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Dark Matter (DM) vs Baryonic Matter (BM)

★ How much DM w.r.t. BM?

SM = U(1)EM X SU(2)Weak X SU(3)Strong

★ We can use what we know about standard model particles to build a DM theory

★ Constraint on DM mass and interactions

• should be ‘dark’ (no em interaction)
• should weakly interact with SM particles
• should provide the correct relic abundance
• should be compatible with CMB power spectrum

… assuming that the gravity is not modified 
and DM undergoes to other interactions

★Does DM participate to non-gravitational interactions?
★ Is DM a new particle?

Use the SM as an example:

Particles, interactions and symmetries

Particles:
quarks, leptons

Force-carriers:
gluons, g, W, Z, graviton (?), Higgs, ...

Known particles 
& new force-

carriers

Two options:
★ New matter interacting trough the same forces
★ New matter interacting through new forces 

Compelling astrophysical evidence for Dark Matter existence, but …



M.Battaglieri - INFNLight Dark Matter searches3

• Scattering through Z boson (σ~10-39cm2): ruled out 
• Approaching limits for scattering through the Higgs (σ~10-45cm2)
• Close to irreducible neutrino background

• DM detection by measuring the (heavy) nucleus recoil
• Constraints on the interaction strength from the DM Direct Detection limits 

★ Experimental limits

Direct Detection

1 MeV                                                              1 GeV                 MZ                           10 TeV
WIMPs

Slow-moving cosmological weakly interacting massive particles

✴ No signal observed in Direct Detection 
✴ Experiments have reduced sensitivity to (light) DM (<1 GeV)

Exploring the WIMP’s option

⟨σ v⟩ ~  g2Dark g2SM M2DM/M4mediator

WIMPs paradigm is not the only option 
(keeping the DM thermal origin) gDark gSM

Light Dark 
Matter Light Dark Matter (<TeV) naturally 

introduces light mediators
New 

interaction

Z

h

WW
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An historical example of a ‘Standard Model’ and ‘hidden sector’
★ Back in the ’30 the Standard Model of the elementary particles was: photon, 

electron and nucleons
★ Beta decay: 

n → p + e−
Continuous spectrum!

★ Pauli proposes a radical solution - the neutrino!
n → p + e− + ¯ν

★ Perfect example of a hidden sector!
• neutrino is electrically neutral
• very weakly interacting and light
• interacts with “Standard Model” through “portal” - (pγμn)(eγμν)

Today?
★ Higgs discovery represent the triumph of SM
★ but there are still some missing pieces: Dark Matter, baryon asymmetry, 

neutrino oscillations …
★ No guarantee of discoveries but exciting times to look for new physics!

A lesson from history
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★ Experimental limits

Direct Detection

1 MeV                                                              1 GeV                 MZ                           10 TeV
WIMPs

Want to 
look 
here!

Light Dark Matter

Dark Sector or Hidden Sector (DM not directly charged under SM interactions)

Can be explored at accelerators!

Light Dark Matter

• Low mass elastic scattering on heavy nuclei produces small recoil 
• eV-range recoil requires a different detection technology
• Directionality may help to go behind existing limits at large masses

• Direct Detection is difficult

Light Dark Matter with a (almost) weak interaction (new force!)

covers an unexplored mass region extending the reach 
outside the classical DM hunting territory

• High intensity

Accelerators-based DM search

• Moderate energy
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Experimental techniques 

e+e- collidersFixed Target

Cross-Section

Luminosity

Process

✴1/MA’ .vs.1/Ebeam

✴Coherent scattering from Nucleus (~Z2)

• high backgrounds
• limited A’ mass

• low backgrounds
• higher A’ mass

Fixed target vs. collider Fixed target
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Dark Sector searches at JLab
(electron beams) 

+ PAC approved experiments (e.g., BDX) 
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• Fixed-target, missing-momentum experiment to probe invisibly decaying particles
• BSM Light gauge boson couples predominantly to muon and or tau
• Scalar or vector mediator of a new force
• Its existence would be a viable explanation of g-2 anomaly
• This experiment is similar to M3 experiment proposed at FERMILAB

• PROS: Bremsstrahlung backgrounds suppressed, compact experiment, high precision 
(magnetic spectrometer)

• CONS: requires a intense high-energy muon beam

Probing muon-philic forces with secondary muon beam

Muon Missing Momentum (μ3BDX @ JLab)

L. Marsicano et al., PRD 98, 115022 (2018)

μBDX @ JLab 
• Muon beam dump experiment to probe the visible decay into e+e-(γγ)
• Same infrastructure requested by BDX

• Goal: extending LDM searches to muon-philic 
scenarios requires intense muon beams • VECTOR or SCALAR mediator 

produced with a similar mechanism of A’
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Missing energy/momentum BD 
experiments

• Active beam-dump experiment
• Missing energy exp (e Z ➝ e Z’ A’ with A’ ➝ invisible)
• 100 GeV SPS electron beam at SPS
• Active target (calorimeter)
• Exclusion plots based on 3x109 EOT

NA64@CERN

 … and future BD experiments

• LDMX: missing momentum exp proposed at 
SLAC-LCLS-II 4 GeV e- beam, (Active beam-
dump)

LDMX@SLAC

… more sensitive in the exclusion plots but less reliable/convincing in case 
of positive finding!

MissingMomentum vs BeamDump (disappearance vs appearance)

The two experimental approaches are complementary
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μ3BDX @ KLF

Deflect muon downward

𝝁

•  Experimental setup 
simulated by FLUKA

Muon production 
vertices

Muon energy 
spectrum
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μ3BDX @ KLF

•  Muon flux downstream 
of Dipole 1

•  Muon flux at the 
target position

Ie = 2.7uA~ 104         
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μ3BDX @ KLF

•  Muon flux at 
Dipole1 exit

•  Muon flux at 
t h e t a r g e t 
position

Similar M3@FNAL  PhaseI MOT in 2 
weeks of run! 

(Phase II in ~3 years (with optimization))

Ie = 2.7uA~ 104         
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μ3BDX @ KLF
Assumptions 

• No dead time between hits on the flux detectors, perfect particle Id 
• The magnetic field of the dipoles is ideal (2 T on the axes)
• Tracking planes at the entrance of each dipole are separated by 20 cm
• Tracker resolution:

• δX and δY: 75 µm
• δZ: 250 µm

• Cut on incoming particles: 1 GeV < pμ < 4 GeV

Relative error:
• Before scattering (BS): black line
• After scattering (AS): red line

Results:
• Momentum error < 5% for 1 < pµ < 4 GeV
• Error increases with momentum:

• Higher pµ → smaller dipole displacement
• Arc reconstruction in yz-plane worsens
• Momentum measurement becomes less precise

Realistic Magnet design 
• 2 windings , 40 turns each with I=5kA
• The field at the center is ~1.95T, ITot=of 400 kA for each coil.

μ3@KLF measurement 
would be sensitive to a 

missing momentum ~5%, 
down to ~ 50 - 200 MeV/c

• Final reach of the experiment (upper limits) in progress
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Secondary beams @ JLab
(Hall-A BemaDump)

• Flux: 3 1017 v/m2/year (1 year corresponding to 1022 EOT)
• Decay-At-Rest energy spectrum (0-50 MeV)

Neutron beam

Muon beam
• Flux: 9 10-7 μ/EOT (Rate ~ 3 108 μ/s for Ie=50uA)
• Up to 6 GeV, Bremms.-like E spectrum
• 20x20 cm2 beam spot

Neutrino beam
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Conclusions
✴ Existence of Dark Matter is a compelling reason to investigate new forces and matter over a broad range of mass

✴ Extensive experimental plans at high intensity e-facility: JLab, LNF, Cornell, Mainz, SLAC (+ p beam at FNAL and 
CERN)

✴ Jefferson Lab is the world-leader facility for present and near-future LDM searches: APEX, HPS, DarkLight, BDX 
(and possibly e+ annihilation and LDMX)

✴ Significant interests from funding agencies (DOE/NSF) and labs (CERN and JLab) to run small scale experiments 
with a great discovery potential

✴ With a modest investment it would be possible to deploy a unique experiment using an opportunistic μ-beam at 
KLF

✴ A μ3@KLF experiment will be competitive with state-of-the art experiments (e.g. μNA64 @ CERN)

✴ Discovery or decisive tests of simplest scenarios will possible in the next ~5-8 years!


