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WIMPs: Confluence of Motivations
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Simple, familiar Particle Content: 

New Standard-Model-like matter 
at Standard-Model-like scales 

in particular, weak-scale 
matter with weak interactions


particularly motivated by 
hierarchy problem

Dark matter was once in 
thermal equilibrium with 
familiar matter


Measured abundance ⇒ 
annihilation cross-section  


A simple, predictive explanation 
for origin of dark matter: 
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Constraints on WIMPs and TeV-scale physics 
more generally motivate a modest 
generalization of this picture
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Simple, familiar particle content: 

New Standard-Model-like matter 
and forces 

at Standard-Model-like scales 

many solutions to hierarchy 
problem involve such new 
sectors – may be at different 
mass scale


Familiar matter must be 
neutral under these forces 
– so how would we test it?


Residual interactions  from 
quantum corrections:


Weak enough to be missed 
experimentally so far


A0γ 

X A0γ 

ge↵ ⇠ (10�6 � 10�2)e

Dark Sectors
 Confluence of Motivations
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Simple, familiar particle content: 
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Very weak coupling


⟷ 

Lower (MeV–GeV) mass

A0γ 

ge↵ ⇠ (10�6 � 10�2)e

Weak enough to be missed 
experimentally so far


A simple & motivated extension of WIMP 
paradigm
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Light Thermal Dark Matter
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Thermal Relic Targets

x (velocity-factors) 
 
precise coupling  
	 depends on  
	   DM spin

(10–2 –10–3) x ϵ1–2 loop2

Consistent with expectation for 
perturbative kin. mixing 

⇒
 

Lighter DM ⟷ Weaker coupling

Asymmetric and SIMP/
ELDER DM within a few 
decades of this target



Thermal Relic Targets
Canonical assumptions about the interactions and 
thermal origin of sub-GeV DM imply sharp 
parameter-space  
milestones! 

They are allowed by  
current data! 
And they can be tested  
by upcoming experiments! 

This is strong  
motivation for new  
experiments…but it’s  
just the tip of the iceberg 6
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Let’s think about experiments like  
LDMX & BDX in broader contexts 

Embracing the paradigm shift 

Look for weakly coupled  
 “portals” irrespective of  
direct connection to dark  
matter 

Shaking up thermal origin story 
New signals from non-minimal structure within the dark 
sector (CF Asher’s talk)

Beyond the Thermal Targets
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Significance of the Thermal 
Targets
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Thermal Relic Targets

“High value milestones” 

vs.

“The dark sector could be anything” 



Outline

Beyond Thermal Dark Matter 
New forces and millicharges at LDMX 
Non-minimal DM signals at BDX 

Light Thermal Dark Matter 
Why do thermal targets stand out? 
How do we get there?  
What are we still missing? 
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Case Study: LDMX

10

designed to precisely measure ehard ➝ esoft + nothing 

p.36

LDMX detector concept – Phase I

ECal
HCal

Magnet

Recoil trackerTagging tracker

target

e- beam

beam-energy track low-energy track

low-energy  
shower+ 
nothing

nothing

the following are ROUGH estimates of LDMX “Phase II” 
sensitivity to a variety of different models



In addition to light DM, explore new parameter space for 
light mediator decays to 
 νν (e.g. gauged B-L)

Applications of Missing 
Momentum
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Figure 4. Constraints on visible A0 decays considered in this study from (red) electron beam
dumps, (cyan) proton beam dumps, (green) e+e� colliders, (blue) pp collisions, (magenta) meson
decays, and (yellow) electron on fixed target experiments. The constraint derived from (g � 2)e is
shown in grey [84, 85].

2−10 1−10 1 10

8−10

6−10

4−10

2−10

1

mB�L [ GeV ]

g B
�
L

B�L model

E774

E141

E137

Orsay
KEK

⌫-CAL I
CHARM

PS191
NOMAD

NA48/2 BaBar
BaBar

KLOE

A1
APEX

LHCb

NA64

BaBar
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to neutrinos. The grey constraints are from Borexino [89, 90], and from SPEAR, DORIS, and
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In addition to light DM, explore new parameter space for 
light mediator decays to 
 νν (e.g. gauged B-L) 
Milli-charged particles  
(including parameter space  
motivated by EDGES  
anomaly)

Applications of Missing 
Momentum

12
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FIG. 1. Constraints on Dirac fermion millicharged dark matter from Supernova 1987A (grey) [20], the SLAC millicharge
experiment (blue) [21], the light element abundances produced during Big Bang Nucleosynthesis (red, labeled �Ne↵) [22], and
on the impact on the cosmic microwave background of dark matter scattering with baryons (pink, labeled CMB, KD) [13]
and dark matter annihilations (purple, labeled CMB ann.) [23]. These results are shown for four values of the fraction of the
dark matter abundance that consists of millicharged particles, fDM. In each frame, the solid black regions represent the range
of parameter values that could explain the amplitude of the observed 21-cm absorption feature as reported by the EDGES
Collaboration [2]. The dashed black line denotes where the thermal relic abundance corresponds to quoted value of fDM,
assuming only millicharge interactions. The fact that the solid black regions do not coincide with the dashed curves indicates
that the dark matter must be depleted in the early universe by another kind of interaction. Although these results are shown
for the specific case of dark matter in the form of a Dirac fermion, most of these constraints would change only very slightly if
we were instead to consider a complex scalar. The exception to this are the constraints from dark matter annihilation during
the epoch of recombination [23], which are much weaker in the complex scalar case, due to the p-wave suppression of the
annihilation cross section.

met [24]:

✏ ⇡ 1.7⇥ 10�4

✓
m�

300MeV

◆✓
10�2

fDM

◆3/4

, (1)

where ✏ ⌘ e�/e is the electric charge of the dark matter,
m� is the mass of the millicharged dark matter candidate,
and fDM is the fraction of the dark matter that consists of
millicharged particles. This expression is valid for m� <⇠

(20 � 40)MeV ⇥ (fDM/10�2), above which much larger
values of ✏ are required. We also note that this expression
applies to millicharged dark matter in either the form of
a Dirac fermion or a complex scalar.

Millicharged dark matter is subject to a wide range
of experimental and astrophysical constraints, some of
which we summarize in Fig. 1. Here, we show constraints
derived from observation of Supernova 1987A (grey) [20],

LDMX Phase II (approx)

from Berlin et al  
1803.02804



In addition to light DM, explore new parameter space for 
light mediator decays to 
 νν (e.g. gauged B-L) 
Milli-charged particles  
(including parameter space  
motivated by EDGES  
anomaly) 
Long-lived particles  
produced by eN or γN 
collisions & decaying  
behind the LDMX HCAL  
(e.g. ALPs and minimal dark photons)

Applications of Missing 
Momentum
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Other Signatures at LDMX

14

p.36

LDMX detector concept – Phase I

ECal
HCal

Magnet

Recoil trackerTagging tracker

target

e- beam

beam-energy track low-energy track?

low-energy  
shower+ 
LATE DEVELOPING  
high-energy shower

nothing

LDMX is also well suited to search for long-lived particles 
carrying most of the beam energy and decaying deep in the 
ECAL (or in the HCAL)  
*analogous to LHC searches for LLPs in HCAL or muon chambers

ECAL designed 
to fully contain 
irreducible bkg 
from late photon 
conversions 
Use energy 
resolution to 
reject γ-nuclear 
final states



Late Decays 
in last ~10 X0 of ECAL or back HCAL 
Yield-Limited Sensitivity Estimates

1
4⇤aF F̃
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Red curves correspond to 9 events beyond z=28 cm (i.e. in LDMX HCAL)  
More studies needed to define realistic sensitivity for ECAL events, which  
should give access to larger couplings.



Missing Momentum  
in Muon Beams

16

What about new physics that doesn’t couple to electrons or 
photons? 

Most anomaly-free vectors couple to muons (also motivated by g-2) 
Scalars mixed with SM Higgs should also couple to muons.
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Figure 10. Parameter space for predictive thermal DM charged under U(1)Lµ�L⌧ . Here the relic abundance

arises through direct annihilation to SM particles via s-channel Z0 exchange.The vertical axis is the product

of couplings that sets the relic abundance for a given choice of DM mass and spin (see Appendix A). Also

plotted are CCFR constraints from the neutrino trident process [6, 55], as well as projected limits from NA64

[11]. Note that there are also bounds from �Ne↵. (not shown) that arise from ��̄ ! ⌫⌫ annihilation during

BBN – these bounds di↵er from few�10 MeV depending on the choice of DM candidate spin [56, 57]. For

the pure Dirac scenario, the annihilation process ��̄ ! µ+µ� is s-wave, so this process is ruled out by CMB

energy injection bounds for m� > mµ [41].

6.2 Phase 2: U(1)Lµ�L⌧ thermal DM sensitivity

Fig. 10 shows the target parameter space for thermal relic DM with a Lµ � L⌧ mediator. The vertical
axis plots the dimensionless variable y = g2

�g2
µ�⌧ (m�/mZ0)4 which controls the DM annihilation rate,

and the black curves represent the unique value of y for each m� which results in the correct DM relic
abundance, for DM a complex scalar, Majorana fermion, or (pseudo)-Dirac fermion (see Sec. 2.3).
The left panel shows the scenario g� = 1 near the perturbativity limit, which represents the weakest
possible bounds on this model, while the right panel shows the case g� = 5 ⇥ 10�2. In the latter case,
there is a region of parameter space compatible with both thermal dark matter and (g � 2)µ, which
can be probed by Phase 1, with the entire viable parameter space for thermal DM probed by Phase
2.5 Even for the pessimistic case g� = 1, a large portion of the parameter space is accessible to Phase
2. We emphasize that muon beam experiments like M3 are the only terrestrial experiments which can
probe such a muon-philic model of DM; direct detection signals are absent, and high-energy collider
production cross sections are too small.

Intriguingly, we also find that both Phase 1 and Phase 2 have sensitivity to a class of DM ex-
planations for the ⇠ 3.8� anomaly reported by the EDGES collaboration [59]. It has been shown
that a ⇠ 1% subcomponent of DM with a QED millicharge of order ⇠ 10�3e can cool the SM gas
temperature at redshift z ⇠ 20 and thereby account for the magnitude of the observed absorption
feature [60]. However, Ref. [61] pointed out that such a scenario generically requires dark forces
to deplete the millicharge abundance in the early universe to account for the ⇠ 1% fraction needed
to resolve the anomaly. One viable possibility for generating the appropriate abundance is that the

5
See also [58] for other models relating thermal DM to (g � 2)µ.
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Kahn et al  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Beam Dump Experiments

Look for unexpected energy deposition behind intense beam 
dump (~1022 e– at BDX, 1021 p at SBN) 

High, but comparable to E137, Orsay beam dump 
Better acceptances 
Much lower energy thresholds 
Timing-based rejection of ν background (proton beams)
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FIG. 1: Schematic experimental setup. A high-intensity

multi-GeV electron beam impinging on a beam dump pro-

duces a secondary beam of dark sector states. In the basic

setup, a small detector is placed downstream so that muons

and energetic neutrons are entirely ranged out. In the con-

crete example we consider, a scintillator detector is used to

study quasi-elastic �-nucleon scattering at momentum trans-

fers ⇠> 140 MeV, well above radiological backgrounds, slow

neutrons, and noise. To improve sensitivity, additional shield-

ing or vetoes can be used to actively reduce cosmogenic and

other environmental backgrounds.

.
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FIG. 2: a) ��̄ pair production in electron-nucleus collisions

via the Cabibbo-Parisi radiative process (with A0
on- or o↵-

shell) and b) � scattering o↵ a detector nucleus and liberating

a constituent nucleon. For the momentum transfers of inter-

est, the incoming � resolves the nuclear substructure, so the

typical reaction is quasi-elastic and nucleons will be ejected.
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Beam Dump Experiments

In addition to the “canonical” DM scattering signal, search for  
decays of DM excited states  
(inelastic DM)

18
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duces a secondary beam of dark sector states. In the basic

setup, a small detector is placed downstream so that muons

and energetic neutrons are entirely ranged out. In the con-

crete example we consider, a scintillator detector is used to

study quasi-elastic �-nucleon scattering at momentum trans-

fers ⇠> 140 MeV, well above radiological backgrounds, slow

neutrons, and noise. To improve sensitivity, additional shield-

ing or vetoes can be used to actively reduce cosmogenic and

other environmental backgrounds.
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shell) and b) � scattering o↵ a detector nucleus and liberating

a constituent nucleon. For the momentum transfers of inter-

est, the incoming � resolves the nuclear substructure, so the

typical reaction is quasi-elastic and nucleons will be ejected.
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FIG. 2. Inelastic DM production at electron and proton beam dump experiments via dark bremsstrahlung and meson decay. The resulting
�1, �2 pair can give rise to a number of possible signatures in the detector: �2 can decay inside the fiducial volume to deposit electromagnetic
energy; both �1 and �2 can scatter off detector targets T and impart visible recoil energies to these particles; or �1 can upscatter into �2,
which can then decay promptly inside the detector to deposit a visible signal. 7
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FIG. 3. Inelastic DM production at electron beam fixed-target missing energy/momentum experiments. Left: Setup for an LDMX style
missing momentum experiment [2, 23] in which a (⇠ few GeV) beam electron produces DM in a thin target (⌧ radiation length) and thereby
loses a large fraction of its incident energy. The emerging lower energy electron passes through tracker material and registers as a signal event
if there is no additional energy deposited in the ECAL/HCAL system downstream, which serves primarily to veto SM activity. Right: Setup
for an NA64 style experiment in which the beam (typically at higher energies, ⇠ 30 GeV) produces the DM system by interacting with an
instrumented, active target volume [24]. As with LDMX, the instrumented region serves to verify that the beam electron has abruptly lost most
of its energy and that there is no additional SM activity downstream.

which the thermal target is largely an invariant under varia-
tion of couplings and of mass hierarchies.

A. Mediator Model Building

Unlike weak-scale WIMPs, which realize successful
freeze-out with only SM gauge interactions, sub-GeV DM is
overproduced in the absence of light (⌧ mZ) new mediators
to generate a sufficiently large annihilation rate [29, 30]. To
avoid detection thus far, such mediators must be neutral under
the SM and couple non-negligibly to visible particles.

If SM particles are neutral under the new interaction, a

renormalizable model (without additional fields) requires the
mediator to interact with the SM through the hypercharge,
Higgs, or lepton portals

Bµ⌫ , H
†
H , LH, (1)

for vector, scalar, and fermionic mediators, respectively.
However, coupling a fermionic mediator to the lepton por-
tal requires additional model building4 and scalar mediators,
which mix with the Higgs are ruled out for predictive mod-
els in which DM annihilates directly to SM final states (see

4 A fermionic mediator coupled to the lepton portal requires additional
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FIG. 6. Parameter space compatible with thermal inelastic DM for different choices of � with constraints and future projections presented.
The black relic density curve is computed using the procedure described in Appendix A. For each choice of �, the relic density curve is
insensitive to the relative values of ✏, ↵D , or m1/mA0 , however, some constraints depend sensitively on these choices. Typical examples of
this sensitivity are LEP and (g � 2)µ for which the curves shown here are based only on their limits on ✏; the observables in question do
not depend on ↵D or the DM/mediator mass ratio. Thus, where appropriate, we have adopted the conservative prescription ↵D = 0.1 and
mA0/m1 = 3 to place these constraints on this plot, thereby revealing the remaining viable parameter space; see text for a discussion. The
colored curves in these plots represent new results computed in work: solid lines are existing constraints, and dashed lines are projections.
The Belle II [41] projections are estimated by rescaling the BaBar luminosity for the process e+e� ! �A0 ! ��1�2 in which the �2 decays
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Fig. 8 combines the results in this work with the results of
Ref. [19] to show the thermal target over a wide range of DM
masses. We see that except for a few isolated masses, the
thermal target for coannihilating DM could be well-covered
by all three planned experiments below ⇠1 GeV, and by col-
lider experiments from ⇠1 GeV to 1 TeV. The scattering
signals dominate at low mass below the kinematic threshold
� = 2me, while the decay signals dominate when kinemati-
cally allowed.

VI. CONCLUSION

In this paper we have studied the fixed-target phenomenol-
ogy of thermal dark matter with inelastic couplings to the SM
and proposed a series of new searches for these interactions.
These models are an instance of the general case where the
relic abundance arises from thermal coannihilation between
the halo DM candidate �1 and an unstable excited state, �2.
Since the heavier state decays away in the early universe, there
is no annihilation at later times, and therefore no indirect de-
tection. Furthermore, if the mass difference between these

Izaguirre, Kahn, Krnjaic, Moschella 
1703.06881

Similar signals possible in SIMP 
models



Summary

It makes sense to optimize new experiments for 
minimal models of light thermal dark matter… 
But these experiments are broader “dark sector 
explorers” with powerful reach for other physics 

New force & millicharge searches 
Explore signals of non-minimal dark sectors 

In some cases (e.g. late decays at LDMX), 
understanding this sensitivity may motivate minor 
modifications to detector geometry 

Important to explore these now!
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Outline

Beyond Thermal Dark Matter 
New forces and millicharges at LDMX 
Non-minimal DM signals at BDX 

Light Thermal Dark Matter 
Why do thermal targets stand out? 
How do we get there?  
What are we still missing? 
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Build Your Own Dark Sector 
1.  Choose your Mediator

Standard Model symmetries admit four renormalizable interactions 
of SM particles with new, SM-neutral particles:

✏Y B
µ⌫
F

0
µ⌫

gXZ
0
µJ

µ
X

A|h|2�+ �|h|2�2

HLN
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➝ induces kinetic mixing with 
photon at low energies

➝coupling to SM global conserved 
charge (e.g. B-L, Lμ-Le, etc) 

➝mixing with SM Higgs ⇒ couplings 
proportional to fermion masses

➝Sterile neutrino mediator 
…I won’t discuss it, but see  
Battel et al arXiv:1709.07001 

Bo
so

ni
c 

m
ed

ia
to

rs

Fermionic 
mediator

Adding more TeV-scale matter content to SM allows for more general 
couplings (e.g. vector coupled to non-conserved currents– but see Dror, 
Lasenby, and Pospelov 2017– or scalar with non-Higgs-like Yukawas )



Build Your Own Dark Sector 
2.  Choose your Dark Matter

• Is Dark Matter a scalar or fermion?    
(For scalar mediator, this is all we need to ask.) 

• For vector mediator, do DM masses preserve or violate the U(1) 
gauged by the dark force?   

Since mediator mass breaks symmetry, reasonable for DM 
mass to break it too
We should stay agnostic about DM physics, but details alter 

physics of both annihilation and scattering at low temperatures



Build Your Own Dark Sector 
2.  Choose your Dark Matter

• Is Dark Matter a scalar or fermion?    
(For scalar mediator, this is all we need to ask.) 

• For vector mediator, do DM masses preserve or violate the U(1) 
gauged by the dark force?   

Since mediator mass breaks symmetry, reasonable for DM 
mass to break it too
We should stay agnostic about DM physics, but details alter 

physics of both annihilation and scattering at low temperatures

U(1)-preserving mass U(1)-breaking mass 
only (Majorana)

σ~gSM2 σ~gSM2 v2

⇒ axial 
coupling

U(1)-breaking & preserving

⇒ mass-off 
-diagonal  coupling

σ~gSM4



Build Your Own Dark Sector 
3.  Choose your Annihilation Mode

mMed
m𝛘 2 m𝛘

e�

e+�̄

�
gSMgD

Abundance set by 
gDgSM/mMed2  
⇒ sharp target 
for production & 
scattering!

�̄

�

gD

gD

Abundance set by 
small gD – independent 
of 𝜑-SM coupling

Visibly decaying mediator 
+ DM production 
via off-shell mediator

Invisible mediator

DM scattering

𝜑

𝜑



Build Your Own Dark Sector
1. Choose your Mediator 

Vector coupled to… 
Charge (via kinetic mixing) 
Non-anomalous global  
symmetry 

B-L, e-μ, e-τ, 
B-μ, μ-τ, B-τ 

Anomalous global symmetry 
(+1*) 
Effective Zʹ coupling (+3*) 

Scalar coupled to… 
Fermion masses via Higgs 
mixing 
General EFT (+3*) 

 

2. Choose your Dark Matter 
Complex Scalar 
Pseudo-Complex Scalar  
Majorana Fermion 
Dirac Fermion 
Pseudo-Dirac Fermion 

3. Choose your Mass Hierarchy 
mMed < mDM: “Secluded” 
annihilation into two mediators 
[least predictive] 
mMed > mDM: ”Direct” annihilation 
via mediator into SM final states 
[most predictive] 

4. Extras (+3) 
Depletion via dark-sector self-
interaction (SIMP) 
Forbidden annihilation (mMed≃mDM)  
Resonant annihilation (mMed≃2mDM)

*extra charge for new TeV-scale physics 
needed to make theory consistent 

Let’s assumes dark sector was once in 
thermal contact with familiar matter



Build Your Own Dark Sector
1. Choose your Mediator 

Vector coupled to… 
Charge (via kinetic mixing) 
Non-anomalous global  
symmetry 

B-L, e-μ, e-τ, 
B-μ, μ-τ, B-τ 

Anomalous global symmetry 
(+1*) 
Effective Zʹ coupling (+3*) 

Scalar coupled to… 
Fermion masses via Higgs 
mixing 
General EFT (+3*) 

 

2. Choose your Dark Matter 
Complex Scalar 
Pseudo-Complex Scalar  
Majorana Fermion 
Dirac Fermion 
Pseudo-Dirac Fermion 

3. Choose your Mass Hierarchy 
mMed < mDM: “Secluded” 
annihilation into two mediators 
[less predictive] 
mMed > mDM: ”Direct” annihilation 
via mediator into SM final states 
[most predictive] 

4. Extras (+3) 
Depletion via dark-sector self-
interaction (SIMP) 
Forbidden annihilation (mMed≃mDM)  
Resonant annihilation (mMed≃2mDM)

*extra charge for new TeV-scale physics 
needed to make theory consistent 

Even ignoring the “premium” options, this seems like an 
intractably long menu…but many combinations are 
phenomenologically similar, and not all are allowed.
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CMB power spectrum bounds 
σvann(T~eV) ≪ σvann(Tfo~mDM/20) 

for DM below ~10 GeV 

⇒ Focus on models with  
σvann~v2 or  

inelastic DM co-annihilation
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FIG. 4. Existing constraints on the mediator-Higgs mixing in the visibly decaying � ! SM SM regime. Top row: The DM is a particle-
antiparticle symmetric thermal relic whose abundance is set by t-channel �� ! �� annihilation, which determines the requisite g� coupling
for a given DM mass point. Note that most of the parameter space is covered by direct searches for the mediator decaying into SM particles, so
except for direct detection, the plots do not require any assumption about the DM provided that the mediator decays visibly. For direct detection,
we show two different regimes: m� ⇡ m� (but with a slightly lighter mediator) which is the least constrained regime, and m� = 10m�; for
m�/m� > 10, the DM is no longer light in this parameter space, so this regime is beyond the scope of this work. Bottom row: Same as top
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all been depleted by annihilation; these plots represent the most aggressive bounds and projections compatible with both DM-SM equilibration
and perturbative unitarity. Combined, these four plots bracket the full parameter space of interest; smaller mass ratios than shown on the left
column would invalidate the visibly decaying assumption; larger mass ratios than the right column would no longer correspond to the light
DM regime; smaller DM-mediator couplings than the top row would overclose the universe; larger DM-mediator couplings than the bottom
row would require a UV completion near the GeV scale. Note also that the plots in the left column show bounds from Ne↵. (gray vertical
dashed curves) [37] due to light DM freeze-out after neutrino decoupling (see text); the right column does not show this bound because for
m� ⇠ 10m� the left boundary of these plots, corresponding to m� ⇠ 10 MeV, is safe from this constraint.
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and only kinematically accessible decay channels are included
for a given m�; in our numerical results we only include the
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Figure 10. Left: Summary of the current constraints on a dark Higgs portal scalar, s, from: direct searches for
heavy scalars decaying to dibosons at LHC [106–108] (blue-gray); Higgs searches at LEP [109–111] (maroon);
B

+
! K

+
(s ! µ

+
µ
�
) [112] and B ! K

⇤
(s ! µ

+
µ
�
) at LHCb [113] (brown and purple, respectively);
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Right: Bounds from exotic Higgs decays for fixed m� = 2ms. In blue we show the region probed by searches
for h ! ss(aa) ! 4µ [117], in red the region probed by searches for h ! ss(aa) ! 4⌧ [118] and finally in
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channels [112]. We shift these limits to match our branching ratios.

E949 & E787: K+ ! ⇡+ + invisible — The E949 collaboration at BNL has made the most
accurate measurement of K+

! ⇡
+
⌫⌫̄ [114] by measuring the decays of stopped K

±. In this study,
they also reinterpret the results (including the data from E787) to place 90% CL upper limits on
BR(K+

! ⇡
+
X, X ! {invisible}) for mX < 125 MeV and 150 MeV< mX < 250 MeV. The

outer radius of the barrel veto is 1.45 m [120], and all scalars that decay before this radius are assumed
to be vetoed. The detector itself has 2/3 ⇥ 4⇡ solid angle coverage. It is straightforward to reliably
apply these limits on invisible decays to metastable particles.

The NA62 experiment [121, 122], which will solidly establish BR(K+
! ⇡

+
⌫⌫̄) at the ⇠

10% level, should be able to significantly improve this limit (likely by an order of magnitude on
sin

2
✓). However, the experimental design of NA62 is rather different from that of E949: notably,

– 25 –

Evans, Gori, Shelton  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Below ~200 MeV, g𝛘ϕ~10–6–10–4 (fixed by secluded freeze-out) and small window of 
allowed Higgs mixing (from consistency with CHARM, SN1987a, and BBN) define a 
parameter-space target.  But tiny couplings make these models difficult to explore further 
with accelerators or direct detection (σ𝛘e ≲10-44 cm2).    At higher masses, some new 
parameter space can be explored by proton beams (eg. SHIP) and direct detection (eg 
SuperCDMS) with significant complementarity.
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FIG. 2. Experimental constraints on Dirac fermion DM that annihilates through a light, Higgs-mixed mediator. We normalize the vertical axis
using the e-� coupling, ge introduced in the text because this coupling always contributes to the annihiation over the mass range considered
here– see discussion in Section II. Top Left: Parameter space for m� < m� compared against the relic density contour computed assuming
m� = 3m� (solid black curve). The curve bifurcates near m� ⇠ m⇡ where there is disagreement in the literature about light Higgs couplings
to hadronic states (see text). Like the relic density contour, the direct detection constraints are also invariant under different assumptions about
the mass ratio and DM-mediator coupling since the SM-DM scattering cross section is proportional to the e variable plotted on the vertical
axis. However, for meson decay and collider constraints, which only constrain the mediator-Higgs mixing, we adopt the conservative values
g� = 1 and m�/m� = 1/3 for building (g�ge)

2(m�/m�)
4 for comparison with the solid black relic curve; choosing smaller values of

either quantity makes these constraints stronger – except in the resonant annihilation region. Top Right: Same as left, but in the resonant
annihilation region m� ⇡ 2m�, which is the only regime in which the relic density curve moves appreciably. This plot also adopts the extreme
value g� = 2⇡ near the perturbativity limit, and reveals the maximum amount of viable parameter space for this scenario. As on the top-left
plot, direct detection constraints and projections remain invariant, but the meson and collider bounds shift slightly as they are now computed
for m�/m� = 1/2.2 instead. Bottom Right: Same as top-left, but with m� = 10m�. Bottom Left: Same as top-left, but with the reduced
coupling g� = 0.1.

which is applicable to all m� (MeV–GeV) considered in this
paper, so we will present our direct annihilation results in
terms of e without loss of generality. For a more careful
treatment of thermal freeze out, corresponding to the method-
ology in our numerical studies, see Appendix B.

For m� ⇠
> ⇤QCD, the annihilation also proceeds through

several hadronic channels, whose interactions with the medi-
ator are not simply-related to quark Yukawa couplings (e.g.
�� ! ⇡

+
⇡
�). To account for these final states, we extract

this coupling from simulations of hadronically-decaying light-

Krnjaic 1512.04119
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accelerators,

only differ 
by factor of 
~30 in yield



Accelerator-Based Searches and 
Thermal Targets
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Thermal and Asymmetric Targets at Accelerators

•Small DM-SM coupling •Velocity-suppression

The full set of direct annihilation targets are robustly accessible at 
accelerators!
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Detect DM         
scattering 

Infer from  
kinematics 

Dark-force  
searches

Colliding Beams            Fixed Target
beam dump 

(p or e beam)

Missing ET (pp) 
Missing Mass (e+e–)

Missing Mass (e± beam) 
Missing E/p (e– beam)

Lepton jets & exotic Z/h decays (pp) 
Displaced vtx & resonance (e+e–)

Displaced vtx & resonance (e– 
beam, meson decays)

Different strategies for multi-GeV ➝ O(GeV) ➝  sub-GeV detection

–Trade energy [kinematic reach] for luminosity [coupling reach] – 

Detection Strategies



Missing Mass at Colliders
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BaBar single photon search

• Optimized for and interpreted in terms of a dark photon 
A′ decaying invisibly.  

• We assume on-shell A′ (mχ < mA′/2), so signal is a  
monoenergetic photon. 

• analysis is otherwise not sensitive to mχ or to the 
coupling of the χ to the A′.

3

E⇤
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p
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2
� m2

A0

2
p
s

C. Hearty | Dark sector at BaBar, Belle, and Belle II | US Cosmic Visions

Motivating process

• Look for single γ recoiling 
against “nothing” 

• Reconstruct invisible mass 
from (pe–+pe+–pγ)2 

• Bump signal if Aʹ on-shell
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Thermal Relic Targets

Belle II luminosity explores thermal 
DM above ~100 MeV



Title Text

Uniquely achievable at fixed target experiments – collimated forward 
DM production needed for efficient detection 
Combine high luminosity (e.g.  
LSND: 1023 protons on target,  1 barn-1 per proton ➝ 105 ab–1) with  
low detection threshold 
Many experiments can be done (mostly) parasitically  

dedicated analysis/run at accelerator neutrino experiment  
[already done @ LSND, MiniBooNE] 
downstream of beam-dump for other e– beam experiments [several 
proposals] 

On-shell mediator not essential to signal definition (but enhances yield)
32

Beam Dump Experiments 2
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Shielding
Detector

FIG. 1: Schematic experimental setup. A high-intensity

multi-GeV electron beam impinging on a beam dump pro-

duces a secondary beam of dark sector states. In the basic

setup, a small detector is placed downstream so that muons

and energetic neutrons are entirely ranged out. In the con-

crete example we consider, a scintillator detector is used to

study quasi-elastic �-nucleon scattering at momentum trans-

fers ⇠> 140 MeV, well above radiological backgrounds, slow

neutrons, and noise. To improve sensitivity, additional shield-

ing or vetoes can be used to actively reduce cosmogenic and

other environmental backgrounds.

.
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FIG. 2: a) ��̄ pair production in electron-nucleus collisions

via the Cabibbo-Parisi radiative process (with A0
on- or o↵-

shell) and b) � scattering o↵ a detector nucleus and liberating

a constituent nucleon. For the momentum transfers of inter-

est, the incoming � resolves the nuclear substructure, so the

typical reaction is quasi-elastic and nucleons will be ejected.

or p
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Accelerator DM Searches and Targets

Beam Dump Sensitivity
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Beam Dump Searches and Thermal DM Targets
Bounds from mining 
1980s data [both p 
(LSND) and e– (E137) 
beam] already world-
leading below 100 
MeV! 

Recent dedicated 
MiniBoone run sets 
best limit on hadronic 
couplings at higher 
masses 

Several ideas to go 
further…but scales 
slowly (yield ~ ϵ4!)



Use distinctive kinematics of Aʹ / DM pair production in e– beam, 
without trying to reconstruct its mass 
• When DM pair is produced, it carries  

away most of the incident e– energy 
• Look for low energy deposition (no  

hadronic energy) from a high-energy e– 
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Missing Energy/Momentum
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inclusive signal events, The nominal cut is Ecut = 0.3Ebeam.Bottom Right: Selection efficiency for pT cut
pT,e > pT,cut, as a function of pT,cut, on events with 50MeV < Ee < Ecut. In all panels, the numbers next
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background distribution.

A detector with tracking can 
measure e– pT for a second hint 
of heavy-particle production

13

10 MeV

100 MeV
200 MeV

500 MeV

1000 MeV

1500 MeV

Inclusive
Single e-
Background

�

0 100 200 300 400 500

10-3

10-2

10-1

1

Electron |PT | [MeV]

Ev
en
tF
ra
ct
io
n
/5
M
eV

Electron |PT | Distributions, 50 MeV < Ee < 1.2 GeV, pZ > 0

10

100

200

500

1000

1500

Inclusive
Single e-
Background

�

0 100 200 300 400 500

10-3

10-2

10-1

1

|PT | Cut (Lower) [MeV]

A
cc
ep
ta
nc
e

|PT | Cut Efficiency, 50 MeV < Ee < 1.2 GeV, pZ > 0

FIG. 5: Top: Electron energy (left) and pT (right) spectra for DM pair radiation process, at various dark
matter masses. Bottom Left: Selection efficiency for energy cut Ee < Ecut, as a function of Ecut, on
inclusive signal events, The nominal cut is Ecut = 0.3Ebeam.Bottom Right: Selection efficiency for pT cut
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Use distinctive kinematics of Aʹ / DM pair production in e– beam, 
without trying to reconstruct its mass 
• When DM pair is produced, it carries  

away most of the incident e– energy 
• Look for low energy deposition (no  

hadronic energy) from a high-energy e– 

Such a search requires firing one electron at a time, measuring  
detector response, and vetoing other final state particles with 
exquisite efficiency. 

A relatively new technique, but the only one capable of scaling well 
below current beam-dump sensitivity 

Demonstrated by NA64, pursued at high statistics by LDMX
35
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Need Multiple Experiments!
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Thermal Relic Targets
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No one technique can 
explore the full mass range
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Leptophobic Vector Mediator

FIG. 19: Current constraints (shaded regions) and sensitivity estimates (dashed/solid lines) on the
parameter y for (left) leptophilic and (right) leptophobic dark forces coupled to dark matter for
beam-dump experiments. The prescription mA0 = 3m� and ↵D = 0.5 is adopted where applicable.
The asymmetric DM and ELDER targets (see text) are also shown as solid orange and magenta
lines, respectively. Courtesy G. Krnjaic, P. deNiverville.

feature of o↵ering considerable model-independence in its sensitivity to the details of
the dark sector, and can uniquely probe all predictive models.

• Most experimental proposals are based on existing, proven technology, and could
be operational in the near future.

• A complementary approach is required to fully explore light, directly an-
nihilating thermal DM. Experiments relying on missing energy and missing mo-
mentum approaches generally o↵er the most favorable sensitivity. On the other hand,
beam dump proposals enable access to the DM-mediator couplings and are especially
well suited to probe the pseudo-Dirac DM scenario by looking for decays of the ex-
cited state inside the detector. Moreover, leptophobic DM models are best tested with
proton beam-dump proposals. And finally, missing mass experiments o↵er a robust
signature and a clean method to precisely determine the mass scale of the mediator in
a largely model independent way.

• The strategies discussed in this chapter can be readily applied to study other well-
motivated scenarios with quasi-thermal production mechanisms, such as
asymmetric DM; as well as models in which the cosmological abundance is set by
processes other than DM annihilation into SM particles (e.g. SIMPs and ELDERs);
freeze-in models where the mediator is comparatively heavy with respect to DM; new
light force carriers; and particles millicharged under electromagnetism.

In summary, small-scale accelerator-based experiments could test important milestones
of light DM parameter space. Among them, light thermal DM annihilating into SM final
states, an important and well-motivated target, could be uniquely and robustly probed. By
exploiting established detector technology and existing facilities, many proposals are ready
for funding now and could achieve significant science in the next few years. Through a

80

Cosmic Visions Dark Matter 1707.04591

Need Multiple Experiments!

Different beams/detection modes offer 
complementary sensitivity to  
leptophilic/phobic mediators
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thermal origin. Current constraints have largely ruled out the parameter space where the DM-
mediator coupling constant is much smaller the O(1). The new proposals surveyed in this chapter
aim to cover the region where the DM-mediator coupling is SM-like in strength. Courtesy N. Toro.

varied, with some inspired by experimental discrepancies, others by theoretical considera-
tions, and others representing “lamppost physics,” viable ideas that in many cases highlight
broad swathes of parameter space that have not been experimentally investigated, but can
be. Second, these developments have strikingly diverse implications for experiments and ob-
servations. Some have strengthened the well-known, but still remarkable, synergy between
particle physics and astrophysics, and others have generated completely new connections
between dark matter and other subfields, including nuclear, atomic, and condensed matter
physics.

The recent progress in dark matter makes it di�cult to form a coherent picture of the field
and to chart future directions. In this section, we give an overview of recent developments
with the goal of providing some of the necessary background for the future prioritization
of proposed experiments. Our subjects include “New Candidates,” novel particle physics
models and frameworks for dark matter, and “Targets,” particle candidates and regions of
parameter space (for example, dark matter masses and couplings) that are of special interest,
given compelling experimental puzzles or theoretical ideas. We also discuss “Complementar-
ity,” a breathtakingly broad catch-all term that includes the complementarity of proposed
(small-scale) experiments with existing (large-scale) experiments; the complementarity of
proposed experiments with each other; the complementarity of dark matter probes from the
many relevant subfields of physics and astronomy; the complementarity of di↵erent exper-
iments in their potential to discover dark matter; and the complementarity of experiments
to precisely determine the properties of dark matter after the initial discovery.

The number of recent developments and the complex inter-relationships between them
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The above plots make conservative choices of other parameters to show pessimistic 
sensitivity of experiments.  e.g. use αD~0.5 as reference, since smaller DM-mediator 
coupling implies larger signal for thermal relic.  

Here, assume thermal relic & vary DM-mediator coupling (with fixed mass ratio)
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FIG. 2. Same as Fig 1, but assuming mA0 = 1.1m�, where the
relic abundance is still achieved through s�channel annihilation, but
A0 decays visibly. Dashed blue contours show projected sensitivities
from [29] for future A0 ! `+`� searches in the next few years. De-
pending on the � and A0 masses, models below the relic density line
may still achieve viable thermal abundances through other processes
— see [30].

CMB and BBN Although DM annihilations freeze out be-
fore the era of recombination, residual annihilations can re-
ionize hydrogen and distort the high-` CMB power spectrum
[17–21]. These data constrain the total power injected by DM
annihilations [21], which scales as the DM annihilation cross-
section (and hence approximately as y) times a correction fac-
tor calculated in [20]. The resulting constraint on y defini-
tively rules out thermal-relic Dirac fermion DM (not shown in
Fig. 1), but not the other scenarios. For scalar DM (Fig. 1,
right), p-wave suppression of annihilations at late times re-
sults in a weak upper bound on y; the bound is likewise expo-
nentially weakened for inelastic DM as the excited state can
decay or be thermally depopulated before recombination [22]
(not shown in Fig. 1 left). For asymmetric fermion DM (Fig. 1
center), CMB constraints imply a minimum value of y needed
to depopulate the symmetric DM component [18]. Weaker
bounds arise from the 3He abundance during BBN [23–26].

Direct Detection Light DM scattering at halo velocities
induces nuclear recoils below current experiments’ energy
thresholds, but electron-scattering of sub-GeV DM (whose
rate scales with y) is constrained by XENON10 data [27, 28].
For pseudo-Dirac DM (Fig. 1, left), tree-level scattering is in-
elastic and kinematically forbidden for � ⇠> keV; elastic scat-
tering arises from a one-loop box diagram scaling as y2.

B-Factories Following [31, 32], we reinterpret the BaBar
search for an (untagged) ⌥(3S) ! � + invisible [33] to con-
strain the continuum process e

+
e
� ! � + A

0(⇤) ! ���̄.
For on-shell A0, the event rate scales as ✏

2, independent of
↵D, and insensitive to mA0 and m' in our kinematic regime
(except for a shelf at mA0 ⇠ 1 GeV due to a peaking
background). To compare to the relic density target in the

y ⌘ ✏
2
↵D (m'/mA0)4 vs. m' plane, we must fix these

other parameters. To do so conservatively, we use the bench-
marks m'/mA0 = 1/3 and ↵D = 1/2 (smaller ratios and
smaller ↵D would overstate the exclusion of thermal relic DM
by these results, while larger ratios qualitatively change the
physics and larger ↵D can run towards the non-perturbative
regime [34]). It can be argued that m' ⇠ mA0 is most nat-
ural in any case, and the resulting constraint only improves
linearly with decreasing ↵D on the y vs. m' plane.

LEP and LHC Electroweak precision tests at LEP con-
strain the existence of a new massive photon. In particular, ki-
netic mixing induces a shift in the mass of the Z

0 boson, and
the constraint depends on ✏ and only mildly on mA0 . In the
limit mA0 ⌧ mZ0 , ✏ is constrained to be ✏ < 0.03 [35, 36].

DM could also give rise to missing energy ( 6ET ) signals at
the LHC, for example in association with a jet or photon. We
recast the results of a CMS DM search [37] in the monojet
+ 6ET channel using 20 fb�1 at

p
s = 8TeV, which bounds

✏ ⇠< 0.1. The signal yield for this search scales as ✏
2 and

is set by kinematic cuts, whose efficiency is roughly flat for
the MeV–GeV masses, so the y-scaling is similar to that of
B-factory bounds.

Beam-Dump Experiments Fixed-target beam dump ex-
periments offer another powerful probe of light DM. LSND
data sets the strongest constraints for mA0 ⇠< m⇡0 [38–41],
via pN ! ⇡

0 +X , with ⇡
0 ! �A

0 ! ��̄�, with subsequent
DM scattering off an electron, nucleon, or a nucleus mimick-
ing neutrino neutral-current scattering. The electron beam-
dump experiment E137 is sensitive to eN ! eNA

0
, A

0 !
�̄� with subsequent DM-electron scattering in a downstream
detector [42]. In both cases, the production yield scales with
couplings as ✏2 and the detection probability as ✏2↵D, so that
overall yield scales as ✏

4
↵D. The benchmark ↵D = 1/2

yields a conservative bound on y that improves as 1/
p
↵D

for smaller ↵D. The mA0 -dependence of these experiments’
yields is more complex, but again the choice m'/mA0 = 1/3
is conservative, with stronger constraints for larger ratios.

DM Self-Interactions Constraints from the Bullet Cluster
and from cluster lensing [43, 44] bound the self-interaction
cross section to be �self/mDM ⇠< cm2

/g, which implies
↵D ⇠< 0.06(MeV/m�)1/2(mA0/10MeV)2 and is only rele-
vant at low mass. Saturating this limit on ↵D instead of using
our benchmark ↵D = 1/2 leads to a tighter constraint on y

from LSND for low (m� ⇠< 10 MeV) masses, which is plotted
as a green dashed line in Fig. 1 (again assuming a conservative
benchmark m'/mA0 = 1/3).

Supernovae The production of any free-streaming �̄� pairs
inside supernovae (SN) is constrained by observations of SN
1987A [45, 46]. As discussed in [47], the SN core luminosity
can be appreciable, but the scattering of � off baryons with
cross section � = 4⇡↵↵D✏

2 T 2
SN

m4
A0

, where TSN ⇠ 10 MeV
is the core temperature, can be large enough for the � diffu-
sion escape time to fall below a few seconds. This occurs for
↵D✏

2
> O(few)⇥10�14 (or y ⇠> 10�16 in the above Figures)

in the mA0 ⇠ m� ⇠ 10 MeV range of relevance for these

Belle 2 visible Aʹ  
sensitivity (50 ab-1)

For m𝛘 < mMed < 2 m𝛘, 
can search for  
visible mediator decays 
and/or non-resonant 
DM signals (e.g. 
missing momentum) 

Can cover most 
thermal parameter 
space (except for 
stubborn corner?) Krnjaic, Izaguirre, Schuster, NT 1505.00011



Conclusions

Sub-GeV dark matter is an attractive alternative to WIMPs 
Within this framework, direct annihilation of sub-GeV DM defines a compelling 
target in parameter space 

The concepts needed to reach it are in place!  And they also open a much wider 
window on light, weakly coupled physics! 

Excellent prospects for discovery of DM and new physics in the next several 
years 

Important windows that remain quite challenging, e.g 
Weak couplings needed for secluded DM 

even weaker couplings for freeze-in with generic mediator masses 
Parts of directly annihilating DM parameter space, for off-shell or 
electrophobically coupled mediators 
The lower couplings allowed for strongly-interacting DM –complementary signals 
are available (see Asher’s talk) but not yet thoroughly explored 40


