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Outline

Exploring the properties of sub-GeV dark matter 
through an example

Signatures of light dark sector at the intensity 
frontier

A broader setup: light dark sector effective theory 
and the intensity frontier



Introduction
Thermal dark matter in the dark



Light dark sectors and dark matter

• Intense experimental effort in the 
intensity frontier
à≳ 10 relevant experiment in next 2 

years
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• WIMP Dark matter is a mature area 
of research

à what about lighter (sub-GeV) DM ?

• Not all DM-motivated, yet most 
can be used to constrained  
scenarios of sub-GeV, thermal DM

From ArXiv:1707.06277?



What is required for such a light DM?
• Many different approaches, most include additional, light dark sector

• Literature often focuses on finding new mechanisms à with great success

Impeded DM
1609.02147,…

Co-scattering DM 
1705.08450, 1705.09292,…

Forbidden DM 
Griest-Seckel, 1505.07107, …

iDM
hep-ph/0101138, …

Secluded DM 
0711.4866, …Co-decaying DM 

1607.03110, …

Selfish DM 
1504.00361,…

Cannibal DM
1602.04219, … Semi-annihilating DM 

1003.5912, …

<Your choice> DM 
1906.xxxx

Boosted DM 
1405.7370, 1503.02669…

àSeemingly only limited by our 
ability to invent new names …

à… and by usually a non-minimal 
accompanying dark sector … and many other



Exploring the properties of sub-GeV dark 
matter through an example

Model builing, Relic density, Astrophysical bounds



Building a toy-model for sub-GeV DM

• Suppose a vector mediator (dark photon), 
and (mostly in this talk) fermion dark 
matter

• Try to keep model building SM/WIMP-like 
then see the various possible regimes

𝑔% ∼ 𝜀𝑔(

• For this talk,  let’s try to build a simple, self-consistent dark sector model 
with sub-GeV dark matter à study detection prospects 



Kinetic mixing and dark Higgs mechanism
• Coupling to SM obtained through “kinetic mixing” term

Kinetic mixing term

Dark Higgs potential, with SSB

• Anomaly cancellation -> Introduce a Dirac fermion dark matter 
𝜒 = (𝜒,, 𝜒̅/)



Fermion dark matter example

• Yukawa couplings to the dark Higgs 𝑆
à Avoid Dirac DM (CMB exclusion)
àAfter 𝑈 1 % symmetry breaking, the 

dark matter acquires a Majorana mass

• After diagonalization à two Majorana 
fermions



The case for small Higgs/Dark Higgs mixing

• Both the SM and dark Higgs potential must be minimised simultaneously

• In order to avoid tuning the bare 
mass 𝜇4 against the SM Higgs 
contribution, this implies



A key aspect – Long-lived particles

1.  Decay to SM particles is the only option 
-> For instance dark Higgs boson, dark 

photon

2.  Internal dark sector decays must proceed 
through off-shell mediator

• For instance dark Higgs boson
• heavy dark sector state



Typical regimes with correct relic density

iDM/mDM REGIME 

FORBIDDEN REGIME

SECLUDED REGIME

LD, Rao, Roszkowski, 1710.00971



BBN constraints

• Light dark Higgs only decay 
electromagnetically 
(electron-positron pairs) à
(relatively) weak bounds

• Potentially large 
𝑆 metastable density after 
freeze-out

• Two relevant bounds
• 𝑁677neutrino from late time 

energy injection (𝜏 > 0.1s)
• Light element aboundances, 

e.g 𝐷/𝐻 (𝜏 > 10>s)
• CMB bounds on decaying DM

LD, Rao, Roszkowski, 1710.00971

𝑀@ < 3𝑀C



Direct and indirect detection bounds

• Direct detection, many upcoming 
experiments
à Standard searches currently only relevant for 
scalar DM case (since either inelastic DM or 
Majorana DM)

• Late-time annihilation
• Standard CMB bound -> s-wave annihilation channel forbidden
à either p-wave channel or irrelevant at CMB (e.g. co-annihilation)

From 1707.04591

P-wave Co-annihilation Thermal suppression



Signatures of light dark sector at the intensity 
frontier

Production and detection at accelerator-based experiments



Dark Sector searches - production
• Light dark sector particles may be accessible at the intensity frontier

• « Low »-energy installations but with high intensity (e.g. LSND: 10DD 𝜋F)

Beam-dump/fixed-target types of 
experiments (LSND, E137…)

Precision experiments at 
collider (e.g BaBaR, BELLE, 
LHCb…)



Dark Sector searches -detection

• Missing energy/ Invisible decay: Mono-photon searches 
missing energy signature @ BaBar, NA64. 
• Mostly model independent, 𝜀 < 10GH

• Dark sector beam production and detection
• Scattering:  Searching for DM via scattering in fixed 

targed/long-baseline neutrinos experiments (E137,LSND, 
miniBooNE …)

• Dark sector visible decay: Detection of an
electron/positron pair in fixed target/beam 
dump experiments



Heavy dark sector decays
• Dark sector decays through off-shell 

mediator -> typical decay length of 
order meter
àDecay into pair of electrons (no 

background)
àIn optimum region, large portion of the 

heavy dark states decay in the detector

• In the optimum case NoEJKL ∝ 𝜀D

• Dark Higgs boson can belong to this category with 𝑆 → 𝑉𝑒Q𝑒G is opened



Inelastic DM regime

• When consider dark 
sector decays, decades-
old experiment are still 
strongly ahead of 
current mono-photon 
searches!

• Relic density fixed by s-channel, co-annihilation process:  𝜒(𝜒D → 𝑒Q𝑒G

• Main signatures:
• Missing energy 

searches
• 𝜒D → 𝜒(𝑒Q𝑒Gdecay
• 𝜒(scattering

LD, Rao, Roszkowski, 
1807.10314
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Secluded DM regime
• Relic density mainly fixed by t-channel process, 𝜒 𝜒 → 𝑆 𝑆

• Main signatures:
• Missing energy 

searches
• 𝜒D → 𝜒(𝑒Q𝑒Gdecay
• 𝜒(scattering

• Dark Higgs boson is both 
very long-lived and 
abundantly produced
à BBN bound



Light dark sector effective theory and the 
intensity frontier:
the fermion portal



The off-shell effective approach

• Supposed a large mass splitting between dark 
matter and mediator scale
àEffective theory description relevant (same for leptons)

Axial vector operatorVector operator

• Based on the above diagram, basic equivalence

Could probe scale 2 to 3 orders of 
magnitudes larger than 𝜒



The off-shell effective approach (2)
• For off-shell mediator, long-lifetime comes from mass suppression

• Typically need to go to the saturation limit 𝑀( ≪ 𝑀D

• One can also search for “grey sector” with mixed coupling/heavy scale
suppression

• Production is completely modified vs. the on-shell dark photon mediator

• Strong suppression of lower energy processes à typical suppression  ∝ STU

VU
• No CS from dark photon bremsstrahlung  à Electron beam-dump hardly relevant



Meson decays in the fermion portal
• Depending on the nature of the operators, different production channels

Axial vector
operator

Vector
operator

We use EM-aligned couplings, Λ = 1 TeVLD, S. Ellis, T. You, 1907.xxxx



Limits in the vector case

• We consider the 
saturation limit 
𝑀D ≫ 𝑀(

• Beam-dump 
experiment probing 
significantly above 
their energy

LD, S. Ellis, T. You, 1907.xxxx



Varying the couplings and splitting

LD, S. Ellis, T. You, 1907.xxxxLD, S. Ellis, T. You, 1907.xxxx

• Reach of decay signatures depends strongly on Δ@, reach of collider
mono-X on 𝑔677



Limits in the axial-vector case
LD, S. Ellis, T. You, 1907.xxxx

• Mesons production 
strongly enhanced

à Better low-mass limits
• SN1987 based on 𝜋F

decay
-> Very uncertain lower
limit (also splitting-
dependent)

• Notice the low limit for
SHIP/SeaQuest



Conclusion



Looking forward …

• Many upcoming relevant experiments: 
• Neutrino experiments -> the near detectors can search for dark sector particles
• Dark sector-oriented -> looking for decays/ missing energy
• Flavour/ Rare mesons decay -> Missing energy searches, invisible meson decay, etc…

(Many missing, not all of them are funded yet…)

Running 2020 2021

SBN, SeaQuest, 
NA62, KOTO

MAGIX,
BDX @MESA

LHCb Run 3,
FASER, NA62+

Belle II, BDX@Jlab
PADME

Around HL-LHC

MATHUSLA, SHIP,
CODEX-b, KLEVER
LBNF/DUNE



Conclusion 

• Light thermal dark matter candidates typically carry with them a 
dark sector with long-lived particles

• The dark sector allows more freedom in realizing the correct 
relic density. 

• Lead to rich phenomenology in intensity frontier experiments
• Accelerator searches, neutrino/dark sector/flavor experiments means 

bright prospects for dark sector searches
• The accompanying dark sector offers both fascinating detection 

prospects and very strong astrophysical bounds (BBN …) 
• Dedicated analysis in such experiments have typically a strong 

discovery potential



Backup slides



Astrophysical limits QCD Phase transition

• For 𝑀D ≫ 𝑀(, the 
lightest dark sector can 
be relativistic relic  

• More generally, one 
can still obtain dark 
matter candidate for 
iDM setup, e.g. for 
charm annihilation



Meson decays in the fermion portal
• Depending on the nature of the operators, different production channels

Axial vector
operator

Vector
operator

We use EM-aligned couplings, Λ = 1 TeV

• Invisible meson decay limits relevant mostly for AV case, for Λ ∼ 100 GeV

LD, S. Ellis, T. You, 1907.xxxxLD, S. Ellis, T. You, 1907.xxxx



CMB bounds -- the scalar case
• Planck measurements,  

à forbids dark matter 
with s-wave annihilation 
and mass below the tens 
of GeV (1604.02457)

𝑀@ < 𝑀4

LD, Rao, Roszkowski, 1710.00971



(50 ab-1 )

Direct Detection 
From 1707.04591

• Interesting new development: boosted. 
secondary DM flux (1810.10543, 1811.00520) 

• Collision with cosmic rays created boosted 
secondary flux

• Allows better nucleon/electron recoil even for 
sub-GeV DM

à Very interesting prospects for iDM case, only 
partially explored though

LD, Rao, Roszkowski, 1710.00971

http://arxiv.org/abs/arXiv:1810.10543
http://arxiv.org/abs/arXiv:1811.00520


Ranges for the bulk scan



Detection strategies, sub-GeV DM
• Need for low-

threshold 
experiments

• DM-electron
scattering

• DM- low-Z elastic
nucleus 
interactions

• Bremsstrahlung in 
inelastic DM-
nucleus scattering

• DAMIC, SENSEI, 
UA’,NICE, 
SuperCDMS,NEWS From 

arXiv:1707.04591



SN 1987A bounds
• Typical bounds arise when 

DM do not scatter enough 
and escape the SN core 

From arXiv:1803.00993

• Not relevant for pseudo-
Dirac case/Majorana case at 
the thermal target

• Dark Higgs bounds may be 
relevant at 𝑚4 < 𝑀@[ or
𝑚4 < 𝑀@\ −𝑀@[

à But scattering with DM 
halo inside the SN should 
be enough to trap it



Heavy dark sector decays (2)

• High-intensity frontier: basically 
electrons physics

• “Grey sector”, LHC-related: 
Displaced muon jets, LLP…

From Berlin and Kling 1810.01879



Heavy dark sector decay in mDM
• Relic density fixed by s-channel, p-wave process:  𝜒𝜒 → 𝑒Q𝑒G

• Main signatures:
• Missing energy 

searches
• 𝜒D → 𝜒(𝑒Q𝑒Gdecay

• For large splitting, lifetime 
of order meter, 𝑐𝜏@ < 1 𝑚
• long baseline experiments 

like E137 miss critical part of 
the parameter space

• Opportunity for others, 
MAGIX, SeaQuest, LHCb …

LD, Rao, Roszkowski, 1807.10314



Forbidden DM regime
• Relic density fixed by thermally suppressed t-channel process, 𝜒 𝜒 → 𝑉 𝑉

• 𝑀C ∼ 𝑀@ à Dark photon 
decays visibly

• 𝑆 → 𝑉 𝑒Q𝑒Gkinematically 
open, dark Higgs lifetime 
shorter
𝑐 𝜏_ ∼ 1 − 100 𝑚

• Thermal target 
independent of kinetic 
mixing


