




What do I do?
• New Dark Matter Models

• Accelerator Probes (New Experimental Proposals)

• Novel Astrophysical/Cosmological Searches

- Light axion effects on Trans-Neptunian object (TNO) & exoplanet data

(w/ Vagnozzi, Visinelli, Wu)

- Is GW170817 a primordial black hole event? 

- Dark Matter in neutron stars 

- Small-scale test of v-dep. SIDM (w/ Kaplinghat, Valli, Yu)
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Outline
• Dark Matter Complementarity

• High-Energy Intensity Experiments
& Interesting Models

• Resonant Dark Meson

• Vision & Future Outlook 
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Dark Matter Complementarity:
Why accelerator / astro probe?

Why MeV – GeV range?

5
Yu-Dai	Tsai,	Fermilab,	‘20







Not	all	bounds	are	created	with	equal	assumptions
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Astrophysical productions (not from ambient DM): energy loss/cooling, etc:
Rely on modeling/observations of (extreme/complicated/rare) systems 
(SN1987A & Cosmic ray, etc)

Accelerator-based: Collider, Fixed-Target Experiments
Some other ground-based experiments

Dark matter direct/indirect detection: abundance, 
velocity distribution, etc

Cosmology: assume cosmological history, species, etc

Or, how likely is it that theorists would be able to argue our ways around them

Assumptions



Accelerator Experiments:
Focusing on Proton Fixed-Target

& LHC Forward Experiments
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Accelerator Experiments

• Produce these particles 

• “Robust” Bounds

- Independent of DM abundance / velocity dist.

• Many of them existing and many to come:

complement each other 

• Dark matter attenuation in atmosphere and crust 

is not an issue usually

• Are these really the astro / cosmo dark matter?
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Proton Fixed-Target & Neutrino Experiments

• High-Energy Intensity Frontier

• High statistics, e.g. LSND has 𝟏𝟎𝟐𝟑 Protons on Target (POT)

• Neutrinos are dark-sector particles. 

• Relatively high-energy proton beams on targets:

O(100 – 400) GeV (I will compare Fermilab/CERN facilities)

• Shielded/underground: lower background

• Many of them existing and many to come: 

strength in numbers 
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LHC Forward Physics Region
• LHC collision + fixed-targe-like intensity: 

High-Intensity Energy Frontier

• Benefits from both worlds! No need to build a new beamline

- The FASER & FASER-nu collaboration

- Forward Physics Facility Proposal

- New proposal: FORMOSA & Forward Proto-DUNE,

- New Neutrino Campus
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Astro-Cosmo Dark Matter Searches
Why is it so important?
Hints on DM Properties
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Searching for “Actual” Dark Matter

• Direct Detection: Searching for local ambient dark matter

• Small-scale structure study: Searching for the effects of dark 

matter in galaxies and clusters

• Cosmological measurement: searching for the dark matter 

effects on the cosmic evolution

• Reveal the actual story of dark matter!
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Small-Scale	Structure	Study
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• Plot includes dwarfs (red), low surface brightness 
(LSBs) spiral galaxies (blue) and clusters (green)

• Diagonal lines are contours of constant σ/m .
• Velocity-Dependent Self-Interacting Dark Matter
• Kaplinghat, Tulin, Yu, arXiv:1508.03339



Why study MeV – GeV+ dark sectors?
Revealing the dark secrets of the Universe
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Signals of discoveries grow from anomalies
Maybe nature is telling us something so we don’t have to 

search in the dark? (or probably systematics?) 

Yu-Dai	Tsai,	Fermilab,	2020
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Some anomalies involving MeV - GeV+ Explanations
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• Muon g-2 anomaly

• LSND & MiniBooNE anomaly

• EDGES result

• Beryllium anomaly

• Small-Scale Structure Problems

︙

︙
Below ~ MeV there are also strong astrophysical/cosmological bounds 
that are hard to avoid even with very relaxed assumptions



Some anomalies involving MeV - GeV+ Explanations
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• Muon g-2 anomaly

• LSND & MiniBooNE anomaly

• EDGES result

• Beryllium anomaly

• Small-Scale Structure Problems

Below ~ MeV there are also strong bounds 
Boldface: I studied  / Red: I have studied and require dark matter property

︙

︙





When High Energy Meets High Intensity
Proton Fixed-Target & Forward Experiments

Yu-Dai	Tsai,	Fermilab,	2020
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When Energy meets Intensity

Vision of this part of my research program:

• Filling low-mass / high-mass gap 

(dark sector, e.g. portals, MCP, etc)

• low-energy / high-energy gap 

(neutrino, nuclear physics)
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Facilities
• LSND: Total of 10#$ POT (beam: 800 MeV), King of POT

• Fermilab (undergoing a Proton Improvement Plan, PIP):

- Booster Beam (BNB):  ~ 10#% POT/yr (8 GeV), now

- NuMI beam: 1 - 4 x 10#% POT/yr (120 GeV), now

- LBNF beam (future):   ~ 10#& POT/yr (120 GeV), future

• CERN SPS beam:

- NA62: up to 3 x 10&' POT/yr (400 GeV), now

- SHiP: up to 10&( POT/yr (400 GeV), future

• CERN LHC: 10!" POT/yr, √𝑠 = 13 TeV
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Scattering Experiments 
vs 

Decay Experiments 

Yu-Dai	Tsai,	Fermilab,	2020
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Scattering Experiments:
Studying Neutrinos and Dark Matter Scattering

FORMOSA & Forward-DUNE

Yu-Dai	Tsai,	Fermilab,	2020
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Scattering Detectors
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• MiniBooNE, SBND, MicroBooNE, MINERvA, DUNE, etc

• Many have primary goals to study neutrino scattering and/or 
neutrino oscillation 

Features (comparing to decay detector):

1. higher density

2. complicated design compared to the decaying detector.

3. Smaller fiducial volume (for near-beam detectors); cost more.

4. Usually studying stable particles (neutrino, dark matter, 
millicharged particles)



Some Production Channels
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Target

q Production: Meson Decays

χ

)χ
q Production: Drell-Yan

q Heavy (vector) mesons are important for high-mass mCP’s in high-energy beams

BR(π0→2γ) = 0.99

BR(π0→γ𝑒!𝑒") = 0.01

BR(π0→𝑒!𝑒") = 6 ∗ 10!#

BR(J/ψ→𝑒!𝑒") = 0.06

Modified from 1703.06881 (Izaguirre, Kahn, Krnjaic, Moschella) 







Specialized “Scattering” Detectors

- NuMI beam
- BNB
- LBNF (future)
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Low-cost / specialized 
detectors to add to the beam 

facilities?



Facilities
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• Fermilab NuMI beam:  ~ 10^20 POT/yr (120 GeV), now

Neutrinos at the Main Injector (NuMI) , for NIMOs + 

• Fermilab LBNF beam (future):   ~ 10&' POT/yr (120 GeV), 

Long Baseline Neutrino Facility (LBNF), for DUNE

• CERN HL-LHC: 10'( POT/yr equivalent, √𝑠 = 13, 14 TeV



Millicharged Particle:
Model & Signature
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Kinetic Mixing and MCP Phase (skip)
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See, Holdom, 1985

(SM: Standard Model)

• New fermion χ charged under new gauge boson B’.

• Coupled to new 
dark fermion χ

• Millicharged particle (MCP) can be a low-energy consequence
of massless dark photon  (a new U(1) gauge boson) coupled to 
a new fermion (become MCP in a convenient basis.)

heavy exotic







Double-Hit Consideration: 
ArgoNeuT Study & Constraint
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Harnik, Liu, Ornella: multi-scattering, 

point back to target to reduce the 

background (ArgoNeuT & DUNE), 

arXiv:1902.03246 / 

ArgoNeuT collab: arXiv:1911.07996

x-axis: 𝑚! (MCP mass),
y-axis: 𝜖 = 𝑄!/𝑒 (charge ratio).

New related study: 
Marocco & Sarkar, arXiv:2011.08153



Specialized “Scattering” Detectors

- NuMI beam
- BNB
- LBNF (future)

38

!"#$%"&'()(&*+%,-.,/+0(
0+'+%'"1&('"(-00('"('2+(3+-4(

5-%,.,',+&6
!"##"$%&'()*+,)-)$-.'

MilliQan, arXiv:1410.6816 (Haas, Hill, Izaguirre, Yavin)
See also arXiv:1607.04669; arXiv:1810.06733; 
arXiv:2005.06518


