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Dark Matter: a 90 years old puzzle

But no evidence of non-gravitational interactions of DM.
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Many models, but which is the right one?

[G. Bertone and T. Tait, Nature 562, 51 (2018)] 3



Why expect non-gravitational interactions?
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Voyage into the Dark Sector

But what if the dark matter experiences new forces?

(Symmetry Magazine)

5



Portals to the Dark Sector

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
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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.

Community Planning Exercise: Snowmass 2021

[Snowmass reports: 2207.06898, 2207.06905, 2209.04671]

Examples:

Vector portal ε
2F

µνF ′
µν [Bilmis et al. (PRD ’15); Berryman et al. (JHEP ’20)]

Higgs portal (µS + λS2)H†H [Batell, Berger, Ismail (PRD ’19); MicroBooNE (PRL ’21)]

Neutrino portal yL̄HN [Kelly, Machado (PRD ’21); MicroBooNE (PRD ’22)]

Axion portal 1
fa
aFµν F̃µν [Kelly, Kumar, Liu (PRD ’21); ArgoNeuT (PRL ’23)]

[see also talks by Batell, Tabrizi, Kelly, Kalra]
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Why in neutrino experiments?

Beam dump-based (proton beam) 
[ongoing]:   800 MeV-3 GeV: COHERENT 
(Oakridge), CCM (LANL), JSNS2(JPARC)
Detectors, CsI, LAr, NaI, Ge

Fermilab SBN program: 120 GeV NUMI, 8 
GeV BNB beams (ongoing)

π±𝟎𝟎
γ

γ

γ

γη
γ

e 𝒌𝒌±𝟎𝟎
Proton (p)

Neutrino experiments can be versatile

DUNE (120 GeV)

• Many experiments with proton beams have different 
beam energies using various detectors at different locations

• FASER, FASERν, SND are ongoing

experiments𝜈𝜈

High Intensity
~ 1021-23 POT

Various Production Modes:

𝐴𝐴′: Vector
φ=scalar 
a=pseudo-scalar

𝛾𝛾

New physics at ν experiments
From γ:

𝑨𝑨′

𝛾𝛾

N N

a,φ
𝛾𝛾,𝑨𝑨′

𝐿𝐿 ⊃ −
ε
4𝐹𝐹

𝜇𝜇𝜇𝜇𝐹𝐹𝜇𝜇𝜇𝜇
(′) − 𝑔𝑔𝑎𝑎,𝜙𝜙𝜙𝜙(𝑍𝑍′)

(𝑎𝑎,𝜙𝜙)
4 𝐹𝐹𝜇𝜇𝜇𝜇 �𝐹𝐹𝜇𝜇𝜇𝜇

(′)

Coherent scattering for γ exchange

Primakoff
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𝑨𝑨′ a,φ

𝑝𝑝 𝑝𝑝

N N

𝑞𝑞

�𝑞𝑞 𝑨𝑨′

a,φ

Proton bremsstrahlung

Parton  interactions

New physics at ν experiments

• There can be more  production processes, e.g., 𝜈𝜈 + 𝑁𝑁 → 𝜈𝜈𝑠𝑠+N  
(coherently enhanced) using �νsσμνFμνν

• Nuclear de-excitation lines at lower mass target (lower beam energy)
Waites, Thompson, Bungau, Conrad, Dutta, Huang, Kim, 
Shaevitz, Spitz, :2207.13659
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From 𝑒𝑒±:

𝛾𝛾

𝑒𝑒− 𝑨𝑨′

𝑒𝑒+

𝑒𝑒−

𝑒𝑒+ 𝑨𝑨′

a,φ

N N

𝑨𝑨′ a,φ

𝑒𝑒± 𝑒𝑒±

Associated

Bremsstrahlung
Resonance

𝐿𝐿 ⊃ −𝑔𝑔𝜙𝜙 𝑎𝑎 𝑒𝑒𝑒𝑒𝑒̅𝑒 𝑖𝑖𝛾𝛾5 e 𝜙𝜙 𝑎𝑎 −𝑔𝑔𝐴𝐴′𝑒𝑒𝑒𝑒𝑒̅𝑒 𝛾𝛾𝜇𝜇e 𝐴𝐴𝐴

𝛾𝛾

𝑒𝑒±

𝑒𝑒±

a,φ

Compton

New physics at ν experiments

a,φ

𝑨𝑨′
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Why in neutrino experiments?
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(Oakridge), CCM (LANL), JSNS2(JPARC)
Detectors, CsI, LAr, NaI, Ge

Fermilab SBN program: 120 GeV NUMI, 8 
GeV BNB beams (ongoing)

π±𝟎𝟎
γ

γ

γ

γη
γ

e 𝒌𝒌±𝟎𝟎
Proton (p)

Neutrino experiments can be versatile

DUNE (120 GeV)

• Many experiments with proton beams have different 
beam energies using various detectors at different locations

• FASER, FASERν, SND are ongoing
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Detection methods

14

Final states at DUNE/BNB
Short-lived mediators: DM

DM

V, φ, a ,ν

,ν

Longer-lived mediators:   Decays   

𝑒𝑒− , 𝜇𝜇−

𝑒𝑒+, 𝜇𝜇+𝑨𝑨′

a,φ a,φ

γ, 𝐴𝐴𝐴

γ,,,𝐴𝐴𝐴

𝛾𝛾,

N N

a,φ

𝛾𝛾,

𝐴𝐴𝐴

𝐴𝐴𝐴

𝛾𝛾

N N

a,φ,π

𝐴𝐴𝐴

𝛾𝛾

𝑒𝑒−

𝑨𝑨′

𝑒𝑒−

a,φ

𝛾𝛾

𝑒𝑒−, 

𝑨𝑨′

𝑁𝑁

a,φ

𝑒𝑒+ ,

𝜇𝜇−

𝜇𝜇+

Bethe-Heitler pair production

Scattering
Inverse -Primakoff

Inverse -Compton
[slide from Bhaskar Dutta]
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Example 1:
Axion-like Particles (ALPs)

figure from CERN EP Newsletter
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ALP at DUNE

Brdar et al, 2011.07054 (PRL ’21); see Zahra’s talk 10



ALP at Targetless DUNE

Brdar et al., 2206.06380 (PRD ’23); see Zahra’s talk 11



ALP at DAMSA

Jang et al., 2207.02223 (PRD ’23); see Jae’s talk
12



ALP at PASSAT

BD, Kim, Sinha, Zhang, 2101.08781 (PRD ’21)
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ALP at PASSAT

BD, Kim, Sinha, Zhang, 2101.08781 (PRD ’21)
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ALP at PASSAT

BD, Kim, Sinha, Zhang, 2101.08781 (PRD ’21)
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Example 2: Light Vector Bosons (Z ′)
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U(1)B−L at DUNE

BD, Dutta, Kelly, Mohapatra, Zhang, 2104.07681 (JHEP ’21)
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U(1)B−L at DUNE

BD, Dutta, Kelly, Mohapatra, Zhang, 2104.07681 (JHEP ’21)
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U(1)B−L at DUNE

BD, Dutta, Kelly, Mohapatra, Zhang, 2104.07681 (JHEP ’21)
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Z ′ with a Scalar

BD, Dutta, Kelly, Mohapatra, Zhang, 2104.07681 (JHEP ’21)
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Z ′ with a Scalar

BD, Dutta, Kelly, Mohapatra, Zhang, 2104.07681 (JHEP ’21)
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Neutrinophilic Z ′

Chauhan, BD, Xu, 2204.11876 (PLB ’23)
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Neutrinophilic Z ′

Chauhan, BD, Xu, 2204.11876 (PLB ’23)
17



New interference effects in ν(ν̄) − e scattering

BD, Kim, Sinha, Zhang, 2105.09309 (PRD ’21)
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New interference effects in ν(ν̄) − e scattering

BD, Kim, Sinha, Zhang, 2105.09309 (PRD ’21)
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Production from Charged Meson Decays

Doojin Kim PITT PACC Workshop

Beam-Focusing at High-Energy Beam Experiments

11

Example: DUNE beam

Target-horn Dump Detector

• Beam energy is large, hence behaviors of produced charged mesons and responses to the focusing horn 

(e.g., decay position, direction) are rather diversified.

• A single empirical model may not describe the focusing-horn effects reasonably well. ⇒ FastSim package 

development and/or publicly available information of detector-level simulation needed!

19



Why this is important?

1. Large BR enhancement for 3-body decays.

Doojin Kim PITT PACC Workshop

Why Charged-Meson-Induced Tau Neutrino Signals?

3

𝜋+,𝐾+,…

ℓ+

𝜈ℓ

𝑉

BR(                              ) ≫ BR(                              )
𝜋+,𝐾+,…

ℓ+

𝜈ℓ

(assuming an 𝒪(1) dark-sector coupling for purposes of comparison)

Reason-1) Large BR enhancement

𝜋+,𝐾+,…

B-field Detector

Reason-2) Focusing of charged mesons

Dutta et al., 2110.11944 (PRL ’22)
20



Why this is important?

2. Focusing of charged mesons.

Doojin Kim PITT PACC Workshop

Charged Meson vs. Neutral Meson

8

𝜋0, 𝜂, …

𝛾

𝑉

𝜈𝜏
𝜈𝜏 𝜋+, 𝐾+, …

ℓ+

𝜈ℓ

𝑉

𝜈𝜏

𝜈𝜏

Target Target

Beam axis

Focusing horn

Production via neutral meson Production via charged meson

𝑁𝜋0−ind
𝜈𝜏 = 𝑁𝜋0 ∙ BR(𝜋0 → 𝑉 → 𝜈𝜏) ∙ 𝑓𝜋0−ind

𝜈𝜏

∎ Comparable production rate: 𝜋0: 𝜋+: 𝜋− ≈ 1022: 1022: 1022 per year ⇒ 𝑁𝜋0 ≈ 𝑁𝜋±

∎ Unfocused 𝜋0 vs. Focused 𝜋±

∎ Wider spreading 𝜋0-induced flux vs. Forward-directed 𝜋±-induced flux ⇒ 𝑓𝜋0−ind
𝜈𝜏 < 𝑓𝜋±−ind

𝜈𝜏

∎ No BR enhancement vs. Large BR enhancement ⇒ BR 𝜋0 → 𝑉 → 𝜈𝜏 ≪ BR(𝜋± → 𝑉 → 𝜈𝜏)

Production via charged meson can be more efficient than production via neutral meson!

𝑁𝜋±−ind
𝜈𝜏 = 𝑁𝜋± ∙ BR(𝜋± → 𝑉 → 𝜈𝜏) ∙ 𝑓𝜋±−ind

𝜈𝜏

𝑔𝑉
𝑔𝑉

≪

In the example of hadrophilic mediators,

[figure from Doojin Kim]

3. Dominant production channel for leptophilic dark-sector particles.

𝜋+

ℓ+

𝜈ℓ

𝑉
𝜋+

ℓ+

𝜈ℓ

𝑉 𝜋+

ℓ+

𝜈ℓ𝑉

𝜋+

ℓ+

𝜈ℓ𝑉

(𝑎) (𝑏) (𝑐) (𝑑)
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Case Study: Anomalous Tau Appearance at Near Detector

Why tau neutrinos?

L is too small for a beam of νµ to oscillate into ντ at ND.

Production rate of D mesons is too small to detect enough ντ events at DUNE energies.

Therefore, appearance of tau events at ND are anomalous and a ‘smoking gun’ signature of
new physics (modulo bkg issues).

A popular mechanism: sterile neutrinos. [Alex Sousa’s group]

An alternative mechanism based on charged-meson-decays. [BD, Dutta, Han, Kim, 2304.02031]

Doojin Kim PITT PACC Workshop

Flow of Simulation

13

Target Focusing horn Dump Detector

𝜋±, 𝐾±

𝜈𝜏

204m
574m

• GEANT-described meson 

production

• Cf. Production of proton 

bremsstrahlung [Foroughi-

Abari, Ritz, 2108.05900] is 

included, when needed.

• Focused and aligned to the beam axis as 

per prescriptions in the previous slide

• Meson decay probability (within 204 m) 

according to the decay law

• Three-body decay of mesons described 

by MadGraph

• 𝜈𝜏 upscattering in the detector 

fiducial volume via C.C. processes 

[Jeong, Reno, 1007.1966]

• Ideal detection efficiency is 

assumed to find the maximal 

potential.

𝜏

[figure from Doojin Kim]
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Neutrinophilic Case

[BD, Dutta, Han, Kim, 2304.02031]
23



B − 3Lτ Case

[BD, Dutta, Han, Kim, 2304.02031]
24



Other Dark Matter Signals at Neutrino Detectors

figure from Pedro Machado
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Inelastic Dark Matter

large splitting small splitting
[Batell, Berger, Darmé, Frugiuele, 2106.04584 (PRD ’21)]

26



Freeze-in Dark Matter via HNL Portal

[Hall, Jedamzik, March-Russell, West (JHEP ’10)]

Feeble couplings make it hard to probe
directly.

Use portal couplings.
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Freeze-in Dark Matter via HNL Portal

[Hall, Jedamzik, March-Russell, West (JHEP ’10)]

Feeble couplings make it hard to probe
directly.

Use portal couplings.
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[Barman, BD, Ghoshal, 2210.07739]
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Dark Matter-Neutrino Interactions

[BD, Kim, Sathyan, Sinha, Zhang (in preparation)]

Neutrinos down-scatter to lower energies.
If the energy threshold for supernova neutrinos could be lowered ...
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Conclusion

Neutrino experiments can be versatile.

Beam-based neutrino experiments are sensitive to a diverse set of dark sector models.

Can provide competitive/best limits (or discover dark sector physics).

The future of dark (sector physics) is bright.
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