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A very brief motivation for accelerator 
based searches for light dark matter

How far can we get with generic assumptions?



Assuming very little
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Assuming very little

• For example:   

• Given  at freezeout   

from relic density &  
 
              

f + f − → χχ̄

⟨σv⟩ (sfreeze)
mχ

sfreeze ≈ 4m2
χ

|ℳ(sfreeze) |2 ∼ 10−6
m2

χ

GeV2
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sfo ≈ 4m2
χ

|ℳ(s) |
16πs

= σν

|ℳ(sfo) |2 = 16π2 (3 ⋅ 10−26cm−3s−1)

σν|freezeout

sfo

Relic density 
determines cross 

section



Assuming very little
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sfo ≈ 4m2
χ

|ℳ(s) |
16πs

= σν

|ℳ(sfo) |2 = 16π2 (3 ⋅ 10−26cm−3s−1)

σν|freezeout

sfo
Gives us amplitude for 

direct detection & 
accelerator production

|ℳ(sfreeze) |2



Assuming very little
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Assuming very little

• How often would we see this? 
 
At  we know the amplitude from before*s ∼ sfreeze
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(
σeZ→χχ̄

σeZ→γ )
brem

∼ 2 ⋅ 10−15 fcoherence

*Conservative assumptions

Need to measure  electrons∼ 1014 − 1016

(
σeZ→χχ̄

σeZ→γ )
brem

≈ ( |ℳ |2

e2 ) ( 1
48π2 ) (

m−2
χ

m−2
e ) fcoherence

Relative 
suppression w.r.t. 
SM bremsstrahlung



Key takeaway
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Without relying on any model-specific 
assumptions: 

 
An accelerator experiment measuring 1e16 

electrons on target can discover thermal relic 
light dark matter



Benchmark model
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Figure: US Cosmic Visions: New Ideas in Dark Matter 2017: Community Report [arxiv:1707.04591] 
Details on vector meson decays, see Schuster, Toro, and Zhou, “Probing Invisible Vector Meson 
Decays with the NA64 and LDMX Experiments.” (Phys. Rev. D 105, 035036) [arxiv:2112.02104]

• Benchmark model: Standard dark 
photon 

• See T. Gray’s talk on Spin-1 DM for 
examples of extended scenarios
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Thermal and Asymmetric Targets at Accelerators
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How to produce and see your signal 
process



Signal identification
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Signal identification

• How does  differ  
from  

• Key difference:  

• Dark object has mass  

• Fundamentally different 
kinematics, regardless of model

eA → eA + γ
eA → eA + χχ̄

12

of beam energy
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of beam energy

DM Bremsstrahlung
Dark object carries most of 

beam enery

SM Bremsstrahlung
Electron maintains most of 

beam enery

Figures: Åkesson et al., “Light Dark Matter eXperiment (LDMX).”  [arXiv:1808.05219] 

For details using a dark photon benchmark model, see Bjorken et al., “New Fixed-Target 
Experiments to Search for Dark Gauge Forces.” (Phys.Rev.D80:075018,2009) [arxiv:0906.0508] 

https://arxiv.org/abs/1808.05219
https://arxiv.org/abs/0906.0580


Signal identification

• How does  differ  
from  

• Key difference:  

• Dark object has mass  

• Fundamentally different 
kinematics, regardless of model

eA → eA + γ
eA → eA + χχ̄
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of beam energy

SM Bremsstrahlung
Electron continues with small 

scattering angle

DM Bremsstrahlung
Electron receives transverse 

momentum kick

Figures: Åkesson et al., “Light Dark Matter eXperiment (LDMX).”  [arXiv:1808.05219] 

For details using a dark photon benchmark model, see Bjorken et al., “New Fixed-Target 
Experiments to Search for Dark Gauge Forces.” (Phys.Rev.D80:075018,2009) [arxiv:0906.0508] 

https://arxiv.org/abs/1808.05219
https://arxiv.org/abs/0906.0580


Key takeaway
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The missing energy and momentum signatures 
are primarily features of massive 

bremsstrahlung in general 
 

If you can exploit these features, you will be 
sensitive to light dark matter production



Measurement strategies
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Traditional beam dump

Active beam dump/Missing energy

Missing momentum
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The LDMX experiment 



Let’s build an experiment for that

• Light Dark Matter eXperiment (LDMX) 

• Fixed target  

• Missing momentum 

• Measure individual electrons and their 
products for  

• Veto all SM background events

1016 e−

18Whitepaper: [arxiv:1808.05219]

https://arxiv.org/abs/1808.05219


The beamline @ SLAC
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Beam layout, from The SLAC Linac to ESA (LESA) Beamline for Dark Sector 
Searches and Test Beams [arxiv:2205.13215]

• LCLS-II e- accelerator @ SLAC:  

• Ordinarily for photon science 

• LDMX will operate parasitically  

• LESA beamline under construction, testbeam operations ~2025  

• 8 GeV beam 

• Low current 

• Allows for measurements of individual electrons 

• High repetition rate 

• Reaching sufficient statistics

https://arxiv.org/abs/2205.13215


The LDMX design
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Figure adapted from: Current Status and Future Prospects of the Light Dark Matter Experiment 
[arxiv[2203.08192]]

https://arxiv.org/abs/2203.08192
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Photon-induced

Backgrounds
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?



Backgrounds
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Figure from Åkesson et al., “Photon-Rejection Power of the Light Dark 
Matter eXperiment in an 8 GeV Beam.”  JHEP12(2023)092  
[arxiv:2308.15173]

https://arxiv.org/abs/2308.15173


Analysis & Veto strategy
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1. Count electrons and trigger on missing energy 

2. Identify & require electron track with missing momentum 

3. Exploit ECAL’s high granularity & imaging capabilities to veto SM 
processes 
- BDT + MIP Tracking 

4. Require no activity in HCAL 

Figure & results from Åkesson et al., “Photon-Rejection Power of the Light Dark 
Matter eXperiment in an 8 GeV Beam.”  JHEP12(2023)092  [arxiv:2308.15173] 
Original analysis with 4 GeV beam: Åkesson et al., “A High Efficiency Photon Veto 
for the Light Dark Matter Experiment.” JHEP04(2020)003 [arxiv:1912.05535]

Recoil electron pT is not used in the analysis

https://arxiv.org/abs/2308.15173
https://arxiv.org/abs/1912.05535
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Results and reach



26A’ results from Åkesson et al., “Photon-Rejection Power of the Light Dark Matter eXperiment in an 8 GeV Beam.”  JHEP12(2023)092  [arxiv:2308.15173] 
Invisible meson decays from Schuster, Toro, and Zhou, “Probing Invisible Vector Meson Decays with the NA64 and LDMX Experiments.” (Phys. Rev. D 105, 035036) [arxiv:2112.02104]
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Br(V, M ! inv) Br(V, M ! ⌫⌫̄) Br(V, M ! � + Xinv) Br(V, M ! �⌫⌫̄)

⇢0 – 2.4 ⇥ 10�13 [24] – unknown

! < 7 ⇥ 10�5 [19] 2.8 ⇥ 10�13 [24] – unknown

� < 1.7 ⇥ 10�4 [19] 1.7 ⇥ 10�11 [24] – unknown

J/ (1S) < 7 ⇥ 10�4 [21] 2.7 ⇥ 10�8 [25] < 1.7 ⇥ 10�6 [26] 7 ⇥ 10�11 [27]

⌥(1S) < 3 ⇥ 10�4 [22] 1.0 ⇥ 10�5 [25] < 4.5 ⇥ 10�6 [28] 2.5 ⇥ 10�9 [15]

⇡0 < 4.4 ⇥ 10�9 [23] see caption < 1.9 ⇥ 10�7 [29] 2 ⇥ 10�18 [30]

⌘ < 1.0 ⇥ 10�4 [20] see caption . 5 ⇥ 10�4 [31] ⇠ 2 ⇥ 10�15 [30]

⌘0 < 6 ⇥ 10�4 [20] see caption . 2 ⇥ 10�6 [31] ⇠ 2 ⇥ 10�14 [30]

Table I. Summary table for invisible and radiative decays of flavorless vector mesons V and pseudoscalar mesons M . Most
experimental bounds are as in Ref. [32], except for invisible ⇡0 decay and radiative ⌘ and ⌘0 decay. The experimental bounds on
invisible decays tag decays of a heavier meson and search for missing mass corresponding to the given meson, while those for
radiative decays search for missing mass from an invisibly decaying X. In the Standard Model, these processes occur through
decays to neutrinos. Note that for the pseudoscalar mesons, decays to two neutrinos are proportional to m2

⌫ because of helicity
suppression. Thus, decays to four neutrinos may dominate, but they are also extremely rare [24], being suppressed by (GFm2

M )4.
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Figure 1. Schematic depiction of the DM signal at LDMX
from A0 Bremsstrahlung (top) and invisible vector meson
decay (bottom). In the former, DM is produced through an
on- or o↵-shell A0 in the target. In the latter, a hard photon is
produced in the target, and converts to a vector meson V in
an exclusive photoproduction process in the calorimeter. The
vector meson then decays invisibly to DM via mixing with the
A0.

109 to 1010. This leads to the strong projected bounds on
invisible vector meson decay shown in Fig. 2. As we will
see, at high mA0 , the corresponding sensitivity to dark
sector models exceeds that due to A0 Bremsstrahlung,
largely because the latter is parametrically suppressed by
(me/mA0)2.

The rest of the paper is structured as follows. In sec-
tion II, we describe in greater detail how invisible meson
decay can give rise to missing energy/momentum signals
at NA64 and LDMX. In section III, we estimate the exclu-
sive photoproduction yields of the relevant vector mesons,
reserving details for the appendix. We calculate the in-
visible branching ratios in the dark photon and U(1)B
models in section IV, and show the resulting projected
constraints in section V. We conclude by discussing po-
tential future directions, such as experimental studies and
applications to neutrino physics, in section VI.

Figure 2. Bounds on invisible meson decay, summarizing infor-
mation from Tables I and II. We show the best current bound,
our projected 90% C.L. exclusions for four experimental bench-
marks (assuming zero background events), and the invisible
branching ratio within the SM due to decays to neutrinos.

II. MISSING ENERGY/MOMENTUM
EXPERIMENTS

Fixed target experiments have emerged as a powerful
probe of light dark sectors [48–50]. In this paper, we focus
on the missing energy approach [51], exemplified by NA64,
and the missing momentum approach [52], exemplified by
the proposed LDMX experiment. In both cases, individual
electrons from a low-intensity electron beam are tagged
and directed at a target. Dark matter production through
A0 Bremsstrahlung, shown at the top of Fig. 1, leads to
an observed final state consisting solely of a much lower-
energy (and transversely deflected) recoil electron, with
the rest of the energy carried by the produced DM parti-
cles, which pass through the detector without interacting.
These events are identifiable with order-one e�ciency by
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Depletion & Targets

Assuming very little

• Relic density gives a target cross 
section for a given mass:  

• Thermal target in reach figures
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Veto features
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Figure: Åkesson et al., “Photon-Rejection Power of the Light Dark Matter eXperiment in an 8 GeV Beam.”  JHEP12(2023)092  [arxiv:2308.15173]

https://arxiv.org/abs/2308.15173


34

Figure: Åkesson et al., “Photon-Rejection Power of the Light Dark Matter eXperiment in an 8 GeV Beam.”  JHEP12(2023)092  [arxiv:2308.15173]

https://arxiv.org/abs/2308.15173
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Figure: Åkesson et al., “Photon-Rejection Power of the Light Dark Matter eXperiment in an 8 GeV Beam.”  JHEP12(2023)092  [arxiv:2308.15173]

https://arxiv.org/abs/2308.15173
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Figure: Åkesson et al., “Photon-Rejection Power of the Light Dark Matter eXperiment in an 8 GeV Beam.”  JHEP12(2023)092  [arxiv:2308.15173]

https://arxiv.org/abs/2308.15173
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SM

SM

??

??

Direct detection of mass creation
Deflected SM particle → missing momentum search

No QCD or QED charge in escaped mass
Nothing in our detector… → missing energy 


