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Track p
T
 resolution vs p

T
 and polar angle.

10k single prompt muon samples + BIB @ 1.5 TeV:

p = 1, 10, 100 GeV;

θ = 13°, 30°, 89°.

barrelendcap

Preliminary Preliminary

Reconstructed pT resolution

Track Reconstruction at a Muon Collider in the Presence of BIB - APS April Meeting - April 17, 2021M. Casarsa 7

Double-layer selection
BIB particles are not produced in collisions

at the beamspot.

The double-layer structure of the VXD

modules can be exploited to correlate

hit pairs on adjacent sensors to estimate

the incoming particle direction. 

Preliminary

Preliminary
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Hit timing selection
Being the closest detector to the beamline, the tracker is affected the most by

the BIB, which produces a huge number of spurious hits. If not mitigated, it could

severely compromise: 

the detector operations (too many data to be read out);

the track reconstruction performance (huge combinatorics).

A big fraction of BIB particles reaches the detector out of time w.r.t. the

bunch crossing   exploit hit timing information.
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Current Tracking Implementation

● Designed for the e+e- environment
● Inherited as part of the CLIC so�ware framework

● Implements conformal tracking (1908.00256)
● Transform circular tracks into straight lines using conformal map
● Use cellular automata to look for lines, allowing for deviations

● Problem: %+%- collider is much busier due to Beam Induced Bkg
● Heavy pre-filtering of hits is necessary for conformal tracking to work

More Information:
● Detector overview from Simone
● Tracking overview from Massimo
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Detector overview 
Based on CLIC’s detector model + the MDI and vertex detector designed by MAP.

muon detectors

superconducting solenoid (3.57T)

hadronic calorimeters

electromagnetic calorimeters

tracking system

shielding nozzles

(tungsten cones + BCH
2
 cladding)

S. Pagan Griso, “Design a detector for a Muon Collider experiment” in Session H08.1 

Why a muon collider?

Tracking at a muon collider
Hannsjörg Weber (Humboldt-Universität zu Berlin, presenter) and
David Yu (Brown U), Federico Meloni (DESY), Sergo Jindariani (FNAL), Lawrence Lee (Harvard U), Paolo Andreetto, Laura Buonincontri, 
Alessio Gianelle, Donatella Lucchesi, Lorenzo Sestini (INFN Padua/U Padua), Massimo Casarsa, Alessandro Montella (INFN Trieste/U 
Trieste), Nazar Bartosik, Nadia Pastrone (INFN Torino), Karol Krizka, Simone Pagan Griso, Elodie Resseguie (LBNL), Philip Chang (UCSD)

on behalf of the Muon Collider Physics and detector working group
Challenge to a muon collider experiment

A Muon collider experiment Tracker requirements and BIB mitigation

Track reconstruction Summary
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Fig. 1: Left panel: the energy at which the proton collider cross-section equals that of a muon collider. The dashed
line assumes comparable Feynman amplitudes for the muon and the proton production processes. A factor of ten
enhancement of the proton production amplitude squared, possibly due to QCD production, is considered in the
continuous line. Right panel: Higgs and top-quark production cross-sections at high energy lepton colliders.

for
p
sµ ⌧

p
sp, as shown on the left panel of Figure 1.

Naively, one would expect the lower background level could be another advantage of the muon
collider relative to hadronic machines. However it is unclear to what extent this is the case because of
the large beam background from the decay of the muons, discussed in section 4.

Figure 1 suggests that a 14 TeV muon collider with sufficient luminosity might be very effective
as a direct exploration machine, with a physics motivation and potential similar to that of a 100 TeV
proton-proton collider [4]. Although detailed analyses are not yet available, it is expected that a future
energy frontier muon collider could make decisive progress on several beyond-the-SM questions, and
to be conclusive on some of these questions. By exploiting the very large vector-boson fusion (VBF)
cross-section, a muon collider could search extensively for new particles coupled with the Higgs boson,
possibly related to electroweak baryogenesis [5]. It might also discover Higgsinos or other heavy WIMP
dark matter scenarios [6]. In this context, it is important to remark that motivated “minimal” WIMP dark
matter candidates might have a mass of up to 16 TeV. Generic electroweak-charged particle with easily
identifiable decay products up to a mass of several TeV can be searched for. Relevant benchmarks are
the (coloured) top partners related with naturalness, which should be present at this high mass even in
elusive “neutral naturalness” scenarios.

The ability to perform measurements, which probe New Physics indirectly
2, is another important

goal of future collider projects. The high energy of a muon collider could also be beneficial from this
viewpoint, in two ways. First, indirect New Physics effects are enhanced at high energy, so that they
can show up even in relatively inaccurate measurements. This is the mechanism by which the 3 TeV
CLIC might be able to probe the Higgs compositeness scale above 10 TeV (or a weakly-coupled Z

0 up
to 30 TeV) with di-fermion and di-boson measurements at the 1% level [7], while an exquisite precision
of 10�4

/10
�5 would be needed to achieve the same goal with low-energy (e.g., Z-pole) observables. At

a 30 TeV muon collider, with suitably scaled luminosity, the reach would increase by a factor of 10. The
second important aspect is that some of the key processes for Higgs physics, namely those initiated by
the vector boson fusion (see the right panel of Figure 1), have very large cross-sections. For instance with
an integrated luminosity of 10 ab

�1, a 10 TeV muon collider would produce 8 million Higgs bosons,
with 30’000 of them by the pair production mechanism that is sensitive to the trilinear Higgs coupling.
While further study is required, especially in view of the significant level of machine background that
is expected at a muon collider, these numbers might allow a satisfactory program of Higgs couplings
determination.

A detailed assessment of the muon collider luminosity requirements will result from a compre-
hensive investigation of the physics potential, which is not yet available. However a simple and robust

2Precision would also allow the characterization of newly discovered particles.
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A muon collider can 
reach high 𝑠 due to 
low bremsstrahlung.

Physics reach of a 
multi-TeV 𝜇𝜇 collider 
could surpass those of 
a 100 TeV pp machine.

arXiv:1901.06150

EW physics

strong physics

Figure 2: Comparison of double-Higgs production cross sections at lepton col-
liders. The lower cross section for electron-positron collider at the same nom-
inal center-of-mass energy is due to its higher center-of-mass energy spread,
caused by initial state radiation and beam-beam effects. This is believed to
be negligible for a muon collider. The data are fitted to a parabola. Muon
collider calculations done with Whizard 2, [7, 9]
e+e− data is taken from [8].

√
ŝ

R
CLIC Muon Collider

3 TeV 1.52 1.53
6 TeV — 2.08

Table 1: Scaling factors for propagating uncertainty from δσ/σ to δλ/λSM .
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HH cross section for 𝝁𝝁 is a factor 
~1.2 larger than for 𝒆𝒆.
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Beam-Induced Background (BIB)
● Detailed accelerator design studies are needed to understand the 

environment around the interaction point

● Dominant BIB source: μ decays

● Dedicated shielding (nozzle) to protect
magnets/detector near interaction region 

Previous studies e.g.
JINST 13 P10024,
arxiv:1905.03725,
arXiv:1204.6721

Excluding neutronsIncluding neutrons BIB
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BIB characterization
● Key findings for discrimination:

– Precise timing and Directional information (not from IP)

– Energy deposit (especially γ/e± in Si)

– Majority of particles with low transverse momentum

● Re-optimization and new handles being explored!

MARS15

Muons are unstable and decay in flight.
The muon beam induced background (BIB) 
creates a huge challenge for the detectors of an 
experiment at a muon collider.

The detector is bombarded by O(100) million 
(mostly soft) particles (mostly photons and 

neutrons) per beam crossing out of which 
O(1) million are charged.  

The challenge for the tracker is to be able to 
reconstruct particle trajectories in that 

environment. 

arXiv:
1405.5910

Silicon-based tracker
Vertex detector with 
double-sensored
layers
Inner tracker
Outer tracker

Small 
pixels:

Fast timing:

Double layer structure:

Other handles:
Cluster shape → E. Resseguie

In-chip data reduction

Faster readout links: potentially factor    
2-5 needed with respect to HL-LHC

Vertex Inner Outer
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Using directional information
● Double-sensor layers ● Cluster shape analysis using

realistic pixel detector digitization

Loose: requires compatiblity with 
beamspot region within ~10mm
Tight: assumes knowledge of primary
vertex position (or secondary-vertex)

Track reconstruction time decreases to 
hours or ~ 3 minutes per event
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Track reconstruction e"ciency
Track reconstruction efficiency vs p

T
 and polar angle.

10k single prompt muon samples + BIB @ 1.5 TeV:

p = 1, 10, 100 GeV;

θ = 13°, 30°, 89°.

barrelendcap

Preliminary Preliminary

Tracking efficiency: very good 
in central region, poorer close 
to nozzle.

Tracking resolution: 
coresponding effects

compared to efficiency

Hard combinatorics problem due to high number of BIB particles.
Current tracking algorithm heavily uses CLIC studies:
• Conformal tracking and cellular automaton for track finding
• Other ideas based on ACTS being explored (àK. Krizka)

• Challenge for tracking at a muon collider 
is the high number of BIB particles.
• Need high granularity, fast timing, 

intelligent readout, directional 
information

Ø But these requirements are feasible. 
Also more handles being investigated

• Track reconstruction well understood:
• Good tracking efficiencies and 

resolution except close to the shielding 
nozzles and very soft tracks.

• Further ideas (e.g. to improve 
reconstruction time) are being 
explored.


