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1. Introduction
• Pillars for the Energy Frontier:

Rodolfo Capdevilla, Fermilab

Patrick Meade

Higgs: 

Is there a more fundamental description of EWSB? 
What mechanism sets the scale and stabilizes the 
Higgs mass? 
… 

BSM: 

What is the nature of Dark Matter? 
What is the mechanism for Baryogenesis? 
What is the mechanism for neutrino masses? 
The unknown! How can nature surprise us? 
…
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• MuC strong candidate for both:

Rodolfo Capdevilla, Fermilab

Higgs/Precision

1. Introduction

BSM/Unknown
H. Al Ali et al., Muon Smasher’s guide + Delphes

H. Al Ali et al., Muon Smasher’s guide

D. Buttazzo,

R. Franceschini,

A. Wulzer,

JHEP 05 (2021) 219

R. K. Ellis et al.,

arXiv:1910.11775

               MuC10

FCChh
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3. Soft Tracks


• Signal Regions


• Backgrounds


4. Results


• The Importance of the 3TeV MuC!

Rodolfo Capdevilla, Fermilab
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EW multiplets
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<latexit sha1_base64="MmDLHludcc2Myg7vquEecHt9iOY=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiC1S5UUBIwVLAwMRZC2qI0ix3Vaq44T2Q5SFfUHWPgVFgYQYmVn429w2yBBy5EsnXvOvbq+x48ZlcqyvozcwuLS8kp+tbC2vrG5ZW7vNGSUCEwcHLFItHwkCaOcOIoqRlqxICj0GWn6g4ux37wnQtKI36phTNwQ9TgNKEZKS555cOOUjsoehh1FQyKhLqtl7+qndEp22bvzzKJVsSaA88TOSBFkqHvmZ6cb4SQkXGGGpGzbVqzcFAlFMSOjQieRJEZ4gHqkrSlHepebTq4ZwUOtdGEQCf24ghP190SKQimHoa87Q6T6ctYbi/957UQFZ25KeZwowvF0UZAwqCI4jgZ2qSBYsaEmCAuq/wpxHwmElQ6woEOwZ0+eJ41qxT6pWNfHxdp5Fkce7IF9UAI2OAU1cAnqwAEYPIAn8AJejUfj2Xgz3qetOSOb2QV/YHx8A9xHmOc=</latexit>

SU(3)c ⇥ SU(2)L ⇥ U(1)Y

Higgsino-like

Wino-like

Inelastic!

Neutral component = DM

<latexit sha1_base64="66Z/XIKkgKQojhoEHeBO5kekBNw=">AAAB/nicbZDLSsNAFIZP6q3WW1RcuRksQgUpiYq6LLpxWcFeoA1lMp20QyeTMDMRSij4Km5cKOLW53Dn2zhNs9DWHwY+/nMO58zvx5wp7TjfVmFpeWV1rbhe2tjc2t6xd/eaKkokoQ0S8Ui2fawoZ4I2NNOctmNJcehz2vJHt9N665FKxSLxoMcx9UI8ECxgBGtj9eyDStr1A+ROTlEG5wack55ddqpOJrQIbg5lyFXv2V/dfkSSkApNOFaq4zqx9lIsNSOcTkrdRNEYkxEe0I5BgUOqvDQ7f4KOjdNHQSTNExpl7u+JFIdKjUPfdIZYD9V8bWr+V+skOrj2UibiRFNBZouChCMdoWkWqM8kJZqPDWAimbkVkSGWmGiTWMmE4M5/eRGaZ1X3surcX5RrN3kcRTiEI6iAC1dQgzuoQwMIpPAMr/BmPVkv1rv1MWstWPnMPvyR9fkD1j+Tdw==</latexit>
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(1,2, 1/2)

• The Model:
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Cirelli, Fornengo, Strumia, Nucl. Phys. B 753 (2006) 178-194
Cirelli, Strumia, New J. Phys. 11 (2009) 105005
Hisano, Ishiwata, Nagata, Takesako, JHEP 07 (2011) 005

Low, Wang, JHEP 08 (2014) 161
DelNobile, Nardecchia, Panci, JCAP 04 (2016) 048

Baumgart et al., JHEP 01 (2019) 036

2. Minimal Dark Matter
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• DM Freeze Out:

2. Minimal Dark Matter: Properties

Scalar 
Large n

Annihilation in the 
early Universe

<latexit sha1_base64="lYUsRQsOqdF2UGyxOnRs4JlbloA="></latexit>

h�vi ⇠ g42n
4 + 8g22g

2
Y Y

2n2

64⇡M2g�

More annihilation requires heavier DM

<latexit sha1_base64="P+ncuQ241JtcKz+QtPVR3j1qh2s=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBahp5KIqMeiF49V7Ae0oWy2k3bpZhN2N0Ip/QdePCji1X/kzX/jps1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4NvPbT6g0j+WjmSToR3QoecgZNVZ6qJb65Ypbc+cgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8KVWGM4GzUi/VmFA2pkPsWipphNqfzi+dkTOrDEgYK1vSkLn6e2JKI60nUWA7I2pGetnLxP+8bmrCa3/KZZIalGyxKEwFMTHJ3iYDrpAZMbGEMsXtrYSNqKLM2HCyELzll1dJ67zmXdbc+4tK/SaPowgncApV8OAK6nAHDWgCgxCe4RXenLHz4rw7H4vWgpPPHMMfOJ8/otOMxQ==</latexit>

(
<latexit sha1_base64="/A9Yc6giuOi7IqP6UOJQUe7MrrI=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSLopSQi6rHoxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobuq3nlBpHssHM07Qj+hA8pAzaqxUP++Vym7FnYEsEy8nZchR65W+uv2YpRFKwwTVuuO5ifEzqgxnAifFbqoxoWxEB9ixVNIItZ/NDp2QU6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasIbP+MySQ1KNl8UpoKYmEy/Jn2ukBkxtoQyxe2thA2poszYbIo2BG/x5WXSvKh4VxW3flmu3uZxFOAYTuAMPLiGKtxDDRrAAOEZXuHNeXRenHfnY9664uQzR/AHzucPcCOMsg==</latexit>

)

Mass for which n-plet represents 100% of DM

Bottaro et al., Eur. Phys. J. C 82 (2022) 1, 31

Cirelli, Fornengo, Strumia, Nucl. Phys. B 753 (2006) 178-194
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<latexit sha1_base64="lj7tSUS40gTLCH21p35NjqzNAtw=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0URxJKIqBulqAuXFewDmhgm00k7dCYJMxOhhPyBG3/FjQtF3Lp15984bYNo64ELZ865l7n3+DGjUlnWl1GYmZ2bXygulpaWV1bXzPWNhowSgUkdRywSLR9JwmhI6ooqRlqxIIj7jDT9/uXQb94TIWkU3qpBTFyOuiENKEZKS56561wRphDk8AxyL3Vwj97tZ/Dg52Fl8Bxanlm2KtYIcJrYOSmDHDXP/HQ6EU44CRVmSMq2bcXKTZFQFDOSlZxEkhjhPuqStqYh4kS66eieDO5opQODSOgKFRypvydSxKUccF93cqR6ctIbiv957UQFp25KwzhRJMTjj4KEQRXBYTiwQwXBig00QVhQvSvEPSQQVjrCkg7Bnjx5mjQOK/Zxxbo5Klcv8jiKYAtsgz1ggxNQBdegBuoAgwfwBF7Aq/FoPBtvxvu4tWDkM5vgD4yPb2DMmlY=</latexit>

�m = m�+ �m�0 > 0

R. Mahbubani, P. Schwaller, J. Zurita, JHEP 06 (2017) 119

• Lifetime:

Small mass splitting 
(from loops)

Long lifetime 
Disappearing Tracks 

(DT)

2. Minimal Dark Matter: Properties

X X

Karri DiPetrillo

Capdevilla, Meloni, Simoniello, Zurita, JHEP 06 (2021) 133Thermal target mass 
2.7 TeV
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Rodolfo Capdevilla, Fermilab
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M. Low, L. Wang, JHEP 08 (2014) 161

Thermal Target!
<latexit sha1_base64="/d32YgmDus+GNFV324ZAHNEPYzQ=">AAAB/nicbVBNS8NAEJ3Ur1q/ouLJy2IRPEhIRNRj0YvHCv2CJpTNdtMu3U3C7kYooeBf8eJBEa/+Dm/+G7dtDtr6YODx3gwz88KUM6Vd99sqrayurW+UNytb2zu7e/b+QUslmSS0SRKeyE6IFeUspk3NNKedVFIsQk7b4ehu6rcfqVQsiRt6nNJA4EHMIkawNlLPPvIVE8hzPOSfo9yXAjVoa9Kzq67jzoCWiVeQKhSo9+wvv5+QTNBYE46V6npuqoMcS80Ip5OKnymaYjLCA9o1NMaCqiCfnT9Bp0bpoyiRpmKNZurviRwLpcYiNJ0C66Fa9Kbif14309FNkLM4zTSNyXxRlHGkEzTNAvWZpETzsSGYSGZuRWSIJSbaJFYxIXiLLy+T1oXjXTnuw2W1dlvEUYZjOIEz8OAaanAPdWgCgRye4RXerCfrxXq3PuatJauYOYQ/sD5/AKVClAE=</latexit>

⇠ 1.1TeV
<latexit sha1_base64="lAzBApeCnLhC2wYgQALQsMFhWo4=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRPEhJiliPRS8eK/QLmlA220m7dDcJuxuhhIJ/xYsHRbz6O7z5b9y2OWjrg4HHezPMzAsSzpR2nG+rsLa+sblV3C7t7O7tH9iHR20Vp5JCi8Y8lt2AKOAsgpZmmkM3kUBEwKETjO9mfucRpGJx1NSTBHxBhhELGSXaSH37xFNM4Gqlhr1LnHlS4Ca0p3277FScOfAqcXNSRjkaffvLG8Q0FRBpyolSPddJtJ8RqRnlMC15qYKE0DEZQs/QiAhQfjY/f4rPjTLAYSxNRRrP1d8TGRFKTURgOgXRI7XszcT/vF6qwxs/Y1GSaojoYlGYcqxjPMsCD5gEqvnEEEIlM7diOiKSUG0SK5kQ3OWXV0m7WnGvK87DVbl+m8dRRKfoDF0gF9VQHd2jBmohijL0jF7Rm/VkvVjv1seitWDlM8foD6zPH7A7lAg=</latexit>

⇠ 2.7TeV

• Hadron colliders

In more 
recent 
studies 

FCChh can 
reach the 
thermal 
target!

2. Minimal Dark Matter: Projections
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• Muon colliders T. Han, Z. Liu, L. Wang, X. Wang,

Phys. Rev. D 103 (2021) 7, 075004

Mono-photon

di-muon + MET

mono-muon
The 10 TeV MuC 

can reach the 
thermal target (?)

Need DT BIB impact?

2. Minimal Dark Matter: Projections
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• Triplet MDM:

Discovery potential 
from DT

Capdevilla, Meloni, Simoniello, Zurita, JHEP 06 (2021) 133

2. Minimal Dark Matter: Projections
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• Doublet MDM:

Not clear discovery 
potential…

Capdevilla, Meloni, Simoniello, Zurita, JHEP 06 (2021) 133

2. Minimal Dark Matter: Projections
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3. Soft Tracks

R. Mahbubani, P. Schwaller, J. Zurita, JHEP 06 (2017) 119

• Definition:

Soft pions 
Soft muons 
Soft electrons

ST=

<latexit sha1_base64="lj7tSUS40gTLCH21p35NjqzNAtw=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0URxJKIqBulqAuXFewDmhgm00k7dCYJMxOhhPyBG3/FjQtF3Lp15984bYNo64ELZ865l7n3+DGjUlnWl1GYmZ2bXygulpaWV1bXzPWNhowSgUkdRywSLR9JwmhI6ooqRlqxIIj7jDT9/uXQb94TIWkU3qpBTFyOuiENKEZKS56561wRphDk8AxyL3Vwj97tZ/Dg52Fl8Bxanlm2KtYIcJrYOSmDHDXP/HQ6EU44CRVmSMq2bcXKTZFQFDOSlZxEkhjhPuqStqYh4kS66eieDO5opQODSOgKFRypvydSxKUccF93cqR6ctIbiv957UQFp25KwzhRJMTjj4KEQRXBYTiwQwXBig00QVhQvSvEPSQQVjrCkg7Bnjx5mjQOK/Zxxbo5Klcv8jiKYAtsgz1ggxNQBdegBuoAgwfwBF7Aq/FoPBtvxvu4tWDkM5vgD4yPb2DMmlY=</latexit>

�m = m�+ �m�0 > 0
Small mass splitting 

(from loops)

Long lifetime 
Disappearing Tracks 

Soft Tracks (ST)

X X

Karri DiPetrillo
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Threshold 
production

Boosted 
production

Thermal Higgsino 
(doublet MDM)

<latexit sha1_base64="Atik00Kw3WnrEnL1MTR4FIUxAzE=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFcSEhU1GVRQZcV7AOaUCbTm3boTBJmJkIJXbnxV9y4UMSt3+DOv3H6WGjrgQuHc+7l3nvClDOlXffbmptfWFxaLqwUV9fWNzbtre2aSjJJoUoTnshGSBRwFkNVM82hkUogIuRQD3tXQ7/+AFKxJL7X/RQCQToxixgl2kgte8+/Bq4JFthXTGDXOfGPcO5LgW+gNmjZJddxR8CzxJuQEpqg0rK//HZCMwGxppwo1fTcVAc5kZpRDoOinylICe2RDjQNjYkAFeSjNwb4wChtHCXSVKzxSP09kROhVF+EplMQ3VXT3lD8z2tmOroIchanmYaYjhdFGcc6wcNMcJtJoJr3DSFUMnMrpl0iCdUmuaIJwZt+eZbUjh3vzHHvTkvly0kcBbSL9tEh8tA5KqNbVEFVRNEjekav6M16sl6sd+tj3DpnTWZ20B9Ynz9IqJcY</latexit>

�m ⇠ 0.3GeV
Very small gap!

3. Soft Tracks: Signal Region
<latexit sha1_base64="ECElfHKvOHVDqnrZ/yhXVyFpFg0=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWARXEhIRNSNUHTjskJf0IQwmU7aoTOTMDMRSsjGX3HjQhG3foY7/8Zpm4W2HrhwOOde7r0nShlV2nW/raXlldW19cpGdXNre2fX3ttvqySTmLRwwhLZjZAijArS0lQz0k0lQTxipBON7iZ+55FIRRPR1OOUBBwNBI0pRtpIoX3IQx8PKbyBnuP5Z7kvOWySdhHaNddxp4CLxCtJDZRohPaX309wxonQmCGlep6b6iBHUlPMSFH1M0VShEdoQHqGCsSJCvLpAwU8MUofxok0JTScqr8ncsSVGvPIdHKkh2rem4j/eb1Mx9dBTkWaaSLwbFGcMagTOEkD9qkkWLOxIQhLam6FeIgkwtpkVjUhePMvL5L2ueNdOu7DRa1+W8ZRAUfgGJwCD1yBOrgHDdACGBTgGbyCN+vJerHerY9Z65JVzhyAP7A+fwBBtpTp</latexit>

m� = 1.1TeV
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3. Soft Tracks: Signal Region

Much larger boosts 
at MuC10

More events near 
threshold at MuC3

Full Luminosity

Thermal Higgsino 
(doublet MDM)

<latexit sha1_base64="Atik00Kw3WnrEnL1MTR4FIUxAzE=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFcSEhU1GVRQZcV7AOaUCbTm3boTBJmJkIJXbnxV9y4UMSt3+DOv3H6WGjrgQuHc+7l3nvClDOlXffbmptfWFxaLqwUV9fWNzbtre2aSjJJoUoTnshGSBRwFkNVM82hkUogIuRQD3tXQ7/+AFKxJL7X/RQCQToxixgl2kgte8+/Bq4JFthXTGDXOfGPcO5LgW+gNmjZJddxR8CzxJuQEpqg0rK//HZCMwGxppwo1fTcVAc5kZpRDoOinylICe2RDjQNjYkAFeSjNwb4wChtHCXSVKzxSP09kROhVF+EplMQ3VXT3lD8z2tmOroIchanmYaYjhdFGcc6wcNMcJtJoJr3DSFUMnMrpl0iCdUmuaIJwZt+eZbUjh3vzHHvTkvly0kcBbSL9tEh8tA5KqNbVEFVRNEjekav6M16sl6sd+tj3DpnTWZ20B9Ynz9IqJcY</latexit>

�m ⇠ 0.3GeV

<latexit sha1_base64="ECElfHKvOHVDqnrZ/yhXVyFpFg0=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWARXEhIRNSNUHTjskJf0IQwmU7aoTOTMDMRSsjGX3HjQhG3foY7/8Zpm4W2HrhwOOde7r0nShlV2nW/raXlldW19cpGdXNre2fX3ttvqySTmLRwwhLZjZAijArS0lQz0k0lQTxipBON7iZ+55FIRRPR1OOUBBwNBI0pRtpIoX3IQx8PKbyBnuP5Z7kvOWySdhHaNddxp4CLxCtJDZRohPaX309wxonQmCGlep6b6iBHUlPMSFH1M0VShEdoQHqGCsSJCvLpAwU8MUofxok0JTScqr8ncsSVGvPIdHKkh2rem4j/eb1Mx9dBTkWaaSLwbFGcMagTOEkD9qkkWLOxIQhLam6FeIgkwtpkVjUhePMvL5L2ueNdOu7DRa1+W8ZRAUfgGJwCD1yBOrgHDdACGBTgGbyCN+vJerHerY9Z65JVzhyAP7A+fwBBtpTp</latexit>

m� = 1.1TeV
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• Drell-Yan:

3. Soft Tracks: Signal Region

Drell-Yan-like 
process dominates 

ST production

VBF processes are 
subdominant 
(For signal)

<latexit sha1_base64="zM4Rm3gvkhaMGyfHkEDGJDwzYG8=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBAEIeyKqMegF48RzAOSNcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bW1peWV1bL2wUN7e2d3ZLe/sNo1JNaJ0ornQrwoZyJmndMstpK9EUi4jTZjS8mfjNJ6oNU/LejhIaCtyXLGYEWyc1OmTAHk67pbJf8adAiyTISRly1Lqlr05PkVRQaQnHxrQDP7FhhrVlhNNxsZMammAyxH3adlRiQU2YTa8do2On9FCstCtp0VT9PZFhYcxIRK5TYDsw895E/M9rpza+CjMmk9RSSWaL4pQjq9DkddRjmhLLR45gopm7FZEB1phYF1DRhRDMv7xIGmeV4KLi352Xq9d5HAU4hCM4gQAuoQq3UIM6EHiEZ3iFN095L9679zFrXfLymQP4A+/zBx5njtQ=</latexit>

�+

<latexit sha1_base64="Q4Zmfzd4bHidNC/EJmDG5+PSBwM=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBC8GHZF1GPQi8cI5gHJGmYns8mYeSwzs0JY8g9ePCji1f/x5t84SfagiQUNRVU33V1Rwpmxvv/tLS2vrK6tFzaKm1vbO7ulvf2GUakmtE4UV7oVYUM5k7RumeW0lWiKRcRpMxreTPzmE9WGKXlvRwkNBe5LFjOCrZMaHTJgD6fdUtmv+FOgRRLkpAw5at3SV6enSCqotIRjY9qBn9gww9oywum42EkNTTAZ4j5tOyqxoCbMpteO0bFTeihW2pW0aKr+nsiwMGYkItcpsB2YeW8i/ue1UxtfhRmTSWqpJLNFccqRVWjyOuoxTYnlI0cw0czdisgAa0ysC6joQgjmX14kjbNKcFHx787L1es8jgIcwhGcQACXUIVbqEEdCDzCM7zCm6e8F+/d+5i1Lnn5zAH8gff5AyFvjtY=</latexit>

��

0-2 ST

Capdevilla, Meloni, Simoniello, Zurita, JHEP 06 (2021) 133
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• Signal Regions:

3. Soft Tracks: Signal Region

MuC 3 TeV MuC 10 TeV

About 1k signal events 
in this signal region

Thermal Higgsino 
(doublet MDM)
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• BIB: Track Reconstruction

3. Soft Tracks: Backgrounds Sestini and Casarsa

Central angular 
region: 

Small probability of 
missing a track 

immersed in the BIB

Forward/backward 
angular regions: 

Large probability of 
missing a track 

immersed in the BIB

C. Accettura et al., Eur. Phys. J. C 83 (2023) 9, 864

BIB Data from the 
MAP collaboration

N.V. Mokhov, S.I. Striganov, Phys. Procedia 37 (2012)
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3. Soft Tracks: Backgrounds Sestini and Casarsa

Order 10-30% reconstruction 
efficiency in the signal region

• BIB: Track Reconstruction

<latexit sha1_base64="5RVAXlLDN5nHMNAt/YrzxtRgHas=">AAAB+HicbVDLSgMxFL3js9ZHR126CRbBhZQZEXVZdOOyYl/QGUomzbShmWRIMkIt/RI3LhRx66e4829M21lo64ELh3PuTe49UcqZNp737aysrq1vbBa2its7u3sld/+gqWWmCG0QyaVqR1hTzgRtGGY4baeK4iTitBUNb6d+65EqzaSom1FKwwT3BYsZwcZKXbcUqAQ9yNgEZ3WFybDrlr2KNwNaJn5OypCj1nW/gp4kWUKFIRxr3fG91IRjrAwjnE6KQaZpah/GfdqxVOCE6nA8W3yCTqzSQ7FUtoRBM/X3xBgnWo+SyHYm2Az0ojcV//M6mYmvwzETaWaoIPOP4owjI9E0BdRjihLDR5ZgopjdFZEBtgEYm1XRhuAvnrxMmucV/7Li3V+Uqzd5HAU4gmM4BR+uoAp3UIMGEMjgGV7hzXlyXpx352PeuuLkM4fwB87nDxj1kro=</latexit>

SoftTrack

<latexit sha1_base64="0awBm9w0XRSusiIJaEx5ORARwBI=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegF48RzAM2S5idzCZD5rHM9AphyWd48aCIV7/Gm3/jJNmDJhY0FFXddHfFqeAWfP/bK62tb2xulbcrO7t7+wfVw6O21ZmhrEW10KYbE8sEV6wFHATrpoYRGQvWicd3M7/zxIzlWj3CJGWRJEPFE04JOCnsGYmbIw1a2X615tf9OfAqCQpSQwWa/epXb6BpJpkCKoi1YeCnEOXEAKeCTSu9zLKU0DEZstBRRSSzUT4/eYrPnDLAiTauFOC5+nsiJ9LaiYxdpyQwssveTPzPCzNIbqKcqzQDpuhiUZIJDBrP/scDbhgFMXGEUMPdrZiOiCEUXEoVF0Kw/PIqaV/Ug6u6/3BZa9wWcZTRCTpF5yhA16iB7lETtRBFGj2jV/TmgffivXsfi9aSV8wcoz/wPn8AMf+RMw==</latexit>

Photons

PRELIM
IN

ARY

<latexit sha1_base64="vHpuNDZg+hL10lo3w8UUtEUuVsA=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgQkoiRV0WXeiyQl/QxDKZ3rRDZ5IwMxFK6MKNv+LGhSJu/Qh3/o3Tx0JbD1w4nHMv994TJJwp7TjfVm5ldW19I79Z2Nre2d2z9w+aKk4lhQaNeSzbAVHAWQQNzTSHdiKBiIBDKxheT/zWA0jF4qiuRwn4gvQjFjJKtJG6djHp1u+9PhGCeH3AFcc7zTwp8A00x1275JSdKfAyceekhOaode0vrxfTVECkKSdKdVwn0X5GpGaUw7jgpQoSQoekDx1DIyJA+dn0iTE+NkoPh7E0FWk8VX9PZEQoNRKB6RRED9SiNxH/8zqpDi/9jEVJqiGis0VhyrGO8SQR3GMSqOYjQwiVzNyK6YBIQrXJrWBCcBdfXibNs7J7XnbuKqXq1TyOPCqiI3SCXHSBqugW1VADUfSIntErerOerBfr3fqYteas+cwh+gPr8wcuZpcn</latexit>

p�T � 40GeV

<latexit sha1_base64="tJkXDJl1uSJeTnC/7yiVPMeLIgU=">AAACEXicbVC7SgNBFJ31GeMramkzGIQUsuwGNZZBCy0j5gXZGGYnN8mQ2Qczs0JY8gs2/oqNhSK2dnb+jbObLTTxwIUz59zL3HvckDOpLOvbWFpeWV1bz23kN7e2d3YLe/tNGUSCQoMGPBBtl0jgzIeGYopDOxRAPJdDyx1fJX7rAYRkgV9XkxC6Hhn6bMAoUVrqFUqWWcYOBxz26vexIzx8V58mb8usnGHnJJWuoTntFYqWaaXAi8TOSBFlqPUKX04/oJEHvqKcSNmxrVB1YyIUoxymeSeSEBI6JkPoaOoTD2Q3Ti+a4mOt9PEgELp8hVP190RMPCknnqs7PaJGct5LxP+8TqQGF92Y+WGkwKezjwYRxyrASTy4zwRQxSeaECqY3hXTERGEKh1iXodgz5+8SJpl0z43rdvTYvUyiyOHDtERKiEbVVAV3aAaaiCKHtEzekVvxpPxYrwbH7PWJSObOUB/YHz+AEV3msw=</latexit>

0.2  pSTT  0.75GeV

<latexit sha1_base64="8MTlLzsU7tRQxO8v8qhKrqRJIu0=">AAACE3icbVC7SgNBFJ2NrxhfUUubwSCIRdgNEi2DNpYR84JsDLOTm2TI7IOZu0JY8g82/oqNhSK2Nnb+jZNkC008MHA451zu3ONFUmi07W8rs7K6tr6R3cxtbe/s7uX3Dxo6jBWHOg9lqFoe0yBFAHUUKKEVKWC+J6Hpja6nfvMBlBZhUMNxBB2fDQLRF5yhkbr5s7J973KhOHUlUBeHgKybuMqnd7XJTHNKaaKbL9hFewa6TJyUFEiKajf/5fZCHvsQIJdM67ZjR9hJmELBJUxybqwhYnzEBtA2NGA+6E4yu2lCT4zSo/1QmRcgnam/JxLmaz32PZP0GQ71ojcV//PaMfYvO4kIohgh4PNF/VhSDOm0INoTCjjKsSGMK2H+SvmQKcbR1JgzJTiLJy+TRqnolIv27XmhcpXWkSVH5JicEodckAq5IVVSJ5w8kmfySt6sJ+vFerc+5tGMlc4ckj+wPn8Ae1OcqA==</latexit>

60�  ✓ST  120�

<latexit sha1_base64="+yJGboxvoy964yS1O2tdWT//IVk=">AAACEXicbVA9SwNBEN3zM8avqKXNYhBShTsRYynaWEYwJpCLYW4zSZbs3h27c0II/gUb/4qNhSK2dnb+GzfxCr8eDDzem2FmXpQqacn3P7y5+YXFpeXCSnF1bX1js7S1fWWTzAhsiEQlphWBRSVjbJAkha3UIOhIYTManU395g0aK5P4ksYpdjQMYtmXAshJ3VIl8K9DIY3goUIe0hAJuuEAtIaZEtRyv1sq+1V/Bv6XBDkpsxz1buk97CUi0xiTUGBtO/BT6kzAkBQKb4thZjEFMYIBth2NQaPtTGYf3fJ9p/R4PzGuYuIz9fvEBLS1Yx25Tg00tL+9qfif186of9yZyDjNCGPxtaifKU4Jn8bDe9KgIDV2BISR7lYuhmBAkAux6EIIfr/8l1wdVIOjqn9xWD45zeMosF22xyosYDV2ws5ZnTWYYHfsgT2xZ+/ee/RevNev1jkvn9lhP+C9fQIpoZv5</latexit>

10�  ✓�  170�
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• BIB: Fake Tracks

Sestini and Casarsa

The BIB fake tracks 
want to be 

forward/backward

The signal wants to 
be central

BIB

Signal

3. Soft Tracks: Backgrounds

<latexit sha1_base64="NthKkor9wOskA2ljeXk5MGvEr5Y=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkoioh6LXjxW7Bc0IWy2m3bpbhJ2J0IN/SVePCji1Z/izX/jts1BWx8MPN6bYWZemAquwXG+rdLa+sbmVnm7srO7t1+1Dw47OskUZW2aiET1QqKZ4DFrAwfBeqliRIaCdcPx7czvPjKleRK3YJIyX5JhzCNOCRgpsKsejBiQIPeUxA+taWDXnLozB14lbkFqqEAzsL+8QUIzyWKggmjdd50U/Jwo4FSwacXLNEsJHZMh6xsaE8m0n88Pn+JTowxwlChTMeC5+nsiJ1LriQxNpyQw0sveTPzP62cQXfs5j9MMWEwXi6JMYEjwLAU84IpREBNDCFXc3IrpiChCwWRVMSG4yy+vks553b2sO/cXtcZNEUcZHaMTdIZcdIUa6A41URtRlKFn9IrerCfrxXq3PhatJauYOUJ/YH3+AKEMkxE=</latexit>

✓ST

<latexit sha1_base64="8MTlLzsU7tRQxO8v8qhKrqRJIu0=">AAACE3icbVC7SgNBFJ2NrxhfUUubwSCIRdgNEi2DNpYR84JsDLOTm2TI7IOZu0JY8g82/oqNhSK2Nnb+jZNkC008MHA451zu3ONFUmi07W8rs7K6tr6R3cxtbe/s7uX3Dxo6jBWHOg9lqFoe0yBFAHUUKKEVKWC+J6Hpja6nfvMBlBZhUMNxBB2fDQLRF5yhkbr5s7J973KhOHUlUBeHgKybuMqnd7XJTHNKaaKbL9hFewa6TJyUFEiKajf/5fZCHvsQIJdM67ZjR9hJmELBJUxybqwhYnzEBtA2NGA+6E4yu2lCT4zSo/1QmRcgnam/JxLmaz32PZP0GQ71ojcV//PaMfYvO4kIohgh4PNF/VhSDOm0INoTCjjKsSGMK2H+SvmQKcbR1JgzJTiLJy+TRqnolIv27XmhcpXWkSVH5JicEodckAq5IVVSJ5w8kmfySt6sJ+vFerc+5tGMlc4ckj+wPn8Ae1OcqA==</latexit>

60�  ✓ST  120�

This is why:
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• ST from Leptons/Hadrons:

3. Soft Tracks: Backgrounds

DY-like process is subdominant

<latexit sha1_base64="83ypHs44jHbruQr5ZmtutfGPPd8=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQklE1GPRi8eK9gPaWDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfztLyyuraemGjuLm1vbNb2ttvmDjVjNdZLGPdCqjhUiheR4GStxLNaRRI3gyGNxO/+cS1EbF6wFHC/Yj2lQgFo2il+/DxtFsquxV3CrJIvJyUIUetW/rq9GKWRlwhk9SYtucm6GdUo2CSj4ud1PCEsiHt87alikbc+Nn01DE5tkqPhLG2pZBM1d8TGY2MGUWB7YwoDsy8NxH/89ophld+JlSSIldstihMJcGYTP4mPaE5QzmyhDIt7K2EDaimDG06RRuCN//yImmcVbyLint3Xq5e53EU4BCO4AQ8uIQq3EIN6sCgD8/wCm+OdF6cd+dj1rrk5DMH8AfO5w/nPo2M</latexit>

f+

<latexit sha1_base64="Dp9LZY3v0v+TYsdkRQPVjhMmuTY=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4sSQi6rHoxWNF+wFtLJvtpl262YTdiVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJFIYdN1vZ2l5ZXVtvbBR3Nza3tkt7e03TJxqxusslrFuBdRwKRSvo0DJW4nmNAokbwbDm4nffOLaiFg94CjhfkT7SoSCUbTSffh42i2V3Yo7BVkkXk7KkKPWLX11ejFLI66QSWpM23MT9DOqUTDJx8VOanhC2ZD2edtSRSNu/Gx66pgcW6VHwljbUkim6u+JjEbGjKLAdkYUB2bem4j/ee0Uwys/EypJkSs2WxSmkmBMJn+TntCcoRxZQpkW9lbCBlRThjadog3Bm395kTTOKt5Fxb07L1ev8zgKcAhHcAIeXEIVbqEGdWDQh2d4hTdHOi/Ou/Mxa11y8pkD+APn8wfqRo2O</latexit>

f�

<latexit sha1_base64="EovfbdJYTJtptvEXSWWHwUTpKio=">AAAB7HicbVBNS8NAEJ3Ur1q/oh69LBZBEEoioh6LXjxWMG2hjWWz3bRLdzdhdyOU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmRSln2njet1NaWV1b3yhvVra2d3b33P2Dpk4yRWhAEp6odoQ15UzSwDDDaTtVFIuI01Y0up36rSeqNEvkgxmnNBR4IFnMCDZWCroiezzruVWv5s2AlolfkCoUaPTcr24/IZmg0hCOte74XmrCHCvDCKeTSjfTNMVkhAe0Y6nEguownx07QSdW6aM4UbakQTP190SOhdZjEdlOgc1QL3pT8T+vk5n4OsyZTDNDJZkvijOOTIKmn6M+U5QYPrYEE8XsrYgMscLE2HwqNgR/8eVl0jyv+Zc17/6iWr8p4ijDERzDKfhwBXW4gwYEQIDBM7zCmyOdF+fd+Zi3lpxi5hD+wPn8AXtjjng=</latexit>

µ+

<latexit sha1_base64="1jERd2uTheA50UJ2vfw/4qP6VGs=">AAAB7HicbVBNS8NAEJ3Ur1q/oh69LBbBiyURUY9FLx4rmLbQxrLZbtqlu5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzopQzbTzv2ymtrK6tb5Q3K1vbO7t77v5BUyeZIjQgCU9UO8KaciZpYJjhtJ0qikXEaSsa3U791hNVmiXywYxTGgo8kCxmBBsrBV2RPZ713KpX82ZAy8QvSBUKNHruV7efkExQaQjHWnd8LzVhjpVhhNNJpZtpmmIywgPasVRiQXWYz46doBOr9FGcKFvSoJn6eyLHQuuxiGynwGaoF72p+J/XyUx8HeZMppmhkswXxRlHJkHTz1GfKUoMH1uCiWL2VkSGWGFibD4VG4K/+PIyaZ7X/Muad39Rrd8UcZThCI7hFHy4gjrcQQMCIMDgGV7hzZHOi/PufMxbS04xcwh/4Hz+AH5rjno=</latexit>

µ� <latexit sha1_base64="amMVT+vAmiqocnb6R0pE/0znvaU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh55K++WKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atV3fvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP2CJjdw=</latexit>⌫

<latexit sha1_base64="FZ6DIFWWnSYgfT4Rr6g4gna31RM=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKthaaUDbbTbt0s4m7E6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h+0TZJpxlsskYnuhNRwKRRvoUDJO6nmNA4lfwhHN1P/4YlrIxJ1j+OUBzEdKBEJRtFKHT+kmvgq61Vrbt2dgSwTryA1KNDsVb/8fsKymCtkkhrT9dwUg5xqFEzyScXPDE8pG9EB71qqaMxNkM/unZATq/RJlGhbCslM/T2R09iYcRzazpji0Cx6U/E/r5thdBXkQqUZcsXmi6JMEkzI9HnSF5ozlGNLKNPC3krYkGrK0EZUsSF4iy8vk/ZZ3buou3fntcZ1EUcZjuAYTsGDS2jALTShBQwkPMMrvDmPzovz7nzMW0tOMXMIf+B8/gCyc4+/</latexit>

⌫̄
<latexit sha1_base64="83ypHs44jHbruQr5ZmtutfGPPd8=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQklE1GPRi8eK9gPaWDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfztLyyuraemGjuLm1vbNb2ttvmDjVjNdZLGPdCqjhUiheR4GStxLNaRRI3gyGNxO/+cS1EbF6wFHC/Yj2lQgFo2il+/DxtFsquxV3CrJIvJyUIUetW/rq9GKWRlwhk9SYtucm6GdUo2CSj4ud1PCEsiHt87alikbc+Nn01DE5tkqPhLG2pZBM1d8TGY2MGUWB7YwoDsy8NxH/89ophld+JlSSIldstihMJcGYTP4mPaE5QzmyhDIt7K2EDaimDG06RRuCN//yImmcVbyLint3Xq5e53EU4BCO4AQ8uIQq3EIN6sCgD8/wCm+OdF6cd+dj1rrk5DMH8AfO5w/nPo2M</latexit>

f+

<latexit sha1_base64="Dp9LZY3v0v+TYsdkRQPVjhMmuTY=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4sSQi6rHoxWNF+wFtLJvtpl262YTdiVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJFIYdN1vZ2l5ZXVtvbBR3Nza3tkt7e03TJxqxusslrFuBdRwKRSvo0DJW4nmNAokbwbDm4nffOLaiFg94CjhfkT7SoSCUbTSffh42i2V3Yo7BVkkXk7KkKPWLX11ejFLI66QSWpM23MT9DOqUTDJx8VOanhC2ZD2edtSRSNu/Gx66pgcW6VHwljbUkim6u+JjEbGjKLAdkYUB2bem4j/ee0Uwys/EypJkSs2WxSmkmBMJn+TntCcoRxZQpkW9lbCBlRThjadog3Bm395kTTOKt5Fxb07L1ev8zgKcAhHcAIeXEIVbqEGdWDQh2d4hTdHOi/Ou/Mxa11y8pkD+APn8wfqRo2O</latexit>

f�

<latexit sha1_base64="b6GHzSdrTOg8WNHVNZLXvw9F+vs=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgIYRdEfUiBL14jGAekCxhdjKbjJl9ONMbCEu+w4sHRbz6Md78GyfJHjSxoKGo6qa7y4ul0Gjb31ZuZXVtfSO/Wdja3tndK+4fNHSUKMbrLJKRanlUcylCXkeBkrdixWngSd70hrdTvzniSosofMBxzN2A9kPhC0bRSK5/3eFSljtIk/Jjt1iyK/YMZJk4GSlBhlq3+NXpRSwJeIhMUq3bjh2jm1KFgkk+KXQSzWPKhrTP24aGNODaTWdHT8iJUXrEj5SpEMlM/T2R0kDrceCZzoDiQC96U/E/r52gf+WmIowT5CGbL/ITSTAi0wRITyjOUI4NoUwJcythA6ooQ5NTwYTgLL68TBpnFeeiYt+fl6o3WRx5OIJjOAUHLqEKd1CDOjB4gmd4hTdrZL1Y79bHvDVnZTOH8AfW5w8SB5Gl</latexit>

f = `, ⌧, j

VBF and Bhabha-like processes 
dominate background production
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Inner Tracker

Outer Tracker

E/H CALs

<latexit sha1_base64="wdsY5YpPYagXjw7BR98iM9e8cZ8=">AAAB+XicbVDLSgNBEOz1GeNr1aOXwSB4Crsi6kUIevEYwTwgu4bZyWwyZPbBTG8gLPkTLx4U8eqfePNvnCR70MSChqKqm+6uIJVCo+N8Wyura+sbm6Wt8vbO7t6+fXDY1EmmGG+wRCaqHVDNpYh5AwVK3k4Vp1EgeSsY3k391ogrLZL4Eccp9yPaj0UoGEUjdW3bwwFHSm5c58ljQrGuXXGqzgxkmbgFqUCBetf+8noJyyIeI5NU647rpOjnVKFgkk/KXqZ5StmQ9nnH0JhGXPv57PIJOTVKj4SJMhUjmam/J3IaaT2OAtMZURzoRW8q/ud1Mgyv/VzEaYY8ZvNFYSYJJmQaA+kJxRnKsSGUKWFuJWxAFWVowiqbENzFl5dJ87zqXladh4tK7baIowTHcAJn4MIV1OAe6tAABiN4hld4s3LrxXq3PuatK1YxcwR/YH3+AGUKkts=</latexit>

✓ = 10�VX

• Backgrounds:

N. of Higgsino ST

<latexit sha1_base64="wdsY5YpPYagXjw7BR98iM9e8cZ8=">AAAB+XicbVDLSgNBEOz1GeNr1aOXwSB4Crsi6kUIevEYwTwgu4bZyWwyZPbBTG8gLPkTLx4U8eqfePNvnCR70MSChqKqm+6uIJVCo+N8Wyura+sbm6Wt8vbO7t6+fXDY1EmmGG+wRCaqHVDNpYh5AwVK3k4Vp1EgeSsY3k391ogrLZL4Eccp9yPaj0UoGEUjdW3bwwFHSm5c58ljQrGuXXGqzgxkmbgFqUCBetf+8noJyyIeI5NU647rpOjnVKFgkk/KXqZ5StmQ9nnH0JhGXPv57PIJOTVKj4SJMhUjmam/J3IaaT2OAtMZURzoRW8q/ud1Mgyv/VzEaYY8ZvNFYSYJJmQaA+kJxRnKsSGUKWFuJWxAFWVowiqbENzFl5dJ87zqXladh4tK7baIowTHcAJn4MIV1OAe6tAABiN4hld4s3LrxXq3PuatK1YxcwR/YH3+AGUKkts=</latexit>

✓ = 10�
<latexit sha1_base64="wdsY5YpPYagXjw7BR98iM9e8cZ8=">AAAB+XicbVDLSgNBEOz1GeNr1aOXwSB4Crsi6kUIevEYwTwgu4bZyWwyZPbBTG8gLPkTLx4U8eqfePNvnCR70MSChqKqm+6uIJVCo+N8Wyura+sbm6Wt8vbO7t6+fXDY1EmmGG+wRCaqHVDNpYh5AwVK3k4Vp1EgeSsY3k391ogrLZL4Eccp9yPaj0UoGEUjdW3bwwFHSm5c58ljQrGuXXGqzgxkmbgFqUCBetf+8noJyyIeI5 NU647rpOjnVKFgkk/KXqZ5StmQ9nnH0JhGXPv57PIJOTVKj4SJMhUjmam/J3IaaT2OAtMZURzoRW8q/ud1Mgyv/VzEaYY8ZvNFYSYJJmQaA+kJxRnKsSGUKWFuJWxAFWVowiqbENzFl5dJ87zqXladh4tK7baIowTHcAJn4MIV1OAe6tAABiN4hld4s3LrxXq3PuatK1YxcwR/YH3+AGUKkts=</latexit>

✓ = 10�

   

Bad luck! 

The signal region 
with more events is 
overwhelmed by the 

background!

N. of tau ST

3. Soft Tracks: Backgrounds
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• Backgrounds:
Inner Tracker

Outer Tracker

E/H CALs

<latexit sha1_base64="wdsY5YpPYagXjw7BR98iM9e8cZ8=">AAAB+XicbVDLSgNBEOz1GeNr1aOXwSB4Crsi6kUIevEYwTwgu4bZyWwyZPbBTG8gLPkTLx4U8eqfePNvnCR70MSChqKqm+6uIJVCo+N8Wyura+sbm6Wt8vbO7t6+fXDY1EmmGG+wRCaqHVDNpYh5AwVK3k4Vp1EgeSsY3k391ogrLZL4Eccp9yPaj0UoGEUjdW3bwwFHSm5c58ljQrGuXXGqzgxkmbgFqUCBetf+8noJyyIeI5NU647rpOjnVKFgkk/KXqZ5StmQ9nnH0JhGXPv57PIJOTVKj4SJMhUjmam/J3IaaT2OAtMZURzoRW8q/ud1Mgyv/VzEaYY8ZvNFYSYJJmQaA+kJxRnKsSGUKWFuJWxAFWVowiqbENzFl5dJ87zqXladh4tK7baIowTHcAJn4MIV1OAe6tAABiN4hld4s3LrxXq3PuatK1YxcwR/YH3+AGUKkts=</latexit>

✓ = 10�VX

Good luck! 

The photon in the event 
pushes the ST candidates 
out of the acceptance!!!

N. of Higgsino ST
N. of tau ST

<latexit sha1_base64="vHpuNDZg+hL10lo3w8UUtEUuVsA=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgQkoiRV0WXeiyQl/QxDKZ3rRDZ5IwMxFK6MKNv+LGhSJu/Qh3/o3Tx0JbD1w4nHMv994TJJwp7TjfVm5ldW19I79Z2Nre2d2z9w+aKk4lhQaNeSzbAVHAWQQNzTSHdiKBiIBDKxheT/zWA0jF4qiuRwn4gvQjFjJKtJG6djHp1u+9PhGCeH3AFcc7zTwp8A00x1275JSdKfAyceekhOaode0vrxfTVECkKSdKdVwn0X5GpGaUw7jgpQoSQoekDx1DIyJA+dn0iTE+NkoPh7E0FWk8VX9PZEQoNRKB6RRED9SiNxH/8zqpDi/9jEVJqiGis0VhyrGO8SQR3GMSqOYjQwiVzNyK6YBIQrXJrWBCcBdfXibNs7J7XnbuKqXq1TyOPCqiI3SCXHSBqugW1VADUfSIntErerOerBfr3fqYteas+cwh+gPr8wcuZpcn</latexit>

p�T � 40GeV
This is why:

3. Soft Tracks: Backgrounds
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1. Introduction


2. Minimal Dark Matter


• Properties


• Projections
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3. Soft Tracks


• Signal Regions


• Backgrounds


4. Results 

• The Importance of the 3TeV MuC!

Rodolfo Capdevilla, Fermilab
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• The Importance of the 3TeV Collider:

4. Results

Signal region: 
2 ST + 1 gamma 

0.2 < pT < 0.75 GeV

Vetoes: 
Hard tracks 

Heavy neutrals

Photon pT above 
40 GeV

Fakes: 

Random ECAL hits from 
the BIB that can mimic a 

photon 

Incoherent pair 
production via 
synchrotron

PRELIM
IN

ARY

Five sigma for the 
Thermal Higgsino 
(Doublet MDM)
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• The Importance of the 3TeV Collider:

4. Results

Not just the Higgsino 
(doublet MDM)

Bottaro et al., Eur. Phys. J. C 82 (2022) 1, 31

Fan, Reece, JHEP 10 (2013) 124
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• The Importance of the 3TeV Collider:

4. Results

Not just the Higgsino 
(doublet MDM)

Indirect 
detection 

reach

Bottaro et al., Eur. Phys. J. C 82 (2022) 1, 31

HL-LHC 
reach

MuC?

Fan, Reece, JHEP 10 (2013) 124
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• The Importance of the 3TeV Collider:

4. Results

Not just the Higgsino 
(doublet MDM)

Bottaro et al., Eur. Phys. J. C 82 (2022) 1, 31

PRELIM
IN

ARY
Previous 

result from 
DT

NEW 
result from 

ST
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• Projections:

The thermal target will 
be discovered!

Updated results from 
Federico Meloni et al. 
Disappearing Tracks

4. Results
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1. Introduction


2. Minimal Dark Matter


• Properties


• Projections
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3. Soft Tracks


• Signal Regions


• Backgrounds


4. Results


• The Importance of the 3TeV MuC!

Rodolfo Capdevilla, Fermilab



Summary
1. Minimal Dark Matter models constitute high motivated targets for future colliders. Small 

multiplets (doublets/triplets) have thermal masses at the reach of foreseeable MuC. Larger 
multiplets (5-plet and above) that can explain 1-10% of the DM in the Universe also falls into 
the multi-TeV rage that can be discovered at MuC.


2. Soft Track searches will be possible at the Muon Collider. Using this technique the 3TeV 

Muon Collider has the potential of discovering the thermal Higgsino-like minimal Dark 

Matter candidate. This result suggest that the 3TeV Muon collider is not only a stage to the 

10TeV machine but it is also a powerful discovery machine.


3. The Muon Collider program (3 -> 10 TeV) will be able to discover and characterize minimal 
WIMPs. A combination of Disappearing Track and Soft Track searches will allow us to 
determine the mass of the thermal relic, as well as the mass gap between this particle and 
its companion charged state.

34

Thank You!
Rodolfo Capdevilla, Fermilab



Discovering Minimal Dark Matter at Muon Colliders

• Minimal Dark Matter models extend the Standard Model by incorporating a single 
electroweak multiplet, with its neutral component serving as a candidate for the 
thermal relic dark matter in the Universe. These models predict TeV-scale particles 
with sub-GeV mass splittings $\Delta$. Collider searches aim at producing the 
charged member of the electroweak multiplet which then decays into dark matter 
and a charged particle. Traditionally, these searches involve signatures of missing 
energy and disappearing tracks. Due to the small size of $\Delta$, the transverse 
momentum of this charged particle is too soft to be resolved at hadron colliders. In 
this talk, I show that a Muon Collider is capable of detecting these soft charged 
decay products, providing a means to discover TeV thermal relics with an almost 
degenerate charged companion. Our technique also facilitates the determination of 
$\Delta$, allowing for a comprehensive characterization of the dark sector. Our 
results indicate that a 3 TeV muon collider will have the capability to discover the 
highly motivated thermal Higgsino-like dark matter candidate as well as other 
scenarios of Minimal Dark Matter featuring larger multiplets whose neutral 
component corresponds to a fraction of the total dark matter in the Universe. This 
study highlights the potential of a muon collider to make significant discoveries 
even at its early stages of operation.
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