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Refresher: The Big Picture
• RF6 will have four Solicited Whitepapers (level of detail in between Contributed 

Whitepapers and Topical Group report) organized around “Big Ideas”: 
– BI1: Detect dark matter particle production (production reaction or through subsequent 

DM scattering), with a focus on exploring sensitivity to thermal DM interaction strengths.

– BI2: Explore the structure of the dark sector by producing and detecting unstable dark 
particles: Minimal Portal Interactions 

– BI3: New Flavors and Rich Structures in Dark Sectors 

– Summary of RF6 Experiments and Facilities 

• Contributed WPs are due March 15, and Solicited WPs are due April 15 

• The contents of contributed WPs (and other community publications) feed in to the 
solicited WPs.  But we need to coordinate well in advance of the WP submissions. 

• The purpose of this meeting is to share our early thoughts on the framing and 
scope of the Big Idea 1 Whitepaper, gather your input, and request your 
involvement.   
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Today’s Plan
• The Big Idea: Framing, Motivation, Scope, and Goals of the 

Document 

• List of Related LOIs (What did we miss?)  

• Tentative Outline 

• More detail on the introduction and motivating models & 
benchmarks 

• Lots of time for discussion 

• Timeline for writing  

• How to get involved
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Framing Big Idea 1
Dark matter particles can be observably produced at 
intensity-frontier experiments, and opportunities in the 
next decade will explore important parameter space 
motivated by thermal DM models, the dark sector 
paradigm, and anomalies in data. 
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Above framing is meant to encompass broad themes and motivate 
structure, but boundary is not strict. 

e.g. we will include invisibles that are not DM (unless it makes more 
sense in another Big Idea paper), low-pT LHC production

Discuss motivations, (conceptual) detection strategies, prospects 
and challenges, and (briefly) connections to other Big Ideas in RF6 
and to CF, EF10, and NF probes of dark matter. 



Motivations to Highlight
• General picture of dark matter interacting with new forces

• Thermalization and freezeout as a guide: 
– Thermal origin (broadly construed) is motivated and compelling 

– (Almost) anything sufficiently coupled to be produced could reach thermal equilibrium ➝ needs to freeze 
out with appropriate abundance – informs thinking about where to look. 

• Finite list of portals, with more breadth in the structure of the dark sector (one DM particle? 
More? Relevant self interactions? What process(es) govern freeze-out?) 

• Accelerator-based searches offer a crucial discovery mode for this family of dark matter candidates:  
– Relative to heavier dark matter, indirect detection is less relevant 

– Direct detection is complementary, while facing its own technical challenges and model-dependence 

• Note added following meeting discussion: Why electron-to-proton mass? 
– Electron mass: logical lower bound for thermalized models – most call for annihilation to electrons  

– Proton mass: boundary between WIMP-like and less WIMP-like models, as well as where high-intensity 
techniques excel (this is a fuzzy boundary)
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Conceptual Approaches
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Most fall into 3 categories (slightly generalized 
from DMNI BRN report)
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As a byproduct of reaching the important milestones associated with predictive models for the origin of 

dark matter, these experiments will also broadly explore the parameter space for dark matter 

interactions with familiar matter, irrespective of its cosmological origin, including dark matter much 

lighter than the electron.  In the following, we summarize the key capabilities of each technique and 

their general beam and detector requirements, with examples of DOE facilities that would enable them. 

 

 
Figure 2-3: A schematic of accelerator-based techniques which probe Big Bang dark matter production. 
 

Missing momentum experiments (see Figure 2-3, center) in a continuous-wave electron beam offer a 

path to achieving a full 1000-fold or better improvement compared with existing sensitivity over a broad 

range of dark matter masses.  These high-rate, single-particle measurements capitalize on precise and 

modern fast-response and radiation-tolerant detector technologies.  Moreover, they can use kinematic 

techniques to measure dark matter mass and interaction properties in the event of a discovery.  Multi-

GeV continuous-wave electron beams are necessary to enable electron missing-momentum 

experiments.  DOE facilities providing such beams include SLAC (LCLS-II) and Jefferson Laboratory 

(CEBAF).  Concepts for LCLS-II operation would parasitically extract a low-current electron beam in 

parallel with light source operation, while concepts for CEBAF operation would involve dedicated beam 

time in one of Jefferson Laboratory’s experimental halls.  A new dedicated detector operating on a 
muon beamline delivering O(���) muons per minute could be developed, for example, by upgrading a 

secondary muon beamline.  With this beamline, FNAL could perform missing momentum searches 

similar to those utilizing electron beams, perhaps with the same type of detector.  Although further 

studies are still needed, these experiments may reach 10-to-100-fold sensitivity gains over existing 

experiments for dark matter heavier than the muon and can also uniquely test the interaction between 

dark matter and muons. 

 

Beam dump experiments (Figure 2-3, right) using existing electron or proton beams are capable of at 

least 10-fold sensitivity improvements over previous experiments.  Additional measurements of the 

properties of dark matter can be performed in the event of a discovery.  Electron beam-dump 

experiments rely on high-intensity electron beams.  Parasitic use can be made of high-intensity electron 

/energy/mass

and re-scattering signals at 
colliders

Detect kinematic signal of 
invisible particle production 

in scatter or decay

Detect rare scattering 
of DM or millicharge 

in downstream/
forward detector

1.

2.

(fixed target or collider)



Conceptual Approaches
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Most fall into 3 categories (slightly generated 
from DMNI BRN report)

3. Detect semi-visible 
signals of dark matter 

production that 
exploit transitions 

between dark sector 
states

e.g. inelastic dark matter: 
produce excited state 
that decays in detector 
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FIG. 1: Hidden sector particle production and decay at electron and proton fixed-target experiments. Dark photons (A0)
are produced via Bremsstrahlung in an electron- or proton-nucleus collision and decay promptly into a pair of hidden sector
pions (⇡D), as shown in the top diagram, or a pion and vector meson (VD) of the hidden sector, as shown in the bottom
diagrams. At proton beam experiments, dark photons are also produced through Standard Model meson decays and Drell-
Yan (not shown). The vector meson is long-lived, decaying into Standard Model leptons (through mixing with the A0) after
traversing a macroscopic distance from the target (bottom-left). Similar processes can also occur for non-singlet vector mesons
which undergo a three-body decay (through an o↵-shell A0) into a hidden sector pion and a pair of Standard Model leptons
(bottom-right). The inset shows a schematic hidden sector mass spectrum, with mA0/2 & mVD ⇠ m⇡D , which enables these
decays.

A related process is the decay of the dark photon into
vector mesons whose quantum numbers do not permit
mixing with the dark photon, as shown in the bottom-
right diagram of Fig. 1. These vector mesons decay to
⇡D`

+
`
� final states with even longer lifetimes.

These distinctive signatures can be searched for at
beam dump and fixed-target experiments. Such searches
are complementary to the minimal signals of HS DM, e.g.,
nuclear/electron recoils and invisible dark photon decays,
the latter of which is shown in the top diagram of Fig. 1.
Data from the E137 beam dump experiment is already
able to probe interesting regions of parameter space, es-
pecially for ⇠ 100 meter decay lengths. Complementary
viable regions will be tested in the near future at the
currently running Heavy Photon Search (HPS) experi-
ment, an upgrade of the SeaQuest experiment, and at
the proposed Light Dark Matter eXperiment (LDMX).
Our main results are summarized in Fig. 5, where we
show existing constraints as well as sensitivity of HPS,
SeaQuest, and LDMX to cosmologically-motivated mod-
els that have not been tested otherwise. Similar signals
are also observable above the muon threshold at the B-
factories BaBar and Belle-II and at the Large Hadron
Collider (LHC).

This paper is organized as follows. In Sec. II, we de-
scribe a benchmark model of a strongly interacting HS
that we use throughout this work. We also show that
HS vector mesons are long-lived for well-motivated pa-
rameter values and, therefore, can give rise to displaced
vertex signals at fixed-target and collider experiments.
In Sec. III, we discuss the cosmological importance of
these vector mesons and clarify the issue of pion stabil-
ity. We then demonstrate in Sec. IV that existing and

future fixed-target, collider, and direct detection experi-
ments are sensitive to cosmologically-motivated parame-
ter space. We also briefly comment on various astrophys-
ical and cosmological probes. Finally, we summarize our
conclusions in Sec. V. Details of the model, cross-sections
and decay rates, and Boltzmann equations are provided
in Appendices A–C.

II. A STRONGLY INTERACTING SECTOR

We consider a strongly interacting HS described by a
confining SU(Nc) gauge theory with Nc = 3 colors, anal-
ogous to SM QCD. We also introduce Nf light flavors of
Dirac fermions in the fundamental representation. We
are interested in the relative importance of 3⇡D ! 2⇡D

and ⇡D⇡D ! ⇡DVD in dictating the DM abundance. We
choose Nf = 3, as this is the minimum number of flavors
that is required to allow either process. In this section,
we briefly outline the basics of the model, while a more
detailed discussion is provided in Appendix A. Hereafter,
we denote the HS pions and vector mesons as ⇡ and V , re-
spectively (a subscript “D” is implied). For ⇡ and V , the
superscripts, 0 and ±, denote charges under U(1)D, while
for `, they denote charges under U(1)em. The global chi-
ral symmetry, SU(Nf )L ⇥ SU(Nf )R, is spontaneously
broken by the hidden quark condensate to the diagonal
subgroup, SU(Nf )V , during confinement. Thus, at low
energies this is a theory of N

2

f �1 pions, ⇡, which consti-
tute the DM of the universe. The low-energy pion self-
interactions are described by chiral perturbation theory;
the strength of these interactions is characterized by the

e.g. cascades of dark-sector 
hadrons in strongly interacting 
SIMP dark matter 

Significant synergy and possible overlap with the other two Big Ideas –– we think it 
makes sense to cover these in multiple places where our focus in BI1 will be on 
how these signatures enable study of a broader range of DM models….but plan is 
still evolving.
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FIG. 6: a) Scalar DM pair production from electron-beam col-

lisions. An on-shell A0
is radiated and decays o↵ diagonally to

'h,` pairs. b) Inelastic up scattering of the lighter '` into the

heavier state via A0
exchange. For order-one (or larger) mass

splittings, the metastable state promptly de-excites inside the

detector via 'h ! '`e
+e�. The signal of interest is involves

a recoiling target with energy ER and two charged tracks to

yield a instinctive, zero background signature.
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FIG. 7: a) Scalar DM pair production in electron-nucleus col-

lisions. An on-shell A0
is radiated and decays o↵ diagonally to

'h,` pairs. b) Inelastic up scattering of the lighter '` into the

heavier state via A0
exchange inside the detector. For order-

one (or larger) mass splittings, the metastable state promptly

de-excites inside the detector via 'h ! '`e
+e�. This process

yields a target (nucleus, nucleon, or electron) recoil ER and

two charged tracks, which is a instinctive, zero background

signature, so nuclear recoil cuts need not be limiting.



LOI Survey

• This list is our first attempt to start organizing 
anticipated community input 
– For some broad LOIs, we have tried to called out the 

sub-parts relevant to this “Big Idea.” 

• If we missed your LOI, DON’T PANIC (but please 
do let us know)
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LOIs:  
Missing X

• Lepton Fixed Target Missing Energy/Momentum  
– LDMX  RF6_RF0-EF10_EF0-CF1_CF0_Andrew_Whitbeck: Missing momentum in e- beam 

– Muon missing momentum RF6_RF0-EF10_EF0-CF1_CF0_Andrew_Whitbeck-111  

– DM with positron beams RF6_RF0_Luca_Marsicano-074 (missing energy in beam e+ /
atomic e- annihilation) 

– Photon beam experiments RF6_RF0-112 : Missing momentum in Compton 

• Missing 4-Momentum in eta decays 
– η-η’ factories RF6_RF2_Sean_Tulin (LOI mentions future study of invisible and semi-visible 

iDM – please let us know what studies are expected for whitepaper) 

– Redtop RF2_RF6-IF6_IF3_REDTOP_Collaboration  

– Did we miss other searches in tagged meson decays?  

• Collider 
– Dark sectors at Belle II  RF6_RF0-028 

– LHC Large MET signals are out of our scope (EF10)
 9

https://www.snowmass21.org/docs/files/summaries/RF/SNOWMASS21-RF6_RF0-EF10_EF0-CF1_CF0_Andrew_Whitbeck-104.pdf
https://www.snowmass21.org/docs/files/summaries/RF/SNOWMASS21-RF6_RF0-EF10_EF0-CF1_CF0_Andrew_Whitbeck-111.pdf
https://www.snowmass21.org/docs/files/summaries/RF/SNOWMASS21-RF6_RF0_Luca_Marsicano-074.pdf
https://www.snowmass21.org/docs/files/summaries/RF/SNOWMASS21-RF6_RF0-112.pdf
https://www.snowmass21.org/docs/files/summaries/RF/SNOWMASS21-RF6_RF2_Sean_Tulin-117.pdf
https://www.snowmass21.org/docs/files/summaries/RF/SNOWMASS21-RF2_RF6-IF6_IF3_REDTOP_Collaboration_-_new-083.pdf
https://www.snowmass21.org/docs/files/summaries/RF/SNOWMASS21-RF6_RF0-028.pdf


LOIs: Dark Matter Re-Scattering  
(Beam Dump or Auxiliary Collider Detector) 

part 1
• Proton Beams – Light Thermal DM 

– 1GeV proton beam dump at Fermilab  (DM scatter on argon detector) RF6_RF0-NF2_NF3-
AF2_AF5-099 

– Fixed-Target Searches for New Physics with O(10 GeV) Proton Beams at Fermilab RF6_RF0-
NF3_NF0-AF5_AF0-084  

– FNAL booster RF6_RF0_pellico-029  

– LANSCE-PSR Short-Pulse Upgrade for Improved Dark Matter and Sterile Neutrino Searches 
AF5_AF0-NF2_NF0-RF6_RF0_Vandewater-215 

– Dark Sector Studies With Neutrino Beams (theory) NF3_NF0-RF6_RF0-CF1_CF3-TF9_TF11-148 

– low mass dark matter at ICARUS NF3_NF0-RF6_RF0-CF1_CF0_Animesh_Chatterjee-119  

– Dark Matter Searches at the Next-Generation CEνNS and Neutrino Facilities NF3_NF0-RF6_RF0-
TF8_TF9_Doojin_Kim-070 

– (Anti)Neutrinos at LBNF NF5_NF6-EF6_EF4-RF1_RF6-122 (brief mention of DM program — 
expect studies?) 

– MIνER CEνNS Experiment NF6_NF10-RF6_RF0_Rupak_Mahapatra-104
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https://www.snowmass21.org/docs/files/summaries/RF/SNOWMASS21-RF6_RF0-NF2_NF3-AF2_AF5-099.pdf
https://www.snowmass21.org/docs/files/summaries/RF/SNOWMASS21-RF6_RF0-NF2_NF3-AF2_AF5-099.pdf
https://www.snowmass21.org/docs/files/summaries/RF/SNOWMASS21-RF6_RF0-NF3_NF0-AF5_AF0-084.pdf
https://www.snowmass21.org/docs/files/summaries/RF/SNOWMASS21-RF6_RF0-NF3_NF0-AF5_AF0-084.pdf
https://www.snowmass21.org/docs/files/summaries/RF/SNOWMASS21-RF6_RF0_pellico-029.pdf
https://www.snowmass21.org/docs/files/summaries/AF/SNOWMASS21-AF5_AF0-NF2_NF0-RF6_RF0_Vandewater-215.pdf
https://www.snowmass21.org/docs/files/summaries/NF/SNOWMASS21-NF3_NF0-RF6_RF0-CF1_CF3-TF9_TF11-148.pdf
https://www.snowmass21.org/docs/files/summaries/NF/SNOWMASS21-NF3_NF0-RF6_RF0-CF1_CF0_Animesh_Chatterjee-119.pdf
https://www.snowmass21.org/docs/files/summaries/NF/SNOWMASS21-NF3_NF0-RF6_RF0-TF8_TF9_Doojin_Kim-070.pdf
https://www.snowmass21.org/docs/files/summaries/NF/SNOWMASS21-NF3_NF0-RF6_RF0-TF8_TF9_Doojin_Kim-070.pdf
https://www.snowmass21.org/docs/files/summaries/NF/SNOWMASS21-NF5_NF6-EF6_EF4-RF1_RF6-122.pdf
https://www.snowmass21.org/docs/files/summaries/NF/SNOWMASS21-NF6_NF10-RF6_RF0_Rupak_Mahapatra-104.pdf


LOIs: Dark Matter Re-Scattering  
(Beam Dump or Auxiliary Collider Detector) 

part 2
• Electron Beams – Light Thermal DM 

– BDX RF6_RF0_BDX-076  

• Millicharges (fixed target and/or auxiliary detectors at colliders) 
– Scintillation-based detectors for millicharged particles EF9_EF0-NF3_NF0-

RF6_RF0_Matthew_Citron-072  

– Accelerator Probes of Millicharged Particles and Dark Matter 
EF9_EF10_NF3_NF5_CF1_CF3_CF7_TF7_TF8_TF9_AF5_UF3_Yu-Dai_Tsai-114  

• Collider-Based 
– Forward physics facility (auxiliary detector a la beam dump but using forward LHC collision 

products) EF9_EF6_EF10_EF5-NF6_NF3_NF10-RF6_RF0-CF7_CF0-AF5_AF0-
UF1_UF2_ForwardPhysicsFacility-193  

• Sexaquark Dark Matter Production and Detection in HCAL: 
– Accelerator search for color-flavor-spin singlet uuddss bound state DM CF1_CF0-EF7_EF10-

RF3_RF6_Glennys_Farrar-198 
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https://www.snowmass21.org/docs/files/summaries/RF/SNOWMASS21-RF6_RF0_BDX-076.pdf
https://www.snowmass21.org/docs/files/summaries/EF/SNOWMASS21-EF9_EF0-NF3_NF0-RF6_RF0_Matthew_Citron-072.pdf
https://www.snowmass21.org/docs/files/summaries/EF/SNOWMASS21-EF9_EF0-NF3_NF0-RF6_RF0_Matthew_Citron-072.pdf
https://www.snowmass21.org/docs/files/summaries/RF/SNOWMASS21-EF9_EF10_NF3_NF5_CF1_CF3_CF7_TF7_TF8_TF9_AF5_UF3_Yu-Dai_Tsai-114.pdf
https://www.snowmass21.org/docs/files/summaries/EF/SNOWMASS21-EF9_EF6_EF10_EF5-NF6_NF3_NF10-RF6_RF0-CF7_CF0-AF5_AF0-UF1_UF2_ForwardPhysicsFacility-193.pdf
https://www.snowmass21.org/docs/files/summaries/EF/SNOWMASS21-EF9_EF6_EF10_EF5-NF6_NF3_NF10-RF6_RF0-CF7_CF0-AF5_AF0-UF1_UF2_ForwardPhysicsFacility-193.pdf
https://www.snowmass21.org/docs/files/summaries/EF/SNOWMASS21-EF9_EF6_EF10_EF5-NF6_NF3_NF10-RF6_RF0-CF7_CF0-AF5_AF0-UF1_UF2_ForwardPhysicsFacility-193.pdf
https://www.snowmass21.org/docs/files/summaries/CF/SNOWMASS21-CF1_CF0-EF7_EF10-RF3_RF6_Glennys_Farrar-198.pdf
https://www.snowmass21.org/docs/files/summaries/CF/SNOWMASS21-CF1_CF0-EF7_EF10-RF3_RF6_Glennys_Farrar-198.pdf


• Spectrometer-based experiments 
– HPS RF6_RF0_Nelson-078 

– DarkQuest RF6_RF0_Nhan_Tran-025 

– Faser 2 EF9_EF6-NF3_NF6-RF6_RF0-CF7_CF0-
AF5_AF0_FASER2-038 

– Dark sectors at Belle II  RF6_RF0-028 

– I don’t know other LHC experiments’ plans to address for Snowmass, 
but 2018 pheno paper (Berlin & Kling) treats ATLAS, CMS, LHCb, 
CODEX-b, FASER, and MATHUSLA 

• Note: some (but not all) beam dump experiments have also 
studied their sensitivity to iDM decay-in-flight signals

LOIs: Semi-Visible Signals

 12

https://www.snowmass21.org/docs/files/summaries/RF/SNOWMASS21-RF6_RF0_Nelson-078.pdf
https://www.snowmass21.org/docs/files/summaries/RF/SNOWMASS21-RF6_RF0_Nhan_Tran-025.pdf
https://www.snowmass21.org/docs/files/summaries/EF/SNOWMASS21-EF9_EF6-NF3_NF6-RF6_RF0-CF7_CF0-AF5_AF0_FASER2-038.pdf
https://www.snowmass21.org/docs/files/summaries/EF/SNOWMASS21-EF9_EF6-NF3_NF6-RF6_RF0-CF7_CF0-AF5_AF0_FASER2-038.pdf
https://www.snowmass21.org/docs/files/summaries/EF/SNOWMASS21-EF9_EF6-NF3_NF6-RF6_RF0-CF7_CF0-AF5_AF0_FASER2-038.pdf
https://www.snowmass21.org/docs/files/summaries/RF/SNOWMASS21-RF6_RF0-028.pdf
https://arxiv.org/pdf/1810.01879.pdf


LOIs: Additional Physics 
Scope and Motivations

• Dark Pion Searches at Colliders and High Intensities EF9_EF0-RF6_RF0-075 

• Accelerator search for color-flavor-spin singlet uuddss bound state DM CF1_CF0-EF7_EF10-
RF3_RF6_Glennys_Farrar-198  

• Stable Mediators 
– Dark sectors at KOTO RF6_RF0_KOTO-050 and Dark sectors at kaon factories (theory) RF6_RF0-034 (production of 

massless, invisible dark photon in KL0 → γγ  ̄and other meson decays) 

– Passat: A New ALP Detection Strategy (Primakov production of stable ALPs) NF3_NF0-RF6_RF0-CF1_CF0_Doojin_Kim-016 

• Heavy Neutral Leptons & Neutrino Portal 
– Neutrino Minimal Standard Model (theory) (includes neutrino portal DM?) NF3_NF1-EF9_EF0-RF4_RF6-CF1_CF3-TF11_TF9-

AF5_AF0-195 

– Non minimal HNL models (theory) NF2_NF3-EF9_EF0-RF4_RF6-CF1_CF0-TF8_TF11_Matheus_Hostert-041 

– Heavy Neutral Leptons at Accelerator Neutrino Experiments NF2_NF3-RF6_RF0_Athanasios_Hatzikoutelis-160  

– This is one place where we need to refine the scope. 

• Neutron Portal 
– ∆B = 2: A State of the Field, and Looking Forward (RF4, baryon and lepton number violation) RF4_RF6-NF3_NF10-

TF2_TF5_Joshua_Barrow-105 

– Sterile neutrons at ORNL and ESS (neutron-sterile neutron oscillation) hRF6_RF3_Joshua_Barrow-115
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https://www.snowmass21.org/docs/files/summaries/EF/SNOWMASS21-EF9_EF0-RF6_RF0-075.pdf
https://www.snowmass21.org/docs/files/summaries/CF/SNOWMASS21-CF1_CF0-EF7_EF10-RF3_RF6_Glennys_Farrar-198.pdf
https://www.snowmass21.org/docs/files/summaries/CF/SNOWMASS21-CF1_CF0-EF7_EF10-RF3_RF6_Glennys_Farrar-198.pdf
https://www.snowmass21.org/docs/files/summaries/RF/SNOWMASS21-RF6_RF0_KOTO-050.pdf
https://www.snowmass21.org/docs/files/summaries/RF/SNOWMASS21-RF6_RF0-034.pdf
https://www.snowmass21.org/docs/files/summaries/NF/SNOWMASS21-NF3_NF0-RF6_RF0-CF1_CF0_Doojin_Kim-016.pdf
https://www.snowmass21.org/docs/files/summaries/NF/SNOWMASS21-NF3_NF1-EF9_EF0-RF4_RF6-CF1_CF3-TF11_TF9-AF5_AF0-195.pdf
https://www.snowmass21.org/docs/files/summaries/NF/SNOWMASS21-NF3_NF1-EF9_EF0-RF4_RF6-CF1_CF3-TF11_TF9-AF5_AF0-195.pdf
https://www.snowmass21.org/docs/files/summaries/NF/SNOWMASS21-NF2_NF3-EF9_EF0-RF4_RF6-CF1_CF0-TF8_TF11_Matheus_Hostert-041.pdf
https://www.snowmass21.org/docs/files/summaries/NF/SNOWMASS21-NF2_NF3-RF6_RF0_Athanasios_Hatzikoutelis-160.pdf
https://www.snowmass21.org/docs/files/summaries/RF/SNOWMASS21-RF4_RF6-NF3_NF10-TF2_TF5_Joshua_Barrow-105.pdf
https://www.snowmass21.org/docs/files/summaries/RF/SNOWMASS21-RF4_RF6-NF3_NF10-TF2_TF5_Joshua_Barrow-105.pdf
https://www.snowmass21.org/docs/files/summaries/RF/SNOWMASS21-RF6_RF3_Joshua_Barrow-115.pdf


LOIs: Interfaces to Other 
Frontiers

• Summarizing experimental sensitivities of collider 
experiments to Dark Matter models and 
comparison to other experiments EF9_EF10-
RF6_RF0-CF1_CF3_Boyu_Gao-160  

• Long Lived Particles at Energy Frontier EF9_EF10-
RF6_RF0-TF7_TF8_James_Beacham-201  

• Dark matter complementarity CF2_CF7-EF10_EF0-
RF6_RF0-TF9_TF0-150 
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https://www.snowmass21.org/docs/files/summaries/EF/SNOWMASS21-EF9_EF10-RF6_RF0-CF1_CF3_Boyu_Gao-160.pdf
https://www.snowmass21.org/docs/files/summaries/EF/SNOWMASS21-EF9_EF10-RF6_RF0-CF1_CF3_Boyu_Gao-160.pdf
https://www.snowmass21.org/docs/files/summaries/EF/SNOWMASS21-EF9_EF10-RF6_RF0-CF1_CF3_Boyu_Gao-160.pdf
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Production: via proton-dump interactions (e,g, neutrino facilities++) 
Main production modes via rare meson decays, DIS, bremsstrahlung…
Can produce DM/millicharge, sextet and other BSM — either  directly or via 
on-shell mediator production + decay to DM

Detection: downstream scattering or decays of long lived states 

Dark Matter Search in a Proton Beam Dump with MiniBooNE

A.A. Aguilar-Arevalo,1 M. Backfish,2 A. Bashyal,3 B. Batell,4 B.C. Brown,2 R. Carr,5 A. Chatterjee,3
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The MiniBooNE-DM collaboration searched for vector-boson mediated production of dark matter
using the Fermilab 8 GeV Booster proton beam in a dedicated run with 1.86⇥1020 protons delivered
to a steel beam dump. The MiniBooNE detector, 490 m downstream, is sensitive to dark matter
via elastic scattering with nucleons in the detector mineral oil. Analysis methods developed for
previous MiniBooNE scattering results were employed, and several constraining data sets were
simultaneously analyzed to minimize systematic errors from neutrino flux and interaction rates. No
excess of events over background was observed, leading to an 90% confidence limit on the dark-
matter cross section parameter, Y = ✏2↵0(m�/mv)

4 . 10�8, for ↵0 = 0.5 and for dark-matter
masses of 0.01 < m� < 0.3 GeV in a vector portal model of dark matter. This is the best limit from
a dedicated proton beam dump search in this mass and coupling range and extends below the mass
range of direct dark matter searches. These results demonstrate a novel and powerful approach to
dark matter searches with beam dump experiments.

PACS numbers: 95.35.+d,13.15.+g

Introduction — There is strong evidence for dark mat-
ter (DM) from observations of gravitational phenomena
across a wide range of distance scales [1]. A substantial
program of experiments has evolved over the last sev-
eral decades to search for non-gravitational interactions
of DM, with yet no undisputed evidence in this sector.
Most of these experiments target DM with weak scale
masses and are less sensitive to DM with masses below a
few GeV. To complement these approaches, new search
strategies sensitive to DM with smaller masses should be
considered [2].

Fixed-target experiments using beams of protons or
electrons can expand the sensitivity to sub-GeV DM that
couples to ordinary matter via a light mediator parti-
cle [3–18]. In these experiments, DM particles may be
produced in collisions with nuclei in the fixed target, of-
ten a beam dump, and may be identified through interac-
tions with nuclei in a downstream detector. Results from
past beam dump experiments have been reanalyzed to

Be

Target

EarthAir

Decay Pipe

Steel

Beam Dump MiniBooNE Detector

p
⇡0

V

�

�†

�
N

�
50m 4m 487m

FIG. 1. Schematic illustration of this DM search using the
the Fermilab BNB in o↵-target mode together with the Mini-
BooNE detector. The proton beam is steered above the beryl-
lium target in o↵-target mode lowering the neutrino flux.

place limits on the parameters within this class of models.
In this Letter, we report on the first dedicated search of
this type (proposed in [6]), which employs 8 GeV protons
from the Fermilab Booster Neutrino Beam (BNB), re-
configured to reduce neutrino-induced backgrounds, com-
bined with the downstream MiniBooNE (MB) neutrino
detector (Fig. 1).
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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, 18] 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 [19]. 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.

for vector, scalar, and fermionic mediators, respectively.
However, coupling a fermionic mediator to the lepton por-
tal requires additional model building1 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
Sec. II C and [26] for a discussion of this issue), so we restrict

1 A fermionic mediator coupled to the lepton portal requires additional
model building to simultaneously achieve a thermal contact through this
interaction and yield viable neutrino textures; the coupling to the mediator
must be suppressed by neutrino masses, so it is generically difficult for the
interaction rate to exceed Hubble expansion.

our attention to abelian vector mediators; a nonabelian field
strength is not gauge invariant, so kinetic mixing is forbidden.

Alternatively, the mediator could couple directly to SM
particles if both dark and visible matter are charged under
the same gauge group. In the absence of additional fields,
anomaly cancellation restricts the possible choices to be

U(1)B�L , U(1)`i�`j , U(1)3B�`i , (2)

and linear combinations thereof. In most contexts, the rele-
vant phenomenology in fixed-target searches is qualitatively
similar to the vector portal scenario, so below we will ignore
these possibilities without loss of essential generality. We
note, however, that viable models for both protophobic [27]
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FIG. 3: 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.

Figure 2: a) ��̄ pair production in electron-nucleus collisions via the Cabibbo-Parisi
radiative process (with A

0 on- or o↵-shell) and b) � scattering o↵ an electron in the
detector.

vated for LDM which is safe from CMB constraints [3]. and has striking implications
for possible signatures at BDX.

2.1.2 Leptophilic A
0 and Dark Matter

A similar scenario involving a vector mediator arises from gauging the di↵erence
between electron and muon numbers under the abelian U(1)e�µ group. Instead of
kinetic mixing, the light vector particle here has direct couplings to SM leptonic
currents

A
0
�
J
�

SM
! gV A

0
µ

�
ē�

�
e + ⌫̄e�

�
⌫e � µ̄�

�
µ + ⌫̄µ�

�
⌫µ

�
, (7)

where gV is the gauge coupling of this model, which we normalize to the electric
charge, gV ⌘ ✏e and consider parameter space in terms of ✏, like in the case of kinetic
mixing. Note that here, the A

0 does not couple to SM quarks at tree level, but it
does couple to neutrinos, which carry electron or muon numbers. Note also that this
scenario is one of the few combinations of SM quantum numbers that can be gauged
without requiring additional field content. Assigning the DM e�µ number yields the
familiar gDA

0
�
J
�

DM interaction as in Eq. 1. Both of these variations can give rise to
thermal LDM as discussed above.

2.2 Muon Anomalous Magnetic Moment

It is well known that a light, sub-GeV scale gauge boson (either a kinetically mixed
dark photon, or a leptophilic gauge boson that couples to muons) can ameliorate the
⇠ 3.5� discrepancy between the theoretical prediction and experimental observation
of the muon’s anomalous magnetic moment [4]. Although there are many active
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Figure 5: Top: Same as Fig. 2, but for an inelastic Majorana DM scenario in which
the A

0 decays to a pair of di↵erent mass eigenstates. The unstable �2 decays in flight,
so the flux at the detector is dominated by �1 states which upscatter o↵ electron,
nucleon, and nuclear targets (bottom) to regenerate the �2 state. Subsequently, the
�2 promptly de-excites in a 3-body �2 ! �1e

+
e

� process, depositing significant ⇠

GeV scale electromagnetic signal inside the BDX detector.

discrepant value of (g � 2) of the muon, in particular the mA0 � m� and ↵D � ✏

regime.
In the following we describe the various searches and comment on their sensitivity.

The paradigm of DM interactions with the SM o↵ers three broad possibilities to search
for it: accelerators, direct, and indirect detection. The first relies on production of
DM, either directly, or through the production and decay of a mediator such as the
A

0. The second approach seeks to directly detect the interaction of DM particles from
the halo, as they pass through the earth. In the third, DM annihilation in the early
Universe could a↵ect cosmological observations; or alternatively, in the present day,
DM could annihilate in dense regions such as the center of our galaxy — giving rise
to final state SM particles that one can look for. We briefly discuss previous, current,
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Complementarity: unique sensitivity to hardophilic interactions, parasitic, 
sensitive to DM thermal targets

Proton Beam Dump Production



New Electron Beam-Dump Experiments to Search for MeV to few-GeV Dark Matter

Eder Izaguirre, Gordan Krnjaic, Philip Schuster, and Natalia Toro
Perimeter Institute for Theoretical Physics, Waterloo, Ontario, Canada

(Dated: November 19, 2013)

In a broad class of consistent models, MeV to few-GeV dark matter interacts with ordinary matter
through weakly coupled GeV-scale mediators. We show that a suitable meter-scale (or smaller) de-
tector situated downstream of an electron beam-dump can sensitively probe dark matter interacting
via sub-GeV mediators, while B-factory searches cover the 1–5 GeV range. Combined, such exper-
iments explore a well-motivated and otherwise inaccessible region of dark matter parameter space
with sensitivity several orders of magnitude beyond existing direct detection constraints. These ex-
periments would also probe invisibly decaying new gauge bosons (“dark photons”) down to kinetic
mixing of ✏ ⇠ 10�4, including the range of parameters relevant for explaining the (g � 2)µ discrep-
ancy. Sensitivity to other long-lived dark sector states and to new milli-charge particles would also
be improved.

I. INTRODUCTION AND SUMMARY

Dark matter is sharp evidence for physics beyond the
Standard Model, and may be our first glimpse at a
rich sector of new phenomena at accessible mass scales.
Whereas vast experimental programs aim to detect or
produce few-GeV-to-TeV dark matter [1–12], these ex-
periments are essentially blind to dark matter of MeV-
to-GeV mass. We propose an approach to search for
dark matter in this lower mass range by producing it in
an electron beam-dump and then detecting its scatter-
ing in a small downstream detector (Fig. 1). This ap-
proach can explore significant new parameter space for
both dark matter and light force-carriers decaying invisi-
bly, in parasitic low-beam-background experiments at ex-
isting facilities. The sensitivity of this approach comple-
ments and extends that of analogous proposed neutrino
factory searches [13–16]. Combined with potential B-
factory searches, these experiments would explore a well-
motivated and otherwise inaccessible region of dark mat-
ter parameter space. Experiments of this type are also es-
sential to a robust program searching for new kinetically
mixed gauge bosons, as they complement the ongoing
searches for such bosons’ visible decays [13, 14, 17–37].

Various considerations motivate dark matter candi-
dates in the MeV-to-TeV range. Much heavier dark mat-
ter is disfavored because its naive thermal abundance ex-
ceeds the observed cosmological matter density. Much
beneath an MeV, astrophysical and cosmological con-
straints allow only dark matter with ultra-weak couplings
to quarks and leptons [38]. Between these boundaries
(MeV � TeV), simple models of dark matter can ac-
count for its observed abundance through either thermal
freeze-out or non-thermal mechanisms [39–54]. The con-
ventional argument in favor of weak-scale (& 100 GeV)
dark matter — that its annihilation through Standard
Model (SM) forces alone su�ces to explain the observed
relic density — is dampened by strong experimental con-
straints on dark matter with significant couplings to the
Z or Higgs bosons [12, 55] and by the absence to date of
evidence for new SM-charged matter at the LHC.

The best constraints on multi-GeV dark matter inter-

2

Beam

e�

Dump

10 m 10 m
Dirt

Detector

�

1 m

1 m

1 m

Optional
ShieldingDetector

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.

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, fast
neutrons, and noise. Similar layouts with much smaller detec-
tors or shorter target-detector distances than shown above are
similarly sensitive. To improve sensitivity, additional shield-
ing or vetoes can be used to actively reduce high energy cos-
mogenic and other environmental backgrounds.

actions are from underground searches for nuclei recoiling
o↵ non-relativistic dark matter particles in the Galactic
halo (e.g. [1, 2, 5–9, 12]). These searches are insensi-
tive to few-GeV or lighter dark matter, whose nuclear
scattering transfers invisibly small kinetic energy to a re-
coiling nucleus. Electron-scattering o↵ers an alternative
strategy to search for sub-GeV dark matter, but with
dramatically higher backgrounds [56–58]. If dark matter
scatters by exchange of particles heavier than the Z, then
competitive limits can be obtained from hadron collider
searches for dark matter pair-production accompanied by
a jet, which results in a high-missing-energy “monojet”
signature [9, 10]. But among the best motivated models
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Figure 2: a) ��̄ pair production in electron-nucleus collisions via the Cabibbo-Parisi
radiative process (with A

0 on- or o↵-shell) and b) � scattering o↵ an electron in the
detector.

vated for LDM which is safe from CMB constraints [3]. and has striking implications
for possible signatures at BDX.

2.1.2 Leptophilic A
0 and Dark Matter

A similar scenario involving a vector mediator arises from gauging the di↵erence
between electron and muon numbers under the abelian U(1)e�µ group. Instead of
kinetic mixing, the light vector particle here has direct couplings to SM leptonic
currents
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⌫e � µ̄�
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µ + ⌫̄µ�
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�
, (7)

where gV is the gauge coupling of this model, which we normalize to the electric
charge, gV ⌘ ✏e and consider parameter space in terms of ✏, like in the case of kinetic
mixing. Note that here, the A

0 does not couple to SM quarks at tree level, but it
does couple to neutrinos, which carry electron or muon numbers. Note also that this
scenario is one of the few combinations of SM quantum numbers that can be gauged
without requiring additional field content. Assigning the DM e�µ number yields the
familiar gDA

0
�
J
�

DM interaction as in Eq. 1. Both of these variations can give rise to
thermal LDM as discussed above.

2.2 Muon Anomalous Magnetic Moment

It is well known that a light, sub-GeV scale gauge boson (either a kinetically mixed
dark photon, or a leptophilic gauge boson that couples to muons) can ameliorate the
⇠ 3.5� discrepancy between the theoretical prediction and experimental observation
of the muon’s anomalous magnetic moment [4]. Although there are many active
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Figure 2: a) ��̄ pair production in electron-nucleus collisions via the Cabibbo-Parisi
radiative process (with A

0 on- or o↵-shell) and b) � scattering o↵ an electron in the
detector.

vated for LDM which is safe from CMB constraints [3]. and has striking implications
for possible signatures at BDX.

2.1.2 Leptophilic A
0 and Dark Matter

A similar scenario involving a vector mediator arises from gauging the di↵erence
between electron and muon numbers under the abelian U(1)e�µ group. Instead of
kinetic mixing, the light vector particle here has direct couplings to SM leptonic
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where gV is the gauge coupling of this model, which we normalize to the electric
charge, gV ⌘ ✏e and consider parameter space in terms of ✏, like in the case of kinetic
mixing. Note that here, the A

0 does not couple to SM quarks at tree level, but it
does couple to neutrinos, which carry electron or muon numbers. Note also that this
scenario is one of the few combinations of SM quantum numbers that can be gauged
without requiring additional field content. Assigning the DM e�µ number yields the
familiar gDA
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DM interaction as in Eq. 1. Both of these variations can give rise to
thermal LDM as discussed above.
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It is well known that a light, sub-GeV scale gauge boson (either a kinetically mixed
dark photon, or a leptophilic gauge boson that couples to muons) can ameliorate the
⇠ 3.5� discrepancy between the theoretical prediction and experimental observation
of the muon’s anomalous magnetic moment [4]. Although there are many active
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heavier state via A0 exchange inside the detector. For order-
one (or larger) mass splittings, the metastable state promptly
de-excites inside the detector via �h � ��e

+e�. This process
yields a target (nucleus, nucleon, or electron) recoil ER and
two charged tracks, which is a instinctive, zero background
signature, so nuclear recoil cuts need not be limiting.

Figure 5: Top: Same as Fig. 2, but for an inelastic Majorana DM scenario in which
the A

0 decays to a pair of di↵erent mass eigenstates. The unstable �2 decays in flight,
so the flux at the detector is dominated by �1 states which upscatter o↵ electron,
nucleon, and nuclear targets (bottom) to regenerate the �2 state. Subsequently, the
�2 promptly de-excites in a 3-body �2 ! �1e

+
e

� process, depositing significant ⇠

GeV scale electromagnetic signal inside the BDX detector.

discrepant value of (g � 2) of the muon, in particular the mA0 � m� and ↵D � ✏

regime.
In the following we describe the various searches and comment on their sensitivity.

The paradigm of DM interactions with the SM o↵ers three broad possibilities to search
for it: accelerators, direct, and indirect detection. The first relies on production of
DM, either directly, or through the production and decay of a mediator such as the
A

0. The second approach seeks to directly detect the interaction of DM particles from
the halo, as they pass through the earth. In the third, DM annihilation in the early
Universe could a↵ect cosmological observations; or alternatively, in the present day,
DM could annihilate in dense regions such as the center of our galaxy — giving rise
to final state SM particles that one can look for. We briefly discuss previous, current,
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OR
✏

✏ ✏

Production: via electron-dump bremsstrahlung and secondary positron 
interactions. Can produce DM/iDM, millicharge  BSM directly or via on-shell 
mediator production + decay to DM

Detection: downstream scattering or decays of long lived states 

Electron Beam Dump Production

Complementarity: leptophilic interactions, parasitic, sensitive to thermal targets
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heavier state via A0
exchange inside the detector. For order-
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de-excites inside the detector via 'h ! '`e
+e�. This process

yields a target (nucleus, nucleon, or electron) recoil ER and

two charged tracks, which is a instinctive, zero background

signature, so nuclear recoil cuts need not be limiting.Production: via e-e- annihilation produce DM or mediators with invisible or 
semi-visible decays. Direct production DM production through contact 
coupling or mediator decay 

Detection: missing energy or semi-visible BSM transition w/ displaced vertex 

Complementarity: leptophilic interactions, heavy flavor (mu,tau), currently 
existing facilities/analysis capability 
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The Light Dark Matter eXperiment

➡a zero background experiment can 
definitively test thermal DM over 
most of MeV-GeV range with ~1016 e-

LDMX is an e- fixed-target 
missing momentum search 
for light dark matter.
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FIG. 3: 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.

Figure 2: a) ��̄ pair production in electron-nucleus collisions via the Cabibbo-Parisi
radiative process (with A

0 on- or o↵-shell) and b) � scattering o↵ an electron in the
detector.

vated for LDM which is safe from CMB constraints [3]. and has striking implications
for possible signatures at BDX.

2.1.2 Leptophilic A
0 and Dark Matter

A similar scenario involving a vector mediator arises from gauging the di↵erence
between electron and muon numbers under the abelian U(1)e�µ group. Instead of
kinetic mixing, the light vector particle here has direct couplings to SM leptonic
currents
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where gV is the gauge coupling of this model, which we normalize to the electric
charge, gV ⌘ ✏e and consider parameter space in terms of ✏, like in the case of kinetic
mixing. Note that here, the A

0 does not couple to SM quarks at tree level, but it
does couple to neutrinos, which carry electron or muon numbers. Note also that this
scenario is one of the few combinations of SM quantum numbers that can be gauged
without requiring additional field content. Assigning the DM e�µ number yields the
familiar gDA

0
�
J
�

DM interaction as in Eq. 1. Both of these variations can give rise to
thermal LDM as discussed above.

2.2 Muon Anomalous Magnetic Moment

It is well known that a light, sub-GeV scale gauge boson (either a kinetically mixed
dark photon, or a leptophilic gauge boson that couples to muons) can ameliorate the
⇠ 3.5� discrepancy between the theoretical prediction and experimental observation
of the muon’s anomalous magnetic moment [4]. Although there are many active
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Production: via electro-nuclear bremsstrahlung. Produce DM directly or via on-
shell mediator decay. Also reach for ~meter long lived particles  

Detection: monitor incoming/outgoing beam kinematics,  observe DM production via  
reduced beam energy/momentum  (+no additional activity downstream)s

Complementarity: sensitivity to thermal targets, leptophilic interactions, LLPs

Electron Beam Missing Energy/Momentum 



Muon Beam Missing Energy/Momentum 

Production: via muon-nucleus bremsstrahlung. Produce DM directly or via on-
shell mediator decay. 

Detection: monitor incoming/outgoing beam kinematics,  observe DM production via  
reduced beam energy/momentum  (+no additional activity downstream)s

Complementarity: muon-philic interactions, heavy flavor, light physics for g-2
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FIG. 2: Schematic representation of the different DM annihilation modes (top row) and A0 decay modes for
m�/mA0 ratios. a) Secluded annihilation scenario with a visibly decaying mediator. Since the annihilation
rate is independent of the A0 SM coupling, this scenario has no thermal target and cannot be presented
on the y vs. m� plane. However, there is an active and growing program to probe dark photons in this
regime by observing their visible decay products (see [1, 11] for more details). b) Compressed region with
direct annihilation, but a visibly decaying mediator. Since the annihilation rate in this regime depends on ✏,
there is a testable thermal target; probing sufficiently small values of ✏ can decisively test this scenario. c)
Direct annihilation and invisibly decaying mediator particle. This regime will be the primary focus of this
document.

where f is a SM fermion and Qf is its electromagnetic charge.
We distinguish between two distinct annihilation regimes depicted schematically in Fig. 2

• Secluded Annihilation: For mA0 < m�, DM annihilation will predominantly proceed
through �� ! A

0
A

0, followed by A
0

! ff decays to SM fermions. However, the an-
nihilation rate in this regime is independent of the SM-A0 coupling ✏ and therefore difficult
to test since thermal freeze out can proceed even for tiny values of ✏. This regime is depicted
on the leftmost column of Fig. 2

• Direct Annihilation: For mA0 > m�, the mediator decays predominantly to DM and anni-
hilation proceeds via �� ! A

0⇤
! ff to SM fermions f through a virtual mediator. This

regime is depicted in the middle and rightmost column of Fig. 2; ; note the compressed
region in the middle column for which m� < mA0 < 2m� for which the annihilation rate
depends on ✏ but the mediator decay to DM is kinematically forbidden.

Since the cross section for direct annihilation is proportional to all the parameters in the DM
lagrangian, it is convenient to define the dimensionless interaction strength y as

�v(�� ! A
0⇤

! ff) / ✏
2
↵D

m
2
�

m
4
A0

=
y

m2
�

, y ⌘ ✏
2
↵D

✓
m�

mA0

◆4

(4)

Beam

Target 

Production: via e+e- annihilation with a positron beam and a fixed electron 
target. CM energy is known and can be used to reconstruct missing mass. 

Detection: a missing invariant mass from known CM energy

Complementarity: enhanced sensitivity near DM pair mass at resonance



Spectrometer Searches

Production: proton-nucleus fixed target scatter produces DM via DIS, 
bremsstrsahlung, and rare meson decays 

Detection: forward produced DM states undergo semi visible transitions downstream 
in tracker layers and detectors 

Complementarity: sensitivity to visibly and semi0visibly decaying BSM states 
produces in the target. Also sensitive to long lived particles 15 

beams, such as those delivered by CEBAF or LCLS-II, by placing a detector in a new experimental hall 
built downstream of their beam dumps.  Proton beam dumps offer comparable reach, with unique 
sensitivity to nucleon couplings, and can be realized at several facilities.  Existing infrastructure can be 
exploited in various ways: for example, by steering the FNAL Booster Neutrino Beam (BNB) proton beam 
into an upgraded beam dump and looking for dark matter scattering in existing neutrino detectors, or by 
operating new coherent neutrino-nucleus scattering detectors during routine operations of intense low-
energy proton stopped pion sources, such as SNS or LANSCE.  These approaches can expand the dark 
matter search sensitivity below the proton mass.  Placing a new and improved detector on a high-energy 
proton beamline, such as the Fermilab’s Main Injector 120 GeV (1.2 x ���� eV) beamline, would extend 
sensitivity to higher mass. 
 
Thrust 2 (near term and long term): Explore the structure of the dark sector by producing and 
detecting unstable dark particles. 
 
Accelerator-based experiments are the only type of experiment capable of producing not only dark 
matter, but other related particles (the “dark sector”).  The latter class of particles can be detected 
through their decays into ordinary matter.  Two key examples are decays of (i) a new force carrier into 
two particles of visible matter and (ii) additional particles charged under these forces into a dark matter 
particle accompanied by familiar particles.  The second signal is illustrated in Figure 2-4. 
 

 
Figure 2-4: Schematic of accelerator-based techniques that can explore the structure of the dark sector using 
spectrometer-based experiments. 
 
The decays of unstable dark sector particles may produce detectable signals in the beam dump or 
missing momentum experiments motivated by Thrust 1.  For example, semi-visible excited states of dark 
matter may be sufficiently long-lived that their decays are seen in a beam dump experiment, while late 
decays of force carriers may occur in the detector volume of a missing momentum experiment.  These 
dual capabilities underscore the inherently multi-purpose nature of these experimental concepts, the 
full capabilities of which are a subject of ongoing research.  
 
In addition, the requirement of a dark sector motivates spectrometer-based experiments more directly 
tailored to searching for unstable dark sector particles.  These experiments aim to identify and measure 
the visible products of a dark sector particle’s decay  ̶  typically with much shorter baselines than beam 

Also probe iDM LLPs
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signature, so nuclear recoil cuts need not be limiting.
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VI. DECAY CALCULATION

The SM width K ! µ⌫ can be written as

�(K+ ! µ
+
⌫) =

mK�
2
µ

2⇡

 
1 �

m
2
µ

m
2
K

!2

. (A.1)

where the coupling

�µ ⌘ 2GF fK mµVus ' 8.7 ⇥ 10�8
, (A.2)

sets the typical size of the kaon decay widths consid-
ered here. Note that �µ has to be proportional to the
muon mass because a chirality flip is required to make
the amplitude non-zero. The kaon width is �K+ =
5.3 ⇥ 10�14 MeV, so BRK!µ⌫ ' 0.63. Below we present
the calculation for the squared matrix elements of

K
+(P ) ! µ

+(k)⌫µ(q)X(`) , (A.3)

where X = V or � is a muonic force carrier considered
in this paper and P, k, q and ` are four vectors. These
results are already present in the extensive literature on
muonic forces (see for example [14]) but we present them
here for completeness.

For either scenario, the partial width for this process
can be written as

�K!µ⌫µX =
1

256⇡3m3
K

Z X
|MX |2dm

2
12dm

2
23 , (A.4)

where the limits of integration are given by (m2
12)min =

m
2
X and (m2

12)max = (mK � mµ)2. For a fixed m12 the
minimum and maximum of m23 are given by

(m2
23)

min
max=(E⇤

2 +E
⇤
3 )2�

✓q
E

⇤2
2 �m

2
X±

q
E

⇤2
3 �m2

µ

◆2
, (A.5)

where we define

E
⇤
2 =

m
2
12 + m

2
X

2m12
, E

⇤
3 =

m
2
K � m

2
12 � m

2
µ

2m12
. (A.6)

In Fig. 4 we plot for completeness the normalized signal
rates for both the vector and the scalar model.

A. Vector Mediator

For the vector model introduced in Sec. II with X = V ,
our process of interest arises from the Feynman diagram
in Fig. 3 and also contains an additional diagram with V

emitted from the ⌫µ. The squared matrix element is

|MV |2 = g
2
V �

2
µ


2 +

(m2
12 + 2m

2
µ � 2m

2
K)

m
2
23 � m2

µ

�
(m2

K � m
2
µ)(m2

V + 2m
2
µ)

(m2
23 � m2

µ)2
+ 2

(m2
K � m

2
µ)2 + m

2
V m

2
µ

m
2
12(m

2
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2
V (m2
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2
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m
4
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+
(m2
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2
µ � 2m

2
K)

m
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�
, (A.7)
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FIG. 3. Two representative Feynman diagrams that con-
tribute to rare kaon decays involving a light, invisibly decay-
ing vector from Sec. II (left) and scalar from Sec. III (right).
In the vector case there is another diagram where the vector
radiates o↵ from the neutrino line. This is not shown but it
is included in our result.

FIG. 4. Total branching ratio for K ! µ⌫X where X is
a vector V (red) or a scalar � (black) as a function of the
the mass of X. In the small quadrant we give a zoom of the
relevant region for K ! µ⌫X(2µ).

where k q and l are respectively the µ, ⌫ and V momenta
and we define m12 = (` + q)2 and m23 = (` + k)2. Note
that the full matrix element vanishes for mµ ! 0 due to
chiral symmetry.

B. Scalar Mediator

For the muon-philic scalar introduced in Sec. III, the
squared matrix element is

|M|2 =
�
2
µy

2
�

2m2
µ(m2

23 � m2
µ)2


m

2
K(m2

23 + m
2
µ)2

�m
2
23

�
(m2

23 + m
2
µ)2 + m

2
12(m

2
23 � m

2
µ)
�

+m
2
�(m2

23 � m
2
µm

2
K)

�
, (A.8)

Production: via rare meson decays (kaon, eta, etc.) via invisible signals 

Detection: reconstruction of invariant missing mass from known meson kinematics 
and measured visible energy in final state 

Complementarity: muon/hardon-philic interactions, heavy flavor, light physics 
for g-2, neutrino-philic interactions



Forward LHC Searches

Production: LHC pp scattering  (DIS+bremsstrahlung) produce DM directly or 
mediators that decay to DM. Can use existing  traditional LHC detectors 
(LHCb) or new additions (FASER/MATHUSLA etc)

Detection: observe DM scattering or semi-visible transition in displaced detector 

6
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FIG. 6: a) Scalar DM pair production from electron-beam col-

lisions. An on-shell A0
is radiated and decays o↵ diagonally to

'h,` pairs. b) Inelastic up scattering of the lighter '` into the

heavier state via A0
exchange. For order-one (or larger) mass

splittings, the metastable state promptly de-excites inside the

detector via 'h ! '`e
+e�. The signal of interest is involves

a recoiling target with energy ER and two charged tracks to

yield a instinctive, zero background signature.
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FIG. 7: a) Scalar DM pair production in electron-nucleus col-

lisions. An on-shell A0
is radiated and decays o↵ diagonally to

'h,` pairs. b) Inelastic up scattering of the lighter '` into the

heavier state via A0
exchange inside the detector. For order-

one (or larger) mass splittings, the metastable state promptly

de-excites inside the detector via 'h ! '`e
+e�. This process

yields a target (nucleus, nucleon, or electron) recoil ER and

two charged tracks, which is a instinctive, zero background

signature, so nuclear recoil cuts need not be limiting.

Complementarity: long lifetime sensitivity to inelastic DM 

Also probe
Inelastic DM LLP

Mediator/DM  or other BSM
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Popular kinetically mixed dark photon mediator coupled to various possible 
DM candidates
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FIG. 2: Schematic representation of the different DM annihilation modes (top row) and A0 decay modes for
m�/mA0 ratios. a) Secluded annihilation scenario with a visibly decaying mediator. Since the annihilation
rate is independent of the A0 SM coupling, this scenario has no thermal target and cannot be presented
on the y vs. m� plane. However, there is an active and growing program to probe dark photons in this
regime by observing their visible decay products (see [1, 11] for more details). b) Compressed region with
direct annihilation, but a visibly decaying mediator. Since the annihilation rate in this regime depends on ✏,
there is a testable thermal target; probing sufficiently small values of ✏ can decisively test this scenario. c)
Direct annihilation and invisibly decaying mediator particle. This regime will be the primary focus of this
document.

where f is a SM fermion and Qf is its electromagnetic charge.
We distinguish between two distinct annihilation regimes depicted schematically in Fig. 2

• Secluded Annihilation: For mA0 < m�, DM annihilation will predominantly proceed
through �� ! A

0
A

0, followed by A
0

! ff decays to SM fermions. However, the an-
nihilation rate in this regime is independent of the SM-A0 coupling ✏ and therefore difficult
to test since thermal freeze out can proceed even for tiny values of ✏. This regime is depicted
on the leftmost column of Fig. 2

• Direct Annihilation: For mA0 > m�, the mediator decays predominantly to DM and anni-
hilation proceeds via �� ! A

0⇤
! ff to SM fermions f through a virtual mediator. This

regime is depicted in the middle and rightmost column of Fig. 2; ; note the compressed
region in the middle column for which m� < mA0 < 2m� for which the annihilation rate
depends on ✏ but the mediator decay to DM is kinematically forbidden.

Since the cross section for direct annihilation is proportional to all the parameters in the DM
lagrangian, it is convenient to define the dimensionless interaction strength y as

�v(�� ! A
0⇤

! ff) / ✏
2
↵D

m
2
�

m
4
A0

=
y

m2
�

, y ⌘ ✏
2
↵D

✓
m�

mA0

◆4

(4)

v

Multiplicity of signals with different relationship to early universe DM
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FIG. 5: The parameter space for LDM and future experimental projections in the y vs. m� plane plotted
against the thermal relic targets for representative scalar and fermion DM candidates coupled to a dark
photon A0 – see text for a discussion. The red dashed curve represents the ultimate reach of an LDMX-style
missing momentum experiment.

The annihilation cross section for this model is p-wave suppressed, so �v(��⇤
! ff̄) /

v2 and therefore requires a slightly larger coupling to achieve freeze out relative to other
scenarios. This model also yields elastic signatures at direct detection experiments, so it
can be probed with multiple complementary techniques. The thermal target and parameter
space for this model are presented in the lower left panel of Fig. 5.

• Scalar Inelastic Dark Matter: In this scenario, � is a complex scalar particle with U(1)D
breaking mass terms (by analogy to the SU(2)W breaking mass terms of particles in the
Standard Model). Therefore, � couples to A0 inelastically and must transition to a slightly
heavier state in order to scatter through the current

Jµ
D = i(�⇤

1@
µ�2 � �⇤

2@
µ�1) , (6)

which typically suppresses direct detection signals even for small mass differences between

Illustrative example of plots with thermal targets — final WP will have more projections 
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DM through Vector Portal

Connection to other thermal and non-thermal co histories 

Strongly Interacting Massive Particle (SIMP) Dark Matter 

DM undergoing 3-2 annihilation. Scattering with SM particles via A’ exchange 
ensures kinetic equilibrium to avoid hot/warm DM 

Elastically Decoupling Dark Matter (ELDER)

“Forbidden” and “Not-Forbidden” Dark Matter  (FDM/NFDM)

DM annihilates to heavier mediators that decay to SM particles
Annihilation shuts off as universe cools — safe from CMB bounds 

DM scattering off SM particles decouples before 3-2 annihilation freezes-out
Inverts order of SIMP DM: SM scattering decouples earlier
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Connection to other thermal and non-thermal co histories 
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FIG. 3. The left side shows constraints on the kinetic mixing parameter, ✏, versusm , with� chosen to match the observed relic
density and ↵d = 0.1. Annihilation to SM states dominates over forbidden channels in the upper gray region, and the dark sector
is thermally decoupled from the SM in the lower gray region. Limits are shown from beam dump experiments (orange) [50–54],
supernovae cooling (blue) [50, 55], Planck (purple) [15, 56], and direct detection (pink) [57–59]. The dashed brown (black)
curves show the projected reach of SuperCDMS SNOLAB [2] (electron scattering [60]). The red shaded area (dashed curve)
shows the approximate sensitivity of current observations to DM self-interactions, �SI/m & 1 (0.1) cm2/g [19, 20, 38–41].
The right side shows constraints on the dark sector when it is thermally decoupled from the SM. In the upper gray area
4 ! 2 dominates over forbidden annihilations. In the lower gray area DM is overabundant. The red shading and dashed
curve represent the same values for the self-interaction cross section as in the left panel. In the purple shaded area the DM mass
is too small to be simultaneously consistent with the Pauli exclusion principle and the densities observed in dwarf spheroidal
galaxies [35–37].

photon plasma from Ref. [56]. The CMB limit supersedes
the present reach of di↵use gamma and X-ray observa-
tions [64].

Kinetic mixing also allows DM to scatter against nu-
clei, as in the fourth diagram of Fig. 1. The DM-nucleon
cross section is [24],

� N ⇡ ✏
2

16⇡↵↵dµ
2
 p

m4
�d

Z
2

A2
, (8)

where µ p = m mp/(m + mp) is the reduced mass of
DM and the proton. In Fig. 3, we show the strongest
present limits from direct detection, which, moving from
heavier to lighter DM mass, come from LUX [58], Super-
CDMS Soudan [59], and CDMSlite [57]. We also show
the projected sensitivity of SuperCDMS SNOLAB [2],
which will probe a significant fraction of parameter space.
DM can also scatter against electrons and we show the
estimated reach of a future germanium detector [60], al-
though it is superseded in this model by the Planck con-
straint.

Thermally Decoupled Dark Sector: We now con-
sider the possibility that the dark sector is thermally de-
coupled from the SM during freeze-out, ✏! 0. Our treat-
ment of the relic density assumes that the dark photons
remain in equilibrium during freeze-out, with zero chemi-
cal potential, as happens if the dark photons are thermal-
ized with radiation. In the ✏! 0 limit, we assume there
is dark radiation, n, that couples to the hidden photon,

L � qngd n̄�µn �
µ
d (9)

where mn ⌧ m and qn ⌧ 1 is the charge of n under
the dark force. We assume that qn is large enough to
keep �d in equilibrium with n but small enough to pre-
vent   ! nn̄ decays from dominating over forbidden
annihilations. A large range of parameters satisfies these
conditions, 10�10 . qn . 10�4. For mn . 1 eV, n is a
warm, subdominant, component of DM that contributes
less than 10% of the DM energy density, satisfying con-
straints on warm DM [32].

In general, the dark sector has a di↵erent tempera-
ture than the SM when the two sectors are thermally
decoupled. We assume that the two sectors begin with
a common temperature above the weak scale, T0 & v.
Then, the relative temperatures of the two sectors is de-
termined by the requirement that they separately con-
serve entropy [65],

Tdark

TSM
=

✓
g

SM
⇤S (TSM )

g
SM
⇤S (T0)

g
dark
⇤S (T0)

g
dark
⇤S (Tdark)

◆1/3

. (10)

In our model, the hidden sector becomes cooler than the
SM because more states freeze-out in the SM sector. At
low temperatures, T ⌧ m , Tdark ⇡ 0.5 TSM . Because of
the smaller dark temperature, the hidden sector is con-
sistent with constraints on the number of relativistic de-
grees of freedom from BBN [30, 31] and the CMB [15],
including when m ⌧ TBBN ⇠ 1 MeV. We computed
these constraints in the presence of a dark Higgs with the
same mass as the dark photon.

To the right of Fig. 3, we show the parameter space of

Forbidden DM

D’Agnolo et al 1505.07107
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regime, but are nevertheless fully included in the numer-
ical analysis, as will be described in detail in Ref. [11].

The numerical solution for the evolution of the DM
yield, Y� ⌘ n�/s, in the ELDER scenario is shown in
Fig. 1. The three stages of the DM evolution (thermal
equilibrium with the SM, cannibalization, and freeze-out)
are clearly visible. The yield evolves very slowly in the
cannibalization stage, due to slow evolution of the DM
temperature (for the parameters in Fig. 1, T 0

f ⇡ 0.3Td,
while Tf ⇡ 0.025Td). As a result, the final DM abun-
dance is approximately independent of when freeze-out
occurs, and hence of the self-annihilation cross-section.

This feature is further illustrated in Fig. 2, which shows
the regions of parameter space where the observed DM
density is reproduced. For fixed m�, the ELDER sce-
nario corresponds to the narrow vertical region of ap-
proximately constant ✏, while ↵ can take any value above
a certain lower cuto↵; these features are consistent with
the estimates in Eqs. (11) and (12). For smaller val-
ues of ↵, self-annihilations freeze out before elastic scat-
tering decouples, and the relic density is fixed by the
strength of the self-annihilation process, ↵, and is inde-
pendent of ✏ as long as it is large enough. The resulting
horizontal region corresponds precisely to the SIMP sce-
nario proposed in [4]. Finally, if ✏ becomes too large,
annihilations become important, and since ✏ controls the
annihilation cross-section, another vertical region occurs.
This corresponds to the canonical WIMP scenario (or the
“WIMPless” regime [12]). The numerical study clearly
establishes the presence of the novel elastic decoupling
scenario. In addition, it establishes precise boundaries of
the di↵erent regimes, and traces out in detail the tran-
sition regions where two types of interactions play an
equally important role in setting the relic density.

CONSTRAINTS

Since ELDER dark matter has mass and coupling
strengths similar to the case of SIMPs, the same set of
observational constraints is relevant for both scenarios.
The strongest constraints on the strength of the � inter-
actions with the SM are summarized in Fig. 3.

In the relevant range of ✏, the reaction �� ! �� in the
core of the supernova SN1987A would lead to energy loss
rate inconsistent with observations, unless the produced
� particles become trapped in the core [13–16]. Since
trapping is due to elastic scattering of � on photons in the
supernova core, this constraint places a lower bound on ✏.
The value predicted by the ELDER scenario satisfies this
bound throughout the relevant mass range. The bound
can be further weakened if � couples to e

� or ⌫ instead
of �, as their higher density in the supernova core implies
a smaller mean free path for the same value of ✏.

Cosmic Microwave Background (CMB) measurements
limit the rate of DM annihilation into SM particles before

WMAPWMAP

Planck
Neff

Planck
Neff

SupernovaSupernova

ELDERELDER

SIMPSIMP

10-2 10-1

10-8

10-7

FIG. 3: Constraints on ✏ vs. m�, from dark matter couplings
to photons. The blue line corresponds to the ELDER scenario
while the region above it corresponds to the SIMP scenario.
Also shown are the exclusion limits from: supernova cooling
(purple region); CMB constraints on DM annihilations into
photons before recombination (blue region); and modification
to N⌫

e↵ from DM decoupling (red region).

recombination, which can distort the energy spectrum of
the CMB [17–19]. In our case, the relevant process is
�� ! ��. The cross-section of this process in the non-
relativistic regime is obtained from Eq. (6), which im-
plies that annihilation occurs in s-wave. The WMAP
results [20] place an upper bound on ✏ shown in Fig. 3.
Again, the coupling predicted by the ELDER scenario is
consistent with this bound. Null results of searches for
anomalous high-energy photons from dark matter anni-
hilation in the Milky Way or its dwarf satellites can also
be used to place an upper bound on ✏ [21]. The bound is
similar to the one implied by the WMAP data, and we do
not show it in Fig. 3. Note that if �� ! �� annihilation
occurred in p-wave instead, the cross-sections relevant
for both CMB and indirect searches would be severely
suppressed relative to that at the time of dark matter
decoupling, due to lower � velocities, and the bounds
would be even weaker. These bounds would also be com-
pletely eliminated if � couples only to neutrinos.

If the ELDER decoupling occurs after the neutrinos
are decoupled from the SM plasma, it can a↵ect the tem-
perature ratio T⌫/T� , resulting in a non-standard value
of N

⌫
e↵ measured in CMB observations. This places a

lower bound on the DM mass of a few MeV, with the
exact number depending on g�: for example, m� >⇠ 6.5
MeV for a complex scalar � coupled only to � [22]. This
bound can be avoided if � is coupled to both ⌫ and e/�,
since in this case reheating due to ELDER decoupling
does not change the ratio T⌫/T� . (The region m� <⇠ 1
MeV is also constrained by the Big Bang Nucleosynthe-
sis bound on the number of relativistic degrees of free-

Kuflik et al 1512.04545



DM via anomaly free U(1) interactions

Finite set of simple, anomaly-free abelian extensions
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FIG. 2: Feynman diagrams for LDM with secluded annihilation (left) with m� > mA0 and direct anni-
hilation (right) with m� < mA0 . In the secluded regime, the dark photon decays visibly to kinematically
accessible SM final states and motivates experimental searches for hidden forces (see [1]), but the DM anni-
hilation cross section is independent of the A0 coupling to visible matter. In the direct annihilation regime,
the cross section for achieving the correct relic density depends on the parameter ✏ which couples the A0 to
charged SM particles, so there is a minimum value of this coupling for each choice of � mass that realizes
a thermal history in the early universe. These minimum values define predictive experimental targets for
discovery or falsification (see Fig. 5).

mediator) A
0. The generic Lagrangian this family of models contains

L � �
1

4
F

0µ⌫
F

0
µ⌫

+
m

2
A0

2
A

0
µ
A

0µ
� A

0
µ
(✏eJµ

EM + gDJ
µ

D
), (1)

where ✏ is the kinetic mixing parameter, mA0 is the dark photon mass, and J
µ

EM ⌘
P

f
Qf f̄�

µ
f

is the SM electromagnetic current where f is a SM fermion with charge Qf , gD ⌘
p

4⇡↵D is
the U(1)D coupling constant, and JD is the dark matter current. Although each possible choice
for � has a different form for JD, the relic density has the same dependence on our four model
parameters {✏, gD, m�, mA0} and can be captured in full generality with this setup.

This framework permits two qualitatively distinct annihilation scenarios depending on the A
0

and � masses.

• Secluded Annihilation: For mA0 < m�, DM annihilates predominantly into A
0 pairs as

depicted on the left panel of Fig. 2. This annihilation rate is independent of the SM-A0

coupling ✏. While this makes direct A
0 or DM production difficult in laboratory experiments,

the simplest version of this scenario is robustly constrained by CMB data [13], which rules
out DM masses below O(10) GeV for simple secluded annihilation models. More complex
secluded models remain viable for low DM masses; these are potentially discoverable by
LDMX but are not our primary focus.

• Direct Annihilation: For mA0 > m�, annihilation proceeds via �� ! A
0⇤

! ff to SM
fermions f through a virtual mediator. This scenario is quite predictive, because the SM-A0

coupling ✏ must be large enough, and the A
0 mass small enough, in order to achieve the ther-

mal relic cross-section. No robust constraint on this case can be extracted from CMB data.

VµJ
µ
SM

U(1)B�L U(1)Li�LjU(1)B�3Li

Conceptually similar to kinetic mixing portal but with 
different flavor structures. Other U(1) with more BSM?

Figure 10. Parameter space for predictive thermal DM charged under U(1)Lµ�L⌧ , for DM charges near the

perturbativity limit (left) or smaller such that the (g�2)µ region overlaps with the thermal relic curves (right).

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 constraints from the neutrino trident process from the CCFR experiment

[6, 68] and projected limits from NA64 [11]. Note that there are also bounds onm� = O(MeV) from�Ne↵. that

arise from ��̄ ! ⌫⌫ annihilation during BBN; these bounds di↵er depending on the choice of DM candidate

spin [69, 70] and are not shown here. 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 [52].

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 (see appendix A), 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 corresponds
to 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 2.4 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 expla-
nations for the ⇠ 3.8� anomaly reported by the EDGES collaboration [72]. It has been shown that
a ⇠ 1% subcomponent of DM with a QED millicharge of order ⇠ 10�3e can cool the SM gas tem-
perature at redshift z ⇠ 20 and thereby account for the magnitude of the observed absorption feature
[73]. However, Ref. [74] 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

4
See also [71] for other models relating thermal DM to (g � 2)µ.
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Figure 13: Constraints from current (upper panel) and future (lower panel) experiments on a U(1)B�L

gauge boson with gauge coupling gB�L ⌘ ✏ e. Additional constraints from supernova cooling and BBN
are not shown (see Sections 3.6 and 3.7).

4.1 U(1)B�L

The beam dump, fixed target and collider limits are very similar to the case of a secluded hidden photon.
We note that the limit from CHARM and the LHCb displaced searches are absent because we lacked
sufficient information to adequately reproduce these limits, not because there is a physics reason that
makes these searches insensitive. However, the CHARM region is mostly covered by other experiments
as one can also see from the rescaling done in [10].
The most notable difference arises from the coupling to neutrinos. This makes the B-L gauge group
testable in a variety of neutrino experiments strongly constraining the (10-200) MeV region. It also leads
to constraints from the cooling of white dwarfs. The most promising future probes are the beam dumps
SHiP and SeaQuest, Belle-II, and at LHC, LHCb and FASER (similarly CodexB and MATHUSLA).
The projected SHiP reach shows similar features as in the case of a secluded U(1)X couplings due to
the tree-level coupling to hadrons.
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FIG. 5. The reach in the m�-✏ plane for millicharged particles for various analyses in the DUNE ND with our projection for
3 ⇥ 1022 POT. For every analysis a band is shown which spans our two benchmark assumptions for the backgrounds: scaling
only with detector volume of scaling (low BG) also with beam intensity (high BG). Top: the sensitivity of a systematically
limited single-hit analysis is shown in blue. Bottom: The sensitivity of double-hit analyses, requiring the two hits align with
the target. A systematically limited search is shown in orange. A statistically limited search (making use of the angular
distribution) is shown in purple. A statistically limited search with the occupancy reduced by light collection and timing is
shown in red. Existing limits from other experiments, including SLAC MilliQ [16] and collider experiments [26–29], are shown
in grey for both panels. The projections of 95% C.L. exclusion limit from the proposed milliQan experiment at the LHC with
3000 fb�1 of integrated luminosity is shown in gray dashed curve [17]. a

a The milliQan experimental results might be further improved by the inclusion of the QCD production of the millicharged particles,
which are the dominant production modes for low mCP masses.

• Timing reduced occupancy : The DUNE ND is planned to be segmented into around 20 modules, each of which
will have a separate light collection system. The light collection allows for excellent timing resolution, of order
nanosecond [20]. If every soft hit can be associated with a particular time, it is possible to reduce backgrounds
further by requiring the two hits to be nearly simultaneous. This method e↵ectively amounts to increasing the
e↵ective number of frames into which the events are distributed, and thus the corresponding occupancy is lower.
In the solid red band in Figure 5 we show the sensitivity assuming the e↵ective number of frames is a factor of
100 larger by associated the precision timing information of the hits. Here we also assume the limit is set by
statistical uncertainties using angular sidebands as in the previous case.

The inputs that go into our sensitivity bands are listed in Table II for the ArgoNeuT reference and the DUNE
ND background benchmarks, as well as for the various analyses. To summarize the prospects for DUNE ND, the
double-hit signal has significant potential to go beyond the expected ArgoNeuT limit. The double hit background can
be reduced and modeled using a data-driven method by studying the sideband, improving the results significantly,
as shown in the purple band of Figure 5. Furthermore, as discussed above, the inclusion of the timing information
can further improve the results as shown in the red band. Up the lower edge of the red band, the timed double hit
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blue). The dashed gray and blue curves show respectively the future prospects at NuMI-ICARUS
and DUNE.

of these particles, stringent limits on their couplings to the SM can be derived. While there
has been considerable literature on this for the dark photon and axion cases, the discussion
of supernova limits on a light CP-even scalar is very limited. Motivated to fill this gap, we
have presented a complete calculation of the supernova luminosity limit on a generic light
CP-even scalar with mass mS and mixing angle sin ✓ with the SM Higgs. We consider the
scalar production via the nucleon bremsstrahlung process NN ! NNS in the supernova
core and point out that, as a result of the distinct Lorentz structure of the couplings, the
supernova limits on the CP-even scalar S are very di↵erent from those on the dark photon
and axion/ALP.

We have included the contributions from the diagrams with S coupling to both nucleons
and the pion mediators, as shown in Fig. 1. We find that to leading order in m2

S/mNES ,
the contributions from the S � N � N diagrams cancel out with each other. As a result,
the S � N � N diagram contributions are suppressed by (mS/ES)4. For light scalar with
mS . 10 MeV, the S-induced energy loss is therefore dominated by the diagrams with S
coupling to the pion mediators, as shown in Fig. 2. In order to get the final supernova limits,
we have calculated the decay and re-absorption rates of S, and find that the re-absorption
via inverse nucleon bremsstrahlung NNS ! NN plays a crucial role in the energy loss
mechanism. The resultant dependence of the average mean free path on the scalar mass
and mixing angle is shown in Fig. 4. With the production, decay and re-absorption of S
properly taken into account, the supernova luminosity limit on mS and sin ✓ is presented in
Fig. 5. Complementarity with the existing and future laboratory constraints is demonstrated
in Fig. 6.

As pointed out in Refs. [56, 58] (see also Ref. [92]) for the case of dark photon, new
limits on the properties of S can arise from the decay of S inside the mantle of stars which can
blow away the outer layers of the stellar material and generate intense light emission. This
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FIG. 7. Constraints on a light scalar coupling to muons in the mS − gµµS plane. The orange band

indicates the region of parameter space where the current (g − 2)µ discrepancy [67, 68] is below

2σ. The red shaded region above this band is excluded since here the (g − 2)µ discrepancy is

larger than 5σ. Also shown are limits from Supernova 1987A (gray shaded) [75, 76], SLAC beam

dump E137 (blue shaded) [75–77], BaBar (purple shaded) [85], and CMS (light purple shaded) [87].

We furthermore indicate the projected sensitivity of several proposed experiments and/or analyses,

including COMPASS (blue dot-dashed line) [83, 84], SHiP (blue solid line) [78], FASER (blue

dashed line) [79, 80], NA64-type muon beam fixed target (green solid line) [69], Fermilab muon

beam fixed target (green dashed) [69], Belle-II (purple dashed line) [88], and HL-LHC (light purple

dashed line). Assuming a coupling of the scalar to dark matter, the black dashed line indicates

where the annihilation rate to muons is equal to the canonical thermal relic value, ⟨σv⟩ = 3×10−26

cm3 s−1 for mχ = (1/2)(mµ+mS) and yχ < 4π. Finally, the region below the dark brown solid line

(light brown solid line) is natural according to the EFT criterion (renormalizable model criterion

including electroweak precision) presented in Eq. (51) (Eq. (26,58)). A 500 GeV cutoff scale is

assumed.
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FIG. 1. Schematic representation of neutrino production (at
the ATLAS interaction point) and scattering with a mono-
neutrino signature in the FPF detector(s). The Feynman di-
agram (inset) depicts the signal process of interest for this
work.

and detectors located at the Forward Physics Facility
(FPF) near the LHC interaction point [33]. A schematic
picture is shown in Fig. 1. The target theory parameter
space is motivated by previous works exploring the con-
nection between neutrino self-interactions and the origin
of DM [21, 34]. Clearly, the FPF setup has the advantage
of searching for heavier neutrinophilic scalars compared
to traditional accelerator neutrino experiments, thanks
to the much higher typical energy (hundreds of GeV
up to a few TeV) of neutrinos coming from the LHC.
Moreover, the scattering of these high-energy neutrinos
with the detector is deeply inelastic and well-described
by the parton picture, resulting in much smaller nuclear
uncertainty compared to the case of a GeV-scale neutrino
beam. The corresponding neutrino fluxes are also better
modeled than those at IceCube with a cosmogenic origin.

This article is organized as follows. Sec. II details the
connection between neutrino self-interactions and the ori-
gin of DM relic density in several concrete models, and
presents well-motivated targets for the FPF experiments
to hopefully probe. In Sec. III, we provide informa-
tion about the simulations performed for these scenarios.
We attempt to keep our discussions detached from spe-
cific detector concepts, but we will address how various
planned detectors (e.g., future upgrades to FASER⌫ [5],
and the liquid argon FLArE proposal [35]) connect to our
results throughout. We perform two analyses – Sec. IV
discusses results for a neutrinophilic mediator with a
flavor-diagonal coupling to muon-type neutrinos, whereas
Sec. V allows for flavor o↵-diagonal couplings between the
mediator, muon-type neutrinos, and tau-type neutrinos.
Finally, Sec. VI o↵ers some concluding remarks.

II. NEUTRINO SELF-INTERACTION
MOTIVATED BY DARK MATTER ORIGIN

As the benchmark model of our analysis, we introduce
a massive scalar � with the following low-energy coupling

to neutrinos,

L �
1

2
�↵�⌫↵⌫�� + h.c. , (1)

where ↵, � = e, µ, ⌧ are flavor indices. Such an operator is
not gauge invariant under the SM SU(2)L but could arise
from a dimension-six or higher operator. This benchmark
model is the reminiscent of beyond SM ultraviolet com-
pletions where � serves as, e.g., a lepton number charged
scalar [20], or the Majoron [36, 37].

The presence of the neutrinophilic force mediated by �

can also be used to address the origin of DM in our uni-
verse. Specifically, we will consider two classes of models
where the DM relic density is produced either via ther-
mal freeze out [21], or a non-thermal freeze in mecha-
nism [34, 38]. In both cases, the interactions of � intro-
duced in Eq. (1) play an indispensable role in the origin
of dark matter, which in turn provides well-motivated
and highly-predictive targets for experimental tests.

A. Thermal Freeze-Out Dark Matter

In this class of models, we consider � serving as the
portal between the visible and dark sectors. In the early
universe, DM thermalizes with SM neutrinos through the
� exchange. Its relic density is set by thermal freeze-out
and annihilation into neutrinos. We consider two pos-
sibilities, where dark matter is a Dirac fermion (DF) or
complex scalar (CS), stabilized by a Z2 or Z3 symmetry,
respectively. The interaction Lagrangians are

LDF =
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2
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LCS =
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In both cases, the operators are marginal thus y is a di-
mensionless coupling. The dark matter stabilizing sym-
metries can be promoted to a U(1) lepton number global
symmetry, where � carries charge1 �2 and � carries
charge +1 (+2/3) in the fermion (scalar) case.

The relevant annihilation cross sections for freeze out
calculations in the two models are
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FIG. 5. Expected reach of a FLArE-like detector using the mono-neutrino signature with final-state muons (left) and taus
(right). The dashed (solid) blue curves correspond to a 10 (100) ton detector with a 1m x 1m cross sectional area and 3 ab�1

of pp collisions at High-Luminosity LHC. The gray shaded regions are existing constraints from invisible decays of kaons, the
Z boson, and the Higgs boson, while the dashed red curve in the left plot is the expected reach of DUNE.

It is worth pointing out that for each S⌫DM mass we have
chosen the active-sterile mixing angle to be close to its
maximally allowed value by indirect X-ray searches. As
a result, there is not much room left for these relic curves
to move to the smaller �µµ direction. The FPF detector
can serve as a very powerful tool at probing such a DM
production mechanism.

Our results show that future FPF detectors have the
exciting potential to investigate both types of dark mat-
ter targets that are unconstrained by existing experi-
ments. In the thermal freeze out case where mediator
� with equal coupling to neutrino and complex scalar
dark matter, the whole relic curve can be covered. The
Dirac fermion dark matter target is out of reach of the
10-ton detector but part of it is within reach of a 100-ton
one. For S⌫DM freeze in, the FPF detector will be able
to cover the BM1 curve above m� ⇡ 1 � 2 GeV, which
is complementary to the future DUNE experiment which
can cover the lower � mass regions.

In presenting Fig. 5, we have focused on our optimistic
scenario of energy resolution of 15%. For the less op-
timistic case with a 45% energy resolution, we find the
sensitivities weaken substantially, as depicted by the red
curves in Fig. 6, which can no longer exceed existing
constraints. This comparison quantifies the requirement
for future FPF detectors to be able to probe the neu-
trinophilic interaction using MET as the key discrimina-
tor between signal and background.

We have also examined the sensitivity of the existing
FASER⌫ detector and reached a similar conclusion due
to its limited detector mass and energy resolution. How-
ever, we realize that our current imagination of future
detectors in the FPF hall is limited. The bottom line is

FIG. 6. Expected reach of a FLArE-like detector using
the mono-neutrino signature with final-state muons assum-
ing 15% (blue curves) and 45% (red curves) smearing on the
final state hadron momenta. The dashed (solid) curves cor-
respond to a 10 (100) ton detector. The gray shaded region
are existing constraints from invisible decays of kaons, the Z
boson, and the Higgs boson.

that our analysis above and Fig. 5 show that there is vast
parameter space separating the current limits and the po-
tential future sensitivity of FPF detectors and awaiting
upcoming experimental breakthroughs.
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