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Noise Considerations
• FCC-ee Physics Program: 

– Measurement down to very low energies (𝛾’s down to 300 MeV) 
• For comparison: Noise term for ATLAS LAr calorimeter: ~300 MeV

– Particle flow profits from single particle (MIP) tracking also 
inside the calorimeter

• à New calorimeter concepts have to optimize 
electronics noise

• Two approaches
– Warm electronics: ATLAS EM-calorimeter like:

• Advantages: Maintainability of front-end electronics (no active 
components inside the cryostat), upgradeability, possibility to adapt 
calorimeter to new requirements (e.g. LHC was designed for 
L=1034cm-2s-1, HL-LHC will go up to L=7x1034cm-2s-1). 

• Disadvantages: Long transmission lines (attenuation), high-density 
signal feedthroughs 

– Cold electronics: ATLAS HEC-calorimeter or DUNE like:
• Advantages: Much shorter transmission lines, cold preamplifiers 

have less serial noise (~(kT)1/2 à temperature), one optical fibre can 
carry signal of 100’s of channels 

• Disadvantages: No possibility to repair or upgrade 
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à ATLAS middle cells (EM2): 𝜀r x 1nF = 1.4nF

à ATLAS EM2: 1.4nF à 25MeV noise



Noise Considerations
• Will show here my scaling for the ATLAS-like warm 

electronics
– Smallest cell sizes (2 double gaps) in the strips, Δθ=0.0025: Cd = 5.0 pF
– Other layers (4 double gaps), Δθ=0.01: Cd ≈ 35 pF (+ capacitance to 

shields of signal traces)
– Serial noise dominates, it is proportional to the capacitance C: with 

ATLAS-like electronics reached 25/1400 MeV/pF = 0.018 MeV/pF
– Shaping-time constant τs=45ns, could use longer shaping time (e.g. 

τs=100ns)
• à could gain another factor 1.5 or 2 due to longer shaping times 

– Sampling fraction in FCC-ee strips layer is factor 1.6 worse than in 
ATLAS (smaller LAr gaps)

– Estimate 50% higher signal attenuation than in ATLAS due to PCBs
– à Cd = 5.0 pF: 0.018MeV/pF x 5pF /2.0 x 1.5 x 1.6 = 0.11 MeV (!)
– Those layers with shields of signal traces crossing will have higher 

capacitance (to be optimized) à expect up to 200pF capacitances 
• à still only ~5MeV of noise

• D. Fournier did estimates for DUNE-like cold electronics 
(potentially factor ~2-5 better) – see talk later today
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Geometry Considerations
Adopted geometry proposed by Ronic Ciche in the Dec. meeting (link) 
– all parameters still to be optimized with performance optimization
• No Pb/W in the first compartment = presampler (PS) à used to 

compensate for lost energy upstream
• 1536 absorbers in 2𝜋, flat, no step-increase with r.
• ri=2160mm, ro=2560mm, inclination of absorbers at ri is 

𝛼i=50.381o

• 11 longitudinal compartments, particle traverses 2 absorbers in 
1st comp., 4 in all others

• Cells line up in projective towers in θ and φ, add 2 double gaps in 
the PS and strips (1st and 2nd longitudinal compartment) and 4 
double gaps in each other layer
– Strips (2nd comp.): Δφ x Δθ = 8.2mrad x 2.5mrad = 17.8mm x 5.4mm
– Other compartments: Δφ x Δθ = 16.4mrad x 10mrad = 36mm x 

22mm|r=2205mm (3rd comp.)

• Readout with 7-layer PCB (FR4), 1.2mm thick
• Next pages: tried several absorber compositions and thicknesses, 

different absorber materials (Pb/W), different active material 
(LAr/LKr)
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Absorber

Readout 
electrode

https://indico.cern.ch/event/985994/contributions/4153095/attachments/2162942/3653083/Exploring%20FCC%20EMB%20Geometry.pdf


LAr with Pb Absorbers
• LAr as active aterial
• Absorber (t = 2mm): 1.4mm Pb, 0.2mm glue, 0.4mm stainless steel
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à 18.1 X0



LAr with Pb Absorbers
• LAr as active aterial
• Absorber (t = 2mm): 1.8mm Pb, 0.1mm glue, 0.1mm stainless steel
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à 20.5 X0



LKr with Pb Absorbers
• LKr as active aterial
• Absorber (t = 2mm): 1.8mm Pb, 0.1mm glue, 0.1mm stainless steel
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à 23.4 X0



LAr with W Absorbers
• LAr as active aterial
• Absorber (t = 2mm): 1.8mm W, 0.1mm glue, 0.1mm stainless steel
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à 31.4 X0



LKr with W Absorbers
• LKr as active aterial
• Absorber (t = 2mm): 1.8mm W, 0.1mm glue, 0.1mm stainless steel
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à 34.3 X0



Track-Length of a MIP in Inclined Cell
• Track-length of a projective MIP inside active material in one cell (2 double-

gaps)
• ~7mm track length in one cell, but track in 2-3 consecutive cells (13.7mm in 

one layer)
• Energy deposit of a MIP 

– LAr: 2.105 MeV/cm 
– LKr: 3.281 MeV/cm

• Needs to be divided by sampling fraction fsampl to get energy in the EM scale
– à 0.7 cm x 2.105 MeV/cm / 0.17 = 8.7 MeV (MIP signal in strips)
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Position Measurement
• Interpolating energy deposit of neighbouring 

cells allows to measure exact position of a MIP
• For projective cells the resolution would be cell-

size / √12
• Cell size assumed here: 2 x 2π/1536 = 8.2mrad  
• Cell noise assumed in the following: 

– σnoise = 0.2MeV à 0.2MeV x fsampl = 0.034MeV in EM 
scale, fsampl = 0.17
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à Inclined cells are a factor 16 
better than projective cells
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2-Particle Identification à π0 Rejection
• Position resolution is important for particle flow
• But for π0 rejection the capability to reconstruct two close-by MIPs or starting 

showers as two particles is more important
• Below energy deposit in 7 consecutive cells of two particles of 24.5mrad 

distance in inclined cells (left) and φ-projective cells (right), 
– same cell size of Δφ = 2 x 2π/1536 
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Inclined cells Projective cells
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Two Single MIPs
• Separation of two single MIPs with distance d
• Projective cells: separation possible if two MIPs hit 2 

neighbouring cells à 100% efficiency if 
– d = cell-size = 2π/1536 rad = 8.2mrad = 17.8mm

• Inclined cells: More difficult, energy always 
distributed in neighbouring cells à neural network
– 100% efficiency for d > 22mm
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Inclined cells Projective cells



More Realistic Case – Starting Showers
• In reality photons will have started to 

shower in the cryostat walls + tracker (> 
1X0) à showers with very narrow width 
(see presentation by M. Dam in Dec.)

• à For the following studies I assumed 
shower width of 4mm in the strips layer

• à Now signal in two neighbouring cells 
cannot be interpreted as 2 particles 
anymore!

• à Training neural networks (with 
Mathematica 12)
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Plot by M. Dam (link)

https://indico.cern.ch/event/985994/contributions/4153065/attachments/2164667/3653090/LArSim-201217.pdf
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Separation in φ of Two Starting Showers
• Training with 3 x 50000 (0, 1, 2 showers) random events. Showers with 1 – 6 MIPs (random)

– Noise per cell 0.2 MeV
• Curves are for 1 MIP (blue) and 3 MIP-showers (orange)

– For both cases the efficiency to identify events with 1 shower only is > 99.5%
• Curves below are obtained for a separation in φ only. 
• Much finer segmentation (~1/3) in θ (cell-size: 5.4mm) à 100% eff. for Δθ > 10mm (π0→𝛾𝛾, Eπ0 < 60GeV)
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Inclined cells Projective cells
100% efficiency for >22mm 100% efficiency for >30mm



Next Steps
• à Need to calculate 

efficiency for 2D separation 
in θ and φ: ΔR = (Δφ2+Δθ2)1/2

• 2D neural network à but 
this might be beyond the 
capacity of Mathematica
– First attempts limited by 

statistics 
• Probably necessary to move 

to full-sim FCC-SW
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Conclusions
• Noise values extrapolated for ATLAS-like warm 

read-out electronics 
– Cd = 5pF and σnoise ≈ 0.2 MeV seems possible in the 

strips (if no shields in this long. compartment) 

• Inclined geometry is clearly an advantage for 
position resolution

• Inclined geometry also prevails for π0 rejection
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