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Muon identification (tagging) and independent triggering

* Tracking system, the outmost part of a detector (large volume)
* Identify events with hadronic particle punch through

Building for discovery

* Reconstruction of decay vertices of long-lived particles

* Time-of-flight information for detecting charged massive stable particles )




Muons - Principal signal for discovery

Higgs boson discovery
80% detected H> 4l

events contains |

Search for new particles
Measure prompt and
non-prompt particles:
Muon, electron, tay,
photon, jets
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Long-lived particles are challenging to
detect, due to their feeble interactions
and unconventional decay signatures.
Conversely, large muon detector offer
exciting opportunities for discovery.
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M uon deteCtOI’ pl"OpOSﬂl RPCs with cells of 30 x 30 mm?

CLD (alternatively, crossed scintillator bars
IDEA M-RWELL based Muon detector could be envisaged)

Muon identification
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FCC-ee Muon System Desigh Considerations

We propose a system with drift tubes and scintillator strips to satisfy the requirements
» Cost-effective: Inexpensive to construct and with a low channel count
» Robust: Reliable and robust to operate for long term
» High precision: Precision position measurements from drift tubes
» Fast: Fast timing information from scintillator strips

An example of a muon detector module
Drift tube area Scintillator strips VAV AV A A AV AV ALY,

e L4 -

\VAVAVAVAVAS.AVAVAVAV

spatial measurements with a hit resolution of G,,~100um with 0,~Tmm and 0,~200ps

* Reconstruction of track segments, « Triggers

« Reconstruction of decay vertices of long-lived particles * Time-of-flight information for massive stable particles, ...
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Drift Tube and Scintillator Strlp Performance

Excellent performance of ATLAS

Precision drift tube muon detector
v Momentum scale accurate to 0.1%
v Resolution reached design goal:
~80 Lm per tube

TDAQ efficiency close to 100%
99.7% fully functional after 15
years operations at the LHC

v
v

DO Scintillator strips extruded
Scintillator strips at Fermilab, with

holes in the middle to house WLS fibers.

Visible Light Photon Counters (VLPCs)
were used as photodetectors

Now, SiPMs have better specs than
the VLPCs and are faster, should
improve the performance! Readout
both ends for “time-of-flight”
information.
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Possible FCC-ee Muon Detector Layout & Channel Counts

Possible barrel chamber layout Solenoid central magnet a muon detector module
\
DANLNLNN NN

drift tubes

Muon detector drift tubes

drift tubes drift tubes
AYAVAVAVAVA A VAVAVAV/
6m
Possible end-cap chamber layout
Each sector: 3 chambers:
Small chamber R=1.0-2.5m
Large chamber R = 2.5 —4.5m
Total tubes : 17,856
Each module of muon chamber size: 2m x 6m Total scinfillator strips: 6000
Number of chambers in barrel: (8x3)x2 = 48 Barrel + endcaps
Drift tube diameter: 3 cm, 384 tubes/chamber Tubes: 36,288
Total number of drift tubes: (384x3x8x2)=18432 Strips: 25200
Total number of scintillator strips: 9600x2 (4m+2m) Total channels: 61,488




R&D - Muon System Optimization

Use extrusion drift tubes (example: 1-inch squared tubes), cost will reduce a
factor of 5 on tubes, and the construction process will be simpler. The
performance study is important.

Chained readout of scintillator strips to reduce the number of readout channels
by a factor of 2

Optimization of single detector size

Detector design, construction procedure, and readout electronics and DAQ system
Eco-friendly gas mixture and possible circulation system studies
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R&D: Squared Drift Tube Chamber Prototype

https://indico.fnal.gov/event /67484 /sessions /26357 /#20250416

University of Michigan

A muon detector module:

squared drift tubes + triangle scintillator strips
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y-Axis [em]

R&D: build and test squared tube prototype

University of Michigan

Garfield simulation of the square tube electric properties

1 inch square-tube simulation Ar:C0O, 93:7, 1 atm, 1650V
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Cosmic Ray Test Station at Universi

3D sMDT
reference
tracker with
spatial
resolution
of ~100 um
per tube

Squared tube
prototype
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Square-tube ADC and Drift time (TDC) spectra

tde_4_channel_20_adc_time_spectrum_selected

Square tube ADC

Ar:C0O, 93:7,
1.65 bar, 2176V
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Study of Drift Gas Mixture Uriversity of Michigar

- Search for new environmentally friendly gas mixtures is necessary to reduce greenhouse gas emissions and costs as
well as to optimize detector’s performance

«  Study the Ar:CO2 mixture component ratio to maximize the detection precision

- Build and test/calibrate a gas mixture system. Study the gas gain with a small straw chamber using °°Fe. sMDT
chambers are used to study the tracking performance
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Study Gas Mixture with Cosmic Ray Test

Drift time and Tracking Resolution Comparison

Using ATLAS sMDT muon chambers to study the drift time and resolution at pressure = 3 bar, drift gas from
the gas mixture system, Ar:CO, mixtures of 93:7 (standard ATLAS muon gas), 80:20, and 70:30 with cosmic
ray tests for maximum drift time and tracking resolution (per tube) comparison:

More CO, component, longer drift times, and better tracking resolution (improvement by 15% and

22% for CO, fraction of 20% and 30% in the gas mixture compared to the standard ATLAS gas)
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https://indico.slac.stanford.edu/event/9297/sessions/1045/#20241219 Jim Freeman

Fermilab Scintillator
Extruder System
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Using Light Sharing to Determine Beam Position Transverse to Fiber

Jim Freeman

By measuring the relative light yield from the two counters we
can determine the impact position of the proton beam

We find that at 0° incident angle we get 6 ~ 2 mm

Proton PE pos - MWPC pos Layer0 Ch3 Ch2
beam Entries 34339

Mean 3.089
Issues with Std Dev @
beamline wire g:gz::w "
chambers in
quadrature with
triangle “charge
sharing”
- ultimate

resolution likely
to improve.

15 20
diff [mm)]




Test of Scintillator Strips at Rome

https://indico.fnal.gov/event/67484/sessions/26357/#20250416 Stefano Rosati
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Scintillator Strip Test Results Stefano Rosati

Combining more bars

o Trigger is the AND between Ta
channels in different bars
Absolute bar time Ta
measurement as
S= (Ta+Ts)/2

Difference across bars cancels
trigger jitter and is not significantly
affected by tracks angle

Assuming that all sides have the
same time resolution one can
derive the single channel

time resolution as:

o 0=b535/2 ~ 380 ps
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Summary

A combination of drift tubes and scintillators for a muon system is a high precision, fast
timing, robust, and cost-effective option to meet the muon detection requirements at

FCC-ee
Use a simplified detector layout (based on the ATLAS 3 cm diameter MDTs and the 2 cm

triangle scintillation strips geometry) to estimate the total channel counting: ~ 61.5k
On going R&D:
< Square drift tube prototype, much cheaper than ATLAS round tubes, is built and used
ATLAS MDT electronics for readout
o Develop method to reduce the noise of the squared tube chamber
o Develop techniques for calibration of the squared tube chamber to improve the resolution
< Initial scintillator strip tests at Fermilab and Rome
o Demonstrate spatial resolution: ¢ = 2 mm
o Measured timing resolution: ¢ = 380 ps
<+ Gas mixture system has been built and calibrated
o Compared pre-mixed gas and the gas using the mixture system for gain measurement
o Compared drift properties of different Ar:CO, mixtures
< Plan - test beams and set up simulation programs
o  Scheduled test beam at CERN this year
o Develop software based on Geant 4 simulation for overall performance of the muon system 24
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ATLAS MDT chamber




A Concept: Drift Tube and Scintillator Muon System

A combination of drift tubes and scintillators is a cost-effective option to meet

the requirements of a muon detector at FCC-ee:

« Drift tubes and scintillator strips can be produced cost-effectively through extrusion

« Drift tubes provide good spatial resolutions

- Scintillators with SiPM readouts offer excellent timing information

- They have low channel counts and are robust! An illustrative layout

Multiple layers of drift tubes for bending-plane
spatial measurements with a hit resolution of G,,~100um SeintiliabReisuiR

« Reconstruction of track segments, Drift tubes

« Reconstruction of decay vertices of long-lived particles
Scintillating strips
Triangular scintillator strip layers sandwiching
the drift tubes for the z-coordinate and timing
measurements with 6,~1mm and 6,~200ps Long-lived particle decay
. vertex away from IP
« Triggers

« Time-of-flight information for massive stable particles, ...

This configuration design can be easily extended to 2-3 such layouts for independent
momentum measurements (as ATLAS and CMS muon system)
27



Possible Barrel Muon Detector Layout & Channel Counts

Solenoid central magnet

a muon detector module

Muon detector

\
DANINNINNANINANA

drift tubes

drift tubes

scintillator strips AVAVAVAVAVA QVAVAVAVY
AY
6m

Each module consists of
384 drift tubes of diameter=1.5cm, 64 tubes/layer
Arranged in two multi-layers with a spacer of 35 cm

. Total number of drift tubes: (384x3x8x2)=18432
Using ATLAS BOL chamber as an example:

Each module of muon chamber size: 2m x 6m Number of scintillator strips:
Number of chambers in barrel: (8x3)x2 = 48 (300x2)x2=1200 4m-long scintillator strips / wider chamber

Ref: Num. of ATLAS BOL chambers: 96 Total 1200x8 = 9600 4m-long strips + 9600 2m-long strips
28



Endcap muon system layout and channel counts

* The end-cap chamber design will depend on the magnet configuration
* Assume solenoid central magnet, the end-cap field lines have larger components
perpendicular to the beam line

Each sector consisting of 3 chambers:
Lower chamber: R=10-25m
\ / Top chambers (2): R=25-4.5m

Drift tube wire perpendicular to the beam line
Scintillator strips perpendicular to tubes, and beam line

Three tube layers: 408 tubes/small-chamber
708 tubes/large-chambers
Total number of tubes for 2 end-caps: 17,856

Schech of the endcap big- Total number of scintillator strips for 2 end-caps: 6000

wheel of the muon system

Total number of drift tubes (3 cm in diameter) for barrel + endcaps of the muon system: 36,288

Total number of scintillation strips (2 cm base): 25,200

Total readout channels for the proposed muon system: 61,488 29




Study of a gas mixture system

Use 5°Fe for gain study
Calculate the gain with

An error of about 5% in the comparison between premixed gas and gas mixture output results
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Counts

Tracking resolution per tube for Ar:CO2 (70:30)

c = \/au-ab = 87.15 pum

Histogram with Double Gaussian Fit (Median %= 50)
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Tracking resolution per tube for Ar:C0O2 (80:20)
c=,/0 -0, =9431 um

Histogram with Double Gaussian Fit (Median = 50)
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Tracking resolution per tube for Ar:CO2 (93:7)
c=,/0-0,=111.6 UM
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Scintillator Strips to Make Prototypes

e We visited Fermilab scintillator extrusion facility and obtained >100 triangular strips

e Plan to build 2 small scintillator strip prototypes with SiPM readout to test the performance with cosmic
rays and test beams

e Test beam scheduled at CERN in August and November this year

\\iﬁ}\\

<
n

—
=
p—

_>g’

o\

)

DWW

&.0om
1 ,-/' Trigger scintilator

Experience with SiPM readout

Scintillator strip Strips (1m long) brought back from
extrusion at Fermilab Fermilab to UM to make prototypes of FCC-ee dual readout R&D
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