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Timeline: FCC integrated program

FCC integrated program

FCC-ee FCC-hh

comprehensive long-term program maximizing physics opportunities
• stage 1: FCC-ee (Z, W, H, t ҧt) as Higgs factory, electroweak & top factory at highest luminosities
• stage 2: FCC-hh (~100 TeV) as natural continuation at energy frontier, pp & AA collisions; e-h option
• highly synergetic and complementary programme boosting the physics reach of both colliders 
• common civil engineering and technical infrastructures, building on and reusing CERN’s existing infrastructure
• FCC integrated project allows the start of a new, major facility at CERN within a few years of the end of HL-LHC

2020 - 2045 2045 - 2065 2070 - 

• Comprehensive long-term program maximizing 
physics opportunities 
• Stage 1: FCC-ee (Z, W, H, t̅ t) as Higgs factory, 

electroweak & top factory at highest luminosities 
• Stage 2: FCC-hh (~100 TeV) as natural continuation at 

energy frontier 
• Highly synergetic and complementary programme 

boosting the physics reach of both colliders  
• Common civil engineering and technical infrastructures, 

building on and reusing CERN’s existing infrastructure 
within a few years of the end of HL-LHC
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luminosity by nearly an order of magnitude relative to the High-Luminosity LHC (HL-
LHC), as is illustrated in Fig. 3.

"e FCC-hh design builds directly on LHC experience. "e principal technological 
challenges arise from high-field magnet development and the management of cryogenic 
power in the presence of strong synchrotron radiation. To control synchrotron radiation 
losses—significant even in proton machines at these energies—the beam current and 
bunch populations are deliberately reduced compared to the HL-LHC [31, 32].

Synchrotron-radiation heat loads must be removed from within the cold mass of the 
magnets, making them a dominant contributor to the cryogenic power budget. "e 

Fig. 1 The FCC-ee baseline design luminosity [29] over 4 IPs as a function of the centre-of-mass energy 
√
s . 

The luminosity typically achievable by linear e+e  Higgs factories with a single IP in their baseline design 
between 250 and 380 GeV is also indicated (dash-dotted oval in the lower-right corner of the figure)
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Fig. 2 Baseline operation model for FCC-ee with four interaction points, showing the integrated luminosity 
at the Zpole (green), the WW threshold (blue), the Higgs factory (red), and the tt̄ threshold (orange) as a 
function of time. In this baseline model, the sequence of events follows the increase in collision energy, but 
there is quasi-total flexibility in the sequence all the way to 240 GeV (see inset). The integrated luminosities 
delivered during the first 2 years at the Zpole and the first year at the tt̄ threshold are half of the annual 
design value. The hatched area indicates the shutdown time needed to prepare for the higher energy runs at 
the tt̄ threshold and beyond
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• Exquisite luminosity allows for ultimate precision well 
beyond LEP, opens novel challenges and 
opportunities: 
• 105 larger dataset than LEP at the Z-pole can lead to 

300x improvement in statistical precision in EWPO 
• >106 of extremely clean H and t can lead to [0.1-1%] 

H, top couplings precision and mass and width 10x 
better precision than LHC 

• how do we build optimal detectors?

1468 Page 20 of 219 Eur. Phys. J. C (2025) 85 :1468

Table 1 The baseline FCC-ee operation model with four interaction
points, showing the centre-of-mass energies, design instantaneous lumi-
nosities for each IP, and integrated luminosity per year summed over
4 IPs. The integrated luminosity values correspond to 185 days of
physics per year and a 75% operational efficiency (i.e., 1.2 × 107 sec-

onds per year) [15], in the Z, WW, ZH, and tt̄ baseline sequence. The
last two rows indicate the total integrated luminosity and number of
events expected to be produced in the four detectors. The number of
WW events includes all

√
s values from 157.5 GeV up

Working point Z pole WW thresh. ZH tt̄

√
s (GeV) 88, 91, 94 157, 163 240 340–350 365

Lumi/IP (1034 cm−2s−1) 140 20 7.5 1.8 1.4

Lumi/year (ab−1) 68 9.6 3.6 0.83 0.67

Run time (year) 4 2 3 1 4

Integrated lumi. (ab−1) 205 19.2 10.8 0.42 2.70

2.2 × 106 ZH 2 × 106 tt̄

Number of events 6 × 1012 Z 2.4 × 108 WW + + 370k ZH

65k WW → H + 92k WW → H

A quasi-total flexibility

In Ref. [17] it was deemed essential to establish the technical and financial feasibility of scheduling a Z pole run after the ZH run or the WW threshold run, ideally
with a first Z pole run during the initial period of FCC-ee operation. Indeed, the Z pole run, while extremely fertile in physics opportunities, is undoubtedly the most
ambitious and demanding part of the programme from all perspectives (accelerator, energy calibration, detectors systematic biases, theory calculations). It will be
extremely challenging to achieve all the goals of the Z pole run during the first four years of the collider operation.

This requirement from physics was compounded by a recommendation from the mid-term review committees to consolidate (and ideally simplify) the design of the
RF system to allow efficient energy-staging, as well as to reduce complexity, risk, and cost; and to study options to avoid the 1-cell/2-cell RF cavity reconfiguration
between Z and ZH/WW running, in order to simplify the SRF system implementation and to improve flexibility in the physics programme. The new versatile RF system
designed accordingly (see Ref. [18]) enables a quasi-total flexibility to choose the running sequence. For example, it would allow for short (few weeks) initial Z pole
and WW threshold runs, to commission the collider and the detectors, to establish the resonant depolarisation procedures for centre-of-mass energy calibration, etc.
The ZH run could then proceed early, before going back to the Z pole and the WW threshold, both now at full luminosity, with fully functional resonant depolarisation
and a complete understanding of the collider.

It will ultimately be up to the experimental collaborations and the relevant scientific committees to optimise the time
flexibility and to tailor the FCC-ee operation scenario according to a number of factors that cannot be mastered today. For
example, external events such as the FCC-hh magnet readiness or the CERN financial situation may call for a change in the
overall duration of the FCC-ee running time. Meanwhile, new avenues will be explored during the next phase of the FCC
study, between April 2025 and the end of 2027, towards increasing the luminosities at all energies, as it would be highly
beneficial across the whole programme and would make a qualitative difference in a number of cases.

The original motivation for an e+e− circular collider was to create a high-luminosity Higgs Factory, operating at
√
s =

240 GeV in the LEP/LHC tunnel [19–21]. Choosing to build it in the 80–100 km tunnel that would ultimately be hosting a
100 TeV hadron collider was cardinal in making this machine unique on the Higgs factory market. To start with, such a tunnel
enables a highly versatile Higgs Factory that extends much beyond the study of the Higgs boson alone, for three main reasons:

1. A circumference of 80–100 km is required for an e+e− circular collider to reach (for the first time in e+e− collisions)
the top-pair production threshold, making the FCC-ee energy range optimal to sharpen and challenge our current physics
knowledge by studying all SM particles. In particular, enabling precise top quark measurements is essential for the overall
FCC electroweak and Higgs precision physics programme.

2. For a given power and centre-of-mass energy, the luminosity of a circular collider is roughly proportional to the ring
circumference. A circumference of 80–100 km makes FCC-ee the e+e− electroweak, Higgs, and top factory project with
the highest luminosity proposed to date, able to produce, when summing all the data collected at the 4 IPs, 6 × 1012 Z
bosons, 2.4 × 108 W pairs, almost 3 × 106 Higgs bosons, and 2 × 106 top pairs, in as little as 15 years. (See also inset
below: ‘Rationale for the operation model’).

123
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• Tracks and vertices are the building blocks of collider physics events. 
Identifying from which particle they originate is key for new physics studies.  

• Demanding requirements on tracking systems from physics benchmarks.

Focus on Tracking & Particle Identification

Low 
momentum 
( /K/p?)𝝅

High 
momentum 
( /K/p?)𝝅

Track in jets

Displaced tracks

Displaced 
vertex

PV
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• Tracks and vertices are the building blocks of collider physics events. 
Identifying from which particle they originate is key for new physics studies.  

• Demanding requirements on tracking systems from physics benchmarks.

Focus on Tracking & Particle Identification

Low 
momentum 
( /K/p?)𝝅

High 
momentum 
( /K/p?)𝝅

Track in jets

Displaced tracks

Displaced 
vertex

PVTrackers designed to meet requirements  
Tracking algorithms to fully exploit their capabilities
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Physics requirements
In FCC-ee, tracking is crucial for many physics cases 
eg. Higgs, Flavor physics, QCD-EWK, BSM 

• Excellent impact parameter resolution needed for 
charm- and b-jet tagging  Radial distance of first 
tracking layer is key 

• PID Capabilities (e.g. ) 
• High acceptance, high efficiency, hermeticity  
• Keep systematic uncertainties down to statistical errors 
• Excellent momentum resolution  at the level ~ 

 ~0.2% 

• Higgs mass measured at its intrinsic width (4 MeV) 
• Sensitivity driven by  for  determined 

by BES (0.185%) 
• Transparency of the tracker crucial

𝐻 → 𝑠𝑠

→
𝒪(50)GeV 𝜎𝑝T

/𝑝T

𝑚recoil 𝑍(𝜇+𝜇−)𝐻

J. Eysermans, A. Li, G. Bernardi. FCC note: Higgs boson mass and model- 
independent ZH cross-section at FCC-ee in the di-electron and di-muon final states

M. Selvaggi: Physics and Performance, Requirements on Tracking for future colliders

https://doi.org/10.17181/jfb44-s0d81
https://doi.org/10.17181/jfb44-s0d81
https://indico.cern.ch/event/1516157/contributions/6444406/
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Detector concepts - Tracking systems

• Conceived for FCC-ee 
• Silicon vertex tracker 

• Outer based on ATLASPix3 
with 50x150µm² pixels 

• Inner ARCADIA based 25x25 
µm² pixels 

• Outer tracker based on low mass 
Drift Chamber  

• 112 layers 
• 4m Long 
• R = 35-200cm 

• Silicon wrapper  
• either with MAPS with with 

~1011 channels!  
• or CMOS-LGADS ~40ps

• Conceived for FCC-ee, started with 
a noble-liquid calorimeter 

• Tracking system taken from IDEA 
• Silicon Vertex with curved or 

straight sensors 
• Outer tracker with   

• Extended Drift Chamber 
• Straw tubes 
• Scintillating Fiber Tracker (SciFi) 

• 5m Long  
• R = 35-200cm 

• Silicon wrapper 
• Monolithic pixel or AC-LGADs

CLD IDEA ALLEGRO

• Newly Conceived project for FCC-
ee 

• MAPS tracker following ALICE 
ITS3 developments 

• Vertex curved MAPS 65 nm 
CMOS TPSCo 10x10 µm² pixels 

• Outer tracker Reticle-size MAPS,  
• 25x32 mm2 to 50x128 mm2 

module  
• ARC (Array of RICH Cells) 

Lightweight with 20cm radial depth 
• Two radiators (gas + aerogel)

ALFAILD

• Initial design for ILC 
• Significant changes for 

FCC-ee 
• Silicon Vertex 

• Currently borrowed from 
CLD for simulations 

• TPC as outer tracker 
• Studying different layouts 

varying the inner Radii 
• Silicon External Tracker for 

ToF + momentum resolution 

• Evolved from CLIC detector 
• Silicon vertex with 25µm 

pixels 
• Geometry with ALICE ITS 

approximation  FCC-
SEED 

• Silicon tracker with 50µm 
strips  
• Sensors plus ASICs or 

monolithic structure or 
MAPS 

• ARC (Array of RICH Cells) 
Lightweight with 20cm radial 
depth 
• Two radiators (gas + 

aerogel) 

→

Legend: Inner Tracker, Outer Tracker, Wrappers
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Inner Trackers - Vertex Detector
• Supreme impact parameter resolution:  

• Good single-hit resolution very close to the beam pipe 
• Material budget per layer of ≲ 0.3 %X0 using Ultra-thin sensors 
• So far, only Monolithic Active Pixel Sensors (MAPS) are envisioned to 

deliver this (curved sensors R&D) 
• Leverage on the assembly concept for ALICE ITS3

σd0
= 3 ⊕ 15/(p sin3/2 θ) μm

The IDEA/ALLEGRO vertex detector in full simulation

Detailed description of
support and on-detector
readout structures

Insensitive sensor
peripheries described →
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p = 10GeV, CLD

p = 100GeV, CLD

p = 1GeV, CLD with IDEA vertex

p = 10GeV, CLD with IDEA vertex

p = 100GeV, CLD with IDEA vertex

FCC-ee full simulation, particle gun muons

IDEA vertex inserted in CLD using
conformal tracking, k4DetPerformance

cos(ω) = 0: No hit in first
layer (gap between
sensors)

→ b ↑ 14 µmGeV→1

Armin Ilg (UZH) FCC-ee vertex detector layouts and performance FCC-ee vertex detector R&D workshop, INFN Pisa 30.10.2025 5 / 19

FCC-SEED: Concept

Snail-shape vErtEx Detector (FCC-SEED) proposal by French institutes, also submitted as
FCC Detector R&D EoI

Stitching only along z , overlap between curved sensors → Full detector coverage
More flexible in sensor size and detector layout
So far looked at option on the left

See A. Besson and J. Andrea’s talk at 8th FCC Physics Workshop

→ Implemented FCC-SEED in DD4hep and tested it within CLD detector concept (vertex
disks unchanged currently).
Armin Ilg (UZH) FCC-ee vertex detector layouts and performance FCC-ee vertex detector R&D workshop, INFN Pisa 30.10.2025 12 / 19

Snail-shape vErtEx Detector (FCC-SEED)

IDEA Vertex layout

• Tower Semiconductor CMOS processes: 
R&D based on CMOS imaging 
technologies - from 180 nm to 65 nm 
(TPSCo)  
• smaller pixels, higher integration 

density, lower power, and faster readout. 
• Stitched sensors: Large-area monolithic 

sensors fabricated by stitching multiple 
reticles  
• reduce dead regions, material, and 

assembly complexity.
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Outer trackers - Silicon MAPS (ALFA)
• High-performance all-MAPS (10µm everywhere), from Vertex to Outer Tracker detector, including 

luminometers  
• Challenges: keep sufficiently light, reasonable size and costs. Lower rates thus slower front-

end in outer layers, and eco-friendly cooling fluid. 
• Small collection electrodes are ideal: minimal capacity, minimal power density, minimal pixel size

Building block for barrel stave Performance compared to CLD

Serial powering is fundamental
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Scintillating Fiber Tracker (SciFi)
•A full-barrel SciFi tracker as the inner 
tracker is proposed for ALLEGRO 
•Simulations under IDEA geometry as 
well for comparison 

•Development driven by the LHCb 
upgrade 

•Main components are  
•Scintillating fibers for detection,  
•SiPMs as sensitive detectors to 
record the scintillation 

•Ongoing R&D and simulations 
•SciFi stations with a stereo angle 
•Dual-sided readout to add timing and 
reduce background 

•New Fibers for Radiation Hard(er) 
SciFi

SciFi “Mat”

@10 degrees 
stereo

Progress on Sci-fi tracker

10

https://indico.cern.ch/event/1679102/contributions/7058223/attachments/3267895/5836910/SciFi-Update-April30-2026-Trackind-PID.pdf
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Drift Chamber
• Dimensions: 4 m long (active volume), 35cm to 2m radius 
• Low material budget  

• Barrel: ∼ 1.6% X0   
• Forward directions: ∼ 5% X0   

• Stereo layout with ~112 layers ranging from 50 to 250 mrad 
• Operating gas mixture: He + 10% iC4H10 

• Sense (anode): 20µm W(Au) → 56448 total  
• Field (cathode): 40µm Al(Ag) → 285504 total  
• Guard (cathode): 50µm Al(Ag) → 2016 total 

• Active volume: 56448 almost squared drift cells (12 ÷ 14.5 
mm), with a 5 : 1 field-to-sense wire ratio for simpler time-to-
distance relations 

• Overall expected resolution: σxy ~ 100 µm and σz ~ 1 mm 
• Large scale prototype is pursued to test the mechanical and 
electrostatic stability of the detector 

• Challenges: 
• Endplates to support 5 tons due to tension of wires 
• Scaling up to 350k wires not trivial 
• Stable operation
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Straw tracker
• Straw tracker R&D is pursued 

• Implemented the geometry inside the  
FCC-ee simulation framework for ALLEGRO 

• Similar characteristics to drift tubes but 
smaller radii ~5mm and lower material budget  
• Targeting Al + Mylar (~15µm mylar, 0.05µm 
Al) and 25µm tungsten wires ~1.2% X0 
(structural support not included) 

• 5m ultrasonic welding techniques 
• Building several prototypes, basedon NA62 
experiment 

• Challenges: 
• Increased Material especially when including 
supports 

• Stereo layout is not trivial 
• Operation with He based gases not trivial due 
to leaks 

→

Ultrasonic welding of straws – technolgy transfer from NA62

Advantages
↭ Higher mechanical stability than classical straws.
↭ Only possibility for light straws for diameters↫ 5 mm (currently not considered for FCC-ee).
↭ Assembly lines exist in JINR and Kazakhstan.

(Click here for further details)
12
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Time Projection Chamber (TPC) 
•TPC as part of ILD’s hybrid tracking 
system 

•Readout plane: gas amplification 
GEM, micromegas, readout by pads/
pixels 
•GridPix based on Timepix3 with 
55x55µm2 pixels can detect one 
primary electron 

•~3% X0 in barrel, higher  in endcap 
•Operation challenges at Z-pole due to 
space charge distortions and SR 
backgrounds   
•Gas choices still to be evaluated 
•Backgrounds are a concern for stable 
operation 

•Ways of reducing ion backflow, 
handle distortions is needed

• Status and plans of TPC studies
• TPC Status Update

DESY. Page 6

TPC operation considerations
Comparing ILC and FCCee

• Beam backgrounds
• Low pT → usually no direct hits in TPC
• Backscatter from hitting (MDI) material

• Bunch structure, materials and fields in 
forward region

• TPC “integration time”
• Primary ions from many BXs in TPC at 

any given time

• Ion Back Flow (IBF) from amplifier
• Possible mitigations depend on bunch 

structure

• Ions in TPC distort drift of electrons
• Impacts rφ resolution

Daniel Jeans

| ILD concept studies at FCCee - Opportunities for a TPC | Thomas Madlener, Jan 31, 2024

The ALICE TPC: Performance in Run 2 and future developments Ernst Hellbär

ALI-PERF-315410

Figure 3: The space-charge distortions drj (color) as a function of the radius and the TPC sector for
|z/r| < 0.2 in 2018 Pb–Pb data at an interaction rate of 7.4 kHz. Modified voltage settings are used in the
IROCs and the OROC of sector 24 to mitigate the space-charge distortions.

2.3 Mitigation of the space-charge distortions

The cover electrode has been placed on top of the wire ledges and is set to a nominal potential
of �180 V to match the potential of the drift field, thus minimizing the field distortions at the edges
of the active area. As the same effect is achieved at the outer edges of the chambers, ionization
electrons enter the region of the gap between two chambers where the space charge is produced
by gas amplification. The amount of electrons entering the gap region can be reduced by changing
the voltage at the cover electrode to more positive values, which has been studied in electrostatic
simulations and in special test runs. It is found that the space-charge distortions at the IROC
boundaries can be reduced by a factor of 2.5 to 10 by applying +180 V at the cover electrodes while
limiting the static distortions at the chamber edges to a couple of millimeters. As the space-charge
distortion fluctuations scale with the distortions themselves, they are also significantly decreased.

The space-charge distortions in the OROC of sector 24 due to two floating gating grid wires
are also mitigated by increasing the potential difference which is applied to adjacent gating grid
wires to close the gating grid. Furthermore, the high voltage of the anode wires is reduced by
50 V which decreases the gain, and therefore the amount of positive ions, by about 50% without
substantially affecting the number of clusters above threshold. In total, the space-charge distortions
decrease by about a factor of four in the OROC.

The final results of the mitigation of space-charge distortions are presented in figure 3. By
applying the new voltage settings in the IROCs and the OROC of sector 24 in the last Pb–Pb period
of Run 2 in 2018, the distortions are reduced to below 1 cm in the IROCs and 1.5 cm in the OROC.

3. Space-charge distortions in Run 3

Although extensive R&D has been carried out to minimize the ion backflow as much as pos-
sible for the upgraded TPC, there will still be a significant amount of space charge in the drift
volume. At ion drift times of 160–200 ms and an interaction rate of 50 kHz, ions from 8000–10000

4

https://indico.cern.ch/event/1588696/contributions/6869537/attachments/3208390/5714218/FCC-phys-ws-2026-TPCswana.pdf?utm_source=chatgpt.com
https://indico.cern.ch/event/1588696/contributions/6865450/attachments/3209954/5717186/pixelTPC.pdf
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Particle Identification (PID): Physics Drivers
Particle identification: key feature to 
enhance flavour tagging and distinguish 
strange-quark jets from other light jets  

Strange quarks as a probe for new 
physics at FCC-ee 
• Probe Higgs light Yukawa couplings 
• Study strange-quark fragmentation 

functions 
•
• Flavour physics 

PID crucial for precision Higgs physics 
• BSM models predict deviations in Higgs 

couplings at only the percent or sub-
percent level  

• The sensitivity of these measurements 
depends critically on identifying heavy-
flavour final states

𝑍 → 𝑠𝑠

precision measurements probe new physics 
well beyond the direct reach of the LHC
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PID: Technologies
Hadrons identified by their mass, in turn determined by combining momentum and velocity.  
Momentum inferred from radius of curvature in magnetic field, need to measure velocity. 

Various technologies allow to identify hadrons in different momentum ranges
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•  resolution achieved in large detectors, 
mainly at e+e– colliders, at some hadron colliders 
and fixed target experiments 
•Truncated mean mostly used  empirically set 

•Fit by Lehraus 1983 (14 detectors) 
➡  res. = 

•Fit in 2021 (25 detectors): 
➡  res. =   

• 5.4% typical dE/dx resolution for 1 m track 
length 
➡ no significant change to 1983 

Performance of present generation of 
detectors as predicted ~40 years ago

d𝐸/d𝑥

→

d𝐸/d𝑥 5.7 ⋅ 𝐿−0.37(%)

d𝐸/d𝑥 5.4 ⋅ 𝐿−0.37(%)

• I. Lehraus,  NIM, Vol 217, Issues 1-2, (1983) 
• dE/dx, classical and with cluster counting

PID: The  for gaseous detectors (trackers)dE/dx

https://doi.org/10.1016/0167-5087(83)90108-4.
https://indico.cern.ch/event/996326/contributions/4200962/
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•A.H. Walenta research in 1980s  

•Technique is to define ionization clusters from the signal formation 
distribution within the track footprint 
•Ordered in time electrons (average time separation within clusters) 
•Electrons per cluster (primary & secondary ionizations) 
•Number of clusters per track 

•Further improvement by adding the cluster timing (spatial res., timestamp etc)

• G. Cataldi et al, NIM A 386 (1997) 458-469 
• P. Rehak and A.H. Walenta, IEEE Trans. Nucl. Sci. vol. 27, no. 1, pp. 54-58, Feb. 1980 
• F. Grancagnolo, AIDAinnova 3rd Annual meeting, 2024 
• Relativistic Charged Particle Identification by Energy Loss 
• Measurement of the ionization loss in the region of relativistic rise for noble and molecular 

gases

PID: The  techniquedNcl/dx

σdE/dx

(dE/dx)
= 0.41·n−0.46(x[cm]·P[atm])−0.32

σdNcl/dx

(dNcl/dx)
= (δcl·Ltrack)−1/2 = N−1/2

cl

dE/dx dNcl/dx

σ ≈ 4.0 % σ ≈ 2.0 %

trunc. mean (80%), n=112, 2m at 1atm (Walenta-Allison/
Cobb,  param.)

 for He+10%iC4H10 and 2m (Poisson distr.)δcl = 12.5/cm
IDEA DCH

Drift cell simulation 
Garfield

Challenge for electronics - GHz bandwidth !

https://doi.org/10.1016/S0168-9002(96)01164-3
https://ieeexplore.ieee.org/document/4330801
https://indico.cern.ch/event/1307202/contributions/5498812/
https://doi.org/10.1146/annurev.ns.30.120180.001345
https://doi.org/10.1016/0029-554X(79)90360-4
https://doi.org/10.1016/0029-554X(79)90360-4
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PID:  and TOF impactdNcl/dx
•  provides improved PID capabilities to gaseous trackers for momenta up to ~  (exc. region around ) 
•To be complemented by TOF measurement at the end of the tracker (~2m) (modified layout to provide time or silicon or ECAL) 
At high momenta Fermi plateau is reached, energy loss of a particle traversing the gas no longer increases with increasing 
particle energy 

• Identification on the ‘logarithmic rise’ requires approximately 100 measurements over a detector length of close ~ 2m 
• Impact on  and  shows high dependance on the  capability of the detector, ToF still complements (more 
important on the momentum resolution) 
•Assessment on the impact on other physics analysis is needed

d𝑁cl /d𝑥 35GeV/𝑐 𝑝 ≈ 1GeV/𝑐

𝐻 → 𝑠𝑠 𝐻 → 𝑐𝑐 d𝑁cl /d𝑥

Eur. Phys. J. C 82, 646 (2022) Phys. Rev. D 112, 052002

https://doi.org/10.1140/epjc/s10052-022-10609-1
https://doi.org/10.1103/m2zr-26yf
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 measurementsd𝑁cl/d𝑥

W. Elmetenawee et al 2025 JINST 20 P11019

•Several test beams with prototype drift cells to experimentally assess and optimize the performance of the 
cluster counting/timing techniques covering big range of βγ range 

•Several improvements achieved with improved algorithms 
•Experimental demonstration of ~2.3% cluster-counting resolution 

•Similar effort ongoing with the straw tubes prototype, electronics developed for cluster counting, analysis is 
ongoing

2025 JINST 20 P11019
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Figure 15. Number of ionization clusters measured along 2-meter tracks: after waveform cleaning (left), and
after applying both waveform cleaning and recombination and attachment correction (right). The red curves
represent the Gaussian fits to the data, with the quoted resolutions including the propagated fit uncertainties.

4.6.2 Correction for recombination and attachment e!ects

Ionization electrons drifting toward the readout plane can be partially lost due to recombination
and attachment processes. To account for these e!ects, which reduce the observed number of
clusters at longer drift times, a time-dependent correction was applied to the cluster counting on
an event-by-event basis.

Figure 16. The number of clusters as a function of the drift time of the first cluster, for one of the detector
configurations. The decreasing trend with drift time reflects the combined e!ects of electron recombination and
attachment.

A two-dimensional histogram of the number of clusters as a function of the drift time of the
first cluster was used to extract a profile along the time axis. To ensure consistency, the histogram
must be constructed from events all (coherently) in the same configuration. An example of such a
two-dimensional histogram is shown in figure 16. This profile was fitted with a first-order polynomial

– 16 –
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https://iopscience.iop.org/article/10.1088/1748-0221/20/11/P11019
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Wrappers: Ring Imaging Cherenkov - RICH
• For silicon trackers where PID is limited, wrappers have been proposed 
• Modernized RICH compact & lightweight, leverage SiPMs for 
photodetection 
• ARC (Array of RICH Cells)

Adapted for the CLD and ALFA  
detector concepts, 

occupying 10% of the tracker volume: 
Material budget target: below 0.1 X0

Detector geometry implemented in 
Geant4

Pion/Kaon separation  
 up to ~40 GeV> 3𝜎

  

alvaro.tolosa.delgado@cern.ch

Working principles of ARC

● There are two Cerenkov radiators inside each RICH cell, a gas and an aerogel

● When a charged particle crosses a cell, two cones of Cerenkov photons are 
created. The detected photon energy is in the range of (2, 6) eV, or (200, 600) nm

π- @ 10 GeV

6Simulation of ARC

https://repository.cern/records/6entj-pmm10
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Wrappers for p resolution & time-of-flight
Silicon Wrappers with timing capabilities (100ps) foreseen in several detector concepts with gaseous central trackers 
● Candidate technologies include MAPS and LGAD-based sensors 
● Requirements include high spatial granularity for improved track momentum resolution, together with precise timing 

capabilities for TOF and background rejection.

IDEA ILD ALLEGRO

Behnke's talk

https://indico.cern.ch/event/1664040/#8-update-on-ild
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Conclusions
Tracking systems for the FCC-ee: highly challenging R&D that might enable 
the next generation of discoveries 

• The Ambitious level of precision in FCC-ee physics program demand advanced tracking detectors 
• Active R&D in  

• Silicon vertex detectors and outer silicon trackers and wrappers 
• Gaseous technologies with big challenges in scaling 
• Particle identification capabilities that include several technologies 

A rich and exciting roadmap lies ahead  
for both detector innovation and physics exploration.



• Next workshop during the week of Nov. 16 at CERN. Explore detector technologies for FCC-ee in the following topics. 
• Vertex,  
• Outer Tracking,  
• Wrappers   
• Particle Identification (PID),  
• Conjunction with Machine–Detector Interface (MDI).  

Cross-cutting perspective connecting detector R&D, Physics Performance, and Software Developments. 

Agenda: https://indico.cern.ch/event/1660971/
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Workshop on Tracking and PID, Registration and Abstract submission is 
open

Mark your calendar!

Reach us: fcc-ped-detectorconcepts-tracker-conveners@cern.ch 
Sign up to list: FCC-PED-DetectorConcepts-Tracker

Join our monthly meetings: https://indico.cern.ch/category/20279/

https://indico.cern.ch/event/1660971/
mailto:fcc-ped-detectorconcepts-tracker-conveners@cern.ch
https://groups-portal.web.cern.ch/group/fcc-ped-detectorconcepts-tracker/details
https://indico.cern.ch/category/20279/
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THE DRIFT CHAMBER OF THE MEGII EXPERIMENT

25.02.2020Giovanni F. Tassielli

MEG II Drift chamber: The novel approch
 Separate the end-plate function: mechanical 

support for the wires and gas sealer;
 Find a feed-trough-less wiring procedure.

 end-plates numerically machined from solid Aluminum (mechanical 
support only);

 Field, Sense and Guard wires placed azimuthally by Wiring Robot with better 
than one wire diameter accuracy;

 wire PC board layers (green) radially spaced by numerically machined peek 
spacers (red) (accuracy < 20 µm);

 wire tension defined by homogeneous winding and wire elongation  (ΔL = 
100μm corresponds to ≈ 0.5 g); 

 Drift Chamber assembly done on a 3D digital measuring table;
 build up of layers continuously checked and corrected during assembly
 End-plate gas sealing will be done with glue.

peek spacer

wire PC board

spoke

The solution found for MEG II:

wire PC board

(~ 12 wires/cm2)
can’t be built with 
feedthrough

9/20

see poster 91: NEW CONCEPTS FOR LIGHT MECHANICAL STRUCTURES OF 
CYLINDRICAL DRIFT CHAMBERS

(see Figure 2).
A system of tie-rods directs the wire tension stress to the outer endplate rim,
where a cylindrical carbon fibre support structure bearing the total load is
attached. Two thin carbon fibre domes (”gas envelope”), suitably shaped to
minimise the stress on the inner cylinder and free to deform under the gas pres-
sure without a↵ecting the wire tension, enclose the gas volume.
This assembling technique allows to manage large number of wires with con-
siderably simplified procedures and it has been successfully applied to the con-
struction of the MEG2 drift chamber.

Figure 1: Schematic representation of the separation between gas containment
and wire tension relief. In evidence the ”wire cage” and the ”gas envelope”.

Figure 2: Schematics from the MEG2 drift chamber construction to illustrate
how the chamber is built: printed circuit boards (in green), to which the wires
are soldered, are stacked radially alternating with spacers (in red), which set
the proper cell dimensions.

4
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Mechanical design

Comparison to MEGII and IDEA DCH 
•12k  340k wires  
•9  112 layers 
•2  4 m (Even 5m for ALLEGRO)

→
→
→

• IDEA DCH separating wire support, by counterbalancing the wire tension (external stays) from the 
gas containment  Ultra-light structure  

•Deformations on the Gas vessel have no impact on the wire position 
•New wiring strategy: inner and outer cylinder connected to 48 spokes, forming 24 identical sectors 

•Feedthrough-less design

→

MEGII Drift Chamber

7	 The	IDEA	drift	chamber:	Construction	techniques	

wire	cage	

gas	vessel	

Gas	envelope	and	wire	supporting	structure	separated	à	allows	to	reduce	
material	to	≈	10-3	X0	for	the	inner	cylinder	and	to	a	few	10

-2	X0	for	the	end-plates,	
including	FEE,	HV	supply	and	signal	cables.	Gas	envelope	can	freely	deform	without	
affecting	the	internal	wire	position	and	tension	
Feed-through-less	wiring	à	allows	to	increase	chamber	granularity	and	field/
sense	wire	ratio	but	reducing	multiple	scattering	and	total	tension	on	end	plates	
due	to	wires	by	using	thinner	wires.	Solution	was	adopted	for	the	MEG	II	Drift	
Chamber	(~	12	wires/cm2	à	impossible	to	be	built	with	a	conventional	technique	
based	on	feedthrough),	and	is	under	development	for	the	CMD3	experiment	
(BINP)	drift	chamber	and	for	the	Central	Tracker	of	the	SCT	detector	

	
Wire	tension	
recovery	scheme	

Lessons learnt from MEGII & BELLE II 
•Corrosion and breakage of 107 aluminum wires in presence of 40-65% humidity level  
Problem fully cured by keeping CDCH in dry atmosphere 

•Anomalously high currents experienced  CDCH operation recovered by using additives 
•Beam induced background challenging at high luminosities

→

→

• Commissioning and preliminary performance of the MEG II drift chamber

Comparison to BELLEII and IDEA DCH 
•57k  340k wires  
•65  112 layers 
•2.3  4 m (Even 5m for ALLEGRO)

→
→
→

https://indico.cern.ch/event/1044975/contributions/4663641/
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Electronics & readout with drift chamber
Motivations for the proposal

19/03/24 7.4.1 - F.Grancagnolo 4

IDEA drift chamber
expected !/K separation

(DELPHES simulation)
!

Cluster counting recipe:
 

high front-end bandwidth (～ 1 GHz)
S/N ratio ≧ 8

high sampling rate (≳ 2 GSa/s)
≧ 12 bit

For the IDEA drift chamber, however, 
given:
 

• > 56,000 active cells, readout at both ends;
• 1.5 cm drift length, max drift time: ～500 ns;
• Z ➝ hadrons trigger rate: ～100 KHz;
• charged tracks multiplicity:                             

20 tracks/hadronic event;
• average of 130 hit cells/track;
• Digitization: 12 bits at 2 Gsa/s:
 

20 track/event × 130 cell/track/side × 2 side 
× 105 event/s × 5×10-7 s/cell × 2×109 byte/s =

 

= 0.5 TB/s
 

plus "", Bhabha, beam background, noise, …
⟹  Transfer rate at Z-pole  ≳  1 TB/s!

 

some data reduction is mandatory!

A possible solution consists in transferring, 
for each hit drift cell, only the minimal 
information relevant to the application of 
the cluster timing/counting techniques, i.e.: 
amplitude and arrival time of each peak 
associated with each individual ionization 
electron, instead of the full digitized signal 
waveform:
 

20 track/event × 130 cell/track/side × 2 side 
× 105 event/s × 30 peaks/cell × 2 byte/peak =

 

= 30 GB/s
 

This can be accomplished with the use of 
simple algorithms on a FPGA for the real 
time pre-processing of the digitized data 
generated by the drift chamber.
Moreover, background and noise can easily 
be filtered out by the same algorithm.

SOLUTIONPROBLEM

Motivations for the proposal

19/03/24 7.4.1 - F.Grancagnolo 5

A fast readout algorithm (CluTim) for identifying, in the digitized drift 
chamber signals, the individual ionization peaks and recording their 
time and amplitude was developed as a VHDL/Verilog code 
implemented on a Virtex 6 FPGA, allowing for a maximum 
input/output clock switching frequency of 710 MHz. The hardware 
setup included also a 12-bit monolithic pipeline sampling ADC at 
conversion rates of up to 2.0 GSPS.

Single channel implemented solution

* G. Chiarello, C. Chiri, G. Cocciolo, A. Corvaglia, F. Grancagnolo, M. Panareo, A. Pepino and G. Tassielli 
  The Use of FPGA in Drift Chambers for High Energy Physics Experiments, ISBN 978-953-51-3208-0, 2017 JINST 12 C03056

The CluTim algorithm*
At the start of the signal acquisition and 
processing procedures, a counter is set to 
provide the timing information. 
A peak at the i-th bin is defined by relating its 
amplitude to those of a number n of 
preceding and successive bins, with n 
function of the rise and fall times of the 
single electron signal. 
The amplitude and time of a found peak are 
then sent to a pipeline memory which is 
continuously filled as new peaks are found. 
When a trigger signal occurs at time t0, the 
reading procedure is enabled and the data 
relative to the found peaks in the [t0, t0 + tmax] 
time interval, where tmax is the maximum drift 
time, are transferred to an external device

Portion of the input signal, values of the auxiliary functions and found peaks. 

50 samples
25 ns

At 1.5 LSB threshold 
70% efficiency with 
1.1 fake peak rate 

Data throughput manageable but careful assessment is need for 
a trigger-less or triggered operations !

F. Grancagnolo, A 4-channel electronics board for Cluster Counting

https://indico.cern.ch/event/1307202/contributions/5498812/attachments/2822436/4929204/AIDAinnova3rdannual.pdf

