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Electroweak multiplets and dark matter
Start from the simplest interpretation of dark matter: 
it is the thermal relic of at least a new stable neutral particle.

• The SM is extended with n-tuplets that predict such neutral state 𝛘0
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Start from the simplest interpretation of dark matter: 
it is the thermal relic of at least a new stable neutral particle.

• The SM is extended with n-tuplets that predict such neutral state 𝛘0
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theory, or by an external 
stabilisation mechanism

• Small mass splitting between the 
components of the multiplet
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Consider the MSSM case:
doublets (winos) and 
triplets (higgsinos)
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The search for disappearing tracks
An example from supersymmetry
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The search for disappearing tracks

Charginos:
● Long lived, charged
● Reconstructable as 

“tracklets”

An example from supersymmetry

Neutralinos:
● Stable, neutral
● Invisible
● Momentum 

imbalance, 
missing mass

ISR/FSR:
● “Trigger” the event
● Momentum imbalance

Displaced pions:
● Not considered here
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Where to look for these?

If dark matter is explained by a single particle, we expect this particle to be heavy

Higgsino ~ 1.1 TeV
Wino ~ 2.7 TeV

A muon collider is an excellent machine to look for these

Had a first look with full simulation in 
R. Capdevilla, FM, R. Simoniello, J, Zurita [2102.11292]

https://arxiv.org/abs/2102.11292
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Key challenges Beam induced
backgrounds

Large neutrino
flux

Beam quality 
and intensity

Cost and 
power

Muons have a limited lifetime: 2.2 𝝁s at rest

• Studies supported by 
EU Design Study MuCol

2303.08533 

https://mucol.web.cern.ch/
https://arxiv.org/abs/2303.08533
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3 TeV detector design
The detector model is based on 
the CLIC concept

Nozzles 

All-silicon tracker

ECAL (Tungsten+Silicon)

HCAL (Steel+Scintillators)

3.57 T Solenoid

Muon chambers (RPC) in 
magnet yoke
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Signal event
No beam-induced backgrounds
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Signal event
Beam-induced backgrounds from MARS15
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BIB rejection: timing
Exploit particle arrival times to reduce BIB

• Correct for time of flight Corrected time 

Select hits within a time window, but 
still would like to read them out

3 TeV detector1.5 TeV BIB overlayExtrapolated to 10 TeV
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The layout of the vertex detector can be exploited to reject 
hits from BIB particles

• Look for pairs of hits in neighbouring double-layers forming “stubs” that 
point back to the luminous region

• Work ongoing to apply a similar approach at the cluster level

BIB rejection: stubs

𝛘±BIB

Luminous region

Δθ 

Δθ 

3 TeV detector1.5 TeV BIB overlayExtrapolated to 10 TeV
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Tracklet reconstruction

Impose a “disappearing condition” (hit veto) at the first layer of the IT (12.7 cm)

Efficiencies evaluated with truth matching to 𝛘±

• Evaluated vs the 𝛘± decay radius and polar angle θ

After BIB rejection cuts 

Not enough hits

Veto from 
disappearing
condition

3 TeV detector1.5 TeV BIB overlayExtrapolated to 10 TeV
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Event selection

Relatively simple event selection:

• Tracklet pT (single most important quantity)

Peak at low pT in 
signal events due to 

BIB overlay 
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Expected sensitivity
Pure higgsino models at MuC 10

3 TeV detector1.5 TeV BIB overlayExtrapolated to 10 TeV

See also detailed comparison with fast sim results from Han, Liu, Wang, Wang 
[2009.11287, 2203.07351] in MuC Forum report [2209.01318]

https://arxiv.org/abs/2009.11287
https://arxiv.org/abs/2203.07351
https://arxiv.org/abs/2209.01318


Page 23 | F. Meloni | Disappearing tracks at a 10 TeV  muon collider | IMCC physics studies | 07/09/2023

Expected sensitivity
Pure higgsino models at MuC 10

Analysis
acceptance

3 TeV detector1.5 TeV BIB overlayExtrapolated to 10 TeV
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Expected sensitivity
Pure higgsino models at MuC 10

Sensitivity 
loss due to 

decreasing βɣ 
for larger 
masses: 

missing at 
least 4 hits

Decreasing βɣ: 
fewer signal 

tracklets rejected by
veto layer 

3 TeV detector1.5 TeV BIB overlayExtrapolated to 10 TeV

Thermal 
target barely 

covered
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A new detector for 10 TeV
The detectors need to be ready 
to measure both TeV-scale 
particles as well as GeV-scale 

Detector sizes need to grow

• Thicker calorimeters 
• Bigger trackers with high 

precision in more places

Physics benchmarks are key to 
guide the detector a design

Can a revised detector 
preserve, or even improve, 
the sensitivity to winos and 
higgsinos?

Detector model based on ongoing work 
D. Calzolari, K. DiPetrillo, R. Hillman, T. Holmes, S. 

Jindariani, B. Johnson, L. Lee, T. Madlener, FM, I. Ojalvo, 
P. Pani, S. Pagan Griso, K. Pedro, R. Powers, B. Rosser, 

L. Rozanov, A. Vendrasco, J. Zhang

Display by L. Lee
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Moving to 10 TeV BIB simulation: time

Simulation based on FLUKA (thanks to Daniele Calzolari and the MDI group!)

• 5 TeV muon and anti-muon beams
• Sampled 110 metres of decays in the collider lattice
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Moving to 10 TeV BIB simulation: 𝜇 decay z

Lack of very-long tail comes from better modelling in FLUKA (now including 
synchrotron radiation)

• See more in Daniele’s talk

https://indico.cern.ch/event/1279264/contributions/5374571/attachments/2638124/4564692/update_april_23.pdf
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Occupancies: tracker

Increasing solenoid field to 5T has an effect of the order of 10% pre-timing

Work in progress on:

• Different BIB structure in endcaps 
• Timing selections seem much more effective than at 3 TeV

See also
Nazar Bartosik’s 

10 TeV BIB study

https://indico.cern.ch/event/1279264/contributions/5382162/attachments/2638155/4564745/2023_04_28_bartosik_v0.pdf
https://indico.cern.ch/event/1279264/contributions/5382162/attachments/2638155/4564745/2023_04_28_bartosik_v0.pdf
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Effectiveness of timing selections

Different timing structure being investigated

• No obvious bugs found so far, looking at dependency on machine lattice

From Chris 
Sellegren's talk

https://indico.cern.ch/event/1319057/contributions/5550305/attachments/2704641/4694991/MuC%20Collab%208_29.pdf
https://indico.cern.ch/event/1319057/contributions/5550305/attachments/2704641/4694991/MuC%20Collab%208_29.pdf
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Data rates and power

L1/L2 rates still require tighter time window (~1ns)
L3/L8 now less comfortable

• Total L3/L8 power could be halved by removing the double layers

Table: courtesy of 
Sergo Jindariani
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Updating to a new tracker
These considerations, together with a greatly improved tracking software (now 
based on the ACTS library) made the double layers possibly redundant 

• Barrel region of vertex detector revised keeping only one double layer pair
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Updated detection efficiency

New tracker layout and tracking algorithm

Kept all tracklet quality requirements as before except:

Nhit ≥ 3 hits No requirement on stubs

Found similar detection efficiency, and greatly reduced fake tracklet rate

10 TeV detectorPreliminary 10 TeV BIB overlay

Preliminary
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Updated fake rates

Reconstructed fake tracklet pT spectrum similar

Probability of finding a fake tracklet per event lowered by ~1/10

• Estimates being refined with higher MC statistics

10 TeV
Preliminary
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Expected sensitivity
Pure higgsino models at MuC 10

10 TeV detectorPreliminary 10 TeV BIB overlay

Preliminary

Thermal target 
covered by 

both selections
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Summary

Physics benchmarks are key in evaluating new detector design options

Dark matter is one of the most important topics of research in particle physics, and 
disappearing tracks are the ultimate handle to target minimal dark matter 
models

The preliminary update to a 10 TeV detector model and simulation seems to 
indicate the initial estimates were conservative

• Thermal targets possibly well within reach

Physics reach of a multi-TeV 𝜇C relies on (among other things) successful 
detector design programme today



Thank you!

Contact

Federico Meloni 
DESY-FH 
federico.meloni@desy.de 
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The 12 challenges of a MuC
Many thanks to S. Jindariani, 

D. Schulte, and M. Wing for inputs 
and useful discussions
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Muon collider target parameters

Based on extrapolation of the MAP parameters

• Plan to operate 5 years at each centre-of-mass energy 
(FCC-hh to operate for 25 years)

2201.07895 

Beamstrahlung

https://arxiv.org/abs/2201.07895

