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      What is Dark Matter ?
• Dark Matter: 85% of cosmic matter abundance!

                      Cold, non-relativistic              
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Big mystery! Demand new particle physics 
beyond the Standard Model !



A New Opportunity of 
Probing Dark Matter with 

Neutrino Experiments
• It is NOT the familiar indirect detection
WIMP DM

WIMP DM
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Galactic center, Sun Neutrino detector on earth

• It IS: direct detection of a (small) relativistic 
component of dark matter 
— Boosted Dark Matter! (NEW)
 May be the smoking gun signal for DM!
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Motivations of Boosted Dark Matter:
e.g. Hidden dark matter sector with multiple components
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WIMP DM miracle: merits and challenges

• But no convincing signal yet: 
many years, many experiments…
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WIMP DM miracle: merits and challenges

• But no convincing signal yet: 
many years, many experiments…

Not looking at the right signal channel(s)?
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         A New Realization of WIMP Miracle

Motivations of Boosted Dark Matter:
e.g. Extended dark matter sector with multiple components

WIMP DM

WIMP DM 

X (stable)

X

• Determines ΩDM!
• Conventional signals 

absent/suppressed
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☞ deplete X via annihilation→SM

X

X 
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SM

•  Novel signal: Boosted DM (X) (Vs. “slow” DM) !
JCAP 1410 (2014) 062, YC w/Agashe, Necib, Thaler; 
JCAP 1502 (2015) , YC w/Berger, Zhao
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WIMP DM
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How to Search for Boosted DM?

•  Boosted incoming B
 ⇒ Relativistic outgoing e-, p

(boosted) DM Bboosted DM B

SM (e-, p) relativistic SM (e-, p)
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�Ne↵ � 0.067 �Ne↵ � 0.027
�(Ne↵) ⇡ 0.015� 0.03 ⇢DR / g⇤DRT 4

DR

H / p
⇢tot ⇠

q
g⇤SMT 4

SM + g⇤DRT 4
DR (16)

g⇤SM = g⇤DR ��!HS < ��!SM / n2
DM�A

5

6



How to Search for Boosted DM?

•  Boosted incoming B
 ⇒ Relativistic outgoing e-, p

(boosted) DM Bboosted DM B

SM (e-, p) relativistic SM (e-, p)

What experiments?   

Large volume detector + sensitive to energetic e-, p
   (Conventional DM direct detection       )

•  Small flux

⌦B = ✏CP
Mp

MWIMP
⌦

⌧!1
WIMP

c⌧�1
� < H(TEW) ⇠ 10

�13
GeV

�N e↵
⌫

✓ = � a

fa
(14)

�N e↵
⌫ = ⇢DR/⇢1⌫, ⇢DR ⇠ gT 3

DR

THS
RH = T SM

RH THS
RH < T SM

RH � mA > mB, ⌦B < ⌦A ⇡ ⌦DM L � THS 6= TSM

�Ne↵ < 0.564 (2�)

�Ne↵ =
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Experiments for neutrinos or proton decay!
•  Cherenkov-radiation: SuperK/HyperK, IceCube/PINGU… 
•  Liquid scintillator: Borexino, JUNO… 

•  Liquid Argon: DUNE/LBNF!



Search Strategies for Boosted DM
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-A combination of conventional DM indirect & direct detections
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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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Signals for Boosted DM
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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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> �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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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)
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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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Eethresh Eemax

Recoil Electron Spectrum
mA=20 GeV
mB=0.2 GeV
mg'=20 MeV
g'=0.5, e=10-3
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Æ
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33
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G
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N

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
e

� Emin
e

. From Eqs. (23) and (24), we can also express the viable
kinematic region in terms of boost factors �

e

and �
B

(taking m
A

� m
B

� m
e

):

�min
e

=
Ethresh

e

m
e

, �max
e

= 2�2
B

� 1, �
B

=
E

B

m
B

=
m

A

m
B

. (25)

The di↵erential cross section for  
B

elastic scattering o↵ electrons is:

d�
Be

�!Be

�

dt
=

1

8⇡

(✏eg0)2

(t�m2
�

0)2
8E2

B

m2
e

+ t(t+ 2s)

�(s,m2
e

,m2
B

)
, (26)

where �(x, y, z) = x2 + y2 + z2 � 2xy � 2xz � 2yz, s = m2
B

+m2
e

+ 2E
B

m
e

, t = q2 = 2m
e

(m
e

� E
e

), and one should
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

�
Be

�!Be

� = 1.2⇥ 10�33 cm2
⇣ ✏

10�3

⌘2
✓

g0

0.5

◆2 ✓20 MeV

m
�

0

◆2

, (27)

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
B

, 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.

•  Single e- and/or single proton track (model dependence)

May only interact w/baryons!
 Motivated, studied!

inelastic channel: 
lack directionality…

•  Signal spectrum 
may peak at low E
(            )

low E threshold 
desirable
(both e- and p)!

�WIMP / G2
Fermi (18)

�ann ⇠ neq
� h�annvi < H (19)

THS
RH 6= T SM

RH �X = mWIMP/mX mY < mDM �X = mDM/2mX m�0 ⌧ EB

6



How to Distinguish Boosted DM 
from Neutrinos?
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•  Directionality:
 Boosted DM: from DM concentrated region, 
 e.g. GC, Sun…
Vs. (atmospheric) neutrino: isotropic

•  Interaction:
 Boosted DM interaction: neutral current-like only, 
 Vs. Neutrino: neutral current + charged current
νe e−

W+

n p

νµ µ−

n p

νe,µ νe,µ

e−, p e−, p

W+

Z

νe e−

W+

n p

νµ µ−

n p

νe,µ νe,µ

e−, p e−, p

W+

Z

No correlated muon,
muon veto



Outlook
- Great Opportunity at DUNE
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•  Large volume detector

•  Good angular resolution (directionality)

•  Low energy threshold: Ek~O(MeV) for both e- and p ?
‣  Spectrum peaks at low E: light 𝛾’
‣  Low mass dark matter (sub-GeV)

(work in progress: YC w/Pappadopulo, Ruderman, YC w/Pospelov, Pradler)

‣  Benefit Supernova-, solar- neutrino studies as well!

Desirable Factors

(Super-K, IceCube: limited by Cherenkov threshold; 
 Borexino, JUNO: sensitive to E~MeV;  DUNE?)
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We look forward to interactions 
with neutrino physicists at DUNE!

(Already substantial interests from 
experimentalists at Super-K, Microboone)

Thank you!
My email: ycui@perimeterinstitute.ca

mailto:ycui@perimeterinstitute.ca
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Backup slides



Motivation of Boosted Dark Matter
2. Other motivations
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‣Z3  semi-annihilating 
dark matter:

‣ Decaying dark matter: 

DM 

DM 

DM 

    Y

‣  Self-annihilating 
 dark matter:

�WIMP / G2
Fermi (18)

�ann ⇠ neq
� h�annvi < H (19)

THS
RH 6= T SM

RH �X = mWIMP/mX mY < mDM

6

DM 

DM 

DM 

DM 

DM 

DM 
X

X

�WIMP / G2
Fermi (18)

�ann ⇠ neq
� h�annvi < H (19)

THS
RH 6= T SM

RH �X = mWIMP/mX mY < mDM �X = mDM/2mX

6



Motivation of Boosted Dark Matter
2. Other motivations

13

‣Z3  semi-annihilating 
dark matter:

‣ Decaying dark matter: 

DM 

DM 

DM 

    Y

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

‣  Self-annihilating 
 dark matter:

�WIMP / G2
Fermi (18)

�ann ⇠ neq
� h�annvi < H (19)

THS
RH 6= T SM

RH �X = mWIMP/mX mY < mDM

6

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

DM 

DM 

DM 

DM 

DM 

DM 
X

X

�WIMP / G2
Fermi (18)

�ann ⇠ neq
� h�annvi < H (19)

THS
RH 6= T SM

RH �X = mWIMP/mX mY < mDM �X = mDM/2mX

6


