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A dark sector and light dark matter

Dark Sector Physics at High-Intensity Experiments 3

Objectives and structure of this report. This report summarizes the scientific importance of and
motivations for searches for dark-sector particles below the EW scale, the current status and recent progress
made in these endeavors, the landscape and major milestones motivating future exploration, and the most
promising and exciting opportunities to reach these milestones over the next decade. We summarize the
different experimental approaches and we discuss proposed experiments and their accelerator facilities. In
addition, as part of the Snowmass process, we defined three primary research areas, each with associated
ambitious—but achievable—goals for the next decade. This categorization is motivated, in part, by how we
search for DM in different scenarios. When DM is light, portals to the dark sector allow its production and
detection at accelerators (e.g., in mediator decay if the DM is lighter than half of the mediator mass, or
coupled through an off-shell mediator). In fact, accelerators can probe DM interaction strengths motivated
by thermal freeze-out explanations for the cosmological abundance of DM. If DM is heavier, the mediator
decays into visible SM particles. In addition to thermal DM models, visible mediators also arise in theories
that address various open problems in particle physics (e.g., the strong-CP problem, neutrino masses, and
the hierarchy problem). A third scenario is where the dark sector is richer, which can lead to decays of
the mediator to both DM and SM particles, or to other final states not considered in the standard minimal
benchmark models. Each of these research areas is discussed in detail in this report.

Theoretical Framework

The leading possible interactions between ordinary and dark-sector particles, classified below, are known
as portals. The strength of portal interactions can be naturally suppressed by symmetry reasons, and can
arise only at higher orders in perturbation theory. Figure 1 shows a schematic representation of the dark-
sector paradigm. This simple scenario where dark-sector particles only couple indirectly to ordinary matter
naturally leads to feeble interactions, and opens the door to the possibility that BSM physics may exist
below the EW scale. In fact, the mass of dark-sector particles might be naturally light if protected by some
symmetry (this is the case, e.g., for ALPs). In addition, the inherently feeble interactions of dark-sector
matter with ordinary matter provides a natural thermal-production origin for DM for the case where DM
is light, extending the well-known WIMP miracle to lower mass scales. Due to the Lee-Weinberg bound,
light mediators are generically needed if DM is at or below the GeV scale. Therefore, testing the dark-sector
hypothesis requires innovative high-intensity experiments, not necessarily high energies.

The landscape of potentially viable dark sectors is broad with many regions largely untested experimentally
and unexplored theoretically. Even so, the physics of dark sectors can be systematically studied using the
few allowed portal interactions as a guide. The gauge and Lorentz symmetries of the SM greatly restrict how
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Figure 1. Cartoon schematic of the dark-sector paradigm. The same complexity observed in ordinary
matter, as described by the Standard Model, may also be present in the dark sector. Interactions between
the Standard Model and the dark sector can arise via the so-called portal interactions.
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Image adapted from Gori & Williams (2022), Dark Sector Physics at High Intensity, arXiv:2209.04671.
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LDM thermal relics: direct detection & accelerator targets
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FIG. 2: Comparison of sub-GeV DM thermal production targets in the direct
detection plane in terms of the electron cross section (left) and on the accelerator
plane in terms of the variable y (right). Since accelerator production mimics the
relativistic kinematics of the early universe, the corresponding signal strength is
never suppressed by velocity, spin, or small degrees of inelasticity, so the targets are
closer to experimentally accessible regions of parameter space. Note, however, that
direct detection sensitivity has a complementary enhancement for DM candidates
with Coulombic interactions, which are enhanced at low velocity.

fixed-target experiments are mainly sensitive to DM lighter than ∼ 1/2 GeV, and
are complemented by Belle II, which will achieve sensitivity to the same thermal
milestones for ∼ GeV DM masses. These experiments’ sensitivity projections are
illustrated in Fig. 3. This sensitivity is robust to many important model uncertain-
ties, such as varying dark-sector couplings and the DM to dark-photon mass ratio
(excepting a fine-tuned resonance-enhanced region).

Fig. 3 also highlights the DM-search capabilities of many other experimental con-
cepts outside the DMNI scope. The breadth of ideas within this program is important
for several reasons. The use of multiple complementary techniques will assure a ro-
bust program, and in the case of discovery the ability to measure dark sector masses
and interaction strengths. Multiple, complementary experiments are also important

Opportunities identified at Snowmass 2021

Krnjaic et al. (2022), A snowmass whitepaper:
Dark matter production at intensity-frontier experiments.

6 / 11



LDM thermal relics: direct detection & accelerator targets

7

Thermal DM 
target region Therm

al D
M tar

get
 reg

ion

FIG. 2: Comparison of sub-GeV DM thermal production targets in the direct
detection plane in terms of the electron cross section (left) and on the accelerator
plane in terms of the variable y (right). Since accelerator production mimics the
relativistic kinematics of the early universe, the corresponding signal strength is
never suppressed by velocity, spin, or small degrees of inelasticity, so the targets are
closer to experimentally accessible regions of parameter space. Note, however, that
direct detection sensitivity has a complementary enhancement for DM candidates
with Coulombic interactions, which are enhanced at low velocity.

fixed-target experiments are mainly sensitive to DM lighter than ∼ 1/2 GeV, and
are complemented by Belle II, which will achieve sensitivity to the same thermal
milestones for ∼ GeV DM masses. These experiments’ sensitivity projections are
illustrated in Fig. 3. This sensitivity is robust to many important model uncertain-
ties, such as varying dark-sector couplings and the DM to dark-photon mass ratio
(excepting a fine-tuned resonance-enhanced region).

Fig. 3 also highlights the DM-search capabilities of many other experimental con-
cepts outside the DMNI scope. The breadth of ideas within this program is important
for several reasons. The use of multiple complementary techniques will assure a ro-
bust program, and in the case of discovery the ability to measure dark sector masses
and interaction strengths. Multiple, complementary experiments are also important

Opportunities identified at Snowmass 2021

Krnjaic et al. (2022), A snowmass whitepaper:
Dark matter production at intensity-frontier experiments.

Complex scalars most-constrained

6 / 11



Origin of the dark photon’s mass

Dark Sector Physics at High-Intensity Experiments 3

Objectives and structure of this report. This report summarizes the scientific importance of and
motivations for searches for dark-sector particles below the EW scale, the current status and recent progress
made in these endeavors, the landscape and major milestones motivating future exploration, and the most
promising and exciting opportunities to reach these milestones over the next decade. We summarize the
di↵erent experimental approaches and we discuss proposed experiments and their accelerator facilities. In
addition, as part of the Snowmass process, we defined three primary research areas, each with associated
ambitious—but achievable—goals for the next decade. This categorization is motivated, in part, by how we
search for DM in di↵erent scenarios. When DM is light, portals to the dark sector allow its production and
detection at accelerators (e.g., in mediator decay if the DM is lighter than half of the mediator mass, or
coupled through an o↵-shell mediator). In fact, accelerators can probe DM interaction strengths motivated
by thermal freeze-out explanations for the cosmological abundance of DM. If DM is heavier, the mediator
decays into visible SM particles. In addition to thermal DM models, visible mediators also arise in theories
that address various open problems in particle physics (e.g., the strong-CP problem, neutrino masses, and
the hierarchy problem). A third scenario is where the dark sector is richer, which can lead to decays of
the mediator to both DM and SM particles, or to other final states not considered in the standard minimal
benchmark models. Each of these research areas is discussed in detail in this report.

Theoretical Framework

The leading possible interactions between ordinary and dark-sector particles, classified below, are known
as portals. The strength of portal interactions can be naturally suppressed by symmetry reasons, and can
arise only at higher orders in perturbation theory. Figure 1 shows a schematic representation of the dark-
sector paradigm. This simple scenario where dark-sector particles only couple indirectly to ordinary matter
naturally leads to feeble interactions, and opens the door to the possibility that BSM physics may exist
below the EW scale. In fact, the mass of dark-sector particles might be naturally light if protected by some
symmetry (this is the case, e.g., for ALPs). In addition, the inherently feeble interactions of dark-sector
matter with ordinary matter provides a natural thermal-production origin for DM for the case where DM
is light, extending the well-known WIMP miracle to lower mass scales. Due to the Lee-Weinberg bound,
light mediators are generically needed if DM is at or below the GeV scale. Therefore, testing the dark-sector
hypothesis requires innovative high-intensity experiments, not necessarily high energies.

The landscape of potentially viable dark sectors is broad with many regions largely untested experimentally
and unexplored theoretically. Even so, the physics of dark sectors can be systematically studied using the
few allowed portal interactions as a guide. The gauge and Lorentz symmetries of the SM greatly restrict how

γ g

W Z
H

τ
μ

e

ντ
νμνe

u
c

t b
s

d
dark 

higgs?

dark forces?

dark quarks?

dark leptons?

Figure 1. Cartoon schematic of the dark-sector paradigm. The same complexity observed in ordinary
matter, as described by the Standard Model, may also be present in the dark sector. Interactions between
the Standard Model and the dark sector can arise via the so-called portal interactions.

Community Planning Exercise: Snowmass 2021

dark photon

complex scalars

!

1 5 10 50 100 500 1000

10-15

10-10

10-5

1

DM mass
Temperature

N
or
m
al
iz
ed

m
as
s
d
en

si
ty

1

DM

DM

SM

SM

time

SM

SM

DM

DM

7 / 11



Origin of the dark photon’s mass

Dark Sector Physics at High-Intensity Experiments 3

Objectives and structure of this report. This report summarizes the scientific importance of and
motivations for searches for dark-sector particles below the EW scale, the current status and recent progress
made in these endeavors, the landscape and major milestones motivating future exploration, and the most
promising and exciting opportunities to reach these milestones over the next decade. We summarize the
di↵erent experimental approaches and we discuss proposed experiments and their accelerator facilities. In
addition, as part of the Snowmass process, we defined three primary research areas, each with associated
ambitious—but achievable—goals for the next decade. This categorization is motivated, in part, by how we
search for DM in di↵erent scenarios. When DM is light, portals to the dark sector allow its production and
detection at accelerators (e.g., in mediator decay if the DM is lighter than half of the mediator mass, or
coupled through an o↵-shell mediator). In fact, accelerators can probe DM interaction strengths motivated
by thermal freeze-out explanations for the cosmological abundance of DM. If DM is heavier, the mediator
decays into visible SM particles. In addition to thermal DM models, visible mediators also arise in theories
that address various open problems in particle physics (e.g., the strong-CP problem, neutrino masses, and
the hierarchy problem). A third scenario is where the dark sector is richer, which can lead to decays of
the mediator to both DM and SM particles, or to other final states not considered in the standard minimal
benchmark models. Each of these research areas is discussed in detail in this report.

Theoretical Framework

The leading possible interactions between ordinary and dark-sector particles, classified below, are known
as portals. The strength of portal interactions can be naturally suppressed by symmetry reasons, and can
arise only at higher orders in perturbation theory. Figure 1 shows a schematic representation of the dark-
sector paradigm. This simple scenario where dark-sector particles only couple indirectly to ordinary matter
naturally leads to feeble interactions, and opens the door to the possibility that BSM physics may exist
below the EW scale. In fact, the mass of dark-sector particles might be naturally light if protected by some
symmetry (this is the case, e.g., for ALPs). In addition, the inherently feeble interactions of dark-sector
matter with ordinary matter provides a natural thermal-production origin for DM for the case where DM
is light, extending the well-known WIMP miracle to lower mass scales. Due to the Lee-Weinberg bound,
light mediators are generically needed if DM is at or below the GeV scale. Therefore, testing the dark-sector
hypothesis requires innovative high-intensity experiments, not necessarily high energies.

The landscape of potentially viable dark sectors is broad with many regions largely untested experimentally
and unexplored theoretically. Even so, the physics of dark sectors can be systematically studied using the
few allowed portal interactions as a guide. The gauge and Lorentz symmetries of the SM greatly restrict how

γ g

W Z
H

τ
μ

e

ντ
νμνe

u
c

t b
s

d
dark 

higgs?

dark forces?

dark quarks?

dark leptons?

Figure 1. Cartoon schematic of the dark-sector paradigm. The same complexity observed in ordinary
matter, as described by the Standard Model, may also be present in the dark sector. Interactions between
the Standard Model and the dark sector can arise via the so-called portal interactions.

Community Planning Exercise: Snowmass 2021

dark photon

complex scalars

!

1 5 10 50 100 500 1000

10-15

10-10

10-5

1

DM mass
Temperature

N
or
m
al
iz
ed

m
as
s
d
en

si
ty

1

DM

DM

SM

SM

time

Additional dark sector interactions

DM

DM

DH

DH

+decays, when applicable

SM

SM

DM

DM

7 / 11



Origin of the dark photon’s mass

Dark Sector Physics at High-Intensity Experiments 3

Objectives and structure of this report. This report summarizes the scientific importance of and
motivations for searches for dark-sector particles below the EW scale, the current status and recent progress
made in these endeavors, the landscape and major milestones motivating future exploration, and the most
promising and exciting opportunities to reach these milestones over the next decade. We summarize the
di↵erent experimental approaches and we discuss proposed experiments and their accelerator facilities. In
addition, as part of the Snowmass process, we defined three primary research areas, each with associated
ambitious—but achievable—goals for the next decade. This categorization is motivated, in part, by how we
search for DM in di↵erent scenarios. When DM is light, portals to the dark sector allow its production and
detection at accelerators (e.g., in mediator decay if the DM is lighter than half of the mediator mass, or
coupled through an o↵-shell mediator). In fact, accelerators can probe DM interaction strengths motivated
by thermal freeze-out explanations for the cosmological abundance of DM. If DM is heavier, the mediator
decays into visible SM particles. In addition to thermal DM models, visible mediators also arise in theories
that address various open problems in particle physics (e.g., the strong-CP problem, neutrino masses, and
the hierarchy problem). A third scenario is where the dark sector is richer, which can lead to decays of
the mediator to both DM and SM particles, or to other final states not considered in the standard minimal
benchmark models. Each of these research areas is discussed in detail in this report.

Theoretical Framework

The leading possible interactions between ordinary and dark-sector particles, classified below, are known
as portals. The strength of portal interactions can be naturally suppressed by symmetry reasons, and can
arise only at higher orders in perturbation theory. Figure 1 shows a schematic representation of the dark-
sector paradigm. This simple scenario where dark-sector particles only couple indirectly to ordinary matter
naturally leads to feeble interactions, and opens the door to the possibility that BSM physics may exist
below the EW scale. In fact, the mass of dark-sector particles might be naturally light if protected by some
symmetry (this is the case, e.g., for ALPs). In addition, the inherently feeble interactions of dark-sector
matter with ordinary matter provides a natural thermal-production origin for DM for the case where DM
is light, extending the well-known WIMP miracle to lower mass scales. Due to the Lee-Weinberg bound,
light mediators are generically needed if DM is at or below the GeV scale. Therefore, testing the dark-sector
hypothesis requires innovative high-intensity experiments, not necessarily high energies.

The landscape of potentially viable dark sectors is broad with many regions largely untested experimentally
and unexplored theoretically. Even so, the physics of dark sectors can be systematically studied using the
few allowed portal interactions as a guide. The gauge and Lorentz symmetries of the SM greatly restrict how

γ g

W Z
H

τ
μ

e

ντ
νμνe

u
c

t b
s

d
dark 

higgs?

dark forces?

dark quarks?

dark leptons?

Figure 1. Cartoon schematic of the dark-sector paradigm. The same complexity observed in ordinary
matter, as described by the Standard Model, may also be present in the dark sector. Interactions between
the Standard Model and the dark sector can arise via the so-called portal interactions.

Community Planning Exercise: Snowmass 2021

dark photon

complex scalars

!

1 5 10 50 100 500 1000

10-15

10-10

10-5

1

DM mass
Temperature

N
or
m
al
iz
ed

m
as
s
d
en

si
ty

1

DM

DM

SM

SM

time

Additional dark sector interactions

DM

DM

DH

DH

+decays, when applicable

SM

SM

DM

DM

7 / 11



Scalar LDM & a light dark Higgs
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Prospect of a heavy mediator

LH, G. Mohlabeng, A. Mondol, & T.M.P. Tait (2026), in prep.. Excluded region & projections from Krnjaic et al.
(2022), A snowmass whitepaper:Dark matter production at intensity-frontier experiments. 9 / 11



Direct detection

reference e− scattering cross-section ∝ ϵ2

LH, G. Mohlabeng, A. Mondol, & T.M.P. Tait (2026), in prep.. Excluded region & projections from Essig et.
al (2022), Snowmass2021 Cosmic Frontier: The landscape of low-threshold dark matter direct detection in the
next decade and Essig et. al (2016), Direct Detection of sub-GeV Dark Matter with Semiconductor Targets. 10 / 11



Summary

reference e− scattering cross-section ∝ ϵ2

Expectation:

mediator and DM mass choice → well-defined experimental target

Explicit symmetry breaking:

range of thermal scenarios

Light dark Higgs:

existing bounds can significantly weaken, &

detection opportunities broaden

LH, G. Mohlabeng, A. Mondol, & T.M.P. Tait (2026), in prep.. Excluded region & projections from Essig et.
al (2022), Snowmass2021 Cosmic Frontier: The landscape of low-threshold dark matter direct detection in the
next decade and Essig et. al (2016), Direct Detection of sub-GeV Dark Matter with Semiconductor Targets. 11 / 11



Extra

1 / 3



Model

Lint ≈ εeφ̄γµA′
µφ. (1)

Ldark ⊃ |Da
µψ|2 + |Da

µϕ|2 − V (ψ, ϕ) , (2)

V (ψ, ϕ) = µ2ψ|ψ|2 + λψ|ψ|4 + (µmϕ
∗ψ2 + c.c.) + λm|ϕ|2|ψ|2 + µ2ϕ|ϕ|2 + λϕ|ϕ|4 (3)
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Light dark Higgs, some calc details

(ṅψ + 3Hnψ)

(
1 +

1

3

d ln gs
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[
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)2
]

(4)

⟨σv⟩eff = ⟨σv⟩ψψ∗→ff̄ + ⟨σv⟩ψψ∗→2HD (5)
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ψTK
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