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Why special detectors?

Unique feature/challenge of Muon 
Collider detectors – beam induced 
background (BIB)

Sketch:  L. Lee

10 TeV detectors for lepton 
colliders is an uncharted 
territory 

https://online.kitp.ucsb.edu/online/muoncollider-m23/lee/pdf/Lee_Muoncollider23Conf_KITP.pdf


Radiation Levels 
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Total Ionizing Dose for one year of operation (200 days)1-MeV-neq fluence for one year of operation (200 days)

Muon Collider 10 TeV O(0.1) O(1014)tbc tbc



Tracker Requirements
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Vertex Detector

Inner Tracker

Outer Tracker

• ~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



Calorimeter Requirements

S. Jindariani, 2023 IMCC Annual Meeting 5

Average Energy density per unit area 40 GeV- similar to HL-LHC

General Features:

• High granularity and shorter integration windows

• Hit time measurement O(100ps)

• Longitudinal segmentation
ECAL hit longitudinal coordinateECAL hit time



Data Volumes
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• Vertex detector inner layers can generate up to 70 Gbps/module. Reducible 
with timing and cluster shape selection

50 MB/ev * 100 kHz

<< 1 MB/ev * 100 kHz

50 MB/ev * <1 kHz

and



AC-coupled LGADs
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• Improve 4D-trackers to achieve 100% fill factor

Active R&D at different manufacturers (FBK, BNL, HPK, etc)

100% fill factor, and fast timing information at a per-pixel level 

Can optimize position resolution, timing resolution, fill-factor, …

• Excellent performance from several rounds of production

• First demonstration of simultaneous ~5 μm, ~30 ps resolutions in a test beam: technology for 4D-
trackers!

BNL strip AC-LGAD FBK pad AC-LGAD

JINST 17 (2022) P05001
NIM A 1003 (2021) 165319



Towards Better Time Resolution
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• How do you get better time resolution? 
Thinner sensors to decrease Landau contribution 

• Uniform time resolution across full sensor area 
25 ps for 30 μm thick sensor, 20 ps for 20 μm thick sensor

HPK 2x2, 500x500 μm2 pixel size 
Time resolution for 20, 30 and 50 μm-thick 
sensors

20 ps across full sensor surface

C. Madrid in TREDI 2023



DC-RSD Devices

S. Jindariani, 2023 IMCC Annual Meeting 9

• Development of DC-coupled resistive silicon detectors, DC-RSD at INFN-Torino
• DC-RSD has certain advantages with respect to AC-coupled RSD (AC-LGAD) as it limits 

signal sharing to a few electrodes and removes possible baseline fluctuations. 

This design has been manufactured in several 
productions by FBK, BNL, and HPK

This design is presently under development  by FBK
The main advantage of the DC-RSD design is the 

ability to control the signal spread



Matching RSD to Muon Collider needs
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Low occupancy and radiation levels. Ideal for 
macro-pixels. 

Pixel size, spatial, and temporal resolutions 
are a perfect fit for present AC-LGAD
technology
DC-RSD can strongly reduce the number of 
pixels

Very Low-occupancy and radiation levels. Long 
strips do not provide accurate temporal 
resolution. 

Better performances can be obtained with DC-
RSD macro pads



Monolithic Active Pixel Sensors 
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• Monolithic sensors with embedded readout

Take advantage of electronics on top layer, good 
signal-to-noise 

• Promise to be paradigm-shifting for next-gen 
detectors
Allows for: very high granularity, few 𝜇m resolution , large 
area sensors (up to wafer size with stitching), low power 
density (air cooling possible), large production volumes at 
low cost, low mass (0.05% X0) 

Now exploring new developments to include: improve spatial 
resolution, timing, rate and radiation hardness

Challenges consists mainly in achieving all the goal 
performances (low mass, resolution, timing, rate, data 
density and radiation hardness) in a single device at a 
reasonable power consumption.



28nm CMOS for 4-D tracker readout chip
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● Need powerful yet power-efficient ASICs 

● Low power, fast, pixel front end prototype chip 
(“Pebbles”) under test

● Low power, in-pixel, <50ps high dynamic range in-
pixel TDC test chip under design

● Currently supported under LDRD- ends this 
September, Work will continue under KA25 in FY24

● Interest in RD53 collaboration in pivoting to 28nm 
under new ECFA framework, after CMS chip is 
submitted later this year
(ATLAS RD53 Production chip was just submitted!)
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● R&D was started under SBIR with Freedom Photonics

● Work continuing in collaboration between LBNL+UCSB, with SCGSR E. Chansky now 
at LBL designing, testing and irradiating ring resonator modulators. 

Radiation Hard Silicon Photonic Link Development



SiW+ Steel/Scintillator Calorimeter
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● Many lessons to be learned from CMS HGCal

● ECAL largest fluence ~ 1014/y , 10^15 in 10 years

● For this 200um thick sensors of CMS HGCAL would 
work, they are rated to 2.5*1015

● HGCAL cell size is 1.3cm2 to calibrate, do we really 
need much smaller cells?

● Front of HCAL is is 5*1012/year, total 5*1013 in 10 
years.

● The scintillator HCAL would just survive!



Crilin Concept
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Cristal Calorimeter with Longitudinal Information:
• Alternative solution for Muon Collider ECAL barrel
• High granularity, longitudinal segmentation, excellent timing
• Improved radiation resistance
• Modular and flexible architecture with stackable sub-modules allows for design 

optimization in many Physics scenarios

• 1x1x4 cm3 PbF2 Cherenkov crystals + dual, UV-extended 10μm SiPM readout
• optimal rejection of beam-induced background
• Supports particle flow algorithms



Crilin R&D Status

S. Jindariani, 2023 IMCC Annual Meeting 16

Prototype versions
• Proto-0 (2 crystals + 4 channels)
• Proto-1 (3x3 crystals + 36 channels) x2 layers

Front-end electronics
• Design completed
• Production and QC completed

Radiation hardness campaign
• 10 and 15 um px-size SiPM tests up to 1014 n-

1MeV-eq/cm2 (ENEA-FNG)
• TID tests on PbF2 and PWO-UF crystals w/ various 

wrapping configuration up to 100 Mrad w/ Co-60 
photons (ENEA-Calliope)

Test beam campaigns
• Proto-0 at CERN H2 2022 



Crilin Timing Performances
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• PbF2 outperforms PWO-UF (purely Cherenkov solutions à better timing)
• Timing well within requirements in both cases

preliminary: submitted to Frontiers

SINGLE CELL PERFORMANCE
PbF2 à sigmaT < 25 ps worst-case for Edep > 3 GeV
PWO-UF à sigmaT < 45 ps worst-case for Edep > 3 GeV

• Beam tests at LNF-INFN w/ 500 MeV e- (July 2023) and at CERN SPS and PS w/ 10-100
GeV (summer 2023)

• Next step: developing a 5x5 x4(layers) Crilin prototype.



Micropattern Gas Detectors for HCAL
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• MPGDs in particular feature high-rate capability (MHz⁄cm2), flexible spatial, up to 100 μm 
and modest time resolution (few ns) and good response uniformity (30%). 

• Studying micromegas and 𝜇RWELL technologies

• Next steps: Optimize in simulation and build a prototype
• Crilin and MPGD-HCAL: Submitted and won a joint PRIN proposal for a 210 kEUR grant for

the project CALORHINO: an innovative radiation-hard calorimeter proposal for a future Muon
Collider Experiment.

Layers made of
• 2 cm of Fe (absorber)
• 5 mm of Ar (active gap) 
• Granularity given by cell of 
1x1 cm2 



CalVision: Dual-Readout Crystal Calorimetry
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● Hadronic energy resolution suffers from 
large EM component fluctuations

● Ratio of EM/had can be inferred from 
the ratio of the Cerenkov to scintillation 
light

○ Event-by-event correction 
achievable with Dual Readout (DR) 
technique 

● DR in a precision crystal ECAL 
preserves HCAL performance

○ CalVision idea
● High light yield crystal scintillators 

provide excellent EM energy resolution

image credit, PWO w/ electron 
https://www.physi.uni-

heidelberg.de/~sma/teaching/Particl
eDetectors2/sma_ElectromagneticCa

lorimeters.pdf

Initially targeting SCEPCal design:
Timing layer + moderate segmentation for 

particle ID

https://www.physi.uni-heidelberg.de/~sma/teaching/ParticleDetectors2/sma_ElectromagneticCalorimeters.pdf
https://www.physi.uni-heidelberg.de/~sma/teaching/ParticleDetectors2/sma_ElectromagneticCalorimeters.pdf
https://www.physi.uni-heidelberg.de/~sma/teaching/ParticleDetectors2/sma_ElectromagneticCalorimeters.pdf
https://www.physi.uni-heidelberg.de/~sma/teaching/ParticleDetectors2/sma_ElectromagneticCalorimeters.pdf


CalVision: Dual-Readout Crystal Calorimetry
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● Three test beams with single-crystal test 
setup

○ 150 mm crystals - targeting Cerenkov 
and scintillation light separation

○ Precision timing capabilities
○ Beam types

■ 8 MeV electron beams (Notre 
Dame Radiation Laboratory)

■ 120 GeV Proton beams (Fermilab)
■ Data-analysis ongoing, all within 

last 2 months!
● Future

○ Crystal-matrix tests (next year)
○ Full EM shower containment
○ integration with DR fiber HCAL

Test beam at Fermilab, May 31st - June 7th

660 nm 
long-
pass on 
PWO

U330 
notch-
filter on 
BGO

Test beam 
at 

Fermilab, 
April 24-26



Picosec Micromegas Detector
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Working principle
• Highly energy particles cross the Cherenkov radiator and produce 

Cherenkov photons
• Photons are converted by the photocatode
• Electrons enter the micromegas and are amplified

A. Utrobicic, A large area 100 
channel PICOSEC Micromegas
detector with sub 20 ps time 
resolution, MPGD2022 

https://indico.cern.ch/event/1219224/contributions/5130511/attachments/2565926/4423657/PICOSEC_MM100ch_A.pdf
https://indico.cern.ch/event/1219224/contributions/5130511/attachments/2565926/4423657/PICOSEC_MM100ch_A.pdf
https://indico.cern.ch/event/1219224/contributions/5130511/attachments/2565926/4423657/PICOSEC_MM100ch_A.pdf
https://indico.cern.ch/event/1219224/contributions/5130511/attachments/2565926/4423657/PICOSEC_MM100ch_A.pdf


R&D in the Muon Collider context
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Cherenkov radiator: baseline is MgF2, 
but it’s fragile and costly; alternatives: 
quartz, sapphire à worst time resolution
due to lower PE/MIP, more investigation
needed

Photocathode: baseline is CsI, but it’s hygroscopic
and not resistant to ion bombardment; alternatives: 
metallic, carbon-based à worst time resolution due to 
lower PE/MIP, more investigation needed

Gas mixture: baseline is Ne/C2H6/CF4, 
but it’s costly with high GWP; alternatives: 
several Ar-based or Ne-based mixtures à
interesting results with Ne/iC4H10
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https://indico.cern.ch/event/1214183/contributions/5379775/
https://indico.cern.ch/event/1214183/contributions/5379775/


Intelligent on- and near-detector readout
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• Beam backgrounds create a very busy collision environment
• Beyond that of HL-LHC (tracker, calorimeter occupancy), but with lower collision rate

• On- and near-detector intelligence can:
• Reduce computational complexity offline

• Reduce offline data volumes

• Enable real-time analysis, autonomous feedback

• Readout architectures and technologies to be designed based on requirements

S. Jindariani, 2023 IMCC Annual Meeting 

Think about DAQ when 

designing the detector! 



• Incredible evolution of tools for intelligent FPGA and ASIC 
designs

• hls4ml developed for efficiently designing optimized NNs 
in hardware
• fastmachinelearning.org/hls4ml

• In L1 trigger FPGAs — actively being used for LHC Run 3 
physics for improving performance and enabling new 
searches
• e.g. include displaced muon identification and anomaly 

detection algorithms

Intelligent near-detector readout

24 S. Jindariani, 2023 IMCC Annual Meeting 

http://fastmachinelearning.org/hls4ml


Case 1: calorimeter data compression
• Autoencoder architecture used for lossy 

data compression of CMS HGCal
information: ECON-T

• Fixed architecture w/reconfigurable 
weights, rad-hard auto encoder 

• Continued algorithm development, e.g. 
arxiv:2306.04712

Intelligent on-detector readout 

25

Case 2: pixel data filtering/features
• NN integrated into fine-pitch pixel 

readout on-sensor
• Filtering: remove hits from low pT tracks
• Featurization: translate raw clusters into features 

(position, angle, time)

• First design and implementation nearly 
done; platform for studying emerging 
technologies (e.g. memristor)

https://arxiv.org/abs/2105.01683
CPAD talk, paper coming soon

S. Jindariani, 2023 IMCC Annual Meeting 

https://arxiv.org/abs/2105.01683
https://indico.bnl.gov/event/17072/contributions/70204/attachments/44747/75991/2022.11.29_Dickinson_CPAD_vf.pptx


Moving Forward
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● Detector R&D coordination and planning in both US and Europe 

● Europe: ECFA Detector R&D Roadmap

● US: BRN Report + Snowmass Instrumentation Frontier 

● Expecting more information from CPAD soon 

● We need to stay engaged in both processes

● And maintain strong connection between two regions

CPAD detector 
research consortia

ECFA detector 
R&D groups

Details in Nadia’s talk on Monday



Summary
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• Muon Collider detectors are not easy, combination of stringent requirements on 
granularity, timing, resolution and radiation hardness

• Many promising R&D paths exist, the progress is encouraging
• Will be at the leading edge of collider detector development in the next couple of 

decades – synergies exist with EIC, e+e-, pp

• Recall we are discussing detectors for 20 years from now – need a broad R&D 
program and avoid locking into a particular technology

• Significant R&D resources are necessary, and work on detector technology should 
proceed in close collaboration with detector design

• Close collaboration and coordination between Europe and US, building on 
strengths of both sides, is a must! 

S. Jindariani, 2023 IMCC Annual Meeting 



Backup
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The 3 TeV Detector
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All silicon tracker

High granularity PF calorimeter

Muon detectors



Matching DC-RSD to MuC needs
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Low occupancy and radiation levels. Ideal for 
macro-pixels. 

Pixel size, spatial, and temporal resolutions 
are a perfect fit for present RSD technology
DC-RSD will strongly reduce the number of 
pixels

Very Low-occupancy and radiation levels. Long 
strips do not provide accurate temporal 
resolution. 

Better performances can be obtained with DC-
RSD macro pads



Machine-Detector Interface (MDI)
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200-day 1-MeV-neq Fluence - √s=1.5 TeV, MARS15+FLUKA

FC, CC, DL, AM, NM, MP, PS - [2105.09116]

Forward region covered by coated tungsten nozzles:
• Reduces BIB in detector by orders of magnitude
• Turns highly localized incident energy into diffuse detector energy

With nozzle
No nozzle

Initial design by N.Mokhov et al

https://arxiv.org/abs/2105.09116


Tracker
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• The BIB is mostly low energy, out of time and not pointing to the Interaction 
Point

• Some similarities with LHC pileup - can build on that experience! 
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Tracker
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• ~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

For Phase-2, CMS is building a timing 
detector with ~30 ps timing resolution and a 
new Outer Tracker with on-detector filtering 
using hit pairs

MTD Sensor+Chip Testing



MAPS
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o Improved timing (examples):
- The MONOLITH project demonstrated 20ps time 

resolution in a monolithic silicon pixel detector 
(130nm SiGe BiCMOS technology) without internal 
gain layer

- ARCADIA: adding a gain layer to standard CMOS 
MAPS (110nm CMOS L-Foundry) 10-20 ps
resolution is possible

2023 JINST 18 P03047
These two independent methods yielded results in excellent agreement, with observed di�erences

well below 1 ps, confirming that systematic e�ects stemming from the extraction of the time-walk
correction are marginal.

5.2 Results
For the calculation of the time resolutions, Gaussian fits of the time-walk corrected�TOA distributions
of the three pairs of detectors were performed independently for each working point. To avoid
possible biases of the time-resolution values coming from the non-Gaussian tails, the range of the
fit was limited to the bulk of each �TOA distribution by including only bins populated by more
than 25% of the entries in the bin with the largest content. The f parameters of the Gaussian fits
were then used to solve the system of equations that yields the time resolutions for the DUT OA0
and the two MCPs.
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Figure 9. Distributions of the time-walk-corrected �TOA di�erence between the DUT and MCP0 (left), DUT
and MCP1 (center), and between MCP0 and MCP1 (right), for the working point with power density of
2.7 W/cm2 and �+ = 200 V. The full red lines show the results of the Gaussian fits to the bulk of each
distribution, while the dashed lines extrapolate the fit to the entire histogram range. The non-Gaussian
contributions in the tails are reported in the plots, as well as the three f�TOA used to calculate the DUT and
MCPs time resolutions.

As an example, the �TOA distributions for the working point with power density of 2.7 W/cm2

and sensor bias voltage HV = 200 V are shown in figure 9. A time resolution of (20.7 ± 0.3) ps
is measured for this working point. For the same working point, a time resolution of 48 ps was
measured without the correction for time walk.

The very narrow distribution of the �TOA between the two MCPs in figure 9 indicates their
excellent timing performance, measured to be (3.6 ± 1.5) ps for MCP0 and (5.0 ± 1.1) ps for MCP1,
and confirms their ability to serve as a good time reference.

The total fraction of events exceeding the Gaussian-fit integral in the �TOA distributions involving
the DUT was found to be below 3% for all the working points, showing that the non-Gaussian compo-
nent of the time response of the MONOLITH 2022 prototype is overall small and that the resolutions
measured with this method describe at least 97% of the recorded signals. It was verified that these small
non-Gaussian tails mainly originate from events with small amplitudes that are associated to pions cross-
ing the DUT in the inter-pixel regions, for which pixel OA0 collected only a fraction of the charge pro-
duced. Extension of the time-resolution measurement to all events containing a hit in pixel OA0 (thus
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Figure 5. Detection e�ciency (red squares) and noise-hit rate (blue squares) measured within the two
triangular areas depicted in figure 4, shown as a function of the voltage threshold in integer multiples of the
voltage noise f+ . The data refer to sensor bias �+ = 200 V and power density %density = 2.7 W/cm2.
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Figure 6. Detection e�ciency measured within the two triangular areas depicted in figure 4 with+th = 7f+ . In
the left panel, the e�ciency is measured at four values of sensor bias voltage for a power density of 2.7 W/cm2.
In the right panel, the measurement is shown for five power density values at sensor bias HV = 200 V.

5 Time resolution measurement

The time measurements of the DUT and the two MCPs for the sample of telescope tracks selected as
described in section 3.1 were used to determine the timing performance of the MONOLITH 2022
prototype. The measurement was restricted to events with tracks crossing the area of pixel OA0
inside the two triangles shown in figure 4, to exclude hits in the inter-pixel region that have the
majority of the deposited charge in the three non-instrumented pixels adjacent to OA0, and thus
should not be associated to pixel OA0.
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o Radiation hardness (example):
- MALTA: Tower Semiconductor 180 nm CMOS 

imaging process demonstrated full efficiency 
up to 1015 1MeV neq
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Figure 11. Sensor e�ciency at elevated thresholds for 1 ⇥ 1015 n4@/cm2 irradiated Czochralski sensor with
continuous n� layer, irradiated Czochralski sensor with n� gap and irradiated Czochralski sensor with extra
deep p-well. Plot (a) shows the e�ciency as a function of substrate voltage with constant threshold across
the samples, plot (b) show the e�ciency as a function of threshold with constant substrate voltage of -50 V.

well (marked with “XDPW”). “S2” denotes data taken in MALTA sector 2 with the maximum extent
of deep p-well, “S3” denotes data taken in the sector with a reduced deep p-well. Figure 11a shows
the e�ciency as a function of substrate voltage with constant threshold, which shows that corner
e�ciency is better on sensors with either a gap in the n� layer or an extra deep p-well along the pixel
edge. This behaviour has been predicted in TCAD simulation qualitatively as shown in figure 4.
Figure 11b shows that sensors with this additional modification also provide a wider operational
range for threshold settings while maintaining a higher e�ciency than Czochralski sensors with a
continuous n� layer. The improvements in corner e�ciency, which has previously been shown on
epitaxial sensors, also apply qualitatively to sensors produced on Czochralski substrate.

Figure 12 illustrates the di�erent behaviour of epitaxial and Czochralski sensors as a function
of substrate bias after irradiation to 1 ⇥ 1015 n4@/cm2 and 2 ⇥ 1015 n4@/cm2. For this comparison
all sensors are operated with same front-end parameters, to minimise di�erences from front-
end amplifier response. While these settings produce low thresholds, they are not optimised for
maximum e�ciency on each sample. The epitaxial sensors achieve a maximum e�ciency at
⇡ �12 V, and at higher voltages the e�ciency decreases. The e�ciency decrease can be understood
through electric field strength simulation at the pixel boundaries. With increasing bias voltage
the vertical field strength further increases however the later field decreases which reduces the
e�ectiveness of charge collection near the boundary.

Contrary to epitaxial sensors, the e�ciency on Czochralski sensors increases substantially
with substrate voltage as the depleted zone in the high resistivity substrate increases and with it the
ionisation signal. While we have comparable settings for the front-end amplifiers for the circuit,
with the exception of the capacitive load on the amplifier input, the e�ciency is significantly better
for the Czochralski sensors than for the epitaxial sensors due to the larger signal charge. This is
particularly evident for 2 ⇥ 1015 n4@/cm2 irradiated sensors.
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o More developments starting with 65 nm CMOS 
imaging process

o Challenges consists mainly in achieving all the goal 
performances (low mass, resolution, timing, rate, data 
density and radiation hardness) in a single device at a 
reasonable power consumption.



Tracking Performance
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Track relative momentum resolution
BIB effects are small

Track impact parameter resolution 
approaching 10 microns



Calorimeter
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• 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



Calorimeter
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Average Energy density per unit area 40 GeV-
similar to HL-LHC

SiW calorimeter is the current baseline

General Features:

• High granularity and shorter integration 
windows

• Hit time measurement O(100ps)

• Longitudinal segmentation

• New ideas (e.g. Crilin, Calvision) can bring 
even better performance 

ECAL hit time (ns)

Strong Synergies with CMS HGCal



Calorimeter Reconstruction

S. Jindariani, 2023 IMCC Annual Meeting 38

Few % Photon Energy Resolution
Improvements possible at low ET

Photon Efficiency 90+%
BIB effects small 



Crilin Readout
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SiPM board 
• Custom SiPM array board
• 36x 10 𝜇m Hamamatsu SMD SiPMs
• 4 SiPM/crystal (2x 2-series connection)
• 2 independent readout channels / cell
• Integrated SiPM matrix cooling system
• 4x SMD blue LEDs nested between the photosensor 

packages for SiPM diagnostics

FEE/controller board
• 18x readout channels
• Amplification, shaping and individual bias regulation 
• Slow control (temperature, bias and current monitors)

SMD LEDs
SiPM array (1 crystal)



• 350 mW / crystal thermal load
• Additively manufactured micro-channel heat exchanger for liquid coolant 

circulation

matrix cases made of ABS plastic

Locking plates

Seal

Hydraulic 
connectors

40 21/12/22 Crilin - Status Report - Dec. 2022



41 21/12/22 Crilin - Status Report - Dec. 2022

60 ps /E[GeV] ⊕ 8 ps

• Beam tests at LNF-INFN w/ 500 MeV e- (July 2023)
• Beam tests at CERN SPS and PS w/ 10-100 GeV (summer 2023)
• We submitted and won a PRIN proposal for a 210 kEUR grant for the project CALORHINO: an innovative

radiation-hard calorimeter proposal for a future Muon Collider Experiment. 120 kEur has been assigned to
develop a 5x5 x4(layers) Crilin prototype.

• The results presented in this talk were recently submitted to Frontiers in Physics



These detectors don’t exist today – a lot of work to be done!
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✦ 4D Trackers:
◼ Design, Sensors, Data Transmission, Power, Mechanics
◼ 3D Integration, ASIC, Intelligent Sensors/Modules

✦ Calorimeters: 
◼ Different technologies, design, reconstruction (with AI/ML)
◼ Integration of precision timing

✦ Muons: 
◼ Qualification of new gases, fast timing,…

✦ TDAQ: 
◼ Architecture studies
◼ Real-time reconstruction, novel readout technologies

✦ MDI+Forward:
◼ MDI Design, Forward Muon Tagger
◼ Luminosity Monitor 

✦ Detector magnet

Very well aligned with Fermilab detector 
development interests and expertise! 

Significant synergies with HL-LHC and EIC, e+e-, and pp 
detectors

arXiv: 2203.07224



Detector R&D: 3 TeV à 10 TeV Detector 
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• Detector and MDI designs in early stages of development
• The backgrounds remain flat with energy

Without nozzle optimization
With optimization: 50% reduction



Detector R&D: 3 TeV à 10 TeV Detector 
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Detector Design
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All silicon tracker

High granularity calorimeters

Muon detectors

Shielding nozzles

2. The MARS15 Modeling Results

The major source of the detector background in µ+ µ� collider is the electrons and positrons
from beam muon decays. For 750 GeV muon beam with intensity of 2⇥1012 per bunch there are
about 4⇥ 105 decays per meter per bunch crossing. The decay e

+ and e
� produce high intensity

secondary particle fluxes in the beam line components and accelerator tunnel in the vicinity of the
detector (interaction region IR, Figure 1). As it was shown in the recent study [1], the appropriately
designed interaction region and machine detector interface (including shielding nozzles, Figure 2
and Figure 3 ) can provide the reduction of muon beam background by more than three orders of
magnitude for a muon collider with a collision energy of 1.5 TeV. These results were obtained with
the MARS15 simulation code, the framework for simulation of particle transport and interactions
in accelerator, detector and shielding components. The MARS15 model takes into account all the
related details of geometry, material distributions and magnetic fields for collider lattice elements
in the vicinity of the detector including shielding nozzles.

Figure 1. A MARS15 model of the IR and detector with particle tracks > 1 GeV (mainly muons) for several
forced decays of both beams.

Figure 2. The shielding nozzle, general RZ view
(W - tungsten, BCH2 - borated polyethylene)

Figure 3. The shielding nozzle, zoom in near IP
(Be - beryllium)
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Figure 11. Comparison of number and energy spectra of the BIB: with nozzles (Y) in solid red line and
without nozzles (N) in dotted black line.

Figure 12. 1 MeV neutron equivalent fluence in the detector region, normalized to one year of operation

The map of 1-MeV-neq in the region internal to the yoke is shown in figure 12. It has been
obtained, assuming symmetry between the positive and negative muon beams, by reflecting the
values obtained with `� beam around the IP and averaging direct and reflected maps.
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Photons electrons/positrons

absorbed



Occupancies
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Tracker occupancy compared to ATLAS ITK (loose timing requirements applied)

Calorimeter Energy Density Measurements

- Muon Collider rho=45 GeV/(unit area)
- HL-LHC rho ~ 50 GeV/(unit area)


