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・One of the DM candidates is thermal DM, i.e., DM is thermalized with SM particles in the early universe  

- Freeze-out mechanism can yield DM abundance ⇒ DM-SM reaction cross section can be large 

[attractive features]    

DM mass scale

- Viable DM mass range is limited ⇒ Thermal mass window (~1 MeV to ~100 TeV)   

~1 MeV ~100 TeV~ 1 GeV

Thermal DM scenario provides target of experiment

Target of experiment
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relativistic species

DM annihilation cross section 
violates unitarity 



Sub-GeV dark matter

DM mass scale

~ 1 MeV ~100 TeV~ 1 GeV



Sub-GeV dark matter

※ High center of mass energy, and nucleon recoil detection threshold

Target of collider and direct detection experiments

DM mass scale

~ 1 MeV ~100 TeV~ 1 GeV



Sub-GeV dark matter

※ High center of mass energy, and nucleon recoil detection threshold

Target of collider and direct detection experiments

DM mass scale

~ 1 MeV ~100 TeV~ 1 GeV

・Sub-GeV DM is also a DM candidate but is feebly coupled with SM particles 

Sub-GeV



Sub-GeV dark matter

※ High center of mass energy, and nucleon recoil detection threshold

Target of collider and direct detection experiments

DM mass scale

~ 1 MeV ~100 TeV~ 1 GeV

・Sub-GeV DM is also a DM candidate but is feebly coupled with SM particles 

- Benchmark model: ℒ ⊃ ϵeA′￼μJμ
EM − gDA′￼μ(iχ̄2γμχ1 + H . c.) : Dark photon, : Pseudo-Dirac DM, : SM EM current  A′￼ χ1,2 Jμ

EM

Sub-GeV



Sub-GeV dark matter

※ High center of mass energy, and nucleon recoil detection threshold

Target of collider and direct detection experiments

DM mass scale

~ 1 MeV ~100 TeV~ 1 GeV

・Sub-GeV DM is also a DM candidate but is feebly coupled with SM particles 

- Benchmark model: ℒ ⊃ ϵeA′￼μJμ
EM − gDA′￼μ(iχ̄2γμχ1 + H . c.) : Dark photon, : Pseudo-Dirac DM, : SM EM current  A′￼ χ1,2 Jμ

EM

DM annihilation cross section for mχ1
+ mχ2

< mA′￼

SM

SM

gD ϵe
χ1

χ2

A′￼

Sub-GeV



Sub-GeV dark matter

※ High center of mass energy, and nucleon recoil detection threshold

Target of collider and direct detection experiments

DM mass scale

~ 1 MeV ~100 TeV~ 1 GeV

・Sub-GeV DM is also a DM candidate but is feebly coupled with SM particles 

- Benchmark model: ℒ ⊃ ϵeA′￼μJμ
EM − gDA′￼μ(iχ̄2γμχ1 + H . c.) : Dark photon, : Pseudo-Dirac DM, : SM EM current  A′￼ χ1,2 Jμ

EM

⟨σv⟩ann ∝ y/m2
χ1

with y ≡ ϵ2g2
D (mχ1

/mA′￼)
4

DM annihilation cross section for mχ1
+ mχ2

< mA′￼

SM

SM

gD ϵe
χ1

χ2

A′￼

Sub-GeV



Sub-GeV dark matter

※ High center of mass energy, and nucleon recoil detection threshold

Target of collider and direct detection experiments

DM mass scale

~ 1 MeV ~100 TeV~ 1 GeV

・Sub-GeV DM is also a DM candidate but is feebly coupled with SM particles 

- Benchmark model: ℒ ⊃ ϵeA′￼μJμ
EM − gDA′￼μ(iχ̄2γμχ1 + H . c.) : Dark photon, : Pseudo-Dirac DM, : SM EM current  A′￼ χ1,2 Jμ

EM

⟨σv⟩ann ∝ y/m2
χ1

with y ≡ ϵ2g2
D (mχ1

/mA′￼)
4

DM annihilation cross section for mχ1
+ mχ2

< mA′￼

SM

SM

gD ϵe
χ1

χ2

A′￼

For a fixed ,  becomes smaller(feebly coupled) when  gets smaller⟨σv⟩ann y mχ

Sub-GeV



Sub-GeV dark matter

※ High center of mass energy, and nucleon recoil detection threshold

Target of collider and direct detection experiments

DM mass scale

~ 1 MeV ~100 TeV~ 1 GeV

・Sub-GeV DM is also a DM candidate but is feebly coupled with SM particles 

- Benchmark model: ℒ ⊃ ϵeA′￼μJμ
EM − gDA′￼μ(iχ̄2γμχ1 + H . c.) : Dark photon, : Pseudo-Dirac DM, : SM EM current  A′￼ χ1,2 Jμ

EM

⟨σv⟩ann ∝ y/m2
χ1

with y ≡ ϵ2g2
D (mχ1

/mA′￼)
4

DM annihilation cross section for mχ1
+ mχ2

< mA′￼

SM

SM

gD ϵe
χ1

χ2

A′￼

For a fixed ,  becomes smaller(feebly coupled) when  gets smaller⟨σv⟩ann y mχ

Hight intensity experiments are needed to search for Sub-GeV DM 
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 To detect DM signatures produced by beam-target collision 
[Goal of beam dump experiment] 
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Key features of beam dump experiment (2)
・Beam dump experiment is high luminosity frontier 

 ※ This feature is determined only by beam and target properties

(# of produced DM) = (DM production cross section [L2]) 

× × (Track length [L])× (Operation time [T]) × (# density of target [L-3]) (Beam flux [T-1]) 

Beam dump (fixed-target)Beam particle
e.g., electron, proton, and muon

(Track length) = + +

Integrated luminosity

Ex. Target = Iron, # of injected proton beam = 1020

(Proton luminosity) ~  for track length of 10 cm(nuclear collision length)   90 ab−1

※ Luminosity becomes higher for thick targets

Beam dump experiment has high luminosity and is sensitive to feeble coupling DM
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※ Target is thin to reconstruct final state electron
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・Benchmark model: ℒ ⊃ ϵ ⋅ eA′￼μJμ
EM − gDA′￼μ(iχ̄2γμχ1 + H . c.)
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4

DM annihilation cross section

: Dark photon, : Pseudo-Dirac DM  A′￼ χ1,2

Excluded regions by beam dump experiments

Pseudo-Dirac DM saturates observed DM abundance
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※ Boosted DM productions in the beam dump are unaffected much by the spin of the DM or the Lorentz structure of its interactions
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Figure 10: Constraints on the pseudo-Dirac DM with small mass-splitting (shaded
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- LDMX is highly sensitive because of good acceptance

leverage DUNE facilities

- LDMX and CCM have been funded
- COH-CryoCsI-1,2 is an improved COHERENT

- NA64e is an improved NA64
※ Boosted DM productions in the beam dump are unaffected much by the spin of the DM or the Lorentz structure of its interactions

etc



・There are many experiments, but these are not simply competitions to achieve the same physics 

Summary 

Ex. - Proton beam dump experiments are suited to leptophobic NP search

- Muon beam dump experiments are suited to muon-philic NP search

- LDMX is highly sensitive to the DM production process, but it is not sensitive to the DM detection process in 
contrast to recoil and visible decay searches. ※ LDMX is missing momentum search

⇒ If a positive DM signal is observed, model distinction would be possible

・The beam dump(fixed target) experiment is high luminosity experiment sensitive to Sub-GeV scale 

・Several factors determine the sensitivity of the beam dump experiment (fixed target), e.g.,

beam flux, beam energy, beam particle, acceptance, detection approach,…  

・The beam dump(fixed target) experiment may play a significant role in searching for Sub-GeV DM 
models involving recoil, visible decay, and missing signatures
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EM − gDA′￼μ(iχ̄2γμχ1 + H . c.) : Dark photon, : Pseudo-Dirac DM  A′￼ χ1,2

Sensitivity of beam dump experiments
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・The continuous beam doesn’t have beam bunches, which makes the trigger easier

Continuous beam

e.g. NA64
i.e., no bunch

Continuous beam  

Continuous beam with high flux is needed for the missing signature search 
※ The missing signature search experiments are not conducted much because of this 
severe beam condition.



Time

bunches bunches

- time window based on pulsed beam

- deep underground location of detector

- directionality of signal events

Detector

cosmic ray

ground surface

muon veto

Signal event arises from this time window

• Beam-unrelated background: cosmic muons

Beam unrelated background

Beam-unrelated background events are reducible

deep underground

- muon veto



Pseudo-Dirac DM mass eigenstates
−ℒ ⊃ mDηξ +

1
2

mM(η2 + ξ2) + h . c . ψ = (η, ξc)T, ξc = iσ2ξ*

= mD(ξc)†η +
mM

2 ((ηc)†η + (ξc)†(ξ)) + h . c .

=
1
2

(mD − mM)(χc
1)†χ1 +

1
2

(mD + mM)(χc
2)†χ2 + h . c .

η =
1

2
(χ2 − iχ1), ξ = i

1

2
(χ1 − iχ2)

(χc
1)†χ2 = (χc

2)†χ1



Pseudo-Dirac DM kinetic term
ψ = (ψL, ψR) = (η, ξc)T, ξc = iσ2ξ*

ℒ = ψ̄iγμDμψ = i (ψ†
Lσ̄μDμψL + ψ†

RσμDμψR)
σ̄μ = (1, − ⃗σ ), σμ = (1, ⃗σ )

⊃ gD ⋅ (η†σ̄μA′￼μη + (ξc)†σμA′￼μξc) Dμ = ∂μ − igDA′￼μ

= igD ⋅ A′￼μ (χ†
1 σ̄μχ2 − χ†

2 σ̄μχ1)

σ2σμσ2 = (σ̄μ)Tη†σ̄μη =
1
2 (χ†

2 σ̄μχ2 + χ†
1 σ̄μχ1 + iχ†

1 σ̄μχ2 − iχ†
2 σ̄μχ1)

(ξc)†σμξc =
1
2 (−χ†

1 σ̄μχ1 + iχ†
1 σ̄μχ2 − iχ†

2 σ̄μχ1 − χ†
2 σ̄μχ2)

= igD ⋅ A′￼μ (χ†
1 σ̄μχ2 + (χc

1)†σμχc
2)

= igD ⋅ A′￼μ χ̄1γμχ2 χ̄1 ≡ χ†
1 γ0, χ1 ≡ (χ1, χc

1), χ2 ≡ (χ2, χc
2)


