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Why we need a new collider
The physics case for 10 TeV
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Open questions in particle physics
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About the Standard Model 

What is the nature of the Higgs Boson & 

electroweak symmetry breaking?

And the observed universe 

What is dark matter?  

What causes baryogenesis?
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Microscopic nature of the higgs
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Is there new physics preventing mh from being pulled up to Plank scale?

e.g. composite Higgs, 
like the pion?

e.g. new symmetry & 
additional particles?

Data & theory suggest strongly coupled particles > 1 TeV

1504.05200

mh =125 GeV → multi-TeV top-partners
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Electroweak symmetry breaking
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N. Craig
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Dark Matter

6

Definitive observation & characterization would require a multi-TeV scale collider

We’ve yet to probe minimal WIMPs up to thermal targets

Wino

Higgsino

Pure higgsino under neutrino floor & out of HL-LHC & e+e- reach

DM Complementarity Report: 2211.07027 

Universe expands & cools
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https://arxiv.org/abs/2211.07027


What we should build
Why muons are a promising path to the 10 TeV scale 

& add unique physics opportunities
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Traditional Paradigm
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Use our favorite, readily available particles

Electrons

Protons

10-15 m

quarks, gluons 
≤10-18 m

u

d

u u

e

fundamental particles = “clean” collisions 
small mass = synchrotron radiation ~ 1/m4

large mass means higher energies achievable 
composite: colliding quarks and gluons.  

carry a fraction of proton momentum 
high rate of “messy” backgrounds  

Precision

Energy
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How to get to higher energies
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For a fixed technology 

→ go bigger LHC

FCC
For 100 TeV pp-collisions

Fermi’s 
Globaltron

Ebeam ∼ 0.3 ⋅ R ⋅ Bdipole

LHC NbTi 8 T 190 km
Record NbSn3 15 T 100 km

Future HTS 20 T 80 km
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Or take a risk on new technology?
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• Energy breakthroughs require leaps in 
technology & fundamentally new concepts  

• Even with next gen magnets we’re pushing 
the limits of what is feasible with protons 
• Tunnel length 
• Power consumption

Costs scale with both!

P ∼
(E/m)4

R
⋅ Ibeam
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Why collide muons?
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Input to EPPSU 1901.06150
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Break the traditional paradigm of larger and larger e+e- and hadron colliders

massive fundamental particles = compact, power, and cost-efficient

3 TeV e+e- 

50 km

10 TeV µ+µ- 
10 (16) km 240 GeV e+e- 

100 TeV pp 
100 km

Fits within 
Fermilab site!
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χ+

χ−

Two colliders in one

12

Energy reach & precision electroweak physics in same machine
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The trilinear self-coupling is defined in the Standard Model as λhhh =
λhhhh = (m2

h/2v
2) ≈ 0.13 for Higgs mass mh = 125 GeV and vacuum ex-

pectation value v = (
√
2GF )

−1/2
≈ 246 GeV [3]. For convenience we will

use λ = λhhh to refer to the measured value and λSM to refer to the value
predicted by the Standard Model.
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Figure 1: Feynman diagrams of the three double-Higgs production modes
accessible at a multi-TeV muon collider. Figure 1a is the only process directly
affected by the value of λ but interference between these diagrams means each
contributes to the Higgs self-coupling measurement.

Figure 1 shows the three processes at a muon collider whose cross sections
are affected by the value of the trilinear Higgs self-coupling. Only the diagram
in Figure 1a is directly affected by the value of λ, but the total cross section
of all three processes contributes to the measurement because interference
between them affects their cross sections.

It is estimated that with an integrated luminosity of 3000 fb−1, the LHC
will be able to measure λ with an uncertainty of ∼ +30% and ∼ −20% [3].
This measurement has been studied for e+e− colliders and it is anticipated
that a machine such as the proposed e+e− Compact Linear Collider (CLIC)
could reduce uncertainties to as low as ±11% [8]. A muon collider should
ostensibly have very similar signal physics and background properties because
we assume lepton universality, meaning that muons and electrons couple
equally to W and Z bosons. However, differences in beam and detector
properties lead to differences that affect this measurement at each potential
machine.
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Sensitivity to new physics
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2303.08533 

More complicated than 10 TeV µµ ~ 100 TeV pp

“energy for which cross-sections at the 
two colliders are equal”For 2x2 processes

mL~√sµµ/2 

https://arxiv.org/pdf/2303.08533
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Sensitivity to new physics

Example of Direct reach

Supersymmetry


MuC: pair-production up to √s/2 
FCC-hh: better for stops (color charge) 

But, most realistic models have TeV scale 
sleptons/electroweakinos

14

30 TeV

14 TeV

10 TeV

FCC-hh

HL-LHC

MuC

2303.08533 

https://arxiv.org/pdf/2303.08533
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Sensitivity to new physics
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Example of Indirect Reach: 

Higgs Compositeness


Diboson & di-fermion final states 
MuC: sensitivity scales with √s 

FCC-hh: lower effective parton luminosity 
e+e-: negligible effects visible

2303.08533 

https://arxiv.org/pdf/2303.08533
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Electroweak precision
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The trilinear self-coupling is defined in the Standard Model as λhhh =
λhhhh = (m2

h/2v
2) ≈ 0.13 for Higgs mass mh = 125 GeV and vacuum ex-

pectation value v = (
√
2GF )

−1/2
≈ 246 GeV [3]. For convenience we will

use λ = λhhh to refer to the measured value and λSM to refer to the value
predicted by the Standard Model.
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Figure 1: Feynman diagrams of the three double-Higgs production modes
accessible at a multi-TeV muon collider. Figure 1a is the only process directly
affected by the value of λ but interference between these diagrams means each
contributes to the Higgs self-coupling measurement.

Figure 1 shows the three processes at a muon collider whose cross sections
are affected by the value of the trilinear Higgs self-coupling. Only the diagram
in Figure 1a is directly affected by the value of λ, but the total cross section
of all three processes contributes to the measurement because interference
between them affects their cross sections.

It is estimated that with an integrated luminosity of 3000 fb−1, the LHC
will be able to measure λ with an uncertainty of ∼ +30% and ∼ −20% [3].
This measurement has been studied for e+e− colliders and it is anticipated
that a machine such as the proposed e+e− Compact Linear Collider (CLIC)
could reduce uncertainties to as low as ±11% [8]. A muon collider should
ostensibly have very similar signal physics and background properties because
we assume lepton universality, meaning that muons and electrons couple
equally to W and Z bosons. However, differences in beam and detector
properties lead to differences that affect this measurement at each potential
machine.

2

O(100) GeV scale SM physics

foward muons/neutrinos

≥107 single higgs events → competitive with e+e- Higgs Factories

           ~10k di-higgs events → self-coupling competitive with 100 TeV pp

And we can test origin of deviations!

1905.03764, 2203.09425, and 2212.11067
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The perfect neutrino beam
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• At low energy:  
• precision cross sections 
• sterile neutrino searches 
• δCP, Δm231, θ13, θ23, ντ appearance  
• Over constrain PMNS paradigm 

• At high energy: not fully prepared to say 

• An appealing future after Dune/Hyper-K?

2203.08094 

Equal numbers of e/µ (anti-)neutrinos

Precisely known energy spectra & intensity

https://arxiv.org/abs/2203.08094
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Realistic Constraints?
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A�������: Colliders are essential research tools for particle physics. Numerous future collider
proposal were discussed in the course of the US high energy physics community strategic planning
exercise Snowmass’21. The Implementation Task Force (ITF) has been established to evaluate the
proposed future accelerator projects for performance, technology readiness, schedule, cost, and
environmental impact. Corresponding metrics has been developed for uniform comparison of the
proposals ranging from Higgs/EW factories to multi-TeV lepton, hadron and 4? collider facilities,
based on traditional and advanced acceleration technologies. This article describes the metrics and
approaches, and presents evaluations of future colliders performed by the ITF.
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Defer to accelerator experts

• Energy and Luminosity Reach, and 
Achievable Science 

• Size, Complexity, and Environmental Impact 

• Technical Risk and Technical Readiness 

• Parametric Cost Estimates and Schedule
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The verdict
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Collider √s

 (TeV)

Tunnel 
(km)

Power 
(MW)

Cost

($B)

Time to 
start (yrs)

ILC e+e- 0.24 20 140 7-12 <12

FCC-ee 0.24 100 290 12-18 13-18

µ-3 3 10 230 7-12 19-24

CLIC 3 50 550 18-30 19-24

µ-10 10 16 300 12-18 >25

FCC-hh 100 100 560 30-50 >25

*Cost without contingency/escalation 
**Technically limited timelines 

***No staging assumed

• e+e- Higgs Factories “(nearly) shovel ready”  

• For 10 TeV scale colliders  

• We don’t have the technology today & 
we’re not ready to make any decisions 

• We should begin R&D for µ+µ- AND pp 
colliders as soon as possible  

• “We urge to give high priority to the R&D topics 
aimed at the reduction of the cost and the 
energy consumption of future collider projects” 

2208.06030



Can we build it
Technical challenges posed by the muon lifetime
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The Challenge
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Proton driver scheme 
Challenges 

Point to diktys + daniel 
I will touch on phys&det

Proton 

source

Muon 

source

Ionization 

cooling channels

Low energy rapid 
cycling synchrotron

p+

μ+

μ−
π+

π−

Collider ring

(~10 km circumference)

Particle detector

High energy rapid 
cycling synchrotron

Produce
Cool 

Accelerate

Collide

Detect

Muon lifetime τ=2.2 µs

Need to produce, cool, accelerate, and 
collide muons before they decay 

My focus
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Design requirements

22

⟨ℒinst⟩ =
N1N2nb f
4πσxσy

= 2 ⋅ 1035cm−2s−1

Aim for 10 ab-1 in 5 years

Depends on energy, physics goals, and cross-sections

Goal: measure di-higgs cross-section (few fb) with few % uncertainty

Set nb = 1 and maximize Nµ per bunch


Minimize circumference, maximize f


Minimize σxσy beam size, aim for


Re-inject muons every βγτ


~2·1012 Nµ


30 kHz


~O(10) µm


100 ms


Map these needs back on to proton source, cooling, etc
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Proton driver
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Requirements: 

• Proton source: 1-2 MW  
• Accumulator & compressor: ~2ns bunches 
• Target: shifted focus from liquid to solid 

(graphite) 
• 20 T capture solenoid  

Synergies: 

• Spallation neutron and neutrino sources 
• Charged lepton flavor violation experiments

Targets

S. Jindariani, UF Physics Colloquium, 202234

• Beam power is  2-4 MW! Early designs focused on Mercury targets – successful but safety 
issues!

• Shifted focus on solid targets, results with Graphite promising. Mature technology exists for ~ 
1 MW 

• Targets being developed for > 2 MW neutrino program

• Solenoid design is demanding (size, high field, rad hardness) & needs R&D

ITE
R M

ag
ne

t

Nb3Sn inner and Nb-Ti outer coils

(Normal conducting)

2209.01318

Goal is to deliver ~2e14 protons at 5-8 GeV and rate of ~10 Hz 
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Ionization Cooling
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Status

• MAP end-to-end cooling design & simulation with 

realistic constraints within a factor of 2 of requirements 
• MICE: Demonstration of single 4D cooling element 
• Muon g-2: Demonstration of longitudinal cooling 
• FNAL MuCool Test: RF-cavities in B-fields 
• IMCC: improved lattice, test stands, demonstrator 

designs in progress 

6D Cooling demonstrator critical if we want to 
move forwards with a Muon Collider

Ionization Cooling

S. Jindariani, UF Physics Colloquium, 202235

• The newborn beam has >100% momentum spread
• It’s impossible to accelerate such a broad beam è cooling needed

• Better be fast à ionization cooling is the only known way 

TARGET
Protons Muons

Ionization Cooling

S. Jindariani, UF Physics Colloquium, 202235

• The newborn beam has >100% momentum spread
• It’s impossible to accelerate such a broad beam è cooling needed

• Better be fast à ionization cooling is the only known way 

TARGET
Protons Muons

energy loss re-acceleratemomentum 
spread

Very rough concept: progressively reduce transverse momentum with low density 
absorber and restore lost longitudinal momentum with RF cavities

2209.01318
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Accelerator and Collider Rings
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Linac  
1 GeV

Recirculating Linac  
65 GeV

Rapid Cycling 
Synchotrons 
Tevatron size! 

1 TeV Accelerator Ring 
Fermilab Site Filler 

5 TeV

Collider Ring 
~10 km

Accelerator

• Normal conducting fast ramping 

dipoles: ~1.5 T in around 1 ms 
• Challenge: max field & power supplies 

Collider:

• Circulate two bunches  
• Re-fill when depleted 
• Minimize size to maximize Ncollisions 
• 10 km ring, 16 T dipoles, ~2000 turns 
• Large aperture magnets (15-20 cm) to 

accommodate shielding & prevent 
quenches

2209.01318
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Neutrino Flux
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2209.01318

Mitigation strategies exist!

• Depth 200 m 
• Minimize field free regions  
• “Beam wobbling” with B-field 

and/or high precision movers 
• ~1 cm 10x reduction 
• ~10 cm 100x reduction 

• Better cooling/final focusing

Challenge: TeV neutrinos interacting 
between the beam and you

FNAL 

off-site limit


<100 µSv/year

Typical flight

3 µSv/hour

D~250 m

D~20m

width ~ 1/Eµ

XS ~ Eµ

R = 2REarthD

D

√s=4 TeV

µC Goal
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Can we build it?
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Recent progress in design and technology put a muon collider on a 20 
year “technically limited” timeline!

2010 2015 20201965 …

First mentions 
in literature 

MAP: self consistent designs with 
existing or near term technology 


(2011-2016)

International Muon 
Collider Collaboration 

Formed (2020)

Normal Conducting 
RF in B-field (2018)

Multi-MW proton 
sources and targets 

(SNS, ESS, PIP-II)

32-T Superconducting 
Magnet (2016)

MICE: First demonstration of 4D ionization cooling 
(2001-2018)

Various Initial Collaborations 

& Designs

3 TeV detector 
concept

300 T/s fast ramping 
magnets

2209.01318
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Can we do physics
Technical challenges posed by beam induced backgrounds
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Collision environment
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Circulate two bunches & re-fill when depleted  
Time between collisions: t=L/c = 30 kHz 
Muons survive ~2000 turns 

Beam induced background 
Decays w/in 20 m of interaction point: ~107 

Total energy of decay products: ~ 50 EeV

1000 x lower event rate 
than LHC

Ndecay decrease with 
Energy

Total Edecay doesn’t depend 
on Energy
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Unique need: Tungsten Nozzles
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      e+       e-        γ      n

Fig. 2: The top picture shows the tracks of secondary particles for a few µ
� decays arriving from the

right, while in the middle picture neutrons are excluded. The bottom plot illustrates the tracks in the case
of a single µ

� decay in the proximity of the IP. Different particle types are separated by colour: photons
(red), neutrons (blue), e� (black), e+ (yellow).

11

Single µ decay

Photons Electrons Neutrons

Tradeoff: increase in 
low energy neutrons

Suppress high energy 
component of beam 

induced background
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What’s left over
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Realistic environment

14(note: full time range is relevant for radiation damage)

100 TeV pp ~3 orders of 
magnitude worse 

~1018  MeV-neq /cm2

Up to ~10 x hit density

~1/1000 event rate

Compared to HL-LHC

Similar dose & fluence
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Background properties
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With standard nozzle ~108 low momentum particles per event

But this background looks very different from signal!
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Another key background
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these particles are low energy and come from the IP  
a strong magnetic field can prevent many from 

interacting with the detector

Fluence in the first layerIncoherent e+e- production 

from beamstrahlung




The Detector
Baseline design & next steps
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Baseline design for 3 TeV
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Fig. 6: Rendering of the MCD geometry used for the presented simulation studies, including the cone-
shaped shielding nozzles (cyan) and the beryllium beampipe (violet). Shown are the R-Z cross sections
of the full detector geometry (left) and two zoomed-in portions: up to ECAL (top right) and up to Vertex
Detector (bottom right). Muon Detector (violet and green) surrounds the solenoid (cyan), which encloses
the HCAL (magenta), ECAL (yellow) and the Tracking Detector (green and black).

2.3 Implications of higher beam energies
FLUKA simulations at

p
s = 3 TeV and

p
s = 10 TeV are currently under development. Since the MDI

has not yet been optimized for those energies, the one designed for
p
s = 1.5 TeV has been adopted. In

both cases the preliminary results show a BIB with intensity of the same level as in the
p
s = 1.5 TeV

configuration characterized by spatial and temporal structures very similar to those presented in the
previous section. A careful optimization of machine lattice and MDI is expected to further suppress BIB
in the detector region.

3 Overview of the Detector design
The Muon Collider Detector (MCD) follows the classical cylindrical layout typical for multipurpose
detectors of symmetric collisions and the specific geometry used for simulation studies in this work has
the reference code MuColl_v1. The rendering of the detector geometry is presented in Fig. 6, with the
dimensions of each subsystem summarised in Table 2. A cylindrical coordinate system is used with its
centre placed at the nominal interaction point. The Z axis is defined as the moving direction of the µ

+

beam. The X axis is defined to point towards the inner part of the ring and the Y axis therefore pointing
upwards. Cylindrical coordinates are often used with R, ✓ and � denoting the radial distance from the
interaction point, the polar and azimuthal angles respectively. Pseudo-rapidity ⌘ = � log

⇥
tan(✓/2)

⇤
is

also used in some cases for convenience.
Starting from the Be beampipe with a radius of 22mm, the Vertex Detector is the closest to the IP

with its innermost layer having a radius of only 30mm. It is followed by the Inner and Outer Trackers.
The three sub-systems complete the all-silicon Tracking Detector, which operates in the strong magnetic
field of 3.57T provided by the superconducting solenoid, to reconstruct trajectories and transverse mo-
menta (pT) of charged particles. High-granularity sampling ECAL and HCAL calorimeters are arranged

14

Silicon Tracker

Hadronic Calorimeter 
(Steel + Scintilator)

Muon Spectrometer 
 (RPC with return yoke)

3.57 T Solenoid

Nozzle  
(Tungsten θ~10°)

EM Calorimeter  
(Tungsten + Silicon)

Beam Induced Background with FLUKA 
Full simulation physics studies

Major outcome of IMCC/Snowmass

Rest of talk: what we’ve learned 

and next steps

2303.08533

https://arxiv.org/abs/2303.08533
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Backgrounds in the tracker

36

Occupancy most challenging for the innermost layers of the tracker

Optimize for <1% & leverage techniques from HL-LHC upgrades

Computing and Software for Big Science (2021) 5:21 

1 3

Page 5 of 9 21

of flight of a photon from the IP to the corresponding sensor 
surface, referenced later in text as time of flight (TOF), is 
an important discriminating factor between the signal and 
BIB contributions, as demonstrated in Fig. 6, 7, 8. Yet the 
two hit classes are treated differently at the digitisation step. 
SimCalorimeterHits reflect the physical granularity 
of the detector, and a digitised hit is obtained by summing 
all contributions from MCParticles to the corresponding cell 
during a fixed readout time window. Instead SimTrack-
erHits are treated independently from each other, assum-
ing no physical division of sensor planes into pixels or strips, 
and the finite spatial and time resolution effects are applied 
by a Gaussian smearing of their position and time.

A more advanced digitisation processor is being devel-
oped for the tracking sensors that takes into account the 
charge sharing between pixels, realistic hit-time recon-
struction and pile-up effects. This more complex approach 
will unavoidably make the tracker-digitisation process more 
computationally demanding, and will also need an adjusted 
selection of input BIB MCParticles and SimTracker-
Hits relevant for the digitisation process. Therefore, some 
of the optimisation strategies described in the following will 
need to be revised in the future.

The main optimisation steps explored during the course 
of these studies are summarised in Table 1 together with 
the approximate effect on the main performance metrics. 
Detailed description of these and potential future optimisa-
tions to be studied is presented in the following subsections.

Simulation of BIB SimHits

Every particle in GEANT4 simulation is processed inde-
pendently, which allows to easily parallelise this step into an 

Fig. 6  Comparison of the TOF-corrected time distributions for hits 
from signal and BIB particles in the tracking detector, assuming sin-
gle-hit time resolution of 𝜎

t
 = 30 ps (60 ps) in the Vertex Detector 

(Inner/Outer Tracker). A narrow time window of ±3𝜎t (represented 
by the dashed lines) allows to reject most of the BIB hits

Fig. 7  Comparison of signal and BIB hit properties in the ECAL 
Barrel: TOF-corrected time (top) and longitudinal position along the 
barrel radius (bottom). Soft BIB particles have a wider time distri-
bution due to the spread of their origin and time of flight, allowing 
to suppress their contribution with a narrow readout time window of 
±250 ps. Depth profile of the remaining hits can be used for further 
subtraction of the average BIB energy deposits

Fig. 8  Time distribution of simulated tracker and calorimeter hits 
corrected for the time of flight of a photon from the IP. The maximum 
hit time relevant for digitisation with realistic readout time windows 
is marked by the dashed line

Tracker

S. Jindariani, 2023, Stony Brook HEP Seminar28

• ~100 m2 of silicon sensors
• Low mass/power, radiation tolerance, low noise
• Pixel size optimized to bring occupancy to <1%
• Total number of channels ~ 2B

Vertex Detector

Inner Tracker

Outer Tracker

CMS is building ETL using LGAD sensors 
with ~30 ps resolution

0 2 4 6 8 10 12 14 16
Layer index
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410]
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All hits [t < 15 ns]
+ t < 90 ps
+ stub filter

Barrel Endcap

Pixel sees O(100,000) BIB hits  
compared to O(10-100) signal hits

Only readout hits in ~1 ns time window
Only select hits in ±3σ time window
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Tracker design & needs
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Large area & highly granular

~100 m2 of silicon sensors 

~ 2B channels

Fig. 7: View of the tracking detector projected on Z�R (left) and transverse plane (right). The transverse
plane view is zoomed into the Vertex Detector to demonstrate the double-layer arrangement.
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 = 60pstσMuons from IP: 

 = 30pstσMuons from IP: 

BIB:  Inner + Outer Tracker

BIB:  Vertex Detector

=1.5TeVs

Muon Collider
Simulation

Fig. 8: Comparison of hit-time distributions in the Tracking Detector between BIB particles (solid lines)
and signal muons (filled areas) corrected by the time of flight of a photon from the IP, taking into account
time resolution of each sub-detector.

4 Detector Simulation Software
Full simulation of a single µ

+
µ
� collision event involves several stages:

1. generation of all stable particles entering the detector;
2. simulation of their interaction with the passive and sensitive material of the detector;
3. simulation of the detector’s response to these interactions;
4. application of data-processing and object-reconstruction algorithms that would happen in a real

experiment.

The first stage of generating stable input particles is handled by standalone software, such as
Monte Carlo event generators for the µ

+
µ
� interaction and FLUKA or MARS15 for the BIB particles.

The rest of the simulation process is performed inside the iLCSoft framework [63] previously used by
the CLIC experiment [64] and now forked for developments of Muon Collider studies [65]. Particle
interactions with the detector material are simulated in GEANT4 [55], while detector response and event

16

Sub detector Size Timing
Vertex Detector 25 x 25 µm2 30 ps
Inner Tracker 50 µm x 1 mm 60 ps
Outer Tracker 50 µm x 10 mm 60 ps

Challenges: 

Power consumption  

Readout
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Backgrounds in the Calorimeter
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Calorimeter

S. Jindariani, 2023, Stony Brook HEP Seminar30

• BIB dominated by low energy neutrals: photons (96%) and neutrons (4%)

• A low energy noise cloud that needs to be subtracted 

10 GeV Photon 10 GeV Photon+BIB

Diffuse, low energy, out of time

~2 MeV γ (96%) ~500 MeV n (4%) 

Ambient E~50 GeV/unit area 
Similar to LHC

Calorimeter

S. Jindariani, 2023, Stony Brook HEP Seminar30

• BIB dominated by low energy neutrals: photons (96%) and neutrons (4%)

• A low energy noise cloud that needs to be subtracted 

10 GeV Photon 10 GeV Photon+BIB



Karri Folan DiPetrillo

Calorimeter design & needs
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Current design assumes


ECAL: Silicon+Tungsten  
5x5 mm2 cell size 

HCAL: Iron+Scintillator 
30x30 mm2 cell size 

Timing resolution (~100 ps) 
+ Longitudinal segmentation

Figure 4.1: Possible calorimeter for future lepton colliders with a dual-readout crystal electro-
magnetic calorimeter and a spaghetti dual-readout hadron calorimeter. Closest to the beam are
two precision timing layers (T1 and T2). The homogeneous crystal calorimeter is divided into two
sections, E1 and E2. A single silicon photomultiplier is at the entrance of E1, and two are at the
exit of E2, one with a wavelength filter that selects scintillation light, the other for Cherenkov light.
The EM calorimeter is followed by a thin solenoid and a spaghetti-type, dual-readout, sampling
hadronic calorimeter.

two calorimeters can be corrected to ”e/h” of 1, eliminating this source of measurement resolu-
tion.

Fig 4.3 shows the predicted EM and hadronic resolutions for this calorimeter. The results suggest
the calorimeter system would have excellent hadron resolution of 25%/

p
E, much better than

that allowed by high granularity calorimeters and, for particles of the energies typical in jets in
ZH events, comparable to a pure spaghetti dual-readout calorimeter, especially for particles with
energies less than 20 GeV which are predominant at Higgs factories. Because it is homogeneous,
this calorimeter would allow a stochastic term for EM particles of a few percent. Current candidate
EM calorimeters for future lepton machine have resolutions no better than 15%/

p
E. Precision EM

resolution augments the capabilities of the detector. As argued in Ref. [15], precision EM resolution
is essential for the correct assignment of photons from ⇡0 decay to jets. For e

+
e
� ! HZ ! 6

jet events, the fraction of events with perfect photon-jet assignment goes from about 50% for a
stochastic term of 30% to about 70% for a 3% term. An EM resolution of a few percent can
significantly improve the missing mass measurement when the Z decays electronically. For an
electron momentum of 45 GeV and for a tracker thickness of 0.4 Xo, the resolution is about 0.006
for an EM stochastic term of 3%

p
E and 0.02 for 30%/

p
E. In addition, precision EM resolution

could aid in ⌧ reconstruction and be useful for flavor physics studies at high luminosity running at
the Z pole.

While the results from Ref. [15] are encouraging, the possibility to use red light has not been
proven experimentally. In addition, by utilizing light both below and above the scintillation peak,
the resolution might be improved. Fast inexpensive modern timing circuits and other ancillary
information could provide additional improvements. One of our goals is to do measurements to

12

Room for new ideas 


e.g. Crilin, Calvision
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Trigger/DAQ

• Total readout rate = same as the CMS HL-LHC max HLT input rate  
• Reading out all BIB hits requires increased cabling, cooling 
• Pushes the challenge from trigger to on-detector processing 
• Event rate ~30 kHz → plenty of time to process full event off detector

40

Readout Window E Threshold Hit Size Total Rate
Tracker 1 ns n/a 32 bits ~40 Tb/s
ECAL 15 ns 0.2 MeV 20 bits ~30 Tb/s 
HCAL 15 ns 0.2 MeV 20 bits ~3 Tb/s
Total 60 Tb/s

2203.07224 

Target “streaming” readout

https://arxiv.org/pdf/2203.07224
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Work in progress: 10 TeV design
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Need to grow the detector 

Solenoid: Higher B-field & inner radius 
technically challenging 

Need to reestablish expertise to build CMS-
style magnets!

Detector Magnet Workshop
Summary by A. Bersani

Estored =
B2

2μ0
πR2L

https://indico.cern.ch/event/1324236/overview
https://indico.cern.ch/event/1353612/contributions/5775168/
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Work in progress: Machine Detector Interface

Beam induced background highly dependent on nozzle configuration

Systematic optimization in progress!

42

D. Calzorlari

https://indico.cern.ch/event/1412174/contributions/5935494/attachments/2847637/4979323/MDI_meeting_april_24_pair_prod.pdf
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Work in progress: Map back to physics
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Separate ZZ and WW fusion

Reduce backgrounds


Br(h→invisible) via mmiss

Γh via inclusive rate

Invisible Higgs from forward muons at a muon collider

Maximilian Ruhdorfer⇤

Laboratory for Elementary Particle Physics, Cornell University, Ithaca, NY 14853, USA

Ennio Salvioni†

Dipartimento di Fisica e Astronomia, Università di Padova and
INFN, Sezione di Padova, Via Marzolo 8, 35131 Padua, Italy

Andrea Wulzer‡

Institut de F́ısica d’Altes Energies (IFAE), The Barcelona Institute of Science and Technology (BIST),
Campus UAB, 08193 Bellaterra, Barcelona, Spain and

ICREA, Institució Catalana de Recerca i Estudis Avançats,
Passeig de Llúıs Companys 23, 08010 Barcelona, Spain

We propose to probe the Higgs boson decay to invisible particles at a muon collider by observing
the forward muons that are produced in association with the Higgs in the Z-boson fusion channel.
An excellent sensitivity is possible in line of principle, owing to the large number of produced
Higgs bosons, provided a forward muon detector is installed. We find that the resolution on the
measurement of the muon energy and angle will be the main factor limiting the actual sensitivity.
This poses tight requirements on the forward muon detector design.

I. INTRODUCTION

The possibility of building a muon collider with centre
of mass energy of 10 TeV or more and with high lumi-
nosity [1] has received increasing attention in the last
few years and is being actively pursued (see [2] for a re-
view) by the International Muon Collider Collaboration
(IMCC). Such collider would o↵er innumerable and var-
ied physics opportunities, ranging from the direct access
to the 10 TeV energy scale to the availability of a large ef-
fective luminosity for vector boson collisions at the scale
of 1 TeV or below. The physics potential of the muon
collider as a “vector boson collider” [3] has been outlined
in [4–6] for the search of new particles produced in the
Vector Boson Fusion (VBF) process, for the search for
new phenomena in Standard Model (SM) scatterings ini-
tiated by vector bosons (VBS processes) [7–9] and for pre-
cise measurements of the single Higgs couplings [8, 10].

The VBF or VBS processes are schematically repre-
sented in Fig. 1. They proceed through the collinear
emission of nearly on-shell vector bosons from the incom-
ing muons. The vector bosons collide producing some
final state “X” such as the Higgs boson, in the process
considered in the present work. The on-shell fermion and
anti-fermion emerge from the splitting as real final-state
particles. If the emitted vector bosons are charged W
bosons, the initial muons are turned into invisible neu-
trinos. The emission of neutral bosons such as the Z or
the photon are instead accompanied by potentially de-
tectable final-state muons, o↵ering novel handles for the
observation and the study of VBF and VBS processes.

⇤ m.ruhdorfer@cornell.edu
† ennio.salvioni@unipd.it
‡ andrea.wulzer@cern.ch

FIG. 1. Schematics of an e↵ective Z bosons collision produc-
ing a generic final state X. Z-fusion Higgs boson production,
X = h, is the main focus of the present paper.

The kinematics of the process is conveniently described
in the e↵ective vector boson approximation [11–15] by
factorising the emission of the vector bosons into univer-
sal splitting functions that are independent of the nature
of the subsequent scattering process. The typical trans-
verse momentum of the e↵ective Z boson—and in turn
the one of the final muon— is around the mass of the
boson, p? ⇠ mZ . The p? spectrum is almost entirely
above one tenth of mZ .
The energy of the emitted bosons depends on the in-

variant mass of the X system. If the invariant mass
is of hundreds of GeV or less (e.g., mX = mh in the
case of Higgs production), the energy of the Z is a small
fraction of the initial muon energy. Therefore the final
state muon carries away almost all of the beam energy
Eb = 5 TeV and thus for p? ⇠ mZ it has a small typ-
ical angle ✓ ⇠ p?/Eb = 18 mrad from the beam line.
The invariant mass mX is larger than hundreds of GeV
if X is a heavy new physics particle or if X consists of
a pair of SM particles and we apply an invariant mass
cut in order to study their interaction with the Z at the
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eg. to fully unlock higgs precision, is forward muon tagging possible?

Ideal η coverage

beyond mh, the contributions from the charged particles which initiate the VBF production
become even more forwards. In Figure 2, we show the ⌘ distribution of forward muons from
ZZ fusion production of single Higgs at our two benchmarks of 3 and 10 TeV. As can be
seen for 3 TeV, tagging forward muons isn’t particularly challenging compared to the LHC;
however, for 10 TeV, it would require a system with capabilities more similar to FCC-hh
[27, 28] to fully exploit the additional physics gains from tagging forward muons.

3 TeV

10 TeV

-5 0 5
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0.01
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Figure 2. The normalised pseudorapidity distributions of the forward muons from ZZ fusion single
Higgs production at 3 and 10 TeV.

The kinematics of high energy muon colliders are also different for the actual Higgs
itself, not just for the VBF byproducts. As ECM increases, the Higgs becomes more forward,
as shown in Figure 3 at 3 and 10 TeV. Compared to the VBF byproducts, the Higgs is not
as forward, even at 10 TeV. Nevertheless, depending on the detector design, there can be an
interplay between acceptance and Higgs precision. In particular, the aforementioned BIB
has already influenced preliminary detector design ideas. The exact influence of the BIB
depends on the specific accelerator within about 50 meters of the IP; however, mitigation
ideas have been proposed for several decades which center around the idea of introducing
Tungsten nozzles near the interaction point [29–31]. Of course, these nozzles reduce the
ability to extend a single detector to the very forward region to maintain “4⇡” coverage,
and as an example, for nozzles optimized for ECM = 1.5 TeV, this would impede coverage
more forward than ⌘ ⇠ 2.5 [31, 32]. However, the BIB mitigation optimization depends
on the CM energy and accelerator design so therefore the tradeoff with acceptance for
physics targets needs further study. Moreover, there can be more modern techniques used
in conjunction such as precision timing detectors like at the HL-LHC [33, 34] that should
be able to further mitigate the effects of the BIB beyond what has been studied thus far.
A summary of the current status of muon detector design and full simulation can be found
in [35, 36]. We do not include any effects BIB in our simulation assuming they can be
sufficiently mitigated. However, in Section 3, we will show what the effects are on a study
that has included BIB in full simulation to calibrate our fast simulation studies which

– 5 –

https://arxiv.org/abs/2308.02633
https://arxiv.org/abs/2303.14202
https://arxiv.org/abs/2401.08756
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Work in progress: Forward Muon Tagging
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Face of the nozzle: covers 3 < |η| < 6 

B-field & path-length for momentum measurement?

Effects of scattering/energy loss from ~2000 X0 of Tungsten?


What technology can withstand BIB?

See presentation @MDI workshop by D. Calzolari and M. Casarsa 

2308.02633

Br(inv) sensitivity with different 
coverage and σ(E)/E assumptions

https://indico.cern.ch/event/1353612/contributions/5775166/
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The takeaway
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Composite Higgs Scenarios

Higgs self-coupling WIMPs/Disappearing track

Baseline detector design & full simulation studies demonstrate we can do physics

With work in progress we can likely do even better :)

2303.08533

https://arxiv.org/abs/2303.08533
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Cue the excitement!

• Positive outcomes from latest 
European Strategy & US Planning 
processes  

• Formation of International Muon 
Collider Collaboration (IMCC)  

• “MuCol” Project Funded by EU 

• US Muon Collider Collaboration 
forming soon 

• Many dedicated meetings, 
workshops, and articles

46
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Conclusions

• Strong Physics Case for a 10 TeV Muon Collider 

• Energy and precision in a single machine 
• Compact, power efficient, and US-hosted option 
• Interesting synergies & staging opportunities 
• No show stoppers identified, R&D should start now! 

• Do your homework & decide for yourself!

• Collider Implementation Task Force 
• International Muon Collider Collaboration 
• Towards a Muon Collider

47

https://arxiv.org/abs/2208.06030
https://muoncollider.web.cern.ch/
https://arxiv.org/abs/2303.08533


Backup 

T. Holmes
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Sensitivity to new physics

New scalar mixes with Higgs 
VBF VV → S → hh → 4b 

Solid = direct 
Dotted = indirect

49

MuC has an edge in sensitivity when Z’ 
is so heavy that only indirect effects can 

be measured

2209.13128

https://arxiv.org/abs/2209.13128
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Beam induced background w/ FLUKA
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Multiple experts producing and validating BIB at 1.5, 3, and 10 TeV 

Overview by D. Calzolari 

Comparing occupancies at different energies
D. Zuliani 

Characterizing BIB contributions in tracker

eg. particle type: primary vs secondary electrons


spatial origin: upstream vs downstream 

N Bartosik 

https://indico.cern.ch/event/1307798/contributions/5501297/attachments/2697097/4680867/colliders_of_tomorrow_MDI_Calzolari.pdf
https://indico.cern.ch/event/1373763/contributions/5774154/attachments/2785869/4857225/detector_10tev_23012024_v2.pdf
https://indico.cern.ch/event/1330012/contributions/5600101/attachments/2724643/4734776/2023_09_29_bartosik_v0.pdf
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Luminosity
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Previous lepton colliders:  
Forward electrons from Bhabha scattering 

D.Lucchesi - MuC Lumi 

Proposal to use central muons for µC 
Questions: Stats? Theory precision?

ℒ =
N

ϵσth
√s=1.5 TeV, lumi = 1e34 

Remaining events

We’ll need something else to 
monitor luminosity in real time

https://indico.cern.ch/event/905399/contributions/4335594/attachments/2259034/3834030/Luminosity%20measurement%20at%20Muon%20Collider%E2%80%8B.pdf
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Towards a 10 TeV detector
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Shower containment
Momentum Resolution

Aim for 5-20% at 5 TeV 
→5 T solenoid, R≥1.5 m 

(
σpT

pT
) ∼

pT

BL2

σpoint

N

M Casera

B-meson decay length

⟨L⟩ ∼ 100 mm × ( E
TeV )

Need to increase Calorimeter λ and Χ0
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Detector Magnet
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t ∝ B2R

Estored =
B2

2μ0
πR2L

Need to reestablish expertise to build 
CMS style magnets!


Increasing B-field & inner radius technically challenging

Requires Aluminum-reinforced NbTi/Cu
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Reconstruction
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Works well! But is an active 
area of development


O(100) tracks per event after 
pT ,nhits, quality of fit requirements 

Photon and particle flow jet 
performance similar to hadron 

collider

Combinatoric tracks

Tracking Performance

S. Jindariani, 2023, Stony Brook HEP Seminar29

Track relative momentum resolution Track impact parameter resolution
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Fig. 26: Left: relative difference between reconstructed and true jet pseudo-rapidity. Right: b-jet pT
resolution as a function of the jet pT .
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Fig. 27: Left: Jet reconstruction efficiency (left) and jet pT resolution (right) as a function jet pT for
b-jets, c-jets and light jets in the central region |⌘| < 1.5. It has been checked that differences between
the jet flavours are mainly due to different jet ⌘ distributions in the three samples.

6.7 Future prospects on jet reconstruction
Before discussing the heavy-flavour jet identification, we notice that, at this stage, the jet reconstruction
algorithm can be improved in several ways. In this Section some guidelines are given:

– track filter: it has been verified that the track filter has a different impact in the central and the
forward region, in particular the efficiency in the forward region is lower. An optimized selection
should be defined,

– calorimeters threshold: the hit energy threshold has been set to the relatively high value of 2
MeV, as a compromise between computing time and jet reconstruction performance. This is a
major limitation in the jet performance as can be seen in Fig. 29 (left), where the H ! bb̄ dijet
invariant mass, reconstructed without the presence of the BIB, is compared between 2 MeV and
200 KeV thresholds. However reducing this threshold is not an easy task, given the large number
of calorimeter hits selected from the BIB that contaminate the jet reconstruction. This is shown
in Fig. 29 (right), where can be clearly seen that the performance at 1 MeV threshold is degraded
with respect to 2 MeV. To tackle this problem an optimized algorithm should be developed: as
an example thresholds that depend on the sensor depth could by applied, since the longitudinal
energy distribution released by the BIB is different from the signal jets as shown in Fig. 30 (right).
A generalization of this idea could be the application of a multivariate-algorithm trained to select
signal hits and reject BIB hits,

– fake jet removal: the fake jet removal applied in this study has an impact in reducing the jet

30
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Work in progress: Ideas for physics along the way
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Low mass dark matter (sector) searchesStraight sections = perfect neutrino beam

Equal numbers of e/µ (anti-)neutrinos 

Precisely known energy spectra & intensity

2203.08322

Synergies with charged lepton flavor violation experiments

2407.02572 - New!

https://arxiv.org/abs/2407.02572
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Subsystem Design ↔ Technology needs
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Need to define muon collider specific needs (strict & soft) to ensure technology converges 
Also a good way to strengthen community with instrumentation experts

Dual Readout Crystal Calorimetry - Grace Cummings

Data reduction with

AI-on chip


Anthony Badea

BIB rejection with pixel cluster shapes

C. Sellgren, Simone Pagan Griso

AC-LGADs - Irene Dutta

CRILIN performance - C. Giraldin


