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Overview

● FCC-hh tracker – Conceptual Design Study:

– Introduction:
● Tracker geometry layout
● Driving principles of momentum resolution measurement 
● Software toolkit – tkLayout (CMS phase 2 upgrade simulation toolkit)

– Expected tracker performance
● Tracker geometry layout & material budget
● Tracker resolution  → two scenarios in forward region: forward dipole versus solenoid?

– Implications of high pile-up & high-rate environment
● Tracker occupancy
● Expected data rates

– Summary & Outlook
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FCC-hh Detector & Tracker Geometry
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FCC-hh Detector & Tracker Geometry

● Beam-pipe (BP): 
– Beryllium R = 20-21mm, x/x

0
 = 0.286%  → 1/sin(θ) material factor in track fitting!

– Z ≥ 8.0m  conical shape with opening angle → α = 2.5mrad    
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FCC-hh Detector & Tracker Geometry

● Tracker: assuming x/x0 = 3% per layer
– Central: Z = 0 – 8.0m, R

max
 = 2.5m  detector layers (discs) @ → R = 25 – 2400mm

– Fwd: R
max

 limited by η = 2.5 (R
min

 by conical shape of BP)
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Measuring Particle Momentum - Principals

● Tracking in magnetic field:

 → approximative approach: separate movement in R-Φ plane & s-z projection

– R-Φ plane  circle fitting  p→ →
T
 measurement 
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Measuring Particle Momentum - Principals

● Tracking in magnetic field:

– R-Φ plane  circle fitting→   p→
T
 measurement

  → for FCC dimensions: can use parabolic appr. for pT≥10GeV 

use
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Measuring Particle Momentum - Principals

● Tracking in magnetic field:

– R-Φ plane  circle fitting→   p→
T
 measurement

 → can use parabolic approximation

– Assume N equidistant layers measuring the y-coordinate & applying global χ2 fit [Gluckstern]

use

x
1

x
i

x
N

 → linearly increases with p
T

 → scales linearly: B field (6T), sensor resolution in R-Φ 
                 quadratically: level-arm (~ 2.4m)  
                 sqrt: #layers 
 → affects the p

T
 resolution for high p

T
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Measuring Particle Momentum - Principals

● Tracking in magnetic field:

– R-Φ plane  circle fitting→   p→
T
 measurement

 → can use parabolic approximation

– Assume N equidistant layers measuring the y-coordinate & applying global χ2 fit [Gluckstern]

– CMS   FCC?→
● B = 4T  → 6T
● L = 1.1 (1.2)  → 2.4 (2.5) 

 → further improvement by optimizing #layers & detector resolution

use
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Factor of 7 improvement
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Measuring Particle Momentum - Principals

● Multiple Coulomb scattering:

– p
T
 resolution for low p

T
 tracks dominated by multiple Coulomb scattering:

 → p
T
 constant term

 → scales linearly: B field, level-arm  
                 sqrt: material budget (~ 3% x/x

0
/layer) 

 → affects the p
T
 resolution for low p

T
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TkLayout software toolkit

● TkLayout approach to momentum resolution:
– Use [Karimäki] approach for circle (in polar coordinates) 

  →

„Parabolic“ approx. in r
i
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TkLayout software toolkit

● TkLayout approach:
– Use [Karimäki] approach for circle (in polar coordinates)   apply “parabolic” approximation:→

– Build an optimized geometry layout in ROOT TGeo & do global χ2 fit

 → tkLayout: SW for tracker studies of CMS Phase 2 upgrade  → adapted for FCC-hh

i-th layer

Z

R
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FCChh Tracker - Material Budget

● Implicitly assumed x/x
0
 = 3% per layer  → Expected material distribution?

– Starting from the following geometry layout (“default”) …
MB of each detector (t

mod
=0.43cm) represented as: 20% Si, 42% C, 2% Cu, 6% Al, 30% Plastic

R=1.1 m

R=2.4 m

CMS  FCC→

pixel
R=25-600mm

strip
R=0.6-2.4m
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FCChh Tracker - Material Budget (MB)

● Implicitly assumed x/x
0
 = 3% per layer  → Expected material distribution?

– Starting from the following geometry layout …

– Material budget:

                                               

8 layers

8 + 1 
layers

8 discs 10 discs

strip

pixel

Compared to

analytical calc.
by W. Riegler

no BP in calc.

Dots – analytical cal.
Line - tkLayout
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FCChh Tracker - Resolution Studies

● What is the tracker p
T
 resolution? Two approaches in fwd region: dipole versus solenoid? 

– Dipole scenario:

+
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FCChh Tracker - Resolution Studies

● What is the tracker p
T
 resolution? Two approaches in fwd region: dipole versus solenoid? 

– Dipole scenario:

● Measure p
L
(p) using forward tracker & dipole (calculations by W.Riegler):

+

Tracking resolution MS resolution
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FCChh Tracker - Resolution Studies

● What is the tracker p
T
 resolution? Two approaches in fwd region: dipole versus solenoid? 

– Dipole scenario:

● Measure p
L
(p) using forward tracker & dipole (calculations by W.Riegler):

● Using the cotg( ϑ
emission 

) measurement (by tkLayout) determine the p
T
 from p

L
 (p) 

+

Tracking resolution MS resolution

Simulated p
T
:

● 10 GeV 
● 100 GeV
● 1 TeV
● 10 TeV
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FCChh Tracker - Resolution Studies

● Compared to the second scenario ... 
– Solenoid scenario (see talk by M.Mentink)

● In tkLayout the 2 solenoids modelled as one 6T solenoid 
covering central+fwd tracker
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FCChh Tracker - Resolution Studies

● Tracker geometry:

Central tracker 
● R-Φ  res. = 25um

Fwd inner discs:
● R-Φ  res. = 25um
Fwd outer discs:
● Variable resol. in R-Φ: 25 – 130um  to get const pt resol. to η=3.0

(const. 25um resol. would improve the result even more!) 
        

The level-arm playing a role 
in the solenoid+solenoid scenario

The level-arm playing a role 
in the solenoid+dipole scenario
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FCChh Tracker - Resolution Studies

● Tracker geometry:

● Estimated p
T
 resolution:

Central tracker Forward tracker

Simulated p
T
:

● 10 GeV 
● 100 GeV
● 1 TeV
● 10 TeV

▪ solenoid 
 − dipole      

FWDCTRL
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Tracker in High Pile-up & High Rate Environment

Flux - chargedCharged flux ratio Multiplication factor  effect of material & B field→

● Implications of high pile-up and high-rate environment on the tracker design
– Use Fluka irradiation map (by F.Cerutti & M.I.Besana)  calculate flux ratio:→

Flux
MB_on + BField_on

/Flux
MB_off + BField_off

   → study effect of MB & B field: 

Particles compressed to the R = 600mm in strong mag.
field of 6T  region unsuitable for strip detectors→
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Tracker Occupancy Studies

● Study of tracker occupancy:
– Use the flux [particles/cm2] normalized to 1000 pile-up events 
– Estimate occupancy & minimum pitch to get ~ 1% occupancy for pixel detectors

Pixel - BRL

40x40um2 @ 1st layer
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Tracker Occupancy Studies

● Study of tracker occupancy:
– Use the flux [particles/cm2] normalized to 1000 pile-up events 
– Estimate occupancy & minimum pitch to get ~ 1% occupancy for pixel detectors 

 → no stringent limit on min pitch (the dominant limit might be driven by physics of high 
collimated objects)   

Pixel - BRL

   40x40um2 @ 1st layerPixel - ENDCAP

30x30um2 @ 1st endcap ring
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Tracker Data Rates

– Expected data rates (required bandwidth):
● Use Fluka simulated flux scaled to 1000 pile-ups & calculate hit rates:

– Non-triggered data  f = 40 MHz→
– Triggered data  f ~ 1 MHz (value given by hardware limits, e.g. FPGA etc.)→  
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Tracker Data Rates

– Expected data rates (required bandwidth):
● Use Fluka simulated flux scaled to 1000 pile-ups & calculate hit rates:
● Estimate the bandwidth for sparsified data:

 → address read-out channel : nBits = log
2
(nRows) + log

2
(nColumns)

 → add data block for cluster width: 2bits (cluster width ~ 3)
 → add data block for pulse-height: 0bits (binary read-out), 4-8bits (analog read-out) 
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Tracker Data Rates – PXL BRL

– Expected data rates for CMS-like geometry (required bandwidth):
● Use Fluka simulated flux scaled to 1000 pile-ups & calculate hit rates:
● Estimate the bandwidth for sparsified data:

 → The triggered (1MHz) data in the first 2 layers with data flows >> 10Gb/s per module
 → Out of current scale  need for trigger & advanced technologies!→

9.5 Gb/s/cm2 @ 1MHz trigger & with binary read-out

Pixel - BRL Total data flow from inner barrel
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Tracker Data Rates – PXL Endcap

– Expected data rates for CMS-like geometry (required bandwidth):
● Use Fluka simulated flux scaled to 1000 pile-ups & calculate hit rates:
● Estimate the bandwidth for sparsified data:

 → Out of current scale  need for trigger & advanced technologies!→

9.5  Gb/s/cm2 @ 1 MHz trigger & with binary read-out

Pixel - BRL Total data flow from inner barrel

3.6 Gb/s/cm2 @ 1MHz trigger & with binary read-out

Pixel - ENDCAP
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Summary & Outlook

● tkLayout, a software toolkit for CMS tracker phase 2 upgrade design studies, has 
been adapted & setup for FCC(-hh) needs:
– An important toolkit providing “engineering” approach to geometry layout with the  capability 

to study performance of a designed tracker 
– Details of already studied layouts can be found at http://fcc-tklayout.cern.ch

● Design study concentrated on resolution, material budget, occupancy & data rates of 
FCC-hh tracker in a magnet scenario of 6T has been done:
– Particularly, with a focus on the interplay between the central tracker & forward region in 2 

magnet scenarios: dipole versus solenoid in the forward region
– Another scenarios (e.g. pushing the detector resolution to their technology limits) can be 

easily studied with tkLayout

● Future studies need to be focused on the pattern recognition and its impact on the 
tracker design
– Either using the tkLayout sofware with a combinatorial approach as a starting study or more 

advanced techniques using tkLayout and/or FCC full simulation software

http://fcc-tklayout.cern.ch/
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