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Motivation
• We want to improve signal pixel cluster selection efficiency by enlarging the signal to beam induced background (BIB) separation. 
• The signal to BIB separation in energy deposition can possibly be improved with an increased sensor thickness, but timing 

resolution worsens. 
• Signal can be improved because larger sensors will have better signal-to-noise ratios which can help improve separation in the 

energy deposition. 
• We test this by modifying the MAIA detector geometry in the vertex barrel (VXB)  
• Preliminary results from Angira’s presentation here 
• This study looks at the signal vs BIB separation for five different VXB sensor thicknesses: 

1. 50  (nominal sensor thickness) 

2. 75  

3. 100  

4. 200  

5. 400 

μm

μm

μm

μm

μm
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https://indico.uchicago.edu/event/479/contributions/2063/attachments/816/1297/ARastogi_USMCC_Aug2025.pdf


Simulation Technical Details
• A particle gun is used to generate 100k 10GeV muon events. No other constraints are specified. 

• The generated muons are simulated with the steer_baseline.py code. This line is edited for the 
particular detector geometry used. 

• Only 1k events are digitized for each VXB sensor thickness using the digi_steer_MAIAv0.py 
code.  

• We use the realistic digitization code, so the pixel hits/cluster information is available 

• BIB simulation for different sensor thicknesses is produced from FLUKA output converted to 
LCIO files for muplus and muminus beams using this script 

• 1 BIB event is digitized for all sensor thickness studies  

• BIB from FLUKA output was simulated five times for each sensor thickness in geometry file. 

• Finally, we run realistic digitization overlaying the same signal process to produce 1 event.
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https://github.com/MuonColliderSoft/mucoll-benchmarks/blob/main/generation/pgun/pgun_lcio.py
https://github.com/MuonColliderSoft/mucoll-benchmarks/blob/main/simulation/ilcsoft/steer_baseline.py
https://github.com/MuonColliderSoft/mucoll-benchmarks/blob/e01ac1245807bf9aeee59afdd2cc16ee5246114c/simulation/ilcsoft/steer_baseline.py#L9
https://github.com/spg-berkeleylab/TrkHitsStudiesWorkspace/blob/main/configs/digi_steer_MAIAv0.py
https://github.com/spg-berkeleylab/TrkHitsStudiesWorkspace/blob/main/configs/digi_steer_MAIAv0.py
https://github.com/MuonColliderSoft/mucoll-benchmarks/blob/515e6ff2ea516dfc0dd2524cb1fd5d4e81c3be9d/generation/bib/fluka_to_slcio.py
https://github.com/madbaron/detector-simulation/blob/768b887ad650987a6b55b2d7c612ca50685d0e95/geometries/MAIA_v0/Vertex_o2_v06_01.xml#L38


Realistic Timing Resolution Motivation
• The MAIA detector geometry uses planar sensors, so with increasing sensor 

thickness we would expect the timing resolution to worsen 

• The current timing calculation for hits is based on true time smeared according to 
gaussian template with 50  sensor timing resolution 

• As sensor thickness increases, the timing resolution will improve which goes against 
our expectations for planar sensors 

• This motivates adding in new realistic timing resolution

μm
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Implementation of realistic timing resolution
Using information from this presentation
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https://indico.uchicago.edu/event/479/contributions/2030/attachments/836/1333/USMCC_TimingDetectorsDeepDive.pdf


Implement Realistic Timing Resolution
• For realistic timing resolution, we can apply this formula: 

 

•  

•    

•  (  is the time it takes for the pulse to go 
from 10% to 90% of its maximum amplitude) 

•  

•  (time to digital converter where )  

•

σtotal = σ2
Landau + σ2

timewalk + σ2
jitter + σ2

TDC + σ2
clock

σLandau = 30[ps] × sensor thickness/50[μm]

σtimewalk = 0.1 × trise

trise = (8.8 × sensor thickness  + 152.1)[ns] trise

σjitter = electronic noise × trise/(signal amplitude) = 80[e] × trise[ns]/(80000[e/mm] × sensor thickness[mm])

σTDC = Δt/ 12 Δt = 25[ps]

σclock = 5[ps]
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Timing Resolution Updated Code
• Applying this equation to the digitization code in Forked branch, mcUpdate
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https://github.com/jules6077/MuonCVXDDigitiser/blob/7cecaf80a8f47e739e22ad38c54f2b5cdfde6fac/src/MuonCVXDDigitiser.cc#L690


Results
• Timing 

resolution now 
worsens with 
increased sensor 
thickness as 
expected
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Timing Cut Re-optimization needed 
• For VXB, the TOA timing cut range is [-0.09,0.15]ns 

• Entries lost with realistic timing cut applied: 

• Sensor 
Thickness 
[microns]

Signal Entries 
Before Cut

Signal Entries 
After Cut

Percentage 
Loss

BIB Entries 
Before Cut

BIB Entries 
After Cut 

Percentage 
Loss

50 5724 5348 6.6% 242542 35669 85.3%

75 5587 5339 4.4% 229579 34835 84.8%

100 5534 5191 6.2% 207262 32247 84.4%

200 5815 4915 15.4% 169882 30304 82.2%

400 5560 4280 23.0% 117259 23084 80.3%
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Timing Cut with ∈ [−3σLandau ,5σLandau ]
σLandau = 30[ps] × sensor thickness/50[μm]
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Sensor 
Thickness 
[microns]

Time Window 
[ns]

Signal Entries 
Before Cut

Signal Entries 
After Cut

Percentage 
Loss

BIB Entries 
Before Cut

BIB Entries 
After Cut 

Percentage 
Loss

50 [-0.09,0.15] 5724 5360 6.4% 242542 35669 85.3%

75 [-0.14, 0.23] 5588 5511 1.4% 221043 50234 77.3%

100 [-0.18, 0.30] 5534 5456 1.4% 209495 89518 57.2%

200 [-0.36, 0.60] 5815 5640 3.0% 180662 91240 49.5%

400 [-0.72, 1.20] 5560 5484 1.3% 118215 97487 17.5%



Timing Cut with ∈ [−3σLandau ,5σLandau ]
σLandau = 30[ps] × sensor thickness/50[μm]
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Sensor Thickness 
[microns] Time Window [ns] Signal Entries Loss BIB Entries Loss Sig/BIB Entry Loss 

Percentage

50 [-0.09,0.15] 364 206873 0.18%

75 [-0.14, 0.23] 77 170809 0.045%

100 [-0.18, 0.30] 78 119977 0.065%

200 [-0.36, 0.60] 175 89422 0.20%

400 [-0.72, 1.20] 76 20728 0.37%



Preliminary Timing Results
• It looks like 

75-100  sensor 
thickness for the 
VXB would be an 
ideal fit based on 
our results.

μm
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Conclusion
• Timing resolution has been fixed to realistically respond as planar sensors 

• Timing windows have been updated per sensor thickness values as to avoid losing 
important information 

• Comments/suggestions are welcome :)
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Multiple Scattering Motivation
• Currently, the MuonCVXDDigitiser.cc code estimates particle exit points via a straight line 

estimation:  

• Where the exit x and y positions are based off of when the particle exits the sensor at the z-
plane 

• This approach is fine for thin silicon sensors, but if we decide to increase the sensor thickness, 
and misrepresent the hits/cluster (cluster size)  

• this approach can under/overestimate the true exit point for shallow angle particles (especially 
important for BIB) 
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X

Z Sensor

Beam Line

https://github.com/MuonColliderSoft/MuonCVXDDigitiser/blob/master/src/MuonCVXDDigitiser.cc


Multiple Scattering (MS) Motivation
We can implement multiple scattering 
in the muon digitization code to more 
realistically estimate the hit exit points   

•  are gaussian random variables 
with mean 0 and  variance 1.  

•  is particle charge

(z1, z2)

z
PDG: Passage of particles through matter
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https://pdg.lbl.gov/2025/reviews/rpp2024-rev-passage-particles-matter.pdf


Small Caveat
• PDG cannot accurately model shallow 

particle track multiple scattering 

• Shallow particle tracks likely exit the 
sensor earlier than the PDG estimation 
for shallow angled particles.  

• Once a particle track exits the sensor, it 
will stop scattering and propagate in a 
straight line.
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MS Strategy
Propagate Particle Track in Increments

• Else if  < , do PDG scattering which is close to 
normal incidence 

 

θT,plane 10∘

θT,plane = (θplane,x)
2

+ (θplane,y)
2

• If  > , do randomized 
scattering 

• Demonstration linked in indico page

θT,plane 10∘

Note: θT,plane = θT,start
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Randomized Scattering Code
1. Define 

 

2.Define  and  

3. If , do PDG MS  BREAK Loop 

4.  Else if :  
1. Define output angles  
2. Update direction vector 
3. Propagate particle track some fraction of a 
distance from the entry point (updating the exit) 

4. Update position of particle track (if still in 
sensor) 

5. Repeat until particle exits the sensor

θT,start = tan−1 ( dir0

dir2 )
2

+ tan−1 ( dir1

dir2 )
2

θplane,x θplane,y

θT,start ≤ 10∘ →

θT,start > 10∘

Forked branch, mcUpdate19

https://github.com/jules6077/MuonCVXDDigitiser/blob/7cecaf80a8f47e739e22ad38c54f2b5cdfde6fac/src/MuonCVXDDigitiser.cc#L690


10 MeV Muons θ ∈ [80∘,100∘]
Generated with particle gun (10k Muons), Note this angle is wrt the primary vertex 

and not θplaneWithout MS With MS
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The mean does not change as expected because particles with near-to-normal 
incidences will not scatter far off from the straight line estimate



10 MeV Muons θ ∈ [0∘,20∘]
Generated with particle gun (10k Muons)

Without MS With MS
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The mean decreases with MS applied as expected because low-angled 
particles are expected to typically exit sooner than the straight line estimate



Preliminary Results: BIB Overlap for MS vs No MS

• These preliminary 
results seem to show 
the hits/cluster mean 
shift further to the 
right as the thickness 
increases which is 
promising 

• We plan to plot the 
 

 for the 
BIB as a sanity check

θincidence ∈ [0∘,20∘]
 and [80∘,100∘]
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Conclusion
• The results are not particularly overwhelming 

• The MS code is decreasing the averaged pixel hits/clusters, but not by a large 
margin 

• Further validation of individual events is ongoing 

• Feedback, comments, thoughts are encouraged :)
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Back Up
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Propagation time for  
sensor thickness 

∈ [50,400]μm
• We expect to see timing resolution 

worsen with increasing thickness 

• We see the opposite effect of what was 
originally expected 

• Clearly, the current digitization does 
not accurately model planar sensor 
timing resolution
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Particles Hitting Sensor at an Angle α

• Z = sensor thickness 

• This is considering particles that come 
in a different angles without multiple 
scattering
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Timing Cut Problem
• For VXB, the TOA timing cut range is [-0.09,0.15]ns 

•
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Sensor Thickness 
[microns]

Signal Entries Loss BIB Entries Loss Sig/BIB Entry Loss 
Percentage

50 364 206873 0.17%

75 248 194744 0.13%

100 343 175015 0.20%

200 900 139578 0.64%

400 1280 94175 1.4%



Results for 400  BIB in VXBμm
Without MS With MS
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→

Before  After: Hits/Cluster→
Without MS With MS

Results for 400  Sig in VXBμm
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Cluster Size Results w/ MS
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