for electrons at these low energies

[61]. We note that liquid Argon detectors are able to reconstruct hadronic final states using ionization instead of Cherenkov light, so

they may be able to explore the (quasi-)elastic proton channels down to lower energies, even with smaller detector volumes [12, 13].
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FIG. 3: Detection channels for boosted  B in neutrino experiments. (a) Elastic scattering on electrons. (b) Elastic scattering
on protons (or nuclei). (c) Deep inelastic scattering on protons (or nuclei). For Cherenkov experiments, we find that the most
promising channel is electron scattering.

Existing neutrino detectors such as Super-K, IceCube, and their upgrades can be employed to detect boosted DM
via Eq. (18). The strategy is to detect Cherenkov light from the final state charged particles, so the energy of outgoing
X 0 must be above the Cherenkov threshold. In terms of a Lorentz factor, the threshold is

Water: �Cherenkov = 1.51, Ice: �Cherenkov = 1.55, (19)

where there is typically a stricter analysis threshold Ethresh on X 0 as well, depending on experimental specifics.
Furthermore, one needs to distinguish  

B

scattering from the large background of neutrino scattering events, which
we discuss more in Sec. IVC.

As shown in Fig. 3, there are three detection channels for boosted  
B

at a neutrino detector: elastic scattering
o↵ electrons, elastic scattering o↵ protons (or nuclei), and deep inelastic scattering (DIS) o↵ protons (or nuclei). As
discussed in more detail in App.C, although the total  

B

scattering cross section o↵ protons and nuclei can be sizable,
the detectable signal strengths in these channels are suppressed relative to scattering o↵ electrons.8 Thus, we focus
on the elastic scattering o↵ electrons
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as the most promising detection channel, though we present signal studies for the other channels in App.C. At
detectors like Super-K, the signal would appear as single-ring electron events coming from the direction of the GC.

We start by discussing the kinematics of scattering o↵ electrons (the same logic would hold for protons). In the
rest frame of an electron target with mass m
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, the momenta of incoming and outgoing particles are:
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The minimum detectable energy is set by the analysis threshold (assumed to be above the Cherenkov threshold),
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The reason is that  B scattering proceeds via t-channel exchange of the light mediator �0, so the di↵erential cross section peaks at small

momentum transfers, while achieving Cherenkov radiation (or DIS scattering) requires large momentum transfers. For elastic scattering,

this logic favors electrons over protons in two di↵erent ways: an O(1 GeV)  B can more e↵ectively transfer momentum to electrons

compared to protons because of the heavier proton mass, and protons require a larger absolute momentum transfer to get above the

Cherenkov threshold. Compounding these issues, protons have an additional form-factor suppression, identifying proton tracks is more

challenging than identifying electron tracks [60, 61], and the angular resolution protons is worse than for electrons at these low energies

[61]. We note that liquid Argon detectors are able to reconstruct hadronic final states using ionization instead of Cherenkov light, so

they may be able to explore the (quasi-)elastic proton channels down to lower energies, even with smaller detector volumes [12, 13].
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on protons (or nuclei). (c) Deep inelastic scattering on protons (or nuclei). For Cherenkov experiments, we find that the most
promising channel is electron scattering.

Existing neutrino detectors such as Super-K, IceCube, and their upgrades can be employed to detect boosted DM
via Eq. (18). The strategy is to detect Cherenkov light from the final state charged particles, so the energy of outgoing
X 0 must be above the Cherenkov threshold. In terms of a Lorentz factor, the threshold is

Water: �Cherenkov = 1.51, Ice: �Cherenkov = 1.55, (19)

where there is typically a stricter analysis threshold Ethresh on X 0 as well, depending on experimental specifics.
Furthermore, one needs to distinguish  

B

scattering from the large background of neutrino scattering events, which
we discuss more in Sec. IVC.

As shown in Fig. 3, there are three detection channels for boosted  
B

at a neutrino detector: elastic scattering
o↵ electrons, elastic scattering o↵ protons (or nuclei), and deep inelastic scattering (DIS) o↵ protons (or nuclei). As
discussed in more detail in App.C, although the total  

B

scattering cross section o↵ protons and nuclei can be sizable,
the detectable signal strengths in these channels are suppressed relative to scattering o↵ electrons.8 Thus, we focus
on the elastic scattering o↵ electrons
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as the most promising detection channel, though we present signal studies for the other channels in App.C. At
detectors like Super-K, the signal would appear as single-ring electron events coming from the direction of the GC.

We start by discussing the kinematics of scattering o↵ electrons (the same logic would hold for protons). In the
rest frame of an electron target with mass m
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, the momenta of incoming and outgoing particles are:
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The reason is that  B scattering proceeds via t-channel exchange of the light mediator �0, so the di↵erential cross section peaks at small

momentum transfers, while achieving Cherenkov radiation (or DIS scattering) requires large momentum transfers. For elastic scattering,

this logic favors electrons over protons in two di↵erent ways: an O(1 GeV)  B can more e↵ectively transfer momentum to electrons

compared to protons because of the heavier proton mass, and protons require a larger absolute momentum transfer to get above the

Cherenkov threshold. Compounding these issues, protons have an additional form-factor suppression, identifying proton tracks is more

challenging than identifying electron tracks [60, 61], and the angular resolution protons is worse than for electrons at these low energies

[61]. We note that liquid Argon detectors are able to reconstruct hadronic final states using ionization instead of Cherenkov light, so

they may be able to explore the (quasi-)elastic proton channels down to lower energies, even with smaller detector volumes [12, 13].
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FIG. 2: (a) Ratio of the abundances ⌦B/⌦A as a function of g0, fixing mA = 20 GeV, mB = 0.2 GeV, and m�0 = 20 MeV.
The solid line is the numerical solution of the Boltzmann equation in Eq. (A1), the dotted line is the analytic estimate from
assuming independent thermal freeze-out of  A and  B (naive freeze-out), and the dashed line is the analytic estimate from
Eq. (12) (balanced freeze-out). (b) Evolution of the co-moving abundances YA and YB as a function of x = mB/T for the
benchmark in Eq. (13). The solid lines show the actual densities per unit entropy, while the dashed lines are the equilibrium
curves.

This ⌦ / 1/
p
� behavior is very di↵erent from the usual DM abundance relation ⌦ / 1/�. It arises because in this

limit, there is a balance between depletion from  
B

annihilation and replenishment from  
A

 
A

!  
B

 
B

conversion.
To our knowledge, this “balanced freeze-out” behavior has not been discussed before in the DM literature.

In Fig. 2a, we show numerical results for ⌦
B

as a function of g0: for small g0,  
B

freezes out in the standard way
with ⌦

B

/ 1/�
B

, while for large g0, ⌦
B

exhibits the 1/
p
�
B

scaling from balanced freeze-out. Thus, as long as g0 is
su�ciently large, then  

B

will be a subdominant DM component as desired. In Fig. 2b, we show the full solution to
the coupled Boltzmann equations for  

A

and  
B

(see Eq. (A1)) for the following benchmark scenario:

m
A

= 20 GeV, m
B

= 200 MeV, m
�

0 = 20 MeV, g0 = 0.5, ✏ = 10�3, (13)

where we have adjusted ⇤ = 250 GeV to yield the cross section h�
AA!BB

vi = 5 ⇥ 10�26cm3/s needed to achieve
⌦

A

' ⌦DM ⇡ 0.2. For this benchmark,  
B

has a much smaller abundance ⌦
B

' 2.6 ⇥ 10�6 ⌦DM. We have chosen
the reference masses to be safe from existing constraints but visible with a reanalysis of existing Super-K data, and
we have chosen the reference value of g0 to be comparable to hypercharge in the SM. The values of m

�

0 and ✏ are also
interesting for explaining the muon g � 2 anomaly [55, 56].

This model, though simple, exhibits a novel  
B

freeze-out behavior, and the “balancing condition” behind Eq. (12)
may be interesting to study in other contexts. For much of parameter space of our interest in this paper, the
⌦

B

/ 1/
p
�
B

scaling a↵ects the CMB and direct detection constraints on  
B

. As discussed in Sec.VI, this scaling
implies that the constraints from CMB heating on  

B

annihilation are largely independent of g0. Similarly, unless
there is some kind of inelastic splitting within the  

B

multiplet, there is a firm direct detection bound on m
B

that
is also largely independent of g0. Note that the benchmark scenario in Eq. (13) indeed satisfies these bounds (see the
star in Fig. 8).

IV. DETECTING BOOSTED DARK MATTER

With  
A

being the dominant DM species, the annihilation process  
A

 
A

!  
B

 
B

is active in the galactic halo
today, producing boosted  

B

particles. To compute the flux of  
B

incident on the earth, we can recycle the standard
formulas from indirect detection of WIMP DM. Roughly speaking, the (in)direct detection of boosted  

B

particles
from  

A

annihilation is analogous to the familiar process of indirect detection of neutrinos from WIMP annihilation.
For this reason, the natural experiments to detect boosted DM are those designed to detect astrophysical neutrinos.
As we will see,  

B

typically needs to have stronger interactions with the SM than real neutrinos in order to give
detectable signals in current/upcoming experiments.

We also want to comment that, due to the small mass and suppressed thermal abundance, the non-relativistic
relic  

B

particles can be di�cult to detect through conventional direct and indirect DM searches, even with e�cient
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FIG. 4: Di↵erential cross section for  B scattering o↵ electrons. Also indicated is a typical experimental threshold of 100 MeV
(see Eq. (32)) as well as the maximum scattered electron energy, given by Eq. (23).

Of course, to have any viable phase space, Emax
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make the replacement E

B

= m
A

for our scenario. To give a numerical sense of the Cherenkov electron signal cross
section, integrating Eq. (26) over the allowed kinematic region for the benchmark in Eq. (13) yields
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for an experimental threshold of Ethresh
e

= 100 MeV. The approximate scaling is derived in the limit m
e

Ethresh
e

⌧
m2

�

0 ⌧ m
e

Emax
e

, where the dependance on E
B

, m
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, and Ethresh
e

is weaker than polynomial, which holds in the
vicinity of the benchmark point but not in general. In Fig. 4, we show the electron spectrum for this benchmark,
which illustrates that E

e

peaks at low values due to the t-channel �0, as discussed further in footnote 8.

C. Backgrounds to Boosted Dark Matter

The major background to the boosted DM signal comes from atmospheric neutrinos, which are produced through
interactions of cosmic rays with protons and nuclei in the Earth’s atmosphere. Atmospheric neutrino energy spectrum
peaks around 1 GeV and follows a power law E�2.7 at higher energies [62]. The scattering process  

B

e� !  
B

e�

with an energetic outgoing electron faces a large background from charged-current (CC) electron-neutrino scattering
⌫
e

n ! e�p, when the outgoing proton is not detected. For O(1 GeV) neutrinos, the CC cross section is [63]

�CC ⇡ 0.8⇥ 10�38 cm2

✓
E

⌫

GeV

◆
. (28)

While smaller than the expected signal cross section in Eq. (27), the atmospheric neutrino flux is much higher than
the boosted  

B

flux. The neutral current process ⌫
e

e� ! ⌫
e

e� can also mimic the signal but it is subdominant to
the CC interaction due to m

e

/m
p

suppression [63].
There are a number of discriminants one could use to (statistically) separate our signal from the neutrino back-

ground.
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FIG. 2: (a) Ratio of the abundances ⌦B/⌦A as a function of g0, fixing mA = 20 GeV, mB = 0.2 GeV, and m�0 = 20 MeV.
The solid line is the numerical solution of the Boltzmann equation in Eq. (A1), the dotted line is the analytic estimate from
assuming independent thermal freeze-out of  A and  B (naive freeze-out), and the dashed line is the analytic estimate from
Eq. (12) (balanced freeze-out). (b) Evolution of the co-moving abundances YA and YB as a function of x = mB/T for the
benchmark in Eq. (13). The solid lines show the actual densities per unit entropy, while the dashed lines are the equilibrium
curves.
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FIG. 5: Angles involved in boosted DM detection. When a  B particle arrives at an angle ✓B from the GC, it scatters to
produce an electron at angle ✓e with respect to z (✓0e and �0

e with respect to z

0). To better isolate the signal from the uniform
atmospheric neutrino background, we impose a search cone of half-angle ✓C .

• Angular restriction: Boosted  
B

particles have a definite direction because they come from the GC. In galactic
coordinates, the atmospheric neutrino background has no preferred direction. Therefore, one can impose that
the detected electron falls within a cone of half-opening angle ✓

C

with respect to the GC. As shown in Fig. 5,
there are two relevant axes to consider: the z-axis connecting the Earth to the GC and the z0-axis in the direction
that the  

B

travels along. Through  
B

e� !  
B

e� scattering, a  
B

particle coming from an angle ✓
B

(✓0
B

= 0)
will yield a final state electron with scattering angle (✓0

e

,�0
e

), with

cos ✓
e

= cos ✓
B

cos ✓0
e

� sin ✓
B

sin�0
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sin ✓0
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, (29)
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and �0
e

uniformly distributes between 0 and 2⇡. To the extent that the electron energy is large and m
A

�
m

B

� m
e

, we have cos ✓
e

⇡ cos ✓
B

. As we will see in Sec. VD, the optimum angle ✓
C

to maximize the signal
acceptance while minimizing the neutrino background is around 10�, assuming perfect angular resolution.

• Energy restriction: Boosted  
B

particles have a mono-energetic spectrum (E
B

= m
A

), compared to the con-
tinuous atmospheric neutrino energy spectrum. This implies a correlation between the measured E

e

and cos ✓
e

.
That said, we suspect that the typical angular resolution of neutrino experiments is not fine enough to make
use of this feature. In fact, more important than energy resolution is to have a low energy threshold, since as
shown in Fig. 4, the signal cross section peaks at small E

e

.

• Absence of muon excess: The process  
B

e� !  
B

e� does not have a corresponding muon signature, whereas
the neutrino CC process ⌫

e

n ! e�p is always accompanied by ⌫
µ

n ! µ�p. So an electron excess from boosted
DM should not have a correlated excess in muon events. One can also require fully-contained events to reduce
the cosmic ray muon background.

• Multi-ring veto: The process  
B

e� !  
B

e� leads to electron-like single-ring events only, without correlated
multi-ring events. In contrast, neutrino CC process ⌫

e

n ! e�p can lead to multi-ring events when the outgoing
proton energy is above Cherenkov threshold [61], or when the scattering is inelastic so that other charged
hadronic states such as ⇡± are produced.

• Solar neutrino/muon veto: Solar neutrinos dominate the background under around 20 MeV [64], though one
can of course preform an analysis in solar coordinates and exclude events from the sun. In addition, there is
a background from muons that do not Cherenkov radiate but decay to neutrinos in the detector volume; these
are relevant in the range of 30–50 MeV and can be mitigated through fiducial volume cuts [65]. To avoid both
of these complications, we will use a cut of E

e

> 100 MeV in our analysis below.

The first two points favor detectors with excellent angular resolution and low energy thresholds on the outgoing
electron. The next two points mean that one could distinguish the boosted DM signal from neutrinos coming from
WIMP DM annihilation in the GC; boosted DM only gives a single-ring electron signal whereas neutrinos fromWIMPs
would give equal contributions to an electron and muon signal, and both single- and multi-ring events. The last point
suggests the interesting possibility of looking for boosted DM from the sun due to DM solar capture, though in the
particular model we study in this paper, the solar capture rate is too small to be visible. The above criteria can be
thought of as a general algorithm for background rejection, while specifics can be tailored to a particular experiment.

9

(GC)
✓Bz

✓C

z0

(Lab)
B

e�

�0
e

✓0e

FIG. 5: Angles involved in boosted DM detection. When a  B particle arrives at an angle ✓B from the GC, it scatters to
produce an electron at angle ✓e with respect to z (✓0e and �0

e with respect to z

0). To better isolate the signal from the uniform
atmospheric neutrino background, we impose a search cone of half-angle ✓C .

• Angular restriction: Boosted  
B

particles have a definite direction because they come from the GC. In galactic
coordinates, the atmospheric neutrino background has no preferred direction. Therefore, one can impose that
the detected electron falls within a cone of half-opening angle ✓

C

with respect to the GC. As shown in Fig. 5,
there are two relevant axes to consider: the z-axis connecting the Earth to the GC and the z0-axis in the direction
that the  

B

travels along. Through  
B

e� !  
B

e� scattering, a  
B

particle coming from an angle ✓
B

(✓0
B

= 0)
will yield a final state electron with scattering angle (✓0

e

,�0
e

), with

cos ✓
e

= cos ✓
B

cos ✓0
e

� sin ✓
B

sin�0
e

sin ✓0
e

, (29)

cos ✓0
e

=
(m

A

+m
e

)p
m2

A

�m2
B

p
E

e

�m
ep

E
e

+m
e

, (30)

and �0
e

uniformly distributes between 0 and 2⇡. To the extent that the electron energy is large and m
A

�
m

B

� m
e

, we have cos ✓
e

⇡ cos ✓
B

. As we will see in Sec. VD, the optimum angle ✓
C

to maximize the signal
acceptance while minimizing the neutrino background is around 10�, assuming perfect angular resolution.

• Energy restriction: Boosted  
B

particles have a mono-energetic spectrum (E
B

= m
A

), compared to the con-
tinuous atmospheric neutrino energy spectrum. This implies a correlation between the measured E

e

and cos ✓
e

.
That said, we suspect that the typical angular resolution of neutrino experiments is not fine enough to make
use of this feature. In fact, more important than energy resolution is to have a low energy threshold, since as
shown in Fig. 4, the signal cross section peaks at small E

e

.

• Absence of muon excess: The process  
B

e� !  
B

e� does not have a corresponding muon signature, whereas
the neutrino CC process ⌫

e

n ! e�p is always accompanied by ⌫
µ

n ! µ�p. So an electron excess from boosted
DM should not have a correlated excess in muon events. One can also require fully-contained events to reduce
the cosmic ray muon background.

• Multi-ring veto: The process  
B

e� !  
B

e� leads to electron-like single-ring events only, without correlated
multi-ring events. In contrast, neutrino CC process ⌫

e

n ! e�p can lead to multi-ring events when the outgoing
proton energy is above Cherenkov threshold [61], or when the scattering is inelastic so that other charged
hadronic states such as ⇡± are produced.

• Solar neutrino/muon veto: Solar neutrinos dominate the background under around 20 MeV [64], though one
can of course preform an analysis in solar coordinates and exclude events from the sun. In addition, there is
a background from muons that do not Cherenkov radiate but decay to neutrinos in the detector volume; these
are relevant in the range of 30–50 MeV and can be mitigated through fiducial volume cuts [65]. To avoid both
of these complications, we will use a cut of E

e

> 100 MeV in our analysis below.

The first two points favor detectors with excellent angular resolution and low energy thresholds on the outgoing
electron. The next two points mean that one could distinguish the boosted DM signal from neutrinos coming from
WIMP DM annihilation in the GC; boosted DM only gives a single-ring electron signal whereas neutrinos fromWIMPs
would give equal contributions to an electron and muon signal, and both single- and multi-ring events. The last point
suggests the interesting possibility of looking for boosted DM from the sun due to DM solar capture, though in the
particular model we study in this paper, the solar capture rate is too small to be visible. The above criteria can be
thought of as a general algorithm for background rejection, while specifics can be tailored to a particular experiment.

1 a

E
R

⇠ µ

2

mN
v2
DM,0

⌦

DM

�
⌦

A

⌦

B

 
B

�
SI

. 10

�45

cm

2

for m
DM

⇠ O(10) GeV 2 3 ! 2 , 4 ! 2, ⌦

DM

⇡ ⌦

 A  
A

 
B

� =

mA
mB

 
B

,

T
DM

6= T
SM

, T
DM

,⌦
DM

�
ann

! ⌦

DM

. GeV

⌦

B

⌧ ⌦

A

⇡ ⌦

DM

, m
B

⌧ m
A

, e�, X �
p,tot

⇠ mp

me
�
e

�
,tot

E
transfer

Emin

e

= max{Ethresh

e

, �
Cherenkov

m
e

} �min

e

=

E

min
e
me

,

⇠1 GeV, ⌫
e

: ⌫
µ

⇠ 1 : 2 ⇡± ⌫
atm

.20 MeV

E
e

. 1 GeV ⇡ 10

o m2

B

/m2

A

m
A

/m
B

p+  ! e+ +

¯ 
� ' H dYB

dx

! 0

h�
B

¯

B!�

0
�

0vi
�
Y 2

B

� (Y eq

B

)

2

�
' h�

A

¯

A!B

¯

B

vi
✓
Y 2

A

� (Y eq

A

)

2

(Y eq

B

)

2

Y 2

B

◆
. (1)

p, e� U(1)

B,L

> Z
2

m
A

> m
B

, ⌦

A

⇡ ⌦

DM

m
X

< m
DM

�
B

= m
A

/m
B

, �
DM

⇡ 1.25, �
DM

= 1.5

⌦

�

⇠ 1

�ann
T
DM

' T
SM

�scatt

bDM�SM

6= 0, �

GC

⇠ 10

�7

cm

�1

s

�1 ⌧ �

local

⇠ 10

5

cm

�1

s

�1

 
A

,  
B

, m
A

> m
B

, �scatt,ann

 A�SM

! 0 ⌦

B

< ⌦

A

, �scatt,ann

 B�SM

�
 BX! BX

(0) �0 ! SM

h�
B

¯

B!�

0
�

0vi � h�
A

¯

A!B

¯

B

vi ⌦
B

/ 1/
p
h�

B

¯

B!�

0
�

0vi ! �
replenishment

⇡ �

ann

�

ann

⇡ H

dn
A

dt
+ 3Hn

A

= �1

2

h�
A

¯

A!B

¯

B

vi
✓
n2

A

� (neq

A

)

2

(neq

B

)

2

n2

B

◆
,

dn
B

dt
+ 3Hn

B

= �1

2

h�
B

¯

B!�

0
�

0vi
�
n2

B

� (neq

B

)

2

�
� 1

2

h�
A

¯

A!B

¯

B

vi
✓
n2

A

� (neq

A

)

2

(neq

B

)

2

n2

B

◆

 
B

d�
GC

d⌦ dE
B

=

1

2

r
Sun

4⇡

✓
⇢
local

m
A

◆
2

J h�
AA!BB

vi
v!0

�(E
B

�m
A

), (2)

�

10

�

GC

= 1.6⇥10

�8

cm

�2

s

�1

✓
h�

AA!BB

vi
5⇥ 10

�26

cm

3/s

◆✓
20 GeV

m
A

◆
2

⌧ �

therm

local

= 4.5⇥10

5

cm

�2

s

�1

✓
20 GeV

m
DM

◆
2

⌫
atm

µ�

E
p

< E
Cherenkov

✓
C

⇡ 10

� ⌫
solar

1

1 a

ER ⇠ µ2

mN
v2
DM,0 ⌦

DM

�
⌦A ⌦B  B

�
SI

. 10

�45

cm

2

for m
DM

⇠ O(10) GeV 2 3 ! 2 , 4 ! 2, ⌦

DM

⇡ ⌦ A  A  B � =

mA
mB

 B,

T
DM

6= T
SM

, T
DM

,⌦
DM

�
ann

! ⌦

DM

. GeV

⌦B ⌧ ⌦A ⇡ ⌦

DM

, mB ⌧ mA, e
�
, X �p,tot ⇠ mp

me
�e�,tot Etransfer

Emin

e = max{Ethresh

e , �
Cherenkov

me} �min

e =

Emin
e
me

,

⇠1 GeV, ⌫e : ⌫µ ⇠ 1 : 2 ⇡± ⌫
atm

.20 MeV

1

impose energy cut                 



Candidate Experiments

17

10

Experiment Volume (MTon) E

thresh

e (GeV) ✓

res

e (degree) Refs.

Super-K 2.24⇥ 10�2 0.01 3� [66]

Hyper-K 0.56 0.01 3� [67]

IceCube 103 100 30� [68, 69]

PINGU 0.5 1 23�(at GeV scale) [8]

MICA 5 0.01 30�(at 10 MeV scale) [9, 70]

TABLE I: List of experiments studied in this paper, their angular resolutions ✓rese on the Cherenkov-emitted electron direction,
and the typical minimum energy threshold E

thresh

e of the detected electron. We note here that IceCube has too high of an
energy threshold for our analysis, but we are interested in its future low-energy extensions such as PINGU and MICA. For
PINGU, we have scaled the nominal volume (1 MTon) down by a factor of 2 to estimate particle identification e�ciency. The
MICA values are speculative at present, since there is not yet a technical design report.

For instance, “multi-ring veto” does not apply to PINGU where Cherenkov rings cannot be reconstructed and all
non-µ-like events are classified as “cascade events”.

V. DETECTION PROSPECTS FOR PRESENT AND FUTURE EXPERIMENTS

We now assess the detection prospects for boosted DM at present and future detectors for neutrinos and/or proton
decay. In Table I, we summarize the (approximate) capacities/sensitivities of some of the representative relevant
experiments, given in terms of the detector volume Vexp, electron energy threshold Ethresh

e

, and angular resolution
✓res
e

. From this table, we can already anticipate which experiments are going to be best suited for boosted DM
detection.

Due to the relatively small flux of boosted DM, a larger volume detector, such as IceCube, KM3NeT, or ANTARES
would be favored in order to catch more signal events. However, the energy threshold for the original IceCube are
much too high for our purposes (and similarly for KM3NeT and ANTARES), since the energy transferred to the
outgoing electron is suppressed due to the t-channel �0 (see Fig. 4). Even the ' 1 GeV threshold of PINGU is not
ideal, though it will have some sensitivity.

So although Super-K/Hyper-K have smaller detector volumes, their low energy threshold is better matched to the
boosted DM signal. In addition, Super-K/Hyper-K have excellent angular resolution, which makes it possible to
optimize the ✓

C

search cone criteria. Ultimately, MICA would o↵er better coverage in the energy range of interest. It
is also worth mentioning that the proposed experiments for proton decay based on large scale liquid Argon detectors
[12, 13] can also be sensitive to boosted DM due to their low thresholds and large volume. As mentioned in footnote 8,
liquid Argon detectors may also have sensitivity to the proton scattering channel as well.

In the following subsections, we discuss event selection, signal/background rates, and expected signal significance in
the above experiments. For signal-only studies of the subdominant channels involving  

B

scattering o↵ protons/nuclei,
see App.C.

A. Event Selection

As discussed in Secs. IVB and IVC, the leading boosted DM signal comes from elastic scattering o↵ electrons
( 

B

e� !  
B

e�) and the leading background is from atmospheric neutrinos (mostly ⌫
e

n ! e�p). In principle,
one could use the full multivariate information about the kinematics of the outgoing electron to separate signal and
background. In order to keep the analysis simple, we will do a cut-and-count study to estimate the sensitivity.

To isolate events coming from the GC, we will use the search cone ✓
C

described in Fig. 5. The dominant background
from CC ⌫

e

scattering of atmospheric neutrinos is assumed to be uniform across the sky, so the background in a search
cone of half-angle ✓

C

scales proportional to ✓2
C

. Of course, one cannot take ✓
C

to be too small, otherwise the signal
acceptance degrades. To optimize for the signal significance in Sec. VD, we will convolve the angular dependence
of halo J-factor and the angular dependence of the  

B

e� !  
B

e� cross section to figure out the optimum ✓
C

.
Anticipating that result, we will find

✓
C

= max{10�, ✓res
e

}, (31)

where 10� applies to the high resolution experiments (Super-K/Hyper-K), and the other experiments are limited by
their angular resolutions.
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Results
• Model independent exclusion from Super-K all-sky data
• Signal sensitivity projections for various experiments

18

14

≠

Optimizing Search Angle

mA=20 GeV, mB=0.2 GeV
mg'=20 MeV, g'=0.5, e=10-3

0 10 20 30 40 50

2

4

6

8

10

12

qC around GC HDegreeL
Si
gn
al

, B
kg
d

FIG. 7: Yearly signal significance in the Sub-GeV category for our benchmark in Eq. (13) as a function of the search cone angle
✓C . The peak around 10� is seen for other parameter choices as well.
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FIG. 8: Signal significance at Super-K, Hyper K, PINGU and MICA on the mA/mB plane, for m�0 = 20 MeV (left) and
m�0 = 50 MeV (right), fixing ✏ = 10�3 and g

0 = 0.5. Shown are the 2� reaches with 10 years of data, taking ✓C = 10� and
adding the significances of the Ee 2 {100 MeV, 1.33 GeV} and Ee 2 {1.33 GeV, 100 GeV} categories in quadrature (only the
latter for PINGU). Also shown is the current 2� exclusion using all-sky data from Super-K, where we assume a 10% uncertainty
on the background. The grey model-dependent limits are the same as in Fig. 6: the solid gray lines are constraints on  B from
CMB heating and the dashed gray lines are from DAMIC. The red star is the benchmark from Eq. (13).

slowly after that. For Super-K/Hyper-K with 3� resolution, we can e↵ectively ignore experimental resolution e↵ects
and take ✓

C

at the optimal value. For PINGU and MICA, we approximate the e↵ect of the experimental resolution
by taking ✓

C

= ✓res
e

; a more sophisticated treatment would be to apply Gaussian smearing to the electrons. This is
the logic behind Eq. (31) above.

In Figs. 8 and 9, we show the 2� sensitively possible with the 10.7 years of Super-K data, using the optimal ✓
C

= 10�

selection criteria, as well as the estimated reach for Hyper K, PINGU, and MICA for the same period of time. We
treat the Sub-GeV and Multi-GeV categories separately and report the overall significance as the quadrature sum
of the significances obtained from the two categories. We also show the current bounds from Super-K that one
can place without the ✓

C

selection (i.e. using the all-sky background), taking �Nbkgd/Nbkgd = 10% to account for
systematic uncertainties in the all-sky background. Here, we are only allowing for the two energy categories, and
further improvements are possible if one adjusts the energy range as a function of m

A

and m
B

.
Taken together, these experiments have substantial reach for boosted DM. The prospects for Super-K to find single-

ring electron events from the GC are particularly promising, given that the data (with angular information) is already
available [77] and one simply needs to change from lab-coordinates to galactic coordinates (as in Refs. [74, 75]).

Model-dependent 
constraints (light grey 
lines  ): 
• Dark photon search 
• Direct detection of DM 

A, B 
• CMB heating/BBN 

from thermal B 
annihilation 

• DM search at colliders 
   …
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Scenario #2: Boosted DM from the Sun

Detecting Boosted Dark Matter 
from the Sun with Large Volume 

Neutrino Detectors
arxiv: 1410.2246, J.Berger, YC and Y.Zhao 
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• Motivation: flux ~ 1/D2, much larger from the Sun

no need for very light mediator,         enough (?)
proton track: primary channel (Energy transfer efficient)

• Challenges: (vs. from the GC)

 ‣ Dominant, annihilating DM 
needs appreciable         to be 
captured in the Sun… 

   Direct detection constraint?

‣  More processes involved:
capture, re-scatter, annihilation, 
detection… 

Overview
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The additional contribution induced by integrating out longitudinal component of Z 0 is again negligible.
To add semi-annihilation processes to this scenario, we assume scalar � is stabilized by Z

3

symmetry. We introduce
another lighter scalar �, which we take to be neutral under Z

3

. A proper choice of U(1)0 charge for � leads to the
following interaction Lagrangian:

L � m2

��
†�+

m2

�

2
�†�+ �

1

(�3�† + �†3�). (16)

It is assumed that semi-annihilation dominates over conventional annihilation and thus determines the DM relic
abundance. � can decay promptly after U(1)0 is broken. Its decay products are model dependent and we do not study
them further.

We proceed to calculate the DM-nucleon cross-section in this model. Again, we note that in semi-annihilation
scenario, it is always a reasonable approximation to use the e↵ective operator to calculate the cross-section for
mediator masses of at least a few GeV. Z 0 couples axially to quarks in this model as well and one can thus apply the
same form factor as eq. (9) to estimate the elastic scattering between DM and nucleon.

The total cross-section can be approximated by

��,N =
m2

N

2⇡M4

v2
 
X

q

�q

!
2

F (Q2) (17)

which is suppressed by DM velocity squared, as we expect. As a benchmark, if we take ��,N to be 10�40 cm2 and
v = 10�3, the suppression scale is estimated to be 30 GeV.

As with the v0 operator as discussed in previous section, one can lower mZ0 at the same time as the coupling
constant while keeping the suppression scale M fixed. For example, if we take mZ0 to be 5 GeV, the coupling constant
should be around 0.2. Taking DM mass as 10 GeV and assuming Z 0 couples universally to all quarks, the monojet
cross section at 8 TeV LHC with 250 GeV jet cut is only around 0.04 pb. Further, a coupling constant as small as
0.2 is also safe from dijet resonance constraints. Thus collider searches are not yet sensitive to this UV model.

As in v0 scenario, one may be worried whether such low suppression scale induces a large cross section for conven-
tional DM annihilation into SM quarks. To estimate the ordinary DM annihilation cross section, we focus on the first
generation of quarks and work in the massless quark limit. The annihilation cross section can be written as

h���!qq̄
ann

vi = g4q2DMq2SM

⇡

2m2

�v
2

(4m2

� �m2

Z0)2 + �2

Z0m2

Z0
(18)

This annihilation cross section is again p-wave suppressed. A generic choice of parameters gives a small annihilation
cross section for this standard DM annihilation channel. Thus the boosted DM flux from the Sun will not be reduced
by the existence this channel. Also this model is safe from indirect detection constraints.

Finally, as in the v0 case, this model can be parameterized by the phenomenological parameters m�, mZ0 , and �
DD

,
with only mild dependence on mZ0 . The full di↵erential cross-section for DM-nucleon interactions in terms of these
parameters is presented in Appendix B and is in future calculations.

B. Two-Component DM models

In a two-component DM model, there are at least two components of stable particles,  A and  B . We assume
throughout that  A is the dominant component of DM. The DD constraints to B can be negligible if B has a
su�ciently suppressed relic abundance. In these models, the solar capture rate is controlled by �A,p, the scattering
cross-section of A with protons in the Sun, while the boosted DM detection rate is controlled by �B,p, the scattering
cross-section of B to knock out protons in the target. As in the the semi-annihilation scenario discussed above, there
could still be subtleties coming from non-trivial velocity dependence. However, since we have already decoupled �A,p

and �B,p, the cross section enhancement when DM is boosted can be partially mimicked by imposing �B,p � �A,p.
Thus in the following discussion we will focus on a benchmark model where both �A,p and �B,p have v0 dependence
at leading order.

We consider two Majorana fermion DM  A, B , where mA > mB .  A is the major DM, while  B is a subdominant
component. This is natural if  B has a larger thermal annihilation cross section. For both  A and  B , we consider
the same type of SD DM-nucleon scattering operator as used in the v0 dependent semi-annihilation model, i.e. eq. (5):

OSD,v0 =
1

M2

�̄�5�µ�q̄�µ�
5q.

Spin-dependent (SD) 
bound much looser!



Models
• Consider 2 classes of models

✦ Semi-annihilating DM:  
         v0 or v2 in NR limit 

✦ Two component DM:

               v0 only 

• All cases: Assume SD interactions only
21
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Processes involved
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Semi-annihilation Models

• Simplest Example: Z3 symmetric DM

• Focus on DM, neglect details of fourth particle     
(assumed to be unstable) 
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naturally within preferred range of 
proton-channel detection (v ~ 0.5 -0.9)



Semi-annihilation Models #1
v0 couplings

• Fermionic DM    and lighter, auxiliary fermion 

• DM-N scattering mediated by Z’ with axial coupling

• Annihilation to SM by Z’ in p-wave: SA dominates
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Semi-annihilation Models #2
v2 couplings

25

• Scalar DM     and auxiliary scalar 

• DM-N scattering mediated by Z’ with axial coupling

• Annihilation to the SM by Z’ in p-wave: SA dominates
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Two Component Models
  Similar concepts as in the GC scenario:
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Two species of DM:                        , 

•     :

•     : subdominant DM component, 

                                  

•   More moving parts (vs. SA models), but more flexibility
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“dark disk” [41]. Boosted DM provides yet another example of how the expected kinematics, phenomenology, and
search strategies for multi-component DM can be very di↵erent from single-component DM.

The outline of the rest of this paper is as follows. In Sec. II, we present the above model in more detail. In Sec. III,
we describe the annihilation processes of both  

A

and  
B

, which sets their thermal relic abundances and the rate
of boosted DM production today, and we discuss the detection mechanisms for boosted DM in Sec. IV. We assess
the discovery prospects at present and future experiments in Sec.V, where we find that Super-K should already be
sensitive to boosted DM by looking for single-ring electron events from the galactic center (GC). We summarize the
relevant constraints on this particular model in Sec. VI, and we conclude in Sec.VII with a discussion of other DM
scenarios with similar phenomenology. More details are relegated to the appendices.

II. TWO COMPONENT DARK MATTER

Consider two species of fermion DM  
A

and  
B

with Dirac masses m
A

> m
B

, which interact via a contact operator4

Lint =
1

⇤2
 
A

 
B

 
B

 
A

. (3)

This operator choice ensures an s-wave annihilation channel [42],  
A

 
A

!  
B

 
B

as in Fig. 1, which is important for
having a sizable production rate of boosted  

B

today. A UV completion for such operator is shown in Fig. 10a in
App.B. Other Lorentz structures are equally plausible (as long as they lead to s-wave annihilation).

As an extreme limit, we assume that Eq. (3) is the sole (tree-level) interaction for  
A

at low energies and that  
A

is the dominant DM component in the universe today. We assume that both  
A

and  
B

are exactly stable because
of separate stabilizing symmetries (e.g. a Z2 ⇥ Z2).

The subdominant species  
B

is charged under a dark U(1)0 gauge group, with charge +1 for definiteness. This
group is spontaneously broken, giving rise to a massive dark photon �0 with the assumed mass hierarchy

m
A

> m
B

> m
�

0 . (4)

We will take the gauge coupling g0 of the dark U(1)0 to be su�ciently large (yet perturbative) such that the process
 
B

 
B

! �0�0 e�ciently depletes  
B

and gives rise to a small thermal relic abundance (see Eq. (12) below).
Via kinetic mixing with the SM photon [43–45] (strictly speaking, the hypercharge gauge boson),

L � � ✏

2
F 0
µ⌫

Fµ⌫ , (5)

�0 acquires ✏-suppressed couplings to SM fields. In this way, we can get a potentially large cross section for  
B

to
scatter o↵ terrestrial SM targets, in particular  

B

e� !  
B

e� from �0 exchange (with large g0 and suitable ✏) as in
Fig. 1. In principle, we would need to account for the possibility of a dark Higgs boson H 0 in the spectrum, but for
simplicity, we assume that such a state is irrelevant to the physics we consider here, perhaps due to a Stuckelberg
mechanism for the U(1)0 [46, 47] or negligible couplings of H 0 to matter fields.

The parameter space of this model is defined by six parameters

{m
A

,m
B

,m
�

0 ,⇤, g0, ✏}. (6)

Throughout this paper, we will adjust ⇤ to yield the desired DM relic abundance of  
A

, assuming that any DM
asymmetry is negligible. Because the process  

B

e� !  
B

e� has homogeneous scaling with g0 and ✏, the dominant
phenomenology depends on just the three mass parameters: m

A

, m
B

, and m
�

0 . To achieve a su�ciently large flux of
boosted  

B

particles, we need a large number density of  
A

particles in the galactic halo. For this reason, we will
focus on somewhat low mass thermal DM, with typical scales:

m
A

' O(10 GeV), m
B

' O(100 MeV), m
�

0 ' O(10 MeV). (7)
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Via a Fierz rearrangement, we can rewrite this operator as
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Boosted DM production today
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: appreciable coupling to the SM now!
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Two Component Details

• Fermionic Majorana DM      and        

• DM-N scattering mediated by Z’ with axial coupling

• Annihilation of      dominantly into 
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Parametrizing the Models

NR scattering cross-section: Exchange suppression 
(mediator) scale & couplings  

— Relate to capture, re-scattering, detection 

• SA model parameterized by: mχ, σDD, (mZ’)

• Two-component model by: mA, mB/mA, σA, σB/σA, 
(mZ’/mA)

28

�DD = �v!10�3

�,p (m�,M
2)



Flux of Boosted DM from the Sun
（in 3 Steps)

29

• Capture: NR elastic scattering to below escape v

• Annihilation: Yields boosted DM with rate determined by 
equilibrium condition

• (Evaporation: Negligible, as we will see)

• Re-scattering: Semi-relativistic scattering loss



DM Annihilation

30

DM annihilation determined by equilibrium

• Assuming annihilation (      )  ~ pb, t⊙ ≫ τeq

• DM evaporation (   ): Elastic up-scattering by tail of 
hydrogen velocity distribution, negligible for mχ > 5 GeV
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DM Re-scattering
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• DM can lose energy escaping from the Sun

    mean free path: 

• Calculate detection rate using the mean energy at 
the exit of the Sun,〈Eχ〉

` =
1

��,pnH



Towards Signal Rates
• Putting things together

 Flux of boosted DM from the Sun:

• Signal rate at detectors:

               : effective detection cross-section
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Detection Strategies
• Primary channel: proton track  (e-: very light mediator)

• Ideal candidate for now: Super-Kamiokande
Future candidates: Hyper-K, LAr-TPC(LBNE) (ionization) 

✦ Proton Cherenkov momentum p > 1.07 GeV

As mχ → ∞, v > 0.45 required

✦ Single ring elastic scattering      p ≲ 2 GeV

For v > 0.63, lose some signal

33

3

FIG. 1: Event displays of a Monte-Carlo NC elastic event, with proton momentum of 1490 MeV/c (left), and a Monte-Carlo
300 MeV/c muon. The proton stopped early, causing a thin ring pattern on the wall. The muon ring is thicker than most
proton rings with similar opening angles.

a ⇡0 or a charged secondary during a hadronic interac-
tion in the water increases with momentum, reaching
⇠ 50% at around 2 GeV/c based on our Monte-Carlo
studies. In particular, if a ⇡0 is produced, at least
one bright electron-like ring (from neutral pion decay
gamma showers) will be seen in Super-Kamiokande,
greatly reducing the chances of identifying the proton
and accurately reconstructing the event. The fraction of
protons that do not produce any visible secondary parti-
cles goes from ⇠ 90% at 1.2 GeV/c to ⇠ 40% at 2 GeV/c.
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FIG. 2: Probability of hadronic interactions in the water as
a function of proton momentum. The clear region shows the
fraction of protons that do not interact hadronically in the
water. The cross-hatched region shows events whose inter-
actions produce only sub-threshold secondaries. The region
with a vertical hatch pattern corresponds to production of
above-threshold charged secondaries, with no ⇡0. The hori-
zontally hatched region shows the amount of ⇡0 production.

B. Expected light pattern engine and fitter

Particle identification is a hypothesis test, and is dealt
with by calculating a ratio of maximum likelihoods. This
is attempted after a previous fitter has already computed
a vertex position, Cherenkov opening angle and candi-
date ring direction. A light pattern engine generates the
average Cherenkov pattern corresponding to the given
vertex and track configuration inside the tank. Depend-
ing on the hypothesis being tested, several parameters
of the Cherenkov cone are then adjusted to maximize a
pattern likelihood built from the observed and expected
charges on individual phototubes. This procedure is car-
ried out twice, using the two di↵erent particle types that
are being studied to generate the light patterns. In this
analysis, a special particle identification algorithm that
takes into account proton-like features was developed.
During the first stage, we assume the ring was created
by a proton, and during the second stage it is assumed
to be a muon. We will now briefly describe the light pat-
tern engine as well as the fit performed during the proton
hypothesis test.

1. Calculation of expected charge patterns

Expected light patterns are produced using a program
described in [4]. For proton identification we have ex-
tended the program’s capabilities. Using a GEANT4
[5] Monte-Carlo simulator, we obtained tables of the
Cherenkov photon density

d3N

dr dp d cos ✓
,

where r is the distance from the vertex, p is the particle
momentum and ✓ is the angle with respect to the particle
track (cone axis). This table was built in “pure” water,
i.e. all scattering and absorption e↵ects were turned o↵;
moreover, proton hadronic interactions and �-ray produc-
tion were turned o↵, but energy loss by ionization was

3

FIG. 1: Event displays of a Monte-Carlo NC elastic event, with proton momentum of 1490 MeV/c (left), and a Monte-Carlo
300 MeV/c muon. The proton stopped early, causing a thin ring pattern on the wall. The muon ring is thicker than most
proton rings with similar opening angles.

a ⇡0 or a charged secondary during a hadronic interac-
tion in the water increases with momentum, reaching
⇠ 50% at around 2 GeV/c based on our Monte-Carlo
studies. In particular, if a ⇡0 is produced, at least
one bright electron-like ring (from neutral pion decay
gamma showers) will be seen in Super-Kamiokande,
greatly reducing the chances of identifying the proton
and accurately reconstructing the event. The fraction of
protons that do not produce any visible secondary parti-
cles goes from ⇠ 90% at 1.2 GeV/c to ⇠ 40% at 2 GeV/c.
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FIG. 2: Probability of hadronic interactions in the water as
a function of proton momentum. The clear region shows the
fraction of protons that do not interact hadronically in the
water. The cross-hatched region shows events whose inter-
actions produce only sub-threshold secondaries. The region
with a vertical hatch pattern corresponds to production of
above-threshold charged secondaries, with no ⇡0. The hori-
zontally hatched region shows the amount of ⇡0 production.

B. Expected light pattern engine and fitter

Particle identification is a hypothesis test, and is dealt
with by calculating a ratio of maximum likelihoods. This
is attempted after a previous fitter has already computed
a vertex position, Cherenkov opening angle and candi-
date ring direction. A light pattern engine generates the
average Cherenkov pattern corresponding to the given
vertex and track configuration inside the tank. Depend-
ing on the hypothesis being tested, several parameters
of the Cherenkov cone are then adjusted to maximize a
pattern likelihood built from the observed and expected
charges on individual phototubes. This procedure is car-
ried out twice, using the two di↵erent particle types that
are being studied to generate the light patterns. In this
analysis, a special particle identification algorithm that
takes into account proton-like features was developed.
During the first stage, we assume the ring was created
by a proton, and during the second stage it is assumed
to be a muon. We will now briefly describe the light pat-
tern engine as well as the fit performed during the proton
hypothesis test.

1. Calculation of expected charge patterns

Expected light patterns are produced using a program
described in [4]. For proton identification we have ex-
tended the program’s capabilities. Using a GEANT4
[5] Monte-Carlo simulator, we obtained tables of the
Cherenkov photon density

d3N

dr dp d cos ✓
,

where r is the distance from the vertex, p is the particle
momentum and ✓ is the angle with respect to the particle
track (cone axis). This table was built in “pure” water,
i.e. all scattering and absorption e↵ects were turned o↵;
moreover, proton hadronic interactions and �-ray produc-
tion were turned o↵, but energy loss by ionization was

proton event at 
Super-K

muon event at 
Super-K
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• Directional information:

‣ Signal: protons recoil within θ ~ 40º of the sun

‣ Background: nearly isotropic 

• Signal: No correlated charged-current signal

‣ Muon veto
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Results: Two Component DM
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Conclusions/Outlook
• New realization of WIMP DM paradigm:

✦ Naturally evade existing tight constraints
✦ Preserve thermal relic abundance “ WIMP miracle’’
Non-minimal DM sector      new pheno/search strategies 

• Boosted DM: generically motivated, novel signals; large V 
neutrino detectors re-purposed 

• Other possibilities to explore: 
• Boosted DM at future ionization-based neutrino detectors
• Effects of subdominant self-interacting DM on halo structure 

(partially-interacting DM…)

• WIMP DM annihilate to dark radiation: cosmological signals 
at CMB (Chacko, YC, Hong, Okui, to appear soon)
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