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Why Muon Colliders for Dark Sectors? 

• dark sectors are a sandbox for model building and systematic way of 
exploring model space


• can give rise to “weird” and unique signatures > help inform detector 
design


• connection to big questions like nature of dark matter


• muon collider provides synergy to upcoming era of cosmological probes
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WIMP Dark Matter
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“Minimal Dark Matter”: consider dark matter to be the lightest member of an electroweak multiplet 
T. Han, Z. Liu, L.-T. Wang, X. Wang [arXiv:2009.11287]

Higgsino-like
Wino-like
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“Minimal Dark Matter”: consider dark matter to be the lightest member of an electroweak multiplet 
T. Han, Z. Liu, L.-T. Wang, X. Wang [arXiv:2009.11287]

Higgsino-like
Wino-like

stronger 

channel

further enhancements shown in

R. Capdevilla, F. Meloni, J. Zurita [arXiv:2405.08858] 

even more promising!
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T. Han, Z. Liu, L.-T. Wang, X. Wang


WIMPS at High Energy Muon Colliders [arXiv:2009.11287]

Muon collider can definitively test Wino 

and Higgsino WIMPs at 10 TeV! 

FCC-hh

R. Capdevilla, F. Meloni, R. Simoniello, and J. Zurita, 

JHEP 06 (2021) 133, [arXiv:2102.11292]

Comparison with other approaches:

MuC
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Dark Sector Portals
moving beyond the WIMP
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Standard 

Model

Hidden

Sector

portal
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Vector Portal
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A. Dasgupta, B. Dev, T. Han, R. Padhan, S. Wang, K. Xie 

[arXiv:2308.12804]

s = 3 TeV
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Vector Portal

R. Capdevilla, D. Curtin, Y. Kahn, G. Krnjaic 

[arXiv:2112.08377]

<latexit sha1_base64="r2vvLMQwTwKECLO1FfjOQjbN6mc="></latexit>

L � gV V�(µ
†
L�̄

�µL + µc†�̄�µc)
7Tien-Tien Yu (University of Oregon)
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High-Energy Lepton Collider as a “Vector Boson Collider”
great for scalar and pseudoscalar portal! 

8

D. Buttazzo, D. Redigolo, F. Sala, A. Tesi 

[arXiv:1807.04743] + [arXiv:2103.14043]

<latexit sha1_base64="uzilCDfO+76iCNTrlIjxn/syZe4=">AAACH3icbVDLSgMxFM34rPVVdekm2Aqu6kyR6rKgCzdCRfuAzjhk0rQNTWZCkhHLMH/ixl9x40IRcde/MW1noa0HAodz7uXmnEAwqrRtj62l5ZXVtfXcRn5za3tnt7C331RRLDFp4IhFsh0gRRgNSUNTzUhbSIJ4wEgrGF5O/NYjkYpG4b0eCeJx1A9pj2KkjeQXqiUXCSGjJ+gq2ufIT5pNV0euGND0dCY9JK7k8O4mzTw4SEt+oWiX7SngInEyUgQZ6n7h2+1GOOYk1JghpTqOLbSXIKkpZiTNu7EiAuEh6pOOoSHiRHnJNF8Kj43Shb1ImhdqOFV/bySIKzXigZnkSA/UvDcR//M6se5deAkNRaxJiGeHejGDJuSkLNilkmDNRoYgLKn5K8QDJBHWptK8KcGZj7xImpWyUy2f3VaKtausjhw4BEfgBDjgHNTANaiDBsDgGbyCd/BhvVhv1qf1NRtdsrKdA/AH1vgHZWKjMQ==</latexit> ⇡
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Scalar Portal
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R. Capdevilla, D. Curtin, Y. Kahn, G. Krnjaic 

[arXiv:2112.08377]

<latexit sha1_base64="etuKboYAhiUw1wOxY73strmoMmY="></latexit>

L � gSS(µLµc + µc†µ†
L)

Tien-Tien Yu (University of Oregon)
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Pseudoscalar Portal
Axions and ALPs
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adapted from

M. Bauer, M. Heiles, M. Neubert, A. Thamm


[arXiv:1808.10323]
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Pseudoscalar Portal
Axions and ALPs

10

adapted from

M. Bauer, M. Heiles, M. Neubert, A. Thamm


[arXiv:1808.10323]
+ T. Han, T. Li, X. Wang


[arXiv:2203.05484]

see also Y. Bao, J. Fan, L. Li 

[arxiv:2203.04328]

Tien-Tien Yu (University of Oregon)
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Neutrino Portal
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<latexit sha1_base64="rtRlZy6SaXDkmpKColdOkPmBFcI=">AAACIHicbVBNS8NAEN34bf2qevSyWARBDImIehS9eBBRsCo0pUw2U7u42YTdiVBCf4oX/4oXD4roTX+N29qDXw8GHu/N7M68OFfSUhC8eyOjY+MTk1PTlZnZufmF6uLShc0KI7AuMpWZqxgsKqmxTpIUXuUGIY0VXsY3h33/8haNlZk+p26OzRSutWxLAeSkVnW3jAQoftxrRbqIbJFbJL4ZKfdCAgMtBsOPI5IqQX7ET/gG7/jCb1VrgR8MwP+ScEhqbIjTVvUtSjJRpKhJKLC2EQY5NUswJIXCXiUqLOYgbuAaG45qSNE2y8GBPb7mlIS3M+NKEx+o3ydKSK3tprHrTIE69rfXF//zGgW195ql1HlBqMXXR+1Cccp4Py2eSIOCVNcREEa6XbnogAFBLtOKCyH8ffJfcrHlhzv+9tl2bf9gGMcUW2GrbJ2FbJftsyN2yupMsDv2wJ7Ys3fvPXov3utX64g3nFlmP+B9fAKHhKHj</latexit>

L⌫ � ��⌫L̄H̃N + h.c.

P. Li, Z. Liu, K-F. Lyu

[arXiv:2301.07117]
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Standard 

Model

Hidden

Sector

portal

Case study: flavored dark matter
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Other Hidden Sector Models
case study: flavored dark matter
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Standard 

Model

fermionic

dark


matter

scalar 

<latexit sha1_base64="lfKqtD0wagSkvN1bb2t3juZFAaA="></latexit>

L � �m��̄↵�
↵ �m2

�|�|2 � �i,↵�ēi�̄↵

flavor indices

charged like

RH leptons

<latexit sha1_base64="hc3hTyG/kq7HJ+pKQBs8VurGkWI=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CbaCp7JbRD0WvXisYD+gXUo2zbax2WRJskJZ+h+8eFDEq//Hm//GbLsHbX0w8Hhvhpl5QcyZNq777RTW1jc2t4rbpZ3dvf2D8uFRW8tEEdoikkvVDbCmnAnaMsxw2o0VxVHAaSeY3GZ+54kqzaR4MNOY+hEeCRYygo2V2tU+GbPqoFxxa+4caJV4OalAjuag/NUfSpJEVBjCsdY9z42Nn2JlGOF0VuonmsaYTPCI9iwVOKLaT+fXztCZVYYolMqWMGiu/p5IcaT1NApsZ4TNWC97mfif10tMeO2nTMSJoYIsFoUJR0ai7HU0ZIoSw6eWYKKYvRWRMVaYGBtQyYbgLb+8Str1mndZu7ivVxo3eRxFOIFTOAcPrqABd9CEFhB4hGd4hTdHOi/Ou/OxaC04+cwx/IHz+QO7Qo6V</latexit>�
<latexit sha1_base64="iKRRmTpcdodU0iuTT+BebyKPpqk=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CbaCp7JbRD0WvXisYD+gXUo2zbax2WRJskJZ+h+8eFDEq//Hm//GbLsHbX0w8Hhvhpl5QcyZNq777RTW1jc2t4rbpZ3dvf2D8uFRW8tEEdoikkvVDbCmnAnaMsxw2o0VxVHAaSeY3GZ+54kqzaR4MNOY+hEeCRYygo2V2tV+PGbVQbni1tw50CrxclKBHM1B+as/lCSJqDCEY617nhsbP8XKMMLprNRPNI0xmeAR7VkqcES1n86vnaEzqwxRKJUtYdBc/T2R4kjraRTYzgibsV72MvE/r5eY8NpPmYgTQwVZLAoTjoxE2etoyBQlhk8twUQxeysiY6wwMTagkg3BW355lbTrNe+ydnFfrzRu8jiKcAKncA4eXEED7qAJLSDwCM/wCm+OdF6cd+dj0Vpw8plj+APn8wfPHY6i</latexit>

�

P. Asadi, A. Radick, TTY [arXiv:2312.03826]
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Lepton-Flavored Dark Matter
relic abundance
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correct relic abundance fixes coupling

<latexit sha1_base64="5X1VPR3YoJktlfYhBORtjNvZ3OA=">AAAB8HicdVDLSgMxFM34rPVVdekm2Aquhum0tnVXdOOygn1IO5RMJtOGJpkhyQhl6Fe4caGIWz/HnX9jpq2gogcCh3POJfceP2ZUacf5sFZW19Y3NnNb+e2d3b39wsFhR0WJxKSNIxbJno8UYVSQtqaakV4sCeI+I11/cpX53XsiFY3ErZ7GxONoJGhIMdJGuisNmMkGqDQsFB37olFzz13o2I5Tdyu1jLj1qluBZaNkKIIlWsPC+yCIcMKJ0JghpfplJ9ZeiqSmmJFZfpAoEiM8QSPSN1QgTpSXzheewVOjBDCMpHlCw7n6fSJFXKkp902SIz1Wv71M/MvrJzpseCkVcaKJwIuPwoRBHcHsehhQSbBmU0MQltTsCvEYSYS16ShvSvi6FP5POq5drtnVG7fYvFzWkQPH4AScgTKogya4Bi3QBhhw8ACewLMlrUfrxXpdRFes5cwR+AHr7RNc6pAk</latexit>

�

P. Asadi, A. Radick, TTY [arXiv:2312.03826]
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Lepton-Flavored Dark Matter
relic abundance
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small
<latexit sha1_base64="/vFpa0+eKQcQixmAC1r5g5f9siI=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBFvBVZkpoi6LblxWsA9ph5LJZNrQJDMkGaEM/Qo3LhRx6+e4829M21lo64HA4Zxzyb0nSDjTxnW/ncLa+sbmVnG7tLO7t39QPjxq6zhVhLZIzGPVDbCmnEnaMsxw2k0UxSLgtBOMb2d+54kqzWL5YCYJ9QUeShYxgo2VHqt9brMhrg7KFbfmzoFWiZeTCuRoDspf/TAmqaDSEI617nluYvwMK8MIp9NSP9U0wWSMh7RnqcSCaj+bLzxFZ1YJURQr+6RBc/X3RIaF1hMR2KTAZqSXvZn4n9dLTXTtZ0wmqaGSLD6KUo5MjGbXo5ApSgyfWIKJYnZXREZYYWJsRyVbgrd88ipp12veZe3ivl5p3OR1FOEETuEcPLiCBtxBE1pAQMAzvMKbo5wX5935WEQLTj5zDH/gfP4A+fKP4A==</latexit>

� Dark Matter    produced via freeze-in <latexit sha1_base64="ChDGeGD4uELUAogKo89q/dakGWU=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CbaCp7JbRD0W9OCxgv2AdinZNNvGZpMlyQpl6X/w4kERr/4fb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbS0TRWiLSC5VN8CaciZoyzDDaTdWFEcBp51gcpP5nSeqNJPiwUxj6kd4JFjICDZWalf7ZMyqg3LFrblzoFXi5aQCOZqD8ld/KEkSUWEIx1r3PDc2foqVYYTTWamfaBpjMsEj2rNU4IhqP51fO0NnVhmiUCpbwqC5+nsixZHW0yiwnRE2Y73sZeJ/Xi8x4bWfMhEnhgqyWBQmHBmJstfRkClKDJ9agoli9lZExlhhYmxAJRuCt/zyKmnXa95l7eK+Xmnc5nEU4QRO4Rw8uIIG3EETWkDgEZ7hFd4c6bw4787HorXg5DPH8AfO5w+73I6X</latexit>�

DM must populate 

relic abundance

DM must be stable

DM parameter space

is fully bounded!

P. Asadi, A. Radick, TTY [arXiv:2312.03826]
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small
<latexit sha1_base64="/vFpa0+eKQcQixmAC1r5g5f9siI=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBFvBVZkpoi6LblxWsA9ph5LJZNrQJDMkGaEM/Qo3LhRx6+e4829M21lo64HA4Zxzyb0nSDjTxnW/ncLa+sbmVnG7tLO7t39QPjxq6zhVhLZIzGPVDbCmnEnaMsxw2k0UxSLgtBOMb2d+54kqzWL5YCYJ9QUeShYxgo2VHqt9brMhrg7KFbfmzoFWiZeTCuRoDspf/TAmqaDSEI617nluYvwMK8MIp9NSP9U0wWSMh7RnqcSCaj+bLzxFZ1YJURQr+6RBc/X3RIaF1hMR2KTAZqSXvZn4n9dLTXTtZ0wmqaGSLD6KUo5MjGbXo5ApSgyfWIKJYnZXREZYYWJsRyVbgrd88ipp12veZe3ivl5p3OR1FOEETuEcPLiCBtxBE1pAQMAzvMKbo5wX5935WEQLTj5zDH/gfP4A+fKP4A==</latexit>

� Dark Matter    produced via freeze-in <latexit sha1_base64="ChDGeGD4uELUAogKo89q/dakGWU=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CbaCp7JbRD0W9OCxgv2AdinZNNvGZpMlyQpl6X/w4kERr/4fb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbS0TRWiLSC5VN8CaciZoyzDDaTdWFEcBp51gcpP5nSeqNJPiwUxj6kd4JFjICDZWalf7ZMyqg3LFrblzoFXi5aQCOZqD8ld/KEkSUWEIx1r3PDc2foqVYYTTWamfaBpjMsEj2rNU4IhqP51fO0NnVhmiUCpbwqC5+nsixZHW0yiwnRE2Y73sZeJ/Xi8x4bWfMhEnhgqyWBQmHBmJstfRkClKDJ9agoli9lZExlhhYmxAJRuCt/zyKmnXa95l7eK+Xmnc5nEU4QRO4Rw8uIIG3EETWkDgEZ7hFd4c6bw4787HorXg5DPH8AfO5w+73I6X</latexit>�

DM must populate 

relic abundance

DM must be stable

DM parameter space

is fully bounded!

P. Asadi, A. Radick, TTY [arXiv:2312.03826]

freeze-out

freeze-in
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Lepton-Flavored Dark Matter
scalar lifetime

16

for much of the parameter space,

the scalar mediator is long-lived!

<latexit sha1_base64="sfgFAuxmx+EX94zQEfsMoTt1gAI=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CbaCp7JbRD0W9OCxgv2AdinZNNvGZpMlyQpl6X/w4kERr/4fb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbS0TRWiLSC5VN8CaciZoyzDDaTdWFEcBp51gcpP5nSeqNJPiwUxj6kd4JFjICDZWalf78ZhVB+WKW3PnQKvEy0kFcjQH5a/+UJIkosIQjrXueW5s/BQrwwins1I/0TTGZIJHtGepwBHVfjq/dobOrDJEoVS2hEFz9fdEiiOtp1FgOyNsxnrZy8T/vF5iwms/ZSJODBVksShMODISZa+jIVOUGD61BBPF7K2IjLHCxNiASjYEb/nlVdKu17zL2sV9vdK4zeMowgmcwjl4cAUNuIMmtIDAIzzDK7w50nlx3p2PRWvByWeO4Q+czx/Pt46k</latexit>

�

<latexit sha1_base64="3XXSSchWAEFUezyzpBQ4cjxToyg=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBhPBU9gNoh4DevAYwTwgWcLspDcZM7uzzMwKIeQfvHhQxKv/482/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjppapYthgUkjVDqhGwWNsGG4EthOFNAoEtoLRzcxvPaHSXMYPZpygH9FBzEPOqLFSs9xFIcq9YsmtuHOQVeJlpAQZ6r3iV7cvWRphbJigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LI1phNqfzK+dkjOr9Ekola3YkLn6e2JCI63HUWA7I2qGetmbif95ndSE1/6Ex0lqMGaLRWEqiJFk9jrpc4XMiLEllClubyVsSBVlxgZUsCF4yy+vkma14l1WLu6rpdptFkceTuAUzsGDK6jBHdShAQwe4Rle4c2Rzovz7nwsWnNONnMMf+B8/gDJkY6g</latexit>

`

<latexit sha1_base64="ChDGeGD4uELUAogKo89q/dakGWU=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CbaCp7JbRD0W9OCxgv2AdinZNNvGZpMlyQpl6X/w4kERr/4fb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbS0TRWiLSC5VN8CaciZoyzDDaTdWFEcBp51gcpP5nSeqNJPiwUxj6kd4JFjICDZWalf7ZMyqg3LFrblzoFXi5aQCOZqD8ld/KEkSUWEIx1r3PDc2foqVYYTTWamfaBpjMsEj2rNU4IhqP51fO0NnVhmiUCpbwqC5+nsixZHW0yiwnRE2Y73sZeJ/Xi8x4bWfMhEnhgqyWBQmHBmJstfRkClKDJ9agoli9lZExlhhYmxAJRuCt/zyKmnXa95l7eK+Xmnc5nEU4QRO4Rw8uIIG3EETWkDgEZ7hFd4c6bw4787HorXg5DPH8AfO5w+73I6X</latexit>�

P. Asadi, A. Radick, TTY [arXiv:2312.03826]
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Lepton-Flavored Dark Matter
production channels at muon collider

17

Drell-Yan

VBF
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Lepton-Flavored Dark Matter
collider signatures

18

Drell-Yan dominates at higher 

mediator mass, VBF at lower masses

Combination can lead to 

interesting LLP signatures

use to help inform detector design

P. Asadi, A. Radick, TTY [arXiv:2312.03826]
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Lepton-Flavored Dark Matter
collider signatures

19
L. Lee, C. Ohm, A. Soffer, TTY [arXiv:1810.12602]

<latexit sha1_base64="sfgFAuxmx+EX94zQEfsMoTt1gAI=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CbaCp7JbRD0W9OCxgv2AdinZNNvGZpMlyQpl6X/w4kERr/4fb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbS0TRWiLSC5VN8CaciZoyzDDaTdWFEcBp51gcpP5nSeqNJPiwUxj6kd4JFjICDZWalf78ZhVB+WKW3PnQKvEy0kFcjQH5a/+UJIkosIQjrXueW5s/BQrwwins1I/0TTGZIJHtGepwBHVfjq/dobOrDJEoVS2hEFz9fdEiiOtp1FgOyNsxnrZy8T/vF5iwms/ZSJODBVksShMODISZa+jIVOUGD61BBPF7K2IjLHCxNiASjYEb/nlVdKu17zL2sV9vdK4zeMowgmcwjl4cAUNuIMmtIDAIzzDK7w50nlx3p2PRWvByWeO4Q+czx/Pt46k</latexit>

�

<latexit sha1_base64="3XXSSchWAEFUezyzpBQ4cjxToyg=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBhPBU9gNoh4DevAYwTwgWcLspDcZM7uzzMwKIeQfvHhQxKv/482/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjppapYthgUkjVDqhGwWNsGG4EthOFNAoEtoLRzcxvPaHSXMYPZpygH9FBzEPOqLFSs9xFIcq9YsmtuHOQVeJlpAQZ6r3iV7cvWRphbJigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LI1phNqfzK+dkjOr9Ekola3YkLn6e2JCI63HUWA7I2qGetmbif95ndSE1/6Ex0lqMGaLRWEqiJFk9jrpc4XMiLEllClubyVsSBVlxgZUsCF4yy+vkma14l1WLu6rpdptFkceTuAUzsGDK6jBHdShAQwe4Rle4c2Rzovz7nwsWnNONnMMf+B8/gDJkY6g</latexit>

`

<latexit sha1_base64="ChDGeGD4uELUAogKo89q/dakGWU=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CbaCp7JbRD0W9OCxgv2AdinZNNvGZpMlyQpl6X/w4kERr/4fb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbS0TRWiLSC5VN8CaciZoyzDDaTdWFEcBp51gcpP5nSeqNJPiwUxj6kd4JFjICDZWalf7ZMyqg3LFrblzoFXi5aQCOZqD8ld/KEkSUWEIx1r3PDc2foqVYYTTWamfaBpjMsEj2rNU4IhqP51fO0NnVhmiUCpbwqC5+nsixZHW0yiwnRE2Y73sZeJ/Xi8x4bWfMhEnhgqyWBQmHBmJstfRkClKDJ9agoli9lZExlhhYmxAJRuCt/zyKmnXa95l7eK+Xmnc5nEU4QRO4Rw8uIIG3EETWkDgEZ7hFd4c6bw4787HorXg5DPH8AfO5w+73I6X</latexit>�

long-lived charged track

displaced lepton

missing energy



Tien-Tien Yu (University of Oregon)

Lepton-Flavored Dark Matter
LLP collider signatures

20

VBF Drell-Yan

P. Asadi, A. Radick, TTY [arXiv:2312.03826]



Tien-Tien Yu (University of Oregon)

Lepton-Flavored Dark Matter
LLP collider signatures

21

Drell-Yan

VBF

P. Asadi, A. Radick, TTY [arXiv:2312.03826]



Tien-Tien Yu (University of Oregon)

Lepton-Flavored Dark Matter
LLP collider signatures

22

Drell-Yan

VBF

P. Asadi, A. Radick, TTY [arXiv:2312.03826]



Tien-Tien Yu (University of Oregon)

Future directions

• implement muon PDFs into study
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T. Han, Y. Ma, K. Xie, [arXiv:2103.09844]
see also LePDF: F. Garosi, D. Marzocca, S. Trifinopoulos [arXiv:2303.16964]

work in progress with P. Asadi, S. Homiller, A. Radick
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<latexit sha1_base64="WrGRy2LOTac+HquMX2GlVc2GU8M="></latexit>

LRH quark

int
� ��i,↵�ūi�̄↵ + h.c.

LLH lepton

int
� ��i,↵�

†Li�̄↵ + h.c.

LLH quark

int
� ��i,↵�

†Qi�̄↵ + h.c.
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Future directions

• implement muon PDFs into study


• expand to other models (LH lepton flavored, quark flavored, etc)


• consider other mediator-DM combinations


• consider other “weird” signatures


• but even before we get to the muon collider…


• staging can be used as muon beam dump, e.g.

C. Cesarotti, S. Homiller, R. Mishra, M. Reece [arXiv:2202.12302]

expanded upon in C. Cesarotti, R. Gambhir [arXiv:2310.16610] 
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