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Dark Sectors & Long-Lived Particles
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Adapted from: 
 arXiv:2410.23454 - Canadian Subatomic 

Physics community;  Symmetry Magazine; ATLAS

<latexit sha1_base64="vnllJHb4aHFZMut3tXdyoBGhBDI="></latexit>

1. Dark Photon: L � ✏F
0
µ⌫F

µ⌫

2. Dark Higgs: L � ✏|H|2|S|2

3. Heavy Neutrino: L � ✏L̄H̃N

1. Dark Photon: 

2. Dark Higgs: 

3. Heavy Neutrino:

Particles that do not interact through SM forces.

• Motivations:  
• Dark matter 
• Strong CP Problem  
• Neutrino mass generation 

• Feature particles with long lifetimes, hidden 
from conventional experimental searches. 
• Models with small mass splittings (e.g. inelastic 

DM) 
• Models with very small couplings (e.g. DM 

freeze-in, seesaw mechanisms)

https://arxiv.org/pdf/2410.23454
https://www.symmetrymagazine.org/article/voyage-into-the-dark-sector?language_content_entity=und
https://atlas.cern/Discover/Physics
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Searching for New Physics

Coupling 
to the SM

MeV GeV TeV

Mass of New Particle

*very simplified schematic

Current 
Bounds

1

Intensity frontier 
Light, feeble coupling. Beam 
dumps, fixed target, far-forward

Energy frontier 
Heavy, sizeable coupling. LHC, 
collider detectors at the IP

Need both high-energy and high-intensity to reach LLPs beyond a few GeV.

10−4

10−8

Unexplored 
Too heavy for most dumps, too 
feebly coupled for collider 
detectors.



D. Tuckler (he/him) 3Beam Dumps @ Future Linear Colliders - LCWS 2026

Intensity Frontier

Proton Beam Dump Experiments

<latexit sha1_base64="UOipPSCZBPxgZG7JQ4BoeBfinTo="></latexit>

Experiment Ep [GeV] `det POT/year NK± ND± NB±

SHiP 400 ⇠ 100 m 4⇥ 1019 ⇠ 1019 ⇠ 1017 ⇠ 1013

DarkQuest 125 ⇠ 10 m 1018 ⇠ 1017 ⇠ 1015 ⇠ 108

DUNE 120 ⇠ 500 m 1.1⇥ 1021 ⇠ 1019 ⇠ 1015 -

*

*

• TeV proton beams? LHC main beam dump with 1017 protons-on-target/
year. LLP production rates are too low, but more studies are needed. 

∼

* DarkQuest and SHiP approved and received funding!

High-intensity proton beam striking a dense target. 
• Large number of protons-on-target ⇒  large BSM particle production rates 

• Long decay volumes to probe long-lived particles.  
• Main drawback: low centre-of-mass energy ⇒ limited mass reach
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Future Linear Colliders
High energy experiments but also high-intensity!

Intensity Frontier
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C.O.M energy:
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Future Linear Colliders
High energy experiments but also high-intensity!

Intensity Frontier

250/550/3000 GeV380/3000 GeV250/500/1000 GeV

International 
Linear Collider

Compact Linear 
Collider

Cool Copper 
Collider

EOT / year: 4.1 × 10²¹ 3.1 × 10²¹/1.8 × 10²¹ 1.8 × 10²¹

C.O.M energy:

Linear colliders dump ~1021 electrons per year! 
What can we do with them?
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Idea: build a dark sector facility at future linear colliders 
that utilizes the beam dumps to study dark sectors and LLPs
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Advantages of Future Lepton Colliders
• 100 GeV - few TeV 
• Staged energy approach. No need to build a new facility 

for higher energy beams!

Ee ∼

<latexit sha1_base64="e6mclBMfCS5zGBdC1U91hqFzVIg="></latexit>

Collider-
p
s [GeV] EOT/year

ILC-250/1000 4.1⇥ 10
21

C
3
-250 3.1⇥ 10

21

C
3
-3000 1.8⇥ 10

21

CLIC-3000 1.8⇥ 10
21

•  beam  charged-current scattering production of 
heavy neutral leptons 

•  beam  pair annihilation production of dark 
photons/ALPs

e− →

e+ →

High Energy

High Intensity

New Production  
Modes

SHiP  POT/year∼ 1019

1.

2.

3.
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Beam Dump at Linear Colliders
Follow the proposal for a beam dump experiment at ILC

<latexit sha1_base64="xa3dfol327sEfeicHmpQ9GKmOkw="></latexit>

Ee [GeV] `dump `sh `dec rdet

125

500 10m 70m 50m 2m

1500
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Case Study: Heavy Neutral Leptons
• Gauge singlet fermion that mixes with the SM neutrino 

• Plays a role in neutrino mass generation (e.g. seesaw mechanism) 
• Potential connection with the matter-antimatter asymmetry (e.g. leptogenesis) 
• Portal to the dark sector (e.g. neutrinophilic dark matter)

EWSB
<latexit sha1_base64="En3eCQ+XIvvXe4IjjreOUgLnKls="></latexit>

L � Y L̄H̃NR ! g2p
2
U↵W

�
µ `

†
↵�̄

µ
N +

g2

2 cos ✓W
U↵Zµ⌫

†
↵�̄

µ
N

Charged Current Neutral Current

• HNL is produced in any process that produces a SM neutrino, suppressed by . 
• The HNL subsequently decays to SM particles (mesons and leptons) if they are 

lighter than 10 GeV.

|Uα |2



Fig. from 2206.13523
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Case Study ·  Heavy Neutral Leptons

Production in Electron Beam Dump

• Mesons decays: photoproduction of mesons in the beam dump that then decay to HNLs. Also 
present in proton beam dump experiments. 

• Charged-Current Scattering: direct production in electron-proton scattering through weak 
interactions. Unique to lepton collider!
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Production I: Meson Decays
Number of HNLs produced from meson decays assuming 4 1021 EOT/year×

Case Study ·  Heavy Neutral Leptons

<latexit sha1_base64="BIIcJiLQeMEfLJecUk8IFd2d++g="></latexit>

NN = NMBR(M ! N +X)

<latexit sha1_base64="IqWx9fh0bxBgLG8sfpeODF2p9QE="></latexit>

ILC-250 ILC-1000 C3-250 C3/CLIC-3000
⇡± 1.5⇥ 1016 6.0⇥ 1016 1.2⇥ 1016 4.8⇥ 1016

K± 3.9⇥ 1015 1.5⇥ 1016 3.0⇥ 1015 1.2⇥ 1016

K0
L 3.8⇥ 1014 1.5⇥ 1015 2.9⇥ 1014 1.2⇥ 1015

D± 1.4⇥ 1014 7.8⇥ 1014 1.0⇥ 1014 8.6⇥ 1014

D±
s 3.8⇥ 1013 2.5⇥ 1014 2.9⇥ 1013 2.6⇥ 1014

B± 1.0⇥ 1011 2.2⇥ 1012 7.5⇥ 1010 3.4⇥ 1012

⌧± 2.2⇥ 1012 1.4⇥ 1013 1.5⇥ 1012 1.5⇥ 1013

Number of mesons and  leptons per yearτ
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Electron-mixed HNL
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Production I: Meson Decays
Number of HNLs produced from meson decays assuming 4 1021 EOT/year×

Case Study ·  Heavy Neutral Leptons

<latexit sha1_base64="BIIcJiLQeMEfLJecUk8IFd2d++g="></latexit>

NN = NMBR(M ! N +X)

<latexit sha1_base64="IqWx9fh0bxBgLG8sfpeODF2p9QE="></latexit>
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Case Study ·  Heavy Neutral Leptons

Production II: Charged-Current Scattering
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Charged-Current Scattering is the main production mode above 2 GeV.

<latexit sha1_base64="+Wl1/YyhRnKh/UIdH3/qT5ZPr5A="></latexit>

NN = �(ep ! Nn)Leff
<latexit sha1_base64="cz09IuTxXU3WhBmbLDMVV2lUOFI="></latexit>

Leff ' Z(X0/g)NA
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Production mode only for electron-mixed HNLs
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Case Study ·  Heavy Neutral Leptons

Heavy Neutral Lepton Decays

<latexit sha1_base64="XCdYLcAJmf3qITVyCAZ6COr6p5g="></latexit>

D±
<latexit sha1_base64="X3NIuehFYo+vNQk2tnTwSWduKH8="></latexit>

B±

<latexit sha1_base64="4uAziF9XI5CPkAZjmL8K4H5+3vE="></latexit>

⇡±

Shamelessly stolen and adapted from 
 K. J. Kelly et al. arXiv:2304.11189

<latexit sha1_base64="XZX65ewrrxZOvP7XssjvRamV4Kc="></latexit>

M±

<latexit sha1_base64="163j5RZE6jA99sDYTSYIzNzRxmU="></latexit>

`±
<latexit sha1_base64="WeBPrsqzPikllp2onZ5f+U7WZQw="></latexit>⌫

<latexit sha1_base64="6e1et1F/icwmIdseIene9hW0RVA="></latexit>

Decay Volume
<latexit sha1_base64="kg++Q42U5AeWUqWkls797fkB0go="></latexit>

HSDS

<latexit sha1_base64="+e8kwBGHHr2BoyuxdC1p5SAzBoI="></latexit>

f
<latexit sha1_base64="+xfbqCJbwGvYe1mXx8XEuFrWQn0="></latexit>

f 0

<latexit sha1_base64="lNiB6jE+YNF2SmWCp2z8I+cTxls="></latexit>

ff 0 = meson, ``0

<latexit sha1_base64="DkmSuQz9xdJBGIFysesztFJY2h8="></latexit>

N
<latexit sha1_base64="DkmSuQz9xdJBGIFysesztFJY2h8="></latexit>

N
<latexit sha1_base64="XeJHkZS/0N53yHQ4ELwsnOd/lEA="></latexit>

HNL

Beam Dumps @ Future Linear Colliders - LCWS 2026
Look for two charged particles in the final state
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https://arxiv.org/pdf/2304.11189.pdf
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Case Study ·  Heavy Neutral Leptons

Sensitivity: Electron-Mixed HNLs

Beam Dumps @ Future Linear Colliders - LCWS 2026
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P. Giffin, S. Gori, Y.D-Tasi, and DT 
arXiv:2206.13745

Sensitivity for one year of operation (4 1021 EOT) and 10 signal events.×

https://arxiv.org/pdf/2206.13745.pdf
https://arxiv.org/pdf/2206.13745.pdf
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Case Study ·  Heavy Neutral Leptons

Sensitivity: Electron-Mixed HNLs

Beam Dumps @ Future Linear Colliders - LCWS 2026
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Meson Decays CC Production

Importance of  
higher energy!

Sensitivity for one year of operation (4 1021 EOT) and 10 signal events.×

https://arxiv.org/pdf/2206.13745.pdf
https://arxiv.org/pdf/2206.13745.pdf
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Sensitivity: Muon- and Tau-Mixed HNLs

Beam Dumps @ Future Linear Colliders - LCWS 2026
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Case Study ·  Heavy Neutral Leptons

Sensitivity: Muon- and Tau-Mixed HNLs

Beam Dumps @ Future Linear Colliders - LCWS 2026

Muon-mixed HNL Tau-mixed HNL
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Far, far future: CC production @ TeV 
muon beam dump exp??
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Additional Models
Photon-coupled ALP Muon-philic Scalar Dark Matter

Complementary coverage for a variety of BSM scenarios!
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Other Physics Opportunities
Kaon Physics

De
ca

y 
Vo

lum
e

Detector

Neutrino Physics

See M. Ovchynnikov talk for more details 
NA62 both a kaon and dark sector experiment.  

HIKE@LCF Beam Dump would also give us both! 



Summary
1 A beam dump experiment at a future linear collider is high intensity and high 

energy. Broad physics potential: long-lived particles, dark matter, neutrinos, and more!

2 Complementarity with proton beam experiments (e.g. SHiP, DarkQuest, LHC). 
Production mechanisms for BSM particles that are unique to lepton beams (e.g. charged-
current production of HNLs)

3 We should start designing this now! 
• Cheap: the beam and the dump will already be there! We just need to invest a little 

in a decay volume an detector. 
• Parasitic: runs for the entire lifetime of the collider. No dedicated beam time. 
• Timely: infrastructure is being designed now.

Every linear collider comes with a free lepton beam dump 
experiment!  Let’s start planning for it now.



Backup
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Meson Production Simulation

• Use Pythia to simulate an electron striking a proton at rest 
• Number of mesons/EOT: 

• Additional factor of cross section ratios takes into account that 
not all ep collisions are hadronic/SoftQCD interactions 

• For pp collisions 

Total   
cross section

ep

Pythia total  
hadronic cross section

<latexit sha1_base64="bvpx2xP7xWQs2MWfAOJh/SrB8g0="></latexit>

nM ⌘ NM

EOT
=

�SoftQCD

�eN

NM,MC

N tot
MC

<latexit sha1_base64="o85pgHTI+87KhNX8Hkc3rr+QfjI=">AAACJ3icbVDLSgNBEJz1bXxFPXoZDIJewq74Oop68CSKRgU3hNlJbzJkdmeY6RXDkm/wO/wAr/oJ3kSPnvwNJ3EPGi1oKKq66e6KtBQWff/dGxkdG5+YnJouzczOzS+UF5curcoMhxpXUpnriFmQIoUaCpRwrQ2wJJJwFXUO+/7VLRgrVHqBXQ31hLVSEQvO0EmN8kZoRSthjRDhDvNzFePZ4VGPhkxro+5o4eb6pNcoV/yqPwD9S4KCVEiB00b5M2wqniWQIpfM2pvA11jPmUHBJfRKYWZBM95hLbhxNGUJ2Ho+eKlH15zSpLEyrlKkA/XnRM4Sa7tJ5DoThm077PXFfz3rTmlDc2g9xnv1XKQ6Q0j59/Y4kxQV7YdGm8IAR9l1hHEj3AOUt5lhHF20JZdMMJzDX3K5WQ12qttnW5X9gyKjKbJCVsk6Ccgu2SfH5JTUCCf35JE8kWfvwXvxXr2379YRr5hZJr/gfXwBS9ynOQ==</latexit>�SoftQCD ⇡ �pN
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Additional HNL Sensitivity Plots
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Varying the shield length


