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Evidence for Dark Matter

Galaxy rotation curves

These observations tell us only about the macroscopic 
properties of DM. How can we probe the microscopic 
properties i.e. mass, non-gravitational interactions?

Gravitational Lensing CMB BBN
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What even is DM?

How do we narrow down this parameter space?

10°19 103 109 1014 1019 1030

Dark matter mass [eV]
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Adapted from C. O’Hare - DarkMatterLandscape 
and Tongyan Lin arXiv:1904.07915
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https://github.com/cajohare/HowToMakeAPlot/blob/main/code/DarkMatterLandscape.ipynb
https://arxiv.org/abs/1904.07915


Thermal Dark Matter
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• Guiding principle: DM was in thermal equilibrium with the SM at early times 

• Advantages: 
1. Predictive - minimum annihilation cross section  
2. Narrows down the DM mass range substantially
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Excluded by unitarity

DM  is to hot. 
Alter BBN and  

 DM must be produced 
non thermally

Neff

→

Thermal DM Target: 
MeV - 100 TeV

Thermal Dark Matter
• Guiding principle: DM was in thermal equilibrium with the SM at early times 

• Advantages: 
1. Predictive - minimum annihilation cross section  
2. Narrows down the DM mass range substantially
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Weakly Interacting Massive Particles
Direct Detection Bounds

10°19 103 109 1014 1019 1030

Dark matter mass [eV]
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• WIMP miracle - correct relic abundance with 
weak coupling strengths and  GeV 

• Direct detection bounds are becoming very 
constraining. Push to smaller couplings. How 
to get beyond the neutrino floor? 

• Alternative: go to lower masses where there 
are weaker bounds

mχ ∼ 100

arXiv:2203.08084
Ciaran O’Hare
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http://www.apple.com
https://github.com/cajohare/NeutrinoFog
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Light Dark Matter and Dark Sectors

• Lee-Weinberg bound  light DM 
requires new light mediators 

• Light mediators must be SM singlets  
portal models 

• Dark sectors = DM + mediator + 
other SM singlet particles

→

→

Dark 
Sector

Visible 
Sector

Mediator

1.Dark Photon:     

2.Dark Higgs:      

3.Heavy Neutrino:  

ϵFμνF′ μν

ϵ |h |2 |s |2

ϵℓhN

  feebly 
interacting particle (FIPs)

ϵ ∼ e2/16π2 ≃ 10−4 →
<latexit sha1_base64="6Fv7t0/akGNk1wSsJNiLp9mZPCw=">AAACJHicbVDLTgJBEJzFF+Jr1aOXiUTjRdwliB6JXjxiIo+EBTI7NDBhdnYzM2tCNvyB3+EHeNVP8GY8ePHqbzjAHhStpJNKVXe6u/yIM6Ud58PKLC2vrK5l13Mbm1vbO/buXl2FsaRQoyEPZdMnCjgTUNNMc2hGEkjgc2j4o+up37gHqVgo7vQ4gnZABoL1GSXaSF372INIMR4K7CkWYOgUz9yyF7FOcS64Tic5LU26dt4pODPgv8RNSR6lqHbtL68X0jgAoSknSrVcJ9LthEjNKIdJzosVRISOyABahgoSgGons38m+MgoPdwPpSmh8Uz9OZGQQKlx4JvOgOihWvSm4r+eMqcMobewXvcv2wkTUaxB0Pn2fsyxDvE0MdxjEqjmY0MIlcw8gOmQSEK1yTVnknEXc/hL6sWCWy6c35bylas0oyw6QIfoBLnoAlXQDaqiGqLoAT2hZ/RiPVqv1pv1Pm/NWOnMPvoF6/Mb562jkg==</latexit>

✏ ⇠ e2/16⇡2 ⇠ 10�4
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Searching for New Physics
• Feature of dark sectors: feeble coupling  long-lived particles→

Mass of NP particle

Coupling  
to SM

Current 
Bounds

MeV GeV TeV

1

10−4

10−8

Long Lived 
Particles

*very simplified schematic
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Long Lived 
Particles

Mass of NP particle

Coupling  
to SM

Current 
Bounds

MeV GeV TeV

1

10−4

10−8
*very simplified schematic

Searching for New Physics
• Feature of dark sectors: feeble coupling  long-lived particles→

Ideally, go in 
this direction

Energy 
Frontier

Intensity 
Frontier
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Intensity Frontier: Proton Beam Dump Experiment

• Proton beam dumps/fixed target experiments 
• Large number protons-on-target  high flux of BSM particles 
• Long decay volumes to probe feebly coupled, long-lived particles

→

• TeV proton beams? Only option is the LHC   POT/
year. Not good for FIPs/LLPs (LEvEL proposal arXiv:2103.00009 K. J. Kelly, P. Machado et 

al.)

→ ∼ 1017

Low CM energy  limited mass reach →

* DarkQuest and SHiP recently approved and received funding!

<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 -

*

*
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https://arxiv.org/pdf/2103.00009.pdf


Electron Beams?
Snowmass RF6 report arXiv:2206.04220

DarkLight electron FT 30-100 MeVARIEL @ TRIUMF Construction, running? 
(2023/2024)

= electrons
= muons
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https://arxiv.org/pdf/2206.04220.pdf


Snowmass RF6 report arXiv:2206.04220

DarkLight electron FT 30-100 MeVARIEL @ TRIUMF Construction, running? 
(2023/2024)

Electron Beams?

Besides NA64, GeV beams. 
 Can we go to higher electron beam energies?

∼

= electrons
= muons
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https://arxiv.org/pdf/2206.04220.pdf


• Proposals for high-energy electron-positron colliders for precision 
Higgs/EW studies

Future  Colliderse+e−

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

International 
Linear Collider

Compact Linear 
Collider

Cool Copper 
Collider

Idea: build a dark sector facility at future  colliders to study 
FIPs/LLPs with beam dump experiments and/or far detectors

e+e−
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Advantages of Future Electron Colliders
• Large beam energies compared to past/current experiments 

•  100 GeV - few TeV 
• Staged energy approach. No need to build a new facility for higher energy beams! 

• High intensity -  electrons-on-target/year 

• New production modes: 
•  beam  charged current scattering production of heavy neutral leptons 
•  beam  pair annihilation production of dark photons/ALPs

Ee ∼

∼ 1021

e− →
e+ →

<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

Recall: SHiP  POT/year∼ 1019
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Electron Beam Dump Set Up

<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
• Extend the SM by a singlet fermion  (right-handed neutrino, heavy neutral 

lepton, sterile neutrino). SM neutrinos get mass via seesaw mechanism
NR

EWSB

<latexit sha1_base64="5XUGT+PR7DZ/ob8eGdORj+TjSMc="></latexit>

L � Y L̄H̃NR +
1

2
MN N̄RNR ! mD⌫̄LNR +MN N̄RNR

Credit: Symmetry Magazine

<latexit sha1_base64="UoI+vHChimkwanlpqHTY/6z+paw="></latexit>

L � g2p
2
U↵W

�
µ `†↵�̄

µN

+
g2

2 cos ✓W
U↵Zµ⌫

†
↵�̄

µN

• Weak interactions induced my mixing with 
active neutrinos

•  is produced in any process where a SM 
neutrino is produced

NR
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https://www.symmetrymagazine.org/article/neutrinos-on-a-seesaw


HNL Production in Electron Beam Dump

Fig. from 2206.13523
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P. Giffin, S. Gori, Y.D-Tasi, 
and DT arXiv:2206.13745

Meson  
Decays

Direct CC 
Production

Main production mode 
above D meson mass
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https://arxiv.org/pdf/2206.13745.pdf
https://arxiv.org/pdf/2206.13745.pdf


Look for two charged particles in the final state

HNL 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>
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https://arxiv.org/pdf/2304.11189.pdf


Sensitivity: Electron Mixed HNLs
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P. Giffin, S. Gori, Y.D-Tasi, and DT 
arXiv:2206.13745
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Sensitivity: Electron Mixed HNLs
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Sensitivity: Electron Mixed HNLs
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Meson Decays CC Production

Importance of  
higher energy!
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Sensitivity: Muon and Tau Mixed HNLs
Muon-mixed HNL Tau-mixed HNL

0.1 1 10

mN [GeV]

10°10

10°9

10°8

10°7

10°6

10°5

10°4

|Uµ|2 DUNE

SHiP

DarkQuest

FASER2

MATHUSLA

C
O
D
EX

-b

NA62++

HL-LHC

ATLAS

DELPHI

Belle

T
2KP
S
19

1

P
S191

E949

E949

NuTeV/CHARM

BBN

ILC-250

ILC-1000

C3/CLIC-3000

ILC-250

ILC-1000

C3/CLIC-3000

0.1 1 10

mN [GeV]

10°9

10°8

10°7

10°6

10°5

10°4

10°3

10°2

|Uø |2

CHARM/
BEBC

NOMAD

DELPHI

ArgoNeuT

BBN

DUNE

SHiP

DarkQuest

FASER2

MATHUSLA

NA62++

HL-LHC

ILC-250

ILC-1000

C3-3000

ILC-250

ILC-1000

C3-3000

16



Sensitivity: Muon and Tau Mixed HNLs
Muon-mixed HNL Tau-mixed HNL
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Far, far future: CC production @ 
TeV muon beam dump exp??

Infinite future: CC production @ TeV 
tau beam dump exp??? 16



ILC Beam Dump Reach for Other Models

ILC Beam Dump experiment has complementary sensitivity for dark photons/
ALPs compared to SHiP, DarkQuest, FASER, DUNE, etc.
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ILC curve from arXiv:2105.13768 K. Asai et al.

ILC curve from arXiv:2009.13790  
Y. Sakaki and D. Ueda

Reach @ 
ILC-1000/
C3-3000?

https://arxiv.org/pdf/2105.13768.pdf
https://arxiv.org/abs/2009.13790


Energy Frontier is Intensity Frontier 

We can maximize the physics potential of high 
energy  machines beyond the main interaction 
point to look for light new physics  beam dump 

experiments or far detectors.

e+e−

→
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Muon Colliders

ILC

Cμ

LHC

FCC

3 km∼

10 km∼

30 km∼
40 km∼

• Muons are fundamental  

• No color charge  clean environment 
w.r.t pp colliders 

• lower synchrotron radiation

→
<latexit sha1_base64="yL+IiO8hUPkhRM4+rdMdGcxFwIw=">AAACG3icbVDLSsNAFJ3UV62vqEsRBovgqiTia1l047KCfUATwmQybYdOZuLMRCwhK7/DD3Crn+BO3LrwC/wNp20W2nrgwuGce7n3njBhVGnH+bJKC4tLyyvl1cra+sbmlr2901IilZg0sWBCdkKkCKOcNDXVjHQSSVAcMtIOh1djv31PpKKC3+pRQvwY9TntUYy0kQJ731N3Umcq8OI0hx5KEikeYCHmgV11as4EcJ64BamCAo3A/vYigdOYcI0ZUqrrOon2MyQ1xYzkFS9VJEF4iPqkayhHMVF+Nnkjh4dGiWBPSFNcw4n6eyJDsVKjODSdMdIDNeuNxX89ZU4ZkGhmve5d+BnlSaoJx9PtvZRBLeA4KBhRSbBmI0MQltQ8APEASYS1ibNiknFnc5gnreOae1Y7vTmp1i+LjMpgDxyAI+CCc1AH16ABmgCDR/AMXsCr9WS9We/Wx7S1ZBUzu+APrM8fXoaipQ==</latexit>p
sµ ⇡

p
s

→

mμ > me →

Smaller collider at higher energies  
compared to pp or ee colliders

arXiv:2303.08533
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https://arxiv.org/abs/2303.08533
https://arxiv.org/abs/2303.08533


Muon Colliders
Muon collider  gauge 

boson collider   
precision EW/Higgs physics

↔
→ High energy  reach for 

heavy new physics
→ 2nd generation  muon-

specific new physics?
→

arXiv:2012.11555
arXiv:2102.11292

Muon Collider is both an energy and precision machine! 
Can we maximize the physics potential beyond the main detectors?

C. Cesarotti and G. Krnjaic  
arXiv:2404.02906
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https://arxiv.org/pdf/2012.11555
http://www.apple.com
https://arxiv.org/abs/2102.11292
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μ

μ

• Muons beams will be dumped periodically. Why not put a beam dump 
experiment at a muon collider? 

• High energies and staged approach from 100s of GeV to multi-TeV muon beams. Opportunities for 
dark sector searches at every stage. 

• High intensity: 1018 - 1022 muons-on-target/year 

• FIPs/LLP sensitivity if we assume a set up exactly like ILC beam dump? Use 
heavy neutral leptons as a case study.

Muon Beam Dump Experiment

<latexit sha1_base64="nuPXyl3eILXFpg+s+YMuHdwws5w="></latexit>

Eµ = 125, 500, 1500 GeV, Nµ = 4.1⇥ 1021

`dump = 10m, `sh = 70m

`dec = 50m, rdet = 2m Might be too optimistic but we  
want a direct comparison with ILC beam dump 22



• High energy muon beam dump experiment 
is not so crazy. NA64  running at CERN! 

• 160 GeV muon beam 
• 1010 muons-on-target 
• Missing energy/missing momentum technique

μ

∼

arXiv:2401.01708

Aside on NA64

23

https://arxiv.org/pdf/2401.01708


• Lower meson production rate  slightly 
weaker sensitivity

→
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<latexit sha1_base64="tYEnAuhSlWR5zBvjWeF8wzKADZ0="></latexit>

Pr
eli
mi
na
ry

HNLs @ Muon Beam Dump

<latexit sha1_base64="SBqmAWZc4mpJatFdS5Noa8po+kg="></latexit>

�(`p ! `+ jets) ⇠ �0 ⇥ f�/` ⇥ fg/p

 = probability for of lepton 
radiating off a photon 
fγ/ℓ

∼ 1/mℓ

24



• Lower meson production rate  slightly 
weaker sensitivity

→

HNLs @ Muon Beam Dump

<latexit sha1_base64="SBqmAWZc4mpJatFdS5Noa8po+kg="></latexit>

�(`p ! `+ jets) ⇠ �0 ⇥ f�/` ⇥ fg/p
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<latexit sha1_base64="tYEnAuhSlWR5zBvjWeF8wzKADZ0="></latexit>

Pr
eli
mi
na
ry

Despite the lower production rate, muon beam dump is still complementary to 
DarkQuest, FASER.

 = probability for of lepton 
radiating off a photon 
fγ/ℓ

∼ 1/mℓ

24



HNLs @ Muon Beam Dump
• Direct production of muon-mixed HNL via charged-current scattering is 

now available!
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ry Reach beyond 

HL-LHC 
projections!
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Additional Models: Dark Photons
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arXiv:2310.16110 C. Cesarotti and R. Gambhir

Complementary reach to DarkQuest 
and ILC beam dump. Higher energy 
is important to reach higher masses.

<latexit sha1_base64="IaSgfTLUbiHokmiwzOIxr1AT5jU="></latexit>

Lead Target

Eµ = 1.5 TeV, Nµ = 1020/year

Ltar = 5m,Lsh = 10m,Ldec = 100m
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Future work: ALPs
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• Muon beam dump reach for ALPs? 
• Production via Primakoff? 
• Production from ALP-meson mixing? 

• Expect similar reach to ILC beam 
dump; could push to higher masses 

• Work in progress! 

• Other dark sector benchmarks for 
Muon Beam Dump physics case?

BD 
sensitivity?

μ
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Muon colliders are a promising direction to go 
in post-LHC. Staged approach to a full energy 
means we don’t have to wait for new physics 

searches. Opportunities for auxiliary detectors 
(beam dumps, far detectors) to search for dark 

sectors exists, similar to ILC.
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Future Lepton Colliders 
(ILC, C3, Muon Collider)

Summary

Higgs 
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EW Physics
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High Energy

Opportunities for synergy  
between these two  

frontiers to maximize the  
physics potential
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Thanks! Questions?



Back up



Meson Production
• 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
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HNL Sensitivity by Production Mode
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More BSM @ ILC Beam Dump

Electron 
Beam

Positron 
Beam

Axion-like Particles Dark Photon Muon-philic Scalar

K. Asai, S. Iwamoto, Y. Sakaki, and D Ueda arXiv:2105.13768

https://arxiv.org/pdf/2105.13768.pdf


Invisible Searches @ ILC Beam Dump
• Dark photon decays invisibly to DM particles. DM scatters in a detector far 

from the beam dump.



More BSM @ Muon Beam Dump

 gauge bosonLμ − Lτ Leptophilic Scalar Muonphilic Scalar

arXiv:2310.16110 C. Cesarotti and R. Gambhir

https://arxiv.org/pdf/2310.16110.pdf


SHiP Experiment
• SHiP has set sail! Approved for construction. Data taking expected to start 

taking data in 2035.∼

• Dedicated experiment at CERN for FIPs/LLPs 
• High intensity proton beam: 1020 protons-on-target 
• High energy: 400 GeV proton beam 
• Lots of studies done to understand detector, bkgs., etc. https://cds.cern.ch/collection/

SHiP%20Reports

∼

https://cds.cern.ch/collection/SHiP%20Reports
https://cds.cern.ch/collection/SHiP%20Reports


SHiP Sensitivity
• SHiP beats most current/proposed experiments

Dark 
Photon

arXiv:2207.06905 B. Batell, N. Blinov, C. Hearty, and R. McGehee

Heavy 
Neutrino

Dark  
Higgs
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