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The Challenges with the
 WIMP DM Paradigm

    WIMP Miracle!
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The Challenges with the
 WIMP DM Paradigm

• But no convincing signal yet: 
many years, many experiments…     WIMP Miracle!
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The Challenges with the
 WIMP DM Paradigm

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

• Expand the theoretical vision: beyond a single WIMP
light DM, axion, sterile 𝝂, non-minimal thermal dark sector     
…
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The Challenges with the
 WIMP DM Paradigm

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

• Expand the theoretical vision: beyond a single WIMP
light DM, axion, sterile 𝝂, non-minimal thermal dark sector     
…
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Simple Variations of WIMP Miracle
• Decouple DM thermal relic abundance 
from coupling to the SM
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Simple Variations of WIMP Miracle
• Decouple DM thermal relic abundance 
from coupling to the SM

WIMP DM

WIMP DM 

X (metastable 
dark mediator)

X

SM

SM

e.g. Secluded Dark Matter
(Pospelov, Ritz, Voloshin 2007)

Safely evades direct detection, subject to indirect detection
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A New Realization of WIMP DM Miracle 
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• All conventional searches 
absent/suppressed
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• All conventional searches 
absent/suppressedNot just “WIMP”, applies to thermal freeze- 

out of DM with general masses!
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‣ mX≿eV: ΩX>1 ☞ deplete X via annihilation→SM

‣mX≾eV: ΩX ✓ ☞ relativistic, dark radiation in the CMB
X-SM interaction not necessary (YC w/Chacko, Hong, Okui)

Novel signal: Boosted DM (X)! (Vs. “slow” DM)
at neutrino experiments (YC w/Agashe, Necib,Thaler; YC w/Berger, Zhao)

Not just “WIMP”, applies to thermal freeze- 
out of DM with general masses!
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‣ mX≿eV: ΩX>1 ☞ deplete X via annihilation→SM

‣mX≾eV: ΩX ✓ ☞ relativistic, dark radiation in the CMB
X-SM interaction not necessary (YC w/Chacko, Hong, Okui)

Novel signal: Boosted DM (X)! (Vs. “slow” DM)
at neutrino experiments (YC w/Agashe, Necib,Thaler; YC w/Berger, Zhao)

 Dark matter lives in a non-minimal hidden sector! 
(a thermal bath of DM, X, +…) 

Not just “WIMP”, applies to thermal freeze- 
out of DM with general masses!



A Hidden Dark Sector?
Rising interest, covers a great variety of DM models: 
atomic DM, multi-component DM, dynamical DM, SIDM, twin Higgs DM, DDDM…

What can possibly live in the mysterious 〜～25% of our universe?
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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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having a sizable production rate of boosted  
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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).
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of separate stabilizing symmetries (e.g. a Z2 ⇥ Z2).
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group is spontaneously broken, giving rise to a massive dark photon �0 with the assumed mass hierarchy
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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.
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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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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. 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 .

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  

i

 
j

!  
k

 
`

[4, 14, 15], semi-annihilation  
i

 
j

!  
k

� (where � is a non-DM state) [14, 16–19],
3 ! 2 self-annihilation [20–22], or decay transition  

i

!  
j

+ �.
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

 
A

!  
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].

3

“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
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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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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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mechanism for the U(1)0 [46, 47] or negligible couplings of H 0 to matter fields.
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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)

4

Via a Fierz rearrangement, we can rewrite this operator as

� 1

4⇤

2

⇣
 A A B B +  A�

µ A B�µ B +

1

2

 A⌃

µ⌫ A B⌃µ⌫ B +  A�
5 A B�

5 B �  A�
µ�5 A B�µ�

5 B

⌘
,

where ⌃

µ⌫
=

i
2

[�µ, �⌫ ].

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↵

T f.o.

DS

' T f.o.

SM

AN2

= C g0 ' O(0.1), ✏ ' O(10

�3

)

2

•   Key Processes

7

DM A
SM (e-, p) SM (e-, p)

+
• Deplete ΩB 
• B-SM scattering
   - detectability! 

DM BDM B



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)

•  Mono-energetic (EB=mA), 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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ĝ⇤
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Search Strategy for Boosted DM
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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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model in more detail. In Sec. 3, we describe the annihilation processes of both  
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and  
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,
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
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3For variations such as annihilating to dark radiation or to dark states that decay back to the SM, see for
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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
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3For variations such as annihilating to dark radiation or to dark states that decay back to the SM, see for
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instance Refs. [30–35].
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B

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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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 
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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.

mg'=20 MeV, g'=0.5, e=10-3

¯

Super-K Limit

Super-K

PINGU

Hyper-K

MICA

10-2 10-1 100 101 102
10-1

100

101

102

103

mB HGeVL

m
A
HGe

V
L

Super-K Limit and Future Prospects

(a)

mg'=50 MeV, g'=0.5, e=10-3

Super-K Limit

Super-K

PINGU

Hyper-K

MICA

10-2 10-1 100 101 102
10-1

100

101

102

103

mB HGeVL

m
A
HGe

V
L

Super-K Limit and Future Prospects

(b)

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]).
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‣Boosted DM: New scientific goal for neutrino experiments
      - direct detection of DM sector! 
‣Substantial interest from neutrino physicists, collaborations  

(Super-K/Hyper-K, Microboone/DUNE )
10
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A New Realization of WIMP DM Miracle
- Episode #2 
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WIMP DM

WIMP DM 

X (stable)

X
‣ mX≾eV: ΩX ✓, do not need further depletion/interaction w/SM! 

X

X 

SM

SM

Case-2 : 
(nearly) Massless X

Nightmare for discovery?
(gravity…)

☞ X is relativistic, dark radiation in the 
Cosmic Microwave Background (CMB) !

(YC w/Chacko,Hong, Okui; Adshead, Shelton; Brust, Sigurdson)
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Dark Radiation in the CMB
CMB: photon decouples from 
baryon-𝛾 fluid at T~ eV 
(2.7255 K)  

Beyond the SM particle w/m≲TCMB~eV (DR):
•  Relativistic at CMB, 𝝆rad↑, HCMB↑
•  Affect CMB spectrum by increasing 

effective neutrino number, ΔNeff  
(Neff =3.046 in SM) 

    e.g. suppress high ℓ𝓁 peak amplitude
12

Cosmic fossil: cosmic sound waves! 

Until~3.8×105 yrs after big bang:
photon-baryon fluid,
acoustic oscillation

CMB sky map CMB anisotropy spectrum
Fourier transform



Dark Radiation in the CMB 

•  Does dark radiation interact at the CMB time?   
‣ Free-streaming DR: Lmean-free > H -1 , e.g. SM neutrinos

— Implicitly assumed in official expt. analysis (e.g. Planck)

‣ Scattering (fluid-like) DR: Lmean-free < H -1, generic in a dark sector 
— Not included!  But…

‣          : Number of degrees of freedom in DR
‣         : when dark sector and SM kinetically decouple 
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✦  Universal phase shift of high ℓ𝓁 peaks (SM 𝛎: Bashinsky, Seljak 2003)

5

density in free streaming radiation expressed as a fraction
of the total energy density in radiation.
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In the limit that ⇢freeDR and ⇢scattDR are small compared to
⇢all rad, the total energy density in radiation, the devia-
tion from the standard cosmology is given by
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Now, the solution of the coupled system of equations
for matter, radiation and gravity reveals that the pres-
ence of a free streaming component in radiation is as-
sociated with a change in the amplitudes of the CMB
modes at large `. The magnitude of this e↵ect was first
determined numerically in [35]. Subsequently, analytic
expressions were obtained in [36, 37]. The result is given
by,

�C`

C`
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15
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Then, using Eq. (8), we can obtain an expression for
the fractional change in C` with respect to the standard
cosmology,
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We see that the result is independent of `, and that the
sign of this e↵ect depends on whether the DR is scatter-
ing or free streaming.

In addition to the corrections to the amplitude, there
is a shift in the angular locations of the high ` CMB
peaks by an equal amount [37]. This signal is particularly
important because, in contrast to other e↵ects of DR such
as Silk damping, it is di�cult to mimic by altering other
parameters such as the helium fraction. The magnitude
of this shift is again proportional to the free streaming
fraction f⌫ ,
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Here `A ⇡ 300 represents the average angular spacing be-
tween the CMB peaks at large `. Again, in the limit that
DR contributes only a small fraction of the total energy
in radiation, �Ne↵ . 1, Eq. (8) leads to an expression for

the change in �` with respect to the standard cosmology,
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Once again we see that the sign of the e↵ect depends on
whether the DR is scattering or free streaming.
We can obtain a very rough estimate of the sensitiv-

ity of upcoming CMB experiments to the e↵ects of �`
by considering how well Ne↵ can be determined when the
helium fraction YHe is allowed to float freely. In this limit,
the e↵ects of �Ne↵ on Silk damping can be compensated
for by changes in YHe. Under these circumstances, the
shifts in the locations of the CMB peaks play an im-
portant role in the determination of Ne↵ , and we can
interpret the results as a rough guide to the sensitivity of
these experiments to �Ne↵ arising from its e↵ect on �`,
and not its e↵ect on Silk damping. The projected sen-
sitivity of CMBPol to Ne↵ when YHe is allowed to float
is �Ne↵ = 0.09 [37]. We therefore expect that provided
�Ne↵ & 0.10, upcoming experiments will have some sen-
sitivity to whether DR is free streaming or scattering,
allowing the possibility of distinguishing between these
two scenarios.

C. Distinguishing between Free and Scattering DR
via Tensor Metric Perturbations

The presence of a free streaming component of radia-
tion also a↵ects the tensor component of the CMB spec-
trum. Detailed studies of the e↵ects of the SM neutri-
nos on the tensor modes (the B- and E-modes) of the
CMB were performed in [38, 39], which found an O(10)%
damping of the correlation functions of the tensor modes
at long wavelengths, rising to an O(35)% damping at
short wavelengths. Analytic results for the damping were
subsequently obtained in [53, 54]. The corrections to the
spectrum that arise from the presence of a free streaming
DR component were considered in [55].

We now show that the results of [38] can be generalized
in a very simple way to arbitrary Ne↵, provided �Ne↵ .
1. The crucial observation is that, in the analysis of [38],
the e↵ects of the SM neutrinos arise entirely from their
contribution to f̄⌫ , the free-streaming fraction of the total
energy density,

f̄⌫ ⌘ ⇢all free rad

⇢total
=

3⇢1⌫ + ⇢freeDR
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. (13)

Therefore, by understanding how the result depends on
f̄⌫ , we can immediately determine how the correlation
functions of the tensor modes depend on �N free

e↵ and
�N scatt

e↵ . During the radiation dominated era, to a very
good approximation, f̄⌫ = f⌫ . However, as matter-
radiation equality approaches, the contribution of matter
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ĝ⇤kd
g⇤kd

◆4/3

(15)

g⇤ = 3.36 ˆA ˆZ

g⇤ = 3.36, g⇤kd  106.75 ĝ⇤ � 1 ĝ⇤kd � 1 + 1 ĝ⇤kd � 1
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Here ⌧ represents conformal time, while a is the cosmo-
logical scale factor.  and � represent the scalar metric
perturbations. In the absence of any free streaming par-
ticle species, we have  = �. When, however, a free
streaming species is present, the energy momentum ten-
sor becomes anisotropic. This leads to a di↵erence be-
tween  and � that is proportional to f⌫ , the total energy
density in free streaming radiation expressed as a fraction
of the total energy density in radiation.
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Now, the solution of the coupled system of equations
for matter, radiation and gravity reveals that the pres-
ence of a free streaming component in radiation is as-
sociated with a change in the amplitudes of the CMB
modes at large `. The magnitude of this e↵ect was first
determined numerically in [41]. Subsequently, analytic
expressions were obtained in [42, 43]. The result is given
by,
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We see that the result is independent of `, and that the
sign of this e↵ect depends on whether the DR is scatter-
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In addition to the corrections to the amplitude, there
is a shift in the angular locations of the high ` CMB
peaks by an equal amount [43]. This signal is particularly
important because, in contrast to other e↵ects of DR such
as Silk damping, it is di�cult to mimic by altering other
parameters such as the helium fraction. The magnitude
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ĝ⇤kd

TSM = THS ⇢DR / g⇤DRT 4
DR

�Ne↵ � 0.027 ĝ⇤kd � 1
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2 Physical Origin of the Phase Shift

The structure of the acoustic peaks in the CMB is largely determined by the propagation of

fluctuations in the photon-baryon plasma. The physics is that of a harmonic oscillator with a

time-dependent gravitational forcing,

d̈� � c2� r2d� = r2�
+

, (2.1)

where c2� ⇡ 1

3

. A non-trivial evolution of �
+

is sourced either by anisotropic stress � or by pressure

perturbations �P (see Fig. 2). Under certain conditions, which we will identify, this induces a

contribution to d� which is out of phase with its freely oscillating part. In this section, we will give

an analytic description of these e↵ects, building on the pioneering work of Bashinsky&Seljak [14].
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Figure 2. Illustration of the coupled perturbations in the primordial plasma.

2.1 Preliminaries

We begin by collecting a few standard results from cosmological perturbation theory (see e.g. [14,

38, 39] for further details). This mainly serves to fix our notation and to introduce the main

equations used in this paper.

The CMB couples gravitationally to perturbations in the matter fluctuations. We define the

stress-energy tensor for each species a as

T 0

0,a = �(⇢̄a + �⇢a) , T 0

i,a = (⇢̄a + P̄a)vi,a , T i
j,a = (P̄a + �Pa)�

i
j + (⇢̄a + P̄a)⌃

i
j,a . (2.2)

The scalar part of the velocity can be written as vi,a = �riua, where ua is the velocity potential.
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where the factor of 3
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was introduced for future convenience. Conservation of the stress-energy

tensor for each decoupled species implies

�̇a = r2ua + 3 ̇ , (2.3)

u̇a = c2a�a � �aua +r2�a + � , (2.4)
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A Theoretical Benchmark for 
Dark Radiation Search with CMB

• If a dark sector is ever in thermal equilibrium with SM
 ⇒A lower limit on ΔNeff ! (insensitive to dark sector details!)

(YC w/Adshead, Shelton, 2016)
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ĝ⇤kd

5

SM:
HS:

⌦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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�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

�Ne↵ = ⇢DR/⇢1⌫, ⇢DR / g⇤DRT 3
DR

ˆ ˆ

¯ f⌫ �� < Hfo

�Ne↵ = ⇢DR : ⇢1⌫, ⇢DR / g⇤DRT
4
DR (17)

g⇤kd
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ĝ⇤kd

TSM = THS ⇢DR / g⇤DRT 4
DR

�Ne↵ � 0.027 ĝ⇤kd � 1
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A Theoretical Benchmark for 
Dark Radiation Search with CMB

• If a dark sector is ever in thermal equilibrium with SM
 ⇒A lower limit on ΔNeff ! (insensitive to dark sector details!)

(YC w/Adshead, Shelton, 2016)

•  (preliminary) Forecast for future CMB-S4?
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�N
e↵

� 0.067 �N
e↵

� 0.027
�(N

e↵

) ⇡ 0.015� 0.03

5

⌦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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A Theoretical Benchmark for 
Dark Radiation Search with CMB

• If a dark sector is ever in thermal equilibrium with SM
 ⇒A lower limit on ΔNeff ! (insensitive to dark sector details!)

(YC w/Adshead, Shelton, 2016)

•  (preliminary) Forecast for future CMB-S4?
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‣ Likely able to discover or exclude any hidden dark sector  
once in equilibrium with SM! 
‣ Timely theoretical motivation/benchmark for setting 

performance goal of CMB-S4
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ĝ⇤ ˆT 4

7
4T

4
⌫

= 2.2ĝ⇤
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ĝ⇤
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ĝ⇤
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ĝ⇤kd

TSM = THS ⇢DR / g⇤DRT 4
DR

�Ne↵ � 0.027 ĝ⇤kd � 1
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• A universal guideline:
Last carrier of the dark sector entropy, e.g. the X, 
analogous to SM 𝛾, 𝜈!  (generalized concept of dark radiation)

T

DM+X…

X

entropy (heat up X)

CMB ΔNeff 

freezeout
(decay)

SM

freezeout
(decay)

relic dark radiation

17
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• A universal guideline:
Last carrier of the dark sector entropy, e.g. the X, 
analogous to SM 𝛾, 𝜈!  (generalized concept of dark radiation)

T

DM+X…

X

entropy (heat up X)

CMB ΔNeff 

freezeout
(decay)

SM

freezeout
(decay)

relic dark radiation

‣ X : subdominant abundance, ΩX < ΩDM

          yet plays an important cosmological role!
‣ X: may be the smoking-gun for the whole dark sector! 

     New observational directions!
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Conclusion/Outlook
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•  Thermal Dark Sectors: motivated scenario
‣  Systematic studies feasible, despite complexity
‣  New directions for DM searches: neutrino 
experiments, CMB, (structure formation)…

•  Further directions:

‣  General studies on non-gravitational signatures of 
dark radiation (e.g. with DM direct detection, work in prep)

‣  Effects of DM-DR interaction on CMB, LSS: 
-  Partially Acoustic Dark Matter (PAcDM) (YC with Chacko, 

Hong, Okui and Tsai, arxiv: 1609.03569, JHEP):  H0, 𝜎8

-  Non-thermal injection of DR from DM annihilation (work in 
progress)



Backup Slides

19



Nightmare scenario (?):
 What if DM/DS does not couple to SM?
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No, everything couples to gravity!
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Puzzles from Large Scale Structure

Poulin et. al. 1606.02073 

+⇤CDM Comparing to ΛCDM model, 
we want to obtain a

•   Smaller density perturbation
•  Larger Hubble expansion rate

at the late time universe
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